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Abstract

This thesis pertains to the development of distributed algorithms in the context of networked multi-
agent systems. Such engineered systems may be tasked with a variety of goals, ranging from the
solution of optimization problems to addressing the solution of variational inequality problems.
Two key complicating characteristics of multi-agent systems are the following: (i) the lack of
availability of system-wide information at any given location; and (ii) the absence of any central
coordinator. These intricacies make it infeasible to collect all the information at a location and
preclude the use of centralized algorithms. Consequently, a fundamental question in the design
of such systems is the need for developing algorithms that can support their functioning. Accord-
ingly, our goal lies in developing distributed algorithms that can be implemented at a local level
while guaranteeing a global system-level requirement. In such techniques, each agent uses locally
available information, including that accessible from its immediate neighbors, to update its deci-
sions, rather than availing of the decisions of all agents. This thesis focuses on multi-agent systems
tasked with the solution of three sets of problems: (i) convex optimization problems; (ii) Cartesian

variational inequality problems; and (iii) a sub-class of Nash games.

In the first part of this thesis, we consider a multiuser convex optimization problem. Tradition-
ally, a multiuser problem is a constrained optimization problem characterized by a set of users (or
agents). Such problems are characterized by an objective given by a sum of user-specific utility
functions, and a collection of separable constraints that couple user decisions. We assume that
user-specific utility information is private while users may communicate values of their decision
variables. The multiuser problem is to maximize the sum of the users-specific cost functions sub-
ject to the coupling constraints, while abiding by the informational requirements of each user. In
this part of the thesis, we focus on generalizations of convex multiuser optimization problems
where the objective and constraints are not separable by user and instead consider instances where
user decisions are coupled, both in the objective and through nonlinear coupling constraints. To
solve this problem, we consider the application of distributed gradient-based algorithms on an ap-

proximation of the multiuser problem. Such an approximation is obtained through a regularization
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and is equipped with bounds of the difference between the optimal function values of the original
problem and its regularized counterpart. In the algorithmic development, we consider constant
stepsize primal-dual and dual schemes in which the iterate computations are distributed naturally
across the users, i.e., each user updates its own decision only. We observe that a generalization of
this result is also available when users choose their stepsize and regularization parameters inde-

pendently from a prescribed range.

The second part of this thesis is devoted to the solution of a Cartesian variational inequality (VI)
problem. A Cartesian VI provides a unifying framework for studying multi-agent systems includ-
ing regimes in which agents either cooperate or compete in a Nash game. Under suitable convexity
assumptions, sufficiency conditions of such problems can be cast as a Cartesian VI. We consider
a monotone stochastic Cartesian variational inequality problem that naturally arise from convex
optimization problems or a subclass of Nash games over continuous strategy sets. Almost sure
convergence of standard implementations of stochastic approximation rely on strong monotonicity
of the mappings arising in such variational inequality problems. Our interest lies in weakening
this requirement and this motivates the development of distributed iterative stochastic approxima-
tion algorithms. We introduce two classes of stochastic approximation methods, each of which
requires exactly one projection step at every iteration, and provide convergence analysis for them.
Of these, the first is a stochastic iterative Tikhonov regularization method which necessitates the
update of regularization parameter after every iteration. The second method is a stochastic iterative
proximal-point method, where the centering term is updated after every iteration. Conditions are
provided for recovering global convergence in limited coordination extensions of such schemes
where agents are allowed to choose their stepsize sequences, regularization and centering param-
eters independently, while meeting a suitable coordination requirement. We apply the proposed
class of techniques and their limited coordination versions to a stochastic networked rate alloca-

tion problem.

The focus of the third part of the thesis is on a class of games, termed as aggregative games,
being played over a networked system. In an aggregative game, an agent’s objective function is
coupled across agents through a function of the aggregate of all agents decisions. Every agent
maintains an estimate of the aggregate and agents exchange this information over a connected net-
work. We study two classes of distributed algorithm for information exchange and computation
of equilibrium. The first method, a diffusion-based algorithm, operates in a synchronous setting

which can contend with time-varying connectivity of the underlying network graph model. The
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second method, a gossip-based distributed algorithm, is inherently asynchronous and is applicable
when the network is static. Our primary emphasis is on proving the convergence of these algo-
rithms under an assumption of a diminishing (agent-specific) stepsize sequence. Under standard
conditions, we establish the almost-sure convergence of these algorithms to an equilibrium point.
Moreover, we also develop and analyze the associated error bounds when a constant stepsize (user-
specific) is employed in the gossip-based method. Finally, we present numerical results to assess
the performance of the diffusion and the gossip algorithm for a class of aggregative games for

various network models and sizes.
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Chapter 1

Introduction

The theory of complex networked systems continues to galvanize a wide range of scientific com-
munities including those in mathematics, engineering, computer science, biology, sociology, among
others. Complex networks arise in a multitude of application regimes and this ubiquity has inspired
a range of questions in the development and analysis of algorithms. While early inquiries focused
on gaining consensus on a particular parameter under possibly evolving connectivity graphs, subse-
quent efforts have concentrated on the optimization of multi-agent systems. The field of distributed
algorithms continues to grow at a brisk pace and presents a plethora of challenging problems that
will have profound impact on the ability to optimize and control networked systems as well as
understand their associated emergent behavior.

A complex networked system may be modelled as a graph where the nodes represent agents and
the underlying connectivity graph provides the foundation for information exchange amongst these
agents'. The resulting multi-agent system consists of agents communicating and exchanging infor-
mation over a complex topological network. Following are some of the important characteristics

of a multi-agent system:

1. Limited communication: In truly large networks, agents may communicate with only a subset

of other agents, often referred to as its neighbors;

2. Lack of a central coordinator: There is no designated central coordinator tasked with the

collection and broadcast of system-wide information to make it accessible to every agent;

3. Local information: Each agent has access to only its local information and may control only

its own decision.

Multi-agent systems, as mentioned earlier, may be tasked with a wide array of functionalities,
ranging from consensus to optimization to equilibrium seeking and may operate in uncertain and

dynamic environments. The precise implications of these characteristics are context sensitive and

In competitive regimes, the words agent and player will be used interchangeably through this monograph.



their discussion is delayed until the next section. Examples of multi-agent systems include, but
are not limited to: (i) Computer networks where computers are the agents and communication
channels (wired or wireless) form the edges; (ii) Transportation networks where the routes (edges)
connect various locations (nodes); (iii) Social networks where individual or organizations are the
agents and the dyadic ties between them form the connection.

Naturally, the type of network significantly influences the problem at hand. To address the
challenges posed by networked systems, two broad classes of design approaches may be employed.
The first of these is a fop-down approach and entails decomposing a large system into smaller
subsystems that are relatively easy to analyse. A hierarchical chain of decompose and analyse is
executed, and so until the final subsystem falls into a class of problems that is well understood. In
contrast, the second approach, referred to as the bottom-up approach, takes an altogether different
path. Here, almost all the effort is devoted to the atomic level problem. Once the entities at the
atomic level are made self-efficient, all that is left to be done is an assembly, which itself may be
automated.

To highlight the subtle differences across the approaches, we consider the following question:

Suppose we want to understand the pattern formation of a large population of mi-
gratory birds through a mathematical simulation? What would be the right approach

for developing such a computer simulation?

Any experienced programmer would ascertain that almost all the effort must be devoted to mod-
elling the behaviour of the single entity, the bird. The above example, though naive, serves the
purpose of highlighting the importance of a bottom-up approach in truly large complex networked
systems. Bottom-up approaches start with a rigorously predefined set of rules for agent behaviour
and interactions, and then a desirable system-level behaviour emerges through such interactions.
With the advent of computers and other advanced technologies that came along with them, the
size of network systems increased from large to colossal. This has led to the development and
refinement of distributed algorithms for multi-agent system theoretic problems, a topic of central

importance of this research work.

1.1 Distributed algorithms in multi-agent systems

This thesis focuses on the development of distributed algorithms in multi-agent systems. The
local information structure of the multi-agent systems when coupled with the absence of a central

coordinator does impose a host of restrictions on choices of algorithms. Thus in this work, we
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focus on developing distributed algorithms that are in compliance with the distributed information

structure of the problem:

(1) Limited informational requirements: Any given user does not have access to the utility func-

tions or the constraints of other users;

(11) Single iteration schemes: Two nested iterative schemes require coordination across outer and
inner iteration level, a challenging prospect in networked setting. Our goal lies in developing

single iteration schemes that require less coordination;

(ii1) Limited coordination of algorithm parameters: In truly large-scale networks, enforcing con-
sistency across algorithm parameters is often challenging and ideally, one would like minimal

coordination across users in specifying algorithm parameters;

(iv) Uncertainty: In many practical problems some elements may involve uncertain data, for

instance, communication over the wireless medium.

The aforementioned criteria will persistently feature in all of the algorithms that are developed
and studied in this thesis. More generally, the theme of algorithms fall in the bottom-up design
approach. In effect, our algorithms endow each agent in the network with a mandatory protocol,
and we then establish the emergence of a desirable behaviour.

The nature of agents in the sense of cooperation gives rise to different problem classes within
multi-agent systems. For instance, if the agents are cooperative then the multi-agent system is
essentially a multiuser optimization problem where all agents are collectively working towards a
common goal. A popular choice of these problems is one where agents are collectively optimizing
the sum of local individual objective? or a min-max problem where the worst case scenario loss
is optimized. A problem of this kind may arise in network resource allocation such as rate alloca-
tion among multiple users, where the coupling cost may be due to congestion or delay, while the
coupling constraints may be due to the network link capacities [1, 2, 3].

While multiuser optimization problems present a way to capture cooperative behaviour of the
multi-agent system, Nash games may be natural models for capturing the strategic behaviour in a
multi-agent system. A competitive counterpart of multiuser optimization problems is a Nash game.
More precisely, agents are only interested in optimizing their own individual goals which are also
affected by decisions of other agents in the network. Game-theoretic models find application in a

range of settings ranging from wired and wireless communication networks [4, 5, 6], bandwidth

2The total sum of individual goals is considered to be a good measure of fair allocation.



allocation [7, 8, 5], spectrum allocation in radio networks [9], cognitive radio networks [10], Nash-
Cournot games [11, 12] and optical networks [13, 14]. While aforementioned work lies in con-
tinuous strategy games, [15, 16] have examined a range of questions, under varying informational
assumptions, in the regime of finite-strategy games.

The connection between multiuser optimization and Nash games is interesting from two impor-
tant standpoints. The first of these is the efficiency®. The efficiency is a measure used to assess the
quality of a Nash equilibrium with respect to the centralized welfare problem. More precisely, a
Nash equilibrium is regarded as efficient if no single player can be made better-off without making
at least one other player worse off. Interestingly, an efficient Nash equilibrium for a restricted
class of Nash games is characterized as an optimal solution of a centralized optimization prob-
lem*. Notably, Nash games are known to arise in engineered multi-agent systems, as motivated by
the development of decentralized control schemes. For instance, in massive networks, it may be
impossible to exercise direct control over the users and a possible approach lies in allowing users
to behave selfishly and compete for resources. If the aggregate cost of the Nash equilibria asso-
ciated with the Nash counterpart is identical to its centralized counterpart, then the equilibria are
deemed as efficient. In effect, the game achieves the same outcome as the centralized optimization
problem.

We now discuss the second connection standpoint between multiuser optimization problems and
Nash games, the computation. For the design of algorithms for computation of optimal or equi-
librium point, the theory of variational inequalities has been instrumental. Variational inequalities
(VI) provide a unifying framework for studying and analyzing both multiuser optimization prob-
lems and convex Nash games. In fact, under convexity assumptions, the (sufficient) optimality
conditions of a multiuser optimization problem or the equilibrium condition of a Nash game give
rise to a Cartesian variational inequality. We have a responsibility of explaining the main advan-
tages of taking the VI path, and we take this towards the end of this section. We pause here to
briefly introduce the theory of VI which is of importance to this work (see xiii for an overview of

notation). To begin with, the problem VI(K, F) requires finding a vector x € K C R" such that
(y—x)TF(x) >0 forally€K, VI(K,F)

where F : K — R". Usually, K is a closed convex set and F is a continuous map. Additionally,

when the set K is a Cartesian set, the VI(K, F) is called a Cartesian variational inequality.

3To be more precise, the notion of efficiency considered here is Pareto-efficiency.
“The generality of this statement and its discussion is beyond the scope of this thesis.



In this thesis, we also consider a stochastic Cartesian variational inequality problem SVI(K, F)
for a mapping F over the Cartesian set K, which can be viewed as a natural extension of determin-
istic Cartesian variational inequality problem VI(K, F) with the mapping F given as an expectation
of some uncertainty. Due to lack of analytical expression of F, approaches of deterministic VI can-
not be directly applied. Our interest is in developing distributed stochastic approximation schemes
for such a problem when the mapping F is monotone® over the Cartesian set K.

We resume with our discussion of problems arising in multi-agent systems. So far we have
eluded the discussion of two important aspects of of multi-agent systems, specifically the infor-
mation and communication. In fact, throughout our preceding discussion on multi-agent systems
we have been implicitly assuming that agents have the access to the desired information either
directly or through observation. In context of multiuser optimization problems or Nash games, this
essentially requires every agent to have access to decision of all the other agents in the network;
however, utility functions and constraint sets are not public knowledge. Such an assumption may
be difficult to satisfy in many application, especially in truly large networks. Inspired by the need
to address this restriction, we next consider a game-theoretic networked setting where agents have
limited access to the decisions of other agents.

Towards this end, we consider a special class of Nash games called aggregative games, being
played over a network of agents. An aggregative games is a game with the specific property that
each player’s cost function is represented as a function which depends only upon its decision
and an aggregate of the decisions of all agents in the network. Aggregative games enjoy the
luxury of belonging to a class of Nash games for which existence and uniqueness results are well-
established. Problems arising in networked Nash-Cournot games [17, 18, 19, 20], rate allocation in
communication networks including public goods games [21], common resource games [22], cost
sharing games [23] usually belong to the the class of aggregative games. In all the preceding work
related to the computation of Nash equilibrium, it is intrinsically assumed that each player is aware
of the aggregate of the network. However, in the absence of a central coordinator, computation of
the aggregate and its dissemination is a challenging proposition. The problem aggravates further
if the players are precluded from sharing their decision with any other player but are allowed to
share their belief of the aggregate information. To motivate the situation arising in the preceding
discussion, consider the following question:

A group of people (at least 3) are in a meeting and they are all interested in know-

ing the average salary (or any other personal characteristics, age for instance). How-

3> A mapping F : K — R" is said to be monotone over a set K C R" if (F(x) — F(y))T (x —y) > 0 for all x,y € K. It
is said to be strictly monotone over K if (F(x) — F(y))” (x —y) > 0 for all x,y € K with x # y. In addition, it is said to
be strongly monotone if there exists a positive scalar 17 such that (F(x) — F(y))” (x —y) > n||x—y||* for all x,y € K.
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ever, being conscious and also humble, they abstain to disclose their own information.

Is there a way to compute the average abiding the informational restriction ?®

Under such a restrained scenario, a distributed algorithm can possibly aid agents to to build an
estimate of true information by constructively using partial information obtained through commu-
nication with their immediate neighbours (possibly time varying). Our interest is lies in exploring
this avenue and establishing the emergence of a Nash equilibria following a distributed protocol.

More generally, the distributed methods are developed and studied in this thesis with the goal of
computation of optimal decision in case of optimization problem or equilibrium decision in game-
theoretic regimes. However, we follow a very similar approach in all the problems that we address:
we attempt to cast the original problem into a Cartesian variational inequality. The solution to the
Cartesian variational inequality originating through such a transformation is also a solution to the
original problem. This approach provides us with two advantages: first, the ability to discuss the
existence/uniqueness of a solution; and second, an avenue for constructing convergent methods to
obtain these solutions. In particular, a solution to Cartesian VI also solves a fixed point equation
of the related natural map which serves as the impetus behind all our algorithmic endeavours.

Our primary interest is in first-order methods, as these methods have relatively small overhead
per iteration. They also exhibit stable behaviour in the presence of various sources of noise in the
computations, as well as in the information exchange due to possibly noisy links in the underlying
communication network over which the users communicate. Another important and desirable
property of distributed algorithms is scalability: the computational effort to solve the problem
should grow slowly (ideally linearly) with the size of the network’.

A final note is in order regarding certain terms that we use in this work. The term “error anal-
ysis” pertains to the development of bounds on the difference between a given solution or func-
tion value and its optimal counterpart. The term “coordination” assumes relevance in distributed
schemes where certain algorithmic parameters may need to satisfy a prescribed requirement across
all users. Finally, it is worth accentuating why our work assumes relevance in implementing dis-
tributed algorithms in practical settings. In large-scale networks, the success of standard distributed
implementations is often contingent on a series of factors. For instance, convergence often requires
that steplengths match across users, exact/inexact solutions are available in bounded time intervals
and finally, users have access to recent updates by the other network participants. In practice,
algorithms may not subscribe to these restrictions and one may be unable to specify the choice

of algorithm parameters, such as steplengths and regularization parameters, across users. Accord-

OThis is adapted from a famous interview question.
"The number of agents in the network is often a good proxy for the size of the network.



ingly, we extend standard fixed-steplength gradient methods to allow for heterogeneous steplengths
and diversity in other algorithmic parameters.

The remainder of the chapter is organised as follows. We provide a brief summary of distributed
algorithms in the context of multi-agent system and formally set out our goals. We consider three
diverse problems arising in a multi-agent system, the treatment of which spans the next three

chapters. We describe each of them briefly in Sections 1.2, 1.3 and 1.4.

1.2 Multiuser optimization problem

In this thesis we consider the generic forms of multiuser problems. A multiuser problem is a
constrained optimization problem associated with a finite set of N users (or players). Each user i
has a convex cost function f;(x;) that depends only on its decision vector x;. The decision vectors
xi, 1 =1,...,N are typically subject to a finite system of linear inequalities Zﬁvzl a]Tixi <bjfor j=
1,...,m, which couple the user decision variables. The traditional multiuser problem is formulated

as a convex minimization of the form

N
minimize Z fi(xi)
=1
lN
subject to alixi<bj, j=1,....m (1.1)
i=1
xi €K, i=1,...,N,

where K; is the set constraint on user i decision x; (often K; is a box constraint). In many appli-
cations, users are characterized by their payoff functions rather than cost functions, in which case
the multiuser problem is a concave maximization problem. Often, the informational restrictions
dictate that the ith user only has access to his objective f; and constraint set K;. Furthermore, user
i can modify only its own decision x; but may observe the decisions (x;) j; of the other users. In
effect, every user can see the entire vector x. Consequently, distributed schemes that abide by these
requirements are of relevance.

The prior work on multiuser optimization problem arising in network resource allocation [1,
2, 3, 24, 25, 26] is dealing with users with separable objectives, but coupled polyhedral con-
straints. Methods discussed therein are typically in a continuous-time setting (with exception for
[3] where discrete-time schemes are investigated). Discrete-time (approximate) schemes, com-

bined with simple averaging, have been studied in [27, 28, 29] for a general convex constrained



formulation. However, all of the aforementioned work establishes the convergence properties of
therein proposed algorithms under the assumption that the users coordinate their steplengths, i.e.,
the steplength values are equal across all users.

This thesis work generalizes the standard multiuser optimization problem, defined in (1.1), in
two distinct ways: (i) The user objectives are coupled by a congestion metric (as opposed to being
separable). Specifically, the objective in (1.1) is replaced by a system cost given by ):{,V: | Silx) +
c(xy,...,xn), with a convex coupling cost ¢(x,...,xy); and (ii) The linear inequalities in (1.1)
are replaced with general convex inequalities. In effect, the constraints are nonlinear and not
necessarily separable by user decisions.

To this end, consider a generalization to the canonical multiuser optimization problem of the

following form:

minimize f(x) =S

Jilxi) + ¢(x)

™=

i=1

-

subject to dj(x) < forall j=1,...,m, (1.2)

X; € foralli=1,...,N,

X

where N is the number of users, f;(x;) is user i cost function depending on a decision vector x; and
K; is the constraint set for user i. The function c(x) is a joint cost that depends on the user decisions,
i.e., x = (x1,...,xn). The functions f;, c and d; are convex and continuously differentiable.

Before proceeding on our approach to solve this problem, we motivate the problem of interest
via an example drawn from communication networks [1, 2], which can capture a host of other

problems (such as in traffic or transportation networks).

Example 1. Consider a network (see Fig 1.1) with a set of J link constraints and b; being the
finite capacity of link j, for j € J. Let R be a set of user-specific routes, and let A be the associated
link-route incidence matrix, i.e., Aj. = 1 if j € r implying that link j is traversed on route r, and
Ajr = 0 otherwise.

Suppose, the rth user has an associated route r and a rate allocation (flow) denoted by x,. The
corresponding utility of such a rate is given by U,(x,). Assume further that utilities are additive
implying that total utility is merely given by Y. ,.cp U, (x,). Further, let c(x) represent the congestion
cost arising from using the same linkages in a route. Under this model the system optimal rates
solve the following problem.

maximize Z Uy (x,) —c(x)

rerR
subject to Ax<b, x2>0. (1.3)
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Figure 1.1: A network with 3 users and 5 links.

To handle these generalizations of the multiuser problem, we propose approximating the prob-
lems with their regularized counterparts and, then, solving the regularized problems in a distributed
fashion in compliance with the user specific information (user functions and decision variables).
We provide an error estimate for the difference between the optimal function values of the orig-
inal and the regularized problems. For solving the regularized problems, we consider distributed
primal-dual and dual approaches, including those requiring inexact solutions of Lagrangian sub-
problems. We investigate the convergence properties and provide error bounds for these algorithms
using two different assumptions on the stepsizes, namely that the stepsizes are the same across all
users and the stepsizes differ across different users. These results are extended to regimes where the
users may select their regularization parameters from a broadcasted range. Hence, these algorithms
satisfy the requirement we set out in the beginning of this chapter, namely, limited informational

requirement, single level iteration, limited coordination of algorithm parameters [30, 31].

1.3 Stochastic Cartesian variational inequality problems

We consider a Cartesian monotone stochastic variational inequality problem, which is a problem
that requires finding a vector x = (x1,...,xy) satisfying

(x1 —y1)TFi(x) >0, Vy €K,
(1.4)

(xv —yn) Fy(x) >0, VYyy €Ky,



where Fi(x) = E[f}(x,&)] and E[] denotes the expectation with respect to some uncertainty &. Our
interest is in developing distributed stochastic approximation schemes for such a problem when
the mapping

F(x)=(Fi(x),...,Fy(x))

is monotone over the Cartesian product of the sets K;, i.e., (F(x) — F(y))T (x —y) > 0 for all x,y €
K; x --- x Ky. Cartesian stochastic variational inequalities arise from both stochastic optimization
and game-theoretic problem as illustrated next. Consider a Nash game in which the ith player

solves the following problem:

minimize  f;(x) 2 E[fi(xi,x;,&)]
subject to x; € K;. (1.5)

When f;(x) is convex over K; for all i = 1,..., N, then the equilibrium (sufficient) conditions of this
problem are given by (1.4) where Fj(x) = V. E[fi(x,&)] fori=1,...,N, and the resulting mapping
F 1s monotone over Kj X --- X Ky. This can be rewritten as a stochastic variational inequality
SVI(K,F) where F = (FI,...,FF)T and K = K| x -+ x Ky.

For the Cartesian stochastic variational inequalities, it seems natural to exploit the presence
of decoupled constraint sets and develop distributed schemes. When considering multiuser op-
timization problems, distributed optimization approaches have been natural candidates (cf. [2]).
Yet, there appears to have been markedly little on stochastic variational inequalities that natu-
rally extend multiuser optimization. Our work in this thesis intends to fill the lacuna through this
framework. In a deterministic setting, distributed schemes for computing equilibria arising from
monotone Nash games have received significant attention recently [5, 7, 32, 33, 14, 6, 34, 12].
Of particular relevance is the work in [14, 33], the latter employing an extragradient scheme [35]
capable of accommodating deterministic monotone Nash games. Finally, Scutari et al. [10] exam-
ine an array of monotone Nash games and consider proximal-point based distributed schemes in a
basic prox-setting where a sub-problem is solved at each iteration.

To the best of our knowledge, [36] appears to be the only existing work considering stochastic
approximation methods for variational inequalities. Moreover, the convergence therein is estab-
lished under the strong monotonicity assumption of mapping F'. The work in this thesis is moti-
vated by the challenges associated with solving stochastic variational problems when the mappings
lose strong monotonicity. In solving deterministic variational inequalities, such a departure is ably
handled through techniques, such as Tikhonov regularization [37, 38] and proximal-point [39]. A

direct implementation of regularization techniques leads to a two nested level methods which are
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difficult to implement in a distributed networked setting. And the presence of uncertainty aggra-
vates the implementation further. In the present work we overcome this challenge by emphasizing
on iterative regularization for stochastic variational inequalities with monotone maps. In Chapter 3,

we present and analyze two stochastic iterative regularization schemes:
1. Stochastic iterative Tikhonov regularization method;
2. Stochastic iterative proximal-point method.

Each of these schemes requires exactly one projection step at every iteration with users having
autonomous choice of algorithmic parameters. Under some restrictions on the deviations across the

users choices, we establish convergence properties of these methods in almost sure sense [40, 41].

1.4 Networked aggregative Nash games

In this section we introduce an aggregative game of our interest. An aggregative game is a non-
cooperative game in which each player’s payoff is parametrized by its action and the aggregate of
the actions taken by all players [42, 43, 44]. Such games have been shown to be closely related
with subclasses of potential games [45, 46] where a potential game refers to a Nash game in which
the payoff functions admit a potential function [47]. Nash-Cournot games represent one instance
of such games; here firms make quantity bids that fetch a price based aggregate quantity sold,
implying that the payoff of any player is a function of the aggregate quantity sold [17, 48].

We consider aggregative games wherein the agents compete over a network. The players in this
game are assumed to have local interactions with each other over time, where these interactions
are modelled by time-varying connectivity graphs. To this end, consider a set of N players (or
agents) indexed by 1,...,N, and let N = {1,...,N}. The ith player is characterized by a strategy
set K; C R" and a payoff function f;(x;,X), which depends on player i decision x; and the aggregate
xX= Z{-VZI x; of all player decisions. To formalize the game, let K denote the Minkowski sum of the
sets K;:

K=) K. (1.6)

=

—

1

In a generic aggregative game, player i faces the following parametrized optimization problem:

minimize fi(xi, %)

subjectto  x; € K;, (1.7)
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where K; C R" and x is the aggregate of the agent’s decisions x;, i.e.,
N —_
=) xj, rek. (1.8)
j=1

The set K; and the function f; are assumed to be known by agent i only.
Next, we motivate our work by providing an example of aggregative games, whose broad range

emphasizes the potential scope of our work.

Example 2 (Networked Nash-Cournot game). A classical example of an aggregative game is a
networked Nash-Cournot game [17, 18, 19, 20]. Suppose a set of N firms compete over L locations.
Firm i’s production and sales at location | are denoted by g;; and s;;, respectively, while its cost of
production at location [ is denoted by c;;(gi;). Consequently, goods sold by firm i at location [ fetch
a revenue p;(8;)sy where p;(5;) denotes the sales price at location | and §; = Zf\]: | Si represents
the aggregate sales at location . Finally, firm i’s production at location | is capacitated by cap;;

and its optimization problem is given by the following®:

L

minimize Z (cit(gir) — pi(31)sir)
=1

L L
subject to Z gil = Z Sil,
=1 =1
gilvsilz()? gilgcapib l:177£’ (19)

In effect, firm i’s payoff function is parametrized by nodal aggregate sales, thus rendering an
aggregative game. Note that, in this example we have two independent networks, the first being
used to model the communication of the firms and the second being used to model the physical
layout of the firms production unit and locations. We allow the communication network to be

dynamic but the layout network is assumed to be static.

Distributed computation of equilibria in such games is complicated by two challenges. First,
the connectivity graphs of the underlying network may evolve over time. Second, in many set-
tings, agents do not have ready access to aggregate decisions, implying that agents cannot compute
their exact payoffs (or their gradients). Consequently, standard gradient-based or best-response
schemes cannot be directly implemented since agents do not have ready access to the aggregate.

Accordingly, we propose two distributed algorithms which allow agents to build estimates of the

8Note that the transportation costs are assumed to be zero.
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aggregate and compute an equilibrium of aggregative games. Of these, the first is a synchronous
distributed algorithm while the second is an asynchronous distributed (gossip-based) algorithm.

Distributed gradient-based algorithms for computing equilibria in deterministic regimes have
received significant attention recently, particularly in the context of wireless and wireline com-
munication networks and distributed control engineering [5, 7, 32, 33, 14]. Much of this work
assumes a somewhat more restrictive strong monotonicity property on the mapping corresponding
to the associated variational problem. By combining a regularization technique, this requirement
can be weakened [20] while extensions to stochastic regimes can also be incorporated by exam-
ining regularized counterparts of stochastic approximation [40]. However, all of these approaches
are under the assumption that agents have access to the decisions of all their competitors.

The novelty of the work in this chapter is in extending the realm of distributed algorithms in [49]
for computation of a Nash equilibrium point while the majority of preceding efforts have been
applied towards the solution of feasibility and optimization problems. Succinctly, the main con-
tributions of this work lie in studying a distributed synchronous and asynchronous algorithm for
aggregative Nash games and proving that they produce sequences that converge almost-surely to

the unique equilibrium.

13



Chapter 2

Distributed Algorithms For Convex Multiuser
Optimization Problem

In this chapter we present distributed algorithms aimed at solving system optimization prob-
lem (1.2). These algorithms are distributed in the sense that each user executes computations
only in the space of its own decision variables.

The work presented in this chapter is closely related to the distributed algorithms in [49, 50] and
the more recent work on shared-constraint games [51, 6], where several classes of problems with
the structures admitting decentralized computations are addressed. However, the algorithms in the
aforementioned work hinge on equal stepsizes for all users and exact solutions for their success.
In most networked settings, these requirements fail to hold, thus complicating the application of
these schemes. Furthermore, due to the computational complexity of obtaining exact solutions for
large scale problems, one is often more interested in a good approximate solution (with a provable
error bound) rather than an exact solution.

Related is also the literature on centralized projection-based methods for optimization (see for
example books [52, 53, 35]) and variational inequalities [54, 55, 56, 57, 35, 58]. Recently, effi-
cient projection-based algorithms have been developed in [59, 60, 61, 62] for optimization, and
in [63, 64] for variational inequalities. The algorithms therein are all well suited for distributed
implementations subject to some minor restrictions such as choosing Bregman functions that are
separable across users’ decision variables. The aforementioned algorithms will preserve their ef-
ficiency as long as the stepsize values are the same for all users. When the users are allowed to
select their stepsizes within a certain range, there may be some efficiency loss. By viewing the
stepsize variations as a source of noise, the work in this chapter may be considered as an initial
step into exploring the effects of “noisy” stepsizes on the performance of first-order algorithms,
starting with simple first-order algorithms which are known to be stable under noisy data.

