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Abstract

Gradient clipping has long been considered essential for ensuring the convergence of Stochas-
tic Gradient Descent (SGD) in the presence of heavy-tailed gradient noise. In this paper, we
revisit this belief and explore whether gradient normalization can serve as an effective alter-
native or complement. We prove that, under individual smoothness assumptions, gradient
normalization alone is sufficient to guarantee convergence of the nonconvex SGD. Moreover,
when combined with clipping, it yields far better rates of convergence under more chal-
lenging noise distributions. We provide a unifying theory describing normalization-only,
clipping-only, and combined approaches. Moving forward, we investigate existing variance-
reduced algorithms, establishing that, in such a setting, normalization alone is sufficient for
convergence. Finally, we present an accelerated variant that under second-order smooth-
ness improves convergence. Our results provide theoretical insights and practical guidance
for using normalization and clipping in nonconvex optimization with heavy-tailed noise.
Keywords: Gradient Normalization, Gradient Clipping, Heavy-tailed Noise, Nonconvex
SGD, Nonconvex Variance Reduction

1. Introduction

Stochastic Gradient Descent (SGD) (Robbins and Monro, 1951), a widely used method,
serves as the primary optimization algorithm for addressing fundamental optimization prob-
lems in machine learning and statistics

min f(w) := E¢up f(w; §), (1)
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where D denotes the probability distribution over the statistical sample space =. The
convergence properties of SGD have been a significant area of research in machine learning,
with many previous studies making substantial contributions to this topic (Ghadimi and
Lan, 2013; Cutkosky and Orabona, 2019; Arjevani et al., 2023; Johnson and Zhang, 2013).
Early analyses often assumed that the noise caused by the stochastic gradient, denoted as
g', in each iteration could be uniformly variance-bounded, i.e., E||gt — V f(w?)||? < o2 for
some ¢ > 0 and all t € ZT. However, recent studies (Zhang et al., 2020; Nguyen et al.,
2019; Simsekli et al., 2019) have shown that this assumption of uniformly bounded variance
is unrealistic for training neural networks, particularly in the context of language models
(Kunstner et al., 2024). To address this, the concept of heavy-tailed noise is mathematically
defined and utilized to analyze the convergence of SGD (Zhang et al., 2020). Below, we

revisit the assumption related to heavy-tailed noise!.

Assumption 1 There exists a constant o > 0 and p € (1,2] such that

sup {Eep|[V f (w3 €) — VF(w)|} < o
weR4

This assumption is significantly weaker than the standard bounded variance assumption.
Specifically, when p = 2, this assumption reduces to the standard bounded variance assump-
tion. At first glance, based solely on its mathematical form, Assumption 1 might seem to
be merely a minor relaxation of the standard bounded variance assumption, leading one to
believe that it would have minimal impact on the analysis and performance of SGD. How-
ever, this assumption introduces a significant shift in the convergence properties of SGD.
Specifically, in (Zhang et al., 2020), the authors provide an example illustrating that when
1 < p < 2, SGD fails to converge, highlighting the critical implications of this seemingly
modest change.

1.1 Main Approaches to Handling Heavy-Tailed Noise

To ensure the convergence of SGD in heavy-tailed noise, (Zhang et al., 2020) introduced a
clipping technique, which they proved to be effective for handling such noise. The resulting
method, SGDC, effectively reduces the impact of extreme gradient values, thereby stabi-

lizing the training process. The scheme of SGD with clipping is presented in Algorithm 1,

where the clipping is defined as Clip;, (w) := min {1, L}'w with w € R%.

[[w]]

Algorithm 1 SGD with Clipping (SGDC) (Zhang et al., 2020)

Require: parameters v >0, h > 0
Initialization: w?
fort=0,1,2,...
step 1: Samples unbiased stochastic gradient g
step 2: Updates w!™! = w! — yClip,(g")
end for

1. Indeed, there is an alternative definition of heavy-tailed noise. In (Gorbunov et al., 2020), heavy-tailed
noise is described as satisfying the uniformly bounded variance condition but not exhibiting sub-Gaussian
behavior. This definition is, in fact, stricter than the assumption of bounded variance noise and even
more so compared to Assumption 1. Our paper refers to the heavy-tailed noise as Assumption 1.
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Building on SGDC, (Cutkosky and Mehta, 2021) integrated gradient normalization with
clipping, further enhancing the robustness of SGD against heavy-tailed noise in stochastic
optimization. The details of this combined approach are presented in Algorithm 2.

Algorithm 2 Normalized SGD with Clipping (NSGDC) (Cutkosky and Mehta, 2021)

Require: parameters vy > 0,0<60<1,h >0
Initialization: w® = w!', m® =0
fort=1,2,...
step 1: Samples unbiased stochastic gradient g*
step 2: Computes m! = §m!~! + (1 — §)Clip,(g")
step 3: Updates w!™! = w! — fyﬁ
end for

It has been proven that NSGDC converges under a very general smoothness assumption,
i.e., the global gradient V f is Lipschitz. Additionally, when the gradient of the individual
function f(-; &) is Lipschitz, a variance-reduced variant of NSGDC is established as discussed
by Liu et al. (2023), which is presented by Algorithm 3.

Algorithm 3 Variance-Reduced NSGDC (NSGCD-VR) (Liu et al., 2023)

Require: parameters v > 0,0<60<1,h >0
Initialization: w® = w!', m® =0
fort=1,2,...
step 1: Sample the data ¢ ~ D and gt = V f(w'; &)
step 2:m! = Om!~! + (1 — 0)Clip,(g*) + OV f(w?; €') — OV f (w?~1; 1)
step 3: wit! = w' — VII%EH
end for

1.2 Fundamental Open Questions and Main Results

As discussed in Section 1.1, current methods for addressing heavy-tailed noise predom-
inantly employ either gradient clipping or a combination of gradient normalization and
clipping. The ubiquitous utilization of gradient clipping in these approaches raises the
following fundamental question:

Q1. Is gradient clipping genuinely indispensable for handling heavy-tailed noise? Can gra-
dient normalization alone ensure SGD convergence with heavy-tailed noise?

This paper investigates the convergence properties of gradient normalization, both with
and without variance reduction, in the presence of heavy-tailed noise. Our analysis demon-
strates that gradient normalization alone suffices to guarantee SGD convergence under
heavy-tailed noise, thereby addressing Q1. However, this result raises a further question:
given that either gradient normalization or gradient clipping alone can ensure SGD conver-
gence under heavy-tailed noise, is it necessary to combine these techniques in algorithmic
development? Specifically,

Q2. Does combining gradient normalization with clipping offer additional advantages over
using either technique alone?
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This paper provides the affirmative answer to this question without any mini-batch size
requirement. We demonstrate that combining gradient normalization with clipping (NS-
GDC, Algorithm 2) substantially improves upon the convergence properties of SGD with
gradient clipping alone (SGDC, Algorithm 1) (Zhang et al., 2020) under heavy-tailed noise.
Our analysis reveals two key advantages. First, NSGDC eliminates the logarithmic factors
that affect the convergence rate in SGDC (Zhang et al., 2020), achieving an optimal con-
vergence rate that matches the theoretical lower bound. Second, we establish that NSGDC
significantly outperforms SGDC, with the performance gap growing arbitrarily large as the
gradient noise o2 approaches zero. Moreover, our analysis proves tight, as it successfully
recovers the convergence rate in the deterministic setting where 0?2 = 0. We prove that
NSGDC achieves convergence rates comparable to those of SGD with gradient normaliza-
tion alone, while relying on global Lipschitz assumptions. Notably, both methods enjoy
convergence guarantees without any requirement on the mini-batch size. This property is
particularly appealing from a generalization perspective, as large mini-batches have been
shown to negatively affect generalization performance (Keskar et al., 2017). These findings
together comprehensively address Q2. All these convergence as mentioned above results are
summarized in Table 1.

The final open question pertains to momentum acceleration in SGD. While extensive
research on accelerated SGD with bounded gradient noise exists, studies on accelerated
SGD under heavy-tailed noise remain limited. Given this context, a natural question arises:

Q3. Can NSGDC achieve accelerated convergence in the presence of heavy-tailed noise?

This paper introduces an accelerated variant of NSGDC that employs two momentum
terms. Under a second-order Lipschitz condition, we prove that this new algorithm con-
verges significantly faster than the standard NSGDC, thus addressing Q3.

Clipping: necessary or beneficial? The above questions aim to clarify a fundamental
issue in optimization with heavy-tailed noise: is gradient clipping truly necessary for con-
vergence, or merely helpful for acceleration? This work provides a unified view. We do not
argue that clipping should always be removed; rather, we identify the regimes in which it
is unnecessary, and others where it provably improves convergence rates. Our results span
multiple algorithmic variants — both with and without clipping — and aim to characterize
its theoretical necessity and utility in a principled manner.

1.3 Contributions

Our contributions can be summarized as follows.

e We investigate the convergence of gradient normalization in the presence of heavy-
tailed noise. Our analysis shows that gradient normalization alone ensures SGD con-
vergence in this setting, addressing Q1.

e We present a refined convergence analysis for NSGDC and NSGDC-VR, showing that
combining gradient normalization with gradient clipping offers additional advantages

beyond employing either technique alone, addressing Q2. Previously, the best-known
convergence rates for NSGDC and NSGDC-VR from (Liu et al., 2023) matched those
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Table 1: A comprehensive comparison between our results and existing convergence rates for SGD
under heavy-tailed noise, including (Liu et al., 2023; Cutkosky and Mehta, 2021; Nguyen et al.,
2023; Zhang et al., 2020). “BG” indicates the assumption of bounded gradient with constant G > 0
(G is always much larger than o), “GL” means the global gradient Lipschitz, and “IL” is the
individual Lipschitz (Assumption 2). Our convergence rate is characterized by 7 Zle E||V f(w!)]|,
the convergence rate in (Zhang et al., 2020) is characterized by Zle E||V f(w?!)||?, while others

are characterized by = 23;1 |V f(w")|| with probability 1 —§. Our rate significantly outperforms
those of (Cutkosky and Mehta, 2021; Liu et al., 2023) when o # 0. Additionally, for very small
values of o, our rates show substantial improvement over (Liu et al., 2023; Cutkosky and Mehta,
2021; Nguyen et al., 2023; Zhang et al., 2020), particularly for 1 < p < 2, with the advantage being
most pronounced as p approaches 1. Our convergence rates are established in expectation, leading
to improvements over previous high-probability results, which exhibit a gap in the dependence on o
even when p = 2.

