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ABSTRACT

Stochastic parameter-agnostic minimax optimization provides a novel avenue for
adjusting learning rates without relying on problem-dependent parameters, bridging
the gap between theoretical and empirical machine learning results. While previous
studies have successfully decoupled the timescales of primal and dual variables
and proposed unified parameter-agnostic algorithms for minimax optimizations,
the problem of varying inherent variances within the stochastic setting persists.
Such variance degradation affects the desired ratio of learning rates. Intuitively,
variance-reduced techniques hold the potential to address this issue efficiently.
However, they require manually tuning problem-dependent parameters to attain
an optimal solution. In this paper, we introduce the Variance-Reduced Adaptive
algorithm (VRAda), a solution addressing varying inherent variances and enabling
the parameter-agnostic manner in stochastic minimax optimizations. Theoretical
results show that VRAda achieves an optimal sample complexity of O(1/e3)
without large data batches, enabling it to find an e-stationary point on non-convex-
strongly-concave and non-convex-Polyak-Lojasiewicz objectives. To the best of
our knowledge, VRAda is the first variance-reduced adaptive algorithm designed
specifically for parameter-agnostic minimax optimization. Extensive experiments
conducted across diverse applications validate the effectiveness of VRAda.

1 INTRODUCTION

In this paper, we consider the following stochastic minimax optimization problem:

nin max f(z,y) = E¢ep[F(z,y,8)], ¢))
where D is a dataset with unknown data distribution, from which we can draw i.i.d. samples, ) C Rd2
is closed and convex, and f : R% x R% — R is non-convex in z. We call 2 the primal variable
and y the dual variable. In fact, problem in equation [I]is widely used in many machine learning
applications, such as adversarial training |Goodfellow et al.| (2014b)); Miller et al.|(2020), Generative
Adversarial Network (GAN) Arjovsky et al.|(2017); |Goodfellow et al.|(2014a)), deep Area Under the
Curve (AUC) Yuan et al.| (2021} [2022)), reinforcement learning Dai et al.| (2017); Modi et al.| (2021),
and sharpness-aware minimization [Foret et al.| (2020); |Qu et al.| (2022]).

While numerous studies [Nouiehed et al.| (2019); [Lin et al.| (2020); [Lu et al.| (2020) have devised
efficient algorithms to tackle the minimax problem in equation [T} they require knowledge of problem-
dependent parameters, e.g., smoothness parameter L, bounded gradient GG, and strong concavity
. However, acquiring these problem-dependent parameters is very difficult in realistic machine
learning applications, leading to a significant gap between theory and empirical performance and
limiting the practical utility of these algorithms. To bridge this gap, adopting a parameter-agnostic
approach has proven effective Ward et al.| (2020); Xie et al.|(2020); |Antonakopoulos et al.| (2020).
Parameter-agnostic algorithms enable automatic adjustment of learning rates without prior knowledge
of problem-dependent parameters, relying solely on cumulative gradient information to achieve the
desired convergence ratio. Some studies have designed corresponding algorithms on non-convex
optimizations by adaptive optimizers, like AdaGrad Duchi et al.|(2011)), AMSGrad Redd:i et al.| (2018)),
and STORM+ Levy et al.|(2021)). These approaches are appealing due to their robust handling of
hyper-parameter selection and their ability to achieve rapid empirical convergence.
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Figure 1: Comparison between VRAda and TiAda on the test function f(z,y) = —3 + 2y —y?, with
more noise on y than x. Here, p* and pY are the forces with which the scales of « and y are separated,
n” and n)? are the initial learning rates in|Li et al| (2022). Figure[Ta]shows the trajectory of the two
algorithms and the background color demonstrates the function value f(z,y). In Figure although
varying the values p* and pY in TiAda, VRAda still outperforms TiAda continuously. Figure
illustrates the convergence results varying the learning rates of TiAda.

However, a recent study TiAda[Li et al| has highlighted that the direct extension of adaptive
optimizers to minimax optimizations may not guarantee convergence without prior knowledge of
problem-dependent parameters. Additionally, TiAda develops an efficient time-scale separation
algorithm to fit the parameter-agnostic manner. Although they have obtained significant achievement
in the deterministic setting, they dismiss the varying inherent variances, coming from V. f(z, y, £*)
and V, f(z,y, fy)[l, in the stochastic setting. As a result, this issue may degrade the capability of
automatically adjusting to the desired ratio of learning rates. Therefore, reducing the two inherent
variances should be helpful for stochastic parameter-agnostic minimax optimizations.

Recently, variance-reduced techniques have demonstrated their effectiveness in handling noisy
gradients |[Fang et al.[(2018));|[Zhou et al.|(2020); Nguyen et al. (2021). These techniques utilize well-
designed estimators for updates, replacing the sole reliance on stochastic gradients. While showing
improved convergence rates in non-convex optimization |Allen-Zhu & Hazan| (2016), they often
require specific conditions, such as large batch sizes or fine-tuning problem-dependent parameters to
achieve optimal solutions. Moreover, when addressing minimax optimizations, it becomes crucial
not only to mitigate varying inherent variances without resorting to large batches or anchor points but
also to automatically adjust the learning rate ratio on the separating two-time scales.

In this paper, we introduce an effective parameter-agnostic algorithm named Variance-Reduced
Adaptive (VRAda). To handle inherent variances, VRAda rapidly detects and responds to errors in
both variables  and y. When VRAda detects a substantial error in either variable, it reduces the
update rate further based on historical gradient estimations. Regarding time-scale separation, VRAda
regulates the update of x based on the current state of y. Specifically, if y has not yet reached the
current optimum, VRAda will slow down the update of x in response to y’s update situation. Once y
approaches optimality, x will update at its original speed, achieving adaptive time-scale separation.

We use the non-convex-strongly-concave function f(x,y) = —a® + zy — y? as a toy example to
assess the efficacy of VRAda. As depicted in Figure [Ta] the trajectory of TiAda|Li et al] (2022)
exhibits noticeable divergence compared to the optimal path, especially on y-axis. This divergence
may be attributed to TiAda’s limited ability to autonomously adjust learning rates to counteract the
adverse effects of substantial inherent variance on y, particularly during the initial epochs. Figures[Tb}
demonstrate that VRAda consistently outperforms TiAda across all scenarios. Furthermore,
TiAda requires meticulous parameter selection for time-scale enforcement and initial learning rates;
otherwise, it struggles to achieve convergence. This observation underscores the robustness of VRAda.
In summary, the main contributions of this paper can be summarized as follows:

* We introduce VRAda, a fully parameter-agnostic variance-reduced adaptive algorithm
designed for stochastic Non-Convex-Strongly-Concave (NC-SC) and Non-Convex-Polyak-
Lojasiewicz minimax (NC-PL) optimization settings. VRAda effectively reduces the varying
inherent variances of both variables after necessary time-scale separation without the need

"Note that even when £% and £Y originate from the same dataset, i.e., £%,£Y € D, distinct sub-problems
concerning variables = and y still entail varying inherent variances during gradient calculations.
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for large batch sizes or any prior knowledge of problem-dependent parameters. It achieves
the identification of an e-stationary point with an optimal complexity of O(1/¢®) in both
settings, outperforming the parameter-agnostic algorithm TiAda|Li et al.|(2022) and aligning
with existing parametric minimax algorithms.

* We conduct our proposed VRAda algorithm on several learning tasks and datasets compared
with TiAda by varying its initial learning rates and ratios. (1) Four different test functions
for showing the robustness of VRAda on different minimax optimization problems, (2)
deep AUC [Yuan et al.|(2021) with an NC-SC objective, and (3) training Wasserstein-GANs
Arjovsky et al.| (2017) to validate the NC-PL objective. In all tasks, VRAda performs
consistently better than TiAda or TiAda-Adam.

2 RELATED WORK

Stochastic Minimax Optimizations. Stochastic minimax optimization has gained significant traction
in various machine learning applications, like adversarial training, deep AUC, GANSs, and policy
evaluation. The predominant algorithms for addressing this challenge are rooted in stochastic gradient
descent ascent Nouiehed et al.|(2019); |Lin et al.| (2020); |Lu et al.| (2020); ' Yan et al.| (2020). These
algorithms typically involve one primal variable update followed by one or multiple steps of dual
variable updates. Notably, they can achieve a sample complexity of O(e~%) in stochastic settings
Nouiehed et al.|(2019); Lin et al.|(2020); |Yang et al.| (2020). Later on, some accelerated algorithms
based on adaptive learning rates have been extended to minimax optimization, both in theory and
practice, SC-SC |Antonakopoulos et al.| (2020), NC-SC|Yang et al.| (2022a); He et al.| (2022)); Huang
et al.|(2023)), NC-PL [Huang| (2023); |Guo et al.|(2023)). For example, Huang et al.[|(2023) designs a
fast AdaGDA method based on the momentum technique, and |Guo et al.|(2023)) proposes PES by
concerning the primal objective gap and the duality gap under the NC-PL setting.

Parameter-Agnostic Algorithms.The parameter-agnostic manner requires the algorithms to automat-
ically adjust the hyper-parameters, such as learning rate, without relying on any problem-dependent
parameters to achieve convergence. Some adaptive optimizers obtain this property |Duchi et al.|(2011);
Reddi et al.| (2016); Levy et al.| (2021)). However, they only focused on non-convex optimizations,
which cannot be directly used on minimax optimizations. Later on, TiAda|Li et al.| (2022) extends
their ability to minimax optimizations by separating the two-time scales. In addition, parameter-
agnostic algorithms have been widely developed in online learning, e.g., Beygelzimer et al.|(2015))
for online boosting, Xu et al.| (2020a) for online reinforcement learning with Gaussian processes, and
Hanneke et al.|(2023)) for multi-class online learning, where the goal of the learner is to compete with
the performance of the best function f to achieve small regret.

