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Abstract

Recent developments of stochastic optimization often suggest biased gradient estimators
to improve either the robustness, communication efficiency or computational speed. Rep-
resentative biased stochastic gradient methods (BSGMs) include Zeroth-order stochastic
gradient descent (SGD), Clipped-SGD and SGD with delayed gradients. The practical suc-
cess of BSGMs motivates a lot of convergence analysis to explain their impressive training
behaviour. As a comparison, there is far less work on their generalization analysis, which is
a central topic in modern machine learning. In this paper, we present the first framework
to study the stability and generalization of BSGMs for convex and smooth problems. We
introduce a generalized Lipschitz-type condition on gradient estimators and bias, under
which we develop a rather general stability bound to show how the bias and the gradient
estimators affect the stability. We apply our general result to develop the first stability
bound for Zeroth-order SGD with reasonable step size sequences, and the first stability
bound for Clipped-SGD. While our stability analysis is developed for general BSGMs, the
resulting stability bounds for both Zeroth-order SGD and Clipped-SGD match those of
SGD under appropriate smoothing/clipping parameters. We combine the stability and
convergence analysis together, and derive excess risk bounds of order O(1/4/n) for both
Zeroth-order SGD and Clipped-SGD, where n is the sample size.

1. Introduction

Stochastic optimization, especially stochastic gradient descent (SGD) and its variants (John-
son and Zhang, 2013; Duchi et al., 2011; Schmidt et al., 2017; Bottou et al., 2018), are the
workhorse behind the success of many machine learning applications. Due to their cheap
computation cost, simplicity in implementation and impressive generalization behavior,
stochastic optimization has achieved a lot of success especially in solving large-scale and
complex learning problems (Bottou and Bousquet, 2007; Bottou et al., 2018). This moti-
vates plethora of theoretical work on its convergence analysis (Rakhlin et al., 2012; Bottou
et al., 2018; Orabona, 2019; Gower et al., 2020) as well as generalization analysis (Bousquet
and Bottou, 2008; Hardt et al., 2016; Yao et al., 2007; Kuzborskij and Lampert, 2018; Lei
and Ying, 2020; Zou et al., 2022; Zhang, 2023), which shed lights on understanding the
fundamental performance limits of stochastic optimization across broad problem classes.
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Stochastic optimization builds gradient estimators to approximate the true gradient
by introducing random sampling into the optimization process. Oftentimes, the gradient
estimators are unbiased estimators of the true gradient, which simplify both the convergence
and generalization analysis. However, in practice, people often build biased estimators to
either improve the robustness, communication efficiency or computational cost, which lead
to a large class of biased stochastic gradient methods (BSGMs) (Ajalloeian and Stich,
2020; Driggs et al., 2022). The framework of BSGMs include popular algorithms such
as Zeroth-order SGD (Nesterov and Spokoiny, 2017), Clipped-SGD (Zhang et al., 2020,
2019), SGD with delayed gradients (Stich and Karimireddy, 2020), and stochastic average
gradient (SAG) (Schmidt et al., 2017). Below, we give more details on Zeroth-order SGD
and Clipped-SGD.

e Zeroth-order SGD has been widely used in black-box optimization problems (Nes-
terov and Spokoiny, 2017; Gasnikov et al., 2022; Sun et al., 2022), where explicit
gradients are hard to attain and only the function values can be attained. These
include structured-prediction and graphical model inference where the objective is
defined variationally (Duchi et al., 2015), as well as modern machine learning such as
adversarial learning (Chen et al., 2017; Liu et al., 2019), meta learning (Ruan et al.,
2020), reinforcement learning (Vemula et al., 2019; Kumar et al., 2021) and large
language models (Tang et al., 2024).

e Clipped-SGD has been applied in various applications such as improving training
of deep neural networks (Pascanu et al., 2012), diminishing the sensitivity of average
gradients in differential privacy (Abadi et al., 2016; Das et al., 2023), and dealing with
heavy-tailed gradients (Gorbunov et al., 2020). For instance, large NLP models based
on attention and transformers have heavy-tailed gradients, which make SGD unstable
to converge (Zhang et al., 2019, 2020). As a comparison, Clipped-SGD is robust to
heavy-tailed noises and still guarantees convergence (Zhang et al., 2020).

The practical success of BSGMs motivates increasing interests in their theoretical anal-
ysis. Initially, specific BSGMs have been studied. For example, the pioneering work devel-
oped optimal convergence rates for Zeroth-order SGD for convex problems (Duchi et al.,
2015; Nesterov and Spokoiny, 2017). The benefit of Clipped-SGD over SGD has also been
theoretically verified for learning under heavy-tailed noises (Zhang et al., 2020). Recently,
several studies consider the convergence of general BSGMs under general assumptions on
the bias and variance (Ajalloeian and Stich, 2020; Driggs et al., 2022; Hu et al., 2020). These
studies focus on the empirical behavior and the convergence analysis of BSGMs from the
perspective of optimization, leaving the issue of generalization untouched, which is a key
concern in machine learning. To our knowledge, the existing stability analysis of BSGMs
only focused on the specific Zeroth-order SGD (Nikolakakis et al., 2022a; Liu et al., 2024).
The stability analyses of Zeroth-order SGD with random gradient estimation (Theorem 5 in
Nikolakakis et al. (2022a) and Theorems 10, 12 in Liu et al. (2024)) require a fast-decaying
step size 1y < 1/t at the t-th iteration!, for which the training errors would decay with

~

1. We say A < B if there exists some universal constant C' > 0 (C is independent of A and B) such that
A < BC. We say A 2 B if there exists some universal constant C' > 0 such that A > BC. We use the
notation A < Bif A< Band B < A.
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the slow rate of the order 1/log(T) after T iterations. These limitations motivate us the
following question on the issue of generalization: can we develop a general framework for
the stability analysis of BSGMs, and if specialized to Zeroth-order SGD, can the framework
lead to meaningful stability bounds allowing a moderate decay of step sizes?

In this paper, we provide an affirmative answer to the above question by developing
a general analysis of BSGMs for convex and smooth problems. Our contributions are
summarized as follows.

e We develop a general framework to study the stability and generalization of BSGMs.
Our analysis illustrates how the bias and the sharpness of the gradient estimator affect
the stability. We introduce a generalized Lipschitz-type condition on the bias and the
gradient estimator, under which we get a simplified bound which is convenient to
apply to specific BSGMs such as Zeroth-order SGD and Clipped-SGD.

e We specialize our stability bound to Zeroth-order SGD by verifying the Lipschitz-
type condition on the gradient estimator. As compared to existing analysis requiring
fast-decaying step size 1, < 1/t (Nikolakakis et al., 2022a), our analysis requires a

moderate assumption Zle n? < 1. This condition holds for 7; < 1/4/T, which is a
typical choice for SGD-type algorithms in the general convex case.

e We also show that the generalized Lipschitz-type condition of the bias and the gradient
estimator hold for Clipped-SGD, which, to our knowledge, yields the first stability
and generalization bounds for Clipped-SGD. Impressively, our stability bounds for
Clipped-SGD match those for SGD under mild assumptions on the clipping parameter.

e Our stability analysis does not require the loss function to be Lipschitz continuous.
Moreover, it incorporates the training errors into the stability bounds, which show that
a good optimization would be beneficial to improve the stability and generalization.
Furthermore, for both Zeroth-order SGD and Clipped-SGD, we combine the stability
analysis and convergence analysis to give the excess risk bounds of order O(1/y/n),
where n is the sample size.

We organize the paper as follows. We discuss the related work in Section 2 and formulate
the problem in Section 3. The stability bounds for general BSGMs are presented in Section 4
(see detailed proofs in Section 6.1). In Section 5, we apply the general stability bounds in
Section 4 to SGD, Zeroth-order SGD and Clipped-SGD (see detailed proofs in Section 7).
We conclude the paper in Section 8.

2. Related Work

Algorithmic stability. Algorithmic stability is a fundamental concept in statistical learn-
ing theory (SLT), which measures how the output model will change if we either remove or
replace a single example. Since its introduction in the 1970s, various algorithmic stability
concepts have been proposed to study the generalization gap of learning algorithms (Rogers
and Wagner, 1978; Bousquet and Elisseeff, 2002). The most popular stability concept is the
uniform stability, which can imply high-probability bounds (Bousquet and Elisseeff, 2002;
Feldman and Vondrak, 2019; Bousquet et al., 2020; Klochkov and Zhivotovskiy, 2021; Zhang,
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2023; Fan and Lei, 2024). This strong stability measure was weaken to study generaliza-
tion bounds in expectation, including the on-average stability (Shalev-Shwartz et al., 2010;
Koren and Levy, 2015) and hypothesis stability (Bousquet and Elisseeff, 2002; Kuzborskij
and Orabona, 2013; Elisseeff et al., 2005). The impressive work (Hardt et al., 2016) gave
the first stability bounds for SGD, which motivates a surging of work on the stability anal-
ysis of stochastic optimization methods (Lin et al., 2016; Charles and Papailiopoulos, 2018;
Kuzborskij and Lampert, 2018; Lei and Ying, 2020; Bassily et al., 2020; Nikolakakis et al.,
2022b; Lei, 2023; Chen et al., 2024; Zhang et al., 2024). Recent stability analysis implies
optimistic bounds for SGD (Lei and Ying, 2020), which were used to study the implicit bias
of gradient methods (Schliserman and Koren, 2022) and the generalization performance of
overparameterized models such as neural networks (Richards and Kuzborskij, 2021; Taheri
and Thrampoulidis, 2024; Deora et al., 2024). Lower bounds on the stability of gradient
methods have also been studied (Bassily et al., 2020; Koren et al., 2022; Amir et al., 2021).

Biased stochastic gradient methods. Now we turn to the analysis of BSGMs. Ajal-
loeian and Stich (2020) introduced a framework for the convergence analysis of SGD with
biased gradients, which applies to several specific instantiations such as Top-k sparsification,
Zeroth-order SGD, biased compression operators and delayed gradients. Driggs et al. (2022)
presented a systematic analysis for a large class of unbiased and biased stochastic gradient
methods, which provides proximal support and identifies the benefit of bias in stochastic
gradient estimation. Hu et al. (2020) extended the convergence analysis to biased SGD for
conditional stochastic optimization. The above discussions consider general BSGMs. For
the specific Zeroth-order SGD, the optimal convergence rates have been established for both
smooth and nonsmooth problems (Duchi et al., 2015; Nesterov and Spokoiny, 2017). The
behavior of Clipped-SGD has drawn a lot of attention in optimization with heavy-tailed
gradient noises (Cutkosky and Mehta, 2021; Zhang et al., 2020, 2019) and differential pri-
vacy (Abadi et al., 2016; Das et al., 2023). All the above mentioned work studied BSGMs
from an optimization perspective. Recently, the stability of the Zeroth-order SGD has also
been studied (Nikolakakis et al., 2022a; Liu et al., 2024). However, the stability analysis
there shows that the corresponding gradient operator has the expansive factor 1+ 7; (even
if the loss function is convex)(Nikolakakis et al., 2022a), and therefore the step size n; has to
decay with the order of 1/t to get meaningful stability bounds (Nikolakakis et al., 2022a).
This step size slows down the optimization process, and the corresponding convergence rates
decay logarithmically even if the gradient estimation is accurate, e.g., SGD. In this paper,
we go beyond this limitation by developing a framework of stability analysis for BSGMs
which handles the step size 7; < 1/v/T when applied to Zeroth-order SGD.

3. Background
3.1 Problem Setup

Let P be a probability measure defined on a sample space Z := X x ), where X is an
input space and ) C R is an output space. Suppose we are given a training dataset
S ={z1,...,2,} independently drawn from P, based on which we want to build a prediction
function h : X — R. We consider parametric learning where the prediction function A is
parameterized by w in a parameter space W C R?. The performance of w on an example
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z is measured by f(w;z), where f : W x Z +— R is a loss function. The empirical risk and
population risk of w are then defined by

Fslw) == 37 f(wiz) and F(w) = E.[f(w;2)
i=1

which quantify the behavior of the model on training and testing, respectively. Here E,[']
denotes the expectation with respect to (w.r.t.) z.

Upon observing S, we often apply a stochastic learning algorithm A to build a model
as an approximation of w* = arg minyey F(w). Then, we use A(S) to denote the model
produced by running A over the training dataset S. We are interested in studying the excess
population risk E[F(A(S))] — F(w*) to understand how far we are from the best model,
which can be decomposed as (note E[Fs(w*)] = F(w*)) (Bousquet and Bottou, 2008)

E[F(A(S))] - F(w") = (E[F(A(S)) — Fs(A(S))]) + (E[Fs(A(S)) — Fs(w")]).

We refer to E[F'(A(S))—Fs(A(S))] as the generalization gap, which quantifies the difference
between training and testing for the output model. We refer to E[Fs(.A(S)) — Fg(w*)] as
the optimization error, which measures the training suboptimality of the output model as
compared to the best model. Optimization error is a central concept in optimization theory,
which has been extensively studied in the literature (Bottou et al., 2018; Orabona, 2019;
Gower et al., 2020). Generalization gap is a central concept in SLT (Lugosi and Neu, 2022),
which can be studied via several concepts such as Rademacher complexities (Bartlett and
Mendelson, 2002), covering numbers (Steinwart and Christmann, 2008; Cucker and Zhou,
2007) and algorithmic stability (Bousquet and Elisseeff, 2002). In this paper, we consider
biased stochastic gradient descent methods, and our focus is on their generalization ability.

3.2 Algorithmic Stability

Algorithmic stability is a fundamental concept in SLT to study the generalization of learn-
ing algorithms. Various different stability concepts have been introduced in the literature,
including the uniform stability (Bousquet and Elisseeff, 2002), on-average stability (Shalev-
Shwartz et al., 2010), argument stability (Liu et al., 2017) and on-average model stabil-
ity (Lei and Ying, 2020). In this paper, we consider the on-average model stability in-
troduced in Lei and Ying (2020), which considers the on-average effect of perturbing each
training example and has a benefit of incorporating the empirical risk into the stability
bounds (Lei and Ying, 2020; Kuzborskij and Lampert, 2018). Let || - ||2 denote the Eu-
clidean norm, (-,-) denote the dot product and V denote the gradient operator.

Definition 3.1 (Uniform stability) We say a (randomized) algorithm A is e-uniformly
stable if for all training datasets S, S € Z" that differ by at most one example, we have

sup, EA[f(A(S);2) — f(A(S):2)] <e.

Definition 3.2 (On-average model stability) LetS = {z1,...,2z,} and S’ ={z},...,2]}
be two datasets drawn independently from P. For each i € [n] :={1,...,n}, we denote

S(l) :{Zl,...,Zi_l,Zg,ZH_l,...,Zn}. (31)
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Let € > 0. We say a (randomized) algorithm A is on-average e-model stable if
1o ;
- Y E[IA(S) — ASD)I3] < €.
i=1

Our stability analysis requires several assumptions on the convexity and smoothness.
Definition 3.3 Let g: W — R, and \,G, L > 0.

o We say g is A\-strongly convex if g(w) > g(w') + (w — w', Vg(w')) + 3||w — w’||} for
all w,w' € W. We say g is convex if the above inequality holds with A\ = 0.

o We say g is G-Lipschitz if |[Vg(w)|la < G for all w € W.
e We say g is L-smooth if |Vg(w) — Vg(w')||2 < L||w — w'||2 for all w,w' € W.

The following lemma shows that a stable algorithm would automatically enjoy a generaliza-
tion guarantee. Therefore, it suffices to develop stability bounds to control the generalization
behavior of a learning algorithm.

Lemma 3.4 (Lei and Ying 2020) Let L,e > 0. Let A be an algorithm which is on-
average e-model stable. If for any z, the map w — f(w,z) is L-smooth, then

62
E[F(A(S)) ~ Fs(A(S))] < T + e (2LEFs(A(S))]) .

N

In our stability analysis, we often use the self-bounding property of smooth functions to
control gradients by function values.

Lemma 3.5 (Srebro et al. 2010) Let L > 0. If g : W +— R is L-smooth and nonnega-
tive, then |Vg(w)||3 < 2Lg(w) for any w € W.