Algorithms Papers Rate Assumptions
SGDC Zhang et al. (2020) (9( T+ ) GL
T3r=2 T3p—2 5302

1 nl
SGDC Nguyen et al. (2023) (@] (;31;{2 + Tle;;il?> GL
NSGD Theorem 2 (@] <;3%12— + T11/2) IL

T
NSGDC Cutkosky and Mehta (2021) O (%) BG, GL

T
NSGDC Liu et al. (2023) @ max{"t,—“}i, 1 } GL
T2 T2

of SGDC (Zhang et al., 2020), failing to justify any theoretical benefits of combining
normalization and clipping.

e We propose an enhanced NSGDC variant incorporating two momentum terms, achiev-
ing substantially faster convergence rates than the standard NSGDC algorithm, ad-
dressing Q3.

1.4 More Related Works

SGD under Heavy-tailed Noise. In (Zhang et al., 2020), the authors first establish the

convergence of SGD with gradient clipping under heavy-tailed noise (Assumption 1). They

T t _p=1
demonstrate that the convergence rate, in expectation, for M is O(T 3-2) in

the nonconvex case. This rate matches the lower bound for nonconvex stochastic optimiza-
tion, also proven in the same work for cases where the global function V f(-) is Lipschitz.
(Sadiev et al., 2023) investigates the application of stochastic algorithms to solve varia-
tional inequalities under heavy-tailed noise, a generalization that extends the applicability
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of these methods beyond traditional stochastic optimization problems. In (Cutkosky and
Mehta, 2021), the authors prove a high-probability convergence rate of (9( In T ) when

p—1
3p—2
using a combination of gradient normalization and clipping, with the logarithnTlig factor be-
ing eliminated in (Liu et al., 2023). Further improvements are presented in (Puchkin et al.,
2024), where the authors assume a specific structure for the heavy-tailed noise and achieve
enhanced results. Additionally, paper (Vural et al., 2022) examines the convergence rate
of the Stochastic Mirror Descent algorithm in stochastic convex optimization with heavy-
tailed noise, providing lower bounds that emphasize the algorithm’s efficiency without the
need for gradient clipping. In the latter work (Nguyen et al., 2023), the authors offer an
improved convergence rate for SGD with clipping under heavy-tailed noise for convex cases.
In (Sun et al., 2025), the authors prove that SGD with gradient normalization and momen-
tum still converges for a class of unbounded variance noise even under delayed updates and

weakened smoothness assumptions.

Nonconvex Variance Reduction. Variance reduction techniques have gained signifi-
cant attention as effective strategies for improving the efficiency of stochastic optimization,
particularly in convex finite-sum problems (Johnson and Zhang, 2013; Shalev-Shwartz and
Zhang, 2013; Defazio et al., 2014). Building on this foundation, researchers have extended
these methods to nonconvex smooth optimization. Among the most influential works, Zhou
et al. (2020) proposed a nested variance-reduced stochastic gradient algorithm that intro-
duces multi-level reference point construction to control gradient variance more tightly. This
design achieves improved complexity guarantees for reaching both first- and second-order
stationary points and provides a unified framework for analyzing variance reduction in non-
convex settings. In parallel, Fang et al. (2018) introduced the another variance reduction
algorithm, which also targets variance reduction for nonconvex finite-sum problems and
achieves near-optimal sample complexity. Complementing these algorithmic developments,
Zhou and Gu (2019) established lower bounds for smooth nonconvex finite-sum optimiza-
tion, showing that many first-order variance-reduction methods are close to optimal up
to logarithmic factors. These results provide both a theoretical benchmark and practical
guidance for future algorithm design. Subsequent works (Zhou et al., 2018b; Cutkosky
and Orabona, 2019; Tran-Dinh et al., 2019; Zhou and Gu, 2020; Li et al., 2021) have ex-
plored simpler and more robust variants, extending the applicability of variance reduction to
broader settings. More recently, Liu et al. (2023) extended variance-reduction techniques to
optimization under heavy-tailed noise, addressing the limitations of standard assumptions
in stochastic gradient methods.

SGD under Additional Second-Order Smoothness. In stochastic settings, noncon-
vex accelerated algorithms that rely on both first- and second-order smoothness typically
achieve a convergence rate of O(T~7) (Tripuraneni et al., 2018; Allen-Zhu, 2018; Fang et al.,
2019; Zhou et al., 2018a; Sun et al., 2023a; Cutkosky and Mehta, 2020b). When compared
to nonconvex variance reduction algorithms, nonconvex accelerated algorithms follow a dif-
ferent path in terms of their smoothness requirements. While variance reduction methods
primarily focus on reducing stochastic noise in gradients to improve convergence, noncon-
vex accelerated algorithms take advantage of higher-order smoothness. Specifically, these
algorithms do not demand increased first-order smoothness, such as the Lipschitz continu-
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ity of the stochastic gradient. Instead, they rely more heavily on second-order smoothness
properties, i.e., the Lipschitz continuity of the Hessian, to ensure acceleration.

Two concurrent works. We note that two concurrent studies independently investigate
gradient normalization alone under heavy-tailed noise (Hiibler et al., 2024; Liu and Zhou,
2024), both of which appeared on arXiv around the same time as our paper?. In (Hiibler
et al., 2024), the authors show that gradient normalization with mini-batches guarantees
the convergence of SGD under heavy-tailed noise, achieving the optimal lower bound on
sample complexity. They also provide high-probability bounds for the convergence rate. In
work (Liu and Zhou, 2024), the authors incorporate momentum into mini-batch gradient
normalization for SGD under heavy-tailed noise and establish convergence rates in expec-
tation. Both concurrent works operate under the GL assumption. This paper treats both
regimes: our IL-based results focus on the effect of normalization-only and variance reduc-
tion algorithms under heavy-tailed noise, while our GL-based results (Theorem 3) combine
normalization with clipping and compete head-on with Liu and Zhou (2024); Hiibler et al.
(2024).

Our work differs in several aspects from these two studies. First, we do not focus solely
on gradient normalization for heavy-tailed noise; instead, our paper also considers several
other algorithmic variants. Second, our method imposes no constraint on the mini-batch
size, which naturally leads to a different proof technique. The minimal requirement on
mini-batch size is particularly beneficial for generalization, as large mini-batches have been
shown to degrade generalization performance (Keskar et al., 2017). Third, our findings
highlight the benefit of jointly applying gradient normalization and clipping.

Notation: This paper uses E[-] to denote the expectation with respect to the underlying
probability space. We use || - || to denote the La-norm of a vector and || - ||op to denote
the spectral norm of a matrix. The minimum value of the function f is denoted as min f.
Given two sequences {a;} and {b;}, we write a; = O(b;) if there exists a positive constant
0 < C' < 400 such that a; < Cb, and write a; = ©(by) if a; = O(by) and by = O(ay). Given
an event £, we define 1¢ as the indicator function that takes the value 1 if £ happens and
0 otherwise.

2. Assumptions and Technical Novelty
2.1 Other Necessary Assumptions

Besides the heavy-tailed noise, we need other basic assumptions utilized for the analysis
in our paper. The first assumption pertains to first-order smoothness and unbiased noise,
commonly employed within the stochastic community.

Assumption 2’ There exists constant L > 0, for any x,y € R?, function f(-) obeys

IVi(y) = V()| < Llly — z||.

We assume stochastic gradient g' satisfies

Eg' = Vf(w).

2. (Hiibler et al., 2024) was posted on October 17, 2024; (Liu and Zhou, 2024) was posted on December
27, 2024; and the first version of our paper was posted on October 21, 2024.
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The function value of f satisfies inf f > —o0.

Assumption 2’ is indeed the global Lipschitz, which is quite general as it only requires the
gradient of the objective function f to be Lipschitz. In many cases, a stronger assumption
can be applied, where the gradient of the objective function f(-;¢) is Lipschitz (referred to
as “individual Lipschitzness” in this paper).

Assumption 2 There exists constant L > 0, for any z,y € R?, function f(-;€) obeys

IVf(y:§) = V(@ 9)ll < Ly — =

We assume stochastic gradient V f(-;€) satisfies
Eeup[Vf(w; §)] = V f(w),

for any w € R%. In addition, we assume that the stochastic gradient is bounded at the
initialization point wg as

B:= Eug{HVf(wO;é)H} < +00, a.s. (2)

for some B > 0. The function value of f(-;€) satisfies inf f(w;&) > —oo.

Compared to Assumption 2’; Assumption 2 employs an additional requirement with re-
spect to the boundedness of the initial point w', i.e., (2). We provide justification for the
reasonability of this condition. The Lipschitz continuity of V f(+; &) indicates

IV f(w?; €)1 < 2L[f(w®;€) — min f(w; )] < 2L[f (w’;€) — inf f(w;&)].
If the measurement of the set
V={~ D[ Vf(w’;)| = 400}

is nonzero. Hence, we can get
+00 = /5 . IV f(w; €)[*m(d€) < E[V f(w’;€)|[* < 2LE[f(w";€) — inf f(w; )],
€

indicating that initialization point w" satisfies f(w®) = E[f(w";¢)] = +oo0. Hence, the set
V must have measure zero, and we use condition (2).

