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Abstract

The use of min-max optimization in adversarial training of deep neural network classifiers and training of genera-
tive adversarial networks has motivated the study of nonconvex-nonconcave optimization objectives, which frequently
arise in these applications. Unfortunately, recent results have established that even approximate first-order stationary
points of such objectives are intractable, even under smoothness conditions, motivating the study of min-max objec-
tives with additional structure. We introduce a new class of structured nonconvex-nonconcave min-max optimization
problems, proposing a generalization of the extragradient algorithm which provably converges to a stationary point.
The algorithm applies not only to Euclidean spaces, but also to general ¢,-normed finite-dimensional real vector
spaces. We also discuss its stability under stochastic oracles and provide bounds on its sample complexity. Our itera-
tion complexity and sample complexity bounds either match or improve the best known bounds for the same or less
general nonconvex-nonconcave settings, such as those that satisfy variational coherence or in which a weak solution
to the associated variational inequality problem is assumed to exist.

1 Introduction

Min-max optimization and min-max duality theory lie at the foundations of game theory and mathematical program-
ming, and have had far-reaching applications across a range of disciplines, including complexity theory, statistics,
control theory, and online learning theory. Most recently, min-max optimization has played an important role in al-
gorithmic research in machine learning, notably in the adversarial training of generative deep neural network models.
The latter applications have heightened the importance of solving nonconvex-nonconcave formulations of min-max
optimization problems. These formulations take the following general form:

minmax f(x,y), (1.1)
x y

where x and y are real-valued vectors and f is not convex in x for all y and/or not concave in y for all x. There may
also be additional constraints on x and y, and in many applications x and y are high-dimensional vectors.

When the objective function is not convex-concave, von Neumann’s celebrated min-max theorem fails to apply,
and so do most standard optimization methods for computing solutions to (1.1). This has motivated several lines of in-
vestigation, including extensions of the min-max theorem to broader settings, such as Sion’s theorem for quasiconvex-
quasiconcave objectives, as well as the pursuit of computational procedures targeting solutions to (1.1) even in the
absence of a min-max theorem; see Section 1.1 for an overview of recent work. Of course, without strong assump-
tions on f, (1.1) is an intractable problem; indeed, at least as intractable as general nonconvex optimization. Thus,
the literature has targeted locally optimal solutions, in the same spirit as the targeting of local optima in non-convex
optimization. Naturally, there are various notions of local optimality that have been studied in the literature. Our focus
in the current paper is the simplest such notion, namely first-order local optimality, where, despite the simplicity, many
general challenges arise [14,35].
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In contrast to classical optimization problems, where useful results can be obtained with very mild assumptions on
the objective function, in min-max optimization it is necessary to impose non-trivial assumptions on f, even when the
goal is only to compute locally optimal solutions. Indeed, [16] establish intractability results in the constrained setting
of the problem, wherein first-order locally optimal solutions are guaranteed to exist whenever the objective is smooth.
Moreover, they show that even the computation of approximate solutions is PPAD-complete and, if the objective
function is accessible through value-queries and gradient-queries, exponentially many such queries are necessary
(in particular, exponential in at least one of the following: the inverse approximation parameter, the dimension, the
Lipschitz constant of f, or the smoothness constant of f).

We expect for similar intractability results to hold in the unconstrained case for the class of smooth objectives
that have a non-empty set of first-order locally optimal solutions (note that these are stationary points in this case), as
fixed-point-based intractability results for the constrained case are typically extendable to the unconstrained case, by
embedding the hard instances within an unbounded domain. Indeed, we already know that the Stampacchia variational
inequality problem for Lipschitz continuous operators F' : R¢ — R%—a problem which includes (1.1) as a special case
by taking F([3]) = [_g;‘;gm —is computationally intractable.! This is because F' is Lipschitz continuous if and
only if the operator T'(u) = u— F'(u) is Lipschitz-continuous, and, further, e-approximate fixed points of 7" for ¢ > 0,
i.e., points @ € R? with | T(0) — |2 < e, also satisfy ||[F'(@)||2 < e. It is well-established that the approximation of
arbitrary fixed points of Lipschitz operators is PPAD-complete [42], while when we restrict algorithms to have only
oracle access to 1" (or F'; this would correspond to all first-order algorithms), the complexity becomes exponential
in the dimension [23]. By the equivalence of norms, these results extend to arbitrary £,-normed finite dimensional
real vector spaces. Of course, for these lower bounds to apply to the nonconvex-nonconcave min-max problem (1.1),
one would need to prove that these complexity results extend to operators F' constructed from a smooth function f as
FR) = [

v f(x,

Given these intractability results, our goal is to identify structural properties that make it possible to solve min-

max optimization problems with smooth objectives. Viewing (1.1) as a variational inequality of the form (SVI) with

respect to F([3]) = [7@’;;&5;} , we identify a condition under which a generalized version of the extragradient

method of [27] that we propose converges to a stationary point of f at a rate of 1/ vk in the number of iterations k.
Our condition, presented as Assumption 1, postulates that there exists a solution to (SVI), i.e., some stationary point,
which may only violate the stronger (MVI) requirement in a controlled manner that we delineate. Our generalized
extragradient method is based on an aggressive interpolation step, as specified by (EG+), and our main convergence
result is Theorem 3.2. We additionally show, in Theorems 4.2 and 4.5, that the algorithm converges in non-Euclidean
settings under the stronger condition that an (MVTI) solution exists and we have stochastic oracle access to F' (a.k.a.,
the gradient of f).

The condition that we impose on F' that enables our convergence results differs from the strong assumption that
a solution to (MVI) exists [32, 36, 44, 49], an assumption which is satisfied by several interesting families, includ-
ing quasiconvex-concave families or starconvex-concave families. Our condition is significantly weaker, applying in
particular to an objective f whose corresponding operator F' is negatively comonotone [5] or positively cohypomono-
tone [11]. These conditions have been studied in the literature for at least a couple of decades, but only asymptotic
convergence results have been available prior to our work for identifying solutions to (SVI). In contrast, our rates are
asymptotically identical to the rates that we would get under the stronger assumption that a solution to (MVI) exists,
and in particular bypass the intractability results suggested by [16] for general smooth objectives.

1.1 Further Related Work

A large number of recent works target identifying practical first-order, low-order, or efficient online learning methods
for solving min-max optimization problems in a variety of settings, ranging from the well-behaved setting of convex-
concave objectives to the challenging setting of nonconvex-nonconcave objectives. There has been substantial work
for convex-concave and nonconvex-concave objectives, targeting the computation of min-max solutions to (1.1), re-
spectively, or stationary points of f or ®(x) := maxy f(x,y). This work has focused on attaining improved rates [3,
4,19,21,26,29-31,41,45,48] and/or obtaining last-iterate convergence guarantees [1,2,13-15,20,22,28,35,37,38,43].

