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Abstract

We consider smooth stochastic convex optimization problems in the context of algorithms
which are based on directional derivatives of the objective function. This context can be consid-
ered as an intermediate one between derivative-free optimization and gradient-based optimiza-
tion. We assume that at any given point and for any given direction, a stochastic approximation
for the directional derivative of the objective function at this point and in this direction is avail-
able with some additive noise. The noise is assumed to be of an unknown nature, but bounded
in the absolute value. We underline that we consider directional derivatives in any direction,
as opposed to coordinate descent methods which use only derivatives in coordinate directions.
For this setting, we propose a non-accelerated and an accelerated directional derivative method
and provide their complexity bounds. Our non-accelerated algorithm has a complexity bound
which is similar to the gradient-based algorithm, that is, without any dimension-dependent fac-
tor. Our accelerated algorithm has a complexity bound which coincides with the complexity
bound of the accelerated gradient-based algorithm up to a factor of square root of the problem
dimension. We extend these results to strongly convex problems.

1 Introduction

Zero-order or derivative-free optimization considers problems of minimization of a function using
only, possibly noisy, observations of its values. This area of optimization has a long history, starting
as early as in 1960 [64] 34], see also [17,[67, 23]. Even an older area of optimization, which started in
19th century [19], considers first-order methods which use the information about the gradient of the
objective function. In this paper, we choose an intermediate class of problems. Namely, we assume
that at any given point and for any given direction, a noisy stochastic approximation for the direc-
tional derivative of the objective function at this point in this direction is available. We underline
that we consider directional derivatives in any direction, as opposed to coordinate descent meth-
ods which rely only on derivatives in coordinate directions. We refer to the class of optimization
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methods, which use directional derivatives of the objective function, as directional derivative meth-
ods. Unlike well developed areas of derivative-free and first-order stochastic optimization methods,
the area of directional derivative optimization methods for stochastic optimization problems is not
sufficiently covered in the literature. This class of optimization methods can be motivated by at
least three situations.

The first one is connected to Automatic Differentiation [71]. Assume that the objective function
is given as a computer program, which performs elementary arithmetic operations and elementary
functions evaluations. Automatic Differentiation allows to calculate the gradient of this objective
function and the additional computational cost is no more than five times larger than the cost of
the evaluation of the objective value. The drawback of this approach is that it requires to store
in memory the result of all the intermediate operations, which can require large memory amount.
On the contrary, calculation of the directional derivative is easier than the calculation of the full
gradient and requires the same memory amount as the calculation of the value of the objective [49].
Since a random vector can be a part of the program input or some randomness can be used during
the program execution, stochastic optimization problems can also be considered.

Importantly, automatic calculation of the directional derivative does not require the objective
function to be smooth. This fact motivates the study of directional derivative methods in connection
to Deep Learning. Indeed, learning problem is often stated as a problem of minimization of a loss
function. A non-smooth activation function, called rectifier, is frequently used in Deep Learning
as a building block for the loss function. Formally speaking, this non-smoothness does not allow
to use Automatic Differentiation in the form of backpropagation to calculate the gradient of the
objective function. At the same time, directional derivatives can be calculated by properly modified
backpropagation.

The second motivating situation is connected to quasi-variational inequalities, which are used
in modelling of different phenomena, such as sandpile formation and growth [63], determination of
lakes and river networks [6], and superconductivity [5]. It happens that directional derivatives can
be calculated for such problems [54] as a solution to some auxiliary problem. Since this subproblem
can not always be solved exactly, the noise in the directional derivative naturally arises. If the
considered physical phenomenon takes place in some random media, stochastic optimization can
be a natural approach to use.

The third motivating situation is connected to derivative-free stochastic optimization. In this
situation a gradient approximation, based on the difference of stochastic approximations for the
values of the objective in two close points, can be considered as a noisy directional derivative in
the direction given by the difference of these two points [33]. In this case, derivative-free stochastic
optimization can be considered as a particular case of directional derivative stochastic optimization.

Motivated by potential presence of non-stochastic noise in the problem, we assume that the noise
in the directional derivative consists of two parts. Similar to stochastic optimization problems, the
first part is of a stochastic nature. On the opposite, the second part is an additive noise of an
unknown nature, but bounded in the absolute value. More precisely, we consider the following
optimization problem

win { (o) = BelF (0.9) = [
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where ¢ is a random vector with probability distribution P(§), £ € X, and for P-almost every
¢ € X, the function F(z,€) is closed and convex. Moreover, we assume that, for P almost every



&, the function F'(z,£) has gradient g(x, &), which is L(§)-Lipschitz continuous with respect to the
Euclidean norm and there exists Ly > 0 such that y/E¢L(§)? < Ly < 400. Under this assumptions,
Eeg(x,&) = Vf(x) and f has Lo-Lipschitz continuous gradient with respect to the Euclidean norm.
Also we assume that

Eelllg(z,€) - Vf(2)[3] < o?, (2)

where || - ||2 is the Euclidean norm.

Finally, we assume that an optimization procedure, given a point € R”, direction e € Sa(1)
and £ independently drawn from P, can obtain a noisy stochastic approximation f’(x, ¢, e) for the
directional derivative (g(z,&),e):

fl(@,6,e) = (g(x,6),e) + (2, & e) +n(x, &, €),
Ee(¢(2,€,€))* < A¢, Vo € R™, Ve € Sa(1),
In(z, &, e)| <A, Vo e R" Ve € Sy(1), as. in &, (3)

where Sa(1) is the Euclidean sphere or radius one with the center at the point zero and the values
A¢, A, are controlled and can be made as small as it is desired. Note that we use the smoothness
of F(-,€) to write the directional derivative as (g(x,§),e), but we do not assume that the whole
stochastic gradient g(z,§) is available.

It is well-known [50}, 25, [3T], 36] that, if the stochastic approximation g(z, &) for the gradient of

f is available, an accelerated gradient method has complexity bound O (max {\/LQ /e, a2 /52}),

where ¢ is the target optimization error. The question, to which we give a positive answer in this
paper, is as follows.

Is it possible to solve a smooth stochastic optimization problem with the same e-dependence in
the complexity and only noisy observations of the directional derivative?

1.1 Related work

We first consider the related work on directional derivative optimization methods and, then, a
closely related class of derivative-free methods with two-point feedback, the latter meaning that an
optimization method uses two function value evaluations on each iteration. Since all the considered
methods are randomized, we compare oracle complexity bounds in terms of expectation, that is,
a number of directional derivatives or function values evaluations which is sufficient to achieve an
error € in the expected optimization error Ef (&) — f*, where & is the output of an algorithm and
f* is the optimal value of f.

1.1.1 Directional derivative methods

Deterministic smooth optimization problems. In [60], the authors consider the Euclidean
case and propose a non-accelerated and an accelerated directional derivative method for smooth
convex problems with complexity bounds O(nLs/¢) and O(ny/La/¢) respectively. Also they pro-
pose a non-accelerated and an accelerated method for problems with p-strongly convex objective
and prove complexity bounds O(nLs/ulogy(1/e)) and O(ny/La/ulogy(1/€)) respectively. For a
more general case of problems with additional bounded noise in directional derivatives, but also for
the Euclidean case, an accelerated directional derivative method was proposed in [33] and a bound

O(n+/La/e) was proved.



We also should mention coordinate descent methods. In the seminal paper [57], a random coor-
dinate descent for smooth convex and p-strongly convex optimization problems were proposed and
O(L/e) and O(L/plogy(1/€)) complexity bounds were proved, where L is an effective Lipschitz
constant of the gradient varying from n to some average over coordinates coordinate-wise Lipschitz
constant. In the same paper, an accelerated version of random coordinate descent was proposed
for convex problems and O(ny/L/e) complexity bound was proved. Papers [52], 35, 53| [65] gen-
eralize accelerated random coordinate descent for different settings, including p-strongly convex
problems, and [611, 13, [41] provide a O(y/L/¢e) and O(\/L/plogy(1/¢)) complexity bounds, where L
is an effective Lipschitz constant of the gradient varying from n to some average over coordinates
coordinate-wise Lipschitz constant, and, in the best case, is dimension-independent. An acceler-
ated random coordinate descent with inexact coordinate-wise derivatives was proposed in [33] with
O(n+/L/¢) complexity bound and also a unified view on directional derivative methods, coordinate
descent and derivative-free methods.

Stochastic optimization problems. A directional derivative method for non-smooth stochas-
tic convex optimization problems was introduced in [60] with a complexity bound O(n?/e?). A
random coordinate descent method for non-smooth stochastic convex and pu- strongly convex opti-
mization problems were introduced in [24] with complexity bounds O(n/e?) and O(n/pue) respec-
tively.

1.1.2 Derivative-free methods

Deterministic smooth optimization problems. A non-accelerated and an accelerated derivative-
free method for this type of problems were proposed in [60] for the Euclidean case with the bounds
O(nLg/e) and O(n+/Lay/¢) respectively. The same paper proposed a non-accelerated and an accel-
erated method for p-strongly convex problems with complexity bounds O(nLs/plogy(1/e)) and
O(ny/La/ulogy(1/2)) respectively. A non-accelerated derivative-free method for deterministic
problems with additional bounded noise in function values was proposed in [I5] together with
O(nLy/¢e) bound and application to learning parameter of a parametric PageRank model, see also
[38, B7]. Deterministic problems with additional bounded noise in function values were also con-
sidered in [33], where several accelerated derivative-free methods, including Derivative-Free Block-
Coordinate Descent, were proposed and a bound O(n+/L/e) was proved, where L depends on the
method and, in some sense, characterizes the average over blocks of coordinates Lipschitz constant
of the derivative in the block. Mixed first-order/zero-order setting is considered in [13]. After our
paper appeared as a preprint, the papers [10, [16] studied derivative-free quasi-Newton methods
for problems with noisy function values, and the paper [11] reported theoretical and empirical
comparison of different gradient approximations for zero-order methods.

