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Abstract

We propose a new family of subgradient- and gradient-based methods which converges
with optimal complexity for convex optimization problems whose feasible region is simple
enough. This includes cases where the objective function is non-smooth, smooth, have com-
posite/saddle structure, or are given by an inexact oracle model. We unified the way of
constructing the subproblems which are necessary to be solved at each iteration of these
methods. This permitted us to analyze the convergence of these methods in a unified way
compared to previous results which required different approaches for each method/algorithm.
Our contribution rely on two well-known methods in non-smooth convex optimization: the
mirror-descent method by Nemirovski-Yudin and the dual-averaging method by Nesterov.
Therefore, our family of methods includes them and many other methods as particular cases.
For instance, the proposed family of classical gradient methods and its accelerations gen-
eralize Devolder et al.’s, Nesterov’s primal/dual gradient methods, and Tseng’s accelerated
proximal gradient methods. Also our family of methods can partially become special cases
of other universal methods, too. As an additional contribution, the novel extended mirror-
descent method removes the compactness assumption of the feasible region and the fixation
of the total number of iterations which is required by the original mirror-descent method in
order to attain the optimal complexity.

Keywords: non-smooth/smooth convex optimization; structured convex optimization; sub-
gradient/gradient-based proximal method; mirror-descent method; dual-averaging method;

complexity bounds

Mathematical Subject Classification (2010): 90C25; 68Q25; 49M37

1 Introduction

1.1 Background on the MDM, the DAM, and related methods

The gradient-based method proposed by Nesterov in 1983 for smooth convex optimization prob-
lems brought a surprising class of ‘optimal complexity’ methods with preeminent performance
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over the classical gradient methods for the worst case instances [20]. More precisely, the min-
imization of a smooth convex function, whose gradient is Lipschitz continuous with constant
L, by these optimal complexity methods ensures an e-solution for the objective value within
O(\/LR?/¢) iterations!, while the classical gradient methods require O(LR?/¢) iterations; R is
the distance between an optimal solution and the initial point.

Since then, the Nesterov’s optimal complexity method, as well as further improvements
and extensions [1, 2, 21, 23], applied or extended for solving (non-smooth) convex problems
[5, 15, 22, 23, 26, 28, 29] with composite structure [4, 10, 11, 14, 22, 23, 25] or with the
inexact oracle model [7, 8] changed substantially the approach on how to solve large-scale
structured convex optimization problems arising from machine learning, compressed sensing,
image processing, statistics, etc.

Now, if we consider the minimization of general non-smooth convex problems, the situation is
apparently different. The optimal complexity in the non-smooth case is O(M?R?/c?) iterations
for an e-solution, where M is a Lipschitz constant for the objective function. Among several
methods or variations, there are two well-known optimal complexity methods: the Mirror-
Descent Method (MDM) and the Dual-Averaging Method (DAM).

Since the MDM and the DAM are the main motivations of the present article, we will focus
our subsequent discussion on results related to them.

The MDM originally proposed by Nemirovski and Yudin [19] was later recognized as related
to the subgradient algorithm by Beck and Teboulle [3]. The MDM ensures the optimal com-
plexity O(M?2R?/<?) for a fixed total number of iterations if we choose the (weight) parameters
which depend also on M and R. If we assume the boundedness of the feasible region, further
variants [17, 18] guarantee the complexity? O(1/¢?) without these requirements.

The DAM proposed by Nesterov [24] and its modification [27] allow us to ensure the com-
plexity O(1/e?) even if the feasible region is unbounded (knowing R can further guarantee the
optimal complexity O(M?2R?/<?)). A key idea to obtain this enhancement in the DAM was the
introduction of a sequence which we call scaling parameter B; in this paper.

As a more recent result, the (approximate) gradient-based methods known as the primal
and dual gradient methods in [8, 25] can be interpreted as particular cases of the MDM and
the DAM for the corresponding smooth convex problems, respectively, as it will be clear along
the article. However, they only ensure the same complexity O(LR?/¢) as the classical gradient
methods (for smooth problems) and they require distinct approaches to prove each of their rates
of convergence.

Many of gradient-based methods for smooth and structured convex problems were also
unified and generalized in some way by Tseng [28, 29]. The three algorithms proposed there
preserve the O(y/LR?/¢) iteration complexity, but they also require separate analysis for each
of them. Particular cases of the Tseng’s optimal methods can be seen as accelerated versions
of the MDM and the DAM for smooth and structured problems [8, 25].

It will be important to observe that the difference between the MDM and the DAM or
related algorithms lay on the construction of subproblems solved at each iteration as it will be
clear in Section 2.1. As far as we know, there is no results formalizing a combined treatment to
them to prove their convergence as we will propose in the present article.

Tt is important to observe that in all of those methods, the iteration complexity is with respect to the
convergence rate of the approximate optimal values and not with respect to the approximate optimal solutions.

*Knowing M and (an upper bound of) the diameter D(> R) of the feasible region can guarantee the complexity
O(M?D?/e?).



1.2 Our contributions

In this paper, we establish a unifying framework of (sub)gradient-based methods, namely, Meth-
ods A, B, or C with Property A. As an immediate consequence, we generalized some existing
methods, specifically the ones listed above, and we provide a unified convergence analysis for
all of them.

We will discuss these ideas in details in the next lines.

All of above existing methods require at each iteration the computation of minimizer(s) of
one (or two) strongly convex function(s), which we call auziliary functions, over a (simple) closed
convex domain. Property A (Section 3), which we propose in this paper, reflects the common
properties that the auxiliary functions of the MDM and the DAM should satisfy to secure
optimal convergence rates. As a byproduct, we propose two strategies to construct sequentially
these auxiliary functions: the extended Mirror-Descent (MD) model (26), which we believe is
completely new in the literature, and the Dual-Averaging (DA) model (27). In fact, we will
show that they can be combined in arbitrary order (Proposition 3.3) for our final purpose.

Method A (a) and (b) (in Section 4.1) establish the optimal complexity O(M?R?/e?) for
non-smooth convex problems, while Methods B and C (in Section 5.1) establish the complexity
O(LR?/¢) and the optimal one O(/LR2/¢), respectively, for structured problems which include
smooth, composite structure, saddle structure, or inexact oracle model cases.

An essential idea behind the proofs to show the convergence rates is to check the validity
of the inequalities (Ry) (31) (or (Rg) (33) for the non-smooth problems and (}%) (44) for
the structured problems) employed in these methods. This approach some how resemble the
estimate sequences [1, 2, 21], the inequality (Ry) [23], and the inequality (23) [27].

Since our methods are based on the extended MD and/or the DA updates, they seems quite
restrictive, but as Table 1 shows, many of known optimal methods are particular cases or can
be particularized to coincide with our methods.

A clear advantage of our unifying framework over the exiting ones is that we can prove all
the convergences and their rates in a universal way without specifying the proofs to a particular
method/algorithm. As far as we know, this is the first time that such general treatment unifying
the MDM and the DAM is proposed.

We remark that our approach should be distinguished from the wuniversal (sub)gradient-
based methods which can be applied simultaneously to non-smooth or smooth problems such as
[10, 11, 14] or to structured problems which can admit inexact oracles, weakly smooth functions,
etc. [7, 8, 26]. As noted in Remark 1.2, a more broader approach can be established for our
framework if we extend the inexact oracle model as discussed in [12].

Also, as pointed out before, Tseng unified many of these methods in three algorithms, but
they require different treatment for each of them.

As a minor contribution, the generalization of the MDM to the extended MDM (Method A.1)
guarantees the complexity O(1/¢2) with the advantage of not requiring the values M, R, and
the final number of iterations a priori to determine the (weight) parameters in the method
(requiring R further ensures the optimal complexity O(M?R?/<?)). This drawback was already
partially solved in [10, 11, 14, 17, 18], but our method has additionally the advantage of not
requiring the boundedness of the domain.

The structure of this article is as follows. First, in Section 1.3, we define our problem
introducing two classes of convex problems: the non-smooth and the structured problems. We
review some existing methods, in particular the MDM and the DAM for non-smooth objective
functions and Tseng’s accelerated gradient methods for smooth ones in Section 2. In Section 3,
we propose Property A which represents a framework of auxiliary functions for the development
of our methods, as well as some supporting lemmas. We then propose in Section 4 the general
subgradient-based method and prove its convergence rate, in particular for the extended MDM



and the DAM. Subsequently, we propose the classical gradient method and the fast gradient
method for the structured problems in Section 5.

