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ABSTRACT

Generalization analysis of learning algorithms often builds on a critical assumption
that training examples are independently and identically distributed, which is often
violated in practical problems such as time series prediction. In this paper, we use
algorithmic stability to study the generalization performance of learning algorithms
with 1-mixing data, where the dependency between observations weakens over
time. We show uniformly stable algorithms guarantee high-probability generaliza-
tion bounds of the order O(1/+/n) (within a logarithmic factor), where n is the
sample size. We apply our general result to specific algorithms including regular-
ization schemes, stochastic gradient descent and localized iterative regularization,
and develop excess population risk bounds for learning with ¢)-mixing data. Our
analysis builds on a novel moment bound for weakly-dependent random variables
on a p-mixing sequence and a novel error decomposition of generalization error.

1 INTRODUCTION

Generalization gap refers to the discrepancy between training and testing, which is a quantity of
central importance in statistical learning theory (SLT) (Shalev-Shwartz & Ben-David, 2014). A
popular approach to controlling the generalization gap is to bound it by the uniform convergence
between training and testing errors over a function space (Bartlett & Mendelson, [2002), which
leads to bounds depending on the complexity of function spaces, such as VC dimension (Vapnikl,
2013)), covering number (Cucker & Zhou, 2007) and Rademacher complexity (Bartlett & Mendelson)
2002). These complexity-based bounds do not exploit the property of a learning algorithm and
would generally admit a square-root dependency on the dimension (Feldman, [2016)), which are
not favorable for large-scale problems. To incorporate the property of a learning algorithm and
remove the dependency on dimension, a concept of algorithmic stability has been introduced into
SLT (Bousquet & Elisseett], [2002). Intuitively speaking, algorithmic stability measures how a small
perturbation of the training dataset would affect the output model of a learning algorithm, which
has close connection to several key properties such as learnability (Shalev-Shwartz et al., [2010),
robustness and privacy (Bassily et al., 2020).

Recent research has witnessed an increasing interest in leveraging stability to study the generalization
behavior of various algorithms, such as stochastic gradient descent (Hardt et al., [2016), structured
prediction (London et al.| 2016), meta learning (Maurer, [2005) and transfer learning (Kuzborskij
& Lampert, 2018). Most of these discussions are based on a critical assumption that the training
examples are independently and identically distributed (i.i.d.). This assumption is often violated
in practical applications. For example, the i.i.d. assumption is too restrictive in time series pre-
diction (Vidyasagar, [2013)). The prices of the same stock on different days may have temporal
dependence. These phenomena motivate several analyses to derive meaningful bounds for learning
problems with observations drawn from a non-i.i.d. process (Yul,|1994; |Vidyasagar, 2013)).

A widely used relaxation of the i.i.d. assumption is to assume the observations are drawn from a
mixing process (Yul [1994; Meir, [2000; Lozano et al., 2005} |Vidyasagar, [2013), where the dependency
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between two observations is quantified by a mixing coefficient as a function of the discrepancy
of the associated two indices. These mixing coefficients decay either as a polynomial function
or an exponential function of the discrepancy (Vidyasagar, |2013). Several mixing processes have
been introduced into the literature, including the S-mixing, ¢-mixing and 1-mixing processes (Yul
1994; Meir, [2000; [Lozano et al.,[2005). Within this formulation, various generalization bounds have
been developed to show how the dependency among observations would affect the learning process.
Interestingly, these discussions imply a concept called “effective size” which plays a similar role of
the sample size in the i.i.d. scenario (Yul 1994; Kuznetsov & Mohri, |[2017).

As in the i.i.d. case, most generalization analyses in the non-i.i.d. case focus on complexity-based
bounds (Meir, 2000} [Yul [1994; Kuznetsov & Mohri, [2017)). There are few stability analyses of
learning algorithms in the non-i.i.d. cases. An exception is the work in Mohri & Rostamizadeh
(2010), which, to our knowledge, gives the first systematic analysis on the stability and generalization
in a non-i.i.d. case. The authors developed high-probability generalization bounds for learning with
stationary ¢-mixing and S-mixing sequences, which are then applied to general kernel regularization-
based bounds. Due to the algorithm-specific nature, these bounds are preferable to complexity-based
bounds if the associated hypothesis space has a very large complexity.

However, the stability analysis (Mohri & Rostamizadeh, [2010) only implies sub-optimal general-
ization bounds. Indeed, for S-uniformly stable algorithms, the high-probability bounds inMohri &
Rostamizadeh| (2010) are of the order of O(y/nfS + A,,/+/n), where n is the sample size and A,
is a term depending on the decay rate of mixing coefficients. For learning with A-strongly convex
problems, the uniform stability parameter is of the order O(1/(n\)) (Bousquet & Elisseeft, 2002)
and therefore the bounds in Mohri & Rostamizadeh| (2010) become O(1/(y/nA) + A, /v/n). A
typical choice of X\ is A = n™ for @ > 0 (Shalev-Shwartz & Ben-David, 2014) and then the bounds
further become O(n®~z + A,,/v/n), which cannot imply the optimal bounds O(1//n) even if
A,, = O(1). For learning with i.i.d. data, recent breakthroughs (Feldman & Vondrakl 2019} Bousquet
et al.l[2020) in stability analysis show that S-uniformly stable algorithms enjoy generalization bounds
of the order O(1/ \/ﬁ This motivates a natural question: can we develop generalization bounds of

the order O(1/+/n) for uniformly stable algorithms applied to mixing process?
This paper provides an affirmative answer to the above question. Our contributions are listed below.

1. We develop a moment bound for weakly dependent random variables defined on a ¢-mixing
sequence. We show our bound matches the existing moment bounds for i.i.d. random variables up
to a logarithmic factor. As a byproduct, we develop a Marcinkiewicz-Zygmund inequality for a
(-mixing sequence, which may be interesting in its own right.

2. We develop high-probability bounds of order O(1/+/n) for uniformly stable algorithms for learning
with 1)-mixing sequences (our results actually require assumptions on ’-mixing coefficients which
are weaker than assumptions on ¢)-mixing coefficients). We achieve this by introducing a different
decomposition of generalization errors to make sure we get weakly-dependent and mean-zero random
variables, which is more challenging than the i.i.d. case. Our results recover the existing bounds
within a constant factor in the i.i.d. case.

3. We apply our general bound to some specific algorithms to show the effectiveness of our results,
including kernel regularization schemes, stochastic gradient descent (SGD) and iterative localization.

The paper is organized as follows. We present the related work in Section[2] We develop concentration
inequalities for ¢-mixing data in Section[3]and present general stability-based bounds in Section 4]
We apply our general result to specific algorithms in Section[5] We conclude the paper in Section|6]

2 RELATED WORK

In this section, we discuss the related work. We first discuss the related work on algorithmic stability
and then the related work on learning with dependent data.

