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Abstract

In this paper, we propose a new accelerated stochastic first-order method called
clipped-SSTM for smooth convex stochastic optimization with heavy-tailed dis-
tributed noise in stochastic gradients and derive the first high-probability complexity
bounds for this method closing the gap in the theory of stochastic optimization
with heavy-tailed noise. Our method is based on a special variant of accelerated
Stochastic Gradient Descent (SGD) and clipping of stochastic gradients. We extend
our method to the strongly convex case and prove new complexity bounds that out-
perform state-of-the-art results in this case. Finally, we extend our proof technique
and derive the first non-trivial high-probability complexity bounds for SGD with
clipping without light-tails assumption on the noise.

1 Introduction

In this paper we focus on the following problem

min f(z), f(z) = Ee[f(z,8)], (1)

zER™

where f(x) is a smooth convex function and the mathematical expectation in (IJ) is taken with respect
to the random variable ¢ defined on the probability space (X, F,P) with some o-algebra F and
probability measure P. Such problems appear in various applications of machine learning [21}161}64]]
and mathematical statistics [66]. Perhaps, the most popular method to solve problems like (T) is
Stochastic Gradient Descent (SGD) [26} 150,151} 159, 163]]. There is a lot of literature on the convergence
in expectation of SGD for (strongly) convex [20} 24} [25] 146} 48, 49| 155 and non-convex [6} 20} 134]
problems under different assumptions on stochastic gradient. When the problem is good enough, i.e.
when the distributions of stochastic gradients are light-tailed, this theory correlates well with the
real behavior of trajectories of SGD in practice. Moreover, the existing high-probability bounds for
SGD [9, [11}, 49] coincide with its counterpart from the theory of convergence in expectation up to
logarithmical factors depending on the confidence level.

However, there are a lot of important applications where the noise distribution in the stochastic
gradient is significantly heavy-tailed [65}[71]. For such problems SGD is often less robust and shows
poor performance in practice. Furthermore, existing results for the convergence with high-probability
for SGD are also much worse in the presence of heavy-tailed noise than its “light-tailed counterparts”.
In this case, rates of the convergence in expectation can be insufficient to describe the behavior of the
method.

To illustrate this phenomenon we consider a simple example of stochastic optimization problem
and apply SGD with constant stepsize to solve it. After that, we present a natural and simple way to
resolve the issue of SGD based on the clipping of stochastic gradients. However, we need to introduce
some important notations and definitions before we start to discuss this example.
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1.1 Preliminaries

In this section we introduce the main part of notations, assumption and definitions. The rest is
classical for optimization literature and stated in the appendix (see Section[A)). Throughout the paper
we assume that at each point z € R™ function f is accessible only via stochastic gradients V f(z, £)
such that

Ee[Vi(@,0] = Vi@). Ee|IVi@.§-VI@I3] <o @

i.e. we have an access to the unbiased estimator of V f(x) with uniformly bounded by o variance
where o is some non-negative number. These assumptions on the stochastic gradient are standard
in the stochastic optimization literature [18} [20, 31}, 138} 149]. Below we introduce one of the most
important definitions in this paper.

Definition 1.1 (light-tailed random vector). We say that random vector 7 has a light-tailed dis-
tribution, i.e. satisfies “light-tails” assumption, if there exist E[n] and P {||n — E[n]||, > b} <

2 exp (—%) forallb > 0

Such distributions are often called sub-Gaussian ones (see [30] and references therein). One can
show (see Lemma 2 from [30]) that this definition is equivalent to

E [exp (In-EMI3/s?)] < exp(1) 3)

up to absolute constant difference in o. Due to Jensen’s inequality and convexity of exp(-) one
can easily show that inequality (3)) implies E[||y — E[n]||3] < o®. However, the reverse implication
does not hold in general. Therefore, in the rest of the paper by stochastic gradient with heavy-tailed
distribution, we mean such a stochastic gradient that satisfies (2)) but not necessarily (3).

1.2 Simple Motivational Example: Convergence in Expectation and Clipping

In this section we consider SGD z¥*! = 2% — vV f(2*, ¢*) applied to solve the problem () with
fx, &) = llzll3/2 4 (¢, x), where € is a random vector with zero mean and the variance by o2 (see
the details in Section[H.T)). The state-of-the-art theory (e.g. [24} 25]]) says that convergence properties
in expectation of SGD in this case depend only on the stepsize y, condition number of f, initial
suboptimality f(z") — f(z*) and the variance o, but does not depend on distribution of £. However,
the trajectory of SGD significantly depends on the distribution of £. To illustrate this we consider 3
different distributions of £ with the same o, i.e., Gaussian distribution, Weibull distribution [69] and
Burr Type XI1I distribution [3}42] with proper shifts and scales to get needed mean and variance for
¢ (see the details in Section [H.I)). For each distribution, we run SGD several times from the same
starting point, the same stepsize 7, and the same batchsize, see typical runs in Figure[I} This simple
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Figure 1: Typical trajectories of SGD and c1ipped-SGD applied to solve (T30) with & having Gaussian, Weibull, and Burr Type XII tails.

example shows that SGD in all 3 cases rapidly reaches a neighborhood of the solution and then starts
to oscillate there. However, these oscillations are significantly larger for the second and the third
cases where stochastic gradients are heavy-tailed. Unfortunately, guarantees for the convergence in
expectation cannot express this phenomenon, since in expectation the convergence guarantees for all
3 cases are identical.

Moreover, in practice, e.g., in training big machine learning models, it is often used only a couple
runs of SGD or another stochastic method. The training process can take hours or even days, so,
it is extremely important to obtain good accuracy of the solution with high probability. However,



as our simple example shows, SGD fails to converge robustly if the noise in stochastic gradients is
heavy-tailed which was also noticed for several real-world problems like training AlexNet [37/]] on
CIFARI10 [36] (see [65]) and training an attention model [68]] via BERT [8]] (see [71]]).

Clearly, since the distributions of stochastic gradients in the second and the third cases are heavy
tailed the probability of sampling too large £ (in terms of the norm) and, as a consequence, too
large V f(z, ) is high even if we are close to the solution. Once the current point z* is not too
far from the solution and SGD gets a stochastic gradient with too large norm the method jumps far
from the solution. Therefore, we see large oscillations. Since the reason of such oscillations is
large norm of stochastic gradient it is natural to clip it, i.e., update z**! according to 21 = z* —
ymin{1, | vs(*e*)). }V f(z¥, £F). The obtained method is known in literature as c1lipped-SGD
(see [17,121,1430144) 157,170, [71] and references therein). Among the good properties of c1ipped-SGD
we emphasize its robustness to the heavy-tailed noise in stochastic gradients (see also [71]). In our
tests, trajectories of c1ipped-SGD oscillate not significantly even for heavy-tailed distributions, and
clipping does not spoil the rate of convergence. These two factors make clipped-SGD preferable
than SGD when we deal with heavy-tailed distributed stochastic gradients (see further discussion in
Section |[B.2)).

1.3 Related Work

1.3.1 Smooth Stochastic Optimization: Light-Tailed Noise

In the light-tailed case high-probability complexity bounds and complexity bounds in expectation for
SGD and AC-SA differ only in logarithmical factors of 1/, see the details in Table I} Such bounds
were obtained in [9] for SGD in the convex case and then were extended to the p-strongly convex
case in [11] for modification of SGD called Stochastic Intermediate Gradient Method (SIGM). Finally,
optimal complexities were derived in [[18] |19} 38] for the method called AC-SA in the convex case
and for Multi-Staged AC-SA (MS-AC-SA) in the strongly convex case.

1.3.2 Smooth Stochastic Optimization: Heavy-Tailed Noise

Without light tails assumption the most straightforward results lead to O(1/52) and O('/s) dependency
on f3 in the complexity bounds. Such bounds can be obtained from the complexity bounds for the
convergence in expectation via Markov’s inequality. However, for small /3 these bounds become
unacceptably poor. Classical results [13,53}62] reduce these dependence to O(In(31)) but they
have worse dependence on ¢ than corresponding results relying on light tails assumption.

For a long time the following question was open: is it possible to design stochastic methods having the
same or comparable complexity bounds as in the light-tailed case but without light tails assumption
on stochastic gradients? In [47] and [7] the authors give a positive answer to this question but only
partially. Let us discuss the results from these papers in detail.

In [47] Nazin et al. develop a new algorithm called Robust Stochastic Mirror Descent (RSMD) which
is based on a special truncation of stochastic gradients and derive complexity guarantees similar to
SGD in the convex case but without light assumption, see Table (1| This technique is very similar to
gradient clipping. Moreover, in [47] authors consider also composite problems with non-smooth
composite term. However, in [47] the optimization problem is defined on some compact convex set
X with diameter © = max{||x — y||2 | 2,y € X} < co and the analysis depends substantially on
the boundedness of X. Using special restarts technique together with iterative squeezing of the set X
Nazin et al. extend their method to the yi-strongly convex case, see Table[2} Finally, in the discussion
section of [47] authors formulate the following question: is it possible to develop such accelerated
stochastic methods that have the same or comparable complexity bounds as in the light-tailed case
but do not require stochastic gradients to be light-tailed?

In the strongly convex case the positive answer to this question was given by Davis et al. [[7]] where
authors propose a new method called proxBoost that is based on robust distance estimation [29, [51]]
and proximal point method [40| 411 [60]], see Table [2] However, this approach requires solving an
auxiliary optimization problem at each iteration that can lead to poor performance in practice.

In our paper we close the gap in theory, i.e., we provide a positive answer to the following question:
Is it possible to develop such an accelerated stochastic method that have the same or comparable



complexity bound as for AC-SA in the convex case but do not require stochastic gradients to be
light-tailed?

1.4 Our Contributions

e One of the main contributions of our paper is a new method called Clipped Stochastic Similar
Triangles Method (c1ipped-SSTM). For the case when the objective function f is convex
and L-smooth we derive the following complexity bound without light tails assumption on

the stochastic gradients: O(max{\/LR/e, o*Ri/e2} In(LRj/ep)). This bound outperforms
all known bounds for this setting (see Table[I)) and up to the difference in logarithmical
factors recovers the complexity bound of AC-SA derived under light tails assumption. That
is, in this paper we close the gap in theory theory of smooth convex stochastic optimization
with heavy-tailed noise. Moreover, unlike in [47], we do not assume boundedness of the
set where the optimization problem is defined, which makes our analysis more complicated.
We also study different batchsize policies for c1ipped-SSTM.

e Using restarts technique we extend clipped-SSTM to the p-strongly convex objectives
and obtain a new method called Restarted clipped-SSTM (R-clipped-SSTM). For this
method we prove the following complexity bound (again, without light tails assumption on

the stochastic gradients): O(max{+/L/uIn(nR/c), o*/uc} In(L/pp In(#BR?/))). Our bound

outperforms the state-of-the-art result from [7]] in terms of the dependence on In ,%, see

Table 2] for the details.

e We prove the first high-probability complexity guarantees for clipped-SGD in convex
and strongly convex cases without light tails assumption on the stochastic gradients, see
Tables[T]and[2] The complexity we prove for c1ipped-SGD in the convex case is comparable
with corresponding bound for SGD derived under light tails assumption. In the p-strongly
convex case we derive a new complexity bound for the restarted version of clipped-SGD
(R-clipped-SGD) which is comparable with its “light-tailed counterpart”.

e We conduct several numerical experiments with the proposed methods in order to justify
the theory we develop. In particular, we show that c1lipped-SSTM can outperform SGD and
clipped-SGD in practice even without using large batchsizes. Moreover, in our experiments
we illustrate how clipping makes the convergence of SGD and SSTM more robust and reduces
their oscillations.

Table 1: Comparison of existing high-probability convergence results for stochastic optimization
under assumptions (2) for convex and L-smooth objectives. The second column contains an overall
number of stochastic first-order oracle calls needed to achieve e-solution with probability at least
1 — 5. In the third column “light” means that V f(x, £) satisfies (3) and “heavy” means that the
result holds even in the case when (B)) does not hold. Column “Domain” describes the set where the
optimization problem is defined. For RSMD O is a diameter of the set where the optimization problem
is defined. We use red color to emphasize the restrictions we eliminate.

Method Complexity Tails | Domain

SGD [9] O (max { L2222 1n2(3-1) 1) | light | bounded

AC-SA [18.138] ) (max{ Li 2R 1n(,8—1)}> light | arbitrary

RSMD [47]] 0] (max { L?Q , Uig)2 } ln(ﬁfl)) heavy | bounded
clipped-SGD [This work] o) (max { %‘Jz, %} ln(ﬁ_1)> heavy R™
clipped-SSTM [This work] | O (max {ﬁ7 "ifg } In LRﬁg—ﬁ/—;&») heavy R

1.4.1 Relation to [71]]

While Zhang et al. [[71] consider different setup, [71] is highly relevant to our paper, and, in some
sense, it complements our findings. In particular, it contains the analysis of several versions of



Table 2: Comparison of existing high-probability convergence results for stochastic optimization
under assumptions (2) for p-strongly convex and L-smooth objectives. The second column contains
an overall number of stochastic first-order oracle calls needed to achieve e-solution with probability
at least 1 — $. In the third column “light” means that V f (x, ) satisfies (3) and “heavy” means that
the result holds even in the case when (3)) does not hold. Column “Domain” describes the set where
the optimization problem is defined. For RSMD O is a diameter of the set where the optimization

problem is defined and R = /2(f(=z*)=f(=")/u, 1o = f(2°) — f(x*). We use red color to emphasize
the restrictions we eliminate.

Method Complexity Tails | Domain
STGM [I1T] o (m ax { Ly “’jo, o In (ﬁ ln “RO)} light | arbitrary

MS-AC-SA[I9] | O (max{\fl - ’Zz (5—1111 %)}) light | arbitrary
restarted-RSMD O(max{ ( ),i}ln (,8_1111 no? ) heavy | bounded
HE €
0

(471

n = (T2 n L
(e fEn (=5 o)
proxBoost [/ L heavy | arbitrary
where C = In (ﬁ) In ( nﬁ“)

clipped-SGD 0 (max { L o, L} In (%) In (L In %O)) heavy R™

[This work] pnpe  p & ui
R-clipped-SGD O (max { Ln ”R2, o } In (L In 422 )) heavy R™
[This work] He wh e
R—cllpped—SSTM (Inax {\/>1n , L } In (L In “Rz)) heavy R™
[This work] € e wi e

clipped-SGD establishing the rates of convergence in expectation while we focus on the high-
probability complexity guarantees. Secondly, we consider convex and strongly convex cases while
[71] provides an analysis for non-convex and strongly convex problems. Finally, [[71] relies on the
following assumption: there exist such G > 0 and o € (1, 2] that the stochastic gradient g () satisfies
Ellg(z)||$ < G*. This assumption implies the boundedness of the gradient of the objective function
f () which is quite restrictive and does not hold on the whole space for strongly convex functions. In
our paper, we assume only boundedness of the variance. Moreover, we consider smooth problems that
allows us to accelerate clipped-SGD and obtain clipped-SSTM, while Zhang et al. [71] provide
non-accelerated rates.

