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Abstract

We develop subgradient- and gradient-based methods for minimizing strongly convex func-
tions under a notion which generalizes the standard Euclidean strong convexity. We propose
a unifying framework for subgradient methods which yields two kinds of methods, namely, the
Proximal Gradient Method (PGM) and the Conditional Gradient Method (CGM), unifying
several existing methods. The unifying framework provides tools to analyze the convergence
of PGMs and CGMs for non-smooth, (weakly) smooth, and further for structured problems
such as the inexact oracle models. The proposed subgradient methods yield optimal PGMs for
several classes of problems and yield (nearly) optimal CGMs for smooth and weakly smooth
problems, respectively.

Keywords: non-smooth/smooth convex optimization, structured convex optimization, sub-
gradient /gradient-based proximal method, conditional gradient method, complexity theory,
strongly convex functions, weakly smooth functions.

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

1 Introduction

Subgradient- and gradient-based methods for convex optimization have been actively investigated
in the last decades, providing efficient solutions for large scale optimization problems which arise
from image/signal processing, data mining, statistics, etc. The efficiency of (sub)gradient-based
methods are often analyzed from the viewpoint of oracle complexity [31, 33] to ensure a given
absolute accuracy € > 0 for the optimal value, and so far various “optimal” methods are known
for several classes of problems. Achieving the optimal complexity for subgradient methods usually
requires a priori problem specific information; sometimes, however, we can attain optimal or nearly
optimal complexity with less such requirements (but we may need some restrictions for their
implementations).
The following two classes of convex problems have been particularly well studied:

e Non-smooth problems. The problems of minimizing Lipschitz continuous convex functions
with bounded subgradients;



e Smooth problems. The problems of minimizing continuously differentiable convex functions
with Lipschitz continuous gradients.

These two classes of convex problems can be simultaneously formulated as structured convex prob-
lems, which have been receiving much attention in terms of both theory and application aspects.
In particular, studies of (sub)gradient-based methods for the class of “smoothable” functions
[1, 6, 9, 27, 34, 35|, the class of composite functions [1, 5, 8, 17, 18, 19, 37, 40, 41], and the
class of weakly smooth functions [11, 12, 38] are notably important.

In general, designing subgradient methods require easy-to-solve subproblems at each iteration.
In this paper, we particularly focus on the following two kinds of (sub)gradient methods: the Prox-
imal (sub)Gradient Method (PGM) and the Conditional Gradient Method (CGM) (all the methods
we mention are PGM unless otherwise noted). The PGM is performed using a proz-function to
define a reasonable proximal operator. Based on the conceptual complexity of Nemirovski and
Yudin [31], many important PGMs for the above classes of convex problems can be proposed and
their optimality can be discussed. As it will be pointed out in this paper, many of PGMs are
modifications, accelerations, and/or combinations of two remarkably important PGMs, namely,
the Mirror-Descent Method (MDM) [4, 31] and the Dual-Averaging Method (DAM) [36], which are
optimal for non-smooth problems. The CGMs, on the other hand, are endowed by subproblems
which are linear, i.e., problems of minimizing a linear functional over a bounded convex feasible
set. Originating from Frank and Wolfe [15], convergence properties of CGMs are well analyzed
(see [10, 13, 16, 27, 39] and references therein). Because of its advantages such as easiness of
subproblems and sparsity of approximate solutions, CGMs are actively studied with applications
to machine learning and statistics [9, 21, 23, 24]; it is important to note that the CGMs have worse
convergence rates than the PGMs, but the computational cost of each iteration for the CGMs can
be lower, compensating the overall cost. Therefore, it is extremely important to choose between
the PGM or the CGM depending on the problem structure of the problem to solve.

In a recent work [22], a unifying framework of PGMs were proposed, giving a unifying treatment
to the MDM and the DAM for non-smooth problems as well as their accelerations for smooth (and
structured) problems [40, 41]. The unifying framework enables us to generate a family of (optimal)
subgradient methods which includes several existing optimal methods, and also to analyze both
non-smooth and smooth problems under the same concept whereas existing analysis for them
are performed individually. The work [22], however, was developed without assuming the strong
convexity of objective functions. Using the knowledge of a strong convexity can help us to obtain
much faster rate of convergence. For instance, the MDM [3, 29] for non-smooth problems and
Nesterov’s methods [33, 37] for smooth (or composite) problems realize the optimal complexity
in the strongly convex cases. Moreover, exploiting a multistage procedure is a powerful tool to
produce an optimal method [8, 19, 25, 30, 32, 37]. However, the multistage procedures require
a priori knowledge of an upper bound of the distance between the initial point and the optimal
solution set. Note that the optimality of the DAM for non-smooth problems and of the Tseng’s
method for smooth problems are not known without the multistage procedure.

This paper proposes a unifying framework of subgradient methods for convex problems with
strongly convex objective functions and its convergence analysis for both non-smooth and smooth
cases. In order to include the weakly smooth case, we actually consider a more general situation:
the inexact oracle model studied in [11, 12]. This work can be seen as an extension of the recent work
[22] to the strongly convex case with an additional generalization for the construction of auxiliary
functions to minimize at each iteration. The proposed methods require a priori knowledge of the
convexity parameter of the objective function, while it is not necessary to know an upper bound
of the distance between the initial point and the optimal solution set to ensure the optimal rate of
convergence with respect to the iteration number.

We emphasize three particular contributions of the current work. At first, the unifying frame-



work yields the MDM and the DAM for non-smooth problems, and Nesterov’s and Tseng’s methods
for smooth problems as special cases. As a consequence, we assert the optimality of these meth-
ods including the DAM and Tseng’s method for the strongly convex case. Secondly, a family of
CGMs can be obtained from the unifying framework including Lan’s CGMs [27] and yielding an
optimal complexity result for smooth problems in the non-strongly convex case; we further obtain
convergence results of the proposed CGMs for the classes of weakly smooth functions. Finally, we
provide new optimal convergence results for a weakly smooth extension of the deterministic case
of [18] with less a prior requirements for the objective function.

This paper is organized as follows. We firstly discuss some general considerations about strongly
convex problems in Section 2. In particular, in Section 2.1, we introduce a kind of “strong con-
vexity” with respect to the prox-function and define the non-smooth and the structured problems
listing some existing methods in the remind part. We consider the unified framework and general
guidelines for constructing subproblems in Section 3. We propose general (sub)gradient methods
and general convergence results under the framework in Section 4. Finally, in Section 5, we discuss
the rate of convergences for the non-smooth and the structured problems providing the optimal
complexity for them.

2 Problem settings and existing methods

2.1 Convex optimization problem and assumptions

Throughout this paper, we focus on the following convex optimization problem:

win f(z) 1)
T€Q

where @) is a closed convex subset of a finite dimensional real normed space E equipped with a

norm |||, and f : E — RU{+4o00} is a lower-semicontinuous (Isc) convex function with @ C dom f.

We denote by E* the dual space of E equipped with the dual norm |[[s|[. = maxy<; (s, =) for

s € E* where (s, x) is the value of s € E* at x € E. We always assume that the problem (1) has

an optimal solution z* € Q.

We introduce a proz-function d(z) on the feasible set @, that is, d : E — RU {400} is a
nonnegative, continuously differentiable, and strongly convex function on @ (therefore, Q C domd)
with a constant o4 > 0 such that d(x¢) = mingecg d(xz) = 0 for the unique minimizer zg € Q. We
use the notation l4(y;z) := d(y) + (Vd(y),z — y) for the linearization of d(x) at y € Q. We also
define the Bregman distance [7] between x and y for x,y € @ by

E(y,z) == d(z) — d(y) — (Vd(y),z — y) = d(z) — la(y; ).

Note that the strong convexity of d(z) on @ is equivalent to the property {(y,z) > S|z —
y||?, Vz,y € Q. The prox-function as well as the Bregman distance will be used for the construction
of auxiliary functions in the subproblems solved at each iterations in the methods described in this
paper. A simple example for d(z) is the Euclidean setting, namely, E is a Euclidean space with
2]z = (z,2)"/2, and d(z) = ||z — x|} for some z € Q.

For a lsc convex function ¢ : E — R U {400} with @ C dom v, we introduce the set

o) :={r>0 : ¢(x) — 7d(x) is a Isc convex function on Q}.

The set o(1)) corresponds to the set of “convexity parameters” of ¥ (z) on @ with respect to the
prox-function d(z). In the Euclidean setting d(z) = %||z — 0|3, the set o(1) is the set of convexity



parameters of 1(z) in the usual sense. Furthermore, in general, it can be shown that 7 € o(¢) if
and only if the following inequality holds:

(@) 2 9(y) + ¥ (g2 —y) + 78y, @), Vao,y € Q (C domy)), (2)

where ¢/(z;d) = limg)o M (r € dom, d € E) '. This form is similar to the char-
acterization of the usual strong convexity of ¥ (z) on @ with constant 7 > 0: (x) > ¥(y) +
Y'(ysx —y) + o — y||?, Yo,y € Q. Therefore, 7 € o(¢)) implies the usual strong convexity of
¥(z) on Q with constant 704, because of {(y,z) > %z — y||*, Va,y € Q. On the other hand,
if the Bregman distance &(y,x) grows quadratically on @ with a constant A > 0 (see [18]), i.e.,
E(y,x) < %Hw —ylI?, Vx,y € Q, then the usual strong convexity of 1 (z) on Q with a constant
7 > 0 implies 7/A € o(v).

We assume a “strong convexity” of the objective function f(x) by supposing that o(f)\{0} # 0.
However, in order to deal with several structured optimization problems as we will see in Section
2.3, we need to assume stronger conditions on the objective function as follows. Let us assume that,
for each y € @, there exists a lsc convex function l¢(y; -) : E — RU{+4o00}, such that I;(y;z) < f(x)
for all z € (); and we further assume that there exists a convexity parameter oy > 0 such that

op€a(f)n () allsy:-) (3)

yeRQ

Note that, since f/'(z*;2 — x*) > 0 holds for all z € @ by the optimality of z*, the condition
or € o(f) implies that f(x) — f(z*) > o7&(a*, x) for all x € Q. The function l¢(y;x) can be seen
as a strongly convex lower approximation of f(z) at y € Q. The condition (3) is not as restrictive
as it is apparent to be specially if the problem (1) is provided by some structure.

The construction of [¢(y;x) also depends on the problem structure. The convex optimization
problem (1) which we consider in this paper can be divided into two classes:

e Non-smooth problems. We assume that the lower approximation model If(-;-) is given by

li(y; o) == f(y) +(9(y), z —y) + op&(y, ) (4)

where g(z) € 9f(z), * € @ is a subgradient mapping and oy € o(f) is a known convexity
parameter. Then, the requirement (3) follows because l¢(y;x) — ord(x) becomes an affine
function. For convenience, we denote g := g(xx) € 0f(zx) for test points xx. Moreover, we
assume that for every s € E* and 3 > 0, the following optimization problem is solvable:

min{(s, z) + Bd(x)}. (5)

o Structured problems. We assume that we can construct a lower approximation model lf(-;-)
of f(-) which admits (3) for some o5 > 0 (see Section 2.3.1 to see how to define of) and it
satisfies

Lly)
2

f@) < [ly(y;x) — 058y, @) + ly — || + 6(y,2), Va,yeQ (6)

!Notice that the function ¢(x) := ¢ (x) — 7d(x) satisfies @' (y;2 —y) = ¥ (y;2 —y) — 7 (Vd(y),x — y), Y,y € Q.
Hence, the convexity of ¢(z) on @Q implies p(z) > ¢(y) + ¢’ (y;z — y),Va,y € Q, which is equivalent to (2).
Conversely, since 9’ (y; z—y) > —'(y; y —x) holds and so is true for () for z,y € Q, (2) implies the two inequalities
o(y) > p(2) +¢'(z;y — 2) and @(z) > p(z) — ¢ (2; 2 —x) for z,y,z € Q. Since ¢’ (y; ) is positively homogeneous, the
convexity of ¢(-) on @ follows by taking a convex combination of the two with z = az + (1 —a)y,a € [0,1], 2,y € Q.



for a nonnegative convex function §(y,-) on @, and constants 6y > 0, L(y) > 0 with o5 >
o, L(y) > G504 2 . We further assume that for every 3 > 0, y € F and s € E*, the
optimization problems of the following form is efficiently solvable:

gleig{lf(y; z) + (s, x) + fd(z)}. (7)

Note that when 8 = 0 and oy = 0, the problem (7) may be a minimization of a convex
function which is non-strongly convex, in particular, an affine function on @). In this case, we
additionally assume the boundedness of () to ensure an existence of its solution. This is the
case for the conditional gradient methods.