Algorithmic stability. Algorithmic stability measures how the replacement/removal of a single (or
a few) example would affect the output model, which is an important concept in SLT (Bousquet &
Elisseeff, 2002). A nice property of algorithmic stability is that it only considers the behavior of the

*We use O to hide logarithmic factors
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output model and therefore can imply capacity-independent generalization bounds. An important
stability measure called uniform stability was introduced in an influential work (Bousquet & Elisseeft]
2002), which was used to study the generalization behavior of regularization schemes. This uniform
stability was extended to the setting of randomized algorithms (Elisseeff et al., |2005), which was
further used to study the generalization guarantee of SGD (Hardt et al.| 2016). To better exploit the
training examples for better generalization bounds, a relaxation of uniform stability called on-average
stability has been introduced (Shalev-Shwartz et al.l|2010). In particular, the on-average stability
was shown to be equivalent to learnability (Shalev-Shwartz et al.| [2010) and was used to derive
data-dependent error bounds (Kuzborskij & Lampert, 2018; |Le1 & Ying, 2020; Zhou et al., 2021}
Li et al., |2020; Nikolakakis et al.| 2022)). The smoothness assumption for stability analysis of SGD
was removed in the papers (Lei & Ying, [2020; Bassily et al.l 2020). For nonconvex problems,
stability and generalization of learning algorithms that converge to global optima were studied for
gradient-dominated problems (Charles & Papailiopoulos|, 2018 [Lei & Ying, [2021). While most
discussions focus on upper bounds on the stability, recent work also develops lower bounds on the
stability of SGD (Bassily et al., [ 2020; |/Amir et al., | 2021). While most stability analyses imply optimal
bounds in expectation, the recent study shows that uniform stability can imply almost optimal bounds
with high probability (Feldman & Vondrak! [2019; Bousquet et al., [2020; [Klochkov & Zhivotovskiy,
2021} Yuan & Li, 20225 |ILi & Liu, [2022). Algorithmic stability has found wide applications in various
learning problems, including transfer learning (Kuzborskij & Lampert, 2018), meta-learning (Maurer,
2005)), structured prediction (London et al., [2016), hyperparameter optimization (Bao et al.,|2021)),
neural networks (Richards & Kuzborskij, 2021 and adversarial training (Xing et al., 2021).

Learning with dependent data. For learning with dependent data, one generally assumes that the
data are drawn from stationary and mixing sequences with the dependence between observations
diminishing appropriately over time (Doukhan| [1994; Smale & Zhou, 2009). Initially, generalization
bounds were established via a uniform convergence approach based on complexity measures of
function classes, such as VC dimension (Yul |1994), covering numbers (Meir, 2000) and Rademacher
complexity (Mohri & Rostamizadeh, 2008)). Based on a localization idea and self-bounding loss
functions, |Steinwart & Christmann| (2009) developed fast learning rates for regularized algorithms
with geometrically a-mixing data. [Ralaivola et al.| (2010) and |Alquier et al. (2013)) established
convergence rates under the assumption of stationary and weak dependence. While most discussions
focus on stationary sequence, Kuznetsov & Mohri| (2017)) used Rademacher complexity to study
learning bounds with non-stationary ¢-mixing and S-mixing sequences. The first stability analysis of
learning with mixing sequences was given in the paper (Mohri & Rostamizadeh, [2010). The stability
approach was also used to study online learning with dependent data (Agarwal & Duchi, [2013)) and
learning with graph-dependent data (Zhang et al.||2019). SGD with Markov sampling has also been
recently studied (Sun et al.| 2018} Wang et al., [2022).

3 CONCENTRATION INEQUALITIES FOR ¢-MIXING SEQUENCES

We consider learning problems with a sequence of dependent observations. We assume the depen-
dency between two observations decays with their gap. There are several concepts to quantify the de-
pendency relationship within a stationary sequence such as $-mixing, ¢-mixing and t)-mixing (Mohri
& Rostamizadeh| [2010; |Yul [1994)). We focus on the p-mixing and 1)-mixing sequences in this paper.

Let Z = {Z;}{2_ . be a stationary sequence of random variables. For any ¢, j € N, let o denote
the o-algebra generated by the random variables Zy,: < k < j.

Definition 1 (p-Mixing Sequence). For any £ € N, the p-mixing coefficient of Z is defined as
(k) = sup |Pr(A|B) — Pr(A)|.
n,AEU;’f_‘_k,BEaﬁw
Z is said to be p-mixing if (k) — 0 as k — oo. It is said to be algebraically p-mixing (with degree
r > 0) if there exists a real number ¢ > 0 such that p(k) < ¢q/k" for all k, exponentially mixing

(with degree r) if there exist real numbers g, @1 such that (k) < ¢ exp(—p1k") for all k.

Definition 2 (1)-Mixing Sequence (Bradleyl|2007)). For any k£ € N, the v)-mixing coefficient of the
stochastic process Z is defined as
P(k) = sup |Pr(A N B)/Pr(A)Pr(B) — 1.
n,AEUfL‘jrk,BGU’jOC
Z is said to be ¥-mixing if ¢(k) — 0 as k — oo. It is said to be algebraically ¥-mixing (with degree
r > 0) if there exists a real number 1 > 0 such that ¢)(k) < 1 /k" for all k, exponentially mixing

(with degree r) if there exist real numbers g, 1)1 such that ¢(k) < g exp(—11k") for all k.
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We will use ¢-mixing to give a bound on the stability analysis version of ¢’-mixing in Lemma 3.
Intuitively speaking, p(k) and ¢ (k) measure the dependency of an event on those happened & units
of time ahead. By the definition, we know that v)-mixing is stronger than the ¢-mixing. Below we
provide examples of ¢-mixing and ¥-mixing sequences in |Kesten & O’Brien|(1976).

We first consider random variables V,,, U, and S,, for n € Z defined on the probability space
(Q, F, P), which are independent of each other and have the following distributions: for all n € Z,
PV,=4)=0;,i=0,1and0< By < Bo+ B =1, PU, =k)=p, >0,k=0,1,--- and
Yook =1 P(S, =3j)=7,j=0,1,2and 0 <y <y +m <Y +n +72 =1

Example 1 (Example of p-mixing sequence). Let { i,k > 1} be a non-increasing sequence such
that f; <1, fr = 0ask — oo and 2log(1 — fr41) > log(1— fr) +1log(1— fr4o) for {k : fr < 1}.
Forany 0 < € < § we define 8y = €, 8y = 1 — €. Define {p,, } by

e 1— )= for)™ b if f, <1
Zm={é Q= fea) ™ fa<d

Note that pr = (1 = fy1)(1 = fag2) ™" — (1 = fi)(L = fe41) "' > 0 for {k : f < 1} since
2log(1— fry1) > log(l —fk)—}—log(l—ka) Let X,, = U, —|—%V + %W where W, = V,,_y, .
Then {X,,,n € Z} is a ¢-mixing sequence with (1 —€) fr, < (k) < fi.

Next we provide an example of ¥-mixing sequence.

Example 2 (Example of ¢)-mixing sequence). Let {g, k > 1} be a sequence such that g; — go = 1,
g — 0as k — oo and 2gx41 < gk + Grao, k = 1,2,---. Forany € € (0,1), Let v2 = ¢,
Yo=m = 1(1—¢€), Bo = 1 = i. Define {p, } by

po=0, Pk =9k —20k+1 + Grt2, k=12,
Note that p;, > 0 for k = 0,1,---. Let Uy, V,, and S,, be as before. Let Z,, = Syll[5,—0 or 1] +
Vi-v,Is,=2), where I is the indicator function. Finally we define X,, = V;, +2Z,,. Then {X,,,n €
Z} is a ¢-mixing sequence with €(1 + €) "1 g; < (k) < exp [e(1 —€)"1gx] — 1.

To develop error bounds for learning with ¢-mixing sequences, we first develop concentration
inequalities for -mixing sequences. In the following theorem to be proved in Section [A] we derive a
tail bound for the summation of dependent random variables in terms of the tail behavior of each

individual random variable. Let A,, = 1+ 2%}, ©(k). The L,-norm of a real-valued random
1

variable Z is denoted by || Z||, := (E[|Z|"])*,p > 1.

Theorem 1. Let X, ..., X, be a finite contiguous subsequence from a p-mixing sequence. Let Z;

be a function of X; with E[Z;] = 0 and Pr{|Z;| > €} < 2exp(—&2/b). Then for any p > 1 we have

b

Remark 1. Theorem[T]is an extension of Marcinkiewicz-Zygmund inequality for independent random
variables to -mixing sequences. Indeed, if Z; are i.i.d., it was shown H Dy Zin = O(pV/nb)
(Ren & Liang, |2001). We show how the mixing behavior would affect the concentration by including
A,, in our bound. In particular, if Z; are independent then A,, = 1 and in this case, our result
matches the Marcinkiewicz-Zygmund inequality up to a logarithmic factor. Note A,, = O(1) for
algebraical p-mixing with » > 1 and exponential p-mixing sequences (Mohri & Rostamizadeh, 2010).