3.3 Biased Stochastic Gradient Method

In this paper we consider biased gradient methods, where we build a possibly biased estima-
tor g(wy; Sy,) of the gradient and use it to search the next iterate. We consider a generalized
bias, where the bias is measured w.r.t. a surrogate loss function f : W x Z +— R. The intu-
ition is that while g(wy; Sy,) may be a biased estimator of VFg(wy), it can be an unbiased
estimator (or a biased estimator with a smaller bias) of VFg(w;), where we define Fg by

Fo(w) = ;Zf(w;zi). (3.2)

If f: is convex, then we may employ the convexity of f and the small bias of g(wy; Sy,) wr.t.
V Fg(wy) to get better stability bounds. As we will show, this is the case for the Zeroth-order
SGD. We can also just simply choose f = f, which is the case for SGD and Clipped-SGD.
We consider a minibatch version of BSGMs, where at each iteration we randomly draw a
batch of training examples to build gradient estimators. This minibatch scheme reduces the
variance of the gradient estimator, and does not affect the bias (Bottou et al., 2018; Miicke
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et al., 2019). For brevity, we always assume m < n in the paper, where m is the batch
size. For a set J = {j1,...,jm}, we denote S; = {z;,,...,2;,.}. We use the abbreviation
Sj = S{;3- Then our notation system implies (recall S (@) is defined in Eq. (3.1))

SV =gjitj#i and S =4 ifj=1i.

Definition 3.6 Let w1 = 0 and {n} be a sequence of step sizes. For any t € N, let
Jr == {Jjt1,- -, Jem} be independently drawn from the uniform distribution on {1,...,n}
(with replacement). BSGMs update model as follows

w1 = Wi — mg(wi; S, ), (3.3)
where g(wy; Sy,) is a (biased) estimator of VFs(wy) based on J;.

In this paper, we always assume the estimator g(wy; S, ) has a sum structure, i.e., g(wy; Sy,) =
ﬁ > zes, 9(Wi;z), where |Sy,| denotes the cardinality of Sy,.
t t

4. Main Results

4.1 Convex Problems

In this section, we present stability bounds for general BSGMs applied to convex problems.

Let {w;} and {Wt } be two sequences produced by BSGMs on S and S, respectively,

i.e., {w;} is produced by Eq. (3.3) and {Wt } is produced by Wijl = Wt( 2 — N g(wil), SS?),

where g(wg ), Sgt)) is an estimate of st(i) (w§ )). Theorem 4.1, to be proved in Section 6.1,

provides a general result on the stability of stochastic gradient methods with (biased)
gradient estimators. It shows that the stability of BSGMs depends on ||g(wy; Sj,,) —

g(wgi); S](-f)l)Hg and the bias of the gradient estimators. For brevity, we introduce the nota-
tion 7

NI

Ai:g%(ﬁ[uwt—wg“ng]) . Vien (4.1)

Theorem 4.1 Assume for any z, w — f(w;z) is convex. Let
by = E[g(wy; S7,)] — Vﬁg(wt) and bgi) = Et[g(w,gi); Sf,?)] — Vﬁsm (Wii)), (4.2)

where B[] := E[-|wy, w (1 ), ... ,wgn),S, S']. Then, we have

n T o . .
fZAQ_ ZZ% llg(we: Sj.0) — g(wi”; S)|3]
=1 t=1

n

n T T
>3 B lotwe: 5,,) — olw SN + 530 (o me)’
] t=1

i=1 t=1 =1

_|_

SN

where we introduce

[N
—
e
w
~

€ i= (E[Ibe = b 3] + 4[|V (wis 2:)[3)/m?) "

7
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(

In Theorem 4.1, the notation E;[-] = E[- |wt,w§1),. th) S, S’] means the expectation

conditioned on wy, w,gl), .. (n) ,S,5’. Note that b; does not depend on wgl), . (n) , 5.
We use E;[-] to get a unifying notatlon applied to all by, bgl), i € [n]. As we will see for Zeroth—
order SGD, this conditional expectation captures the randomness of both the minibatch J;
and the random direction used to build gradient estimators. Theorem 4.1 shows the stability

depends on both the sensitivity of the bias and the sensitivity of gradient estimators.

Remark 4.2 For the upper bound in Theorem 4.1, the term E || g(wy; Sjt,l)—g(wgl), ](:)I)H%]
is related to the variance, the term €; is related to the bias, and E[||E;, , [g(W; S, ,) —

(4),
( ! S]z 1 ) ’
then Ej, , [g(w¢; Sj,,) — g(wiz); S](t)l)} VFs(wi) — VFg0 (Wiz)). One can see that the bias
part, as compared to the variance, is more crltlcal to stability. Indeed, if we take n; = 7

and assume €; < €, E[|lg(ws; Sj,,) — g(wt ,S](Zl)H | < ¢, for some €,,&, > 0. Then,
the bias part becomes 872 2€b, while the variance part becomes 27n?€,/m. That is, the
bias part involves an additional factor of T'm compared to the variance. One can also see
how the parameters affect the bias and variance. For example, the use of a batch of size m
reduces the variance by a factor of m, and does not affect the bias. This is consistent with
the intuition that an average of independent variables decreases the variance but does not
change the bias. Then, our stability analysis always benefits from a large batch size. Fur-
thermore, both the bias and the variance benefit from small step sizes. Therefore, one can
always choose sufficiently small step sizes to get good stability and generalization. However,
small step sizes may affect the convergence. Therefore, one needs to balance the stability
and optimization by choosing suitable step sizes.

)]|13] is closely related to the empirical risk. For example, if we consider SGD,

(4)

We now impose a regularity assumption on ||g(wy; Sj, ;) — g(w; ;S J(.f)l)Hg and the bias, and

derive a stability bound which is more convenient to apply. We assume A, A and A are not
random variables. The proof is given in Section 6.1.

Theorem 4.3 (Stability bounds) Let assumptions in Theorem 4.1 hold. Assume there
exist A, A A>0 and BH,BM,BH > 0 such that

E[|lg(we; Sj.0) — g(wi”: SS)I3] < E[Allwe — wi” |3 + By, (4.4)
E[|[Ej, , [9(we: Sj.,) — g(wi™: SEONIB) < E[Allw, — wi” |3 + Bui), (4.5)
E[||b: — b7|13] < E[Allw: — w” |3 + B). (4.6)

IF2AT % 4 9AY T 2 4+ SAT ST 02 < 1/2, then

Z 4 Zznt Btz+ ZZ 2R[B, ]+ 16Zt 7 ZZE[Btz+4|’vf(wt’ )H2

zltl zltl i=1t=1

One can directly derive generalization bounds by plugging the stability bounds into Lemma 3.4.
We omit the discussion for brevity. The conditions (4.4), (4.5), and (4.6) take a similar form:
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the upper bounds involve a constant and a linear function of the distance between the argu-
ments. Intuitively, ||w; —wgz) ]2 would be small and therefore these conditions tolerate large
A, A, A (as compared to By ;, By i, By ;) to get good stability. We refer to these assumptions
as generalized Lipschitz-type assumption. To apply Theorem 4.3 to an algorithm A, it suf-
fices to estimate the corresponding A, A, A and By i, By, By ;. In Section 5, we will provide
explicit estimates of these parameters for SGD, Zeroth-order SGD and Clipped-SGD.

4.2 Strongly Convex Problems

In this subsection, we show that better stability bounds can be derived for strongly convex
problems. The proof of Theorem 4.4 and Corollary 4.5 can be found in Section 6.2.

Theorem 4.4 Assume for any z, w — f(w;2z) is A\-strongly convex. Let Eq. (4.4), (4.5),
(4.6) hold. If An,/m + An; + 2v242 + 2A/n < \/2 for any t € [T], then

iz": A2, < iing( ﬁ (1= ) Zn: (E[i‘”] +E[B))

i—1 k=1 k'=k+1 i=1
t t n
#ay 2o IT (= am) 3 (BB + 4BV F w2 B)/n).
k=1 k' =k+1 =1

For strongly convex problems, we often choose step sizes n; = 1/(A(t + a)), for which
Theorem 4.4 implies the following stability bounds.

Corollary 4.5 Let conditions in Theorem 4.4 hold and n;=1/(\(t+a)) for some a>0. Then

*ZAtHz—)\zntz Z( ) 1) 3 375 (BB +4EIY w2 B1/).

k_ i=1

Remark 4.6 If we assume

1 @& 11 = 5 oo 11 - - o <
- ZE[BM] S0 E;E[B;” + B S R ;E[Wf(wmzi)\b] S, (40
= 1= 1=
then Corollary 4.5 implies that
‘1 1 <1 _ logt 1
A2 SN2 (— ) = .
Z b+l ~ kz_: k\mn A%t ; n? ~ A\tmn + A2n2

. . . /
This shows that BSGM is on-average e-model stable with € < og! 21 21t2 + £, Therefore,
~ A(tmn)l/ An
BSGM is stable no matter how many iterations are taken for strongly convex problems,

which is consistent with the existing stability analysis of SGD (Hardt et al., 2016). Note
that this result requires assumptions Ant/m+gnt+2ﬂf1% +2X/n < A/2 and Eq. (4.7). The
assumption An /m+ An; + 2V2A47 +2) /n < A/2 holds if we choose a sufficiently small step
size and A < A2, which, as we will see, is the case for SGD, Zeroth-order SGD, and Clipped-
SGD. Indeed, we can choose A = 0 for both SGD and Zeroth-order SGD. As we will see
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in Lemma 5.1 for SGD, and Lemma 5.14, Lemma 5.15 and Lemma 5.16 for Clipped-SGD,
Eq. (4.7) holds if we can show 1Y% | E[||V f(w¢;2)3] < 1, which holds naturally since
LS VE(IVF(wez)|3] < 223" E[f(wy; 2;)] = 2LE[Fs(w;)] (Lemma 3.5), the latter of
which can be bounded by optimization error analysis. According to Lemma 5.5, Lemma 5.6
and Lemma 5.7, Eq. (4.7) also holds for Zeroth-order SGD if the smoothing parameter y is
sufficiently small.

Remark 4.7 Corollary 4.5 shows that BSGMs are resistent to overfitting for strongly con-
vex problems. It is interesting to investigate whether this phenomenon holds if we further
relax the strong convexity assumption. Two popular assumptions in this direction include
the exp-concavity assumption and the Polyak-Lojasiewicz (PL) condition on Fs. Here, we
say Fs is a-exp-concave if V2Fg(w) = aVFg(w)VFs(w)" (A = B means that A — B is
positive semi-definite), and we say Fs satisfies the a-PL condition if Fg(w) —infy Fg(w) <
a~1||VFs(w)||3. The stability of the empirical risk minimization (ERM) has been stud-
ied for exp-concave problems (Gonen and Shalev-Shwartz, 2017; Koren and Levy, 2015),
while the stability of any algorithm converging to global optima has been developed under
a PL condition (Charles and Papailiopoulos, 2018; Lei and Ying, 2021). A key property for
strongly convex problems is that

(wi — wi) VFs(w;) — VFEs(wi")) > Alw, — wi"|]3, (4.8)

by which we can show the following key inequality (Eq. (6.4)) for the analysis with strongly
convex problems

Iwipr = wiylI3 < (1= 2xm(n = 1)/n)[[we — w2 + Co, (4.9)

where C; is a linear function of ||w; — wg )”2. As a comparison, for exp-concave functions,
we only have

(wi—wi'), VEs(wi) =V Fs(w(")) > Z ((wi=w(") TV Es(w)*+3 (wi—wi") TV Es(w))".
(4.10)
A key difference between strong convexity and exp-concavity is that Eq. (4.8) involves
|lw — wti)H%, while Eq. (4.10) involves the dot product between w; — ng) and gradients.
It is not clear to us how to use Eq. (4.10) to build an inequality similar to Eq. (4.9) for
exp-concave problems. Similarly, it is also not clear to us how to build an inequality similar
to Eq. (4.9) by using the PL condition. Therefore, it remains an open problem to us on how
to use either the exp-concavity or PL condition to improve stability bounds in Theorem 4.3.
On the other hand, it was shown that one can transform the optimization error bounds
to excess risk bounds under the PL condition (Charles and Papailiopoulos, 2018; Lei and
Ying, 2021). Therefore, one can directly use the existing convergence analysis of BSGMs
to derive excess risk bounds under the PL condition.

5. Applications

In this section, we show the effectiveness of our general stability bounds in Section 4 by
applying it to SGD, Zeroth-order SGD, and Clipped-SGD. We summarize our stability
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Table 1: Comparison of stability bounds for SGD, Zeroth-order SGD and Clipped-SGD
for convex and smooth problems. For simplicity, we assume m = 1,7y = 7
and %Zthl E[Fs(wy)] < 1. For Zeroth:order SGD, we assume K =< d and
choose sufficiently small p, ie., pu < ﬁ in Nikolakakis et al. (2022a) and
w < mln{i;)l/?, }(?:;1/2(1} in Eq. (5.8). We take 7 < GT for Clipped-SGD.
Here, G is the Lipscthizness parameter, G is the parameter in either Assump-
tion 5.2 or Assumption 5.3. In the “Type” column, “U” means the uniform sta-
bility, while “M” means the on-average model stability.

Algorithm Reference Step size Type | Stability bound
‘Hardt et al. (2()16) n S1/L U 77T62/n
SGD | Lei and Ying (2020) m<1/L M “j?j" + “"T
Eq. (5.2) 2yl opst | M | Dy %
Zerothe leolakakls et al. (2022a) ne = O(1/(TL)) U ~G2/n
%léieDl" Liu et al. (2024) m S 1/t U G2T/n
Ea. (5:5) PYLopst | M | @0k
Clipped Eq. (5.17) 2y <1 | M ﬂf}f” + LQ"T
I
SGD Eq. (7.48) N = GTorn %2 M (Ln7322n + L2nT

Table 2: Excess risk bounds of Zeroth-order SGD and Clipped-SGD for convex and smooth

problems. For brevity, we assume m = 1,7, = n and indicate the dependency on
n and L. For Zeroth-order SGD (ZSGD), we take K < d and a sufficiently small

, < mi 1 1 w3 w5 We take + = GT#
Hs 1€ S mm{d(nL)uza LI23372 (Ln)t/4di/72 " 3744372, 1/2n1/4} e take 7 =

for Clipped-SGD.

Algorithm Reference Step size Iteration number | Excess risk bound
* 1/2
_p _p___P
Clipped Remark 5.207 GTrn~ 2 2L2p 2 | n@2Gr-1L2-2 5;2
SGD  [Theorem 5.25 | GTorn 52 L52 | no2Gri[55m 5 (L)
n
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and excess risk bounds in Table 1 and Table 2, respectively. Note our discussions require
L? Zthl n? < 1, which is a standard assumption. For example, an assumption > 52, n? < oo
is often imposed for the almost sure convergence of SGD (Bottou et al., 2018).

5.1 Stochastic Gradient Descent

In this section, we apply Theorem 4.3 to derive stability bounds for SGD. The aim is to
verify the effectiveness of our general result by showing it recovers existing results on the
classical SGD, which has been widely studied in the literature (Hardt et al., 2016; Lei and
Ying, 2020; Kuzborskij and Lampert, 2018). For SGD, w1 is produced by Eq. (3.3) with

g(wis 5) = - S Vf(wia,) (5.1)

k=1

It is clear that g(wy; Sy, ) is an unbiased estimate of V Fg(w;) and therefore we have b, = 0.
The following lemma, to be proved in Section 7.1, shows that Eq. (4.4), (4.5) and (4.6) hold.

Lemma 5.1 Assume for all z, the map w f(w;z) is L-smooth. If we choose the gradient
estimator in Eq. (5.1) and f = f, then Eq. (4.4), (4.5) and (4.6) hold with A =0,B;; =0,

A=L%  By;=4|Vf(wez)l3/n,
A=3L7/2, By =12|Vf(wi;z)|[3/n”.

We now combine Lemma 5.1 and Theorem 4.3 to derive the following corollary.

