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Abstract

We examine a flexible algorithmic framework for solving monotone variational
inequalities in the presence of randomness and uncertainty. The proposed tem-
plate encompasses a wide range of popular first-order methods, including dual
averaging, dual extrapolation and optimistic gradient algorithms — both adaptive
and non-adaptive. Our first result is that the algorithm achieves the optimal rates
of convergence for cocoercive problems when the profile of the randomness is
known to the optimizer: @(1/+/T) for absolute noise profiles, and O(1/T) for
relative ones. Subsequently, we drop all prior knowledge requirements (the ab-
solute/relative variance of the randomness affecting the problem, the operator’s
cocoercivity constant, etc.), and we analyze an adaptive instance of the method that
gracefully interpolates between the above rates — i.e., it achieves O(1/+/T) and
O(1/T) in the absolute and relative cases, respectively. To our knowledge, this is
the first universality result of its kind in the literature and, somewhat surprisingly,
it shows that an extra-gradient proxy step is not required to achieve optimal rates.

1 Introduction
This paper focuses on solving variational inequality problems of the form
Find z* € R? such that (A(z*),z — z*) > 0 for all z € R?, (VD)
where A: R? — R? is a monotone cocoercive operator, i.e.,
(A(y) — A(z),y — x) > B||A(y) — A(x)||*> for some 3 > 0 and all z,y € R?. (CO)

The study of monotone VI problems is a classical topic in optimization that provides a powerful
and elegant unifying framework for a broad spectrum of “convex-structured” problems — including
convex minimization, saddle-point problems, and games [4, 12].
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The VI problems in general have recently attracted considerable attention in the fields of machine
learning (ML) and data sciences because of their potential applications to generative adversarial
networks [15], multi-agent and robust reinforcement learning [34], auction theory [41], and many
other areas of interest where the minimization of a single empirical loss function does not suffice.

Stochastic first-order methods are the de facto standard in this setting: these methods can be run with
computationally cheap updates that only require noisy access to A, so they are ideal for problems
with very high dimensionality and moderate-to-low precision needs as is typically the case in ML.

When A is monotone cocoercive as above, the min-max optimal convergence rate for solving (VI) is
O(1/T) after T oracle calls, and it is achieved by the extra-gradient / mirror-prox algorithm [23, 27]
with Polyak-Rupert averaging [36]. However, this method requires access to a perfect oracle; if the
method is run with a stochastic first-order oracle, its convergence rate deteriorates to O(1/ VT ) [21],
and this rate is, in general, not improvable [29] without additional assumptions.

The O(1/+/T)-rate can be improved when the underlying operator is strongly monotone — i.e., the
RHS of (CC) is replaced by aly — z||? for some o > 0. In this case, we can obtain a fast O(1/T)
rate with a rapidly decreasing step-size [16]; however, this acceleration requires knowledge of the
strong monotonicity modulus, and there is no known way to adapt to it. In particular, if a stochastic
first-order method that has been fine-tuned for strongly monotone operators is run on a merely
monotone/cocoercive problem, its rate of convergence suffers a catastrophic drop to O(1/logT).

These considerations naturally lead two key research questions: First, are there any conditions for
the method’s oracle that would close the stochastic-deterministic convergence gap outlined above?
Second, is it possible to design a class of methods that would adapt to the quality of the oracle, and
that achieve order-optimal rates without prior knowledge of the problem’s parameters (the operator’s
cocoercivity modulus, the variance of the oracle, etc.)?

Our contributions in the context of related work. We provide a range of positive answers to
these questions, both in terms of oracle requirements, as well as methods that are able to gracefully
interpolate between an O(1/7) and an O(1/+/T) rate, depending on the setting at hand.

With regard to the first question, our point of departure is the classical “relative noise” framework of
Polyak [35], in which the variance of the oracle is upper bounded by the square norm of the operator
at the queried point. This noise model is particularly relevant in applications to control theory and
signal processing, when the operator is calculated based on actual, physical measurements that are
only accurate up to a percentage of their true value. In recent applications to ML, this noise model
has also been studied in the context of overparametrization [32], representation learning [46], and
multi-agent learning [25]. This model has also been studied under the umbrella of multiplicative
noise [19] or growth conditions [5, 39, 42, 44], and it is known to improve the convergence rate of
stochastic gradient algorithms with non-adaptive step-sizes, even in non-smooth problems [13].

With regard to the second question, we introduce a flexible first-order algorithmic template that
includes as special cases the dual averaging [31], dual extrapolation [30] and optimistic gradient
methods [37, 38], and accounts for both adaptive and non-adaptive variants thereof. Our contributions
can then be summarized as follows:

1. For oracles with bounded variance, we show that the proposed methods achieve an O(1/v/T) if
run with a non-adaptive, decreasing step-size.

2. In the relative noise model, this rate improves to O(1/T), and it is achieved with a constant
step-size that does need to be tuned as a function of 7.

3. Finally, we provide an adaptive step-size rule that allows the method to achieve a fast, O(1/T)
rate under relative noise, and an order-optimal O(1/+/T) in the absolute noise case.

Importantly, our work shows that an extra-gradient mechanism is not required to obtain a fast O(1/T)
rate, as this can be achieved by vanilla dual-averaging methods with a constant step-size. This is an
elegant consequence of the interplay between cocoercivity and the relative noise model; to the best of
our knowledge, the only other work considering these models in tandem is the very recent paper [25].

Our work closes several open threads in [25], which requires a vanishing relative noise level to obtain
faster convergence in models with relative noise. A summary of our results in the context of related
work can be found in Table 1. Appendix A also elaborates on the related work in greater detail.



Lipschitz Cocoercive + relative noise

Vi Ergodic Last Iterate  Ergodic Last Iterate
Adaptive dual averaging 0 1/v/T[10]  Unknown 1/T Asymptotic
Adaptive dual extrapolation ~ AX; + rel.noise 1/v/T [38]  Unknown 1/T Asymptotic
Adaptive optimistic gradient ~ AX,_ 1,5 + rel.noise 1/ VT [11]  Unknown 1/T Asymptotic

Table 1: The best known convergence rates in stochastic monotone VIs with our contributions highlighted in
gray. Adaptive refers to our particular adaptive step-size choice in (Adapt). We obtain various schemes with
particular choices of V;. For the nomenclature, please refer to Section 3.2.

2 Problem setup and preliminaries

Throughout the sequel, we will focus on solving the variational inequality problem (VI). We briefly
mention some examples below, and we defer to [12, 40] for a panoramic survey of the field.

Example 1. Convex Minimization: If A = V f for some convex function f, then the solutions of the
(VI) are simultaneously the minimizers of f and vice versa.

Example 2. Min-Max: If A = (V, L, —V,, L) for some convex-concave function L(x1,x2), then
the solutions of (VI) coincide with the (global) saddle points of L. More precisely, 2* = (7, z3) is
a solution of (VI) if and only if it holds that

L(a],x2) < L(x7,x5) < L(x1,25) forall z1 € Xy, x0 € Xs. (SP)
In this case, (VI) is sometimes referred to as the vector field formulation of (SP).

Example 3. Convex Games: Beyond min-max problems, a continuous game in normal form can
be stated formally as follows: Consider a finite set of players A" = {1, ..., N} which each player
choosing actions x; € R% . In particular, each player seeks to minimize an individual loss l;(x;, _;)
which is determined by the player’s action along with the actions of the adversaries.

In terms of regularity conditions for the associated operator, we assume that A is /3- cocoercive (CC);
for a panoramic overview of cocoercive operators we refer the reader to [4].

Some further comments for the cocoercivity condition are in order. First, one may easily observe
that if A is S-cocoercive, then A is also 1/5-Lipschitz. However, the converse does not hold for
the general setting of operators; however for smooth convex this is actually the case [3]. Moreover,
cocoercivity, although it yields monotonicity, does imply in general strictly monotone a condition
which usually applied in order to ensure the existence and uniqueness of a (VI) solution. Therefore,
to avoid pathologies, we make the following assumption for our setting:

Assumption 1. The solution set X* = {z* € R? : 2* is a solution of (VI)} is non-empty.

With the above setup in hand, a widely used performance measure in order to evaluate a candidate
solution of (VI) is that of the so-called restricted gap function:

GapC(i') = Slellc)<A<m)a T — $>7 (Gap)

where the "test domain" C is a non-empty compact subset of R?. The motivation for the choice of
(Gap) is that it characterizes the solutions of the (VI) via its zeros. Formally, we have the following:

Proposition 1. Let C be a non-empty convex subset of R%. Then, the following holds
1. Gapg (&) > 0, whenever & € C

2. If Gap (&) = 0 and C contains a neighbourhood of Z, then I is a solution of (VI)

Proposition 1 is in turn a generalization of an earlier characterization by Nesterov in [30]. Moreover,
it provides a formal justification for the use of Gap. (%) as a merit function for (VI). To streamline
our presentation we defer the details to the paper’s supplement.

