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ADAPTIVE ALGORITHMS FOR RELATIVELY LIPSCHITZ
CONTINUOUS CONVEX OPTIMIZATION PROBLEMS

FEDOR STONYAKIN, MOHAMMAD ALKOUSA, ALEXANDER TITOV, OLEG SAVCHUK,
AND ALEXANDER GASNIKOV

ABSTRACT. Recently, there were proposed some innovative convex optimiza-
tion concepts, namely, relative smoothness [3] and relative strong convexity [6,
8]. These approaches have significantly expanded the class of applicability of
gradient-type methods with optimal estimates of the convergence rate. Later
Yu. Nesterov and H. Lu [6,8] introduced some modifications of the Mirror De-
scent method for convex minimization problems with the corresponding analogue
of the Lipschitz condition (the so-called relative continuity or Lipschitz continu-
ity). In this paper, we cover both the concept of relative smoothness and relative
Lipschitz continuity and introduce some adaptive and universal methods which
have optimal estimates of the convergence rate for the corresponding class of
problems. We consider the relative boundedness condition for the variational
inequality problem and propose some adaptive optimal methods for this class of
problems. Some results of the conducted numerical experiments are presented,
which demonstrate the effectiveness of the proposed methods.

1. INTRODUCTION

The recent dramatic growth of various branches of science has led to the necessity
of the development of numerical optimization methods in spaces of large and extra-
large dimensions. A special place in modern optimization theory is given to gradient
methods. Recently, there was introduced a new direction for the research, associated
with the development of gradient-type methods for optimization problems with
relatively smooth [3] and relatively strongly convex [6] functions. Such methods are
in high demand and urgent due to numerous theoretical and applied problems. For
example, the D-optimal design problem turned out to be relatively smooth [6]. It is
also quite interesting that in recent years there have appeared applications of these
approaches (conditions of relative smoothness and strong convexity) to auxiliary
problems for tensor methods for convex minimization problems of the second and
higher orders [9,10]. It is worth noting that tensor methods make it possible to
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obtain optimal estimates of the rate of convergence of high-order methods for convex
optimization problems [7].

A few years ago there was introduced a generalization of the Lipschitz condition
for nonsmooth problems, namely, relative Lipschitz continuity [8,11]. The concept of
relative Lipschitz continuity essentially generalizes the classical Lipschitz condition
and covers quite important applied problems, including the problem of finding the
common point of ellipsoids (IEP), as well as the support vector machine (SVM) for
the binary classification problem.

The concepts of relative smoothness, relative Lipschitz continuity, and relative
strong convexity made it possible to significantly expand the limits of applicability
of gradient type methods while preserving the optimal convergence rate O(E%) for
relatively Lipschitz problems and O(2) for relatively smooth problems (e, as usual,
denotes the accuracy of the solution for functional residual). The authors of [5]
have shown that for the class of relatively smooth problems, such an estimate for
the rate of convergence cannot be improved in the general case.

In this paper we consider the class of («, L, d)-relatively smooth objective func-
tions (see Definition 2.1), which covers both the concept of relative smoothness
and relative Lipschitz continuity. Let ) be a closed convex subset of some finite-
dimensional vector space. For the classical optimization problem

(1.1) min f(z)

reQ
we propose some analogues of the universal gradient method which automatically
adjusts to the ”degree of relative smoothness” of the («a, L,d)-relatively smooth
problem (Sect. 5). We also mention that the proposed algorithms are applicable
to solve the problem of minimizing the relatively strongly convex functions, see [15]
for more details.

In addition to the classical optimization problem, we consider the problem of
solving Minty variational inequality with (M-)relatively bounded operator. For a
given relatively bounded and monotone operator g : Q — R”, we need to find a
vector z, € @, such that

(1.2) (g(x),zy —x) <0 VaeqQ.

Relative boundedness can be understood as an analogue of relative Lipschitz
continuity for variational inequalities. It should be noted that the subgradient of
a relatively Lipschitz continuous function satisfies the relative boundedness condi-
tion. This fact plays an important role in considering relatively Lipschitz continuous
Lagrange saddle point problems and their reduction to corresponding variational
inequalities with the relatively bounded operator. Recently, in [12] the authors pro-
posed an adaptive version of the Mirror Prox method (extragradient type method)
for variational inequalities with a condition similar to relative smoothness. It should
be noted that variational inequalities with relatively smooth operators are applica-
ble to the resource sharing problem [2]. Also, in [16] there were introduced some
non-adaptive switching subgradient algorithms for convex programming problems
with relatively Lipschitz continuous functions. Recently, there was proposed a non-
adaptive method for solving variational inequalities with the relatively bounded
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operator [17]. In this paper, we propose an adaptive algorithm for the correspond-
ing class of problems.

The paper consists of the introduction and 6 main sections. In Sect. 2 we give
some basic notations and definitions. In Sect. 3 we consider the Minty variational
inequality with a relatively bounded operator and propose an adaptive algorithm
for solving it. Sect. 4 is devoted to adaptive algorithms for relatively smooth opti-
mization problems. In Sect. 5 we propose some universal algorithms for minimizing
relatively smooth and relatively Lipschitz continuous functions. Sect. 6 is devoted
to the numerical experiments which demonstrate the effectiveness of the proposed
methods.