Table 1: Relation between our family of (sub)gradient-based methods and other known methods.
The star (*) corresponds to our result. ‘Complexity’ indicates the number of iterations to obtain
an e-solution when the objective function has no inexactness for its oracle. [25] is included
considering that its Lipschitz constant is known in advance. The third problem class ‘applicable
to both’ indicates that the existing methods can be applicable simultaneously to non-smooth,
smooth, and structured problems.

problem class ‘ complexity ‘ some known methods ‘ generalized methods
. ] *Method A (a) with the model (26)
) mirror-descent [3, 19] = extended mirror-descent: Method A.1
optimal dual-averaging [24] *Method A (a) with the model (27)
non-smooth M2R? - = -
o ( 2 ) double averaging [27] Method A (b) with the model (27)
sliding averaging [18]
Nedié-Lee’s averaging [17]
classical | primal gradient [8, 9, 25] *Method B with the model (26)
O (H2) [ dual gradient [8, 25] *Method B with the model (27)
dructired estimate sequence method [2, 21]
° Zﬁogii / Nesterov’s method [23] Tseng’s modified method; see [28, (35-36)]
’ timal interior gradient method [1] , .
P 1ma‘ Lan-Luo-Monteiro’s method [15] Tseng’s method [28, Algorithm 1]
@ ( ng) FISTA [4] Tseng’s first APG [29]
. *Method C.1 = Method C with the model (26)
Tseng’s second APG [29] Tseng’s method [28, Algorithm 1]
i1 *Method C.2 = Method C with the model (27)
Tseng’s third APG [29] Tseng’s method [28, Algorithm 3]
applicable fast gradient method [8]
RS optimal | Ghadimi-Lan’s method [10, 11, 14]
universal gradient method [26]

1.3 Problem setting and assumptions

In this paper, we consider a finite dimensional real vector space E endowed with a norm || - ||.
The dual space of F is denoted by E* endowed with the dual norm || - || defined by
IIs|l« = max (s,z), s& E*
[l=]|<1
where (s, z) denotes the value of s € E* at x € E.
We then define a general convex optimization problem as:
i f(2) (1
z€eQ
where ) is a nonempty closed convex, and possibly unbounded, subset of F, and f : F —
R U {400} is a proper lower semicontinuous convex function with @ C dom f := {z € FE :
f(z) < 4+00}. For each x € dom f, the subdifferential of f at z is denoted by df(z) := {g €
E*: f(y) > f(x) + (g,y —x), Yy € E}. We assume throughout this paper that the problem
(1) always has an optimal solution z* € @), and the structure of @ is simple enough or has some
special structure which permits one to solve a subproblem over it with moderate easiness. See
[23] for some examples.
We introduce the proz-function d(x) which is used to define the subproblems in our subgradient-
based methods. Let d : E — RU{+00} be a proper lower semicontinuous convex function which
satisfies the following properties:



e d(x) is a strongly convex function on @) with parameter o > 0, i.e.,

dite+ (1 —71)y) < 7d(x) + (1 —7)d(y) — %O’T(l —7)||x — yH2, Va,y € Q, V7 € [0,1].

e d(x) is continuously differentiable on Q.

We assume that d(zp) = mingeq d(z) = 0 for ¢ := argmin, g d(x) € Q, which is used for the
initial point of our methods.?
We denote by &(z,z) the Bregman distance [6] between z and z:

E(z,x) :=d(z) —d(z) — (Vd(z),x — z), z,x€Q.

The Bregman distance satisfies £(z,7) > Z||x — z||? for any z, z € Q by the strong convexity of

d(x).

Finally, we often refer R as \/ %d(m*), \/ %5 (g, x*), or their upper bounds which quantifies

g
2

the distance between the optimal solution z* and the initial point zg in view of properties
d(zo) = 0 and d(z) > §||z — zo||* for every z € Q.

We remark that the problem (1) (as well as the objective function f(x) and the feasible
region ) and the prox-function d(z) is fixed throughout the paper.

In this paper, we particularize the problem (1) into the following two classes for convenience.
Observe that each of problems in these classes is equipped with a proper lower semicontinuous
convex function l¢(y;-) : R® — R U {400} satisfying f(z) > I;(y;x), Vo € Q, which we call a
lower convex approximation of f(x) on @ at y € Q.

o The class of non-smooth problems. We assume that subgradients of the objective function
f, g(y) € 0f(y), are computable at any point y € Q). We further assume that the optimal
solution of the following (sub)problem is computable for any s € E* and g > 0:

g%ﬂ&@+5ﬂ@} (2)

For the non-smooth problem, we define the linear function [¢(y;x) for each fixed y € Q
by
li(ys ) = fy) + (9(y), z — y) - 3)

e The class of structured problems. We assume that the objective function f(x) of the
problem (1) has the following structure: for any y € @, there exists a proper lower
semicontinuous convex function l¢(y;-) : £ — R U {+oo} satisfying the inequalities

I(y; o) < <l(y; LW o g2 45 \/ 4
ryiz) < flo) <lp(ys2) + —=llo —yl" +(y), Ve eq (4)

for some L(y) > 0 and 6(y) > 0%. We also assume that for any y € Q, s € E*, and 8 > 0,

we can compute the optimal solution of the (sub)problem

min{ly ;) + (s,) + fd(z)}. (5)

3We can always assume this requirement for an arbitrary point zo € Q by replacing d(z) by &(xo, z).
“L(-) and §(-) can be any positive and nonnegative functions in y on @, respectively. However, there is a
restriction to ensure an efficient convergence of the proposed methods as discussed in Section 5.2.



The subproblems (2) and (5) are subproblems solved at each iteration in the (sub)gradient-
based methods. Their difficulties depend on the structure of (), the choice of the prox-function
d(z), and the definition of l¢(y;x). See [23] for some examples of the problem (2) and Exam-
ple 1.1 below for special cases of (5).

The class of structured problems includes the following important cases given in Example 1.1.
Among them, we are particularly interested on smooth problems (i).

Example 1.1 (Structured convex problems). All the cases excepting the last one were already
considered in the literature.

(i)

(iii)

Smooth problems. Suppose that the convex objective function f(x) is continuously dif-
ferentiable on @ and its gradient V f(x) is Lipschitz continuous on () with a constant
L>0:

IVi(z) = Vil < Lz —yll, vr,yecQ.
Then, defining If(y;2) == f(y) + (Vf(y),x —y) yields the condition (4) with L(-) = L
and 6(-) = 0. Then subproblem (5) is of the form

ggél{f(y) + (s +Vf(y)z —y)+ Bd(x)},

—

6)

which is equivalent to (2) in this case.

Composite structure. Let the objective function f(z) has the form

f(x) = folx) + ¥(x) (7)

where fo(z) : E — RU {400} is convex and continuously differentiable on ¢ with Lip-
schitz continuous gradient and ¥(x) : E — R U {400} is a lower semicontinuous convex
function with Q C dom¥. This structure has significant applications in machine learning,
compressed sensing, image processing, and statistics [4, 29].

Letting L > 0 be the Lipschitz constant of V fy on @, we can define l¢(y;x) := fo(y) +
(Vfoly),x —y)+¥(x) so that we have (4) with L(-) = L and 6(-) = 0. The corresponding
subproblem has the form

min{fo(y) + (s + VSo(y),2 —y) + fd(z) + ¥ (x)}.

A generalization of classical methods such as proximal gradient method for this model
was proposed by Fukushima and Mine [9] (without assuming convexity for fy(x)). The
Nesterov’s optimal method (19) can be also generalized for this case [25].

Smoothing techniques are also an important approach for this example. Nesterov [23]
showed a significant improvement on the convergence rate for a particular class and Beck
and Teboulle [5] proposed an unifying generalization for it.

Inezxact oracle model. Let us assume that our oracle for f(z) has inezactness [8], that is,

we can compute (f(y),g(y)) € R x E* at each y € @ such that

0< ()~ (Flw) + (alw)ow —9) < Ll —yl* 46, V2 eQ 0

is satisfied for some L, > 0 and 6, > 0. Then defining l¢(y;z) := f(y) + (3(y),z — v),
L(y) := Ly, and 6(y) := d, we have exactly (4).



(iv)

This model was investigated in [8] and the primal, dual, and fast gradient methods were
proposed. These methods were also implemented in [26] for a particular class of this
model equipped with an iterative scheme to estimate the Lipschitz constants L, at each
iteration. The fast gradient methods can be seen as generalizations of the Nesterov’s
optimal method (19) to those cases.

Saddle structure. Let us consider an objective function with the following structure:

f(z) = sup ¢(u, )

uelU

where U is a compact convex set of a finite dimensional real vector space E' and ¢ :
U x E — RU{+o0} is a concave-convex function satisfying the following conditions.

e ¢(-,x) is a upper semicontinuous concave function for all x € Q.
e ¢(u,-) is a lower semicontinuous convex function with @ C dom ¢(u,-) for all u € U.

e For all u € U, ¢(u,-) is continuously differentiable on @) and its gradient is Lipschitz
continuous on @, i.e., there exists a constant L, > 0 such that

||VI(Z)(U,$1) - Vw¢(u7x2)”* < LUHxl - x2||7 V:Ul?x? € Q

e L := maxycy L, is finite and positive.

Then defining
[(y;2) == max{6(u, y) + (Voo(u,y), 2 — y)}, (9)

it satisfies condition (4) with L(-) = L, 6(-) = 0, and we will have the following subproblem:

mip { s 6(00) + (4 a9, )} + 800 |

ze@ | ue

This case is a generalization of the structured convex problem discussed in [20], namely,
E' =R™ and, for each u = (uV),...,u™) € U, defining ¢(u, z) = 31", u® f;(x) for given
differentiable convex functions fi(x),..., fm(z) on E with Lipschitz continuous gradient.
The convexity of ¢(u, -) is satisfied by imposing the following assumption as in [20]: if there
exists u € U such that () < 0, then f;(x) is a linear function. Letting L(*) be a Lipchitz
constant of V f;(z) for i = 1,...,m, we have L = maxycy L, = maxycy y o, WD L@,

The definition of If(y;x) can be simplified when @ C int(dom f) and ¢(-,z) is strictly
concave for all z € Q. In this case, denoting u, = argmax,c;; ¢(u,x), we have V f(z) =
Va¢(ug, x) and therefore we can define

Ly (y; ) := d(uy, y) + (Vad(uy, y),  —y)

which satisfies (4) with L(-) = L and 6(-) = 0. Its subproblem is of the form (6). This
situation is also discussed in Tseng’s methods [28].

Mized structure. The above examples can be combined with each other; for instance,
considering the function fy(x) in (ii) with inexactness (iii) or with the saddle structure
(iv), or considering the function ¢(u,x) in (iv) with inexactness (iii) or with the composite
structure (ii) satisfies our requirement (4).