Variance-Reduced Techniques. Variance-reduced techniques have gained prominence in stochastic
optimization, enhancing algorithm efficiency in the presence of noise. Notable approaches include
SVRG |Johnson & Zhang| (2013)); Reddi et al.| (2016), SPIDER [Fang et al.| (2018)), and STORM
Cutkosky & Orabonal (2019); Levy et al.| (2021), contributing to the acceleration of stochastic
optimization algorithms. SPIDER leads to fast HAPG [Shen et al.| (2019) and SRVR-PG Xu et al.
(2020b). Momentum-based techniques like ProxHSPGA [Pham et al.|(2020) and IS-MBPG |[Huang
et al.|(2020) arise from STORM’s principles. More recently, |[Zhang et al.| (2021) introduces Truncated
Stochastic Incremental Variance-Reduced Gradient (TSIVR-PG) to mitigate unverifiable importance
weight assumptions, establishing global convergence, even with policy overparameterization.

3 THE PROPOSED ALGORITHM

3.1 DESIGN CHALLENGES

Although TiAda [Li et al.| (2022) has been demonstrated a parameter-agnostic algorithm capable
of automatically adjusting learning rates to the desired ratio, eliminating the problem-dependent
parameters like smoothness parameter L, gradient bound G, and strong concavity parameter p.
However, a persistent challenge in the stochastic parameter-agnostic minimax setting is the unresolved
issue of varying inherent variances of the primal variable = and the dual variable y. When these
inherent variances have obvious differences, the optimizer faces difficulties adapting to the optimal
trajectory, leading to deteriorating convergence rates. In addition, the presence of inherent variance in
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stochastic gradients can negate the theoretical advantages of momentum terms Yuan et al.| (2016).
Therefore, the selection of learning rate decay values for the momentum decay parameter must be
customized to accommodate the varying inherent variances associated with x and y.

Variance-reduced techniques |Johnson & Zhang|(2013);|Reddi et al.|(2016), have gained recognition
due to their commendable convergence analysis and optimal theoretical results. They excel in
obtaining more accurate gradient values by employing specific estimators tailored for stochastic
settings. However, these variance-reduced algorithms mainly focus on theoretical aspects, where they
need to manage anchor points alongside judicious choices of large batch sizes or manual adjustments
to problem-dependent parameters, posing additional hurdles.

In summary, our objective is to devise an efficient algorithm capable of identifying an e-stationary
point for the minimax optimization problem in equation This endeavor addresses three key
challenges: (1) eliminating the necessity for large batches or anchor points; (2) adaptively reducing
the inherent variance for both the two sub-problems, pertaining to variables = and y; (3) achieving
the fully parameter-agnostic manner without any problem-dependent parameters. To tackle these
challenges, we introduce a corresponding algorithm called Variance-Reduced Adaptive (VRAda),
detailed in Algorithm I which we will comprehensively present in the following subsection.

Algorithm 1 Learning procedure of AVRAM method.

Initialization: (x1,y1),0 <7y < A;
1: fort =1toT do
2:  sample £ and &/;

3. ift =1 then

4: vy = Vo f (26,925 67), we = Vy f (2,95 &)
5:  else

6: Update the estimators v; and w; via equation
7:  endif

8:  Update the momentum ;1 via equation

9:  Update af and ! via equation

10:  Update learning rates ny and 7; via equation
11: Ty =T — D70, Yo = Ye + 07 We

12: end for

3.2 ALGORITHM DESCRIPTION

Some variance-reduction techniques Johnson & Zhang| (2013)); Reddi et al.| (2016); |[Fang et al.| (2018)
need either the maintenance of an anchor point or the utilization of large data batches in each epoch,
resulting in high sample complexity. STORM |Cutkosky & Orabonal (2019); |[Levy et al.| (2021)
breaks new ground by achieving the nearly optimal results while sidestepping the aforementioned
requirements, which can address the first challenge. By implementing a refined momentum-based
gradient update, implicit variance reduction is achieved for both variables. We modify the estimator
of STORM to our focused minimax optimization as follows:

vr = Vo f(@e,y:6) + (1= Be)(vi—1 — Vaf(@—1, e—1: &),

wy = Vyf(@e,y: &) + (1= Be)(we—1 — Vy f (we—1, 115 ).
Though STORM has achieved success in many scenarios [Kavis et al.| (2022); Jiang et al.| (2022);
Liu et al.| (2023)), they still need to manually adjust the problem-dependent parameters to achieve
optimal results. More specifically, the momentum parameter (3; in original STORM |Cutkosky &
Orabonal (2019) is 3; = 07715271» where ¢ depends on L, G, 0. As a result, STORM cannot be directly
in the focused parameter-agnostic objective, and we need new ways to build (; to tackle the second
challenge. Inspired by [Levy et al.| (2021), to adaptively reduce the inherent variance of x and y
respectively, we give the definition of 3; as follows:

1

. 2/3"
(1 S0y mas{ [V s €112, Vo (i3 €2}

Note that|Levy et al.[(2021)) is only designed for stochastic non-convex optimization problems, and it
leverages the historical information of z to calculate 3;. When using different 3; values for variables

@

3)

ﬁt+l =
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x and y, denoted as 37 and (3}, managing variance becomes challenging due to the varying variances
originating from gradient calculations of the two sub-problems: V, f(z,y,&") and V,, f(z,y, &Y).
This makes it difficult to maintain consensus agreement in minimax optimizations and achieve the
optimal solution, potentially causing slower updates for = compared to y [Lin et al.|(2020); |Yang et al.
(2022b). As such, it cannot be directly used in our focused problem, and hence we will introduce the
reason why we update (3, based on equation[3]in detail.

For notational convenience in the proofs, we denote € := vy — V, f (24, Y1), €] := wy — Vi f (x4, y¢).
When getting the stochastic gradient on each epoch ¢, both the primal variable = and the dual variable
y will create some variance compared to the estimators v; and w;. Specifically, based on the update
rule of vy and w;, we have the following error dynamics:

ﬁf = (1 - Bt)ﬁfq + 5t(vxf($t7yt;ff) - sz(xnyt)) + (1 - ﬁt)Zﬁ @)
65? = (1 - /3t>€g_1 + ﬂt(vyf<xt,yt;£z%/) - Vyf(l“tayt)) + (1 - 5t)Zt

where Z} = (sz(xtayﬁff) - vzf(‘rtflvytfl;gf)) - (fo(xbyt) - fo(xtflvytfl > Zf =
(Vyf(xe,y6;60) =V f (w1, y-1:€0) = (Vy f(@0,y0) = Vi [ (211, 5¢-1)). In equationéfwe can
find that the momentum parameter f3; is the key factor to control both variance term V. f (2, yi; £F) —
Vo f(xe,y) and Vy f (@, y1; € ) — Vi f (24, y¢). To avoid reliance on problem-dependent parameters
and account for the varying inherent variances, we adopt a strategy that considers the historical
gradient information for both variables and selects the maximum gradient Euclidean norm. Essentially,
B serves as a filter in this context, influenced by the stochastic gradients of x and y. When one
of the variables exhibits a substantial error and generates a larger stochastic gradient, 3; responds
by quickly decreasing its own value. Conversely, when one of the variables has a larger error but
produces a smaller stochastic gradient, (3, filters this information and adjusts its value based on
another relatively reasonable stochastic gradient value. This adaptive mechanism is crucial for our
convergence guarantee. Since cumulative historical gradient information is incremental, 3; naturally
decreases as the number of epochs increases, resulting in reduced variance.

The key point to address the last challenge is how to separate the time scales of x and y. Based on our
analysis, Z¥ and Z} can be upper-bounded by || Z7||? < 8L2((ynF_1)?||ve—1]1? + (Any_1)?||wi—1]?)
and || Z7||* < 8L2((ynE_1)?[Jvi—1l|* + (AnY_1)?|lw—1]|?). It can be observed that they are very
related to the learning rates due to the smooth property. Therefore, it is necessary to properly select
learning rates to eliminate the impact of the smooth parameter L. Note that the learning rate 7, in
STORM |Cutkosky & Orabonal (2019) is defined as follows:

i &)
e = )
(w+ 35y VI (2 &))12) 173
In particular, both the two hyper-parameters &k and w (related to L and () are barriers to our parameter-
agnostic entry. Consequently, we replace the cubic root term on the denominator in equation [5| and
give our choice for the primal variable x and the dual variable y as follows:

[[o]? Jlws]
oy = — o) = . 6
P=2 5, o Z Birn ©

We combine the historical sequence of the estimator and ﬁt to enjoy 3;’s ability to perceive errors.
According to the above choice, we can find that 7; is equally capable of handling errors in both
subproblems. No matter who generates a larger error, both o and o} can respond to it and slow
down the update. As for separating the updated scale of = and y, a consensus idea |Lin et al.| (2020);
Li et al.| (2022) requires that the variable y should be updated by a larger learning rate than x to make
vy to achieve stationary first. Therefore, we should not aggressively update x if the inner maximization
sub-problem has not yet been solved accurately. In order to meet the step size automatic adjustment,
we use the following strategy to achieve adaptive time scale separation:

x _ gl y_ A

" maxag P () "
Note that v and A aim to ensure the update of x is slower than y. In addition, we can properly set their
values v < A to adapt more quickly to different applications. Even if ¥ = A\ = 1, our theorems also
hold. Based on the above statement, VRAda can choose the larger historical estimator cumulative
value after being adjusted by S;. Accordingly, we can make sure that if the inner maximization
sub-problem has not yet been solved accurately, the update of z is always slowed down. With the
above approach, we can achieve adaptive and scale separation and efficient updating.
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4 THEORETICAL ANALYSIS

In this section, we present the convergence and sample complexity of our proposed VRAda un-
der Non-Convex-Strongly-Concave (NC-SC) and Non-Convex-Polyak-Lojasiewicz (NC-PL) ob-
jectives, respectively. We define (x,y) as an e-stationary point if both E||V, f(z,y)|| < € and
E||V, f(x,y)|| < €, where the expectation accounts for all algorithmic randomness. As shown in
Yang et al.[(2022b), this definition of stationarity can be conveniently translated to the near-stationarity
of the primal function ®(x) = maxycy f(z,y). Before presenting the theoretical results, we first
state some useful assumptions to facilitate our analysis.