To sum it up, the contributions of the paper can be formulated as follows.

e We consider the variational inequality with the relatively bounded opera-
tor and propose some adaptive first-order methods to solve such a class of
problems with optimal complexity estimates O(E%)

e We introduce adaptive and universal algorithms for minimizing relatively
smooth and relatively Lipschitz continuous functions and provide their the-
oretical justification. The stopping criteria of the introduced adaptive al-
gorithms are simple (which is especially important in terms of numerical
experiments), but universal algorithms are guaranteed to be applicable to
a wide class of problems. Our approach allows us to minimize the sum of
relatively smooth and relatively Lipschitz continuous functions, even though
such a sum does not satisfy neither relatively smoothness condition nor rel-
atively Lipschitz one. Theoretical estimates of the proposed methods are
optimal both for convex relatively Lipschitz minimization problems O(s%)
and convex relatively smooth minimization problems O(%)

e We provide the numerical experiments for the Intersection of Ellipsoids
Problem (IEP) and the Lagrange saddle point problem for the Support
Vector Machine (SVM) with inequality-type function constraints. We also,
compare numerically, for (IEP), one of the proposed algorithms with the
AdaMirr algorithm, which was recently proposed in [1]. The conducted
experiments demonstrate that the proposed algorithms work better than
AdaMirr and they can work faster than the obtained theoretical estimates
in practice.

2. BASIC DEFINITIONS AND NOTATIONS

Let us give some basic definitions and notations concerning Bregman divergence
and the prox structure, which will be used throughout the paper.

Let (E,| - ||) be some normed finite-dimensional real vector space and E* be its
dual space with the norm

[yl = max{{y, ), ||=[| <1},

where (y,z) is the value of the linear function y at x € E. Assume that Q C E
is a closed convex set (for variational inequalities in Sect. 3 we consider a convex
compact set Q C E).
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Let d : @ — R be a distance-generating function (d.g.f) which is continuously
differentiable and convex.
For all z,y € @ C FE, we consider the corresponding Bregman divergence

Viy,x) = d(y) — d(x) — (Vd(z),y — ).

Now we introduce the following concept of («, L, d)-relative smoothness which
covers both the concept of relative smoothness and relative Lipschitz continuity.
Further, we denote by V f an arbitrary subgradient of f.

Definition 2.1. Let us call a convex function f : Q — R («, L, §)-relatively smooth
for some « € [0;1], L > 0 and 0 > 0, if the following inequalities hold

(2.1)  fly) < f(x) +(Vf(2),y —2) + LV (y,z) + LaV (z,y) + 0, Vr,y€Q,

(2.2) a(Vf(x),y—x)+ LV(y,z) +0) 20 Vz,y €Q,
for each subgradient V f(x) of f(z).

It is obvious that for a = 0, L > 0, and § = 0 one gets the well-known relative
smoothness condition (often defined as L-relative smoothness, see [3] for 6 = 0 and
[12] for the case of § > 0). Fora =1, L = %, and 0 = § > 0, where ¢ is arbitrary,
the inequalities (2.1) and (2.2) follow from the condition of the relative Lipschitz
continuity (also known as relative continuity or M-relative Lipschitz continuity),
proposed recently in [8,11]

Definition 2.2. Convex function f : @ — R is called M -relatively Lipschitz
continuous for some M > 0, if the following inequality holds

(Vf(z),y —z) + M\/2V(y,z) 20 Vr,ye€Q.

Indeed, for each x,y € Q we have
2

(Vi(),a —y) < MV (7)< 2o Vig,a) + =
Further,
2
F) = (@) < (VT )y — ) < M2V (m,9) < 2o Viwy) + 5
and 2M? 2M?
J() < J(@) + (VI (@).y = @) + = V(g.a) + = V(ey) + .

So, each relatively Lipschitz continuous function f satisfies (2.1) for large enough
L >0andé > 0.

It is worth mentioning that the sum of the relatively smooth function f; and rela-
tively Lipschitz continuous convex function f; satisfies the («a, L, §)-relative smooth-
ness condition, if

fl(@/)}fl(l')_r‘/(y,w)_q vx7y€Q7
for some fixed r,¢q > 0, and the corresponding values «, L,d > 0 (this assumption
can be understood as limiting the fast growth of f; and takes place, for example,
when a function defined on a bounded set is bounded from below). Generally, such
a sum is neither relatively smooth nor relatively Lipschitz continuous function.
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Let us note the following important fact, which obviously follows from Lemma 3.2
from [12] and plays a key role in first inequalities in the following proofs. According
to this fact for each operator g : @ — R"

y:argggg{@(zm+/3v<x,z>}, 5>02€Q

we have

(2.3) (9(2),2) + BV (2, 2) > (9(2),y) + BV (y, 2) + BV (2, y), Vz,z € Q.

3. ADAPTIVE METHOD FOR VARIATIONAL INEQUALITIES WITH RELATIVELY
BOUNDED OPERATORS

In this section we consider the Minty variational inequality problem (1.2) with
relatively bounded (3.1) and monotone (3.2) operator g, i.e.

(3.1) (9(z),z —y) < M\/2V(y,z) Vz,y€Q,
for some M > 0 and
(3.2) (9(y) —g(@),y—2) 20 Vr,y€qQ,

where @) is a convex compact set. In order to solve such a class of problems, we
propose an adaptive algorithm, listed as Algorithm 1, below.

Algorithm 1 Adaptive Algorithm for Variational Inequalities with Relatively
Bounded Operators.

