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A METHOD WITH CONVERGENCE RATES FOR OPTIMIZATION
PROBLEMS WITH VARIATIONAL INEQUALITY CONSTRAINTS*
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Abstract. We consider a class of optimization problems with Cartesian variational inequality
(CVI) constraints, where the objective function is convex and the CVI is associated with a monotone
mapping and a convex Cartesian product set. This mathematical formulation captures a wide range
of optimization problems including those complicated by the presence of equilibrium constraints,
complementarity constraints, or an inner-level large scale optimization problem. In particular, an
important motivating application arises from the notion of efficiency estimation of equilibria in multi-
agent networks, e.g., communication networks and power systems. In the literature, the iteration
complexity of the existing solution methods for optimization problems with CVT constraints appears
to be unknown. To address this shortcoming, we develop a first-order method called averaging
randomized block iteratively regularized gradient (aRB-IRG). The main contributions include the
following: (i) In the case where the associated set of the CVI is bounded and the objective function
is nondifferentiable and convex, we derive new nonasymptotic suboptimality and infeasibility conver-
gence rate statements in an ergodic sense. We also obtain deterministic variants of the convergence
rates when we suppress the randomized block-coordinate scheme. Importantly, this paper appears
to be the first work to provide these rate guarantees for this class of problems. (ii) In the case
where the CVI set is unbounded and the objective function is smooth and strongly convex, utilizing
the properties of the Tikhonov trajectory, we establish the global convergence of aRB-IRG in an
almost sure and a mean sense. We provide the numerical experiments for computing the best Nash
equilibrium in a networked Cournot competition model.
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1. Introduction. Traditionally, the mathematical models and algorithms for
constrained optimization have been much focused on the cases where the functional
constraints are in the form of inequalities, equalities, or easy-to-project sets. However,
in the breadth of emerging applications in control theory and economics, the system
constraints are too complex to be characterized in those forms. This may arise in
several network application domains where the optimization model is complicated by
the presence of equilibrium constraints, complementarity constraints, or an inner-level
large scale optimization problem. Accordingly, the goal in this paper lies in addressing
the following constrained optimization problem

minimize  f(z)
subject to z € SOL(X, F).

Here, f: R™ — R is a convex function and X C R" is given as a Cartesian product,
ie, X 2 H?Zl X;, where X; C R™ is convex for all ¢ = 1,...,d and Z?:l n; =
n. We consider F' : X — R"™ to be a monotone mapping. The term SOL(X, F)
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denotes the solution set of the variational inequality VI(X, F') defined as follows.
A vector z € X is said to be a solution to VI(X,F) if for any y € X, we have
F(z)T(y — 2) > 0. Variational inequalities (VIs), first introduced in late 1950s, are
an immensely powerful mathematical tool that can serve as a unifying framework for
capturing a wide range of applications arising in operations research, finance, and
economics (cf. [13, 39, 11, 49]). Importantly, as will be discussed shortly, the block
structure of the set X allows for addressing Nash games as well as high-dimensional
optimization problems. We note that the problem (P{/I) can represent a variety of
standard problems in optimization and VI regimes. For example, when F(z) := 0,,
the problem (P{/I) is equivalent to the canonical optimization problem ming,ex f(x).
Also, when f(z) := 0, the problem (P{/I) is equivalent to solving VI(X, F'). More
detailed examples that can be reformulated as the problem (P{,I) are presented below.

1.1. Motivating examples.

Ezample 1.1 (efficiency estimation of equilibria). The main motivating applica-
tion arises from the notion of efficiency of equilibria in multiagent networks, including
communication networks and power systems. In the noncooperative regimes, the sys-
tem behavior is governed by a collection of decisions (i.e., equilibrium) made by a set
of independent and self-interested agents. As a result of this noncooperative behavior
(i.e., game) among the agents, the global performance of the system may become
worse than the case where the agents cooperatively seek an optimal decision. A well-
known example is the prisoners’ dilemma, where the costs of the players incurred by
the Nash equilibrium are superior to their costs when they cooperate [36]. Indeed,
it has been well-received in economics and computer science communities that Nash
equilibria of a game may not attain full efficiency. This perception has led to a surge
of research for understanding the quality of an equilibrium in noncooperative games.
In particular, addressing this question becomes imperative for network design [4] in
the areas of routing [10] and load balancing [40]. In such networks, a protocol de-
signer seeks the best equilibrium with respect to a global performance measure, i.e.,
the function f in (P{,I). To this end, the notion of price of stability is defined as
the ratio of the best objective function value over the set of equilibria to the best
objective function value under no competition [35]. In regard to the choice of the
objective function f in (P{,I)7 different approaches have been considered, including
the utilitarian function and the egalitarian function [35]. In the utilitarian approach,
f is defined as the summation of the individual objective functions of the agents,
while in the egalitarian approach, the maximum of the individual cost functions is
considered. In the context of network resource allocation where a monetary value is
measured, the utilitarian approach is also referred to as Marshallian aggregate surplus
(e.g., see [19]). In the following, we describe the details for the problem of selecting
the best equilibrium in Nash games, where we employ the utilitarian approach. Con-
sider a canonical Nash game among d players where the ith player is associated with
a strategy (9 € X; C R™ and a cost function gi(:c(i); x(’i)), where z(— denotes the
collection of actions of other players. Nash games arise in a wide range of problems
including communication networks [1, 2, 51], cognitive radio networks [48, 44, 28], and
power markets [22, 23, 46]. The game is defined formally as the following collection
of problems for alli =1,...,d,

Pi (:L'(_l)) minimizex“) i (5[’;(1)7 .’,U(_Z))

subject to +@ e X;.
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A Nash equilibrium is a tuple of strategies z* £ (a:*(l);z*(2); e ;:c*(d)) where no
player can obtain a lower cost by deviating from his own strategy, given that the
strategies of the other players remain unchanged. It is known that (cf. Proposition
1.4.2 in [13]) when for all 4, X; is a closed convex set and g; is a differentiable convex
function with respect to (¥, the resulting equilibrium conditions of the Nash game
given by (P; (z(%)) are compactly captured by a Cartesian VI(X, F) where X £
H?zl X; and F(z) 2 (Fy(x);...; Fy(z)) with Fy(z) £ V0 gi(x@;20-9). The set
SOL(X, F) will then represent the set of Nash equilibria to the game (P; (z(=9)).
The best Nash equilibrium problem employing the utilitarian approach is formulated
as follows

d
minimize Z Gi (x(i); x(_i))
i=1
(1.1) 4
subject to x € SOL <H Xi, (Voo Vr(d)gd)> .
i=1
In section 5, we solve the model (1.1) for a class of networked Nash—Cournot games.
Ezample 1.2 (high-dimensional constrained convex optimization). Another class
of problems that can be captured by the model (P{,I) is as follows
minimize  f(x)

(1.2) subject to h;(z) <0 forall j=1,...,J,

A T
Ar=b, ze€X= 4_1XZ-7
where z € R?, A € R™*", b e R™, h; : R — R for all j, and n is possibly very large.
In the following, we show a case where the problem (1.2) can be cast as (P{,I).
LEMMA 1.3. Let the problem (1.2) be feasible and h;(x) be a continuously differ-
entiable convez function for all j. Let the set X; € R™ be nonempty, closed, and
convex for all i. Then, the problem (1.2) is equivalent to (P{/I) where F : R — R"

is defined as F(x) = AT(Az —b) + ijl max{0, h;(z)}Vh;(z).
Proof. See Appendix A.1. O
Ezample 1.4 (optimization problems with complementarity constraints). An-
other class of problems that can be addressed in this work is as follows
minimize  f(x)

(1.3) ) -
subject to z' F(z)=0, x>0, F(z)>0,

where F': R” — R™ is a mapping. Then, problem (1.3) can be cast as (P{,I) where
the set X is the nonnegative orthant, i.e., X = R (see Proposition 1.1.3 in [13]).

Ezample 1.5 (optimization problems with nonlinear equality constraints). Con-
sider the following optimization problem
minimize  f(z)

1.4
(1.4) subject to  F(z) =0,

where F' : R® — R™ is a mapping. Defining X £ R”, SOL(X, F) is equal to the

feasible solution set of the problem (1.4). This implies that the problem (1.4) can be
captured by the formulation (P{,I).
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1.2. Existing methods and the research gap. We first begin by providing
a brief overview of the solution methods for addressing a VI problem. Starting from
the seminal work of Lemke and Howson [30] and Scarf [42], who developed the first
solution methods for computing equilibria, in the past few decades there has been a
surge of research on the development and analysis of the computational methods for
solving VIs. Perhaps this interest lies in the strong interplay between the VIs and the
formulation of optimization and equilibrium problems arising in many communication
and networking problems [43]. Korpelevich’s celebrated extragradient method [27] and
its extensions [33, 20, 7, 17, 8, 53, 15, 9, 55] were developed, which require weaker
assumptions than their gradient counterparts. In the past decade, there has been a
trending interest in addressing VIs in the stochastic regimes. Among these, Jiang
and Xu [18] developed the stochastic approximation methods for solving VIs with
strongly monotone and smooth mappings. This work was later extended to the case
with merely monotone mappings [28, 21, 16] and nonsmooth mappings [54].