Remark 1.2. Defining the class of the structured problems with the inexact oracle model (iii)
allow us to include non-smooth and weakly smooth convex problems (see [7, 8]). Moreover,
considering a generalization of (4) by replacing §(y) with d(x,y) where §(-,y) is a nonnegative
and lower semicontinuous convex function on @ for every y € @), we can further include other
structured convex problems such as the composite convex problem discussed in [10, 11, 14] (in
the deterministic version). Then the objective function f(z) will satisfy the condition

L
< Z

fly) = f(@) = (9(y),y — )
for a subgradient mapping g(z) € 0f(z), L, M > 0, and d(x,y) := M|z — y||. Observe that the
smooth and the non-smooth problems are its special cases when M = 0 and L = 0, respectively.
[12] investigates in detail the extensions of the methods discussed here to this setting.

2 Existing optimal methods

In this section, we review some well-known subgradient-based and gradient-based methods.
In particular, we focus on the Mirror-Descent Method (MDM), the Dual-Averaging Method
(DAM), the double and triple averaging methods for non-smooth problems in Section 2.1, and
on the Nesterov’s accelerated gradient and the Tseng’s Accelerated Proximal Gradient (APG)
methods for smooth problems (or the structured ones) in Section 2.2.

The purpose of this section is to unify the notation of these existing methods in order
to introduce a unifying framework for them in Section 3. For that, we sometimes change the
variables’ names, shift their indices, and add constants in the objective functions of optimization
subproblems when compared to the original articles.

2.1 Optimal methods for non-smooth problems

Let us first see some existing methods for non-smooth convex problems. Recall that, from the
definition of the class of non-smooth problems, we have, for y € @, a subgradient mapping

g(y) € 0f(y) and a lower convex approximation lf(y;x) := f(y) + (g(y),z — y) of f(x).

2.1.1 The mirror-descent method

The Mirror-Descent Method (MDM) [19] in the form reinterpreted by Beck and Teboulle [3]
generates {zy }r>0 C @ by setting ¢ := argmin, ¢, d(z) and

g = g(zx) € Of (zk),
zp = argmingeo{ \l[f(zr) + (g, v — 1) + &8, 2) }, (10)
Tk+1 = Rk

for each k£ > 0, where A\ > 0 is a weight parameter.

The variable z; is redundant here, but we keep it in order to use the same notation of our
unifying framework. Notice that, by the definition of the Bregman distance, the computation
of z;, reduces to the form of (2).

It is known that the MDM reduces to the classical subgradient method .1 := 7Q(zr—Akgr)
when F is a Euclidean space, || - || is the norm of E induced by its inner product, d(x) :=
3llz — o], and g is the orthogonal projection onto @ (see also Auslender-Teboulle [1] and
Fukushima-Mine [9] for some related works).



The MDM produces the following estimate [3]:
o Nif(x ) 1 LSk 22012
Vk >0, Ap:= M — fla*) < §(@o, %) + 2 2i=o Aillgillx

Therefore, if we define the approximate solution

k
L i i
Tk = —

Zf:o Ai
we have by the convexity of f that f(Zx) — f(2*) < Ag; we can also obtain the estimate
ming<i<k f (i) = f(27) < Ay
Furthermore, the right hand side of (11) can be bounded by M+/20-1¢(zq, z*)/vk + 1 if
M :=sup{||g|/+« : g € Of(z), x € Q} is finite and if we choose the constant weight parameters

(11)

A= MY/ 206(xo, z*)/VEk+1, i=0,...,k (12)

for a fixed k > 0. If we further know an upper bound R > \/%f (zo,x*), this result ensures an

e-solution in O(M?R?/e?) iterations which provides the optimal complexity for the non-smooth
case [3]. The above choice of weight parameters, however, is impractical since it depends on
the final iterate k£ and an upper bound for &(xg, x*); a more practical choice \; := r/+/i + 1 for

some r > 0 only ensures an upper bound §(a:0,x*)+(2;ﬂ)(:/1%/l_28+10g(k+1)) = O(log k/V/k) for the

right hand side of (11). Note that, however, when the feasible region @) is compact, the weight
parameters \; := r/v/i + 1 (r > 0) ensure the rate O(1/vVk) of convergence for the difference
f(zr) — f(z*) by considering &, a weighted average of zo, ...,z [17, 18].

2.1.2 The dual-averaging method and its variants

The Dual-Averaging Method (DAM) proposed by Nesterov [24] overcomes the dependence of
weight parameters of the MDM on k and even achieves the rate O(1/vk) of convergence.
This method employs non-decreasing positive scaling parameters {B}x>—1 (Br+1 > Br. > 0) in
addition to the weight parameters {\j}x>0.

From the initial point x¢ := argmin ¢, d(z) € @, the DAM is performed by the iteration

gk = g(xr) € Of (xp),
Zp = argmingeq {Zfzo il f (i) + (gisx — w3)] + 5kd(ﬂf)} ; (13)
Thp1 = 2k

for each k£ > 0.

It is important to note that the difference between the MDM and the DAM is in the construc-
tion of the subproblems. Both methods solve subproblems of the form z := argmin, g ¥k ()
defined by the auxiliary functions

Ur(x) == Mely(2r; ) + &2, ©) = Ml f (1) + (9o, @ — 22)] + E(2h, ) (14)

in the MDM and

k

k
i) =Y Nlp(mizx) + Brd(z) = Y Nilf () + (gir 2 — 23)] + Brd () (15)
=0

1=0

in the DAM.



Nesterov proved that the DAM satisfies the following general estimate (set D = d(z*) in
[24, Theorem 1 and (3.2)]):
2
B f (i Brd(z*) + & S8 o 2 g2
VE>0, Api= —Zm‘f@f(x’) — f(a*) < o) QUkZ’*O B 191l
D im0 Ni iz i
In order to ensure the rate O(1/vk) of convergence, we do not even need a prior knowledge
of an upper bound for £(zp,2*) in contrast to the MDM; for instance, choosing A\; := 1 and
Bk := B where v > 0 and

Bo1:=Po =1, By =B+ Byt Vk >0, (17)

(16)

the estimate (16) yields

M2\ 0.5+ 2k +1
Yk >0, Akg(*yd(x*)—i— >O5+ +.

207y k+1

Furthermore, if we know M and R > \/1d(z*), the choice 7 :=

iteration complexity O(M?2R?/e?) to obtain an e-solution.

A key in the analysis of the DAM in [24] is the use of a dual approach such as the conjugate
function of Sd(z) for § > 0. In this paper, we prove the same result with simpler arguments (in
Section 4) for the DAM and for (an extension of) the MDM without employing duality.

Nesterov and Shikhman [27] further proposed variants of the DAM, the double and triple
averaging methods, in order to obtain convergence results for the sequence {z}. The double
averaging method [27, eq. (28)] iterates starting from z¢ := argmin ¢, d(z) € Q as follows:

\/gi = achieves the optimal

zp = argmin g (x), g1 := (1 — 1)k + 72K, k=0,1,2,... (18)
TEQ

where 7, := Ag41/ Zfiol Ai and ¢ () is defined by the auxiliary function (15) used in the DAM.
This method bounds the difference f(xx) — f(z*) by the same value as the right hand side of
(16) [27, Theorem 3.1] for all £ > 0. Hence, it achieves optimality. The triple averaging, which
is a modification of (18), allows further flexibility on the choices for {\;} and {5k} [27, Theorem
3.3].

Observe that for all the above methods, we do not need to evaluate any function value at
any iteration and x4 is determined uniquely even if @) is unbounded, since d(z) is strongly
convex [24, Lemma 6.

2.2 Optimal methods for smooth problems

We now review some existing methods for the smooth problems which are a special case of the
structured problems (see Example 1.1 (i)).

Suppose that the function f(z) in (1) is convex, continuously differentiable, and its gradient
is Lipschitz continuous on @) with constant L > 0.

Many optimal complexity methods were proposed in the literature under this assumptions
(see, e.g., Table 1). In particular, we recall the optimal methods proposed by Nesterov [23] and
Tseng [28, 29] for a comparison with our results.

Given positive weight parameters { A, } x>0, both methods solve either or both of the following
subproblems:

(a) mingeq {Aklf (zk) + (VF(21), 2 — )] + £&(21-1,2) },
(b) mingeq {0y Mlf (i) + (VS (i), 2 — )] + Ld(x)}

10



where {z}}r>0 C @ is the sequence generated by those methods and {zj}x>_1 is the sequence
of optimal solutions of the subproblem (a) or (b) as specified by the method. Similarly to the
non-smooth case, it is not necessary to evaluate the function values at x;’s and the minimums
of (a) and (b) are uniquely defined.

The Nesterov’s optimal method (see modified method in [23, Section 5.3]) with a particular
choice for the weight parameters \; is described as follow.
Nesterov’s method: Set Ay := (k +1)/2 for k& > 0 and z¢ := 2-1 = argmingcq d(z).
Compute the solution Zy of (a) with & = 0 and set &g := zp := Z9. For k > 0, iterate the
following procedure:

Akt1

Tido A
Compute 241 1= argmin, g {)\k+1[f(xk+1) + (VF(xps1)s @ — Tpp1)] + ZE 2, x)}, (19)
Set i‘k+1 = (1 — Tk)ik + Tki’k+1,
Compute  zj41 := argmin,¢( {Zfiol Xilf(xi) + (Vf(zi), z —x)] + gd(az)} .

In comparison, the Tseng’s second and third Accelerated Proximal Gradient (APG) methods
[29], which are particular cases of algorithms 1 and 3 in [28], only require the computation of
either Zi or z; of the Nesterov’s method, respectively.