After developing a general analysis in Section 4.4, the function d(y,z) will be finally par-

ticularized for the constant case d(y,z) = J in Sections 5.2, 5.3, and the case J(y,x) =
%Hx —y||?, M >0, p€[l,2) in Section 5.4 (see Section 2.3 for several examples and related
works).

2.2 [Existing methods for non-smooth problems

Consider the non-smooth problems introduced above. We assume for the moment that the sub-
gradient mapping g(x) € 0f(x) of f(x) is bounded: |g(z)||+ < M, Vo € Q. When oy = 0, the
MDM and the DAM are known to be optimal methods. They were treated in a unified framework
in [22, Method 9(a)] as we describe next. Let

xo = z_1 = argmind(z), Tgy1 =2k, k>0, (8)
z€Q

where z;, is determined by the solution of the following fixed subproblem either the extended
Mirror-Descent (MD) model

Ixneié)l{)\klf(il?k; x) + Brd(x) — Br—1la(zk—1;2)}, 9)

or the Dual-Averaging (DA) model

k
min {Z Nil (x5 ) + Bkd(x)} , (10)

€
R

where {A;}r>0 and {8 }r>_1 are positive parameters called weight (or step-size) and scaling pa-
rameters, respectively; recall that l¢(y; ) = f(y)+(g(y), z — y) by the definition (4) if oy = 0. The
MDM, originally proposed by Nemirovski and Yudin [31] and related to proximal subgradient meth-
ods by Beck and Teboulle [4], corresponds to the method (8) with the update (9) letting [ = 1.
On the other hand, the method (8) with the update (10) yields the original DAM proposed by
Nesterov [36]. Tuning the scaling parameter {3y} enables us to obtain an efficient convergence rate
(see [22, 36]); for instance, taking A\, = 1 and By = O(VE) yields that f(ip) — f(z*) < O(1/Vk).
Furthermore, the optimal iteration complexity O(M?2d(x*)/(c4¢?)) to obtain an e-solution needs
the values d(z*) and M to define \; and/or Gy.

When o; > 0 is known and the objective function f(x) has a specific structure, the extended
MDM also admits the optimal complexity O(M?/(oq40s€)) for the strongly convex case by choosing
Ap = ﬁ, Br = 1 ([3, Proposition 3.1]; see also [29, Proposition 2.8] for related results).

z||* + 6(y, ) from which the condition L(y) > &G04 is assumed; note that the particular choices d(y,z) = & or
%Hy —z||” (1 < p < 2) in this paper implies §(y,z)/|ly — z|> — 0 as |ly — z| — oo.

*In view of s (y;z) < f(z) and £(y, ) > %[z —y||* for z,y € Q, the inequality (6) yields 0 < (L(y) —r04)%|ly —



Moreover, it is proved that a multistage procedure for the DAM achieves the same complexity for
uniformly convex problems [25] with an application to stochastic optimization.

As we mention next, an extended class of problems including non-smooth and smooth ones are

considered in [18, 19, 30, 38] which propose optimal methods for these problems and therefore for
the non-smooth problems.

2.3 Examples and existing methods for structured problems

2.3.1 Examples of structured problems

The structured problems introduced in Section 2.1 include several special convex problems that
are possibly non-smooth. We list some existing examples and results which can be discussed in
this setting considering the requirements (3) and (6).

(i)

(i)

(iii)

Smooth problems. Suppose that f(x) belongs to Ci’l(Q); that is, f(z) is continuously dif-
ferentiable on @ and Vf(x) satisfies the Lipschitz condition on @ with constant L > 0:
IVf(x) = Vil < Lz —yl, Yz,y € Q. When we know a constant o5 € o(f), we can
define
l(yiw) == f(y) + (VI(y),z —y) + 05y, @)

to obtain (3) and (6) with L(-) := L, ¢ := o, and 6(-,-) := 0. The corresponding subproblem
(7) reduces to the form (5). The smooth problem with the Euclidean setting d(z) = 3|z —zo||3
is the most basic one among the examples here; in this case, the lower complexity bounds
O(y/Ld(x*)/¢) for the case oy = 0 and O(y/L/oslog(1/e)) for the case oy > 0 are known for
an absolute accuracy € > 0. The first optimal PGM for the Euclidean case was proposed by
Nesterov [32] and its variants were developed in [33], and in [2, 34] for non-strongly convex
cases.

CGMs are also considered for the smooth problems, which achieve the complexity O(LR/¢)
where R := Diam(Q) = sup, ,cq |r—yll [10, 13, 15, 16, 27, 39]; excepting Lan’s modified CGMs
[27], all of these CGMs are based on the classical CGM [15], as we show in the algorithm (13).

Composite problems. Consider an objective function f(z) of the form f(x) = fo(z) + ¥(x)
where fy € C’i’l(Q) and ¥ (x) is a Isc convex function on ) with a simple structure. If we know
constants o, € o(fy) and oy € o(¥), then, we can take

li(y; ) :== fo(y) + (Vfoy),z —y) + 058y, x) + ¥ (x)

from which (3) and (6) hold with o := o4, + ow, L(-) := L, &5 := op, and 6(-,-) =
0. There are many PGMs for this problem [17, 5, 37, 40, 41] and they provide the same
iteration complexity as the lowest complexity for the smooth problems in the non-strongly
convex case (excepting the work by Fukushima and Mine [17] because they studied this model
without assuming the convexity for fy(x)). Nesterov [37] further proposed an optimal method
for strongly convex composite problems in the Euclidean setting. The smoothing technique
proposed by Nesterov [34] and its extension [6] for a special form of ¥(x) are also important
because of their significant advantage in efficiency, which have further consideration in the
strongly convex case [35].

A generalization of CGM to the composite problems was investigated in [1, 3] which also deal
with a duality relationship to the MDM.

Inexact oracle model. Suppose that f(x) is equipped with a first-order (9, L, p)-oracle [11], i.e.,
for each y € Q, we can compute (f51,.(v), 95,0,.(y)) € R x E* such that

L
%le —ylI” < @) = Forn®) + GoLu),z =) < e —yl*+0, Veeq,



(iv)

where 0 > 0 and L > p > 0. If g = 0 or the prox-function grows quadratically on ¢ with
constant A > 0, then defining

(5 0) = Fonn) + (95.20(0)sw — 1) + &),

admits (3) and (6) with L(-) :== L, oy := &y := /A, and §(-,-) := 6. The inexact oracle model
with p = 0 was firstly studied by Devolder et al. [12] and they proposed the classical and the
fast (proximal) gradient methods which were extended to the strongly convex case in [11]. A
CGM for this model in the case ;1 = 0 was analyzed by [16].

Weakly smooth problems. Suppose that the objective function f(x) belongs to le\f(Q) for
some v € [0,1), i.e., f(z) is continuously differentiable on @ and V f(z) satisfies the Holder
condition ||V f(z) =V f(y)|« < M|z—y|”, Vz,y € Q; but in the case v = 0, we do not assume
the smoothness for f(z) and we understand V f(x) as an element in df(x). Since the Holder
condition implies the inequality

J@) =) = (V)2 —y) < 77

defining I (y;x) as (i) for oy € o(f), it admits (3) and (6) with L(-) := 0, 6¢ := oy, and
6(y-) = 1%} |z —y||}T¥. The weakly smooth version of the composite and the saddle structures
can also be considered in the same way.

Hx_yH1+V7 vxaye Qv

For the weakly smooth problems, Nemirovki and Nesterov [30] (see also [14, Section 2.3])
proposed an optimal method with the complexity bounds

o) (£) (A2 T (f1> (1)

for non-strongly and strongly convex cases, respectively, where p := 1+ v € [1,2), ¢1(+), ca(+)
are continuous functions, and ¢ > 0 is a convexity parameter of f with respect to the norm
|| |I; the proposed method is further applicable for more general classes of problems. Moreover,
Nesterov [38] improved a restriction of the method in the non-strongly convex case in the sense
that the proposed method ensures the optimal convergence rate without fixing the iteration
number. It is important to note that the methods proposed by [30] and [38] can achieve the
above complexity of iterations for non-strongly convex case even if we do not know M and v
while the proposed method here needs an additional (but relatively small) “cost” for estimating
M. This approach can be also seen in [5, 32, 37] for an estimation of the Lipschitz constant
M in the case v = 1. The studies [11, 12] of the inexact oracle model are also important;
they proposed an optimal method for weakly smooth problems in the non-strongly case and
a sub-optimal one in the strongly convex case (PGMs for uniformly convex functions are also
discussed).

A convergence result for CGMs for this class can be also obtained in the same way as the
smooth problems which ensures the complexity O((MR/e)'/*) where R := Diam(Q) (see [9,
Proposition 1.1]).

The objective functions in (i) and (iv) can be simultaneously considered by assuming

Fl6) = 1(@) = tow).y =) < Fly =l + Ty =l Ve

for a subgradient mapping g(z) € 9f(x), L,M > 0, and p € [1,2). When of € o(f), we can
take l¢(y; ) == f(y) + (9(y),x —y) + 0¢£(y, x) to obtain (3) and (6) with L(-) :== L, 75 := oy,
and d(y,z) = %Hy — z||?. When o5 = 0 or the prox-function grows quadratically on @,
(nearly) optimal methods for this model in the case p = 1 are studied in [8, 18, 19, 26, 28] with

a stochastic setting.



2.3.2 Existing methods for structured problems

We finally describe some particular PGMs and CGMs which will be important for the comparison
with the proposed methods in the paper. For that, we introduce two kinds of update formulas of
gradient-based methods.

The first is the Classical Gradient Method [22, Method 16], which performs as follows: For
given weight {A;}r>0 and scaling parameters {f;}r>_1, generate {zx}r>_1 and {zx}r>0 by (8)
and set {Zy}r>0 by T = Zf:o Nizif Z?:o Ai. The primal and dual gradient methods in [37] for
the composite problems (ii) and in [12] for the inexact oracle model (iii) are closely related to this
algorithm in the non-strongly convex case. A further relation in the strongly convex case will be
presented in this paper.

The second, the Fast Gradient Method (FGM) [22, Method 17], is described as follows: For
given weight {\;}x>0 and scaling parameters {5 }x>—1, set xo := 2z := argmin, ¢ d(), T := 20
and, for k > 0, iterate

Ak41

= (1-— T h =
Thi1 ( Tk)ZTk + Tk2k, Where Ty TR (12)

ﬁjk—f—l = (1 — Tk)ik + TkZk+1)

where zj, is determined by the fixed subproblem either the extended MD model (9) or the DA

model (10). It was indicated in [22] that the FGM with Ag := 1, \p11 := Lvé*“i (k> 0), and
Br = L/og yields Tseng’s accelerated PGMs [41] for the composite problems which achieve the
optimal complexity as (i) in the non-strongly convex case. Furthermore, the algorithm (12) is also
closely related to the following PGM and CGM, which will be unified in the framework of this

paper:

e Replacing the second update in (12) by @511 := (1—7%) T+ Trwr+1 and determining wy, and zj
by (9) and (10) with 8y := L/og4, respectively, the corresponding method with A\, := (k+1)/2
yields the Nesterov’s optimal PGM [34, Section 5.3] for the smooth problems in the non-
strongly convex case.

e Letting Ay := (k + 1)/2 and assuming the boundedness of @), Lan’s modified CGMs, Algo-
rithms 4 and 5 in [27] with the stepsize policy ay := 2/(k + 1) and 6, := k, can be described
as the algorithm (12) with the subproblems (9) and (10) with 8y = 0, respectively.

