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Resumo

Nesta tese, propomos e analisamos novas versoes do método Douglas-Rachford split-
ting (DRS) para operadores mondtonos maximais e do alternating direction method of
multipliers (ADMM) para otimizagao convexa. Inicialmente, apresentamos um método
Douglas-Rachford splitting (DRS) inexato e um método Douglas-Rachford-Tseng forward-
backward (F-B) splitting para resolver inclusdes monotonas de dois e quatro operadores,
respectivamente. Provamos complexidade computacional em iteracao, tanto no sentido
pontual quanto no sentido ergddico, mostrando que ambos os algoritmos admitem duas
iteracoes diferentes: uma que pode ser incorporada ao hybrid proximal extragradient
(HPE) method de Solodov e Svaiter, para a qual a complexidade em itera¢ao é conhecida
desde o trabalho de Monteiro e Svaiter, e outra que exige uma analise em separado. Em
seguida, estudamos o comportamento assintotico de novas variantes dos algoritmos DRS
e ADMM, ambos com efeito de relaxacao e inércia, e com critério de erro relativo para
os subproblemas. Por fim, com objetivo de demonstrar a aplicabilidade dos métodos
propostos neste trabalho, realizamos experimentos numéricos aplicando nosso método
ADMM (relaxado e com inércia) aos problemas LASSO e regressao logistica.

Palavras-chave: ADMM. Algoritmos de decomposicao. Algoritmo de ponto proximal.
Complexidade. Critério de erro relativo. Método de Douglas-Rachford splitting inexato.
Método HPE. Métodos inerciais. Método do tipo Tseng forward-backward. Operadores
monotonos. Relaxacao.






Resumo Expandido

Introducao

Seja ‘H um espaco de Hilbert com produto interno (-,-) e induzido pela norma

1= V)

Um operator T': H = H ¢ dito mono6tono se
(z—Zv=1")>0, YweT(z), WY eT(Z). (1)

Por outro lado, T é um operador monétono maximal se T' é mondétono e maximal na
familia dos operadores mondtonos em H. A teoria de operadores mon6tonos e mondtonos
maximais desempenha um papel central na analise nao linear e, como consequéncia,
possui aplicagdes em diversas areas como, por exemplo, anélise funcional, engenharia,
fisica matematica, matematica aplicada e otimizacao.

Um problema de inclusdo mondtona (MIP) consiste em encontrar z € H tal que

0€eT(z) (2)

onde T : H = H é um operador mondétono maximal para o qual o conjunto solucao de
(2) é nao vazio. Uma grande variedade de problemas de diferentes campos da matematica
aplicada e da otimizac¢ao podem ser descritos por (2).

Um dos algoritmos mais populares para encontrar solugdes aproximadas do MIP (2)
¢ o método do ponto proximal (PP), que desenvolvido inicialmente por Martinet [60]
para resolver desigualdades variacionais mondtonas (com operadores ponto-a-ponto) e
posteriormente estudado e desenvolvido por Rockafellar para um contexto mais geral
de operadores monoétonos maximais. E bem conhecido que a aplicabilidade pratica de
esquemas numéricos que estao baseados no calculo exato de resolventes de operadores
monoétonos depende fortemente de estratégias que permitem calculos inexatos. Este é o
caso do algoritmo de ponto proximal. Em seu trabalho pioneiro 74|, Rockafellar provou
que solugoes de (2) podem ser obtidas utilizando o critério de erro somavel. Este resultado
encontrou aplicacoes importantes no projeto e analise de muitos algoritmos praticos para
resolver problemas desafiadores em otimizagao e campos relacionados.

Muitas versoes modernas inexatas do método ponto proximal usam tolerancias de erro
relativas, em oposi¢ao ao critério de erro somével, para resolver os subproblemas associados.
Os primeiros métodos deste tipo foram propostos por Solodov e Svaiter em |77, 76]. Entre
esses novos métodos, o hybrid proximal extragradient (HPE) method [76], proposto por
Solodov e Svaiter em 2000, tem se destacado como uma estrutura eficaz para o projeto e
analise de muitos algoritmos concretos (por exemplo, [14, 23, 38, 51, 52, 57, 64, 65, 68,
76, 78, 79, 63]). Em 2010, a complexidade de iteracao do método HPE foi provada por
Monteiro e Svaiter em [67].
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Neste trabalho, além do MIP (2), consideramos o problema de inclusao monétona de
operadores que consiste em encontrar z € H tal que

0€ A(z) + B(2) (3)
bem como o MIP de quatro operadores que consiste em encontrar z € H tal que
0€ A(z) + C(2) + Fi(z) + Fa(2) (4)

onde A, B e C' s@o operadores (ponto-conjunto) monédtonos maximais em #H, Fy : D(Fy) —
H ¢é Lipschitz continuo e Fy : H — H & cocoersivo. Os problemas (3) e (4) aparecem em
diferentes campos da matematica aplicada e otimizacao, incluindo otimizac¢ao convexa,
processamento de sinais, PDEs, problemas inversos, entre outros [11, 48]. Note que,
impondo condiges suaves aos operadores C, Fy e Fy, o problema (4) se torna um caso
particular de (3) com B := C + Fy + Fb.

Um dos algoritmos mais populares na atualidade para obter solu¢oes aproximadas
do MIP (3) é o Douglas-Rachford splitting (DRS) method. Proposto originalmente por
Douglas e Rachford (1954), em [35], para resolucao de problemas com operadores lineares,
o método DRS foi generalizado por Lions e Mercier (1979), em [56], para operadores
mondétonos maximais nao lineares gerais. O método DRS consiste em um método
iterativo no qual, a cada iteragao, os resolventes dos operadores A e B sao empregados
separadamente ao invés do resolvente do operador completo, A+ B, que pode ser caro para
calcular numericamente. Deste modo, resolvemos sequencialmente dois subproblemas
regularizados (proximais) em substituigao a resolu¢ao do problema completo.

Em 1992, Eckstein e Bertsekas provaram que o método DRS é um caso especial do
algoritmo de ponto proximal, em [37]|. Devido a este fato, grande parte da teoria do DRS,
e sua instancia especial chamada alternating direction multiplier method(ADMM) [45, 47|,
podem ser analisados dentro da teoria do ponto proximal. Além disso, a equivaléncia entre
o método DRS e o método ponto proximal de Rockafellar esclarece a natureza proximal
do método DRS, explica o fato de que o método DRS tem propriedades de convergéncia
mais gerais do que outros algoritmos de separagao proximal |36, 37| e permite a derivagao
de novas versoes inexatas e relaxadas dos métodos DRS e ADMM.

Nos ultimos anos, a drea de machine learning tem atraido a atencao de diversos grupos
de pesquisa, com consideravel impacto nas mais diversas areas aplicadas. Nesse contexto,
o uso de algoritmos de machine learning em grandes conjuntos de dados estatisticos
tem gerado um impacto significativo em muitas areas, como, por exemplo, inteligéncia
artificial, internet, biologia computacional, medicina, marketing, publicidade, analise de
rede, logistica, detecgao de fraude, opiniao mineracao e economia, entre outros [17]. Esta
vasta gama de problemas podem ser reescritos no quadro geral de otimizac¢ao convexa,
dado por

min {f(2) + g(x)) )

onde f, g sao func¢oes convexas em R"™.
O método de multiplicadores de dire¢ao alternada (ADMM) [45, 47| ¢ um algoritmo
de primeira ordem simples, porém poderoso, para resolver (5), que ganhou popularidade

durante a tltima década, em grande parte devido & seu amplo leque de aplicagoes em
ciéncia de dados. Embora ideias semelhantes tenham aparecido ainda no inicio da década

viil



de 1950 (ver, por exemplo, [17]), o ADMM foi apresentado pela primeira vez em meados
da década de 1970 por Gabay, Mercier, Glowinski e Marroco [45, 47].

Em [46], Gabay apresentou, pela primeira vez, o ADMM como uma aplicagdo do
método DRS para resolugao do seguinte problema de inclusao monotona

0 € df(x)+dg(x) (6)

que é, em particular, um caso especial de (3) com A = dg e B = Jf (ou vice-versa).
Portanto, sob condigdes de qualificagdo padrao, o problema (6) é equivalente a (5). Essa
percepcao foi crucial para a obtencao de alguns dos resultados apresentados por Eckstein
em [36, 37] e, como conseqiiéncia, para obter os algoritmos derivados em [40] e os
algoritmos propostos por esta tese. Ao longo deste trabalho, assumimos que (6) admite
pelo menos uma solugao.

A aceleragao de método proximais tem sido objeto de intensa pesquisa nos tltimos
anos. Uma das principais caracteristicas dos algoritmos inerciais proximais é que a
iteragao atual é definida a partir das duas ultimas iteragoes. Os estudos que objetivam
acelerar a convergéncia dos métodos proximais concentram-se, especialmente, na adicao
de informacoes de segunda ordem para atingir uma convergéncia ainda mais rapida. Uma
das principais caracteristicas do algoritmo inercial proximal é que a iteragao atual é
definida usando as informagoes das duas ultimas itera¢oes. Neste sentido, os algoritmos
inerciais para otimizagao convexa e incluses monotonas [2] aparecem em conexao com
dindmica continua - ver, por exemplo, [2, 9, 10] - algoritmos de primeira e segunda ordem
acelerados e métodos de divisao de operador - ver, por exemplo, |7, 8, 16, 26, 27, 30, 58] -
com boas melhorias de desempenho teérico e pratico em relacao aos métodos anteriores.

Objetivos

e Propor e estudar a complexidade de iteracao de um inexact Douglas-Rachford
splitting method e um Douglas-Rachford-Tseng’s forward-backward (F-B) splitting
method para resolver (3) e (4), respectivamente.

e Desenvolver uma sequéncia de trés algoritmos inexatos, inercias e relaxados, cada
um baseado no anterior. O primeiro algoritmo ¢ uma nova variante do algoritmo
do ponto proximal para (2). Nosso método proposto é uma nova variante inercial
do método de projegao proximal hibrida relaxada (HPP) de Solodov e Svaiter.
Usando este primeiro algoritmo, desenvolvemos uma nova variante inexata do
método Douglas-Rachford para resolver (3). Por fim, com base neste tltimo método,
derivamos uma nova variante inexata do algoritmo do método de multiplicadores
de direcao alternada (ADMM) para resolver problemas da forma (5).

e [lustrar aplicabilidade dos métodos propostos neste trabalho a partir de experimentos
numéricos, que consistem na aplica¢do do método ADMM (relaxado e com inércia),
proposto nesta tese (Algoritmo 8), aos problemas LASSO e regressao logistica.
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Metodologia

Os limites de complexidade de iteragao tanto do método Douglas-Rachford splitting
inexato e quanto do método Douglas-Rachford-Tseng’s forward-backward (F-B) splitting
sdo obtidos no sentido pontual (ndo ergodico), bem como no sentido ergodico, mostrando
que eles admitem duas iteragoes diferentes: uma que pode ser incorporada ao método HPE,
para o qual a complexidade da iteracao é conhecida desde o trabalho de Monteiro e Svaiter,
e outra que exige uma analise separada. Por outro lado, o estudo do comportamento
assintotico das novas variantes dos métodos Douglas- Rachford splitting e ADMM splitting,
ambos sob efeitos de relaxacao e inércia, que fazem uso do critério inexato (erro relativo)
para resolver os subproblemas associados, estd baseada essencialmente em uma nova
versao inexata do algoritmo do ponto proximal, que também foi proposta nesta tese
(Algoritmo 6), sob efeito inclui tanto de um passo inercial quanto de uma relaxacao.

Resultados, Discussao e Consideracgoes Finais

Nesta tese, propomos e analisamos algumas variantes do método Douglas-Rachford
para resolucao de inclusoes mondétonas e do método de diregao alternada de multiplicadores
para otimizagao convexa. Inicialmente, propomos e estudamos a complexidade de iteragao
de um inexact Douglas-Rachford splitting method e um Douglas-RachfordTseng’s forward-
backward splitting method para resolver inclusoes mondtonas de dois e quatro operadores,
respectivamente. O primeiro método, Algoritmo 3, (embora baseado em um mecanismo
ligeiramente diferente de itera¢ao) foi motivado pelo trabalho recente de J. Eckstein
e W. Yao, no qual um método DRS inexato é derivado de uma instancia especial do
hybrid proximal extragradient (HPE) method de Solodov e Svaiter, enquanto o segundo,
Algoritmo 5, combina o método DRS inexato que propomos (Algoritmo 3) (usado
como uma itera¢ao externa) com um método do tipo Tseng’s forward-backward splitting
(usado como uma iteragdo interna) para resolver os subproblemas correspondentes. Na
sequéncia, estudamos o comportamento assintético de novas variantes dos métodos
Douglas-Rachford splitting e ADMM splitting, ambos sob efeitos de relaxagao e inércia,
usando critério inexato (erro relativo) para resolver os subproblemas associados. Por
fim, com objetivo de demonstrar a aplicabilidade dos métodos propostos neste trabalho,
realizamos experimentos numéricos aplicando nosso método ADMM (relaxado e com
inércia) aos problemas LASSO e regressao logistica. Cabe ressaltar que obtivemos um
desempenho computacional melhor do que os métodos ADMM inexatos apresentados
anteriormente por [39, 40]. Além disso, nossos resultados numeéricos indicam que as
versoes inexatas, propostas neste trabalho, sao uma ferramenta ttil para resolver de
aplicacoes reais que podem ser descritas pelo quadro geral de otimizacao convexa.

Palavras-chave: ADMM. Algoritmos de decomposi¢ao. Algoritmo de ponto proximal.
Complexidade. Critério de erro relativo. Método de Douglas-Rachford splitting inex-
ato. Método HPE. Métodos inerciais. Método Tseng forward-backward. Operadores
monotonos. Relaxagao.



Abstract

In this thesis, we propose and analyze new versions of the Douglas-Rachford splitting
(DRS) method for maximal monotone operators and the alternating direction method of
multipliers (ADMM) for convex optimization. Firstly, we present an inexact Douglas-
Rachford splitting (DRS) method and a Douglas-Rachford-Tseng’s forward-backward
(F-B) splitting method for solving two-operator and four-operator monotone inclusions,
respectively. We prove iteration-complexity bounds for both algorithms in the pointwise
(non-ergodic) as well as in the ergodic sense by showing that they admit two different
iterations: one that can be embedded into the Solodov and Svaiter’s hybrid proximal
extragradient (HPE) method, for which the iteration-complexity is known since the work
of Monteiro and Svaiter, and another one that demands a separate analysis. We also
study the asymptotic behavior of new variants of the DRS and ADMM splitting methods,
both under relaxation and inertial effects, and with inexact (relative-error) criterion for
subproblems. To demonstrate the applicability of the proposed methods, we performed
numerical experiments applying the ADMM (relaxed and inertial) on LASSO and logistic
regression problems.

Keywords: ADMM. Complexity. HPE method. Inertia. Inexact Douglas-Rachford
method. Monotone operators. Operator splitting. Proximal point algorithm. Relative
error criterion. Relaxation. Splitting. Tseng’s forward-backward method.
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Introduction

Let H be a real Hilbert space with inner product (-, -) and induced norm ||-|| := +/(, -).
A set-valued map T : H = H is a monotone operator if
(z—2,u=1)>0, YWweT(z), YW eT(). (7)

On the other hand, T is a mazimal monotone operator if T is monotone and T = S
whenever S is monotone on H and 7" C S.

According to [36], the definition of maximal monotone operator first appeared in [53].
The theory of monotone and maximal monotone operators plays a central role in nonlinear
analysis and consequently has numerous applications in functional analysis, engineering,
mathematical physics, applied mathematics, and optimization. An example of a monotone
operator is the subdifferential operator df, which is an effective tool in the analysis of
nondifferentiable convex functions and algorithms in convex programming [11, 28, 36].

The pioneering work of Rockafellar [74, 75] clarified the role of monotone operators
in the area of mathematical programming and established conditions for the maximal
monotonicity of subdifferential mappings, the maximality of sum of two operators, among
other relevant results. In 1976, he studied and developed the proximal point (PP)
algorithm for solving the monotone inclusion problem (MIP), i.e., the problem of finding
z € H such that

0€eT(z) (8)

where T : H = H is maximal monotone. A wide variety of problems of different fields of
applied mathematics and optimization can be placed in the structure of (8). Moreover,
this formulation is at the core of the modeling of inverse problems for solving diverse
real-world problems; as for example, in phase retrieval, in sensor networks, in comprised
tomography, and data compression [41]. An example of this is when T'= 0f, with f a
convex function, which reduces problem (8) to the problem of minimizing f.

The term “proximal point” was originally coined in French by Moreau [70] at the
beginning of the 1960s. The PP method was firstly proposed for solving variational
inequalities, at the beginning of the 1970s, by Martinet [60] and later on popularized
by the work of Rockafellar in [74, 75]. In its exact formulation, an iteration of the PP
method can be described as

F=NTH D) VE> 1, (9)

where )\, > 0 is a stepsize parameter and 2*~! is the current iterate. In [74], Rockafellar
proved that if, at each iteration k > 1, ¥ is computed satisfying

oo

128 = MT+ D)7 <er, D e < oo, (10)
k=1
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and {\;} is bounded away from zero, then {z*} converges (weakly, in infinite dimensions)
to a solution of (8). This result has found important applications in the design and
analysis of many practical algorithms for solving challenging problems in optimization
and related fields [36].

In this thesis, we consider the two-operator MIP of finding z such that

0€ A(z) + B(2) (11)
as well as the four-operator MIP, i.e., of finding z such that
0€ A(z) +C(z) + Fi(z) + Fa(2) (12)

where A, B, and C' are (set-valued) maximal monotone operators on H, Fy : D(Fy) — H
is (point-to-point) Lipschitz continuous and Fy : H — H is (point-to-point) cocoercive
(see Section 2.2 for the precise statement). Problems (11) and (12) appear in different
fields of applied mathematics and optimization, including convex optimization, signal
processing, PDEs, inverse problems, among others [11, 48]. Under mild conditions on
the operators C, Fj, and Fy, problem (12) becomes a special instance of (11) with
B:=C+F +F,.

One of the most popular algorithms for finding approximate solutions of (11) is the
Douglas-Rachford splitting (DRS) method. 1t consists of an iterative method in which, at
each iteration, the solutions of two regularized (proximal) subproblems are computed
sequentially. In other words, at each iteration, the resolvents J,4 = (YA + I)~! and
Jyg = (vB +1I)7! of A and B, respectively, are employed separately instead of the
resolvent J, a5y = (Y(A+ B)+I)~! of the full operator A+ B, which may be expensive
to compute numerically.

An iteration of the method can be described by

K= T a1, = A A~ LM VR >, (13)

where v > 0 is a scaling parameter and z*~! is the current iterate. The DRS method
was originally proposed by Douglas and Rachford (1954), in [35], for the power-series
analysis of a discretization of the heat equation and generalized by Lions and Mercier
(1979), in [56], for general nonlinear maximal monotone operators, where the formulation
(13) was first obtained.