Stochastic optimization problems. Most of the authors in this group solve a more general
problem of bandit convex optimization and obtain bounds on the so-called regret. It is well known
[20] that a bound on the regret can be converted to a bound on the expected optimization error.
Non-smooth stochastic optimization problems were considered in [60], where an O(n?/e?) complex-
ity bound was proved for a derivative-free method. This bound was improved by [26], 40, (39, (66}, I8}, [46]
t O(nz/qu,/aQ), where p € {1,2}, % + % = 1 and R, is the radius of the feasible set in the p-
norm || - [|,. For non-smooth f,-strongly convex w.r.t. to p-norm problems, the authors of [39, §]
proved a bound O(n%4/ (1pe)). A version of these methods for non-smooth saddle-point problems

10O hides polylogarithmic factors (Inn)¢, ¢ > 0.



is developed in [14].

Intermediate, partially smooth problems with a restrictive assumption of boundedness of E ||g(x, §)
were considered in [26], where it was proved that a proper modification of Mirror Descent algorithm
with derivative-free approximation of the gradient gives a bound O(n? ng /) for convex prob-

I,

lems, improving upon the bound O(n2/e2) of [1]. For strongly convex w.r.t 2-norm problems, the
authors of [I] obtained a bound O(n?/¢), which was later extended for p-strongly convex problems
and improved to 5(n2/q/(up€)) in [39].

In the fully smooth case, without the assumption that E||g(z,¢)||?> < +oo, papers [43, 42]
proposed a derivative-free algorithm for the Euclidean case with the bound

B 2
0 (max { nLQRQ, 71(;}) .
€ €

In [45], the authors proposed a non-accelerated and an accelerated derivative-free method with the

bounds
2 2 2R2
Lng nio“R,
’ 2
€ €

respectively, where R, characterizes the distance in p-norm between the starting point of the algo-
rithm and a solution to (1), p € {1,2} and g € {2,00} is the conjugate to p, given by the identity
Tyi=1

The authors of [2I] combine accelerated derivative-free optimization with accelerated variance
reduction technique for finite-sum convex problems in the Euclidean setup.

Other works. For a recent review of derivative-free optimization see [51] and for a review of
stochastic optimization, including derivative-free optimization, see [62].

2 2 2 2p2
~ nngRp nao Rp ~ 1
O | max , 5 , O | max<{ n?
€ €

+

Q|

1.2 Owur contributions

As we have seen above, only two results on directional derivative methods for non-smooth stochastic
convex optimization are available in the literature, and, to the best of our knowledge, nothing is
known about directional derivative methods for smooth stochastic convex optimization, even in
the well-developed area of random coordinate descent methods. Our main contribution consists
in closing this gap in the theory of directional derivative methods for stochastic optimization and
considering even more general setting with additional noise of an unknown nature in the directional
derivative.

Our methods are based on two proximal setups [J] characterized by the valudf] p € {1,2}
and its conjugate q € {2,00}, given by the identity % + % = 1. The case p = 1 corresponds
to the choice of 1-norm in R™ and corresponding prox-function which is strongly convex with
respect to this norm (we provide the details below). The case p = 2 corresponds to the choice
of the FEuclidean 2-norm in R” and squared Euclidean norm as the prox-function. As our main
contribution, we propose an Accelerated Randomized Directional Derivative (ARDD) algorithm
for smooth stochastic optimization based on noisy observations of directional derivative of the

2Strictly speaking, we are able to consider all the intermediate cases p € [1,2], but we are not aware of any
proximal setup which is compatible with p ¢ {1, 2}



objective. Our method has the complexity bound

2
2 9p2
~ 1,1 [LaR2 nao*R
$+1 [ L2fp P
O | max{ n2"a oo , (4)

where R, characterizes the distance in p-norm between the starting point of the algorithm and a
solution to ([1f).

As our second contribution, we propose a non-accelerated Randomized Directional Derivative
(RDD) algorithm with the complexity bound

2 2 2 99
~ nQLng nio Rp
O | max , 5

€ €

(5)

Interestingly, for this method when p = 1 and ¢ = oo, we obtain complexity bound which depends on
the dimension n only logarithmically despite we use only noisy directional derivative observations.
Let us comment on the comparison between the accelerated and non-accelerated method. In the
regime of small variance ¢ in both bounds the dominating term is the first one. If p =1, ¢ = o0
and LQRZ < ne, then the bound for the non-accelerated method is smaller than that of for the
accelerated. In this regime it is preferred to use the non-accelerated method.

Note that, in the case of having a sparse solution, our bounds for p = 1 allow to gain a
factor of \/n in the complexity of the accelerated method and a factor of n in the complexity of the
non-accelerated method in comparison to the Euclidean case p = 2. Indeed, sparsity of a solution
x* means that ||z*[|; = O(1) - ||z*||2 and, if the starting point is zero, we obtain R? = |z*||? =
O(1) - ||z*||3 = O(1)R3. Hence, the bounds for p = 1 and p = 2 can be compared only based on the
corresponding powers of n, the latter being smaller for the case p =1, ¢ = oo.

We underline here that our methods are based on random directions drawn from the uniform
distribution on the unit Euclidean sphere and our results for p = 1 can not be obtained by random
coordinate descent.

As our third contribution, we extend the above results to the case when the objective function is
additionally known to be p,-strongly convex w.r.t. p-norm. For this case, we propose an accelerated
and a non-accelerated algorithm which respectively have complexity bounds

2 2 2
» 1,1 L R2 = 2 . [ RQ = 2
O | max {n>*7 2 log, ald p,LqU , O | max ni log, i k. nie . (6)
Hp € HpE Hp &€ HpE

In the regime of small variance o2 in both bounds the dominating term is the first one. If p = 1,
g = oo and £2 < n, then the bound for the non-accelerated method is smaller than that of for
the accelerated. In this regime of relatively well-conditioned problems it is preferred to use the
non-accelerated method.

As our final contribution, we consider derivative-free smooth stochastic convex optimization
with inexact values of the stochastic approximations for the function values as a particular case of
optimization using noisy directional derivatives. This allows us to obtain the complexity bounds
of [45] as a straightforward corollary of our results in this paper. At the same time we obtain
new complexity bounds for the strongly convex case which, to the best of our knowledge, were not
known in the literature.




Note that our results for accelerated and non-accelerated methods are somewhat similar to the
finite-sum minimization problems of the form

min Z fi(z),
i=1

TER™ 4

where f; are convex smooth functions. For such problems accelerated methods have complexity
O(m + y/mL/e) and non-accelerated methods have complexity O(m + L/e) (see, e.g. [2] for a
nice review on the topic). As we see, acceleration allows to take the square root of the second
term but for the price of v/m and the two bounds can not be directly compared without additional
assumptions on the value of me.

Special note on [45] [70]. One of the novelties and insights in the approach of this paper in
comparison to [45, [70] is to realize that gradient-free methods are a particular case of directional
derivative methods with inexact oracle. Unlike these papers, in the current paper we need to
account for two types of inexactness. One is stochastic with bounded second moment and the
second is bounded a.s. This is a more complicated assumption than the one in [45, [70] and we have
to assume that the error values can be controlled, unlike [45] [70]. Moreover, since the oracle returns
different information, we have to construct our stochastic approximation of the gradient differently,
which also changes the proof technique. We also analyze in this paper the case of strongly convex
objective values, which was not done in [45] [70].

1.3 Paper organization

The rest of the paper is organized as follows. In Section 2] both for convex and strongly convex
problems, we introduce our algorithms, state their convergence rate theorems and corresponding
complexity bounds. Section[3]is devoted to proof of the convergence rate theorem for our accelerated
method and convex objective functions. Section [ is devoted to proof of the convergence rate
theorem for our non-accelerated method and convex objective functions. In Section [5| we provide
the proofs for the case of strongly convex objective function. Finally, in Section [6] we provide
numerical experiments with two types of objective functions: worst case functions for first-order
methods [56] and least squares problem.

2 Algorithms and main results

In this section, we provide our non-accelerated and accelerated directional derivative methods both
for convex and strongly convex problems together with convergence theorems and corresponding
complexity bounds. The proofs are rather technical and postponed to next sections.

2.1 Preliminaries

We start by introducing necessary objects and technical results.
Proximal setup. Let p € [1,2] and ||z||, be the p-norm in R"™ defined as

n
lzllp =D |z, = €R",
i=1



| - [lq be its dual, defined by |lgll; = max {(g,2), ||z|, < 1}, where ¢ € [2,00] is the conjugate
x

number to p, given by % + % = 1, and, for ¢ = 0o, by definition ||z||oc = max |z;|.
1= n

We choose a proz-function d(x) which is continuous, convex on R™ and is 1-strongly convex on
R™ with respect to ||-||,, i.e., for any z,y € R" d(y) —d(z)—(Vd(z),y—x) > %Hy—x”% Without loss

of generality, we assume that mIiRn d(xz) = 0. We define also the corresponding Bregman divergence
TeR™

Viz](z) = d(z) — d(z) — (Vd(z),z — z), x,z € R". Note that, by the strong convexity of d,
1
VIA@) > Sl =2l 2,2 €R™ (7)

For the case p = 1, we choose the following prox-function [9]

(h—1)(2—K)/ | 1
Tl k=14 (®)

Inn
and, for the case p = 2, we choose the prox-function to be the squared Euclidean norm

d(x) =

() = 3l 9)

Main technical lemma. In our proofs of complexity bounds, we rely on the following lemma.
The proof is rather technical and is provided in the appendix.

Lemma 2.1. Let e € RS3(1), i.e be a random vector uniformly distributed on the surface of
the unit Euclidean sphere in R", p € [1,2] and ¢ be given by % -+ % = 1. Then, for n > 8 and

pn = min{qg — 1, 161Inn — 8}n%_1,
E el < g (10)

6
E. ((s,)*llell;) < 22lsl}3, Vs € R™. (1)

Stochastic approximation of the gradient. Based on the noisy stochastic observations of
the directional derivative, we form the following stochastic approximation of V f(x)

1 m
me E z_: x gl? €, (12>
where e € RS2(1), &, i = 1,...,m are independent realizations of £, m is the batch size.

