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Composite Monotone Inclusions in Vector Subspaces:
Theory, Splitting, and Applications

Fernando Roldan Contreras

Abstract

In this thesis we aim at solving primal-dual coupled inclusions in real Hilbert spaces
involving the sum of different types of monotone operators. Our objective is to propose
globally convergent splitting algorithms for solving the coupled inclusions, which take
advantage of the intrinsic properties of each operator in the inclusion. We split this thesis
in two main parts.

In the first part, we propose a splitting method for solving primal-dual inclusions involv-
ing general maximally monotone operators and linear compositions. First, we provide a
generalization of the Douglas-Rachford splitting and the primal-dual algorithm, including
critical step-sizes. We also derive a new Split-ADMM by applying our method to the dual
of a convex optimization problem. Next, we derive an extension on Krasnosel’skii-Mann
(KM) iterations defined in the range of linear operators. We prove that the relaxed primal-
dual algorithm with critical step-sizes defines KM iterations in the range of a particular
linear operator and we derive its convergence. At the end of the first part, we provide the
resolvent computation of the parallel composition of a maximally monotone operator by
a linear operator under mild assumptions. This operation naturally appears when deal-
ing with linearly composed maximally monotone operators. Additionally, in the context
of convex optimization, we obtain the proximity operator of the infimal postcomposition
under mild qualification conditions.

In the second part, we propose splitting methods for solving inclusions involving the sum
of cocoercive, monotone-Lipschitzian, monotone continuous operators, and the normal
cone to a closed vector subspace of a real Hilbert space. First, we suppose that the
monotone continuous operator is zero and we provide a method generalizing the method
of partial inverses and the forward-backward-half forward splitting, among others. Finally,
we provide a splitting method for solving the case when the monotone continuous operator
is not zero but the vector subspace is the whole Hilbert space. We obtain a generalization of
the forward-back-half forward and Tseng’s splitting algorithms involving line search. Also,
we derive a method for solving non-linearly constrained composite convex optimization
problem.

Additionally, in each section we provide numerical simulations to compare our meth-
ods with best competitors in literature. We provide simulations in total variation image
restoration, sparse minimization, and constrained total variation least-square problems.



Chapter 1

Introduction

1.1 Problem and State-of-the-Art

In this thesis we aim at solving coupled inclusions in real Hilbert spaces involving differ-
ent operators including maximally monotone, linear compositions, cocoercive, monotone-
Lipschitzian, monotone-continuous, and normal cones to closed vector subspaces. Our
objective is to propose efficient algorithms taking advantage of the intrinsic properties of
each operator in the inclusion. More precisely, in this thesis we aim at solving instances
of the following general problem. The reader is referred to Section 1.3 for notation.

Problem 1.1.1. Let H and G be real Hilbert spaces, let A: H — 2" and B: G — 29
be mazimally monotone operators, let Bo: H — H be a monotone-Lipschitzian operator,
let B3: H — H be a monotone-continuous operator, let L : H — G be a linear bounded
operator, and let V be a closed vector subspace of H. The problem is to

0 € Ax + L*u + Byx + Bsx + Nyx

1.1.1
0€ B 'u — Lu, ( )

find (z,u) € H x G such that {

under the assumption that the solution set of (1.1.1) is nonempty.

We will explore applications of Problem 1.1.1 in next section. We split this thesis in
two main parts, in which we solve particular instances of Problem 1.1.1.

1.1.1 Case I: Primal-Dual Algorithms with Critical Step-Sizes
when B = B3;=0and V =H

In the first part of this thesis, we solve the following problem.
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Problem 1.1.2. In the context of Problem 1.1.1 assume that By = B3 =0 and V = H.
Then, Problem 1.1.1 reduces to

0¢€ Az + L*u

1.1.2
0€ B 'u— Lz. ( )

find (x,u) € HxG  such that {

We denote by Z # & its set of solutions.

This inclusion arises naturally in several problems in partial differential equations com-
ing from mechanical models [39, 41, 43], differential inclusions [2, 58|, game theory [16],
among other disciplines. It follows from [15, Proposition 2.8] that any solution (&, ) to
Problem 1.1.2 satisfies that z is a solution to the primal inclusion

find z €H suchthat 0€ Ax+ L*BLx (1.1.3)
and 4 is solution to the dual inclusion
find w€ G suchthat 0€ B~ 'u— LA™Y (—L*u). (1.1.4)

Conversely, if & is a solution to (1.1.3) then there exists @ solution to (1.1.4) such that
(z,u) € Z and the dual argument also holds. In the particular case when A = Of
and B = dg*, for proper convex lower semicontinuous functions f: H — |—o0, +00| and
g: G — ]—00, +00], any solution Z to (1.1.3) is a solution to the primal convex optimization
problem

min (f(z) + g(Lz)), (1.1.5)

zeEH

any solution @ to (1.1.4) is a solution to the dual problem
min (g (u) + f*(=L7w)), (1.1.6)

and the converse holds under standard qualification conditions (see, e.g., [15]). Problems
(1.1.5) and (1.1.6) model several image processing problems as image restoration and
denoising [20, 23, 30, 47, 50, 57|, traffic theory [12, 38, 40], among others.

In the case when B = 0, Problem 1.1.2 reduces to find x € zerA := {x cH ‘ 0 e Ax}
and the Proximal Point algorithm (PPA) [49, 55] generates a sequence (z,,),en converging
weakly to a point in zerA [55, Theorem 1]. Considering the operator J4 = (Id + A)™,
PPA is detailed below.

Algorithm 1.1.3 (Proximal Point Algorithm (PPA)). Let xy € H and T > 0. Consider
the recurrence:

(Vne€N) | zps1 = Jrazn. (1.1.7)
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In the case when B # 0, for solving (1.1.3), PPA can be applied to A + L*BL if it is
maximally monotone. The difficulty here arises from the computation of the resolvent
Jr(a+r+Bry which can be numerically expensive. For this reason, several methods solve
monotone inclusions by splitting the influence of each operator involved in Problem 1.1.2.
Some of this methods, which are known as splitting algorithms, are described below.

When L = Id, Problem 1.1.2 reduces to find x € zer(A+ B). In this case, this problem
can be solved by using the Douglas-Rachford splitting algorithm (DRS) [36, 46]. This
method was introduced first in [33] to solve some discretized partial differential equations
and it is detailed below.

Algorithm 1.1.4 (Douglas-Rachford Splitting (DRS)). Let xy € H and let 7 > 0. Con-
sider the recurrence:

(Vn € N) \_ 2n = JoaA(2JrB2n — Zn) + 20 — JrBZn. (1.1.8)

It is proved that (z,),en converges weakly to a point z € H such that J, 42 € zer(A + B)
[46]. In [36] was shown that the DRS correspond to the PPA applied to a particular
maximally monotone operator. Later, in [60], the weak convergence of the shadow sequence
(JrA%n)nen to an element in zer(A + B) is proved (see also [4] and [3, Section 26.3]).

In the case when L*L = old, since Jp-p, = Id — L1L* o (Id — Jup) o L [3, Proposi-
tion 23.25], DRS applied to A and L*BL is a splitting algorithm. However, for a general
operator L, Jp-pr is not explicit in general. The Monotone+Skew Algorithm (MSA) [15]
is a splitting algorithm proposed for solving Problem 1.1.2.

Algorithm 1.1.5 (Monotone+Skew Algorithm (MSA)). Let xy € H, let vy € G, and let
7 €10,1/||L||[. Consider the recurrence:

Yin = Ty — 7LV,
Yan = Up + 7LV,
Pin = JrAYin
Pon = JrB-1Y2n
(Vn € N) Grn = Do — 7L o (1.1.9)
q2.n = P2.n + TLpl,n
Tpt1 =T — Y10 + q1n
Un+1 = Un — Y2n T G2.n-

The sequences (2,)neny and (Y, )nen converge weakly to a point in Z [15, Theorem 3.1].
A disadvantage of MSA is that the linear operators L and L* are computed twice by
iteration, which is numericallly costly in large scale problems.

In the optimization context on finite dimensional spaces (i.e. A = df, B = Jg, see
(1.1.5) and (1.1.6)), the Primal-Dual splitting (PDS) was proposed in [21]. Later on, in
[28] and [62], for optimization and monotone inclusion problems, respectively, the PDS

3
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was generalized to infinite dimensions spaces and including cocoercive operators in the
inclusion (or a functions with Lipschitzian gradient in the optimization context). The
primal-dual splitting in the context of Problem 1.1.2 is detailed below.

Algorithm 1.1.6 (Primal-Dual Splitting (PDS)). Let xy € H, let ug € G, let (o,7) €
10, 4+00[* be such that o7||L||> < 1, and let (Ay)nen @0 ]0,2[. Consider the recurrence:

Pn+1 = JTA(xn - TL*un)
(Vn € N) Gnt1 = Jop-1 (Un + 0 L(2ppi1 — T4)) (1.1.10)
(anrla unJrl) = (1 - An)(wna un) + )\n(anrla QnJrl)'

The sequence ((azn,un))neN converges weakly to a point in Z [62, Theorem 3.1]. The
relaxation sequence (A, )nen can be used to accelerate the numerical convergence of PDS.
In [21], the DRS was deduced from PDS in the case when L = Id and o7 = 1. However, the
convergence of DRS is not guaranteed in [21] because the convergence of PDS holds when
o1 < 1. In [28] this result was also proved in the case when o7|L|| < 1 for optimization
problems in finite dimensions. A variable metric version of the PDS (VMPDS) proposed
in [27] solves Problem 1.1.2 (see [52] for a similar method in the optimization context).
The method reads as follows.

Algorithm 1.1.7 (Variable Metric Primal-Dual Algorithm (VMPDS)). Let o € H, let
ug € G, let¥X: G — G and T: H — H be self-adjoint linear strongly monotone operators
such that ||[VELVT|? < 1, and let (\y)nex in ]0,2[. Consider the recurrence:

Pn+1 = JTA(In - TL*un)
(Vn € N) gn+1 = JzBfl (un -+ EL(Qpn_H — l’n)) (1111)
(xn—i—la un—i—l) = (1 - An)(mna un) + )\n(pn-i-la Qn+1)~

The sequences (z,)neny and (u,)neny converge weakly to a point in Z, respectively [27,
Corollary 6.2]. This algorithm include self-adjoint linear strongly monotone operators %
and 17", which can accelerate the convergence in numerical implementations. Note that, in
the case when ¥ = old and 7" = 7Id, the VMPDS reduces to the PDS. In this context,
given the connection between PDS and DRS reveled in [21] in the critical step-size case
o7||L||*> = 1, which is studied in [28, Theorem 3.3] for optimization problems in finite
dimensions, a detailed study of the limit case |[vELVT|| = 1 for VMPDS in arbitrary
real Hilbert spaces is missing.

In the optimization context, the DRS was applied to the optimization dual problem
(1.1.6) to derive the Alternating Direction Method of Multipliers (ADMM) (considering
the operators A = dg* and B = 9(f* o (—L*))) [39]. ADMM can also be interpreted as
alternating minimization-maximization of the Augmented Lagrangian:

L:HXxGxG—]— 00,400
(2,4, 2) = F(z)+ g(u) + {2 | Le —u) + %HLI —ull?, (1.1.12)
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where 7 € [0, +00[. The ADMM algorithm iterates as follows.

Algorithm 1.1.8 (Alternating Direction Method of Multipliers (ADMM)). Let (ug, zo) €
G? and T > 0. Consider the recurrence:

Tpy1 € argming o,y f(x) + %HLx — (Up — 22/7)|)?
(Vn € N) Upy1 = argmingeg g(u) + || Loy — (u — 2,/7)|? (1.1.13)

Zntl = Zp + 7—<an+1 - un+1>-

Since the term Lx appears in the first minimization problem in (1.1.13), additional assump-
tions are needed to guarantee the existence of (z,),en. For example, in finite dimensional
spaces, is it required L*L to be invertible and that (ridom ¢g) Nri L(dom f) # & (see [25]).
This issue is because, as we claim before, the ADMM algorithm can be deduced from the
DRS applying to the operator B = O(f* o (—L"*)), in which f* has not been split from
L*. Similar methods which relax the hypothesis on L, and additionally include variable
metric, are proposed in [1, 11, 22, 37]. Others versions of ADMM can also solve problems
as in (1.1.14), which consider two linear operators A: H — K and B: G — K (see, e.g.,
[10]).

min _ f(x) + g(y). (1.1.14)

x€H,yeg
Axz+By=0

In this context, a detailed study of weak conditions ensuring that ADMM algorithm is
well defined is not available in the literature, as far as we know.

1.1.2 Case II: Splitting Algorithms when L = Id and B Cocoer-
cive

The second part is dedicated to the numerical resolution of Problem 1.1.1 when L = Id
and B is -cocoercive! for some 3 € |0, +-o00[. In particular, we aim at solving the following
inclusion.

Problem 1.1.9. In the context of Problem 1.1.1, assume that L = 1d and B is [3-cocoercive
for some 8 €0, +oc[. Then, Problem 1.1.1 reduces to

find x € H such that 0 € Ax + Bx + Byx + Bsx + Nyx. (1.1.15)

Is worth to notice that if x € H is a solution to Problem 1.1.9, then, there exists u € H,
such that (z,u) is a solution to Problem 1.1.1 in this setting.

This inclusion encompasses several problems in partial differential equations coming
from mechanical models [39, 42, 43], differential inclusions [2, 58], game theory [16], among
other disciplines.

Let B €]0,+cc[. B: H — H is S-cocoercive if for every (x,y) € H?, (x —y | Bx — By) > B||Bx —
By|*.
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In the case when By = B3 = 0 and V' = H Problem 1.1.9 reduces to find = € zer(A+B),
which is solved by the Forward-Backward Splitting (FBS) detailed below.

Algorithm 1.1.10 (Forward-Backward Splitting (FBS)). Let o € H and let (7,,)nen be
a sequence in [e,20 — e] with e € |0, B[. Consider the recurrence:

(VneN) | @py1 = Jra(2y — 7.Bxy). (1.1.16)

The sequence (z,)nen generated by FBS converges weakly to some x € zer(A + B). This
method was proposed in [43] in a optimization context, where B = Vf and A is the
normal cone to a convex set. This algorithm also was studied in [46, 51] in a monotone
inclusions context.

When B; = B3 = 0 and V is properly contained in H, Problem 1.1.9 is reduced to
find z € zer(A+ B+ Ny). In this setting, Problem 1.1.9 is solved by the Forward—Partial
Inverse=Splitting (FPS) proposed in [13], which is described below.

Algorithm 1.1.11 (Forward—Partial Inverse-Splitting (FPS)). Let v € ]0,25], let € €
10,1], let (M\u)nen be a sequence in [e,1], let mg € V, and let yo € VL. Consider the

recurrence:
Sp = Tp — YPy Bx, + vy,
Pn = ASn
Vn € N v 1.1.17
( ) Yn+1 = Yn + (An/7) (Pvon — Pn) ( )
Tp+1 = T + )\n(PVpn - :L'n)

The sequence (z,)neny converges weakly to x € V such that z € zer(A + B + Ny) [13,
Corollary 5.5]. In the case when B = 0 and A, = 1, the FPS method coincides with
the Spingarn’s partial inverse method with constant step-sizes [59]. Additionally, when
V' = H the FPS method reduces to the FBS algorithm (Algorithm 1.1.10).

On the other hand, in the case B = Bs = 0, Problem 1.1.9 reduces to find =z €
zer(A+ By+ Ny). In this context, Problem 1.1.9 is solved by the Forward—Partial-Forward
Splitting (FPFS) method proposed in [14], which is described below.

Algorithm 1.1.12 (Forward—Partial-Forward Splitting (FPFS)). Let v € ]0,1/L], let
e €]0,1[, let (A\p)nen be a sequence in [e, 1], and let zy € H. Consider the recurrence:

Tn = 2n — VPVBQPVZn
Pn = J’yArn
(Vn € N) Sn = 2Pypy — pu + 10 — Py (1.1.18)
tn = Sp — ")/PvBQPVsn
Zna1 = Zn + Aa(tn — 7).

By setting, for every n € N, z,, = Py z,, we have that z,, = = € zer(A + By + Ny) [14,
Corollary 3.1]. Note that, when V' = H, A, = 1 the FPFS method reduces to the Tseng’s

6
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method [61]. On the other hand, when By = 0 and A, = 1, the method coincides with the
Spingarn’s partial inverse method with constant step size [59].

In the case when V' = H, Problem 1.1.9 reduces to find x € zer(A+ B+ By + Bs). The
forward-backward-half forward splitting (FBHF'), proposed in [17], solves this problem and
is detailed below.

Algorithm 1.1.13 (Forward-Backward-Half Forward (FBHF)). Let zp € dom A U X.
Consider the recurrence:

Ty = Joy, a(2n — V(B + B2 + B3)zy,)

1.1.19
2 = P (0 +7a((Ba + Bs)zn — (By + Bs)tn), (1.1.19)

(Vn € N) L

where X C H is nonempty, closed, and convexr and (Vn)nen S a sequence in |0, +oo[
satisfying one of the following conditions.

1. Suppose that Bz = 0 and, for every n € N, v, € [n,x — 1|, where n € 10, x/2[ and
X =48/(1+ /1 +1652L?).

2. Suppose that By = 0, that X C dom A, let e €]0,1], let § € 10,1, let 6 € ]0,v/1— <[,
and, for every n € N, let v, be the largest v € {2Be0,2Be0?, ...} satisfying

Y| Bszn — BsJya(zn — Y(B1+ Bs)zn)|| < 0|20 — Jya(2z — v(B1+ Bs)z,)||- (1.1.20)
Additionally, suppose that at least one of the following conditions holds:
(1) liminf~, =6 > 0.
n—oo
(i1) Bs is uniformly continuous in any weakly compact subset of dom A.

The sequence (z,)nen generated by the FBHF algorithm converges weakly to z € X N
zer(A + B + By + Bs) [17, Theorem 2.3]. Is worth to notice that when By = 0, By = 0,
and L — 0 the FBHF reduces to FBS (Algorithm 1.1.10). On the other hand, in the
case when By = 0, B; = 0, and  — oo the Tseng’s splitting algorithm [61] is recovered
from FBHF. Additionally, when B =0, B, =0, L — 0, and ¢ — 0, the Tseng’s splitting
algorithm with backtracking [61] is also recovered.

Methods proposed in [6, 27, 31, 32, 45, 53, 62] take advantage of the cocoercivity of
B, but they do not exploit the Lipschitzian property of Bs, the continuity of Bz, and
the normal cone Ny, hence these methods need to compute the resolvents of By, Bz, and
Ny . The schemes proposed in [5, 26, 34, 44] take advantage of the monotone-Lipschitzian
property of By, but the cocoercivity of B, the continuity of Bz, and the normal cone
Ny are not leveraged. If we apply the above mentioned algorithms in [5, 26, 34, 44] to
Problem 1.1.9, we may consider B3 and Ny as maximally monotone operators and B + By

7
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as a monotone and Lipschitzian operator and activates it twice by iteration. On the
other hand, Algorithms in [19, 29, 48, 54, 56] can also consider B; + B, as monotone and
Lipschitzian activating it only once by iteration, but they need to store in the memory
the two past iterations and the step-size is reduced significantly. Furthermore, methods
in [19, 29, 48] consider only one maximally monotone operator, hence, the resolvent of
A + B3 + Ny must be calculated; additionally, methods in [54, 56] need to calculate the
resolvent of Bs and Ny. The method in [18] exploits the properties of B and B, but not
considers the properties of B3 and Ny which should be treated as a maximally monotone
operators. Other methods can solve Problem 1.1.9 by calculating the resolvents of B, Bs,
Bs, and Ny [7, 8,9, 15, 24, 35]. These calculation, in general, are not explicit or they can
be numerically expensive.

In this thesis we split Problem 1.1.9 in two sub-problems, tackling separately the cases
B3 = 0 and Ny = H, respectively. In Chapters 5 and 6. In each of these chapters, we
propose a fully split method, which takes advantage of each of the intrinsic properties of
the operators, overcoming the drawbacks of the methods mentioned above.

1.2 Organization and Contributions

In this section we describe the main contributions of each part.

1.2.1 Casel

In the first part of this work we aim at solving numerically Problem 1.1.2. This part
consists in three chapters and each chapter contains an introduction and a main article
self contained. The main contributions of each chapter are:

Chapter 2

e We propose and study the Split-Douglas-Rachford (SDR) algorithm for solving Prob-
lem 1.1.2. This algorithm generalizes DRS (Algorithm 1.1.4) splitting the influence
of the linear operator from the monotone operators and include variable metrics.

e We show that VMPDS (Algorithm 1.1.7) can be deduced from SDR and it conver-
gence is extended to operators X: G — G and 1: ‘H — H such that ||\/§L\/T||2 <1
when )\, = 1.

e In the convex optimization context, we propose the Split-ADMM algorithm (SADMM)
which splits the influence of the linear operator in the first step of ADMM (Algo-
rithm 1.1.8) and includes non-standard metrics.

e We show that the SADMM method is equivalent to the SDR applied to the opti-
mization problem in equation (1.1.6).
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e We provide a numerical comparison of SDR with several methods available in the
literature in a total variation image reconstruction problem.

e We also illustrate the efficiency of SADMM by comparing its numerical performance
in an academical sparse minimization example.

Chapter 3

e We obtain the weak convergence of Krasnosel’skii-Mann iterations governed by firmly
quasinonexpansive and averaged operators in the space (ranV, (- | V)).

e We generalize VMPDS (Algorithm 1.1.7) including critical preconditioners (i.e. lin-
ear operators ¥ and 7" such that |[v/E£Lv7|? < 1) and relaxation parameters. We
obtain the weak convergence of a shadow sequence of the VMPDS method in the
range of a linear suitable operator.

e We provide a detailed analysis of the case L = Id in Problem 1.1.2 and relations
of primal-dual algorithms with the relaxed Douglas-Rachford splitting (DRS). We
give a primal-dual version with preconditioners of DRS derived from VMPDS when
L =1d.

e We provide a numerical experiment on total variation image reconstruction. With
that experiment, we illustrate the advantages of using critical preconditioners and
relaxation steps.

Chapter 4

e We derive a formula for the resolvent of the parallel composition in a real Hilbert
space with non-standard metrics under mild assumptions.

e We also derive a formula for the proximity operator of the infimal postcomposition
in a real Hilbert space with non-standard metrics under mild assumptions.

e By using a generalization of the proximity operator, we derive a generalization of
Moreau’s decomposition for composite maximally monotone operators and subdif-
ferentials of composite convex functions.
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1.2.2 Case Il

In the second part, we aim at solving numerically Problem 1.1.9 in the cases B3 = 0
and Ny = H, presented in chapters 5 and 6, respectively. Each chapter contains an
introduction and an article self contained. The main contributions of this part are:

Chapter 5

e We propose a splitting algorithm which fully exploits the structure and the oper-
ators’s properties in Problem 1.1.9 when By = 0. We generalize the Spingarn’s
splitting with constant step size [59], the FPFS Algorithm 1.1.12 [14], and the FPS
Algorithm 1.1.11 [13].

e By using product space techniques, we apply our algorithm to solve composite
primal-dual inclusion involving Lipschitzian-monotone operators, cocoercive oper-
ators, and a normal cone to a closed vector subspace.

e We derive an algorithm for solving convex composite optimization problems under
vector subspace constraints.

e We implement our method in a TV-regularized least-squares problem with con-
straints. We compare it performance with previous methods in the literature.

Chapter 6

e We derive a fully split method for solving Problem 1.1.9 when V' = H, which takes
advantage of the intrinsic properties of the operators. In particular instances we
recover the FB method (Algorithm 1.1.10), the Tseng’s splitting [61], and the FBHF
method (Algorithm 1.1.13) proposed in [17].

e We derive an algorithm for solving optimization problems involving convex Gateaux
differentiable functions, linear compositions, and Gateaux differentiable nonlinear
convex constraints.

e We compare numerically our method with previous methods in literature. We test
it in a regularized least-squares problem with constraints, illustrating the efficiency
of our method.
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1.3 Notation

Throughout this thesis H and G are real Hilbert spaces with the scalar product (- | -) and
associated norm || - ||. The identity operator on H is denoted by Id. The symbols —
and — denote the weak and strong convergence, respectively. Let D C H be non-empty
and let T': D — H. The set of fixed points of T" is FixT = {x eD ‘ r= Tx}. Let
B €10, +00[. The operator T"is B-cocoercive if

(Vz € D)(Vy € D) (z—y|Tx—Ty) > BTz —Ty|? (1.3.1)
it is [-Lipschitzian if
(Ve € D)(Vy € D) ||Tx— Tyl < Bz — vy, (1.3.2)
it is nonexpansive if it is 1-Lipschitzian, it is firmly nonexpansive if
(Vz € D)(Vy € D) [Tz —Ty|* < |z —ylI* = |[(Id = T)z — (Id = T)y|*, ~ (1.3.3)
it is firmly quasinonexpansive if
(x € D)(y € FixT) [Tz —y|* < |lz — yl* - | Tw — 2|,
and it is f—strongly monotone if
(Vz € D)(Vy € D) (z—y|Tz—Ty) > Bllz —y|*.

Let A : H — 2 be a set-valued operator. The domain, range, graph, and zeros of
Aare domA = {zeH | Av# o}, rtan A = {ueH | (G e H)uc Az}, grad =
{(a:,u) EHXH { u € Am}, and zerA = {x eH ‘ 0 e Aa:}, respectively. The inverse of A
is A7': urs {# € H | u € Az}. The operator A is monotone if, for every (z,u) and (y, v)
in gra A, we have (z —y | u —v) > 0 and A is maximally monotone if it is monotone and
its graph is maximal in the sense of inclusions among the graphs of monotone operators.
The resolvent of a maximally monotone operator A is J4 = (Id + A)~!, which is firmly
nonexpansive and satisfies Fix J4, = zerA. The partial inverse of A with respect to a closed
vector subspace V' of H, denoted by Ay, is defined by

(V(z,y) e H*) yeAve < (Puy+ Pyix) € A(Pyx + Pyy). (1.3.4)

Note that Ay = A and Agy = A, Given a linear bounded operator L : H — G, we
denote its adjoint by L*: G — H, its kernel by ker L, and its range by ran L, and if ran L
is closed, its Moore-Penrose inverse by

L':G—H:y— P, (1.3.5)

11
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where C, = {x € H | L*Lx = L*y}. If L*L is invertible, we have [3, Example 3.29]
LT = (L*L)~'L". (1.3.6)

For every self-adjoint monotone linear operator U: ‘H — H, we define || || = /(- | )y
where (- | -);;: (z,y) = (x | Uy) is bilinear, positive semi-definite, symmetric. For every x
and y in ‘H, we have

lz =yl = Izl = 2(= [ y)y + Iyl (1.3.7)

We denote by I'g(H) the class of proper lower semicontinuous convex functions f: H —
|—00, +00]. Let f € I'y(H). The Fenchel conjugate of f is defined by f*: u — sup,cy((x | ©)—
f(z)), f* € To(H), the subdifferential of f is the maximally monotone operator df: x
{fueH | (VyeH) fl)+{y—=z|u) < fly)}, (Of)~F = 0f, and we have that zer df is
the set of minimizers of f, which is denoted by arg min,c3, f. Given a strongly monotone
self-adjoint linear operator 7: H — H, we denote by

) 1
pProxy : @ argergm (f(y) + §||x —yll3), (1.3.8)
Yy

and by prox; = prox}d. We have proxjf = Jr-195 (3, Proposition 24.24(i)] and it is single
valued since the objective function in (1.3.8) is strongly convex. Moreover, it follows from
[3, Proposition 24.24] that

prox}f =Id-71" prox}f*_1 Y=7r"(1d- prox}f*_l) 7. (1.3.9)

Given a non-empty set C' C ‘H, we denote by Span C' the closed span of C', by cone C' its
conical hull. Let C' be a non-empty closed convex subset of H. We denote by sriC' =
{z € C | cone(C —x)=35pan (C —x)} its strong relative interior, by tc € I'o(H) the
indicator function of C, which takes the value 0 in C' and +oo otherwise, by PY = proxLUC
the projection onto C' with respect to (H, (- | );;), and we denote Po = P}'. For further
properties of monotone operators, nonexpansive mappings, and convex analysis, the reader

is referred to [3].
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Preface to Part 1

In this first part we aim at solving the Problem 1.1.2 proposing a generalization of PDS
(Algorithm 1.1.6) including critical pre-conditioners and non-standard metrics.

In Chapter 2 we present the Split Douglas-Rachford algorithm (SDR) and we prove
its convergence to a solution to Problem 1.1.2. We also show the relation of SDR with
the PDS including critical pre-conditioners and non-standard metrics without relaxation
parameters. Additionally, by applying the SDR algorithm to a particular optimization
dual problem we derive the Split ADMM algorithm. We include numerical experiments.

In Chapter 3 we study the Primal-Dual Algorithm with critical pre-conditioners and
non-standard metrics in the range of a linear operator, including relaxation parameters.
We obtain a solution to Problem 1.1.2 through the convergence of a shadow sequence.
Additionally, we deduce the convergence of the Douglas-Rachford algorithm with non-
standard metrics. We provide some numerical simulations.

In Chapter 4 we obtain a formula for the resolvent of the parallel composition and
the proximity operator of the infimal postcomposition, under mild assumptions. These
operations arise, for example, in Chapter 2 when we derive Split ADMM.
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Chapter 2

Primal-Dual Algorithm with Critical
Step-Sizes

2.1 Introduction and Main Results

In this chapter we aim at solving the following problem.

Problem 2.1.1. Let H and G be real Hilbert spaces, let A: H — 2" and B: G — 29 be
maximally monotone operators, and let L: H — G be a non-zero linear bounded operator.
The problem is to find (z,u) € Z, where

Z={(z,u) e HxG|0€ Az + L*u, 0 € B~'u— Lz} (2.1.1)
15 assumed to be non-empty.

This problem arises naturally in several problems in partial differential equations com-
ing from mechanical problems [35, 38, 39], differential inclusions [2, 53|, game theory [13],
among other disciplines.

In order to solve Problem 2.1.1 we propose the following algorithm.

Algorithm 2.1.2 (Split-Douglas-Rachford (SDR)). In the context of Problem 2.1.1, let
(xo,up) € H X G, let ¥: G — G and T: H — H be strongly monotone self-adjoint linear
operators such that U = T~ — L*SL is monotone. Consider the recurrence:

Up = Z(Id — szlB)(LfL'n + Zflun)

Zp = Ty — L' L*v,

(Vn € N) (2.1.2)

Tpt1 = JTAZn
Upt1 = DL(Tpy1 — xn) + Upe

We obtain the following convergence result.
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Chapter 2 Composite Monotone Inclusions in Vector Subspaces

Theorem 2.1.3. In the context of Problem 2.1.1, let (zg,up) € H X G and consider the
sequence ((wn, un))neN defined by the Algorithm 2.1.2. Then, the following assertions hold:

1. anl |Znt1 — $n’|2 < +00 and anl [wnt1 — un||2 < +00.

2. There exists (z,u) € Z such that (x,,u,) = (z,0) in H & G.

We show that VMPDS (Algorithm 1.1.7) can be deduced from SDR and its conver-
gence is extended to operators ©: G — G and T: H — H such that ||VILVT|? < 1.
In this chapter we also present the following proposition which shows the reduction of
Algorithm 2.1.2 to DRS (see Algorithm 1.1.4) in the case when ran L = G.

Proposition 2.1.4. In the context of Problem 2.1.1, assume ranL = G and set ¥ =
(LYL*)™Y. Then, Algorithm 2.1.2 with starting point (xg,ug) € H x G reduces to the
recurrence

(Vn € N) Zn4l = JTL*BL(2JTAZn — Zn) + 2n — JTAZm (213)

where 29 = g — VT L*E(Id — Js-15)(Lxg + X uyg).

Proposition 2.1.4 motivates us to derive an explicit computation of J.;«p; and the
resolvent of the parallel composition studied in Chapter 4.

In the optimization context, we present the following problems in order to apply the
SDR algorithm to the dual problem on equation (D) to derive the Split-Alternating Di-
rection Method of Multipliers (SADMM).

Problem 2.1.5. Let H, G, and K be real Hilbert spaces. Let g € T'o(K), let f € I'o(H),
and let T : K — G and K : G — H be non-zero bounded linear operators such that
ranT* Ndom g* # @. Consider the following optimization problem

min (g(y) + f(KTy)) (P)
together with the associated Fenchel-Rockafellar dual

min (f*(x) + 9" (~T*K"1)). (D)

Moreover, consider the following Fenchel-Rockafellar dual problem associated to (D)

min ((g" o —=1")"(u) + f(—Ku)). (P)

ueg
We denote by Sp, Sp, and Sp+ the set of solutions to (P), (D), and (P*), respectively.

The proposed SADMM iterates as follows.
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Algorithm 2.1.6 (Split-Alternating Direction Method of Multipliers (SADMM)). In the
context of Problem 2.2.10, let X: G — G and T: H — H be strongly monotone self-adjoint
linear operators such that ¥~' — K*T'K is monotone, let py € K, and let (qo,v¢) € H X H.
Consider, the sequences defined by the recurrence

Yn = Tn + V(KTpp — qn)
Ps1 € arg min (9(p) + 21 Tp — (Tpn — SK*ya)13-1)
pe

(Vn € N)
qn+1 = prOX};(T_l«Tn + KTpn+1)

(2.1.4)

Tnt1 = T + T(KTanrl - Qn+1)'

We obtain the following result which establishes the relation between SDR applied to
(D) and SADMM and the weak convergence of SADMM.

Theorem 2.1.7. In the context of Problem 2.1.5, suppose that there exists (x,u) € H X G
such that

0€df*(z)+ Ku

0€d(g*o—-T%)(u) — K*z,
set

A=0f", B=0(g"o(-T1")), and L=K", (2.1.5)

and assume that 0 € sri(dom g* —ranT™). Then, (pn)nen defined in (2.1.4) exists and the
following statements hold.

1. (SDR reduces to SADMM) Let (Z,)nen, (Un)nen, and (0,)nen be the sequences gen-
erated by Algorithm 2.1.2 and set

pn-&-l € Tﬁl(_ﬁn)

2.1.6
gn+1 = T_l(i'n — jn—i—l — TK’E}n> ( )

(Vn € N) {

Moreover, set p1 € KC such that T'py = Tpy, and ¢ = G1, x1 = T1. Then, sequences
(Pr)n>15 (@n)n>1, and (x,)n>1 generated by Algorithm 2.1.6 satisfy, for everyn > 1,
Tﬁn = Tpn; Qn = Qn, and T, = Tp.

2. (SADMM reduces to SDR) Let (pn)n>1, (Gn)n>1, and (T,)n>1 be sequences generated
by Algorithm 2.1.6 and define

(Vn € N) Un+1 = EK*(.Z'n+1 — .flfn) — Tpn+1- (217)
Moreover, set &y = w1, Uy = u1, and let (Tp)neny and (Gn)nen be the sequences

generated by Algorithm 2.1.2. Then, for alln € N, &, = x,41 and U, = Up1-
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3. Let (pn)nen; (Gn)nen, and (zn)nen be sequences generated by Algorithm 2.1.6. Then,
the following hold:

(a) There exists (§J,&,0) € Sp X Sp X Sp+ such that (x,, —Tpn,qn) — (&, 0, —K)
and v = —=T7.
(b) Suppose that ranT* = K. Then, there exists § € Sp such that p, — 7.

We show that SADMM algorithm can be reduced to the ADMM algorithm (Algo-
rithm 1.1.8) including preconditioners. We also present a version of SADMM which allows
to deal with more general formulations involving two linear operators as in (1.1.14).

We finalize this chapter with numerical experiments. First, we present a compari-
son of SDR with several methods available in the literature in a total variation image
reconstruction problem. Later we illustrate the efficiency of SADMM in an academical
example.

2.2 Article: Split-Douglas—Rachford Algorithm for
Composite Monotone Inclusions and Split-ADMM!

Abstract In this paper we provide a generalization of the Douglas-Rachford splitting
(DRS) and the primal-dual algorithm [25, 56] for solving monotone inclusions in a real
Hilbert space involving a general linear operator. The proposed method allows for primal
and dual non-standard metrics and activates the linear operator separately from the mono-
tone operators appearing in the inclusion. In the simplest case when the linear operator
has full range, it reduces to classical DRS. Moreover, the weak convergence of primal-dual
sequences to a Kuhn-Tucker point is guaranteed, generalizing the main result in [54]. In-
spired by [35], we also derive a new Split-ADMM (SADMM) by applying our method to
the dual of a convex optimization problem involving a linear operator which can be ex-
pressed as the composition of two linear operators. The proposed SADMM activates one
linear operator implicitly and the other one explicitly, and we recover ADMM when the
latter is set as the identity. Connections and comparisons of our theoretical results with
respect to the literature are provided for the main algorithm and SADMM. The flexibility
and efficiency of both methods is illustrated via a numerical simulations in total variation
image restoration and a sparse minimization problem.

