EXTRAGRADIENT METHOD WITH VARIANCE REDUCTION FOR
STOCHASTIC VARIATIONAL INEQUALITIES
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Abstract. We propose an extragradient method with stepsizes bounded away from zero for
stochastic variational inequalities requiring only pseudo-monotonicity. We provide convergence and
complexity analysis, allowing for an unbounded feasible set, unbounded operator, non-uniform vari-
ance of the oracle and, also, we do not require any regularization. Alongside the stochastic approxi-
mation procedure, we iteratively reduce the variance of the stochastic error. Our method attains the
optimal oracle complexity O(1/¢2) (up to a logarithmic term) and a faster rate O(1/K) in terms of
the mean (quadratic) natural residual and the D-gap function, where K is the number of iterations
required for a given tolerance e > 0. Such convergence rate represents an acceleration with respect
to the stochastic error. The generated sequence also enjoys a new feature: the sequence is bounded
in LP if the stochastic error has finite p-moment. Explicit estimates for the convergence rate, the
oracle complexity and the p-moments are given depending on problem parameters and distance of the
initial iterate to the solution set. Moreover, sharper constants are possible if the variance is uniform
over the solution set or the feasible set. Our results provide new classes of stochastic variational
inequalities for which a convergence rate of O(1/K) holds in terms of the mean-squared distance
to the solution set. Our analysis includes the distributed solution of pseudo-monotone Cartesian
variational inequalities under partial coordination of parameters between users of a network.
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1. Introduction. The standard (deterministic) variational inequality problem,
which we will denote as VI(T, X) or simply VI, is defined as follows: given a closed
and convex set X C R™ and a single-valued operator 7' : R™ — R”, find z* € X such
that for all x € X,

(1.1) (T(x*),x —a™) > 0.

We shall denote by X* the solution set of VI(T, X). The variational inequality prob-
lem includes many interesting special classes of variational problems with applications
in economics, game theory and engineering. The basic prototype is smooth convex op-
timization, when 7T is the gradient of a smooth function. Other problems which can
be formulated as variational inequalities, include complementarity problems (when
X = R?%), systems of equations (when X = R™), saddle-point problems and many
equilibrium problems. We refer the reader to Chapter 1 of [11] and [12] for an ex-
tensive review of applications of the VI problem in engineering and economics. The
complementarity problem and systems of equations are important classes of problems
where the feasible set is unbounded.

In the stochastic case, we start with a measurable space (E,G), a measurable
(random) operator F' : = x R” — R™ and a random variable £ : Q@ — Z defined on
a probability space (£, F,P) which induces an expectation E and a distribution P
of £&. When no confusion arises, we sometimes use £ to also denote a random sample
¢ € 2. We assume that for every z € R, F(§,z) : Q@ — R" is an integrable random
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2 EXTRAGRADIENT METHOD WITH VARIANCE REDUCTION

vector. The solution criterion analysed in this paper consists of solving VI(T, X) as
defined by (1.1), where T : R™ — R" is the expected value of F(&, ), i.e.,

(1.2) T(x) =E[F(&x)] = /QF(E(W),:E) dP(w), VzeR™

For clarity, we state such formulation of the stochastic variational inequality problem
(SVI) in the following definition:

DEFINITION 1.1 (SVI). Assuming thatT : R™ — R™ is given by T'(z) = E[F ({, z)]
for allx € R™, the SVI problem consists of finding x* € X, such that (T (z*),x—x*) >
0 forallx e X.

Such formulation of SVI is often called expected value (EV) formulation. The
introduction of this formulation goes back to [23, 14], as a natural generalization of
stochastic optimization problems (SP). We remark here that different formulations for
the stochastic variational inequality problem exist in which the randomness is treated
differently. For instance, in the so called expected residual minimization (ERM) for-
mulation, one defines a suitable non-negative function x — h(¢,z) whose zeros are
solutions of VI(F(&,-),X). The ERM formulation is then defined as the problem
min,e y E[h(§, z)]. Variants of the ERM formulation can include random constraints
as well. Both EV and ERM formulations have relevance in modelling stochastic equi-
librium problems in different settings. See e.g. [34, 6].

Methods for the deterministic VI(T, X') have been extensively studied (see [11]).
If T is fully available then SVI can be solved by these methods. As in the case of SP,
the SVI in Definition 1.1 becomes very different from the deterministic setting when 7'
is not available. This is often the case in practice due to expensive computation of the
expectation in (1.2), unavailability of P¢ or no closed form for F(,-). This requires
sampling the random variable & and the use of values of F(n,x) given a sample 1 of
¢ and a current point 2z € R™ (a procedure often called “stochastic oracle” call). In
this context, there are two current methodologies for solving the SVI problem: sample
average approximation (SAA) and stochastic approzimation (SA). In this paper we
focus on the SA approach. For analysis of the SAA methodology for SP, see e.g., [37]
and references therein. For the analysis of the SAA methodology for solving SVIs see
e.g. [14, 40, 41, 42].

We make some remarks regarding the solution of the SVI problem in Definition
1.1 when using stochastic approximation (SA). The SA methodology for SP or SVI
can be seen as a projection-type method where the exact mean operator T is replaced
along the iterations by a random sample of F. This approach induces a stochastic
error F(§,z) — T(x) for x € X in the trajectory of the method. In this solution
method the generated sequence {2*} is unavoidably a stochastic process which evolves
recursively according to the chosen projection algorithm and the sampling information
used in every iteration. As a consequence, asymptotic convergence of the SA method
guarantees a solution of Definition 1.1 with total probability. Precisely, limit points of
the sequence {z*} are typically a random variable z* such that, with total probability,
x* e X*.

The first analysis of SA methodology for SVI was carried out recently in [18].
When X = R"™, Definition 1.1 becomes the stochastic equation problem (SE), that
is to say, under (1.2), almost surely find z* € R™ such that T'(z*) = 0. The SA
methodology was first proposed by Robbins and Monro in [35] for the SE problem
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in the case in which T is the gradient of a strongly convex function under specific
conditions. Since this fundamental work, SA approaches for SP and, more recently,
for SVI, have been carried out [18, 19, 43, 26, 39, 17, 7, 44, 21, 22, 45]. See also [27, 1]
for other problems where the stochastic approximation procedure is relevant (such
as machine learning, online optimization, repeated games, queueing theory, signal
processing and control theory).

1.1. Related work on SA and contributions. The first SA method for SVI
was analyzed in [18]. Their method is:

(1.3) 2R = H[zk — osz(fk, xk)],

where II is the Euclidean projection onto X, {¢¥} is a sample of ¢ and {a;} is a
sequence of positive steps. In [18], the almost sure (a.s.) convergence is proved
assuming L-Lipschitz continuity of 7', strong monotonicity or strict monotonicity of
T, stepsizes satisfying Y, ax = 00, Y., af < oo (with 0 < ay, < 2p/L?, assuming that
T is p-strongly monotone), and an unbiased oracle with uniform variance, i.e., there
exists 0 > 0 such that for all z € X,

(1.4) E [|IF(§ 2) - T(2)|I’] < o*.

After the above mentioned work, recent research on SA methods for SVI have
been developed in [19, 43, 26, 39, 17, 7, 44, 21, 22, 45]. Two of the main concerns
in these papers were the extension of the SA approach to the general monotone case
and the obtention of (optimal) convergence rate and complexity results with respect
to known metrics associated to the VI problem. In order to analyze the monotone
case, SA methodologies based on the extragradient method of Korpelevich [25] and
the mirror-prox algorithm of Nemiroviski [31] were used in [19, 7, 44, 21, 22|, and
iterative Tykhonov and proximal regularization procedures (see [20, 24]), were used
in [43, 26, 17, 45]. Other objectives in some of these papers were the use of incremental
constraint projections in the case of difficulties accessing the feasible set [39, 17], the
convergence analysis in the absence of the Lipschitz constant [43, 44, 45], and the
distributed solution of Cartesian variational inequalities [43, 26, 17, 20].

In Cartesian variational inequalities, a network of m agents is associated to a
coupled variational inequality with constraint set X = X! x --- x X™ and operator
F = (Fy,...,F,), where the i-th agent is associated to a constraint set X* C R™ and
amap F; : ZxR" — R™ such that n = Zgl n;. Two important problems which can
be formulated as stochastic Cartesian variational inequalities are the stochastic Nash
equilibria and the stochastic multi-user optimization problem. See [26] for a precise
definition. In these problems, the i-th agent has only access to constraint set X* and
F; (which depends on other agents’ decision sets) so that a distributed solution of the
SVI is required. As an example, the distributed variant of method (1.3) studied in
[43] takes the form: for all i =1,...,m,

1’?+1 =1I; [‘TC? - Oék,iFi( f?xk)] y

where II; is the Euclidean projection onto X*. Thus, the i-th agent updates its decision
evaluating his operator F; and projecting onto its decision set X;.
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In this paper we propose the following extragradient method: given z*, define
L
k k E .k
¥ — — F(&,z%) |,
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where {Nj} C N is a non-decreasing sequence and {&¥, 9% : k € N,j = 1,..., N;.} are
independent identically distributed (i.i.d.) samples of . We call {Ny} the sample
rate sequence.

Next we make some observations regarding merit functions and complexity esti-
mates. A merit function for VI(T, X) is a non-negative function f over X such that
X* = XN f710). An unrestricted merit function f for VI(T, X) is a merit function
such that X* = f=1(0). For any a > 0 we consider the natural residual function r,
defined, for any « € R™, by ro () := ||z —II(z —aT(x))]|. It is well known that r,, is an
unrestricted merit function for VI(T, X). Given € > 0, we consider an iteration index
K = K. (whose existence will be proved in Section 3.4), such that E[r, (z%)?] < ¢,
and we look at E[r,(2%)?] as a non-asymptotic convergence rate. In particular, we
will have an O(1/K) convergence rate if E[r, (2%)?] < Q/K for some constant Q > 0
(depending on the initial iterate and the parameters of the problem and the method).
The (stochastic) oracle complexity will be defined as the total number of oracle calls
needed for E[r,(z)?] < € to hold, i.e., Zszl 2N.

Besides the natural residual, other merit functions were considered in prior work
on SVI. Given a compact feasible set X, the dual gap-function of VI(T, X) is defined
as G(x) = sup,ex(T'(y),z —y) for z € X. In [19, 7, 44, 45], rate of convergence
were given in terms of the expected value of G when X is compact or, when X
is unbounded, in terms of the relaxed dual-gap function G(z,v) = sup,e x (T'(y) —
v,z — y), introduced by Monteiro and Svaiter [29, 30], based on the enlargement of
monotone operators introduced in [3]. When X is compact, the dual gap-function
is a modification of the primal gap-function, defined as g(z) := sup,c x (T'(z), z — y)
for x € X. Both the primal and dual gap-functions are continuous only if X is
compact. A variation suitable for unbounded feasible sets is the regularized gap-
function, defined, for fixed a > 0, as gq(x) := sup,c x {(T'(x), z —y) — §l|z — y[|*}, for
x € R™. The regularized gap-function is continuous over R”. Another variation is the
so called D-gap function. It is defined, for fixed b > a > 0, as gq.5(2) := ga(z) — gs(2),
for x € R". It is well known that g,;, : R® — R, is a continuous unrestricted
merit function for VI(7, X'). Moreover, the quadratic natural residual and the D-gap
function are equivalent merit functions in the sense that, given b > a > 0, there
are constants c1,co > 0 such that for all z € R”, c17p-1(2)? < gap(®) < corg-1(z)?
(see [11], Theorems 10.2.3, 10.3.3 and Proposition 10.3.7). These properties hold
independently of the compactness of X.

Next we resume the contributions of the algorithm presented in this paper.