In the nonconvex-nonconcave setting, research has focused on identifying different notions of local min-max so-
lutions [14, 24, 34, 35] and studying the existence and (local) convergence properties of learning methods to these

'We define the Stampacchia variational inequality formally in (SVI) in Section 2. We also define the stronger Minty variational inequality in
(MVI) in that section.



points [33,34,46]. As already discussed, recent work of [16] shows that for general smooth objectives the computa-
tion of even approximate first-order locally optimal min-max solutions is intractable, motivating the identification of
structural assumptions on the objective function for which these intractability barriers can be bypassed.

An example of such an assumption that is closely related to our work is that an (MVI) solution exists, as studied

in [32,36,44,49] for the operator F([3]) = [7@;‘;&5;] In unconstrained Euclidean setups, the best known conver-

gence rates are of the order 1/ V'k [12,44], which is the same rate that we obtain under a more general condition stated
in Assumption 1. We also show that accumulation points of the sequence of iterates of our algorithm are (SVI) solu-
tions, which was previously established for alternative algorithms only under the assumption that an (MVI) solution
exists [32,36].

When it comes to more general £, norms, [36] establishes the asymptotic convergence of the iterates of an opti-
mistic variant of the mirror descent algorithm, but does not provide any convergence rates. On the other hand, [12]
proves 1/ vk convergence of a variant of mirror-prox algorithm in general normed spaces. This result, however, re-
quires the regularizing (prox) function to be both smooth and strongly convex w.r.t. the same norm, while the constant
in the convergence bound scales at least linearly with the condition number of the prox function. It is well known
that no function can be simultaneously smooth and strongly convex w.r.t. an £, norm with p # 2 and have a condition
number independent of the dimension [8]. In fact, unless p is trivially close to 2, we only know of functions whose
condition number would scale polynomially with the dimension.

Very recent (and independent) work of [44] proposed an optimistic dual extrapolation method with linear conver-
gence for a class of problems that have a “strong” (MVI) solution (namely, the assumption is that there exists u* € R?
such that Vu € R%: (F(u),u —u*) > m||u — u*||? for some constant m > 0). The result only applies for norms
that are strongly convex, which in the case of ¢, norms is true only for p € (1,2]. To obtain the results in the case
where m = 0 (i.e., when an (MVI) exists), [44] uses a regularization trick, which adds the gradient of %H - —ug|? to
F. Such a regularization trick leads to an additional logarithmic factor in the 1/ vk convergence bound and requires
either knowing or estimating the initial distance to an (MVI) solution. By contrast, our algorithm is directly applicable
to F', does not incur the extra logarithmic factor, and does not require knowledge of the initial distance to an optimum.
Further, our algorithm extends to the cases p > 1, where it leads to rates of the form 1/ k/P_ still not incurring any
dimension-dependent constants in the convergence bound. For the case of stochastic oracle access to F', our bounds
match those of [44] for p € (1, 2], and we also handle the case p > 2 which is not covered by [44].

Finally, it is worth noting that [32, 36,44, 49] consider constrained optimization setups, which are not considered
in our work. We believe that generalizing our results to constrained setups is possible when an (MV1) solution exists,
and defer such generalizations to future versions of the paper.

2 Notation and Preliminaries

We consider real d-dimensional spaces (R?, || - ||,,), where || - ||,, is the standard ¢, norm for p > 1. In particular,
|| - ]2 = +/{:,-) is the £5 (Euclidean) norm and (-, -) denotes the inner product. When the context is clear, we omit the
subscript 2 and just write || - || for the Euclidean norm || - ||2.

We are interested in finding stationary points for min-max problems of the form:

min max f(x,y), (P)
x€R91 yeR92
where f is a smooth (possibly nonconvex-nonconcave) function and d; + d2 = d. In this case, stationary points can
be defined as the points at which the gradient of f is the zero vector. As is standard, the e-approximate variant of this
problem for € > 0 is to find a point (x,y) € R% x R such that |V f(x,y)]|,+ < e.

We will study Problem (P) through the lens of variational inequalities, described in the text below. To do so, we
consider the operator F' : RY — R? defined via F(u) = [_g;;ggﬂ, where u = [§f] and where Vy f (respectively,
Vy f) denotes the gradient of f w.r.t. x (respectively, y). It is clear that F' is Lipschitz-continuous whenever f is
smooth and that || F'(u)]|,+ < € for u = [3f] holds if and only if ||V f(x,y)||+ < €.

2.1 Variational Inequalities and Structured (Possibly Non-Monotone) Operators

Let F : RY — R? be an operator that is L-Lipschitz-continuous w.r.t. | - ||,,:

(Vu,v € RY) :  ||F(u) — F(v)

pr < Liju = v, (A1)



F' is said to be monotone if:
(Vu,v €RY) :  (F(u) — F(v),u—v) > 0. 2.1

Given a closed convex set {/ C R and an operator F, the Stampacchia Variational Inequality problem consists in
finding u* € R such that:
Mael): (F(u*),u—u*)>0. (svD)

In this case, u* is referred to as the strong solution to the variational inequality corresponding to F' and /. When
U = R? (the case considered here), it must be the case that || F'(u*)]||,« = 0. We will assume that there exists at least
one (SVI) solution, and will denote the set of all such solutions by I/*.

The Minty Variational Inequality problem consists in finding u* such that:

Vuel): (F(u),u” —u)<0, (MVI)

in which case u* is referred to as the weak solution to the variational inequality corresponding to F' and Y. If we
assume that F' is monotone, then (2.1) implies that every solution to (SVI) is also a solution to (MVI), and the two
solution sets are equivalent. More generally, if F' is not monotone, all that can be said is that the set of (MVI) solutions
is a subset of the set of (SVI) solutions. In particular, (MVI) solutions may not exist even when (SVI) solutions exist.
These facts follow from Minty’s theorem (see, e.g., [25, Chapter 3]).

We will not, in general, be assuming that F' is monotone. Note that the Lipschitzness of F' on its own is not
sufficient to guarantee that the problem is computationally tractable, as discussed in the introduction. Thus, additional
structure is needed, which we introduce in the following.

Weak MVI solutions. We define the class of problems with weak (MVI) solutions as the class of problems in which
F satisfies the following assumption.

Assumption 1 (Weak MVI). There exists u* € U* such that:
(VueRY): (F(u),u—u*)> —g||F(u)||12,*, (A2)

where p € [O, ﬁ)

We will only be able to obtain the results for p > 0 in the case of the ¢» norm. For p # 2, we will require a stronger
assumption; namely, that an (MVI) solution exists, which holds when p = 0.

Examples that satisfy Assumption 1. The class of problems with weak (MVI) solutions generalizes other structured
non-monotone variational inequality problems. In particular, when p = 0, we recover the class of problems that
have an (MVI) solution. This class further contains all unconstrained variationally coherent problems studied in,
e.g., [36,49], which encompass all min-max problems with objectives that are bilinear, pseudo-convex-concave, quasi-
convex-concave, and star-convex-concave (see [36,49]).
For p > 0 and p = 2, Assumption 1 is implied by F' being —£-comonotone [5] or §-cohypomonotone [11],
defined as follows:
(F(w) = F(v).u =) > = Z[|F(w) - P, 22)

Vu,v € RY In particular, Assumption 1 is equivalent to the condition that Eq. (2.2) is satisfied only for v = u*,
where u* is a solution to (SVI) (in which case F'(u*) = 0). Note that Assumption 1 does not imply that a solution
to (MVI) exists, unless p = 0.