2.2.1 Introduction

In this paper we focus on a splitting algorithm for solving the following primal-dual mono-
tone inclusion.

1116] Luis M. Bricefio-Arias and Fernando Roldén. Split-Douglas—Rachford algorithm for composite
monotone inclusions and split-ADMM. SIAM J. Optim., 31(4), 2987-3013, 2021.
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Problem 2.2.1. Let H and G be real Hilbert spaces, let A: H — 2" and B: G — 29 be
maximally monotone operators, and let L: H — G be a non-zero linear bounded operator.

The problem is to find (z,1) € Z, where
Z:{(:ﬁ,ﬁ)EHxQ ‘ 0€A93+L*ﬁ,0€B_122—Li"} (2.2.1)
18 assumed to be non-empty.

This problem arises naturally in several problems in partial differential equations com-
ing from mechanical problems [35, 38, 39], differential inclusions [2, 53], game theory [13],
among other disciplines. The set Z is the collection of Kuhn-Tucker points [3, Prob-
lem 26.30], which is also known as extended solution set (see, e.g., [26] and [31, 54] for the
case when L = Id).

It follows from [12, Proposition 2.8] that any solution (Z, %) to Problem 2.2.1 satisfies
that z is a solution to the primal inclusion

find =z €H suchthat 0€ Ax+ L*BLx (2.2.2)
and 4 is solution to the dual inclusion
find w € G suchthat 0€ B'u— LA™Y (—L*u). (2.2.3)

Conversely, if & is a solution to (2.2.2) then there exists @ solution to (2.2.3) such that
(z,u) € Z and the dual argument also holds. In the particular case when A = Of
and B = Jg*, for proper convex lower semicontinuous functions f: H — |—o0, +00| and
g: G — |—00, +00], any solution & to (2.2.2) is a solution to the primal convex optimization
problem

min (f(z) + g(Lz)), (2.2.4)

xEH

any solution @ to (2.2.3) is a solution to the dual problem
min (g (u) + f*(=L7w)), (2.2.5)

and the converse holds under standard qualification conditions (see, e.g., [12]). Problems
(2.2.4) and (2.2.5) model several image processing problems as image restoration and
denoising [19, 22, 27, 43, 47, 51|, traffic theory [11, 34, 37], among others.

In the case when L = Id, Problem 2.2.1 is solved by the Douglas-Rachford splitting
(DRS) [42], which is a classical algorithm inspired from a numerical method for solving
linear systems appearing in discretizations of PDEs [28]. Given zy € H and 7 > 0, DRS
generates the sequence (z,),eny C H via the recurrence

(Vn e N)  z,11 = Jr5(2Jra2n — 2n) + 20 — JraZn, (2.2.6)
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and z, — Z for some Z € H such that J,4Z is a zero of A+ B [42, Theorem 1], where we
denote the resolvent of M: H — 2" by Jy; = (Id + M)~!. Under additional assumptions,
such as weak lower semicontinuity of .J,4 or maximal monotonicity of A 4+ B, the weak
convergence of the shadow sequence (J;azp)nen to a zero of A + B is guaranteed in [42,
Theorem 1]. More than thirty years later, the weak convergence of the shadow sequence
to a solution is proved in [54] without any further assumption.

In the general case when L # Id, a drawback of DRS is that the maximal monotonicity
of L*BL is needed in order to ensure the weak convergence of (z,),en and the computa-
tion of its resolvent at each iteration usually leads to sub-iterations, at exception of very
particular cases. Several algorithms in the literature including [4, 5, 6, 12, 14, 56| split the
influence of the linear operator L from the monotone operators, avoiding sub-iterations. In
particular, we highlight the primal-dual splitting (PDS) proposed in [56], which generates
a sequence in ‘H x G via the recurrence

Tpi1 = Jra(x, — TL*0y)

2.2.7
Un+1 = Janl(vn + O-L(an—s—l - ,In)), ( )

(Vn € N) {

for some initial point (zg,vy) € H x G and strictly positive step-sizes satisfying 7o||L||* < 1.

In the context of convex optimization, it is well known that DRS applied to (2.2.5)
leads to the alternating direction method of multipliers (ADMM) [35, 36, 38], whose
first step needs sub-iterations in general. This drawback is overcome by the splitting
methods proposed in [4, 5, 6, 14, 20, 41, 45]. In particular, the algorithm proposed in [20]
coincides with PDS in (2.2.7) in the optimization setting and its convergence is guaranteed
if To||L|> < 1. In [25], the convergence of the sequences generated by (2.2.7) with step-
sizes satisfying the limit condition 7o||L||*> = 1 is studied in finite dimensions. This limit
case is important because the algorithm improves its efficiency as the parameters approach
the boundary (see Section 2.2.5.1), it has the advantage of tuning only one parameter, and
the algorithm reduces to DRS and ADMM when L = Id and 70 = 1 [20, Section 4.2].
Furthermore, a preconditioned version of (2.2.7) in the optimization context is proposed in
[48]. In this extension, 7Id and old are generalized to strongly monotone self-adjoint linear
operators 7" and Y, respectively, and the convergence is guaranteed under the condition
|S2 LTz < 1. A preconditioned version of (2.2.7) for monotone inclusions is derived in
[24].

In this paper we propose and study the following splitting algorithm for solving Prob-
lem 2.2.1, which is a generalization of DRS when L # Id and of [24, 56].

Algorithm 2.2.2 (Split-Douglas-Rachford (SDR)). In the context of Problem 2.2.1, let
(xo,up) E H X G, let ¥: G — G and T: H — H be strongly monotone self-adjoint linear
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operators such that U = Tt — L*SL is monotone. Consider the recurrence:

v, = X(Id — Jg-15)(Lx, + X uy,)

Zp = Ty — L' L*v,

(Vn € N) (2.2.8)

Tpt1 = ']TAzn
Upt1 = BL(Tpy1 — ) + Upe

Note that Algorithm 2.2.2 splits the influence of the linear operator from the monotone
operators and, by storing (Lz,)nen, only one activation of L is needed at each iteration.
Moreover, in the case when ran L = G, we prove in Proposition 2.2.8 that (2.2.8) reduces
to a preconditioned version of DRS in (2.2.6), in which case Jyr-pr, has a closed formula
depending on the resolvent of B. Other preconditioned versions of DRS are used for solving
structured convex optimization problems in [6, 8, 10, 58], but they do not reduce to DRS
when L = Id. Without any further assumptions than those in Problem 2.2.1, we guarantee
the weak convergence of the sequence ((:1:”, un))neN generated by Algorithm 2.2.2 to a point
in Z, generalizing the result in [54] to the case when L # Id. In the particular case when
|S2 LTz < 1, we obtain a reduction of Algorithm 2.2.2 to the preconditioned PDS in
[48] and, when ||[$2LTz| = 1, we generalize [25, Theorem 3.3] to monotone inclusions
and infinite dimensions considering non-standard metrics. We also provide a numerical
comparison of Algorithm 2.2.2 with several methods available in the literature in a total
variation image reconstruction problem.

Another contribution of this manuscript is a generalization of ADMM in the convex
optimization context, by applying Algorithm 2.2.2 to the dual problem of (2.2.4) when
L = KT, for some non-trivial linear operators 17" and K. This splitting, called Split-
ADMM (SADMM), allows us to solve (2.2.4) by activating 7" implicitly and K explicitly.
SADMM reduces to the classical ADMM in the case when K =1d, ¥ = old, and 7" = 71d
and, in the case when T = Id, it is a fully explicit algorithm which splits the influence
of the linear operator in the first step of ADMM. We prove the weak convergence of
SADMM, generalizing results in [29, 35, 36]. We also prove the equivalence between SDR,
and SADMM, generalizing some results in [1, 29, 35, 36, 46] to the case when L # Id.
In addition, we provide a version of SADMM able to deal with two linear operators as
in [9]. The resulting method is a non-standard metric version of several ADMM-type
algorithms in [4, 9, 52, 59] and it can be seen as an augmented Lagrangian method with
a non-standard metric. We also illustrate the efficiency of SADMM by comparing its
numerical performance in an academical sparse minimization example in which the matrix
L be factorized as L = KT from its singular value decomposition (SVD). We show that
the computational time may be drastically reduced by using SADMM with a suitable
factorization of L.

The paper is organized as follows. In Section 2.2.2 we set our notation. In Section 2.2.3
we provide the proof of convergence of SDR and we connect our results with the literature.
In Section 2.2.4 we derive the SADMM, we provide several theoretical results, and we
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compare them with the literature in convex optimization. Finally, in Section 2.2.5 we
provide numerical simulations illustrating the efficiency of SDR and SADMM.

2.2.2 Notations and Preliminaries

Throughout this paper H and G are real Hilbert spaces with the scalar product (- | -)
and associated norm || - ||. The identity operator on H is denoted by Id. Given a linear
bounded operator L : H — G, we denote its adjoint by L*: G — H, its kernel by ker L,
and its range by ran L. The symbols — and — denote the weak and strong convergence,
respectively. Let D C H be non-empty and let T : D — H. The set of fixed points of T’
is FixT = {:c eD | xr= Tx}. Let 8 € ]0,400[. The operator T' is f—strongly monotone
if, for every x and y in D, we have (x —y | Tz — Ty) > B||x — y||?, it is nonexpansive if,
for every z and y in D, we have ||Tx — Ty| < ||z — y||, it is firmly nonexpansive if

(Vo € D)(Vy € D) [Tz —Ty|* < |lo —y|* = [|(Id = T)x — (Ild = T)y[*,  (2.2.9)

and it is firmly quasinonexpansive if, for every x € D and y € FixT, we have ||Tx —
yl? < llz —y|*> = ||Tz — x||>. Let A : H — 2" be a set-valued operator. The in-
verse of Ais A~ i u — {xeH ‘ u € Ax}. The domain, range, graph, and zeros of
Aare domA = {zeH | Av# o}, tan A = {ueH | (Fr € H)uc Az}, grad =
{(a:,u) EHXH | u € Ax}, and zerA = {x eH | 0e Aa:}, respectively. The operator
A is monotone if, for every (z,u) and (y,v) in gra A, we have (x —y | u—v) > 0 and A
is maximally monotone if it is monotone and its graph is maximal in the sense of inclu-
sions among the graphs of monotone operators. The resolvent of a maximally monotone
operator A is J4 = (Id + A)~!, which is firmly nonexpansive and satisfies Fix J4 = zerA.
For every self-adjoint monotone linear operator U: H — H, we define |- ||y = /(- | -)y
where (- | -);;: (z,y) = (z | Uy) is bilinear, positive semi-definite, symmetric. For every x

and y in ‘H, we have
&= 9li3 = llall? - 26 | g}y + Iyl (2.2.10)

We denote by I'g(H) the class of proper lower semicontinuous convex functions f: H —
|—00,400]. Let f € I'y(H). The Fenchel conjugate of f is defined by f*: w +— sup, 4 ((x | u)—
f(x)), f* € To(H), the subdifferential of f is the maximally monotone operator df: =
{fueH | (VyeH) fla)+ (y—=z|u) < f(y)}, (0f)~' = 0f*, and we have that zer 9 is
the set of minimizers of f, which is denoted by arg min,cy, f. Given a strongly monotone
self-adjoint linear operator 7: H — H, we denote by

) 1
proxy :  — argmin (f(y) + =[x — yll3), (2.2.11)
yeEH 2

and by prox; = proxgcd. We have prox}f = Jr-1p¢ [3, Proposition 24.24(i)] and it is single
valued since the objective function in (2.2.11) is strongly convex. Moreover, it follows
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from [3, Proposition 24.24] that
prox}r =Id-7""! prox}ff1 Y=7"(01d- prox}f*_l) T. (2.2.12)

Given a non-empty closed convex set C' C H, we denote by Pg the projection onto C', by
tc € T'o(H) the indicator function of C, which takes the value 0 in C' and +o00 otherwise,
we denote by No = 0ie the normal cone to C, and by sri C' its strong relative interior. For
further properties of monotone operators, nonexpansive mappings, and convex analysis,
the reader is referred to [3].

We finish this section with a result involving monotone linear operators, which is useful
for the connection of our algorithm and [48].

Proposition 2.2.3. Let H and G be real Hilbert spaces, let T: H — H and X: G — G be
strongly monotone self-adjoint linear operators, and set

V. HOG—HDG: (v,u) = (Y 'z — L*u, ¥ 'u — Lx). (2.2.13)
Then, the following statements are equivalent.
1. T7' — L* o ¥ o L is monotone.
2. |S20LoT2| < 1.
3. |72 0L oX2| <1.
4. XV —LoYoL* is monotone.
5. For every (z,u) € H x G,

((z,u) | V(z,w)) > max {||T"'u— L*z|3}, | v — Lz||3}. (2.2.14)

TO

Moreover, if any of the statements above holds, V is == —cocoercive, where T > 0 and

o > 0 are the strong monotonicity constants of T and %, respectively.

Proof. 1<2: Since ¥ and T are strongly monotone, linear, and self-adjoint, it follows from
[49, Theorem p. 265] that there exists strongly monotone, linear, self-adjoint operators 2
and T2 such that ¥ = Y2 032 and ¥ = T2 o T5. Moreover, 1", X, T%, and Y7 are
invertible. Hence, we have

VeeH) (' —L'oSol)x|z)=|T 2z|? - |22 Lx|?

N2 LYY a2
e S B L SR Sl o BEOPRTS
|72 z|?
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Therefore, since T %isa bijection, by denoting y = T‘éx, 1 yields

S3LT3
IS20LoT:| :SUPM
Yy

<1. (2.2.16)
ew vl

The converse clearly holds by using the norm inequality in the right hand side of (2.2.15).
2453: Clear from (22 0 Lo72)* = T2 0 L* o ¥2. 3&4: It follows from 142 replacing ¥
by 7 and L by L*, respectively. 1<5: For every (z,u) € H X G,

((,u) | V(z,w) =(z | T'e = L'u) + (u| E'u — L)
=(z| (' = L*SL)z) + (Lo —u| La) + (u | ¥ 'u — L)
=(z| ("= L'SL)z) + | 'u — Lalf3, (2.2.17)
and, by symmetry, we analogously obtain
((z,u) | V(z,w) = (u| (7" = LYL")u) + |7 'z — L*ulj3. (2.2.18)

Hence, it follows from 1 and (2.2.17) that {(z,u) | V(z,u)) > ||X'u — Lz||%. Since 1 is
equivalent to 4, (2.2.18) yields {(z,u) | V(z,u)) > ||T "'z — L*u||% and we obtain (2.2.14).
For the converse implication it is enough to combine (2.2.17) with (2.2.14).

For the last assertion, note that (2.2.14) implies, for every (z,u) € H x G,

{ ((x,0) | V(w,u) > 7|72 — Lul? (2.2.19)

{(z,u) | V(z,u)) > o||X" u — Lz

By multiplying the first equation in (2.2.19) by A € [0,1] and the second by (1 — A) and
summing up we obtain

{(z,u) | V(z,u)) > M| e — L*ul)®* + (1 — No||Z " u — La|?
> min{ A7, (1 — \)o}||V (z,u)]*. (2.2.20)

The result follows by noting that A — min{\7, (1 — \)o} is maximized at \* = o /(7 +

o). O

2.2.3 Convergence of Algorithm 2.2.2

Denote by M : H & G — 2"%9 the maximally monotone operator [12, Proposition 2.7]
M: (z,u) — (Az + L*u) x (B"'u — La). (2.2.21)

For every strongly monotone self-adjoint linear operators 7: H — H and ¥: G — G,
consider the real Hilbert space H obtained by endowing H x G with the inner product
(-] Vs where U: (z,u) — (T z, X ). More precisely,

(] ((x,u), (y,v)) > <x ] T_1y> + <u \ E_1v>, (2.2.22)
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and we denote the associated norm by || - |[o = /(- | );;- Observe that, since 7" and X

are strongly monotone, the topologies of H and H & G are equivalent.

Proposition 2.2.4. In the context of Problem 2.2.1, let ¥: G — G and T: H — H be
strongly monotone self-adjoint linear operators such that U = Y1 — L*XL is monotone,
and define T : H — H by

r ()~ () - (Gt S R ) e

Then, the following hold:
1. For every (z,u) € H, we have
(T_l(x — $+), 2_1(71, — U+)) € M(x+, Uy — ZL(I'+ — l’)) (2224)
2. FixT = Z = zerM.
3. For every (z,0) € Z and (x,u) € H we have
+2(uy —u | L(zy — x)). (2.2.25)
Proof. 1: From (2.2.23) and [3, Proposition 23.34(iii)] we obtain
<x+> 7 <x> o Jee= Jra(z = TL*S(1d — Js-15)(La + ')
Uyt u uy =YL(xy —x)+ X(Id — Jg1p)(Lr + X7 1u)
zy = Jra(z = TL*(uy — SL(zy — x)))
uy —XL(xy —x) = Jep-1(XLx + )

YNz —xy)— L*(uy —XL(xy — 1)) € Ax
E-r) =L =S —o) €dre oo
S u—wuy) + Loy € B™ (uy — SL(zy — ),
and the result follows from (2.2.21). 2: It follows from 1 and (2.2.1) that T'(z,4) = (z,1) <
(0,0) € M(z,u) < (z,u) € Z. 3: Let (z,u) € Z. It follows from 2 that (0,0) € M (&, @).

Hence, 1 and the monotonicity of M in H & G yield
0< (T Mo —ay) oy —2)+ (S Nu—uy) |uy — G+ XL(z —2y))

PEY () = (@) | (@ uy) = (@ @)y + (0= uy | Lz - 24))
0210 %(mx,u) — (& a)E — ll(z,0) = @ un)lly — (e uwy) — @ @)13)

+(u—uy | L(z — 24))
and the result follows. O
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Remark 2.2.5. 1. Note that (2.2.23) and Algorithm 2.2.2 yield, for every n € N,
(Tt Unt1) = (Tpes Uns ) = T(xn, uy). This observation and the properties of T in
Proposition 2.2.4 are crucial for the convergence of Algorithm 2.2.2 in Theorem 2.2.6
below.

2. Proposition 2.2.4(3) can be written equivalently as, for every (&,4) € Z and (x,u) €
H, T () — (5 0) 3 < Iz, w)— (@ )3 — [, w) =T, w) [, where Ve (z,u) -
(Y'x — L*u, X" 'u— Lx). Since T~ — L*YL is monotone, Proposition 2.2.3 asserts
that V' is self-adjoint, linear, and cocoercive, but not strongly monotone and, thus,
| - |3, does not define a norm.

Theorem 2.2.6. In the context of Problem 2.2.1, let (xo,uo) € H X G and consider the
sequence ((:rn, un))neN defined by the Algorithm 2.2.2. Then, the following assertions hold:

1. ZnZl |41 — 2 * < 400 and anl [t 41 — un|* < +o00.
2. There exists (z,u) € Z such that (x,,u,) — (&,4) in H®G.

Proof. Let & = (x,u) € FixT, for every n € N, denote by x,, = (2, u,), and fix n > 1. Tt
follows from Remark 2.2.5(1) that «,,+1 = T'x,, and from Proposition 2.2.4(2) that € Z.
Therefore, Proposition 2.2.4(3) yields

[@nis — @l < 12 — @l — 20— @il + 20—, | Llwnss —2a)). (2:227)

Hence, we deduce from the firm non-expansiveness of Jys in (H, (- | -)y-1) [3, Proposi-
tion 23.34(i)] and the monotonicity of U = 1! — L*¥L that

(tns1 = tn | L(Tns1 = )

(2i8) <EL(-Tn+1 - xn) + vp — EL(xn - xn—l) — Un—1 | L(xn"’_l - .Tn»

= (Tpt1 — T | L'EL(Tpg1 — 2)) + (L7 (0 — Vn1) | Tgs — )
— (BL(zn — 1) | L(@ngr — )

= (Tpi1 — xn | 'SL(x001 — x0)) + <T’1(a:n — Tpo1) | Tpa1 — xn>
— (@ =YLy — (xn—1 = TL"0p1)) | Tps1 — Tn)ps
— (EL(zn — #n-1) | L(@nt1 — 20))

<A(Tng1 — T | LEL(2ng1 — 20)) + (T (@0 — 1) | Zngr — @)
— l[@ns1 = 2l = (L"EL(20 — Tnt) | Tpgr — @)

= —||vp — an?] + (T — Tno1 | Tpgr — $n>U

(22100 1 1 1
20 e = wnlly + Sl = aa = Sl + 2as — 20l

1 1
< _EHxn—&-l _$n||?]+§||$n_$n—1”?]' (2.2.28)
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Therefore, it follows from (2.2.27) that

(Vn21) @ — lg + lzar — 2allf < llen — 2llf + [z — 20l
—|Tn — o1 llf- (2.2.29)

Thus, [23, Lemma 3.1] asserts that

Ve e Z) (|e,—z|f + |z, — xn_1||?])n>1 converges, (2.2.30)
that
D st — @allf < +o00, (2.2.31)
n>1

and 1 follows from (2.2.22) and the strong monotonicity of 7! and 37! [49, p.266].

In order to prove 2, note that, from 1 and the uniform continuity of U, we deduce
|z — 2 1]|% — 0. Hence, (2.2.30) implies that, for every © € Z, (||z, — || )nen
converges. Now, let (Z,u) € H be a weak sequential cluster point of ((mn,un))neN, say
(g, U, ) — (T, ) in H. It is clear from (2.2.22) that we have x;,, — Tin H and ug, — @
in G and from 1 that zy, 17 — T and w1 — u. Hence, since Proposition 2.2.4(1) yields

(T (k= Thp11)s 27 (U, — k1)) € M (Thyq1, Uk 11 — BL(w0, 11 — 21,)),  (2.2.32)

we deduce from 1, the uniform continuity of XL, 7!, and X!, and [3, Proposition 20.38(ii)],
that (0,0) € M(z,u). Therefore, we conclude from [3, Lemma 2.47] that there exists
@ € Fix T such that «,, — @ and the result follows from the equivalence of the topologies

of Hand HDG. O

Remark 2.2.7. 1. In the proof of Theorem 2.2.6, we can also deduce that any weak
accumulation point of ((Tn, Un))nen S in Z by using the points in the graph of A and
B obtained from (2.2.26) and [3, Proposition 26.5(i)].

2. The method can include summable errors in the computation of resolvents and linear
operators, by using standard Quasi-Féjer sequences. We prefer to not include this
extension for simplicity of our algorithm formulation.

3. Consider the sequences (Vn)nen, (Zn)nen, (Tn)nen, (Un)nen defined by Algorithm 2.2.2
with starting point (xo,ug) € H x G. It follows from (2.2.8) and [3, Proposi-
tion 23.34(iii)] that, for everyn € N,

Up+1 = E(Id - Jgle)(LInJ’_l + E_lun+1)
= Jup-1(ELTni1 + Uny1)
= JEB—I(Un + EL(2$n+1 — l’n)),
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leading to

Tpi1 = Jra(x, — VL v,)

2.2.
Un+1 = JZBfl(’Un + 2L(2$n+1 - .Tn)), ( 33)

(Vn € N) L

with starting point (zo,2(1d — Js-15)(Lag + Y ug)) € H x G. When ||S2 0 L o
T%H < 1, (2.2.33) is equivalent to the prozimal point algorithm applied to V"M in
(HxG, (- | )y), where V: (z,u) — (¥ tz—L*u, X 'u— Lx) is strongly monotone in
view of [48, Lemma 1]. Moreover, when T = 71d, ¥ = old, and o7||L||* < 1, (2.2.33)
coincides with the PDS in (2.2.7) [20, 25, 41, 56]. As stated in Remark 2.2.5, under
our assumptions V' is no longer strongly monotone and the same approach cannot
be used. On the other hand, a generalization of the previous approach is provided
in [56] using the forward-backward splitting in order to allow cocoercive operators in
the monotone inclusion when V' is strongly monotone. In the optimization context,
the inclusion of cocoercive operators allows for convex differentiable functions with
Bt~ Lipschitzian gradients in the objective function and the convergence results are
guaranteed under the more restrictive assumption ot|L||* < 1 — 7/28 [25, Theo-
rem 3.1]. Hence, the inclusion of cocoercive operators modifies our monotonicity
assumption on U in Algorithm 2.2.2 distancing us from our main results. This leads
us to consider this extension as part of further research.

4. We deduce from (2.2.33) and (2.2.8) that the primal iterates of SDR coincides with
those of PDS in (2.2.33) and SDR includes an additional inertial step in the dual
updates, more precisely,

(Vn € N)  upp1 = XL(zp1 — ) + Up. (2.2.34)

Hence, it follows from Theorem 2.2.6(1)&(2) and the uniform continuity of XL that
v, — U. As a consequence, we obtain the primal-dual weak convergence of (2.2.33)
when |20 LoT2|| < 1, which generalizes [48, Theorem 1] and [25, Theorem 3.3], in
the case when ¥ = old and T = 71d, to monotone inclusions and infinite dimensions.

5. By using product space techniques, Algorithm 2.2.2 allows us to solve
find & € H such that 0 € Ai+ Y LiB;Li, (2.2.35)
i=1

where, for everyi € {1,...,m}, G; is a real Hilbert space, A: H — 2" and B;: G; —
29 are maximally monotone, and L;: H — G; is a linear bounded operator. In-
deed, by setting G = B1<i<mGi, B: (Wi)1<i<m — X[ Biui, and L: x — (L;x)1<i<m,
(2.2.35) is equivalent to (2.2.2). Hence, by setting X: (u;)1<i<m = (5it)1<i<m,
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where (X;)1<i<m are strongly monotone operators, previous remark allows us to write
Algorithm 2.2.2 as

Tpt1 = JTA(xn =T Z:,il Lf“%‘,n)

'Ul,n-i-l - JElel(Ulan + E1[/1(21'71-{-1 - xn))

(Vn € N) (2.2.36)

Um,nJrl = JEmBy_nl (Um,n + Ele(2I‘n+1 — xn)),

and the weak convergence of (T,)nen to a solution to (2.2.35) is guaranteed by The-
orem 2.2.6, assuming that

- ZL:EiLi is monotone. (2.2.37)

=1

Note that (2.2.36) has the same structure as the algorithm in [24, Corollary 6.2/
without considering cocoercive operators or relaxation steps, but the convergence is
guaranteed under the weaker assumption (2.2.37).

6. Suppose that ran L* = H and that T = (L*XL)"'. Then, U = T' — [*SL = 0
and the operator T defined in (2.2.23) is firmly quasinonezpansive in H, in view
of Proposition 2.2.4(3) and (2.2.29). We thus generalize [5/, Corollary 3]. Observe
that, in the particular case when L = Id, we have T = X~ and the operator T
defined in (2.2.23) reduces to T (x,u) — ®%(Jyrp(z + Tu) — Tu), where

(I)ﬁi He—HXH: 2z (JTAZ,T_l(JTA — Id)z) (2.2.38)

In the case when T = 71d, we recover the operator in [15, Proposition 5.18], which is
inspired by [54]. Moreover, note that the inner product (- | -)¢; defined in (2.2.22) co-
incides with that in [54] (up to a multiplicative constant). Altogether, Theorem 2.2.6
generalizes [54] for an arbitrary operator L and non-standard metrics. It also gen-
eralizes [35, Theorem 5.1] from wvariational inequalities to arbitrary monotone in-
clusions and it provides the weak convergence of shadow sequences (Jrazy)nen (not
guaranteed in [35]).

7. Note that, by storing (Lz,)nen, Algorithm 2.2.2 only needs to compute L once at
each iteration. This observation is important in high dimensional problems in which
the computation of L is numerically expensive.

The following result establishes the reduction of Algorithm 2.2.2 to Douglas-Rachford
splitting [30, 42] in the case when ran L = G.
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Proposition 2.2.8. In the context of Problem 2.2.1, assume ranL = G and set X =
(LYL*)"'. Then, Algorithm 2.2.2 with starting point (xg,ug) € H X G reduces to the
recurrence

(Vn € N) Zn+l = JTL*BL(QJTAZn - Zn) 4+ zp — Jrazn, (2.2.39)

where zg = o — TL*3(Id — Jg-15)(Lag + X ug).

Proof. Note that ran L = G yields, for every u € G, (LY L*u | u) > 7|/ L*u||* > 7a?|u|)?,
where 7 > 0 is the strong monotonicity parameter of 7" and the existence of a > 0 is
guaranteed by [3, Fact 2.26]. Moreover, it follows from [3, Proposition 23.34(iii)&(ii)]
that, for every n € N,

2.2.8 _
vpir V201 = Jgoip) (Lpst + S Yunss)

= (X + B Y Y Lapy + X M)

2 (T B (L2me — ) + 57 M0)

= (LYL*+ B Y 'L(2x, 41 — 2, + TL*0y,), (2.2.40)

where the last equality follows from X~' = LTL*. On the other hand, [3, Proposi-
tion 23.34(iii)] yields
JriepL = T2 JT%L*BLT% T
—T3(Id =YL (LYL* + B~ "' LY?)r 2
=1d-YL*(LYL* + B~Y)'L, (2.2.41)

where the second equality follows from [3, Proposition 23.25(ii)] since (LT%)(LT%)* =
LY L* is invertible. Hence, we have

Zn+1 (2% Tpg1 — T L 0p
B~ TLH(LTL* + B ) ' L(20ps1 — 20 + TL ;)
P29 (1d = YLYLYL + B™Y) L) (2Jra — 1d) 2z, + (Id — Jra)z,
G2 e nn(2ra — 1)z + (Id — Jra) 2
and zp is obtained from (2.2.8). O

Remark 2.2.9. Note that ¥ = (LYL*)™! is equivalent to ¥~ — LYL* = 0 and, hence,
T — L*SL is monotone in view of Proposition 2.2.3. Therefore, Proposition 2.2.8 and
Theorem 2.2.6 provide the weak convergence of the non-standard metric version of DRS
in (2.2.39) when ran L = G. This also extends the convergence result in [54].
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2.2.4 Split ADMM

In this section we study the numerical approximation of the following convex optimization
problem.

Problem 2.2.10. Let H, G, and K be real Hilbert spaces. Let g € T'y(K), let f € T'o(H),
and let T : K — G and K : G — H be non-zero bounded linear operators such that
ranT* Ndom g* # @. Consider the following optimization problem

mi + f(KT P
yellIC1 (9(3/) f( Z/)) (P)
together with the associated Fenchel-Rockafellar dual

min (") + ¢ (~T*K"1)). (D)

Moreover, consider the following Fenchel-Rockafellar dual problem associated to (D)

min ((g" 0 =T")"(u) + f(—Ku)). (P)

u€eg
We denote by Sp, Sp, and Sps the set of solutions to (P), (D), and (P*), respectively.

In the particular case when K = Id, Problem 2.2.10 is also considered in [29, 35, 55, 57|
and ADMM is derived in [35] by applying DRS to the first order optimality conditions of
(D), with A =0f* and B = 9(g* o (=T*K™*)). We generalize this procedure by applying
Algorithm 2.2.2 to (D) with A = 0f*, B = 9(g* o (—=1")), and L = K*. We thus obtain
the Split-ADMM (SADMM), which splits K from 7. We now provide an example in which
this new formulation is relevant.

Example 2.2.11. Let A and M benx N and mx N real matrices, respectively, letb € R",
let ¢ € To(R™), let h € To(R™), and consider the optimization problem
min h(Ay — b) + ¢(My). (2.2.42)
yeRN
This problem arises in image and signal restoration and denoising [19, 22, 27, 43, 47, 51].
If M is symmetric and positive definite, as in graph Laplacian regularization (see, e.g.,
[43, Section II.B] and [47, 51] for alternative reqularizations), there exist P unitary and
D diagonal such that M = PDP". Therefore, by setting n € |0,1[, K = PD"PT,
T = PDY"PT g =¢, and f = h(A - —b), (2.2.42) is a particular instance of (P). In
some instances, the resolvent computation of d(g* o —T™) is simpler to solve than that of
d(g* o —=T*K*) when n ~ 1, since D'™" ~ 1d. The numerical advantage of this approach
is illustrated in an academical example in Section 2.2.5.2.
Other potential applications arise naturally when y = ®z, where z denotes frequencies
or wavelet coefficients of an image y and ® is a frame or unitary linear operator allowing
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to pass from frequencies to images. Therefore, (2.2.42) is a particular case of (P) when
f=h(-=0),9g=¢0oMo® K =A, and T = ®. The properties of T in this case also
make preferable to split T from K.

First we provide some existence results and connections between problems (P), (D),
and (P*).
Proposition 2.2.12. In the context of Problem 2.2.10, consider the inclusion
0€0f*(z)+ Ku

) ) (2.2.43)
0€0(g*o—T%)"(a) — K*z.

find (z,u) € HxG such that {

1. Suppose that there exists y € Sp and that one of the following assertions hold:

(a) 0 € 0g(y) + T*K*0f(KTY).
(b) 0 € sri(dom f — KT'dom g).

Then, there exists & € Sp such that (&, —T79) is a solution to (2.2.43).
2. Suppose that there exists £ € Sp and that one of the following assertions hold:
(a) 0 € Of*(3) — KTAg*(~T*K*3).
(b) 0 € sri(dom g* — T*K*dom f*).
(c) 0 € sri(dom (¢* o —=T*) — K*dom f*) and 0 € sri(dom g* — ran T%).

Then, there ezists § € Sp such that (z,—T7) is a solution to (2.2.43).

3. Suppose that there exists (&,u) solution to (2.2.43) and that 0 € sri(dom g* —ranT™).
Then, (z,u) € Sp X Sp« and there ezists y € Sp such that . = —T7.

Proof. la: Let & € 0f(KT4y) be such that 0 € dg(9) + T*K*z. Hence, it follows from [3,
Corollary 16.30] that

0eof*(z)— KTy

€of(@) v (2.2.44)

0€dg(y) +T K"z,
and [12, Proposition 2.8(i)] implies (y,%) € Sp x Sp. By defining @ = —T'y, we ob-
tain 0 € 0f*(z) + Ku. Moreover, ran T* N dom g* # @ yields g* o (=T%) € I'o(K) and
—T(0g*)(=T"*) C d(g* o —=T™) in view of [3, Proposition 16.6(ii)]. Hence, we deduce from
[3, Corollary 16.30] and (2.2.44) that

—T"K*'z€0g(y) < yedg (-T"K"z)
= G=-Tjec—-Tog"(—-T*K*)
= Gwe€d(go-T") K1) (2.2.45)
& K'ted(g o—-T%)"(a)
& 0€d(gfo—T")(u) — K*i. (2.2.46)
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Therefore, (z,—Ty) is a solution to (2.2.43).

1b: By [3, Theorem 16.3 & Theorem 16.47(i)], 0 € d(g + f o KT)(g) = 0g(y) +
T*K*0f(KTy). The result follows from 1a.

2a: Since, by taking g € 0g*(—T*K*%) such that 0 € Jf*(z)— KTy, we obtain (2.2.44),
the argument is analogous to that in la.

2b: By [3, Theorem 16.3 & Theorem 16.47(i)], 0 € O(f*+g*o(=T*K*))(z) = 0f* (&) —
KT(0g*)(—T*K*z). The result hence follows from 2a.

2c: By [3, Theorem 16.3 & Theorem 16.47(i)], 0 € 0f*(2)+ K0(g* o—T*)(K*Z). More-
over 0 € sri (dom g*—ran 7%) and [3, Theorem 16.47] imply 0 € 0f*(2)—KT(0g*)(—T*K*%).
The result hence follows from 2a.

3: It follows from the second inclusion of (2.2.43) and [3, Theorem 16.47] that @ €
O(g* o (=TH))(K*z) = —=TIg*(—T*K*&). Hence, there exists § € dg*(—T*K*%) such
that « = —Ty, which yields 0 € 9g(y) + T*K*z. Therefore, by combining v = —Ty
with the first inclusion of (2.2.43), we deduce (2.2.44) and the result follows from [12,
Proposition 2.8(i)].

[

Remark 2.2.13. In the context of Proposition 2.2.12(3) we obtain the ezistence of § € Sp
such that (z,9) satisfies (2.2.44). If we additionally assume that ranT is closed, the second

equation in (2.2.44) implies that § € argming,—_4 g(y). We thus recover the results in
[57, Lemma 2/, obtained when K = —Id.

Algorithm 2.2.14 (Split-Alternating Direction Method of Multipliers (SADMM)). In the
context of Problem 2.2.10, let ¥: G — G and T : H — H be strongly monotone self-adjoint
linear operators such that ¥~1 — K*T K is monotone, let py € K, and let (qo, o) € H X H.
Consider, the sequences defined by the recurrence

Pny1 € argmin (g(p) + 3| Tp — (Tpn — XK*yn)||2
(¥n € N) + ek ( 2 =) (2.2.47)

dn+1 = prOXJy(Tilxn + KTpn—l—l)

Tpt1 = Tp + T(KTpn—O—l - Qn+1>‘

Observe that the existence and uniqueness of solutions to the convex optimization
problem of the second step of (2.2.47) is not guaranteed without further hypotheses.
The following result provides sufficient conditions for the existence of solutions to the
optimization problem in (2.2.47), the equivalence between the sequences generated by
Algorithm 2.2.2 and Algorithm 2.2.14, and the weak convergence of SADMM.