Assumption 1. (Smoothness) There exists a constant L > 0, such that

IVf(z1,91) = V(2 y2)|| < Lll(z1,91) — (z2,92) ],

where x1, 29 € R™ and y1,y, € V.
Assumption 2. (Bounded Gradient) For any x € R* and y € ), there exists a constant G such that

IVaF (2, y;:6°)| < G, [[VyF(z,y:£7)]| < G.

Assumption 3. (Bounded Variance) There exists a constant o such that the variance of each gradient
estimator is bounded by:

El|Vaf(z,y:€%) = Vo f(@,y)I?] < 0*  ElVyf(e,y:") = Vyf(z,y)|’] < 0%
where x1, x5 € R™ and y1,y, € V.

It is worth noting that these assumptions are only presented to facilitate our proof. In the imple-
mentation of VRAda, we do not need any information from them to achieve the final result. In
equation (I} we represent y*(z) := arg max,cy f(z,y) as the solution of the inner maximization
sub-problem, where y* () resides within the interior of ) for any z € R?. This property ensures
that V, f(z,y*(x)) = 0, which uses the sum of squared norms of past gradients in the denominator.
Without this condition, the learning rate would decrease, even in the proximity of the optimal point,
resulting in slow convergence. In addition, we aim to find a near stationary point for the minimax
problem, denoted by E[|| V. f(z, y)||]] < e and E[||V, f(x,y)||] < €, with the expectation encompass-
ing all algorithmic sources of randomness. As such, this stationary notion can be easily translated to
the near-stationary of the primal function ®(z) := f(z, y*(x))[Yang et al.| (2022ab); [Huang et al.
(2023); IL1u et al.| (2023)). Accordingly, we introduce an additional assumption as follows:

Assumption 4. (Bounded Primal Function Value) There exists a constant @, such that for any
x € RN, ®(xy) is upper bounded by ...

Remark 1. Assumptions find common application in numerous studies involving adaptive
algorithms and minimax optimizations, as evidenced by research such as Carmon et al.|(2019); Yang
et al.|(2020); Levy et al.|(2021); Kavis et al.|(2022); [Huang et al|(2023); Liu et al.|(2023). Particularly
noteworthy is Assumption |4} which signifies the bounded nature of the domain of y-a condition
also considered in the analyses of AdaGrad |Levy| (2017); Levy et al.|(2018). In neural networks
featuring rectified activations, the scale-invariance property |Dinh et al.| (2017) renders the imposition
of boundedness on y compatible with expressive modeling. Additionally, Wasserstein GANs Arjovsky:
et al.[(2017) utilize critic projections to confine weights within a small cube centered around the origin.
Importantly, our proof does not necessitate the assumption of second-order Lipschitz continuity for y,
setting our proof on more rigorous compared to|Li et al.[(2022).

4.1 ANALYSIS OF THE NC-SC SETTING

We use the following assumption to show the concavity in y.

Assumption 5. (Strongly Concave in y) Function f(x,y) is pu-strongly-concave (p > 0) in y, that is,
for any x € R and yy,ys € ), we have

I
Flayn) 2 f(2y2) + (Vo f (291) 90 = y2) + 5 llys — yll* -
Theorem 1. Under Assumptions[I}f3] VRAda in Algorithm([l]satisfies,

t=1

T T
% EY NVaf(@ey)l +ED IVyf (e w)l| < OT13).
t=1
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In our proof, we divide the two variables into four cases, i.e., E S, [|Vaf (2, yo) |2 E S [|€F]%,

and E 23:1 IVy f(ze,y:)]|* E 23:1 ll€7 1%, to represent the corresponding accumulative errors and
estimators. When the cumulative error term is relatively large, it acts as an upper bound for the
cumulative gradient. However, when the accumulated error term is small, we may not establish an
upper bound for the cumulative gradient based solely on the error term. In these situations, we can
provide additional information to determine the upper bound for the cumulative gradient.

Remark 2. The convergence result O(7~'/3) in Theoremis summarized among the four cases.
If we aim to achieve the e-stationary point by VRAda, the total number of training epochs should
satisfy that T = O(1/e~3). In addition, because VRAda only needs two samples, i.e., O(1), to
compute estimators and gradients in each training epoch, the total sample complexity is O(1/e=3).
It is important to note that both « and )\ are all constants, i.e., O(1), which does not change the
convergence rate O(T~1/3). As we mentioned before, simply set the two parameters to 1, and
according to the above analysis, Theorem [T]also holds true. The purpose of introducing these two
additional parameters is to better adapt to different scenarios. To the best of our knowledge, VRAda
outperforms the only existing parameter-agnostic algorithm TiAda [L1 et al.| (2022)) in stochastic
minimax optimizations, i.e., O(¢~%) and aligns the sample complexity to the parametric algorithms
Huang et al.| (2022;|2023)).

Remark 3. Note that the sample complexity of TiAda is O(e~(4+%)), for any small § > 0. To achieve
the optimal complexity O(e~%), they need to manually set the proper values of separated parameters
aand 5, e.g.,a=0.5+3/(8+2J) and 5 = 0.5 — 6/(8 + 20). However, if we choose a large ¢
value, it cannot achieve the optimal complexity, i.e., 0(6*4). In contrast, if we choose a small ¢ value,
then the adjustment of step size will be very weak. Therefore, it is difficult to balance the adjustment
effect of learning rates and the speed of convergence from theoretical and empirical perspectives
simultaneously. In Theorem [T} we can see that it does not have any problem-dependent parameters,
which indicates that VRAda is fully parameter-agnostic and makes VRAda more stable on real-world
machine learning applications.

4.2 ANALYSIS OF THE NC-PL SETTING

In the NCPL setting, we investigate the case that the sub-problem in y satisfies the PL conditionﬂ
which is a commonly used condition in|Charles & Papailiopoulos| (2018); Nouiehed et al.[(2019); Xie
et al.| (2020); [Huang et al.|(2023)). As such, we replace AssumptionE]with the following assumption
to indicate the PL condition.

Assumption 6. (PL condition in y) Assume function f(x,y) satisfies jv,-PL condition in variable y
for any fixed v € R and y € Y, such that

19, £GP = 20, (s So®) = Sl ) ®)

Theorem 2. Under Assumptions[I{4d|and[6] VRAda in Algorithm|I]satisfies, after T' epochs,

T T
% EY IVef(@ey)ll +EY IV, f(@np)ll| <OV,
t=1

t=1

In this setting, obtaining a direct upper bound for E Zthl 1V f (24, yy)||* proves challenging due to
the absence of the strong concavity condition. However, by leveraging the smoothness properties
of both variables and the 11,-PL condition, we can establish an upper bound for E Y"1, [®(z;) —
f(xz¢,y4)]. Furthermore, we can transform this into E Zthl [V f (24, y4)||?] using the quadratic
growth condition [Karimi et al.| (2016), which is the condition is interchangeable with the f,,-PL
condition. It allows us to derive the final result. Therefore, modifying this setting affects solely the

upper bound of E Zthl |V f(zt,y:)||%, which impacts the above case 2 and case 4.

Remark 4. Note that VRAda maintains a sample complexity of O(¢~3) in Theorem mirroring
the result in the NC-SC setting. This demonstrates the scalability of VRAda and underscores the
rigor of our proof analysis. In addition, both v and X are constants, and as a result, they do not

’This commemorates the mathematical Boris Polyak (1935-2023).
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change the O(T~1/3) convergence rate. To the best of our knowledge, VRAda stands as the inaugural
parameter-agnostic algorithm designed specifically for stochastic minimax optimizations to fit the
NC-PL setting.

5 EXPERIMENTS

In this section, we evaluate the performance of VRAda based on three different scenarios: (1) two test
functions with s nthetlc datasets, (2) optimizing the deep AUC loss (an NC-SC objective) proposed
by [Yuan et al|(2021), and (3) training the Non-Convex-Non-Concave (NC- NCﬂ Wasserstein-GAN
with Gradient Penalty (WGAN-GP) Sinha et al.| (2017). Based on the three experiments, we believe
that this not only validates our theoretical results but also shows the potential of our proposed VRAda
algorithm in real-world scenarios. Additional experimental restuls and setups will be deferred to
Appendix [A]in detail.

5.1 TEST FUNCTIONS

10.66

s
— e _ 35
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Figure 2: Numerical results on the test function f(x,y) = log(1 + 22) — 2y + y?/2

We test VRAda and TiAda on another function, that is, logarithmic and linear combinations. Similarly,
we add a larger noise on the variable y and a smaller noise on the variable . From Figures [2a] We can
find that VRAda chooses a better route close to the optimal, and that VRAda’s radius of convergence
is significantly smaller than TiAda. Flgure [2b] and 2| illustrate TiAda’s convergence rate against
VRAda on function f(z,y) = log(1 + x?) — zy + y° /2, after adjusting the initial learning rate and
the parameters p* and pY, VRAda con51stently outperforms TiAda for both functions.

5.2 DEEP AUC

An impactful application of the minimax problem, particularly in the NC-SC setting, is to optimize
margin-based min-max surrogate losses. These surrogate losses as practical proxies across various
learning scenarios, adeptly capturing the trade-offs inherent in specific objectives. Furthermore, the
minimax framework proves valuable in optimizing AUC scores. In situations where imbalanced
datasets can skew a model’s performance metrics, the optimization of AUC scores has paramount
significance. Employing the minimax approach in such contexts not only ensures the model’s
predictions are accurate but also bolsters their robustness against the challenges posed by data
representation disparities. The formulation of the AUC margin Loss is as follows:

min max f(x,a,b,y) = E¢|[F(z,a,b,y; )] 9
i ma f(,,0,0) 1= B[ (2,35 ©)

We conducted experiments using three distinct image classification datasets: CIFAR10, CIFAR100,
and STL10|[Elson et al.| (2007); [Coates et al.| 201T)); [Krizhevsky et al.| (2009), all characterized by an
imbalance ratio of 10%. The segment of AUC test results is illustrated in Figure 3] clearly showcasing
VRAda’s consistent superiority over TiAda and TiAda-Adam. For instance, VRAda achieves an
impressive AUC score of 0.914 on CIFAR10, while TiAda and TiAda-Adam lag behind at 0.758 and
0.898, respectively. Notably, VRAda’s performance advantage over TiAda and TiAda-Adam ranges
from approximately 2% to 3% across the various datasets.

