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Abstract

This paper focuses on non-monotone stochastic variational inequalities (SVIs) that may not have
a unique solution. A commonly used efficient algorithm to solve VIs is the Popov method, which
is known to have the optimal convergence rate for VIs with Lipschitz continuous and strongly
monotone operators. We introduce a broader class of structured non-monotone operators, namely
p-quasi-sharp operators (p > 0), which allows tractably analyzing convergence behavior of algo-
rithms. We show that the stochastic Popov method converges almost surely to a solution for all
operators from this class under a linear growth. In addition, we obtain the last iterate convergence
rate (in expectation) for the method under a linear growth condition for 2-quasi-sharp operators.
Based on our analysis, we refine the results for smooth 2-quasi-sharp and p-quasi-sharp operators
(on a compact set), and obtain the optimal convergence rates.

1. Introduction

Recently, the framework of variational inequalities (VIs) has attracted much attention from re-
searchers due to the wide range of its applications. A VI problem results when generalizing a
variety of optimization problems, including those involving constraints, min-max optimization, and
more general non-zero sum games. The adversarial approach in machine learning (ML) is yet an-
other motivation behind the recent interest in stochastic VIs which allows modeling stochasticity in
training.

In ML applications, including optimization of deep neural networks or generative adversarial
networks (GANSs), a large condition number associated with the operator is a key source of slower
convergence rates [13]. When the condition number of the operator, defined as the ratio of the Lips-
chitz constant to the strong monotonicity constant, is large, it has been observed that the projection
method is slower than Popov and EG algorithms [1]. Furthermore, while both Popov and EG meth-
ods have the same theoretical upper bound on the number of iterations for monotone operators ([3],
[7], the Popov method requires only one oracle call per iteration, while EG requires two. For these
reasons, we focus on the Popov method.

Most results on the last iterate convergence of first-order methods for the stochastic VI involve
strong monotonicity. Weak sharpness, a weaker condition than strong monotonicity, is widely used
to show convergences in optimization and monotone VI problems [11, 17]. But in many real-
life applications (e.g., GANs where both the discriminator and generator usually are nonconvex
deep neural networks), the resulting VI is not monotone. To address this issue, we present a broad
class of structured, non-monotone, constrained VIs with non-unique solutions, called p-quasi-sharp.
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Figure 1 visualizes the relationship between our newly introduced class of operators and the existing
ones. For this setting, we now summarize our contributions.
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Figure 1: Relations between different operator classes and the new class of p-quasi-sharp operators.

1.1. Our contributions

We summarize our contributions on the last iterate convergence guarantees of stochastic Popov
method for constrained non-monotone stochastic VIs with non-unique solutions (see also Table 1).
A key feature of our analysis is the use of a new type of non-monotone VIs with special oper-
ators, termed quasi-sharp. The class of monotone and weak-sharp operators is contained in the
class of quasi-sharp operators (see Figure 1). Moreover, when the VI solution is not unique, the
quasi-sharpness is a weaker condition than that of quasi-strong monotonicity. Also, we presented
an example of an operator that satisfies p-quasi sharpness, is not monotone, and does not satisfy
previously considered assumptions.

Our main contribution is proving almost sure (a.s.) convergence when the operator is assumed
to have a linear growth and quasi-sharpness. The class of linear growth operators includes Lipschitz
continuous and bounded operators. We prove a.s. convergence of the iterates to a solution, which
is a new result for this setting in contrast with the existing results showing only the convergence of
the iterate distances to the solution set. To the best of our knowledge, this is the most general result
on a.s. convergence of the stochastic Popov method.

Our second main contribution is in deriving the first known last iterate sublinear convergence
rates for linear growth operators under the quasi-sharpness assumption with p = 2. Also, leveraging
results from [16] we obtained O (C? Ry exp (—p?K/C?) /u* + 0 /u? K) when the number K of
iterations is known in advance. We then refine the analysis to Lipschitz continuous operators and
obtain O (LRg exp (—uK/L) /pu+ 02 /p*K) convergence rates. This rate also holds for the quasi-
strongly monotone setting wherein we recover the result in [4] for unconstrained finite-sum VIs.

Finally, we focus on convergence rates under quasi-sharpness with p < 2. We derive rate bounds
for the VIs with a compact constraint set and a continuous operator. In this setting, we can verify
a linear growth condition and thus obtain asymptotic convergence. We obtained the last iterate

convergence with O <R0 exp (—K) + (0% + DQ)MLQ,(z_p)//ﬂK) rates.

1.2. Related Work

There are many works on convergence results of first order method for monotone SVI, including[8-
11, 17]. Recently, quasi-strong monotonicity was introduced in [12] to establish last iterate conver-
gence rates of projection and consensus methods for unconstrained SVIs with unique solutions. For
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Assumptions on operator F'(-) Rates
|F(uw)]| < Cllu|l| + D, p € (0,00) | Asymptotic Convergence (Our Thm 1)
2
|F(u)|| < Cllull + D, p=2 Cr Roexp|— 7 K] + %7 (Our Thin 2)
Lipschitz continuous, p = 2 M‘;—K [8]

L 2
Roexp[— £ K|+ ,’57 141

ﬁRo exp[- £ K]+ 5% ((zg T};m 3)
2 2 —P
|F(uw)]| <D, p<2 Ro exp[—K] + (P4 DMy (Our Thm 4)

u2K

Table 1: Summary of the best known and our results on convergence rates of stochastic Popov method for stochastic VIs under
p-quasi sharpness assumption (see Assumption 3). Convergence rates are obtained for the case when the number K of
iterations is given and fixed. When the number K of iterations is not given, then the uniform upper bounds on the error
after k iterations are O(1/k) in all cases. Paper [8] provides a convergence rate only for strongly-monotone unconstrained
SVIs, while [4] has a convergence rate for finite-sum unconstrained VIs.

the same setting, both [6] and [4] studied EG and Popov methods, respectively, under a quasi-strong
monotonicity condition and derived O(L Rg exp|—uK/L]/p + 02 /u? K) convergence rates.

We consider constrained SVIs with non-monotone operators under linear growth; we also do
not assume uniqueness of the solution. The rest of the paper is organized as follows. In Section
2, we introduce a general VI problem and provide our assumptions. In Section 3, we present our
main results on the last iterate convergence and provide convergence rates. We present discussion
in Section 4. Also, we present experiments on Popov method for p-quasi sahrp operators with linear
growth in Appendix D.

2. Variational Inequality Problem

A variational inequality problem is specified by a (nonempty) set U C R™ and an operator F'(-) :
U — R™, and denoted by VI(U, F'). For U = R™, we obtain an unconstrained VI. The variational
inequality problem VI(U, F') consists of determining a point ©* € U such that

(F(u*),u —u*) >0 forallu € U. (1)

The solution set for the VI(U, F') is U* = {u* € U | (F(u*),u —u*) >0 forallu € U}.

We focus on a stochastic variational inequality problem (SVI(U, F)), corresponding to the case
when the operator F'(u) = E[®(u,§)] for all w € U, where £ is a random vector. For such a
problem, we consider a stochastic variant of the Popov method [15] defined by:

wpt1 = Pu(up — o ®(hi, &),  hiyr = Pu(upsr — app1®(hg, &), (2)

where oy, > 0 is a stepsize, and ug, hg € U are arbitrary deterministic points'.
Regarding the stochastic approximation error ®(hy, &) — F'(hy), we assume that it is unbiased
and with a finite variance, formalized as follows.

Assumption 1 The random sample sequence {&;;} is such that for some o > 0 and for all k > 0,

E[®(hk, &) — F(hx) | hi] = 0, E[|® (hy, &) — F(hi)|I* | hi] < 0.