2.2 Algorithms and main results for convex problems

Our Accelerated Randomized Directional Derivative (ARDD) method is listed as Algorithm

Theorem 2.2. Let ARDD method be applied to solve problem . Then

E[f(yn)] - f(z*) < 384@1}\7;22an2 4 1%\72 Lo 21NA + 122NA2
o=l e /B 2" 13)
124/2n© A( N2 (
+ < 5+ 2An> + o ( 2 +2An) )



Algorithm 1 Accelerated Randomized Directional Derivative (ARDD) method

Input: zo —starting point; N > 1 — number of iterations; m > 1 — batch size.
Output: point yy.
1: Yo < o, 20 < To.
2: for k=0,...,N—1.do
3 Qg1 967?;,2@2’ Tk < 48ak+11712an2 = 5
4:  Generate e € RS3(1) independently from previous iterations and &;, i = 1,...,m —
pendent realizations of &.
5. Calculate

m

6mf(fUchrl) = %Z f/(ﬂfkﬂafia e)e.

=1

Thyl & Tr2k + (1 — Tk)Yk-
Ykt1 < Thi1 — 575 V" (Trg1)-
8 Zp+1 ¢ argmin {ak—Hn <V f(@kt1), 2 — Zk> + V2] (Z)}-

ZGR"
9: end for

10: return yy

where ©,, = V[29](z*) is defined by the chosen proximal setup and E[] = E¢, _ ey.é11,.enml]-

Before we proceed to the non-accelerated method, we give the appropriate choice of the ARDD
method parameters N, m, and accuracy of the directional derivative evaluation A¢, A,. These
values are chosen such that the r.h.s. of is smaller than . For simplicity we omit numerical
constants and summarize the obtained values of the algorithm parameters in Table 1 below. The last
row represents the total number Nm of oracle calls, that is, the number of directional derivative
evaluations, which was advertised in (4). Note that the bound allows also to choose the
accuracy of the directional derivative evaluation A¢, A, decreasing with N. This is done by
making each term with A¢ or A, in the r.h.s. to be of the same order as the first term.

p=1 p=2

(e o(2)

m <max{ e lon
n

) o(me{1.5: )

ol

3
A¢ (@) <min{n(lnn)2L§@1, %, \/% éi}) 0] <min{ n3L20,, n@22 2. \/Tz}>

Nw

3
A, O(min{\/ﬁlnnLQ\/@h \/W’ %/%"Héi}) O(mln{nsz/ 2, %9 ,— \/»}>

O-le calls o) <max {\/nlrx’ngﬁ7 02661211171}) 19) (max{ n [,2@27 0-2@271 })

Table 1: Algorithm [I] parameters for the cases p =1 and p = 2.

Our Randomized Directional Derivative (RDD) method is listed as Algorithm




Algorithm 2 Randomized Directional Derivative (RDD) method
Input: zo —starting point; N > 1 — number of iterations; m > 1 — batch size.
Output: point Ty.
1: for k=0,..., N—1.do
2: o Bnpnls-
3:  Generate ex11 € RSy (1) independently from previous iterations and &;, i = 1,...,m — inde-
pendent realizations of €.
4:  Calculate

1 m
me $k EZ xkvé’w

5 Tpal aige;félgn {om <€mf(xk), T — a:k> + V]zg] (ac)}

6: end for
N-1

. 1
7: return Ty < 3 k:zo Tk

Theorem 2.3. Let RDD method be applied to solve problem . Then

E[f(jN)]*f(x*)gijLzm+12L2AC+3nA2 N \ﬁ A)
N (¥/A

+ 3L2Pn < )

where ©,, = V[20](z*) is defined by the chosen proximal setup and E[-] = E¢, _ ey.é11,.enml]-

Before we proceed, we give the appropriate choice of the RDD method parameters N, m, and
accuracy of the directional derivative evaluation A¢, A,. These values are chosen such that the
r.h.s. of is smaller than . For simplicity we omit numerical constants and summarize the
obtained values of the algorithm parameters in Table 2 below. The last row represents the total
number Nm of oracle calls, that is, the number of directional derivative evaluations, which was
advertised in (B]). Note that the bound allows also to choose the accuracy of the directional
derivative evaluation A, A, decreasing with N. This is done by making each term with A; or A,
in the r.h.s. to be of the same order as the first term.

2.3 Extensions for strongly convex problems

In this subsection, we assume additionally that f is p,-strongly convex w.r.t. p-norm. Our algo-
rithms and proofs rely on the following fact. Let x, be some fixed point and = be a random point

such that E, [||z — 2.|2] < R2, then
— . Q
E.d (w i ) < (15)

Ry

where [, denotes the expectation with respect to random vector x and €2, is defined as follows.
For p = 1 and our choice of the prox-function , Q, = en(F—DE=R)/k 1y p = O(Inn) for our choice

10



p=1 p=2
N O (Losinn) O (nh2%2)
m 0 (max {1, 2. 1) 0 (max {1, 2. 1)
A O (min {1 130, 5, L) O (min {nL30,. ;5. <2 })
PO P S TR = Y Y 8 ey
O-le calls O (max { L201lun, 26y nn L) O (max { nLa0z vz} )

Table 2: Algorithm [2] parameters for the cases p =1 and p = 2.

of k =1+ ﬁ, see [55, [47]. For p = 2 and our choice of the prox-function @D, 2, =1. Our
Accelerated Randomized Directional Derivative method for strongly convex problems (ARDDsc)
is listed as Algorithm

Theorem 2.4. Let f in problem be p,-strongly convex and ARDDsc method be applied to
solve this problem. Then

Ef(ug) — f* < "85 9K 4 9A (18)

2
2]
12\/?\721%? (\ﬁ +2A ) + (\/QE +2An> . Moreover,
0

2A < £/2, the oracle complexity to achieve

_ 61N 122N A 2
where A = 4L, Ac+ 31, A

12np Lo
under an appropriate choice of A; and A, s.t.

g-accuracy of the solution is

. R2 pig?
O | max {n>*3 Lofly log, He = n1oth .
Hp < Hp&

Despite we have linear convergence in terms of the iterations number, the number of the oracle
evaluations corresponds to sublinear convergence. The reason is that we consider general stochastic
optimization problem, rather than finite-sum problems for which the linear convergence rate is
achievable in terms of the oracle evaluations [2]. Our oracle complexity corresponds to the lower
complexity bounds [55] for general stochastic convex optimization.

Before we proceed to the non-accelerated method, we give the appropriate choice of the accuracy
of the directional derivative evaluation A¢, A, for ARDDsc to achieve an accuracy ¢ of the solution.
These values are chosen such that the r.h.s. of is smaller than €. For simplicity we omit
numerical constants and summarize the obtained values of the algorithm parameters in Table 3
below. The last row represents the total number of oracle calls, that is, the number of directional
derivative evaluations, which was stated in @

Our Randomized Directional Derivative method for strongly convex problems (RDDsc) is listed
as Algorithm

11



Algorithm 3 Accelerated Randomized Directional Derivative method for strongly convex functions

(ARDDsc)

Input: zy —starting point s.t. ||z — x*HZQ, < RI%; K > 1 — number of iterations; p, — strong

convexity parameter.

Output: point ug.

1: Set
8a L2
Ny = oal2ip , (16)
Hp
where a = 384n2p,,.
2: for k=0,..., K—1do
3: Set
bo? Ny2F 4A
My = max {1, PUOJ } . RI:=R27F4+= (1 - 2"“) , (17)
LQ:upRp Hp
where b = %.
4 Set dy(z) = R2d (ﬁ;:k)
5. Run ARDD with starting point u; and prox-function di(x) for Ny steps with batch size my.
6:  Set up+1 =yn,, k=k+ 1.
7: end for

8: return ug

Algorithm 4 Randomized Directional Derivative method for strongly convex functions (RDDsc)

Input: zy —starting point s.t. ||z — x*HIQ, < RIQ,; K > 1 — number of iterations; p, — strong

convexity parameter.

Output: point ug.

1: Set SaLoQ)
Ny = {agpl 7 (19)
Hp
where a = 384np,.
2: fork=0,..., K —1do
3: Set
8bo22k 4A
i ::max{l,{ 7 QH R? ::R§2_k+—(1—2_k>, (20)
LQMPRp Hp
where b = 2
4 Set dy(x) = B3d ().
5. Run RDD with starting point u; and prox-function di(x) for Ny steps with batch size my,.
6: Set ugi1q = YNo> k=k+1.
7: end for

8: return ug

12



p=1 p=2
272 3,2
; /_Lopy 2n(lnn)? Lo ; Lops _2n°L3Q2 _ po
A¢ O (mln {5 Tanty € RZ.2 N o O |minqe nia € RZZ )
af Lopy  _v/nlnnLyVS . a1 ; afLopy Vn3Lyv/Qp Ho
ATI <m1n {f nlnnq’ Ripy \/E n2y O (min \/E n2Qq? Ropo \/> no
R? =~ R2
O-le calls O max nlnnLoQy log ll«l 1 , o Ql Inn O (max?n LoQo log H2 27 no QQ
V M1 uie Vw2 pae

Table 3: Algorithm |3| parameters for the cases p =1 and p = 2.

Theorem 2.5. Let f in problem be p,-strongly convex and RDDsc method be applied to
solve this problem. Then

2
Ef(uk) — f* < 2282 . 9K 4 oA, (21)
By 2 2 <\ﬁ+2A>+

an appropriate choice of A; and A s.t. 2A < €/2, the oracle complexity to achieve e-accuracy
of the solution is
_ naLoQ wpR2 nio2Q
O | max e logy —2, d .
Hp € HpE

Despite we have linear convergence in terms of the iterations number, the number of the oracle
evaluations corresponds to sublinear convergence. The reason is that we consider general stochastic
optimization problem, rather than finite-sum problems for which the linear convergence rate is
achievable in terms of the oracle evaluations [2]. Our oracle complexity corresponds to the lower
complexity bounds [55] for general stochastic convex optimization.

