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Abstract

In this thesis, we study the variational inequality (VI) problem with the methodology of
designing efficient (or optimal) algorithms and analyzing their (sample/gradient) iteration
complexities. In particular, we aim to explore the hidden structures in VI that have not
been (fully) studied before and use them as insights to guide the development of new optimal

algorithms that align with the modern research trends in both VI and optimization.

We start from the first-order methods, where acceleration has been established in algorithms
such as extra-gradient method, optimistic gradient descent ascent method, and dual extrap-
olation method. These methods are known as optimal in the sense that they match the lower
iteration complexity bounds established for first-order methods in (strongly) monotone VI.
We observe that these acceleration schemes in VI, together with the acceleration schemes
used in optimization such as Nesterov’s acceleration, share a common structure: using ad-
ditional sequence(s), which we refer to it as “extra points”, to help improve the convergence
of the main sequence. We then propose a general guideline, called the extra-point approach,
to construct optimal first-order methods via a more systematic way, which provides flexibil-
ity in adopting a variety of extra points/sequences such that the lower bounds take effect.
Moving towards high-order methods, research before has relied on using high-order Taylor
approximation and an iterative binary-search in solving the subproblems. We show that
both of them are not necessary in developing high-order methods, and the key lies in satis-
fying a high-order Lipschitz bound for any approximation operator used in the subroutine,
as well as an appropriate order of regularization to eliminate the needs of binary-search.
The proposed unifying framework largely relieves the demand on the complicated analysis
derived for different methods and allows us to focus more on the problem structure to design

a suitable approximation operator in the algorithm.

We also investigate stochastic algorithms for VI, mainly focusing on the stochastic approx-
imation (SA) approach. We propose stochastic extensions of two new first-order methods,
which could be viewed as special instances following the aforementioned extra-point ap-
proach, and show that optimal iteration complexities can be established for them, in both
situations where the stochastic errors are bounded separately or they are reduced together
with the deterministic terms. Application is discussed using the example of black-box sad-
dle point problem where even the function values can only be estimated with noises. Using
a smoothing technique, we show that by constructing the stochastic zeroth-order gradients,
the previous schemes can be readily applied with the guarantee on sample iteration com-
plexities. Another aspect of stochasticity is discussed following the similar line of research,
where we study the VI problems with the finite-sum structure. In addition, such finite-sum

structure consists of both general vector mappings and gradient mappings. Developments

ii



in variance reduced algorithms for both finite-sum optimization and finite-sum VI have
been found recently, but none has focused on finite-sum VI with optimization structures.
We propose two algorithms for both monotone and strongly monotone VI that explicitly
make use of such optimization structure and demonstrate that they indeed serve as a bridge
between these two problem classes and are able to perform better than general variance re-
duced VI algorithms when such structure is actually present. We show that the saddle point
reformulation of a finite-sum optimization with finite-sum constraints immediately take the
aforementioned forms in VI, where applications are commonly seen in Neyman-Pearson

classification in machine learning.

Finally, the research in this thesis is extended to non-monotone VI and the solution meth-
ods for solving it. Without the monotonicity, another (weaker) global property of the VI
problem, the existence of Minty solution, comes to play a central role in the convergence of
accelerated projection-type methods. With a slightly worse iteration complexity than the
monotone VI, we show that how a general high-order extra-gradient-type method using the
concept of the aforementioned approximation can converge. Furthermore, when the exis-
tence of Minty solution is no longer assumed, very little can be said in general about the
convergence of these projection-type methods. Alternatively, we use these methods as start-
ing points and derive sufficient conditions that characterize various structures of VI where
they can converge with guaranteed iteration complexity bounds. This approach allows us
to extend our study to potentially broader VI problem classes that have no monotonicity

nor Minty solutions.
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Chapter 1

Introduction

1.1 Background and Literature Review

Let X C R"™ be a closed convex set; F'(x) : R™ — R™ be a continuous vector mapping. The

following problem is known as the “variational inequality (VI) problem”:
(1.1.1) Find 2* € X such that F(2*)"(z —2*) > 0 forall z € X.

The study of finite-dimensional VI problems dates back to 1960’s where the complementarity
problem was developed to solve for various equilibria, such as economic equilibrium, traffic
equilibrium, and in general Nash equilibrium. For a comprehensive study of the applications,
theories and algorithms of VI, readers are referred to the celebrated monograph by Facchinei
and Pang [19].

Throughout this thesis, we are mostly interested in an important class of VI, where the

operator F'is monotone:
(1.1.2) (F(x) = F(y),x —y) > pllz -yl Vz,yex

for some p > 0. If there exists some pu > 0 such that (1.1.2) holds, it is referred to strongly
monotone and the VI problem has a unique solution. In addition, the Lipschitz continuity

is often assumed for the operator F":

(1.1.3) [1F(x) = F(y)ll < Lllz — yl, Yo,y € X,

for some L > pu. We denote k 1= % as the condition number for VI.



1.1.1 First-order projection methods

The earliest methods developed to solve VI of this type are the projection method due to
Sibony [90]:

(1.1.4) 2" = argmin  (F(2F), z — z¥) +%foxk||2,
reX 2
and the proximal point method due to Martinet [55]:
(1.1.5) 2= argmin  (F(2*), 2 — 2F) + %Hx — zF||?,
zeX 2

for positive {yx}r>0, which was later studied and popularized by Rochafellar [82]. These
two methods form the basis of most, if not all, methods developed for monotone VI in the

research community thus far, in particular for the projection-type methods.

Korpelevich [41] first introduced an extra-step in the update as follows:

zFt05 = argmin <F(ﬂsk),a: — 1:’“) + %’“Hx — 1:’“”2,
reX
(1.1.6)
zFtl = argmin <F(93k+0'5), T — :ck> + %’“Hx — :1:’“||2
rzeX

The iteration complexity of the extra-gradient method (1.1.6) is later established by Tseng
[96]. In particular, if the operator is strongly monotone (p > 0), it is O (kIn (1)) for an
e-solution. This is a significant improvement over O (/@2 In (%)) of the vanilla projection
method (1.1.4), and it is in fact optimal among first-order methods (i.e. using only the
information of F'(-)) applied to such class of problems (with lower bound recently established
by Zhang et al. [108]). Many algorithms developed for monotone VI thereafter adopt
this concept of extra-step update and can be considered as variants of the extra-gradient
method, such as modified forward-backward method [97], mirror-prox method [62], dual-
extrapolation method [68, 71], hybrid proximal extra-gradient method [60], and the methods

generated by the extra-point approach, to be introduced in Chapter 2 of this thesis.

Another type of method, known as optimistic gradient descent ascent method (OGDA), was
first proposed by Popov [79]:

(1.L7) P = Py (oF — aF(ah) = p(Fb) - FE1)

for some positive a,7 > 0, where Py denotes the projection operator onto X. Unlike the
update in extra-gradient method (1.1.6) which uses an extra step, OGDA only requires one
update (one projection) per iteration and uses the information from the previous iterate
x*~1 instead. The optimal convergence of OGDA, in both monotone and strongly mono-

tone VI, is established by Mokhtari et al. [58, 59]. The extra-point method proposed by



Huang and Zhang [27] extends the concepts of the extra-gradient method, OGDA, Nes-
terov’s acceleration in optimization [65], and the “heavy-ball” method by Polyak [78] and
combines them in a unifying update scheme. If the parameters associated to these different
components satisfy a certain constraint set, it is shown that optimal iteration complexity
is guaranteed. There is another line of work that studies variants of extra-gradient type
methods [103, 47, 39] and proximal point methods [95, 50, 76] with the anchoring update,
where in each iteration the initial iterate is used as the component of convex combination.
The iterates produced are shown to converge among these different methods [104], at a rate
same as the optimal convergence rate (to the solution), and the iteration complexities are

improved by constant orders compared to vanilla extra-gradient method.

The above methods are known as the first-order methods. The lower bound of the iteration
complexity for the first-order methods applied to monotone VI is €2 (%), as established by
Nemirovsky and Yudin [63], while for strongly monotone VI, it is 2 (K, In (%)), shown by
Zhang et al. [108] in the context of strongly-convex-strongly-concave saddle-point problems.
Methods such as extra-gradient method, mirror-prox method, dual-extrapolation method
[68, 71], HPE, OGDA, extra-point method have been proven to achieve these lower bounds,

hence optimal.

1.1.2 High-order projection methods

The work of Taji et al. [92] is among the first to consider second-order methods for solv-
ing VI. A linearized VI subproblem with operator F(z*) + VF(2*)(z — 2¥) is solved in
each iteration and the merit function f(z) = g}gg{((F(a:),x — ') — &lz — 2’| is used to
prove the global convergence, with an additional local quadratic convergence. However, no
explicit iteration complexity is established for second-order methods until recently. Follow-
ing the line of research in [92], Huang and Zhang [25] specifically consider unconstrained
strongly-convex-strongly-concave saddle point problem and incorporate the idea of cubic
regularization (originally proposed by Nesterov in the context of optimization [70]), proving
the global iteration complexity O (<H2 + KTLQ) In (%)), where Lo is the Lipschitz constant

of the Hessian information, in addition to the local quadratic convergence.

Another line of research on second-order methods was started by Monteiro and Svaiter [61].
They propose a Newton Proximal Extragradient (NPE) method, which can be viewed as a
special case of the HPE with large step size. In HPE, the first step solves approximately

k+0.5)

the proximal point update (1.1.5) (denote as z , while the second step is a regular

extra-gradient step. The “large step size” condition, which is key to guarantee a superior



convergence rate, requires:

1 0
— 2

1.1.8 e
( ) e = [|2F 05 = k||

for some constant § > 0. Note that since 2¥+%® depends on 4, a certain procedure is
required to determine 2%+ and ~y; such that (1.1.8) also holds. By observing that the set
of ~;, satisfying the condition is in fact a closed interval, they develop a bisection method to
iteratively reduce the range of v, and solve for zF70-5 for each fixed ~; until the condition
is satisfied. They show that for monotone VI, NPE admits O (1 / 6%> iteration complexity
for ergodic mean of 2*+t0% over 0 < k < N — 1, which is an improvement over the optimal
first-order complexity O (%) While NPE can also be expressed in the form of second-order
mirror-prox method, Bullins and Lai [8] propose a “higher-order mirror-prox method”,
extending the second-order mirror-prox method to pth-order and establish O (1 / ep%l) iter-

ation complexity. They replace the linearization F(z*) + VF(2*)(x — 2*) with the Taylor
p=l .

approximation of F(z*), 3 V'F(z*)[z — 2*]’, together with an higher-order constraint
i=0

on v, and z¥+0 similar to (1.1.8). They also demonstrate an explicit procedure to instan-

tiate the proposed method in unconstrained problem with p = 2 and a bisection method to

search for %105 and ;. In [73], Ostroukhov et al. further extend the higher-order mirror-

prox method to strongly monotone VI2by incorporating the restart procedure, which yields
global iteration complexity O <<Llf) "In (1)) The local quadratic convergence is then

guaranteed by incorporating CRN-SPP proposed in [25]. Nesterov in [67] proposes solving
constrained convex optimization with cubic regularized Newton method and extends the re-
sults to monotone VI with cubic regularized Newton modification of the dual-extrapolation
method [68]. The global iteration complexity is shown to be O(2) for monotone VI, with

local quadratic convergence for strongly monotone VI.

Recently, there are new developments of higher-order methods for VI. Jiang and Mokhtari
[33] propose the Generalized Optimistic Method, which is a general pth—order variant of
OGDA. Instead of using F(z¥) to approximate the proximal point update direction F'(z**+1)
with correction F(2*) — F(2*~1) as in OGDA (1.1.7), they propose to use a general ap-
proximation P(z**';Z;) with correction F(zF) — P(2*;T;_1), where P(z;Z;) can contain
pth—order information and Z;, is the information up to kth iteration. Adil et al. [1] propose
a p™-order method that improves upon the higher-order mirror-prox method in [8]. The
improvement comes from incorporating the gradient of (p 4 1)th—0rder regularization in the
higher-order VI subproblem, which makes the bisection subroutine unnecessary, and the
global complexity is improved by a logarithmic factor. Lin and Jordan [53] propose a pth—
order generalization of Nesterov’s dual extrapolation method [68], referred to Perseus. Same

as [1], Perseus does not require bisection subroutines by solving the VI subproblem with



higher-order regularization. In addition to developing the iteration complexity guarantee
in monotone and strongly monotone VI, [53] also extends the analysis to non-monotone VI
that satisfies the (strong) Minty condition. Furthermore, they establish the lower bound
complexity for general pth—order method applied to monotone VI, given by (2 (1 / 61’%),
which is achieved by Perseus, the Generalized Optimistic Method [33], [1], and ARE to be
introduced in Chapter 3 of this thesis. Therefore, they are all optimal pth—order methods

for monotone VI.

1.1.3 Stochastic first-order methods

The first-order algorithms for deterministic VI (1.1.1) serve as a basis for the developments
of their stochastic counterparts. These algorithms include the aforementioned projection
method (1.1.4), the proximal method (1.1.5), the extra-gradient method (1.1.6), the opti-
mistic gradient descent ascent (OGDA) method (1.1.7), the mirror-prox method [62], the
extrapolation method [71, 68], and the methods generated from the extra-point approach
(see Chapter 2).

In this section, we shall focus on the developments of algorithms for stochastic VI, start-
ing with a paper of Jiang and Xu [32], where the authors propose a stochastic projection
method for solving strongly monotone and Lipschitz continuous VI problems and present
an almost-sure convergence result. Koshal et al. [42] propose iterative Tikhonov regulariza-
tion method and iterative proximal point method and show almost-sure convergence for the
monotone and Lipschitz continuous VI problems. Both methods solve a strongly monotone
VI subproblem at each iteration. Yousefian et al. [105] further introduce local smoothing
technique to the above-mentioned regularized methods to account for non-Lipschitz map-
pings and show almost-sure convergence. A survey on these methods, as well as applications
and the theory behind stochastic VI can be found in Shanbhag [89].

Juditsky et al. [35] are among the first to show an iteration complexity bound for stochastic
VI algorithms. They extend the mirror-prox method [62] to stochastic settings and prove an
optimal iteration complexity bound for monotone VI: (9(6%), or O (%) when the variance can
be controlled small enough. Yousefian et al. [106] further extend the stochastic mirror-prox
method with a more general step size choice and show an O (6%) iteration complexity, where
they also show an (’)(%) complexity for the stochastic extra-gradient method for solving
strongly monotone VI problems. Yousefian et al. [107] use randomized smoothing technique
for non-Lipschitz mapping and show an O ( 6%) iteration complexity. Chen et al. [10] consider
a specific class of VI model: a mapping that consists of a Lipschitz continuous and monotone

operator, a Lipschitz continuous gradient mapping of a convex function, and a subgradient



mapping of a simple convex function. They propose a method that combines Nesterov’s
acceleration [66] with the stochastic mirror-prox method to exploit this special structure,

resulting in an optimal iteration complexity for such class of problem: O (6%), or O (%) when

the variance can be controlled small enough, or O (\/g) when the operator consists only
of gradient/subgradient mappings from some convex function. Kannan and Shanbhag [36]
analyze a general variant of extra-gradient method (which uses general distance-generating
functions) and show that under a slightly weaker assumptions than the strong monotonicity,

the optimal O (1) iteration bound still holds. Kotsalis et al. [43] extend the OGDA method

to strongly monotone stochastic VI with iteration complexity O ( max "—22, klnlt).
nee €

There have been developments for variance-reduction-based methods in recent years.

Jalilzadeh and Shanbhag [31] extend the method [71] for deterministic strongly monotone
VI to stochastic VI and show that with variance reduction the optimal iteration complexity
O(k1In(1/€)) can be achieved, together with a total sample complexity of O (e%) for some
constant S > 1. With this method as a subroutine, they also propose a variance-reduced
proximal point method with iteration complexity O (% In (%)) and sample complexity

(’)(EH%QB) for some constants «,5 > 1. Iusem et al. [29] propose a variance-reduced
extra-gradient-based method for monotone VI and show O (%) iteration complexity and
(@) (%) sample complexity. They further extend the method [30] by incorporating line-search
for unknown Lipschitz constant, while preserving similar bounds. Palaniappan and Bach
[74] propose variance-reduced stochastic forward-backward methods based on (accelerated)
stochastic gradient descent methods in optimization and show O(k1In(1/€)) iteration com-
plexity. In another line of research aiming to model multistage stochastic VI (as compared
to the single-stage VI considered in this paper and most of the afore-mentioned literature),
the dynamics between the actions and the arrival of future information play a central role.
For the details regarding multistage stochastic VI, the reader is referred to [84, 83] and
the references therein. The stochastic oracle may be man-made. For instance, the tech-
nique of randomized smoothing has been applied in the so-called zeroth-order methods (i.e.
derivative-free methods), refer to [72, 87, 17, 88] or the survey [46] in the context of opti-
mization and [99, 101, 54, 85, 56] in the context of minimax saddle-point problems. Note
that the optimal sample complexity O (6%) for zeroth-order convex optimization has been
established in [17, 88], where d is the problem dimension. On the other hand, similar lower

bounds for minimax saddle-point problems have not yet been established, as far as we know.



1.1.4 Finite-sum optimization and VI problems

In machine learning research, a common optimization problem is the so-called finite-sum

optimization:

reX

(1.1.9) min g(z) := Zgi(:ﬁ),
i=1

where the objective is the sum of finitely many (convex) loss functions. When the total
number of functions is large, it can be costly for a deterministic gradient method to evaluate
the gradients of all the functions in each iteration. A conventional way for solving the finite-
sum model (1.1.9) is through stochastic gradient descent (SGD), where in each iteration only
one or a mini-batch of functions are randomly chosen and the corresponding gradients are
estimated. While SGD may improve the overall gradient complexity over the deterministic
methods, the iteration complexity to obtain an e-solution is only O (%) even if each of the
function g;(z) is strongly convex and smooth. In order to further improve the gradient
and iteration complexity, variance reduced algorithms such as SAG [86], SAGA [13], SVRG
[34] have been developed to achieve the gradient complexity O ( (m + % log% , assuming
each function g;(x) is strongly convex with modulus g > 0 and its gradient is Lipschitz
continuous with constant L > u. Recently, accelerated variance reduced algorithms such as
Katyusha [3] and SSNM [109] are proposed to achieve an even better gradient complexity
O ((m + mTL) log %), which matches the lower bound established in [45], hence optimal.

A specific branch in machine learning which has received much attention in recent years is
training Generative Adversarial Network (GAN) [22]. Different from an optimization model
(1.1.9), training a GAN can be formulated as a minimax saddle point problem:

1.1.10 i .
( ) min max f(z,y)

When f(-,y) is convex for fixed y € Y and f(z,-) is concave for fixed z € X and X,
are closed convex sets, (1.1.10) can be reformulated into the VI model (1.1.1). Since GAN
is known to be very difficult to train and the conventional (stochastic) gradient methods
applied for deep learning do not perform well in practice, there has been a surge of interest

in developing efficient gradient methods in the context of either saddle point problem or VI
[11, 57, 49, 21, 26]. It is also natural to consider the finite-sum VI where F(z) = i Fi(x)
and develop variance reduced algorithms applying techniques from finite-sum oi;tlimiza—
tion. The authors in [2] incorporated such variance reduced techniques into various VI
algorithms and established the gradient complexity O (m + @) for monotone VI and

@ <(m + @) log %) for strongly monotone VI, where each operator Fj(z) is (strongly)
monotone with modulus p (>) > 0 and Lipschitz continuous with L > p. On the other hand,



a lower gradient complexity bound has also been established in [100] with € (m + %) for
. L 1

convex-concave saddle point problem and 2 ((m + ﬁ> log E) for strongly-convex-strongly-

concave saddle point problem. Unlike the accelerated variance reduced algorithms in op-

timization [3, 109] which have been proven to be optimal, there is still a gap between the

upper and lower gradient complexity bounds for finite-sum VI. It remains an open problem

to determine where the optimal gradient complexity bound actually lands.

1.2 Overview and Organization

In Chapter 2, we propose an extra-point approach, which is used as a general iterative
procedure to guide the developments of optimal first-order algorithms. To illustrate the idea,
we present three different schemes whose forms follow the general extra-point approach,
for solving strongly monotone VI, strongly monotone VI in combination with monotone
gradient mapping, and strongly convex optimization. Iteration complexity analysis shows

that these schemes are optimal within respective problem classes.

In Chapter 3, we propose a unifying framework for general pt-order methods in VI, which
we call Approximation-based Regularized Extra-gradient method (ARE). We first conduct
iteration complexity analysis for global convergence for both monotone and strongly mono-
tone VI, and we further show that local superlinear convergence of order p can be established
for strongly monotone VI with a modified ARE algorithm that retains the previous global
convergence guarantee. Discussions are further extended to solving high-order VI subprob-
lems in ARE iterations with special instances of approximation operators, as well as exam-
ples of structured ARE schemes when the operator is of the composite form, F' = H + G,
or more generally F' = H - G.

In Chapter 4, we study stochastic methods for VI. We consider the stochastic approximation
approach and propose stochastic extensions of two new first-order algorithms, the stochastic
extra-point scheme and the stochastic extra-momentum scheme. We show that they both
achieve the optimal iteration complexity O (/1 In %) with additional stochastic error terms,
or O (max {f@ln %, 5722}) if we reduce the stochastic errors simultaneously throughout the
iterations. We then introduce a stochastic black-box saddle-point problem as a specific ap-

plication to stochastic VI and present the sample complexity results the proposed methods.

In Chapter 5, we develop stochastic variance reduced algorithms for VI problems with finite-
sum general vector mappings and finite-sum gradient mappings. There are two algorithms,
SAVREP and SAVREP-m, proposed for strongly monotone VI and monotone VI respec-

tively, sharing the common high-level structures with different treatments in both specific



implementation and gradient complexity analysis. We demonstrate the applications of such
finite-sum VI structure for solving finite-sum convex optimization with finite-sum inequality

constraints, with an extension to the black-box setting.

In Chapter 6, we research on non-monotone VI. The discussion starts with non-monotone
VI with Minty solution, where we first provide formal definitions of the solution concepts
and merit functions that are relevant to the discussion in this chapter. Then the conver-
gence of ARE is established, followed by discussions on implications of Minty solutions in
optimization and Nash games. Finally, we explore algorithm-based sufficient conditions and
establish convergence of gradient-projection method and extra-gradient method under these

conditions.



Chapter 2

Optimal First-Order Schemes for
VI Problems and Convex
Optimization: an Extra-Point

Approach

In this chapter, we propose an extra-point approach for constructing flexibly trainable
optimal first-order schemes for a given VI and/or optimization problem class. As opposed
to the main iterates whose convergence is of concern, the extra points form additional
sequences generated to improve the convergence of the main iterates. To illustrate the idea,
we present three such solution schemes of first-order algorithms for strongly monotone VI,
strongly monotone VI in combination with monotone gradient mapping, and strongly convex
optimization, respectively. In the proposed schemes, the main iterates and extra points
are generated within the scope where the lower bounds on the iteration complexity ([66,
108]) take effect. While these schemes follow the general extra-point approach, the specific
updating procedures leverage on the search directions suggested by the well-established
accelerated first-order methods, such as OGDA, the heavy-ball method, the extra-gradient
method, and Nesterov’s acceleration. This demonstrates concrete ways to develop first-
order methods which not only match the lower complexity bounds (hence optimal) but also
introduce flexibilities allowing performance improvement and enhancement tailored for each

problem class at hand.
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2.1 Introduction

2.1.1 Problem of interest

In this chapter, we propose to use an extra-point approach to develop general optimal first-
order algorithmic schemes. To illustrate the idea, we specifically discuss three different
problem classes, which we shall briefly introduce here to set the stage. The more in-depth
discussions for each problem class are presented in Sections 2.3, 2.4, and 2.5 respectively,

where the detailed update procedures of the schemes are also formally introduced.

The first problem class of interest is the variational inequality (VI) problem. Since in this
chapter, the discussions are conducted for different problems classes rather than limited to
just VI, we present the problem formulation here once again for the sake of clear comparisons
and referencing. Given a constraint set Z C R” and a mapping F' : R” — R", find z* € Z
such that

(2.1.1) F(z)"(z—2%)>0, Vze2Z.

In this chapter, we consider the VI model (2.1.1) where Z is a closed convex set. Moreover,
throughout this chapter we assume the strong monotonicity (1.1.2) and Lipschitz continu-
ity (1.1.3) of F. With the different notation of variables used in this chapter, they are

summarized as follows once again:

(2.1.2) (F(z2) — F(z'))T (z—2) > pllz — 2|3, V2,2 € Z,
for some p > 0, and

(2.1.3) |F(z) — F(2")|| < Lz = 2|, V2,2 € Z,

for some L > pu > 0.

The second problem class of interest is an extended class of VI (2.1.1) where the mapping
F can be expressed as the sum of a general vector mapping H(z) and a gradient mapping
Vy(z):

(2.1.4) F(z):= H(z) 4+ Vg(z).

This problem is studied in [10] in the stochastic setting when H(z) is monotone and g(z) is
convex. The presence of the gradient mapping Vg(z) enables a more accurate estimation on
the overall continuity of F'(z), and the authors of [10] show that the proposed accelerated
mirror-prox method can solve this problem faster than optimal approaches developed for

general VI (2.1.1) and in fact meets the lower bound (see Section 2.4). In this chapter, we

11



focus on the deterministic problem and extend the study to the case when H(z) is strongly

monotone (2.1.2).

The last problem class of interest is the optimization model:

(2.1.5) 5»1512161 f(z),

where the first-order optimality condition given f is smooth, convex, and X is a convex set:
Vi) (x—2*)>0, VzeX

has the same formulation as (2.1.1) when F' is a gradient mapping. Therefore, it is also
known as one of the most important applications of VI (and also a special case of (2.1.4)
when H(z) = 0). However, with the special structure in optimization, the algorithms are in
general faster than those designed for the previous two classes of problems. In this chapter,
we assume that X := R”, i.e. the problem is unconstrained, and f(x) is strongly convex

with modulus p and the gradient Lipschitz continuous with constant L.

In the rest of this chapter, we often use z to denote the variables in the VI-related con-
text, while using x to denote the variables in the optimization-related context, in order
to differentiate between the two different problem classes. Also denote k := % > 1 and
o:= 4 =1 < 1. Parameter x is also known as the condition number of problems (2.1.1),

L
(2.1.4), and (2.1.5).

2.1.2 The lower iteration complexity bounds

Given a precision € > 0, while the upper-bound analysis for an algorithm is concerned
with the worst-case iteration complexity required to reach an e-solution (formally defined
for different problem classes in later discussion), the research in lower-bound analysis of a
problem class is concerned with the best iteration complexity bound that can be achieved
within a class of algorithms. The classic reference on the information-theoretic results
for lower iteration complexity bounds is Nemirovski and Yudin [63]. In Nemirovski [64],
the lower complexity bound for convex quadratic optimization is established. Discussions
on the iteration complexity lower bounds for general convex optimization €(1/4/€) and for
strongly convex optimization ©(y/kIn(1/€)) can be found in Nesterov’s monograph [66]. The
most recent development regarding the iteration complexity lower bound for optimization is
in [15], where the authors establish an exact lower bound for strongly convex optimization,
in the sense that it is achieved up to a constant by ITEM [93].

Recently, in Zhang et al. [108] the authors consider strongly-convex-strongly-concave saddle

point problems, and show that there exists a class of problems in such a way that no first-

12



order algorithm can find an e-solution in less than

L L2 L 1
Qly/—+—2L+~ I <>
Ha  Hafly  Hy €

iterations. Since the strongly-convex-strongly-concave saddle point problem is a special

class of strongly monotone VI with L, = L, = L,, = L and p, = py = u, the above lower
bound can be regarded as a lower bound result for general strongly monotone VI problems,
given by (ﬁ In (%)) This is in sharp contrast to the case of strongly convex optimization,
where the lower bound for the iteration complexity is €2 (\/Eln (%)) For an extended class
of VI given in the form (2.1.4), the lower complexity bounds can be derived by combining
the results from VI and optimization. We shall postpone a detailed discussion until Section

2.4; see also the discussions in [10].

2.1.3 An extra-point approach to optimal first-order algorithms

In the development of the lower bounds [66, 108], the class of algorithms is restricted to
the so-called first-order methods; that is, the subspace formed by all past iterates and the
vectors formed by their first-order information (gradient for optimization and general vector
mapping for VI). The algebraic manipulations among these information are therefore affine
linear, including proximal mappings. An algorithm within this class is said to be optimal if
its iteration complexity matches the order of magnitude of the lower bound. However, it is
in general difficult to determine certain forms of first-order methods, or more importantly,
optimal first-order methods, given the aforementioned broadly defined class of first-order
algorithms. In this chapter, we aim to provide general guidelines for developing optimal
first-order methods within this class. We introduce the concept of extra points, which plays
a key role in our framework. The proposed general iterative procedure based on this concept

is described as follows, which we shall refer to as the extra-point approach:
Step 1 Obtain first-order information of a subset of the current main iterate sequence and
the extra-point sequences.

Step 2 Perform linear manipulations on a subset of the current sequences and the first-

order information obtained in Step 1 to generate search directions.

Step 3 Update the main iterates and the extra points with the search directions obtained

in Step 2.

A few remarks are in order here to clarify the above extra-point approach. First, we

classify the sequences generated throughout the algorithm into two groups: the main iterate
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sequence and the extra-point sequences. The main iterate sequence (or simply the main
iterates henceforth) consists of iterates whose convergence to the solution set is of main
concern, and the iteration complexity of an algorithm is determined by the number of
iterations required when the main iterates converge to an e-solution. On the other hand,
the extra-point sequences (or simply the extra points henceforth) are the iterates generated
to take part in the update of the main-iterate sequence, which often play an important role in
achieving optimal iteration complexity. While the extra-point sequences may also converge,
it is in general not of concern in the analysis. Secondly, the search directions play a central
role in updating the sequences. They are often obtained by affine linear combinations of
the main iterates, the extra points, and the first-order information thereof. One of the most
commonly used search directions is the gradient descent direction, which is the negation of
the gradient of the current main iterate. On the other hand, using search directions involving
extra points are often shown to be critical in the design of optimal algorithms, which we
shall elaborate with more details in the later sections. Note that the update of certain extra
points may only involve linear combinations of the extra points and the main iterates (such
as certain convex combinations or extrapolations), while others may involve using search
directions. In contrast, the updates of the main iterates usually rely on using (multiple)
search directions. The above described characteristics of the extra-point approach provide a
general guideline for developing (optimal) first-order algorithms within the broadly defined
class where the lower bound results are effective [66, 108]. In this chapter, we show that the
extra-point approach can in fact lead us to construct optimal algorithms for VI and convex
optimization, while maintaining a great deal of (yet manageable) flexibilities suitable for
potential parameter-tuning and structure-learning, which is critically important for the
success of any first-order algorithm. We present three such case studies in Sections 2.3, 2.4
and 2.5.

2.1.4 Accelerated first-order methods

In this section we introduce the main constituents of the exemplifying schemes which will
be discussed in later sections. In particular, they use extra points and search directions sug-
gested by some existing accelerated first-order algorithms. In 1983 [65], Nesterov proposed
an algorithm for convex optimization with the iteration complexity O(1/4/€) to reach an
e-solution, known as “Nesterov’s accelerated method”. Since Nesterov’s accelerated method
matches the order of the lower bound for smooth convex optimization, it is also known as an
optimal algorithm. The term “acceleration” is then used in contrast of the vanilla gradient
descent method, which only yields a suboptimal iteration complexity O(1/¢). In the context

of strongly convex optimization, Nesterov’s method can be modified to yield the optimal
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O(vk1n(1/e€)) iteration complexity [66]. There has been an intensive recent research ef-
fort on the subject; see the recent monograph [12] for a comprehensive survey. We devote
Section 2.5 to a technical discussion on the subject in the context of optimization. At this
point, we shall mention another accelerated method that predates Nesterov’s acceleration,
which leverages on the so-called momentum of the dynamics in the gradient fields. The
method was introduced by Polyak in 1964 [78] and is commonly known by the name of the
“heavy-ball” method, which can be shown to yield an iteration complexity O(y/kIn(1/¢))

for minimizing a strongly convex quadratic objective function.

On the side of algorithmic design for VI, classical methods include the projection algorithm
by Sibony [90], the proximal point method as proposed by Martinet [55] and popularized
by Rockafeller [82], and the matrix splitting method of Tseng [96]. In this section we shall
focus on the methods involving projection of iterates onto the feasible set. In the context
of strongly monotone VI, vanilla projection method yields a suboptimal complexity bound
of O(k%*In(1/¢)), and the “accelerated” methods include the following developments. The
so-called extra-gradient method was proposed by Korpelevich in 1976 [41] for the saddle
point problems, which was shown to be linearly convergent for strongly monotone VI by
Tseng in [96]. The optimistic gradient descent ascent (OGDA) method was proposed by
Popov in 1980 [79]. That method has a close relation with the so-called momentum-based
methods, and we shall come back to this point later. The complexity of OGDA was studied
by Mokhtari et al. in [59] for convex-concave saddle point problem and by Palaniappan
and Bach [74] and Mokhtari et al. [58] for strongly monotone VI. Nesterov proposed a
dual-extrapolation method for monotone VI [68] and for strongly monotone VI [71]. The
above mentioned extra-gradient method, OGDA, and dual-extrapolation method achieve
an iteration complexity of O(k1In(1/€)). Noting that the minimax saddle point model can
be formulated as VI, in view of the lower bound established in Zhang et al. [108] those
algorithms all have reached the lower bound. Therefore, they are all optimal algorithms for

solving strongly monotone VI.

2.2 Acceleration with Extra Points

2.2.1 Vanilla gradient projection and the extra-gradient method

In this section we shall conduct an analysis revealing the mechanism leading to various phe-
nomena of acceleration; i.e., incorporating extra points when updating the main iterates.
While the exact mechanism in VI and optimization can be quite different, they arguably

share similar underlying ideas, which motivate the proposed extra-point approach and the
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specialized forms adopted in the exemplifying schemes. We shall focus our discussion on
strongly monotone VI in this section, while leaving the discussion of strongly convex opti-

mization to Section 2.5.
Let us first introduce the projection operator Pz(-)
(2.2.6) Pz(z) = arg min ||z — 2/||?
Z'eZ
and its first-order optimality condition:
(Ps(z) - 2,7 — P2(2)) 20, V€ Z,
which we will use throughout the analysis in this paper.
The vanilla projection method updates the main iterates as follows:
S py (zk - aF(zk)) C k=0,1,2,...

The first-order optimality condition is given by:

(FH — (2F —aF (%), 2z — 2y >0, Vze Z.
Take z = z* and rearrange the terms:
1 * * *
5 (12571 = 2502 4 40— 22 = f12F = 2)7) < alP(ah), 2 = 24
a(F (%) = F(2%), 2" = 25 4 (F(2%), 2" = M) < a(F(2F) = F(2%), 25 = 251
= a(F(zF) = F(z), 2" = 2 + a(F(2F) — F(2¥), 2% — 2k

< —apllf =2 a2t - 2|1 2R
1 1
< 3 (=2ap+ ®L?) ||2F — 2*|* + ink“ —2F)2.
We then get

=4
sz-l,-l . Z*||2 < (1 i 20[#_}_ 042L2)||Zk . Z*||2 :L2 (1 _ 0'2)”zk _ z*HQ,

Note that the term a(F(z%) — F(z*), 2* — z¥) would guarantee a linear rate 1 — o if there

were no o?||F(zF) — F(2*)|? term. The presence of the latter term causes a smaller step

o

size of a = 73, leading to a reduction rate of 1 — o2

The idea behind the extra-gradient method is to introduce an extra-point sequence {z¥+0-5}

to evaluate the gradient so as to avoid dealing with the latter term as such. The extra-

gradient method proceeds as follows:

{ 05— pg (zk — OéF(Zk)) J

2.2.7
( ) A = Pz (2P —aF(2F0%)) . k=0,1,2,..
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k+0.5

The optimality condition of z is given by:

(ZFH05 _ (F — aF(2F)),z — 21095y >0, Vvze Z,
which can be equivalently written as

1
(aF (), 2 = #8405) 2 = ([[25405 — 2|2 4+ 29405 22 — 2 = 42) w2 e 2.
2
(2.2.8)

On the other hand, the optimality condition of z¥*1

is given by:
<Zk+1 _ (zk _ aF(Zk+O'5)),Z _ Zk+1> >0, Vze Z,
which results in
(aF(zk+0'5),Z _ Zlc+1> >

(2.2.9)

(NhF = 252 4 2540 = 2P — ||z = 25)2), vze 2.

N

Continuing from (2.2.9), it follows that

1
- (sz-i-l o ZkH2 + sz-H _ ZH2 . HZ _ ZkH2> < (aF(zk+0’5),z _ Zk+l>

— < (zk-i-O 5),Z Zk+0.5> + <aF(Zk+O.5) zk+0.5 o Zk+1>

)

_ < ( k+0.5 k+0.5> + a<F(zk’+0.5) - F(Zk),zk+0'5 o Zk+1>

); 2
+a(F( k)7zk’+05 k+1>
); %

< < ( k+0.5 Zk+0.5> + aHF(ZkJrO.E)) _ F(Zk)HszJrO.EJ _ ZkJrlH

—|—Oz<F(Zk)7Zk+O'5 _ Zk+1>

2
1

< <04F(zk+0'5),z . Zk+0'5> + %HF(ZIH-O.S) _ F(Zk)HQ + 5”Zk:—i-O.S o Zk+1H2

—1—04<F(Zk),zk+0'5 _ Zk+1>

L2 1

< <OéF(Zk+O'5),Z . Zk+0.5> + Tsz+0.5 . Zk||2 + 5”ZkJrO.S o zk+1H2

+04<F(Zk),zk+0'5 - Zk+1>.

We shall use (2.2.8) with z = zF*! to bound the last term of the above inequality. By

cancelling out terms, we get:
sz+1 _ ZH2 _ sz _ ZH2 < 2&(F(Zk+0'5),2’ _ Zk+0.5> + (a2L2 _ 1)sz+0.5 _ Zk||2,
which holds for all z € Z. Substituting in z = z* and noting that

<F(Zk+0'5),z* _ Zk+0.5> _ <F(zk+0.5) o F(Z*),Z* _ zk+0.5> + (F(Z*>,Z* . Zk+0.5>

< <F(Zk+0.5) _ F(Z*),Z* o Zk+0.5> < _Msz+O.5 _ Z*”2
< =Bl = 2P pl 0 -
(2.2.10)
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we obtain

12 =22 < (L= ap)llet = 2P+ (012 4 2ap — 1)]|2F - 002

We can see that by introducing an extra-gradient step of F(2+99), the upper bound esti-

Zk+0.5H2

mate from the Lipschitz constant L is now absorbed to the term ||z* — instead of

k — 2*||? in vanilla projection method, which allows the extra-gradient method to take a

L
4L’

Iz

more aggressive step size o = leading to an improved reduction rate 1 — Q(o).

2.2.2 Other accelerated first-order methods

We introduce other accelerated first-order methods whose search directions and/or extra
points will be adopted by the exemplifying schemes to follow. The detailed analysis is
omitted here. The first method (OGDA) is used to solve general monotone VI, while
the other two methods (Nesterov’s acceleration and heavy-ball method) are for convex

optimization.

The optimistic gradient descent ascent (OGDA) method

Unlike extra-gradient method, which updates iterate k with the mapping at z*+05  the
OGDA method updates with an extrapolated mapping direction:

(2.2.11) Py <zk —aF(*) -7 (F(zk) - F(zk’l))) .

1

For parameter choices a = 5 and 7=

Tto+» OGDA yields a linear convergence:

12% = 2*||* < 2(1 + o) F||2" — "I,
For interested readers, we refer the proof to [74, 58]. Note that the term F(z%) — F(z*F~1)
is known as the optimism, initially proposed by Popov [79].

The heavy-ball method

The heavy-ball method proposed in [78] was designed to solve strongly convex optimization

min f(z) with the update rule:
x

S O 4 o VL - /i S|
(2.2.12) (ﬁ+\/ﬁ)2vf( )+<\E+\/ﬁ>( ).
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The heavy-ball method is known to have an improved rate of convergence as compared to

the regular gradient method (see [78]), if f is a strongly convex quadratic function. In
particular, we have

ahtl — gpx 1—+/o k xk — x*
2.2.13 <C. 1) .
| ) ||<xk_x*>|_ <1+ﬁ+ k) k=l — g

where C is a constant independent of ¢ and klirn 0 = 0.
— 00

)

Nesterov’s method

Nesterov’s accelerated gradient method for strongly convex optimization min f(z) can be
x
stated as follows [66]:

af = 2P 4 B2k — 2F Y — aV (@b + BaF — 2P,

where a = % and f = g;‘/fi Note that the above updating formula is for strongly

convex minimization. (If the function is merely convex, we then let 5 be depending on the
iteration count k: [ = %) Nesterov’s method for strongly convex minimization has a

linear convergence rate as follows:

fa®) = fa*) <200 = Vo)* (f(2) — f(2")) .

2.2.3 The extra-point formulations

Observe that in Section 2.2.2; the updating rules for the three methods follow a similar logic.
In general, the updating formula can be expressed as generating an extra-point sequence
{xF*+0:5) first, which is used in the update of the main iterate sequence {z*}. For OGDA,

if we assume Z = R" and F'(-) is linear, then the updates can be written as:

I I 1 )]
L =k g (05,

The heavy-ball method is in the form:

xk+0.5 — a:k —l—ﬂ(mk _ij—l)’
:Ck+1 — xk+0.5 _ onf(xk).

Nesterov’s accelerated method is in the form:

Zh 05 = gk 4 B(gk — k1Y,
ghtl = gFH05 oy f(gh 05y,
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Obviously, the exact way how these extra points are combined and how the main iterates
are updated (i.e. the parameter choices) could largely vary from one to another depending
on the specific problem classes under consideration. However, the common underlying idea
is clear: that is, to generate extra-point sequences other than the main iterate sequence
that take part in the update of the latter in certain ways. While the convergence of the
extra-point sequences may not be the main concern, the accelerated convergence rate of
the main iterate sequences is eventually achieved with the presence of these extra points.
This idea is therefore extracted as the guiding principle in the design of our newly proposed

extra-point schemes, which we shall put forward in the next three sections.

2.3 An Extra-Point Approach to General Strongly Monotone
VI Problems

Our proposed extra-point scheme for solving the strongly monotone VI model (2.1.1) is

based on the following updating formula:

Zk+0.5 = P Zk 4 5(214 _ Zk—l) _ F(zk) 7
(2.3.14) { o - Pj Ezk _ aF(szrO.E)) + ,y(nzk _ zk)l) 7 (F(Zk) . F(zkil)))

for k=0,1,2,... and 27! := 2V.

Similar to the extra-gradient method (2.2.7), the above scheme introduces an extra-point
sequence {25799} to help with the update of the main iterate sequence {z*}. Furthermore,
it adopts additional search directions from other accelerated first-order methods in the

k+0.5 k+1 In order for these search directions to collaborate such that the

update of z and z
optimal iteration complexity is guaranteed, the scheme (2.3.14) requires five nonnegative
parameters to operate with: «, 8,7, 7,7, where o and 7 can be related to gradient/extra-
gradient search directions; 5 and 7 can be related to Nesterov’s acceleration/heavy-ball

search directions; 7 can be related to optimism.