3PL condition is considered as a special case of NC-NC|Chen et al.|(2022); Huang et al|(2023). Therefore,
we use W-GAN to support the efficiency of our VRAda in the NC-PL setting.
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Figure 3: Convergence curves of deep AUC on three datasets with an imbalance ratio of 10%.

5.3 WGAN-GP

GANSs|Arjovsky et al.| (2017) highlight the effectiveness of minimax optimization. Here, a discrimi-
nator determines if an image is from the dataset while a generator creates samples to fool it. We use
the WGAN-GP [Sinha et al.| (2017) loss in our tests on CIFAR10, CIFAR100, and STL10, ensuring
the discriminator functions optimally. Figure {f] shows inception scores on all scenarios.
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Figure 4: Inception score on WGAN-GP.

During the initial stages of training across all datasets, there is a notable drop in the inception
score. This decline is likely attributed to the discriminator rapidly categorizing most generated
images as “fake”. However, as training progresses, the discriminator becomes increasingly adept at
distinguishing real images from generated ones. This feedback loop contributes to the generator’s
improvement, resulting in an upward trend in the inception score. In our experiments, VRAda
achieves an AUC score of 5.65 on CIFAR100, surpassing TiAda, TiAda-Adam, and Adam, which
yield scores of 4.69, 4.87, and 4.89, respectively. Notably, VRAda not only outperforms these
alternatives but also attains these higher scores more rapidly and consistently as it converges. These
results suggest that TiAda may not perform optimally in the NC-NC setting, highlighting VRAda’s
potential as the first widely applicable parameter-agnostic algorithm for this scenario.

6 CONCLUSION

While the parameter-agnostic algorithm TiAda has made significant strides in the realm of minimax
optimizations, we have observed its limitations in mitigating the adverse effects of varying inherent
variances originating from the primal and dual variables = and y. This limitation becomes especially
pronounced during the initial stages of training, resulting in degraded learning performance. To
address this challenge, our paper introduces VRAda, a variance-reduced adaptive parameter-agnostic
algorithm tailored for stochastic minimax optimizations. VRAda effectively reduces the impact of
varying inherent variances and autonomously adjusts learning rates after time-scale separation, all
without the need for large batches or initial anchor points. Our theoretical analysis demonstrates that
VRAda achieves the sample complexity of O(e~3) on both NC-SC and NC-PL settings, surpassing
TiAda and aligning with results from existing parametric algorithms. Extensive experimental evidence
reinforces the effectiveness and robustness of VRAda across various scenarios, including simple test
functions and real-world applications in the NC-SC and NC-NC domains. VRAda holds the potential
to bridge the gap between learning theory and empirical practice, offering new opportunities for
advancement.
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A ADDITIONAL EXPERIMENTAL

A.1 RESULTS OF ADDITIONAL TEST FUNCTIONS

In addition to the test functions presented in Sections|I]and [5] we’ve incorporated two further test
results to further validate the robustness and versatility of our VRAda algorithm. We initialized both
functions with a starting point of (—1, —1). To emulate the stochastic gradient, we applied Gaussian
distribution noise with a mean of 0 to the function gradient of the primal variable x, having a variance
of 0.1, and to the gradient of the dual variable y with a variance of 0.3. This configuration aligns with
the settings used in the aforementioned sections.
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Figure 5: Results on the test function f(x,y) = cosz — xy.

From Figure [3 it is evident that VRAda efficiently adjusts the time-scales of - and y. Once the
appropriate positions are established, they remain constant, leading directly to the optimal solution.
In contrast, TiAda continuously adjusts the x and y time-scales throughout the process. The path
towards the optimal solution resembles a spiral due to these constant adjustments, resulting in a

slower convergence speed.
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Figure 6: Results on the test function f(x,y) = e~ — 2y + y°.
Figure[6]reveals that both VRAda and its counterpart are designed to automatically adjust the time
scales of x and y to avert divergence. However, VRAda exhibits a superior ability to make precise

adjustments, enabling it to navigate towards the optimum solution more efficiently and quickly. This
edge in performance is further corroborated by Figure[6b] which underscores the risk of divergence
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when manually modulating the force of the separation scale without a comprehensive grasp of the
underlying problem.

The robustness of VRAda becomes even more pronounced when additional noise is introduced to the
variable y. As evidenced in Figure[5a] TiAda, encumbered by noise, demonstrates diminished efficacy
in adjusting along the y-axis. It overshoots the optimal point before recalibrating its trajectory. A
similar pattern is observable in Figure[6al Despite both algorithms overshooting the optimum on the
y-axis, VRAda exhibits a commendable resilience. It not only corrects its trajectory more effectively
but also converges to the optimal solution with enhanced speed and precision.

A.2 EXPERIMENTAL SETUPS
A.2.1 SETUPS OF DEEP AUC

To generate imbalanced data, we utilized the approach described by Yuan et al.| (2021). In particular,
we divided the training data into two equal portions based on class ID, designating them as positive
and negative classes. We then randomly eliminated certain samples from the positive class to create
the imbalance, while the testing set remained unchanged. Our experiments were conducted using
ResNet20, and we examined imbalance ratios of 5%, 10%, and 30%. For optimization purposes, we
executed 100 epochs with a stagewise learning rate. We adjusted the initial stepsize of « within the
range [0.1, 0.5] and that of y within [0.6, 1], decaying the rate at the 50% and 75% milestones of the
total training epochs across all tests. To streamline the process, we narrowed our parameter search for
B t0 [0.5, 0.7, 0.9, 0.99]. The batch size was standardized at 128 for all datasets, with the exception
of STL10, which was adjusted to 32 due to its smaller size. We implemented a weight decay of le-4
consistently across all methodologies. For each dataset, three separate runs were carried out using
different random sets (achieved by removing some positive examples with varied random seeds), and
we calculated the mean and standard deviations from these results.

A.2.2 SETUPS OF W-GAN

On CIFAR10 and CIFAR100, we iterated 40,000 times on discriminators and generators, and 2,000
times due to the small dataset of STL10. In this section, we adapted code from [Li et al.| (2022)
for our experiments. For the implementation, we employed a four-layer CNN for the discriminator
and another four-layer CNN with transpose convolution layers for the generator, in line with the
architecture specified in |Daskalakis et al.| (2017). We configured the batch size to 512, set the
dimension of the latent variable to 50, and assigned a weight of 10~ for the gradient penalty term. To
further simplify our experiment, we search for our parameter /3, in [0.5, 0.7, 0.9, 0.99]. To compute
the inception score, we utilized a pre-trained inception network, processing 8000 synthesized samples.
For Adam, TiAda and TiAda-Adam, we use the recommended parameters. Since VRAda, TiAda and
TiAda-Adam are single-loop algorithms, for fair comparisons, we also update the discriminator only
once for each generator update in Adam.

A.3 ADDITIONAL RESULTS OF DEEP AUC

In Table[I] the outcomes of three imbalance ratios for four optimizers across three datasets are
presented. It is evident that VRAda outperforms other optimizers in the majority of scenarios.
Specifically, VRAda excels notably in extremely imbalanced settings with an imbalance ratio of
5%. In comparisons with TiAda and TiAda-Adam at this imbalance ratio, VRAda demonstrates an
improvement of approximately 7% and 5% on the CIFAR10 and CIFAR100 datasets, respectively. It’s
important to note that as the imbalance ratio rises , the data becomes more balanced, simplifying the
classification task. When the imbalance ratio reaches 30%, VRAda’s improvement over TiAda and
TiAda-Adam stands at about 0.5%, 0.7%, and 0.4% for CIFAR10, CIFAR100, and STL10 datasets,
respectively.

A.4 ADDITIONAL RESULTS OF WGAN-GP
We evaluated three distinct learning rates 0.003, 0.004, and 0.01 for the CIFAR10 and CIFAR100

datasets. However, due to STL10’s smaller dataset size, we opted for slightly different learning
rates: 0.003, 0.004, and 0.006. Figures [7] through 9| reveal that VRAda consistently outperforms the
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Table 1: Testing performance on different datasets

Datases

For AUC Maximization

imratio

5%

10%

30%

CIFAR10

Adam
TiAda
TiAda-Adam
VRAda

0.746 £ 0.018
0.828 £ 0.011
0.853 £ 0.006
0.890 + 0.003

0.758 £ 0.014
0.898 £ 0.004
0.896 + 0.008
0.914 + 0.002

0.790 £ 0.013
0.937 £ 0.004
0.935 £ 0.004
0.940 + 0.004

CIFAR100

Adam
TiAda
TiAda-Adam
VRAda

0.605 £ 0.005
0.637 + 0.004
0.658 £+ 0.006
0.672 £ 0.003

0.614 £ 0.005
0.705 + 0.002
0.703 £ 0.001
0.718 £ 0.006

0.619 £ 0.001
0.764 + 0.002
0.760 £ 0.004
0.765 £ 0.010

STL10

Adam
TiAda
TiAda-Adam
VRAda

0.607 £0.013
0.718 £ 0.002
0.703 £ 0.007
0.706 £ 0.009

0.592 £ 0.001
0.709 £ 0.008
0.705 + 0.005
0.726 + 0.006

0.633 £0.016
0.727 £ 0.008
0.725 + 0.005
0.728 £ 0.007
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Figure 7: WGAN-GP’s Inception score on CIFAR10.
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competition across all datasets and parameter configurations. Although a decline in the Inception
score can be observed early in training, VRAda rapidly ascends to higher scores, boasting both speed
and stability.