1. The results easily extend to the case when the initial points are random as long as E[||uo||?] and E[||ho||?] are finite.
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Regarding the VI(U, F'), we will assume that the set U is closed and convex. We will also
assume that the solution set U* is nonempty and closed. Our first assumption is a linear growth
property defined below.

Assumption 2 The operator F(-) : U — R™ has a linear growth on the set U with C' > 0 and
D>0:
|F(u)|| < Cllul| +D  forallueU.

An operator F'(-) is bounded on the set U if the preceding linear growth condition is satisfied
with C' = 0. A continuous operator has a linear growth over a compact set U. Moreover, when
operator F'(-) is Lipschitz continuous over the set U, then it has a linear growth on U. Additionally,
we consider the p-quasi sharpness property which captures the behavior of the operator with respect
to the solution set U*.

Assumption 3 The operator F () : U — R™ has a p-quasi sharpness property over U relative to
the solution set U*, i.e., for some p > 0, y > 0, and for all w € U and all u* € U*,

(F(u),u—u*) > pdist? (u,U"). 3)

When p = 1, quasi-sharpness property is weaker than weak-sharpness and monotonicity considered
in [17], [11]. When p = 2, the 2-quasi sharpness property includes the quasi-strongly monotone
property, which has been used in [12], [6] to analyze the convergence of stochastic gradient and
extra-gradient methods. We note that an operator can posses p-quasi sharpness property but need
not necessarily be monotone. Leveraging this property, we can show convergence results for non-
monotone SVIs (and VIs). Next, we present an example of operator that satisfies p-quasi sharpness
and does not satisfy previously considered conditions. We rigorously prove the below observations
in Appendix A.

with p > 0.

. p—1 <
Example 1 Consider operator F(u) = ¢ sign(un)|ua [+ uz] ,c= { 2 fJull <1

sign(uQ)|uQ\p71 —u 1, U,H >1
Then F' is p-quasi monotone with i = 2>7P and has a linear growth for p > 2. However, F
is not monotone and, for any p € [1,2) U (2, 00), it does not satisfy positive co-monotonicity or
quasi-strong monotonicity conditions. In addition, operator F' is not Lipschitz continuous.

3. Last Iterate Convergence Analysis
In this section, we present our convergence analysis of stochastic Popov method for solving for

SVI(U, F).

3.1. Almost Sure and in-Expectation Convergence

In this section, we establish almost sure (a.s.) convergence of the stochastic Popov method for
SVI(U, F) assuming that the stepsize is diminishing.

Assumption 4 The positive sequence {ay, } is such that

ag > 0forall k, Zak:oo, Zai<oo. 4)
k=0 k=0
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The following theorem shows a.s. convergence of the method when the operator F'(-) has a
linear growth and the p-quasi sharpness property. Unlike [17] and [11], our result neither requires
monotonicity of the operator F'(-) nor compactness of the set U. Instead, it relies on the linear
growth condition and the p-sharpness property of the operator.

Theorem 1 Let Assumptions 1, 2, 3, and 4 hold. Then, the following statements hold the iterate
sequences {uy} and {hy} generated by the stochastic Popov method (2):

(a) The sequence {uy} and {hy} converge almost surely to some u € U, where @ is a solution
as., e. PlueU*) =1

(b) The sequences {E|||ux||?]} and {E[||ht||?]} are bounded.

(c) If the solution set U* is bounded, then the sequences {uy} and {hy} also converge in expec-
tation, i.e.,
lim Eflup —all’] =0,  lim E[|hs — al]*] =0,
k—oo k—o0

In the existing works on the stochastic first-order methods, such as EG and projection methods
for quasi-strongly monotone operators [6], [12], there are no results on a.s. convergence of the
iterates to a solution, except for the case when the solution set U* is a singleton. Our Theorem 1
shows that such a.s. convergence results are possible even when the solution set U™* is not necessarily
a singleton.

3.2. Convergence Rates

Here, we present convergence rate results for the stochastic Popov method when the operator F'(-)
has p-quasi sharpness property with p < 2.

Operator F'(-) with 2-quasi Sharpness Property

To achieve exponential decay in stochastic part of the convergence rate and sublinear rate in
stochastic part we use Lemma 3 of [16] and the stepize choice given in the proof of that lemma,
namely, for any given K > 0, the stepsize o, 0 < k < K is given by

1 d d
ap = — ifK§0r<K>andk:<ko>,
d a a

) 5)

d
ap = if K > — and k > ko,
b a(%i—Fk‘—k‘o) a =

where ko = (%} and d > a > 0. Our convergence rate estimate with such a stepsize selection is
obtained assuming that the solution set U* is compact.

Theorem 2 Let Assumptions 1, 2, and 3 with p = 2 hold. For a given K > 1, let the stepsize ay, be

given as in (5) with a = &§ and d satisfying d~! < min { } where the constant C > 0 is

1 4
288C2° 9
from the linear growth condition (Assumption 2). Then, the following relation holds for the iterate
sequence {uy} generated by the stochastic Popov method (2) for all K > 1,

64d (K —1) 144c
E[dist?(ug 1, U*)] <—rie” 4@ + ——)
p P (K —1)
where r1 = E[dist?(u1, U*) + ||ho — u1]|?], ¢ = 1202 + 2D? 4 12M2, and M is an upper bound
for the norms of solutions u* € U*, i.e., ||u*|| < M forall u* € U*.
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As noted earlier, a Lipschitz continuous operator F'(-) on the set U with a Lipschitz constant
L satisfies a linear growth condition with C' = L and D = L||/| + ||F(«)|| where v’ € U is an
arbitrary but fixed point. Thus, Theorem 2 applies with C' = L to such an operator. By directly
applying Theorem 2 to a Lipschitz continuous operator, we would obtain a convergence rate estimate
L262
WK

for some positive constants C; and Cy independent of L and .

. A B 26
However, a better convergence rate result can be obtained of the form %Cle ok 4 22(;{2 ,

positive constants C and C are independent of L and ;.. We establish such an estimate by directly
exploiting the Lipschitz continuity of the operator, which also allows us to relax the boundedness
assumption for the solution set U* imposed in Theorem 2, as seen in the following theorem.

2 ~ _ kB
of the form %Clne R

where the

Theorem 3 Let Assumption 1 hold, and assume that the operator F(-) is Lipschitz continuous
over U with a constant L > 0 and satisfies Assumption 3 with p = 2. For any given K > 1, let the
stepsizes oy, be defined by (5) with a = p and d > max {2\/§L, u}. Then, the iterate sequence
{uy} generated by the stochastic Popov method (2) satisfies the following inequality for all K > 1,

32d p(K—1) 43252
E [dist?(upsq, U*)] < ==rje” 2¢ 4+ ——n
[dist e, U] < = 12(K —1)

where r; = E [distQ(ul, U*) + ||ho — u1]?].

Operator F'(-) with p-quasi Sharpness Property Here, we establish a convergence rate result
for the SVI(U, , F'(-)) with the operator F'(-) that has p-quasi-sharpness property with p < 2. For
this result, we assume that the set U is compact.

