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ABSTRACT

We consider strongly-convex-strongly-concave (SCSC) saddle point (SP) problems which frequently
arise in many applications from distributionally robust learning to game theory and fairness in machine
learning. We focus on the recently developed stochastic accelerated primal-dual algorithm (SAPD),
which admits optimal complexity in several settings as an accelerated algorithm. We provide high
probability guarantees for convergence to a neighborhood of the saddle point that reflects accelerated
convergence behavior. We also provide an analytical formula for the limit covariance matrix of the
iterates for SCSC quadratic problems under Gaussian perturbations. This allows us to develop lower
bounds for quadratic problems that show that our analysis is tight. We also provide a risk-averse
convergence analysis characterizing the “Conditional Value at Risk” and the “Entropic Value at Risk”
of the distance to the saddle point, highlighting the trade-offs between the bias and the risk associated
to an approximate solution.

1 Introduction

We consider strongly convex/strongly concave (SCSC) saddle point problems of the form:

i L(x,y) = f O(z,y) — , 1.1

min max (z,y) = f(z) + 2(2,9) — 9(y) (1.1

where A and ) are finite-dimensional Euclidean spaces, f : X — R and g : Y x R are closed, strongly convex
functions, and ® : X x Y — R is a smooth convex-concave function — see Assumption 1 for details.

SCSC problems can arise in many applications and contexts. In unconstrained and constrained optimization problems,
saddle-point formulations arise naturally when the problems are formulated based on the Lagrangian duality. Further-
more, the SP formulation in (1.1) encompasses many key problems such as robust optimization [3] — here ) represents
the uncertainty set from which nature (adversary) picks an uncertain model parameter y, and the objective is to choose
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x € X that minimizes the worst-case cost max,cy L(z, y), i.e., a two-player zero-sum game. Other applications where
SCSC problems arise include but are not limited to supervised learning with non-separable regularizers (where ®(x, y)
may not be bilinear) [25], unsupervised learning [25] and various image processing problems, e.g., denoising, [6].

In this work, we are interested in stochastic SCSC problems where the partial gradients V,®(z,y) and V,®(x,y)
are not deterministically available, but instead we postulate access to their stochastic estimate. Such a setting arises
frequently in large-scale optimization and machine learning applications where the gradients are estimated from either
streaming data or from random samples of data (see e.g. [40, 15, 5]). In this work, we focus on stochastic first-order
(FO) methods that relies on stochastic estimates of the gradient information which have been the leading computational
approach for computing low-to-medium-accuracy solutions because of their cheap iterations and mild dependence on
the problem dimension and data size.

Relevant work. Stochastic algorithms generate a sequence of primal and dual iterate pairs 2z, = (x5, yr) € X x Y =
Z starting from an initial point (z¢,yo) € dom f x dom g = Z. Two popular metrics to access the quality of a
random solution (&, §) returned by a stochastic optimization algorithm are the expected gap and the expected distance
squared defined as

G(2,9)£E[ sup {L(&,y) - L(x.7)}, D@9) £E[|2—2.|*+]9 — v.l?], (1.2)
(z,y)EXXY

respectively where (., y.) is the saddle point which is unique due to the strong convexity of f and g. The iteration
complexity in these two metrics depend naturally on the block Lipschitz constants L, L., and L,,, i.e. Lipschitz
constants of V (-, y), V,®(z, -) and V, ®(-, y) as well as on the strong convexity constants /1, and y,, of the functions

f and g. In particular, [11] shows that a multi-stage variant of Stochastic Gradient Descent Ascent (SGDA) algorithm
2

é
achieves the guarantee D(xy, yi,) < € after k = O(k?In(1/¢) + ;) iterations where 6> = max(3,4;), 02 and &, are

bounds on the variance of the stochastic gradients with respect to x and y respectively while p := min(p,, pt,,) are
L :=max(Lgyz, Lyy, Ly,) are the worst-case strong convexity and Lipschitz constants and x = L/ is defined as the
condition number. SGDA consists of Jacobi-style updates in the sense that stochastic gradient descent and ascent steps
are taken simultaneously. In [36], it is shown that for deterministic SCSC problems, if gradient descent ascent (GDA) is
modified with Gauss-Seidel-style updates where the dual variable is updated after the primal variable in an alternating
fashion, than an accelerated convergence rate (where iteration complexity scales with & instead of £2) can be obtained.
However, as discussed in [36], this comes with the price that Gauss-Seidel style updates greatly complicate the analysis
because every iteration of an alternating algorithm is a composition of two half updates. Simultaneous Jacobi-style
updates are easier to analyze in general and can be viewed as solving a structured a variational inequality problem
where many existing techniques directly apply [14, 7].

There are also other algorithms for stochastic SCSC problems. The authors in [11] show that the Stochastic Optimistic
2

0
Gradient Descent Ascent (OGDA) algorithm achieves an iteration complexity of O(xIn(1/e) + —) in expected
€
distance squared. In [38], a stochastic accelerated primal-dual (SAPD) algorithm which consists of Gauss-Seidel type

2
updates is proposed. SAPD achieves (9((% + \/ﬁ%, Lﬂy!y + (i% + %)% log(%)), in a weighted expected

distance squared metric. This complexity is optimal for bilinear problems. To our knowledge, SAPD is also the fastest
single-loop algorithm for solving stochastic smooth SCSC problems that are non-bilinear.

Despite these results that provide guarantees in expectation based on the metrics (1.2), high probability bounds for the
iterates of saddle-point problems are relatively much less studied. In particular results provided in the metrics (1.2) do
not allow us to control tail events, i.e. the expected gap and distance can be smaller than a given target threshold ¢, but
the iterates can in principle still be arbitrarily far away from the saddle point with a non-zero probability. In this context,
high probability guarantees are key in the sense that they allow us to control tail probabilities and quantify how many
iterations are needed for the iterates to be in a neighborhood of the saddle point with a given probability level p € (0, 1).

While high-probability guarantees are available in the optimization setting for stochastic gradient descent-like methods
[18, 28, 9], they are more limited in the SP setting. Among existing results, in [35], it is shown that the expected gap
G(xk,yr) < € with probability at least p € (0, 1) after O (é log(ﬁ) + szs log(ﬁ)) iterations for possibly non-
smooth, SCSC problems. In [34], high probability bounds are given for online algorithms applied to a stochastic saddle
point problem where the objective is time-varying and is revealed in a sequential manner and and the data distribution
over which stochastic gradients are estimated depends on the decision variables. However, these high-probability

guarantees are obtained for non-accelerated algorithms; therefore the high probability bounds do not enjoy accelerated
decay of the dependence to initialization with a linear rate that scales linearly with the condition number.
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Figure 1: Representation of expectation, VaR (quantiles) and CVaR of a gamma distribution with shape parameters
k = 3 and scale parameter § = 5.

Contributions. In this paper, we study the speed-accuracy trade-off of stochastic primal-dual methods from a risk-
averse perspective. Our main focus is the SAPD method, for which we provide high-probability bounds where the
dependence to the initialization decays in an accelerated manner with an accelerated linear rate. We also provide tight
upper-bounds with respect to several risk measures illustrated in Figure 1, including the Value at Risk (corresponding
to a high probability bound), the Conditional Value at Risk (CVaR), and the Entropic Value at Risk (EVaR). Our
convergence analysis also captures the performance of the standard SGDA which is studied apart in our Appendix.

While our analysis builds upon concentration results developed in [18], and already utilized in a variety of works on
stochastic first order methods [8, 39, 22], we address two technical challenges specific to SAPD: (i) the ergodic nature
of the analysis based on which SAPD was previously shown to converge requires to adapt accordingly the recursive
concentration inequality [18] and (ii) the Gauss-Seidel iteration based on which SAPD was developped significantly
complicates the analysis, as one may observe in comparison to the the analysis of SGDA in the Appendix.

We complement our results with an in-depth analysis of the performance of SAPD on quadratic problems subject to
Gaussian perturbations. This contribution, based on orthogonal arguments, is key to show the tightness of our general
analysis.

Notations. Throughout this manuscript, X = R" and ) = R™ denote finite dimensional vector spaces equipped with
the Euclidean norm ||u||2(u, )2, and Z £ X x ). We adopted Z. . for counting numbers and Z, = Z, U {0}.
For A € R™™, [|Allp= (3.7 ,_; A?;)/? denotes the Frobenius norm of A and p(A) denotes its spectral radius. We
recall that for all A, p(A) < ||Al|r. For any convex set C' € X, Z¢ denotes the indicator function of C, i.e., Zo(z) = 0
if z € C, and equal to +o0 otherwise. For a given proper, closed and convex function ¢: X — R U{+o0}, prox,,(-)

denotes the associated proximal operator: x — argmin, ¢ y ¢(u) + 3|lu — z||?. By strong convexity/strong concavity,
the problem in (1.1) admits a unique saddle point [10], z* £(x*, y*) which satisfies:

L(x*y) < L(xFy") < L(x,y") V(z,y) € X x ). (1.3)

We use the Landau notations o, O, and © to describe the asymptotic behavior of functions. For u € RU{+oc}, a

function f(x) = o(g(x)) in a neighborhood of w if é(—zg — 0asz — u. f(x) = O(g(x)) if there exist positive

constants C' such that | f(x)|< C|g(z)| in some neighborhood of u. Finally f(z) = ©(g(z)), if f(z) = O(g(z)) and
g(z) = O(f(x)). Given an m-dimensional vector v = [v1,va, ..., v, Diag(v) denotes the m x m matrix whose
diagonal is the v vector.

2 Technical Background and Preliminaries

2.1 Stochastic Accelerated Primal-Dual (SAPD) Method

SAPD, displayed in Algorithm 1, is a stochastic accelerated primal-dual method developed in [38] which uses
stochastic estimates V,® and V,® of the partial gradients V,® and V,®. SAPD extends the accelerated primal dual
method (APD) proposed in [16] to the stochastic setting. Given primal and dual stepsizes 7 and o and (number of
iterations) horizon N, SAPD uses proximal-gradient-type updates while applying momentum averaging to the partial
gradients with respect to y. It achieves accelerated rates and an optimal bias-variance trade-off for the SCSC scenario
when stochastic gradients admit bounded variance [38]. When the coupling function is bilinear, it reduces to the
Chambolle-Pock algorithm given in [6] for the deterministic setting.
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Algorithm 1 SAPD Algorithm

Require: Parameters 7, o, 0. Starting point (z, yo). Horizon n.
1: Initialize:
T4 To, Y-14 Yo, Qo< 0O
2: for k > 0do
3: Sk Vy (2, yp,wp) + 04, > Momentum averaging
4: Yk+1 ¢ ProX, (Y + o Si)
5 Try1 = prox, p(zx — 7 Vi @(2k, Yr11, w5))
6: Qk+1 «— vy (I)(xk+1vyk+1awz+1) - vy (I)(xk»ykvwz?i)
return (2, yn)

For the convergence analysis of SAPD, we next introduce the following assumption which basically says that the
coupling function ® is smooth. Such an assumption is standard for the analysis of first-order methods, see e.g. [23, 14,
371.

Assumption 1. Letr f: X — RU{+o00} and g: Y — RU{+00} be two functions with convexity moduli y, > 0 and

ty > 0, respectively. The coupling function ®: R x RY — R is continuously differentiable on an open set containing
dom f x dom g such that:

(i) Forally € dom g, ®(-,y) is convex on dom f.
(ii) Forall x € dom f, ®(x,-) is concave on dom g.
(iii) There exists Lyy, Lyy > 0 and Lyy, Lyx > 0 satisfying for all (z,y), (Z,y) € dom f x dom g:
IV ®(z,y) = Vi (2, 9)|| < L[|z — Z[+ Ly lly — 9,
IVy ®(z,y) = Vy (7, 9)| < Lyxllz — 2]+ Lyylly — 7ll-

Following the literature on stochastic saddle-point algorithms [24, 20, 7], we assume that only (noisy) stochastic
estimates Vy ® (24, Yr, w) ), Vx ®(2k, Ykt1,wy) of the partial gradients Vy ®(zx, yx), Vx @(2k, yr+1) are available,
where w}, w; are random variables that are being revealed sequentially as we discuss next. First, we introduce some
notation: Let (w,f)kzo, (‘*’Z)kzo be two sequences of random variables revealed sequentially, in the order:
wy 2w 2wl 5wl 5w =

and let (F}) k>0 and (F},)k>0 denote the associated filtration:

nga(wg), SZU(W87W(JJC)7

}—z = U(‘F:Ig—lva(wlg))a Fi= U(‘F%aa(wz))v Vk=>1.
For any k£ > 0, we introduce the following random variables to represent the gradient noise:

AZ £ vy (@(Ika ykva) - vy (I)(xka yk)ﬂ f £ Vi q)(a:ka yk—&-l,wz) — Vi @(I’k, yk-i-l)'

Often times, stochastic gradients are assumed to be unbiased with a bounded variance conditional on the history of the
iterates. Such an assumption is standard in the study of stochastic optimization algorithms and stochastic approximation
theory [17] and frequently arises in the context of stochastic gradient methods that estimate the gradients from randomly
sampled subsets of data [5].