3 The method

3.1. Oracle structure and different profiles of randomness. From an algorithmic point of view,
in order to solve (VI) we will use iterative methods that require access to a stochastic first order oracle
[29]. Formally, this is a black-box feedback mechanism which when called at z returns a random



dual vector g(z; w) with w drawn from some (complete) probability space (§2, F,P): In practice, the
oracle will be repeatedly called at a possibly random sequence of points generated by the algorithm
at play. Therefore, once the iterate of the method is generated at each round, the oracle i.i.d. sample
w € () and returns a dual vector:

glz;w) = A(x) + U(z;w) (1)

with U (z;w) denoting the "measurement error”. Having all this at hand, we make the following
blanket statistical assumptions:

Assumption 2. 1. (Almost sure boundedness): There exists some strictly positive numbers M > 0
such that:

llg(z;w)||« < M almost surely (2)
2. (Unbiasedness): E [g(x;w)] = A(x)
3. (Bounded Variance): E [[|U(z;w)||?] < o2

Such type of conditions for the oracle are typical especially for adaptive methods; see for example
[2, 22, 24] and we shall denote them as absolutely random. On the other hand, we shall also consider
the so-called relatively random [35]. More precisely, we have the following:

Assumption 3. 1. (Almost sure boundedness): There exists some strictly positive numbers M > 0
such that: ||g(z;w)|l« < M almost surely

2. (Unbiasedness): E [g(z;w)] = A(x)
3. (Relative Variance): There exists some positive ¢ > 0 such that:

E [[lU(z;w)lI] < el A=) 3)

As a prelude of what is going to follow some comments are in order. It is well known that Assump-
tion 2 is a typical assumption in order to get the typical stochastic O(1/ \/T) for various optimization
scenarios (see for example [21, 28] and references therein). That said, Assumption 3 will prove itself
as the crucial statistical condition that will allow us to recover the well known order-optimal bound
O(1/T) for deterministic settings.

3.2. The methods. We now present the generalized extra-gradient (GEG) family of algorithms.
More precisely, given two sequences of dual vectors V; and V; 112 (GEG) is given by the following

recursive formula:
Xt+1/2 =Xy — Vi

Yiri =Y —Vijio (GEG)
Xit1 = v41Yi1

Heuristically, the machinery behind (GEG) suggests to first generate a leading state X, /7 via a
gradient descent method towards the direction of the dual sequence of V4, then aggregate the feedback
by incorporating the second dual sequence V; /7 and finally update the method by applying a
dual averaging step [31, 43]. This idea is fairly standard in the literature of extra-gradient methods
[23, 27, 30]. However, up to this point, we have not assumed anything particular for the sequences of
Vi and Vi /o, except that they are dual vectors (but not necessarily queries of a stochastic oracle of
(1)). This generic choice is the building block that will allow us to include various popular algorithmic
schemes and provide a unified framework fo their analysis.

To begin with, we provide the following examples that illustrate the fact that Dual Averaging, Dual
Extrapolation and Optimistic Dual Averaging all can be written in the form of (GEG) under different
choices of V; and V2.

Example 4. Stochastic Dual Averaging [31]: Consider the case where V; = 0 and V1,2 =
Gi+1/2 = A(X¢41/2)+Upp1/2. Then, this yields that Xy, 1 /o = X; and hence g,11/2 = gt = Viq1/2.
Therefore, the (GEG) scheme reduces to the dual averaging scheme:

Yiri =Y — g

(DA)
X1 = M41Yim



Example 5. Stochastic Dual Extrapolation [30]: Consider the case now where V; = ¢; =
A(X¢) + U and Vi1 /o = ge1/2 = A(Xiy1/2) + Upyr)2 are a "noisy” oracle feedbacks at X; and
X412 respectively, then directly (GEG) yields Nesterov’s dual extrapolation method:
Xt+1/2 =Xy — gt
Yiri =Y — G102 (DE)
X1 = M1Ye1
Example 6. Stochastic Optimistic Dual Averaging [37, 38]: Consider for the case where V; =
gi—1/2 = A(Xy_1/2) + Us_1j2 and Vi1 /9 = giq1/2 = A(Xiq1/2) + Upgr /2 are the noisy oracle
feedback at X;_, /5 and X,/ respectively. We then get the optimistic dual averaging method:
Xig10 =Xy — Yt9t—1/2
Yiri =Y — giq12 (OptDA)
X1 = Ye41Ye+1
The next crucial step is to provide the key ingredient that will allow us to unify the approach for all

algorithms belonging to the family (GEG). This is done by a shared “energy” inequality satisfied by
all (GEG)-type schemes. Formally, this is described by the following proposition:

Proposition 2. Assume that Xy, X, 1/ are the iterates of (GEG) run with a non-negative, non-
increasing step-size ~y;. Then, for all x € RY the following inequality holds:

T T

1
E (Vigr/2, Xeg1y2 — ) < 2” s +5 E Ve [|Vigry2 — Vt” E — || Xeq1y2 — Xt”2 4)
t=1 T 205 2

Proving Proposition 2 requires tiresome computations, so we defer it to the paper’s supplement.
Instead, we conclude this section by illustrating the various method-specific template inequalities:
1. (Stochastic Dual Averaging): For V; 1/ = gty1/2 and V; = 0, then (4) becomes:

T

2
T 1
o Xo—a) < L1 25 e )

2. (Stochastic Dual Extrapolation): For V; = g; forallt = 1,1/2, ... then (4) becomes:

[Els = s 11 ,
32 gtz —aill. =5 ol RS
t=1

2
t=1

(6)
3. (Stochastic Optimistic Dual Averaging): For V; = g;_1 /2 and V; /2 = g;1/2 then (4) becomes:

2
Z (G412 Xpy1y2 — ) < =]
t=1

X —r)< o——
t=21<9t+1/2 t+1/2 93> 21

1« 2 Iem 1 2
) Z’Yt ||gt+1/2 - 9t—1/2||**§ Z i ||Xt+1/2 - XtH

T 2 24 t=1
(7

4 Non-adaptive Analysis

In this section, we derive a series of tight convergence rates for the family (GEG) under both
oracle/noise profiles but with a non-adaptive step-size sequences. Due to space constraints, we defer
the full analysis to the supplement; however, we provide here a proof sketch of our main results via
an appropriate “energy inequality” in Proposition 2.

4.1. Absolute random noise. In the context of monotone VIs, assumptions induced by the random
oracle model are common and well-understood. Indeed, for the general case of bounded variance, i.e.,

E [Ut+1 21 Fe41 /2] < 0, extra-gradient/mirror-prox is known to converge at a rate O(1/+/T) [20],
with a decreasing step-size of order O(1/+/1).



For completeness, we analyze (GEG) under a random oracle profile, i.e., for Vi 1/0 = gi11/2 =
9( X1 /23 Wiy1/2) satisfying Assumption 2 and V; being an almost surely bounded sequence of dual
vectors. To that end, we employ a decreasing step-size choice, which is summarized in the next
theorem.

Theorem 1. Let Xy, X, 1/2 be generated by (GEG) with a decreasing step-size v, = O(1//1).
Then, for every compact neighborhood C C Ry of x*, with X = % Zthl Xi41/2 it holds that:

E [Gape (X7)] = O(1/VT).

The arguments for the proof of Theorem 1 are standard and we defer them to the appendix due to
space constraints. Thanks to this result, we can now derive the respective method specific rates as
special instances. More precisely, we have the following proposition:

Proposition 3. Under Assumption 2 the iterates of (DA), (DE), (OptDA) enjoy the following rate:
E [Gap, (X7)] = O(1/VT) ®)
4.2. Relative random noise. We now turn our attention to the relative random oracle framework,
ie. Viy1/2 = gi41/2 satisfying Assumption 2 along with:
E [|[Vi[2F:] < el A(X)|2 forall t=1,1/2,... )

In particular, with a carefully chosen constant step-size, under the additional assumption of relative
variance, it is possible to achieve an accelerated rate of O(1/T"). One needs to depart from the standard
approach to fully exploit the problem setting, i.e., cocoercivity and relative variance. Essentially, it

amounts to ensuring that Zthl |A¢]|? and Ele |A¢s1/2(|2 are summable. We present our result
under the respective setting with a proof sketch that highlights its main ingredients.

Theorem 2. Let Xy, X; 1,5 be generated by (GEG) with a constant step-size that satisfies
min {(2L) ™", (4L%*y) "'} — 2y¢ > 0. (10)

Then, for every compact neighbourhood C C Ry of x*, with X1 = % Zthl Xit1/2, we have:

E [Gape (X7)] = E Ls(g (A(X), X — X>} — o1)

Proof. With a constant step-size, Proposition 2 implies

3 IXIP 75 2 Ly :
Z (Vigr/2, Xig12 — X) = 2y + 5 Z Vg2 = Vell” = % Z [ Xt — X2l
t=1 t=1 t=1

We show that using smoothness and cocoercivity of the operator, along with the relative noise
condition,

£l 2
(min{(2)7", (4271} = 29) D (B JIACXOIF] + B (1A 2) ) < E[f”]

If constant step-size -y satisfies Eq. (10), then there exists some strictly positive real number 3, such
that E [zle (JACX)|2 + ||A(Xt+1/2)||2)] < E [||X]2/8~] < oo, which concludes that both

ZtT:I | A¢]|? and Zthl |A¢11/2]|2 are summable. Using the same arguments as in the proof of

Theorem 1, we obtain an upper bound for the gap,
3§

2+ 200 ST E Al + IAKDI] + /ST [Vieays

E [Gape(Xr11/2)] <
By relative variance and summability of operators,

E [Gape(X741/2)] = O(1/T)

T



Similar to the setting of absolutely random noise, Theorem 2 implies algorithm-specific convergence
bounds, which are presented below:

Proposition 4. Under Assumption 3 the iterates of (DA), (DE), (OptDA) enjoy the following rate:
E [Gape (X1)] = O(1/T) (11)

An extra appealing feature of the above is that we are able to derive an asymptotic last iterate trajectory
result, i.e., the asymptotic convergence of the iterates themselves before any averaging occurs, almost
surely. More precisely, we have the following proposition:

Proposition 5. Under Assumption 3 the iterates of (DA), (DE), (OptDA) converge to a (V1) solution
¥,

The proof Proposition 5 relies on the fact that the distance of the iterates towards any solution of
(V1) is decreasing almost surely along with the fact that the summability of || A(X;)|? guarantees
that every limit point of the iterate is also a solution of (VI). Due to space constraints we defer the
detailed proof to the supplement.