(1.5) =T

(1.6) P =11

i) Asymptotic-convergence: Assuming pseudo-monotonicity of F, and using an
extragradient scheme, without regularization, we prove that, almost surely, the gen-
erated sequence is bounded, its distance to the solution set converges to zero and its
natural residual value converges to zero a.s. and in L2. Note that monotonicity implies
pseudo-monotonicity. See [22] for examples where the more general setting of pseudo-
monotonicity is relevant (stochastic fractional programming, stochastic optional pric-
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ing and stochastic economic equilibria). The sequence generated by our method also
possesses a new stability feature: for p = 2 or any p > 4, if the random operator
has finite p-moment then the sequence is bounded in L?, and we are able to provide
explicit upper bounds in terms of the problem parameters. Previous work required a
bounded monotone operator, specific forms of (pseudo)-monotonicity (monotonicity
with acute angle, pseudo-monotonicity-plus, strict pseudo-monotonicity, symmetric
pseudo-monotonicity or strong pseudo-monotonicity as in [21, 22]), or regularization
procedures. The disadvantage of regularization procedures in the absence of strong
monotonicity is the need to introduce additional coordination between the stepsize
sequence and the regularization parameters. Also, the regularization induces a sub-
optimal performance in terms of rate and complexity (see [45]).

ii) Faster convergence rate with oracle complexity efficiency: To the best
of our knowledge, our work is the first SA method for SVI with stepsizes bounded
away from zero. Such feature allows our method to achieve a faster convergence
rate O(1/K) in terms of the mean-squared natural residual under plain pseudo-
monotonicity (with no regularization requirements). As a consequence, our method
achieves a convergence rate of O(1/K) in terms of the mean D-gap function value
of the generated sequence. In previous works, methods with diminishing stepsizes
satisfying Y, ay = 00, ., @3 < co were used, achieving a O(1/K) rate in terms of
the mean-squared distance to X*, with more demanding monotonicity assumptions
(namely, bounded strongly pseudo-monotone operators and bounded monotone weak-
sharp VI) and a rate O(1/v/K) in terms of mean gap function values of the ergodic
average of the generated sequence in the case of bounded monotone operators. Impor-
tantly, our method preserves the optimal oracle complexity O(e~2) up to a first order
logarithmic term. By accelerating the rate, we reduce the computational complexity
(in terms of projection computations), preserving a near-optimal oracle complexity.
It should be noted that such acceleration represents the closing of the gap from the
stochastic to the deterministic and it is distinct in nature from the acceleration of dif-
ferentiable convex optimization problems using Nesterov-type gradient methods. We
provide explicit upper bounds for the rate and complexity in terms of the problem
parameters. As a corollary of our result we provide new classes of SVIs for which a
convergence rate of O(1/K) holds in terms of the mean-squared distance to the solu-
tion set (see Section 4). We remark that for compact X, it is possible to show that
the proposed extragradient method achieves a rate O(“}(K ) in terms of the mean dual
gap-function value of the ergodic average of the generated sequence with a optimal
oracle complexity (up to a logarithmic factor). In the context of large dimension data
(n > 1), our algorithm complexity is independent of the dimension n (see Proposition
6).

iii) Unbounded setting: The results in items (i)-(ii) are valid for an unbounded
feasible set and unbounded operator. Important examples of such a setting include
complementarity problems and systems of equations. Asymptotic convergence for an
unbounded feasible set is analyzed in [43, 39, 22, 45] with more demanding mono-
tonicity hypotheses, and in [26, 17] for the monotone case, but with an additional
regularization procedure. To the best of our knowledge, convergence rates in the case
of an unbounded feasible set were treated only in [39, 7]. In [39], a convergence rate is
given only for strongly monotone operators. In [7], assuming uniform variance over X
(in the sense of (1.4)), a convergence rate of O(1/v/K) for the ergodic average of the
iterates is achieved in terms of the mean value of a relaxed gap function recently intro-
duced by Monteiro and Svaiter [29]-[30]. It should be noted however that, even when
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assuming uniform variance, the sequence of the iterates generated by their method
may diverge to co (see Example 2). Our convergence analysis in items (i)-(ii) does not
depend upon boundedness assumptions, and we prove the faster rate of O(1/K) in
terms of the mean (quadratic) natural residual and the mean D-gap function, which
are new results. The natural residual and the D-gap function are better behaved than
the (standard) gap function: the former are finite valued and Lipschitz continuous
over R™, while the later is finite valued and continuous only for a compact X.

iv) Non-uniform variance: Accordingly to what we know, all previous works re-
quire that the variance of the oracle error be uniform over X (in the sense of (1.4)),
excepting in [39] for the strongly monotone case, and in [17] for the case of a weak-
sharp monotone operator, and also for the monotone case with an iterative Tykhonov
regularization (with no convergence rate results). Such uniform variance assumption
holds for bounded operators, but not for unbounded ones, on an unbounded feasible
set. Typical situations where this assumption fails to hold include affine complemen-
tarity problems and systems of equations. In such cases, the variance of the oracle
error tends (quadratically) to oo in the horizon (see Example 1). The performance of
our method, in terms of the oracle complexity, depends on the point * € X* with
minimal trade-off between variance and distance to initial iterates “ignoring” points
with high variance (see comments after Theorem 4 and Section 3.4.1). This result also
improves over the case in which (1.4) does holds but o(z*)? < o2 or, over the case
in which X is compact but ||z° — 2*|| < diam(X). In conclusion, the performance of
method (1.5)-(1.6) depends on solution points * with minimal variance, compared to
the conservative upper bound ¢2, and minimal distance to initial iterates. In the case
of uniform variance over X* or X, we obtain sharper estimates of rate and complexity
in item (ii).

v) Distributed solution of multi-agent system: The analysis in items (i)-(iv) also
holds true for the distributed solution of stochastic Cartesian variational inequalities,
in the spirit of [43, 26, 17, 20]. In our framework (see Algorithm (3.3)-(3.4)), agents
update synchronous stepsizes bounded away from zero over a range (0, O(1)L~1).
An advantage of the extragradient approach in the distributed case is that we do not
require iterative regularization procedures as in [26, 17, 20], for coping with the merely
monotone case. This implies that the faster convergent rate of O(1/K) is achievable
with a near-optimal oracle complexity under weaker conditions (such as unbounded
set and non-uniform variance). As discussed later on, our algorithm requires the
choice of a sampling rate for dealing with the setting of items (i)-(iv). Hence, in the
distributed solution case, agents should have the choice of sharing their oracle calls
or not, and we allow both options. In the later case of fully distributed sampling,
the oracle complexity has higher order dependence in terms of the network dimension
m, which may be demanding in the context of large networks (m > 1). For this
case, if an estimate of m is available and a decreasing sequence of (deterministic)
parameters {b;}7, is shared (in any order) among agents, then our algorithm has
oracle complexity of order m(a~te™1)2%® for arbitrary a > 0 (up to a scaling factor
in the sample rate). See Proposition 8. Further dimension reduction possibilities will
be the subject of future work.

For achieving the results of items (i)-(v), we employ an iterative variance reduction
procedure. This means that, instead of calling the oracle once per iteration (as in
previous SA methods for SVI studied so far), our method calls the oracle Ny times
at iteration k and uses the associated empirical average of the values of the random
operator I at the current iterates z¥ and z* (see (1.5)-(1.6)). Since the presence
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of the stochastic error destroys the strict Fejér property (satisfied by the generated
sequence in the deterministic setting), the mentioned variance reduction procedure is
the mechanism that allows our extragradient method to converge in an unbounded
setting with stepsizes bounded away from zero, and to achieve an accelerated rate
in terms of the natural residual. Such variance reduction scheme is efficient since we
maintain a near-optimal oracle complexity when compared to the classical SA method.
Precisely, given a prescribed tolerance € > 0, the classical SA method requires O(e~?)
iterations, O(e~2) samples and a final ergodic average of size O(¢~2). As will be
seen in Prop. 6, our method requires K := O(e~!) iterations, O(¢~2) samples and,
for k < K, the k-th iteration computes an empirical average of size k (up to a first
order logarithmic factor). Hence the total cost in average is also O(e2) (again,
up to a first order logarithmic factor). In conclusion, our method uses the same
amount of total samples and same effort in averaging as in the classical SA method
but with empirical averages with smaller sizes distributed along iterations instead
of one ergodic average at the final iteration. This is the reason for improving the
required number of iterations from O(e=2) to O(e~!) and thus reducing the number
of projections by one order.! The use of empirical averages along iterations is also
the reason we can include unbounded operators, oracles with non-uniform variance
and give estimates which depend on the variance at points of the trajectory of the
method and at points of X* (but not on the whole X'). Such results are not shared
by the SAA method and SA with constant Nj. In order to obtain these results, we
use martingale moment inequalities and a supermartingale convergence theorem (see
Section 2.2). Our sampling procedure also possesses a robust property: a scaling
factor on the sampling rate maintains the progress of the algorithm with proportional
scaling in the convergence rate and oracle complexity (see Propositions 6, 7 and 8,
and [32] for robust methods). In Examples 1 and 2 of Section 3.2 we show typical
situations where such variance reduction procedure is necessary.

To the best of our knowledge the variance reduction procedure mentioned above
is new for SA solution of SVI. Moreover, it seems that the derivation of the faster
rate of O(1/K) with a near-optimal stochastic oracle complexity, an unbounded fea-
sible set and an oracle with non-uniform variance is also new for convex stochastic
programming. During the preparation of this paper we became aware of references
[9, 5, 13, 16, 8, 38], where variable sample-size methods are studied for stochastic
optimization. We treat the general case of pseudo-monotone variational inequalities
with weaker assumptions. Also, our analysis differs somewhat from these works rely-
ing on martingale and optimal stopping techniques. In [9, 5, 13, 38] the SA approach
is studied for convex stochastic optimization problems. In [5, 38|, the focus is on
gradient descent methods applied to strongly convex optimization problems. In [13]
the strong convexity property is slightly weakened by assuming a special error bound
on the solution set (which is satisfied by strongly convex optimization problems in
particular). In [5, 13] the optimization problem is unconstrained while in [38] the
problem has a compact feasible set. In [5], second order information is assumed and
an adaptive sample size selection is used. In [13] uniform boundedness assumptions
are required. In [9], a variant of the dual averaging method of Nesterov [33] is applied
for solving non-smooth stochastic convex optimization, assuming a compact feasible
set and uniform variance. A constant oracle call per iteration N, = N > 1 is used,

IThe possibility of distributing the empirical averages along iterations is possible due to the
on-line nature of the SA method. This is not shared by the SAA methodology which is an off-line
procedure.
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obtaining a convergence rate of O(1/v/ KN) for the ergodic average of the sequence,
while we typically use N = O(k(Ink)'*®) with b > 0 obtaining a rate of O(1/K)
for the generated sequence. In [16, 8], the SAA approach for stochastic optimization
is studied. This is an implicit method, unlike the SA methodology. Also, uniform
boundedness assumptions are required. In [8] the focus is on unconstrained optimiza-
tion, with second order information, using Bayesian analysis for an adaptive choice of
N See also [15].

The paper is organized as follows: in Section 2 we present notation and pre-
liminaries, including the required probabilistic tools. In Section 3 we present the
algorithm and its convergence analysis. In Subsection 3.1 the algorithm is formally
presented while in Subsection 3.2 the assumptions required for its analysis are dis-
cussed. Subsection 3.3 presents the convergence analysis while Subsection 3.4 focuses
on convergence i rates and complexity results.

2. Preliminaries.

2.1. Projection operator and notation. For z,y € R", we denote (z,y) the
standard inner product, and ||z| = \/(z, z) the correspondent Euclidean norm. Given
C C R™ and 2 € R™, we use the notation d(z,C) := inf{||lx —y|| : y € C}. For a
closed and convex set C' C R™, we use the notation Il¢(z) := argmin,colly — z||?
for z € R". Given H : R” — R”, S(H,C) denotes the solution set of VI(H,C).
For a matrix B € R™ ", we use the notation ||B|| := sup,_ ||Bz|/|[z]|. We use
the notation [m] := {1,...,m} for m € N and (o), = (o1,..., ) for a; € R
and 7 € [m]. We also use the notation Ny := N U {0}. We use the abbreviation
“RHS” for “right hand side”. Given sequences {z*} and {y*}, we use the notation
8 = O(y*F) or ||| < ||y*| to mean that there exists a constant C' > 0 such that
|lz*|| < C|jy*|| for all k. The notation [|z*| ~ ||y*| means that ||*| < ||y*| and
llv*Il < ||z*||. Given a o-algebra F and a random variable &, we denote by E[¢],
E[¢|F], and V€], the expectation, conditional expectation and variance, respectively.
We denote by cov[B] the covariance of a random vector B. Also, we write £ € F
for “¢ is F-measurable”. We denote by o (&1, ..., &) the o-algebra generated by the
random variables £1,...,&;. Given the random variable £ and p > 1, \f|p is the LP-

norm of § and [{ [F|, := {/E[|{|? [F] is the Ly-norm of { conditional to the o-algebra

F. N(u,0?) denotes the normal distribution with mean p and variance o2. Given

x € R, we denote by x := max{0, x} its positive part and by [z] the smallest integer
greater or equal to z. For a symmetric positive semidefinite matrix B, we denote its
square root matrix by v/B.

The following properties of the projection operator are well known; see Chapter
1 of [11].

LEMMA 1. Take a non-empty closed and convex set C' C R™. Then

i) Given x € R™, o (x) is the unique point of C' satisfying the following prop-
erty: (x — g (x),y —eo(x)) <0, for ally € C.

i) For allz e R",y € C, [lc(z) —y|? + [He(z) — z|* < [z —yl*.

iii) For all z,y € R, |o(z) — o (y)] < o — |

iv) Giwven o >0 and H :R" - R", S(H,C) = {x e R" : x = ¢z — aH(x)]}.

2.2. Probabilistic tools. As in other stochastic approximation methods, a fun-
damental tool to be used is the following convergence theorem of Robbins and Sieg-
mund (see [36]).

THEOREM 1. Let {yr},{ur}, {ar}, {br} be sequences of nonnegative integrable
random wvariables, adapted to the filtration {F}, such that a.s. for all k € N,
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E[yk+1|]7k] < (1+ ap)yp — uk + b, D ar < 0o and > by < oo. Then, a.s. {yr}
converges and | uj < 00.