It is interesting to note that Assumption 1 does not imply that f is convex-concave (or that F' is monotone) even
in a neighborhood of an (SVI) solution (i.e., a stationary point of f) u* = [;‘i} To see this, fix y = y* and
consider f(x,y™*) for x in a small neighborhood of x*. Using the fact that a continuously-differentiable function is
well-approximated by its linear approximation within small neighborhoods, all that we are able to conclude from
Assumption 1 is that

ey = £ y) & ([S1ya] o)) < v y)

2
p*

In particular, Assumption 1 does not preclude f(x*,y*) being larger than f(x,y*), but only bounds how much
larger it can be by a quantity proportional to ||V f(x, y*)||2.. Compare this to the Polyak-FLojasiewicz condition (see,



e.g., [41,47]), which gives the opposite inequality, namely, that f(x,y*) — f(x*, y*) is bounded above by a multiple
of [Vf(x,y)

One possible way that a generic operator F' can satisfy Assumption 1 is if there exists a constant A > 0 such that
for some u* € U* we have

2
p*e

* A *
(Yu € RY) (F(u),u —u*) > = fu— [,

and the operator F' does not plateau or become too close to a linear operator around u*; namely, | F(u) — F'(u*)||,» >
p|lu — u*||,. (Note that the inequality is always satisfied with A\ = L for L-Lipschitz operators, but we need A to be
smaller than L). Then Assumption 1 would be satisfied with p = ﬁ For the starting min-max problem, assuming f is

Vs f (xyy)}
_vy.f(x7)')
is bounded below by —\/2 in any direction u — u* and the function f is sufficiently “curved” (not close to a linear or

a constant function) around u* = [;‘*} )

twice differentiable, this would mean that the lowest eigenvalue of the symmetric part of the Jacobian of [

2.2 Useful Definitions and Facts

We now list some useful definitions and facts that will subsequently be used in our analysis. We start with a presenta-
tion of uniformly convex functions, convex conjugates, and Bregman divergence, and then specialize these basic facts
to the £, setups used in Section 4.

Definition 2.1 (Uniform convexity). Given p > 2, a differentiable function 1) : R? — R U {+oc0c} is said to be
p-uniformly convex w.r.t. || - || and with constant m if Vx,y € R?,

wwzww+wwwm—w+%w—ﬂ@

Observe that when p = 2, we recover the standard definition of strong convexity. Thus, uniform convexity is a
generalization of strong convexity.

Definition 2.2 (Convex conjugate). Given a convex function 1 : R? — RU{+o00}, its convex conjugate 1* is defined
by:
(V2 € RY) . 4" (2) = sup {(z,%) — ()},
xeR
The following standard fact can be derived using the Fenchel-Young inequality, which states that ¥x,z € R? :
¥(x) + ¢*(z) > (z,x) , and it is a simple corollary of Danskin’s theorem (see, e.g., [6,7]).

Fact 2.3. Let ¢ : R — R U {+oc} be a closed convex proper function and let 1* be its convex conjugate. Then,
Vg € 0y*(z),

g € argsup{(z, x) — (x)},
x€ER?

where Ov*(z) is the subdifferential set (the set of all subgradients) of 1* at point z. In particular, if * is differentiable,
then argsup, cra{(2z,x) — ¥(x)} is a singleton set and N1p*(z) is its only element.

Definition 2.4 (Bregman divergence). Let 1) : R? — R be a differentiable function. Then its Bregman divergence
between points x,y € R? is defined by

Dy(x,y) = ¢¥(x) = ¥(y) — (VY(y),x —y) .

It is immediate that the Bregman divergence of a convex function is non-negative.

Useful facts for ¢, setups. We now outline some useful auxiliary results used specifically in Section 4, where we
study the case that p is not necessarily equal to 2.

Proposition 2.5. Given, z,u € R%, p € (1,00) and q € {p, 2}, let

1

W= argmin{ (z,v) + —|lu— VHZ}.
veRd q

Then, for p* = p%l, g =L

1

w:u—V(—*

o 1 q 1 o
lally-) and lw = ullt = - sl



Proof. The statements in the proposition are simple corollaries of conjugacy of the functions ¢(u) = L|ju||4 and

T q
U(z) = Lz

5

q .
p+- In particular, the first part follows from

¥ (z) = sup {(z,v) =¥ (v)},

veRd

by the definition of a convex conjugate and using that Z|ul|$ and ||z

7 g: are conjugates of each other, which are
standard exercises in convex analysis for ¢ € {p, 2} (see, e.g., [9, Exercise 4.4.2] and [10, Example 3.27]).
The second part follows by Vi)*(z) = argsupycga{(z,v) — ¥(v)}, due to Fact 2.3 (¢» and ¢)* are both con-

tinuously differentiable for p € (1,00)). Lastly, %Hw —ullf = §||z||gi can be verified by setting w = u —
V(L L), =

Another useful result is the following proposition, which will allow us to relate Lipschitzness of F' to uniform
convexity of the prox mapping %H . Hg in the definition of the algorithm. The ideas used in the proof can be found in
the proofs of [17, Lemma 5.7], [40, Lemma 2], and in [18, Section 2.3]. The proof is provided for completeness.

Proposition 2.6. Forany L. >0,k >0,q> k,t >0, and § > 0,

L. A ]

< = 4

K q 2
where

q—kK
A= (M) Forals
oqr

Proof. The proof is based on the Fenchel-Young inequality and the conjugacy of functions @ and % forr,s > 1,

1 1 _ . . . T s . . _ _ _
};1 + < = 1, which implies zy < £ 4 £ Vx,y > 0. In particular, setting 7 = ¢/k, s = q/(q — £), and z = t*, we
ave

L < — + 7qu
K qy qr

L. Lt Lg-—r)

_ L(g=r)

. E) B . . . . Sqk q—kK . . .
It remains to set § = — oy, which, solving for y, gives y = ( 5 L(q_m)) , and verify that, under this choice,

A = L2 O
qy

3 Generalized Extragradient for Problems with Weak MVI Solutions

In this section, we consider the setup with the Euclidean norm || - || = || - ||2, i.e., p = 2. To address the class of prob-
lems with weak (MVI) solutions (see Assumption 1), we introduce the following generalization of the extragradient
algorithm, to which we refer as Extragradient+ (EG+).