1
z)| <G ((Shlzilp)” +

( Sz H%) E) (Xuejun et al.,[2010). This bound requires an assumption involving >~ o2 (k),

which is larger than ), _, ¢(k) in A,, since ¢ (k) > (k). For example, if p(k) = O(k~1) then
Sv_, (k) = O(logn) while 7, 2 (k) = O(y/n). Moreover, the bound in Xuejun et al.|(2010)
involves C}, which is not explicitly stated. As a comparison, our bound involves all explicit constants.

(9 + log(n))pA, v2nb.

Under the assumption 77 | ¢ (k) < oo, it was shown H >

Remark 2. Our basic idea to prove Theorem |I]is to apply a McDiarmid inequality (Lemmal[A.T) to a
Lipschitz function defined on a ¢-mixing sequence. If we define @' (X1,...,X,,) =Y. | Z;, one
cannot guarantee the Lipschitz continuity of ® due to the unboundedness of Z;. Our novelty is to
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define Z; = Zil| z,1<e where Il is an indicator function and € = O(/blog(1/6)). The boundedness

of Z; implies the (2¢)-Lipschitz continuity of ® and therefore we can apply the McDiarmid inequality
to study its decay rate of . Furthermore, the assumption Pr{|Z;| > €} < 2exp(—¢2/b) shows that
® and P’ are equal with a high probability. We then combine these two observations together to
derive a high-probability bound for ®’, which further leads to a bound on the L,-norm of &’ by the
equivalence between high-probability bound and the L,-norm bound.

Based on Theorem[I] we develop a moment bound for Lipschitz functions (w.r.t. the Hamming
distance) defined on mixing sequences. The following theorem is an extension of a result in the i.i.d.
case (Bousquet et al., 2020) to the case with mixing sequences. This result plays a major role in
developing our generalization bounds for learning with mixing sequences. The first assumption is a
conditional boundedness assumption which is standard for concentration inequalities. The second
assumption implies that the g, is of mean zero conditioned on any fixed Z,)\ [, Which is stronger than
[E[g;] = 0 since the conditional expectation holds for any fixed Z,)\;]. The last assumption implies
that g; is insensitive to the change of any single example, which implies that g; is concentrated around
its expectation by McDiarmid’s inequality. Our proof follows from the framework in Bousquet et al.
(2020), which is given in Section [B]

Theorem 2 (Concentration Inequality for (-Mixing Sequence). Let Z1, . .., Z,, be a finite contiguous
subsequence from a p-mixing sequence. Denote Z = {Z1,...,Z,}. Let g1, . . ., gn be some functions
gi : Z™ — R such that the following holds for any i € [n]

. ‘EZW\[Z-] [9:(2)|Z;]| < M almost surely,

* E2[9:(2)| Znp\1y] = 0 as.,

* g; is B-Lipschitz w.r.t. the Hamming distance.

Then for any p > 1 we have (k = [log, n])

H;f;gi

Remark 3. If the sequence is i.i.d., the following bound was developed (Bousquet et al., |2020)

Héw

Our bound recovers the existing result in the i.i.d. case. Note A,, = 1 for any n and then Theorem 2]
implies H S gil| < 3My/2Zpn+npB(5+log,[n])?, which matches Eq. (3-) up to a logarithmic
P

factor. This is the first extension of the result in Bousquet et al.|(2020) to a ¢-mixing setting.

k—1
< 3MAL/2pn +26p3 ) (9 +1)AS,.
P 1=0

< 3M+/2pn + 12v/6pnSlog, n. (3.1)
p

We follow the framework in[Bousquet et al.| (2020) to prove Theorem[2} The difference is to replace the
Marcinkiewicz-Zygmund inequality for i.i.d. random variables by Theorem [I]for ¢-mixing random
variables. The basic idea is to use the representation Y .-, g; = >+, E[g;| Z;] + Z;:Ol S (gh -
gﬁ“), where ¢! is the expectation of g; conditioned on some random variables and k is an integer
depending on n. We then use a McDiarmid inequality and the conditional boundedness of E|[g;|Z;]

to control ", E[g;|Z;], and use Theoremto control Y17 o7 (gt — o).

4 STABILITY AND GENERALIZATION

Let Z = X x ) be a sample space, where X C R is an input space and ) is an output space.
We consider supervised learning problems where S = {z1,...,2,} = {(z1,51), ..., (T, yn) } isa
contiguous subsequence from a ¢)-mixing sequence. Based on S, we wish to find amodel / : X — ).
We consider parametric models where the model is determined by a parameter w in a parameter
space WW. The performance of a model w on a single example z can be measured by a loss function
f(w; 2). The empirical risk and population risk are then defined by

Fs(w) = %Zf(w;zi) and F(w)=E.[f(w;2)], 4.1)
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which measure the behavior of w on training examples and test examples, respectively. Here the test
point z is assumed to be dependent on S (i.e., z is assumed to follow immediately after the sample
S), which is the most realistic setting considered in Mohri & Rostamizadeh| (2010). We refer to
the discrepancy between training and testing as the generalization gap F'(w) — Fg(w). In machine
learning, we often apply an algorithm to get a model with a small training error. Meanwhile, we
wish the output model also admits a small generalization gap to enjoy good generalization to test
data. In this paper, we are interested in developing generalization error bounds that decay to zero
as the sample size goes to infinity. Our basic tool is the algorithmic stability, which measures the
sensitivity of the output up to the perturbation of a single example. Various concepts of stability have
been introduced in the literature. In this paper, we focus on the uniform stability which is arguably
the most widely used algorithmic stability. We use wg to mean the output model if we apply an
algorithm A to the dataset S. Note we omit the dependency of the notation on A, which should be
clear from the context. We say two sets are neighboring datasets if they differ by one example.

Definition 3 (Uniform Stability (Bousquet & Elisseeff, [2002)). A randomized algorithm A is e-
uniformly stable if for all neighboring datasets S, 5" € Z" we have sup, [f(ws;z)—f(wg;2)] < e

Our stability analysis requires a different mixing coefficient defined as follows
o'(k) = sup |Pr(2,|A, B) — Pr(z,)]. 4.2)
n,AGaf;k,zTLGJQ,BGU;’L‘;k

It is clear that ¢'(k) > (k). The following lemma controls ¢'(k) in terms of the ¢-mixing
coefficients. According to the following lemma, one can show that if (k) = O(k~") then ¢'(k) =

O(k™"). If (k) = O(exp(—41 k")) then ¢’ (k) = O(exp(=¢1k")).
Lemma 3. Let Z = {Z;}5° _ be drawn from a v-mixing distribution and assume (k) < 1. Then
Wv®? - vy
T—ok) 0T vtk S
To apply Theorem 2]to learning with mixing sequences, we need to introduce a sequence of functlons

g; satisfying the conditions in Theorem 2| l and relate them to the generalization gap. Let z} (resp.
z!") be drawn from the same distribution of z;, i.e., the conditional distribution of z; (resp 2!

—0o0

o'(k) < max{

given Z1y vy Zie1y Zitls - - -y 2n 18 the same as that of z; given z1,...,2,—1,%i41,...,2n. Let

Sib = {21y« s Zicb—1, Zis Zitbtls - s Zn—b}, 1.€., We remove 2b points around z;. For any i € [n],

let S?y ={z1,..., 2i—b—1, 2, Zitb41,- - -, Zn—b}. We then define the following random variables
9i =E[E. f(wsi 320 = flwsi 3 z)], Vi€ [n]. 4.3)

The following lemma to be proved in Sectlon [C| gives generalization bounds in terms of stability and
>, gi- We will use ¢/ (b) in Theorem and all corollaries in Section 5. The underlying reason is
that we need to remove 2b pomts around z; to get S; ; for the application of Theoreml 2l An upper
bound |F(wg) — E.»[f(Ws, ,; 2{')]| requires to use ¢’ (b).