If a.s. for all k € N, Elyr1|Fr] = yg then {yg, Fr} is called a martingale. We
shall also need the following moment inequality; see [4, 28].

THEOREM 2 (The inequality of Burkholder-Davis-Gundy). We denote as || - ||
the Euclidean norm in R"™. For all ¢ > 1, there ewists Cq > 0 such that for any
vector-valued martingale (y;, F;)¥, taking values in R™ with yo = 0, it holds that

(2.1) Mynllly <

N
sup [lgall| < C |\ S Iy —wia 2| -
isN k=1
q

q

For g > 2, we will use the rightmost inequality in (2.1) in the following simpler form,
which follows from applying Minkowski’s inequality (q/2 > 1):

(2.2) Hlynllly <

N

2

sup [lyill| < Cq x| Y [y = vi-lllg-
i<N b1

q
3. An extragradient method with stepsizes bounded away from zero.

3.1. Statement of the algorithm. Our extragradient method takes the form:

ALGORITHM 1 (Stochastic extragradient method).
1. Initialization: Choose the initial iterate x° € R™, a positive stepsize se-
quence {ay}, the sample rate { Ny} and initial samples {f? ;V:‘Jl and {77?};\[:01
of the random variable &.

2. Tterative step: Given iterate z¥, generate samples {Sf}ﬁvzkl and {nf}jvz"l of

& and define:
Ny,

(3.1) =TI x’“—%ZF( f,ﬂ)},
j=1
Ny,

(3.2) aFH =TI |2h — ]O\% ZF(nf,zk)] .
j=1

In (3.1) and (3.2), II is the Euclidean projection operator onto X. Method (3.1)-
(3.2) is designed so that at iteration k the random variable ¢ is sampled 2N}, times
and the empirical average of F' at = is used as the approximation of T'(x) at each
projection step.

In order to incorporate the distributed case mentioned in Section 1.1, item(v), we
will also analyze the case in which the SVI has a Cartesian structure. We consider
the decomposition R™ = H;Zl R" with n = E:il n;, and furnish this space with
the direct inner product (z,y) := > i~ (@, y;) for x = (z;)7, i and y = (y;)™,. We
suppose that the feasible set has the form X = H?; X% where X* C R™ is a closed
and convex set for i € [m]. The random operator F' : Z x R” — R"™ has the form
F=(F,...,Fy), where F; : Ex R™ — R" for i € [m]. Given i € [m], we denote by
IT; : R™ — R™ the orthogonal projection onto X*. We emphasize that the orthogonal
projection under a Cartesian structure has a simple form: for x = (x;), € R", we
have I x (z) = (ILx1(21), ..., Lxm(zm)).

In such a setting, the method takes the form:

ALGORITHM 2 (Stochastic extragradient method: distributed case).
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1. Initialization: Choose the initial iterate 0 € R™, the stepsize sequence

ar > 0, the sample rates Ny = (Ni;)i2; € N™ and, for each i € [m],
}NO " and {15, of the random variable .
2. Iterative step: Given z¥ = (acf)l 1, for each i € [m], generate samples

{ff,}Nk i and {77] 7}N’“ Cof € and define:

generate the initial samples {£,; }NO ’

Ni,;
«
(3.3) ZF = k ko 1
Nk,i
ay
(34) o = faf = 5= > Filng, Zk)] '
g —

Method (3.1)-(3.2) is a particular case of method (3.3)-(3.4) with m = 1. The
only additional requirement when m > 1 is the sampling coordination between agents
(Assumption 6). We define next the stochastic errors: for each i € [m],

Nk,
k. k k
(35) €1, = Nkz ZF §RTRY T(Q? )a
Ni,i
(3.6) e’g’i = ZF 77“, — Ti(2%),

Nkz

in which case method (3.3)-(3.4) is expressible in a compact form as:

(3.7) k= H[;Ek — ak(T(xk) + e’f)],
(3.8) gF = l‘[[m’C - ak(T(zk) + 6’5)],

where IT : R" — R™ is the projection operator onto X and e} := (el iy for e {1,2}.

3.2. Discussion of the assumptions. For simplicity of notation, we aggregate
the samples as

& =A{&, 5 € Nil}, & ={¢ iem]},
nf = {n},:j € [Neal}, n* = {nf i € [m]}.

In the method (3.7)-(3.8), the sample {¢¥} is used in the first projection while {n*}
is used in the second projection. In the case of a Cartesian SVI, {¢¥} and {nF} are
the samples used in the first and second projections in (3.3)-(3.4) by the i-th agent
respectively.

We shall study the stochastic process {#*} with respect to the filtrations

fk} - O.(x07£O7 ttt 7£k_1’770’ R 777k_1)7 ‘Fk = O-(JJO7§O’ R 7§k7n0’ R 7nk_1)'

We observe that by induction, z* € Fj, and z* € ﬁk but 2% ¢ F. The filtration Fy
corresponds to the information carried until iteration k, to be used on the computation
of iteration k£ + 1. The filtration Fj corresponds to the information carried until
iteration £ plus the information produced at the first projection step of iteration k+1,
namely, Fj, = o(Fx U o(£¥)). The way information evolves according to filtrations



A. N. IUSEM, A. JOFRE, R. I. OLIVEIRA, P. THOMPSON 11

{Fk, ]?k} is natural in applications. Also, the use of two filtrations will be important
since even though z¥ ¢ 7 we have 2 € F, so that, given i € [m]:

Nk,
B[, |7 =B

Il
—_
&=
o
—
S
;\2
kol
ki
|
e
—~
I
o

(3.9)

if for every i € [m], {n¥, : j € [Ny;]} is independent of Fj and identically distributed
as £. We exploit (3.9) for avoiding first order moments of the stochastic errors, which
drastically diminishes the complexity by an order of one, and for using martingale
techniques.? We remark that, with some minor extra effort, the same samples can
be used in both projections in method (3.3)-(3.4). Next we describe the assumptions
required in our convergence analysis.

Assumption 1 (Consistency). The solution set X* := S(T, X) is non-empty.

Assumption 2 (Stochastic model). X C R" is closed and convezx, (E,G) is a
measurable space such that F : 2 x X — R" is a Carathéodory map,® € : Q — Z is a
random variable defined on a probability space (Q, F,P) and E[||F(&,x)||] < oo for all
reX.

Assumption 3 (Lipschitz continuity). The mean operator T : X — R™ defined
by (1.2) is Lipschitz continuous with modulus L > 0.

Assumption 4 (Pseudo-monotonicity). The mean operator T : R™ — R" is
pseudo-monotone,* i.e., (T(z),z —x) >0 = (T(2),z —x) >0 for all z,x € R™.

Assumption 5 (Sampling rate). Given {Ny} as in Algorithm 2, define Nk min =
ming ) Ni,i and J\Lfk =Y A~ Then one of the conditions is satisfied:

i=1 Nj,;
i) Yieo wy < 00
W) > o —Nk,lmm < 00.

Typically a sufficient choice is, for ¢ € [m]:

Nii =i (k+ ) - (In (b + i) ™

for any ©; > 0, p; > 0 with a; > 0, b; > —1 or a; = 0, b; > 0 (the latter is the
minimum requirement). It is essential to specify choices of the above parameters that
induce a practical complexity of method (3.3)-(3.4), i.e., practical upper bounds on the
total oracle complexity Zszl Z:’;l 2Ny, ;, where K is an estimate of the total number
of iterations needed for achieving a given specified tolerance € > 0. A convergence
rate in terms of K is also desirable. As commented after Theorem 4, our algorithm

21f also {{;ﬁi :j € [Ny,;]} is independent of Fj, and identically distributed as &, then, for ¢ € [m],
V[Elf,i] = N,;}V[Fi(f,:ck)] and V[eéyi] = N;;V[Fi(ﬁ, 2#)], so that our method iteratively reduces the
variance of the oracle error as long as { Ny, ;}ren increases.

3That is, F(&,-) : X — R™ is continuous for a.e. ¢ € = and F(-,z) : £ — R™ is measurable.

4Pseudo-monotonicity is a weaker assumption than monotonicity, i.e., (T'(z) — T(z),z — ) > 0
for all x,z € R".
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achieves an optimal accelerated rate O(1/K) and an optimal complexity O(¢~2) up
to a first order logarithmic term In(e~1).5

We offer two options of sampling coordination among the agents:

Assumption 6 (Sampling coordination). For eachi € [m] and k € Ny, {£F} and
{nkY are i.i.d. samples of & such that {€F} and {n*} are independent of each other.
Also, one of the two next coordination conditions is satisfied:

i) (Centralized sampling) For all i € [m], Ni; = Ny, &F = &% and nf = nk.

i) (Distributed sampling) {€*,n* : k € N} is an i.i.d. sample of .

We remark that, with some extra effort, it is possible to use the same samples
in each projection step of the method (3.3)-(3.4), that is, £&¥ = n¥ for k € Ny and
i € [m]. We ask for independence in Assumption 6 in order to simplify the analysis.
Both conditions (i) and (ii) in Assumption 6 are the same for m = 1.5 Assumption 6
implies in particular that {¢*} is independent of Fy, {n*} is independent of Fi and
both are identically distributed as . In particular, for any x € R™, k € N, i € [m],
j € [Nk,i]3

E[Fieh 0| 7] = [Fk 0| ] = i),

Assumption 7 (Stepsize bounded away from zero). The stepsize sequence {y}
in Algorithm 2 satisfies

1
0<infap <&:=supap < —.
keN keN V6L

The following two sets of assumptions ensure that the variance of the error
F(&,x) — T(z) is controlled, so that (together with Assumption 5 on the sampling
rate) boundedness is guaranteed, even in the case of an unbounded operator.

Assumption 8 (Variance control). There exists p > 2, such that one of the
following three conditions holds:

i) There exist x* € X* and o(z*) > 0 such that for all z € X,

W, 2) =T, <o) (1 +[lz —2™[]).

it) There exists a locally bounded and measurable function o : X* — Ry such
that for all x* € X*, © € X, the inequality in (i) is salisfied.

iii) There exist positive sequence {oy; : i € [m],l € [n;]} such that for all i € [m)],
lenl, x € X, |Fpi§ ) —Tg,i(x)\p < oy, where Fy; and Ty, are the
components of F; and T; respectively.

In item (iii) we define 02 := Y31, 377", 07 ,. Note that when p = 2, o(z*)? (1 +

||z — 2*||)? in the case of (i)-(ii), and o2 in the case of item (iii), are, respectively,
upper bounds on the variance of the components of F(&,z). Items (i) and (ii) are

5In large scale problems such as in machine learning, the dependence of the rate and complexity
estimates on the dimension is relevant in the case of large constraint dimension (n; > 1) or large
networks (m > 1). We show that our method has complexity O(c?) which is independent of
dimension, where o2 is the variance, even in the case of an unbounded feasible set and a non-uniform
variance. Sharper constants are available in the case of uniform variance (see Proposition 7).

SWhen m > 1, item (i) corresponds to the case where one stochastic oracle is centralized. In
this case, less samples are required but the sampling process needs total coordination. Item (ii)
corresponds to the other extreme case, where the agents have completely distributed oracles so that
the sampling process of each agent is conducted independently. We do not explore the intermediate
possibilities between (i) and (ii).
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essentially the same, excepting that (i) only requires the condition to hold at just one
point z* € X* rather than on the entire solution set. Item (i) is sufficient for the
analysis, but (ii) allows for sharper estimates in the case of unbounded feasible set
and operator. Item (iii) allows for even sharper ones. In the sequel we shall denote
q:=p/2.

For the important case in which the random operator F' is Lipschitz, both items
(i)-(ii) are satisfied with a continuous o : X* — R;. Namely, if for any =,y € R,

(3.10) I1E (€, x) = F(& )l < LE)lz =yl

for some measurable L : & — Ry with finite L,-norm for some p > 2, then Assump-
tions 2-3 and 8 hold with L := E[L(£)] and

(3.11) o(x") = max{[[|[F(§2%) = T(@")]l[,, LI, + L},

for * € X*. Indeed, Assumption 3 with L := E[L(¢)] follows from Jensen’s inequality
and (3.10). For establishing (3.11), note that by Minkowski’s inequality

EE,z) = T@)l, < I1F (&) = FE& M), + [I1FE ") = T, +

IT(2) =T @) < (1L, + D)z = [+ |1 F (&, 2") = T(z)|l],,, < o (@) (o —2"[|+1),

using (3.10) and the fact that T is L-Lipschitz continuous in the second inequality, and
(3.11) in the third inequality. Thus, Assumption 8(i)-(ii) is merely a finite variance
assumption even for the case of an unbounded feasible set. Assumption 8(iii) means
that the variance is uniformly bounded over the feasible set X. It has been assumed in
most of the past literature [19, 26, 43, 7, 44, 21, 22, 45] on stochastic approximation
algorithms for SVI and stochastic programming.” Assumptions 8(i)-(ii) are much
weaker than Assumption 8(iii) and, to the best of our knowledge, seem to be new for
monotone operators or convex functions without regularization.