1.5 Paper Organization

The remaining part of the paper is organized as follows. In Section [2] we present clipped-SSTM
together with the main complexity result in the convex case that we prove for this method. Then, we
present the first high-probability complexity bounds for c1ipped-SGD for for the convex problems.
In Section ] we provide our numerical experiments justifying our theoretical results. Finally, in
Section [5| we provide some concluding remarks and discuss the limitations and possible extensions
of the results developed in the paper. Due to the space limitations, we put the exact formulations
of all theorems, results for the strongly convex problems and the full proofs in the Appendix (see
Sections [F] and [G)), together with auxiliary and technical results and additional experiments (see
Section [H). Moreover, in Section [F.1.2] we present a sketch of the proof of the main convergence
result for c1ipped-SSTM and explain the intuition behind it.

2 Accelerated SGD with Clipping

In this section we consider the situation when f(z) is convex and L-smooth on R™. For this problem
we present a new method called Clipped Stochastic Similar Triangles Method (clipped-SSTM, see
Algorithm[I). In our method we use a clipped stochastic gradient that is defined in the following way:

clip(Vf(z,&),A) = min {1,V v s(.&l.} Vf(z,§) 4)



Algorithm 1 Clipped Stochastic Similar Triangles Method (clipped-SSTM)

Input: starting point ¥, number of iterations N, batchsizes {my, }1_,, stepsize parameter a, clipping
parameter B

1: Set Ag = g =0, y° = 20 = 20

2: fork=0,..., N—1do

3: Set a1 = B2 A0 = Ap + apgr, Mg = ey

4: k1l = (Akl/k’+ak:+1zk)/Ak+1

5. Draw fresh iid. samples ¢&F,....€%  and compute Vjf(zFt1 €") =
i i V(M eF)

6 Compute V f(zF+1, &%) = clip(V f (%, £%), Apy1) using @)

7: Zhtl = ok _ ak+1€f(:rk+1,€k)

8: Yt = (Any oz /4,

9: end for

Output: y~

where Vf(z,€) = =37 Vf(z,&) is a mini-batched version of V f(x). That is, in order to
compute clip(V f(x, &), A) one needs to get m i.i.d. samples V f(x,&1), ...,V f(z, &y ), compute its
average and then project the result V f(x, £) on the Euclidean ball with radius X\ and center at the

origin. Next theorem summarizes the main convergence result for clipped-SSTM.

Theorem 2.1. Assume that function f is convex and L-smooth. Then for all 5 € (0,1)
and N > 1 such that In(4¥/g) > 2 we have that after N iterations of clipped-SSTM
with my = © (max {1, 7%k NIn("/8)/R2}), B = O(Ro/in(v/s)) and a = O(In*(N/g)) that
f@yN) — f(z*) = O(aLR3/N?) holds with probability at least 1 — 3 where Ry = [|z° — 2*||2.
In other words, if we choose a to be equal to the maximum from @ then the method achieves
fy™) — f(z*) < e with probability at least 1 — j3 after O(y/LR3/=In(LR5/ep)) iterations and
requires O(max{y/LRs/e,o*Rj/e*} In(LR5/eB)) oracle calls.

The theorem says that for any 5 € (0, 1) clipped-SSTM converges to e-solution with probability
at least 1 — 8 and requires exactly the same number of stochastic first-order oracle calls (up to the
difference in constant and logarithmical factors) as optimal stochastic methods like AC-SA [18,138] or
Stochastic Similar Triangles Method [16} [22]]. However, our method achieves this rate under less
restrictive assumption. Indeed, Theorem @] holds even in the case when the stochastic gradient
V f(x,§) satisfies only (2) and can have heavy-tailed distribution. In contrast, all existing results that
establish (30) and that are known in the literature hold only in the light-tails case, see Section[I.3.1]

Finally, when 0?2 is big then Theorem says that at iteration k clipped-SGD requires large
batchsizes my ~ k2N (see (26)) which is proportional to £~"/2 for last iterates. It can make the cost
of one iteration extremely high, therefore, we also consider different stepsize policies that remove
this drawback in Section[F.1.1] In particular, the following result shows that c1ipped-SSTM achieves
the same oracle complexity even with constant batchsizes my when stepsize parameter a is chosen
properly.

Corollary 2.2. Let the assumptions of Theorem hold and a =

@(max{l,an(N/,B),\/lnN/BUN3/2/LR0}). Then m; = O(1) and clipped-SSTM
achieves f(y™) — f(x*) < ¢ with probability at least 1 — [ after

O(max{\/LR}/e, 0*Rj/=2} In((LR3+0Ro)/eg)) iterations/oracle calls.

3 SGD with Clipping

In this section we present our complexity results for c1lipped-SGD (see Algorithm[2) in the convex
case. Next theorem summarizes the main convergence result for c1lipped-SGD in this case.



Algorithm 2 Clipped Stochastic Gradient Descent (c1lipped-SGD)

Input: starting point 2°, number of iterations IV, batchsizes {mk}kN;Ol, stepsize v > 0, clipping
level A > 0
1: fork=0,..., N —1do
2:  Draw freshii.d. samples £F,... & and compute Vf(xk, k) = T i Vf (e, €F)
3 Compute Vf(z*, &%) = clip(Vf(«*, £"), \) using @)
4 aht =gk Vf(ah g
5: end for N1
. N _ 1 -1 .k
Output: 7" = 5> .o =

Theorem 3.1. Assume that function f is convex and L-smooth. Then for all 8 € (0,1) and N > 1
such that In(4V/g) > 2 we have that after IV iterations of clipped-SGD with A = O(LR;) and
my = m = O(max{1, No®/R2L21n(~/s)}) where Ry = ||z° — z*||2 and stepsize v = 1/80L1n(41\’/¢3)
that f(zV) — f(x*) = O(LRS n(*¥/5)/N) with probability at least 1 — 3 where 2V = - Lyt o
In other words, the method achieves f(zV) — f(x*) < e with probability at least 1 — 3 after
O (LRG3 /< In(LRS/<p)) iterations and requires O(max{LRS /=, o*Rj/=>} In(L RS /=p)) oracle calls.

To the best of our knowledge, it is the first result for c1ipped-SGD establishing non-trivial complexity
guarantees for the convergence with high probability. Up to the difference in logarithmical factors our
bound recovers the complexity bound for SGD which was obtained under light tails assumption and the
complexity bound for RSMD. However, unlike in [47]], we do not assume that the optimization problem
is defined on the bounded set. The proof technique is similar to one we use to prove Theorem [FI]
One can find the full proof in Section[G.3.1}

4 Numerical Experiments

We have testecﬂ clipped-SSTM and clipped-SGD on the logistic regression problem, the datasets
were taken from LIBSVM library [4]. To implement methods we use Python 3.7 and standard
libraries. One can find additional experiments and details in Section[H.2}

First of all, using standard solvers from scipy library we find good enough approximation of the
solution of the problem for each dataset. For simplicity, we denote this approximation by z*. Then,
we numerically study the distribution of |V f;(2*)||2 and plot corresponding histograms for each
dataset, see Figure[2] These histograms hint that near the solution for heart dataset tails of stochastic
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Figure 2: Histograms of ||V f;(z*)||2 for different datasets. Red lines correspond to probability
density functions of normal distributions with empirically estimated means and variances.

gradients are not heavy and the norm of the noise can be well-approximated by Gaussian distribution,
whereas for diabetes and australian we see the presense of outliers that makes the distribution
heavy-tailed.

Next, let us consider numerical results for SGD and SSTM with and without clipping applied to
solve logistic regression problem on these 3 datasets, see Figures 3} [5] For all methods we used
constant batchsizes m, stepsizes and clipping levels were tuned, see Section [H.2] for the details.
In our experiments we also consider clipped-SGD with periodically decreasing clipping level A

*One can find the code here: https://github.com/eduardgorbunov/accelerated_clipping,


https://github.com/eduardgorbunov/accelerated_clipping
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Figure 3: Trajectories of SGD, clipped-SGD, SSTM and clipped-SSTM applied to solve logistic
regression problem on heart dataset.

(d-clipped-SGD in Figures), i.e. the method starts with some initial clipping level Ay and after
every [ epochs or, equivalently, after every [7!/m] iterations the clipping level is multiplied by some
constant o € (0, 1).
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Figure 4: Trajectories of SGD, clipped-SGD, SSTM and clipped-SSTM applied to solve logistic
regression problem on diabetes dataset.
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Figure 5: Trajectories of SGD, clipped-SGD, SSTM and clipped-SSTM applied to solve logistic
regression problem on australian dataset.

Let us discuss the obtained numerical results. First of all, d-clipped-SGD stabilizes the oscillations
of SGD even if the initial clipping level was high. In contrast, c1ipped-SGD with too large clipping
level A behaves similarly to SGD. Secondly, we emphasize that due to the fact that we used small
bathcsizes SSTM has very large oscillations in comparison to SGD. Actually, fast error/noise accumula-
tion is a typical drawback of accelerated SGD with small batchsizes [35]. Moreover, deterministic
accelerated and momentum-based methods often have non-monotone behavior (see [5] and references
therein). However, to some extent c1ipped-SSTM suffers from the first drawback less than SSTM and
has comparable convergence rate with SSTM. Finally, in our experiments on heart and australian
datasets clipped-SSTM converges faster than SGD and clipped-SGD and oscillates little, while
on diabetes dataset it also converges faster than SGD, but oscillates more if parameter B is not
fine-tuned.

We also want to mention that the behavior of SGD on heart and diabetes datasets correlates with
the insights from Section[1.2and our numerical study of the distribution of ||V f;(z*)||2. Indeed, for
heart dataset SGD has little oscillations since the distribution of ||V f;(z*) — V f(x*)||2, where z* is
the last iterate, is well concentrated near its mean and can be approximated by Gaussian distribution
(see the details in Section . In contrast, Figure E| shows that SGD oscillates more than in the
previous example. One can explain such behavior using Figure 2] showing that the distribution of
IV f(x*)]|2 has heavier tails than for heart dataset.



However, we do not see any oscillations of SGD for australian dataset despite the fact that according
to Figure [2| the distribution of ||V f;(z*)||2 in this case has heavier tails than in previous examples.
Actually, there is no contradiction and in this case it simply means that SGD does not get close to the
solution in terms of functional value, despite the fact that we used v = 1/r. In Sectionwe present
the results of different tests where we tried to use bigger stepsize v in order to reach oscillation region
faster and show that in fact in that region SGD oscillates significantly more, but clipping fixes this
issue without spoiling the convergence rate.

5 Discussion

In this paper we close the gap in the theory of high-probability complexity bounds for stochastic
optimization with heavy-tailed noise. In particular, we propose a new accelerated stochastic method —
clipped-SSTM — and prove the first accelerated high-probability complexity bounds for smooth
convex stochastic optimization without light-tails assumption. Moreover, we extend our results
to the strongly convex case and prove new complexity bounds outperforming the state-of-the-art
results. Finally, we derive first high-probability complexity bounds for the popular method called
clipped-SGD in convex and strongly convex cases and conduct a numerical study of the considered
methods.

However, our approach has several limitations. In particular, it significantly relies on the assumption
that the optimization problem is defined on R™. Moreover, we do not consider regularized or
composite problems like in [47]] and [[7]. However, in [47] it is significant in the analysis that the set
where the problem is defined is bounded and in [[7] the analysis works only for the strongly convex
problems. It would also be interesting to generalize our approach to generally non-smooth problems
using the trick from [52].

Broader Impact

Our contribution is primarily theoretical. Therefore, a broader impact discussion is not applicable.
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Appendix
Stochastic Optimization with Heavy-Tailed Noise via
Accelerated Gradient Clipping
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A Notations and Definitions

. . def
We use (z,%) to define standard inner product between two vectors z,y € R”, ie. (z,y) =

Z?:l x;1;, where x; is i-th coordinate of vector x, 7 = 1,...,n. Standard Euclidean norm of vector

x € R™ is defined as ||z]|2 &ef VA, ).

We use P{-} to define probability measure which is always known from the context, E[| denotes
mathematical expectation, E¢|[-] is used to define conditional mathematical expectation with respect to
the randomness coming from £ only and E [ | 5] denotes mathematical expectation of £ conditional
on 7). In our proofs, we also use E[-] to denote conditional mathematical expectation with respect to
all randomness coming from k-th iteration. For P-measurable set X we use 1 x to denote indicator
of event X, i.e.

1, if event X holds,
Ix = { 4)

0, otherwise.

Next, we introduce some standard definitions.

Definition A.1 (L-smoothness). Function f is called L-smooth on R™ with L > 0 when it is
differentiable and its gradient is L-Lipschitz continuous on R", i.e.

IVf(@) = VWl < Lllz —yll2, Vz,y e R™ (6)
It is well-known that L-smoothness implies (see [54])
L
fy) < f@)+{Vf@),y—a2)+ Syl Vaoyer?, ™

and if f is additionally convex, then

IVF@@) =Vl < 2L(f(z) = fly) = (Vf(y),z—y)) Va,yeR" ®)

Since in this paper we focus only on smooth optimization problems we introduce strong convexity in
the following way.
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Definition A.2 (u-strong convexity). Differentiable function f is called p-strongly convex on R™
with ¢ > O if forall z,y € R”

"
f(@) 2 f) + (VW)= —y) + Sz — 5. ©)
In particular, p-strong convexity implies that for all z € R™
* M *
fl@) = f@") = Sl = |3 (10)

Throughout the paper, we use z* to denote any solution of problem (1) assuming its existence. By the
complexity of stochastic first-order method we always mean the total number of stochastic first-order
oracle calls that the method needs in order to produce such a point Z that f(Z) — f(z*) < e with
probability at least 1 — 3 for some ¢ > 0 and 3 € (0, 1). Finally, in the complexity bounds we often
use Ry to denote ||2° — z*||2 where 2 is the starting point of the method.
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B Related Work: Additional Details

B.1 Related Work on Non-Smooth Stochastic Optimization

Here we present an overview of existing results in the convex non-smooth case, i.e. when f is
still convex but not necessarily L-smooth and the stochastic gradients have a bounded second
moment: E¢[||V f(z,£)3] < M? for all z € R™. Under additional assumption that the stochastic
gradients have light-tailed distribution it was shown that SGD [49] has O (M*RiIn(8~")/?) complexity
and if additionally f is p-strongly convex it was shown in [31} [32]] that the restarted version of
SGD has O (M*In(87" In(M*n""™))/,c) complexity (see also [27, [33L 58]). Moreover, removing
logarithmical factors from these bounds we get the complexity bounds of these methods for the
convergence in expectation, i.e. needed number of oracle calls to find such & that E[f (Z)] — f(z*) < e.
That is, under light tails assumption high-probability complexity bounds and complexity bounds in
expectation for SGD and restarted-SGD differ only in logarithmical factors of 1/s.

Unfortunately, for these methods the situation changes dramatically when the stochastic gradients
are heavy-tailed. To the best of our knowledge, the best know bounds in the literature with the same
dependency on € are O (M*Ri/s%c*) and O (M?/p<). One can obtain these bounds using complexity
results for the convergence in expectation and Markov’s inequality. However, it leads to significantly
worse dependence on 3: instead of O(In(371)) we get O(37?) and O(5~!) dependence on the
confidence level 5. Furthermore, based on the well-known results on the distribution of sum of
i.i.d. random variables (see Section [D.2)) in [15] authors consider the case when the tails of the
distribution of stochastic gradient satisfy P{||V f(z,&) — Vf(z)|l2 > s} = O(s™%) for a > 2
and give the following complexity bounds without formal proofs that SGD for convex problems and
restarted-SGD for p-strongly convex problems have following complexities:

O <M2R2max{ln(f2_1), (5;)3@_2}> )

M?1n (ﬁ_l In %) M2 52 M2 Torz
O | max - , () (ﬁ_l In )
pe pe pe

The first terms in maximums above correspond to the Central Limit Theorem regime, while the
second terms correspond to the heavy-tailed regime, see Section[D.2] These bounds show that heavy
tailed distributions of the stochastic gradients significantly spoil complexity bounds of SGD and
restarted-SGD when the confidence level 3 is small enough.

