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Abstract

In this paper, we provide novel tail bounds on
the optimization error of Stochastic Mirror
Descent for convex and Lipschitz objectives.
Our analysis extends the existing tail bounds
from the classical light-tailed Sub-Gaussian
noise case to heavier-tailed noise regimes. We
study the optimization error of the last it-
erate as well as the average of the iterates.
We instantiate our results in two important
cases: a class of noise with exponential tails
and one with polynomial tails. A remark-
able feature of our results is that they do not
require an upper bound on the diameter of
the domain. Finally, we support our theory
with illustrative experiments that compare
the behavior of the average of the iterates
with that of the last iterate in heavy-tailed
noise regimes.

1 INTRODUCTION

Stochastic Mirror Descent (SMD) and its more pop-
ular Euclidean counterpart Stochastic (sub-)Gradient
Descent (SGD) are at the core of modern machine
learning. For example, they are widely used for per-
forming large-scale optimization tasks, as in the case
of empirical (or regularized) risk minimization, and for
minimizing the statistical risk in kernel methods. In
this paper, we study the performance of SMD in the
general problem of minimizing a (non-smooth) convex
and Lipschitz function given only noisy oracle access
to its (sub-)gradients. SGD was first introduced by Er-
mol’ev (1969), who studied the convergence of the iter-
ates for convex Lipschitz objectives. Subsequent stud-
ies focused on deriving in-expectation bounds on the
optimization error of the average of the iterates. De-
noting with 7" the number of iterations, these bounds
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are of the order of 1/v/T. In their seminal work, (Ne-
mirovski et al., 2009) introduced SMD as a non Eu-
clidean generalization of SGD and showed that it en-
joys the same 1/ VT bound. The shortcoming of in-
expectation bounds is that they do not offer guarantees
on individual runs of the algorithm. This is especially
limiting when multiple runs of the algorithm are not
possible, as in large scale problems, or when the data
arrives in a stream. Tail bounds offer stronger guar-
antees that apply to individual runs of the algorithms.
For a fixed confidence level 6 € (0,1), a straightfor-
ward application of Markov’s inequality, gives a bound
of the order 1/(6v/T) that holds with probability at
least 1 — 6. This bound is much worse than its in-
expectation counterpart, even for moderately small 6.
Tighter tail bounds with only an overhead of order
\/log(1/4) have been obtained under a sub-Gaussian
assumption on the noise (Liu et al., 2023).

Recent works (Zhang et al., 2020) show that in some
settings, the sub-Gaussian assumption is not appro-
priate, and the noise is better modelled by heavier
tailed distributions. Most works studying tail bounds
for SMD (SGD) under heavy-tailed noise consider the
extreme cases where the noise is only assumed to have
finite variance or lower order moments (e.g., Gorbunov
et al. (2020); Nguyen et al. (2023)). Under these as-
sumptions, it is necessary to employ some form of
truncation of the (sub-)gradients to obtain a poly-
logarithmic dependence on 1/4. Instead, we consider
less-studied intermediate regimes for the noise, in-
cluding two classes of sub-Weibull and polynomially
tailed distributions. The former is a class of ran-
dom variables with exponentially decaying tails (in-
cluding sub-Gaussian and sub-exponential distribu-
tions), which has been shown to be relevant in practi-
cal applications (Vladimirova et al., 2020), and has
been studied in various machine learning and opti-
mization problems (Madden et al., 2021; Kim et al.,
2022; Li and Liu, 2022; Li and Jordan, 2023; Wood
and Dall’Anese, 2023). The latter class, which includes
some Pareto and power law distributions, has also re-
cently captured interest in the machine learning com-
munity (Bakhshizadeh et al., 2023; Lou et al., 2022).
Moreover, we study the performance of SMD in its
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plain form (i.e., without truncation), which, in prac-
tice, is the more widely used approach. Also, trun-
cation introduces at least one additional parameter,
the truncation level, further complicating the tuning
of the algorithm in practice. Ideally then, one would
like to avoid truncation unless the noise is extremely
heavy-tailed.

On a different thread, we notice that most results in
the non-smooth case concern the average of the iter-
ates generated by SMD during its execution. However,
in practice, taking as solution just the last iterate is
by far the preferred heuristic. Consequently, more re-
cent works (Shamir and Zhang, 2013; Harvey et al.,
2019; Jain et al., 2021) have focused on developing an
understanding of the theoretical performance of this
approach. In this case, state-of-the-art tails bounds
are of almost (up to log(T) factors) the same order as
for the average of the iterates, though the analyses are
still restricted to the sub-Gaussian noise regime.

Motivated by these facts, we derive novel and general
tail bounds for both the average of the iterates (Sec-
tion 4) and the last iterate (Section 5). In their most
general form, our results require controlling the tails of
certain martingales depending only on the noise. We
then show how to instantiate these bounds in the two
considered noise models. Unlike most tail bounds in
the (non-smooth) convex and Lipschitz setting, our re-
sults do not require a bound on the diameter of the do-
main. On the technical side, we extend existing anal-
ysis techniques and concentration results to cope with
the challenges posed by our more general problem set-
ting. In particular, the combination of the heavy-tailed
noise with the unbounded domain and the peculiar re-
currences arising in the analysis of the last iterate. Fi-
nally, some of our results for the average of the iterates
show an intriguing two-regime phenomenon (also ob-
served in (Lou et al., 2022) in a different and more
specific setting), where the terms accounting for the
heavy-tailed behavior of the noise decay more quickly
with the horizon T'. As our results for the last iterate
do not exhibit this behavior, we investigate further this
separation in the experiments (Section 6).

2 RELATED WORKS

In the case of sub-Gaussian noise, the performance of
SGD and SMD has been analyzed in (Harvey et al.,
2019; Jain et al., 2021) and (Liu et al., 2023) respec-
tively. In (Harvey et al., 2019), the authors consider
the setting with a bounded domain. They provide tail
bounds for the average of the iterates and the last iter-
ate of the order /log(1/4)/T and +/log(1/0)/T -log(T

respectively. Jain et al. (2021) show that when the
time horizon is known in advance, the last iterate en-

joys the same tail bound as the average of the iterates
as long as a carefully designed step-size schedule is
used. Notably, this result does hold for unbounded
domains. Liu et al. (2023) consider the more gen-
eral framework of SMD with unbounded domains, and
analyze the performance of the average of the iter-
ates. The authors prove tail bounds of the order of
V/1og(1/6)/T and +/log(1/5)/T -log(T') for the case of
known and unknown 7' respectively.

On the other extreme of the spectrum, another re-
search line considers very general models where the
noise is only assumed to posses moments of order
at most p € (1,2]. In this setting, the optimal in-
expectation rates are of the order TU—P)/?  gee (Vu-
ral et al., 2022). To obtain high-probability analogues
with only a log(1/4) overhead, existing works consider
modifications of the standard SMD algorithm where
the oracle answers are pre-processed via some form of
truncation. For p = 2, Parletta et al. (2022) provide
tail bounds for several averaging schemes under the as-
sumption of a bounded domain, where both the cases of
known and unknown 7" are considered. The unbounded
domain setting is analyzed in (Gorbunov et al., 2021),
although only in the case when T is known. Similar re-
sults have been obtained for smooth convex objectives
(Nazin et al., 2019; Gorbunov et al., 2020; Holland,
2022; Nguyen et al., 2023), where both bounded and
unbounded domains have been considered. Our work
is conceptually close to that of Lou et al. (2022), which
explores the limits of plain SGD in the specific prob-
lem of least-squares regression with linear models. In
that paper, the authors derive tails bounds for the av-
erage of the iterates under polynomially-tailed noise.
We recover similar results in our more general problem
setting, including the two-regime behavior highlighted
therein.

3 PROBLEM SETTING

We consider the problem of minimizing a convex func-
tion f: X — R, where the domain X C R? is a non-
empty, closed, and convex set over which f admits a
minimum. For any z € X, let 0f(x) denote the sub
differential at x. Access to the function f is provided
through a noisy first-order oracle. At each step t, the
learner queries the oracle with a point z; € X and re-
ceives §; € R? such that §; = g; —&;, where g; € Of (x4)
and E[gt |§1, [N ,ft_l] =0.

In the following, we use ||-|| to refer to a fixed arbitrary
norm in R?%. Let ¢: R? — (—00, +o0] be a convex func-
tion, and define dom(¢)) = {z € R%: ¥(x) < +oo}.
For any y € dom(%) at which ¢ is differentiable, the
Bregman divergence at y induced by v is defined as

By(z,y) = ¥(x) —d(y) — (x —y, VY (v)),
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Algorithm 1 Stochastic Mirror Descent

input: regularizer v satisfying Assumption 1, non-
increasing sequence of positive learning rates (1;);
initialization: choose z; € int(dom(v)))
fort=1,...do

output x; and receive g,

set xpq1 < argmingc (¢, ) + in,(x,xt)
end for

for any x € dom(v). For some A\ > 0, ¢ is said to
be A-strongly convex with respect to ||| if ¥(z) >
() +(z—y, )+ (A/2)]lz —y| for any z,y € dom()
and g € 0v(y). This directly implies that By (z,y) >
(A/2)||x — y||? if ¢ is differentiable at y. To specify
an instance of the mirror descent framework (see Al-
gorithm 1), one needs to select a regularizer function
1, which we will assume to satisfy the following:'

Assumption 1. The regularizer function v : R —
(—o0,400] is closed, differentiable on int(dom(v)),
1-strongly convex with respect to |||, and satisfies
X C dom(v) and int(dom(y)) # {}.  More-
over, it satisfies at least one of the following: (i)
limy oo ||V (1) ||2— 00, for any sequence (zy); in
int(dom()) with lim; oozt — = € Odom(v)); (i)
X C int(dom(v))).

This is a standard assumption (see (Beck and Teboulle,
2003) or (Orabona, 2023, Section 6.4)) that serves to
insure that the iterates (z;); returned by the mirror
descent algorithm are well-defined. Denote by ||-||. the
dual norm of [|-[|, that is [|-[[«:= supjj,<1 (-, w). The
following assumption implies that f is Lipschitz with
respect to ||-||.

Assumption 2. There exists a constant G > 0 such
that for all z € X and g € 9f(x), ||g/l«< G.

Let f* = mingex f(z) and z* € argmin cy f(2).
For any = € X, we define the optimization error at
x as f(x) — f*. For some time horizon T, our goal
in this work is to prove high probability bounds on
the optimization error of the average iterate Tp =
(1/7) Zthl x¢ and the last iterate xp produced by Al-
gorithm 1. Towards that end, we impose some restric-
tions on the noise vectors (§;);. For what follows, let
Fi be the sigma algebra generated by (&1,...,&—1).
Moreover, we will use E,[-] to denote E[-| F;_1]. The
following assumption provides a bound on the condi-
tional second moment of ||&]|«.

Assumption 3. There exists a constant o > 0 such
that for every step t > 1, it holds that E.[||&]|?] < o2.

This assumption is sufficient for proving in-expectation

'For a set S C R, int(S) and IS refer to its interior and
boundary respectively.

bounds, and tail bounds, but only of the order
1/(6v/T). We only use this as a base assumption when
stating general facts. Instead, we will instantiate our
results under two different (stronger) assumptions on
the noise terms (&;);. The first assumption involves the
class of sub-Weibull random variables (Vladimirova
et al., 2020; Kuchibhotla and Chakrabortty, 2022),
which generalizes the notions of sub-Gaussian and sub-
exponential random variables. For § > 0 and ¢ > 0,
we say that a random variable X is sub-Weibull(6, ¢)

if it satisfies Elexp((|X]/¢)"%)] < 2. At 6 = 1/2,
we recover the definition of a sub-Gaussian random
variable, and at # = 1, we recover that of a sub-
exponential random variable (Vershynin, 2018, Chap-
ter 2). Via Markov’s inequality, one can show that
X being sub-Weibull(#, ¢) implies that for ¢ > 0,
P(IX|>1t) <2exp(— (t/¢)1/9) . In this work, our focus
is on the heavy-tailed regime where 6 > 1, though we
also consider the canonical case of § = 1/2 for com-
parison. In particular, we will consider the following
assumption:

Assumption 4. For some 6 > 1, there exists a con-
stant ¢ > 0 such that for every step t > 1, ||&||« is
sub-Weibull(0, ¢) conditioned on Fi_1; that is,

E|exp((lell./6)""") | Fia | < 2.

