Numerical Algorithms
https://doi.org/10.1007/511075-022-01405-9

ORIGINAL PAPER .

®

Check for
updates

A primal-dual splitting algorithm for composite
monotone inclusions with minimal lifting

Francisco J. Aragén-Artacho’ - Radu I. Bot? - David Torregrosa-Belén'

Received: 23 February 2022 / Accepted: 23 August 2022
© The Author(s) 2022

Abstract

In this work, we study resolvent splitting algorithms for solving composite mono-
tone inclusion problems. The objective of these general problems is finding a zero
in the sum of maximally monotone operators composed with linear operators. Our
main contribution is establishing the first primal-dual splitting algorithm for com-
posite monotone inclusions with minimal lifting. Specifically, the proposed scheme
reduces the dimension of the product space where the underlying fixed point operator
is defined, in comparison to other algorithms, without requiring additional evalua-
tions of the resolvent operators. We prove the convergence of this new algorithm and
analyze its performance in a problem arising in image deblurring and denoising. This
work also contributes to the theory of resolvent splitting algorithms by extending
the minimal lifting theorem recently proved by Malitsky and Tam to schemes with
resolvent parameters.
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1 Introduction

In the last decades, monotone inclusion problems have become an attractive topic
of research in operator theory and numerical optimization. The wide variety of sit-
uations in applied mathematics that can be modeled as finding a zero of the sum of
mixtures of maximally monotone operators is one of the reasons for its increasing
popularity. Among the methods that are usually employed for tackling these prob-
lems, splitting algorithms (see, e.g., [2, Chapter 26]) are the ones that have received
more attention. Using simple operations, these methods define an iterative sequence
which separately handles the operators defining the problem and is convergent to a
solution to the inclusion problem. Furthermore, as these methods only use first-order
information, they are well suited for large-scale optimization problems.

In this work, we focus on the study of primal-dual splitting algorithms for
composite monotone inclusion problems in real Hilbert spaces of the following form.

Problem 1 Let H and (G;)1<j<m be real Hilbert spaces. Let Ay, ..., A, : H =3 H
be maximally monotone operators, let B; : G; = G; be maximally monotone and
L; :H — Gj be a bounded linear operator whose adjoint is denoted by Ljf, for all
Jj €{l,...,m}. The problem consists in solving the primal inclusion

n m
find x € H suchthat 0 € Yy A;(x) + Y _ L3Bj(Lx), (1)
i=1 j=1

together with its associated dual inclusion

m n
— > Liuje )y Aix),
find (uy, ..., upy)€ Gyx---xGy, such that (Ix € H) ; it ; ()

quBj(ij) j=1,...,m.
)

Problem 1 encompasses numerous important problems in mathematical optimiza-
tion and real-world applications (see, e.g., [10, 11, 20]). In these settings, it is highly
desirable to devise algorithms that simultaneously obtain solutions to both problems
(1) and (2) —namely, a primal-dual solution— and which only make use of resolvents
of the maximally monotone operators, forward evaluations of the linear operators and
their adjoints, scalar multiplication, and vector addition. Many splitting methods can
be found in the literature satisfying these conditions (see, e.g., [3-5, 12, 22]). One
of the best-known primal-dual algorithm is the one proposed by Bricefio-Arias and
Combettes in [7], which was further studied in [6]. To derive this scheme, let us con-
sider first the particular instance of Problem 1 in which n = m = 1 and let us define
the pair of operators M and N given by

M:HxG=HXG: (x,u) > Ax) x B~ L),
N:HxG—>HxG:(x,u) = (L*u, —Lx).

The operator M is maximally monotone and N is a skew symmetric bounded linear
operator. Furthermore, the set of zeros of the sum M + N consists of primal-dual
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solutions to Problem 1. Applying the forward-backward-forward algorithm to the
problem of finding the zeros of M 4 N results in the fixed point iteration given by

K = (Jym @d—yN) +yN (1d = Jyp d — yN)) )(x¥) Yk >0, (3)

where y > 0, Id denotes the identity operator and J,, 4 stands for the resolvent of A
with parameter y (see Definition 3). Thus, since the resolvent of a cartesian product
is the cartesian product of the resolvents, it can be seen that (3) is a full splitting
algorithm, as it only requires evaluations of the resolvents J, 4 and Jy p-1, and of the
linear operator and its adjoint.