The layout of the chapter is as follows. In Section 2.1 we present the approach which paves
the path to the development of algorithms presented later in the chapter. We also formally present
various assumptions we make on the multiuser problem (2.1) and recap the related fixed-point
problem. In Section 2.2, we propose a regularized primal-dual method to allow for more general

coupling among the constraints. Our analysis is equipped with error bounds when step-sizes and
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regularization parameters differ across users. Dual schemes are discussed in Section 2.3, where
error bounds are provided for the case when inexact primal solutions are used. The behavior of the
proposed methods is examined for a multiuser traffic problem in Section 2.4. We finally provide

some concluding remarks in Section 2.5.

2.1 Fixed point approach

Before proceeding on with our approach, we re-present the problem and related notation for com-

pleteness.

=

minimize f(x) =S

Jilxi) + ¢(x)

i=1

)

subject to dj(x) < forall j=1,...,m, (2.1)

; foralli=1,...,N,

=

X; €

where N is the number of users, f;(x;) is user i cost function depending on a decision vector x; € R"
and K; C R" is the constraint set for user i. The function c¢(x) is a joint cost that depends on the user
decisions, i.e., x = (x1,...,xy) € R", where n = Z?’:I n;. The functions f; : R" — Rand ¢: R" — R
are convex and continuously differentiable. Further, we assume that d; : R" — R is a continuously
differentiable convex function for every j. Often, when convenient, we will write the inequal-
ity constraints d;(x) <0, j = 1,...,m, compactly as d(x) < 0 with d(x) = (d(x),...,dn(x))T.
Similarly, we use Vd(x) to denote the vector of gradients Vd;(x), j=1,...,m, ie., Vd(x) =
(Vdy(x),...,Vdy,(x))T. The user constraint sets K; are assumed to be nonempty, convex and closed.
We denote by f* and K™, respectively, the optimal value and the optimal solution set of this prob-
lem.

Our approach is based on casting the system optimization problem as a fixed point problem
through the variational inequality framework. Toward this goal, letting A € R’} denote the Lagrange
multipliers of problem (2.1), the Lagrangian is given as:

L(x,A)=f(x)+ATd(x), K=K xK;x---xKy.

Under suitable strong duality conditions, from the first-order optimality conditions and the decom-
posable structure of K it can be seen that (x*,A*) € K x R is a solution to (2.1) if and only

x} solves the parameterized variational inequalities VI(K;, Vi, L(x;;x*,,A%)), i =1,...,N, and

15



A* solves VI(R}, =V, L(x*,1)). A vector (x*,A1%) solves VI(K;, V. L(x;;x* ;,A%)), i=1,...,N
and VI(R™,—V;£(x*,1)) if and only if each x} is a zero of the parameterized natural map'
F“Ki_‘t(xi;x’ji, A*)=0,fori=1,...,N,and A" is a zero of the parameterized natural map Fﬁl%a,ﬁ (Asx*) =
0,1.e.,

R (xinx™ ;,A%) =

xi — g, (xi — Vi, L(x;3x" ;A7) =0 fori=1,...,N,
F%(?L;x*) 22 — g (A + V3, L(x", 1)) = 0.

—1

Equivalently, letting x* = (x7,...,x5) € K, a solution to the original problem is given by a solution

to the following system of nonsmooth equations:

X = Hg(x* =V, L(x"AY)),
AT = HM(QL*-l-V;LL(x*JL*)). (2.2)
Thus, x* solves problem (2.1) if and only if it is a solution to the system (2.2) for some A* > 0.
This particular relation motivates our algorithmic development. We now discuss the conditions
that we use in the subsequent development. Specifically, we assume that the Slater condition holds
for problem (2.1).

Assumption 1. (Slater Condition) There exists a Slater vector X € K such that d;(X) < 0 for all

j=1,....m.

Under the Slater condition, the primal problem (2.1) and its dual have the same optimal value,
and a dual optimal solution A* exists. When K is compact for example, the primal problem also
has a solution x*. A primal-dual optimal pair (x*,A*) is also a solution to the coupled fixed-point

problems in (2.2). For a more compact notation, we introduce the mapping ®(x,A) as
D(x,A) = (Vi L(x,A),—V;L(x,A)) = (VL (x,A), —d(x)), (2.3)

and we let z = (x,4). In this notation, the preceding coupled fixed-point problems are equivalent

to a variational inequality requiring a vector z* = (x*,A*) € K x R!" such that
(z—2)T®(z*) >0 forallz=(x,1) € K x R". (2.4)

In the remainder of the chapter, in the product space R™ x --- x R™, we use ||x|| and xTy to

denote the Euclidean norm and the inner product that are induced, respectively, by the Euclidean

ISee [35], volume 1, 1.5.8 Proposition, page 83.
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norms and the inner products in the component spaces. Specifically, for x = (xi,...,xy) with

x; € R" for all i, we have

T - 7 -
xly=3Yxyi and =y [} (il
i=1 i=1

We now state our basic assumptions on the functions and the constraint sets in problem (2.1).

Assumption 2. The set K is closed, convex, and bounded. The functions fi(x;), i=1,...,N, and

c(x) are continuously differentiable and convex.

Next, we define the gradient map

T
F(x) = (Vi (f1(x1) +e(@)", o, Vi (fiv (o) +e(x)T)
for which we assume the following.

Assumption 3. The gradient map F (x) is Lipschitz continuous with a constant L over the set K,
ie.,
IF(x) =F)| <Lllx=yll  forallx,y<cK.

2.2 Regularized primal-dual method

In this section, we present a distributed gradient-based method that employs a fixed regularization
in the primal and dual space. We present the regularized problem and proceed to provide bounds on
the error. We then claim the monotonicity and Lipschitzian properties of the regularized mapping
and develop the main convergence result of this section. Notably, the theoretical convergence
results prescribe a set from which users may independently select stepsizes with no impact on the
overall convergence of the scheme. Finally, we further weaken the informational restrictions of
the scheme by allowing users to select regularization parameters from a broadcasted range, and we

extend the Lipschitzian bounds and convergence rates to this regime.

2.2.1 Regularization

For approximately solving the variational inequality (2.4), we consider its regularized counterpart

obtained by regularizing the Lagrangian in both primal and dual space. In particular, for v > 0 and
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€ >0, we let £y ¢ denote the regularized Lagrangian, given by
\% £
Lve(n,A) = f(x)+ 5 1] +ATd(x) = ZIIA[ (2.5)

The regularized variational inequality requires determining a vector z, . = (x, ¢, Ay ¢) € K x R}
such that
(2=2e) @ye(dye) >0 forallz=(x,A) € K xR, (2.6)

where the regularized mapping ®y, ¢(x,A) is given by
Dy e(x,A) 2 (Vilye(x,1),—V; Ly e(x, 1)) = (Vo L(x,4) + vx,—d(x) + €A). .7)
The gradient map V,Ly ¢(x,A) is given by
Vilye(x,A) 2 (Vi Ly e(x,A),. .., Viy Ly e(x,1))

where V. Ly ¢(x,A) = Vy, (f(x) + ATd(x)) + vx;. It is known that, under some conditions, the
unique solutions zy, . of the variational inequality in (2.6) converge, as v — 0 and € — 0, to the
smallest norm solution of the original variational inequality in (2.4) (see [35], Section 12.2). We,
however, want to investigate approximate solutions and estimate the errors resulting from solving
a regularized problem instead of the original problem, while the regularization parameters are kept
fixed at some values.

To solve the variational inequality (2.6), one option lies in considering projection schemes for
monotone variational inequalities (see Chapter 12 in [35]). However, the lack of Lipschitz continu-
ity of the mapping precludes a direct application of these schemes. In fact, the Lipschitz continuity
of @y ¢(z) cannot even be proved when the functions f and d; have Lipschitz continuous gradients.
In proving the Lipschitzian property, we observe that the boundedness of the multipliers cannot be
assumed in general. However, the “bounding of multipliers A” may be achieved under the Slater
regularity condition. In particular, the Slater condition can be used to provide a compact convex
region containing all the dual optimal solutions. Replacing R’} with such a compact convex set
results in a variational inequality that is equivalent to (2.6),

Determining a compact set containing the dual optimal solutions can be accomplished by view-
ing the regularized Lagrangian Ly ¢ as a result of two-step regularization: we first regularize the

original primal problem (2.1), and then we regularize its Lagrangian function. Specifically, for
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v > 0, the regularized problem (2.1) is given by

N
V
minimize = Z (fl xi)+ = ||Xi||2> +c(x)
l

subject to d() <0 forall j=1....m (2.8)
xi €K; foralli=1,...,N.

Its Lagrangian function is
Ly(nd) = £(x) +§ 2+ ATd(x) forallxeK, A >0, 2.9)
and its corresponding dual problem is

maximize w(d) = mi[r(lﬂv(x,l)
xXe
subject to A >0.

We use vy, to denote the optimal value of the dual problem, i.e., v{, = max,~q vy(4), and we use
A, to denote the set of optimal dual solutions. For v = 0, the value v}, is the optimal dual value of
the original problem (2.1) and A is the set of the optimal dual solutions of its dual problem.
Under the Slater condition, for every v > 0, the optimal dual multipliers A* exist and if we
assume that solution x}, to problem (2.8) exists then strong duality holds [65]. In particular, the
optimal values of problem (2.8) and its dual are equal, i.e., f(x}) = v}, and the dual optimal set

A}, is nonempty and bounded [66]. Specifically, we have

A C leﬂ?m‘i SO+ %quz_‘)t A>0 forallv >0
V= = m1n1<]<m{ d()}’ o .

When the Slater condition holds and the optimal value f* of the original problem (2.1) is finite, the
strong duality holds for that problem as well, and therefore, the preceding relation also holds for
v = 0, with v;; being the optimal value of the dual problem for (2.1). In this case, we have f* = v,
while for any v > 0, we have v}, = f(x}) for a solution xj, of the regularized problem (2.8). Since
f(xy) > f*, it follows that vy, > vj for all v > 0, and therefore,

m ’)_|_K XZ_V*
A C AG[R’"‘Z 2 0 2>0p  forallv>0,
j=1 m1n1<]<m{ dj(%)}

where the set Ajj is the set of dual optimal solutions for the original problem (2.1). Noting that a
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larger set on the right hand side can be obtained by replacing v;; with any lower-bound estimate of

v lie., v(k) for some A > 0], we can define a compact convex set D,, for every v > 0, as follows:

< £G) + 311#2 = v(A)
D, = E[R’”‘ S+ ) a>0 for every v > 0, 2.10
' { e ) R yveho B
which satisfies
A, C Dy, for every v > 0. (2.11)

Observe that vy < vy, <wvyfor0 < v < v/, implying that Dy C D, C D,,. Therefore, the compact
sets D, are nested, and their intersection is a nonempty compact set D which contains the optimal
dual solutions A of the original problem.

For the remainder of this chapter, we will assume that the Slater condition holds and the set
K is compact (Assumption 2), so that the construction of such nested compact sets is possible.
Specifically, we will assume that a family of nested compact convex sets D, C R, v > 0, satisfying
relation (2.11) has already been determined. In this case, the variational inequality of determining
Zve = (Xy g, Ave) € K x Dy such that

(z—2ve) Pye(zve) >0  forallz=(x,A) € K x Dy, (2.12)

has the same solution set as the variational inequality in (2.6), where A is constrained to lie in the

nonnegative orthant.

2.2.2 Regularization error

We now provide an upper bound on the distances between xy ¢ and xj,. Here, xy ¢ is the primal
component of zy ¢, the solution of the variational inequality in (2.12) and xj, is the solution of the

regularized problem in (2.8) for given positive parameters v and €.

Proposition 1. Let Assumption 2 hold except for the boundedness of K. Also, let Assumption 1
hold. Then, for any v > 0 and € > 0, for the solution zy ¢ = (xy ¢, Ay ¢) of variational inequality
(2.12), we have

E
Vi, —xvell® + —H)»veH2 SIAVIE forall A7 € A,

where x3, is the optimal solution of the regularized problem (2.8) and A, is the set of optimal

solutions of its corresponding dual problem.
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Proof. The existence of a unique solution xj, € K of problem (2.8) follows from the continuity and
strong convexity of fy. Also, by the Slater condition, the dual optimal set A}, is nonempty. In what
follows, let A;; € A}, be an arbitrary but fixed dual optimal solution for problem (2.8). To make the
notation simpler, we use & to denote the pair of regularization parameters (v,€), i.e., & = (v,€).
When the interplay between the parameters is relevant, we will write them explicitly.

From the definition of the mapping ®g it follows that the solution zg = (xg,A¢) € K x Dy is a
saddle-point for the regularized Lagrangian function £¢(x,A) = £(x,A4) + ¥ ||x[|* — §[|A]1% ie.,

Lé(Xé,l)SL&(X&,%&)Sﬂ&(X,)Lé) forallxe Kand A € D,,. (2.13)

Recalling that A}, C Dy, and by letting A = A;; in the first inequality of the preceding relation, we
obtain

€ € .4
0 < Le(xg, Ag) — Le(xe, Ay) = (Ae — Ay) d(xe) — 5112 I”+ LA I (2.14)
We now estimate the term (Az — Ay)7d(xz) = "1(Ag,j— Ay j)dj(xg) by considering the individ-
ual terms, where ).* is the j-th component of l* By convexity of each d;, we have

dj(xg) < dj(x3) + Vdj(xg)T (g 7)< V(g )T (xg — ),

where the last inequality follows from xj, being a solution to the primal regularized problem (hence,
d;(xy) <0for all j). By multiplying the preceding inequality with 7L§ _j (which is nonnegative) and
by adding over all j, we obtain

Y Ag i) <
=1

Ag jVd;j(xe)" (xg —x3).

s

1

J

By the definition of the regularized Lagrangian L (x,A), we have

Z?ng]Vd xe) x5—xf,) = VxLé(xg,lg)T(x(g—xT,)—(Vf(xé)—l—VXé)T(xé—x"‘,)
< (V) +vaxg) ' (ve =),

where the inequality follows from VL (xg, A¢ )T(xg —x},) <0, which holds in view of the second
inequality in saddle-point relation (2.13) with x = x}, € K. Therefore, by combining the preceding
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two relations, we obtain
Y Aejdixe) < — (Vf(xe)+vae) (xg —x3). (2.15)
j=1

By convexity of each d;, we have d;(xg) > d;(x}) +Vd; (xﬁ)T(xé —x}) By multiplying the pre-

ceding inequality with —l"i ; (which is non-positive) and by adding over all j, we obtain

S Y A < = YA i) — XA,V 06)T (g — )

j=1 j=1 j=1

= ) A Vdi(x)" (xy — xg),
j=1

where the equality follows from (1;)7d(x%) = 0, which holds by the complementarity slackness
of the primal-dual pair (x},,A;) of the regularized problem (2.8). Using the definition of the La-
grangian function £y in (2.9) for the problem (2.8), we have

Z/l* V()T (6 —xg) = Vilo(xy, A0 (6 —xg) — (V) +vay)T (xp —xe)

< —(VFOg) +vay)” (o —xe),

where the inequality follows from relation V,£(x},A;)" (x}, —x¢) < 0, which in turn holds since
(x3,Ay) is a saddle-point of the Lagrangian function £y (x,4) over K x Dy and x¢ € K. Combining

the preceding two relations, we obtain
m
* * s\T /% * w\T *
- Z )‘v,jdj()%) <= (Vf(xy) +vay)” (x _xé) = (Vf(xy) +vxjy) (xé —Xy)-
j=1
The preceding relation and inequality (2.15), yield
m

(Ag = A7) d(xe) = ) (Ae j— Ay j)dj(xe) < (VF(xy) = Vflxg)) (g =) = Vixg =51

j=1

From the monotonicity of V f, we have (Vf(x}) — Vf(xg))" (xg —x}) <0, thus implying (Az —
),{f)Td(xg) < —V|lxg — x5, ||?. Finally, by combining the preceding relation with (2.14), and recall-

ing notation £ = (v, €), we obtain for any solution x7,,

Virv.e =) +

SIM > forall A* € A%, (2.16)
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thus showing the desired relation. |

As an immediate consequence of Proposition 1, in view of A}, C Dy, we have

€
|xv.e = x|l <4/ 5= max [|A7| forall v>0and € > 0. (2.17)
2V A*eD,
This relation provides a bound on the distances of the solutions xj, of problem (2.8) and the com-
ponent xy ¢ of the solution zy ¢ of the regularized variational inequality in (2.12). The relation
suggests that a v larger than € would yield a better error bound. Note, however, that increas-
ing v would correspond to the enlargement of the set D,, and therefore, increasing value for
max;«cp, |[A*||. When the specific structure of the sets Dy is available, one may try to optimize
the term /5, max,-cqp, [|[A*]| with respect to v, while € is kept fixed. In fact, the following result

provides a simple result when D, is specified using the Slater point X.

Lemma 1. Under the assumptions of Proposition 1, for a fixed € > 0, the tightest bound for

Xy e — x5 is given by

e (760 -vid)

miny < j<;u{—d;(X)} I

[[xv,e =2y <

Proof. Using ||x||2 < ||x||1, from relation (2.17) we have

£ £
Xye =Xyl <4/ = ( max ||A </=— | max ||A]|; |-
e =331 < (max 1212) < /55 (s a1,

But by the structure of the set Dy, we have that

i<max W): & (L) +3IHP - v(A)
2v AeDy ! 2v minlgjgm{—dj()f}
X

:\/E &) —v(A) e 11412
2v \ minj<j<,,{—d;(X)} 2 \ miny< o {—d;()}

_ Ve @
B \/Eminlngm{—dj()f)} (\/V—f—bﬁ) 7

where a = f(X) —v(A) and b = 1% It can be seen that the function h(V) = a//V +b+/V has a
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unique minimum at v* = £, with the minimum value 2(v*) = 2v/ab. Thus, we have

SR

. e (760 -vid)
—(max HXHI) < , x|l
V 2v \aeD, ~ | mini<jen{—d;(¥)}
implying the desired estimate. |

When the set K is bounded, as another consequence of Proposition 1, we may obtain the error
bounds on the sub-optimality of the vector xy ¢ by using the preceding error bound. Specifically,
we can provide bounds on the violation of the primal inequality constraints d;(x) <0 atx = xy ¢.
Also, we can estimate the difference in the values f(xy ¢) and the primal optimal value f* of the

original problem (2.1). This is done in the following lemma.

Lemma 2. Let Assumptions 2 and 1 hold. For any v,€ > 0, we have
€
max{O,dj(xwg)} SMd-"MM/E forall j=1,...,m,

o) = 1) < My [ £ Y2,

with My, = maxek | Vd(x)|| for each j, My = maxyek [|[Vf(x)[l, My = maxycp, [|A|| and D =

maXxyex || x||.

Proof. Let v >0 and € > 0 be given, and let j € {1,...,m} be arbitrary. Since d; is convex, we
have
dj(xy.e) < dj(xy) +Vdj(x) (ve =x3) < [V (x)) ] [xv.e =23,

where in the last inequality we use d;(xy,) < 0, which holds since x7, is the solution to the regular-
ized primal problem (2.8). Since K is compact, the gradient norm ||Vd;(x)|| is bounded by some

constant, say My,. From this and the estimate

€
[xy.e — x| < EHWH, (2.18)

which follows by Proposition 1, we obtain

| € *
dj(xvﬁ) SMdj E HA’VH7
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where A is a dual optimal solution of the regularized problem. Since the set of dual optimal
solutions is contained in the compact set D, the dual solutions are bounded. Thus, for the violation

of the constraint d;(x) <0, we have

€
max{0,d;(xv,e)} < My;My 4/ DI

where My, = max, cp, ||A||. Next, we estimate the difference |f(xy ¢) — f(x*)|. We can write
f(ev,e) = FO) < [ f(eve) = FO)]+ fev) = fF, (2.19)
where we use 0 < f(x}) — f*. By convexity of f, we have
Vi) (ve —x3) < flrve) = F(05) <V (xve) (ave —x7).

Since xy ¢, x* € K and K is compact, by the continuity of the gradient ||V f(x)||, the gradient norm

is bounded over the set K, say by a scalar My, so that

[f(ev.e) = fO0)| < My [lxy.e =X |-

Using the estimate (2.18) and the boundedness of the dual optimal multipliers, similar to the pre-

ceding analysis, we obtain the following bound

|fxve) = F(x5)] < MM, \/g

By substituting the preceding relation in inequality (2.19), we obtain

o) = 1) <M [ £ )~

Further, by using the estimate f(x}) — f* < ¥ maxyex ||x||* = ¥D? of Lemma 23 (see appendix),

we obtain the desired relation. |

Next, we discuss how one may specify v and €. Given a threshold error 6 on the deviation of

the obtained function value from its optimal counterpart, we have that | f(xy ¢) — f(x*)| < 8, if the

E V5,
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But by the structure of the set D, we have that

E
My =] — >y (max ||7L||1>

£ f()f) + 51X VOL)
2v \ minj<j<u{—dj(X)}

_ \/E () —v(L) L Ve e
~ V2v \ minj<jcn{—d;(x)} 2 \ minj< <, {—d;(¥)}

B 1 a\/€e
B V2 ming < j<,{—d;(%)} ( Vv +b\/§) ,

where a = f(X) —v(A) and b = @ Thus, we have

€ v My a/e
MM ,/—+—D2< ( +b\/8v)+ D*<8.
TPV 2v V2 min < jcp{—d;(¥)} \ VV 2

Next, we may choose parameters v and € so that the above inequality is satisfied. The expression

suggests that one must choose € < v (as My could be large). Thus setting € = v3, we will obtain a
quadratic inequality in parameter v which can subsequently allow for selecting v and therefore €.

Unfortunately, the preceding results do not provide a bound on ||xy ¢ —x*|| and indeed for the
optimal v* minimizing ||xy ¢ —x*||, the error in ||xy ¢ —x}|| can be large (due to error in ||xj, —x*|)).
The challenge in obtaining a bound on [}, . —x*|| implicitly requires a bound on ||xj, — x*|| which
we currently do not have access to. Note that by introducing a suitable growth property on the

function, one may obtain a handle on ||x}, —x*||.

2.2.3  Properties of ®y ¢

We now focus on characterizing the mapping ®y . under the following assumption on the con-

straint functions d; for j=1,...,m.

Assumption 4. For each j, the gradient Vd;(x) is Lipschitz continuous over K with a constant
Lj >0, ie,
IVd;() - Va;| <Lk~ forallx.y € K.

Under this and the Slater assumption, we prove and the strong monotonicity and the Lipschitzian
nature of @y ¢(x,1).
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Lemma 3. Let Assumptions 2—4 hold and let v,€ > 0. Then, the regularized mapping ®y ¢ is
strongly monotone over K x R with constant i = min{v,€} and Lipschitz over K x D, with

constant Lo(V, €) given by

Lo(v,8) = [ (L+V+ Mg+ MyLo)? + (Mg +€)2, ‘/ZL

where L is a Lipschitz constant for V f(x) over K, L; is a Lipschitz constant for Vd;(x) over K,

Mg = max,ck || Vd(x)||, and My = max; cq, ||A]].

Proof. We use A1 j and A, ; to denote the jth component of vectors A; and A,. For any two vectors
z1 = (x1,41), 22 = (x2,42) € K x R, we have

q)ve Zl — &, 8(Z2)>T(Z1 _ZZ)

_ V., L xl,;L1 -V L(XZ,AQ) +V(X1 —XQ) ! X1 — X2
B —d (x1) + €A +d(x2) — Xy A=A

(V1) = Vf(x2)) (x1 = x2) + V|x1 = x2|?
Z ll de x1 lzde(xz))T(xl— 2)
-~ L@

(1) = dj(x2)) (A1) — Ao j) + €] AL — Ao

By using the monotonicity of V f(x), and by grouping the terms with A; ; and A, ;, separately, we

obtain

(@ye(z1) —DPve(22)) (21 —22) > V|x1 —x2| 2

+Z)Ll] (X1)+Vd (xl) (xl—X2))
+ Z Ao j (dj(x1) = dj(x2) = Vdj(x2)" (x1 — x2)) + ]| A1 — Ao >
=1

Now, by non-negativity of A, ;,A, ; and convexity of d;(x) for each j, we have

My (dj(x2) =) +Vdj(x)" (v —x2)) >0,
127]' (dj(xl) —d(xp) — Vdj(xz)T(xl —xz)) > 0.
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Using the preceding relations, we get
(Pyelzr) = Pre(22) (21 —22) 2 VI — x> +elA — 22> = min{v. e} |z — 2%,

showing that ®y ¢ is strongly monotone with constant u = min{v, €}.
Next, we show that ®y, ¢ is Lipschitz over K x D,. Thus, given v,€ > 0, and any two vectors
71 = (x1,41), 22 = (x2,42) € K x Dy, we have

| Pv.e(z1) — Py e(z2)]
_ Vf(xl) — Vf()Cz) + V(x1 —XQ) +ZT:1 ()Ll’dej(xl) — Azﬁdej(XQ)) )
—d(xl) —l—d(XQ) + 8(2,1 - /12)

< V&) = Vi)l + Vil —xll+

Z )Ll ]Vd x1 ;LzJVdj(xz))H
+|d(x1) —d(x2) || + €| A1 — A2 (2.20)

By the compactness of K (Assumption 2) and the continuity of Vd(x) for each j, the bounded-
ness of Vd(x) = (Vd(x),...,Vd,(x))T follows, i.e.,

|Vd(x)| <M;  forall x € K and some M > 0. (2.21)

Furthermore, by using the mean value theorem (see for example [52], page 682, Prop. A.22), we
can see that d(x) is Lipschitz continuous over the set K with the same constant M. Specifically,
for all x,y € K, there exists a 0 € [0, 1] such that

[d(x) —=d(y)|| = IVd(x+0(y—x))(x = y)|| < Mallx—yl|

By using the Lipschitz property of Vf(x) and d(x), and by adding and subtracting the term
Y"1 A1,;Vd;(x2), from relation (2.20) we have

[Py e(z1) =Py e(z2)ll < Llilxi—xa+Vixi —xall + Y A1 j ||Vdj(x1) — Vd(x2) |
j=1
+Z M]J—lzj‘ ||Vd X2 H—I—Mdel —)QH—l—SH)L] ;LzH
=

where we also use A; j > 0 for all j. By using Holder’s inequality and the boundedness of the dual
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variables 41,4, € Dy, we get

Y A || Vdj(x1) = Vdj(x)| SIIMH\/Z IVdj(x1) = Vdj(x2)|2
=1 j=1
<My, [ Y L3 lx1 =,
=1

where in the last inequality we also use the Lipschitz property of Vd(x) for each j. Similarly, by
Holder’s inequality and the boundedness of Vd(x) [see (2.21)], we have

Y A=Al [|Vdj(x2)|| < Mall 21 = 2a]].
=

By combining the preceding three relations and letting L; = 4/ 7’:1 L2, we obtain

| Py e(z1) = Prve(z2)|| S(L+V+My+MyLg)|x) —x2|| + (Mg +€)[| A1 — Az ]].

Further, by Holder’s inequality, we have

[®y.e(z) ~ Pre(e)ll < /(L4 V+My+ MyLy P+ Mg+ |t —xal >+ |41 — 2o

=Lo(v,&)lz1 — 22

thus showing the Lipschitz property of ®y . |

2.2.4 Primal-dual method

The strong monotonicity and Lipschitzian nature of the regularized mapping ®y,  for given v > 0
and € > 0, imply that standard projection algorithms can be effectively applied. Our goal is to
generalize these schemes to accommodate the requirements of /imited coordination. While in
theory, convergence of projection schemes relies on consistency of primal and dual step-lengths,
in practice, this requirement is difficult to enforce. In this section, we allow for different step-
lengths and show that such a scheme does indeed result in a contraction.

Now, we consider solving the variational inequality in (2.12) by using a primal-dual method

in which the users can choose their primal stepsizes independently with possibly differing dual
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stepsizes. In particular, we consider the following algorithm:

X],(Jrl - HKi(xi'{_(xivxiLVﬁ(xk’lk))’

Ak = Ip, (lk+TV/ILv,s(xk7lk))a (2.22)

where o; > 0 is the primal steplength for user i and 7 > 0 is the dual steplength. Next, we present

our main convergence result for the sequence {z¥} with z¥ = (x¥, A¥) generated using (2.22).

Theorem 2. Let Assumptions 2—4 hold. Let {7} be a sequence generated by (2.22). Then, we

have

[P forall k>0,

qv.e

where qy ¢ is given by

(1 + 02 L3 (V, €) — 21T+ (Otmin — T) max{1 —2v, M7}
+2(Clmax — Omin)La(V, €), Jor T < Otmin < Omax;
dve = 1+ 0 Ly (V. €) — 20min
+2(Cmax — Omin)Lar(V, €), Jor Otmin < T < Omax;
14 T2LE(V, €) — 2U Omin + (T — Cin) max{1 — 2&, M7}
| +2(Cmax — Omin) Lo (V, €), Jor Omin < Omax < 7T,

where Oyin = minj<;<y{0;}, Omax = maxj<j<y{ ¢}, My = max,ek [|Vd(x)||, 4 = min{v,€} and
Lo(Vv,€) is as defined in Lemma 3.

Proof. Let {Oc,} be the user dependent stepsizes of the primal iterations and let
in = min {0y and = max {0
Omin = min, {0} Cnax = max {06}
denote the minimum and maximum of the user stepsizes. Using

xiv.e = g, (xi,v,s — 0oV Lye (xv,salv,s)):

non-expansive property of projection operator and Cauchy-Schwartz inequality, it can be verified
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that
’ 2

ka+1 —Xv7gH2 S ka —XV,&‘Hz + ar%laXHVxL‘/vg(xk7)'k) - VXLV?‘(:('X‘/’S’AV’S)

- Zamin(Vva,s(xk, Ak) —VLye (xv,sa lv,s)>T(xk _xv,£>
+ 2(%ax - arnin) HVXLV,E (xk; Ak) - Vva,s(xv,& )Lv,s) || ka _xv,s||7

and

Hlkﬂ—)tv,en2 < Hlk—lv,e 2+72||(—d(xk)+87tk)—(—d(xv,S)‘FS)Lv,s)Hz
—27(—d(F) + e fd(xye) — el )T (AF = Ay e).