Theorem 2.2.15. In the context of Problem 2.2.10, suppose that there exists a solution
to (2.2.43), set
A=0f", B=0(g"o(-T")), and L=K", (2.2.48)
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and assume that 0 € sri(dom ¢g* —ranT™). Then, (pn)nen defined in (2.2.47) exists and
the following statements hold.

1. (SDR reduces to SADMM) Let (Z,,)nen, (Un)nen, and (On)nen be the sequences gen-
erated by Algorithm 2.2.2 and set

ﬁn+1 € T_l(_ﬁn)

2.2.49
n+1 = T_l(jn - j171—4—1 - TK@n) ( )

(Vn € N) {

Moreover, set p1 € KC such that Tpy = Tpy, and ¢ = G1, x1 = T1. Then, sequences
(Pr)n>1, (@n)n>1, and (z,)n>1 generated by Algorithm 2.2.14 satisfy, for everyn > 1,
Tﬁn = Tpn; q~n = Qn, and jn = Tn.

2. (SADMM reduces to SDR) Let (pn)n>1, (qn)n>1, and (x,)n>1 be sequences generated
by Algorithm 2.2.14 and define

(Vn € N)  wpp1 = SK" (21 — xn) — TPy (2.2.50)

Moreover, set &y = 1, Uy = uy, and let (Tp)neny and (Gn)nen be the sequences
generated by Algorithm 2.2.2. Then, for alln € N, Z,, = x,11 and U, = Upiq-

3. Let (pn)nen, (Gn)nen, and (x,)nen be sequences generated by Algorithm 2.2.1/. Then,
the following hold:

(a) There exists (§J,&,0) € Sp X Sp X Sp+ such that (x,, —Tpy,q,) — (&, 0, —K)
and u = =T7.
(b) Suppose that ranT* = K. Then, there exists § € Sp such that p, — 7.
Proof. Note that g*o —T* € T'y(G), that [3, Corollary 16.53] yields B = —T o (9g*) o =T,

and that Jy-15 = (Id—X7'T(dg*)(—T*))~*. Therefore, it follows from [3, Corollary 16.30]
that

V(w,y) €G*) y=Jypu & (u—y)e-X""TIg"(~T"y)

y=u+X"1Tp
& (dpe Kk
( ) {peag*(—T*y)
y=u+3"'Tp
& (Ipek
Gpek) {OG@g(p)—i—T*y
y=u+X"'Tp
& (Ipek 2.2.51
G >{p€5w% 2251

40



Chapter 2 Composite Monotone Inclusions in Vector Subspaces

where S: u — argmin(g + 3|7 - +Zul|3-,) and last equivalence follows from [3, The-
orem 16.3] and simple gradient computations. We conclude dom S = G, proxgE*O_T* =
Id + X7'T'S, and, therefore,

S(Id — Jg-1p) = B(Id — prox;e,_q.) = =T'S. (2.2.52)
Thus, the optimization problem in (2.2.47) is equivalent to
(V2 €N) pups € S(K* (@0 + T(KTpy — 42)) — S 'Tp,) (2.2.53)

and, hence, sequence (p,)nen exists.

1: Tt follows from (2.2.49), (2.2.8), (2.2.52), and (2.2.48) that, for every n € N, Tp, 1 =
—0, = TS(K*%, + X7 ,) and, thus, t,,1 = SK*V(KTpPni1 — Gus1) — TPni1. Therefore,
we have

In addition, from (2.2.8), (2.2.48), and (2.2.12) we have, for every n € N, Z,,,1 = &, +
TKTpny1 — Tprox}f(T‘lin + KTppy1) and, thus, (2.2.49) yields ¢,.1 = prox}f(T‘lin +
KTpyy1). Altogether, we deduce

Tpni1 =TS(K*(Zp +V(KTPp — Gn)) — X Th,)
(Vn > 1) Gns1 = proxy (V& + KTPns1) (2.2.55)
jn—i—l - jn + T(KTﬁn—H - qvn—i-l)

and the result follows from (2.2.53), ©1 = Z1, ¢1 = G1, and T'p; = T'py.
2: Define

n=—1pn
(VneN) ¢ P (2.2.56)
Zp = Tp + TKTpn+1

and fix n > 1. Hence, we have
(2.2.47) _
ni1 = prox}r(T Y2 + KTppy1)

& 2y +F V(KTprs1 — Gni1) @212) prox?*_l(l‘n +TKTpni1)

& CEY Draz. (2.2.57)

Moreover, from (2.2.53), (2.2.50), and (2.2.47), we obtain p,.1 € S(K*z,+X u,). Hence,

(2.2.52), (2.2.48), and (2.2.56) yield v,, = X(Id — Je-15)(Lx, + X" u,). Altogether, from

(2.2.50) we recover the recurrence in Algorithm 2.2.2 shifted by one iteration and, by
setting o = x1 and @y = u; the result follows.

3a. Set (up)n>1 via (2.2.50) and define, for every n € N, &, = x,11 and @, = Up41.

Then, 2 asserts that (Z,)neny and (@, )nen are the sequences generated by Algorithm 2.2.2
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with the operators defined in (2.2.48). Note that A = J¢g* and B = 09(g* o (=T1™))
are maximally monotone [3, Theorem 20.25] and that the set Z defined in (2.2.1) is the
primal-dual solution set to the inclusion (2.2.43), which is non-empty by hypothesis. Then,
by Theorem 2.2.6(2), there exists some (Z, ) solution to (2.2.43) such that (Z,,4,) =
(Tpg1, Uny1) — (Z,1). Moreover, Theorem 2.2.6(1) yields

Tpy1 — Tp — 0, (2.2.58)

and, thus, (2.2.50) yields —Tpy+1 = tpy1 — 2K (211 — x,) — 4. Hence, since (2.2.47)
yields, for every n € N, g1 = V2, — Tpi1) + KTppy1, the weak continuity of K and
(2.2.58) imply ¢, — —Ku. We conclude that (z,, —Tpn, q,) — (Z,4, —K@). The result
follows from Proposition 2.2.12(3).

3b. By 3a, there exists y € Sp such that T'p, — T'y. Thus, for every z € I, there
exists w € G such that z = T*w, which yields (z | p, —9) = (w | Tp, — Ty) — 0 and,
hence, p, — ¢. This concludes the proof. O

Remark 2.2.16. 1. Note that the existence of a sequence (pp)nen is guaranteed without
any further assumption than 0 € sri(dom ¢g* — ranT*). This result is weaker than
strong monotonicity or full range assumptions made in [9, 35] and improves [32], in
which this existence 1s assumed. Note that, even if there could exist a continuum of
solutions to the optimization problem in (2.2.47), the image through T is unique, in
view of (2.2.53) and (2.2.52).

2. In the case when K = 1d, Theorem 2.2.15(1) recovers the reduction of DRS when
A=0f* and B = 0(g*o(=T")) to ADMM and the convergence is guaranteed under
weaker conditions than the strong monotonicity and full range assumptions used in
[35, Section 5.1]. Under the assumption ker T' = {0}, this result is obtained in [46,
Theorem 3.2].

3. Suppose that K = 1d. Observe that, given the sequence (0n)nen generated by SDR,
Theorem 2.2.15(2) asserts that any sequence (pp)nen satisfying —Tpni1 = U, allows
the convergence of ADMM and its equivalence with DRS applied to the dual problem
(D). The equivalence of ADMM with respect to DRS applied to the primal (P) is
studied in [55, 57].

4. In the case when K = 1d, Theorem 2.2.15(2) provides the reduction of ADMM
to DRS. Note that this reduction does not need any further assumption on T than
ran 7™ N dom ¢g* # &, which is weaker than ker T' = {0}, used in [46, Theorem 3.2]
(see also [1, Appendiz A] and [29, Proposition 3.43] in finite dimensions).

5. Theorem 2.2.15 provides the weak convergence of shadow sequences, improving [35,
Theorem 5.1] in the optimization setting. In addition, Theorem 2.2.15 recovers the
result in [29, Proposition 3.42] when K has full column rank in the finite dimensional
setting.
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The following result allows to deal with more general formulations involving two linear
operators.

Corollary 2.2.17. Let H, G, H, and K be real Hilbert spaces, let g € T'o(K), let h € To(H),
and letT : K — G, J: H — H, and K : G — H be non-zero bounded linear operators such
that 0 € sri(dom g* —ranT™), 0 € sri (dom h* —ran J*), and 0 € sri (KT'dom g+ Jdomh).
Consider the convex optimization problem

minmin  g(y) + h(v)

s.t. KTy+ Jv=0, (2.2.59)

under the assumption that solutions exist. In addition, let X: G — G and T: H — H be
strongly monotone self-adjoint linear operators such that X' — K*TK is monotone, let
po € K, let vg € H, let xg € H, and consider the routine:

Yn = p + V(KTp, + Jv,)
Pni1 € arg m}cin (9(p) + 31 Tp — (T — SK*y,)[13-1)
pe

(Vn € N) _ )
Upy1 € argmin (h(v) + 5|l Jv + KTppi1 + 1 2, ||3)
veJ

(2.2.60)

| Tng1 = T + T(KTpny1 + JUnya).

Then, there exists (y,0) solution to (2.2.59) such that the following hold:
1. Tp, — Ty and Jv, — J0.
2. Suppose that ranT* = IC. Then, p, — 4.
3. Suppose that ran J* = H. Then, v, — 0.

Proof. Note that, by setting f = (—J)>h: ¢ — minj,__, h(v), (2.2.59) can be equivalently
written as

yek —Juv=KTy yekl

min (g(y) + min h(v)) =min (g(y) + f(KTy)). (2.2.61)
Since 0 € sri(domh* — ran J*), [3, Corollary 15.28] yields f = (h* o —J*)* € I'o(H).

Hence, the problem in (2.2.59) is a particular instance of Problem 2.2.10 and it follows
from (2.2.47), (2.2.12), and an argument analogous to that in (2.2.52) that

(VR €N)  gup1 =7 (Id — proxie, ) (2n +TKTpoi1) = —Jvns1, (2.2.62)
where v,, 11 is defined in (2.2.60). Hence, (2.2.60) is a particular instance of Algorithm 2.2.14.
Moreover, [3, Proposition 12.36(i)] yields 0 € sri (KTdom g + Jdom h) = sri (KT'dom g —
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dom f) and Proposition 2.2.12(1b) implies the existence of a solution to (2.2.43). Alto-
gether, Theorem 2.2.15(3) asserts that there exists (¢, 2) € SpxSp such that (z,,, —T'pn, ¢n)
(z,=Ty, KTy) and & = =Ty € Sp+. Moreover, since 0 € sri (dom h* — ran J*), it follows
from (2.2.61) and [3, Corollary 15.28(i)] that there exists 0 € H such that (g,0) is a solu-
tion to (2.2.59). In particular, Tp, — Ty and ¢, = —Jv, — KTy = —Jv, which yields
1. Assertions 2 and 3 follow analogously as in the proof of Theorem 2.2.15(3b). O

Remark 2.2.18. 1. In the context of Corollary 2.2.17, let U = T~ — KX K* and
V = X! — K*TK, which are monotone in view of Proposition 2.2.5. Then, Algo-
rithm 2.2.14 can be written equivalently as

Pnt1 € arg min () + SIETp + Jon + T 2|3 + Ll = pul3yr )
pe

Upt1 € arg min (h(v) + %||KTpn+1 + Ju + T—lg;nH%) (2.2.63)
vEH
Tpt1 = Tp + T(KTpnir + Jups1),

which is a non-standard version of the preconditioned ADMM (PADMM) [9] without
proxzimal quadratic term in the second optimization problem of (2.2.63). It considers
the augmented Lagrangian with non-standard metric

1
Ly: (p,v,z) = g(p) + h(v)+ (x| KTp+ Jv) + §HKTp+ Jvl|7, (2.2.64)

which generalizes the classical augmented Lagrangian L,1q for some r > 0. Without
the strong monotonicity assumptions used in [9, Theorem 2.1 & Theorem 3.1], the
sequences of algorithm (2.2.60) are well defined and Corollary 2.2.17 provides weak
convergence. Moreover, in the case when J = —Id and T = rlId, Corollary 2.2.17
ensures convergence under weaker assumptions than [52, Algorithm 2] (see also [4]
for a wvariant involving a differentiable convex function). In [59], a non-standard
metric is included only in the multiplier update step of [52, Algorithm 2], but the
convergence of the iterates is not obtained.

2. In the case when K = Id and ¥ = T, the algorithm in (2.2.63) reduces to the
ADMM algorithm with the augmented Lagrangian with non-standard metric (2.2.64),
which, given (qo, xo) € H X H, iterates

Pnr1 € argmin (g(p) + 3| Tp + Ju, + T 2,||7)
peEK
(Vn € N) Unt1 € argmin (h(v) + | Tpu1 + Jv+ T 2,|%) (2.2.65)
vEH
L1 = Ty + T(TPrs1 + JUp41).

In the particular case when T = 71d, it reduces to ADMM [7] and [32, 35, 36, 38]
when J = —Id.
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3. As in Remark 2.2.16(1), sequences (T'pp)nen and (Juy)nen in (2.2.65) are unique
even if the solutions to the optimization problems in (2.2.65) are not unique. The
uniqueness of (Pn)nen (1esp. (Vn)nen) i guaranteed, e.g., if g (resp. h) is strictly
convex or if ranT* = IC (resp. ran J* = H).

The following corollary is a direct consequence of Theorem 2.2.15 when 7" = Id.

Corollary 2.2.19. In the context of Problem 2.2.10, suppose that I’ = 1Id and that there
exists a solution to (2.2.43). Let X: G — G and T: H — H be strongly monotone self-
adjoint linear operators such that ™1 — K*TK is monotone, let py € K, let (qo, 7o) €
H x H, and consider the sequences (pp)nen and (x,)nen generated by the recurrence

Yn = 2n + T(Kpp — qn)

Prt1 = Prox;  (pn — SK*yy)
Gnt1 = proxy (T~'a, + Kpni1)
Tny1 = Tp + T(Kppi1 — Guir)-

(Vn € N) (2.2.66)

Then, there exists (y,2) € Sp x Sp such that (p,, x,) — (Y, ).

Remark 2.2.20. 1. Note that the explicit method proposed in Corollary 2.2.19 includes
two multiplier updates as the algorithm in [21, Algorithm I]. Our method allows for
different step-sizes in primal and dual updates and the main distinction is that the
third step in (2.2.66) includes the information of its second step, while the algorithm
in [21, Algorithm I] uses the information of previous iteration.

2. Note that (2.2.66) and (2.2.12) yield, for every n € N,

Tp41 = Tp + TKpn-‘,—l - TQn+1
=7(Id - prox?)(T_lxn + Kppi1)
= prox}fl(xn + T Kpni1) (2.2.67)

and Ypy1 = Tops1 + V(Kppi1 — Gne1) = 2241 — x,.  Therefore, when HT% o K*o
E%H < 1, (2.2.66) reduces to the algorithm proposed in [48] applied to the dual
problem min(f* + g* o —K*)(H). Hence, Corollary 2.2.19 is a generalization of [48,
Theorem 1] in this context.

3. Observe that the second step in (2.2.66) is explicit, differing from the first step in
ADMM (2.2.65), which is implicit. This feature allows for an algorithm with very
low computational cost by iteration. However, the number of iterations may be much

larger than those of ADMM in some instances, as we verify numerically in Sec-
tion 2.2.5.2.
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2.2.5 Numerical experiments

In this section we provide two numerical experiments. In the first experiment we compare
SDR with several schemes in the literature for solving the total variation image restoration
problem. In the second experiment we consider an academic example in which splitting
K from T has numerical advantages with respect to ADMM.

2.2.5.1 Total variation image restoration

A classical model in image processing is the total variation image restoration [50], which
aims at recovering an image from a blurred and noisy observation under piecewise constant
assumption on the solution. The model is formulated via the optimization problem

Rr—1b = FTV 2.2.68
_min SR = bl + oVl = F™V (o) (2:2.68)

where = € [0,255]" is the image of N = N; x N, pixels to recover from a blurred and
noisy observation b € R™, R : RV — R™ is a linear operator representing a Gaussian
blur, the discrete gradient V: z +— Va = (Dix, Dox) includes horizontal and vertical
differences through linear operators D; and D,, respectively, its adjoint V* is the discrete
divergence (see, e.g., [18]), and a € ]0,+oo[. A difficulty in this model is the presence
of the non-smooth ¢! norm composed with the discrete gradient operator V, which is
non-differentiable and its proximity operator has not a closed form.

Note that, by setting f = [|[R - —b|*/2, g1 = a| - |l1, and g» = tjp 255, L1 = V, and
Ly = 1d, (2.2.68) can be reformulated as min(f 4+ g; o Ly + go o Ly) or equivalently as
(qualification condition holds)

find # € RY such that 0 € Of (%) 4+ L;0g1(L17) + L30gs( L), (2.2.69)

which is a particular instance of (2.2.35), in view of [3, Theorem 20.25]. Moreover, for
every 7 > 0, Jroy = (Id + 7R*R)"*(Id — 7R*b), for every i € {1,2}, Jy 95— = 7(Id —
proxg, ;) (Id/7), prox,, ,, = P 2s5~, and proxy, ,, = prox,., - is the component-wise soft
thresholder, computed in [3, Example 24.34]. Note that (Id + 7R*R)~! can be computed
efficiently via a diagonalization of R using the fast Fourier transform F' [40, Section 4.3].
Altogether, Remark 2.2.7(5) allows us to write Algorithm 2.2.2 as Algorithm 1 below,
where we set T = 7ld, ¥ = o1Id, and Xy = osld, for 7 > 0, o7 > 0, and o5 > 0. We
denote by R the primal-dual error

(s, us) — (2,u)|
R:(xy,up, x,u) \/ + “; I (2.2.70)

and by € > 0 the convergence tolerance. The error R is inspired from (2.2.31) in the proof
of Theorem 2.2.6.
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Algorithm 1

Fix 7o € RN v1 90 € R™ v99 € R* 701||V||> + 702 < 1, and ry > £ > 0.
while r, > ¢ do
Tpp1 = (Id+ 7R*R)"Y(x, — 7V*01,, — TU2, — TR*D)
V11 = 01(Id — proxy ., /o, ) (V1.0/01 + V(22011 — 7))
Vo n+1 = 02 (Id - P[o,255}N) (Uz,n/02 + 2%541 — xn)
Tp = R((an, V11, V2.n41), (s U1, 1)2771))
end while
return (Z,41, V1041, V2.0+1)

In this case, (2.2.37) reduces to the monotonicity of (77! — 09)Id — ¢, V*V, which is
equivalent to
To1||V|* 4+ 700 < 1, (2.2.71)

in view of Proposition 2.2.3. By using the power iteration [44] with tolerance 1079, we
obtain ||V|* & 7.9997. This is consistent with [17, Theorem 3.1].

Observe that, when o1 = 09 = o, Algorithm 1 reduces to the algorithm proposed in
[20] (when o7(||V]|* + 1) < 1) or [25, Theorem 3.3], where the case o7(||V|* +1) =1 is
included.

We provide two main numerical experiments in this subsection: we first compare the
efficiency of Algorithm 1 when the step-sizes achieve the boundary in (2.2.71), verify-
ing that the efficiency is better when the equality is achieved. Next, we compare the
performance of different methods in the literature with optimal step-sizes. For these com-
parisons, we consider the test image of 256 x 256 pixels (N; = Ny = 256) in Figure 2.4a”
(denoted by Z). The operator blur R is set as a Gaussian blur of size 9 x 9 and standard
deviation 4 (applied by MATLAB function fspecial) and the observation b is obtained
by b = RT + e € R™>*™2 where m; = my = 256 and e is an additive zero-mean white
Gaussian noise with standard deviation 102 (using #mnoise function in MATLAB). We
generate 20 random realization of random variable e leading to 20 observations (b;)1<;<20.

In Table 2.1 we study the efficiency of Algorithm 1, in the simpler case when o1 =
o9 = 0, as parameters o and 7 approach the boundary o7(||V||* + 1) = 1. In particular,
we set 0 = 7 = £/(10/1+ ||V|]?) for k € {6,7,8,9,10}. We provide the averages of
CPU time, number of iterations, and percentage of error between objective values F1V (Z)
and FTV(z,) obtained by applying Algorithm 1 for the 20 observations (b;)1<i<90 and for
k € {6,7,8,9,10}. The tolerance is set as ¢ = 1075, We observe that the algorithm
becomes more efficient (in time and iterations) and accurate (in terms of the objective
value) as long as parameters approach the boundary. This conclusion is confirmed in
Figure 2.1, which shows the performance obtained with the observation b3. Henceforth,
we consider only parameters in the boundary of (2.2.71).

2Image Circles obtained from http://links.uwaterloo.ca/Repository.html
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Table 2.1: Averages of CPU time, number of iterations, and percentage of error in the
objective value obtained from Algorithm 1 with 7 = 07 = 09 = £/(10y/1 + ||V]]?) and
tolerance 107°.

e=10"°
k | Av. Time(s) | Av. Tter. | Av.% error o.v.
6 43.22 8729 0.3541
7 40.23 8179 0.3536
8 38.56 7725 0.3533
9 36.43 7340 0.3530
10 34.66 7003 0.3528

10°F

Relative error
Relative error

0 1000 2000 3000 4000 5000 6000 o 10 20 3 40 5 60 70 80
Iterations Time (s)

(a) (b)

Figure 2.1: Comparison of Algorithm 1 with 7 = 07 = 02 = /(104/1 + ||V||?)), for image
reconstruction from observation bys.
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Next, we compare Algorithm 1 when 704||V||* + 705 = 1, with alternative algorithms
in [25, Theorem 3.3], [25, Theorem 3.1] or [56, Corollary 4.2], [12, Theorem 3.1], and
[45], which are called “Condat”, “Condat-Vu”, “MS”, and “AFBS”, respectively. In or-
der to provide a fair comparison in our example, we approximate the best step-sizes by
considering a mesh on the feasible set defined by the conditions allowing convergence for
each algorithm. In the case when € = 1079, the best performance of Condat-Vi is ob-
tained by setting 7 = 1.2 and o0 = 0.99 - (2 — 7)/(27||V||?) which is next to the boundary
of condition o7||V|?* < (1 — 7/2). For MS, the performance is better when the only
step-size T is next to the boundary of the condition 7 < 1/4/1 + ||V||?, which leads us
to set 7 = 0.99/4/1+||V]]2. For AFBS, we found as best parameters 7 = 0.13 and
A = 1.7/(65n + 10)%5% (see [45]). In the case of Condat, we consider 34 cases of param-
eters 7 and o satisfying o7(1 + |V||?) = 1, by setting 7, = 6*/(8004/1 + [|V||2) and o}, =
800/(6%1/1 + ||V]]2), where § = 800'/® and k € {1,...,34}. For Algorithm 1 we consider
the same parameters (7;)1<k<3s than those in Condat, and we set of , = (1 —€)/([|V||?)
and aék =L/, for £ € 1071 - {5,0.1,0.05,0.01, 0.005, 0.003}, in view of (2.2.71). In Ta-
ble 2.2 we provide the averages of CPU time, number of iterations, and the percentage
of error between objective values F7V(z) and FTV(z,) obtained by previous algorithms
with tolerance e = 107° considering the observations (b;);1<;<20. We show the best 5 cases
for Algorithm 1 (k € {20,...,24}) and the best case for Condat (k = 22). We observe
that Algorithm 1 and Condat reduce drastically the computational time and iterations
obtained in Table 2.1, which shows the advantage of searching optimal parameters in the
boundary of the condition of convergence. We also observe in Table 2.2 that Algorithm 1
(k=22 and ¢ = 0.001) is the most efficient method for this tolerance, followed closely by
Condat (k = 22). Both methods outperform drastically the competitors. In Figure 2.2
we show the relative error versus iterations and time for the observation b;3, confirming
previous results.

In order to make a more precise comparison of Algorithm 1 and Condat, we consider a
smaller tolerance € = 1078, The obtained results are shown in Table 2.3 and Figure 2.3. We
observe that Algorithm 1 (k = 21 and ¢ = 0.001) achieves the tolerance in approximately
11% less CPU time than Condat in its best case (k = 21). The efficiency in the case of
the observation b;3 is illustrated in Figure 2.3.

The reconstructed images, after 100 iterations, for the different algorithms are shown
in Figure (2.4). The best reconstruction, in terms of objective value F7V and PSNR (Peak
signal-to-noise ratio), are obtained by Condat and Algorithm 1.

2.2.5.2 Split-ADMM in an academical example

In this section, we implement Algorithm 2.2.14, Corollary 2.2.19, and ADMM in (2.2.65)
for solving an academical example in the context of Example 2.2.11. We compare their
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Table 2.2: Averages of CPU time, number of iterations, and percentage of error in the
objective value for Algorithm 1 with 70,||V||?+ 702 = 1, Condat, Condat-Vi, AFBS, and
MS with tolerance 107°.

e=10""

Algorithm | 7 o1 | Av. Time(s) | Av. Iter. | Av. % error o.v.
0.77 | 0.16 21.12 4106 0.3531
1.17 | 0.11 15.33 3223 0.3562
Alg.1 1.77 1 0.07 13.97 2787 0.3649
2.69 | 0.05 14.36 2891 0.3771
4.09 | 0.03 16.23 3372 0.3907
Condat | 1.77 | - 14.89 2853 0.3673
Condat-Vu | 1.2 - 28.19 3539 0.3738
MS 033 | - 62.48 6193 0.3506
AFBS 013 | - 85.76 11104 0.6611

104 10

— —
2 2
g g
) o . .
> 100} > 10 5 -
o— o
] ——Alg. 1k=20 = ——Alg. 1k=20
o Alg. 1k=21 = —Alg. 1k=21
o~ —Alg. 1k =22 ~ —Alg. 1k =22

—Alg. 1k=23 —Alg. 1k=23

Alg. 1k=24 ——Alg. 1k=24

——-Condat k = 22 N Condat k = 22

————— Condat-Vi Y . — —-Condat-Vu

---------- MPS — i

AFBS AFBS
10.6 L L L L 10-6 L L L L
0 500 1000 1500 2000 2500 0 5 10 15 20 25 30
Iterations Time (s)
(a) (b)

Figure 2.2: Comparison of Algorithm 1 with 70,||V||* + 702 = 1, Condat, Condat-V1,
AFBS, and MS (observation b;3).

50



Chapter 2 Composite Monotone Inclusions in Vector Subspaces

Table 2.3: Averages of CPU time, number of iterations, and percentage of error in the
objective value for Algorithm 1 with 704 ||V||* + 705 = 1 and Condat with tolerance 1075,

e=10"%
Algorithm | 7 o1 | Av. Time(s) | Av. Iter. | Av. % error o.v.
0.77 | 0.16 93.36 19560 0.3514
1.17 | 0.11 83.15 17561 0.3515
Alg. 1 1.77 1 0.07 100.06 20796 0.3515
2.69 | 0.05 128.80 26801 0.3516
4.09 | 0.03 160.92 33709 0.3517
Condat | 1.17 | - 93.77 18451 0.3515
10 : : : 10 ——
—Alg. 1k=20 —Alg. 1k=20
—Alg. 1k =21 —Alg. 1k =21
—Alg. 1k=22 —Alg. 1k=22
—Alg. 1k=23 —Alg. 1k=23
105 ¢ ——Alg. 1k=24 105+ ——Alg. 1k=24 |
P ----Condat k =21 = -—--Condat k = 21
o o
8 5
= =
= =
107 107
! 0780 2060 4060 6060 8060 1 0(;00 1 2600 1 4(;00 ! 0780 26 4‘0 6‘0 8‘0 1 60 1 éO 1 4‘10 160
Iterations Time (s)
(a) (b)

Figure 2.3: Comparison of Algorithm 1 with 70,||V||? + 705 = 1 and Condat (observation
blg).
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[elolole;

a Original, FTV(z) = b) Blurry/nmsy C AFBS, FTV(x100) = MS, FTV(z100) =
10.32 b1z, FTV(h) = 53.13, 11.28, PSNR=25.53. 10 56 PSNR=26.38.
PSNR=22.15
Condat-V4, Condat (kK = 21), Alg 1(k=211¢=
FTV(mlgo) = 10.94, F Vi(z100) =  10.57, 0 001) FTV(2100) = 10.55,
PSNR=28.38. PSNR=28.80. PSNR=28.80.

Figure 2.4: Reconstructed image, after 100 iterations, from blurred and noisy image using

AFBS, MS, Condat-Vu, Condat and Alg. 1.
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performances when solving the following optimization problem

min F(z) = h(z — 2) + a||Mz||;, (2.2.72)

zCRN

where h : RN — R is defined by

g €5, iflel >0
hiw=(Eheiza = ) 0(E), ¢ RoRE G o 2
=1 2—5,
§>0,z€RY a>0,and M isa N x N symmetric positive definite real matrix. The first
term in (2.2.72) is a data fidelity penalization using the Huber distance and the second
term imposes sparsity in the solution. This type of problems appears naturally in image
and signal denoising (see, e.g., [22, 43, 47, 51]).

Since M is symmetric, there exist N x N real matrices P and D, such that PT =
P~ D is diagonal, and M = PDP". By setting g = h(- —2), f = a| - ||;, K =
PDYPT and T = PD"PT, for some n € [0, 1], we deduce that KT = M and (2.2.72)
is a particular instance of (P). Next, we illustrate the efficiency of Algorithm 2.2.14 for
different values of n € [0,1]. Observe that, in the case when n = 0 we have T" = Id
and Algorithm 2.2.14 reduces to the algorithm in Corollary 2.2.19. On the other hand,
in the case when 7 = 1 we have K = Id and Algorithm 2.2.14 reduces to ADMM in
(2.2.65). We have prox;: (&)1<i<n = prox;(&;), where prox|, is the scalar soft-thresholder
operator [3, Example 24.34(iii)]. Note that, since kerT" = {0}, for every n € [0, 1], the
optimization problem in the second step of (2.2.47) admits a unique solution, in view
of Remark 2.2.18(3). Therefore, when 7" = 7Id and ¥ = old, Algorithm 2.2.14 in this
example reads as follows.

(2.2.73)
if [¢] <4,

Algorithm 2

1: Fix 7 >0, po, qo, 70 € RY, e > 0, and ry > .

2: while r, > ¢ do

Yn =Tn + T(KTPp — qn)

Pni1 =zer(oVh(- —2) + T*(T - —(Tp, — 0 K*y,)))
n+1 = Proxg (Tn/T + KTppy1)

Tpyl = Tp + T(KTanrl - Qn+1)

Ups1 = oK (xpi1 — ) — TP

8 Tpy1 = R(Tpi1, Unst1, Tn,Up)

9: end while

10: return (pni1, ¢ui1, Tni1)

Note that the step 4 in Algorithm 2 involves the resolution of a non-linear equation
when 77 > 0. On the other hand, in the case when 1 = 0, we have T" = Id and, as noticed in

53



Chapter 2 Composite Monotone Inclusions in Vector Subspaces

Remark 2.2.20(3), the step 4 can be computed explicitly by using prox, = z -+ prox, (- — 2)
[3, Proposition 23.17(iii)] and the fact that A is the real Huber function (see [3, Example
8.44 & Example 24.9]). We consider as stopping criterion the primal-dual relative error
defined in (2.2.70).

We compare the performance of Algorithm 2 when n € {0,0.8,0.9, 1} with the standard
solver fmincon of MATLAB for N € {100, 250,500} and different values of the minimum
and maximum eigenvalues A > Amin > 0 of the matrix M. Since the expected value of
Amax (resp. Amin) of random matrices generated by a normal distribution increases (resp.
decreases) as N increases (see [33, Table 1.2]), we consider three classes of matrices with
condition number kK = A\yax/Amin = 50 for each dimension N € {100, 250, 500}:

e Class A: Class of matrices M with small eigenvalues (Apax = N/1000).
e Class B: Class of matrices M with average eigenvalues (Apax = 4V).
e Class C: Class of matrices M with large eigenvalues (Ayax = 100N).

For each class, we generate 30 random matrices using the randn function of MATLAB and
the eigenvalues of each randomly generated matrix M is forced to satisfy the conditions of
cach class after a singular value decomposition M = PDPT. We next generate T and K
as described before. Step 4 in Algorithm 2 is computed via fsolve function of MATLAB
(for n > 0). We define the percentage of improvement of an algorithm with respect to
fmincon via I, = (F — F(py)) - 100/F, where F stands for the value of the function
obtained by fmincon with tolerance 107 and F(py) is the value of the function obtained
by Algorithm 2 when it stops in iteration 7. Finally, we set the tolerance e = 107% and
7 =1 in Algorithm 2.

Table 2.4 provides the averages of CPU time, iterations, and percentage of improvement
with respect to fmincon of Algorithm 2 in the cases n € {0,0.8,0.9,1} for the 30 random
matrices in each class and N € {100, 250,500}. We split our analysis of the results in the
three classes of random matrices.

The best performance in the class A (small eigenvalues) is obtained by the case when
n = 0 (Corollary 2.2.19) in each dimension. The function value is very close to the one
obtained by fmincon (difference of 107°%). For this class, the cases when n € {0.8,0.9}
are less accurate and ADMM (n = 1) is even more precise but much slower than the
case when 1 = 0 for this class. This is explained by a very low cost per iteration and a
comparable average number of iterations of the case when n = 0.

On the other hand, for matrices belonging to the class B (average eigenvalues), the
most efficient method is SADMM with n = 0.9. The method needs very few number
of iterations on average and it is more accurate than fmincon, since I is positive. This
feature is also verified in 7 € {0.8,1} but the number of iterations and computational time
is larger. We observe that the case when 1 = 0 shows a very large number of iterations
for achieving convergence and looses precision as the dimension increases. We conclude
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that SADMM outperforms drastically ADMM and the algorithm of Corollary 2.2.19, for

suitable factorizations of matrices M with average eigenvalues.

Finally, ADMM (n = 1) is the best algorithm for the class C. It needs a very few number
of iterations on average for achieving convergence, which nicely scales with the dimension.
The computational time is around 1/3 of the closest competitor and the precision is as
good as fmincon. SADMM algorithms when n € {0.8,0.9} are similarly accurate but much
slower. The case when n = 0 is very far from the solution and extremely slow for this class
in all dimensions.

Table 2.4: Performance of Algorithm 2 for N € {100, 250,500}, n € {0,0.8,0.9,1} and

classes A, B, and C.

[ N [ Class | n 0 0.8 0.9 1
Av. time 0.019 4.86 4.92 4.37
A Av. iter 688 704 717 656
Av. I, (%) | -1.8-107° -0.47 -0.07 -1.5-107F
Av. time 17.52 1.15 0.50 5.41
100 | B Av. iter 798258 118 49 519
Av. T, (%) 0.63 0.36 0.33 0.64
Av. time 31.44 377 1.07 0.34
C Av. iter 1410638 395 107 30
Av. T (%) -1607 84-10%[-81-108|-51-10"%
Av. time 0.036 8.94 9.25 8.88
A Av. iter 380 359 387 393
Av. I, (%) | -1.6-107° -1.03 -0.18 -8-10°°
Av. time 136.82 5.54 2.61 32.15
250 | B Av. iter 1547593 143 64 886
Av. T (%) -0.15 0.18 0.19 0.25
Av. time 85.28 27.14 5.83 1.76
C Av. iter 971230 761 120 39
Av. I, (%) | -18287 |[-1.3-1077 |-9.5-10°° | -3.3-10°%
Av. time 0.067 13.41 13.58 13.52
A Av. iter 123 128 129 132
Av. I, (%) | 7.2-107° -1.47 -0.30 82-10°°
Av. time 581.25 39.99 23.95 113.24
500 | B Av. iter 1249041 248 162 740
Av. I; (%) -2.32 0.13 0.13 0.15
Av. time 205.34 193.95 32.09 12.31
C Av. iter 419896 1200 182 46
Av. T,(%) | -261808 |-1.8-107 | -1.5-10"7 | -9.4-107®

%)
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Chapter 3

Primal-Dual Algorithm with Critical
Step-Sizes and Relaxation
Parameters

3.1 Introduction and Main Results

In this section we provide a theoretical study of the relaxed primal-dual splitting [42]
including critical preconditioners for solving the following composite monotone inclusion.
We present an alternative formulation of the primal-dual algorithm that differs from the
convergence analysis of SDR algorithm made in Theorem 2.2.6, in which, the inclusion of
relaxation parameters is not clear.

Problem 3.1.1. Let H and G be a real Hilbert spaces, let A+ H — 2" and B : G — 29
be maximally monotone operators, and let L : H — G be a linear bounded operator. The
problem is to find (,u) € Z, where

Z={(z,u) eHxG|0€Av+L'u, 0€ B 'u— Lz} (3.1.1)
15 assumed to be non-empty.