Before we proceed, we give the appropriate choice of the accuracy of the directional derivative
evaluation A¢, A, for RDDsc to achieve an accuracy ¢ of the solution. These values are chosen such
that the r.h.s. of is smaller than e. For simplicity we omit numerical constants and summarize
the obtained values of the algorithm parameters in Table 4 below. The last row represents the total
number of oracle calls, that is, the number of directional derivative evaluations, which was stated

in @

where A =

12L

2
SLapn ﬂ +2A > . Moreover, under

p=1 p=2
. fely, _2(nn)’L3 1 €L2 g nL3 B2
A¢ O (mln{ o E R O ( min € R Ensty
A O ( min ELQ Innly gL O [ min ely ynls - [ pa
n leﬂl nfdy n ’ Raopa nslo

O-le calls | O (max { LQ% nn jog, “lRl, U“fz} }) 9] (max{"LiQQ log, “QRQ, "‘;22?2 })

Table 4: Algorithm (4] parameters for the cases p =1 and p = 2.
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2.4 Corollaries for derivative-free optimization

In this subsection, following [45], we consider derivative-free smooth stochastic optimization in the
two-point feedback situation. We assume that an optimization procedure, given a pair of points
(x,y) € R® | can obtain a pair of noisy stochastic realizations (f(z,€), f(y,€¢)) of the objective
value f, where

f(x,€) = F(x,€) +E(2,€), |2(x,6)] <A, Vo € R", as. in €, (22)

and £ is independently drawn from P.
Based on these observations of the objective value, we form the following stochastic approxi-
mation of V f(x)

vmft ;Z f :L'—l-te EZ _f(x7€i)€: <<g (l' gm > ;Z x fla +7I($ gla )))

(23)
where e € RS3(1), &, i = 1,...,m are independent realizations of &, m is the batch size, t is some
m

small positive parameter which we call smoothing parameter, gm(w,é;) = % > g(x, &), and

F(a: + te,fi) — F(I,gl)
t

—(9(x, &), ), n(x,&ie) = = +te’£it) — E(x’&), i=1,..m.

C(w7§i7 6) -

By Lipschitz smoothness of F(-,€), we have |((z,§,¢)| < @ for all z € R™ and e € S(1).

Hence, E¢(¢(z,&,¢e))? < and e € S3(1). At the same time, from (22), we have
that |n(zx,¢&, )\ g 28 for all x € R" e € S(1) and a.s. in . Applying Theorem n and Theorem

with AC = =24

n = =, we reproduce respectively the result of Theorem 2 and Theorem

2
3 in [45]. Applymg Theorem and Theorem |2 . with Ay = 2 ® and A, = t , we obtain also
complexity bounds @ for derlvatlve free smooth stochastic strongly convex optimization, which
was not yet done in the literature.

3 Proof of main result for ARDD method

We divide the proof of Theorem [2.2]into two large steps. First, to simplify the derivations, we prove
this theorem assuming two additional inequalities which connect noisy stochastic approximation of
the gradient with the true gradient and function values. This result is stated as Lemma
Then, in Lemma we show that our approximation of the gradient indeed satisfies these
two inequalities.

Lemma 3.1. Let {zg, yx, 2k}, & = 0 be generated by ARDD method. Assume that there exist
numbers ¢; > 0,02 > 0 such that, for all kK > 0

E [(97f(ansn)s 24— 20)] 2 SEUVI@in), 21— 2] - GE [l -zl (2)
and
E IV f(@r41)I2] < 96pnLz (Elf (zx41)] = ELf (ys1)]) + 62, (25)

14



where expectation is taken w.r.t. all randomness and z* is a solution to . Then

e O,n%pnL 12n./20 %
E[f(yN)] - f(x ) < Sic Z}\T;zp 2 + nN2 p51 + 24;ZL252 + 12{1@25%’ (26)

where ©, = V[zg](z*) is defined by the chosen proximal setup and the expectation is taken w.r.t.
all randomness.

This result is proved below in subsection

Lemma 3.2. Let {xg, yk, 21}, £ = 0 be generated by ARDD method. Then and hold

with
VAL 2A
01 = 6 — (27)
2vn - /n
and )
96y,
5y = =P T 1 61p,Ac + 9T6p, A2, (28)
n m

This result is proved below in subsection
Proof of Theorem [2.9 Combining Lemma and Lemma we obtain ([13]). O

3.1 Proof Lemma

The following lemma estimates the progress in step 8 of ARDD method (and in step 5 of RDD
method), which is a Mirror Descent step.

Lemma 3.3. Assume that z; = argmin {om <%mf(m), v— z> + V7] (v)} Then, for any fixed

veER”
u € R™,

ank (V™ f(z), 2 - w)| < “ZE[IVf(@)2] +EVE@)] -EVI]@],  (29)
where expectation is taken w.r.t. all randomness.
Proof. For all u € R", we have
) afﬁmf(x),Z—U>:anﬁmf(w),z—u);an(? f(@), 24 — )
< an(@7f(@), 2 = 21) + =V, 20— u) 2 an(@mf(@), 2 - 21)
FVIN(w) = Vizsl @) = VIEl(z4) < (an<vmf<a:>,z—z+> Lz — 2|2
PV ) V() < 297 (@) 2 4+ VI — Ve (w),

where @ follows from the definition of zy, whence (VV[2](z4) + anV™fi(z), u — z.) > 0 for all
u € R"; @ follows from the ”‘magic identity”’ Fact 5.3.3 in [9] for the Bregman divergence; @

(30)

follows from (7)); and @ follows from the Fenchel inequality ((s,z) — %”ZH;% < %Hs”ﬁ Taking full
expectation we get . O

Now we prove the following lemma which estimates the one-iteration progress of the whole
algorithm.

15



Lemma 3.4. Let {xg, yx, 2k, ok, 7k}, & = 0 be generated by ARDD method. Then, under as-
sumptions of Lemma

48n2an2ai+1E[f(yk+1)] = (48n2an2&i+1 — ap+1)E[f(yr)]

—E V{erl(@)] + BV [zl )] — aerink I - 2] - B0 < o @),
where expectation is taken w.r.t. all randomness, x* is a solution to (|1).
Proof. Combining , and , we obtain
ap 1 E[(Vf (@rs1), 21 — 24)] < 480°0°pn Lo (B [f (z41)] — E [£ (1)) (32)

CM2 n2
FE [Vay (@)] = EIV [5041) ()] + ats101mE [[124 — 2allp] + 25 5,.
Further,

(zr+1)] = f(24)) < g1 E[(V f(Tp41), Thp1 — 24
= a1 E[(Vf(@rt1), Th1 — 21)] + k1 E[(V f(Th41), 286 — 4
(

> |

= %E (VF(@rs1)s yr — Tea1)] + e E (VS (2h41), 21 — 24)

< Uomlases (8 (7] — B [f(anan)]) + ona B (TS (@rr1), 26— o)
Rt (B [£ ()] ~ B [f (a0)]) + 480°0%0n Lo (B [f (@01)] = E [ (1)
+E [V, (2.)] — B[V [211](22)] + o1 61nE [||2x — 2] + ZE56

®
= (48a; 1 n*pnLy — cr1)E [f (yi)] — 48@i+1nzan2E[J:(yk;r1)]
tapBlf (rr1)] + E[Vz, (22)] — E[V[2e1)(2:)] + ars101nE [[|2i — 2.]p] + 25505

apy1 (E[f

NE

Here @ is since xgy1 := T2k + (1 — 76)yr < Ti(xps1 — 2x) = (1 — 7)) (Y — Txy1), @ follows from
the convexity of f and the inequality 1 — 75 > 0 and @ is since 7, = Barnonls: Rearranging the
terms, we obtain the statement of the lemma. ]

We are now ready to finish the proof of Lemma [3.1]
Proof of Lemma[3.1l Note that 48nzpn[/2a%Jrl —Qpi1+ m = 48n?p, Loai. That is,

2 2 1 __(k+2)? k+2 1
A8n"pn Loty ) — kvt + To5.2, 5 = T9202p0 T ~ 96n%pnLa + ot onts

_ K24k ta-—2k—a41 _ _ (k+1)° 2 9
192nZpn Ly = T99n%pls — 481 prlaag.

Telescoping for k=0,1,2,..., 0l —1for Il < N we haveE|

181, LaoTEL ()] + T sty B )] - Visal (o) + BV sG]

-1 _ (33)
-1 kzo g1 Bll|u — zillp] — C2 Z aj .y < Z a1 f(u),
where we denoted )
n
Cl = (5177,, CQ = ?52 (34)

3Note that a1 = and therefore 48n2an2a% — a1 =0.

2 _ 1
96n2p,, Lo ~ 48n2p, Lo
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We define © := V[z](z*), Ry := E[||z* — 2||p]. Also, from (7)), we have that (;aq Ry < V260G

— 48n2%p, Lo
=, V26¢ = 1(1+3)
T . . 1 . o
To simplify the notation, we define B; := (> Y aj ., +© + BnZpnls Since ) g1 = T2 pn s

k=0 k=0
and, foralli=1,...,N, f(y;) < f(z*), we obtain from

2 -1
w1 B ) < £ (inipns — ootz ) + B~ EVIAI@)] + G S anna Ri, -
= 35
-1
0 < ool (E[f (w)] — £(2*)) < By — E[V[a](z")] + G PORTEE
=1

which gives
-1

E[V]z)(z*)] < Bi+ (1 Y apy1 Ry (36)
k=1
Moreover,
-1
3 Elllz — 2*||,))* < 3E[|lz — 2*[|2] < E[V[z](2")] < Bi+G kZ 1 Ry, (37)
1
whence,
-1
Ry <V2y|Bi+ (Y apgiRe. (38)
k=1

Applying Lemma [B.1|for ag = (202 + © + 48\7/1§C1L2,ak = Cga%H,b =( fork=1,...,N -1, we
obtain

-1 2
B,+412ak+1Rk<(\/ + V261 g LQ) l=1,...,N (39)
k=1

Since V[z](x*) > 0, by inequality for I = N and the definition of B;, we have

2 2 ®
ol (L ()] = () < (VBN + V20 - g ) < 2B +4¢ - ooy

-1
=20 > aj +20 + vaoe_ 4¢3 - A (40)
k=0

24n2p,, Lo (96n2p,, L2)2

@
V200G 2(2(N+1)3 2 N4
<20+ 24n2pp Lo + (96n2pn L2)2 + Cl (96m2pp L2)2

N-1
where @ is due to the fact that Va,b € R (a + b)? < 2a® + 2b* and @ is because > aiﬂ _
}=0
1 Nil 12 < 1 (N41)(N+2)(2N+3) 1 (ADANADINAD (VA1
(96n°pnL2)* = (96n%pnL2)? 6 S [96n%pnLa)? 6 = ©onZpna)?