Theorem 4 Let U be a compact convex set, and the constants My > 0 and D > 0 be such that
|lu—u'|| < My forallu,u' € U and || F(u)|| < D forallu € U. Also, let Assumptions 1 and 3 with
p < 2 hold. Then, for the iterate sequence {uy} generated by the stochastic Popov method (2) the
following statements are valid. For any K > 1, let the stepsizes oy, be given by (5) with a =

and d = 22”,;7. Then, we have for all K > 1,
U

2 b
-p
MU

L) 432(0% + 2D?) M)
E[dist?(u 11, U*)] < 64E[dist? (uy, U*)]e™ "5 + (U l;( K _)1) -

4. Discussion

We have considered non-monotone SVIs under linear growth condition on operators when the solu-
tion set is not necessarily a singleton. The class of operators with linear growth includes Lipschitz
continuous and bounded operators. Focusing on the convergence of the stochastic Popov method,
we have proposed a broad class of structured non-monotone VIs called p-quasi-sharp, which gener-
alizes the weak-sharpness condition for monotone VIs. We have proved the a.s. last iterate conver-
gence to a solution for the Popov method under p-quasi-sharpness condition for all p > 0. Among
all existing results on a.s. convergence of the Popov method, ours is the most extensive. More-
over, we showed the optimal convergence rate of the Popov method for Lipschitz continuous and
2-quasi-sharp operators.
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Appendix A. On p-Quasi Sharpness

We provide proof that operator from the Example 1 is p-quasi sharp and has linear growth. More-
over, such operator does not satisfy assumptions typically studied in the existing literature.
Proof Firstly, we find solution set of variational inequality VI(R2, F). Since U = R?, a solution u*
of VI(R?, F') must satisfy F'(u*) = 0. Let u* be an arbitrary solution, then sign(u?)|u}[P~!+u} = 0
and sign(u3)|us[P~t — u} = 0. From the first equality it follows that sign(u}) = —sign(u}), while
from the second inequality it follows that sign(u3) = sign(u?). Hence u} = u} = 0, and VI(R?, F)
has a unique solution u* = (0, 0).

Moreover, this operator has p-quasi sharpness property with p > 1 and p = 2'7P. To see this,
let ||u|| > 1. Then, we have:

= ([t ][] - )
= wy|P + |ug?

> ol-p (lu1] + |uz])?  Jensen inequality for a convex function | - |P since p > 1

P
> ol-p <m) dueto || - || > | - |2 and monotonicity of | - |

= 217Pdist? (u, U™).
(6)
In case when ||u|| < 1, the arguments are the same and we get (F'(u), u — u*) > 227Pdist? (u, U*).
Moreover, it can be shown that operator F'(-) is not monotone for p > 1. Consider two points

u = (u1,u2)’, where u; = 0,uy = 1, and v = (v1,v2)’, where v7 = 0,09 = 1 + 75(;_1). Then,
F(u) = (2,2),and F'(v) = (1 + ﬁ, (1+ 5(p1_1))p*1)’, and we have
N 0
(F(u) — Fv),u—v) = ZRIN B
2=+ 5| 5o
1 1
- 214 — !
-0 o))
1
<———(2-€"Y) <0
5(p — 1)( )

where the inequality holds since (1 + a/z)* < e®.

Next, we show that F' is discontinuous at u = (0, 1)’. Consider v, = (0,1 + 1/k)’ and notice
that as k — oo, vy — u, but limg_,o ||F(u) — F(vg)|| = v/2. Hence, F is discontinuous at
u = (0,1)". Now, we show that operator F' has linear growth for p < 2. In case when ||u| < 1,
|E(u)|| = 2+/(sign(ur)|ur[P~1 + ug)? + (sign(ug)|uaP~1 —u)? < 2v/22+22 = 44/2. For
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l|lul > 1:

Pl = 1| |+ Sttt

—uy sign(ug)|ug[P~1

sign(u1)|ul\p*1
suu||+u[ | }n

sign(ug |u2|p_1

< Jlull + v/ (lua =12 + (Jua|r=1)2

< lu| + \/u? +u3 +2

< 2|jul| + V2.

(N

Combining these two cases, we obtain that || F(u)|| < 2||u|| 4 4v/2 for all u € R2,
Finally, we show that F’ does not satisfy quasi-strong monotonicity for any p € (0,2) U (2, 00).
To arrive at contradiction, we assume that F' is quasi-strong monotone with x4 > 0. Then, for all
u € R?
(F(u),u— ") > pllu— ||

Consider u = (u1,0). Similar to the derivation in (6), we can see that
(F(u),u—u*) = c(fur]’ + [uz]’) = clua|.

Since ||u — u*||?> = ||ul|?> = u?, the quasi-strong monotonicity would imply that the following
inequality holds for p > 0 and p # 2, and for any u; € R,

C’Ul |P 2 ,U,’U,%,

which is a contradiction. |

Appendix B. Almost Sure and in-Expectation Convergence

In our analysis of the Popov method (2) we use the properties of the projection operator Py (+) given
in the following lemma.

Lemma 5 (Theorem 1.5.5 and Lemma 12.1.13 in [5]) Given a convex closed set U C R™, the
projection operator Py (+) has the following properties:

(v—Py(v),u—Py(v)) <0 foralluecUwvecR", (8)
[u — Py(@)|* < [lu—v|* = v = Py(0)|*> forallu € UveR™, ©)
| Py (u) — Py()|| < |lu—v| forallu,v e R™. (10)

10
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B.1. Basis Lemma

We first provide a lemma presenting the main inequality for the iterates of stochastic Popov method (2)
without any assumptions on the operator. This lemma is the basis for all the subsequent results.
Lemma 6 can be further refined for different types of operators, such as Lipschitz continuous and
operators with linear growth.

Lemma 6 Let U be a closed convex set. Then, for the iterate sequences {uy} and {hy} generated
by the stochastic Popov method (2) we surely have for all y € U and k > 1,

gt — yl* < llue — yll* = lupsr — Pl = [luw — hiel)?
— 2ag (e + F(hg), hi, — y) + 60z |lex—_1]?
+ 603 || F(hi) — F(hie-1)|I” + 60 lex)?,

where e, = ®(hy, &) — F(hy) forall k > 0.

Proof Let k > 1 be arbitrary but fixed. From the definition of uy_ 1 in (2), we have ||ug41 — y||? =
|| Py (up — ap®(hg, &) — y|| for any y € U. Using the inequality (9) of Lemma 5 we obtain for
any y € U,

g — ylI? < JJug — an® (b, &) — ylI? = g — cn® (g, &) — wpsr ||

= Jlue — ylI* = luesr — wel® — 200 (@ (hie, &k ) w1 — ).

(1)

We next consider the term ||ug1 — uy||%, where we add and subtract hy,, and thus obtain

g1 — wel® = (wegr — hae) — (w — )2

=|lugs1 — hwll® + luk — hil|® — 2(u — by, ups1 — hy)
=|lupr1 — hiel|* + lug — hal|* = 2(up — ap®@(hg—1,Ee—1) — hgey w1 — hu)

— 200 (P(hg—1, k1), Ukg1 — hi),

(12)
where the last equality is obtained by adding and subtracting 2 (P (hg—1,k—1), ug+1 — hg). Next,
we use the projection property (8) of Lemma 5, where we let v = ug, — 2a,.P(hg—1,8k-1), u =
ug+1, and hy, = Py (v) (which follows by the definition of Ay in the method (2)). Then, it follows
that

(up — ax®(hp—1,&k—1) — hi, ury1 — hy) < 0. (13)
Therefore,
g1 — url|® > ugsr — hell® + lluk — hul|* — 200 (P (hge—1, E—1)s wps1 — hg) (14)
Combining (11) and (14) we can see that for any y € U,

lur = yll® <lur = yll* = llurrs = Pall® = flur = heell® = 200(@ (i, &k, wrs1 — hae)
— 20(P(hi, &x)s hie — y) + 200 (P (Pg—1,Ep—1), U1 — ha)
=llux =yl = llursr — hall® = lux — hel|* — 200 (D (hi, &), b — y)
+ 20 (P (hi—1,Ek—1) — PPk, §k), uk+1 — D).