In [37], Eckstein and Bertsekas proved that the DRS method (13) is a special case of
the PP method (9) with A\, =1 and T':= 5, 4 p, where S, 4 p is a maximal monotone
operator on H whose graph is

Syap={y+b,7a+b) e HxH[be B(x), a € A(y), ya+y=z—7b}. (14)

The splitting operator S, 4, p is fundamental for proving that the DRS method is,
actually, an application of the proximal point algorithm. Due to this fact, much of the
theory of the DRS, and its special instance so-called alternating direction method of
multipliers (ADMM) [45, 47|, can be analyzed within the proximal point theory.

The Eckstein and Bertsekas’ result also clarifies the proximal nature of the DRS
method and gives some intuition to the fact that the DRS method has more general
convergence properties than other proximal splitting algorithms [36, 37]. Moreover, the
equivalence between (13) and the PP method of Rockafellar allowed [37] to derive new
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inexact and relaxed versions of the DRS and ADMM methods, after describing (13)
according to the following procedure:

compute (2% %) such that b* € B(2*) and b* + 2 = 21 (15)
compute (yk, @k) such that o* € A(yk) and ya* + o" = 2% — ¥,
set 2" = gy + bk (16)

As an alternative to the summable error criterion (10), many modern inexact versions
of the PP method use relative error tolerances for solving the associated proximal
subproblems. The first methods of this type were proposed by Solodov and Svaiter
in [76, 77] and subsequently studied in [66, 67, 68, 78, 79]. The key idea consists in
decoupling (9) as an inclusion-equation system:

veT(Y), M4zt —2=0, (17)

where (2,27, \) == (271, 2% A1), and relaxing (17) within relative error tolerance criteria.
Among these new methods, the hybrid proxzimal extragradient (HPE) method [76] has
been very effective as a framework for the design and analysis of many concrete algorithms
(see, e.g., [14, 23, 38, 51, 52, 57, 63, 64, 65, 68, 76, 78, 79|).

In this thesis, we propose and study the iteration-complexity of an inexact Douglas-
Rachford splitting method (Algorithm 3) and of a Douglas-Rachford-Tseng’s forward-
backward (F-B) four-operator splitting method (Algorithm 5) for solving (11) and (12),
respectively. The former method is inspired and motivated (although based on a slightly
different mechanism of iteration) by the recent work of J. Eckstein and W. Yao [40],
while the latter one, which, in particular, will be shown to be a special instance of the
former, is motivated by some variants of the Tseng’s F-B splitting method [84] recently
proposed in the current literature [6, 20, 66]. For more detailed information about the
contributions of this thesis in light of reference [40], we refer the reader to the first remark
after Algorithm 3. Moreover, we mention that, contrary to the majority of proximal
splitting algorithms for solving problems with more than two blocks, Algorithm 5 is a
purely primal splitting method for solving the four-operator MIP (12).

In the last years, the area of machine learning has attracted the attention of many
research groups, with considerable impact in applied fields. In this context, the use of
machine learning algorithms on large datasets in statistics has generated a significant
impact in many areas, such as artificial intelligence, the internet, computational biology,
medicine, marketing, advertising, network analysis, logistics, fraud detection, opinion
mining, and economics, among others [17|. These problems can be posed in the general
framework of convex optimization

min {f(z) + g(z)} (18)

z€R™

where f, g are convex functions in R".

The ADMM [45, 47| is a simple and yet powerful first-order algorithm for solving (18).
It became popular over the last decade largely due to its wide range of applications in
data science. It was first presented in the mid-1970s by Gabay, Mercier, Glowinski, and
Marroco [45, 47|, although similar ideas appeared still early in the 1950s (see, e.g., [17]).
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When applied to (18), one iteration of the method can be described as

‘ c

2" € argmin, cgn {f(x) + (p*, x) + §||x - Zk||2} ; (19)
ZF € argmin, g {g(z) — (p*,2) + ngk“ — z||2} ; (20)
pk+1 _ pk + c(:ckﬂ _ zkH), (21)

where ¢ > 0 is a penalization parameter. The ADMM blends the advantages of dual
decomposition and augmented Lagrangian for constrained optimization, and can be
described as a coordinated decomposition procedure, in which the solutions of local
subproblems (minors) are coordinated to find the solution of a global (larger) problem
(see, e.g. [17]). However, unlike the augmented Lagrangian, in the ADMM the variables
z and z are updated in an alternated (or sequential) fashion (see (19) and (20)), which
accounts for the term alternating direction.

Moreover, in many applications, while one of the subproblems has a closed-form
solution (e.g., when g(-) = || - ||1), the other one can be expensive to solve numerically.
Motivated by this, many inexact versions of the ADMM method (19)—(20) have been
proposed (see, e.g., Algorithm 8 in Chapter 3).

In [46], Gabay presented, for the first time, the ADMM as an application of the DRS
method for solving

0 € df(x)+ dg(x) (22)

which is, in particular, a special case of (11) with A = 0g and B = Jf (or wvice
versa). Problem (22) is, under standard qualification conditions, equivalent to (18). This
perception was crucial to obtain some of the results presented by Eckstein in [36, 37| and,
as a consequence, to obtain the algorithms proposed in [40] as well as the ones in this
thesis.

Inertial algorithms for convex optimization and monotone inclusions [2] has been a
subject of intense research in recent years. They appear in connection with continuous
dynamics — see, e.g., [2, 9, 10] — accelerated first- and second-order algorithms, and
operator splitting methods — see e.g., [7, 8, 16, 26, 27, 30, 58] — with good theoretical
and practical performance improvements over prior methods.

This thesis develops a sequence of three inertial algorithms, each building on the
previous one. The first algorithm (Algorithm 6) is a new variant of the PP algorithm [74]
for solving the problem (8). It is, in particular, a new inertial variant of the relaxed
hybrid proximal projection (HPP) method introduced in [79]; see also [77]. It lacks
the full generality of [79], but introduces a new “inertial” step modification. From the
first algorithm, we then develop a new inexact variant of the DRS method for solving
monotone inclusion problems of the form (11). For such, we follow a similar derivation
to [37], but use our Algorithm 6 in place of the HPE method of [76]. The resulting
algorithm is an inertial-relaxed (inexact) relative-error DRS and is presented in Section
3.2 as Algorithm 7.

Finally, based on this latter method, we derive a new inexact variant of the ADMM
algorithm for solving convex optimization problems of the form of (18). The resulting
algorithm is presented in Section 3.3 as Algorithm 8. Using the well-known LASSO
and logistic regression problems as examples, we perform some computational tests in
Section 3.4 to show the applicability of the methods proposed in this work. Our numerical
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results showed better computational performance in terms of the number of iterations and
execution time, when compared to earlier proposed inexact ADMM methods in [39, 40].

The main contributions of this thesis

The path for developing inexact DRS and ADMM methods was pioneered in [37] and
is also taken in the more recent paper by Eckstein and Yao [40]. In both cases, one takes
an approximate form of PP method [74]| and uses it to obtain an approximate form of
DRS, which can then be used to obtain new variants of the ADMM.

In this thesis, motivated by [40], we derive new inexact variants of the DRS method
for maximal monotone operators and the ADMM for convex optimization. Firstly, we
develop in Section 2.1 an inexact version of the DRS method (Algorithm 3) for solving
(11) in which inexact computations are allowed in both the inclusion and the equation in
(15). At each iteration, instead of a point in the graph of B, Algorithm 3 computes a
point in the graph of the e-enlargement B of B (it has the property that B°(z) D B(z)).
Moreover, contrary to the reference [40], we study the iteration-complezity of the proposed
method for solving (11). We show that Algorithm 3 admits two types of iterations, one
that can be embedded into the HPE method and another one that demands a separate
analysis. We emphasize again that, although motivated by the latter reference, the
Douglas-Rachford type method proposed in Chapter 2 is based on a slightly different
mechanism of iteration, specially designed to allow its iteration-complexity analysis (see
Theorems 2.1.5 and 2.1.6).

Secondly, in Section 2.2, we consider the four-operator MIP (12), for which we propose
and study the iteration-complexity a Douglas-Rachford-Tseng’s F-B splitting type method
(Algorithm 5), which combines Algorithm 3 (as an outer iteration) and a Tseng’s F-B
splitting type method (Algorithm 4) (as an inner iteration) for solving the corresponding
subproblems. The resulting algorithm, namely Algorithm 5, has a fully splitting nature
and solves (12) without introducing additional variables.

Finally, in Chapter 3, we derive new inertial inexact variants of the PP, DRS and
ADMM methods. One of the main differences between Chapter 3 and the development
of “admm_ primDR” in [40] is in the underlying variant of the PP algorithm. The
“admm_ primDR” analysis used the HPE method [76] due to Solodov and Svaiter, whereas
here we use the new inexact HPP developed in Section 3.1. Moreover, contrary to [40],
we introduce inertial and relaxation effects, which substantially improves the numerical
performance of our algorithms. Our general approach resembles that of [40] that it
using a primal derivation and the “coupling matrix” between f and ¢ in the optimization
formulation must be the identity, whereas [37|, drawing on early work in [46], uses a dual
derivation, and allows for more general coupling matrices. Our analysis is also much
closer to [40] than that of [39], which uses a primal-dual “Lagrangian splitting” analysis
patterned after [43]. Moreover, the inertial methods proposed in this thesis have the
novel property of simultaneously combining inexact iterations, inertia, and relaxation,
with the maximum inertial step @ and maximum relaxation factor p that are subject
to a mutual constraint; see (3.1.20) and (3.1.21). Thus, we may choose the inertia and
relaxation parameters independently of the relative-error tolerances.
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Most related works

In [18], the relaxed forward-Douglas-Rachford splitting (rFDRS) method was proposed
and studied to solve three-operator MIPs consisting of (12) with C' = Ny, V' closed vector
subspace, and F} = 0. Subsequently, among other results, the iteration-complexity of the
latter method (specialized to variational problems) was analyzed in [31]. Problem (12)
with F; = 0 was also considered in [32], where a three-operator splitting (TOS) method
was proposed and its iteration-complexity studied. On the other hand, problem (12)
with C' = Ny and Fy = 0 was studied in [19], where the forward-partial inverse-forward
splitting method was proposed and analyzed. In [20], a Tseng’s F-B splitting type method
was proposed and analyzed to solve the special instance of (12) in which C' = 0.

The iteration-complexity of a relaxed Peaceman-Rachford splitting method for solving
(11) was recently studied in [69]. The method of [69] was shown to be a special instance
of a non-Euclidean HPE framework, for which the iteration-complexity was also analyzed
in the latter reference (see also [49]). Two inexact versions of the ADMM were presented
in [39]. The first method uses an absolutely summable error criterion and the second
method uses a relative error criterion. Moreover, as we mentioned earlier, an inexact
version of the DRS method for solving (11) was proposed and studied in [40]. Both in [39]
and [40], various approximate forms of ADMM were tested computationally on different
classes of problems. A different inexact of Douglas-Rachford method, in which both
proximal subproblems are solved within a relative error tolerance, was recently proposed
and studied in [82], but without computational testings. The sequences generated by this
method converge weakly to the solution of the underlying inclusion problem, if any.

Presentation of chapters
This thesis is divided into three chapters, as described below.

Chapter 1: This chapter summarizes some definitions and preliminary results that
contribute to structure, analyze, and clarify the nature of the methods proposed in this
thesis. For more details, the material presented here can be readily found (often in more
general form) in |21, 36, 67|. We start, in Section 1.1, by presenting the general notation
and some basic concepts about convexity, maximal monotone operators, e-enlargements,
and related facts. Section 1.2 is dedicated to a concise review of the DRS, Rockafellar’s
PP and Solodov-Svaiter’s HPE methods (Algorithm 1), as well as of a special version
of the HPE method (Algorithm 2) of Marques Alves, Monteiro, and Svaiter for solving
strongly monotone inclusions. Some results on the convergence analysis of the latter two
methods are also presented in this section. These results are fundamental for studying
the iteration-complexity of methods developed in Chapter 2.

Chapter 2: This chapter is devoted to developing and studying the iteration-
complexity of an inexact DRS method and a Douglas-Rachford-Tseng’s forward-backward
(F-B) splitting method for solving two-operator and four-operator monotone inclusions,
respectively. It is divided into two sections. In Section 2.1, we present the first method
(Algorithm 3) which, although based on a slightly different mechanism of iteration, is
motivated by the recent work of J. Eckstein and W. Yao [40], in which an inexact DRS
method is derived from a special instance of the HPE method of Solodov and Svaiter.
The second method (Algorithm 5) proposed in this chapter is introduced in Section 2.2,
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it combines the proposed inexact DRS method (Algorithm 3, used as an outer iteration)
with a Tseng’s F-B splitting type method (used as an inner iteration) for solving the
corresponding subproblems. In this context, we prove iteration-complexity bounds for
the two algorithms, in both sections, in the pointwise (non-ergodic) (Theorems 2.1.5
and 2.2.3) as well as in the ergodic sense (Theorems 2.1.6 and 2.2.4) by showing that
they admit two different iterations: one that can be embedded into the HPE method,
for which the iteration-complexity is known since the paper of Monteiro and Svaiter [67],
and another one which demands a separate analysis.

The results of this chapter were published in [4].

Chapter 3: This chapter derives new inexact variants of the DRS method for
maximal monotone operators and ADMM for convex optimization. The analysis of these
two algorithms is based on our inertial-relaxed HPP method (Algorithm 6) presented in
Section 3.1. It consists of a new inertial variant of the relaxed HPP method introduced
in [79] (see also [77]), which includes both an inertial step and an overrelaxation. In this
sense, it is important to emphasize that our method does not have the full generality of [79].
Nonetheless, it introduces a new “inertial” step modification. In Theorems 3.1.4 and 3.1.5
we prove the convergence analysis of Algorithm 6. Using our first algorithm (HPP
method), Section 3.2 develops an inexact inertial-relaxed DRS method (Algorithm 7),
for two-operator monotone inclusion problems of the form (11), for which convergence
is established in Theorem 3.2.3. Section 3.3 then uses inertial-relaxed DR method to
derive a partially inexact relative-error ADMM method (Algorithm 8) for solving convex
optimization problems of the form (18). The main result of this section is Theorem 3.3.4.
Finally, we perform some computational tests of this last algorithm in Section 3.4 using
the well-known LASSO and logistic regression problems as examples, finding better
practical performance than earlier proposed inexact ADMM methods [39, 40].

The results of this chapter were published in [3].
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Chapter 1

Preliminaries and background
materials

In this chapter, we present some definitions and preliminary results that contribute to
structure, analyze, and clarify the nature of the methods developed in the other chapters.
We start by recalling notations, definitions, and some preliminary materials of convexity,
maximal monotone operators, and e-enlargements, that shall be used throughout this
thesis. In Section 1.2, we briefly review the following methods: DRS, Rockafellar’s PP,
HPE of Solodov and Svaiter (Algorithm 1), and a special version of the HPE method
(Algorithm 2) proposed by Marques Alves, Monteiro, and Svaiter to solve strongly
monotone inclusions. To clarify the analysis of the methods proposed in Chapter 2,
in Subsections 1.2.4 and 1.2.5 we recall the pointwise and ergodic iteration-complexity
bounds of Algorithms 1 and 2, respectively.

For further details regarding the results presented in this chapter, we refer the reader
to [21, 36, 67].

1.1 General notation and s-enlargements

Throughout this thesis H is a real Hilbert space with the inner product (-,-) and
induced norm | - || :== +/(-,-) and H x H denotes the Cartesian product endowed with
the usual inner product and norm.

As we mentioned in the Introduction, the theory of (set-valued) maximal monotone
operators plays a relevant role in different fields of applied mathematics and optimization
including convex optimization, signal processing, PDEs, inverse problems, among others
[11, 48]. Next, we review some basic definitions, facts, and notations from (set-valued)
maximal monotone operators that will be used throughout this thesis.

A set-valued map 7' : H = H is monotone if (z — 2/, v —0") >0, Yo eT(z), W €
T'(2'). On the other hand, T is a mazimal monotone operator if T'is monotone and 7' = S
whenever S is monotone on H and 7' C S. Here, we identify any monotone operator 7'
with its graph, i.e., we set: T' = {(z,v) € H x H|v € T'(2)}. The sum T + S of two
set-valued maps T, S is defined via the usual Minkowski sum and for A > 0 the operator
AT is defined by (AT)(z) = AT'(z) := {Av|v € T(z)}. The inverse of T : H = H,
denoted by 77! : H = H, is defined by v € T~!(2) if and only if z € T'(v). Moreover,
the set of zeros of T : H = H is given by zer(T) := T 1(0) = {z € H|0 € T(2)}. The
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resolvent of a maximal monotone operator T is Jr := (T + I)~', where I denotes the
identity map on H, and, in particular, the following holds: = = Jyr(z) if and only if
Az —xz) € T(z) if and only if 0 € AT(z) + = — 2. According to Minty in [62], if T" is a
maximal monotone operator, its resolvent is single-value operator defined everywhere on
H.

We denote by 0. f the usual e-subdifferential of a proper closed convex function f :
H — (—o00,+00], defined by 0.f(2) :={ve H: f(2') > f(z)+ (v,2/ —2) —e V' € H},
and by 0f := 0fy the Fenchel-subdifferencial of f as well. The normal cone of a closed
convex set X will be denoted by Ny and by Px the orthogonal projection onto X.

For T': H = H maximal monotone and € > 0, the e-enlargement [21]| of T" is the
operator T° : H =% ‘H defined by

T(z) ={veH|(z—2v=1)>— V(' V)eT} VzeH. (1.1.1)

Note that T'(z) C T¢(z) for all z € H.
The following proposition summarizes some useful properties of T¢ which will be
useful in this thesis (see |67, Proposition 2.1]).

Proposition 1.1.1. Let TS : H = H be set-valued maps. Then,

(
(

a) ife <&, then T°(x) C T¢ (x) for every x € H;

)
b) T¢(z) + S (x) C (T + S)**'(x) for every x € H and ¢,' > 0;
(c) T is monotone if, and only if, T C T°;

(d) T is maximal monotone if, and only if, T = T°;

Next we present the transportation formula for e-enlargements.

