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ABSTRACT

We consider a stochastic variational inequality (SVI) problem with a continuous and monotone mapping
over a closed and convex set. In strongly monotone regimes, we present a variable sample-size averaging
scheme (VS-Ave) that achieves a linear rate with an optimal oracle complexity. In addition, the iteration
complexity is shown to display a muted dependence on the condition number compared with standard
variance-reduced projection schemes. To contend with merely monotone maps, we develop amongst the first
proximal-point algorithms with variable sample-sizes (PPAWSS), where increasingly accurate solutions of
strongly monotone SVIs are obtained via (VS-Ave) at every step. This allows for achieving a sublinear
convergence rate that matches that obtained for deterministic monotone VIs. Preliminary numerical evidence
suggests that the schemes compares well with competing schemes.

1 INTRODUCTION

Variational inequality problems have a broad range of applications in engineering, economics, and the
applied sciences. Amongst the most common instances of where such problems assume relevance is in the
minimization of a differentiable convex function f over a closed and convex set. Recall that x is a minimizer
if and only if (y —x)TV,f(x) >0 for all y € X, a variational inequality problem succinctly denoted by
VI(X,V,f). More generally, the variational inequality problem VI(X,F) requires an x € X such that

(y—x)"F(x) >0, VyeX. (1)

In addition, such problems find application in modeling saddle-point problems, convex Nash games, traffic
equilibrium problems, economic equilibrium problems, amongst others (see Facchinei and Pang (2003)).
While deterministic variants (Facchinei and Pang 2003) have seen received significant study over the
last several decades, less is known regarding the stochastic variant where the map is replaced by its
expectation-valued counterpart. Such a problem, denoted by SVI(X, F), requires finding an x € X such that

(y—x)"F(x)>0, VyeXx, )

where F(x) £ E[G(x,£)], £: Q — RY, G: X x R — R", and the associated probability space is denoted
by (Q,.Z#,P).

Amongst the earliest schemes for resolving SVI(X,F) via stochastic approximation was presented
by Jiang and Xu (2008) for strongly monotone maps. Regularized variants were developed by Koshal et al.
(2013) for merely monotone regimes while Lipschitzian requirements were weakened by combining local
smoothing with regularization by Yousefian et al. (2013) and Yousefian et al. (2017). A rate statement of
0(1/\/k) for the merely monotone regime (in terms of a suitably defined gap function defined in (3)) was
first provided by Juditsky et al. (2011), where k denotes the number of iterations; this appears to have
been the best known rate for monotone stochastic variational inequality problems.
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When sampling is “cheap”, recent efforts have attempted to reduce the gap between the rates of
convergence between deterministic schemes and their stochastic counterparts. In particular, by increasing
the sample-size associated with approximating the gradient at a suitable pace, the rate may be improved.
In the context of strongly convex stochastic optimization, linear rates of convergence have been proven
in both smooth (see Shanbhag and Blanchet (2015) and Jofré and Thompson (2019)), and a subclass of
nonsmooth settings (see Jalilzadeh et al. (2018)). Optimal rate statements of ¢’(1/k*) via accelerated
variance-reduced schemes in stochastic convex differentiable settings were developed by Ghadimi and
Lan (2013) and Jofré and Thompson (2019) matching the best known deterministic rate. Similarly, a
rate of ¢(1/k) was provided for nonsmooth but smoothable stochastic convex optimization problems
by Jalilzadeh et al. (2018). To the best of our knowledge, the only variance-reduced scheme for monotone
stochastic variational inequality problems was presented by Iusem et al. (2017) and is equipped with a
rate of €(1/k), matching the deterministic rate for monotone variational inequality problems. It is worth
emphasizing that the monotone stochastic variational inequality problems can capture stochastic convex
optimization problems (with possibly expectation-valued problems), stochastic convex Nash games, and a
range of stochastic equilibrium problems. In fact, stochastic convex optimization problems can be solved via
acceleration and variance reduction (Jofré and Thompson 2019). However, variational inequality problems
are generally not equipped with an appropriate with a natural “objective” function but the gap function
(which is generally nonsmooth) serves as a metric for measuring progress of a scheme. The best known rate
for monotone deterministic variational inequality problems is &'(1/k) (in terms of a gap function); recall
that a monotone variational inequality problem can be recast as nonsmooth stochastic convex problem (for
which the best known rate under smoothability requirements is ¢'(1/k) in function values).