Dividing (40) by 19(5\; erpl) i’ and substituting (i, {3 from , we obtain

3840n2p, L 12126 (N+1)¢ N4¢2
E[f(yN)] - f(:z: ) < (Nn+1p) 2+ (N+1)2 5C1+ 24n2p,, L22 + 12n2an2(1N+1)2

3840n2 anQ 12n\/2® 2
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3.2 Proof Lemma [3.2]

We start with the following technical result which connects our noisy approximation of the

stochastic gradient with the stochastic gradient itself and also with V f.

Lemma 3.5. For all z,s € R", we have

e = m
Ec||V™ f(2)|2 < 222||g™ (2, &n) |3 + 22 zl (2, &)% + 16p, A2,
1=

= 1 = 1 —
m 2 m 2 2 2
B (@)1 > o™ 6l = g Dl )" 8,

Ee(V™f(2),5) > 1(g™(z,6m), 5) — ol i C(a, &) — 2ozl

Ee|[(Vf(2),e)e = V™ f (@)} < 2|V F(z) — g™ (@, &m)lI3 + ié(%&f +16A7,

m

where gm(w,f,;) = % > 9(2,&), ((z,&) and A, are defined in (3).
i=1

Proof. First of all, we rewrite V" f () as follows

V™ f(z) = <<gm(x,§;1),e> + ;ZQ(QE,&,B)) e,
i=1
where
O(x,&,e) = ((x, &) +n(x,&,e), i=1,....,m.
By (3), we have
10z, &, €)] < ¢z, &) + Ay
Proof of .

Ee||V™f ()7 = Ee

©) -
< 2Be[ (g™ (2, &m), e)el; + 2Ee

m

(<gm(x,§:n),e> + % g: 9(1‘,&,@) eHQ
Z 0(z,&ise)e

(45)

q
2

q

£ g (a, I+ 2 35 (00601 + 207 < Bl Gl + 8 35 0,607 + 1600
X —, 19 Tom)ll2 m Z, i 7 19 \Ts6m) |12 m Z, G Pn2y,

=1

(40)

where @ holds since ||z + y||2 < 2[|z||2 + 2[|y|2,Vz,y € R"; @ follows from inequalities (L0]),(LL),

m

2 m
and the fact that, for any aq,as,...,a,, > 0, it holds that (Z ai> <m Y al.
i=1 i=1
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Proof of .

(7 6e) + & Eoue)) o]

EeHﬁmf(x)” =E. )

1
((x,&)* — 8AZ,
(47)
where @ follows from and inequality ||z + y[|3 > [|zl3 — [lyl3, Yz, y € R"; @ follows from
e € S5(1) and Lemma B.10 in [I5], stating that, for any s € R", E(s, e)? = L||s|3.
Proof of (43).

M=

@ . m @ .
= %Ee”<gm(1’7£m)v > || % 2 (|C(l’ Ez)| )2 > ﬁ”.gm(l'agm)”% _ ﬁ 1

(2

E (V™ f(x),5) = Eo{(g™(z, 60). )e, 5) + Bo i”: 0(x, &, ¢)e, )

S Lgm(a,60). ) — X % (¢ &) + Ag) Eel (e, 5)] (48)
> Mg (@,60),5) - QL”} > [((a )| — 22l

where @ follows from E.[n(g, e)e] = g, Vg € R™ and (45)); @ follows from Lemma B.10 in [15], since
E|(s, e)| < \/E(s,e)?, and the fact that ||z|]2 < Ha:Hp for p<2.

Proof of (44).
2

(Vf(x),e)e— <gm(:L‘,£;L), eye — % 0(x,&,e)e

Ee|(Vf(x),e)e = V™ f ()3 = Ee

3

(33 &, ) (49)

1

.
|

' Ms EMS

(V@) — g, ), ehe, + 28,

2

@
< 2|V F@) — g™(z, Em) |2+ L ;C(a:,&)2 +16A2,

where @ holds since ||z+y||3 < 2||z|3+2]|y||3, Vz, y € R™; @ follows from e € S3(1) and Lemma B.10
in [15], and .

O]

We continue by proving the following lemma which estimates the progress in step 7 of ARDD,
which is a gradient step.

Lemma 3.6. Assume that y =z — ﬁ%mf(a:) Then,
lg™ (2, Em)13 < 8nLa(f(2) — Ecf(y)) + 8]V f(z) = g™(=; En)l3
+52 3w, &)? + 80nAY,
i=1
where g™ (z, &) is defined in Lemma ((z,&) and A, are defined in (3).

Proof. Since vm f(x) is collinear to e, we have that, for some v € R, y — x = ve. Then, since
lefl2 =1,

(Vi) y —2) = (Vf(2),e)y = (V[(z),e){e,y —x) = (Vf(x),e)e, y — z).
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From this and Lo-smoothness of f we obtain

B Fly) < f(@) + ((Vf(x),e)e, y — z) + Fly — 2ll3
< (@) + (V7 f (), y = 2) + Lolly — 2|3 + ((Vf(2),e)e = V" f(2), y — ) — Bly — 2l13

2f(fv)+<§mf(fﬂ),y—:v>+flzlly 2|3 + o 1{V £ (2), e)e = V™ f(2)]3,

where @ follows form the Fenchel inequality (s, z) — %HzH% < QHSH% Using y = = — 2L2 v f(x),
we get,

V™ (@)3 < fla) - f( )+ 515 [(Vf(2), e)e = V™ f(2)]]3
Taking the expectation in e and applying (42 , ., we obtain

s (o 613 - 2 3 0067~ 883) < BT (@]

)
< flz) - IEef( ) + 575 Ee H<Vf( ),e)e — V™ f(x)|3
< F(@) ~ Bef(y) + 5= (iuwm — g G+ B o6 + 16
Rearranging the terms, we obtain the statement of the lemma. O

We are now ready to finish the proof of Lemma

Proof of Lemma[3.3 Taking the expectation w.r.t. all randomnessﬂ of and using inequality

E[l¢(z, &)l < VE[C(2, &) \ﬁ

/A
we obtain inequality with §; = 2—\/5 + %. Combining and , taking the full ex-
2

pectation and using E[|V f(z) — ¢"(z,¢)||3] < %, which follows from (2)), we obtain with

m?

0y = 22n . 2 4 61p,A¢ + 9T6p, A2, O

n

4 Proof of main result for RDD method

As in the previous section, we divide the proof of Theorem into large steps. First, to simplify
the derivations, we prove this theorem assuming two additional inequalities which connect or noisy
stochastic approximation of the gradient with the true gradient and function values. Then we
show that our approximation of the gradient indeed satisfies these two inequalities.

Lemma 4.1. Let {xg,yx, 2t}, £ = 0 be generated by RDD method. Assume that there exist
numbers §; > 0,02 > 0 such that, for all £ > 0

E [(97 f(ex), 26— 22)] > SB[V (an), 21— 2] - G [lak — 2] 61)

48an2

E [V (@) 2] < (B[S (k)] - f(2.)) + &2, (52)

“Note that we use s = z, — . which does not depend on &1,&2,...,&mn from the (k + 1)-th iterate and it does
not depend on ey41. Therefore we can use tower property of mathematical expectation and take firstly conditional
expectation w.r.t. &1,...,&, and after that take full expectation.
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where expectation is taken w.r.t. all randomness and z, is a solution to . Then

= nL2© 8n./26
Elf(@n)] — flas) < 384MN =P+ 12p7:1L2 62 + = N— 01+ 325\/[)”5%’ (53)

where ©, = V[zg](z*) is defined by the chosen proximal setup and the expectation is taken w.r.t.
all randomness.

This result is proved below in subsection

Lemma 4.2. Let {zy,yk, 2t}, kK = 0 be generated by RDD method. Then and hold

with
VA 2A
§= Yt (54)
2vn  \/n
and )
24py,
by =P T4 p A+ 16p,A2 (55)
n m
This result is proved below in subsection (4.2
Proof of Theorem [2.3. Combining Lemma and Lemma we obtain ([14). O
4.1 Proof Lemma [4.1]
Combining , and we get
O [(Vf(xy), o — .)] < 2402np, Lo (E[f(2x)] = f(2.)) + adinE [||lzg — 2] + <565
FE [V]zp](z.)] — E[V[zgqa] ()],
whence due to convexity of f we have
(a — 240”npn La) (B[f (k)] — f () < a01nE [[lzg, — 2.lp] + 25565
4 (56)
FE[V [zk)(z:)] = E[V [Zr41] ()],
because o = m. Summing for k=0,...,01—1, where ] < N we get
Na = a?n?l =
0< 7 (Blf(@)] = flas)) < %5762 + aélnkZ Elflzr — 2lp]
=0
% 57
+ Viwol(z.) ~E[VIz ")) 57
——
Op
_ def 1 i1 . . .
where 7; = x. From the previous inequality we get
k=0
3 Ellzr — z.],))? < 3E[le — 2.]2) < E[V]z)](2.)]
1 (58)
<O, +1- 556 +adin ) Effjzg — z.p),
k=0
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whence VI < N we obtain

-1

Ell|lzg — 24]l,] < V2, |Op+1- > (52+a51nZE [k — Tllp)- (59)
k=0
Denote Rk = E[||a* — ] for k = 0,...,N. Applying Lemma [B.2| for ap = O, + adinE|||zo —
2.llp) < Op + any /20,01, a), = T 65,0 = nd; for k=1,...,N — 1 we have for | = N

N (Blf(ow)] - flz)
< <\/®p +N- "‘22”2 02 + any /20,01 + ﬂnéwa)

]
<20, + Na?n?28y + 2am, /20,01 + 4n25%a2N2,

whence
= 384npn L2200y 81y /2@p nN
E[f(zn)] — f(zs) < x +12p L252+ 01 1+ 3L,m 52,

_ 1
because a = Bapnls O

4.2 Proof Lemma [4.2]
Taking mathematical expectation w.r.t. all randomness from the we obtairﬁ inequality

with §; = 2”? + \f", because E[|¢(z,&)|] < VE[|¢(z,&)|? \/ ¢ Combining (41)) and

lg™ (2, En)l3 < 2V £ (@)II5 + 2V F(2) = g™ (@, En) I3 < 4L2 (BLf (2)] — f () + 2|V f(2) = g™ (@, Em) 13,
E[|Vf(z) -9 (:L’ En)lB] < %

and taking full mathematical expectation we obtain with do = 24p” . f; + pnAc + 16pnA%. O

5 Proofs for strongly convex problems
5.1 Accelerated algorithm

Lemma 5.1. Assume that we start ARDD Algorithm [I] from a random point zy such that
Eg llz* — x0||12) < R%, use the function Rgd <%) as the prox-function and run ARDD for Ny
iterations. Then

CLLQRZQ)QP n bo’2N0

E[f(yNo)] - f* < N02 mLog + A,

®Note that we use s = x} — . which does not depend on &1, £2,...,&n from the (k + 1)-th iterate and it does
not depend on ey41. Therefore we can use tower property of mathematical expectation and take firstly conditional
expectation w.r.t. £1,...,&, and after that take full expectation.