Theorem 1.1.2. (|22, Theorem 2.3]) Suppose T : H =% H is mazimal monotone and let
20,00 € H, 00 €ER,, for 0 =1,....,7, be such that

J
UgETq(Zg), C=1,...,7, ZO&@ZL
(=1

and define

J J J
Zj = E Qgzg, V= E QpUg, Eji= E Oy [5@ + <Zg —Zj, v — 5]')] .
/=1 /=1

=1
Then, the following hold:
(a) gj Z 0 and Ej € ng (2])

(b) If, in addition, T = Of for some proper, convex and closed function f and v, €
Oco f(20) for £ =1,...,7, then v; € O, f(Z;).
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1.2 Proximal point and operator splitting methods

1.2.1 The Douglas-Rachford splitting (DRS) method

One of the most popular algorithms for finding approximate solutions of (11) is the
Douglas-Rachford splitting (DRS) method. It consists of an iterative procedure in which
at each iteration the resolvents J,4 = (YA+ )" and J,p = (YB+1)"! of A and B,
respectively, are employed separately instead of the resolvent .J,(44p) of the full operator
A+ B, which may be expensive to compute numerically. An iteration of the method can
be described as in (13), i.e.,

2L = J'yA(2J'yB(Zk71> — Zk,1> + 21— JVB(Zkfl) vk Z 1, (1.2.1)

where v > 0 is a scaling parameter and z;_; is the current iterate. Originally proposed in
[35] for solving problems with linear operators, the DRS method was generalized in [56]
for general nonlinear maximal monotone operators, where the formulation (1.2.1) was
first obtained. It was proved in [56] that {z;} converges (weakly, in infinite dimensional
Hilbert spaces) to some z* such that z* := J,5(2") is a solution of (11). Recently, [80]
solved the long standing open question of proving the weak convergence of the sequence
Jy5(2x) to a solution of (11).

1.2.2 The Rockafellar’s proximal point (PP) method

The prozimal point (PP) method is an iterative method for seeking approximate
solutions of the MIP (8), i.e.,

0eT(z) (1.2.2)

where T' is a maximal monotone operator on H for which the solution set of (1.2.2) is
nonempty. It was first proposed by Martinet [60] for solving monotone variational inequal-
ities (with point-to-point operators) and further studied and developed by Rockafellar.
In its exact formulation, an iteration of the PP method can be described as in (9), i.e.,

=T +D g VE>1, (1.2.3)

where A\, > 0 is a stepsize parameter and z;_; is the current iterate. It is well-known
that the practical applicability of numerical schemes based on the exact computation of
resolvents of monotone operators strongly depends on strategies that allow for inexact
computations. This is the case of the PP method (1.2.3). In his pioneering work [74],
Rockafellar proved that if, at each iteration k > 1, z; is computed satisfying (10), i.e.,

[e.9]

Iz = T + 1) 2 || < e, Z e < 00, (1.2.4)
k=1

and {\;} is bounded away from zero, then {z;} converges (weakly, in infinite dimensions)
to a solution of (1.2.2). This result has found important applications in the design and
analysis of many practical algorithms for solving challenging problems in optimization
and related fields.
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1.2.3 The DRS method is an instance of the PP method (Eck-
stein and Bertsekas)

In [37], the DRS method (1.2.1) was shown to be a special instance of the PP method
(1.2.3) with A\, = 1. More precisely, it was observed in [37] (among other results) that
the sequence {z;} in (1.2.1) satisfies

o= (S a+ 1) mq  VE>1, (1.2.5)
where S, 4 p is the maximal monotone operator on H whose graph is given by (14), i.e.,
Syap={y+yb,ya+~yb) e HxH|be B(x),a € Aly), va+y=x—~b}. (1.2.6)

It can be easily checked that z* is a solution of (11) if and only if 2* = J,5(z*) for some
x* such that 0 € S, 4p(z*). The fact that (1.2.1) is equivalent to (1.2.5) clarifies the
proximal nature of the DRS method and as a consequence, much of the theory of PP
method can be transported to the DRS context and its special cases, included the ADMM.
Moreover, allowed that [37] to obtain inexact and relaxed versions of the DRS and ADMM
methods by alternatively describing (1.2.5) according to the procedure (15)-(16), given
by:

compute (xy,bx) such that by € B(xg) and by + T = 25_1; (1.2.7)
compute (yg,ax) such that a, € A(yx) and ~vyag + yp = x — Yby;
set zr = yx + Yb. (1.2.8)

1.2.4 The hybrid proximal extragradient (HPE) method of Solodov
and Svaiter

Consider the monotone inclusion problem (MIP) (8), i.e.,
0eT() (1.2.9)

where T : H = H is a maximal monotone operator for which the solution set 771(0) of
(1.2.9) is nonempty.

Many applications recent interest in different fields of applied mathematics and
optimization can be presented in the framework of monotone inclusion problem (8). As
we mentioned earlier, the proximal point (PP) method of Rockafellar [74] is one of the
most popular algorithms for finding approximate solutions of (1.2.9). Among the modern
inexact versions of the PP method, the hybrid prorimal extragradient (HPE) method
of [76], which we present in what follows, has been shown to be very effective how a
framework for the design and analysis of many concrete algorithms (see e.g. [14, 23, 38,
51, 52, 57, 64, 65, 68, 76, 78, 79, 63]).
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Algorithm 1. Hybrid proximal extragradient (HPE) method for (1.2.9)
(0) Let zp € H and o € [0,1) be given and set j < 1.
(1) Compute (zj,vj,€;) € H x H x Ry and A; > 0 such that
v € T9(Z), 1IN + 25 — 2l + 20e; < %12 — 21 (1.2.10)
(2) Define
2j = Zj_1 — A\jvj, (1.2.11)

set j < 7+ 1 and go to step 1.

Remarks.

1. If o = 0 in (1.2.10), then it follows from Proposition 1.1.1(d) and (1.2.11) that
(z4,v) = (2,v;) and X := \; > 0 satisfy (17), which means that the HPE method
generalizes the exact Rockafellar’s PP method.

2. Condition (1.2.10) clearly relaxes both the inclusion and the equation in (17) within
a relative error criterion. Recall that 7¢(-) denotes the e-enlargement of 7" and
has the property that 7¢(z) D T'(z) (see Subsection 1.1 for details). Moreover, in
(1.2.11) an extragradient step from the current iterate z;_; gives the next iterate z;.

3. We emphasize that specific strategies for computing the triple (z;, v, ¢;) as well as
the stepsize A; > 0 satisfying (1.2.10) will depend on the particular instance of the
problem (1.2.9) under consideration. On the other hand, as mentioned before, the
HPE method can also be used as a framework for the design and analysis of concrete
algorithms for solving specific instances of (1.2.9) (see, e.g., [38, 64, 65, 66, 67, 68]).
We also refer the reader to Sections 2.1 and 2.2, in this work, for applications of the
HPE method in the context of decomposition/splitting algorithms for monotone
inclusions.

Since the appearance of the paper [67], we have seen an increasing interest in studding
the iteration-complezity of the HPE method and its special instances (e.g., Tseng’s forward-
backward splitting method, Korpelevich extragradient method and ADMM [66, 67, 68]).
This depends on the following termination criterion [67]: given tolerances p,e > 0, find
z,v € H and ¢ > 0 such that

veT(2), |v]|<p, e<e (1.2.12)
Note that, by Proposition 1.1.1(d), if p = € = 0 in (1.2.12) then 0 € T'(2), i.e., 2 € T~1(0).
We now summarize the main results on pointwise (non ergodic) and ergodic iteration-

complexity [67] of the HPE method that will be used in this thesis. The aggregate stepsize
sequence {A;} and the ergodic sequences {z;}, {v;}, {¢;} associated to {\;} and {Z},
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{v;}, and {e;} are, respectively,

J
A= Z Ae, (1.2.13)

J

= 1
Z )\g Zy, 6j = T )\g Uy, (1214)
A =1 Jo=1
1 J _ 1 J —
gj = Tj 2 )\g [é“g + <Zg — 25,V — ] = TJ ; )\g [gg —|— Zj,’U() . (1215)

Theorem 1.2.1 ([67, Theorem 4.4(a) and 4.7]). Let {%;}, {v;}, etc, be generated by the
HPE method (Algorithm 1) and let {Z;}, {v;}, etc, be given in (1.2.13)(1.2.15). Let
also dy denote the distance from zo to T1(0) # 0 and assume that \; > X\ > 0 for all
j > 1. Then, the following hold:

(a) For any j > 1, there exists 1 € {1,...,7} such that

/1+a o’d?
)\\/_ 2(1—0?)Aj

2o 2(1 + 0 /v1— 02)d?
/\ &j S )\] .

v € T9(2),  |lvil| <

(b) For any j > 1,

v €T9(Z),  |will <

Remark.

The (pointwise and ergodic) bounds given in (a) and (b) of Theorem 1.2.1 guarantee,
respectively, that for given tolerances p, e > 0, the termination criterion (1.2.12) is
satisfied in at most

d% dg do dg
O (max{ypyg}) and O (max{xp,z}>

iterations, respectively. We refer the reader to [67] for a complete study of the
iteration-complexity of the HPE method and its special instances.

The proposition below will be useful in the next sections.

Proposition 1.2.2 (|67, Lemma 4.2 and Eq. (34)]). Let {z;} be generated by the
HPE method (Algorithm 1). Then, for any z* € T-(0), the sequence {||z* — z;||} is
nonincreasing. As a consequence, for every 7 > 1, we have

125 = 2ol| < 2do,

where dy denotes the distance of zy to T~*(0).
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1.2.5 A HPE variant for strongly monotone sums
We now consider the MIP
0€ S(z)+ B(z) =T(2) (1.2.16)
where the following is assumed to hold:
(C1) S and B are maximal monotone operators on H;

(C2) S is (additionally) p—strongly monotone for some p > 0, i.e., there exists yu > 0
such that

(z=2o=v)>pllz 2>  YoeS(2),veSE);

(C3) the solution set (S + B)~!(0) of (1.2.16) is nonempty.

The main motivation to consider the above setting is Subsection 2.2.1, in which the
monotone inclusion (2.2.5) is clearly a special instance of (1.2.16) with S(-) := (1/7)(-—2),
which is obviously (1/7)-strongly maximal monotone on #.

The algorithm below was proposed and studied, however using a different notation,
in [6, Algorithm 1.

Algorithm 2. A specialized HPE method for solving strongly monotone in-
clusions

(0) Let zo € H and o € [0,1) be given and set j < 1.
(1) Compute (Zj,v;,¢;) € H x H x Ry and A\; > 0 such that
v € 8(%) +BY(Z),  I\vs + 7 — ziall® + 208 < 0?17 — zal”. (12.17)
(2) Define
2 = Zj_1 — A\jvj, (1.2.18)

set j «— 7+ 1 and go to step 1.

Next proposition will be useful in Subsection 2.2.1.

Proposition 1.2.3 ([6, Proposition 2.2|). Let {%;}, {v;} and {¢;} be generated by
Algorithm 2, let z* := (S + B)*(0) and dy := ||z — 2*||. Assume that \; > X > 0 for all
j > 1 and define

— (2 + ! 716(01)
o= VAR ,1).
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Then, for all j > 1,
b € S(5) + B(3)
1

i)
T5o ((1— )02
ol < 122 (=) do

l1—0

< o () a
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Chapter 2

Iteration-complexity of an inexact
Douglas-Rachford method and of a
Douglas-Rachford-Tseng’s F-B
four-operator splitting method for
solving monotone inclusions

In this chapter, we propose and study the iteration-complexity of an inexact Douglas-
Rachford splitting method and a Douglas-Rachford-Tseng’s forward-backward splitting
method for solving two-operator and four-operator monotone inclusions, respectively. We
prove iteration-complexity bounds for both algorithms in the pointwise and the ergodic
sense by showing that they admit two different iterations: one that can be embedded into
the HPE method, for which the iteration-complexity is known since the work of Monteiro
and Svaiter, and another one which demands a separate analysis.

This chapter is organized as follows. In Section 2.1, we present the first method
(Algorithm 3) in which inexact computations are allowed in both the inclusion and the
equation in (1.2.7). The main results of this section are Theorem 2.1.5 and Theorem
2.1.6. In Section 2.2, we derive the second method (Algorithm 5 that combines Algorithm
3 (used as an outer iteration) with a Tseng’s F-B splitting type method (Algorithm 4),
used as an inner iteration) for solving the corresponding subproblems. The main results
of this section are Theorem 2.2.3 and Theorem 2.2.4.

The results of this chapter were published in [4].

2.1 Aninexact Douglas-Rachford splitting (DRS) method
and its iteration-complexity

Consider problem (11), i.e., the problem of finding z € H such that
0€ A(z) + B(2) (2.1.1)
where the following hold:

(D1) A and B are maximal monotone operators on H;
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(D2) the solution set (A + B)~*(0) of (2.1.1) is nonempty.

In this section, we propose and analyze the iteration-complexity of an inexact version
of the Douglas-Rachford splitting (DRS) method [56| for finding approximate solutions of
(2.1.1) according to the following termination criterion: given tolerances p,e > 0, find
a,b,x,y € H and ¢4, &, > 0 such that

a€ A% (y), b e B*(x),
Ma+oll =z =yl < p, (2.1.2)
€at &y <6

where v > 0 is a scaling parameter. Note that if p = € =0 in (2.1.2), then z* :=x = y is
a solution of (2.1.1).

As we mentioned earlier, the algorithm below is motivated by (1.2.7)—(1.2.8), as well
as by the recent work of Eckstein and Yao [40].

Algorithm 3. An inexact Douglas-Rachford splitting method for (2.1.1)

(0) Let zo € H, v >0, 79 >0and 0 < 0,0 <1 be given and set k + 1.
(1) Compute (zg, bg,€p 1) € H x H x Ry such that

by € Bab’k(zk), ||’ybk + xp — Zk—lHQ + 2vepk < T (2.1.3)

(2) Compute (yx, aix) € H x H such that

ar € A(yx),  var + Yk = Ty — Y. (2.1.4)
(3) (3.a) If
Vb + 7 — 21 |2 + 2vepn < I v0k + Yo — 211 |7 (2.1.5)
then
2z = zp1 — Y(ak +by), Tk = Tr1 [extragradient step|. (2.1.6)
(3.b) Else
2% = Zp—1, TE=0Tp1 [null step. (2.1.7)

(4) Set k < k + 1 and go to step 1.

Remarks.

1. We emphasize that although it has been motivated by [40, Algorithm 3], Algorithm
3 is based on a slightly different mechanism of iteration. Moreover, it also allows
for the computation of (z,bx) in (2.1.3) in the &, enlargement of B (it has the
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property that B+ (x) D B(x) for all x € H); this will be crucial for the design and
iteration-complexity analysis of the four-operator splitting method of Section 2.2.
We also mention that, contrary to this work, no iteration-complexity analysis is
performed in [40].

2. Computation of (z, bg, €5, 1) satisfying (2.1.3) will depend on the particular instance
of the problem (2.1.1) under consideration. In Section 2.2, we will use Algorithm 3
for solving a four-operator splitting monotone inclusion. In this setting, at every
iteration & > 1 of Algorithm 3, called an outer iteration, a Tseng’s forward-backward
(F-B) splitting type method will be used, as an inner iteration, to solve the (prox)
subproblem (2.1.3).

3. Whenever the resolvent J,p = (yB + I)~! is computable, then it follows that
(wk, b)) = (JyB(2k—1), (2h—1 — k) /) and &, ) := 0 clearly solve (2.1.3). In this case,
the left hand side of the inequality in (2.1.3) is zero and, as a consequence, the
inequality (2.1.5) is always satisfied. In particular, (1.2.7)-(1.2.8) hold, i.e., in this
case Algorithm 3 reduces to the (exact) DRS method.

4. In this chapter, we assume that the resolvent J,4 = (yA + I)~! is computable,
which implies that (yg, ax) == (Jya(zx — Ybe), (T — Y — yx)/7y) is the demanded
pair in (2.1.4). An interesting topic for future investigation would be to relax (2.1.4)
to allow inexact computations of (yy, ax) similarly to (2.1.3).

5. Algorithm 3 potentially performs extragradient steps and null steps, depending
on the condition (2.1.5). It will be shown in Proposition 2.1.2 that iterations
corresponding to extragradient steps reduce to a special instance of the HPE method,
in which case pointwise and ergodic iteration-complexity results are available
in the current literature (see Proposition 2.1.3). On the other hand, iterations
corresponding to the null steps will demand a separate analysis (see Proposition
2.1.4).

As we mentioned in the latter remark, each iteration of Algorithm 3 is either an extra-
gradient step or a null step (see (2.1.6) and (2.1.7)). This will be formally specified by
considering the sets:

A = indexes k > 1 for which an extragradient step is executed at the iteration k.

B := indexes k > 1 for which a null step is executed at the iteration k.
(2.1.8)

That said, we let
A= {kitjes, J:={j=1]j<#A} (2.1.9)
where ky := 0 and ko < k; < kj4; for all j € J, and let 8y := 0 and

B := the number of indexes for which a null step is executed until the iteration k.
(2.1.10)

Note that direct use of the above definition and (2.1.7) yield

7 = 07 Yk > 0. (2.1.11)
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In order to study the ergodic iteration-complexity of Algorithm 3 we also define the
ergodic sequences associated to the sequences {xx; }jers, {Yk, }jcs, 10k, }iess {br; }jes, and
{eb,k,; }jes, for all j € J, as follows:

1 I

T, = szk“ Up, = ;Zykf’ (2.1.12)
/=1 =1

1< S

akj = EZake s bkj = EZ bké s (2113)
/=1 =1

~ 1< - N _

ga,kj = ;Z <y/€g - ykja ap, — a’kj) = EZ <yk[ - ykja akg>a (2114)

=1 =1

1< _ 1<
gb,kj = ; E [8{,7;% + <xke — Tkjwbkg — bk]>] = ; E [5b,k5 + (xkg — Tkj; bke)}‘ (2115)
/=1 /=1

Moreover, the results on iteration-complexity of Algorithm 3 (pointwise and ergodic)
obtained in this chapter will depend on the following quantity:

do,~ := dist (29, zer(S, 4,5)) = min{||z0 — z|| | z € zer(S,,45)} (2.1.16)
which measures the quality of the initial guess z, in Algorithm 3 with respect to zer(S, 4.5),
where the operator S, 4 p is such that J,z(zer(S,, 4 5)) = (A+ B)~1(0) (see (1.2.6)).

In the next proposition, we show that the procedure resulting by selecting the
extragradient steps in Algorithm 3 can be embedded into HPE method.
First, we need the following lemma.

Lemma 2.1.1. Let {z} be generated by Algorithm 3 and let the set J be defined in
(2.1.9). Then,

ij71 = Zk]-—l VJ e J (2117)

Proof. Using (2.1.8) and (2.1.9) we have {k > 1|k;—; < k < k;} C B, for all j € J.
Consequently, using the definition of B in (2.1.8) and (2.1.7) we conclude that z, = 2,_,
whenever k;_; < k < k;. As a consequence, we obtain that (2.1.17) follows from the fact
that kj—l S k’j —-1< kj. ]

Proposition 2.1.2. Let {z}, {(zg, bx)}, {evx} and {(yx, ar)} be generated by Algorithm
3 and let the operator S, a p be defined in (1.2.6). Define, for all j € J,

ij = ykj + ’)/bkj, Uk:j = V(akj + bkj), 5k;j = W/Sb,kj- (2118)
Then, for all j € J,

vk € (Sy,4,8)™ (Bay)s Hlowg + Fy — 217+ 268, < 0?12 — 2%, (2.1.19)

ij = ij,l — Uk:j~

As a consequence, the sequences {Zy; }jes, U, }jes, {€k, }jes and {zx,; }jes are generated
by Algorithm 1 with \; =1 for solving (1.2.9) with T := S, 4 p.
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Proof. For any (2/,v") :== (y +vb,ya+~b) € S,, 4 g we have, in particular, b € B(z) and
a € A(y) (see (1.2.6)). Using these inclusions, the inclusions in (2.1.3) and (2.1.4), the
monotonicity of the operator A and (1.1.1) with 7' = B we obtain

(Tr, — ,bp, — b) > —cpi,,
(2.1.20)
<ykj —Y,ax; — CL) > 0.

