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Abstract

In this paper we focus on the convergence analysis of the proximal forward-backward splitting
method for solving nonsmooth optimization problems in Hilbert spaces when the objective
function is the sum of two convex functions. Assuming that one of the functions is Fréchet
differentiable and using two new linesearches, the weak convergence is established without any
Lipschitz continuity assumption on the gradient. Furthermore, we obtain many complexity
results of cost values at the iterates when the stepsizes are bounded below by a positive constant.
A fast version with linesearch is also provided.
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1 Introduction

We are interested in solving problems of the following form:
min f(z) 4+ g(x) subject to x € H, (1)

where # is a real Hilbert space with the inner product (-,-), and f,g : H — R := R U {+oo}
are two proper lower semicontinuous convex functions in which f is Fréchet differentiable on the
domain of g. The optimal solution set of this problem will be denoted by S.. Recently problem (1)
together with many variants of it has been received much attention from optimization community
due to its broad applications to many disciplines such as optimal control, signal processing, system
identification, machine learning, and image analysis; see, e.g., [11,12,20] and the references therein.
Many effective methods have been proposed to solve problem (1). Most of them keep using the
idea of splitting f and g separately and taking the advantage of some Lipschitz assumption on the

*Institute of Mathematics and Statistics, Federal University of Goids, Goiania, GO. 74.001-970, Brazil. E-
mails: yunier@impa.br & yunier@ufg.br. This author was partially supported by CNPq grants 303492/2013-9,
474160/2013-0 and 202677/2013-3 and by projects CAPES-MES-CUBA 226/2012 and UNIVERSAL FAPEG/CNPq.

TDepartment of Mathematics and Statistics, Oakland University, Rochester, MI. 48309, USA. E-mail: nt-
tran@oakland.edu.



derivative of f at each iteration. Here we focus our attention on the so-called prozximal forward-
backward splitting method, which contains a forward gradient step of f (an explicit step) followed
by a backward proximal step of g (an implicit step) for problem (1). In this work linesearches are
used to eliminate the undesired Lipschitz assumption on the gradient of f mostly imposed in the
literature.

To describe and motivate our methods, let us recall here the so-called proximal operator prox, :=
(0g +1d)~!, where Og is the classical convex subdifferential of g and Id is the identity operator in
H. Among many important properties of proximal operators, it is well-known that prox, is well-
defined with full domain, single-valued, and even nonexpansive; see, e.g., [1,11,12]. Furthermore,
for any o > 0, x is an optimal solution to problem (1) if and only if = prox,,(z —aV f(z)). This
indeed motivates the construction of the iterative sequence forming the proximal forward-backward
iteration as following:

gt = proxakg(ack — a,Vf(zh)) (2)

with positive stepsize ay. The iteration presented in (2) has been attracted extensive interests due
to its simplicity and several important advantages. It is well-known that this method uses little stor-
age, readily exploits the separable structure of problem (1), and is easily implemented to practical
applications; see [20]. Moreover, scheme (2) may reduce to many popular optimization methods as
particular cases including the projected gradient method for smooth constrained minimization; the
proximal point method; the CQ algorithm for the split feasibility problem; the projected Landweber
algorithm for constrained least squares; the iterative soft thresholding algorithm for linear inverse
problems; decomposition methods for solving variational inequalities; and the simultaneous orthog-
onal projection algorithm for the convex feasibility problem; see, e.g., [2,9,13,14,26-28] and the
references therein.

The convergence of the iteration (2) to an optimal solution of (1) is usually established under
the assumption that the gradient of f is Lipschitz continuous and the stepsize ay is taken less than
some constant related with the Lipschitz modulus; see, e.g., [12, Theorem 3.4(i)]. In this case, the
main machinery to prove the convergence and its complexity is based on the renowned Baillon-
Haddad Theorem [1, Corollary 18.16]. When V f is Lipschitz continuous but somehow the Lipschitz
constant is not known, finding the stepsize «j, that guarantees the convergence of (2) would be a
challenge. However, the following linesearch proposed in [3] overcome this inconvenience: choosing
the stepsize oy, in (2) as the largest a € {o,00,062,...,} with constants ¢ > 0 and 6 € (0, 1) such
that:

FI@", @) < fa?) +(Vf(ah), T (@*, a) - o) + %Hwk — J(z", )|, (3)
where J(2F,a) = proxag(xk — aVf(z*)) and || - || is the norm induced by the inner product in
‘H. This linesearch is well-defined by taking the advantage of the Lipschitz assumption for V f
again via the so-called Descent Lemma [1, Theorem 18.15(iii)]. As far as we observe, the theory
of convergence and complexity for the proximal forward-backward is almost complete under such
a Lipschitz assumption. However, the Lipschitz condition fails in many natural circumstance; see,
e.g., [10]. It is quite interesting to question the convergence of the method and its complexity
without the Lipschitz assumption aforementioned. In [29] Tseng provided an evidence of positive
answer even for more general problems of finding a zero point of the sum of two maximal monotone
operators. His crucial approach motivates us to construct Method 1 for problem (1); see our
Section 4. But working on the functionals (f and g) rather than just the maximal operators (V f
and Jg) actually gives us much more convenience. Indeed, we completely relax an (expensive)
extra projection step from Tseng’s scheme and omit several unnatural assumptions in the main
theorem [29, Theorem 3.4]. Moreover, in the spirit of linesearch on functionals like (3), we also



introduce a new linesearch mainly used in our Method 3 in Section 5. Both Method 1 and
Method 3 guarantee weak convergence of their generated sequences to optimal solutions without
imposing the Lipschitz assumption on V f.

Another achievement of our work is the study on complexity of cost values at generated sequences,
which are proved to convergent to the infimum value of problem (1) even in the case the set of
optimal solutions is empty. To obtain the rate O(k~!) to the optimal cost, the gradient V£ is
usually supposed to be globally Lipschitz continuous; see, e.g., [2,3,12,20,22]. Here we derive the
same rate with strictly weaker assumptions, for instance, Vf only needs to be locally Lipschitz
continuous at any optimal solution in finite dimensions. Furthermore, the rate O(k~2) is also
obtained for our Method 2, an accelerating version of Method 1 motivated from [3]. Again,
global Lipschitz continuity on V f is lessened.

The paper is organized as follows. The next section presents some preliminary results that will
be used throughout the paper. We also discuss here our standing assumptions for the problem
which is somewhat natural for the lack of Lipschitz assumption aforementioned. Section 3 devotes
to the two different linesearches for the proximal forward-backward methods used in Sections 4
and 5. Weak convergence and complexity of the proximal forward-backward method with the first
linesearch are analyzed in Section 4. We also consider its accelerated version here. Section 5
provides a similar study for a variant of the proximal forward-backward method with the second
linesearch. We complete the paper with some conclusion for further study.

2 Preliminary results

In this section we present some definitions and results needed for our paper. Let h : H — R
be a proper, lower semicontinuous (l.s.c.), and convex function. We denote the domain of h by
domh := {z € H| h(z) < +o0}. For any z € dom h, the directional derivative of h at z in the

direction d is
h(z + td) — h(x)

h'(z;d) := lim )
t—0+ t
which always exists (although it may be infinite). The subdifferential of h at z is defined by
Oh(z) = {v € H| (v,y — ) < h(y) — h(z), y € H}. (4)

Fact 2.1 ( [1, Proposition 17.2] ). For x € domh and y € H, the following hold:
h(z + By) — h(z)
g

oy . b e h(z+By) — h(x)
(ii) A/ (z;y) exists and W' (z;y) = 5é§£+ 5 )

(i) The function ¢ : Ry — R with ¢(B) =

18 Increasing.

(iii) A'(z;y — 2) + h(z) < h(y).