Ir order to include the critical preconditioners and relaxation parameters on the primal-
dual algorithm, we study Krasnosel’skii-Mann (KM) iterations defined in the range of
monotone self-adjoint linear operators in the following result.

Proposition 3.1.2. Let (H, (- | -)) be a real Hilbert space, let V : H — H be a monotone
self-adjoint linear bounded operator such that ran V' is closed, and let S: H — H be such
that Fix S # &, that S = S o Poan v, and that (Pan v © S)|ran v @S quasinonexpansive in
(ran V(- | -)y,). Define

T:ranV —wranV : 2+ P,y oSx (3.1.2)
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and consider the sequence (x,)nen defined by the recurrence
xoeH, (VneN) x, 1 =(1-\)x,+ \.Sx,. (3.1.3)
Moreover, suppose that one of the following holds:

(1) T is firmly quasinonexpansive, Id — T is demiclosed at 0 in (ran V', (- | -)y,), and
(An)nen 18 a sequence in [e,2 — €] for some e € )0, 1].

(11) T is a—averaged nonexpansive in (ran V(- | -)y,) for some a € 10,1] and (\,)nen
is a sequence in [0,1/a] such that )", .y A(1 — a)y,) = 400.

Then the following hold:

1. (Pean vTn)nen is Féjer monotone in (ran V', (- | -}y) with respect to FixT.
2. (Pran v(8Ty, — ) )nen converges strongly to 0 in (rtan V', (- | -)y,).

3. (Pran v&n)nen converges weakly in (ran V', (- | -)y,) to some & € FixT and Sz €
Fix S.

To obtain the convergence of the relaxed primal-dual algorithm with critical precondi-
tioners we prove that this method defines KM iterations in the range of the operator V'
given by

V:H->H: (z,u)—~ (T '2— L', 'u— Lz), (3.1.4)
where ¥ : G — G and T : H — H are strongly monotone self-adjoint linear operators such
that |[v/E£Lv/Y|| < 1. This operator is monotone self-adjoint and linear with non-trivial
kernel. In addition, to ensure convergence, we prove that V is cocoercive and we assume
that ran V' is closed, which is equivalent to the closure of ran (X! — LY'L*). The following
is the main result of this section.

Theorem 3.1.3. In the context of Problem 3.1.1, let V' be the operator defined in (3.1.4),
where ¥ : G — G and YT : H — H are self-adjoint linear strongly monotone operators such
that ||[VELVY|| < 1, and suppose thatran V is closed. Moreover, let (A, )nen be a sequence
in [0,2] satisfying 3, o An(2—An) = 400, and consider the sequence ((zy, un))neN defined
by the recurrence

Pn+1 = JTA(le - TL*un)
(Vn € N) Gni1 = JIsp-1 (Up + XL(2ppi1 — ) (3.1.5)
(wnJrla un+1) = (1 - )‘n)(xna un) + )\n(anrla Qn+1)a

where (xg,up) € H X G. Then (Pranv(xn,un))
to some (9,0) € H x G such that

(Jra(g — YL*D), Jop-1 (6 + ZL(2Jva(§ — TL*O) — 9)) ) (3.1.6)

ey converges weakly in (ran V', (- | -)v)

18 a solution to Problem 5.1.1.
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The previous theorem generalizes results in [19, 21, 42] including critical precondition-
ers, variable metrics, and relaxation parameters. We also recover the convergence of the
Douglas-Rachford splitting algorithm.

Proposition 3.1.4. In the context of Problem 3.1.1, set L =1d, let T be a strongly mono-
tone self-adjoint linear operator, let (A\,)nen be a sequence in [0,2] satisfying Y, .y An(2 —
An) = 400, and consider the sequence ((xn,un))neN defined by the recurrence

Pny1 = JTA(mn - Tun)
(Vn € N) Gni1 = Jy-1p-1 (un + Y (2ppy1 — xn)) (3.1.7)
(mn-i-la un-i-l) - (1 - )‘n)(xna un) + /\n(pn—i-la Qn-l-l)a

where (xg,ug) € H x H. Then, by setting, for every n € N, z, = x, — Yyn, (2n)nen
converges weakly in H to some 2 € Fix (Jyp o (2Jya — Id) + (Id — Jya)) and

(Jraz, —=Y7H2 = Jra2))
18 a solution to Problem 5.2.1. Moreover, we have
(\V/TL € N) Zn41 = (1 — /\n)Zn + A\, Jyp 0 (QJTA — Id)zn + (Id — JTA)Zn- (318)

We finalize the article with numerical experiments in total variation image restoration.
From these experiments, we can observe that including relaxation parameters and critical
preconditioners the numerical convergence of the method is accelerated.

3.2 Article: Primal-dual Splittings as Fixed Point It-
erations in the Range of Linear Operators'

Abstract In this paper we study the relaxed primal-dual algorithm for solving composite
monotone inclusions in real Hilbert spaces with critical preconditioners. Our approach is
based in new results on the asymptotic behaviour of Krasnosel’skii-Mann (KM) iterations
defined in the range of monotone self-adjoint linear operators. These results generalize the
convergence of classical KM iterations aiming at approximating fixed points. We prove
that the relaxed primal-dual algorithm with critical preconditioners define KM iterations
in the range of a particular monotone self-adjoint linear operator with non-trivial kernel.
We then deduce from our fixed point approach that the shadows of primal-dual iterates
on the range of the linear operator converges weakly to some point in this vector subspace
from which we obtain a solution. This generalizes [21, Theorem 3.3] to infinite dimen-
sional relaxed primal-dual monotone inclusions involving critical preconditioners. The

18] Luis M. Bricefio-Arias and Fernando Roldén. Primal-dual splitting as fixed point iterations in the
range of linear operators, 2019, https://arxiv.org/abs/1910.02329
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Douglas-Rachford splitting (DRS) is interpreted as a particular instance of the primal-
dual algorithm when the step-sizes are critical and we recover classical results from this
new perspective. We implement the relaxed primal-dual algorithm with critical precondi-
tioners in total variation reconstruction and we illustrate its flexibility and efficiency.

3.2.1 Introduction

In this paper we provide a theoretical study of the relaxed primal-dual splitting [42] for
solving the following composite monotone inclusion.

Problem 3.2.1. Let H and G be a real Hilbert spaces, let A : H — 2" and B : G — 29
be maximally monotone operators, and let L : H — G be a linear bounded operator. The
problem is to find (&,0) € Z, where

Z={(z,u) e HxG|0€ Az + L*u, 0 € B~'u— Lz} (3.2.1)
1s assumed to be non-empty.

It follows from [9, Proposition 2.8] that any solution (&, %) to Problem 3.2.1 satisfies
that & is a solution to the primal inclusion

find x € H suchthat 0€ Az + L*BLx (3.2.2)
and « is solution to the dual inclusion
find w€G suchthat 0€ B 'u— LA™ (—L*u). (3.2.3)

Conversely, if 2 is a solution to (3.2.2) then there exists 4 solution to (3.2.3) such that
(z,u) € Z and the dual argument also holds. In the particular case when A = Of
and B = 0g for lower semicontinuous convex proper functions f: H — |—o0, +0o0] and
g: G — |—00, +00], we have that Z C P x D, where P is the set of solutions to the convex
optimization problem

m1?1{1 f(z) + g(Lx) (3.2.4)
S
and D is the set of solutions to its Fenchel-Rockafellar dual

migg*(u) + f*(=L*u). (3.2.5)
ue

Problem 3.2.1 and its particular optimization case model a wide class of problems in
engineering going from from mechanical problems [26, 28, 29], differential inclusions [1, 40],
game theory [10], image processing problems as image restoration and denoising [14, 16,
22], traffic theory [7, 25, 27], among other disciplines.
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In the last years, several algorithms have been proposed in order to solve Problem 3.2.1
and some generalizations involving cocoercive operators [9, 42, 31]. One of the most used,
is the algorithm proposed in [20] (see also [42, 5, 6] and [37, 15] in the context of (3.2.4)),
which iterates

DPn+1 = J’I‘A(xn - TL*un)
(Vn € N) Gn1 = Jsp-1(tn + BL(2ppi1 — xy)) (3.2.6)
(xn—&-la yn—l—l) = (1 - )\n)(l‘na yn) + )\n(pn-i—l: Qn-l—l):

where (zg,u9) € H X G, (An)nen C ]0,2[, and preconditioners T: H — H and ¥: G — G
are strongly monotone self-adjoint linear bounded operators such that |[vXLvV/Y|| < 1.
It turns out that (3.2.6) corresponds to the relaxed proximal-point algorithm [38, 34]
associated to the operator V"'M, where M : (z,u) — (Az + L*u) x (B7'u — Lz) is
maximally monotone in H & G [9, Proposition 2.7(iii)] and the self-adjoint linear bounded

operator
ViH->H:(z,u)—~ (T 'z — L'u, Y 'u— Lz) (3.2.7)

is strongly monotone if ||[vELv/Y| < 1. Hence, V~'M is maximally monotone in the
real Hilbert space (H x G, (- | V-)) and the convergence is a consequence of [38, 34]. Note
that Jps is also firmly nonexpansive in H & G, however it has no explicit computation.
Non-standard metrics are widely used not only to obtain explicit resolvent computations
but also to accelerate algorithms [11, 21, 31, 42, 23, 19]. In the presence of critical precon-
ditioners, i.e., ||[VXLVY|| = 1, the non-standard metric approach fails since ker V" # {0}
and, hence, (- | V) is not an inner product in H x G. Hence, the convergence of (3.2.6)
when |[vVELVY|| < 1 in the context of Problem 3.2.1 is an open question, which is par-
tially answered in [21, Theorem 3.3] for solving (3.2.4) in a finite dimensional setting when
Y, = old and T = 7Id. In the particular case when \,, = 1, the weak convergence of (3.2.6)
when ||[vVELVY|| < 1 is deduced in [12] from an alternative formulation of (3.2.6). This
formulation in the case when L = Id, generates primal-dual iterates in the graph of A and,
therefore, the argument does not hold when relaxation steps are included in general.

In this paper we generalize [21, Theorem 3.3] to the monotone inclusion in Prob-
lem 3.2.1 in the infinite dimensional setting with critical preconditioners. Our approach
is based on a fixed point theory restricted to (ran V(- | V-)), which is a real Hilbert
space under the condition ran V' closed. We obtain the weak convergence of Kras-
nosel’skii-Mann iterations governed by firmly quasinonexpansive and averaged operators
in (ran V', (- | V-)), which generalizes [17, Theorem 5.2(i)] and [3, Proposition 5.16]. This
result is interesting in its own right. It is worth to notice that most of known algo-
rithms can be seen as fixed point iterations of operators belonging to the previous classes
[5, 6, 9, 21, 31]. Our approach gives new insights on primal-dual algorithms: the con-
vergence of primal-dual iterates in H follows from the convergence of their shadows in
ran V.
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We also provide a detailed analysis of the case L = Id and relations of primal-dual
algorithms with the relaxed Douglas-Rachford splitting (DRS) [24, 32]. We give a primal-
dual version of DRS derived from (3.2.6) when L = Id and we recover the weak convergence
of an auxiliary sequence whose primal-dual shadow is a solution to Problem 3.2.1, as in
(24, 32].

We finish this paper by providing a numerical experiment on total variation image
reconstruction, in which the advantages of using critical preconditioners and relaxation
steps are illustrated.

The paper is organized as follows. In Section 3.2.2.1 we set our notation and some
preliminaries. In Section 3.2.2.2 we study the fixed point problem on the range of linear
operators and we provide conditions for the convergence of fixed point iterations governed
by firmly quasinonexpansive or averaged nonexpansive operators. In Section 3.2.3 we
apply fixed point results to the particular case of primal-dual monotone inclusions and we
provide several connections with other results in the literature. In Section 3.2.4, we study
in detail the particular case when L = Id, which is connected with Douglas—Rachford
splitting. Finally, in Section 3.2.5 we provide numerical experiments in image processing.

3.2.2 Preliminaries

In this section we first provide our notation and some preliminaries. Next we study a
specific fixed point problem involving the range of a self-adjoint monotone linear operator
and we provide the convergence of a Krasnosel’skii-Mann iteration in this vector sub-
space, which is interesting in its own right. The weak convergence of (3.2.6) with critical
preconditioners is derived from previous fixed point analysis.

3.2.2.1 Notation

Throughout this paper H and G are real Hilbert spaces. We denote the scalar product
by (- | -) and the associated norm by || - ||. The symbols — and — denotes the weak and
strong convergence, respectively. Given a linear bounded operator L : H — G, we denote
its adjoint by L*: G — H, its kernel by ker L, and its range by ran L. Id denotes the
identity operator on H. Let D C H be non-empty and let T : D — H. The set of fixed
points of T' is given by FixT = {a; eD ‘ xr = Tx}. Let 8 € ]0,+oc[. The operator T is
[—cocoercive if

(Vo€ D)(Vy € D) (z—y|Te—Ty) > B|Te—Ty|? (3.2.8)
it is f—strongly monotone if

(Vo€ D)(Yy € D) (x—y|Tx—Ty) > Bl —yl? (3.2.9)
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it is nonexpansive if
(Ve € D)(Vy € D) [|Tz =Tyl < |z =y, (3.2.10)
it is quasinonexpansive if
(Vz € D)(Vy € FixT) ||Tz —vy| < |z -y, (3.2.11)
and it is firmly quasinonexpansive (or class ¥) if
(Vz € D)(Vy € FixT) ||[Tz —y|? < ||z —y||* = || Tz — z|. (3.2.12)

Let @ €]0,1][. The operator 1" is a—averaged nonexpansive if 7' = (1 — a)Id + aR for
some nonexpansive operator R : H — H, and T is firmly nonexpansive if it is %—averaged
nonexpansive.

Given a self-adjoint monotone linear bounded operator V': H — H, we denote (- | -);, =
(- | V), which is bilinear, positive semi-definite, and symmetric. Moreover, there exists a
self-adjoint monotone linear bounded operator vV : H — # such that

V=VVVV, (reH) (o] Va)=[VVel?, (3:2.13)

and ran V' = ran+/V. In addition, if V is strongly monotone, (- | -),, defines an inner
product on H and we denote by || - ||y = /(- | -)y, the induced norm.

Let A : H — 2" be a set-valued operator. The domain, range, and graph of A
are dom A = {z€H | Av £}, ran A = {ueH | (3z € H)u € Az}, and graA =
{(x,u) EHXH ! u € Ax}, respectively. The set of zeros of A is zerA = {x eH ! 0 e Ax},
the inverse of A is A™': H — 2% u — {x ceH | u € Am}, and the resolvent of A is
Ja = (Id+ A)~t. We have zerA = Fix J4. The operator A is monotone if

(V(x,u) € graA)(V(y,v) € grad) (x—y|u—v) >0 (3.2.14)

and it is maximally monotone if it is monotone and there exists no monotone operator
B : H — 2" such that gra B properly contains gra A, i.e., for every (z,u) € H x H,

(x,u) egrad < (V(y,v) €grad) (x—y|u—v)>0. (3.2.15)

Let C be a non-empty subset of H and let (xn)n N be a sequence in H. Then (xn)neN is
Fejér monotone with respect to C' if

(Vz e C)(VneN) |zpp — 2| < ||z — 2] (3.2.16)

Let D be a non-empty weakly sequentially closed subset of H, let T : D — H, and let
u € H. Then T is demiclosed at u in (H, (- | -)) if, for every sequence (z,), .y in D and
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every x € D such that z,, — =z and Tz, — w in (H,{-|-)), we have have Tz = u. In
addition, T" is demiclosed if it is demiclosed at every point in D.

We denote by I'g(#H) the class of proper lower semicontinuous convex functions f: H —
|—00,400]. Let f € I'y(H). The Fenchel conjugate of f is defined by f*: w +— sup,4 ((x | u)—
f(z)), which is a function in T'o(#), the subdifferential of f is the maximally monotone
operator

Of iz {uet | (VyeH) fla)+{y—=z|u) < fy)},

(0f)~t = 9f*, and we have that zerdf is the set of minimizers of f, which is denoted
by arg min,cy f. Given a strongly monotone self-adjoint linear operator 17: H — H, we
denote by
. 1
prox}r: x— argmin (f(y) + <[z — y[3). (3.2.17)
yEH 2
and by prox; = prox}d. We have prox}f = Jr-195 (3, Proposition 24.24(i)] and it is single
valued since the objective function in (3.2.17) is strongly convex. Moreover, it follows
from [3, Proposition 24.24] that

prox}r =Id-7""! plrox}f1 Y=7"(1d- prox}c_l) T. (3.2.18)

Given a non-empty closed convex set C' C H, we denote by Px the projection onto C'
and by tc € T'o(H) the indicator function of C, which takes the value 0 in C' and 400
otherwise. For further properties of monotone operators, nonexpansive mappings, and
convex analysis, the reader is referred to [3].

The following result allows us to define algorithms in a real Hilbert space defined by
the range of non-invertible self-adjoint linear bounded operators. The result is a direct
consequence of [3, Fact 2.26] and (3.2.13).

Proposition 3.2.2. Let V : H — H be a monotone self-adjoint linear bounded operator.
The following statements are equivalent.

1. ran V s closed.

2. (Ja > 0)(Vx € ran V)
(Vo | z) > alz|? (3.2.19)

Moreover, if 1 or 2 holds, then (ran V, (- | -);,) is a real Hilbert space.

The following example exhibits a monotone self-adjoint linear bounded operator whose
range is not closed, illustrating that assumption ran V' closed is not redundant in our
setting.
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Example 3.2.3. Let (?(R) be the real Hilbert space defined by square summable sequences
in R endowed by the inner product (- | -): (x,y) = > .-, x;y; and consider the monotone
self-adjoint bounded linear operator

Vi ER) = CR): (@nengor ~ (01,55 )

E,?,...

By considering the sequence (2™)neny C (2(R) defined by zi =1 for j <n andz} =0 for
j > n... we have Va" — y = (1/§)jemqor € (*(R) as n — +oo, and y & ran V, which
implies that ran V' is not closed.

3.2.2.2 Fixed points in the range of linear operators

The following fixed point problem is the basis for the analysis of primal-dual algorithms.

Problem 3.2.4. Let (H, (- | -)) be a real Hilbert space, let V' : H — H be a monotone
self-adjoint linear bounded operator such that ran V' is closed, and let S: H — H be such

that Fix S # &, that S = S o Pran v, and that (Pan v © S)|ran v @S quasinonexpansive in
(ran V', (- | -)y,). The problem is to

find € Fix S. (3.2.20)

First observe that under the hypotheses on V', Proposition 3.2.2 asserts that (ran V', (- | -

is a real Hilbert space. In the particular case when V' = Id, we have ran V. = H,
P.anv = Id, and Problem 3.2.4 is solved in [17] when S is firmly quasinonexpansive (or
class T), and Id — S is demiclosed at 0, and in [3, 18] when S is averaged nonexpansive.
In the case when V is self-adjoint and strongly monotone, we also have ran V' = H,
P.anv = Id, and several approaches with non-standard metrics are developed for solving
Problem 3.2.4 by using contractive assumptions on S (see, e.g., [11, 19, 21, 23, 31, 37, 42]).
In all cases, the problem is solved via the Krasnosel’skii-Mann iteration

xoeH, (VneN) z,.1=01—-\)x,+ N\ Sx,, (3.2.21)

where (A, )nen is a strictly positive sequence. The main difference of Problem 3.2.4 with
respect to previous literature is that the contractive property is only guaranteed for the
shadow operator (Pranv © S)|tan v on (ran V(- | -)y,) without any further assumption
on S. In this section we obtain conditions for ensuring the convergence of the shadow
sequence (Pran vy )nen to a solution to Problem 3.2.4 from (3.2.21). We first need the
following technical lemma.

Lemma 3.2.5. Let Q: H — H and let S: H — H be such that FixS # @ and S =
SoQ. Then S(Fix(Q o S)) = Fix S and, in particular, Fix (Q o S) # &.
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Proof. First, let & € Fix S. Since S = S o Q we have

Sr=xz < SQx)==«
= QoS(Qz)=Q=x

hence Qx € Fix (Q o S) and S(Qx) = . Thus, x € S(Fix(Q o S)) and we conclude
Fix S € S(Fix (Q o S)). Conversely, let € Fix (Q o S). Since S = S o Q, we have

Q(Sx)=x = S(Q(Sxz))=Sx
= S(Sz)= Sz
= Sz cFix§.

Thus S(Fix (Q o S)) C Fix S and the result follows. O O

Now we prove that Krasnosel’skii-Mann iterations defined by S approximate the so-
lutions to Problem 3.2.4 via their shadows in ranV. We derive our result for firmly
quasinonexpansive (or class ¥) operators T' such that Id — T is demiclosed at 0, and for
a—averaged nonexpansive operators, for some a € |0, 1[.

Proposition 3.2.6. In the context of Problem 3.2.4, define
T:ranV —wranV : 2+ P, v oSz (3.2.22)
and consider the sequence (x,)nen defined by the recurrence
xo€EH, (WneN) xz,1=>0-\)x,+ N\, Sz,. (3.2.23)
Moreover, suppose that one of the following holds:

(1) T is firmly quasinonezpansive, Id — T is demiclosed at 0 in (ran V', (- | -)y,), and
(An)nen 18 a sequence in [e,2 — €] for some e € )0, 1].

(11) T is a—averaged nonexpansive in (ran V(- | -)y,) for some a € 10,1] and (A, )nen
is a sequence in [0,1/a] such that )", .y A(1 — a)y,) = 400.

Then the following hold:
1. (Pean vTn)nen is Féjer monotone in (ran V', (- | -}y ) with respect to FixT.
2. (Pran v(8Ty, — ) )nen converges strongly to 0 in (rtan V', (- | -)y,).

3. (Pran v&n)nen converges weakly in (ran V', (- | -)y,) to some & € FixT and ST is a
solution to Problem 3.2.4.
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Proof. Since V' is a monotone bounded self-adjoint linear operator and ran V is closed,
it follows from Proposition 3.2.2 that (ran V, (- | -)y) is a real Hilbert space. Moreover,
since S = S o P, v and Fix S # @, Lemma 3.2.5 yields

S(FixT) = Fix S (3.2.24)

and, hence, FixT # @. Therefore, since P,., v is linear, by defining, for every n € N,
Yn = Pran vy, it follows from (3.2.23) and T' = T o P,,, v that

yocranV, (VneN) y,11=1—-X\)yn+ ATy, (3.2.25)

If we assume (i), since inf,eny Ay (2 — A,) > €2, 1 and 2 follow from [17, Proposition 4.2] in
the error free case. Finally, it follows from [17, Theorem 5.2(i)] that y,, converges weakly
to some y € Fix T, and 3 is obtained from (3.2.24).

On the other hand, if we assume (ii), the results follow from [3, Proposition 5.16] and
(3.2.24). O

Remark 3.2.7. 1. Previous results does not include summable errors for ease of the
presentation, but they can be included effortlessly.

2. In the case when V 1is strongly monotone, we have ran V. = H, P, v = Id, and
Proposition 3.2.6(i) and Proposition 3.2.6(ii) are equivalent to [17, Theorem 5.2(i)]
and [3, Proposition 5.16], respectively.

3. In [19, 23], a version of [3, Proposition 5.16] allowing for operators (Sk)ren and
(Vi )ken varying among iterations is proposed. This modification allows to include
variable step-sizes in primal-dual algorithms. In our context, the difficulty of includ-
ing such generalization lies on the variation of the real Hilbert spaces (ran Vi, (- | )y, Jken,
which complicates the asymptotic analysis.

3.2.3 Application to Primal-Dual algorithms for monotone in-
clusions

Now we focus on the asymptotic analysis of the relaxed primal-dual algorithm in (3.2.6)
for solving Problem 3.2.1. First, note that Z = zerM , where

M:H — 2" (z,u) = {(y,v) €H |y € Av + L*u, v € B~'u — Lz} (3.2.26)
is maximally monotone in H = H & G [9, Proposition 2.7(iii)]. We define
V:H—-H: (z,u)~ (Yo — L'u, Y 'u— La), (3.2.27)

where ¥ : G — G and T : ‘H — H are strongly monotone self-adjoint linear operators
such that |[vELvVY|| < 1. In the case when, ||[vVELVY|| < 1, V is strongly monotone
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[20, eq. (6.15)] and the primal-dual algorithm is obtained by applying the proximal point
algorithm (PPA) to the maximally monotone operator V"'M in the space (H X G, (- |
Wv) [6, 19, 21, 31, 37, 42]. In the case when ||[v/XLvV/Y| = 1, V is no longer strongly
monotone and (- | -))y does not define an inner product. However, if ran V' is closed,
(ran V', {(- | -)v) is a real Hilbert space in view of Proposition 3.2.2, and we obtain the
convergence of the primal-dual algorithm when ||[v/3L+/Y| < 1 in this Hilbert space using
Proposition 3.2.6. The following result provides conditions on Problem 3.2.1 guaranteeing
that ran V is closed.

Proposition 3.2.8. In the context of Problem 3.2.1, set H = H® G, let X : G — G
and T : H — H be strongly monotone self-adjoint linear bounded operators such that
|IVELVTY|| <1, and let V' be the operator defined in (3.2.27). Then, the following hold:

1. 'V is linear, bounded, self-adjoint, and —-cocoercive, where o > 0 and T > 0 are
the strongly monotone constants of ¥ and Y, respectively.

2. The followings statements are equivalent.

(a) ran V s closed in H.

(b) ran (X1 — LYL*) is closed in G.

(c) ran (Y=' — L*XL) is closed in H.
Proof. 1: Tt is a direct consequence of [12, Proposition 2.1]. 2: (2a = 2b). Let (v, )nen be
sequence in ran (X~! — LYL*) such that v, — v. Therefore, for each n € N, there exists

u, € G such that v, = ¥ 'u, — LYL*u,. Note that V(T L*u,,u,) = (0,v,) — (0,v).
Since ran V' is closed, there exists some (z,u) € H x G such that V(z,u) = (0,v), i.e.,

Yl —L'u=0
Vi(x,u) = (0, &
(z,u) = (0,0) { Slyu—Lr=v

= Y lu— LYL'u=nw.

Then v € ran (X' — LT L*) and, therefore, ran (X~ — LYL*) is closed.
(2b = 2a). Let ((yn, U”))neN be a sequence in ran V' such that (y,,v,) — (y,v). Then,
for every n € N, there exists (z,,u,) such that (y,,u,) = V(x,,u,), or equivalently,

(3.2.28)

v, = X ', — Lx,.

{ yn = Y12, — L*u,

By applying LY to the first equation in (3.2.28) and adding it to the second equation, by
the continuity of T and L, we obtain

(S~ LYLYu, = LYy, +v, — LTy +v. (3.2.29)
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Hence, since ran (X! — LY L*) is closed, there exists u € G such that LYy +v = (X7 —
LY L*)u. We deduce V (T (L*u+ y),u) = (y,v) and, therefore, ran V' is closed.

(2a < 2¢). Define V:GoH = GO H : (u,z) = (X 'u— Lz, T'z — L*u). By the
equivalence 2a < 2b ran V is closed if and only if ran (Y~! — L*XL) is closed. Consider
the isometric map A : HHG — GO H : (z,u) — (u,z). Since AoV =V, ran V is closed
if and only if ran V is closed and the result follows.

[

Remark 3.2.9. 1. In the case when |[VELVY| < 1, we have that Y~' — LYL* is
strongly monotone and, thus, invertible. This is indeed an equivalence which follows
from [12, eq. (2.7)]. Therefore, ran (Y~! — LY.L*) = G and ran V is closed in view
of Proposition 3.2.8.

2. Assume that ran L = G. Note that, for every v € G, (LYL*u | u) > 7| L*u|* >
Ta?||u||?, where T > 0 is the strong monotonicity parameter of X and the existence of
a > 0 4s guaranteed by [3, Fact 2.26]. Hence, by setting 2 = (LY L*)™" we have X7 —
LYL* = 0. Hence, ran (X' — LYL*) = {0} which is closed and Proposition 3.2.8
implies that ran V' is closed. This case arises in wavelets transformations in image
and signal processing (see, e.qg., [33]).

The next theorem is the main result of this section, in which we interpret the primal-
dual splitting as a relaxed proximal point algorithm (PPA) applied to the primal-dual
operator

W:H = 2% (z,u) = {(y,v) €H | V(y,v) € M(z,u)}, (3.2.30)

where M and V' are defined in (3.2.26) and (3.2.27), respectively. Note that, in the case
when ||VELVTY|| < 1, V is invertible and W = V~'M, which is maximally monotone
in (M, (- | V-))) in view of [3, Proposition 20.24]. This implies that Jy is firmly non-
expansive under the same metric [3, Proposition 23.8(iii)]. These properties do not hold
when ||VELVY|| = 1, but Py v o Jw is firmly nonexpansive in the real Hilbert space
(ran V., ((- | V-))), from which the weak convergence of primal-dual algorithm is obtained.

Theorem 3.2.10. In the context of Problem 3.2.1, let V' be the operator defined in
(3.2.27), where ¥ : G — G and ¥ : H — H are self-adjoint linear strongly monotone
operators such that |VELVY| < 1, and suppose that ran V is closed. Moreover, let
(An)nen be a sequence in [0,2] satisfying Y, .y (2 — An) = +00, and consider the se-
quence ((xn, un))nEN defined by the recurrence

Prn+1 = JTA(xn - TL*un)

(Vn € N) Gni1 = Jsp-1 (U + XL(2pps1 — 1)) (3.2.31)
(xn—i-la un—i—l) = (1 - )\n)<5€n7 un) + )‘n(pn—i-la Qn—i-l)a
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where (zg,up) € H X G. Then (Pean V(a:n,un))neN converges weakly in (ran V', {(- | -)v)
to some (9,0) € Fix (Puan v © Jw ), where W is defined in (3.2.30). Moreover,

(Jra(@ — YL*0), Jnp1 (0 + SL(2Jxa(§ — TL*0) — §))) (3.2.32)
18 a solution to Problem 5.2.1.

Proof. First, it follows from Proposition 3.2.8(1) that V' is a monotone self-adjoint linear
bounded operator. Note that

Fix Jw = zetW =zerM = Z #+ & (3.2.33)
and, for every (x,u) and (p,q) in H,
(p,q) € Jw(z,u) < (z-pu—q)eWl(pq)
& V(e—pu—q) € M(p,q)
{ Tz —p) = L*(u—q) € Ap+ L7q,
YN u—gq)— L(x —p) € B 'q— Lp.

P = JTA(x — TL*U),
q=Jsp-1 (u+XL(2p —)).

=

& (3.2.34)

Hence, Jyw is single valued and, for every (z,u) € H,
Jw(z,u) = (Jra(x — YTL*), Jop-1(u — XLa + 25 LJya (x — TL*w)))
=R (T_lx — L*'u, X — Laz)
= R(V(z,u)),
where R: (z,u) — (Jra(Ya), Jop-1(Su+ 25 LJy4(Yx))), which yields
Jw=RoV =RoVoP.v=JwoPaumv. (3.2.35)

Moreover, by defining T' = P v © Jw, we deduce from V. = V o P, v, (3.2.30),
ker V @ ran V = H, and the monotonicity of M that, for every z and w in ran V/,
(Tz—-—Tw|(Id—-T)z — (Id — T)w))v
={(Jwz—Jww | V(z—Jwz) — V(w - Jyw))
>0, (3.2.36)
which yields the firm nonexpansivity of T" in (ran V', {(- | V-))). Therefore, it follows from

(3.2.33) and (3.2.35) that Problem 3.2.1 is a particular instance of Problem 3.2.4 with
S = Jw. In addition, (3.2.31) and (3.2.34) yields

(VneN) x,1=(1-\)x, + \Jwa,, (3.2.37)
where, for every n € N, x,, = (x,,u,). Altogether, we obtain the results by applying
Theorem 3.2.6(ii) with & = 1/2 and S = Jw . O
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Remark 3.2.11. 1. Since Jw o Poan v = Jw, the sequence (Pranv(xmun))neN s not
needed in practice. Indeed, since

(Ve eH) |zlv =[P ve|v,
we can use a stopping criteria only involving ((mn, un))neN.

2. SUppOS@ that g = @ﬁlgi, B: (ui)lgigm — XirilBiUi, > (Ui)lgigm — (Eiui)lgigm,
and L: x — (L;x)1<i<m, where, for every i € {1,...,m}, G; is a real Hilbert space,
B; is mazimally monotone, ¥;: G; — G; is a strongly monotone self-adjoint linear
bounded operator, and L;: H — G; is a linear bounded operator. In this context, the
inclusion in (3.2.2) is equivalent to

find x €M suchthat 0€ Ax+> LiB;Lx. (3.2.38)

i=1

Then, under the assumptions

m 2 m
Z H \/EiLi\/TH <1 and ran <T_1 — Z LfZiLi> is closed, (3.2.39)
=1 1=1

Proposition 3.2.8 and Theorem 3.2.10 ensures the convergence of (3.2.31), which
reduces to

Pn+1 = JTA(mn =T Z:il L:ui,n)
Tnt1 = (1 = An)Tn + APrsa
(Vn € N) fori=1,...,m (3.2.40)
L Qin+1 = JziBgl(Ui,n + EiLz‘(QPnH - xn))
Ujn+1 = (1 — )xn)um + )\nqi,nﬂ.

Note that (3.2.40) has the same structure than the algorithm in [20, Corolary 6.2/
without considering cocoercive operators and the convergence is guaranteed under the
weaker assumption (3.2.39) in view of Remark 3.2.9(1).

3. In the context of the optimization problem in (3.2.4), (3.2.31) reduces to

Pri1 = prox}f__ll(xn — TL*u,)
(Vn € N) ns1 = Prox.  (Un + XL(2ppi1 — xy)) (3.2.41)
(Tng1, Ung1) = (1= X)) (@0, Un) + An(Prst; Gnr)

Under the additional condition ran' V' closed, Theorem 3.2.10 generalizes [21, The-
orem 3.3] to infinite dimensional spaces and allowing preconditioners and a larger
choice of parameters (A\,)nen. Indeed, in finite dimensional spaces, ran V' is closed,
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Theorem 3.2.10 implies that Py v(Tn,un) — (,0) € ran V' in (ran V, (- | -)v)
and, since Jy = Jw 0 Py v 18 continuous, we conclude (ppi1, Gni1) = Jw(Tn, upn) =
Iw (Pean v (T, up)) = Jw(y,0) € Z. In order to guarantee the convergence of the
relazed sequence ((Xy, Un))nen, it is enough to suppose (An)nen C [€,2 — €| for some
€ €10, 1[, and use the arqgument in [21, p.475].

4. In the particular case when |VSLNV/Y|| < 1, it follows from [19, eq. (6.15)] (see also
[37, Lemma 1]) that V' is strongly monotone, which yields ran V- = H and Py v =
Id. Hence, we recover from Theorem 3.2.10 the weak convergence of ((Tn,Un))nen
to a solution to Problem 3.2.1 proved in [6, 19, 21, 31, 37, 42].

5. In the particular instance when N\, = 1, the weak convergence of (3.2.31) is deduced
without any range closedness in [12, Remark 3.4(4)]. The result is obtained from an
alternative formulation of the algorithm and the extension to A\, # 1 is not clear.
As we will show in Section 3.2.5, the additional relaxation step is relevant in the
efficiency of the algorithm.

3.2.4 Case L =1Id: Douglas—Rachford splitting

In this section, we study the particular case of Problem 3.2.1 when L = Id. In this
context, the following result is a refinement of Theorem 3.2.10, which relates the primal-
dual algorithm in (3.2.31) with Douglas-Rachford splitting (DRS) when

T = X! is strongly monotone. (3.2.42)

When T = 7Id and ¥ = old, (3.2.42) reads o7 = 1 and the connection of (3.2.31)
with DRS is discovered in [15, Section 4.2] in the optimization context. However, the
convergence is guaranteed only if 7o < 1, which is extended to the case o7 = 1 in [21,
Section 3.1.3] in the finite dimensional setting. Previous connection allows us to recover
the classical convergence results in [24, 32] when T = 7Id with our approach. Define the
operator

Gy pa=Jrgo (2Jva—1d) + (Id — Jra), (3.2.43)
and we recall that relaxed DRS iterations are defined by the recurrence
20€H, (VneN) z,1=(1-=N)zn+ MGr.Bazn, (3.2.44)

where (\,)nen is a sequence in [0, 2].