Corollary 5.2 (Stability of SGD) Assume for all z, the map w — f(w;z) is convex
and L-smooth. If (3 + 2)L? Zthl n? < 1/2, then

1 n L T LZT 772 T
2 2 t=1"lt
- Z Al S — > n7E[Fs(wy)] + 7 > E[Fs(wi)]. (5.2)
i=1 t=1 t=1
Furthermore, if n. = n, then

1 n L 2 L 2T *|2
3 ars ( T )(HW I —I—TF(W*)). (5.3)
n mn n n

Remark 5.3 If m = 1, the stability bound 1Y% | A? < %T/" ZtT:1 n?E[Fs(w;)] was
developed in Lei and Ying (2020). If m = 1 and n; = n, it is clear that this bound is
of the same order of Eq. (5.2). Eq. (5.3) gives explicit stability bounds depending only on
problem parameters and step sizes. While Theorem 4.3 is developed for a general stochastic
gradient method with a biased estimator, it recovers the existing bound when applied to
SGD. This shows the effectiveness of our general approach since we do not incorporate the
special update rule of SGD in deriving Theorem 4.3.
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5.2 Zeroth-order SGD

In this section, we consider Zeroth-order SGD, which has found wide applications in solving
black-box optimization problems. As a derivative-free optimization method, it is especially
desirable for applications where explicit gradient calculations are computationally infeasible,
expensive, or impossible (Duchi et al., 2015; Nesterov and Spokoiny, 2017). The basic idea
of derivative-free optimization is to approximate gradient by a finite difference, which only
uses function values. In particular, for Zeroth-order SGD, w1 is produced by Eq. (3.3)
with (NV(0, I;) denotes the standard Gaussian random variable in R?)

K
1 i Z fwe + plagy 15 th,k) - f(Wt;th,k)

ml k=11=1 p

Q(Wta SJt Uy, 1, Ugp 1 ™ N(()? Id) ) (54)

where € R* is a smoothing parameter determining the step size in approximating the
gradient of f. For simplicity, we omit the dependency on uy, in the notation of g(wy; Sy,).
As indicated in Duchi et al. (2015), g(w;S;) is a biased estimator of V f(w;z;). Indeed,
the bias satisfies the following inequality if f is L-smooth (note S; = z;)

[Eulg(w; Sj)] — Vf(w;z)||, S pld?, (5.5)

which shows that Eq. (4.6) holds with A=0and B;; < L?u2d®. However, directly applying
Theorem 4.3 with f = f would lead to a bound involving the following term

ZT 2 & T Z n?
L S ICTFER i) SERTIERI) SRR

i=1 t=1 i=1 t=1

which is not desirable due to the linear dependency of 1" and the independence of n. The
problem with the above analysis is that it introduces a large bias. Recall that in Theorem 4.1
the bias is defined in terms of a surrogate function f. If we can build a convex and smooth
surrogate function f such that the bias E;[g(wy; Sj,)] — B[V f(w;2)] is small, then we can
apply Theorem 4.1 with such f to get stronger stability bounds since the bias is a critical
term in the stability bound. Our key idea is to show that we can actually get a zero bias
by considering the following surrogate function

F(wiz) = Bu[f(w + pusz)]. (5.7)

where u ~ N (0, 1) and we omit the parameter p in f for brevity. The following lemma
shows that f preserves the convexity and smoothness of f. Furthermore, it shows that
g is an unbiased estimator of VFs(w;). The last property follows directly from Eq. (21)
in Nesterov and Spokoiny (2017).

Lemma 5.4 (Nesterov and Spokoiny 2017) Let f be defined in Eq. (5.7).
o Assume for any z, w — f(w;z) is convex. Then for any z, w f(w; z) is convez.
o Assume for any z, w — f(w;z) is L-smooth. Then for any z, w — f(w;z) is

L-smooth.
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o Let g be defined in Eq. (5.4). Then, E[g(wi; Sy,)Iw:i| = VFs(wy), where Fg is defined
in Eq. (3.2) with f defined in Eq. (5.7). It also holds that Eylg(w; S;)] = V f(w;S;)
for any w € W and j € [n].

According to Lemma 5.4, for the above g and f , we have b = bgi) = 0, where the bias b; and

bgl) are defined in Eq. (4.2). Furthermore, the surrogate function f preserves the smoothness
and convexity, which we will exploit in developing a much better stability bound than that
in Eq. (5.6).

To apply Theorem 4.3, we will show that Eq. (4.4) and Eq. (4.5) hold with appropriate
A, A and By, Bi;, which are constructed in Lemma 5.5 and Lemma 5.6. The proofs of
results in this subsection are given in Section 7.2.

Lemma 5.5 Let g(wy;Sy,) be defined in Eq. (5.4). Assume w — f(w;z) is L-smooth.
Then, for f defined in Eq. (5.7), Eq. (4.4) holds with A = (1 + %)L2 and

8(d+ 2)IVf(wi;2i)ll3 | 20°L*d(d +2)(d + 4)
+
Kn K

Lemma 5.6 Let g(w¢;Sy,) be defined in Eq. (5.4). Assume w — f(w;z) is L-smooth.
Then, for f defined in Eq. (5.7), Eq. (4.5) holds with A= ( 4(d+2))L2 and

4., -
B = —&-HHVf(Wt;zi)Hg.

3 _8(d—|—2)HVf(wt;Zz)||%+2u2L2d(d+2)(d—|—4) 1
t,i

2
g = Kn2 K QHVf Wi %) H2

9°

The stability bound in Theorem 4.3 involves the term ||V f(wy; 2;)||3, which are related
to ||V f(wy;2)||3 by the following lemma.

Lemma 5.7 Let f(w;z) be defined in Eq. (5.7). Assume w — f(w;z) is L-smooth. Then

_ 2L2
B[V Ftweiz)5) < 2B[19F (wiszi) 3] + 25 dtd + 2) (@ + 4).
Now we apply Lemma 5.5, Lemma 5.6, Lemma 5.7 and Theorem 4.3 to derive Corollary 5.8.

Corollary 5.8 (Stability of Zeroth—order SGD) Assume for allz, the map w — f(w;z)
is convez and L-smooth. If (3 + (d+2) +2 4 4(d+2 )L? ST n? <1/2, then

1< L dy — LYy &
Ly ars B (14 L) S mims () + L S w Ry (o)
=1 t=1 t=1

27233 T 27253 T 271233 T 2
poLod o M Ld o | WLAT Y g
+ mn ;77754‘ K ;nt+ n2 '

Furthermore, if n; =n < (2L(1 +d/K))™!, we have

(5.8)

K K

T 2 2L2d3 T 2 2L2d3 2L2d3T2 2
L Intp L Intp T

% Zn: A2 < (fn’i (1 + d)+L:2772) (TF(w*)+n—1||w*||§+LdM2T+nT(L(1+1)F(w*)+u2L2d3))
i=1

5.9
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Remark 5.9 To get a clean comparison with SGD, we assume n < T and Lnd/K < 1. In
this case, Eq. (5.9) implies (note n < 1/L)

1o Ln*d  LT»? *|12
- Z AZ < (777 + 277 ) (TF(W*) + LW I + LdpT + L277T,u2d3>
n mnK n n

T772/«L2L2d3 N M2L2d3T2n2
min{mn, K} n? '

(5.10)

F1/2 * F1/2 * . .
(Ldg()‘;v/z), (an()‘iv/Q)d }), then Eq. (5.10) implies

If we choose sufficiently small 4 (e.g., © < min {

1 ¢ Ln*d  LTy? LAl
ﬁZA?S<7mnK+ - )(TF(W)+ ; 2). (5.11)

1=

This matches the stability bound of SGD in Eq. (5.3) if d < K.

We get this stability bound by taking a surrogate function in Eq. (5.7). If we choose
f = f, then Eq. (5.6) and Theorem 4.3 shows the stability bound involves L?2d? 23:1 n?T.
As a comparison, our analysis involves a much smaller term L?p2d> ZtTﬂ n (ﬁ + % + %)
We achieve this improvement by considering the surrogate function f, by which we can fully
use the zero bias of f as an estimator of ﬁs as well as the convexity of f . Note a property
of our analysis is that the surrogate function is just introduced to simplify the stability
analysis, and we do not need to build it in the implementation. This makes our framework
flexible since we can try any surrogate function as long as it is convex and smooth.

Remark 5.10 (Comparison with existing analysis) We now compare Corollary 5.8
with existing stability analysis of Zeroth-order SGD (Nikolakakis et al., 2022a). For sim-

plicity, we assume m = 1. The work (Nikolakakis et al., 2022a) considered two cases to

control ||wy1 _W§21 ll2. If je.1 # i, then the update of w1 and Wiﬁl use the same example

zj,,- Their basic idea is to consider the following decomposition

HWt—Utg(Wt; ij,l)—ng)‘th(Wt(Z)?ij)Hg < HWt—ﬁtVf(Wﬁ th,1)_W§2)+ntvf(W§l); th,l) HQ
[ VF(wizg) = g(wiz,) + g(wii2,) = Vw52, (5.12)
The discussions in Nikolakakis et al. (2022a) assume

[we =V f(wiszj, ) = wi + Vw2, < allwe = wi

for some a > 1 (if f is convex and smooth, then o = 1 (Hardt et al., 2016). Otherwise
a > 1). It was shown that (Nikolakakis et al., 2022a)

7 7 3
IV (Wi 2j,0) — g(wiszj,) + 9wy 2,,) = V(w3 25,)||, S pLd? + /d/K L||w; —w)|2.

Combining the above bound and Eq. (5.12) yields
i i 3
lwe = mg(wiszj, ) = wi” + g (w2l < (0 + Com/d/K L) we = wil2 + CopLed?,

15



ZENG AND LEI

where C1 and Cy are two universal positive constants. In the second case with j; 1 = 4, the
update of w1 uses z; and the update of Wﬁl uses z;. Under a G-Lipschitzness assumption,
it was shown that (Nikolakakis et al., 2022a)

HWt — mg(We;2;) — ng) + Utg(ng);Z;)HQ < |jwy — ng)HQ + C1m d/Ké + C2ML77td%-

We combine the above two cases together, and use the fact that the event j; 1 =i happens
with the probability 1/n to get

Ef[wiir — wihll2] < (a+ Con/d/KL)E[[w, — wils] + ConLyd + Cr/d/KG/n.

This analysis shows that E[||w;y1 — wglﬂg] expands by a factor of a + Cim+/d/KL

as compared to E[||w; — Wt(Z)HQ]. Even if f is convex, the expansion factor becomes
14 Cyme\/d/ K L for which the step size needs to decay with the rate of n; < 1/t to get con-
trollable stability bounds (Hardt et al., 2016). To our knowledge, all the existing stability
analysis of Zeroth-order SGD with random gradient estimation is based on the decompo-
sition in Eq. (5.12) (Nikolakakis et al., 2022a; Liu et al., 2024), which cannot fully exploit
the convexity of f to get a nonexpansiveness of the stability bounds when choosing the
same example for updating. Therefore, the existing analysis of Zeroth-order SGD with
random gradient estimation requires a fast-decaying step size n; < 1/t. As a comparison,
we consider the surrogate loss f and our analysis fully exploits the convexity of f to get an
improved stability bound. In this way, we do not need to consider the bias since g(wy; S;) is
an unbiased estimator of Vf(wt; S;) (Nesterov and Spokoiny, 2017). This strategy allows
us to get desirable stability bounds for the standard step size n; < 1/ VT.

It should be mentioned that the work (Theorem 3 in Liu et al. (2024)) also consid-
ered Zeroth-order SGD with deterministic coordinate-wise gradient estimation (g(w;z) =
Z;l " fwtp e” 2)—f(wiz) e; with e; denoting the j-th elementary basis vector), and derived
stability bounds under the condition that e < 2/Land p < 1/(nd). The difference with our
work is summarized as follows. First, we consider Zeroth-order SGD with random gradient
estimation which is more popular than Zeroth-order SGD with deterministic coordinate-
wise gradient estimation. Second, we consider on-average model stability and we do not
require a Lipschitzness assumption, while the work (Liu et al., 2024) considered the uni-
form stability and imposed a Lipschitzness assumption. Furthermore, our stability analysis

?;;2)1/2), ?;g(l‘;;d) }, while the work (Liu et al., 2024) required p < 1/(nd).

requires p < min {

We are now ready to present excess risk bounds for Zeroth-order SGD. For simplicity, we as-
sume F(w*) < 1 here. This is a mild assumption and holds for many popular machine learn-
ing problems. For example, it holds if we consider margin-based loss f(w;z) = ¢(y(w,x)),
where z = (x,y) and ¢ : R — R is a decreasing function. Indeed, in this case, we know

F(w") < F(0) = E,[¢(y(0,x))] = $(0).
We also assume ||[w* —wl[2 < ||[w*||2 to simplify the notation, which holds if we set w; = 0.

Assumption 5.1 We assume F(w*) S 1 and [|[w* —will2 S [[w*]|2.
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Theorem 5.11 (Excess risk bounds for Zeroth-order SGD) Assume for all z, w —
f(w;z) is convex and L-smooth. Let Assumption 5.1 hold. Let {w}; be produced by BSGM
with g(wy; Sy,) in Eq. (5.4) and iy = n < (2L(1 +d/K))™'. Let A(S) = %Zthl wy. If
(3+ 78“;2) +2 4 74%}2))L2T772 <1/2,n ST and
1 1 3 3
L(dT)2n LT T2nu(Ld)? Ld):T *113 Ld
( )2? L LT TEau )21 L pd)zTn w3 +Ldu2+n(—+u2L2d‘°’) <1,
(mnK)z n min{mn, K}2 n Tn K

(5.13)
then

1 1 3
L(dT)in LT Tanu(Ld)?
( )2n+ . 2nu(Ld)>?

~ (mnK)% n min{mn,K}%
3
Ld)2T w*|3 Ld
+M< ) 77+ b +Ldﬂ2+77<*+ﬂ2L2d3)~
n Tn K

Remark 5.12 The condition Eq. (5.13) is imposed here to simplify the result. If this
assumption does not hold, then it is clear that the above risk bounds are vacuous. Therefore,

we always choose parameters to make this condition hold. For simplicity, we assume m = 1
and choose T 2 max{%l, Ln||w*||%(% +1)}. Then, Theorem 5.11 implies

3 3
LTy  TnuL2d Ld):T w*|3

E[F(A(S)) = F(w")] <

~

where we use K > nd/T and n < T. If we choose n such that Tn = v/n||w*||2/vL, then
we further get

1 3
Lz ||w* w*|lopLd?
EIF(AS) — Fw)] § V2 gy ¢ A e g2
n2 n2
If we choose ) )
| 1wl el
uﬁmm{ T: 71 3° ToTs §§;2;}=
d(nL)z L2dz (Ln)idz Lid2nzni

then we get E[F(A(S)) — F(w*)] S L2 ||W*H2/n% To our knowledge, this is the first excess
risk bounds of order 1/4/n for Zeroth-order SGD. It is clear that Eq. (5.13) holds under our
choices of 1 and p. Furthermore, since T' > Ln||w*||3(4 + 1), we know

d L2T2? d L*(1+d/K)n|w*|3
L*Tn*(1+ —) = 1+ —) = 2<1
71+ ) 7 (%) TL ~ 5
which is consistent with the condition (3 + % + % + %)LQTn2 <1/2.

5.3 Clipped-SGD with Bounded Moments

While SGD is still the de facto algorithm in machine learning, its performance may dete-
riorate for problems with heavy-tailed noises, which are often encountered in training deep
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learning models such as BERT and convolutional neural networks (Zhang et al., 2020, 2019).
To improve the robustness of SGD to tackle heavy-tailed noises, the technique of gradient
clipping has been introduced and has found very successful applications. For a vector v, we
define the clipping operator with parameter 7 > 0 as follows

clip(v, 1) := vmin(1, 7/||v]|2)-

The basic idea of Clipped-SGD is to apply the clipping operator to the gradient estimator
before the iterate update. At the ¢-th iteration, Clipped-SGD updates w1 according to
Eq. (3.3) with

1o~
g(wy;Sy,) = %Zchp(Vf(wt;zjt,k),T). (5.14)
k=1

Other than stabilizing the optimization process, gradient clipping also has found core ap-
plications in developing privacy-preserving machine learning algorithms. For example, the
gradient clipping controls the magnitude of the gradient, which is essential to apply the
gradient perturbation to preserve privacy (Abadi et al., 2016; Das et al., 2023).