On the other hand, the classical CGM [10, 15, 39] for smooth problems is basically performed
as follows: Choose zg € Q and, for k > 0, iterate

zr € Argmin(V f(zg),x — xx), k41 := (1 —7%)xg + 762K, k>0 (13)
z€Q

where 7, € [0,1) (we assume the boundedness of Q)). Excepting the Lan’s modified CGMs, all the
above mentioned CGMs are based on this classical CGM. Notice that the subproblem can be seen
as the extended MD model (9) with 8 = 0.

3 Unified framework for (strongly) convex objective functions

We discuss in this section how we can construct auxiliary functions which need to be minimized
at each iteration of the proposed methods. The only assumption required in this section is the
(strong) convexity (3), and therefore the characterization of auxiliary functions given in this section
can be used for both non-smooth problems (4) and structured problems (6) as we will discuss in
Section 4.



Let us set some notations and objects for our development. At first, we introduce the following
sequences which take the roles of parameters for tuning our methods: {A;}x>0 the sequence of
positive real numbers (the weight parameters) and {0 }r>—1 the nondecreasing sequence of non-
negative real numbers (the scaling parameters). Our (sub)gradient-based methods solve (one or)
two subproblems of the forms mingcg ¢x(z) and mingcg ¢ (x) for some auxiliary functions ¢y ()
and ¢y (z), respectively, defined at each iterations. Then, these methods generate the following

sequences {Zy}x>0, {2k fk>—1, {Wk}r>—1, {Zx}r>0 in Q.
o {x,}r>0 is the sequence of test points for which we evaluate [ ¢(xx;x).

o {z;}r>_1 is the sequence of solutions of subproblems min,¢q ¢ (x) where the auxiliary func-
tion g (z) can be determined by {x; %o, {z: 171, {wi}F2t {1, and {B;}F

i=—1 1=—1 i=—1"

o {wy}r>—_1 is the sequence of solutions of subproblems mingcg v (x) where the auxiliary
function 1y (x) can be determined by {z;}% o, {z} |, {wi}=t,, {NYe,, and {8} _;
notice that wj can possibly depend on zj.

o {Z1}r>0 is the sequence of approximate solutions for the problem (1).

Therefore, we understand that the auxiliary functions {(yg(x),¢¥r(x))}k>—1 are constructed as-
sociated with weight parameters {\g}r>0, scaling parameters {8 }r>_1, and test points {zj}r>0;
the associated objects are sometimes omitted. We often consider the case of a single sequence
{¢r(z)}k>—1 of auxiliary functions which can be regarded as the case i (x) = pp(x).

We will gradually specify the above general objects by giving explicit update formulas in three
steps: The first is for the auxiliary functions {(pg(x), ¢¥r(x))}k>—1 in this section, the second is for
the points {z}r>0 and {Zx}r>0 by proposing general methods (Section 4), and the final is for the
parameters {\;}r>0 and {8k }r>—1 to provide efficient convergences (Section 5).

The key concept for our analysis is based on the inequality

(Rk)  Skf(@r) < r(wk) + Ck

where Si = Zf:o A; and C; > 0 is some constant. The purpose of this section is to propose a
framework to construct ¢ (z) and v (x) which enables us to have a method satisfying the relation
(Ry) and to derive an efficient convergence from this relation.

3.1 General properties for the construction of auxiliary functions

We begin by describing general properties which the auxiliary functions {(vx(z), ¥x(z))}e>—1
should satisfy. These properties will guide us in how to iteratively construct the auxiliary func-
tions. The first set of properties is for a sequence of auxiliary functions {¢(z)}r>—1. We define
Si() :==0and so S_; = 0.

Property A. Let {¢i(2)}i>—1 be a sequence of auziliary functions associated with weight param-
eters { A }i>0, scaling parameters {fr}r>—1, and test points {xy}r>0. Let o > 0 be a convezity
parameter satisfying (3). Denote zp = argmin, g or(x)3. Then, the following conditions hold:

(A1) o_1(2-1) =0 and z—1 = xg.
(A2) Vk > —1, Yz € Q, we have

Orr1(m) > or(2r) + M1l (Try1; ) + Bryrd(z) — Brla(ze; ) + Sropé(2k, ).

3The auxiliary function @ () can possibly be an affine function. In that case, we will assume the boundedness
of @ in order to ensure an existence of a minimizer zj.



(A3) Yk > -1, @p(z) < mingeq {Ef:o il g (@i ) + Brla(zi; ) — Skfffﬁ(zk,iv)}-

The above property is an extension of Property 2 in [22] which is particularized by taking o5 = 0.
As a simple extension of Property A, we further consider a coupled sequence {(¢x(z), ¥r(z))}k>—1
of auxiliary functions which admits the property below.

Property B. Let {(¢i(z),Yx(x))}e>—1 be a coupled sequence of auziliary functions associated
with weight parameters {\g}r>0, scaling parameters {fi}r>—1, and test points {xy}r>0. Denote
zg = argmingcq pk(7) and wy, := argmingcq Pr(z). Let op > 0 be a convexity parameter satisfying
(8). Then, the following conditions hold:

(BO) ¢r(z) > Yi(x) for all x € Q.
(B1) ¥_1(w-1) =0 and z_1 = w_1 = xp.
(B2) Yk > —1, Vx € Q, we have

Yr1(x) > or(2r) + M1l (g1 2) + Brprd(x) — Brla(zi; ) + Skopé(2k, x).

(B3) Yk > —1, 9p(wy) < mingeq {Zf:o il g (i) + Brla(zr; ) — Skaf(Zkax)}-

Note that letting g (z) = ¢k (), it yields Property A.

3.2 Construction of auxiliary functions

Here we provide some formulas to construct a coupled sequence {(pg(x), ¥r(x))}i>—1 of auxiliary
functions which admit Property B. For that, we firstly construct a single sequence of auxiliary
functions {yk(z)}r>_1 satisfying Property A.

Theorem 3.1. Given the weight parameters {\i}r>0, the scaling parameters {0 }r>—1, the test
points {y }r>0, and a convexity parameter oy > 0 satisfying (3), construct the sequence {@p(x)}r>—1
of auziliary functions as follows. ¢_1(x) := f_1d(x), z_1 := x¢ and, for k > —1, define

Pr+1(2) = (k) + Aer1lp (@Ths15 @) + Be1d(@) — Bela(zis; ) + Skopé(zx, @) (14)
or
Or1(®) = pr() + A1l (P15 @) + Brrrd(w) — Brd(z). (15)
Then, the sequence {¢y(x)}r>—_1 satisfies Property A.
The assumption z_; := x is satisfied whenever S_; > 0 because mingcq d(z) = d(zo) = 0, but
it is required when $_; = 0; in both cases, the condition (A1) holds. To prove Theorem 3.1, it

remains to show (A2) and (A3) which will be done in Lemmas 3.4 and 3.5, respectively.
The following theorem is a simple consequence of Theorem 3.1.

Theorem 3.2. Let {¢p(x)}r>—1 be generated accordingly to the construction in Theorem 3.1.
Define {tr(2)}r>-1 by ¥-1(x) := p_1(x) and

Ypr1(x) = or(2r) + Meg1lp(@rg1; ) + Brgrd(x) — Brla(zr; ) + Spopé (2, x). (16)
Then, the sequence {(¢x(x),Yr(x))} satisfies Property B.

Proof. Notice that (16) satisfies the condition (B2) as equality. The condition (B1) is immediate
from the condition (A1) for {¢x(x)} and the definition t_1(x) := p_1(z). Since (16) coincides
with the right hand side of (A2) for {¢x(z)}, the condition (B0) is clear. Finally, the condition
(B3) is satisfied by (B0) and (A3) for {¢k(x)}. O
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Before proving Theorem 3.1, let us see some particular constructions of auxiliary functions,
which will be useful for the comparison with some existing methods.

e FExtended MD model. Define {¢k(z)}r>—1 by ¢—_1(z) := f_1d(x) and

Pr+1(2) = @r(2k) + Aer1ly (@pg1; @) + Brrrd(z) — Bela(zr; ) + Skopé(2k, ) (17)
for k > —1. Then, Property A follows from Theorem 3.1 with the update (14).

e DA model. Define {¢g(z)}r>—1 by ¢_1(x) := f_1d(z) and

k
op(@) ==Y Nilg(zis2) + Brd() (18)
=0

for k > —1. Then, Property A follows from Theorem 3.1 with the update (15).

e Hybrid model. Define {(ox(x), vYr(z))} by ¢¥_1(z) := f_1d(x) and

o) = Mg Nilp(wisx) + Brd(a),
Yry1(z) = mineq @r(2) + My1lp(Trr1;2) + Brr1d(w) — Brla(zr; o) + Spopé(zr, v)
(19)
for k > —1. Then, Property B follows from Theorem 3.2 with the update (16).

Now let us complete the proof of Theorem 3.1.

Lemma 3.3. Let {¢pr(x)}i>—1 be generated accordingly to the construction in Theorem 3.1. Then,
for every k > —1, we have

or(x) > pr(zk) + (Br + Skop)é(zr,z), Vo e, Vk> —1.

Proof. Since oy € o(lf(x;,-)) fori > 0, we can see inductively that B,+Sios € o(py) forallk > —1.
Therefore, using its characterization (2), the optimality condition ¢} (zx; @ — z;) > 0,Vz € Q for
the minimizer zj, = argmin, ¢, ¢x() yields the conclusion. O

Lemma 3.4. Any sequence {¢r(x)}r>—_1 generated accordingly to the construction in Theorem 3.1
satisfies the condition (A2).

Proof. Notice that the construction (14) satisfies (A2) as equality. In the case of the construction
(15), Lemma 3.3 yields for any = € @ that

orr1(r) = or(@) + Mepalp(Tryr; ) + Brrrd(z) — Brd(x)
> [or(zr) + (B + Skop)é (2, )] + Megirly (Try1; ) + Bryrd(z) — Brd(w)
= or(2r) + Aer1ly (Trp1; ) + Berrd(w) — Brla(zr; ) + Spo €2k, v)

which is the condition (A2) for k > —1. O

Lemma 3.5. Let {¢pp(x)}i>—1 be generated accordingly to the construction in Theorem 3.1. Then,
the condition (A3) holds.

Proof. We prove the assertion by induction. Since z_1 = z¢ = argmin, ¢ d(x), we have mingeq lq(2-1; ) =
mingeq d(x) = 0 which proves (A3) for k = —1. Assume that (A3) holds up to £ > —1. In the

11



case when all {¢;(z )}"“Jrl

Lemma 3.3 implies that

are constructed by (15), it coincides with the formula (18). Therefore,

or(2k) < or(x) — (Bk + Skop)(2k, ) = ZA Ly(wi; ) + Brd(x) — (Bk + Skop)€(2k, @)

= ZAlf (w35 2) + Brla(zr; ) — Skopé(zk, x)

for every z € @, from which the condition (A3) follows. If this is not the case, there exists some
integer j < k such that yy41(x) is constructed as defining ¢;41(2) by (14) and @j42(), ..., Pr+1(2)
by (15). Then, we have

k+1
Prr1(T )—mm% + ) Nilg(@s ) + Brad(@) — Bila(z; x) + Sjosé(z,x)

i=j+1
which yields ¢py1(z) < ZkH Xilf(xi;x) + Pryad(x) by the induction hypothesis (A3) for ¢;(x).
Therefore, Lemma 3.3 implies for every = € @ that

Oit1(zk41) < @rs1(x) — (Bet1 + Sk4108)E(2k41, )
k41

< Z)\lf 235 2) 4+ Brr1d(x) — (Brsr + Sk107)E(2k41, )

k+1
= Z)\lf i3 ) + Brtrla(zr113:7) = Ser1078 (241, )

which gives the condition (A3) for ¢ii1(x). O

4 General (sub)gradient-based methods and convergence proper-
ties

In this section we propose general (sub)gradient-based methods for smooth and structured problems
introduced in Section 2.1. The main strategy is to develop update formulas for test points {zx }x>0
and approximate solutions {Zj}x>o which satisfy the following relation

(Rr)  Sef(@r) < Yr(w) + Cy

for every k > 0, where {(¢x(z), ¥x(z))}e>—1 is a coupled sequence of auxiliary functions satisfying
Property B. Furthermore, the relations

k k
(Pe) D Nif(w:) < ¢n(wp) +Cx and  (Qr) Y Nif (wi) < vg(wy) + Ci
i=0 =

for non-smooth and structured problems, respectively, are also useful to provide stronger results.
These concepts yield the following convergence rate for subgradient methods.