Moreover, using the identity in (2.1.4) and the corresponding one in (1.2.6) we find

(W, = y) + 7 (bw, — b) = (zk; — ) —v(ax;, — a). (2.1.21)
Using (2.1.18), (2.1.20) and (2.1.21) we have

(Z, — 2y, — V") = ((yn, +0;) — (v + ), (yaw, +vbr;) — (ya + b))
= (Y, —y + (b, — b),v(ax, — a) +y(bg, — b))
=Y (Y, =y + (b, = b),ar; — a) +{yk, —y +v(br; — b), b, — )
=YYk, =y + (b, =), ar; —a) +y(zx, — 7 — y(ar; —a),by; —b)
=YYk, — ¥ ax; — @) + (kg — 2, by; — b)
> y(xp;, — x,by; —b)

V

= —f‘:kj,

which combined with definition (1.1.1) gives the inclusion in (2.1.19).
From (2.1.18), (2.1.17), the identity in (2.1.4) and (2.1.5) we also obtain

vk, + 2k, — 2k, I = [v(ar, + bx;) + (yr; +v0x;) — ij—1||2
= [[(zk, — yi,) + (yr, + Vbk,) — 21,1
= [Ivby; + iy — 21|
< ?||ybr, + Y, — zk,-1]1* — 2vE0 R,
= 02||Ekj — 2k, 1% — 2ey;,
which gives the inequality in (2.1.19). To finish the proof of (2.1.19), note that the
desired identity in (2.1.19) follows from the first one in (2.1.6), the second one in (2.1.18)

and (2.1.17). The last statement of the proposition follows from (2.1.18), (2.1.19) and
Algorithm 1’s definition. ]

Proposition 2.1.3. (rate of convergence for extragradient steps) Let {(z,bx)},
{(yk, ax)} and {ep, 1} be generated by Algorithm 3 and consider the ergodic sequences
defined in (2.1.12)(2.1.15). Let dy, and the set J be defined in (2.1.16) and (2.1.9),
respectively. Then,

(a) For any j € J, there existsi € {1,...,j} such that

a, € A(ykl), bkz € B ’“z(xkl), (2122)

d07 l+o
< —= 2.1.23
<o (2.1.23)

(2.1.24)

= ”xkz — Yk,
szgﬁ

Ep b K ———— .
(i)

7|’ak¢ +bk¢
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(b) For any j € J,

ay, € A (g, ), bi, € BN (Ty), (2.1.25)
I _ 2dy,
W, Bl = 17, =T | < =52, (2.1.26)
201+ 0/v1—02)d?
€a,k; T Ebk; < ( / 7 Jdo, (2.1.27)

Proof. Note first that (2.1.22) follow from the inclusions in (2.1.3) and (2.1.4). Using the
last statement in Proposition 2.1.2, Theorem 1.2.1 (with A = 1) and (2.1.16), we obtain
that there exists i € {1,...,j} such that

do 1—|—0’
v || < —2
o < 824/ 122,
o?d?
L
e

which, in turn, combined with the identity in (2.1.4) and the definitions of vy, and gy,
in (2.1.18) gives the desired inequalities in (2.1.23) and (2.1.24) (concluding the proof of
(a)) and

_ 2d,,
5]l < —=,
J
(2.1.28)
- 2(1+ 0/\/‘1 — o?)dg,

= )

J

where 7; and g; are defined in (1.2.14) and (1.2.15), respectively, with A; = j and

)\g = 17 Vg i= Uk, € = Eky, Zp = Ek Vi = 1,,] (2129)

14

Since the inclusions in (2.1.25) are a direct consequence of the ones in (2.1.3) and
(2.1.4), Proposition 1.1.1(d), (2.1.12)-(2.1.15) and Theorem 1.1.2, it follows from (2.1.26),
(2.1.27) and (2.1.28) that to finish the proof of (b), it suffices to prove that

v; = (@, + br,),
V(@x, + bry) = Tu; — Ty, (2.1.30)
€ =V(Ca,k; + Eb,ky)-
The first identity in (2.1.30) follows from (2.1.29), the second identities in (1.2.14) and
(2.1.18), and (2.1.13). On the other hand, from (2.1.4) we have y(ax, + bx,) = x, — Y,

for all ¢ =1,..., 7, which combined with (2.1.12) and (2.1.13) gives the second identity
in (2.1.30). Using the latter identity and the second one in (2.1.30) we obtain

(ykz _ykj) +7(bke - bk]) = ( ke _Tkj) - 7(0'/% _akj) Vi = 1,... 7j' (2131)
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Moreover, it follows from (1.2.14), (2.1.29), the first identity in (2.1.18), (2.1.12) and
(2.1.13) that

- - 1

J
zj=zr; = ;Z (Yre +Ybre) = Ui, + 0r,- (2.1.32)
=1

Using (2.1.32), (2.1.29), (2.1.18) and (2.1.31) we obtain, for all £ =1,..., ],

</sz - §j>vf> = <(y/€e + kae) - (ykj + ngj)vq/(akz + bké))

= ’7((yk’e - gk]) + V(bkz - bkj)> akz> + ’7<(ykz - ykj) + 7(bke - bkj)’ bkz)
= 7<<y/€e - gk]) + '7(b/€e - Bkj)7 ake> + ’7<($ke - fk?j) - ’Y(Gkg - akj)v b’w>
= 7<ykz - ykj’ akz) + 72<bk‘4 - Bkj’ ak‘z) + 7<xk‘e - Tk‘j’ bke> - 72<akz - ak]” bk‘e>’

which combined with (1.2.15), (2.1.29), (2.1.14) and (2.1.15) yields

1 R 1 _ _
g = ;Z [54 + (2 — Zjave>] = ;Z v [5b,kg + (T, — Ty br,) + (Yr, — ykj,am]
=1 =1

= V(Ea,k; T Eb,k;)5
which is exactly the last identity in (2.1.30). This finishes the proof. O

Proposition 2.1.4. (rate of convergence for null steps) Let {(zg,bx)}, {(yx, ax)}
and {epr} be generated by Algorithm 3. Let {5} and the set B be defined in (2.1.10)
and (2.1.8), respectively. Then, for k € B,

ai € A(?Jk)? bk € Bab’k(‘rk% (2133)
2VT0 o
(o2

Mak +oull = llzx — il <

Y

-
veb Kk < 509&“‘1-

Proof. Note first that (2.1.33) follows from (2.1.3) and (2.1.4). Using (2.1.8), (2.1.3) and
Step 3.b’s definition (see Algorithm 3) we obtain

Tio1 2 [[ybe + 2k — 21 |* + 2ve > 0% |lvbe + i — 2 )1,

Pk 9k
which, in particular, gives
Yeor < _Tk2—17 (2.1.34)
and combined with the identity in (2.1.4) yields,
Yar + 0kl = llze = yill = llpx — gl
< lpwll + llgx|
1
< (1 4 —) . (2.1.35)
o
To finish the proof, use (2.1.34), (2.1.35) and (2.1.11). O
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Next we present the main results regarding the pointwise and ergodic iteration-
complexity of Algorithm 3 for finding approximate solutions of (2.1.1) satisfying the
termination criterion (2.1.2). While Theorem 2.1.5 is a consequence of Proposition 2.1.3(a)
and Proposition 2.1.4, the ergodic iteration-complexity of Algorithm 3, namely Theorem
2.1.6, follows by combining the latter proposition and Proposition 2.1.3(b). Since the
proof of Theorem 2.1.6 follows the same outline of Theorem 2.1.5’s proof, it will be
omitted.

Theorem 2.1.5. (pointwise iteration-complexity of Algorithm 3) Assume that
max{(1 — o)~ !, 07} = O(1) and let dy., be as in (2.1.16). Then, for given tolerances
p,€ >0, Algorithm 3 finds a,b,z,y € H and g, > 0 such that

a€ Ay), b € B (x),

YMa+0ll = [lz —yll < p, (2.1.36)
Ep S €
after performing at most
2. dé
0 (1 +max{L;, _}) (2.1.37)
p* e

extragradient steps and

O (1 + max {1og+ (?) log* (%) }) (2.1.38)

null steps. As a consequence, under the above assumptions, Algorithm 3 terminates with
a,b,x,y € H and g, > 0 satisfying (2.1.36) in at most

dg., d¢ V/
(@) (1 + max {L;, ﬁ} + max {logJr (j) ,log* (E) }) (2.1.39)
p? e p ve

iterations.
Proof. Let A be as in (2.1.8) and consider the cases:

2 2,72
2d0,w g dO,v

1—0)p? 2v(1 — 0?)e

HA> Moy = {max {( }w and #A < M. (2.1.40)

In the first case, the desired bound (2.1.37) on the number of extragradient steps to find
a,b,x,y € H and €, > 0 satisfying (2.1.36) follows from the definition of J in (2.1.9) and
Proposition 2.1.3(a).

On the other hand, in the second case, i.e., #A < My, the desired bound (2.1.38)
is a direct consequence of Proposition 2.1.4. The last statement of the theorem follows
from (2.1.37) and (2.1.38). O

Next is the main result on the ergodic iteration-complexity of Algorithm 3. As
mentioned before, its proof follows the same outline of Theorem 2.1.5’s proof, now
applying Proposition 2.1.3(b) instead of the item (a) of the latter proposition.
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Theorem 2.1.6. (ergodic iteration-complexity of Algorithm 3) For given toler-
ances p,e > 0, under the same assumptions of Theorem 2.1.5, Algorithm 3 provides
a,b,r,y € H and e,,cp > 0 such that

a € A*(y), b e B (z),
Ma+obll =z —yll < p, (2.1.41)
€at+ep L e

do~ df
0 (Hmax{ﬂ,ﬁ})
p e
extragradient steps and

ofs sl (2) o (2))

null steps. As a consequence, under the above assumptions, Algorithm 3 terminates with
a,b,z,y € H and e4,e, > 0 satisfying (2.1.41) in at most

d2 [
@) (1 + max {%, E} + max {logJr (j) log™ (E) }) (2.1.42)
p e p e

iterations.

after performing at most

Proof. The proof follows the same outline of Theorem 2.1.5’s proof, now applying Propo-
sition 2.1.3(b) instead of Proposition 2.1.3(a). O

Remarks.

1. Theorem 2.1.6 ensures that for given tolerances p,e > 0, up to an additive logarith-
mic factor, Algorithm 3 requires no more than

d2
O (1+max{%,ﬁ})
p €

iterations to find an approximate solution of the monotone inclusion problem (2.1.1)
according to the termination criterion (2.1.2).

2. While the (ergodic) upper bound on the number of iterations provided in (2.1.42)
is better than the corresponding one in (2.1.39) (in terms of the dependence on the
tolerance p > 0) by a factor of O(1/p), the inclusion in (2.1.41) is potentially weaker
than the corresponding one in (2.1.36), since one may have ¢, > 0 in (2.1.41), and
the set A% (y) is in general larger than A(y).

3. Iteration-complexity results similar to the ones in Proposition 2.1.3 were recently
obtained for a relaxed Peaceman-Rachford method in [69] . We emphasize that,
in contrast to this work, the latter reference considers only the case where the
resolvents J,4 and J,p of A and B, respectively, are both computable.
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The proposition below will be important in the next section.

Proposition 2.1.7. Let {z;} be generated by Algorithm 3 and dy, be as in (2.1.16).
Then,

2 — 20|l < 2do, V> 1. (2.1.43)

Proof. Note that (i) if K = k; € A, for some j € J, see (2.1.9), then (2.1.43) follows from
the last statement in Proposition 2.1.2 and Proposition 1.2.2; (ii) if k£ € B, from the first
identity in (2.1.7), see (2.1.8), we find that either z; = 2o, in which case (2.1.43) holds
trivially, or zj, = 2, for some j € J, in which case the results follows from (i). ]

2.2 A Douglas-Rachford-Tseng’s forward-backward four-
operator splitting method

In this section, we consider problem (12), i.e., the problem of finding z € H such that
0€ A(z) + C(z) + Fi(2) + Fy(2) (2.2.1)
where the following hold:
(E1) A and C are (set-valued) maximal monotone operators on H.

(E2) Fy : D(Fy) C H — H is monotone and L-Lipschitz continuous on a (nonempty)
closed convex set €2 such that D(C) C Q@ C D(F}), i.e., F} is monotone on €2 and
there exists L > 0 such that

|Fi(z) — F1(2)|| < L)z = 2| Vz,2 € Q. (2.2.2)

(E3) Fy:H — H is n—cocoercive, i.e., there exists n > 0 such that

(Fy(2) — Fy(2), 2 = &) > || Fa(z) — Fa(2)|)> V2,2 € H.

(E4) B~'(0) is nonempty, where

(E5) The solution set of (2.2.1) is nonempty.

Aiming at solving the monotone inclusion (2.2.1), we present and study the iteration-
complexity of a (four-operator) splitting method which combines Algorithm 3 (used as an
outer iteration) and a Tseng’s forward-backward (F-B) splitting type method (used as an
inner iteration for solving, for each outer iteration, the prox subproblems in (2.1.3)). We
prove results on pointwise and ergodic iteration-complexity of the proposed four-operator
splitting algorithm by analyzing it in the framework of Algorithm 3 for solving (2.1.1)
with B as in (2.2.3) and under assumptions (E1)-(E5). The (outer) iteration complexities
will follow from results on pointwise and ergodic iteration complexities of Algorithm
3, obtained in Section 2.1, while the computation of an upper bound on the overall
number of inner iterations required to achieve prescribed tolerances will require a separate
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analysis. Still regarding the results on iteration-complexity, we mention that we consider
the following notion of approximate solution for (2.2.1): given tolerances p,e > 0, find
a,b,z,y € H and g4, ¢, > 0 such that

a € A% (y),
either b € C(z) + Fi(z) + F5*(z) or be (C+ Fy + F2)™ (x), (2.2.4)
Ma+bll=lz—yll <p eaten<e

where v > 0. Note that (i) for p = € = 0, the above conditions imply that z* := x = y is
a solution of the monotone inclusion (2.2.1); (ii) the second inclusion in (2.2.4), which
will appear in the ergodic iteration-complexity, is potentially weaker than the first one
(see Proposition 1.1.1(b)), which will appear in the corresponding pointwise iteration-
complexity of the proposed method.

We also mention that problem (2.2.1) falls in the framework of the monotone inclusion
(2.1.1) due to the facts that, in view of assumptions (E1), (E2) and (E3), the operator A
is maximal monotone, and the operator F; + F5 is monotone and (L + 1/n)-Lipschitz
continuous on the closed convex set 2 O D(C'), which combined with the assumption
on the operator C' in (E1) and with [66, Proposition A.1] implies that the operator B
defined in (2.2.3) is maximal monotone as well. These facts combined with assumption
(E5) give that conditions (D1) and (D2) of Section 2.1 hold for A and B as in (E1) and
(2.2.3), respectively. In particular, it gives that Algorithm 3 may be applied to solve the
four-operator monotone inclusion (2.2.1).

In this regard, we emphasize that any implementation of Algorithm 3 will heavily
depend on specific strategies for solving each subproblem in (2.1.3), since (yy, ax) required
in (2.1.4) can be computed by using the resolvent operator of A, available in closed form
in many important cases. In the next subsection, we show how the specific structure
(2.2.1) allows for an application of a Tseng’s F-B splitting type method for solving each
subproblem in (2.1.3).

2.2.1 Solving the subproblems in (2.1.3) for B as in (2.2.3)

In this subsection, we present and study a Tseng’s F-B splitting type method [11,
20, 66, 84| for solving the corresponding proximal subproblem in (2.1.3) at each (outer)
iteration of Algorithm 3, when used to solve (2.2.1). To begin with, first consider the
(strongly) monotone inclusion

0€ B(z) + %(z —2) (2.2.5)
where B is as in (2.2.3), v > 0 and 2z € H, and note that the task of finding (xy, by, €p 1)
satisfying (2.1.3) is related to the task of solving (2.2.5) with 2 := zj_;.

In the remaining part of this subsection, we present and study a Tseng’s F-B splitting
type method for solving (2.2.5). As we have mentioned before, the resulting algorithm
will be used as an inner procedure for solving the subproblems (2.1.3) at each iteration
of Algorithm 3, when applied to solve (2.2.1).

43



Algorithm 4. A Tseng’s F-B splitting type method for (2.2.5)

Input: C, F,,Q, L, F, and 7 as in conditions (E1)-(E5), 2€ H, 7 >0, 0 € (0,1) and ~
such that

4 2
0<y< il . (2.2.6)
1+ +/1+16L%*n%c?
(0) Set zg «— z and j «+ 1.
(1) Let 2z}, <= Po(2;-1) and compute
124z —y(F+ Fy) (2
zj:<lc+1> < -1 = v(F1 + Fo) (] 1))’
2 2 (2.2.7)
5 =% =7 (F(E) - FZ.) .
(2) If
Z/‘ _ ’5 2
l25-1 = 2I* + i~ 5l 7, (2.2.8)

2n
then terminate. Otherwise, set j <— 7 4+ 1 and go to step 1.

Output: (2;_1,2} 4,2, Z;).

Remark.

Algorithm 4 combines ideas from the standard Tseng’s F-B splitting algorithm [84]
as well as from recent insights on the convergence and iteration-complexity of some
variants the latter method [6, 20, 66]. In this regard, evaluating the cocoercive
component Fy just once per iteration (see |20, Theorem 1|) is potentially important
in many applications, where the evaluation of cocoercive operators is in general
computationally expensive (see [20] for a discussion). Nevertheless, we emphasize
that the results obtained in this chapter regarding the analysis of Algorithm 4 do
not follow from any of the just mentioned references.

Next corollary ensures that Algorithm 4 always terminates with the desired output.

Corollary 2.2.1. Assume that (1 —o*)~! = O(1) and let ds, denote the distance of 2
to B71(0) # 0. Then, Algorithm 4 terminates with the desired output after performing

no more than
9] (1 +log™" (QD (2.2.9)

Proof. See Subsection 2.2.3. [

iterations.
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2.2.2 A Douglas-Rachford-Tseng’s F-B four-operator splitting
method

In this subsection, we present and study the iteration-complexity of the main algorithm
in this chapter, for solving (2.2.1), namely Algorithm 5, which combines Algorithm 3,
used as an outer iteration, and Algorithm 4, used as an inner iteration, for solving the
corresponding subproblem in (2.1.3). Algorithm 5 will be shown to be a special instance
of Algorithm 3, for which pointwise and ergodic iteration-complexity results are available
in Section 2.1. Corollary 2.2.1 will be specially important to compute a bound on the total
number of inner iterations performed by Algorithm 5 to achieve prescribed tolerances.