Summing the preceding two relations, we obtain

2 <1 =2y el + max{ oy, THIP() — P(ave) I
— 20min(Valy,e (¥, A5) = ViLy e (tve, Ave)) T (7 —xy )
+2(Otmax — Otmin) ||Vva,£ (Xk7 )Lk) - Vva,s(
—21(V3 Ly e (A5 = Vi Ly e(av.e, Ave)) T (AF = Ay ). (2.23)

I —zve

Xv.e, Av,S) | ka —xv,£|

We now consider three cases:
Case 1 (T < Opin < Omax ) By adding and subtracting

20(ViLy e (K, A = Vily e (v e, Ave)) T (F —xve),

we see that relation in (2.23) can be written as

12! — 2y el? < 12— zvel? + O | v e (2F) — Py e(zvie) 2
- 2T(¢V,8(Zk) - CI)V,S (ZV,S))T(Zk - ZV,S)
— 2O — T) (ViLy e (X A = V. L A Txk—
(Qmin — T) [ Valv,e(x, A7) Lve(xve,Ave)) ( Xy.e)

+2(Omax — Otmin) ||Vva7£ (xk7 ;Lk) —Vilye (XV783 lv,e) I ||Xk —Xye .

By Lemma 3, the mapping ®y ¢ is strongly monotone and Lipschitz with constants y = min{v, €}
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and Ly (v, €), respectively. Hence, from the preceding relation we obtain

12 = 2y ell® < (1+ 0 L (v, €) — 271) |12
k 2k T
—2(Otmin — 7) <Vx£v,£(x A )_Vva,s(xv,a‘»;Lv,e)) (Jd(_xv,e)
+2(Otmax — Oﬂmin)HVva,e(xkalk) - Vva,e(xv,salv,s)H ||Xk _xv,s”'

Now

||Vxﬁv,s(xk77tk) —Vva,S(xv,SaAv,S)H||xk—xv,8|| < ||q’(2k) —q’(ZV,S)HHZk_Zv,SH

< Lo(v,€)[l* —zv.el?

and thus we get

(amax - amin)L‘D(va) ||Zk - Z\’7€||2

T
—2(Olmin — 7T) (focv,e (xka lk) - Vva,e(xv,.s,Av,e)) (Xk _xv7e)- (2.24)

|7 —zvel® < (14 o Ly (v, €) = 27p) |12

We next estimate the last term in the preceding relation. By adding and subtracting V, Ly ¢ (xy ¢, A6,

we have

T
(Vva,s (xk7 Ak) - Vva,s (Xv,ea lv,e)) (xk _xv,e)
T
= <Vva,£ (Xk; lk) - Vva,e(xv,£7;Lk)) (xk _Xv,s)

T
+ (Vva,s (xv,& ;Lk) - Vva,s (Xv,8> Av,e)) (xk _xv,s)-

Using the strong monotonicity of V,Ly ¢, and writing the second term on the right hand side

explicitly, we get

T
(Vva.,s(xk> ;Lk) - Vva,e (xv,ea )Lv,s)) (xk _xv,e)

n T
> VI —xvelP+ Y (Vi) (A —Ave)) (=)
j=1
2
1

> vl —Xvellz—— = Sl = el

Z xve ;L lvs,])

where the last step follows by noting that ab > —%(a2 +b?). Using Cauchy-Schwartz and Holder’s
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inequality, we have

2 2
Z i(xve)( /1 —Ave,j) < (Z |Vd;(xv.e HM )'V787j|>
< <Z Vd; xv,8)|’2> A% = Ay e
j=1
S M§||A‘k_ ’

where in the last step, the boundedness of Vd(x) over K was employed (||Vd(x)|| < M;). By
combining the preceding relations, we obtain

(Vva.,e(xk7)Lk) - Vva,s(xv,S;Av,s))T(xk_xv,s)

v

1
—5 ((1=2v) |t = el P+ M3 24

1
> 5 max{1-2v, M3} 2yl

If the above estimate is substituted in (2.24), we obtain

k+1

||Z —Z2v,e |2 SCIv,sHZk_Zv,sHZa

where qv.e = 1+ OCmaXL2 (V 8) 2,ur + (amin - T) max{l - 2‘/; Mfi} + 2(05111ax - arnin)LCI>(V78)a
thus showing the desired relation.

Case 2 (Opin < T < Omax): By adding and subtracting
Z%in(vkﬁms(xky )vk) =V Ly e(rve, /lv,S))T(lk —Ave),
for T < Otmax relation (2.23) reduces to

HZkH - Zv,8H2 < ||Zk —lve HZ + ar%lax ”q’(zk) —D(zv,e) ||2
— 200min (P(Z") — Plzv.e)) (2 —zv.e)
—2(T— Omin) (V2 Lv,e (N, 25) = V3 Lve(rve, Ave)) (AF = Ave)
+2(Cmax — Otmin) [ VaLv. e (¢, A%) = Vil e (v, Av.e) [ [¥ = xv el
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which by Lipschitz continuity and strong monotonicity of ® implies,

2

127 = 2y el < (14 0 LG (V, €) — 20mintt) [ — 2v
+2(Otmax — Omin) | VA Lv.e (. 4%) = V3 Ly e (v e, Ay o) [[[|AF = Ay |
+ 2(Otmax — Omin) Hvxfcv,s (Xka lk) - Vva,s(xv,£7)Lv,s) | ||xk —Xv.e |-

Using Holder’s inequality, we get

|4 2y el® < (14 Oy L (V. €) = 20mintt) |12 — 2v ¢

+2(Olmax — Olmin) | @(2") = P(zv.e)[[[12* — zv el
Finally using Lipschitz continuity of ® we get

k+1

15! — 2y ell® < gl —zv.ell?,

where gy ¢ = 14+ 02, L% (V, €) — 20mintt + 2(Cmax — Omin) Lo (V, €).
Case 3 (Opin < Omax < 7). Note that

(Vxﬁv,e (xk; lk) - VXLV,S(XV,&" )Lv.,s))T(Xk _xv,e)

T
= (q)v,e(zk) - q)v,s (Zv,s)) (Zk _Zv,e)
—(—d(F) +erAF fd(xye) — el )T (A = Ay e).

Thus, from the preceding equality and relation (2.23), where aax < T, we have

|5 =2y el* < Il = zv P+ 22(|D() — Dlav.e) I
— 2 (P(2) = D(2v.6))T (& —2v.¢)
— 2T~ Cin) (Vi Ly e (P, A5) = V3 Ly (ev.e. o) T (AF = Aye)
+2(Omax — Omin) | Vv ¢ (¢, 4) = Valy e (xv.e, Avee) [ —xvee]|

By Lemma 3, the mapping ®y  is strongly monotone and Lipschitz with constants u = min{v, €}
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and Lo (v, €), respectively. Hence, it follows

14 — 2y el < (14 T2LE (V. €) — 20mintt) || — 2y e[
—2(T — Otin) (V,lﬁv,e (xk,lk) - V/lLv,e(xv,e,)Lv.,€)>T<7L]C - lv@)
+ 2(amax - amin)HVva,E(xkvlk) - VxLV,g(xVﬁ?)LV;E)H ||xk —Xv,g”,

which can be further estimated as

18! — 2y e|? < (14 T2LG (v, €) — 20minit) |12 — zv.el|* +2(Otmax — Omin) Lo (v, €) [ — 2 ¢
- 2(1: i alnln)(VlLv7g(xk,Ak) - VA,'C’V,L’ (XV,£7 Avﬂg))T(lk i Avﬁ). (225)

Next, we estimate the last term on the right hand side of the preceding relation. Through the use

of Cauchy-Schwartz inequality, we have

(d —d(xv,g))T (WK —Ae) < % )~ d(ee)

2 1
+ 5 ||7Lk —/Iv,e||2~

By the continuity of the gradient mapping of d(x) = (d;(x),...,dn(x))" and its boundedness
(||Vd(x)|| < M), using the Mean-value Theorem we further have
2 2

< M| —xv e

Hd(xk) ~d(xye) B

From the preceding two relations we have

T M? 1
(A0) —drve)) (A= Ave) < ZE K v+ 5 125 = Al

which when substituted in inequality (2.25) yields

||Zk+]—Zv,g||2 < (1+T2L3D(V7£)_2.uamin+2(amax_amin)l«b(vvg)) ||Zk_ZV,S||2
+(T = Cnin) (1= 26) [ A = Ay el|* + (7 — Otmin) Mg [ — xve]|*.

The desired relation follows by observing that

(1-2€) A" = Ay e +M|" —xv.el* < max{1 —2e, MG} ||z — zv.el|*.
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An immediate corollary of Theorem 2 is obtained when all users have the same steplength. More

precisely, we have the following algorithm:

M= T (F — aviLy o (F,25)),
A = Mg, (AF + 1V Ly (x5, A5)), (2.26)

where o > 0 and 7 > 0 are, respectively, primal and dual stepsizes. We present the convergence of
the sequence {z¥} with zX = (x*, A¥) in the next corollary.

Corollary 1. Let Assumptions 2—4 hold. Let {zk} be a sequence generated by (2.26) with the

primal and dual step-sizes chosen independently. Then, we have

129! —zvell < Vaveld —zvel forall k =0,
where qy ¢ is given by

qve=1—2umin{a, 7t} +max{a? 2} L5 (v,e) +6(a, 1),

(a—1)max{l —2v, M3} fort<a,
(t—a)max{l —2¢, M3} fora<r,

and 8(o,7) = {

p=min{v,e} and L (v,¢) is as given in Lemma 3.

Note that when fpin = Omax = T and T < 2 /L2 (v, €), Theorem 2 implies the standard con-
traction result for a strongly monotone and Lipschitz mapping. However, Theorem 2 does not
guarantee the existence of a tuple (Omin, Otmax, T) resulting in a contraction in general, i.e., does not

ensure that gy ¢ € (0,1). This is done in the following lemma.

Lemma 4. Let gy ¢ be as given in Theorem 1. Then, there exists a tuple (Omin, Omax, T) such that
qv.e c (O, 1)

Proof. Tt suffices to show that there exists a tuple (Otyin, Cmax, T) such that

0 < 14 a2 L3(V,€) —2UT+ (Otmin — T) max{1 —2v, M3}

+2(0max — Cmin) Lo (v, €) < 1 T < Omin < Otmax
0<1+ak,L3(V,€) = 20minkt

+2(0tmax — Cmin) Lo (v, €) < 1 Olmin < T < Olmax
0 < 1+7%L3(V,€) — 2U0min + (T — Omin) max{1 —2¢, M2}

+2(Cmax — Omin) Lo (v, €) < 1 Olmin < Olmax < T.
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Also, it suffices to prove only one of the cases since the other cases follow by interchanging the
roles of 7 and O, or T and Ognax . We consider the case where T < Qmin < Qmax. Here, if
Otmax < 21 /chp(v, €) then there is B < 1 such that setting T = S 0tmax We have ¢ < 1. To see this let
Omin = B10max such that B < B; <1 and max{1 — 2v,M§} = Mﬁ. Consider

e =1 = 20T+ 0y LG (V. €) + (Chnin — T)M +2(Omax — Omin) Lo (V. €).

Setting T = B Omax, Amin = B1 Amax, the preceding relation reduces to
Gv.e — 1= —20B Olmax + O L3 (V. €) + Cmax (B — B)M; +20max (1 — Bi) Lo (v, €).
Using B < B; < 1 we obtain
Gv,e =1 < =24 Omax + Oax LG (V, €) + Omax (1 — B)M +20max (1 — B)La(V, £).

We are done if we show that the expression on the right hand side of the preceding relation is

negative for some f i.e.,

—Zuﬁ Omax + ar%laxLé‘(va 8) + (Xmax(l - ﬁ)Mg + 2amax(1 - ﬂ)ch(V, 8) <O0.
Following some rearrangement it can be verified that

OmaxL3 (V. €) + M3 +2Lg (v, €)
2+ M3+ 2Lg(v,€)

B>

Since we have OcmaxLé(w €) < 2u it follows that the expression on right hand side of the preceding
relation is strictly less than 1 and we have

B e OmaxL% (v, €) + M3 +2Lg(V, €) .
2U+M3+42Lg(V,€) )7

implying that we have f € (0,1). [

The previous result is motivated by several issues arising in practical settings. First there may be
errors due to noisy links in the communication network, which may cause inconsistencies across
stepsizes.  Often, it may be difficult to even enforce this consistency. As a consequence, we
examine the extent to which the convergence theory is affected by a lack of consistency. A re-

lated question is whether one can, in a distributed setting, impose alternative requirements that
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weaken consistency. This can be achieved by setting bounds on the primal and dual stepsizes

which are independent. For instance, if Ofmax < %, then it suffices to choose 7 independently
{6} I
as T < B0max < [32—“, where B is chosen independently. Importantly, Lemma 4 provides a

Lg(v.€)
characterization of the relationship between Ofyin, Omax and 7 using the values of problem pa-

rameters, to ensure convergence of the scheme. Expectedly, as the numerical results testify, the
performance does deteriorate when there ¢;’s and 7 do not match.

Finally, we remark briefly on the relevance of allowing for differing stepsizes. In distributed
settings, communication of stepsizes may be corrupted via error due to noisy communication links.
A majority of past work on such problems (cf. [3, 27]) requires that stepsizes be consistent across
users. Furthermore, in constrained regimes, there is a necessity to introduce both primal (user)
stepsizes and dual (link) stepsizes. We show that there may be limited diversity across all of these
parameters while requiring that these parameters together satisfy some relationship. One may
question if satisfying this requirement itself requires some coordination. In fact, we show that this
constraint is implied by a set of private user-specific and dual requirements on their associated

stepsizes, allowing for ease of implementation.

2.2.5 Extension to independently chosen regularization parameters

In this subsection, we extend the results of the preceding section to a regime where the ith user
selects its own regularization parameter v;. Before proceeding, we provide a brief motivation of
such a line of questioning. In networked settings specifying stepsizes and regularization parameters
for the users at every instant is generally challenging. Enforcing consistent choices across these
users is also difficult. An alternative lies in broadcasting a range of choices for stepsizes, as done
in the previous subsection. In this section, we show that an analogous approach can be leveraged
for specifying regularization parameters, with limited impacts on the final results. Importantly, the
benefit of these results lies in the fact that enforcement of consistency of regularization parameters
is no longer necessary. We start with definition of the regularized Lagrangian function with user

specific regularization terms. In particular, we let

1 €
Lye(x,A) :f(x)+§xTVx+7LTd(x) — EHM\Z (2.27)
where V is a diagonal matrix with diagonal entries vy, ..., Vy. In this case, letting
A
Vmax = max {V;},
e ie{l,...,N}{ }
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for some % € K and A > 0, we define the set Dy, given by:

X

m . Vmax 2 i
Dvmaxz{leﬂ?’”‘zljéﬂxH 2 4 >,7Lzo}. (2.28)
j=1

ming < j<m{—d;(xX)}

We consider the regularized primal problem (2.1) with the regularization term %xTVx. We let Ay,
be the set of dual optimal solutions of such regularized primal problem. Then, relation (2.10)
holds for Ay, and Dy, , i.e., Ay, € Dy, and, therefore, the development in the preceding two
sections extends to this case as well. We let xj, and A;; denote primal-dual of the regularized
primal problem with the regularization term %xTVx. Analogously, we let xy;. and Ay . denote
respectively the primal and the dual part of the saddle point solution for Ly ¢(x,4) over K x R/
We present the modified results in the form of remarks and omit the details of proofs.

The bound of Proposition 1 when user i uses its own regularization parameter v; will reduce to:

« % € * * *
(xy —xve) TV (xy —xve) + §||7LV,6||2 < A2 for all Ay, € Ay,

€
2

and thus we have the following bound
Iy —wvel < /5o max A%,
' 2Vmin A*€Dypax
where Vpyip £ min {v;}.
i ie{l,.‘.,N}{ i}

The result in Lemma 2 is replaced by the following one.

Lemma 5. Let Assumptions 1 and 2 hold. For any v; >0,i=1,...,N, and € > 0, we have

max {O, dj (XV,S)} < Mde

Vmax

forall j=1,...,m,

2Vmin

€ \%
[ (ve) = F(X)] < MMy, | 50—+ —5= D,
2Vmin 2

with My, = maxek | Vd(x)|| for each j=1,...,m, My = maxyek || V.f(x)||, My, =, Jax 1A

Vmax

and D = max,ek || x||.

Our result following Lemma 2 where we describe how one may choose parameters € and Vv to
get within a given threshold error on the deviation of the obtained function value from its optimal

counterpart will have to be reconsidered using the appropriate parameters Vi, and Vipax. More
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precisely, we will have |f(xy¢) — f(x*)| < & if we have

€ v
+ 2D <8,

min 2

MfMVmax

Following a similar analysis and using the structure of the set Dy, we have

\ max |[|A
dex 2me 2me (le Dvimax H Hl)
e (0 e )
2Viin m1n1<]<m{ d }
2Vmin mlIl1<]<m{ d 2me minlgjgm{—dj()f)} ’

L f(8)=v(A) _ %12
Letting a = NE Ty and b = VT R we have

2
MMy, (]S T2 <y aVE | Ve | | Vi o

= +
Vmin 2 vV Vmin Vmin 2

Next, we may choose parameters Vpin, Vmax and € so that the above inequality is satisfied. The
expression suggests that one must choose € < Vpin (as My could be large). Thus, setting € =
VininVax» We Will obtain a quadratic inequality in parameter Vi, which can subsequently allow
for selecting Vimax and, therefore, selecting vy, and €.

Analogous to the definition of the mapping ®y ¢(x,A) in (2.7), we define the regularized map-
ping corresponding to the Lagrangian in (2.27). Specifically, we have the regularized mapping
Dy ¢(x,A) given by

Dy e (x,1) = (Vilye(x,A),—ViLye(x,1)) = (VoL (x,1) + Vx, —d(x) + €L).

The properties of ®y ¢, namely, strong monotonicity and Lipschitz continuity remain. Specifically,
®y . is strongly monotone with the same constant u as before, i.e., 4 = min{Vvpn, £}. However,

Lipschitz constant is not the same. Letting Lg(V, €) denote a Lipschitz constant for ®y ¢, we have

Lo(V,e) = \/(L + Vinax + Mg+ My, Ly)*>+ (Mg +€)>. (2.29)
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The result of Theorem 2 can be expressed as in the following corollary.

Corollary 2. Let Assumptions 1-4 hold. Let {z*} be a sequence generated by (2.22) with each user

using V; as its regularization parameter instead of v. Then, we have

I —zvell < Vavell —zvee, |

with qy ¢ as given in Theorem 2, where Le(V, €) is replaced by Lo (V, €) from (2.29).

2.3 A regularized dual method

The focus in Section 2.2 has been on primal-dual method dealing with problems where a set of
convex constraints couples the user decisions. A key property of our primal-dual method is that
both schemes have the same time-scales. In many practical settings, the primal and dual updates are
carried out by very different entities so that the time-scales may be vastly different. For instance,
the dual updates of the Lagrange multipliers could be controlled by the network operator and might
be on a slower time-scale than the primal updates that are made by the users. Dual methods have
proved useful in multiuser optimization problems and their convergence to the optimal primal
solution has been studied for the case when the user objectives are strongly convex [3, 2].

In this section, we consider regularization to deal with the lack of strong convexity of Lagrangian
subproblems and to also accommodate inexact solutions of the Lagrangian subproblems. For the
inexact solutions, we develop error bounds. Inexactness is essential in constructing distributed
online schemes that require primal solutions within a fixed amount of time. In the standard dual
framework, for each 4 € R, a solution x(4) € K of a Lagrangian subproblem is given by a solution
to VI(K,V,L(x,A)), which satisfies the following inequality:

(x—x(1))T VL(x(A),A) >0  forallx €K,

where V3 £(x(1),4) = Vi f(x(A)) + L7, 4;Vd(x(1)). An optimal dual variable 4 is a solution
of VI(R?, -V, L(x(1),A)) given by

A =2)T (=V3L(x(A),1)) >0  forallA € R™,

where V; L(x,A) = d(x). We consider a regularization in both primal and dual space as discussed

in Section 2.2. In Section 2.3.1, we discuss the exact dual method and provide the contraction re-
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sults in the primal and dual space as well as bounds on the infeasibility. These results are extended

to allow for inexact solutions of Lagrangian subproblems in Section 2.3.2.

2.3.1 Regularized exact dual method

We begin by considering an exact dual scheme for the regularized problem given by

xt :HK(xt_anLv@(xtaz’t))? (230)
A =TIp (A +1V Ly (¥, A7) fort >0, (2.31)

where the set Dy is as defined in (2.10). In the primal step (2.30), the vector x' denotes the solution
x(A") of the fixed-point equation corresponding to the current Lagrange multiplier A’.

We now focus on the conditions ensuring that the sequence {4’} converges to the optimal dual
solution Ay . and that the corresponding {x(4’)} converges to the primal optimal x}, . of the reg-
ularized problem. We note that Proposition 1 combined with Lemma 2 provide bounds on the
constraint violations, and a bound on the difference in the function values f(xj, ;) and the primal

optimal value f* of the original problem.

\4

Lemma 6. Under Assumption 2, the function —d(x(A)) is co-coercive in A with constant 5,
d

where My = max,cx ||Vd(x)||.

Proof. Let A; and Ay € R7. Let x; and x, denote the solutions to VI(K,V,Ly ¢(x,A1)) and
VI(K, Vi Ly ¢(x,2)), respectively. Then, we have the following inequalities:

(2 —x1)) " (Vfu(xe) + Y A jVdj(x)) >0,
j=1

(1 —x2) T (Vfy(x2) + Y 22,;Vdj(x2)) > 0,
j=1

where A1 ; and A, ; denote the jth component of vectors A; and A, respectively. Summing these

inequalities, we get

7L1J()C2 —xl)TVdj(xl) + Z 127]'()(1 —xZ)TVdj(XQ)
i—1 j=1

> (2 —x1) (VA (2) = V(1)) = Vo — x| (2.32)

(ngE

~
Il
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By using the convexity of the functions d; and inequality (2.32), we obtain

(A= M) (=d(x2) +d(x1)) = Z/II,J j(x1) +Z7sz (x1) —dj(x2))
> Z/ll,j(xz—)ﬂ) Vdj(x1) + Z’Lz,j(?ﬂ —x2)"'Vd(x2)
j=1 J=1
> v —x | (2.33)

Now, by using the Lipschitz continuity of d(x), as implied by Assumption 2, we see that ||x; —
xi||> > e lld(x) —d (x1)||? with My = max,cx Vd(x), which when substituted in the preceding
d

relation yields the result. [

We now prove our convergence result for the dual method, relying on the exact solution of the

corresponding Lagrangian subproblem.

Proposition 3. Let Assumptions 1 and 2 hold, and let the step size T be such that

2v
T<——F—— with M; = max Vd(x).
M;+2ev xek

Then, for the sequence {A,} generated by the dual method in (2.31), we have
A —AJ el <qllA =27l whereg=1—rte.

Proof. By using the definition of the dual method in (2.31) and the non-expansivity of the projec-
tion, we obtain the following set of inequalities:

A =25 P < 12+ 5(d () — 1) = (A5 o+ 7(dlxse) — €A5) I

= (1= e)(A' =47 ¢) — 7 (d(xy ) —d(x)) |I?
= (1-1e[|A" = A7 >+ 72 d(x], o) —d ()|

—2t(1—1e)(A = Ay )" (d(xy ) —d(x')).

By invoking the co-coercivity of —d(x) from Lemma 6, we further obtain

% \%
[ = 25l < (1= eI = Al (72001~ )7
d

) ld(x.0) — ()P
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A contraction may be obtained by choosing 7 such that (72 —27(1 — 7£)-%) <0

Y
2
M

2v/M; 1

1
and T < —asgivenby 1< —————> <
€ 1+2ev/M; €

We therefore conclude that [| A1 — A5 [|> < (1—1€)?||A" — 4] ||* for all 7 > 0. |

Next, we examine two remaining concerns. First, can a bound on the norm ||x' —x} .|| be
obtained, where x' = x(A")? Second, can one make a rigorous statement regarding the infeasibility

of x!, similar to that provided in the context of the primal-dual method in Section 2.2?

Proposition 4. Let Assumptions 1 and 2 hold. Then, for the sequence {x'}, with x* = x(A"),

2v

generated by the dual method (2.30) using a step-size T such that T < TP
d

t>0,

we have for all

! * My t * xI Mc% t *
b =xyell = <74 =2y, and  max{0,d;(x')} < A"~ 4y .

Proof. From relation (2.33) in the proof of Lemma 6, the Cauchy-Schwartz inequality and the

boundedness of Vdj(x) forall j=1,...,m, we have
I =2 ell? = [le(A7) —x(A5 )|
1 * *
< (A= A00) (A (A1) +d(x(A)))
My * *
< - I = A7 llx(AT) = x(Ay )1l
implying that [[x" —xJ, .|| < A% |A" — A7 ¢||. Furthermore, a bound on max{0,d;(x")} can be ob-

tained by invoking the convexity of each of the functions d; and the boundedness of their gradients,

as follows:

Y

* * * * M2 *
dj(xt) < dj(xv,s) +Vdj(xv,£)T<xt _xv,s) < Mdet _xv,sH < TdH;Lt _lv,s

where in the second inequality we use d(x}, ) < 0. Thus, a bound on the violation of constraints

2
d;(x) <0 atx =" is given by max{0,d;(x')} < M2 ||A" — ;. u
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2.3.2 Regularized inexact dual method

The exact dual scheme requires solving the Lagrangian subproblem to optimality for a given value
of the Lagrange multiplier. In practical settings, primal solutions are obtained via distributed it-
erative schemes and exact solutions are inordinately expensive from a computational standpoint.
This motivates our study of the error properties resulting from solving the Lagrangian subproblem
inexactly for every iteration in dual space. In particular, we consider a method executing a speci-
fied fixed number of iterations, say K, in the primal space for every iteration in the dual space. Our

intent is to provide error bounds contingent on K. The inexact form of the dual method is given by

the following:
KA = g (KA — aV, Ly e (K (A1), A7) k=0,....,K—1,1>0, (2.34)
AT =Tp, (M +1V, Ly (xX(A7),A))  t>0. (2.35)

Throughout this section, we omit the explicit dependence of x on A, by letting x* (1) = x¥(1"). We

have the following result.

Lemma 7. Let Assumptions 1-4 hold. Let {x*(t)},k=1,...,K,t > 0 be generated by (2.34) using
a step-size o, with 0 < o0 < L—zf where Ly = L+V +MyLg, L and Ly are Lipschitz constants for the
gradient maps V f and Vd respectively, while My = max, ¢ ||A||. Then, we have for all t and all
k=1,...,K,

() = x(0)]| < @ |x°(6) = x(0)],

where x(t) := x(A") solves the Lagrangian subproblem corresponding to the multiplier A" and

gp=1—0v(2—oLy).

Proof. We observe that for each A, the mapping V. Ly ¢ (x*(17),A") of the Lagrangian subproblem
is strongly monotone and Lipschitz continuous. The geometric convergence follows directly from
[57], page 164, Theorem 13.1. [ |

Our next proposition provides a relation for [[A'*! — 47 .|| in terms of | A’ — A . [|* with an error

bound depending on K and ¢.

Proposition 5. Let Assumptions 2—4 hold. Let the sequence {A'} be generated by (2.34)—(2.35)

using a step-size o as in Lemma 7 and a step-size T such that

PAY 2¢€
M2 +2ev’ 14¢€2

’c<min{ } with My = max ||Vd]||.
xek
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We then have for allt > 0,

i+l

1
AT el < 1A = AP e (g0 + 27 Mg ).

where g, =1—ov(2—0oLy), gz = (1 —1€)* + 7%, and M, = maxy yex [[x — |-

Proof. In view of (2.35) and the non-expansive property of the projection, we have

A =Arel? < (=) (A = A7) — T (d(xy.e) —d(F (1)) |
= (1=t A = Ay + 7 |ld(x; o) —d (5 ()]

-

Term1

—2t(1—te) (A" = Ay )" (d(xy ) —d(x*(1))) - (2.36)

N

-

Term2

Next, we provide bounds on terms 1 and 2. For term 1 by adding and subtracting d(x(t)), we obtain

ld(xy ) = d(E )17 = lld(xy ) — d(x(1)) +d(x(r)) —d (2" (1))
< ld(xy e) —d@O)IP + [1d(x(0) = d(F ()P +2]|d (3, ) — dx(0)) [[ld (x(r)) — d(F (1)

By using the Lipschitz continuity of d(x) for x € K, we further have for all r > 0,

ld(xy ) =dGE ) < ld(x) ¢) = d ()P + [[d(x(r)) = d (" (1))
F2MG 1 ¢ —x(0) | (1) = 2K (1)) (2.37)

Now, we consider term 2, for which by adding and subtracting d(x(¢)), and by using the co-
coercivity of —d(x(1)) (see (2.33)), we obtain

(A =25 0)T (d(x5.) — d (1))
= (M =g )T (d(ye) —d(x(0)) + (A = Ag o) (d(x(r)) — (K (1))
> %5 1d(x.¢) — d(x(E)|2+ (A = Age)” (d(x(t)) —d (K (1))

Thus, we have

—2t(1-1e)(A' =47 )" (d(x) ) —d(x"(1))) < —27(1 — TS)# ld(x, ¢) = d(x())]®
d

FRA = A P+ (1= 72 [d(x(r) — d (X ()

(2.38)
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From relations (2.36), (2.37) and (2.38), by grouping the corresponding expressions accordingly,

we obtain

A =25 el? < ((1=7e)*+2°) A" = A5l

| (fz (i - m%) ld(x, e) — dx(o))]?

d
+((1=7e)* +7°) [ld (x(r)) — d(x* (1)) |®

20 M Iy ¢ —x(1) | (1) = 2K ().

By Lemma 7, we have ||xX (1) —x(¢)|| < qg/szO(t) —x(t)|| with g, =1 —av(2—aLy). By using
this, the Lipschitz continuity of d(x) over K, and ||x},  —x(¢)|| < M, where M, = max, yek ||x—y||,

we obtain

v
Hl’“—l{,"’gﬂz < ((1—1’8)2+’L’2) ]|7Lt—/'tj78H2+(IZ—ZT(l—re)W)MﬁMf
d

+((1—1e)*+17%) ngllf +27°M3M, qf/z
By choosing 7 such that
) 2v 2¢e
T<ming — , 50
M;+2ev 1+¢€

we ensure that (1 —7€)? 4+ 7% < 1 and 72 —27(1 — 18)# < 0. Therefore for such a 7, by letting
d

g4 = (1 —1€)? + 72, we have

K/2
A=Al < qullA =25l aadia + 20 MM,

and by recursively using the preceding estimate, we obtain

1— 41
A Al < g IA AP g + 2 ).