While the proposed (2.3.14) is merely one of the many possible specific forms that an extra-
point approach can take for solving strongly monotone VI, it is already flexible enough
to be considered as a more general scheme than some existing accelerated methods. By
taking specific parameter configurations, (2.3.14) will reduce to simpler forms, where the
dynamics are summarized in Table 2.1. Note that we have omitted the projection operator
(or Z := R"™) for clearer comparison. While the particular methods in Table 2.1 are all
optimal in solving certain problem classes, we shall show in the rest of this section that
the proposed scheme (2.3.14) is also optimal if the parameters are within a given range of

configurations.
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H Existing Method H H The Dynamics H

2Rl = 2k qF(2F)

2kl — 2k ozF(zk) + 'y(zk - zkfl)

2R = 2k _aF(2F — nF(2F))

ZkJrl — Zk _ (XF(Zk + B(Zk _ Zk—l)) +,y(zk _ Zkfl)
2Rl = 2k _ aF(2F) — 1(F(2F) — F(zkfl))

vanilla projection

“heavy-ball”

extra gradient

Nesterov’s method
OGDA

+ |+ [+ |+ ][+
ol|l+|o|lo|o||l™
olo|+ ool
o+ ||+ ||
+|o|lo|lo|o|l 3

Table 2.1: Parameters correspondence in different first-order methods

To analyze iteration complexity of scheme 2.3.14, let us first establish the following relation:

Lemma 2.3.1. For the sequences {z*} and {ZF*0°}, k = 0,1,2,... generated from the
scheme (2.3.14), the following inequality holds
(1= rL)l]** =22
< (—ap+dy+2ly =Bl +2rL) " — 25| + 2y + 2y — Bl + 27L) |21 — 7|2
(v = Bl = 1/2)||251 = 25092 4 (202 L2 + 2ap + 2y — 1)|[2H0° - 2F|?
(2.3.15) +2(n — a)F(2F)T (2FFHL — 2AF05),

Proof. We shall show that the following inequality can be established:
20 (F(2FF08) Zk+05 _ oy 1 (1 — 7L) |2 — 22
< (L+27L+ 2y = Bl + 4|12 — 2P + 7L + 2by = B] + 29) |71 - 2|2
+ (= 8- 5 ) 141 = 440512 4 (2022 4 2y = 1) 405 — 42
(2.3.16) +2(ar — ) (F(2F), 28F05 — Zk+1y

then (2.3.15) follows by taking z = z* and bounding the term (F(2F+95), 2k40-5 _ 2%} in the
same way as (2.2.10).

We shall follow a similar logic to the proof for extra-gradient method established in Section

k+0.5

2.2.1. The optimality condition for z is given by:

<2k+0.5 _ (zk _ nF(Zk) + 5(Zk o zkil)),z _ Zk+0.5> >0, VzeZ,
which can be rewritten as the following:

<’I7F(Zk) o B(Zk o zk_l),z _ Zk+0.5>

1
(HZk—i-O.E) . ZkHQ + sz—&-Oﬁ . Z||2 . ||Z . ZkHQ) ’ Vs € Z.

2.3.1 > =
(2.3.17) z 3

k+1

On the other hand, the optimality condition of z is given by:

(2Rt — (zk — aF(F05) oy — Y — 7 [F(zk) - F(zk_l)D =2y >0, Vze z,
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which results in

< ( k+0.5) _ ,y(zk _ Z )+T |:F( k) _ F(zk—l):| 2 — Zk+1>
1

(2.3.18) > (sz+1 R e o zkHQ) , VaeZ.
Continuing from (2.3.18), the next inequalities follow:
1
5 (1548 = 242+ 1241 = 22 — |12 — 411
< <OZF(ZI€+OA5) _ ,V(Zk _ Zk:—l) [ Zk) ( ):| z— Zk+1>
— ()4<F(Zk+0‘5) Z_Zk+0.5>+a< ( k+0. 5) Zk+05 k+1>
ek = Az ) L (P() - P, 2 - )
_ O4<F(Zk+0'5) 5 k+0.5> _ ’Y(Zk _ Zk 172

k+1> <F(zk) ( k_l),z _ zk+1>
+a<F( k+0. 5) F(Zk),ZkJrO'S _ Zk+1> + (a _ T])(F(Zk),ZkJrOS k+1>
(2.3.19) +n(F(2%), 28405 — Jh+ly,

We shall establish the bounds for four terms on the RHS of the above expression (2.3.19).
Firstly,

L ) Bkl kbl kH05) |k kel k05

=y(z" = 2" 2

E k=1 _k+1 _ Zk+0.5> 4 % <sz _ Zlcfl“Z 4 sz+o.5 _ 2”2)

IN
=2
R
|
R
N

<ok Rl R RSy (szfl C 2?4 |05 2 42|k — 2’H2> '
(2.3.20)
Secondly,
r(F(F) = P, 2 = 24
< rIF(EF) - FEEY)) - 2
L
< DX (lF =+ = A R)
L
< T2 (2 - 2P+ 2 = 2+ - ).
(2.3.21)
Thirdly,

a<F(zk+0.5) o F(Zk), Zk+0.5 o zk+1> < aHF(zk-i—O.B) - F(zk)Hsz-i-OB o Zk—f—l”

1
< aLsz—&-Oﬁ o zkHHZk—i-O.B _ Zk+1|| < aQLQHZk—I—O.S _ ZkHQ + 7||zk:+0.5 _ Zk+1||2.

(2.3.22)
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Finally, using (2.3.17) with z = 2F+1:

BE(H), 4405 - )
< _B<Zk o Zk_l,zk+1 _ Zk+0.5>

1
(2'3_23) +§ <szz+1 _ zk:H2 _ sz-‘rO.EJ _ zkH2 _ szz—i-l _ Zk+0.5”2) )

Using (2.3.20)-(2.3.23) in inequality (2.3.19), we get the following relation by cancelling and

combining terms:

1240 = 2)2 = [|2* — 2||* + 20(F(2"109), 24105 — 2)
2y — B)(2F — ZFL HL _ JRF05y 4 kL )2
+(27L + 4y)||2% — 2| + (27L + 29) |25 — 2)?

+(27 + 20207 — 1)) P05 — 2F)12 — }HZkH _ k052

2
+2(Ol o ’I’])<F(Zk), Zk+0.5 . Zk+1>.

IA

We note the following bound:

- v — B -
(7 — B2k — 2h=L ol k05 o 5 (sz e LT Zk+0.5H2>

< |’Y ; /B‘ (2”2143 - ZHQ + QHZk_l _ ZH2 + sz—&-l _ zk+0.5H2> ,

then by rearranging the terms we get (2.3.16). O

We make the following observations based on Lemma 2.3.1:

1. To be able to rectify the bounds and relate only to the quantities [zF+1 — 2*||2,

sz—Z*HQ and ”Zk—l_Z*HQ k+1_zk+0.5H2
and ||z¥+9% — 2¥||2 be non-positive, and let the coefficient of F(2*)T (2F+1 — 2405 be

0.

, we need to let the coefficients of the terms ||z

2. A valid linear reduction requires:

O<7L<au—4y-2y—p|—-27L < 1.

3. The coefficient of ||z¥~! —2*||? need be less than the difference between the coefficients

of |[ZF+1 — 2*||2 and ||2F — 2|2, i.e.

2y + 2|y — Bl +27L < (app — 4y — 2|y — B| — 27L) — L.
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The above three observations lead the relation in Lemma 2.3.1 to take the form
(2.3.24) (1—w)||2" =252 < (1 —s)||2F = 2% |2+ t||zF =22, 0<t<s—u<1l-u.

Dividing both sides by 1 — u, we have

— t
k1 _ 12 < 15— ¢ k%2 k=1 %2
B I () | R e ey
(2.3.25) = (L= a2 bR - 2
with a = =1, b= ﬁ The above bound can then be further transformed as follows:

Lemma 2.3.2. Suppose that (2.3.25) holds. Then, for any v satisfying

d—aZ+4b—(1—a)
2

(2.3.26) b< <v<a,

it holds that

1P =252 4 v)lF = 2P < (1= (@ =) |12 = 2| + v(1 = (a = v))[|2*7 = 2.
Proof. The proof follows immediately from the fact that b < v(1 — (a — v)). O

A specific choice of v can be “T‘H’. This leads to our main convergence result, summarized

in the next theorem.

Theorem 2.3.3. For solving VI model (2.1.1), with the mapping F : R™ — R"™ being
Lipschitz continuous with constant L and strongly monotone with constant u, the sequence
{zF}, k = 0,1,2, ... generated from the scheme (2.3.14) yields a linear convergence as the

following:

124 =22+ wll2® = 22 < (1= (a =) [I2" = 2*|° + v(1 = (@ = 0))||2"7F = 27|,

where
ap—4y =2y — | —37L b_2’y+2h/—,3|+27'L
- 1—7L ’ N 1—7L ’
_ 2 _ _
(2.3.27) (1-a) +24b =9 ),

provided that the parameters «, 3,v,n, T in (2.3.14) satisfy

0 <au—6y—4|y—p| —57L,
Iy —B8l<3,

(2.3.28) 202 L2 + 20 + 27 < 1,
n=a,
o, B,v,n,7>0.
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Proof. The proof follows directly from Lemma 2.3.1 and Lemma 2.3.2. Note that we
omit the constraint suggested by the second observation following Lemma 2.3.1, which is
redundant given the first and third constraint in (2.3.28). O

As an example, we may choose o =17 = ﬁ, B == g, and T = g5 to satisfy (2.3.28).
Then,

p ) Kl w2 Sp Y S TRy S R
—_— — <(1-=t — - —z*|2.
(1- ) IH =22 < ( m) I — 212+ el =

Denote # = o and divide both sides with 1 — &1 We get:

I (e | s
= (1) It =+ it -
< (1- ) [k — 2+ At - .
By fixing v = “T‘H’, and with such choices of parameters, the reduction rate is guaranteed to

be at least 1 — % : (%‘i — é—g) < 1 — 5. The resulting iteration complexity therefore reaches

the optimal order of magnitude O (n In (%)), for finding an e-solution.

Since the scheme (2.3.14) follows the extra-point approach where the lower bound takes
effect [108], this iteration complexity is indeed optimal, the same as OGDA or extra-gradient
method. However, a general scheme such as (2.3.14) allows trainable parameter-tuning
to achieve practical high performance, while maintaining a theoretical optimal iteration
complexity bound. As we shall see in Section 2.6, given the problem at hand, simpler
configurations such as those in Table 2.1 may not always perform the best and can be
outperformed by some non-trivial parameter combinations. This necessitates the flexibility

allowed in the extra-point approach.

2.4 An Extra-Point Approach to a Class of Strongly Mono-
tone VI Problems

In this section, we consider another exemplifying realization of the extra-point approach in
an extended class of VI. The operator F(z) in this class of VI can be explicitly expressed
in the sum of a general vector mapping H(z) and a gradient mapping Vg(z) from a convex

function g(z):
(2.4.29) F(z):= H(z)+ Vg(z),

where we assume H : R" — R” is strongly monotone with modulus p; > 0 and Lipschitz

continuous with constant Lp in Z and Vg(-) : R" — R" is monotone with modulus 4y > 0
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and Lipschitz continuous with constant L, in Z. The presence of the explicit gradient
mapping Vg(-) provides a more accurate estimation on the continuity of the overall operator
F(-), which results in a combined improved iteration complexity as we shall see in the later

analysis.

The original work of analyzing iteration complexity of the type of VI (2.4.29) through an
“accelerated mirror-prox method” is established in [10], where the stochastic setting is also
considered with the operators H(-) and Vg(-) being only monotone. They show that the

overall iteration complexity of the proposed method is

(2.4.30) Ln + &,
€ €
which is optimal for the type of VI (the stochastic component in the result is omitted).
The method combines the mirror-prox method [62] for monotone VI, H(-), with two extra
sequences similar to the Nesterov-type acceleration for convex g(-). We notice that the
accelerated mirror-prox method is also a specific realization of the extra-point approach.
However, as shown in [10], the specialized form is indeed more involved in order to exploit
the special problem structure, i.e. the gradient mapping. In this section, we focus on the
case when H(-) is strongly monotone instead and propose a scheme of extra points that is
similar to the accelerated mirror-prox method in its form but include other search directions
as proposed in (2.3.14). We then show its accelerated iteration complexity compared to

general strongly monotone VI.

The proposed extra-point scheme updates the iterate as follows:

(2.4.31)
yboo= (1-0)F + 62",
M5 = Pz (P 4 PP = M) = (H(F) + Vg(yh))
= P (2R (HHOY) £ ) (e ) (H) - D)),
L = (1= Bk + 64105

for k=0,1,2,... and 27! := 20 =% with o, 8,v,7,7 > 0 and 6 € (0,1).

In the above scheme, two extra-point sequences {y*} and {v*} are introduced in addition to
{2*+05} compared to the previous scheme (2.3.14) proposed for general strongly monotone
VI. The purpose of these sequences is to make explicit use of the improved estimation
on the continuity of the gradient mapping Vg(-) in terms of L,. The analysis consists of
three parts: the first part analyzes the extra-point sequence {z**%%} and the main iterate

sequence {z*}, where the derivations follow similar logic for analyzing general strongly
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monotone VI with operator H(-) 4+ Vg(y*) at each iteration; the second part analyzes the
two extra-point sequences {y*} and {v*}, which helps establish relations in function value
g(+). The final part combines the previous results to determine suitable parameters that

lead to accelerated iteration complexity.

To proceed with the first part of the analysis, let us define a new mapping:
F(z) = H(z) + Vg(y").

By adding a constant mapping Vg(y*), F(-) retains the same properties as H(-) (strong
monotonicity, Lipschitz continuity). This enables us to derive the next inequality following
the similar logic in the proof of Lemma 2.3.1 by replacing F'(z) with F(z), which holds for
all z € Z:

20(H (2*10%) + Vg(y*), 205 — 2) + (1 = 7Lp) || 2" — 2|7
< (L4 2rLy + 2y = Bl + 49125 = 2l* + (2rLa + 21y = B + 29) [ — 2|
4 <|'Y o /8‘ _ ;) sz—i—l _ Zk+0.5”2 + (20&2L% + 27 _ 1)”Zk+0.5 _ zk:HQ
(2.4.32)  +2(a — ) (H(2F) + Vg(yF), 2FH05 — FH1y,

Note that (2.4.32) can be viewed as the inequality preceding (2.3.15), where we have ex-
pressed F (z) explicitly. With the strong monotonicity of H(-),

<H(zk+0'5) + vg<yk>7 Zk+0.5 _ Z)
(H(2) + Vg(yh), 405 = 2) 4 py|24+05 — 52

. [ .
> (H(2)+ Vg(y"), 270 = 2) + THlI2" = 2[” — pon | 25472 — 2|2,

v

Then by introducing the following constraints:
(24.33) a=n h-Bl<y,
together with changes of notations:
u=7Ly, s=oapp—27Ly =2y =Bl -4y, t=2(rLp+|y—-Bl+ ),
we can simplify (2.4.32) into:

20(H(2) + Vg(y*), 2% —2) + (1 = w)[|2** — 2|
(2434 (1 —s8)|12F — 2|2 + |27 — 2| + 2apn + 202LE + 2y — 1)||27T05 — 28|12

which concludes the first part of the analysis.
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In the second part, we shall analyze the effect of {*} and {v*} on the function g(-). This

procedure follows a similar logic to the analysis in [10]. With the Lipschitz continuity of

9(),
G S glyF)+ (Ve v — )+ SR g2
= g + (Vg (1 0t 00407 gy 4 Lo rsns e
= (1-0) (90" + (Va(*), o* o)
£ (s0) + (Ta(5), 0%~y 4 Lo oksos e
2435 £ (- 00h) +0g(e) +OTl), #4002 1 Lo s0s e

2
which holds for all z € Z.

We are now ready to combine the results from the previous parts and derive the final

convergence results. Denote

(2.4.36) Qk(2) := (H(2),0" = 2) + g(v*) — g(2)
as a function of z € R™ at a fixed v*. We have the following:
Quii(z) = (H(2), 0" —2) +g(""") = g(2)

= (1= 0)(H(2),v" = 2) + 0(H(2), "% = 2) + g(v**1) — g(2)

S (L= O)(H(=),0F = 2) + 0(H(2), 2507 )
L,6?
+(1-0) (9(0") = 9(2)) +0(Vg(y), 5707 — 2) 4 22— 505 — K2
= (1=0) [(H(=), 0" = 2) + (") — g(2)]
+6 [<H(z) + vg(yk>7zk+0.5 o Z) + L Qsz—&-O.E) o ZkH2:|
(2.4.34)

< (1-0)Qi(2)

0
o (A= 9llF =21 — @ = wllh*! =22 + 15— 2)?)

0
—2—(1 — 20y, — 20213 — 2y — Ly0a)|| 28105 — k2.
«

Rearranging the terms in the above inequality gives us:
0
Quri(2) + 5 (1= w)]#41 = 2|
0 _
< (1=0)Qu() + 5 (A =9l =2+ 1l = 2)

0
—%(1 —2apuy — 20%L3 — 2y — Ly0a)|z*T05 — 2F|12.
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We observe that the above inequality resembles the intermediate result derived in the pre-
vious section (cf. (2.3.24)) but with the presence of the term Qy(z), which stems from the
extra-point sequences {y*}, {v*} and the resulting bound on the function value g(-). It is
then combined with the bound (2.4.34) derived from the sequences {z*}, {z¥+95}. We shall
push one step forward for the bound on ||z* — z||? by applying the same argument as in

(2.3.25) and Lemma 2.3.2. The following constraints in addition to (2.4.33) are in place:

2aup + 2042L% + 2y + Lyba < 1,
(2.4.37)
t<s—u<1l-—u.

Denote a = f_“
—U

= ﬁ, Lemma 2.3.2 states that the following inequality holds with
a constant v such that (2.3.26) is satisfied (e.g. v = “2):

0 k+1 2 k 2
Quir(2) + 5-(1 = u) (15 = 2| + v]2* — 2|
0 _
< (1=0QuE) + 51— w1 = (=) (I1* = 2 + v] = 2)7)
which by further requiring
(2.4.38) 0<a—-v

gives us

0
Qura(2) + o= (1= w) (|54 = 21 + w2 - 2|?)

20
< (- >[ <>+<1—u>(uzk—zu2+uuzk1—zu2)],
< =0 Qule) + i) (127 = 512 + e = 51P))
(2.4.39) = (1—@)+! |:QQ(Z) + 2(1 —u)(1+v)||2° - zﬂ .

Note that 27! := 20 = v0. The above inequality holds for all z € Z, regardless of the sign of
Qr(z) + %(1 —u) (|2F — 2| + v[|z*~! — 2||?). The next lemma shows that magc@k(z) is a
ze

valid merit function with respect to the VI with the combined mapping (2.4.29). Therefore

the convergence of maéc Qk(z) guarantees us an approximate solution vk.
FAS

Lemma 2.4.1. For {v*} generated by (2.4.31) and Q(z) defined as (2.4.36), we have
maéiQk(z) >0 and mang(z) = 0 if and only if v* solves the VI with F(z) := H(z) +
zE z€

Vy(z).
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Proof. 1t is clear that max Qr(z) > 0, and we shall show the second statement. If
zE
max Qr(z) =0, we have
_ — k_ ky _
0=max@(z) = max (H(z),v"—2)+g(") - g(2)
> max (H(2) + Vg(2),0" — 2),
ze

where the inequality is due to the convexity of g(-). Therefore, we have (H(z)+ Vg(2), z —
v*) > 0 for all z € Z, which implies that v* is a weak solution to the VI with F(2) :=

H(z) 4+ Vg(z). Since we assume F(-) to be continuous, it is also a strong solution, i.e.
(H@W") +Vg(*),z —o*) >0, Vze z.
On the other hand, if v¥ is a (strong) solution to the VI, then
Qu(z) = (H(2),0" = 2) +g(") = g(2) < (H ("), 0" = 2) + (Vg(v*), 0" - 2)
= (H@W") + Vg(h),v* —2) <0, Vze 2z

Therefore, max Qr(z) < 0, which together with the first statement implies max Qr(z) = 0.
S ze
O

Collecting the necessary constraints on the parameters (2.4.33),(2.4.37),(2.4.38), we are now
ready to summarize the convergence result of the proposed scheme (2.4.31) in the following

theorem.

Theorem 2.4.2. For the VI with constraint Z and F(z) := H(z) + Vg(z), the iterates
generated by the scheme (2.4.31) for k = 0,1,2,... satisfy the following inequality with
Qr(z) defined in (2.4.36):
0
max Q(2) < (1 - 6)* max |Qo(2) + —(1 = 7Ly)(1 +v)||2" — 2|*,
z€Z z€Z «

given the following constraints on the parameters o, B,v,n, 7 > 0 and 6 € (0,1) are satisfied:

a=mn |y—B<3

2aup, + 2a2L,2L +2y+ Lo <1

(2.4.40)
57Lp + 4|y — B| + 6y < aup
0+v<a, b (1_a)2—54b_(1_a) <v<a
where
a:a,uh—4’y—2]fy—5|—37'Lh b:2’y+2|’y—ﬂ\+2TLh
1—TLh ’ 1—TLh '
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Finally, we shall provide a specific example of parameter choices that satisfy the constraint

(2.4.40) and demonstrate an explicit iteration complexity. Consider
1 pn o pe 1 Bh 7. T
(@, B,7,m,7) = (4L 64L° 64L° 4L’ 64LLy, ) = Ln+ /Lgtin

b
9:6—Zmin<1/%’;,’£—z>, Z/:a;_ .

While most of the constraints are clearly satisfied, we only verify the ones involving v. Note
that we have a +b > /(1 —a)? 4+ 4b— (1 — a) and

Sphh

I dpn
q — —64L _ _ 64L a_y_a—b_l‘ 6413 >5Mh
T A 2 21— AT qog]
64L 64L 64L

Since L < 2max (Lh, A /Lg,uh), we have a — v > 0. To determine the iteration complexity,

note that 0 1
. Un Pn
- [ EPh (L /T,
a 16 m < [ [h) h Q/ih

and (1 —7Lp)(1+v) = Therefore,

128L

mxQue) < (1= 0 max Qo) + £ (1= rLA ) - 2P

< (1-0) max [Qo(2) + 1120 — 2]

= (1- 0 max [(H(2),2° — 2) + 9(=") — 9(2) + 22120 - 2|?]

< (1= 0) max [(H(=") + Vg(="), 2 = 2) = BH120 — 2]

1
< (=0 g HIHE) + Vo),

where in the third inequality we use the strong monotonicity of H(-) and the convexity of

g(-). The iteration complexity is then given by

(2.4.41) (@) <1 In 1) =0 (max (Lh, Lg) In 1) .
0 e tn\ e €

The scheme (2.4.31) demonstrates a more complicated realization of the extra-point ap-
proach by introducing multiple extra-point sequences, and the result shows that the it-
eration complexity can be improved from O (% In %) (through an optimal method for
solving general strongly monotone VI, e.g. extra-gradient method) to (2.4.41) for solving VI
of the form (2.4.29). While the scheme (2.4.31) is generalized from the procedure proposed
n [10], the authors in [10] considered the monotone case. Alternatively, it is possible to
adopt a restart procedure to transform the results for monotone VI to strongly monotone VI
(cf. [73]). As we have emphasized in the previous section, the presence of other first-order
search directions in the scheme provides the flexibility in searching configurations leading

to better practical performance, as we shall see in Section 2.6.
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2.5 An Extra-Point Approach to Strongly Convex Optimiza-

tion

In this section, we consider another realization of the extra-point approach in the context
of convex optimization. Note that the analysis in the previous section can not be directly
specialized to optimization by taking H(z) = 0, since it relies on the strong monotonicity
of H(-). Moreover, strongly convex optimization is such an important and specially struc-
tured VI class that it deserves a separate treatment. Indeed, it requires a quite different
analysis in optimization in order to match the improved lower bound O (\/Eln %), as com-
pared to O (E In %) for a general strongly monotone VI. In particular, the proposed scheme
uses Nesterov’s accelerated method for optimization as its basic structure, combined with
additional extra points and search directions as we have introduced before. Since Nes-
terov’s accelerated method pioneers most other known accelerated method, it makes sense
for our exemplifying scheme to adopt a similar form but at the same time, take advantage
of the flexibility allowed by the extra-point approach. We start with introducing some more
background on accelerated methods for convex optimization in Section 2.5.1 given the rich
developments in the field. A quick review of the analysis for vanilla gradient descent method
is also presented, which motivates the use of extra points in the proposed scheme that is

formally introduced and analyzed in Section 2.5.2.

2.5.1 Background and preparations

One of the first methods that utilizes the concept of “momentum” may be traced back
to the heavy-ball method (2.2.12) proposed by Polyak in [78]. However, the accelerated
convergence rate 1 — /o is only valid for a quadratic objective function, instead of general
strongly convex function. The first accelerated method for general smooth convex optimiza-
tion is Nesterov’s method proposed in [65], which admits an iteration complexity O(1/4/e).
In [66], Nesterov introduced a variant of the method to solve strongly convex optimization,
with a 1 — /o linear convergence rate. Among its many equivalent forms, perhaps one of

the most well-known form of Nesterov’s method is the following updating formula

ko _ 1k Vo ok
U oy wav Ul

M = (1= Vot + oyt~ LV (YM).
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Choosing initial points appropriately, the above can be further reduced to the following

updating rule:

ko _ Vo k—1
(2.5.43) { o=t pE et e,
X

ML= b= IV (YR,

which is the form that we used in Section 2.2. Both formulas (2.5.42) (2.5.43) are in fact
examples of using extra-point sequences {v¥} and/or {y*} to help update the main iterate

sequence {z¥}.

In recent years, many other accelerated first-order methods have been proposed to achieve
the 1 — /o convergence rate; some of them even have a better constant subsumed in
the big O notation, compared to Nesterov’s method. For example, the geometric descent
method proposed in Bubeck et al. [7] updates some ball that contains the optimal solution z*
throughout the iterations while trying to reduce its radius. The quadratic averaging method
of Drusvyatskiy et al. [16] attempts to maximize the minimum of the convex combination
of two quadratic lower bounds at each iteration, which actually produces the same iterative
sequence as the geometric descent method. The triple momentum method of Van Scoy et

al. [98] has the following general form:

oM = (14 B2t - B —aVf(yh),
vt o= (L)t -yt
P = (14 6)zk — xFh

Although the method itself uses a different parameter choice of «,f3,7,d, such general
form can include heavy-ball method (v = § = 0) and Nesterov’s fixed step size method
(8 =1, 6 =0) as special cases. The information-theoretic exact method (ITEM) is recently

proposed by Taylor and Drori [93], which has a similar form as Nesterov’s method:

_karl = y 1 Vf(y )7
ol = (1 - a&;)vk + O (o — %Vf(yk))

However, different choices of the parameters d;, 7. and different potential function are used
in the analysis. The ITEM achieves the exact lower bound in terms of the measurement
% for a given iteration number N (see Drori and Taylor [15]). The method reduces
to the triple momentum method by taking the parameters dy, 75 the values of their limits,
and it reduces to the optimized gradient method of Kim and Fessler [40] by taking p = 0.
The results in Karimi and Vavasis [37] establish a unified analysis for the conjugate gradient
method and Nesterov’s accelerated method, showing that the progress of both algorithms

can be measured by the decrease of potential functions of the same form. A follow-up
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work by the same authors in [38] further includes the geometric descent in the analysis. In
the recent monograph by d’Aspremont et al. [12], an extensive survey is provided on the

accelerated methods, including both convex and strongly convex optimization.
Consider the following optimization model:

(2.5.44) ;relﬂlg f(x),

where f(z) is strongly convex with modulus p and Vf(x) is Lipschitz continuous with

constant L. Therefore,
L
f@) + Vi) (y—x)+ %Ily — 2l < fly) < fl@) + V(@) (y—2) + Sl ==l vay.

Recall that o = £ and x = % The vanilla gradient descent method with fixed step size has
the following update:
1
PRk sz(w’“)-

We have
flh) < f@) + VFEH) T = ak) + F M - ab)?
= f(z") = ZIIVFE@O)IP + 5 IV (h)]?
= f(z") - gLIIVf(x'“)H2
< fl@) = VI (@ = ab) = Glla = o) = 5 [V ()%,
for any =x.

Substitute z* and z* for z in the above inequality, we get:

F@ ) < f@®) = oIV A2,

F@) < fa*) = V(@) (@ = %) = Glla* = 2¥|* = g [V f(=M)]%.
Summing up the two inequalities with the first one multiplied by 1 — 8 and the second one

multiplied by 6, we get:

(2.5.45)
Fah ) = fa)
< (L= O)(f(ah) — F() + OV () (2F — a%) — 8 la* — 2|2 = ||V F ()]
< (L= O)(f@h) - f@) + LIVFER)2 - LIV H)]?
<t
< (1= 0)(f@") - F(a")

In the second inequality, the following bound is used:
uo . 0
OVFEh) (@ —at) = et = | < ﬂllvf(xk)\\z-

Since 0 < % = o, the per-iteration convergence rate is 1 — o, giving an iteration complexity
x1n(1/€) in order to get f(2*) — f(x*) <, i.e. an e-solution.
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2.5.2 An extra-point scheme

As shown in (2.5.45), directly bounding the term

uo

1
Mok w2 & k(12
Al e A e]

(2.5.46) OV f ()T (2% — %) — 5

requires 6 to be small enough, in particular, in the order of . This restricts the convergence
rate to be 1 — o instead of the optimal 1 —+/o. This explains the limitation of using a single
main iterate sequence to guide the algorithm, which motivates introducing extra points and
additional search directions to help the update of the main iterates. In addition, instead
of just taking f(2*) — f(x*) as our measurement of the progress of the algorithm, we shall

construct a potential function from an extra sequence of points {vk }:
F@®) = f(a*) + C|lo* — 27|

for some constant C, specifically to help cancel out the terms similar to those in (2.5.46)

instead of directly bounding them.

Let us now consider the following iterative procedure

pk = lek + ngk
yb satisfies VF(yF)T (08 —y*) <0
(2.5.47) P = y* — IV f(y*)
g = P GVF(ER) — (V) = V) + B - )
vktl = wiv? + woyk — w3V F(yF),

where v, v, o, 8,1, 7, and w1, ws, w3 are some positive parameters. As examples, y* may
be taken simply as p¥, or perhaps y* := pF — %V f (pk) among other choices. While the main
structure in the scheme (2.5.47) and the following analysis resemble the logic in Nesterov’s
accelerated method, it also introduces additional extra-point sequences {y*} and {z*} as
well as other first-order search directions, as we have seen in the previous sections, so as to

further take advantage of the flexibility under the general extra-point approach.

To see how the extra points work in procedure (2.5.47), consider the following analysis.

First, we have:

FE) < FF) + VEGN T )+ e g2

2
o a2
< @) = VI @ - yh) = Gl =M = SYAEHTVIE + IV
(2548) 7 (VIGNTVIE) ~IVFGHI?) - %HW@’“)H?,

35



for any x € R™. At the same time, let us set 0 < 1 < 1, and we derive

ViGNV = ViGN T (VIWN + VIR - ViEh))
> VAN = IV - LI = o)

(2.5.49) = 1=V
and
VSR < (IVFAI+ 1978 - i)
< (1971 + Ll - 1)

(2.5.50) L+ 2V

Summing up (2.5.49) and (2.5.50), it follows from (2.5.48) that

F@) < f@) = VN @ =) = Slle = o)
2a(1—n) = (1+n)*a® +2n(8 — 1)

(2.5.51) V£ ()17

2L

ES

Taking = z* and = = z* respectively, where z* is the minimizer of f, we have

FE) < f@) = VI TR = ob) = Bllah = P

20(1 =) = (1 +n)*a® +2n(8 — 1)

(2.5.52) - o IV £ (")
and
F@ < @) = VN @ —yh) = Sl =
all —n) — 2,2 g
(2.5.53) _2 (1 77) (1 +272) +277(ﬁ )va(yk)”Q

For a given 0 < # < 1, let us multiply 1 — € on both sides of (2.5.52) and 6 on both sides
of (2.5.53), and then sum up the two inequalities. We obtain

fat*h) - (")
< (1-0) (5@ - 7)) + VIEHT [0- 0 2 + 0 2] = L = o

. o _ 2.2 _
:u(12 0) ||$k _ yk||2 _ 20&(1 "7) (1 +272) o+ 277(/3 7—) ||vf(ylc)”2

(2.5.54)

Now, instead of trying to directly bound the last four terms on the right hand side of
(2.5.54), the point v* comes to help cancel them out, as shown below. Referring to (2.5.47),
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let us choose w1 + we = 1. We have
H,Uk—H _ x*HQ
< wrllof = @I wallyt - I+ GBIV )2 - 205V £ ()T [wno® +wayt — 0]
(2.5.55)

Selecting a parameter C' > 0, and summing (2.5.54) with (2.5.55) (multiplying C), we have

P = Fa) + O+ — |
< (-0 ) + Ol — 2|
(sz—;‘)uy P
2,2 .
+ (cug - 20D =Ca e PO ) o sy 2

+V L") T [(1 —0)(y" — ") + 0(yF — 2%) — 2w3C (1" + way — 27) .
(2.5.56)

Now we shall choose the parameters so that the last three terms in (2.5.56) are non-positive

so that they can be dropped from the inequality. Summarizing, the requirements are:

0 = 2w3C
_ 1—-6
1  1—-2wowsC
_ 2 3C
V2 - 1—‘5)3;2130
< 1
(2.5.57) 7
w < 1-46
w2 = 1- w1
LUQC S %9
w%C < 2a(1—n)—(1+;71)12052+277(5—7')'

In particular, for the last term in (2.5.56) we have:
VI [(1=0)(yF = 2F) + 605" — 2%) — 2wy ClwrvF + wayt — )
= Vi’ [(1 — 2wow3C)y* — (1 — )2 — 2w1w300k}
= VfHT [(1 — 2ww3C)y* — (1 — 2w2w30)pk}

= (1= 2wwsC)Vf(") (v —p*) < 0.

We summarize our findings and arrive at the following theorem:
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Theorem 2.5.1. For an unconstrained optimization model (2.5.44) with the objective f(x)
being strongly convex with modulus p > 0 and gradient Lipschitz with constant L > u, the
sequence {x*}, k = 0,1,2, ... generated by the extra-point scheme (2.5.47) converges linearly

to the optimal solution:
PR — fa) + Ol = ot < (L= 0) (F(a) — F(a*) + Ol — o)

for properly chosen 0 < 8 <1 and C and vi,vs, o, 8,1, 7T, and w1, ws,ws satisfying Condi-
tion (2.5.57).

The following parameter choices demonstrate an example to satisfy the condition (2.5.57),
by taking 0 < § < 1:

_ 1 1-5 _ 1
(2.5.58) 0= \57 V1= 149027 1+97 n=29 a= a+r02 T = d+o2
5. .
5:(1+5)2;w1:1_97w2:97w3:maC:%-

If we further take y* = p¥, procedure (2.5.47) can be simplified to

(2.5.59)
$k ’U]C
ytoo= 1109
= VIO
P = g (1+52LVf( ¥) — ez (VI = VIW9) + e (24— o)
P = (1 — @)k (ué L)y +%Zk

and we have:

f($k+1) — f(z*) + %Hvk—i-l _ 5U*H2 < (1 _ \/(;) (f(l‘k) — f(=™) + gHvk — Qj*HZ) .

The results are summarized in the next theorem:

Theorem 2.5.2. Following up on Theorem 2.5.1, if we further specify the parameters as
n (2.5.58), then scheme (2.5.47) reduces to (2.5.59). With the choice v° = 20, the sequence

{2} converges linearly to x* at the optimal rate
@)~ ) <2(1- Vo) (fa°) = f(a).

Through an exemplifying scheme of the extra-point approach in optimization (2.5.47) and its
more specific form (2.5.58) after fixing certain parameters, we show that it is also possible
to construct a more general, but also optimal, first-order method under the given class
of algorithms where the lower bound for (strongly) convex optimization is effective [66].

While the main structure of these schemes resemble that in Nesterov’s accelerated method,
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it is sufficient to fulfill the purpose of demonstrating the general extra-point concept widely
used by various accelerated methods. Furthermore, the flexible forms of these schemes allow
trainable parameter-tuning and structure learning in practical performance, which is the
main motivation behind the proposed extra-point approach for designing optimal first-order

methods.

2.6 Numerical Experiments

In the numerical experiments, we aim to test the performance of the three specialized
extra-point schemes under different settings: strongly monotone VI, strongly monotone VI
in combination with monotone gradient mapping, and strongly convex optimization. We
especially compare the proposed schemes with first-order methods that can be viewed as
specific configurations of the proposed schemes, in order to show the advantages of the

flexibility in looking for configurations that lead to better numerical performance.

We first conduct two experiments under the VI setting, with the first one being uncon-
strained (£ = R") and the second being constrained by z > 0 (Z = R’}), both with a linear
operator F'(z). Note that in the unconstrained case we are equivalently solving a linear
equation system F'(z*) = 0, whereas in the constrained case the problem is equivalent to
an LCP problem:

2*>0, F(z)>0, (2*)"F(z") =0.

The linear strongly monotone operator F'(z) is set to be the same for both unconstrained

and constrained cases, and is designed as the following:
(2.6.60) F(z)=Mz+q,

where M = (@ + A is the sum of a positive diagonal matrix () and a skew-symmetric
matrix A, therefore a strongly monotone operator. The problem size in our experiment
is n = 20, and the matrices @, A, ¢ are randomly generated. In particular, elements of
@ are generated by three groups, uniformly distributed within [0, 1], [0,10], and [0, 50],
respectively; A is generated by the difference of a uniformly distributed matrix and its

transpose; ¢ is generated by normal distribution N (0, 10) elementwise.

We use gradient projection, extra-gradient method, and OGDA in comparison with the
proposed extra-point scheme (2.3.14). We refer Table 2.1 for the parameters in the dynamics
of each respective method. Figure 2.1 shows the convergence behavior for these methods.
For the unconstrained case (the left plot in Figure 2.1), we use norm of the operator ||F(z)]]

as our measurement of convergence (merit function). On the other hand, we use |2 F(z)] as
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our measurement of convergence for the constrained case (the right plot in Figure 2.1). In
both experiments, the proposed extra-point scheme has a superior convergence rate, followed
by extra-gradient and OGDA methods, while in general the vanilla gradient projection
method has the worst performance. All the methods are manually tuned to their best

performance to a certain precision of the parameters.

Convergence in linear equation system Convergence in linear complementarity problem

—4-Gradient Projection —2-Gradient Projection
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Figure 2.1: Convergence in strongly monotone VI

The next two experiments are conducted to demonstrate the convergence of the extra-point
scheme (2.4.31) when a VI operator can be expressed as (2.4.29), which includes an explicit

gradient mapping. The problem is set up as a constrained regularized saddle-point problem:

i max F) = S (e 4 L
min max x, = _— n e g — ||
xeRﬁ_ yGRT y M1 =1 2

TA )‘2 = —bly 1 2
+x y——]\/[2 Elln(l—i-e i )—§|]yH .
j:

The corresponding VI operator can be expressed as:

My
—ah L Tt e Ay
i—1 1+e ¢
Fe = R B
2
—EZ ijy‘f‘y—A X
j=114e 7

which admits to the following split of operator

.
A a;
In A Ml iz 1—‘,—67(12' x
F(z) = H(z) +Vg(2), H(z):= (_ R >z, Vo) =1 o, |
" ~ih 2 T Ty
7=1 1+e 7

where H(z) is strongly monotone with modulus 1 and Vg(z) is monotone. In this formu-

lation, we can exploit the constant Ai, Ao to adjust the weights of the gradient mapping
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Vg(z). In particular, we set A\ = Ao = A\, m = 2n = 100, and M; = My = 100. The

elements in A, a;, b; are generated through standard normal distribution.

The convergence results are shown in Figure 2.2, where we compare the regular VI methods
(gradient projection, extra-gradient, OGDA) with the proposed scheme (2.4.31) (denote
by ExP-Acc) and the accelerated extra-gradient method (by setting 8 = v = 7 = 0 in
(2.4.31), which is the strongly monotone variant of the accelerated mirror-prox method in
[10], denote by EG-Acc). We use 3|z — Pz(z — iF(Z))”Q as the merit function, where
Z =R’} xRT'. As shown in the plots (left: A = 50; right: A\ = 200), regular accelerated VI
methods (extra-gradient, OGDA) could perform worse than the gradient projection method,
while the accelerated methods making explicit use of the gradient mapping (ExP-Acc, EG-
Acc) outperform others. Moreover, being more flexible in finding various configurations as

featured in the extra-point approach, ExP-Acc shows further improvement over EG-Acc.
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-4—Gradient Projection —4—Gradient Projection
o —4-Extra-Gradient © L Ve e YV —&-Extra-Gradient
< | OGDA < | A A, OGDA
3 0 -a-ExP-Acc 3 0 T A ExP-Acc
g’ -4-EG-Acc g’ ~-EG-Acc
g-20 g-20| T
© ©
> >
c c
S-40 ©-40
k3 k3]
= =
2 2
=-60 =60
] A A, [
S 1S
80 . . . . . , 80 . . . ,
100 200 300 400 500 600 0 200 400 600 800
itertaion itertaion

Figure 2.2: Convergence in strongly monotone VI combined with gradient mapping

We also conduct two experiments under the optimization setting, with the following uncon-

strained regularized logistic regression model:
1 M T P
. —a, x 2
mmlan;ln(que )+ .
1=

Note that although the objection function is strongly convex with modulus pu = p, the
Lipschitz constant needs to be estimated for different problem parameters. We set p = 0.005
in both experiments and generate the elements in a; with normal distribution N(0,5). The

number of data points M and the problem size n are varied for the two experiments.