Alternatively, we also consider the following assump-
tion.

Assumption 5. For some p > 4, there exists a con-
stant ¢ > 0 such that for every step t > 1,

E[(l&ll/6)" | Fia] <1.

The above implies, via Markov’s inequality, that
X satisifies the following polynomially decaying tail
bound: P(|X|> t) < (¢/t)P for any ¢ > 0. We only
consider p > 4 as the analyses in the sequel require
studying the concentration properties of terms involv-

ing |12

4 AVERAGE ITERATE ANALYSIS
When one’s concern is studying the error of the average

of the iterates 7 at some time horizon T, a fairly
standard analysis under Assumptions 1-3 yields that

T
far) = 1< 2 (Buet o) + (6 0%
T t=1

T T
o mlem - o)+ L Rl EdG?) )
t=1 t=1

=U =V
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It is easy to verify that EU = EV = 0, which im-
mediately yields a bound on the error in expectation.
Proving a high-probability bound, on the other hand,
requires controlling both terms in high probability. For
V', this solely depends on the assumed statistical prop-
erties of ||&||«. Whereas for U, one also needs to con-
trol the terms ||z; — x*||. This presents a major ob-
stacle if one would like to avoid scaling with a bound
on the diameter of the domain in terms of |||, which
might not exist in some cases. In the recent work of
Liu et al. (2023), a more careful analysis distills this
problem, roughly speaking, to bounding a term of the
form

T

Zt:l wtnt<€t7$t - .’1?*> — 'UtH-Z't _ l,*||27

where (wi): and (v;); are two carefully chosen se-
quences of weights. Assuming that the terms [|&||.
are conditionally sub-Gaussian, as done in (Liu et al.,
2023), and applying the standard Chernoff method to
bound this term in high probability, this refinement
has the effect of normalizing the vectors x; — z*. Un-
fortunately, this “white-box” approach does not read-
ily extend beyond the light-tailed case. For instance, if
the noise terms are sub-exponential, it is not clear how
to deal with the additional hurdle that the moment-
generating function of (£, x; — x*) is only bounded in
a constrained range, whose diameter is inversely pro-
portional to ||x; — z*||.

In the more recent work of Nguyen et al. (2023), a dif-
ferent weighting scheme is proposed for the purpose
of analyzing a clipped version of SMD in a setting
where it is only assumed that the p-th moment of the
noise is bounded for p € (1, 2]. However, as presented,
their analysis is still a “white-box” one, which lever-
ages the properties of the clipped gradient estimate.
In what follows, we demonstrate that a similar weight-
ing scheme can be utilized in our setting to isolate the
effect of the vectors xz; — z* in a “black-box” manner,
independently of the assumed statistical properties of

the noise. For t > 1, let
Dt :maX{’Y,y/Bw(.’I,‘*,.Tl),...71/B¢(.Z‘*,CL‘,5)},

where v > 0 is a constant that will be dictated by the
analysis. Normalizing per-iterate quantities with (D;),
is a natural choice as it is a non-decreasing sequence,
predictable with respect to (F;)¢, and most notably, it
holds that v/2D; > /2By (z*,z¢) > ||z¢ — 2*||. The
following theorem provides a high probability bound
on the error of the average of the iterates without re-
quiring an upper bound on the diameter of the domain,
as long as one can control the tails of two martingales
essentially depending only on the noise.

Theorem 1. Let Yy,Ys @ (0,1) x [0,00)T — (0,00) be

two functions such that for any 6 € (0,1),

P<1§1<a]>g i 17]t<§ta V2D, >>Y1(6, (Ut)tT=1)> )

and

P R IE-B&I2) > Yoo, (r)iz) ) <.

where Dy is as defined in (1) with v chosen as

VY2(6/2.)) + S, (G? + 0?). Then, under
Assumptions 1-8, Algorithm 1 satisfies the following
with probability at least 1 —§:

T
o) = 1 < 2 (Bolat o) + Y a6 407

t=1

+21(8/2, (n)f21)" + Ya(8/2, (m)fﬁ) :

Proof. Lemma 5 in Appendix A with z = z* and wy =
1/D; yields that for any s € [T

Pl %i(f(wt) -

wa =) +Z ||gt\ +Z77t<€t7 *>

For brevity, define d; = /By («*, z;). Taking the pre-
vious inequality further, we have that

T
d; RN
By bt < (13 o)

B f(maxzvh@, \fD: >> (2)

where z V y = max{z,y} and 2, = max{0,z}. Define
Br as the right-hand side of the last inequality. Con-
sequently, we have that d2,; < D,Byr, and thanks to
the non-negativity of the last term in the right-hand
side of (2), we have that D; = max{dy,v} < Br.
Moreover, if Dy < By for some s € [T], then

Dy = max{Ds,ds+1} < max{Ds,\/DsBr} < Br.

Thus, via induction, D, < By for all s € [T]. Since
(nt)+ and (Dy); are non-increasing and non-decreasing
respectively, we can conclude from (2) and the convex-
ity of f that
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Utilizing Assumptions 2 and 3, we have that

T

n 77
o= Z gl >

Bl V)

M=

(lgelZ+N€12)

o
Il

[
MHH

7 (lgell2+El|€N17) + Zn?(llftllf—EtllftHf)

t=1

T
0 (G2 +0%) + ) np (&2 -Eel&?) -

t=1

~~
Il
-

M=

<

o~
I
-

Combining this with the assumed tail bounds and
plugging in the value of « yields that

BT<d1+\/Y2(5/2 (n)E, —|—Z nZ(G? + o2)

+V2Y1(5/2, () 12) S

with probability at least 1 — §, which, combined with
(3), allows us to conclude the proof after simple calcu-
lations. O

Theorem 1 provides a modular bound, turning which
into a concrete convergence rate requires applying suit-
able martingale concentration results, depending on
the adopted noise model. Starting with the sub-
Weibull case, Proposition 2 in Appendix E, a more
versatile version of a result in Proposition 11 in (Mad-
den et al., 2021), provides a maximal concentra-
tion inequality for martingales with conditionally sub-
Weibull increments. Utilizing this results leads to the
following corollary.

Corollary 1. For any § € (0,1) and n > 0, Algo-
rithm 1, under Assumptions 1, 2 and /4, satisfies the
following with probability at least 1 —§.

(i) If ;w =, f(@r) — f* is bounded by

C(Bw(:c*,xl)

7 ot n(G® + ¢*log(e/6))T

+ ng? 1og29(eT/5)>

(i8)If g, = f* is bounded by

%; f(fT) -

where C' is a constant depending only on 6.

A proof is provided in Appendix B. Firstly, we remark
that these bounds can also be shown to hold in the
sub-Gaussian setting (with § = 1/2), where they re-
cover the corresponding results in (Liu et al., 2023).
Also notice that, regardless of 6, as ¢ goes to zero,
we recover the standard bounds for the deterministic

setting. In the case when 7; = 7 (the known time hori-
zon setting), the bound exhibits what we will refer to
as a two-regime behaviour. To better illustrate this,
consider that an optimal tuning of 7 yields a bound of
order

By(x*,21) <\/G2 +¢27£Og(6/5) " ¢10g9;eT/6)> .

The first term in the brackets is the standard sub-
Gaussian rate, while the second depends on the as-
sumed shape of the noise. The key observation here
is that as the horizon grows longer, the sub-Gaussian
term will eventually come to dominate, masking the
heavy-tailed behaviour of the noise. This turning point
depends, most importantly, on the required confidence
level 1 — § and the shape parameter 8. Specifically, it
can be shown to be O(22%10g??((20)2%¢/6)). It is also
noteworthy that the second term is primarily the con-
tribution of the noise at a single step, a phenomenon
inherited from the Freedman-style concentration in-
equalities on which this result is based.

In the case when 7; = 1/+/t (the anytime setting), the
bound in Corollary 1 is akin, in form, to results pre-
sented in (Madden et al., 2021; Li and Liu, 2022) in
the non-convex setting under different assumptions.?
However, we avoid the extra dependence on log®’(T)
featured in these works thanks to the general form
of Proposition 2, which allows one to take advantage
of the fact that the learning rate schedule is imbal-
anced to retain the same dependence on T as in the
light-tailed case. On the other hand, this imbalance
also means that for both martingales featured in The-
orem 1, the effect of the noise in the beginning (when
7 is large) is, in a sense, comparable to that of the
whole sequence. On the surface, this explains why
the bound we presented in the anytime case does not
exhibit the two-regime behaviour enjoyed by the first
bound. The deeper cause is that the analysis relies
on controlling the maximum of the terms ||x; — z*||
in high probability, which seems to naturally result
in the dominance of the heavy-tailed regime. In fact,
it is not difficult (see Appendix C for the proof of a
stronger statement) to show that under the assump-
tion that max, \/By(x*,2;) < D, one can obtain a
1

bound of order
D? log®® (eT /8

— =+ n(G2 + ¢ <log(e/§) | log7(eT/0) ) .

VT \ 7 VT

Even if one cannot generally tune n optimally (as 7' is

unknown), the message is that as 7' grows, the bound
In these works, they consider smooth (possibly) non-

convex objectives and provide rates for the average norm of

the gradients (or the optimization error under an additional
strong Polyak-Lojasiewicz condition).
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approaches its sub-Gaussian counterpart. Deriving a
similar guarantee without assuming a bound on the
diameter remains an interesting problem.

Under Assumption 5, one can use Fuk-Nagaev type
concentration inequalities (see, e.g., Rio (2017)) to
control the tails of the martingales in question. Doing
so, we arrive at the following corollary, whose proof is
provided in Appendix B.

Corollary 2. For any § € (0,1) and n > 0, Algo-
rithm 1, under Assumptions 1, 2 and 5, satisfies the
following with probability at least 1 —§.

(i) If ;w = n, f(@r) — f* is bounded by

C [ By(x*, 1)
T (n +n(G? + ¢*log(e/0))T

+ng(T/o")
(ii) If n, = %, f(@r) — f* is bounded by

C’lo\%;T) <Bw(3«;7$1) —|—77(G2 4 ¢2(1/5)2/p))

where C' is a constant depending only on p.

The bounds are analogous to the sub-Weibull case, ex-
cept that the terms accounting for the heavy tailed be-
haviour feature a polynomial (instead of logarithmic)
dependence on 1/§. A suitable tuning of # in the first
case leads to a bound of order

2 2 log(e 1/p
Bo(e. o) <\/G T 9 log(e/0) , 6(1/9) ) |

T Ti-1/p

Notice that T2~1/P > T3/4: hence, also in this case, the
sub-Gaussian term can dominate if the horizon is long
enough, with the turning point being O((1/§)%/(P=2)).
A similar bound was reported in Lou et al. (2022)
for the particular setting of a linear regression prob-
lem with the squared loss,® where the two-regime be-
haviour of the bound was also highlighted.

In the anytime setting, similar to the sub-Weibull
case, the bound retains the same dependence on T'
as in the sub-Gaussian case, but only exhibits heavy-
tailed behaviour. Analogously to the sub-Weibull case,

when max; /By (z*,2¢) < D, one can prove (see Ap-
pendix C) a bound of order

b (2o s 242)

The question of deriving a similar bound (for general
convex and Lipschitz functions) without assuming a
bound on the diameter is more pressing in this case,
as the steeper polynomial dependence on 1/6 would
otherwise call for the use of truncation.