Assumption 2. For any k > 0, the gradient noise satisfies
E [AZU—"%_J =0, E[Ai|f%] =0.
Assumption 3. For any k > 0, there exists scalars 6,0, > 0 such that

E[|AYP|Fr_y] <62, E[|ARIPFY] < 62

Based on Assumptions 1, 2, 3; [38] established bounds for the expected squared distance to the saddle point
E [||zk — 2y ||2] Such upper bounds consists of a “bias” term (that decays exponentially fast characterizing how

fast the initial conditions are forgotten) and a variance term that scales with the noise variance 62, 5;. In this setting,



A PREPRINT - MARCH 15, 2023

the rate of decay of the bias coincides with the ’convergence rate” of the underlying SAPD algorithm without noise (i.e.
when 67 = 07 = 0).

In this paper, our focus is to obtain high probability guarantees as well as bounds on the risk of the distance to the
saddle point ||z, — z.||. For quantifying risk, we will resort to ¢-divergence-based risk measures borrowed from the
risk measure theory [4], including CVaR EVaR and x2-divergence. We introduce the following “light-tail” assumption,
which basically says that the gradient noise is norm-subGaussian. Random vectors with Norm-subGaussian distribution
were introduced in [19], and encompass a large class of random vectors including subGaussian random vectors. In the
rest of the paper, through all our results, we will assume that Assumption 4 holds in addition to Assumptions 1 and 2.

Definition 2.1. A random vector X: Q — RY is norm-subGaussian with proxy o, denoted by X € nSG (o), if
_e2
P|[|X —E[X]|| >t| <227, VtcR.

Assumption 4. For any k > 0 the random variables A} and A} are conditionally norm-subGaussians with respective
proxy parameters 0,0, > 0. More precisely, for all t > 0, we almost surely have

42 2

P|AY> tFF ] < 2e*0, P|AF[> t|FY] < 2%

Such subGaussian noise assumptions are common in large-scale stochastic optimization [27, 12, 18]. In machine
learning applications, where stochastic gradients are often estimated on sampled batches, noisy estimates typically
behave as Gaussians for moderately high sample sizes, as a consequence of the central limit theorem [26]. Furthermore,
they also can be volontarily imposed from perturbations set by practitionners for privacy reasons [21, 32] We also recall
some basic properties of norm-subGaussian random vectors which will be used repeatedly in the proof of our results.

2.2 Elementary Properties of Norm-subGaussian Vectors

In this section, we recall elementary properties of norm-subGaussian vectors. Proofs, which follow from standard
arguments that can be found in textbooks such as [8, 6], are given in Section 6 of the Appendix for the sake of
completeness. First, note that given arbitrary o > 0 and X:Q — RY such that X € nSG (o) for some o > 0, we
immediately have the following implication:

X enSG (o) = aX € nSG(ao). 2.1

For instance, X : 0 — R? is norm-subGaussian when X is subGaussian, or it is bounded, i.e., 3B > 0 such that
|X||< B with probability 1. As remarked in [19, Lemma 3], the squared norm of a norm-subGaussian vector is
sub-Exponential.

Definition 2.2. A random variable /: {2 — R is subExponential with proxy K > 0 if it satisfies

1
E {ew’{q <M vaelo, E]

In particular, if we take U = || X ||, with X € nSG (o), the following lemma shows that U is subExponential with
proxy K = 802,

Lemma 2.1. Let X € nSG (o) be such that E[X] = 0. Then, for any X € [0, 11z],

E [e’\”X “2} < 2PN’ 1 < BN 2.2)

Proof of Lemma 2.1. We follow standard arguments from [33]. First note that, for any k¥ € Z, , we have

+oo

+o00
BIXI = [ RIXIF> qat= [ Rx)= 0

9] 2 )
§2/ eth/Goh 4y
t=0
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Hence, noting that I'(k) = (k — 1)!, by the monotone convergence theorem,

E[eMNXI*) =1+ Z E[|| X[[**] <1+ ﬁ(%)(QUQ)kF(k)
k=1 "
<1+2) (2X\0?
<1423 (%) = gys L
k=1
with the last equality belng valid for any A € [0, 313 ). Finally, we get E [ AllX ”2} < 2™ — 1 forany A € [0, 5]
since for any u € [0, ], 1 - < e, O

Lemma 2.2. Let X € nSG (o) such that E[X] = 0. Then, for any u € RY and A > 0, it holds that

E |:6A<u,X):| < SN [lull?o®

Proof of Lemma (2.2). For u = 0, the inequality to prove is trivial. Assume v # 0. From Lemma 2.1 and Cauchy-
Schwarz inequality, we have

E [6A2<u,x>2] < E[e A ul? )X 12 ] < o8N [lul|?o? (2.3)

for all A € [0, 2\[ T H] Thus, for any such A, noticing that e! < ¢ + ¢!’ for ¢ € R, we obtain

E |:e)\(u,X)i| <E [A(u,X) n 6,\2<u,x>2] < 68)\2Hu\|202,

where the second inequality follows from (2.3) and the assumption that E[X] = 0. Moreover, for A > m, we
have by Cauchy Schwarz’s inequality and Lemma 2.1 that

B[] < | [ei“g“i”“”ﬂ—“l;!'j | < AOHNTII) < SN,
where the last inequality is due to e T <effort>1. O

2.3 Robustness via risk measures

In this paper, we investigate the robustness of SAPD under different convergence metrics, borrowed from the theory
of risk measures [30]. Our motivation is to provide convergence guarantees under various types of distributional
perturbations on the stochastic estimates of the gradients V&, V®,. As we focus on smooth and SCSC problems, we
can rely on the squared distance of the iterates (x,,, ¥y ) to the solution (x*,y*) to quantify sub-optimality. Precisely,
sub-optimality will be measured in terms of the weighted squared distance to the solution, i.e.,

1 1/1
D2 = lzn — x*||? f(f— ) T 2.4
o llan = x12+3 (- = @) lm — 711, 24)
for some o € [0,071).
The first risk measure of interest is the quantile function, defined for a random variable I/: 2 — R as

2 <t >p.
QpU) = inf PIU <] > p

Quantile upperbounds correspond to high-probability results, and quantile bounds have been already fairly studied to
assess the robustness of stochastic algorithms [12, 27, 18]. One key contribution of this paper is the derivation of an
upperbound on the quantiles of the distance metric D,,, defined in (2.4), exhibiting a tight bias-variance trade-off —see
Section 3.3.

Furthermore, we investigate the robustness of SAPD with respect to three convex risk measures, based on -
divergences [4]. Generally speaking, for a given proper convex function ¢ : R}y — R satisfying ¢(1) = 0 and
lim; g+ ¢(t) = ¢(0), the associated y-divergence, is defined as

vy 2 [ oG5 )ar

for any input probability measures Q, [P such that Q < P, i.e. Q is absolutely continuous with respect to P. Different
choices of (p-divergence result in different risk measures [4, 31].
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Risk measure Formulation Divergence
1
CVaR,, p € [0,1) = Jy—, Qu (U)dp' p(t) =L, 2 (1)
EVaR,,p € [0,1) inf, >0 {w + %log(E(e”u))} o(t) =tlogt —t+1

Ryz 7> 0 infyz0 { VIT 2 /E@ — )3 +1} plt) = 3t —1)?

Table 1: Three examples of ¢-divergence based risk measures studied in this paper.

Definition 2.3. For any r > 0, we define the -divergence based risk measure at level r as follows:
RorU) 2 sup  Eg U] 2.5)
Q<P
Dy (Q[IP)<r

where [P denotes an arbitrary reference probability measure.

In this paper, we investigate the performances of SAPD under three ¢-divergence based risk measures, summarized in
Table 1. First, given p € [0, 1), we consider the conditional value at risk (CVaR,), defined as
1 1
CVaR,(U) & —— Qp(U) dp'. (2.6)
1-— p p'=p
The CVaR admits the variational representation (2.5) with ¢ : ¢+ Tg (1_p)-11() for any r > 0.Define the indicator
function. As an average of the higher quantiles of I/, CVaR,, (i) holds intuitively as a statistical summary of the tail of
U, beyond its p-quantile. While high-probability bounds do not take into account the price of failure tied to the event
U > Q,(U), the CVaR presents the advantage of integrating the whole tail of the distribution, which may makes it
more suitable to assess the robustness of a given random variable.

The second convex risk measure we investigate is the Entropic Value at Risk [1], denoted EVaR, and is defined as
, log(1—p) 1
EVaR,(U) £ inf § ———= + ~log(E(e™)) ¢ .
o0 2 i {-PE0Z0) 4 L oy

The EVaR admits the variational representation (2.5) with ¢ : t — tlog(t) — ¢t + 1 and the parameter r is set to
—log(1 — p) for given p € [0,1) —see e.g. [31]. EVaR exhibits a higher tail-sensitivity than CVaR, in the sense that
CVaR,(U) < EVaR,(U), forall p € [0,1) whenever EVaR,, (/) < oo.

Finally we will also derive results in terms of the x2-divergence based risk measure, defined as (2.5) with ¢ : ¢
3(t—1)2
3 Main Results

In this section, we derive risk-sensitive bounds for the convergence of the SAPD algorithm (see Algorithm 1). We
first recall in Section (3.1) a general class of hyperparameters for which SAPD is known to converge at an accelerated
convergence rate in expectation [38]. We present in Section 3.2 the main results of this paper, which consists of
convergence analysis of SAPDin high-probability and with respect to the three convex risk measures presented in Table 1.
We finally demonstrate in Section 3.3 some tight characteristics of our analysis.

3.1 A class of admissible parameters for SAPD

SAPD was shown to converge in expectation in [38], at a linear rate p € (0, 1) provided the inequality

N = 0 0 0 0
0 St g (0oL (§-1)Lw 0
: g T
0 o 1)L, 0 s-a  —fLy
0 0 *%Lym *%Lyy »
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holds for some o € [0,0~1). An important class of solutions to the matrix inequality in (3.1) takes the following form:

1-6 1-6 -
T = , 0= ) 0 > 9) (32)
Oy Oty

for some @ € (0, 1) that can be explicitly given. It is shown in [6] that for a particular value of §', this parametric choice
of primal-dual step sizes 7 and ¢ in the momentum parameter 6 ensures acceleration of the algorithm (CP) proposed
in [6] for the deterministic case when @ is bilinear. Indeed, CP Algorithm can be obtained as a special case of SAPD for
bilinear coupling functions ®. In other words, (3.1) describes a general set of parameters for which SAPD will converge
in expectation; however risk-sensitive guarantees, including in high-probability are not known. In the forthcoming
results, we study SAPD for parameters satisfying (3.1), and obtain convergence rates in high probability, in CVaR, in
EVaR, and in the y2-divergence-based risk measure, as defined in Table 1. The special parameterization (3.2) will be
key to demonstrate the sharpness of our convergence analysis.

3.2 Risk-averse convergence analysis
The main result of this section establishes the convergence of SAPD in high probability, and its proof will be provided in
Section 4.

Theorem 3.1. Suppose (x,,, yn)n>1 are generated by SAPD, initialized at an arbitrary tuple (xo, Yo) € X X Y. Forall
neN, pe (0,1)andt,0 > 0,and 6 > 0 satisfying (3.1) for some p € (0,1) and o € [0,071), it holds that

=) 52
1 42, 5 90 1
P|D,11 + (1—p)D, <2< ;p> ( 5W+e§13,952> 170<1—|—:$2()7910g<1>)] > p, (33)
- P —-bp

* *||2

where Dy, =5- (2||)J;n —x* |24+ 29 |y —y* 1% Ero 2 5= |0 —x*||2+ 55 lyo—y* |2, and 6 & max{d,, 6, }; furthermore,

£, ¢ are constants that do not depend on n and p, they only depend on the problem and algorithm
parameters.

Remark 3.1. It is possible to choose the SAPD parameters satisfying (3.1) so that p = 1 — = for some constant ¢ > 0

[38]. Therefore, the decay rate of the bias term if =1- c/ 2 in Theorem 3.1 demonstrates an accelerated behavior

that scales with r instead of k* dependence of SGDA methods [11]. It is worth noting that for any given p € (0, 1),
to check if there exists SAPD parameters T, 0, 0 such that the bias component of E[D2] decreases to 0 linearly with a
rate coefficient at most p, one needs to solve a 5-dimensional SDP, i.e., after fixing p, checking the feasibility of (3.1)
reduces to an SDP problem, see [38] for details.

Using Theorem 3.1 and building on the representation of the CVaR in terms of the quantiles, we can deduce a bound on

CVaR, (D ) as shown in Theorem 3.2, where we also provide bounds on the entropic value at risk and on the y?-based
risk measure, as defined in Table 1.