Algorithm 5. A Douglas-Rachford-Tseng’s F-B splitting type method for
(2.2.1)

(0) Let zo € H, 70 > 0 and 0 < 0,0 < 1 be given, let C, F},Q, L, F» and n as in
conditions (E1)-(E5) and + satisfying condition (2.2.6), and set k <+ 1.

(1) Call Algorithm 4 with inputs C, F,Q, L, Fy and 0, (2,7) := (24—1, Tk—1), 0 and 7
to obtain as output (z;-1,2;_;,2j,2;), and set
Zk—1+ zj-1 — (25 + Z5) Hzéel - ZJ'H2

T = :’5]', bk = ~ y Ebk = T (2210)

(2) Compute (yx, aix) € H x H such that

ar € A(yr), ~Yar + yr = Tp — Ybg. (2.2.11)
(3) (3.a) If
17vbr + 21 — 2z || + 2ven, < 02||vbr + Yi — 2611,
then
2z = zp—1 — Y(ak + by), Tk = Tr_1 [extragradient step]. (2.2.12)
(3.b) Else

2% = Zp_1, T =0Tp_1 [null step. (2.2.13)

(4) Set k < k + 1 and go to step 1.

In what follows we present the pointwise and ergodic iteration complexities of Algo-
rithm 5 for solving the four-operator monotone inclusion problem (2.2.1). The results
will follow essentially from the corresponding ones for Algorithm 3 previously obtained
in Section 2.1. On the other hand, bounds on the number of inner iterations executed
before achieving prescribed tolerances will be proved by using Corollary 2.2.1.

We start by showing that Algorithm 5 is a special instance of Algorithm 3.
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Proposition 2.2.2. The triple (xy, by, €p 1) in (2.2.10) satisfies condition (2.1.3) in Step
1 of Algorithm 3, i.e.,

b € C(xx) + Fy(zg) + Fy"" (v) C B*(xy),  ||vbe + 21 — 2| + 29808 < Tho,
(2.2.14)

where B is as in (2.2.3). As a consequence, Algorithm 5 is a special instance of Algorithm
3 for solving (2.1.1) with B as in (2.2.3).

Proof. Using the first identity in (2.2.21), the definition of by in (2.2.10) as well as the
fact that z := 2,1 in Step 1 of Algorithm 5 we find

1, . .
bk =V — ;(Z] — Zkfl) =V — ;(Z] — Z) (2215)

Combining the latter identity with the second inclusion in (2.2.22), the second identity
in (2.2.21) and the definitions of x) and ¢,  in (2.2.10) we obtain the first inclusion in
(2.2.14). The second desired inclusion follows from (2.2.3) and Proposition 1.1.1(b). To
finish the proof of (2.2.14), note that from the first identity in (2.2.15), the definitions of
xy, and gy ;, in (2.2.10), the definition of v; in (2.2.21) and (2.2.8) we have

e —El°

< T =T
277 = k—1,

70k + @k — 25112+ 2988 = 1250 — 2]1° +
which gives the inequality in (2.2.14). The last statement of the proposition follows from
(2.2.14), (2.1.3)-(2.1.7) and (2.2.11)-(2.2.13). O

Theorem 2.2.3. (pointwise iteration-complexity of Algorithm 5) Let the oper-
ator B and dy~ be as in (2.2.3) and (2.1.16), respectively, and assume that max{(1 —
o) to7ly = O(1). Let also dyy be the distance of zg to B~1(0) # 0. Then, for given
tolerances p,e > 0, the following hold:

(a) Algorithm 5 finds a,b,x,y € H and €, > 0 such that
a € Aly), be Cz) + Fi(z) + F5'(z), Alla+b]=llz—yll <p e <e (22.16)

after performing no more than

dz. d? /7o
Ep: outer := O (1 + max {L;, ﬂ} + max {logJr ( ) log™* ( )})
P2 e ye

outer iterations.

(b) Before achieving the desired tolerance p,e > 0, each iteration of Algorithm 5
performs at most

Kinner := O (1 + log™ doy & dos +max {logt [ Y2 ) logt [ 2
g g g
V0 p e

(2.2.17)

inner iterations; and hence evaluations of the n—cocoercive operator Fy.
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As a consequence, Algorithm 5 finds a,b,x,y € H and g, > 0 satisfying (2.2.16) after
performing no more than kp. outer X Kinner inner iterations.

Proof. (a) The desired result is a direct consequence of the last statements in Proposition
2.2.2 and Theorem 2.1.5, and the inclusions in (2.2.14).

(b) Using Step 1’s definition and Corollary 2.2.1 we conclude that, at each iteration
k > 1 of Algorithm 5, the number of inner iterations is bounded by

) <1 + log™ <d’;—\/;_f)> (2.2.18)

where d,, , ; denotes the distance of z;_; to B~1(0). Now, using the last statements
in Propositions 2.2.2 and 2.1.2, Proposition 1.2.2 and a simple argument based on the
triangle inequality we obtain

Aoy 1 p < 2doy +doy VR > 1 (2.2.19)

By combining (2.2.18) and (2.2.19) and using (2.1.11) we find that, at every iteration
k > 1, the number of inner iterations is bounded by

do —|—d0b dO +d0b
O(14+1ocT [ =222 —0O|1+]loct [ 222 )
( e <\/95’“—1To)) < e ( V70 )Jrﬁk 1)

Using the latter bound, the last statement in Proposition 2.2.2, the bound on the number
of null steps of Algorithm 3 given in Theorem 2.1.5, and (2.1.10) we conclude that, before
achieving the prescribed tolerance p, e > 0, each iteration Algorithm 5 performs at most
the number of iterations given in (2.2.17). This concludes the proof of (b).

To finish the proof, note that the last statement of the theorem follows directly from
(a) and (b). O

Theorem 2.2.4. (ergodic iteration-complexity of Algorithm 5) For given toler-
ances p,e > 0, under the same assumptions of Theorem 2.2.3 the following hold:

(a) Algorithm 5 provides a,b,z,y € H and €4,€, > 0 such that

a € A€a<y)7 be (C+F1 +F2)€b (LL'), PYHCL_'_bH = H:E - yH < P; €at &b <e€
(2.2.20)

after performing no more than

do~ dé
ke;Outer =0 (1 -+ max {ﬂ, ﬂ} + max {10g+ (@) ,lOng (E) })
pe p ve

outer iterations.

(b) Before achieving the desired tolerance p,e > 0, each iteration of Algorithm 5
performs at most

kinner =0 (]- + 10g+ (M) + max {10g+ <@) 710g+ (E) })
\/T_O Y YE

inner iterations; and hence evaluations of the n—cocoercive operator Fy.

As a consequence, Algorithm 5 provides a,b,x,y € H and &, > 0 satisfying (2.2.20) after
performing no more than ke, outer X Kinner nner iterations.

Proof. The proof follows the same outline of Theorem 2.2.3’s proof. ]
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2.2.3 Proof of Corollary 2.2.1

We start this subsection by showing that Algorithm 4 is a special instance of Algorithm
2 for solving the strongly monotone inclusion (2.2.5).

Proposition 2.2.5. Let {2;}, {#}} and {Z;} be generated by Algorithm 4 and let the
operator B be as in (2.2.3). Define,

Zj1 T % o= ||Z§71 B ’5]”2
J - /y I J 477 I
Then, for all j > 1,

Vi > 1. (2.2.21)

v € (NG - +C0E) +AE) +F(E) C (10)GE -2 + B9(E),  (2222)
o+ % — 21112 + 2985 < 0215 — 2541 (2.2.23)
RZj = Zj—1 — YVj. (2224)

As a consequence, Algorithm 4 is a special instance of Algorithm 2 with \; = v for
solving (1.2.16) with S(-) := (1/7)(- — 2).

Proof. Note that the first identity in (2.2.7) gives

Zj,1 — Zj

. Fi(z) € (1/)(E = 2) + CF) + Fa(z0)-

Adding Fi(Z;) in both sides of the above identity and using the second and first identities
in (2.2.7) and (2.2.21), respectively, we find

v = % € (/) -2 +CE) + FiE) + B(Z_),

which, in turn, combined with Lemma A.2 and the definition of ¢; in (2.2.21) proves
the first inclusion in (2.2.22). Note now that the second inclusion in (2.2.22) is a direct
consequence of (2.2.3) and Proposition 1.1.1(b). Moreover, (2.2.24) is a direct consequence
of the first identity in (2.2.21).

To prove (2.2.23), note that from (2.2.21), the second identity in (2.2.7), (2.2.6) and
(2.2.2) we have

Wz —El

Iv0; 4+ 2 — 21l + 2ve; = VIFU(E) — Fu(zj )11 + 2

ol -

< (ver+ L)l - 5l
< o?llzj1 = F|7,

which is exactly the desired inequality, where we also used the facts that 2} ;, = Po(2;-1),

Z; € D(C) C Q and that Py is nonexpansive. The last statement of the proposition
follows from (2.2.22)-(2.2.24), (2.2.5), (1.2.17) and (1.2.18). O
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Proof of Corollary 2.2.1. Let, for all j > 1, {v;} and {¢;} be defined in (2.2.21).
Using the last statement in Proposition 2.2.5 and Proposition 1.2.3 with px := 1/ and
A= we find

(1 +0)* +0*)(1 — ) "||2 — 2|

2
sl +27e; < — 7

(2.2.25)

where 22 := (S + B)~'(0) with S(-) := (1/7)(- — 2), i.e., 2 = (yB 4+ 1)7"(2). Now, using
(2.2.25), (2.2.21) and Lemma A.1 we obtain

Meia = 5P < (1+0)+0*)(1—a)ydZ,

2
1251 = 21" + 2 = = o2 )

which in turn combined with (2.2.8), after some direct calculations, gives (2.2.9).
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Chapter 3

Relative-error 1mmertial-relaxed immexact

versions of Douglas-Rachford and
ADMM splitting algorithms

In this chapter, we analyze the asymptotic behavior of new variants of the DRS and
ADMM splitting methods, both under relaxation and inertial effects and with inexact
(relative-error) criterion for subproblems. The first is an inexact version of the proximal
point algorithm that includes both an inertial step and overrelaxation. The second is
an inexact variant of the Douglas-Rachford splitting method for maximal monotone
operators, while the latter is an inexact variant of the alternating direction method of
multipliers (ADMM) for convex optimization.

This chapter is organized as follows. In Section 3.1, we present our inertial-relaxed
HPP method (Algorithm 6) and its convergence analysis. In Section 3.2, we use the HPP
method (Algorithm 6) to develop an inexact inertial-relaxed DR method (Algorithm 7), for
which convergence is established in Theorem 3.2.3. In Section 3.3, we use inertial-relaxed
DR method to derive a partially inexact relative-error ADMM method (Algorithm 8).
The main result of this section is Theorem 3.3.4. In Section 3.4, we performed numerical
experiments using our new inexact ADMM method (proposed in Section 3.3) to LASSO
and logistic regression problems.

The results of this chapter were published in [3].

3.1 Aninertial-relaxed hybrid proximal projection (HPP)
method

We begin by developing a new method for the problem (8), i.e.,
0e€T(2), (3.1.1)

where T : R™ = R” is a maximal monotone operator; we assume that this problem has a
solution. Our new proposed procedure for this problem, related to the method of [79|
but having a new “inertial” step feature, is given below as Algorithm 6.
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Algorithm 6. A relative-error inertial-relaxed HPP method for solving
(3.1.1)

Initialization: Choose 2 = 27! € R" and 0 < ,0 <land 0 < p <p <2
for k=0,1,... do
Choose oy, € [0, o] and define
wh = 28 4 o (2 — 2 (3.1.2)
Find (z%,0v%) € R® x R™ and \; > 0 such that
P eT(FF),  [|AF 4+ 2 —wf|? <o (|28 — wF )P+ |t IP) (3.1.3)
If v¥ = 0, then stop. Otherwise, choose p;, € [B,,B] and set

k+1 k <wk — ¥, Uk> k

end for

We make the following remarks concerning this algorithm:

(i) The extrapolation step in (3.1.2) introduces inertial effects — see e.g. [1, 2] —
controlled by the parameter aj. The effect of the overrelaxation parameter pg
in (3.1.4) is similar but not identical, as shown in Figure 3.1 below. Conditions on
{ar}, @« €[0,1) and p € (0,2) that guarantee the convergence of Algorithm 6 are
given in Theorem 3.1.5 — see (3.1.20) and (3.1.21) and Figure 3.2 below.

Zk—1 CHy

Figure 3.1: Geometric interpretation of steps (3.1.2) and (3.1.4) in Algorithm 6. The
overrelaxed projection step (3.1.4) is orthogonal to the separating hyperplane Hy, which
can differ from the direction between 2!, z*, and w”* when a4, > 0.
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(ii) If & = 0, in which case ay, = 0, Algorithm 6 reduces to a special case of the HPP
method of [79]; see also [77]. Algorithm 6 is also closely related to the inertial
version of the HPP method presented in [1], although that method uses a different
relative error criterion. During the reviewing process of [3|, one of the referees
pointed out that Algorithm 6 is a special instance of Algorithm 1 in [59]. While
this is true, it also appears that the convergence analysis in [59, Theorem 2.1] has a
flaw: in particular, the key inequality (54) in that analysis reduces to 3 < —1 if one
setsa=—1,y=1, u=0and 7, =7 = 1, so it is unclear whether the convergence
result claimed in |59, Theorem 2.1] is valid.

(iii) At each iteration k, condition (3.1.3) is a relative error criterion for the inexact
solution of the proximal subproblem z* = (I + A\ T) "' (w") := Jy, r(w*). If 0 =0,
then this equation must be solved exactly and the pair (Z*,v*) may be written
(ZF,0%) = (Iar(wh), A\ T (w®—2%)). Here, we are primarily concerned with situations
in which the calculation of Jy, 7(w") is relatively difficult and must be approached
with an iterative algorithm. In such cases, we use the condition (3.1.3) as an
acceptance criterion to truncate such an iterative calculation, possibly saving
computational effort. We do not specify the exact form of the iterative algorithm
used to produce a pair (Z*,v*) satisfying (3.1.3), as it depends on the class of
problems to which the algorithm is being applied (and thus the structure of the
operator T). See |77, 79| for a related discussion; an abstract formalism of the class
of algorithm needed to find a solution to (3.1.3) is the “B-procedure” described
in [40] and also used in Section 3.2 below.

(iv) The point 25 in (3.1.4) may be viewed as 2" = w* + pp.(Py, (w*) — w"), where
Py, denotes orthogonal projection onto the hyperplane

Hy, o= {z € R" | (2,0F) = (3%, v")}, (3.1.5)

which strictly separates w* from the solution set 771(0) of (3.1.1). This kind of
projective approach to approximate proximal point algorithms was pioneered in [77].

(v) Algorithm 6 is an inexact variant of the proximal point algorithm (PPA) [74]. In
particular, each of its iterations performs an approximate resolvent calculation
subject a relative error criterion, and then executes a projection operation in the
manner introduced in [77]; see [76, 79| for related work. The main difference
from [77] is the inertial step (3.1.2).

If v¥ = 0 in Algorithm 6, then it follows from the inclusion in (3.1.3) that z* is
a solution of (3.1.1), that is, 0 € T'(z*), so we halt immediately with the solution z*.
For the remainder of this section, we assume that v* # 0 and hence that Algorithm 6
generates an infinite sequence of iterates.

The following well-known identity will be useful in the analysis of Algorithm 6:

11— p)p + pal* = (1 = p)|IplI* + pllal* — p(1 = p)llp — all* VP, €R™ VpeR.
(3.1.6)
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Lemma 3.1.1. [79, Lemma 2| For each k > 0, condition (3.1.3) implies that

1 J— 0'2 - 1 - 02 ~
125 — w*|| < [[]A®]| < I2*
1+4/1—(1—-0?)2 1—+/1—-(1-02)?
An immediate implication of Lemma 3.1.1 is that v* = 0 if and only if ¥ = w*.
The proof of the following proposition can be found, using different notation, in [79].
For the convenience of the reader, we also present it here.

—w"|.  (3.1.7)

Proposition 3.1.2. Let {z*}, {Z*} and {w"} be generated by Algorithm 6 and define,
for all k > 1,

se= @ pmax {7 — Wb p (- o?)2E ). (38
Then, for any 2* € T71(0),
25— 2%)12 + spyr < [|wF — 2*|3, VEk > 0. (3.1.9)

Proof. We start by defining Z*+1 as the orthogonal projection of w* onto the hyperplane
H = {2z € R"| (2,0%) = (ZF,vF)}, i.e.,

k_ sk ok
2R = b — W i k];_v >Uk. (3.1.10)
v

Next we show that the hyperplane H strictly separates the current point w”* from the
solution set Q := T71(0) # 0, that is,
(wF Py > (B8 Ry > (2% 0F) V2t e Q. (3.1.11)

To this end, 0 € T'(2*), v* € T(2*) and the monotonicity of T yield (z* — z* vF) > 0,
which is equivalent to the second inequality in (3.1.11). On the other hand, note that
from (3.1.3) and the Young inequality 2ab < a? 4 b* we have

(w* — 25, 0%) > (H —w*l + At ?) = (1= o) [Jw® = 2"l
which in turn yields
k_ sk ok
% > (1 - o?)|w* — || > 0. (3.1.12)
v

One consequence of (3.1.12) is the first inequality in (3.1.11), so (3.1.11) must hold.
From (3.1.10) and (3.1.11), we may infer that ™! is the projection w"* onto the

halfspace {z € R™ | (z,0%) < (Z%v*)}, which is a convex set containing z*. The

well-known firm nonexpansivess properties of the projection operation then imply that

lw® — 2 = 25 = 272 > flw® = 22, (3.1.13)

Algebraic manipulation of (3.1.4) and (3.1.10) yields z*+1 — 2* = (1 — pk)(w —2") +
pr(Z¥1 — 2*). Combining this equation with (3.1.6) with (p, ¢) = (w* — 2%, 2 — 2*)
gives

15 =21 = (1= p)[[w® = 27" + ol 25 = 2717 = pu(1 = pu) w® — 247,
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which after some rearrangement yields
[l = 2|2 = (|25 = 22 = pp (w® = 2117 = 25 = 2711%) + pu(1 = pi) [l — ZFHJ2.
Using (3.1.13) in the first term on the right-hand side of this identity produces

lw =2 = |5 = 27 )P > peflw® = ZFHE + (1 — i) [l — ZE?