3In their setting, it was only assumed that p > 2.

5 LAST ITERATE ANALYSIS

Focusing on the anytime case, a typical last iterate
analysis in the non-smooth setting (Shamir and Zhang,
2013; Harvey et al., 2019) starts with a bound of the
following form:*

Lemma 1. Algorithm 1 with n; = % for some con-
stant n > 0 satisfies

D (&w)

t=[T/2]

n T \/§ T
+ = el 2+ ——= 2,
\/ﬁ Z pt”gt” ’I’]\/T tzr;/?l t

t=[T/2]

where, for j < T, a; = and for any

time-step t > [T/2],

1
(T—)(T—j+1)’

tA(T—1) tA(T—1)
we= Y ajlw—a;), w= Y a;By(zw),
J=[T/2] J=[T/2]
tA(T—1)
and py = Z o .
J=[T/2]

The first term in the bound can be dealt with using
the techniques of the previous section, the third term
appears in the analysis of the previous section (albeit
with different weights) and can be handled similarly,
while the last term is usually handled using a uni-
form bound on the divergence terms, though this is
not necessary as we will see. It is not difficult then
to show that these three terms decay at a rate of at
most log(T)/v/T with high probability. The main ob-
stacle in the way of proving a tail bound for the error
is showing that the second (martingale) term enjoys
a similar rate. Naively bounding the norms of the
vectors w; using a diameter bound is not sufficient.
Instead, one needs to exploit the peculiar structure of
this term. For the following, define the martingale se-
quence (Qs)!_p /o) where Qs = 377797 (&, wy), and
denote by (Q), its total conditional variance (TCV),
Le, (Q)y = Xi—rr/21 Bt (¢, we)®. Via the convexity
of [|||? and the fact that ||z; — x;||*< 2By(zj, ¢), it
holds that ||w;|?< 2p¢2;. Thus, under Assumption 3,
one can verify that (Q); < 202 377_ 7 51 prze. The key
observation of Harvey et al. (2019) is that this sum can
be bounded with an affine function of the martingale
itself. Via a generalized version of Freedman’s inequal-
ity, the authors exploit the resulting fact that (@) is
upper bounded with a suitable affine function of Q7 to

4Proofs for the results presented in this section can be
found in Appendix D.
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arrive at the desired tail bound. This inequality, how-
ever, is once again specific to the sub-Gaussian noise
setting, beyond which one usually needs finer control
on the individual w; terms, as argued in the previ-
ous section. Hence, once again, we seek an approach
through which we can disentangle the vectors w; from
the noise terms &;. The following lemma provides a
starting point by showing that z*
can itself be related to (Qs)s.

= Il’laX(T/g] <s<T %s

Lemma 2. In the same setting as Lemma 1, it holds
that

3v2n
+W n*

3% T -
+ Zt:mﬂ pellgell?

where n* = min{n: n € argmax r o) <s<r @s}-

6\[772 — )

t= (T/21

A nice implication of this lemma is that the last term
in the bound of Lemma 1 can be related to the pre-
ceding terms. However, at this point, this lemma does
not provide a tight (high probability) bound on the z;
(or |Jwe]]) terms due to the dependence on @,~. Thus,
techniques relying on such a bound, like the averaging
scheme of the previous section or extensions of the con-
centration result of Harvey et al. (2019) to sub-Weibull
random variables in (Madden et al., 2021, Proposition
11),% are not easily utilizable. Instead, the real ad-
vantage of this lemma is that it allows one to relate
not only the TCV but also the total quadratic varia-
tion (TQV) of Qr, given by [Q]r = E;‘F: rry2) (s wy)?,
back to the martingale itself through z*:

Lemma 3. In the same setting as Lemma 1, it holds
under Assumption 3 that
< 40%2* log(4T)

T
v2r 3 aIGNE Rl

<Q>T + [Q]T

The sum in the second term occurs also when bounding
the third term in the bound of Lemma 1, and has been
encountered in the average iterate analysis. Notice
that, trivially, the left hand side of Lemma 3 is also a
bound for the sum of the TCV and TQV at any step,
particularly at n*. Being able to bound this sum allows
one to derive powerful concentration results with few
assumptions. In the next proposition, we extend one
such result, Theorem 2.1 in (Bercu and Touati, 2008),
in the spirit of Theorem 3.3 in (Harvey et al., 2019).

Proposition 1. Let (M)}, be a square integrable
martingale adapted to filtration (F;)}_y with My = 0.

5The latter would actually require an almost sure
bound.

Then, for all x,8 >0 and o > 0,
n
P (U{Mt >xand (M), +

t=1
< exp| —min 2 @
=GP 83 6a

Utilizing this tool, together with the preceding lem-
mas, we arrive at the following general bound for the
last iterate.

[M]; < aM; + ﬂ})

Theorem 2. Let =1,55: (0,1) —
tions such that for any ¢ € (0,1),

P( =X U -1 > 21 <4
and

T
P (0 gy IS BN > 22)) <.

Then, under Assumptions 1-3, Algorithm 1 with n; =
% satisfies the following with probability at least 1—4§:

(0,00) be two func-

flazp)—f" < <2_1 (6/3) + V2nG* log(4T)

\/>
+9V2 n( 2(8/3) + 202 1og(4T)) log(3/§)>.

To obtain a concrete bound, one needs a tail bound
for the error of the average iterate and a similar bound
for a by-now-familiar martingale term. The following
corollary provides concrete bounds for our two noise
models.

Corollary 3. For any 6 € (0,1) and n > 0, Algo-
rithm 1 with ny = % satisfies the following with prob-
ability at least 1 — §, where C1 and Cy are constant
depending solely on, respectively, 8 and p.

(i) Under Assumptions 1, 2 and 4, f(xp) — f* is
bounded by

C1 log(eT') (Bw(l‘*a 1) 2 27 .20+1 )
+n(G* + ¢°1 4
T ; n( ¢~ log™ " (e/ ))
(i) Under Assumptions 1, 2 and 5, f(xr) — f* is
bounded by
Cylog(eT) <B¢(z*,x1)

VT U

(62 + 6110 ox(e/))

Firstly, these bounds retain the same decay rate in T
as that in the deterministic case, whose bounds are re-
covered as the noise vanishes. Compared to their coun-
terparts in the average case, both bounds contain an
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Figure 1: The performance of the average iterate and the last iterate are reported in the plots on the left and
the right columns respectively. Solid lines show the average of the error across runs and dotted lines show its
99-percentile. The top row refers to the case of n = 1/v/T, while the bottom row refers to the case of n = 1/v/%.
The zoomed plots highlight the performance in the last 1k iterations.

extra log(1/d) factor, an artifact of the general disen-
tanglement technique we adopt. While this means that
the exact sub-Gaussian rate is not recovered, this fac-
tor is arguably negligible for heavier noise. Although
we focused on the anytime learning rates 7/1/¢, similar
results can be straightforwardly verified to hold when
using a constant learning rate. Interestingly, for either
schedule, the bounds obtainable from this analysis do
not assume the two-regime form. The main obstacle
for this is encountered as early as the fairly standard
Lemma 1, and is manifested in the third term therein.
This term leads to the dominance of the heavy-tailed
regime, primarily through the contribution of the noise
in the final iterates, where p; is ©(1). Beyond the stan-
dard step-size choices, extending the analysis of the
scheme proposed by Jain et al. (2021) to heavy-tailed
noise is an interesting problem.

6 EXPERIMENTS

We present two experiments comparing the perfor-
mance of the average of the iterates with that of
the last iterate when using Algorithm 1 to minimize
f(x) = |z| over R with v(z) = 1/2]|z|]3 (i.e., clas-
sical SGD). For the noise, we consider the Gaus-

sian distribution with variance 1 and three different
Weibull distributions with § = 1,2,10/3 respectively
(see Appendix F for an additional experiment concern-
ing polynomially-tailed noise). For a fair comparison,
the Weibull distributions are scaled to have unit vari-
ance. In each experiment, we run the algorithm for 3k
iterations, repeated 20k times. We report the average
and the 99-percentile of the optimization errors. In the
first experiment, we use 1/4/T as a fixed step-size and
run the algorithm for seven values of T' ranging from
100 to 3k, reporting only the errors at the end of each
run. The results for the average iterate and the last
iterate are reported in plots (a) and (b) respectively.
While in both plots the average error is almost the
same across noise levels (due to the normalization),
the 99-percentile curves show a significant difference
in behaviour between the two plots. In particular,
for the average iterate, the curves for the heavy-tailed
noise distributions approach the Gaussian level as the
horizon grows, as predicted by the two-regime bounds.
Whereas for the last iterate, the different noise levels
exhibit a clear separation for all values of T', indicating
higher sensitivity to heavy-tailed noise. In the second
experiment, we set 7; = 1/y/¢ and report the evolution
of the error through the 3k iterations for the average
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iterate and the last iterate in plots (c) and (d) respec-
tively. We observe once again that the 99-percentile
curves for the last iterate remain well separated across
the entire run. On the other hand, in the average it-
erate case, the very small scale of the y-axis in the
zoomed plot and the steeper slope of the 99-percentile
curves (with respect to the Gaussian one) seem to hint
towards a two-regime behaviour in the anytime case as
well.
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A BASIC RESULTS FOR STOCHASTIC MIRROR DESCENT

The following lemma is a standard result for mirror descent; see, for example, (Orabona, 2023, Lemma 6.9).

Lemma 4. For any z € X, the iterates (x4); output by Algorithm 1 satisfy

F@) = $(2) € 2-Bylevm) = = Byleienn) + (G = 2) + [l

Proof. Since x4 is the minimizer of the convex function ®4(x) = (g¢, ) + %Bd, (z,z¢) in X, it satisfies that for
any z € X, '
(Ge + Une)Vip(@eg1) — (1/ne) Vip(e), Tegr — 2) = (VOu(Te41), 441 — 2) < 0. (4)

Hence,

0e(Ge, T — 2) = 0e{Ge, To — Te1) + 0e(Ges Tep1 — 2)
= NG, Tt — Te1) + MeGe + VP (Te41) — V(@1), 2041 — 2) + (VP(21) = VP(T441), Tr41 — 2)
(%) Ne{Ge, T — Teq1) + (Vb (@) = VU (@441), Beg1 — 2)
@ Ne(Ge, T — Ter1) + By(2,2¢) — By (2, 2041) — By(@i41,74)

(g By (2, 2t) = By(z, Tes1) + mellgell«lze — $t+1||—%||37t — |

(@) 77152 A2
< By(z,2¢) — By(z,7441) + 3||9t||* ,

where (a) holds via (4), (b) holds via (Beck and Teboulle, 2003, Lemma 4.1), (c) holds by the 1-strong convexity
of ¢ and the fact that (by the definition of the dual norm) |[g¢[[+= sup,cgra\ (03 (9t z/l|z[[), and (d) holds since
ar — (1/2)x% < (1/2)a? for z,a € R. After dividing by 7;, the lemma follows using that §; = g; — & and the fact
that (g, s — 2) > f(z) — f(2) as g, € Of (zy). O
Lemma 5. For any z € X and any non-increasing sequence of positive weights (wy )¢, Algorithm 1 satisfies that
for any s > 1,

S S 2 S
woBy(2,wert) + 3w (flae) = £(2) < wiBy(z,w) + 3 =S a2+ wimn6e v — 2).
t=1

t=1 t=1

Proof. Since both n; and w; are non-negative, it follows from Lemma 4 that

2
w .
wene(f(ze) — f(2)) S weBy(2,2) — wi By (2, e41) + wine(&e, v — 2) + tTntHgtHi ~