15)

11
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To estimate the last inner product in (15), we write

(P(hr—1,&k—1) — P(hrs &) ukt1 — hi) < (| P(hr—1,&k—1) — P(hs &) || |wns1 — huell-

From the definitions of w1 and hyyq in (2), we have ug1 = Py(ur — ap®(hi, &) and hy, =
Py(ug — a®(hg_1,&k—1)). Thus, by using the Lipschitz property of the projection operator (see
relation (10) in Lemma 5), we obtain ||ug+1 — hi| < al|®(hk—1,8k—1) — P(hg, &k)||, implying
that

(D (hg—1, 1) — P (P &)y uperr — ) < ]| @ (hg—1, Ep—1) — D (R, &) |-

Upon substituting the preceding estimate back in relation (15), we have that
lursr =yl <lluw =yl = luksr = ball® = llux = hall® = 200 (@ (i, &), e — )
+ 203 @(hi, €k) — @ (hi—1, &)1

In the last term of (16), we add and subtract F'(hy) and F'(hy_1). Recalling that e, = ®(hg, {)—
F(hy), we obtain

1 (hes&ie) — (hi—1, Ee—1)|1?
= (@ (i, &) — F (i) + (F(hg) = F(h—1)) + (F(h—1) — @(hg—1, &-1))|I”

(16)

< 3| (A, &) — F(ho)|I” + 3 F(hw) = F(h—)|” + 3| F (hi—1) — @ (hpe—1, &) ||
< 3||F(hy,) = F(hi—1)|I” + 3(llex]|* + llex—1]),
an
where the first inequality follows from (3" a;)? < m Y %, a?, which is valid for any scalars
a;, 1 = 1,...,m, and any integer m > 1. Combining relations (16) and (17), and using e, =
O (hy, &) — F(hy), we obtain the desired relation:
1 =yl <lluk =yl = llurgs = bl = lluk = hill® = 200 (e + F(he), hie = ) (18)
+ 60| F (hi) = F(hi-1)l|* + 6 (llex* + lex—1]*)-
[

B.2. Linear Growth Condition

In the following lemma, we refine Lemma 6 for the case when the operator F'(-) has a linear growth
(see Assumption 2). The part (a) of the following lemma gives a suitable relation for our conver-
gence rate analysis of the method (2), while part (b) is used for establishing almost sure convergence
of the method.

Lemma 7 Assume that U is a closed convex set and that the operator F(-) : U — R™ has a linear
growth on the set U. Then, the iterates uy, and hy, of the stochastic Popov method (2) satisfy the
following relations:

(a) Forall y € U and forall k > 1,

g1 — yl* <lluk — ylI? = Jwrer — Pall® = lue — bl — 200 (e + F (i), by — y)

+ 2405 C ([l |* + 11 [I*) + 60 (llex]® + lex—1]|* +4D%);
(19)

12
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(b) Forally € U, z € R™, and forall k > 1,
ka1 — yll* <llur — yll* = [luwsr — Pall® = llue — hill* — 2an(ex + F(hi), hie — y)
+ 71205, C° (||, — wl|® + [lug — b1 |1* + 2[|ur — 2[1%)
+ 60 (llex? + llex—1l* + 4D* + 24 2]1);

(20
where e, = ®(hy, &) — F(hy) forall k > 0.
Proof Letk > 1 and y € U be arbitrary. By Lemma 6, we have
lurr1 = yll* <lluk = ylI* = llwrrs = hell® = lur = hell* = 200 (ex + F(hi), hi — y) 2
+ 60| F(hi) = F(hi—1)|I* + 6 (llex” + llex—1]).
Using (3°1%, a;)? < m >, a2, which is valid for any scalars a;, i = 1,...,m, and any integer
m > 1, to estimate || F'(hy) — F(hg_1)|%, and the linear growth of operator F(-) we obtain
1F (hi) = F(hi—1)|” < 2| E(h) | + 2|1 F (hi—1) | )

<ACP([[hll? + -1 ]|?) + 4D2,

By substituting the preceding estimate back in relation (21) we arrive at the relation in part (a).
To obtain the relation in part (b), for ||h || we write

il = 1Ry, — wr) + (ug, — 2) + 2|

where z € R™ is arbitrary. Using (3°1%; a;)> < m Y it a?, with m = 3, we find that

1wl < 3 (e = well® + llug — 2017 + [1]1?) -
Similarly, we can see that

1P l” < 3 (hr—1 — ull® + lur — 2[1* + [|2]]) -
Therefore,
1k lI? + Rk < 3 (g — wrll® + [1ha—1 — wel® + 2[jux — 2[1* + 2[|2]1%) .

Upon substituting the preceding estimate back in relation (22) we obtain

17 (he) = F ()| < 12C% (|| — wel® + [hr—1 = u]|* + 2]|uy, — 2[1* + 2||2|%) + 4D*.
(23)
Combining the estimate in (23) with relation (21) we obtain the following relation

g1 — ylI* <lluk — ylI* = [Juns1 — Ball® = lue — hael|* — 200 (ex + F(hi), hiy — y)
+ 7204 C? (|| hi, — ug]|® + luk — he—1||* + 2|juz — 2||?) (24)
+ 60 (|lexl]” + llex—1]1 + 4D + 24| 2]|*),

which is the relation stated in part (b). |

In the forthcoming analysis, we use Lemma 11 [14], which is stated below.

13
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Lemma 8 [Lemma 11 [14]] Let {vi},{zx}, {ar}, {br} be nonnegative random scalar sequences
such that almost surely for all k > 0,

Efvgsr | Fi] <(1+ ag)vg — 21 + by, (25)

o e.)
where Fj, = {7)(), ey UEy 20y e e ey 2y B0y - - ARy DOy - - bk}, and a.s. Zk:o ap < 00, Zk:o b <
00. Then, almost surely, limy_, o v = v for some nonnegative random variable v and ZZOZO zE <
0.

As a direct consequence of Lemma 8, when the sequences {v }, {21}, {ar}, {br} are determin-
istic, we obtain the following result.

Lemma9 Let {v},}, {2z}, {ar}, {br} be nonnegative scalar sequences such that for all k > 0,
U1 <(1+ @x) oy — 25 + by, (26)
where Y 3o qar < o0 and Y peqby < 0o. Then, limg_yo0 Ux = ¥ for some scalar v > 0 and

We also use Lebesgue Dominated Convergence Theorem, which is stated below and can be
found, for example, in the textbook [2], Theorem 16.4, page 209.

Theorem 10 (Lebesgue Dominated Convergence Theorem) Let { fi.} be a sequence of functions
and g be a function in some measure space with a measure v, and let | fi,| < g almost everywhere.
If g is integrable and fi, — [ almost everywhere, then [ fidv — [ fdv.

B.3. Proof of Theorem 1

We use Lemmas 8 and 9 to establish parts (a) and (b), respectively, while we use Theorem 10 to
prove part (c). (a) Using Lemma 7(b), where we set y = z = u* for an arbitrary u* € U*, after
re-arranging the terms, we obtain for all «* € U* and for all k£ > 1,
s — [P Hlluger — el < (1+ 1440262 fug, — w*])” — (1 = 7203C2) g — hy?
— 2ak(F(hk), hk — U*> + 2ak<€k; u* — hk> + 720[%02"1% — hk_l”Q (27)
+6aq(llex—1]1? + [lexl|” + 24]|u*|* + 4D?).