In both experiments, we compare the specialized extra-point scheme for optimization

(2.5.47) (setting y* = p*) with other first-order methods. Note that while extra-gradient
method and OGDA are not guaranteed to be optimal in optimization, we include their
results mainly for the purpose of observing their convergence in optimization. The conver-

gence results for each method are shown in Figure 2.3, and the progress is measured as the
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norm of gradient. In these experiments, the optimal methods for VI (extra-gradient method
and OGDA) could perform worse than the vanilla gradient descent. Nesterov’s accelerated
method and the proposed extra-point scheme have the best performance among these first-
order methods. In addition, the extra-point scheme shows a even faster convergence over

Nesterov’s method after fine-tuning the parameters.
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Figure 2.3: Convergence in strongly convex optimization

2.7 Conclusion

In this chapter, we propose a general extra-point approach capable of guiding the design
of specific first-order methods within the scope under which the lower-bound results take
effect [66, 108]. By building on the idea of extra points that has been observed in acceler-
ated /optimal first-order methods, the extra-point approach provides a structured and flexi-
ble framework to develop algorithms whose iteration complexity matches the lower bounds,
hence optimal. We present three applications of the extra-point approach through special-
ized schemes for strongly monotone VI, strongly monotone VI in combination with mono-
tone gradient mapping, and strongly convex optimization, respectively. In these schemes,
we use the ideas and search directions that have been proposed in the literature in order to
demonstrate the constructions of the extra-point sequences. The newly proposed schemes
turn out to be more general and flexible than the existing known accelerated methods,
which use only the individual components of the general schemes. We then show that the
iteration complexities of these schemes are guaranteed to be optimal even for much more
flexible configurations, and such flexibility is further shown to be useful to enhance the

numerical performance.
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Chapter 3

An Approximation-Based
Regularized Extra-Gradient
Method for Monotone Variational

Inequality Problems

In this chapter, we propose a general extra-gradient scheme for solving monotone variational
inequalities (VI), referred to here as Approximation-based Regularized Extra-gradient method
(ARE). The first step of ARE solves a VI subproblem with an approximation operator
satisfying a pth—order Lipschitz bound with respect to the original mapping, further coupled
with the gradient of a (p + 1)th—order regularization. The optimal global convergence is
guaranteed by including an additional extra-gradient step, while a p*-order superlinear
local convergence is shown to hold if the VI is strongly monotone. The proposed ARE is
inclusive and general, in the sense that a variety of solution methods can be formulated
within this framework as different manifestations of approximations, and their iteration
complexities would follow through in a unified fashion. The ARE framework relates to
the first-order methods, while opening up possibilities to developing higher-order methods

specifically for structured problems that guarantee the optimal iteration complexity bounds.

3.1 Preliminaries

For the VI problem (1.1.1), as a notation we denote the solution set as

VIy(F(z)) := {z* | #* € X such that F(z*)" (z — 2*) >0 for all x € X}.
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Let us first introduce a few terminologies that will be used throughout the chapter. The term
“pth_order method” will be used following the convention of optimization. In particular,
by considering F'(x) = V f(x) specifically as a gradient mapping of some function f(z), the
first-order method in VI refers to using only the information from the operator F(-), and

th_order derivative of the operator: VP~1F.

the p'-order method refers to using the (p—1)
As a result, the term “gradient” will also be used to refer to F'(-) due to the background of
VI in solving saddle-point and optimization models. In the pth—order method, the Lipschitz

continuity of V?~1F(x) is assumed with constant L,:

(3.1.1) IVP=LF (@) = VPR ()| < Lyl =yl

In this chapter, the proposed Approzximation-based Regularized Extra-gradient method
(ARE) can be viewed as a generalization of the extra-gradient method (1.1.6) in some

k+0.5

sense. While the intermediate iterate x in extra-gradient method (1.1.6) is updated by

a gradient projection step, in ARE it is replaced by solving a VI subproblem:
(3.1.2) 205 = VI (F(z;2%) + 4|z — 2F|P~ - b)),

where F(z; 2*) is an approximation mapping at z* that satisfies a porder Lipschitz bound
with respect to F'(x) (will be formally defined later), and ||z —z*||P~! (z — 2*) is the gradient
mapping of a (p + 1)™-order regularization. Therefore, we refer to the update in (3.1.2)
as (p 4+ 1)"-order regqularized VI subproblem. A common choice of F(z;z*) is the Taylor

approzimation of F(x) at 2*, namely,

Such choice of F(x;z*) not only recovers the extra-gradient method when p = 1, but also
gives a succinct update principle for higher-order methods when p > 1. However, the Taylor
approximation needs not be the only motivation for ARE. We show that the key underlying
condition is the aforementioned pf-order Lipschitz bound, therefore any approximation
satisfying this condition can be considered as a valid method under the general framework
of ARE. This not only generalizes the existing methods but also opens up the possibilities
of developing different methods from those in the literature, and we will discuss several
such specific schemes in Section 3.5. By applying the abstraction of “approximation” in
ARE, a unifying and concise analysis is available to establish the iteration complexity bound
that can be readily specified to any concrete approximation in various methods given the

different problem structures at hand.

44



3.2 The Global Convergence Analysis of ARE

The Approximation-based Regularized Extra-gradient method (ARE) aims to solve the VI

problem:

(3.2.3) VIx(F(x)) := {2* | * € X such that F(z*)"(x —2*) > 0 for all 2 € X'}.

We assume that F(z) is monotone (1.1.2) and VIy(F(z)) is non-empty. When F(x) is
assumed to be strongly monotone, VIy(F(z)) becomes a singleton. We also assume the

p*P-order Lipschitz continuity (3.1.1).

Now, given an arbitrary y € X, we are interested in a general approximation mapping at
y: F(;y) : R" — R™, such that the following porder Lipschitz bound holds between the
original mapping F'(z) and the approximation F(:U; Y):

(3.2.4) 1F(2;y) = F(2)|l < mLyllz - yl”,

for some p > 1 and 7 € (0,1]. The examples of such approximation include but not limited
to the general Taylor approximation, which further includes F(z;y) = F(y) for p = 1 and

F(x;y) = F(y) + VF(y)(x — y) for p = 2 as special cases. In general, we say the proposed
ARE is a “p"™-order method” if the Lipschitz bound (3.2.4) holds with p.

Based on the approximation mapping F (x;y), let us consider the regularized approximation
mapping by adding a gradient mapping of the (p+ 1)th-order regularization term, expressed

in the following form:
(3.2.5) F(z39) + Lyllz — y[[P~ (z — ).

Since the Jacobian of L,z — y|[P~1(z — y) is positive definite for = # y, the mapping is
monotone [19]. Therefore, the regularized approximation mapping (3.2.5) is also monotone
as long as F (z;y) is. In ARE, the first step in each iteration is solving a VI subproblem
with operator (3.2.5), i.e. a (p + 1)th—order regualarized VI subproblem, followed by an

extra-gradient step, summarized as follows:

520 ZHH05 = VI, (F(x; o) + Lyl — 2*|P~(z — o))
2. k+0.5_ k|p—1
S argggg(l (F (2 +05) 2 — k) 4 Lp|jz** ; =P |z — 2|2,
for k = 1,2,.... In the above, as a matter of notion we indicate z**t%5 to be any solution

taken from the solution set VIy (-). In the second step, the extra-gradient step involves a

varying step size %k, where

i= Lyl 0S — Pt k21
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is a parameter depending on the previous update z*t0-5. This together with the bound
(3.2.4) form the basis of the optimal iteration complexity bound for ARE.

3.2.1 Solving monotone VI problems with ARE

We first establish the global convergence results for solving a general monotone VI (3.2.3)
with p*-order ARE in the next theorem.

Theorem 3.2.1 (Global convergence of ARE: Monotone VI). Let {z*};>1 and {xFT05},5,
be generated by (3.2.6) and suppose F(-) is monotone and F(x;x¥) is such that (3.2.4) holds.
Then

2
(3.27) miay) = max (F(a), o - ) £ 52— = ON~F)
where
_ ké::l xk’;r:ﬁ N B
N = T, FN = Z"yk
k=1
for some N >0, and D := max ||z — 2.

r,x'€X

Proof. Since

2F05 = VI <F(m, ) + Lyl — «F|P~ (2 — xk)> ,
we have
(3.2.8) (F(2FH05, 2F) 4 L[| 2?05 — oF| [P~ (2R 405 — 2k) 2 — 2FF05) > 0, v € X,
Denote v = L,|z¥+%5 — ¥ ||P~1. Substituting = 2**! in (3.2.8) we have

(F($k+0.5; Ik), xk+1 . l,k+0.5>

> (O g k05 _ ki
(329) —_ % (ka—l—O.S - kaQ + ka-{—l o .Z'k+0'5||2 o ||$k+1 o kaQ) )

k+1

On the other hand, by the optimality condition at z we have

(F(z*105) 4y (2P — 2%), 2 — 28y > 0, for all z € X.

Hence,
<F(.%'k+0'5),.1‘ _ $k+1>
> ’Yk<1'k+1 _ l‘k,karl _ x>
(3.2.10) = % (ka“ — x|+ 2Pt — 2R — ||k - x||2) , forall z € X.
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Continue with the above inequality, for any given z € X we have

2 (bt = all? + |l = ok — " - 2]?)

2
(3.2.10)
< <F($k+0 5),33—1Ik+1>
— <F($Ck+0 5)7 k+0 5> 4+ <F(l‘k+0'5),xk+0'5 o $k+1>
— <F($k+0 5) k+0 5> + <F(l‘k+0'5) _ F(gjk—&-o.\’); xk),l'k+0'5 _ 1:k+1>
+<F( k+0. 5 ) xk-‘rO.S o xk+1>
< <F($k+0'5),$ _ xk+0.5> + HF(xl’H'O"E’) _ F(:L’k+0'5;$k)H . ka-ﬁ-O.S _ kaH
+<F(xk+0.5. Ilfk) mk+0.5 _ xk+1>
k+0.5 k+05 2 k+0.5 _ k+12
< (MO, g gk 0By | F(2*+0-5) 25( )l n V|l ' Band|
k

+<F(mk+0.5; Ilfk), xk+0.5 _ xk+1>

(3.2.4) 2L12)||1‘k+0'5 _ xk||2p

r el — ok
< F k+0.5 _ ,.k+0.5
< (F(z ), —x )+ o + 5
—|—<F(l‘k+0'5' l‘k) l’k+0'5 _ :L‘k+1>
) ) *
7_2L72)||$k+05_zk||2p _ 727k||r’“+0'5—xk||2

Noticing that
the above that

o , and further using (3.2.9) we derive from

Yk k k k k
T (254t =2 + okt = ) = Jo* — a]?)

2 k+0.5 k|12 k+0.5 k4112
< <F(xk+0.5)7$ _ xk+0.5> + Tl @ +2 — " 4 Vel 2— |
_’_% [_H$k+05 o kaZ - ||33k+1 _ xk+0.5H2 + H:Ek:+1 _ ijHQ} ]

Canceling out terms, we simplify the above inequality into
(3.2.11)
<F(l,k:+0.5)’xk+0.5 _ l‘) + % (1 _ 7_2) ka+0.5 _ kaQ < % |:”£L’k o xH2 _ kaJrl _ x||2:| '

Consequently, by the monotonicity of F', we have

<F(a;),a:k+0'5 — )+ % (1 _ 7_2) ka+0.5 _ kaZ

< (P05, g 05 _ gy 4 % (1= 72) [|2h+05 — 2%
’YIC k k
< 3 [lat —al? = et -]

Dividing both sides by v yields

(3.2.12)
1 1
— <F (.I‘),.T}k 0-5 _ a:> + = (1 — 72) ka 0-5 _ kaQ

k k
- ; [la* ol ~la**" — o

[N
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Summing up the inequality (3.2.12) from k& = 1 to N, and dividing the resulting inequality
on both sides by I'y we obtain

1 _ 2

1
(3.2.13) (F(z),zn — ) + e

for any x € X. Taking x = z* in (3.2.13) yields

(k05 _ g2 < It =P

The so-called mean inequality maintains that for any positive sequence {ax > 0| k

=1,2,...,N} and any real value r, if we define

1
| N N\
= |y 2_d
k=1

then we have M, (a) < M,,(a) for any r; < rs.

Now, if we let ay, := [|z*10-5 — 2F||=(=1)  then we have M__» (a) < M;(a); that is

p—1

p—1

1Y 7
k+0.5 k2
(w2t -ar) g

||J}k+0'5 _ :L‘k H_(p_l)'

WE

= k=1
Therefore,
N _p-1
N 2
_ pRH05 ok —(p=1) 5 2 k+0.5 _ k)2
N USRI E WA
(3.214) NE 1-72 \7 N /1_2\7T
= 1T_ |2 =z D2 :
Ly ot — 2] Ly D
Then, (3.2.13) leads to
2 2 p+1
m(iN)<2? < DLy -1 = pip p+1_0( 11>
N 2Np+l (1572’2) 2 2(1 —'7—2)7]\]T N =2

Theorem 3.2.1 implies that the proposed ARE generated Zy such that m(zy) < e with
2 2
iteration complexity O (1 / em>. This matches the lower bound 2 (1 / eﬁ> established in

[53], hence optimal. The concept of solving a (p + 1)"-order regularized VI subproblem is
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also proposed in [1] and [53], therefore there is no need for an additional bisection subroutine
in each iteration. The major difference between ARE and the method proposed in [1] is that
ARE uses a more general approximation operator F (x; 2%) in the aforementioned regularized
VI subproblem, which generalizes the Taylor approximation proposed in [1], and we provide
a unified analysis as long as (3.2.4) is satisfied. The flexibility of not being restricted to
Taylor approximation is demonstrated in Section 3.4.2 and Section 3.5, where examples
are given for applying ARE with non-Taylor approximation F (x;2%) to problems when
the original operator exhibits composite structure F'(x) = H(z) + G(z) or more generally

3.2.2 Solving strongly monotone VI problems with ARE-restart

While Theorem 3.2.1 establishes the optimal sublinear convergence for monotone VI, we
shall incorporate a restart procedure into ARE (3.2.6) to further establish an improved
linear convergence for strongly monotone VI. Similar restarting procedure is also seen in
previous work [73, 53] for establishing the linear convergence. Below we give a detailed
analysis for restarting the p*-order ARE (3.2.6), referred to as ARE-restart.

The ARE-restart works in epochs. That is, for each epoch m, where m = 1,2, ..., a number
of iterative updates (3.2.6) is performed and the output is set as the initial iterate at the

start of the next epoch.

Let N, denote the number of iterations performed in m'™ epoch, m = 1,2, .... After each
N, iterations (of ARE), we restart (z' « Zy, ) and proceed to (m + 1)™ epoch. The

output of epoch m is defined as:

No 1 k+0.5 N,
2kt 5 1
ZN,, = i TR e X, and I'y,, := —.
I'n,, —
Denote Dy = [|a! — z*|| as the distance to the solution from the very first initial iterate

before any restart and note that Dy < D. Let 0 < § < 1 be a constant independent of the

problem. Let us fix the iterations in each epoch:

2 p—1
L.\ / D2 \»il
(3.2.15) M:M:~:N:<p>p< OQP.

@ 1—7

From the analysis in Theorem 3.2.1, we can first reach (3.2.11), where by using the strong
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monotonicity we have:

M||xk+0.5 _ $||2 + <F($)’xk+0.5 )+ Tk (1 _ 72) ka+o.5 _ $k||2

2
< (F(ht05), gh+05 _ gy 4 % (1= 72) |2 +05 — %12
(3:216) < I |Jaf —af? — e — 2.

Taking x = x* and sum the inequality from k =1 to N:

pCN[|ZN — ||

N
oy k+0.5 ()2
e |
1 1 1— 72
(3217 < Zlet =2 - Sl = ot - S5 Y laR0S - ok,
k=1

where the first inequality is due to the convexity of the squared norm function.

Now consider the first epoch, inequality (3.2.17) implies:

o, =" < 5D,
where
e N*< 112 >’31_N’31 (1_72>”21
Ly ot —a*|2 Ly D%
Therefore,
oot e L ppele DB 15

2uln,° 7 20 (1 — £2)"5 N

Now, in the second epoch, we take x! <— Zy,. Similarly, we have:

0
|, = 27|* <

DZ,
B 2MFN2 0

- 2
TN, — 27" <
1Z N, | 2T n,

where the lower bound of I' i, can also be estimated from (3.2.17), with an improved distance
to solution ||zt — 2*||? = ||ZN, — 2*||? < 6DE:
pt1 1

r >N2< 1—7° )1951>N"2 <1—T2>p51
N > _ > T
’ Ly 12, — 2|2 Ly D

p—1
Note that in the second epoch, the lower bound of I'y, is improved by (%) 2 . Then we

have:




Note that after second epoch, the distance is not decreased by a factor of §% but a factor
of %3 instead. This is because while performing N iterations in one epoch provides a
decrease of § in terms of the original distance Dy, starting from an iterate ! = zV1 in the
second epoch provides an additional decrease of § 3" due to a better bound for |Zn, —2*|?

and I'y,. Now continue considering the third epoch:

545
= *12 - %12 2
INy — X < IN, — X < Dy,
o, = o < gl = 2" < D3
where
— p—1
r >Np21< 1—72 )p21>Np;l 1— 72 2
Ny = — > :
=L, \ow, = 2P L \s%
Therefore,
p+3 1 (p+3)(p+1)
~ 2 L, DY 5 (+3) (p+1)
v~ P < 2 ppc e Do 0t s g
2uL Ny 21 (1 — 725 B
To summarize, after m epochs, we have
|1z, —a*||* < 6" - D,
where
+1
ton = b1 - p72 Y1t =1

Then we have

m—1

D2 < s(%5) . D2

p+1 )m—l

2N, — | < o' D§ < ol

That is, the total number of epochs required to have ||Zy, — z*||? < € is given by

2
(3.2.18) logp+1 logr —,
2 s €

for p > 1, a superlinear rate for the epochs. For p = 1, the log is one layer and we only
have linear convergence. Note that, however, (3.2.18) is only the number of epochs needs
to be run, and for each epoch a fixed number of N iterations is still performed, so the total

iteration complexity is:

2 p—>
Ly \7T (_D§ ", oo, 2
261 1—72 OBt T8y T

for p > 1. For simplicity, we can take § = % and replace Dy with D in the number of

=

iterations N in one epoch, which gives the complexity:

2
Ly\ 71 o1 D?
O <<p> ' (DQ) b logp+1 logy ) .
U p €

The result is summarized in the next theorem.
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Theorem 3.2.2 (Global convergence of ARE: Strongly monotone VI). Let {z¥};>; and
{a*+05}, 51 be generated by ARE (3.2.6) and suppose F(-) is strongly monotone with y > 0
and F(xz;2%) is such that (3.2.4) holds. By restarting ARE after each Ny = N iterations in
epoch i, where N is given by (3.2.15), the total number of epochs m required to obtain an

output Ty, such that ||Zy, — x*||? < € is given by:

@) <long+1 log, DTQ) , p>1,

O(log2 %2) , p=1.

The total iteration complexity mN s given by:

2_ 1
@] ((%) e (DQ)% log p11 log, ’22> ., p>1,
2
(3.2.19)

2
O<%10g2%>, p=1.

Through a careful analysis of the restarting procedure, Theorem 3.2.2 shows that by restart-
ing ARE when F(z) is strongly monotone, the optimal iteration complexity is achievable
for p = 1 and the improved iteration complexity is obtained for p > 1, as summarized in
(3.2.19). We note that the total number of epochs (or the number of restarting) is only of
the order O <log et log, DTQ>, which is an improved bound compared to O <log2 %2> estab-
lished in [73, 53]. This implies that the output iterate Zy, after each epoch for j =1,...,m
converges towards x* at a superlinear rate, and the reason being that the lower bound for

. C . p+1
the averaging parameter I'y; is improved by an order of 55=.

3.3 The Local Convergence Analysis of ARE

In this section we shall analyze the local convergence behavior of ARE for strongly monotone
F (i.e. 4 > 0) when p > 1. A pure Newton method typically exhibits local quadratic
convergence in optimization, and the same has been shown for VI [92, 25]. In [73], while
the global iterations proceed with restarting higher-order mirror-prox method [8] and an
iteration complexity similar to (3.2.19) is established, the local iterations are performed by
adopting CRN-SPP [25] to obtain quadratic convergence. The local superlinear convergence
is further improved in [53] by restarting Perseus and in [33], to the order %. In the following
analysis, we show that in the pth—order ARE where (3.2.4) is satisfied, then the pth—order
local superlinear convergence rate holds, which is an improvement compared to existing

work in the literature.
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We first show that for the ARE update (3.2.6), [|z5t05 — 2*|| converges to zero p*® -order

k+0.5

superlinearly compared to ||2* — 2*||, as long as ||z — z¥|| is sufficiently small. By the

definition of a VI solution for update x*+0-5;

<F(I‘k+0'5;xk) + LpkaJrO.S _ kapfl(karO.S _ .%'k),l' _ xk+0.5> > 0’ Ve e X.

Then
< ( k+0. 5) k+0.5 $>
< < ( k+05 )_ F(xk+0.5) +Lp||$k+0'5 _ k”p—l( k+0.5 IL’k) T _$k+0.5>
< H ( F(:L'k+0'5)+Lp||$k+O’5f k”p 1 H xk+0.5”
< (H ZF+05, —F(a:k+0'5)H+||Lp||xk+0'5 2P (R0 H) _ gkt03)|
(3.2.4)
< (A TL[l" 0 — M P o — 2RO,

Take x = x* and use the strong monotonicity of F':

H||xk+0.5 _ $*||2 + <F($*),$k+0'5 _ CC*> < <F(l‘k+0'5),$k+0'5 _ CC*>

< (L4 1)Lyl 0P — 2P 2 — 2P,
then we have

1 L
(3320) ”xk+0.5 . «T*H < @HxlﬂrO.S . xk”p
I

Now, by the same analysis from (3.2.8)-(3.2.11) and take x = z*, we have:

<F($k+0'5),$k+0'5 _ .I*> + % (1 _ 7_2) Hmk+0.5 _ xk||2 < % ||$k . x*H2 _ kaJrl . x*HQ

2
Noticing that (F(zFt0-5) k05 _ 2%} > (F(z*), 2Ft05 — 2*) > 0, the above inequality
implies

(3.3.21) (1 —72)| 2% 05 — 2|2 < ||z* — 2*||2.

Combining (3.3.20) and (3.3.21) gives the p™-order superlinear convergence:

1 L
(3322) ka+0.5 . x*H < (+7T)I;ka _ x*”p

S op(l—T2)2
Note, however, that the inequality (3.3.22) only holds within each iteration and z* in general
is not converging towards z* pth—order superlinerly if a subsequent extra-gradient update
is performed as in (3.2.6). In fact, once the local convergence behavior is observed, the
extra-gradient update should be suppressed and the algorithm should accept 2*T%% as the

next iterate. We shall denote

(3.3.23) gt = k05— VI, ( (2;2%) + Ly|lx — 2¥|P~ (2 — xk)>
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Algorithm 1 ARE-Restart with Local Superlinear Convergence

Require: 2! € X, 0 <a <1, D > ||z} — 2*||, an inner iteration number

N — & p+ D p
- 1 1—72 '

1: Step 0: Set k :=1.

2: Step 1: Let
205 = VI (F(:z:, a®) + Lyl — 2F||P~ 1 (z — Jik)) .
If
Vv1—712
(3.3.24) |ohH05 — gt < YT B

1+7 L,

then ¥+ := £#+05 (AR update), set k := k + 1, and return to Step 1. Otherwise, go
to Step 2.

3: Step 2: Let
I Nk +05 _ pk|p—1
#F = arg mi}@ (F(zPT09) 2 — 2Fy 4 plle 5 all |z — zF||>.  (ARE-update)
Te
If k=N, let
N
r i L and z T 3?0
N = ) N = ;
1 Vk I'n

set ' := Zy, and return to Step 0. Otherwise, set k := k + 1 and return to Step 1.

as Approzimation-based Regularized (AR) update. Algorithm 1 incorporates the above
decision process into ARE-restart proposed in 3.2.2; such that both the improved global

iteration complexity (3.2.19) and the local pth—order superlinear convergence are attained.

To verify the local convergence of Algorithm 1, we are left to show that once condition
(3.3.24) is satisfied and AR update (i.e. **1 := 2¥+0-5) is accepted in Step 1, the algorithm

will continue repeating Step 1 to obtain

(L *
"t — 2*|| < WH:C'“ — [P

Indeed, from the previous analysis with z*79° replaced with z**! in (3.3.20) and (3.3.21),

we have

1
l2*+ =¥ < = la* — 2",

T V1 —12

L
lz* =2 < (1+ T);p 1t — 2® P,
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which implies

1 || 1+7 L
=z - =
V1—712 V1i—712 p

where the last inequality holds due to the condition (3.3.24). Therefore, {||z**1 — 2*|/}

becomes a contracting sequence once AR update is accepted, and Algorithm 1 will repeat

ka+2 . karlH < k+1 m*H < ka+1 . Ika < OJHSUkJrl . ka

)

Step 1 until the designated total iteration number.

We summarize the iteration complexity of Algorithm 1 in the next theorem.

Theorem 3.3.1. Let {*};>1 and {2%T05} 51 be generated by Algorithm 1 and suppose
F(-) is strongly monotone with ju > 0 and F(x;z*) is such that (3.2.4) holds with p > 1.

The total iteration complexity to reach ||z* — z*|| < € for some € > 0 is given by:

2
~ L P+l p—1 1
(3.3.25) @) ((:) ’ (D2)2+} + log,, log, 6) .

Proof. We omit the proof of the local iteration complexity log, log, % in view of the earlier
arguments. Note that we have used O to suppress the logarithmic part in the first term of
(3.3.25). Since Algorithm 1 adopts ARE-restart as global iterations, by Theorem 3.2.2, the

iteration complexity requires to reach ||z¥ — 2*||? < € for some € > 0 is

2
Ly\PHT g 2L D3
O((ﬂ (D7) logags loga ' |

2

In view of (3.3.21), let & := (1 — 72) (O” L. L) "' then we have:

1+71 Ly
el . p=1
[k 05 — gk p—1 < M ? < € 2 <oz\/1—7'2£
- 1—72 —\1-72 = 147 L,

O

As far as we know, the results on local superlinear convergence for higher-order VI methods
are still quite limited in the literature. In [25], the authors establish quadratic convergence
for strongly-convex-strongly-concave saddle point problem with a cubic regularized method
CRN-SPP (p = 2). Such local quadratic convergence result is also adopted by [73] for
the general p™-order method. This rate is further improved to % in [33, 53]. However,
we show that for the pth—order ARE with p > 1, the local superlinear convergence is of
the order p, achieved by the AR update (3.3.23). As shown in Algorithm 1, there is an

implementable criterion (3.3.24) to determine whether to reject the extra step and continue
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to converge superlinearly. We also note the difference between the results in Theorem 3.2.2
and Theorem 3.3.1. In Theorem 3.2.2, the iterates converge superlinerly after each epoch,
2
== —1
which still requires O <<L:) e (D)Z? inner iterations between restarts. On the other

hand, when (3.3.24) is satisfied and the algorithm starts to perform only the AR updates, the
iterates start to converge superlinearly after each iteration. The overall iteration complexity
is then given in (3.3.25).

3.4 Solving Regularized VI Subproblem with p =2

In the previous sections, we have presented global and local iteration complexity analysis
for ARE (3.2.6). We show in Theorem 3.2.1 that the proposed simple update form of ARE
guarantees the same order of improved iteration complexity as [33, 1, 53] for p > 1 under
the monotone case, which is also optimal due to the lower bound established in [53]. For

strongly monotone VI, we show that by restarting ARE, the iterates after each epochs

2
= -1
converge at a superlinear rate with per-epoch cost (%) r ( DQ)ZW. We further show that
by imposing an additional condition (3.3.24) before performing the extra-step update, the

local pt-order superlinear convergence is guaranteed.

The aforementioned results are derived based on the assumption that the first step of ARE,

which involves solving an approximation regularized VI subproblem
(3.4.26) 205 .= Iy (F(x; &%) + Lyl|lz — 2F [P~ (z — xk)> :

can be efficiently performed with incomparable cost to the overall iterations. While this
assumption is commonly made for higher-order methods especially for p > 2 in order to
focus on analyzing the iteration complexities [33, 1, 53], we shall devote this section to the
discussion on certain details for solving such subproblem (3.4.26). The rest of the section will
focus on the case when p = 2 and the approximation mapping F (x; xk ) is the corresponding
Taylor approximation of F'(x), which is arguably most practical in the higher-order regime

and admits some meaningful simplification and/or transformation of the subproblem.
Let us rewrite the subproblem (3.4.26) in the following form:
(3.4.27)

(S) ZF 05 = VI (F(a:k) + VF (") (x — 2%) + Loz — 2| (z — xk))

<= find 2105 g.t.

<F(:Uk> + VF(xk)($k+0'5 _ xk) + Lszk-‘rO.E) _ .TUk||(£L‘k+O'5 _ xk)’x _ $k+0'5> > 0,
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for all x € X. We shall refer to (3.4.27) as subproblem (S) and discuss two types of methods
for solving it. In essence, the two types of methods both reduce the original subproblem (S)
to another subproblem that can be more easily solved, and by solving the latter subproblem

iteratively, we are able to obtain a(n) (approximated) solution to (S).

3.4.1 Reduction to VI subproblem with linear mapping

In view of (3.4.27), the operator in VI subproblem (S) takes the form of the sum of a linear
operator F(z*) + VF(2*)(z — 2¥) and a non-linear operator Ls||z — z*||(z — 2*), where
the latter is the gradient mapping of the cubic regularization term and in general makes
the original VI problem difficult to solve efficiently. The first type of methods then aim to
reduce (3.4.27) to an easier VI problem with linear operator only, by parameterizing the

k+0.5

solution z as following;:

(3.4.28) (SS1) 2"+03()) = VIy (F(ack) FVF@ER) (@ — %) + Mz — xk)> ,
with the goal of finding
(3.4.29) A = Lol t05(\) — 2.

Note that subproblem (SS1) given in (3.4.28) is now a VI with linear operator VF(z*) +
Al In particular, when X = R™ (i.e. unconstrained), xk+0'5()\) admits the closed-form

expression:
F(a*) + (VF@") + A1) (25405 (3) - %) =0,
e P05 = ok - (VF(xk) + )\I)_l F(z").

This enables us to solve (3.4.29) using the next equation system with one-dimensional

variable A via Newton method:
FO) = X2 = L3[2"05 (X)) — 2% = 0.

In each iteration of the Newton method, it is then required to calculate the Jacobian of f(\).
We shall omit the implementation details here and refer the interested readers to Section 4
in [25], which describes a more involved decomposition for calculating the Jacobian under
the saddle-point problem setting (where F(z*) is the gradient descent ascent field of the

saddle function).

For the case where (3.4.28) is constrained with general closed convex set, [61] proposed

a bisection procedure for solving (3.4.29). Similar ideas are also adopted in the bisection
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subroutine in [8, 33]. We briefly summarize the underlying concept of such method and refer
the interested readers to [61] for analysis and implementation details. Instead of solving the

equality constraint (3.4.29), one can extend it to inequality constraints:
L
(3.4.30) ?2||xk+0'5()\) — zF|| < X < 2Ly || O5(N) — ).

Note a similar constraint in [8] for p = 2. It is shown in [61] that A\ satisfying constraint
(3.4.30) lies in a closed interval: A € [t_,t] for some t; > t_ > 0, whose range [t_,t;] C
[a—, at] can be determined through solving (SS1) (3.4.28) once with initialized Ag. Using
a bisection method which uses Ay = ,/a”a7, the total complexity of solving (SS1) (3.4.28)
with (3.4.30) being satisfied is given by:
W
log(t/t-)

Therefore, solving the subproblem (S) boils down to how to solve (SS1) efficiently at each
iteration of the bisection method proposed in [61]. Since the VI operator for solving (SS1) is
linear, if the constraint set X" takes simpler forms such as X' := R, (3.4.28) can be reduced
to a linear complementarity problem (LCP), which then can be solved efficiently by using,

for example, interior point method [19].

3.4.2 Reduction to gradient projection

In the second type of method, we propose an alternative procedure to solve (S), which
applies a first-order iterative method (an inner loop) to solve the VI problem (3.4.27) for

k+0.5

an approximated solution for z . Let us define the following operator

(3.4.31) F'(z;2%) .= F(2) + VF () (z — 2%) + Loz — 28| (z — 2%).

A naive way to implement the inner loop is to directly apply, for example, the extra-
gradient method to solve VIy(F'(x;2")). The potential issue lies in the fact that F’(z; %)
is in general not Lipschitz continuous over the whole constraint X due to the mapping
Ls|lz — 2*||(x — 2¥). Therefore, no guarantee on the performance of the inner loop can be
established.

In order to implement a more efficient procedure for solving (3.4.27) (or succinctly

VIy(F'(x;2%))), we first discuss a specific instance of the ARE update introduced in Section
3.2 with p = 1. Let us define F’(z) := F'(x; %) to simplify the notation and note that F'(x)
takes the summation form F’(z) = H(z) + G(x). Assume that H(-) is Lipschitz continuous
with constant Ly and strongly monotone with modulus ug, and G(-) is monotone. Consider

the approximation operator F'(z;y) := H(y) + G(z), and we have:

F(azy) - F(@)| = |H(2) - H@)| < Lalle — y.
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Therefore, based on the results in Section 3.2 (in particular Theorem 3.2.2), the following

update procedure

0% = Viy (H(z") + G(z) + Ly (x — z"))
(3.4.32)
L S argmi}r(l <H(:Et+0'5) + G(jt—&-O.E))’ T — jt> + LTHH:E _ thZ’
kS
for t = 0,1,2,... is guaranteed to converge to an € solution with iteration complexity

@) (ﬁ—glog %) Indeed, method (3.4.32) is nothing but an ARE update instance (3.2.6),
where F(z) := F'(z) = H(z) + G(z) and F(z;%") := F'(2;7") = H(Z") + G(x), and p = 1.
Let us denote H(z) = F(2F) + VF(2%)(z — 2¥) and G(x) = La||z — 2*||(z — 2%). Indeed,
H(z) is Lipschitz continuous with Ly = ||[VF(2*)|| < L, and H(x) 4+ G(z) is strongly
monotone with py = p > 0 provided the original operator F(x) is strongly monotone
with ¢ > 0. Under this formulation, solving subproblem (S) (3.4.27) is equivalent to solv-
ing VIy (F'(z)) = VIy (H(z) + G(x)) and can be solved approximately by the iterative
procedure (3.4.32) with iteration complexity O (% log %)

We now show that each iteration of (3.4.32) can be further reduced to two gradient projec-
tion steps, whose computational cost is significantly reduced compared to directly solving
the original VI subproblem (S). Note that the second step for updating z'*! requires a
gradient projection step, while the first step requires solving z/*%® from a VI problem in

the following form:
(H(.ft) + L2”i.t+0.5 _ ka(ftJrO.E) _ xk) + LH(i't+O'5 _ i‘t),x’ _ £t+0.5> > O, Vo € X,
which is optimality condition of the optimization problem:

: Ly k(3 Lu —t12 —t\T
(3.4.33) min |z —2%|° + 5 |z — 2"+ H(z") «.

The following analysis adopts a similar reformulation as proposed in [67] to solve (3.4.33) .
Let us first reformulate (3.4.33) into

L
argmin  — ||z — 2| +

Ly —t)12 —t\T
H gy H
mip |le —z ||+ H(z") =

2
L L

= argmin o —2FP + 22 (lo — PP + |lo — ) — o — oF)?) + H(Z)
reX 3 2

L L
= argmin =z —2¥|]P+ |z — 2*|2+ Ly(2* — ) T2+ HEH T2
zeX 3 2
L L T
= argmin —|jz — 2*|]® + i||x —zF|? + (LH(xk -7 + H(a?“t)) (z — 2").
TeX 3 2

Denote
ge(a®) = Lir(z* — 7% + H(z') = F(z*) + (VF(xk) . I) (& — o),
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for a given fixed z*. Since

1 2
3 =max 1’1 — —T%,
>0 3
we have
. L Ly
min 2|z — 2> + 2 ||z — 25| + g:(2F) T (z — 2F)
zeX 3 2
= minmax Ly ( 7|z —z*|? — 27% + L—HH:L‘ — 2F)? + g (2P T (2 — 2F)
z€X >0 3 2
= max 72.[/27'% +min < g (zF) T (z — 2%) + ( Lo + La |z — 2|23 ).
7>0 3 reX 2
(3.4.34)

The inner minimization gives a closed-form solution, denoted as

1
F05() — p k_ k
Tr) =Py (95 2Lo7 + LHgt(x )> ’

where Py is the projection operator onto X. On the other hand, the outer maximization
of (3.4.34) is a simple one-dimensional concave maximization, and the solution given the

expression of #/70-5(7) is given by the following:

2 1
7% = arg max —ZLyr2 lge(*)|1%,
T

3 " 4Lor + 2Ly

which can be solved efficiently by any common software.

To summarize, the update process in (3.4.32) can be rewritten into

(3.4.35)
( N 3
7" 1= argmax —2Ly72 — m,\gt(xk)“2a
s32) | 05 < at03() o P (gt (e,
il . argnréigfl (H(Z0) + G(305), z — 7t) + LTHH.%. — 3|2,
\ xX

whose major cost lies in performing two gradient projection steps. Process (3.4.35) is
then preformed iteratively until we obtain an approximate solution ||z¢ — z*+03|| < € with
iteration complexity O (% log %) Compared to the methods discussed in Section 3.4.1, the
method discussed in this section in general can require more inner iterations to operate
with, but at the same time solving subproblem (SS2) can also be performed with much less
cost than solving (SS1).
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3.5 Structured ARE Schemes

In the previous sections, we analyze the convergence properties of ARE in its general update
form (3.2.6) without specifying the approximation mapping F (z;2%) and the corresponding
order p. Such general form is powerful in that it enables us to establish unified analysis
for potentially many different specific methods. We devote this section to the discussion on

some of these examples and the connections to existing methods in the literature.

Consider the following structured VI where the operator is given in the composite form:
(3.5.36) F(z) = H(z) + G(x).

We shall discuss different realizations of ARE in solving VIy (F(x)). The first immedi-
ate example is the extra-gradient method, which is equivalent to ARE with p = 1 and
F(x;2%) := F(z%):

2537 g 05 = VIy (F(2*) 4 Li(z — 2F)) ,
( 0. ) xk—l—l — argmizl\'} <F(xk+0‘5),x _ xk> + %Hx . ka2.
S

The extra-gradient method (3.5.37) treats F'(x) as a single operator without using the
specific composite structure (3.5.36). The proposed ARE, however, provides the possibilities
of using alternative approximation operator F(x; z*) in the update. In particular, consider
the case p = 1 and F(z;2%) :== H(z%) + G(x):

.’Ek+0'5
(3.5.38) k4l

Viy (H(2*) + G(z) + Li(z — %)),

= argmin (F(*+0%), 2 — a%) + G |lo — 2%,

k405 can be viewed as a combined gradient-projection/proximal point

where the update of x
step, or a prozimal gradient (projection) update. As we have also seen in Section 3.4.2, the
potential advantage of performing such update is that we are able to relax the Lipschitz
continuity assumption made for the overall operator F'(x). Indeed, the required condition
for the iteration complexity results to hold for ARE is given by (3.2.4), while in the update

(3.5.38) we have:
1F(2;2%) — F(2)|| = | H(z") - H(@)|| < Lu|lz — 2",

where we assume Ly is the Lipschitz constant for H(z). Therefore, only the Lipschitz
conitnuity of H(x) is required, and the constant L in (3.5.38) can be replaced with Ly. In

k+0.5

the example discussed in Section 3.4.2, the VI subproblem for solving x can be further

reduced to simpler forms if G(x) is the gradient of some convex function.
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We can also extend the original problem VIy(F(x)) to the monotone inclusion problem:
0€ H(z") + G(z"),

where G : X = R" is a set-valued maximal monotone operator. Well-known maximal
monotone operators include Jf, the subdifferential of a proper closed convex function f, and
Ny(x), the normal cone of a closed convex set X'. For further discussion regarding maximal
monotone operator and monotone inclusion problem, the interested readers are referred to
[19]. In view of the monotone inclusion problem, the same ARE update discussed earlier

(3.5.38) can be adjusted accordingly:

2530 :Uk+0.5 = Vly (H(l’k) 4 uk+0.5 + Ll(l‘ _ ka)) ’
( 0. ) phtl argmi)r(l <H(ﬂ$k+0'5) + uk+0.5,x _ $k> + %Hx _ kaQ’
e

where uFt05 ¢ G(2¥0-5). Note that in the above expression, 2#+9® equivalently satisfies

the following equation:

H(:Uk) + uk+0.5 + L1($k+0'5 _ l‘k) —0.

Substituting u*+0% = — H(2F) — L1(2*T0-5 — 2%) in the update of 2**1, we get the following
scheme:
xk+0.5 = VIX (H(.Tk) + uk+0.5 + Ll(.%' _ xk)) ,
(3.5.40 o B argmi)rfl (H (2F+05) — H(2%), 2 — 2F) + %Hl’ — k052,
e

which is the modified forward-backward update proposed in [97] by noticing that z¥t05 in
(3.5.40) is also equivalent to the forward-backward step

-1
k05 = (I—i— L%G) (I — L%H) x¥. This shows that the modified forward-backward
method is indeed another important instance of ARE for the more general monotone inclu-

sion problem.

Moving forward to the higher-order (p > 2) ARE schemes, an immediate example is to
):

- p—l . .
take the Taylor approximation F(z;2") := Y £ V'F(2*)[z — 2*]*, resulting in the following
i=0

update:

(3.5.41)
k05— VI, (pzl %VZF@:’C)[,%' —2Fl+ L,z — 2k P~z — J;k)) 7
= arg mi;oF(karo.ks),x i L;»III’“*‘)'Zﬂc’“IIP‘1 lz — 2|,

zeX

The above update (3.5.41) can be viewed as equivalent forms of the NPE [61] (p = 2)

and higher-order mirror-prox [8, 1] (p > 2). In view of the previous discussion, it is
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then natural to consider the higher-order approximation operator in the form F(z;z*) :=

p—1 A .

> %,VzH(xk)[a: — 2" 4 G(x) for the specific composite structure (3.5.36), and the next
i=0

scheme follows:

(3.5.42)
p—1 ) )
k05— VI, (Z %,V’H(mk)[x — azk]l + G(x) + Ly||lx — :ck||p_1(x — xk)> ,
i=0
s B arg mi}gl <F(:L’k+0'5), r— mk> + Lzo||90k+0';—76k||1”71 |z — :L,k”2
FAS

The above scheme (3.5.42) can be viewed as generalization of several existing methods. In
addition to generalizing the higher-order mirror-prox method, it also generalizes the mod-
ified forward-backward method (in the form (3.5.38)) to p'-order. Furthermore, it gener-
alizes the tensor method proposed in [14] for composite optimization to solving composite
V1. Indeed, consider the following problem:

géi}(l h(z) + g(z).

To simplify the discussion, assume both h,g are convex and differentiable and denote
H(z) := Vh(z) and G(z) := Vg(z). The following inequality defines the solution z¥*0-5 in
(3.5.42):
p—1 1
< EviH(l'k)[$k+O'5 _ xk]z =+ G(xk+0.5) 4 Lp||xk+0.5 _ kapfl(le»Oﬁ _ l‘k),l‘ _ $k+0'5>
i=0
> 0,

Ve e X,

which is equivalent to

lx — a® P

P
1_. ) L
k0.5 . . k k p
(3.5.43) = = argmmg} ;1 ﬂvzh(:ﬂ Vo — 2] + g(x) + m

Note that in the context of composite optimization [14], the problem is unconstrained and
the minimization step (3.5.43) is performed over the domain of g(z). In addition, while
the acceleration in optimization requires an additional sequence {yk} so that the update
(3.5.43) is performed at y* instead of z* (for example, FISTA [6] and Nesterov’s accelerated
tensor method [69]), the acceleration in VI in general takes the form of the extra-gradient
step such as the update of %! in (3.5.42).

Next, we further consider the following more general composite VI model with the operator:

(3.5.44) F(z) = H(G(z)).