Using that (w:): is a non-increasing sequence, we have that

Zwt(Bw(z,xt) — By(z,2141)) = w1 By(2,21) — wsBy (2, xs41) + ZB¢(z7xt)(wt — W)
t=1

t=2
S wlB’L/)(Za "171) - wsB’L/)(Za $5+1) )

which entails that

s S S 2
D wen(f) = F(2) < wiBy(e,m) = waBy(ermeen) + 3 wemlerme = 2) + 3 S ol

t=1 t=1
O

Lemma 6. Let j and r be two time indices such that j < r, and define 7y = ~ — —— and 7; = 17% Then,

Tt Ne—1
Algorithm 1 satisfies that

1 K ks 1 T T
— By (@j,xr41) + 3 (f(w) = F(25)) Y (&rme —a5) + 3 S nellge 24> By (g, we).
t=j t=j t=j

T p
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Proof. For t > j, Lemma 4 implies that
1 1
f(@e) = f(z;) < EBw(xj,xt) - an(xjva»l) (oo —x5) + ||9t|\2«
Notice that,

T T
1 1 1 1 1 1
Z(an,xt) - mb<xj,xt+1>) = By(aga) - - Bulegann) + 3 ( - )ij,xt)

t—; Nt J r =11 e M—1

1 ~
= _;Blﬁ(xj’x%‘rl) + Znth(xjvxt) ,
T t:j

where we have used that By (z;,2;) = 0. Thus, we conclude that

s

> (@) = fla) <D (m—= Zmllgt |2 _7B¢($]a-rr+1 + Zmb (zj, @) -

t=j t=j t =Jj t=j

B PROOFS OF SECTION 4

Before proving Corollaries 1 and 2, we state two lemmas specializing Propositions 2 and 3 in Appendix E to the
two martingales we encounter when analyzing SMD.

Lemma 7. Let (w;)l_; be a sequence of positive (deterministic) weights with w, denoting their mazimum.
Additionally, let (us)i_, be a sequence of vectors in R? such that u; is F;_1-measurable and ||u||< 1. Then,
under Assumption 4, the following holds for any 6 € (0,1) and s > 0.

(i)

i d 2e 31w
P | max » wi(&,u) > ¢y | Ch Zwtz log(2/6) + 4¢w.Cy log? (t_(ilt) <s,
wi

kell] 1 — t=1
where Cy = 239+1T(30 + 1) and Cy = max{1, (s — 5)?71}.
(i)

2e 3T ws
P maxZwt 2 BalE2) 2 Cod?\ | 1 D og(2/6) + 10050 g™ (%3”) <4,

t=1
where Oy = 260F1T(60 4 1), Cy = max{1, (250 — )21}, and C3 = 220+11(20 + 1)/In*’(2).

Proof. (i) Since ||u¢]|< 1, the definition of the dual norm implies that |wi(&r, we)|< wy|[ue]][[€ ||« < wi |||+, yielding
that wy (&, ue) is sub-Weibull(6, wi¢) conditioned on F;_;. The result then follows from Proposition 2(ii).

(#) Using the definition of the sub-Weibull property, one can easily verify that if a random variable X is sub-
Weibull(6, ¢); then, X? is sub-Weibull(20, $?). Using this along with Lemma 13 yields that w;(||& |2 —E¢|| &%)
is sub-Weibull(26, cow;¢?) conditioned on F;_1, where ¢ = 220711(26 + 1) /In?’(2). Hence, the result once more
follows from Proposition 2(ii). O

Lemma 8. Let (w;)i_; be a sequence of positive (deterministic) weights with w. denoting their maximum.
Additionally, let (u)l_, be a sequence of vectors in R? such that u; is Fy_1-measurable and ||u.||< 1. Then,

under Assumption 5, the following holds for any § € (0,1).

(1)

1/p
maXZwt E,u) > ¢ Qwalog 1/0) + (2+ (p/3)) (wa/é) <9.

ke [T]
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(i)

2/p
P rnaxZwt (1€ P —=Ee || €2 )|?) > 202 Qnglog 1/6) 4+ 2(2+ (p/6))o (ZWW ) <4.

t=1

Proof. (i) From the definition of the dual norm and the fact that ||Ju;||< 1, we have that

E[lwr (€, u)l” | Fooa] < WFE [l | For | < PE |12 ] Fio) < (wig)?,
where the last inequality follows form Assumption 5. The result then follows from Proposition 3.

(#7) On the other hand,

E [lon (612~ Eall& )P | Foo | < 22 PR l60ll2 | Fia | < (20077,
where the first inequality follows from Lemma 15 and the second follows from Assumption 5. Consequently, the

result follows once more from Proposition 3. O

B.1 Proof of Corollary 1

Corollary 1. For any § € (0,1) and n > 0, Algorithm 1, under Assumptions 1, 2 and 4, satisfies the following
with probability at least 1 — 6.

(i) If ;w =, f(@r) — f* is bounded by
C (By(a",21)
T n

(ii)If n, = %, f(@r) — f* is bounded by

C'log(eT) (Bw (z*, 1)
VT n

where C' is a constant depending only on 6.

T 9(G + ¢ log(e/8)T + 16 1og29<eT/a>)

+1(6*+ ¢ 1og29<e/5>)>

Proof. For t € [T], let uy = (z¢ — x*)/(v/2D;), while for k € [T], we define

k k
Wi = Zﬁt(ﬁt»uﬁ and Vi = ZU?(H&”z—EtHft”i) :

t=1 t=1

As argued before, it holds that v/2D; > ||z; — x*||, implying that ||us||< 1. For what follows, we will use
C,C1,C4, ... to denote positive constants—depending only on 6—whose values may change between steps.

Case (i): n; =1
Starting with (W} ), we invoke Lemma 7(i) with s = 0 and w; = 1 obtaining that

P(in?%i Wi > Cunéy/Tlog(2/5) + Cand 1oge<2€;r/5>> <s
S

For (V%), we invoke Lemma 7(ii) with s = 0 and w; = 7? to get that

P(i“?%ﬁ Vi > Cund/TIoa(2]5) + Corf & 1og29<2eT/6>) <s
S

With these tail bounds, Theorem 1 implies that
nT

- (f(2r) = 7)< By(a®, ) + 72 (G? + CLP)T + Cor 62 (T log(4/0) + log™ (4¢T/5))

+C;3172¢2(\/T10g 4/5) + log™ 4eT/5))

< By(a*,21) + 12(G + C19”)T + Con¢? (T log(4/6) + 10g™ (4¢T/5) ),
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where we have used the fact that Assumption 4 implies Assumption 3 with 02 = 2I'(20+1)¢? thanks to Lemma 12.
Subsequently, we have that

Far) = 1< G (S Bulat o) 4 0(G + 6% log(e /ONT + 16 08 (1)) )

Case (ii): n; = n/Vt
For (W},), we use Lemma 7(i) with s = 3 and w; = n/+/t, while for (V}), we use the Lemma 7(ii) with s = 2 and
wy = n?/t yielding that

T T
P (lgrel?x Wy > Clﬂd)JZ (1/t)log(2/8) + Canglog? <2€;(1/t)3/2/5>) <é

t=1

and

t=1

T T
S )2 2 <
P (;?é?%ﬁ Vi > Cin° o \JZ (1/t)210g(2/6) + Can¢? log* <Qe;(l/t) /6)) <4

Combining this with the facts that

T
implies via Theorem 1 that

T
3

H-\}—‘

T
1 1
og(eT), ZWSS’ and Zt—QSQ,
t=1

(f(@r) = %) < By(a®,21) +72(G? + C16?) log(eT) + Con6* (log(eT) log(4/8) + log™ (12¢/5)
+ Cn ¢2(\/w+log (8¢/9) )
< Byla*,@1) + n2(G2 + C16%) log(eT) + Can6* (log(eT) log(4/6) + log™ (12¢/9))

< By (a*,21) + n*(G? + C16°) log(eT) + Car*¢” log(eT) log™ (12¢/5) ,

where we have again used Lemma 12 to bound E||&]|? in terms of ¢? (in place of ¢?) under Assumption 4.

Hence, we conclude that

Clog(eT)

f@r)—f < T

(an(x 1) + 1 (G2 + 62 log? (6/5))> .

B.2 Proof of Corollary 2

Corollary 2. For any § € (0,1) and n > 0, Algorithm 1, under Assumptions 1, 2 and 5, satisfies the following
with probability at least 1 — 9.

(i) If py = n, f(@r) — f* is bounded by

C’(Bw(x*,:rl)

o (P (62 4 P oste/o)T 4 n (/o)

(ii) If n, = %, f(@r) — f* is bounded by

C1<§¥T) (Bw(xn"ﬂﬁ) G ¢2(1/5)2/p)>

where C' is a constant depending only on p.
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Proof. Similar to the proof of Corollary 1, we define u; = (z; — 2*)/(v/2D;) (which satisfies |Ju¢||< 1), and
consider once again the two martingale terms

k k
Wi=> ml&u) and  Vi=> ni(l&lZ-Ed&)?).

t=1 t=1

For (W), we use Lemma 8(i) with w; = 7, while for (V}), we use the Lemma 8(ii) with w, = n? yielding that

T 1/p
P (gel?X}Wk >¢\12;77?10g(1/5) 2+ (p/3))¢ (Zmp/5> ) <94,

and

2/p
P (llcne[mx]vk > 2¢2¢22nflog (1/8) +2(2+ (p/6))¢ (an/(S) ) <94.

t=1

For what follows, we will use C' to denote a positive constant—depending only on p—whose value may change
between steps.

Case (i): n: =1
Theorem 1 with the tail bounds above yields that

TL(F(r) = £7) < Bulw ) +72(G? + )T + 4o 6? (2T 0g(2/0) + (2 + (p/3)(2T/5)/7)
+ 2026 (/2T Tog(2/9) + (2 + (/6)) (2T /6)"*)
< By o) + (G2 + )T + 6162 (2T log(2/0) + (2 + (p/3))*(2T/8)")
where we have used the fact that Assumption 5 implies Assumption 3 with 02 = ¢2. Subsequently, we have that
fEr) - < (;Bw(:cﬂ 1) + n(G2 +¢%(1 412 log(2/6)))T +6n¢*(2 + (p/3)>2<2T/6)2/p>
< S (2Bu(a" 1) +1(G" + (e D)T + 16 /5.

Case (ii): 1, = n/Vt

Using that

T T T Ty T Ty
Y oni=n Z; nlog(eT), Y omi=n') <t and ) af= 27
t=1 t=1 t=1 t=1 t=1 t=1

as p >4 and t > 1, Theorem 1 implies that

T

e (F@r) = ) < By, 21) +02(G2 + 67) log(eT) + dn6? (2log(eT) log(2/0) + (2 + (p/3))*(4/9)*"")

+ 4n20? (V/10g(2/8) + (2 + (0/6))(4/6)*")
< By(a*,m) +12(G2 + 9%) log(eT) + 870 (21og(2/) + (2 + (p/3))*(4/0)*/" ) log(eT)
< By(a®,21) +12(G2 + 6%) log(eT) + 80207 (p(2/0)/7 + (2 + (p/3))(4/8)*/7 ) log(eT)

where we have used that log(2/6) < (p/2)(2/6)?/?, and once again used ¢? in place of o by virtue of Assump-
tion 5. Hence, we conclude that

o) -5 < BB (L 0, 0) 4062+ 6+ 16024 0)62(4/0)")
< D (Lp o+ a6 + 6200/577) ).
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C BOUNDS FOR THE AVERAGE ITERATE UNDER A BOUNDED
DOMAIN ASSUMPTION

In this section, we consider again the case when 7; = 7/v/t and prove, under a bounded domain assumption,
error bounds for the average iterate that assume a two-regime form. We start with following standard error
bound.