The next examples provide instances where Assumption 8(i)-(ii) and the iterative
variance reduction in method (3.3)-(3.4) are relevant or even necessary for the asymp-
totic convergence of the generated sequence, in the case of an unbounded feasible set
(e.g., stochastic equations and stochastic complementarity problems).

EXAMPLE 1 (Linear SVI with unbounded feasible set). The following example
is a typical situation of a non-uniform variance over a unbounded feasible set. It
includes the cases of stochastic linear equations and complementarity problem. Let
the random operator be:

(& z) = A(§),

for all z € R™, where A({) is a random matrix whose entries have finite mean and
variance, such that A := E[A(¢)] is nonnull and positive semidefinite. In this case,
T(x) = Az (z € R") is monotone and linear. For all z € R", V[F(£,x)] = ' Bux,

7 Assumption 8(iii) has been weakened in previous works only in situations in which the operator
satisfies more demanding monotonicity conditions (strongly monotone operator in [39] and weak-
sharp monotone operator in [17]) or when the operator is merely monotone, but with additional
Tykhonov regularization (as in [17], without convergence rate results).
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where B := Y7, cov [A;(€)] is positive semidefinite and A;(€),..., A, (§) are the
rows of A(€). Hence, for all x € R” — {0} we have

VIF

w >\, (VB) >0,
where A, (v/B) is the smallest nonnull eigenvalue of v/B. This shows that Assumption
8(iii) does not hold if X is unbounded (in fact, the variance grows quadratically in
the infinite horizon, that is, Assumption 8(i)-(ii) hold with equality).

ExaMPLE 2 (Equation problem for zero mean random constant operator). The
following example presents a simple situation where, in the case of an unbounded
feasible set with uniform variance, the method in [7] for the null operator T = 0
generates a sequence which a.s. diverges to co. As remarked in the previous Example
1, the simple class of affine monotone operators does not posses an uniform variance
over an unbounded feasible set. These remarks suggest that requiring uniform variance
over an unbounded X is a strong assumption.

The method in [7] say that given a prescribed number of iterations K, for k € [K]
compute

2P =TI [mk - afF(ééﬂx’“)} ,

P =T [o o Pl )

and give as final output the ergodic average z¥ = Zlepf ZF, where {pK} is a
positive sequence of weights such that >, _; pf = 1land {af } is a sequence of positive
stepsizes. For an unbounded X, assuming uniformly bounded variance (Assumption
8(iii)) and a single oracle call per iteration, it is shown that there exists {v5} C R”
such that E[G(zK,v)] < 1/VK and E[|vX|] < VK (see [7], Corollary 3.4). In
these statements, for z,v € R”, G(z,v) = sup,e x (T'(y) — v,z — y), as mentioned in
Subsection 1.1. The following example shows that limsupx_, . ||z || = oo with total
probability. We shall consider n = 1, but one can easily generalize the argument for
any n > 1. Consider X = R and the random operator given by

P x) =¢,

for all 2 € R, where ¢ is a random variable with zero mean, finite variance o? and
finite third moment (one could generalize the argument assuming finite g-moment for
any ¢ > 2). In this case, trivially T = 0, X* = R and Assumption 8(iii) holds. Tt is
easy to check that the mirror-prox method in [7] gives, after K iterations, for k € [K]:

k K
(3.12) 2F =gl - Z%’K K K= Zpszk,

i=1 k=1
where pf = colgall, 1 (Tral)™ = ¢g is a constant, v := 2(1 + k)=, {Tx} is
defined recursively as I'; := 1, 'y, := (1 — v, )T'x—1 and the stepsize is

k

K

ap = ,
F U SLK +oKVE — 1

(see [7], Corollary 3.4). Using the expression of {pf } and Zszl P =1, we get

K
(3.13) =2t =0 g,
k=1



A. N. IUSEM, A. JOFRE, R. I. OLIVEIRA, P. THOMPSON 15

where 05 := ¢oTa 2K, . Note that Ty = and

2
RR+D)

oK _ colxck i cok(K —k+1)(K + k)
1= .
(BLE +oKVE—1)" 5,  K(K+1)(3LK + oKVEK 1)

We have the following estimates:

K K

K
5% —Z(ﬁf)sz_?’, s%(::Z ak Z NK_% (as K — o0).

k=1 k=1

From the 1-Series Theorem ([10], Theorem 2.5.3), Y% _, §% < oo and (3.13), we
have that a.s. {zX} converges. We will now invoke Lyapounov’s criteria ([2], Theorem
7.3) with 6 = 1 for the sum Zszl akK . 5,5 of independent random variables, obtaining

lim E[Elg} i(af)S:Khinle[lé‘I?’] K™% =0.

K—oc0 Sk 1

Hence (osg) " Z,I::l ol ¢ converges in distribution to N(0,1). Therefore, there
exists some constant C' > 0 such that for any R > 0,

P (lim sup 2 > R) =P <hm supz fk > CR)

K—oo K—oo
K OéK
(3.14) > limsup P Z ko ¢K>CR)>0
K—oo st OSK

using (3.12) and sx ~ 1 in the equality and Portmanteau’s Theorem ([10], Theorem
3.2.5) in the inequality. For every R > 0, the event Agr := [limsupg_, . 2% > R]
is a tail event with positive probability and, hence, has total probability, invoking
Kolmogorov’s zero-one law ([10], Theorem 2.5.1). We conclude from (3.14) that

K—oo

P <limsusz = oo) = lim P(A4g)=1.
R—o0

This shows that {25} diverges with total probability.

3.3. Convergence Analysis. For any « = (z;); € R” and a > 0, we denote
the (quadratic) natural residual function by

ro(z)? = |z — [z — T (x ZHQ:, IL [z; — oT;(2)]|%

We start with two key lemmas whose proofs are given in the Appendix. Define
(3.15) pr:=1—6L%3,
for any k € Ny. We define recursively, for k € Ny, Ag := 0,

(3.16) Api1 = Ag + 8+ pr)ailler|” + 8ajlles ||,
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and, for x* € X*, My(z*) := 0,

(3.17) My (x*) := My(2z*) + 2(z* — 2%, o, - €5).

LEMMA 2 (Recursive relation). Suppose that Assumption 1, 3 and 7 hold. Then,
almost surely, for all k € N and x* € X*,

k .
2"+ — 2| < la® — 2*|* ~ %Tak ()2 + My (%) — Mi(2*) + A1 — Ar.

LEMMA 3 (Error decay). Consider Assumptions 2-8. For each i € [m] and
N; €N, let & :={&;,; : j € [N;]} be an i.i.d. sample of & with 1/N := 3" 1/N; and
Npin = MiN;¢[y,] N;. For any x € X set

Y Fy(&a,x) — Tyl
& () ;:ZFZ(@’“A)G Ti( )7 e(z) = (e1(x), ..., em(x)).

=1

If Assumption 8(i) hold for some x* € X*, then for all x € X,v € R™,

e(@)lll, < ﬁopf(z,w*), (v, (@), < IIU\/ECpf(I,w*),

where f(z,2*) :=o(x*)(1 + ||z — z*||) and
1.A=1ifm=1and A=21ifm>1,
22.B=2im>1and {§,;:1<i<m,1<j<N;}isiid.,
3. B=1ifm=1orifm>1with N;=N,§,;=¢; foralliem].
Moreover, if Assumption 8(iii) holds, then for allx € X, v € R",

C C
el < =, o, @, < ol =
In the remainder of the paper, we take A and B as given in Lemma 3 with {N}},
{Nkmin}, 0(-) and o as given in Assumptions 5, 6 and 8.

The following two results will establish upper bounds on Ay 1— Ay and My (z*)—
Mj(z*) in terms of ||z* — 2*||? for any 2* € X*. Under the Assumptions 8(i)-(ii) of
non-uniform variance, we need first a bound of ||2* — z¥||? in terms of ||2* — 2*||%. We
define:

(3.18) Gip(z™) == apCpo(x™),
(3.19) Hip(2") := Ggp(z™) N

PROPOSITION 1. Consider Assumptions 1-8. If Assumption 8(i) hold for some
r* € X*, then

|12 — 2"

Fil, <[+ Lok + Hiep(@)] " = 27|l + Hi p (a7

Moreover, if Assumption 8(iii) holds, then

12 — ]

C
]:k|p < (14 Loy ||z% — 2*|| + ax (M + pU) ,

vV Nk,min
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with £ = L and M = 0 or, alternatively, if sup,cx [|T(x)|| < M < oo, with L =0
and M = 2M.

Proof. Recall that 2% = TI[z* — oy (T(2*) + €¥)]. By Lemma 1(iv), we have
x* = z* — T (z*)].

Consider first Assumption 8(i). By Lemma 1(iii),

lo= = 25| < flo* = &* = a(T(a*) = T(a%)) + axel|
< ot = 2*) + el T (@) = T + o ||€F]

(3.20) (1+ Loy) ||z* — 2% + ag HelfH ,

A

using the Lipschitz continuity of 7" in the last inequality. Using ¥ € F} and taking
|[Fkl, in (3.20) we get from Minkowski’s inequality,

(3.21) |27 — 2*|

Fil, < (14 Law) 2" = o)+ |} |7

We now recall the definition of €¥ in (3.5). We have

AN\? . .
(322) |7, < (35) Gty let -,

using Lemma 3, ¥ € F} and the independence of ¥ with F. Relations (3.21)-(3.22)
prove the required claim.
We now consider Assumption 8(iii). In this case, (3.20) may be replaced by

),

with £ and M as stated in the proposition. Using ¥ € Fj and taking || Fkl, in
(3.23) we get from Minkowski’s inequality,

(3.23) 2% = 2F| < (14 Lay) l2* — 2F| + ap (M + He’f‘

(3.24) |||zk —z"

Fil, < L+ La) [|la* —2®|| + cu (M + ‘He’f” ’}—k)p) :

%2 The claim results

v/ Nk, min

By Lemma 3, relation (3.22) is replaced by He’f” ’J—'k‘p <

from the previous inequality and (3.24). O

The following proposition gives bounds on the increments of {Ay} and { My («*)}
in terms of ||z* — z*||2. Recall definitions (3.15)-(3.17) and (3.18)-(3.19).

PROPOSITION 2 (Bounds on increments). Consider Assumptions 1-8. If As-
sumption 8(i) holds for some x* € X*, then, for all k € Ny,
Akt = AxlFel, < [32(1+ Lap + Hip(@)? +2(8 + pu) | Hep(2) 12" — 2|

+ [32Hp(27)? + 16 + 2(8 + pr)] Hip(27)?,

B
[Mi+1(27) = Mi(2%)|Fil, <\ gHep(z™) [L+ Lok + Hip(2?))? 2% — 272
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B ; . ) )
+\/;Hk,p(ﬂ3 ) [1 + Lay + (3 + 2Lay )Hg p (27) + 2Hy, (2 )2} ”xk —

B 07) [ 07) + M 0.

Moreover, if Assumption 8(iii) holds, then, for all k € Ny,

0202
A1 = AxlFily < (16 + pr) o 17—,
k,min
* C a *
| M1 (%) = My (2%)|Fil, < (1+ Lag) a—mm=||2" — 2"

Cy,o C,o
+ | M+ =2 oaF ——.
( \/Nk,min> y \/Nk,min

Proof. Assume first that Assumption 8(i) holds. We start with the bound on
Apy1 — Ay, Definition (3.5), Lemma 3, ¥ € F, the independence of {¢*} and Fy,
and the fact that (a + b)? < 2a? + 2b% imply

(3.25)

ek ) 7| =
q

2 A
et | 7| < 257 Cpora™)? (L4 [l —a[).

We proceed similarly for a bound of €5 as defined in (3.6), but with the use of the
filtration F5. Lemma 3, z* € F;, and the independence of {n*} and Fj imply

~ A\ 2
(3.26) ‘He’gH ‘]—'k‘p < (Nk) Coo(a®) (1 + ||2* — 2*]).

We condition (3.26) with ‘H]?k F
P

:H-Fk )
p

and then take squares, getting
ekl 7] < 2 Coe? <1+

2
N, f’“‘p)'

Finally we use (3.25), (3.27), (3.16), Proposition 1 and relation (a + b)? < 2a? + 22,
obtaining the required bounds on Ay — Ay.

Now we deal with My (x ) M;,(z*). Definition (3.6), Lemma 3, z* € F, and
the independence of {n*} and Fp imply

(3.27)

12 — 2|

517 |7 =

. B
(3:28) | = neh)| B <112 - 2" flany |3 Crola) 1+ 12 — ).
P

In (3.28), we first use ‘|]?;€) < ‘|.7?k‘ and then take H]-'k‘ , obtaining
q P q

o = )| 72| <o) o) (Jlo - 1|7+ [le” - 417 )
(329 < auyf oot (|1 = ||+l = 1|5
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using the fact that ka

Fr| = H}—k

in the first inequality, and that fact that
q q

|[Fkl, < |'[Fkl, in the second inequality. Definition (3.17), (3.29), Proposition 1 and
the fact that (a + b)? < 2a? + 2b? entail the required bound on My 1(z*) — My (a*).