/ 2
Tseng’s second APG method: Set A\g:=1, A\pyq1 := w for k>0, and g := z_1 :=
argmin, ¢ d(r). Compute the solution zg of (a) with k = 0 and set &g := z9. For k > 0, iterate
the following procedure:

Set ZTp+1 = (1 — )Tk + T2k, where T :=

Akt1
S
Compute zj41 := argmin, ¢ {)\k+1[f(3:k+1) + (Vf(xps1),x — xp41)] + %f(zk, x)}, (20)
Set Tyl = (1 — Tk)ij + TkZk+1-

Set Tht1 = (1 — Tk)j}k + T2, Where T :=

/ 2
Tseng’s third APG method: Set A\g := 1, Ay 1= w for k > 0, and xg := z_1 :=
argmin, ¢ d(r). Compute the solution zy of (b) with k£ = 0 and set %o := z9. For k > 0, iterate
the following procedure:

Set Tp+1 = (1 — 7)Zk + T2k, where Ty 1= ZA’“TEIA»’

=0 7
Compute zj41 := argmin, ¢ {Zfiol Xilf (@) + (Vf(x),x — )] + fd(x)} , (21)
Set Thtl i= (1 — Tk)i'k + TpZk+1-

Remark 2.1. To see the equivalence to the Tseng’s second APG method, notice that x is
not used at all in [29]. Then defining d(z) := D(z,20) = n(x) — n(z0) — (Vn(z0),z — 2o) for
an arbitrary zp € @, we have 0 = 1 in (a). Finally, making the correspondence z — zp_1,
Yr — Tk, Tp — Tk, and O — /\—lk, it will result in our notation. For the Tseng’s third APG
method, identical observations are valid, excepting that we define d(x) := n(z) — n(zp) instead.

In order to see a connection to the unifying framework of this paper, let us focus on the
subproblems of the Nesterov’s and the Tseng’s methods. These subproblems have the form
2k := argmingc Yy (z) with the auxiliary functions

L
Vi () == Al y(zps ) + ;ﬁ(zk—lw) (22)
for the Tseng’s second APG method and

r L
i) =) Nlp(wisx) + —d(x) (23)
=0

11



for the Tseng’s third APG method, where l¢(y; x) := f(y) + (Vf(y),x —y) (recall Example 1.1
(1)); the Nesterov’s method can be seen as their hybrid. Note that the auxiliary functions (22)
and (23) correspond to the one of the MDM (14), excepting the factor L/o, and the one of the
DAM (15) with gy = L/o, respectively.

It can be shown that both Nesterov’s and Tseng’s methods attain the optimal convergence
rate; the Nesterov’s method (19) and the Tseng’s third APG method (21) satisfy

X . 4Ld(x*)
szoa f(xk)_f(x ) < O’(k—i-l)(k'"’Q)

while the Tseng’s second APG method (20) satisfies

AL (o, )

VkZO, f(ka)_f(x*)S O'(k—|—2)2 :

Note that these convergence rates ensures an e-solution with the optimal iteration complexity

O(y/LR?/e) where R = y/Ld(z*) for the first estimate and R = |/1&(2g,2*) for the second

one, respectively.

The convergence analysis of these three methods are performed in distinct ways. What we
propose in Section 5 is a universal analysis for them using the unifying framework defined in
Section 3.

The above gradient-based methods for smooth problems can be generalized to a wider class
of convex problems. The Nesterov’s method (19) was generalized for the composite structure
[25] and for the inexact oracle model [8]. The Tseng’s methods were originally proposed for
the composite objective function unifying some existing methods [1, 4, 23], while we only have
described the particular ones for the smooth case.

It is important to note that the inexact oracle model [8] is also applicable to non-smooth
problems yielding optimal subgradient methods; more precisely, it is applicable to ‘weakly
smooth’ convex problems (see Remark 1.2).

There are several universal (sub)gradient methods [7, 8, 10, 11, 14, 26] which are optimal
for both non-smooth and smooth problems (and further generalized ones). In contrast to such
universal methods, we will propose different (not universal) (sub)gradient-based methods for
non-smooth and smooth problems which also include some of previously mentioned methods.
A key contribution of our approach is that it provides a unified methodology on the analysis of
optimal subgradient/gradient-based methods for non-smooth/smooth problems.

3 Construction of auxiliary functions in the unifying framework

For all methods we reviewed for the non-smooth or the smooth problems, we need to form one or
two auziliary functions ¢y (x) and solve the corresponding subproblem(s) mingcg ¢k (x) at each
iteration. In this section, we will propose general conditions which these auxiliary functions
should satisfy (Property A) in order to provide a unifying analysis for them. In particular, we
will see that these auxiliary functions can be derived from the extended MD model (26), the DA
model (27), or a mixture of them. Based on these results, we will propose a family of methods
in the unifying framework for the non-smooth problems in Section 4 and for the structured
problems in Section 5.

The arguments of this section can be applied to both non-smooth and structured problems.

For a point y € @, denote by l(y;-) : E — RU{+o0c} a proper lower semicontinuous convex
function with f(x) > lf(y;2), Vo € Q, i.e., a lower convex approximation of f(x) on @ at
y € Q. We do not require any other assumption on l¢(y; ) in this section but, in Sections 4

12



and 5, we further require the assumptions (3) for the non-smooth problems and (4) for the
structured problems, respectively (see also Example 1.1 for more specific forms of l¢(y; z)).
For the prox-function d(z), we denote l4(y;z) := d(y) + (Vd(y),z — y). Note that d(z) >
La(y; v) and £(y, @) = d(z) — La(y; z) for any 2,y € Q.
We introduce the following two kinds of “parameters” which will be used in our methods.
Later on, they will be tuned to obtain an appropriate convergence rate for the methods.

- The weight parameter {\;}x>0. We assume that A\, > 0 for all £ >0

- The scaling parameter { By }r>—1. We assume that S > Br_; > 0 for all £ > 0.

Note that the sequence of scaling parameters { S }x>_1 is assumed to be non-decreasing through-
out this paper. For the weight parameter {\;}r>0, we define Sy, := Zf:o A

We use {Z} k>0 C Q and {z }r>0 C Q for sequences of approzimate solutions and test points
(for which we compute the (sub)gradients), respectively. (Recall that z¢ := argmin, ¢, d(z).)

Finally, we consider auxiliary functions 9 (z) whose unique minimizers on @) are denoted by
2 = argmin,cg ¥ (7). The function i (7) is assumed to be determined by e, B, {mibe,,
and {zi}fz_ol for each k > 0. We also consider ¢_1(x) (and z_; := argmin ¢ 1—1(z)) for con-
venience.

The following property will be the fundamental one for the construction of auxiliary functions
{Y%(z)}k>—1 in our unifying framework.

Property A. Let {\;}r>0 be a sequence of weight parameters, { i }r>—1 be a sequence of scaling
parameters, {xy}r>0 be a sequence of test points, and lf(y;x) be a lower convex approximation
of f(z). Let ¢y (x) be auziliary functions which are determined by {\} o, {Bi}r__;, {zi}r,,

and {zl}f:_o1 where z; := argmin,c ¥i(v) for each k > —1. Then the following conditions hold:
(1) mingeg—1(z) =0 and z_; = xg.
(i) The following inequality holds for every k > —1 :

Vz € Q, Yry1(z) > Izrélg?l Yr(2) + M1l (Trt132) + Bryrd(x) — Brla(zi; x).

(iii) The following inequality holds for every k >0 :

k
323 Yr(z) < ;Iél(g {; Nilp(xi @) + Brla(zk; az)} . (24)

Now, let us see that the auxiliary functions {¢x(x)} of existing methods shown in Sections 2.1
and 2.2 can be unified via Property A. We propose the following concrete construction of
auxiliary functions which will satisfy Property A:

(0) Define ¥_1(z) := p_1d(x).
(1) For each k > —1, define ¢;+1(z) by either the extended Mirror-Descent (MD) (25)
model (26) or the Dual-Averaging (DA) model (27).

Extended MD model:
Vi1 (@) = min Vi(2) + Mgl (Tr15 @) + Briad(@) — Brla(zr; ). (26)

DA model:
Y1 (x) = Yp(x) + M1l p (215 @) + Brprd(z) — Brd(z). (27)

In both cases, ¥;11(z) is a proper lower semicontinuous and strongly convex function on Q.

13



Remark 3.1. The construction (25) includes the following particular ones.

e Constructing {¢x(z)} by (25) with only the extended MD model updates (26) yields

Yp(r) = mineQ Yr—1(2) + Melp(zp; ) + Brd(x) — Br—1la(zp—1; ),

zp = argmingg {)\klf(xk; x) + Brd(z) — Br—1lq(zK—1; 1:)} (28)

Because £(zx—1,2) = d(z) — lg(zx—1; ), the definition of 1;(z) coincides with, up to a
constant addition, the one of the MDM (14) when Sy = 1 and xp = 2;_1, and with the
one of the Tseng’s second APG method (22) for fy = L/o.

e Constructing {¢x(z)} by (25) with only the DA model updates (27) yields

bele) = XiioMily(ei @) + fd(@), )
Zp = argmingg {Zf:o il g (x5 2) + ﬁkd(x)}

which coincides with the one of the DAM (15) and with the one of the Tseng’s third APG

method (23) with gy = L/o.

Notice that a pure extended MD model updates (28) considers only the previous lf(xy; x) while
the DA model updates (29) accumulates all [f(x;; x)’s. Moreover, we can mix the updates (28)
and (29) in any order which corresponds in selecting some of previous l¢(x;;x)’s to define the
subproblem.