Despite many advances in the theory and algorithms for VIs, solving the problem
(P{,I) has remained challenging. To the best of our knowledge, the computational
complexity of the existing solution methods for addressing (P{/I) is unknown. In
addressing the standard constrained optimization problems, Lagrangian duality and
relaxation rules have often proven to be very successful [6]. However, when it comes
to solving (P{}I), the duality theory cannot be practically employed. This is primarily
because unlike in the standard constrained optimization problems where the objective
function provides a metric for distinguishing solutions, there is no immediate analogue
in the VI problems. Inspired by the contributions of Andrey Tikhonov in 1980s on ad-
dressing illposed optimization problems, the existing methods for solving (P{,I) share
in common a sequential regularization (SR) scheme presented by Algorithm 1.1. The
SR scheme is a two-loop framework where at each iteration, given a fixed parameter
N, a regularized VI denoted by VI(X, F'+n:1,,) is required to be solved. In the special
case where f(z) := 1||z[?, it can be shown when 7, — 0, under the monotonicity of
the mapping F' and closedness and convexity of the set X, any limit point of the
Tikhonov trajectory denoted by {zy,}, where x; € SOL(X, F' + m;1,), converges to
the least £3-norm vector in SOL(X, F') (cf. Chapter 12 in [13]). The SR approach is
associated with two main drawbacks: (i) It is a computationally inefficient scheme,
as it requires solving a series of increasingly more difficult VI problems. (ii) The
iteration complexity of the SR scheme in addressing the problem (P{,I) is unknown.
Accordingly, the main goal in this work lies in the development of an efficient scheme
equipped with computational complexity analysis for solving the problem (P{,I).

1.3. Summary of contributions. Our main contributions are as follows:
(i) Development of a single timescale method equipped with convergence rate guaran-
tees: In addressing (P{C,I)7 we develop an efficient first-order method called averaging
randomized block iteratively regularized gradient (aRB-IRG). The proposed method

Algorithm 1.1. The existing SR scheme for solving problem (P{,I) when f := 1|2

: Input: Set X, mapping F', and an initial regularization parameter ng > 0.
:fort=0,1,... do

Compute x, defined as z; € SOL (X, F' + n;1,).

Update 7y to neq1 such that n.11 < ;.

end for

A .
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is single timescale in the sense that, unlike the SR approach, it does not require solv-
ing a VI at each iteration. Instead, it only uses evaluations of the mapping F' and
the subgradient of the objective function f at each iteration. In the first part of the
paper, we consider the case where the set X is bounded. We let f be a subdiffer-
entiable merely convex function and F be a monotone mapping. In Theorem 3.3,
we derive a suboptimality convergence rate in terms of the expected value of the
objective function. We also derive a convergence rate for the infeasibility that is char-
acterized by the expected value of a dual gap function. We also derive deterministic
variants of the aforementioned convergence rates when we suppress the randomized
block-coordinate scheme. In the second part of the paper, we consider the case where
the set X is unbounded and f is smooth and strongly convex. Utilizing the properties
of the Tikhonov trajectory, we establish the global convergence of the scheme in an
almost sure and a mean sense. To the best of our knowledge, this work appears to
be the first paper that provides the two rate statements for problems of the form
(P{,I). In particular, the complexity analysis in this work contributes to the existing
convergence theory in several previous papers including [50, 28, 21, 54, 24, 25, 56].
Moreover, in the special case where the VI constraint represents the optimal solu-
tion set of an optimization problem, (P{,I) captures a class of bilevel optimization
problems. This class of problems has been studied in a number of recent papers in
deterministic [47, 5, 41, 14], stochastic [3], and distributed [52] regimes. However, the
complexity analysis in the aforementioned papers lacks a suboptimality rate, or lacks
an infeasibility rate, or requires much stronger assumptions such as strong convexity
and smoothness of f.

(ii) Advancing the convergence rate properties of the randomized block-coordinate
schemes: Block-coordinate schemes, and specifically their randomized variants, have
been widely studied in addressing the standard optimization problems (e.g., see [34,
38, 45, 12, 55]). However, in addressing VI problems, there are only a handful of
recent papers, including [29, 55|, that employ this technique and are equipped with
rate guarantees. The aforementioned papers address standard VI problems that can
be viewed a special case of the model (P{,I) where f(z) := 0. In this work, we extend
the convergence and rate analysis of the randomized block-coordinate schemes to the
much broader regime of optimization problems with CVI constraints.

Outline of the paper. The paper is organized as follows. The proposed algo-
rithm is presented in section 2. The complexity analysis is provided in section 3. In
section 4, we provide the convergence analysis when the set X is unbounded. The
experimental results are in section 5, and the conclusions follow in section 6.

Notation and preliminary definitions. Throughout, a vector x € R™ is
assumed to be a column vector and 7 denotes the transpose of . We use (9 € R™ to
denote the ith block-coordinate of vector = where z = (z();...;2(®) and Z?Zl n; =
n. The Euclidean norm of a vector z is denoted by ||z, i.e., ||z|| £ VaTz. For a
mapping F : R™ — R™, we denote the ith block-coordinate of F' by F; : R™ — R™,
ie., F(z) = (Fi(z);...;Fy(z)). A mapping F : R” — R" is said to be monotone
on a convex set X C R” if for any z,y € X, we have (F(z) — F(y))"(z — %) > 0.
The mapping F' is said to be p—strongly monotone on a convex set X C R™ if p > 0
and for any =,y € X, we have (F(z) — F(y))T(z —y) > pllz — y||?>. Also, F is
said to be Lipschitz with parameter L > 0 on the set X if for any z,y € X, we have
|F(z)—F(y)|| < L|jx—yl|. A continuously differentiable function f : R™ — R is called
p—strongly convex on a convex set X if f(z) > f(y) + Vf(y)T(z —y) + §llz — y|*.
Function f is p—strongly convex if and only if V f is y—strongly monotone on X. For
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a convex function f with the domain dom(f), the subgradient of f at x € dom(f) is
denoted by V f(z) and it satisfies f(z)+V f(z)T (y—x) < f(y) for all y € dom(f). The
subdifferential set of f at x is the set of all subgradients of f at x and is denoted by
df(z). The Euclidean projection of vector s onto a convex set S is denoted by Pg(s),
where Pg(s) £ argmin, g [|ls — y[|. We use I, to denote the identity matrix of size
n x n. The probability of an event Z is denoted by Prob(Z) and the expectation of a
random variable z is denoted by E[z]. We use R} and R"} , to denote {x € R" | z > 0}
and {x € R™ | > 0}, respectively.

2. Outline of the algorithm. In this section, we state the main assumptions
and present the proposed scheme for solving the optimization problem (P{,I).

Assumption 2.1. Consider the problem (P{,I) under the following conditions:

(a) The set X; is nonempty, closed, and convex for all i =1,...,d.

(b) The function f is convex and has bounded subgradients over the set X.

(¢c) The mapping F : R™ — R"™ is continuous, monotone, and bounded over the
set X.

(d) The optimal solution set of problem (P{,I) in nonempty.

Assumption 2.1(b) implies that f is Lipschitz continuous over the set X. Un-
der this assumption, we address a broad class of problems of the form (P{,I) where
the objective function is possibly nondifferentiable and nonstrongly convex. In the
following, we discuss the conditions under which Assumption 2.1(d) is satisfied.

Remark 2.2 (existence of an optimal solution). Suppose Assumptions 2.1(a), (b),
and (c) hold. The existence of an optimal solution to the problem (P(,I) can be es-
tablished under different conditions. We provide two instances as follows: (i) Suppose
there exists a vector # € X such that the set X = {z € X : F(2)T(x — %) <0} is
bounded. Then, from Proposition 2.2.3 in [13], SOL(X, F') is nonempty and compact.
Consequently, the Weierstrass theorem implies the existence of an optimal solution
to the problem (P{,I). (ii) Suppose the set X is compact. Then, from Corollary 2.2.5
in [13], the set SOL(X, F') is nonempty and compact. Again, Assumption 2.1(d) is
guaranteed by the Weierstrass theorem.

Throughout, we let Cr > 0 denote the bound on the Euclidean norm of the
mapping F, i.e., ||F(z)|| < Cp for all z € X. Also, we let Cy > 0 denote the bound
on the norm of the subgradients of f, i.e., |[Vf(z)| < Cy for all Vf(z) € df(z)
and x € X. The outline of the proposed method is presented by Algorithm 2.1. At
iteration k, a block-coordinate index iy is selected randomly as follows.

Assumption 2.3 (block-coordinate selection rule). At each iteration k& > 0, the
random variable i is generated from an independent and identically distributed dis-
crete probability distribution such that Prob (i, =4) = p; where p; > 0 for i €
{1,...,d} and Z?:l p; = 1.

Then, the i,th block-coordinate of the iterate zj, is updated using (2.1). Here, 4
denotes the stepsize at iteration k and 7 denotes the regularization parameter at it-
eration k. We note that these sequences are updated iteratively. Here, we incorporate
the information of the mapping F and the subgradient mapping Vf by employing
an iterative regularization scheme. At each iteration, a projection operation is per-
formed onto a randomly selected set X, . For this reason, the proposed algorithm
finds some relevance with the prior study on randomized projection methods such
as [32]. We will show that the convergence and rate analysis of the proposed method
mainly rely on the choices of {~;} and {n;}. Accordingly, one key research objective
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Algorithm 2.1. aRB-IRG

1: Input: A random initial point zg € X, Tg := x¢, initial stepsize vy > 0, initial
regularization parameter ng > 0, a scalar 0 < r < 1, and Sy := ;.-

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

3:  Generate a realization of random variable iy according to Assumption 2.3.