Suppose now that Assumption 8(iii) hold. First we prove the bound on {441 —
Ap}. The proof is similar to the previous case, but (3.25) and (3.27) are replaced
respectively by

(3.30)

2 2

2 C252
¢~ Nimin HESH )fk‘ < ¥

— )
q Nk,min

using Lemma 3. From (3.16) and (3.30) we obtain the required bound on Ayy1 — Ap.
We deal now with {Mjy11(z*) — My (z*)}. The proof is similar to the previous case,
but instead of (3.28) now we have

Cpo

\V Nk,min 7

using Lemma 3. In (3.31), we use ’\]?k‘ < ’|]?k‘ and then take H]—"k
q P

(3.31) ‘(x* - zk,ake’§>‘fk‘ < |27 — 2|
p

, getting
q

Cpo

\/ Nk,min

- ka‘ . The definition (3.17), Proposition 1 with
q

1% — 2* | Fi

)

(3.32) (@™ = 2 aneh)| 7| <an
q q

using the fact that ‘H]?k‘ ’}"k
q

[ Fkl, < |'[Fkl, and (3.32) imply the required bound on M1 (z*) — My(z*). O

Now, we combine Lemma 2 and Proposition 2 in the following recursive relation.
Recall definitions (3.18)-(3.19).

PROPOSITION 3 (Stochastic quasi-Fejér property). Consider Assumptions 1-8.
Then for all k € Ng and for x* € X* as described in Assumption 8, it holds that

T|zk —z*||? + 1

* * Pk *
(3:33) E[[la™*" —a*|P|F] < lla® — 2*|® = Trran (@) + Cu(a™) G ;
k

2
where, under Assumption 8(i)-(i), T =1, N| = Ny, and
(3.34) Cul(a®) i= AGy 2(z*)? [32 (1+ Lay, + Hyo(z)? + 18] |
while, under Assumption 8(iii), T = 0, N| = Nj min and
(3.35) Cr(2*) := Cp, = (16 + pp)aiC302.
Proof. We first note that from definition (3.17), for any * € X*, {Mj41(z*) —
My (x*), Fr. } defines a martingale difference sequence, that is, E[Mj 1 (2*)— My (x*)|F)

= 0 for all k € Ny. Indeed, 2k e ]?k and the independence between n* and F, imply
that E[e§|Fx] = 0. This equality and the fact that z* € F, imply further that

E [Mk+1(x*) — Mk(x*)’fk} =2 <x* — 2 [612“’]?4> =0.
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We take E[|/F;] above and use the hereditary property E[E[|F]|Fx] = E[|Fx] in
order to get E[Myy1(x*) — My(2*)|Fr] = 0 as claimed.

We now take the conditional expectation with respect to Fj in Lemma 2, obtain-
ing

(336)  E[flz""" —a*|*|F] < [la® —2*|* — %mk(w’“)z + E[Ary1 — Ax|Fil,

using the facts that =¥ € Fj, and that {Mj,q(z*) — My(z*), Fi} is a martingale
difference sequence. We have that

32(1+ Loy + Hea () + 28 + pr) > 32Hk 2(2*)? 4 16 + 2(8 + py).

Hence, under Assumption 8(i)-(ii), the bound of {Ay11 — A} given in Proposition 2
implies that

A g |
(3.37) |[Ap1 — Ag|Fil, < Cr(z )%7
k

for all k > 0, with Z =1, N] = N}, and definition of Cj(z*).

Under Assumption 8(iii), Proposition 2 implies (3.37), with Z = 1 and N] =
Nj: min and definition of Ci. The claimed relation follows from (3.36) and (3.37) for
g=1.0

REMARK 1. Under Assumption 8(i), the inequality of Proposition 3 holds for a
given * € X*, as described in Assumption 8(i). Under Assumption 8(ii) or (iii), the
inequality of Prop. 3 holds for every z* € X*.

REMARK 2 (Bounds of Aj1—Ay). Under Assumption 8(i)-(ii), the upper-bound
on

(3.38) C(z*) = sip Cr(x™)

depends only on p, L, the sampling rate A}, o(2*)? and & as defined in Assumption
7. From (3.18) and (3.34), under Assumption 8(i)-(ii) there exists constant ¢ > 1 such
that

(3.39)

Cr(z") . . 20 AT(")’ 20 AT(z")’
Tk S CHk,Q(l‘ )2 (1 + Hk}g(fl: )2) S CO{QC%T]C 1 + OZQCQZT]C 9
that is, C(2*) < o(z*)*. But since at least N, > Ngmin &~ Ok T¢(Ink)1+?, for some

©>0,a>0,b>—-1o0ra=0,b>0, the following non-asymptotic bound holds:

olx* 2
(3.40) Cr(a") S o(2")? <1 + @kmf(ln)k)m) v

which is ~ o(2*)? for an iteration index k large enough as compared to o(z*)2.8

Under Assumption 8(iii), the following uniform bound holds on X*: C;, < o2

We finish this section with the asymptotic convergence result.

8In terms of numerical constants, a sharper bound can be obtained by exploiting the first order
term Hy, o(z*) ~ U(ac*)/\f,;l/2 in the definition of Ci(z*). We do not carry out this procedure here.
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THEOREM 3 (Asymptotic convergence). Under Assumptions 1-8, a.s. the se-
quence {x*} generated by (3.3)-(3.4) is bounded, lim;,_, o d(z*, X*) = 0, and r,, (z¥)
converges to 0 almost surely and in L?. In particular, a.s. every cluster point of {x*}
belongs to X*.

Proof. The result in Proposition 3 may be rewritten as

N ZC(x*) . Pk C(z*)
(3.41) E[lla"" = 2"|*|1 7] < (1+ N7 )W — = e e +

for all £ > 0 and for some z* € X*, as ensured by Assumption 8. Taking into account
Assumption 5, i.e., Y, ./\/‘k_1 < 00, (3.41) and the fact that z* € Fy, we apply Theorem
1 with yy := ||2* — 2*||?, ax = T - C(z*) /N, b, = C(a*) /N and ug := pgra, (2¥)?/2,
in order to conclude that a.s. {||z¥ — 2*||?} converges and Y, ppra, (z%)? < oo.
In particular, {z*} is bounded, and p >, ra, (%)% < 3, prra, (%)% < 0o, where
p:=1-64%L? > 0 and & := sup, a; by Assumption 7. Hence, almost surely,
0= lim 74, (z%)? = lim ||xk —1II [2* — a,T(2")] ||2
k— o0 k—o0
The boundedness of the stepsize sequence, (3.42), and the continuity of 7' (Assumption
3) and II (Lemma 1(iii)) imply that a.s. every cluster point z of {z*} satisfies

0=z -1z - D(a)T(z)],

for some & > 0, in view of Assumption 7: i.e. the fact that the stepsizes are bounded
away from zero; from Lemma 1(iv) we have that & € X*. Almost surely, the bound-
edness of {*} and the fact that every cluster point of {*} belongs to X* imply that
limy 00 d(2®, X*) = 0 as claimed.

We now prove convergence of 7, (z¥) to 0 in L2. We take total expectation in
(3.41) and obtain for all & > 0,

ZC(z*)

C(z*)

Ny

(3.42) E [[|a*! —2*|?] < <1 + ) E [[|z* — 2*|?] - %’“]E [T (2%)?] +

Taking into account Assumption 5, i.e., >, N, ! < o0, (3.42) we apply Theorem 1
with yi == E[||a*—2* %], ar = Z-C(z*)/N}, by = C(z*) /N, and uy, := prE[ra, (z*¥)?]/2,
in order to conclude that Y, prE[ra, (z¥)?] < co. In particular, p >, E[r,, (z%)?] <
>k PkE[ra, (2%)?] < 0o, which implies that limy_, o E[ra, (2%)?] = 0 as claimed. O

3.4. Convergence rate and complexity analysis. We now study the con-
vergence rate and the oracle complexity of our algorithm. Besides the relation in
Proposition 3 for p = 2, we can also obtain a recursive relation for higher order mo-
ments, assuming that p > 4. This recursion, derived as consequence of Propositions 2
and 4(i), will give an explicit upper-bound on the p-norm of the generated sequence
(see Proposition 5). The explicit bound of 2-norm of the sequence will be used for
giving explicit estimates on the convergence rate and complexity under Assumption
8(i)-(ii), i.e., when X and T are unbounded, in Theorem 4. In this setting, we will
also obtain sharper estimates of the constants assuming uniform variance over the
solution set (see Propositions 4(ii), Proposition 5(ii) and Theorem 5). Important
cases satisfying these assumptions include the cases in which X* is a singleton or a
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compact set (which can occur even when the feasible set X is unbounded).” Under
the stronger Assumption 8(iii), that is, uniform variance over the feasible set, even
sharper bounds on the estimates will be presented (see Propositions 4(iii) and 5(iii)
and Theorem 5).
PROPOSITION 4 (Improved stochastic quasi-Fejér properties).
i) If Assumption 8(i) holds for p > 4 and some x* € X*, then for all ko, k such
that 0 < ko < k, it holds that

lla* — ||, < [lla* — *|], +

k k
Coy| D IMi(z*) = My (a9)[2+ Y A — Aial,
i=ko+1 i=ko+1

ii) If Assumption 8(ii) holds for p > 2 then C :=sup, Cr : X* — R, as defined
in (3.34) and (3.38), is a locally bounded measurable function, and for all

k>0,
: * % d J?k,X* 2 +1
E [d(l’k-i-le )2|]:k] < d(mk,X )2_%746% (xk)2+ck (HX* (l’k)) %
iii) If Assumption 8(iii) holds then for all k >0,
X 1 242 2
(343) B[ XPIF] <A@k X0 - o (o2 ¢ T
k,min

Proof. i) Define for simplicity d. := ||z* — z*||>. Summing relation in Lemma 2
from ko to k—1 we obtain 0 < dj, < d, + My (™) — My, (") + A, — Ak, . This relation

implies
(344) 0<d, < dko + [Mk(x*) - Mko(x*) + A — Ak0]+,
since a < b = [a]4+ < [b]+ for any a,b € R. We take the ¢g-norm in (3.44), getting

k|, < ldiol, + [[Mi(z*) — Mo (2%) + Ag — Akl 4,
< ldioly + [ My (") = My, (27) + A — Agol,
k
(3.45) < dio |y + [Mi(2*) = Myy (29)], + > |4 = Aial,,
i=ko+1

using Minkowski’s inequality in the first and last inequalities and the fact that |U. | S
|U| o for any random variable U in the second inequality.

Since ¢ > 2 (p > 4), the norm of the martingale term above may be estimated
via the BDG inequality (2.2) applied to the martingale M; := My, (%) — My, (z*).
This gives:

k
(3.46) | Mi(2") = Myo (@), < Cq | D [Mila*) = Mica (o).
i=ko+1

9This occurs when the solution set is a singleton in the case of a strictly or strongly pseudo-
monotone operator. See Theorems 2.3.5 and 2.3.16 in [11] for general conditions of compactness of the
solution set of a pseudo-monotone VI. An example is the so called strictly feasible complementarity
problem over a cone.
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Plugging (3.46) into (3.45) completes the proof of item (i).
ii) Under Assumption 8(ii), we define z¥ := Ilx(2¥), recalling Assumption 1,
and obtain from Proposition 3:

E[d(l’k+l,X*)2|fk] S E“|xk+1 o jk||2|_/—'.k]

k_ =k|2
_ k _ ¥ —T +1
<|lzF —z*)? - Pk Ta, (%) + Ck(xk)—H I

2 Ny
. d(z*, X*)?2 +1
— d(xk,X )2 — %r% (:vk)2 + C (HX*(osk)) —( Nk) ,

using the fact that Z¥ € X* in the first inequality, the facts that Cy(z*) € F (which
holds because % € Fy,, IIx- is continuous and Cj, is measurable), and z* € X* (cf.
Proposition 3) in the second inequality, and the fact that d(z*, X*) = ||#¥ — 2*| in
the equality. Note that the function C: X* — R is measurable and locally bounded
by Assumption 8(ii) and the definition of Cy(z™*).

iii) We use a proof line analogous to the one in item (ii), with Assumption 8(iii)
and Proposition 3. O

The following result gives explicit bounds on the p-norm of the sequence in the
unbounded setting. In order to make the presentation easier, we introduce some
definitions. Recall the constant ¢ defined in Remark 2. We set

(3.47) D,(z") := 26@2050'(.%*)2,

with D(z*) := Dy(2*). Define also By(z*) := 0 and for p > 4, set G, (z*) := Cpao(z*)
and

(3.48) B, (2%) := V3BC,G,(2%) |(1+ L&)* + (3 + 2La)VAG, (z*) + 2A<";p(g;*)2} .