In mathematical formulations, the concept of individual Lipschitz continuity closely
resembles that of global Lipschitz continuity. However, considering individual Lipschitz-
ness, we can derive improved lower bounds for stochastic nonconvex optimization problems
(Carmon et al., 2020). The improved lower bound suggests that faster algorithms can be
developed for scenarios characterized by this type of smoothness. Indeed, the nonconvex
variance reduction method has been specifically designed to take advantage of this smooth-
ness (Cutkosky and Orabona, 2019; Liu et al., 2023).
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2.2 A Concise Explanation of How We Achieve Improved Results

This section concisely explains why we can derive improved results for both NSGDC and
NSGDC-VR. Previous studies have used complicated high-probability analysis methods,
such as (Cutkosky and Mehta, 2021; Liu et al., 2023; Nguyen et al., 2023). The difficulty
arises from the fact that it is challenging to efficiently bound E||Clip,,(g') — V f(w')||?, which
is a crucial term in these analyses. Indeed, the gradient normalization technique used in
NSGDC and NSGDC-VR provides a useful bound as

IV ()]l < [V f(w®)]| + LT

This inequality allows us to set h > 2(||V f(w)|| + LyT), ensuring that ||V f(w')|| < % for
all iterations. By leveraging this bound, we simplify the analysis significantly. According
to [Lemma 5, (Liu et al., 2023)], we can establish the following bounds:

E||Clipy,(g") — EClip,(¢")|* < 1007177, |[EClip, (g") — V f(w")||* < 40*Ph—2*1).

We provide further details on these bounds in Lemma 7. Using these bounds, we can then
present the improved results.

For NSGD and NSGD-VR, the analysis focuses on bounding E| g’ — Vf(w?)||>. By
leveraging individual Lipschitz smoothness and gradient normalization, we can establish
the following inequality

lg* = Vf(w")|| <2(B + LT),

which leads to the bound
Ellg" — Vf(w")|* < [2(B+ IyT)* ?E|g" — V f(w")||” < [2(B + LyT)* Po®.

Further details of this bound are provided in Lemma 8. These bounds significantly simplify
the proof process by reducing the complexity of the analysis.

3. Gradient Normalization Alone Guarantees Convergence of SGD under
Heavy-Tailed Noise

We present the scheme of NSGD in Algorithm 4. Compared with Algorithm 2, Algorithm
4 can be regarded as setting h = 400 in Algorithm 2. This adjustment eliminates the clip-
ping hyperparameter in Algorithm 2, leading to simpler analysis and more straightforward
practical implementations.

Algorithm 4 Normalized Stochastic Gradient Descent (NSGD) (Cutkosky and Mehta,
2020a)

Require: parameters v > 0,0<6 <1
Initialization: w® = w!', m® =0
fort=1,2,...
step 1: Sample the data ¢/ ~ D and m! = Om!~! + (1 — 0)V f(w?; £)
step 2: wit! = w' — WII%EH
end for
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Similar to the NSGDC-VR, we can also introduce the variance reduction scheme of
NSGD in Algorithm 5, which, like its counterpart, sets the hyperparameter h to +oo in
Algorithm 3. This modification effectively simplifies the algorithm while maintaining its
variance reduction capabilities.

Algorithm 5 Normalized Stochastic Gradient Descent with Variance Reduction (NSGD-
VR)
Require: parameters v > 0,0<6 <1
Initialization: w® = w!', m® =0
fort=1,2,...
step 1: Sample the data £ ~ D and m! = Om!~! + Vf(w'; ) — OV f(w!™ 1 €h)
step 2: wit! = w! — ’YII%:H
end for

3.1 NSGD under Heavy-tailed Noise

We present the convergence rate of NSGD under the heavy-tailed noise in the following
theorem.

Theorem 1 Let (w )t>0 be generated by Algorithm 4. Suppose Assumptions 1-2 hold. If

1—6 =min {% 1} = % V\}%e = f(w®) — min f, then it holds that
oSpP—2T 3p—

1 2p 4p—4
ALA) o=z 2|V f(w)||lo™=

ZEHW )| < AEA)To )
T 3p—2 T
4( (% > =2 sp?o12p4s 712p+8 4(LA)2TTP (% + 1)2?705;726;)1_25%
! +
T2 (? 2)2 )+ T2(é1)5p2)22)+ —
8
+ (LA ( ) Up/ 4\/ﬂ 2||Vf(w0)||
T1 = - '

When o = 0, the convergence rate presented above matches that of GD, whereas when
p = 2, it reduces to the convergence rate of standard SGD as O(LZ) When o > 0 is large,
4

T
the right-hand side of the convergence bound can further be simplified as

(LAYiow= of 1 (LAY o2
o - p—1 + 1 + 5 =0 - p—1 |-
T3r2 T3 T3p—2

When o = 0, the convergence rate presented above matches that of GD, whereas when
p = 2, it reduces to the convergence rate of standard SGD.

In Theorem 1, we show that gradient clipping is unnecessary to guarantee convergence
for heavy-tailed noise, which contrasts with the approach in (Cutkosky and Mehta, 2021; Liu
et al., 2023) where gradient clipping is used alongside gradient normalization. Removing the

10
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gradient clipping eliminates the need to tune the clipping hyperparameter, simplifying the
algorithm. The convergence rate we achieve is as fast as that of NSGDC, as demonstrated
in Theorem 3 presented in the next section. However, it is essential to note that Theorem 1
relies on a stronger Lipschitz assumption, specifically individual Lipschitzness rather than
global Lipschitzness. This assumption is crucial because it allows us to bound |V f(w?; £%)||
without relying on gradient clipping in NSGD. Although individual Lipschitzness is con-
sidered a stronger condition than global Lipschitzness, it is highly relevant and natural in
the context of learning. This is because the smoothness of the expected objective function
typically originates from the loss function f(-;¢) evaluated at each individual sample.
Indeed, the concurrent works on NSGD with heavy-tailed noise (Liu and Zhou, 2024;
Hiibler et al., 2024) both establish the convergence of NSGD under heavy-tailed noise and
global Lipschitz continuity, achieving the same optimal sampling complexity as our method.
Notably, Hiibler et al. (2024) presented a stronger result by providing high-probability
convergence guarantees, in contrast to our expectation-based analysis. However, Hiibler
et al. (2024) impose specific requirements on the mini-batch size used in the algorithm.
In contrast, our convergence guarantees do not rely on any mini-batch assumption. This
distinction is particularly relevant in practice, as large mini-batch sizes are known to often
degrade generalization performance. Compared with (Liu and Zhou, 2024), our proven
convergence rate demonstrates improved dependence on the noise level, particularly in terms

of the power of o, especially when o is large and p is close to 1. Specifically, our result
2p—2

achieves a rate of O <‘73p2 ), whereas the convergence rate reported in (Liu and Zhou,

p—1
T3p—2

2024) is O <“3§_f )

T3p—2

3.2 NSGD-VR under Heavy-tailed Noise

We present the convergence for the variance reduction scheme of NSGD under the heavy-
tailed noise.

Theorem 2 Let (w')i>o be generated by Algorithm 5. Suppose Assumptions 1-2 hold. If
1 — 6 = min {ﬁ 1}, v = Y 1_9, then it holds that

o Z=TT2p=T LT
p 2-p P 2-p p
1< 2V (@) omT +4(Z+1) 7 owT +4(Z+1) 7 gD
7O EIVi(w)] <
T t=1 T2p—1
2—p

__p 0 . B 2

L L) —min ) o7 L) —minf)+4(F+1) T 45 )9 sty
T VT T

When o > 0 is large, we can get a simplified rate for NSGD-VR under heavy-tailed noise

as ,
o2r—1 1

When p = 2, i.e., in the traditional bounded variance case, the convergence rate of NSGD-

VR for %EtT:lIEHVf(’wt)H is O (TL%) as o # 0, which matches the speed of STORM

11
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Table 2: A comparison between Theorem 2 and existing convergence rates (Liu et al., 2023).
Our convergence rate is characterized by %Zle E||V f(w?)|, whereas (Liu et al., 2023) adopts
T ZZ;I |V f(w?)|| with a confidence level of at least 1 — 4.

Paper Rate under ¢ # 0 Rate under ¢ =0
Liu et al. (2023) o (el N/A
T 3p—2
~P
Our result o 2 0 (ﬁ)
T 3p—2

(Cutkosky and Orabona, 2019) but without requiring the bounded gradient assumption.

According to (Arjevani et al., 2023), the lower bound for nonconvex first-order stochastic

methods in individually smooth optimization is also O (%) Hence, NSGD-VR achieves
T3

J?PZ)*l

p—1

the lower bound when p = 2. The convergence rate of NSGD-VR is O < ), which

T2p—1

is better than that of (Liu et al., 2023) as O <ULH?) Our results also demonstrate
T2p—1
that gradient clipping is unnecessary for heavy-tailed noise to achieve nonconvex variance

reduction. Furthermore, compared to (Liu et al., 2023), our findings fix the case when ¢ = 0,

which is not addressed with clipping and normalization. When ¢ = 0, the rate is O (ﬁ),

matching the speed of gradient descent for nonconvex optimization. The comparison is
described by Table 2.

Indeed, as shown in Theorem 2, the convergence rate of NSGD-VR is in the same
order as that of NSGDC-VR, as established in Theorem 4 presented in the next section.
Both algorithms achieve this rate under the same assumptions, indicating that the clipping
procedure is entirely redundant for variance reduction under heavy-tailed noise.

4. Improved Results of Gradient Normalization with Clipping under
Heavy-tailed Noise

This section presents improved convergence rates for the gradient normalization with clip-
ping methods. Building on the same assumptions in the most recent paper (Liu et al.,
2023), we demonstrate that our approaches achieve superior convergence rates.

4.1 Improved Convergence Rate of NSGDC

The improved convergence rate of NSGDC is presented by Theorem 3.