Require: ¢ > 0,20 € Q,Lo >0, R > 0s.t. maxV (z,29) < R%, k = 0.

zeQ
L Set k=k+ 1, Ly = &
2: Find
h1 = argmind {g(ze), ) + Lia V(@) o) -
3. if -
5 (9(zk), a1 — 2k) + L1 V(@p41, 78) 2 0,
then go to the next iteration (item 1).
4: else
set L1 = 2Lg11, and go to item 2.
5: end if
6: Stopping criterion
N-1
1 2R?
SN = > —
im0 Len ¢
o 1 = Th41
Ensure: r = Sy Teir

k=0
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Theorem 3.1. Let g : Q — R™ be a relatively bounded and monotone operator,
i.e. (3.1) and (3.2) hold, Ly < % Then after the stopping of Algorithm 1, the
following inequality holds

N-1
max(g(z),r —x) < L , T — ) < E.
T€Q g ’ S Lk+1 k
k=0
L _ 4M?R?
Moreover, the total number of iterations will not exceed N = 5 .
€
Proof. The proof is given in Appendix A. O

Remark 3.2. Let us note, that defining

A 1 =
= — Inax
N SN TEQ o Lk+1

(9 (zr), 2 — ),

one can get that the convergence for the function‘s residuals

min f (Illk) - f*a

0<k<N -1

for minimization problems with g(x), defined as g(x) = V f(z), which also covers
the primal-dual gap for saddle-point problems.

Let us consider the following modification of Algorithm 1 with adaptation both
to the parameters L = MTQ and ¢ = 5.

Algorithm 2 Adaptation to Inexactness for Variational Inequalities with Relatively
Bounded Operators.

Require: ¢ > 0,29 € Q, Ly > 0,09 > 0, R s.t. magV (,20) < R%,k = 0.

re

1 Setk=k+1, Ly = %,5]@4_1 = 57’“

2: Find

(3.3) Tpt1 = arg I;élél{(g(xk), z) + L1 V(z,zr)}

3: if

(3.4) 0 < (g (@k), Trt1 — 2k) + L1V (Tpt1, Tk) + Op+1,

then go to the next iteration (item 1).
4: else
set Lyy1 =2+ Lg41,0k+1 = 2 - 0g+1 and go to item 2.
5: end if
= 1 =t Th41

Ensure: 7= g > Tt

k=0
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Theorem 3.3. Let g : Q — R"™ be a relatively bounded and monotone operator,
i.e. (3.1) and (3.2) hold, Lo < 2L = % Then after N steps of Algorithm 2 the
following inequality holds

R 1"
3.5 max{g(x), T —z) < — + —
(35) glo(o), 2 —a) $ gt g3
Moreover, if Lo < 2L and dy < €, the auziliary problem (3.3) in Algorithm 2 is
solved no more than 2N + log, % times.

Ok+1
L1

Proof. The proof is given in Appendix B. O

Remark 3.4. Note, that Remark 3.2 also takes place for Theorem 3.3.

Remark 3.5. The condition of the relative boundedness is essential only for jus-
tifying (3.4). For Ly 1 > L = MTQ and 041 > 5, (3.4) certainly holds. So, if

Lo < C1L for C = maX{CI; 5%} Liq < CL and dpy1 < S5 Wk > 0. Thus,
maéc(g(x),fc\ — ) < ¢ after N = O(e7?) iterations of Algorithm 2. This fact, in
TE

essence, constitutes the optimality of the proposed method for the class of varia-
tional inequality problems with monotone M-relatively bounded operators.

4. ADAPTIVE ALGORITHMS FOR RELATIVELY LIPSCHITZ CONTINUOUS CONVEX
OPTIMIZATION PROBLEMS

Now we consider the classical optimization problem (1.1) under the assumption
of M-relative Lipschitz continuity of the objective function f. For solving such a
type of problems we propose two adaptive algorithms, listed as Algorithm 3 and
Algorithm 4, below.

Theorem 4.1. Let f: Q — R be a convexr and M -relatively Lipschitz continuous
function, i.e. (2.1) and (2.2) take place with o = 1,0 = %,LZMTQ. Then after the
stopping of Algorithm 3, the following inequality holds f(z) — f(x.) < €. Moreover,
4M2R2"

2

the total number of iterations will not exceed N = [
€

Proof. The proof is given in Appendix C. 0

Theorem 4.2. Let f: Q — R be a convex and M -relatively Lipschitz continuous

function, i.e. (2.1) and (2.2) take place with o = 1,0 = §,L = MTQ Then after N

steps of Algorithm 4, the following inequality holds
N—-1

43) F@) - fo) < = s Ly e
. T)— fae) < — + — .
S SN = Lt
Proof. The proof is similar to the proof of Theorem 4.1 with % — 011 O

The optimality of Algorithm 4 for the class of convex and M-relatively Lipschitz
continuous problems can be proved similar to Remark 3.5.
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Algorithm 3 Adaptive Algorithm for Relatively Lipschitz Continuous Optimiza-
tion Problems.
Require: ¢ > 0,20 € Q, Lo >0, Rs.t. V (z4,20) < R% k=0.

1: Set k=Fk+ 1, L1 = 2.