Lemma 4.1. Suppose that a sequence {Zy}r>0 C Q satisfies the relation (Ry) for a coupled se-
quence {(k(z), Yi())te>—1 of auziliary functions associated with weight parameters {\,}r>0,
scaling parameters {0 ti>—1, and test points {xy}r>0. If the condition (B3) in Property B holds
with a convexity parameter oy > 0, then we have

Brla(zk; x) + Ck

F(8) = S(@) + o€ (ap, ) < AL
k

Vo € Q. (20)
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Proof. The assertion follows from the condition (B3) and the relation (Ry); for any = € @, we have

k

Skf(2g) < Z)\Z-lf(xi;m)—i—ﬁkld(zk;:E)—Skaff(zk,x)—f—ck < Sk f(x)+Brla(zr; x) — Spo p€( 2k, ) +C.
=0

O
Remark 4.2. (1) Analogues of Lemma 4.1 easily show that (Pj) and (B3) imply the inequality

k

Z Nif (z3) — f(x) + o0& (2zp,2) <

1=0

Brla(zk; x) 4+ Cy
Sk

1
Oléliigk f(CUz) - f(lﬁ) + Ufg(zk,l’) < 57:

for z € ). The conditions (Qf) and (B3) also conclude the same replacing z; by w;.
(2) When of > 0, (20) provides bounds for the distances to #* from Zj, and z;: According to the
facts f(z) — f(z*) > os&(z*, ) and &(z,y) > ||z — y||* for z,y € Q, the bound (20) implies

Brla(zr; x*) 4 Cy,
ooaSk '

. N 1, 1
min{l2y — 2% |2 — 277} < Sllan — 2"l + Sz — 27 <

The general (sub)gradient-based methods for non-smooth and structured problems will be
presented in Section 4.4 using the classical and modified updates. We prepare some basic lemmas
to gain some insights for the updates before presenting the main results.

4.1 Update formula for the auxiliary functions when £ =0

Here, we develop update formulas of sequences {xj}r>_1 and {Zj}r>_1 which admit (Ry). We
consider the case k = 0 at first.

Lemma 4.3. Let {(¢x(z),¥r(z))}k>—1 be a coupled sequence of auziliary functions satisfying
Property B.

(i) In the non-smooth case (4), if £o = xo holds, then the relation (Rp) is satisfied with

)\2
CO . 0

1 2
== 2. 21
204(Mooy +ﬁ_1)”go|| (21)

(ii) In the structured case (6), if Zo = wo holds, then the relation (Ry) = (FPo) is satisfied with

L(zo) o4

5 o (Uf + ﬁ;;)) ||wo — l‘o”2 + Aod(z0, To). (22)

Co:= Ao <
Proof. Note that (B0) implies that ¢y (z) = mingeq ¢r(x) > mingeq i (z) = ¥ (wy). Since {F;}

is non-decreasing, using (B2) with = w1 yields that

©r(2k) + Mol p(@hg1; wi1) + (Br + Sko )& (2h, Wit1)
V(W) + N1l (g1 wi1) + (Br + Sko )& (2h, Wit1) (23)

Y1 (Weg1) >
>

for every k > —1. In the case k = —1, the conditions (B1), S_1 =0, and z_; = xg lead (23) to
Yo(wo) = Aolly(zo;wo) — a€(wo, wo) + (0 + B-1/X0)&(20, wo)]

)\() lf(:l,‘o;w()) — Uf(xo,wo) + % (O’ + ﬁ)\Ol) Hwo — x()”2:| . (24)

\Y
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for any o > 0. Let us firstly show (ii). Letting o := 7, the settings £9 = wo and (22) yields

(24)

%(wo) +Co > Xo |:lf($0§w0) _ 5f§(960,560) + L(l'O)

2

W%—xaﬁ+6um@@:>Mf@w

which proves the relation (Ry).
It reminds to prove (i). By the definition of I£(-;-) for the non-smooth case, the inequality (24)
with o := o implies

Yo(wo) (224) Ao [f(fvo) + (g0, wo — o) + % <Uf + ﬂ)\—01> [|wo — 900||2}
= dof(@o) + (ogo, wo — o) + 5 ooy + B-1) llwo — ol
1 Y
> of(e0) — ot
where the last inequality is due to the basic fact
%wa—l—%Hst > (s,a) forz € E, 5 € E". (25)
This means that the relation (Ry) is satisfied with the setting &9 = z¢ and (21). d

4.2 Classical update formulas for the auxiliary functions when k£ > 0

Now we develop the update formulas which yield classical updates in (sub)gradient-based methods
such as the MDM and the DAM.

Lemma 4.4. Let {(¢r(z), Yx(2)) }e>—1 be a coupled sequence of auxiliary functions satisfying Prop-
erty B. Suppose that the relation (Ry) is satisfied for some k > 0. Then, the following assertions
hold.

(i) In the non-smooth case (4), if the relations xp1 = z and Tpiq = SpBeAMe1ThEL fold then

Sk+1
the relation (Ry11) is satisfied with

1 N
Cho1:=Cp + —— K+ 2, 26
k+1 K+ 904 Br + Sts107 lgrs1lls (26)

Furthermore, if (Py) is satisfied, then so is (Pgy1) with the same settings of i1 and Ciy1.

(ii) In the structured case (6), if the relations xp41 = 2z and Tpy1 = %’:WW hold, then
the relation (Rgy1) is satisfied with

L(z oq [ Or + Spo
Crk1 = Cr+ A1 <(§+1) - ?d <0'f + k}\k1f>> ||wl~c+1—5Uk+1||2+>\k:+15(xk:+1awkz+1)'
+

Furthermore, if (Qr) is satisfied, then so is (Q+1) with the same settings of xp11 and Ciyq.

Proof. Using (23) and the relation x4 = 2z, imply for any o > 0 that

Yry1(wpr1) = Yr(wi) + Merrlp(Trg1; wer1) + (Be + Skop)€(2r, wit1)

= Yp(wg)
+ Akt1 ([lf($k+1; Wiy1) — 0&(Ths1, Wey1)] + <0 + W) §($k+lawk+1)>
> Pr(wy)
+ k11 <[lf($k+1; Wiy 1) — 0&(Tpy1, Wey1)] + % (U + W) w41 — JClc+1\|2> .
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For the structured problems, letting o := ¢ and the definition of Ci41 in (ii) yield that

Vi1 (Wkt1) + Crpr 2 Yr(wi) + Cr + A1 f(wi1).-
Using (Ry) and the convexity of f conclude the relation (Rg41); (Qx+1) follows by using (Qf) and
the inequality above. Hence, the assertion (ii) is proved.
For the non-smooth problems, on the other hand, we can continue by taking o := o as follows.
o
Ukt (Wirn) 2 Yp(wr) + A f@ra1) + M1 grst, Wen = Tan) + 5 (B + Ser0p) [ wpr — o

(25) 1 2
> Yp(wg) + Mg f(Tpg1) — 3 0alBe fgf )||9k+1|!3-

Hence, the definition (26) of Cy41 yields that

Y1 (Wig1) + Cryr > Yu(wi) + Cr + Ay f (Trg1)-

Now the assertion (i) follows by the same way as (ii). O

4.3 Modified update formulas for the auxiliary functions when £ > 0

The modified update formulas described below yields accelerated gradient-based methods for struc-
tured problems as Nesterov’s and Tseng’s methods.

Lemma 4.5. Let {(¢r(2), Yr(2)) }e>—1 be a coupled sequence of auxiliary functions satisfying Prop-
erty B. Suppose that the relation (Ry) is satisfied for some k > 0. Then, the following assertions
hold.

7 n € Non-smoo case , 2 e relation T4+, — Tk+1 — Ai oLas, en e relation
i) In th th ), if the relation 3y 1 = L Joids, then the relat
(Ri+1) 1s satisfied with

Chir = Ci+ o NS lgw-+1I%. (27)
204 M 105 + Skr1(Bk + Skoy) i
(ii) In the structured case (6), if the relations xp41 = W%W and Ty = %’:WM

hold, then the relation (Ry11) is satisfied with

Lz 9d | S + Spo
Cry1:= Cp+Spq1 <(k+1) _ % (Uf+ k+1(»il; k0 f)

2 2 k41

) ) | k41 =2k 1 1P+ Sk16(Ths 1, Bhg1)-
(28)

Se@r At 1Wki1

i _ SkTptHAgp12 A+
Proof. Denote xj_ , := - Mg = %fl*l’“ holds, then x| —xp 41 = Sk+1 L(wpa1—
zi). Using (23) and the relation (Ry), we have

Y

Vi1 (wey1) + Ck Yr(wi) + Ck + A1l (@rg1; wis1) + (B + Skop)€(2h, We1)
Skf (@r) + Mev1lp(Trg 1 wrq1) + (Br + Skop) €2k, Wi 1)
Sklp (g1 Tk) + Mol (T we1) + (B + Skop)€(2k, Wit1)

Skl p(@rt1; 2hp1) + (Br + Skop)€(2h, wit1), (29)

#(y;x), Vo, y € Q and the convexity of [¢(xy41; -) for the last two inequalities.

52
w1 — 2k = % A%i 1211 = @hal[* and

AVARAVARIYS

where we used f(z) > 1
2 7

Since &(zk, wk+1)

lf($k+1§$;§+1) = lf(fﬂk-&-l?x;ﬁ-l) - U§($k+1,$§c+1) + Uf($k+1a$§c+1)

A\

00g
L (kg1 Ty 1) — 0&(@pg1, Tpy1) + Tka—&-l — 2yl
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hold for any o > 0, the inequality (29) implies that

Vg1t (Wig1) + Cr > Skl (@rg1; 2 1) — 0 (kg1 Tpyr)]

S S
+%Sk+1 (a + k+1(Bx + Skoy)

2
)\k—&—l

) 251 — 2ara]. (30)

Let us prove (ii) at first. Since 2341 = 2}, by the assumption, adding

2 2 A2

L
St ( (Tht1) 04 <5f . Sk+1(Br + Skoy)
k1

>> |#k+1 — T ||* + Skp10(Tpi1, Trgr)

to both sides in (30) with ¢ := ¢ and using the inequality (6) implies the relation (Rjyq) with
the setting (28).

To prove (i), on the other hand, letting o := oy and using ly(zpy1; 7, ) — 0§(Thr1, T)yy) =
f(zpyr) + <gk+1, Thyp — a;k+1> leads (30) to

Vkp1(Wi1) + Ck - = Sk f(@rg1) + (k19541 Thp1 — Thy1)
Sk+1(Br + Skoy)
ol | ARy

g
I

Akt
(25) 1 S?
2 Sprfeen) =5 ;1 Grision [y
ag

0aSk+1 (af + SRR ORL /\Q:H bl >

1 Aes1Sk41
= Sklkazl_i + gklz'

This means that the relation (Rj11) is obtained with (27). O

4.4 General (sub)gradient-based methods

As a consequence of the previous lemmas, we propose the following unifying framework of (sub)gradient-
based methods. We propose two types of updates, the classical and the modified ones, and we will
analyze their rate of convergence later.

Method 4.6 (Unifying framework of subgradient-based methods for non-smooth problems). Con-
sider the non-smooth problem (4). Let {\i}r>0 and {fr}r>—1 be sequences of weight and scaling
parameters, respectively. Let o5 € o(f). Generate a sequence {(zx—1, Tk, g, Tk) br>0 by either the
classical or the modified method as follows.