Fact 2.2 ( [7, Theorem 4.7.1 and Proposition 4.2.1(1)] ). The subdifferential operator Oh is maxi-
mal monotone, i.e., it has no proper monotone extension in the graph inclusion sense. Moreover,
the graph of Oh, Gph(0h) = {(z,v) € H x H| v € Oh(z)} is demiclosed, i.c., if the sequence
(2%, vF)ren € Gph(Oh) satisfies that (2¥)gen converges weakly to x and (v¥)pen converges strongly
to v, then (xz,v) € Gph(dh).

Next we set the standing assumptions on the data of problem (1) used throughout the paper as
follows:



Al f g:H — R are two proper Ls.c. convex functions with dom g C dom f.

A2 The function f is Fréchet differentiable on dom g. The gradient V f is uniformly continuous on
any bounded subset of dom g and maps any bounded subset of dom g to a bounded set in H.

Assumption A1 is popular and crucial for the well-definedness of the proximal forward-backward
iteration (2). Our Assumption A2 is not restrictive. Indeed, it is easy to check that A2 is strictly
weaker than the one usually used in the literature that is V f is globally Lipschitz continuous. For
instance, the gradient of the convex functions f(z) = [|z||P (1 < p < 4o00) with p # 2, 2 € H
satisfy all the conditions in Assumption A2 but it is not globally Lipschitz continuous. When H
is a finite-dimensional space and the domain of g is closed, Assumption A2 actually means that
f is continuously differentiable on dom g as proved below. It is worth noting that the closedness
of dom g is broadly assumed for problem (1) in the literature including the case of optimization
problems with geometric constraints which can be written as (1) when ¢ is an indicator function;
see, e.g., [20].

Proposition 2.3. Let H be a finite-dimensional space and let f,g : H — R be two functions
satisfying Al. Suppose that there is a closed set X C H such that domg C X C dom f and that f
is continuously differentiable on X. Then Assumption A2 is satisfied.

Consequently, if dom g is closed then the validity of Assumption A2 is equivalent to the statement
that f is continuously differentiable on domg.

Proof. To justify, suppose that dimH < 400 and that f is continuously differentiable on X with
domg C X C dom f. Take any bounded set A of dom g. Hence V f is uniformly continuous on the
compact set cl A C X and thus on A due to the classical Heine-Cantor Theorem.

Furthermore, since V f is continuous on X, it maps the compact set cl A C X to a compact set
in H. This verifies that V f(A) is bounded and completes the first part of the proposition.

Now suppose that dom g is closed. It is easy to see that the validity of Assumption A2 implies
that f is continuously differentiable on domg. Conversely, if f is continuously differentiable on
dom g, Assumption A2 is also satisfied by taking X = domg in the first part. The proof is
completed. ]

Fact 2.4 ( [7, Theorem 3.5.7] ). Let f,g: H — R be two functions satisfying A1 and A2. Then
we have O(f + g)(x) = V f(x) + dg(z) for all z € domg.

Let us recall the proximal operator mentioned in Section 1 that prox, : H — domg with
prox,(z) = (Id+9g)~'(z), z € H. It is worth noting that the proximal operator has full domain.
Furthermore, observe that

Z — Pro z
27 ProXe(2) € dg(prox,,(z)) forall zeH,aecRyy:={reR[r>0} (5)

We also denote the proximal forward-backward operator J : domg x Ry — domg C H by
J(r,a) := prox, (v —aV f(z)) forall z&domg, a>0. (6)
The following lemma is very useful for our further study.

Lemma 2.5. Let f,g : H — R be two functions satisfying Assumption Al. Then for any x €
dom f and as > a1 > 0, we have
(0%)]
Ojlllfr —J(z, )|l = |z — J(z, )| > ||z — J(x,a1)||. (7)



Proof. By using (5) with z = — aV f(z) and x € dom f, we have
x—aVf(x)—J(x, o)
«

€ 9g9(J(z,)) (8)
for all @ > 0. Take any as > a1 > 0, it follows from the monotonicity of dg and (8) that

0< <:U = agvf(zl —J(x,az) w— O‘lvf(z)l _ J(:U’al),J(:E,ozz) - J($,a1)>

_ <az —Jlwar) 2= J@a1) o g a)) - (o - J(f’f70‘2))>
o9 a1
B e U ) ) <+> (= J(z,02), 2 — J(2,01))
(6% a1 2 “
_ J , 2 - J ) § 1 1
o e =) e~ I o) | ( 4 ) |z — J(z,00)| - | — J(z, 1),
(6% A1 2 “

which easily implies the following expression

(Il = (@, 02)| = llz = Iz, an)l) - (e = J(@, a2)]| = 22l = T, )]} ) < 0.
Qaq

Since 22 > 1, we derive (7) and thus complete the proof of the lemma. O
a
Let us end the section by recalling the well-known concepts so-called quasi-Fejér and Fejér con-
vergence. The definition originates in [15] and has been elaborated further in [8,17].

Definition 2.1. Let S be a nonempty subset of H. A sequence (x¥)ren in H is said to be quasi-
Fejér convergent to S if and only if for all x € S there exists a sequence (€r)ren in Ry such that
S gk < +oo and ||aFTL — z||? < ||aF — z||? + e, for all k € N. When (ex)ken is a null sequence,
we say that (x¥)pen is Fejér convergent to S.

Fact 2.6 ( [17, Theorem 4.1] ). If (2¥)ren is quasi-Fejér convergent to S, then one has:
(i) The sequence (z¥)ren is bounded.

(ii) If all accumulation points of (x¥)ren belong to S, then (x*)ren is weakly convergent to a point
in S.

3 The linesearches

In this section we present two different linesearches mainly used in the proximal forward-backward
methods proposed in Sections 4 and 5. The first one contains a backtracking procedure which
computes at least one backward step (implicit step) inside the updating inner loop for finding the
steplength. This linesearch is a particular case of the one proposed in [29] for solving inclusion
problems. It will be used in Method 1 and Method 2 of Section 4.

Linesearch 1. Given z, 0 >0, § € (0,1) and ¢ € (0,1/2).

Input. Set a = o and J(z,a) := prox,,(z — aV f(x)) with z € dom g.
While o||Vf(J(z,a)) = Vf(z)|| > d]|J(z,a) — z| do
a = fo.
End While

Output. «a.




The well-definedness of Linesearch 1 follows from [29, Theorem 3.4(a)]. For the reader’s conve-
nience, we provide a different proof revealing that the convexity of f is not necessary.

Lemma 3.1. If z € dom g then Linesearch 1 stops after finitely many steps.

Proof. If x € S, then x = J(z,0). Thus the linesearch stops with zero step and gives us the output
o. If z ¢ S,, by contradiction suppose that for all o € P := {o,00,062,...},

ozHVf(J(:L‘,a))—Vf(x)H >0 || J(z, ) — x| (9)

When «a € P is sufficiently closed to 0, it follows from Lemma 2.5 that J(z, ) is uniformly bounded.
Thus we get from (9) that ||z — J(z,a)|| — 0 as a | 0 thanks to Assumption A2. The latter implies
IVf(J(z,a)) = Vf(z)| = 0 when a | 0 by Assumption A2 again. Thus we get from (9) that

o llz = I, 0)
al0 «

—0. (10)
Employing (5) with z = x — aV f(z) gives us that

r—J(z, «
©:0) ¢ 9 p(@) + 092,00

By letting « | 0 in the above inclusion and using (10), we get from the demiclosedness of Gph(dg)
from Fact 2.2 that 0 € Vf(z) + dg(x). This contradicts the assumption that x is not an optimal
solution to problem (1) and completes the proof of the lemma. O

Next we propose the second backtracking procedure. In contrast to Linesearch 1, this linesearch
demands only one evaluation of the backward step and uses it in all possible iterations. This is
somehow an advantage of this linesearch, since in many practical problems computing the proximal
operator many times may be very expensive. The linesearch is indeed a generalization of the one
studied in [5] for solving the nonlinear constrained optimization problem (g = d¢). We will employ
it in Method 3 in Section 5.