22



where a = 384n%p,,, b = %,

12,/2nR2Q A 2 A z
A—61N°A<+122N°A2+ r p(” <+2An)+ No (V C+2A7,>

- 24L, 3Ly " N2 2 12npn Lo

and the expectation is taken with respect to all the randomness.

Proof. Note that R2d (%) is strongly convex with constant 1 w.r.t ||-||,. Since 0 = argmind(z),

T—x0
Ry

we have, for the prox-function d(z) = R2d ( ) and corresponding Bregman divergence V [zo](x),

2
0, = Vizo](z.) = d(xs) — d(x0) — (Vd(20), T — 20) = d(7:) < Rpr.

Applying Theorem an taking additional expectation w.r.t to xg, we finish the proof of the
lemma.

O]

Proof of Theorem [2.4, We prove by induction that
4A
Elluy —a*|2 < R} = R227% + == (1 - 2—’f) . (60)
Hp

For k = 0, this inequality obviously holds. Let us assume that it holds for some k > 0 and prove
the induction step. Applying Lemma [5.1| at the step k of Algorithm [3| we obtain that

CLLQR%QP + bU2N0

E —f*=E - < A.
f(uk-H) f f(yNo) f Ng ka2 =+

By definition of Ny, we have

aLQR]%Qp < aLngQp i ,upRz

N02 ~ SGLQQP - 8 :

Hp
By definition of my, we have
8b0‘2N(] 8b02Ng 8b02N0
m = =

k = K Z -
LatpF2™8 ™ Ly, (R327k + 48 (1 - 27k)) Lo BiR

and
n 2 2 2
bo N() < bo N() B ,uka
mpLo  [,8b0%No &
k L2L2ﬂpRi
Hence,

Hp

Ef(ugs1) — [ < %+A: ke (RZQ—kJr@(l_Q—k)) N
=tz (Rog-(0) 42 (1 9-(e)) = folffan

Since f is strongly convex, we have

* 2 *
Ellug1 — 2*|7 < ;(Ef(uk—kl) — ) < Riyy-
P
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This finishes the induction step and, as a byproduct, we obtain inequality .
It remains to estimate the complexity. To make the right hand side of (18] “ ) smaller than ¢ it is

2
sufficient to choose K = [logQ -‘ To estimate the total number of oracle calls, we write

K-1 K-1
8bor? No2* 8bo? Ng2K
Number of calls = Nomy, < No (14— | SKNo+ ——
umber ot calls kzo oM kz_o 0( + LQMPRI% > 0t LQ,UpR%

< 8aL2Q, log, pip R N 8bo®  8als(Y, pip R
Hp € LQ,UPR]% Hp g
2
< 8aLY, log, It N 64aba?(Y,
Hp € HpE
2 2 2
— O | max n2+1 Ly, log2 MpRp,nqa Q, 7
Hp e /,Lps

where we used that a = 384n2p,,, b = % and p,, is given in Lemma

5.2 Non-accelerated algorithm

Lemma 5.2. Assume that we start RDD Algorithm [2|from a random point zo such that E,, ||z* —
202 < R2, use the function R2d (%) as the prox-function and run RDD for Ny iterations.
Then

aLyR2QY,  bo?

E[f(yno)] = f* < Ny +mL2+A,

where a = 192np,, b = 2, A = - Ac+3f AZjL&/m <\ﬁ e >+3sz

and the expectation is taken with respect to all the randomness.

(45 on,)

Proof. Note that R2d (x :0) is strongly convex with constant 1 w.r.t ||-||,. Since 0 = argmind(z),

we have, for the prox-function d(z) = R2d <$ xo) and corresponding Bregman divergence V [zo](z),

2
Op = Vlzo)(z+) = d(x+) — d(z0) — (Vd(x0), 2 — o) = d(x) < o

Applying Theorem an taking additional expectation w.r.t to xg, we finish the proof of the
lemma.

Proof of Theorem [2.5. We prove by induction that

4A
Elluy —a*|2 < R} = R27* + (1 — 9" ) (61)
Hp
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For k = 0, this inequality obviously holds. Let us assume that it holds for some k& > 0 and prove
the induction step. Applying Lemma [5.2] at the step k of Algorithm [4] we obtain that

Ly R2Q) bo?

E —f*=E — "< A.
fuksr) = f flyne) = f No — +
By definition of Ny, we have
CLLQR%QP < (ILQR%QP . ,upRz
NO ~ SCLLQQP - 8 :
Hp
By definition of my, we have
8bo? 8bo? 8bo?

my = — = =
Lamp 5278 ™ Lo, (BR2% 4 42 (1 = 27k) Lopp Ry,

and
bo? . bo? B upRi
X 5 = .
k 2L2#pRz
Hence,

Ef (1) — f7 < U A=t (R227F 442 (1-279)) 4 A

Hp

_ K 29—(k+1) | 4A —(e+1)\) _ MR
—7P<Rp2 (+)+E(1_2 (+)))_%_

Since f is strongly convex, we have

2
Elfup41 — 2*[|} < ;(Ef(wm) — [*) < Rip.
D

This finishes the induction step and, as a byproduct, we obtain inequality .

It remains to estimate the complexity. To make the right hand side of smaller than ¢ it is
#pRg
€

sufficient to choose K = [log2 -‘ To estimate the total number of oracle calls, we write

K-1 K-1
8bo22k 8ba? Ny2K
Number of calls = Nomy, < Ny <1 + ) <KNy+ ——%—
3 o< 30 (14 22
_ 8alQ, log poly  8bo?  BaleS, il
Hp * e LZHpRZQ; Hop €
2
< 8aLy(, log, L2, N 64aba?Q),,
Hop € Hp&
2 p2 %o
— O | max ne Lol log, Hp p, n1o7$ ,
Hp € HpE

where we used that a = 192np,,, b = 2 and p,, is given in Lemma [2.1
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6 Numerical experiments

In this section we numerically test our methods on the “worst in the world” function from [56]
and least squares problem. In these problems there is no noise of type n(x, ¢, e) from since one
can compute directional derivatives with machine precision. Moreover, for both examples one can
compute exact functional values, therefore, using small enough smoothing parameter ¢ (see ) it
is possible to approximate directional derivatives via finite differences with high enough accuracy.
That is, for the problems we consider in this section the difference between directional derivative
oracle and derivative-free oracle is negligible to influence the behaviour of our methods. Taking it
into account we consider only derivative-free oracle in the experiments and compare our methods

with RSGF from [42].

6.1 Nesterov’s function

We start with numerical tests on Nesterov’s function

L — L
f(z) = 3 (w% + Z (zi — zi11)? + x?) - (62)
i=0
which is convex, L-smooth and attains its minimal value f* = %(—1 + ﬁ) at such z* =
(z5,...,2%)7 that zf = 1 — nil for i = 1,...,n [56]. We take the starting point xo such that

all coordinates expect the first one coincides with corresponding coordinates of x* and we take 10
as the first coordinate of xy. We also choose L = 10, t = 10~® and consider n = 100, 1000, 5000.
The results can be found in Figure I} In these settings ||zg — 2|1 = ||[zo — 2*||2 and our theory
establishes (see Tables (1| and [2)) better complexity bounds for the case when p = 1 then for the
Euclidean case especially for big n. The experiments confirm this claim: as one can see in Fig-
ure |1} the choice of #; proximal setup becomes more beneficial than standard Euclidean setup for
n = 1000 and n = 5000 to reach good enough accuracy. Indeed, our choice of the starting point
and L implies that f(z¢) — f(2*) ~ 200 and for n = 1000 and n = 5000 ARDD with ¢; proximal
setup (ARDD_NE in Figure [1)) make f(zy) — f(2*) of order 1073 — 107° faster than ARDD with
p = 2 (ARDD_E in Figure (1)) and RDD with p = 1 (RDD_NE in Figure 1)) finds such 2"V that
f(@N) — f(x*) is of order 1073 faster than its Euclidean counterpart (RDD_E in Figure|l). Finally,
all of our methods outperform RSGF on the considered problem.

To perform mirror descent step for p = 1 we apply relations obtained in Appendix B from [45].
See other details connected with parameters tuning in [C] of this work.