Lemma 4. Let S be drawn from a 1-mixing distribution. Let b € {0, ..., n} denote the number of
last points removed in S, i.e., Sy = {z1,...,2n—p}- Let Wg denote the hypothesis trained on S. If
the algorithm A is B-uniformly stable and the loss function is bounded by M > 0, then the following
inequality holds with g; defined in Eq.

[n(F(ws) — Fs(ws))| < 2n(3b+1)8 + nM(p(b) HZgz

We can apply Theorem [2{to control the term Y- ; g; and derive the following generalization bounds
in terms of mixing coefficients.

Theorem 5 (General Mixing Stability Bound). Let wg denote the hypothesis returned by a [3-
uniformly stable algorithm trained on a sample S drawn from a 1b-mixing stationary distribution. Let
M denote the uniform bound of the loss function. Then for any b € {0,...,n} and any § € (0,1),
the following inequality holds with probability at least 1 — § (k = [logy n])

|F(ws) — Fs(ws)| <2(3b+ 1)+ M(p(b) + ¢ (b))
L 3eMA, 2log(e/5) 2k+1eﬁlog (e/9) kil 9+ 1)AZ
1=0

n
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Remark 4. For ¢-mixing sequences, the following high-probability bounds were developed (Mohri
& Rostamizadeh, [2010)

|F(ws) — Fs(ws)| = O(\/ log(1/6)An (V(b+1)8 + v/np(b) + ”_%)) (4.4)

As a comparison, our generalization bound in Theorem [5|becomes
|F(ws) — FS(WS)‘ = O(<p’(b) + Ap/ntlog(1/8) + B(b+ A2 log? nlog(l/d))). 4.5)

Eq. @.3) improves Eq. (4.4) as follows: (1) we replace v/np(b) with ¢’ (b); (2) we replace \/nbBA,,
with B(b + A2 log?n). The above two terms save a factor of \/n. Meanwhile it should be also
mentioned that our bounds involve ¢’, while the bounds inMohri & Rostamizadeh| (2010) involve
. We now compare these two bounds under assumptions of ¢’ in three cases (results in Mohri &
Rostamizadeh| (2010) hold for ¢-mixing coefficients and also hold for ¢’-mixing coefficients).

1. In the i.i.d. case, becomes |F(wg) — Fs(ws)| = O(y/n~1log(1/8) + Blog” nlog(1/4)),

which matches existing stability-based bounds (Bousquet et al.| | 2020) up to a logarithmic factor. As
a comparison, Eq. @4) becomes |F(ws) — Fs(ws)| = O(y/log(1/6)(v/nB + 1//n)).

2. We now consider algebraically mixing sequences, i.e., ¢’(k) < ok~ " with r > 1. In this case,
we know A,, = O(1) (Mohri & Rostamizadeh| [2010). If we choose b < B~ in Eq. @3], we get

Bb=b"" xﬁ #71 and therefore (we denote B =< B if there are absolute constants ¢; and ¢y such
that c;B < B < ¢ B))

[F(ws) = Fs(ws)| = O(877 + /n Tlog(1/0) + Blog’ nlog(1/9)).  6)
As a comparison, the optimal choice b < B*rlﬁ in Eq. (@.4) implies
|[Fws) = Fs(ws)| = O(/log(1/3) (Va5 + 1)) @7
It is clear our bound replaces \/n37 1 in Eq. by 71 + Slog? nlog(1/8), which is smaller.

3. Finally, we consider exponential mixing sequences, i.e., ¢’ (k) < g exp (—p1k"), which imply
A, = O(1). If we fix b = [log (1/8)], we know exp(—b") < b3 = O(Blog™ (1/3)) and

|F(ws) — Fs(ws)| = O(\/n—l log(1/6) + Blog® nlog(1/8) + Blog%(l/ﬂ)). (4.8)

As a comparison, Eq. @4) implies |F(ws) — Fs(wg)| = O(1/log(1/6) (v/nf log™ (1/8)+/nB—+
1/ \/ﬁ)) It is clear that our analysis removes a factor of v/n in front of the stability parameter .

Remark 5. The analysis in the mixing case is more challenging than that in the i.i.d. case. The
analysis in |Bousquet et al.| (2020) introduces g; = E./E. [f(Wg:;2) — f(Wsi;2;)], where z is
independently drawn from the stationary distribution and S® = {z1,...,2;_1,2}, Zi41,- -+, 2Zn}-
While E., [¢;] = 0 in the i.i.d. case, we cannot guarantee E,,[§;] = 0 in the mixing case due to the
dependency between z; and z; (j # 7). In this way, one cannot apply Theorem to g; in the mixing
case. We use a much more complicated decomposition of the generalization error in terms of g; in
Eq. (.3), which is of mean zero in the mixing case. In this process, we introduce concepts such as
Sib, St to fully exploit the stability and mixing property. It should be mentioned that S; 5, S: , have
been introduced in[Mohri & Rostamizadeh (2010). However, the aim is different. These concebts are
used in Mohri & Rostamizadeh|(2010) to get bounds in expectation for ®(S) := F(wg) — Fg(wg)
via a lemma in |Yu| (1994) for 8-mixing sequence, where the concentration of ®(.S) around its
expectation can be directly studied via the McDiarmid inequality for ¢-mixing sequence. As a
comparison, our aim is to replace the sequence §; = E/E. [f(wgi;2) — f(Wgi; 2;)] (with non-zero
conditional mean) by the sequence g; in Eq. (.3)) with zero conditional mean, which is then controlled
by our new concentration inequality for ¢-mixing sequences (Theorem 2).

5 APPLICATIONS

We now present applications of Theorem 3|to several algorithms, including the kernel regularization
algorithm, SGD and localized iterative regularization. Let A be an algorithm which outputs a model
A(S) after observing the dataset S. We are interested in the excess population risk of a model
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A(S) defined by F'(A(S)) — F(w™), which measures the performance of the output model A(.S) as
compared to the best model w* = arg miny, F'(w). An efficient approach to this aim is based on the
following error decomposition (Bousquet & Bottou, [2008)

F(A(S)) = F(w?) = F(A(S)) = Fs(A(5)) + Fs(A(S)) = Fs(w") + Fs(w") = F(w"), (5.1)

where we refer to F'(A(S)) — Fs(A(S)) as the generalization gap and Fg(A(S)) — Fg(w™*) as the
optimization error. The last term Fg(w*) — F(w™) is easy to control since w* is independent of .S.
We will apply stability analysis to control the generalization gap, and tools in optimization theory
to control the optimization error. To this aim, we give some necessary definitions. The Lipschitz
condition means the gradient is bounded, and the smoothness means the gradient is Lipschitz
continuous. Examples of Lipschitz loss functions include the hinge loss, logistic loss and absolute
loss. Examples of Lipschitz and smooth loss functions include the logistic loss and Huber loss.

Definition 4 (Lipschitz, smoothness and convexity). Let L,y > 0and x> 0. Let f : W x Z — R.
* Wesay f is L-Lipschitz continuous if | f (w; z) — f(w'; z)| < L||w — w’|| for any w, w’, 2.
* Wessay f is y-smooth if |V f(w;z) — Vf(W'; 2)|| < ~v|w — w'| for any w,w’, z.

* Wesay f is p-strongly convex if f(w; z)— f(w'; 2) —(w—w', V f(W';2)) > &|lw—w'|?
for any w, w’, 2. We say f is convex if it is u-strongly convex with p = 0.