For a more precise evaluation of the Inception score, we computed the mean scores of the four
optimizers on CIFAR10, specifically averaging over the last 20,000 iterations during the phase when
the score stabilized. For CIFAR10 with a learning rate of 0.003, the average scores for Adam, TiAda,
TiAda-Adam, and VRAda were 4.89, 4.68, 4.79, and 5.42 respectively. At a learning rate of 0.004, the
scores were 4.80, 4.63, 4.79, and 5.45, and at a learning rate of 0.01, they stood at 4.65, 5.10, 4.63, and
5.37. For CIFAR100 with a learning rate of 0.01, the average scores for Adam, TiAda, TiAda-Adam,
and VRAda mirrored the previous dataset, being 4.65, 5.10, 4.63, and 5.37, respectively.

B USEFUL LEMMAS

Lemma 1. (Lemma A.2 in|Yang et al.|(2022b)) Let z1, - - - , xT be a sequence of non-negative real
numbers, o € (0, 1), then we have:

&) EetyesE)

Lemma 2. (Lemma A.5 in|Nouiehed et al.|(2019)) Under Assumptions[I|and|6] we have

[VO(z1) = VO(22)|| < La||z1 — 2], Va1, 22 (10)

where Ly = L + %

C ANALYSIS OF THEOREM 1

In this section, we reiterate our primary goal of pinpointing a near-stationary point for the minimax
problem, represented by E[|V, f(z,y)|]] < € and E[||V, f(z,y)||] < e. Here, the expectation
incorporates every element of algorithmic randomness, ensuring a comprehensive and nuanced
understanding of the system’s behavior amidst varying conditions and inputs.

C.1 INTERMEDIATE LEMMAS OF THEOREM 1

Lemma 3. Under Assumptions the two error dynamics E[Zthl €2 |1?] and ]E[Zthl ll€?1|?] can
be upper-bounded as follows:

E Li IIEfIIﬂ

2 2,2 2,2 T
< 72;;2(; 144 L2y [ ZH 1/3] MZ%/\{E(Z ||wt”2)1/3}+6G2
t=1

M’ﬂ Qz

t

1

-~

—

T

(192 £ €I + 19 FamseDID) ) (3 hunl?)
T

(

+ 144L272E<1 +
T 144L2/\2E<1 T

M=

Ve faems €I + 19, v )?)) (3 fuwel?) "

t

Il

-
o~
—

T 1/3
+361E(1+Z||fo(xt,yt;§?)\|2) :
t=1
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T
EY eI
t=1

_ 7241267 144L2 2{ Z” 1/3] 144L2 { XT:“” 2 1/3}+6G2

- BB

T 2/9 1/3
+144L272(1+Z IV f ey €I + 1V f @y €)12)) T (3 o)
t=1
242 d 2 2/9 3 2 1/3
142X (14 3 (IS Gy €012 + IV s €)12) ) (3 hwell?)
t=1

T 1/3
+36E(1+ 3 IV, S ) ?)

Proof. Since the error bounds in proving the two are highly similar, we only need to give proof of one
of them. Similarly to|Levy et al.|(2021)), we consider the term € and split it into the following two

terms:
T
S lled® = znetuu Z lec? (11)
t=1

t=T*+1
Here, 7* represents a time-step beyond Wthh we can guarantee 1/3;11 — 1/8; < 2/3. The precise
definition of 7* will be provided subsequently. Next, we present an example to clarify the rationale
behind this split.

Taking the square of the above equation and then taking the expectation, we have:

[Hetil ] 2 T 2 2 T2 2 x 2 (12)

< (1= B)7Ellle 1 [I7] +2(1 = B) N Z 17 + 2BEl Ve f (@, 95 6F) — Vaf (2, 3 [I7]-

Dividing equation[I2]by 3, and re-arranging implies:
EHeTn “( 1 1) SR F(l—@)?ﬂZﬂq
E _ + — — — | E||l&]|” + 2E _
Z” el < Br ; Bryr B el ; Bt
(13)
+22/8t|ime(xtayt§€f)_Vavf(xt7yt)||2'

t=1
Drawing from [Cutkosky & Orabonal (2019)), the crucial property of 3; is the condition 1/8;11 —

1/B; < 2/3 to effectively bound the term 3" ( By é) E ||e;||>. However, under Algorithm

6t+1

it’s uncertain whether the term >, ' ( — — 4 ) Elle |* fulfills this condition. This uncertainty
led us to introduce the split as shown in equation

We now return to the primary proof, aiming to bound the cumulative expectation of errors Y, _, ||e:||%.
As derived from equation[I2] we have:

Dol < D=l P2 128 1P 42D B7 Ve f (@96 68) = Ve f (e, yo) 1P (14)
t=1 t=1 t=1 t=1

Now we define 3 := min{1,1/G?}, 7* = max{t € [T] : B; > 3}. Re-arranging the above and
using the definition of 7*, we have:
TF =1

ﬁZIIEfH < Jleg ) + Z Bia llef|I”

< QZ 12|12 +225t2 IV f (e, 43 &) = Vaf (ze,30) 17
= =1
(1) (ii)

15)
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Next, we bound the expected value of the above terms.

Bounding the term (i). By employing the definition of Z7 and invoking Assumption |1} we can
deduce that || ZF||* < 8L? ((77% D2 lve—1 1> + (Wnf_p)? ||wt,1\|2). Further, using the formulation
for n{_; in conjunction with Lemmam we can demonstrate the following:

T

T
: 2 2 ||vt71||2 242 Hwt—1||2
(1) 8L > — = | 482N Y ———
— t w23 — t Jlwi2)3
t=1 (Zi:l 7) =1 (Zi:l T)

B'H»l

TP i G BVCIETE o (VS 6

- t=1 t 2 5 t t 2 g (1o
= (S vil?) (s )

T % T %
< 2412 <Z ||vt|2> + 241N (Z |wt||2> :

t=1 t=1

Il
-

where the second inequality follows that 8; < 1, Vt € [T].
Bounding the term (ii). Given that E[V . f (x¢, y4; £F)] = Va f (24, y¢), we deduce:

E [B2Vaf (@, v &) — Vaf (e, yo)lI?] < E [B2lIVaf (@, v €)1 - (17)

Utilizing the above inequality, we can infer:

||sz(17t7yt§ff>||2
? (14 Y02 max{ || Ve f (zi, yis €)% IV f (i, yis €)|2H)4/3
HV f(ﬂft,yﬁff)HQ
(1+Z ||V$f(x27yl7 )” )4/3 -

The final inequality is supported by Lemma 6 in|Levy et al.|(2021), which states that for any sequence
of non-negative real numbers aq, -+ , an € [0, Gmax]:

E(ii) < E
(18)

<12+ 2G?,

IN

NGERNNGE

E

n
Q;

43
=1 (1 + 350 aj)

Combining the above inequalities implies that:

2 2
EZH qip < 2 L LT Zn 7] + 22 [ an ). o)

Next, we bound the term Zf:l ||et|\2. Dividing both side of equationnby /B¢, and taking the
square, we have:

lefl® 1

i ZJ/ 2
< (2 oy 2+ 2 gV f ey ) - Vaf oI @D
Bt Bt Bt

where we use 3; < 1 in the above inequality. Re-arranging the above and summing gives,

r , 1 11 bzl
N - 112 L4 )2 49 e T
;Zl:HEt—lH = Br ezl +;<ﬁt+1 5t>”€t I = P
N—————

(i) (iv) )

<12 + 2ap5x- (19)

. (22)
+ 2251& IV f (20,925 €F) — Vi f (e, ye) |-
=1

(vi)
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Next, we bound the expected value of the above terms.
Bounding the term (iii). Since 87 < 1, we have —E||e%|?/8r < —E|| %%
Bounding the term (iv). We first give the upper bound of ,3%-{—1 Following Lemma 7 in Levy et al.

(2021), given 1/3 = (1/8%/2 + G?)?/3, we have 1/8,,1 < 1/B, ¥Vt < 7* and 1/By41 — 1/5; <
2/3, ¥Vt > 7* + 1, then we have:

" T
3 1 2 1 1 T2
v) = - € — — = )|l€
=3, sl * X (g gl
1 = 2 2 Z 2
<= lglP+5 Y el
gi= t=7*+1
24 + 4G2 48L2 2 4BL2\? 2~ L
<= [k >l 0 =5 an 122] + = D e,
t=1 t=1

(23)
where the last inequality holds by equation [20]

Bounding the term (v). Recalling that || Z7]? < sz?((Wga1>2||vt,1||2 + (Ang_l)ant,lH?),
using LemmalT] we have:

Z IIZ””

= (1) |ve1 |2 () Hwt 1k
< 8L272(Z *—) n 8L2)\2(Z )

[

t=1 B t=1

:sm?(f: loe—112/8¢ )+8L2A2(§: lwcdl?/o
= (Cisn il Bien)?? = (i lwill?/Bi) 2
T-1 1/ T-1 1/3

<2292 ( 3 /B ) + 242202 (3 /61 (24)
t=1 t=1

UL (2 s, 24L2)\2
< <5T>”3(H Jerl?) "+ 1/3(Z|| w?) "
T

<L (143 (IVef oy DI + IV, Flar ) 12) ) (vatn)

t=1
T
+ 2412021 2 (Ve weus I+ 190 e €)1 )Y (antu)

Bounding the term (vi). Note that E[V,f(z,y:;&F)] = Vaf(xt,y:), we have
E[Bel|Va f (e, 425 &) — Ve f (2, ) 1P] < E[Be[| Vo f (e, ye; €)]|°], then we have:
T

E(vi) < Ezﬁtnvxf(xt,yt;&f)llz

[V f (e, ye; €)1
< (1+ 3002 max{[| Vo f (e, ye; €12, |V f e, yes €)]123)2/3

||V:cf(l’t, Yt; ff)”Z
{1+ Iwa(a:uyt;si”)IIQ)z/3

E

M= HMH

(25)