PROPOSITION 5 (Uniform boundedness in L?).
i) Let Assumptions 1-8(i) hold for some x* € X* and p € {2} U [4,00). Choose
ko :=ko(z*) € N and v := v(«*) > 0 such that

(349)  5(a") = Byla" )7 + Dyla )y + Dyla PP <1, 3 1 <
k>ko ” K

Then

2 2
sup [[l2* = a2 < (") [1+ [l2* = 2*|[}]
k>ko

with ca(z*) = [1 — B(x*)] ™1 and c,(z*) = 4[1 — B(z*)] 72 for p > 4.
i1) Let Assumptions 1-8(ii) hold and suppose there exists o > 0 such that o(x*) <
o for all z* € X*. Let ¢ € (0, ‘/52_1). Choose ko € N such that ZkaO N%v <
Then

2¢62C302 "

PR 1+E[d(mk°,X*)2]
A
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iit) If Assumptions 1-8(iii) hold then

17C242 02
supE [d(z*, X*)?] < d(z , X)) 24 —_—2
kz% [ ( ) ] Z Nk ,min

Proof. i) Denote d* := ||z* —z*||. We first unify the Fejér-type relations obtained
so far under Assumption 8(i)-(ii) as: for all & > ko,

k—1 2 4
1+ |ds|2 + |dy
Idkliéldko\ﬁwLBp(x*) E —r P4

1=ko M
1+\d| U A
i= k() i=k0 i

Indeed, for p = 2, we have Bo(2*) = 0 so that (3.50) results by summing the relation
in Proposition 3 from kg to k— 1 and using the estimate in (3.39), the fact that A < 2,
¢ > 1 and the definition of Dy(z*) as stated before the proposition. For p > 4, we
recall the bounds of 1ncrements of {My(z*)} in Proposition 2. The common factor is
bounded by \/B/A - Hy ,(z*) < vVBG,(2*)/v/N%. Using the definition of Hy, ,(z*) in
(3.19), & in Assumption 7, G p(x*) and NV, > 1, it is easy to see that, in the bound of
Mj1(z*) — My (2*) in Proposition 2, the sum of terms multiplying \/B/A - Hy ,(z*)
is at most (1+ La)? + (3 4+ 2L&)VAG, + 2AG2. We use these bounds, the facts that
(|di|12) + |dil, + 1)? < 3(|d¢|f) + |di|12) + 1) and the definition (3.48) in order to obtain,
for all i € Ny,
1+ |di]2 + |dy),
N, .

The proof of (3.50) for p > 4 follows from (3.37), (3.39) with A < 2, ¢ > 1 and the
definition of Dy (2*) as well as (3.51) and Proposition 4(i).

By Assumption 5, we can choose ky € Ny and v > 0 as in (3.49). In particular,
D sk N;? < 4%, Given an arbitrary a > |k, |, define: 7, := inf{k > ko : |dk|, > a}.
Suppose first that 7, < oo for all a > |d,|,. By (3.49), (3.50) and the definttion of
Ta, We have

(3.51) | Miga(2") — Mi(a")|; < By(a")?

T 1+a?tat
7_|_

(3.52) 0* < dr |y < ldio [, +Bp(a™)y| > —
i=ko v
a4 a1
+Dp(a") Y +Dp(e")? )~
i=ko Ni i=ko N

< |dk0|2 +By(z*)v7 (1 +a+a®) + Dp(z*)y (1 + a®) + Dy(2)?7* (1 + a?) .
For p =2, Ba(z*) = 0. By (3.52), taking 8 := B(z*) € (0,1) in (3.49), we get
2
a2 < |dk0|p + 1
For p > 4, by (3.52), taking 3 := B(z*) in (3.49), we obtain \a? < \dko|,2) +a+1, with
A:=1— 3. It follows that
2 2
( 1 ) . AN[dy, |5 +4A +1 - 2|di,l, + V5 +1 _ ||, +2

“T o N — s 2N ST

(3.53)
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and finally

ldio|? + 1
3.54 a2 <4 2P
(3.54) St pp

Since (3.53)-(3.54) hold for an arbitrary a > |d,[, and 8 € (0,1), it follows that
SUDE> ko |dk\ < cp(z*) {1 + |dk0|ﬂ , with ¢, (2*) as in the statement of the proposition.

This contradicts the initial assumption that 7, < oo for all a > |dj,|,. Hence there
exists @ > |dj, [, such that a := supy>y, |dk|, < @ < oo by the definition of 75. For
any k > ko, we use the fact that |d;[, < a for ko <4 <k in (3.50), obtaining

(3.55)

ldily < ldioly +By(@™) /7 (L4 @ +a%) +Dy(2")y (1+a%) + Dyla®)®y* (1 +4a7) .

The inequality (3.55) holds trivially for k := kq. Thus, after taking the supremum over
k > ko in (3.55), we proceed as we did immediately after inequality (3.52), obtaining
(3.53) and (3.54), respectively for p = 2 and p > 4, but with a susbtituting for a.
Using the definition of ¢, (z*), the claim follows.

ii): The proof line is the same as for the case p = 2 in item (i), but summing
(3.33) with the estimate (3.39), which gives the following uniform estimate: for all
k>0, C (H (:E"”'))J\/lgl < 2007202202./\/,; (1 +2462C30°N; 1) We remark that we
may replace S(x*) in (3.49) and (3.53) by § := 20a2C 0% + 4ca*Cdo*. In this case,
the definition of ¢ and kg imply that 0 < 1 — ¢ — ¢? <1 — 8.

iii): Given k € N, we take total expectation in (3.43) and sum from 0 to k,
obtaining

E [d(z*!, X*)?] < d(2, X™) +Zl7§2#

i=0 s —

<d 24 Z 17](\/;2 ,

and the claim follows. O
REMARK 3. In statement of Proposition 5(i), for p > 2, it is sufficient to set ¢ €
(0, \/52*1) and ko € No such that 3, -, Nt < ¢D(z*)7! to obtain supys, Ef|jz* —
*(12] < LHE[lz*0 —o"||?) -
e e

We now give explicit estimates on the convergence rate and oracle complexity.
In the sequel we assume that the stepsize sequence is constant. Proposition 10.3.6
in [11] states that {r, : @ > 0} is a family of equivalent merit functions of VI(T, X).
Hence, the convergence rate analysis can be deduced for varying stepsizes satisfying
Assumption 7, and constant stepsizes are assumed just for simplicity. Recall definition
of D(z*) in (3.47). Define, for k,¢ € NgU {cc}, ¢ € R, 2* € X* and « € (0,1/V6L),

k k
(3.56) p:=1-6a"L%  af:=)_ i b == /%
i=0 """ i=0 7t
. 1+ maxoci<i Bf]Jz* — 2*||?]
(3.57) J(z* k, @) = - ,
(3.58) Qu(z*,£,¢) := = {||x —z*||* 4+ [1+ J(z*,£,¢)] [D(z*)ag + D(z*)?bg] } .

THEOREM 4 (Convergence rate: non-uniform variance). Consider Assumptions
1-8(i) for some x* € X* and take oy, = a € (0,1/y/6L). Choose ¢ € (0, ‘f LY and
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ko := ko(z*) € N such that:

(3.59) > J\Lfk < D(‘i*),

k>ko

where D(z*) is defined in (3.47). Then for all € > 0 there exists K. € N such that

Qoo(l‘*, ko(x*)v ¢) )

K2l < e <
E[ra(z™)?] <e< .

Additionally, if Assumption 8(ii) holds then K. is independent of x* € X*.

Proof. First note that finiteness of af®, by® as defined before the statement of the
theorem follows from Assumption 5, which also ensures existence of ko (z*) satisfying
(3.59), because 3,5, N; ' — 0 as k — co. Set ¢ and kg := ko(2*) such that (3.59)
holds. Proposition 5(i) for p = 2 and Remark 3 imply

ko _ g |2 k _ %2
sup E[flot—a*|?] < L EUZ™ = 2P 1+ maxoghn Blll2" — 2°)

k>ko - 1—¢—¢? - 1—¢—¢2 = J(z", ko, 9).

From the above inequality and 1—¢—¢? € (0, 1) we get the following uniform bound:
(3.60) sup E[||z* — z*|?] < J(z*, ko(z™), ¢).
k>0
We now invoke Proposition 3. Given 0 < ¢ < k, we take total expectation in
(3.33), with the estimate (3.39) using A < 2, ¢ > 1 defined in Remark 2, the definition

of & in Assumption 7 and the definition of D(z*) in (3.47). We then sum iteratively
with ¢ running from 0 to k, obtaining:

k
P i
£ B
FL4E |2t — 22 F 14 E |2t — 2*2
i=0 ¢ i=0 i
: | "1
< a? =P+ (14 sup Elle’ ")) (D(m*) LY N)

0
< 2% = 2|2 + [1+ J(a" ko(2*), 6)] [D(x*)al + D(x*)?b8] = LQu(a*, ko(z*), ¢).
(3.61)
using (3.60) in the last inequality.

Given € > 0, define K = K, := inf{k € Ny : E[ro(2*)?] < €}. For every k < K
we have

k
(3.62) ge(k—i— 1) < ng[m(xi)Q],
=0

using the fact that E[r,(2)?] > € for all 0
of K.

We claim that K is finite. Indeed, if K = oo, then (3.61) and (3.62) hold for
all £ € N. Hence, we arrive at a contradiction by letting & — oo and using the

IN

1 < k, which follows from the definition
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facts that a§® < oo and b§® < oo, which hold by Assumption 5. Since K is finite,
we have E[r,(2%)?] < € by definition. Setting k := M — 1 in (3.61)-(3.62), we get
K < QK’I(i*’ko’d’) < Q”(EZ”“’@), using the definition of Qg (z*, ko, ). We have thus
proved the claim. Under Assumption 8(ii), the proof is valid for any z* € X* and,
hence, K is independent of z* € X*. O

In the previous theorem, given z* € X*, the constant Qo (2", ko(z*),®) in the
convergence rate depends on the variance o(z*)? and on the distance of the ko(z*)
initial iterates to a*, where ko(z*) and ¢ are chosen such that (3.59) is satisfied.
Under Assumption 8(ii), since K. does not depend on a* € X*, we get indeed the
uniform estimate:

(3.63) supeK, < inf Qoo(z”, ko(2"), ¢).
e>0 rreX*

In view of (3.63) , the performance of method (3.3)-(3.4) under non-uniform variance
depends on the z* € X* such that Qo (z*, ko(2*), ¢) is minimal.

PRroOPOSITION 6 (Rate and oracle complexity for m = 1: non-uniform variance).
Consider Assumptions 1-8(i) for some x* € X* and take a, = o € (0,1/v/6L).
Define Ny, as

(3.64) N = [0(k + p)(In(k 4 1))+

forany 0 >0,b>0,€e>0and2 < u<et Choose ¢ € (0, ‘/52_1) and let ko(x*) be
the minimum natural number satisfying

2cC3420(x*)? 1/b 4l
b0 S

(3.65) ko(z*) > exp

Then Theorem 3 holds and there are mon-negative constants Q(x*), P(z*) and
[(z*) depending on x*, ko(x*) and ¢ such that for all € > 0, there exists K := K. € N
such that

max{1, 0 2}Q(x*)
K )
max{1,6~*} max{1,0}I(z*) { [In (P(z*)e!)] LA l}

(3.66) E[rq(z%)?] < e <

14

€2

K
(3.67) > 2N <
k=1

Proof. For ¢ € (0, %), we want ko := ko(z*) to satisfy (3.59) of Theorem 4.
We have

1 1

— < g1
S N ,g,; (k + p)(In(k + p)) 140

4 [ dt
=Y / (t+ ) (In(t + )+

9—1
b(In(ko — 1+ p))?

(3.68) =
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From (3.68) and (3.59), it is enough to choose kg as the minimum natural number
such that the RHS of (3.68) is less than ¢/D(z*). Using the definition of D(z*) in
(3.47), it is enough to choose kg as in (3.65).

We now give an estimate of Q. (2*, ko, ¢) as defined in (3.58). Set \ := 2c4?C3
with ¢ as defined in Remark 2. From the definitions (3.47) and (3.56), we have the
bound

o0 “lo(z*)?
(3.69)  D(x%)ag® + D(z*)*bg° < [ @ +>\z)(ln((t+) ;:;1“’

+/°° N0 2o(et )t A o(a")? . A20~ 20 (z*)*
o ()Pt + p))2 20 = b(In(p —1))°  (p— 1)(1+2b)[In(p — 1)]1+207

Using Theorem 4, (3.69), the definition of Qoo (z*, ko, ¢) as defined by (3.56)-(3.58),
we prove (3.66), noting that Q(z*) is specified as in Remark 4.