_ . f[a 1 a
ay = argmln{—k (F(ug),u —ug) + §||u - uk|\2} =uy — —kF(uk),
ueRd g g (EG+)

. _ 1 _
Uj41 = argmin {ak (F(ag),u—ug) + §||u — uk||2} =u, — apF(ag),
ueRd?

where 8 € (0, 1] is a parameter of the algorithm and aj > 0 is the step size. When 8 = 1, we recover standard EG.
The analysis relies on the following merit (or gap) function:

hp = ak(<F(ﬁk), Ty — u) + §||F(ﬁk)|\2), 3.1)

for some u* € U* for which F' satisfies Assumption 1. Then Assumption 1 implies that hy > 0, Vk.
The first (and main) step is to bound all h’s above, as in the following lemma.



Lemma 3.1. Let F : R® — R? be an arbitrary L-Lipschitz operator that satisfies Assumption 1 for some u* € U*.
Given an arbitrary initial point o, let the sequences of points {w;};>1, {Q; }i>0 evolve according to (EG+) for some
B € (0, 1] and positive step sizes {a;}i>o. Then, for any v > 0 and any k > 0, we have:

1 % 1 % Q. _
T < 5w — ug || - Sl - e |* + j(p —ar(1— )| F(u)|?

arl (3.2)
2 (oukey = B) PGl + 3 (2E = 9) o — P
where hy, is defined as in Eq. (3.1).
Proof. Fix any k > 0 and write hy equivalently as
by, = ar (F(Qr), Wpy1 — ") + ag (F(ug), G — gi1) 53

+ an (F(80) = Flug) 8 — ) + a5 1P (@)

The proof proceeds by bounding from above individual terms on the right-hand side of Eq. (3.3). For the first term,
the first-order optimality in the definition of ug4; gives:

akF(ﬁk) +ugyr1 —up =0.
Thus, we have

ak (F(0k), up41 — ") = — (Wpg1 — U, Upy1 — u7)
Loy 1, . 1 (3.4)
= 5”“ - Ul1c||2 - §||Ul - Ullc+1||2 - §||uk - Ul1c+1||2-

For the second term on the right-hand side of Eq. (3.3), the first-order optimality in the definition of uj implies:

a _ _
- (F(ug) +up — ug, U —ag) =0,

B

which, similarly as for the first term, leads to:

ar (F(ug), 0 — Upp1) = glluk — g - glluk —ul|* - §||U-k+1 — % (3.5)

For the third term on the right-hand side of Eq. (3.3), applying the Cauchy-Schwarz inequality, L-Lipschitzness of
F, and Young’s inequality, respectively, we have:

ap (F(Ug) = F(ag), U — W) < apl|F(Gr) — F(ug)|l|0r — upp |
< apLl[ag — up||ugr — g4l
ap Ly

_ apL  _
(o _uk”2+WHuk — w1, (3.6)

<

where the last inequality holds for any v > 0.
Using the fact that g, —uy, = —% (ug), ug+1 —ux = —aiF () and combining Egs. (3.4)-(3.6) with Eq. (3.3),
we have:

1 % 1 * Q. _
hi, < S lu” = ug||? - lu’ = we | + E(P —a(1 = B)) || F(up)|?

L
2B2(akL7 B F(up) || + _(akT_B)Huk—uk-i-lH

as claimed. O

Using Lemma 3.1, we can now draw conclusions about the convergence of EG+ by choosing parameters 3, v and
the step sizes aj, to guarantee that by, < 3|lu* — ugl|? — $||u* — w1 ||? as long as | F ()| # 0.



Theorem 3.2. Let F : RY — RY be an arbitrary L-Lipschitz operator that satisfies Assumption 1 for some u* € U*.
Given an arbitrary initial point ug € RY, let the sequences of points {u;}i>1, {@;}i>0 evolve according to (EG+) for

8= % and aj, = % Then:

(i) all accumulation points of {Qy }r>o0 are inU*.

(ii) forallk > 1:

i ”2 2L||u0—u*||2
2 (k= 1)(1/(L) — 7)
In particular, we have that
2L[lug — u*|?
Fla)l2 <
2 IO = G aan )
" g —
2L||lug — u*
E1~ ni F
Unif{o0,..., [H ( )H } (k+1)(1/(4L) )
where i ~ Unif{0, ..., k} denotes an index i chosen uniformly at random from the set {0, . .., k}.

Proof. Applying Lemma 3.1 with the choice of a; and 8 from the theorem statement and with v = 1, we get

Ly L. 1 1 _
e < 5l =l = S = w2+ (0= o ) IF G

By Assumption 1, p < 7, and, thus, the constant multiplying || F'(ti) |

As hy > 0 (by Assumption 1), we can conclude that

is strictly negative.

1, . 1, . 1 /1 _
Sl = | = Sl = w? < - (57 - p) IF @I < 0. 37
As £~ (& - p) > 0, Eq. (3.7) implies that || F'(ti ) || converges to zero as k — oo. Further, as Gy —uy = — % F(uy),

using triangle inequality and F'(u*) =0 :

_ . o, Tk .
2y —u*[| < flup —u| + E”F(uk) — Fu")|

a (3.8)
<(1+ LE) [wg — u*|| = 2|Jug — u*|],

where we have used that F' is L-Lipschitz. Now, as ||uy — u*|| is bounded (by ||ug — u*||, from Eq. (3.7)), it follows
that the sequence {uy} is bounded as well, and thus has a converging subsequence. Let {t,} be any converging
subsequence of {u} and let u* be its corresponding accumulation point. Then, as ||F'(qy)|| converges to zero as
k — oo, it follows that || F'(ug, )
For Part (ii), telescoping Eq. (3.7), we get:

11 ~ 1 1
= _ Ffl_ 2<_ o2 T w2
4L(4L p);' (@) < 5 lluo — u|* = Flfups —u’
1
< o —ueP”

Rearranging the last inequality:

k *
Z H2 2LHu0_u ”2
~ (k+1)(1/(4L) — p)

It remains to observe that

k

Eivunitfo,... sy [ /(1 Z w)|?
i=0
k _ . _

and =5 Y, [|1F()]1 > ming<;< [|F(w)]]*. O



Remark 3.3. Due to Eq. (3.8), we have that all the iterates of EG+ with the parameter setting as in Theorem 3.2
remain in the ball centered at u* and of radius at most 2||ug — u*||. Thus, Assumption 1 does not need to hold globally
for the result to apply; it suffices that it only applies locally to points from the ball around u* with radius 2||ug — u*||.

Remark 3.4. It is possible to obtain similar convergence results as those of Theorem 3.2 under different parameter
choices. In particular, for v € (0, 1], it suffices that aj, < /BL—V and p < a(1 — ). We settled on the choice made in
Theorem 3.2 as it is simple and requires tuning only one parameter, L.

Remark 3.5. Note that, in fact, we did not need to assume that u* from Assumption 1 is from &/*; it could have been
any point from R? for which Assumption 1 is satisfied. All that would change in the proof of Theorem 3.2 is that in
Eq. (3.8), using ||F(ug)| < [|[F(ur) — F(u*)| + ||F(u*)|| (by triangle inequality) we would have 2||ur, — u*| +
1||F (u*)|| on the right-hand side. Since u* € R? and F is Lipschitz-continuous, if F' is bounded at any point u € R,
||F'(u*)]| is bounded as well. Thus, we can still conclude that ||, — u*|| is bounded and proceed with the rest of the
proof. An interesting consequence of this observation and the proof of Theorem 3.2 is that Assumption 1 guarantees
existence of an (SVI) solution.