Linesearch 2. Given x and 6 € (0,1).
Input. Set 8 =1, J, := J(z,1) = prox,(z — Vf(x)) with z € dom g.

While (f +g) (z — B(z — Jz)) > (f + 9)(z) — B9(x) — 9(J)] = BV (@), 2 — Jo) + gllx — T|?
do
B =0p.
End While
Output. 5.

Similarly to Linesearch 1, we also have finite termination for Linesearch 2. It is important to
note that the well-definedness analysis is done without assuming the second part of A2 (uniform
continuity and boundedness).

Lemma 3.2. If x € dom g then Linesearch 2 stops after finitely many steps.



Proof. If x € S, we have x = J,. Thus the linesearch immediately gives us the output 1 without
proceeding any step. If = ¢ S, by contradiction let us assume that Linesearch 2 does not stop
after finitely many steps. Thus for all 3 € Q := {1,60,602, ...}, we have

(f+9)(x—Bx—J) > (f+9)(z) = Blg(z) — g(Jo)] = BV (@), 2 — Jz) + g”-’ﬂ — T
It follows that

(f+9)@—B=—J2)) = (f +9)(=)
B

Taking S | 0 and using the Fréchet differentiability of f and the convexity of g give us that

+9(r) — g() + (V@) — L) > Slle — LI

%H(L‘ - JéUH2 §<Vf(a:), Jﬂc - $> + gl(x; Ja: - {E) +g(.’L‘) - g(Jm) + <Vf((L'),{E - Ja:>
=¢'(x;Jz — @) + g(x) — g(Jz) <0,

where the last inequality follows from Fact 2.1(iii). Hence we have x = J,, which readily implies
that © — Vf(z) € 0g(x) 4z, i.e., 0 € Vf(x)+ dg(x). This is a contradiction due to the assumption
x & S, O

4 The proximal forward-backward method with Linesearch 1

This section devotes to the study of the proximal forward-backward splitting method with Line-
search 1. We mainly derive the weak convergence of the generated sequences from this method
and also obtain the same complexity of [3, Theorem 1.1] for the cost value sequences generated from
the forward-backward iteration under a weaker assumption than the Lipschitz one on V f usually
imposed in the literature.

The following method has some similarities to the one proposed in [29] for maximal monotone
operators. However, it completely relaxes an extra expensive projection step [29, Equation (2.3)]
and seems to be more natural in comparison with the classical proximal forward-backward splitting
method (2).

Method 1.
Initialization Step. Take 2° € domg, o >0, 6 € (0,1) and § € (0,1/2).

Iterative Step. Given z* set
'rk—H = J(xka ak) = pI'OXakg(l‘k - aka($k)), (11)

where oy, := Linesearch 1(z*, 0,0, 6).

Stop Criteria. If 2"t1 = 2%, then stop.

First note that from Lemma 3.1 that Linesearch 1 for finding the stepsize aj in the above scheme
is finite. Hence the choice of sequence (z*)zen in Method 1 is well-defined. Another important
feature from the definition of Linesearch 1 useful for our analysis is the following inequality

ag HVf(mk'H) — Vf(wk)H <94 kaH — ka : (12)

7



Note further that if Method 1 stops at iteration k then we have z* = proxakg(xk — iV f(z"))

and consequently ¥ € S,. Otherwise, we will mainly show that the sequence (z¥)recn generated
by this method is converging weakly to some optimal solution. Verifying this claim needs some
auxiliary results as follows.

Proposition 4.1. Let o = Linesearch l(xk, 0,0,9). For all k € N and x € dom g, we have

(1) [lo* — 2[* = [l2™*" — 2| > 204 [(f + 9) (™) = (f + 9)(@)] + (1 = 20) "1 — 2*|]?;
(i) (F +9) (@) = (f + ) (a*) < LD jakr gy,
Proof. First let us justify (i) by noting from (5) and (11) that

-S| zh — J(z*, ay,
Lty = T Gk € ag(a @t o) = g,
873 &7
It follows from the convexity of g that

k41 ok — gkt k k41
g(x) —g(@""") > —Vf(E@"),z—x for all z € domg. (13)
g

Since f is convex, we also have

f@) = f(y) = (Vf(y),z—y) forall z,yedomf. (14)

Summing (13) and (14) with any z € domg C dom f and y = 2% € dom g gives us the following
expressions

ok _ gkl

(f +9)(@) 27" + gl + < V) :c’f+1> (VF(ak), )

893

=f(2®) + g(«F1) + Ol(xk —aF L — MY L (U (b), P — 2R

— F(ab) + g(aF ) + o}k@k bl gty LT (R — V() g gk
V(R ), 2R gy
> f(a*) + g(a*+) + alk@k — " —aP ) — [V f(2h) — V)| - [l - 2R
V(@) 2k gy
1)

1
Zf(xk) + g(karl) + a7<l,k _ xk+17x _ mk+1> _ OTka+1 _ kaQ + (Vf(a:kﬂ),xkﬂ _ J;k),
k k

where the last inequality follows from (12). After rearrangement we get

(=" M ) > ag[f(@*) g (™) = (Fg) (@) H(V f (@), 2T —a?) =6 a2 (15)

Observe that 2(z¥ — 2P+ b+l — 2) = ||2% — 2||? — ||]2*+ — )% — ||2¥ — 2¥F1||2. Combining this
with (15) implies

[k — 2| — 2" — 2] > 20[f (a) + g(2*Fh) — (f + 9)(z)]

20 (VF (), 2F k) 1 (1 28) ok — b2 (10)

8



By using (14) with # = 2% and y = 2+, we have f(a) — f(2**1) > (Vf(z¥+1), 2% — 2F*1). This
together with (16) gives us that

lz* — 2] = (|2 — 2|* 2204[(f + g) (") = (f + g)(@)] + (1 = 26) [l — ™2,

which verifies (i). Note further that (ii) is a consequence of (i) when 2 = z*. The proof of the
proposition is complete. ]

Proposition 4.1(ii) shows that Method 1 is a descent method in the sense that the value of the
cost function f+ g at each iteration is decreasing. Furthermore, it is easy to check from Proposition
4.1(i) that the generated sequence of Method 1 is Fejér convergent to the optimal solution set S,
whenever S, # (). This observation is indeed the center of the following main result of this section.

Theorem 4.2. Let (2F)ren and (ap)ren be the sequence generated by Method 1. The following
statements hold:

(i) If Sy # 0 then the sequence (x*)ren weakly converges to a point in S,. Moreover,

lim (f +9)(2¥) = min(f + 9)(z). (1)
—00 T€H
(ii) If S« =0 then we have

Jim (o =+oo and  lim (f +g)(z") = inf (f + g)(x). (18)

Proof. First let us justify (i) by supposing that S, # 0. By applying Proposition 4.1(i) at any
r € S4, we have

lo# = — a1 =2l > 204[(f +0)(a") = (F + g)(a)] + (1 = 20)}a* — 2+

> (1 o 25)”$k . :L‘k+1”2 > 0. (19)

It follows that the sequence (z¥)ey is Fejér convergent to S, and thus is bounded by Fact 2.6(i).
By using (19) at z, € S, we get
0 < 205 [(f + 9)(=") = (f + g)(@)] < [la* — ? = 2" — 2
= (l&* — 2] = " = 2]} - (|2 = 2ol + [|J2" = 2.]))
<2M(|Ja* =z — [|2" = )
< 2M|la* — 2

where M := sup{|z* — z.|| | k¥ € N} < +oco. Hence the above inequalities lead us to

1 ‘ ||$k _ xk—kl”

(f +9) @) = (f + g)(xs) <

=

093

Furthermore, observe from (19) that
o o0
(1-20) > fla® = 2* 2 < 37 (le* = o = 2™+ = 2)2) < [ja® — af%,
k=0 k=0

which tells us that ||z* — 2*+1|| — 0 as k — oo.