Proposition 3.2.12. In the context of Problem 3.2.1, set L = 1d, let T be a strongly mono-
tone self-adjoint linear operator, let (An)nen be a sequence in [0,2] satisfying >, . An(2 —
An) = +00, and consider the sequence ((xn,un))neN defined by the recurrence

Pn+1 = JTA(xn - Tun)
(Vn € N) Gn1 = Jr—1p-1(up + T (2pns1 — 2,)) (3.2.45)
(xn-f—lv un-i-l) = (1 - An)(zna un) + )‘n(pn-i—la (]n—i-l)a
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where (xo,ug) € H x H. Then, by setting, for every n € N, z, = x, — Tyn, (Zn)nen
converges weakly in H to some zZ € Fix Gy pa and

(Jraz, =Yz = Jra2))
15 a solution to Problem 3.2.1. Moreover, we have
(Vn e N)  zy11 = (1= A\)zn + MGr.B.azn. (3.2.46)

Proof. Note that, since L = Id, (3.2.27) and (3.2.42) yield V: (z,u) = (Y2 —u, Tu—2x)
and Remark 3.2.9(2) implies that ran V' is closed. Hence, it follows from Theorem 3.2.10
and (3.2.34) in the case L = Id that (Pan v (Zn, ) )nen converges weakly in (ran V', (- |
Wv) to some (y,0) € Fix (Pran v © Jw) and

(&,0) = Jw (§,0) = (Jra@ — T0), Jy151 (0 4+ T 128 - 7)) € Z. (3.2.47)
Set A: (z,u) — x — Yu, and Y: (z,u) — (Ya,Tu). Note that A is surjective, that
ANMA=V oYX, ranV =ranA", (3.2.48)
and, in view of [3, Fact 2.25(iv)], that
H x H =ran A" @ ker A. (3.2.49)

Then, for every (z,u) € H x H, it follows from (3.2.30) and (3.2.34) in the case L = Id,
(3.2.42), [3, Proposition 23.34 (iii)], and (3.2.43) that

AJw (z,u)) = Jya (z — Yu) = TIyr-1p2 X (Tu — 2 + 2Jya (. — Tu))
= —Jra(A(z,u)) + Az, u) + Jrp(2Jra(A(z,u)) — Az, u))
= Grpa(A(z,u)). (3.2.50)
Moreover, since (9,0) € Fix (Pan v © Jw), by using (3.2.50), (3.2.49), and (3.2.48) we
deduce
GT,B,A(A(Qa @)) = A(JW(:&’ {)))
=Ao Pran A*(JW(Aa @))
= A(Pran v © JW(:g?@))
= A(g,0), (3.2.51)

and, thus, defining 2 = A(y,?0), we obtain 2 € FixGy g 4. In addition, it follows from
(3.2.47) that & = Jy4Z and, since (9,0) € Fix (Puan v © Jw ), we deduce from (3.2.49) and
(3.2.34) that

2=ANy,0) =A(Panv o Jw(9,0)) = Adw(9,0) = A(z,0) = & — T4, (3.2.52)
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which yields 4 = —Y~!(2 — Jys2). Furthermore, noting that, for every n € N, z, =
A(zp, uy,), we deduce from (3.2.45), (3.2.34), and (3.2.50) that

(Vn € N) Zn+1 = A(.Z'n+1, Un+1)
= (1 = M)Az, un) + M A (I (T, wn))
= (1 — )\n)Zn + )\nGT,B,Azn' (3253)

Finally, in order to prove the weak convergence of (z,)nen to 2, fix w € H and set
(p,q) = ((Id + T?)~lw, =Y (Id + T?)"'w). We have (p,q) € ran A*, A(p,q) = w and it
follows from (3.2.49), (3.2.48), (y,0) € ran V = ran A*, and (Pran v (Zn, Un))neny — (9, 0)
that

(Tn — U, un —0) | A(p,q))

(2 — 2| w) = (A

= (A Poan A+ (T, — 9, up, — 0)

{ |
|
|

| Alp: 9))
V(Tp,Tq))

= (Pran A+ (Tn — §, un — 0)
= << ran A* (xn yu Up — @) (Tp, TQ)»V
= {(Pran A+ (Tny un) — (9,0) | (Tp, T@))v — 0 (3.2.54)

and the result follows.
O

Remark 3.2.13. 1. From the proof of Proposition 3.2.12, we deduce A(Fix (P v ©
Jw)) C FixGy pa. The converse inclusion is also true, as detailed in Proposi-
tion 3.2.1/ in the Appendiz.

2. Proposition 3.2.12 provides a connection between classical Douglas—Rachford scheme
[24] and the primal-dual version in (3.2.45), and we obtain that the auzxiliary sequence
(zn)nen converges weakly to a Z whose primal-dual shadow is a primal-dual solution.
In [41] (see also [2, 4]) the weak convergence of the primal-dual shadow sequence is
proved in the case A\, = 1, by reformulating DRS as an alternative algorithm with
primal-dual iterates in gra A. This technique does not allow for relaxation steps,
since after relaxation the iterates are no longer in gra A unless it is affine linear.

3.2.5 Numerical experiments

A classical model in image processing is the total variation image restoration [39], which
aims at recovering an image from a blurred and noisy observation under piecewise constant
assumption on the solution. The model is formulated via the optimization problem

HRaz — b2 + |Vl = FTV(2), (3.2.55)

z€o, 255]N 2

79



Chapter 3 Composite Monotone Inclusions in Vector Subspaces

where = € [0,255]" is the image of N = N; x N, pixels to recover from a blurred and
noisy observation b € R™, R : RV — R™ is a linear operator representing a Gaussian
blur, the discrete gradient V: x — (D;x, Dyx) includes horizontal and vertical differences
through linear operators D;: RY — RY and Dy: RY — RY| respectively, its adjoint V*
is the discrete divergence (see, e.g., [13]), and « € ]0, 4+o00[. A difficulty in this model is
the presence of the non-smooth ¢! norm composed with the discrete gradient operator V,
which is non-differentiable and its proximity operator has not a closed form.

Note that, by setting f = ||[R - —b||*/2, g1 = | - |1 = g2, and g5 = g 255~ L1 = D1,
Ly = Dy, and Ly = 1d, (3.2.55) can be reformulated as min(f+3.7_, g;oL;) or equivalently
as (qualification condition holds)

find ze€RY suchthat 0edf(z)+ Z L:dgi(Lix), (3.2.56)

which is a particular instance of (3.2.38), in view of [3, Theorem 20.25]. Moreover, for
every 7 > 0, Jror = (Id + 7R*R)™'(Id — 7R*D), for every i € {1,2,3}, J9g9)-1 = 7(Id —
proxy, ;) (Id/7), prox, , = Poass~, and, for i € {1,2}, prox,, = prox,, . is the
component-wise soft thresholder, computed in [3, Example 24.34]. Note that (Id+7R*R)™!
can be computed efficiently via a diagonalization of R using the fast Fourier transform F
[30, Section 4.3]. Altogether, Remark 3.2.11.(2) allows us to write algorithm in (3.2.40)
as Algorithm 3 below, where we set 7" = 7Id, ¥; = 011d, ¥ = 03ld, and X35 = o3ld, for
7>0,0,>0,0, >0, and o3 > 0. We denote by R the primal-dual error

2
R:(ry,uy,x,u) \/H T4, ts) = (@0 (3.2.57)

I, u H2

and by ¢ > 0 the convergence tolerance.
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Algorithm 3

1: Fix mg, uy 0, ug0, and uzo in RV, let 7, 01, 09, and o3 be in |0, +o00l, let (A\,)nen in [0, 2]
such that Y An(2 = A,) = +o0, and fix rg > ¢ > 0.
2: while r, > ¢ do

3 pop = (Id+7R*R) " (z, — 7(Diurn + Diugy + us, + R*D))
4 oy = (1= )@ + APt
5. Qo1 = 01 (Id = proxX, /oy ) (Wi n /01 + Di(2pns1 — T0))
6:  qanpr = 02(Id — prox, ., /o, ) (U2n /01 + D2(2pny1 — 20))
T @3yl =03 (Id - P[0,255]N) (u3;n/03 + 2Pps1 — Tn)
N Lforz’zl,?,iﬂ
' Uip1 = (1 = Ap)Uin + AnGims1

9: Tn = R((£n+17 UL,n+1, U2 n+1, u3,n+1)7 (xnv UL,y U2n, u3,n))
10: end while

11: return (anrla Un+1s U2,n+1, uS,nJrl)

In this case, (3.2.39) reduces to
(01| D1 + 02| Ds||? + 03) < 1 (3.2.58)

and the closed range condition is trivially satisfied. By using the power iteration [35] with
tolerance 1072, we obtain || Dy ||? = || D> &~ 3.9998.

Observe that, when o0, = 09 = 03 = ¢, Algorithm 3 reduces to the algorithm proposed
in [15] (when o7(||D1]]* + || Do]|* + 1) < 1) or [21, Theorem 3.3] (algorithm denoted by
condat), where the case o7(||D1]|? + || D2||* + 1) = 1 is included.

Since in [12, Section 5.1], the critical step-sizes achieve the best performance, we provide
a numerical experiment which compare the efficiency of Algorithm 3 for different values
of the parameters 7,01, 09, and o3 in the boundary of (3.2.58) and different relaxation
parameters \,. In particular we compare with the case 0 = 09 = 03 = ¢ (condat),
which turns out to be more efficient than other methods as AFBS [36], MS [9], Condat-Vu
[21, 42] in this context [12, Section 5.1]. For these comparisons, we consider the test image
7 shown in Figure 3.2a of 256 x 256 pixels (N7 = Ny = 256) inspired in [43, Section 5]. The
operator blur R is set as a Gaussian blur of size 9 x 9 and standard deviation 4 (applied by
MATLAB function fspecial) and the observation b is obtained by b = RT + ¢ € R™*™2,
where m; = msy = 256 and e is an additive zero-mean white Gaussian noise with standard
deviation 1073 (using imnoise function in MATLAB). We generate 20 random realizations
of the random variable e leading to 20 observations (b;)1<i<20-

We study the efficiency of Algorithm 3 for different values of 7,071,095, and o3 and
relaxation steps A\, = A € {1,1.5,1.9}. In order to approximate the best performance
step-sizes in the boundary of (3.2.58), we consider 7 € C := {0.10 + 0.05 - n},—0.. 10
and 0y = g9 = 03 = 0 = 7/(1 + ||Dy||* + || D2||?) in the case of condat. In the case
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Table 3.1: Averages number of iterations for Algorithm 3 with 7(oy|| Dy ||*+02||D:||*+03) =
1 and condat with tolerance 1072,

e=10"°%
Algorithm | 7 o1 P An | Av. Time(s) | Av. Iter.
0.2 | 0.7425 | 0.4950 82.6373 8844
0.2 | 0.7463 | 0.4975 1 82.2817 8827
0.2 | 0.7493 | 0.4995 82.5722 8833
0.2 | 0.7425 | 0.4950 63.1338 6766
Alg. 3 0.2 | 0.7463 | 0.4975 15 63.0645 6754
0.2 | 0.7493 | 0.4995 | ™ 63.0996 6758
0.2 | 0.8044 | 0.4331 53.9059 5770
0.2 | 0.8085 | 0.4353 19 53.8663 5767
0.2 | 0.8117 | 0.4371 | ™ 53.8022 5761
0.2 - - 1 92.7997 9326
condat 0.2 - - 1.5 67.0886 7131
0.2 - - 1.9 57.8523 6121

of Algorithm 3 we consider oy = v1(1 — 72)/(7||D1]|?), 02 = (1 —71)(1 — ) /(7||D2|?),
o3 = /T, where (7,71,72) € C x {0.01,0.005,0.001} x {0.5,0.55,0.6,0.65}.

In Table 3.1 we provide the average number of iterations obtained by applying Algo-
rithm 3 for solving (3.2.55) considering the 20 observations (b;)1<;<20 and the best set of
step-sizes found with the procedure above. The tolerance is set as € = 10~%. We observe
that Algorithm 3 becomes more efficient in iterations as long as the relaxation parameters
are larger. The case A = 1.9 achieves the tolerance in approximately 35% less iterations
than the case A = 1. By choosing different parameters o1, 09, and o3, the algorithm
achieves the tolerance in approximately 6% less iterations than condat.

This conclusion is confirmed in Figure 3.1, which shows the performance obtained with
the observation by. This figure also shows that both algorithms achieve in less iterations
the optimal objective value for higher relaxation parameters, with a slight advantage of
Algorithm 3. Note that, since the algorithms under study has the same structure, the
CPU time by iteration is very similar.

In Figure 3.2 we provide the images reconstructed from observation b4 by using condat
and Algorithm 3 after 300 iterations. The best reconstruction, in terms of objective value
FTV and PSNR (Peak signal-to-noise ratio) is obtained by Algorithm 3.
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Figure 3.1: Comparison of Algorithm 3 with 7(o1||D1||? + 02| D1 ||* + 03) = 1 and condat

(observation by).
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Figure 3.2: Reconstructed image, after 300 iterations, from blurred and noisy image using
condat and Alg. 3 in their best cases, respectively, cases and A = 1.9 .
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y Programas from UTFSM through Programa de Incentivos a la Iniciacién Cientifica
(PIIC).

3.2.6 Appendix

Proposition 3.2.14. In the context of Problem 3.2.1, set L = 1d, let T: H — H be
a strongly monotone self adjoint linear bounded operator, set A: H x H — H: (z,u) —
r—"u, let V, W, and Gy g a be the operators defined in (3.2.27), (3.2.30), and (3.2.43),
respectively. Then, A(Fix (Puan v © Jw)) = FixGr g 4.

Proof. The inclusion C is proved in (3.2.51). Conversely, since A*: z — (2, —Tz), we have
Ao A* = Id + Y? and [3, Proposition 3.30 & Example 3.29] yields P,y = Pran A =
A*(Id+7T?)7'A. Therefore, if 2 € Fix Gy p 4, by setting (#,a) := A*(Id+T?)7'2, we have
z = A(z,4) and we deduce from (3.2.50) that

Pran v 0 Jw (&, 1) = A*(Id + T%) " A(Jw (2, @)
= A (Id + Y?)'Gy g a(A(Z, 7))
= A*(Id + T2) " Grp a2
=A*(Id+7T*"'2
= (z,u). (3.2.59)
Consequently, (Z,4) € Fix (Pan v o Jw) and 2 = A(Z, 1) € A(Fix (Pan v © Jw)). O

Bibliography

[1] J.-P. AuBIN AND H. FRANKOWSKA, Set-valued analysis, Modern Birkhauser
Classics, Birkhauser Boston, Inc., Boston, MA, 2009, https://doi.org/10.1007/
978-0-8176-4848-0.

[2] H. H. BAUSCHKE, New demiclosedness principles for (firmly) nonexpansive op-
erators, in Computational and analytical mathematics, vol. 50 of Springer Proc.
Math. Stat., Springer, New York, 2013, pp. 19-28, https://doi.org/10.1007/
978-1-4614-7621-4_2.

[3] H. H. BAUSCHKE AND P. L. COMBETTES, Convez analysis and monotone operator
theory in Hilbert spaces, CMS Books in Mathematics/Ouvrages de Mathématiques
de la SMC, Springer, Cham, second ed., 2017, https://doi.org/10.1007/
978-3-319-48311-5.

[4] H. H. BAUSCHKE AND W. M. MOURSI, On the Douglas-Rachford algo-
rithm, Math. Program., 164 (2017), pp. 263-284, https://doi.org/10.1007/
s10107-016-1086-3.

84


https://doi.org/10.1007/978-0-8176-4848-0
https://doi.org/10.1007/978-0-8176-4848-0
https://doi.org/10.1007/978-1-4614-7621-4_2
https://doi.org/10.1007/978-1-4614-7621-4_2
https://doi.org/10.1007/978-3-319-48311-5
https://doi.org/10.1007/978-3-319-48311-5
https://doi.org/10.1007/s10107-016-1086-3
https://doi.org/10.1007/s10107-016-1086-3

Chapter 3 Composite Monotone Inclusions in Vector Subspaces

[5]

[9]

[10]

[11]

[12]

R. I. Bot, E. R. CSETNEK, AND A. HEINRICH, A primal-dual splitting algorithm
for finding zeros of sums of maximal monotone operators, SIAM J. Optim., 23 (2013),
pp. 2011-2036, https://doi.org/10.1137/12088255X.

R. I. BoT AND C. HENDRICH, A Douglas-Rachford type primal-dual method for solv-
ing inclusions with miztures of composite and parallel-sum type monotone operators,
SIAM J. Optim., 23 (2013), pp. 2541-2565, https://doi.org/10.1137/120901106.

L. BriceNO, R. CoMmINETTI, C. E. CORTES, AND F. MARTINEZ, An integrated
behavioral model of land use and transport system: a hyper-network equilibrium
approach, Netw. Spat. Econ., 8 (2008), pp. 201-224, https://doi.org/10.1007/
s11067-007-9052-5.

L. BRICENO-ARIAS AND F. ROLDAN, Primal-dual splittings as fized point iterations
in the range of linear operators, 2019, https://doi.org/10.48550/ARXIV.1910.
02329, https://arxiv.org/abs/1910.02329.

L. M. BRICENO-ARIAS AND P. L. COMBETTES, A monotone + skew splitting model
for composite monotone inclusions in duality, STAM J. Optim., 21 (2011), pp. 1230-
1250, https://doi.org/10.1137/10081602X.

L. M. BRICENO-ARIAS AND P. L. COMBETTES, Monotone operator methods for
Nash equilibria in non-potential games, in Computational and analytical mathematics,
vol. 50 of Springer Proc. Math. Stat., Springer, New York, 2013, pp. 143-159, https:
//doi.org/10.1007/978-1-4614-7621-4_9.

L. M. BRICENO-ARIAS AND D. Davis, Forward-backward-half forward algorithm
for solving monotone inclusions, STAM J. Optim., 28 (2018), pp. 28392871, https:
//doi.org/10.1137/17M1120099.

L. M. BRICENO-ARIAS AND F. ROLDAN, Split-Douglas-Rachford algorithm for com-
posite monotone inclusions and split-ADMM, SIAM J. Optim., 31 (2021), pp. 2987
3013, https://doi.org/10.1137/21M1395144.

A. CHAMBOLLE, V. CASELLES, D. CREMERS, M. NovAaGa, AND T. Pock,
An introduction to total variation for image analysis, in Theoretical Foundations
and Numerical Methods for Sparse Recovery, vol. 9 of Radon Ser. Comput. Appl.
Math., Walter de Gruyter, Berlin, 2010, pp. 263-340, https://doi.org/10.1515/
9783110226157.263.

A. CHAMBOLLE AND P.-L. LIONS, Image recovery via total variation minimization
and related problems, Numer. Math., 76 (1997), pp. 167-188, https://doi.org/10.
1007/s002110050258.

85


https://doi.org/10.1137/12088255X
https://doi.org/10.1137/120901106
https://doi.org/10.1007/s11067-007-9052-5
https://doi.org/10.1007/s11067-007-9052-5
https://doi.org/10.48550/ARXIV.1910.02329
https://doi.org/10.48550/ARXIV.1910.02329
https://arxiv.org/abs/1910.02329
https://doi.org/10.1137/10081602X
https://doi.org/10.1007/978-1-4614-7621-4_9
https://doi.org/10.1007/978-1-4614-7621-4_9
https://doi.org/10.1137/17M1120099
https://doi.org/10.1137/17M1120099
https://doi.org/10.1137/21M1395144
https://doi.org/10.1515/9783110226157.263
https://doi.org/10.1515/9783110226157.263
https://doi.org/10.1007/s002110050258
https://doi.org/10.1007/s002110050258

Chapter 3 Composite Monotone Inclusions in Vector Subspaces

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

A. CHAMBOLLE AND T. Pock, A first-order primal-dual algorithm for convex prob-
lems with applications to imaging, J. Math. Imaging Vision, 40 (2011), pp. 120-145,
https://doi.org/10.1007/510851-010-0251-1.

J. Coras, N. PUSTELNIK, C. OLIVER, P. ABRY, J.-C. GEMINARD, AND V. VI-
DAL, Nonlinear denoising for characterization of solid friction under low confine-
ment pressure, Physical Review E | 42 (2019), p. 91, https://doi.org/10.1103/
PhysRevE.100.032803, https://hal.archives-ouvertes.fr/hal-02271333.

P. L. COMBETTES, Quasi-Fejérian analysis of some optimization algorithms, in In-
herently parallel algorithms in feasibility and optimization and their applications
(Haifa, 2000), vol. 8 of Stud. Comput. Math., North-Holland, Amsterdam, 2001,
pp. 115-152, https://doi.org/10.1016/S1570-579X (01)80010-0.

P. L. COMBETTES, Solving monotone inclusions via compositions of nonexpansive
averaged operators, Optimization, 53 (2004), pp. 475-504, https://doi.org/10.
1080/02331930412331327157.

P. L. CoMBETTES AND B. C. VU, Variable metric quasi-Fejér monotonicity, Non-
linear Anal., 78 (2013), pp. 17-31, https://doi.org/10.1016/j.na.2012.09.008.

P. L. CoMBETTES AND B. C. VU, Variable metric forward-backward splitting with
applications to monotone inclusions in duality, Optimization, 63 (2014), pp. 1289—
1318, https://doi.org/10.1080/02331934.2012.733883.

L. ConbpAT, A primal-dual splitting method for convex optimization involving Lips-
chitzian, proximable and linear composite terms, J. Optim. Theory Appl., 158 (2013),
pp. 460-479, https://doi.org/10.1007/s10957-012-0245-9.

I. DAUBECHIES, M. DEFRISE, AND C. DE MoL, An iterative thresholding algorithm
for linear inverse problems with a sparsity constraint, Comm. Pure Appl. Math., 57
(2004), pp. 1413-1457, https://doi.org/10.1002/cpa.20042.

D. Davis, Convergence rate analysis of primal-dual splitting schemes, STAM J. Op-
tim., 25 (2015), pp. 1912-1943, https://doi.org/10.1137/151003076.

J. ECKSTEIN AND D. P. BERTSEKAS, On the Douglas-Rachford splitting method
and the proximal point algorithm for maximal monotone operators, Math. Program.,
55 (1992), pp. 293-318, https://doi.org/10.1007/BF01581204.

M. FUkUSHIMA, The primal Douglas-Rachford splitting algorithm for a class of
monotone mappings with application to the traffic equilibrium problem, Math. Pro-
gram., 72 (1996), pp. 1-15, https://doi.org/10.1016/0025-5610(95)00012-7.

86


https://doi.org/10.1007/s10851-010-0251-1
https://doi.org/10.1103/PhysRevE.100.032803
https://doi.org/10.1103/PhysRevE.100.032803
https://hal.archives-ouvertes.fr/hal-02271333
https://doi.org/10.1016/S1570-579X(01)80010-0
https://doi.org/10.1080/02331930412331327157
https://doi.org/10.1080/02331930412331327157
https://doi.org/10.1016/j.na.2012.09.008
https://doi.org/10.1080/02331934.2012.733883
https://doi.org/10.1007/s10957-012-0245-9
https://doi.org/10.1002/cpa.20042
https://doi.org/10.1137/151003076
https://doi.org/10.1007/BF01581204
https://doi.org/10.1016/0025-5610(95)00012-7

Chapter 3 Composite Monotone Inclusions in Vector Subspaces

[26]

[27]

[28]

D. GABAY, Chapter ix applications of the method of multipliers to variational in-
equalities, in Augmented Lagrangian Methods: Applications to the Numerical So-
lution of Boundary-Value Problems, M. Fortin and R. Glowinski, eds., vol. 15
of Studies in Mathematics and Its Applications, Elsevier, 1983, pp. 299 — 331,
https://doi.org/https://doi.org/10.1016/50168-2024(08)70034-1.

E. M. GAFNI AND D. P. BERTSEKAS, Two-metric projection methods for con-
strained optimization, STAM J. Control Optim., 22 (1984), pp. 936-964, https:
//doi.org/10.1137/0322061.

R. GLOWINSKI AND A. MARROCCO, Sur l'approzimation, par éléments finis d’ordre
un, et la résolution, par pénalisation-dualité, d’une classe de problemes de Dirich-
let non linéaires, Rev. Francaise Automat. Informat. Recherche Opérationnelle Sér.

Rouge Anal. Numér., 9 (1975), pp. 41-76.

A. A. GOLDSTEIN, Convex programming in Hilbert space, Bull. Amer. Math. Soc.,
70 (1964), pp. 709-710, https://doi.org/10.1090/S0002-9904-1964-11178-2.

P. C. HanseN, J. G. NAGY, AND D. P. O’LEARY, Deblurring images: Matrices,
spectra, and filtering, vol. 3 of Fundamentals of Algorithms, Society for Industrial and
Applied Mathematics (STAM), Philadelphia, PA, 2006, https://doi.org/10.1137/
1.9780898718874.

B. HE AND X. YUAN, Convergence analysis of primal-dual algorithms for a saddle-
point problem: from contraction perspective, STAM J. Imaging Sci., 5 (2012), pp. 119
149, https://doi.org/10.1137/100814494.

P.-L. LioNs AND B. MERCIER, Splitting algorithms for the sum of two nonlinear
operators, SIAM J. Numer. Anal., 16 (1979), pp. 964-979, https://doi.org/10.
1137/0716071.

S. MALLAT, A wavelet tour of signal processing: The sparse way, Elsevier /Academic
Press, Amsterdam, third ed., 2009.

B. MARTINET, Bréve communication. réqularisation d’inéquations variationnelles
par approximations successives, ESAIM: Mathematical Modelling and Numerical
Analysis - Modélisation Mathématique et Analyse Numérique, 4 (1970), pp. 154-158,
http://www.numdam.org/item/M2AN_1970__4_3_154_0.

R. V. Mises AND H. POLLACZEK-GEIRINGER, Praktische verfahren der gle-

ichungsauflosung ., ZAMM - Journal of Applied Mathematics and Mechanics /
Zeitschrift fir Angewandte Mathematik und Mechanik, 9 (1929), pp. 152-164,
https://doi.org/10.1002/zamm. 19290090206.

87


https://doi.org/https://doi.org/10.1016/S0168-2024(08)70034-1
https://doi.org/10.1137/0322061
https://doi.org/10.1137/0322061
https://doi.org/10.1090/S0002-9904-1964-11178-2
https://doi.org/10.1137/1.9780898718874
https://doi.org/10.1137/1.9780898718874
https://doi.org/10.1137/100814494
https://doi.org/10.1137/0716071
https://doi.org/10.1137/0716071
http://www.numdam.org/item/M2AN_1970__4_3_154_0
https://doi.org/10.1002/zamm.19290090206

Chapter 3 Composite Monotone Inclusions in Vector Subspaces

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

C. MoLiNARI, J. PEYPOUQUET, AND F. ROLDAN, Alternating forward-backward
splitting for linearly constrained optimization problems, Optim. Lett., 14 (2020),
pp. 1071-1088, https://doi.org/10.1007/s11590-019-01388-y.

T. Pock AND A. CHAMBOLLE, Diagonal preconditioning for first order primal-dual
algorithms in convex optimization, in 2011 International Conference on Computer
Vision, Nov 2011, pp. 1762-1769, https://doi.org/10.1109/ICCV.2011.6126441.

R. T. ROCKAFELLAR, Monotone operators and the proximal point algorithm, SIAM
J. Control Optim., 14 (1976), pp. 877-898, https://doi.org/10.1137/0314056.

L. I. RubpiN, S. OSHER, AND E. FATEMI, Nonlinear total variation based noise
removal algorithms, Phys. D, 60 (1992), pp. 259-268, https://doi.org/10.1016/
0167-2789(92)90242-F. Experimental mathematics: computational issues in non-
linear science (Los Alamos, NM, 1991).

R. E. SHOWALTER, Monotone Operators in Banach Space and Nonlinear Partial
Differential Fquations, vol. 49 of Mathematical Surveys and Monographs, American
Mathematical Society, Providence, RI, 1997, https://doi.org/10.1090/surv/049.

B. F. SVAITER, On weak convergence of the Douglas-Rachford method, SIAM J.
Control Optim., 49 (2011), pp. 280287, https://doi.org/10.1137/100788100.

B. C. VU, A splitting algorithm for dual monotone inclusions involving cocoercive
operators, Adv. Comput. Math., 38 (2013), pp. 667681, https://doi.org/10.1007/
$10444-011-9254-8.

Y. YANG, Y. TanG, M. WEN, AND T. ZENG, Preconditioned douglas-rachford type
primal-dual method for solving composite monotone inclusion problems with applica-
tions, Inverse Probl. Imaging, 15 (2021), pp. 787-825.

38


https://doi.org/10.1007/s11590-019-01388-y
https://doi.org/10.1109/ICCV.2011.6126441
https://doi.org/10.1137/0314056
https://doi.org/10.1016/0167-2789(92)90242-F
https://doi.org/10.1016/0167-2789(92)90242-F
https://doi.org/10.1090/surv/049
https://doi.org/10.1137/100788100
https://doi.org/10.1007/s10444-011-9254-8
https://doi.org/10.1007/s10444-011-9254-8

Chapter 4

Resolvent of the Parallel
Composition and Proximity
Operator of the Infimal
Postcomposition

4.1 Introduction and Main Results

In this section we aim to calculate the resolvent of parallel composition including non-
standard metrics under mild assumptions. Given a maximally monotone operator A: H —
2 and a linear bounded operator L: H — G, where H and G are real Hilbert spaces, the
parallel composition of A and B, is given by

L>A=(LA'LY)™L (4.1.1)

This operation arises in primal-dual composite monotone inclusions and related numerical
methods available in the literature. For instance, Problem 1.1.2 motivates to derive an
explicit computation of the resolvent of (LA™'—L)~! in view of (1.1.4) and the DRS
(Algorithm1.1.4). In the particular case when A is the subdifferential of a convex function
f:H — ]—o00,+00| satisfying dual qualification conditions, we have that L > A is the
subdifferential of the infimal postcomposition of f by L, defined by

L>f:G—|—o00,+00]: u inf f(z). (4.1.2)

Fpsd
This operation appears naturally when dealing with the dual of composite optimization
problems since we have (Lr>f)* = f*oL* under mild assumptions [1, Proposition 13.24(iv)],
see for instance Problem 2.1.5 and Algorithm 2.1.6. Moreover, it is related with the parallel
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composition via the identities
L (9f) = (LOf L) = (d(f o L") = 0(f* o L) = 0(L &> f), (4.1.3)

where the second equality holds if, e.g., 0 € sri (dom f* — ran L*) [1, Corollary 16.53].

We present a generalization of [1, Proposition 23.25] providing an explicit computation
of the resolvent of UM*BM under mild assumptions. Using this result we obtain the fol-
lowing corollary which allows the computation of the resolvent of the parallel composition
L > A under mild assumptions. Recall that JY is defined in [6] and that U stands for the
Moore-Penrose inverse of U.

Corollary 4.1.1. Let A: H — 2" be a mazimally monotone operator, let L: H — G be
a linear bounded operator such that LA='L* is mazimally monotone in G. Moreover, let
U: G — G be a self-adjoint strongly monotone linear bounded operator. Then, U(L > A)
is mazimally monotone in (G, (- | -);-1) and the following holds:

1. Jyeay = LA+ L*U'L)'L*U .
2. Suppose that ran L is closed. Then,
Joen = LIEV BT DIVT (4.1.4)
3. Suppose that ran L* = H. Then,
Ju(reay = LI pu-1py-1a(L*UT' L)' LU (4.1.5)

Applying previous results in the optimization context, we obtain the following result
which provides a formula for the proximity operators of f*o L* and L > f and generalizes
[23, Proposition 5.2(iii)] to non-standard metrics and infinite dimensions. Recall that
prox is defined in (1.3.8).

Proposition 4.1.2. Let H and G be real Hilbert spaces, let f € I'o(H), let L: H — G be
a linear bounded operator such that

0 € sri(dom f* —ran L*), (4.1.6)
and let U: G — G be a strongly monotone self-adjoint linear operator. Define
1
proxy : G — 2% u argmiﬁ (f(x) + §HL1: - uHQU) : (4.1.7)
’ T€
Then, the following hold:
1. domproxgc]’L =G.
2. prox?folL* = Id — ULprox§ ;U

3. L> f = (f*oL*)* € To(H) and prox{,_; = Lproxy,.
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4.2 Article: Resolvent of the Parallel Composition

and Proximity Operator of the Infimal Postcom-
position !

Abstract In this paper we provide the resolvent computation of the infimal postcompo-
sition of a maximally monotone operator by a linear operator under mild assumptions.
Connections with a modification of the warped resolvent are provided. In the context of
convex optimization, we obtain the proximity operator of the infimal postcomposition of
a convex function by a linear operator and we extend full range conditions on the linear
operator to mild qualification conditions. We also introduce a generalization of the prox-
imity operator involving a general linear bounded operator leading to a generalization of
Moreau’s decomposition for composite convex optimization.

4.2.1 Introduction

In this paper we aim at computing the resolvent of the parallel composition of A by L,
defined by
L>A=(LA'LY) ™, (4.2.1)

where H and G are real Hilbert spaces, A: H — 2% and L: H — G is linear and bounded.
In the case when H = H @ H for some real Hilbert space H, G = H, A: (x,y) — Bz x Cx
for some set-valued operators B and C' defined in H and L: (x,y) — x + y we have
LA = BOC [1, Example 25.40], where BOC = (B~'+C~')~! is the parallel sum of B
and C', motivating the name of the operation. The parallel composition appears naturally
in composite monotone inclusions. Indeed, if B: G + 29, the dual inclusion associated to

find z €H suchthat 0¢€ Az + L*BLx, (4.2.2)

is
find we€G suchthat 0€ B lu+ (-L> A) u (4.2.3)
When L*L = ald or when L* has full range, explicit formulas for the resolvent of LA='L*
depending on the resolvent of A can be found in [1, Proposition 23.25]. In [13, 25] some
variants and fixed point methods to compute the resolvent are proposed under full range
condition on L* and a similar fixed point approach is used in [21] under the maximal
monotonicity of LA™'L*. This computation is useful in [22] for the equivalence between
the primal-dual [7, 24] and Douglas-Rachford splitting (DRS) [11, 17] algorithms.
In the particular case when A is the subdifferential of a convex function f: H —
|—00, +00] satisfying dual qualification conditions, we have that Lt> A is the subdifferential

1[4] Luis M. Bricefio-Arias and Fernando Roldén. Resolvent of the parallel composition and proximity
operator of the infimal postcomposition, 2021, https://arxiv.org/abs/2109.06771.
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of the infimal postcomposition of f by L, defined by

L>f:G— [—o00,+00] : urs Hel?fi f(z). (4.2.4)

Lx=u

This operation appears naturally when dealing with the dual of composite optimization
problems since we have (Lr>f)* = f*oL* under mild assumptions [1, Proposition 13.24(iv)].
Moreover, it is related with the parallel composition via the identities

L (9f) = (LOf L) = (0(f o L") =0(f o L) = O(L > f), (4.2.5)

where the second equality holds if, e.g., 0 € sri(dom f* — ran L*) [1, Corollary 16.53].
Therefore, the resolvent of L > (0f) and the proximity operator of L > f are related and
they are useful in the derivation of the alternating direction method of multipliers (ADMM)
for solving inf(f + g o L) from DRS, since the former is obtained as an application of the
latter to the Fenchel-Rockafellar dual inf(f* o (—L*) 4+ ¢*) [14] (see also [3, 9, 10, 23,
5]). In this context, the single-valuedness of (0f + L*L)"'L* is assumed in the proof
of [9, Theorem 4.7], its full domain is supposed in [23, Proposition 5.2], and the strong
monotonicity of (0f + L*L) is assumed in [3, 10] in order obtain both properties. It is
worth to notice that some fixed point approaches and algorithms for computing prox ...
are proposed in [12, 18] in the context of sparse recovery in image processing.

In this paper we derive a formula for the resolvent of the parallel composition and
for the proximity operator of the infimal postcomposition in a real Hilbert space with
non-standard metric under mild assumptions. This is obtained from a formula of the re-
solvent of LA™'L* via the non-standard metric version of Moreau’s identity in [1, Propo-
sition 23.34(iii)]. Our computation is related with a modification of the warped resolvent
defined in [6] (see [15] for a particular case) and we extend and generalize several re-
sults in the literature as [3, 9, 10, 23, 25]). We also derive a generalization of Moreau’s
decomposition [20] for composite maximally monotone operators and for composite con-
vex optimization under standard assumptions by using a generalization of the proximity
operator.

4.2.2 Notation and preliminaries

Throughout this paper H and G are real Hilbert spaces with the scalar product (- | -)
and associated norm || - . The identity operator on #H is denoted by Id. Let A :
H — 2™ be a set-valued operator. The domain of A is dom A = {x eH | Ax # @},
the range of A is ran A = {ueH | (3z € H) u € Az}, the graph of A is graAd =
{(x,u) EHXH ! u € AZB}, the set of zeros of A is zerA = {x eEH } 0e Ax}, the inverse
of Ais A u v {zeH | u € Az}, and its resolvent is J4 = (Id + A)~'. For every
D C H, Alp is the restriction of A to D, which satisfies dom A |p= dom AN D and, for
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every © € D, A|p x = Azx. The operator A is injective on D if
VeeH)(VyeH) AzNAyND#2 = x=y, (4.2.6)

and A is injective if it is injective on H. It is clear that injectivity of A on D implies its
injectivity on D" when D’ C D. Moreover, the operator A is monotone if

(V(z,u) € graA)(V(y,v) € grad) (x—y|u—wv)>0, (4.2.7)
A is strongly monotone if there exists a > 0 such that
(V(z,u) € grad)(¥(y,v) € grad) (z—y|u—v)>alz—yl* (4.2.8)
and A is maximally monotone if it is monotone and, for every (z,u) € H x H,
(z,u) egrad & (Y(y,v) egrad) (x—y|u—wv)>0. (4.2.9)

For every strongly monotone self-adjoint linear bounded operator U: H — G, we denote
(| )y=C¢IU)and ||-|lv =+/( | )y, which define an inner product and the associated
norm in H, respectively.