Note that, for a fixed 1% (), the construction (26) of ¥y (x) is the minimalist choice which
satisfies Property A; according to (ii), any auxiliary function %1 (z) majorizes the one defined
by (26) on the set Q.

To prove Property A for the construction (25) of auxiliary functions, the following lemma
[28, Property 2] is useful.

Lemma 3.2. Let h : E — RU {+o0} be a proper lower semicontinuous convex function with
Q C domh and 8 be a positive number. Denote 1 (x) = h(z) + fd(x). Then the minimization
problem mingeq ¥(x) has a unique solution z* € QQ and it satisfies

Y(x) = P(z%) + BE(2", z), Vreq.

Now we prove the following result which plays a crucial role in the development of our
methods.

Proposition 3.3. Any sequence of auxiliary functions {1y (z)} constructed by (25) satisfies
Property A.

Proof. Since mingeg d(z) = d(zo) = 0, ¥_1(x) = B_1d(x) satisfies the condition (i) with z_; =
ZQ-

Let us prove the condition (ii) considering two cases for a fixed k > —1. If ¢y i(z) is
updated by (26), then the condition (ii) is satisfied with equality.

Next, consider the case of the update by (27). Notice that on the construction (25), we can
easily check by induction that the functions hy(x) := ¢ (z) — Brd(z) are always proper lower
semicontinuous and convex. Thus Lemma 3.2 implies that

wk(.%') > Izrélél wk(z) + ﬂkﬁ(zk,x), Vr € Q. (30)
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Therefore, we obtain
Verr(z) = (@) + Mgl y (Trs1; @) + Brgrd(z) — Brd(x)

> [Izléiél Vr(2) + Br€(2k, )] + Mer1ly (Trg152) + Brrrd(x) — Brd()

= rzlélél Y(2) + M1l p (@15 @) + Brprd(x) — Brla(zr; )

for all x € @ and (ii) is satisfied.

Let us finally prove the condition (iii), namely, prove the inequality (24) for all £ > 0. We
actually show that (24) is also valid for all & > —1. The case k = —1 is due to the optimal-
ity condition for z_; = argmingcn-_1(x) = argmingcq f-1d(v), that is, mingeq 8-1d(x) =
mingeq B-1lq(z—1; ) holds.

Next, we introduce the index set

K :={k|ke{-1,0,1,...}, ¥y(x) is updated by (26)}

and we divide to two cases: K = () and K # ().
The case K = (), which corresponds to the construction (29), i.e., ¥y (x) = Zf:o il (xi; ) +
Brd(z), is immediate to prove (iii) as follow:

(30)
min p(2) < () = Bt o ZMf i3 @) + Brla(zk; )

for every x € @ and k > 0.

Suppose now that () # K = {ki,ko,...} where k; < ko < .... When K is finite, say
K = {ki,...,kn}, we define k11 := +o0o. Then, it suffices to prove the following fact by
inductionon i =1,2,...:

(P;) : the inequality (24) holds for all £ with — 1 < k < k;.

The proof of (P;) is as follows. If k1 = 0, then (P;) corresponds to the inequality (24) for
k = —1, which was just proved. If k1 > 0, then 1g(z), ..., ¥k, —1(z) are constructed by only the
DA model (27) from which (P;) follows as the same way as the case K = ().

Assume that (F;) is true for some ¢ > 1. By the definition of the set K, we know that i (z)
is constructed by (26) for k = k; and by (27) for k with k; < k < k;j+1 (Recall that, when K is
finite and ¢ = | K|, we have k;y; = +00). Therefore, ¢ (z) for k; < k < ki1 is defined by

Yr(z) = [mein Vr—1(2) + Ayl (Tr5 ) + B, d(x) — Bri—1la(zr—15 )
+ Y Pynlp(@gsa) + Bjd(e) — Bd(x)]
7 ki <j<k

= mlnwk —1( +Z>\ (x5 @) + Brd(z) — Bi,—1lalzk—152).

Note that a summation over the empty set is defined to be zero. Since (24) holds fork =k; —1 > —1
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by the hypothesis (P;), we have the following for all x € @ and k with k; < k < k;y1:

(30)
minyg(z) < Yp(x) — Br€(zk, x)
z€Q
= mm@/)k —1(2) + Z Njly(xj; @) + Brd(z) — B, —1la(zk;—1; )
—,ka(Zk, )
24) [kizl
< Z)\lf (35 2) + Bry—1la(zr—15 )

+ Z il (w33 2) + Brd(x) — B, —1la(zk;,—157) — Breé (21, @)

= Zufxz, ) + Brla(zi; o).

Hence, the inequality (2 ) holds for k; < k < k;1 which shows (P;;+1) and therefore (iii). [

To conclude this section, we define the following relation based on the Nesterov’s approach
[23], see also [27]. We propose (sub)gradient-based methods which generates approximate solu-
tions {Zx} C @ satisfying the following relation for every k > 0:

(Rr) Skf(dy) < gleig Yr(x) + Ck (31)

where C}, is defined according to the problem structure.
This relation yields the following lemma which provides a convergence rate for all methods.

Lemma 3.4. Let {1x(z)} be a sequence of auziliary functions satisfying Property A associated
with weight parameters { A, }x>0, scaling parameters { By i>_1, test points {xy} x>0, and a lower
convex approzimation lf(y;x) of f(x). If a sequence {&} C Q satisfies the relation (Ry) for
some k > 0, then we have

Brla(z; ) 4+ C

Flin) - fla) < HEL

where zj, := argmin,cq Yr(T).

Proof. Since Zf:o Xilf(zi;x) < Spf(x) for all x € @, using the condition (iii) of Property A
yields

k
géléld)k( z) < min {Z)\ ly(zisx) + ﬁkld(zk;ﬂf)} < min {Skf (@) + Brla(zi; )} < Spf(2™)+Brlalzr; 2°).
0
Therefore, the relation (Ry) implies
Skf(Zk) < min V() + Cr < Spf(27) + Brla(zr; 27) + Cr.
O

All the proposed methods are constructed so that they satisfy the relation (Rj) for some
C (then we can obtain a convergence result from Lemma 3.4) when the auxiliary function also
satisfies Property A. Although the relation (Rj) and its variants take a key role in the proofs
on the convergence estimates for these methods, we are not certain if they are essential. That
is, it might be possible to prove the results without using the relation (Ry). The role of the
(Ry) as a proving technique is more apparent in the paper [12].
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4 A family of subgradient-based methods in the unifying frame-
work

We now focus, in this section, on the non-smooth problems introduced in Section 1.3 and we
establish a novel family of subgradient-based methods for them. In Section 4.1, we propose the
general subgradient-based method (Methods A (a) and (b)). Then, we analyze the convergence
of them in Section 4.2 and finally we do a comparison with existing methods in Section 4.3.

Throughout this section, we assume that the problem (1) belongs to the class of non-smooth
problems, namely, we have available a subgradient mapping g(y) € 9f(y) for y € @ and
the function I;(y;x) defined by (3), and that the subproblem (2) is efficiently solvable (see
Section 1.3). Remark that for the non-smooth problems, the subproblems 23, = argmin,¢q ¥r ()
constructed from (25) are of the form (2).

4.1 The general subgradient-based methods in the unifying framework

Here, we develop update formulas for the test points {x} and the approximate solutions {Zy }
so that they satisfy the relation (Ry) with

1
Ci= 5o Z 2l (32)

where g := g(x) € Of (x). We also use the following alternative relation:

k

(Rk) D Nif(wi) < ggél@bk(fﬁ) + Ck- (33)

=0

Note that the relation (Rk) provides an alternative to Lemma 3.4 which can be proven in a
similar way: if {¢(x)} admits Property A and the relation (Rj) is satisfied for some k > 0,
then we have

1 o o _ Brla(zr; ™) + Cy,
5 ; Aif (zi) — f(2") < S, - (34)

We use the following lemma for our analysis. Recall that o > 0 is the convexity parameter
of the prox-function d(z).

Lemma 4.1. Let {zy}r>0 C Q and g, € 0f(xy), k> 0. Then, for A€ R, >0 and z,z € Q,
we have

Agr, & — 2) + BE(z,x) + 7”)\%”2 >0, Vk=0,

and, in particular,

A2
Ay (z; ) + BE(zk, @) + mllgkll2 > AMf(zx), VEk=0.

Proof. Since for every z € E and s € E* the inequality %||z[|? + 3||s||2 > (s, z) holds, we have

1
(Agi, @ = 2) + BE(2,2) + fHAng* > (Agr,w = 2) + f||x =2l + gzl 2 0.

Substituting z = zj, for this inequality and adding Af(x) to both sides, we obtain the second
assertion. ]
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Now, let us show the following key result which will provide efficient subgradient-based
methods in a straightforward way.

Theorem 4.2. Let {¢x(x)} be a sequence of auziliary functions satisfying Property A associated
with weight parameters {\,}r>0, scaling parameters {Bi}tr>—_1, test points {zy}r>0, and the
lower convex approvimation lf(y;x) of f(z) defined by (3). Denote zj, = argmin, ¢ Yx(v) and
define Cy by (32). Then the following assertions hold.

(a) The relations (Ro) and (Ro) are satisfied by setting o := xo.

(b) Suppose that the relation (Ry) is satisfied for some integer k > 0. If the relation xp11 = zj
holds, then the relation (Ry11) is satisfied by setting

STk + Mo 1Tp41
Sk+1

Tpq1 =
Moreover, if the relations (Rk) is satisfied for some k > 0 and xx11 = 2z holds, then
(Ri+1) 1s satisfied.
(b’) Suppose that the relation (Ry) is satisfied for some integer k > 0. If the relation

Sk + Akg12k

Th+1 =
- Sk+1
holds, then the relation (Ryy1) is satisfied by setting Tyy1 = Tiy1.