5 Adaptive Analysis

By the results of Section 4, one may easily observe the interplay between the O(1/v/T) to O(1/T)
rate interpolations under different noise profiles and step-sizes policies. Therefore a natural question
that arises from this context is the following:

Could we apply one single step-size policy that is able to optimally adjust the (GEG) performance
without any prior knowledge over the noise profile structure?

In what follows this desired property is accomplished if the (GEG) algorithms are run with the
following adaptive step-size:

1
Tt = —
V1S5V = Vi pell?

The step-size (Adapt) is inspired by [38]; however in our analysis we provide a generalized point of
view since we do not assume that V; necessarily is the oracle query at the respective points as in [38].
This allows us to include in the (Adapt) formulation all the adaptive sttep-sizes typically used for the
archetypical schemes introduced in Section 3 . More precisely, we have:

(Adapt)

1. (Adaptive Stochastic Dual Averaging): For V; = 0 (Adapt) becomes the standard AdaNorm
stepsize, studied in various works (see. for example, [10, 26]:

1

Y= — (12)
\/ 1+ Zj:1||gj||§
2. (Adaptive Stochastic Dual Extrapolation): For V; = g;, 1,2 (Adapt) becomes
1
(13)

= t—1
1+ 5295 — g1/

used in [1, 38].

3. (Adaptive Stochastic Optimistic Dual Averaging):. For V; = g;_1 /2 (Adapt) becomes the step-size
used in [17]:
1

Yt = =) .
L+ iallgiri2 — gj-1202

Section 4, heuristically suggests that the success of ; should hinge on a simultaneous performance as

1/+/t for the absolute random oracle feedback and as a constant one. whenever the relative random
feedback kicks in. This important interpolation feature is what will show in thhe sequel.

(14)



5.1. Absolutely random noise. We first will treat the absolutely random noise. In particular, we
have the following result

Theorem 3. Assume that Xy, X; 1/ are the (GEG) iterates run with the step-size (Adapt). Then,
for every compact neighbourhood C C R% of a (V1) solution x*, the following inequality holds:

E [Gapc(YT)] = O(l/ﬁ) (15
with X7 = 1/T ZL Xit1/2

As we argued above, the result of Theorem 3 is heuristically justified by the fact that the almost sure
boundedness conditions for the sequences:

|Vill« <M almost surely forall ¢ =1,1/2,... (16)

yields that ; = €(1/+/t). Moreover, as desired, Theorem 3 yields the method specific rates of
convergence:

Proposition 6. Under Assumption 2 the iterates of (DA), (DE), (OptDA) enjoy the following:
E [Gape(X1)] = O(1/VT) (17)

5.2. Relative random noise. Under the relative random noise conditions, we can obtained the

following improved rate O (1/T) instead of the typical O(1/+/T). Formally, we have the following
theorem.

Theorem 4. Assume that X, Xy 1/, are the (GEG) iterates run with the step-size (Adapt). Then,
for every compact neighbourhood C C R? of a (V1) solution x*, the following inequality holds:

E [Gape(X1)] = O (1/T) (18)
with Xy = 1/T -, Xi11/2
The crucial ingredient for the proof of Theorem 4 consists of the fact that the adaptive step size

stabilizes to a positive constant ., > 0. In order to obtain this, by applying the template inequality
obtained in Proposition 2 , we show that:

w2
E[ 21 ]g 8¢ max { L, 22} l#” =™ | oge 1) 41 11«:{ 1 } (19)
VT+1 2 Y41

Moreover, due to the definition of (Adapt) and Jensen’s inequality we have:

T
1
LYV~ Vtwﬂ] ~JE| =]

T
1
E[ }E 1+Z\|Vt*Vt+1/2||2 <L|E

VT+1 e} Py Vi1
(20)
Therefore, after combining (19) and (20) we get that E [’Y%lH] < 4-00. This directly implies (due to
the Monotone Convergence Theorem) that:
L 3 Vi =V, 2 1 1 21
o JF;H t = Vit1/2/li < 4oo almost surely 2D

which in turn yields that ZtT:I Vi — Viy1/2||2 is summable almost surely. Therefore due to the
definition of «; we have almost surely the following:

1 . 1
T 00
VISV~ Vigrgall2 1+ S5V~ Ve o2

Finally, we conclude by providing the following the respective method specific result. Formally, we
have:

Proposition 7. Under Assumption 3 the iterates of (DA), (DE), (OptDA) enjoy the following:

=Yoo >0 (22)

TT+1 =




1. The convergence rate in terms of the restricted gap function for the time-average:

E [Gape(X1)] = O(1/T) (23)

2. Their last iterate trajectory converges to a (V1) solution x* almost surely.

The last iterate convergence result of Proposition 7 refers to the asymptotic convergence of the actual
sequences of the methods-before any averaging takes place- and it hinges on the fact that the (random)
sequences ||V; — Vy412||2 and || A(X;)||? are summable with probability 1. Having established this,
we show that X satisfies is a (stochastic) quasi-Fejér sequence [7] (with respect to the solution set
X'*) along with the fact that every limit point of X; belongs to X*. These two building blocks are
sufficient in order to derive the almost sure convergence of the iterate’s trajectory.

6 Numerical experiments

In this section we validate and explore the consequences of the theoretical results. We adopt the
experimental setting considered in [14] which is a particular instance of the Kelly auction with
N = 4. In its generality in a single resource Kelly auction, there are N players sharing a total
amount of () € R resources. At every round, each bidder, p, submits a bid 2? € R>( and

receives proportional resources, p? = %, where Z is the auction entry price. The payoff
P

for player p is then given as uP(aP;x~P) = GPpP — 2P, where GP is the marginal gain in utility
for player p. One can easily verify that the vectorfield associated with the payoff functions is
cocoercive. In addition, the assumption of relative noise can be justified since each player can be seen
as performing a measurement when querying the payoff. In such settings, it is common to assume
that the error is proportional to the measured quantity and this uncertainty propagates to the gradient
information in the form of relative noise. Since players act without communication in this example, it
is particularly important that our results extends to single-call extragradient variants (see for instance
[38] for elaboration). However, note that our proposed adaptive step-size (Adapt) still relies on global
information of all players so our non-adaptive results for known problem constants is also important
for this example. In order to simulate the presence of relative noise we add a term proportional to
the norm of the operator. In our notation we can thus capture both relative noise and absolute noise
through the error term Uy in the following way,

Uy = 6rel”A()(t)H + €abs, (24)

where €,01 ~ N (0,02)) and €aps ~ N(0,02, ). To validate the convergence rate we compute the

optimal strategy in the deterministic setting (i.e. o] = 0abs = 0) using Mathematica.

In Fig. 1 we illustrate the behavior of the different instantiations of our algorithmic template under
different choices of g, and o,1s. To denote (DA), (DE) and (OptDA) we use DualAvg, DualX and
DualOpt respectively. In addition we include optimistic gradient (OG) from [9] for comparison.
For higher dimensional experiments see Appendix H.1. In Appendix H.2 we additionally apply our
adaptive method to the non-convex problem of learning a covariance matrix introduced in [9].

7 Concluding remarks

In this paper we provide rate interpolation guarantees for different noise profiles; namely that of
absolute and relative random noise. That being said our analysis crucially depends on the cocoercivity
of the associated operator that defines the respective (VI). It thus remains open whether it is possible
to achieve the same O(1/T) rate for monotone (VI) by only assuming Lipschitz continuity of the
said operator and relative noise. Moreover, an additional interesting direction for future research is
investigate the impact of relative noise for adaptive accelerated methods and whether it is possible to
recover the iconic O(1/T?) rate. We delegate these questions for future works.
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Figure 1: (left) Player utility using adaptive DualX for various relative noise levels. Even at relative high
levels of noise do we converge to the optimal depicted with (x). (center) Average iterate for deterministic,
absolute noise and relative noise using adaptive DualX. We observe the O(1/+/T) rate under absolute noise
while O(1/T) is achieved both in the noiseless setting and under relative noise. In addition, as expected, the last
iterate only converges under the deterministic and relative noise oracle (see Fig. H.2). (right) Average iterate
comparing various methods for o1 = 0.1. All methods shares convergence rate with adaptive methods being
slightly faster possibly because of difficulty of step-size tuning for non-adaptive methods. Error bars indicate
one standard deviation computed using 10 independent executions.
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A Further related work

Due to space limitations for the main paper, we provide in this section a more detailed panorama of
the related work.