Note that by Proposition 5, we have limg_,. qllf = 0 since g, < 1 and, hence, the term

l_qyl 20 K 21s K/2
- My (qaqy +27"Megp' ™)
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converges to zero. This is precisely what we expect: as the Lagrangian problem is solved to
a greater degree of exactness, the method approaches the exact regularized counterpart of sec-

tion 2.3.1. Also, note that when K is fixed the following limiting error holds

lim ||ﬂ,t+l %
t—»oo ’

1 K/2
_qu‘% (q"qg-"zszqu’/ ) '

We now establish bounds on the norm ||xX (¢) — Xy ¢|| and the constraint violation d;(x) at x = xK (1)

for all j.

Proposition 6. Under assumptions of Proposition 5, for the sequence {xX(t)} generated by (2.34)-
(2.35) we have for all t > 0,

K/2 M,
|uﬂ>—awn<q/ﬂa+——wf—mam

mwwM%MSm@V%+—M‘MM)

where qp, M, and M are as defined in Proposition 5.

Proof. Consider ||x*(t) —x} .||. By Lemma 7 we have ||xX (1) —x(r)|| < qK/ZHxO(t) —x(t)]], while

by co-coercivity of —d(x), it can be seen that ||x(z) —xj, || < A% A" — Ay ¢[|- Hence,
K/2
15 (0) = x5 | < 1K) — ()| + [1x(0) — 5. | < M o2 H/V Avell;

where we also use [|x°(t) —x(¢)|| < M,. For the constraint d;, by convexity of d; and using d; (X3 &)

we have for any t > 0,

dj(x" (1)) < dj(xy ) + Vd(xy )" (2 (1) =7 )

swwwwwmﬂmmm(/M+ Mf%ﬂ)

where in the last inequality we use the preceding estimate for ||x¥ (t) —x} ¢||. Thus, for the violation

of d;(x) at x = xX(t) we have,

mWMMWMSm@WM+—M’MA>

One may combine the result of Proposition 6 with the estimate for ||[A’ — Ay ¢|| of Proposition 5
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to bound the norm ||xX(t) — x(¢)|| and the constraint violation max{0,d;(xX(¢))} in terms of initial
multiplier A and the optimal dual solution Ay e

An obvious challenge in implementing such schemes is that convergence relies on exact primal
solutions. Often, there is a fixed amount of time available for obtaining primal updates, leading
us to consider whether one could construct error bounds for dual schemes where an approximate
primal solution is obtained through a fixed number of gradient steps.

Finally, we discuss an extension of the preceding results to the case of independently chosen
regularization parameters. Analogous to Section 2.2.5, we extend the results of dual method to the
case when user i selects a regularization parameter v; for its own Lagrangian subproblem. As in
Section 2.2.5, the results follow straight-forwardly from the results developed so far in this section.
We briefly discuss the modified results here for completeness.

As in Section 2.2.5, Lagrange multiplier A belongs to set D,,  defined in (2.28). In this case,
similar to the proof of Lemma 6, it can be seen that the function —d(x(A)) is co-coercive in A with
constant VML? The result of Proposition 3 will require the dual steplength 7 to satisfy the following
relation: oy

T< .
M? + 2€Viyin

Similarly, the result of Proposition 4 will hold with vy, replacing the regularization parameter v

i.e., for T such that 7 < A/ﬂivz%’ we have for all r > 0,
d min
My M?
I —xpell < —=A" = A7l and  max{0,d;j(x")} < —L[A" = A .
me me

Finally, Lemma 7 will hold with Ly defined by Ly = L+ Vipax +MyLg and g, = 1 — 0(Vpyin (2 —
aLy). Also, for the result of Proposition 5 to hold, the dual steplength 7 should be required to
satisfy

T< min{ 2Vmin ad } .

M2+ 2€Viin 14 €2

2.4 Case study

In this section, we report some experimental results for the algorithms developed in preceding
sections. We use the knitro solver [67] on Matlab 7 to compute a solution of the problem and
examine the performance of our proposed methods on a multiuser optimization problem involving

a serial network with multiple links. The problem captures traffic and communication networks

49



where users are characterized by utility/cost functions and are coupled through a congestion cost.
This case manifests itself through delay arising from the link capacity constraints. In Section 2.4.1,
we describe the underlying network structure and the user objectives and we present the numer-
ical results for the primal-dual and dual methods, respectively. In each instance, an emphasis
will be laid on determining the impact of the extensions, specifically independent primal and dual
step-lengths and independent primal regularization (primal-dual), and inexact solutions of the La-

grangian subproblems (dual).

2.4.1 Network and user data

8

U X4 - User Flow
v -
% )\z - Multipliers

6..",...,.“.“.

Figure 2.1: A network with 5 users and 9 links.

The network comprises of a set of N users sharing a set .Z of links (see Fig. 2.1 for an illustra-

tion). A user i € N has a cost function f;(x;) of its traffic rate x; given by
fixi) = —kilog(1+x;) fori=1,...,N. (2.39)

Each user selects an origin-destination pair of nodes on this network and faces congestion based

on the links traversed along the prescribed path connecting the selected origin-destination nodes.
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We consider the congestion cost of the form:

N
()= Y i) x (2.40)

where, x;; is the flow of user j on link /. The total cost of the network is given by

N N N N
f) =Y filx) +e(x) = Zi —kilog(1+x;)+ ) ) xi } x;.

1 i= i=lley j=1

~.

Let A denote the adjacency matrix that specifies the set of links traversed by the traffic generated
by the users. More precisely, A;; = 1 if traffic of user i goes through link / and O otherwise. It
can be seen that Vc(x) = 2ATAx and thus the Lipschitz constant of the gradient map V£ (x) is
given by L = \/;klz + 2||ATAJ|. Throughout this section, we consider a network with 9 links
and 5 users. Table 2.1 summarizes the traffic in the network as generated by the users and the

parameters k; of the user objective. The user traffic rates are coupled through the constraint of the

Table 2.1: Network and User Data

User(i) | Links traversed | k;
1 L2,L3,L6 10
L2,L5,1L9 0
L1,L5,L9 10
L6,1L4,1L9 10
L8, L9 10

N W

form vazl A;xi < Cforall I € £, where C; is the maximum aggregate traffic through link /. The
constraint can be compactly written as Ax < C, where C is the link capacity vector and is given by
C = (10,15,20,10,15,20,20,15,25).

Regularized Primal-Dual Method. Figure 2.2 shows the number of iterations required to at-
tain a desired error level for ||zX — Zy |l with {z*} generated by primal-dual algorithm (2.26) for
different values of the step-size ratio § = a /7 between the primal step-size a and dual stepsize
7. Note that in this case each user has the same step-size and the regularization parameter. Re-
lations in Lemma 4 are used to obtain the theoretical range for the ratio parameter 3 and the
corresponding step-lengths. The regularization parameters v and € were both set at 0.1, such that
p = min{v,e} = 0.1 and the algorithm was terminated when ||z* — el < 1073, It can be ob-
served that the number of iterations required for convergence decreases as the step-size ratio of

approaches the value 1.
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Figure 2.2: Performance of Primal-Dual Method for independent step-sizes in primal and dual
space.

Figure 2.3 illustrates the performance of the primal-dual algorithm in terms of the number of
iterations required to attain ||z¥ — Lyell < 1073 as the steplength deviation in primal space Ofmax —
Omin increases. All users employ the same regularization parameter v; = v = 0.1 and the dual
regularization parameter € is chosen to be 0.1. The plot demonstrates that, as the deviation between
users’ step-sizes increases, the number of iteration for a desired accuracy also increases.

Next, we let each user choose its own regularization parameter v; with uniform distribution over
interval (Vipin,0.1) for a given v, < 0.1. Figure 2.4 shows the performance of the primal-dual
algorithm in terms of the number of iterations required to attain the error ||z* — el < 1073 as Vipin
is varied from 0.01 to 0.1. The dual steplength was set at T = 1.9 /L%, where gt = min{ vy, €}
with € = 0.1. The primal stepsizes that users employ are the same across the users and are given
by o; = o« = B, where f3 is as given in Lemma 4. As expected, the number of iterations increases
when Vi, decreases.

Regularized Dual Method. Figure 2.5(a) compares dual iterations required to reach an accu-
racy level of || A% — Avell < 10~° for each K where {A¥} is generated using dual method (2.35) and
K is the number of iterations in the primal space for each A*. The regularization parameter € is
varied from 0.0005 to 0.0025, while v is fixed at 0.001. The primal step-size is set at & = 0.25/Ly
and the dual step-size is taken as 7 = 0.75v /MUZI (see Section 2.3). Faster dual convergence was
observed as K was increased for all ranges of parameters tested. For the case when v = (0.001 and
€ = 0.001, Figure 2.5(b) shows the dependency of total number of iterations required (primal x

dual) for ||A¥ — Avell < 107 as the number K of primal iterations is varied. It can be observed
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Figure 2.3: Performance of Primal-Dual method for deviation in user step-size.

that beyond a threshold level for K, the total number of iterations starts increasing. In effect, the
extra effort in obtaining increasingly exact solutions to the Lagrangian subproblem is not met with

faster convergence in the dual space.

2.5 Summary and conclusions

This chapter focuses on a class of multiuser optimization problems in which user interactions are
seen in the user objectives (through congestion or delay functions) and in the coupling constraints
(as arising from shared resources). Traditional algorithms rely on a high degree of separability and
cannot be directly employed. They also rely on coordination in terms of uniform or equal step-
sizes across users. The coordination requirements have been weakened to various degrees in this
chapter, which considers primal-dual and dual gradient algorithms, derived from the fixed-point
formulations of the regularized problem. These schemes are analyzed in an effort to make rigorous
statements regarding convergence behavior as well as provide error bounds in regularized settings
that limited coordination across step-length choices and inexact solutions. The main contributions

are summarized next:

(1) Regularized primal-dual method: Under suitable convexity assumptions, we consider a reg-
ularized primal-dual projection scheme and provide error bounds for the regularized solution

and optimal function value with respect to their optimal counterparts. In addition, we also
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Figure 2.4: Performance of Primal-Dual method as user minimum regularization parameter Vpin
varies.

obtain a bound on the infeasibility for the regularized solution. We also show that, under
some conditions, the method can be extended to allow not only for independent selection of
primal and dual stepsizes as well as independently chosen stepsizes by every user but also

when users choose their regularization parameter independently.

(2) Regularized dual method: In contrast with (1), applying dual schemes would require an opti-
mal primal solution for every dual step. We show the contractive nature of a regularized dual
scheme reliant on exact primal solutions. Furthermore, we develop asymptotic error bounds
where for each dual iteration, the primal method for solving the Lagrangian subproblem ter-
minates after a fixed number of steps. We also provide error bounds for the obtained solution
and Lagrange multiplier as well as an upper bound on the infeasibility. Finally, we extend

these results to the case when each user independently chooses its regularization parameter.

It is of future interest to consider the algorithms proposed in [63, 64] as applied to multiuser
problem, whereby the users are allowed to implement step-sizes within a prescribed range of val-
ues. For this, at first, we would have to develop the error bounds for the algorithms in [63, 64] for

the case when different users employ different stepsizes.
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Figure 2.5: Inexact Dual Method: (a) Comparison of dual iterations for a fixed number K of primal
iterations; (b) Dependency of the total number of primal and dual iterations as the number K of
primal iterations varies.
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Chapter 3

Regularized Iterative Stochastic Approximation
Methods for Cartesian Stochastic Variational
Inequalities

In Chapter 2 we presented two distributed algorithms for the generalized multiuser optimization
problem. The interest of this chapter is to study distributed algorithms for stochastic variational
inequalities with monotone maps. An important question clouding our interest is whether one can
construct distributed algorithms abiding the suitable criteria we set in Chapter 1. In particular, the
single level iteration one is especially desirable for reasons which will become apparent soon.

Within the framework of stochastic variational inequalities, stochastic approximation methods
have been recently employed in [36]. The typical stochastic approximation procedure, first intro-
duced by Robbins and Monro [68], works toward finding an extremum of a function i(x) using the
following iterative method:

X = X gy (VR + M),

where a; > 0is a stepsize and M**! is a martingale difference term. Under reasonable assumptions
on the stochastic errors M*, stochastic approximation methods ensure that {x*} converges almost
surely to an optimal solution of the problem. Jiang and Xu [36] consider the use of stochastic
approximation for strongly monotone and Lipschitz continuous maps in the realm of stochastic
variational inequalities, rather than optimization problems. The use of stochastic approximation
methods has a long tradition in stochastic optimization for both differentiable [68] and nondiffer-
entiable problems [69], while a subset of more recent efforts include [70, 71, 72]. In contrast, our
work builds on different deterministic algorithms, including Tikhonov regularization and proximal-
point methods, and combines them with the stochastic approximation approach. At the same time,
our convergence results require less stringent monotonicity assumptions on the map.

It should be remarked that Tikhonov-based regularization and Proximal point methods [39]
methods have a long history in the solution of ill-posed optimization and variational problems [73,
35] (see Nesterov [64] and Nemirovski [63] for recent work o on proximal point and error bounds).
Such methods, in general, require a solution of a regularized (well-posed) problem and an iterative
process is often needed to obtain the solution. In both Tikhonov regularization and proximal point

methods, two nested iterative procedures are involved, where the outer procedure updates a pa-
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rameter after an increasingly accurate solution of an inner subproblem is available. In networked
stochastic regimes, this is challenging for two reasons: (1) First, obtaining increasingly accurate
solutions of stochastic variational problems via simulation techniques requires significant effort;
and (2) Second, assessing solution quality formally requires validation analysis to be conducted
over the network, a somewhat challenging task. We obviate this challenge by considering algo-
rithms where the parameter is updated after every iteration and, thus, the update of the steplength
and the regularization parameter is synchronized. Such an approach is popularly referred to as it-
erative regularization. While there have been efforts to use such techniques for optimization prob-
lems (cf. [73]), there has been noticeably less in the realm of variational inequalities, barring [74]
and more recently [6, 20, 75]. However, much of this work has been restricted to deterministic
regimes. In a stochastic regime, Borkar [76] examined two timescale stochastic approximation
methods. The present work emphasizes iterative regularization for stochastic variational inequal-
ities with monotone maps. We present and analyze two stochastic iterative regularization meth-
ods. Notably, distributed iterative regularization techniques, the deterministic counterparts of these

methods, have been examined in the context of monotone Nash games [20, 75].

1. Stochastic iterative Tikhonov regularization method:

We consider a stochastic iterative Tikhonov regularization method for monotone stochas-
tic variational inequalities where the steplength and regularization parameter are updated
at every iteration. Partially coordinated generalizations are presented where users indepen-
dently select stepsize and regularization sequences. Under some restrictions on the devia-
tions across the users’ choices, we establish convergence properties of the method in almost

sure sense.

2. Stochastic iterative proximal-point method.:

An alternative to the stochastic iterative Tikhonov method lies in a stochastic iterative proximal-
point method where the steplength and prox-parameter are updated at every iteration. As
in the case of iterative Tikhonov method, we present convergence results for a partially co-
ordinated implementation. Our convergence results are established for strictly monotone

mappings.

The remainder of the chapter is organized as follows. In Section 3.1 we describe the basic
framework of stochastic approximation and the supporting convergence results. In Section 3.2,
we propose and analyze a stochastic iterative Tikhonov regularization method. Analogous results

for a stochastic iterative proximal point method are provided in Section 3.3. Section 3.4, the
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performance of our methods and their relative sensitivity to parameters is examined in the context

of networked rate allocation game. We conclude the chapter with some remarks in Section 3.5.

3.1 Stochastic approximation approach

Consider a variational inequality problem, denoted by VI(K, F), where the mapping F : K — R”
and the set K are given by

Vi Elfi(x¢1)] N
F(x) 2 : : K= HK, (3.1)
Vo Elfi(x,&v)] -

Note that the set K is closed and convex set in R”, whenever the sets K; are closed and convex.

Recall that VI(K, F) requires determining a vector x* € K such that
(x—x)TF(x*)>0 forallx € K. (3.2)

When the expectation is over a general measure space, analytical forms of the expectation are
often hard to obtain. In such settings, stochastic approximation methods assume relevance.
Towards this end, consider the Robbins-Monro stochastic approximation method for solving the

stochastic variational inequality VI(K, F) in (3.1)—(3.2), given by
= Mg [ — o (F(x*) +wh)]  for k>0, (3.3)

where x* € K is a random initial vector that is independent of the random variables &; for all i and
such that E[||x°||?] is finite. The vector F(xX) is the true value of F(x) at x = xX, oy > 0 is the

stepsize, while the vector wX is the stochastic error given by

with
Vxlfl (xkv‘glk) é]k
Flak,eh) & s ad £ 2|

Vi S (. &) Ex

The projection method (3.3) is shown to be convergent when the mapping F is strongly mono-
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tone and Lipschitz continuous in [36]. In this chapter, we examine how the use of regularization
methods can alleviate the strong monotonicity requirement while maintaining single timescale and
distributed structure of the algorithm.

In our analysis we use some well-known results on supermartingale convergence, which we

provide for convenience. The following result is from [73], Lemma 10, page 49.

Lemma 8. Let Vi be a sequence of non-negative random variables adapted to ¢-algebra F and

such that almost surely
EVier | Fi) < (M —up)Vie+ B forallk >0,

where 0 <u, <1, B >0, and

(oo}

Zukzoo, Zﬁk<°°, lim&—)o.
k=0 k=0 k=voo U

Then, Vi, — 0 a.s.
The result of the following lemma can be found in [73], Lemma 11, page 50.

Lemma 9. Let Vi, uy, By and 7y be non-negative random variables adapted to c-algebra Fy. If
almost surely Y57 qug < oo, Y° o B < oo, and

EVit1 | Fe) < A +ue)Vie =Y+ Br  forallk >0,

then almost surely {Vy} is convergent and Y5 oYV < o°.

3.2 Stochastic iterative Tikhonov methods

In this section, we propose and analyze a stochastic iterative Tikhonov algorithm for solving the
variational inequality VI(K, F) in (3.1)—(3.2). We consider the case when the mapping F is mono-

tone over the set K, i.e., I is such that
(Fx)=F(y) (x=y)>0  forallx,y€K.

As we have already seen in previous chapter, a possible approach for addressing monotone vari-
ational problems is through a Tikhonov regularization method [35, Ch. 12] (cf. [38, 37]). In the
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context of variational inequalities, this avenue typically requires solving a sequence of perturbed
variational inequality problems. In particular, the kth problem in the sequence is the variational
inequality VI(K, F + &I), where the mapping F + &I is a perturbation of the original mapping F
given by a positive scalar &. In this way, each of the variational inequality problems VI(K, F + &1)
is strongly monotone and, hence, it has a unique solution denoted by y* € K (see Theorem 2.3.3
in [35]). Under suitable conditions, it can be seen that the Tikhonov sequence {y*} satisfies
limy_,.. y* = x*, where x* is the least norm solution of VI(K, F) (see Theorem 12.2.3 in [35]). Thus,
to reach a solution of VI(K, F'), one has to solve a sequence VI(K, F + &) of variational inequal-
ity problems along some diminishing sequence { & }. However, in the current setting, determining
a solution y* for a regularized problem VI(K,F + &I) requires either the exact or approximate
solution of a strongly monotone stochastic variational inequality (see Section 12.2 in [35]).

In deterministic regimes, a solution to the regularized Tikhonov subproblem may be obtained
in a distributed fashion via a projection method. However, in stochastic regimes, this is a more
challenging proposition. While an almost sure convergence theory for a stochastic approximation
method for strongly monotone variational problems is provided in [36], termination criteria are
generally much harder to provide. As a consequence, one often provides confidence intervals
in practice by generating a fixed number of sample paths. Furthermore, the convergence theory
of Tikhonov-based methods necessitates that the solutions to the subproblem be computed with
increasing accuracy. Implementing such algorithms in a stochastic regime is significantly harder
since simulation-based methods are employed to obtain confidence intervals for each regularized
problem, which require that these intervals get increasingly tighter. In the numerical results, we
revisit this challenge by considering the behavior of the standard regularization methods (operating
in two nested iterative updates).

Accordingly, we consider an alternative iterative method that avoids solving a sequence of vari-
ational inequality problems; instead, each user takes a single projection step associated with his
regularized problem. By imposing appropriate assumptions on the steplength and regularization
sequences, we may recover convergence to the least-norm Nash equilibrium. To summarize, our
intent lies in developing algorithms that are characterized by (a) a single iterative process; (b)
a distributed architecture that can accommodate computation of equilibria; and (c) the ability to
accommodate uncertainty via expected-value objectives. An important characteristic of our dis-
tributed methods is that users can autonomously choose their parameters within from a provided

set. Thus, we consider a situation where users choose their individual stepsize and regularization
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sequence, leading to the following coupled user-specific Tikhonov updates:
T = T [ — oy (F (60 + g x8) +wh]. (PITR)

Note that x¥ € K; is a random initial point with a finite expectation E[||x?]|%] and F;(x*) denotes the
k

ith component of the mapping F (x) evaluated at x*. The vector w? is a stochastic error for user 7 in
evaluating F,-(xk ), while oy ; is the stepsize and & ; is the regularization parameter chosen by user i

at the kth iteration. The iterate updates can be compactly written as
X = T [ — Do) (F (x*) + D(g)x* +wh)], (3.4)

where F = (Fy,...,Fy), K = [, K; and wk = (w%,... . w%), while D(e) and D(g) denote
the diagonal matrices with diagonal entries o ; and & ;, respectively. The method specified by
(PITR) (and its compact version (3.4)) is referred to as a partially coordinated iterative Tikhonov
regularization (PITR) method. It is motivated by the need to allow users to choose their steplength
and regularization parameter, namely oy ; and & ;, while abiding by a coordination requirement.

Typically, an iterative Tikhonov method is studied by at first analyzing the behavior of the
Tikhonov sequence {y*}, where each y* is a (unique) solution to VI(K, F + &I) and the sequence
{y*} is obtained as the parameter & > 0 is let to go to zero. Under certain conditions the Tikhonov
sequence {y*} converges to the smallest norm solution of VI(K, F). Then, the sequence of iterates
{x*} is related to the Tikhonov sequence to assert the convergence of the iterates x¥.

We adopt the same approach. However, we cannot directly use the existing results for Tikhonov
sequence {y*} such as, for example, those given in Chapter 12.2 of [35]. In particular, arising from
user-specific Tikhonov regularization parameters & ; in (3.4), our variational inequalities have the
form! VI(K, F 4 D(g)) instead of VI(K, F + &I) (which would be obtained if all the users choose
the same regularization parameter & ; = &). In the next two subsections, we develop a necessary

result for Tikhonov sequence and investigate the convergence of the method.

3.2.1 Tikhonov sequence

Here, we analyze the behavior of our Tikhonov sequence {y*} as each user lets its regularization
parameter & ; go to zero with y* € SOL(K,F + D(g)). Recall that D(g) is the diagonal matrix
with diagonal entries & ; > 0 and note that each VI(K, F 4 D(&)) is strongly monotone. Thus, the

sequence {y*} is uniquely determined by the choice of user sequences {&,},i=1,...,N. For the

"'Note the slight abuse of notation; D(&;) also denotes the mapping D(&;)I whenever it is used as VI(K, F 4+ D(&)).
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sequence {y*}, we have the following result.

Lemma 10. Let the set K C R" be closed and convex, and let the map F : K — R" be continuous
and monotone over K. Assume that SOL(K, F) is nonempty. Let the sequences {&;}, i=1,...,N,

€k, max
8k,min
and € min = min; & ;. Then, for the Tikhonov sequence {Y*} we have

be monotonically decreasing to zero and such that limsup;_,, < o0, where € gy = Max; &

(a) {Y*} is bounded and every accumulation point of {y*} is a solution of VI(K,F);

(b) The following inequality holds

Ep— — & mi
”yk_yk—lH SMy k—1,max k,min ||yk_1H fOl’allkZ 1,

gk,min

where My is a norm bound on the Tikhonov sequence, i.e., yk | < M, for all k > 0;

gk,max

(c) Iflimsup;_,., Semin

Proof. (a) Since SOL(K,F) # 0, by letting x* be any solution of VI(K, F') we have

< 1, then {y*} converges to the smallest norm solution of VI(K, F).

(x—x)Fx*)>0  forallxeK. (3.5)
Since y* € K solves VI(K, F 4 D(g;)) for each k > 0 we have
(=Y (FGF) +D(g)y*) >0  forally e K and k > 0. (3.6)
By letting x = y* in Eq. (3.5) and y = x* in Eq. (3.6), we obtain for all k > 0,
O =x)F(x) >0 and (" =" (F(*)+D(&)y") > 0.
By the monotonicity of F we have (y* —x*)T (F(x*) — F(y*)) < 0, implying that
(r* =) D(e)y* > 0.
By rearranging the terms in above expression we have
()" D(ey* > (1) D(&)y* > e minlly*I1%,
where & min = minj<;<y & ;. By using the Cauchy-Schwartz inequality, we see that

Ekmax X[ Y]] = () D(e0)y",
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where € max = maxj<;<y & ;. Combining the preceding two inequalities, we obtain

Er. N
K[ < =22 . (3.7)

€k, min

Ekmax __

Let limsup;_,., c. Since c is finite (by our assumption), it follows that the sequence {y*}

ek,min

is bounded. By choosing any accumulation point § of {y*} and letting k — oo in Eq. (3.6) over a
corresponding convergent subsequence of {y*}, in view of continuity of F and &, — 0ask — oo,

we conclude that
(y=9)TFF) >0 forally € K.

Thus, every accumulation point j of {y} is a solution to VI(K, F).
(b) Now, we establish the inequality satisfied by the Tikhonov sequence {y*}. Since y* solves
VI(K,F + D(¢&)) for each k > 0, we have for k > 1,

O =T FOH) +D(&)y) > 0 and (F =T (FGN +D(g1)y ) > 0.
By adding the preceding relations, we obtain
O =T FEOH = FO) + 6 =) (D(&)y = D(&—1)y* ) > 0.
By the monotonicity of the mapping F, it follows
O =T (D(€)Y — Dee-1)y* ") >0,

and thus
O =T (D(&)y* — D(&)y* ™ + D(&)y* ™ — D(g_1)y*") > 0.

By rearranging the terms in the above expression, we obtain
O =T (D(&) = D(ge-1))y* ™ > 4 =) D(&) 6 = 3*) > eminlly* — 3P

In the view of the Cauchy-Schwartz inequality, the left hand side is bounded from above as

O M (D) = Dl < I | (D(en) —Dle-) |

< (8- tmax — Ecmin) [ = V1Y,
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where we use the monotonically decreasing property of the regularization sequences {&;} i =

1,...,N, to bound the norm ||D(&) — D(&_1)||.- Combining the preceding relations we obtain

k—1 H gk—l,max - gk,min .

I =y < |y (3.8)

ek,min
From the part (a) we have that the Tikhonov sequence is bounded. Let M, > 0 be such that |[y*|| <
M, for all k. Then, from relation (3.8) we obtain

€—1,max — €, min

[ <M, for all k > 1.

€k, min

€k max k1 s
o < 1. Then, by part (a), the sequence {y*} is bounded. Further-

more, in view of relation (3.7) (where the solution x™ is arbitrary), it follows that every accumula-

(c) Suppose now limsup;_,.,

tion point j of {y*} satisfies

19 < limsup ™ 2#)| < ||| for all x* € SOL(K, F). (3.9)

k—o0  Ek,min

Therefore, every accumulation point § of {y*} is bounded in norm from above by the norm of any
solution to VI(K, F). Since K is closed and convex and F : K — R" is continuous and monotone
over K, the solution set SOL(K,F) is closed and convex [35, Vol. 1, Theorem 2.3.5, pg. 158].
By the strong convexity of Euclidean norm ||x||?, the smallest norm solution x* €SOL(K, F) must
exist and it is unique. In view of relation (3.9), it follows the norm of each accumulation point
7 of {y} is bounded from above by the least-norm solution of VI(K,F). Also, by part (a), we
have j € SOL(K, F) for every accumulation point j, thus implying that the sequence {y*} must

converge to the smallest norm solution of VI(K, F). [

Lemma 10 plays a key role in the convergence analysis of the stochastic iterative Tikhonov
method (PITR). Aside from this, Lemma 10 may be of its own interest as it extends the existing
results for Tikhonov regularization to the case when the regularization mapping is a time varying

diagonal matrix as opposed to being the identity mapping as in the standard literature ([77, 35]).

3.2.2 Almost sure convergence of stochastic iterative Tikhonov method

We now focus on the method in (PITR). We introduce some notation and state assumptions on the
stochastic errors w* that are standard in stochastic approximation methods. Specifically, throughout

this section and the remainder of the chapter, we use J; to denote the o-field generated by the initial
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point x° and errors w' for £ =0,1,...,k, i.e., Fo = {x°} and

=0 W e=0,1,....k—1)}  fork>1.

Now, we specify our assumptions for VI(K, F) in (3.1)—(3.2) and the stochastic errors wk.

Assumption 5. Let the following hold:

(a) The sets K; C R" are closed and convex;

(b) The mapping F : K — R" is monotone and Lipschitz continuous over K with a constant L;
(c) The stochastic error is such that E[wk | F3] = 0 for all k > 0 almost surely.

Expectedly, convergence of the method (PITR) does rely on some coordination across steplengths

and the regularization parameters. Specifically, we impose the following conditions.

Assumption 6. Let O max = Maxi<;<n{ 0Ok}, Gk min = Mini<i<n{0k;i}, & max = MaxXi<i<n{&i},
Emin = Minj<j<n{&;}. Let {&;} be a monotonically decreasing sequence for each i. Further-

more, with L being the Lipschitz constant of mapping F, let the following hold:

: Ock max ak max : O max — Q% min
limy o0 L) = limy_yo ——=——22 = ();
((l) k= ak min ek min ( k max + ) 0 (ll’ld k— ak-,minek.,min 0’
(b) limy_,. O min€k,min = 0 and limy_. E.i= OfOI’ all i;

(¢) Yo 0% min€k min = °°;

2
(d) Zk 1 Ek lmax 8kmm) <1+ 'l _><oo,'

Sk min (Xk,mm €k, min
(e) lim (“«‘kfl,maxffk,min)2 1+ 1 —0:
k—roo glg,min O% min ak,minsk,min -

(f) limg oo S22 [ w42 | T3] = 0 and Y7 OF o ELIWH? | 4] < 0 as.

When all the stepsizes oy ; and the regularization parameters & ; across the users are the same,
the conditions in Assumption 6 are a combination of the conditions typically assumed for de-
terministic Tikhonov algorithms and the stepsize conditions imposed in stochastic approximation
methods. Later in forthcoming Lemma 11, we demonstrate that Assumption 6 can be satisfied by
a simple choice of steplength and regularization sequences of the form (k4 1;)~“ and (k4 &;)~°

In the following proposition, using Assumption 6, we prove that the random sequence {x*} of the
method (PITR) and the Tikhonov sequence {y} associated with the problems VI(K,F + D(g)),
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k > 0, have the same accumulation points a.s. Assumption 6 basically provides the conditions on
the sequences {&} and {ay;} ensuring that the sequence {||x* —y*~1||?} is a convergent super-
martingale.