Since (2¥)pen is bounded, the set of its weak accumulation points is nonempty. Take any weak
accumulation point Z of (z¥)en, we find a subsequence (2" )ren weakly converging to Z. Now let
us split our further analysis into two distinct cases.

Case 1. Suppose that the sequence (o, )ren defined in Method 1 does not converge to 0. Hence
there exist a subsequence (without relabeling) of (au,, )keny and a > 0 such that

ap, >« for sufficiently large k. (21)
Since (2*)1en is bounded and ||z* —2¥*1|| — 0 as claimed above, we get from Assumption A2 that

Jim [[V/(") = Vi) = 0. (22)

Since ™t = J (2™ ay,, ), it follows from (5), (11), and Fact 2.4 that

T — ,, V f(x™) — gt

Qp

+Vf(@™ ) € 0g(a™Fh) + V(@™ ) = o(f + g) (™),

k

which implies in turn the expression
[ — 2™ Ja, + V f(2™) = Vf(2™) € O(f + g)(a™ ). (23)

Note further that ™1 also converges weakly to Z due to the fact that ||z — 2™ || — 0 as
k — oo. By passing k — oo in (23), we get from (21), (22), and Fact 2.2 that 0 € 9(f + ¢)(Z),
which implies that Z € S,. Furthermore, since (f + g)(z*) is decreasing due to Proposition 4.1(ii),
(17) is a consequence of (20) and (21).

o
Case 2. Suppose now that limy_, o oy, = 0. Define &, := % > ap,, > 0and 2™ = J (2", Gy, ).
Due to Lemma 2.5 we have
Q 1
Jam — 7] = ™ — J(@™, dn )| < S fams — g, an ) = glla™ 2,

s

which combines with the boundedness of (z"*)ren to show that the sequence (2"F)gen is also
bounded. It follows from the definition of Linesearch 1 that

Gy, ||V f(27F) = V f(a™)]| > 6 []&™ — 2™ || (24)

Since Gy, | 0 and both (2™ )gen and (2"F)en are bounded, (24) together with Assumption A2
tells us that limg_,g || — 2™ || = 0 and thus (2" )gen also weakly converges to z. Thanks to
Assumption A2 again, we have

I i) — W F(z")|| = 0. 2
lim [[Vf (&) =V f(@"™)][ =0 (25)
This and (24) imply that

N SR

lim —||z"% — z"*|| = 0. (26)

k—0 Qi

Using (5) with z = 2™ — &, V f(2"*) and Fact 2.4 gives us that

@ — G, Vf(a) — G

O,

+ Vf(@"™) € 0g(a™) + Vf(&") = O(f + g)(&"*).

10



By letting £ — oo, we get from (25), (26), and Fact 2.2 that 0 € 9(f + ¢)(Z), which means = € S,.
It remains to verify (17) in this case. Indeed, we get from Lemma 2.5 that

o™ = & = fla™ = J(a", S| 2 2" = I, @) = 2" 2™,

lla™k —a" k|

This together with (26) yields — 0 as k — o0o. Since (f + g)(z*) is decreasing due to
Proposition 4.1(ii), we derive from the latter and (20) that

02 lim (£ +9)(™) = (f +9)(a) = lim ( +9)(a") = ( + 9)(a") 20,

which clearly ensures (17).

From both cases above, we have (17) and the fact that any weak accumulation point of (z¥)ren
is an element of S,. Thanks to Fact 2.6(ii), the sequence (z¥)pcn weakly converges to some point
in S,. This verifies (i) of the theorem.

To justify (ii), suppose that S, = (). Observe from the proof of (i) (without regarding (17), (19),
and (20)) that if (z¥)rey has any weak accumulation point then this point is an optimal solution
as illustrated in both cases there. Since S, = (), any subsequence of (xk)keN is unbounded and thus
|2¥|| — 400 as k — oo. Furthermore, note that

si= lim (f+g)(a*) > inf (f +g)(@) := 5.,

where s exists due to fact that (f 4 ¢)(z¥) is decreasing as k — oo by Proposition 4.1(ii). If s > s,
then the following auxiliary set

Stev (20) := {ar cdomg: (f+g)(x) < (f+g)a), Vk € N}

is nonempty. By applying Proposition 4.1(i) at any o € S, (2°), similarly to (19) we also have
(2¥)pen is Féjer convergent to Siey(2°). It follows from Fact 2.6(i) that the sequence (z¥)gen is
bounded, which is a contradiction. Hence we have s = s, and complete the proof of the theorem. [

As discussed before Method 1, our method improves the scheme in [29] for the particular case
that the two maximal monotone operators considered there are V f and 0g by relaxing completely
an additional step. Our Theorem 4.2 also loosens some unnatural assumptions imposed in [29,
Theorem 3.4(b)]. Furthermore, we obtain new information on the convergence of the cost values
at generated sequences in this result.

4.1 Complexity analysis of Method 1

In this subsection we present complexity analysis of the iterates in Method 1. When the stepsizes
generated by Linesearch 1 are bounded below by a positive number. Our analysis shows that the
expected error from the cost value at the k-th iteration to the optimal value is O(k~!), which is
the same rate of the first-order algorithm presented in [3, Theorem 1.1]. It is worth noting that
the global Lipschitz continuity assumption on the gradient V f is sufficient but not necessary for
the boundedness from below of the stepsizes aforementioned; see our Proposition 4.5 below. Since
ar > 0 for any k € N, this condition actually means that lim infy_,., ap > 0, which was used before
in [29] for different purposes.
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Theorem 4.3. Let (z¥)pen and (ou)ren be the sequences generated in Method 1. Suppose that
Sy # 0 and there exists a > 0 such that ag, > > 0 for all k € N. Then we have

[dist(z?, S,)]?

(f +9)(a*) — min(f +¢)(z) < i p for all keN. (27)

Proof. Pick any z, € S, Proposition 4.1(i) tells us that

02 (f+9)@) = (f+ )@ 2 2 (Il =l = 2 — 22 + (1 - 26) 2 — 2+12)

20 (28)
1
> oo (o =l = o — ]
for any ¢ € N. Since ay > «, we get from (28) that
1
0> (f+g)@) = (f+9) @) = (o = au* = [|2" — 2.
Summing the above inequality over £ = 0,1,...,k — 1 implies that
k—1 1
K(f+9) (@) = ) (f + 9@ = %(Hwk = zu? = [l2® - z.]?).
=0
Since (f + g)(«!) is decreasing by Proposition 4.1(ii), the latter yields
1 1
K +9)(@%) = (f + 9)@)] < ol = 21 = [|2* = 2] < -l = 2°% (29)

Note that no matter how we choose z, € S, the optimal value (f + g)(z«) = mingen (f + g)(x) is
fixed. Hence we get from (29) that

. co Ly —a®? 1 [dist(a®, )P
k _ < . —— ?
(F+9)a) —min(f +9)e) < juf 5 0= =50

I

which verifies (27) and completes the proof. O

We obtain linear convergence when the stepsizes are bounded below by a positive number and
either f or g is strongly convex. Recall that h : H — R is strongly convex with constant u > 0 if,

h(z) > h(y) + (v, —y) + gHﬂc —y||? forall zeH, (y,v) € Gphoh.