Although the gradient clipping operator diminishes the variation of the gradient esti-
mator, it introduces the bias. For example, if E,[||V f(w;z)|[5] < GP with p € (1,2], then it
was shown that the bias satisfies the following inequality (Zhang et al., 2020)

| Ez[clip(V (w3 2))] — EL[V f(w;2)]||, < GPT P (5.15)

Therefore, the bias decreases to 0 as 7 increases to infinity. According to Eq. (5.15), Eq. (4.6)
holds with A = 0 and Bt,i = G?P7272P_ If we use this crude estimator, Theorem 4.3 implies
a stability bound involving the term

ZtT—N?tQ LRA > ZtT—177t2 " 2p_2-2 2p_2-2 d 2
= ZZE[Bt,i]zi;L ) @R = TGy ”;m,

i=1 t=1 i=1 t=1

which is not desirable due to the factor of T. Our key idea is to consider the difference of
bias at two vectors, and show this difference satisfies a much better condition in the sense
of Eq. (4.6) with A < 1/7% and B;; < 1/n? (Lemma 5.14). The proof of Lemma 5.14 is
based on the Lipschitz continuity of the bias established in the following lemma. The proofs
of results in this subsection are given in Section 7.3.

Lemma 5.13 For any vi,ve € W, we have

| (clip(vy, ) — clip(va, 7)) — (vi — v2)[|l2 < [[vi = va|l2I[||vi]l2 > T or ||vall2 > 7], (5.16)
where 1[-] is the indicator function, i.e., returning 1 if the argument holds and 0 otherwise.
In this subsection, we always assume f = f and impose a bounded moment condition.

Assumption 5.2 Suppose for any t,i, E.[|Vf(w; Sp)|h] < GP, ET[HVf(Wy);Sg))Hg] <
GP, where r follows the uniform distribution over [n].

Assumption 5.2 is standard, which has been widely adopted in the analysis of Clipped-
SGD (Zhang et al., 2020; Cutkosky and Mehta, 2021). This assumption is often referred to
as a heavy-tailed noise condition if p < 2 (Zhang et al., 2020; Cutkosky and Mehta, 2021).
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Lemma 5.14 Let g(wy; Sy,) be defined in Eq. (5.14), and by, b,gi) be defined in Eq. (4.2).
Let p € [1,2] and G > 0. Let w — f(w;z) be L-smooth and Assumption 5.2 hold. Then,
Eq. (4.6) holds with A = 328" and B, ; = 8||V f(we; ;) [|3/n?.

In the following two lemmas, we show that Eq. (4.4) and Eq. (4.5) hold for Clipped-SGD.

Lemma 5.15 Let g(wy; Sy,) be defined in Eq. (5.14). Assume w — f(w;z) is L-smooth
for any z. Then, Eq. (4.4) holds with A = L? and By; = %HVf(wt;zi)H%.

Lemma 5.16 Let g(w;Sy,) be defined in Eq. (5.14). Assume w — f(w;z) is L-smooth
for any z. Then, Eq. (4.5) holds with A = 3L%/2 and B“ = %HVf(wt,zZ)H%

Now we apply Lemma 5.15, Lemma 5.16, Lemma 5.14 and Theorem 4.3 to get Corol-
lary 5.17.

Corollary 5.17 (Stability of Clipped-SGD) Let Assumptions in Lemma 5.14 hold and
f be convex. Let Assumption 5.1 hold. If (3+ 2 + 64G2pT)L2 Zle n? < 1/2, then

2P
n
1
2
S ars
n < mn
i=1

Furthermore, if iy =n < 1/(4L) and G S T, then

L LY d
NiE[Fs(wt)] %ZE[FS(WQ]. (5.17)

MH

t=1

n

1 LTy LT I3 LTy
fZA (EE L) (pwry e 0 s grrr v (g P ) )

—2
Remark 5.18 If we choose 7 = GT7 and n S min{l/L,n/(TL),G*ZTPTF(W*)}, then
we have LT?n?/n < Tn and

GPr2Py 4GP Ty < 2T 7+ G2T 7 Ty = GPT 7' n S F(w”).

In this case, Eq. (5.18) implies that

*ZA (LTn Lf;vf)(F(w*H IIV;’;H%>,

which is of a similar order as the stability bound for SGD in Eq. (5.3). To our knowledge,

our analysis gives the first stability bounds for Clipped-SGD. The choice 7 < GT% is also
used in the convergence analysis of Clipped-SGD (Nguyen et al., 2023).

We combine the stability and convergence analysis to derive the following excess risk bounds.
Recall that Assumption 5.1 gives F'(w*) < 1.

Theorem 5.19 (Excess risk bounds for Clipped-SGD) Let assumptions in Corollary 5.17
hold. Let ny = n and A(S) = %Zthl wy. If

1
InT> LT w2
nTz LTy [w* |3

Pr2=P 272 (T + LT?n? /n) <1 1
(mn)% " Tn + GPT*7 P+ G*Pr (T'n + n°/n) <1, (5.19)
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then
*)|2 LnTz LT
E[F(A(S)) — F(w")] < iz FQPr2Py 4 Gy o P2 2 (5.20)
Tn mn)z

*||2 2p LT
E[F(A(S)) - Fw)] 5 202 gyt LT
Tn n
If we further take
_Db __1r 1 _Dpb _p_ __P
n =< Gi-r||w*|on -2L2-2 and T x<n2»2Gr1L232, (5.21)
p=1 _ 1-p 1 1
then T =< ||w*|[an2»—2L2%-2 = ||w*||on2 L™ 2 and
2-p _p_ % __1 1 _p 2-p _p 2-p _p 2-p
nT p XGl_pHW Hzn 2p—2L2p—2n2p—2 P Gp—l P L2—2p p
(p—2) - -
= G W g B RS L RS — G w R, (522

1

from which we derive E[F(A(S))—F(w*)] < ||w* HgL%n_?. To our knowledge, this gives the
first risk bounds of order n~3 for Clipped-SGD by stability analysis. The choice T =< n-z
means that we require more iterations for a smaller p. For example, for p = 2 we can choose
T = n, while for p = 3/2 we require T < n? to achieve the excess risk bound O(1/y/n).
Furthermore, we have

L2T? = 2L Lo 2 n % Gt GTos w2 = Lo 2 nt2 G2t w2,

2p—2 p—2 3p—2
Without loss of generality, we always assume G 2 |[w*||y” n 2 L 2r (otherwise, we can
2p—2

—2 3p—2
take the maximum between G and ||[w*||,” n'm L% ). Then, we have L?*Tn? < 1 and
therefore our choice of parameters in Eq. (5.21) is consistent with the condition (3 + % +

64f‘#)LQ Zthl n? < 1/2 (note G*’T/7?" < 1/T). Eq. (5.19) holds directly since the right-
hand side of Eq. (5.20) is of order L2 Hw*Hgn_% (note n < n/(LT) since T'n < ||w*|]2n%L_%).

Remark 5.21 An application of Clipped-SGD is to use it to develop differentially private
algorithms (Abadi et al., 2016), i.e., we update models by

Wil = W — 1)t (Q(Wt; Sy)+ Gt)a (5.23)

where g(wy; Sy,) is defined in Eq. (5.14) and Gy ~ N(0,02I,) is a Gaussian noise with
variance o2l introduced to protect the privacy of data. Since the noise G; does not affect
the stability, one can directly apply Corollary 5.17 to show that the method in Eq. (5.23)
is on-average e-model stable with
T T 9 T
L LY

&S =N pPE[Fs(w)] + Z;Lzlm S E[Fs(wy)]. (5.24)

t=1

mn
t=1
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Uniform stability was also used to study the utility guarantee of differentially private SGD
method (Bassily et al., 2019, 2020)

1 m

Wil = Wy — ¢ (E ; Vf(Wt; th,k) + Gt>, (525)
Under a é—Lipschitzness, L-smoothness, and convexity assumption, it was shown that the
method in Eq. (5.25) is eunie-uniformly stable with ey < TnG?/n (Bassily et al., 2019).
This stability analysis considers SGD which requires a Lipschitzness condition to control
the sensitivity of the gradient update. As a comparison, we consider Clipped-SGD, which
automatically satisfies the sensitivity assumption. Instead, we impose a bounded moment
condition to study the stability and generalization. Furthermore, Eq. (5.24) involves training
errors, which can benefit from small training errors during the optimization process, while
the uniform stability analysis in Bassily et al. (2019) does not capture training errors. Lastly,
our result in Eq. (5.24) clarifies the batch size in improving the stability, while the uniform
stability analysis in Bassily et al. (2019) does not show the effect of batch size.

5.4 Clipped-SGD with Bounded Central Moments

Section 5.3 studies the stability of Clipped-SGD under a bounded moment condition, which
can be strong and implies that the true gradients are bounded (Nguyen et al., 2023). In
this section, we consider a weaker assumption called the bounded central moment condi-
tion (Nguyen et al., 2023; Zhang et al., 2020). If p = 2, this becomes a bounded variance
assumption.

Assumption 5.3 Let G > 0. Suppose for any t,i, E,[|Vf(wSr) — VEs(wy)|[5] < GP,
ET[HVf(W,gZ); 57@) —VFqu (wgl))Hg] < GP, where r follows the uniform distribution over [n].

Remark 5.22 Assumption 5.3 implies that

1
—max ||V f(wi;z;) — VEs(wi)[[; < B [[|Vf(wi; Sr) — VFs(wi)[l3] < G

n i€n)

and therefore max;c(,) [|V f(wi;2:) — VFg(wy)|2 < n»G. This shows that the stochastic
1

gradient noise is bounded by nrG, which further implies that for any nondecreasing and
continuous measurable function ¢ the following expectation is bounded:

E,[p([V £(wis S) — VFs(wi) 2)] < 907 G).

In particular, this means that the noise is sub-Gaussian, although the sub-Gaussian param-

1
eter can be very large, i.e., of the order of nrG.

The following lemma shows that the condition in Eq. (4.6) still holds under Assumption 5.3.
The proofs of results in this subsection are given in Section 7.4.

21



ZENG AND LEI

Lemma 5.23 Let g(wy;Sy,) be defined in Eq. (5.14), and by, bgi) be defined in Eq. (4.2). Let
w — f(w;2z) be L-smooth and Assumption 5.3 hold with some p € [1,2]. Then, Eq. (4.6)
holds with A = 322%:# and

B, = ( ) — Vf(wt ) Z)H2

) 2

- +3L%wy —w(”Bxe.

where we introduce
xti = I[|[VFs(wy)||2 > 7/2 or [|[VFg (wi)y > 7/2]. (5.26)

Now we apply Lemma 5.15, Lemma 5.16, Lemma 5.23 and Theorem 4.3 to derive Corol-
lary 5.24. As compared to the analysis under the bounded moment condition, the anal-
ysis under the bounded central moment condition yields an additional term involving
I[||VFs(wy)|l2>7/2] in Eq (5.28). The stability bound in Eq. (5.28) also involves a weighted
summation of training errors, which are removed in Eq. (5.30) by controlling >>7_ | E[Fg(w;)]
with high-probability convergence analysis. To this aim, we introduce an assumption on
the behavior of w*. Note that [|[VFs(w*)|2 < % log%(l/(S) is a Sub-Gaussian assumption

on Vf(w*;z) since VF(w*) = 0.

Assumption 5.4 Let C3 > 0. Foranyd € (0,1), with probability at least 1—¢: [|[VEs(w*)||2 <

1
%logE(l/é). Also, assume ||W* —wi||2 < ||w*[|2 and F(w*) < 1.

Let § € (0,1) be a number to be determined later. We introduce R to control the distance
between w* and wy for ¢ € [T

Ry = \/§(||w1 — w2 + 4% (32GP T2 PT + 472 10g(3/5))

N

+ 10272 ((12GP71P)? + 47272 1og?(3T/6) +c§n—llog(3/5))> . (5.27)

Corollary 5.24 (Stability of Clipped-SGD) Let Assumptions in Lemma 5.23 hold, f
02p4+2 2
be convez and & € (0,1). If 3+ Z + 242?:#)1)2 ST n? <1/2, then

1< L & L
EZAﬁg%ZnEFSWt ZtlntZEFgwt
t=1

2 .
" LZ;" SO3 " Efiw — w IV Es(wo)la > /1), (529

i=1t=1
Furthermore, let Assumption 5.4 hold and
1
C3log2(3/0)
> _ .
7_2( N +LRT), (5.29)
where Ry is defined in Eq. (5.27). Then

1o LT?? LT2772 [w* ||2 2— 2p—11..2
nZ;A ( + 3 )<1+ T +n(GPT*7P + 72T log*(T'/6) )+
T((GPr'7)? + n~og(1/6)) + L(Tyr + ||w* HQ)?(S) + L2240, (5.30)
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We combine the stability and convergence analysis, and derive the following theorem on
excess risk bolunds undeir Assumption 5.3. It shows that we can still get excess risk bounds
of order O(Lz||w*||2/n2), where we use O(-) to hide logarithmic factors.

—2
Theorem 5.25 (Excess risk bounds for Clipped-SGD) Let G 2 n'%m L and § =
min{%, L\/E(TnTl—i-||w*H2)2’<nTTn)72/L}' Let assumptions in Corollary 5.24 hold. Sup-

pose we take T = GT%,m =n and T in Eq. (5.21). For A(S) = %Zthl W, we know
1,
E[F(A(S)) = F(w*)] = O(L2[[w*[|2/v/n).

Remark 5.26 Remark 5.20 shows that our parameter choice in Eq. (5.21) is consistent
with the assumption (3 + % + M)Lz Zthl n? < 1/2. Furthermore, the choice

2P
1 .
7 < GT'» implies

1
Ry S [ w*|l2 + n(GPr>PT) 7 + T (GP7' P + 7T log(T/8) + n~2 log? (1/5)) (5.31)
< [lw*|l2 + n(GPGAPT 5" T)3 + 9T (GPGPT 5 + GT» T~ log(T/8) +n~% log? (1/5))
S Wl + nGT 10g(T/8) + nTn™ log? (1/8) S |[w" [2-+nGT» 1og(T/8) +[[w* 2L~ # log3 (1/9).
where we have used Ty =< ||W*H2n%L7% given below Eq. (5.21). Therefore, the choice

1
7 =< GT? in Theorem 5.25 is consistent with the assumption in Eq. (5.29).

6. Proofs on General Stability Bounds

In this section, we present the proof for our general stability bounds for BSGMs. We first
introduce an elementary result on the solution of a quadratic inequality. We omit the proof.

Lemma 6.1 Let a,b > 0. Ifx2§ax—|—b, then 2 < a? + 2b and © < a + Vb.

The following lemma relates the difference between two gradient estimates based on a
minibatch to the difference based on a single example.

Lemma 6.2 It holds that

Ej,lllg(we: S5) = g(wi’;s SOB) < =B, [lg(we: Sj,,) — g(wi’s V)13

+[|Bj, [9(wes S,y ) — g(wi?s 5913

[N

=

Proof Since E[X?] = E[(X — E[X])?] + (E[X])? for a random variable X, we know
Ellg(we Ss,) — g(wi; SSOIIB] = B lo(wes Si) — g(wi; SOOI
+Ey, [lg(wi; Sg,) — g(wi; S9) — B lg(wi; S) — g(wi: 5)]13].

Recall that ¢ has a sum structure in the sense that g(wy;Sy,) = ﬁ Zzesh g(wy;z). Since
averaging m independent random variables reduces the variance by a factor of m and

Elo(we: S5) — g(wi”; SE) = By, lo(we: S,,) — g(wi?: S,
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we further get

E[lg(we Ss,) — 9w SSOIB] < IBj,. [o(wes Si.) — g(wi?; )12

t Mg

1
+ B, [lg(wes i) — 9w S50 = B lo(wes S5, ) — g(wis S5 )113]

1 7 —1 7
= —Bj,, [lo(wi S50,) = 9w SEDIB] + =B, [o(wes i) — 9wl S0,

The proof is completed. u

6.1 Proofs on Convex Problems

We now present the proofs of Theorem 4.1 and Theorem 4.3 under a convexity assumption.
Proof of Theorem 4.1 We know

(

Iwerr — Wi (13 = [[we — meg(wi; S5,) — wi + meg(wi?; S92
( (4) (1)

— we — w213 + n?lg(wi; S,) — g(w) ,S§t>||2—2m<m—wt Lg(wi; Sg,) — g(wi; SD)).