Theorem 3.2 (Bounds on Risk Measures). Under the premise of Theorem 3.1, the following bounds hold for all n € N
andp € (0,1):

n/2 =(1) 2
3 1 + P 2 1/2 4“‘7’ o, 96 —(2) 1
2 ) < (=2 = LA — .
CVaRp(DnH)_( : ) (14 p)Ers + 221 ,5) +\/ e U 77079(1+1og(1_p)) . (34

n =(1) %o
14+p)\2 =(1) 52 1/2 4= 7'095 =(2)
< | —— _— A\ E .
EV&R ( n+1) = ( 2 ) ((1+p)g7':‘7+2 T, 006 ) + 1— P 1 + T,0,0 IOg ( ) + f ) (3 5)

where D, E(Tll)T o 5(2) 5.0 and d are as defined in Theorem 3.1. Furthermore, for all n € N and r > 0, the right-hand
side of (3.5) with p = 1 — == is an upper bound on R (D,llfl)

Proof. The CVaR bound in (3.4) directly follows from Corollary 1 applied to the process V;, introduced in (4.19), with
the associated constants as defined in (4.23). Furthermore, the EVaR bound in (3.5) directly follows from Corollary 2

applied to the same (V},),>¢. Finally, the bound on sz,T(Drl/ %) follows from (3). O

Isee [6, 48].
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3.3 Tightness analysis

We will discuss in this section that the constants given in Theorem 3.1 are tight in the sense that under the Chambolle-
Pock parameterization given in (3.2), which corresponds to a particular solution of the matrix inequality in (3.1), the
dependency of these constants to § and p cannot be improved. To this end, we consider quadratic problems subject to
additive isotropic Gaussian noise for which we can do exact computations, i.e., both { A7} and {A}} are iid Gaussian
random vector sequences with isotropic covariances, and these sequences are independent from each other as well.

In Section (C.1) of the appendix, under the isotropic Gaussian noise assumption, we show that the distribution 7,, of
the iterates z,, =(x,,, yn) converges to a Gaussian distribution 7, with mean (z., y.) and a covariance matrix X* for

which we provide a formula in (C.6).

For simplicity of the discussion, consider running SAPD using (CP) parameters given in (3.2) on the following one-
dimensional instance of the general quadratic problem (C.1) studied in depth in Section C.

. L o L,
ggﬂg}glgﬁ(am +$y+§y , (3.6)

where we assume that @ > @ as in (3.2). We also set the gradient noise variance as 02 = 55 = 1. In this example, the
unique saddle point is at (z., y.) = (0,0). By our Corollary 4, this ensures that the distribution 7,, of the generated
sequence zy é(xn, yn) converges to a centered Gaussian 7o, in distribution with the covariance matrix ¥* given
in (C.6). If we let 2., denote a random variable with the stationary distribution 7., in the next proposition we provide
lower bounds on the quantiles of ||z ||* and compare them to the upper bounds we derived in Theorem 3.1.

Theorem 3.3. Let (2,,)n>0 be the sequence initialized at an arbitrary tuple zy = (o, yo) generated by SAPD on
Problem (3.6) under the parameterization (3.2). Then, for any p(0, 1), the p-quantile Q, (|20 ||*) of the squared norm
of the limit zoo = lim,,_, o, 2, satisfieshere, since we talk about convergence in distribution, maybe we should use
another notation as one may read it as a.s. convergence.

7/)1(177 0) S Qp(”zoon) S 7/’2(17’ 6)7

évherel 1 and 1o satisfy 1 (p,0) = (1 — 0)log(1/(1 — p))O(1) and 12(p,0) = (1 — 0)O(1 + log(1/(1 — p))), as
— 1.

Proof. See Appendix, section C.3 O

4 Proof of Main Results

4.1 Concentration inequalities through recursive control

In this section, we provide general concentration inequalities that will be specialized later for the analysis of SAPD and
SGDA . The following proposition is a variant of the recursive control inequality derived in [8, 18] to analyze the
dynamical system corresponding to the stochastic gradient descent (SGD) method for minimizing smooth and strongly
convex functions with bounded domains.

Proposition 4.1. Let (F,,),>0 be a filtration on (U, F,P). Let (Vy,)n>0, (Tn)n>0, and (Ry)n>0, be three scalar
stochastic processes adapted to (Fy,)n>0 with following properties: there exist o g, or > 0 such that for alln > 0,

* V,, is non-negative;

e E [e’\T"+1 \fn] < ATV forall A > 0, i.e., T}, 11 conditionally on F,, is subGaussian;

e E [eAR"“ |]-"n] < M forall X € [0,1/0%], i.e., Ry,41 conditionally on F,, is subExponential.
If there exists p € (0,1) such that

Vn+1_Tn+l - Rn+1 < P an vn > 07 (4’1)

then for all A € (O7 min{#, }l;—rf}), it holds that
R T

A(1+p)
E [AVe+1] < ARE [eTpV"} , Vn=>0.
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Proof. The proof follows closely the arguments of [18]. For any A > 0, (4.1) together with Cauchy-Schwarz inequality
implies that

E [ekVn+1 ‘fn:l S e/\pV,LE |:e)\(Tn+1+Rn+1) ‘-Fn] S e)\p‘/n]E [62/\Tn+1 |Fn:| 1/2 E [ 2)\Rn+1 ‘f ]1/2

Thus for \ € (O, #} , we have
R
E [6)\‘/”+1 |]:n] < e)\U?z e)\(0+2>\‘7%)vn .

Setting 0 < A\ < min { 2;2 , i;f } and taking the non-conditional expectation, we ensure that
R T

E [6)\‘/”+1] < ARE [e)‘HTpV"] .

This completes the proof. O

Unrolling the above recursive property on the moment generating function of V' provides us with high probability
results on (V,),>0.

Proposition 4.2. Let V,,,T,,, R, be defined as in Proposition 4.1. Then, for alln > 0 and A € {O min { 1=p 1 }]

4(72 ’ 20’
we have
2/\a
E[eM] < e T E [AF)V] 4.2)
Furthermore, if Vy = Cy is constant, then
1 202 2 1
vo< (1E2Y ok 278 (11 max 1,272 Log () )| 2. 4.3)
2 1—p 0% 1—-p

Alternatively, if Viy can be expressed as Vo = Cy + U where Cy > 0 is constant and U satisfies
1
E [6)\1/{] < eaz\+ﬂ)\2’ o= |:0, :|
Q

for some constants o, &, 8 > 0, then, for any p € [0,1) and X € [0,7],

1+p\" 1+p\*" 1 1
P(WS(Q”) (Co+a)+<2p> A8+ ”Rp+Alog<l_p)>zp, (4.4)

1-p

A
where 7= max{&,20%,40%.}"

Proof. Let us first prove by induction on n that for all A € (O, min { l=p 1 }),
E[] <E [ A(H2) Vot o, Q;S(HT”YC] . 4.5)

For n = 0, this property holds trivially with the convention Ez;é = 0 when n = 0. Assuming the inequality holds for
some n > 0, next we show it also holds for n + 1. According to Proposition 4.1, we have

E [e)‘V"“} < e RE [e’\HTpV”}
< TR [ (5 WA T (44
fIE{ A(H2)" oAk S (1) }

where the second inequality follows from the induction hypothesis since

1-p 1
0< A1 2<A<min{ —s—, —5
<Ao< <min{

2
statements follow from a Chernoff bound; indeed, if Vi = Cj is constant, we obtain

2
[V>< +p) Co+ 2 +t} Xt
2 1—p

10

k
and this completes the induction. Thus, (4.2) follows from using 37—, (ﬂ) < % within (4.5). The remaining
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for A = M% and ¢ = ylog(12;), which implies the desired result.

Next, suppose Vj Co + U for some constant Cy and U as in the hypothesis. First, observe that for A €

: 1—p 1 1
(O,mln{m7 ﬂ, 5} ,), we have

E[*V] < e TRE [(459)" @]
(4.6)
- eA((HT”)"(Co—i-a)—i-%)—0—)\2(”7")2”5.
Thus, for all ¢ > 0,
n 2 n
P(Ve> (252} (Cota)+ 200 1 1) < X (59) 78,

2 1—-p
Fixing an arbitrary non-negative A such that A < m, we have eXp()\2 (%p)% B—=M)=1—p

120 R40T
t = A\(1£2)2"B + +log(1/(1 — p)), which proves (4.4). O

Thanks to the recursive control property 4.2, one can derive convergence rates for the CVaR and EVaR risk measures of
the scalar process (V3,)n>0.

Corollary 1. Let V,,, Ty, Ry, be defined as in Proposition 4.2. Then, for any p € [0,1) and X € [0,7],

s 14p)? 2, 1 1
2y < [ —LE — — (141 — ). )
CVaR,(V, )_< 5 ) C’0+a+)\6+\/1poR+>\< +og(1p)> 4.7

Proof. Note that the first and second terms on the right-hand side of (4.4) can be bounded by (1#)” (Co+a+v8);
hence, by integrating the resulting looser bound with respect to p, and using CVaR’s integral formulation in (2.6), we
obtain

1+p\" 203, 1 1
n) S\ —5— A “(14log|—)),
CVaRp(V)( 5 > (Co+a+ B)+1_p+/\ + log =
which directly implies (4.7), due to Lemma (5.2) and the sub-additivity of \/-. O

Corollary 2. Let V,,, T, R,,, be defined as in Proposition 4.2. Then, for any p € [0, 1), and X € [0,7],

n/2
1 1 2 1 1

Proof. The bound in (4.4) of Proposition 4.2 ensures that for all p € [0,1) and A € [0, 7], the p-th quantile of V,
satisfies

14+p\" 202, 1 1
< | — _ .
Qp(vn)_( 5 ) (Co+a+A3) + _p+)\log )

1

hence, non-negativity of V,,, Lemma 5.2 and sub-additivity of ¢ — /# together imply that

2 1 1 \Y?
op+—log [ ——) . 4.9
1—p " VX g<1—p) “9

1+p n/2
Qp (an/2) < () Cot+a+ g+
2
Forn > 0, let

n/2
1 5
U, 2V12 - (‘2”’) VCota+i— /o,
—p

and note that (4.9) implies
PU,>t)<e ™ Vi>o0. (4.10)

11
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Therefore, following standard arguments from [33], we have for any > 0 that

E(enUn) = / P [enUn > t] dt :/ P [67;U” N eu] el du
0 —o0
0 o0
= / P [e”U” > e“} e“du +/ P [e"U" > e“] etdu
Lo o
0 a2 P C A (a2
< / e'du +/ e 77 e¥du=1+eax / e 2 23" du
o 0 0
n2 [0 2
= l4+exx / e 72° ds
_n?
2X
2 T T 712
< ldpein, /= < (1 7> i,
N S

where we used (4.10). On the other hand,

vt 0] = g {500 Do)

IN

.. —log(l—p) 1 (n? NS
=S 0T (/S 7
0 n * 7 \ 4\ + nﬁ

log(t=5) /7
A W

where we used log(1 + =) < z for = > 0. Finally, by translation invariance of the EVaR, we obtain

/2

1 1+p\" 2 1 1 N
E w2 < | —— —1 -— |.
VaRp{V}_( 5 ) Co+a+ A3+ 1—pUR+( )\Og(l—p)+ﬁ

O
‘We finish with a bound on the X2—based risk measure, as defined in Table 1.
Corollary 3. Let V,,,T,,, R, be defined as in Proposition 4.2. Then, for any r > 0, and X € [0,7],
n/2
1 1+ p 2 1 ﬁ
sz,r(v,f)g<2) Co+a+ A3+ lpaR+< /\log(l—&—r)-i-ﬁ). @.11)

Proof. By[13, Theorem 5], for all Q < P, we have

Dy (QP) < log (1+ D, ,(Q,P)) .
where k. (t) = tlog(t) — t + 1. Therefore, for any integrable random variable U : @ — R, we get

sup Eg[U]< sup Eq[U] = EVaRi_1 /14 (U),
Q:DwXQ QI P)<r @:DWKL(Q,P)Slog(1+T)

whenever EVaR;_1 /(145 (U) < oo, where we used the EVaR representation given in Table 1. The statement follows
directly from Corollary 2. O

In the next section, we design scalar processes which satisfy the above properties while dominating the error on
SGDA and SAPD iterates respectively.

4.2 Proof of Theorem 3.1

The aim of this section is to prove Theorem 3.1. Here the application of the recursive control inequality from Section 4.1
is not straightforward: the Gauss-Seidel iteration,peculiar to SAPD iterates significantly complicates their measurability
properties, as illustrated in Figure 2. We circumvent this issue by introducing a stochastic process that almost surely
upperbounds the distance to the saddle point while exhibiting simpler measurability characteristics.

Our proof combines several ingredients. Namely, the almost sure upper-bound derived in Proposition 4.3, the recursive
control inequality from Proposition 4.2, some elementary concentration results on norm sub-Gaussian vector that we

12
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> o o o
y13y27§71 ii'1 {ig ii‘3 CE4
wy AT wi ATIo wy AYrgo o wg AT
]_-(g:t) Y2, fi'27 Y3 Fl(Z) Y3 T3, Ya ]_-2(1) Ya §:4 y Ys féx) Ys , T5, Ys

Figure 2: Measurability of sequences of interest in SAPD. Our analysis is made possible by the introduction of noise-
free” counterparts Xy, Xk, ., ¥ to the iterates x, yi as defined in (4.13).

review in Section 2.2 and convex inequalities that we prove in Section 4.3.We should reorder things here — we should
not refer to later parts of the paper in the proof.