Theorem 4.4. Let (z¥)yen and (ou)ren be the sequences generated in Method 1. Suppose that
Sy # 0, that there exists a > 0 satisfying oy, > a > 0 for all k € N, and that either f or g is
strongly convex with constant ;> 0. Then S, = {x.} is singleton and

1 1 k+1
k+1 k 0
T — 2| K —— ||z — || < | —— ' — x| VEk€EN, 30
u 1< bt ol < () e - (30)
1
i.e., the sequence zk converges to xs with the linear rate ——— < 1
q (") ke q T an

12



Proof. Since either f or g is p-strongly convex, we have f + ¢ is also p-strongly convex. It follows
that S, is singleton (i.e., Sy = {z.}). Moreover, using Proposition 4.1(i) with x = z, and the
strong convexity of f + g gives us that
2% — 2| > (|2 — 2 + 20 [(f + 9) (@) = (f + g) ()]
> — 2 |? + agpl| 2t - ?

>(1+ ap) 2! — ..

It follows that

k1 L k 1 o
TV x| < Sl — ] < T — X,
| H v1i+ap | . <\/1+a,u> | |
which verifies (30) and thus completes the proof of the theorem. O]

Now we study the behavior of the stepsizes when the gradient of f satisfies some Lipschitz continuity.
The first part of the following result is not much surprising due to the similar achievement in [29,
Theorem 3.4(a)]. However, the second part is a huge improvement when we replace the global
Lipschitz continuity by the local one in finite dimensions.

Proposition 4.5. Let (o )ken be the sequence generated by Linesearch 1 on Method 1. The
following statements hold:

(1) If the gradient of f is globally Lipschitz continuous on dom g with constant L > 0, then oy >
min {U, %9} for all k € N.

(ii) Suppose that dimH < +oo and Sy # 0. If Vf is locally Lipschitz continuous at any x € S,
then there exists x. € Sy such that

56
lim inf oy, > min {O‘, Z}, (31)

k—o0

where L > 0 is a Lipschitz constant of Vf around x.. Consequently, there exists a > 0 such that
a > «a for all k € N.

Proof. To justify (i), suppose that Vf is globally Lipschitz continuous with constant L > 0. If
ap < o, define &y, 1= Sk > 0 and 2% := J(2¥, &;). It follows from the definition of Linesearch 1

that f
||V (3) = V1| > 5|t - 2, (32)

which yields ||#¥ — 2*|| # 0 for all k € N. Moreover, due to Lipschitz assumption on Vf, we get
|V f(xF) — V f(2%)|| < L|ja* — #¥|| for all k¥ € N. Combining the latter inequality with (32) gives us
that &L > 9, i.e., oy > %9 when oy < 0. This clearly verifies (i).

To justify the second part, we suppose that dimH < +oo, that S, # (0, and that f is locally
Lipschitz continuous at any z, € S.. Similarly to the first part, we define &y, := % > 0 and
ik = J(aF, &), If liminfy_,o ap < o, there exist K € N such that a; < o for all k > K. Thus we
also have (32). Thanks to Theorem 4.2, (z¥)ren converges (strongly) to some z, € S,. Moreover,
it follows from Lemma 2.5 that

. . Qg 1
¥ — &% = [la* — J (2", &) < ()Tkak — J(*, )l = ngk — 2",
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Thus the sequence (2*)ey is also converging to z, € S,. Since V£ is locally Lipschitz continuous
at z, with some constant £ > 0, we may find K; > K such that

IVf(@*) = V@R < £)|zf — &% forall k> K.

This together with (32) gives us that L&y > 4, ie., ap > % for £k > K;. It follows that
liminfy oo ap > %9 whenever lim inf,_, o, o < o, which clearly verifies (31).

Finally, since aj > 0 for k£ € N, we obtain that

. 00
OékZOJZ:mlH{Oél,...,OéKl,Z,O'} >0

and complete the proof of the proposition. O

It is worth recalling that the assumption of Proposition 4.5(1) that Vf is globally Lipschitz
continuous on dom g is also sufficient for Assumption A2. Assumptions of Proposition 4.5(ii) are
certainly not enough to guarantee Assumption A2. However, there are many broad classes of
functions satisfying all of them. For instance, when dim H < +o0o and dom g is closed, a function
f, which is differentiable and has gradient locally Lipschitz continuous on dom g satisfies all the
requirements; see also Proposition 2.3.

Theorem 4.3 together with Proposition 4.5 and Theorems 4.4 leads us to the following result.
Corollary 4.6. Let (x¥)ren be the sequence generated by Method 1. Suppose that S, # (. If
either

(i) the gradient of f is globally Lipschitz continuous on dom g;

or

(i) dimH < +oo and the gradient of f is locally Lipschitz continuous on S,

then we have
(f +9)(") = min(f + g)(x) = O(K™).

Furthermore, if either f or g is strongly convex then (x*)ren converges linearly to the unique optimal
solution.

Since the condition z = J(z, «) for a > 0 is necessary and sufficient for = to be an optimal solution
to problem (1), it is interesting to study the complexity of ||z* — J(z*, ay)|| in our Method 1. The
velocity of the convergence obtained below is not affected by the behavior of the stepsizes ay.

Theorem 4.7. Let (zF)pen and (ap)ren be the sequences generated from Method 1. Then we
have
liminf V& - ||zF — J(z*, oy)|| = 0. (33)
k—o00

Proof. If (33) does not hold, then we may find a number € > 0 such that for some fixed k large

& —
—— for all k > k. Thus,
Vk -

enough, we have ||z* — J(zF, a;,)|| >
oo 0 1
Z 2% — J(2F, ap)|? > &2 Z 7= +o0. (34)
k=k k=k

14



On the other hand, using (11) and Proposition 4.1(ii), we get, for all k > k,
a
Ik = T, can) | = flo* = P < 7 [ 4+ 0)a) = (F + )
o

< = |(F+ 9 = (F+ )@t
where we have used in the last inequality the fact that ap < o for all k € N, which follows from
Linesearch 1. Hence we have

g

> llat = It an)l? < 775 | (F +9)a") = (f + g)(a)| < +oc,
k=k

which contradicts (34). The proof is complete. O

4.2 A fast multistep proximal forward-backward method with Linesearch 1

In the spirit of the classical work of Nesterov [24] many accelerated multistep versions have been
proposed in the literature for the proximal forward-backward iteration, but to the best of our
knowledge all of them have to employ the global Lipschitz continuity assumption on Vf; see,
e.g., [2,3,22]. In this subsection, by following these ideas and assuming no Lipschitz continuity
on Vf, we present a fast version of the proximal forward-backward method with Linesearch 1,
improving the convergence result of Theorem 4.3 for Method 1. In [2,3,22] this kind of fast versions
usually demands full domain of the objective function (dom g = H) and Lipschitz assumption over
V f to establish convergence of this method. Here we modify the method by adding a linesearch and
an extra projection step in (36) below to avoid the requirements aforementioned. For simplicity,
we suppose §2 := dom g is closed in this section.

Method 2.
Initialization Step. Take x~! = 2° € domg, to =1, 0 € (0,1), a—1 = o and § € (0,1/2).

Iterative Step. Given t;, and z*, set

14 /1+48F

lhy1 = 9 (35)
f k tr —1 k k—1 -k k
Yyt o= ¥+ T (" =2"77), " = Pa(y"). (36)
k+1
T = T, k) = proxg,, (7 — ax V() (37)

where oy, := Linesearch 1(7*,ax_1,6,6).
Stop Criteria. If zFt1 = ¢*, then stop.