B.2 Related Work on Gradient Clipping

As we mentioned Section clipped-SGD [21} 45156} 167] is known to be robust to the noise in
stochastic gradients and performs better than SGD in the vicinity of extremely steep cliffs. Zhang et al.
[71] analyse the convergence of clipped-SGD in expectation for strongly convex and non-convex
objectives under assumption that E[||V f(x, £)||$] is bounded for some « € (1,2]. For @ < 2 this
assumption covers some heavy-tailed distributions of stochastic gradients appearing in practice.
Moreover, in [71]] authors conduct several numerical tests showing that in some real-world problems
where the noise in stochastic gradients is heavy-tailed c1ipped-SGD converges faster than SGD. In
[70] Zhang et al. found that c1ipped-GD is able to converge in non-convex case to the stationary
point under the relaxed smoothness assumption with O(¢~?) rate while Gradient Descent (GD) can
fail to converge with the same rate in this setting. A very similar approach based on the normalization
of GD is studied in [2839].
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C Basic Facts

In this section we enumerate for convenience basic facts that we use many times in our proofs.

Fenchel-Young inequality. For all a,b € R™ and A > 0

lall3 | Allbll3
by < . 11
[a.B)] < 232 + 22 (an
Squared norm of the sum. For all a,b € R”
la+ BlI3 < 2lal3 + 2([b]13. (12)
Inner product representation. For all a,b € R"
1
(a,0) = 5 (lla +bl15 = llall5 = [15]13) (13)
Variance decomposition. If ¢ is a random vector in R with bounded second moment, then
2 2
E[li¢ +al] = E [l — E€)I3] + IE[§) + all3 (14)
for any deterministic vector a € R™. In particular, this implies
E[llg - ElE]I3] < E [ll€ +al3] (15)

for any deterministic vector a € R".

D Auxiliary Results

D.1 Bernstein Inequality

Lemma D.1 (Bernstein inequality for martingale differences [} [12} [14]]). Let the sequence of
random variables { X };>1 form a martingale difference sequence, i.e. E [X; | X;_1,...,X;] =0
for all i > 1. Assume that conditional variances o2 R [X?| X;_1,...,X1] exist and are

bounded and assume also that there exists deterministic constant ¢ > 0 such that || X;||2 < ¢ almost
surely for all ¢ > 1. Then forallb > 0, F > 0andn > 1

P{‘iXi
=1

n b2
> b and § o-?gF} < 2exp (—) (16)
P 2F + 2¢b/3

D.2 About the Sum of i.i.d. Random Variables with Heavy Tails

In this section we present some classical results about the distribution of sum of i.i.d. random variables

ZkN:1 &, with heavy tails [2]. As one can see from our proofs of main results for clipped-SSTM
and clipped-SGD such sums play a central role in the analysis of convergence with high probability.

Assume that {¢, } is i.i.d. with E[¢;] = 0 and Var[¢,] & E[(¢ — E[¢4])?] = o2. Assume also that

V(s) =P{&, > s} = O (s7), where a > 2. In this case

P{é@m}:l—@(\/;w%zvvw),

where N > 1and ®(z) = 5= [*_exp (—y?/2) dy. Since

— 27

2 2 2
0.2 exp (_x) <1-—®(x) <exp (_:1:) ,
T 2
we haveE]

N
P{;fk > s} ~1-—- (\/0827N> , s<\/(a—2)02NInN (CLT regime) 17

SCLT = Central Limit Theorem.
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and

N
P {Z & > s} ~N-V(s), s> \/(oz —2)02NIn N (heavy-tailed regime).  (18)
k=1

This simple observation can play a significant role in deriving complexity results for non-smooth
convex optimization under the assumption that stochastic gradients are heavy-tailed, see [15] for the
details.

E Technical Results

Lemma E.1. Consider two sequences of non-negative numbers {a } >0 and { Ay }r>0 such that

k+2
g =A0=0, App1=Ap+opt1, Qg1 = Sal vk >0, (19)
where a, L > 0. Then for all £ > 0
(k+1)(k+4)

A SR S 20

k+1 Tl ) (20)

Agy1 > aLoiy. 1)

Proof. By definition of A1 we have that
k+1 k1
B 1 (k1) (k+4)
Ak-‘rl - ;al*ﬁ;(l+l)fT

Using (k + 1)(k +4) > (k + 2)? together with the inequality above we derive (21)). O
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F Accelerated SGD with Clipping: Exact Formulations and Missing Proofs

In this section we provide exact formulations of all the results that we have for c1ipped-SSTM and
R-clipped-SSTM together with the full proofs.

F.1 Convex Case

Recall that in order to compute clip(Vf(x,&),\) one needs to get m i.i.d. samples
Vi(x,&),...,Vf(x,&n), compute its average

VI8 =Y VI6), @)
i=1

and then project the result V f(z, &) on the Euclidean ball with radius A and center at the origin. We
also notice that

IN

12. 24)
m

Ee [IV/(z.€) - V(@)

F.1.1 Convergence Guarantees for clipped-SSTM
Next theorem summarizes the main convergence result for clipped-SSTM.

Theorem F.1. Assume that function f is convex and L-smooth. Then for all 3 € (0,1) and N > 1

such that i

we have that after /V iterations of clipped-SSTM with

60000202,  \NIn ¥ 103680202 . - N
my = max< 1, k+12 A , i a2k+1 5 (26)
C2Rj C?Rg
CR 161n 2% 4N 4N v\’
_ 0 B 2

B—Sln%, aZmaX 1,T736 <2lnﬁ+\/4ln /8+21H5> 5 (27)

that with probability at least 1 —
2aLC?R?
F6™) = 16" < Fr s ()
where Ry = ||z — z*||2 and
C =5 (29)

In other words, if we choose a to be equal to the maximum from (]ZI), then the method achieves

f(y™) — f(z*) < e with probability at least 1 — 3 after O < LB ) LR

iterations and requires
e ep

LR?2 o2R? LR?
o) (max {\/ v g - o } In 0) oracle calls. (30)
€ € ep

One can easily notice that multiplicative constant factors in formulas for my and a are too big and
seem to be impractical, but in practice one can tune these constants to get good enough performance.
That is, big constants in and (27) are needed only in our analysis in order to get bound (30).

2

Finally, when o~ is big then Theorem says that at iteration k& clipped-SGD requires large
batchsizes my, ~ k>N (see (Z6)) which is proportional to e =%/ for last iterates. It can make the cost
of one iteration extremely high, therefore, we consider different stepsize policies that remove this
drawback.
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Corollary F.2. Let the assumptions of Theorem [F.1] hold.

1. (Medium batchsize). If V and /3 are such that NV In % is bigger than the maximum from
(27), then for a = N In % we have

€29

{ 600002(k +2)2  1036802(k + 2)?2 }
my = max < 1

) ) p)
AL?’NC?R3In 431" 4AL2C?R3N In* 4F
and the method achieves f(y™) — f(z*) < e with probability at least 1 — 3 after

LR2, LR?
O( Eoln 5,@0

) iterations and requires

2 _2p2 2
O ( max LRO, iy In LI oracle calls. (32)
€ g2 el

2. (Constant batchsize). If N and 3 are such that agN*/?, /In % is bigger than the max-

imum from (27) for some positive constant ag, then for a = agN"/?y /In f we have

(33)

{ 600002(k +2)2 1036802 (k + 2)2 }
mp = max< 1,

4a§L2N?C?R§’ 4a3L2C?REN? In 4f
and the method achieves f(y") — f(2*) < e with probability at least 1 — 3 after

2L*Ry LR} . : :
@) <a°5720 In (ZOETU iterations and requires

2L2R4 2R2 LR2
O | max 0 0 7% In 4o~ % oracle calls. (34)
g2 g2 ep

Finally, if ap = %, then my = O(1) for k = 0,1,..., N and clipped-SSTM finds

g

2 p2
e-solution with probability at least 1 — /3 after O ( ;’0 In U?}ZO) iterations and requires

O(1) oracle calls per iteration.

In the first case batchsizes increase from O(1) for k = 1to O(c~!) for k = N and the overall
complexity recovers the complexity of Robust Stochastic Mirror Descent (RSMD) from [47]. However,
analysis from [47] works only for the optimization problems on compact convex sets, whereas our
analysis handles an unconstrained optimization on R™. Despite the similarities of our approach and
[47], it seems that the technique from [47]] cannot be generalized to obtain the complexity like in (30}
due to the fast bias accumulation that appears because of the special truncation of stochastic gradients
that is used in RSMD.

In the second case the corollary establishes e =2 In(e~!37!) rate for clipped-SSTM with constant
batchsizes, i.e. my = O(1) for all k. The ability of clipped-SSTM to converge with constant
batchsizes makes it more practical and applicable for wider class of problems where it can be very
expensive to compute large batchsizes, e.g. training deep neural networks. Moreover, when o is not
too small, i.e. 02 > Le, this rate is optimal (up to logarithmical factors) and also recovers the rate of
RSMD.

Finally, setting

2
161n 4% AN AN AN
@ = max{1l,——2 36(2In—- +,/4ln®> — +2In — ,
c ( 3 5 3
, oN°/ AN
=  fn— 35
a max{a, L Ro n 3 (35)

and my, as in (26), we get my, = O(1) for k = 0,1, ..., N and derive the following result.
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Corollary F.3. Let the assumptions of Theorem|[F.T]hold, a is chosen as in and my, is computed
via (26)). Then clipped-SSTM achieves f(y¥) — f(z*) < e with probability at least 1 — 3 after

L 2 2 p2 L 2
(0] (max {\/ I , g ]jo } In Bo + URO) iterations/oracle calls.
€ € ep

F.1.2 Sketch of the Proof of Theorem [E1l

We start with the following lemma that is pretty standard in the analysis of Stochastic Similar
Triangles Method, e.g. see the proof of Theorem 1 from [10].

Lemma F4. Let f be a convex L-smooth function and let stepsize parameter a satisfy a > 1.
Then after N > 0 iterations of clipped-SSTM for all z € R™ we have

N-1

1 1
An (F™M) = f(2) < §||Z0 — 2|5 — §||ZN — 2|3 + Z g1 (Opt1, 2 — 2)
k=0
N-—1 N—-1
+ 3 0fr 1Bkalls + Y afyr (B, V), (36)
k=0 k=0
Opr1 = V(M E) — Vi), (37)

That is, if z = x*, then the result above gives a preliminary upper bound for Ay (f(y™) — f(z*)).
The first and the second terms in the r.h.s. of (36)) come from the analysis of Similar Triangles Method
[L6] and three last terms have a stochastic nature. In particular, they explicitly depend on differences
Ops1 = Vf(xFt1, &%) — Vf(xFT1) between clipped mini-batched stochastic gradients and full
gradients at 2511, so, if V f (211, £¥) = V f(2*¥*1) with probability 1, then we easily get needed
convergence rate. However, we are interested in the more general case and, as a consequence, to
continue the proof, we need to find a good enough upper bound for the last three terms from (36)). In
other words, we need to show that choosing parameters a, my, and ;1 properly we can upper bound
these terms by something that coincides with ||z° — 2*||2 up to numerical multiplicative constant.
The proof of convergence result for RSMD from [47]] where authors provide upper bound for similar
sums hints that Bernstein’s inequality (see Lemma|[D.T)) applied to estimate these terms can help us
to reach our goal. In order to apply Bernstein’s inequality one should derive tight bounds for such
characteristics of V JiCAan Sk) as upper bounds for the magnitude, bias, variance and distortion and
the next lemma provides us with this.

Lemma E.5. For all £ > 0 the following inequality holds:
V@, 65 —Ben [V, 69| < 2hesn. (38)

Moreover, if ||V f(zFT1)||2 < % for some k& > 0, then for this & we have:

oo Frette] -wre], < R o
Eee |:H%f(xk+17£k) _ vf(ka)Hz] < 1:;127 o)
Ee. [H%f(:c’f“,g’“) — Eg [%f(x’““,g’“)} Hz] < 1:;2. (41)

Clearly, clipping introduces a bias in v JiChans Ek) which influences the convergence of the method.
Hence, the clipping level Ay should be chosen in a very accurate way. Below we informally
describe what does it mean and present the sketch of the remaining part of the proof.

Imagine the ideal situation: V f(z*+1,¢*) = V f(2*+1) with probability 1 for all k, i.e. we have
an access to the full gradients at points 2**!. Then it is natural to choose A, in such a way
that clip(V f(x¥*+1), \k+1) = V f(2¥*1) in order to recover Similar Triangles Method (STM) that
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converges with optimal rate in the deterministic case. In other words, one can pick A4 such that
[V £(z**1)|l2 < gt and get an optimal method. Since we know that in this case the method
should converge with O(1/x?) rate in terms of f(x*) — f(z*) one can expect that the gradient’s norm
decays with O(/k) rate, so, one can choose A1 to be proportional to 1/k. It is exactly what we do
when we define A\g11 as B/ax1.

The ideal case described above gives a good insight on how to choose A\, in the general case

and can be described as follows: if we want to prevent our gradient estimator v fzktt 5}“) from
large deviations from V f(z**1) with high probability, then it is needed to choose A1 such that
[V £(z*)]l2 < eAgs1 with high probability where ¢ < 1 is some positive number. This choice
guarantees that with high probability clipped mini-batched gradient v JiCans % ) cannot deviates
from V f(2**1) significantly and, as a consequence, the convergence rate of c1ipped-SSTM in terms
of the number of iterations needed to achieve the desired accuracy of the solution with high probability
becomes similar to the convergence rate of STM up to some logarithmical factors depending on the
confidence level.

In particular, we choose Aj 1 such that ||V f(z**1)||a < Ar+1/2 with high probability. Moreover, we
derive this relation by induction via refined estimation of the three last terms from the r.h.s. of (36)
that is based on the new variant of advanced recurrences technique from [22, 23]]. The main trick
there is in showing by induction that sequence ||z — z*||5 is bounded by some constant multiplied
by [|2° — 2*||2 and in deriving |V f (z¥*1) |2 < Ax+1/2 simultaneously for all k = 0,1, ..., N. With
such bounds and Lemma [F.5|in hand, it is possible to apply Bernstein’s inequality to three sums from
the r.h.s. of (36) since all summands are bounded with high probability. After applying Bernstein’s
inequality we adjust parameters a1 and my, in such a way that after rearranging the terms in the
obtained upper bounds we get that r.h.s. in (with z = x*) is smaller than [|z" — 2*||3 up to some
multiplicative numerical constant. This finishes the proof.

To conclude, the key tools in our analysis are Bernstein’s inequality (see Lemma[D.T]) and advanced
recurrences technique [22} 23] that helps us to show boundedness of ||z —z* |2 and [V f (z*+1) |2 <
Ak+1/2 with high probability. We provide detailed proofs of presented result in the Appendix (see

Section[F3).