Under Assumption 3, the following relation is valid for all £ > 0,
(F(hg), hy —u*y > pdist? (hg, U™), (28)
with p > 0 and p > 0. Combining (28) with (27) we get for all u* € U* and for all k > 1,
g — 12+ fugsr — el <1+ 1440307 g — u*|2 — 20, pudist? (., U)
—(1 — 720[202)”1% — hk”Q + 2ak<ek,u* — hk>
+7205,C% |luy, — hyp—1|[* + 603 (lex—1[* + llex]®)
+6a2 (24||u*||? + 4D?).

(29)

By writing

7205C% ||lug — hi—1||* < (1 + 14402C%) lup — hp—1|* — Jug — ha—1||%

14
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and regrouping some of the terms in (29), we have for all u* € U* and for all &k > 1,
usr = w1+ s — hael|? <(1+ 14405C%) (Jug — || + [Jug, — hie—1[|)
—20y,pudist? (hy, U*) — (1 — 72032C?)||ug — ha||?
+2ap (e, u* — hy) — |lup — by |?
+6ai (llex—1]1 + llexl? + 24[u*|* + 4D?).

Next, we add 7a3 11 llex |2 to both sides of the preceding relation and, after slightly re-arranging the
terms, we obtain for all u* € U* and for all k > 1,

1 = @ |P s = el + Tog o llexl?
<(1+ 14405C?) (flug, = w'l|* + llug, = hip—1|*) + 60 eI
— 20y, pudist? (hy, U*) — (1 — 7203C?)||ug, — ha? (30)
+ 2 (e, u* — hy) — ||lug — hp_1 ||
+ 7o allex]|* + 6ag(lex ]| + 24]ju”(|* + 4D?).
We next consider the term 6} [|e—1]|? for which we write
6ajllex—1l* = Tagller—1]* — aillen—1* < 7(1 + 14405 C?)aillex—1]* — allex—1]1*.
Upon substituting the preceding estimate back in (30) we have that for all ©* € U* and for all
k>1,
lunsr — w2 Hlwpsr = hall* + Toi o llew]”
<(1+ 14403C?) (flug — |2 + lfug — bt |> + TaF[lex_1]|*)
— aillex—1* — 2appudist? (hg, U*) — (1 — 7202C?)|Jug, — hy||? 31)
+ 20 (ep, u* — hy) — |lugp — hi_1 ||
+ 703 llexl® + 6ag (lexl|* + 24]|u”||* + 4D%).

Since Ziio az < 00, it follows that o, — 0, so there exists an index N > 1 such that the
stepsize satisfies 1 — 7204%02 > 1/2 for all k > N. Thus, by defining

o = [Ju, — w|]? + [l — he—1||* + 6agllex—1||*  forall k > 1, (32)

from relation (31) we obtain for all u* € U* and &k > N,

: w1
k1 <(1+ 14402 C%) oy — afllex—1 > — 2appdist? (hy, U*) — ok = hi||®

20 (eg, w — i) — [lug — b1 [|? + Tad g llex || + 60 ([lex]|* + 24]u*||* + 4D?).
(33)
Recalling that e, = ®(hy,&;) — F(hg) and using the stochastic properties of £, imposed by
Assumption 1, we have E[{ey, by — u*)|Fx_1] = 0 and E[||ex||?| Fx_1] < o? for all k& > 1. Thus,
by taking the conditional expectation on Fi_1 = {&o,...,&k—1} in relation (33), we obtain for all
u* e U*andforall k > N,

1
Elvks1 | Fr—1] <(1 4 14404%C2)vk — Oé%HequQ — 2o pdist? (hy, U™) — §||uk — thz 34)

—Nuk — hi—1]|* + Tag 0% + 60z (0? + 24||u*||* + 4D?).

15
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Notice that when u* € U™ is a fixed solution, then ||u*|| is a constant.
Since Ziozo ozi < 00, the inequality in (34) satisfies the conditions of Lemma 8 for all £k > N,
with
2 2 P * 1 2 2
2 = agller—1[|” + 2anpdist? (b, UT) + S lluk — hel|™ + [lur — hye—a[I%,

ar = 1440;C?, by = Tag_,0° + 6az(0” + 24|u*||* + 4D?).

By Lemma 8 (where we shift the indices to start with k& = ), it follows that the sequence {vy}
converges a.s. to a non-negative scalar for any uv* € U*, and almost surely we have

oo oo oo
> ajlleral? <oo, > apdist?(hy, UT) < oo, > (lug — hiell* + [lug — ha—a?) < o0.
k=N k=N k=N
Thus, it follows that
lim ofllex—1)> =0  a.s. (35)
k—o00
lim ||ug — hi| =0 a.s. (36)
k—o0
lim ||ug — hg—1|| =0 a.s. 37)
k—00

Moreover, since zzozo oy, = 0o, it follows that

lim inf dist?(hg, U*) =0 a.s.
k—o0
Since the sequence {v} converges a.s. for any given u* € U*, in view of the definition of vy,
in (32) combined with relations(35) and (37), it follows that the sequence {||uj — u*||?} converges
a.s. forall u* € U*. Thus, the sequence {uy } is bounded a.s. and, consequently, it has accumulation
points a.s. In view of relation (36), the sequences {uy } and {hy } have the same accumulation points.
Now, let {k; | i > 1} be a (random) index sequence such that

lim dist?(hg,, U*) = likm inf dist? (hg, U*) =0 a.s. (38)
— 00

11— 00

Without loss of generality we may assume that {uy, } is a convergent sequence (for otherwise we
will select a convergent subsequence), and let @ be its (random) limit point, i.e.,

lim [Jug, —ul| =0 a.s. (39)
1—00
By relation (36), it follows that
lim [|hg, —ul| =0 a.s.
1—00

By continuity of the distance function dist(-, U*), from relation (38) we conclude that dist(u, U*) =
0 a.s., which implies that 4 € U* almost surely since the set U* is closed. Since the sequence
{|lux — u*||*} converges a.s. for any u* € U*, it follows that {|lux — 1||?} converges a.s., and by
relation (39) we conclude that limy, . |Jux — @||? = 0.

16
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(b) Taking the total expectation in (34), we obtain for all u* € U* and all Kk > N,

. « 1
Efves1] <(1+ 1440C*)E[vg] — oiE[|ler—1]%] — 205 uE[dist? (he, U™)] - S Elllux — hi]|?)

— E[[|ug — he—1[”] + 70z, 107 + 6aj (0 + 24|[u*||* + 4D?).
(40)
We can now apply Lemma 9 for £ > N (instead of k£ > 0), with

. . 1
vp = Elogl,  Zx = i E[|lex—1]*] + 20, uE[dist? (hy,, U*)] +§E[||uk—hkﬂ2] + E[||ur, — hi—1]%],

ax = 1440;C?, by = Taj, 0° + 60z (0 + 24||u*||* + 4D?).