2: Find
Tpi1 = arg %ig{(Vf(xk),@ + Ly V(z,zp)}
3: if
5
(4.1) 0 < (Vf(zk),zrr1 — zk) + Lig1 V(g1 ox) + X
then go to the next iteration (item 1).
4: else
set Lyy1 = 2- L4 and go to item 2.
5: end if
6: Stopping criterion
N-1
1 2R?
Sy = > .
=0 Lyt €
E s 7= L Nz_l Zh41
nsure: T = g PR ravs

Algorithm 4 Adaptation to Inexactness for Relatively Lipschitz Continuous Op-
timization Problems.
Require: ¢ > 0,70 € Q,Lo > 0,60 > 0, Rs.t. V (w4, 79) < R% k= 0.

1 Setk=k+1, Ly = %,5164_1 = 57’“

2: Find
(4.2) Tyl = arg I;éig{(Vf(xk),@ + L1V (z,zk)}
3. if

0 < (VS (2r), 2ep1 — 2k) + L V(Tha1, 1) + Ok,
then go to the next iteration (item 1).

4: else
set Lyt1 =2 Lgy1,0k4+1 = 2 - 041 and go to item 2.

5: end if
RS
Ensure: 7 = - L
N e
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5. UNIVERSAL ALGORITHMS FOR RELATIVELY SMOOTH AND RELATIVELY
LIPSCHITZ CONTINUOUS CONVEX OPTIMIZATION PROBLEMS

In this section, we introduce some analogues of Algorithms 3 and 4, which adjust
to the ”degree of relative smoothness” of the considered (o, L, d)-relatively smooth
problem. This approach allows the construction of adaptive gradient-type methods
that are applicable to both relatively Lipschitz continuous and relatively smooth
problems with optimal complexity estimates.

Algorithm 5 Universal Method for Relatively Smooth and Relatively Lipschitz
Continuous Convex Optimization Problems with Adaptation to Inexactness.
Require: ¢ > 0,29 € Q,Lo > 0,00 > 0, Rs.t. V (z4,20) < RL k=0

1: Set k=k+1, Ly = %v(slﬂ-l = %

2: Find
(5.1) Tyl = arg g:éig{(Vf(xk), x) 4+ L1 V(x,xr)}
3. If

f@pg) < f (@) + (VI (@k) @1 — @) + LV (@41, 25) + Ot
then go to the next iteration (item 1).
4: else
set Ly11 =2+ Lg41,05+1 = 2 - 011 and go to item 2.

5. end if

N-1
oo 1 Tk+1
Ensure: = e ;;o Toor

Theorem 5.1. Let f : Q — R be a conver and (a, L, d)-relatively smooth func-
tion, i.e. (2.1), (2.2) hold. Then after N iterations of Algorithm 5, the following

inequality holds
N-1

@) - f( )<R2+ 1 Z5k+1
T)— J(Tx) X 5 o y
S SN = Lt
N—-1
where Sy = > ﬁ Note that for Lo < 2L and 6y < 20 the auziliary problem
k=0

(5.1) in Algorithm 5 is solved no more than 2N + log, % times.

Proof. The proof is given in Appendix D. O

The optimality of Algorithm 5 for the class of convex and M-relatively Lipschitz
continuous problems can be proved similar to Remark 3.5. The optimal rate of
convergence O(e71) for the class of L-relatively smooth problems also takes place
for Algorithm 5. For more details see the conclusion of proof in Appendix E, the
proof of these facts for Algorithm 5 can be obtained analogously.

Let us now formulate a variant of the universal method for relatively Lipschitz
continuous and relatively smooth problems which makes it possible to prove the
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guaranteed preservation of the optimal complexity estimates. This method is listed
as Algorithm 6, below.

Algorithm 6 Universal Method for Relatively Smooth and Relatively Lipschitz
Continuous Convex Optimization Problems.
Require: ¢ > 0,20 € Q,Lo >0, Rs.t. V (z4,20) < R% k=0.

1: Set k=Fk+ 1, L1 = 2.

2: Find
Tpy1 = arg ggg{<vf($k),$> + Lg1V(z, 21)}-
3. If
3¢
[ (@rg1) < f (zr) +(Vf (2r), 2pr1 — k) + L1 V(Tpg1, 21) + e

then go to the next iteration (item 1).

4: else
set Lpy1 =2 Liy1 and go to item 2.
5: end if
6: Stopping criterion
1 4R?
Sy = 7 —_—
o kt1 €
A
S I +1
Ensure: z = Sx Tt

k=0

Theorem 5.2. Let f : Q — R be a conver and («, L, §)-relatively smooth func-
tion, i.e. (2.1) and (2.2) hold with § < 35, Ly < 2L. Then after the stopping of
Algorithm 6, the following inequality holds f(z) — f(zx) < e. The number of itera-

8LR?
tions of Algorithm 6 does not exceed {w JIf fas (1, 2]\8/[2, %) -relatively smooth
€

function (for example, M -relatively Lipschitz continuous function) then the number
16M2R2"

of iterations of Algorithm 6 does not exceed { 5

3

Proof. The proof is given in Appendix E. O

Remark 5.3. It is worth noting that, generally speaking, for Algorithms 36 it is
acceptable to use the following output point

At the same time for various applied problems, such a modification can both improve
and degrade the practical quality of the algorithms.
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6. NUMERICAL EXPERIMENTS

In this section, in order to demonstrate the performance of the proposed Algo-
rithms, we firstly consider some numerical experiments concerning the Intersection
of Ellipsoids Problem (IEP). Secondly, we compare the proposed Algorithm 4 with
AdaMirr algorithm, which was recently proposed in [1]. We also, consider some
numerical experiments concerning the Support Vector Machine (SVM) [8,13].