= (p + pr(1 = p)) Jw* — 252
= pe(2 = pp) (%—;'M) by (3.1.10)] (3.1.14)

> pi(2 — pr) (1 — o®)?||w® — 25|12, [by (3.1.12)] (3.1.15)
To finish the proof, we observe that (3.1.14) and (3.1.4) yield
lw® = 2% = {254 = 2717 > (2 — o) 25 — w1

Combining this inequality with (3.1.15), (3.1.8) and the bounds p;, € [p,p] results in
(3.1.9). O

The inequality (3.1.17) presented in the following proposition plays a role in the
convergence analysis of inertial proximal algorithms — see e.g. [2] — similar to that
played by Fejér monotonicity in the analysis of standard proximal algorithms.

Proposition 3.1.3. Let {zF}, {w*} and {as.} be generated by Algorithm 6 and let {s;}
be as in (3.1.8). Further let z* € T~1(0) and define

(VE> —1) @p = ||2F = 2*||* and (Vk >0) & := ap(l +ap)||2" — 25712 (3.1.16)
Then, ¢y = p_1 and

Orr1 — Pk + Skp1 < gk — Pro1) + 0k Vk >0, (3.1.17)

that is, the sequences {¢r}, {sk}, {ax} and {6y} satisfy the assumptions of Lemma A.7.

Proof. From (3.1.2) we obtain 2% — 2* = (1 + ay) (0" — 2*) + ap (1 + ap) 1 (2F 71 = 2%),
which in conjunction with (3.1.6) and some algebraic manipulation yields

[ = 2" = (1 + ap)ll2* — 27|17 = el 25" = 27|° + aw (1 + o) |12 — 257
Using the above identity and (3.1.16) we obtain, for all £ > 0, that
[w* = 21* = (1 + aw)pr — rpr—1 + G

From (3.1.9) in Proposition 3.1.2 and the definition of ¢y in (3.1.16), the above inequality
yields (3.1.17). Finally, ¢y = ¢_; follows from the initialization z° = 27! and the first
definition in (3.1.16). O

The following theorem presents our first result on the asymptotic convergence of
Algorithm 6 under the summability assumption (3.1.18). Next, Theorem 3.1.5 gives
sufficient conditions (3.1.20) and (3.1.21) on the inertial and relaxation parameters to
assure that (3.1.18) is satisfied.
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3

Figure 3.2: The relaxation parameter upper bound p(/5) from (3.1.21) as a function
of inertial step upper bound 5 > 0 of (3.1.20). Note that p(1/3) = 1, while p(8) > 1
whenever § < 1/3.

Theorem 3.1.4 (Convergence of Algorithm 6). Let {2*}, {Z*}, {v*}, {\} and
{ax} be generated by Algorithm 6. If inf; A\, > 0 and

o0

> a2t = AP < +oo (3.1.18)
k=0

then {z*} converges to a solution of the monotone inclusion problem (3.1.1). Moreover,
{zk} converges to the same solution and {v*} converges to zero.

Proof. Define {s;} is as in (3.1.8). Using Proposition 3.1.3, (3.1.18), that ax < o < 1
for all k > 0, and Lemma A.7, it follows that (i) limy o [|2% — 2*|| exist for every
¢ €Q:=T70) # 0 and Y ;7| s < +00. So, in particular, {z*} is bounded and (ii)
limg oo Sp = 0 . From the form of (3.1.8), that limy_,., sx = 0, and the assumption that
inf Ay > 0, and Lemma 3.1.1, we conclude that

lim [|2% —w* Y = lim ||ZF — w®|| = lim [|v*]| = 0. (3.1.19)
k—o0 k—oo k—o0

Now let 2> € R™ be any cluster point of the bounded sequence {z*}. By (3.1.19), this
point is also a cluster point of {w*} and {Z*}. Let {k;}52, be an increasing sequence of
indices such that z% — 2°°. We then have
(Vj >0) o™ €T (%), lim v" =0 and lim 2% = 2>,
Jj—oo j—oo
which by the standard closure property of maximal monotone operators yields 2> € 2 =
T-1(0). Hence, the desired result on {z*} follows from (i) and Opial’s lemma (stated

below as Lemma A.6). On the other hand, the convergence of {z*} and (3.1.19) yields
the remaining results regarding {#*} and {v*}. O
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Theorem 3.1.5 (Convergence of Algorithm 6). Let {2}, {a..} and {\;} be gener-
ated by Algorithm 6. Assume that o € [0,1), p € (0,2) and {ax} satisfy the following
(for some > 0):

0<ay<apy <a<fi<l Vk >0 (3.1.20)
and
_ 2(6 —1)?
= = . 1.21
p=p) 2(B—1)2+38 -1 (3.1.21)
Then,

D I = 2P < oo (3.1.22)
k=1

As a consequence, it follows that under the assumptions (3.1.20) and (3.1.21) the sequence
{2*} generated by Algorithm 6 converges to a solution of the monotone inclusion problem
(3.1.1) whenever inf Ay, > 0. Moreover, under the above assumptions, {Z*} converges to
the same solution and {v*} converges to zero.

Proof. Using (3.1.2), the Cauchy-Schwarz inequality and the Young inequality 2ab <

a? + b with a := ||2*! — 2¥|| and b := ||2% — 2F71|| we find
sz—i-l . wk||2 _ ”Zk—i-l _ zk||2 + aznzk . Zk:—1||2 . 2ak(zk+1 _ Zk,Zk o Zlc—1>
> [ P o — R — a (24 — S — )
> (1 — o) || 2" = 2%)% — an(1 — ) || 27 — 2"71|1% (3.1.23)

Starting with a rearrangement of (3.1.17), we then obtain

k1 — Pk — a(Pr — Pr-1) < Ok — Sk
<ap(l+ap)||2F = 27 Y2 = 2 =p)p | — wh? [by (3.1.8) and (3.1.16)]
< ap(1 4 ap)[|2F = 2712
—2=p)p ' [(1 —ar)[[" = 2P —an(1 —ap)ll2" = 2P [by (3.1.23)]
=—2-9)p 1 —a)[" = P+ [an(L+ ) + (2= P)p (1 — ag)] [|2F — 272
=—2=p)p (1= a2 = 2P+l = P, (3.1.24)

where
Y= =2p""=1a;+2p 'ar,  Vk>0. (3.1.25)
Some elementary algebraic manipulations of (3.1.24) then yield

Pt — @ — ar(pr — oro1) = wll?" = 2P < =257 = 1)L = a2 = 24P VE > 0.
(3.1.26)

Define now the scalar function:

qv) =20 —1wi-Upt-1w+2p -1, (3.1.27)
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and

o = (1 =)o > 0,

3.1.28
e = O — 10k—1 +ll2F = 2P VR > 1, ( )

where ¢ is as in (3.1.16). Using (3.1.26)-(3.1.28) and the assumption that {ay} is
nondecreasing — see (3.1.20) — we obtain, for all £ > 0,

k_1||2} k+1 Zk||2

tr1 — e < [@ra1 — o6 — (o — Pro1) — Wllz" — 2 + Yyl 2

< P = (2571 = (1 — aa)] 5 = ]2

=~ [207" = Dajer — [@p7" = Dagr + 271 = 1] M =247

= —q(ogyr)||27 — 252 (3.1.29)
We will now show that g(a1) admits a uniform positive lower bound. To this end, note
first that from (3.1.21) and Lemma A.4 that we have

o 2e-p)
4—7+/p(16 = 7p)

Using the latter identity, (3.1.27), and Lemma A.5 with a =2(p ' — 1), b=4p"! — 1,
and ¢ = 2p~! — 1, we conclude that ¢(-) is decreasing in [0, 8] and 3 > 0 is a root of ¢(-).
Thus, in view of (3.1.20), we conclude that

(1) = (@) > q(F) =0, (3.1.30)

which gives the desired uniform positive lower bound on q(o+1).
Using (3.1.29) and (3.1.30) we find

B

1
|24 = 2P < — (e — pra), Yk >0, (3.1.31)

q(a)
which, in turn, combined with (3.1.20) and the definition of uy in (3.1.28), gives

k

. . 1
Z |27 = 27| < m(uo — fkt1),

=)

j=0

1
< — Vk > 0. 3.1.32
Note now that (3.1.31), (3.1.20) and (3.1.28) also yield

fo > oo > iyl =Prs1 — Pk + Y |2 — 2|2

ngk-‘rl — QP Vk Z 07

and so,
Ho

11—«
Hence, (3.1.22) follows directly from (3.1.32) and (3.1.33). On the other hand, the second
statement of the theorem follows from (3.1.22) and Theorem 3.1.4 (recall that o, < a < 1
for all £ > 0). O

P < gy + - <+ Vi > 1. (3.1.33)
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We close this section with a few further remarks about the analysis of Algorithm 6:

(i) If we set = 1/3 in (3.1.20), then it follows immediately from (3.1.21) that p = 1.
On the other hand, we have p > 1 in (3.1.21) whenever 5 < 1/3 (see also Figure 3.2).
Setting 8 = 1/3 in (3.1.20) corresponds to the standard strategy in the literature
of inertial proximal algorithms; see e.g. [2, 26].

(ii) Conditions (3.1.20) and (3.1.21) on {ay}, o and p guarantee that the summability
condition (3.1.18) is satisfied, thus guaranteeing the convergence of Algorithm 6.
Similar conditions were also recently proposed and studied in [5, 8]. Since Algo-
rithm 6 is be the basis of the DR and ADMM methods that will be developed in
the Chapter 3, conditions (3.1.20) and (3.1.21) will also play an important role in
their convergence analysis.

3.2 A partially inexact inertial-relaxed Douglas-Rachford
(DR) algorithm

Consider problem (11), i.e., the problem of finding z € R" such that

0 € A(z) + B(z) (3.2.1)
where:
(F1) A and B are (set-valued) maximal monotone operators on R";
(F2) the solution set (A + B)~'(0) of (3.2.1) is nonempty.

As mentioned previously, a popular operator splitting algorithms for finding approxi-
mate solutions to (3.2.1) is the Douglas-Rachford (DR) algorithm [56, 37|, the iteration
of the method is given in (13), i.e.,

A = La(20,5(2F) = 2%) + 2F = Lp(2%) VR >0, (3.2.2)

where v > 0 is a scaling parameter, z* is the current iterate and J,4 = (yA+ I)~! and
Jyp = (yB+1)~! are the resolvent operators of A and B, respectively. The DR algorithm
(3.2.2) is a splitting algorithm for solving the (structured) inclusion (3.2.1) in the sense
that the resolvents J,4 and J,p are employed separately, but the resolvent J,(4p) of
A + B is not. Such methods are useful in the situations in which the values of J,4 and
J,p are relatively easy to evaluate in comparison to those of J,(41p).

This section will develop an inexact version of the DR algorithm (3.2.2) for the
situation in which the resolvent of one of the operators, say B, is relatively hard, but
evaluating J, 4 is a simple calculation. To this end, we consider the following equivalent
formulation of (3.2.2) (see, e.g., [37]) : given some r* bF € R",

Find ("t b") € B such that s"™ + "™ =¥ 4 40k, (3.2.3)

Find (r*™ a"™) € A such that r¥%! 4 et = sFT1 — 4pFtt,
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In this case, 2% = r¥+~b". Since the resolvent J, 4 of A is assumed to be easily computable,

the pair (r**1 a**1) in (3.2.4) is explicitly given by

k+1

R N (A

and

bl = (R Ly gL
For B, we by contrast suppose that exact computation of the pair (s*1, b**1) satisfying
(3.2.3) requires a relatively time-consuming iterative process, which we model immediately
below by the notion of a B-procedure as introduced in [40]. We first remark that (3.2.3)
can be posed in the more general framework of solving monotone inclusion problems of
the form

0€s+yB(s)— (r+7b), (3.2.5)

where r,b € R" and v > 0.

Definition 3.2.1 (B—procedure for solving (3.2.5)). A B-procedure for (approzi-
mately) solving any instance of (3.2.5) is a mapping B : R" xR" xR, X R" x R" x N* —
R™ x R™ such that if one lets (s°,b") = B(r,b,7,35,b,0) for all £ € N* and any given
r,b,5,b € R" and v > 0, then b* € B(s"), for all { € N*, the sequence {(s*,b")} is
convergent, and s* + yb* — r + b.

Following [40], the intuitive meaning of (s%,b?) = B(r,b,7, 5,b,¢) is that (s*,b) is the (*h
trial approximation generated by some iterative procedure for solving (3.2.5), starting
from some initial guess (3,b) € R™ x R™. We refer the interested reader to [40, Section 5]
for a more detalied discussion and interpretation on the B-procedure concept.

We make the following standing assumption:

Assumption 1. There exists a B-procedure (according to Definition 3.2.1) for approxi-
mately solving any instance of (3.2.5).

We now combine the hypothesized B-procedure with an acceptance criterion for the
approximate solution of (3.2.3). We will follow the general approach of [40], which is to
exploit the connection between the DR algorithm (3.2.3)-(3.2.4) and the proximal point
algorithm as established in [37]. Specifically, the DR algorithm (3.2.3), (3.2.4) is a special
instance of the PP algorithm in the sense that,

PR b = (S, 4 + )Y+ 40F) Vk >0
where the “splitting" operator S, 4 g is defined as (1.2.6), i.e.,
Syap={(r+yb,s—1r)eR"xR"|be B(s), a€ A(r), va+r=s—~b}. (3.2.14)

As we presented in Subsection 1.2.1, the operator defined in (3.2.14) is maximal monotone
and

(A+B)"(0) = J,5(5, 4.5(0)), (3.2.15)

s
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which, in particular, gives that any solution z* € R™ of the monotone inclusion problem
(3.1.1) with T := S, 4 p, namely

0€ S, an(2) (3.2.16)

yields a solution z* := J,p(z*) of (3.2.1).

Here, we follow a similar derivation to [40], but use Algorithm 6 of Section 3.1
to (3.2.16) in place of the HPE method of [76]. The result is an inertial-relaxed inexact
relative-error DR algorithm for solving (3.2.1). We should emphasize that even when
ay, = 0 (there is no inertial step) and pr = 1 (no overrelaxation), the resulting algorithm
differs from that of [40]. This difference arises because the underlying “convergence engine”
of Algorithm 6 is a form of hybrid proximal-projection (HPP) algorithm, whereas [40]
used an HPE algorithm in the equivalent role, using an extragradient step instead of
projection.

The proposed algorithm for solving (3.2.1) is shown as Algorithm 7. We should
mention that a different inexact DR splitting algorithm in which relative errors are
allowed in both (3.2.7) and (3.2.9) was recently proposed and studied in [82], but without
computational testing. The following proposition shows that Algorithm 7 is indeed a
special instance of Algorithm 6 for solving (3.1.1) with 7" := S, 4 .

Proposition 3.2.2. Consider the sequences evolved by Algorithm 7 and for each k > 0
let L(k) denote the value of € for which (3.2.10) is satisfied. For each k > 0, define, with
v as in Algorithm 7,

PART S AT,
k._ sk Tk
w" =Y 4 b,
<k kb k'Y kb (k (3.2.17)
Z::r’()_i_ryb’(),
oF = gRlR) _ k()

Then these latter sequences satisfy the conditions (3.1.2)-(3.1.4) of Algorithm 6 with
)‘k =1landT = SmA,B-

61



Algorithm 7. A partially inexact inertial-relaxed Douglas-Rachford split-
ting algorithm for solving (3.2.1)

Choose v>0,0<a,c<land 0<p<p<2.

Initialize (s%, 8% 7%) = (s71, 671, r71) € (R")3.
for £ =0,1,2,... do
Choose oy, € [0, ] and define
(8%, 0%, 7%) = (5,68, rF) 4y [(s7,0F, rF) — (sF7 1, 01 R )] (3.2.6)
repeat {for/=1,2,...}
Improve the solution to
Bl e B(s®Y), B bt xR 4 bt (3.2.7)
by setting
(s5¢ bP0) = B(#*, b, y, 8% bF, 0) (3.2.8)

(thus incrementally executing a step of the B-procedure)
Exactly find (r®f, a®*) € R™ x R™ such that

bt e A(r“), it 4yt = B — 4kt (3.2.9)
until

55 4+ B — (% B2 < 02 (I 4+ ABRE = (% )2 + s — 1)

(3.2.10)
if s¥¢ = r** then stop
otherwise, choose p;. € [p,p] and set
. (3.2.11)
Op+1 = <(fk — TW) J"rsngi;kbg’i), — TW> (3.2.12)
Pl = pk — 41 (1= px Orr )T+ pp O g sFH — fk} (3.2.13)

end for

62




Proof. Fix any k > 0. From (3.2.6) and the definitions of 2* and w* in (3.2.17) we have

wk — fk 4 /ng — T’k —f-’}/bk + Oék[Tk + ’}/bk o (Tk_l + ”}/bk_l)]

= 2F + (2 — A,

which is exactly (3.1.2). Now note that the inclusion in (3.1.3) follows from the fact that
T := S, a5, (3.2.14), (3.2.9), t*® € B(sH®)) from (3.2.7), and the definitions of v*
and Z* in (3.2.17).

Further, (3.2.17) and (3.2.10) yield

[0k + 25 — wh[[2 = [|sP0E) pAphed) _ (k4 |2
< o2 <||7,k,2(k) oAb (R AR 4 || — Tk,eHz)
= o ([I2° = w*|* + [[0"]) ,
which is exactly the inequality in (3.1.3) with Ay = 1. Finally,
2Pt = phtL o phtl [by (3.2.17)]
= phtk) 4y (i)k — % [(1 = o)™ 8+ ppfpr s™EF) — f"‘}) [by (3.2.11) and (3.2.13)]

ko 761@ i pk0k+1(rks,£(k) B Sk,e(k))

= wk — by 0" [by (3.2.17)]
k_ sk ok
= wk — pk%vk, by (3.2.12) and (3.2.17)]
v
which establishes (3.1.4) and thus completes the proof of the proposition. O

The following theorem states the asymptotic convergence properties of Algorithm 7, which
are essentially direct consequences of Proposition 3.2.2 and Theorem 3.1.5.

Theorem 3.2.3 (Convergence of Algorithm 7). Consider the sequences evolved by
Algorithm 7 with the parameters o € [0,1), p € (0,2) and {ax} satisfying the condi-
tions (3.1.20) and (3.1.21) of Theorem 3.1.5. Then

(a) If the outer loop (over k) executes an infinite number of times, with each inner
loop (over () terminating in a finite number of iterations { = ((k), then {s*} and
{rk} both converge to some solution x* € R™ of (3.2.1), and {b*'®} and {b*} both
converge to some b* € B(x*), with {a**®} converging to —b* € A(z*).

(b) If the outer loop executes only a finite number of times, ending with k = k, with
the last invocation of the inner loop executing an infinite number of times, then
{skoe and {r*}32, both converge to some solution x* € R™ of (3.2.1), and
{bkE2e . converges to some b* € B(x*), with {a®}22, converging to —b* € A(x*).

(¢) If Algorithm 7 stops with s&* = r®t then 2* := s8¢ = r*¢ is a solution of (3.2.1).