Since Y 77 ai < o0, the inequality (40) satisfies the conditions of Lemma 9 for all £ > N. By
Lemma 9 (where the indices are shifted to start with £ = N instead of k¥ = 0), and the definitions
of Uy, v, in (32), and Zi, it follows that

dim Efjug — [ + [fug = b+ Gofllep—1 ] existfor every u” € U, (41)
—00

[ee) . . 1
S (@FBllep1 ] + 20 Eldist? (i, U)] + SB[y — 2] + Bl — 1) < o,
k=N

Therefore, it follows that

Jim (R E{lex—1 "] + Ellux — hr-a]|*) =0, (42)
lim E[||us — hg||?] = 0. (43)
k—oo

From relations (41) and (42) we conclude that

lim B[||luy —u*||*] exist for every u* € U*, (44)
k—o0

which implies that {E[||u; — u*||?]} is bounded. Hence, for a fixed u* € U* and all k > 0,
Efluel?] = Elll (e — u*) + o |°] < E[([lur — o[l + u*[)* < 2E[|lugx — u*[|*] + 2llu*[]?,
implying that the sequence {E[|u||%]} is bounded. Moreover, we have that all & > 0,
Ellhxll*) = E[ll(he = ux) + unl*] < E[(lhe — ugll + Juel))* < 2E[1he — ul®] + 2E[[Jue]]?],

thus implying that the sequence {E[||h#]|?]} is bounded due to relation (43) and the boundedness of

{E [l 7T}

(c) By part (a), we have that almost surely

Huk—fLHQ =0, Hhk—ﬂHz =0,

lim lim
k—o0 k—o0

for some random solution @ € U*. When the set U* is bounded, we further have that

e — all* < (lugll + 1al)* < 2fuel|* + 2/|u”* < 2[jue]]* + 2043,

17
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where My = max,«cy+ ||u*||. Similarly, we have
Ik — a2 < 22 + 20,

We note that by part (b), the sequences {E[||uy|?]} and {E[||h«||?]} are bounded. By applying the
Lebesgue Dominated Convergence Theorem, with fi = |lux — @||? and g = 2|jug||? + 2ME, we
conclude that

lim E[||u — al/*] = 0.

k—o0

Similarly, applying the Lebesgue Dominated Convergence Theorem, with f;, = ||hy — @||? and
g = 2||hi||? + 2M¢Z, we obtain that

lim E[||hy — al/?] = 0.
k—o0

Appendix C. Convergence Rates

C.1. Auxiliary Results

In our analysis we make use of Lemma 3 and Lemma 7 from [16], as well as the sequences provided

in the proofs in [16].

Lemma 11 Let {ry} and {si} be nonnegative scalar sequences that satisfy the following relation
Ter1 < (1 —avg)rk — byesk + 07,3 forall k > 0,

wherea > 0,b >0, ¢ > 0, and

2

:7(1(%—1—@ forall k>0,

Tk

where d > a. Then, for any given K > 0, the following relation holds:

K 2

Wi S ar T
Wi 2= kSk K+1'S 55570

2c
aK’

where wy, = 2d/a +k, 0 < k < K, and W = Zf:owk-

Lemma 12 Let {ry}, {si}, and {i} be nonnegative scalar sequences that satisfy the following
relation
Trer1 < (1 —ayg)rk — byesk + C’y,% forall k > 0,

where a > 0, b > 0, ¢ > 0, and v, < d~! for some d > a and for all k > 0. Then, for any
given K > 0, we can choose the stapsizes i, and the weights wi, > 0, 0 < k < K, such that the
following relation holds:

b o K | 36c
W7K kz_owksk +argy1 < 32d7"06_a?7 + WK

where Wy = Zf:o W

18
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A specific choice of the stepsize and the weights for which the preceding lemma holds is as follows:

w=1h  wp=(1-9"" K<
=1 w=0 ifK>%and k< ko,
W= ey wy, = (2 + k — ko) if K> ¢ and k > ko, (45)

where kg = (%W

C.2. Proof of Theorem 2

Proof By equation (29) in the proof of Theorem 1, the following relation holds for all ©* € U*
and for all k > 1,
lwpgr — w* || + [Juprr — hill? <A+ 14402C2%) ||lug, — u*||? — 20 pudist? (hy, U*)
—(1- 720%02)”1% — thQ + 2ap (e, u* — hy)
+7202.0?||lug, — hg—1]?
+607 ([lex—1[* + lexl|* + 24[[u”||* + 4D%).

(46)

The solution set U* is closed, so there exists a projection u;, of the iterate u;, on the optimal set
U*,i.e., there is a point uj, € U* such that ||uy, — uf|| = dist(uy, U*). Thus, by letting u* = uj, in
relation (46), and noting that dist(uyy1, U*) < ||ug41 — uj|| we obtain for all & > 1,

dist?(upy1, U*) + |lups1 — hel® <(1 + 14403 C?)dist? (up, U*) — 20 udist? (hy, U*)
—(1 = 720;.C%)|Jug — g ||* + 20 (eg, uf — hy)
+72a%C2Huk — hk,1H2
+60g ([ler—1[I* + llex® + 24 [ ug]|* + 4D?).

(47)

We next estimate the term —2dist2(hk, U*) in (47) by using the relation shown in (??), i.e.,
—2dist? (hy, U*) < 2||ug, — hy||* — dist?®(ug, U*).
By substituting the preceding estimate in relation (47), we obtain for all k£ > 1,
dist?(upy1, U*) + lupsr — hell® <(1 4 14403 C? — payg)dist? (ug, U*)
+7202C?||Jug — hi—1||*

—(1 = 2uay, — 7202C%)|Jug — hi||* + 20 leg, uf, — hy)

+60ag ([lex—1[l* + llexl|®) + 6ag(24]ui]|* + 4D?).
(48)
By Assumption 1, we have that E[||ex||? | hx] < 02 and E[ey, | hi] = O for all k > 1, implying
that E[||ex]|?] < o? forall k > 1, and

El(er, hi — ul)] = E [E[(e, b — ul) | h,ul]] =0 forall k > 1.
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Therefore, by taking the expectation in relation (48) and using the assumption that the set U* is
bounded, we obtain for all £ > 1,
E[dist? (ug 11, U*) + [lurs1 — hel|*] <(1+ 14403C? — pay,)E[dist? (up,, U*)]
+720; C*E[|[hg—1 — up|’]
—(1 = 2uay, — 7203 C*E[||uy, — hy|’]
+12a3 (0% 4+ 2D? + 12M?3),

(49)

where M7 > 0 is such that ||u*|| < M; for all u* € U*.
By the stepsize choice we have that a, < d~' with d~ <
14404,C? < p/2, and consequently

< 28802 for all £ > 0, implying that

1+ 14404%02 —pag <1+ %ak —pap =1-— %ak forall & > 0.

Thus, it follows that

E[dist? (wpr1, U*) + [Jures — hl|?] < (1 - gak> E[dist? (ug, U*)] + 7202C2E[||hy_1 — wg||?]

—(1 = 2pay — 71203 CHE[||ug, — hy %)
+1203 (0 + 2D? + 12M73).

(50)
Since o, < 28802 for all £ > 0, we also have
720%(72 < % B 72ak02 < %
Therefore 9
1 — 2uay, — 7202C% > 1 — 2uan — bap =1 — ~pay, > 0, 51)

4 4

where the last inequality follows from the stepsize choice so that oy, < d~!, and our assumption
that d—! < i for all k. Moreover, from 1 — 2uo — 72042(}2 > 0, it follows that

720202 < 1 — 20y, < 1 — %ak for all k > 0. (52)
By using the estimates (51) and (52) in relation (50) we obtain that for all £ > 1,

Bldist? (w1, U) + g = hal?) < (1= S ) (Bldist®(un, U)] + Elllhg-r — w2
+ 1203 (0 + 2D? + 12M}).