Note that from (36) and (37), §* and z* belong to dom g for all k¥ € N and as a direct consequence
of Lemma 3.1, a4 satisfying (38) is always positive and nonincreasing. Moreover, it is similar to
Method 1 that if 2*T! = §* then z**! is an optimal solution. An important inequality for our
further study from Linesearch 1 is

a va(karl) _ Vf(gk)H <6 kaﬂ _ ng (38)

with 6 € (0,1/2). We also need some auxiliary results before establishing the convergence results.
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Lemma 4.8. The positive sequence (ty)reny generated by Method 2 wvia (35) satisfies, for all

keN,

1 2
Sl 2
(1) S k+1

(i) 7,y — ter1 =t}
Proof. The proof easily follows by induction argument. O

Proposition 4.9. Let oy be defined in Method 2 and x € domg. Then we have

1
(f+9)@) = (f + )@ ) 2 5= (I =l ~ly* ~ o)) forall keN.  (39)
gk _ xk+1
Proof. First note from (5) with z = 7% — ;. Vf(5*) that =——— — V(") € dg(z**!). Then,
893
k1 g* —aktt k k1
R B e (40)
for all x € dom g. The convexity of f implies that

f(x)— fly) > (Vf(y),z—y) forall x€domf andy € domyg. (41)

By summing (40) and (41) with y = ¥ € Q = dom g, we obtain that

gk o .Tlfk+1

(f + 9)(&) 2F@) + ) + < V) - mk+l> VI - i)

893

=)+ 9 + o (7~ 2t ) (VG

=f(7") + 9" + Ofk (5" = aF T m =2 4 (V) - V@), 2h - )
AV (@R, 2R — gk
> (54) + gk ) + o (7 = — g - R 4 (T, 0 ),
where the last inequality follows from (38). Rearranging the inequality gives us that

(" — 2P 2P — ) > [f(77) + 9@ = (f + 9)(@)] = 8|2 — §F|?
+ap(V (@), M — k). (42)

Observe that
2 — P M gy = |17 — 2% — ||2F T — 2% — ||§F — 2FHY%
By combining the above equality with (42), we have
17 = a2 a1 = a2 2205 [£5") + g@*) = (F + 9)@) + (VF), 251 — )]
+(1—26)[1g" — 27
>3 [15) + 9@ = (7 +9)@) + (V@25 — 5] (@43)
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It follows from (41) with z = §* and y = 2**1 that f(§*) — f(2**1) > (Vf(z¥+1), g% — 2F+1)) which
together with (43) implies

I3 = ol = 1641 = 2l 2208 [£54) + gH) = (7 + 9)(0) + £ - £G)
=201 [(/ + 9) ) — (f + 9)(w)]

Since ||7* — z|| < ||y* — z]|| for all 2 € dom g due to (36), we get from the latter (39) and complete
the proof of the proposition. O

In the next result we establish a better complexity for Method 2 than Method 1 in Theorem
4.3 under a similar assumption.

Theorem 4.10. Let (2¥)ren and (ax)ren be the sequences generated in Method 2. Suppose that
Sy # 0 and there is a > 0 such that ag, > > 0 for all k € N. Then we have

. (Hw” —a.|*+20 [<f +9) —mig(s *”“”D

(k+1)2

(F+9)(z")—min(f+g)(x) < for all k € N.

Proof. To justify, pick any z, € S,. By Lemma 4.8(i) and the convexity of g, we have t;11 > 1 and
thus z := t,;ila:* +(1-— t,;l_l)a:k € dom g. Applying Proposition 4.9 for this z gives us that

i (b= s -2 A -~ (a2 )
(f‘|'g)( 113* + (1 tkil) ) - (f"‘g)(xk—H)
<t (f+ 9) (@) + (1=t ) + 9) (@) = (f + g) (@),

After rearrangement, we obtain
(1= t1) [(F + 9@ = (F + 9 @n)] = [(F + 9@ = (F + ) ()]

1
2O‘ktkﬂ

(Htk+1$k+1 (s + (tp1 — H - Htk—l-ly — (@x + (thy1 — Dz H )

By multiplying by ¢7 41 to the above inequality and using (36) and Lemma 4.8(ii), we have

1
s (I = (e (ha = VPP = i’ = (e + (taa = D))

1 —
= 20 (Htlwrlﬂclwrl — (thsr — 1):ck | ||th’“ — (ty — 1)x’f L 90*H2>

< (i1~ ten) [(F+9)@5) = (F+ 9)@)] = 4 [(f + 9) @) = (f + 9) (@)
= |(F+9)E") = (F+ @) =t [(F+9) @) = (F+ 9] -
It follows that
lxa® = (b = Da* ™ = P = 2™ = (tosr = Da¥ =
> 20k (841 [(F + @) = (F + 9) ()] = 8 [(f + )@ = (F +9)(@2)])
> 241t [(f + 9@ = (F + 9)(@)] = 200 [( +9) @) = ( +9) ()]

17



where the last inequality follows from the facts that ay > a1 = Linesearch 1(3*, ay,6,d) and
(f + 9)(@*Y) — (f + g)(x4) > 0. Reordering the above inequality and applying it inductively yield

2011841 [(f + Q@) = ( + 9)(a2)]

< et = (trer = Dok — 2 + 2000ty [(F + )@ ) = (£ + ) (@)
< Nt = (1 = Db = 2|2+ 2008 [(f + 9)(@F) = ( + 9) (a2
<...

< ltoa® = (to — D™ — a2 + 2a0td [(f + 9)(°) = (f + 9) (@)
= 12 = @ + 200 [(f + 9)(=°) = (f + ) ()]

which readily imply

205t [(f + 9)(@®) — (f + 9) ()] < [|2° — 2> + 20 [(f + 9)(2°) — (f + g)(z.)] .

Using this inequality together with Lemma 4.8(i) gives us that

(7))~ mip(F +0)@) 5oy (1o =l 20 | +.0)) = mig(f + 0)(o)] )

2akti
2 .
2 (1 =l 420 [ (74 906 - migtr + 0] )
<
- (k+1)2
for all z, € S, and thus verifies (39). The proof of the theorem is complete. O

This theorem shows that the expected error of the iterates generated by Method 2 after k
iterations is O((k + 1)~2) when the stepsizes are bounded below by a positive constant. Similarly
to Proposition 4.5, we prove in the next result that such a requirement is satisfied under global
Lipschitz assumption on the gradient of f. Unfortunately, obtaining the similar conclusion under
the local Lipschitz one like Proposition 4.5(ii) is out of our reach in the current work.

Proposition 4.11. Let (ay)ken be the sequence generated by Linesearch 1 on Method 2. If
the gradient of f is globally Lipschitz continuous on dom g then there exists some a > 0 such that
ap > « for all k € N,

Proof. Suppose that V f is globally Lipschitz continuous on dom g with constant L > 0. Since ay is
nonnegative and decreasing, limy_,, ap = v exists. If a < %, we may find K € N such that ap < %9

for all K > K. Define further ¢y, := % > 0, and §* := J(7*, &) = proxdkg(g]k—észf(g]k)) € domg.
If ap, < ap_q for k > K, it follows from the definition of Linesearch 1 that

||V () = Vi) > o |5 - 5. (44)

Due to the fact Vf is Lipschitz continuous on domg with constant L, we get from (44) that
apL||gF — 9*| > 6]|§* — §*|. Thus ey > %2, which is a contradiction. Hence oy > ay_1, i.e.,
o = ap_q for all £k > K. This tells us that ag = o > 0 whenever a < ‘SL—G. Thus we always have
« > 0 and complete the proof of the proposition. O

Let us complete the section with a direct consequence of the above proposition and Theorem 4.10.
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Corollary 4.12. Let (z*)ren be the sequence generated by Method 2. Suppose that S, # 0 and
the gradient of f is Lipschitz continuous on domg. Then we have

(f +9)(z*) — min(f +g)(x) = O((k + 7).