IN

E

1/3
t=1
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where the last inequality holds by Lemma 3 in|Levy et al|(2021), i.e., let by, - -- , b, € (0, b] be
sequence of non-negative real numbers for some positive real number b, by > 0 and p € (0, 1]
rational number, then,

n

n 1-p

b; b 2

L < + bo+§ bi) : (26)
p p

IO EIN =10

Combining the above inequalities, we have:

1 T
SED Nl
t=1

< 24 + 4G? 48L2 2

ARL2N2 1 &
- [[og]|?) /3 ECY  lwel))?] + 262
BB 8B [ ; } e [ ; e ]

T T
FA827E (14 Y (19 F e &) + [V f e e)?)) T (S ?)” @
t=1
T

~
—

~

PN (143 (Ve €)I° + 19, e €)I2) ) (3 wel?)
t=1

~+
—

T 1/3
+ 12]E(1 +Y° ||me(wt,yt;§f)\\2) )

t=1

Similarly, we have:

1 T

gEZ (Al

24 +4G? N 4812~
BB B

T

(3 ] + 2222 gy B3 ] + 26

t=1 t=1

™

[M]=

2/9 1/3
482292 (143 (IVa S ey )12 + IV f ey €IP) ) (X lal?) © @8)

t

Il
—
~

2/9 , L 1/3
(IVaf s €I + 19y f ey €12) ) (S )

1 t=1

T 1/3
128 (14 Y IV, Flrus)?)

t=1

[M]=

+ 48L2)\2<1 n

t

This completes the proof. O
Lemma 4. Under Assumptions,term Zthl |V f (e, y:)||? can be upper-bounded as follows:

ZHV f(@e,ye) H2<ZII2‘H2 1/P’lev 1%)1% +3L4° ZHU 1),
t=1 t=1

Proof. From Assumption We know that f(z,y) is smooth with respect to z, so we have:

x\2
f@epr,ue) — fl@e, ) < =i (Vaf (e, ye)s ve) + %H%HQ

L
I )| = (Vo). ) + 2O 2 @9

QU QU i)?
< <P 19, faey P+ 2 e+ PO e
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Define Ay = f(z1,y1) and Vt > 2,

_ ) s yen) H fmeye),  f(oeye) > fon Y1),
Ae= { f(@e,ye), f@eye) < flae,ye-). G0

From Assumption ] we can get A, < ®(z;) + ®(24-1) < 20,. Re-arranging the above, and
summing over ¢, we have:

Z IVaf(@e, ye) ‘

T T
2 1 . .
<= =, y) = f(@eg1,90) + Z leF 1+ Liyny)? vl
T t=1
2 1 1 2A
< N (- A - Y 1P Y L lelP 3D
y ;2 wom ot g m tzl ' Z o

vl
<P+ 2 QZ
i vl

T
49,
S (1//3T+1)1/3(Z loal)'2 + 3L lloell*)?,
t=1 t=1

where the last second inequality holds by 5; < 1. O

Before bounding the term E Zthl |V f (x4, y:) )%, we first provide some useful lemmas.
Lemma 5. Given Assumptions([I|to[3] if fort = to to t1 — 1 and any Ay > 0, Sy,

lyeer =y l® < A+ M) yess — w7 17 + S,

then we have:

t1—1
E}juuum—fmwm]
t=tg
t1—1 y
L—n/p 5 1 ,
=F ( gy = 971 — e lgess — )
t*%;rl 277ty t 2,,’2754 (1 +)\t) H t+1H
t1— 177 -1 5
+E = | tH +E vt
tzf; t; 20/ (1+ \¢)

Proof. For any value of \;, we have:

ye1 — v l® < 4+ A)lyer — wi 1P + Se
= (14 X)llye + nfwe — yi |I> + Se

< (04 20) (e — w7 12 + @) el + 208 G e — ) O
it ully — i 1P =l — i 1?) + S
Rearranging the terms, we have:
(we, v —we) = wllye — v 1
= (Vyf(@e,ye: &) 08 —ye) + (we = Vyf (@96 &) 8 — i) — %Hyt -yl (33)

Sy

1 — pun/ 1 o2 M 2
< S . IS L

-2y

lye — yill* —
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For the term (w; — V, f(z¢, Y15 &), yi — y¢), we have:
Efwe = Vyf(@e,y6:60)] = (1 = B)E [wi—1 — Vi (@11, yr-15 )]
=1 =B)E[wi—1 — Vyf(r—1,91-1)]
= (1 - 5t)E [wt 1 yf(xtfhytfl;gi/q)]
(34)
= (1 = Be)( = Bi—1) - (1= B2)E[w1 — Vy f(21,1)]
=0,
then we have:
E[(we — Vyf(xe, 95 €) 97 —ye)] = 0. (35)
Using strongly concave we can get
* * /’L *
E [(Vuf ot &), w7 =) + e = Vo oo €007 =) = Gllwe = wilP]
> (flzeyf) — flae, ve).
Telescoping from ¢ = ¢( to ¢t — 1, and taking the expectation we finish the proof. O
Lemma 6. Given Assumptions|[I|to[3] we have:
T
E Z(f (zey) — f(xtayt))‘|
t=1
To1- 0y 1 1 2
S E t Y y* 2 S —| vy _ y* )
Lg( g 1=Vl = Sy e — vl
T 2/3 T 2/3 T
3\ 2 3k%y K™y
—E (Z [lwe]| ) + E Z [|vg]|? + E Z llve] 12 ] -
t=1 t=1 t=1
Proof. By Young’s inequality, we have:
1 )
Y1 — yt+1“ 1+ ) lyers — wilI” + (1 + )\t) — i (37)
Then letting A\ = “—"*y and by Lemma we have:
lz [ (e, 97) (xt,yt))]
t=1
T
L—nip 2 1 2)
<E —yf ——r -y 38
< ; ( o lye —yi lI” — 7 (2+m] Hytﬂ Y] (33)
4 n; 2 ~ (4 ung o) 2
+E |5 lhwel®| + Z Ty i — vl
t=1 =1
o 42y .12
We bound the term E |, | W”ytﬂ yrll? 1.
Z ( I“?f) ||y* _y*HQ
o (24 ) T
L1+ ) L1+ o)
SE Y i — vl SWE |3 — o)
t=1 =1 (39)

= KK li ( (’7;))22> ||vt||2] = 2 li ( ot 2) Ilvﬁ]

1
T T
3&7 KQ’)/Q
E(zw) 2 (3 jl?).
t=1

t=1
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Combining the above two inequalities, we finish the proof. O

Lemma 7. Given Assumptions[I|to[3] we have

~ (1—np 2 1 .2
E Z 27 llye — vl l _m||yt+1—yt+1’|

t=1

- G3 , G2
< 5*5 llvo — woll +W-

Proof.
s 1 . 2
Z ;/ lly: — Y H m ||yt+1 - yt+1“
G3 1/ 1 1
<(Sx- 5 m-sil 45 X (= 5 ) - w2
<2A ) o T2 ; U
Gi p 1 /1 1
<(Sx 5wl 4 5z 3 (- =5 ) IVl @
<2A 2> o2 ; M 0
G: g G2 1
<5 -5 I —wlP+ 5= (——)
<2A 2> O Ty =\l w2
G: o , G2
< =-= - —.
< (2/\ 2) llvo — w5l 22
This completes the proof. O

Lemma 8. Based on Lemmas@andﬂ we can upper-bound E {Zle Vo f (x4, yt) I1*| as follows:

T
E Z |Vyf(xt7yt)|2‘|

t=1

LkG3 3/\L d o
kG3 " Fe
< < : —uLff) lyo — w3 1> + (Z th||2>
T 2/3 T
9/{ L’y 33 LA?
2(ht) o+ 2 e (Y]
t=1 t=1

L/@G2

T ) 2/9 , L AN\ 1/3
(1 22 (Ve oy I + IV s €017) ) (3 )
t=1

t=1
Proof. Combining Lemma6]and[7] we have:
T
E lz (f (why;k) - f($t7yt>)‘|
t=1
G: o , G2
< - _ - _ *
T 2/3 . 2/3 T
3\ 3Ky Koy
+E (Z ||wt||2> + = E (Z ||vt|2> + E{> luel?)-
t=1 t=1
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According to the p strongly concave in Assumption [5] we have:

T T
E | IV f (@)l < L°E ZHyt yill?| < 2LKE | (f (ze,57) — £ (ze,m)) | (42)
t=1 t=1
Then we have:
T
E levyf(xt,yt)IIQ]
t=1
LrG3 SAL& a
< ( 3 —uLf-”») lyo — woll* + (Z [[we | )
= (43)
9k3 Ly L o 3/{ Ly? a
2 2
e (3] 2 e (S )
LKG d
(1+Z IV F s €012+ IV, F e ?) ) (antu)
This completes the proof. O

C.2 PROOF OF THEOREM 1

Now, we come to the proof of Theorem 1.