(I). Linearly convergent schemes for strongly monotone SVIs. When F(x) is strongly monotone
over X, i.e. F(x)—F(y),x—y) > u|lx—y|? for all x,y € X, the unique solution x* of (2) satisfies the
following for all y € X.

<0
[Stmng. monot] /—*;\7 1 B [X*ESOL(X,F)]
e —suly—x 22 o,

Recall that a gap function associated with (1), denoted by g : R* — R, is a nonnegative function on X and
g(x*) =0 for x* € R" if and only if x* is a solution of SVI. Therefore, solving SVI(X, F) is equivalent to
minimizing a gap function on X. Inspired by Nesterov and Scrimali (2011), we define g(x) as follows.

IN

* 1 *
(F).x" =y +5uly—x

o) 2 sup{ (FO)x—3) + July sl | @
yeX

Nesterov and Scrimali (2011) proposed a linearly convergent averaging scheme that is reliant on two
projections at every step, the first of which is a projection of an averaged vector while the second is the
more standard projection. We apply this avenue with two key distinctions: (i) We utilize a noise-corrupted
estimate of the expectation-valued map; and (ii) variance reduction is employed to reduce the bias as k, the
iteration counter. In Section 2, we show that the resulting variable sample-size averaging (VS-Ave) scheme
admits a linear rate of convergence when the sample-size is increased at a geometric rate. Importantly,
the scheme enjoys a muted dependence on the condition number of the map, in contrast with standard
variance-reduced projection schemes and is characterized by an oracle complexity of ¢/(1/eP) (where
B > 1) for computing an €-solution.

(II). Stochastic proximal schemes for monotone SVIs. In section 3, we develop a stochastic
generalization of the proximal-point scheme, referred to as a proximal-point algorithm with variable
sample-sizes (PPAWSS) for monotone SVIs where the strongly monotone proximal subproblems are
solved with increasing accuracy via (VS-Ave). We show that the sequence of iterates converges to the
solution at the rate of &'(1/k), matching the deterministic rate while the iteration complexity in inner
projection steps is bounded as & (%logé). Preliminary numerics in Section 5 suggest that the scheme
compares well with competing techniques.
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2 LINEARLY CONVERGENT SCHEMES FOR STRONGLY MONOTONE SVI PROBLEMS

In this section, inspired by Nesterov and Scrimali (2011), we propose a scheme for solving strongly monotone
SVIs which admits a linear rate of convergence with a constant of L/ in the iteration complexity bound,
significantly smaller than (L/u)?, obtained from standard extensions of projection methods. Our rate
statements rely on the following assumptions on F'.

Assumption 1 Assume that operator F' : X — R” is u-strongly monotone and L- Lipschitz continuous on
X,ie. |[F(x)—F(@)| <L||x—y]| for all x,y € X.

Next, if .7 denotes the information history at epoch k, then we have the following requirements on the
associated filtrations where wy y, = Z 1 (F () — Gy, @jx)) and Wy = izl}i L (F(xx) — Gk, @ 1) ).

N}\ Nk
Assumption 2 There exists v,V > 0 such that By y,,, | ZUZ_,] =0, E[W}QN]( | FUZF[_] =0,
- -_— ~2 )
E[| Wi n, |12 | FUF] < N‘; - and E[H%,NJP | FxUF{_ ] < §; holds almost surely for all k, where

Fi 2 000,15 Vk—1 b Wi = F(xx) — G(xi, &) and F'y = 6{x0,x1,..., X1 }.
Throughout the paper, we exploit the following basic lemma stated without proof.
Lemma 1 Given a symmetric positive definite matrix O, we have the following for any vy, v», va:

1
(va=v)TQ(vs—v1) = §(||V2—V1H2Q+ Vs =vil[g = V2= v3[l3), where [[V]lo £ v/ VTQV.

Before proceeding, we recall some properties of gap function g(x) = sup,c {{(Fy),x—y)+ iully—=x|*}.

Theorem 1 (Nesterov and Scrimali 2011) The gap function g(x) is well defined and p-strongly convex
on X. Moreover, g(x) is nonnegative on X and vanishes only at the unique solution of (2).