5 The proximal forward-backward method with Linesearch 2

Method 1 requires to evaluate the resolvent of dg inside Linesearch 1 at each step of the iteration.
When the proximal step is not easy to compute, Method 1 may be inefficient. To overcome this
drawback, we propose here a modification of the proximal forward-backward method by using
Linesearch 2, which involves only one computation of the resolvent of 0g for all steps of this
linesearch. We also prove that the sequence generated by this method is weakly convergent to a
solution of problem (1).

Method 3.
Initialization Step. Take 2° € dom g and 6 € (0,1).
Iterative Step. Set

Jp = proxg(xk — Vf(zh), (45)
2F = 2b = B (2t — ) (46)

where B, := Linesearch 2(z*,0).
Stop Criteria. If zFt! = zF, then stop.

Thanks to Lemma 3.2 and the convexity of g, we note that 2¥ € dom g inductively. Moreover, it
follows from Linesearch 2 that

(f +9)@"*1) < (F + 9)(@) = B [9(a¥) = ()] = BV S ("), 2" = Jp) + %ka = Jell? (47)

Next we obtain some similar results for Method 3 to the ones in Section 3 for Method 1. The
following proposition is corresponding to Proposition 4.1.

Proposition 5.1. Let x € domg. Then we have
ot a2 < 2k —al?42 |(f + 9) (&) = (f + 9) @] 4284 |(f + 9)(@) = ([ + 9)a")] . VEEN.

Proof. Fix any x € dom g and set Ay := ||2F T — 2|2+ ||2F — 2|2 — ||2F ! — 2|2 = 2(aF — 2P+ 2F —2).
Moreover, we get from (46) that

;ﬁi = (:z:k — Jp, ¥ — x) = <Vf(mk),a:k —z) + <xk —Jp — Vf(xk),xk —x)
B,k — ) + (@b — Jp = Vf(N), Sy — 2) + (@8 — T = Vf(R), 2 - )
= (Vf(a"), 2" —2) + (2" = T = V[ (2"), Jp —2) = (Vf("),2" — ) + ||2* — JTi|*.

I
<

=
8
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Observe from (45) that 2% — Vf(2*) — Ji € 0g(Jy). By applying (4) and (47) to the above
expression, we have

QAB]; > fa*) = f@) + 9(Ji) = g(x) = (Vf ("), 2" = Jp) + |2* — JTi||?

> £(@4) g0 = (F+ 9)a) + 5 [(F+ @) = (F +9)()] + 9(a) — 9() + 51t = Il

= [+ 9@ — (4 0] + 5l — 2

= |7+~ (F+9)@)] + 5

It follows that
okt — w2 <ot - all? + ot — b2 = Bylla® — T2+ 2 [(f + 9)(@F) - (f + ) ("]
+ 26, [(f +9)@) — (f + 9)(")]
Since z*t! — 2k = By (J), — 2%) by (46) and B7 < B4, we conclude that
ok = all? <lla* — 2| + (82 = Bulle* — Jyll? + 2 [(f + 9)(*) = (f + 9) (")
+ 28, [(f + 9)(@) — (/ + 9)(a")]
<llak — 2l + 2 [(f + 9) (") = (f + 9)@*)] + 28, [(f + 9)(@) = ( + 9)(")]

as desired. The proof is complete. O

It is worth noting that using Proposition 5.1 with z = z* € dom ¢ gives us that
1
(f+9)@") = (f + ) (") > §vak“ —a2"|? >0, (48)
which shows that Method 3 is also a descent method. Next we establish the main result of this
section whose statement is similar to Theorem 4.2.

Theorem 5.2. Let (2¥)pen be the sequence generated by Method 3. The following statements
hold:

(i) If S, # O then the sequence (z*)pen is quasi-Fejér convergent to S, and weakly converges to a
point in Sk.

(ii) If S. = 0 then we have

(f + 9)(*) = inf (f + g)(2). (49)

lim ||2"|| = 400 and lim inf
k—o0 k—o00 zE€EH

Proof. To justify (i), suppose that S, # (. By employing Proposition 5.1 at © = z, € S, C dom g,
we have

25— a2 < 2 — P+ 2 [(f +9)@") = (f+9)@Y)] forall keN. (50)

It follows from (48) that €, := 2 [(f + g)(z*) — (f + g)(z"™')] > 0. Moreover, observe that

D=2 |(f +9)a") = (f + )@ )] <2|(f + 9)a°) — lim (£ +g)(a"")
k=0 k=0

<2[(f +9)(@%) = (f + 9)(&)] < +o0.
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This together with (50) tells us that the sequence (2F)pey is quasi-Fejér convergent to S, via
Definition 2.1. By Fact 2.6(i), this sequence is bounded and hence it has weak accumulation points.
Let Z be a weak accumulation point of (2*)rey. Hence there exists a subsequence (2™ )gen of
(l’k) reny converging weakly to . Now we distinguish our analysis into two cases.

Case 1. The sequence (8p,),cy does not converge to 0, i.e., there exist some 8 > 0 and a
subsequence of (8, ),cy (Without relabeling) such that

By =2 B, VkeN. (51)

By using Proposition 5.1 with x = z, € S, we get

Ll = w2 = ah* = )+ (F + 9)(a*) - (F + 9) ().

B [(F +9) ") = (F + 9)(a-)| <3

Summing from k£ = 0 to m in the above inequality implies

(2 = 2o* = 2™ = 2?) + (f + 9)(a°) = (f + )™

l\.')\}—t

> 8 |(F+9)@h) = (F+9)@)]| <
k=0

}_l

*Hx =zl + (f + 9)(2%) — (f + g)(a)-

By taking m — oo and using the fact that (f + g)(x¥) > (f + g)(«), we obtain that

3 s [ +0)(a™) = (f + )] < 3B (7 +9)@") = (F +9)(@)] < o0,
k=0 -0
which together with (51) establishes that
lim [(f +g)(z™*) = (f + g)(x.)] = 0. (52)

k—o00

Since f 4+ g is lower semicontinuous on dom g, it is also weakly l.s.c. due to the convexity of f + g.
It follows from (52) that

(f +9)(z:) < (f + 9)(2) < liminf(f + g)(2™) = lim (f +g)(z™) = (f + g)(z.),

which yields (f + ¢)(Z) = (f + g)(x«) and thus = € S.,.

Case 2. lim £ = 0. Define Bk = @ > 0 and
k—o0 0

yk = xk — Bk(xk — Jk) = (1 — Bk)ﬂ?k + Bka. (53)
It follows from the definition of Linesearch 2 that

ﬁk

(f +9)@") > (f +9) (@) = Brlg(a") = g(Ji)] = Be(V f(2*), 2" — Ji) + o et = Tl
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This together with (4) and (53) gives us that

~

0> — AV, 2 — i)+ (F +9)a) — (F +9)(3) — Belo@h) — g)] + 2 o —
= — BV F (), 05 i)+ S(a5) — FG) + 9e) — 0(5) — Belo(@h) — gl + Lt — )
> — BV ), * — ) + (V) — 5+ ek )
+g(a®) — (1= Br)g(a®) = Brg(Jr) — Brlg(z*) — g(Jk)]
= BV 1)~ V), o — )+ Dt P
We obtain from the latter that
Pk — il < Bl £GH) — ) - e — il
which yields )
Sl — il < [V FG) — V7)) (54)

Since prox,(-) is Lipschitz continuous with constant 1, we get from (45) that
1Tk = Joll < [l2* = 2°l + [V f(*) = V f(@)]I.

Due to Assumption A2 and the boundedness of (2*)ren, the latter tells us that (Ji)ren is also
bounded. This together with (53) and the fact 8; — 0 implies that ||§* — 2*|| — 0 as k — oo.
Since V f is uniformly continuous on bounded sets, we get |V f(¢*) — Vf(z*)|| = 0 as k — oo and
derive from (54) that
lim [|l2* — Ji|| =0, (55)
k—o0

Since V f is uniformly continuous on bounded sets, (55) implies

Jim |V (2*) = V(i) = 0. (56)

Using (5) with z = 2% — Vf(2¥) and Fact 2.4 gives us that

2 — Ty + V() = V(@) € V() +0g(Jk) = O(f + 9)(r)-
By passing to the limit over the subsequence (ny)xen in the above inclusion, we get from Fact 2.2,
(55), and (56) that 0 € O(f + ¢g)(Z), which implies Z € S,.