Theorem 3 Let (w');>o be generated by Algorithm 2. Suppose Assumptions 1-2’ hold. If
p
. max § (LA)3P=2 1 Ag .
1-0= mln{ 45—4 % } P al}; v = (lgzasiy/ 7+ 1{LA<1}%)% with A =

max {0 3P—2 g3p—2 T 3p—2

f(w®) —min f, h = 2(’yLT3P2%2 -max{1, =5 Lgerspay} +IIVF(@®)|]), then it holds that

12
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1< MLA) 2552 423052 + 3092 4 16092 + 160+
p—2 g 3p— o 3p— o 3p— o 3p— o8

LS BV ) <

T

t=1 TSp—Q

p=1  2p—2 _p_ p=l 6p—2p?-2 _p? 1
4(LA)3=2g3%-2 4 16(LA)3-203%-2 + 16(LA) -4 go—% 4 16(LA)10

p—1
T3p72

2
8

+

_p 3p°—6ptd dp—4 2
+ 16[(LA)51 + 1] - |V f(w”)[| 7" o 202 4 2|V £ (w®) o5 + 2|V f (w®) |05
Toi T2
AVIA + 16|V ()2 +7 2|V f(w?)]|
+ Tl + T ’
2

When o = 0, the convergence rate described above aligns with that of GD. In contrast,

when p = 2, it simplifies to the convergence rate of standard SGD as O (;@) As o is large,
we can get a simplified rate for NSGDC under the heavy-tailed noise as
LA 205 gmtr ] LA)S—2 555
(’)(( ) o +02p2+T1/2>:O<()1310>‘
T'3r—2 T'3p—2 T'3p—2

The presented bound exhibits the same dependence on (I/A)i*‘z;if12 as established in (Liu and
Zhou, 2024). We also revise Theorem 1 to align the dependence on LA.
We present a discussion of our proven results compared to several closely related works
(Cutkosky and Mehta, 2021; Liu et al., 2023; Zhang et al., 2020; Nguyen et al., 2023).
First, we establish convergence rates under either weaker or comparable assumptions.

1

p—1
T 3p—2
relying on the uniformly bounded gradient assumption. In comparison, (Cutkosky and

Mehta, 2021) and (Liu et al., 2023) obtain high-probability convergence rates of the form

Specifically, when ¢ # 0, our dominant rate achieves O ( ) in expectation, without

p—1
T 3p—2

2023) establishes high-probability guarantees under heavy-tailed noise, incurring additional
logarithmic dependence on §. Note that high-probability bounds are generally stronger
than expectation bounds, and the additional logarithmic factors are standard consequences
of union bound arguments across iterations. In contrast, our result is characterized in
expectation, and thus naturally avoids logarithmic terms such as InT’, providing a clean
dependence on T without affecting the probabilistic level of guarantee. Accordingly, our
expectation-based convergence result and existing high-probability results address different
aspects of algorithmic behavior, and should be interpreted within their respective proba-
bilistic frameworks.

Second, compared to all four works mentioned above (Liu et al., 2023; Cutkosky and
Mehta, 2021; Nguyen et al., 2023; Zhang et al., 2020), our results explicitly characterize the
subordinate rate. Note that when o = 0 (i.e., the deterministic case for any p € (1,2]), the

T
@) ( g ) with probability at least 1 — § for a small § > 0. Similarly, (Nguyen et al.,

rate is O (%) for ZZ;I |V f(w?)||, matching the convergence rate of gradient descent.

13
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In contrast, none of the previous works recover the deterministic results when o = 0. We list
the detailed comparison in Table 1. The result also explains the necessity of using gradient

normalization in clipping SGD when ¢ is tiny.
p

Third, when the noise level o is large, we derive a convergence rate of O ( ) which

TW

g
T2
since the exponent 5 p 375 < 1 for all p € (1,2). This demonstrates a substantial gain in
noise robustness offered by our approach. Indeed, the rate matches the lower bound under
heavy-tailed noise with respect to both ¢ and 1/7T" (Liu and Zhou, 2024).

Compared with concurrent work on NSGD (Hiibler et al., 2024; Liu and Zhou, 2024),
our analysis of NSGDC underscores the benefits of combining gradient clipping with nor-
malization. Notably, relative to Hiibler et al. (2024), NSGDC eliminates the need for the
mini-batch assumption and achieves improved dependence on the noise level ¢ in terms
of gradient computation cost. Furthermore, while Liu and Zhou (2024) establish a con-

improves upon the O < ) result in high-probability form shown in (Liu et al., 2023),

_p _
vergence rate of O < g%2 7 > for NSGD, our results show that NSGDC achieves

T2 sz——r

3p—2 3—2 . .
@ (" — s ), offering a more favorable subordinate term.
T3p 2 T 3p—

4.2 Improved Convergence Rate of NSGDC-VR
We also present the improved convergence result for NSGDC-VR in Theorem 4.

Theorem 4 Let (w');>o be generated by Algom'thm 3 Suppose Assumptions 1-2 hold. If
5p+2 9
1-6= min{ L ,1}, v = v h = (7LT8§_4 -max{l,afipg‘l} +

max {JQP—*I o2p-1 }T?pTI L\F ’

V£ (w)|]), then it holds that

ZEHW | < 207+ 2O (7 + B 4 o
<
! TH1
1 ) ) e
J LU @) = min /) +5)(0 572 + 057) | 16|V (@) (o5 + o5
T m—
5p%—9p+6 . . o 0
L 60 s L(f(w?) —minf) + 16]VF ()| +9 2]V (wd)]
= = T

When o = 0, the convergence rate proved above corresponds to that of GD. On the other
hand , if p = 2, it simplifies to the convergence rate of standard SGD, expressed as O (T—‘/§>
1

When o becomes large, we derive a simplified rate for NSGDC-VR as

P
o2p-1 1
O -
(T%p ! Tm)

The rate in Theorem 4 is on par with that of Theorem 2. We stress the “improved result”
refers to the comparison with (Liu et al., 2023). More precisely, unlike previous results

14
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on variance reduction algorithms under heavy-tailed noise (Liu et al., 2023), our work
successfully characterizes the subordinate term, which was not addressed in earlier studies.
When o # 0, our method achieves a convergence rate as fast as that established in (Liu
et al., 2023) as O<ﬁ>
T2p-1

rate of gradient descent in the deterministic case, a scenario not covered in prior research.
p

When ¢ is large, our rate O < - 1) is better than that in (Liu et al., 2023), which is

Moreover, when ¢ = 0, our result matches the convergence

p—1
T 2p—

(9( f)smce ;1 <laspe(l,2]

T2p—1

5. Accelerations with Second-order Smoothness under Heavy-tailed Noise

This section explores how second-order smoothness enhances the convergence rate of SGD
under heavy-tailed noise. We present an approach inspired by the accelerated algorithm
introduced in (Cutkosky and Mehta, 2020b).

Algorithm 6 Accelerated Normalized Stochastic Gradient Descent with Clipping under
Second-Order Smoothness (A-NSGDC)

Require: parameters v >0,0<6<1,(>0
Initialization: w® = w!', m® =0
fort=1,2,...
step 1 v’ = w' + ((w' — w'™1)
step 2: Sample unbiased stochastic gradient Eg' = V f(v!)
step 3: Updates m = Gmt L4+ (1 - 0)Clip,(g?)
step 4: wit! =
end for

7||th

The acceleration of A-NSGDC is proved under the second-order Lipschitz continuity.

Assumption 3 There exists H > 0 such that the Hessian matriz of function f satisfies
IV2f(z) = V2 f(@)llop < Hlz —y|| for z,y € R

In the stochastic setting, the second-order Lipschitz continuity is commonly employed for
analyzing accelerated nonconvex optimization, as demonstrated in (Tripuraneni et al., 2018;
Allen-Zhu, 2018; Fang et al., 2019; Zhou et al., 2018a; Sun et al., 2023b; Cutkosky and
Mehta, 2020b; Sun et al., 2023a).

In the following, we present the accelerated convergence rate for A-NSGDC under
second-order smoothness with heavy-tailed noise.

Theorem 5 Let (w');>o be generated by Algorithm 6. Suppose Assumptions 1, 2°, and 3
2 2p+3
hold. If1 -6 = min{ ! 217 71}; Y= (172?4?3 ( 189173 + 19?50): h = 2(7LT457_1 :

max{a’7 0’7}T LT12p=3 T?24p—

15



T. Sun, X. Liu, anD K. YUuAN

max{l,alggjo} + IV (wO))), ¢ = %5, then it holds that

T 4 2 4 2 p
1 L(o7 +07)(f(w') — min f) +20(c7 +07) + 16016
*ZEHVf(wt)H S ( )( ( ) ; ( )
T
t=1 Tr-t
16|V /()| 7" (07 +07)  2IVf(@)|(0F +07)  H(o7 +07)  oF +o5
+ _p + 2p—1 + _2 + 2p+1
T 1p-1 Tap—1 L2T1p-1 2T 1p—1
. 2-p
L LU (w!) — min f) +5 +16] /(") F* | 2]V /(O]
TY/2 T '

In the case where ¢ = 0, the convergence rate established above reduces to that of gra-
dient descent (GD). Conversely, when p = 2, it recovers the standard SGD rate, given by

@) ( Vo > Furthermore, as ¢ increases significantly, we can further simplify the rate as

Ti/T
7 1
g

To our knowledge, Theorem 5 provides the first convergence result for an accelerated non-
convex first-order method in the presence of heavy-tailed noise under second-order Lips-
chitzness. The theorem is proven under a broad smoothness assumption, specifically that
the function f is Lipschitz continuous. When ¢ # 0, Theorem 5 demonstrates a conver-

gence rate of O (ﬁ), which is faster than the rate of NSGDC. In particular, when p = 2,

T4p—1

the rate is (’)(%), aligning with results from (Carmon et al., 2018; Agarwal et al., 2017;
P

7
Tripuraneni et al., 2018; Allen-Zhu, 2018; Fang et al., 2019; Zhou et al., 2018a; Sun et al.,
2023b; Cutkosky and Mehta, 2020b; Sun et al., 2023a). Furthermore, in the deterministic

case where ¢ = 0, the convergence rate improves to O(T%), matching that of gradient
2

descent.

By setting h = 400 in A-NSGDC, we obtain the accelerated version of NSGD under
second-order Lipschitz continuity. The same convergence rate as A-NSGDC can be derived
following a similar proof strategy (see details in Appendix G). However, we do not fur-
ther present the result of the accelerated NSGD under second-order Lipschitzness in the
main text because NSGD is proved under individual Lipschitz continuity, where variance

p—1
T2p-1

reduction techniques are more effective. The convergence rate of NSGD-VR is O < 1 ),

which is faster than the O (2,1,2> rate achieved under second-order Lipschitzness. There-
T4p—1
fore, applying the accelerated scheme is unnecessary, even in the presence of second-order

Lipschitz continuity.