We present an averaging-based variance-reduced (VS-Ave) scheme (Alg. 1) for strongly monotone
SVIs where K and ITx(y) denote the total no. of iterations and the projection of y onto X, respectively.

Algorithm 1 (VS-Ave(F,yo, U,L,K)).
(1.0) Given ypeX andlet p=1,k=0; T =1;

W) =T [ (T (= £ (FO) +mn) ) ) -
(12) v =TIy [xk— (D0 + 7, p,)

(L.3) %1 = ”+er,rk+l Ui+ Yer1s
(1.4)  If k> K, then stop; else k = k+ 1; return to (1).
(1.5  Return Ji = ¢ Yi o Y-
Remark 1 By definition of the projection in step (1.1) of Algorithm 1, we have that

<xk_21 1%<ZY|:yl_ yl)+WlN):|>7xk_x>§O for allx € X.

This can be equivalently represented as Y5, %(F (y;)+Win, + 1 (xx — yi),% —x) < 0 for all x € X, which
captures the optimality of x; with respect to max,cy { Zf:o Y; [(F (Vi) +Win;, yi —X) — % wllx— y,-Hz] }
In the following lemma, we provide an upper bound for the gap function.

Lemma2 (Nesterovand Scrimali 2011) Consider a sequence of positive weights { ¥ }X_, and points {y; }X, C
R". Let lﬂK =YKo% ¥k = I LY & o %yi and o = max,ex {ZIKZO% [(F(y,-),y,- —x)— %N”x—)’inz] } Then,
(k) < f-k.

Next, we derive a bound on the conditional expectation on o7 .



Jalilzadeh and Shanbhag

Lemma 3 Consider the sequences generated by Algorithm 1. Suppose Assumptions 1 and 2 hold, and
o & maxgex {50 % [(F (i) +Win,yi —x) — Sut|lx—yi||*] } . Then the following holds for all £.

2 )2
Elhi1 | ZUT 1] < S+ % (% + ﬁ) (m+ %), where ¢ £ LLJF—“#

Proof.  From the definition of «7.,; we have that:

k
_ 1 2
ot = mae{ B (P .~ = gl

TV
Term (A)

_ 1
+ Yier1 |:<F(yk+1)+wk+l~,Nk+layk+l —x) — 2“||X_J’k+l||2} } 4)

Term (B)
One can easily check that term (A) in (4) is u-strongly concave in x. Therefore, we obtain the following:

: ~ H 2 - - H 2
Y0 [(FO) iy =x) = Sl =3il?] = X3 [(FO0+ 0,3 —x) = 5w — il
i=0 i=0

u u
Y [P O+ G = 35— 1) — S x =l ] < -
i=0

T
%Hx—kaz, VxeX, (5

where in the last inequality, we used Y'X_; 7 (F (y;)+Win; + 1 (xx — yi), X, —x) < 0 for all x € X from Remark
land I'y = Zi'(:o ¥%;. From the definition of y; in Algorithm 1,
(F (xi) Wy, + LVkg1 — %), Yks1 —x) < O for all x € X. (6)

Consequently, Term (B) can be bounded as follows by using (6) and the Cauchy-Schwarz inequality:

_ u
(F (k1) F Wt 1 N Vi1 — X) — 5 [ = Yie1 |2

u _ _ _
= (F (k1) = F (%), Y1 — %) — 5 13 = Y1117 (F (i) Wy Vet 1 — X)Wt N — Wiy Vb1 — )

(6) u
< F (1) = F o) [[lyer — x| — §||x—yk+1 124+ L (V1 —Xk)5 X — Vi 1)

+<wk+l,Nk+| _W;QN,gyk-‘rl _x>' (7)

Applying Lemma 1 with Q = I, we have that the penultimate term can be expressed as follows.