Obviously, if we let G(z) = G1(z) + Ga(z) and H(z) = z, the general composite operator
(3.5.44) reduces to the special case in the summation form (3.5.36). This general model
enables us to extend the approximation schemes discussed earlier, as shown in the next two

examples. The first example is an outer approximation:

F(asab) == H(G(2); G(ah)),
which replaces the outer operator H(-) with an approximation operator H (- ;y) that satisfies
the condition (3.2.4) with some fixed y and constant L, := Lg. The resulting overall

approximation F’(ac; x*) hence satisfies (3.2.4) as well from the following bound:

Feiah) - Fa)| = |A(GE):6Eh) - HG@)|

IN

Ly |G@) - GEh||" < rLuthle - 2,

where we also assume G(x) is Lipschitz continuous with constant Lg. As an exemplifying
scheme, let H(-;y) be the Taylor approximation of H(-) with p = 2, which results in the
next update scheme:

(3.5.45)
k05— VI, (H(G(xk)) + VH(G(z%)) (G(m) — G(mk)) + LgL%||z — 2*||(z — xk)) ,
2 k+0.5 k
o argnéifvl (F($k+0'5),3§ _ xk> + LHLc;HHCQJr =z ||5‘7 _ mk||2.

Note that in this example, even if the outer approximation operator H (+;y) is the Taylor
approximation, the overall approximation operator F'(z;z%) := H(G(z*))+

VH(G(z%)) (G(z) — G(2*)) is not (it is not even linear unless G(-) is). In general, H(-;y)
needs not be the Taylor approximation but can be any approximation satisfying (3.2.4),

such as the ones discussed earlier.

The second example based on the composite VI model (3.5.44) is an inner approzimation:

F(a;2*) .= H(G(x;2%)),

which replaces the inner operator G(z) with an approximation operator G (z; %) that sat-
isfies the condition (3.2.4), with the constant now defined as L, := Lg. Similarly, we

have:
|Faiah) - F@)| = | #(G @) - BG@)|

< Ly |[Ga:a®) - G@)|| < rLuLella - 2|1,

which indicates that F(z;z") also satisfies (3.2.4) as long as H(-) is Lipschitz continuous
with Ly. If G(x;2¥) is the Taylor approximation of G(z) at ¥ with p = 2, we have the
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following scheme:

(3.5.46)
05 = Vly (H (G(2F) + VG(2")(x — 2¥)) + LyLg||z — 2*||(z — %)),
k+0.5 k
S S argmi)rfl <F(l,k+0.5)’m _ :L,k> + LHLG||a:2+ | |z — $k||2.
xre

Again, the overall approximation operator F (z;2%) is not Taylor approximation even if
the inner approximation operator G(x;x¥) is, and it is not linear unless H(-) is. While
the examples in (3.5.45) and (3.5.46) use a similar concept to construct the approximation
operator F(az; a:k), the resulting update scheme can be quite different given how we identify

the specific composite structure F'(x) = H(G(z)) in a problem.

In this section, we first discuss several structured ARE schemes based on the composite
form of the operator (3.5.36), which either coincides with or generalizes existing methods.
We further discuss the more general composite VI model (3.5.44) and present two different
examples to illustrate the concept of outer approximation and inner approximation. We
remark that composite VI may take even more general forms such as multiple layers F'(z) =
Hi(H(...(Hn(x)))), or multiple blocks F(z) = H(G1i(z),G2(x),...,Gn(x)), or arbitrary
combinations of these two. Developing specific schemes based on these composite forms
can be highly dependent on each individual problem at hand and the subproblem of solving
zF+05 may be difficult. However, the purpose of this work is to reveal the potentials of a
general scheme of approximation used in the ARE framework, by pointing out possibilities
other than the most commonly applied Taylor approximations in many existing schemes.
By taking the structure of the VI operator into consideration, ARE can possibly include
even more complicated schemes than the ones discussed in this section. As long as certain
assumptions are satisfied and one is able to develop efficient subroutines for solving the
VI subproblem, the results established in earlier sections can immediately provide optimal

iteration complexity guarantee for the new scheme.

3.6 Numerical Experiments

In this section, we examine the convergence of ARE and ARE-restart with p = 2 and

compare the performance with other common first-order methods. We consider the following
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unconstrained saddle point problem in the experiment:

1 M T A
min max flz,y) = i ;ln(l +e %)+ §||fv||2
+ 1 & b7 Al
(3.6.47) oty - 55 ;ln(l +e ) = Syl

To transform the saddle point problem (3.6.47) into equivalent VI formulation, let us rede-

fine the VI variable as u = (x,y)" and the operator

_1\/%2 afaTz + Az + Ay
Flu) = i=1 1+e 7
(u) - 1 Mo b T )
My Z fjbj-y -l—)\y —A'z
j=114e I

with the problem defined as F(u) = 0. The ARE and ARE-restart implemented in
the experiment specifically use the Taylor approximation as the approximation operator
F(u,u*) := F(uF) + VF(u*)(u — u*) and can be expressed as:

56,48 uht0S = VIy (F(u) + VF(uF)(u — uF) + Lo|lu — u*||(u — u*)),

0. k+0.5_ k

( ) e argmi;} <F(uk+0.5)7u _ uk) + La|lu +2 u|| |l — uk”q
ue

Since the original saddle point problem is unconstrained, we have X := R"™ x R™, and the

k+0.5 ;

VI subproblem for solving u is equivalent to solving the equation:

F(uk) + VF(uk)(uk—i-O.E) _ uk) + L2Huk+0.5 _ uk||(uk+0.5 _ uk) =0,

which can be solved via a Newton method (see discussions in Section 3.4.1). For a more
detailed implementation, the interested readers are referred to Section 4 in [25]. The restart
procedure of update (3.6.48) is described in Section 3.2.2, and we use a pre-defined number

for inner iterations between each restart.

The experiment is conducted under Matlab 2018 environment, and the problem parameters
are as follows. The number of date points is M} = My = 100; the problem dimensions
are m = 2n = 50; the elements of a;, b;, A are generated by independent standard normal
distribution; the second-order smoothness constant Lo is estimated as 0.3. Note that the
operator F'(u) is strongly monotone with modulus A, which is varied to observe different
convergence behaviors. The purpose of the experiments is to verify the convergence of ARE
and ARE-restart, and we use the first-order methods, extra-gradient and OGDA, as the
benchmarks for comparison. The convergence is measured as ||F(u)||, and the results are

presented in Figure 3.1-3.3.
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Figure 3.3: Convergence in strongly monotone VI with A = 0.001
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The convergence of ARE are shown in the left plots of Figure 3.1, Figure 3.2, and Figure

3.3. All of them show clear sublinear convergence for the averaged iterates

i ui+0.5 .
3 P Yi _1
U = Fk; ) Fk = Z’YZ ’
i=1

where v; = Lo|Jut%% — u!||. Indeed, a sublinear convergence rate O (1 / k%> is guaranteed
for ARE with p = 2. However, when the problem is strongly monotone (A = 1), it will take
significantly more iterations to converge to very high precision (||F(u)| < 1071%) compared
to the first-order methods extra-gradient and OGDA, which are designed to better exploit
the strong monotonicity and admit linear convergence. However, when \ is small (A = 0.001)
and the problem becomes closer to a VI that is merely monotone, the performance of these
first-order methods deteriorate fast to sublinear convergence that is significantly slower than
ARE, a second-order method. On the other hand, ARE-restart (right plots of Figure 3.1,
Figure 3.2, and Figure 3.3) shows clear improvement over the first-order methods regardless
of the strong monotonicity modulus A. The process of restart is crucial in these experiments
to take advantage of the strong monotonicity in the problem and bring the convergence of
ARE beyond sublinear convergence to linear, or even superlinear, convergence. In the
results shown in Figure 3.1-Figure 3.3, the superlinear convergence happens immediately
after each restart, followed by sublinear convergence in the rest of the epoch before the
next restart. This particular convergence behavior enables the iterates of ARE-restart to
quickly converge to high precision within much fewer iterations compared to ARE or other

first-order methods.

3.7 Conclusions

In this chapter, we propose the approximation-based regularized extra-gradient (ARE)
scheme for solving monotone VI. The key feature of ARE is to solve a regularized VI sub-
problem in the first step, where the operator consists of a general approximation mapping
satisfying a p'-order Lipschitz bound (3.2.4) and the gradient mapping of a (p + 1)th—
order regularization. Iteration complexities are established for both monotone VI (ARE)
and strongly monotone VI (ARE-restart), and the results match the lower bound for gen-
eral pP-order methods. We further analyze the local convergence behavior for strongly
monotone VI when p > 1 and establish pth—order superlinear convergence, which is an im-
provement over the existing results. By introducing the general approximation mapping
that satisfies the Lipschitz bound, ARE can be viewed as a more general framework that

includes multiple existing methods in the literature. As a result, unified results can be es-
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tablished for different methods under the general ARE framework. We then discuss detailed
implementations for solving the regularized VI subproblem under special cases, as well as

some specialized ARE schemes if the VI operator has a composite structure.
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Chapter 4

New First-Order Algorithms for
Stochastic Variational Inequality

Problems

In this chapter, we propose two new solution schemes to solve the stochastic strongly mono-
tone variational inequality problems: the stochastic extra-point solution scheme and the
stochastic extra-momentum solution scheme. The first one is a general scheme based on
updating the iterative sequence and an auxiliary extra-point sequence. In the case of deter-
ministic VI model, this approach includes several state-of-the-art first-order methods as its
special cases. The second scheme combines two momentum-based directions: the so-called
heavy-ball direction and the optimism direction, where only one projection per iteration is
required in its updating process. Both of these schemes can in fact be viewed as concrete
instances of algorithms generated by following the general extra-point approach discussed in
Chapter 2. We show that, if the variance of the stochastic oracle is appropriately controlled,
then both schemes can be made to achieve optimal iteration complexity of O (/@ In (%)) to
reach an e-solution for a strongly monotone VI problem with condition number x. As a
specific application to stochastic VI, we demonstrate how to incorporate a zeroth-order
approach for solving stochastic minimax saddle-point problems in our schemes, where only
noisy and biased samples of the objective can be obtained, with a total sample complexity
of O (f)
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4.1 Introduction

Given a constraint set Z C R™ and a mapping F' : R™ — R", the classical variational

inequality problem is to find z* € Z such that

(4.1.1) F(z)"(z—2%)>0, Vze2Z.

In this chapter, we consider a stochastic version of problem (4.1.1), where the exact eval-
uation of the mapping F'(-) is inaccessible. Instead, only a stochastic oracle is available.
The stochasticity in question may stem from, e.g., the non-deterministic nature of mixed
strategies of the players in a game-setting, or simply because of the difficulty in evaluat-
ing the mapping itself. The latter has become more pronounced in the literature, due to
its recent-found application as a training/learning subproblem in machine learning and/or
statistical learning. The so-called stochastic oracle is a noisy estimation of the mapping
F(-), and an iterative scheme that incorporates such oracle is known as stochastic approx-
imation (SA). As far as we know, the first proposal to use such approach for stochas-
tic optimization can be traced back to the seminal work of Robbins and Monro [81]. In
2008, Jiang and Xu [32] followed the SA approach to solve VI models. Since then, efforts
have been made to extend existing deterministic methods to the stochastic VI models; see
e.g. [35, 106, 36, 43, 31, 29, 30].

Let us start our discussion by introducing the assumptions made throughout the chapter.
We consider VI model (4.1.1) where Z is a closed convex set. Moreover, throughout this
section we assume the strong monotonicity (1.1.2) (z > 0) and Lipschitz continuity of
F (1.1.3), with k := % > 1 denoted as the condition number of (4.1.1).

The stochastic oracle of the mapping, denote by F(z, €), takes a random sample £ € E from

some sample space =. The oracle is required to satisfy:
(4.1.2) IBIE(,0)] - F() <6, E[IF(z,6) - F)?| < o?

for all z € Z, where §,0 > 0 are some constants. In other words, we assume that both the

bias and the deviation are uniformly upper-bounded.

In this chapter, we propose two stochastic first-order schemes: the stochastic extra-point
scheme and the stochastic extra-momentum scheme. The first scheme maintains two se-
quences of iterates featuring several well-known first-order search directions such as: the
extra-gradient [41, 96], the heavy-ball [78], Nesterov’s extrapolation [65, 66], and the opti-
mism direction [79, 58]. The second scheme, on the other hand, specifically combines the

heavy-ball momentum and the optimism momentum in its updating formula, and maintains

71



only one sequence throughout the iterations, therefore requiring only one projection per

iteration.

The deterministic counterpart of these methods can be found in Chapter 2. In particular,
they can be viewed as concrete realizations of the general extra-point approach proposed
in Chapter 2 for solving strongly monotone VI. In the stochastic context, we show that
as long as the variance can be reduced throughout the iterations, they yield the optimal
iteration complexity O(xIn(1/¢)) (cf. [108]) to reach e-solution: ||z*¥ — 2*||? < €, with an
additional biased term depending on §. In Section 4.3, we demonstrate an application to
the stochastic black-box minimax saddle-point problem where only noisy function values
f(z,y) are accessible. This application is particularly relevant, given its applications in
machine learning, where the training data set may be very large and evaluating exact
gradient /function value is usually impractical. Through a smoothing technique, we show
how to incorporate stochastic zeroth-order gradient as our update directions in either the
stochastic extra-point scheme or the stochastic extra-momentum scheme. We show that
both approaches yield an iteration complexity of O(xIn(1/¢)) and a sample-complexity of
O (%)

In fact, while the individual components in our proposed schemes have been studied exten-
sively as different accelerated first-order methods in either variational inequality formulation
or optimization, there is a surge of interest in their practical performance in the machine
learning community, especially in training Generative Adversarial Networks (GANs) [22].
Formulated as saddle-point problems (in particular a zero-sum game), GANs are known
to be hard to train, and conventional methods applied to standard deep learning such as
(stochastic) gradient descent or mirror descent do not work well. Daskalakis et al. [11] pro-
pose to use Optimistic Mirror Descent (OMD) to train GAN and show better performance
over mirror descent as well as theoretical convergence for bilinear saddle point problems.
Mertikopoulos et al. [57] study a variant of OMD, which could also be understood as an
extra-gradient method. Liang and Stokes [49] study both extra-gradient method and OMD
in bilinear saddle point problems. Gidel et al. [21] analyze the GAN formulation in a
more general VI framework and compare methods that use extrapolation (extra-gradient
method) and extrapolation from the past (OGDA). These results have shown that incor-
porating search directions beyond simple gradient information, such as using optimism
(OMD) or extra-gradient, is indeed important in practical GAN training, in addition to

their stronger theoretical guarantees.

With these versatile optimal first-order methods in mind, this chapter aims at a holistic
study through the two proposed stochastic schemes in a general framework. Both schemes

render a wider range of search directions than the existing first-order methods. On the
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one hand, each of them is helpful in the practical performance compared to pure stochastic
gradient method. On the other hand, there is no evidence showing that one should be
preferred over another in general and it often requires multiple trials before a better method
can be determined for a specific problem class. The proposed schemes thus provide a
general framework of learning, from the data of a given class of problem instances, a better
configuration among these search directions that does not necessarily cling to any specific
method. Therefore, the parameters associated with each search direction could and should
be tuned differently from problem-class to problem-class in order to secure good practical

performances.

4.2 The Stochastic First-Order Methods for Strongly Mono-
tone VI Problems

Let us start this section by introducing the notations to facilitate our analysis. We shall
denote the stochastic oracle as F(), suppressing the notation & whenever it is clear from
the context. For example, 3 (2%) is associated with the random sample &* € Z. In addition,

we denote Pz(-) as the projection operator onto the feasible set Z.

4.2.1 The stochastic extra-point scheme

We first present the iterative updating rule for the stochastic extra-point scheme:
k05 .= py (zk + B2k — 2F1) — nﬁ’(z’ﬂ) ,

(4.2.3) A= p, (Zk — aF (208 oy (2 — 2h1) — 1 (F(2F) — F(zk_l))) ,

for k = 0,1, ..., where the sequence {z* | k = 0,1,...} is the sequence of iterates, and
{zk+0'5 | k =0,1,...} is the sequence of extra points, which helps to produce the sequence

of iterates.

In the case of deterministic strongly monotone VI, we introduced in Chapter 2 a unifying
extra-point updating scheme, which includes specific first-order search directions such as the
extra-gradient, the heavy-ball method, the optimistic method, and Nesterov’s extrapolation;
these are incorporated with the parameters o, 5,7v,n,7 > 0. As any specific configuration
of these parameters should be tailored to the problem structure at hand, our goal is to
provide conditions of the parameters under which an optimal iteration complexity can be
guaranteed. This line of analysis will now be extended to solve stochastic VI as given in
(4.2.3). We shall first establish the relational inequalities between subsequent iterates in

terms of the ezpected distance to the unique solution z*, denote by dj, = E [||2% — 2*||?].
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Lemma 4.2.1. For the sequences {z* | k = 0,1,...} and {z**95 | k = 0,1,...} generated
from the stochastic extra-point scheme (4.2.3), the following inequality holds:

(1 =4y =B = 7L)dk+1

1
< <1 +4y+ 6|y — B| +47L — 2a,u> dip + 2|y = Bl +2y+47L) dp—1
)
+ (2a2L2 +2y -6l +2y+ QO — 1) E [sz+0'5 — zkHQ]

(4.2.4) +8 (a2 + %) o + T2 - )k [(zkﬂ - zk+0'5)TF(zk)} .
Proof. See Appendix 4.6.1. O

Lemma 4.2.1 forms a basis to the desired linear convergence, and it is possible to identify the
conditions for the parameters «, 8,7,n, 7 in order to achieve linear convergence. Consider

parameters satisfying
5
(4.2.5) n=oqa, 20°L*+2y—pB]+2y+ g —1<0,

and denote

t1 = Lapu — 4y — 6|y — B| — 47L
(42.6) {1 Lap — 4y — 6|y — Bl —4rL,

ty =2|y = B+ 2y +47L, t3 =4y -]+ 7L
Then we obtain from (4.2.4) that

4ad?
(4.2.7) (1 —t3)dpy1 < (1 —t1)dg +tadp—1 +8 (a2 + %) o? + aT.

With additional constraints on t1, 2, t3, the variance-reduced convergence result is summa-

rized in the next theorem.

Theorem 4.2.2. For non-negative parameters o, 3,7,n, T satisfying (4.2.5) and (4.2.6),
suppose that

(4.2.8) 0<ts<t1 < 1, to < t1 — 3.

2(1—t3)

Let g = Fp

> 1. For a fixed precision € > 0, denote K = O (q -In (%)) Then we have

di = E[|25 = 2*|2] < O(e) + O(?) + O(62).

Proof. See Appendix 4.6.2. O
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Regarding Theorem 4.2.2, we remark that a conventional way to achieve variance reduction
is through increasing the mini-batch sample sizes. In fact, we may increase the sampel size
linearly at a rate (1 + é) as k increases. We shall discuss more on this strategy in Section
4.3.

Next proposition concludes this subsection with a specific choice of the parameters.

Proposition 4.2.3. If one chooses the following parameters

(@, By m,7) = (1 BET I )

in (4.2.3) (thus (t1,t2,t3) = (14 5o To5=) ) then it holds that

1 \" 269 o2 52
4.2. <(1- 120 — 22 - i
(4.2.9) dp < < 256H> 256||,z 2%+ 0 (LM> +0 (/ﬂ)

Proof. See Appendix 4.6.3. g

4.2.2 The stochastic extra-momentum scheme

In this subsection, we present an alternative stochastic first-order method that achieves the

optimal iteration complexity as well, the stochastic extra-momentum scheme:

(4.2.10) 2= Pg (zk —aF () (- A (F(zk) — F(Z’“))) ,
for k=0,1,....

Compared with the stochastic extra-point scheme (4.2.3), the above update (4.2.10) ma-
nipulates only the momentum terms alongside the stochastic gradient direction (the notion
“gradient” here refers to the mapping F'(-) in the VI model), namely the heavy-ball direc-
tion z¥ — z¥~1 and the optimism direction F'(z¥) — F(z*~1). Since it maintains a single
sequence {zk} throughout the iterations, this scheme requires one projection per iteration,
as compared to two projections in the case of the stochastic extra-point scheme. We shall
remark that the method proposed in Kotsalis et al. [43] only considers the optimism term.
Therefore, the stochastic extra-momentum scheme introduced above may be viewed as a

generalization.

As in the previous subsection, we shall first establish a relational inequality between the
iterates. As we can see from the lemma below, the structure of this relational inequality
is in fact quite different from the previous case. The detailed proof can be found in the

appendix.
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Lemma 4.2.4. For the sequence {z* | k = 0,1,...} generated from the stochastic extra-
momentum scheme (4.2.10), the following inequality holds:

1 ~ - 1
E |:<2 4 % _ ;) sz-',-l _ Z*”Q —i—a(zk‘H _ Z*)T (F(Zk) _ F(Z]H_l)) + Z”Zlf-',-l _ Zk|2:|

1 . .
< E {|z’c =P = )T (PR - BEN) + (202024 2) |10 - z’“ﬂ
2 2
52
+8720% + a0
2p
(4.2.11)

Proof. See Appendix 4.6.4. O

Observe that each of the terms on the LHS of (4.2.11) differs in the iteration index from the
RHS exactly by one. This property enables us to design a possible potential function that
measures the convergence of the iterative process. We shall specify additional conditions

on the non-negative parameters «,~y, 7 in order to further simplify (4.2.11):

o 0 1

0 0
4.2.12 1 —v>14+4-, —=14—-, ——2>14 -
( ) top-y 2 +/@’ T +f<;’ 87212 + 2y — +m’

where 0 € (0, 1] is some constant independent of k. Note that the LHS of each inequality
in (4.2.12) is the ratio between the coefficients on the LHS and RHS of (4.2.11) for each
corresponding term. Therefore, the relation (4.2.11) can be rearranged as:

0 1 .

(1 + ) E |:2||Zk+1 _ Z*||2 +T(2k+1 _ Z*)T (F(zk) _ F(Zk+1))
K

4 (2T2L2 + %) ||Zk+1 _ ZkHZ]

oo v\ ke a2 k1 T (B kY oy ktl 1
E[(2+ 5 2)z 2°|* 4 a(z 2%) (F(z) F(z ))+4||

IN

Zk+1 _ Zk|2:|

IN

1 A .
E {2|zk = 22+ 7(s = )T (PR - BGR)) + (2002 + 3 ) 14 - zk1||2}
+87202 + 04762.
2p

(4.2.13)

Now, by defining the potential function Vj as
1 . R
Ve =E [QH,zk = 2P r(s =T (PR - BGR) + (2r202 + 3 56 - zk_1|2] ,
inequality (4.2.13) can be rewritten as

0 5 5 ab?
(4.2.14) 14+ — ) Vi1 < Vi +87%0" + —.
K 2u

This leads to our final results, as summarized in the next theorem:
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Theorem 4.2.5. Suppose that the non-negative parameters o, vy, satisfy (4.2.12) for some
constant 6 € (0,1]. For the sequence {z* | k = 0,1,...} generated from the stochastic extra-

momentum scheme (4.2.10), the expected distance to the solution of iterate z* is bounded

by:

& 9 A 0 9 K 9 o 2Kad?
(4.2.15)E [Hz — 2| } <2(1+2) -2+ (f + 1) 327202 4 20
K 0 Ou
Proof. See Appendix 4.6.5. O
A simple choice of parameters leads to:
Proposition 4.2.6. If we choose the parameters as
1 « 1 1
= _ 0 — —
(0477_77) (4[/71—}—2’8(1‘4}4-0))7 ]’
then scheme (4.2.10) assures that
k 2 2
1280 40
4.2.16 dp <2(1-— L — Pt + —
(4.2.16) e < ( 8H+1> 49 = P+ s+
Proof. Tt follows by substituting the parameter choice into (4.2.15). O

This shows that if we run the stochastic extra-momentum scheme (4.2.10) with the above

parameter choice, then in K = O(k1In %) iterations we will reach a solution satisfying

(4.2.17) E[||z% — 2*||°)] < O(e) + O <Z;> +0 <ZZ> .

In view of (4.2.9) and (4.2.17), both stochastic extra-point and stochastic extra-momentum
schemes guarantee

2 2
K _ %2 o 1)
(4.2.18) drg =E [HZ — 27 ] <0 (e—i_L/,L—i_,U«Q)

after K = O (n In %) iterations. Note that in the analysis of this section we focus on reducing
the deterministic error ||z — 2*||? by applying fixed parameters, while assuming the variance
is controllable through some variance reduction technique (see the discussion in Section 4.3
for example). However, if we aim to reduce the stochastic error o throughout the iterations
alongside the deterministic error without increasing samples per iteration, then decreasing
parameters should be considered. In particular, choosing
4 a2p? aip? 4 a2 )
k+ 16k +2)u’ 512 7 512 " (k+ 16k +2)u’ 5125 )’

(aka Bk,’Yk, Nk, Tk) = <(
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for the stochastic extra-point scheme, and

3 3 1
(s T, ) = (,u(k—i—Qm)’ p(k+ 95+ 1) k+ 9% + 1)
for the stochastic extra-momentum scheme, a uniform sublinear convergence can be estab-
lished for both schemes in the form:

Q o 0 2 O
421 < _ _ _
( 9) dk_0<k+/<c+u2 , Q=0 |max k|2 ZH’,uQ

Appendix 4.7 provides detailed derivations for the stochastic extra-point scheme, and the
proofs for the stochastic extra-momentum scheme can be derived via a similar logic. Let us
consider combining both strategies: running Ky = O (FL In %) iterations with fixed parame-

ters followed by Ko = O (%) iterations with decreasing parameters. Then we have:

Q 52
< PR
i < O <K2 +r p?)’

where

2 2 2
Q=0 (max {uls¥ — 2. 5 1) = 0 (me+ 4 T,

I

It is then clear that di,+x, < O (e + Z—z), with total iterations K7 + Ko

=0 (Ii ln% + %) =0 (max {f@ln %, 5722})’ which matches the optimal iteration com-
plexity established in [43] for a simultaneous reduction of both deterministic and stochastic

errors.

4.3 A Stochastic Zeroth-Order Approach to Saddle-Point

Problems

In this section, we shall apply the proposed stochastic extra-point/extra-momentum scheme
to solve the following saddle-point problem without needing to compute the gradients of f:

4.3.20 i
( ) min max f(z,y),

where X C R", Y C R™ are convex sets, f(z,y) is strongly convex (with fixed y) and
strongly concave (with fixed ) with modulus p, and the partial gradients

Vaf(x,y)/Vyf(x,y) are Lipschitz continuous with constant L, /L, for fixed y/x, and with
constant L, with fixed z/y. We let L = 2 - max(Ly, Ly, Lyy). We further assume that

the function f(x,y) is Lipschitz continuous for either fixed z or y with constant M. This
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implies that the norms of the partial gradients are bounded by M: ||V f(z,y)|| < M,
|Vyf(z,y)]| < M. In particular, we consider the settings when the partial gradients
Vef(xz,y) and V, f(z,y) (and any higher-order information) are not available. Further-
more, the exact evaluation of the function value itself is also not available; instead, we can

only access a stochastic oracle f (z,y,&), which satisfies the following assumption:

,

@8] = f@y).

Vof(2.9,6)| = Vaf(x.9), E |Vyf(2.9,6)| = Vil (z,v),
192 /(@9 €) = Vaf (@.9)|?] < 0%

19, f(@.,) = Vi f e, 9) ] < o

(4.3.21)

E B B =

Now, we shall use the so-called smoothing technique to approximate the first-order infor-
mation, which then enables us to apply the proposed stochastic methods for VI, which
includes the saddle-point model as a special case. In particular, we use a randomized
smoothing scheme using uniform distributions Uy/V}, over the unit Euclidean ball B in the
R™/R™ space, respectively. The smoothing functions with parameters p,, p, > 0 are defined

as follows:
1
fpo(e) = Bunr, (e + peu ) am(/fw+muwd
Jo,(@,y) = Eyuy, [f(2,y + pyv)] / f(z,y + pyv)

where a(n)/a(m) is the volume of the unit ball in R"/R™.
Let us summarize main properties of the smoothing functions f,,, f,, below:

Lemma 4.3.1. Let Us,/Vs, be the uniform distribution on the unit sphere S, in R" /R™.
Then the smoothing functions f,,, f,, are continuously differentiable, and their partial gra-
dients Vg fp,, Vyfp, can be expressed as:

Vil e0) = B, |G+ g = s [ o B ) = Soy)
1
vyfpy(x7y) = Eversp [;Zf(x7y+pyv)v:| = M/Ues ,:Z; (f(x Y+ pyv ) f(mvy))vdv7

where S(n)/B(m) is the surface area of the unit sphere in R™/R™.

Furthermore, for any x € R™ and any y € R™, we have:

(4.3.22)
panL

pymL
2 i )

IVafp. (@,y) = Vo f (2, 9)| < —— 5

IVyfo, (2,y) = Vy [z, )] <
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(4.3.23)

EuNUsp |:

2 272 2
= (f(@ + pou,y) ff(sc,y))uH } < 20|V, f(z,y)|* + 251,

piLQm2

Buns || 2 (@ +0) = sz o | < 209, @l +

Proof. For the first half of the statement, cf. [87] (Lemma 4.4), and for the second half,
cf. [20] (proofs for Propositions 2.7.5 and 2.7.6). Note that the proofs for the minimax

function follows simply by fixing one of the two variables. O

We are now ready to define the stochastic zeroth-order gradient as follows:

By (@& u) i= 2= (fla+ poy,©) = flz.,9) ) w,

(4.3.24) A .
Fy,(@,.6,0) i= 2 (f(z.y + py0,€) = flz.,6)) v,

where u and v are the uniformly distributed random vectors over the unit spheres in R"

and R™ respectively.

The next lemma shows that such stochastic zeroth-order gradients are unbiased with respect

to the gradients of the smoothing functions and have uniformly bounded variance.

Lemma 4.3.2. The stochastic zeroth-order gradients defined in (4.3.24) are unbiased and
have bounded variance for all (xz,y) € X X Y:

(4325)Ef,u [sz (l’, Y, gv ’LL)] = V:Efpz (ZE, y)v ]Ef,v [pr (113', Y, ga U)] = Vyfpy (.’L‘, y)v
and

Bt [|Fp, (2,9, & 1) = Vi fp, (x,9)|I7] <62,
(4.3.26)

where 5% = 2 - max {nM2 +no? +n?piL?, mM? +mo? + m2p?2JL2}.
Proof. See Appendix 4.6.6. O

Before applying the stochastic extra-point/extra-momentum scheme to solve (4.3.20), let
us first introduce the connections between these two models. As we regard the saddle-point

model as a special case of VI, we shall treat the variables x,y in the saddle-point problem
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as one variable and denote Z = X x ),z = (x,y). Additionally, we define:

F(2) _vxf(x,y) B = _fopz(:z,y) |
Vyf(z,y) Voo, (2, 9)

- F, y ISy
Fp(z,u,0,€) = (_;I(fwyyiuzg :
Py\Vr ISy

These terms correspond to the gradient of f(x,y), the gradient of the smoothing functions
Joo(2,y) and f, (z,y), and the stochastic zeroth-order gradient, respectively. Note that we
have flipped the sign on partial gradient correspond to y to account for the concavity of f

with respect to y.

Finally, as we shall use a sample size of t; € N (a natural number) at iteration k, we
reserve the subscripts for the random vectors &, u,v for the sample index (i), i = 1,..., 1,

and denote: .
. 1 <A -
k¢ k k ,k k k
Ep () = £ D By ufys ofy €6).
i=1
In the above definition we suppress the notation of the random vectors u, v, £ on the LHS for
cleaner presentation. Note that by the law of large numbers, together with (4.3.25)-(4.3.26),

we have

(43.27) E[E§(N] = B, E[IF5E - B(M)IP) <

4.3.1 Sample complexity analysis: stochastic zeroth-order extra-point
method

Recall our objective in (4.3.20). With only noisy function value f (z,y,£) accessible, we pro-
pose the stochastic zeroth-order extra-point method that updates (x,y) := z simultaneously
with the following update rule:

0y (s k) o).
= py (o - aF§+O-5(z’f+0-5) N O e (Fk(zk> _ Fk—l(zk—l))) _
(4.3.28)

Compare the above update with its original variant in (4.2.3) for solving stochastic VI,
the update direction F (2%) is replaced by the averaged stochastic zeroth-order gradient
F/i“(zk) with sample size ¢ (similarly F'(z¥195) is replaced by F5+0'5(zk+0'5) with sample
size tg10.5). This circumvents the inaccessible first-order information and equips us with

appropriate tools to reduce the variance and achieve overall linear convergence.
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The next lemma establishes the relational inequality between the subsequent iterates in
terms of the expected distance to the solution dj, = E [||zF — 2*||?], similar to what we
did in Section 4.2.1. The differences lie in the corresponding stochastic error terms shown
below. Note that in each iteration we take two batches of samples t;, and tx40.5. The batch

k-1

size tj_1 also appears because the iterate z is used in each iteration.

Lemma 4.3.3. For the sequences {zF | k = 0,1,...} and {z**%° | k = 0,1,...} generated
from the stochastic zeroth-order extra-point method (4.3.28), the following inequality holds:

(L —=A]y = Bl = 7L)dy+1

1
(1 +4v+6|y— Bl +47L — 2a,u> dp + 2|y — B + 2y +47L) di—1

IN

)
+ <a2L2 +2y =B+ 27+ Plal i 1) E [||2F105 — 2¥|?]

T\ 1 a? T al?
2 (2 ) 272 2 2 2,2
+160 <a+ tk+tk . +[tk1 +4 (7L +a"L” + " (pzn® + p;m*)

(4.3.29)  +2(n— )E [(z’fﬂ - zk+0~5)TF§(zk)} .

Proof. See Appendix 4.6.7. O

With the relational inequality in Lemma 4.3.3, we shall adopt the same conditions: (4.2.5),
(4.2.6), and (4.2.8) for the parameters «, 3,7, n, 7. Therefore, the results in Theorem 4.2.2
are directly applicable. In addition, we are now equipped with the variable sample size
tr/ti+0.5 to control the variance terms, as well as the smoothing parameters p,, p, to control

the bias terms.

We shall utilize the example in Proposition 4.2.3 to analyze the sample complexity of the

proposed method. The result is provided in the next proposition:

Proposition 4.3.4 (Sample complexity result 1). The stochastic zeroth-order extra-point

method (4.3.28) with the following parameter choice:

(o, P T L
GO T) =\ 41 1985 128k 4L° 1281k

t =1 = 1 L - ! 1 L
k+0.5 =tk = 256r y o Pr = NI o56r )

1 1
— 1—
P =" Jamn ( 256/@) ’
where K is the iteration count decided in advance, outputs 2% such that dg =
E [HzK — z*||2] <e with K =0 (/{ In (%)), and the total sample complexity of the procedure

and

(4.3.30)
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18 .
0 * (12 ~2
KR||Z~ — % g

S i -0 (2L, 22)
k=0 € €

)_l

Proof. See Appendix 4.6.8. O

4.3.2 Sample complexity: stochastic zeroth-order extra-momentum
method

Next we consider the stochastic zeroth-order extra-momentum method, with one projection

per each iteration:

= ps <zk - aFf(zk) + v(zk — zk_l) -7 (Ff(zk) — Ff_l(zk_l))> )
(4.3.31)

The relational inequality, similar to Lemma 4.2.4, is established in the next lemma:

Lemma 4.3.5. For the sequence {z* | k = 0,1,...} generated from the stochastic zeroth-
order extra-momentum method (4.3.31), the following inequality holds:

(/1 . .
E < 4 i o g) ||Zk+1 . Z*H2 +Oz(Zk+1 72*)T <Fpk(zk) . F£c+1(zk+1))

\2 7" 2
Pl
4
< E -}”Zk _ Z*HQ +T(Zk _Z*)T (Fk—l(zk—l) _ Fk(zk)) + (27‘2L2 + 1) ||Zk _Zk—1||2
= 72 p p 2
piere? (L L)y (a2 & (p2n? + p2m?).
te 1 8 * Y
(4.3.32)
Proof. See Appendix 4.6.9. 0

With the same condition as in (4.2.12) for the parameters «,, 7, we can derive the similar
bound to (4.2.13) (with F'(z*) replaced with F/f(zk) and with the new stochastic error
expression) and define the potential function:

1 e (et e
Vi, =E [2||zk —2*)? +T(zk —z )—r (Ff 1(zk h— Ff(zk)) + (272L2 + %) ||zk — 2k 1|2} )
Therefore, the following inequality holds:

4 9.9 (1 1 2 «Q 2 2 2 2
<1+/€>Vk+1gv,€+1670 (t +—tk 1>+L 472 +8u (pzn” + pym~),
(4.3.33)
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and we can apply the results directly from Theorem 4.2.5. In addition, with increasing
sample sizes ?; and the smoothing parameters p., p,, we are able to control the bias and
the variance terms in the above inequality. We give the results of sample complexity in the

next proposition.

Proposition 4.3.6 (Sample complexity result 2). The stochastic zeroth-order

extra-momentum method (4.3.31) with the following parameter choice:

( ) 1 o 1 9 1
o, T — _— = —
) 77 4L’1+%78(,‘{+0) ) 87

o (4 1 \7" _ 1 1
k= se+1) |” 7 ans 8k+1)

1 1
= 1 —
py \/§mf§ < 8/% + 1) ’
where K is the iteration count decided in advance, outputs 2% such that dg =
E [HzK — z*||2] <e with K=0 (/-aln (%)) and the total sample complexity of the procedure

18
K_ltk =0 <F”Hzo k& + 62) .
0

and

o[x

wlx

€ €2

Proof. See Appendix 4.6.10. O

To make the sample complexities given by Proposition 4.3.4 and 4.3.6 more explicit, let us
apply the specific choices of p;, p, in these propositions and the expression of &% given in
Lemma 4.3.2, which results in the following bound:

0 __ %2 2
(4.3.34) 0 (“‘Z “I7 (n+mQ)M )
€ €L

Note that we took o2 = 0 in the above derivation (4.3.34) (i.e. the function value and the
gradients can be evaluated exactly). We also remind that M is the Lipschitz constant of
the function f(z,y) and k = % Therefore, (4.3.34) gives an upper bound on the sample
complexity for the black-box strongly-convex-strongly-concave saddle-point problem, ob-
tained through the proposed stochastic extra-point/extra-momentum methods. While the
tight sample complexity bound for black-box convex optimization has been established (cf.
[17, 88]), a good or even tight lower bound on the sample complexity for saddle-point prob-
lems is unavailable at this point. Therefore, the result in (4.3.34) serves as a reasonable

upper bound on the sample complexity for the research to follow along this line.
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4.4 Numerical Experiments

In this section, we present the results of three sets of experiments to demonstrate the
potential advantages of combined search directions as in the proposed stochastic extra-
point and stochastic extra-momentum schemes. The first set of experiments relates to a
regularized two-player zero-sum matrix game with an uncertain payoff matrix. In particular,
the payoff matrix A¢ is randomly distributed and can only be sampled for each (mixed)

strategy. The problem can be formulated as follows:

A A
@43 minmex foa) =B | Yl + 2 e - F P

n m
s.t. inzl, Zyjzl, z,y > 0.
i=1 j=1

We sample the matrix A¢ element-wise i.i.d with A¢ ~ N (AO, 021(n+m)) with randomly
generated Ag. The problem parameters are set as: n = 10, m =20, 02 =1, A\, = Ay =A=
0.01, k = % ~ 1.61-10*, where L and j are the largest and the smallest singular values of the
A, A
—AJ Ay,
is used as the merit function with X', being the corresponding simplex constraints.

Jacobian matrix respectively. The duality gap at ma;)( f(zF, ) —mi)r(l [z, y*)
ye FAS

The second set of experiments is designed to test on a strongly-convex-strongly-concave

stochastic saddle-point problem with more general polyhedral constraints:

. /\x 2 T )‘y 2
4.4. —E |22 Ay — 22
(4.4.36) min max f(@,y) [2 ]I + 2" Aey — "yl
s.t. Alx § bl, Cly S dl.

The stochastic matrix A¢ is sampled in the same way as in the first experiment. The
constraint parameters A; € REn2)xn p c R2+2 0 ¢ REm+)xm g ¢ R2m+2 gre
generated randomly such that the initial iterate zo = e, yo = e; is strictly feasible. We set
the variance in this experiment as o2 = 0.2, while leaving other parameters the same as in

the first experiment. The duality gap is used as the merit function.

The third set of experiments is designed to solve a stochastic linear complementarity problem
(LCP):

(4.4.37) 2*>0, F(z)>0, (z)TF((z") =0,

where F(z) = M z+q is a randomly generated strongly-monotone operator and M = Q+ P

is a summation of a positive diagonal matrix () and a skew-symmetric matrix P, and we
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add stochastic noises with element-wise i.i.d A (0, 02) to M. Other problem parameters

are set as: n = 20 (variable size), k ~ 40.7, 02 = 1.

In the above three experiments, we first observe the convergence for different methods in the
deterministic (02 = 0) case, with the parameters manually tuned to their best performance.
We then add the stochastic noises to the problem and observe the average performance of ten
runs, with parameters for each method fixed from the previous deterministic experiments.
The results are shown in Figure 4.1 and Figure 4.2 respectively, and the parameters are
recorded in Table 4.1 for references. In these problem instances, there are parameter combi-
nations such that the more general schemes (extra-point, extra-momentum) can outperform
specific components of their own (extra-gradient, OGDA, heavy-ball). This demonstrates
that indeed there exist problem structures where the numerically best performing method
can only be found in the non-trivial configurations of some existing different methods but
not any individual one of them. We shall remark here that the point of such kind of ex-
periments is to show that a combined scheme can be superior than each individual method
alone. The experiments are however not meant to address the issue of how to find supe-
rior hybrids of the methods, which on its own is a future research topic. Furthermore, a
potentially superior performance may come at the cost of some parameter search. Suitable
setting of parameters may vary from problem classes to problem classes and should be itself

considered as a learning process.

Deterministic Matrix Game Deterministic General Constraint Minimax Deterministic LCP

3

Duality Gap (log scale)
8

merit function value (log scale)
A8 8 =

5

Duality Gap (log scale)

0 200 400 600 800 0 500 1000 1500 500 1000 1500
itertaion itertaion iteration

Figure 4.1: Convergence in deterministic problems

Stochastic General Constraint Minimax Stochastic LCP

&

Stochastic Matrix Gar

3

3

-
5
Duality Gap (log scale)

Duality Gap (log scale)
merit function value (log scale)

", b taghs

R
~o 50 100 150 200 ~o 200 400 600 800 1000 0 50 100 150 200 250 300
itertaion itertaion iteration

Figure 4.2: Convergence in stochastic problems
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“ Problem “ Matrix Game (02 = 1) [ General Constraint (o2 = 0.2) [ LCP (o2 = 1) ”

Proj. N/A N/A 0.0235/ — / — | — /—

HB N/A N/A 0.0188/ — / — /0.0146/—
EG 0.015/0.015/ — / — /— 0.0061/0.0061/ — / — /— 0.034/0.034/ — / — /—
OGDA 0.007/ — / — / — /0.007 0.0035/ — / — / — /0.0035 0.024/ — / — / — /0.0234
ExM 0.005/ — / — /0.11/0.01 0.0023/ — / — /0.16/0.0043 0.024/ — / — /0.216,/0.0234
ExP 0.01/0.024/0.004,/0.004/0.001 | 0.0032/0.04/0.0176/0.22/0.0007 | 0.034/0.34/0.0323/0.34/0.0068

Table 4.1: Parameter choices for different problems in the order of a/n/8/v/7. N/A:

no obvious convergence. ¢?: variance of the stochastic noise. Proj.: gradient projection

method; HB: heavy-ball; EG: extra-gradient; ExM: extra-momentum; ExP: extra-point.