Proposition 7. Let Assumptions 5 and 6 hold. Also, assume that SOL(K, F) is nonempty. Let the

sequence {xk} be generated by stochastic iterative Tikhonov algorithm (PITR). Then, we have
lim ||x* =y 1| =0 a.s.
k—ro0

Proof. By using the relation y* = Ik, [y* — o4 ;(F;(y*) + & ,¥)] and the non-expansive property of

the projection operator, we have

I — V1P = Tk [ — o i (Fi(6F) + e i 4+ W) — Tk, [ — 0 (F (%) + &)
< |k - OCk,i(E‘(xk) + ek +wh) =i+ ak,i(Fi(yk) + 8k7iy;<> [

Further, on expanding the expression on left of the preceding relation it can be verified that

ot 1P < k= 1P — 20040k — )T (B (4) — FOY) — 200 eilok =5 P
— 20 (et — 4 wh+ R ) — FON ke DR G0)

The last term in the inequality can be expanded as

IF () = F () wi e (i =) = I1E ) = BOP P 4 w1 + el — 55117
+2(F() = BOM) Wi+ 26O =) Twi + (B = BGO)T (6 - 1)), (3.11)

Now, we take the expectation of (3.10) and (3.11) conditional on the past F, and use [E[wf? | Fx] =0

(cf. Assumption 5(c)). By combining the resulting two relations we get

k2 2 o2 k k12 2 k12 k12
Elllf ™ = yEIP | Fd] < (120 ek + 0 i8c) 1 =5 |17 + e (IR (F) = OO+ ElIwi1? | F4))
20 ki (f =) (F() = (X)) — 200, =) (R () = BGY)).

Summing over all i and using 04 min < Qi < O max, E,min < &k < & max together with the Lips-
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chitz continuity of F yields

[”)/(+1 -y H2 ‘ ‘rfk] (l _2akmln8k mln+ak maxekmax—i_akmaxLz)Hx ka2

+akmax [HwkHZ | EFk +22ak18kl y,) (F(xk)_Fi(yk))
i=1

—2Zak,l-(xi~‘ — )T (FEE) = FOY). (3.12)
i=1

Next we estimate the last two sums in (3.12) with the inner product terms (x¥ — )T (F;(x*) —

F;(y*)). The first sum involving a? & ; can be estimated as follows:
k k 2 ok ok k
ZZOﬂkﬁkz( )T (F() = (%)) < 0 maxman ) 15 =Y E) = EGYI.
i~

By Holder’s inequality, we have YL, i — yi[[Fi(x*) — FOX)| < e =yl F () = FOI,
which through the use of Lipschitz continuity of F yields

=

202 i (xf =) (B () = F(Y)) < 0 max € maxL 7 =12 (3.13)

i=1

Adding and subtracting 0 min (*¥ — yX)T (F;(x*) — F;(3*)) in the last term of (3.12) we have
- Z 204i(xf =) (F(X) = F(Y)) < =200 min(* =) (F(F) = F(F))

N
+2(Omax — Gmin) ) I3 =i IIEGS) = BEGOI.
i=1

Using monotonicity of F we have (x* —y&)T (F (xF) — F (%)) > 0. Further, by letting & £ 0 max —

0% min» and using Holder’s inequality and Lipschitz continuity of F, we get
N
=Y 204, (xf =) (R(F) = FOY)) <28 LI =y, (3.14)

Combining relations (3.12), (3.13) and (3.14), we obtain

[E[ka—H -y “2 | Stk] (1_2ak mlngkmln+akmax8kmax+akmaxLz)”x yk||2

+ ak,max [Hwk“z | ?k] (2ak,max8k7maxL+26kL)||x _kaz'
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Letting gy = 1 — 20 min€k,min + O‘/%.max(gk,max + L)% +28;L, we can write
E[ =12 el < qulld = (1P + 0 max ELIWE I | - (3.15)

Now, we relate ||x* —yX|| to [|x* —y*~1||. By the triangle inequality, we have [|x* — y*|| < ||xF —
YU 4 [ly%~1 = *]|, while from Lemma 10 we have

€k—1,max — Ek,min

Iy =y < M, forall k> 1.

Sk,rnin
Therefore, it follows that
k2 k—1(2 k k—1)12 k k— k k—
I = Y417 <l =P I =P 20l = =

&1 — & mi 2 €1 -
< ka—yk_l\ler (My k—1,max k,mm) +2My k—1,max k,mmek_yk—lH‘

€k, min k,min

Further we use Cauchy-Schwartz inequality to estimate the last term as follows:

€k—1,max — Ek,mi - - €k—1,max — Ek,mi
M, LIk | =2 G -y | ARy,
€k, min Ok min €k, min €, min

k—1 ”2 + (gk—Lmax - ek,min)zMz

3 y
Otk min Sk,min

< O‘k,minehminuxk -y

Using this in the preceding relation we obtain

2
- €k—1,max — Ek,mi 1
”xk_kaZ < (1+ak,mingk,min)||xk_yk 1H2“r‘ <My Max mm) <1+—> .
€k7min ak,min£k7min

(3.16)

Combining the relations of (3.15) and (3.16) we obtain the following estimate:

ELP =381 | 5] <qr (1 + 0tk mingimin) 16X =317 + 0 ax ELIWH (> | 5]

2
Er— — &k mi 1
T aq (My k—1,max k,mln) (1+ ) ' (317)

8k7min ak,min 8k7min

Next, we estimate the coefficient of ||x* —y*~1||? in (3.17). Recalling the definition g; = 1 —
20 min €k, min + a,gmax(ek7max + L)% 4-28;L, we show that g; € (0,1) for all k large enough. Note
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that we can write

2
o 20(L
k,max 2 k
9k = 1— O min €k, min 2— —(gk,max +L) - |-
O‘k,mingk.,min O‘k,mingk.,min

By Assumption 6(a) we have

2

o 20(L
kvmaX (8k7max +L)2 + —k N 07

O, min €k, min O, min €k, min

implying that there exists a large enough integer k > 0 such that

O max , 284 i}
——— (& max + L)+ —— <c for all k > k and some ¢ € (0,1). (3.18)
ak,mingk,min ak,mingk,min
Thus,
2
o, 20, L -
1 <2— XM (g L) — K= <2 forallk >k,
ak,minek,min ak,minek,min
implying that for ¢; we have
1— 2O‘l@min'gl’gmin <gr<1- O% min €k, min for all k > k.

Furthermore, since O min& min — 0 by Assumption 6(b), we can choose k large enough so that
gk € (0,1) for k > k. Hence, for k > k we obtain 0 < g;(1 + Ok min€k,min) < Gk + 0% min&€k min and
using the definition of g; we further have for k > k,

2
o 23kL
0 < Qk(l + ak,mingk,min) < 1— ak,mingk,min 1— $(gk7max +L)2 -
ak7min8k,min ak7min8k,min
<I- ak,mingk,min<1 - C)» (3.19)
where the last inequality follows from (3.18). Using relations (3.19) and (3.17), we obtain

E[l =32 | 5 < 0 —udld =P+ forall k>,

where u; = (I—c¢) O min&k,min and

2
gk—l, —8/(’ i 1
Vi = 4k My e = 1+ +a]§.max[E[||Wk||2 | gjk]
O min €k, min '

€k, min
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We now verify that the conditions of Lemma 8 are satisfied for k > k. Since ¢ < 1, from (3.19) we
have 0 <y, <1 for all k > k, while from Assumption 6(c) we have Z;":% u = oo. Under stepsize
conditions Assumption 6(d)—(f), it can be verified that lim;_,., ;—’; =0and )7 vk < oo. Thus, the
conditions of Lemma 8 are satisfied for k > k. Noting that Lemma 8 applies to a process delayed

by a deterministic time-offset, we can conclude that ||x* — y*~1|| — 0 a.s. |

As an immediate consequence of Proposition 7 and the properties of Tikhonov sequence estab-

lished in Lemma 10, we have the following result.

Proposition 8. Let Assumptions 5 and 6 hold. Also, assume that SOL(K,F) is nonempty. Then,
for the sequence {x*} generated by stochastic iterative Tikhonov algorithm (PITR), we have

€k max

(a) Ulim Supk—>oo € min
tion of VI(K, F).

< oo, then {x*} is bounded and every accumulation point of {x*} is a solu-

(b) Iflimsup;_,,, Z‘(:la;‘ < 1, then {x*} converges to the smallest-norm solution of VI(K,F).

A further extension of Proposition 7 is obtained when the mapping F is strictly monotone over
the set K. In this case, the uniqueness of solution of VI(K,F) is guaranteed provided a solution
exists. Hence, from Lemma 10(a) we have {y*} converging to the unique solution of VI(K,F),
which in view of Proposition 7 implies that {x*} is converging to the solution a.s. This result is

precisely presented in the following corollary.

Corollary 3. Let Assumption 5 hold with F being strictly monotone over the set K. Also let
Assumption 6 hold, and assume that SOL(K ,F) is nonempty. Then, the sequence {x*} generated
by iterative Tikhonov method (PITR) converges to the unique solution of VI(K,F) a.s.

We conclude this section by providing an example of steplength and regularization sequences

that satisfy the conditions of Assumption 6(a)—(e).

Lemma 11. Consider oy; = (k+1;)~% and €& = (k+ §;)~? for k > 0, where each 1; and §;
are selected from a uniform distribution on the intervals [n,7] and [, Cl, respectively, for some
0<n<fand0<{< . Leta,bc (0,1),a+b < 1,and a>b. Then {0y ;} and {&.} satisfy
Assumption 6(a)—(e).

Proof. The first limit condition in Assumption 6(a) holds trivially as we see that for a > b,

ak,max ak,max

S \—a C\—a
lim (&kmax +L)* = lim (KF M)~ (K F- M)

k+ . \—b +L 27
k=veo Omin. Ek,min k=0 (k4 Tmax) ™ (k+ Cmax) (k- Gonin) )
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where Nmax = max<;<y{Mi}, Mmin = Min;<;<n{Ni}, {max = maxi<;<y{g;}, and

Cmin = minj<;<n{&;}. We further have

(k + nmin) -

lim =1,
k—oo (k"’ nmax)_a
implying
. (k4 Nmin) ™ (k+ Nmin) ¢ b 2 . (k+Nmin) ¢ b 2
k min L)y =1 ——((k min L :Oa
klg?o (k + Tmax) (k‘f'Cmax)’b(( + Gmin) " +L) Jm (k+Cmax)7b(( + Cmin) "~ +L)

where the last equality follows by a > b. The second condition of Assumption 6(a) can be seen to
follow by noticing that the argument of the limit can be written as

- —a e Mmin)
O, max — Ok, min o (k + nmin) “— (k+ nmaX> ¢ (k+1max) !

ak,minsk,max B (k + nmax)_a (k + Cmax)_b (k + Cmax)_b

(1 tke) o1 dvatpgte o(/) 1

k=b(1 4 e )=b k(1 4 Smax) b

= 0(1/k'75).

As k — oo, the required result follows. Also, Assumption 6(b) and (c) hold since 04 min& min =
k=P (1 4 Numax /k) ~*(1 + Lmax /k) =2 > k=1, Under the given form of & and oy ; the expression
in the summation of Assumption 6(d) becomes

((k_ 1+Cmin)7b_ (k+Cmax)7b)2 1

(k+ CmaX)fzb (1 * (k4 Nmax) % (k + Cmax)b)
< o (4 (Gmin = 1)/8) (1 + Gna /) = 1)°
o (k+ T]max)_a (k + Cmax)_b 7

where the inequality follows from the fact that

1
(k + Mmax) ~(k 4 Cmax) ~?

>1 fork > 1.

Using the expansion of (1 —x)~" for x small and ignoring higher order terms, we have

((1+ G = /021 + L/ —1) = ((H}%) (1+bb§zm) . 1)2

~ bz(Cmax - Cmin + 1)2
~~ k2 .
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Also for k large enough, we have (k+ Nmax) "% (k+ Cmax)*b ~ k—%b Thus we have

2((1 + (Cmin - 1)/k)7b(1 + Cmax/k)b - 1)2 ~ zbz((:max - Cmin + 1)2 — O(k_(1+6)),

(k + rlmax)ia (k + Cmax)ib k2—a—b

where in the equality we use a+b < 1 and 6 = 1 — (a+b) > 0. Following a similar argument, it

can be verified that the term in Assumption 6(e) reduces to

((k— 1+ Cmin) 0 — (k+ Cmax) 2)? (1+ 1 ) 1
(k+ Cmax) 2 (k+ Mmax) ~*(k+ Gmax) ™2 ) (k+ Nmax) = (k + Cmax)
szz(gmax_gmin+l)2 1
~ k2—a—b k—a—b’
and the limit in Assumption 6(e) follows froma+b < 1. [ |

Note that Assumption 6(f) is immediately satisfied when E[||w*||?|F] is uniformly bounded by

some constant and the steplength and regularization sequences are chosen as per Lemma 11.

3.3 Stochastic iterative proximal-point methods

An alternative to using iterative Tikhonov regularization techniques is available through proximal-
point methods, a class of techniques that appear to have been first studied by Martinet [39], and
subsequently by Rockafellar [78]. A more recent description in the context of maximal-monotone
operators can be found in [35]. In the standard proximal-point methods, the convergence to a single
solution of VI(K,F) is obtained through the addition of a proximal term 6 (x; —x;_;), where 0
is a fixed positive parameter. In effect, x; = SOL(K,F + 6(I —x;_;) and convergence may be
guaranteed under suitable assumptions.

A crucial shortcoming of standard proximal-point methods lies in the need to solve a sequence of
variational problems. Analogous to our efforts in constructing an iterative Tikhonov regularization
technique, we consider an iterative proximal-point method. In such a method, the centering term
X;_1 is updated after every projection step rather than when it obtains an accurate solution of
VI(K,F+0(I—x¢_1)).

Before providing a detailed analysis of the convergence properties of this method, we examine
the relationship between the proposed iterative proximal point method and the standard gradient
projection method, in the context of variational inequalities. An iterative proximal-point method

for VI(K, F) necessitates an update given by
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=T [ =y (F () + 0 —x*71))] = Tk [x*(6) — neF ()],

where x¥(0) £ (1 — %.0)xF + y6xK~!. Therefore, when =0 and 7y, — 0, the method reduces
to the standard gradient projection method. More generally, one can view the proximal-point
method as employing a convex combination of the old iterate xX*~! and x* instead of x* in the
standard gradient method. In our algorithm, we allow 0 to vary at every iteration, i.e., we employ
a sequence 6; which can grow to +oo but at a sufficiently slow rate.

Analogous to the partially coordinated iterative Tikhonov (PITR) method, we consider a limited
coordination generalization of the iterative proximal-point method (PIPP) where users indepen-

dently choose their individual stepsizes. More precisely we have the following algorithm:
M =g [oF — o (F(F) + 0 (o =51 +wh)] fori=1,...,N, (PITR)

where 0y ; is the stepsize and 6y ; is the centering term parameter chosen by the ith user at the kth

iteration. We make the following assumption on user steplengths and parameters 6y ;.

Assumption 7. Let O max = Max|<;j<n{ 0}, O min = Minj<j<n{0k i}, Ok max = Maxi<i<n{6Ok;},
Ok min = Minj<;<n{ 6k}, and let the following hold:

(a) ak,maxek,max < (1 +2a]§,maxl‘2> ak*l,minekfl,minfor allk > 1, and

2 2

(04
. k k .
lim —"% 20 — ¢ withc €[0,1/2);
k—yeo ak,minek,min

(b) Y oOi=c° and Y Oc,il. < oo for all i;

(c) Zzo:() (ak,max - ak,min) < oo,
(d) Y007 o E[|[WK[1? | Fi] < oo almost surely.

Later on, after our convergence results of this section, we will provide an example for the step-
sizes and prox-parameters satisfying Assumption 7.

Our main result is given in the following proposition, where by using Assumption 7 we show
almost sure convergence of the method. In addition, we assume that the mapping F is strictly

monotone over the set K, i.e.,
(Fx)=F(y) ' (x—y)>0 for all x,y € K with x # y.
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Proposition 9. Let Assumption 5 hold with F being strictly monotone. Assume that SOL(K,F)
is nonempty. Also, let the steplengths and the prox-parameters satisfy Assumption 7. Then, the
sequence {x*} generated by method (PITR) converges almost surely to the solution of VI(K,F).

Proof. Since F is strictly monotone and SOL(K, F') is nonempty, VI(K, F') must have a unique so-
lution, denoted by x* = (x7,...,xy) (cf. Theorem 2.3.3 in [35]). By using x] = Ik, [x} — o ;F;(x™)]

for all i and the nonexpansive property of the Euclidean projection operator, we bound the term

T — x7 || as follows:

X —xf )17 = [Tk, [F — i (F () + O (o —xE 1)+ wh)] = T[] — oy i ()]

2
< ||k =) = e (Fi) = Fie) = ik =) =) |
Further, the right hand side of preceding relation can be expanded as

1R

RHS = |} —xi[|* + o | Fi (") — F ()1 + o [ wi 1% + (ou,16k,0)* 137 —

)
—2ak7,-(xl-—xl-)T(Fi(xk)—E(x*))—2ock7,-9k7,-(xf—xi) (xk P )— ZOck,(x — X )ka

1 l

+20¢ 01 (Fi(F) — F(x)) T (xf =) 420 (Fr(x) = Fr(x") w420 01 (o =) Twi.
Taking expectation and using E[w* | F;] = 0 (Assumption 5(c)), we obtain

Ell ™ =117 | Fa < lxf =212 + o | B () = B () 1P + o w1 | 5
+ (0 1010) 1 —x 1P = 200, (06 —x) T (F(") — F(x))
= 2006k, — )T (f —xi 1) 2000 (Fi(x) — Fi(x")T (o =2 1),

1

Let O max = MaxXj<j<N{Ok i}, O min = MiNj<;j<ny{0k;}, Ok max = Maxi<j<n{6k;} and O min =
minlgiSN{GM}. Summing over all i and using Lipschitz continuity of F' (Assumption 5(b)) we
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arrive at

E =12 Fa) < (14 0 pya L) 1 = X[ - 0 o ELIWH| | T
N
(Ot max B man ) |3 =P =2 Y oo —x)) T (F(F) = F(x))

i=1

J/

-~

Term 1

=2 oni6i(xf —x7)"(

1

T
|

=
T

N

1=

g

Term 2
N
+2 Z oc,f’iek,,-(Fi(xk) _E(X*))T<

i=1

[

(3.20)

Rl
|

=
T

-~

Term 3

By adding and subtracting 204 min (x¥ —x7)7 (F;(x*) — F;(x*)) to each term of Term 1 we see that

N
Term 1 < —204 in (¢ —x*) " (F () = F (")) +2(0lmax — Omin) Y, [ =7 || F(*) — F(x*)|
i=1

< =20 min(FF =) (F(F) — F(x*)) +2( 0 max — O min) L] x* —x*[|%, (3.21)

where the first inequality follows by using Cauchy-Schwartz inequality, while the second inequal-
ity follows from Holder’s inequality and Lipschitz continuity of F.

We now estimate Term 2. Since 2(x —y)” (x —z) =[x — y||* + [[x — z[|* — ||y — z||*, we have
.- K 2 1k 112 _ k=1 2
Term 2 = — Y7 o 6 || — |2+ ok =~ )P = =" — 2]
i=1

N N
< _ak,minek,min Z |:fo( _x;'kHz + H)Cf _xi‘(_l ”2:| + ak,maxek,max Z fo’(_l _X?HZ
i=1 i=1
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We now consider Term 3. Using 2x”'y < ||x||> + |y||*> and Lipschitz continuity of F, we obtain

N
Term3 < ' of (|[F() = F(x")|? + 02 — x| ?)
i=1
< O (I () = F ()2 02 6 — 7 2)
< 0 (L8 =717+ O I =112 (3.23)

Combining (3.20) with (3.21), (3.22), and (3.23), we obtain

[E[||xk+1 _)C*H2 | gjk] < (1 + 2alg,maxl‘2 +2(O‘k,max - O‘k,min)L) ||xk _X*Hz
+ OCk7max9k7max ”xk_l —x" ||2 — O min 9k7min||xk —x* ||2
200 1x O )
- ak,minek,min I- —F T ka —xk IHZ
Ok min ek,min
= 20 min(¥ = ) (F () = F(x)) + 0 o E[WF 1 | Fi,  3:24)

By Assumption 7(a) we have

2 2
ak,maxek,max < (1 + 2ak,maxL ) O%—1,min ekfl,min
2 2
< (1 + Zo%maxL + 2(Oﬂk,max - ak,min)L) O‘k—l,min ek—l,rnin-
* (12
I

Using this, moving the term —ak7min9k7min||xk —x*||* on the other side of inequality (3.24), and

noting that
207 6} i
Zhmax KmaX — 7 for some d € (0,1) and for k > &,
O min Ok, min

- 202 10k 0F e . .
with sufficiently large k (since “hma im0 - with ¢ < 1 by Assumption 7(a)). We further see

- ak,min ekﬁmin
that for k > k,

Ef" =211 | 5] + O min Ok min[¥* —x°|>
< (1 +2a]imaxll2 + 2(O‘k,max - ak,min)L) <||xk _X*Hz + Ock—l,minek—l,min”xk_1 —x" Hz)

— Ok min Bk min (1 — ) [|X* — 1|2

= 20 min (** — )T (F () = F (")) + 0 max E[W*[1* | F4]. (3.25)

It remains to show that the sequence {||x**! —x*||} converges to zero. This can be done by

76



applying Lemma 9 to relation (3.25) with the following identification:
Vk — ka _X* H2 + O‘kfl,minekamin”xki1 _X* sz Up = 2alg,maxL2 + 2((Xk,max - ak,min)L7

Ye = Ok min Ok min(1 — ) [|¥* =112 4 206 min (6 —x*) T (F (&) = F (),
Bk = al%,max[E[HwkHz | gk]

To use the lemma, we need to verify that 3 > 0, Y7 ux <o and Y;” , Bx < oo. Note that ¥ > 0 for
all k >k since d € (0,1) and F is monotone. The condition };” u; < oo holds by our assumption
that ) 7” OC,?J. < oo for all i (Assumption 7(b)), while Y7, Bx < oo holds by Assumption 7(d). Thus,
according to Lemma 9 (that holds for all k£ large enough) we have for the solution x*,

{[16* = x> + 01 min Ok 1 min ¥ —x*||*} converges a.s., (3.26)

Ockmin(xk — )T (FR = F(x*)) <o as. (3.27)
k=0
The expression (3.26) implies that the sequence {x*} is bounded a.s. and has accumulation points
a.s. Since K is closed and {x*} C K, it follows that all the accumulation points of {x*} belong to K.
By (3.27) and the relation Y} O min = °° (see Assumption 7(b)) it follows that (xk—x)T (F (x) —
F(x*)) — 0 along a subsequence a.s. This and strict monotonicity of F imply that {x*} has one
accumulation point, say X, that must coincide with the solution x*. By relation (3.26) it follows

that the entire sequence must converge to the solution x* a.s. [

Consider now the case when we have uniformity in user stepsize and prox-parameter. Precisely,

let each user i implement the following update rule:
X =Tk [nf — o (o) + 6af —2f~1) + )], (IPP)

where 6; > 0 is the prox-parameter and ¢ is a stepsize for all players at iteration k. We refer to
this version of the method as Iterative Proximal Point (IPP) algorithm, to differentiate it from its
partially-coordinated version (PITR) where the users have some freedom in selecting the parame-
ters.

Almost sure convergence of the sequence {x*} generated using (IPP) can be obtained as a corol-

lary of Proposition 9.

Corollary 4. Let Assumption 5 hold, where F is strictly monotone. Assume that SOL(K,F) is
nonempty. Also, let the steplengths and the prox-parameters satisfy Assumption 7 with 0y ; = O
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and 6y ; = O for all i. Then, the sequence {xk } generated by method (IPP) converges almost surely
to the solution of VI(K ,F).

Proposition 9 holds if the stepsize and prox-parameter sequences satisfy Assumption 7 for all k >
k where k is some positive integer. We next discuss some examples for choices of stepsize sequence
{og i} and prox-parameter sequence {6 ;} that satisfy Assumption 7(a)—(c) for sufficiently large
indices k. Let
Oi=(k+m)~* and 6= (k+m)",

for some scalars @ and b such that a € (1/2,1] and a +b > 0. The scalars 1; are random with

uniform distribution over an interval [, 7] for some 0 < 1 < 7]. Then, Assumption 7(a) holds if

Q 6
k,max Uk, max < 1+2O‘r%1ax,kl‘2' (3.28)

O%—1,min 9](, 1,min

If Nmax = Maxi<;<y{N;} and Nmin = minj<;<y{n;}, we have that

O‘k,max 6k,max o (k + nmin)_(a+b) _ (1 + Nmin ) —(a+b) (1 B - Nmax ) ath

OCkaminekfl,min B (k — 1+ nmax)_(a+b) k A

Using (1 +x)" &~ 1+ nx for |x| << 1, then for sufficiently large k, we have

Otk,maxek,max "y (1 B (Cl—l—b)nmin) (1 B (a+b)(1 — rlmax)) ~1_ (cH—b)(l + Nmin — rlmax)
akfl,minekfl,min k k k ’

Thus for Nmax — NMmin < 1 we have,

lim ak,max Gk,max /l 1.
k=00 O —1 min Ok—1,min

The preceding relation combined with the fact 1+ 20651 L? > 1 implies that relation (3.28) holds

ax,k
for sufficiently large k.
We now consider the limit in the second part of Assumption 7(a). We have
2 2 _
im ak,max 9k,max — lim (k + nmin) 2a+b)
k—reo Olg min 6k,min k—yeo (k + nmax)_(a+b)

=0,

where the zero-limit follows by a + b > 0. The conditions of Assumption 7(b) hold trivially for
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a € (1/2,1]. For the condition of Assumption 7(c), we have

(k+ Mmin) " 1)

O max — Ok, min = (k + nmin)_a o <k+ nmax>_a - (k+ nmaX)_a ((k+ n )—a
max

—a Nmax — Tmin -
= (k max l—-— -1
(K + Nmax) (( Kt T ) )

~ (K M)~ (1 g MMmax  Thmin 54 /2y 1) — O(1 k'),

k + Nmax

which is summable for a > 0.

3.4 Case study

In this section, we examine the sensitivity of the proposed iterative Tikhonov method and the
proximal-point method to algorithm parameters. More specifically, in Section 3.4.1, we describe
the player payoffs and strategy sets as well as the network constraints employed in the case study.
The sensitivity of the methods to algorithm parameters is examined in Section 3.4.2. Finally,
Sections 3.4.3 and 3.4.4 provide comparisons with their standard (two-loop) counterparts as well

as sample-average approximation methods.

3.4.1 Network and user data

We re-consider the spatial network of Chapter 2 and present it again in Fig. 3.1 for completeness.
Suppose now there are N selfish users that compete over the network. Each user is characterized
by a user-specific utility and faces a congestion cost that is a function of the aggregate flow in
a link. Such a problem captures traffic and communication networks where the congestion cost
may manifest itself through link-specific delays [5, 6]. The ith user’s cost function f;(x;,&;, @) is
a function of flow decisions x; and is parameterized by the uncertainty, denoted by (&;, @;). It is
defined as

filxi, & ) = —Elog(1 +x; 4 ). (3.29)

Each user selects an origin-destination pair of nodes on this network and faces congestion based
on the links traversed along the prescribed path connecting the selected origin-destination nodes.

We assume that the network links are indexed by an index set .’ and we consider a congestion

79



cost of the form:
N N
cx,6)=¢) Y xi <szj>, (3.30)
i=11e¥ j=1

where x;; denotes the flow of user j on link / and ¢ is a random scaling parameter. For all i €
{1,...,N} and | € .Z, x;; is given by

x; if user i uses link /,
Xli = .
0 otherwise.

Let A denote the adjacency matrix that specifies the set of links traversed by the traffic generated
by a particular user. More precisely, for every link [ € .Z and user i, we have A;; = 1 if link [
carries flow of user i, and A;; = 0 otherwise. Throughout this section, we consider the network
with 9 links and 5 users, as given in Fig. 2.1. The simulation results are reported in tables, where

we use U (¢, T) to denote the uniform distribution over an interval [, 7] for z < 7.

X ; - User Flow

>\7,' - Multipliers

Figure 3.1: A network with 5 users and 9 links.

Table 3.1 summarizes the traffic in the network as generated by the users and provides the
uniform distribution for the parameters k;(&;) and noise ®; of the user objectives. In addition we
assume that congestion scaling parameter is uniformly distributed i.e., ¢ ~ U(1/2,1).

The strategy sets are coupled through an expected-value constraint of the form Zf\L]Al,-xi <
E[Ci(&))] for all I € . where C;({;) is the random aggregate traffic through link /. The constraint
can be compactly written as Ax < E[C({)], where = ({1,...,8o)T and C({) is the random link
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Table 3.1: Network and user data

User(i) | Links traversed &i ;
I [2,13,L6 | U(0,10) | U(0,1)
2 [2,15,L9 | U(0,10) | U(0,1)
3 L1,L5L9 | U(0,10)| U(0,1)
4 L6,L4,19 | U(0,10) | U(0,1)
5 L8, L9 U(0,10) | U(0,1)

capacity vector with C({) ~ U(C—1,C+1) and C = (10, 15,20, 10,15,20,20,15,25). In the re-
sulting N—player stochastic Nash game, given x_;, the ith player solves the following parametrized

convex program:

min  E[fi(x;, &, ;) +c(x,6)]
x;€K; (331)

s.t. Ax < [E[C(C)L

Since, the strategy sets are coupled by a set of shared constraints, the associated game is a
generalized Nash game with shared constraints. Suppose x denotes an equilibrium of this shared
constraint game. Then, under convexity assumptions on the player problems and the polyhedrality

of the shared constraints, there exist vectors A, ..., A", such that

(i =)V ELfi(xi, &, @) + e(x,6)
2
+ )';(Al,ixi_cl(C>)]ZO; Vyi €Ki, i=1,...,N,
=1

N
Oﬁlll L Z[E[Alixi_CZ(C)] <0,
i=1
I=1,...,|.%Z|,i=1,...,N. (3.32)

While the equilibria of this shared-constraint game are wholly captured by the solution set of a
quasi-variational inequality, a subset of equilibria (referred to as variational equilibria (VE)) is
characterized by common Lagrange multipliers associated with the shared constraint; more specif-
ically, a VE is given by an x that solves (3.32) with A = A! = A% = ... = AN. A variational
equilibrium is obtainable by solving a suitably defined variational inequality problem. Defining
such a problem requires introducing a uniform pricing mechanism, controlled by the network ad-

ministrator, that allows for relaxing the shared constraints. If such a price is denoted by a Lagrange
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multiplier A, player i solves:

E4
min  E[f;(x;, &, ) +c(x,6)+ Z Ai(Aixi — Ci(8))],

x;€K; =1

where the expectation is with respect to &;, ;, ¢ and { and the price vector A £ (ll)lfl‘ such that

A€ IRL‘:?‘ and satisfies the complementarity relationship given by
OSAI’J_AI’,'XI’—[E[CI(C)]SO, lZl,...,‘iﬂ.