Proof. For a test point x € @, we denote gy := g(zx) € Of (zg).
We remark that using the condition (ii) of Property A we obtain the inequality

VE > —1, 1;%13 Vg1 (z) > lgéicrng(iﬂ) + M1 lp (Ths1s 2641) + Br€(2k, 2hg1)

by setting x = 241 = argmin, e ¥r11(x) (vecall that d(z) > 0 (z € Q) and Bi11 > Bi)-
(a) Letting k = —1 in the condition (ii) and using the condition (i) of Property A, we have

2 2
iy (o) + 520 lol} > [mia(o) + doly(aoi s0) + G161, 50)] + 520~ ol

)\2
= Aoly(wo; 20) + B-1&(2-1, 20) + =———2—I|g0l12

2061

)\2
= Xoly(wo; 20) + B-1&(z0, 20) + 2050_1 902
> Aof(zo)
= SOf(i'O%

where the last inequality is due to Lemma 4.1.
(b) By the condition (ii) of Property A and the assumptions for x4 and %41, we obtain that

k+1

1 A
min x)+ — gl
mig (o) + 5,3 7l
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2

A
> |minYg(x) + Aer1le(zpa1; 2 + Ziey Z 4+ kL 3 li
> LEka< ) Moty (i 1) + B 1) + 55 + Z 2l
1 k 2
= minyg(z *Z N2+ | Mealy (rats 2re1) + Be€(@rats 2ra1) + 5ot || g |12
zeqQ 20 0 20 /8
1 k
> [géléﬂbk Q*ZB% ngH + M1 f(Trg1)
> Skf(Zr) + M1 f (Ths1)
S A
> Sk+1f< kxk—; kakH)
k1

= Sit1f (@),

where we used Lemma 4.1, the relation (Ry), and the convexity of f in the last three inequalities,
respectively. This implies that the relation (Rj41) holds. Moreover, replacing the use of (Ry)
by (Ry) in the above inequality, we obtain the relation (Rj1), which proves the latter assertion.
S, A S, A
KTk + Ak 12k41 KTk + Ak 12k yields
Sk+1 Sk+1

b’) Denote z. , , = . Then the relation x4 =
k4+1 = +

Sk+1, 4
B+l = Rk = )\7(1‘“1 — Th1)-
k+1

Thus the condition (ii) of Property A and the relation (Ry) imply that

k+1

Bzf

1
mln Vg1 (v + -

|| gil?

2

Ak
> i )\ l N 3 71 2
= leennwk(x) k+1 f(xk—&-lyzk’-i-l) ﬁkg(zk zk-i—l) 9 Bngk—l—lH* g

|| gill?

@—

)\2
Skf(@r) + M1l (Tpg15 241) + Br€(2rs 2641) + 2006, KL g |12

v

AQ
Skl (15 2k) + M1l (@r1; 2h11) + Be€(2hs 2h41) + oo 50 51 L) g |2

Y

2

Sk + Aky12 al
LTk k+1 k+1> +Bk£(2k7zk+1)+ 2061 H9k+1||2

Sk+1

= Sktily <$k+1;
AQ
= 5k+llf($k+1;~’62+1)+ﬂk€(Zk,Zk+1)+2 5 Y| gra ]|

= Skrrf(@ren) + (Grr1, Skpr (Thpy — Thy))
2

Nt 9
+Bk& (2ks 2k 41) + m”gkﬂ\\*
)\2
= Skp1f(@rs1) + Met19k+15 2h1 — 25) + Bl (2, 2k41) + 5051 AL g |2

> Sit1f(xrg1)
= Spr1f(Zrs1)

where the last inequality is due to Lemma 4.1. O
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Now we are ready to propose the following two novel subgradient-based methods (Method A
(a) and (b)) for the non-smooth problems.

Method A (General subgradient-based method). Suppose that the problem (1) belongs to the
class of non-smooth problems (Section 1.3). Choose weight parameters {\,}r>0 and scaling
parameters { i }r>—1. Generate sequences {(2k—1, %k, Gk, Tk) t >0 by

k
. . 1
(@) @i= s = argminga (@), 0= oo DN g = glen) € 0f (@), fork 20 (35)
=0

zeQ

or by

. . 1
() zp—1:=argminyp_1(x), T :=zK = 5 Z)\izi_l, gk = g(xy) € Of (zg), fork >0
i=0

z€Q
(36)
where {Yg(x) }p>—1 is defined using the construction (25) with the lower convex approximation
ly(y;x) of f(x) defined by (3), as well as any construction which admits Property A.

Notice that the sequences {zj}r>_1 and {z}}r>0 are dummy ones for the methods (a) and
(b), respectively, but we kept them to preserve the notation.
4.2 Convergence analysis of the general subgradient-based method

Corollary 4.3. Given the weight parameter {\; }r>0, the scaling parameter {fx}r>—1, and any

sequence {(2k—1, Tk, Gk, Tk) t >0 generated by
(a) the first procedure (35) in Method A, we have:

k
1
L Brla(zr; ?Z |3
A\ <« )\Z ;) — *) < :0 37
f@) - @) < o ; flai) = fa") < 3 (37)
for allk > 0; or
(b) the second procedure (36) in Method A, we have:
1o A2
Brla(zk; © 2; & [

Fln) - fa) < -

for all k > 0.

Proof. The first inequality in (37) is from the convexity of f(x). Proposition 3.3 and Theo-
rem 4.2 show that the sequences generated by the procedures (35) and (36) satisfy the relation
(Ry); futhermore, the former construction (35) also satisfies (Ry). Thus, Lemma 3.4 and the
alternative (34) of Lemma 3.4 for (Ry) prove the assertion. O

In [24], Nesterov proposed to use of the auxiliary sequence (17) to ensure an efficient con-
vergence of the DAM. This sequence also satisfies the identity

. k-1 1
br= = (k=0 (38)
i=—1 11
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and the inequality

V>0, vV2k+1<p< +V2k 1. (39)

1
1+V3
Corollary 4.4 (see also [24]). Consider the following two choices for the parameters.

(Simple Averages) Let {(zk—1, %k, gk, Tk)}k>0 be generated by Method A with parameters
Ae =1 and By := B for some v > 0. Then we have

M2\ 0.5+ 2k +1
> i) — f(z*) < ca* k 4
Vk > 0, f(-%'k) f($ ) > (7ld(zkax >+ 20,,}/) E+1 ( O)
and )
2d(xz* M
Vk > —1, 2, Tpq1, Ty € {CL’ €Q : |lz—a*|? < 2d(a") + ka} (41)
o oy

= = i > 0.
where M_; =0 and M, Jnax. llgill« for k>0

(Weighted Averages) Let {(zi—1, %k, gk, Tr) }k>0 be generated by Method A with parameters

1
Ap = and By := ﬁ for some p > 0. Then we have
[rzale pVo
. . 1 (lg(zi;2*)  p\ 05+vV2k+1
Yk >0 — <My—|—"""4+z )| —— 42
>0, f(on) - flo) < My (M) £) B0V (42)
and p )
2 *
Vk > —1, 24 The1, dpyr € {x €Q : Jlz—a|2 < (“””;“} (43)

Moreover, for both simple and weighted averages, the above f(&y)— f(x*)’s can be replaced by
its upper bound Sik E?:o Nif (zi)— f(x*) when we use the first procedure (35) in Method A. In this
case, the left hand side of the inequality can be replaced by min{ f(Zx) — f(z*), ming<;<p f(z;) —

f(@")}

Proof. Substituting the specified A\ and (; into the estimations in Corollary 4.3 and using
the properties (38) and (39) of 3, we obtain (40) and (42), respectively. Denote by By, the
ball on the right hand side of (41) for & > —1. Then By C Bjyi for each & > —1. The
inequality (40) implies that yiq(z;2*) + (20y) "' M2 > 0 for all k > 0, and using the strong
convexity, d(z*) > lg(z;2*) + §[|#* — z;[|?, we can obtain that z, € By, for each k > 0. We
also have z_1 € B_; since z_1 = o9 = argmin,qd(z), d(z-1) = d(wo) = 0, and d(z*) >
la(z—1;2%) + §||z—1 — 2*||* > %||2—1 — 2*||>. Finally, we conclude that xy41,&,+1 € By for all
k > —1 because they are convex combinations of {;}*_ ;. The proof of (43) is similar. O

Remark 4.5. Notice that in our approach, the bounds in (40) and (42) are slightly smaller
than the ones in (3.3) and (3.5) in [24], respectively, since l4(zx; z*) < d(z*) < D. However, es-
sentially, Nesterov’s original argument also arrives to the same bound when d(x) is continuously
differentiable on @ (note that the argument in [24] does not impose differentiability on d(z)). In
fact, in [24], Theorems 2 and 3 rely on the estimate (2.15) which is implied from (2.18). Notice
in (2.18) that we have

—Viir (=Sk41) = gggﬂsmh z — 20) + Brr1d(z)} = ;%ig{@kﬂ’ z —20) + Brt+1la(Tr1;7)}
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by the optimality of x3,1 = 7g,,, (—sk+1). Then adding Zf:o il f(x) + (gi, xo — x;)] and using
Sk+1 = Zi‘c:o Aigi in (2.18), it yields

k k k
) 1 A7
; Aif (x;) < min {; Ailf (i) + (gis — w4)] + Brrrla(Trp; JJ)} +5, ; j”gz'Hi

which corresponds to the relation (Rk)5 Thus we obtained the same bound as our analysis for
the DA model.