4 Extensions: /, Norms and Stochastic Setups

In this section, we show how to extend the results of Section 3 to non-Euclidean, £,-normed setups (for p = 0) and

stochastic evaluations of F. In particular, we let || - || = || - ||, for p € (1, 0)? and p* = -2 . Further, we let F denote
the stochastic estimate of F’ that at iteration k satisfies:

E[F ()| Fi] = F(ug), E[|F(ux) — F(ag)|?| 7] < &

2
N . , k , 4.1
E[F(Wrq1)[Frr1] = F(urg1),  E[[F(ugsr) — Flage) |5 Fra1] < okgr”,

where Fj, and F}, denote the natural filtrations, including all the randomness up to the construction of points uy and
uyg, respectively, and 6,3, ak+12 are the variance constants. Observe that F;, C Fj, and Fj, C Fj41. To simplify the
notation, we denote:

M = F(ag) — F(ug), N1 = F(upgr) — F(ugpsr). (4.2)

The variant of the method we consider here is stated as follows:

~ 1
a, = argmin{% <F(u;€),u - uk> + aHu - uk”;q)}a

ucRd i (EGp+)
Upi1 = argmin {ak <F(ﬁk), u-— uk> + ¢p(u, uk)},
ueRd
where
2, ifpe (1,2,
q—{ Ly (2 ] 4.3)
P =55, UpE (2,00)
and
Dy _y2(u,ug), ifp € (1,2,
dp(wug) = { | 3l ollg( . k), ifp € (1,2] 4.4)
EHu_ unga 1fp € (2500)

Notice that for p = 2, EG,,+ is equivalent to EG+. Thus, EG,+ generalizes EG+ to arbitrary £, norms. However,
EG,+ is different from the standard Extragradient or Mirror-Prox, for two reasons. First is that, as is the case for
EG+, the step sizes that determine @y and uy11 (i.e., ar/S and ay) are not the same in general, as we could (and
will) choose 5 # 1. Second, unless p = ¢ = 2, the function %Hu — uy||$ in the definition of the algorithm is not a

Bregman divergence between points u and uy, of any function 1. Further, when p > 2, %Hu — uy||4 is not strongly
convex. Instead, it is p-uniformly convex with constant 1. Additionally, no function whose gap between the maximum
and the minimum value is bounded by a constant on any ball of constant radius can have constant of strong convexity

2Note that the norms || - ||1 and || - || are within a constant factor of the £,-norm for p = 1 + m and p = log(d), respectively, and so
taking p € (1, 00) is w.l.o.g.—forany p < 1 + m or p > log(d), we can run the algorithm withp = 1+ @ or p = log d, losing at most a
constant factor in the convergence bound.



w.rt. || ||, that is larger than O (=57 ) [17]. When p € (1, 2], %Hu— uy||7 is strongly convex with constant p—1 [39].
We let m,, denote the constant of strong/uniform convexity of %Hu — ug||g, that is:

my, = max{p —1,1}. 4.5)

Observe that m
op(u,uy) > 7p||u — u|2. (4.6)

This is immediate for p > 2, by the definition of ¢, and using that ¢ = p and m, = 1 whenp > 2. Forp € (1, 2], we
have that ¢ = 2, and Eq. (4.6) follows by strong convexity of || - ||2.
As in the case of Euclidean norms, the analysis relies on the following merit function:

hy = ak(<F(ﬁk),ﬁk —u") + gHF(ﬁk) 1%) 4.7
Moreover, as before, Assumption 1 guarantees that hy, > 0, Vk.

We start by first proving a lemma that holds for generic choices of algorithm parameters a; and 3. We will then use
this lemma to deduce the convergence bounds for different choices of p > 1 and both deterministic and the stochastic
oracle access to F.

Lemma 4.1. Let p > 1 and let F : RY — R be an arbitrary L-Lipschitz operator w.rt. || - |, that satisfies
Assumption 1 for some u* € U*. Given an arbitrary initial point uy, let the sequences of points {u;};>1, {Q; }i>o0
evolve according to (EG,+) for some 8 € (0, 1] and positive step sizes {a; }i>o. Then, for any v > 0 and any k > 0:

o _ ~ ar ~
hie < — ag Mk, O — w*) — ag (M — Nk, W — Ugy1) + TPHF(uk) o
* * B_m
+ ¢p(u*,ug) — gp(u*, upq1) + 7 Pllugg — uel?
arAey — 5 - apNg /vy — Bmy | _
+ 20 =Py g+ LT g 7+ i,

a=2
where hy, is defined as in Eq. (4.7), d. is any positive number, and Ay, = (%) * L92. When q = 2, the statement
also holds with 6, = 0 and A, = L.

Proof. We begin the proof by writing hy equivalently as:

(= — * - = * a —
hi = ay, <F(uk),uk —u > — a Mk, 0, —u*) + %pHF(uk)Hi*
= ay <F(ﬁk), Upy1 — u*> +ay <F(U-k)7 ay — U—k+1> (4.8)

_ — — —_ * a
+ay <F(U-k) — F(ug), ag — uk+1> —ag (i, 0 —u™) + k0

- |F ()2

The proof now proceeds by bounding individual terms on the right-hand side of the last equality.
Let Myy1(u) = ag <Vﬁ'(ﬁk), u— uk> + ¢p(u, ug), so that upy; = argming, e Miy1(u). By the definition
of Bregman divergence of M :

Mp+1(0") = M1 (Wir1) + (VMig1 (Wpg1), u* = Wep1) + Dagy, (W5, Ui
Asuyy1 = argming, cga Mpyy1(u), we have VMj 1 (ugs1) = 0. Further, Dy, (0, upy1) = D%(.)uk)(u*, Ujt1)-

When p < 2, ¢, itself is a Bregman divergence, and we have Dy, ., (u*, upy1) = ¢p(u*, upy1). When p > 2,
dp(u,ug) = %Hu — uglh, and as ¢, is p-uniformly convex with constant 1, it follows that Dy, , (0", ug41) >

Sl — w1 || = ¢p(u*, ups1). Thus:

Mp1(u”) = M1 (k1) + ¢p(u”, upy).

10



Equivalently, applying the definition of M} 1(+) to the last inequality:

ak <VF(ﬁk), Ug+1 — U*> < ¢P(U*a uk) - ¢p(U*a ukJrl) - ¢p(uk+1,uk)

. ) m, (4.9)
< ¢p(u*,ug) — dp(u*, upt1) — 7Huk+1 — ugll3,

where the last inequality follows from Eq. (4.6).