It is important to note that in this modified definition of player i’s payoff, the decision of other
players x_; and the price vector A are to be viewed as parameters. Since f;(x;, &, @;) = —&;log(1+

x;i + w;), the gradient vector for player i is:

IZ|
Fi(xa}t’) V [E[fl(xhél:wl)"f‘c +le Allxl CI(C))]

=1
1+&+

Furthermore, the expected violation of the shared constraints is denoted by the mapping A(x,A)

|Z]
2¢ Z ATA ljx]+ZAlAll

which is defined as

Y (E[C1(E)] —Aixi)

Alx,A) = :
YN (EC2(8)] — Ajgpixi)

Based on [79, Th. 3.1], under the convexity assumptions on the player problems, x is an equilib-

rium of the shared-constraint Nash game at which (3.32) holds with A = A' =A% = ... = AV if

and only if (x,A) solves VI(K x IR‘;%,CI)), where ®(z) = ®(x,1) = (FL,..., K ,AT)T.
It remains to verify that the mapping & is monotone over the set K x H?'f'. Its Jacobian is given

by
V(o) = (H & g) ¥ (2{[51::% AOT) ,
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where H(x) = E[H(x,&, )] and

&1
(]+X1+(01)2

H(x,§,0) =
SN
(14+xy+ay)?
Since the matrix H (x) arises as the Hessian of user-specific utilities which are independent across
users, accordingly, the Hessian is a diagonal positive definite matrix. For z € K X [R'ﬂ, consider
ZI'V®(z)z, we have 7/ V®(z)z = xT H(x)x +2E[g]xT AT Ax > 0, where we use E[g] =3/4 as ¢ ~
U(1/2,1). Thus from the positive semidefiniteness of V®(z) it follows that ® is monotone over
K x [R'f'. Given the absence of strong monotonicity and the lack of compactness of K x [R'fp‘,
existence and uniqueness claims, while not immediate, can be derived (cf. [80]). For the present,
we assume that an equilibrium does indeed exist. Given these definitions, the standard projection

method is defined as

Kt :HKi[xi-‘—ak’,-E'(x,l)], foralli=1,...,N,

AT =g, [Af — oaniiAi(x,A)], foralll=1,...,1.Z|,

where users and links have their steplength sequences and the regularized counterparts may be
appropriately defined. Compactly, the preceding iterations may be written as

= g, g2 [ — D(ay) ()],
where 0 = (041, -, 0 N4|.z|) and 2 £ (x,A). It is worth noting that our convergence theory for
PIPP requires strict monotonicity of & while our mapping is merely monotone; yet our numerical
results suggests that PIPP still performs well.

We now describe our experimental setup. Unless mentioned otherwise, we terminate each of our
simulations after 10,000 iterations and obtain 95% confidence intervals by using 100 sample-paths.
We report the confidence intervals at a 95% level for the normed error between the terminating
iterate and equilibrium solution, i.e., the confidence interval for ||z* — z*|| where k = 10,000. For
the ITR method, the update rule for the regularization parameter is taken to be of the form g, =
(1000 4 k)~“ where k > 1 is the current iterate. When implementing the IPP method, the proximal
parameter is updated using 6, = (1000 + k)¢ where k > 1. The steplength o updated as oy =
(10004k) " is chosen to be the same for both ITR and IPP methods. In both partially coordinated
methods, fori = 1,...,N +|-Z|, we let o ; = (1000 + k+ &) % with & ; = (1000 + k + &)~ for
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PITR and 6;; = (1000 + k + &) ~? for PIPP, where & ~ U(—500,500). Finally, z* denotes an
approximate solution of VI(K x [RL"_?‘,CID) computed by solving a sample-average approximation
(SAA) problem using the nonlinear programming solver knitro [67] on Matlab 7. Note that
x € [0, 1+ Cnax], where Ciax = max;c ¢ {C;} and Ax < E[C({)]. For a sample size of 200, with 2000
replications for each sample, we observe that ||z*|| = 0.808. We now summarize our numerical

algorithm for users iterate update.

1. For each sample path, at the beginning of each iteration, we draw a random sample of &, o,

¢ and C({) from their respective distributions.
2. Using this random sample and its current iterate, each user generates a sample of a gradient.

3. The next iterate is generated using the proposed algorithm with the sampled gradient com-

bined with appropriate stepsize and regularization parameter.
4. Repeat steps 1-3 for k iteration; record the error ||z% — z*|| for a particular sample.

5. The sample mean error and a 95% confidence interval is obtained and reported.

3.4.2 Sensitivity to parameters

We consider cases when the regularization parameter sequence is driven to zero at different rates.
Specifically, we choose & as (10004 k)¢ for ITR and for i = 1,... , N+ .2, & is (1000 +k +
8;) ¢ where &; ~ U(—500,500) for PITR. The user and link stepsizes  are set to (1000 -+ k)~
for ITR and 0y ; = (1000 + k + &;) =% for PITR. Table 3.2 compares the 95% confidence interval
for normed error ||z’~< — z*|| of ITR method to that of PITR method, as a function of the parameter a
of the regularization stepsizes & and & ;. It can be seen that as a increases, the confidence intervals
tend to be tighter upon termination. Further, we also observe that when users and links choose their
steplengths independently, the resulting confidence intervals appear to be slightly better.

Next, we examine the performance of iterative proximal-point methods. Table 3.3 compares the
performance of IPP and PIPP methods when the rate of decay or growth of the prox parameter is
varied keep the users and links steplength update rule fixed. Specifically, we let 6, = (1000 + k)¢
with o = (1000 + k)04 for IPP, and for i = 1,...,N + |.Z|, 6, = (1000 + k + &)° with oy =
(1000 + k + &)~%3* and §; ~ U(—500,500) for PIPP. Note that when ¢ > 0 we have 8 * oo. No

clear relationship can be observed between c (rate control parameter) and the recorded accuracy

upon termination though it seems that letting ¢ > 0 results in a slightly better accuracy. We also

note that limited coordination has minimal impact on the obtained confidence intervals.

84



Table 3.2: Varying a in regularization term of the form k¢ for a fixed choice for stepsizes

Width of confidence intervals
a ITR PITR
0.25 | 1.29e-02 | 1.09e-02
0.30 | 1.19e-02 | 1.08e-02
0.35 | 1.15e-02 | 1.07e-02
040 | 1.14e-02 | 1.07e-02
0.45 | 1.10e-02 | 1.06e-02

Table 3.3: Varying c in prox-parameter of the form k¢ for a fixed choice of the stepsizes

Width of confidence intervals
c IPP PIPP
-0.35 | 1.23e-02 | 1.13e-02
-0.15 | 1.18e-02 | 1.04e-02

0 1.16e-02 | 1.17e-02
0.15 | 9.46e-02 | 1.07e-02
0.35 | 1.04e-02 | 9.62e-02

Now, we examine the behavior of ITR and IPP methods by changing common parameters.

1. Impact of steplength, regularization and proximal-parameter sequences: We begin by exam-
ining the impact on the width of confidence interval of the rate at which stepsize oy decays
to zero in both ITR and IPP methods. Further, we report the computational time to achieve
the desired level of accuracy. The table to the right in Table 3.4 compares the width of
confidence intervals in both methods. It can be observed that as the decay rates increase,
IPP performs slightly better than ITR in terms of accuracy upon termination. Since there is
relatively limited impact on ITR methods from changing the decay rate of the regularization
parameter (see Table 3.2), given that a4 b < 1 choosing b as close to 1 appears to be advan-
tageous. Note the slight change in the update rule of &, so as to accommodate a larger range
of variability for b. In Table 3.4 (right), we list the computation times required by ITR and
IPP to achieve the corresponding level of accuracy of right table in Table 3.4. Combining
the results of Table 3.4 with that of Table 3.2 it can be concluded that for iterative Tikhonov

methods, it might be useful to choose a faster decay rate for o.

2. Varying coordination requirements: A worthwhile question in examining limited coordina-
tion generalizations is the extent to which disparity in steplength and parameter sequences
impacts the overall confidence width. In Table 3.5, we tabulate the performance of vary-

ing the coordination amongst users and links by changing the deviation in their individual
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Table 3.4: ITR vs. IPP: Varying b in oy = k~? with & = (10004 k)% and 6, = (1000 + k)°-3.

Width of confidence intervals Computational time in seconds
b ITR IPP b ITR IPP

0.54 | 1.16e-02 | 1.03e-02 0.54 | 164.71 128.76

0.59 | 8.89e-03 | 8.88e-03 0.59 | 165.98 129.47

0.64 | 7.20e-03 | 7.36e-03 0.64 | 165.95 129.62

0.69 | 7.08e-03 | 5.53e-03 0.69 | 165.85 129.67

0.74 | 4.84e-03 | 4.48e-03 0.74 | 165.94 129.54

Table 3.5: Performance of PITR and PIPP for various levels of coordination §;.

Delta 95 % Confidence Interval
0 PITR PIPP
U(—50,50) | 1.19e—02 | 9.08e—03
U(—100,100) | 1.08e—02 | 9.49¢—03
U(—200,200) | 9.74e—03 1.07e—02
U(—500,500) | 1.14e—02 | 8.25¢—03

steplengths and parameters which is controlled by changing the size of the support of the
uniform distribution governing parameter ;. Notably, our tests show that within the range

of testing conducted, there is relatively minor impact associated with limited coordination.

3.4.3 Comparison with standard Tikhonov and proximal-point methods

Our methods are motivated by the observation that regularization-based algorithms that rely on
obtaining increasingly accurate solutions to a sequence of problems and such techniques cannot
be easily extended to regimes where the subproblems are stochastic, particularly when relying on
simulation-based methods. Naturally, getting solutions of increasing accuracy requires increasing
replication lengths at a much faster rate, making such approaches computationally impractical.
Iterative regularization methods obviate this challenge by requiring a replication in which the reg-
ularization parameter is updated during the replication.

In this subsection, we detail the insights drawn from a rudimentary bounded complexity im-
plementation of the standard Tikhonov and proximal-point methods (with two-nested loops). In
effect, we obtain solutions of fixed accuracy and not increasing accuracy. More specifically, we
examined the behavior of a Tikhonov regularization method where a sequence of subproblems was
solved and the method was initiated with € = 1 and was terminated when the regularization param-

eter £ dropped below (11000)~%-3 (terminating value of the base case of corresponding iterative
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Tikhonov method). Note that the regularized subproblem was solved via a simulation method in
which the averaged solution over a fixed number of sample-paths was employed (100 in this case),
each of which required 10,000 steps. In the context of the proximal-point method, we terminate
the method when the normed error for numerically obtained solution and actual solution drops
below le-2. Note that both of these are heuristics and other parameter settings were examined to
get a flavor for the behavior of such methods, as well as to make the comparison as fair as possi-
ble. Table 3.6 tabulates the performance for both methods in terms of width of confidence interval
(table on the left) and the computational time required to reach the desired level of accuracy (table
on the right). On comparing with corresponding data of iterative methods in Table 3.4 we notice
that the both Tikhonov and proximal-point methods display almost identical performance in terms

of level of accuracy upon termination but require significant effort to do so, especially Tikhonov

methods.
Table 3.6: Tikhonov v/s proximal point method: Varying b in oy = k>,
Width of confidence intervals Computational time in seconds
b | Tikhonov | Proximal Point Tikhonov Proximal Point
0.54 | 1.58e-02 1.62e-02 297.62 183.08
0.59 | 1.30e-02 1.38e-02 360.30 138.10
0.64 | 1.15e-02 1.03e-02 360.32 137.62
0.69 | 8.57e-03 8.10e-03 360.36 137.56
0.74 | 6.85e-03 7.27e-03 360.26 137.46

3.4.4 Comparison with sample average approximation (SAA) techniques

In this subsection, we investigate the performance of SAA methods with one of the candidate
methods namely, PIPP. We report a 95% confidence interval SAA obtained for a sample of size
100 for various replication levels to approximate the problem. For each sample, the replicated
averaged problem is solved using knitro and for i = 1,...,N + |.Z/|, PIPP is implemented with
o ; = (1000 + k + &)7%* and 6;; = (1000 + k + &;)%3 where & ~ U(—500,500). Table 3.7
demonstrates the performance of SAA with accuracy level reached for various number of replica-
tions while Table 3.8 compares the computational effort required measured in time (seconds) by
SAA to reach the accuracy level to that of PIPP.
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Table 3.7: Performance for SAA

Width of confidence intervals for 100 samples

Replication per sample SAA
1000 3.86e-03
2000 2.32e-03
5000 1.65e-03

Table 3.8: Comparison of performance for SAA and PIPP

PIPP Iteration / | Computational time in seconds
SAA Replication SAA PIPP
1000 1438.93 20.65
2000 3598.07 41.32
5000 14,645.32 103.27

3.5 Concluding remarks

In this chapter we proposed and investigated two algorithms for computing solutions to stochastic
variational inequalities when the mappings are not necessarily strongly monotone. The work in this
chapter is related to the past work by Jiang and Xu [36] who considered how stochastic approxima-
tion procedures could address stochastic variational inequalities with strongly monotone mappings.
Yet, these methods cannot easily contend with weaker requirements (such as strict monotonicity
or monotonicity) while retaining the single iteration structure. A simple regularization-based ex-
tension leads to a two-level method, that is usually harder to implement in networked settings.

Accordingly, this chapter makes the following contributions. First, we present single-loop it-
erative counterparts of standard Tikhonov and proximal-point methods that obviate the need to
solve a sequence of subproblems. Instead, we present a stochastic iterative Tikhonov regulariza-
tion method and a stochastic iterative proximal-point method in which the regularization parameter
in the former and the centering parameter in the latter are updated at every iteration. Suitable con-
ditions on the parameter sequences are established for guaranteeing the almost-sure convergence
of the resulting methods. Notably, the iterative proximal-point method also allows for raising the
proximal-parameter at every step.

The chapter concludes with a detailed study of the computational performance of these methods
on a networked monotone stochastic rate allocation game. Through this case study, we observe that
the methods perform better when the steplength sequences are driven to zero at a faster rate but are
less sensitive to changing the decay rates of the regularization and proximal parameter sequences.

Notably, partial coordination of steplength choices has minimal impact on the accuracy of the
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solution. Finally, naive implementations of standard Tikhonov and proximal-point methods prove
illuminating; both Tikhonov and proximal methods provide accurate solutions but at a significant

computational expense.
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Chapter 4

Network Aggregative Nash Games

In this chapter we focus on a subclass of Nash games, referred to as aggregative games. An
aggregative game is a non-cooperative Nash game in which each player’s payoff is parametrized
by its action and the aggregate of the actions taken by all players [81]. Nash-Cournot games
represent one instance of such games; here, firms make quantity bids that fetch a price based
aggregate quantity sold, implying that the payoff of any player is a function of the aggregate
quantity sold [17, 48]. This chapter considers aggregative games wherein the players! compete
over a network. However, distributed computation of equilibria in such games is complicated by
two challenges. First, the connectivity graphs of the underlying network may evolve over time.
Second, in many settings, agents do not have ready access to aggregate decisions, implying that
agents cannot compute their exact payoffs (or their gradients). Consequently, standard gradient-
based or best-response schemes cannot be directly implemented since agents do not have ready
access to the aggregate. Accordingly, in this chapter, we propose two distributed agreement-based
algorithms which allow agents to build estimates of the aggregate and consequently compute an
equilibrium of aggregative games. Of these, the first is a synchronous algorithm where all agents
update simultaneously, while the second is a gossip-based algorithm that allows for asynchronous

computation:

(a) Synchronous distributed algorithm: At each epoch, every agent performs a “learning step” to
update its estimate of the aggregate using the information obtained through the time-varying
states of its neighbors. All agents exchange information and perform decision updates simul-
taneously. This algorithm builds on the ideas of the method developed in [82] for distributed

optimization problems.

(b) Asynchronous distributed algorithm: In contrast, the asynchronous algorithm uses a gossip-
based protocol for information exchange. In the gossip-based algorithm, only a pair of ran-

domly selected agent exchange their information and update their estimates of the aggregate

IRecall that we also refer player to as agent.
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and their decisions. The algorithm combines our synchronous method in (a) with the gossip

technique proposed in [83] for the agreement (consensus) problem 2.

We investigate the convergence behavior of these algorithms under a diminishing stepsize rule, and
provide error bounds under a constant steplength regime. Additionally, the results are supported
numerics derived from application of the proposed schemes on a class of networked Nash-Cournot
games. The novelty of this work is in our examination of distributed (neighbor-based) algorithms
for computation of a Nash equilibrium point for aggregative Nash games, while the majority of
preceding efforts on such algorithms have been spent towards solving feasibility and optimization
problems.

The distributed algorithms presented in this chapter draw inspiration from the seminal work
in [49], where a distributed method for optimization has been developed by allowing agents to
communicate locally with their neighbors over a time-varying communication network. This idea
has attracted a lot of attention recently in an effort to extend the algorithm of [49] to more general
and broader range of problems [85, 86, 87, 88, 89, 90, 91, 92, 93, 94]. Much of the aforementioned
work focuses on optimizing the sum of local objective function [85, 86, 87, 88, 89, 90, 91] in a
multi-agent networks, while a subset of recent work considered the min-max optimization prob-
lem [95, 96], where the objective is to minimize the maximum cost incurred by any agent in the
network. Notably, extensions of consensus based algorithms have also been studied in the domain
of distributed regression [93], estimation and inference tasks [92, 94]. The work in this paper
extends the realm of such algorithm to capture competitive aspect of multi-agent networks.

In section 4.1, we describe the problem of interest, state our assumptions and the equilibrium
conditions of the game. A synchronous distributed algorithm is proposed in section 4.2 and conver-
gence theory is provided. An asynchronous gossip-based variant of this algorithm is described in
section 4.3 and is supported by convergence theory and error analysis. In section 4.4, we present an
extension of aggregative games and suitably adapt the distributed synchronous and asynchronous
algorithm to address this generalization. We present some numerical results in section 4.5 and,

finally, conclude in section 4.6.

4.1 Problem formulation and background

In this section we introduce an aggregative game of our interest and provide its sufficient equi-

librium conditions. The players in this game are assumed to have local interactions with each

2 A subset of this work appears in [84].
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other over time, where these interactions are modeled by time-varying connectivity graphs. We
also discuss some auxiliary results for the players’ connectivity graphs and present our distributed
algorithm for equilibrium computation.

Consider a set of N players (or agents) indexed by 1,...,N, and let N = {1,...,N}. The ith
player is characterized by a strategy set K; C R” and a payoff function f;(x;, %), which depends on
player i decision x; and the aggregate X = ny: 1 x; of all player decisions. To formalize the game,
let K denote the Minkowski sum of the sets K;:

K=

=

I
_

K. 4.1

1

In a generic aggregative game, player i faces the following parametrized optimization problem:

minimize fi(xi, %)

subject to x; € K;, 4.2)

where K; C R" and & is the aggregate of the agent’s decisions x;, i.e.,
N -
=) xj, ¥cKk, (4.3)
j=1

with K C R" as given in (4.1), and f; : K; x K — R. The set K; and the function f; are assumed to

be known by agent i only.

4.1.1 Equilibrium conditions and assumptions

To articulate sufficiency conditions, we make the following assumptions on the constraint sets K;

and the functions f;.

Assumption 8. For each i = 1,...,N, the set K; C R" is compact and convex. Each function
fi(xi,y) is continuously differentiable in (x;,y) over some open set containing the set K; x K, while

each function x; — fi(x;,X) is convex over the set K;.

Under Assumption 8, the (sufficient) equilibrium conditions of the Nash game in (4.2) can be
specified as a variational inequality problem VI(K,¢) (cf. [35]). Recall that VI(K,¢) requires
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determining a point x* € K such that
(x—x)To(x*)>0  forallxeK,

where
Vi filxr,x + XY 5 x;)
¢(x) = : ,  k=[]k. (4.4)
Vv (2w, Z]}]:_f Xj+xn)

with x £ (xI,... xI)T, x; € K; for all i. Note that, by Assumption 8, the set K is a compact and

convex set in R™, and the mapping ¢ : K — R™ is continuous. To emphasize the particular form

of the mapping ¢, we define F;(x;, ) as follows:
Fi(x,%) =V fi(xi,¥)  foralli=1,...,N. (4.5)
The mapping F (x,u) is given by

Fi(xp,u)
F(x,u) = : , (4.6)

Fy(xn,u)
where the component maps F; : K; x K — R" are given by (4.5). With this notation, we have
o (x) = F(x,x) forallx € K. 4.7)
Next, we make an assumption on the mapping ¢ (x).
Assumption 9. The mapping ¢ (x) is strictly monotone over K, i.e.,
(0(x)— o) (x—x')>0, forallx,x €K.

Together with the compactness of K, this assumption allows one to claim existence and unique-

ness of a Nash equilibrium.

Proposition 10. Consider the aggregative Nash game defined in (4.2). Suppose Assumptions 8

and 9 hold. Then, the game admits a unique Nash equilibrium.

Proof. By Assumption 8, the set K is compact and ¢ is continuous. It follows from Corollary
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2.2.5 [35] that VI(K, ¢) has a solution. By the strict monotonicity of ¢(x), VI(K,¢) has at most

one solution based on Theorem 2.3.3 [35] and uniqueness follows. [ |

Strict monotonicity assumptions on the mapping are seen to hold in a range of practical problem
settings, including Nash-Cournot games [20], rate allocation problems [5, 7, 6], amongst others.

We now state our assumptions on the mappings F;, which are related to the coordinate mappings
of ¢ in (4.4).

Assumption 10. Each mapping F;(x;,u) is uniformly Lipschitz continuous in u over K, for every
fixed x; € K; i.e., for some L_; > 0 and for all u,z € K,

|Fi(xiyu) = Fi(xi,2) | < Lifju—z]|-

One would naturally question whether such assumptions are seen to hold in practical instances
of aggregative games. We will show in section 4.5 that the assumptions are satisfied for the Nash-
Cournot game of Example 2.

Before proceeding, it is worthwhile to recall the motivation for the present work. In the context
of continuous-strategy Nash games, when the mapping ¢ satisfies a suitable monotonicity property
over K, then a range of distributed projection-based schemes [35, 7, 5, 13, 33] and their regularized
variants schemes [6, 75, 20] can be constructed. In all of these instances, every agent should
be able to observe the aggregate X of the agent decisions. In this paper, we assume that this
aggregate cannot be observed and no central entity exists that can provide this quantity at any
time. Yet, when agents are connected in some manner, then a given agent can communicate locally
with their neighbors and generate estimates of the aggregate decisions. Under this restriction,
we are interested in designing algorithms for computing an equilibrium of an aggregative Nash
game (4.2).

4.2 Distributed synchronous algorithm

In this section we develop a distributed synchronous algorithm for equilibrium computation of the
game in (4.2) that relies on agents constructing an estimate by mixing information drawn from
local neighbors and making a subsequent projection step. In Section 4.2.1, we describe the scheme
and provide some preliminary results in Section 4.2.2. The section concludes in Section 4.2.3 with

an analysis of the convergence of the proposed scheme.
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4.2.1 Outline of algorithm

Our algorithm equips each agent in the network with a protocol that mandates that every agent
exchange information with its neighbors, and subsequently update its decision and the estimate
of the aggregate decisions, simultaneously. We employ a synchronous time model which can
contend with a time varying connectivity graph. Consequently, in this section we consider a time
varying network to model agent’s communications in time. More specifically, let £; be the set of
underlying directed edges between agents and let G, = (N, €;) denote the connectivity graph at
time k. Let N;(k) denote the set of agents who are immediate neighbors of agent i at time k that can
send information to i, assuming that i € N;(k) for all i € N and all kK > 0. Mathematically, N;(k)

can be expressed as:
Ni(k) = {j : (j,i) € &}

We make the following assumption on the graph G = (N, &).

Assumption 11. There exists an integer Q > 1 such that the graph (N, UZQ:1 Evir) is strongly
connected for all k > 0.

This assumption ensures that the intercommunication intervals are bounded for agents that com-
municate directly; i.e., every agent sends information to each of its neighboring agents at least
once every Q time intervals. This assumption has been commonly used in distributed algorithms

on networks, starting with [49].

Q ~ ll O ,l . ’ ‘ ’
~ 1 1 ’
~ N N ., ’
O »-----@ O -
.’ \ P hRS
4 A\ 4 ~
’ Y ’ ~ N
O 3 O
®@ O O @
(a) Connectivity graph at one instant (b) Connectivity graph at another in-

stant

Figure 4.1: A depiction of an (undirected) communication network.

Due to incomplete information at any point, an agent only has an estimate of X in contrast to
the actual x. We describe how an agent may build this estimate. Let xf-‘ be the iterate and vif be

the estimate of the average of the decisions x’l(, . ,xf‘\, for agent i at the end of the kth iteration.
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At the beginning of the (k+ 1)st iteration, agent i receives the estimates v’j‘. from its neighbors
J € Ni(k+1). Using this information, agent i aligns its intermediate estimate according to the

following rule:

=Y w ,-(k)v’;, (4.8)
JEN;(k)

where w;;(k) is the nonnegative weight that agent i assigns to agent j’s estimate. By specifying

wij =0 for j & N;(k) we can write:

N
o= Zwij(k)v]]‘- with vg?:xg forall j=1,...,N.
j=1

Using this aligned average estimate ¢ and its own iterate x¥, agent i updates its iterate and average
g g g f ;> ag p g

estimate as follows:

X§+1 = HK,‘ [Xf - (XkE(X{(,N\/){()], (49)
N ﬁig_i_xlﬁl Xk (4.10)

i i i

where, o is the stepsize, Ik, denotes the Euclidean projection onto the set K; and F; is as defined
in (4.5). The quantity N\?f.‘ in (4.9) is the aggregate estimate that agent i uses instead of the true

estimate Z{Ll xf.‘ of the agent decisions at time k. Under suitable conditions on the agents weights

w;j(k) and the stepsize o, the iterate vector (x%,...,xk) can converge to a Nash equilibrium point

(x7,...,xy) and the estimates N\?f in (4.9) will converge to the true aggregate value Z?/: 1 X; at the

equilibrium. These assumptions are given below.
Assumption 12. For alli € N and all k > 0, the following hold:
(i) wij(k) > 6 for all j € Ni(k) and w;j(k) = 0 for j & Ni(k);
(i) Yy wij(k) =1 for all i;
(iii) YN wij(k) =1 for all j.
Assumption 13. The stepsize oy is chosen such that the following hold:
(i) The sequence {ay} is monotonically non-increasing i.e., 0y < oy for all k;
(i1) Yo 04 = oo
(iii) Yy o0F < oo.
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Such an assumption is trivially satisfied for a stepsize update of the form oy = (k+ 1)~? where
05<b< 1.

4.2.2 Preliminary results

We next provide some auxiliary results for the weight matrices and the estimates generated by the
method. Let W (k) be the weight matrix with entries w;;(k). We introduce the transition matrices

®(k,s) from time s to k > s, as follows:
D(k,s) =W (k)W (k—1)---W(s+1)W(s) for 0 <s <k,

where ®(k,k) = W (k) for all k. Let [®(k, s)];; denote the (i, j)th entry of the matrix ®(k,s), and let
1 € RV be the column vector with all entries equal to 1. We next state a result on the convergence

properties of the matrix ®(k, s). The result can be found in [97] (Corollary 1).
Lemma 12 ([97] Corollary 1). Let Assumptions 11 and 12 hold. Then
(i) limy_,o0 ®@(k,s) = £ 117 for all s > 0.

(ii) The convergence rate of ®(k,s) is geometric; specifically, we have HCID(k,s)] ij— %‘ < @Bk

forall k > s >0 and for all i and j, where 6 = (1 — &)_2 and B = (1— i)é

Now, we state some results which will allow us to claim the convergence of the algorithm. These

results involve the average y* of the estimates v{-‘ ,i € N, given by

k

v = Vi for all k > 0. (4.11)

M=

1
N =

i

As we will see, y* will play a key role in establishing the convergence of the iterates produced
by the algorithm in (4.9)—(4.10). One important property of y* is that we have y& = %,Z?’le’;
for all k > 0. Thus, y* not only captures the average belief of the agents in the network but it also
represents the true average information. This property of the true average y* has been shown in [93]
within the proof of Lemma 5.2 for a different setting, and it is given in the following lemma for

sake of clarity.

Lemma 13. Let W (k) be such that Zl}jzl (W (k)]ji = 1 for every i and k. Then, y* = L YN x* for
all k > 0, where Y~ is defined by (4.11).
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Proof. 1t suffices to show that for all £ > 0,

N N
Y vi=2 (4.12)
j=1 j=l1

We show this by induction on k. For k = O relation (4.12) holds trivially, as we have initialized the
beliefs with v(} = x?. for all j. Assuming relation (4.12) holds for k — 1, as the induction step, we

have

—|—x —xkh

J

M=
S
I
™=
>»

~
Il
—_

~
Il

N
W (k—1)]mf " + _ZI(X'} —xh
=

I
=
M=

~

I
—_

I
—_

|
1=

<
~

N
1 Z.x—.x

N
Il
—

where the first equality follows from (4.10), the second inequality is a consequence of the mixing
relationship articulated by (4.8), and the last equality follows from ZN W (k)] ji =1 forevery i and

k. Furthermore, using the induction hypothesis, we have ZIJV (x’;—x ) ZN 1x —ZJ 1V j ,

thus implying that ¥ =1 ] N 1xk [

As a consequence of Lemma 13, Assumption 8 and Assumption 10, we have the following result

which will be often used in the sequel.

Corollary 5. Let W (k) satisfy the assumption of Lemma 13. Also, let Assumptions 8 and 10(ii)

hold. Then, there exists a constant C such that
IF (x5, Ny9)|| < C, IR NG| <C  foralliandk > 0.