4.5 Conclusion

In this chapter, we propose two new schemes of stochastic first-order methods to solve
strongly monotone VI problems: the stochastic extra-point scheme and the stochastic extra-
momentum scheme. The first scheme features a high flexibility in the configuration of
parameter choices that can be tailored to different problem classes. The second scheme has
the advantage of maintaining a single sequence throughout the iterations thus requiring only
one projection per iteration, as opposed to most other first method that maintains an extra
iterative sequence. Both methods achieve optimal iteration complexity bound, provided that
the stochastic gradient oracle allows the variance to be controllable. The application of these
two schemes to solve stochastic black-box saddle-point problem is also presented. Through
a randomized smoothing scheme, the stochastic oracles required in these two schemes can
be constructed via stochastic zeroth-order gradient approximation. The variance is thus
controllable by mini-batch sampling with linearly increasing sample sizes per iteration, and
the sample complexity results are derived. Finally, preliminary numerical experiments show
that there exist different problem classes where combined search directions is preferable over

any individual ones in our schemes.

87



4.6 Appendix A: Proofs of technical results

4.6.1 Proof of Lemma 4.2.1

First of all, by the 1-co-coerciveness (cf. e.g. Proposition 4.4 in [5]) of the projection operator

Pz, we have

b+t — 22

< (R T <Zk —aB (05 (o - 1y <F(zk) _ F(qu)) _ z*)
1 1 1 . .
— §||Zk+1 . Z*”2 + ink o Z*HZ o 5|’2:k+1 . Zk||2 o T(ZkJrl _ Z*)T (F(Zk) _ F(Zk71)>
(R )T (_aF(zk+O.5) (k- qu)) ‘
(4.6.38)
By adding and subtracting z*10% in 2**! — 2*  we shall decompose the last term in the

above inequality into (a) 4 (b) + (¢), where

(a) _ (Zk—I—l - Zk+0'5)T (_nF(zk) +B(zk - zk—l))
(b) — (ZkJrl _ zk+0‘5)T (—aF(Zk+O'5) + nF(Z’k) + (’Y _ B)(zk o Zk71)>
(46.39) () = (707 =27 (—aP(F0%) 44 (5 — 71))

Let us first use the optimality condition of 2**%-% to bound term (a):

A

(ZFH05 2k _ B(F — 2P Y 4 B (2F), 2 — K08 >0, vze Z.

k+1

Taking z = 277", we get
(4.6.40) (@) < %sz+1 - %szﬂ]ﬁ . %szﬂ _ kH05) 2,
We can also establish the bound for (b):
(b) = (= FHONT (CaP(R0%) 4 0B (2F) — B (F) 4 P (F) + (7 = B)(F = 257)

IN

al| = O F(R) = B0 4 (g — a) (M - 2O TR ()
k
ok

+(’Y _ 6)(zk+1 _ Zk+0.5)T( Zkfl).

Note the following bound from the Lipschitz continuity:

A

IE(z) = B ()| I (2) = F(2) + F(2') = F(z') + F(2) = F(')]|
(4.6.41) < eaten+Llz—4,
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for any z,2’ € Z, where we used the definition of the stochastic error term
(4.6.42) e = HF(Z) - F(z)H .
Therefore,

af| L — 0S| B(:E) — F(440)|

1 k+1 k+0.5(2 210 1 Lk i k+0.5\(12
< 5 (14 = 072 4 02| () — B (F09)2)
1
(4.6.43) < 5 2P — 2F105)12 £ 0P (e i + £, 0405) + @2 L2 |28 — 2710912,
Furthermore,
(’V _ ﬂ)(zk+1 _ zk+0.5)T(zk _ Zk—l)
1 _
S 5I,y _ 5| (sz+1 _ zk+0.5H2 4 sz _ zk 1”2)
<y =B (1F = 2R PEOS — RE fl — 2P — 2P)
<y =B 2IE = 2P 2l = P A O =P R 2 (1 - 2)1?)

v = Bl 2125 = 21+ 3]12% — 2|2+ (|50 = 2R ]2 -2

The resulting bound for (b) becomes:

1
() < §||ZkJrl — ZMTO5)2 L a2 (en + e nros)? + (@2L2 + |y — B]) ||2F — 251022
+(7] _ a)(ZkJrl . Zk+0.5)TF(Zk)
(4644) -|-|r)/ — 5’ (2||Zk+1 _ Z*HQ + 3sz . Z*||2 + ||Zk—1 . Z*HQ) ]

Next let us bound (c) in (4.6.39). We have,

(€) = —a(2H08 = )T F(EFT05) 4y (2h+05 _ )T ok _ ph=1y
< —a(05 )T B(h+05) 4 %7 (sz+o.5 L Zk—lHQ)
< a0 )T fo( k05
Ay (2408 = 2812 127 = 2|2+ [l =212+ 17 = 27)?)
= (RS )T R(RH05Y 4 (||Zk+0.5 L L z*||2) .
(4.6.45)

Combining the bounds for (a), (b), (¢) from (4.6.40), (4.6.44), and (4.6.45), it follows from
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(4.6.39) that

(Zk-i-l _ z*)T (_aF(zk+o.5) + 7(2k _ Zk—1)>

< —a(F0B _ )T B(RHO5) L (= a)(FH — 2T P(F) £ a2(eh + 2,005)2
2 (= BI) 1241 — 22+ 2y + 3y — B) 2 — =2 + (1 — B + ) [ — 2|
b3l = AP (AL by = Bl = 5 ) 14495 - P,

(4.6.46)

We also need to bound the following term in (4.6.38):

(4.6.47) —r(M =27 (F(Zk) - F(Zk_1)> <72 = 2| F(F) - P
(4.241) FLIF - | <2(5zk Fegen) 4|2 — Zk—1||>
< %sz“ — 212+ %(Ezk 4 e0-1)2 + TL||2F — 22
< %Ilz’“+1 — 2P+ %(szk o)+ 27L||2R — 2|2 + 27 L) A — 212,

Combining the bounds in (4.6.46) and (4.6.47) with (4.6.38) and multiplying both sides by
2, we have
(1= Ay — ] — rL) |5 — 27|12
(1+ 4y + 6]y = Bl +47L) ||z = 2"|I* + 2y = Bl + 2y + 47L) |51 = 27|)®
2
+ (2a2L2 + 2|y =Bl +2v— 1) ||Zk—"_0'5 — 2:k||2 + 2042(5Zk + Ezk+0.5)2 + l(fzk + Ezk—l)Q

L
—20[(Zk+0‘5 o Z*)Tﬁw(zk+0.5) + 2(77 _ a)(szrl _ Zk+0'5)TF(Zk).

IN

Let us now take expectation on both sides. Noting dj11 = E [[[2*T1 — 2*||?], d), =
E [||zF — 2*||?], and di—1 = E [||z*~! — 2*||?], and noting that E[e?] < o for all z € Z by
Assumption (4.1.2), we obtain

(1~ 4]y — B — 7L)dr
< (14+4y+6|y—B|+47L)di + 2|y — B| + 2y +47L) dp_1
+ (20%L* +2ly - Bl +2v— 1)E {sz"'O'B — zklﬂ +38 <a2 + %) o’
(4.6.48) —2aE [(zk+0'5 - z*)TF(zk+0'5)} +2(n—a)E [(zkH - zk+0'5)TF(zk)} )

We shall replace F/(25105) with F(2570) 4 F(25105) — F(25%05) in the last line and note
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that
E [(zk+o.5 _ z*)TF(Zk—&-Oﬁ)}

- F [(zk+o.5 Y (F(Zk+0.5) _ F(z*)) +(2FH05 Z*)TF(Z*)}
E

. * I )
[H||Zk+05 . ||2} > §dk _uE [H2k+05 _ anz} ’

v

and
E[ k+0.5 ) <F(Zk+0 5) F(z k+0.5)>]
- E [E [ k+0.5 T ( k+05 F(2k+0.5)) E[k]“
Eﬂ[ k+0.5 z* ( [ k+05 k]} _ F(zk+0.5)>}
—E |[[570% — ||| B[F (5+0%)] - F(H09)]|| 2 —E [|]24+0% - 27| - o]

2 k+0.5 _ %2 2 k+0.5 _ k|2 k%2
S ] AT S g 2 pl Gl T |
7 8 " 4 4

Further note that we have denoted ¢+ = (60,605 ¢l eS| ¢h=05 ¢k) to be the collection

of random vectors sampled up until the iterate z*. Therefore, z¥1t0-5 is a known vector given

¢kl
Putting the above two bounds back into (4.6.48), we arrive at the desired bound:
(1 =4y = ] = 7L)dg41

1
< (1 + 4y 46y — B| +47L — 2au> dp + 2]y — B| + 2y + 47L) di_,

v

406?
1

5 T
+ <2a2L2 +2/y—Bl+ 2y + FOH = 1> E [||zk+0'5 - zk||2} +38 <a2 + Z) o+

+2(77 o a)E |:(Zk+1 _ Zk+0.5)TF(zk):| )

4.6.2 Proof of Theorem 4.2.2

By condition (4.2.8), we have t3 < 1. Let us start with divide both sides of (4.2.7) with
1—t3:

to 8 (a?+ ) o? 4as?
d < 1- dy, dp_
R = < 1—t3> +1—t3k1+ 1—t3 +,u(1—t3)

(4.6.49) = (1—a1))dy+ag-dx_1+as- o2+ aq - (52,

ti—t3 _ta 8(0‘2+%) 4062

where we let (ay,a2,a3,a4) = 1 T T ’u(1t3)> to simplify notations in the

rest of this proof. Note that we have 1 > a; > ag by condition (4.2.8). It is elementary
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to verify that as < (1 — %) : ‘”JFTC‘?, and by rearranging terms in (4.6.49), we have the

following

+
dgy1 + A 5 = dy, <

A

a
2>dk+ag‘dk1+a3-02+a4'52

a] —a a; +a
<1— 12 2) <dk+ ! 2dk 1>+a3-02+a4-62

A recursive argument yields the following result:

IN

a1+a2

di41 + dg
a a a; +a k a as\’
1 — a2 1 2 2 2 1 — a2
< < > <d0+ 5 d_1>+(a3-a +a4‘5)-i_50<1— 5 >
+1
2+a +a . 2
< ( ) : 2H0—z\|2—|—(a3-02+a4-52)- :
al — ag

Note that dy = d_1 = ||2° — Z*H2 The statement in Theorem 4.2.2 follows by letting

2 _ 2(1-ts)
q= ai—as  ti—to—t3”

4.6.3 Proof of Proposition 4.2.3

For the choice of parameters (a, 3,7,n,7) = (E ﬁ, ﬁ, ﬁ, 12§LH) we have (t1,to,t3)

= (1(1557 62»@’ 128,{) by the relation (4.2.6). Additionally,
5) 1 1 5
20202 + 2|y — 29+ cap—1=-+—+-——1<0.
a”L® + 2|y — B + 7+ gan s Tt 1<

Therefore, both conditions (4.2.5) and (4.2.8) are satisfied.

Now, from (4.2.4), we have

(1_1218/<> i1 = <1_1(15/€)d +6Td’“ 1+8<161LQ+1281L2K> 02+2;
(4.6.50) < (1 — 125) di + 6%dk 1+ 1%222 + gi
Divide both sides with 1 — 128 and note that ( 12];%) < gg, we have:
(4.6.51) @t S 11—_ idk - 1267f@d’H * 17227(122 + 1122522

7 2 2
- 6 7202 1286
= (g 128 d dy_
( 11218) E 7Rt T a7 T 12t

< (1 7 d+6d +7202+12852
= 128k ) F T 127k Rt T 12702 T 127Dy
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We can move a part of di to the LHS and form the following:

1 6 7202 128462
4.6.52) d —d — ) dp+—4d
(4.6.52) k1T 5 k_< 256;-;) + K1+ -

127k 12702 " 127Lu
13
(d’“ + onen k1

INA
7N
—
|
\]
=2

N 7202 N 12852
127L2 © 127Lu

k+1 2 k i
13 7202 1285
do+ ——d_
< 0" 356k 1) * (1271;2 127Ly> ;} ( 256n>

1 \F o 202 12852\ 1— (1— 1)
<1 ) . 69“ 0 Z*H2—|—<7U 80 ) ( 256/@)

VAN
VRS
—
|
[\]
D

< _

= 256k 256 12702 " 127Lu -
1\ 269 7202 12842

< 1— . 0 * |2 - 256

= ( 2561 TR (127L2 * 127Lu>

-1 ¢ 256 . 6 13
o = 5% TorR = 3565 and we

also have dg = d_1 = ||2° — 2z*||? for the fourth inequality. Finally, the LHS of the above

Note that the second inequality is due to (1 — m)

inequality can be lower bounded by dj1, thus completing the proof.

4.6.4 Proof of Lemma 4.2.4

We start by using the 1-co-coerciveness of the projection operator Pz(-):
”ZkJrl o Z*H2

— P2 (zk —aF(F) (R = Y —r (F(zk) - F(zk—l))) ~ P (2 — aF(z") |2

(1 =T (0B ) 4y = 7 =7 (P~ FER) = (7~ aF ()

(1= 2T ((F = 2) = a (F*) = P(z1) 495 = 270 = 7 (PR - F(FY)
(4.6.53)

IN

Next, let us bound the above four terms separately:
(= )T =2 = o (1 = 2 PP = 22— A - 2R
and
(=) (PR - F(z) = (=27 (FGR) = PR + FEY) - F(2)
where
(FHL )T (F(ZkJrl) _ F(z*))
= (LT (F(Zk—i-l) ~ PR 4 PR - F(z*))

> (zk—i-l _ z*)T (F(zk:-i-l) _F(zkz—i-l)) +M\|Zk+1 _ Z*HQ7
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and
(Zk—l—l _ Z*)T(Zk _ Zk—l) < % <||Zk+1 _ z*HQ + sz _ Zk—1||2) ’

and

< = R B(R) = BRI - r(F - )T (R - PR)

< g = R B (R) - B -7 - )T (PR - BT

! \
4
where

. . (4.6.41)
(4654) P B(F) — PR S 22 (et o) 4+ 202 L2 2 — P,

Putting the above bounds back to (4.6.53), we get:

1 A A 1
(5+am =3 ) IR0 = 24 alh =0T (FEH) = FH)) + 140 - 42

IN

1 ~ .
§”Zk . Z*HQ —|—T(Zk - Z*)T <F(Zk:—1) . F(Zk:)) + <2T2L2 + %) sz _ Zk‘—1||2

122 (e + 1) — a(ZF - 2T (F(zkH) - F(zk+1)) .

Taking expectation on both sides gives us
1 . . 1
: Kz +ap = ;) |54 = 22 4 a(eFH = 2T (F(R) = F(EHY) + 14 - k}
1 . )
< E {2|zk — 22+ 7( = )T (PR - BGR)) + (20202 + 3 ) I4 - 2 H

+87%0% —E [a(z’“‘l — 297 (F(z’“‘l) - F(z’”‘l))} .

(4.6.55)
Note that
—E{ SRl _ T(F k) k+1)>}
= —aE [E[( = 2T (FE) - FGH) €]
= o[ (a[ree] )
< QB [ - 2 EF ()] - B
(4.6.56) < aF [5”zk+1 — z*u} <ok BZ + %Hz’fﬂ - Z*HQ] :
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Here we define £# = (€0, €1, ..., €¥) to be the collection of random vectors sampled up until

k+1 5

the iterate 2*, and z is known given £¥.

Therefore, (4.6.55) becomes

1 . A 1
E |:<2 + % _ ;) sz-‘,—l o Z*||2 —|—04(Zk+1 _ Z*)T (F(Zk) _ F(Z]H_l)) + Z||Zl~c-'r1 o Zk|2:|

1 . .
< E {2|z’C — PR =) (F(zkil) — F(zk)) + (27’2L2 + %) | 2% — zk1||2}
52
+87%0% + 0;—

completing the proof.

4.6.5 Proof of Theorem 4.2.5

Continuing from (4.2.14), we have:

—k k —1q 2
Vi < <1+0) %+Z<1+0> -(87’2024-0“5)
K — K 21

—k
1 AN 1-(1+4¢ 52
= <1+> Hzo—z*HQ—i-—( 2 ) -(87202+a ):
2 K ¢

where we use 271 = 20 for ;.

Finally, with the following bound:

r(h = )T (B = F(R)) 2 =l = 2 1P - B

> =l =P = PP - B
(4.6.41) 1
> gl = 2 = (2125 = P 2o +2)?),

we can lower bound Vj as 1E [||zF — 2*||?] — 87262 < Vj,. Therefore

E[ll2* - 2]

AN 4 AN 52
< 2(1+-— Hzo—z*HQ—l——K~ 1—(14— (87202 + 25 4 327202
K 0 K 20

0\ " 2kad?
< 2(142) =P (S 1) skt 4 T
K 0 Ou
(4.6.57)
The statement in Theorem 4.2.5 follows by noting (1 + %)_1 =1- HLJ;O.
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4.6.6 Proof of Lemma 4.3.2

We will derive the first bound in (4.3.26); the second bound is similar and will be omitted.
Notice that

Ei,u [||Fz(sc,y,§,u)|\2} = ES [Eu [||Fz(x,y,§,u)||2]]

(4.3.23) A 2L%n?

= 20 [Be [V f (e 9) |2+ 2V fw,9) T (Vaf(2,9,6) = Vaf(w,p))
pAL?n®
2

Ve f@.6) = Vet @ p)l] | +
paLl’n®

2V o (V2 @)l + Be [IVaf@,0.) = Vol (@ 9)2]) + 25

PLn?
o

IN

2n (M? +0%) +
Further note that
Eeu [1Fp. (2,,6, ) = Vo fo, (x,9)|]
= Eeu |15, (09,6 0P = 2, (09,6, 0) Vil (0,9) + [ Vi (0,9)]?]

(4.3.25)
- E&u [HFx(xaya§7u)H2 - Hvlfpx(x7y)”2] < E&,’u [”F x(x,y,g,u)HQ]
2L2 2
< 2n(M2+02)+%,

completing the proof for (4.3.26).

4.6.7 Proof of Lemma 4.3.3

The logic line of the proof for this lemma is very similar to the proof in Appendix 4.6.1,
with the stochastic mapping F (2*) replaced by the stochastic zeroth-order gradient F f (2F).
Therefore, we shall refrain from repeating similar analysis, but highlight the main differences
instead, which lies in bounding || F,(z) — F'(z)|| and Hﬁf(zk) — Ff/(zk/)H. The former can be

L./p2n2+p2m? . . . .
bounded by —~~——*—, which is a direct result from (4.3.22). We illustrate the bound
Ve f(z,
on the latter in the following derivations. First, for F'(z) = of(@.y) , we shall have
_vyf(xv y)

(4.6.58) |F(z) = F(Z)|| < L||z =2, V2,2 €Z

where L = 2 - max(Ly,, Ly, L;,), because

IF(2) = FI? = | Vaf(2,y) = Vo f (@' y) 12 + IV f(z,y) = Vy f, )]
23 |e — /| + 2L3 ly — 'II” + 2L5ly — oI + 2L3, |l — 2|2

L (|lz = 2'|I* + lly = ¢'II”) = L= — 2'|I*.

IN

IN
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Next, by denoting €1 = Hﬁ’pk(zk') — F,(2%)|), we have

(4.6.59) IER () — BF (2]

IEE(R) = Fo(2h) + By (M) = BY (/) + Fy(2%) = B (2"
ek + e + |Fp(2F) — E, ()]

= et e +IF(2") = F(z%) + F(z") — F,(z") + F(%) - F(2F))|

(4.3.22),(4.6.58) L
€k + e + Ly/p2n? + p2m? + L 2" — 27 ||.

Now, similar bounds as in (4.6.43) and (4.6.47) can be constructed by taking k¥’ = k + 0.5
and k' = k—1 respectively in (4.6.59). We finally note that E[ezk] < % to proceed through
the rest of the proof. The interested readers are referred to Appendix A.7 of the archival

/

)l

IN

IN

report version [26] of the current paper.

4.6.8 Proof of Proposition 4.3.4

Let us present the following lemma first, then the results of Proposition (4.3.4) shall follow

immediately. A similar proof can be found in [44], Lemma 11.

Lemma 4.6.1. Let K > 1 be the total iteration number, {Vj}r—o,. x and {tg}r=o,. K be
positive sequences, % < C <1 and a > 0 be constants, such that the following holds:

C
(4.6.60) Vi <C-Viq + ta—
k—1

fork=1,..,K. If we take t, = C~*, then we further have:

K
1\?* (1 4a
.6. <[ = Z.
(4.6.61) VK_<2> <2 Vo+1_c>,

where b= [loge 1] > 1.

Proof. First note that C® < %. Using t;, = C~* we have:

Vik < C-Vk_1+a ¢

=CY Vg_p+ab-CK,
i1

, bk
<C” Vk_p+a E
— tk—k

which holds for K > b. Without loss of generality, assume (K mod b) = 0, then the
following holds:

b-ck = c.of 0?0k oo

CK—2b 5 CK_2b b CK—Zb 1— Cb CK—Qb CK—2b

. = . = . < .
G T ety 1-C 4 ~41-0)

IN
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The first inequality is due to CK-0+i < 0K-b = oK=2b . ob < C

Therefore we have:

2 for any i = 1,2, ....

K 1 a
< b. . < K -2b
Vi C VK_1+a(b C ) 1 < _ 1—C C )

<

IN

IN

IN

K
1\° b b a
< (= . . .
< <2) (C’ Vo + a(b C)+1_C>

Since C < 1, obviously we have b- C? < E Ct < . Therefore,
i=1

K_q K _q
1\¢® b b a 1)¢® 1 2a
< (= . . < (= .
Vk < <2> (C Vo +a(b C’)+1_C>_<2> <4 VoJrl_C)

K
1\°o /1 4a
< (= —. .
- <2> (2 VO+1—C>

O n

Now, to prove Proposition 4.3.4, we need to show how the parameter choice in this propo-
sition together with (4.3.29) result in (4.6.60). Let us first bound the variance term by

—1
tk1,1 - tk (1 - M) S %:

observing t = tr+0.5 and
7\ 1 a? T T\ 4852 2752

o () (e ])

7 < @ +L tk+tk+05+Ltk_1 =\ +L tr  — 8L%t

Denote C =1 —

55— The bias term in (4.3.29) can be written us:

2 2 2K K
(TL+O{2L2 4i>(pxn +py ): <7L+042L2+aL >4C < ].7C

4p k2 T 32k

Substituting the rest of the parameters,we get:

1 1 3 2752 17CK
1———Jdpyr < (1= — )dp+ —dpg + o+ ———.
( 128;<;> P = ( 16/<;> P e T R, T 3ok
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Since the above inequality is only different from (4.6.50) by the last two terms, following
the same procedure as in (4.6.51) and (4.6.52) we immediately obtain:

et 13 J N 43252 +686’K
o6k P ) T 127028, | 127k

13 1
i < 1—
i1 T 5pgpdk < ( 256k

which is in the form of (4.6.60) for Vi = dj, + gha-dj_1, C = 1 — gk a = 827 with an

additional last term. Lemma 4.6.1 indicates:

1\ /1 da \ 68CK  [1\% 0y 52 ol
< < - _ pu— — _ * — PR .
dk_VK_<2) (2 VO+1—C)+127/<; (2> (’)(Hz 2| +LM>+O< n)

By the relation

1 1 1 1 1
b-logy — > <logc 4> logy — = (log-14) logy — = 2loga-1 —,
€ € € €

the total iteration K to guarantee dx < € is given by:

ZO — ¥ 2 4 ﬁ 1 1
K>0 (max {logc1 | | Ly ,logo-1 — =0 </€10g )
€ Ke €

K-1 K—

1 0_ %2 ~
with the sample complexity as 2 > t = 2 cCrk=0 (M + E‘:TZQ) .
k=0 0

k=

4.6.9 Proof of Lemma 4.3.5

With the similar logic to the proof in Appendix 4.6.4, we shall focus on the main differences
between the two proofs. The first one lies in constructing a similar proof as in (4.6.54),
with the help from (4.6.59) by taking &' = k — 1. The next one is to construct a similar
bound as in (4.6.56), where we shall instead use the bound ||F,(z) — F(z)|| < w
as a result of (4.3.22). A more detailed proof can be found in Appendix A.9 of the archival

report version [26] of the current paper.

4.6.10 Proof of Proposition 4.3.6

Let us first identify (4.3.33) in the form of (4.6.60) and the results shall follow by Lemma

4.6.1. Let C = (1 + é)fl = (1 — ﬁ) and note that tk%l = C%fk < %, we have

2 2
167252 <1 N 1 > < 4810
e tk—1 73

and

« [0
L’ <472 + 8u> (pzn® + pym?) = p* <4¢2 + 8u> O,
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Then we have from (4.3.33):

4 2~2
VkSC'Vk—1+M+M2 <4T2+OA> .CK.
th—1 8

With a = 487262, Lemma 4.6.1 leads to:

K
1\° 1 4a 2 2 [0 K
<(=)" (= 424 L) oK,
VK_<2) (2 V°+1—0)+“<T+8u> ¢

Now, let us lower bound Vi by observing:

r(F = )T (BETU R = BN 2 =R = BT ) - BEGR)

1 A
—lez’“—Z*HLTQIIFp’“ YD = BRGNP

(4.6.59) 1
>0 gl I = 7 (LR = e + 2)? o+ AL (o + pEm?)

Then we have

1 1 1 AT2120K 1 472 12CK
Vie > —dg — 167252 — + _ 7 > Zdp — 4872520k T Y
4 tk Ttk 4 K2

1
= ZdK —aC — 442720k,

Combining the above results and substituting the parameters gives us:

K
1 1ye /1 4a 9 9 | Mo K
- < , Z. Lt .
4dK < <2) <2 Vo-l-l_c,)+<8,u7' + 3 +a> c

K
e 0 sng . 02 > 1 1 &2
- (2) o(uz | +LM)+C o(z+:+1)-

Following the same logic as in the last part of Appendix 4.6.8, we conclude that with

K=0 (ﬁlog %), we have dig < € and the sample complexity is

K-1  K-1 0_ 2 a2

Yt = (]k:()(’inz’z”+02>'
€ €L

k=0 k=0

4.7 Appendix B: Proof of the uniform sublinear convergence

of the stochastic extra-point method

In order to establish a uniform sublinear convergence, we have to consider parameters that
are diminishing with iteration number k. Let us return to the one-iteration relation (4.2.4)

and consider the following choice of parameters:

2,2 2,2 2
(a®, g0 () () )y _ <( 2 it ah 2 au>7

k+2)p 1287 128 ' (k+2)u 128k
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where we omit the superscript (k) of @ on the RHS for notation simplicity. We shall note
that here o = a®) which is dependent on iteration k and follow the same simplification for

other parameters throughout the rest of the proof in this appendix unless noted otherwise.

By using the fact 2a < i + o, we have:

(2a2L2 + 2y =Bl +2y+2apn—1)E [||,zk”+0'5 - zk||2}

< (2021 + 2y + o*p) E [sz+0.5 _ zkHQ}
< (2L2 4 674 +M> [sz+0.5 _ Zk‘ﬂ
< 2L% + — D?

< ( + 64 + u ) )

where in the last inequality we use the boundedness of the feasible set.

Therefore, we could rewrite (4.2.4) into:

(1 = 7L)di41
(1+4y+47L —ap)dy + (2y +47L) dp—y

+a? (2107 + w +
64

= (1+4v+47L —ap)dp+ (2y +47L) d—1

4 D? 8a2 o2 46D
s 9 2D2 = D2 s
T2 (“ T T T +128L2>+(k:+2),u

G

IN

,u2> D?+38 (a2 + %) o? 4+ 2a6D

Substituting the parameters with their respective values in the rest of the terms:

< < 1>dk+1
- 32(k 4+ 2)?

o2 )4
—< k+2 8(k +2)2 k+2>k

1 ; 4G 46D
+(16(k:+2) +8(k+2)2> G2z T o

< <1 )dk—{—?) dr—1 + i¢ + 40D .
= k+2 16(k + 2) k+22 " (k+2)u
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Dividing both sides by 1 — m, and noting that (1 — m> - < g—%, it follows that
1-—
(k+2) 6 128G 1280D
d < d dj—
SR " ) T 3122 T3k 20
2(k+2) 6 128G 1286 D

= [1- dip + —————dp—1 + +
( m)) FTSIk+2) T 31k +2)2 ' 31(k+2)u

< _ 4+ 7 d L 128G n 1280 D

= 32(k+2) P32k +2) T 31k +2)2 T 31(k+2)p

From the above one-iteration inequality, we shall claim the following inequality

Q  2566D
dy < —— Yk >0
FS e g =

133G
@ = max { 0€ 20 -2
9
and we shall prove the inequality by induction. For k = 0, the inequality holds trivially
Q
5"

where

do = ||2° = 2"|* <

Assuming the inequality holds for all index 1, ..., k, we then have

128G 1286 D

der < [1- dy + ————dj,_
ML= ( k+2) ) stk 22 T Bkt 2k
2565 D 7 2565 D
< (1= @ + @
32k+2 k+2 ' 93 320k +2) \k+1 ' 93
_|_
+

128G n 1286 D
31(k + 2) 31(k + 2)u

Q 7 Q 128G
< 1-— . + . +
k+2 k+2 32(k+2) k+1 3l1(k+2)?
2565D 4400 D n 560D n 1286 D
93 93(l<:+2) 93(k+2)u  31(k+2)u
Q 550 7 Q 128G 2560 D
= — 5 + . + 5 +
E+2 32(k+2) 32(k+2) k+1 31(k+2) 93
Q Q 55Q) 7 2Q) 133G 25660 D
< + - . + +
E+3 (k+2)2 32(k+2)? 32(k+2) k+2 32(k+2)? 931
Q 9Q 133G 2566 D
kE+3 32(k+2)2  32(k+2)? 93
B Q 2560D
 k+3 9u
Note that in the last inequality we used the identities %H < ki+2 and 128 < 13%3 This

completes the proof for the uniform O (%) convergence rate.
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Chapter 5

An Accelerated Variance Reduced
Extra-Point Approach to
Finite-Sum VI Problems and

Optimization

In this chapter, we develop stochastic variance reduced algorithms for solving a class of
finite-sum monotone VI, where the operator consists of the sum of finitely many mono-
tone VI mappings and the sum of finitely many monotone gradient mappings. We study
the gradient complexities of the proposed algorithms under the settings when the sum
of VI mappings is either strongly monotone or merely monotone. Furthermore, we con-
sider the case when each of the VI mapping and gradient mapping is only accessible via
noisy stochastic estimators and establish the sample gradient complexity. We demonstrate
the application of the proposed algorithms for solving finite-sum convex optimization with
finite-sum inequality constraints and develop a zeroth-order approach when only noisy and

biased samples of objective/constraint function values are available.

5.1 Introduction

In this chapter, we consider an extended class of monotone VI (1.1.1) in the finite-sum form,

where the operator consists of the sum of finitely many general vector mapping H;(z) and
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the sum of finitely many gradient mapping Vg;(x):
mi ma2

(5.1.1) F(z) = H(x) + Vg(z) :== Y _ Hi(x) + Y _ Vgi(),
i=1 i=1

where each H;(-) is Lipschitz continuous with constant Ly,;y and H(-) is (strongly) monotone
with constant p(>) > 0, and each Vg;(+) is Lipschitz continuous with constant L,; and
Vg(-) is monotone. The pioneering work considering such extended class of monotone VI
(5.1.1) without the finite-sum structure (i.e.m; = mg = 1) is [10], where the authors propose

a stochastic accelerated mirror-prox method with iteration (sample) complexity

L, L 2
O<\/9+h+02>
€ € €

for monotone H(-) and Vg(-). Note that the subscript ¢ indicating the index in the finite-
sum is omitted since m; = mg = 1. In addition, the authors of [10] consider the stochastic
setting where both H(-) and Vg(-) can only be estimated via an unbiased oracle with
bounded variance ¢2. In this chapter, we continue along this line of research on the extended
class of monotone VI (5.1.1) with general m1,ms and apply variance reduced techniques
to establish accelerated gradient complexity bound. We assume each H;(-) and Vg;(-) can
only be estimated via a stochastic oracle with bounded variance and bias and give the
corresponding sample gradient complexity. We show that the proposed algorithms can be
applied to solving finite-sum convex optimization with finite-sum inequality constraints [51]
with an improved gradient complexity. Furthermore, the general stochastic setting in this
chapter makes it possible to apply zeroth-order approach [46] to solve the aforementioned
problem with our algorithm, when only biased samples of objective/constraint function

values are accessible.

5.1.1 Algorithmic structure

The two proposed algorithms in this paper, SAVREP (5.2.7) and SAVREP-m (5.3.22),
for solving strongly monotone and monotone problems respectively, have multiple-sequence

updating structures. These “extra sequences” in our algorithms serve two main purposes:

e To accelerate the convergence to the (a) solution based on the composite VI map-

ping/gradient mapping structure in the problem class (5.1.1);

e To implement variance reduction when the VI mappings/gradient mappings have the
finite-sum structure. That is, to reduce the estimation of each component mapping

while achieving the first goal.
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In order to achieve the first goal, it is critical that two different groups of sequences are
used to accelerate the convergence in terms of the VI mappings and the gradient mappings
respectively, because the two acceleration processes and the rates that are achieved differ in
their respective problem classes. To achieve the second goal, it is again required to use two
different groups of sequences to help control the number of either VI mappings/gradient
mappings estimated during the iterations, which eventually guarantees the variance reduced

gradient complexities in the respective problem classes.

With the above high-level concepts in mind, we can decompose the proposed algorithms

into several major components:

1. Acceleration of the VI mappings.

The most commonly used acceleration procedure for monotone VI problems is the
extra-gradient-type method [41], which is also widely adopted in many VI algorithms
that follow, e.g. [68, 62, 27, 28] and the references therein. This specific update scheme

forms the basic structure in our algorithms:

0P = argmin  y(H(a"),2 - o*) 4§l - 2F|2,
5.1.2 r€
( ) rhtl = argmin 7<H(xk+0'5), T — mk> 4 %”x _ ka2

TEZ

2. Acceleration of the gradient mappings.

To realize the acceleration of the gradient mappings, Nesterov’s acceleration in opti-

mization [65, 66] is adopted in combination with the above extra-gradient method

(5.1.2):
y" = (1—a)vk+ azt,
5,13 P08 = argmin  y(H(2¥) + Vg(y"), x — 2¥) + 5llo — |,
- # = argmin y(H(2"00) + Vg(yh), o — ab) + 5o — |2,
L = (1= a)ok 4+ azht0s,

Note how the above update reduces to a regular extra-gradient method when mgy = 0
(thus Vg(-) = 0) and to a method similar to Nesterov’s acceleration when m; = 0
(thus H(-) = 0). Such concept of integration of acceleration from two different problem

classes is first proposed in [10] and extended in [27].

3. Variance reduction of the VI mappings.

The authors in [2] propose various variance reduced algorithms for finite-sum VI with
mg = 0, including variance reduced extra-gradient method, whose main concept will

be applied in our algorithms. The idea is to replace the sum of VI mappings H (x#0-9)
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with variance reduced gradient estimator H (zFt9-5) (formally defined in (5.2.12), Sec-
tion 5.2.1) and use two other sequences, {z*} and {w"}, to help control the frequency
of estimating the total mapping H(-). Incorporated into the combined acceleration

scheme (5.1.3), we have:

( zF = (1—py)a* + prw”
yP = (1-a)*+ az”
P09 = argmin y(H(w") + Vg(y*),z - 2%) + 3w — 2*|?
xT
P = argmin (H@M00) + Vg(yb), @ — 28 + glle — 2P
X
Pl = (1 - a)vk 4 aaht0s
S = 2kt with prob. p;
L wk, with prob. 1 — p;.

. Variance reduction of the gradient mappings.

In the case when my is large, it is desirable to also apply variance reduction to the sum
of gradient mappings Vg(-) in the update. The variance reduced gradient estimator
Vg(y*) (formally defined in (5.2.13), Section 5.2.1) is used in the update instead of
the total gradient estimator Vg(y¥), together with an additional sequence {w*} to

control the frequency of estimating the total gradient estimator, as shown below:

z* = (1-p1)a* +prw*

yF = (1—a-p)wk+ azk + guk

#09 = argmin  y(H(w") + Vg(y*),x - 2%) + 3w — 2*|?
x

# = argmin y(H(2"00) + Vg(y*), @ — 2%) + 5flo — 2|2
X

(5.1.4) L = (1= a— B)vF + aah 05 4 Bk

S = 2Pt with prob. p;
wk, with prob. 1 — p;
vt with prob. po

wk-‘rl — ? :
wF,  with prob. 1 — ps.

Variance reduction in finite-sum optimization has been widely studied in the literature;
see [3] and the references therein. When the problem is merely convex (or merely
monotone VI), the last sequence {w*} has to be modified such that it only updates

after moy iterations:

k1 :
(5.1.5) ot = { nﬁ% Y imkro—m, V' mal(k+1)

ok, otherwise.

which forms a double-loop structure in the main update procedure (5.1.4). We present

the detailed analysis in Section 5.3.
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5. Replacement of deterministic mappings with stochastic estimators. Finally,
we consider the more general stochastic setting in our algorithms, where each compo-
nent in the finite-sum VI mapping H(-) and the finite-sum gradient mapping Vg(+)
is allowed to be noisy stochastic estimators with bounded bias and variance. De-
noted by H'(-) and V¢'(-), these estimators are in place of H(-) and Vg(-) in the
update (5.1.4) to accommodate a different stochastic aspect from the finite-sum it-
self. Detailed definitions and assumptions are left to Section 5.2.1. The analysis that
follows in Section 5.2.2 and 5.3.1 takes the stochastic errors into account, such that
sample complexities can be readily derived from our results (see Proposition 5.2.4 and
Corollary 5.3.5).

5.1.2 Structure of the analysis

Let us also briefly highlight the underlying high-level ideas of our analysis to facilitate

understanding, while leaving detailed discussions to later sections.

The potential function. For a positive potential function Pj that depends on iteration
k, the goal in the derivations is to establish Py < Pj. Therefore, the form of the potential
function becomes important in that it guides the logic behind the analysis. In our analysis,
the potential function Py is a combination of (the expectation of) Q(z;2*) and ||z — z*|?,
estimated at iteration k at different iterate points (since there are multiple sequences in the

algorithms). In particular,

Q(z;x) := (H(x),2" — x) + g(2') — g(x),

where Q(2/;2*) > 0 for any 2’ € X (see (5.2.18)). In view of this specific form of Q(z'; z),
we derive upper bounds for (H(z),z' —z) and g(a’) — g(x) respectively, in order to establish

the decrease in the potential function Pj.

The convergence in terms of VI mappings. Analyzing the sequences pertaining to
the VI mappings is the key to deriving upper bounds for (H(x),z’ — z). By our previous
discussions, they are {z*}, {2¥+9}, and {w*} (z* are simply combination of z* and w").
Therefore, the first step of our analysis is to establish relations among these iterates; see
Lemma 5.2.1.

The convergence in terms of gradient mappings. Identifying that the sequences
{y*}, {v*}, and {@"} are the ones that determine the convergence in terms of the gradient
mappings, the next part of the analysis consists of deriving relations among these sequences,

which leads to the upper bound for g(z') — g(z); see Lemma 5.2.2.
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(SAVREP-m) The convergence after an outer iteration. While in the strongly
monotone problem, the final gradient complexity results can be readily derived after com-
bining the results in Lemma 5.2.1 and 5.2.2 (see Theorem 5.2.3 and Proposition 5.2.4), the
analysis in monotone problem needs to go an extra mile. As mentioned in the previous dis-
cussions, in the monotone problem the sequence {ﬂ)k} has to be updated in a double-loop
structure (5.1.5), which is key to applying variance reduction for the gradient mappings.
Therefore, we have to establish the relations of the (modified) potential function in terms
of {w*} after one outer iteration (which consists of ms inner iterations). This process in-
cludes identifying sophisticated relations among parameters and is discussed in detail in
Section 5.3.1, with the results in Theorem 5.3.4.

Choices of parameters. To obtain the final gradient complexity results, we shall give
specific parameter choices that satisfy the various conditions required in order to guar-
antee the decrease in the potential function. The specific parameters are summarized in
Proposition 5.2.4 and Corollary 5.3.5.

5.2 Variance Reduced Scheme for Finite-Sum Strongly

Monotone VI and Finite-Sum Monotone Gradients

In this section, we present our first variance reduced scheme for solving VI, where the
operator F'(-) takes the combined VI/gradient mapping form with finite-sum structure re-
spectively (5.1.1). We assume the constraint set Z to be closed and convex, and the problem

is summarized below:
find z* s.t. (F(2*),z —2*) >0, Vze€Z,
(5.2.6) my m3
F(z) = H(xz) + Vg(x) := ; H;(x)+ ; Vgi(z).

We specifically consider the combined finite-sum operator F'(-) being strongly monotone in
this section, and we shall propose an alternative approach for F'(-) being merely monotone

in the next section. In particular, we assume H(-) to be strongly monotone with modulus
mi
up > 0, and Vg(-) to be monotone. Furthermore, we denote H(-) = > H;(+), where each
i=1
m2
H;(-) is Lipschitz continuous with constant Lj;, and denote g(x) = »_ gi(z) (therefore
i=1
ms
Vg(z) = > Vgi(z)) where each Vg;(x) is Lipschitz continuous with constant L ;). Let us
i=1
1

m ma
also define the sum of the Lipschitz constants Ly, := Y Ly and Ly := ) L.
i=1 i=1

108



Consider the following update for iteration count k:

z" = (1 —py)z* + prw”
y" = (1-a- B+ azr + pa*
P08 = argmin Y (H'(w®) + Vo' (yF), & = 2%) + 5|l - 2F|?
P = argmin g (H'(2M0%) + Vg (y*), 2 = 78) + glle - 27
(5.2.7) L = (1= a— B)oF + azhtOS 4 Bk
S k1 with prob. p;
wk, with prob. 1 — p;
D v+l with prob. po
L wk,  with prob. 1 — ps.

Method (5.2.7) is a general stochastic variance reduced scheme for solving (5.2.6), and in the
rest of this chapter we refer to it as Stochastic Accelerated Variance Reduced Extra Point
method (SAVREP). We shall make the following remarks. First, the variance reduction
techniques are applied to both the general VI operator H(-) and the gradient mapping
Vg(-), and the resulting update procedure will require using the variance reduced gradient
estimator [3, 2], denote by H(-) and Vg(-), respectively. Second, although the construction
of the variance reduced gradient estimator H(-) (Vg(-)) involves sampling from the m; (ms)
individual operators H;(-) (Vg;(-)) as we shall see later, we use the term “stochastic” to
specifically refer to the fact that the update of SAVREP (5.2.7) only accesses the noisy
estimations of the individual operators, denote by H!(-) and Vgj(-), respectively. This
allows the application of zeroth-order approach [46] to problems when the gradients are
unavailable and only the function values can be sampled, such as black-box optimization
[72, 87, 17, 88] and saddle-point problem [99, 101, 54, 85, 56]. We shall exemplify such
application in Section 5.4. As discussed in Section 5.1.1, the multiple-sequence structure
is key to our algorithm, and the derivations of gradient complexity and sample complexity
involving the analysis of each of these sequences are discussed in Section 5.2.2, following
Section 5.2.1 where the detailed formulations of the (stochastic) variance reduced gradient

estimators and the corresponding assumptions are presented.