We now prove (3.67). Denoting Qoo (z*) := Quo(z*, ko, ¢) and using K := K, <
Qoo (z%) /€, pe < 1 and Ny < 0(k + p)(In(k + p))*+° + 1, we have

K K
SN < max{0,1} 2 [(k + ) (n(k + w) ' + 1]

k=1 k=1

< max{0, 1} K (K + 2u) [(ln(K + u))l“‘b 4 K+2u]

{0 (Que(a)e + )] 4 1} Que(07) (Quole®) +2)

2

(3.70) < max{6,1}
€
We now use (3.70) with Qoo (2*)(Qoo(z*) + 2) < (Quo(2*) + 2)?, the definition of
Qoo (2%, ko, @) as in (3.56)-(3.58), the bound (3.69) and the fact that (a + b+ ¢)? <
3(a® + b + ¢2) in order to prove (3.67), where I(z*) and P(z*) are given in Remark
4.0
REMARK 4 (Constants). We make use of the following definitions for the sake
of clarity:

2c62C3 (2c4%C3)?
71 = =
G0 A= g P D+ 2 D
(3.72) Q(d, A, J) :=2p 'd? +2p A (1 + J),
(3.73) I(d, A, J) == 12p2d* +12p7 242 (1 + J)> + 1,

using the definition of ¢ in Remark 2 and (3.56). Using the definitions (3.47), (3.56)-
(3.58) and (3.71)-(3.73), the constants in the statement of Proposition 6 are given
by

Q(z*) := Q(on—m*ﬂ,U(x*)QAM7b+U(x*)4BM7b,J(x*,ko(x*),¢)) P(z") := Qoo (", ko(z), p)+1
and
I(2*) = 1([|2° = 2* ||, 0 ()2 Ap b + 0 (27) By, J(a*, ko(2¥), 9)).

Given € > 0, we may use the definitions of Q(z*), I(x*) and P(z*) and optimize the
estimates given in (3.66)-(3.67) over (&, 6), obtaining optimal constants in terms of L
and o(z*)2. For simplicity we do not carry this procedure here.
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We give next sharper estimates in the case the variance is uniform over X* or X.
We state them without proofs since they follow the same proof line of Theorem 4 and
Proposition 6, but using Proposition 4(ii) and Proposition 5(ii), when the variance is
uniform over X*, and Proposition 4(iii), when the variance is uniform over X. Define:

(3.74) Dy := 2c&*C30?,
1+ maxo<p<e E[d(z*, X*)?]
(3.75) I, ¢) = 1—¢— 2 ’
(376)  Qul0,6,0) == 207" {d(x®, X*)? + (14 J(£, 6)) (Doal + D2bE)},
(3.77) Qi(o) :=2p7 ! {d(CEOyX*)Q + 1703620 ; Nimin [

using ¢ as defined in Remark 2 and the definitions in (3.56).

THEOREM 5 (Convergence rate: uniform variance). Consider Assumptions 1-8
and take ay = o € (0,1/V/6L).

Suppose first that Assumption 8(ii) holds and sup . x. o(z*) < o for some o > 0.
Take ¢ € (0, ‘/52*1) and ko := ko(o) € N such that

1 o)
2 % <b,

k>ko

Then, for all ¢ > 0, there exists K. € N, satisfying

QOO(Ua ko (0)7 ¢) )

E[ra (xKE)Q] <e< e

Suppose now that Assumption 8(iii) holds for some o > 0. Then, for all € > 0,
there exists K. € N, satisfying

PRrROPOSITION 7 (Rate and oracle complexity for m = 1: uniform variance).
Consider Assumptions 1-8, take a, = a € (0,1/v/6L) and suppose sup,. ¢ y- o(*) <
o for some o > 0. Define Ny, as

Nie = [0(k + p)(In(k + ) +]

forany 0 >0,b>0,¢>0 and 2 < pu<e'. Then the following holds:
(i) Suppose Assumption 8(ii) holds. Choose ¢ € (0, ‘/52_1) and ko = ko(o) € N
such that

2cC34202 1/b
(=) oo

Then Theorem 3 holds and there exist non-negative constants Q(c), P(o)
and (o) depending on o, ko(o) and ¢ such that for all € > 0, there exists

ko > exp
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K := K. € N such that

max{1,072}Q(o)
K )

K max{1,0~*} max{1,0}I(c) { [In (P(c)e~! e

o )i Clor ) 1)

k=1

E[ra(z%)? <€ <

(i) Suppose that Assumption 8(iii) holds. Then Theorem 3 holds and there exist

non-negative constants Q(c), P(c) andT(a) depending on o such that for all
€ > 0, there exists K := K. € N such that

max{1,0-1}Q(c)

K. ’
K
ZQNk <

— } .

REMARK 5 (Constants). ~ We recall the definitions (3.56), (3.71)-(3.73) and
(3.74)-(3.77). The constants in the statement of Proposition 7(i) are given by Q(o) :=
Q(d(l‘O,X*), 0'2./4“7[) + OABu,bv J(k0(0)7 ¢))a P(O) = Qoo(a7 kO(O)v ¢) + 1 and |(O') =
I(

d(z% X*), 02 A, b + 0*Bp, J(ko(c), ¢)). For item (ii) they are given by

Elra(z5)’] <e <

max{1,0~2} max{1, Q}T(a) { {ln (FIS(O')G*l)] 1+b +

2

==

€

17024202
b(In(u — 1)’

172Chat 0t
_ s 17
p2(In(p — 1))2

Qo) :=2p""d(a®, X*)? +2p!
T(a) = 12p72d(2%, X*)* +12p72

and P(0) := Quo(0) + 1.

We now turn our attention to the distributed solution of a Cartesian SVI for a
large network (m > 1). If a decentralized sampling is used, then higher order factors
of m appear in rate and complexity. The next results shows that if, in addition,
a deterministic and decreasing sequence of exponents {b;}7, and an approximate
estimate of the network dimension m is coordinated, then the oracle complexity is
proportional to m (up to a scaling in the sampling rate).

PROPOSITION 8 (Rate and oracle complexity for a network). Consider Assump-
tions 1-8(i) for some x* € X* and take ap = a € (0,1/v/6L). Under Assumptions
1-8(i) with Assumption 6(i) (centralized sampling), the results of Proposition 6 hold.

Consider now Assumption 6(ii) (decentralized sampling). Let {b;}1™ be a positive
sequence such that

(3.78) Nii = [0:(k + i) T (In(k + ) 4]
(379) by > b, + 2ln(i + 1) —1InS§,

forany 0; >0,a>0,S>1,¢>0,2< p; <el. Choose ¢ € (0, ‘/52*1) and let

ko(z*) be the minimum natural number greater than e — pmin + 1 such that

2cC242%0 (x*)? 1/a
2():| _ /Lmin + ]__

(3.80) ko(z*) > { b
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Then Theorem 3 holds and there exist non-negative constants Q(x*), ﬁ(m*) and
[(z*) depending on x*, ko(x*) and ¢ such that for all € > 0, there exists K := K. € N
such that

(3.81) E[ra(z%)?] <e<

~ . 1+b1
(352) iig Smax{@max,l} {lnegiiz )e )}

k=111=1

(Above, the subscripts “min” and “max” refer, respectively, to the minimal and maz-
imal terms of the corresponding sequences).

Proof. In the sequel we will use the following estimate. For any k € Ny, a > 0,
0<b<l,u>1,

o0 dt 1 L
(3.83) /k (ﬁ n M)l""a(]n(t + /1,))1+b < max { a(k T M)a7 (k‘ + ,u)ab[ln(k‘ + ,U)]b} .

For ¢ € (0, ‘f V5=1) we want kg := ko(z*) to satisfy (3.59) of Theorem 4. Since Ny
is the harmonic average of {Ny:}™, and Ny.; > Omin (b + ptmin) T [I0(E + piapin )] omin
for all i € [m], we get from (3.83):

! 1
- am}Il
k;o Nk k;o (k + ,umin)lJra[ln(k' + umin)]lermin
(3.84) < emm < 9m1n 7

- (kO -1+ Nmin)abmln[ln(kO -1+ Nmin)bmi“} - (kO -1+ ,Ufmln)abmin
if kg > e— fimin + 1. From (3.84) and (3.59), it is enough to choose k¢ as the minimum
natural number greater than e — pimin + 1 such that the RHS of (3.84) is less than
¢/D(z*). Using the definition of D(z*) in (3.47), it is enough to choose kg as in (3.80).

Next we estimate the value of Quo(z*, ko, @) as defined in (3.58). Recall j\} =

Dy % and set \ := 2c4?C3 with ¢ as defined in Remark 2. Definitions (3.47) and

(3.56) imply

971
*\ _ 00 *\ 2 |00 <
D(z*)ag” + D(z*)"bg° < o(z k§>0;1 T g ln(k+u))1+b
1 - 2O ’
3.85 - .
( ) o(x™) ];) [; (k‘—i—ui)l‘*‘a(ln(k +/’1/i))1+bi

The first summation in (3.85) is bounded by

2Ot MO, Lt ’”
(386) ZZ k"‘ﬂ' 1+a Z/ t_|_,u 1+a Z . :Am'

i=1 k>0 i=1

Using estimate (3.83), the second summation in (3.85) is bounded by
S A20;7107 !
Z Z (k + /J/min)2+2a[hl(k + ,u,min>]2+bi+bj

2
1 | & A
(3.87) 519{2 6.0 o —1)]’”} = B
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where ¥ := (14 2bmin) (hmin — 1) 2% In(ftmin — 1). From Theorem 4, (3.85)-(3.87) and
definition of Qoo (x*, ko, ¢) as specified in (3.56)-(3.58), we prove (3.81), noting that
Q(a*) is specified as in Remark 6.

We now prove the bound on the oracle complexity. Let Qoo (2*) := Qoo(x*, ko, @).
Using the facts that K < Quo(2*)/€, p; < ¢! and the definition of Ny ;, we have

K m
332N < 30 302 A )+ ) 1]

k=11i=1 k=11=1

m
i=1
m

< dmax{Omax, 1} K
i=1

< 2max{9max, 1}KZ |:(K + Mi)1+a (ln (K + ui))l-i-bi + 1:|
[ (

(K + )" (In (K + uz—))”bl}

(3:59) < a0 Q) EVTES (1 (Que)et +))

62-¢—a

using the fact that 1 < (K +4;)'+* (In (K + p;))" ™" for i € [m] in the third inequality,

and defining ® := max{fmnax, 1} in the last inequality.
Set h = In(Qoe(z*)e™t +€7!) with h > e for sufficiently small e > 0. By
definition of {b;}, we have, for i € [m],

, 2In(i+1) —InS b, Shb
. >b; +21 1) —1 > b; P < .
(3.89) by >b;+2In(i+1) —InS > b; + o = h S I
From (3.89) we obtain that
m m 1
. b < Shb < ShP.
(3.90) ; <S ;(Hl)Q‘S

From the bounds (3.85)-(3.90), the definitions of h and Q. (z*, ko, ¢), as specified in
(3.56)-(3.58) and the fact that (z +y + 2)?T@ < 31+a(g?+ae 4 ¢?+a 4 2279) we obtain
the required bound on Zszl >t 2Ny, ;, noting that T(a:*) and |3(x*) are specified as
in Remark 6. O

REMARK 6 (Constants). Define:

(3.91)  1(d, A, J,v) :=4-3""1{(2p7 )" d® + (2p" 1) A" 1+ )Y + 1},

using (3.56). In view of (3.47), (3.56)-(3.58), (3.72)-(3.73), (3.91) and (3.86)-(3.87),
the constants in the statement of Proposition 8 are given by

~

Q(z") = Q2" — 2*||, 0 (") Am + 0/(2")* B, I (2™, ko (), 9)),

P(2%) := Quo(a*, ko(z*),¢) + 1

and

~

(@) =1(12" = 2*|l, 0 (") A + 0(2*) B, I (2" Ko (27), 6). 2+ a).
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REMARK 7 (Oracle complexity of O(m)). For the choice of parameters (3.78)-
(3.79), 6 > 0 if we have 6; ~ Om for some 6 > 0 then A,, < — 0" and B, <

M~ a(pmin—1)*

#, where A, and B,, are defined in (3.86)-(3.87). Also, byin < b1 +1nS —
21In(m + 1) so that it is enough to choose by > 2In(m + 1) —In S, which is reasonably
small in terms of m. Finally, the bound on the oracle complexity in Proposition 8 is of
order max{1,0~2+®}g, .. < max{#, 0~ 3*+29)}m. Moreover, the sampling is robust
in the sense that the convergence rate is proportional to max{1,6~2} and the oracle
complexity is proportional to max{6), 0*(?’*2“)}. i We remark that improvements can
be achieved if a coordination g, ~ € ! is possible (given a prescribed tolerance
€ > 0). For simplicity we do not present the analogous results of Proposition 7 for the
case m > 1 under Assumption 8(iii). In that case, the estimates depend on d(z°%, X*),
the rate is proportional to max{1,0~!'} and the oracle complexity is proportional to
max{f, 6=+ }m,

3.4.1. Comparison of complexity estimates. Next, we briefly compare our
complexity results in terms of the quadratic natural residual, given in this section,
with related results presented in previous work in terms of other merit functions for
the stochastic variational inequality. As commented in Subsection 1.1, the quadratic
natural residual and the D-gap function are equivalent merit functions. An immediate
result is that the previous complexity analysis, given in Theorems 4-5 and Propositions
6-8 in terms of the quadratic natural residual, are also valid in terms of the D-gap
function. In this sense, our rate of convergence of O(1/K) in terms of the D-gap
function improves the rate O(1/v/K) in terms of the dual gap-functions analyzed in
[19, 7, 44, 45].