Proof. By Lemma 13, we have Ny* = Z lx = % € K, where K is compact since each K; s
compact (Assumption 8). Since each F; is continuous over K; x K, the first inequality follows. To
show that {F;(x¥, Nv¥)} is bounded, we write

k k k k k
1 O, N | < (e NDE) — By, NYF) |+ 1E (e, Ny L
Using the Lipschitz property of F; of Assumption 10, we obtain
1B (e, N | < LN [9F = 5F I+ ([ Ny )
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Let K be the convex hull of the union set U;K;. Note that ¥ v ,y* € K for all k and that K is compact
(since each K; is compact). Thus, {||?* —y¥||} is bounded. As already established, {F;(x¥, Ny)} is
also bounded, implying that {F;(x¥, N¥¥)} is bounded as well. |

In the following lemma, we establish some error bounds for the norms ||y* — #¥|| which play

important role in our analysis.

Lemma 14. Let Assumptions 8—12 hold, and let y* be defined by (4.11). Then, we have

k
Iy =8| < 6B*M+ONCY B* o,y forallie€ Nandall k> 1,
s=1

where V¥ is defined in (4.8), 6 = (1 — &)’2, B=(1- 4]‘32)Q M= ):,J | maxy ek, || x| and C is

as in Corollary 5.

k41

Proof. Using the definitions of v; ™" and ﬁf given in Egs. (4.10) and (4.8), respectively, we have

k+1 ZWU v—l—xf“—x{-‘,

which through an iterative recursion leads to

The preceding relation can be rewritten as:

k+1 +1
Vi _Xf

I Mz

N
D (k,0)] gvg—l—Z(Z (k,5)]ij(x; — x5~ 1))

J=1
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By the definition of vk+1 in Eq. (4.10), we have ¥ v = karl k“ —|—x through which we get
k o 0 . 1
o =Y [@k,0)ivp + Y, | X [@ks)]i(x—x") | . (4.13)
(=1 s=1 \j=1
Now, consider yk which may be written as follows:
k k—1 k k—1 0 a 1
Y=y T+ 0 =y ==+ Y0 .

s=1

N

By Lemma 13 we have y* = ]lVZ =1 x; for all s > 0, which implies

™=

b i o

where the last equality follows by the definition of yO (see (4.11)).
From relations (4.13) and (4.14) we have

et = |y (£ S+ Y Y (@) (5-x)
(=1 s=1 j=1 N & / /
N k N 1
sz (k0| [ 0]+ Y ¥ il 557!
/=1 s=1j=1 N /
N
<)L JC{ES> Zﬁk [ @.15)

s=1j=

where the last inequality follows from H\, — [®(k,s)];j| < OB* forall 0 < s < k (cf. Lemma 12).
Now, we estimate ||x{ —x{~'||. From relation (4.9) we see that for any s > 1,

b =i = I ™ = o By~ N9 =
< ™! - e BN -
= a1 [[F (N
< Cay_1, (4.16)

where the first inequality follows by the non-expansive property of projection map, and the last
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inequality follows by Corollary 5. Combining (4.16) and (4.15), we have

N k k
95— 41 < 0BF Y [0 +ON Y. B 1C < 0B M+ ONC Y. B0,
/=1 s=1 s=1
where in the last inequality, we use V) = x9 € Ky and M = Y, max,, ek, |[x0]|, which is finite since

each Ky is a compact set (cf. Assumption 8). |

4.2.3 Convergence of Algorithm

In this subsection, under our assumptions, we prove that the sequence produced by the proposed
algorithm does indeed converge to the unique Nash equilibrium, which exists by Proposition 10.
Our next proposition provides the main convergence result for the algorithm. Prior to providing
this result, we state a lemma that will be employed in proving the required result [82, Lemma
3.1(b)].

Lemma 15. [82, Lemma 3.1(b)] Let {{;} be a non-negative scalar sequence. If Yy o & < oo and
0< B <1,then ¥ o (Tr o BE3E) < oo

In what follows, we use x* to denote the vector with components xﬁ‘, i=1,...,N, ie., Xk =

(x%,...,x%) and, similarly, we write x* for the vector (x7,...,x%).

Proposition 11. Let Assumptions 8—13 hold. Then, the sequence {xk} generated by the method
(4.9)—(4.10) converges to the (unique) solution x* of VI(K, ).

Proof. By Proposition 10, VI(K, ¢) has a unique solution x* € K. When x* solves the variational
inequality problem VI(K,¢), the following relation holds x* = Ik, [x] — o F;(x},x*)] (see [35,
Proposition 1.5.8, p. 83]). From this relation and the non-expansive property of projection operator,

we see that

b =2 1% = Tk [} — euFi e, N97)] — |12
= [T, e — o (xf, N9 ] — Tk, [xj — oy, )] |2

< |l =i — o (B N9 = (o, 7)1
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By expanding the last term, we obtain the following expression:

k 2 k 2 2 ~ —
e = 112 <l |12 + o |l N97) — R, 1) |2

-~

Terml

— 204 (Fi(xf, N9F) = (!, 2)" (o — 7). (4.17)

1 1

-~

Term2

To estimate Term1, we use the triangle inequality and the identity (a +b)? < 2(a® + b?), which
yields

Terml < 2||F;(x* NV ||> + 2| F(x}, )P <€ with C=2C*+2 max ||F(x,%)|?
(xi,%)EK; XK

where C is such that ||F;(x¥, N9¥) || < C for all i and k (cf. Corollary 5) and max . g ek, <k [|1Fi(xi, %)
is finite by Assumption 8. Next, we consider Term2. By adding and subtracting Fi(x{.‘ ,Ny*) in
Term?2, where yk is defined by (4.11), we have

Term2 = (F,-(xf,N\?f) —Fi(Xf,Nyk)>T (o —xf) + (Fi(xf,Nyk) —Fi(x?af*)>T<x{'<_x?)~

By applying the Cauchy-Schwartz inequality, i.e. a’b > —||al|||]||, to the first term on the right
hand side of the preceding relation and the Lipschitz continuity of F;(x;, «) in u (cf. Assumption 10),

we see that

(Fi(cf ,No5) = (o, Ny)T (o = x7) = || B (e, NDE) = B, NY9) |- e = 7 |
~k k k
> —LiN[[9; = Y| - [l — x|

> —2L_:MN||%; — |

where in the last inequality we use xf? ,X; € K; and the compactness of K; (cf. Assumption 8) and

M > maxycg, ||x;|| for all i. Therefore, we have

T
Term?2 > —2LMN||7f || + (F(, M) = R, 5)) (o = x).

19
By substituting the preceding estimates of Term1 and Term2 in (4.17), we obtain
bt = (1 <[lxf =7 1| + Cog +dogLiMN|[ 9 — Y|

T
20 (e Ny = Fi, ) (xf =),
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Summing over all agents from i =1toi =N, yields
N N ~ N
Y =P <Y I =57 P+ NCof +4auMN Y. Li|[9F — ||
i=1 i=1 i=1

T
- 204 z (RN =R ) (o =),
Using Nyk = ﬁvzl xf-‘ (see Lemma 13) and letting i = vazl xf.‘, we have for all £ > 0,

N
o x| <l =P+ NC s YLl |
i=1
T

~204 (9(4) — 9(x")) (F —x"), (4.18)

where we also use the fact that Fj(x;,X) is a coordinate map for the mapping ¢ (x) = F(x,x)
(see (4.6) and (4.7)).

To claim the convergence of x* to x*, we apply Lemma 9 (for the deterministic sequences) to
relation (4.18). To apply this lemma, since } ;7 oc,f < oo by Assumption 13, we only need to prove

Y oyll5f =y <o forallieN. (4.19)
=0
In view of Lemma 14, we have

k
=¥ < 0p*M+6ONCY B* o,y  forallie Nandallk>1,
s=1
so it suffices to prove that

o k o
Y o (Z Bk_sas_1> <o  and Y ot <o
k=1 k=1

Using oy < o for all k > s (Assumption 13), for the series Y5> o (X*_, X% 0,,_1) we have

]gak (Zk‘, B’”as_l) -y (zkj B’”akas_1> <y (Zk‘, ’”a31>.

k=1 \s=1 k=1 \s=1

We now use Lemma 15, from which by letting s = OCSZ we can see that ) ;” | o (ZIS‘: 1 Br=s Ocs,l) <

103



. To establish the convergence of };° o B¥, we note that oy < oty (Assumption 13), implying
that } ) Bk < 00 Y o B* < oo since 0 < B < 1. Thus, relation (4.19) is valid.
As relation (4.18) satisfies the conditions of (the deterministic case of) Lemma 9, it follows that

{|lx* = x*||}  converges, (4.20)

;ak<¢<xk> ) —x") <oo. @21)

Since {x*} C K and K is compact (Assumption 8), {x*} has accumulation points in K. By (4.21)
and Y, o = oo it follows that (¢ (x*) — ¢ (x*))T (x* —x*) — 0 along a subsequence, say {x’}.
This observation, together with the strict monotonicity of ¢, implies that {x*} — x* as £ — oo. By

relation (4.20), the entire sequence {x*} must converge to x*. |

4.3 Distributed asynchronous algorithm

In this section, we propose a distributed gossip-based algorithm for computing an equilibrium of
aggregative Nash game (4.2). A description of the algorithm and some preliminary results are
provided in Section 4.3.1. The global convergence of the algorithm is examined in Section 4.3.2,

while constant steplength error bounds are provided in Section 4.3.3.

4.3.1 Outline of algorithm

In the proposed algorithm, agents perform their estimate and iterate updates the same as in the
synchronous algorithm (4.9)—(4.10), but the updates occur asynchronously. As a mechanism for
generating asynchronous updates we employ the gossip model for agent communications [83]. To-
gether with the asynchronous updates, we allow the agents to use uncoordinated stepsize values
by letting each agent choose a stepsize based on its own information-update frequency. To accom-
modate these asynchronous updates and uncoordinated stepsize selections, we model the agent
connectivity structure by an undirected static graph G(N, £), with node i € N being agent i and &
being the set of undirected edges among the agents. When {i, j} € &, the agents i and j can talk to
each other. We let N; denote the set of neighbors of agent i, i.e., N; = {j | {i,j} € £}. We use the
following assumption for the graph §(N, €).

Assumption 14. The undirected graph G(N, €) is connected.
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Figure 4.2: A depiction of a gossip communication.

We use a gossip protocol to model agent communication and exchange of the estimates of the
aggregate X. In this model, each agent is assumed to have a local clock which ticks according to a
Poisson process with rate 1. At a tick of its clock, an agent i wakes up and contacts its neighbor
J € N; with probability p;;. The agents’ clocks processes can be equivalently modeled as a single
(virtual) clock which ticks according to a Poisson process with rate N. We assume that only one
agent wakes up at each tick of the global clock, and we let Z* denote kth tick time of the global
Poisson process. We discretize time so that instant k corresponds to the time-slot [ZK—1, ZF). At
each time k, every agent i has its iterate xf? and estimate vf? of the average of the current aggregate.
We let I* denote the agent whose clock ticked at time k and we let J* be the agent contacted by the
agent I*, where J* is a neighbor of agent I¥, i.e., JX € Np. Attime k, agents I* and J* exchange

their estimates v’l‘k and v’;k and compute intermediate estimates:
ko ok
. Vi TV )
k= % fori € {I*,J*}, (4.22)

and update their iterates and estimates of the aggregate average, as follows:

A =TIk 6k — oy i Fy (kN

. k 7k
VT gk gkt } forie {I",J"}, (4.23)

Xj

where oy ; is the stepsize for agent i and F;(x;,y) = V,, fi(x;,y). The other agents do nothing, i.e.,

\95-‘ = vf, T = K

1 1)

and VTl =yF  forig {IF,J*}. (4.24)

i — Vi

As seen from the preceding update relations, the agents perform the same updates as in the syn-
chronous algorithm (4.9)—(4.10), but instead of all agents updating, only two randomly selected

agents update their estimates and iterates, while the other agents do not update.
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We now rewrite the update steps more compactly. To capture the step in (4.22), we define the
weight matrix W (k):
1
W (k) ZU—E(e,k—eJk)(e,k—e,k)T, (4.25)
where [ stands for the identity matrix, e; is N-dimensional vector with ith entry equal to 1, and the
other entries equal to 0. By using W (k) we can rewrite the intermediate estimate update (4.22), as

follows: foralli=1,...,N,

N
o =Y W(k)iph forallk>1, with ) =x), (4.26)
j=1
where x? €K;,i=1,...,N, are initial (random) agent decisions. To rewrite the iterate xf-‘“ update

(or no update) compactly for all agents, we let Ly;c5, denote the indicator of the event {i € §}.
Then, the update relations in (4.23) and (4.24) can be written as:

ot = (HKi el — o i (xf, N —Xf§> Lie b gty 4 (4.27)

VL — kb ik (4.28)
Note that only agents i € {I¥,J*} update since Licp gkyy =0 wheni & {I¥,J%} and, hence, X! =
xk and Vi = 9K with oF = vk (by (4.26)).

We allow agents to use uncoordinated stepsizes that are based on the frequency of the agent
updates. Specifically, agent i uses the stepsize oy ; = %(i), where [';(i) denotes the number of
updates that agent i has executed up to time k inclusively. These stepsizes are of the order of % ina
long run [87, 90]. To formalize this result, we need to introduce the probabilities of agents updates.
We let p; denote the probability of the event that agent i updates, i.e. {i € {I¥,J%}}, for which we
have

1 .
pi= (1—|— Z pji) foralli e N,
JEN;
where pj; > 0 is the probability that agent i is contacted by its neighbor j. The long term estimates

for oy ; that we use in our analysis are given in the following lemma (cf. [90], Lemma 3).

Lemma 16. Let Assumption 14 hold, and let pyin, = min;cy p; and oy ; = 1 /T (i) for all k and .
Then, for any q € (0,1/2), there is a large enough k = k(q,N) such that almost surely we have for
allk>kandi€N,

O i O i

1 ’< 2
B k3/2_qpr2nin

< —
kp; kpi

106



Another useful result is provided by [87, Theorem 1], which is stated below in a form suitable

for our setting.

Lemma 17. Let G(N,E) be a graph that satisfies Assumption 14. Let W be an N x N random
stochastic matrix such that E[W] is doubly stochastic and E[W];; > 0 whenever {i, j} € E. Fur-

thermore, let the diagonal elements of W be positive almost surely. Then, there exists a a scalar

A < 1 such that
a2 [H (W - l11TW) z
N

The random matrices W (k) in (4.25) are in fact doubly stochastic and thus, W = E[W (k)] is
doubly stochastic. Moreover, it can be easily seen that W;; > 0 whenever {i,j} € €. In addi-

2
] <Alz|]*>  forallzeRN.

tion, W (k) has positive diagonal entries. Hence, Lemma 17 applies to random matrices W (k).
However, since each W (k) is in fact doubly stochastic, we have 17W (k) = 17, implying that
W (k) — +117W (k) = W (k) — 5117 Hence, using this observation and Lemma 17, we find that
there exists A € (0, 1) such that for the matrix D(k) = W (k) — ]l\,llT we have

E[|D(k)z|*] < A||z|*  forallze RN, (4.29)

By Jensen’s inequality we have |E[X]| < y/E[X?] for any random variable X (with a finite expec-
tation), which when applied to relation (4.29) yields

E[|D(k)z]]] < VA|zl|  forallzeRY. (4.30)

4.3.2 Convergence theory

In this section we establish the convergence of the asynchronous algorithm (4.26)—(4.28) with the

agent specific diminishing stepsize of the form o ; = To take account of the history, we

1
L@
introduce J to denote the o —algebra generated by the entire history up to k. More precisely

Fe=FoU{l,J;1<I<k—1} forallk>2,

with 1 = Fy {x?,i € N}. Thus, given Fy, the vectors vf.‘ and xf are fully determined. First we state
several result which we will use to claim the convergence of the algorithm, as well as to analyze
the error bounds.

In what follows, we will use a vector-component based analysis. To this end, we introduce [z],

to denote the /-th component of a vector z € R", with £ = 1,...,n. A component-wise update of
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each vf.‘“ in (4.28) 1s given by: foralli=1,...,N,
N
Vit e = Y WOl Vle+ i =il fore=1,....n.
=1
We collect all £th coordinates of the vectors vk, ... vk and let v€(£) = ([K],,..., % ],)T. We sim-
ilarly do for the vectors x£,...,x% and let x*(¢) = ([x%],...,[x]¢)T. Using the vectors v(¢) and

x(£), we can rewrite the preceding relation as follows:

VAL =W (W () 4+ ¢ e)  with L0 = XX —xF(0)  forallt=1,....n.
(4.31)

We have the following result for VA1 (¢) for any .

Lemma 18. Let Assumptions 8—10 and Assumption 14 hold. Then, forall ¢ = 1,...,nand k > 0,
V@) = e < 1Dk 04 () = D) | + \/5Cm§x Ot i,

where D(k) = W (k) — %117 and C is a constant as in Corollary 5.

Proof. We fix an arbitrary coordinate ¢. By the decision update rule of (4.27), the ith coordinate of
the vector £¥T1(¢) is [CFF1(0)]; = [(Tk,[x¥ — oy i F (xk, NOE)] — xF) Lyje (st skyyJe- Since y*+1 s the
average of the vectors vf“, from (4.31) for the /th coordinate of this vector we obtain

P = SR () = © (WA 117 ¢ 1),

which together with (4.31) leads us to

VL) — A1 = (W(k) — %IITW(k)> V() + (u — %nT) cH (o),

where [ is the identity matrix. Note that each W (k) is a doubly stochastic matrix i.e., W (k)1 =1 and
17W (k) =17. Thus, 4 117W (k) = 5117 Furthermore, we have (W (k) — 1,117) 1 =0, implying
that

(W(k) — ]lvuT) Y1 =0.

By combining the preceding two relations, using +117W (k) = 3117, and letting D(k) = W (k) —
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%IIT, we obtain

V() = B = DO OH(0) — 1) + (u - %nT) )
Taking the norm, we obtain
A (0) = b)) < DA — HH)] + H ( nT) ¢e (e )H (432)

We next estimate the last term in (4.32). The matrix [ — Il\,llT is a projection matrix (corresponds

to the projection on the subspace orthogonal to the vector 1), so ||1 — ]%,IIT | = 1, implying that

(-4ar)svr <o

From the definition of {¥*1(¢) in (4.31), we see that

IEL O =18 @)l (4.33)

It ="y,

ic {1k Jk}

HHK[xk oy iy (o, N9K)] — xk} H

Using the non-expansive property of the projection operator and O‘Igi < max; Oc]fl., we have

IO Y owilRGE NP <maxed, ¥ IFGEN)

i {1k gk} ! i {1k Jk}

By Corollary 5, ||F;(x*,Nt¥)|| < C for all i,k and some C > 0. This and |{I*,J*}| = 2 imply
|E5F1(0) |1 < 2C?max; a2 ;. By taking square roots we obtain ||(¥1(¢)|| < v/2Cmax, o ; which
when combined with (4.32) and (4.33) yields

V@) = Bl < IDR) 40 = DY)+ V2Cmax oy,

Our result involves the average y* of the estimates vf ,i € N, which will be important in estab-

lishing the convergence of the algorithm.

Lemma 19. Let Assumptions 8—10 and Assumption 14 hold. Let vf be given by (4.26) and (4.28),
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respectively, and let yk = %\12?,:1 vff. Then, we have
o 1 k k(12 .
Z 2 Vi =¥*|I* <eo a.s. forallieN.
k=1

Proof. Using Lemma 16 we find that oy ; < ﬁ almost surely for all k large enough, where

Pmin = min; p;. Thus, max; o ; < —2_ and from Lemma 18, we obtain almost surely for all k

kp min

large enough,

V) = B enll < D)4 () = e | + 2v2C

k min

By taking the conditional expectation with respect to Fy, we obtain almost surely for all £ large
enough,
2V2C
E[IV(0) = Dl | Fi < E[IDKR) OF() = B | Fa + : (4.34)

kpmin

Note that the expectation in the term on the right hand side is taken with respect to the randomness

in the matrix W (k) only. By relation (4.30), we have
E[IDGR) (4 () = D) | Fad < VAP (0) = HHet ]

which combined with (4.34) yields almost surely for all k large enough,

E[IV*" (6) = D1l [ 53] < VAV = DY) + 2v2C (4.35)

k min

By dividing both sides of (4.35) with % and by using ,ﬁ%l < % we find that almost surely for all

k large enough,
1 VA 2v2C
L EIWA L) — Tkt <« YAk — Wk
T EIV 0 = Pl 1 9 < SO~ Bl +
=_ — 1] — — 1|+ —5—.
2O = b et = == (0 = BT + 7 —

Since A € (0,1) we have 1 — VA > 0. Thus, by the supermartingale convergence of Lemma 9
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(applied with an index-shift), we can conclude that

L

— DMl <o as.

»I*—‘

Recalling that v<(¢) = ([&]y,..., [V4])T, the preceding relation implies that
|
Z%‘ e — DA ‘<oo foralli € N as.

The coordinate index ¢ was arbitrary, so the relation is also true for every coordinate index ¢ =
1,...,n. In particular, since ||v€ —y*|| < ¥7_, [[¥]; — [*]¢| we have

For the rest of the paper, we use x* to denote the vector with components xi-‘, i=1,...,N,ie.,
¥k = (x’l‘ ,...,xk) and we write x* for the vector (x},...,x%). We now show the convergence of
the algorithm. We have the following result, where x* denotes the unique Nash equilibrium of the

aggregative game in (4.2).

Proposition 12. Let Assumptions 810 and Assumption 14 hold. Then, the sequence {x*} gener-
ated by the method (4.26)—(4.28) with the stepsize 0y ; = 1( 5 converges to the (unique) x* of the

game almost surely.

Proof. Under strict monotonicity of the mapping and the compactness of K, uniqueness of the

equilibrium follows from Proposition 10. Then, by the definition of karl we have
2
ot 12 = || (T ok = o o, N9 = 58) Wiy + = x
Using xj = Ik, [x] — oy ;Fi(x},X*)] and the non-expansive property of the projection operator, we

have for i € {I¥,J*},

o+ et 2 <k — g Bk N9 — ok — i ) P
2 = 2
=k 7P+ ek N9%) — o )|
204 Bk N9) — B 7)) (o —x).
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By Lemma 16, for k large enough we have almost surely

1
kpi

oy < 2 < 2
ki >~ 7 > _ﬁ
k3/ qpmin

(x PR
kpi ol

Thus, we also have Oc,f < k;‘?. Writing oy ; = (ock i— %) + kip, and using the preceding relations,
) i ’ ’ i i

we obtain almost surely for i € {I¥,J*} and for all k large enough,

! 2 k 2 .2 k ok (12
bt = 112 = [ =7 1+ o || B (e N7 — B, ) |

2 (ak,i _ i) (R NoE) — oot 1)) (e — )

kpi
2 ) o *
= 1, (BN = Rt 3) T (sf =)
1
x 4 . L
< fo'(—xi H2—|——k2 2HE'(X§7NV§)_E'(X,',X )HZ
Di
4 ) o *
+ e |(BGEN) = A (of =)
min
2 A - *
= (RN = RO, E9)T (0 = x7). (4.36)

1

By Corollary 5 and Assumption 8 we can see that || F;(x¥, NoK) — F;(x, %) ||> < C; for some scalar
C1, and for all i and k. Similarly, for the term in (4.36) involving the absolute value, we can see
that |(F; (x*, No%) — Fi(x}, %)) (x¥ —x})| < G, for some scalar C,, and for all i and k. Substituting

1

these estimates in (4.36), we obtain almost surely for all k large enough,

4C, 4C, 2 . - N
— (F(xk, NOF) — Fy(x,x) T (xf — 7).

k+1 )12 g
X = x|l <llxr —x: |7+ + -
H ; i ” —H i i ” kzp,-z k3/2_qp12nin kpi

(4.37)

For the last term in the preceding relation, by adding and subtracting Fi(xf?,Nyk) and using Ny* =
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YN, xi-‘ = % (cf. Lemma 13), we write

(R NOF) = (o] )T (o —x7) =(Fylef ,N9F) — B, NY9))T (o = x7)

+ (R, 7) = B, ))T(Xf—ﬁ)
> — || Fi(acf ,N9F) — Byl NY9) [ =7
+ (R ) = FOG,T))T (3 —xp)

> — LN |[90F =y IM + (Fi(f, 7) = B, 5)T (o6 = x7)

where we use the Lipschitz property of the mapping F; (Assumption 10), while M is a constant
such that max,, ;.ck, |[xi —zi|| <M for all i. The vector \9" is a convex combination of v’J‘. (cf. (4.26)),

5o by the convexity of the norm, we have ||?¥ —y¥|| < Z W (k )]U'Hvlj- —yk

(F(xf,N¥}) — Fi(x, &) (o —x7) > — L—lNMZ k)i lIvE =8|
=
+ (F (x5, 7 — Fi(x, 7)) T (oF —x0). (4.38)

Finally, by combining relations (4.37) and (4.38) we obtain almost surely for i € {I*,J*} and for
all £ large enough,

N
W 2 <k — P A 2 MY Wl —
i i || A i k22 k3/27q 2 kp: i 4 givj

p, pmln pi J=1

— (R ) = Flag, 7)) (6 = 7).

Since X\ = x¥ when i ¢ {I¥,J*}, it follows that ||x}"! — x¥||? = ||x¥ —x¥||? for i & {I¥,J*}. We
combine these two cases with the fact that agent i updates with probability p; and, thus obtain
almost surely for all i € N and for all & large enough,

4C1 4Cyp; 2

N
k 2 2
Ellt ™ =l I 190 <l =i 4 g+ gz g EM LW I =
min =

k( (0, 5) = R, 2)T (0 — ). (439)

Summing relations (4.39) over all i = 1,...,N, using the fact that W (k) is doubly stochastic and
recalling that F; are coordinate maps for F and F(x,%) defines ¢ (cf. (4.6) and (4.7)), we further
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obtain for all k large enough almost surely

E[o =212 | 3] <[lx =+

ANC;  4NCrpmax 2 N
+ZL NM v—y
k% Pmin k3/2_qpr2nin kK ]ZI | J |

2 % S
=200 =9 (x)T(F —x), (4.40)
where ppin = min; p; and pmax = max; p;. We now verify that we can apply the supermartingale

convergence result (cf. Lemma 9) to relation (4.40). For ¢ € (0,1/2) we have

= [ ANC 4ANC
T (s + e ) <
imt \K"Pmin K32 4pr,

Further from Lemma 19 it follows that Y7, ¥ | +|[v¥ — y¥|| < o almost surely. Thus, all condi-

tions of Lemma 9 are satisfied (with a time-shift) and we conclude that

{|l** —x*||} converges a.s., (4.41)

L 10000 (¢ —¥) <o as 442)

Since {x*} C K and K is compact (Assumption 8), it follows that {x*} has an accumulation point in
K. By Y7 | ¢ = oo, relation (4.42) implies that (x* —x*)T (¢ (x*) — ¢ (x*)) — 0 along a subsequence
almost surely, say {x*}. Then, by the strict monotonicity of ¢ it follows that {x*} — x* as £ — oo

almost surely. By (4.41), the entire sequence converges to x* almost surely. |

4.3.3 Error bounds for constant stepsize

In this section, we investigate the properties of the algorithm where agents employ a deterministic
constant, albeit uncoordinated, stepsize. More specifically, our interest lies in establishing error
bounds contingent on the deviation of stepsize across agents. Under this setting, the stepsize is

0y ; = o in the update rule for agents’ decisions in (4.27), which reduces to
xt = (HK,- [ — o4 (xf, NOF))] —xf'{> Lie (gt gty 4

where @ is a positive constant stepsize for agent i. It is worth mentioning that the estimate mixing
rule of (4.22) and estimate update rule of (4.28) are invariant under this modification. Also, we

allow agents to independently choose @;, thereby maintaining the complete decentralization feature
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of the gossip algorithm. We begin by providing an updated estimate for the disagreement among

the agents. Our result parallels the result of Lemma 19.

Lemma 20. Let Assumptions 8—10 and 14 hold. Consider {vf-‘}, i=1,...,N, that are generated
by algorithm in (4.26)—(4.28) with o ; = ;. Then, for yk = I%IZN VK we have

i=1"i

N 2 M2 N
2nas. C V21N OypnaxC
timsup " [ =347 < 205 limsup Y E[E -4 < YIS g,
koo =] (1-V2)? k—eo i -V
where Omax = max;{ e}, C is the constant as in Corollary 5, and A is as given in (4.29).
Proof. We fix an arbitrary index £. By Lemma 18 with oy ; = o;, we have for all k > 0,
V@) = et < 1Dk 04 (€) = D) | + V2C hma, (4.43)

where D(k) = W (k) — %IIT and amax = max; ;. Note that by relation (4.30) we have
E[|D(k) (04 () = D)) = E [[E[IID(k)(Vk(f) sanil ?k]] <VAE[V () = DYel]. @44
Thus, by taking the expectation of booth sides in (4.43) we obtain
E| IV (0) = o)l | < VAR [II¥40) = 4]61)) | + V2Camas forall k >0,

which by iterative recursion leads to
k1 t-1 krl 0 0 :
[E[Hv )~y ]m@ < (\/I) E[00) = )e1]] +V2Coma Y (VA)*  forall k > 0.

s=0

Thus, by letting k — oo, we obtain the following limiting result

V2Cam
limsup E[|V*H () — A1) < —0
m sup UV () = ]eall] < i

By taking the squares of both sides in relation (4.43), we find

(4.45)

V1) = L < D) O4(E) — 100 P 423/ 2C e | DI H(E) = 4] 1) | +2C2 02
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Taking the expectation of both sides in the preceding relation and using estimate (4.44), we obtain

E[|VEF () — DFe1)?] < E[ID () (v (0) — [4]e1)]17] + 2V 2C amax VAE[ [V (€) — [y4] 1]
+2C%02,,,
< AE[V*(0) — (4] 1]1%] + 2V 2C amax VAE[ |V (€) — [y*] 1]
+2C% Ot
(4.46)

where the last inequality follows by
E[ID(k)(F(6) = b*)e)?] = E |E[ID(k) () = DFIeD)|1* | Fal | < AE[V(E) = bFenl?],

which is a consequence of relation (4.29). Since vf.‘ and y* are convex combinations of points in
Ki,...,Ky and each K; is compact, the sequence {|[v**1(¢) —[y**1],1||} is bounded, implying that
so is the sequence {E[|[V*T1(¢) — y**'],1|]}. Thus, limsup, . E[|[V¥T1(¢) — [y**1],1]?] exists,

and let us denote this limit by S. Letting kK — oo in relation (4.46) and using (4.45), we obtain

2V/A 1+VA
S§/15+< VA +1) 2C%02,, = AS+ +\/_2C2052

1_\/1 l—ﬂ 'max

which upon solving for S and recalling the notation yields

. 1+V2 1
limsup E[|[V¥T1(0) — pA1,1)12] < 2k, = ———2C%a?...
msupE[V(0) = DA < e, = o2,
The preceding relation is true for any ¢. Thus, since limsup is invariant under the index-shift, we
have
- k K 1R < Vv k K q21 o 2nCR o
limsup ) E[[[v*(€) = [Y*]1[I"] < ) limsup E[[v*(€) = [Y*] 1[]"] < ——2%,
k—oo e—Z] e—zl k—seo (1 _\/I)z
and by the linearity of the expectation, it follows
i 2nC2a?,
limsupE | ¥ |[vE(0) — M1 | < ——max
k—>oo L_Zi [ ] (1 - \/I)Z
Recalling that vector v¥(¢) consists of the /th coordinates of the vectors V&, ... .v& (i.e., V¥ (£) =
(05, K]0 T), we see that || X7, [[V4(€) — F]e1]|? = X, [V — y¥||%. Hence, the preceding
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relation is equivalent to

N 2.2
2nC- o,
limsu E[|[v¢ —y*|? —max ,

which is the first relation stated in the lemma. In particular, the preceding relation implies that

V 211 Camax
limsup E[|IvE — 12 (4.47)
k—yoo0 \/Z \/_

On the other hand, by Holders’ inequality we have

N N
Y Eflvi =yl < W\/Z{ EfIvi =4[]

i=1

from which by taking the limit as k — oo and using (4.47), we obtain

N
V2nNC
limsup Y E[[jvf — yt||] < Y212 dmax.
k—oo =1 1—\/7_L

We now estimate the limiting error of the algorithm under the additional assumption of strong
monotonicity of the mapping ¢. For this result, we assume an additional Lipschitz property for the

maps F;, as given below.