Proof. For simplicity, we denote § = max{y,A}. Due to equation [34] we have E[w, —
Vo f (e, yi;:€Y)] = 0, similarly, we have E[v; — V. f (24, y1;£F)] = 0, then we have [Jv,]|? <

IVaof(ze,ye)|)? and ||we || < [|[Vy f(@e, ye)||? + || ||%, we divide the final part of the proof
into four subcases:

Case 1: Assume B/ [V, f(ze,y)|? < 6EY, |€¥]> and EX 1, [Vy fzs,y)|? <

6E EtT:l |l€7||. Using the condition of this subcase implies

T

T
EY (loel® +well?) < 7EY (el + llef ). (44)

t=1 t=1

Combining equation 27]and equation 28] we have:

*EZ leg 11 + Nle?11%)

_4848G?  96L* - 96L2N2 [
< 4 _ E /3 + _ E 2\1/3 +4G2
7 el (32 el J+=551 (32 el |

T

T 2/9 1/3
+ 96122 (1 + 30 (9 s )P + 19 (o s ) (X Il

t=1

(45)
@

T
FOSL2 (1 3 (19 us )P + 19 s €01 ) (antn)

(In

T 1/3
+24E< Z |V f xtaytvgt)|‘2+Hvyf(xtayhft)“ ))
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According to Young’s inequality, for any a,b > 0,andp,¢ > 1: ;4 = 1wehave ab < a?/p+b?/q.
Setting p = 3/2, ¢ = 3, we have

0/2)%0 )P o b
(ap p) (/q) _ 3011/3,03/2‘}’@- (46)

Q2/9p1/3 — (ap9/2) (b/p )1/3

Setting p = (1344L%~2)'/3 for Term (I) and p = (1344L?\?)'/3 for Term (IT) we have:

T

1 x
3E > eflI? + llef 1)
t=1

48 +8G2 96122 96L2X\2 1 &
<2 2R > e 23] 4 2 E(Y )2 + 4G
BB BB =1 BB =1 N
T 1/3
(244 23475 4 X)) (14 B Y (192 (e €)1 + 1V v €1)12) )
t=1
1 T 1 T
2 2
‘f’EEZHth +EEZHU&H :
t=1 t=1
Re-arranging and using Case 1, we have:
1 T
EEZ(II#”H2 + [le?[I?)
_ 48+8G? 96L272 d i/ 96L2N2 [ 1/s )
< L[k Z 12)7] + 22 (B el )] + 46
BB - pB =1
N 1/3
+ (24 + 2347L3 (7% 4+ A%) (1 +EZ (Ve (e yes €I + 1V F e v €)12) )
t=1
48 +8G2?  192L%02 4 v
+ . .
< ———+ —=— [TEY (1P +[£1*) | +4G? 48)
BB BB =1

T 1/3
+ (24 + 2347L3 (72 + \?)) (1 +20°T+ Y (IVaf (o y)ll” + |vyf(xt,yt)2)>
t=1

1/3

48+ 8G? 1921262 Lo

< — + ——— (Y (1P +1?) |  +4G°
BB BB =1

T 1/3
+ (24 + 2347L3 (3 + 0%)) (1 +20°T + 62 (|leF(* + e?;||2)>
t=1

Above implies,

T T T
EY - IVaf o)l +E Y IV, f o) |2 < 6B (6 + %) < O(TV%). @9)
t=1 t=1 t=1
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Case 2: Assume EX>,_, |Vof(zy)l® < 6B, [f|* and EX [V, f (e pe)l” >
6E ZZ;I |l€?||?. Combining equation [27|and equation [43| we have:

*EZH#"IIQ Fin 3L QEZHVyf e, yo)|®

24 N 4G2 2 )\ (LRG E ,U,LH;)
—— +2G D,
- BB + 27K2L2~2

C1

96L292 = v 3N3L d v
E 2 2 E 2 2
( > (el + >> + (o + 10&)( > (el + ))

Ca

T T
+48L29°E (1 + 2 (Ve wous @)1+ IV e &) )" (Zmn)

(I11)
T T

G?)\2 2/9 1/3
+<48L2)\2+W)( + 30 (9 s )P + 19y (o DI2)) " (D well?)

= t=1

Iv)

r RN VE B R SCE.
+12E(1+ Y IVaf(@nys€)I?) T + 5B ;H”t” :

=1
(50)
According to equation letting C3 = 48L%\* + 54GL7§‘72, setting p = (2016 L2~%)'/3 for Term (IIT)

and p = (42C3k3Ly? /A?)'/3 for Term (IV) we have:
1« \2 =
_F x||2 _~ E \v4 2
B IR + B Y 19
1/3

96L2¢° - 2 2 ¢ 2 2

<Ci+ i ]EZ (Jlvell? + Jwe)?) +Cs EZ (Jlvell? + lwe [)?)
=1 t=1

5C3 kyL L 1/3
A 1 19)E(1 va F@e s €2 + 19, f (e s €)12) )

2/3

=

+ (14371343 +

Cy
A2 1 [
—~ 37 5L L ) 2 —IE 2,
+ 12643 L2 ; [Jwel|* + 36 (t_zl [[ve] ) + 126 ; [|ve |
(5D
Using Case 2 implies

T T T 7 T
B luil? <EX 19 f )l + EX I < GED IVus el )

t=1 t=1 t=1 t=1
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Then, we have:

)\2

192112192
<oy 120 (

1/3
7]EZ (I€F11? + (| Vy f (ze we) | ))

t=1 (53)

t=1

. 2/3
20, <7EZ (e + IIVyf(wt,yt)IF))

T 1/3
+CE(1+20°T 4 6E Y (617 + 9, e w)l?) )
t=1

—minfl A )
Denote m; = min{ 5, 0837 }, we have:

T T
2B |l IPH2E Y 11V, f (e yo)l?

t=1 t=1
201 384L292 (
S YT aE

1/3
7IEZ (1€£]1? + 1V £ (24, ye) | ))

t=1

2/3
4C’
—2 <7EZ [ ||2+||Vyf(wt,yt)ll2)>

C
o

(54)

1/3
Lt 2027+ 83 (I 12+ 19 f (e, w)1?)
t=1

It implies that:

T

T T
EY Vel (e y)l? +E S IV, fae )2 < 6ES (I + [V, f(@e, ) [2) < OT/3).

t=1 t=1 =1
(55)

T T " T
Case 3: Assume E}°,_, [Vof(ze,y)l> > 6EX,_, [lef[* and EXZ,_, [Vyf(ze,w0)lI? <

6E Zle |l€?||%. Following equationﬁwe have:

T
Z Ve f (e, ye)l

|f||2

T T
IR Zlv 1) + 3Ly%( Zlvll )8
= = (56)

MH HM%

T
< ) llefl® +3Ly*( Zlv I1%)t°

1+ i Feous I + 19, 0w ) (vatu)

t

1
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Combining equation 28] and equation 56 we have:

T T

1

gEZ lef 11 + ]EZ IV f (e, o) |12
t=1

T

2 2.2 242 T
SMZEG 48L%y [ Z B 4 48;; [ECY lhw2)72] + 262

HMH \

2,2 4 2 2 2/9 1 & 2\ 1/3
+ (482 ( (192 s I + 19, vese? 1)) (3 lell?)
t=1

V)

T
4822 (14 3 (Vo F o€ + 19, fn ) ) (antn)
t=1

(VD)
d 2 1/3 d 2 2 d 2\1
+12E(1+ DIV f@eui €)I2) 4 D Il + L33 lloel )
t=1 t=1 t=1

(57)
According to equation letting Cs = 48L%42 + %, setting p = (252)1/3 for Term (V) and

p = (1344L2)\?)'/3 for Term (VI) we have:

T T

1

gEZ e/ +E> NIVaf @y
t=1 t=1

3 3,3 = V|2 a2y )3
< (12+C2 +1174L3) )(HZ(IIfo(xt,yt;st)ll + IV f ey &) ))
t=1
(58)

IV R
24 +4G2 (961262 d .
2 (R any?) (EX Al + )]+ D1l
88 85 — =
1 (& 1 (&
2 2
3 (o) + g (o)
t=1 t=1
Using Case 3 implies

T T T
7
EY ol SEY IVaf(@ny)P+EY | < EEZIIV Flae g (59)
t=1 t=1 t=1

Then we have

T T
EY NP +EY IVaf (e, yo)l
t=1 t=1

3 T 1/3
<(12+C2 +1174L3>\3)(1+202T+6IEZ (V1% + [V f (e, o) | )) (60)

t=1
2 +4G2 [ 96L262 ) Ve
+ — + — +3L 2) EY 6([efl*+ Vs .
- (55 . (Z (I + 1V f e yo) ))

It implies that:

T T T
EY IVaf(zeyo)? +EY_IVyf (@)l <6EY  (Ifl® + IVaf (e yo)l?) < OTY?).

t=1 t=1 t=1
(61)
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Case 4: Assume EY°, | [|Vof (2,0l > GEZ-T_l lez[|? and B> IV f (e, 50) |12
56

6E 23:1 |l€7 || Following equation |43|and equation . we have:

T T
Z ||Vlf(xt7yt)”2 + Z ||Vyf(33t7yt)||2
t=1 t=1

2/3 T
Lk . 3)\L/<; i
< (57— ) oo = i1 + (Z e ) 3
t=1

1

T

2/3
95 LW a 2 k5 Ly 2 1/3
E(D> lul®) +=5zE vatu + 3L Zlv %)
t=1 t=1

L/@G2

(1+§T: (19 £ €1+ 19, e €?) ) (ETN'“%”)
t=1 =1

T

*(1+Z Ve f s €01 + IV e €DI) ) (Zuvtn)

2 2G2 1/3
K 3
g( S —2Ln> ®, + 3L (EZ(IvtIIQHthIIZ))
t=1
2/3 o

3\Lk  9K3Lry T .

+( oy )(EZ(Ilvt|2+||wtll2) + Xl
t=1

T

(14 X (Ve €I + 19 s €0I7) ) (antn)

t=1

49
+

(VII)

T 2/9 , L 1/3
(1 3 (Ve weus @I+ 9 e s €)1 )) (X el?)
=1 t=1

(VTIT)

>

(62)

According to equation setting p = (7G?/62)/3 for Term (VII) and p = (29®., /97)'/? for

Term (VIII) we have:

T T
S Ve f @ y)l? + D> IVy f ()l

t=1 t=1

2 T 1/3 T
2K%G3 2 2 2 2 2
< |5 —2Le | @+ 3Ly Eg(\\vtn + e ) +;;||vtu

( 3/\LH 9/@ Ly

T 2/3 1 3 7
o+ 22) (EZ (o2 + e >> F U+ 23
t=1 t=1 t=1

4G3 6P2 ) 1/3
¥ (w* : ) (14 32 (V- s €I + 19, @) ) )
=1
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Using Case 4 implies that:

T T
Do IVaf e y)llP + D IVyf eyl
t=1 t=1
1/3
4K2GS 2 . 2 2
S| =5 4Lk | P+ 6Ly 2E) (IVaf @yl + 11V, f (e yo)?)
t=1
. T 2/3 (©4)
9k>Lry 2 2
+ | 3A\Lk + h\ QEZ(Hme(:Et,yt)H IV f(@e, y)lI7)
t=1
8G% 3207 A , S\ 1/3
+ 308 + 3 (1 +20°T + Z (Ve f @ey) |2 + 1V f (e, 90l ))
t=1
It implies that:
T T
l]EZ IVaf (e y)l> +EY IV, f(a)l?| < OTV?). (65)
t=1 t=1
Conclude all the above cases, using Cauchy-Schwarz inequality, we can easily get
1 T T
T ]EZ IVaf(@e, ye) | + ]EZ ||Vyf(fft»yt)||]
t=1 t=1
(66)
< Y2 Eillv flx y)||2+]EiIIV faeul?| < O(=5)
= x ty Yt y ty Yt = 173
VT t=1 t=1 T
This completes the proof. O

D ANALYSIS OF THEOREM 2

In this section, we will replace Assumption 5] with Assumption [6} We present a revised upper bound
for E Zthl |V f(zt,y:) ||, taking into account the y,,-PL condition.