We denote by I'g(#H) the class of proper lower semicontinuous convex functions f: H —
|—00,400]. Let f € I'y(H). The Fenchel conjugate of f is defined by f*: w +— sup, 4 ((x | u)—
f(z)), f* € T'o(H), the subdifferential of f is the maximally monotone operator

of iz {ueH | (VyeH) fle)+{y—z|u) < fy)}, (4.2.10)

(0f)"' = 0f*, the set of minimizers of f is denoted by argmin,ey f(z), and we have
that zer (0f) = arg mingey f(x). Given a strongly monotone self-adjoint linear operator
U:H — H, we denote by

1
U : 2
: —llr — 4.2.11
proxg : z — argmin (f(y) + 5 llz = yllz,). (4.2.11)
and by prox; = proxy. We have [1, Proposition 24.24] (see also [8, Section 3])
1 1
prolec] =U 2proxfoU,%U2 = Ju-1a5 (4.2.12)

and it is single valued since the objective function in (4.2.11) is strongly convex. Moreover,
it follows from [1, Proposition 23.34(iii)] that

Jya+Udy,0U =14, (4.2.13)
and, in the case of convex functions, [1, Proposition 24.24] yields

prox =1d — U™ prox. " U = U™ (1d — prox¥. ") U. (4.2.14)
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Given a non-empty set C' C H, we denote by Span C' the closed span of C', by cone C its
conical hull. Let C' be a non-empty closed convex subset of H. We denote by sriC' =
{z € C | cone(C —xz)=5pan(C —z)} its strong relative interior, by tc € I'g() the
indicator function of C', which takes the value 0 in C' and +oo otherwise, by PY = prox!
the projection onto C' with respect to (H, (- | -);;), and we denote Po = P It follows
from (4.2.12) that

PH = U’%proxbcoU_%U% = U’%PU%CU%. (4.2.15)
Given a linear bounded operator L : H — G, we denote its adjoint by L*: G — H, its
kernel (or null space) by ker L, its range by ran L, and, if ran L is closed, its Moore-Penrose
1verse by

L':G—H:y— Pe,0, (4.2.16)
where C, = {x € H | L*Lx = L*y}. If L*L is invertible, we have [1, Example 3.29]
L' = (L*L)~'L". (4.2.17)

For definitions and properties of monotone operators, nonexpansive mappings, and convex
analysis, the reader is referred to [1].

We now introduce a modification of the warped resolvent introduced in [6] (see also
[15] for a particular case and applications). Let A: H — 2% be a set-valued operator and
let K: H — H. The warped resolvent of A with kernel K is defined by J§ = (K+A)™'K.
In the case when K is linear and invertible, we have

JE=(K+A)7'K = (K(Id+ K "A) 'K = Jg-14, (4.2.18)
which has full domain and it is single valued if K 1A is maximally monotone. The following
result characterizes the full domain and single-valuedness of JX in a general context.

Proposition 4.2.1. Let A: H — 2% be a set-valued operator and let K: H — H. Then
the following holds.

1. domJ¥ =H & ranK Cran(K + A).

2. JE is at most single-valued < K + A is injective on ran K .
Proof. 1: For every x € H we have

redomJY & (BueH) ue(K+A) 'Kx
& (JueH) Kre(K+Au
& Kz eran (K + A), (4.2.19)
and the result follows. 2: First assume that J¥ is at most single valued. In view of (4.2.6),
let x and y in H and suppose that there exists z € H such that Kz € (Kz+Az)N(Ky+Ay).
Then {z} U {y} C J§z and single-valuedness of JX implies # = y, which yields the

injectivity on ran K. Conversely, let 2 € dom J¥ and let  and y in JX2. Then, Kz €
(Kz + Az) N (Ky + Ay) Nran K and injectivity on ran K implies x = y. ]
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In [6, Definition 1.1] it is assumed that K + A is injective in the whole space in order
to guarantee that JX is single-valued, but this is a stronger assumption in general, as the
following example illustrates.

Example 4.2.2. Let a > 0, set H =R, set K: x — mid{—1,z,1} be the median of real
values x, —1, and 1, and set A = aK. Note that A and K are maximally monotone,
single valued, and ran K = [—-1,1] C [-1 — a,1 + a] = ran (K + A). Moreover, observe
that K + A = (1 + «a)mid{—1, z, 1} is injective on ran K but it is not injective on R, since
(K+A)l=(K+A)2=1+a.

The warped proximity operator of f with kernel K is defined by
proxp = J§ = (K +0f) 'K (4.2.20)
and note that it coincides with (4.2.12) when K is strongly monotone, self-adjoint, linear,

and bounded, in view of (4.2.18).

4.2.3 Resolvent of parallel composition

The following result is a generalization of [1, Proposition 23.25] and provides an explicit
computation of the resolvent of UM*BM under mild assumptions.

Theorem 4.2.3. Let H and G be real Hilbert spaces, let B: H — 2" be a mazimally
monotone operator, let M: G — H be a linear bounded operator such that M*BM is
maximally monotone in G, and let U: G — G be a pu—strongly monotone self-adjoint
linear operator for some p > 0. Then UM*BM is mazimally monotone in (G, (- | -)y-1)
and the following assertions hold:

1. ran M C dom (MUM* + B~ and
JumBm :Id—UM*(MUM*—i—B_l)_lM (4221)
2. ran (MUM*) C ran (MUM* + B™1).
8. (MUM* + B™Y) |ran s is ingective.
4. Suppose that ran M is closed. Then
Joarepar = 1d — UM* JMUM™ (JTAMAT (4.2.22)
5. Suppose that ran M = H. Then
‘]UM*BM — Id - UM*J(MUM*)_lB_l (MUM*)_:LM (4223)

= PUoy + UM (MUM*) ™ Ty s M. (4.2.24)
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Proof. The maximal monotonicity of UM*BM follows from [1, Proposition 20.24]. 1: For
every x and p in G, we have

p= JuvBuT & o« —pc UM*BMp (4225)
r—p=UM"

& (veH) {UEBMp

p=x— UM

& (FveH) {Mp c By

=z —-UM*
& (FveH) b= ! .
Mx e MUM*v + B~ v.
& (e (MUM*+B YN '*Mz) p=x— UM, (4.2.26)
and the result follows. 2: It follows from 1 that
ran (MUM*) C ran M C dom (MUM* + B~')"! =ran (MUM* + B™1). (4.2.27)
3: Let z and y in ran M be such that there exists u € (MUM*x + B~'z) N (MUM*y +
B~'y). Then, u — MUM*x € B~'z, u — MUM*y € B~'y, and the monotonicity of B~*
yields
0 < (=MUM"(z—y)|z—y)
= —(UM*(z —y) | M"(z —y))
< —pl| M (z = y)[I?, (4.2.28)
which implies z — y € ker M*. Since z —y € ranM C ran M, it follows from [1,
Fact 2.25(iv)] that  —y € ker M* Nran M = {0}, which yields the result.
4: Denote by Gy the Hilbert space G endowed with the scalar product (- |-);-:.
Note that M*v = UM*U~!, where M* and M* are the adjoints of M in Gy and
G, respectively. Moreover, [1, Fact 2.25(iv)] and the closedness of ran M on Gy yield

(ker M)*v = ran M*v = ran (UM*U~') = ran (UM*), where L stands for the orthogo-
nal complement in G;;. Hence,

Gy = ker M @ ran (UM™) (4.2.29)

is an orthogonal decomposition of Gyy. Hence, we have from [1, Proposition 24.24(ii) &
Proposition 3.30(iii)] that

U—l
Lker M

-1
=VU prox, Moﬁ\/ﬁ
—1
= \/ﬁpker(M\/U)\/ﬁ
—1d - UM*(VOM)'VT | (4.2.30)

-t _
PkerM = prox
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and
PY vy = UM (VUM*)VU VU (4.2.31)

where (\/U M *)T is the Moore-Penrose inverse of VUM*: H — G. Therefore, 1 asserts
that

Jumepy =1d —UM*(B™' + MUM*)™'M

=1d — UM*(B™" + MUM") "M P, rare)

=1d— UM*(B™' + MUM?*)~ 1MUM*(\/_M*) VU
)

= Id — UM*JMT (VUMY (4.2.32)

1

where in the last equality J5Y{*" has full domain in view of 2 and Proposition 4.2.1(1).

5: Since ran M = H is closed and U is u—strongly monotone for some p > 0, MUM*
is strongly monotone and, thus, invertible. Indeed, for every v € H, [1, Fact 2.26] implies
that there exists o > 0 such that

(MUM*v | v) = (UM*v | M*0) > || M*o|]® > pa?||v]®. (4.2.33)

Hence, since (vVUM*)*(vVUM*) = MUM*, (4.2.23) follows from 4, (4.2.18), and (4.2.17).
Moreover, since (4.2.30) and (4.2.17) yield PY_,, = Id — UM*(MUM*)"'M, (4.2.24)
follows from (4.2.23) and (4.2.13). O

Remark 4.2.4. 1. Note that Theorem 4.2.3(1) provides the existence of zeros of the
monotone operator MU M?* + B~ from the maximal monotonicity of M*BM , which
is guaranteed, e.g., if cone(ran M — dom B) = Span (ran M — dom B) [1, Corol-
lary 25.6] (see [2] for a weaker assumption involving the domain of the Fitzpatrick
function).

2. Note that, from Theorem 4.2.3(1), M*(MUM*+ B~ )™M : G — G is single valued,
even if (MUM*+ B~')™! can be a set-valued mapping. Indeed, for every x € G, let v
and w in (MUM*+B~Y)"'Mz. Then, M(x—UM*v) € B~ v and M (x—UM*w) €
B~'w and the monotonicity of B~ yields

0 < (=MU(M*v — M*w) | v —w) = —||M*v — M*wl||f, (4.2.34)

which implies M*v = M*w. This computation is consistent with the fact that the
resolvent of the monotone operator UM*BM is single-valued.

3. Observe that Theorem 4.2.5(2) and Proposition 4.2.1(1) imply that dom JY¥YM" =
H. On the other hand, the single-valuedness of JJJB\{I{M* 1s not guaranteed since
MUM*+ B~ is not necessarily injective on ran (MUM*) (see Proposition 4.2.1(2)).
Indeed, suppose that ker M* # {0} and that B~' = N¢, where C is the closed ball
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centered at 0 with radius 1. By taking x = 0 and y € ker M* . {0} Nint C', we
have {0} = Nex N Ney = (MUM*x + B~'z) N (MUM*y + B~'y), 0 € ran MU M*,
and © # y. However, when ran M 1is closed, it follows from Theorem 4.2.3(3) and
ran (vVUM*) = ran (MV/U) = ran M [1, Proposition 3.30(v)] that JMYM" (v/UM*)f
15 single valued.

4. In the particular case when U = 1d, Theorem 4.2.3(5) coincides with [1, Propo-
sition 23.25].  On the other hand, when M = 1d and H = G, we recover from
Theorem 4.2.3(5) the Moreau’s decomposition with non-standard metric in [1, Propo-
sition 23.34(iii)] recalled in (4.2.13).

We conclude this section with the computation of the resolvent of the parallel compo-
sition L > A.

Corollary 4.2.5. Let A: H — 2" be a mazimally monotone operator, let L: H — G be
a linear bounded operator such that LA='L* is mazimally monotone in G. Moreover, let
U: G — G be a self-adjoint strongly monotone linear bounded operator. Then, U(L > A)
is mazimally monotone in (G, (- | -);;-1) and the following holds:

1. Jyeay = LA+ L*U'L) ' LU
2. Suppose that ran L is closed. Then,
Jowen = LIEUENT  DWT (4.2.35)

3. Suppose that ran L* = H. Then,
Ju(reay = LI pp-1py-14(L*U' L)' LU (4.2.36)
Proof. Since Li> A = (LA™'L*)~!, the maximal monotonicity of U(L> A) follows from [1,

Propositions 20.22 & 20.24]. 1: By applying Theorem 4.2.3(1) to B = A~ and M = L*,
it follows from (4.2.13) that

Jueay =1d — UJy-1pa-10-U™!
=1d-U(Id-U LA+ LU ' L)' L)U!
=LA+ L*U'L)'LU (4.2.37)
2: By applying Theorem 4.2.3(4) to B = A~! and M = L*, we obtain
Jueay =1d — UJy-1p4-10- U™
—Id-U(ld— U"'LJY V(T L)) U

= LJFUTL T DT (4.2.38)
3: As in the proof of Theorem 4.2.3(4), L*U 'L is strongly monotone and, hence, invert-
ible, and the result follows from 2, (4.2.18), and (4.2.17). O
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4.2.4 Proximity operator of the infimal postcomposition

For every f € T'o(H), every linear bounded operator L: H — G, and every strongly
monotone self-adjoint linear bounded operator U: G — G, define

1
prox?L: G— 2" us argmiﬁ (f(a:) + §HLx — uHQU) . (4.2.39)
’ T€

Note that [1, Theorem 16.3 & Theorem 16.47(i)] yield
(Vu € G)(Vz € H) prrox%Lu & 0€df(xr)+ L*U(Lx — u)
& z€(0f+LUL)'L*Uu. (4.2.40)

When L = Id, we have prox%ld = proxgc] and it is single valued with full domain. In [16]
an extension of definition of the classical proximity operator is studied by considering a
Bregman distance instead of || - ||#, under the assumption of uniqueness of the solution
to the optimization problem in (4.2.39). In our context, the single-valuedness of prox% I
is not needed. The following result provides some properties of prox% ; in more general
contexts.

Proposition 4.2.6. Let f € T'((H), let L: H — G be a linear bounded operator, and
let U: G — G be a pu—strongly monotone self-adjoint linear bounded operator. Then, the
following hold:

1. For every u € dom prox¥ ;, L(proxy u), and Pye ) (prox u) are singletons.
2. Suppose that ker L = {0}. Then, for every u € dom prox%L, prOX%LU 1s a singleton.

3. Suppose that ran L is closed. Then
(Vu € dom prox%L) prox%Lu = proijc*UL(\/ﬁL)T\/ﬁu. (4.2.41)
4. Suppose that ran L* = H. Then prox%L 15 single valued, dom prox%L =G, and
(Vu € G) prole{’Lu = {prox?*UL(L*UL)flL*Uu}. (4.2.42)

Proof. 1: Let x; and x5 in prox%Lu. It follows from (4.2.40) applied to z; and xq, the
monotonicity of f, and strong monotonicity of U that

0 < (—=L*UL(zy — 29) | 71 — 22)
= —(UL(z1 — x2) | L(x1 — 72))
< —pllL(zy — 22| (4.2.43)
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Therefore, L(x; — x3) = 0 which leads to z; — 25 € ker L and, hence, Pye )21 =
Plrer 1)L T2
2: In this case (ker L)t = H, which yields Per )+ = Id and the result follows from 1.
3: It follows from (4.2.40), the orthogonal decomposition in (G, (- | -);-1) in (4.2.29)
and (4.2.31) with M = L* that, for every u € G and = € H,

1

T E proqu’Lu & ze(0f + L*UL)—IL*PU*(UL)UU

& 2€0f +L'UL)'L*(UL(WVUL)WU Uu
& reE prOX]Lc*UL((\/ﬁL)T\/Uu), (4.2.44)

where the last equivalence follows from (4.2.20).

4: Note that ran L* = H yields, for every z € G, (L*ULx | ) > p||Lz||* > pa?|z|?,
where the existence of o > 0 is guaranteed by [1, Fact 2.26]. Therefore, L*UL is
strongly monotone and, hence, invertible. Hence, the result follows from 3 and (\/ﬁ L)t =
(L*UL)~'L*\/U in view of (4.2.17). O

Note that in Proposition 4.2.6(2), prox%Lu may be empty for some u € G, as the
following examples illustrate.

Example 4.2.7. Suppose that U = 1d, that ran L is not closed, set f = 0, and let
u € ran L \ ran L. Then, inf,cy |[Lo — u|| = 0 but the minimum is not attained. Ob-
serve that, since f* = tyoy, we have dom f* = {0} which yields cone (dom f* — ran L*) =
cone (ran L*) = ran L* # ran L* = spanran L* and, thus, 0 ¢ sri(dom f* — ran L*).

Example 4.2.8. Suppose that H = R?, G =R, f: (z,y) — exp(y), and L: (z,y) — z.
Then L*: 2+ (2,0), ran L* = R x {0}, and f*: (u,v) — tfo3(u) + exp*(v), where
v(lnv —1), if v>0;
exp”: v ¢ 0, if v=0; (4.2.45)
+00, if v <.
Then, dom f* = {0} x [0,4o00[ and cone (dom f* — ran L*) = R x [0,+00] # R? =
span (dom f* — ran L*), which yields 0 ¢ sri (dom f* — ran L*).

The following result provides sufficient conditions ensuring full domain of prox% .- This
is a a consequence of Theorem 4.2.3 in the optimization context and we connect the
existence result with the computation of the proximity operators of f*o L* and L> f. Our
result generalizes [23, Proposition 5.2(iii)] to non-standard metrics and infinite dimensions.

Proposition 4.2.9. Let H and G be real Hilbert spaces, let f € To(H), let L: H — G be
a linear bounded operator such that

0 € sri(dom f* —ran L"), (4.2.46)
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and let U: G — G be a strongly monotone self-adjoint linear operator. Then, the following
hold:

1. domproxgc]’L =g.
2. prox?folL* =I1d-UL prOX][{LU_l.
3. L> f = (f*oL*)* € To(H) and proxy,_; = Lproxy,.

Proof. 1: Since 0 € sri(dom f* — ran L*), [1, Corollary 16.53(i)] yields O(f* o L*) =
L(0f*)L*, which is maximally monotone in H because f*oL* € T'o(#) [1, Theorem 20.25].
Hence, by applying Theorem 4.2.3(1) to B = 0f* and M = L*, it follows from (4.2.40)
that

Ve eH) @#(0f) '+ L UL 'L*'Uzs = (0f + L'UL) 'L*Ux
= prox%Lx. (4.2.47)

2: We deduce from (4.2.12), Theorem 4.2.3(1), and (4.2.47) that
proxteor. = Jua(rory = Jurosyr- = d=UL((0f*) ' +L*UL)"'L* = Id~UL prox ,U".

3: Since f*o L* € I'y(H), (4.2.46) and [1, Corollary 15.28] yield L > f = (f* o L*)* €
Fo(H). Hence, it follows from (4.2.14) and 2 that

proxj,, =I1d—U"" prole{*;lL* U

=1d—-U""'(Id— ULproxy U "U (4.2.48)
=L prox%L (4.2.49)
and the proof is complete. O

Remark 4.2.10. 1. In the case when U = uld, the existence of solutions to (4.2.39)
is assumed in [23, Proposition 5.2(iii)] and its uniqueness is supposed in [9, Theo-
rem 4.7]. On the other hand, the strong monotonicity of (L*L + Of) is assumed in
[3, 10] in order to guarantee the ezistence and uniqueness of solutions to the opti-
mization problem in (4.2.39). Previous approaches are needed in order to guarantee
that sequences of ADMM are well defined. Proposition 4.2.9(1) is more general,
since it is obtained from Theorem 4.2.9 and the mazimal monotonicity of L(Of*)L*,
which is obtained from the qualification condition 0 € sri(dom f* — ran L*) and

froL* € I'o(H) in view of [1, Corollary 16.53(i) € Theorem 20.25].

2. In [12, 18] fized point approaches are used in order to compute ProX ., in the context
of the sparse recovery in image processing. This approach leads to sub-iterations in
optimization algorithms needing to compute prox;,;,. Our computation is direct once
prox% 1 s easily computable.
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3. Note that Proposition 4.2.9(1) yields
prox?,;l“ +UL prox%LU’1 =Id. (4.2.50)

In the case when L = 1d, since pmx%IGl = proxgc], (4.2.50) reduces to [1, Proposi-
tion 24.24(i1)], which is a non-standard metric version of Moreau’s decomposition
[20] first derived for mutually polar cones [19].
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Preface to Part 11

In the second part we aim at solving separately the cases B3 = 0 and V' = H in Prob-
lem 1.1.9.

In particular, in Chapter 5 we consider the case B3 = 0 and we provide a splitting
algorithm which fully exploits the structure of the problem, generalizing some methods
in the literature. Also, we derive a splitting method for solving primal-dual monotone
inclusions including normal cones, Lipschitzian-monotone operators and cocoercive oper-
ators. We also derive an algorithm for solving convex composite optimization problems
under vector subspace constraints and we implement it in a TV-regularized least-squares
problems with constraints.

In Chapter 6 we derive a fully split method for solving Problem 1.1.9 in the case
V = H, which takes advantage of the intrinsic properties of the operators. We also derive
an algorithm for solving optimization problems involving convex in Gateaux differentiable
functions, linear compositions, and Gateaux differentiable nonlinear constrains. Finally,
we provide numerical experiments which illustrate the efficiency of that method.
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Chapter 5

Forward-Partial
Inverse-Half-Forward Splitting
Algorithm for Monotone Inclusions

5.1 Introduction and Main Results

In this chapter we aim at solving numerically the following problem.

Problem 5.1.1. Let H be a real Hilbert space and let V be a closed vector subspace of
H. Let A: H — 2" be a mazimally monotone operator, let By: H — H be a monotone
and L-Lipschitzian operator for some L € ]0,4+00], and let B: H — H be a [-cocoercive
operator for some 3 € 0, +oc[. The problem is to

find xe€H suchthat 0€ Ax+ Bx+ Byx + Nyux, (5.1.1)

under the assumption that its solutions set Z is nonempty.

Problem 5.1.1 models a wide class of problems in engineering including mechanical
problems [35, 37, 38|, differential inclusions [2, 48], game theory [1, 14], restoration and
denoising in image processing [20, 21, 28], traffic theory [9, 34, 36], among others.

The following is our main algorithm from this section, which allows to solve numerically
Problem 5.1.1 in view of Theorem 5.1.3 below.

Algorithm 5.1.2. In the context of Problem 5.1.1, let (xq,y0) € V x VL, let v € ]0, +00],
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and let (A,)nen be a sequence in |0, +oo[. Consider the recurrence

form=1,2...
find (pn,qn) € H? such that x, + VY, — MYPy (B 4 Ba)Tp = pn + Yqn
Pyq, Pyip,
and ;\/q + Pyiq, € A (Pvpn + ‘;\Lp ) , (5.1.2)
Tpi1 = Pypn + A\ yPy (Boxy, — BoPypy,),
| Yn+1 = Pyigy.

Note that (5.1.2) involves only one activation of B, two of B, and three projections
onto V' at each iteration. Now, we present the convergence result of Algorithm 5.1.2.

Theorem 5.1.3. In the context of Problem 5.1.1, set

_4p O
X—1+WG}O,m1n{2B,L}{, (5.1.3)

let v € 10,400, and let (A\,)nen be a sequence in [e,x/y — €| for some € € |0, x/(27)][.
Moreover, let (xg,y0) € V X V* and let (2,)nen and (yn)nen be the sequences generated by
Algorithm 5.1.2. Then (x,)nen and (Yn)nen are sequences in'V and V=*, respectively, and
there exist T € Z and y € V- N (AT + Py(B + By)T) such that x,, =T and y,, — 7.

The inclusion in (5.1.2) is not always easy to solve. Hence, by an adequate choosing
of the sequence (\,)nen, we derive the following corollary in which this inclusion can be
explicitly computed in terms of the resolvent of A.

Corollary 5.1.4. In the context of Problem 5.1.1, let (zg,y0) € V x V2L, let x €10, 400 be
the constant defined in (5.1.3), let v € 10, x|, and let (z,)nen and (Yn)nen be the sequences
generated by the recurrence

forn=1,2,...
Pn = JyA (xn + YYn — ’YPV(B + BQ)xn)
" = Pypn (5.1.4)
Tpt1 = Ty + YPy(Bax, — Bary,)
Pn —Tn
Yn+1 = Yn — .
L Y

Then, there exist T € Z andy € VN (AT + Py (B + By)T) such that z, =T and y, — 7.

Note that, in the case when B = 0, the recurrence in (5.1.4) reduces to FPF (Algo-
rithm 1.1.12) [11], in that case we can take  — oo which yields x — 1/L. On the other
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hand, when B, = 0, taking L — 0 we obtain x — 24 and (5.1.4) reduces to FPS (Algo-
rithm 1.1.11) [10]. Moreover, when V' = H, (5.1.4) reduces to FBHF (Algorithm 1.1.13)
[15].

In this section, we also provide a method for solving numerically the following primal-
dual composite inclusion.

Problem 5.1.5. Let H be a real Hilbert space, let V be a closed vector subspace of H,
let A: H — 2 be mazimally monotone, let M: H — H be monotone and u-Lipschitzian,
for some pu € 10,400[, let C: H — H be (-cocoercive, for some ( € |0,+00|, and let m
be a strictly positive integer. For every i € {1,...,m}, let G; be a real Hilbert space, let
Bi: G, — 2% be mazimally monotone, let N;: G; — 2% be monotone and such that Ni_1
is v;-Lipschitzian, for some v; € |0, 400, let D; be mazimally monotone and &;-strongly
monotone, for some §; € 10, 4+o00|, and let L;: H — G; be a nonzero bounded linear operator.
The problem is to

find xeHu €Gy,...,u, €G,, such that
0 € Ax+Mx+Cx+ > ", L + Nyx

0 € (By'+N7'+D7Ya, — Ly
,(1 ! Dn b (5.1.5)

0 € (B,'+N,'+D,!)u, — Lux,
under the assumption that the solution set Z to (5.1.5) is nonempty.

The following proposition is consequence of previous methods and provides an algo-
rithm for solving Problem 5.1.5.

Proposition 5.1.6. Consider the framework of Problem 5.1.5 and set

L =max{p,v1,...,vn}+

S OILil? and B =min{¢, b1, ..., 0m}. (5.1.6)
=1

Let xg € V, let yo € VT, for every i € {1,...,m}, let u;g € G;, set v € |0, x[, where x is
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defined in (5.2.12), and consider the routine

form=1,2,...
Pn = JyA <Xn + vy, — YR ((M + O)x, + Xm: qum)>
i=1
dn = Bpn
fori=1,....m
Fin = Jg-1 (Ui,n —y((N;" 4+ D; "uj,, — Lan)) (5.1.7)

Uin+l = lin — ’V(Ni_lri,n - Ni_lui,n - Lz(qn - Xn))

X1 = Gn — 7Py (qu = M + > L (rin — um))

=1

o Pn — dn
Y4l =Yn — ————-
L Y
Then, (Xn)nen s a sequence in V' and there exists (X, Uy, ..., Uy) € Z such that x, — X
and, for every i € {1,...,m}, u;,, — ;.

Additionally, by applying the method in (5.1.7) in the optimization context, under
adequate qualification condition, we obtain a method for solving the following optimization
problem

min (f(x) + h(x) + ;(gi D&)(Lix)), (5.1.8)
where f € Ty(H), h: H — R is convex differentiable with (~!-Lipschitzian gradient, for
every i € {1,...,m}, {; € T'o(G;) is v;-strongly convex and g; € I'o(G;).

Finally we implement our method in the context of TV-regularized least-square prob-

lems with constraints and we compare its performance with previous methods in the
literature.

5.2 Article: Forward-Partial Inverse-Half-Forward Split-
ting Algorithm for Solving Monotone Inclusions!

Abstract In this paper we provide a splitting algorithm for solving coupled monotone
inclusions in a real Hilbert space involving the sum of a normal cone to a vector subspace,

1[12] Luis M. Bricefio-Arias, Jinjian Chen, Fernando Rold4dn, and Yuchao Tang. Forward-partial
inverse-half-forward splitting algorithm for solving monotone inclusions, 2021, https://arxiv.org/abs/
2104.01516.
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a maximally monotone, a monotone-Lipschitzian, and a cocoercive operator. The pro-
posed method takes advantage of the intrinsic properties of each operator and generalizes
the method of partial inverses and the forward-backward-half forward splitting, among
other methods. At each iteration, our algorithm needs two computations of the Lips-
chitzian operator while the cocoercive operator is activated only once. By using product
space techniques, we derive a method for solving a composite monotone primal-dual in-
clusions including linear operators and we apply it to solve constrained composite convex
optimization problems. Finally, we apply our algorithm to a constrained total variation
least-squares problem and we compare its performance with efficient methods in the lit-
erature.

5.2.1 Introduction

In this paper we study the numerical resolution of the following inclusion problem. The
normal cone to V' is denoted by Ny .

Problem 5.2.1. Let H be a real Hilbert space and let V be a closed vector subspace of
H. Let A: H — 2" be a mazimally monotone operator, let B: H — H be a monotone
and L-Lipschitzian operator for some L € |0,+o0[, and let C: H — H be a [-cocoercive
operator for some 3 € 0, +oc[. The problem is to

find xeH suchthat 0¢€ Ax+ Bx+ Cz+ Nyx, (5.2.1)

under the assumption that its solutions set Z is nonempty.

Problem 5.2.1 models a wide class of problems in engineering including mechanical
problems [35, 37, 38|, differential inclusions [2, 48], game theory [1, 14], restoration and
denoising in image processing [20, 21, 28], traffic theory [9, 34, 36], among others.

In the case when V = H and the resolvent of B is available, Problem 5.2.1 can be
solved by the algorithms in [29, 30] and, if B is linear, by the algorithm in [41]. Moreover,
if the resolvent of B is difficult to compute, Problem 5.2.1 can be solved by the forward-
backward-half forward algorithm (FBHF) proposed in [11]. FBHF implement explicit
activations of B and C' and generalizes the classical forward-backward splitting [42] and
Tseng’s splitting [52] when B = 0 and C = 0, respectively.

In the case when V' # H, a splitting algorithm for solving the case B = C' = 0 is
proposed in [49] using the partial inverse of A with respect to V and extensions for the
cases B = 0 and C' = 0 are proposed in [10] and [11], respectively. On the other hand, the
algorithms proposed in [5, 8, 4, 6, 7, 13, 19, 24, 23, 25, 27, 29, 31, 32, 39, 40, 43, 45, 46,
47, 53] can solve Problem 5.2.1 under additional assumptions or without exploiting the
vector subspace structure and the intrinsic properties of the operators involved. Indeed,
the algorithms in [8, 6, 7, 13, 23, 32] need to compute the resolvents of B and C', which are
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not explicit in general or they can be numerically expensive. In addition, previous methods
do not take advantage of the vector subspace structure of Problem 5.2.1. The schemes
proposed in [4, 24, 31, 39] take advantage of the properties of B, but the cocoercivity of C
and the vector subspace structure are not leveraged. In fact, the algorithms in [4, 24, 31, 39|
may consider B + C' as a monotone and Lipschitzian operator and activates it twice by
iteration. In contrast, the algorithms in [19, 27, 43, 46, 47] activates B + C' only once by
iteration, but they need to store in the memory the two past iterations and the step-size
is reduced significantly. In addition, the methods proposed in [5, 25, 29, 40, 45, 53] take
advantage of the cocoercivity of C, but they do not exploit neither the properties of B
nor the vector subspace structure of the problem.

Furthermore, note that Problem 5.2.1 can be solved by the algorithms proposed in [11,
18] by considering Ny as any maximally monotone operator via product space techniques.
These approaches do not exploit the vector subspace structure of the problem and need to
update additional auxiliary dual variables at each iteration, which affects their efficiency
in large scale problems. Moreover, since B + C' is monotone and (37! + L)-Lipschitzian,
Problem 5.2.1 can be solved by [11]. However, this implementation needs two computations
of C by iteration which affects its efficiency when C' is computationally expensive and also
may increment drastically the number of iterations to achieve the convergence criterion,
as perceived in [11, Section 7.1] in the case V = H.

In this paper we propose a splitting algorithm which fully exploits the vector subspace
structure, the cocoercivity of C', and the Lipschitzian property of B. In the particular
case when V' = H, we recover [11], which generalizes the forward-backward splitting and
Tseng’s splitting [52]. For general vector subspaces, our algorithm also recovers the meth-
ods proposed in [10, 11, 49]. By using standard product space techniques, we apply our
algorithm to solve composite primal-dual monotone inclusions including a normal cone to
a vector subspace, cocoercive, and Lipschitzian-monotone operators and composite convex
optimization problems under vector subspace constraints. We implement our method in
the context of TV-regularized least-squares problems with constraints and we compare its
performance with previous methods in the literature including [26]. We observe that, in the
case when the matrix in the data fidelity term has large norm values, our implementation
is more efficient.

The paper is organized as follows. In Section 5.2.2 we set our notation. In Section 5.2.3
we provide our main algorithm for solving Problem 5.2.1 and its proof of convergence. In
Section 5.2.4 we derive a method for solving a composite monotone primal-dual inclu-
sion, including monotone, Lipschitzian, cocoercive, and bounded linear operators. In this
section we also derive an algorithm for solve constrained composite convex optimization
problems. Finally, in Section 5.2.5 we provide numerical experiments illustrating the effi-
ciency of our proposed method.
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5.2.2 Notations and Preliminaries

Throughout this paper H and G are real Hilbert spaces. We denote their scalar products
by (- | -), the associated norms by || - ||, and by — the weak convergence. Given a linear
bounded operator L : H — G, we denote its adjoint by L*: G — H. Id denotes the
identity operator on H. Let D C H be non-empty and let T : D — H. Let 5 € |0, +o0.
The operator T is f—cocoercive if

(Vz € D)(Vy € D) (z—y|Tx—Ty) > p||Tz—Ty|’ (5.2.2)
and it is L—Lipschitzian if
(Ve e D)(Vy e D) [Tz —Ty| < Lijx -y (5.2.3)

Let A : H — 2™ be a set-valued operator. The domain, range, and graph of A are dom A =
{reH|Az# o}, ran A={uecH|(FrecH)uec Azr},andgrad = {(z,u) € H x H | u € Az},
respectively. The set of zeros of A is zerA = {:(: eH ‘ 0e Ax}, the inverse of A is
ATV = 2% uw s {o € H | u € Az}, and the resolvent of A is J4 = (Id + A)~'. The

operator A is monotone if
(V(z,u) € graA)(V(y,v) e grad) (x—ylu—v)>0 (5.2.4)

and it is maximally monotone if it is monotone and there exists no monotone operator
B : H — 2" such that gra B properly contains gra A, i.e., for every (z,u) € H x H,

(x,u) €egrad < (V(y,v) €grad) (x—y|u—v)>0. (5.2.5)

We denote by I'o(#H) the class of proper lower semicontinuous convex functions f: H —
|—00,400]. Let f € I'g(H). The Fenchel conjugate of f is defined by f*: w +— sup, 4 ((x | u)—
f(z)), which is a function in I'y(H), the subdifferential of f is the maximally monotone
operator

Of itz {ueH | (VyeH) fl)+{y—=z|u) < f(y)},

we have that (0f)~! = 0f*, and that zer df is the set of minimizers of f, which is denoted
by arg min,cy f. We denote by

1
prox;: x — arg min (f(y) + =]z — yHZ). (5.2.6)
yeH 2

We have prox; = Jyy. Moreover, it follows from [3, Theorem 14.3] that
Prox, ; + yprox;. ., o Id/y = Id. (5.2.7)

Given a non-empty closed convex set C' C H, we denote by Pg the projection onto C', by
tc € I'y(H) the indicator function of C, which takes the value 0 in C' and 400 otherwise,
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and by N¢ = 0(1¢) the normal cone to C. The partial inverse of A with respect to a
closed vector subspace V' of H, denoted by Ay, is defined by

Y(z,y) € H?) ye€Avx <& (Pyy+ Pyix) € A(Pyx + Pyuy). (5.2.8)

Note that Ay = A and Ay = A™'. For further properties of monotone operators, non-
expansive mappings, and convex analysis, the reader is referred to [3].
The following is a simplified version of the algorithm proposed in [15, Theorem 2.3].

Proposition 5.2.2. [15, Theorem 2.3] Let L € 10, +ocl, let § € )0, +ool, let A: H — oM
be a mazimally monotone operator, let B: H — H be monotone and L-Lipschitzian, and
let C: H — H be a [-cocoercive operator. Suppose that zer(A+ B+ C) # & and set

(5.2.9)

A 1
N S, N )
14 4/1+ 163212 L

let (A\n)nen be a sequence in [e, X — €], for some € € ]0,x/2[. Moreover, let zo € H and
consider the following recurrence

form=1,2,...
Sy, = J,\nA(zn — (B + C)zn) (5.2.10)
Znt1 = Sn + A(Bz, — Bsy,).