First, observe that according to Proposition 4.3, we have

n—1
gn < pnilgﬂo + Z pnilik (<A£7X* *Ik+1> + <(1 + G)AZ - HAZ_1vyk+1 - y*>)
k=0
n—1
=" e+ Y T (AR X = Rirt) + (1 O (AL Fis =¥ = 0Dy S — 7))
k=0
n—1 R R
£ (AR i) + (14 0(A v = Fip) — HAL s — Fn))
k=0
4.12)
with the pseudo-iterates X, ¥, §k, §k are defined as follows:
%o £ %o £ o, $0 230 2 o, (4.13)
K41 = prox, (2x — 7 Va ®(2k,Ykr1)),  Fpp1 = PIOX, (yk +o(1+0)Vy ®(zp,yr) — 00 Vy ®(zp_1, yk71)>7
(4.14)
X1 2prox, s (v — 7 Ve @(@h, §511)) . Thor S Prox,, (yk +o(1+60)Vy ®(X, §;,) — 00 Vy B(x_1, yk,l))
(4.15)
(4.16)

These pseudo-iterates, which measurability properties are illustrated in Figure 2, will be key for the application of the
high probability bound given in Proposition 4.2.

For k£ > 0, we also define

P E(AL X = Kien) + (14 0) (AL Fa —¥7),

R ]

Qr 2(AF, Rpg1 —2rar) + (L4 O(AY, Yrgr — Tipr) — O Ykt — Topa)-
Thus, rearranging the sums in (4.12) and using AY | = 0, we may write it equivalently as follows:

n—1 n—2 n—1
gn < pn—lg‘rﬁ + an—l—kplgl) + an—l—kpéz) + an—l—ka.
k=0 k=0 k=0

13
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Now notice that for n > 0,

n—1 n—2 n—1
€n+1 + (1 _ p)gn < pn—lgﬂa + Z pn—l—kplgl) + Z pn—l—kPéQ) + Z pn—l—ka
k=0 k=0 k=0

+ PV +pPP 1+ Q,

i 4.17)
_ p—l <png7_’g + an—kpél) + an—kplgz) + an—ka>
k=0 k=0
+(1—p—31%”-—p—ﬁﬁ”+wp DB+ Q.
By Proposition 4.6, we obtain
p n o .
5 (gnJrl + (1 - p)gn) S P 57',0 + ZP kP]gl) + Zp kP]EQ)
k=0 k=0
+ 3 2" PO (IALIPHIA P+ (IAT_1PHIAL 17) + AP 1 A7 _l) .
k=0

which implies

gwm4+u—pw><u)aa+§jwlwj”+§jﬂlwﬂ”+3g§jw’kHAH—wAW) (4.18)
k=0 k=0 k=0

which follows from A* ; £0and AV, =AY, £ 0. Forn € N, we define V,,, T,+1 and R, 11 as follows:

& e+ 3 RO £ Y PP 43 @Y 0 (IR,

k=0 k=0 k=0
(4.19)
T P, + B,
Ry1123 Q(IIA [P A1)
therefore, (4.18) implies that
P it + (1= p)E) < Vi, ¥Yn>0, as. (4.20)

2
Let us now show that V,, satisfies the assumptions of the recursive control inequality in (4.1). Indeed, for any n > 0,

1 2
Vit = Vo =(p = DVo + Py + P 43 Q1AL P+ AL, P)
which is equivalent to V;, 1 < pV,,+T}, 41 + Ry 4. Let (]:n)nz—l be the filtration defined as F_; é{(/), Q}, and
Fn=0(Fn1Uca(AY)Uo(ALY)), VYn>0.

We first observe that for all n € N, V,,, T}, and R,, are F,-measurable; moreover, V,, is non-negative. Second, for any
n > 0, we also note that since AZ and A¥ are norm subGaussian conditioned on F,,_;, we get for any A > 0 that

B[ F,] — F lexmiﬂ,x* 7§n+2>+,\<&‘+1 (40 (Fpao =y ) =00 Grps — y*)> ’ ]__n]

1

<E [ezmzwx* )| f‘n:| ‘& {62A<Az+1,<1+0>(yn+2 ~¥) =007 G s =) fn}

Nl=

< 1632 (02 xnt2 — X" 11 +67 1(1460) (§p2 = ") =00 (Fnps —v")I1%)
2 * ~ * 22 *
103 (92 Wnta = x"IP285 (L40)%19 5 = ¥* P48, 27 1§15 =¥ I17)
where in the first mequahty we used Cauchy-Schwarz inequality, in the second inequality we used Lemma 2.1 together
with X xn+2, Ynto> Ynig all being F,,-measurable. Hence, in view of Lemma 4.7, we have

E [, < et (11182 (1420P+14s]2) ) (Ensa +(1p)En)

@21
L (111282 (14217+14217)53 ) v

)

14
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where the second inequality follows from (4.20).

Third, foralln > 0 and \ € (0, m), we have in view of Lemma 2.1
1 1
E[*] <E {ewgmznﬂ ' [eGAQHAﬁHQ] " <exp (24XQ (82 +62)). (4.22)
Finally, note that §,,%; and §y, are all deterministic quantities; hence, using E[[WXYZ|] <
E[W4YVAE[X4VAR[Y4)/4E[Z4]1/4 as a result of Holder’s inequality and invoking Lemma 2.2, we obtain for
—1
all \ € [o, (96Qmax{52 52}) } that

Ty

E [ewo—m)} _E _eA(Pé“+Pé2>+3g(nA§|2+|A3|2))}

E [6/\<A87x* —R)HANMAY(140) (7, —v) -2 (3 —y*)>+3AQ(HA3H2+HA8HQ)]

1

4

‘B {64A<A3,<1+9><m —y)-L, y*>>}

A 1 1
<E [e‘“‘(AﬁvX* ) E [12\I851°) T [e120la8)

2 * N 2,2
< 323 ([F = P8242040)2 (51 — ¥ P65+ 25 15 — v* 177) 24xQ(2 +62)

2, 52 32(2—p ( Ar|I282+([| A1+ A2 52>£ A2
§e24Q(51+5y)A~e (2—p) (1ALI782+ (A2l +1A311%) 8} ) €o

)

where in the last inequality we used Lemma 4.7 and the relations oy = x_;, and y9 = y_;. Hence, we can use
Proposition4.2 with

32
o = n (IAx11707 + (A2 *+1|Asl%) 67) . o = 24Q(67 + 0)

o =24Q (62 +46;), &= 96Qmax{s3,d,}, (4.23)

2 _
5= 322 (P82 + (42l 4a]) 63)

where we used the fact that £, , > p&p while setting the value for 5. When we invoke Proposition4.2, we set A = 7
within (4.4) for some particular 4 > 0 such that 4 < ~ as required by the proposition. Thus, for any p € (0,1) and
n > 0, the following inequality giving a bound on V,,

V, < (1;”) (o + 24002 + 62))

1+p\>"_ 3202 -
()5 ZE (e + (el a1?) )

2
1 s o 1 1

holds with probability at least p, where
a 1—p 1—-p

5 — <y % . 4.24
7T max{96Q, 128 A% /p}o2 = |~ max{a,20%, 402} (4.24)
and § £ {4,,6,}. We can further simplify the above bound as follows:
1+p\" . 1 1-p)(2-
V, < (;p) (&1 +4805%) + ( ;"’) ( ”)4( Pe. .
(4.25)

1 - 4 ||A|? 1
_— 52 (1 1, — LS| _
+1_p96Q ( +max{ '3, 0 og >

Finally, using the crude bound (%p) (I=p)(2—p)/4 <1/4forn > 1, the desired result with =) =480 and

T,0,0

E(TQ()7 ¢ = max {1, % %} follows from (4.20).

15
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4.3 Intermediate Results

Almost sure domination of SAPD iterates. Our analysis starts by leveraging an almost sure upper bound on the
sequence of iterates’ distances to the solution (x*,y*). This bound, which appears in substance in [38], will serve as
the foundation of our risk-averse analysis.

Proposition 4.3. Let (x,,,y,) be the sequence generated by SAPD, intialized at an arbitrary tuple (x_1,y_1) =
(0,y0) € X x Y. Provided that there exists T,0 > 0, and 0 > 0 that satisfy (3.1) for some p € (0,1) and o € [0,071),

we have
n—1

En <P Erg Y T E ((AL X —pga) + (L4 O)AY = 0AY_y yrsr —¥)) (4.26)
k=0
Wheregnészllxn_X*“ +12 (wHyn and&-g on—X*H +55 ||yo—y ”2

Although this bound is already present in substance in [38], it does not appear explicitly. For completeness, we provide
below a minimal proof based on various arguments developed in [38].

Proof. Letting &, & Ku(p) ™ 3020 p~Fansr, and g 2 Ko(p) ™ X050 o s with Ko(p) 23202007 =

1—
pnl—l ) 1_pp (O’ 1}’
n—1
Kn(p) (£ (Zn,y*) = L5 90)) <D p7F (L (241, 77) = £ (5%, ykr1))
k=0
Hence, in view of Lemma 5.1,
Kn(P) (L(Zn,y") = L (X", Yn))
< Z P ( (Ger1, Y1 —Y) +0{ar, ke — ¥") + A — Big1 + Tiga 4.27)

(A X" =) + (1 + 0)AY = 0AY 1, yss —y)),
where g, £ Vy ®(xg, yi) — Vy ®(25_1, yr—1). By Cauchy-Schwarz inequality, observe that

H@ht1, Y1 — )| < Skt = Lya |2ks1 — x| 1yee1 — Yl + Loy lvks1 — vill v — y*||, Vk > 0.

Hence, using gop = 0 due to our initialization of (x_1,y—_1) = (z¢, yo), we have

n—1

— — 9 —n *
> 07 (= (s, b — V) + 0 (ko vk — YY) = E pF (p—l) (Ges1: Ykt —Y) = 0" G, yn — ¥)
k=0

n—2 n—1
0
Z —k 1‘Sk+1+p n+1S <Zpik 17* Sk+1+p +1*Sn
k=0 P
From (4.27), it follows that
n—1

Kn(p) (£ (@0, ¥") = £, 5n) 497" 180 < Unt Y o7 ((AF " —i) +(1+0) AL —0AY_, ypsr —y")).

k=0
A —k 0 a1 0
Un:zp Pry1+Ap — Zpy1 + 1—; Sk+1 | —p —571—;8” .

where

Now, observe that for all n > 1,

n—1

1t . 0

Un 5 Z P 4§ (fkTAfk - gl;r-',-lng:-‘rl) - p + (_gn - pSn>
k=0

n—1
ET _1 —k+1 | ¢T _1 _ —n+l ET _ _Q
560 Ao %Z:lp & (B 2A) G| = oG8 BE — 0= 280 ),

16
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where A, B € R%*5 and &, € R® are defined for & > 0 as

10 o0 0 0 |z —x*||
0oz 0 0 0 . lys — v H
A= 0 0 0 0 0Ly |, &= | lok— 2]
0 0 0 0 6Ly, Ika |
0 0 0Ly, 0Ly, —« lye+1 — yell

Lt pe 0 0 0 0

0 Ly, —’1—%Lyr 7’1 oL, 0

B£ 0 —P1-%Ly f-Le 0 0

0 — (1= 2| Ly, 0 Lo 0

0 0 0 0 0

By [38, Lemma 5], the matrix inequality condition (3.1) is equivalent to having B — p~! A = 0. In this case, we almost
surely have

1 o (1 0
Unggf()TAﬁo—p + (2 ,ngn—gn—ps,L) (4.28)
Finally, denoting
H0- ey (Chgl 2 me (Chtlg)m
G”é —1—%—% Lyac %_Lxx 0 ’
-8 -2, 0 1 _a

we have G” = 0 in view of [38, Lemma 6]; thus,
1 0
=&, B&, — =Sn
2 p
1 %(1—*>+Ma¢ Oix3 O

1 , 1 s 1
=57 I =27+ 3 (pcr )y” ulF 38 O 0?//3 O “
X

2 1 2
> =l + 51— a0) lan — ol =

2p0

Therefore, using (4.28), we can conclude that U,, < 1£J Ao<s-||zo — x*||*+ 55 |lyo — y*||?= ;.. Finally, by
non-negativity of £ (Z,,y*) — L (x*, ¥, ), we obtain (4.26). O

Lemma 4.4. For any n > 0, Check if it holds for n = 0.
A « 1 N 2
s =¥ 1< IA0lEn + (1= )En)? + e (14 01+ 0) Lyy) g = Tl 401+ 6) Ly — 3]
y
where Ay as defined in Table 2.