Lemma 9. Assume that there exits D > 0 such that \/By(x,y) < D for any (z,y) € dom(?)) x int(dom(%)).
Then, under Assumptions 1-3, Algorithm 1 satisfies

9 T T T
far) - 1 < = (D £ (G 0% + S g m — ) + Zmn&z—&nmi)) ‘
t=1

[Ca— t=1
Proof. Lemma 4 with z = x* yields that

1 * 1 * * ~
Fla) = S Bl w) = Byt wen) + (G m =)+ g o
t t

Summing this inequality we obtain that

T Ty T 1 T 1z
Y (fla) = )<Y —Byla®w) =Y —Byla,zn) + Y £t7:rt—:r*>+52m||§tlli
t=1 =1 Mt =1 Mt t=1 t=1

1

T
1 1 1
= —By(z*,21) — —By(z*,z + By (z*,x <>
" w(, 21) - w (2", 7 11) tzZQ w(@", @) P

T T
* 1 ~
+Z<§t,xt*1 >+§Z77t||9t||3
t=1 t=1
T 1 T
)+ S o+ 5 Y wlad?
t=1

t=1

§+DQZ<—

e -1
T

D S )+ L Y mlal?
ty Tt — & Py Nl gt lls -
KL —— 23

The required result then follows using the fact that f(Zr) — f* < & Zthl(f(act) — f*) and that

1= llge — &l3< 20 gelZH1IENZ) = 20N gelZ+EEll?) + 2(11€elIZ-Eell&:]2) < 2(G* + 0%) + 2( &l —Eeli€e]12)

where we used Assumptions 2 and 3 in the last step. O

||gt

We then state the two following corollaries specializing the result of the last lemma under Assumptions 4 and 5
respectively.

Corollary 4. Assume that there exits D > 0 such that \/By(z,y) < D for any (z,y) € dom(y) x int(dom(v))).
Then, for any § € (0,1) and n > 0, Algorithm 1 with n; = % satisfies, under Assumptions 1, 2 and 4, that with
probability at least 1 — 9,

log? (eT'/6) log(eT) log(e/d)  log®® (e/d)
flon) =1 —f< i GQ“”’( 1°g(6/5”ﬁ>+”¢2(” T T JT ))
Cy 5 2 (log(e log? (e/8)  log®®(eT/é)
f<+nG +n¢ (1 gle/)+ ——F—+— 7 ))

where Cy and Cs are constants depending only on 6.

Proof. For t € [T], let uy = (z¢ — 2*)/(v/2D), while for k € [T], we define

k

k
Wi =Y (&u) and V=Y n(l&I2-Eel&l2).

t=1 t=1
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Since V2D > /2By (z*, ;) > ||z, — 2*||, it holds that |ju,||< 1. For what follows, we will use C,C1,Cs,. ..
to denote positive constants—depending only on 6—whose values may change between steps. For the first
martingale (W}), we invoke Lemma 7(i) with s = 0 and w; = 1 obtaining that

(max Wi, > Crp\/T log(2/0) + Calog (26T/5)>

ke([T]

while for (V},), we use the Lemma 7(ii) with s = 3 and w; = n/+/t yielding that

T T
P Vi > Cing? (1/t)1og(2/3) + Cane?1 2e ) (1/t)*%/5| | <46.
max Vi > Cij¢ ;/Og/JrzWOg (6;(/)/ <
Since Zthl ﬁ < 2VT, Zle(l/t) < log(eT), and Zthl(l/t)?’/Q < 3, Lemma 9 implies via a union bound that
with probability at least 1 — 9,
2f
T(f(zr) =) < ”

+C n(G2+¢2)\F+Cg¢D<\/Tlog 4/6) + log’ 4eT/6))
+ Cyn? (/log(eT) 1og(4/0) +log™ (12¢/6) ),

where we have used that Assumption 4 implies Assumption 3 with 02 = 2I'(20 4 1)¢$? thanks to Lemma 12. This
proves the first inequality in the statement. Going further, we can use the fact that 2ab = inf,~¢ a?/r + rb* for
any a,b > 0 to get that

2¢D<\/T log(4/3) + 1og9(4eT/5)) < D—Q +rg? (\/T log(4/0) + log9(4eT/6)>2

D2\F
<= f¢2 (T log(4/8) + log? (46T/6)) ,
implying that
2 26 e
ﬂﬂwwﬁﬂsaD;T+@m@+&w@+@w{Wmew+“5%ﬁm)
+ c4n¢2( log(eT) log(4/8) + log? (126/5))
2 260
<o f + Con(G? + ¢*)VT + C3n¢? (ﬁlog(z;/a) + ijfw + log? (1%/5)) .

O

Corollary 5. Assume that there exits D > 0 such that \/By(z,y) < D for any (z,y) € dom(¢)) x int(dom(¢))).
Then, for any § € (0,1) and n > 0, Algorithm 1 with n; = % satisfies, under Assumptions 1, 2 and 5, that with

probability at least 1 — 0,

( +1G? + ¢D< log(e/d) + W) + e (1 + \/log(eT) log(e/d) N (1/5)2/;)))

f@r) =" <

SNGi TV/2=1/p ! v
< f(D +nG? + n¢? (k’g(e/‘” * (1/(5\/%?/17)) 7

where Cy and Cs are constants depending only on p.

Proof. Similar to the proof of Corollary 4, we define u; = (2 —x*)/(v/2D) (which satisfies |Ju||< 1), and consider
once again the two martingale terms

k

k
Wi =Y (&u) and V=Y n(l&I2-Eel&]2).

t=1 t=1
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For (W}), we use Lemma 8(i) with w; = 1, while for (V},), we use the Lemma 8(ii) with w; = 1/v/t yielding that

P (m[%{] Wi > 6/2TTog(1/8) + (2 + (p/3))6 <T/6>1“’> <5,

and

T T 2/p
P (}fé?%ﬁ Vi > 2n¢2\l 23 (1/t)1og(1/6) +2(2 + (p/6))n¢’ <2(1/t)p/4/5> ) <94,

t=1 t=1

Since Zthl % < 2VT, Zthl(l/t) < log(eT'), and Zthl(l/t)p/4 < p/(p—4), Lemma 9 implies via a union bound
that with probability at least 1 — 4,

DT

T(f(zr) —f7) < ,

+20(G2 + 6)WVT + V26D (V2T log(2/0) + (2 + (/3)) (2T/6)'"?)

+ 20* (/210g(eT) 1og(2/8) + (2 + (p/6)) (p/ (p — 4))*'" (2/6)") .

where we have used that Assumption 5 implies Assumption 3 with o2 = ¢2. This proves the first inequality in
the corollary’s statement. For the second, we use once again that 2ab = inf,~¢ a?/r + rb? for any a,b > 0, which
implies that

D L (VTR + 0.+ 0/9) T/0) )’

DT
n

IN

V26D (V2T 10g(2/3) + (2 + (n/3)) (2T/8)"/")

IN

+ 0 (T 08(2/8) + 2+ (0/3))° (2T/0)7)

using which we obtain that

T(f(er) — f*) < 2D1ﬁ

+20(G* + ¢*)WWT + ng’ (2\/T10g(2 /8)+ (2+ (p/3))> TP/ (20 (2 /5)2/1’)

+ 206% (/2 1og(eT) 1og(2/8) + (2 + (p/6))(p/ (0 — 4))*"7 (2/8)*'")

2D%2T
n

< +20(G2 + VT + 306 (2vT 1og(2/8) + (2 + (9/3))°(p/ (0 — 4)*/" (2/0)°7)

where in the second step we used that p > 4. O

D PROOFS OF SECTION 5

D.1 Proof of Proposition 1

Proposition 1. Let (M;)?, be a square integrable martingale adapted to filtration (F3)7—, with My = 0. Then,
forallxz, >0 and a >0,

P <£J1{Mt >z and (M), + [M]; < oM, + 6}) < eXp< min{gg, 6“2}) :

Proof. For any A € R and 0 < t < n, define®

Vi(A) = exp()\Mt — %2(<M>t + [M]t)) :

By Lemma B.1 in (Bercu and Touati, 2008), (Vz(\))}_, is a (non-negative) supermartingale (with V5(A) = 1). For
t € [n], define the event Ay = {M; > xand (M), + [M]; < aM,;+ B}. From the proof of Theorem 3.3 in (Harvey

%0One can set (M), = [M]o = M.
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et al., 2019), if we fix some A € (0,1/(2a)), then there exists ¢ = ¢(\, @) € (0,2] such that (A 4 cA2a)® = 2¢A2.
With this in mind, we have that for any ¢ € [n] and any A € (0,1/(2a)):

1A} < oxp 4+ eXPa) M, — X2, + [01)) — Ao + X%

= exp(—Az + cA?B) exp| (A + cA) Mt—c)\2(<M> +[M]t)>

(
= exp(—Az 4 cA?f) e ( >t+[M]t))
N <

= exp(—Az + cA?B)Vi( xp(— )\x+2>\2B)Vt(5\)a

where A = X+ cA\2q, and the first inequality holds since the argument of the exponent is non-negative under A;.

Hence, Lemma 16 entails that
P (U At> < exp(—Az +2)%3).

t=1

Finally, upon choosing A = min{ ;5 5 L1 we can conclude that

) Ba

T

exp(—Az + 2)\*B) < eXP( mm{ g; 6o })

D.2 Proof of Lemma 1

Lemma 1. Algorithm 1 with n, = % for some constant n > 0 satisfies

T T
* 2 *
fler) = f"< 5 Z (f(ze) = f7) + Z (€t we) + Z pillgel? + Z 2t
T - ] \/2T
t=[T/2] t=[T/2] t=[T/2] t [T/2]
where, for j <T, a; = m, and for any time-step t > [T/2],
tA(T—1) tA(T—1) tA(T—1)
Wy = Z aj(zy — ), 2= Z o;jBy(zj,x1), and py = Z Q-
J=[T/2] J=[T/2] J=[T/2]

Proof. For any k € [T — 1], Lemma 6 with j =T — k and » = T implies that

T T T T
S (fla) = flar—)) < Y <gt,xt—mk>+§ ST mllali+ > By(rr—k ),
t=T-—k t=T—k t=T—k t=T—k

where 7y = 1/ — 1/m:—1 and 7, = 1/1m1. We then proceed as in the proof of Lemma 7.1 in (Harvey et al., 2019).
Namely, we define Sy, = k%rl ZtT:T_ & f(x¢), which, combined with the previous inequality, yields that

Sk — f(zp_
Si_y zgﬁw
1 £l 1 T 1 T
<Sp+ T — Tr—g) ] — e By (27 ke, ) -
= Ok k‘(k‘-ﬁ-l) tz;]fft Ty — T k> 2k(/€+1) t:;knt”gt“ k(k—‘rl) t:;k??t w(ﬂST k It)

Since Sy = f(z7), by unrolling the recursion we obtain that

172 T 172 7

_ - A 112

flar) < LT/2 Z flae) + Z k(k+1) 2 (Eore—ari) + ) k(k + 1) 2 mlall:
L [1/2] t:T k k=1 t=T—k

L7/2] 1
+ Z EED Z Mt By (x1—k, 2t) . (5)
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One can rewrite the second term on the right-hand side of the above inequality as follows

w2 T ARV T
Z e 2 Gomemerad= 3, ) gy lGem - ar)
) STk t=[T/2] k=(T—t)V1
tA(T—1) T

Z Z )T j+1)<§t7$t—$]‘>= Z (& wy)

t=[T/2] j= fT/21 t=[T/2]

Similarly, we also have that

[T/2] 1 T 1 T tA(T—1) 1 1 T
Z EYNIEED) Z nellgell? = 5 Z 16| 212 Z . ; =5 Z 160t gell?
o 2R+ ) 2, j=IT/2] (T=HT=5+1) 2 t=[T/2]
[T/2] 1 T t/\(T 1)
ACE] > By(rr_g ) = Z it Z — T — 1) v (25, 2) Z Ttz -
1 t=T—k t=[T/2] j= ]'T/2'\ J t=[T/2]

After plugging these expressions back into (5), we conclude the proof by using that |T//2|4+1 > T/2 and observing
that for any time-step ¢t > [T/2],

<

Nt =

.1 1 V2
and m:;(\/f—\/t—l):n(\/i_’_m)gnﬁ.