Taking a conditional expectation implies
Eoll[weer — Wity 3] — [lwe — wi” |13
= i?Ei[llg(we: S1.) — g(wi”; S IB] — 2me(wr — wi Bulg(wi: S5,) — g(wi”: 85

= ?Ei[llg(we: S1,) — g(wi?; SEV B — 2me(wr — wi VFs(wy) + by — VEge (wi”) — b)),

By the convexity of f, we know (w —w’, Vf(w;z) — Vf(w';2)) > 0 for any w,w’ and then
(wi —wi) VEs(wi) = Vg (wi))

= % Z <Wt —wi, Vf(wizj) — V(w2 )> + %(wt wi) Vf(wyz) — Viw;2))
G

IV (wiizi) = V(w52 [ollwe = w2

2_
n
It then follows that
Ellwir1 — w113 < Elllw: — wi|3 ]+n?Ewg<wt,SJt>—g<wt S 13)
+ 20w, — i |2l b — ’)||21 LR we — w2V F (Wi 25) — VF(w; 20 o],

which further yields

Ellwier — w13 < Elllw, — “’H1+ntE[||g<wt,SJt>—g<wt, D|13]
o+ 2w = will2 (16 = b7 l2 + |V F(wi; 2:) Vf<wt”;z;>||z/n>].

24



STOCHASTIC GRADIENT METHODS: BIAS, STABILITY AND GENERALIZATION

By the Cauchy-Schwarz inequality and (a + b)? < 2(a? + b?), we know
E[llwe = willa (Ilbe = 6”2 + [V F (Wi 2:) = VF (w20 o/m)]
< (& fIw = w131 (B[ (1 = 60+ 19 Fowisz) — ¥ Fw: ) /m)?] )
< V2(E[Iwe — wiI3]) = (E[Ibe — b 13] + B[V F(wss ) — VF(wis 2)|13] )
< Va(E[Iwe - wiI3])* (E[Ib — 5" 3] + 4E[||vf<wt;Zi>||%1/n2)§,
where in the last step we have used the inequality below by the symmetry between z; and z/

E[|V f(we;20)—V F(ws 20) 3] < 2(E[IV F(wis 20) |31HENV F(wi?s 20)[13]) = 4E[|[V F(wis 24) 3],

We combine the above inequalities and Lemma 6.2 to derive that

Ellwir1 — w3 < Ellw; — wi||3]
2

+ LR [lg(wi S.) — 9wis SN + B, s lg(wes Sji.) = 9wy ST
N N 1
+ 220 (B[ — wi” 13]) 2 (E[ b0 — 0" 13] + 4B(|V F(wi; 22)[3]/n?)
Introduce

Apy = (Ellws - wP3)2, ¥t € [T],i € [n]. (6.1)

Then, A; = max;<7 A¢;. The above inequality can be written in terms of A;; and € ;

7]
AtJrllSA?z—i_ tE[”g(wtv ]tl)_g(wt ) ]tl)H ]
+ PE(ES, , [9(we: S5, ) — g(wis SEOIIB] + 2v2mAi€r . (6.2)

Applying the above inequality recursively and using Ay ; = 0, we derive

t

Al < 3w 2 Ellg(wis S5, — gwls 55 )IB)

ElEj. lo(wi: Si.) — 9w S5 M3 )+2f anAmcm.

Since the above inequality applies for any ¢t € [T], we further get
T . .
A? < Z ( g (we: Sj0) — g(wi?; S80)|3]
— | i
+ (B, [o(wis 85,1) — g(wi”s SUONRT) +2v24: Y me
t=1
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Solving the above quadratic inequality of A; implies that (Lemma 6.1)

T 9
n (7)
A? <23 TE[lg(we Sj) — 9w S5)I]

t=1
T
+2 ) RIS, lo(wes Si,0) — g (wls S 1IE] + 8(2% ) 63)
t=1
Taking an average over i € [n] gives the stated bound. The proof is completed. |

Proof of Theorem 4.3 We plug Eq. (4.4) and (4.5) back into Eq. (6.3), and derive

2
A2<2Z77t]E [Allw; — w2 + By.] +22n?E Allw, — w3+ By +8<Z77t€“> .
t=1

The Cauchy—Schwarz inequality implies that

1

(iﬁt@t,i) (Zﬁt( E[||b: — b (13] + 4E[|V f(wi; 2:)[|3]/n ) )2
(i@(Z( (16— B112] + AE(|V f(we; 20)2]/n ))

T T

() (3= w1 + B 19w sl

T
< ATY A+ (an) (ZE[Bt,Z» 4V F(wis22) [3/n7]).
t=1 t=1 t=1

We combine the above two inequalities together, and derive
T n? T T
A2 < A?(QAZ x g 2Azn§ + SATan)
n?E T T )
+ 22 (BBl | 227731@ [Byi] + 8(27} ) (ZIE[BM- +4||Vf(wt;zi)\|§/n2]).
t=1 t=1

Since 24 "1 1L oy 94 ST n? +8AT S 2 < 1/2, we further get

A2 +2Z nE +2Z?7?E Byl + (zT: )<ZE[Bt,z‘+4!!Vf(Wt%Zi)||%/”2]>’

t=1 t=1

IN

IN

from which we derive that
T n2E[B:,] T N T T ) )
A7 <4y PSR N B By +16( Y 0F ) (YD E[Bu + 4V S (w2 [3/n7] ).
t=1 t=1 t=1 t=1

We take an average over i € [n] and get the stated bound. The proof is completed. |
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6.2 Proofs on Strongly Convex Problems

In this subsection, we prove the stability of BSGMs under a strong convexity assumption.
Proof of Theorem 4.4 According to the A-strong convexity of f, we know (w—w’, V f(w;z)—
Vf(w';z)) > A|w — w'||3 for any w, w’ and therefore

<wt —w(, VEs(wi) = Vg (w)
' 1 i) o F i (i
= 5 (v Vi wi) ~ Vi 2) ) 4 (el V fwism) — V(s 2)
JJ#Z

A= Dllwe = w3 [V F(wiiz) = Vw2 lallwe = wi o
n n

>

Similar to Eq. (6.2) except using the above inequality, we derive

2
n i i
AZiri < (1= 27m(n = 1)/n) A7 + LE[lg(we: S, 1) = 9(w); 53, ) 3]
+ PE(Es, , [9(we: S5, ) — g(wis SPOIIB] + 2v2mAi€r . (6.4)
Plugging Eq. (4.4) and Eq. (4.5) into the above inequality, we have
2 T2) A2 17 E[By,i] 2m R
At—i—l i < (I =2Mp(n—1)/n+ Ani/m + An?) A7, + T +n7E[By;i] + 2V2m A€,

By Eq. (4.6), the definition of ¢;; in Eq. (4.3) and the definition of A;; in Eq. (6.1), we
further get

-

2

220 A1i€1 < 2V A (E[Allwe — Wi |3 + Bri] + 4B[|V f(wes 20) 3]/

N= N

< Q\f?z‘i%ntﬁ%i +2V2nm Ay (E [Bri] +4E[||V f(wy; Zi)\\%]/nz)

S (BlB]) + 4RIV Flwisz) B)/n).

where we have used the Cauchy’s inequahty in the last step. It then follows that
17 E[By.i]
m

Any

< 2V2A3m, A7, + Afl

3 ~ _
AFiri < (1= S+ An? /m + A} + 224, + 27 /n) A +
4 _ -
+0PE[Bri] + S (E[Bu] + 4E[IVF(wis ) I3]/n?).
Since An;/m + An, + 2V2A% + 2A/n < A\/2, the above inequality implies

28(B, ; - _ .
A2y < (1 )7, + TP e )y (B, ) 1 4RI (i) 3)/02).

A
Applying the above inequality recursively and using A;; = 0, we derive

t t

M < 3k S0l mB) T @)

=1 K =k-+1
£33 (BB + BNV wiszB)/n?) TT (1 ).
o= W=kt1
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Taking an average over i € [n] gives the stated bound. [ |

Proof of Corollary 4.5 We take n; = 1/(A(t + a)) in Theorem 4.4, and derive

- ZAH—I i S Z 71)\2(14314‘61)( f[ %) Zn: (E[ikl] + E[EkzD
. ;

k' =k+1 i=1
t n
4 K+a-1 = ; 21,2
5y ol ) X (B8] +BIV i wiszl/n®).
k=1 k' =k+1 =1
Since HZ’:k—s—l kl,:,'igl = ’:_%Z, we further get that

1 k+a <=~ (E[Bi ~
ZAH“_Z)\Qk+a t+aC)LnZ;( mk +E[Bk’i]>

* ; A2( . e Z (E [Br,] + 4E[||Vf(wk,zz)|!§]/n2)

k+a)(t+a)n pot

The proof is completed by noting 1/(k +a) < 1/k and 1/(t + a) < 1/t with a > 0. [ |

7. Proofs on Applications

In this section, we present the stability bounds for specific BSGMs in Section 5.

7.1 Stochastic Gradient Descent

We first prove Lemma 5.1 to show that Eq. (4.4) and Eq. (4.5) hold for SGD.

Proof of Lemma 5.1 Since b; = bgi) = 0, it is clear that Eq. (4.6) holds with A=0, Et,i =

0. Furthermore, we have (note E[||V f(wy;2;)||3] = E[HVf(wEi); z})||3] due to the symmetry
between z; and z))

Ej,, [lg(wi: S5,,) — g(wi”; S 3] = Mwwmsm Viw: s3]
— % SNV (wezk) — VW )3+ gwf(wt;z@-) — V(w213

k:k#£i

i 2 i
< Lwe = w3 + = (IVF(wis2)l13 + 97 (w5 20)3). (7.1)
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where we have used the fact that j;; follows the uniform distribution over [n]. This shows
Eq. (4.4) holds with our choice of A and By ;. Similarly, by (a + b)? < 3a?/2 + 3b? we know

IEj, , [9(we; Sji.0) — g(wi”: S52)]I13

1 1 i 2
= |- 3 (Vrwim) = VW i2) + = (VHwiz) - V(wii2) |
k:k#i
3L2 (i) 12
< 5 llwe = wy ||z+ (HVf(Wt»Zz)Iler 1V £ (wi”s 24]3). (7.2)
This, together with E[HVf(wt,zZ)H | = [||Vf( @ ,z;)||%], shows that Eq. (4.5) holds with
our choice of A and B, - The proof is completed. |

We now plug these estimates into Theorem 4.3 to prove Corollary 5.2.
Proof of Corollary 5.2 We plug the estimates in Lemma 5.1 to Theorem 4.3, and get

1 ¢ 2 16 g 2 2 642?—17%2 e 2
IS AT (o ) S S IV F(wesz) 8]+ S S RV f(wis )3
=1 =1 t=1 i=1 t=1
n T
L
SRS D IURIIRRR LS ) et
=1 t=1 i=1 t=1

T T
L 2 LZt:l n
= Z N E[Fs(we)] 2 ZE[FS(Wt)],

where we have used the self-bounding property (Lemma 3.5). This proves Eq. (5.2). We
now turn to Eq. (5.3) for SGD with a constant step size. We have the following standard
convergence rates for SGD (see, e.g., Lei and Ying, 2020)

T
oy < 1w II3 .
T; [Fs(wi) — Fs(w")] S T +nLF(w"), (7.3)
from which we know Zle E[Fs(w:)] S [w ” +(1+nL)TF(w*). We can plug this estimator

back into Eq. (5.2), and derive

*ZA (77 LZZT>(Hw;“%—i—(l—l-??L)TF(W*)),<V(f:;—i—L?;T)(”W;’%—l—TF(W*)),

where we have used the inequality nL < 1. |

7.2 Zeroth-order SGD

In this subsection, we give the proofs for Zeroth-order SGD. Lemma 7.1 is a simple variant
of Lemma 1 in Nikolakakis et al. (2022a). We omit the proof for brevity.
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Lemma 7.1 Let u; € R [ € {1,2...,K} be i.i.d standard Gaussian. For every random
vector v € R? independent of all u;,1 € {1,2...,K}, it is true that

K
1 2 d+1v\,
[ ] - (- S

where By denotes the conditional expectation w.r.t. uy,...,ux.

Now we present the proof of Lemma 5.5 and Lemma 5.6, which show that Eq. (4.4) and
Eq. (4.5) hold for Zeroth-order SGD.
Proof of Lemma 5.5 Since E[X?] = E[(X — E[X])?] + (E[X])? for a random variable X,

we know
Eulllg(we: S5,,) — 9(wi™; S2)IB] = Eulll(9(wes Sji.) — g(wi”: 852 ))—
Eulg(we: Sji,) = 9(wi”s SO + [Ealg(wes S5,,) = g(wi”s SEDNB. - (7.4)
Since an average of K independent variables divides the variance by a factor of K, we know

Eulll(g(ws; Sj,,) — g(wis S10)) — Eulg(wi; Sj,,) — g(wi”; SY))[3) <

I FOwet 1 50) — foweS5,) S+ g, 1880 ) — pwiP i) N
1 )

utl,l_ uth
u 7

where we have also used the inequality E[(X — E[X])?] < E[X?]. By the Taylor expansion,
(i)

there exist ay and ay’ in [0, 1] such that

fwe 4+ puag, 1355,,) — f(we; S
( t t1,1 j;l) ( t jt’l)=Vf(Wt;Sjt,1)Tut1,l+g

Fw® 4 g 15 8P ) = pwl?; g0 Z
( tll ‘Zl) ( t ]t,l) _vf(wt ’ j(t)l)T

T 2 .
ut1,1V f(wt + Qupg 15 Sjt,1)ut1,17

%ul,lvzf(wgi) + asf)ll'l’ut:hl’ Sj(t)l)utlyl'

(7.5)

utl,l +

It then follows that (we use (a + b)? < 2(a? + b?))

Eulll(9(we: S,.,) — g(wi”; S ) = Eulg(wis Sj,.,) — g(wi?; SS))I3]

S B
2 B[ (V2w e 1585,) - V2 F el 40l g 15580 Y e[ ] (76)

By Lemma 7.1 with K =1, we derive

EE,, [

(Vi (w 8500) V£l 5800) T e[| = @+ 2RIV (s 5,V £l 55 B
< L2(d+ 2)E[|[we — wi” 3] + 4(d + 2BV (wisz)[3l/n,  (77)
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where we have used Eq. (7.1) in the last step. We combine the above discussions together
and use the fact that f is L-smooth (eigenvalue of Hessian is smaller than L) to show

E(|(g(we: S5,,) — 9(wi™; S2)) — Eulg(wi 85,,) — g(wi™: S )][13

2(d -+ 2)L’Ell[we — wi [3] | 8(d+ DE(IVf(weiz)[3] | 20 LEl|jue, 4[]
- K Kn K '

Furthermore, according to Lemma 5.4 and similar to Eq. (7.1), we know

E[[Bulg(wi: S.0) — 9w S ONB) = BNV f(wis Sj,.0) = Vw35 83 ]
< LE[|w; — w;"|[3] + EE[HVJ?(W& z)3], (7.8)
where we have used E[||V f(wy; z)||3] = IE[HVf(WEi); z})||3]. We plug the above two inequal-
ities back into Eq. (7.4), and derive

Efllg(w S,.,) — o(wi: )81 < (14 W}LZE[HM—W;“H?H

8(d + 2)E[||V f(wi; 2)I3] n 20 L[| ug, 1 19 ]
Kn K

[HVf(Wt,zz)Hg]

The stated bound holds by noting E[|lus, 1[|S] = d(d + 2)(d + 4) for ug, 1 ~ N (0, 1y). [ |

Proof of Lemma 5.6 Similar to the proof of Lemma 5.5, we have

EulllEj, , [9(we; Sji.,) — g(wi”s SONIB) = EulllEj, , [g(wes S5, ) — g(wi; S1)]—
EulEj,, [9(w; Sj.) — g(wi”s SSEONIB+ 1EulE, ,[o(we: Sj.,) — g(wi”s SPONIZ. (7.9)

Since averaging K independent random variables divides variance by a factor of K, we know

Eull|Ej, \[9(we: Sj,,) — g(wi”s )] — BulEj,, lo(wes S5, 1) — g(wi”: SEONIB]

L [y, [ ) — oS SO i) ST
K Jt,1 L t1,1 p wy,.