Proof. In view of 4.30 and Lemma B.2, we have

5, +0(140) Vy &(X,,,§,,) — 00 Vy ®(20_1,Yn_1) — y* —0 Vy B(x*,y)

es — I
1+opy

By the triangular inequality and smoothness assumptions on V, ®, we deduce

2 1 A 2 * *
s =31 < g (4 000+ 0) L) =3 [40(1 4 0) Lyl R0 = 400 L ey = 400 Ly s — 1)
Y
< 1+ou (L4014 0) Lyy)llyn — y*ll4+0(1 + 0) Lyx||@n — x*[[+00 Lyx [ #n—1 — x*||+00 Lyy[lyn—1 — y*I|)
Yy
1o (00O L) —pall+0(1+0) Ly )
The statement finally follows from Cauchy-Schwarz inequality. O
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Lemma 4.5 (See Lemma 3 - [38]). Foranyn € N, we have

. T .
||Xn+1 _anrlH < 1+7'u ||An||
e w1l < o (1 OIAYIA1AL )
N g
L s ( ATl Ly T35 CROISTIIISE)Y
. T(1+0)L
2 —y, < yx A
[nss =l < 3o (T as |
+ (14 0)||AY||
1+0(1+6)L To(1 4 6) Lyx Ly
6 1+0 Yy Y- Y Ay
(oo (R ) 184
1+0(1+6)L To(1 4 6) Ly Ly
w0 w ol v
L+ opy (L4 7pg ) (14 opy)

The following proposition plays a key role for the introduction of the scalar process V,, (see Equation (4.19)) in the
proof of Theorem 3.1.

Proposition 4.6. For any n € N,is this bound defined for n = 0? Otherwise, we should say for n > 1.
(p= VP =P +p(p 1) P2 +pQu
< §(5n+1+(1*p)5n)+9(|lﬁi\l AL+ (1A% L IP AL 17) + 22147 2117
and for any k > 0,
Qi < Q (IARIP+HIAP+p (1AF 1 P+HIAL_ L) + 2" 1AL _51%)
where A® | 20 and AY | = AV, £ 0. and Q is given explicitly in Table 2.
Proof. By Young’s inequality, we first note that that for any ~y,, vy, > 0,
(p =D)L + p(A% st —21) + p(L+0) (A%, Yns1 = Top)
= (p—1) (A% = Fny1) + (1 + )AL Ty —¥"))
+ (AT K1 —ng1) + p(1+60) (A%, Ynt1 — Fopr)
= (p—1) ({A5,%" —zny1) + (14 0) (Al yosr — 7))

+ <A$w§(n+1 ~Znt1) + (14 0) (A, Ynt1 — Tngr)

VoL =) nayz, 1 —P) (1—p)yy(1+6) (1—p)(1+0)
SR LAt PNT I ot NI T el 0 s R VPN Gl (G OV Y
295 2 27y
+ <Ai7§(n+l *xn+1> + (1 =+ 9) <A%7yn+1 - }A’n+1>'

)(1+6)

Setting 7, = 87(1 — p) and y, = 8~ ( , we ensure that

(p - 1) PT(LI) + p<Afm§(n+1 7l‘n+1> + (1 + 9)p <A%ayn+1 - }A"7z+1>
4o(146)*(1 —
(1—-ao)

(AL X1 —Tpg1) + (14+0) (AY g1 — Vnt1)

DRTNTE

< gé’nﬂ +47(1 = p)? AT+

Similarly, we have

2 0 N 2
plp—1) P2 —0p(AY_ | ynss — Fnar) < p ((p - 1);9<Ai_g7y —yn>) —0p(AY 1 Yng1 — Yni1)

18
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Hence,

4002(1

P p)? 2
gonn t ﬁHA A P=0(AY Yy — Vns1)-

(p — ].) P 21— 9p<A$L717yn+1 - §]n+1> =8

Finally, observe that for any v > 0,
—P® < AP 4+5- ||yn+z vII?

1+o(14+60)L,\2 .
< Ljatie s <3|A0|| (Eura + (1= )8 +3(FETE DN gy
Yy

U(1+0)L x 2 N
3(7}/) n —4n 2 9
+ T+ on, [&n+1 —Zp1 |

where the last inequality follows from Lemma 4.4 and Lemma B.1. Setting v = 2 6l p°” ensures that

3)1 Aol p 14+0(1+6)L
P < Lig (11— p)E) + AV
< 4( 41+ ( P) ) P || || 4] Ao |2 1+ op,
L2 <0(1+0)L
A Aol \ 1+ opy

2
) s o |2

2
) ot~ |

Hence, combining all the bounds we obtained above, we getThis bound is correct; though, it uses a loose bound
§ nt1 < §(5n+1 + (1 - p)gn)'

(p—1)PD = PP 4+ p(p—1) P, + pQ.,

< g(&ﬂrl + (1= p)&n) + <Afw§(n+1 ~Zng1) + (1 +0) (AY, yny1 — }A’n+1> - 0<AZ 1 Yn+1 — §’n+1>

e Ao(1460)%(1 - 406 3]|A
+ar(r = g Ol g o 20Uy e S
p (l+0(1+0)L ) . . (a<1+e>Lyx>2 : 2
+ 4||AO||2 ( 1+O’,Uy HYTL+1 y’ﬂJrlH +4||A0H2 1+auy ||X7l+1 .’L'n+1|| .

-
Let us now introduce (j, [HA%H, P 2| A2, 1A, pMRIAY L, pHAZ_QH] € RS for k > 0; then, the
following bounds follow from Lemma 4.5 and Cauchy-Schwartz inequality:

(<A£7§n+l _mn+1> + (1 + 0) <A§lw Yn+1 — yn+1> - 9<A7yz—1’yn+l - §’n+1>) < CJBOCn

2 2
P 1+0(14+0)Lyy N o (0(140)Lyx A ) .
~Yn ———— ) |Rng1 — < (TBitn
4| Ao |2 (( L+ opy I e s 1+ op, [Rn+1 —Zn1 | Cn B1G

4o(1+6)%(1 — 400%(1 — p)? ”
11—« 1—-ao

3] A

2
4r(1 - pP AP+ P Ay |2t e S 1A < ¢ Bac,

where By, By, By € R5*® are defined in Table 2. Therefore,

(p= D PV = PP +p(p= 1) P2+ pQu < £(Enr + (1= p)Ea) + (1 (Bo + B+ Bo)Gy

< L(Ensr + (L= p)E) + 1 Bo + By + Ballr [1Gall*

Notice finally that p < 1 and By, B; and B; all have non-negative coefficients, so that for all £ > 0

Qr < ¢ BoGi < ||Bo + B1 + Ba||r ||Ck*

The following lemma will be used to verify the assumptions of Proposition 4.1 when analyzing SAPD.
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Lemma 4.7. Forany k € N and for p € (0, 1), we have almost surely:

) e |
k1 — x| Y0 ||y, — v
V2L 05—y ) <A A (4.29)
V22 [Frpn — ¥ V2pr 1T
P V(1= )

17
D g — v

where the inequality is taken element-wise and A is defined in Table 2.

Proof. Let k € N be fixed. Fist note that since (x*,y*) is solution of (1.1), x* and y* are respective fixed points of two
deterministic proximal gradient steps:

X" =prox,; (x" =7 Vi ®(x*,y%)),  y" = prox,, (y" +o Vy ©(x*,y7)) . (4.30)

Thus, using Lemma B.2 and Lemma B.1, we obtain

. 1
911 =31 < g I+ 014 0) Yy Bl ) = 08 Yy Blar, ir) —3* —0 Ty B3|
Yy
1 * *
< Ty (o =101+ O)Vy @(rn, 1) = Ty B34 40019y Bl i) = Vy 203
Y

< — 1 QLX —x* 1 1 0L o
_1+U,uy(g( +0) Lyx |z = x*[[ + (1 + 0(1 4 0) Lyy)[lyx — vl

+00 Ly r1 = x| + 00 Lyy -1 = ¥711),

where the third inequality follows from the smoothness assumptions on V, ® and V, ®. Through analogous algebraic
computations, we also obtain

A 1 .
[Re1 =1 < g (4 T llon = I L 4 =51
x
1 1+ 6) Lyy Ly 0 Ly Ly .
8 <(”TL*"+M< — y)”“’kX*le e P
14 7y 1+opy 1+ op,
TLey(14+0(1+0)Ly,) 700 Lyy L
+ y yy — v+ Y Y e~y ),
T llyr — ¥l T [

from which we deduce the following bound:

2 1 N 2 N
[Vite =Y < 57— ([Frg1 =¥l + (1 + 6) Lyx[[Xp1 — x| +0 (1 + 0) Lyy [[F441 — vl
140
Hy
00 Ly = X" | +00 Lyy i — ¥°1)
70 (140) Lyx Lyy
1 0.(1 +9)L < (1 +TLxx +71+0’/J/y )
< 1 1+0)L,,)————% 14+ 6)L,x 0Ly ,—x*
_1+Uﬂy<(( +0o(1+0)Lyy) 1+ o, +o(1+0)Ly 1+ 7 + 00 Lyx |[lzg — x|

TLyxy (14 0(1+46)Lyy)
(L4 opy) (1 + Tha)
0o Ly 700 Ly Lyx? N

(Lt ony) T ) e =

N ((1 Ho( 4 OLy)oOLyy |y gy T00 Ly Tux Ly ) s y*|>

((1 +o(1+6) Lyy)2 +o(1+6) Lyx

0L -y
o +otLy ) I 'l

+o(1+80)

+ ((1 +0(1+0)Lyy)

1+ opy (L4 opy)(1+ Tha)
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5 Additional Lemmas

In relationship to high-probability convergence results. We first recall the following descent Lemma, used to derive
the almost sure bound 4.3.

Lemma 5.1 (See [38]Lemma 1). The iterates (xy, yi) of SAPD satisfy for all k > 0

L(xry1,y") = L ykr1) < = (o1 Yrrr — Y5) + 0@,y — ¥7) + Ae(xX557) = Lpqr (x5,5%) + T
+ (AL, X" —zpp1) + (L4 0)A] = 0A] | yrg1 —y75)

where
@k = Vy @ (2r,yx) — Vy @ (To—1, Y—1)

1 2, 1 2
Ar 2o I =l + o v~

Ll N 2 Lo * 2
D2 (g + 5 ) It —ownl+ (5 + 52 ) I -]

L. 1 , 1 )
i ® (522 = ) howr = nl® = o lomes =l + 0L ik = sl s =

+O0Lyy Yk — Yr—1ll |Ye+1 — vrll -

In relationship to the CVaR upperbound.
Lemma 5.2. For any non-negative random variable U: Q — R, we have for all p € [0,1):

Qp(U*)7=Q,(U)
CVaR,(U?)z > CVaR,(U)

[N

Proof. We first show that Q,(X?) = Q,(X)? for any p € (0,1). Indeed, for any 0 < t < Q,(U)?, by non-negativity
of U, we have:
PU? <t]=P[U <Vit|<p

by definition of Q,(U). This implies ¢ < Q,(U?); thus, Q,(U)? < Q,(U?). Conversely, we note that
p <PIU < Qp(U)] =P[U* < Q,(U)?),
which implies Q,(U)? > Q,(U?); hence, Q,(X?) = Q,(X)?. Using this result, we get
1 1
CVaR,,(U?) = < Q,,/(UQ)dp’)
1-— p p'=p
= Ep/wu[p,l] [Qp’ (U)z}
> Epuip] [Qp (U)]? = CVaR,,(U)?,

where U|p, 1] denotes the uniform distribution on [p, 1], and the last inequality follows from the identity E[X?]
E[X]? + E[(X — E[X])?].

Ol

In relationship to the quadratic case analysis.

Lemma 5.3. Let vy, v, be the two complex conjugate eigenvalues of A, as specified in Lemma C.2. Then, the following
relations are satisfied

vivy =62 —0(1 — )%k
v+ 1vp =20 — (1 —0)%(1 +0)x?
Vi vd =207 —20(1 — 0)*(1 +20)k? + (1 — 0)*(1 + 0)*
v+ 05 = (20— (1= 0)2(1 + 0)K?) (0% — 0(1 — 0)*(1 + 40)k> + (1 — 0)*(1 + 0)*x?)
vf + vy = 20" — (1 —0)*:%0°(4 + 160) + (1 — 0)*x*6° (6 + 246 + 206?)
— (1 —0)°k540 (1 + 460 + 567 + 20°) + (1 — 0)%x*(1 + 6)*
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6 Omitted Proofs

We start with elementary proofs of the lemmas 2.1 and 2.2, following standard arguments that can be found in textbooks
such as [33, 29].

A Symbols and constants used in the paper

The convergence analysis of SAPD relies on a series of convex inequalities that we wrote in matrix form for compactness.
The matrix of coefficients introduced in Proposition 4.6, Lemma4.7 and Lemma 4.4 are made explicit in Table 2.