In all possible cases above, any the weak accumulation point of (z*);en belongs to S,. Fact 2.6(ii)
tells us that (z%)pen converges weakly to an optimal solution in S, and thus completely verifies (i).
Moreover, the proof of part (ii) is quite similar to the arguments used to prove Theorem 4.2(ii).
We omit the detail and complete the proof. ]

From the view of (49) and also our Theorem 4.2, it is natural to question that whether

( +9)(@") = min(f + g)(x) (57)

lim
k—o0
in the case Sy # (). We do not know the answer in general, but when the sequence (S8g)ken is

bounded below by a positive constant, the equality (57) is true with some further complexity
discussed in the next section.
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5.1 Complexity analysis of Method 3

In this section we are able to establish the complexity of Method 3 with a similar rate to Theo-
rem 4.3 as follows.

Theorem 5.3. Let (2¥)pen and (Br)ren be the sequences generated in Method 3. Suppose that
Sy # 0 and there is some 3 > 0 satisfying B > B > 0 for all k € N. Then we have

| At S 2 (7 4 9)6) - mig(7 + )0
(/+9)(@") ~min(f +9)(z) < 72 p

for all ke N.

Proof. Thanks to (48), we get

0<E|(f+g)a’) = (f+ g)(fcm)} = ([ +9)") =+ D(f +9) @) + (f + 9) (")

for all £ € N. Summing the above inequality over £ =0,1,...,k — 1, we have

N
—_

—k(f+9) @)+ (f+9)@@Th) >o0. (58)

~
Il
o

By using Proposition 5.1, at £ € N and x, € Sy, we get

02(f +9)() = ( + )@ 2 5o (o1 =l = o =l +2 [(f + @) = (7 + 9)(=")] )
1

>55 (12 =@l = 2’ — .l + 2 [(F + ) @) = (F +9)=")] ) (59)

for all £ € N. Summing the above inequality (59), over £ =0,1,...,k — 1, we have

S
—_

K(F +9)(an) = o0 +9)@ ™) 2 5 (e =l = o =+ 20(F + 9)a*) - (f +9)(a)
=0
> 55 (I = 2l = o =l + 2 [(F + 9)a) — (F +9)(a)]). (60)
Adding (58) and (60), we obtain
x*f:vOQf xkfx*g 29) — Ty
(f+g)(xk)_(f+g)(x*)§21ﬂ|| = let 2P +2 [ +9e8) - (4]

establishing the result. O

Similarly to Lemma 4.5, we present next some sufficient conditions for the below boundedness
by a positive constant of the stepsize generated by Linesearch 2.

Proposition 5.4. Let (Bk)ken be the sequence generated by Linesearch 2 on Method 3. The
following statements hold:

(1) If the gradient of f is globally Lipschitz continuous on dom g with constant L > 0, then [ >
min {1, %} for all k € N.

23



(i) Suppose that dimH < +oo and Sy # 0. If Vf is locally Lipschitz continuous at any x € S,
then there exists x,. € Sy such that

0
o > mi 0
hkn_l)gfﬁk > min {1, 25}, (61)

where L > 0 is a Lipschitz constant of V[ around x.. Consequently, there exists § > 0 such that
B > B for all k € N.

Proof. First let us verify (i) by supposing that the gradient of f is globally Lipschitz continuous
on dom g with constant L > 0. Define Bk = % > 0 and

9F = Bedi + (1 = B)ak = 2% — Bu(a® — Jy). (62)

If B < 1, we get from Linesearch 2 that

A~

Br
7”xk - JkHQ’

(f +9)@") > (f +9) (@) = Bilg(a") = g(Ji)] = Be(V f(2*), 2" = Ji) + 5

which together with (62) and that z¥ — J, # 0 implies that ¢* # 2¥. Furthermore, it is similar
to (54) in the proof of Theorem 5.2 that 3||lz% — Ji|| < [[V£(9¥) — Vf(2*)||. Due to the Lipschitz
continuity with constant L of V f, we get from the latter and (62) that

1 ) .
§||fv'“ — Jill < Ll|z" — %]l = LBx|l=* — Jil.

Since z* — J;, # 0, the inequality above yields Bk > ﬁ and thus By > % when B < 1. It follows
that S > min{1, %} as desired.

To verify the second part, suppose that dimH < 400, S # (0, and that Vf is locally Lipschitz
continuous at any x € S,. Define also Bk = ?k > 0and g* = Bka—i—(l—Bk)xk. If iminfy o0 B < 1

then there exists K € N such that g < 1 for all K > K. Similarly to the above argument of the
first part, we have ¥ — Jj, # 0 and

Sl = Il < IV FG) — V7). (63)

Thanks to Theorem 5.2, the sequence (z*)zen converges (strongly) to some z, € S,. Note further
from Lemma 2.5 that

l2* = Jil| = la* = T D < [la* = (2", Bp)ll = ||l2* — 2" Y| forall & > K,

which tells us that (J;)zen converges to .. Thus we get from (62) that §* is also converging to ..
Since V f is locally Lipschitz continuous around x, with some constant £ > 0, there exist K; € N
such that K7 > K and ||V f(§%) — Vf(2F)| < L||§*¥ — 2¥|| for all K > K;. This together with (63)
and (62) gives us that

1 ) .
ink — Tl < L||g" — 2F| = LBl — Ji|| for all k> K.

Since [|z* — Jy|| # 0, we have % < LBy, ie., Bp > % for all k£ > K. It follows that liminf;_, . 8 >

% when liminfy_, ., Bx < 1. This verifies (61) and completes the proof of the proposition. O
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Let us complete the section by presenting a corresponding corollary to Corollary 4.6, which is
easily derived from Theorem 5.3 and Proposition 5.4.

Corollary 5.5. Let (2*)ren be the sequence generated by Method 3. Suppose that S, # (. If
either

(i) the gradient of f is globally Lipschitz continuous on dom g;

or

(ii) dimH < 400 and the gradient of f is locally Lipschitz continuous on S,

then we have

(f +9)(@") —min(f +9)(@) = O(k™") for all keN.

6 Conclusion

In Hilbert spaces, it is well-known that convexity on both functions and global Lipschitz conti-
nuity on the gradient of f are sufficient for providing convergence of the sequence generated by
the proximal forward-backward splitting methods for solving problem (1). However, the Lipschitz
assumption is usually a restriction in many particular circumstances. In this work we dealt with
weak convergence of the proximal forward-backward splitting method for convex optimization prob-
lems by taking the advantage of the linesearches. This not only eliminates the serious drawback
of estimating the Lipschitz constant to choose the stepsize in (2) but also establishes many com-
plexity results without imposing the Lipschitz assumption. Our schemes through the linesearches
provide rigorous and implementable ways of updating the iterates, which can be easily adapted for
applications.

We hope that this study will serve as a basis for future research on other efficient variants of the
the forward-backward splitting methods. In particular we find possibility to develop our methods
to the descent coordinate gradient method [19,23,25] for solving structured convex optimization
problems. Moreover, we discuss in separate papers the cases when f or g are nonconvex following
the ideas exposed in [6] and even removing the differentiability of f and adding dynamic choices
of the stepsizes with conditional and deflected techniques combining the ideas in [4,16,18]. We are
also looking to the incremental (sub)gradient method like [21] for problem (1), when f is the sum
of a large number of functions.
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