_iE [ Folwe ) - FS(Wt)u _ Fsw (ng) + pug 1) — Foo (Wt(i)) 2

_K u /,L t171 M ut171

By the Taylor expansion, we know there exist /3, and Bl(f ) in [0, 1] such that

F — F
S(Wt + Mut:l) S(Wt) _ VFS(Wt)Tutl,l + %UE,1VF§(W15 + ﬁuﬂutl,l)utl,la

Fo (W' + pu — Fyw (w}” 4
() (Wy H t;l) s (W ):VFSu)(W,gZ))Tuthl"'g

uZJVQFS(,-) (we + 58)ﬂut1,1)ut1,1-
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It then follows from (a + b)? < 2(a? + b?) that
EulllEj, , [9(we; Sj, ) — g(wis S = EulEj, , [9(w: Sj,.,) — g(wi”; SEONIIB)
2
)
9 9 (i) 2
u“(v Fs(wy + Bupit, 1) — V2 Fygo (Wi + B8 uutl,l)))utl,luthl\u. (7.10)

By Lemma 7.1 with K = 1, we derive

2
<ZEu|

.
K (VFs(wy) — VFgu (w!’ ))) Uy, U 1

%l

2 [[|(VFs(w) — Vo (wi) T e, L] = (@4 2BV Fs () — 9 Fgo () ]
=@+ 2[5 37 (VWi ) = T s25)) + (Vi) — 9wl 7))
Jig#

i 2 i
<(d+2)E|2L% [wi — (|} + — |V F (Wi z:) — V£ (w(":2)) 3]

<(d+2) (B [w; — wi 3] + %Emwm; 2)[131). (7.11)

We combine the above discussions together and use the fact that f is L-smooth (eigenvalue
of Hessian is smaller than L) to show

EulllEj,. [9(we; Sj,) — g(wi3 8] = EalEj,, [g(we; S5,.,) — g(wi: 85 1])13)

? Mgt t Mg
<4(d+2)L2E[Hwt_W1‘, 3] n 8(d + 2)E[||V f(wy; 2)|I5] +2M2L2E[||ut1,1Hz]
- K Kn? K '

Furthermore, according to Lemma 5.4 and similar to Eq. (7.2), we know

[ [ jtl[g(wt;Sjt,l)— 9w SO = IV F(wi: §) = VE(w; S0

2

< 2 = w3 S (19w ) + 17 Fo s 3). (7.12)

We plug the above two inequalities back into Eq. (7.9), and use the symmetry between z;
and z; to derive

EullE, . lo(we: 55,,) — o(wi: SOOI < (2 + 222 2w, — w31

8(d + 2)E[|Vf(wez)[3] | 202 L%E[[uy, ]3] | 12 : >

The stated bound holds by noting E[|lus, 1]|S] = d(d + 2)(d + 4) for us, 1 ~ N (0, 1y). [ |

Next, we prove Lemma 5.7 to control the norm of V f (Wi;2i).
Proof of Lemma 5.7 By Taylor expansion, we know there exists a -, in [0, 1] such that

[ (Wi 4 pu; z;) — f (wy; Zi)u
1
=E, {<Vf(Wt; Z;), >u + uTVQf (Wi + Yupiu; z;) uu}

Vf(wt;zi) =E, [

=V (wez) + gEu [uTV (W + yupu; z;) uu]7
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where we have used the identity Ey[uu'] = I;. Since Ey[||[ul§] < d(d + 2)(d + 4), we get
; 2
E||Vf (we;2) 5] =E[||Vf(wi;2:) + %Eu[uTWf(Wt + Yupr; z;)uul 3]
272
wL
<2E[[[Vf(wi; 2i)[3] + =5~ Eull[ull2]

<OE[IV (w2 [3] + L +2)(d +4).

The proof is completed. u

The following lemma presents convergence rate analysis for Zeroth-order SGD, which is
also useful for us to control Zle E[Fs(w;)] in the stability bounds.

Lemma 7.2 (Optimization of Zeroth-order SGD) Assume for all z, the map w
f(w;z) is convex and L-smooth. Let {w}+ be produced by BSGM with g(w¢; Sy,) given in

Eq. (54). If i =n< 2L(1+ L))", then
T
S E{Fs(wi) — Fs(w)] <0 w3+ LT + 7 (L(1 + S )E[Fs(w?)] + u2 L),

Proof Duchi et al. (2015) gave the following inequality in the proof of their Corollary 2

Elllgtwes S50l3] < 201+ S )E(IV (w23, + 5 (1 + )

We know

pPL2d3. (7.13)

E[llwer1 — w*[|3) = E[lw; — neg(we; S,) — w*[[3]

= E[[[we — w*[[3] — 2neE[(we — W, g(wy, S5,))] + 07 Elllg(we, S,)[13]

= E|lw; — w*|I3] + 2 E[(W* — we, VEs(wi))] + i E[llg(we. S, I13]

< E[|[w, — w*|[3] + 20E[Fs(w) = Fs(wy)] + 7 Ellg(ws, S1,) 3],
where we have used the identity E[g(wy¢,Sy,)|w:] = VFs(w;) and the convexity of Fg
established in Lemma 5.4. It was shown in Nesterov and Spokoiny (2017) that

~ ’Ld
Fs(w) < Fs(w) < Fs(w) + 5=, Vw e W.

It then follows that
E[|lwer1 —w*|3] < E[[we — w*[[5] + 20E[Fs(wW*) — Fs(wy)] + neLdp® + 07 B[l g(we, S, |I3]-

Taking a summation of the above inequality and using Eq. (7.13) imply

T

T T
> mEIFs(we) — Fs(w)] S w3+ Ldp® Y me+ Yt (14 DRI £ (w13 25,,) 13 3]+ Wi
t=1 t=1 t=1

T T
* d
S w13 + Lau? Y me+ D 0 (L1 + B[Ry (w)] + n2L2d°),
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where we have used the inequality ||V f(wy; 2, ,)[|3 < 2Lf(w¢; 2, ,). It then follows that

T
S (1L () VL Es(wi)—Fs(w')] £ [[w* ||2+Ldu2§jm+zm( (M- ELFs (w44 L),

Since 7; = 1, we further get
* d *
a(1-Ln(1+5)) ZE F(wi)=Fs(w")] S |[w*[3+Lap*Tn+T ( L1+ )L (wh) 442 L% ).

The stated bound then follows directly since Ln(l + %) <1/2. |

We are now ready to prove Corollary 5.8 on the stability bounds of Zeroth-order SGD.
Proof of Corollary 5.8 By Lemma 5.5, Lemma 5.6 and Theorem 4.3, we have % p A? <
A+ Ay + A3, where

(d+2)|V iz)|13 2ulL?d(d+2)(d+4)  4,_
A1=fZZ e[S VIl | BOLAL DALY | Aoz )
i=1 t=1
(d+2)||IVf(wezi)||3 2u2L2d(d+2)(d+4) 12, -
AQ:—ZZ 21[«:[ LU - + SV Fwszls).

i=1 t=1
16 T, o n T _
Ay = PSS R (49 (w0 /).
=1 t=1
By combining these three terms, we have

n T

21243
sz N (T R s
i=1 1 i=1 1
" T Z ; n T
QZZnEE IV F(wis ) 3]+ == S S B[V F (wes 20)[3].
i=1 t=1 i=1 t=1

Lemma 5.7 shows the following inequality E[||V f (wy; z;)||3] < 2E[|V f (wy; 23] +#d(d+
2)(d + 4). We combine the above two inequalities together and derive that

iwmng K Un thzl)||2]+ n3 ZZ [H f(wtazl)HQ]

i i1 =1 i1 =1
Zdegzn:Z . MLQdSZn:ZT:H N ﬂhzz 2723
=1 t=1 =1 t=1 i=1 t=1

According to Lemma 3.5, we further get

n d n T T_ o n T
Iy ars B (14 8) Y Y Elrwim)) + TS S R fwisa)
=1

=1 t=1 =1 t=1
2L2d3zn:z : MLd3Z":Z ;i Zt 177t 22“2L2d3
i=1 t=1 i=1 t=1 i=1 t=1
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We then get Eq. (5.8) by noting that %2?21 f(wy;2z;) = Fg(wy). We now prove Eq. (5.9).
Lemma 7.2 shows that

T
d
S BIFs(w)] S TF(w) 07w B+ LT + T (L + - )EFs(w)] + 2 17°).

t=1
We plug this inequality back into Eq. (5.8) and derive Eq. (5.9). The proof is completed. B

Proof of Theorem 5.11 Eq. (5.10) shows that A is on-average e-model stable with (note

nLd < K by Eq. (5.13))

L 2dT LT2 2 ||W*||2 T 2 2L2d3 2L2d3T2 2
2<(7I U)(F * 2 0 Ldu? + L2 2d3) nH K o
© ~\ Tk + n? (W) + Tn LT L +min{mn, K} n?

* |12
Eq. (5.13) and the assumption F'(w*) < 1 implies that F(w*)+ % + Ldp? + L2np2d® < 1.

It then follows that
2 < L772dT N LT2’I72 T772;U2L2d3 M2L2d3T2772

2

~ mnK n? min{mn, K} n
and therefore ) ) , ,
1
< (LdT)2n  L2Tn T2nulLd>? uwLd2Tn (7.14)
- (mnK)% n min{mn, K}% n

Lemma 7.2 and the convexity of Fg imply that
LdF(w*
LAEW) | 1 pw) + WAL, (1.15)

BIFS(AS) — Fs(w) £ D212 1 12 4 (E2EL

This together with the assumption F(w*) < 1 implies that

[w* |3 2 Ld 27233
E[F. <1 Ld L L°d’) <1
[Fs(A(S)] <1+ Tn + Ldpu +n(K +L+p )N ,
< 1 from

where in the last inequality we have used Eq. (5.13) and n < 1/L (LTn/n
Eq. (5.13) implies n < 1/L since n < T). Lemma 3.4 and Eq. (7.14) then show that (note

Eq. (5.13) and Eq. (7.14) imply Lie <1)

= (NI

E[F(A(S)) = Fs(A(S))] S Le* + e(LE[F5(A(S))))? S L2e
< L(dT)%nJrLTnjL T3nu(Ld)? +u(Ld)%Tn.
~ (mnK)% n min{mn, K}% n

We combine the above inequality, F/(w*) < 1 and Eq. (7.15) together, and derive the stated
|

bound by noting nL < LTn/n.
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7.3 Clipped-SGD under Bounded Moment Condition

In this subsection, we present the proofs for Clipped-SGD. We first prove Lemma 5.13 on
the Lipschitz continuity of the bias of the clipping operator.

Proof of Lemma 5.13 We proceed with the proof by considering four cases.

Case 1: If ||vi]l2 > 7 and ||va||2 < 7, then

[(clip(v1, 7) = clip(va, 7)) — (vi = va)ll2 = [[clip(v1, 7) = vill2 = (1 - m)ﬂvﬂb
= [villz =7 < [lvall2 = [Ivall2 < [[vi = vall2.
Case 2: If ||vi]l2 < 7 and ||va||2 > 7, then a similar argument implies directly that
[[(clip(v1,7) —clip(ve, 7)) = (vi = v2)l[2 < [[vi — valf2.
Case 3: If ||vi]l2 < 7 and ||va||2 < 7, then
[(clip(v1,7) = clip(ve, 7)) — (vi = v2)[2 = [[(vi = v2) = (vi = v2)[l2 = 0.

Case 4: If ||vi]l2 > 7 and ||va||2 > 7, then

. . T T
[[(clip(v1,7) — clip(ve, 7)) — (vi — v2)[2 = Hi"l — o ve— (vi— Vz)H
[[vill2 [vall2 2
T T T
=||(—— = 1)(vi — va) — 7—7V2H
|G Y (ol ~ i) V2l

T 7|[|vill2 — [[va]l2]
<(1——)lv1i — va2|2 +
( ||V1||2)H | [[val|

[villz[[v2(l2
T T
=(1—-—)|vi = v2ll2 + 7——|llVill2 = ||V
( ||v1||2)H 1= Va2 HVlem 1ll2 = [Iv2]2|
T T
<(1———)|vy—WVv + ——|vi —V
0 o) M= velle i el
=[vi = valf2.

We combine the above four cases and derive the stated bound. The proof is completed. W

To prove Lemma 5.14, we first introduce two lemmas. The following lemma shows that the
clipping operator is non-expansive. Actually, one can show that the clipping operator is a
projector onto a convex set. We omit the proof for simplicity.

Lemma 7.3 For any vi,vy € W, we have ||clip(v1, T) — clip(ve, 7)[]2 < ||[vi — val|2.
Lemma 7.4 shows the bias of Clipped-SGD satisfies a generalized Lipschitz continuity.
Lemma 7.4 Let w,v € W and r follow the uniform distribution over [n]. Then

|, [clip(V f(w; S,), )] = VEs(w) — E,[clip(V f(v; SY), 7)] + VFg (V)|

_ . . q(®)
< Ly owim) — 9 vzt + 0 = VBV L0 S+ 19 ;S

TP
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Proof It is clear that

B, [clip(V £ (w; S,), 7)] = VEs(w) — E,[clip(V f(v; S7), 7]+ Vs (v)

= ||E[clip(V f(w; ), 7)] — Er [V £(w; S,)] — Er[clip(V £ (v; S, >]+E[Vf<v;s,@>n|2
E, [|lclip(V (w3 S,),7) — V.f(w; S,) — clip(V f(v; S), 7) + V f(v; SD) ]

<E[IVF(w:Se) = VIv; SO LAV F (w3 Sp)ll2 > 7 or [V f(v; SO)[l2 > 7]],

I

where we have used Lemma 5.13. Since r follows the uniform distribution over [n], we know

E, [V f(w;Sp) = V(v SOV f (w3 Sp)ll2 > 7 o [[Vf(v; S19) |2 > 7]]

1
= Y IVFwizg) = V(viz) L[|V f(wiz)ll2 > 7 or [V f(viz))]2 > 7]

G
+ %I!Vf(w;zz') — Vivizg) ||V f(w32i)ll2 > 7 or [Vf(vizi)ll2 > 7]. (7.16)

By the smoothness of w — f(w;z), we further get

E, [V f(w;Sy) = V(v SRV f(w; Sp)ll2 > 7 or |V f(v; )2 > 7]]

< H Nl S pjw pwiag) o > 7 on V(i) > 7 4LV F w320~V f(v: 2l

Jig#

where we simply use the inequality L[|V f(w;z;)|l2 > 7 or |V f(v;2})||2 > 7] < 1. Further-
more, by the Markov’s inequality, we know that

LS Vs ) > 7 or [IVF(vizg) o > 7] < E[1[|V 1 (w:

- <E Sz > 7 or |V f(v; S92 > 7]]
jii

<Pr{||Vf(w; H2>T}+PY{HVf : SENl2 > 7} =Pr{||V f(w; Sp) 5>+ Pr{[|V f (v; SI)|[f > 7P}
E [V f(w; So)|lh + |V f(v; S )Ilp]

< o

We combine the above three inequalities together and derive that

HET’ [Clip(Vf(W; Sr)v T)] - VFS(W) - ET [Clip(Vf(V; Sv(ﬂz))v T)] + VFS(’L') (V) HQ

: . (@)
< L1V s(win) — Vp(viap + LY YREAIV I Sl V70 SO

TP

The proof is completed.

We now apply the above lemmas to show that Eq. (4.6) holds for the Clipped-SGD.
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Proof of Lemma 5.14 According to the definition of bias and Lemma 7.4, we know that

b — b 12

= (B clip (£ (w5 85,0, 7] = T Es(w) — B, [elip(V £ (wi; S0, 7)] + VFS 2w
1 ; Lilw — W, [V f(we: SHIE + |V SOy e

< 119 o) — Vel + A IS v Sl ¢ Fwis s

! i OLGP|w, — w'?
< |V f(weizi) — V(wiz))]s + I ;p t sz

3

where we have used the assumption E,[||V f(wy; S,)[[5] < GP, E, [HVf(th), St )Hp] <GP in
the last step. It then follows from (a + b)? < 2(a® + b2) that

BL2GE[|[w; — w."||2]
3 +
TP

E[l[b; — b ||2] < E[||Vf(wi2:) — V(wi;2))]5].