2 14 0)Lyx 7 (146) Ly Ly
LY pro(1+60) L, (1 +7 Lo +— 155 y) o(1+6)Lyx
N =1+ 0(140)Lyy) L T Loy (140 (146) Lyy) . A |14+ 0(1+60)Lyy
Ag = —r V2p7 A= Lrouy A= _2 9
14+ op, Tp'aeLyx ’ _og  TOLkyLyx ’ Vi Lyx
__Vmo o1, P TG Vizp0 Ly
(1—ao)(1—p) vy m(lTy/Lyy)y

Cor0(14+6)(1 + Tpg) Lyx +0(1 4 6) Lyx ((1 + 7 Lux )(1 + opy) + 70(1 4+ 60) Ly ny) + 08 Lyx (1 + Tg ) (1 + op1y)
(14 742)C3 g + (1 +0) Lyx 7 Ly Cop + 00 Lyy (1 + 71 ) (1 + o p1y)

dgt ,
5 (Cou L1+ Tp2) + (14 0)700 Ly Ly )
7 (CooO Ly (L4 7p12) + (14 0)700 Ly Ly Ly )
1 AT /
Air 14+7ps Al 2pT
AL ATl 2 V2(146) AT Di 2p0/(1 — o)
I e 1top, 72 1ag V2pT
A3T V20p~! AT
(TFouy)? (TF7ps) ©3 2p0 /(1 — ao)
T 0 70 (146) Lyy 706 Lyy
I4+7ps (A47pa)(I+ouy) VP(L+7 ) (1+ouy)
0 0 0 o10(1+0) Lyy
p(I+opuy)(1+7urs)
B2 0 0 o(146)? 200 (14-6)
1+opy \/ﬁ(H”U#y) R
af fed’)
0 0 0 (tony) (9 + (1 + 9)57—70,9) 7p3/2(1+ouy)5ﬁ0*9
0 0 0 0 0
302 <o‘(1+9) Lyx>2 )
(I4Tpa)? 1+opy 47’(10— p)
a_ P ; 202(1460)% (14+0(146) Lyy \2 | 3 7262(146)% Lyy? [ 0(146) Lyx | 2 A 40(1+0)°(1=p)* | 3]l 4o]”
B iR | T (Maa) + G (“Hees) | B2 Dieg a2
25262 (1+o(1+9)Lyy)2 4 BT Ly <a<1+9> Lyx>2 “pi-ag)
p(l+opy)? T+opuy p(1+7pa)?(1+opy)? Ltopuy 0
0
- 4 140(1+46) Ly, 70 (1+6) Lyx Ly, A
Q_HBO_FBI_'_BQ”F’ ST,O’,Q - 1+O.Hy Yy + (1_,’_7,”1:)(1:_0_#%:,), 009—1+O'(1+0) Lyy

Table 2: Summary of the constants used throughout the analysis.

Furthermore, we provide the expressions of the same matrices under the (CP) parameterization 3.2 in Table 3

B Basic inequalities

Throughout this paper, we’ll make extensive use of the following inequalities, without necessarily referring to them. We
start with a simple convex inequality known as Cauchy-Schwartz’s inequality when M = 2.
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A=4 eﬁ( L as 0)Lﬂ L a-02 (HI;I?ULWLW) (1_9)3/22(1;%i€y1
(1— )32 20 Lo (1+ (1-0)(1+0) L}) JIi=0 2f0(1+9>L (1+ <1—0>+9<L1+9>Lw)
A — \/Ny(1+27(1§9) fqy) N ¢ A, — ;1y(1+2(;1/? ‘Ly;/) Hy
! (1- 9)29\/ZLMJLW v A2 (1— )2UtOLys
Ma P fly VHaky
(1-16)2 20 LayLyy (1-0)— 220001y,

)
(e iam) )

[ (12200 ((1+ t=oasny, )(1+9)9Lyz+(1+a)Lyz (92+ é%,jf,i(lJre)LyzLyy) +93Lyz)
2 2 B
\/ﬂ—(iﬁ:) vy 9(1+7<1 OL,) + Gl (14 Gy, ) Laeden 4 1 79)02%]
A3 = 01/2 K 2
(1= 0) i [ (1 B0 ) 0L + (11 0) 0527 5
2 0 0 9 LayLyaLyy
Y \/ (:\29(1 2 cun) [<1 + = ) - )Lyy) €2Lyy +(1+0) 8 : iz tiy ]
iy . |
(1-9) 0 (1 _ 9)2 (14-0) Loy (1 _ 9)2 VOL,,y 0
Ha Moy Ha [y
0 0 0 (1— 9)2 (A+0) Ly 0
Py
Bo=| o 0 0 (1 — 9)2V00+0) 0
Hy
0 0 0 00 (94 (1+6)S) (1-6)VS
. 0 0 0 0 0 |
301-0)4(1+6)212 4%;9)3
B £ 4”: B (1-0)22 <1+e>2 Qr0P20% (14 (1-6%) ) (1 9)6%@ ., B;“2Diag 79:“(1?;/%1;0)‘0) + 31 40
0 v, 2 vy )
ﬁfm ")293 (1+(1- OQ)LW) +(1— 9)636“*? “zuLw 4\/5&;9)

0

So 20+ (1= 0)(1+0)22 + (1 - 0)2(1 + ) Fme

Table 3: Simplifications of the matrices A;s and B;s from Table 2 under the (CP) parameterization 3.2.

Lemma B.1. For any sequence x1,...,x) € RY M > 1,
M
s+ -+ 2ar]P< MY . (B.1)
i=1

We do not provide a proof of the following statement which may be seen as a direct extension of e.g. [2, Theorem
6.42].We have this result in SAPD paper, we can directly cite it.

Lemma B.2. For any u-strongly convex function ¢ : RY — RU{+oc0}, for any z,y € RY,

1
lprox, (z) = prox, ()< 37— e = vl (B.2)

C Analytical solution for quadratics

In this section, we study the behaviour of SAPD on quadratic problems subjects to Gaussian isotropic noise. That is,
given a symmetric matrix X € RY, and two regularization parameters /i, [y, We aim at solving

min mex £ o+ (K, ) — B2 |1y, (C.1)
z€RI yeRd

while having access only to noisy estimates Vi P, %Y ® of the partial gradients of ® : z,y — (Kx,y). Precisely, we
assume

Ve®(z,y) =K y+wf, V,®(y) =Kr+w]
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where the (w} )0 and (w})x>0 denote independent and identically distributed centered Gaussian vectors satisfying

z, xT & y, YT &2
E|wiwiT| =51 Elwpe}’] = 2L
d d
This problem was first studied in [38] where it was shown that the sequence of iterates (z, yr) >0 generated by SAPD
converges in distribution to an centered gaussian which covariance matrix > is solution of a Lyapunov equation
. . . . T
parameterizeds by 7, 0,0, and K. Precisely, denoting z, = [z—1,y]" and wy, = [wf_ w}_;;w}]| , the authors
observe that (25 ) x>0 satisfies the recurrence relation z,11 = Az, + Bwy, where A and B are defined as

1 — T —
e T Ld ) B T La 0a 04
= 1 o(1+6) 1 To(146) T ) = —7o(1+6) —gb o(146)
1+opuy (1+7’;L1 - UG) K 1+opuy (Id T 4rpw KK ) (I+7pa)(A+opy) 140ty Id 14+opy
As a result, the covariance matrix Y, of z;, satisfies for all k,
Ypp1 = ASLAT + R, (C.2)

where R = %BBT + AE 21w, | BT 4+ BE [wyz, | AT. Using the independence assumptions on the wy’s and w}’s,
elementary derivations lead to expressing R as

5 72 ( 20 (1+6) T020(1+0) )K
R= ‘i , (+7pe)? , , , (IH7pe)?(MFopy) | (Fopy)?(A+Tue)
C 25(146) T0°60(1+6) a2 (146) 72 2750 o 20(14+6)op, N
((1+Tﬂz)2(1+‘7ﬂy) (1+”/Ly)2(1+7'/1'm)) K (Itopuy)? ((HWT)2 T (I+7ps)(I4opy) KK+ (Itomuy)? (1 + I+ouy )

Provided that the spectral radius p(A) of A is less than 1, the sequence (X )x>0 converges to a matrix X satisfying
T® =AY AT +R (C3)

Leveraging the spectral theorem, it is shown in [38] that an orthogonal change of basis enables to reduce the 2d x 2d
Lyapunov equation to d systems of the form

) . ) T .
EooAl _ A)\zzoo,/\lA/\[ + R)\, (C4)
with
1 I =T 3.
A/\i A 1+T g d (I4+7pg)
= 1 o(146) _ ) 1 _ To(140) 2
14+opy (1—1—7’;1,1 0.0) )\Z 14+opy (Id 1+7ps /\7,
72 720 (140) To20(146) iy
R/\i ey (I47pe)? (1+7pe) 2 (1+opuy) (Ttopy) 2 (14T ) g
- ( 720 (1+6) T020(146) ) o or(1+0)? { L 2706 2y o (1+ 29(1+9>wy)
(IHrpa)?(Itony) '+ (Hopy)?(trae) ) 70 (tony)® | (47pe)? T (47ae) (o) | 70 T (T+op,)? 1tonuy

and )\; denotes one of n real eigenvalues of A. From that point onwards, [38] proceed to a numerical solving of this
Lyapunov equation for a randomly generated matrix K. In contrast, analytically solving (C.4) is a challenging problem
that standard symbolic computation tools were not in position to address: we obtain several pages long answers for
each coefficient of the equilibrium matrix. In the next section we provide answers along this direction under the
Chambolle-Pock parameterization:

1-6 1-46

T= , 0= . (C5)

Oy Oy
A notable outcome of this development will be the sharpness of our analysis when we will consider the larger class of
strongly-convex/strongly-concave problems subject to sub-gaussian perturbation (see Section 3).

C.1 Analytical hand-solving

A
intuitively to a local condition number and will play a key role in the expression of the solution 3°**. The main result
of this section holds as follows

In this section, we solve analytically (C.4) under the parameterization (C.5). Throughout, we let x = . k refers

Proposition C.1. Under the Chambolle-Pock parameterization, the solutions $X°°* of (C.4) satisfy

w0 _ 02 (1-10) T (1= 6%) (Opts + 12) A
T od p2p2(1+0) | (1-0%) O+ )X (1=0)2(1+6)° (1+29ﬁf) N2 (142 (1-6%)0)
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if 0 € Sp(A), and for any non null A € Sp(A),

2

26 | 2 (PRO0+25PR0.n) 2 (PREO.R)+25PE0.5)

Zoo,)\ _ ) p2 ]
2 1 A3 2 1 s 2
dATP:(0,5) | A (P, k) + ﬁpf,}(a, K) P06, k) + ﬁp;; (6, k)

where the P*) and P, are polynomials in 0, k, defined in Equations (C.11) to (C.14).
q,l

As a direct consequence, on can deduce the actual the covariance matrix of the limiting distribution lim y oo (zn, Yn)
(as opposed to limy, o0 2p, = (Tn—1, Yn))s
Corollary 4. The covariance matrix of the limiting Gaussian vector limy (xy, yn) satisfies

T rps (395 — TKX53) L%
Proof. Immediate, given the relation x,, = H_%M(:rn_l —7Ky,). O

Proof of Proposition C.1. We first note that under the parameterization (C.5), the matrices A* and R* simplify to

- (1—9)92ﬁ 60— (1—0)%(1+0)x>
0210 e (1= 0%) (Op + p1y) A
T 22 | (1-62) (Bua ) A (1-0)2(1+6)2 (1 + 29;%) A2 42 (142 (1—62)0)

If A = 0, then A* = Diag(6,6). Hence, using the relation Vec(ABC) = (C'T ® A) Vec(B), we have
20N = AABAAN + R & Ve (5°7) = (4% ® A*) Vec (%) + Vece(RY)
& Ve (£°94) = (I — A2 @ AY) ™" Vee (RY) .

. —1 . .
Noting that (I — A* ® A*) " = Diag(125, 129z, 727+ 79z )» We obtain °00 = L RO,

From now on, let us fix a specific A € {A1,..., A, } that we assume non null. We first start with a further reduction of
the system (C.4) by diagonalizing A*.

Lemma C.2. Forany 0 > \/ 1-— % (\/ 14+ kK2 — 1), the matrix A introduced in (C.4) admits the diagonalization
AN = VIV~ where

_|n 0 N *A%Q *Ai\,Q
J_|:0 V2:|7 V_|:9—1/1 9—1/2 ’

with

a (20-(1-0)*(140)k?)+iy/]A|
[} Vl f— 2

a (20-(1-0)*(140)k2)—i\/|A]
[ ] V2: 2

o A=(1-0)41+0)2%" — 46%(1 — 0)22.

Proof. Noting that Tr(A*) = 20 — (1 — 0)2(1 + 0)x2 and Det(A*) = 62 — (1 — §)260k2, the characteristic polynomial
of A has for discriminant

A =Tr(AY) — 4Det(AY) = ((1 — 0)*(1 + 0)*k* — 46%(1 — 0)*x?)

Note also that

462 2
A<) = (1-0)P<— 02\/1—2<\/1+/§2—1),
K K
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and in such case, A* admits the two complex conjugate values v, v, specified above. Furthermore, observe that for
veC, zyeC,

(A’\—UI)[x ] :0@{ (0 —v)z+ A}y =0

Y a211’+((1227v)y:0
—(0—v)
SYy=—F"21
A
< (x,y) €ESpan| (v | = Span( ) 1,2 )
AR, -0
where the second line follows from assuming # < 1 and A\ # 0. This justifies setting V" as in Lemma C.2. O

Lemma C.3. The equilibrium covariance matrix X°° satisfies
Vec (fzm) = (I — J® J) " Vee(RY) €7
where
3300, 2y —lyeeA(y—1yT
RMAy-1pA (V*I)T
and J,V denotes the diagonalization of A, as expressed in Lemma (C.2).