Assumption 15. Each mapping F;(x;,u) is uniformly Lipschitz continuous in x; over K;, for every
fixed u € K i.e., for some L; > 0 and for all x;,y; € K,

| Fi(xiyu) — Fi(yi,u)|| < Li||lx; —yi|-

We have the following result.

Proposition 13. Let Assumptions 8—10, 14, and 15 hold, and let the mapping ¢ be strongly mono-

tone over the set K with a constant L > 0, in the following sense:

(0(x)— () (x—y) > ullx—y|>  forallx,y€K.

Consider the sequence {xk} generated by the method (4.26)—(4.28) with oy ; = «. Suppose that
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the stepsizes ; are such that

0 < 1—=2UpminOmin + zpmax(m?XLixamax - amin) <1, (4.43)

where L;,i = 1,...,N, are Lipshitz constants from Assumption 15, Omax = max o, Oyip = min @,
l l

Pmax = Max p;, and pyiy = min p;. Then, the following result holds
1 1

Pmax ar%lax <2C2N +BC%)
limsup[E[ka—x*Hz] < ,
k—soo H Pmin ®min — Pmax (maxi Li)(amax - O‘min)

where x* is the unique solution of VI(K,¢), C is as in Corollary 5, A is as in (4.29), and B =
(max; L_;))NM with L_;, i = 1,...,N, being the Lipschitz constants from Assumption 10, and M >

maxy, z.ek; ||xi — zi|| for all i.

Proof. Since the map is strongly monotone, there is a unique solution x* € K to VI(K, ¢) (see
Theorem 2.3.3. in [35]). Then, by the definition of xf.‘H we have

o1 2 = ) (VL ek = ek, VO] =8} Ty + 28 =12

Using x; = Ik, [x] — o;F;(x},X*)] and the non-expansive property of the projection operator, we
have for i € {I*,J*},

T — |12 <[ — ok, NOF) —oF — X + By (x5 ||
k 2 2 Ak —x\ (12
=||xk — x}||> + oF || F (xk, NOF) — Fy(x,57) |
—204(F(xF, NOF) — Fy(xf, 7)) (xf — 7). (4.49)

By using (a+b)? < 2a* +2b* and Corollary 5 we can see that
IFixf, N97) = Fil 2 < 4C2.

We now approximate the inner product term by adding and subtracting F,(xic ,Ny*) and using y* =

YN, xﬁ-‘ = 7 (see Lemma 13), to obtain

(Fi(xf N9 = Fy(a, 2))T (0 = x) 2> = (B N9F) = B (o, NY9)) T (o = x7)|
+ (G, 7) = B )T (af = 7).
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By the Lipshitz property of the mapping F; in Assumption 10, we have
|(Fi(xf, N9F) = By Ny )T (e =) < LoV 95 = 9| [l o7 | < LN M| = Y,

where M > max,, ;, ||x; — z;|| for all i, which exists by compactness of each K;. Upon combining

the preceding estimates with (4.49), we obtain

b =2 |2 <l = |1? + 407 C? + 205L N M55 — Y|
—204(Fi(k, #) — F(x, #))T (e — 7). (4.50)

Now, we work with the last term in (4.50), by letting i, = min; ;, and by adding and sub-
tracting 20tmin (F; (xF, ) — Fi(x}, %)) (¥ — x7), we can see that

[ — X |12 < |l — |2+ 40 CP + 204L NM|9F — ||
+2(0 — Qin) | (F (o, 7) — Fi(x7, )T (4 —x7))|
— 2Clmin (Fy (%, ) — F(x}, 7)) (f —x7). (4.51)

By using the Cauchy-Schwartz inequality and the Lipschitz property of F; given in Assumption 15,

we obtain
|(F(xf,#) = F(x ,2))T (o —x)| < Lil | —x7 1. (4.52)

Further, by letting o4ma,x = max; ;, from (4.51) and (4.52) by collecting the common terms we have
for i € {IF,J*},

[l =117 < (14 2Li (Otmax — Ctmin) [lf — 7 [|* + 4057 C? + 204 NM [9F — |
— 20min (Fi(xf, 2) — F(xf, 2))7 (o — 7).

The fact that X't = x¥ when i ¢ {I¥,J%} implies that ||/ ™1 —x7||2 = ||k — x}||? for i ¢ {I¥,J*}.
Next, we take the expectation in (4.53), whereby we combine the preceding two cases and take

into account that agent i updates with probability p;, and obtain for all i € N,

Efle ! = 17 | Fa] < (14 2pii((Omax — Omin)) [|xf =7 ||> +4pio’C?
+2pi0G L NME||5 — ¥ || | Fe] = 2pi0tmin(Fi (xf, #) = Fi(xf, )7 (o — 7).

Since ¥ is a convex combination of VK, j € N and the norm is a convex function, we have ||?¥ —
i J i
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< EV W)LV = y*II. Thus, E[I9F —y || | F2] < X, EW (K))ij[Iv4 — ¥*||. By using the
preceding relation, min; p; = pmin, Pmax = Max; p;, and o; < Qmax, We arrive at the following

relation for all i € N,

[E[Hx{'(_‘—l _x;'kHz | ‘rfk] < (1 +2pmaxm?XLi(amax amln))Hx _X*H2"f‘4'pmax05r%1axc2
+2p ocmBZ[E (K))ijIvs =4 =2 (F(5 2 — R, &) T (f —xp), (4.53
max Xmax ij y Pmin Omin (X X) (xza-x )) (z Xl), (4.53)
j=1
with B = (max,-L_i)NM.
Summing the relations in (4.53) over alli =1, ..., N, recalling that F;,i = 1,...,N are coordinate

maps for the map F (see (4.6)), which in turn defines the mapping ¢ through (4.7), we further
obtain

[kaH —X ||2|3rk] (1+2PmaxmaXL(0‘max O‘min))ka_X*||2+4Pmaxa§1axC2N

+2pmaxamaxBZ Z [E ]l]Hv -y H 2pminamin((P(xk) o ¢<X*))T(xk _X*)v
i=1j=1

The matrix E[W (k)] is doubly stochastic, so we have

N
Z, k)i Ivs ="l = ZZ[E (R)]islVs =51 = Z 1V = 5*l-

j=1li=

HMz

Using this relation and the strong monotonicity of the mapping ¢ with a constant u, gathering the

common terms, and taking the total expectation, we obtain for all k > 0,

N
Ef =217 < GE[Ilx* =17 + 4Pmax OmaxC*N + 2pmax OmaxB Y E[IVG —YF), (4.54)
j=1

where ¢ = 1 — 2 prin Omin + 2 Pmax Max; L;( Qmax — Omin ). Note that by the condition
0 <1 —2UPminOmin + 2Pmax ml?lXLi(amax - amin) <1

we have 0 < g < 1. We further have {x*} C K for a compact set K, so the limit superior of
E[||x* — x*||?] exists. Thus, by taking the limit as k — oo in relation (4.54) and using Lemma 20, we
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obtain

vV 2nN C Otmax

limsup E[|[xX! — x*||?] < glimsup E[||x* — x*[|2] + 4 pmax 02 C2N + 2 Prmax Cmax B ,
which implies the stated result. |

We have few comments on the result of Proposition 13, as follows. The error bound depends
on the dimension n of the decision variables, the number N of players, the frequency with which
players update their decisions (captioned by ppin and pmax), and the network properties including
the connectivity time bound B and the ability to propagate the information (captured by the value
1 —+v/A). When the network parameters B and A, and the players’ update probabilities (pmi, and
Pmax) do not depend on N, the error bound grows linearly with the number N of players.

As a special case, consider the case when the agents employ an equal stepsize, i.e., Oyin =

1
21 prmin

Omax = o and « satisfies the following condition 0 < o < . Then, the result of Proposition 13

reduces to

limsup E[||x* —x*||?] < :

k—voo U Pmin

As another special case, consider the case when all players have equal probabilities of updating,

i.€., Pmin = Pmax = P- Then, we have the following result:

0 (263N + BCY2E)
limsup E[||x* —x*||?] < — :
k—oo M Ol — (Max; L;) (Gmax — Cmin)

When all players have equal probabilities of updating and all use equal stepsizes, i.e., Pmin =
Pmax = P and Oin = Omax = O, then the condition of Proposition 13 reduces to 0 < o < ﬁ, and
the bound further simplifies to:

V2
limsupE[| —x|2] < & [ 2c2n + B Y2 ) |
k—soo u 1—vVA

4.4 Extensions

It may have been observed that the proposed developments in the earlier two sections required
that the agent decisions be of the same dimension. In this section, we extend the realm of (4.2)

and generalize the algorithms presented in section 4.2 and section 4.3. To this end, consider the

121



following aggregative game

minimize filxi, Yy hi(xi))
subject to x; € K;, (4.55)

where K; C R", h; : K; — R". The mappings g; and h; are considered to be information private to
player i. Such an extension allows players decisions to have different dimensionality. To recover
the problem articulated by (4.2), we set h;(x;) = x; with K; C R” for all i. We next discuss the

generalization of the proposed distributed algorithms to solve problem (4.55).

4.4.1 Synchronous Algorithm

To make the synchronous algorithm suitable for the generalized problem in (4.55), the mixing step
in (4.8) remains the same, but with a different initial condition. Namely, the mixing in (4.8) is

initiated with

hi(xY) foralli=1,...,N, (4.56)

0
Vi i

where x? € K; are initial players’ decisions. The iterate update of (4.9) and average estimate update

of (4.10) modify to become:
X =g [ — o4 Fi (g, N9, (4.57)

VL — 6y () — (), (4.58)

where, oy is the stepsize and the mapping F; is given as

N N
E (Xi, Z hi(xi)> - infi <xi7 Z l’li(Xi)) y (459)
i=1 i=1

and N\?f-‘ in (4.57) is an estimate for the true value Z{-VZI hi(x;). For the extended synchronous

algorithm in the preceding discussion we have the following result.

Proposition 14. Let Assumptions 8—13 hold for the mapping ¢ (x) = (¢1(x), ..., 7in(x))T with co-
ordinates ¢;(x) = Vy, fi (xi, LNy hi(x;)) and x = (x] ..., x})T. Then, the sequence {x*} generated
by the method (4.57)—(4.58) converges to the (unique) solution x* of the game in (4.55).

Proof. The proof mimics the proof of Proposition 11. |
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4.4.2  Asynchronous Algorithm

The gossip algorithm in section 4.3 can be modified as follows. The estimate mixing in (4.22)
remains unchanged, but the initial condition is replaced with the one given in (4.56). The iterate

update of (4.27) and average estimate update of (4.28) are modified, as follows:

X = (Mg [ — o iFi (o, N = X)L gy e iy y 55 (4.60)

v =0 4 () — hi(x), (4.61)

where oy ; is the stepsize for user i and the mapping F; is as defined in (4.59). The following result

establishes the convergence of the extended asynchronous algorithm.

Proposition 15. Let Assumptions 810 and Assumption 14 hold. Then, the sequence {x*} gener-
ated by the method (4.60)—(4.61) with stepsize 0y ; = #(1) converges to the (unique) x* of the game
almost surely.

Proof. With the initial condition specified by (4.56), the proof parallels the line of argument used

in the proof of Proposition 12. |

4.5 Numerics

In this section, we examine the performance of the proposed algorithms on a class of Nash-Cournot
games. Such games represent an instance of aggregative Nash games and in section 4.5.1, we de-
scribe the player payoffs and strategy sets as well as verify that they satisfy the necessary assump-
tions. In section 4.5.2, we discuss the synchronous setting and present the results arising from
applying our algorithms. In section 4.5.3, we turn our attention to asynchronous regime where we

present our numerical experience of applying the gossip algorithm.

4.5.1 Nash-Cournot Game

We consider a networked Nash-Cournot games which is possibly amongst the best known exam-
ples of an aggregative game. Specifically, the aggregate in such games is the total sales which
is the sum of production over all the players. The market price is set in accord with an inverse

demand function which depends on the aggregate of the network. A formal description of such a
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game over a network is provided in Example 2. Before proceeding to describe our experimental
setup, we show that Nash-Cournot games do indeed satisfy Assumptions 10 and 15, respectively,
under some mild conditions on the cost and price functions. It is worth pointing that we have used

Assumption 15 only for the error bound results for the asynchronous algorithm with a constant

stepsize.
In the sequel, within the context of Example 2, we let x; = (gi;,sy) forall [ =1,...,L, x; =
(xi1,...,%ic) and x = (x1,...,xy)T. Further, we define coordinate maps F;(x;,u), as follows:
Fiy (xi1,u1)

Fi(xi,u) = : , E-l(xﬂ,uz):( ci(8i) ) (4.62)

—pi(ur) — pi(ur)si
Fig(xig,uz)

where the prime demotes the first derivative. We let F (x,u) = (F (x1,u)”,..., Fy(xy,u)")T, and
K; denote the constraint set on player i decision, x;, as given in Example 2.

We note that the Nash-Cournot game under the consideration satisfies Assumption 8 as long
as the cost functions ¢;; are convex and the price functions p;(u;) are concave for all i and /.
Furthermore, the strict convexity condition of Assumption 9 is satisfied when, for example, all

price functions p; are strictly concave. This can be seen by observing that

L

N
zl gll l(gll gll gll Z Zp; sll _sll)z-
:1 I=1i=1

Mz

L
(F (x,u) — F(%u))’ Z

=1

Next, we show that the Lipschitzian requirements on the maps F; of Assumption 10 holds under

some mild assumptions on the cost and price functions in Nash-Cournot games.

Lemma 21. Consider the Nash-Cournot game described in Example 2. Suppose that each p;(u;) is
concave and has Lipschitz continuous derivatives with a constant M; (over a coordinate projection

of K on the Ith coordinate axis). Then, the following relation holds:

L
IF(xi,u) = Filxi,2) | < V24| Y (G +Mcapy) lu—z]|  forallu,z e K.
=1

Proof. This result follows directly from the definition of the coordinate maps Fj;(x;;,u) and recall-
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ing that x; = (g7, ;). In particular, for each i,/ we have

|| Fia (xigy wr) — Fy (i, 2) || = \/|C§1(gil) — cy(git) |* + [pa(wr) + i (u)sig — pizr) — P (z0)sul?
= (o) = pa(en)) + () — P s

< V2 Ipi(an) = pu(en) 2+ 1) ) = ()5,

where the inequality follows from (a 4 b)? < 2(a® 4 b?). Since K is compact and each p; has

continuous derivatives, it follows that there exists a constant C; for every [ such that

\pj(w)| <C;  forall uy with u = (uy,...,ug)’ €K.

Then, by using concavity of p;, we can see that |p;(u;) — p;(z;)| < Cj|lu; — z;| implying that

| Fi (xig, ur) — Fy (xig,21)|| < \/5\/C12]ul — 2>+ |p)(w) — pj(z) 53

<2 (Clz—l—Mlzsizl)\ul -z,

where the last inequality is obtained by using the Lipschitz property of the derivative p;(u;). From

the structure of constraints we have s;; < cap;; yielding
| Fyy (xir, ur) = Fyg(xir,20) || < V24/ C2 + MPcap? |u; — 2] for all .

Further, by using Holder’s inequality, and recalling that x; = (x;1,...,x;¢) and u = (uy,...,ug),

from the preceding relation we obtain

L L
|1Fi(xi,u) = Fi(xi,2) | = | ¥ 1o Ceias ) = Fig (e 20) |12 < V24| Y (CF + Mcap) [lu—2]|.
=1 =1

Lemma 22. Consider the Nash-Cournot game described in Example 2. Suppose that each c); is
Lipschitz continuous with a constant Ly and |p)(u)| < p; for some scalar p; and for all u € K.

Then, the following relation holds for all i,

)

Z (lel —1—1512) ||xi — %i| for all x;,%; € K;.
=1
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Proof. First, we note that for each i,/,

| Fr (xig, up) — Fig (X, ug) || = \/|C§1(gi1) — ¢y (&) 1+ 1Py (wr) (s — §ir) |2

< \/L,-zl|8il — Zul* + pilsiu — 5>

Recalling our notation x; = (g;7,s;;) and X; = (i1, 5), and using Holder’s inequality, we find that
[ Fig (i 1) — Fyg (R, ) || </ Lg + i ||xi — X

Further, recalling that x; = (x;1,...,xig), & = (%1, .-, %), and u = (uy,...,uz), the desired result

follows from the preceding relation by using Holders inequality. |

In our numerical study, we consider a Nash-Cournot game being played over ten locations, i.e.
L =10, in which all players have the same cost type and the ith player’s optimization problem can
be expressed as

10

minimize Z (ci(gir) — pi(51)sir)
I=1

10 10
subject to Z gil = Z Sil,
=1 =1
&il»Sil 207 8il SCaPﬂ, l= 17"'7107 (463)

where g;; and s;; denote player i’s production and sales at location /, respectively, and §; denotes
the aggregate of all the players’ decisions (5; = Zﬁ.\’: | si) at location I. The function c¢;;(g;) is the
cost for ith player at location / and it has the following form:

ci(gir) = augi +bugi,

where a;; and b;; are scaling parameters for agent i. In our experiments, we draw a;; and b;; from
a uniform distribution and fix them over the course of the entire simulation. More precisely, for
i=1,...,N,and [ =1,...,10, we have a; ~ U(2,12) and b;; ~ U(2,3), where U (¢, T) denotes the
uniform distribution over an interval [¢, 7] with r < 7. The term p;(§;) captures the inverse demand

function and takes the following form:

pi(51) =d; -3,
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where d; is a parameter for location /. The parameters d; are also drawn randomly with a uniform
distribution, d; ~ U(90,100) for all / = 1,...,10. Furthermore, we use cap; = 500 for all i =
I,...,N and for all / = 1,...,10. The affine price function gives rise to a strongly monotone map
¢ = F(x,x), which together with the compactness of the sets K;, implies that this game has a unique

Nash equilibrium.

4.5.2 Synchronous Algorithm

In this section, we investigate the performance of synchronous algorithm of section 4.2 for the
computation of the equilibrium of aggregative game (4.63). We begin by describing our setting for
the connectivity graph of the network of players, where each player is seen as a node in a graph.
At each iteration k, we generate a symmetric N X N adjacency matrix A such that the underlying

graph is connected. The entries of A are generated by performing the following steps:

(0) Let I denote the set of nodes that have already been generated;

(1) For each newly generated node j, select a node randomly i € I to establish an edge {i, j} and
set [Alij = [A]ji=1;
(2) Repeat step luntil 7 = {1,...,N}.

Given such an adjacency matrix A, we define a doubly stochastic symmetric weight matrix W
such that
0 ifA;; =0
[W]ij: ) ifA,'jZlandi#j
1—6d(i) ifi=j,

where d(i) represents the number of players communicating with player i, and

05
- max{d(i)}’

Using the adjacency matrix A and the weight matrix W players update their decision and their

estimate of the average using (4.8)—(4.10). The stepsize rule for agent update is as follows:
1 :
Ock,,-:; foralli=1,...,N.

The algorithm is initiated at a random starting point, and it is terminated after a fixed number of

iterations, denoted by k, for each sample path. We use a set of 50 sample paths for each simulation

127



setting, and we report the mean of the sample errors, defined as:

k w| |k *
max max {g~ —ghl, |sh — st }
i€{l,..N}1€{l,...,10} 1831 = gl s =il

max max o ls¥
ie{l,...N}l€{l,...,10} {’gzl‘v ‘ zl‘}

errory , (4.64)

where g7, and s7; are the decisions of agent i at the Nash equilibrium. The Nash equilibrium deci-
sions g7 and s7; are computed using a constant steplength gradient projection algorithm assuming
each agent has true information of the aggregate. Note that such an algorithm is guaranteed to
converge under the strict convexity of the players’ costs.

We investigate cases with 20 and 50 players in the network. In Table 4.1 and Table 4.2, we report
the mean terminating error and confidence interval attained for different number k of iterations,

respectively. Some insights that can be drawn from the simulations are provided next:

e Expectedly, as seen in Table 4.1 and Table 4.2, the mean terminating error and width of the

confidence interval decreases with increasing k and increases with network size.

e The impact of the time-varying nature of the connectivity graph is explored by considering
a static complete graph as a basis for comparison. In Table 4.3 and Table 4.4 we report the
mean error and the confidence interval when the network is static. Under this setting, the
agents have access to the true aggregate information throughout the run of the algorithm.
Naturally, the performance of the algorithm on a static complete network is orders of mag-
nitude better than that on a dynamic network. This deterioration in performance may be

interpreted as the price of information from the standpoint of convergence.

4.5.3 Asynchronous Algorithm

We now demonstrate the performance of the asynchronous algorithm of section 4.3. We consider
four instances of connectivity graphs which we describe next and, also, depict these graphs in

Figure 4.3.

e Cycle: Every player has two neighbors;
o Wheel: There is one central player that is connected to every other player;

e Grid: Players on the vertex have two neighbors, players on the edge have three and everyone
else has four neighbors. Each row in the grid consists of five players and there are N /5 rows

where N is the size of the network;
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o Complete graph: Every player has an edge connecting it to every other player.

For every type of connectivity graph, we initiate the algorithm from a random starting point
and terminate it after k iterations. A 95% confidence interval of the mean sample error at the
termination is computed for a sample of size 50, where the sample-path error is defined as in (4.64).

The players’ stepsize rules that we use are:

=2~ for a diminishing stepsize
ak i = Fk(l)

o; for a constant stepsize,

where @; is randomly drawn from a uniform distribution, o; ~ U (5e-3, le-2). We again investigate

cases when there are 20 and 50 players in the network and derive the following insights:

e In Tables 4.5-4.6, we report the mean error and in Tables 4.7-4.8, we report the width of
the confidence interval for various levels of k. The results are consistent with our theoretical
findings, and they indicate a decrease in the mean error and the width of the confidence
interval with increasing k. As expected, the mean error at the termination increases with
the size of the network. It is worth mentioning the discrepancy in the value of k across
synchronous and asynchronous algorithm. Note that in the asynchronous algorithm, only
two agents are performing updates and thus, for a network of size N, k global iterations

translates to 2k /N iterations per agent, approximately.

e On comparing the performance of the synchronous algorithm (cf. Tables 4.1-4.4) to that of
the asynchronous algorithm (cf. Tables 4.5-4.8), we observe that the synchronous algorithm
performs better than its asynchronous counterpart in terms of mean error and the confidence
width at termination. This is expected as in the synchronous setting, the players’ communi-
cate more frequently and the network diffuses information faster than in the asynchronous

setting.

e The nature of the connectivity graph plays an important role in the performance of the syn-
chronous algorithm. However, such an influence in the asynchronous setting is less pro-

nounced.

e In an effort to better understand the impact of connectivity, in Table 4.9, we compare the
number of iterations® required for the player’s to concur on the aggregate g* within a thresh-

old of le-3 when the network consists of N = 20 players. We also present a metric of

3The iteration number is the mean for 50 sample rounded to the smallest integer over-estimate.
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connectivity density given by pmin/Pmax @s well as the square root of the second largest
eigenvalue of the expected weight matrix, i.e., v/A, which in effect determines the rate of
information dissemination in the network. We note that the number of iterations needed to
achieve the threshold error correlates with the value of v/ and this prompts us to arrive at the
following conclusion: Having a well-informed up-to-date neighbor is more important than
having a denser connectivity. For instance, a wheel network has a poor connectivity of all
the network type based on the ppin/pmax Criterion yet it has superior aggregate convergence
to all but the complete network. In part, this is because the central agent in such a network
updates throughout the course of the algorithm, allowing for good mixing of network wide
information. In contrast, the cycle network though better connected yet cannot ensure good
mixing of information, given that no agent has access to “good information.” Similarly, a
complete network provides each agent with an opportunity to communicate with every other
agent and thus ensures good mixing of information. The grid network falls between the
wheel and the cycle network in terms of availability of well-informed neighbors and thus the

performance.

4.6 Summary and conclusions

This chapter focuses on a class of Nash games in which user interactions are seen through the
aggregate sum of all players’ actions. These agents are a part of network with limited connectiv-
ity which only allows for restricted local communication. We propose two classes of distributed
algorithm, one synchronous and other asynchronous which abides the information exchange re-
striction for computation of equilibrium point. Our distributed synchronous algorithm can also
contend with dynamic graph with varying connectivity. In contrast, our asynchronous algorithm
allows for implementation with distributed architecture. Moreover, we establish error bounds on
the deviation of user’s decision from the equilibrium decision when a constant yet user specific
stepsize is employed in the asynchronous algorithm. Our extension allows the users’ decision to
be an independent space. The contribution of our work can broadly be summarized as: (1) the
development of synchronous and asynchronous distributed algorithm for aggregative games over
graphs; (2) the establishment of the convergence of the algorithm (with agent specific stepsizes)
to an equilibrium point; and (3) extension to more general classes of aggregative games. We also

provide illustrative numerical results that support our theoretical findings.
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Table 4.1: Dynamic network: Mean terminating Table 4.2: Dynamic network: Width of confi-

error vs network size for various thresholds dence interval of mean error

N | k=5e3 | k=1ed N | k=53 | k=1e4d

20 | 9.22¢-5 | 3.66¢-5 20 | 2.147e-4 | 9.33¢-5

50 | 8.38¢-2 | 2.65¢-3 50 | 1.24e-1 | 2.78e-2
Table 4.3: Static network: Mean terminating er- Table 4.4: Static network: Width of confi-
ror dence interval of mean error

N | k=5e3 | k=1ed N | k=5e3 | k=1ed

20 | 3.66¢-5 | 3.66¢-5 20 | 6.99¢-9 | 6.99¢-9

50 | 6.23¢-5 | 6.23¢-5 50| 1.61e-8 | 1.61e-8

(a) Cycle (b) Wheel (c) Grid (d) Complete graph

Figure 4.3: A depiction of communication networks used in simulations.

Table 4.5: Mean error after k = Se4 iterations for gossip algorithm

Constant Step Diminishing Step

N | Cycle | Wheel Grid | Complete | Cycle | Wheel Grid | Complete
20 | 2.29¢-3 | 3.66e-5 | 3.66¢-5 | 3.66e-5 | 2.51e-2 | 1.01e-4 | 1.93e-3 | 4.64e-5
50 | 2.80e-1 | 6.76e-2 | 1.76e-1 | 1.26e-3 1.22 | 2.33e-2 | 8.41e-1 | 3.68e-3

Table 4.6: Mean error after k = 1¢S5 iterations for gossip algorithm

Constant Step Diminishing Step

N | Cycle | Wheel Grid | Complete | Cycle | Wheel Grid | Complete
20 | 3.78e-5 | 3.66e-5 | 3.66e-5 | 3.66e-5 | 3.93e-3 | 3.65¢-5 | 1.69¢-4 | 3.67e-5
50 | 1.65e-1 | 1.09e-3 | 9.19¢-2 | 6.23e-5 | 7.63e-1 | 1.99¢-3 | 4.57e-1 | 2.83e-4

Table 4.7: Width of confidence interval after k = S5e4 iterations for gossip algorithm

Constant Step Diminishing Step

N | Cycle | Wheel Grid | Complete | Cycle | Wheel Grid | Complete
20 | 1.87e-4 | 8.22¢-7 | 5.34e-7 0e0 7.51e-2 | 4.76e-3 | 2.08¢-2 | 3.23e-3
50 | 1.68e-2 | 6.33¢-3 | 1.89¢-2 | 1.77e-4 | 5.23e-1 | 7.23¢-2 | 4.35¢-1 | 2.87¢-2
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Table 4.8: Width of confidence interval after k = 1e5 iterations for gossip algorithm

Constant Step Diminishing Step
N | Cycle Wheel Grid Complete | Cycle | Wheel Grid | Complete
20 | 2.4e-6 | 4.74e-10 | 4.74e-10 | 4.74e-10 || 4.40e-4 | 7.23e-7 | 2.07¢-5 | 1.56e-7
50 | 1.35¢-2 | 1.33e-4 | 1.40e-2 | 1.78e-8 | 691e-2 | 1.81e-4 | 4.15¢-2 | 2.22¢-5

Table 4.9: Number of iteration for concurrence of player’s aggregate within an error of le-3

Network | pmin/Pmax A Iterations
Cycle 1 0.9994 48818
Wheel 1/19 0.1622 8324
Grid 5/7 0.3151 17950
Complete 1 1.0888e-08 5842
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Appendix A

Bound on optimal value

Lemma 23. Let Assumption 2 hold. Then, for each v > 0, we have

0< f(xy) = f* < (D= |Ix51%) where D = max ||x]|.
xe

N <

Proof. Under Assumption 2, both the original problem and the regularized problem have solutions.
Since the regularized problem is strongly convex, the solution x}, € X is unique for every v > 0.
Furthermore, we have

() — frlx) <0 forall x € X.

Letting x = x* in the preceding relation, and using fy (x) = f(x) + ¥||x||* and f* = f(x*) we get
AT P X *12  14* (2
S =<5 (I IP =1 07) -

Since x* € X solves the original problem and xj, € X, we have 0 < f(x}) — f(x*). Thus, from
[* = f(x*), using D = maxex ||x|, it follows that 0 < f(x}) — f* < ¥ (||x*||* = ||xp[|?) < ¥(D* —
s 112)- u
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