A consequence of Corollary 4.4 is that if M := sup{||g|l« : ¢ € 9f(z), x € Q} is finite,
Method A generates a sequence {iy} such that f(ir) — f(z*) with a rate O(1/vk) in the
number k of iterations. In particular, if we know an upper bound R > /2d(z*) and for
the single averages case additionally the M, the estimates (40) and (42) achieve the optimal
complexity O(M?R?/e?) to obtain an e-solution for the non-smooth problems when we choose
v o= \/% 7 and p := V20R, respectively. Also Method A with the parameters suggested in

Corollary 4.4 produces bounded sequences {x}, {Zx}, and {zx} (even if M = +oo for the
weighted averages case).

These features are similar to the DAM. We can obtain the optimal convergence rate if we
know an upper bound for d(z*), but without assuming the compactness of @ and fixing the
required number of iterations.

4.3 Particular cases for the extended MD and the DA models

Restricting Method A (a) only to the extended MD model (26), we can obtain the following
extension of the MDM.

Method A.1 (Extended Mirror-Descent). Suppose that the problem (1) belongs to the class
of non-smooth problems. Set xg := argmin,cqd(z). Choose weight parameters {\}r>0 and
scaling parameters {Pi}r>—1. Generate sequences {(zk, gk, Tr) k>0 by

g = g(xx) € Of(z1),
Thy1 = argrgin {Nelf (i) + (g @ — k)] + Brd(x) — Br—1la(zr; )},
S
|k
ik = ka ; )\Z‘J}Z‘

for k> 0.

The iteration updates described by (10) of the original MDM corresponds to the extended
MDM (Method A.1) with gy := 1.

It is important to note that, according to Corollary 4.4, the extended MDM ensures the rate
O(1/Vk) of convergence without fixing a priori the total number of iterations and knowing an
upper bound of d(z*) required for the weight parameters (12) of the original MDM. Further-
more, this advantage holds even if the feasible region () is unbounded. The existing averaging
techniques [17, 18] of the MDM assume the compactness of @) to achieve the same complexity.

If we restrict Method A (a) only to the DA model (27), we obtain the Nesterov’s DAM (13)
described in Section 2.1.2. In particular, Corollary 4.3 and subsequently Corollary 4.4 pro-
vide a small improvement over the original result assuming the differentiability of d(z) (see

®Notice that z1+1 and Bt in [24] are called zx and By here, respectively.
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Remark 4.5). Since our analysis does not introduce the dual space, the arguments are more
straightforward than the original one.

We can also obtain variants of the extended MDM and the DAM from Method A (b). An
interesting feature of these variants is that their convergence results are in relation to the test
points x (= &) compared to the average of test points Zj, of the extended MDM or the DAM. In
particular, the variant of the DAM, i.e., Method A (b) with only the DA model (27) corresponds
to the double averaging method (18) proposed by Nesterov and Shikhman [27].

5 A family of (inexact) gradient-based methods for structured
problems in the unifying framework

We now focus, in this section, on the structured problems introduced in Section 1.3 and we
establish a new family of (inexact) gradient-based methods for them. In Section 5.1, we propose
the classical and the fast gradient methods (Methods B and C, respectively). Then, we analyze
the convergence of the proposed methods in Section 5.2 and finally we do a comparison with
existing methods in Section 5.3.

Throughout this section, we suppose that the problem (1) belongs to the class of structured
problems, namely, we assume that the inequality (4) holds for a proper lower semicontinuous
convex function [¢(y; x) (a lower convex approximation of f(x)) and functions L(y) > 0,6(y) >
0 for all y € @ and we further assume that the subproblem (5) is efficiently solvable (see
Section 1.3).

5.1 The classical gradient method and the fast gradient method in the uni-
fying framework

Here, we develop update formulas for the test points {z}} and the approximate solutions {Z}
which will satisfy the relation (Rj) under Property A.
In this section, we also consider the following alternative of the relation (Rj) for some

constant Cl:
k

R Aif(zip1) < mi Ck. 44
(R) ; Flaipr) < mingy(z) + G (44)
Notice that the relation (Rg) is slightly different from the one (Rk) of the non-smooth problems.
This relation satisfies the following alternative of Lemma 3.4 (see also (34)): if {¢y(z)} satisfies
Property A and the relation (R},) is satisfied for some k > 0, then we have

b lg(zg, x*) + C
Siz)\if(xﬂ—l)_f(x*) < Bela kSk )+ £,

ko

(45)

The following theorem validates our methods.

Theorem 5.1. Suppose that the problem (1) belongs to the class of structured problems for a
lower convex approzimation L (y; x) of f(x) and functions L(y) > 0, §(y) > 0. Let {tp(x) br>—1
be a sequence of auxiliary functions satisfying Property A associated with weight parameters
{Ak}e>0, scaling parameters { By }k>—1, and test points {xy }r>0. Denote 2, = argmin,cq ¥r ().
Then the following assertions hold.

(a) If oB_1/Xo > L(zg) holds, then relation (Ry) is satisfied with To := zy and Cp := Aod(x0)
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(b) Suppose that the relation (Ry) is satisfied for some integer k > 0. If the relations xp11 = 2k
and 0B/ Nk+1 > L(xg+1) hold, then the relation (Ry41) is satisfied with

SkZk + N1 2k+1

Ty = v Crg1 = Cp + Mg 10(Tp41)- (46)

Sk41

Moreover, the same conclusion is valid for (R%) and (R;CH) without requiring the relation

(46) for Zx1.
(b’) Suppose that the relation (Ry) is satisfied for some integer k > 0. If the relations

SLTy + )\k-i-lzk

Tl = and  oPESk11/Mey1 > L(Tpi1)

Sk11
hold, then the relation (Ry11) is satisfied with

Sk + A1 2841
Sk+1

Tpy1 = v COpr1 = C + Sp16(z41)-

Proof. Denote Ly = L(xy) and 0 = 0(xg).
(a) The conditions (i) and (ii) of Property A with k = —1 yield that

?23 Yo(x) + Aodo > rxlélg Y_1(x) + Xoly(wo; 20) + B-1£(2-1, 20) + Aodo

= X (lf(xo; Zo) + E.f(wo, 2()) + 50)

= < 330720
> Ao (lf x0; 20 +f||zo—$o|| +50>
> Xof(20) = Sof(2o)

where the last inequality is due to (4).
(b) The condition (ii) of Property A implies that
ggg Vps1(2) + Cry1 > 2%18 V() + Ck + Mol (Trg15 2kt 1) + Br€(2k, 2h1) + Me10k41

= g"élél () + Cr + M1l p(Tpr1: 2i1) + Br€(@rg1s Zkt1) + Mt 10841

Y

. o B
min ¢ (2) + Ck + Mer1 (1 (@ha1; 2641) + 57— 21 — Trpa|* + Grra
TEQ 2)\k

Lk+1

Y

mm Yr(x) + Cr + Mg <lf(33k+1; Zky1) + |2kt — Tra]® + 5k+1>

)+ Cr + M1 f (2141) (47)

v

mml/)k
Skf (k) + Mg 1 f(2r41) (48)

(z

)

S + A .
Sk+1f( bk Skf:ﬂz“l) = Sp1f (&)

v

Y

where the inequalities (47) and (48) are due to (4) and (Ry), respectively. When we use (R%)
at (48), it yields the relation (Rj, 41)
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Sk41
Ak+1
condition (ii) of Property A and the relation (Ry), we obtain

(b’) The assumptions for xxy1 and Tgy1 imply zx1q — 2k = (Zk+1 — g+1). Thus, from the

523 Vp1(2) + Cry1 > gélél V() + Ck + Aol (Trg1; 2hg1) + Br€(2n, 2k41) + Skg10k41

> Spf(@r) + Megrlp(@rg1s zeg1) + Be€(2ks 2h41) + Ska10k41
> Splp(@pe1: ) + Meprlp(Tpr: 2re1) + Br€(2r, 2e41) + Sk10k41
SkTr + Aet12k
> Sktly <«73k+1§ 5 L) 4 B (2hy 2h1) + Sk10kia
k1

R o B

> Spyalf(Tr1; 1) + %H%H — 2l1? + Sk410k41
. oBKSk+1 ), .
= Skt1 | Up(Trg1; Ter1) + THH%H — Ty |® + Ok
k1

> g I . L1, 2
2 St | L @ras Eran) + =5 18k = Tt 7+ G
> Sprrf(Zrg1).

Now we are ready to propose the following two general gradient-based methods.

Method B (Classical Gradient Method (CGM)). Suppose that the problem (1) belongs to
the class of structured problems. Choose weight parameters {\;}i>0 and scaling parameters
{Br}r>—1. Generate sequences {(zx—1, %k, Tx)} >0 by setting

k

) R 1

Ty 1= 2p-1 = AGMIN Y1 (2), T 1= o > Aimiga,
TeQ k i—0

for k>0, where {1y (z)}k>—1 is defined using the construction (25) as well as any construction
which admits Property A.

Method C (Fast Gradient Method (FGM)). Suppose that the problem (1) belongs to the class
of structured problems. Choose weight parameters {\;}r>0 and scaling parameters {Bg}r>—1.
Set xg = z_1 = argmin,cod(x) and &g = z = argmin,cqPo(r). Generate sequences
{(zr—1, 2k, k) o0 by setting

k
Do A%+ A1k
Th4+1 = ’

Sk11
Zky1 = afg%inwkﬂ(x),
S
ki1
) 1 &
Ter1 =g Z)\z‘zi,
k+1 50

for k>0 where {¢y(2) }x>—1 is defined using the construction (25) as well as any construction
which admits Property A.