F.2 Strongly Convex Case

In this section we assume additionally that f(z) is p-strongly convex. For this case we mod-
ify Algorithm [I] and propose a new method called Restarted Clipped Similar Triangles Method
(R-clipped-SSTM), see Algorithm 3] At each iteration R-clipped-SSTM runs clipped-SSTM for

Algorithm 3 Restarted Clipped Stochastic Similar Triangles Method (R-clipped-SSTM)

Input: starting point 2°, number of iterations Ny of c1ipped-SSTM, number of c1ipped-SSTM runs,
batchsizes {mg}ffio_l, {m}ﬁ}fc\'io_l, e {m;}gig !, stepsize parameter a, clipping parameters
{Bt}i=o

1: Set #0 = 0
2: fort=0,1,...,7—1do
3: Run clipped-SSTM (Algorithm [1) for N iterations with batchsizes {mf}1°,, stepsize
parameter a, clipping parameter B; and starting point #¢. Define the output of c1ipped-SSTM
by 2t+1,
4: end for
Output: 7

Ny iterations from the current point #* and use its output as next iterate #**!. In literature this
approach is known as the restarts technique [11} 31,132, [51]]. Choosing Ny and parameters my, a and
B in a proper way one can get an accelerated method for strongly convex objectives. Theorem below
states the main convergence result for R-clipped-SSTM.

22



Theorem F.6. Assume that f is p-strongly convex and L-smooth. If we choose 5 € (0,1), 7 and
Ny > 1 such that

4N, L
ML USRS VAo 42)
i
and t 2 2 4N
6000 - 200202,  Noln 0T 10368 - 206202 . . N,
mi = maX{L 10 B 7 a0 (43)
C2R2 C2R?
CR
B e “
2
161n 4007 4N, 4N, 4N,
B oT 2 o7 oT
a>maxq 1, ———— 36 2In + 4/41n + 2In , (45)
c ( B B B

where R = / M and C' = +/5, then we have that after 7 runs of clipped-SSTM in
R-clipped-SSTM the inequality

F@7) = f(@*) <277 (f(=°) - f(a*)) (46)
holds with probability at least 1 — /3. That is, if we choose a to be equal to the maximum from
(|1_3]) and Ny < Cl\/? with some numerical constant C; > C, then the method achieves
f(@7) — f(x*) < e with probability at least 1 — 3 after

2 2
@) ( £ In <MR) In <L In M)) iterations (in total) 47)
\/ Iz € pB - €

of clipped-SSTM and requires

L 2 2 L 2
O (maxd | Zm#E 2Ly (m “R) oracle calls. (48)
poo€ T pe puB €

In other words, R-clipped-SSTM has the same convergence rate as optimal stochastic methods for
strongly convex problems like Multi-Staged AC-SA (MS-AC-SA) [19] or Stochastic Similar Triangles
Method for strongly convex problems (SSTM_sc) [16l 22]]. Moreover, in Theorem [F.6] we do not
assume that stochastic gradients are sampled from sub-Gaussian distribution while corresponding
results for MS-AC-SA and SSTM_sc are substantially based on the light tails assumption. Our bound
outperforms the state-of-the-art result from [7]] in terms of the dependence on In % It is worth to
mention here that using special restarts technique Nazin et al. [47] generalize their method (RSMD) for
the strongly convex case, but since RSMD is not accelerated their approach gives only non-accelerated
convergence rate.

We also emphasize that big numerical factors in formulas for m!, and a are needed only in our analysis
and in practice they can be tuned. However, when o is big bathsizes m!, become of the order k%",
It can make the cost of one iteration extremely high, therefore, as for clipped-SSTM we consider a
different stepsize policy removing this drawback.

Corollary F.7. Let the assumptions of Theorem [F.6|hold. Assume that conditions @2), (43), (#4)
and (@3)) are satisfied for

o4 1n? Mot I
“:@<Lu526>’ No:@< “7 . (49)

Then after 7 = [In(#£?/2¢)] runs of clipped-SSTM in R-clipped-SSTM the method achieves
f(&7) — f(z*) < e with probability at least 1 — 3. Moreover, the total number of iterations of
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clipped-SSTM equals

2 2 2
0(—1 <"‘R )m(" m M )) (50)
JUE € uep €

withml = O(1) forallk =0,1,...,No—1,t =0,1,...,7 — 1.

When o2 is big the obtained bound is comparable with bounds for restarted-RSMD and proxBoost,
see Table

F.3 Proofs
F.3.1 Proof of Lemma[Ed]
Using 2F+1 = 2% — a1 V f (2%, £F) we get that for all z € R™
Q1 <Vf( k+1 ék)7zk _ z> = e <§f(xk+1,£k)7zk _ Zk+1>
k41 <%f(ask+1,£k), 2Rl z>
= e <6f(xk+1’€k)7zk _ Zk+1> n <Zk+1 ok - Zk+1>

D V. 1
< gy <Vf(xk+17£k>7zk _ zk+1> _ 5sz 12

1 1
#3124 = 2] = S - 2B, 1)

Next, we notice that

pe1 Ayt a2 At o2t o kY kbl KRA1 kb1 k
Yy = = z 2F) =" (= 2F)
App A1 Ak A1
(52)
which implies:
GD.61 1
Qpa1 <Vf( ktl Ek)v Zk - Z> < Q41 <Vf(xk+l)v Zk - Zk+l> - ink k+1||2
1 1
+ag41 <0k+172k - Zk+1> + §||Zk - ZH% - §||ZkJrl - ZH%
1
D A (A, ) - IR -
1 1
k41 <0k+172k - Zk+1> + §||Zk - ZH% - §||ZkJrl - ZH%

INS

ApiiL
Aprr (F") = fPY) + 22 bt — k)2

2
1
_§||Zk FHUE 4 g (Ggn, 2 — )
1, . 1. .
+§||Zk — 2|3 - §||ZkJrl —2|l3
1 /a2, L
D A (P - ) g (1) - g
2\ Apsa
1 1
toy1 (Or1, 27— 2F) + §||Zk - 23 - §||ZkJrl - zl3.

Since Ay > aLa% 11 (see Lemma i and a > 1 we can continue our derivations:
Qg+1 <Vf( L g ), 2" — Z> < A (f(il?kﬂ) - f(ykﬂ)) + Qg1 <9k+1,2k - Zk+1>

1 1
5l = 2l = S - 2] 53
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Next, due to convexity of f we have

(Vi eh), =oY@ (Vi) g — 2t 4 (B gt — o)

< SO = FE + (Ot — 2. (54)
By definition of 2**! we have 2**! = %‘ﬁ“zk which implies
Q1 (Jck'H — zk) = A (yk — ka) (55)

since Ap+1 = Ag + ag+1. Putting all together we derive that

e (VFE €5, —2) = g (VAR €5, M o)
o (VI €5), 25 - 2)

2@ 4 <%f($k+17€k)7yk - m’“+1>
a1 <§f(x’““,£k),z’“ - z>

< A (f5) = FEMY) + Ak (B, yF - 2H
+Apg1 (F@Y) = @) + angr (O, 25 — 2T

1 1
+§||Zk —zll3 - §||Z'€Jrl — 2|3
e Af W) = At fWEY) + ceger (Opgr, 2T = 2%)
+0lk+1f(xk+1) + api <9k+1, PA Zk+1>
1 1
+§||Zk — 2|3 - §||Z'~ch1 —zll3
< AfWF) = A fGPTY) 4 g f(2FTY

k41 <9k+1733k+1 - Zk+1>

1 1
3l = 2l = S - 2

Rearranging the terms we get

A W) AR < ann (@) 4 (TR ER, 2 - )) 4 D B
1

2
@ 41 (f(l”kﬂ) + <Vf(xk+1)7 Z = fﬁk+1>)

||Zk+1 k+1 Zk+1>

— 2|3 + o1 (Opgr, @

1 1
s (Ope1, 2 — 2" + 5”21C — 2|5 - §sz+1 — 2|3

+ag41 <9k+17$k+1 - Zk+1>

1 1
<ok f() + gt = 25 = Sl = 213+ o (Brr, 2 — 2
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where in the last inequality we use the convexity of f. Taking into account Ay = oy = 0 and
Ay = Z]k\:)l Q1 We sum up these inequalities for k = 0, ..., N — 1 and get

N-1

1 1
AnfyY) < ANf(Z)+§||ZO—ZH%—§||ZN—ZH§+Zak+1<9k+1’z—zk+l>
k=0
N-1

1 1
= AnfE) 4 g1 sl 51 sl 3 e (B, = )

N-1
+Y ain <9k+17 %f($k+17€k)>

k=0
D Anfo) +of -2 LN -2 +Nzlak+1 (Osrsz — )
2 2 Pt
N—-1 N-—1
3 a2 e+ Y adey (B, VAE)
k=0 k=0

which concludes the proof.

F.3.2 Proof of Lemma|[E3]

Proof of (38). By definition of V f(2zFt1, £¥) we have that |V f(zF+1, €%)|l2 < Axy1 and, as a
Egr [ﬁf(xkﬂ, Ek)]H2 < Ak+1. Using this we get

consequence,
[oster, 1 [P 9] = [0 e [0, ) =20

Proof of (39). In order to prove this bound we introduce following indicator random variables:

def def
Xk = Lyt g8 l>aepns T = L9 p@ht1,65)—V f@h+))la> 3 h 1 (56)

From the assumptions of the lemma, we have that |V f (z*+1) |5 < % which implies

“Vf(xk+1’€k)“2 < va($k+l’£k)_vf(xk-&-l)Hz_’_va(xk—i-l)Hg
< [[rere gy - vsie|| + 2

hence
Xk < M. (57)

The introduced notation helps us to rewrite v f(ahtL g k) in the following way:

V. k+1 ¢k _ k+1 gk B Aet1 k+1 ¢k

S B e R (A S NI
e,
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We use this representation to obtain the following inequality:

2

(60)

[Ee [Fres+t,en)] - wrsy)| BB \[F f(;ff’ o VL €
A
< Egk _ ’vf(xk+17£k) ‘2 ' va(x:;rll’ Ek)HZ — 1] xx
D Be | |vrette], (1 HVf(:::ll,E’“)H N
L 2

%Eb Egx H Vf($k+1>§k)’ 2Xk}

2 B [|vreren)| ]

< B [|[vr@tt e - v m
+ [ VA, Eer e

< \/]Eek Vst - Vs Belit
+{[VFE], Egr [e]

D R b e )

Next, we derive an upper bound for the expectation of 7, using Markov’s inequality:

Eer [m] = Eex [7] =Per{me =1}
A
2 r. {vaﬂ,s’“) - Vi > ;}
2
k
AE¢: [HW(I’““,E )Vf(w’““)M —
< < : (61)
A7 miA2
k+1 EAk+1
Putting all together we derive (39):
~ (€0, @1 202 Mot 1 402 402
Eeo [V (2", €9)] = Wi+ H < 4 Dk _ .
H Ek[ f( E )] f( ) 2 - mk)\k+1 2 mk)\i_H mk)\k+1

Proof of @D Recall that in the space of random variables with finite second moment, i.e. in Lo, one
can introduce a norm as /| X |2 for an arbitrary random variable X from this space. Using triangle
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inequality for this norm we get

2

k
%Esk [vraen-viwnl]] € e ||2HETE) gy
’ va(warl’gk)Hz 2
ME“ [vrren - vran| - ]
2
O D Y AN A 1’5

va (1 € H +2[|Vf( $k+1)”2 X%

+\/]Eek [vrers e - vraen]f]

\/7)\k+1 Eex [X7] + \/—

&D.@1 \/g 20 o o
< S P = (Vi0o+1
= 9 1 \/nTkAk+1+\/rﬁ ( + )ﬁ

k
- V18a
= %mk/ .
Proof of (@T). To derive @) we use @0):
\V/ k41 ¢k \V/ k1 ek |? @ Vi k+1 ¢k k+14 ]2
||t —Be [Vraten] ] S Be | [Vttt € - vty
1802
< )
my,
F.3.3 Proof of Theorem [E1]
Lemma [F4]implies that the inequality
1 N-1
AN (fN) = f(=Y) < 5”20 — a3 - *||z —a*||3 + Z app1 (Orpr, 2* —25)
k=0
N-1 N-1
+ 3 ob 10kl + Y afgr (Orgr, VAT, (62)
k=0 k=0
b & VI E) - V@) (63)

holds for all N > 0. Taking into account that f(y"™) — f(z*) > 0 for all y"V and using new notation

Ry, & |25 — 2*||s, Ro = Ro, Riy1 = max{Ry, Rs1} we derive that for all k > 0

k-1 k-1 k—1
R; < R +2 Z a1 (O, a* — 2') +2 Z oy (01, V(@) +2 Z o 104113 (64)
1=0 1=0 1=0

First of all, we notice that for each k& > 0 iterates 2*+
0

', 2%, y" lie in the ball By (2*). We prove
~ 0 0
=12 Ry = Ry = ||2° —a"|z and o' = Atz = ;0

have that z', 2%, 40 € Bj (2*). Next, assume that 2!, 2/~ 1, ¢y/~! € By _ (2*) for some ! > 1. By

it using induction. Since y° = z = z" we

definitions of R; and R; we have that 2! € Bp, (z*) C B 7, (z7). Since y! is a convex combination
of y'=1 € Bz, (2*) € By (z"), e Bg, (2) and By (2*) is a convex set we conclude that
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y' € By («*). Finally, since z'*! is a convex combination of y' and ' we have that z/*! lies in
Bg, (z7) as well.
The rest of the proof is based on the refined analysis of inequality (64). In particular, via induction
we prove that for all k = 0,1, ..., N with probability at least 1 — %ﬂ the following statement holds:
inequalities

& t—1 t—1 t—1
R} < R{+2) o (O, a" =2 +2> afy (0, VAET)) +2> af 104413
C?R? (65)
hold for ¢t = 0,1,...,k simultaneously where C' is defined in (29). Let us define the probability
event when this statement holds as Fj. Then, our goal is to show that P{E}} > 1 — kB for all
k=0,1,...,N. Fort = 0 inequality (63) holds with probability 1 since C' > 1, hence }P’ﬁ?o} =1
Next, assume that forsome k =T —1 < N —1wehave P{E;} =P{Er_1} >1— w Let
us prove that P{Er} > 1 — TWB First of all, probability event Ep_; implies that