Then, (zp)nen converges weakly to some Z € zer(A + B+ C).

Observe that (5.2.10) reduces to forward-backward splitting when B = 0 (and L = 0),
and to a version of Tseng’s splitting when C = 0 (and 8 — +o0) [13, 52].

5.2.3 Main Result

The following is our main algorithm, whose convergence is proved in Theorem 5.2.4 below.

Algorithm 5.2.3. In the context of Problem 5.2.1, let (zg,y0) € V x V4, let v € ]0, +o0],
and let (An)nen be a sequence in |0, +oo[. Consider the recurrence

form=1,2...
find (pn,qn) € H? such that x, + Yy, — M YPy (B + Cxy = po + Yan
Pyq, Pyip,
and Kq + Pyig, € A (Pvpn + V;p ) : (5.2.11)
Tntl1 = PVpn + An’YPV(an — BPVpn);
| Yn+1 = Py gy
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Note that (5.2.3) involves only one activation of C, two of B, and three projections
onto V' at each iteration.

Theorem 5.2.4. In the context of Problem 5.2.1, set

(5.2.12)

-2 e]omn{zg l}[
Yiviroer | S

let v € ]0,4+00[, and let (A\,)nen be a sequence in [e,x /vy — €] for some € € |0, x/(27)][.
Moreover, let (xg,y0) € V x V* and let (2n)nen and (Y )nen be the sequences generated by
Algorithm 5.2.3. Then (zn)nen and (yn)nen are sequences in V. and VL, respectively, and
there exist T € Z and y € V+ N (AT + Py(B + O)) such that x, — T and y, — 7.

Proof. Define
A, = (YA : H — 2%
By=vPyoBoPFPy,:H—+H (5.2.13)
C,=vPyoCoPy:H—H.
It follows from [11, Proposition 3.1(i)&(ii)] that A, is maximally monotone and that 5,
is monotone and yL-Lipschitzian. Moreover, C, is §/7y-cocoercive in view of [10, Propo-
sition 5.1(ii)]. Since C'is 8~ '-Lipschitzian, B + C'is (87! + L)-Lipschitzian, and (5.2.13)
and the linearity of Py yield

B«,—FCW:’}/PVO(B—FC)OP\/. (5214)

Therefore, [11, Proposition 3.1(iii)] implies that & € H is a solution to Problem 5.2.1 if
and only if
teV and (3j€Vn(Az+ Bi+Cz))
#+7() — Pri(B+C)2) € zer(A, + B, +C,). (5.2.15)

Now, since 7g € V and yy € V4, it follows from Algorithm 5.2.11 that (z,,).en and
(Yn)nen are sequences in V and V=, respectively. In addition, from Algorithm 5.2.11 and
[11, Proposition 3.1(i)] we deduce that

(VneN) Jy,a, (@n +7Yn — M YPy (B + C)xy) = Pypn + 7Py 1gn. (5.2.16)

For every n € N set z,, = x,, + vy, and set s,, = Pyp, + 7Py 1q,. Hence, for every n € N,
Py s, = Pyppn, Pyis, =vPy1q,, and (5.2.16) and (5.2.14) yield

Sp = I, (Tn + YU — MY Py (B + C)ay)
= J,\nA7 (Zn — )\n’YPV(B + C)Pvzn)
= Jaoa, (20 = M(By 4+ Cy)2n). (5.2.17)
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Thus, from Algorithm 5.2.11 we deduce that, for every n € N,

Znt1 = Tntl T VYn+1
= PVpn + )‘anPV<an - BPVpn) + fVPVJ-Qn
= Pys, + \(yPyBPyz, —vPyBPys,) + Pyis,
= Sp + M (Byz — Bysy). (5.2.18)

Therefore, we obtain from (5.2.17) and (5.2.18) that

forn=1,2,...
$n = ot (20 — An(By 4+ Cy)zn) (5.2.19)
Znt1 = Sp + A (Byzn, — Bysy).

Altogether, by setting 3 = 8/7 and L = L, we have ¥ = x/v and Proposition 5.2.2
asserts that there exists Z € zer(A, + B, + C,) such that z, — Z. Furthermore, by
setting 7 = PyZ and § = Py.Z/v, we have —(B, + C,)(Z + vy) € A,(T + 7y), which,
in view of (5.2.13), is equivalent to —Py(B + C)T +3y € Az. Therefore, by defining
=79+ P, (B+C)t € VN (AT + BT + C7), we have T + v(j — Py (B + C)7) €
zer(A, + B, +C,) and (5.2.15) implies that 7 € Z and that § € V+ N (AT + Py (B + O)7).
Moreover, from the weakly continuity of P, and Py ., we obtain x, = Pyz, = PyZ =7
and y, = Pyiz,/v7 — Py1Z/v =7, which completes the proof. O

The sequence (A,)neny in Algorithm 5.2.3 can be manipulated in order to accelerate
the convergence. However, as in [10, 11, 50], the inclusion in (5.2.11) is not always easy
to solve. The following result provides a particular case of our method, in which this
inclusion can be explicitly computed in terms of the resolvent of A.

Corollary 5.2.5. In the context of Problem 5.2.1, let (zo,y0) € V x V4, let x € ]0, +o0[ be
the constant defined in (5.2.12), let v € 10, x|, and let (2,)nen and (Yn)nen be the sequences
generated by the recurrence

form=1,2,...
Pn = JyA ('rn +VYn — IVPV(B + C)l'n)
" = Pypn (5.2.20)
Tpi1 = Tn +vPy(Bx, — Bry,)
Pn —Tn
Yn+1 = Yn — .
L g

Then, there exist T € Z and § € V*+ N (AT + Py (B + C)T) such that z,, = T and y, — 7.
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Proof. Note that (5.2.20) implies that (z,)nen and (y,)nen are sequences in V and V+,
respectively. Fix n € N and set ¢, = (z,, + vy, — 7Py (B +C)x,, —p,) /7. Hence, we obtain
from (5.2.20) that p, + V¢, = n + YYn — YPv(B + C)z,, that ¢, € Ap,, that z,.; =

Pypn+7vPy (B, — BPypn), and that yus1 = Yo — 0n—Pvpn) /7 = Yo — Pripn/v = Py
Therefore, (5.2.20) is a particular case of Algorithm 5.2.3 when A\, =1 €10, x/v[ and the
result hence follows from Theorem 5.2.4. O

Remark 5.2.6. 1. Note that, in the case when C' =0, (5.2.20) reduces to the method
proposed in [11].  Observe that in this case we can take B — +oo which yields
X — 1/L.

2. Note that, in the case when B =0, (5.2.20) reduces to the method proposed in [10)].
In this case, we can take L — 0, which yields x — 20.

3. In the case when V = H, (5.2.20) reduces to the algorithm proposed in [15] (see also
Proposition 5.2.2).

5.2.4 Applications
In this section we tackle the following composite primal-dual monotone inclusion.

Problem 5.2.7. Let H be a real Hilbert space, let V be a closed vector subspace of H,
let A: H — 21 be mazimally monotone, let M: H — H be monotone and p-Lipschitzian,
for some p € 10,400[, let C: H — H be (-cocoercive, for some ¢ € |0,+00|, and let m
be a strictly positive integer. For every i € {1,...,m}, let G; be a real Hilbert space, let
Bi: G, — 2% be mazimally monotone, let N;: G; — 2% be monotone and such that Ni_1
is v;-Lipschitzian, for some v; € |0,4+00], let D; be maximally monotone and 0;-strongly
monotone, for some d; € |0, 4+00|, and let L;: H — G; be a nonzero bounded linear operator.
The problem is to

find xeHu €Gy,...,u, €G, such that
0 € Ax+Mx+Cx+ > ", L + Nyx
0 € (By'+N;'+D;')u; —Lix
. (B N+ DT — L (5.2.21)
0 € (B!+N,'+ D, )um — Lux,
under the assumption that the solution set Z to (5.2.21) is nonempty.
Note that, if (X,Uy,...,Uy) € Z then X solves the primal inclusion
find x€H suchthat 0€AXx+Mx+Cx+ Y L7 ((B;ON;0D;)L%) + Nx (5.2.22)

=1
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and (Uy, ..., U,) solves the dual inclusion

i=1 "1

In the case when V = H, C = 0, and, for every i € {1,...,m}, D;* = 0, this problem
can be solved by algorithms in [22, 24] by using Tseng’s splitting [52] in a suitable product
space. In the case when V. = H, M = 0, and, for every i € {1,...,m}, N;' = 0, this
problem can be solved by algorithms in [25, 53] by using forward-backward splitting in a
suitable product space. Since M+ C and (N; ' +D;"),<;<,, are monotone and Lipschitzian
and Ny is maximally monotone, Problem 5.2.7 can be solved by the algorithms in [22, 24].
However, these methods do not exploit the cocoercivity or the vector subspace structure
of Problem 5.2.7. Other algorithms as those in [23, 40, 17] provide alternatives for solving
Problem 5.2.7, but any of them exploit its vector subspace and cocoercive structure. In the
case when M = 0, and, for every i € {1,...,m}, N;'! = 0, the algorithm in [16] exploits the
vector subspace structure of Problem 5.2.7 by using the partial inverse of A with respect
to V. The following result provides a fully split algorithm to solve Problem 5.2.7 in its
full generality. It is obtained by using (5.2.20) in a suitable product space, which exploits
the vector subspace structure and which activates each cocoercive operator only once by
iteration.

Proposition 5.2.8. Consider the framework of Problem 5.2.7 and set

SOIL? and B =min{¢,01,...,6n}. (5.2.24)

1=1

L =max{p,v1,...,Un}+

Let xg €V, let yo € VT, for every i € {1,...,m}, let u;o € G;, set vy € 10, x[, where x is
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defined in (5.2.12), and consider the routine

form=12 ...
Pn = JyA <xn + Y =7 ((M + C)x, + i L;-*um))
i=1
dn = Bypn
fori=1,....,m
fin = gt (ui,n — (N7 + D Y)uy,, — Lixn)> (5.2.25)

Uin+1 = lin — /V(Ni_lrim, - Ni_lui,n - I—z(qn - Xn))

Xn4+1 = Qn — ’YPV (qu - Mxn + Z L:(”,n - Ui,n))

i=1
o Pn — dn
Yn+1 = Yn — ———.
L Y
Then, (Xn)nen s a sequence in V' and there exists (X, Uy, ...,Uy) € Z such that x, — X
and, for every i € {1,...,m}, u;,, — ;.

Proof. Set H=H® G, & --- & G,,, and define

A H =2 (xup, .. Up) = Axx BT ug x -+ x By,

B:H — H: (X, up,...,up) — (Mx—i—zzl Lrus, Ny tup — Lyx, oo NPy, — me)

C:H—H: (xup,... up)+— (Cx, D7 uy, ..., D uy,)

V={(xu....,un) EH } x € V}.

(5.2.26)

Then, A is maximally monotone and B is monotone and L-Lipschitzian [24, eq.(3.11)],
C' is p-cocoercive [53, eq.(3.12)], and V is a closed vector subspace of H. Therefore,
Problem 5.2.7 is a particular instance of Problem 5.2.1. Moreover, we have from |3,
Proposition 23.18] that

{ (Vy>0)  Jya: (6 ur, .o um) = (Joax, Jg-ur, ooy Jopiun) (5.2.27)
Py (X ug, ... Up) = (PyX,Up, ..o Upy).
Altogether, by defining
Ty, = (Xps ULy« -+ s Umo)
vnen) { %= 0n0.0) (5.2.28)
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(5.2.25) is a particular case of (5.2.11) and the convergence follows from Corollary 5.2.5.
O

Remark 5.2.9. In the particular case when V = H and C = D;* = --- = D;;} = 0,
Proposition 5.2.8 recovers the main result in [24, Theorem 3.1] in the error-free case. By
including non-standard metrics in the space H as in [11], we can also recover [16] when
M=N;'=---=N3!=0 and [53] if we additionally assume that\V = H, but we preferred
to avoid this generalization for simplicity.

We now provide two important examples of Problem 5.2.7 and Proposition 5.2.8 in the
context of convex optimization.

Example 5.2.10. Suppose that A = of, M = N;' = ... = N-! = 0, C = Vh, for every
ie{l,...,m}, D; = 0¢; and B, = 0g;, where f € I'y(H), h: H = R is convez differentiable
with (~'-Lipschitzian gradient, for everyi € {1,...,m}, {; € Ty(G;) is v;-strongly convex
and g; € I'o(G;). Then under the qualification condition [24, Proposition 4.3(1)]

(0,...,0) € sri < x7y (Li(V Nndomf) — (domg; + dom&-))), (5.2.29)

Problem 5.2.7 is equivalent to

min <f(x) + h(x) + Z(gz D&)(hx)), (5.2.30)

xeV -
=1

which, in view of Proposition 5.2.8, can be solved by the algorithm

form=1,2,...
Pn = DPIOX.¢ (xn + Y — Y (Vh(xn) + Z qui,n))
i=1
qn = PVpn
fori=1,....m
i = ProX, e (Ui — 7(VE (Ui) — Lixy)) (5.2.31)

Uin+tl = lin + fYI—z<qn - Xn)
Xnt1 = Ao — YRy ( D Li(rin — Um))
=1

_ Pn —dn
Yntl = Yn — ——
L Y

where xg € V, yo € V-, for every i € {1,...,m}, uio € G;, L = /> " ||, B =
min{¢,d;,...,0m}, X is defined in (5.2.12), and v € |0,x[. Observe that the algorithm
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(5.2.31) exploits the cocoercivity of Vh and (V)1<i<m by implementing them only once
by iteration a difference of [24, Theorem 4.2/, which needs to implement them twice by
wteration.

Example 5.2.11. Consider the convex minimization problem

min (f (%) +g(Lx) + A(ax)), (5.2.32)
where H, G, and K are real Hilbert spaces, f € To(H), g €T0(G), L: H — G, A: H — X,
h: K — R is convex, differentiable with 3~1-Lipschitzian gradient, and suppose that

0 € sri(£dom f — dom g). (5.2.33)

Note that koA is convez, differentiable, and V(hoA) = A*oV koA is f7|A||*— Lipschitzian.
Then, (5.2.32) can be solved by the primal-dual algorithm proposed in [26, 53], whose
convergence 18 guaranteed under the assumption

L |la)?

el < - -

(5.2.34)

where T > 0 and 0 > 0 are primal and dual step-sizes, respectively. Observe that, when
||| is large, this method is forced to choose small primal and dual step-sizes in order to
ensure convergence. To overcome this inconvenient, we propose the following formulation

min (f(x) + h(x) + g(Lx)), (5.2.35)

xeV

where
(H=# & K

G=g
Tix=(xw)— Ax —w

(5.2.36)

Since in this case (5.2.29) reduces to (5.2.33), (5.2.32) is a particular instance of (5.2.30)
when m =1 and ¢; = 0. Therefore, in view of [3, Example 29.19], (5.2.32) can be solved
by the routine in (5.2.31) which, on this setting, reduces to:
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form=1,2 ...
Pl = Prox. (xn + Y10 — V(L5 — A B(AL 1w, — Vﬁ(%))))

Pon = Wy + Vipy — v(Vﬁ(wn) + ‘B(ﬂlL*un — Vﬁ(wn)))

fin = Pin — ﬂ*‘B(ﬂlan - PZ,n)

Pn = Pon+ ‘B(f‘lpl,n - P2,n)

= PrOX, - (i + VL) (5.2.37)
1 = T + VL(10 — %)

Xnt+1 = i,n — 7Y (L*(Tn - an) - ﬂl*ﬂﬁ?LL*(rn - ”n))

Wnt1l = Pn — 7$ﬂ*(rn - un)

Pintl = untl

f)/
. P2n+1 — P2 n+1
Porl =P —
L v
where B = (Id4+44*)~! can be computed only once before the loop, (10, wo) € V., (1.0, 120) €

VE uwe g, L=]|Ll|, x is defined in (5.2.12), and v € 10, x/[.

Yn+l — Yin —

5.2.5 Numerical Experiments

In this section we consider the following optimization problem

. (03] 9
y£§;<gwﬂx—4|+aﬁvxm), (5.2.38)
where yO = (U?)lﬁiSNa yl = (nil)lgigN are vectors in RN7 aq and Q9 are in ]0’ +OO[,

NS RKXN, z € RK, and V : RN — RN (gi)lSiSN — (£i+1 — éi)lgiSN—l is the discrete
gradient. This problem appears when computing the fusion estimator in fused LASSO
problems [33, 44, 51].

Note that (5.2.38) can be written equivalently as (5.2.32), where

(}[:RN
f =t
— N 0 pl
C = Xt [ ;] (5.2.39)
g=az -
h=aq - —z|?/2
\L:V
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Since f € To(RY), g € To(RYY), £ is convex, differentiable, VA = «a;(Id — z) is
ap—Lipschitzian, ||£|| = 2, and (5.2.33) is trivially satisfied, (5.2.38) is a particular in-
stance of Example 5.2.11. Hence, (5.2.38) can be solved by the algorithm in [26, 53]
(called Condat-Vu), by (5.2.37) (called FPIHF), and by [11] (called FPIF), which are
compared in this section. In this context, the Algorithm Condat-Vu [26, 53] reduces to
the following routine.

Algorithm 4 Condat-Vu [26, 53]

1: Let 1p € RN and uy € RV, let (0,7, p) € ]0, 400, and fix ¢y > & > 0.
2: while ¢, > ¢ do

Por1 = Pe( — (12" (A%, — 2) + V')

o1 = o(Id — prox,, 1, /0) (/0 + V(2P0 41 — %))

Kot = %+ P(Pat1 — )

1 =ty + p(Go1 — thn)

€nt1 = R((as1, tns1), (20r 1))

8: end while

9: return  (x,+1, 1)

Observe that Pr: (&)1<i<y + (max{min{&,n!}, n°})i<i<ny. The convergence of Algo-
rithm 4 is guaranteed if

o || 4]

1 oA’
2(z —oll£l?)

o)l < -

and p€]0,0[, where § =2— (5.2.40)

Note that, the larger is a;]|4]|?, the smaller should be 7 and ¢ in order to achieve con-
vergence. On the other hand, by considering T defined in (5.2.36), the method in (5.2.37)
writes as follows.
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Algorithm 5 Forward-partial inverse-half-forward splitting (FPIHF)

L: Set B = (Id +24")7", let (w,wp) € (ker T)% (m0,300) € (ker TH)% up € R, let
v €10, +00], and fix ¢y > ¢ > 0.

2: while ¢, > ¢ do

o= Pe( + vy — 7(V o — ATB(AV 1, — o1 (wy, — 2))))

Pon = Wy + Vipn — 'y(al(wn —z)+ B("ZNT”” — o (wy — z)))

Qi = Pin — /‘ZlT@(/’zlan — P

B = Pon + ﬂ(ﬂpl,n - P2N>

rm=y(Id — proxa2||.||l/7)(un/7 + Vi)

Upy1 = T + ’)/V(%,n - 7(11)

i1 = qun =Y (V' (= wa) = A" BV (1, — )

10: Woi1 = o — YBAV (1, — 1)

11: Hhip+1 = Yin — (P17n+1 - q1’”+1>/7

12: Pn+l = YPon — <P2,n+1 - 42,71-"-1)/7

13 enp1 = R((Gast, @it Yoy Yor1)s (%, @ns s 7))

14: end while

15: return (X1, @Wnt1, Ypi1s Yorr)

In view of Example 5.2.11, the algorithm in (5.2.37) reduces to Algorithm 5, whose
convergence is guaranteed if the step-size v satisfies

0<y<x= (5.2.41)

4
ar ++/a? + 64

Observe that the condition for the step-size v in (5.2.41) does not depend on || 4]|.

The FPIF algorithm proposed in [11] for solving (5.2.38) differs from Algorithm 5 in the
fact that the cocoercive gradient V#: x — x— z is implemented twice by iteration. Indeed,
the algorithm considers the monotone Lipschitzian operator (x, u, w) — (V' u, Vi, ay(w—
z)), whose Lipschitz constant follows from

|H(VT111, lev al(wl - Z)) - (vTu27 V?(Q, ()(1(’1{/2 - Z)) H‘2

= IV (1 = w)|? + IV(a = )II* + affwn — wy|?

< IV = wl* + 1VIPla = %l® + of|ar — )

< max{[|V[*, i Hl(a — 2, m — w, wn — wn)|||*.
Therefore, the convergence of FPIF is guaranteed if v € ]0,1/ max{||V||, a1 }[, and, as in
Algorithm 5, this condition does not depend on ||4|. In order to compare Condat-Vu,
FPIHF, and FPIF, we set a; = 5 and as = 0.5 and we consider 4 = k- rand(N, K), ° =
—1.5-rand(N), y' = 1.5 -rand(N), and z = randn(N), where x € {1/5,1/10,1/20,1/30},
N € {600, 1200,2400}, K € {N/3,N/2,2N/3}, and rand(-,-) and randn(-, -) are functions
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in MATLAB generating matrices/vectors with uniformly and normal distributed entries,
respectively. For each value of k, N, and K, we generate 20 random realizations for 4, z,
4%, and y'. Note that the average value of ||4|| increases as r increase (see Figure 5.1 for
K = N/2), which affects Algorithm 4 in view of (5.2.40). We also set p = 0.99-6, where ¢ is
defined in (5.2.40). In this setting, from (5.2.41) we deduce that the convergence of FPIHF
is guaranteed for v < x & 0.2771. On the other hand, since max{||V||,a1} = oy = 5, the
convergence of FPIF is guaranteed for v < 0.2.
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Figure 5.1: Box plot for the norm of the 20 random realizations of 4, N €
{600, 1200, 2400}, K = N/2.

In Tables 5.1-5.4 we provide the average time and number of iterations to achieve
a tolerance ¢ = 107°¢ for each algorithm under study. In the case when an algorithm
exceeds 50000 iterations in all cases, we write “X” in both columns. From these tables
we can observe that when x increases (and therefore, ||4|| increases), Condat-Vu reduces
its performance and does not converge within 50000 iterations for big dimensions and
large values of k. Moreover, the number of iterations of FPIHF is considerably lower
than its competitors but with expensive computational time by iteration. This can be
explained by the fact that FPIHF needs to compute three projections onto the kernel
of (x,w) — Ax — w at each iteration. We can also perceive that, at exception of some
cases, the partial inverse-based algorithms increase their computational time to achieve
convergence when K is larger. This can be explained by the fact that the dimension of
matrix B is larger as K is larger, and it has to be implemented three times by iteration.

When k = 1/30, we observe from Table 5.1, that FPIHF and Condat-V1u are compet-
itive and both are more efficient than FPIF. When x = 1/20, we observe from Table 5.2
that FPIHF outperforms Condat-Vu and FPIF for large dimensions. When x = 1/10,
we observe from Table 5.3 that FPIHF is the best algorithm at exception of the smallest
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Table 5.1: Comparison of Condat-Vu, FPIF, and FPIHF for the case k = 1/30.

K=N/3 K=N/2 K = 2N/3
[ N | Algorithm | Av. time (s) | Av. iter [ Av. time (s) | Av. iter | Av. time (s) [ Av. iter
Condat-Vu 0.89 11059 0.80 10047 0.76 9666
600 FPIF 3.46 17454 3.91 14353 7.20 17430
FPIOF 0.99 4851 1.24 4442 1.73 3996
Condat-Vu 11.32 17321 10.55 16129 10.54 16082
1200 FPIF 25.52 19930 32.37 13788 51.54 16443
FPIHF 7.07 5425 13.76 5838 23.83 7570
Condat-Va 74.17 34059 70.14 32216 69.48 31963
2400 FPIF 95.55 17747 138.67 16074 190.06 17216
FPIHF 43.08 7961 64.68 7464 70.64 6369

Table 5.2: Comparison of Condat-Vu, FPIF, and FPIHF for the case k = 1/20.

K = NJ/3 K=N/2 K =2N/3
| N | Algorithm | Av. time (s) | Av. iter | Av. time (s) | Av. iter [ Av. time (s) | Av. iter
Condat-Vu 0.86 10752 0.81 10263 0.87 10992
600 FPIF 2.67 13381 3.91 14204 5.88 14258
FPIHF 0.97 4725 0.82 2900 1.63 3747
Condat-Vi 13.91 21209 13.35 20359 12.51 19118
1200 FPIF 23.30 18142 45.16 19222 52.60 16773
FPIOF 9.07 6943 20.53 8689 10.91 3458
Condat-Vu 103.92 47673 98.92 45543 91.33 41996
2400 FPIF 89.77 16659 132.60 15374 145.58 13181
FPIHF 32.27 5957 45.35 5234 83.48 7539

dimensional case in which it is competitive with Condat-Vu. The latter does not con-
verge within 50000 for dimension N = 2400. When « = 1/5, FPIHF is the more efficient
algorithm in all the cases under study, as it is illustrated in Table 5.4. Moreover, Condat-
Vi converge before 50000 iterations only in the lower dimensional case when N = 600.
We conclude that, for higher values of ||.4|| and larger dimensions, is more convenient to

implement FPIHF.
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Chapter 6

Forward-Backward-Half Forward
Algorithm with Line Search for
Monotone Inclusions

6.1 Introduction and Main Results

In this chapter we aim at solving numerically the following problem.

Problem 6.1.1. Let X be a nonempty closed convex subset of a real Hilbert space H,
let A :H — 2" be a mazimally monotone operator, let B : H — H be a [-cocoercive
operator, for some 8 > 0, let By : H — H be a monotone and L-Lipschitzian operator
for some L >0, and let Bz : H — 27 be a mazimally monotone operator such that Bs is
single valued and continuous in dom AU X C dom Bz. Moreover assume that A + Bs is
mazimally monotone. The problem is to

find x € X suchthat 0¢€ Ax+ Bx + Byx + Bsz, (6.1.1)

under the assumption that the set of solutions to (6.1.1) is nonempty.

This inclusion encompasses several problems in partial differential equations coming
from mechanical models [24, 25, 26], differential inclusions [1, 36], game theory [11], among
other disciplines.

The method proposed in this chapter splits the influence of the four operators involved
in Problem 6.1.1. The operator A is activated implicitly via its resolvent, B and By
are activated explicitly, and Bs is activated using a backtracking in order to define the
step-sizes.

We first study some properties of the monotone operators involved in Problem 6.1.1,
which ensure the finite termination of the backtracking procedure in our method.
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Lemma 6.1.2. In the context of Problem 6.1.1, let z and y in 'H, and define

N RG]

(Vy > 0) Toy(y) = Jyalz —yy) and @, (7 S (6.1.2)
Then, the following statements holds:
1. .4 1S nonincreasing.
. o 0 . .
2 (v € domd) limpay () = |(A+9)0] = min [l
3. Set
C={zeH| hﬂ)lgow(’y) < +00}. (6.1.3)
B!

Then, dom A C C C dom A.

4. Suppose that one of the following holds:
(a) z €C.
(b) z € dom B3\ C, y=(By + By + Bs)z and Bs is locally bounded at Pyg4%.
(¢c) z€dom B3\ C, y=(By + By+ Bs)z, and dom A C int dom Bs.
Then, for every 0 € 10, 1[, there exists y(z) > 0 such that, for every v € ]0,v(2)],

M Bsz = Bsz.y (V)| < 0llz — 22 (V)] (6.1.4)

Note that Lemma 6.1.2 generalizes [12, Lemma 2.2]. More precisely, in the case when
By =0, by setting y = (B; + Bs)z in Lemma 6.1.2(1)&(2), we recover [12, Lemma 2.2(1)].
Moreover, realizing that [12, Lemma 2.2(2)] is valid for every z € dom A, it is a particular
case of Lemma 6.1.2(3)&(4a).

The following is our main result from this section.

Theorem 6.1.3. In the context of Problem 6.1.1, suppose that one of the following holds:
1. X C dom A.
2. dom A C dom Bs and Bz is locally bounded in dom Bs.

3. dom A C int dom Bs.

Let € € ]0,1[, set p = min{28e,v/1 —¢/L}, let o € |0,1], let 6 € }O, V1—¢e— Lpo[, let
29 € dom Bs, and consider the sequence (z,)nen defined by the recurrence

(Vn € N) { Tn = Jy,a(zn = V(B + By + Bs)zn) (6.1.5)

Zn+1 = Px (2 + o (Ba + Bs)zy, — Y (B2 + Bs)xy,),
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where, for every n € N, v, is the largest v € {po, pa?, pas,---} satisfying
VI Bszn — BsJya(zn —v(B+ Bz + Bs)zn)|| < 0l|2n — Jya(2n — (B + By + Bs)z,)||. (6.1.6)
Moreover, assume that at least one of the following additional statements hold:
(i) hggggf% =6>0.
(ii) Bs is uniformly continuous in any weakly compact subset of conv (dom AU X).

Then, (z,)nen converges weakly to a solution to Problem 6.1.1.

Theorem 6.1.3 is a generalization of [12, Theorem 2.3]. Indeed, when By = 0 and X C
dom A, by taking L — 0, we have p — 28¢ and 0 € ]0, v1-— 5[. Hence, Theorem 6.1.3
recovers [12, Theorem 2.3(2)] noting that the uniform continuity in weakly compact subsets
of conv (dom A U X) = dom A is needed. We hence generalize [12, Theorem 2.3(1)&(2)]
to the case when X ¢ dom A.

In addition, the algorithm in (6.1.5) is a generalization of FBHF (Algorithm 1.1.13),
FBS (Algorithm 1.1.10), and Tseng’s splitting [38]. More precisely, in Theorem 6.1.3, if
Bs = 0, we have dom By = ‘H and, for all n € N, ~,, = 0p = o min{2f¢, /1 — ¢/L}. Since,
in this case (7,)nen is constant, the largest step-size is obtained by taking ¢ = (L, 5) =

2/(1+ +/1+1682L?), which satisfies 26 = /1 —¢/L = x(L, 3), where

_ 4p
1+ /1+1662L%

and v, = v = ox(L,3) € ]0,x(L, B)[. Hence, we recover the result in [12, Theorem 2.3(1)]
for constant step-sizes. Additionally, if By = 0 and X = H, we have ¢(L,5) — 1 and
X(L,5) = 2B as L — 0 and v, = 260 € 0,20, recovering the the forward backward
algorithm [29]. On the other hand, if B; = 0, we have x(L,) — 1/L as  — oo and
Y = 0/L €10,1/L], recovering the result in [38] for constant step-sizes.

Next, on this chapter, we derive a method for solving the following optimization prob-
lem.

x(L, B) (6.1.7)

Problem 6.1.4. Let f € I'o(H), let g € T'o(G), let h : H — R be a convexr Gditeaux
differentiable function such that Vh is 3=1-Lipschitzian for some 3 € |0, +o0[, let M : H —
G be a bounded linear operator, and let e: H — RP: x +— (e;(z))1<i<p be such that, for
every i € {1,...,p}, e; is convex and Gateaur differentiable in int dome;, dome; is closed,
MY_jintdome; # &, and domdf C NI intdome;. The problem is to

min _ f(z) 4+ g(Mz) + h(x), (6.1.8)

e(z)€]—00,0]P

and we assume that solutions exist.
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By using Lagrangian duality, under qualification conditions, we can write Problem 6.1.4
as Problem 6.1.1. The following proposition is a consequence of Theorem 6.1.3.

Proposition 6.1.5. In the context of Problem 6.1.4, assume that 0 € sri (dom g—M (dom f)),
let X = X1 x Xy X X3 C domdf x domdg* x [0,+00[" be nonempty, closed, and convez,

let € €]0,1], set p=min{28e, /1 —¢/||M||}, let 0 €]0,1], let 6 € |0,+/1T — & — | M]|po|.
For every z = (2',2%,2%) € H x G X RP define ®,: v — (PL(7), (), P2(v)), where

p
®L: > prox,; (21 — (Vh(zl) + M*2* + Z zf’Vei(zl))>
i=1
P2y proxw*(z2 + M2
%y = P yoop (2° + ve(2")). (6.1.9)

Let zog = (23,28, 23) € H x G x RP and consider the recurrence

‘7’}11 = (D,lzn (/Vn)
ifi = (bin ('Vn)
xi = (Din (Vn)
(Vn € N) | zppy = P, (2 + (M2 + 350, 20 Vei(z)) — va(M 2}, + 350 @3 Vei(ay,)))
zop1 = P, (2, — aMzy + 7 May,)
Z?L-"-IZPXS( ; '771 (n)"’"yn ( n))
| Rnt+1 = (2n n+1> n+17 n+1)

(6.1.10)
where, for every n € N, v, is the largest v € {po, pa?, po?, ...} satisfying
» 2
Y 2EVeizh) — @2 ()Ve@L ()] + [le(zh) —e@L (M| < 6lllzn — @, (NI
i=1
(6.1.11)
Moreover, assume that at least one of the following additional statements hold:
(i) liminf~, = 4§ > 0.
n—oo
(ii) For every i € {1,...,p}, Ve; is bounded and uniformly continuous in every weakly

compact subset of domaf.
Then, (2} )nen converges weakly to a solution to Problem 6.1.4.

Finally we implement our algorithm in a constrained total variation least-square prob-
lem and we compare its performance with available methods in the literature.
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6.2 Article: Four Operator Splitting via a Forward-
Backward-Half Forward Algorithm With Line Search!

Abstract In this article we provide a splitting method for solving monotone inclusions
in real Hilbert space involving four operators: a maximally monotone, a monotone-
Lipschitzian, a cocoercive, and a continuous operator. The proposed method takes advan-
tage of the intrinsic properties of each operator, generalizing the forward-back-half forward
splitting method and the Tseng’s algorithm with line-search. At each iteration, our algo-
rithm defines the step-size by using a line search in which the monotone-Lipschitzian and
the cocoercive operators need only one activation. We also derive a method for solving
non-linearly constrained composite convex optimization problems in real Hilbert spaces.
Finally, we implement our algorithm in a constrained total variation least-square problem
and we compare its performance with available methods in the literature.

6.2.1 Introduction

In this paper we aim at solving the following monotone inclusion problem.

Problem 6.2.1. Let X be a nonempty closed convex subset of a real Hilbert space H,
let A:H — 2" be a mazimally monotone operator, let By : H — H be a B-cocoercive
operator, for some 8 > 0, let By : H — H be a monotone and L-Lipschitzian operator
for some L > 0, and let By : H — 2 be a mazimally monotone operator such that Bs is
single valued and continuous in dom AU X C dom Bs. Moreover assume that A + Bs is
maximally monotone. The problem is to

find € X suchthat 0¢€ Az + Byx + Byv + Bsz, (6.2.1)

under the assumption that the set of solutions to (6.2.1) is nonempty.

This inclusion encompasses several problems in partial differential equations coming
from mechanical models [24, 25, 26], differential inclusions [1, 36], game theory [11], among
other disciplines. Algorithms proposed in [4, 3, 5, 6, 7, 10, 13, 14, 16, 17, 18, 19, 20, 21,
22,23, 27, 28, 30, 31, 32, 34, 39] can solve Problem 6.2.1 under additional assumptions or
without exploiting the intrinsic properties of the involved operators, in the case X = H.
Indeed, the algorithms in [5, 6, 7, 10, 16, 23] need to compute the resolvents of By, Bz, and
B3, which are not explicit in general or they can be numerically expensive. The schemes
proposed in [3, 17, 22, 27] take advantage of the properties of Bs, but the cocoercivity of
By and the continuity of Bj are not leveraged. In fact, the algorithms in [3, 17, 22, 27] may

!Luis M. Bricefio-Arias and Fernando Rolddn. Four operator Splitting via a Forward-backward-half
forward algorithm with line search, 2022, https://arxiv.org/abs/actualizar.
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consider B3 as a maximally monotone operator and B;+ B, as a monotone and Lipschitzian
operator and activates it twice by iteration. In contrast, the algorithms in [14, 19, 30,
32, 34] activates B; + By only once by iteration, but they need to store in the memory
the two past iterations and the step size is reduced significantly. Furthermore, methods
in [14, 19, 30] consider only one maximally monotone operator, hence, the resolvent of
A + B3 must be calculated; on the other hand, methods in [32, 34] need to calculate the
resolvent of Bs. In addition, methods proposed in [4, 18, 20, 21, 28, 31, 39] take advantage
of the cocoercivity of Bj, but they do not exploit the Lipschitzian property of B, or the
continuity of Bs and need to compute the resolvents of By and Bs. The method in [13]
exploits the properties of B; and B, but not considers Bs which must be treated as any
maximally monotone operator via it resolvent.

Other methods solving (6.2.1) including normal cones, when Bs = 0 and either By =
or By =0, are discussed in [8, 9, 37].

Methods exploiting the continuity Bz are proposed in [12, 38]. In particular, the
algorithm in [38] solves Problem 6.2.1 when By = By = 0. The forward-backward-forward
splitting (FBF) method, proposed in [12], for solving numerically Problem 6.2.1 either
when B3 = 0 or when By = 0. In order to provide their respective convergence results, in
[12] and in [38], is assumed that X C dom A.