2 (k1 =X x = yir1)) = X =xell> = lyesr —xel* =[x = yes |- ®)
Hence, using (8) and the fact that a’ b < 2(L1+ ) a|*>+ HT” |b|?, inequality (7) can be written as follows:
_ u 2
(F (Vs 1) Wkt 1 N1 s Va1 — X) — EHX_ka I
1 (L+u) 2 M >
< |IF —F(x)|]? S
=L+ 1F Y1) = F (x) [|* + ) Y1 —x|| 5 [l — yis1]]

L L _ _
+ EHX—XHF - §HYI<+1 —xl* = EHX—YkH H2+<Wk+17Nk+l — Wy N Ykt 1 —X)

1 L L _ _
= MHF()’/«H) —F(x)|* + §Hx—kaz - 5Hyk+l _xk”2+<wk+l7Nk+1 —Weng Vi1 —X). (9
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where the last term in (9) can be written as

- _ C
Pk N = Wi Vi1 — X+ X — %) < = (Wi, |17+ W 17) + 7 Ve —xe?

t\’—‘n\w

u
(||Wk+1Nk+1|| + W, I )"'Eka_tza (10)

where ¢ = L + 0 < L. It follows that by utilizing (10) in (9) and then substituting the result and (5) in (4)

and by recalling that %1 = (u/(L+u))Tk, we get the following:

oy 2 1 2, LtH 2 Loc ?
At < S~ - e 1E Oert) = F T T Ty e
k1 S = — o6 = k][~ + Y1 {Z(L%-H)’ V1) = F () |7+ 7 [[or — x| 5 Vi1 — x|
1 1
(2 1) (Wm0 P)]
<£{k+7k+l 7” er1) = F) 12 = (L= ©) ||y 1 —xe|?
2 |L+u
1 1
+ Yt 1 <C+ u) (Hwk+1Nk+1H2+HWka|| ). (b

Now using Assumption 1, we obtain the following.

IF es1) = F 1P = kst =5l 2ot < et —xell? o =0, (12)

L+u (g5 —L+o)l

where the last equality follows from = +c¢ =L, a consequence of the definition of ¢. Using (12) and

u+
(10) within (11) and taking conditional expectations with respect to ., U.%#/_,, we obtain

I 1 _ _
B[ | FUF ] < S+ Y <C +!i> E{[Wii 18,0 17+ 95 17 | U F_ ],

which leads to the desired result by using Assumption 2. |

We now derive rate and complexity statements for Algorithm 1.
Theorem 2 (Rate and Complexity Statement for (VS-Ave)) Suppose Assumptions 1 and 2 hold. Suppose
), 1s as deﬁned in Lemma 3 and x* denotes the solution of (2). Consider the iterates generated by Algorithm
1 and let Nk Lp_kj such that p <1— 5

K+2
() If k2 and cs the following holds for all K.

L+u ’

HEIme = < <g(yo)1<2+2r<(v2+\72) <i+;> ((K+2)K(;r_1p)_l>> (1— Ki2>K=CqK-

(ii) Suppqse yk is an e-solution such that E[||jx —x*||?] < &. If C =2C/u, then Algorithm 1 requires
O(xlog(C/¢)) steps and €(1/€)B evaluations where p = ¢P and B > 1.

Proof. (i) From the strong convexity of g, we have that £ ||5, —x*||> < g(5). Note that from Lemma 3,
the following holds for all k£ by taking unconditional expectatlons

, T S 11\, e
Bl | FxUFi 1] < et e <C+N (v T 3) = Elohnt] <E[Fh] + % E+ﬁ (v +80)

2

K 11 7
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SinceI'o=9p=1,wehavethat ', | =3+ %1 =%+ ”+LF = (1 + 1%() I'y.. Therefore, using Lemma
2 and the fact that maxE[.] < E[max(.)], the following holds for y;, = rLka‘{:o Yiyi-

) Elk]  Elak ](13> 11\, ) 1\
< < — -
Elg(¥x)] < e = Iy )+ 2 Vit 1 +“ (VY/Nex1 +V7/Ne) | (1 2] (14)
where - = (%)K = (1—15)¥. Using the definition of 7%, we obtain:

st = e {(FO)+ F () = P30 ) = Sl =l

=max (F(x"),x"—x) +(F(x"),y0—x") +f§1§?{<F()’0) —F(x"),yo—x) — ;/JHX—YOHZ}

xXex
< 0 since x*€ SOL(X,F)

* * * 1
< P00 =)+ max{ (F00) ()0 =) = ule=olP .