IN

@ 1 1 t—1 t—1
fh) = fl=r) < (QRS + Y g (B, = 2+ VAET)) > 0f 1043

A 1=0 1=0
& C%R3
< 66
S A, (66)
hold fort = 0,1,...,T — 1. Then, inequalities
@ . 1 Ry
IVi@Hll, = IVFE, < Ll = atlle = - 2,
IvrEHl, = VAT = Vi), + V6O,
@.8
< Lla"™ =yl + V2L(f(y") — f(a*))
.68 a4 L . LC2R?
< i +1 _ _k 0
el RE s
@ 2L(t+2 . . 2LCRg/a
2 LD (bt ey 4 — o) + ooV
t(t+3) t(t + 3)
_ AL(t+ 2)R,  2LCRyv/a
- t(t+3) t(t +3)
@ 2aLCRy [ 2(t+ 2)? t+2
- t+2 \at(t+3) at(t +3)
< CRo (9 i 3
- [e7 AN} 2a 2\/&
hold fort = 1,...,7 — 1 where the last inequality follows from %ff)ij < gl(ﬁz,j = % Taking a
such that
a>2Bo g 2.3 B
- B 2a 2\/5 — 2CRy
we obtain that probability event Er_; implies
B A
t+1 < _ ttl 67
VIOl < 50— =75 (67)
fort=0,...,7 — 1. Since B = 816;1% we have to choose such a that
B
161n 4 ‘ 9 3 1
> P < —
‘=77 e + Vva — 8111%
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Solving quadratic inequality

a—24\/aln%—721n% >0

w.r.t. \/a we get that a should satisfy

161n 4 AN AN AN

B 2
a>max{ ———,36[2In— +4/4In" — +2In —
o ( B8 B 8

2

Having inequalities (67) in hand we show in the rest of the proof that (65)) holds for ¢ = T" with big
enough probability. First of all, we introduce new random variables:

x* — 2t if ||la* — 2Y2 < CRy, V), if [Vt < 52—,
m= . and (= ‘ 141
0, otherwise, 0, otherwise,

(68)
for/ =0,1,...7 — 1. Note that these random variables are bounded with probability 1, i.e. with
probability 1 we have

B
[mll2 <CRy and |Gz < . (69)
20041

Secondly, we use the introduced notation and get that £7_; implies

@9@94@%@@ T—1 T—1 T—1
R% < R +2> g (Orer.m) +2) of 03 +2 ) ol (0141,G)
T—1 T—1
= R3+ > argr (Bip1,2m + 20041G) +2 ) a1 10141113
=0 =0

Finally, we do some preliminaries in order to apply Bernstein’s inequality (see Lemma [D.T)) and
obtain that F7_; implies

T-1 T-1

@
Ry < R34 ar (01, 2m + 200010) + Y augr (0741, 2m + 200414)
=0 =0
@ ®

T-1 T-1

+ Z daf,q (168415 - Eei (16t 13]) + Z 40‘l2+1E51 (16341 13]
1=0 1=0

® ®

T-1

+ Y dad 67113 (70)
1=0

®

where we introduce new notations:

O & VI E) —Be [V €D, 0l e [V €Y - VAT, an

GW u b
b1 = 041 + 6744

It remains to provide tight upper bounds for @, @, @, @ and ®, i.e. in the remaining part of the proof
we show that @ + @ + @ + @ + ® < §C?R3 for some § < 1.

Upper bound for @. First of all, since E: [0}, ;] = 0 summands in @ are conditionally unbiased:

Eei [cusr (8141, 2m + 20141G)] = 0.
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Secondly, these summands are bounded with probability 1:

loagr (010, 2m + 2001G)| < e ll0F ll2 112m + 200416

@é@ 20041141 (2CRO + B) = QB(QCR() + B)

C?R2  C?R?

21n% 321n? %

© R, R} _ 33C°R}

+ .
21n% 641n% - 641n%

Finally, one can bound conditional variances o7 &ef Ee {a,?ﬂ (011, 2m + 20044 Q>2} in the follow-
ing way:

of

< Eg {alerl HQZUHHE 12 + 2011+1Cz||§]
©
< afEg [H@luﬂHﬂ (2CRo + B)*. (72)

In other words, sequence {Oél+1 <‘97+17 2n + 20&1+1Cl>} >0 is bounded martingale difference se-

quence with bounded conditional variances {07 };>o. Therefore, we can apply Bernstein’s inequality,

) . 3302 R2 ¢®In 2%
i.e. we apply Lemmawlth X =41 <91u+17 2n; + 2al+1gl>, ¢= gqav and F' = — g and
no5
get that forall b > 0
T-1 T-1 b2
2
IP’{ d Xy >band Y of < F} < 2exp <2F+2b/3)
1=0 1=0
or, equivalently, with probability at least 1 — 2 exp (—#;WS)
T—1 T—1
either Z of >F or Z Xi| <b.
1=0 1=0
——
|®|
The choice of F will be clarified further, let us now choose b in such a way that 2 exp (— #ﬁu%) =

%. This implies that b is the positive root of the quadratic equation

2¢In ¥ AN
bQ—Tﬁb—2Fln? =0,

cln &Y 21n? 4¥ 4N cln ¥ 2¢21n* 4%
3 \/ 9 2FIn B 3 9

1+V2 4N 22
_ L+v2 AN 33CTRE

3 B = 64

hence

That is, with probability at least 1 — %

T-1
either Z of >F or |®<
1=0

33C2R2
64

probability event Eq
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Next, we notice that probability event Er_; implies that

T—1 o) T—1 )
o7 < (2CRo+B)’Y a}Eg [H% HQ}
1= 1=0
271
E&n.&7 1 a?
< 180°C?R3 (24— —4
= o 0 + S % IZ: e
=0
@) 1\’& o} ,C?R}
< 180°C*R2 (2+ 16) > =
=0 60000 al+1N1n?
EANRLICES e UL
T 6000In4F e~ N 18
=0
. . _ 33C*R? . . .
where the last inequality follows from ¢ = Z——p¢ and simple arithmetic.
n T

Upper bound for @. First of all, we notice that probability event Fr_; implies

argr (01, 2m 4 20001G) < ong |07 ]|, 1200+ 200Gl

9.6 402
B s (2CR, + B)
MIAI4+1
_ B0 es T
= m,C Ry 0 81n %
@{@’ 3207, ,0°C* R} ln% < 1 >
_— + 16
60007, , No? In 2 16
_ uem
1000N
This implies that
T-1 T<N 11C?R?
@ = et (Bs1, 2m + 20041 G) < WOO.
1=0

Upper bound for ®. We derive the upper bound for ® using the same technique as for @. First of
all, we notice that the summands in @ are conditionally independent:

Eer [407,1 (10741115 — Eer [0 13])] = 0.
Secondly, the summands are bounded with probability 1:
dofyy (107413 — Be [0 13])] < 4oy (1074413 + Eer [160413])
e

dafy (1 + 407 )

C?R3 @ C*R}

2In? 4N~ 4In &KX - (73)
B B

32B% =

Finally, one can bound conditional variances 52 & Eei [’4al2+1 (1671113 — Egr 116544 H%])ﬂ in
the following way:

@
ot < aBe [|4af ) (101115 — Ee [162413])]]
< 4010‘12+1Eg’ [HeluﬂHg + Eg [||91u+1||§” = 8010412+1Eg’ [Helﬁﬂ‘g] (74)

In other words, sequence {4a7,, ([0} 1113 — E¢ [[1674113]) is bounded martingale difference

}120
sequence with bounded conditional variances {67 };>¢. Therefore, we can apply Bernstein’s inequal-

. . . i 2 2
ity, i.e. we apply Lemmaw1th X=X, =407, (167413 —Ee [10741113]). c =1 = %
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c?1n 4N
and F=F, = 11185 and get that for all b > 0

T—1 T—1 b2
o ~2
]P){ ZX[ > band ZO’Z S Fl} S 2€Xp <_2_F'1-|—2C1b/3)
1=0 1=0
or, equivalently, with probability at least 1 — 2 exp (— ﬁzl%)
T—1 T—1
either Z [7l2 > Fy} or Z X;| <b.
1=0 =
——
|®]
As in our derivations of the upper bound for @ we choose such b that 2 exp (f ﬁ;l%
ie.
L C%1n24év+2F1 c1tV2 AN R
- 3 9 s 3 N3
That is, with probability at least 1 — S5
T—1
. . C?R?
either 67 >F or |8 < 1 —
1=0
probability event Eg
Next, we notice that probability event Fp_; implies that
T—1 T—1
. @
Soot = sa ) ofuBe [
=0 =0
@mEn = 1440%a?,,
D,y
1=0
T-1 2.2 2 P2
%’b " Z 1440 alglc’ Rj
— 103680°aj, | N
T<N 2p2 In4N
< 1 C"Rg o =P
44 18
N——
c1
Upper bound for @. The probability event F-p_; implies
T—1 T—1 T—
@ @0 720zl+1 o? @ 720}, ,0°C*Rj
@® = Z 4041_,'_11}351 “|91+1H ] Z < Z W
1=0 1=0 1=0
T<N (C?R2
< .
- 144
Upper bound for &. Again, we use corollaries of probability event Ep_1:
@@T ! 640, ot 64al ot
® = Z4al+1||9l+1||2 = Z % - B2 Z +

1=0 1=0 +1
@ 64 In? 4% Zl 64ait o' CRY
= C2R2 “ 6000204}, | N? In? &
N 16C%R2

140625

=

IAIA
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Now we summarize all bound that we have: probability event Er_; implies

@ T-1 § k—1 T-1
Ry < R3+2) g (B, et —2) 42 afyy (0, VAT +2 ) of (1614413
=0 =0 =0

@ R+D+@+0®+®+06,
1102 R? @<C2Rg <1602R3

@ < — < ) S
- 1000 144 140625
T—1 T—1
2012 < F, 67 < Iy
=0 =0
and ( ¥ 3 3
T-1
P N Sl s >1- = >1-

P{ET 1} = N ) P{E®} = 2N7 P{E©} = 2N7

where
T—1
] 33C2R?
Ey = {eltherlz;af>F or |® < o 0},

T—1 C2R2
Es = either;&?>F1 or |® < 40 :

Taking into account these inequalities we get that probability event Er_; N Eg N Eg implies

& T—1 ) k-1 T—1
Ry < R+2) on (e’ —2') +2) ofyy (011, V') +2 3 afy |63
1=0 1=0 1=0
33 11 1 1 16
2 o0 L L b 2 2
s Rt (64 Tiooo Tatimat 140625> ¢ R
4 @
< (1+ 502) 2 g (75)
Moreover, using union bound we derive
_ _ T8
]P{ET_l mE(DﬂE@}:].*P{ET_lUE@UE@}Zl*W. (76)
That is, by definition of £ and Er_; we have proved that
(&) @ T
P{Er} > P{Er_1NEsNEs} >1- %7

which implies that forall k = 0,1,..., N we have P{E}} > 1 — % Then, for K = N we have that
with probability at least 1 — 3

@ 1 1 =
AN (f(yN) - f(x*)) < §||ZO — 2|l - §||ZN — 2|3 + Z Qp+1 <9k+1,Z - Zk>
k=0
N—-1 N-1
2
+ Z gy 10kgll; + Z aj iy (Oper, V("))
k=0 k=0
® R
S T
Since Ay = ¥ (4];[ 2”3) (see Lemma we get that with probability at least 1 — (8
2aLC?R?
Ny *) < 0 .
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In other words, c1ipped-SSTM with ¢ = max {1 16 % , 36 (2 In 48 4 \/4 In® 4N +2In 4N> } =

2
36 (2 In 48 4 \/4 In? 48 4N +2In %) achieves f(y~) — f(z*) < e with probability at least 1 — 3

2 LRO

after O ( ) iterations and requires

N- N-1 o202 NIn X
my @ ZO(max{ W})
k=0
o?(k+2)°Nn &
max gy

(o
® ofmf lgifz:w
e

X LR2 o?R3\ | LR\
max S 5

[

= 0

= 0

oracle calls.

F.3.4 Proof of Corollary[F.2]
Theorem [F.I)implies that with probability at least 1 — 3

@ 2aLC?*R?
Ny — fla*) < =20 77
1M - 169 S S )
where a satisfies
] 161n 4 AN AN AN ~
B 2 def .
a > max l,—— 36| 2ln— + 4/4ln +2ln — = a, (78)
C B B 5
41 = 5£2 and batchsizes my, are chosen according to (26):
o 11850° a3, N In 25 103680203, | N
myr = max< 1 C2R3 , CQR%
118502%(k +2)°N1n ¥ 4 20k £ 92N
= max< 1, ( ) 5 b ) 03680~ (k + 2) (79)
4a?L2C?R§ 4a?L2C?R§

We consider two different options for a.
1. If N'In ¥ is bigger than d, then we take a = N In #3T which implies that

118502 (k + 2)? 1036802 (k + 2)2 o?(k +2)?
my = max < 1, 5 ST AN 17230 SIN = O | max 1772 5 I
4L2NC?R§In 3 4L2C?R§N In 3 L2R§N In 3

and with probability at least 1 — 3

2LC?R3 In 2

f(yN) - f(@") < T Ni3 (80)

2 2 2
That is, if € is small enough to satisfy Lf‘) In LE—IZO > In? LEIZ" for some constant C, then
due to (80) we have that after

LR? LR?
N=0 ( o In RO) iterations
€ eps
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of c1ipped-SSTM we obtain such point iV that with probability at least 1 — 3 inequality
f(y™) — f(z*) < £ holds and the method requires

ok +2)
. S0 A il )
mk k=0 (maX{ LQR%NIH%V}>

k=0
2N2 L 2 2 p2 L 2
O | max< N, S S = O | max R07 o By In it
L2RZ1n % € g2 ef

stochastic first-order oracle calls.

2. If agN*/?,/In % is bigger than & for some ag > 0, then we take a = agN”/2, /In %

which implies that
118502 (k + 2)? 1036802 (k + 2)? 2(k+2)?
L, 22(2—: )2’ okt O(max{1,02(2+2 )2}>
4GOL N2C RO 4G%L202R%N2\/@ G,OL RON
and with probability at least 1 — 3

2agLC?R%, /N In 4
F) - ) £ e 1)

mj = max

3/2
That is, if € is small enough to satisfy % (ln Lg—?ﬁ) > Cy In? LEIZ‘Z’ for some constant
(s, then due to (8T) we have that after
N—0O all’R} In all’R} _0 all*R} In aoLR%
g2 e2p g? ef

of c1ipped-SSTM we obtain such point iV that with probability at least 1 — 3 inequality
f(yN) — f(z*) < e holds and the method requires

o?(k+2)
Omk = kZ:OO(maX{La%LQR(%NQ })

o?N 2L2R: 0°R2) . aoLR2
= O(maX{N7M}> O<max{ 52 ; 52 }ln EB )

stochastic first-order oracle calls. Finally, if all assumptions on N, S and ¢ hold for
ag = LLRO,thenforallk:O,l,...,N—1

i.e. one iteration of clipped-SSTM requires O(1) oracle calls, and f(yV) — f(z*) < ¢
with probability at least 1 — /3 after

2 P2
N=0 (U T In URO) iterations.

) iterations

2

=~
Il

g2 el

F.3.5 Proof of Corollary[E.J

Recall that
4N 2
! max < 1 716111? 36 2ln4N—|— 4ln24N+21n4N
a - ) ) “a o Ta ’
C B B B
, ON7? || AN k42
a a a, LR ﬁ ;o Q41 2L’
60000%a7 N In 2 103680207 | N
mr = max< 1, 5 ) 2+
C?R? C2R§
UN3/2

Since a > “p— we have that m, = O(1). Next, there are two possible situations.
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1. If @ = d/, then we are in the settings of Theorem This means that clipped-SSTM
achieves f(y") — f(z*) < e with probability at least 1 — j3 after

2 _2p2 2
O | max < 1/ LRO, o F In Ly oracle calls.
€ g2 eB

3
2. Ifa = "éVRf 4+ /In %, then we are in the settings of Corollary which implies that

clipped-SSTM achieves f(y") — f(z*) < e with probability at least 1 — 3 after

2 p2
0] <052RO In U;;O) oracle calls.