Adaptivity Adaptive schemes that achieve optimal rates even without knowing the noise constant
have been considered before in the min-max optimization setting [2]. However, [2] focuses on the
general case where only O(1/+/T) is possible. It is also worth pointing out that their step-size relies
on the gradient mapping since they consider constrained min-max problems, while ours is based on
the operator difference since we consider unconstrained VI problems.

In this sense, [2] is closer to the scheme in [1], where they focus on adapting to non-smooth/smooth
problems with unbounded domains in the deterministic setting. For the stochastic setting, there exists
results for a single-call method using the same adaptive step-size as ours [11]. This work allows us
to recover the O(T~'/2) convergence in the general case of Lipschitz operators for the particular
instantiation of our algorithmic template.

Variance reduction Another approach to treating the stochasticity is through variance reduction
techniques. There is a growing literature on this for variational inequalities [6, 18, 33, 45]. For infinite
monotone operators, one approach grows the size of the mini-batches [18], which can be prohibitively
expensive in large-scale settings. To this end, [33] exploits a finite sum structure and derive results
for strongly monotone operators. Since this approach required knowledge of the problem constant
the work, [6] instead relies on a locally strongly monotone structure, which is arguably more relevant
for non-monotone settings faced in practice. Despite this development variation reduction techniques
are known to be brittle to parameter choices possibly explaining their limited use in practice.

Relative noise The assumption of relative noise we rely on dates back to at least Polyak under
the name of relative random noise [35]. It is a common assumption in the optimization literature
but has gone under the guise of various names such as multiplicative noise [19]. In particular,
for minimization problem it is known as the growth condition [5, 39, 42, 44]. This has recently
gained interest [13] because of its relationship with the interpolation condition shown to hold for
overparameterized models in practice.

Relative noise in online learning In the online learning literature the same noise model that we
consider has been studied [25]. This particular noisy feedback model, as it is called in the community,
similarly allows them to get finite time last iterate convergence also in the unconstrained setting under
cocoercive with unknown constant but for a standard gradient update. However, crucially, they require
the relative noise factor to vanish. We get rid of this requirement by employing an extragradient
scheme with a different adaptivity, obtaining a O(1/T)-rate for the ergodic average iterate.

B Restricted gap function

In this appendix, we discuss the basic properties of the restricted merit function Gap, introduced
in (Gap). For completeness, we provide the proof of Proposition 1,which itself is an extension of a
similar result by [30]:

Proof of Proposition 1. Let * € X be a solution of (VI) so (A(z*),z — z*) > O forall z € X.
Then, by monotonicity, we get:
(A(z), 2" —z) < (A(x) — A(z"), 2" — x) + (A(z"), 2" — x)
= —(A(z") — A(z), 2" —z) — (A( z") <0, (B.1)
(

T —
so Gape(z*) < 0. On the other hand, if z* € C, we also get Gap > (A(z*),z* —2*) =0, s0
we conclude that Gap¢ (z*) = 0.

T

For the converse statement, assume that Gap, (%) = 0 for some & € C and suppose that C contains a
neighborhood of # in X. First, we claim that the following inequality holds:

(A(z),z—2) >0 forallz eC. (B.2)
Indeed, assume to the contrary that there exists some x; € C such that
<A(CC1),JC1 - CE> < 0. (B3)
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This would then give

0 = Gapg(z) > (A(z1),Z — x1) > 0, (B.4)
which is a contradiction. Now, we further claim that Z is a solution of (VI),i.e.,:
(A(Z),z — 2y > 0forallz € X. (B.5)

If we suppose that there exists some z; € X such that (A(%), z; — ) < 0, then, by the continuity of
A, there exists a neighborhood &4’ of # in X" such that

(A(x), 21 —x) <0 forallz e U'. (B.6)

Hence, assuming without loss of generality that 4’ C U C C (the latter assumption due to the
assumption that C contains a neighborhood of %), and taking A > 0 sufficiently small so that
x =2+ ANz — ) €U, we get that (A(x),z — &) = MA(x), 21 — &) < 0, in contradiction to
(B.2). We conclude that 2 is a solution of (VI), as claimed. a

C Template inequalities

In this section we shall provide the proof of the template inequality of Proposition 2. As we already
argued in the main. this energy inequality will serve as a template for deriving the method specific
convergence rates in the sequel. Formally, we have. the following:

Proposition 2. Assume that X, X; 1o are the iterates of (GEG) run with a non-negative, non-
increasing step-size ~y;. Then, for all x € R? the following inequality holds:

T

[l
X —z) <
;:1 (Vigr/2: Xeg12 — @) < vt

1 a 2 1 I 1 2
+§t=21%||vt+1/2*vt|‘**itzzl%HXH_lm—XtH
(C.1)

Proof. By the update rule for X, ; in (GEG) we get the following:
1 1

(V12 Xep1 —2) =( =Yy — —ve41Yer1, Xy — @
Tt Vi+1

1 1 1 1
= <%Yt — —Ve+1Yeq1, Xoqp1 — l‘> + <'Yt+1Yt+1 — — V1 Vo1, Xy — 33>
Vi Yt Yt V41

1 1 1
=— (WY — v Yiq1, Xey1 — ) + ( - ) (0 —=y1Yiq1, Xog1 —2)
Yt Yt+1 Tt
1 1 1
:*<Xt—Xt+1,Xt+1 —SC>+ — - — <0_Xt+17Xt+1 —$>
Tt Tt+1 Nt
Therefore, by developing the scalar products:
<Xt - Xt+1, Xt+1 — l’> and <O — Xt+1, Xt+1 - £Z?> (CZ)

we get:

11 1 1
(Vig12 Xep1 — ) = -~ {2 X1 — 2+ Xy — X |” - 3 1Xe — Xea | - 3 [ X1 — 33||2]

1 1\ [1 , 1 , 1 )
) X — 2 = Xt | = = 1 X |® = = [ Xoga — C3
+ (%H %> [2 [ X1 — Y| 3 | Xl 5 [ X1 — 2] ] (C.3)

which in turn yields:
1 9 1 9 1 5 1 1 1 9
Vi Xin1 —2) < — || Xy — —— || Xy = X ——— || X1 — - — - —
(Vig1/2, Xes1 x>_2% [ X — || o [ X — Xeta | o [ X1 —2]"+5 o [E4]
1 9 1 9
- — | X1 — — || X1 —
i [ Xeg1 —zf|” + 2 [ Xes1 — ]
(C.4)
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Therefore, after rearranging,

1 1 1 1 1 1
I =l < g 1 =l 4 5 (= = 2 el = (Voo X = 2) = 5= X0 = Kol
2 2 \ V41

N

2741 Yt 24
1 , 1/ 1 1 )
= — X - S —-= — Vi1 joy Xes1 o —
2, Xt —z||” + 3 <%+1 %> [2]|* = (Vigr/2, Xeqr/2 — )

1
+ <Vt+1/27Xt+1/2 - Xt+1> ~ 2, | X: — Xt+1||2-
On the other hand, by invoking the update rule of X;, /5 in (GEG) we have:
Yt <Vt7Xt+1/2 - $> = <Xt - Xt+1/2, Xt+1/2 - $>

1 1 1
=3 | X1 — 2+ Xo — Xt+1/2||2 —-3 | X — Xt+1/2||2 —3 | Xet1/2 — fUHQ

1 2 1 2 1 2
= 3 IXe = all” = [ Xe = Xepapo|” = 5 (1602 = 2|7
(C5)
and after dividing with ; and rearranging and setting * = X4

1 1 1
o | X¢ — Xt+1/2H2 + 2 | Xet12 — Xt+1H2 + (Vi Xeqay2 = Xea) = 0 1% — X

(C.6)
So, combining the above, we get

1 . 1 , 1 ( 1 1 ) )
— || X1~z S — || Xt =2+ | — — — | l|z|I” = (V& , X -
279411 X1 =2l 2y 1%, =l 2\ M1 m Ioll® = (Va2 Xegayo = 2)
+ <‘/t+1/27Xt+1/2 - Xt+1> - <Vt, Xiv1/2 — Xt+1> (C.7)

1 1
*2*% ||Xt - Xt+1/2H2 - T% ||Xt+1/2 - Xt+1||2-

Hence, we get:

1 1 1 1
5o I Xer —all < o= 1Xe -2 Vig1/o: Xep1o — )4+ = [ — — =) ||z|)?
o X =l < 5 16— <Hy2tﬂn )43 (=2 )l

1
+ <Vt+1/2 Vi, X172 — Xt+1> - 27775 ||Xt+1/2 - Xt+1||2 *27% ||Xt - Xt+1/2||2- €8

A)
Moreover, by bounding (A) from above we get:

1
(Vigry2 = Vi, Xyg1y2 — Xig1) — o | Xeq1/2 — Xt+1H2

IN

1 1 1
Rk |Vis1/2 — Vi i + > | Xes1/2 — Xt+1||2 o | Xes1/2 — Xt+1H2 (C9)

1
Yt [Visr2 = Vi i

<
-2
So, finally
1 1 1 1
CT 1 X1 — 2 <5 HXt — 2| = (Vigry2 Xogrjo — ) + 5 (%H - %> 12
1 2 1
+ 57 ||Vt - Vt+1/2||* — X = Xt+1/2||2 (C.10)
2 2
So, after rearranging and telescoping overt = 1,...,7T we get:
T T
X1 —=f® | fel® flz)? | 1 2
Vi X —x) < — - Vi—V;
;< afz Xuaja =) < 2m * 29r41 2m "3 tz;% V= Veesll
X — X
2ﬂ|t Conl e
The result follows by setting X; = 0. O
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We have the following result that will help us to deal with the "noise" martingale difference component.