Term (C)

Since a’b < & HaH2 BlIb|)? for a,b € R", Term (C) < maxyex {2u IF(yo) — F(x*)||* + & lyo — x||* —
Ellx—yol?} = 2u |F (yo) — F(x*)||>. By Lipschitz continuity of F and the definition of g, we have that

* * L? * * L? *
< (F(x"),y0 —x >+*||yo—x I <g(vo) =5 |lx —y0||2+ﬂ||YO—x I

L? L?
= 50) + I~ *H (u _ 1) < g(0) + 800) (uz— 1) ~ relu). (15)

where the penultimate inequality follows from the strong convexity of g(yg) and g(x*) = 0. Furthermore,
using the definition of 7, we have the following bounds.

Kl o e ey (L VS (L L
Lty )Garw=rcty) ) Ga )
1 1 K—1 1 k 2 52
<o) B () (50)
¢ U) = K+1 Ny

o1 1\ K k (1 1 1
<2k(v? 477 <c+> y P <o+ ) <c+> e
B =0 (1-5) H e

k(24 72) <i+;> <(K+2)"(1+_1p)_1). (16)

By substituting (15) and (16) in (14) and by recalling that £ ||5x —x*||* < g(k), the result follows.

(ii) To obtain e-solution we need CqX < &, where C = 2C/ . Therefore, we need at least K > log, /a Cle=
llzifﬁ steps. From the definition of ¢, we have that log(1/q) = log(1 + +1) > 2;< > by recalling that
log(1+x) > 4 forx € [0,1]. Consequently, the iteration complexity is &(klog(C/¢€)) where C < 0'(k*(v?+

¥2)). Similarly, the oracle complexity can be computed as follows for p = ¢P and B>1:

log;;,C/e+1 pflogl/qc_'/?,fZ 1 pflogl/qé/sfl ch

k=0 Lp J l/p—l S ]_p p_pz(l/e) .
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Remark 2 Standard variance-reduced projection schemes for (SVIs) are characterized by an iteration
complexity bound of &(x? 1og(é)) while Algorithm 2 has a bound given by & (Klog(%)).

3 PROXIMAL SCHEMES FOR MONOTONE STOCHASTIC PROBLEMS

Monotone stochastic variational inequality problems have been examined extensively in the literature. In
monotone regimes, the best known result via variance reduction was provided by Iusem et al. (2017) where
it a suitably defined residual function provably diminishes at &'(1/k) when a stochastic extragradient scheme
is employed together with a variance reduction framework. We develop a new avenue for resolving SVIs
through a stochastic proximal point framework. We begin by summarizing proximal point schemes for
generalized equations in Section 3.1 and then extend and analyze a stochastic generalization in Section 3.2.

3.1 A Review of Proximal Point Schemes

Consider the solution of a generalized equation 0 € T'(u), where 7 : R” — R" is a set-valued maximal
monotone operator. A map 7 is said to be u-strongly monotone if there exists a p > 0 such that
(v—u)T(y—x) > ||y —x||>,¥x,y, where v € T(y) and u € T(x). Furthermore, if u = 0, this reduces to
mere monotonicity. Recall that the graph of a monotone map is defined as gph(T) £ {(x,y) |y € T(x)}.
Then T is a maximal monotone operator if no monotone map ¥ exists such that gph(7') C gph(¥). For
instance, the subdifferential map d f of a closed, convex, and proper function is a maximal monotone map.
The classical proximal point algorithm can be traced back to the seminal paper by Rockafellar (1976);
given a vector up € R", (17) generates a sequence {u} defined as follows:

1
0e T(ukﬂ)—i—z(ukﬂ—uk). 17)

Consequently, the resolvent operator of a monotone set-valued operator, denoted by J;(u), is defined as
J{ 2 (I4+AT)~'. Then we may state the update rule (17) as an update using the resolvent operator, i.e.

1
0= T(uk+1) + x(uk+1 — uk) <= [l/tk+1 = ]/{(uk)] .

Consider the generalized proximal point method, rooted in the seminal work by Rockafellar (1976), which
employs the following update rule (see Corman and Yuan (2014)):

1 = M5 () + (1= 1), (18)
which reduces to (17) when 11 = 1. We now define the Yosida approximation operator Tj as Tj = (1—171{)
It has been shown that if 7 is a monotone set-valued map and J{ denotes its resolvent, then Tj is A-
firmly non-expansive and %—Lipschitz continuous. Moreover, we have that from Corman and Yuan (2014),
Prop. 2.4) that for all A >0, 0 € T(«) < T (u) = 0. In other words, computing a zero of a generalized
equation is equivalent to computing a root of a suitably defined nonlinear equation. By definition of 7} (x),
we note that (18) can be recast as follows:

g1 = nJ; () + (1 — M) = we — 0 (ux — J5 (i) = we — ATy ().