' LRy
clipped-SSTM guarantees f(y~) — f(z*) < ¢ with probability at least 1 — 3 after

L 2 2 p2 L 2 2 P2
O [ max { max < 1/ RO,URO In RO,URO anRO
€ g2 B’ €2 ep
=0 <max{\/ Lfg, 0158 } In LR%;@"RO)

. . . . 3/2
Finally, we combine these two cases and obtain that with a = max{a’ o~ /ln %}

iterations/oracle calls.

F.3.6 Proof of Theorem

First of all, consider behavior of c1ipped-SSTM during the first run in R-clipped-SSTM. We notice
that the proof of Theorem will be valid if we substitute 12y everywhere by its upper bound R.
From p-strong convexity of f we have

R =2 2 2 (") - £a).

therefore, one can choose R = \/ % (f(x9) — f(x*)). It implies that after Ny iterations of

clipped-SSTM we have

. 2aC?LR? 4aC?L
Fly™) = fz*) < =

e OB )]

with probability at least 1 — 2, hence with the same probability f(y™°) — f(z*) < 1(f(2°) — f(a*))

since Ng > C %. In other words, with probability at least 1 — é
0 * 1 2
(f(@%) = $(a7) = gl

Then, by induction one can show that for arbitrary k£ € {0,1,...,7 — 1} the inequality

f@h) = fa) <

@)~ ) <

holds with probability at least 1 — g Therefore, these inequalities hold simultaneously with probability
at least 1 — 3. Using this we derive that inequality

2
< g () = 167) £ < 2 (160~ ) = £

F@)—f(z*) < 5 (@) — f@"))

N =

holds with probability > 1 — . That is, after 7 = [Iog2 “2—122—‘ restarts R-clipped-SSTM generates
such a point 7 that f(27) — f(2*) < e with probability at least 1 — 3. Moreover, if a equals
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the maximum from (45) and Ny < C4 SaL with some numerical constant C; > C, then a ~

2
(ln NET) , the total number of iterations of c1ipped-SSTM equals

NOT:O< L1n<“R2>1 <L1 “R2>>
7 3 pB e

and the overall number of stochastic first-order oracle calls is

T7—1 No—1 7—1 No—1 t 2 4NoT
IO NI )

t=0 k=0 t=0 k=0

T— 1N0 1 t 92 2
202 (k + 2)2N,
= (@) (max{ ' I 34N°TL2RQ })

t@(g
(

|
.

=

227'N4
ax {NOT, n Y p— 4N°TL2R2 })

{\/f uRQ) 02} (L uR2>>
max In{ —1In .
jz € pe pwB €

Similarly to the proof of Theorem [F.6] (see the previous subsection) we derive that under assumptions

|
.

F.3.7 Proof of Corollary [F.7]

of the corollary after 7 = {log2 “Q—If—‘ restarts R-clipped-SSTM generates such a point 27 that
f(@7) — f(a*) < e with probability at least 1 — 3. Moreover, a and Nj satisfy the following system

of inequalities
o4 1n? Mot I
a=0 Lif . Ny=0of,]% (82)
e 1

which is consistent and implies that

4 2 2 2 2 2
a—o( w2 (M N N o (Tm (o wm AR (83)
Lue ME,B € JE uaﬁ €
Then, forall k =0,1,...,Ng—1landt =0,1,...,7 — 1 batchsizes satisfy
270202 Nyln NOT
mi < my, il = O (max{l NjQQ })

PR NG I 287\ g3 69

i.e. the algorithm requires O(1) oracle calls per iteration. Finally, the total number of iterations is

2 2 2 2
Not =0 (0 In </~LR> In (J In — R )> .
LLE € uep €
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G SGD with Clipping: Exact Formulations and Missing Proofs

In this section we provide exact formulations of all the results that we have for c1ipped-SGD and
R-clipped-SGD together with the full proofs.

G.1 Convex Case

We start with the case when f(z) is convex and L-smooth and, as before, we assume that at each
point z € R™ function f is accessible only via stochastic gradients V f(z, §) such that (Z) holds.
Next theorem summarizes the main convergence result for clipped-SGD in this case.

Theorem G.1. Assume that function f is convex and L-smooth. Then forall 5 € (0,1) and N > 1

such that
4N

In— >2 (84)
B
we have that after /V iterations of clipped-SGD with
27No?
A=2LCRy, mi=m=max< 1, , 85
0 Tk { 2(CRo)2L?In 2N } (85)

where Ry = ||2° — 2*||2 and stepsize
1

77 80Ln = &
that with probability at least 1 —
80LC?RZ1In 4
f@Y) ~ @) < ——5—F, (87)
where 7V = L S°V" Lok and
C =2 (88)
In other words, the method achieves f(z"V) — f(2*) < e with probability at least 1 — /3 after

LRZ 1 LR3\ . : ;
0 ( 0 In —") iterations and requires

€ eB

2 212 2

O (max { LRO, g fo } In LRO) oracle calls. (89)
€ € ep

To the best of our knowledge, it is the first result for c1ipped-SGD establishing non-trivial complexity
guarantees for the convergence with high probability. One can find the full proof in Section[G.3.1]

G.2 Strongly Convex Case

Next, we consider the situation when f is additionally u-strongly convex and propose a restarted ver-
sion of clipped-SGD (R-clipped-SGD), see Algorithm[d] For this method we prove the following

Algorithm 4 Restarted Clipped Stochastic Gradient Descent (R-clipped-SGD)

Input: starting point z°, number of iterations Ny of clipped-SGD, number 7 of clipped-SGD
runs, batchsizes m9, mt, ..., m"
1: Set #0 = 20, stepsize v > 0
2: fort=0,1,...,7—1do
3: Run clipped-SGD (Algorithm for NNy iterations with constant batchsizes m’, stepsize
and starting point £*. Define the output of c1ipped-SGD by #¢*1.
4: end for

Output: 7

result.
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Theorem G.2. Assume that f is p-strongly convex and L-smooth. If we choose 5 € (0, 1), 7 and
Np > 1 such that

4N N 20C%L
2T 5y Do 3L ©0)
IHTD o)
and
27 - 2t Nyo?
m = max | 1, ——0 207 | 1)
2(CR)2L? In BT

where R = 4/ w and C = /2, then we have that after 7 runs of clipped-SGD in
R-clipped-SGD the inequality

F@) = f@*) <277 (f(2°) — f(x¥)) 92)
holds with probability at least 1 — 3. That is, if we choose ; ivﬁor < % with some numerical
n—3—
constant C; > 320C?2, then the method achieves f(27) — f(2*) < e with probability at least 1 — 3
after
L R? L R?
0) ( In (“) In ( In “)) iterations (in total) (93)
2 € pB €
of clipped-SGD and requires
L 2 2 L 2
0 (max { In &, J} In < In uR)) oracle calls. 94)
B € pe pB e

This theorem implies that R-c1ipped-SGD has the same complexity as the restarted version of RSMD
from [47] up to the difference in logarithmical factors. We notice that the main difference between our
result and one from [47]] is that we do not need to assume that the optimization problem is considered
on the bounded set.

However, in order to get R-clipped-SGD requires to know strong convexity parameter y. In
order to remove this drawback we analyse clipped-SGD for the strongly convex case and get the
following result.

Theorem G.3. Assume that function f is u-strongly convex and L-smooth. Then for all 5 € (0, 1)
and N > 1 such that

In % > 2 (95)

we have that after NV iterations of clipped-SGD with

27No?
Ty = 4 T — B, _ 1, , 96
! (1 —=~yu)lro, myp max{ 16Lro(1 — 7p2)* ln% } (96)

where 79 = f(2°) — f(z*) and stepsize

1

= 97
81Lln% ©7)

v

that with probability at least 1 — 8
F@N) = f(@") <20 =)V (f(2°) — F(z")). (98)

In other words, the method achieves f(xV) — f(x*) < e with probability at least 1 — 3 after
@) (L In (2)In (L In 7’—")) iterations and requires
Iz € pB €

Lo L L
o) (max{,a-}ln (’LO) In (mro)) oracle calls. (99)
pope & pB e

Unfortunately, our approach leads to worse complexity bound than we have for R-clipped-SGD: in
the second term of the maximum in we get an extra factor /. that can be large. Nevertheless, to
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the best of our knowledge it is the first non-trivial complexity result for c1ipped-SGD that guarantees
convergence with high probability. One can find the full proof of Theorem[G.3]in Section[G.3.3}

G.3 Proofs
G.3.1 Proof of Theorem[G.1|

Since f(x) is convex and L-smooth, we get the following inequality:

= 3 = o =V (b, €8) — 273 = [l — 27 |3 + 2V S (F, €3 - 29 (aF — 2, 6b)
2% — 2* 3 + 2V F(2*) + 0klI3 — 2 (a* — 2%, VF (") + 01

lz* = ™13 + 29IV F@)3 + 29110k ]13 = 27 (2" — 2", V(") + Or)

2% — 2*[|3 +47°L (f(2*) = f(2)) + 292 10kl3 — 27 (2" — 2™, V f(z") + Ox)
P a3+ (2L = 29) (F(2) = (@) + 2920kl — 29 («* — 27, 0k),

where 0), = V f (2", £") — V f(2*) and the last inequality follows from the convexity of f. Using

IAIN@ NG I

[

notation Ry & |z* — 2*||2 we derive that for all k > 0
Ry < RE+ (4°L = 29) (f(=") = f(2") + 29|10kl — 2 (2" — 2", 04) .
Let us define A = (2 — 4y2L), then

A(f(a") = f(@")) < Bi — Ripy +29°|10kl13 — 27 (2* — 2™, 6.

Summing up these inequalities for k = 0, ..., N — 1 we obtain
N-1 N-1 N—-1 N-1

A . 1 29? 27°

N Z [f(=") = f=")] < N (R — Riy1) + N 16k115 — N Z at — 2", 0k)
k=0 k=0 k=0 k=0

1 2 2 27 NZA 2 2y NZ
k=0 k=0

-1 N-1
Noticing that for zV = Z z¥ Jensen’s inequality gives f(z"V) = f (11, 3 xk> <
k=0 k=0
N-1
~ > f(z¥) we have
k=0
N-1 N-1
AN (f@N) = f(2") S BG =Ry +20° Y 6xl3 —2v Y (a* —2%,6,).  (100)
= k=0

Taking into account that f(z") — f(x*) > 0 and changing the indices we get that for all k > 0

k—1 k—1
R <RE+2°) |63 -2y (2 —a", k). (101)
=0 =0
The remaining part of the proof is based on the analysis of inequality (TOT). In particular, via induction
we prove that for all k = 0,1, ..., N with probability at least 1 — % the following statement holds:
inequalities
t—1 t—1
R} @RSH%ZH@H% — 29 (2" — 2", 0,) < C*R3 (102)
1=0 1=0

hold for ¢ = 0,1,..., k simultaneously where C is defined in (88). Let us define the probability

event when this statement holds as Fj. Then, our goal is to show that P{E,} > 1 — %> for all
k=0,1,...,N. For t = 0 inequality (T02) holds with probability 1 since C' > 1. Next, assume
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that forsome k =T — 1 < N — 1 wehave P{E,} = P{Er_1} > 1 — w Let us prove that
P{Er} > 1 — ZE. First of all, probability event E7_; implies that

@y 1 N—-1 N-1 [ C2R2
=N * 2 2 2 k * 0
f@) = flz¥) < AN(RO+27 Z||9k||2_272<$ —$79k> < AN
k=0 k=0
hold fort = 0,1,...,T — 1. Since f is L-smooth, we have that probability event Fp_; implies
A
[VF@)]ly < Llla* —2"[l> < LORy = 5 (103)

fort =0,...,T — 1, where the clipping level is defined as

A =2LCRy. (104)

Having inequalities (T03) in hand we show in the rest of the proof that (T02)) holds for ¢t = T" with

big enough probability. First of all, we introduce new random variables:
o= {x* — 2, if ||z — 2|2 < CRy,

105
0, otherwise, (105)

for/ = 0,1,...7 — 1. Note that these random variables are bounded with probability 1, i.e. with
probability 1 we have
[mll2 < CRo. (106)

Secondly, we use the introduced notation and get that F'p_q implies

{100, (102, {103, {103) = =
R% < R +2y > (6,m) +29 ) I6i41l3-
=0 =0

Finally, we do some preliminaries in order to apply Bernstein’s inequality (see Lemma [D.I]) and
obtain that F7_; implies

T-1 T-1 T-1

R D R SO+ Y (o) + 42 Y (16813 — el [16712)
=0 1=0 1=0
@ ©) ®
T-1 T—1
+49° S Bl [16113] + 442 3 116213 (107)
=0 =0
® ®

where we introduce new notations:

or £ VF@ ) ~Eg [VIGL €], 0 EE [VIGLE)] - ViE),  ao®)

0, = 0" + 6.
It remains to provide tight upper bounds for @, @, @, @ and ®, i.e. in the remaining part of the proof
we show that @ + @ + @ + @ + ® < §C?R3 for some § < 1.

Upper bound for @. First of all, since E: [0}'] = 0 summands in @ are conditionally unbiased:

Ee 29 (03, m)] = 0.

Secondly, these summands are bounded with probability 1:

., ., 9.0
29 0F ) < 2v0¢ s lmilly < 49ACR, T 84(CRo)2L.

Finally, one can bound conditional variances o7 &ef Eg {472 (0", m>2] in the following way:
w (|2 2 w2
o < B [0 1613 ImlE] S 42 (CRoE [I071E]
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In other words, sequence {27 (6;', )}~ is a bounded martingale difference sequence with bounded
conditional variances {07};>0. Therefore, we can apply Bernstein s inequality, i.e. we apply

Lemmaw1th X, =2v(0",m), c=8y(CRy)*L and F =

lnB

and get that for all b > 0

T-1 T-1 b2
2
IP){ ZX[ > b and ZO’Z <F} S 2eXp <_2F'—|—2Cb/3)
1=0 1=0
or, equivalently, with probability at least 1 — 2 exp (— ﬁ;%)
T-1 T-1
either Z of >F or Z Xi| <o.
1=0 =
——
|@|

The choice of F will be clarified further, let us now choose b in such a way that 2 exp (— #ﬁc%) =

%. This implies that b is the positive root of the quadratic equation

2¢In =+ 4N

4N
- P p_2Fm =0
3 B ’
hence
_ cln% N 2 In? 4év +2Fn 4N cln% N /4c2ln2%
3 9 B 3 9
AN 4N
= c¢ln— =8y(CRy)*L1In —.
3 (CRo) 3
That is, with probability at least 1 — =
T—1 AN
either Z ol >F or |® <8y(CRy)? Lln?
1=0

probability event Eq

Next, we notice that probability event E'r_1 implies that

T-1 T-1 @ T
Yooi < 49%(CRo)® D Ee [16113] < 729*(CRo)’0”—
=0 =0

&) 2T(CRy)?L? In ¥

= 2 2 2 B

=~ 72’}/ (CRO) g 27 No?2

T<N AlnY

V16 (ORI In AN _c GB:F’

where the last inequality follows from ¢ = 8y(CRy)?L and simple arithmetic.