Lemma C.1. Let C C R be a convex set and h : C — R be a 1-strongly-convex with respect to
a |l - || over C. Also, assume that Vx € C, h(z) — mingec h(z) < %2. Then, for any martingale
difference (Z,g)th1 € RY and any random vector x € C, we have:

()

The proof of the above lemma could be found in [2], where they present the same result under the
label Proposition B.1.

D
< =z
-2

ZT:IE [1212] (C.12)
t=1

D Non-adaptive analysis

Proof of Theorem 1. Since we adopt a non-increasing step-size schedule, Proposition 2 applies to
this setting. Combining this with almost sure boundedness of stochastic operators,

7 X121 21y~ i
; <Vt+1/2,Xt+1/2 — g;> < m B} ;% HVt+1/2 -V 9 ; % HXt+1/2 - XtH
9 T
< BT 3 v Vol + 30 Il
t=1

2
< @\/74 1+ 2M3VT.

By monotonicity, and the definition that V; 1 o = A(X;11/2) + Ust1/2,

Mﬂ

T
Z <Vt+1/27Xt+1/2 - »T> = A (Xig1/2), Xev1/2 — I> + <Ut+1/27x - Xt+1/2>
t=1

t

1

Y
!

), Xep1/2 — ) + (Ups1)2, Xoy1y2 — )

o
Il

1

T
:T<A( XT—J; —|—Z Ut+1/27Xt+1/2_'r>
t=1

Plugging this lower bound into the first expression,

2
(@ + 2M2) VI+1+ Zthl (Upg1/2,0 — Xiy1/2)
T

<A(I),XT — $> S

Taking supremum over = € C and finally computing expectation with respect to all randomness we
obtain

T

T
E SupIEC (‘CE2H2+2M2) VT+1+Z<Ut+1/23z>7Z<Ut+1/2?Xt+1/2>
t=1 t=1

(A) B)

E [Gape(X7)] < T
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For term (A),

T T
E supz <Ut+1/2,x> < E |max Z Uty1/2,
v€C 1 veC =
T
=FE <Z Uiy1)2, §:>] (for some = € C which attains the maximum)
t=1
D |<& 2
-2 X;]E [[Tes1s0]] ((by Lemma C.1))
t=
~ T
D 2
=D S B B[l v
t=1
D .
= 50\/? (Bounded variance)

Also, for term (B),

E

t=1

T T
> <Ut+1/2»Xt+1/z>] =D _E[(Ui1/2, Xes12)]
t=1

I
[M]=

E [E [<Ut+1/27Xt+1/2> | ft+1/2]:|

o+
Il

1

I
M=

E [(E [Ups1/2 | Fis1/2]  Xev1/2))

o~
Il
_

Il
M=

E [<O7 Xt+1/2>] (unbiasedness of V; 1 /o)

[
=0
0

Finally recognizing sup,, ¢ ||| < D and combining the expressions for term (A) and (B),

E {supxec {(%2 + 2M2) VT +1+ %U\/TH

E [Gape(X71)] < 7 ,

which concludes our derivation

E [Gape(Xr)] = O(1/VT)

Proof of Proposition 3. Directly obtained by Theorem 1 by setting V; = 0 for (DA), V; = g4 /5 for
(DE) and V; = g;_ 5 for (OptDA).

d
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Proof of Theorem 2.

T T
Z (Vig1/2, Xep1y0 — ) = Z (Vis1y2 = Vs Xeqryo — Xeg1) + Vi, Xey1 72 — Xeg1) + (Vi1 /2, Xe1 — @)
t=1 t=1

[
M=

1 1
Vigr/2 = Vil Xeg1/2 — Xegall + S (Xt — Xiv1/2, X172 — Xep1) + 5 (VY — Xig1, Xyp1 — )

~~
Il

1

I
[M]=
o2

1
[Vig1/2 — ViII? + §||Xt+1/2 - Xiqa|?

o~
I

1

1
+o- (||Xt — X1 = | X1 — X|I2 = 1 Xe = Xeqa 2l = 1 Xiq1/2 — Xesal?)

Hxl—xn? N » 1 ¢ )
52 HVt+1/2 - Vt|| - %Z ||Xt _Xt+1/2||
T
_lzl? ” Y x
2y 52 Vici2 — a1k _*ZH t t+1/2||

where we set X; = 0. At this point the question is how to introduce the relative noise into the analysis
such that we show that the stochastic/deterministic operator norms are summable. This would enable
us to achieve the anticipated 1/T rate. In other words, we want to show that

T
E Z [A(Xip1/2) 1P| < o0
t=1
T
E > IAXL)?| < +oo
t=1

We take expectation with respect to all randomness and lower bound the left hand side with the norm
of the operator using cocoercivity. Setting x = x*, where x* is a solution of (VI),

T T
E Z (Vig1y2: Xpy1j2 —a*)| =E ZE [(Vig1/2, Xpp1/2 — ) |]:t+1/2]]
t=1 t=1

I
Mﬂ

(B [Vig1/2| Fes1y2] » Xeg1y2 — $*>‘|

Lt=1
=K Z (Xi41/2) — A(x"), Xeyr1/2 — 3:*> (Cocoercivity)
Lt=1
1
> Z]E Z [A(Xi41/2)1?
t=1

Plugging this into the original expression yields

T

T
||$ ||2 il 1
Z [A(Xt1/2)l ] t3 Z Vigas2 = Vall* = 2 D IXe = Xegapol?
t=1 t=1
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With a similar approach,

T T

1 1

ZZ||A(Xt+1/2)|| 2*2 | X+ _Xt+1/2||2]
t=1 t=

T T
1 1
=N IA(Xe11/2) |17 + 575 27 < Z | A(Xe) — A(Xt+1/2)2‘|
L™ =1
1
> E mm{ﬂ }ZznA Xporyo) P+ 20 ACK) - A<Xm/z>||2]
1 T
>E mln{L } [|A(X?) |21
t=1

Hence,
||

T
(11 , 1 , z
E LZ; mm{ﬂ/, 4L2'y} |A(XL)[]” + Z||A(Xt+1/2)|| ] <E l

We now use the relative variance in the expression on the right hand side. Relying on the towering
property of expectation,

T
+ VZ Vig1s2 — Vil
t=1

[l

E +WZHVt+1/2—V2H2 <E

t=1

Iz 7' 20 S E [Virass P1 Forays] +E (VAP m}]

t=1

*[|2 T
a
B2 4 e S A2 + AP

t=1

Combining last two expressions together yields

T
i or 77 i
B ;mm{%, 4L27} (A2 + | A(X41/2) 1)

2

<E

T
+ QVCZ |A(Xg1/2) |1 + ||A(Xt)||2]

t=1

Grouping the same terms on the same side of the inequality,

i(mm{;L T } ) (A2 + IAKi12)]1)

t=1

2
. <e[EE]
Y

As long as min { ﬁ7 ﬁ} — 27yc > 0, we show that sum of operator norms with respect to both
sequences are summable.
To obtain the gap, we will decompose V; 1/, into the full operator plus the noise,

T T
Z <Vt+1/2= Xt+1/2 - iU Xt+1/2) Xt+1/2 - $> + Z <Ut+1/27 Xt+1/2 - $>
t=1 t=1

Y

M= T M’ﬂ

T
<A(CU)» Xiy1/2 — $> + Z <Ut+1/2, Xiy1/2 — $>
t=1

(Monotonicity)

t=1

T
=T (A(®), Xyy1/2 — ) + Z (Ui1/2, Xig172 — )
t=1
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Rearranging and incorporating into the original bound,