Proof. (a) For each k > 0, again let £ = £(k) be the index of inner iteration that first meets
the inner-loop termination condition. Using Proposition 3.2.2; (3.2.11), the descriptions

63



of algorithms 6 and 7, and Theorem 3.1.5, we conclude that there exists z* € R” such
that 0 € S, 4 5(2*) and

D T S T e i G S e L = XV IR

From 0 € 5, 45(2") and (3.2.15) we obtain that z* := J,5(z*) is a solution of (3.2.1).
Moreover, it follows from (3.2.18), the inclusion in (3.2.7), (3.2.11), and the continuity of
J’yB that

" yp*E = phml g Dy 4t = 2 (3.2.19)
and
s" = Jp(s" + bV 5 T p(2*) = 2*, (3.2.20)

We also have ¥ — z* since, from (3.2.18), s* — r* — 0. Altogether, we have that z* is
a solution of (3.2.1) and {s*} and {r*} both converge to z*. From (3.2.19) and (3.2.20)
we now have

PEAR) — A1 (ghHL o phl(R) Rt 1y oy =l (% ) = (3.2.21)
From z* = J,p(2*) we then obtain b* € B(z*). On the other hand, using the equation in
(3.2.9), (3.2.11), (3.2.18) and (3.2.21) we find

aFtR) = (R kY _phtR) g — bt = —p*
Using the above convergence result, that phlk) = phtl _y x*, the inclusion in (3.2.9), and
Lemma A.3, we obtain that —b* € A(z*). Finally, b* = 4~ 1(2F —r*) — 471 (2" —r*) = b".

(b) First note that using (3.2.8) we obtain (s*% b) = B(#*, 0%, 4, 5%, 0%, £), which
in view of Definition 3.2.1 yields (s"*,0F¢) € B, for all £ > 1, s"* 4 bF* — 7k 4 ~bF,
s’f’g — ¥, and b¥t — b*, for some x*,b* € R". Combining limits, we obtain that
P4 yl;k = z* + vb*. From Lemma A.3, we also have b* € B(z*). Now combining the
limits with (3.2.9) and the continuity of .J, 4, we also find

kot — JWA(SE’K — ”ybw) — Jya(x® —Ab") ="
and so
abt = At (sw - TW> By ECNN 7_1(x* —7r*)—=b"=:a". (3.2.22)
From the inclusion in (3.2.9) and (again) Lemma A.3 we obtain that a* € A(r*). On the

other hand, using (3.2.10) and the hypothesis that the inner loop executes an infinite
number of times at iteration k£ = k, we obtain, for all £ > 1, that

55 B = (75 4 B2 > 02 ([l 4 ABRE = (5 AR 4 s = )
(3.2.23)

Since the left-hand side of the above inequality converges to zero and the right-hand side
is nonnegative, the right-hand side also converges to zero and in particular skt —pkt 0.
Since s — z* and r*¢ — r*, we conclude that z* = r* and, hence, from (3.2.22), that
a* = —b".

(c) If s8¢ = r#f =: 2* then it follows from the inclusion in (3.2.7) and (3.2.9) that
0=y~ H(sP — k) = abf 07 € A(rR) + B(sH) = (A + B)(2%). O
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3.3 A partially inexact relative-error inertial-relaxed
ADMM

We now consider the convex optimization problem (18), i.e.,

min {f(z) + g(z)} (3.3.1)

z€R™

where f, g : R" — (—o00, 00| are proper, convex and lower semicontinuous functions for
which (0f + dg)~1(0) # 0.

The alternating direction method of multipliers (ADMM) [45] is a first-order algorithm
for solving (3.3.1) which has become popular over the last decade largely due to its wide
range of applications in data science (see, e.g., [17]). As applied to (3.3.1), one iteration
of the ADMM may be described as in (19)-(20), that is:

2" € argmin, cgn {f(x) + (P, x) + ng — zk||2} ) (3.3.2)
: ¢

4 € angmin, g {g(2) — (¥, 2) + Sllo = 2|2} (33.3)

pk+1 — pkz + C(l’k+1 _ Zk+1). (334)

In many applications, the function g is such that (3.3.3) has a closed-form or otherwise
straightforward solution (e.g., g(-) = || - |[1). We consider situations in which this is the
case, but solving (3.3.2) is more difficult and requires some form of iterative process.
Eckstein and Yao [40, Section 6] proposed and studied the asymptotic convergence of
an inexact version of the ADMM tailored to such situations: at each iteration, (3.3.2)
may be approximately solved within a relative-error tolerance. This method is a special
version of their inexact relative-error Douglas-Rachford (DR) algorithm mentioned in
Section 2.1, as applied to the monotone inclusion (22), i.e.,

0 € df(x)+ dg(x) (3.3.5)

which is, in particular, a special case of (3.2.1) with A = dg and B = df (or vice versa).
Problem (3.3.5) is, under standard qualification conditions, equivalent to (3.3.1). Recall
that we are assuming (9f + dg)*(0) # 0, i.e., that (3.3.5) admits at least one solution.

In this section, we propose and study the asymptotic behaviour of a (partially) inexact
relative-error inertial-relaxed ADMM algorithm for solving (3.3.1). The proposed method,
namely Algorithm 8, is a special version of Algorithm 7 when applied to solving (3.3.5)
and may be viewed as an alternative to the Eckstein-Yao approximate ADMM [40] that
incorporates inertial and relaxation effects to accelerate convergence.

To formalize the inexact solution process for the subproblems (3.3.2), we introduce
the notion of an F-procedure [40]. First, we note that any instance of (3.3.2) can be
posed slightly more abstractly as

min { f(x) + (p,) + Sl — 2|2} (3.3.6)

zeR™

where p, z € R” and ¢ > 0.
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Definition 3.3.1 (F-procedure for solving (3.3.6)). A F-procedure for (approxi-
mately) solving any instance of (3.3.6) is a mapping F = (F1,F2) : R" x R" x R, x
R"™ x N* — R" x R" such that if one lets (z°,y*) = F(p, z,¢,%,L) for all £ € N and any
given p,z, T € R" and ¢ > 0, then

lim ¢ =0 and (W EN) y' €, [f(oc) +(p, ) + ng —?] (3.3.7)
—00 T=T
Quoting |40, Assumption 2|, “the idea behind this definition is that F(p, z, ¢, Z, ) is the
/M iterate produced by the z-subproblem solution procedure with penalty parameter c,
the Lagrange multiplier estimate p* equal to p, and z¥ = z, starting from the solution
estimate z”. For the remainder of this section, we assume the following.

Assumption 2. There exists a F—procedure (according to Definition 3.3.1) for approxi-
mately solving any instance of (3.3.6).

The next lemma shows that the F-procedure is essentially a form of B—procedure (see
Definition 3.2.1). Although the proof essentially duplicates analysis in [39, 40], it is not
presented as a separate result there. Therefore we include the proof in the interest of
rigor and completeness.

Lemma 3.3.2. Let F(-) = (Fi(-), F2(-)) be a F-procedure for solving (3.3.6), where
Fi :R"XxR" xR, xR*"x N* = R"”, fori=1,2, and define B: R" x R" x R, x R" x
R™ x N* — R"” x R" by

B(ﬂ b777 5, 1_)7 ‘6) = ‘F(_bv Ty 7_17 5, g) + (07 b— 7_1(f1(_b7 Ty 7_17 5, 6) - T)) : (338)

Then, B is a B-procedure (see Definition 3.2.1) for approzimately solving (3.2.5) in which
s=x, B:=0f,yv=c Y, ri=zandb:= —p.

Proof. Assume that (s°,b%) = B(r,b,~, 5, b, £) for some r,b,5,b € R", v > 0 and all £ € N*.
In view of (3.3.8) and the fact that F = (F;, F2) we have

(Sgabe) = (Fl(_ba T, ’7_17576)7~F’2(_bv r, 7_1757 E)) + (Oa b— V_I(Fl(_ba T, ’7_17576) - ’f‘))
and so, for all £ € N*,
(Sgabé - b+’7_1(se - T)) = (‘/T_-l(_by T, 7_1a§a €)7F2(_b7 r, 7_1757 6)) = F(_b7 r, ’7_1757 f)

Using the latter identity and the fact that F(-) is a F-procedure (see Definition 3.3.1)
we obtain

1
elim (b —b+~yHs" =) =0 and (V€ N) y* €0, |f(x)— (bz)+ ﬂﬂx —r|?
00\ >

:;yé

r=s’

which, in particular, after some computations, yields (s, ) € G(9f), i.e., b* € df(s") for
all ¢ € N*. Using this fact and the definition of y* we find s* = (y0f + 1)~ (r +y(y* + b)),
which in turn combined with the fact that lim,_,. y* = 0 and the continuity of Jyor =
(yOf + I)~! implies that s* — J 5¢(r +~b). On the other hand, using the definition of
y* (again) we also obtain yb* + st = y(y* + b) + r, which gives that {b‘} is convergent
and yb* + s* — r + b, Altogether, we proved that (s, b*) € 9f, for all £ € N*, that the
sequence {(s%,b%)} is convergent and s* + b — r + b, which finishes the proof. O
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Algorithm 8. Partially inexact relative-error inertial-relaxed ADMM for
(3.3.1)

Choose ¢ > 0,0<a,0<land 0 <p<p<2.
Initialize (29, 2%, p°) = (271, 271, p71) € (R™)%.

for £k =0,1,2,... do
Choose ay, € [0,a] and define
(&5, 2%, ) = (2%, 2%, ) + ag[(a®, 25, p*) — (2571, 2L, ph )] (3.3.9)
repeat {for/ =1,2,...}
Improve the solution

2" & argmin, g. { Fl@) + (5*,2) + §||x - s'f||2} (3.3.10)

by setting
(2, B0y = F(pk, 3%, ¢, &%, 1) (3.3.11)

(thus incrementally executing a step of the F—procedure)

Define
pk,f — ﬁk + C(C(]k’g o ék) o yk,é (3312)
Exactly find
= argmin,c { 9(2) = (P, 2) + St — 2} (3.3.13)
until
"% < o (“pk,e Oy Lt ZWHZ) (3.3.14)

if 27¢ = 25! then stop

otherwise, choose p, € [p,p] and set

il = ght Rl = ke (3.3.15)
(e(8% — 280 — (pF — pht), gkt — k0
Op1 = P E (3.3.16)

P =" 4 e [(1 = pr Ok 1) 2 + pr O aa™ — 2F] (3.3.17)

end for
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Our inertial-relaxed inexact ADMM for solving (3.3.1) is presented as Algorithm 8.
Before establishing its convergence, we make the following remarks regarding this algo-
rithm:

(i)

(i)

(i)

Similarly to Algorithm 7, Algorithm 8 benefits from inertial and relaxation effects
— see (3.3.9) and (3.3.17) — as well as from the relative error criterion (3.3.14)
allowing inexact solution of the f-subproblem (3.3.10).

Algorithm 8 can be viewed as an inertial-relaxed version of Algorithm 4 in [40],
but we emphasize that even without inertia or relaxation (that is, when a = 0
and pp = 1) it differs from the latter algorithm since Algorithm 4 is based on an
approximate proximal point algorithm using an extragradient “corrector” step, while
Algorithm 8 is instead based indirectly on Algorithm 6, an approximate proximal
point method using projective corrector steps. In developing Algorithm 8, we also
experimented with using extragradient correction, but obtained better numerical
performance from projective correction.

The derivation of Algorithm 8 mirrors that in [40], except that the underlying
convergence “engine” from [77] is replaced by Algorithm 6. It should be noted
that [39] provides a different way of deriving approximate ADMM algorithms. This
approach results in different approximate forms of the ADMM, allowing for both
relative and absolute error criteria, both of a practically verifiable form. It is also

possible that the work in [82] could lead to still more approximate forms of the
ADMM.

As in [40], the derivation of our algorithm is based on a primal reformulation (3.3.5)
of the optimization problem (3.3.1) as a monotone inclusion. Using a primal
formulation is necessary here, as in [40], because Algorithm 7 requires pairs (s, b¥:*)
that are in the graph of B. Working with the dual inclusion 0 € 9f*(—p) + g*(p)
would in general require exact optimization of linear or quadratic perturbations of f
and g, and would thus not lead to a method in which (3.3.2) is solved approximately
in a practical manner. In the case of problem (3.3.1), applying exact Douglas-
Rachford splitting to either the primal inclusion (3.3.5) or the dual inclusion
0 € df*(—p) + ¢g*(p) is known to yield the same ADMM algorithm (3.3.2)-(3.3.4);
see for example [36, Proposition 3.43|. Here, we select the primal approach since it
leads to a tractable form of approximation for (3.3.2).

The drawback of the primal approach is that does not readily adapt to more general
problem formulations such as mingepn{ f(z) +g(Mz)} (where M is an m X n matrix
and g is now defined over R™ instead of R™) or the linearly constrained formulation
used in [17]. Such formulations require different techniques, such as those employing
primal-dual inclusion formulations as in [39).

Proposition 3.3.3. For any given execution of Algorithm 8, define

(sk,bk,rk) = (a:k, —p", zk), (3.3.18)

(sk, bk, rk) = (2F, —pF, 29), (3.3.19)

68



(Sk7€7 bk,e’ Tk7€) = ([Ek’é, _pkvz’ ij), (3320)

k.l — C(Sk’e

a S (3.3.21)

for all applicable k and l. Then these sequences conform to the recursions (3.2.6)-(3.2.13)

in Algorithm 7 with v = 1/c, the B-procedure (3.3.8), and the mazximal monotone operators
A=0g and B = 0f.

Proof. In view of (3.3.18), (3.3.19) and (3.3.9) we have
(§k, l;k,fk) — (i‘k, —ﬁk’ék) — (.Z’k 4 ak(xk . ZL’k_l), _pk o Oék(pk —pk_1)7zk + Oék(zk o Zk—l))
— (Sk,bk,Tk) + oy, [(Sk7bk,7“k) o (Sk_l,bk_l,rk_l)} ’

which is identical to (3.2.6) in Algorithm 7. Fix v = 1/c. Then (3.3.11), Definition 3.3.1,
(3.3.19) lead to

= Fi(p*, 2F, e, 2% 0) = Fy(=bF, 7% 1 8% 0). (3.3.22)
Combining (3.3.20), (3.3. 12) (3.3.11), (3.3.22), (3.3.19), and (3.3.8), we deduce that
<8k,27 bk,é) (xké )

= (™ y" ) (0, =p* =71 (2" = 25))

= F(=0F, 71 85 0) + (0,0F — v (Fu(=bF, 7%, 47 850 — %))
B(#* bk,’y,s bF D),
which yields (3.2.7) and (3.2.8). Note now that (3.3.13) is equivalent to the condition
0 € 9g(*t) — pPt + (2P — M), which, in view of (3.3.20) and (3.3.21), is clearly

equivalent to (3.2.9) with A = dg. To prove (3.2.10), note that from (3.3.18), (3.3.20),
(3.3.12) and (3.3.14) we obtain

854 A — (7* 4 408)|* = !Wy“H2
S ’Y o (Hpk,Z —ﬁk o c(zk’f . 2k>H2 +C2ka’£ o Zk,ZHQ)

which in view of (3.3.19) and (3.3.20) is equivalent to (3.2.10). Finally, similar reasoning
establishes that (3.2.11)-(3.2.13) are equivalent to (3.3.15)-(3.3.17). O

Theorem 3.3.4 (Convergence of Algorithm 8). Consider any execution of Algo-
rithm 8 for which a € [0,1), p € (0,2), and {a} satisfy conditions (3.1.20) and (3.1.21)
of Theorem 3.1.5. Then:

(a) If for each k > 0 the outer loop (over k) executes an infinite number of times,
with each inner loop (over ) terminating in a finite number of iterations ¢ = {(k),
then {z*} and {z*} both converge to some z* € R™ solution of (3.3.5), and {p*}
converges to some p* € 0g(x*) such that —p* € Jf(x*).

(b) If the outer loop executes only a finite number of times, ending with k = k, with
the last invocation of the inner loop executing an infinite number of times, then
{2%) ) and {z%*}, both converge to some x* € R™ solution of (3.3.5), and {p**},
converges to some p* € dg(z*) such that —p* € Of (z*).

(c) If Algorithm 8 stops with either p&* — pb = c(2%* — 2%) or 2Pt = 28 then
a* = okt = 28 s a solution of (3.3.5).

Proof. The result follows from immediately by combining Proposition 3.3.3, Theorem
3.2.3, and the definitions of Algorithms 7 and 8. [
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3.4 Numerical experiments

This section describes numerical experiments on the LASSO and logistic regression
problems, which are both instances of the minimization problem (3.3.1). We tested the
following algorithms: the inexact relative-error ADMM admm_ primDR from [40]; the
relative-error method relerr from [39]; Algorithm 8 from this thesis, which we denote as
admm_ primDR__relr_in; the absolute-error aproximate ADMM absgeom discussed in
[39, 40|, and (for logistic regression problems only) a backtracking variant of FISTA [12]
(also discussed in [40]). We implemented all algorithms in MATLAB, and, analogously to
[40], we used the following condition to terminate the outer loop:

diste (0, 0:[f (x) + g(x)]peur) <€, (3.4.1)

where disty (¢, S) := inf{||t — s||« | s € S}, and € > 0 is a tolerance parameter set to 107°.
Moreover, in our implementation of Algorithm 8 from this thesis, we replaced the
error condition (3.3.14) with the stronger condition

/) < ormase { [ — 5 = (R — )| ellah - 2]}, (3:42)

which we empirically found to yield better numerical performance.

3.4.1 Numerical experiments on the LASSO problem

In this subsection, we report numerical experiments on the LASSO or “compressed
sensing” problem which readily fits the form (18) [42]. The LASSO is an [y regularized
version of linear regression written as [83]

t
min o [[Az = b5 + vllzh, (3.4.3)
where A € R™™, b € R™ and v > 0, which is an instance of (3.3.1) with f(x) :=
(1/2)[|Az — b[|5 and g(z) := v|z],.

For the data A and b, we used four categories of (non-artificial) datasets, as in [40]:

Gene expression: This category consists of six standard cancer DNA microarray
datasets from [33]. These instances have dense, wide, and relatively small matrices A,
with the number of rows m € [42,102], and the number of columns n € [2000, 6033].
These problems are called: brain (with m = 42 and n = 5597), colon (with m = 62
and n = 2000), leukemia (with m = 72 and n = 3571), lymphoma (with m = 62
and n = 4026), prostate (with m = 102 and n = 6033) and srbet (with m = 63 and
n = 2308).

Single-Pizel camera: This category consists of four compressed image sensing
datasets from [34]. These instances have dense, wide, and relatively small ma-
trices A, with m € [410,4770] and n € [1024,16384]. These problems are called:
Ball64 singlepixcam (with m = 1638 and n = 4096), Logo64 singlepixcam (with
m = 1638 and n = 4096), Mug32 _singlepixcam (with m = 410 and n = 1024) and
Mug128 singlepixcam (with m = 410 and n = 1024).
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Finance: This category consists in a single large dense financial dataset from [54],
with m = 30465 and n = 216842.