4:  Evaluate Fj, (xy) and V;, f(x) where V f(zy) € 0f (xg).

5. Update zj as

21) 2, = Px,, (I;(;k) — Yk (Fik (k) + Vi, f (m))) if i =g,
’ SAR P if i i
k k-

6:  Obtain vg+1 and ng41 (cf. Theorems 3.3 and 4.11 for the update rules).

7. Update the averaged iterate Ty as

SkTk + Vg1 Tht1

Skt1

(22) Sk+1 = S + ’Y,:;_,'_l, Th1 =

8: end for

in this section is to develop suitable update rules for the two sequences so that we can
establish the convergence and derive rate statements. To obtain the rate results, we
employ an averaging step using the equations given by (2.2), where the sequence {Z}
is obtained as a weighted average of {xy}. The averaging weights are characterized
by the stepsize 73 and a scalar » € R. Note that in 7, the scalar r denotes the
exponent. It will be shown that the rate results can be provided when 0 < r <1 (cf.
Theorem 3.3).

Remark 2.4. Importantly, unlike Algorithm 1.1, Algorithm 2.1 is a single time-
scale scheme that does not require solving any inner-level VI problem. In particular,
the update rule given by step (2.1) mainly requires evaluations of random blocks of
the mappings F and V f. For this reason, step (2.1) is computationally more efficient
than step 3 in Algorithm 1.1.

2.1. Preliminaries. In the following, we provide some definitions and prelimi-
nary results that will be used to analyze the convergence of Algorithm 2.1.

DEFINITION 2.5 (distance function). For any z,y € R™, function D(x,y) is
defined as D(x,y) = Z?:l pi_1|| () — @ 2, where p; is given by Assumption 2.3.

Remark 2.6. Under Assumption 2.3, we can relate the distance function D with
the fo-norm as prinD(z,y) < ||z — 9[> < pmaeD(z,y) for all z,y € R", where
Pmin = Mini<i<q{pi} and ppas = maxi<i<a{p;}.

One of the main challenges in the convergence analysis of computational methods
for solving VI problems lies in the lack of access to a standard metric to quantify the
quality of the solution iterates. This is in contrast with solving the standard optimiza-
tion problems where the objective function can serve as an immediate performance
metric for the underlying algorithm. Addressing this challenge in the literature of VI
problems has led to the study of so-called gap functions (cf. [13, 54]). Of these, in the
analysis of this section, we use the dual gap function defined as follows.
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DEFINITION 2.7 (the dual gap function [31]). Let a nonempty closed set X C R™
and a mapping F : X — R™ be given. Then, for any x € X, the dual gap function
GAP : X — RU {400} is defined as GAP(z) £ sup,c x F(y)" (z — y).

Remark 2.8. When X # (), Definition 2.7 implies that the dual gap function is
nonnegative over X. It is also known that when F' is continuous and monotone and
the set X is closed and convex, GAP(z*) = 0 if and only if z* € SOL(X, F') (cf. [20]).
Thus, we conclude that under Assumption 2.1, the dual gap function is well-defined.

_ DEFINITION 2.9 (regularized mapping). Given a vector x € X, a subgradient
Vf(x) € 0f(x), and an integer k > 0, the regularized mapping Gy, : X — R is defined
as Gi(x) 2 F(x) + iV f(2). The ith block-coordinate of Gy, is denoted by Gy.;.

DEFINITION 2.10 (history of the method). Throughout, we let the history of the
algorithm to be denoted by Fi, = {xo,ig,i1,...,ix_1} for k> 1 with Fo 2 {xo}.

Next, we show that Zj; generated by Algorithm 2.1 is a well-defined weighted
average.

LEMMA 2.11 (weighted averaging). Let {Zy} be generated by Algorithm 2.1. Let
us define the weights A\ N L = fork€{0,...,N} and N > 0. Then, for any

r

j=07;
_ N . _
N >0, we have Ty =), _o M\e,NTk. Also, when X is a convex set, we have Ty € X.

Proof. See Appendix A.2. O

In the following, we define two terms that characterize the error between the true
maps with their randomized block variants.

DEFINITION 2.12 (randomized block error terms). Let U; e R™*™ fori=1,...,d
be the collection of matrices such that I, = [Uy,...,Ug] € R"*™. Consider the fol-
lowing definitions for k > 0:

LEMMA 2.13 (properties of Ay and d;). Consider Definition 2.12. We have:
(a) E[Ak | .Fk] = E[ék ‘ .Fk] =0.
(b) E[I AN | Fi] < (Prmin — 1) CF and E[[J6x]* | Fie] < (Ppin — 1) CF-

Proof. See Appendix A.3 O

We will use the next result in deriving the suboptimality and infeasibility rate
results.

LEMMA 2.14 (bounds on the harmonic series). Let 0 < o < 1 be a given scalar.

. _1 N+1)1—« N N l—a
Then, for any integer N > 27—« — 1, we have % < ko (k-&-ll)“ < ( Jlri)a .

Proof. See Appendix A .4 ]

3. Convergence rate analysis. In the following result, we derive an inequality
that will be later used to construct bounds on the objective function value and the
dual gap function at the averaged sequence generated by Algorithm 2.1.

LEMMA 3.1. Consider the sequence {xy} in Algorithm 2.1. Suppose {vi} and
{nr} are strictly positive sequences. Let Assumptions 2.1 and 2.3 hold. Let the auxil-
iary sequence {up} C X be defined as upy1 = Px (up — i (Ax +150k)), where ug € X
is an arbitrary vector. Then, for ally € X and all k > 0, we have
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r—1
r r v v
@) (wx —y) + eV f ()T (2 — y) < 2 (D (21, y) + Jur — y[|?)
r—1
= L (D (a1 y) + i = yI?) +95(n = ) (Ak + i)
(3.1) + T (AR + ngllowl?) +0.5p; v | Gy ()]

Proof. Let k > 1 be fixed. From Definition 2.5 and (2.1), for any y € X, we have

. . 2 d . X 2
(3.2) D(wkﬂ,y):p;l‘x,ﬁﬂ—y(”) + > Plewi)—y(” :

i=1, iy,

Next, we find a bound on the term ||x,(;j;)1 —5()||2. From the block structure of X, we

have y(*) € X, . Invoking the nonexpansiveness property of the projection mapping,
the update rule (2.1), Definition 2.9, and the preceding relation, we obtain

[EREES g

2 ) .
T, < Hx,(c““) — %Gy (Tk) — y(uc)

Combining the preceding relation with (3.2), we obtain

d . 2 , 2
D (Ik+1a y) < Z pi_l H :17,(;) B y(z) + pi_kl ’l,;clk) _ y(lk)
i=1, iy

-1 (ix) (ix) T ) —-1_2 ) 2
=207 5 () = ) G (1) + 93 92 1| G ()]
Invoking Definition 2.5 again, we obtain

(3.3)
. . T
D (wrs1,9) < D (@psy) = 205 0 (21 = 5) " Gy (@) + 05 92 1| G (w01

From Definitions 2.12 and 2.9, we can write

pi (xl(clk) - y(ik)>T Grin (i) = p;, (2 — )" (U, Gy, ()

=p;, (o —y)" (Uszzk (@) + MU, Vi, f (%))

=(zx—y)" (F(T/k) — Ap + V() - 77k5k) = (zx —y)" (Gr(xr) — Ak — 101) -
Combining the preceding inequality and relation (3.3), we obtain

(3.4)
D (2k11,y) < D (wr,y) =27k (zx —y)" (Grlarn) = Ak = medk) + pi v | Gy ()]

Consider the definition of the auxiliary sequence {uy} in Lemma 3.1. Invoking the
nonexpansiveness property of the projection again, we can obtain

k1 — ylI? < [Jug — v (Ak + nx6k) — y|I?
= llue — yl® =27 (ur — )" (Ak + k) + Vil A + k|-
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Thus, we have
lurser = ylI* < lluw = ylI* =270 (ur — 9)" (Ak + medr) + 298 AR + 2987 |16k
Adding the preceding inequality and the inequality (3.4) together, we obtain

29 (xk — )" Gr(ar) < (D (2k,y) + llue — yl1*) = (D (hs1,9) + lluwsr — yl?)
+ 2 (ke — we)™ (Ak + k) + 2v; (1AK% + 12]16k]1%)
(3.5) + 092 | G ()|

From the monotonicity property of the mapping F' and Definition 2.9, we have
(@ —y)"Grlzr) > (2 — v) F(y) + meV f (2x) " (2 — y)-

This provides a lower bound on the left-hand side of (3.5). The inequality (3.1) is
r—1

obtained by substituting this bound in (3.5)
r — 1 denotes the exponent in ~; ~ L 0

In the following, we develop upper bounds for suboptimality and infeasibility of
the weighted average iterate generated by Algorithm 2.1. Both of these error bounds
are characterized in terms of the stepsize and the regularization parameter.