The structure of our proof for Theorem 5 is related to that of (Cutkosky and Mehta,
2021), but analyzing the algorithm in expectation provides a complementary perspective.
In particular, the expectation-based framework allows for a simpler analysis and, more
importantly, makes the role of the hyperparameters clearer. This transparency means that
hyperparameter choices in the accelerated scheme are more flexible and interpretable, as
opposed to high-probability analysis in (Cutkosky and Mehta, 2021), where the admissible

16



REVISITING GRADIENT CONTROL IN NONCONVEX SGD UNDER HEAVY-TAILED NOISE

parameter range is quite constrained and technically involved. Therefore, Theorem 5 should
be viewed as complementing the high-probability result of (Cutkosky and Mehta, 2021):
our main contribution lies in demystifying parameter tuning and providing a simplified
framework, whereas (Cutkosky and Mehta, 2021) provides the high-probability guarantees.

A natural question that arises is whether we can integrate the accelerated scheme with
variance reduction techniques to further enhance the performance of algorithms under the
assumption of second-order smoothness. This combination would ideally allow us to achieve
faster convergence. Unfortunately, despite our efforts, we have not yet succeeded in devel-
oping such a combined scheme. The main technical challenge stems from a fundamental
incompatibility between the accelerated scheme and the variance reduction process. The
accelerated scheme approximates the stochastic gradient using a second-order Taylor ex-
pansion, which inherently alters the structure of the stochastic gradient. This alteration
disrupts the conditions required for effective variance reduction, making it difficult to har-
monize these two approaches within a single framework.

6. Concluding Remarks

This work presents significant theoretical advances for NSGDC and NSGDC-VR in address-
ing nonconvex optimization problems under heavy-tailed noise. Beyond proving improved
convergence results, we showed that gradient normalization alone can ensure convergence
under heavy-tailed noise without clipping, broadening the applicability of normalization
techniques. By leveraging second-order smoothness, we also developed accelerated algo-
rithms that enhance performance in nonconvex settings. These contributions provide new
directions for optimizing stochastic algorithms and reinforce the utility of gradient normal-
ization in complicated, noise-affected environments.

Our results can be extended to a broader class of gradient normalizations as defined by
(Sun et al., 2023a), outlined below.

Definition 6 We define G as a general normalization if, for any x € R%, it satisfies
(x,G(z)) > lzlo, |G(=)| < U,
where [,U >0, and || - ||o denotes a specific norm on R.

From this definition, we observe that the sign operator and normalization are particular
cases of general normalization. The results established in this paper can thus be directly
extended to this broader setting by substituting II%ZH with G(m?) in all relevant algorithms.
The proofs remain nearly identical to that presented in the appendix.
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Appendix A. Technical Lemmas

Lemma 7 Let (w');>1 be generated by Algorithms 2, 3 and 6, if Assumptions 1 and 2’ hold
and h > 2(||Vf(w®)|| + LyT), we have

E||Clipy, (g*) — EClip,,(g")||* < 10h2~Po?, )
|EClipy,(g") — Vf(w")|| < 20Ph~ P71

Lemma 8 Let (w');>1 be generated by Algorithms 4, 5 and 7, if Assumptions 1 and 2 hold,
it follows that
Eetop||Vf(w'; €") — VF(w")||? < 4B + LyT)* Po?.

Lemma 9 (Cutkosky and Mehta, 2020b; Zhao et al., 2021) Let w', m € R? be arbitrary

vectors, and
m

ORI i 4
and € := m — V f(w'). When the gradient is Lipschitz, we have

2
fwh) = f(w') < =1V (w)]| +2y|m — Vf(wh)] + LTV

Appendix B. Proof of Theorem 1

We designate the following variables as
e i=m! = Vi(w'), 8" i= Vf(w'i¢') - Vf(w'),s = Vf(w' ™)~ V(w').  (5)
Based on the scheme of momentum updating in the NSGD,
m' =0m"! 4 (1 - )V f(w;¢")

=0l 4 V('] + (1-6)[8" + Vfw)].
The relation above then gives us

e =m! - Vf(w') =01+ 0s" + (1 -0)8"
By employing mathematical induction, we can proceed to derive

t t
e =0 +> 0 FsE 4+ (1-0)) 0 Fe.
k=1 k=1

By taking the norms of both sides of the inequality and considering the expectation,
¢ ¢
Elle’ll < > 0" FBl|s || + (1 - 0)E|| 3 0| + otle”)
k=1 k=1

< L

<+ (1-0F| iat’fa’f“ + 01,
k=1
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where we used the gradient Lipschitz property of function f as
E|ls"| = E|Vf(w") - V(" )| < E[Ljw* - wh)| < Ly,

With the definition and Lemma 8, we can get

IN

t t 9 t
EHZGt—k(SkH ]EHZQt—k(skH _ Zgztakﬂg”(gk‘@
k=1 k=1 k=1

_ VAB+ Loy _ 2B+ LAt)* 3" oP/2
ST Vite S vicd

The bound of the right side of (6) then reduces to

L
Elle'] < 2 4 2V T 0(B + Ly1) 70" 1+ 0"
y (7)
L
< _79 +2VT = O(B + LyT) T 0?2 + 0! €°)).
Summing the inequality from ¢ = 1 to T', we then get
- Ly | [|[Vf(O)] 22 2
> E|l€'|/T < gt 1_o7 +2V1—0(B + INT) 2 oP/%. (8)
t=1

Applying Lemma 9 with w' replaced by w' and m replaced by m?, and considering expec-
tations,

2
Ef(w'*) ~ Bf (w') < BV ()] + 29E]e!] + T2

Adding up the recursion from ¢t = 1 to 7', we obtain

1 flw!) —minf o=
ZEHW H<—7T +23 E|e/T + Lvy/2. 9)

t=1

Employing the bound (8) and (9), we further get

1 T
= S E|Vf(w!)
t=1

f(w') — min f 2Ly | 2|V f(w°)] T35 >y
s——75 TPt azer t* OB + LyT) 7" o"" (10)
flw') —minf 3Ly 2|V f(w) >y
< T +1 57 1-o7 4V = O(B + LAT) 3" o2
flw') —minf 3Ly  2|Vf(w’)| 2p 22
< e Tiogt T aogr TABHLTVI-E0T) T ?
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where we used Lvy/2 < % and (B + LyT) < (B + L)yT because vT' > 1 (Note that we
fw!)—min f .
~T

have in the bound, vT' — +00 to ensures the convergence).

4p—4
Case I: LA>1. 1) If o322 > VLA, we have

3
L g VIA B VA*!

4p—4 p 77 2p—2 2p—1 °

o 3p—23p—2 \‘yfg 3p—2 ' 3p—2

Based on (10) and the fact w® = w', we have

ALAYTGHE 2V (w))]o
40 3p— g °pP—
fZEHVf )| < ) 22
T3p—2 T 3p—2
6-3p /B 5P sp’12pss 1
4(LA) s (f—i—l) o ot P _(=DC-p (11)
T26Gr-2)"  2(3p-2)

P 2

_ _ 6—3 2-p 5p”—12p+8
() HE | vt e AT (1) oo

T35 T Tt |
where we used 1 < p < 2.
9) If 052752 < 1, we have
A
1-0=1,v= \Fl .
VLT
The upper bound (10) can be rebounded as
1 < .
7 2 BV
/TA 0 _ 22,
< LA QHWT(“’ )l +4(LA)%"(§ + 1) 2 A Pl
T2
AWILA 2|V f(wO)|| 2p (B S
ST ) (F+1) " ——

T32p—32" 4

Notice that T 232 Tp > i when 1 < p < 2. Thus, we are led to

(LA (4

h
+
—

~——
Q
3

LAVIA VIO ()
Ti s T

ZEIIVf ) <
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Taking maximum of the both bounds in (11) and (12), we then get the convergence as

2p—2 4p—4

Z ALA)Y o= | 2|V (w)]|o
T Eva H < —1 2p— 2

T 3p—2 T 3p—2

2—p 2

—3p 5 5p“—12p+48
(11) o

/8
o/ L AWVIA Vi)
Tz Tz T '
Case II: LA < 1. Similar to Case I, we can get

A4p—

2p—2 P
4\/LA03T—2 2|V £ (w03~

VI

T332 =
2-p 2
4(LA)% (§ + 1) 2 0-510—6;71725:’!‘8

)
T2(3p 2)+3p 2

il 2

4(LA)F" (% + 1) * v/ L AVIR | 294 (w0)]

+
T T3 T
1 2p=2 s
ULA)iow= | 2|V (w =
- £ 2p— 2
T'3p—2 T3
1 2—719 2
4(LA)QTTP(§+1> P wloiapes
+
T 2(&1?2)22) + 3p
T 2%? p/8
Ml (£+1) "~ L AWIB Vi)
Ti = .

as LA < 1.
Combining Case I and Case II, we then proved the final result.

Appendix C. Proof of Theorem 2
For Algorithm 5, we use different shorthand notation
e = m! — Vf(w'), 8 = Vf(w';€") ~ Vf(w'),
s i= Vf(w'™) = V(') + VF(w' ) = VF(w' ™ ¢).
The scheme of momentum updating in the NSGD-VR indicates
m' = 0m 4V f(wh€) — 0V f(w' T €)
= 0]+ Y (w' ]+ (1= 0)[8" + V)] + 0]V (') - V' e).
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Thus, we can derive
el =m! — Vf(w) =01 + 05 + (1 —06)d.