All experiments were implemented in Python 3.4, on a computer fitted with
Intel(R) Core(TM) i7-8550U CPU @ 1.80GHz, 4 Core(s), 8 Logical Processor(s).
The RAM of the computer is 8 GB.

6.1. The Intersection of Ellipsoids Problem (IEP). For the Intersection of
Ellipsoids Problem, supposing, that the intersection is nonempty, we compute a
point & € R™ in the intersection of m ellipsoids, i.e.

re€f=&ENEN...NEy,
where & = {a: cR": %ZL'TANZ + b;fpx +¢ < 0}, A; € R™™ is a given symmetric
positive semi-definite matrix, b; € R", ¢; € R are given, for every ¢ = 1,...,m.
We note that the Intersection of Ellipsoids Problem is equivalent to the following
unconstrained optimization problem

1
(6.1) aljrrelliRI% {f(:z:) = max [2;1;TA2-:1: + bl + cl} } .
The objective function f in (6.1) is both non-differentiable and non-Lipschitz [8].
So the traditional first-order methods are not applicable to such types of problems.
We will demonstrate, how the proposed Algorithm 4 can be applied to solve such a
problem (here we take more attention to the Algorithm 4, because it works better
than Algorithms 3 and 5, see Fig. 2).

Let o := max ||A;]|3 where ||A;]|, is the spectral norm of A;,
1<i<m
p = max ||A;b]l, and v := max ||b;]|3. We run Algorithm 4 with the following
1<i<m 1<i<m
prox function
a9 al aq
(6.2 (@) = 2 ol + Ll + %

where ap = 7,a1 = p,as = o (see [8] for more details). The objective function
f (6.1) is 1-relatively Lipschitz continuous with respect to the prox function d(-),
defined in (6.2) [8]. The Bregman divergence V(-,-) for the corresponding prox
function d(-) is defined as follows

(6.3) V(y,z) = aoVa, (v, ) + a1Va, (y, ) + a2V, (y, ).

2|57 (i = 0,1,2), and

where d;(z) = H%|

Va,(y,7) = - (Iyll37 + G+ Dl2ly™ = @+ 2)llzll3(z,9)) (=0,1,2).

Note that each iteration of Algorithm 4 requires the capability to solve the sub-
problem (4.2), which is equivalent to the following linearized problem

(6.4) Tp4+1 = arg min{(cg, ) + d(x)},
rzER”
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where ¢ = LkIHVf(:Bk) — Vd(x) and d(z) is given in (6.2). The solution of the

problem (6.4) can be found explicitly
Tp1 = —Okcy,
for some 0 > 0, where 6, is a positive real root of the following cubic equation
0 + plleg |20 + o||ck]|36° — 1 = 0.

We run Algorithm 4 with different values of n and prox-function (6.2) and the
starting point g = (0.2,...,0.2) € R™ and not in €. The matrices A;, for every
i =1,...,m, are diagonal matrices with entries chosen randomly from the uniform
distribution over (0, 1), the vectors b; and the constants ¢;, are also chosen randomly
from a normal (Gaussian) distribution with mean (center) equaling 0 and standard
deviation (width) equaling 0.1. We generated the random data 5 times and averaged
the results of algorithms that we received each time, such that the 0 € R" € £. We
considered Ly = HVf(l,O,...,O)f\/VQf(O,l,O,...,O)Hg750 = 0.5, and R2 = %JHHCoH;’-i- %pH?COH%"‘

Z|zol|3 (see the proof of the Proposition 5.4 in [8]).

The results of the work of Algorithm 4 for IEP are presented in Fig 1, below.
These results demonstrate the running time of the algorithm in seconds as a function
of the number of iterations, and the quality of the solution ”Estimate”, which is in
fact the right side of inequality (4.3).

We note that the quality of the solution of the problem, which is produced by
Algorithm 4, grows sharply at the beginning of the work of the algorithm for k = 100
to 10000. We improve the quality of the initial solution by two orders of magnitude
on average. Nevertheless, the rate of convergence significantly decreases when the
number of iterations goes from k& = 15000 to 100 000.

10%

"""" n = 1000 -~ 5 e = 1000
---- n=1500 et 10144 e = 1500

—
=
\,
\
\,
mmmmA e —————

100

\,
.

\
Estimate (log scale)

Time in sec. (log scale)
\

=
\
N,

[ 107!

10% 10% 10* 10° 0 20000 40000 60000 80000 100000
iterations (log scale) iterations

Figure 1. The results of Algorithm 4 for IEP with different values of n
and m = 10.