PROPOSITION 3.2 (error bounds for Algorithm 2.1). Let the sequence {Zy} be
generated by Algorithm 2.1, where 0 < r < 1. Suppose {vi} and {n} are strictly
positive and nonincreasing sequences. Let Assumptions 2.1 and 2.3 hold and assume
that the set X is bounded, i.e., ||z|| < M for all x € X and some M > 0.

(a) Let x* be an optimal solution to problem (P</1)~ Then, for all N > 1,

4M2 r
+Zk onkl + <C2 + i CQ)

Pmin Zk:O ’Y]Z

(3.6) E[f (Zn)] = f(27) <
(b) Consider the dual gap function in Definition 2.7. Then, for all N > 1,

4M2’Y + Zk 07]@ <2pmzn77k0fM +7kc + Yk Cf)

Pmin Zk:o Vi

(3.7)  E[GAP (zn)] <

Proof. We define the following terms for all k¥ > 0, which appear in (3.1):

Okt = vp(zr — ue)” (Ak +060k), Okz =47 (14K + n7lloxk]?)
(38)  Oks20.5p, vt |Gy ()]

Next, we estimate the expected values of these terms. Consider the notation of Fj
given by Definition 2.10. Note that zj is Fx-measurable. Also, from the definition of
uy in Lemma 3.1, uy, is F-measurable. Note, however, that O ; is i 1-measurable
for all j € {1,2,3}. Taking these into account and using the total probability law, for
any k> 0 and j € {1,2,3}, we have E[Oy_ ;] = Ex,[E;,[Ok,; | Fr]]. From this relation
and Lemma 2.13, we have for any £ > 0

(3.9) E[Or1] =0, E[Ok2] = (Pt — 1) 75T (CE +n3C3).
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Also, using Definition 2.9 and the triangle inequality, we can write

Eq, 6k3|]:k] sz 05le i ||G1H(5Uk)|| )

< %*12 (I @I + a1V @I1?) =7 I @) I + IV £ @)l

From the preceding inequality, we obtain
(3.10) E[Or3) <% (CE+niCF) .

We are now ready to show the inequalities (3.6) and (3.7) as follows:

(a) Consider (3.1). From the definition of subgradients of the convex function f,
we have that f(x1) — f(y) < Vf(2r)T (1, — y). Thus, from (3.8) we obtain for any
yeX

YWFE W) (@r — ) + ik (f(@r) = ()

r—1
'7
< = (D @k y) + Jlus = y)?)
r—1
7
k2 (D (zh41,9) + llunsr — ylI?) + Oka + Ok2 + O 3.

Let us substitute y := x*, where x* denotes an optimal solution to (P{,I). Note that
2* must be a feasible solution to (P{,I), ie., F(x*)T(zx —2*) > 0. Thus, we obtain

s () — F@) < e (D (g, a®) + g — )

r—1
e

(3.11) (D (Tht1, %) + [|ug+1 — .Z‘*H2) + 0,1 +06k2+06p3.

Vi —
o (D@, @) + ug, — 2*[|?)

Dividing both sides by 7 and adding and subtracting
in the right-hand side of (3.11), we obtain for k£ > 1

(812) 9 (flaw) = f@") < 55 (D (ag,a®) + fux — ")

(D (g1, ") + [Jugy1 — $*||2)

1 r—1 r—1
+2 (f}/k: _’yk—1> (D(l’k,.’ﬂ*)—‘rHU}c—[L’*”2>

Nk Mk—1
+ 77,;1 (@1@1 + 9]@,2 + @k,g) .

r—1 r—1
Since r — 1 < 0 and that {7} and {5} are nonincreasing, we have J:— — Jk=1 >

Mk Ne—1 —
Also, from the boundedness of the set X, since x, x

*, and uy belong to X, using
Remark 2.6 and the triangle inequality, we have

(3.13)

D (a,a™) + llux — 2*|* < progy, llaw — || + [lug —27||* < 400 (prp,, +1) <
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Summing over (3.12) from k =1 to N and using (3.13), we obtain

r—1

c T * Yo * * 112
;'Yk(f(mk)*f(w ) < 20 (D(azl,x )+ [Jur — 27| )

r—1

r—1 N
+AMZp ) (”V - 70—) +> i Ok + Okz + Ok 3)
"IN o k=1

where we drop the nonpositive term. From relation (3.11) when k = 0, we have

r—1
% (o) = J(@7) < G (D (wo,a) + o — o)
r—1
- 720770 (D (w1, 2%) + [Jug — z*[|*) + N5 " (Q01 +Op2 +60¢3).

Adding the last two inequalities, multiplying and dividing the left-hand side by
Zg:o vy, and then invoking Lemma 2.11 and convexity of f, we obtain

(Z%) (f @x) — £(a) < B (D (a0, 27) + uo — 2° )
k=0

3
Fy'rfl ,-Y"'71 N

+4Mp i (—N -2 >+Zn;1 (Ok1 + Ok + Ors).
N "o k=0

Taking the expectation on both sides and invoking (3.13), we obtain

aM2p=t L N -1
) X =7 Pmin IN + Zk:o nk E[@]%l + @k:,2 + @k,3]
Elf (2n)] — f(a*) < &= N,
> k=0 7k

From the relations (3.9) and (3.10), we obtain

4M2 —1 r—1 N _ _
% + ko (PmlinVZH (C% + 77,%0?))

E[f (z — f(z*) <
[f (@n)] = f(2") < ST

)

which implies the inequality (3.6).

(b) From the Cauchy—Schwarz inequality, the definitions of C; and M, and the
triangle inequality, we have V f(zx)T (y — zx) < ||V f(z)||lzx — y]| < 207 M. Adding
the preceding inequality with the relation (3.1), from (3.8) we obtain

(3.14)
r—1
. v
TF )" (or —y) < =5 (D (wr,9) + lus — y])
e/

5 (D (zk+1,y) + ||uk+1 — y||2) + QV,:nkaM + @k,l + @k,g + @k73.

r—1
Adding and subtracting the term ’Y’“T‘l(D(xk, y) + [l — yl|*), we obtain
WF )" (@~ y)
L/ 2% (g 2
<=3 (@e,y) + lue —yll”) — 5 (@k+1,9) + lluesr — yll
1, . .
5 (=0 (D (@, y) + lluk — y||2) + 27 Cy M + Ok + Oz + O 3.

+
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Substituting the bound given by (3.13) in the preceding relation, we obtain

r—1
, Vi
WEW) (@ —y) < 2 (D (wasy) + Jue —yl)
r—1
/-Y r rT—
= B (D @rra, ) + N =yl + ML, (7 = i)

+ 2y CyM + O 1 + O 2 + O 3.
Summing both sides from £ =1 to N, we obtain

r—1

N
T ’y — r— T—
S HF@)T (o —y) £ = (D (ery) + Jun —yll*) + 405k, (G =67

N
(3.15) + Z (27mCrM + O 1 + Ok 2 + O 3) .
k=1

Writing the inequality (3.14) for k£ = 0, we have

—1 r—1
r g0 gl
W) (o~ 3) < B (D (@o.w) + luo — yl) - B (D () + o — o)
(3.16) + 276nonM + @071 + @0,2 + @0,3.

Adding (3.15) and (3.16) together, we obtain

r—1

T ’y r— r—
Z%F (vk —y) < = (D (z0,y) + lluo — yllz) +4M?%p 0, (W =)

M=

(317) + (QVEUkaM + @k,l + @k,2 + @k,g,) .

™
Il

0

Recalling Ty = E]kvzo M, nZg in Lemma 2.11, applying the bound given by (3.13),
and using the triangle inequality, we obtain

N
(Z vz> F(y)" (zn —y) <4M?p L n "+ Y (29imkCrM + Ot + O a + Os) -

k=0

Taking the supremum with respect to y over the set X from the left-hand side, invoking
Definition 2.7, and then dividing both sides by ZLVZO YV, We obtain

AM?p, L N+ Zk o @VimkCrM + Op 1 + Op 2 + Oy 3)

GAP (Zn) <
Zk 0k
Taking the expectation on both sides, using the relations (3.9) and (3.10), and rear-
ranging the terms, we obtain the inequality (3.7). d

We are now ready to present the convergence rate results of the proposed method.