D.1 INTERMEDIATE LEMMA OF THEOREM 2

Lemma 9. Under Assumption[l} 2|and[6] we have

T T
2L
EY IV f(@eye)l® < (165°L% 4+ 26LLe + ——-)E > (nf)? v, (67)
t=1 G5 t=1
Proof. Using the smoothness of f(x,-) we have:
L
f@enye) < F(@eg1,yee1) = 0 (Vo (241, ye), we) + §||yt+1 — el (68)

For the term —n} (V,, f (2411, y¢), wt), we have

- 77%/<vyf(37t+17 yt)7 wt>

Y
n
= _?t (||Vyf(xt+1>yt)||2 + ||wt||2 - |\Vyf($t+1,yt) - Vyf(xt’ Yi) + Vyf(mt, Yt) — wt||2)
Yy Y Y2 Yy
U] 1. ny L .
< —?t||Vyf(95t+17yt)||2 - ?tHth2 + t2 @11 — e ]” + é”vyf(ﬂﬁt,yt) — wy||?
77? 2 77},5[/2 2 77? 2
< —nfpy (P(xeg1) = flTeg1,90) — ?Hth t 5 lze41 — @el|” + ?Hvyf(ﬂ?t’llt) —w*,

(69)
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where the last inequality holds by ,-PL condition. Then we have

y
n
F@ir1,ye) < f(@egr, Yegr) — 07 oy (q’($t+1) — f(@es1,ye)) — ?tHthQ

77yL2 2 2 7o
+ gl —all +2 ||V f(@e, ) —we”
Rearranging the above, we have:
e 2
D(ze41) — fl@ea1, Yer1) < (L= pynf) (D(@es1) — fl@es1, ) — < el
(71)
ni L? > N 2
+ lwer = zel|” + - Vy e, ye) = well”
Next, using smoothness of f(-,y), we have:
L
F@e,ye) + (Vo f(Te,yt), o1 — o) — §||$t+1 —ze||* < fl@esr, ve)- (72)

Then we have
f(ft,yt) - f($t+1a yt)

L
< —(Vaf(@e, ye), Tep1 — ) + 5“33t+1 —z?

L
e (Vaf(xe,ye) — V®(xy),vp) = (VO(24), Tyg1 — 24) + 5“55t+1 - xt”z

L L x\2
O La ey LOES e

T‘T
< nfw||[Ve(z) — Vo f (ze, ye)|* + fllvtllz + @(z) — (zp41) + 5 v 5
t

X * ’]7I X
< LPwenillye — yi I” + ;’;HvtIIQ + ®(21) = P(werr) + La (7)o

S 2L2wtnf

p (@(zt) — f(@e,50)) + Z’LTZ:II%‘,I|2 +@(x¢) = @(241) + La (77)?|ve1?,

(73)
where the two inequality hold by L < Lg¢ and the last two inequality holds by smoothness of ®(z;),
and the parameter w; will be determined later. Then we have

Q(zi41) = f(@r41,Ye41) = P(wip1) — ©(20) + ©(20) — f(@e,ye) + (26, y1) — f(@e41, Y1)
2wt tz
< (L= )1+ 2 (@(ay) — flar, )

T Yy
n z n
=) LoDl = oo

Y2 Y
e L n
+ g — @+ ?t”vyf(xtvyt) — w*.
(714)
Because E[w,] = V, f(z¢,y:), so we have E[[[w, — Vi f (e, 4)[IP] < E[llwe]?]. I 5 > - for
t=1,---,t=tg, then we have
to+1 L2
EZ Flae,m) <]EZ e — @), (75)
t=1
Now we consider ¢t = 1y, - - - ,T. Rearranging the above and summing up, we also have:
d 1
B Y (4 2Lt o~ 1)) (@) — v
t*t0+1 H (76)
2 n L*
<IEZ lfuym)(*+L<b(m) lvel +EZ er — >
t= to t= tO
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2L%wn”
W we have pun; + 2L%wnf (n] — i) > 1, and (1— pynf)(1+ %) <

(4xL + Lo)(n?)? for t > to. Then we have

*E Z f(@e,y0))]

t=to+1

Setting w; =

(77
T T L2
< (ARL+Lo)E > ()Pl + B> t2 [EREA
t=to t=to
Summing above two cases, we have
T T
E> [®(x:) — f(2e,y0)] < (SKL+2Le +n)E > (07)?[lv]|?
t=1 t=1 (78)

T
(8mL+2L¢+— EY ()2 vl
t=1

From |[Karimi et al.| (2016)), we know a function is L-smooth and satisfies PL conditions with constant
[y, it also satisfies the quadratic growth (QG) condition. Using QG growth we have:

IVy (@t ye) |12 < L2yt — well? < 26L(® () — f (26, 90)- (79)
Then we have
d 2L\
EZ||Vyf($t7yt)”2 (16k*L? 4 2k L Ly + o )]EZ( )2 |ve||2. (80)
t=1 t=1
O

D.2 PROOF OF THEOREM 2

If we change the Assumption from strongly concave to p-PL condition, this will only affect Case 2
and Case 4. In the following part, we give the new version of the bound.

Case 2: Assume EY[_ [Vaof(ze,y)|? < 6EXL, lef]|? and EX,, IV, f(ae,y)]? >

6E Zthl ll€7]|?. Combining equation [27|and equation @ we have:

*]EZII il +EZ||V Fae,yo)ll?

t=1

24+4G2 A81%~2 ASIAN2 1 &
< [[og||%)1/? O w3 | + 262
85 [ ZZ M= [E 2l ]

85
T
+48L29°E (1 + + 2 IV s + 19 ()| )" (Zuvtn)

(P1)

T
+48L2NE (1 + 3 (Ve s €)1 + 19, s )" (antn)

(P2)

a 2\ /3 272 25LA d 2 2
+12E(1+Z||vxf<xt7yt;§f>u) + (16217 4 26L Ly + =) S ()P e

t=1 t=1
(81)
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According to equation [46] setting p = (1344L%)'/3 for Term (P;) and p = (150L>)?)'/3 for

Term (P2) we have:

T T
1 x
g]EZ lef I1” + ]EZ IV f (e, 90) 12

24 +4G? 9 2, 3 2
< ——+2G +72EZHvtII +281EZ||wt||

1/3
96L292 2 L)\ )
16521 4 26L L + = a (EZ (loel® + flwell?)
t=1

+ (
T
(12 + 1174L%? + 392L°0%) (14 DIV (oo, s €)1 + 19 f (20, s €0)1%))
t=1
(82)
Using Case 2, we have:
1 <& 1 &
EX NI+ FEX IV Sl
t=1
24 4G? 26D,
2HAGT e ger v KL
(83)

B3
L292
%6 +16K%2L% + 2kLLg +

2/~cL)\ T v
+( < Z lef 1?4+ 11V (e, 90 | ))

T
1/
(12 + 117413 + 392L3)3) (1 +202T + IEZ €212 + |V £ (e, )| ))

It implies that

T T T
EY IVef(@ey)IPHED IV, f @yl < 6EY [l PH6ED [V, f (e yo)|* < O(T'?)
t=1

t=1 t=1 t=1
(84)
Case 4 Assume B, |[Vef(znp)|* = 6EX,_y [lefl|* and EX,_ [Vyf(zpe)l* >
6E Zle |l€?||%. Following equation|56/and equation [80{ we have:
T T
SV @yl + 319, e )l
t=1 t=1
T
2R 23214, (12
PEY () o] 5

t=1

T
Z €21? + (16K2L2

T
=1 + 30 (Ve s €)1 + 19, )P )" (vatn)

(P3)
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According to equation@ setting p = (%)1/ 3 for Term (P3) we have

ZHV f(@e, yt) H2+ZHVyf (e, 90|17

= t=1

T

= 2k LA
Z H2 16”21/2 G% Q)EZ(Uf)zﬂthz (86)

t=1

Ce

120, 1/3
+= (1+Z IVaf @ €012 + 1V f (e €)12) T + fzazw

Using Case 4 implies that

*ZHV f(@e, ye H2+Z\|Vyf 2o,y ||

t=1

- 1/3
3Cs 9 9
<4k L+Z< Z llog| + [Jwe]| ))

t=1 t=1

120, 1/3
= (1+2o2T+Z<Hvxf<xt,yt>u2+||vyf<wt,yt>||2>) (87)

t=1

3C, d v
< 4k L+TGZ <2 (IVa f(xt»yt)”Q""_||vyf(‘rt7yt)||2)>

t=1 t=1

120, b e ) 1/3
+ = (120 7+ 31V o)l + 19 o) )

It implies that:
T

T
EY IVaf @yl +EY IV, fzey)l® < OT?). (88)

t=1 t=1
Conclude all the above cases, using Cauchy-Schwarz inequality, we can easily get

1

T lEZHv Flae, e |+EZ||V f xt,yan]
t=1 (89)
2 1

< V2 EZHV Fl@eyo)lI2 +1EZ||V F@oy)l?| < O75)

VT =

Then we finish the proof.
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