Now let My (u) = % <F(uk), u-— uk> + 2llu— gl so that @y, = argmin,czs Mx(u). By similar arguments

as above,
M (upy1) = My (i) + (VMg (g), ap1 — @) + Dag,, (W1, U
_ my _ g
> My (uy) + 7||uk+1 — a3,
where the inequality is by V M}, (1) = 0 and the fact that %H -||# is g-uniformly convex w.r.t. || - [|,, with constant m,,,

by the choice of q from Eq. (4.3). Applying the definition of M} (u) to the last inequality:
~ B B B B
ak <F(uk)=uk - uk+1> < E(lluk+1 —wil|f = [[ar — el — mplupi — wllF). (4.10)

The remaining term that we need to bound is <F(ﬁk) — F(uk), uy — uk+1> . Using the definitions of 7y, 1y, we
have:

<F(ﬁk) = F(uy),ay — uk+1> = (F(ug) — F(ug), Ux — 1) — (M — Mk, U — Wkp1)
(2)
< = (M — Mk, Wk — Wgp1) + [ F(0g) — F(ug)
(i)
< =Mk — Mk, U — Upy1) + L0 — uglpllar — urga|lp
(i) B B Iy L

< — (M — My T — Wpy1) + %Hu;g - uzcl\fj + %Huk — uk+1||12),

p || 0k — uk-i-al

where (i) is by Holder’s inequality, (i4) is by L-Lipschitzness of F, and (i) is by Young’s inequality, which holds
a—r
for any v > 0. Now, let ; > O and Ay, = (2551—;:)) " L%/% Then, applying Proposition 2.6 to the last two terms in

the last inequality:
<F(ﬁk) — F(ug),ay, — uk+1> < — (M — Mk, U — Upg1)
4.11)

Apy, Ag .
+ 25y, — w4 =2 ag — w |G+ G
q qry

Observe that when g = 2, there is no need to apply Proposition 2.6, and the last inequality is satisfied with §; = 0 and
Ap=1L.
Combining Egs. (4.9)-(4.11) with Eq. (4.8), we have:

hi < —ak (Mg, 0 — w*) — ag (M — Nk, U — Wpy1) + %HF(ﬁk) ﬁ*
oyt ) — 6y ) + T
+ 2T =y g+ P 4
as claimed. O

We are now ready to state and prove the main convergence bounds. For simplicity, we start with the case of exact
oracle access to F'. We then show that we can build on this result by separately bounding the error terms due to the
variance of the stochastic estimates F'.

11



Deterministic oracle access. The main result is summarized in the following theorem.

Theorem 4.2. Let p > 1 and let F : R? — R? be an arbitrary L-Lipschitz operator w.rt. || - ||, that satisfies
Assumption 1 with p = 0 for some u* € U*. Assume that we are given oracle access to the exact evaluations of F)
ie., i = m; = 0, Vi. Given an arbitrary initial point uy € R, let the sequences of points {u;};>1, {i; }i>0 evolve
according to (EGp+) for B € (0,1] and step sizes {a;}i>o specified below. Then, we have:

(i) Letp € (1,2 If B =mp, =p—1,a, = 22/ , then all accumulation points of {uy }r>o are in U*, and,
Sfurthermore Vk > 0:
k 9 .
Z || 16L ¢p(u ,uo)
i=0 P mpz(k + ]‘)

L?|u* — uolf7
oLl
(p—1)7°(k+1)
L2|u*—uo3

In particular, within k = O( e L) iterations EGy+ can output a point u with ||F(u)

p*gé.

q—2
(ii) Letp € (2,00). If B = % =6>0 A= (%)?Lqm, and aj, = ﬁ = q, then, Vk > 0:

2/lu* —wollh 2ps
a?*(k+1)  ap" -1’

w)lh: <

HM?r

2
In particular, for any € > 0, there is a choice of § = ﬁ, where Cy, is a constant that only depends on p, such

that EGp+ can output a point u with || F'(u)

p* < € in at most

-0 ((HEY)

iterations. Here, the O, notation hides constants that only depend on p.

Proof. Observe that,as 17; =n; = 0, Ve > 0 and p = 0, Lemma 4.1 and the definition of hj, give:

* * —m
0 < hg < ¢p(u”,ug) — dp(u”, upq1) + a p P gy — g2

apApy —

4.12)
B ar\ — Bm, . _
s o — g+ AT B 19+ aud.

Proof of Part (i). In this case, we can set §;, = 0 (see Lemma 4.1), Ay, = L, and ¢ = 2. Therefore, setting § = m,,,

7"22/ ,and 7 = —=— we get from Eq. (4.12) that

ar = \/7

* * m —
(U, Wey1) < dp(u”, up) — [T — w7, (4.13)

It follows that ||, — uy|2 converges to zero as k — oc. By the definition of u; and Proposition 2.5, 3 ||t — uk |2 =
%HF(UUHE*, and so ||F'(uy)||p~ converges to zero as k — oo. Further, as ¢,(u*, u;) < ¢p(u*,ug) < oo and

dp(u*,ug) > Z2(|u* — ugl|2, my, > 0, it follows that |u* — ug||,, is bounded, and, thus, {uy} >0 is a bounded
sequence. The proof that all accumulation points of {uy}r>0 are in U* is standard and omitted (see the proof of
Theorem 3.2 for a similar argument).

k
To bound k—_lH Zi:o (PACH

127* , we telescope the inequality from Eq. (4.13) to get:

k

mp Y |0 —w} < 4(65(u*, 1) — dp(u”, wes)) < 4y (u, uo).
i=0

12



To complete the proof of this part, it remains to use the fact that [|7; — u; |2 = “BL; [ F(u;)|]2- (already argued above),
the definitions of ax, and 8, and m, = p — 1. The bound on ¢, (u*, ug) follows from the definition of ¢,, in this case.
In particular, if we denote ¢ (u) = 3[lu — ug||2, then ¢, (u*,uy) = Dy(u*,up). Using the definition of Bregman
divergence and the fact that, for this choice of 1, we have ||V (u)||,» = [[u — ugl|,, Yu € R?, (see the last part of
Proposition 2.5) it follows that:
) u — u0>
0

Proof of Part (ii). In this case, ¢ = p, ¢p(u,v) = %Hu — v||b, and m,, = 1. Using Proposition 2.5, |[u;, — g |h =

1 1
ol = oo w2~ (Va5 wol2)|

¢p(u”;up) = 5 |lu

‘TB’CP (ug) gi and [lug1 — uglh = ar?” HF(ﬁk)Hg: Combining with Eq. (4.12), we have:
1 1 —Dar? | ot
0< e —willg -+ P,
p( A sz* A/v =B I
apgy — P)ak p* | WkDE/Y =D »
+ G HF(U_/C)HP* + » Huk uk+1||p+ak6k.
Nowlety =1, 3 = §, 65 = § > 0,and aj, = 33—~ = 35 = a. Then apAgy — 8 = axAy/y — B = 0 and Eq. (4.14)
simplifies to:
a?” N N N T »
2—p||F(uk) pr < ]—?IIu —wflp - ];Hu — W[l + ad.
Telescoping the last inequality and then dividing by M , we have:
k
< 2lu* —wollp  2ps
P, P . 4.15
; Wik < g T e (4.15)

Now, for EG,+ to be able to output a point u with ||F'(u)||,+ < e, it suffices to show that for some choice of ¢ and
k we can make the right-hand side of Eq. (4.15) at most € . This is true because then EG,+ can output the point
@, = argming., <, || F(Q;)|p-. For stochastic setups, the guarantee would be in expectation, and EG,+ could output
a point @i; with 7 chosen uniformly at random from {0, . k} as discussed in the proof of Theorem 3.2.