<
3%

D.3 Proof of Lemma 2

Recall that for a time-step s such that [T/2] < s < T, Qs = Z::[T/ﬂ (&, wy), and that z* is short for
maX(T/Q]SSST Zg-

Lemma 2. In the same setting as Lemma 1, it holds that

,» G\fn o, 3V2n 3n* o2
Zt [T/2] -+ \/» —=Qn- + Zt rT/2] pell el

where n* = min{n: n € arg MAaX[7 /9] <s<T Qs}.

Proof. Notice that z[r/21 = 0 and Q[r/21 = 0; hence, the lemma trivially holds when 7" = 1. Thus, we assume
for what follows that 7' > 2. Let j and s be two time-steps such that [T/2] +1 < s < T and [T/2] < j < s.
Then, via Lemma 6, we have that

s—1
1
Bl w) < 3 () = f) +Z§t,xt Zntngtu +2m3¢ (2j,70),
5= t=j t=

where 7y = 1/n; — 1/m;—1 and 7; = 1/m;. This, in turn, implies that

1 sA(T—1) sA(T—1) s—1 sA(T—1) s—1
; > aBylagr) < Y gy (fla) = fl@)+ Y > (Gnm— )
s j=r1/2] j=[T/2]  t=j j=[T/2]  t=j
SA(T—1) s—1 sA(T—1) s—1

+% Dooa > mlali+ Yo ;Y wBylaja) . (6)

j=IT/2]  t=j j=IT/2]  t=j
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For the last three terms, we swap the sums obtaining that

sA(T—1) s—1 s—1 tA(T-1) s—1
Yoo Gha—a)= > > aléhm—z)= > (Ehw)
j=[T/21  t=j t=[T/2] j=[T/2] t=[T/2]
s/\ (T-1) s—1 s—1 tA(T—1) 1 s—1 0 s—1
Z aj ZU:&HQtHQ Z T]t”gt”i Z a; = 9 Z ntPtHgtHES ﬁ Z PtH@tHz
J /21  t=j t [7/2] J=[T/2] t=[T/2] t=[T/2]
SA(T—1)  s—1 tA(T—1)
Z aj; Zme T, Tt) Z Mt Z a;By(xj,7) Z T2t -
j=[T/21  t=j t=[T/2]  j=[T/2] t=[T/2]

For the first term, if we define A; = f(xy) — f* for ¢ € [T], we obtain that

sA(T—1) SA(T=1) s—1

> Y ) - )= Y a8y - A)

i=IT/2] J=[T/2]  t=j
s—1 s—1 s—1
= Z OZjAj(S—j)— Z ajZAt
J=IT/2] j:(m] t=j
s—1
= Z arAi(s —t) Z Ay Z a;
t= TT/2T t=[T/2]  j=[T/2]

s—1t 1 1
- Z At( (T—t)(T—t+1) _T—t+T—[T/21+1>

t=[T/2]

= T/2 +1 Z At<* Z B,

t=[T/2] t [7/2]

where in the second equality we used that the inner sum is empty when j = s and that s < T, the fourth equality
follows from Lemma 10 and the definition of oy, and the inequality holds since (s —t)/(T'—¢+1) < 1. Returning
back to Equation (6), we have that

sA(T—1) n sA(T—1)
T/2
i=IT/2] b =T/
9 s—1 s—1 n s—1 s—1
< [7/2] (T Z (flze) = ) + Z (&, we) + aT Z pellgell ¥+ Z ﬁt%)
t=[T/2] t=[T/2] t=[T/2] t=[T/2]

2\/>77 s—1 \/5"7 -1 7]2 s—1 o \/5’[7 s—1 3
— yWe) + = T Zt -
Tf Z \/T Z (&t we) T t_%:/ﬂ pel|ge JT Z N2t

t=[T/2] t=[T/2] t=[T/2]

Notice that the terms in the first, third and fourth sum on the right-hand side of the last inequality are non-
negative. Hence, it holds that

L2V V2 " i
z" < T\/T"z Z (f(xt) f )+ \/—n ]'T/2.|<?L<T 1 Z <ft,wt % Z || t” —|— Z ntzt

t=[T/2] =[T/2] t=[T/2]

Next, we will bound the last term by relating it back to z*. Since this term is zero when T' = 2 (recalling that
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zrry21 = 0), we focus in the following argument on the case when T' > 3. Observe that

V2n z_: f;fﬁn z_: Vi-Vi-1

\/Tt [T/2] fﬁﬁt [T/2] K
V2
= W1 VIT/2 =)

As a function of T, the last expression is decreasing in 7' > 3, and thus (by plugging in 7" = 3) can be bounded
by 1/\/3 . Hence,

Consequently,

-1 n 5 T-1
z" < 0v2y Z (f(ze) = f7) + 3V max Z (§e,we) + 3% Z pellge 12

VT t=[T/2] vT (T/Q]STLST_lt:]'T/Z\ t=[T/2]
6\@77 = 3\[77 d A 112

S 0= Z (f(xe) = )+ —=Qn- +7 Z pellgelli -
VT t=[T/2] VT T t=[T/2]

D.4 Proof of Lemma 3

Lemma 3. In the same setting as Lemma 1, it holds under Assumption 3 that

Q)7 + [Qlr < 40227 10g(4T) +2:° 5 (&l —Eill&l2).

t=[T/2]

Proof. Recall that w; = ZtA(é/;% aj(xy — xj), 2 = Z;A:(FE;]) a;By(zj,2¢), and py = ZM(F;/;]) a; for time-step
t > [T/2], and observe that

T 2 T EA(T—1)
[we||*= o Z ?z(xt —zy)|| < Pt Z ,0] s — a5]|° < 20t Z o By (x5, 1) = 2ps2 (7)
J=[T/2] =[T/2] =[T/2]

where the first inequality holds via the convexity of ||-||?, and the second follows from the fact that [z; — z;||*<
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2By(xj, ) as 1 is 1-strongly convex. Hence,

@ +Qr = Y (Bl w) ]+ (g, wi)l)

t=[T/2]
T
< Y (Bl )+ g 2wl )
t=[T/2]
T
= 3wl (BallelE) + ?)
t=[T/2]
T
<2 3 p(EIGlR]+ )
t=[T/2]
T T
=4 Y pEdlal+2e Y pe(lGli-Edle?)
t=[T/2] t=[T/2]
T T
<t 3 vt 3 (Gl -Edle)?)
t=[T/2] t=[T/2]
T
<4027 log(4T) +22° Y pu(lGlE-Eelll?))
t=[T/2]

where the first inequality follows from the definition of the dual norm, the second equality holds since wy is
Fi—1-measurable, the second inequality follows from (7) and the definition of z*, the third inequality follows
from Assumption 3, and the last inequality is an application of Lemma 11. O

D.5 Proof of Theorem 2

Theorem 2. Let Z1,Z5: (0,1) — (0,00) be two functions such that for any § € (0,1),

1 T
il N <
P(J= X U -1 > 21 <4
and
P, PG -E&]2) > 56) ) <5
rpry2) PG —BeliGe S0.
Then, under Assumptions 1-3, Algorithm 1 with n, = % satisfies the following with probability at least 1 — 6:

fler) = f* < % (251(5/3) + V201G 10g(AT) + 9v/2) (22(5/3) + 20° 10g(4T) log(3/5)> .

Proof. From Lemma 1, we have that

flor) — 7 < 2 i (f(z) = ) + Qr + —~ i ol Y2 i z
T) — i p— t) — T N — t tixT "~ — t -
T V2T | i WT (o
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Notice that

T T
o oodadi= D pille—&l2
t=[T/2] t=[T/2]
T
<2 > pulllgelZ+IEN2)
1=[T/2]
T T
=2 Y plllglZ+EN&l2) +2 > pe(l€lZ—Eall&2)
t=[T/2] t=[T/2]
T T
<2 ) pGH0)+2 D pl€GlZ-Eel&ll?)
1=[T/2] t=[T/2]
T
2(G* + o) log(4T) + 2 Z (&2 —Eel&e]2) s
t=[T/2]

where the second inequality follows from Assumptions 2 and 3, and the third inequality follows from Lemma 11.
For what follows, define

Ay =Y pelll&lZ-Eel&ll?) -
t=[T/2]

From the assumption in the theorem’s statement, we have that for any ¢ € (0,1),
P(A; >E4(0)) <0 and P(Ay > E5(0)) <. (8)

Additionally, define Z3 = (G? + 02)1log(4T). Subsequently, it holds that

V2 RERE S

far) — 7 < iTAl +Qu+ L +20)+

On the other hand, we have via Lemma 2 that

6 4 3v/2 3’ o
c= w5 <020 S (g - )+ 220, B S g2

[T/2]<s<T T =771 Vi t=[T/2]
6\/57] 3\/577 677
< A ne + (A2 +E3). 10
S -5 M+ Wi Qne + - (A2 + Z3) (10

Hence,

T
n\/— Z \[T <6\[77A1 S\ann* 677 2 (g + H3)>

T2 =T VT T
12 6{7;
= —A1 +6Q,~ + Ao+ 2
N, Q \/T( 2+ E3).
Plugging back into (9) yields that
14 7{77
— < A+ TQue Ay + = 11
f(l‘T)f_Tl Q ﬁ(2 3) - (11)
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Our aim in the sequel is to use the above inequality in conjunction with (8) and Proposition 1 to bound the error
in high probability. Towards that end, we start with the following upper bound on the TCV and TQV of @,
which is implied by Lemma 3 and the fact that the TCV and TQV are non-decreasing.

T

(@) + [Qlne < (@7 + [Qlr < 4072 log(AT) + 22" > py([I&)12—Eell&]2) = 227 (283 + As)
t=[T/2]

where 23 := 02 log(4T). Moreover, under the event that A; < Z;(8) and Ay < Zy(d), we have that

12\T@7A1 + 6\\/[;” e+ 12172 (A2 +E3) < 12\?"51(6) + 6\/@7762”* + 12172 (E2(6) + Es) (12)
and
Ay 4 285 < E5(68) + 223, (13)
which implies that under the same event,
Q). +[Qln <22(As + 253)
< <12f77A1 + 6\\/?7 e+ 1277] (A2 + ug))(/\z +253)

. (12?71&1 6\/@7 - +12T77(A2+~3))( 2(6) +255)

< (12\T/§’751(® 6\*;’7@”* s (52(5)+53)>(E2(5)+2é3)’ 1)

where the second inequality follows from (10) and the fact that Ay + 223 is non-negative,” the third inequality
follows from (13) and the fact that the first bracketed expression on the left-hand side is non-negative as it is an
upper bound for the non-negative quantity 2z*, whereas the last inequality follows from (12) and the fact that
Z,(6) + 255 is non-negative. As a last bit of notation, we define

6v/2n
VT

Ra(8) = (12f”51<6> + 2 0) +20) ) 2a0) + 220

¢(9) = 1—45 (0) + 7@” (E2(0) + E3) + 7+/8R2(0) log(d) + 42R1(d) log(d) ,

R1(0) = (E2(6) +253)

and (for any time-step s such that [T/2] < s < T) the events
< Ei(6/3)F N {A2 < E2(6/3)}
SR2(3/3)10g(3/8) + 6R.(6/3) 1og(3/5)}

s < R1(6/3)Qs + R2(5/3)}

H
r—Hx—’H""“

"As =3 is an upper bound for Z?:[T/ﬂ pEe[|1€4)12)-
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Now, notice that
P(f(er) = £ > <(3/3)) = P({7(wr) = 1 > C(3/3)} 1 A1) + P({fwr) = 1* > C(6/3)} N7
< P({f(er) = £ > ¢(3/3)} N A1) + P(A)
(2 P({f(xT) — 7> /3N A1) +28/3

({m +7Qn + 7\\/;77(A2 +Z23) > ((5/3)} N A1> +26/3

TE (6/3) + TQu- + 7\?’7(4(5/3) ) > g(&/g)} N A1> +25/3

= n)ﬂA1)+25/3

| /\
/\
—

c

< P(A2(n*> N A3(n*)) +26/3

T
SP( U (Al(s)ﬂAz(S))> +26/3
s=[T/2]

—~
~

(d)
< 5/34+20/3=34,

where (a) follows from (8) and a union bound, (b) follows from (11), (¢) follows from (14) and the definitions of
Ry, Ro, and Aj, whereas (d) follows from Proposition 1 and the fact that (Qt)tT:[T /2] 1S @ (square integrable)
martingale adapted to (F;)_ rr/2) (With Qpry2) =0).