PEMS: This category consists in a single large, wide, and dense dataset from the
California Department of Transportation from [55], with m = 267 and n = 138672.

We tested three algorithms for solving (3.4.3):

e The inexact relative-error ADMM admm_ primDR from [40]. For this algorithm,
we used the same parameter values as in [40], namely ¢ = 0.99 and ¢ = 1 (except
for the PEMS problem instance, for which ¢ = 20).

e The relative-error algorithm relerr from [39]. We also used o = 0.99, ¢ = 1 (for all
problem instances except PEMS, which we used ¢ = 20). For this set of LASSO
problems, the experiments in [39, 40| already show admm_ primDR to outperform
the algorithms of [39], as well as FISTA [12].

e Algorithm 8 from this thesis which we denote as admm_ primDR_ relz_in. We used
the parameter settings aj, = o = 0.18966, 5 = 0.18976 and pp = p =p = 1.4882 —
see conditions (3.1.20) and (3.1.21) and Figure 3.2. We also set o = 0.99 and ¢ = 1
(except for the PEMS problem instance, for which ¢ = 20).

We implemented all of the algorithms in MATLAB, using a conjugate gradient proce-
dure to approximately solve the subproblems corresponding to f(z) = (1/2)| Az — b||?,
exactly as in [40]. As in [17], we set the regulation parameter v as 0.1]|A7b||, and scaled
the vector b and the columns of matrix A to have unit /, norm.

Table 3.1 shows the number of outer iterations required by each algorithm on each
problem instance and the geometric mean taken over the set of test problems. Table 3.2
shows the cumulative total number of inner iterations required by each algorithm on each
problem (conjugate gradient) and again the geometric mean taken over the set of test
problems. Table 3.3 shows runtimes in seconds demanded by each algorithm to terminate
each problem, with the geometric mean taken over the set of test problems. Figure 3.3
shows the same results graphically. In each table, the smallest value in each row appears
in bold. In terms of runtime, the new algorithm outperforms that of [40] for all problem
except the financel000 instance.

3.4.2 Numerical experiments on logistic regression problems

This section describes numerical experiments on the ¢;—regularized logistic regression
problem [44, 72|

q
min Z log (1 + exp(—b;(aj w4 v))) + v||wl]1, (3.4.4)
i=1

(ww)eR?—IXR £

using a training dataset consisting of ¢ pairs (a;, b;), where a; € R"! is a feature vector,
b; € {—1,+1} is the corresponding label, w € R"! represents a weighting of the feature
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Table 3.1: LASSO outer iterations; v = 0.18966, S = 0.18976 and p = 1.4882

Problem relerr admm primDR admm primDR Z::Zizzﬁ ﬁZ:ZZZZg
relx in
(iterationl) (iteration2) (iteration3)
Ball64 _singlepixcam 280 278 123 0.439 0.442
Logo64 _singlepixcam 283 282 139 0.491 0.493
Mug32 singlepixcam 153 153 136 0.888 0.888
Mugl28 singlepixcam 920 914 435 0.473 0.476
finance1000 974 1709 1079 1.107 0.631
PEMS 3354 3648 1088 0.324 0.298
Brain 1855 2295 1219 0.657 0.531
Colon 450 482 256 0.568 0.531
Leukemia 675 774 424 0.628 0.547
Lymphoma 908 925 482 0.531 0.521
Prostate 1520 1739 998 0.656 0.574
srbet 426 401 221 0.519 0.551
Geometric mean 692.06 761.02 399.85 0.577 0.525

Table 3.2: LASSO total inner iterations; a = 0.18966, 5 = 0.18976 and p = 1.4882

Problem relerr admm_primDR  admm_primDR_ ~ erations  ileralions

relx in

(iterationl) (iteration2) (iteration3)
Ball64 singlepixcam 603 382 191 0.316 0.500
Logo64 _singlepixcam 621 369 212 0.341 0.574
Mug32 _singlepixcam 998 307 302 0.303 0.984
Mugl28 singlepixcam 1214 1046 488 0.402 0.466
finance1000 18944 7852 9737 0.514 1.240
PEMS 85858 9318 9235 0.107 0.991
Brain 24612 7116 7655 0.311 1.075
Colon 5847 1401 1461 0.249 1.042
Leukemia 7888 2321 2543 0.322 1.095
Lymphoma 15266 3179 3083 0.202 0.969
Prostate 20615 5193 6629 0.321 1.276
srbet 6213 1505 1334 0.215 0.886
Geometric mean 5859.43 1876.32 1652.97 0.282 0.880
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Figure 3.3: Comparison of performance in LASSO problems
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Table 3.3: LASSO runtimes in seconds; a = 0.18966, 8 = 0.18976 and p = 1.4882

Problem relerr admm_ primDR  admm primDR_relx in Z;’ii‘;’ Zzzg
(timel) (time2) (time3)
Ball64 singlepixcam 11.02 7.86 3.75 0.341 0477
Logo64 singlepixcam 11.37 7.62 4.04 0.355 0.531
Mug32 singlepixcam 1.07 0.51 0.43 0.374 0.862
Mugl28 singlepixcam  248.38 218.08 101.17 0.407 0.464
finance1000 805.17 327.56 347.97 0.432 1.062
PEMS 7546.11 1092.16 988.12 0.131  0.905
Brain 13.59 5.94 5.53 0.407  0.929
Colon 1.56 0.45 0.28 0.179  0.620
Leukemia 4.24 2.23 1.59 0.375 0.717
Lymphoma 7.18 2.63 2.03 0.283 0.773
Prostate 33.21 13.15 11.88 0.357  0.904
srbet 1.83 0.42 0.35 0.192 0.847
Geometric mean 21.13 8.75 6.41 0.303 0.733

and v € R reresents a kind of bias. Problem (3.4.4) is clearly a special instance of (3.3.1)
with z = (v, w) and

fv,w) := Z log (14 exp(—b;(aj w+v))) and g(v,w) = v|w|. (3.4.5)

For test data, we selected three standard cancer DNA microarray non-artificial datasets
(Gene expression, described in the previous subsection) from [33] (also used in [40,
Subsection 7.2|), that have b; € {—1,1} for all . In addition, we also Arcene [50]
datasets, from the UCI Machine Learning Repository. This dataset is sparse and has
m = 900 and n = 10000. We tested five algorithms: absgeom, relerr, admm_primDR,
FISTA and admm_primDR_relx_in. For relerr and admm_ primDR algorithms we
used the same parameter values as in Subsection 3.4.1; for admm_ primDR_ relx_in we
used the parameter settings oy = a = 0.1, § = 0.1001 and pr = p = p = 1.7606 — see
conditions (3.1.20) and (3.1.21) and Figure 3.2. We also set ¢ = 0.99 and ¢ = 1.

Analogously to [40], we used an L-BFGS procedure to approximately solve the
subproblems corresponding to f(-) from (3.4.5). Asin [17], we set the regulation parameter
v as 0.1||A7b||« and scaled the vector b and the columns of matrix A to have unit I
norm. Table 3.4 shows the number of outer iterations required by each algorithm on
each problem and the geometric mean taken over the set of test problems. Note that the
relative-error methods take similar numbers of outer iterations, while the absolute-error
method requires more outer iterations. Table 3.5 shows the cumulative total number of
inner iterations required by each algorithm on each problem and again the geometric
mean taken over the set of test problems. The next to last column of Table 3.5 shows the
total number of iterations of the FISTA algorithm when run with the same termination
accuracy as the ADMM methods. Table 3.6 shows runtimes in seconds demanded by
each algorithm to terminate each problem, with the geometric mean taken over the set
of test problems. These results are also graphically summarized in Figure 3.4. The new
algorithm has the best aggregate performance by all measures, and the best run time for
all the datasets.
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Table 3.4: Outer iterations for logistic regression problems.

Problem absgeom relerr admm primDR admm primDR relx in
(iterationl) (iteration2) (iteration3) (iterationd)
Colon 2666 2145 1979 1578
Leukemia 1662 1116 922 788
Prostate 1936 1583 1677 1198
Arcene 419 276 359 290
Geometric mean 1376.91 1011.28 1023.76 810.72
iterationd iterationd iterationd iteration2
Problem i)tferaiionl iie’r’aitﬁionZ iieraiionB iitferaiion?)
Colon 0.5919 0.7356 0.7974 1.0839
Leukemia 0.4741 0.7061 0.8546 1.2104
Prostate 0.6188 0.7568 0.7144 0.9439
Arcene 0.6921 1.0507 0.8078 0.7688
Geometric mean 0.5887 0.8016 0.7924 0.9849

Table 3.5: Total inner iterations for logistic regression problems.

Problem absgeom relerr admm_ primDR ~ FISTA  admm_primDR_relx in
(iterationl) (iteration2) (iteration3) (iterationd) (iterationb)
Colon 20612 23919 21697 26247 8283
Leukemia 7715 12086 11625 6536 4448
Prostate 18901 27505 24548 13730 10997
Arcene 780 3236 3589 4648 1450
Geometric mean  6958.73 12665.18 12209.43 10228.97 4923.21
iterationd iterationd iterationb iterationb iterationd
Problem Horamon] | woaions e Horations Hhorationt
Colon 0.4018 0.3463 0.3817 0.3156 0.9499
Leukemia 0.5765 0.3681 0.3826 0.6805 0.6636
Prostate 0.5818 0.3998 0.4479 0.8009 0.7699
Arcene 1.8589 0.4481 0.4041 0.3119 0.2173
Geometric mean 0.7074 0.4032 0.4032 0.4813 0.5699
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Table 3.6: Logistic regression runtimes in seconds.

Problem absgeom relerr admm primDR  FISTA  admm primDR relx in
(timel) (time2) (time3) (timed) (time5)
Colon 182.3601  36.5207 91.5726 73.2987 12.8243
Leukemia 112.7412 105.4221 241.1378 60.9476 23.0547
Prostate 342.1609 719.6731 850.8159 206.3883 128.6972
Arcene 122.7208 312.1101 370.9415 184.3489 46.1276
Geometric mean 171.41 224.11 288.93 114.18 36.39
imeb ime5b imeb imeb imed
Problem ii,mel iimeZ Ittime?; iime4 IttimeS
Colon 0.0703 0.1203 0.1401 0.1749 0.8003
Leukemia 0.2045 0.2186 0.0956 1.0215 0.2527
Prostate 0.3761 0.1788 0.1513 0.6236 0.2426
Arcene 0.3759 0.1478 0.1244 0.2502 0.4969
Geometric mean  0.2123 0.1623 0.1259 0.3187 0.3951
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Figure 3.4: Comparison of performance in logistic regression problems
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Chapter 4

Final Remarks

In this thesis, we proposed and analyzed some variants of the Douglas-Rachford
method for solving monotone inclusions and of the alternating direction method of
multipliers for convex optimization. Initially, we proposed and studied the iteration
complexity of an inexact Douglas-Rachford splitting method and a Douglas-Rachford-
Tseng’s forward-backward splitting method for solving two-operator and four-operator
monotone inclusions, respectively. The former method (although based on a slightly
different mechanism of iteration) has motivated by the recent work of J. Eckstein and
W. Yao, in which an inexact DRS method is derived from a special instance of the
hybrid proximal extragradient (HPE) method of Solodov and Svaiter, while the latter one
combines the proposed inexact DRS method (used as an outer iteration) with a Tseng’s
forward-backward splitting type method (used as an inner iteration) for solving the
corresponding subproblems. We proved iteration complexity bounds for both algorithms
in the pointwise (non-ergodic) as well as in the ergodic sense by showing that they
admit two different iterations: one that can be embedded into the HPE method, for
which the iteration complexity is known since the work of Monteiro and Svaiter, and
another one which demands a separate analysis. Secondly, we studied the asymptotic
behavior of new variants of the Douglas-Rachford splitting and ADMM splitting methods,
both under relaxation and inertial effects and with inexact (relative-error) criterion for
subproblems. Our analysis has essentially based on a new inexact version of the proximal
point algorithm, also proposed by this thesis, that includes both an inertial step and
overrelaxation. To demonstrate the applicability of the proposed methods, we performed
numerical experiments applying the ADMM (relaxed and inertial) on LASSO and logistic
regression problems. We obtained present better computational performance than earlier
inexact ADMM methods. Moreover, our numerical results indicate that the proposed
inexact versions are a useful tool for solving some real-life applications that can be posed
in the general framework of convex optimization.
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Appendix A

Auxiliary Results

Lemma A.1. ([6, Lemma 3.1]) Let 2% := (yB + I)7'(2) be the (unique) solution of
(2.2.5). Then,

Iz—z) < |—2|  Va*e B0 (A1)

Lemma A.2. ([81, Lemma 2.2|) Let F : H — H be n—cocoercive, for some n >0, and
let 2',z € H. Then,
s

F(2') € F°(Z) where ¢:= ™

Lemma A.3 (See for example Proposition 20.33 of [11]). If T' is maximal monotone on

R™, {(27,v7)} is such that vl € T(z7) for all j > 0, lim;_,0o 27 = 2, and lim;_, v/ = 0™,
then v € T'(2>).

Lemma A.4. The inverse function of the scalar map

0.2)3p olp) = — 220

B 4—p++/16p — Tp?

€(0,1)

18

2(8 — 1)?
206—-1)2+36—1
Proof. We first claim that ¢ (5) € [0, 2] for all 5 € [0,1] and (8) € (0,2) for all § € (0, 1).

To establish this claim, we first note that by elementary calculus and some simplifications,
we have

(0,1) 5 8> 1(B) = € (0,2).

2 2

45(8) - 682 — 458 — 2 _ 6532 — 48 22‘ (A2)

(2(6-12+38-1)" (282—=B+1)

The discriminant of 232 — 3 + 1 is negative, so it has no real roots and the denominator
of (A.2) is always positive. The expression in the numerator is convex and applying
the quadratic formula yields that that its roots are —1/3 and 1, so therefore it is
nonpositive on [0, 1] and negative on (0,1). Therefore, %w(ﬂ) exists for all 5 € [0, 1]
and is negative for all 5 € (0,1), implying that ¢ is a decreasing function on (0, 1). By
direct calculation, 1(0) = 2 and (1) = 0, so therefore {y(8) | 8 € [0,1]} = [0,2] and
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{¥(8) | B € (0,1)]} = (0,2), establishing the initial claim. To continue the proof, we
next establish that
() =5 VB E(0,1). (A.3)
To this end, fix any 5 € (0,1) and define
2B-1)2 282 —4B+2
208 —-1)24+38—1 282 —-p+1"

which implies the quadratic equation

20 =p)B2 =4 —=p)B+(2-p)=0. (A.4)
We now consider three cases in (A.4): p=1, p<1,and p > 1.

p = 1: in this case, simplification of (A.4) and the definition of ¢ yield that g =1/3 =
o(1).

p < 1: the unique minimizer of the quadratic function in (A.4) is 8* := (4—p)/(4(1—p)),
which must be greater than 1 because p > 0. Thus, we have * > 1> 3 > 0, so

is the smaller root of the quadratic equation in (A.4). Using the quadratic formula
and rationalizing the denominator,

_A-p—V(p—4?-4-20-p)2—p) _4—p—/16p—T7p? (A5)
2:2(1-p) 4(1-p) '
A —p—/16p—Tp?* 4—p+/16p— Tp?
4(1 - p) 4—p++/16p = 7p?

(0,2) 3 p:=(B) =

B

_ 16 — 24p + 8p? _ 8(1—p)(2—p)
41=p)(4—p+/16p—Tp%) A1 —p)(4—p+ /16p—Tp?)

_ 2(2 —p) _

RSy Tl o

p > 1: in this case, f* as defined in the previous case is the unique maximizer of the
quadratic function in (A.4) and 5* < 0. So 5* < 0 < f < 1 and f is the larger root
of the quadratic in (A.4). Since the coefficient of the quadratic term is negative in
this case, this root also takes the form (A.5), and consequently (A.6) still holds.

The proof of (A.3) is now complete. Finally, we now prove that

v(d(p)) =p  Vpe(0,2). (A7)
To this end, let 0 < p < 2 and define

(0,1) 3 8= 6(p) = 4_pi(2¢‘1gp)ﬁ.

Using the above definition and the quadratic formula, we conclude that [ also satisfies
the quadratic equation (A.4), which after some simple algebra gives

o 2B-1p
P oG —12+35 -1
that is, p = (), which in turn is equivalent to (A.7). O
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; N AT A
(a)a=0 (b) a>0 (c)a<0

Figure A.1: Possible cases for the quadratic function ¢(-) in Lemma A.5.

Lemma A.5. Let R 3 v — ¢(v) := av® — bv + ¢ be a real function and assume that
b,c > 0 and b* — 4ac > 0. Define

5: ¢ (A.8)

= > 0.
b+ Vb% —4dac

(i) Ifa =0, then q(-) is a decreasing affine function and B > 0 as in (A.8) is its unique
root (see Figure A.1(a)).

(i) If a > 0 (resp. a <0), then q(-) is a convex (resp. concave) quadratic function and
B >0 as in (A.8) is its smallest (resp. largest) root (see Figure A.1(b) and Figure
Al(c), resp.).

In both cases (i) and (ii), B > 0 as in (A.8) is a root of q(), and q(-) is decreasing in the
interval [0, B] (see Figure A.1).

Proof. The proof of (i) is straightforward. To prove (ii), note that rationalizing the
denominator of (A.8) results in 8 = (b — v/b?> — 4ac) /2a, which in turn implies that (ii)
follows from the quadratic formula and the assumption that b, ¢ > 0. The last statement
of the lemma is a direct consequence of (i), (ii) and the assumption that b, ¢ > 0. O

Lemma A.6 (Opial [73]). Let ) # Q C R™ and {z*} be a sequence in R™ such that every
cluster point of {z*} belongs to Q and limy_.o ||2F — 2*|| exists for every z* € Q. Then
{2*} converges to a point in Q.

The following lemma was essentially proved by Alvarez and Attouch in [2, Theorem 2.1].

Lemma A.7. Let the sequences {pr}, {sx}, {ax} and {6} in [0,400) and a € R be
such that o9 = ¢_1, 0 < ap < a <1 and

Ort1 — Pk + Skr1 < (0 — @r—1) + 0k VE > 0. (A.9)
The following hold:
(a) Forallk > 1,

k k—1
1
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(b) If > 32 0 < 400, then limy_, @y, exists, i.e., the sequence {py} converges to some
element in [0, +00).

Proof. Tt was proved in [2, Theorem 2.1] that M := (1—a)™! Z?:o §; > Zf;l [©;—@i-1]+s

where [-] = max{-,0}. Using this, the assumptions ¢y = ¢_1, 0 < a < a < 1 and (A.9),
and some algebraic manipulations we find, for all £ > 0,
k1 k1 k
Pt Y s <pota) o= el +) 6
j=1 j=1 Jj=0
<pot+aM+(1—-a)M =)+ M,

which proves (a). To finish the proof, we note that (b) was established within the proof
of [2, Theorem 2.1]. O
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