Observe first that, as A = (’;52) 7 L”/ 2 and p* = , we have that:

4]

ap” 1

=5(20)P "1 = 525 T AT

— 251§D (p 2)” 1)L2<pp—1).

p
Setting —~ 2p 51 < 5— , recalling that p* pf 7, and rearranging, we have:
p* Ep* P 2;2 " *
P < 2p i ( ) 3 7P /2.
2 p—2
Equivalently:
2
5 < 2(2p—1) 2(p—1) 2\P=2"
D p P (T) P
: : —2,2=2 2oy 2e—l)
It can be verified numerically that (pT) » 1S a constant between = and 1, while it is clear that 2 p- P =
) 20021 2-1)
O(p?) is a constant that only depends on p. Hence, it suffices to set 6 = L, where C, =277 p~ »

13



f[u”—uol| Aflu*—uo|lp

. . . 2 P * .
It remains to bound the number of iterations k so that L % . Equivalently, we need k+1 >

ar™ (k+1) aP™ er™
Plugging § = % into the definition of A, using that p* = ﬁ, and simplifying, we have:
) p—2 _p_
@ = Ay =2t (B5) T T
po
1 p(pp:f)
=0, (2) 7).
(07 7)
Thus,
1 p(pp:12)+p_gl . LHU.* _ u0|| p
=0,((2) D = ol ) = 0, (Ml
as claimed. O

Remark 4.3. There are significant technical obstacles in generalizing the results from Theorem 4.2 to settings with
p > 0. In particular, when p € (1,2), the proof fails because we take ¢,(u*, u) to be the Bregman divergence of
| - —uo||2, and relating ||y — ul|, to [|[F(ug)||,» would require || - ||2 to be smooth, which is not true. If we had,
instead, used ||u* —ul|2 in place of ¢, (u*, u), we would have incurred & ||u* —ug||2 — 52 ||[u* — a2 in the upper
bound on Ay, which would not telescope, as in this case m,, < 1. In the case of p > 2, the challenges come from
a delicate relationship between the step sizes ax and error terms Jy. It turns out that it is possible to guarantee local
convergence (in the region where || F'(ix)||2 is bounded by a constant less than 1) with p > 0, but p would need to
scale with poly (¢) in this case. As this is a weak result whose usefulness is unclear, we have omitted it.

Stochastic oracle access. To obtain results for stochastic oracle access to F, we only need to bound the terms £ =

—ag (Mg, U — u*) — ag (Mg — Nk, W — Ug1) from Lemma 4.1 corresponding to the stochastic error in expectation,
while for the rest of the analysis we can appeal to the results for the deterministic oracle access to F. In the case of
p = 2, there is one additional term that appears in hy, due to replacing F'(@y) with F(@). This term is simply equal

to:
agp agp

2 2
We start by bounding the stochastic error £° in expectation.

_ _ _ = arp _
E[||F () + 713 — [|F(ax) |3 Fe] = —F52. (4.16)

E[|lF (@) 13 — 1F (@) 3] Fi] = 2

Lemma 4.4. Let £5 = —ay, (M, U — u*) — ag, (M — Mg, Ux — Ug11), Where Ty, and my, are defined as in Eq. (4.2)
and all the assumptions of Theorem 4.5 below apply. Then, for q defined by Eq. (4.3) and any 7 > 0:

24" /2q, 0" (op2 + 5%)(1*/2

E[€°] < :
qTi

71 q
+E ?”uk —ugs1ll3],

where the expectation is w.r.t. all the randomness in the algorithm.

Proof. Let us start by bounding —ay, (7j, G, — u*) first. Conditioning on Fu, 7y, is independent of Uy and u*, and,
thus:

E[—ak <’f];g, up — U_*>] = E[E[—ak <’f];g, up — U_*> |.7:-1€H =0.

The second term, —ay (x — M, U — Uk4+1) , can be bounded using Holder’s inequality and Young’s inequality as
follows:

E[ — ak Mk — s U — Weg1) | < Elagl|e — kllp- |0e — wrga |lp)

IN

E[a—kq* 178 — .

P* =
- —HE[ a, —u q]
s } p [t — g [l
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It remains to bound E ||, — n ||Zi] . Using the triangle inequality,

T < B[l + el )" ]
— B[ (Il + o))" "]
< (Bl )"

where the last line is by Jensen’s inequality, as ¢* € (1, 2], and so ( ~)q* /2 is concave. Using Young’s inequality and
linearity of expectation:

E [l — mx

p T [l

E[( - + Imellpr)?] < 2(E[Icl2:] + Elmell2.])
(UkQ + 5%).
Putting everything together:

([l — mell2.] < 297/%(0x% + 52)7 /2

and
E[E°] = B[ — ak (M — M, U — Upr1) |
2 ot éfﬁjf o2)T /2 +E{%q||flk — w13,
as claimed. o

We are now ready to bound the total oracle complexity of EG,,+ (and its special case EG+), as follows.

Theorem 4.5. Let p > 1 and let F : R? — R? be an arbitrary L-Lipschitz operator w.rt. || - ||, that satisfies
Assumption 1 for some w* € U*. Given an arbitrary initial point ug € R?, let the sequences of points {w;}i>1,
{@;}i>0 evolve according to (EG,+) for some 3 € (0, 1] and positive step sizes {a;}i>o. Let the variance of a single
query to the stochastic oracle F be bounded by some 0 < co.

(i) Letp = 2and p € [O, ﬁ), where p = ﬁ. Ifg = % and ay, = ﬁ, then EG,—+ can output a point u with

E[|| F(u)||2] < e with at most
2

L = w3 o
o(Cag=p (im=p)
e(p—p) Le*(p—p)
oracle queries to F.

/ ~
(ii) Letp € (1,2] and p = 0. If ay, = mp” " and B = my, then EGp+ can output a point u with E[||F'(u)||«] < €

i 2L
with at most
2

O(LQHU_* _uoHZ (1 n o ))

22 2
mp?e mpe

oracle queries to I:", where m, = p — 1.

(i) Letp >2and p = 0.1f B = % and aj, = a = 75, then EG,+ can output a point u with E[||F(u),-] < e with

(2 (4 (2))

oracle queries to I, where p* = p%l.