In this paper, we propose a fully split method for solving Problem 6.2.1, which take
advantage of each of their intrinsic properties of the operators, overcoming the drawbacks
of the methods mentioned above. We generalize the proposed methods in [12, 38| allowing
X ¢ A with additional hypothesis on Bs.

Another contribution of this manuscript is to derive an algorithm for solving optimiza-
tion problems involving convex and Gateaux differentiable functions, linear compositions
and Gateaux differentiable nonlinear constraints. We study properties of these functions
for ensuring the convergence of this method. Finally, we provide numerical experiments
which illustrate the efficiency of our algorithm.

The paper is organized as follows. In Section 6.2.2 we set our notation. In Section 6.2.3
we provide some technical lemmas, our splitting method for solving Problem 6.2.1, and our
convergence result. In Section 6.2.4 we derive an algorithm for solving a constrained com-
posite optimization problem. Finally, in Section 6.2.5 we provide a numerical experiment
illustrating the efficiency of the proposed method in Section 6.2.4.

6.2.2 Preliminaries

Throughout this paper H and G are real Hilbert spaces. We denote the scalar product
by (-|-) and the associated norm by || - ||. The symbols — and — denotes the weak
and strong convergence, respectively. Given a linear bounded operator M : H — G, we
denote its adjoint by M*: G — H. Id denotes the identity operator on H. Let D C H be
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non-empty, let 7: D — H, and let 5 € ]0, +oc[. The operator T is [-cocoercive if
(Vo€ D)(Vy € D) (z—y|Tx—Ty) > p||Tz—Ty|’ (6.2.2)
and it is f-Lipschitzian if
(Vz € D)(Yy € D) |Ta —Ty| < Bllz —y||. (6.2.3)

Let A : H — 27 be a set-valued operator. The domain, range, graph, and the zeros of
A are, respectively, dom A = {z € H | Az # @}, tan A= {ueH | (32 € H)u € Az},
grad = {(z,u) € H x H { u€ Az}, and zerA = {z € H | 0 € Az}. The inverse of A is
ATV H = 2% u s {z € H | u € Az} and the resolvent of A is J4 = (Id + A)~'. The
operator A is monotone if

(V(z,u) € graA)(V(y,v) € grad) (x—y|u—v) >0 (6.2.4)

Moreover, A it is maximally monotone if it is monotone and there exists no monotone
operator B : H — 27 such that gra B properly contains gra A, i.e., for every (z,u) € HxH,

(r,u) €grad <& (V(y,v) €grad) (z—y|lu—v)>0. (6.2.5)

A is locally bounded at € H, if there exists § € ]0,4o00| such that A(B(z;0)) is
bounded, and A is locally bounded in @ # D C H if, for every x € D, A is locally
bounded at z.

We denote by I'g(#) the class of proper lower semicontinuous convex functions f: H —
|—00, +00]. Let f € I'y(H). The Fenchel conjugate of f is defined by f*: u — sup,cy(( | u)—
f(z)), which is a function in I'o(#). The subdifferential of f is the maximally monotone
operator

ofrxr{ueH | (VyeH) fla)+y—=lu < fly)}
It turns out that (9f)~! = 0f* and that zerdf is the set of minimizers of f, which is
denoted by arg min,c# f(x). We denote the proximity operator of f by

1
ProX;:  + argmin (f(y) + =z — yH2> . (6.2.6)
yeH 2

We have prox; = Jyy. Moreover, it follows from [2, Theorem 14.3] that
(Vy >0) prox,; +yproxs.,, old/y = Id. (6.2.7)

Given a non-empty closed convex set C' C H, we denote by Px the projection onto C'
and by (¢ € T'o(H) the indicator function of C, which takes the value 0 in C' and +oo
otherwise. For further properties of monotone operators, nonexpansive mappings, and
convex analysis, the reader is referred to [2].
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6.2.3 Main Result

We first study some properties of the monotone operators involved in Problem 6.2.1, which
ensure the finite termination of the backtracking procedure in our method.

Lemma 6.2.2. In the context of Problem 6.2.1, let z and y in H, and define

2= Ty
(Vy > 0) Toy(y) = Jyalz —yy) and @, (7) = HVA (6.2.8)
Then, the following statements holds:
1. .4 1s nonincreasing.
. . 0 . .
2 (2 € domd) limpy () = |(A+9)0] = min [l
3. Set
C={zeH | liffol ©2y(7) < +00}. (6.2.9)
B!

Then, dom A C C C dom A.
4. Suppose that one of the following holds:

(a) z €C.
(b) z € dom B3\ C, y = (By + By + Bs)z, and Bs is locally bounded at Pig;,%.
(¢) z€ dom B3 \C, y=(B;+ By+ Bs)z, and dom A C int dom Bs.

Then, for every 0 € 10, 1[, there exists y(z) > 0 such that, for every v € ]0,v(2)],

MBsz = Bszy (V) < 0|z = 225 (9)- (6.2.10)

Proof. Let z € H. Note that, if z € zer(A + y),

(Vy>0) 0€Az+y & z—yyevyAz+z
& z=1.,(7)
& p.y(y)=0. (6.2.11)
In this case, 1, 2, and 4 are clear. Henceforth, assume z € H \ zer(A + y). It follows from

(6.2.8) that
%M”) —y € Ax.,(7). (6.2.12)
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1: For every v, and 7s in |0, +00], (6.2.12) and the monotonicity of A yield

0 < <Z — Zzy(N1) AT T2y(72)
M1 Y2

:<Z—%A%)_Z—%MW)
M Y2

Tay(N) — wz,y(72)>

y(00) = 2 = (engla) = 2))

1 ) (1 1> 1 )
=——|lz — 2, + | —+— |- Z— X, — — |z — @, .
—lz = (I + (= = ) (= () 2 = 220 () = e = 22y ()]

Hence, we obtain

& — Ty, (1) | 2z — L, (72)
%%M%V+%%d%féﬁﬁﬂ@< , !
a! Y2
(71 4+ 72)
< (e () + 92 y(12)?),

2

which yields (71 — 72)(¢2.4(71)? — ©24(72)?) < 0 and 1 follows.
2: It follows from the monotonicity of A and (6.2.12) that, for every w € Az 4+ y and
7 €10, 400,

@Aw—2>

which yields

=y (I < |2 = 22 ()

< lwllflz = 22y (NI (6.2.13)

Thus, ¢.,(y) < ||w||. Therefore, since [2, Proposition 20.36] implies that, for every
z € dom A, Az + y is nonempty, closed, and convex, [2, Theorem 11.10] yields

(Vv €10, 4+00[) ©.y(7) < min |w]l. (6.2.14)
weEAz+y

Hence, since ¢, , > 0, 1 implies that lim. o ¢, ,(7) exists. In turn, since z € H\ zer(A+y),
it follows from (6.2.14) and (6.2.11) that

0 <psy(l) <limeey(y) < min o, (6.2.15)

which, in view of (6.2.2), implies

limz,,(y) = = (6.2.16)
740
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Since (¢24(7))(y>0) is bounded, by [2, Lemma 2.45], there exists a sequence (Vx)ren C
10, +00[ and w € H such that ; | 0 and %@’(7’“) — W as k — +o00. Therefore, (6.2.12),
(6.2.16), and [2, Proposition 20.38(i)] imply w € Az + y. Hence, noting that

2
&= Xy — __ Z— Xy N
(o)t = [F=2208) w4 o 220 )
Yk Vi
> i + 2“0 | ), (62.17)
Yk
we deduce

Eﬂ)l(soz,y(%)) = Jm L (2 (w)* = |[W]* > w&lzllylleQ

Therefore, we obtain from (6.2.15) that

lim . (y) = min flwl, (6.2.18)

and 2 follows.
3: It follows from (6.2.9) and 2 that domA C C . Let z € H \ dom A. The firmly
nonexpansiveness of .J, 4 [2, Proposition 23.8(ii)] implies

224(V) = Promazll = [[Jya(z = vy) — Jyaz + Jyaz — Py 42|l
< | Jya(z = vy) — Jyaz| + [ Jya2 — P azll
<Ayl + | Jyaz — Prgazll- (6.2.19)

Hence, by taking v | 0 in (6.2.19) we conclude from [2, Theorem 23.48] that z.,(y) —
Pioma% as v | 0. Then, by the continuity of the norm and z ¢ dom A, we deduce

lim ||z — 2., (V)| = |z = Prmazll > 0.
740

Therefore, ¢, ,(7) = ||z — z.4(7)||/y = 400 as v | 0 and, hence, it follows from (6.2.9)
that z € H \ C.
4a: If z € C, it follows from 1 that

0<.y(1) < liﬂ)l ©zy(7) < F00. (6.2.20)
¥
Therefore lim, o 2., = z and the continuity of Bs implies
lim By, , = Bsz. (6.2.21)

740

The result follows from (6.2.20) and (6.2.21).
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4b: Set B = By + By + B3 and let p = Py 42 Since Bjs is locally bounded at p, there
exists d, € |0, +o0o[ such that Bs;(B(p;d,)) is bounded. Now since y = Bz and

z—Jyaz € AJyaz, (6.2.22)
g

(6.2.12), y = Bz, and the it follows from (6.2.12) and the monotonicity of A that

0 S<z—xz,y(fy) B, AT Jyaz
v v
1
== ;sz,y('w - J7A2||2 + <BZ | Jyaz — l‘z,y(’y»

(1) = Ttz )

1
s = Sl = Tyaz|* + B2l yaz = 22y ()]

Hence, we obtain
22,4 (7) = Jyazll < 7] Bzl (6.2.23)

Additionally, by [2, Theorem 23.48], there exists y; such that, for every v < vy, ||Jya2 —
p|l < 6,/2. By defining

if B> = 0;
7= it Bz =0, (6.2.24)
min{8,/ (2 B=]), 3}, if Bz £0,

it follows from (6.2.23) that, for every v < 7,

224 (7) = pll < N2z (v) = Fyazll + [[J3a2 = p
0
<9lIBzl + 3
< Op,

which yields (2,,,(7))o<y<3 C B(p,0p). Therefore, since z € H \ C implies ¢, (y) = +00
as v | 0 and (|| B3z — Bs2.4(7)||)o<y<7 is bounded, the result follows.

4c: Since p = Pis42 ¢ bdrydom Bs, Bs is locally bounded in p [2, Theorem 21.18],
and the result follows from 4b. ]

Remark 6.2.3. 1. Inthe case By = 0, by settingy = (B1+B3)z in Lemma 6.2.2(1)€(2),
we recover [12, Lemma 2.2(1)].

2. Realizing that [12, Lemma 2.2(2)] is valid for every z € dom A, it is a particular
case of Lemma 6.2.2(3) & (4a).

Now we state our main result.
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Theorem 6.2.4. In the context of Problem 6.2.1, suppose that one of the following holds:
1. X C domA.

2. dom A C dom Bs and Bs is locally bounded in dom Bs.

3. dom A C int dom Bs.
Let € € ]0,1[, set p = min{28e,v/1 —¢/L}, let 0 € |0,1], let 6 € }O, V1—e— Lpo[, let

2o € dom Bs, and consider the sequence (z,)nen defined by the recurrence

Tpn = 'ynA(Zn - 'Yn(Bl + B2 + B3)Zn)

6.2.25
Zn41 = PX(xn + 'Vn(BQ + B3)Zn - 'Yn(BQ + B3)xn)7 ( )

(Vn € N) {

where, for every n € N, v, is the largest v € {po, po?, po>,---} satisfying
Y| Bszn — BsJya(2n—(B1+ Ba+Bs)z)|| < 0|20 —Jya(zn—(B1+ B2+ Bs)z,)||. (6.2.26)
Moreover, assume that at least one of the following additional statements hold:

(i) hﬂg‘}f% =6 >0.

(ii) Bs is uniformly continuous in any weakly compact subset of conv (dom A U X).
Then, (zp)nen converges weakly to a solution to Problem 6.2.1.

Proof. Set B = By + By + Bs and fix n € N. If z, € C, where C is defined in (6.2.9),
then ~, is well defined in view of Lemma 6.2.2(4a). In particular, if 1 holds, =, is well
defined in view of Lemma 6.2.2(3). Now suppose that z, € H \ C. If n = 0, it is clear
that zp € dom B; \ C. Otherwise, since X C dom Bs, we have z, € dom B3 \ C. Now, if
we assume 2, then Bs is locally bounded in Py 42, € dom A and vy, is well defined from
Lemma 6.2.2(4b). Similarly, if we assume 3, -, is well defined from Lemma 6.2.2(4c).

Now, let z* € zer(A + B) N X. Note that, by the maximal monotonicity of A + Bj,
the full domain of By and By, and [2, Corollary 25.5(i)], it follows that A + By + B3 and
A + B are maximally monotone. Then, since By + Bs is continuous and single valued
in dom (By + B3) = dom By D dom A U X and B is f-cocoercive, it follows from [12,
Proposition 2.1(1)&(2)] that, for every n € N, we have

[2n41 — 2% |1 <llzn = 217 = (1 = ©)[|2n — @al|* + V2| (B2 + Bs)z, — (B + Bs)zal?
- %(265 — )| Bizn — Bi2*||>. (6.2.27)

Note that the Lipschitz property of By and (6.2.26) yield

'7721“(32 + B3)zn — (B2 + BEI)QURH2 (Lynllzn — | + '7n||BSZn - B3"En||)2
(Lyn + 0)?[| 20 — @n?
(

Lpo + 0)*||z, — z,||%. (6.2.28)

INININ &
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Hence, it follows from (6.2.27) and (6.2.28) that
(Y €N) znn — 2|17 <llzn — 2117 = (1 — &) = (Lpo + 0)*) ][z — zall*
— (2B = )| Brzn — Buz |
Therefore, since (1 — e — (Lpo + 0)?) > 28e(1 — o) > 0 and (28e — v,) > 0, [15, Lemma
3.1(i)] implies that (||z, — 2*||)nen is a convergent sequence and

Zn — Xy — 0. (6.2.29)

Let z € H be a weak limit point of the subsequence (z,),cx for some K C N. Then z is
also a weak limit point of (z,).ex in view of (6.2.29). Since X is closed and convex, and
(zn)nek 1s a sequence in X we conclude that z € X. Let us prove that z € zer(A + B).

(i): Assume that liminf, , .7, = & > 0. Then, there exists ny € N such that
inf,>n, Yo > 6. Hence, (6.2.26), (6.2.25), the Lipschitz continuity of B, and the cocoer-
civity of By yield

< (%—FL-I—%) |2 — x|l (6.2.30)

which implies Bz, — Bz, — 0 in view of (6.2.29). Hence, it follows from (6.2.25) that
Zn — T,

(VneN) wu,:= o Bz, + Bz, € (A+ B)z,, (6.2.31)

and (6.2.29) and liminf, ,, .7, = ¢ > 0 imply that w,, — 0. Therefore, since z,, — z,
n € K, the weak-strong closure of the graph of the maximally monotone operator A + B
and (6.2.31) yield z € zer(A + B). The convergence follows from [2, Lemma 2.47].

(ii): Without loss of generality, suppose that lim, e nex 7 = 0. Our choice of v,
guarantee that, for every n € K, we have

Ynl| B3zn — B3 J5, a(zn — YnBzn)|| > 0|2, — S5, a(zn — YnBzn)||- (6.2.32)
where 7, := 2= > 7,. Now, by the nonincreasing property of v %Hz — Jya(z —vB2)||
provided by Lemma 6.2.2(1) with to y = Bz, we have

1 - 1
?Hzn — J5,4(20 — Y Bz < ,Y_”zn = Jyna(zn — 1Bz, (6.2.33)

n n

which is equivalent to

~ 1
l2n = Sz, a(zn = FuBz)ll < —llzn — 2l (6.2.34)
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Then z, — x, — 0 implies that z, — J5, 4(2, — ¥nBz,) — 0 as n — oo, n € K. Therefore,
since z, — z, n € K, the sequence (T, ),cx defined by

(Vne K) z, = Js,4(2n — 7nBz) (6.2.35)

satisfies T, — z as n — oo, n € K. Furthermore, (6.2.35) yields

n "%\ BF, — Bz, € (A+ B)in. (6.2.36)
Tn

Since {2} U, ,c g [n, 2n] is a weakly compact subset of conv (dom AU X)) [35, Lemma 3.2],
it follows from the uniform continuity of B3 that

B3z, — B3z, -+ 0 asn — oo, n € K. (6.2.37)

Hence, by (6.2.32), we obtain Z”;f" —0asn — oo, n € K. Since By + By is Lipschitz
continuous, (6.2.37) implies that

Bz, — Bz, - 0asn — oo, n € K. (6.2.38)

Altogether, the convergence follows, as in the case (i), from (6.2.36), the weak-strong
closure of the graph of the maximally monotone operator A+ B, and [2, Lemma 2.47]. [

Remark 6.2.5. 1. In Theorem 6.2.4, if B3 = 0, we have dom By = H and, for all
n €N, v, = op =ocmin{20e,\/1 —¢/L}. Since, in this case (Y,)nen S constant,
the largest step-size is obtained by taking ¢ = e(L, ) = 2/(1+ /1 + 1652L?), which
satisfies 20e = /1 —¢/L = x(L, B), where

_ 4P
14 +/1+ 163212

and v, = v = ox(L,5) € 10, x(L,B)[. Hence, we recover the result in [12, Theo-
rem 2.3(1)] for constant step-sizes. Additionally, if Bo = 0 and X = H, we have
e(L,B) — 1 and x(L,B) — 26 as L — 0 and v, = 2o € ]0,25][, recovering
the the forward backward algorithm [29]. On the other hand, if By = 0, we have
X(L,B) = 1/L as 8 — o0 and v, = o/L €]0,1/L|, recovering the result in [38] for
constant step-sizes.

x(L, B) (6.2.39)

2. Suppose that By =0 and X C dom A. Then by taking L — 0, we have p — 25¢ and
S }O, V1— 5[. Hence, Theorem 6.2.4 recovers [12, Theorem 2.3(2)] noting that

the uniform continuity in weakly compact subsets of conv (dom AU X) = dom A is
needed. We hence generalize [12, Theorem 2.3(1)€(2)] to the case when X ¢ dom A.
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6.2.4 Application to Convex Optimization with Nonlinear Con-
straints

In this section we consider the following optimization problem.

Problem 6.2.6. Let f € ['o(H), let g € To(G), let h : H — R be a convexr Gateauz
differentiable function such that Vh is 3~'-Lipschitzian for some 3 € |0, 400, let M : H —
G be a bounded linear operator, and let e: H — |—o00, 400l : & +— (ei(x))1<i<p be such
that, for everyi € {1,...,p}, e; is convexr and Gateaux differentiable in int dom e;, dom e;
is closed, NY_ intdome; # &, and dom df C N intdom e;. The problem is to

f(z)+ g(Mz) + h(z), (6.2.40)

min
e(z)€]—o0,0]P
and we assume that solutions exist.
The Lagrangian associated to (6.2.40) is
L:HXxRP: (x,0) = |—00,400] = f(x) + g(Mz) +h(x) +e(x) v —tp100p(v). (6.2.41)

In view of [2, Corollary 19.30], if (Z,0) € H xRP is a saddle point of (6.2.41), & is a solution
to (6.2.40) and by [2, Corollary 19.30(v), Theorem 16.3, Theorem 16.47, Example 16.13,

& Example 6.42(i)] we deduce that
A p /\4 . A~
0€d(f+yg oAM + hA)(.’E) + > 0;Ve(T) (6.2.42)
0 € N 4o (V) — e(Z).

Under standard qualification conditions, as 0 € sri (dom g — M (dom f)), there exists © € G
such that (6.2.42) reduces to

0€df(z)+Mu+ Vh(z)+ > 5 0,;Ve(2)
0 € dg*(u) — Mz
0€ N[0,+oo[”(@) —e(2),

which is equivalent to

0 of (2) Vh(z) M*@ S 0 Vei(#)
0lel| oag5(a) |+ 0 |+ |-Mz|+ 0 . (6.2.43)
0 N[O,Jroo[p(@) 0 0 —6(‘%)

Proposition 6.2.7. In the context of Problem 6.2.6 let X = X1 x Xy X X3 C domdf X
dom 0g* x [0, +ool’ be nonempty, closed, and convex, and define the operator

Bs: H x G x R — 2Mx9xR

(2, u,0) {28 v Vei(x),0,—e(x))}, ifve (0,400l and x € (),_, intdome;,
o a, otherwise.
(6.2.44)

Then, the following hold:
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1. Bj 1s maximally monotone.

2. Suppose that one of the following holds:

(a) (Vei)i<i<p are bounded and uniformly continuous in every weakly compact sub-

set of dom Of.

(b) H is finite dimensional and (Ve;)1<i<p are continuous in every compact subset

of dom Of.

Then, Bs is uniformly continuous in every compact subset of domdf x dom dg* X
0, +o00[”.

Proof. 1: Consider the saddle-function
0:H X GXRP — [—o00, +00]
e(z) v, ifvel0,4oof and z € ()_, dome;;

(z,u,v) = { +o0, if v € [0, 400’ and z ¢ ()_, dome;;
—00, if v ¢ [0, +o0[".

Note that, if v € [0, +oo[’,

O (o) s 4 €0 dTw €T domes; (6.2.45)
—+00, otherwise
and, if v ¢ [0,4+o00[", ¢(-,-,v) = —oo. Hence, for every v € RF, ((- - v) is lower-
semicontinuous. Additionally, if z € ()}_, dome;, we have
_ . if 0 p.
—0: (z,u,v) — el@)-v, ifve [_7+OO[ ’ (6.2.46)
+00, otherwise
and, if « ¢ (,_, dome;
— if vel0 P
() ey o Y 0, ool (6.2.47)
+00, otherwise.

Therefore, for every (x,u) € H X G, —(z,u,-) is lower-semicontinuous. Furthermore,
(V(z,u) € H xG)(VveRP) Bs(x,u,v) =0l(-,-,v)(x,u) X I(—l(z,u,-))(v). (6.2.48)

The result follows from [33, Corollary 1].
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2: First, assume 2a. Let Y = Y] x Y5 x Y3 C domdf x dom dg* x [0, +oo[’ be a
weakly compact set. Let ® = (x1,u1,v1) and y = (r9,u,v2) in Y, fix i € {1...,p},
define p;(t): [0,1] = R: ¢t — e;(z1 + t(x2 — 1)) which is differentiable in ]0, 1[. Since Y
is weakly compact, by [2, Theorem 3.37], convY] is also weakly compact. Moreover, we
deduce from the boundedness of Ve; in convY; C domd f that exists K; > 0 such that
SUDcconvy; || VEi(®)|| < K. Therefore, since pi: t — (Ve;(x1 4+ t(x2 — 1)) | 22 — 21), we
obtain

lei(z2) — ei(z1)] = |pi(1) — pi(0)]

A}wmﬁ

/0 (Vei(r +t(xe — 1)) | 22 — x1)dt

1
< [ I9eder+ toa = 2oz - it
0

< Killwg — a4
Thus, we conclude |e;(x1) — e;(x9)| < K;||ze — x1|| and therefore
le(w2) = e(z1)]] < Klze — 24 (6.2.49)

where K = P K?. Since Y is weakly compact, it is bounded [2, Lemma 2.36] and
there exists V' > 0 such that sup,cy, ||v]| <V for. Let € > 0. The uniform continuity of
(Ve;)1<i<p implies the existence of 6 > 0 such that

52

4pV2
(6.2.50)

(Vi€ {1,...,p))(V(21,22) € YF) |21 — 2| < § = ||Vei(21) — Vei(2)|)* <

Now suppose that

|z — y[* < min = 6.
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Then, (6.2.49), the convexity of || - ||?, and (6.2.50) imply

2
p
1Bsw — Byl = || Y v1iVes(w1) — vaVei(wa)|| + [le(ar) — e(x2)|?
=1
p 2 p 2
S 2 Z<U1’i — Ug’i)vei(l'l) + 2 ngj(Vei(:cl) — Vel(xg)) + K2H£L'1 — 1‘2H2
i=1 i=1

p p
<2 o — va? [Vei(m)|* +2p Y ool [ Vei(z1) — Vei(wo)|* + K[|y — 2o

=1 i=1

p

< 2K oy — va® + 2pV? > [ Vei(w1) — Vey(wa) | + K[|y — 2o
=1

2 2 | €

< 2pK° |lz —y[" + 5

< 2.

Therefore Bj is uniformly continuous in Y.

Now, assume 2b. Since H is finite dimensional the weak and strong topologies coincide
[2, Fact 2.33]. Hence, since Ve; is continuous, it is bounded and uniformly continuous in
every compact subset of X. The result follows from 2a. O]

Remark 6.2.8. Note that if, for every i € {1,...,p}, Ve; is bounded and uniformly
continuous in every weakly compact subset of dom f, by Proposition 6.2.7, and domdf C
dom f, Bs is uniformly continuous in every compact subset of dom 9 f x dom dg* x [0, +oo[”.

Proposition 6.2.9. In the context of Problem 6.2.6, assume that 0 € sri(dom g—M (dom f)),
let X = X1 x Xy X X3 Cdomdf x domdg* x [0,+00[" be nonempty, closed, and convez,

let e €]0,1[, set p=min{28e,v/1—¢/||M|}, let ¢ €]0,1], let 6 € ]0,/1T — e — | M| po].
For every z = (2%,2%,2%) € H x G X RP define ®,: v — (PL(7), (), P2(v)), where

P
LY F Prox. (zl — (Vh(zl) + M*2* + Z szei(zl)>>
i=1
P2y plroxﬂyg*(z2 +yMz)
%y = P oo (2° + ve(2")). (6.2.51)

)

N
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Let zo = (23, 22,23) € H x G x R? and consider the recurrence
T, = Cbin (7)
z, = (I)Z . ()
1

(VneN) | 2z = Px, (x (M 2y + 300 20 Vei(z,)) — w(Mral + 377, 77, Vei(xy,)))
72z+1_PX2( ’YnMZ ""YnMx )

n+1 PXS( — Tn€ ( n)_‘_fyn ( n))

Zn+1 = (Z}L+17 ZnJrl? ZS)LJrl)’

(6.2.52)
where, for every n € N, v, is the largest v € {pa, po?, po3, ...} satisfying
» 2
PN 2. Vean) — 82 ()Ve@L ()| + [le(zh) — e(@L, ()] | < 6120 — =, (M-
i=1
(6.2.53)
Moreover, assume that at least one of the following additional statements hold:
(i) hgg.}f’yn =0 >0.
(ii) For every i € {1,...,p}, Ve; is bounded and uniformly continuous in every weakly

compact subset of domaf.
Then, (21)nen converges weakly to a solution to Problem 6.2.6.

Proof. Let H =H x G x RP, define

A:H — 2% (z,u,0) — Of(x) X dg* (u) X Nig oo (v),
By:H — H: (z,u,v) = (Vh(z),0,0), (6.2.54)
By: H — H: (z,u,v) = (M*u,—Mz,0),

and consider the operator Bz defined in (6.2.44). Note that A is maximally monotone [2,
Proposition 20.23 & Proposition 20.25], By is f—cocoercive [2, Corollary 18.17], By is || M ||-
Lipschitzian [10, Proposition 2.7(ii)] & [2, Fact 2.20], and the operator Bj is maximally
monotone by Proposition 6.2.7. Furthermore, note that dom A = dom (9f) x dom (9g*) x

[0, +oo[” and dom Bs = (N?_;intdom e;) xG x [0, +oo[”’. Hence, since dom (9f) C N ;intdom e;,
we have dom AUX C dom Bz and 0 € int (dom A — dom Bj3) and therefore A+ Bs is max-
imally monotone [2, Corollary 25.5(ii)]. Therefore, the inclusion in (6.2.43) is a particular
instance of Problem 6.2.1. Define, for every n € N, x,, = (21,22, 23). Hence, (6.2.51),

(6.2.44), and (6.2.54) yield

T, = J’YnA( ’Yn(Bl + B2 + B3)zn)

VYn €N
(¥ €N) { Znt1 = Px(wn + (B2 + B3)zn — V(B2 + Bs)zy),

(6.2.55)
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where v, by (6.2.53) and (6.2.54), satisfies
V|| Bszn—BsJya(zn—7(B1+Ba+B3) z,)|| < 0||zn—Jya(zn—7(B1+Ba+Bs)z,)||. (6.2.56)

Note that, if we assume (ii), by Proposition 6.2.7, Bj is uniformly continuous in every weak
compact subset of dom df x dom dg* x [0, +oo[’ = conv (dom A) = conv (dom A U X) [2,
Corollary 21.14 & Exercise 3.2]. Altogether, assuming (i) or (ii), since X C dom A, by
Theorem 6.2.4, there exists z = (z,u,v) € H x G x RP solution to (6.2.43) such that
z, — z. Since 0 € sri(dom g— M (dom f)), by (6.2.42), (6.2.43), and [2, Theorem 16.47] z
is a saddle-point of £ in (6.2.41). By [2, Corollary 19.30(v)], z is a solution to Problem 6.2.6
and the result follows. O

6.2.5 Numerical Experiments
In this section we consider the following optimization problem
: 1 2
min a||Mz|, + §||Ax —z||%, (6.2.57)

yO<e<y'
zi(In(z;/a;)—1)—r; <0,

where M € Rrxn, A e Rmxn) Z € Rm, yo = (U?)lgign S Rn, yl = (nil)lgz’SN € ]RN,
Ty...yTn € |—1, 400, and ay, ..., a, € ]0,400[. Set

(

C - X?:l[n?7777§1]7

[ =1c,
g=al |, (6.2.58)
h=A-—z|/2,
e = (ei()i,
where
zi(In(z;/a;) — 1) =1y, if 2; > 0;
(Vi=1,...,n) e:R"—]—o00,+00]: x> —r;, if x; = 0;

400, otherwise.

Then, we have f € T4(R"), g € T\(R"), and Vh is ||A||>-Lipschitzian. Additionally, for
every i € {1,...,n}, e; is Gateaux differentiable in |0, +-o00[",

Inz,, ifk=1,

(Vei(z)) = { (6.2.59)

0, otherwise,
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dom e; is closed, N_;dom ¢; = [0, +oo[", and 0 € int (dom (0f) — NI dome;) = x N, ]—o0,n}].

Hence, the optimization problem in (5.2.38) is a particular instance of Problem 6.2.6. In
this setting, since ¢* = ([_q,qr [2, Example 13.32(v) & Proposition 13.23(i)], we consider
X1 x Xo X X3 =C X [—a,a]" x [0,400[" in order to write the recurrence in (6.2.52) as
Algorithm 6 below.

Algorithm 6

10 Fix 20 = (24,2, 28) € R" x R" x R™. Let o € ]0, 1, let € = [| A4S0 AL o
6 = 2¢||M||(1— o)/||AJ]%, and let € > 0.
2: while r, > e do
v = 2¢||M||
V=20
while V=0 do
Y=o
Q'(y) = Py (z (A*(Az —2)+ M2+ 30 2 In(z, )))
() = y(Id — proxy ., o) (22 /7 + M2})
P3(y) = P oo (25 +7e(2)))
10: ®(y) = (2'(v), <I>2(7)><I>3(7))
11: if 722, In(zl ) — D7) In(@H(7)) P + [le(z) — e(@ ()] < 0—2H|Zn — & ()]

then
12: v=1
13: end if
14:  end while
15: Yn =Y
16: (ZL‘}L,JZ%,In) ((I)l(%z) qﬂ(’yn) CDS(%Z))
17 = Py o) (x F (M 2y + 300 2 i n(zp5)) — v (MFap + 300 @) s In(z, ;)

18: 2 = Paup (22 — v Mz, + v Ma
19: 27?7),4-1 = Plo, 400 (73, — yme(zy) + el
200 Znt1 = (Znits Znits g1

21: 1, = R(an, Zn

222 n—n+1

23: end while

24: return =z,

1
1
n
1
Ly,

)
)

We compare Algorithm 6 with the algorithm propose in [12] called FBHF and with
the MATLAB’s fmincon (interior point).

To solve problem in (6.2.40) with FBHF algorithm, we consider X = X; x X3 x X3
and the followings operators (see (6.2.43) and [12, Theorem 2.3))
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Table 6.1: Average time and average number of iterations of 20 random realizations of
problem in (5.2.38) for Algorithm 6, FBHF, and fmincon.

e=10"° N2:N1/3 N2:N1/2 N2:2N1/3
[ N1 | Algorithm | Av. Time (s) | Av. Iter | Av. Time (s) | Av. Iter | A. Time (s) [ A. Iter
Alg. 6 6.82 7845 9.61 10384 15.79 16136
600 FBHF 10.47 8280 14.22 10885 23.28 16772
fmincon 52.52 238 66.25 276 69.78 251
Alg. 6 19.26 8185 28.89 11932 52.69 20653
900 FBHF 31.28 8568 46.06 12375 84.17 21757
fmincon 256.71 350 309.33 408 292.21 368
Alg. 6 36.01 8809 62.82 14490 110.76 24778
1200 FBHF 59.41 9231 98.60 14783 174.08 25633
fmincon 694.86 457 839.06 528 790.66 462
df(z) Vh(z) M*a+ 3" 0;Ve (1)
A= ag*(@) y Bl = 0 R BQ + B3 = —Mz
Nio,+o0p (D) 0 —e(2)

(6.2.60)
In our numerical experiments, we generate 20 random realizations of A, M, z, and
T1,...,r, for dimensions n = m € {600,900,1200} and r € {n/3,n/2,2n/3}. In each
realization we define a; = 9 fori € {1,...,n}, a = 0.05, and y° = gy and y' = §; +rand(n),
where g; and g, satisfies e(gy) = e(91) = 0. For Algorithm 6 we consider o = 0.99. For
FBHF we consider ¢ = 0.8, § = /1 —¢/2, 0 = 0.99, the maximally monotone operator
A, the cocoercive operator By, and the continuous operator By + By on (6.2.60) (see [12,
Theorem 2.3]).
In Table 6.1 we provide the average time and iterations to achieve a tolerance ¢ = 10~°
for the instances mentioned above. We can observe that, for each instance, Algorithm 6
is more efficient than the method FBHF and fmincon. Algorithm 6 and FBHF are sim-
ilar in number of iterations, but each iteration of FBHF is more expensive in time than
Algorithm 6. This is because FBHF needs, additionally, to activate the operators M* and
M in each line search. This difference is larger as the dimension of the problem increases.
Although fmincon needs less iterations than Algorithm 6 and FBHF to reach the stop
criterion, each iteration is very expensive in CPU time. Indeed, Algorithm 6 reaches the
stop criterion in 20% of the time that fmincon takes.
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Chapter 7

Perspectives

To conclude this thesis we present some future perspectives of work.

e A direct extension of this work is to provide an algorithm which solves Problem 1.1.9
by splitting all the operators. In Chapter 5 we provide a method for solving Prob-
lem 1.1.9, when B3 = 0, by using partial inverse techniques and FBHF (Algo-
rithm 1.1.13). In Chapter 6 we present the Forward-Backward Half Forward with
line search method (FBHFLS) to solve numerically Problem 1.1.9 when V = H,
generalizing FBHF. Hence, by a similar procedure, using partial inverse techniques
and FBHFLS algorithm proposed in Chapter 6, it is foreseeable that we can solve
Problem 1.1.9.

e We begin this thesis introducing Problem 1.1.1 and we split it in two cases solving
both separately. Then, Problem 1.1.1 is still a open question. By solving Prob-
lem 1.1.9 and proceeding similarly to Section 5.2.4, we expect to solve Problem 1.1.1.

e In Chapter 3 we derive the convergence of Krasnosel’skii-Mann (KM) iterations
defined in the range of monotone self-adjoint linear operators. To obtain the con-
vergence of the relaxed primal-dual algorithm with critical preconditioners we prove
that this method defines KM iterations in the range of a particular linear operator.
An open question is whether it is possible to apply and extend this result to other
methods, with critical step-sizes/preconditioners or to develop new algorithms.

e Several articles provide convergence rates for DRS (Algorithm 1.1.4) (see for instance
(2, 7]). In Chapter 2 we generalize DRS by providing the SDR algorithm, additionally
we show its relation with the PDS including critical step-sizes. In Chapter 2.2.5 we
present numerical simulations and we show instances when an adequate choice of
the step-sizes improves, regarding number of iterations and time, the convergence of
SDR. Hence, the computation of a convergence rate of SDR will allows us to deduce
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a relation between the speed of convergence and step-sizes. This is also a perspective
for all the methods proposed in this thesis.

e Inertial methods for monotone inclusions update each iteration by using the last
two iterates [1]. The inclusion of inertial steps to some methods can accelerate its
convergence. For instance, variations including inertial steps of methods as DRS,
Tseng’s type, ADMM, forward-backward, and forward-backward-forward are avail-
ablein [1, 4, 5, 6, 3]. In view of that, an interesting future work is to include inertial
steps to the methods presented in this thesis.
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