6.2. Comparison with AdaMirr. Recently in [1], there was proposed an adaptive
first-order method, called AdaMirr, in order to solve the relatively continuous and
relatively smooth optimization problems. AdaMirr briefly can be stated as

Tp+1 = arg I;ggﬂ—’)’kvf(xk),xk —a)+V(z,ap)}, k=12,....
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800
—— Algorithm 3

—— Algorithm 4
—— Algorithm 5

700
600
—500
[*]
&
~ 400
L2

£
= 300
200

— Algorithm 3
—— Algorithm 4
—g{ — Algorithm 5

100

0

0 20000 40000 60000 80000 100000 102 10% 10* 10°
iterations iterations (log-scale)

Figure 2. The results of Algorithms 3, 4 and 5 for IEP with n = 1000
and m = 10.

with vy defined as

1 14
o= with 52 = V(EnTen) i e
32620 03 B

and &9 = /V (xg, 1) + V(21,70). In [1], it was proved that for M-relatively Lip-
schitz continuous convex function, then after N steps of AdaMirr, the following
inequality holds

V2M [Dl + 8%[2 +21In (1 + QJ‘ggN)} 3vV2M + %2
VN TN
where Ty = + SNz and Dy =V (z., 21).

In this subsection, we compare the proposed Algorithm 4 with AdaMirr, for
the Intersection of Ellipsoids Problem (see Subsec. 6.1). We run the compared
algorithms for the same parameters and setting as in the Subsec. 6.1. The results
of the comparison are presented in Fig. 3, which illustrates the value of the objective
function at the output point of each algorithm, the estimates of the quality of the
solution for Algorithm 4 (see the right side of inequality (4.3)) and AdaMirr (see
the right side of inequality (6.5)) and the running time of algorithms in seconds.

From the results in Fig. 3, we can see that the proposed Algorithm 4 works better
than AdaMirr, except for the running time, where AdaMirr works faster because, in
the proposed Algorithm 4, there is an adaptive procedure for the Lipschitz continuity
parameter, which needs more time. Note that AdaMirr does not converge to the
solution of the problem for all taken iterations from 100 to 10%.

(6.5)  f(@ENn)—[f7<

6.3. Support Vector Machine (SVM) and Inequality-Type Function Con-
straints. The Support Vector Machine (SVM) is an important supervised learning
model for binary classification problem [13]. The SVM optimization problem can
be formulated as follows

(6.6) min {f(x) = <:L > max{0,1 - yﬂTwi}) + ;HxH%} ;
i=1

z€Q
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Figure 3. The results of comparison of Algorithm 4 and AdaMirr for IEP
with n = 1000 and m = 10.

where w; is the input feature vector of sample i and y; € {—1,1} is the label of
sample ¢, 7 > 0 is the regularization parameter, and @ is a compact convex set. The
objective function in (6.6) is non-differentiable and because of the existence of the
fo-norm regularization the value of the Lipschitz constant of such a function can be
extremely large. Thus, we cannot always directly use typical subgradient or gradient
schemes to solve the problem (6.6). The problem of constrained (inequality-type
constraints) minimization of convex functions attracts widespread interest in many
areas of modern large-scale optimization and its applications [4, 14]. Therefore,
we demonstrate the performance of the proposed Algorithm 1 for such class of
problems. We consider an example of the Lagrange saddle point problem induced by
the function f in the problem (6.6), with some inequality-type function constraints.
This problem has the following form

(6.7) min {f(x) op(z) == Zamx? —Bp<0,p=1, ,m} ,
i=1

z€Q

where ap; > 0,8, € R, Vi = 1,...,n and Vp = 1,...,m. The corresponding La-
grange saddle point problem is defined as follows

m
min max S L(x,A) = f(z) + Y Mop(a) ¢
TEQ }\Z()\l,)\g,...,)\m)TEQCRT p=1

where @ is a compact convex set. This problem is equivalent to the variational
inequality with the following monotone bounded operator

Gz, \) = Vi) + p;l ApViop(z), ’
(_501 (l')’ _902(1:)3 tre _(Pm(l'))—r

where V f and V¢, are subgradients of f and ¢,.
We run Algorithm 1 with the following prox function

as ai ag 1
d(z, X) := ZH»”UH% + gHafH% + ?HxH% + §H>\H§7 Vo € R", A € R

1 2 27 )
(6.8) ap = Z; |will3, a1 = o Z; |will2, a2 =77,
1= 1=
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and the following Bregman divergence
1
(6:9) View ((0:2). (2.X)) = Vi) + HIA— N

for every z,y € R", A, X" € R, where V(y,z) is given in (6.3) with coefficients
defined in (6.8). We consider the ball Q C R™ at the center 0 € R™ and the radius

n
r = min {an > |Jwilly \/g} (see [8]). We take the initial point (zg, Ag) € R"t™,

=1
with all coordinates equaling 0.01. The coefficients oy, in (6.7), and the vectors
w; for i = 1,...,n are chosen randomly from the uniform distribution over [0, 1),
and B, = r(Vp = 1,...,m). We also consider @ = {X € RT : || A} < r?},

Lo = ||G<(1,0~--»0>,0>*¢G§<(04:0’~-70):°>”2, where 0 € R™, §y = 0.5, and 7 = 0.5 in (6.6).
In order to estimate the parameter R, for the Bregman divergence (6.9), we have

(see [8])
Vaew (2. 3) (20, 20)) < [l = wol}3 (e + 203 + 2]o]3)
+ Sl = woll3 (213 + 2llaoll3) + 5l — o3
+5IA = 2ol

Therefore in QQ := @ X @, we have

Vaew ((l'a A) ) (CC(], )‘0))
a2 a aO:|

1
< (r+ flaoll2)? |52 (r2 + 2rllwollo + 3la0l3) + 5 (2 +2lxoll3) + 3

1
+ o0+ ollo)? = v

Thus we can take R = y/v. In each iteration of Algorithm 1, solving the sub-problem
(2), for the problem (6.7), will be automatically (not explicitly as was for IEP in
the previous subsections).