(0) Set &g := o := z_1 := argmin, g d().
(1) (k-th iteration, k > 0) Set gi, € Of(x) and compute zg, Tp+1, Tr+1 by

. . . SkZr 4+ Agr12

Classical method : xpyq:= 2z := argmin (), Tri1 = PkTk T AR5k
T€Q Sk+1

or

Sk A
Modified method : zj := argmin pg(x), Tpi1 = T = M

Here, the single sequence {¢k(x)}i>—1 of auxiliary functions is defined by the construction either

(17) or (18) with lf(xk; x) == f(ar)+ (g, * — k) +0 (2, ), as well as any construction satisfying
Property A.
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Note that we did not use a coupled sequence { (¢ (x), ¥r(x)) }r>—1 of auxiliary functions because
the statements of Lemmas 4.3, 4.4, 4.5 for the non-smooth case are independent of the second
object {¥y(z)}r>—1 (or wg). Using the models (17) and (18) enable us to solve the subproblem
2 := argmin,c ¢ (z) since it has the form (5).

Method 4.7 (Unifying framework of gradient-based methods for structured problems). Consider
the structured problem (6). Let {\g}i>0 and {fBi}i>—1 be sequences of weight and scaling pa-
rameters, respectively. Let oy > 0 be a convexity parameter satisfying (3). Generate a sequence
{(zk—1,wk—1, 2k, Tx) } x>0 by either the classical or the modified method as follows.

(0) Set xg := z_1 1= w_1 1= argmin,c, d(z). Compute

2o := argmin po(x), Zo := wg := argmin Yg(x).

TEQ zeQ
(1) (k-th iteration, k > 0) Set
2k . Classical method,
= SkZr + A .
Th+1 2kLk T Art1% Modified method,
Sk11

Zpp1 = argmingpy (),

z€Q
Wy = argmin Y (z),

zeQ
. o SkTk + Mg 1Wka
Th+1 = .

Sk+1

Here, the coupled sequence {(¢r(x), Yr(z))te>—1 of auxiliary functions is defined by the construc-
tion either (17),(18), or (19), as well as any construction satisfying Property B.

Note that in general the classical and the modified methods will provide different efficiency
estimates. They yield the same convergence rate for non-smooth problems but the modified method
gives much better efficiency than the classical method for smooth problems as discussed in Section
5.

Method 4.6 includes four particularizations; we can choose the classical or the modified updates
combined to the choice of the auxiliary functions by the extended MD model (17) or by the DA
model (18). Method 4.7 yields six particularizations with the additional choice of the hybrid model
(19). Employing the models (17) or (18) in Method 4.7, it reduces the number of subproblem at
each iterations since z; = wy. Note that only the extended MD model (17) turns the subproblem
2z 1= argmingcq ¢r(z) of the form (7); the others require the solution of the subproblem (10).
However, the subproblems with these models have the same difficulty for all the examples cited in
Section 2.3.

We conclude this section with general estimates for Methods 4.6 and 4.7 which will be further
particularized.

Theorem 4.8. Let {(zk—1, %k, gk, Tk) te>0 be generated by Method 4.6 for the non-smooth prob-
lem (4) associated with weight parameters { A, }x>0, scaling parameters { B }r>—1, and a convexity
parameter oy € o(f). Then, for every k > 0, the relation (Ry) holds with

LSk A g2 . Classical method
C 204 =0 B; 1+Siop Hng* : assical menoa, (31)
o Dm0 X011 5:(Bi1+5i_107) llgillz : Modified method.
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Therefore, the estimate

Brla(z; o) 4+ C
Sk

f(@r) = f(27) + op8(zp, 27) <

holds for every k > 0. Furthermore, for every k > 0, the classical method satisfies the relation
(Pg) and therefore the above estimate holds even replacing the left hand side by Sik Zf:o Nif(x;) —

f(@*) + o p&(zk, %) or by ming<;< f(xi) — f(z*) + op&(zk, 7).

Proof. By the description of Method 4.6, we can apply the part (i) of each Lemmas 4.3,4.4,4.5 to
show that the relation (Ry) holds for every k£ > 0 with C}, defined by (31); for the classical method,
the relation (Py) can also be verified. The assertion follows from Lemma 4.1 and its analogue for
the relation (FPy). O

Using the part (ii) of Lemmas 4.3,4.4,4.5 as analogous to the proof the above theorem, we arrive
to a similar result for Method 4.7.

Theorem 4.9. Let {(zx—1, Wk—1, %k, k) }r>0 be generated by Method 4.7 for the structured prob-
lem (6) associated with weight parameters {\g}r>0, scaling parameters { (i }r>—_1, and a convezity
parameter oy > 0 satisfying (3). Then, for every k > 0, the relation (Ry) holds with

_ i _1+Si_10
3 ko A (L) = oa (o7 + P20 ) ) i — i+ T A (i, wi)
for the classical method; and

Cy = (8 - A X (32)
§ 500 S (L) — 0 (o7 + SO=F220) ) o — |2 4 L Sid(as, )
for the modified method.
Therefore, the estimate
. . . lg(zp; ™) + C
Flan) = (&) + g (s, o) < Pl ) 2 Ci (33

Sk

holds for every k > 0. Furthermore, for every k > 0, the classical method satisfies the relation
(Qk) and therefore the above estimate holds even replacing the left hand side by Sik Zf:o Aif(w;) —

f(@*) + 0482k, %) or by ming<i<k f(wi) — f(z*) + 0 p&(2k, 2%).

Remark 4.10. Method 4.7 with o0y = 6y = 0 and 8, = 0 yields several versions of CGM be-
cause the constructed auxiliary functions are non-negative linear combinations of constants and
{lf(xi; :r)}fzo. In this case, Theorem 4.9 implies that the modified method ensures
1Dy 25 T A2 k -

2 lam(Q) Zi:O (xz)si + Zi:o Szé(xuxz)

<
- Sk Slc

SIS

f(@r) = f(27) < (34)

2 2
for all k > 0, because ||#; — z;]|* = %le —2zi1]]? < %Diam(Q)z. Note that, if I£(y; -) is affine for
each y € @, then the classical CGM (13) with 75 := Ag11/Sk+1 and 2 := z also admits a similar
estimate?

. 2
Xolf (zo) — Ly (o5 20)] 3Diam(Q)? Zf:l L(zi—1)5 Zle Sid(xi—1, ;)
+ +
S Sk Sk

flaw) = f(a") < - (35)

*The proof of [16, Theorem 5.3] replacing the notation (h(-), Xkt1, Met1, Lit1,0k+1, @ht1, Brs1, k) of [16] by
(=f(C)sxr, 26, L(zk), 0 (Thy Tt 1)y Thy Sk /A0y A /A0) for k > 0 shows the desired estimate because showing the result
uses the assumption [16, eq.(52)] with (L,d) = (Lk+1, dk+1) only at (A, 5\) = (Mk+2, Ak+1), which corresponds to our
assumption (6) at (z,y) = (Zk, Trt1)-
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5 Convergence analysis of subgradient-based methods

In this section, we finally obtain the actual convergence rates for Methods 4.6 and 4.7 for particular
classes of convex problems based on the general estimates presented in Section 4.4, and compare
these results with existing ones. Our choices for weight {\; }x>0 and scaling parameters {8y }x>_1
resemble and extend the existing ones to produce approximate solutions {Zj}r>0 which yields a
nice convergence for f(&y) — f(z*). We show convergence properties of PGMs for the non-smooth
problems in the next subsection, for the structured problems with inexact oracle in Sections 5.2,
5.3, and for the weakly smooth problems in the last subsection, for the strongly convex case.
Optimal and nearly optimal convergences of CGMs are developed in Sections 5.3 and 5.4.4. All of
convergence rates matches the known optimal rates of convergence or give a slight improvement of
them with an advantage of obtaining them with a unified analysis.

5.1 Efficiency for non-smooth problems

Method 4.6 generates a sequence {Zx} which satisfies the relation (Ry) with Cy defined by (31).

When oy = 0, the definitions of C} for the classical method and modified methods become
1 kA2
204 £+1=0 ;1

optimal complexity O(M?2d(z*)/(04¢?)) with an advantage for the choice of the parameters {\;}
and {0} to ensure the optimal convergence rate.
When of > 0, note that

the same: C} =

lg:||?; this case is analyzed in [22, Corollary 11] which ensures the

)\12 S; A2 )\?

7

= >
Mop+ Si(Bic1+ Sic10y) Bii1+Si 105+ :\gi_af ~ Bi1+ Sioy

holds since \;/S; < 1. In this case, theoretically, the modified method ensures not a worse con-
vergence rate than the classical counterpart. We give an optimal convergence result with a sim-
ple choice for the parameters A\, = (k + 1)/2 and By = 0 below. Note that every subproblem
mingeq @i () has a unique solution even if 8, = 0 because o(py) 2 B+ Spos = Spos > 0 (see the
proof of Lemma 3.3).

Theorem 5.1. Let {(zk_1, %k, gk, Tk) } k>0 be generated by Method 4.6 for the non-smooth problem
(4) associated with \y, = (k+1)/2 and B = 0. Assume that oy > 0 and supg> ||gxll« < My < +o0.
Then, we have

2M?
max{f(&) = /@), in, f(z) = f@")} +oslanrna’) € s, Wk 20
with the classical method, and
X 2M? k4 logk +3/2 M?
Fin) — F(a") + opblopat) < —LEHIBREIZ_ o (2 ) gy sy

040 f (k+1)(/{7+2) o UdO'fk

with the modified method.

Proof. Since B =0 and S = W, Theorem 4.8 implies the estimate

S (36)

. . . k
f(@r) — f(@") + op&(2,27) < S hrD)k+2)
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with Cy defined by (31). The classical method also admits the same estimate replacing f(&)—f(x*)
by ming<;<i f(z;) — f(z*) and we have
2k

k
1 A2 M; A2
Cr=— — T gl < Zi
" 20, Zz; Bi—1 + Siof lgill. < 20407 £ Z S;
Using the inequality . )
27 i+1 _ (k+1)(k+2)
g = < 37
ZZ; Si Zz; i+2 " k+4 (37)

(see [16, Proposition A.3]), we obtain the first assertion for the classical method.
In the modified method, on the other hand, we have

. _12’“3 AZS; gl < M} L (i+1)(i+2)
T 204 & Nop + SiBima + Siciog) T 2040y £ ii +2) + 4
and
koo, k
((+1(GE+2) 1 t+1)(E+2) 1 1 1
Ry c— — 1+- ) <=-+k+(1+1logk
; it2)+4 =2 Z: i(i+2) 2+; Ti) S g R (ylesk)
for all k£ > 1, which leads (36) to the second assertion. O

Note that the choices of parameters A\, = (k + 1)/2 and ; = 0 do not depend on M; and
oy. However, we require oy when we solve the subproblems. For instance, the classical method
with the extended MD model (17) associated with the above parameters A\, = (k+1)/2, B =0
becomes

Tpy1 1= 2 = al"gergiﬂ{%[f(fﬂk) + (gr, ® — xp) + 0p&(wp, )] + Sp—10pE (g, )}
= arge%m{)‘k[f(xk) + {9ks @ — k)] + Spop€(wk, v)}
= argmin{ Ak [f(:ck)+<gk,x—xk)]+§(xk,m)}
zeq kOf
- arguin { g @)+ e =) + o) |
) 1< 2 N
which gives the estimates
) _ 2M;
max{f(Zx) — f(2*), mino<ick f(xi) = f(2")} + 0pl(Tpp1,27) < a0t k1 4)’
éMJ% (38)

min{||&), — z*?, @ik — a*[?, flopgr — 2P} < W7

for all k > 0, where i(k) € Argming<;<; f(x;) (see Lemma 4.1 and Remark 4.2). Notice that the
computation of zj is equivalent to the subproblem (9) (the extended MD model for non-strongly
convex case) with A\ := % and [ = 1. This result is closely related to [3, Proposition 1]
and [29, Proposition 2.8]. The convergence result (38) is also valid for the DA model (18), and
then we conclude that a strongly convex version of the DAM achieves the optimal complexity for
non-smooth problems (see Section 2.2). Note that we do not exploit the multistage procedure and
do not require an upper bound of d(z*) to obtain the optimality which are different features from
[25].
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5.2 Efficiency of the classical method for structured problems with constants
L and ¢

Now, let us consider the structured problems (6) for the particular case L(-) = L > 0 and 4(+,) =
0 > 0. We firstly show the convergence result of the classical method of Method 4.7 which does
not ensure the optimal convergence rate for the class C’}L’l(Q). This rate is as better as the existing
methods compared in this subsection.