In other words, the update is seen to be similar to a subgradient scheme, where the subgradient of f is
replaced by the Tj (u;) while the steplength is given by nA. We now reproduce the main rate statements
available for (18) in both monotone and strongly monotone regimes (see (Corman and Yuan 2014)).

T3 (wi)||> < €' ( k>0 ((Monotone), y € (0,2))

1)

= |> < pHluo—u|P, k>0, p2 |12

I+Aa|”

(St. Monotone), y € (0,2))
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3.2 A Stochastic Proximal Point Framework

Faced with an expectation-valued map 7' (u) = E[T (u, ®)], a direct application of (17) is impossible since
it requires exactly evaluating the resolvent J{ of an expectation-valued map. Consequently, contending
with such problems requires inexactly evaluating the resolvent JlT; in effect, we compute a noise-afflicted

variant of Ty (), given by Ty (ux) +wy, where E[||wi||?] < ¥, utilizing update rule (19).

V2
Ne
Uk+1 :uk—nl(T,l(uk)—f—wk). (19)

Our goal lies in inexactly computing J{ () when T (u) corresponds to the generalized equation reformulation
of a variational inequality problem. Specifically, x is a solution to (1) if and only if

0T (x) 2 F(x)+ M ().

where Ay (x) refers to the normal cone of X at x. is defined as T(u) = F(u) + .Ax(u), where A (u)
is normal cone of X. Recall that when F is a single-valued monotone map, F(x)+ .#x(x) is maximal
monotone (see (Facchinei and Pang 2003)), allowing for applying the proximal point framework. Hence,

e =Jj () <> 0€ (F+1D)(gf) — juk + Ax () <= z; € SOL(X,F + 71— 3u),

where SOL(X, H + u) denotes the solution set of variational inequality problem with set X and mapping
F(x) +u. It can be immediately seen that if F is a monotone map, then F + %I isa %—strongly monotone
map. In this section, when F' is a monotone expectation-valued map, we develop a proximal framework of (2)
reliant on solving a sequence of strongly monotone stochastic variational inequality problems, each of which
is solved with increasing exactness. Solving (2) is equivalent to resolving 0 € T (x) = E[F (x, ®)] + Ax (x).
We employ a stochastic proximal point framework described in Section 3.2, formalized in Algorithm 2.
We proceed to show that the scheme admits a convergence rate of ¢(1/k) where at each step of (19), we
obtain an increasingly accurate solution of J{ (ux) by running Algorithm 1 for a finite (but increasing with
k number of iterations denoted by /.

Algorithm 2 ( Proximal-point Algorithm with Variable Sample-sizes (PPAWSS)).
(2.0) Givenup€ X, A >0andlet n € (0,2), k=0;
(2.1)  Run VS-Ave(F + 1 /AL —1/Aug,yo, 1 /A, L+1/A,4);
(22)  zw =Yy
23)  wer =N+ (1—1)ws
(24) If k> K, then stop; else k = k+ 1; return to (1);
(2.5) Return ug.

In the following theorem, we state the convergence result for Algorithm 2.

Theorem 3 (Convergence rate of Stochastic Proximal Point Scheme (PPAWSS)) Suppose {u} is a
sequence generated by Algorithm 2, T is defined as 7' (x) = E[F (x, ®)] 4+ 4% (x), and T denotes the Yosida
approximation operator. Suppose Assumptions 1 and 2 hold. Let ¢, = |2log; /,((1+4)%)] for any a > 1
and e; = %(J;L (xk) — zk)-

(i) For any A >0 and K > 0, the following holds:

C 2cnC
E[|T; < =0(1/(K+1)),
where C is defined in Theorem 2, C £ 2+ 2a1_1 + 2(205711)((171)’ and

200 —1 o—1

2
C 2 |lug —u*|[? +6Cn A <1 + > +21]|uo — u* | V2CA <1+ocl—1> +4Cn2A <1+ 1) .
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(ii) Suppose an g-solution uy is defined as E[||T (1) ||*] < €. Then computing an €-solution requires solving
0 (L1og (1)) proximal problems and €'(1/€)!*2*F evaluations of the map.