The results of the work of Algorithm 1, for n = 25,m = 5, are presented in
Fig. 4. These results demonstrate the number of the iterations of Algorithm 1,
as a function of € € {i71,i = 2,4,8,12,16,20}. As it is known, for the variational
inequality with a non-smooth operator, the theoretical complexity estimate O (5_2)
is optimal. But experimentally we can see from Fig. 4 that, the proposed Algorithm
1, has iteration complexity nearly to O (5_1), which is an optimal estimate for the
problems with smooth operators.

CONCLUSIONS

In this paper, we considered («, L,d)-relatively smooth optimization problems
which provide for the possibility of minimizing both relatively smooth and relatively
Lipschitz continuous functions. For such a type of problems, we introduced some
adaptive and universal methods with optimal estimates of the convergence rate. We
also considered the problem of solving the variational inequality with a relatively
bounded operator. Finally, we presented the results of numerical experiments for
the considered algorithms.
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Figure 4. The results of Algorithm 1, for the problem (6.7).
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APPENDIX A. THE PROOF OF THEOREM 3.1
Proof. Due to (2.3) and (3.3), for each z € @), we have
(9(xr), i1 — 2) < Lga V(@ 2x) — L V(@ 241) — LV (@pg1, 21).-
Thus, taking into account (3.4) and monotonicity of g, we get

Li1V(z, 1) — L V(z, weg1) = (9(xr), Torr — o) + Lig 1 V(opg1, 7)
= (9(zx), xps1 — x) + (9(21), Tpy1 — T1)
+ L1V (Thst, Tr) — (9(Th), Tyt — Tp)-

€
2 (9(zx), h1 — 2) = (g(xh), Tpar — 1) — 5
€ €
= {g(@r), 2 —2) = 5 > (9(zk) 2 — 2) — 5,
whence we obtain that
€
(6.10) (9(x),xp — ) < L1V (x,2x) — Ly V(2 mpepr) + 3 Vo e Q.
Taking summation over both sides of (6.10), we have
N1 No1
Z i3 <g(l‘)al’k_l'> gV(-’E,QZ‘O)‘l— 27, ’ Vl’GQ,
k=0 R+ — 2Llk+
which leads to
N-1
_ 1 1 R? ¢
<g(x),a:—m><s— L <g($),$k—$><s—+§,
N =5 Lk N
and
~ R?
I;rjg:g((g(m), T—x) < g %
As operator g is relatively bounded, i.e.
M2V

€ 2
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the stopping criterion of Algorithm 1 is guaranteed to be satisfied for Ly > MTQ

Since the exit from the iteration will certainly happen for Ljiq < %, we have
R? _2M*R?
< .
S N eN

Thus, the total number of iterations of Algorithm 1 will not exceed

2 2
N:[ZLMzR—‘.
€

APPENDIX B. THE PROOF OF THEOREM 3.3

Proof. The proof of (3.5) is similar to the proof of Theorem 3.1, with % = 0gr1. Let
us assume that on the (k + 1)-th iteration (k =0,1,..., N — 1) of the Algorithm 2,
the auxiliary problem (3.3) is solved iy times. Then
Liyr _ Ok

Ly, o’
since at the beginning of each iteration the parameters Lg,d; are divided by 2.
Therefore,

2ik+1—2 —

L Ly 1)
Z ik+1 = 2N + logy — N logy, — =logy — ~
— Ly Ly do
It is clear that at least one of the inequalities Ly < 2L,0n < 26 holds, which ends
the proof of the theorem. O

APPENDIX C. THE PROOF OF THEOREM 4.1

Proof. Let us use the reasoning in the proof of Theorem 3.1 for g(z) = Vf(x).
Taking into account (2.3), for any x € @, we have,

(Vf(rr), zpp — ) < Ly V(zr, 2x) — L1 V(e Trg1) — L1V (Thg1, 1)
Thus, taking into account (4.1), we get
LiaV(z,2r) — Ley1V(z, 2pg1) 2 (V(@k), Te41 — @) + Ly V(@pg1, or)
= (Vf(@k), ze+1 — 2) + (Vf(@k), Ty1 — z3)
+ L1 V(@ky1, 20) — (Vf(2k), Tt — k)
( £

2 (Vf(@r), opar — &) = (VF(@r), @1 — 2k) = 5
= (Vf(xg),zr — x) — %
So, we have

6.11) (VS (zr), 2k — 2) < L1V (@, 25) — L1V (@, Tppn) + g Vz € Q.

Taking summation over both sides of (6.11), we obtain
N-1 N-1

> Lk1+1 (Vf(zk), zp — z) < V(z,20) + : Vr € Q.
k=0
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Further, in view of the inequality

(Vf(xr), o — ) = f(z) — f(2),

we have

L (f(aw) - @) < V(a2 +Z

Ly 2Lk+1

k=
Moreover, since f is convex, the following inequality holds

N-1
where Sy = ) Lk.l - Then
k=0 T

N—
€
12 < Vi, Sy
(612) > ) o (Fo) = (@) < V(wa0) + 55
Since V (x4, 19) < R?, we obtain, for z = z, in (6.12), that
R? ¢
_ % < - —
J@) = fl@) < 5oty

APPENDIX D. THE PROOF OF THEOREM 5.1

Proof. 1) Taking into account the standard minimum condition for the subproblem
(5.1) and (2.3), we have