Theorem 5.2. Consider the structured problem (6) for the special case L(-) = L >0 and 6(-,-) =
d > 0. Let {(zx—1, Wk—1, Tk, Tk) }k>0 be generated by the classical method of Method 4.7 with
L—-¢ S
Br = 70]0%, =1, My1= P + Skay i

op B (39)

Then, for every k > 0, we have

. . . L—0oypoq4 o~ 004 k 1
f(@r)—f(x")+opé(zp, 2") < o lq(2k; ™) min {< 5100 Ufad> ] +0. (40)

Furthermore, the left hand side of (40) can be replaced by SL,C Zf:o Mef(wy) — f(2*) + o€ (2k, *)
or by mino<;<x f(wi) — f(x*) + op&(2k, 2").

Proof. The classical method admits the relation (Ry) and (Qy) with

k k
1 _ Bi—1+ Si—ioy 9
CkZQiZ;)\Z- <L—ad <af+Ai s — 4] +§m

The definitions of A\;, and 3;, implies that C}, = Zf:o Ai0 = S0 (since W =01 = m)

od
and S, =1+ (1 + %) Sk—1 for all k > 0. Therefore, we have S > k+1 and S; > (1+ %)k&) =

(1— /@:_’;Uf )=, and the result follows from Theorem 4.9. O

It is interesting to notice that the particular choice of parameters (39) does not necessarily
require the knowledge of oy and & for the implementation of the classical gradient method with the
extended MD model (17); for smooth problems (i.e., f € Ci’l(Q)), for instance, the corresponding
subproblem can be rewritten as follows:

2y = al"gelgin e [f(@g) + (Vf(zk), 2 — k) + 05€ (2K, 2)] + Bré (2, ) + Sk-105E (8, 7) }
= argmin{f(xk)+<Vf(xk),:z—:ck>+ <Uf+ﬂk+fk_laf) f(xk,x)}
TEQ k
(29) argmin {f(xk) +(Vf(2r), ® — o) + Lf(xk7$)} ) (41)
zeq 0d

which requires only L; in the Euclidean setting (i.e., U%f(fl?k,%) = 3|lzx — z[|3), furthermore, the

Lipschitz condition (6) ensures that f(zr11) < f(xg) because xpi1 = 2k is given by (41). The
classical gradient method with the DA model (18) and the hybrid model (19), on the other hand,
do not possess this advantage.

Let us see the corresponding methods for other particular structures.
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e Consider the composite problem mingecq[f(z) = fo(x) + ¥(x)] as the example (ii) in Section
2.3 with the structure 6y = oy, = 0 (and thus oy = oy) in the Euclidean setting (then,
o4 = 1). Choosing parameters by (39), the classical gradient methods with the extended MD
model and the hybrid model yield the Gradient Method GM (z, L) and the Dual Gradient
Method DG(zo, L) in [37], respectively (in this case, we do not exploit the procedure to
estimate the Lipschitz constant L). Then, Theorem 5.2 improves the assertions [37, Theorems

4,5,6] in the following sense: The linear convergence factor 1 — ﬁfaf = +U provided by (40)

is less than the one in [37, Theorem 5] (because < mln{7L 1— 47&} for any v > 1) and

L+ of
the same linear convergence is also valid for the method DG (:Uo, L) which is not presented in
the paper (the linear convergence for the dual gradient method was firstly demonstrated in

[11]).

e For the convex problems with inexact oracle model as the example (iii) in Section 2.3 in the
Euclidean setting (then, oy = 6, 04 = 1), the classical gradient method with the extended
MD model and the hybrid model yields the primal and the dual gradient methods in [11],
respectively (but the definition (39) of {Ax} is slightly different from (4.1) and (4.2) in [11]).
Because of 04 = 1 and (L — &)lg(zk; 2%) < Ld(z*) = &|lzo — 2* |3, the estimate (40) slightly
improves Theorems 4 and 5 in [11] (Since oy = &, the factor of linear convergence is the
same).

Note that the classical gradient method with the DA model (18) can reduce the subproblems of
the dual gradient method to one in [11, 37| preserving the same convergence property.

5.3 Efficiency of the modified method for structured problems with constants
L and ¢

The modified method of Method 4.7 for the structured problem (6) for the particular case L(-) =
L >0, 4(,-) =0 >0 can be analyzed as follows. Differently from the classical method, it achieves
the optimal convergence rate for the class C’i’l(Q). The result below further implies to efficient
rates for the conditional gradient methods, too.

Theorem 5.3. Consider the structured problem (6) for the particular case L(-) = L > 0 and
5(-,)=02>0.
(1) Let {(zk—1, Wk—1, Tk, k) }>0 be generated by the modified method of Method 4.7 with
L—0Gfo
B, = # Xo=1, (L—0500)A 1 = 0a(Skos + Bre1)Mks1 + Sk) (k> 0) (42)
(i.e., Ni+1 is determined as the largest root of the above quadratic equation). Then, for every k > 0,
we have

L—0oyo4

o ly(20; 2*) mi 4 1+1 0104 —2k

1 1 L—-o
+min¢ -k + -log(k+2)+1, 1+ 2O,
3 6 ofoq

f(@r) = f(27) + opl(zr,27) <

(2) Suppose further that oy = 0 and Q is bounded. Let {(zx—1,Wk—1, %k, k) }k>0 be generated by
the modified method of Method 4.7 with By, = 0, A\, :== (k4 1)/2 as a conditional gradient method
(refer Remark 4.10). Then, for every k > 0, we have

2L maxgp<i<i ||w; — Zz'—lHZ k+3

k+4 3 0.

f(E) = f(a") <
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Proof. By Theorem 4.9, we have the estimate (33) with

Cp =

N =

k k
Si i— Sif ~ ~
> S <L(xi) _ <af+ (8 1; mf))) & — il + > Sid (i, )

1=0 P
; k
L5~ A _ ., Si(Bi—1+ Si—10y) 9
T 24 <L_Ud <Uf+ 32 >) lwi = zi1]| +Zz;si5.

(1) Notice that, since Ag+1+ Sk = Sk+1, (42) eliminates the above first summation so that we have
Cy = Zf:o S;0. Therefore, using Lemmas A.1 to A.4, given at Appendix, for the analysis of (42),
(33) leads to the assertion.

(2) Letting A, = (k+1)/2, B, =0, and oy = 0 in Theorem 4.9 with C, described above and using
the inequality (37) establish that

kA2 2
< Ck, _ LEi:O EH’U& - Zi—lH n Zf:o Sz(s < 2L maXp<i<gk Hw@ — 21;1”2 + k + 3

— 0.
- Sk 2S5, Sk k+4 3

f(@) — f(z7)

O

In the non-strongly convex case oy = oy = 0, Tseng’s methods [41] are derived from the
modified method with the model (17) or (18) and Nesterov’s method [34] is derived with the
hybrid model (19) described in Section 2.3.2. From these facts one can conclude that the first
result of Theorem 5.3 yields the strongly convex versions of Tseng’s and Nesterov’s methods with
optimal complexity (see [11] for the verification of the optimality). The fast/accelerated gradient
method in [11, 12, 37| for strongly convex problems are different from these three particularizations
of the models (17) to (19).

Let us consider the Euclidean setting d(z) = ||z —||3, 04 = 1. The first assertion of Theorem
5.3, applied to the convex problems with inexact oracle model (the example (iii) in Section 2.3),
is slightly better than the estimate [11, Theorem 7] in view of (L — o¢)l4(zx;2*) < Ld(z*) and

L;—;f < % Furthermore, the first assertion applied to the composite problems mingeq[f(z) =

fo(x) + ¥(x)] (the example (ii) in Section 2.3) is the same as Nesterov’s one [37, Theorem 6]
with v, = 2 (Recall that 6y = ofy = 0,05 = o). Therefore, Method 4.7 achieves the optimal
complexity for smooth and strongly convex problems (see Section 2.3).

The second result of Theorem 5.3 matches the conclusion for the classical CGM observed in
[16, Section 5.2.1]. If we further assume f € Ci’l(Q), then the corresponding implementation of
the second assertion with the extended MD model (17) and the DA model (18) yield particular
instances of the CGMs proposed by Lan [27] (see Section 2.3.2).

5.4 Efficiency of the modified method for weakly smooth problems

Considering structured problems in the case when 6(y, x) = @ ly—=x||”, p € [1,2), we can provide

convergence analysis for problems involving weakly smooth functions of the class C’Jl\f _1(Q) (see
examples (iv) and (v) in Section 2.3). Note that the smooth case p = 2 reduces to the situation
d(y,xz) = 0 which has been already discussed. In this section, we show convergence results of
modified proximal/conditional gradient methods for this setting. In the case p = 1, the results of
Sections 5.4.1 to 5.4.3 can be seen as variants of stochastic gradient methods developed in [8, 18]
for the deterministic setting.
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5.4.1 General bound

Our analysis for proximal gradient methods is based on the following lemma.

Lemma 5.4. Let {(zp_1,wi—1, Tk, Tk) tk>0 be generated by the modified method of Method 4.7

with parameters {(Ag, Bx—1)} k>0 and o5 > 0 for the structured problem (6) for the special case

oy, w) = M|l —alle, p € [1,2). Put ag == Lizy) — o (o + HEEIRID) o < 0 for
k

each 0 <1 < k, then we have

k

2
R . . Brla(zi; ) (2 — p) maxo<i< M (x;) 2>
— <
f(@r) — f(@") + op&(zg, 2") < S, + 205; zgzo 2 -

Proof. Note that the function g(r) = ar? + br? for r > 0,a < 0,b € R satisfies max,>0 g(r) =
— 2
22;;’(—2a)ﬁ(pb)ﬁ. Hence, Theorem 4.9 concludes that

F(@) = (&) + 0y (mma®) < M (aznx@—xw M(f)n:ei—xiup)

2

la( =0 2
M (—ai) 77 M(2;)77,

IN

i

which proves the assertion. O

5.4.2 Convergence analysis for the non strongly convex case

Let us deduce a convergence result of modified proximal gradient methods for the non strongly
convex case oy = 0y = 0. The result with p = 1 is closely related to the deterministic versions of
[18, Proposition 8] and [8, Corollary 1].
Theorem 5.5. Consider the structured problem (6) for the special case L(-) =L >0, 0y =0y =0,
and 0(y, x) = @”y —z||P for M(-) >0, pe[l1,2). Let {(zx—1,wr—1, Tk, Tk) }k>0 be generated by
the modified method of Method 4.7 with

k+1 L
=t ge= 2y Yk 3)ien, 4o
2 o4 04

Then, for every k > 0, we have

Fla) — f(o) < —Llalzia?) lalzi; a*) | maxocick M(z)77 | (k+3)3C7
k = ok +1)(k +2) oa 3oy k+1)(k+2)
Proof. We apply Lemma 5.4 to prove the assertion. Note that
B AL L ikt 3)2(2-0) (43)
Sy ok +1)(k+2) " oq(k+1)(k+2)
§(2-p) §(2-0)
and «f in Lemma 5.4 becomes now oy = —k%rl — 'y(kH),fjl i < —'y(k+2),f:1 o < 0. Further-
more, we have
k . 241 k
1 1)2- 1
e e e o DT
—a;)%r Sk i3 4y (i 4227 T T 4TS, i
3
1 2 2(k +3)2(2=~)
< — (k +3dr = 2B 2T e
4775 8y, 3(2—p) 3(2 — p)y7r (k + 1)(k + 2)
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where the second and the third inequalities are due to i + 1 < i+ 2 and the fact Zfzo(i +2)1 <
l%rq(k +3)179 Vg > —1, respectively. Consequently, the theorem follows by applying Lemma 5.4
with the inequalities (43) and (44). O

Notice that we need the parameter p to define (5 but not the M(-). Now let us calculate an
efficient choice for v. Suppose that M(-) < M < 4o00. Using lg(zx; 2*) < d(z*) and the fact that

1
the function g(v) = ay + 2 (a,b,p > 0) attains its minimum at 4* = (pb/a)» on (0,00) with
- 1
9(v*) = (p+ 1)p71a7+1b7+, the choice

2—p

~ 2 2 2—p
ok P Mz 0d o M ad 2
TV N2, 3 4d@) ~ P\ 122 - p)d()

makes the estimate of Theorem 5.5 as follows:

R O NCONCO N =

oak+1)(k+2)  2—p\2— o 30 )
_ ALd(z") 22v3) (d(x*))g (k +3)32)
T kT DERY 50 ) \ o ) GrDEFD)

Note that mingsgz® = (1/e)'/¢ and max (1 9] %(2\[)” = 2(2v3)? = 4 because log(2v/3) > 1

implies the positivity of the derivative of %(Z\f )P. Therefore, we have ((2\[)) < 4e1/(2¢) which
3p(2—p 2"
P

shows f(#1) — f(z )<o< Lda™) -2 +M( o )5

bound of the iteration complex1ty to obtain f(&) — f(z*) < e which is proportional to

2
Ld(w)\* | (da*)\ 5= (3]
(oIS} gd g '
In view of the lower complexity (11) (Wlth L replaced by M there), it turns out that the order of
the second term is optimal for the class C'J Ll (g,

Consequently, we obtain an upper

5.4.3 Convergence analysis for the strongly convex case

Now we show a result for the strongly convex case oy > 0.