5.1 KERNEL REGULARIZATION SCHEMES

We first consider kernel regularization schemes with convex and Lipschitz loss functions. Let
K : X x X — R be a Mercer kernel (i.e., K is symmetric and positive definite) and WV be the
associated reproducing kernel Hilbert space with the norm || - || x. We consider the following model

W\ = argv{,réi% {FS(W) + )\HWH%(}, (5.2)

where A > 0 is a regularization parameter to tradeoff the data-fitting term Fs and the regularizer
||w]|%. The following corollary gives high-probability excess population risk bounds on kernel
regularization. The proof is given in Section[D.T]

Corollary 6. Let wg ) denote the hypothesis returned by Eq. (5.2) when trained on a sample S
drawn from a -mixing stationary distribution. Assume f is convex, L-Lipschitz and bounded by
M > 0. Then, with probability at least 1 — §, the following excess risk bound holds (k = [logyn|)
1 k-1
A, logz(1/6 b o 1AZ log(1/5
L8 | b S 18 lox(1/0)
Vn ni nA
Remark 6. We now instantiate the above bounds under special mixing sequences. We first consider
the algebraically mixing sequence, i.e., ¢’ (k) < ok~ " with r > 1. In this case, analysis similar to
Remark [4]implies the following bound with an appropriate choice of b

log® nlog(1/4)
_|_ - = ' 7
nA

F(ws.a) = F(w") = O( )+ Al

F(ws,) = F(w") = 0(n™ 3 logh (1/8) + (nA)" 77 )+ Allw* %
If ||w*|| x = O(1), then we choose A =< 1/4/n and get
F(wg ) — F(w*) = O(n_% log%(l/(S) + n” 2D Jog? nlog(l/é)).

We now consider the exponential mixing case, i.e., ¢’ (k) < g exp (—p1k"). In this case, analysis
similar to Remark ] implies

|F(ws)—Fs(ws)| = O( n—1log(1/6)+(n\) "' log? nlog(1/8)+(nA) ! log%(n)\)> AW |5
If ||w*|| x = O(1), then we can choose A =< 1/4/n to derive

|F(ws) — Fs(ws)| = o(n*% (v/1og(1/5) + log® nlog(1/5) + 1og%(n))).

5.2 STOCHASTIC GRADIENT DESCENT

We apply our generalization bounds to SGD with convex and smooth loss functions, which has wide
applications in training complex models in the big-data era due to its simplicity and efficiency.
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Definition 5 (Stochastic Gradient Descent). Let w; = 0 € R be an initial point and {n; }; be
a sequence of positive step sizes. SGD updates models by wy11 = w; — 0.V f(wy; z;, ), where
V f(wy, z;, ) denotes a gradient of f w.r.t. the first argument and 4, is independently drawn from the
uniform distribution over [n] = {1,...,n}.

We assume the algorithm produces wg = % ZL w, which is an average of SGD iterates. We first
present the generalization error bounds. The proofs are given in Section[D.2]

Corollary 7 (Generalization bound). Assume that the loss function f(-;z) is y-smooth, convex,
L-Lipschitz and bounded by M > 0 for every z. Suppose that we run SGD with step sizes 1, <
min(2/v,n) for T < n steps on a sample S drawn from a 1p-mixing stationary distribution. Then,
with probability at least 1 — § we have (k = [log,n])

k—1
[F(ws) = Fs(ws)| = O(ublos(1/8) + 1 3183 108*(1/5) + M () + B, 2ELL)),

1=0 "
As a corollary, we develop the following excess risk bounds.

Corollary 8 (Excess risk bound). Assume that the loss function f(-;z) is y-smooth, convex, L-
Lipschitz and bounded by M > 0 for every z. Suppose that we run SGD with step sizes n, = 1 =<
1/ VT for T = n steps on a sample S drawn from a 1)-mixing stationary distribution. Then, with
probability at least 1 — 6 we have (k = [logy n])

k—1

=0

5.3 ITERATIVE LOCALIZED ALGORITHM

We now turn to convex and non-smooth problems. In this case, SGD requires a very small step size
to enjoy good stability, which however would affect the optimization process. Indeed, a tradeoff
between generalization and optimization requires running SGD with O(n?) iterations, which is
not computationally efficient (Lei & Ying, [2020; Bassily et al., [2020). To speed up the algorithm,
we consider an iterative localization scheme (Algorithm [I]is deferred to Section [D.3]), which was
introduced in [Feldman et al.|(2020). The basic idea of Algorithm [I]is to implement the optimization
in epochs. At each epoch, Algorithm [T|builds an objective function with a regularizer depending on
the output of the previous epoch, which is solved by SGD with T; iterations and learning rates {7; }.

The following corollary gives error bounds for Algorithm[I} The proof is given in Section

Corollary 9. Assume that the loss function f(-; z) is convex, L-Lipschitz and bounded by M > 0 for
every z. We run Algorithmon sample S;, i1 € [m] drawn from a 1-mixing stationary distribution. If

we choose v =< n=2, then, with probability at least 1 — §

k—1
F(wy,)—F(w") = O(n_% lognA, log% (n/é)—f—bn_%—i—M log nga’(b)—f—n_% Z 1A% 10g(n/5)),
1=0
where k = [log, n]. Moreover, Algorithm || requires only O(nlogn) gradient computations to
achieve this generalization bound.

6 CONCLUSIONS

With high probability, we develop the first stability-based generalization bounds of the order O(1/+/n)
for learning with a mixing sequence. We apply our results to several specific algorithms such as
regularization schemes, SGD and localized iterative regularization. Our analysis relies on a new
moment bound for weakly-dependent random variables defined on a mixing sequence.

Our generalization bounds involve ¢’-mixing coefficients, which are larger than the -mixing
coefficients. It would be very interesting to investigate whether these ’-mixing coefficients can be
replaced by p-mixing coefficients. We guess ¢’-mixing would be more similar to ¢-mixing than
1)-mixing since both - and ¢’-coefficients measure the difference between a conditional probability
and a probability (i.e., of the form |Pr(A|B) — Pr(A)|). As a comparison, ¢-mixing considers the
difference between 1 and the ratio of probabilities (i.e. of the form |1 — Pr(A N B)/Pr(A)Pr(B))).
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A PROOF OF THEOREM 1]

In this section, we prove Theorem E} To this aim, we introduce several lemmas. The following
lemma is a McDiarmid inequality for stable functions defined on mixing sequences (Kontorovich &
Ramanan, 2008)).

Lemma A.1. Let ® : Z" +— R be a measurable function that is c-Lipschitz w.r.t. the Hamming
distance for some ¢ > 0, and let Z, . . . , Z,, be random variables distributed according to a p-mixing
distribution. Then for any € > 0 the following inequality holds

Pr{’@(Zl, o Zn) —E[@(Zy,.. ., Z,)]| > e} < 2exp (n;j%)

Furthermore, for any 0 € (0, 1) the following inequality holds with probability at least 1 — ¢

©(Z1,..., Zn) —E[®(Z1,..., Z,)]| < W_

12
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The following lemma shows the equivalence of tails and moments (Bousquet et al.| 2020).
Lemma A.2. Let Y be a random variable. If for any 6 € (0, 1), with probability at least 1 — §

Y] < ay/log(e/d) + blog(e/d),

¥l < 3ya+ 9pb
If|Y]l, < \/pa + pb for any p > 1, then for any 6 € (0, 1) we have with probability at least 1 — 6

Y| < e(a\/log(e/é) + blog(e/&)).