Upper bound for @. First of all, we notice that probability event ET 1 implies

69, - 4
2’y<9?,m> < Q’VHQIHQHanz = CR & Z’ZL
This implies that

T-1

T<N 4yNo?
@ = 29 (0}m) < me
=0

Upper bound for ®. We derive the upper bound for ® using the same technique as for @. First of
all, we notice that the summands in @ are conditionally independent:

Ee [492 (167113 — Ee: [l16113])] = 0.

43



Secondly, the summands are bounded with probability 1:

o)
2 (16113 + Ber [107115]) < 49° (407 +427)

def

1492 (16713 — B [16713])] <
T 19892(CR)P 12 E ¢ (109)

Finally, one can bound conditional variances 62 & Eg [|472 (1163113 — E¢ [1161113]) ’2} in the
following way:

52 2 B [l (16112 — Ee [10712))]
< 4PeiBe 013 + Ee [10V12]] = 8v2eiEe [16F12] - (110)

In other words, sequence {47 (||0j"[|5 — E¢: [[|6{*]13]) },-, is a bounded martingale difference se-

quence with bounded conditional variances {67 };>o. Therefore, we can apply Bernstein’s inequality,
i.e. we apply Lemrnawith X, =X, =492 (163113 — Egr [[1634113] ). ¢ = 1 = 128y*(C'Rg)*L?

2 4N
and F = F} = 16 and get that for all b > 0

T-1 b2
~2
{ > band Zw SFl}SQQXp <_2F+/)

or, equivalently, with probability at least 1 — 2 exp (— L)

2F +2“1’7/3
T—1 T—1
either Z &12 > Fy or Z X;| <b.
1=0 1=0
|®]
2
As in our derivations of the upper bound for @ we choose such b that 2 exp (—m) = %,

ie.

c1ln 4% \/ c}in® 4 AN AN AN
= + +2FIn — =¢;ln — = 128v*(CRy)*L? In —
3 9 B p (CRa) 8-

That is, with probability at least 1 — %

T-1 AN
either Z 67 >F, or |® <128v*(CRy)’L?In 5
1=0

probability event Eg

Next, we notice that probability event E'r_1 implies that
T-1
o, @
oy S
1=0

o T
8v%cy ZEE [||9l I } < 14473%ci0* — -

32 T 4N
37201 (CRO)2L2 N In 7

NG

21 4N
N c¢iln 3 <P
G .

IAIA

Upper bound for @. The probability event Ep_; implies

T—
1 T<N 72¢2Ng?
= 47221351 163112 @727 Z* < 27

m m
=0
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Upper bound for &. Again, we use corollaries of probability event Fp_q:

2 4 T<N 2 4

o m2X2  A4(CRy)2L2 m2 — (CRy)2L*m?

Now we summarize all bound that we have: probability event E7_1 implies

(o1 = —
R: < Ry+2) |63 -2y (af —27,6))

(@D
< R+D+@0+0+@+06,
4yNo? 7272 No? 1672 No*
@ < O —— O — 1 ——
- mL - m = (CRy)2L2m?’
T—1 T—1
1=0 1=0
and
(T-1)B g B
P{Er1}>1——r-——, PlEp}>1——, P{Es}>1——
{ Tl}_ N ) { @}_ 2N7 { @}_ 2N7
where
T—1 AN
Ep = [ either Z o} >F or |® <8y(CRy)*LIn—
1=0 2
T-1 AN
Es = {either Y 67 >F or |8 <1289*(CRo)*L*In— 3 }
1=0

Taking into account these inequalities and our assumptions on m and v (see (83) and (86)) we get
that probability event Ep_1 N Eg N Eg implies

T—1 T—1
B 2 R Y e
=0 =0

1 1 1 1 ) -
< R? ) PR B
< R+ (10 +t 5ttt 10) C?’R2 < (1+ 5C )RO C2R2. (111)

Moreover, using union bound we derive

s

]P’{ET_lﬂE@ﬂE@}:1—IP’{FT_1UE@UE@}EI—W (112)
That is, by definition of E7 and Er_; we have proved that
P{Er} = P{Er_1NEyNEs} > @, TWB
which implies that for all k = 0,1,..., N we have P{E,} > 1 — 3=. Then, for K = N we have that

with probability at least 1 — 3

M) e = 100
ANF@N) = f(z7) < Rg+292 ) |0kl3 — 27 Y (aF —a*,6,) < C°R3.
k=0 k=0

Since A =2y (1 —2vL) and 1 — vL >  we get that with probability at least 1 — 3

C?R? _ C?R? &) 80C*RjLIn ¥
< < .
AN = AN = N
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In other words, clipped-SGD achieves f(zV) — f(2*) < e with probability at least 1 — 3 after
(LR0 In LRO

) iterations and requires

N-—1 2 2 92
@ No y Vo
f— O m — :O m e esee—
Om’“ = ( ax{ "C2R3L21n N}) ( ax{ C?RgLZ’lnfBV})

o2
0 (1max LRO R2 In LR
g2 eB

G.3.2 Proof of Theorem[G.2]

MZ

k

oracle calls.

First of all, consider behavior of clipped-SGD during the first run in R-clipped-SGD. We notice
that the proof of Theorem [G.T| will be valid if we substitute R, everywhere by its upper bound R.
From p-strong convexity of f we have

Rj = [la” — ™[I < M (f(z%) = f(z")),

therefore, one can choose R = \/ % (f(x0) — f(x*)). It implies that after Ny iterations of
clipped-SGD we have

80LC?R?In *52T  160LC*R? In 70T

Fa) - ) < — = 2 () — )
with probability at least 1 — é, hence with the same probability f(z™V0) — f(z*) < 1(f(2°) — f(2*))
No

since

2 . o1
No _ > 320C7L 1y other words, with probability at least 1 — g
IHAﬁL' H o

) o1 1
F@Y = @) < 5 (F6°) - fa) = JuR?.
Then, by induction one can show that for arbitrary k € {0,1,...,7 — 1} the inequality

P~ ) < 3 (76 - £@))

holds with probability at least 1 — g Therefore, these inequalities hold simultaneously with probability
at least 1 — 3. Using this we derive that inequality

FET) -~ fa) < 5 (FET) — F@) < gy (FGT) — f) < o< o (70— £6)
_pR
T 9r+1

holds with probability > 1 — . That is, after 7 = {log2 “TTW restarts R-clipped-SGD generates
such point 27 that f(27) — f(2*) < ¢ with probability at least 1 — 3. Moreover, if - Mo < 4L

41\;97 = n

with some numerical constant C; > 320C?2, then the total number of iterations of clipped-SGD

equals
2 2
=0 (n (1) (555 )
1% € pB e

and the overall number of stochastic first-order oracle calls is
T—1 T—1
QUVZOQ
t 0
St = 30 ({0 2N
t=0 =0
T—1
2!Ngo
= ( {A%T 2:_RQL2hJ4Nm_}
o (max{ (1) Zm (50 15))
= max — ), — —In — .
€ 1o €
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G.3.3 Proof of Theorem[G.3|

Since f is L-smooth we have

~ 2 ~
JEY < @) = (VIR Vit ) + %HW@W)H%
D @) AT = 7 (TS @) 00) + LIV S @)+ 12003
= S =1 = DIV =5 (VF @), 0) + Ly 613
< @) = TIVAEOE 7 (V). 0) + L2103,
o & Vb€ - Vi@Eh) (113)

where in the last inequality we use 1 —~L > 3. Next, p-strong convexity of f implies ||V f(2*)|3 >

2u(f(a*) — f(2*)) and
FEY = @) < N = f@) = anlf ) = £@) = v (V1) 0) + Ly 16k]13
= (1) (f@) — f@*) =7 (VI (@), 00) + L]10c 3
Unrolling the recurrence we obtain

N-1

FEN) = f@) < Q=N (@) = f@)) +y Y (=N (=Y ), 6)

=0

+Lv22 — )N 0,13, (114)

for all N > 0. Using notation rj, & f (xF) — f(x*) we rewrite this inequality in the following form:

k—1

re < (L= ) ro+7 ) (1= =V ('), 0) + Ly Z — w63 (1)
1=0

The rest of the proof is based on the refined analysis of inequality (TT3). In particular, via induction

we prove that for all k = 0, 1,..., N with probability at least 1 — % the following statement holds:

inequalities
m —
reo < (=)o +7 > (1—y) =V ('), 0) + Ly Z — ) 6l
1=0 1=0
< 2(1—yp)trg (116)

hold for t = 0,1, ...,k simultaneously. Let us define the probability event when this statement
holds as Ej. Then, our goal is to show that P{E,} > 1 — % forall k =0,1,...,N. Fort =0
inequality (TT6) holds with probability 1 since 2(1 — yu)® > 1, hence P{Ey} = 1. Next, assume

that for some k‘ =T—-1<N-1wehave P{Ey} =P{Er_1}>1-— w Let us prove that
P{Er} > 1 — =Z. First of all, probability event Er_; implies that
N L1
flah) = fz") = 2(1—3m)'ro (17)
hold fort = 0,1,...,T — 1. Since f is L-smooth, we have that probability event Fp_; implies
A
V5G], < V2L @) — F@0) < VAL = yp)ire = 5 (118)
fort =0,...,7 —1and
A =44/ L(1 — yp)tro. (119)
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Having inequalities (TT8) in hand we show in the rest of the proof that (TT6) holds for t = T" with
big enough probability. First of all, we introduce new random variables:

l l AL
(= {(;Vf(x ), V(T2 < 3 (120)

otherwise,

for! =0,1,...7 — 1. Note that these random variables are bounded with probability 1, i.e. with
probability 1 we have

A
I1Gll2 < El (121)
Secondly, we use the introduced notation and get that £'r-_; implies
{316 (I3 120 - L
rr < (L= "ro+7 Y (1 =)™ (G, 60)
1=0
T—1
HLY? Y (=) 603
1=0

Finally, we do some preliminaries in order to apply Bernstein’s inequality (see Lemma [D.I]) and
obtain that E'p_; implies

@ T-—1 L , T—1 L
re < (L= o+ D (L—a)" O G+ Y (=)0, G)
=0 =0
) @

T-1
+2L7% Y (1 =) (16715 — B [116113])

®

T-1

+2WZ — )T B [[07113] + 2292 > (1 — TR (122)
=0

@ ®

where we introduce new notations:

of £ Vf@ ) ~Eg [VIGL €], 00T B [VIGLE)] - ViE),  a23)

0, = 0" + 67,
It remains to provide tight upper bounds for @, @, @, @ and ®, i.e. in the remaining part of the proof
we show that ® + @ + @ + @ + ® < (1 — yu)'rg

Upper bound for @. First of all, since Eg. [0%] = 0 summands in @ are conditionally unbiased:

Eer [y(1 =)™ 17101, ¢)] = 0.

Secondly, these summands are bounded with probability 1:

V(L =)0 ) < A=) 02 1G]

G320 i _
QR RN L VS T30 A SR L

Finally, one can bound conditional variances o7} def Egi [72(1 — yp)2T=1=0 (g Cl>2] in the fol-

lowing way:
11— u —1— A? u
oF < B [T o3 16lE] A2 - 20 2 [

P rria- )T IR [Ilf)?‘llﬂ : (124)
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T—1-1 <

In other words, sequence {7(1 —yp) 0r, ) } />0 18 a bounded martingale difference sequence

with bounded conditional variances {07 };>0. Therefore, we can apply Bernstein’s inequality, i.e. we

2 AN
apply Lemma with X; = v(1 — yu)T=271(0, (), ¢ = 167 Lro(1 — yu)T L and F = CIT‘*
and get that forall b > 0

g

or, equivalently, with probability at least 1 — 2 exp ( L)

T-1

S x

=0

T-1 b2
E 2
>band £ o] SF}SZGXP (_2_F1-|—26b/3)

T 2F42¢b/3
T-1 T-1
either Z 012 >F or ZX; <b.
1=0 1=0
——
| @]

The choice of F will be clarified further, let us now choose b in such a way that 2 exp ( — ﬁzc%) =

%. This implies that b is the positive root of the quadratic equation

2¢In &Y AN
627%b72F1H7 :0,

cln 4 2 1n? 4 AN  clnil 4¢21n? 2N
EE B oyoFm=—"=_—F 4 o
3 9 3 3 9

4N 4N
cln 5 = 16yLro(1 —yp)T ' In 5

hence

That is, with probability at least 1 — %

T—1 AN
either Z of >F or |® <16yLro(l—yu)' 'ln 5
1=0

probability event Eg

Next, we notice that probability event Fp_; implies that

T-1 = -1
_ w2
Z of < 4y’Lrgo*(1— )" Z Eei [Hol ||2}

=0 =0
@ = 1
< 729°Lroo*(1—yp)* Y l
— my(1l—yp)
® 128 5. 4N i
S ? 2L2T8(1 7;“)2(T 1) 11’1 ? = 6 = F,
1

where the last inequality follows from ¢ = 16yLro(1 — yu)”T ~! and simple arithmetic.

Upper bound for @. First of all, we notice that probability event Fr_; implies

V=)0 G) < A=) 00, 1l

69,121 402 N
< 1— T—1-1 > M
< 1 —qm) oy 2
_ 20—y
_ u
g 647Lro(1— o) ' E
27 N



This implies that

|
A

T

T<N 64 AN
@ = > A= TN G) = gkl =) =
l

Il
=]

Upper bound for ®. We derive the upper bound for ® using the same technique as for ®. First of
all, we notice that the summands in @ are conditionally independent:

Egi [207*(1 = yu)" (101113 — Eer [167°13])] = 0.
Secondly, the summands are bounded with probability 1:

12072 (1 — )" (16113 — B [16713]) ] < 22721 — )T (10313 + B [11674113])
D om0+ a)
D o56,212r0(1 — )T~ ). (125)

Finally, one can bound conditional variances 62 & Eei UZLVQ(I — )T (163113 — Eer [1161113]) ﬂ
in the following way:

o7

NG

c1Ber [|2L7*(1 — )" (161113 — B [16713]) ]

< 2Ly (1= )T eaBg (10115 + Eg [l10F13]]

= ALY (1 — )" eEg [[160113] - (126)
In other words, sequence {2Ly*(1 —~yu)"~'~' (||6}(5 — E¢: [[161°113]) },5,, is @ bounded mar-
tingale difference sequence with bounded conditional variances {67};>0. Therefore, we can

apply Bernstein’s inequality, i.e. we apply Lemma with X; = X, = 2L42(1 —
Cf In 410
)T (108113 — Ege [167113]). ¢ = e1 = 2569°L2ro(1 — yu)" ' and F' = Fy = 2=
and get that for all b > 0
T—1 T—1 B2
o ~2
P{ZX[ > b and o] SFl}SQGXp(_W),)
=0 =0
. . J b2
or, equivalently, with probability at least 1 — 2 exp (— m)
T—1 T—1
either Z &12 >[I or Z X;| <b.
=0 =0
|®]
As in our derivations of the upper bound for @ we choose such b that 2 exp (—ﬁ;l%) = %,
ie.
a4 AN AN AN
3 R \/ : 9 P 1oR ln? =0 ln7 = 25672L2ro(1 — yu)T "' 1n 5

That is, with probability at least 1 — %
T—1

4N
either Z 62> F or |® <256y2L%o(1 —yu)T'In 5
1=0
probability event Eg
Next, we notice that probability event E'r_q implies that
T—1 T—1
(L00) 1
A2 2 T—1 w2
5 S AL - e Y e [167]3]
e ; (1=t ¢ 2
T—1 21, 4N
@ 1 1 ®),7<N cfln =
72042 (1 — T=1¢ 02 —— < 5 = F.
< V(A=) a0 ; O—y)im = 6 1
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Upper bound for @. The probability event Ep_; implies

@ o2
_ 2 )11 )71
® = 20y Z — ) T B [I10713] < 2Ly*(1 — ) Z T
@T<N 64 _ AN
Y LPro(1 —yp)" ' n —.
B
Upper bound for ®. Again, we use corollaries of probability event Ep_;:
T-1 T-1
1604
_ 2 T-1-1 2 )71
R MR A Ui Dor0 - S e
m.ee 512 5 5 )71 24N 1
= T Loro(1 — yp) In Z IE
T<N 51292 L%ro(1 — yp) " In® %
< _
- 729 N
Now we summarize all bounds that we have: probability event Ep_; implies
T-1
e 2t 1—ypu)" 1= ), 61) + L )T e
v < (=)o) (1—p) (=Vf(z"),00) + Ly Z — )63
1=0
@
< (1-yw)iry+®+@+0®+@+6,
32 4N 64 4N
@ < ZAaLrg(l—yp)" 'h—, @< 4 L%rg(1—yp) ' in—
< gLt =) ng @< ro(1—p) ng
2 T-1 24N T-1 T-1
51272 L?ro(1 —yu)" ' In
® < — 2<F <F
=729 N EPIL A =
=0 =0
" (- 1)p g g
P{Er 1} >1—- 25 P{Eg}>1--1-, P{Es}>1- -
{ Tl}— N ) { @}_ IN’ { @}_ ON’
where

T-1

AN

Ey = {elther S o >F or |® < 16yLro(l—yu) " n—- 3 }
=0

T-1
AN
Es {either Y 67 >F or |8 <2569 L7ro(1—yu)" ' In } .