(33)

The equation (53) satisfies the conditions of Lemma 12 with the following identification

= Eldist*(upy1, U") + fupsr = hil?), sk =0,  m=o, a= g,

1
dZm, 6212(0'2+2D2+12M12).
288027 9y
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By applying Lemma 12 with a time shift to start with £ = 1 instead of £ = 0, we obtain that for all
K >1,

a(K—1)
QE[dist? (g1, U*) + Jusc 1 — huc 2] <82d(E[dist> (wr, U") + [[ho — wr| e 2
36¢
Ty 54
+a(K -1) (54
Upon dividing by a = 4 and omitting the term [|ug41 — hy||%, we arrive at
64d (K1) 144c
E[dist?(ug 1, U")] < — (E[dist?(u1, U*) + ||ho — u1]|?]) e™ 4@ + —5—.
: | ) WK 1)
|

C.3. Proof of Theorem 3
Proof By Lemma 6 we have that surely forall y € U and k > 1,

g1 = yl* <lluk — ylI? = Jwnsr — hall® = lue — Bl — 200 (F (hi), g — )
— 2a{er, hi, — y) + 62| F(hy—1) = F(hi)|[* + 603 (llen—1]l* + llexl|*) 55)

Using the Lipschitz continuity of the operator F'(-) we can bound the term ||F(ht) — F(hg_1)|)?

as follows

2

IF (hi) — F(hg—1)|* < L*|| -1 — hie||?
< L2 (J|hg—1 — ug]| + [Jur, — hi)? (56)
< 2L (|hi—1 — wkl)® + [k — i),

where the last inequality follows the inequality (>°1%, a;)? < m Y %, a?, which is valid for any
scalars a;, ¢ = 1,...,m, and any integer m > 1. Combining relations (55) and (56), and letting
y =u* € U*, we surely obtain for all u* € U* and k > 1,

s — w2+ s — bl <k — w72 — (1 — 120222 g — P
—Zak<F(hk), hy — u*) — 2ak<ek, hy — u*> 57
+1203 L2 || g1 — ug|)® + 603 (|lex—1l]* + llex]?) -

By the 2-quasi sharpness property of F'(-) (Assumption 3, with p = 2), we have that (F'(hg), hy —
u*) > dist?(hy, U*), thus implying that

g — u*))* + fJuggr — Pl <Jlug — u*)|* = 2cpdist® (hg, U*)
—(1 = 1202 L) ||ug — hi||* = 20 (e, hy — u*) (58)
+1203 L2 || hi—1 — ug||* + 603 ([len—1l* + [lex]?) -

Using the relation (see (2?))

—2dist2(hk, U*) < 2||ug — hk||2 — diSt2(uk, U,
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we obtain surely for all u* € U* and k > 1,

gt = w2+ e = hiell? <1 — peg)[Juge — u[* = (1 = 2pep — 1203 L%) [Jug — hye®
- 20&k<6k, hy — u*> + 120[%L2Hhk_1 - uk||2

+6az (llex—1” + llexll?) -
(59)
Since U™ is closed, there is a projection of u; of the iterate u; on the solution set U™ such
that [juy, — uy| = dist(ug, U*). Thus, by letting u* = wuj, and by noting that dist(uy11,U*) <
|ur+1 — ugl||, we can see that for all & > 1,

distQ(u;H_l, U*) + ||lug+1 — hk||2| <(1-— uak)distz(uk7 U")
— (1 = 2uoy, — 1202 L?)||ug, — hy||?
— 20ék<€k, hy — u}i) + 1204%L2||hk_1 - ukHQ

+ 60, ([lex—1]l* + llexl?) -

(60)

We next consider the coefficient 1 — 2uay, — 1204%L2. We note that the polynomial p(s) = 1 —

21212 . ..
2us — 121242, s € R, has two real roots s; /2= % Thus, since the stepsize is selecetd
sothat 0 < ap < —L_ for all k and since we have

2V/3L
1 V12L2 <,u—|—\/u2—i—12L2

o0/3L 1212 — 1212 ’

it follows that the stepsize o, satisfies
1 —2uoy, — 12047 >0 forallk > 0.

Subsequently, we have that 1202 L? < 1 — 2uay, < 1 — poy, for all k. Thus, from (60) we obtain
surely forall k£ > 1,

dist® (w1, U*) + [Jugs1 — huel?] <(1 — pay) (dist® (ug, U*) + || he—1 — ug]|?)

— 2ay{ex, hy — uj) + 60 (Heklez + HechQ) .

(61)

By Assumption 1, we have that E[||ey||? | hx] < 02 and E[ey, | hy] = 0 forall k > 1. Therefore,
E[|lex]|?] < o? forall k > 1, and

E[{ek, hi — ur)] = E[E[{ek, hi — uj) | hi, ui]] =0 forall k > 1.
Hence, by taking the expectation in relation (61) we obtain for all k¥ > 1,

E [dist®(ug+1, U*) + [Jugsr — hil|?] <(1 = pay)E [dist® (ug, U*) + | he—1 — ug)?]

62
—&—1204%02. (©2)

Relation (62) satisfies the conditions of Lemma 12 with the following identification

Tk = E[d18t2(uk‘7 U*) + ”uk - hk—lHQ]’ sk =0, Tk = O, a=H,
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d> max{2\/§L, u} , c= 1202
Thus, by using Lemma 12 with a time shift to start with k& = 1 instead of £ = 0, we obtain for all
K >1,

p(K-1)

pE[dist? (ug 1, U*) + ||lugs1 — hi||?] <32d(E[dist?(uy, U*) 4 ||ho — u1||?])e™ " 24
36¢ (63)
p(I —1)°

Upon dividing by 1z and substituting ¢ = 1202, we find that for all K > 1,

. * 32d . . (K1)
E [dist*(ugt1, U*) + [lug+1 — hil?] ST (E[dist?(u1, U*) + ||ho — w1 %)) e 24
N 43202
pA (K —1)
(64)
which implies the stated relation. |

C4. Proof of Theorem 4
Proof By Lemma 6 we surely have forall y € U and all & > 1,

g1 — yl* <llur — ylI* = [Jwns1 — ball® = lue — hael|> — 200 (ex + F (i), by — y)
+ 603 | F(h) — F(hi—1)]1? + 603 (llexll + llex—11?)-

Since the set U is compact and the operator F'(+) is continuous, it follows by Corollary 2.2.5 in [5]
that the solution set U* of the SVI(U, F') is a nonempty and compact set. Therefore, by letting
u = u* with «* € U™ in the preceding relation, we surely obtain for all u* € U* and all k > 1,

luprs = w|* <[lug — @ ||* = flunpr = bill? = [lur — bil|® = 20k (en + F(hg), by — u”)
+ 60 | F(hi) — F(hi-1)[1* + 60z (llexll + llex—1]%)-

The set U is compact and the operator F'(-) is continuous, so there is a constant D > 0 such that
|F'(u)|| < D for all u € U. Moreover, we have that {h;} C U, implying that surely for all £ > 1,

1F (h) = F(hi-1)[I* < (1F(h) || + | F(hie-1)I)* < 4D,

By combining the preceding two relations, and using the p-quasi sharpness property of the operator,
we obtain that surely for all u* € U* and all & > 1,

luggr — w1 <llup — | = lurrr — Pill? = lJug — hel|* — 200 dist? (hy,, U*)
—2a,(ex, hy, — u*) + 24ai D* + 6a;(|lex]| + |lex—1]?). (65)

Next, we estimate dist(hg, U*). Since U is a compact set, there is an My > 0 such that

Ju—'|| < My for all u,u’ € U.
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Therefore, for any u* € U* C U, we have

which implies that

_ 1
dist?(hg, U*) < M7 Pdist? (hy, U*) = —dist? (hg, U*) < —Mg_pdistQ(hk, Uu*).
U
(66)
Moreover, by using the following relation (see (??))
—2dist? (hy, U*) < 2||ug, — hg||? — dist?(ug, U*),
from (66) we obtain that
: * 1 2 s 12 *
— 2dist(hy, U*) < —5— (2llup — hg||* — dist® (ug, U™)) . (67)
My, p
Bu using (67) in relation (65) we surely obtain for all u* € U* and k > 1,
g1 — | <[lug — a*[|* = fJugpr — gl = [lug — Pa]|®
« . %
+ (2w — hel? — dist? (ug, U))
My
— 2a(en, by, — u”) + 2408 D + 60} ([lex]l + ex-alP).  (68)

Next, we let u* = uj, where uj, is a projection of uy, on the solution set U™, which exists since U*
is a closed set. We also use |juy — ug|| = dist(ug, U*) and dist(ug41,U*) < ||upy1 — uf|| and,
thus, after re-arranging the terms in (68) we obtain that surely for all £ > 1,

—p 2—p
U U

— 20, {ex, i — u) + 2403 D? + 6o (llex | + [lex—1]%)-

. " « . N 2a
dist? (ug11, U*) + [Jugg1 — hie||* < <1 - MSM ) dist? (up, U*) — (1 - MW> [

(69)

By Assumption 1, we have that E[||ex||? | hx] < 0% and Eley, | hy] = 0 for all k > 1, implying that
E[|lex||?] < o? forall k > 1,and

E[{ex, hi, — ui)] = E[E[{ek, hiy — ur) | hg,ur]] =0 forall k > 1.