THEOREM 3.3 (convergence rate statements for Algorithm 2.1). Consider Algo-
rithm 2.1. Let Assumptions 2.1 and 2.3 hold and assume that the set X is bounded
such that H:c|| < M forallz € X and some M > 0. Suppose for all k > 0, ~, := Zi_
and ng = (k+1)b’ where v9 > 0, ng > 0, and 0 < b < 0.5. Then, for any 0 < r < 1,

the following results hold:

T
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(i) Let z* be an optimal solution to the problem (P{,I). Then, for all N >

2T 1,
(3.18)
_ 22— [4am? 0 (C% + 7730?) 1
E[f (zn)] — f(z7) < + .
PminTo \ 70 0.5-05r+b | (N+1)

(ii) Consider the dual gap function in Definition 2.7. Then, for all N > 2T 1,
(3.19)

- 2 7y (CF +n3CF 4
E[GAP (j;N)} < 2—r [4M + ( F 0 f) 2pmanfM770 1 .
Pmin Yo 0.5 —0.5r 1-0.5r—0% (N + 1)b

Proof. Let us define the following terms:

o AM2Y;
AN.,l = pmznZ’Y}cy ANQ - 77 AN3 - C(F +7’00f 277/;1’71:“7
=0 nN
N
Ana 24MPyY, Ans 2 (CR+15CF) ZVTH, AN £ 20minCrM Y iy
k=0

Note that from (3.6) and (3.7), we have

An2+Angs
Av: 7

AN4+AN5+AN6

(3:20) E[f ()] - (") < E[GAP ()] < =t

Next, we apply Lemma 2.14 to estimate the terms Ay ;. Substituting v, and n; by
their update rules, we obtain

N r r 1-0.5r
ol Pmin Yo (N + 1)
A = Pmin > )
N1=P Z;) (k + 1)05 2(1— 0.57)
4M2(N—|— 1)0.5(17T)+b 4M2(N—|— 1)0.5(177")
AN,2 = 1—r ) AN,4 = 1—r )
0% Y0
N (02 2 02) r+1 r+1 (02 - 02)( 4 1)1-05(+1)+b
A o = <
¥a= D T S (1l —05(r + 1) 1) ’
, N it (C%+Tlocf> AEFL(N 4 1)L-050+D)
A= (CF+m607) 3 k+105<r+1>< 1—05(r+1) ’

k:O

2pmanfM770’76(N + 1)170'57‘71)
1-0.5r—b '

N

O

For these inequalities to hold, we need to ensure that the conditions of Lemma 2.14
are met. Accordingly, we must have 0 < 0.5r < 1, 0 < 0.5(r+1)—-b < 1,0 <
05r +b < 1, and 0 < 0.5(r+1) < 1. These relations hold because 0 < r < 1
and 0 < b < 0.5. Another set of conditions when applying Lemma 2.14 includes

N > Inax{21/(170.5r)7 21/(170.5(r+1)+b)’ 21/(170.57’712), 21/(170.5(r+1))}71. This relation

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 10/28/21 to 139.78.129.113 Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

ON COMPLEXITY OF OPTIMIZATION WITH VI CONSTRAINTS 2185

is indeed satisfied as a consequence of N > 2T — 1,0<b<05,and0<r <1 We
conclude that all the necessary conditions for applying Lemma 2.14 and obtaining the
aforementioned bounds for the terms Ay ; are satisfied. To show that the inequalities
(3.18) and (3.19) hold, it suffices to substitute the preceding bounds on the terms
AN ; into the two inequalities given by (3.20). The details are as follows.

_ « Anz2+ AN 2—r 4M?(N +1)0-5-05r+b
E[f (z — f(x") < : ==
[f( N)] f( ) = AN,1 pmm’YS(N 4 1)1—045'r < 770737T
N 76+1 (C?:' + 7]30/2") (N + 1)0,5—O<5r+b
o 0.5—0.5r +b '
The inequality (3.18) is obtained by rearranging the terms in the preceding relation.
_ Ana+ANns+ AN 2—r 4M?(N 4 1)°-57057
E[GAP < : : 2 <
(GAP (2n)] < An = PminYg (N + 1)170-57 ( Yo
N (012: + 7]80?) ,76"+1(N 4 1)04570.5r N 2pmanfM770’Y(§(N + 1)170.5r7b
0.5 —0.57 1—-0.5r—5 ’

Then, (3.19) can be obtained by rearranging the terms in the preceding inequality. O

Remark 3.4 (iteration complexity of Algorithm 2.1). As an immediate result

from Theorem 3.3, choosing vy, := \/;% and 7y := (4/%’ we obtain

\4/N

This implies that Algorithm 2.1 achieves an iteration complexity of O (6_4) in solving

Elf (o)~ f(o)] = EIGAP (o) = O ( )

(P{,I), where € > 0 denotes the expected tolerance in both of the suboptimality and
infeasibility metrics.

The rate statements derived in Theorem 3.3 are in a mean sense. In the following,
we consider a deterministic variant of Algorithm 2.1 where we suppress the random-
ized block-coordinate scheme. The outline of this deterministic method is presented
by Algorithm 3.1. In Corollary 3.5, we show that nonasymptotic deterministic rate
statements can be derived for Algorithm 3.1.

Algorithm 3.1. a-IRG

1: Input: An arbitrary initial point o € X, Z( := x0, initial stepsize v > 0, initial
regularization parameter ng > 0, a scalar 0 < r < 1, and Sy := ;.

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

3. Bvaluate F(xy) and Vf(zy) where Vf(z1) € 8f ().

4:  Forallie€ {1,...,d}, do the following update

(3.21) x,(;il = Px, (x,(;) — Vi (Fi (zx) + mVif (a:k)>>

5. Obtain vy,11 and ng41 (cf. Corollary 3.5 for the update rules).
Update the averaged iterate Ty as

SkTk + Via1Th+1

(322) Sk+1 =5, + 7!2—&-13 Tyl := g
k+1

7: end for
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COROLLARY 3.5 (convergence rate statements for Algorithm 3.1). Consider Al-
gorithm 3.1. Let Assumption 2.1 hold and assume that the set X is bounded such
that ||z]] < M for all x € X and some M > 0. Suppose for k > 0, i = \/;% and
N i= (161701)177 where v9 > 0, o > 0, and 0 < b < 0.5. Then, for any 0 < r < 1, the
following results hold:

(i) Let x* be an optimal solution to the problem (P{,I). Then, for all N >

215 — 1,

o (a2 0 (C+EC3) .
1o Yo + 05—-057+b (N +1)05-b"

(323) f(zn)—f(z7) <

(ii) Consider the dual gap function in Definition 2.7. Then, for all N > 2T — 1,

(3.24)
2 7 (CF +m5C7
GAP (3n) < (2 — ) | P4 ( 3) | ac;Mu 1
Yo 0.5 —0.5r 1-05r—0b ) (N+1)
Proof. See Appendix A.6. 0O

4. Addressing the case where X is unbounded. The convergence and rate
statements provided by Theorem 3.3 require the set X to be bounded. We, however,
note that in some applications, e.g., in the models presented in Examples 1.4 and 1.5,
this assumption may not hold. Accordingly, in this section, our aim is to analyze the
convergence of Algorithm 2.1 when X is unbounded. To this end, we consider the
following main assumption.

Assumption 4.1. Consider problem (P</1) under the following conditions:

(a) The set X; is nonempty, closed, and convex for all i =1,...,d.

(b) The function f is continuously differentiable and i s—strongly convex over X.
(¢) The mapping F : R™ — R™ is continuous and monotone over X.

(d) The solution set SOL(X, F') is nonempty.

Remark 4.2 (existence and uniqueness of the optimal solution). Under Assump-
tion 4.1, the constraint set of (P{,I), i.e., SOL(X, F), is nonempty, closed, and convex.
The convexity of this set is implied by Theorem 2.3.5 in [13] and its closedness prop-
erty is obtained by the continuity of the mapping F' and closedness of the set X.
Because in the problem (P{,I)7 the objective function f is strongly convex and the
constraint set is nonempty, closed, and convex, we conclude from Proposition 1.1.2 in
[6] that the problem (P{,I) has a unique optimal solution. Throughout this section,
we let £* denote this unique optimal solution.

4.1. Preliminaries. In this part, we provide some preliminary results that will
be used in the convergence analysis. We begin by defining a generalized variant of
the Tikhonov trajectory that is associated with the problem of interest in this paper.

DEFINITION 4.3 (Tikhonov trajectory). Consider the problem (P{,I) under As-
sumption 4.1. Let {np} be a sequence of strictly positive scalars for all k > 0,
and let x3, € X denote the unique solution to the regularized VI problem given by
VI(X,F + nVf). Then, the sequence {x;’;k} is defined as the Tikhonov trajectory

associated with the problem (P{,I).
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Remark 4.4. The uniqueness of the solution of VI(X, F' +n;V f) in Definition 4.3
is due to the strong monotonicity of the mapping F' + n;Vf and closedness and
convexity of the set X (see Theorem 2.3.3 in [13]). Definition 4.3 generalizes the
notion of Tikhonov trajectory provided in [13] in the following way: in [13], z;  is
defined as the solution to the regularized problem VI(X, F + n;I,). This is indeed

the special case where we choose f(z) := 3||z[|? in Definition 4.3.

To analyze the convergence, we utilize the properties of the Tikhonov trajectory.
The following result ascertains the asymptotic convergence of this trajectory to the
optimal solution of the problem (P{,I). It also provides an upper bound on the error
between any two successive vectors of the trajectory.

LEMMA 4.5. Consider Definition 4.3 and let Assumption 4.1 hold. Let {ny} be a
sequence such that limg_, oo m = 0 and ng > 0 for all k > 0. Then, we have:
(a) The Tikhonov trajectory {z; } converges to a unique limit point, that is, z*.

: s * * ¢ Nk —
(b) There exists Cy > 0 such that ||z}, —z; || < #—?|1 — S| forallk > 1.

Proof. See Appendix A.5. ]

The following lemmas will be employed to establish the asymptotic convergence
result.

LEMMA 4.6 (Theorem 6, page 75 in [26]). Let {u;} C R™ denote a sequence of
vectors where lim;_,oo up = G. Also, let {ar} denote a sequence of strictly positive

k
scalars such that Y-, ax = 0o. Suppose vy, € R™ is defined by vy, = % for all

k> 0. Then, limg_,oo v = 4.