Proof. (i) Let ifx.1 = ux —NATy (uy). By invoking the definition of J{, we have that:
(Ty. (1) = Ty, (u2),u1 — uz) = (Ty, (1) — Ty (u2), ATy, (ur) = ATy (2)) + (Ty, (ur) — Ty (u2), T, (ur) = J} (2))
= M Ty (ur) = Ty (w2) [IP + (To. (1) — Ty (u2), I, (ur) — J} (u2)). (20)
Using the definition of i, (20) and by recalling that 7) (1*) = 0, we get
i1 —u|1* = Nl — u* = AT () |[|P = (g — >+ 07 A2 Ty () |1 = 20 AT (), e — u*)
= e =P =2 =)Ao (we) > — 20 A (Ty (), I (uie) — I (u*))

>0,T, (Mk)ET(Jl (uk)), Tis monotone

<l — [P = 12 = A T (1) @1
<InAe '
—N—
s o — o) < N — ]+ Tt — ] < o —u* |+ 02 Y. e (22)
i=0

Since ||i 1 —u*|| < ||uo — u*|| + A XX, |lei]|, we have the following.

et r — w2 <l =0 |1P + o r = i 17 + 2l et — | oo 1 — | (23)

(21),(22) k
e — ™[> = (2 = M)A || Ty, (i) [|> + 02 A3 |ex||” + 20 A e | (IIuo —u*|+n1 Y] Iez'||> :

i=0

Summing (23) from k£ =0 to K and taking expectations, we have the following.

K
nQ2-mA% Y (17 (u) ]
k=0
2 2 = 292 2 u
< luo — u||* = llugsr —u*[* + ) (Tl A2Jlex]|* +2n A lecll { lluo —ul|+1A Y [le]
k=0 i=0

K
n2- n)/lzl;)EHlTx(uk)IH

K K
< Jluo —u* > + 1A% (ZE [\ek!!2]> +2n A Jug —u”| (ZMH@H]) +2n*A°E
k=0 k=0

(éé)uejurueiu)] .

If %; 2 {up,...,u;}, then from the law of total expectation, we know that for all j < i, E[||e]||le;]|] =
E [E [Heiuueju | g?,“ - [||e,~||uz [|\e,.|| | 9;” Hence the following holds:

K K K
n2- n)/IZI;)EHITA(uk)H] < Jluo —u* >+ 1A% (;}E[Ilek\zo +2nAlJuo — || (%MH%II])

K K i—1
+20°A%E | Y el +20°A7 Y T E[lleslIE [llei] | 5] ] (24)
k=0 i=0 j=0

K K K i—1 .
= [luo — u* >+ 37122 (2 Ewek||21> + 202 fluo o] (2 EMekm) +20°22 Y Y Elles 1B [l 1 5]

k=0 k=0 i=0 j=0
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From Theorem 2, E[[|ex||?] < X g’ < £ (k+1) 2%, since {; [21og; /,((1+k)%)] forany & > 1. Therefore,

X 2c K (K+1)172% 1
a o2 / 20, \ _ 2 <2 _
2 /1 (k+1)72* < X <1+ ; (x+1) dx> ) (1+ Y >_ T (1+2a_1> (25)

Now by substituting (25) in (24) and by Jensen’s inequality, we obtain the following.

. 1
>+211||u0—u IV2CA (1+2a_1>

K
N2 —m)A2Y BT ()] < llto — u* |2 + 6CA (1 n

= 201

2 K
+4Cn>A <1+2 ! 1) 2C = n2-mMA Y E[|Thw)]] <C. (26)
k=0

Since || Ty (ur+1)|| = [|Ta (uk+1) — Ty (ur) + Ty, (ux) ||, the following holds:
1T (e )P = 1T () 1P+ T Gaaesr) = T Qa2 +2 (T (1) — T ()" T )

2— 2
< 1T () |* ~ TnHTl(”kH) = T (ug) P + o 1T () = T (sl [ A e

n
5 llexll?