Hence, with probability at least 1 — 9,

H(Flon) =~ 1) < “=26/3) + 2 El0/3) + 20+ SR /B Tog3/0) + 610 (5/3) 0g(3/5)

@ %51(5/3) 4 \\22(4(5/3) + S+ 36‘\;”(4(5/3) 1 22,) log(3/5)

4 2\/5\/ %51(5/3) + {2%7(52(5/3) ) 6?” (25(5/3) + 223) log(3/5)
<m0+ R0/ + 30 + D2 Elb/3) +25) g3/

4 4(\/2#1(5/3) + ?7@2(5/3) + 53)) 3:;” (Z2(6/3) + 253) log(3/6)
=5(—==u(6/3) + g<_2<5/3> =) + 39\?7 (22(6/3) + 255) log(3/9)
95 Zzu6/3) + L2 El6/3) + (6 + ) logla7) )

39\\;" (_2(5/3) + 202 log(4T)) log(3/9)

@ 5(\/2:?4(5/3) + ﬁ o g(4T)> 44\\;77 (_2(5/3) + 202 1og(4T)) log(3/6),

where (a) follows from the definitions of Ry and Ry, (b) follows from the elementary fact that ab < a?/2 + b2 /2,

(¢) follows from the definitions of 23 and 23, and (d) follows from the fact that log(3/8) > 1. We can then
conclude that with probability at least 1 — ¢,

flor) — f* < % (24(5/3) +V20G? log(4T) + 9V21 (52(5/3) + 252 1og(4T)) 10g(3/5)> .
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D.6 Proof of Corollary 3

Corollary 3. For any § € (0,1) and n > 0, Algorithm 1 with n; = % satisfies the following with probability at
least 1 — 8, where C1 and Co are constant depending solely on, respectively, 0 and p.
(i) Under Assumptions 1, 2 and 4, f(z7) — f* is bounded by

cy IOfT(GT) (Bw(xr: 1) 4 (64 67108 e/ 5)>>

(1) Under Assumptions 1, 2 and 5, f(axr) — f* is bounded by

Cylog(eT) (Bw (z*,21)

T ; + n(G2 + ¢2(1/8)%/P log(e/§)>>

Proof. Starting with case (i), we let C, C4, Cs, ... denote positive constants—depending only on §—whose values
may change between steps. In the notation of Theorem 2, we choose

Z1(6) = Clog(eT) (;Bw(z*, z1) +1n (G2 + ¢ 1og29(e/5))>

by virtue of Corollary 1. While invoking Lemma 7(ii) with s = 2 and w; = p; allows us to choose®

= 2 - 2 2 26 Ze ZtT: [T/2] Py
Eo(0) = C1¢ Z pilog(2/0) + Ca¢” max pilog .

t=[T/2] [T/2]1<t<T mMax[r/2]<¢<T p%(s

Then, using that (via Lemma 11)

T
1
2
< = = —
> pi<3  and A Pe=PT =5
t=[T/2]

Theorem 2 yields that

flar) — 1 < Clog(eT)(l

* 2 2 20 2
S a1) +n (G2 + 62 log?(/0) ) + G

(67 OR(eT5) + 67108 (e/8) + 62) lou(e/)
C'log(eT)
=TT

where upon invoking Theorem 2, we used the fact that Assumption 4 implies Assumption 3 with 02 = 2I'(20+1)$?
thanks to Lemma 12.

(330t 40 (6 + 1080 e/9) ).

For case (ii), we let C' denote a positive constant—depending only on p—whose value may change between steps.
Via Corollary 2, we can choose

=1(6) = C'log(eT) (;Bw(x*,xl) + 77(G2 + ¢2(1/6)2/p))

Invoking Lemma 8(ii) with w; = p; allows us to choose

Z2(8) = 2¢/61og(1/8) +2(2 + (p/6))¢*(3/8)*'7 |

8This is valid despite the fact that, contrary to Lemma 7(ii), the indices here start from [T/2].
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where we have used that
T
S e Y dss,
t=[T/2] t=[T/2]

which holds via Lemma 11 and the fact that p > 4 and p; < 1. Theorem 2 then implies that

flar) =7 < Ckigf;eT) (;Bw(:c*,xl) + n<G2 + ¢2(1/5)2/p) + G2
n(6*V/log(e/3) + ¢*(1/8)*/" + ¢?) 1og(e/a>)
C'log(eT)

—vi’( By (z" xﬂ-+n(02+-¢(1/®2“W0g@/®)>

where upon invoking Theorem 2, we used the fact that Assumption 5 implies Assumption 3 with o2 = ¢?; while
in the second step, we used the fact that \/log(e/d) < v/(p/4)(e/8)*/P) = \/(p/4)(e/5)*/P). O

D.7 Auxiliary Lemmas

Lemma 10. Let a and b be two positive integers such that a < b < T. Then,

T — ]+1) T—-b T—-a+1"

J=a

Proof.

1 Lo 1 1 1
Z(T—j)(T—j+1):Z(T—j)_(T—j+1):T—b_T—a+1'

Lemma 11. For j <T, let o Then, for T > 1, we have that

_ 1
T (T T+

T tA(T—1) T tA(T—1) 2
Z Z a; < log(4T) and Z Z a; | <3
t=[T/2] j=[T/2] t=[T/2] \j=[T/2]
Proof. By Lemma 10,
tA(T—1)
P Ty
TET—tA(T-1)"
J=[T/2] ( )

Assuming T > 2 (as the lemma follows directly otherwise), we have that

tA(T—1) T

1
Z Z%—Zm

t=[T/2] j=[T/2] t=[T/2]

T—1 1
<2 +/ = at
rry21 T —t

=2+ log(|T/2]) < log(4T).
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Similarly,

T tA(T—1)

? T-1 1
a; §2+/ . _dgt<3.
2 2 rry2) (T —1)?

t=[1/2] \j=[1/2]

E CONCENTRATION INEQUALITIES FOR MARTINGALES WITH
HEAVY-TAILED INCREMENTS

We collect in this section relevant concentration results for Martingales with heavy-tailed increments. We treat
two families of heavy-tailed random variables: a class of sub-Weibull random variables, and a class of random
variables with polynomially decaying tails (implied by a bounded moment assumption).

E.1 Sub-Weibull Increments

Before stating the main concentration inequality in Proposition 2, we collect some basic results concerning sub-
Weibull random variables. The following lemma (adapted from (Madden et al., 2021)) provides an upper bound
for the p-th absolute moment of a sub-Weibull random variable.

Lemma 12. (Madden et al., 2021, Lemma 22) Let X be a sub-Weibull(0, ¢) random variable. Then, for any
p > 0, it satisfies

E|X|P< 20(0p + 1)¢” .

The following lemma shows that centering a random variable preserves the sub-Weibull property up to a constant
depending on 6.

Lemma 13. Let X be a sub-Weibull(6, ) random variable. Then X — EX is sub-Weibull(6, cod), where cg =
gmax{6.1}+17(9 4 1) /In?(2).

Proof. If 8 <1, define
1X1ly,, = inf{t >0 : E[exp<(|X|/t)1/9)} < 2}

which is an (Orlicz) norm for the space Ly, , = {X : ||XH¢1/9 < 00} (Vershynin, 2018, Section 2.7.1). Clearly,
X is sub-Weibull(6, ¢) if and only if || X|| o S @ Starting with the triangle inequality, we proceed in the same
manner as in the proof of (Vershynin, 2018, Lemma 2.6.8) to get that

EX| E|X| 20+ 1)
X — ]EXH%/Q < ||X||w1/9 + ||EX||¢1/9 <o+ 1119(2) <¢+ ln0(2) < 1119(2) +1])¢,

where the last inequality is an application of Lemma 12. Hence, the lemma follows for the case when 8 < 1 after
using that 2I'(+1)/In?(2) > 1. On the other hand, when 6 > 1, ”'le/e is no longer a norm. Instead, we exploit
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the fact that 2179 is a sub-additive function in z for # > 1 and z > 0. In particular, we have that

sl (557 Jen | (222) )
<= () (2)")
— exp ((EL)Q)W) E [(exp ((|X|/¢)1/9))(1/CG)1/9}
<o ( (220" (o o (100} )
<o (52
< exp ((QW;: ”)1 9) ot/
<o (2(F52) ) -

where the third inequality is an application of Jensen’s inequality as the fact that 0 < (1/cg)*/? < 1 implies

the concavity of z(1/ '’ for x > 0, the fourth inequality uses that X is sub-Weibull(8, ¢), the fifth inequality
follows via Lemma 12, and the last inequality uses the fact that 2I'(6 + 1) > 1. O

The following lemma collects upper bounds for the moment-generating function (MGF) of (centered) sub-Weibull
random variables, depending on the value of . The MGF of a random variable X is a function of A € R given
by E[exp(AX)]. As mentioned before, our focus in this work is on the heavy-tailed regime where 6 > 1, though
we also consider the canonical case of § = 1/2 for comparison. In the latter case, we have the standard bound
on the MGF of a sub-Gaussian random variable (see, e.g., (Vershynin, 2018, Proposition 2.5.2)). When 6 =1, a
similar bound (see, e.g., (Vershynin, 2018, Proposition 2.7.1)) holds only for a certain range of A\. When 6 > 1,
one cannot bound the MGF in general; thus, we settle for a bound on the MGF of a truncated version of the
random variable due to Bakhshizadeh et al. (2023). This last result is reported in (Madden et al., 2021, Lemma
31) for a specific choice of the truncation parameter, which we will slightly modify when applying this lemma.

Lemma 14. Let X be a sub-Weibull(9, ¢) random variable with E[X] = 0.