LEMMA 4.7 (Lemma 10, page 49 in [37]). Let {vx} be a sequence of nonnegative
random variables, where E[vg] < oo, and let {ay} and {Br} be deterministic scalar
sequences such that E[vgi1|ve, ..., vk] < (1 — ag)vg + Bk for allk >0, 0 < af < 1,
Be >0, > gk =00, >peoBr < 00, and limy_, (% = 0. Then, vy — 0 almost
surely and limg_, o E[vg] = 0.

4.2. Convergence analysis. As a key step toward performing the convergence
analysis for Algorithm 2.1 when the set X is unbounded, next we derive a recursive
inequality for the distance between the generated sequence {xj} by the algorithm and
the Tikhonov trajectory {z; }. To this end, we first make the following assumption.

Assumption 4.8. Consider the problem (P(,I) under the following assumptions:
(a) There exist nonnegative scalars Ly and B such that for all z,y € X,

[F(x) = F(y)|I* < LE|lx = y|* + B

(b) The gradient mapping V f is Lipschitz with parameter L; > 0.

Remark 4.9. By allowing Ly or Br to be zero, Assumption 4.8 provides a unifying
structure for considering both smooth and nonsmooth cases. In particular, when
Lr =0, part (a) refers to a bounded but possibly non-Lipschitzian mapping F. Also,
when Br = 0, part (a) refers to a Lipschitzian but possibly unbounded mapping F'.

The following recursive relation will play a key role in establishing the conver-
gence.

LEMMA 4.10 (a recursive error bound for Algorithm 2.1). Consider the sequence
{zr} in Algorithm 2.1. Let Assumptions 4.1, 2.3, and 4.8 hold. Suppose {vi}

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 10/28/21 to 139.78.129.113 Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

2188 HARSHAL D. KAUSHIK AND FARZAD YOUSEFIAN

and {ng} are nonincreasing and strictly positive where limg_,oonx = 0 and ;}Y—: <

%ﬂw all k > 0. Then, for all k > 1,
max F

E[D (mk_,_l,x;k) |Fk] < Prmaz (1 — pmmuffyknk) D (l‘k x* )

min 2 MNk—1
C2 (usvomo + 2/Pmin) [ np_ 2
(4.1) + ("’“ L —1) +2v2Bp.

Proof. From Definition 2.5, we have
2

d
2 _ ; 0)
’ + Z p; ' Hfﬁg) — T,

i=1, ik

(4.2) D (zxt1,2;,) = Py

(lk) *(ik)
‘ Trt1 — o,

Next, we find a bound on the term || x(’_’;) *(”‘) H From the properties of the

natural map (cf. Proposition 1.5.8 in [13]), Deﬁmtlon 2.9, and that z; € X, we have
vy = Px(xy, —wGr(zy,)). From Assumption 4.1(a) and that z;, € SOL(X Gi) C

X, we have x;:k) € X;,. Invoking the nonexpansiveness property of the projection
mapping, (2.1), and the preceding relation, we obtain

(i) «(ik)
H k+1 — Lo,

‘2

<H (A)_'ykazk (xk)—fﬂ +%Gmk( )

Combining the preceding relation with (4.2), we obtain

d

D($k+1, )§ Z P; H ® x;:)
i=1, i#i

(ix) x*(ik,)

Zk‘k Nk

2
| e

aNT
250 (2 = 23,") " (Ghsy (1) = Gy (33,))

_ N
+ pik Vi | Griiw (21) = G (@)
Invoking Definition 2.5, from the preceding relation we obtain

) ainNT
D (wreray,) < D (o ay,) =205 9 (20 = 3" ) (Gras (@) = G (37,))

+ i 2 || Gy (20) — G (25,)]|

Taking the conditional expectation from both sides of the preceding relation and

noting that D(z, x;k) is Fr-measurable, we obtain the inequality
E[D (eir.23,) 173] <D (k. 23,) +97E oy, | G (@) = G (23,)]]
aNT
(4.3) —QWE{% ( (ix) z;;im) (Griy (x1) — Gry (m m))}

Next, we estimate the second and third expectations in the preceding relation

, iNT

d . oNT
=> pip;! (x,(c) xf,ic)) (Gri (z1) = Grji (27,))

(4.4) = (ex — )" (Grlan) — G (23,)) -
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We can also write

E[pz‘_kl | G (xx) = Gra (z3,)|| 2]
d
45 =>_pie; | G (o) = G (w31 = G (o) = G (w5

From Assumption 4.8, taking into account that Gy, is (ngus)-strongly monotone, and
combining (4.3), (4.4), and (4.5) we obtain

E[D (‘rkJFl’x;k?k) |‘Fk] <D (xk’x;klk> = 20§ VK ||xk - x;klkHQ

+ 292 (L3 +0213) [l — 3, |+ Br)

From Remark 2.6 and that {7} is a nonincreasing sequence, we obtain

E[D (xk-‘rl, x;k]k) ‘]:k} < (1 - 2uf7k77kpmzn + QVgpmaw (L%‘ + 7702[/?“)) D (xka x;k]k)
+2v2Bp.

HfMNEPmin

From the assumption vy < Somas (Lot 13 E2)

and the preceding inequality, we obtain

(4.6) E[D (wkr1,23,) 1] < (1= ppywinpmin) D (zk, 27, ) + 27 Br.

The preceding relation is not yet fully recursive as the term x* on the right-hand

U
side must change to zj, . Next, we find an upper bound for D(zg,z¥ ) in terms

*
Mk

of D(xy,x;, ). Note that we have [lu+ o[> < (1+6)|ul® + (14 3)[v]]* for any
vectors u,v € R™ and ¢ > 0. Utilizing this inequality, by setting u := z —x3, |,
vi=af, | —a , and = PmEIRE we obtain
. |2 Prin FLf Vi Tk .
ka ~ T | < (1 + 2f ) ka ~ Ty

2

2
B |
( Pmintt £ YkTk =1 M

Together with Lemma 4.5(b) and Remark 2.6, we have

pman (Ik7l‘;k) < <1 + w) Pmax D (zkvx;k]k,l)

) 02 : 2
N Yo
Pminttf VETk /”'f Nk

Dividing both sides by pyin and substituting this in (4.6), we obtain

* Pmaz Pmi; L .
E[D (xk-i-l)xnk) |]:k} < M (1 - ’ank,ufpmin) (1 + M) D (xk’xnk—l)

min 2

02 92 Nh1 2
+ L <1+ >(1— ‘) + 292 Bp.

1+Pminu2f’wc7]k )Sl _ Pminl—;f’Yknk .o

(4.1) is obtained by noting that (1—"yxmk L fPmin)(

In the following result, we provide a class of update rules for the stepsize and
the regularization sequences such that Algorithm 2.1 attains both an almost sure
convergence and a convergence in the mean sense.
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THEOREM 4.11 (convergence of Algorithm 2.1 when X is unbounded). Consider
(P(,I). Let the sequence {Ty} be generated by Algorithm 2.1. Let Assumptions 4.1,
2.3, and 4.8 hold. Suppose the random block-coordinate iy in Assumption 2.3 is drawn
from a uniform distribution for all k > 0. Let the stepsize {i} and the regularization
parameter {n} be given by v = vo(k + 1)~ and n = no(k + 1), respectively,
where v9 > 0, 79 >0, 0< b <0.5<a, and a+b < 1. Then, the following results
hold for all0 <r < 1:

(i) The sequence {T} converges almost surely to the unique optimal solution of

(Py)-
(ii) We have that limg_, E[|Zr — 2*]|] = 0.

Proof. The proof is done in two main steps. In the first step, we show that
the nonaveraged sequence {xj} converges to z* in an almost sure sense and that
limg o0 E[||zr — 2*||]] = 0. In the second step, we show that these results hold for the
weighted average sequence {Zj} as well.

Step 1. The proof of this step is done by applying Lemma 4.7 to the recursive
inequality (4.1) with p; := % for alli € {1,...,d}. The details are as follows. First, we
note that from the update rules of v and n, and that a > b, we have limy_,o, 12 =

Mk
0. Thus, there exists an integer kg > 1 such that for all k > kg, we have Z—: <

—HiPmin ___ This implies that the conditions of Lemma 4.10 are satisfied and the
2Pma.7:(LF+770Lf)

inequality (4.1) holds for all k¥ > k. To apply Lemma 4.7, we define the following
terms for all k& > 1:

Vg £ D (fEk,x* ) ) Qg £ uka{r]ka

MNk—1 2d
dC? (psmoyo + 2d - 2
goo (201 ! ) (”’“ L 1) + 292 Bp.
K YETE Nk

Since vgnr — 0, there exists an integer k1 > kg such that for any k& > k; we have
0 < aj, < 1. From the assumption that a+b < 1, we have that Y %, «ay, = oo. Next,

we show that Zzozkl B < co. From the update rules of 7y, and 7 and invoking the
Taylor series expansion, for k > 2 we can write