(A(z), X — 1’>

X
<T<” I +Zf||vt+1/2—vf||2——||xt PR +<Ut+1/z,x—xt+1/z>>

We take supremum over z to retrieve the gap function and taking expectation,

[Gapc (X )]
Ll 5~ 1
<E lilélg T <2’Y + Z §||Vt+1/2 - V}/HQ - %HXt - th+1/2||2 + <Ut+1/2’$ - Xt+1/2>> }]
1 D2 9
< T Z]E [VVes12l? +71Vell?] + E Sup{<Ut+1/2, )} — E[(Upt1/2, Xeg1/2)]
1| p2 T T T
< 7|2y +’YCZE [||A(Xt+1/2)||2 + ||A(Xt)||2] +ZE [sg;c) {<Ut+1/2,x>}} — Z]E [(Ust1/2, Xes1/2)] | -
t=1 t=1 v t=1
(@) (ii) (iii)
where we define that sup . ||z|| < D and use relative variance in the last inequality.
For term (i), we have already proven that this particular summation is finite.
For term (ii),
T
E |sup Y (Up1jz,2)| <E |max Z Uit1/2, %
zeC i zeC
<Z Uiy1)2, a?>] (for some & € C which attains the maximum)
D | <& 2
=S\ {HUM/2 } ((by Lemma C.1))
t=1
D 2 .
=3 Z]E {HVt_H/Q - A(Xt+1/2)||*] (unbiasedness of V11 /2)
=1
D 2 .
=3 Z]E [HVH_UQH*} (Towering property)
D 2 . .
=3 Z]E {c HA(XtH/Q)H*} < 400 (Relative variance)
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Finally for term (iii),

(Ut1/2: Xit1/2)]

T
E> <Ut+1/2,Xt+1/2>]

M= M%

E [E [<Ut+1/27Xt+1/2> | ‘Ft+1/2]:|

o~
Il

1

Il
M=

E [(E [Up1y2 | Fesry2] » Xev1/2))

o~
Il
-

Il
M=

E [<O7 Xt+1/2>] (unbiasedness of Vi 1/2)
1

[
=0

Since we have shown that either the terms are finite or 0, it immediately implies that
E [Gapc(X'T)] =0(1/T)

O

Proof of Proposition 4. Directly obtained by Theorem 2 by setting V; = 0 for (DA), V; = g¢41 /2 for
(DE) and V; = g;_ o for (OptDA).

O

E Adaptive analysis

In this section we shall provide the proof for (GEG) run with adaptive step-sizes for the various noise
profiles.Before doing so, we shall present two key building blocks that we will use for our analysis;
for both absolute and relative random noise profiles. In particular, we have:

Lemma E.1 (26, 24). For all non-negative numbers a1, . . . oy, the following inequality holds:

(E.1)

In order to streamline the presentation of our analysis we defer the proof Lemma E.1 to Appendix G
along with several variants concerning inequalities of numerical sequences. Having this result at
hand, we will start presenting our analysis with the absolute random noise setting.

Proof of Theorem 3. Recalling Proposition 2 the following inequality holds:

1z
Z (Vigry2, Xpg1jp —2) < 5 —— 3 Z% |Vis1y2 — Vt”i (E.2)
t=1 t=1

Moreover, by invoking the fact that V1 ; /o = A(X;41/2) + U;41/2 we have that:

[Ells

Mﬂ

A(Xit1/2) Xig1y2 — ) <

T
T 2y T3 Z% [Veao = Vil Z U172, % — Xiy1/2)

t 1 =
(E.3)

t:l

Now, by applying the monotonicity of A we can bound from below the (LHS) as follows:

T — Xt+1/2> (E 4)

e
g ), X —x) < E Vi — V
t=1 e JS> T 2y T3 — T H e t t= 1
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So, by dividing both sides by 7', taking suprema on both sides over a compact neighbourhood of a
solution z* and taking expectations:

T

<. _ 2om L | L1 _yl?
E itelpc)<A(x),XT x>} < D*/2E [7T+1} + 2;154 [%||Vt+1/2 VtHJ

T
+ ZE {SUP Uipr/2, — Xt+1/2>:| (E.5)

=1 zeC

which in turn yields:

1

VYT+1

B L T T
E [Gape(X1)] < D?/2E [ }‘*‘2 ZE [% | Vis1/2 — VtHﬂ*‘ZE [SEIC)<Ut+1/27 xr— Xt+1/2>:|
t=1 t=1 x

(E.6)
Therefore, we are left to bound from above the (RHS). We shall do this term by term: For the term

D2 /2R |:’YT71+1:| we have:

T
D?/2E [ } =D?/2E | \|1+4 ) Vi = Viy1,2ll2| < D?/2V/1+4M2T (E.7)
t=1

YT+1

with the second inequality being obtained by the fact that V; is almost surely bounded for all
t=1,1/2,.... Moreover, for the term % Zthl E [% HVH_l/Q — VtHﬂ we have:

1z T T
5 ZE [’Yt |Vis1/2 — Vt||i] = §E Z (ve = Ye41) || Vigay2 — VtHi + Z%H |Vig1/2 — VtHi
t=1 —1 -
T T
< = |AM°E Z Y —Yer1) | +E Z’Yt—H |Vigr/2 — Vt”
t=1 t=1
1 d 2
§§ [4M2+E Z'Yt-i-l HV;&Jrl/2—Vt "
t=1

(E.8)
Now by applying Lemma E.1 we have:

& zT: |Vis12 — V|, 2
t= 1\/1+ZJ 1” +1/2

T
E Z%H |[Vis1/2 — Vi i

t=1

*

T
S2E |\ 14 Y [[Viaye = Vil

t=1
< 2/1+4M2T

with the last inequality being obtained by the fact that V; is bounded almost surely for all ¢ =
1,1/2,... Finally, for the term Bound (B)

T
E supz <Ut+1/27 T — Xt+1/2>

zeC 7

T T
E SUIC)Z <Ut+1/27x>‘| —E Z <Ut+1/2aXt+1>‘|
el 1 t=1

(B1) (B2)

(E.9)
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For the term (B2) we have:

T T
> <Ut+1/2>Xt+1/2>] =Y E[(Uit1/2, Xe41/2)]
t=1

t=1

E

E [E [(Uis1/2, Xer1/2) | Fe1/2] ]

I
[M]=

~
Il
—

I
[M]=

E [<E [Ut+1/2 | -7:t+1/2] ,Xt+1/2>}

H_
Il
-

I
[M]=

E [<07 Xt+1/2>] (unbiasedness of V1 /2)
1

I
)

For the term (B1) we will use Lemma C.1 and we get:

T T
E supz <Ut+1/2, x> < E |max Z Uty1/2,
zeC e} zeC =1
T
=FE <Z Uiy1/2, a?>] (for some z € C which attains the maximum)
t=1
D | <& 2
< 5 ;]E {HUt+1/2 J (by Lemma C.1)
Do
< —VT
-2
Therefore, by combining all the above the result follows. O

Now, we can apply Theorem 3 to directly obtain Proposition 6:
Proposition 6. Under Assumption 2 the iterates of (DA), (DE), (OptDA) enjoy the following:

E [Gape(X7)] = O(1/VT) (E.10)

Proof. Directly obtained by Theorem 3 by setting V; = 0 for (DA), Vi = g;41/2 for (DE) and
Vi = gt—1/2 for (OptDA). 0

Now, we turn our attention towards the relative random noise. In particular, in order to show our main
results for this context we will the following proposition as a stepping stone. As a prelude, we point
out that the following result will also play a crucial role for establishing the last iterate convergence
in Appendix F.

Proposition E.1. Assume that Xy, X, /o are the iterates of (GEG) run with (Adapt). Then, we

have:
1 T
]E[ 5 ] =E |14 Vi = Visrpell2| < 400 E.11)
T+ t=1
and
T
E > IAXp1/2)]12] < 400 (E.12)
t=1
and
T
E > IAX))2] < +o0 (E.13)
t=1
and
T
E | X2 — Xil?| < +00 (E.14)
t=1
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Proof. Applying Proposition 2 and for x = z* with z* being a solution of (VI), we have

T 2 T
e 1 )
V , X¢ — < V; Vil —= — || X - X
;< t4+1/2s Xi41/2 — T > 2711 + = Z'Yk” t+1/2 tH ;% H t+1/2 tH
(A)
(E.15)
First, we shall bound from above term (A):
1 & R P 2
3 2 Verie = Vello = 5 [ D0 (=) Vi = VllL 4 D (Ve 2 = Vi,
t=1 t=1 t=1
1 r L 2
< 3 4G? . ;(% — Yt+1) +;’7t+1 ||Vt+1/2 - VtH*
1< 2
§2G2+§z::%+1 HVt+1/2—VtH*
! T v, 1A
<2614 Visrja — Vil 4 5 3 e Wl
t=1 tl\/1+zj 1||VJ+1/2

t=1 t=1

T
1
< 26° 1+Z|\W+1/2—vzl>i+2-2J1+lemm—v&ni

t=1

T
=<2G2+1>J1+Zuvm—vzi

= (2G* +1)
VT+1
(E.16)

So, the above becomes, if we also take expectations on both sides:

T 2
* 1 1
=K Z <Vt+1/2aXt+1/2 - $*>1 < ||x2|\ -E [} + (QG2 + 1) -E { }

= YT+1 YT+1
1 NS 2
—-E — | X - X
5B |2 ez = %)

[T e

YT+1 P
(E.17)
For term (B) we have:
T
E | (Vigr/z: Xis12 — x*ﬂ = E [(Vi1j2: Xegajo —2*)]
t=1 t=1
T
=D E[E[(Viyrye, Xevry2 — @) | Fipapo)]
=1 (E.18)

Il
M=

E [<E [Vt-i-l/2 | €t+1/2] ,Xt+1/2 — $*>]

~
Il
-

Il
M=

E [(A (Xit1/2) s Xig1/2 — %))