5.2.1 Preliminaries

We first state the assumptions for the stochastic estimators H/(-) (Vg.(-)) of the individual
operators H;(-) (Vgi(+)) for i = 1,2,...,mq (m2). Denote E'[-] as the expectation taken for
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these samples and consider the following bias and variance upper bounds:
(5.2.8) | i) - EH @] < 6 E || Hi@) - B [H@)]|*] <o,

(5.2.9) |Vgi(2) ~ B [Vi(@)][| < 0 E [|[Voi(z) - E [Voi(@)][*] <o

for some §y, ah, dg, og > 0. In other words, we assume the variance and the bias of these

samples to be upper bounded by some non- negatlve constants (therefore they are not neces-
sarily unbiased estimators). Denote H'(z) := Z H!(x) (respectively V¢'(x) := Z Vyi(x))

as the sum of my (respectively ms) such mdependent stochastic oracles. The below bounds

follow straightforwardly:
(5:210) |H(x) ~ B @) < midn, B [|H@) — 7' @[] < 207 + 2mi3,
(5.2.11) HVg( —E'Vd (@)]]| < m2by, E [HVg(:L") — V' ()| ] < 2m202 + 2m§5§.

We next give explicit expressions for the (noiseless) variance reduced gradient estimators at

the corresponding iterates given in (5.2.7):

(5.2.12) H(2F10%) .= H(w") + H, (a*T05) — H, (w")
(5.2.13) Vy(y"*) := V(") + Ve, (v*) — Vg, (@).

The above forms follow from the well-established variance reduction literature [3, 2], and the
random variables ¢ (¢) take samples from the m; (mg) individual operators H;(-) (Vg;(-))
with probability distribution taking respective Lipschitz constants Ly ;) (Lg(;)) into account.

In particular, we have

g i oL _
=q;, 1=1,2,...,my, Pr{{=1i}= 7 =T 1= 1,2,...,ms.
g

. Lhz
Pr{¢ =i} =

The stochastic oracles are then given by H¢(-) := q%Hz() and Vg () = %Vgl()

However, note that in the update (5.2.7), only the noisy variance reduced gradient operators
H'(zF+0-5) (Vg/(y*)) are accessed, which are defined by:

ﬁ/( k—+0. 5) H/( )Jr Hék (mk+045) . Hék (wk)
Vd' (y¥) == Vg (@") + Vg, (") — Vg, (@),

where H() = éH{() and Vgi(-) = %Vg;() To save the computational costs, we can

reuse the noisy samples estimated at the same iterate within each iteration. For example,

after sampling H'(w"*) in the update of 2#+0-

(xk+0.5).

, we could reuse the oracles for H{ (w*) and

H'(w*) in constructing H’
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Finally, to simplify the notations in the following analysis, denote the expressions of condi-

tional expectations taken for different random variables:

(5‘2'14) ]Ekl[] = Eﬁk["‘rkﬂwk]ﬂ Ekz[] = ]ECkak?wkvvk]?
(5‘2'15) Ek1+['] = Eﬁk ['|$k+17 wk]v EkQ-I-H = Egk[-|ﬂ)k, vk+1]'

5.2.2 Gradient complexity analysis

As highlighted in Section 5.1.2, the analysis first established one-iteration relation for the VI
mappings, followed by one-iteration relation for gradient mappings, and then combining the
two results in the decrease in the potential function. By selecting the parameters carefully,
we derive the resulting gradient complexity for obtaining an e-solution E [||93k - a:*||2] <,
together with the corresponding stochastic errors. The lemma below summarizes the results

from the first part of the analysis.

Lemma 5.2.1. For the iterates generated by (5.2.7), define the following stochastic error

terms:
ex = |He(x) — He(2)||, & = |H(x) — H'(2)].
Then, the following inequality holds for any x € Z and k =0,1,2, ...

Ey, [’Y<H (z) + Vg (yF),a¥02 — w>}

1 1
< 58 |- gl —al 4 pulut = ol a1~ af?
1 1
-3 (p1 _ 272L%) Ey, [ka+o.5 _ wkHQ} = (1 - p1 — vun) B, [ka+0.5 _ kaQ
2
VE k+0.5
—1—2557 + ’yQEkl [(Ezk+0.5 + Ewk)g].
Proof. See Appendix 5.7.1. O

In Lemma 5.2.1, we define two stochastic error terms, €, and &,, which are due to the noisy
samples of H;(-). We can first bound the squared stochastic error £2 for the total operator
H(-) with our assumption in (5.2.10):

E'[£2] < 2myo}h + 2m3d3.

On the other hand, the error £, involves a random variable £ sampled from i = 1,...,m;.
Since

m1

Zqz 2 ) - Hi@)|2 =S ;HH{(SU) — Hi@)|?

=1
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we have

mi 2
B =E B3] < Y F |1~ E [H@)] + E @) - )]
mi 1 mi 1
(5.2.16) < 2(0%+5,%)'Zq— =2Ly - (07 +63) - Y 7 =52,
i=1 1 =1 h()

Now we shall proceed to present the results in the second part of the analysis, summarized

in the next lemma.

Lemma 5.2.2. For the iterates generated by (5.2.7), define the following stochastic error

terms:
= [|[Vgc(z) = Vge(x)|l,  pe :=[|Vg(x) = Vg'(2)].

With the condition 1 — a — 3 > 0, the following inequality holds for any x € Z and k
=0,1,2,...

Ers [9(v) = g(a)]
< By [(1-a—B) (90" — g(@)) + 8 (g(") - g() )|

~ a’L a’L app,
B, (V' (44), a0 —2)| + < g4 504 2 >Ek2 [l#+0% — o2

2 203 8
Qi 8ar N 8
+ 5B [l — al] + i[53 + By [(oas + ).
Proof. See Appendix 5.7.2. O

Similarly, we define the two stochastic error terms in Lemma 5.2.2, p, and p,, which are
due to the noisy samples of the gradient mapping Vg;(-). The bound for p2 follows directly
from (5.2.11):

E'[52] < 2m202 + 2m§53,

whereas the bound for p2 can be derived as follows

E' [Ec[p3]] = E'[Ec[|Vgc(e) - Vgi(a)|?]] E Zm- 2||ng z) — Vgé(w)HQ]
mo 9
< Y —E||[Val@) B (V@] |’ + B [Vei(@)] - Vo)
i=1""
mo 1 mo 1
(5.2.17) < 2(03—}—52)-27?:2Lg-(02+5§)-ZL = G2
i—1 't i—1 9(0)
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The last part of the analysis will combine the results from Lemma 5.2.1 and Lemma 5.2.2
and establish the overall per-iteration convergence in terms of a potential function. Let us
first define the following function, which serves as an important component in our potential

function:

Q(z;x) := (H(x),2" — x) + g(2') — g(x).

In particular, we will use the function Q(2';x*) with 2’ being the iterates generated by
SAVREP (5.2.7). The following properties show that Q(z; z*) is nonnegative for any 2/ € Z

and is upper-bounded in terms of z':

Q(asa") = (H(z"),2' — 2") + g(a’) — g(a”) = (H(2") + Vg(z*),2" — 27) > 0.

(5.2.18)
and
Q(z's2%) = (H(z"),a" —27) +g(2') — g(27)
< (H(2'), 2" —2*) — pn)la’ — 2| + g() — g(¥)
< (H(2') + Vg(2'), 2’ — %) — ppla’ — 2*||* < 4}1% |H(2") + Vg()|*

Now we are ready to show the per-iteration convergence for (5.2.7):

Theorem 5.2.3. For the iterates generated by (5.2.7), define the following constants:

o ~ 16
Ay = /T(mm;% +mid}) + 2a0G;, A= T(mwz +mady) +
. h

16
7&53

Then, the following inequality holds for k =0,1,2, ...
E[(1 - )@ 0%) + 6Qa" o)
+%E (1= Pl = 22 + bt - 2]
< E|(1—a-AQWHe) +(8+ 61— p)Q(a )]

«
+ (1 - %) 2 [(1 —p1) |lo* — 2|2 + uk - x*uﬂ + Ay + A,

(5.2.19)
Proof. See Appendix 5.7.3. g

Theorem 5.2.3 establishes the relation for the iterates generated by (5.2.7), with additional
stochastic errors Ay, Ay due to the noisy samples taken for H;(-) and Vg;(-). To further
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derive the gradient complexity and the overall stochastic errors, we are left with specify-
ing the parameters a, 3,7, ¢, p1,p2. Note that in deriving (5.2.19), we have imposed the
constraints (5.7.59) on some of the parameters (see Appendix 5.7.3), together with the
condition 1 — a — 8 > 0 in Lemma 5.2.2, which should be honored during the parameter

selection process. We summarize the gradient complexity results in the next proposition:

Proposition 5.2.4. In view of Theorem 5.2.3, by specifying the following parameters:

1 1 1
fy:min<\/ZTl P2 p1>7 « min( Hit 1>, ﬁzi,

4 Lp "\ Lgpn’ pi C12 Lgps’
and 1 ) ) .
+ a)me
b= pi=— =,
ma mo

the gradient complezity for reducing the deterministic errors to some € > 0 is

L Li/mr d
(5.2.20) 16) <<m1 Fmg 4y 22 TR ml) log 0) ,
Kh Kh €

where
v 2
dy == —— || H(2%) + V()" + 2]}a” — 2*||*.
Qpp,
In addition, the overall stochastic error after reducing the deterministic error to € is of the
order
Lym Lp/m
(5.2.21) O((mﬁmgﬂ/ 972 | Zh 1).7.(Ah+Ag)>.
Hh Hh Q
Proof. See Appendix 5.7.4. 0

A few remarks are in order to interpret the results in Proposition 5.2.4.

Remark 5.2.5. Under the noiseless case where H;(-) and Vg;(-) can be computed exactly
(6n = on = 64 = 04 = 0), (5.2.20) gives the iteration complexity before reaching either
2% — 2*]|2 < € or ||wF — w*||? < e. Since in each iteration the full operator H(-) (Vg(-))
1s estimated at wk/wk, which in expectation only updates every my (mz) iterations, the
expected cost for estimating an individual operator H;(-) (Vg;i(-)) is constant. Therefore,

(5.2.20) is also the gradient complexity for obtaining the e-solution.

For a general strongly monotone VI, [2] has established the O ((ml + %) log %) gra-
dient complexity, while for strongly convex optimization [3, 109] the gradient complexity

@) <(m2 + Liirgw) log %) has been established. While the former gradient complexity has
not been shown tight for VI, Proposition 5.2.4 implies that it is indeed possible to improve
upon the previous results and reflect the accelerated complexity from optimization, when

the VI is of the specific form (5.2.6).
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Remark 5.2.6. Under the noisy case when the operators can only be estimated inexactly,
the stochastic error Ap+ Ay will be carried throughout the iterations. Provided that the total
number of iterations is in the order (5.2.20), the overall error is given by € + Ap, where we
refer to € as the “deterministic error”. The order of the overall “stochastic error” Ar, is
then given by (5.2.21). Through standard techniques such as increasing the sample size for
H!(-) (Vg.(-)), the overall stochastic error Ap can be further reduced to O(e).

5.3 Variance Reduced Scheme for Finite-Sum Monotone VI

and Finite-Sum Monotone Gradients

In this section, we develop a new algorithm for the same finite-sum monotone VI in the
form (5.2.6), but now we only assume H(-) to be monotone instead of strongly monotone,
i.e. pup, = 0 (the monotone assumption for Vg(-) remains). The loss of strong monotonicity
assumption therefore requires a different design of update procedure and analysis from the

previous section, as we shall present shortly later. Same as in the previous section, we define

mi
H(-) = »_ H;(-) where each H;(-) is Lipschitz continuous with constant L), and g(z) =
i=1

my
>~ gi(x) is sum of Lipschitz continuous gradient mappings, each with Lipschitz constant
i=1

Ly(;)- The rest of the setups in Section 5.2.1 also apply, and we shall only supplement with

some specific changes in the analysis that follows.

Consider the following update for iteration count k:

z* = (1—p1)a* +prw®
Y = (1 —a— B)o" + aga® + Bra®
P08 = argmin A (H(0¥) + Vol (1), 0 = 7¥) + bl — |
P = argmin (0 (2M0%) + Vo (), — 28) + gl — 2P
(5.3.22) L = (1= ag — B)vF + apaktOS + Bk
WF k1 with prob. py
wh, with prob. 1 — p;
Tl — i i my U maf (k4 1)
ok, otherwise.

There are two main differences between the update (5.3.22) presented above and the update
(5.2.7) in the previous section. First, while (5.2.7) simply updates @* with probability

Py = mLQ in each iteration, (5.3.22) has a double-loop structure, which updates @* once
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every ms iterations. In other words, the full gradient Vg(w*) is only estimated at the
beginning of each outer-loop, and such gradient is used to obtain the variance reduced
gradient @g(yk) within each inner-loop. Second, instead of using constant parameters as
in (5.2.7), the update (5.3.22) uses parameters ay, O, v, that depend on iteration number
k. These changes turn out to be critical in the monotone VI setting. We shall refer to the
update (5.3.22) as SAVREP-m (SAVREP for monotone VI) in the rest of the paper.

5.3.1 Gradient complexity analysis

In order to establish a theoretical guarantee for the gradient complexity, we make two
additional assumptions compared to the analysis of SAVREP. In particular, we assume
that the stochastic estimators H/(x) and Vg,(z) are unbiased, and the constraint set Z is

bounded, as summarized below.

Assumption 5.3.1. The stochastic estimators H(x) and Vgi(x) are both unbiased, i.e.
Sh=06,=0in (5.2.8)-(5.2.9).

Assumption 5.3.2. The diameter of the constraint set Z is Qz, i.e.

(5.3.23) sup ||z —y| = Qz.
T, yeZ

The gradient complexity analysis of SAVREP-m (5.3.22) consists of two major steps. The
first step is to derive the per-iteration relation among iterates and establish a result similar
to Theorem 5.2.3. In the first step, we only consider the iterations from k to k + 1, which
is within a single inner-loop in the update (5.3.22) with @* remaining unchanged. In the
second step, we derive the relation among iterates after one outer-loop, where the iterations
proceed from smgo to (s + 1)ms. This step specifically establishes an inequality relating
wTD™2 and @%™2, which eventually guarantees the convergence of the iterate @w* as long

as the parameters are chosen to satisfy certain conditions.

The results derived from the first step is presented in the next lemma;:

Lemma 5.3.3. For the iterates generated by (5.3.22), assume the following condition holds
for all k > 0:

p1— 29212 >0,
(5.3.24) q—p1 — gLy — ELE >0,
1—oap—pBr >0

where 0 < ¢ < 1 is a constant independent of the problem and algorithm parameters. Then
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we have:

(5.3.25)

ay,
E [QM ™ z)] + e (1= p)[la®t = 2f* + 0™ — 7]

< E[(1—ax = B)Q0"; 2) + BrQ(w"; x)] +

A

QWE (1 =p1) 2" = 2l* + " — 2]*] + axmA

where A is the stochastic error defined as:

mi m2
1 1
A = 257 2mao? +462) = O 2L§j 2L§:— .
aj + (1—q)( mao, + 46;) o, hi_l Ty + o, gi_l Lo

Proof. See Appendix 5.7.5. g

Note that while Lemma 5.3.3 establishes the relation of iterates between iteration k and k+1,

¥ remains unchanged (unless ma|k+1). Since w* plays the central role in the convergence

w
under the monotone case, we have to extend the result in (5.3.25) to iterations between smso
and (s + 1)mg, where s denotes the number of outer-loops (or epochs). In particular, we
assume that the parameters ay, Bk, V& are also unchanged within each interval of updating
wF, e Qamy = Qematl = 0 = Qetpyma—1> Bsmy = Bemat1 = -+ = Blsi1ymg—1, and
Ysma = Ysma+1 = = Y(s41)ma—1- Lhen, by summing up inequality (5.3.25) from k = sma

to k= (s+ 1)mg — 1, we get

(s+1)mo—1
E Q(U(S“)m?; ) + (Comy + Bsmy) Z Q(vk; x)
k=smao+1
52 (1 py) 2t — P+ ol Om — 2]
2%sm
< (1= asmy = Bsmg)E[Q(0™™252)] 4 Bsm,maE[Q(w0?; )]
(5326 AR [(1 - pn) e — ol + [0 o) 4 maom v A
sm2

Since Q(z';x) = (H(z),2’ — z) + g(2’) — g(x) and g is convex, Q(:;x) is convex. By
’f,r:n(Qs—l)mg—‘rl

using the definition w*™2 = 1 >

e v* and the convexity of Q(-;x), we have
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iy 1)m2+1Q(U x) > meQ(w*™2; ). Then,

(s+1)ma—1
E Q(U(s+1)m2;$) + (ast + Bsmg) Z Q(Uk; :E)
k=smo+1
4 (1 )l — g 4 D" — ]
Vsma
smao—1
< (1 = ey )E[Q(0™2: )] + BomyE > Q@)
k:(s—l)m2+1
(0%
(5.3.27) +25ﬂE[(1 —p1)[[2° — z|* + [|w"™ — 2|1*] + Mmatsmy Yem, A.
sSm2
Let us define
ro_ 1, when s =0
° (1 - a(s—l)mz)FS—la when s > 0

and
V(' wiz) = (1= p1)lla’ — =l|* + [|w — ||,

Then, by dividing I's+1 on both sides of 5.3.27, we have

1 1
1 (s+1)m Qsmy T /Bsmz (e
E QiEHIme ) ¢ =z N Qukix)
FS+1 Fs+1 k=smo+1
1 sma 6sm2 ! k
< pERE™Hz) + —E > QW)
s s+1 e (5
=(s—1)ma+1
(5.3.28) + Asmy E |V (25, w™; z) — V(x(s+1)mg’ w(s+1)m2;x)] I M20smyYsmy A.
2’)/8m2rs+1 FS-H

Since for any solution * we have Q(x;z*) > 0 for all z € Z (c.f. (5.2.18)), by taking x = z*

in (5.3.28) with the condition on the parameters:

/Bsmg (s— 1)m2+6(s 1)m

(5.3.29)

I‘s—f—l o Fs '
we can rewrite (5.3.28) into:
(s+1)ma—1
1
E FiQ(U(SH)m%x*)—F%;i% Z Qv %)
s+l s+l k=smo-+1
1 o + B sma—1
< pElQueman) ¢ e Dty | N gty
s s k=(s—1)ma+1
(5'3.30) 4 Agmy E [V(xsmg’wsm2; l‘*) - V($(S+1)m2, w(s—i—l)mg;w*)} + ma2QsmsyYsma A
278m2F5+1 F5+1
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Now, assume the next condition to hold for s =1,...,5 — 1:

Ksmo
5.3.31 By:=———, Bs_1 <Bs.
( ) S 2'73m2Fs+1 s—1 s

Then we can obtain the next inequalities by summing up (5.3.30) for s =1,...,.5 — 1:

sz(S—l)mz E

[Q(w*™; z%)]

I's
1 g _|_ ﬂ s Smo—1
< E 7@(1}57”2;.23*)4— (S—1)mo (5—1)mo Z Q(vk;x*)
I's I's
k=(S—1)ma2+1
mo—1
1 ap + Bo > &
S 7E ’Um2;1}* + ]E v 73;*
IR Ry et DORECEEY
5—1 e
+ ) BiE [V a2 2 g *) — V(g (sTme (s thma, g } 4+ N\ R2QsmaTsma o
2 ( )=V ( )+ X
1— apn —
< MQ(UO;J)*) + Bormy Q; )
Fl Fl
S—1 s .,
+2 BE {V(xsmﬂ w™? ") — V(x(‘“’“)m%w(sﬂ)m?;m*)} 4+ 7 M2QsmyYsmy A
; ; 1_\s-‘,-l
1-— -1
< G IR owtet) + BB Ve
1
- = maa
+ 3 (B. — Bo_)E[V(2*™2, w™2%) + > %WA
s=1 s=0 s+1
(5.3.23),(5.3.31) 1— -1 S—1
1
s=1
S—1. .
2&smo fsmo
+ ——=22A
< (1 —ag+ (m2—1)Bo)

s5-1
0 % A(S—1)ma 2 Mo2lsmoYsmo
wyrt) + ——2-QF + —— 22 PR A,
Iy @ ) 2Y(s—1ymsL's ; Pyt

where in the third inequality we apply (5.3.26) with s = 0 and « = z*, and in the forth
inequality we simply remove the nonpositive term —Bg_1E [V(xst,wst; a?*)], together

with the definition v° := @° := w? = 29.

We summarize the above results together with the required conditions on the parameters
(5.3.24), (5.3.29),(5.3.31) in the next theorem:

Theorem 5.3.4. Suppose the following conditions hold for k >0 and s =1,...,8 — 1:

(5.3.32)
p1— 2'7}31% > Q(s—1)moy < Qsmoy
¢ —p1— Ly - MFE > 0, Mgoomale 7 Jmmalen
1—ay, - B s Ty = Q-me T Bs-1ms
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where 0 < g < 1 is a constant, and oy, Bx, Vi are constants within each interval of updating
W, .. Qsmyg = Qsmgtl = **° = Q(s4+1)ma—1> /Bsmz = ﬂsmg—l—l = = /8(s+1)m271; and
')/st — 73m2+1 — 7(8-‘,—1)7712—1' Then,

E [Q(wSmg; {L’*)]

1 1-— -1 T “1Dm
(1—ag+ (mg —1)5o) S Q@) + QUS—1)ms 2
m2B(5—1)ms, Iy 2m2Y(5—1)ymaB(5—1)ms
S—1
+ PS O‘smz’YstA

Bis—1yms = Tsn1

for any x* € Z*, where Z* C Z z's the solution set and

mi
=1

We shall specify a set of parameters that satisfy the conditions in (5.3.32) and the corre-

sponding gradient complexities in the next corollary.

Corollary 5.3.5. If we choose

3 11 Sz 1]
1=y = =y T y=y PPy
s+ 3

T Ly + (s + DLny/mn) + (5 + 1)y/(5 + DAma/Qz

where s = {%J , then when malk,
2

24 4 260z VA
E[Q(w*,z*)] < §Q(w0,$*)+ sz Qz+ Lh\/ 192 + 0 ;m
2
24m3 o 48m 2602zVA
(5.3.33) = T Q) + R LOL Lhwﬁmlﬂz‘zﬂu %

where S = k/mso. The gradient complexity for reducing E[Q(w", x*)] to some € > 0 is given
by

[ Qw0 z* L LpymiQ%  AQ2
(5.3.34) O ( Mmz ) 220 4 SIVTIEE 2Z> :
€ € € €

Proof. We first verify the conditions (5.3.32) are satisfied by the specific choices of the
parameters. Note that I's =

m, and the following inequalities hold:

272 b1

il < —S+3 2<—1 s
FEh=\24(s +1)y/m1) ~2mp 2
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akaLg 1 6 s+ 3
L = 3 L
p1+ agvelg + 3, =p1 + QYK g_2 11 o

3
<=,
4’

I = 8(L o (s + DIy + /5 DAma /0
smol s+1

which is non-decreasing in s =0,1,...,.5 — 1, and

S+4 Bsmg S+7
= < - —
2(5 + 2) 1— agm, — X(s—1)mgy + /B(sfl)mz 2(8 + 3)'

Therefore, the conditions in (5.3.32) are indeed satisfied.

The convergence rate (5.3.33) can be derived by noticing the next few inequalities:

1 (1 — o+ (ﬂ’LQ — l)ﬁo)r 24
<dl's < =3,
m2B(S—1)ms Iy S

QA(S—1)my 2
= 24(Ly + SLyy/mi) + S1/SAma/Q
2maY(5—1)ma B(S—1)ms m252( (Ly + SLuy/mn) + Sv/SAms/0z)
< 7L L
= meS2Y /M1 + ———— QZ\/i

and
QsmoVsmo s+ 3 (8 + 3) 3\/m

Qz
< sm — T A
ey — 3 Tam: 3(s+1)y/(s+1)Ama/Qz — VAmMo

which results in the following bound since 335°4 /s + 1 < fj;gl Vsds = 2(S +1)%/%

S—1
I's QsmaVsmo <94 Qz

5(5—1)m2 pord Fei1 — V/SAmgy

Therefore, we have

24 48 48 26Q7VA
E —k % < = 0 % L QQ I QZ avnsL v 4=
RE%a"] s QW) + e s MY IMRE T e
24m3 48my ., 48 5 26QzVA
= )+ —5—-L,0% I/ + ——=—.
k‘2 Q(w y L ) k hy M1tz + \/E

O

Remark 5.3.6. In case of H(z) = 0 and A = 0, the only difference between the above

complezity and the counterpart of Katyusha [3] is we replace ||w®—x*|| with Qz. In addition,
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when H(x) # 0, the complexity improves the result in [2] in terms of Ly. In the case of
g(x) = 0, the complexity matches the results in [2], with the gap between the current lower
bound [100] remaining to be filled.

Note that in general Q(w",z*) converging to 0 does not necessarily guarantee that w"
converges to a solution z*. Under additional condition, such as when g(z) is strictly convex,

the convergence to z* can be shown.

Corollary 5.3.7. If g(z) is strictly conver, then limy,_,o E[||@* — 2*|]] = 0 in the setting of
Corollary 5.3.5.

Proof. Let M(r) := minj_g«|= g(z') — g(z*) — (Vg(z*), 2" — z¥). Since g(x) is strictly
convex, M(r) > 0 as r > 0. Notice that for any 2’ € Z,

Q(ai2") = (H(z"), 2’ —a") +g(2) — g(27)
(H(z") + Vg(a"),x — 2%) + g() — g(z") — (Vg(z"), 2’ — 27)
> g(@') —g(a") — (Vg(a"),2’ — %),

With Corollary 5.3.5, we get limy_,o E[M (||@* — z*||)] = 0.

Note MO) — minyg_, 8 +r0)=ala)~(Vo(e")rt)

- is increasing with respect to r. So, given

any € > 0, M(r) > r@ for any r > €, which implies

_ _ M(e) .
E[M (" — 2" [)] > EIM (5" = 2" N1k g2 = —ZEIID" = 27|10 o2
Therefore, limy_, o, B[||@* — || 1)k g+ >e) = 0 and
—00 k—o0 k—o0
Since € > 0 can be chosen arbitrarily, we have limy,_, E[||@* — 2*|]] = 0. O

5.4 Finite-Sum Constrained Finite-Sum Optimization

In this section, we introduce an application for which the proposed SAVREP and SAVREP-

m can be applied to. Consider the following problem:

(P) min 33" gi(x)
(5.4.35) s.t. Z;":ll hj(xz) <0
x € X.
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While it is not uncommon to formulate the objective function as finite-sum in machine
learning research, the specific finite-sum structure of inequality constraints given in (5.4.35)
is also found in applications such as empirical risk minimization and Neyman-Pearson clas-
sification [94]. Previous research [4, 52, 51] has developed level-set methods for solving
(5.4.35). In particular, [51] proposed to reformulate the level-set subproblem into saddle-

point problem and solve it with variance-reduced method [74].

5.4.1 A noise-free VI reformulation

In this paper, we propose to solve (5.4.35) through its Lagrangian dual formulation, which
is equivalently a saddle point problem with a special structure that is suitable for applying
the accelerated variance reduced method SAVREP-m. In our discussion, we assume g;(x)
is convex for all i = 1,...,ma, hj(z) = (hj1(z), -+ ,hj(x))" € R’ and h; () is convex in x
forall j=1,...,m1 and s =1,...,¢, and X C R"” is a closed convex set. The corresponding

saddle point reformulation of (5.4.35) solves the following:

mo mi
(5.4.36) min max L(z;y) := Z gi(x) + Z yThj (z),
TEX ye]Rfr =1 =

where L(z;y) defines the Lagrangian function of (P). The partial gradients of the La-

grangian function are given by:

{VxL(x;y) = X7 Vaile) + X7 (Jhy(x) 'y
VyL(z;y) = 2250 hi(@).

Denote ) := R | then the optimality condition for (5.4.36) is the following VI problem:

Find (z*,y*) € X x ) such that

T
(30 (27w

y—y
(5.4.37)

Or simply:

Find z* € Z such that

(F(2"),z—2%) >0, forall z € Z,
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where we let z := (z;y), 2 := & x Y, and

m (2N T m2 i(x L\ 5
i r = S () ST ) - ()

j=1 i=1
mi m2

= Y Hj(z)+ Y Val(2).
j=1 i=1

Note that we have transformed the original finite-sum constrained finite-sum optimization
problem (5.4.35) into solving a VI problem with the operator defined in (5.4.38), and such
F(z) indeed takes the form of (5.1.1), which consists of a finite-sum general VI mappings

mi Jh . T mo v .
> (Jhj(x)) "y and a finite-sum gradient mappings » 9i(@)
=1\ —hi(x) i=1 0

the wvariables x,y used in these expressions should not be confused with the sequences
{2*}, {y*} presented in the update (5.2.7) or (5.3.22). The former corresponds to the (dual)

variables in the original optimization problem, while the latter is general VI variables. We

. We caution that

use z as the variable in the VI reformulation (5.4.38) to distinguish between the two.

V2gi(z) 0

Note that the Jacobian of < Vg:-)(a:) ) is 0

] , which is positive semidefinite

(th(m»Ty)

since each f;(z) is assumed to be convex. On the other hand, the Jacobian of hi(z)
—hj(z

S g V2hyu(@) (Jhye)T

s=1
—J hj (Jj) Opxe
Since ys > 0 and hj4(z) is convex, the above Jacobian matrix is also positive semidefi-
nite. Therefore, we can conclude that the operator F'(z) in the VI reformulation is indeed

monotone.

While the efficiency of the variance reduced algorithms for optimization is now commonly
recognized when the total number mgy of functions g;(z) in the summation is large, it is
also reasonable to apply similar variance reduced techniques for estimating the constraint
functions h;(x) when the total number m; in the summation is large, as it can be costly to
evaluate all these constraint functions (or their Jacobians) in each iteration. Problem (P) in
(5.4.35) describes exactly such a situation, and by reformulating the original problem into
a finite-sum VI with the special structure (5.4.38), the proposed SAVREP-m in Section 5.3
can be applied. It incorporates variance reduction into the update process for both finite-
sum gradient mappings and finite-sum VI mappings, where the latter is attributed to the
(Jacobians) of the constraints h;(z) and the corresponding dual variable y. Note that since

the dual variable y is constrained to be non-negative, Assumption 5.3.2 in general does not
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hold in our VI reformulation with the operator (5.4.38), where the constraint is given by
Z =X X Rﬁ. However, it is merely a convenient assumption for deriving the gradient
complexity guarantee in our analysis, while in practice it makes sense to set a large enough
diameter constant that contains the optimal dual variable y* and perform projections onto
the bounded constrained set instead. As we will show in Section 5.5, the improved gradient
complexities due to applying variance reduction respectively to the general VI mapping and
gradient mapping are indeed observed regardless of the boundedness of the constraint sets

in our most general VI reformulation (5.4.37).

Alternatively, one can also apply SAVREP proposed in Section 5.2, which solves a strongly
monotone VI instead. While the operator (5.4.38) in our VI reformulation is merely mono-
tone, it can be easily transformed to a strongly monotone VI by considering the following

approximated VI problem with the perturbed operator:
(5.4.39) Fu(z) :== F(2) + pz,

which is strongly monotone with p > 0 with F(z) defined in (5.4.38). Note that SAVREP

my
only requires H(z) = ) H;(z) to be strongly monotone, so the perturbation term pz can
j=1

be associated to H;(z) for arbitrary j = 1,2,..,m;. In particular, we can construct the

variance reduced gradient estimators in (5.2.12) as:
H(540%) o= H(w") + H, ("707) = He, (") + p2" 0%,

where ¢, randomly samples from j = 1,2,..,m; and H;(-) is defined in (5.4.38). The

counterpart for Vg(z*) remains unchanged from (5.2.13).

To ensure that the solution obtained from the VI associated with F,(z) serves as a good
approximated solution to the original VI when p is small, let us also introduce the following

error bound assumption:

Assumption 5.4.1 (Error Bound). Let F(z) be monotone and p > 0. Denote z*(u) as the

solution to the VI problem with operator F,(z), namely:
(Fu(z" (1), 2z — 2"(n)) 20, VzeZ,

and let z* be a solution to the VI with operator F(z). There exist constants 6 € (0,1], c1, c2
> 0 such that for all 0 < p < c1, the following holds:

2" (1) — 2" < ez - .

Assumption 5.4.1 ensures that by solving an approximated solution to the strongly mono-

tone VI with operator F),(z), we are able to use the exact same solution as the approximated
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solution to the original monotone VI with F'(z), which in turn solves (5.4.35). A similar
error bound assumption for convex-concave saddle point problem is also discussed in As-
sumption 5.1 in [25], where they further showed that the assumption holds with § = 1 for
quadratic saddle point functions with bilinear coupling. In theory, taking a perturbation
parameter p = O(E%) while applying SAVREP to obtain a §-solution 2# will guarantee the
same z* to be an e-solution to the operator F' (z). In practice, the single-loop structure of

SAVREP makes it easier to implement compared to its monotone variant SAVREP-m.

5.4.2 A stochastic zeroth-order approach

In this section, we consider the same problem (P) in (5.4.35) but assume that only the
unbiased noisy estimations of each of the function values g;(x) and constraint function values
hjs(x) are accessible, denoted by g;(x) and R} (x) respectively. Under this assumption,
the gradients of the functions Vg;(x),Vh;s(x) are not directly available, and the methods
applied to problems of this type are often referred to as derivation-free or zeroth-order
methods. There have been developments in the context of optimization [72, 87, 17, 88, 46],
as well as in the context of saddle point problems [99, 101, 54, 85, 56, 26].

In the following discussion, we present a zeroth-order approach based on the saddle point re-
formulation (5.4.36). By applying the randomized smoothing approach [72], we can replace
the gradients Vg;(z), Vh;(x) required in the VI operator (5.4.38) with the stochastic
zeroth-order gradients. The resulting VI operator then serves as the stochastic estima-
tors used in the update of SAVREP (5.2.7), and we shall derive the stochastic bounds in
(5.2.8)-(5.2.9) in terms of the parameters involved in the construction of these stochastic

zeroth-order gradients.
Let us first state the assumptions for the stochastic oracles g;(z), h’; ,(z):

(5.4.40)
B’} (2)] = hjs (@),

E' [g}(2)] = gi(x), E [yh;,s(@ - hj,s(x)ﬂ < w2,
E'[Vgi(z)] = Vgi(x),

2 BV, (2)] = Vhis(),
B [IVg)(2) - Vai(a)?] <2,

E/ [HVh;ﬁ(a:) - th,s(a:)Hz] <2

Note that we have used E'[-] as the expectation taken for the stochastic oracle, suppressing
the notation of random variable for simplicity. In addition, we assume that g;(z), Vgi(z),

hj.s(x), Vhjs(x) are Lipschitz continuous with constants M; 4, Li g, M; s 1, L; s 1, respectively.

Given a function g(z), the corresponding smoothing function with parameter ¢ can be
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obtained by taking the expectation of random samples taken from the uniform distribution

Uy on a Euclidean ball B in R™, defined as following;:

0p(@) 1= Eun, [9(z + u)] = a(ln) /B oz + pu)du,

where «(n) is the volume of the unit ball B. The above smoothing function g,(x) is then
continuously differentiable regardless of the continuity of the original function g(x). We
summarize some properties of the smoothing function and its gradient in the next lemma,

which can also be found in the literature of zeroth-order methods.

Lemma 5.4.2. The smoothing function g () is continuously differentiable. Denote Us, as
the uniform distribution on the unit sphere S, in R™. The gradient Vg, (x) can be expressed

as the following:
n n
Vgu(7) = Eyusg, Lag(x + sOU)U] = Euus, [so (9(x + pu) — g(@)) u| .

Furthermore, if g(x) is also differentiable, then the following bounds hold:

(5441) V() - Voo < 225,

g02n2L2
2 Y

2
(6:442) By, [HZ (90 + ) — @) ] < 0 [Vg(a) | +

where L is the Lipschitz constant of Vg(x).

The proof of Lemma 5.4.2 can be found in the literature, and we refer the interested readers
to [87] (Lemma 4.4) and [20] (Propositions 2.7.5 and 2.7.6) for the details.

Based on the properties in Lemma 5.4.2, we now define the stochastic zeroth-order gradient

as the following;:

n
G} o(,u) = " (gi(z + pu) — gi(x)) u,
n
H]/-’S’Lp(a:,u) = ; (h;-’s(x + pu) — h;’s(:c)) u,

where u ~ Ug,, and we have replaced the function values g(x) with the corresponding
stochastic oracles g;(x) and R}  (x) for each of the function. Note that when evaluating the
stochastic zeroth-order gradient G (v, u) (H] ; ,(z,u)), we use the same random variable &,
(€n) to evaluate the stochastic function estimator g;(-) (7} ;(+)) at +u and x respectively.
The dependency on the random variables is suppressed for simplicity. The next corollary
states that the stochastic zeroth-order gradient is an unbiased estimator of the gradient of

the smoothing function Vg, (x) with bounded variance.
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Corollary 5.4.3. The stochastic zeroth-order gradients are unbiased with respect to the

gradient of the smoothing function with bounded variance:

E, [Gip(zu)] = Vaio(2), E,[Hj, (2,u)] = Vhjs,(z),

and
292712
(5.4.43)  E, [HG;W(.Z‘, u) — ng(,p(fI,')Hz] < 592 =2n (Mfg + §g2) + w,
2,212
(5.444) B [|[H}, (@ R @] <& = 2n (M2, + <) + = T
Proof. See Appendix 5.7.6. -

Now we can replace the gradient mappings in the operator F'(z) of the VI reformulation
(5.4.38) with the stochastic zeroth-order gradients:

P St (Hj; @}f/i; 1;)@,) 3 ( G} (x,u) ) - Z} () + X;Vg;(z)

j=1 i=1 0
(5.4.45)
where H} (2, u) = (Hj; ,(z,u),Hj, ,(x,u), ..., H}, (x,u)) is a matrix with column vec-
tors being the stochastic zeroth-order gradient H  ,(z,u) for s = 1,2,...,¢, and h(x) :=

(R} 1 (@), s By ( z))T. By constructing the stochastic zeroth-order operator F'(z) as in
(5.4.45), the proposed SAVREP (5.2.7) is readily applicable to the VI reformulation of
problem (P) when the function value estimations are noisy. We conclude this section by

summarizing the corresponding stochastic bounds in the forms of (5.2.8)-(5.2.9).

Corollary 5.4.4. Let H;(2),Vgi(z) be defined in (5.4.38) and H(2),Vgi(z) be defined in
(5.4.45). Furthermore, denote K as the total number of iterations performed by SAVREP

and define Dy = OE}&XKHZ/H, then we have the following stochastic bounds hold for all

() - B < 60 = £ J;

B [|[H)(2) - B [H)(2)]|] <o} = € (53D2 + =2,

A {Zk}ongK.'

’ ’ TLLi,
1V9i(2) B/ [Vai(2)]]| < 8, = %,
E'[|IVgi() B [Voi()I°] < 02 1= &2,
Proof. See Appendix 5.7.7. O
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5.5 Numerical Experiments

In this section, we evaluate the numerical performance of SAVREP and SAVREP-m by
using the same example as in [51], which is a Neyman-Pearson classification problem [94]

formulated as

1 &
(5.5.46) ”x”2<)\ o Z¢ ( Tfo;‘) , s.t. - jz::l o (_XT&].) <y,

where ¢ is the loss functlon, defined as smoothed hinge loss function in the experiment for
SAVREP and logistic loss function in the experiment for SAVREP-m. The dataset is the
rcvl training data set from LIBSVM library with 20,242 data points with ng = 10,491 and
n1 = 9,751 and a dimension of 47, 236.

5.5.1 SAVREP

In this experiment, the loss function is defined as

-t t <0,
ot)=1¢ F(1—1)?% 0<t<1,
0, t>1,

and we focus on the perturbed problem 5.4.39. The parameters are set as A = 5 and vy = 0.1,
and the perturbation is set as ;. = 1072, 10710 respectively. We compare the performance of
SAVREP with extragradient with variance reduction (EVR) [2]. Both of the methods use
the mini-batch with a batch size of 100 to get the stochastic gradient estimators. We tune 7
for EVR methods and « and v for SAVREP. To give a fair comparison, for all the parameters
we tune, we select learning rates from the set {10*’“, 2x107% 4x107%,8x107%: ke Z}
times the parameter settings for theoretical analysis in their corresponding paper. We use
both the distance from the iterates to the optimal solution (solved by CVX mosek) and
the norm of H(z) 4+ Vg(x) as the performance measure. The results are shown in Figure
5.1 (u = 107") and Figure 5.2 (u = 10~'°), with left plots showing distance to the optimal
solution and right plots showing the norm of H(x)+ Vg(x). In these experiments, SAVREP
shows faster convergence than EVR. Furthermore, the distance to the optimal solution is

shorter for smaller perturbation u = 107'°, which is in line with expectation.

5.5.2 SAVREP-m

In this experiment, we test SAVREP-m on the same problem (5.5.46), using the VI for-

mulation without perturbation (5.4.38). The parameter tuning is similar to the previ-
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ous experiment, while the loss function is defined as the logistic loss function, i.e. ¢(t) =
log(1+exp(—t)), with A = 5 and 7 = 0.4. The convergence in terms of distance to optimal
solution and norm of H(z) + Vg(z) are shown in Figure 5.3. In addition, the constraint
violation and objective function gap are shown in Figure 5.4. These results demonstrate the
sublinear convergence rate of SAVREP-m, which is consistent with the theoretical guarantee
derived in Section 5.3.1. On the other hand, EVR in this experiment shows a linear conver-
gence rate similar to that in the previous experiment with perturbation. Note that in the
second experiment the problem may still be (locally) strongly monotone after reformulation
even without perturbation. While EVR does not require the strongly monotone modulus
in its algorithm and reflects linear convergence automatically, we note that SAVREP-m
explicitly assumes the problem to be merely monotone by using diminishing step sizes, as
shown in Corollary 5.3.5. The specific design is necessary for SAVREP-m to guarantee a
faster sublinear rate given the composite VI structure (5.2.6), at the cost of not being able
to converge linearly when the problem is actually strongly monotone. We remark that the
purpose of this experiment is to demonstrate the convergence behavior of SAVREP-m, and
in practice it makes sense to apply SAVREP instead with estimated strong monotonicity

modulus.