The stated bound then follows by the symmetry between z; and z/. |

We then show that Eq. (4.4) and Eq. (4.5) hold for the Clipped-SGD.
Proof of Lemma 5.15 According to Lemma 7.3, we know

Ej, ,[llg(wes S5,,) — a(wi”s S )3 =Ej, ,[Ilclip(V f (wes Sj,,), 7) — chp(Vf(vn ST
SEjt,lww<wt;sj“> — Vw83

70t

<Elwy w3+ 2 (IV w3+ 19 £l ) 3).

where we have used Eq. (7.1) in the last step. Since E[[|V f(wy;2;)|3] = IE[HVf(wgi); z})|13],
we can choose A = L? and By; = 2|V f(wy;2;)3. The proof is completed. [ |

Proof of Lemma 5.16 By (a + b)? < 3a?/2 + 3b? we know
1B, 1 [9(w: S,.) — a(wi™s SIE = IEj, , [clip(V £ (wi: S5, ,), 7) — clip(V f(wi”; S1)), >]||2

_H* Z clip(V f(we; z5),7) — Clip(Vf(WtZ 125),7T)) + ﬁ(clip(Vf(wt;zi), T) — chp(Vf(wt $Z;) )H2
JJ#Z

<on S Clip(V(wii,),7) —elip(V S (i 25), D)+ 5 clip(V f (wis ), ) —clip(V fwf s 2), R
jii

From Lemma 7.3 and using the fact that f is L-smooth, we have
Ielip(V f(wi;25), 7) — clip(V f(wi;25), 713 < [V f(weizg) — V(w3 25)|3 < L we — wi |3,
and
elip(V £ (we;25), 7) — clip(V £ (w5 20), 7) |13 < |V f(wes25) — V(w5253
< 2|V f(wisz) |3+ |V F(wl?;20)[3).
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We combine the above three inequalities together and derive

i 3L? .
1B [g(wes S5,)=g(wi s SPDIIB < S5 lwe—wi” 3+ S IV F(we 2|3+ 1V w2 12).

Therefore, Eq. (4.5) holds with the stated A and Bm. [ |

We are now in the position to prove Corollary 5.17 on the stability of Clipped-SGD.
Proof of Corollary 5.17 By Lemmas 5.15, 5.16, 5.14 and Theorem 4.3, we have

T

iiA? ZZ 2E[—|]Vf (wi;2:)]|5 ] ZZ 2E[ — IV f(we;2i) |2 }

zltl zltl

163,117 a N2 /2 N2 2
+TZZE[8HVJC(WnZi)”2/” + 4|V f(wi; i) |15 /n7],

i=1 t=1

which can be simplified as

LS s LSS palivimimlg) + S 5 S {9l
=1

i=1 t=1 i=1 t=1
I Ti o n T
SWZZm Wtzzz] WZZEU(WEZD
i=1 t=1 i=1 t=1

where we have used Lemma 3.5. Eq. (5.17) follows by the definition of empirical risk.
We now turn to Eq. (5.18). By Lemma 7.5 below, we have the following rate

w113

T
2— *
f; [Fs(wi)=Fs(w)] £ 5 = + (GP727 4+ LE(w") /n)n
v (G%T?—?p + GPrIP(LF(w*) /n)? )Tn (7.17)
Since n S 1/L and QGPTl_p(LF(W*)/n)%TT] < F(w*) + GPr2=2 [ T?%1? /n, we further get

[w*[I5
Tn

LTQUQ). (7.18)

T

1

T E :E[FS(Wt)] S F(w*) 4+ 22 4 nGPr27P 4 G r2% (T +
t=1

Since n; = n, Eq. (5.17) implies 1 Y7 | A2 < (% + M:QWQ)% ZthlE[Fg(wt)]. We com-
bine these two inequalities together and derive the stated bound. |

The following lemma presents optimization error bounds for Clipped-SGD under As-
sumption 5.2. Recall that if g is convex and L-smooth, then it satisfies the coercivity,
i.e., (Hardt et al., 2016)

9(w) > gw') + {w — W', Tg(w) + 5[ Vg(w) — V(w') . (719)

(w — W, Vg(w) ~ Vg(w') > +|[Va(w) ~ Vo(w')3 (7.20)
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Lemma 7.5 (Optimization error for Clipped-SGD) Let Assumptions in Lemma 5.1/
hold and f be convex. Let Assumption 5.1 hold. If ny < 1/(4L) and G S 7, then

t

> mE[Fs(wy) = Fs(w*)] S w3 + (GPr*~7 + LE(w*) /n) >t
k=1 k=1
+ (@ e Ewy ) (m)

k=1

Proof For simplicity, we assume m = 1 and denote §; = clip(Vf(w¢;2j,,),7). By the
update of Clipped-SGD, we know that

E[[[wip1 — wll3] = E[||wi — mge — w*[[3]
=E[||lw; — w*[3] + n7E[|6e]3] + 2mE[(w* — wy, 6)]. (7.21)

By (a+ b+ c+d)? < 4a® + 4b% + 4c? + 4d?, we know

E[l|g:ll3] < 4E[||g: — Eq[ge]lI3] + 4E[|[Eq[ge] — VFs(wy)|l3]
+4E[|VFs(wy) — VFs(w*)|[3] + 4E[|VFs(w*)||3].  (7.22)

By the coercivity property (i.e., Eq. (7.19) and Eq. (7.20)), we know
E[(w* — Wy, VFS(wt))] < E[FS(W*) — Fs(wy) — (20) 7|V Fs(wy) — VFS(W*)H%]
and

E[(w" — wy, VFg(wy))| = E[(W* — wy, VFs(w*))] — E[(w* — wy, VFg(W") — VFg(wy))]
< E[[lw* — will2l[VEs(w") 2] — LT'E[|V Es(w:) — VEs(w")]3].

The above two bounds of E [(w* — Wy, VFS(wt)>] then imply the following two inequalities

E[<w* — wt,gt)] = E[(w* — wy, E[ge] — VFS(wt)>] + E[<W* — Wy, VFS(wt)>]

<E[(w* — wi, B[] — VEs(wy))] + E[Fs(w*) — Fs(wy) — (2L) 7|V Fs(we) — VFS((W*)|)|%]
7.23

and

E[(w* —wy, 1) <E[(W* —wy, Et[§:] — VFs(wy))]
+E[|w* — will2| VEs(W")[l2] = LT'E[||[VFs(w) — VFs(w*)[|3]. (7.24)

We first estimate E[|[w; — w*||2]. We combine Eq. (7.21), (7.22), (7.24) together and get
Ellweer = W3] < E[lwe — w*[I3] + 407E[l|ge — Eelge]13] + 407 El|Eelge] — VEs(we) 3]

+ANFE[||V Fs(w*)[13] +2mE [(w* —wy, B [§] — V Fs(we)) | +2mE [HW*—WtHz!VFS(W*)\(b] ; |
7.25
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where we have used the inequality 4n?E[|V Fs(w;) — VFs(W*)|3] — 2 L~ E[|V Fs(w¢) —
V Es(w*)||3] < 0. It was shown that (Zhang et al., 2020)

Elllg — Edfgi]lI3) < GPr*7 and  |[Eigl] — VFs(w)||, < GPr'77. (7.26)
We combine the above two inequalities together, and derive that
E[”WtJrl — W*HQ] < E[Hwt — W*H ] + 47715 Gp7.2 P + 4772G2p7_2 2p
+ARE[[|VFs(w*) 3] + 2GPr P [||w* — willo] + 20 B[ w* — w2 VFs(w*)]l2].

We take a summation of the above inequality, and derive

t
E[|[wern — w*|3] < E[lwy — w*|3] +4(GPr2P + G223 %) N g2

+ B[V Es(w) 3] S0 1 +2(GPr o + IV Es(wI3) 2 ) S (BlIwe — will3)?,
k=1 =1

ol

where we use E[XY] < (E[X2])%(E[Y2])% Note the above inequality holds for any t € [T7].
_ 1
If we denote A = (maxyepi1) E[[[wp — w*[3])2, then it follows that

t

! SLF(w*)
A <E[llwy = W3] +4(GPr* P+ GHTTH) Y - —— =L

+2<Gp P (

where we have used the following inequality due to VF(w*) = 0 and Lemma 3.5

E[|VEs(w)[3] = E[(VFs(w") = VF(w*), VFs(w") = VF(w"))]
=B 3 (Vim0 ~ BV ()], V(w3 5) — B[V (w52)] )]
P
-E[5 Z< (W"2:) — E[VF(w*2)], V(W' 2) — E,[Vf(w';2)])]

- lEz[nWw*;z) BV )3 < B[V (w2 3]

2L _ 2LF(w")

< R[f(whia)] = = (7.28)
Solving the quadratic inequality of A in Eq. (7.27) (by Lemma 6.1) implies that
_ 1
A <2(Grr 7 4 (2LF(w"))} fn) an + (E[lwi - w*[3])?
1t 1
2(GPr2 + G 2L R (w) fn)* (YD) (7.29)
k=1
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We now give the optimization error bounds. We combine Eq. (7.21), (7.22), (7.23)
together and get

2]

Ellweer = W3] < Elwe — w*[I3] + 407E[l|g¢ — Eelge]13] + 407 El|Eelge] — VFs(we)

+4ARE([VEs(w*)|I3] + 2B [(w* — we, Ee[ge] — VFs(wi))] + 2mE[Fs(w") — Fs(wy)], |
7.30

where we have used the inequality 4n?E[||VFs(w;) — VEs(w*)||3] — . L E[||V Fs(w;) —
V Es(w*)||3] < 0. We combine this inequality and Eq. (7.26) together, and derive that

E[[[wepr — w*|3] < E[||we — W*(|3] + 4nfGPT27P + dnf G272
+ ARV Fs(w*)|3] 4 2627 PRE[|w* — wi|la] + 2nE[Fs(w*) — Fs(wy)].

We take a summation of the above inequality, and derive

t
E[l[werr — w*[3] + 2D mE[Fs(wi) — Fs(w*)] < E[|wy — w*[3]+
k=1
t t

A(GPT> P + G L RB[|[VEs(Wh)5]) Y i + 2677 P Y B[l w* — willo]. (7.31)
k=1 k=1

We plug Eq. (7.28) and Eq. (7.29) into Eq. (7.31) and derive (noting 7 2 G)

t

> mE[Fs(wi) = Fs(w)] S w3 + (G777 + LP(w /n)Zw
k=1

t 1
ety (Gt (EE (W) /m)znk+||w Jort(GPr2r LP(w) ) an )H).
k=1 k=1

where we use the assumption that ||w; — w*||3 < [|[w*||3. It then follows that
t t
> mE[Fs(wy) = Fs(w*)] S |w[3 + (GP7*7 + LF(w*)/n) Y 1}
k=1 k=1

t
2
M) + G Y m
k=1

]~

+ (@ e (LR () ) ) (

B
Il
—

t

22 + GPTP(LF(w*)/n) )( 77k) an

=1

3p 1

+(G7

N \

It is clear that 2GP717P||w* || 2211 e < ||w*|3 + G2p72_2p(27€:1 77/%:)2 and

t t t
Gt (o) () < r Yk a2 (Yom)
k=1 k=1

k=1 k=1

(im)(ini)% < LFilw*)inz +G2p7.272p<znk>2.
k=1

k=1

N

2GPTIP(LF(w*)/n)
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The proof is completed by combining the above inequalities together. |

Proof of Theorem 5.19 By Assumption 5.1, Eq. (5. 18) and Eq. (5.19), we know that
A(S) is on-average e-model stable with €2 < LT” + LT LTy . Furthermore, Assumption 5.1,

Eq. (7.18) and Eq. (5.19) imply that E[Fs(A(S))] < th 1 E[Fs(w¢)] < 1. Lemma 3.4
then implies that

L2Tn?  L[2T?p2  LTin LT
T == Uil
(mn)z M

E[F(A(S)) — Fs(A(9))] 5

mn n

We combine this generalization bound, Assumption 5.1 and Eq. (7.17) to derive

* (|2
E[F(A(S)) — F(w")] < H‘;UHQ + (GPTZ_p + L/n)n
1
+ (G2p7'272p + GpTlpr%/n%)Tn + LnT21 + LTU,
(mn)z 7

where we have used LnT%/(mn)% + LTn/n <1 due to Eq. (5.19). The proof is completed
by noting that Q(GpTl_pL%/n%)Tn < G®7r2=2Ty + LTny/n. [ |

7.4 Clipped-SGD under Bounded Central Moment Condition

We first verify the generalized Lipschitzness condition for the bias of Clipped-SGD.
Proof of Lemma 5.23 By the definition of bias, we know

16— [l = |[E[clip(V f(wes Sp), 7))~V Fs (wi) —E, [clip(V £ (wi”; SO, )] 4V Fgi (w)

27

where r follows the uniform distribution in [n]. By Eq. (7.16), we know

o - 60 < [T im) = VIl
b S IV wis) = Vi) L9 F(wii23) o > 7 or [V (i) > 7).
JigFi

By the smoothness of f, we know

(i) IV f(wi; ) — Vf(Wt 127 [|2
i |2 <

n
+ Lllwi — Wi 2B, [I[[IV £ (wes Sp) o > 7 or [V f(wis SO) [l > 7]]. (7.32)

1be — b

It is clear that

1|V f(wi; Se)ll > 7 or [V (w5 S0)[l2 > 7] <I[|VEs(W)ll2 > 7/2 or [V Ego (wi)||2 > 7/2]

+ 1[IV £ (ws; o)z > 7 and [ VEs(wi)||2 < 7/2] + T[|V f(wi”; SP)||2 > 7 and |V Eg (w)'

43

2 < 7/2].



ZENG AND LEI

It then follows that

1|V f(wi; S)ll2 > 7 or [[VF(w(™; S0 o > 7] < T[||VEFs(wi)l2 > 7/2 or ”VFS(Z) (w2 > 7/2]

+ 1[IV £ (wi; Sr) = VEs(wi)l2 > 7/2] + L[|V f(w; S) = Vg (wi) o > 7/2].

By Markov’s inequality and Assumption 5.3, we further get

E, [I[IV f(ws; ;) = VEs(wi)ll2 > 7/2] + ﬂ[HVf(wﬁ”;sﬁ“) ~ Vo (w2 > 7/2]|

E.[|[Vf(wi; Sr) = VEs(wo)[5] | B [IVS(wi”; $) = VEgo (wi) 5] _ 27+icm
= (T/2)P * (7'/2) = o

We combine the above two inequalities together and derive

op+1cp
™

E, [I[IIV £ (wi; o) 2 > 7 or [VF(wi™; SD)[la > 7]] < xei +

We plug the above inequality back into Eq. (7.32), and get

Vf(wygz Vv w , ; ortligp
o — o0 < IS 0] = VIO g, O (g, + 22,
n TP
By the standard inequality (a + b+ ¢)? < 3a® + 3b? + 3c2, we further get
3|V f(wz;) —Vf wit): 3L222P+2G%p ;
oo < ATLOvi) = VI a0, o SEEEE o
This gives the stated result and finishes the proof. |

We then present high-probability convergence rates for Clipped-SGD under Assump-
tion 5.3. To this aim, we introduce some lemmas. The following lemma give bias and
variance estimates under Assumption 5.3.

Lemma 7.6 (Nguyen et al. 2023) Let Assumption 5.3 hold and gy = clip(V f(w;2j,,), 7).
Then [|gs — E¢[ge]||l2 < 27. Furthermore, if |[VFs(wy)|l2 < 5, then

Eelllge — Eelgelll3] < 16GPT*7  and  ||Ee[ge] — VFs(wy)||, < 4GPr'7P. (7.33)
The following lemma gives a Bernstein inequality for martingale difference sequences.