Proof. Given Lemma C.2, (C.4) writes
A = VIVTIEeA VYT TV 4+ R,

which amounts to

V—lzoo,)\(v—l)—r — Jv—lzoo,k(v—l>TJT + V_lR(V_1>T,
ie. _ _ _

30N = JueA T 4 R

Finally, noting the relation Vec(ABC) = (C'T ® A)Vec(B), it remains to show that I — J ® J is invertible. Observing
that
vi 0 0 0
0 1%40%) 0 0
0 0 1Z40%) 0 ’
0 0 0 uv3

it suffices to show that 115 # 1. Now, in view of Lemma 5.3, we have for any § > 0 such that 6 # 1

J®J=

nre—1=0 < —(1-0)(1+0+ (1-60)0x*) =0
= 1+(1-r)0—0%6*>=0
K2 — 14 /(K2 —1)2 + 4k2
2k2

= 0=
— 0ec{-1/s%1}

which completes the proof. O

Let us now compute each of the quantities involved in (C.7).

Computation of R Using the Cramer rule, first observe that V ~! satisfies

V,1 _ 1 |: (9 - 1/2) +Ai‘72 :|
Atg (v —v1) | — (0 — 1) *Ai\,z
from which we deduce
RA—yv-ilpwy-tT = 52(1—0) [ Qi1 Q2 }
(A, (n — a2l | Quz Q22
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where
Q1,1 = 0 — V2)2 :“@2/
+(A7,)° ((1 —0)*(1+0) (1 + 29“””) Al (1+2(1-67) 9))

oy
+ 2475 (0 —12) (1= 62) (Opa + yy) A

(0 — )12

+ (A7,)? ((1 —0)*(1+0)? (1 + 29“”0) N 4p2(1+2(1-6%) 9))

oy
+ 2475 (0 —v1) (1= 6°) (Opa + yy) A

— (0 =) (0 — 1) i

— (47,)? ((1 —0)*(1 +0)? (1 + 29‘“) N4p? (1+2(1-6%) e))

Hy
+ (1 — 92) (Opg + py) )\A{"Q (v1 + v2 — 20)

[I>

Q2,2

(1>

Q1.2

Computation of £>°** and partial expression of ¥>-*, Noting that

e 0 0
1 0 1= 0 0
R I R L.
1
0 0 0
we deduce
1 1
S0 _ 52(1—10)2 @ Q11 @ Q1,2
A(AY5)2 (v —v)” 242 | Toums @12 77 @22

Hence, we have

ZOO,A — Vioo,)\v—r — 62(1 — 9)2 |: Sl 1 SI,Q :|

A(AY,)? (1 — vo)” P2 Si12 S22
with
. Si12(42,)? (EC’O{ + 555+ 22;”;)
© Sip=—Ady [0 - ) S+ (0 va) B35 + (20— (1 + 1)) Y
© San=(0—11)" S5 + (0 —12)? 505 +2(0 — 1) (0 — v2) 505

Simplification of S, ;. Given the expression of f]"o’ we have

232
51’1—( 9) A X

w2 (1—v2) 1—V2 (1 —1119)

(
71/2 2
(1= 12) (1 - vam) A§22<(1—9) (14+6)2 (14208 ) X2 442 (1+2(1- 6%)6) )
+2425 (0 — 1) 1—92) Oz + py) A
— (0 — 1) ( —l/l)/ly
A§2 ( 0)2(1+ )2 <1+29”’))\2+u (1+2(1702)9))
1 - 92 (9:% + t1y) )‘A1 2 (11 +v2 —20)
( —V1 ,Uy
+

2 171/1 lfu

+(1—v115) 1—1/1

A?Qz )(1+9)2(1+29”1),\2+u (1+2(1-0%)0))
243, fm (1= 6%) (Bpa + py) A

27

|
|
|

(C.8)



A PREPRINT - MARCH 15, 2023

First note that

1“.72; ((1 — V1) ((0 —1p)? (1-v3)+ (00— n)? (1- 1/12)) —2(1-v7) (L—v3) (0 —11) (0 — VQ))

(Vi +v3) (1+6%) — (vi +v3)
=12 o (Vi +vs) (1+6%) + (vf +v3) —20 (v§ +14)
172 —2(1 + 02) — 21/11/292 + 29V11/2 (1/1 + 1/2) -2 (V11/2)2
—4(1 — 0)26% (1 — 62)? K2
+(1—60)* (1+260 — 62 — 166° — 176" + 146° 4 96°) *
=ty | +(1—0)56 (3+ 140 + 1602 — 126% — 230" — 60°) x°
+(1—0)3(1+6)% (=1 — 20 + 207 4 80% 4 6*) &°
_(1 _ 9)109(1 + 9)4,‘610

where the last line can be deduced from Lemma 5.3. Second, we observe that

(1 — 1/22) (1—1119)—2 (1 — u12) (1 — 1/22) + (1 —1vs) (1 — 1/12)

(1—0)2k2 (20 — 20(1 + 20) — 203(1 + 20) + 26°)

= ( +(1—0)*x* ((1+6%) (14 60)% + 26%(1 + 26) — 26?) )
—(1—0)%%0(1 + 0)?

and

(4}5)? <(1 — 0)2(1+ 0)? (1 + 29“-”) N2 (142(1—6°) 9))
o \2 (€9
=pl ((1 —0)*'k* (1 +0)* + (20(1 — 0)* 5% (1L +6)? + (1 — 0)*(1 + 2(1 — 6%)9)) ;ﬂ)

and finally, noting that

2
2415 (1 = 6%) (Opte + piy) A = — 12 <2(1 —0)2(1+ e)aA—2 +(1—60)%(1+ 9)2&) (C.10)

Yy

and using again Lemma 5.3, we obtain

(1—v3) A —wirn) 2475 (0 —v2) (1—0%) (Opa + py) A
+2(1—vf) (1 —23) (1 —67) (Bpa + yy) AAY 5 (11 + 12 — 20)
+ (1 —v119) (1 — 1/12) 2Ai"2 (0 —11) (1 — 92) (Opg +yy) A
—21190 + V1150 (1/12 + V%) — Vs (1/{’ + 1/22)
+viv3 (1 +vo) + (v +13) 6 — 2vf130
4(1 - 0)20%(0? — 1)k

A2 +(1—0)4(0 + 267 — 106* — 5 % 6°)x*
_ 2 2 A 2 2
= 1ty <2<1 0" (1+0)0 5 +(1-9) (He)?“) +(1— 0)502 (24 90 + 862 + 6%)1°

Y —(1—0)30 % (1 + 0)3"

= 2415 (1= 0%) (Opq + p1y) A (

Hence, grouping together the terms which have a A2/ ui factor and those which do not, we obtain

(1-0)°N
= ><
p2 (1=vg) (1 —v3) (1 —1we)

Si1

—4k20% (1 +0)° —4rk%0% (1 + 20 — 6% — 20° + 20*) C.11)
2 2 3 .
g 1+260 — 0% 8603 +>\7 (1= 0)2t 1+ 460 + 46% — 60
P\ —96* +60° + ¢° 2 —116* + 26° + 266
+(1— 0)2k (0 + 462 + 46° — 0°) +(1—0)*K%0(1 + 0)>(1 + 26)

P (6,k) 2 PR (6,r) 2
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Simplification of S 2. Similarly, (C.8), also gives

So o = L X
YA (1= 13) (1 - )
0 —v1)° (1—v3) (1 — i) (0 — )’
g | (0 —12)* (1 —viwe) (1 —12) (0 —11)°
=20 —11)(0—r2) (1—0F) (1—13) (60— 1) (9 — 1)
(0 —1y)? (1—13) (1 —v1o)
+H(A22) (1= 021 +0)? (14202 ) X2 442 (142 (1-62)0)) | +(0— v2)* (1~ 1aw) (1 - 1)
=200 —v1) (0 —v2) (1 —vi) (1 —v3)

20 —we) (60— Vl) (1 - uz) (1 —wv119)
FAY, (1=0%) Opa +u) A | +2(0 — 1) (0 — 12)> (1 — i) (1 — 1)
+ (142 —20)2(0 —v1) (0 —v2) (1—vE) (1—13)

which, combined with (C.9) and (C.10), gives

y
S =
A A0
((0—1)(0—-wm)® (A=) (2- (VE+v3)) —2(1 —21/12) (1-13)) )
( (1—60)*x3(1 — 0)2 ) ( (9(— vi) )(21(— v3) (1 )—(vw?)z) )
A2 12 2 _ +(0—v2)" (1 —viv) (1 —vf
+oe (20(1 — 0)*k>(1 + 6)% + (1 — 6)*(1 + 2(1 — 0)0)) 72(297;)(97%)2(17%) b
‘ s 2(0 — o) ((971/1) (1—13) (1 —v1o)
(00204002 + (1= 020+ 0)82) | +2(0 - 1) (8- ) (1 - v1m) (1 - 13)
+ (v +ve—20)2(0 —v1) (6 — 1) (17Vf) (171/3)

Finally, using Lemma (5.3), and grouping again terms with a \? / uf/ factor, we obtain

2 6
6 py (1 —0) y
2,2 —
(=) (1 —13) (1= vimn)
K2460% (1 +6)° (—1 — 20 + 26°)
‘ 1+ 46 + 362 — 206°
—4rk56% (1426 — 6% — 26° + 20*) +rA | —450* — 20° + 530° (C.12)
Ly (10 46% — 6¢° +Aj +2007 — 2008 — 26°
o\ —116% 4 265 + 26° 112 3+ 146 + 2062
+(1—0)*£1°9(1 + 0)%(1 + 20) +(1—6)2x%0 —863 — 476*
IO —300° 4 40° + 467
Paz@m = +(1— 0)*£520%(1 + 0)*(1 + 20)
P{R0.k) 2

Simplification of S; 2. Going through the exact same steps leads to

2 (1 6)5A

S0 = T (=) (1= vava)

K246* (1+ 26 — 6°%)
‘ 54 1560 + 50% — 2003
w0 oy (2R (C.13)

/\2
+(L =0k a5 a6 ) + 1+ 560 + 862 — 303
ne oo " +(1—0)%k0 | —216% — 146°

_ 3.8 2 /
+(1 = 0)*K30(1 + 6)2(1 + 26) ey
P{J(.r) 2 +(1 = 0)k%0(1 + 0)3 (1 + 20)

P 0.r) 2
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52(1-6)2 1
d(AY )2 (v1—v2) k2 p2 (1-v3) (1-13) (1—11v2)

Simplification of the common factor

6%(1—0)%u2 1 6 1
d(Ai\,z)Z (1 — V2)2 Ha b (I=v)) (A —v3) (L —vire)  dN; (v — 1/2)2 (1—v2)(1—v3) (1 —vie)
B 52 1
AN} (1—0)° [ —4k20% (1 +0)°
+r4 (1430 + 6% — 176° — 3304 — 30% + 1565 + 07) (C.14)

+(1 = 0)°%0 (3 + 146 + 1362 — 2463 — 356* + 106° + 3¢°)
+(1—0)>k5 (—1 — 460 — 26 + 146° 4 210" + 26° — 20°)
—(1—0)°£1°0(1 + 0)(1 + 26)

Pe(6,r) 2

Conclusion. In view of the previous simplifications, the limit ¥°°* satisfies

2 2 2
22—y (2 (PR +25PF0.K) 2 (PR0.R) +2PH06,8)
(

Ha v

noer = 5 2
2(0.5) + 3P (0,5)) PR (0,R) + 55 Py3 (0, )

~dP.(0,5) | 2 (P!

Ha

)

where the Pq(ké) and P, are polynomials in 6, x, defined in Equations (C.11) to (C.14).

C.2 Illustrations

In this section, we illustrate and comment the properties of the equilibrium covariance derived in Section C.1.

Noise accumulates at a linear rate. First note that, though asymptotic, the equilibrium covariance matrix is reached at
at linear rate given by the square of the spectral radius of A.