5.6 Conclusion

In this chapter, we propose two stochastic variance reduced schemes, SAVREP and
SAVREP-m, for solving an extended class of finite-sum VI with strongly monotone operator
and monotone operator respectively. The operator consists of the sum of a general VI

mapping and a gradient mapping, both with finite-sum structure. By exploiting this special
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structure and applying variance reduction techniques developed in the literature, we show
that both schemes admit improved gradient complexities, compared to existing variance
reduction algorithms proposed for general finite-sum VI. In addition, we consider a more
general stochastic setup in both proposed schemes, where the stochastic oracles of noisy
mappings are adopted in the updates, and derive the corresponding stochastic bounds in the
results of our complexity analysis. We show that an application of finite-sum optimization
with finite-sum inequality constraints can be reformulated into the finite-sum VI of the
special structure discussed in this paper, where the proposed schemes can be readily applied
to. Finally, we note that while the established gradient complexity results match the optimal
complexities in terms of problem constants in optimization (i.e. the constants related to the
gradient mapping), the gap between the current lower bound established for finite-sum VI
remains unfilled. It is still an open question whether the upper bound or the lower bound

can be improved to match the other, and we leave it to future works.

5.7 Appendix: Proofs of technical results

5.7.1 Proof of Lemma 5.2.1

k+0.5

The optimality condition at z yields

(5.7.47) (v (H'(wk) + @g'(yﬂ) + 2F 05 _ gk g — k05 >0 vr e Z,

k+1

and the optimality condition at x yields

(5.7.48) (v (ﬁ’(azk+0'5) + @g'(yk)) + 2Pt 7k e — Yy >0, vee Z.

From (5.7.48), use the expression of z*:

1
5 (12" =2+ (1= p) ™ = 28| = (1= po) 2" = 2]”

Hpu|l2 T = Wb = py|w” — 2]|?)

(1 7p1)<11k+1 o Ik,IkJrl o l’> +p1<xk+1 o wk,l’k+1 o 1,>

V(H (a"10%) + Vg (yF), z — 2™,

IN

(5.7.49)
where
Y(H @00) + Vg (y"), @ — M)
= B0 4 g (), — O A (HIRO) 4 Tyl (), a0 — )
(H(2F+05) 4 Vg (y%), & — 2 +05) + 'y<ﬁ’(ask+0'5) — H(z"+05),  — zh+05)
(5.7.50) +y(H'(wF) + Vg (yF), 2k T05 — gh+1y 4y (F7(2h+05) = F' (wh), ah+05 — gh+1y,

I
2
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The third term in the above inequality can be bounded by using (5.7.47) with = z*+1

A H (wF) 4+ Vg (yF), aFH05 — ghtly < (k05 _ gk phtl k0.5

9

)<xk+0.5 k k+1 _ $k+0.5> k+05 _  k k+1 $k+0.5>

= (I-p —z",x + p1(z w”, x
1
_ 5 (_ka—&-l o xk+0.5H2 + (1 —p1)H$k+1 o wkHZ - (1 _p1>ka+O.5 - ka2

—i—leJ]’k—H o ,wk”2 _pIkaz—i-O.E) o wkH2> 7
while the fourth term can be bounded by:
,7<ﬁ/(xk’+0.5) - H’(wk),xk+0'5 o $k+1> _ 7<H§{k (xk—i-O.B) o Hék (wk)’xk-i—O.B o l‘k+1>

2
1
< ’72 “Hék(karO.S) _ Hék(wk)‘|2 + 5ka+0.5 - karlHZ-

Combine the above two inequalities with (5.7.50) and use Eg, [] := Eg, [|2*, w*]:

Eg, [v(ﬁ’(fﬂk+°'5) + V4 (y*),z - xk“)]

IN

]Ekl |:’7<H(£L‘k+0'5) + @g’(yk)mc _ $k+0.5>:| +Ek1 ["/<I€[’(.’L‘k+0‘5) _ H({L‘k+0'5)71' _ xk+0.5>:|

1
+5Ek (V211 HE, (2"+0%) = HE, (w®)|? + (1 = po) |2 — ¥
_(1 —p1>||xk+0‘5 _ kaZ _i_lexk—i-l _ wkHZ —p1||$k+0'5 _ wkHZ} )

(5.7.51)

Let us bound the term Eg, [y(ﬂ’(kaﬁ) — H(z"*05), ¢ — xk+0'5>}. Note that with Eg, [,

2F*05 is deterministic and Ey, [ﬁ’(kaﬁ)} = H'(zF+9%). Therefore,

Ey, [,y<ﬁ;($k+o.5) — H(z"+05), 1 — xk+0.5>} = (H' (2F+05) = H (g +05), 5 — gh+05)
2
< e HH/(xk—i-O.B) o H(xk+0.5)H + an _ xk+0.5H2.

2,uh 2
(5.7.52)

Continue with (5.7.51):

Er, [1(H!(@0%) + V' (4),0 — )]

- 1
Ex, [1(H@07) + Vg (), 2 — a+0%)| + By, [y2)1 HE, (%) = HY ()]

IN

1
+5 Bk, [(1=po)ll2™F =22 = (1= p) ™72 = 2 4 py 2" — 0¥

=2
Y& ) 1
—p1||xk+0'5 _ wkHQ] _’_% + EEICI [’Yuh||$k+0'5 o xHQ]
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Combine with (5.7.49):

IN

IN

1
B [ =2 = (1= po)la™ = 2l* = pr[Jw® = 2| + (1= py) |27 — 2"|)?]

+Ek1 [V<H($k+0'5) + @g/(yk),xk-&-Oﬁ _ $>}

=2
VEzk+0.5

1
SEr [VPIIHE, (2"70%) = Hy (wP)[[ = pal|2™ 0% — w¥|P] + Sy

2

1
+ 5Bk, [y 27707 — a]?]

1 752.k+0.5
(922 _ k4+0.5 _ k|2 z
5(27°Li, p1)llz w”||* + 2

1
+§Ek1 [P)/Mhnzck—i_o5 - ‘er} +’72Ek1 [(Emk“’f’ + Ew’“)Q] :

The last inequality is due to the following relation:

(5.7.53)

Er, |IIHE, (25405) = HY, (w")?]

< Ex, [20lHe, (2570%) — He, (w")]?]
2
+m@@%ﬁM%4mMMWH%mhdeM]
< 2L}2L‘|xk+0'5 — wk”2 + 2K, [(é‘xk-y-us) + €wk)2i| .

Rearrange the terms with the strong monotonicity of H(-):

1
Ex, {v(H(x) + V' ("), 00 = 2) + yun |t OT — 2?4 S (o1 = 297 L7) ]2 — w“}

IN

IN

_|_

=2
VEzk+0.5

- 1
Bay [2(HE0) 4 99 04,040 — )+ 501 = 22 L) a4 — ']

1
3By [t = all? + (U= po)lla® = 2]* + prflw® — 2 = (1= po) 2507 = 28]

1
2 + §]Ek1 ['yuthlHO'E’ — $||2] + 72Ek1 [(€Ik+o.5 + Ewk)2]7
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which gives us

Er, [1(H (@) + Vg (4), 207 — )]

1
< 5Ew (1= po)llz* — [ + pr|Jw”* — z||* = 2" — 2|7
1 1
—5Em [(pr — 29°L7)[|2*0% — w[*] — >En [ypnlz* 0% — |]
1 £2
5 (L= p) 2708 —aH|? 4 00 4 2B, [(erns + €0)?)
1
< 5E. (1 =py)lla” — | + pr|w* — z|* = |z — 2]
1 1 1
=3Bk (o1 = 27 L0)[280% — ] = By, | Jymmlla® — 2l® = Syl 07 — 22
1 k-+0.5 k2 75ik+0-5 2 2
_5 (1 _pl)Ekl [”x T H } +27 +7 Ek1 [(€$k+0.5 + Ew’“) ]
Hh
1 1
< 5B (= p = pm)lle = 2l gyt 2l — 4~
1 1
=5 (pr = 29°L3) B, [[|2"40° = wP|P] = 5 (1= p1 — yiun) B, [[|2"407 = 2%|)?]
=2
VEzk+0.5 2 2
o T Bk [(ear+05 + €4k )?],
(5.7.54)

completing the proof.

5.7.2 Proof of Lemma 5.2.2

Using the Lipchistz continuity of g(-):

G < gly) 4 (Ve v — ) Tk
= 0+ (TeF) (1~ @ B a0 4 gl ) ¢ L 0 e
= (1—a=8) (") + (Vo) v" = %)) +a (g(s") + (Vg(uF), 2703 — 1))
48 (g0) + (Vo). 5* — o) + 25 b0 — g2
< (1-a-Ag(e") +a (g@) + (Vg(y"), "5 - 2))
48 (9(0) + (Vs 0 1)) + 2L o053 g2
— (—a— AR + B (906 + (Vg — o)) + L k05 ke
+a (9(2) + (Vo' (0), 2407 — ) + (Vg(yh) = Vg ("), "40% — )
(5.7.55) +a(Vg(y") — Vg (y¥), 2" 105 — z).
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Let us first bound the last term a(Vg(y*) — Vg (y*), 2705 — z) in the above inequality
(5.7.55). By taking the expectation Eg,[-]:

oBy, [(Vo(y") - Vg (4), 07 — 2|

4o || = ~ 2 oL,
< E[@ |: va(yk) o vg/(yk)H :| +Ek2 [Lka—&-Oﬁ - :L_”ﬂ

[
da || g CLh ) k+0.5 k Hh ik 2
< — © - — .
< B | [N = O] + By [ 1400 - a¥1P] + B, [ B8 - ol
Note that
~ ~ 2
Ey, “VQ(Z/’C) —Vg'(y’“)H }
_ s — / — / 2
< B [(IV9(@*) = Vo' (@) + [Vge, (@) = Vag, (") + Vg6, (5) = Vb, (5)1)°]
< 202 4 2B, [(par + pye)?] -

Also note that:

Ex, [(Vg Vg(yh), 2505 — 2)| =By, (V") - V(y"), 2407 — b
[ I99(64) = To(0)IP + B, | S21440% - ]

(5.7.563 g(gw)—g( ) (Vg(0H) 0 =) + By | 52

||£Ck+0'5 _ $k|2:| )

In the second inequality, we use the following relation:

Er, [IV9(") = Vo) 12| = B, [IVgc, (%) = Voo, 4) = (Vg(a") = Vg () 2]

< B, [V, (@*) = Ve, ()1%] = Z%I\Vgi(w'“) - Vai(y")|?
< fffjj” (0:(8) — 9:(5") — (Vau(®), 2" — o)
= QLgZ gi(w gi( ) (Vaily )a k*yk>)
= 2L, (g(w’“)*g( M) = (Va(yF), " — ")),
(5.7.57)

where the first inequality is from E||¢ — EC||? = E||¢||? — |E¢||* < E||¢||?> and the second
inequality is from Theorem 2.1.5 in [66]
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Combine (5.7.55), (5.7.56) and (5.7.56):

Eg, [g(vkﬂ)}

< Ei, [(1-a—B)g(") + agla) + Bg(a")]

~ 2L 2L
—i—EkQ [Oé<vQ/(yl€)’xk+0-5 — x>} + a”Lg + Q" Lg + Qfip Ek2 [ka+0.5 _ ka2
2 20 8
Qi 8« S
FEE, [l al”] + B (7] B, (o + 0.

~ a L «
+Ek2 [a(Vg’(yk),xHO'E’ _ + ( 25 + gh)Ekz |:||xk+0.5 _ JIkHQ
8« ~ 8«
G By [l —al?] + i [p] + T B, (0 + ),

completing the proof.
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5.7.3 Proof of Theorem 5.2.3

In view of Lemma 5.2.1 and Lemma 5.2.2, we can establish the following inequality
Ep, [Q™ Y 2)] = By, [(H(2), 0" —a) + g(v" ) — g(a)]
= By, [(1—a—pB)(H(x),v" —z) + o(H(z),a"""" —z) + B{H(z), 0" — )]
+Er, [9(0") - g(@)]

< Ep, [(1—a - B)(H(),0" —2) + a{H(2),2"*° —z) + {H(2), 0" — )]
+Ei, [(1—a = p) (g(vk) —g(z)) + 8 (g(ﬁ)k) —g(2))]
5 2 2
+Ey, {a<Vg’(yk)’xk+0.5 _ x>] n (a 2Lg n aQ/I; N agm) o [25405 — 2%|7]
+%Ek2 [|z% — z[|?] + i—jEk2 [P2:] + S—QE;Q [(pak + pye)?]
= (1—a—B)E, [(H(x),v" —z) +g(v*) — g(x)] + SE, [< z),w" — z) + g(w") — g(z)]
+aEy, [<H(m) + Vg (yF), zF00 —z) + (aé aly > 2+05 — xk2:|
8 8
—I—%Ekz [llz* — 2] + fEkz [P24] + M—jEkZ (P + pye)?]
< (1-—a-pP)E, [Q(v x)] + BEg, [Q(wk;m)]
e (1 g )l il ]
_% (p1 _ 2721—%) Ey, [”karO.S o wknz]
_% (1 — p1 — Yn — . a’}[’aLg _ %Zh) Ex, [||3;‘k+0'5 _ kaZ}
E 2k+0 5
+ak22[uz] + ayEy, [(Emk+0.5 + Ewr) ] + 87Ek2[ v+ i—Ekz [(pm + Pyk)Q],

where the last inequality is due to Lemma 5.2.1.

Our goal now is to construct a proper potential function while keeping the coefficients of

k+0.5 _ wkH2 k+0.5 kaZ

||z and ||z non-positive. To this end, let us introduce the following

bound while noting the expectation Ey, [-] := E[|w¥, 2*+1]:
Ep, [0t = 2]
= gy [Brr |08 = 2)2]| = piEg, [Ile5 = 2l?] + (1= po)Ey, [lo* - o))

= Ep, [pilla™ = 2P+ (L= p1 = o)fw” — 2] + ¢fu” ~ wllﬂ

IN
=
g

il = a2+ (1= p1 = o) w — 2]
+Ey, [20||:ck —z|? + 4c||xk — :1:"7+05||2 + 4c|]1’k+0'5 — wk||2] ,

where ¢ > 0 is a parameter that needs to satisfy certain constraints to be determined later.

Combine the above inequality with the previous inequality on Q(v**1; ), we have:
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«
B, [QUM5 )] + 5 By (L= p)llat = ol ot P

< (1-a- BBy, [QY2)] + BBy, [Q(*;2)]

«o 1

b, (L= 1= g+ 20)o* — alP + (1= )k — P
«

g (b1 = 2971 — de) By, [l 0% —ut ]
« ) ayL

% <1 —p1 = gmn = oLy = — g - 40) Er, ka+o.5 - xkllﬂ
ay [52k+05] Sa _ 8«

(5.7.58)—1—22# + aEy, [(Exk+0<5 + e’:‘wk)Q] + EEkQ [,O%)k] + EE’Q [(pu—,k + pyk)2].

By imposing the following constraints on c:

TR < o< 22

1— Yy, +2e<1, L Ypn
1—dyu +2c>1—¢ 12 8’

let us first take ¢ = 43 and impose another set of constraints on v and o

(5.7.59)

{p1—272Li—7’§h20,

1= py— 9~ qqr, — @k >,

then (5.7.58) can be reduced to:

(67

2y
=2
(1 —a- B)EM [Q(Uk; l‘)] + GEg, [Q(wk7 ;C)} +O[E1'I€22[;zk+0'5]

@ THn k 2 YHR k 2
+27 ks T =% — 2" + 19 [w" — ]

Ex, [Q(v" 5 2)] + B, [(1 = po) 2™ — af® + 0™ — 2||?]

IN

+ avyEy, I:(EIIH»O,S + Ewk)Q]

8 ~ 8«
o B (] + o B [(par + pyr)?]

ay, [éik+o.5]
2pn

IN

(1—a—PB)Ey, [Q(’Uk; :I:)] + BEy, [Q(wk, ZC)} + + avyEy, [(Exk+0,5 + Ewk)Z]

TR\ & . 8o _
(1= ) 5B [ p) et = 2l + b = 2] + "2 ]

8
+£Ek2 [(pu’)k + pyk)ﬂ .

Now we only need to add the term Q(w**!;x) to the LHS, by noting:

OBk, [QT2)| = 0B, [Br (@t a)]]
= opaBr, | Q2| + 61— po)Es, |Q(aF5a)]
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for any ¢ > 0.

Add the above identity to the previous inequality and take the total expectation, we have:

1= 6pa) Q"5 2) + Q" 2)] + - E [(1 — p) e+ — 2 + [0+ — 2]

E[( >
< [ﬂ—a— QW) + (B+ 6(1 - p2)) Q" 2)]
«
1—ﬂﬂ)**[u—pOWk—w2+ww—ﬂﬂ
aEk, [E24105) b S« 72 Sar ,
+E T + aVEkz [(Szkﬂ),s + Ewk) ] + EEkz [pwk] + EE]CZ [(Pwk + pyk) ] ,
(5.7.60)
where

E [Ex, [Frros]] = B [ [Eicos]] < 2muiof + 2mid)
E [Ekz [(5 k+0.5 + Ewk)Q]] =E [E [(Emk+o,5 + Ewk)Q]]

<2Lh (o2 +62)- 3

{EWMM]EWM
]

_ 952
o 2075,

=1
«]] < 2mao? +2m36;

E [Er, [(par +pye)?]] = E [E [(por + pye)?]] <2 (2L9 (02 402)-

mo 1 9
=207,
P RIO) g

By taking x = 2 in (5.7.60) together with the expression of Aj, and Ay, we obtain (5.2.19),
thus complete the proof.

5.7.4 Proof of Proposition 5.2.4

We first show that the parameters specified in Proposition 5.2.4 satisfy the constraint
(5.7.59). Indeed, the constraints will be reduced to the following:

P1 D1 15  67p;
—— = > - = 0
p1 ' 16 48

where the second inequality holds because p; = n% and we assume trivially that mq > 2.

Next, inequality (5.2.19) in Theorem 5.2.3 implies that the reduction rate is given by:

o l—a—8 f+¢(1—po) Viin
Clredl .—max{ 1= opy p , 1= 12 }

With the choice of ¢ and ps, the following bounds hold:
l—a—p 1-2«
1 — ¢p2 l—a —

and

wzl_i+¥:l—L§1—i-
me (14 a)ms (14 a)mag 2my
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Therefore, the reduction rate is can be further expressed as

l—a-— 1-—
max a B,B—i_(b( p2)71—M < max l—a,l—i,l—M
1— ¢ps 1) 12 2meo 12
o YHh
max{ omy’ 12 }
i 1 v/ 1
= maxq(max |1l — Kn ,1— ,max [ 1 — adl , 1 — Hn ,1—
24 Lgm2 24m2 48Lh,/m1 48, /Lgm2 48m1
VHh 1 h VHh 1
= maxq1l-— , 1 — ,1— , 1 — ;1 — = ,
{ 24\ /Lymy’ 24my’ " A8Lpymi 48\/T,my’ A8my rod2

and (5.2.19) becomes

(1= ¢p2)Q* s 2%) + ¢Q(w" s 2%)] + 27E [ =p)lla™* = 2| + ! —2™)?]

E
E[(1—a—B)Qv"a") + (B +é(1 - p2))Q(w";2")]
+

<
(1-5) B[O =p) ek =+ ok = 27%) + A+ A
< Cuoar- (B [(1 - QU¥ia") + 0QU0)] + 5 E (= 1)t = o7+ ¥ —a° ] )
AL+ A,
< Croe- (E[1- 0p)Q(uHia") 4 0QU*57)] + 5B [(1 = ) o = | + =]
AL+ A,
< b (B 10— om)Qfiat) + 0QUa%a)] + S [(1-p) o - o7+ Ju - 2° ) )

k

+ Z Crich (Ah + Ag) .
i=0

Note v¥ := @? := w® = 2°. Therefore,

E[(1=p)lla™ = 2™ + [Jw"* — 2*|?]

< 2705;1; < [(1 = ¢p2)Q(; ") + ¢Q(w; 2™)] + %E [(1=po) [la® = 27" + [l — ff*||2]>
272 Ol gy (A + A)
k
< okl (‘ZVQ(IO;:E*) +2/|2° — 9:*||2> + %7 D Clogs (An+Ay)
=0 i
< it (G I+ T 21" =) + 53 Gl (4 )

By using the expression of Cieq2, the above rate guarantees the iteration complexity for
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reducing the deterministic error to € is

1 d L Lyvmi\ . d
(5.7.61)(’)(log0>:(9<<m1+m2+ g2 | Zh m1>1n0>

1 — Creaz € K Hh €

where the expected per iteration gradient cost is O(pimy + pama +4) = O(1).

The additional stochastic error (per iteration) has the order:

Jma(mio? + m262 L |
Ah:(9< 2( 104 1h)+Lh(O_}21_|_5l21)Z ))
g i=1

Nz Ly
VM2 2 ) 2 2 — 1
A, =0 moos: +m505 + Ly - (0 +5)-E .
g ((\/Lg:uh g g I I g i=1 Lg(’b)

The total stochastic error after reducing the deterministic error to € is then multiplied by

k
; 1 . .
the factor i;) Clga =0 (%)’ and is summarized as
L L
O<<m1+m2+ ng+ h\/m1>-7-(Ah+Ag)>.
T [tk a

5.7.5 Proof of Lemma 5.3.3

The proof of this lemma follows the similar logic to the proof of SAVREP in Section 5.2.
We first consider the sequences related to the VI mapping: {z¥}, {2#+9°}, {2*}, {wF}. Tt

is immediate that we reach the following inequality:

Ekl |:,yk<ﬁ/(xk+0.5> + @g/(yk)’ T — $k+1>}

Er, [0 (H(@40%) + Vg (y), 2 — 2*+09)]

IN

+Ek1 [,yk<ﬁ/($k:+0.5) o H(xk+0'5),x _ xk+0.5>}
1
5B [PRIHE (250%) = H, (b)) + (1= po) 2 — ")

_(1 _pl)ka+0.5 . $k||2 +p1”$k+1 . wkHQ —p1||33k+0'5 _ wkH2 ’

(5.7.62)

which is the same as (5.7.51) in the proof of Lemma 5.2.1, except that the parameter

now depends on the iteration k.
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Combining with the bound in (5.7.49), we have:

1 -
2Bk _kaﬂ —z|? = (1= p)[a* — 2l = prllw* —z]|* + (1 = p1) |2"70° - wkllﬂ
By, |3 (H(@50%) + Vg (), 25705 — )|
1 -
< 5B R HE (207) — Hy (") = pale# 07 — ]
+Ey, '%<g/(xk+0.5) — H(£F0%) 5 — xk+0.5>]
X I
< 5(2%3Li — p1) [0 — wF|? + 7B, [(eghros + £n)?]
+Ey, _,yk<ﬁ/(xk+0.5) _ H(mk+0'5),x _ xk+0.5>] 7

where the last inequality is due to the bound (5.7.53). The monotonicity of H(-) implies:

- 1
By [l (@) + T (59,050 = a) 4 5 1 = 2RL 40 — b P

IN

- 1
Ef, [vkm(x’“”ﬁ) £V (1), 2408 — 2} + (o — 2FLE) 2405 wkuQ]

1
5B [~1e = )2+ (1= p)lla* = all® + pill® - ]2 = (1= py) 2507 — oF|?]

IN

+’)/,%Ek1 [(Exk+0.5 + €wk)2] + Eg, [')’k <ﬁ’(xk+0'5) — H(mk+0'5), T — $k+0'5>} .
Rearranging the terms, we get:

i, [ (H(x) + 99 (), 25707 — )]

IN

1
5B [(1=p0)ll2* = 2l + prflw — alf? - 2"+ — 2)?]
1 1
~Euy [0 = RIS — ] - (1= g By [0 - o]
(5.7.63) +’Y]%Ek1 [(Exk+o45 + 6wk)2] + Ekl ['Yk <ﬁ’(mk+0'5) — H($k+0'5), xr — .’L‘k+0'5>] .
The next part of the analysis follows the similar logic to the proof of Lemma 5.2.2, which

establishes the relation among the sequences {y*}, {v*}, {@w*}. It is immediate that we get

an inequality similar to (5.7.55):

k+1 o k k ky —k .k Lgiai% k405 k2
g0t < (== Bgo") + Be (90F) + (Vg(yh) " — o)) + =L k07 — ok

+ay (g(:v) + (Vg (%), zFT0° — ) + (Vg(y*) — Vg(y/F), 2F 05 — x>>
+ar(Va(y*) = Vg' ("), 2" — z)
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with parameters ay, S depending on the iterations k. Combined with (5.7.56), we get:

Er, [9(v"1) — g(a)]

< By, [(1- k= 80 (900") = 9(@)) + Be (9(a") — g() )|

2L

S 100 ky o k+0.5 O‘iLg Qilyg k+0.5 k2
By, [(V'(yh), 00 — 2] + (TE2 4 TE Ry, [ah 00— o)

2 205

+aiBr, [(Vo(u") - Vo (5h),24 0% — )]

The next steps follow similarly the proof of Theorem 5.2.3, by noticing;:

IN

(5.7.63)

Ep, [Q(v* 5 2)]

Ep, [(H (@), 0" —2) + g(v**) — g(2)]

Ey, [(1 - ay — Br)(H (), o — ) + ap(H(z),2"0° — 2) + B (H (), @* — z)]
+Eg, [9(v L g9(z)]

Ep, [(1—ay — ﬁk)( (), 0" — 2) + o (H (z), 2" — 2) + B (H(2), 0" — )]
+Ex, [(1 = ax = Bi) (9(v*) = 9(2)) + Br (9(@*) — g())]

~ « L a2l
+axEx, {(Vg'(yk),xkﬂﬁ . w>} + < k2 + QkﬁksJ)EkQ [ka+0.5 . ﬂck”ﬂ

+auEs, [ (Vo) = Vo' (), 2407 — )|
(1= = BB, [(H(x), 0" — ) + g(v") - g(a)]
+BkE, [(H(z), 0" — z) + g(0*) — g(z)]

. L L
FuB |(H() + 99/ 04,00 — ) 4 (B0 4 G2 Y hi0s - b

oK, [Wg(yk) — Vg (y*), aF 05 — x)}
(1 - QO — Bk)Ekz [Q(U x)] + ﬁkEkz [Q(Ujk; a:)]
3B (1= p) 2 = 2l + puft —al? = 4+~ 2]

«
~ 2L (g~ L) B, 15407 - A1)

g oYk L ‘
o (1= - Ly — My, 440 - o)

+ak]Ek2 {<ﬁl(xk+0'5) - H(xk+0'5)a T — mk+0'5>:| + ak'Yk]Ekg [(Em’“ro*" + gw’“)2]

o, [(Vo(yb) = V' (1), a0 — )]

Using the relation

Ep, [llo**! - a|/?]

Bty [Brys b+ - )]

Pk, (e = 2|2] + (1 = p1)Eg, |0 — )]
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in the above inequality and rearranging terms, we get the next inequality,

IN

(5.7.64)

Qg
Br, [Q"+2)] + B, [ = POl = 2] + b+ — a2

(1 — ar — Br)Ex, [Q(Uk; 93)} + BrEr, [Q(i)k; 1‘)}

(6
5By | (1= po)llaF — ]2+ uk — )]
Yk
Qg
o (= 2R L3) B, (200 — ]
Ok aVkLy k+0.5 k|2
——— (1—p1—aryely — )Ek [x —x ]
= ( e A l

g, [(H'(@F0%) = H(@k0%) 0 — oFH0%)| 4 app By, [(epes05 + 2r)?]

T+, |[(Vo(y) = Vo (y*), a"405 — 2)]

Note that with Ey, [], 2570 is deterministic and E’ [Ekl [ﬁ’(xk+0'5)H =E' [H'(2"05)]

= H(z"+9%). Therefore,

(5.7.65)

E |:<ﬁl(xk+0.5) — H (k05 7 — xk+0.5>]

- E [E’ [Ekl [<ﬁ/(xk+0.5) — H(z%05) o — $k+0.5>”] —0.

Similarly, we apply the above argument to E,[-] and have

Er, [(Vo(y") = Vo (s"). 2" — )| = (V") - V' (4"), 2" — )

which results in

(5.7.66) E[(Vgy") — V' (s"), 2" — 2)| =E[E' [(Vg(y*) - Vg (s"). 2" - )| = 0.

Combine inequalities (5.7.64), (5.7.65), (5.7.66) together with the condition (5.3.24), we
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have

k
E[QF Y a)] + %E (1= po) "+ — ) + b+ — )]
k
< E [(1 —akF = Bk)Q(vk; x) + BkQ(w’“; ;v)} + ;?E [(1 —p1) ||mk — CL’||2 + Hwk — x||2]
+a VB, [(egnros + ek )?] + @By [(@g(yk) — Vg (y*), 2k +05 — xk)}
k
—2% (1— ) Eg, [||lz"05 — 2¥||?]
k
< E[(1-of - 85)QvF;x) + B4Q(w"; 2)] + %E (1= pa) [|l2* — 2| + w* — 2|?]
O‘k’)/k = =
HAFE [(eanron + )] + 5B [I199064) = Vo (44
k
< E[(1-af - 85)QF;z) + Q" 2)] + %E (1= p) [|l2* — 2| + w* — 2]
+aFyR A,

for a constant 0 < ¢ < 1 to be determined later. Note that since E [(8mk+0.5 + €wk)2]
< 267 by the bound (5.2.16), and

E[IVg(y") - Vo' "))

< 2E [HVg(wk) - Vg'(w’“)HQ]
H4E [HVng(yk) - Vggk(y’“)m +4E [HVgck — Vg, (") }
(5.24112(5.2.17) Amoo? + 852
= 2% g’

we have A = 252 + = )(2m20 +467) = < LhZL +02L Z (>
— 91

5.7.6 Proof of Corollary 5.4.3

The unbiasedness of G} (z,u) and Hj (v, u) follow immediately from Lemma 5.4.2. We

shall show the variance bound for G ,(z, u), and the proof for H
Note that:

(z,u) follows similarly.

I

2,272
nLi)g

Jssa

E., [HGQ,@(:c’u)!ﬂ =% [Eu [HG;,@(as,u)HQH —F [}Eu

goznzL%g
2

Hz(g;@ + u) — gj(z))u

(5.4.42)
<

E' [2nVgi(@)|] +

= 2 [|V4:(0) | + 294:(2) T (Vi) - V() + [Vgi(@) - Vau(@)]*] + 2

(5.4.40) ¢2n2L2
2 2 ?,9
< 2n (Mi,g + gg) + 2
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In the first inequality, we apply the bound in (5.4.42) on the function g¢;(-), which is the
stochastic function estimator of g;(-). Note that we use the same random variable to estimate
the function at the two points & + pu and x when calculating the stochastic zeroth-order
gradient G; ,(z,u). Now, since E;, [G;W(CL‘,U)} = Vg (), we have:

E, (61w ) = Voo @) ] =B, Gl (o) = 1900021
2,272
pn LZ-,
E,, [HGQ,@(a:,u)m <on (M7, +<2)+ Tg.

5.7.7 Proof of Corollary 5.4.4

We derive the bounds corresponding to H ]’(z) The bounds corresponding to Vg.(z) can be

derived similarly with simpler analysis.
With expressions in (5.4.38) and (5.4.45), we have:

| H(2) — B [Hj)] | = || () Ty —E [H)(z, u)y H2 +||hy(@) — B [ (@)] |

2

Z Ys Vh] s - thvsyw(x»

l
> ys (Vhys(a) = By [Hj (@
1

¢ 5441 2
on
(§ Ys [|Vhjs(z) _th,S,ga(x)”> ( E :ys J,8h> )
s=1

where the second equality is due to E/ [h; s (1:)} = hj ¢(x) in our assumption (5.4.40). There-

IN

fore, by denoting L;p := (Lj1hn, Lj2h, - Lj757h)T,

enD,

|Hj(2) — B [H(2) H< Zys Jussh < HyH 1Ll <

ZLJSh
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The second bound can be derived by the following:

E/
= E

< E

= E

< F

(5.4.44)

[I1#5(2) - B [a]| }

17 )y = B4 [ ]+ 1) — [0
[H o)y B, [H (o)) ] + 6
2
JSQO th,s,cp(xau)) ]+€w2
¢ ZyS‘ Jssa hgs,@(x,u)HZ + l?

< 5'5%-2y3+w2 < (2D2 + (.

s=1
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Chapter 6

Beyond Monotone Variational

Inequality Problems: Solution
Methods and Iteration

Complexities

6.1 Introduction

In this chapter, we discuss variational inequality problems without monotonicity from the
perspective of convergence of projection-type algorithms. In particular, we identify existing
conditions as well as present new conditions that are sufficient to guarantee convergence.
The first half of this chapter focuses on the case where a Minty solution exists (also known
as Minty condition), which is a common assumption in the recent developments for non-
monotone VI. The second half explores alternative sufficient conditions that are different
from the existing ones such as monotonicity or Minty condition, using an algorithm-based
approach. Through examples and convergence analysis, we show that these conditions
are capable of characterizing different classes of VI problems where the algorithms are

guaranteed to converge.

For non-monotone VI, earlier research has developed non-projection-type methods such as
the KKT condition based methods and merit function based methods (see [18, 80, 77, 19] and
the references therein). However, it is in general difficult to establish iteration complexity for
non-projection-type methods for non-monotone VI. In recent years, research on developing

algorithms for non-monotone VI has focused on the VI problems where the so-called Minty
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solutions exist. A Minty solution to VI is a solution z* where the following inequality is
satisfied:
(F(z),z—2") =20

for all z € X. When the constraint set is a close convex set and the operator F'is continuous
and monotone, all solutions to the VI (if any) are Minty solutions. The existence of Minty
solutions turns out to be critical in establishing convergence for the projection-type methods
for non-monotone VI, and there have been recent developments of such results; see e.g. [53,
91, 9, 102, 48].

In this chapter, we follow this line of research on the convergence of projection-type methods
for non-monotone VI. We start from the common assumption made in the literature, that
is, a Minty solution exists. We show that a general extra-gradient-type method, the ARE
update proposed in Chapter 3, converges in a guaranteed rate with a similar convergence
behavior as Perseus in [53]. In addition, we are interested in the concept of Minty solution
itself, especially in the non-monotone setting where a VI solution is not necessarily a Minty
solution. Therefore, we investigate implications given by the Minty solutions in different
problem classes such as optimization and Nash games. Finally, we explore the possibilities
of alternative sufficient conditions for convergence of projection-type methods through an
algorithm-based approach. Conventionally, algorithms are devised to ensure convergence
under a given problem framework, such as monotone VI or VI with Minty solutions, and
the convergence behavior is analyzed within the framework. In this paper, we follow an
opposite direction by deriving sufficient conditions for convergence based on the algorithms
we are interested in. In other words, for a given algorithm, we aim to identify VI with
specific structures where the algorithm is guaranteed to converge to a solution. It turns
out that this approach makes it possible to characterize structures of VI models that are
different from commonly encountered conditions such as the monotonicity or the Minty
condition. We present several conditions of this kind and demonstrate examples as well
as proving convergence of gradient projection methods and extra-gradient methods under

these conditions.
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6.2 Non-monotone VI problems with Minty Solution

6.2.1 Definitions and solution concepts

6.2.1.1 VI solutions and Minty solutions

In order to set the background for the discussion in this chapter, let us first formally define
the variational inequality problem and its solution set. For a given set X C R™ and a
continuous mapping F : X — R™, consider the following VI model, to be denoted by
VI(F; X):

Find xre X

such that (F(2*),z —a*) >0, Vo € X.
Let the solution set of the above model be Sol(VI(F;X)). It is also referred to as the
set of strong solutions, or simply the solutions, to the VI model. The non-emptiness of
Sol(VI(F; X)) can be guaranteed by imposing some assumptions on the basic problem

structure.

Assumption 6.2.1. F' is a continuous mapping. X is non-emptly, convex and compact.

Assumption 6.2.1 ensures that Sol(VI(F; X)) # (0 [19, 23], and we shall make this assump-
tion throughout the chapter. In addition to the (strong) solutions to the VI, there is another
important solution concept, which is the so-called Minty solutions or weak solutions, defined
as the set of z* such that

(F(z),z —x%) >0, Vo € X.
Let the set of Minty solutions to VI(F'; X') be denoted by Sol,,(VI(F; X)). The well-known

Minty’s Lemma states the follwing:

Lemma 6.2.2 (Minty’s Lemma). If F' is continuous, X is non-empty, closed and convetz,
then Soly, (VI(F; X)) C Sol(VI(F; X)).

If additionally F' is monotone, then Sol,,(VI(F'; X)) = Sol(VI(F; X)). Indeed, for every
x* € Sol(VI(F; X)), we have:

(F(x),x —x*) > (F(z"),x —x*) > 0,

thus z* € Sol,, (VI(F; X)). In this chapter, while we always assume the non-emptiness of
Sol(VI(F; X)) (by Assumption 6.2.1), we extend the discussion to the broader class of VI
where F' is not necessarily monotone. Alternatively, we focus on the Minty solutions and
assume Sol,, (VI(F; X)) # ) in this section, and we discuss other conditions in Section 6.3

where no Minty solutions exist.
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6.2.1.2 Merit functions

In the context of strongly monotone VI where the solution x* uniquely exists, it is common
to use (squared) distance to the solution ||z — z*||? in the iteration complexity analysis.
For VI problems that are merely monotone, there are two other merit functions that are
widely used, known as the gap function and the dual gap function. While monotonicity is
not assumed in this chapter, we may still use these two merit functions as the measurement
of convergence. In this section we re-introduce them in a fashion that relates them with
the two solution concepts, VI solutions Sol(VI(F'; X)) and Minty solutions Sol,, (VI(F; X)),

introduced earlier.

Proposition 6.2.3. Suppose that X is compact. It holds that

Sol(VI(F; X)) # ) <— gél}(llglé;{(F(y),y —z)=0.

Proof. Observe that for any y € X, we always have

gg@(y),y —x) > (F(y),y —y) =0.

Hence, minyecy maxzex (F(y),y — ) > 0, or maxyex mingex(F(y), z —y) <0.
=: Choose any z* € Sol(VI(F; X')). We have mingex (F(z*),x — z*) = 0, implying

in(F —y)=0.
gggggy (y),r—y) =0

<: Let
y" € argmax min(F(y), & —y)

It follows that mingex (F(y*),x — y*) = 0, or equivalently put
(F(y*),z —y*) >0, for any x € X.

Hence, y* € Sol(VI(F; X)). O

In a similar vein, we have:

Proposition 6.2.4. Suppose that X is compact. It holds that

Soly (VI(F; X)) # 0 <= r&%gg;g@(y)? y—x) =

Proof. First, observe that in general, we have

in(F —2) <
glgggy (¥),y—z) <0
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because for any given x € X, it follows that minyex (F(y),y — x) < (F (), —x) = 0.

—: Choose any z* € Sol,,,(VI(F; X)). Since (F(y),y — z*) > 0 for all y € X, we have

in(F — 2"y =0
£%1£< (y),y —2%) =0,

implying max,ex minyex (F(y),y — ) = 0.
<—: Let

*e in(F —
&" € argmax gggg< (v),y — )

We have minyex (F'(y),y — x*) = 0, or equivalently
(F(y),y —2*) >0, forally € X,

implying z* € Sol,, (VI(F; X)). O

The above analysis naturally leads to the following notions of merit functions:

G(z) = glng(x), T —y),

also known as the gap function, and

H(z):= r;eagg(F(y), T —y),

also known as the dual gap function.

Based on our analysis, we have:

Proposition 6.2.5.

e G(x) >0 forallx € X, and G(x) =0 if and only if x € Sol(VI(F; X)).

e H(xz) >0 forallz € X, and H(x) = 0 if and only if x € Sol,,,(VI(F'; X)).

Therefore, we may introduce the following notion of e-solutions.

Definition 6.2.6. For e > 0, we call x to be an e-VI solution if G(z) < €; we call x to be
an e-Minty solution if H(x) < e.
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6.2.1.3 Relaxation of monotonicity

We remark that there are several conditions can be made on the structure of F', under
which the (pure) monotonicity is relaxed but the connections between Sol(VI(F'; X)) and
Sol,, (VI(F; X)) still exist. While we do not assume most of these conditions, we summarize
them below for the benefit of easy referencing. In particular, we only consider the Minty
condition among others, which simply states Sol,,(VI(F; X)) # 0.

e Weak Sharpness:
(F(z*),x —2*) > pllz — 2*||?, Ve e X, z*cSol(VI(F,X)),

for some p > 0.

Pseudo-monotonicity:

(F(y),z—y)>0= (F(x),x —y) >0, Vz,yecX.

Strongly pseudo-monotonicity:

(F(y),x —y) > 0= (F(z),x —y) > pllz —y|?, Va,yeX,
for some p > 0.
e (Quasi-monotonicity:

(F(y),x —y) >0= (F(x),z —y) >0, Vx,yecX.

Minty’s condition: Sol,,(VI(F; X)) # 0, i.e. there exists z* € X such that

(F(x),x —x*) >0, VYredl.

Strong Minty’s condition (Generalized monotonicity): there exists z* € X such that
(F(z),z —2*) > pllz — z*||?, Vze A,
for some p > 0.

A few remarks are in place to specify some implications given by the above conditions.

Remark 6.2.7.

o If F is pseudo-monotone, then Sol(VI(F;X)) C Soly,(VI(F;X)). If further F is
continuous, X is nonempty, closed and convez, then Sol( VI(F; X)) = Sol,,,( VI(F; X)).
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o If X is closed and bounded, then Sol,,(VI(F;X)) # 0 if and only if F is quasi-
monotone [24].

o Assume Sol(VI(F; X)) # 0, then the following relations hold:
monotone = pseudo-monotone = Minty’s condition
and

strongly monotone = strongly pseudo-monotone = strong Minty’s condition

6.2.2 Convergence of projection-type methods

In this section, we present a solution method of projection type that can be shown to con-
verge to Minty solutions by simply assuming Sol,,(VI(F; X)) # (. This method is exactly
the Approximation-based Regularized Extra-gradient method, or simply ARE, discussed in
Chapter 3. While in the previous section it is proposed originally for solving monotone VI
with convergence rate O(N _pTH), it turns out that ARE not only solves monotone VI, but
also solves non-monotone VI as long as Sol,, (VI(F; X)) # (. A similar technique in the
analysis has been used in [53] to show a different projection-type method—Perseus—can
converge to Minty solutions for non-monotone VI at the same rate as to be developed later

in this paper.

For clear referencing, let us summarize the update procedure of ARE here:

k05— VI, (F(a:, xk) + Lypl|z — xk||p_1(m — ajk)) ,
6.2.1 k+0.5_ k|p—
( ) S R argggg (F(a05), ¢ — k) 4 Lyl “’; kPt |z — 2|2,

for k = 1,2, ..., where L, is the Lipschitz constant for VP71 F(z) satisfying the condition

(6.2.2) IVP= F(z) = VPR ()| < Lylle — yll,

F(-;y) : R" — R" is a general approximation mapping estimated at y satisfying the bound:
(6.2.3) 1F(z;y) = F(2)[| < 7Lpllz — yll”,

and we use the notation VIy(F) to denote solving for a solution in Sol(VI(F; X)) as
a subroutine in the update. In the ARE update (6.2.1), the subroutine at iteration k
specifically solve the VI model associated with the regularized approximation operator
F(z;2%) + Ly|lx — 2F|P~ (z — ).
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The initial steps in the analysis will follow the exact same logic as the proof in Theorem 3.2.1.
By the definition of 2*+0% we have

(624) <F(Ik+0'5;$k) + Lpka—O—Oﬁ _ $k||p_1($k+0’5 _ l‘k),x _ ﬂ?k+0'5> >0, Vz € X.
Denote v = L,|2*t05 — 2k ||P=1. Substituting = 2% in (6.2.4) we have

(F(l,k+0.5; l‘k), xk+1 . xk+0.5>

> ,yk<xk+0.5 _ :Ek, :Ck+0‘5 _ .’Ek+1>
Tk k+0.5 k|2 k+1 k+0.5(12 k+1 k2
(6.2.5) = 25 (0% — 22 4 gkt — hOR|2 — gkt — ok )2).
On the other hand, by the optimality condition at z**! we have

(F(xF09) p oy (2Pt — 2%y, 2 — 2F 1) > 0, for all 2 € X.