6.2 Least squares problem

In this subsection we consider least squares problem:

T

- = N
min {f@)—%um = 3 5w b»}. (63)

Here A is r x n real matrix, b € R" and A; denotes the i-th row of A. Clearly, f(z) is convex and
smooth function. Moreover, each summand f;(z) = £(A4;z — b;)? is also convex and Ly ;-smooth
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Nesterov's function, n = 100, L = 10 Nesterov's function, n = 1000, L = 10

—— ARDD_E —— ARDD_E
10-1 0~ ARDD_NE 10-1 4~ ARDD_NE
—<- RDD_E —<- RDD_E
3 -@- RDD_NE -@- RDD_NE
~1—~10~ ! —A— RSGF 1073 —A— RSGF
S| ‘ 3|
=<
111075 11
2= SS
L~ [ 10_7 i
107°
0 25000 50000 75000 100000 125000 150000 175000 200000 0 250000 500000 750000 1000000 1250000 1500000 1750000 2000000
Number of oracle calls Number of oracle calls
Nesterov's function, n = 5000, L = 10
100 —— ARDD_E
{~ ARDD_NE
—2 —< RDD_E
10 -@- RDD_NE

Y~

0.0 0.2 0.4 0.6 0.8 1.0
Number of oracle calls

Figure 1: ARDD, RDD and RSGF applied to minimize Nesterov’s function . We use _E and
_NE to define ¢, and ¢; proximal setups respectively (see and @D for the details). In the plot
for n = 5000 number of oracle calls is divided by 107.

function with Lo; = ||A;]|3. One can consider as with F(z,€) = fe(z) = $(Aex — be)?
where ¢ is uniformly distributed on {1,2,...,r}. Then, by definition of Ly we have

Ly = \[EcL3, =

where ||A||r denotes Frobenius norm of matrix A.

In our preliminary experiments elements of A and b were sampled independently from the
standard normal distribution and then matrix A was normalized by its fo-norm. In particular,
we choose r = 300 and n = 400 which implies that f(z) is just convex but not strongly convex
and f(z*) = 0. Moreover, we compute the solution z* as A*bh where AT denotes Moore-Penrose
inverse of A and choose the starting point zy as £* and 100 to the first component. In our tests
the suboptimality of the starting point, i.e. f(z9) — f(z*), was approximately 3. The results can
be found in Figure 2] We want to notice that in these preliminary experiments with stochasticity
in functional values in experiments with ARDD it was needed to tune not only a1 that appears
in the mirror descent step, but also the stepsize for the gradient step, see the details in [C]

NG

I Allr
LS g = 1A (64)
=1
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Least squares problem, r = 300, n = 400

—— ARDD_E
101 - ARDD_NE
—< RDD_E
103 -@®- RDD NE
M . —A— RSGF
X | X< -
== 10
111
<[ 1077
X[x
= _9
10
10—11

0.0 0.2 0.4 0.6 0.8 1.0
Number of oracle calls

Figure 2: ARDD, RDD and RSGF applied to solve least squares problem . We use _E and NE
to define ¢y and ¢; proximal setups respectively (see and @D for the details). For all methods
batch size m equals 50. By oracle call we mean one computation of functional value of a summand.
Number of oracle calls is divided by 108.

7 Conclusion

In this paper we propose four novel directional derivative methods for smooth stochastic convex
and strongly convex optimization with corollaries for derivative-free optimization. These methods
are able to work with Euclidean and non-Euclidean proximal setups. We prove complexity results
showing that in non-Euclidean case complexities of our methods outperform state-of-the-art results
for directional derivative and derivative-free methods in terms of the dependence on the dimension
of the problem under assumption that ¢; and ¢5 norms of zg — z* are close to each other, e.g. when
xo = 0 and z* is sparse. Moreover, we analyze our methods under general assumptions on the
noisy oracle and provide bounds for the admissible noise levels. Since we use mini-batches, we are
able to separate iteration complexity and sample complexity, the former being up to a dimension-
dependent factor the same as for accelerated gradient method in the standard deterministic full-
gradient setting. This makes our methods amenable to parallel computation setting [29] and leads
to acceleration in this setting compared to standard stochastic gradient methods [26]. Finally, we
conduct several experiments providing numerical justifications of the obtained results.

Using an additional “light-tail” assumption that E¢[exp(||g(z, &) — Vf(2)]|3/0?)] < exp(1) and
techniques of [44] our algorithms and analysis can be extended to obtain results in terms of prob-
ability of large deviations. For example, in the case of controlled noise levels As, A, this means
that an algorithm outputs a point & which satisfies P{f(z) — f(2*) < e} > 1—0, where 6 € (0,1) is
the confidence level, for the price of extra ln% factor in N and m. As directions of future research
we would like to point a primal-dual extension for problems with linear constraints in the spirit
of [32, 22 [, [7, 30}, 27, 59], an extension with line-search to adapt to an unknown value of Lo
using the techniques in [18| 12} 28], an extension for the case of intermediate smoothness [58] [4§]
or interpolation between accelerated and non-accelerated methods [36, [31], as well as extension to
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a more general type of inexactness called inexact model of the objective [69) 68].
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A Proof of Lemma [2.1]
Here we prove that, for e € RSs (1)
E[[le]|?] < min{g — 1, 16Inn — 8}ns ., (65)

E[(s, &)2[le]2] < 6l|s]3 min{g — 1,16Inn — 8} 2. (66)
We start with proving the following inequality which could be rough for big ¢:

2_
Efflef3] < (@ —1na~', 2<q< oo, (67)

E[flel] =E [(i \ek\q>§ 2 (E Lil !ek\qD

k=1
where @ is due to probabilistic version of Jensen’s inequality (function ¢(z) = z< is concave,
because ¢ > 2) and @ is because mathematical expectation is linear and components of vector e
are identically distributed.
Moreover, due to Poincare lemma, we have

d 3

where £ is Gaussian random vector which mathematical expectation is zero vector and covariance
matrix is identical. Then

We have

QN

£ (nE[Jea)? (68)

e (69)

— ... q - 2 R S
— [ [l (kzk) e

NI

o
/|\

N[ —

=
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ISH

8

ik

QU

=

3

Consider spherical coordinates:

x1 =1rcospsinf;...sinf,_9,
To =rsinpsinby ...sin6,_o,
x3 = rcosfysinfy...sinfd,_o,
T4 =1rcosfysinfs...sinf, o,

Ty, = 1088, 9,
r>0,¢p€el0,2n),0;, €[0,7],1=1,n—2.
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The Jacobian of mapping is

8(1'1, e ,xn)
det
<8(7", (2 91, 92, e ,Qn_g)

Then mathematical expectation E[|ez|?] could be rewritten in the following form:

) =" sin 6 (sinb)* .. . (sin 6, _5)" 7.

Ellea|]
= [ " sing|?sin6 |9 sin 02772 .. |sin 6, _o|1T" 2
r>0, p€[0,27),
6;€[0,7],i=1,n—2
'r2
. 677
1 (2#)% dr ... dé?n,g
:WIT.IW‘IQI ‘192 ."'.Ien727
where
+o00 2
I.= [ r"le 2 dr,
0
2w
I, f | sin |%dp = 2f]smg0|‘1dg0,
Iy, = f|sml9¢|q+’d9i, i=1,n—2.
0
Now we are going to compute these integrals. Start with I,.:
+o0 2 +00 n "
L= [ e sdr=/r=2t/= [ (2t)2 le7ldt = 257111(%).
0 0

To compute other integrals it is useful to consider the following integral (a > 0):

1
(1—1t)" dt:BL“,l = N TE) Tw
Of (555 2) = —r=m™ =V

From this we obtain

2 )7 < n—2
_ 1 2 inin ) F(é) r() (=t
= Gt 2 L@ 2VTrEe  VTpEs VR VT
_ 1 DEres
™ D4
Now, we want to show that V¢
1 TE) <q—1>%
Voo Tt T\ n ’
At the beginning show that ( . holds for ¢ = 2 (and arbitrary n)
1 %_l_i L) -5TG) 1 _1 1 _,_
VT T(3R) n 50(%) n o n on h

(70)



Consider the function

&
X
et

where ¢ > 2. Also consider ¢ (z) =
gamma function it holds
Mz +1)=2z'(z), z> 0.

Taking natural logarithm from it and taking derivative w.r.t. z:

InT(zx+1)=InT(z) + Inz,
din(C(@+1))) _ din(C(2))) | 1

dx dx x)

which could be written in digamma-function-notation:

mx+n:¢@y+% (72)

One can show that digamma function is monotonically increases when x > 0. To prove this fact
we are going to show that
(I'(2))? < T(2)T"(2). (73)

That is,

(I'(z))? (f e tint-t*~ 1dt>2

+o0o +oo

@ to© e—1\ 2 +o0 e 2
< (e_%tTl) dt- [ (e_%tTllnt> dt = /e—tt“f—ldt-/ettx—lln%dt,
0 0 s s
r(z) ()

where @ follows from Cauchy-Schwartz inequality (the equality cannot occur because functions
e 5t"7 and e 2t"7 Int are linearly independent). From follows that

AWnl(z) (T'(@)\ M) @) G
da? (F(:E)) - D) (D(2))? -0

which shows that digamma function increases.
Now we show that f,(¢q) decreases on the interval [2, +00). To obtain it is sufficient to consider

In(f(q)):

N A
( \/%) (F (%))—ln(F (%)) — 4 (In(g — 1) — Inn),
d(ln(fz(q :%¢ (%)_5 (q;”)—%ln(q—l)—ﬁ—kélnn.

We are going to show that %;())) < 0for g > 2. Let k = |5 (the closest integer which is no
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greater than %). Then 1 (452) > ¢ (k: -1+ %) and Inn < In(2k + 1), whence

d(In(fn(q)))
dgq
) —1ln(g-1) - 2((;1_1) 2In(2k + 1)
k—1
+1 1 +1 1 +1
<¢(qz > quk_i_l—d’(%)) - w1 (3
. 2 1
2 —142k—21 q1+ hl(q )
2 1 E+1
(q TTtaitast et s 3) hl( )
® 1, (gr2k-1 Ly (21 1q (2ke1) o 1 2kl
2 (52 + b (30) £ -0 30) o o i)
Where ® and @ is because ¢ > 2, @ is due to estimation of integral of % = by integral of g(z) =
xe€lg—1+2i,g—1+2i+2],i=0,2k — 1 which is no less than f( )

'—‘,_.