(i) (Vershynin, 2018, Proposition 2.5.2) If 6 = 1/2,

Elexp(AX)] < exp(4e¢?A?) VA ER.
(ii) (Vershymin, 2018, Proposition 2.7.1) If =1,

1
Elexp(AX)] < exp(2e2¢*\?) YA AL %

(iii) If 0 > 1, let L = ¢h for some parameter h > 0, and define X = XI{X < L}. Then,

Elexp(AX)] < exp(ap?\?) VA e [O, o

o

where
239T(30 + 1)

ho—1,
6 Gl

a= 2%+ 1020 +1) +
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Proof.
(iii) Since E[X] = 0, we have that for any \ € [0, ﬁ}
log Efexp(AX)] < A;( [ } + E[X? exp(AX){X > O}D
< A; <]E{ X < 0}] +220H17(20 + 1)¢° + WF(?&MLH&-&)
= A;( { X < 0}} +2%71T(20 4 1)¢” + 7239“?;9 - 1)hé1¢2>
< %2 <2r(29 +1)¢% + 22971720 4 1)p% + Q%F(?))Mhé—l¢2> :

where the first inequality follows from Lemma 1 in (Bakhshizadeh et al., 2023), the second inequality follows
from Corollary 2 in the same paper,’ the equality holds by the definition of L, and the last inequality is an
application of Lemma 12. O

The following proposition provides time-uniform concentration inequalities for martingales with conditionally
sub-Weibull increments. Case (i) is a standard sub-Gaussian concentration result included for completeness,
whereas Case (ii) considers the heavy-tailed regime where § > 1. The latter generalizes a result in (Madden
et al., 2021, Proposition 11), which corresponds to the case when s = 0. In our problem, this generalized form
allows us in come cases to avoid an extra poly-logarithmic dependence on the time horizon, at the cost of a
constant depending on #. This is thanks to the (possibly) non-uniform union bound employed when s > 0, which
can take advantage of the non-uniformity of the sequence (m;).

Proposition 2. Assume that (X;)7; is a martmgale difference sequence adapted to filtration F = (F;)P,
where n is a positive integer, and let Sy = S°'_, X; for t € [n]. Furthermore, assume that for each i € [n], X; is
sub-Weibull(0, m;) conditioned on F;_1; that is,

E[exp((1Xi1/mi)"?) | Fia] <2,

for some constant m; > 0, and define m, = max; m;. Then, for any 6 € (0,1):

(i) If0 = 1/2,

t=1

P (O{st > ayfexr m? 10g(1/5)}> <.

(i) If 6 > 1; then for any s > 0,

P (0 {St > \/C’lz?'zlmf log(2/9) + 4m., max{log9_1 <26%;_g%5> , (s0 — 8)01} 10g(2/5)}> <4,

t=1

where Cy = 2391T(30 + 1).

Proof.

(i) We have via Lemma 14(i) that for every i € [n],
Elexp(AX;) | Fi_1] < exp(4em?\?) VYA eR.
Hence, the required result follows from Lemma 17(i) using that r? < 4e) " m?.
°In the notation of Bakhshizadeh et al. (2023), we have that o = 0, co = ¢~/ X\ = BI(L)/L with I(L) = (L/¢)*/*®
and 8 € [0,1/2]. Compared to Corollary 2 in (Bakhshizadeh et al., 2023), the extra factor of 2 in the last two terms on

the right-hand side of the inequality is because in our case (similar to Madden et al. (2021)), we start with the assumption
that X is sub-Weibull(f, ¢), which implies the tail bound P(|X|> t) < 2exp (—1(t)).
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(ii) For i € [n], let ¢; = m;h;, where

h; = logg (eZ]‘_1 mj)

m3o’
for some 60’ € (0,1). Define X, = X;{X; </{;} and S, = Zle X;. Note that for any z > 0,

P (0 {8 > x}) <P <CJ{‘§t > JJ}) + P <O {X; > 51}) . (15)

t=1 t=1 i=1

Starting with the second term, we perform a union bound and proceed in a similar manner to the proof of
Proposition 11 in (Madden et al., 2021):

i=1 t=1
_ = o N\1/0 1/6
;P<exp((Xl/ml) )>exp<hl ))
e (/P IO\ |
g;exp< h; )E{E[exp((Xz/mz) )LEAH
- /8
<21_Zlexp( h; )
_ih il 25 (16)

e > iami e
Returning to the first term in (15), notice that for ¢ € [n], Lemma 14(iii) implies that
Elexp(AX;) | Fi_1] < exp(am?\?) VA€ |0, ——]
th "mi
herel q = (220 + 1)T'(20 4 1) + 22LG+D ion for applying L 17 dy th
where™ a = (2% + 1)['(20 + 1) + =—5——. In preparation for applying Lemma 17(ii), we study the term

D11
-5 _ 0-1 [ ©2=1"
maxm;h; = maxm,; log — ] -
ic[n] i€[n] mso

Assuming that s > 0 and 6 > 1, let w = 377, m$/d’, and observe that el/swl/s > wl/s > m,. Define
f(z) = zlog’ M(ew/z*), and let 2, = exp(l — 0 + 1/s)w'/* and 2, = e/*w'/*. By inspecting its first
derivative,

f'(2) = log”~?(ew/z*)(log(ew/2*) — 5(6 — 1)),
we observe that f is increasing in (0, 21) and decreasing in (21, 23). Hence, if m, < Z;; then,

e T.L_ ms e T.L_ ms
max m; log? ! (Zjl j) = m, log?* (Zjl j) }

i€[n) ms o’ msé’

Otherwise,
n s n s
-1 [ €225=1™; oo [€2=m ) 0-1 o—1
?61?5]( m; log (mfd’ < % log T = 2%1(s0 — s) <mu(sh —s)’ 7.

Combing both cases yields that

e T.L_ mS e 7?_ ms
max m; log? ! (ZJlj < M maux{loge1 @ , (s — s)a_l} ,

i€[n) mso’ msé’

10Y¥e have used the fact that h; > 1 and 6 > 1 to bound the value of a stated in the lemma.
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which, trivially, also holds when either s = 0 or § = 1. Subsequently, if we define u1 = a_;—, m? and us
as twice the right-hand side of the above inequality, we can apply Lemma 17(ii) with 72 < u; and b < us

to obtain that
. 2
> < — mi _— .
P (U {St - x}) - eXp( mm{ duq’ 2us })

t=1

Finally, by choosing © = y/4uq log(1/6’) 4+ 2uslog(1/6"), we can upper bound the right-hand side of the
above inequality with ¢’. Combining this with (16) and (15), the required result follows after setting
8 = §/2 and using that a < 230+1T(30 + 1).

E.2 Increments with a Bounded Moment Condition

The following proposition, a weaker version of Corollary 3.2 in (Rio, 2017), is an analogue of Proposition 2 when
we only have the assumption that the increments of the martingale have a finite p-th absolute moment for some
p> 2.

Proposition 3. Assume that (X;)_, is a martingale difference sequence adapted to filtration F = (F;)?_,, where
n is a positive integer, and let S; = Zle X; fort € [n]. Moreover, assume that there exists a constant p > 2
such that for each i € [n], X; satisfies

E[(1X]/mq)? | Fia] <1

for some finite constant m; > 0. Then, for any § € (0,1):

g <U1{St > \/QZLm? log(1/8) + (2 + (p/s))(zylmf/(;)l/pD <5

Proof. Using that max{0, X;} < |X;| and E [X?|F;,_1] < (IE)[|XZ-|P|]:Z.71])2/Z> < m?, the result follows from
Corollary 3.2 and Remark 3.3 in (Rio, 2017). O

E.3 Auxiliary Lemmas

For a random variable X, define || X||,:== (E|X|?)'/? for p > 0. The following lemma relates || X —EX||, to || X||,
when p > 1.

Lemma 15. Let X be a random variable satisfying || X|,< oo for some p > 1. Then, || X —EX||,< 2| X]||,.

Proof. We have that
[X = EX{lp< [ X[, +HIEX[p= [ X[l,+EX|< [ X, +E[X]|< 2] X,

where the first inequality is an application of the triangle’s inequality as ||-||, is a norm for p > 1, the second
inequality is an application of Jensen’s inequality, and the last inequality holds since || X, is an increasing
function in p. O

The following lemma, similar in spirit to (Madden et al., 2021, Lemma 26), allows us to reuse a standard argument
when proving time-uniform concentration inequalities.

Lemma 16. Fiz a positive integer n and assume that (V;){, is a non-negative supermartingale adapted to
filtration (Fy)7—, with Vo = 1. Let (Ap)}_; be a sequence of events adapted to the same filtration, and assume
that there exists a constant ¢ > 0 such that for any t € [n], it holds almost surely that I{A;} < (V;. Then,

34)-
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Proof. Define the stopping time 7 = min{t € [n]: I{A;} = 1}, where min(f)) = oo. Since (V})}, is a su-
permartingale, the stopped process (Viar)i is also a supermartingale (Williams, 1991, Theorem 10.9), where
t A7 = min{t,7}. This implies in particular that

E[Vn/\T] S E[Vb] =1.

Hence,

P (O At) = P<An/\7') = E[H{An/\‘r” < C]E[VnAT} < C7

where the first inequality holds since

n

P(I{Auns} > (Vanr) < P (U{H{At} > m}) 0.

t=1

O

The following lemma provides, via standard tools, concentration inequalities for sums of random variables en-
joying sub-Gaussian or sub-exponential type bounds on their (conditional) moment generating functions.

Lemma 17. Assume that (X;), is a sequence of random variables adapted to filtration F = (F;),, where n
is a positive integer, and let Sy = Z:Zl X, fort € [n]. Moreover, let (R;)_, be a sequence of random variables
adapted to the same filtration, and define r> = HZ?:l Riz_l“oo'

(i) If for all i € [n], it holds that

Elexp(AX;) | Fii1] <exp(R? | \%)  VAER;

(652) <on(-2).

t=1

then, for all x > 0,

(ii) Let (B;)}_ be an F-adapted sequence of positive random variables, and define b = max; || B;|| . If for all
i € [n], it holds that

1
Elexp(AX;) | Fi—1] <exp(R?_1A*) VA€ [0, B} ;
i—1

P (g {8, > m}) < exp(—min{;i, ;b}) .

Proof. Define the set A as Rx¢ in case (i) and as [0,1/b] in case (i7). Then, in either case, for any fixed A € A,
the process (Vi(A))j_y, where

then, for all x > 0,

is an F-adapted non-negative supermartingale. Moreover, notice that for any ¢ € [n], it holds almost surely that

t
I{S; > 2} < exp </\St — Az 4 Nr? - N ZR?_1>

i=1

¢ ¢
= exp (—Az + A*r?) exp <)\ Z X; — \? Z R?l)

i=1 i=1

=exp (—Az + N1r?) Vi(A) .
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Consequently, Lemma 16 implies that

P (0 {S; > z}) < exp (f)\x + )\27’2) .

t=1

From this, the result in case (i) follows by choosing A\ = 5%, while the result in case (7i) follows by choosing

3 > O

_ : T 1 : r2 x
A =min{5%, 3} and using that 7z < 57 whenever 57

F ADDITIONAL EXPERIMENTS

In this section, we present an additional experiment comparing the performance of the average of the iterates with
that of the last iterate under polynomially-tailed noise. As before, we use Algorithm 1 to minimize f(x) = |z|
over R with ¢(x) = 1/2||z||3 (i-e., classical SGD). For the noise, we consider the Gaussian distribution with
variance 1 and three different (symmetric) Pareto distributions with the shape parameter set to 5, 10, and 100
respectively. For a fair comparison, the Pareto distributions are scaled to have unit variance. We use 1/ VT as a
fixed step-size and run the algorithm for seven values of T ranging from 100 to 3k. We report the 99-percentile
of the optimization error evaluated over 10k runs for each of the aforementioned noise distributions. The results
for the average iterate and the last iterate are reported in plots (a) and (b) respectively. Much like the Weibull
case, the average iterate appears more robust to heavy-tailed noise compared to the last iterate. This is again
deducible from the fact that the 99-percentile curves of the optimization error of the average iterate converge
towards the Gaussian rate (as predicted by the two-regime bounds), while the separation between them seems
to persist (at least for longer) for the last iterate.

X

% =% Gaussian X + Gaussian
K %+ Pareto (100) K «:%- Pareto (100)
0124 % Pareto (10) 05 kS Pareto (10)

% Pareto (5) ~%- Pareto (5)

error

0.2

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
iterations iterations

(a) (b)

Figure 2: The performance of the average iterate and the last iterate are reported in the plots on the left and
the right respectively. The plots show the 99-percentile of the error across runs for different choices of the noise
distribution.
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