&~
Il

1

24

1 1 [ 1
E —-E — || X — X,
—|-3 [Zw e — X
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and since A is 1/ L-cocoercive, we get:

T T
1
E Z<Vt+1/27Xt+1/2l’*>] > Z —E [HA (Xev1/2) || } (E.19)

t=1

Therefore, by combining (E.17) and (E.19) the first inequality that we get is

iiE[HA(Xm/z)IIi] < [” L Y EMJ (E20)
Moreover, we have:
LS el o] < |5 a0t 2 [ 1] - 15 e [ e ]
tE * 2 el v (E21)

and after rearranging and using the fact that 1/+; > 1 we have

2
il

(®) LZEMA Xt+1/2 } ZE“XH-I/Q*XtH } < |‘||~T2

For the term (C) we will have the following

+2G? +1 E[ 1 ]
YT+1
(E.22)

o+ ZE B Al

1 T
]+ iZE 14 (Xiy1/2) = A(X0)

L ZE {HA Xt+1/2)

]
{ |

- {21L 412} ET:E [2 1A (Xigay2) |2+ 2[4 (Xis1s2) — A (Xt)Hﬂ
{or 2

E [HA (Xi41/2)

) = A(Xy)

-~
Il
-

t=1
1 1)<
. 2
> min {37777 § 2 B 14 (01]
(E.23)
So, we get the following inequalities:
LSl ] < | L a2 [
L 2= 17270 ] = 2 IT+1
N ) "
. 1 1 2 z 2 1
mm{ww};E[““*Xﬁ'*] <[ g PRI E[ml
and
z s 1
2
(D) = L;E[HA (Ceraye) [ i {5 W}Z (14 xol?] < [ 3 20 “}E{mj
(E.24)
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For term (D) we have:

ES [ (i ] min {2 o} S [l o]

t=1

> min {IL 4L} -XT:E [HA (Xt+1/2)|’ﬂ + XT:]E {IIA(Xt)Iﬂ

11 1
Emin{sz4Lz} Z;E [[[Vasayall

1 T )
= cmax {4L,8L%} ZE {2HVt+1/2 .

t=
1 £l )
> sy B Ve — Vil

So we get:

T
=E > |[Virr2 — Vil[}
t=1

For the term (E) we have:

< 8cmax {L,2L%} - |~

7+ 5 e v

t=1

2]

rT
2
Zuvm vill:| = Z||‘4+1/2—‘4||*+1—11
Li=1
- ;
=B D [V = Vil T +1| -1
Lt=1
1
=E | ]—1
L7741
Therefore
2 -
* 1
E[Q} < 8cmax {L,2L%} L e ]E[ +1
YT+1 2 Y1r+1 |
2 -
* 1 1
< gemax {£,207) [ 1715 og2 4y ]E{ +E{
2 YT+1 | YT+1
lz*||* 1
= |8cmax {L,2L%} |~ +2G* +1| +1|E }
2 V741
(F)
For term (F) we have
1 d 2
E =E 1+ Vi -V
{VTH} ;H el
- p i -
< \[E |14 X Wi - Wl | = B | ]
L t=1 TT+1
So, finally we get:
1 o [P e ] 1
E|— < 8cmax{L,2L} — +2G°+1| +1 E|—
Y141 2 YT+1
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Jl
VYT+1

|

] (E.25)

(E.26)

(E.27)

(E.28)

(E.29)

(Assumption 3)



Hence,

”ZE (Y

2
]E{ 21 ] (80maX{L 2L} +1> (E.30)

YT+1

and the first result follows. The second and third claim is derived directly by combining the first
claim with (ineq). Finally, the last summability condition by rearranging (E.21), we get:

T
1 1 2 ||z || 9 [ 1 }
-y E|—||X - X < +2G°+1|E (E.31)
3 il s M
and the result by our first summability claim. O

Finally, we shall present the proof of the main result under relative random noise

Proof of Theorem 4. Recalling Proposition 2, we have for all z € R?

T
Z (Vigry2: Xpp1pa —2) < o—— + Z'Yt |Vis1/2 — Vt (E.32)
—1 29741
By the definition of V1 /o = A (Xt_H/Q) + Ut41/2 the above becomes
- - el®
D (A Xig1y2) s Xesap —2) + > (Urpayo, Xop1 — ) < 2y Z% IVigr — Vi
t=1 t=1
(A)
(E.33)
Term (A) due to monotonicity of the operator A,
T T
> (A (Xiz1y2)  Xeprpo —x) = > (A(@), Xeq1j2 — x) forallz € R (E.34)
t=1 t=1

Therefore, the above becomes after rearranging,

Z ), Xyq1/2 — ) SZ (Uir1/2,% — Xyy1/2) + |L/ s +Z%||Vt+1/2—vt|| (E.35)
t=1 t=1
and by dividing both sides by T’
; - || I’
(A(z), X7 —z) < = Z (Uppr/2,0 — Xyy1)2) + —~ + Z'Yt HVt+1/2 - Vt (E.36)
- t=1
and taking suprema on both sides over C (defining D? = sup, ¢ ||z — 21 1),
1 T 9 T ,
Gape (X7) < T EEIC)Z Upr1/2,% — Xgy1/2) + M + ;% HVtH/z = Vi|l,| (E37)
and taking expectations:
7 1 d Dz [ 1 = 2
® [Gane (%) = 2[E o3~ O X | + 28 [ ] o8[S ik
z€ + t=1

(B) © (D)
(E.38)
Now, we shall bound the terms (B), (C), (D) individually. Since (B) is the most tricky one we will
leave it last.
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Bound (C)

D2 [ 1 D2 o >
7E I:")/T+1:| = T]E [ 1 +; H‘/tJrl/Q - V;i *
p2| [ &
< Q\JIE L+ Y Vigaye — Vi (E.39)
L =1
5 -
-2 e[ ]
2 LVT+1
< 400, from Proposition E.1.
Bound (D)
d 2 d 2 d 2
B> v lVisnz = Villl| =B D0 (e =) [Vewrre = Vall,| +B | 3 v [Viga e = Vil
t=1 t=1 t=1
T
<26+ 2E |1+ |[Viays — Vi
t=1
r T
<267 +2,[E |1+ 3 |Viwy2 = Vil
L t=1
el
<2G° 424 /E
'VT+1
< 400, from Proposition E.1
(E.40)
Bound (B)

SUPZ (Ups1y2, 0 — Xyy1p2)| =

weC zeC

SUPZ Ut+1/2,$>]

T
3 Utﬂ/g,xm]
t=1

t=1
(B1) (B2)
(E.41)
By working in the same spirit Theorem 3 for the term (B2) we have:
T
E Z <Ut+1/2aXt+1/2>] =0. (E42)
and for term (B1),
d D
SHIC)Z Ups1/2,2)| < 5 ZE [ |Ut+1/2 } (E.43)
zeC 1

Due to the definition of ‘/154,1/2 =A (Xt+1/2) + Ut+1/2 we have Ut+1/2 =A (Xt+1/2> — ‘/;5+1/2.
So,

T
lSlépZ Uty1/2, @ >] < 12)\ ZE [HA(Xt+1) —Vit1y2 ﬂ
xr€e —1
D T T ) (E.44)
< S\ 22 E (14 (Xery2) 12] + 2 X B [[Vasaso 2]
t=1 t=1

< 400, by Proposition E.1
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Similar to Proposition 6, Theorem 4 allows us to obtain the following result.
Proposition 7. Under Assumption 3 the iterates of (DA), (DE), (OptDA) enjoy the following:

E [Gape(Xr)] = O(1/T) (E.45)

Proof. Directly obtained by Theorem 4 by setting V; = 0 for (DA), V; = g411/2 for (DE) and
Vi = g4—12 for (OptDA). d

F Last iterate analysis

We conclude by showing that the iterates X; 1,2, Xy of (GEG) run with the adaptive step-size
policy (Adapt) converge towards some (VI) solution =* almost surely. In doing so, we will need the
following proposition:

Proposition F.1. Let there be a non-empty closed set F and let a sequence (x1); € R%. Suppose that
for all z € F there exists (f;), sequence of random variables satisfying the following almost surely:

E [|ze41 — 201 | Fo] < llwe — 2[° + Bs (E1)
with Z;’il Bt < +oo almost surely. Then, the following hold:
1. ||x¢ — z||? converges almost surely.
2. If the set of almost sure limit points, i.e.
X = {& € R? : there exists a subsequence x;, — i almost surely} (F2)

is non-empty and X C F, then x, converges almost surely to some random variable & € F.
Proof. See [8, Proposition 2.3]. O

Moreover, we will heavily use the following classical convergence theorem; that of the so-called
Monotone Convergence Theorem.

Proposition F.2 (Monotone Convergence Theorem). Ler (2, X, 1) be a measure space and X € 3.
Consider a pointwise non-decreasing sequence (f), - (¥, Br., )-measurable non-negative functions:
fi: X = [0, +0c]. Set the pointwise limit of the (f),

lim fi(x) = f(z) (E3)

Then, f is (3, Br.,) -measurable and

Jim_ /X fody = /X fdp. (Ed)

Having all these at hand, we are now in the position to illustrate the last iterate convergence result
for the iterates of (DA)/(DE)/(OptDA). For the ease of presentation we shall provide the generic
convenience of the general choice for the V; 1 /5.