The relation above then gives us

¢ t

e =0 +> 0 FsE 4+ (1-0)) 0k,
k=1 k=1
Taking norms of both sides and using the triangle inequality, it follows
¢ t
el < O“1€%l + 1 D 0" F 8" (1 + (1= 0)| Y 66 ).

k=1 k=1

Taking the expectations, we can further have
¢ ¢
E|l€e'|| < 0'Elle’| +Ell Y6 "8"| + (1 - O)E[ Y _ 6" "8".

k=1 k=1

The upper bound of || 3°}_, 0°7%5*|| can be derived as follows

t t t
E| Zet—kékn <. |E| Zetfkgk”Q — Z@QHICEH'SQICHQ
k=1 k=1 k=1
2~2
< 412~ < 2L~ ’
“V1-602"1-90

where we used E§* = 0 and

E[|8"* < 2BV f(w'™") = VF(w")|* + 2|V f(w';€") = V(w6
< ALPE|w! — w2 < 41742

The bound of EH 22:1 9'5_'“6"3” follows the same of that in Theorem 1. Therefore, we are
then led to the following result

E|le] < \/%+2\/ﬂ(B+L7T)22”aP/2+9f||eO|y (14)
as 1 <t <T. Adding up the inequality from ¢t = 1 to T, we obtain
iEHetH/T <2y Rl +2V1 = 0(B + LyT) 2" 0?2 (15)
2 SVi—e . (1-or e
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Noticing that (9) still holds in NSGD-VR, we then have

1 T
= D B[V (w)
t=1

1y o 0 _
S ming ALy VIO g e

VT vi-0  (1-0)T (16)
flw') —minf 5Ly 2|V f(w")] 2 o
< T — T 107 +4vV1 = 0(B + INT) = oP/?
flw') —minf 5Ly 2|V f(w")] 2-p 2=p
< T 9 a-er + 4B+ L) 2 V1-0(T)2 o2,

where we used Lvy/2 < \/% and (B + LyT) < (B+ L)vT.

1). If 6% 1T% 1 > 1, it follows

1 1
1-60= P P = 3 5p—2 _*
o2p—17T2p-1 LamTq%—l)

We then simplify the inequality (16) as

1
flw) —minf 5Ly AVF@O e g e

<
- T vi—6 (1-0)T
—p 2
1 : oo B o2 4(B 1) 2 gEm
< L{f(w’) — min f)oiCr0 + 504Cr~0 n 2|V f(w”)[lo 2T L \L
B T Th 7t =
p p p B 251) 9p2—10p
L(f(w') — min f)oT@=0 4 505D 2|V f(w")|oz-1 4(3 + 1) 0 5Gr=1)
= 3p—2 + p—1 + 1 3( _2)2
Tap-1) T2—1 Tz‘;_1+8<gp_l)
L(f(w") — min f)o @0 4 5070 2|V f(w’)|o% T
S 3p—2 + 1
P P
T4(2p-1) T 2p—1

2-P 19,2 _99p412

4(B+1) T o mn

+ p—1 P}
T 2p-1
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due to % < 0. Based on the facts above and w® = w!,

1 T
= S BV ()
t=1

2 o 4 a(B 1) 7 o »
VAT 442 +1) T o ST ) —ming) £ o
— p—1 + 3p—2
T2 T3C-1
2P 12p2_22p112 _p
2V (@")lo T +4(F +1) T o S+ [L(f(w!) —min f) + 5l T
= p—1
T2p-1
3p—2 ~1
because 4(2’;71) > 2{;_1.
p p
2). If o2»=1T2%-1 < 1, it follows
1
We can rebound (16) as
2-p
T . 4 B +1 2
1 L) ~minf)+5 2 s) | A(F+1) (19
=D EIVf(w)] < + - :
T; VT T T
It is easy to check that
r’ _2-p > 1
w—1 4 —2
as p € (1,2]. The bound in (19) can be rebounded as
2-p
. 2
LS Byt < 0D M VAR IR/ ]
= w
T - T T
=1 VT (20)
2-p
. 2
L(f(wo)—mlnf)—l-él(%—i-l) +5 2|V f (w°)]|
= + .
VT T

Summing both bounds in (18) and (20), the convergence rate is proved as

1 T
= S BV ()
t=1

2=P 1952 _99p+12

2V f(w)jo® T +4(£+1) * 0" 5@ 4 [L(f(w) — min f) + 5l T

< =,
L) —min f) +4(E+1) * 45 5191w
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Note the following inequality always holds
0¥ <o%+0% as0<zx<y<a. (21)
This holds because if ¢ > 1, then o¥ < ¢%; otherwise, 0¥ < ¢%. By combining these cases,

the inequality is established. Due to that 4(25_1) < 12%1;;37’1—)"12 < 2p’il when 1 < p < 2,

using (21), we then proved the result.

Appendix D. Proof of Theorem 3

This proof denotes the following shorthand notation

€ :=m' - Vf(w'),s§" := Clip,(g9") — EClip,(g"),

¢ == EClip, (g") — Vf(w'), s == V[ (') — V f(aw'). 22)
In NSGDC, we have
m! = m!~! + (1 —60)Clip,(g")
- e[et—l n Vf(wt_l)} +(1-0) [(V +et+ Vi(wh].
The inequality then yields
€ =m'-Vf(w')=0e""+0s"+(1-0)8 + (1-0)c.
Using mathematical induction, we can derive
e =0+ Et: 0! ksk (1 -0) i: o'kt + (1 —0) Et: 0tk
k=1 k=1 k=1
By taking the norms and expectations of both sides, we have
Bl < 300 FE o + (1 - 0) S 0B+ (1 - 0)E| iet-kékH + 0"
k=1 k=1 k=1 23
< 17 agr-n (1 - e)EH zt: af—kakH +0t|€), *
1-6 P

where we used the gradient Lipschitz property of function f as
El|s"|| = E[V f(w") = V f(w" )| < E[an’“ —w | < Ly,

and Lemma 7 (note that h > 2(yLT + ||V f(w?)])). Now, we turn to the bound of
EH 22:1 0“’“5’“”. With the Cauchy’s inequality, we can get

IN

t
Sha

EH zt: gtfk:(;kHZ _ zt: G2L—2kE || §k||2
k=1 k=1

_ VIO Por ap*2E gp/?
STVie C Jiso
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Recalling inequality (23), we are led to
L _
|| < 1779 +20Ph~ P 4 4T — 173" 0P/ 4 0|0,

which further indicates

. s N\l
S Ellel|l/T < 17]0 +20Ph~ D 44 /T—0h72" P + AT (24)
t=1

Noticing that (9) still holds, further with (24), we can get the following bound

1 T
=S E|Vf(w!)
t=1

< f(w') — min f s /2+ 2Ly +2||Vf( Ol 1 4oPh~ P 4 8y/T — on 3 or/2 (25)

~T -0 (1-0)T
f(w') —minf = 3Ly 2||Vf(w0)||
< + 4oPp—(P—1) Vi—0 p/2,
< T +1_9+ (- 0)T h=P=b) 48 0h2" o

where we used that % < 1719.

Case I: LA > 1. We used a shorthand notation as ¢ := (LA)SPP—2 > 1.
4p—4
1) If o <1 and o252 > ¢, we have
¢ JCA 2/ CVLAT 52

0
4p—4 77 2p—2 2p— 1 7h_ 2p—2 +2||vf(w )”
o 3p— 2T3p 2 \fo-sp 2T 3p—2 o 3p—2

1-6=

2p—1
Direct calculations indicate /(v LA = CPT > 1. Based on (25), with the fact 0 <o <1

and w® = w!, we have
(LA)Sp 20‘?1}73 _|_3( )Sp 20‘§p7§ _|_40-3p 2
*ZEIIVf )< =)
Ts
e P _ dp—1
P TB( Sy 1 st 7 ot 4 Ve
o 3p—2 ng 5

6p—2p2—2 5p2—12p+8

p=1l  2p—2 _p
4(LA)3»=203%-2 + 4032 4+ 16¢ 2» o 206r-2

— p=1
e (26)
2-p 3p>—6p+d 4p—d
N 16V Vf(w®)]| 2 o 22 L 2AVS(w O)osr—
TGpp—4 ng 2
2p—2
MLA)Y 2552 4 4052 4 16(LA) T2 g32
= TW
P 2-p 3p°—6p+d 4p—4
16(LA) =3 ||V f(w®)|| 2 o 2Fp=2) 2HVf( O)||osn=2
P =
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where we used that (z +y)* <2+ y*as 0 < a <1 and x,y > 03, and

p—1 <5p2—12p+8 6p—2p2—2< P
3p—2 6p—4 = 6p—4 T 3p-—2

as 1 <p<2.

dp—4 _p
2)If 0 <1 and o3%—2T3%-2 < (, we have

1—0=1,y= \/K' i,h — 2(VLAT 1 + |V f(w?)]).

T3

The upper bound (10) can be rebounded as

1 T
= S EIVA(w)]
t=1
_ IR 2V

+ 4oPh~ P~ 4 gy 5P 5P/

0 2 _
< 4\/I;A N 2||VfT(w i ~|—4T_45—4_(p )
T2

2—p)(p+2)

3p2 ( _ 2
F16(LAYIT st s of 4 16|V f(w®)]| 20T 5.

1 32 (2-p)(p+2) p—1 p? 1
2 32p—32 Top-5 = 3p— and gr—g > 5as1 <p<2

. 2 1 9
Noting that = + -5 52 >

we then get the following bound

D
8

T 1 2—p
1 16(LA)io AVLA + 16|V (w2 +4 2|V f(w
LY BV < HER Vil = +4 297D
t=1

TSp—Q T%

(27)

2
3) Consider the subcase o > 1 and a%%?Tﬁ > (. Hence, we have

A 1 1 2
1-0= %77 =\ %ﬁah = 2\/6\/ET3"1*203332 +2[|V f(w?)].

o 3p—2 T3p72 o 3p—2 T3p72

3. We present a straightforward proof for this inequality. Without loss of generality, we can assume x >

y. We can rewrite the inequality as (% + 1) < (%) + 1. By letting a = %, it suffices to prove

(a+1)* —a® <1 fora>1 Itis easy to see that (a +1)* —a® = a(a + z)~* with some 0 < z < 1. We
then proved the result by noting a > 1 and 0 < a < 1.

27



T. Sun, X. Liu, anD K. YUuAN

Using (25), we then get

(LA)%Uﬁ + =
*ZEHVJ‘" ) < s

T2
Lo 2y V) o
+16v1 = 0(VVIATT 20572 + |V (w")]) * oF -
T3p72
5.2 2
A(LA)F 252 +403P 2 4 16(LA) w1 oo
3;2274;7 _2p
L 16VCIVF (w )H 2 0 25-2) L 2AVE(w O)||o—2
T 75 (28)
_ 2 3p2—4

MLA) 20572 | 4052 4 16(LA) 3 ot 16V (w )|| o203

- ng;i_lg T6p 1
2p
2|V f(w®) o2
2p—2
T3p72
2 2

(LA)dp 203P S 4 4o +16(LA) = 206574

N T3Z;—12
_,  3p2—6p+d 2
16(LA) 7|V f ()| "0 555 2|V f () o2
= = 7

3p2—dp 3p%—6p+4
where we used 53p=2) < “oEpa) ASPE (1,2].