2— 2—
<173 () > - T”nn(ml) =T )|+ = T ) = Ta )|+ 57

< NT )P+ 5 e

2-nm
where the first inequality arises from adding and subtracting %HT,I(ukH) Ty, (u)||* and the Cauchy-

Schwarz inequality while the second inequality follows from Young’s inequality. Summing from k = to
K, E[||T; (ux)||?] < E[||T; (un)]]?] + %ZsznE[HekHz]. Using inequality (26) we obtain the following

K K K—1
E>n@-mA2 Y BT woll > n2—mA® [ (K+ DE(T o)l - =1~ Y ¥ ElleIP. ]
k=0 C-n) &=
~ K K—1
— BTy ()] < ¢ Y Y Rl

n2-mA(K+1)  2-mE+1) 5 5
Using the fact that E[|je||* < 2 (k+1)~2%, the following can be obtained:

¢ 2 KKL o
BT 0l e T @A 4 5 VD

Note that for any o > 1 we have that:

K—1

K K1 o K+1 K+l e iy K=l ra
Y Y (i+1)7 g/o /0 (x+1)2 dxdygl;)((kJrl) 2 +/k (x+1)2 dx)

k=0 j=k

i k+1)" 2a1_1 ((k+1)t2% — g'72%)

K—1 1 K—1
< 1+/ (x+1)"2%x+ 1+/ (x4 1)1 2%dx
0 200 — 1 0

=2t 2a1— 1 22a= 11)(a_ N E[|| T3 (ux)[?] < 6(1/(K +1)).
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(ii) We showed that there exists a constant C where || T} (ug)||*> < C/(K +1). Hence the minimum number
of steps to obtain £-solution can be computed as follows for p = ¢? where B > 1:

Cle Cle o Cle+l  2¢ _ _
< < < .
];)Ek_lg)Zlogl/q(l+k) _/0 og 1/ log(1 +x)dx< 1/ ((C/e+2)log(C/e+2))

The oracle complexity in terms of the number of evaluations of G(x,&) can then be bounded as follows:

DRI Sy /PPy (@4 Cje)
k=0 s= k=0 I/p-1 — = 1-p ~ 1-p (I—p)(1+2ap)

4 NUMERICAL RESULTS

In this section, we compare our scheme with the extragradient scheme presented by Iusem et al. (2017)
on the following stochastic bimatrix game problem:

min max .Z(x,y) = E[{A(E)x,y)], (27)

XEA, YEA,
where A, is an n-dimensional simplex. We may recast this saddle point problem (27) as an SVI to find

7.7
z=(x,y) € A, X A, such that [Ii(f()g )ﬂ (z—2) >0, for all 7€ A, x A, Suppose the total simulation
budget is 1e7, n = 20, and m = 10. Table 1 shows that for different choices of Lipschitz constants (L),
our scheme compares well with the extragradient scheme proposed by Iusem et al. (2017). Note that we
computed the optimal solution in (27) by solving the sample-average problem using 1e6 samples via cvx.
Steplength and sample sizes have been chosen as suggested by Iusem et al. (2017), n <1/ (\@L), and
Ne = [0(k+pu)In(k+ p)'*?], where 8 =1, b=10"3 and u =2+ 1073, In the (PPAWSS) scheme, we
setn=1and N, = |p¥], where p =¢ B, g=1—(1/(x+1)) and B = 1.001.

Table 1: Comparing (PPAWSS) scheme with extragradient method for SVI.

|20k, yk) = L5y
Lipschitz constant (L) A PPAWSS “ Extragradient
7.05 3500 | 6.4576e-05 1.2697e-04
70.5 1200 | 3.5218e-04 7.1742e-04
705 40 2.5911e-03 6.0048e-03

It can be seen in Table 1 when L increases, a smaller A tends to perform better since the subproblem
in line (2) of (PPAWSS) is strongly monotone with condition number A (L+ 1/A); therefore to manage
the condition number, we reduce A.

5 CONCLUDING REMARKS

We developed two variable sample-size methods to resolve strongly monotone and monotone SVIs, respec-
tively. In the former setting, a linear convergence rate and near optimal oracle complexity are obtained
with a more modest dependence on the condition number for an averaging-based variance-reduced scheme
(VS-Ave). In monotone regimes, we develop amongst the first proximal point algorithms with variable
sample-sizes (PPAWSS) where strongly monotone subproblems are solved with increasing inexactness
via (VS-Ave), achieving the canonical deterministic rate. Finally, numerics suggest that proposed scheme
compares well with its extragradient competitor.
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