Theorem 5.6. Consider the structured problem (6) for the special case L(-) = L > 0 and 6(y,z) =
@Hy —z||P for M(-) > 0, p € [1,2). Assume that oy > 0. Let {(2x—1,Wk—1, Tk, k) k>0 be
generated by the modified method of Method 4.7 with

. _ (L -1
Ak 1= +1(k+1) Bk._<gd+ﬂ)(k;+2)p

where p > 1 and B > 0 with 0qo¢ +pL + (p + 1)ogB > 0. Then, for every k > 0, we have

(k +2)P~1

2
(P +1)2 = p) maxocick M(zi)>=r 1
+ P p+1
2p(0q0 7 +pL+ (p+ 1)ogB) 2> (k+1)
+3p+1(2 — p) MaxXo<i<k M(mz)2 ’ (2p Hpt1)?

F(n) — f@®) +oé(zma®) < <i+ﬁ)@+lﬁﬂawﬂ

= ) r

040§
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where

r 1 _
(p+2-22) (k+1)7 5 pr1> ¥,
1+logk ) _ 3p—2
P(k) = (k + 1)p+l ptl= 2—p>
-1
L= (rr2-5%)
—r . 3p—2
(k’—l—l)erl p+1<2p_7p
Proof. Note that [ is non-decreasing and =552 ) s(k+1)PH < G < (p+11)2 (k + 2)PT1. Then, we
have
/Bk; (k + 2)]7_1 92
Sk + B)(p+1)? m =O(k™7). (45)
Sk 1 SkS Lp+1
Since the inequalities /\2 > er1yp=T and k}\g 1> (p+1) == 1(p+1) for £ > 1 imply

‘ _ Sk(Br—1+ Sk—10¢) _ 040§ 9
_O[k.:O'd<0'f+ )\Z —LZUde+ﬁUd+mk >O, kZl,
we obtain
S 1 <2p—1<p + 1>2> T (ke 3t <2p—1<p + 1>2> RS
-P
(—ap)zs  (p+1)? 740 ks (p+1)? g0
for all kK > 1. Combining with So_ — 1 ylelds that
(—a0) 27 (p+1)(0a0 s+pLt(p+1)oaf) 77
1 p+1 1 2P=1(p+1)2\ 27
72 - L p+1 + 3p+1 ( > P(k)’
Sk 125 ( )2 z <ad6f +pL+ (p+1)ogB)7s (k+1) 040
(46)
where the factor P(k) is due to the following inequality:
k 1+q(k+1)q+1 g > —1,
Ziqg 1+10gk: g =—1,
Consequently, the assertion follows from Lemma 5.4 with the inequalities (45) and (46). O

Notice that we do not need p and M (-) in the definition the parameters \g, Bx; the result holds
for all acceptable p € [1,2). If we further have p +1 > 32%_5, then P(k) has the best rate of
convergence for a fixed p. Now let us see the above upper bound in the case L =y =0, M(-) =
M, >0, o5 >0, p+1>32pf’pz:

P
F@x) = f@7) + 0pE(zna®) < Blp+ 1) oz a*) S  EEDC=PME T (k+f)p+1

20((104-1)0(15)
+1l9_ 2 — 2
+ 201220 ppamy (%)2 "(p+2- 2%) (k+1)" 5.
M2/ (2=p) 3p—2

Since this bound is of O (c(p, ) k™ 2=r ) for a continuous function c(p, p), it achieves

oqo )P/ (2—P)
the optimal rate of convergence((llf)) for the strongly convex case (recall that o4of becomes a
convexity parameter of f with respect to the norm || - ||; see Section 2.1).

Let us consider the non-smooth case p =1, 6y = oy > 0. Then, taking p = 1 and 8 = 0 yields
)\k = (li? + 1)/2, ﬂk,1 = L/O’d, and

R * % 4le(zk; .Z'*) maxog<;<k M(mZ)Q 18 maxop<;<k M([I}Z>2
— < == ="=
F@k) = f(@7) + opélar,27) < oq(k+1)2 (0gof+ L)(k+1)2 oqop(k+1)

This result is similar to the ones [18, Proposition 9] and [8, Corollary 2] in the deterministic case.
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5.4.4 Convergence analysis of conditional gradient methods

We finally consider the case of conditional gradient methods: 8y =0, oy = 6y = 0. This case can
be analyzed without Lemma 5.4.

Theorem 5.7. Suppose that the structured problem (6) is equipped with L(-) = L > 0, 05 = 6y = 0,
and 0(y,x) = M”y —z||P for M >0, p € [1,2). Then, the modified method of Method 4.7 for the
problem with )\k = (k+1)/2 and B, = 0 generates a sequence {Zx}r>0 C Q satisfying

2LDiam(Q)?  2°T!MDiam(Q)”
k+ 4 p(3 = p)(k +2)r~1

f(@) = f(2%) < (47)

for every k > 0.

Proof. Theorem 4.9 yields that f(zx) — f(z*) < Cy/Sk with Sk, = (k4 1)(k + 2)/4 and

k
Z M 3 L2 M X\
Ck: - S < sz - szQ + ?sz - xz‘p> = (25”wl Z’L 1||2 + 7Sp 1 le Zil”l))

=0

(see Remark 4.10). Using the inequality (37) and

k k . k

A 1 i+1 1 9 1
L= < |+ 1) < o (k+2)%7F
; grmt 22 ; (i+2)71 = 227 ;(l TS 227r(3 — p)( w2

(the first and the second inequalities are due to i+1 < i+2 and the fact Zf:() (i+1)7 < %ﬂ(k—i—Z)Hq
for ¢ > 0, respectively), we conclude that

Ch - 2LDiam(Q)? N 2° MDiam(Q)” (k + 2)%>~7
= Sk E+4 p(3—p) E+1

f(@r) = f(27) <

The estimate (47) now follows from =2 < 2 for k > 0. O

The bound (47) is also valid for the classical CGM (13) with 75 := A\gy1/Sk41 = k%?), T = xp;
it can be derived in the same way as Theorem 5.7 based on the estimate (35) since f(xg) —

© . . (13) a7 A?
lf(xo;zo) < %Dlam(Q)Q—F%Dlam(Q)p and 6(xg_1, k) = —ka Tp— 1”" = ]\gs’;ka,l—zk,lH” <

p Sp D1am(Q)p for £ > 1. This result in the case L = 0 is very similar to a known result for the

classical CGM (see [9, Proposition 1.1]).

Since the choice A\, = (k + 1)/2 and By = 0 are independent of L, M, and p, the conditional
gradient methods can be applied to the classes Ci’”(E), v € (0,1] ensuring the convergence
f(zg) — f(z*) < O (ngfy) where R = Diam((Q). This rate of convergence is optimal when

v =1 in the sense of linear optimization oracle [27] and nearly optimal otherwise [20].

6 Conclusion

This paper proposes a new framework for applying subgradient methods to minimize strongly
convex functions. It unifies the analysis of PGMs and CGMs for several classes of problems
including non-smooth, smooth, and weakly smooth problems. We have introduced the notion of
strong convexity with respect to the prox-function, which generalizes the one in the Euclidean
setting. The proposed PGMs establish optimal convergence rates for these problems with slight
improvements than some existing methods. Furthermore, particular cases of the framework yield a
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family of variations of the classical CGM with optimal and nearly optimal guarantee of convergence
in the non-strongly convex case.

A remarkable novel result in this paper, in view of method efficiency, is the achievement of the
optimal complexity for the weakly smooth problems (the class CJI\f(Q), v € [0,1)) in the strongly
convex case without knowing the constant M and an upper bound of d(z*) (Section 5.4.3; see also
Section 2.3.1 (iv) for remarks on the literature). The theoretical approach for that is similar to the
ones in [11, 12, 38] because the structure (6) assumes an oracle inexactness of the original problem.
However, the essential of the analysis in Sections 5.4.2, 5.4.3 is not the same; it can be seen as a
generalization of the techniques of [18, 19] in the deterministic case.

We finally describe several topics for further considerations. At first, we can consider a general-
ization/combination of the (sub)gradient-besed methods here with smoothing technique, stochastic
situation, or uniformly convex setting. Related studies can be seen in [18, 19, 25, 27]. Secondly, one
can further consider to tune the parameters, the weight and the scaling ones, to obtain an efficient
convergence. The proposed choices in Section 5 are not the only way to ensure the optimal conver-
gence; see, e.g., [16, 29] for some discussions on other choices. Thirdly, it is important to note that
the convergence results for the class C’M’(Q) in Sections 5.4.2, 5.4.3 are not adaptive in contrast to
the known method [38] proposed by Nesterov; namely , it does not ensure the optimal convergence
without knowing the parameter v. From the practical viewpoint, it will be important to develop
techniques to ensure efficient convergence rates without such problem specific information.

Acknowledgements

This work was partially supported by JSPS Grant-in-Aid for Scientific Research (C) number
26330024. The author is thankful to Prof. Mituhiro Fukuda for comments and suggestions and
also to Prof. Guanghui Lan for pointing out some related results.

References

[1] A. Argyriou, M. Signoretto, and J. Suykens, Hybrid conditional gradient - smoothing algorithms
with applications to sparse and low rank regularization, in Regularization, Optimization, Ker-
nels, and Support Vector Machines (J. Suykens, A. Argyriou, and M. Signoretto, eds.), pp.
53-82, Chapman & Hall/CRC, Boca Raton, USA, 2014.

[2] A. Auslender and M. Teboulle, Interior gradient and proximal method for convex and conic
optimization, SIAM Journal on Optimization, 16, pp. 697-725, 2006.

[3] F. Bach, Duality between subgradient and conditional gradient methods, SIAM Journal on
Optimization, 25, pp. 115-129, 2015.

[4] A. Beck and M. Teboulle, Mirror descent and nonlinear projected subgradient methods for
convex optimization, Operations Research Letters, 31, pp. 167-175, 2003.

[5] A. Beck and M. Teboulle, A fast iterative shrinkage-thresholding algorithm for linear inverse
problems, SIAM Journal on Imaging Sciences, 2, pp. 183-202, 2009.

[6] A. Beck and M. Teboulle, Smoothing and first order methods: A unified framework, STAM
Journal on Optimization, 22, pp. 557-580, 2012.

[7] L. Bregman, The relaxation method of finding the common points of convex sets and its appli-
cation to the solution of problems in convex programming, USSR Computational Mathematics
and Mathematical Physics, 7, pp. 200-217, 1967.

28



[8] X. Chen, Q. Lin, and J. Pena, Optimal regularized dual averaging methods for stochastic
optimization, Advances in Neural Information Processing Systems, 25, pp. 395-403, 2012.