15



Proof. Combining Lemmas 4.1 and 4.4, we have, Yk > 0:

2
p*

207 /200" (04,2 4 52)9° /2 T axpoy? a ~
0 < E[hy] < u qﬂjq* g ;nuk—umng} +%+E[%ﬂnp<uk)

—m
0 gy~ 3] (4.17)

+ E|:¢;D(u*7 uk) - ¢p(u*7 uk-‘rl) +

akAk — _ akAk — PMy | _
B[ 2 g SRy + and]

#{lu* — ul|3, and, further,

Proof of Part (i). In this case, ¢ = 2, m, = 1,6 = 0, Ay, = L, and ¢p(u*,u) =
Upi1 — ug = —aiF(ug), so Eq. (4.17) simplifies to
2( =2 | =2 2
0 < Ejhy] < 2ai*(0%” + 0%) n agpok
272 2

1 * 1 * akz(ﬁ _ 1) + kP |\ /=
+E |5l —well — 5l — |+ L F () 3]

arLly =B, _ arL/y — B+ 72
+]E[%B|\uk—uk||§+m+

s — w3

, T2 =17=V2and aq; = ﬁ, and recalling that p = ﬁ, we have:

Taking 3 = %
=2
_ = . . _ arpok
ai(p = PE[|IF(u)[l3] < E[llu* = wgll — fu* = wpsa 3] + dai’(03” + 04)° + 5
Telescoping the last inequality and dividing both sides by ax(p — p)(k + 1), we get:
. iE[HF(ﬁ)HQ} < 2\/§L||u*—u0||§ \/5226:0(01'2"‘51'2) n PZ?:()&%
k+1 & YRk +1)(p - p) Lp-p)k+1) " 20k+1)(5—p)

In particular, if the variance of a single sample of F evaluated at an arbitrary point is 02 and we take n samples of F

in each iteration, then:
LiE[HF(ﬁ)HZ] < 2\/§L||u*_u0||% 02(4\/§/L+p)'
k+1— H= (k+1)(p—p) 21— )

To finish the proof of this part, we require that both terms on the right-hand side of the last inequality are bounded by

2 .
%. For the first term, this leads to:

k_{%@“W“”w%_lw_oC”“—“M%.

e(p—p) e(p—p)

For the second term, the bound is:

| 20%(4V2/L+p) | o2
n_{ e(p—p) w_O(L@(p—p))'

Thus, the total number of required oracle queries to F is bounded by:

T )

As discussed before, @; with i chosen uniformly at random from {0, . . ., k} will satisfy || F'(1i;)||2 < € in expectation.
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Proof of Part (ii). In this case, ¢ =2, m, =p—1,0 =0, A;, = L, and p = 0. Thus, Eq. (4.17) simplifies to:

2/ 2 | =2
OSE[hk]SM

272
* * ﬁ_m
+E[6,(0" w0) = b, w) + =2 g — e}
arLy—f, _ apL/y — pmy, + 1%
P[Py gz SO T 2]

. . . ... . 3/2
In this case, the same choices for aj, and 3 as in the deterministic case suffice. In particular, let a;, = mg—L, B =myp,

v = \/}Tp, and 72 = m§2. Then, using the fact that ||a;, — |2 = %Hﬁ(uk)ﬂg*, from Proposition 2.5, we have
2 22 | =2
ar*m - . . ap’(or® + ;)
P13 < B0 ) — by w4 U,

akzmp

Telescoping the last inequality and dividing both sides by (k + UW’ we have:

1 & .
Tl > E[|F(w)

=0

> | < 16170, (u" o) 83 ol + 07
= (k+1)my? (k+1)m,

(4.18)

Now let 0;2 = G2 = 02 /n, where o2 is the variance of a single sample of F and n is the number of samples taken

per iteration. Then, similarly as in Part (i), to bound the total number of samples it suffices to bound each term on the
right-hand side of Eq. (4.18) by % The first term was already bounded in Theorem 4.2, and thus we obtain:

L2|Ju* — uol|;
k= 0(72 - )
mp €
For the second term, it suffices that:
2
ag
n= O( 5 ) ,

mpe

and the bound on the total number of samples follows.
Proof of Part (iii). In this case, ¢ = p, mp, = 1, p = 0, ¢p(u*,u) = %Hu* — u||P, and we take 0, = J > 0,

p=2 p . .
Ap=A= (1)1);62) 2 L2.Eq. (4.17) now simplifies to:

20" 2P (03, + 5%)1)"/2

0<Elh] <
< Efhg] < o
1., 1, B—-1
e e N (4.19)
P P P
ap\ _ agAN/v+7P -3 _
+E|: k '; ﬂ|uk_uk||g+w|uk_uk+1”g+ak6:|

Recall that, by Proposition 2.5, Z{[u+1 — ug /5 = %Hﬁ(ﬁk) g:. LetB =3 ap=a=5 1™=1%ady=1

Then 8 — 1= —%, apAy— 5 = —% < 0,and axA/y + 7P — 8 = 0, and Eq. (4.19) leads to:

4+p * _ *
27D aP" (042 + 52)P /2

p*

ﬂE[HF(ﬁk)

0.
2% +a

. 1, . 1,
) SB[ wellf = = w7 +

a?”
2p

Telescoping the last inequality and then dividing both sides by (k 4+ 1), we have:

3p+2 .
1 < 2[lu* — uolp 22‘(5—71)1) Zf:O(UiQ +a2)P /2 2pé

- NG
k41 ;E[HF(W)””*] T oar(k+1) p*(k+1) P
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Now let o2 be the variance of a single sample of F and suppose that in each iteration we take n samples to estimate
2
F(a;) and F(u;). Then 0,2 = 6,® = <, and the last equation simplifies to

20u* —uolz 25 ipo?”  2ps

k
: 7] |
Pi= ar(k+1) p*n aP” —1

il ZE[HF(ﬁi)

=0

*

) onllu* —un (17 .
To complete the proof, as before it suffices to show that we can choose k and n so that Pl ~uol; + < e

ap™* (k+1) ar*—1 — 2
2% po®” P . . U
and =——>"— < &-. For the former, following the same argument as in the proof of Theorem 4.2, Part (ii), it suffices

p*n 2
to choose § = Op(%), which leads to:

_ Op((LIIU* = uOIIp)P)_

p+2 * *

2p—1 +1p0'p 0 poP

n = *717* = > .
pe €

For the latter, it suffices to choose:

The total number of queries to the stochastic oracle is then bounded by k(1 + n). (]

5 Discussion

We introduced a new class of structured nonconvex-nonconcave min-max optimization problems and proposed a
new generalization of the extragradient method that provably converges to a stationary point in Euclidean setups.
Our algorithmic results guarantee that problems in this class contain at least one stationary point (an (SVI) solution,
see Remark 3.5). The class we introduced generalizes other important classes of structured nonconvex-nonconcave
problems, such as those in which an (MVI) solution exists. We further generalized our results to stochastic setups
and ¢,-normed setups in which an (MVI) solution exists. An interesting direction for future research is to understand
to what extent we can further relax the assumptions about the structure of nonconvex-nonconcave problems, while
maintaining computational feasibility of algorithms that can address them.
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