77’“—1_<1+1)b—1_<1+b+b(b_1) ! +b(b_1)(b_2)i+-~>—1

M k k 2l k2 3! k3
b 1-b) (1-b)(2-b (1-0b)(2-b)(3-0) b= 1
[— _ — . < =
K (1 oM T 342 4153 o)< E e

where the inequality is obtained using b < 1 and neglecting the negative terms. This
implies that 77’;]—;1 —-1< m and thus (77’;7—;1 —-1)2 < (%)2 < 2,%22 for all k£ > 2.
Using the preceding relation, invoking the definition of 85 and the update formulas
of 4 and 7y, we have that 8, = O(k~(2~97%) 4 O(k=2%). From the assumptions on
a and b, we obtain that Z;ikl Br < oo. Also, from the assumption a > b, we get
limg o0 B/ = 0. Therefore, all conditions of Lemma 4.7 are satisfied. As such, we
have that D(zy,z;, | )— 0 almost surely and also limy— o0 E [D(2k, 25, )] = 0. From
Remark 2.6 and that ) is drawn uniformly, we obtain

2 2
* (12 * * *
o —a** <2 |few =, || +2]fes, 2
2 i} . «|?
(47) = gD (-'L'k7xnk_1) +2 ‘ xnk_1 -z ’
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where the first inequality is obtained from the triangle inequality. Taking the limit
from both sides of the preceding relation when &k — oo and invoking Lemma 4.5(a),
we obtain limg o |7 — 2%[|? < %limkﬁoo D(xk,x;';k_l). From the almost sure con-
vergence of D(xy,z;, ) to zero, we conclude that {zy} converges to z* almost
surely. To show the convergence in mean, let us take the expectation from both
sides of (4.7). Noting that the Tikhonov trajectory is deterministic, we obtain that
E[|lax —2*||*] < 2E[D(ax, 2, )]+ 2|z}, _, —2*||>. Now, taking the limit from both
sides of the preceding relation when k£ — oo, invoking Lemma 4.5(a), and recalling
limy, 00 E[D(24, 27, )] = 0, we conclude that limy o E [[|z — 2*||*] = 0. Invoking
Jensen’s inequality, we can conclude that limy_, E [||2x — 2*||] = 0.
Step 2. Invoking Lemma 2.11 and using the triangle inequality, we have

k
E )\t,kxt — $*
t=0
A

where A\ = 7/ Z?:o 7j. In view of Lemma 4.6, let us define u; = ||z, — 2™,

(4.8)  lzp — 2| =

k k
Z/\t,k (zt —2")|| < Z)\t7k|\9€t—$*||7
t=0 t=0

T Zf:o Ak ||lze — 2*||, and oy = 47, Note that since ar < 1, we have Sep i =
¥ Zfio(t +1)7% = oco. Also, from Step 1 we have that @ = lim; ,oou; = 0 in
an almost sure sense. Thus, from Lemma 4.6, we conclude that {v;} converges to
zero almost surely. Thus, (4.8) implies that {Zy} converges to z* almost surely.
Next, we apply Lemma 4.6 again, but in a slightly different fashion to show that

limg 00 E[||Z — z*||]] = 0. From (4.8), we have
k

(4.9) Elllzr — 2] <D AerElllze — 27|
=0

In view of Lemma 4.6, let us define u; 2 E[||lz; — 2*[|], vp = Zf:o A kE[llee — 2],
and oy 2 ~¢. First, note that from Step 1, we have @ 2 lim; oo uy = 0. In view of
Lemma 4.6, limy_,oc vx = 0. Thus, from (4.9), we conclude that limy_, E[||Zr — 2*|]
= 0. Hence, the proof is completed. 0

5. Experimental results. In this section, we revisit the problem of finding the
best Nash equilibrium formulated as in (1.1). We consider a case where the Nash
game is characterized as a Cournot competition over a network. The Cournot game is
one of the most extensively studied economic models for competition among multiple
firms, including imperfectly competitive power markets as well as rate control over
communication networks [19, 21, 13]. Consider a collection of d firms who compete to
sell a commodity over a network with J nodes. The decision of each firm i € {1,...,d}
includes variables y;; and s;;, denoting the generation and sales of the firm ¢ at
the node j, respectively. Considering the definitions y; 2 (y1;...;1:7) and s; =
(8i15-..;8:7), we can compactly denote the decision variable of the ith firm as AN
(yi;s;) € R?*/. The goal of the ith firm lies in minimizing the net cost function
gi(z@, (=D over the network defined as follows

7 J
gi (x(");fv(_i)) £ cii(yiy) = D siips (55),
j=1 Jj=1

where ¢;; : R — R denotes the production cost function of the firm 4 at the node
7, 55 =S Z?zl s;; denotes the aggregate sales from all the firms at the node j, and
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p; : R = R denotes the price function with respect to the aggregate sales s; at the
node j. We assume that the cost functions are linear and the price functions are given
as pj(5;) £ aj — Bj(5;)° where o > 1 and «; and j3; are positive scalars. Throughout,
we assume that the transportation costs are negligible. We let the generation be
capacitated as y;; < B;;, where B;; is a positive scalar for i € {1,...,d} and j €
{1,...,J}. Last, for any firm 4, the total sales must match with the total generation.
Consequently, the strategy set of the firm ¢ is given as follows:

J

J
Xlé (yz,sl) ‘Zyijzzsij, yijasij 20, yij SBija fOI' auj:].,,J
j=1 j=1

Following the model (1.1), we employ the Marshallian aggregate surplus function
defined as f(z) £ 2?21 gi (x(i); x(_i)). We note that the convexity of the function f
is implied by ¢ > 1 and the monotonicity of mapping F' is guaranteed either when
o=1or when 1 <o <3andd< 32 (cf. section 4 in [21]).

The set-up. In the experiment, we consider a Cournot game among four firms
over three nodes. We let the slopes of the linear cost functions take values between
10 and 50. We assume that «; := 50 and 8; := 0.05 for all j, B;; := 120 for all
i and j, and o := 1.01. To report the performance of Algorithm 2.1 in terms of
the suboptimality, we plot a sample average approximation of E[f (Zy)] using the
sample size of 25. With regard to the infeasibility, we compute a sample average
approximation of E[GAP (Z )] using the same sample size. Following Remark 3.4, we

use i = \/;% and n = \4/% To select the block-coordinates in Algorithm 2.1,

we use a discrete uniform distribution.

Results and insights. Figure 1 shows the experimental results. Here, in the top
three figures, we compare the performance of Algorithm 2.1 with that of Algorithm 1.1
in terms of infeasibility measured by the sample averaged gap function. Importantly,
the proposed algorithm performs significantly better than the SR scheme. This claim
is supported by considering the different values of the parameter r and the initial
conditions of the proposed scheme in terms of the initial stepsize vy and the initial

(30,m0) =|| (0.1,0.1) (0.1,1) (1,0.1)
a H
:‘% 10 10 10
. 28 Zs Zs
[} o o o
% % 6 % 6 T 6
o fe= Alg. 1.1 o i
2 £ 4] = Alg. 21 (=0) £ 4 £ 4
o0 E | =& Alg.21(r=05) £ 5 £ 2
g = Alg. 2.1 (r=1)
KO 0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
= time (seconds) time (seconds) time (seconds)
|
= 10 10 10
S5 e 0| 5 o hsirden ol d
o =% 0 = =% 0 = =!
s 28 ANREETNNR 2 o VNN 2 O
5 87 — 1 | BT LA
s &¢ PAENC 504
Q. c 5 921 F 5 c 5
~ 4 0 | — 4 =4
% -+ o
K 50 100 150 200 250 300 ® 50 100 150 200 250 300 3 50 100 150 200 250 300
o time (seconds) time (seconds) time (seconds)
— I

Fic. 1. Algorithm 2.1 in terms of infeasibility and the objective function value.
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regularization parameter 7. The three figures in the bottom row of Figure 1 demon-
strate the performance of Algorithm 2.1 in terms of reaching a stability in the objective
values. This includes the Marshallian objective function f as well as the individual
objective functions g;. Note that all the objective values in Figure 1 appear to reach
a desired level of stability after around 60 seconds. This interesting observation could
be linked to the impact of the averaging scheme (2.2). Generally, it is expected that
the trajectories of the objective function values in Figure 1 will be noisy due to the
randomness in the block-coordinate selection rule. However, the weighted averaging
scheme employed in Algorithm 2.1 appears to induce much robustness with respect
to this uncertainty, resulting in an accelerated convergence.

6. Conclusions. Motivated by the applications arising from noncooperative
multiagent networks, we consider a class of optimization problems with Cartesian
variational inequality (CVI) constraints. The computational complexity of the so-
lution methods for addressing this class of problems appears to be unknown. We
develop a single timescale algorithm equipped with nonasymptotic suboptimality and
infeasibility convergence rates. Moreover, in the case where the set associated with
the CVI is unbounded, we establish the global convergence of the sequence generated
by the proposed algorithm. We apply the method in computing the best Nash equi-
librium in a networked Cournot competition. Our experimental results show that the
proposed method outperforms the classical sequential regularized schemes.

Appendix A. Additional proofs.