Proof of Theorem([l] Let € > 0 be a number to be fixed later and define

Zi = Zi]I\Zi|§57 Vi € [n],
where I[-] is the indicator function (1 if the argument is true and O otherwise). Define
®(X1,...,X,) =Y., Z;. First we show the Lipschitz continuity of ® w.r.t. the Hamming dis-
tance. Suppose we change X7 by X1 and keep other X;. Define 771, ..., Z/, similarly to Z1, ..., Z,
but as functions of X1, X, ..., X,,. Since Z; is a function of X (i.e., once we know X; we know

Z;), we know Zj = Z]’ for all j # 1. Then

then for any p > 1 it holds that

B(X), ..., X)) — B(X], Xs, ..., X,)| = 1(21 +...+Zn) - (Z{ +Zg+...+2n)
=12, — Z!| < 2.
According to Lemma[A.T| with ¢ = 2¢ we derive the following inequality with probability at least

1—(e—2)d/e
S

i=1

< eAp\/2nlog(2¢/((e — 2)9)). (A1)

According to the assumption Pr{|Z;| > €} < 2exp(—é?/b), we know with probability at least

1—26/(en)
|Z;] < y/blog(en/d). (A2)

We fix e = y/blog(en/d). We now assume that Eq. (A.T)) and Eq. (A.2)) hold for all i € [n], which
happen with probability at least 1 — §. Under this event, we have Z; = Z; and (for simplicity we
assume n > 2/(e — 2))

>zl-|yz
=1 =1

The following inequality then holds with probability at least 1 — ¢

< Ap+/2nblog(en/b)log(2¢/((e — 2)8)) < vV2nbA,, log(en/s).

’ Z Z; — V2nbA, log(n)‘ < V2nbA, log(e/d).
i=1
According to Lemmal[A.2] for any p > 1 it holds that

H i Z; —V2nbA,, log(n)Hp < 9pV2nbA,,.

The stated bound follows directly. The proof is completed. O

B PROOF OF THEOREM 2]
We follow the framework in [Bousquet et al.| (2020) to prove Theorem E}
Proof of Theorem[2] Without loss of generality, we assume n = 2*. Consider a sequence of partitions

By, ..., By with B, = {1,2,...,2*}. We then obtain B; from ;| by splitting each subset in B; |
into two equal parts. In this way, we get

Bo = {{1},{2},...,{2"}}, By = {{1,2},{3,4},..., {2 — 1,2"}},..., By = {[n]}.

13
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Foreachi € [n]andl = 0, 1,...,k, denote by B'(i) € B; the only set from B; that contains 4. In
particular, B (i) = {i} and B*(i) = [n].

Foreach i € [n] and each = 0,1, ..., k, introduce the random variables

9t =9\ (Zi, Zipprsy) = Elgil Zi, Zpp i ay)-
That is, we condition on Z; and all the variables that are not in the same set as Z; in the partition /3;.
One can check that ¢¢ = g; and g¥ = E[g;|Z,]. We can write a telescopic sum for each i € [n]

—EgL|Z +Z l+1

It then follows from the triangle inequality that

1> a| <[> Bz +ZHZ gt H . (B.1)
=1 7 i=1
Since |E[g;|Z;]| < M, one can check that ®(Z1, ..., Zn) = Z E[g;|Z;] is 2M -Lipschitz w.r.t.

the Hamming distance. Furthermore, we have E[E[g;|Z;]] = 0. N ow we can apply Lemmal[A.1] with
¢ = 2M to derive the following inequality with at least 1 — ¢

| ZE[91|Zz” < MA,/2nlog(2/6).
It then follows from Lemma 7that

1> ElgilZ]||, < 3MA./2pn. (B.2)
i=1

According to the definition of gf, one can see that

l+1
E Bl+1( )\Bl(z) [g7] - gz

Furthermore, according to our assumption we know ¢! as a function of Z;,7 € B'*1(i)\B!(i)
satisfies the 5-Lipschitz continuity w.r.t. the Hamming distance. Therefore, one can apply Lemma
with c= fand ® = ¢! to derive the following inequality with (there are 2! random variables)

262
pellgl g2} <20 (— 20 ), .
relgi —g; | = €p < 2exp ERT) (B.3)
where the probability is W.r.t. Zpgi+1 ;)\ Bt (s)-
Let us consider the sum 3=, i (¢! — gi!) for any B! € B;. Note Z/ := g} — gi* is a function of
Zi, Zjn)\ gt - We now condition on Zj,,j\ g and then Z; is a function of Z;. According to Eq. (B.3),

we can apply TheOremIWlth b =2"132AZ to derive the following inequality
E[|| > (g = 9, | Zpune] < (9 +log(1B')) p\/?llBllﬁ%2 Alp

i€EB
— (94 )py /228204, = (9 + 1)p2'BAL.

We now take integration w.r.t. Z|,,;\ gt and get

1> (gi =g, < 9+ Dp2'BAS
i€ B!
According to the triangle inequality, we further get

I k=™l < 30 || Xt —at™|| <20+ Dp2'Bag = 9+ 12°pBA3,
i€[n] BleB; ieB!
where we have used the fact that |3;| = 25, It follows that

ZHi )| <2983 0+ 3.

1=0
We can plug Eq. (B.2) and the above inequality back into Eq @]) to derive

H Zgi < 3MA,\/2pn + 2%p3 2(9 + )AL,
i=1 7 1=0

The proof is completed. ]
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C PROOF OF THEOREM

To prove Theorem [5} we require the following lemma to control the difference between two test
errors: one with the test example drawn from the mixing sequence and one with the test example
drawn from the independent stationary distribution. Let S, = {21, ..., z,_} be the sequence by
removing the last b points of S.

Lemma C.1 (Mohri & Rostamizadeh|2010). Ler F' (wg) = E, [f (wg; 2) | S] denote the expectation
in the dependent case (i.e., z depends on S) and F' (wg,) = Ez [f (Wg,; 2)] denote the expectation
where the test points are assumed independent of the training data (i.e., Z is independent of S). If A
is B-uniformly stable and f(w; z) € [0, M|, then the following inequality holds for any b > 0

|E=[f(ws,; 2)] — Ez[f(ws; 2) | S]| < b8+ Me(b).

Proof of LemmaM] Let z] (resp. z') be drawn from the same distribution of z;, i.e., the condi-

tional distribution of z, (resp. z.') given z1,...,2i—1, Zi41, - - -, 2 i the same as that of z; given
21,5 Zim1, Zit1, - - -5 Zn. Let Siv ={%1, -, %ib—1,Zi, Zitb+1,-- - Zn—b}. Forany i € [n], let
Siy=A{21,- -1 2i—b-1, 2}, Zitb+1, - - -, Zn—b }. We have the following decomposition

n

Z (Ez [f(WSI bs ;/)} - f(wsi,b; Zl)) = Z (Ezg’ [f(WSin;Zzl‘/)] - EZQEZQ' [f(wa’b; Z:I)])

i=1 i=1
+ Z]E Fwss 3200 = fwse 320 + ) Ba[f(wsi 20) = f(Ws,,520)].
i=1
According to the definition of S-uniform stability we know

|3 Eeplrlows, i20)] — Flws, i ]<2ﬁn+\ZE o lf Wy 2] = flws 320)] |
i=1

(C.D
For any ¢ € [n], introduce

9i =By [Bay [f(wg: 5 2])] = f(war 5 2]

i i,b

Then, we have

’ Z (Ez;/ [f(WSi,b; Z;/)] - f(wsi,b; zl))‘ < 26” + ‘ Zgl . (CZ)
i=1 i=1
According to Lemma|[C.I| we know
|F(ws) —Ez[f(ws,,; 2)]| < 3b8 + Mp(b).
By the definition of ¢’, we know
[Er[f(Ws, ;2] = Ez[f(Ws, ,;: 2)]| < M/ (D).
Furthermore, the definition of stability implies
|f(Ws, 5 21) — f(Ws;2:)] < 3B
We combine the above three inequalities together and derive
D IF(ws) —E.olf(ws,,; 2 |+Z\f (Ws, ,;2) — f(Ws; 21)| < (68 + Mp(b) + M/ (b))n.
Combining the above inequality and Eq. (C1), we obtain
[n(F(ws) — Fs(ws))|
< |2 (Baplf (W, 20)] = Flws, i) | + Z|F (ws) = Eoy[f(ws, i %] |+Z|f (Ws, 152
i=1