Therefore, by taking the expectation in relation (69) (and omitting the term ||ug1 — hil/?), we
obtain for all £ > 1,

. « Qg fb . « 2004
E[dist?(ug1, U*)] < (1 - Mé‘p) E[dist?(ug, U*)] — (1 - M2‘P> E[||ugx — hil/?]

U (70)
+ 1203 (02 + 2D?).
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We now consider the two stepsize choices in parts (a) and (b) separately.

Since th ize is given by ap = M0 forall k > 0. it follows th < MI g all
(a) Since the stepsize is given by aj = 7 for a > 0, it follows that oy < =f — for a

k > 1. Hence, 1 — 2ucy, /M7 P > 0, implying that

o p
P
M;P

E[dist?(ug11, U*)] < (1 - ) E[dist?(ug, U*)] + 12a4(0? + 2D?). (71)

The equation (71) satisfies the conditions of Lemma 11, where the recursive relation is starting with
k = 1 and with the following identification
. X 2
ry = Eldist*(ug, U*)], s =0, v =ay, a= #, d= MT'u_p, c=12(c* + 2D?).
U U

(72)
By applying Lemma 11, with a time shift to start with & = 1 instead of £ = 0, we find that for all
K>1,

8d? 2¢
E[dist? N< e
aBldist™(ure+1, U < Ty a(K —1)

Upon dividing by a = MLQ, and substituting the corresponding values for d and ¢, we obtain

(E[dist?(uy, U*)]) +

24(0? + 2D?)ME
P (K —1)

E[dist? (w41, U*)] < SE[dist?(ug, U*)] +

(K —1)

(b) The stepsizes given by relations in (45), with a = % and d = MQQ’ip, satisfies oy, < d~*
U

U
forallk =0,1,..., K — 1, forany K > 1. Hence, we have 1 — 2uak/Mé_p > 0, implying that
relation (71) is valid for all £ > 1. Thus, Lemma 12 applies with the same identification as in (72).
Thus, by applying Lemma 12, with a time shift to start with £ = 1 instead of k = 0, we obtain the
following result for all K > 1,

aE[dist?(ugrr, U] < 32dE[dist?(ur, U*)]e 5 + a(;ffl)

and after dividing by a = #, we obtain
U

Ly 432(02 + 2D2) M3 P)
E{dist(ugc 1, U")] < GAE[dist?(ur, U*)Je~ T 4 222 ﬁ;( i )1) ¢

Appendix D. Experiment Details

Firstly, we verify that the operator F'(-) defined in (??) is Lipschitz continuous, so it satisfies As-
sumption 2. For this, we define the matrix J, as follows

A B
e
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Then, for all u,v € U we have that

1F(w) = F()]| = |7 (u— )| = V{J'J(u~ v),u—wv),

where

Sy [A’ —B] [ A B] [A’AJrBB’ A'B — BC

B C'||-B" C||BA-C'B B'B+CC|’

Therefore, the Lipschitz constant L for the operator F'(+) is the square root of the largest eigenvalue

of the matrix J'J, i.e., L = \/Amax(J'J).

Now, we show that the operator F'(-) satisfies Assumption 3 with p = 2. In particular, we
show that the operator F'(-) is strongly monotone and identify the unique solution to the VI(U, F)),
which implies that Assumption 3 holds with p = 2. To show that F'(-) is strongly monotone, we let
u,v € R™TS be arbitrary, and note that we have

(F(u) = F(v),u—v) = (J(u—v),u—uv)
Let z = u — v € R™"5, and note that 2 = [21, 23]’ with 2; € R™ and 2z € R®. Thus, we have

(2,J'z) = [21, 2] [é; _01/3] [Zl}

22
= (21, Az1) + (22, B'21) — (21, Bz2) + (22, Cz3)
= (21, Az1) + (22, Czp)
> palz1, 21) + pofze, 22)
> min{pa, po}tz|?,

where the first inequality in the preceding relation holds since A and C' are symmetric positive defi-
nite matrices. Hence, the operator F'(-) is strongly monotone with the constant ;1 = min{u 4, pc}.

D.1. Experiments

We consider the following finite-sum min-max game with quadratic pay-off function as in [12]:

. 1o
JDin max - ; filu, uz),
where for each i = 1, ..., n, the function f;(-) is given by

filur, ug) =(u1, Ajur) + (w1, Biug) — (uz, Ciuz) + (a;, u1) — (¢4, ug).

To formulate the preceding min-max problem as a finite-sum VI problem, we define u =

[u1, us]’ and the operator forevery i = 1,...,n
) — Ai B a m+s
Fi(u) = [—Bg Ci:| + |:Ci forall w € R™™%, (73)
and we let
1 n
F(u) = — z; Fi(u). (74)
1=



PorPov METHOD FOR NON-MONOTONE SVI

In this notation, the corresponding VI(U, F') for the min-max problem consists of determining a
point u* € R™"* such that

(F(u*),u —u*) > 0forallu € U, with U = R™*"5, (75)
We view the preceding VI(U, F') problem as a stochastic VI where
F(u) = E[®(u, §)],
where £ is a uniform random variable taking values in the set {1,2,...,n}, with
D (u,i) = fi(u) when { =i fori e {1,2,...,n}.

Since the constraint set is U = R™*5, the SVI(U, F) in (75) reduces to the problem of deter-
mining a point u* € R™*¢ such that F(u*) = 0, i.e. E[®(u*, £)] = 0.

In our experiments, the number n of random realizations of the uniform random variable £ is
n = 20. Forevery ¢ = 1,...,n, we generate positive definite symmetric matrices A; and C; with
smallest eigenvalues 14 > 0 and uc > 0, respectively. For all i = 1, ..., n, to generate symmetric
matrix A;, firstly, we generate eigenvalues uniformly from on [ 4, L 4] such that p 4, L 4 are always
generated. Then we generate a square random matrix .S; € R, do QR decomposition S; = Q; R;,
and get matrix A; as A; = Q;\;Q)}, where A; is a diagonal matrix with generated eigenvalues. We
follow the same generation process for C; matrices. For every ¢ = 1,...,n, the matrix B; and
vectors aj, ¢; are sampled from a zero mean normal distribution with variances 0% = 1/(m + )2,
o2 .= 1/(m+ s), respectively. We set threshold for both methods ko = 200, and the same values
for four parameters 4, tic, L o, Lo as in Section ??. The results are presented in Figure 2.

Figure 2: Comparison of stochastic Popov method and stochastic projection method with stepsize
rule given in (5) and ky = 200 for a finite-sum VL.
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