<vf($k) + Lk+1vx=a:k+1v(x7xk)7x - $k> >0, Vze Q

After the completion of the k-th iteration (kK = 0,1,...) of the Algorithm 5, the
following inequalities hold

(Vf(@k), zkt1 — ) < L1 V(@, o) — L1 V(@ 2p41) — L1 V(@k1, 21,
and
f@r1) < flae) +{Vf(@r); Tr1 — k) + Ly V(@ o) — L1 VI(@, 2g1) + Okp1-
Therefore,
f@rer) < flap) +(Vf(@r), 2 — k) + L V(@ @) — L V(@ Trgr) + Ok

Further, taking into account the inequality f(zx) + (Vf(xr),z — zx) < f(x), for
T = x4, we obtain

J(@pg1) = f(xs) < L1 V(zw, o1) — Lpp1 V(24 Trg1) + Opg1,

whence, after summation, in view of the convexity of f, we have
N-1

U flzra) V(ws,w0) | 1 Ok41
Z) — f(zy) —flzy) L —— 4+ — .
UG SN Z Lii1 ) SN SN ,;) Ly
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2) Since f satisfies (2.1) and (2.2), for sufficiently large L1, and di4+1 the iteration
exit criterion will certainly be satisfied. According to (2.1), for some fixed L > 0
and 0 > 0, the following inequality holds

fly) < f) +(Vf(2),y —2) + LV(y, ) + oLV (z,y) + 0, Va,y € Q.
Therefore, for L1 > L and taking into account (5.1) we obtain
f(@r41) < flxe) + (V[ (@k) k1 — 2) + L1 (V(Tpg1, k)
+ oV (zg, T11)) + 6
< flak) = L (1 — a)V(@k, Tp41) + 9,
whence
(6.13) af(zpir) < af(zg) — Lipia(l — )V (g, Tpr1) + ad.

Now, in view of (2.1) and taking into account 1 — « > 0, the following inequality
holds

(1 —a)f(@pr1) < (1 =) f(zr) + (1 — a)(VFf(@k), Tpy1 — Tx)+

(6.14) + L1 (1= ) (V(@ps1, 1) + aV (@, 2p1)) + (1 — @)d

and for o« = 0 we have
(6.15) f(@rtr) < flog) + (VF(@n), h1 — k) + Ligp1V(Tgs1, ) + 6.

Taking into account (2.2) for @ > 0, after summing the inequalities (6.13) and
(6.14), we have

f(@pi1) < f@e) + (1= a){(V (), vhr1 — 2k) + L1 (1 — @)V (@ps1, 26) + 0
flzr) + (Vf(zk), 21 — 7)) + L1 V(Tgy1, 71) + ad
fzr) + (Vf(zr), 2p+1 — 2k) + L1 V(zgyr, 2x) + 6,

i.e. (6.15) holds for each a € [0;1]. It means that the iteration exit criterion of the
Algorithm 5 will certainly be satisfied for Lyiq > L and dp41 = 9.

3) Let us assume that on the (k + 1)-th iteration (k = 0,1,..., N — 1) of the
Algorithm 5, the auxiliary problem (5.1) is solved i1 times. Then

Lki1 Oppa

Ly, O ’

2ik+1—2 —

since at the beginning of each iteration the parameters Lg,d; are divided by 2.
Therefore,

N-1
L Ly )
Z i1 = 2N +log, ==, logy = = logy —
Ly Ly 5o
k=0
It is clear that at least one of the inequalities Ly < 2L,dny < 20 holds, which ends
the proof. O
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APPENDIX E. THE PROOF OF THEOREM 5.2

Proof. 1) Analogously of the point 1) of the Theorem’s 5.1 proof, we have

N-1

1 f(xps1) V(zwe,x9) 3¢
6.16 o) < = — < ———+ —.
©616)  fO- S < 5o X sl < S 4

2) Analogously of the point 2) of the Theorem’s 5.1 proof, we conclude that
for each (a, L, ¢)-relatively smooth function f the criterion for the exit from the
iteration is certainly fulfilled for Ly, 1 > L.

3) Due to (6.16) for each k > 0 we have

~ R? 3¢
- ) & 5— + —.
f@) - fla) < g+ 5
So, for each (a, L, d)-relatively smooth function f the exit from the iteration will

certainly happen for Liq < 2L, whence

N R? 2L R?
Z - - < :
SN 5T and S N
2
If we require the condition < Z, we have that f(Z) — f(z«) < € certainly
holds for )
N> 8LR '
€

If we require that f is a (1 2]\5/[ , ;) relatively smooth function, we have that

8LR?  16M*R*

N> =
13 g

Note, that if f is relatively Lipschitz continuous function then fis a (1 2]\5/[ 2 , %)_
relatively smooth function. Indeed, we have

f(y) = f(z) <(Vf(y),y —x) < M2V (2,y),

(6.17) fly) < flo) + M2V (z,y),
and
(6.18) (Vf(x),x —y)<M/2V (y,x).

After summing inequalities (6.17) and (6.18), we get, that the following inequal-
ities hold for any z,y € Q:

) < f(@)+ (Vf(2)y =) + M (V2V(y.2) + V2V (@,0))
(6.19) o112
< @)+ (VH(@)y - o) +

(V(y.2) +Vey) + 5
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