< (6b+ 2)nB + n(Mep(b) + M/ (b)) + | Zgzv!.
The proof is completed. ]
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Proof of Theorem[3] Recall the definition of g;,
9i =B [E.p [f(wss,120)] = fws: s z)]-
Since z; and 2!’ follow from the same distribution, we know
E[gz‘zn\z] =0.
One can check other assumptions in Theorem [2]also hold. Therefore, one can apply Theorem 2] to
derive the following inequality with probability at least 1 — §

Hi_ilgi

where k = [log, n]. According to Lemmawe further get the following inequality with probability
atleast1 —§

n k—1
Y g < e(3MAn 2nlog(e/3) + 21839+ 1)A2 10g(e/5)). (C.3)
i=1 1=0
According to Lemmafd] we know

k—1
< BM A/ 2pn +25p3 3T (9 + 1AL,
P 1=0

In(F(ws) — Fs(ws))| < (6b+2)n8 + n(Me(b) + My’ (b)) + | Zgi|.

We can combine the above inequality with Eq. (C.3) to derive the following inequality with probability
atleast1 — ¢

k—1
n(F(wg) — Fs(wg)) < e<3MAn\/2n log(e/d) + 2~t13 2(9 +1)A% log(e/é))
1=0

+ (6b+ 2)nB + n(Me(b) + M’ (b)).
The proof is completed. O

D PROOF OF APPLICATIONS

D.1 PROOF OF COROLLARY [

To prove Corollary [6] we require the following lemma on the uniform stability of kernel regulariza-
tion (Bousquet & Elisseeff, 2002).

Lemma D.1 (Bousquet & Elisseeff|2002). Let the loss function f be L-Lipschitz and convex. Let the
algorithm A be defined in (5.2). Then A is [3-uniformly stable with 3 < %

[B-uniformly stable, where 5 < % Plugging the above inequality into Theorem [S} we derive the

following inequality with probability at least 1 — §
2(3b+1)L?
n

Proof of Corollary[6] Let A be the algorithm which returns wg . By Lemmawe know A is

|F(ws) — Fs(wsp)| < + Mp(b) + My’ (b)

k—1
> (9 + 1)AS log(e/d).
1=0
By Lemma([A.T] we have the following inequality with probability at least 1 — §
A, log? (1/5))
vn '

2eL?

+3eMA, 2 log(e/d) +
n

Fs(w*) — F(w") = o(
Furthermore, we have the following error decomposition
F(ws) = F(w") + Mwsalli
= F(ws)) = Fs(ws) + Fs(ws) = Fs(w*) + Mlwsa[[% = Mw*[[% + A[w*|[} + Fs(w*) — F(w")
< F(wsp) = Fs(wsa) + Fs(w*) — F(w") + X|w*|[,

where we have used the definition of wg 5. We can combine the above three inequalities together to
derive the stated bound. The proof is completed. [
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D.2 PROOF OF COROLLARY [/]AND COROLLARY[§]

First, we prove the stability bound for convex loss minimization via SGD. Then, we apply the stability
bound and Theorem [5|to the generalization bound. To develop high-probability bounds, we need to
introduce a concentration inequality (Wainwright, 2019).

Lemma D.2 (Chernoft’s Bound). Ler X1, ..., X; be independent random variables taking values
in {0,1}. Let X = 2;21 X, and pp = E[X]. Then for any 6 > 0 with probability at least
1—exp(— 162 /(2 + 5)) we have X < (1 + 6)p. Furthermore, for any & € (0,1) with probability

at least 1 — § we have
X < p+log(1/0) + v/2ulog(1/9).

Proof of Corollary[7} Let S and S” be two samples of size n differing in only a single example.
Consider the gradient updates w1, ..., wyp and wi,. .., w/. induced by running SGD on sample S
and S’. We now suppose S and S’ differ by the first example and apply the Lipschitz condition on

f(52) to get
|f (wr;2) = f (w3 2)] < L{or], (D.1)

where 07 = ||[wp — w/||. Observe that at step ¢, with probability 1 — 1/n, the example selected by
SGD is the same in both S and S’. The convexity and y-smoothness imply that (Hardt et al.l [2016)

(VF(v.2) = Vv, 2).v = w) > [Vf(v.2) = Vv, )| (D.2)
If iy # 1, by ny < 2/ we know
[weir = wipa|”
— fwe — W2 = 200 (V F (Wi, 20,) — V(Wi 2L, ), wi — )+ 2V (Wi, 20,) — V(w22
< Jlwe — Wl - (2;7 - nf) 195 (we, ) — V1wl 2|12

< [lwy — wi|*. (D.3)
With probability 1/n, the example selected is different, i.e. i; = 1. Then, by the triangle equality and
Eq. D3]

[weer = wip]
= [we =V f(we, 2i,) — (W, =V (W, zi) |+ 0l [VF(wh, 20,) = V(wi, z,)[ 0 (D4)
< flwi — will + 2m L.

Combining the above two cases, we can conclude that for every ¢,

|[Wesr = Wi || < [lwe — wil| + 20, LI, 1), (D.5)
where I denotes the indicator function. Solving recursive inequality gives,
t t
|[Wesr —wi | <2L Z Ml =1) < 2L7 Z Ly =11- (D.6)
k=1 k=1

We can apply Lemmawith Xy = Ijj,—1], p = t/n to get the following inequality with probability
atleast1 — ¢

D Tjj—1) < t/n+1og(1/6) + \/2tn =1 log(1/5).

k=1
Therefore, with probability at least 1 — 6, there holds

|Wit1 — Wi || < 2Ln(t/n +log(1/6) + \/2tn=1log(1/6)).
By the convexity of the norm || - ||, we get the following inequality with probability at least 1 — §
|ws — Wil < 2Ln(T/n +log(1/8) + \/2Tn1log(1/4)).
Plugging the inequality back into Eq. (D.I)), we obtain that, with probability at least 1 — &
|f (Ws32) = f (W3 2)| < 2L%n(T/n +1og(1/6) + /2Tn"tlog(1/9)). (D.7)
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We can combine Eq. and Theorem [5to obtain the following inequality with probability at least
1-6

|n(F(Ws) - FS(WS))| (DS)
< 4nL*n(3b+ 1)(T/n +1og(2/0) + /2Tn=11og(2/0)) + 3eM A, \/2nlog(2¢/5)

k—1
+4dnL?ne(T/n +log(2/8) + v/2Tn~1log(2/6)) Y (9+1)A3 log(%e) +nM (p(b) + ¢'(b)).

=0

By the choice of 7" < n, we can get

k—1
In(F(ws)—Fs(wg))| = O(nn(bJrl) log(1/8)+nMg' (b)+A,\/nlog(1/8)+nnlog?(1/5) Z ZAgz).
1=0

The proof is completed. O

To prove excess risk bounds, we require the following high-probability bound on optimization error.
Notice that optimization error analysis does not depend on the mixing property of the dataset since
the randomness is taken with respect to the random indices.

Lemma D.3 (Optimization Error (Lei & Tang, [2018)). Assume that the loss function f(-; z) is convex

and L-Lipschitz for every z. Suppose that we run SGD with step sizes n; = 1 < \/1» then with

T
probability at least 1 — § we have

Fy(ws) — inf Fg(w) = O(T~ % log? (T/5)).

Proof of Corollary[8] By Corollary[7} we know with probability at least 1 — § that

- 2 log(1/0)
|F(ws) = Fs(ws)| = O | nblog(1/6) +n > 1A% log?(1/8) + Mg/ (b) + Apy/ == | .

n
=0

By Lemma([A.T] we have the following inequality with probability at least 1 — §

A, log? (1/5)>
Vi)
Lemma [D.3]shows the following inequality with probability at least 1 — §

Fs(w*) — F(w") :0(

Fs(ws) — inf Fs(w) = O(T~ % log (T/3)).