1=0 g
Taking into account these inequalities and our assumptions on my, and vy (see (96) and (97)) we get
that probability event Er_1 N Eg N Eg implies

m T—1 o T—1 o
re = (=) o+ ) (L= )=V, 0) + Ly Y (1= )T 613
=0
11 1 1

1
< (U= Tro+ (5 Pty 5) (1= Tro =201 —y)Tro. (127)

Moreover, using union bound we derive

s

P{Er_1 ﬂE®ﬂE@}=1—]P’{FT_1 UE@UF@} Zl_W' (128)
That is, by definition of £ and Fr_; we have proved that
@ Iz8) T
P{Er} = P{Er-1NEsNEs} > 1- Wﬁ

51



which implies that for all k = 0,1,..., N we have P{E},} > 1 — =2. Then, for k = N we have that
with probability at least 1 — (3

N-1

F@™) = f@")) = (1 =) (@) = f(@) +7 D (=) (=Y f (), 6)

1=
N-1 ’
1172 3 (1= e 2 201 )Y (1) pan)i29)
1=0
As aresult, we get that with probability at least 1 — /3
F@) = f@*) < 20—V (f(2°) = f@*)) < 2exp (—yuN) (f(2°) - f(z7))

@D N
< 2exp (—M) (f(2°) = ().

In other words, clipped-SGD achieves f(z) — f(z*) < e with probability at least 1 — /3 after

o(Fm(2)m(5m()))

iterations, where 7o = f(2°) — f(«*) and requires

N-1 N-1 No?
ka ) O max{l, AN })
prs pars Lrg(1 = yp)* In =5
@ No? _ No?
- <maX {N’ pro(L —yu)N =1 }) -0 (max {N’ pe
B L o2 L ro L ro
a O<max{u i u}ln( )1n</3 ()>)

oracle calls.
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H Extra Experiments

H.1 Detailed Description of Experiments from Section [1.2]

In this section we provide a detailed description of experiments from Section together with
additional experiments. In these experiments we consider the following problem:

min f(2), f(o) = o032 = Be [f(2,€)],  f(e,&) = Iol3fat (E,2)  (130)

zER™

where £ is a random vector with zero mean and bounded variance. Clearly, f(z) is p-strongly convex
and L-smooth with o = L = 1. We assume that E [||¢]|3] < o? for some non-negative number
o. Then, the stochastic gradient V f(x,{) = x + £ satisfies conditions (2) and the state-of-the-art
theory (e.g. [24} 25]]) says that after k iterations of SGD with constant stepsize v < 1/ = 1 we have
E [[|* — z*||3] < (1 — yp)¥||2® — 2*[|3 4+ 7o*/y. Taking into account that for our problem z* = 0,
f(x) = 3||lzl|3 f(z*) = 0 and p = 1 we derive

E [f(z) — f(z*)] < (1 =% (f(2°) = f(2*)) +719°/2. (131)

That is, for given k the r.h.s. of the formula above depends only on the stepsize -, initial suboptimality
f(2%) — f(x*) and the variance o.

We emphasize that the obtained bound and the convergence in expectation itself does not imply
non-trivial upper bound for f(x*) — f(z*) with high-probability without additional assumptions
on the distribution of random vector . In fact, the trajectory of SGD significantly depends on the
distribution of . To illustrate this we consider 3 different distributions of £ with the same o.

1. In the first case we consider £ from standard normal distribution, i.e. £ is a Gaussian random

vector with zero mean and covariance matrix I. Clearly, in this situation o2 =n.

2. Next, we consider a random vector ¢ with i.i.d. components having Weibull distribution
[69]. The cumulative distribution function (CDF) for Weibull distribution with parameters
c>0anda >0is

1—exp (— (%)C), ifx >0,

0, if 2 < 0. (132)

CDFy (z) = {

There are explicit formulas for mean and variance for Weibull distribution:

1 . ) 2 1>
mean = ol 1+E , variance =qa° | [ 1+E — (T 1+E ,

where I" denotes the gamma function. Having these formulas one can easily shift and scale
the distribution in order to get a random variable with zero mean and the variance equal 1.

In our experiments, we take ¢ = 0.2,

- 1
JL(1+2) (0 (1+1)°

shift the distribution by —al’ (1 + %) and sample from the obtained distribution n i.i.d.
random variables to form £. Such a choice of parameters implies that E[¢] = 0 and
E[lI£]3] = n.

3. Finally, we consider a random vector £ with i.i.d. components having Burr Type XII
distribution [3]] having the following cumulative distribution function

1— (142974, ifz >0,

133
0, ifx <0, (133)

CDFB(J)> = {

where ¢ > 0 and d > 0 are the positive parameters. There are explicit formulas for mean
and variance for Burr distribution:

mean = ju;, variance = —u? + i,
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where the r-th moment (if exists) is defined as follows [42]]:

cd—r c+r
MT:dB(7 )7

Cc Cc

where B denotes the beta function.

In our experiments, we take ¢ = 1 and d = 2.3 and then apply shifts and scales similarly to
the case with Weibull distribution. Again, such a choice of parameters implies that E[¢] = 0
and E[[|¢][3] = n.

For all experiments we considered the dimension n = 100, the stepsize v = 0.001 and for
clipped-SGD we set A = 100. The result of 10 independent runs of SGD and clipped-SGD
are presented in Figures These numerical tests show that for Weibull and Burr Type XII
distributions SGD have significantly larger oscillations than for Gaussian distribution in all 10 tests. In
contrast, clipped-SGD behaves much more robust in all 3 cases during all 10 runs without significant
oscillations.
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Figure 6: 2 independent runs of SGD (blue) and clipped-SGD (red) applied to solve with &
having Gaussian (left column), Weibull (central column) and Burr Type XII (right column) tails.

H.2 Additional Details and Experiments with Logistic Regression

In this section, we provide additional details of the experiments presented in Section [f]together with
extra numerical results. In particular, we consider the logistic regression problem:

log (1 4 exp (—y; - (Ax);)) (134)
1

1
min f(z) = -
= fila)

TER™
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Figure 7: 2 independent runs of SGD (blue) and c1ipped-SGD (red) applied to solve with &
having Gaussian (left column), Weibull (central column) and Burr Type XII (right column) tails.

where A € R™*™ is matrix of instances and y € {0, 1}" is vector of labels. It is well-known that
f(z) from (T34) is convex and L-smooth with L = Amax(A" A)/1; where Apax (AT A) denotes the
maximal eigenvalue of A" A. One can consider problem (I34) as a special case of (I)) where ¢ is a
random index uniformly distributed on {1,...,7} and f(z,§) = fe(x). We take the datasets from
LIBSVM library [4]: see Table 3| with the summary of the datasets we used.

Table 3: Summary of used datasets.

heart | diabetes | australian a9a w8a
Size 270 768 690 32561 | 49749
Dimension 13 8 13 123 300

We notice that in all experiments that we did with logistic regression the initial suboptimality
f(2%) — f(z*) was of order 10. Moreover, as it was mentioned in the main part of the paper the
parameters for the methods were tuned. One can find parameters that we used in the experiments
from Sectiondin Table 4]

Next, we provide our numerical study of the distribution of ||V f; (z*) — V f(2%)||2, where z* is the
last iterate produced by SGD in experiments presented in Section[d] see Figure[T1] As we mentioned
in the main part of the paper these histograms are very similar to ones presented in Figure[2} so, the
insights that we got from Figure 2] are right. However, in our experiments with australian dataset
SGD with the stepsize v = 1/r did not reach needed suboptimality in order to oscillate.

Therefore, we run SGD along with its clipped variants with the same batchsize m = 50 for bigger
number of epochs and also tuned their parameters. One can find the results of these runs in Figure[12]
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Figure 8: 2 independent runs of SGD (blue) and c1lipped-SGD (red) applied to solve with &
having Gaussian (left column), Weibull (central column) and Burr Type XII (right column) tails.

Table 4: Parameters that are used to produce plots presented in FiguresB}{3] In the first contains the
name of the dataset and the batchsize m that was used for all methods tested on the dataset. For
d-clipped-SGD )y is an initial clipping level, [ is a period (in terms of epochs) of decreasing the
clipping level and « is a coefficient of decrease, i.e. every [ epochs the clipping level is multiplied by
«. For SSTM parameter a was picked the same as for c1ipped-SSTM in order to emphasize the effect

of clipping.
SGD clipped-SGD d-clipped-SGD SSTM clipped-SSTM
o | v=wr | v=er=esss | T IERM TG st | 02200
RS | 1y | s gamne | ks o | esw | 45T
m azgioo 7= ar 7= gp. A =0025 Wl::%i 30::01.159’ a=1 B :a:s: 1’0*2
met000 | 1= % T=1.2=13 ! 7:%’(;:(21::6(;1.978’ a=1 B =al;11’0*2

We see that SGD with this stepsize achieves better suboptimality but it also oscillates significantly more.
In contrast, clipped-SGD and d-clipped-SGD do not have significant oscillations and converge
with the same rate as SGD. Moreover, c1ipped-SSTM shows slightly better performance in this case.
Finally, we numerically studied the distribution of ||V f; (z*) — V f(2*)]|, where z* is the last iterate
produced by SGD, see Figure [I3] These histograms imply that the noise in stochastic gradients is
heavy-tailed and explain an unstable behavior of SGD in this case.
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Figure 9: 2 independent runs of SGD (blue) and clipped-SGD (red) applied to solve with &
having Gaussian (left column), Weibull (central column) and Burr Type XII (right column) tails.

Finally, we conducted experiments on larger datasets: a9a and w8a. The results of our numerical test

are reported on Figures[T4]and [T3]

We notice that SSTM with given stepsize and batchsize suffers

from noise accumulation, while c1ipped-SSTM does not have this drawback and shows comparable
performance with SGD on a9a and much better performance on w8a.

Figure [T3] shows the gradient’s noise distributions for both datasets. While the distribution of
stochastic gradients at the optimum for a9a have sub-Gaussian-like distribution, for w8a they have

heavy-tailed distribution.
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Figure 10: 2 independent runs of SGD (blue) and c1ipped-SGD (red) applied to solve (T30) with &
having Gaussian (left column), Weibull (central column) and Burr Type XII (right column) tails.
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Figure 11: Histograms of ||V f;(2*) — V f(2*)]|2 for different datasets (the first row) and synthetic
Gaussian samples with mean and variance estimated via empirical mean and variance of real samples

IV fi(a*) = V(@@b)]l2, ..

LIV fr(@F) — Vf(2%)||2 (the second row) where ¥ is the last point

produced by SGD. Red lines correspond to probability density functions of normal distributions with
empirically estimated means and variances.
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Figure 12: Trajectories of SGD, c1ipped-SGD, d-clipped-SGD and clipped-SSTM applied to solve
logistic regression problem on australian dataset. For SGD and its clipped variants stepsize 7 = %
was used. For clipped-SGD we used A = 18.62 and for d-clipped-SGD the parameters are as
follows: A\g = 74.47, 1 = 1500, o = 0.9. Parameters for clipped-SSTM are the same as in the
corresponding cell in Table 4]
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Figure 13: Histograms of ||V f;(z%) — V f(2*)||2 for australian dataset and synthetic Gaus-
sian samples with mean and variance estimated via empirical mean and variance of real samples
IVfi(aF) = V(@) |a, ..., [[Vfr(z¥) — Vf(2)||2 where 2* is the last point produced by SGD
with v = %. Red lines correspond to probability density functions of normal distributions with

empirically estimated means and variances.
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Figure 14: Trajectories of SGD, c1ipped-SGD, d-clipped-SGD and clipped-SSTM applied to solve
logistic regression problem on a9a and w8a datasets. Parameters of the methods used in experiments
are presneted in Table 4]
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Figure 15: Histograms of ||V f;(z*)||2 for a9a and w8a dataset and synthetic Gaussian sam-
ples with mean and variance estimated via empirical mean and variance of real samples
IV fi(z*)|l2 .., [[Vfr(z*)]|2. Red lines correspond to probability density functions of normal
distributions with empirically estimated means and variances.

60



	Introduction
	Preliminaries
	Simple Motivational Example: Convergence in Expectation and Clipping
	Related Work
	Smooth Stochastic Optimization: Light-Tailed Noise
	Smooth Stochastic Optimization: Heavy-Tailed Noise

	Our Contributions
	Relation to zhang2019adam

	Paper Organization

	Accelerated SGD with Clipping
	SGD with Clipping
	Numerical Experiments
	Discussion
	Notations and Definitions
	Related Work: Additional Details
	Related Work on Non-Smooth Stochastic Optimization
	Related Work on Gradient Clipping

	Basic Facts
	Auxiliary Results
	Bernstein Inequality
	About the Sum of i.i.d. Random Variables with Heavy Tails

	Technical Results
	Accelerated SGD with Clipping: Exact Formulations and Missing Proofs
	Convex Case
	Convergence Guarantees for clipped-SSTM
	Sketch of the Proof of Theorem F.1

	Strongly Convex Case
	Proofs
	Proof of Lemma F.4
	Proof of Lemma F.5
	Proof of Theorem F.1
	Proof of Corollary F.2
	Proof of Corollary F.3
	Proof of Theorem F.6
	Proof of Corollary F.7


	SGD with Clipping: Exact Formulations and Missing Proofs
	Convex Case
	Strongly Convex Case
	Proofs
	Proof of Theorem G.1
	Proof of Theorem G.2
	Proof of Theorem G.3


	Extra Experiments
	Detailed Description of Experiments from Section 1.2
	Additional Details and Experiments with Logistic Regression