[9] B. Cox, B. Juditsky, and A. Nemirovski, Dual subgradient algorithms for large-scale nonsmooth
learning problems, Mathematical Programming, 148, pp. 143180, 2013.

[10] V. F. Demyanov and A. M. Rubinov, Approzimate methods in optimization problems, Ameri-
can Elsevier Publishing Company, New York, 1970.

[11] O. Devolder, F. Glineur, and Y. Nesterov, First-order methods with inexact oracle: The
strongly convex case, CORE Discussion Paper, 2013/16, 2013.

[12] O. Devolder, F. Glineur, and Y. Nesterov, First-order methods of smooth convex optimization
with inexact oracle, Mathematical Programming, 146, pp. 37-75, 2014.

[13] J. Dunn and S. Harshbarger, Conditional gradient algorithms with open loop step size rules,
Journal of Mathematical Analysis and Applications, 62, pp. 432—444, 1978.

[14] K.-H. Elster (ed.), Modern mathematical methods in optimization, Academie Verlag, Berlin,
1993.

[15] M. Frank and P. Wolfe, An algorithm for quadratic programming, Naval Research Logistics
Quarterly, 3, pp. 95-110, 1956.

[16] R. M. Freund and P. Grigas, New analysis and results for the conditional gradient method,
Mathematical Programming, Online First, DOI 10.1007/s10107-014-0841-6, 2014.

[17] M. Fukushima and H. Mine, A generalized proximal point algorithm for certain non-convex
minimization problems, International Journal of Systems Science, 12, pp. 989-1000, 1981.

[18] S. Ghadimi and G. Lan, Optimal stochastic approximation algorithms for strongly convex
stochastic composite optimization, I: A generic algorithmic framework, SIAM Journal on Op-
timization, 22, pp. 1469-1492, 2012.

[19] S. Ghadimi and G. Lan, Optimal stochastic approximation algorithms for strongly convex
stochastic composite optimization, II: Shrinking procedures and optimal algorithms, SIAM
Journal on Optimization, 23, pp. 2061-2089, 2013.

[20] C. Guzman and A. Nemirovski, On lower complexity bounds for large-scale convex optimiza-
tion, Journal of Complexity, 31, pp. 1-14, 2015.

[21] Z. Harchaoui, A. Juditsky, and A. Nemirovski, Conditional gradient algorithms for norm-
regularized smooth convex optimization, Mathematical Programming, Online first, DOI
10.1007/s10107-014-0778-9, 2014.

[22] M. Ito and M. Fukuda, A family of subgradient-based methods for convex optimization prob-
lems in a unifying framework, Technical Report B-477, Department of Mathematical and Com-
puting Sciences, Tokyo Institute of Technology, 2014.

[23] M. Jaggi, Sparse convex optimization methods for machine learning, Ph.D. thesis, ETH Zurich,
2011.

[24] M. Jaggi, Revisiting Frank-Wolfe: Projection-free sparse convex optimization, Proceedings of
the 30th International Conference on Machine Learning, pp. 427—-435, 2013.

29



[25] A. Juditsky and Y. Nesterov, Primal-dual subgradient methods for minimizing uniformly
convex functions, arXiv:1401.1792v1, 2014.

[26] G. Lan, An optimal method for stochastic composite optimization, Mathematical Program-
ming, 133, pp.365-397, 2012.

[27] G. Lan, The complexity of large-scale convex programming under a linear optimization oracle,
arXiv:1309.555002, 2014.

[28] G. Lan, Gradient sliding for composite optimization, arXiv:1406.0919v2, 2014.

[29] A. Nedi¢ and D. Bertsekas, Convergence rate of incremental subgradient algorithms, in
Stochastic Optimization: Algorithms and Applications (S. Uryasev and P. Pardalos, eds.), pp.
223-264, Kluwer Academic Publishers, Dordrecht, Netherlands, 2001.

[30] A. Nemirovski and Y. Nesterov, Optimal methods for smooth convex minimization, Zh. Vy-
chishl. Mat. i Mat. Fiz., 25, pp. 356-369, 1985 (in Russian).

[31] A.Nemirovski and D. Yudin, Problem complexity and method efficiency in optimization, Nauka
Publishers, Moscow, Russia, 1979 (in Russian); English translation: John Wiley & Sons, New
York, USA, 1983.

[32] Y. Nesterov, A method of solving a convex programming problem with convergence rate
O(1/k?), Soviet Mathematics Doklady, 27, pp. 372-376, 1983.

[33] Y. Nesterov, Introductory lectures on convex optimization : A basic course, Kluwer Academic
Publishers, Boston, 2004.

[34] Y. Nesterov, Smooth minimization of non-smooth functions, Mathematical Programming, 103,
pp- 127-152, 2005.

[35] Y. Nesterov, Excessive gap technique in nonsmooth convex minimization, SIAM Journal on
Optimization, 16, pp. 235-249, 2005.

[36] Y. Nesterov, Primal-dual subgradient methods for convex problems, Mathematical Program-
ming, Ser. B, 120, pp. 221-259, 2009.

[37] Y. Nesterov, Gradient methods for minimizing composite functions, Mathematical Program-
ming, Ser. B, 140, pp. 125-161, 2013.

[38] Y. Nesterov, Universal gradient methods for convex optimization problems, Mathematical
Programming, Online First, DOI 10.1007/s10107-014-0790-0, 2014.

[39] B. N. Pshenichny and Y. M. Danilin, Numerical methods in extremal problems, MIR Publish-
ers, Moscow, 1978.

[40] P. Tseng, On accelerated proximal gradient methods for convex-concave optimization, Tech-
nical Report, University of Washington, 2008.

[41] P. Tseng, Approximation accuracy, gradient methods, and error bound for structured convex
optimization, Mathematical Programming, Ser. B, 125, pp. 263-295, 2010.

30



A Appendix

In order to complete the proof of Theorem 5.3, we need to obtain upper bounds for 1/S; and
Zf:o Si/ Sy for the sequence {Sk}r>0 defined by (42). Since Ag41 = Sk41 — Sk, writing r =

Li{‘rjid > 0, the sequence {Sk}r>0 in (42) is determined by the recurrence

So=1, (Sk41— k) =Sks1(1+7Sk), k>0 (48)

where the root of the equation in S;y1 takes the largest one, namely,

L+ 24+ 7)Sk+1/(1+ (2+7)84)2 — 457
Sk+1 - ) . (49)

The essentials of lemmas below are the same as [11, Lemma 4-7] excepting the replacement of p/L
in the article by an arbitrary r > 0.

Lemma A.1. For any sequence {Sk}r>0 defined by (48) for r > 0, we have

L _ 4 ( 2 )’“ vk 0
— < min , , > 0.
Sk~ (k+1)(k+4)" \ 247+ V72 +4r

Proof. Since Siy1 > Sk, we have

Sk1 — Sk Skt1 — Sk (48) 1
\/ S — /S = > /1475, > = 50
et = VS VSk+1+VSk  24/Skn1 2 E= o

which shows /S > g + /Sy = % for all £ > 0. Then, we have

—_

k-1 k—1 k-1 k—1
48 i+3  k(k+5
Sk — S0 = ;(Si—&-l —5;) @ 3 Sig1(1+75S;) > 2 Siy1 > > _ K 1 )

which gives S > Sp + k:(k::5) = (k+%k+4). On the other hand, using (49) yields that

2
Sk+1 Sk+2+r+\/< +(2+r)) o+ JOFZoA 24r VTt dr

Sy 2 = 2 2 (51)
k k
for all £ > 0. Hence, we have S > Sy (2+T+7 W’) = (L W) . O

Remark. The linear convergence factor v the above lemma satisfies

r

—2
14 - .
r—i—l 2+r+\/r2+4r < f)

1—

In fact, since

-1
Vi 2+2 VAr? +4
1_ T r+1 ) 1( 1 T+ r) = + 2r + vars + r’
r+1 W—\[ 2
we obtain
<1+ \[>2 2+r/2+\/> 2—{—7“—1—\/7“2—1—47“<2+2r+\/47“2—|—4r_(1_ T >1
2 2 - 2 N r+1 '

Note that if 6y = o and r = L 0 Ud then \/T: \/Jde
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Lemma A.2. The sequence {Si}r>0 defined by (48) for r > 0 satisfies

Proof. Notice that ~ :=

k , -1
2105Z§1+\/12+4r §1+\F, vh > 0.
T

Sk
Livitdr Vlgw satisfies
Vitdr—t+1 (V1441412 2474+ Vr2+4r
Vi+dr-t—1 4r—1 2 '

-1
Y y—1

Therefore, we obtain S

holds for some k > 0, we have

E+1
Zi:O S

Sk+1

koo
— 1+ Sk Zi:OSZ

m—p = by (51). Now the result follows by induction: If Zf:o Si/Sk <~

v—1
<1+ 271 =
Sk+1 Sk v

This proves the first inequality; the second can be verified from /1 + 4r—1 <1 4 2vr—1. O

Note that the result of Lemma A.2 is the same as [11, Lemma 5] because 1 +

1+VItdr—T
5 .

2vr—1 _
N e

Lemma A.3. Let {Si}r>0 be defined as Lemma A.2 and {T}}r>0 be defined by (48) with r := 0,

namely Ty := 1 and Ty

Proof. Due to the identity

SicoSi

Sk

it is enough to show that

Skl _

— w for k> 0. Then, we have

S
< Tk
Skr1 — Try

k k
Zi:() Si < Zi:() T;

= T vk > 0.
k— S k—1k—1
1= 1=0 j=1

2
1+7’Sk + 9 + \/<1+§‘ksk + 2) o 4

L9 1 22 4
Ty T 2TV T2)

Sk

which suggests us to prove % > 1 for k > 0. It is true for k = 0 by Sy =

k > 0, then, writing o :=

1+ TSk+1

2 T, 2 ’

(52)

To. If it holds for

T , we obtain

14+ 7Sy Sr  (52)

Sk+1

2z _ 2

2c
Sk41 a+2+/(a+2)2 -4

25 62 T, , 1

R ERY )

Sk+1

Tkt Thi1

since Sk4+1 > S and z —

we claim %ﬂ
k

o424/ (a+2)2—4
> Tik for all £ > 0 and therefore the proof is completed.

T LT is non-decreasing on (0, 0c0). Hence,

O
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Lemma A.4. Let {T}; }r>0 be a sequence defined by (48) with v := 0, namely To :==1 and Ty =
% V14T for k > 0. Then, we have

S 2izoli _ 1
i= k4 -log(k+2)+1, Yk>o0.
T, <3 60g( +2)+1, >0

Proof. The case k = 0 is obvious. Assume that the assertion is true for some k > 0. Putting
Uk := 2k + % log(k + 2) 4+ 1, we have

Yt T T, ST T,
=070 gy Tk Zam0ti o
Trs1 Ty Tk Tkt

Ug.

Hence, it reminds to show 1 + Tor T Uk < Uggq for k > 0. For that, we analyze the sequence

to:=1, tgr1 :=Tge1 — T for k>0 (namely, T, = Zf 0 t;). The recurrence relation of T} implies
tz = (Tk — Tk_l)Q = Tk and

2
49) 1—|—\/1+4T L+ /144t
bopr = Thy — T, =) . Vk20.

Analyzing the difference ty 1 — t; shows for k > 0 that

1—{—“1—}—475%—27516_1 1 _ 1 1 1

+ + =

1
lpt1 =t = = < - —+ .
2 2 9 (, /14482 + 2tk> 2 9 (, [at2 + th) 2 8ty

Since Lemma A.1 yields ty = Ty > \/(k +1)(k +4)/4 > (k + 2)/2 for k > 0, we obtain

k

w\w
M\oo

k 3 1 3
5 +*10g(k+2) = §Uk

2 24

oo

k

k+1 1 1
the1 <to+——+ - <
k+1 o+ Szot

for all £ > 0. Finally, this upper bound of t; concludes that

U 30, 3 t T
k . k rp 2 Uk > b = k1 _ 1l
1+ U —Upp1 2+ Ylog i£2 2 ther  Tpg1 — T
Taking the inverse and multiplying by U} for both sides yield 1 + T < Ugyr1. O

33