We plug the above three inequalities back into Eq. (5.I)), and derive the following inequality with
probability at least 1 — 34

k—1
F(ws) — F(w*) = o(n—%blogu/a) +n7% > 1AZ log?(1/5)
=0

+ M¢'(b)

A, log? (1/8) + log? (n/6)
" Vi )

The proof is completed. O

D.3 PROOF OF COROLLARY [0

In this section, we present the proof on the stability of the iterative localization technique. To this
aim, we first present Algorithm I}

18
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Algorithm 1: Iterative Localized Algorithm

Input: initial point wo = 0, parameter v > 0, m = [} log, 1]

fori=1,2,...,mdo

set Ty < n, v = 3,m = &7, t €N

draw a sample S; of size n from the mixing distribution

apply SGD with T; iterations and step size 7, to minimize the following problem and get w;

Fo(w) = = 3 f(wsz) +

— flw — wia|®.
z€S; i

end

Then we move to generalization bound for Corollary [9] To this aim, We need to introduce some
definitions for our proof. For any i, let

W; = arg min Fg, (w), (D.9)

where ﬁs is defined in Algorithm

Lemma D.4 (Optimization Error Bound). Suppose that the function w — f(w; z) is p-strongly
convex (with respect to || - ||) and L-Lipschitz. Let {w}; be produced by SGD on sample S and step

size gy = 2/(u(t + 1)) to minimize Fs(w) = 3" | f(w; 2;). Set W, = (Z;Zl jwj) /22:1 J-
Then, for any § € (0, 1), with probability at least 1 — 6,

Fs (w;) — Fs(w) = O(log(1/6)/(tp))-

The proof of Lemma|D.4]can be found in[Harvey et al|(2019). According to Algorithm [I] w; is the

output by SGD with 7, = y;n/(t + 1) to minimize Fg, (w), with the iterates weighted as Lemma
The following lemma establishes the bound of Euclidean distance of w; and W;.

Lemma D.5. Suppose that the function w — f(w; 2) is L-Lipschitz and p-strongly convex. For
any 6 € (0,1), the following inequality holds with probability at least 1 — ¢

IW; = will = O (Vayilog? (1/9))

Proof. From Algorithm [1| we know that Fg, is \; := 2/ (yin)-strongly convex. According to
Lemma [D.4] the following inequality holds with probability at least 1 — &
Fs, (wi) = Fs, (W:) = O (log(1/6)/ (T;\:)) = O (log(1/8)/ (nXi)) -
It then follows from the definition of W; and the strong convexity that
i s ~ ~
5 Wi — will* < Fs, (wi) — Fs, (W) = O (log(1/5)/ (n):))

and therefore
Wi = wi|* = O (log(1/9)/ (nA7)) = O (ny?log(1/9)) .
The proof is completed. O

Lemma D.6 (Bousquet & Elisseeff2002). Suppose the function f : W x Z +— R takes a structure
f=L0+7r wherel: W x Z— Randr : W — R. Assume for all z, we have ||V{(w; z)| < L.
Suppose Fs = L 3" | f(w; z;) is p-strongly convex and define A as A(S) = arg minwew Fs(w).

Then A is %-uniformly stable.

Lemma D.7. Assume for any z,w — f(w; z) is L-Lipschitz. Let W; be defined in Eq. (D.9). With
probability at least 1 — 0 /(2m) we have the following inequality uniformly for any w

~ ~ A, log% 2m/8) by, i Zk;1ZA2 log(2m/d8)\ 2|lw — w,;_1]]?
Fio)~Fi(w) = O( S L) 0ty B0 152 )+ A=

)

where k = [logy n].
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Proof. For any i, define

Fi(w) = B[ (wi2)] + = wi |

and w; = arg miny, E( ), where we assume z is independently drawn from the statlonary distribu-

tion of mixing sequence. Let A; be the algorithm outputting the minimizer of FS We know Fsl
is \; = 2/(y;n)-strongly convex. Then analysis similar to CorollaryE]lmphes the stated inequality
with probability at least 1 — §/(2m). The proof is completed. O

Based on the above lemmas, we now turn to proving Corollary [9]

Proof of Corollary[9 Let Wy = w* and W; be defined by Eq. (D.9). We can decompose F'(w,,) —
F(w*) by

F(wWp) — => (F F(Wi—1)) + F(wy,) — F(W,). (D.10)

i=1

Since f is L lipschitz, LemmalD.5|implies the following inequality with probability at least 1—4/(2m)

F(Win) = F(Srm) < L[Wan — Wanl| = O(y/iy log? (1/0)). ®.11)

Furthermore, we can apply Lemma [D.7] with w = w;,_; to derive the following inequality with
probability at least 1 — 6/(2m)

2”%_1 —wi1?

- - A, log? (2m/8) by
Fi(wi)Fi(wi_l)o((W l+M +%ZZA log 2m/5)) -
1=0 ¢

The following inequality then holds with probability at least 1 — §/2

NE

(F(Wi) = F(Wi-1))

- A, log? (2m/6) , 2 [Wi_1 —w;_q]?
; O(f +byi + M/ (b) + 7 Y 1AS log(2m /) + v—n)

By Lemma|[D.5] we further get the following inequality with probability at least 1 — §

~.
Il

B - An log%(2m/5) _ ny;_ log(1/9)
_ ;0(\/5 by M (b) + 7, ZZA log(2m/6) + T)
k—1

" Ay log? (2m/8
= O(W + by + M/ (b) + % > 12 log(2m/8) + i1 log(1 /5))
=1 =0

mA,, lo %(Qm/(S) -
(MR B0 Ly st 8)+ 3 18 los(2m/5) + 1 logl1/3)).
=0

where in the last two steps we have used v; = 7/2¢. We can plug the above inequality and Eq. (D.11)
back into Eq. (D.10)), and derive the following inequality with probability 1 — ¢

mA, log%(2m/5) , = 9
F(wp) — F(w*) = 0( NG + by +mMe (b)+’yZlA21 log(2m/4d)
1=0
+ Vi log (1/6) ).
This gives the stated bound. The proof is completed. [
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E PROOF OF LEMMA

Proof of Lemma[3] For simplicity, we only consider discrete random variables. Let A € a’j;ok, Be
o5 and Zy,, z € o). According to the definition of mixing sequence, we know

1= (k) < T < Uik 1 (E.1)
By Eq. we know
 Pr(Zn,AB)  Pr(Z,, A B)
PrZald, B) = =5 0y — S°_DPi(z, A, B)

_ Pr(A)Pr(Z,|A)Pr(B|A,Z,)  Pr(Z,|A)Pr(B|A, Z,)

>, Pr(A)Pr(z|A)Pr(B|A,z) Y., Pr(z|A)Pr(B|A,2)
Pr(Z,|A)Pr(BJA, Z,) _ Pr(Z,|A)Pr(B|A, Z,)

— Y. Pr(z]A) (Pr(B) + 1/J(k)Pr(B)) ~ Pr(B) +y(k)Pr(B)

S Pr(Z,|A)Pr(B)(1 —¢(k)) _ Pr(Z,|A)(1 - ¢(k))
Pr(B) + ¢(k)Pr(B) 1+ (k)

o Pr(Za)(1 = ¢(k))?

- 1+ (k) ’

It then follows that

Pr(Z,)(1 — ¢(k))?
Pr(Zn|A, B) = Pr(Zn) > ——7 =70

In a similar way, one can show

(IO

2
Pr(Z,|A, B) — Pr(Zy) < Pr(zn)(m -1).

The proof is completed by combining the above two inequalities together. O
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