Lemma 7.7 (Zhang 2005) Let Z1,...,Z; be a sequence of independent random variables.
Consider a sequence of functionals &(Z1,...,Zk),k € [t]. Let of = Y4_; Ez, [(& —
Ez, [ék})Q] be the conditional variance. Assume that § — Ez, [&] < b for each k € [t]
and some b > 0. Let p € (0,1] and § € (0,1). With probability at least 1 — § we have

o? blogl
Zék—ZEzk &) < p =+ P g, (7.34)
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Lemma 7.8 (High-probability Rates of Clipped-SGD) Let assumptions in Lemma 5.23
hold, f be convex, § € (0,1). Let Assumption 5.4 hold and Rr be defined in Eq. (5.27). If
1

T> 2(031%7”(3/5) + LRT). Then, with probability at least 1—6 we have |V Eg(wy)|lo <7/2
simultaneously for all t € [T] and

T
! w3 . L
T; Fs(w;)—Fs WS)) niTz U(GP72 Py 110g2(T/5))+?7T((GpTl p) i 110g(1/5)),

Proof Similar to Eq. (7.25) and Eq. (7.30) (just ignore the expectation), we know

(W1 —w*[|3 < [|we—w*|3+40% |Gt —Ee[ge] |13+4n° [Ee[ge] =V Fs (we) [|3+47° |V Fs (w*) |13+

20(w* = wi, g — Ee[ge]) + 20(W" — wi, Eg[ge] — VEs(wy)) + 2n[|w™ — wi||2]|VFs(w™) |l
and

[Werr=w* (|3 < [|we—w*|3+40> | s —Ee[ge] |3+4n0° [Be ge] = V Fs (wi) |3+47% |V Fs (w*) |13+

2(wW* —wi, e — Be[gi]) + 2n(w* — wi, B [g:] — VFs(wy)) 4 2n(Fs(w*) — Fs(wy)).
Taking summations over both sides of the above two inequalities, we get
t ¢
Iwirr = w*[5 < [lwi = w*[I3 +40% > |9k — Bx[ge] 13 + 40° Y |[Ex[ge] — VFs(w)]3
k=1 k=1

+ 417tV Fs(w ||2+2772 — Wi, gr — E[gx])

t
+20 ) |w* = will2|Ex[ge] — VEs(wi) 2 + 20|V Fs(w sz:IIW — Wl (7.35)
k=1

and

t

t t
MY (Fs(wi) = Fs(w*)) < [[wi — w3+ 40> Y |9k — Exlgel |3 + 40° > | Exlgr] — VEs(wi)|l3
P k=1 P
t

t

+ 4PtV Es (W3 + 20 ) (W* = wi, g — Bi[ga]) + 20 ) lw* — will2|[Ex[ge] — VEs(wy)]|2-
. - (7.36)

For any t € [T, define

& = 119 — Eelg IBIIV Es(wo)ll2 < 7/2), & = (w* = wi, g — Ee[ge))I[[[we — w2 < Rr).

Lemma 7.6 shows that & € [0,472] and E,[§] < 16GP72P. Furthermore, we know

E[£2] < 472E4[&;] < 64GPT47P.
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Lemma 7.7 with b = 472,02 = 64GPT4"PT, p = 1 then shows the following inequality with
probability at least 1 — /3

AGPTA pT
th < ZEt & + oaerT T G T + 472 logg < 16GPT27PT + 16GPT%PT + 472 1og(3/6)
= 32Gp72 PT 4 47%1og(3/90), (7.37)

1
_ % Cslog2 (3/9)
where we have used E[&] < 16GP727P. Suppose that |V Eg(w*)|2 < 3T By the

L-smoothness of Fg, we know if ||w — w*||2 < Ryr, then
IVEs(W)ll2 < [VEs(w)l2 + [VEs(w) = VFs(w?)]l2
Cs log%(?)/é)

< [IVFs(wo)ll2 + Lliw — w72 < NG

+ LRy (7.38)

Lemma 7.6 then shows that
& —Elét] = & < W — willalge — Ee[ge] l21[l|we — w™[|l2 < Rp] < 2Rp7
and
Ee[ (6 —Eel€l)) ") =Eel(€)?) <Ilw” —wel 3Tl we—w" [l < Ry [ —Eele]13] < 166777 R,
where in the last step we have used Lemma 7.6 (note ||VFg(wy)|l2 < 7/2 due to 7 >

1
2(22BR) 4 [Ry) and Eq. (7.38)). According to Lemma 7.7 with b = 2Ry7,0? =
16GPT2"PR2t, p = 1 (with the confidence parameter being §/(37)) and the union bounds of
probability, we get the following inequality with probability at least 1 — §/3 simultaneously
for all t € [T
: 16GPT> PRt 3T
> g < ————T +2Rp7log "= = 2Rp(AGPT! Pt + 7 log(3T/9)). (7.39)
f 2RpT 0
1
From now on, we assume that ||VFgs(w*)||2 < 031%1(3@, Eq. (7.37) and Eq. (7.39) hold
simultaneously for all ¢ € [T'], which according to Assumption 5.4 and the above analyses,
happens with probability at least 1 — 6.

We now show by induction that ||w; — w*||2 < Ry for all ¢ € [T]. This inequality holds
with k = 1. Assume that it holds for & < ¢. We now show that it holds for £ = ¢+ 1. Since

1
T > 2(031%2”(3/5) + LRy) and Eq. (7.38), Lemma 7.6 shows that

Eklllgx — Exlgrlll3] < 16GP7°7P and ||Ex[ge] — VFs(wy)||, < AGPT'P, Vk € [t]. (7.40)
We plug this inequality into Eq. (7.35), and get
t
Iwesr — w13 < lwy—w*[3+40* 3 (9 — Ex[ge] 13 +4n*t (4GP 71 77) 4+ 40tV Fs (w*) 13

k=1
t

+21) (W — Wi, g — Ex[gk]) + 20t Ry - 4GPT' P 4 20t Ry || VEs(w*) 2. (7.41)
k=1
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According to Eq. (7.38), the induction assumption ||wy — w*||2 < Ry, k € [t] and 7 >
2(031%%”(3/5) + LRr), we know I[||[VFs(wy)|2 < 7/2] = 1 and therefore

gk — Exlon]I3 = &, and (W* —wy, g — Ex[ge]) = &, vk € [t].
This, together with Eq. (7.37), Eq. (7.39) and Eq. (7.41), implies that

Iwerr — w3 — [lwr — w*||3

t t
<4n*y E4+4n2t (4GP T1P) 2+ ||V Fs(w*)|[3) + 21 > & +2tRy (AGPT P+ ||V Fs(w¥)|2)
k=1 k=1

< 40P (32GP T2 PT+47%10g(3/6)) + 4nt (AGPT'P)? 4 41t]|V Fs(w*) |3
+ 2ntRy (8Gp7'1_p + 21t og(3T/8) + 4GPT1P ||V Fg(w*) ”2).

It then follows that
wiss — w3 < [[wi — w3 + 4n? (326772 P T+ 472 10g(3/))
+ (4Pt + 60%%) (12GP77P)° + 4724 210g?(3T/6) + |V Fs(w*)|3) + 27 R%, (7.42)
where we have used (note (a + b+ ¢)? < 3a? + 3b% + 3¢?)

20t Ry (12GP7' 7 + 27t log(3T/8) + |V Fs(w*)||2)
< 27 RE + 2242 (12GP7' P + 27t log(3T/5) + |V Fs(w*)|2)”
< 27" R} + 6022 (126771 7)? + 47212 10g? (3T/5) + |V Fs(w*)|[3).

1
By [[VEs(w*)||2 < 031%2(3/5) and the definition of Ry in Eq. (5.27), Eq. (7.42) implies that
w1 — w*||3 < RZ. This completes the induction hypothesis. Therefore, with probability
at least 1 — § we have

|lwe — w*|la < Rp and |[VFs(wy)|l2 <7/2, Vte][T). (7.43)

We now assume that Eq. (7.43) holds, for which we know ||g; — E¢[¢:][|3 = &, (W* — Wy, G —
Ei[g]) = &;,Vt € [T]. Then, Eq. (7.36), Eq. (7.37), Eq. (7.39) and Eq. (7.40) imply

T
20 (Fs(wi) = Fs(w")) — w1 — w"[|3
t=1

T T

—p\2 X 3

<4 & + a2 T((4GP7 )+ |V Es(w™)3) + 20 S & + 20T Ry - 4GP
t=1 t=1

<SP (GPT2PT+7210g(1/6)) + * T ((GPr ) +||VEs(w*)|3) + nT Ry (prl—p + 777! log(T/5)>

2
<SP (GPP2PT+721og(1/8)) +° T ((GP71P) |V Es(w*)|[3) +7°T> <prl—p+TT—1 1og(T/5)) +R%.
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By Eq. (5.31), we further get

T
Ny (Fs(wi) — Fs(w")) S ||w*[13 +n°(GPr>7PT + 72 log(1/5))
t=1
2
+ n*T? (GPTH? + 777! 1og(T/5)) +n 1?12 log(1/6).
The proof is completed by dividing both sides by nT. |

Now, we are ready to prove Corollary 5.24 on stability bounds of Clipped-SGD.
Proof of Corollary 5.24 By Lemma 5.15, Lemma 5.16, Lemma 5.23 and Theorem 4.3,
we have

T
ZA? < 722 2E[—\|Vf (wi; )13 } Zznfﬂ«:[ — IV f(wes2:)[13 }
i=1 t=1 i=1 t=1
T 9 n T N A
+ Zt;l A ZZE[W + Lz”Wt - ng)”%Xt,i]a
i=1 t=1

where we have used E[||V f(wi;z;) — V£ (w'"; 2/)||2] < 4E[||Vf(wy:2)||2]. By the symmetry
between z; and z}, we know

E[[lw: — wi|3x0] < E[|we — w31V Fs(we) |2 >7/2]] +
E[|lw; — w31V Fge (w)[Jo > 7/2]] = 2E || wi — wi |31[||V Fs (wy) |2 > /2]

Combining the above two inequalities together gives (note m < n)

1 n 1 n T ZT 77t2 n T
S AP S S R[IV A (wia) [3] + SR ST S B[V (wis )3+

=1 i=1 t=1 i=1 t=1

n T
+MZZE[HW — w2V Fs(we)ll2 > 7/2]]
- t t 2 S t 2 °

i=11t=1

Eq. (5.28) then follows directly from Lemma 3.5.

We now turn to Eq. (5.30). Let E be the event that the inequalities in Lemma 7.8 hold,
which happens with probablhty at least 1 — . By the update of chpped SGD, we know
|lWer1 — W§+1||2 < ||wy — Wt( ll2 + 277, from which we get ||w; — wt ||2 < 27 Zt 1Mt We

plug the above inequality back into Eq. (5.28), and derive

LS g (L LT S ~0)’S
Ly ars (X ) S E[Fs(w)] + L2 z(zm)(zm) > Pr{|VEs(wi)l>>7/2}

1 = t=1 t=1

o+
I

E[Fs(w;)] + L*7*T'ns, (7.44)

Mﬂ

< (Ln . LTn? )
~ \mn n2

w
Il
—
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where we have used Pr{||VFs(w¢)||2>7/2} < §. The update of Clipped-SGD implies
[wi = w2 < [[we = willa + [lw1 = w2 <Tyr + |[wi — w2, Vi€ [T],
from which and the smoothness of Fs we know

I )
HWt2W||2 < we = w2 VEs(w™) |2 +

L
< (T + [[wi = w* o) [VEs(w") 2 + 5 (T + [[wy = w*[l2)"

L||w —w*||3

Fg(wy) — Fg(w") < (wy — w", VFg(w")) + 2

It then follows from E[XY] < (E[X 2])%(IE[Y2])% that (E denotes the complement of E)

E[(Fs(wi)—Fs(w"))I[E]]

el
B

I
a

t

Tor -+ [[w1 —w* ) E{IV Fs(w) IE] + 5 (Tnr + w1 — w*[l2) “E[I2]

SIS

<
< (Tor + w1 —w*ll2) (B9 Fs(w") [3) 2 (BIEI) ? + & (T + [wy — w*2) *Pr{B)
(

. 2L6F(w*)\3 L . . _
Tnr + [wi—w*|2) (n() + 5 (07 4 lwi=w*[12)"6 £ L(Tor + [w[[2) "6 + 07",

IN

where we have used Eq. (7.28) in the last second step, and 2ab < a® + b, F(w*) < 1 in the
last step. By the law of total expectation, we know

T T
S E{Fs(wi)— Fs(w)] = 7 S E[Fs(wi) — Fs(w)| EIPE{E}+ 7 > E[(Fs(wi)— Fs(w)I[E]

N~

* |12
S HV;THQ +0(GPr> P+ og? (T/6)) + 0T ((GP7'7)+ 0 log(1/9)
+ LT+ [w'l2) 6 + 0 (7.45)

where we have used Lemma 7.8. It then follows from the assumption F(w*) < 1 that

1 lw* 13
T 2 4 n(GpTQ*p—i-TQT*l logZ(T/(S))—i-

nT((GpTlfp)2+ n~t log(l/é)) + L(Tm' + HW*HQ)Q(S.

We plug this inequality back into Eq. (7.44), and derive Eq. (5.30). [ |

Finally, we prove Theorem 5.25 on excess risk bounds by combining the stability and
convergence analyses together.
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Proof of Theorem 5.25 Since ¢ < L\/ﬁ(TmlJer*”Q)Q, Eq. (7.45) shows
- w3 . 1
7 3 BIFs(w)~Fstw = OV n(@r 24217 (@) ) 4 )
- ( I | n(Grars @ T o (GHETH ) ) +75)
3 2 2 Ly & [w* |13 om2e T 1
( +77GTP —i—nT(GTP +n- )—1—%)*()( T +nG*T v +7+ﬁ>

where we use the choice 7 < GT% in the second step. By (5.22) and the analysis below
Eq. (5.21), we know

. 11 2-p o % 1.1
Tn=|w¥||a2n2L72 and nT » <G °||w*|an 2L2. (7.46)
It then follows that

T Tk
E[F5(A(S)) = Fs(w")] < = > E[Fs(wi) — Fs(w")] = 6(M), (7.47)

1
t=1 n2

where we assume 1 < L% ||w*||2 for simplicity. It then follows from the assumption F'(w*) <

1 and ||W*||2L2 < n3 that 4 Zt 1E[Fs(w;)] < 1. We plug this inequality back into
Eq. (7.44) and get that A(S) is on-average e-model stable with

LTn? LT%*n? LTn? LT?%*n?
62 S n + 217 + L2T2T4T]4(5 S n + n
n n

, (7.48)

n2

where the last step uses § < (n7Tn)2/L. By our choice of parameter, we know Lie <1
and therefore Lemma 3.4 implies that

E[F(A(S)) — Fs(A(S))] S L7e S I (7.49)

where in the last step we have used the following inequality (i.e., T%/n% < T'/n) due to
—2
Eq. (5.21) and the condition G 2, Lin'm

PP __P_ _p»___p_ p=2_pP __pP_
T = n2r-2 prl L2-2p 2 n2r—2 [,2p—2n, 2p p—1],2-2p — n,.

We combine Eq. (7.47) and Eq. (7.49) together and get

where in the last step we have used Eq. (7.46). |
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8. Conclusions

In this paper, we develop a general framework to study the stability and generalization of
BSGMs. We introduce a generalized Lipschitz-type condition on the bias and the gradient
estimator, under which we present a unifying generalization bound which is convenient to
apply: one just needs to check the generalized Lipschitz-type condition, after which the
stability bounds can be directly derived. We apply our general results to both Zeroth-order
SGD and Clipped-SGD. For Zeroth-order SGD, we notice that the corresponding gradient
estimator is an unbiased estimator of a surrogate gradient, based on which we develop the
first stability bounds under a mild condition on step size sequence. For Clipped-SGD, we
develop the first stability bounds under a heavy-tailed noise condition. Remarkably, our
stability bounds for both Zeroth-order SGD and Clipped-SGD match those for the vanilla
SGD under appropriate choice of hyperparameters. We build our analysis on the on-average
model stability, which incorporates the training errors in the stability bounds to show the
benefits of optimization in generalization.

There are several interesting problems for further investigation. This paper only con-
siders applications of our framework to Zeroth-order SGD and Clipped-SGD. In the future,
it would be interesting to apply our framework to study stability bounds for other BSGMs,
e.g., top-k and random-k sparsification, biased compression operators, and delayed gradi-
ents. Second, it is interesting to incorporate the exp-concavity and the PL condition to the
stability analysis of BSGMs.
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