2
4) If 0 > 1 and o 2T 2 < ¢, we have

A1 2
1-0=1,7= \E b = 2(VIATE 1 Vs w)]),
2

This setting is identical to subcase 2) and the proof is similar.

Combing the bounds (26), (27) and (28), we then complete the upper bound as LA > 1
as

ZEHW ) < AL 4 o7
T =

- p—2 -1 6p—2p2—2 2
MDA 2057 4 16(LA) " 252 + 16(LA) 65 o= 4+ 16(LA)Tos
—1

T3p 2
—p 3p2—6ptd ap—a o
L6(LA) T |V f ()| Z" 0 =5 2V f(w?) o= + 2|V (w')]o 72
TGP—4 Tﬁ’;ig
2—
4\/E+ 16|]Vf( 0))|72" 4, 2|V f (w)|
T2 T

_l’_
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Case II: LA < 1. Following the same process in Case I, we can get

1 L LAGTHZ + 23057 LAGo—3 + 3053 + 16052 + 1605
=D E[Vf(wh)] < — + —
T
=1 T3p—2 T3p—2
_,  3p%—6pta 4p—4 _2p
16|V f(w?)]| 2" 0 @2 2|V f(w?)[o 52 + 2|V f (w?)[|o 72
+ P + 2p—2
T 6p—4 T3p—2
2
QLA+ 16|V f(w?)[| 2" +7 N 2|V f(w?)]]
Tz T
p=l P _p_ p=1  2p=2 2p=2 =1 P
_ (LA)9=2 0572 4 23052 . (LA)32g32 + 3052 + 16032 + 1605
- TH= T3
o 3p%—6pta 4p—a 2
16V f(w?)]| 2" 0 @2 2|V f (w032 + 2|V f(w")|jo 2
+ _Db + 2p—2
T 6p—4 T3p—2
2—-p
L VLAY 16|V f(w?)]| 2 +7 N 2|V f(w?)|
T3 T
as LA < 1.

Combing the upper bounds in Case I and Case II together, we can get the final result.

Appendix E. Proof of Theorem 4

This section employs the following shorthand notation
€ :=m' — Vf(w'),§" := Clip,(V f(w'; ¢")) — EClip, (V f(w'; £)),
¢’ := EClip, (V f(w'; €')) — V f(w"), (29)
8= Vf(w'™) = Vf(w") + Vf(wh¢') - V(w™he).

Like the proof of NSGDC, we have

t t t
e =0 +> R L (1-0)> 0FF +(1-0)) 0" FeF,
k=1 k=1 k=1

which then yields

t
Ellet|| < IEH S ot ksh
k=

t t
‘ +(1—-0)3 0 FE| ) + (1 - 9)EH Zet—’fa’fH Lo, (30)
k=1

The bound of EH 22:1 Ot_kékH can follow the same as that in the last proof of NSGDC.
Noticing that E§¥ = 0 and

E[|8*)? < 2E|Vf(w" ") = V f(w")|? + 2|V f(w"; €F) — V f (w15 )2
< 4L2E”wk _wk71||2 < 4L2’)/2,
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we can get
t t t
E”Zetfkék” < EHZ@t—kgk”Z — ZQQt—ZkEHék”Q
k=1 k=1 k=1
< 41.2~2 2Ly
= 1 N 92 = /71 — 07

Based on (30), we then get

2L~y 2-p
Bl < + 200D 4 41T —0h7T oP/? 1 01|,
[e'] < Vi [€”]

which further indicates

T
> Ele'/T <
t=1

2L~ (p— 2-p va( )”
920PR~(P=1) 1 44/1 — p/2
N + 20%h + 0hz oP/“ + 1=0)

Note that (9) still holds, it then follows

1 T
= BV (!
t=1

f(w!) — min f
T +L7/2+\/1_9+ (1-0)T

+ 4oPh~ PV 4 81— GhF o/

< f(wl)_mlnf + 5[/)/ QHVf(’LUO)H + 40Ph~ (p— 1)+8\/7h O_p/2

. ALy | 2Vi(w')|

- ~T Jv1-106 (1-0)T
2p—2 p
1). If o <1 and o2-1T2-1 > 1, we have
1
1 1 2T 2p—1
1-60= 2p—2 s )= —1  5p— 27h: p—1 ~|—2||Vf(w0)||
o2p—17T2p-1 L0—4p 2T 8p—4 o 4p—2

The upper bound of (32) can be reformulated as

(=12

*ZEHW b < LU @) —min ) 4505 2 Vi@O)oHT | 07

3p—2 + p—1
T 8p—4 T2p 1 T2p—1
5p%—9p+6 2p? —5p+2
16050 16V f ()] o s
5p—1 +
T8p—4 T4p72
. p—1 2p—2 _p
[L(f(w") — min f) + 5o %2 L2V )HUQP*1 4o 21
S 3p—2 + p—1
T8p74 T2p l T2p71
5p2—9p+6 —5p+2
16050 16V f ()] o
+ 5p—1 + 9
T8p—4 T4p72
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Whereweusedp+(p 1)2 2219 asp€ (1,2 and 0 <o < 1.

2). If 0 <1 and U2P—1T2Pp—1 < 1, we have

1—9=1 L b= or®5 oV
— =1, = -, = p— w .
T LVT
Based on these hyperparameters,
w!) —minf)+5 2|Vf(w® 4
*ZEIIVf )| < L(f(w") ! H+5_ 2] fz(’ i B —
Tz T2t s
16016 16[|V f (w )H (34)
2 (2-p)(p+4)
T 32p—32 16p—8 T4p 4
2
ofs  L(f(w') —min f) + 16|V f(w®)| 2" +9 2| Vf(w")]
T2p—1 T2
2 (p=D(+4) - 1 1 _ (2-p)(p+4) —1
because 2572 + £ 8p7p4 =1 457 > 3, and 32p 32~ 12;;138 = 2pp—1 as 1 <p<2.
3). If o > 1, we have aﬁT%p— it then follows
1 1 1 2
1-60= P N 5p— 2,h=2T2P*102P€1—|—2”Vf(w0)H.
o2p—17T2p-1 Lo'Sp 4'T'8p—4

We can rebound (32) as

*ZEIIW ) < UG —minf) + 51055 290 473
T 8p—4 p-1

2_
16071 L 16|V f(w >H2Tpo’5ﬁ
+ T .

T2p—1 T4p 2

The proof is completed by combining the bounds from equations (33), (34) and (34),

along with the condition that w® = w!.

Appendix F. Proof of Theorem 5

This section recruits the following notation

el :=m! — Vf(w'),d" := Clip,(g') — EClip, (g}),
¢! i= EClip,(g') - V/(v'), D(@.y) = Vf(z) - VI(y) - [V2f(2)](z — y)
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If Assumption 3 holds, for any «,y € R, the two-point operator satisfies
ID(z, y)|| = HVf( ) = Vi(y) = [V2f(@)](z - y)|

fy+ (@ —y)s) - Vf(@))(@ - y)ds|

< / ||v2 fy+ (@ —y)s) — V2F(@)||opllz — ylds
s=0

1
H
< [ o yltis= eyl
s=0 2
The scheme of the algorithm gives us

mtzemt—1+(1—e)0hph( By =0(e 1+Vf( S (1 - 60) (88 + &+ V(o))

= 0(e'™ + Vf(w) + [V2f(w"))(w'™" — w') + D(w' ™, w"))
+(1-0)(8" +¢ +Vf( )+ [V (wh)](v' — w') + D(v',w'))
=0(e" '+ Vf(z') + D(w' ' w')) + (1 - ) (8" + ¢ + Vf(w') + D(v', w')),
where we use the fact v! —w! = %('wt —w'™1). Based on the relation above, we further
get
e =m!' - Vfx') =0 + 0H(w' ! w') + (1 - 0)H(v', w') + (1 —0) (8" + ).

Recursion of iteration above from 0 to ¢, we have

t—1 t—1 t—1
e =0 0 Hw L w) +(1-0)> 0 H@ w)+ (1-0)> 078 + ') + 0",
=1 =1 =1

Considering the norms and expectations of both sides of the equation above,

t—1 t—1
Elle'| <0 6 B|[H(w" ', w')||+ (1-0) Y 6" 'E[H(v', w')]|
=1 =1
til . . .
+E[(1-0)> 678" + )| + 0"
=1
g o= A A H bz A
< = t—1 =1 012 (1= t—zE T a2
< 29;9 Ellw'™! —w'|” + 2 ( 9);9 [v" — w'|
til . . .
+E(1-0)> 678" + )| + 01"
=1
g ¢ = . ‘ . t—1 o ‘
<51-% D 0TEw T —wlP +El(1-60) ) 676" + )| + 6|
=1 =1
H 0
<= E|(1—6 08| + El|(1—6 6=t + 0| €°
< S a—gp EI Z | +EN Z |+ 601!l
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where we used the gradient normalization scheme
]EH,wi—l _ ,wz||2 < 72‘

The bounds for E[|(1 — ) S>/21 64-16%|| and E|(1 — ) 32/Z] #*~ic!|| are analogous to that
presented in Theorem 3. We then get

0
(1-9)

Summing the inequality from t =1 to T,

H
Elle'] < 5 2 4 20Ph D L 4T =GR 0P 4 0.