Hence,
<F(5L‘k+0'5),$ . .’Ek+1>
)
(6.2.6) - % (ka“ L] [P x||2) , forall z € X.

Continue with the above inequality, for any given z € X we have

2 (b = alf? + 2 — 2k — 2 - 2)?)

2
(6.2.6)

< (F(aFT05) g — 2P

= <F(xk+0.5)7 T — xk+0‘5> + <F(xk+0‘5), xk+0.5 . xk+1>

= <F(l‘k+0'5),x _ $k+0’5> + <F($k+0’5) _ F($k+0'5;$k),xk+0'5 _ $k+1>

< <F(l’k+0'5),$ _ xk+0.5> + HF(xk-‘rD.E)) _ F(l’k+0'5;$k)” . ka’-ﬁ-O.E) . xk-i,-lH
+<F~1(xk+0.5. xk) xk+0.5 _ xk+1>

< (F(a05), gz — gh 05y 4 | F(aF+0-5) — F(25+05; 20|12 . |05 — 2

2k 2
+<F~1(xk+0.5; xk)) xk+0.5 _ xk+1>

(6.2.3) 7-2LZ2)||$k—|-0.5 _ ka2p

k+0.5 _ $k-i-1H2
< <F(:ck+0'5), T — xk+0.5> +

Y|z
2y, + 2

_|_<F1(xk+0.5; l’k), LF+05 l‘k+1>.
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T2L120”xk+06_xk”2p

29k

_ r2ullah oS —a|?

Noticing that
the above that

, and further using (6.2.5) we derive from

2 (ot = all? + |l = 2R = " - 2]?)

2
2 k+0.5 k|12 k+0.5 k41112
< <F(xk+0‘5)7$_xk+0.5> 4 T |z +2 —z"|| 4 Yellz*F 2—1‘ M
_i_% |:_ka+0.5 _ kaZ o kaJrl . xk+0.5H2 + ka+1 _ kaQ} )

Canceling out terms, we simplify the above inequality into
(6.2.7)
<F(xk+0.5)’xk+0.5 _ l‘) + % (1 _ 7_2) ka+0.5 _ l’k”Q < % [H‘rk _ xHZ - kaJrl o QZ||2:| )

In the original analysis in Theorem 3.2.1, the rest of the proof continues with the mono-
tonicity of F. In this analysis, we assume the Minty condition (i.e. Sol,,(VI(F; X)) # 0)
holds instead of monotonicity of F. Taking any fixed x = z* € Sol,,(VI(F'; X)) in the above

inequality, we have:
(6.2.8) (1 _ 7_2) ”xk+0.5 . kaZ < [ka o x*”Q o ”karl o ‘T*Hz 7
since (F(x¥+0-5), xF+0:5 _ 2*) > 0. Summing up this inequality for k =1, ..., N gives us:

1 1 *12
1<k< N(l—TQ)Hx Il

N
1
(6.2.9) minN |2F 05 — k|2 < ~ Z |2+ +05 — k|2 <
k=1

Condition (6.2.4) for updating 2%+ implies for all x € X, we have:

<F(:L‘k+0'5; xk)’xk+0.5 _ .T> < —Lp||.73k+0'5 _ kapfl(karOB _ xk)T({L’k+O‘5 . .T)
< LD |00 — o,
where D := max ||z — 2/|.
rx'eX
k405 _ 2F||12, we have:

Denote ky := arg min ||z
glngNH

<F(ka+0'5), wkN—I—O.S _ .%'>

<F(xk]\]+0,5) _ F(ka+O'5; ka)’ka+0.5 o 1_) + <F(fL’kN+O'5;fL'kN), xk]\]+0.5 _ x>

S HF(ka+O.5) o F(kaJrOb;ka)H i ”ka+0.5 o x” + LpD”ka+0.5 o kaHp
< (14 7LDk 05 - gk o

1 L,Drt+1
< (1+7)LD ot — ot < LEDLDT

N%(l—T2)g N§(1_7-2)2
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which holds for all x € X. Therefore,

1 L,Drt+1
GV 05 — max (F(ghNH05) phn 05 _ gy < ( 4;7) e
reX N2 (1 -7 )2

We summarize the above results in the next theorem.

Theorem 6.2.8. Consider the ARFE update (6.2.1). Suppose that conditions (6.2.2) and
(6.2.3) are satisfied, and Sol,(VI(F;X)) # (. Then, the sequence produced by ARE con-

verges at the following rate:
#3505 — g | = O(1/N),  G(ah¥*0%) = O(1/NE).

Remark 6.2.9. In the above analysis, by using the same x* € Soly,(VI(F; X)) in (6.2.8)
repetitively, it can be seen that the sequence {xk} converges to the specific Minty solution
in terms of squared distance. On the other hand, while ||z*N+05 — 2k |12 qlso converges at
a rate 1/N by (6.2.9), the final result guarantees a rate of convergence l/N% in terms of
the merit function G(z*N+0)

solution) based on Definition 6.2.6.

, which gives an €-VI solution (but not necessarily an e-Minty

Finally, we note that if ' is monotone (in which case Sol(VI(F’; X)) = Sol,,,(VI(F; X))), the
convergence rate is 1/N ’3 in terms of the merit function H (ZTn), where Ty is the weighted
average of 2199 (see Theorem 3.2.1). It is an improved rate compared to the above result
where we only assume Sol,,, (VI(F; X)) # 0.

6.2.3 Minty solutions beyond general VI problems

In the previous section, we see that the existence of Minty solutions is indeed an important
property to have for solving non-monotone VI. Without assuming any other conditions,
it allows projection-type methods such as extra-gradient method (a first-order specialized
method of ARE) to converge (to a Minty solution) with guaranteed rate. It is then natural
to ask whether the same solution concept presents with similar significance in other problem
classes related to VI and what are the implications of the Minty solution therein. In this
section, we first discuss the role of the Minty solution in optimization. The discussion
proceeds in the context of Nash games, where we present the implications of the Minty

solution and its connections to the VI model.
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6.2.3.1 Minty solutions in optimization

Consider the optimization problem:

(6.2.10) ;rél}\} f(x),

where f(z) is continuously differentiable, X is convex and closed. The local first-order
optimality condition is given by:

(6.2.11) (Vf(x*),z —a*) >0, Vzed,

which is equivalent to the VI model VI(V f;X') with solution set Sol(VI(V f;X)). Now
suppose a Minty solution exists for this VI model, that is, Sol,,(VI(V f; X)) # 0 and any
element z* € Sol,, (VI(V f; X)) satisfies

(6.2.12) (Vf(z),x —2") >0, VeelX.

Note that Minty’s Lemma applies here due to our assumption. Therefore, Sol,,(VI(V f; X))
C Sol(VI(Vf; X)), and any x* satisfying (6.2.12) is a local first-order stationary point
((6.2.11) holds). The next Theorem states that a Minty solution in optimization, if exists,

is in fact a global solution to the problem.

Theorem 6.2.10 (Optimality of Minty solution). For the optimization problem (6.2.10)
where f is continuously differentiable, X is convex and closed. The following holds:
(Vf(x),z —2") >0, VexeX
= f(a") < f(z), Vrelk.

In other words, if a Minty solution exists, it is a global solution to the problem.

Proof. Using the following identity:
1
fa) = f@) = [ Vit - a) 7@ - 2,

t=0
we have for t = 1, Vf(z*)T(z* — 2) < 0 since (6.2.11) holds. For t = 0, we have
Vi) (z* —z) <0 due to (6.2.12). For0<t <1, letd =z +t(x* —x) € X, then

1
Vi+ta —z) (z*—z) = me(aAc)T(x* —-2) <0, 0<t<l,

where the last inequality is again due to (6.2.12). Therefore, we can conclude that

1
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Remark 6.2.11. The Minty solution is always a global solution in optimization, provided
that f(x) is continuously differentiable and X is closed convex set. However, a global solution
needs not be a Minty solution. For a meaningful optimization problem where a global solution

exists, a Minty solution may not exist.

Consider a one-dimensional optimization problem:

min  —z?,
—1<z<1

the global solutions are x* = —1,1. For «* = —1:
(Vf(x),z —ax") =(2z,2+1) <0, 0 <z <1

for * =1,
(Vf(z),z — ") =(—2x,2—1) <0, -1 <2z <0.

Therefore, neither of the global solutions is a Minty solution. Same as the VI model, when
the objective function is convex, the set of local solutions (Sol(VI(V f; X))) coincides with
the set of Minty solutions (Sol,,(VI(V f; X)), thus every global solution is a Minty solution.

6.2.3.2 Minty solutions in Games

Consider a two-player game:

x:  min 0y(z,y)

(6.2.13) reX 0. (e.)
: min 0y(z,y),

Yy ey Y Yy

where we use x,y to denote both the players and their corresponding strategies. Assume
0,0, are both continuously differentiable for fixed y, z, and X', Y are closed convex sets. Let
us first define three different notions of equilibria in this game, starting from the well-known

Nash equilibrium.

Definition 6.2.12 (Nash equilibrium (NE)). A solution pair (z*,y*) € X x Y is said to be

in Nash equilibrium if and only if

02(2",y") < Op(x,y"), Vo € X, 0y(a",y") < Oy(a",y), Vy €Y.
In other words, for player x it is not possible to be better off by deviating from the Nash
equilibrium strategy z* if the opponent continues to play y = y* and vice versa. For

a Nash equilibrium pair (z*,y*), */y* is the global minimizer of the objective function
0. (-, y*)/0y(z*, ) for fixed y*/x*.
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Definition 6.2.13 (Quasi-Nash equilibrium [75] (QNE)). A solution pair (z*,y*) € X x Y

is said to be in quasi-Nash equilibrium if and only if

(Valbp (2™, y"),x —a") >0, Ve e X, (Vyb0y(z",y"),y —y*) >0, Vy € ).

Unlike Nash equilibrium where z* and y* have to be global minimizers of their respective
objective functions when the opponent plays the equilibrium strategy, a pair of quasi-Nash
equilibrium only requires the first-order stationarity condition to be satisfied in their re-
spective optimization problem. Hence quasi-Nash equilibrium can be viewed as a relaxation

of Nash equilibrium.

Definition 6.2.14 (Minty Nash equilibrium (MNE)). A solution pair (x*,y*) € X x Y is
said to be in Minty Nash equilibrium if and only if

<V$‘9$(x>y*)7x - $*> 2 Oa Vﬂf € X? <vy9y($*>y)7y - y*> 2 07 Vy € y

The third definition given above pertains to the notion of Minty solution discussed thus
far. It requires z*/y* to be a Minty solution of ,(-,y*)/6,(z*,-) for fixed y*/x*. By the
discussion in the previous section, the set of Minty solutions is only a subset of the global
solutions, therefore the Minty Nash equilibrium defines a stronger concept of equilibrium

than the usual notion of Nash equilibrium.

It is straightforward to conclude the following relation among these three different notions

of equilibria:
MNE — NE — QNE.

If the objective functions possess an additional property known as block multiconvez, i.e.
6.(-,y) is convex for fixed y € )V and 6,(x,-) is convex for fixed z € X, then the above

relation becomes:

MNE = NE = QNE.

Let us now consider the connections among the above notions of equilibria to the solutions

in the VI formulation of the two-player game (6.2.13):

(6.2.14) F(z) = <vm0x(xvy)

Vyby(z,y)
which can be expressed as the VI model VI(F; Z).

), z = (:):,y)T, Z:=Xx),

If 2* = (z*,y*) € Sol(VI(F}; Z)), i.e.

(F(27),2 = 2%) = (Vb (2", y"), 2 — 27) + (Vyby (27, y%),y —y") 20, VzeZ,
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it is obvious that (z*,y*) is a pair of quasi-Nash equilibrium of the original two-player game
by taking x = z* and y = y* in the above inequality. On the other hand, if (z*,y*) is a
pair of quasi-Nash equilibrium, then the above inequality holds trivially and z* = (z*, y*) €
Sol(VI(F; Z)). Therefore, quasi-Nash equilibrium of the game is equivalent to the (strong)

solution to the VI formulation.

Now if z* = (2%, y*) € Sol,,,(VI(F; Z)), i.e.
(6.2.15)F (2), 2 — 2%) = (Vaby(z,y), x — ") + (V0 (x,y),y —y*) >0, VzeZ.
By taking any arbitrary x € X and y = y* in the above inequality, we have
(Viby(z,y*),x —2*) >0, VreX.
Similarly we have
(Vyby (2™, y),y —y*) 20, Vye.

The above two inequalities combined indicates that (z*,y*) is a pair of Minty Nash equi-
librium of the original two-player game. However, we note that the opposite direction is
in general not true, since a Minty solution z* to VI(F; X) requires the inequality (6.2.15)
to be satisfied with V,0,(x,y)/Vy0y(x,y) while the Minty Nash equilibrium only defines
on Vb0, (x,y*)/Vy0y(x*,y), in which the opponent’s strategy is fixed to be the equilibrium
strategy.

We can include the two solution concepts in the VI formulation, Sol(VI(F'; Z)) and
Sol,, (VI(F; Z)), in the previous relation and obtain

Sol,,(VI(F; 2)) = MNE = NE = QNE = Sol(VI(F}; 2)).
In the case where both 6, (x,y) and 6,(z,y) are bock multiconvex, then
Soly (VI(F; 2)) = MNE = NE = QNE = Sol(VI(F; 2)).

Note that it is not sufficient to state the equivalence between the Minty solution in VI
and others even if the objective functions are block multiconvex. However, the above rela-
tion does offer a quick argument for the existence of Nash equilibrium for non-cooperative
games where the payoff functions are block multiconvex and continuously differentiable,
and the constraints are convex compact sets. Indeed, the latter two conditions are exactly
given in Assumption 6.2.1, which guarantees that Sol(VI(F; Z)) # (). The functions being
block multiconvex indicates that NE= Sol(VI(F'; Z)), which proves the existence of Nash

equilibrium. This conclusion is summarized in the next proposition.
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Proposition 6.2.15. For the two-player game (6.2.13), if both 0,(x,y) and 6,(z,y) are
block multiconvex and continuously differentiable, and X, are convex compact sets, then

a Nash equilibrium exists.

Remark 6.2.16. Indeed, the celebrated Nash Theorem has shown that a mized strategy
Nash equilibrium exists in n-player multilinear games using Brouwer’s fized-point theorem.
The above discussion only points out an alternative route for showing the same conclusion
with a potentially lighter algebraic derivation. The equivalence between NE and QNE as
well as between QNE and Sol(VI(F; 2)) is straightforward. Proving Sol(VI(F; Z)) # () can
be accomplished via the same Brouwer’s fized-point theorem or degree theory [19], where the

details are omitted here.

We note that restricting the number of players to be two in this section is only for the
purpose of clear illustrations of the ideas. All the discussions can be easily extended to

general n-player games.

6.3 Algorithm-Based Conditions on VI problems

In the discussion thus far, we have focused on non-monotone VI with the condition

Sol,,, (VI(F; X))# 0, and we show that it is sufficient for a projection-type method such as
ARE to converge globally with a guaranteed rate. In this section, we continue to ask the
question: Are there other sufficient conditions different from the existing ones that are able
to guarantee the convergence of algorithms of certain class? It turns out that through
an algorithm-based approach, it is possible to characterize structures of the VI model by
deriving sufficient conditions for which the algorithms converge. These VI problems can be
of special interest since they are not necessarily monotone or satisfy the Minty condition,
nonetheless the algorithms converge regardless. In particular, we present conditions on VI
models based on projection-type methods, analyze their convergence behavior, and provide

examples of problems satisfying these conditions.

6.3.1 Conditions for projection-type methods

In order to present the conditions to be introduced later with more precise expressions, let us
first define two projection-type mappings, which play a central role in these conditions since
the purpose is to characterize VI problems with guaranteed convergence for projection-type

methods.
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Definition 6.3.1 (Gradient projection mapping). For a given t > 0, assuming X is a

closed convex set, define the “gradient projection mapping” as

(6.3.16) M (z;t) := Projy(x — tF(x)).

Note that the term “gradient” follows the convention in optimization, while in general F

can be any vector mapping that is not necessarily a gradient mapping.

It is a well-known fact that for a fixed t > 0, 2* € X is a fixed point of the gradient
projection mapping M (-;¢) if and only if 2* € Sol(VI(F;X)). It is then natural to use a

third merit function other than the (dual) gap function introduced in Section 6.2.1.2:
P(a) = | M(a;) — a|]%.

We summarize the above observations in the next proposition and provide a proof for

completeness.

Proposition 6.3.2. z* = M(z*;t) if and only if x* € Sol(VI(F; X)). Therefore, P(x) =0
if and only if x € Sol(VI(F; X)).

Proof. By the optimality condition of the projection operation, we have
(6.3.17) (y — M(x;t)) " (M(z;t) —x +tF(z)) >0, Yy € X.
If M (x;t) # x, then by setting y = x in (6.3.17) we observe
T 1 2
(M(x:t) )T Fla) < — [ M(a:t) 2] <0

implying that x & Sol(VI(F'; X)). On the other hand, if M(x;t) = z, then (6.3.17) yields

tly—x) Flz) >0, VyeX,
and so x € Sol(VI(F; X)). O

Remark 6.3.3. In the literature, the mapping M (x;1)—x is also referred to as the “natural
map” and solving M (z;1) —x = 0 can be used as an equation reformulation of the VI model
VI(F; X). In our discussion, we do not explicitly adopt the equation reformulation approach,

but only use P(x) as one of the measurements of convergence.
In view of the gradient projection mapping defined earlier, let us also define the following

“extra-gradient projection mapping”, which expresses the extra-gradient-type methods and

the sufficient condition for convergence more succinctly.
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Definition 6.3.4 (Extra-gradient projection mapping). For a given t > 0, assuming X is

a closed convex set, define the “extra-gradient mapping” as
M*(x;t) := Projy(x — tF(M(31))),
where M (z;t) is the gradient projection mapping defined in (6.3.16).
We are now ready to introduce conditions that can guarantee the convergence for differ-
ent projection-type methods. These conditions provide additional characterizations of the

structure of a VI problem when in general we do not assume monotonicity nor Minty con-

dition.
Definition 6.3.5. Condition (Local Minty).
For some fized t > 0 and any x € X there is 2* € Sol(VI(F'; X)) such that
(F(z),x —z%) >0,
and for the same x* the above inequality also holds if we replace x by M (z;t).
Definition 6.3.6. Condition (Local Minty+).
For some fized t > 0 and any x € X there is x* € Sol(VI(F'; X)) such that
(F(M (), M(w;) — 2} > 0,
and for the same x* the above inequality also holds if we replace x by M ™ (x;t).
Definition 6.3.7. Condition (Local Minty*).
For some fized t > 0 and any x € X there is 2* € Sol(VI(F'; X)) such that
(F(a), M(z;1) — ) > 0,

and for the same x* the above inequality also holds if we replace x by M (z;t).
Definition 6.3.8. Condition (GP).
For some fixzed § > 0 and t > 0, and any x € X there is z* € Sol(VI(F'; X)) such that

AL+ 8)t(F (M (w; 1)), M(x5t) — &*) + || M (23) — 2| > 0,
and for the same x* the above inequality also holds if we replace x by M (z;t).
Definition 6.3.9. Condition (GP+).
For some fized § > 0 and t > 0, and any x € X there is z* € Sol( VI(F'; X)) such that

A1+ )HF(M (51)), M(z:8) — ) + [ M(z58) — > > 0,

and for the same x* the above inequality also holds if we replace x by M (x;t).
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Definition 6.3.10. Condition (GP¥).

For some fized 6 > 0 and t > 0, and any © € X there is x* € Sol( VI(F'; X)) such that
2(1 + O)H(F (), M(x;t) — 2*) + || M (5t) — «||* > 0,

and for the same x* the above inequality also holds if we replace x by M (z;t).

We make the following remarks on the conditions introduced above.

Remark 6.3.11.

e Condition (Local Minty) (Local Minty*): Unlike other conditions that are seen before,
both conditions are defined on sequences in X rather than arbitrary points. In par-
ticular these sequences are generated by the gradient projection mapping M (z;t). For
any specific sequence, there is a “local Minty solution” for which the inequality defined

in the respective condition continues to hold.

e Condition (Local Minty+): When generating a sequence from the extra-gradient pro-
jection mapping M (x;t), we immediately obtain another sequence that maps the
previous sequence to their gradient projection mapping M (x;t). (Local Minty+) is

defined on the latter sequences.

e Condition (GP), (GP+), (GP*): These three conditions can be viewed as relaxations
of Condition (Local Minty), (Local Minty+), and (Local Minty*), by allowing a posi-
tive term P(x) in the defining inequality.

The conditions introduced above have one property in common: they all require the defining
inequality to hold for the whole sequence generated from some pre-determined mapping. In
other words, a solution x* € Sol(VI(F; X)) can “attract” some z € X following the partic-
ular sequence. Condition (Local Minty)/(Local Minty+)/(Local Minty*) (Definition 6.3.5,
6.3.6, and 6.3.7) guarantee the existence of such “local Minty solution” z* with respect to
arbitrary x € X, while Condition (GP)/(GP+)/(GP*) (Definition 6.3.8, 6.3.9, and 6.3.10)
relax the previous three conditions. The term “local” is in contrast to the normal Minty
solution, which is “global” since any z* € Sol,,(VI(F; X)) is able to attract every point
in X in terms of the Minty inequality (F(z),x — x*) > 0 in the definition. This property
turns out to be critical to derive these algorithm-based conditions, which helps establish
convergence of projection-type methods for those problems with more general structures

than the common monotonicity or Minty condition.

Remark 6.3.12.
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e [f F' is monotone, then Condition (Local Minty) and Condition (Local Minty+) hold
trivially (therefore so do Conditions (GP) and (GP+)).

e IfSol,,(VI(F; X)) # 0, then Condition (Local Minty) and Condition (Local Minty+)
hold trivially (therefore so do Condition (GP) and (GP+)).

e [t is possible that F is monotone but Conditions (Local Minty*) and (GP*) do not
hold. Conversely, it is also possible that Conditions (Local Minty*) and (GP*) hold
but F is not monotone or Sol,(VI(F; X)) = ().

The next two examples demonstrate problem instances where Sol,,,(VI(F')) = () while Con-
dition (GP)/(GP+)/(GP*) still hold.

Example 6.3.13. Consider X = [-1,1], F(z) = —x. In that case, Sol(VI(F; X)) =
{=1,0,+1} and Sol,,(VI(F; X)) = 0. Note that

min{1, (1 +¢)x}, if x>0 ;
M(z;t) =< 0, ifx=0;
max{—1,(1+t)x}, ifz<O0.

In particular, for x > 0 we choose x* = 1; for x < 0 we choose x* = —1; for x = 0 we choose
x* = 0. It is now easy to verify that Condition (GP)/(GP+)/(GP¥*) hold in this case. In
fact, Condition (Local Minty)/(Local Minty+)/(Local Minty*) all hold in this example.

-1 0
Example 6.3.14. Consider X = ||z]| <1, F(z) = Qz, where Q = < 0 1). In this case,

Sol(VI(F; X)) = {(1,0)7,(0,0)",(—1,0)" }. None of them is a Minty solution, but we can
show that VI(F;X) satisfies (Local Minty)/(Local Minty+)/(Local Minty+) for any fized
t € (0,1). For the first two conditions, it suffices to provide the following two observations
as the proof. Also note that we can focus on 1 > 0, since the behavior is symmetric for the

case x1 < 0.

1. For any x = (v1,72)" € X such that 1 > 0, the whole sequence generated by M (x;t)
and M (z;t) will remain x1 > 0. This can be easily verified.

2. For any x = (wl,xg)T € X such that x1 > 0, we have
(F(z),x —a%) >0,
for x* = (1,0)T. Since the above inequality results in x3 > z1(x1 — 1), which always

holds for any 0 < x1 < 1.
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It remains to show that Condition (Local Minty*) also holds. Similarly, let us focus on
x1 >0 and use x* = (1,0)". Let us denote 2+ = 2 — tF(x) = (1 +t)x1, (1 —t)z2)", then

we have
+ ; <1 -
Mzty=94 " f va+|| <1;
/Nl i T > 1
For the case ||zT|| < 1, the condition
(6.3.18) (F(x), M(x;t) —2*) >0

reduces to
(1-— t)x% > (1+ t)x% — 1,

where the RHS is always mon-positive for x1 < l%rt, which is the case for ||zt < 1.
Therefore inequality (6.3.18) holds. For ||| > 1, condition (6.3.18) can be reduced to

(1—t)z3 > (1 +t)af — a1 - [la* .
Since ||z > (1 + t)zy1, the RHS is always non-positive and condition (6.3.18) holds.
The next example shows that, even if F' is monotone, Condition (GP*) does not necessarily
hold. Otherwise, since Condition (GP*) is sufficient for the gradient projection method to

converge (as will be shown in the next section), monotonicity would have been sufficient for

the convergence as well (which is not the case for the gradient projection method).

0 1
Example 6.3.15. Consider X = ||z|| < 1, F(z) = Qz, where Q = < . O). In this

case, Sol(VI(F; X)) = {(0,0)"}. This problem is originated from the saddle point problem
mMin Max| 24 y|2<1 Ty and is monotone. For a small € > 0, consider r = (€,0)", where
F(z)=(0,—¢)".

Consider first t < 7”;62 In this case, M (z;t) = x — tF(x) = ¢- (1,t)". Therefore,
2(1 + O t(F(z), M(x;t) — z*) + | M (z;t) — z||* = —2(1 4 §)t2e® + t26% < 0.

On the other hand, if t > 7”6_62, then M(z;t) = (1,t)T - (1 + tz)_%, and

2
(1—ev/1T+22,8)7
V1412

2
¢ <1+é,

=1+4+e—
V142

1M (:8) — z||* = ‘

whereas

2(1 + 6)t(F(x), M(z;t) — %) = —2(1 + 6)e - 12 (1 +2)72 < —2(1+6) - (1 — €2),

where the last inequality we take t = 7”16_52 It is then clear that for small enough €,

Condition (GP*) will not hold, even if F is monotone.
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6.3.2 Convergence of projection-type methods

In the previous section, we present several algorithm-based conditions that are defined for
sequences generated from either the gradient projection mapping or the extra-gradient pro-
jection mapping. In this section we show how these conditions are applied in the convergence
analysis for two projection-type methods, the vanilla gradient projection method and the

extra-gradient method.

6.3.2.1 The gradient projection method

Consider the gradient projection method:

1
A= argmin(F(2F), 2 — 2F) + =z — 2F|%,
TEX 2t
or equivalently written as
2= MR,

It is now clear why the conditions (Local Minty)/(Local Minty*) and their relaxations
(GP)/(GP*) are defined for sequences generated from the gradient projection mapping.
They assume that for each sequence generated by the gradient projection method there ex-
ists at least one solution * € Sol(VI(F'; X)) such that their respective defining inequalities
continue to hold. We first derive a key intermediate inequality from the gradient projec-
tion update itself, which makes it clearer the exact condition to be used in the following

convergence analysis.

Lemma 6.3.16. For the gradient projection method, we have

—_

1
ka+1 _ 37*H2 —l—t(F({L‘k),x'kJrl o $*> + 7ka+1 . wk’HQ

1
(6.3.19) ink = 5

2
for any x* € Sol(VI(F; X)).
Proof. Since

(tF(xF) + bt — 2k 2 — 2PN >0 veea,
with x = x*, we have

1
<tF(.§L‘k),l‘* o l‘k+1> > 5 (ka—&-l o I‘kHQ + ka—&-l N x*HQ o ||$k o l‘*||2) ]

Rearranging terms gives the result. O
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In view of the inequality (6.3.19), it is straightforward that Conditions (Local Minty*) and
(GP*) can provide a bound on (F(z*), z**! — 2*) for the whole sequence with respect to
some x* € Sol(VI(F; X)), thus the convergence follows. The results are summarized in the

next theorem.

Theorem 6.3.17. Under Condition (GP*), and assume F is Lipschitz continuous with

constant L, the gradient projection algorithm is convergent for VI(F; X'). Moreover,

. k\ . k\ 1
1£IllclgnNP(x ) =O(1/N), 1£I11€1SHNG(Z‘ ) =0O(1/Nz).

Proof. In view of Lemma 6.3.16 and Condition (GP*), we have:

1 1

5 (ka _ w*HQ o ka+1 o x*||2) > t(F(.’L‘k),a?kJrl o $*> + 5Hwarl . wkHZ
(@r?) 1 k 1
> _ +1 k2 Sk k2
L B Car
0 k+1 k12
= sl oo

By Condition (GP), there exists an x* such that the above inequality holds for k =1,...,N.

Therefore, summing up the inequality for k =1,..., N, we have:

al 1
>ttt - ot < (145 ) ot - ot
k=1

which implies

N
1 1 1
. ky « & K+l k2 o L 1 1_ 2 _ .
lgllﬁlgnNP(:c)_nglﬂx | <y 1—1—5 |l — ¥ O(1/N)

Moreover, we can transform the measurement in min P(z) into min G(z*). Since
1<k<N 1<k<N

(tF(a®) + 28 — 2k p — MY >0 vred,

we have
(F(b), o~ 2) < —L (@ =) T — k) < Djaktt ok,
Therefore,
(P, o 2 = (F(aF), 25 — 2) 4 (F(zFT) — F(zb), 28 — 2
< ?kaﬂ —F| 4 |F(FY) — P - 25 —

IN

1
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Define ky = arg lgllci<n]\/ P(z%), then

(P aPv )

IN

1
D <t + L> HackN'H — :ckNH

1
1 1 1)\ 2
< D(-+1L 1+ = L g
- (t+>Né<+5> o =l
1
1 1 1)\ 2
< D?*(=4+L 1+ =
- <t+>Né<+5>’

which holds for all x € X. This implies

1 1 1\2 1
: ky _ kvy kv oy < p2 (L 1y\® 1
1§mk1£1NG(a: ) mweaéi([:(x ), x x) <D (t —i—L) r (1 + 5) O(1/Nz).

It is well-known that if F' is strongly monotone, gradient projection method can be guaran-
teed to converge with iteration complexity O (ﬁ—; log %), while F' being merely monotone
is insufficient for the convergence. On the other hand, Theorem 6.3.17 provides a different
sufficient condition (GP*) such that gradient projection method converges globally in terms
of minj<<n G(z¥) = G(z*¥). As shown in the previous examples, there exist problems

which are not monotone but Condition (GP*) is satisfied.

6.3.3 The extra-gradient method

Consider
k+0.5 ._ . k k 1 k2
0> = arg]gg}(l(F(x ), x — ) + 5|z — 2¥||
A — argmin(F(ack+O'5), T — xk> + %Hx — :L“k||2,

zeX

or it can be equivalently written as

h05 = M (2 ¢)
o = Mt (2R ),

Note that the extra-gradient method can be viewed as a special case of the ARE update
discussed in Section 6.2.2 with p = 1. Below we introduce a key inequality derived from the
update, which also appears with a similar form in the analysis for ARE (cf. (6.2.7)). Both
the notation and the parameter constraint are slightly adjusted in the following lemma,

therefore a proof is provided for completeness.
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Lemma 6.3.18. For the extra-gradient method, assume that F is Lipschitz continuous with

constant L, and t < ﬁ, the following inequality holds:

1 1
(6.3.20) <F(mk+0'5),xk+o'5 _ QZ> + @kaJrOB _ kaQ < % ”1‘k o tz _ ka+1 o xH2:| _
Proof. Optimality of zF10-:
1
(6.3.21) (F(z®) + E(azk+0’5 —zk), . — 2*0%) >0, vz e A

Substituting x = x*T1 in (6.3.21) we have

<F($k),$k+1 _ $k+0’5>

> %<mk+0.5 gk, k05 _ iy
(6.3.22) _ 211& <||xk+0.5 _ IkHQ i ka+1 _ $k+0.5”2 _ ka+1 _ kaz) .
On the other hand, by the optimality condition at z*t1 we have

(F(z*05) 4 %(ack'H —aF), x — 2 >0, for all x € X.
Hence,

(F(2F+05),  — gh+1)y
> %<mk+1 _ b R g

(6.3.23) = 2% (||a:’€+1 — x| + ||kt — 2R — |2* - :c||2) . fordlzeX.

Continue with the above inequality, for any given x € X we have

1
o7 (et =zl 4 a* = ab|? — 2% — 2]?)
(6.3.23)
(F(xk+0'5 T — :L’k+1>
— <F(Ik+0’5) T — Ik+0'5> + <F(£Ek+0‘5) xk+0‘5 o Ik+1>
— <F(ij+0'5),$ _ xk+0,5> + <F(ij+0'5) _ F(xk)7xk+0.5 _ Jfk+1> + <F(xk)7xk+0.5 _ Jik+1>
< (F(xk+0'5),a: _ $k+0'5> + ||F(xk+0.5) _ F(.’L‘k)H . ||$k+0.5 _ $k+1H
+<F({Ek), $k+0.5 _ xk+1>
t”F(karO.S) _ F(xk)HQ ka+0.5 o xk+1||2
< F k+0.5 _ .k+0.5
< (PR, - ah00) 4 : + =
—|—<F($k), $k+0'5 _ l‘k+1>
tL2H5L'k+O‘5 _ :L‘k||2 ||l‘k+0'5 _ $k+1||2
< F k+40.5 _ .k+0.5

+<F(Ik),mk+0’5 _ l‘k+1>.
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Since t < ﬁ, and with (6.3.22) we have

1
o (llaF ! = a2 + o = 2¥|2 - |l2* — 2)?)

k+0.5 _ kaQ k+0.5 _ xk+1H2

| IE2

4t 2t

1
+§t |:_||xk+0.5 _ kaQ _ ka—&-l _ xk+0.5||2 + ka—i—l _ $k||21| .

< (F(xk+0'5),x _ xk+0.5> +

Canceling out terms, we simplify the above inequality into
1 1
<F($k+0.5)7xk+0.5 )+ 7ka+o.5 _ kaz < - [ka |- ”xk+1 _ tz} '
4t 2t
O

One can immediately identify the connections between inequality (6.3.20) and Condition
(GP+). In fact, inequality (6.3.20) plays the central role in the convergence of the extra-
gradient method (or in general, the extra-gradient-type method such as ARE), and it-
eration complexities of different orders can be established following this inequality based
on the conditions imposed on the VI model. The most conventional assumption will be
the (strong) monotonicity of F', while in Section 6.2.2 it is relaxed to be Minty condition
Sol,, (VI(F; X)) # 0. Here, Condition (GP+) provides a more direct way to guide the con-
vergence analysis of the extra-gradient method based on inequality (6.3.20), as summarized

in the next theorem.

Theorem 6.3.19. Under Condition (GP+), and assume F' is Lipschitz continuous with
constant L, the extra-gradient method with t < ﬁ is convergent for VI(F;X). Moreover,

: ky _ : k+0.5y _ 1
1grllclgnNP(;zc ) =O(1/N), lgflgnNG(a: )=0(1/N2).

Proof. In view of Lemma 6.3.18 and Condition (GP+), we have:

1 1

% Hmk—:c Hz—HUCkH—HJ H2 >  (F(x +05),xk+05—x>+£\\x +05 _ ”2
(GP+) 1 1
> _m”%lﬁrO.S . mk”Q + @kaJrO.E) _ ka2
o 1
— 1+547t”1,k:+0.5_1,k”2.

Since Condition (GP+) also asserts that there exists an x* such that the above inequality
holds for k =1,..., N, summing up the inequality for k =1,..., N gives us:

N

1
>0 -t <2 (14 5 ) et =o'

k=1
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which implies

N
1 2 1
. ky « © k405 _ k2 » “ 1 12 _ ‘
Jin, P € 5300 =P < 5 (15 ) Ie! ot = 00/

k+0.5) . Since

Moreover, we can transform the measurement in _min P(x*) into min G(x
1<k<N 1<k<N

(tF(xF) 4 2P 05 — gk g — 2FT05)y >0 v e &,

we have
1 D
<F(1}k),l‘k+0'5 _ ZL'> < _z(l,k—I—O.S _ JJ)T(ZI)k+O'5 _ l‘k) < 7||l,k:—‘,-0.5 _ :L'kH
Therefore,
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which holds for all x € X. This implies
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The convergence rate in Theorem 6.3.19 turns out to be the same as the rate in Theo-
rem 6.3.17 for gradient projection method when Condition (GP*) is satisfied instead, as
well as the rate in Theorem 6.2.8 for ARE (p = 1) when the Minty condition is satisfied. As
discussed in the earlier examples, there exists problems where Conditions (GP+) or (GP*)
are satisfied but no Minty solution exists. On the other hand, while these assumptions
are able to provide alternative sufficient conditions for the convergence of certain class of
algorithms, in general they can be difficult to verify a priori due to the requirement to hold

for the whole sequence.
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6.4 Conclusion

In this chapter, we discuss sufficient conditions for projection-type methods to converge in
VI problems that are not necessarily monotone. We first focus on the problem where a
Minty solution exists, which is a relaxation of the monotonicity assumption. We derive the
guaranteed global convergence rate for a general extra-gradient type method ARE under
the Minty condition, and then we extend the discussion to properties and implications of
Minty solutions in more specific problem classes such as optimization and Nash games. Fi-
nally, we present conditions on VI problems that are algorithm-based, in the sense that they
are closely connected to the algorithms we are interested in (in particular, projection-type
methods) and can suitably serve as sufficient conditions to guarantee the convergence. Con-
ventionally, the algorithms are designed for problems where assumptions on the structure
are made a priori, and the convergence is only guaranteed under these assumptions. In
this paper, we provide an alternative aspect, by “desinging” conditions on the VI model
such that they are sufficient to guarantee convergence of certain class of algorithms. We
show that this approach is indeed capable of characterizing different classes of VI prob-
lems (potentially broader) from the existing ones such as monotone VI or VI with Minty
solutions. We analyze the convergence of gradient projection method and extra-gradient
method under the proposed conditions. There are still questions remaining, such as: if
there are other algorithm-based conditions that can be derived for different projection-type
methods or non-projection-type methods; if there exist different characterizations of these
conditions such that they can be more easily verified. Answering these questions require

some efforts in the future research.
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Chapter 7

Conclusions and Discussions

In this dissertation, we studied variational inequality problems from the perspectives of
designing optimal algorithms and analyzing their iteration complexities. Many of these al-
gorithms are not just designed to retain optimal theoretical guarantee of iteration complex-
ities, but they aim to provide additional insights into underlying connections among other
existing optimal algorithms in the literature. For the first-order algorithms, we developed
a general principle, namely the extra-point approach, to systematically guide the genera-
tion of optimal methods that match the lower bound. These methods could include many
existing optimal methods in the literature, and they may also be extended to other unseen
methods given more specific problem structures at hand. For the high-order algorithms,
we discovered that the key to designing optimal algorithms is to ensure a (pth—order) Lips-
chitz bound is satisfied between the two operators used in subsequent extra-gradient (type)
updates in each iteration. Therefore, any “approximation” operator satisfying such bound,
coupled with an appropriate regularization term, can be used in an high-order optimal al-
gorithm. A unifying framework is thus proposed based on such concept of approximation,
which not only covers many existing optimal high-order methods but also opens up the

possibilities for new algorithms that target the specific problem structures.

We also studied the stochastic algorithms for VI, where the operator in a problem can
only be accessed via noisy estimations due to various practical reasons. We showed that
the stochastic extensions of two new algorithms, generated from the extra-point approach,
can achieve the optimal iteration complexity when the stochastic errors are simultaneously
reduced throughout the iterations, and we further discussed the application of these algo-
rithms to black-box saddle point problems as stochastic zeroth-order approaches, together
with a sample iteration complexity analysis. In addition to the stochasticity due to estima-

tion of the operator itself, a different layer of stochasticity can result from the finite-sum
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structure in a VI problem, which has received increasing attention in today’s large-scale
machine learning problems. In particular, we focused on a class of finite-sum VI problems
where the (finite-sum) optimization structure is also present. Explicitly exploiting such
special structure enables us to develop variance reduced algorithms with better gradient
complexities compared to those designed only for general finite-sum VI problems, in both
monotone or strongly monotone cases. This class of VI problems has its own interests,
since the saddle-point reformulation of a (finite-sum) constrained finite-sum optimization is
an immediate example problem in this class, which is commonly seen in Neyman-Pearson

classification problems.

We further extended our antenna to a relatively unexplored area in VI: to design and ana-
lyze solution methods for non-monotone VI. Indeed, many interesting real-world problems
are non-monotone, while common methods are proposed and guaranteed convergence only
for monotone VI. Without the global structure of monotonicity, the existence of Minty so-
lution turns out to be crucial, which characterizes a subset of (global) solutions that is able
to attract each point in the constraint set following iterations of properly designed acceler-
ated algorithms such as the extra-gradient (type) methods. Further questions arise as for
whether or not there are different sufficient conditions to guarantee convergence of common
projection-type algorithms other than the Minty condition. We provided insights and anal-
ysis for this question through designing algorithm-based conditions to characterize various
VI problem classes. Through this approach, we no longer stick to a specific VI problem
class and design algorithms within such class, but we aim to discover additional structures
for VI problems where the convergence of projection-type methods can be ensured without

monotonicity or even Minty condition.

As a broader problem class than optimization, VI can still have rich but rather implicit
structures compared to optimization, and more in-depth investigations into these struc-
tures can indeed lead to new developments in the contemporary research in VI. While
the many recent developments in optimization such as high-order methods, lower iteration
complexity bounds, variance-reduced algorithms, (constrained) non-convex optimization,
have all contribute to revealing similar insights and underlying structures in VI that are
unexplored in the past, such revelation is by no means complete and in fact continues to
introduce more interesting questions within the field. For example, for high-order methods
in VI, while optimal iteration complexities can be established, there is still lack of explicit
and systematic discussions for approaches to solve the subproblem efficiently, making the
algorithms more conceptual than practical. VI problems with general composite structures
(in the form F' = H - G) haven’t receive much research attention before. While the general
framework ARE is able to provide insights into designing algorithms for VI with such special

structures, it can be a potential direction of research for more detailed investigation into
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the structures and solution methods. Non-monotone VI, especially with no Minty solutions,
marks a difficult area in the research of VI. Deriving sufficient conditions that are easier to
verify to guarantee convergence for common methods, as well as exploring structures in the
constraints that could help ease such difficulty may become essential for future research.
Deriving duality theories and certain primal-dual methods for VI can be another interesting

direction to explore in the future.
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