By Proposition 6 and Remark 4, if Assumption 8(ii) holds, then the algorithm
performance, in terms of the convergence rate and oracle complexity, depends on some
2* € X* such that o(z*)* - maxo<g<p(z+) E[[|2" — 2*||?] is minimal, that is to say, we
have a trade-off between variance of the oracle error and distance to initial iterates.
We also remark that the sampling rate N}, possesses a robust property: a scaling in
the sampling rate by a factor 6, keeps the algorithm running with a proportional
scaling of max{1,0~2} in the rate and max{6,6~3} in the oracle complexity (see [32]
for discussion on robust algorithms). By Proposition 7, when the variance is bounded
by o2 over X*, the estimates depend on o* maXOSkSkO(J)E[d(aEk,X*)Q] and kg is
independent of any z* € X*. When the variance is uniform over X, the estimates
depend only on d(z°, X*) and a scaling factor 6 in the sampling rate implies a factor of
max{1,0~ 1} in the rate and of max{#,#~!} in the oracle complexity. In the estimates
of Propositions 6-7, we may obtain optimal constants in terms of L, the variance
and distance to initial iterates by optimizing over (&, 6). Interestingly, in the case
of a compact feasible set, the estimates do not depend on diam(X), as in [19, 7],
but rather on the distance of the initial iterates to X*, which is a sharper result.
In the case of networks the same conclusions hold, except that the dependence in
the dimension is higher if a decentralized sampling is used. From Proposition 8, if
a distributed sampling is used and a coordination of a rapid decreasing sequence of
positive numbers is offered (in any order), then the oracle complexity depends linearly
on the size of the network (up to a scaling factor in the sampling rate).

We briefly compare our convergence rate and complexity bounds presented in
Propositions 6 and 7 with those in [7] (Corollaries 3.2 and 3.4). In [7], for a compact X
with uniform variance over X, the convergence rate obtained in terms of the dual gap
function is of order L diam(X)2K~! + o diam(X)K /2, and the oracle complexity
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is of order Ldiam(X)%¢~! + o2 diam(X)?¢~2. For an unbounded X with uniform
variance over X, the convergence rate in terms of the relaxed dual-gap function G (z,v)
described in Subsection 1.1 is of order L|z® —2*||2K ! +o||° — 2*||> K ~1/2, while the
oracle complexity is of order L||z° —z*||?e~! +0?||2® —2*|*¢ 2. Note that the optimal
constants in terms of L and ¢ in these bounds require tuning the stepsize to L and o.
In the estimates given in Propositions 6-7, the “coercivity” modulus p~! introduced
by the extragradient step behaves qualitatively as L. We improve on the rate of
convergence to O(1/K) with respect to the stochastic term O(c/v/K) by reducing
iteratively the variance, while preserving the complexity performance in terms of o
and e (up to first order logarithm term). Differently from [7], our analysis is the same
for a compact or unbounded X, in the sense that the same merit function is used. For
the case of a compact X, our bounds depend on d(z%, X*) rather diam(X) as in [7],
which is a sharper result. When the variance is uniform over an unbounded X, our
bounds depend on d(z°, X*) instead of ||z — z*|| for a given z* € X* as in [7], which
is also a sharper bound. We analyze the new case of non-uniform variance, which has
a similar performance, except that the estimates depend on a point x* € X* with a
minimum trade-off between variance and distances to a few initial iterates. Moreover,
we include asymptotic convergence, which it is not reported in [7].

4. Concluding remarks. In this work we propose an extragradient method
for pseudo-monotone stochastic variational inequalities that combines the stochastic
approximation methodology alongside an iterative variance reduction procedure. We
obtain asymptotic convergence, non-asymptotic convergence rates and oracle complex-
ity estimates and prove that the generated sequence is uniformly bounded in LP. In
order to achieve these properties, we require the operator to be just pseudo-monotone
and Lipschitz-continuous. Our results give an accelerate rate with optimal oracle
complexity, coping with unbounded feasible sets and an oracle with non-uniform vari-
ance. The method admits a robust sampling rate. We also include the analysis for
the distributed solution of Cartesian SVIs.

A potential direction of future research is to obtain sharp complexity estimates
for exponential convergence of method (3.3)-(3.4). In previous works [19, 7, 13],
exponential convergence is proved, assuming an wuniform tail bound for the oracle

error, that is, that there exists ¢ > 0 such that E [exp {Wfi_zﬂx)”zﬂ < exp{1},

for all z € X. This assumption is not satisfied in general for unbounded feasible
sets and, even for compact ones, o2 may be a conservative upper bound of the oracle
variance at points of the trajectory of the method. Moreover, based on Section 3.4.1,
in the case of a compact feasible set or uniform tail bound, we wish to study sharp
complexity estimates with respect to the distance of the initial iterate to the solution
set. We intend to make this analysis in a second paper assuming a non uniform
tail bound in the spirit of Assumption 8(i)-(ii). Motivated by this work, another
interesting line of research we intend to pursue is to verify if (extra)gradient methods
with robust stepsizes can achieve accelerated convergence rates with respect to the
stochastic error.

Finally, we discuss error bounds on the solution set. It is well known that impor-
tant classes of variational inequalities admit the natural residual as an error bound
for the solution set, i.e., for all a > 0, there exists § > 0 such that d(x, X*) < ro(z)
for all z € R™ with r,(z) < 4. This property holds, for example, for (i) semi-stable
VIs, (ii) composite strongly monotone VIs such that X is a polyhedron, (iii) VIs such
that T is linear and X is a cone (see [11]). Item (ii) includes affine VIs and strongly
monotone VIs. Ttem (iii) includes linear homogeneous complementarity problems and



A. N. IUSEM, A. JOFRE, R. I. OLIVEIRA, P. THOMPSON 35

linear system of equations. When such property holds, the results of Theorems 4-5
and Propositions 6-8 provide other classes of SVI’s for which convergence of O(1/K)
holds in terms of the mean-squared distance to the solution set. In the previous lit-
erature, such property was shown only for strongly pseudo-monotone or weak-sharp
SVIs on a compact set. In a upcoming paper, we intend to refine the complexity
analysis for the case in which this error bound on the solution set is valid.

Appendix. Proof of lemmas.
Proof of Lemma 2:

_ Proof. Let x* € X*. In order to simplify the notation, in the sequel we call
F(ek, 2F) := T(2*) + €5 and y* := 2% — ap F (e}, 2¥), so that, 2*+1 = TI(y*). For every
r € X, we have

2"+ — 2| = T(y*) - «|?
e e [ (7]
= [|(a* —2) — arF(e5,2°)|? = [|(2" — 2™ — ap F(es, 2N
= [la* —a|? = la* — "2+ 2(x — 2 (e, 2F))
= [|lz* — 2|* = a* — 2 + 2w — 2F, an (e, 27)) +
(A1) 2(zF — 2* L F(eh, 27))
= fla* —2f” = [[(z" = 2F) + (zF = 2> +
22k — 2R F(ek, 2)) + 2w — 25, an F(eh, 7))
R e e
—2(xh — 2k R Ry ok xk"’l,akﬁ(eg, M) 4
2(x — zk,akﬁ(eg,zk»

= la® = a|® —llz* = 2*|* = [|2* — 2" +

2(:5’”'1 A akﬁ(eg,zk) — zk> +2(x — zk,akﬁ(eg,zk»,

using Lemma 1(ii) in the inequality and simple algebra in the equalities.

Looking at the fourth term | := 2(z*+1 — 2% 2% — o, F(ek, 2%) — %) in the RHS
of the last equality of (A.1), we take into account (3.7) and the fact that F/(ek, 2¥) =
T(z*) + €5, and apply Lemma 1(i) with C = X, x = 2% — a(T(2*) + €¥) and
y = xz**t! € X, obtaining:

| =2(xh Tt — 28 2k — o (T(2%) 4+ F) — 2F) +
(A.2) 2 =28 [(T(a") + ) = (T(F) + e5)])
< 20| = 2FY[(T(2F) + €5) = (T(2*) + €],

using the Cauchy-Schwartz inequality. Next we apply Lemma 1(iii) to (3.7)-(3.8),
obtaining

" = 2| = |Ta* — ap(T(z") + €5)] = Mfa" — aw(T(a") + )]
(A.3) < al[(T (%) + €5) = (T(2*) + €]
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Combining (A.2) and (A.3) we get
| < 203||(T(2") + e5) — (T(a*) + )|
2
< 20 (IT(2*) = T(@")| + [lef || + llesl)
2

(A.4) < 20 (L][2" — 2* | + [l€f]| + lle5l)

< 6L%a 2" —a*||* + 6ag|ef||® + 6agles |,
using the triangle inequality in the second inequality, Lipschitz continuity of 7" in the
third inequality and the fact that (a4 b+ c)? < 3a® + 3b* + 3¢? in the last inequality.

We set « := z* in (A.1). Looking now at the last term in the last equality in (A.1),
we get

2a* — 2 o F(eh, 2F)) = 2(a* — 28, o (T(Z%) + b))
2z* — 28 0 T(2F)) + 2(a* — 2%, apeh)
9 k

(A.5)

IN

(x* — 2", ol =: Iy,

using, in the last inequality, the fact that (z* — z¥, a;, T(2*)) < 0, which follows from
Assumption 4, the fact that aj > 0, 2* € X* and 2*¥ € X. Combining (A.1), (A.4)
and (A.5), we get
lz* = 2|2 < fla® = 2P — 27 = 2F|P 2R - 2P
6L2ag ]| 2" — 2*||* + 6o (|lef]|® + lles]|*) + I

(A.6) < lz® = a1 = prll2" = 2F[* + G ez |* + [l€f]*) + i,
using the fact that p, = 1 — 6L2%aj.

Recalling that z* = [z* — a (T'(2%) + €¥)], we note that

ra (@°)? = [la* — TMa* — ap T(2")]|?
< 2fja® = 2F|P + 2| H[2" — an(T(2) + €})] - M[z" — axT ("))

(A7) < 2f|z* — 25| + 207 |7 )%,
using Lemma 1(iii) in the second inequality. From (A.6), (A.7) and the definitions
(3.16)-(3.17) and Ji, = My 1 (z*) — My (z*), we get the claimed relation. O

We now give the proof of Lemma 3:

Proof. We first prove the result under Assumption 8(i)-(ii). Consider item (1).
Assume first that m > 1 and take i € [m]. For 1 <t < N;, define U} € R™ by

‘. : Fi(&j.,7) — Ti(x)
U= = N, :

j=1

Defining U? = 0, Gy := o(U?) and the natural filtration G, := o (&1 4,...,&.,) for
1 <t < Ny, {U}, G}, defines a vector-valued martingale (since it is a sum of N;
independent mean-zero vector random variables) whose increments satisfy

Ut — Ut = £ 2) — L@l | (& @) = T(@)ll, < o@) (A Jlz - 27)
P N; » N; N;
by Assumption 8, using the same notation || - || for the Euclidean norm in R™ and in
R"™. Hence,
: Cpo(a™) (1 + |z —z"]])
(A8) o <=

P V' N; ’
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which follows from the BDG inequality (2.2). For each i € [m], €;(z) = U;"*. Hence,
since ¢ > 1, from Minkowski’s inequality and (A.8) we get:

m

“ . 2 « *
(A9) el = lle@) 1], < 3101 < G ( 3 57 | o) (1 sl

using (a+b)? < 2a?+2b%. The first claim follows from (A.9) with A = 2. If m = 1, the
same proof line holds with A = 1, since relation (a + b)? < 2a% + 2b? is not required.

We now prove item (2). Suppose that m > 1 and that {§;;: 1 <i<m,1<j <
N;} is ii.d.. We have

(A.10) [{v, (@, < llvllllle()II],,

by the Cauchy-Schwarz inequality. The claim follows from (A.9) and (A.10) with
B=2.

Finally, we prove item (3). Suppose that m =1, or m > 1 with N; = N, §;; = &;
for all i € [m]. Define UY := 0 and U' := (U{,...,U}) for t > 1 and W, := (v, -U?).
Observe that {(Wy,G;)}_, defines a real valued martingale with the filtration given
by Go := o(U%) and G; := o(&y,...,&) for t > 1, since it is a sum of N i.i.d. random
variables. Its increments |[W; — W;_4| p are equal to

Il

Ml ) — T()

(rren )
) N ) >~ N
(A.11) < Hvllo(x*)(l; fo:r*H),

using the Cauchy-Schwarz inequality in the first inequality and Assumption 8 in the
last one. Hence, from (A.11) and the BDG-inequality (2.2), we get the claim with
B =1 (in this case N' = N).

The proof of the bounds under the stronger Assumption 8(iii) is essentially the
same with sharper bounds on the increments, and so we omit it. 0
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