I

q—1+2i’

q+2k—1

2 n 2 N 2 P 2 - / 1d 1 qg+2k—1
e ———— —dr=In|—— .
g—1 qg+1 gq+3 q+2k—3 x q—1

q—1

So, we shown that w < 0 for ¢ > 2 arbitrary natural number n. Therefore for any ﬁxed
number n the function fn(qg decreases as ¢ increase, which means that f,(q) < fn(2) =0, i.e.,
holds. From this and , we obtain that Vg > 2

2 . 2 9
Elllell;] < (nE[lez|]) (g —Dna . (74)
However, inequality (74) is useless when ¢ is big (with respect to n). Consider left hand side of
as function of ¢ and find its minimum for ¢ > 2. Consider h,(¢) =1In(¢ — 1) + (% — 1) Inn (it
is logamthm of the right hand side of (74))). Derivative of h(g) is

dh(¢) _ 1 2Inn
R T
nn __
1 0
¢ —2qlnn+2Inn = 0.

If n > 8, then the point where the function obtains its minimum on the set [2,400) is ¢y =
Inn (1 +4/1— m) (for the case n < 7 it turns out that gy = 2; further without loss of generality

we assume n > 8). Therefore for all ¢ > o it is more useful to use the following estimation:

R
E[llel 7] < Efllell3,] < (go—nw ' < (2Inn— 1)n%_1 (75)
= (2Inn —1)e*L < (16Inn - 8)1 < (16Inn —8)ns ',

where @ is due to |lel|q < |le]|4, for q > qo, @ follows from ¢p < 2Inn, go > Inn. Putting estimations

and . 75) together we obtain
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Now we are going to prove (66)). Firstly, we want to estimate ,/E[|le[|4]. Due to probabilistic
Jensen’s inequality (q > 2)

Ellell§] =B ((kg

)
x>~
=
~_
no
~—
Qv
/AN
YN
=
-Q\I\J,—|

n 2 n

where @ is because (Z l‘k) <n ), :c% for x1,29,...,2, € R and @ follows from that mathe-
k=1 k=1

matical expectation is linear and components of the random vector e are identically distributed.

From this we obtain ,
2_q
E[lle][3] < (2¢ — 1)na". (76)

Consider the right hand side of the inequality as a function of ¢ and find its minimum for ¢ > 2.
Consider h,(q) = In(2g — 1) + (% - 1) Inn (logarithm of the right hand side (76))). Derivative of

h(q) is
dh(g) _ 2 _ 2lnn
dg — 2¢—1 q2 ’
2 2lnn _ 0
2¢—1 q
¢> —2q¢lnn+Inn =0.

If n > 3, the the point where the function obtains its minimum on the set [2,4+00) is o =

Inn (1 +4/1— m) (for the case n < 2 it turns out that gy = 2; further without loss of gen-
erality we assume that n > 3). Therefore for all ¢ > qo:

2 1@ 2
/Elllell4] wﬁznen ' (200 — Do < (Alnn — Dnie! o)
<

—(41nn—1)2 \(321nn—8)% (321nn—8)n%_1,

1
n
Where @ is due to ||ellq < ||€e]lq for ¢ > go, @ follows from gy < 2Inn, go > Inn. Putting estimations
and . 77) together we get inequality

E[l[e][3] < min{2¢ —1,32Inn — 8}nq . (78)

Now we are going to find E[(s, e)4], where s € R" is some vector. Let S,(r) be a surface area of

n-dimensional Euclidean sphere with radius r and do(e) be unnormalized uniform measure on n-

n+2
dimensional Euclidean sphere. From this it follows that S, (r) = S, (1)r" 1, Sg;i(ll()l) = %EE @ ;

Besides, let ¢ be the angle between s and e. Then

El(s, €)*] = g !“’ e)*do(p) = gy | lIslld cos?® @S, (sin@)dep

TG p na D T
= |Is] 4 Z2=1 fcos psin™ 2 pdip = |3 - 2L L) [ cos® sin

O—x

3

(79)
n—2

pdp.

o
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Compute the integral:
g
[ cost psin™ 2 pdp = /t = sin® ¢/
0

cos? psin™ 2 pdp = 2
Jcos o pd
_ 2 s 3. pnel 5y _ DPETEFY _ 34T _ 3 var®sh)
_Oft 2 (1—t)2dt—B(T»§) I%w(n-2&-42) 2@?(%22) = w2 ar(eiz) -
From this and we obtain
— n-1 D(2) 3 VAr("3h)
E[<Sv 6) ] HSHZ nﬁp(nTl) n—+2 2F(nT+2) (80)
e BlsliE 2 8llsla
rAT(2Fh) T on(nt2) Son®

= || ”2 zn n+2

To prove ., it remains to use , and Cauchy-Schwartz inequality ((E[XY])? < E[X?]

1,32Inn — 8}na~

E[Y?]):
V/3][s][3 min{2q —

El(s. &)2el[2] < /El(s, )] - ElJlel[{] <

Rpy_1 be non-negative numbers such that

B Technical Results
'aaNflawala"'a =
(81)

-1 -1
ngﬁ' (Zak—FbZOqH_le) l=1,...,N,
k=0 k=1

Lemma B.1. Let ag,

for all kK € N. Then for [ =1,..., N
2

where ok = %ngp o

-1 -1 2

SR S N S
k=1

k=0
Proof. For [ = 1 it is trivial inequality. Assume that holds for some I < N and prove it for

[+ 1. From the induction assumption and we obtain
(83)

-1
ng\/§< Zak"i_fb 96n2p L2>
\/k
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whence

l l -1 -1
Z ar +b Z opr1Re = Z ap +b Z o1 R + a; + bay 1 Ry
k=0 k=1 k=0 k=1

2
) -1 -1
< <\/a+\fb 96n2p L2> + a; + V2bay4 (\/;7"‘ V2b- 96n2p Lg)

-1
= Z ag + 2\/5 \[bgfm? oL 20° (96n2l:nL2)2 +V/2bag 41 (\/a"‘ V2b- 96n2p Lz)

k

/ 14 12
= Zak—i-Q Zak \fb<96n2p L2+al+1)+2b2 <W+al+1'm>

k=0
2
@ 1
l+1) 2 (l+1) / (l+1)
-1 !
where @ follows from the induction assumption and , @ is because > ap < >, ar and
k=0 k=0
12 4o 224142 (I41)2
961n2p,, Lo 2 T 192n2%p, Lo S 96n2an2
I R + 12 < P22 (I+1)4
96n2pnL2)2 T Y+ 96n2p, L5 N (96n2pnL2)? X (96n2pnLa)2
O
Lemma B.2. Let ag,...,any_1,b, R1,..., Ry_1 be non-negative numbers such that
-1 -1
R <V2- <Zak+baZRk> l=1,...,N. (84)
k= k=1
Then for [ =1,..., N
2
-1 -1 -1
> ap+bad Rp< | \|D ax+v2bal| . (85)

Proof. For I = 1 it is trivial inequality. Assume that holds for some [ < N and prove it for
I 4+ 1. From the induction assumption and we obtain

R < V2 (1 / lf ap + ﬂbal) , (86)
k=0
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whence

l -1 -1
ak+baZRk— Zak+baZRk+al+baRl

(”l 1ak—|—fbal> +al+\fba<”2ak—l—fbal>
= Zak+21/lzlak V2bal + 2b%a 212+\fba<”2ak—l—fbal>

—Zak+2 Zak V2ba (14 3) + 2% (I + 1)

2
@ 1 l
<Y ap +24) Y ap - V2ba(l 4 1) + 26%%(1+1)% = Z ap +V2ba(l +1) |
k=0 k=0 k=0
-1 !
where @ follows from the induction assumption and , @ is because Y ar < Y ag. O
k=0 k=0

C Parameters tuning

e 1
In our analysis it is need.ed to choose Q1 = W for ARDD and o = Bpnla- However, one can
tune these parameters in order to achieve better convergence rate in practice. In our experiments

I ) A 1 .
we choose apy1 = v SonZp Is0 & = V" Tpnls and tune numerical factor . In [42] authors
Fenc _ 1 o .
prove convergence results for stepsizd°|a = N min { 1 \/n7+4’ > \F} where D is some numerical
constant, therefore, in our experiments with RSGD we use stepsizes a = «- \/737+4 min { 1 L\/IM’ ﬁ}

where we also tune numerical factor ~.

C.1 Nesterov’s function

One can find our numerical results with tuning stepsizes for each method in Figures Our
tests with Nesterov’s function show that for this problem ARDD_E and RDD_ work better with
v € [32,64] and RSGF shows the best performance with v € [4,10]. Interestingly, ARDD and
RDD with p = 1 require to choose 7 significantly larger (of order 103 — 10%) than for Euclidean
methods in order to get competitive or even better convergence rate. Moreover, ARDD_E, RDD_E
and RSGF disconverge for v > 64,200, 20 respectively. So, our empirical observation is as follows:
ARDD and RDD with non-Euclidean proximal setup are able to converge with significantly larger
stepsizes than its Euclidean counterpart.

We summarize best options for v that we use in the experiments presented in Section [6] in

Table Bl
C.2 Least squares problem

In addltlon to the tuning of v in ARDD we also tried different options for Ls: instead of Lo from
we tried f - % with different 8. We tried 8 = 0.001,0.01,0.1,1,2,5 and 10, but the best

51f o = 0, then one should ignore the second term in the minimum.
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Figure 3: Stepsize tuning for ARDD, RDD and RSGF applied to minimize Nesterov’s function
. We use _E and _NE to define ¢2 and ¢; proximal setups respectively (see and @ for the
details). Numbers in labels in upper right corners denote different choices of v that are used.

ARDD_E | ARDDNE | RDD_E | RDD_NE | RSGF
n = 100 32 2000 32 12000 10
n = 1000 32 2000 64 3000 4
n = 5000 32 1000 64 3000 10

Table 5: The optimal choices of v for ARDD, RDD and RSGF applied to minimize Nesterov’s
function for different dimension n.

results were obtained for 8 = 0.01. One can find our numerical results with tuning + in Figure [6]

Besides m = 50 we tried different batch sizes. In general, the behaviour of the considered methods
was similar after proper parameters tuning.
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