A.1. Proof of Lemma 1.3. Let us define the function ¢ : R” — R as ¢(z) £
s Az —b|?+ 5 Ejzl(max{o, h;(z)})?. We first note that ¢ is a differentiable function
such that V¢(x) = F(x) where F is given by Lemma 1.3 (e.g., see page 380 in [6]).
Next, we also note that ¢ is convex. To see this, note that from the convexity of
hj(z), the function h;L([E) £ max{0, hj(z)} is convex. Then, the function (hj(:r))2
can be viewed as a composition of s(u) = u? for u € R and the convex function
hj'. Since hj is nonnegative on its domain and s(u) is nondecreasing on [0, +00),
we have that (h;r(x))2 is a convex function. As such, ¢ is a convex function as well.
Consequently, from the first-order optimality conditions for convex programs, we have
SOL(X, F) = argmin,cx ¢(x). To show the desired equivalence between problems
(P{,I) and (1.2), it suffices to show that X = argmin, y ¢(x) where X denotes the
feasible set of problem (1.2). To show this statement, first we let Z € X. Then, from
the definition of ¢(x), we have ¢(z) = 0. This implies that Z € argmin, ¢y ¢(z).
Thus, we have X' C argmin, ¢y ¢(x). Second, let & € argmin, .y ¢(x). The feasibility
assumption of the set X implies that there exists an x¢ € X such that Azy = b and
hj(xzg) < 0 for all j. This implies that ¢(zg) = 0. From the nonnegativity of ¢ and
that € argmin, ¢ y ¢(x), we must have ¢(Z) = 0 and Z € X. Therefore, we obtain
Az =b, hj(Z) <0 for all j, and & € X. Thus, we have argmin c x ¢(x) C X. Hence,
we conclude that X = argmin .y ¢(z) = SOL(X, F) and the proof is completed.

A.2. Proof of Lemma 2.11. We use induction to show Iy = Zszo Ak, NZk
for any N > 0. For N = 0, the relation holds due to the initialization Zy := x¢ in
Algorithm 2.1 and that A\go = 1. Next, let the relation hold for some N > 0. From

the hypothesis, (2.2), and that Sy = ZkN:O vy for all N > 0, we can write

_ N+1 N+1
_ SNTN + YNL1ZN+1 =0 VeTk
IN41 = g = N T, E Ak, N+1%k,
N+l k=0 Tk k=0
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implying that the induction hypothesis holds for N + 1. Thus, we conclude that the
desired averaging formula holds for all N > 0. To complete the proof, note that since
Z}ICV:() Mg, v =1, under the convexity of the set X, we have zy € X.

A.3. Proof of Lemma 2.13. (a) From Definition 2.12, we can write

d d
E[Ax | Fi] = F(ax) = Y pip; "UiF(xx) = Flax) — Y UiFy(xy) = 0.

=1 i=1

The relation E[d | F] = 0 can be shown in a similar fashion.
(b) We can write

d
E[IAP | Fu] =D pi||F(x) - p; U Fi(a)||”

i=1

d
= 2o (M1 + 0 [UE I - 207 F () TUF ()

= [1F (2 ||2+Zp_1 U Fi(a)” —QZIIF zi)lI* < (Ponin — 1) C-

The relation E[[|6]|? | Fi] < (p;ﬁn -1) Cj% can be shown using a similar approach.

A.4. Proof of Lemma 2.14. Given 0 < «a < 1, let us define the function
¢ :Ry, = Ras¢(r) = 2~ forallz > 0. Since a > 0, the function ¢ is nonincreasing.
We can write

iil _1+Ni‘11<1+/N+1dm—1+(N+1)1_a_1<(NH)H
k+ 1)« ke — 1 T> 1« - l-a
k=2

implying the desired upper bound. To show that the lower bound holds, we can write

N N+1

Z Z /N+2 dz /N“ de _ (N + D= —0.5(N + 1)~
(k +1)e ke = = o = 1—a

where the last inequality is obtained using the assumption that N > 91=a — 1. There-
fore, the desired lower bound holds as well. This completes the proof.

A.5. Proof of Lemma 4.5. (a) From the definition of z* and z;,_ (cf. Defini-
tion 4.3), we have that

(A.1) Fa*)T (x—2%) >0 for all x € X,
(A.2) (F (:C;‘f,k) + 0V f (x;k))T (y — :I:;‘;k) >0 for all y € X.
For z :=x;, and y := 2", adding the resulting two relations together, we obtain
* * « \\ 7'
nkvf (mﬂk) ({,E _x"]k> 2 (F (LL' )_ F(x"]k)) (aj _'T"']k)

From the monotonicity of the mapping F' and the preceding relation, we obtain that
Vf(a:j‘,k) (z* — x5, ) > 0. Also, from the strong convexity of f, we have

2

P2 £ () +VF (@) (@ - o)+ 2 -
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From the preceding relations, we obtain
* * 133 * * 2
(A.3) fl@)y>f (Ink) + ?f H:z: — xnkH for all k£ > 0.

Thus, f(z*) > f(z;,) for all k > 0. Recall that from Remark 4.2, under Assump-
tion 4.1, #* € X and x; € X both exist and are unique. Therefore, f(zy ) is
bounded above for all £ > 0. From this statement and invoking the coercive prop-
erty of f (implied by the strong convexity of f), we can conclude that {z } is a
bounded sequence. Therefore, it must have at least one limit point. Let {x;;k}ke;c
be an arbitrary subsequence such that limy_,o, rex :c;‘]k = 2, where limy o0, kex
denotes the subsequential limit when k € K and k goes to infinity. We show that
% € SOL(X, F). Taking the limit from both sides of (A.2) with respect to the afore-
mentioned subsequence and using the continuity of F' and V f, we obtain that for all
y € X, (F(2) + limg oo, kex MV f(2))T(y — 2) > 0. Note that the mapping V f(%)
is bounded. This is because & € X (due to the closedness of X) and Vf is contin-
uous on the set X. Therefore, from the preceding inequality and limg o 7 = 0,
we obtain F(2)T(y —2) > 0 for all y € X, implying that # € SOL(X, F) and so
Z is a feasible solution to (P</1)~ Next, we show that 2 is the optimal solution to
(P{,I). From (A.3), continuity of f, and neglecting the term %-[|z* — 7 ||?, we obtain
f(z*) > f(limg oo, ke ;) = f(2). Hence, from the uniqueness of x*, all the limit
points of {x; } fall in the singleton {z*} and the proof is completed.

(b) If x;, = x;, |, the desired relation holds. Suppose for k > 1, we have
ry F oy Fromay € SOL(X,F+n.1Vf)and x; € SOL(X,F +nVf), we
have that

(F (x:;k_l) + g1V f (mf]k_l))T (m - m;k_l) >0 for all z € X,

(F (z),) +mV f (xf,k))T (y—=,)>0 for all y € X.

*
Mk

*

e, We have

Adding the resulting two relations together, for z := ¥ and y:=x

(<F (53,) =9 F (o) + Flap, ) +mea¥f (a5,)) (a5, = 23,) 20

The monotonicity of F implies that (F(«}, ) — F(x}, _ )" (x}, —x}, ) >0. Adding
this relation to the preceding inequality, we have

T

(ﬁkvf (x;klk) — MV f (x;;k—l)) (x:]k—l - x;k) > 0.
Adding and subtracting the term n;,V f (7, )" (2}, — a7 ), we obtain
* T * *
(77k - 77k71) vV (xnk—1> (xm-—l - xnk)
T
(A.4) > (VF (w5, ) =V (@) (s =2,
From the strong convexity of function f, we have
T 2

@s) (V) = @) (e, —an) = ||e, i,

From (A.4) and (A.5), and using the Cauchy—Schwarz inequality, we obtain

‘77k - 77k—1| va (Irlk—l) H ’

2
* *
I’flk71 ‘Tﬂk

* *
2 Nifbf folk ~ Tne_a
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Since zy, # xy _, dividing the both sides by ni||z}, —z , we obtain

-
Mk—1

77k—1 * * *
(A6) ’1 - nT va (xnk—l) H > 122 Hxﬁk T T

From part (a), the trajectory {x; } is bounded. Also, for any k£ >0, z; € X by the
definition. Since X is closed, there exists a compact set SCX such that {z; } C S.
This statement and the continuity of V f imply that there exists C’f > 0 such that
IV f(xs, Il < Cf for all k> 1. Thus, from (A.6), we obtain the desired inequality.

A.6. Proof of Corollary 3.5. Let us rewrite (P{,I) as the equivalent problem:

minimize  f(x)

A7
(A7) subject to z € SOL(Y, F),

where Y £ H?/:1 Y; and d £ 1 and Y; £ X. Note that this setting immediately
implies that Y = X. Now, let us consider Algorithm 2.1 for solving (A.7) where we
assume that z¢g € X is an arbitrary fixed vector. Since d’ = 1, Assumption 2.3 holds
with Prob (i, = 1) =1 for all £ > 0. This setting implies that Algorithm 2.1 reduces
to a deterministic scheme where step 5 in Algorithm 2.1 is equivalent to the following
update rule:

(A.8) T+1 = Px (xk — Yk (F (z) + eV f (xk)»,

where we used Y = Y; = X. Next, we note that from the properties of the Euclidean
projection mapping, for any z € X where X £ H?zl X;, we have that Px(z) =
H?Zl Px, (z(i)). In view of this property, (A.8) compactly represents the d updates
given by (3.21). Therefore, Algorithm 3.1 is equivalent to Algorithm 2.1 and thus all
the results in Theorem 3.3 will hold with p,,;, = 1. Note that in both (3.18) and
(3.19), the expectation is eliminated. This completes the proof.
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