4 I€°]
E t T<— 20Ph~ PV £ 41— h 2 o?/2 4 1
Employing Lemma 9 with w! — w? and m — w?,
t+1 t t t Ly®
F™) = f(w) < [V ()] + 29[| + =~ (36)
Summing the inequality from t =1 to T,
f(w!) — min f Ho
E <
" Z |9 £ (w)] e -
o - 2’| Ly
40Ph= =1 1 8y/T— gh 2" o?/2 =
+ 4o + 2 o+ 1-0)T + 5
_2p
1) As0 <o <1and o3/TT%-1 > 1, and then
1 1 T -1
1=0= ——, 7= — s h = 2(—— + IVF(@)]).
o7 4r-1 Lo7T4r-1 o7
We then have the following rate as
Lo7 (f(w') — min f Ho7
TZEHW < LUl ) Zwinf) | Hor
T4p 1 L2T 11
2(?*1) 3
4Pt 2He llo7 1
16 V 1-— ( )H) 2p—1 + 2 2p+1
T4P*1 Tar—1 207 T 41 (38)
3 9—4p
L07(f( 1) min f) Ho? 4o 2|07 o T
>~ 2 + 2 2p—2 + 2p—1 2p—2

T4P L2T4P G e Tir=1 T Ip—1
160755 | 16V (w)| 5o
2p—2 + .
T4p—1

T 4p—1
Dueto0 <o <1and 1< p<2, we have

Jr2(p 1) 2 9p—7 1 9—4p 1
o? <og7,0 17 <g7,0 W <g3s,
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Thus, we are then led to

LO'%(f(’I.Ul — min f) n Ho7 2007
2

Veal ZEva H < 2p—2 2 + 2p—
Tap—1 L2T1p-1 Tap—1 (39)
2|07 | 16V S ()] F 0 o3
2p—1 + _p 2p+1 *
T ap—1 T 4p—1 9T ap—1

2
2) When 0 < o <1 and o3 T < 1, we have

1 7
1—-0=1, v= Jh=2(T%=2 + |V (w")|]).
= 2T 4 9w

Recalling (37), we then get

L(f(w') — min f) + 1 _4p® 477
*ZEHW )| < Tz AT w2
16040 |
+ —praeoy T 161V ()] T+ (40)
GEERIP)
- LUf(w') —min f) +5 + 16| VS (") " | 1605 2]
B /2 = T

2
3) As 0 > 1, we have oS/ T T > 1 due to T > 1, and then

1 1 2 s
L= 1= b= 2(T4p_1 o va(wo)”>'

o741 Lo7T 41

T 4 . 4
1 Lo7(f(w') — min f Ho7
LY BV < P i) e
t=1 T1-1 L2T -1
4 6
407 —— (-2 Tp—4 2[|€V|o7 1
+ w + ]-6 1 *9(T4p_1 '0-72_7 + ||vf( )||> p/2 || 2pH71 + 1 2p+1
T4p-1 Tap-1 207 T 41
Lm(f( 1) minf)  Ho? do7  2||e|o* 1
< Tt s o1 T 2541
T L2T%=1  Tap-1 T=1 207 Tip-1
(2—p)(7p—
160'g_%_ 2 14p31174 4) 16||vf( ) ’uag_%
+ p—2 p .
T4p T4P*1

(41)

4 p_3_Q@2=p)(Tp—4) 4 p_3
§0'7,0'2 7 T4p—14 §0'7,0'2 T <o

\1\»&
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Thus, we are then led to

T . 4 4
1 Lo7 (f(w') — min f) Ho7 2007
=D BV ()] <
t=1 Tar-1 L2T%=1  Tip-1
2ot o7 16|V (w0)]|
2p—1 2p+1 + .
T 4p—1 2T 4p—1 T4p—1

We then proved the result by combining (39), (40) and (42).

(42)

Appendix G. Accelerated Normalized Stochastic Gradient Descent under

Second-Order Smoothness

Algorithm 7 Accelerated Normalized Stochastic Gradient Descent under Second-Order

Smoothness (A-NSGD)

Require: parameters v > 0,0<60<1,(>0
Initialization: w® = w!', m® =0
fort=1,2,...
step 1 v' = w! + ((w! — w!™!)
step 2: Sample the data ¢/ ~ D and m! = Om!~! + (1 — )V f(v'; &)
step 3: w!t! = w!

_ omb
T m]
end for

The convergence result of nonconvex accelerated stochastic algorithm under heavy-tailed

noise is presented as follows.

Proposition 10 Let (w');> be genemted by Algorithm 7. Suppose Assumption 1-3 hold.

1-0)4p
Ifl—&—mm{mﬁ,l},’y:(hﬁ ,C—l g, then it holds that
2-p
1 & i La%(f('wl)—minf) fsz E —1-4( ) ’ (U%-l- )+ode
E|Vf(w")| £ —
P NIE e

2—p

L(f(w’) —min f) +1+4(B+1) 7 L 29w

T4p71 \/T T
Proof of Proposition 10: This proof employs the following notation

= Vf(v'¢'), 8 = Vf(v'ie") — V(o)
e :=m' - Vf(w'), D(z,y) = Vf(z) - Vi(y) - [V*f(@)](z - y).

Similar to the proof of Theorem 5, we can derive

t—1
5 HE(1—0) Y08 + 0.
=1

H 0
Ell€| < =
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The bound of E||(1 — 6) Y121 6*71§7|| follows the same of that in Theorem 1. Thus, we are
led to the following bound

H

Ele]| € 5 ——? + 2V = 6(B + LyT) 3 0"/ + 011"

0
2 (1-6)

which yields

€]
1-or

w\m

—ZEHet\ <SaC ) 72+ 21— 0(B + IAT) 7" 0?2 +

Noticing (36) still holds, aggregating the inequality over the range from ¢t =1 to T,

1 I
T Z;EHVf(wt
t=

fwY) —minf  Hf o Ly 2l
< 4/1—=60(B+ LT p/2 4 Z1
< T +(1 0)27+ (+'y)2a +2+(1_9)T
f(w') — min f HO 2p o, Ly | 2|€]
< AB+L)=z V1-0(~T p/2 p 214 SE L
= ST o) TABHL) (1) F o+ 5 1-0)T
2
1) If ¢'/2T%°7 > 1, we have
1 1
1-0= 1 5 0 V= 3 optl
o2 41 Lo# T -
The bound of rate then reduces to
1 T
72 Elvs
t=1
-3 8p2—11p+6
Lo (f(w!) —minf) Ho o B \%o | PEE:
< 2p—2 + 4(* + 1) 2 3 2 -
p%—2p+2 3 2p+1 2p—1
Tip—1 L2T4p 1 L T D1 2080 Tap—1 T 1p—1
La%(f(wl) — min f) Ho i B 52 (o 4 o1/2) oo HGOHU%
< 2p—2 + 2p—2 + 4(f + 1) 2p—2 2p—2 2p—1
Tap—1 L2T w1 Tap—1 2T 4p—1 Tap-1

(43)

8p2—11p+6

where we used ¢ 10 < o'/5 452 asp e (1,2].

2
2) If o\ 2T T < 1, we have
1

1-0=1, v= .
7 VT
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Further, we are led to

L(f(w') —min f) +1 B 2o s 2]€l
“N'E < A(Z +1) 7 T2 26D
Z IV f(w")]| VT + <L+> + T
L(f(w") —min f) +1 B R 2y -z 2H€0||
< _ 1
< Ner +4(7+1) "1 — (44
2—p
B 2
L) minpr1 AEFD) T e
— \/T \/T T 9
where we used that
p8—2p) 2-p 1
11— 2p 4 =2

as p € (1,2], and w’ = w'.

Combing the bounds (43) and (44), we have

LU%(f(wl) min f) + H20 W +4(F+1
—mefww i)

T4p—1
2-p
B 2
%oz L(f(w®) — min f) + 1 4<r + 1) 2)|€Y|
+ ot - - :

T4p—1 \/T \/T T
Appendix H. Proofs of Technical Lemmas
H.1 Proof of Lemma 7
From the scheme of the algorithms, we have

t+1 0 t m' 0 ¢ 0
™! =) = oot — e~ wf <o ol )
For any t € ZT, as 1 <t < T, it holds
lw® —w|| <AT. (45)

The Lipschitz continuity of the gradient indicates

IVF ()| < IV F ()] + [V f(w") = Vf(w?)]
< V()| + Llw' = w’l| < [[Vf(w")] + LyT

as 1 <t < T. If h > 2(|Vf(w°)|| + LyT), we then have ||V f(w')|| < %. According to
[Lemma 5, (Liu et al., 2023)], we further get the following result

E||Clipy,(g°) — EClip,(g°)[|* < E||Clip,,(¢")||* < 1067177,
IEClipy(g") — V f (w")|]* < dg?h~21),
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H.2 Proof of Lemma 8

Noticing that property (45) still holds, the individual Lipschitz continuity of the gradient
then yields

IV f(w' €I < V()] + IV f(w; &) = V f(w’; )]
< IVF(w’ €| + L|w' — w’|| < B+ LAT.
Noticing |V f(w")|| = |EgtopV f(w'; €)|| < Eeeop ||V f(wh; €|, we then derive
IVf(w')ll < B+ LyT
as 1 <t <T. Direct computations give us
IV f(w':€") = V(w")|* = IV f(w'; ) = VF(w")|[*7 - [V f(w';€") = VI (w)]P

< (IVF(w' €)1+ [V (w)])? 7P - [V f(w's €') = V f(w)||P
< (2B + LT))* 7P - |V f(w€') = V f(w")|?
S4B+ LyT)* 7P|V f(w': &) = V f(w')|P,

where 0 < 2 — p < 2. Taking expectations of both sides, we can get

Ectpl|Vf(w' ") = Vf(w')[|> < 4(B + LNT)* PEgiop||V f(w'; €") = V f(w')|]?
< 4(B + LyT)* PoP.

H.3 Proof of Lemma 9

The proof of this lemma can be found in (Cutkosky and Mehta, 2020b; Zhao et al., 2021)
and is presented here for completeness. The gradient Lipschitz property can derive the
following result

Flawt) — flwh) < (Vf(wh),w! —wl) + 2t — wf|?

m L~?

< —A(Vf(wh), —) +

< [l 2
CL) .'. m I/')/2
= —[lm| +~v(m - Vf(w'), —) + ——
|| + ~( (w') ||mH> 5

b) LAy?
< V@) +27m - Vf(wh)] + =,

where a) comes from the following fact

(VA (), o) = =, ) = (V) —m,
= —llmll+ fm =V f(w),

< —[m| + [lm — V£ (w")],

and b) is because
—[lm|| <~V f(w)| + [V f(w!) —m]|.
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