Notice that the sequence {zx};>_1 is a dummy one for the CGM.
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5.2 Convergence analysis of the CGM and the FGM

By the same observation as Corollary 4.3, combining Theorem 5.1 and Lemma 3.4 (or the
alternative (45) of Lemma 3.4), we arrive at the following estimates.

Corollary 5.2. Suppose that the problem (1) belongs to the class of structured problems.

(a) Let {(zk—1, 2k, Tr) }k>0 be generated by the CGM associated with weight parameters { A }i>o
and scaling parameters {fx}r>—1. If 0Br—1/Ax > L(zk) holds for all k > 0, then we have

k
k>0, f(@) - fa*) < — D Aif(@inn) = f@*) <

S
kizo

Brla(zk; a*) + S8 o Xid(;)
Sk )

(b) Let{(zx—1,k, Tk) k>0 be generated by the FGM associated with weight parameters {\,} k>0
and scaling parameters { By k>—1. If 0Bk—1Sk/ s > L(xk) holds for all k > 0, then we

have N
Brla(z; ™) + > i Sid(x;)
Sy, '

VE >0, f(ar)— f(z") <

Particular choices for the parameters A; and 5 in the above estimates simplify the situation.

Corollary 5.3. Suppose that the problem (1) belongs to the class of structured problems in the
special case L(-) =L >0 and 6(-) =0 > 0.

(a) Any sequence {(zx—1, %k, k)t k>0 generated by the CGM with A\, == 1 and By := L/o

satisfies
: Llq(zg; ")
> T) — < g 22 2
Vk >0, f(2) < Z:: (Tit1) z*) < olh+1) +6 (49)
and 2d(z")
Vk > -1, Zk,$k+1,iﬁk€{$€Q fle - 2¥|)? < Ef k+1 }
(b) Any sequence {(zk—1, %k, Tk) } k>0 generated by the FGM with \ := d Py := Lo
satisfies
. AL (25 ™) kE+3
vk >0 — ) < 1) 51
and
2d(x* )
Wz -1 s {oeQ s lomalP < 20 e e 2049

(52)

Proof. The estimations (49) and (51) can be obtained by substituting the specified parameters
to Corollary 5.2. By a similar argument as the proof of Corollary 4.4, remarking that xz; €
conv{z}*=1 and 2, € conv{z}%_,, we have (50) and (52). O

Let us consider the case 6 = 0 in Corollary 5.3. This includes the case of a minimization
of a convex function with a Lipschitz continuous gradient. Then the FGM ensures the optimal

LR?
convergence rate f(Zy) — f(z*) <O ( 2 ) where R = |/ 2d(z*) which is faster than the rate
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LR?
O k) guaranteed by the CGM. Corollary 5.3 also ensures that the generated sequences
{zx}, {xr}, and {Zx} are bounded when 6 = 0.

In the case § > 0, a comparison between the CGM and the FGM is not obvious; an immediate
fact is that the upper bound in (51) diverges while the one in (49) converges to §. There is a
detailed discussion about different situations in [8, Section 6].

5.3 Particular cases for the extended MD and the DA models

The CGM and the FGM yield some existing methods by adopting particular choices for the
auxiliary functions {¢x(z)}.

When we apply the extended MD model (26) and the DA model (27) to the CGM, it yields
the iteration updates

Tpa1 i= argrgin {/\klf(xk; x) + Brd(z) — Br—1lq(zk; x)} (53)
S

and

k
Tp41 := argmin {Z il g (i3 2) + Bkd(x)} ,
»e@  Li=o
respectively (recall (28) and (29)).

In the composite structure (7), these updates with the choice of A\;’s and Sx’s as in Corol-
lary 5.3 (a) yield the primal and dual gradient methods analyzed by Nesterov [25] with known
Lipschitz constants. In the Euclidean setting (i.e., E is a Euclidean space, the norm || - || is
induced by its inner product, and d(z) = |z — zo||?), the extended MD update (53) is also
closely related to the proximal point method proposed by Fukushima and Mine [9]. In fact,
assuming the same conditions in [9, Corollary at p.996], this method is equivalent to the CGM
with A\; := 1/¢ and By := 1.

The above updates in the Euclidean setting also correspond to the primal and dual gradient
methods [8] for the inexact oracle model (8) by choosing A\, := 1/L(z) and Sy := 1/0. Since
la(zg; x*) < d(x*), Corollary 5.2 for this case provides estimates for the optimal values with
smaller upper bounds than those of [8, Section 4]; for the dual gradient method, in particular,
our estimate does not require the computation of the solution (y, in [8, Theorem 3]) of another
auxiliary subproblem.

The FGM, on the other hand, provides accelerated versions of the above updates derived
from the CGM. Using the extended MD model (26) for the FGM, it yields the following method®.

Method C.1. Suppose that the problem (1) belongs to the class of structured problems with
a lower convex approximation ly(y;x) of f(x). Choose weight parameters {\i}r>0 and scaling
parameters {Bi}r>—1. Set wo 1= argmin,cod(r) and To = 20 1= argming,cg {)\olf(:co;a:) +
Bod(z) — B-1lg(wo;z) }. Generate sequences {(z, Tk, &%) >0 by setting

k
i Nzt A1z
Tk+1 = )

Sk+1
Zk+1 = argminer {)\k+1lf(xk+1; x) + ,Bk+1d<$) - ﬁkld(zk; .%')},
1 k+1
z = AiZi
k+1 Sk+1 ZZ:; 147

for k> 0.

5The variable z_1 (:= z0) disappeared here for simplicity.

27



The DA model (27), on the other hand, yields the following method.

Method C.2. Suppose that the problem (1) belongs to the class of structured problems with a
lower convex approzimation Ly (y; x) of f(x). Choose weight parameters {\,}r>0 and scaling pa-
rameters { By fr>—1. Setxg 1= argmin,c d(z) and To := 2o = argmin, g {ols(zo; ) + Bod(w)} .
Generate sequences {(zg, Tk, Tk) }r>0 by setting

S o Nizi + Ak1zk

Tpt1 = g
" Sk+1
k+1
Zpy1l = argmingeg {Z il (45 ) + Bk+1d(x)} ,
=0
1 k+1 '
Tpp1 = iz
* Sk41 ; o

for k> 0.

Apparently, Method C.2 seems to demand a computation proportional to k to solve the
auxiliary subproblem to obtain each zj1 due to the weighted summation of {;(xz;;x)’s. How-
ever, for all cases considered in Example 1.1, excepting (9), the auxiliary subproblems can be
simplified to the form (5).

When {fi} is constant, L(-) = L, and §(-) = 0, the above two methods are very similar to

the Tseng’s methods [28, 29]. In particular, choosing i := L/o, A\g := 1 and A\g11 := Vi V;HA’%
in Methods C.1 and C.2, they yield the Tseng’s second and third APG methods (20) and (21),
respectively. Therefore, we provide a unified way to analyze these methods while the Tseng’s
methods require slightly different approaches for each case.

For the inexact oracle model (8), Methods C.1 and C.2 can be seen as accelerated versions of
primal and dual gradient methods in [8]. The fast gradient method in [8] corresponds to a hybrid
of these accelerations which requires to solve two subproblems at each iteration. Methods C.1
and C.2 solve only one subproblem at each iteration preserving the same complexity as the fast
gradient method.

6 Concluding remarks

We have proposed a new family of (sub)gradient-based methods for some classes of convex
optimization problems, which include cases such as non-smooth, smooth, inexact oracle model,
composite/saddle structure, etc. These methods were bundled under a concept we call unifying
framework.

We also provided a unifying way of analyzing these methods which were performed sepa-
rately and independently in the past. This became possible since we have identified a general
relation (Property A) which the auxiliary functions of the mirror-descent and the dual-averaging
methods should satisfy. As a by-product, the proposed extended MDM removed the compact-
ness assumption and the fixation of total number of iterations a priori which the variants or the
original MDM require to ensure the rate O(1/vk) of convergence.

There are infinitely many ways of implementing our methods since Proposition 3.3 shows
that we can freely select from the extended MD model (26) or the DA model (27) the If(x;; x)’s
and the scaled proximal function d(z) to construct each subproblem at each iteration. All
of them achieve the optimal complexity. Also these methods require a solution of only one
subproblem per iteration.
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From the viewpoint of the relation (31), which we call (Ry), the extended mirror-descent

model (26) has a ‘greedy’ feature in the following sense; at each iteration, it attains the smallest
upper bound f(Zx) < v¥x(zx)/Sk among those bounds for auxiliary functions satisfying Prop-
erty A given the previous one ¢ _1(z).

We list some further consideration to extend our approach as follows:

e In order to ensure optimal convergence, our methods require knowing the Lipschitz con-
stant of the gradient of the objective function for the class of structured problems (Sec-
tion 5). There are, however, some approaches which remove this requirement as observed
in [4, 20, 25, 26]. One can expect to obtain similar results applying these techniques for
the proposed methods.

e For the case of convex problems with composite structure considered in Beck and Teboulle
[5], it is possible to obtain a family of smoothing-based first order methods since our
methods correspond to the fast iterative method.

e The optimal complexity of (sub)gradient methods depends on the assumptions of the
objective function. Development of optimal methods assuming strong convexity of the
objective function and/or Holder continuity of its gradient is one of recent topic of interest
[7,8,10,11, 12, 13, 16, 17, 26]. In particular, a generalization of this paper for such convex
problems are discussed in [12].
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