Proposition F.3. The iterates of (DA)/(DE)/(OptDA) converge towards a (V1) solution x*.
Proof. We are left to show that the iterates X, ;o satisfies the requirements of Proposition F.1. In
particular, invoking Proposition 2 we have:

1
2941

1 1

—— ) 4+v |Vi =V,

et %> Tt H t t+1/2
(FS5)

with D? = sup, ..y [|z*]|?>. Now, by multiplying both sides with 2v; and using the fact that ; is
non-decreasing and v; < 1 we get:

* 1 * * D2 2
e = < o X =2 P~ Wi Koo+ 5 ;
t

2
*

y ; . D/ 1
X1 —2*[* < Xy — 27 — Ye(Vitry2, Xeg12 — %) + - ( - ) + |Ve = Vis1)2
Ye+1 o Ve (E6)
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Now, by taking conditional expectations we obtain:
* (12 %112 *
E[IXes1 = 2" | Forrjo] < 1K= a1 = % [(Vesrjo, X1 = 0°) | Fogjo)

D? 1 1 2
+ 71[‘3 — = — ) | Fey1y2| +HE [HVt = Viqally | }-t+1/2} 7
Yi+1 o Ve

since ¢ i8 Fy41/2- measurable. Moreover, we have:
YE [(Vit1)2: Xev1y2 — %) | Fegpryz] = 1 EVig1y2| Fop1y2), Xep12 — ) <0 (F.8)
since 2 is a solution of (VI) and V., /, is an unbiased estimator of A(X;,,2). So, we obtain:

. w2 D? 1 1
B[ Xes =" Firaja] < 1% =" P+ [( - ) | fm/z} FE [V~ Va2 Foga e
Yt+1 Yt
(F9)
The first step is to show that:
D? 1 1
be = TE [( - ) | ft+1/2:| +E {HVt — Vel | ~7:t+1/2} (F.10)
Ye+1 Ve

Indeed we have that:
T T
D? 1 1
> - 5xs (G- 1)
t=1 = N T
D? 1 1
) el
2 v+ VT41

2
(1)l
2 YT+1

< 400

E +E

T
> Ve = Viga |12
=1

IN
;

IA

due to Proposition E.1. On the other hand, Zle B¢ is a non-decreasing (random) sequence; therefore

is converges almost surely to some random value Ztiof Bt € (0, 00]. Assume that S, = +o0. Then,
by applying Proposition F.2 we get:

+oo T
+o00=E lZ@] = limE lzgﬁt
t=

t=1

< 400 (F.11)

which is a contradiction. Therefore Z:;of Bt < +oo almost surely. Therefore, we are left to show
that every almost sure limit point of X; is a (VI) solution. Let & € R9 be a limit point of Xj.
Then, there exists a subsequence X, which converges almost surely towards . Then, by invoking
Proposition E.1 (ii), we have that:

T
E > IAX))2] < +o0 (E12)
t=1
Therefore by the same reasoning as above, Proposition F.2 ensures that:
T
Z||A(Xt)||3 < 400 almost surely (F.13)
t=1

which yields a fortiori that ||A(X;)||> — 0 almost surely. On the other hand, we have that:
A(X: )|« — [|A(Z)||«. Thus, by limit uniqueness we get that that || A(Z)||. = 0, so & is a
(VD) solution, hence the result follows by Proposition F.1. Finally, in order to show that X; /o
converges also towards a solution, we shall invoke Proposition E.1 (iii) that:

T
E [ant — Xep12l?] < +oo (F.14)
t=1
Hence, by the same reasoning we obtain that:
| X: — Xt+1/2||2 — 0 almost surely (F.15)
and so our proof is completed. O
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G Lemmas on numerical sequences

In this appendix, we provide the necessary inequality on numerical sequences that we require for the
convergence rate analysis of the previous sections.

This lemma that we present is due to [26] and [24].
Lemma E.1 (26, 24). For all non-negative numbers o, . . . oy, the following inequality holds:

(G.1)

Proof. We begin, by introducing some necessary notation and set S = Zthl o¢and x = ar.

The first part is proved by induction. The induction base case 1" = 1 straightforwardly holds. Now
for the induction step, assume that the lemma holds for 7" — 1 and we will show that it holds for 7" as
well. In particular, we have:

T T-1

a a a
o e
=1 i t=1 \/Zi:l @i \/Zt:l at

T-1
at—l—aiT—\/S—az—l—

t=1 \/23:1 oy

where the first inequality is obtained due to the induction hypothesis. Hence, in order to prove the
lemma it is sufficient to show that:

> (G.2)

NG

W_H%z@ (G.3)

By multiplying both sides by v/'S, we get the following equivalent expression:

VS2—xzS>S5—=x (G.4)

whereas after rearranging we obtain the equivalent inequality:
r<S (G.5)

which holds, since x = ar < Zthl ay = S and hence the LHS inequality is obtained.
Now, the proof of the RHS inequality:

(G.6)

will again be done again via induction. The induction base 7' = 1 holds immediately. Assume that
the lemma holds for 7' — 1. We will show that it also holds for 7". By the induction hypothesis, we
get:

(G.7)

where x = ap and S = Zthl oy (we highlight once more that < .S). Taking the derivative of the
function H(z) = 2v/S — x + % (with respect to x), we get that:

1 1
VS VS—=xz
becomes negative for all > 0. Thus, H(z) < H(0) = 2

H'(z) = (G.8)

3

S and therefore the result follows. O

31



H Numerics

All experiments were performed on a MacBook Pro with a 2.7 GHz Quad-Core Intel Core i7 processor
and 16 GB of RAM.

H.1. Kelly auction. We consider a Kelly auction with number of player N = 4, cost of bidding
Z = 100, resources ) = 1000 and marginal utility gains G = (1.8,2.0,2.2,2.4) (see Section 6 for
exact definitions). The hyperparameters (the step-size for non-adaptive methods and the diameter for
adaptive methods) are not fine-tuned but chosen heuristically based on the sweep in Fig. H.5. When
error bars are present they represent one standard deviation based on 10 independent executions. For
more information on naming and notation see Section 6.
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Figure H.1: Comparing methods with oe1 = 0.1.
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Figure H.2: Relative noise compared with absolute noise using adaptive DualX. We observe the deterioration of
the rate for the average iterate for absolute noise in contrast with relative noise.
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Figure H.3: Different levels of relative noise using adaptive DualX. The O(1/T) rate for the average iterate
(last plot) is kept even when the noise level is increased to oye; = 1.0.
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Figure H.4: Different levels of absolute noise using adaptive DualX. In contrast with relative noise increasing
the absolute noise clearly worsens the slope for the average iterate (last plot) indicating a rate of O(1/ \/T)
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Figure H.5: We compare the effect of the diameter choice for adaptive DualX on a Kelly auction with o¢1 = 0.2.
We can observe the O(1/T') average iterate rate for the whole spectrum of diameters but we note that the choice
of diameter still has practical impact on convergence time. The fastest convergence is achieved with the highest
diameter but note that the method did not converge for D = 1000 which we have excluded to keep the plots

readable.

36



103,
10° 5 D=100 D=100
102 1075
— 104 1075
3
8
— 10°4
g 104 3
:
£ 10 =107
o
&
10-21 1072 4
10-3 1073 4
10-4 1074
0 200000 400000 0 200000 400000
t t
(a) Stochastic gradient norm (b) Gradient norm
10°4 D=100 D=100
4 |
10 10°
105 ’><
| I
= 7104
it 102 4 e
101_
102_
100 4
0 200000 400000 10° 10 107 10° 10* 10°
t t
(¢) Last iterate (d) Average iterate

Figure H.6: DualX in a higher dimensional kelly auction (N = 100). Let the total resources be () = 1000,
cost of biddding be Z = 100 and the marginal utility gains be G = (6.001, 6.002, ..., 6.1) (see Section 6 for
exact definitions). Since the problem size is out of scope for Mathematica to provide a numerical solution
we computed the optimal point using adaptive DualX for 2.5 million full steps with fine-tuned diameter in a
deterministic setting. The experiment is then subsequently performed with o, = 0.1 for 500 000 iterations.

H.2. Learning a covariance matrix. We apply adaptive DualX to the non-convex problem of
learning a covariance matrix introduced in [9] (see Fig. H.9). To fit our unconstrained setting we
avoid weight clipping. Thus for fair comparison we include trajectories of GD and OG as well, under
these different conditions (see Fig. H.7 and Fig. H.8 respectively). The experiments builds on the
code provided by the authors in under the MIT license [9].
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Figure H.7: GD for covariance learning of a two-dimensional gaussian without weight clipping using a batch
size of 50. Comparison of true distribution and distribution of generator at various points at the end of training.
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Figure H.8: OG for covariance learning of a two-dimensional gaussian without weight clipping using a batch
size of 50. Comparison of true distribution and distribution of generator at various points at the end of training.
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Figure H.9: Adaptive DualX for covariance learning of a two-dimensional gaussian without weight clipping
using a batch size of 50. Comparison of true distribution and distribution of generator at various points at the
end of training.
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