Lemma C.4. For any 6 > \/1 -2 (Vi+k%2-1)

155, — 5= O (p(A4)*") (C.15)

Proof. Let V, J denote the Jordan decomposition of A (note that here, V is orthogonal). For n € N, let f]n =
v-iy, (Vﬁl)T, $oo = ylye (V*I)T, and Rt = V1R (V’l)T. In view of the recursion (C.2), we have

iin—i-l = Jin'] + E,

and vectorizing again this recursion lead to

Vec(Xpn41) = (J @ J) Vec(E,,) + R,
ie.
~ ~ n_l ~
Sh=J @) S+ Y (J@J)F ! Vee(R)
k=1

Hence, noting that °° = Yo (J @ J)F Vec(R) we obtain
[En = B = (135 — Xo0f|= [[Vec(3n) — Vec(X)|

=|(Je)"t S + i (J @ J)F~1 Vec(R)||

k=n—1

<p(J @ )" S + 2

and the result directly follows from observing that p (J @ J) = p(A)2. O

The convergence of covariances matrices can be observed on the toy instances displayed in Figure 3. We ran SAPD on
three 1D problems which constants are given as
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PB 1 PB 2 PB 3
1.00 1.00 1.00
0.75 0.75 0.75
400
0.50 0.50 0.50
0.25 A 0.25 A 0.25 A 300 =
o
e
0.00 A 0.00 A 0.00 2
o
>
-0.25 ~0.25 A -0.25 1 200 @
—0.50 A —0.50 1 ~0.50 A
100
—0.75 —0.75 A —0.75 A
-1.00 . . r -1.00 r r r -1.00 r r r
-1.0  -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0 -1.0 -05 00 05 1.0

Figure 3: Noise accumulation over SAPD iterates: covariances matrices convergens to an equilibrium covariance as
derived in Section C.1

00144 %1
1-6
22,2
0.012 4 1-6
21,2
(1-6)?
0.010 1
0.008 A
0.006 A
0.004 T T T T
0.1 0.2 0.3 0.4 0.5

1-6

Figure 4: Scaling of the equilibrium covariance matrix under the Chambolle-Pock parameterization (C.5).

1.Pbl: A =1, pu,=44,uy,=15,0=35
2.Pb2: N\ =1, ug =2, py =20,6 =50.
3. Pb3: A\ = 10e73, p, = 0.205, ty = 0.307,6 =5.

SAPD was run 2000 times for 500 iterations under the Chambolle-Pock parameterization (C.5), with 6 fixed to .99.
We estimate the empirical covariance matrix on along iterations evenly distributed on a logscale, from 0 to 500. The
theoretical covariance matrix derived in the previous section is represented in red on each plot. Figure 3 confirms the
linear convergence of the matrices to the equilibrium matrix 3*. Subsequently, we observe on these three examples
how noise accumulates along iterations, producing covariance matrices that increase with respect to Lowner order. Note

citation

that this is a well-known property of Lyapunov recursions of the form C.3, as per [5:8].

Equilibrium covariance scales with stepsizes. In figure 4, we display the dependency of the coefficients of the
equilibrium covariance matrix with respect to the momentum 6 under the Chambolle-Pock parameterization (C.5). We
observe that both diagonal coefficients of the covariance matrix scale with 1 — 6 for 6 close to 1, while the non-diagonal
coefficient scales with (1 — 0)2.

C.3 Proof of Theorem 3.3

We start with proving the lower bound, and then we will proceed to the upper bound.
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Lower bound. In view of Proposition C.1, z., follows a centered Gaussian distribution with covariance matrix ¥* as
defined in (C.6). For K = i, = p,, = 1 and 6 > 0, first observe that X°°! simplifies to

2460 — 106* — 420° — 66* (1—g)( 2180~ 662 — 560° — 386+
soot _ (1—0) +420° — 2205 — 607 + 46° +606° + 300° — 3207 — 405 + 46
Pe(9) | o 79)< 2480 — 66% — 560° — 386* ) ( 24100 + 260% — 620° — 986* + 146° > ’
+606° + 3065 — 3207 — 46° + 46° +1186° + 4607 — 646° — 86° + 890

with P.(0) = 46 + 1662 — 166% — 1126 — 406° + 1126° — 1667 — 166° + 46°. We thus have

_ 025501 + (1 —0)2855" —2(1 — )02y 055y — (1 —0)ny! ]

2*
0255 — (1 — )25y »oort

2 + 46 — 1862 — 300% + 540* + 3865 — 946 —2 — 60 + 1462 + 500° — 140* — 946° — 66°
_ (L= 0) |\ —667 — 2865 + 706° — 16670 — 1261 + 492 ( +4267 + 4865 — 286° — 8010 + 4611
~ P.(9) —2 — 60 4 1462 + 500° — 146* — 946° — 66° 24100 + 26% — 620° — 986* + 146°
+4207 + 48608 — 286° — 8010 + 401! +1186% + 4607 — 646% — 869 + 8910

Since the eigenvalues of a 2 X 2 symmetric matrix [w v } can be written in closed form

i (u +o+(u—v)2+ 4w2>, the smallest eigenvalue A; of ¥* satisfies

1
A= g (2;1 + 35, — \/(2;1 —¥5) + 42;5) . (C.16)
Furthermore, by sub-additivity of \/ , we have

u+v—+/(u—2v)2+4w? > (u+v) — |u—v|-2lw/=2(min{u, v} — |w|);

therefore, we get
A1 2 min{¥1;, 85} — [E15]. (C.17)

Let U £(X*)~1/22,,, then U follows a multi-variate standard normal distribution in 2 dimension; hence, [|I/||? follows
x? with 2-degrees of freedom, and we have A ||[U||?< |zo0|%, i.€., ||200||* can be lower bounded in a.s. sense by a
Gamma random variable with shape-scale parameters (1, 2\;). Thus, for any ¢ > 0,

P [llonl?> 1] > P [ IUP2 £] =T (N) e
21

where T': @,z [, ;o 591e=% d s denotes the upper incomplete Gamma function. Thus,
1
2
Qp(llzl?) 2 21 log (1_19) .

Now, we provide an upper bound on | X}, | to be able to give a further lower bound on A; based on (C.17). First, observe
that 334, = 5 H (6) for
H(0) & — 2 — 660 + 146% + 500° — 140" — 94605 — 665 + 4207 + 486 — 280° — 8010 + 49M

=2(1—6)%(0% —20 — 1)(6% + 20 — 1)(—1 — 50 — 862 — 46° + 26°).

Note that (62 — 20 — 1)(6% + 20 — 1) = (1 — 6%)2 — 462 € [—4,1] for § € [0, 1]; furthermore, h(6)=(—1 — 50 —
80% — 463 + 20°) satisfies h(0) < 0 and h'() = —5 — 160 — 1262 + 106*<0 for 6 € [0, 1], which implies that
|h(6)|< |h(1)]= 16. Hence,

* (1 — 9)3
Tiy< 128 ~—— 2
‘ 12|— 8 Pc(g) )
and using (C.16) and (C.17), we can conclude that
. (D1(0) —128(1 — 0)* Do(0) — 128(1 — 0)?
>(1—
R e R ’
with D; (6) 2 29 3%, and D, (0) 2 L@ x5, Hence
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Algorithm 2 SGDA Algorithm

Require: Stepsize «. Starting point (g, yo). Horizon N

1: for £ > 0do _
2 Yer1 < Yk +aVy Q(xk, yr, wy)
3: Ty < T — a Vi P(ap, yp, wi)

return (zx,ynN)

Qu(llzec12) = 2(1 = 0) min (OZERA0" DAOZBIORY 10 (1) 24, 0),
Noting that D1 (), D2(0) — —32 as 6 — 1, we conclude that for any fixed p € (0, 1), 11(p,8) = ©(1 — 6).

Upper bound. The CP parametrization corresponds to choosing o = % — \/@Lyy in the matrix inequality [38, Cor. 1].
Under this parameterization, the metric &,, = D,,/p simplifies to

0 1 1
En=— | —22+ —4?).
- 1-0 </L$In+uyy>

By From (4.25), the p-quantile of ||z ||? satisfies

_ 4 ||A|3

Pa(p,0) &

for any p € (0, 1). It suffices therefore to show that @ = O(1 — 6), and || A||%= O(1 — 6), as § — 1. Given Table, we
readily observe that || Ag||?= ©(1 — @) and || By||, || B1]|, || B2 are ©(1 — ) as § — 1. This implies that @ = ©(1 — 0)
as 0 — 1.

Similarly, for || A%, it suffices to show that ||A;|?, || A2|?, | A3]*= ©(1 — 6), as # — 1. Following the same
line of arguments, one may observe that [|A;[|*= ©(32u; ' (1 — 0)), [[A2]|*= ©(512u, ' (1 — 0)), and [|As|]*=

©(1284, ' (1 — 0)), as 6 — 1. This ensures overall that || A[|*= ©(1 — 0) as § — 1.

D Preliminary results for SGDA

In this section, we derive non-asymptotic convergence rate for the Proximal Stochastic Gradient Descent Ascent
Algorithm (SGDA) holding with high probability. Our analysis relies on a recent concentration inequality derived in [18]
Mention how we customize it in this setting, and challenges etc. otherwise refereees may think our results is obvious.
For the main result of this section, we consider the more general problem

i O(z,y). D.1
min max (z,y) (D.1)

and we replace the structured Assumption 1 by the following standard setting.
Assumption 1. ®: R x RY — R is a continuously differentiable function such that:

(i) Forally € Y, ®(-,y) is p-strongly convex and L-smooth.

(ii) Forall x € X, ®(x,-) is p-strongly concave and L-smooth.

For any k € N, we introduce z;, =(zy,yx) ' and denote z* 2(x*, y*) the unique saddle point of the SP problem
in (D.1).

Theorem D.1. Let (v, yr)rez, be the sequence generated by SGDA, initialized at an arbitrary couple (xo,yo) €
X x Y, and for a stepsize o < 3'7. Then, for all k € 7 and § € (0,1), with probability greater than p:

204° 4
£o<(1— Wyng 43 Z <1 +10log <1_p>> : (D.2)

2
where £, 2|z, — x*||2+lyn — y*||%

The proof of this theorem is deferred to the section D of the appendix.
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D.1 Convergence analysis of SGDA

We analyze in this section the convergence of SAPD in high probability. We first recall that SGDA is known to converge
in expectation as per the following result, proved in [11, Theorem IIL.2.].

Proposition D.2. Let (2, )n>0 be the sequence generated by SAPD with a stepsize o € (0, 77=]. We have for any n € N
2a
Efllzn — 2*|I°] < (1 — ap)"||20 — Z*||2+7V

where V denotes a uniform upperbound on (Var(A¥));>o.

We introduce the concatenated gradient operator A : z — (V4 ®, V,, <I>)T. We recall that, in view of Assumption 1’ A
satisfies the coercive and the cocoercive properties

(A(u) — A(w),u —v) > pllu —v|?, Yu,v€ X xY (D.3)
(A(u) — A(v),u —v) > TZQHA(u) —AW@)|?, VuveXxY (D.4)

We first prove a standard result on the monotonic decrease of the distance to the solution, displayed by the (non-
stochastic) gradient descent ascent.

Lemma D.3. If o < 355, we have for alln € N,

lz: — z* —aA(zi)HQS (1—ap)||z — Z*HQ. (D.5)

Proof. Noting that A(z*) = 0, we have, by Eq. (D.3) and Eq. (D.4), for any i € N
2 — 2" —aA(2)[? = ||2i — 2*[*—2a{zi — 2", A(z:)) + @?[| A(z) ||

* * a/‘L
< Nz = 2P =aplz — 2= g AG) I*+a? | A
n
< (1= ap)z =7 +a (a = 55 ) AP
<1 —ap)z -2

with the last inequality following from the stepsize condition. O

In what follows, we let A? £ (A?, Aly) be the oracle noise at step ¢ € N. We note that, by Assumption 4, A;I’ is
d-subGaussian for some § > 0. We prove now Theorem D.1.

Proof of TheoremD.1. We wish to apply the recursive control property 4.2. We first observe, in view of Lemma D.3
that, foralln > 0

ons1 — @AGns1) = 21 < (1= a)llenss — 2= (1 — age)llsn — aA(zn) — 2* —a A2 2
<1 -au)Vy+ D, + R,

where V,, 2|z, — aA(z,) — 2*||2, Dy 2 —2a(1 — ap){z, — aA(z,) — 2, AL), and R,, (1 — ap)a?|| AL 2. Let us
now check that V,,, D,,, and R,, satisfy the requirements of Proposition 4.2. Let (F,),>_1 be the filtration generated
by (Ag’)nzo, with F_; £{,Q}. For any n € N, V,, is non-negative and F,,-measurable. For any A > 0, we have

E[exp(AD,)|F] < E(exp(32\2a26%(1 — au)?V,,))  (by Lemma 2.2)
and E[exp(AR,)|F,] < E(exp(8\a?(1 — au)é?)) (by Lemma 2.1).

Hence, by Proposition 4.2, for any n € N, any p € (0, 1), the estimate

Jen—ad(z)—2"P< (1= 2" |Zo—OéA(Z0)—Z*2+32a(1;W (1 (14 8(1 - ap) (1 T log (ﬁp)))

is satisfied with probability at least greater than (1 + p)/2. Notice finally that ||z,11 — z*||*< 2|z, — @ A(z,) —
7*[|24202(| A2 |2< 2|2, — @A(zy) — 27| +4a?%5? log (f“p). We conclude with a union bound, observing that
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1 — ap < 1: for any n € N, the estimate

2
2 < CapNm o 3201 — ap)d _ 2
| zn41 — 27| 72(1 5 ) llzo — z*||°+ m 14+ (14+8(1—aw)(1+log -

4
+ 4a26% log (1)
-D

n 20062 4
< (17 %> 2||2;sz*||2+3 c (1+10log ()>
2 I 1—-p

is satisfied with probability greater than p. O
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