The general problem involving more than two operators can be addressed by
setting

A=A, B:=Ayx---xA, XxByx---x By

and L :=1Idx ) xId x L{ X -+ X Ly,.
In this case, according to (3), the resulting algorithm is generated by a fixed point
iteration of an operator defined in the ambient space H" x G| x --- X Gy,. The

dimension of the underlying space is directly related to the memory requirements
of the resulting algorithm. In general, a smaller dimension of the space translates
into less consumption of computational resources. For this reason, the development
of algorithms with reduced dimension for solving monotone inclusion problems has
recently become an active topic of research [8, 14, 16, 19].

Lifted splitting algorithms The notion of lifted splitting, first introduced in [19],
relates a fixed point algorithm with the dimension of its underlying ambient space.
Consider the simplest case of the classical monotone inclusion problem obtained by
setting m = 0 in (1):

Problem 2 Let Ay,..., A, : H == H be maximally monotone operators and
consider the problem

n
find x € H such that 0 € " A;(x).
i=1

A fixed point algorithm for finding a solution to Problem 2 employs a d-fold lifting
if its underlying fixed point operator can be defined on the d-fold Cartesian product
. For example, if n = 2, the famous Douglas—Rachford algorithm [15] makes use
of a 1-fold lifting, since it can be written as the fixed point iteration

X = xR 4 a (U, (204, —1d) = Ja,) 55 VE >0,

with A € ]0, 2[. Until very recently, the only way to tackle the problem when n > 2
was using Pierra’s product space reformulation [18], which implies an n-fold lifting.
Nowadays, various algorithms have been proposed allowing to solve the problem by
only resorting to an (n — 1)-lifting (see, e.g., [8, 13, 14]). This reduction from n to
n — 1 has been proven to be minimal [16] when the algorithms are required to be
frugal resolvent splittings [19], which means that each of the resolvents J4,, ..., Ja,
is evaluated only once per iteration.

@ Springer



Numerical Algorithms

To the best of the authors’ knowledge, the notion of lifting has not been developed
in the setting of primal-dual inclusions given by Problem 1. We will say that a primal-
dual splitting has (d, f)-lifting if the underlying fixed point operator can be written
in the product space

’deglfl X oo x Gim,

with f = 377, fj. Thus, the Bricefio-Arias-Combettes primal-dual splitting
algorithm makes use of an (n, m)-fold lifting. This is also the case for the other
primal-dual algorithms existing in the literature. In this work, we propose the first
(n — 1, m)-lifted splitting method for solving primal-dual inclusions and demonstrate
the minimality of the algorithm. In order to do this, it is important to note that the def-
inition of frugal resolvent splitting does not allow the use of parametrized resolvents.
The inclusion of these resolvent parameters is of crucial importance for controlling
the Lipschitz constants of the linear operators in Problem 1, as can be seen in all
the existent primal-dual schemes. This motivates the introduction of the concept of
frugal parametrized resolvent splitting, whose definition coincides with the one of
frugal resolvent splitting except that it permits the inclusion of resolvent parameters.
Our contribution to the theory of minimal lifting splitting methods is double: (i) we
extend the results of Malitsky—Tam in [16, Section 3] to frugal parametrized resol-
vent splitting algorithms, (ii) we prove that for a frugal primal-dual parametrized
resolvent splitting (see Section 3 for a precise definition) with (d, m)-fold lifting to
solve Problem 1, one necessarily has d > n — 1. Our proposed algorithm is the first
algorithm in the literature being minimal according to this relation.

The rest of this work is structured as follows. In Section 2, we recall some pre-
liminary notions and results. In particular, in Section 2.1, we present the extension
of the results by Malitsky—Tam [16] to parametrized resolvent splitting algorithms.
In Section 3, we introduce the first primal-dual algorithm with reduced lifting for
composite monotone inclusion problems and prove its convergence. The concept of
parametrized resolvent splitting is adapted to primal-dual schemes in Section 3. We
prove a minimality theorem under the hypothesis of frugality and show that our pro-
posed algorithm verifies it. In Section 4, we include a numerical experiment on image
deblurring and compare the performance of the new algorithm with the best perform-
ing primal-dual algorithm for this problem. The paper ends with some conclusions
and possible future work directions in Section 5. Finally, in Appendix A, a detailed
proof of the results in Section 2.1 is presented.

2 Preliminaries
Throughout this paper, H, G, and (G;)1<j<n are real Hilbert spaces. Otherwise

stated, to simplify the notation we will employ (-, -) and || - || to denote the inner
product and the induced norm, respectively, of any space. We use — to denote
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norm convergence of a sequence. We denote by H" the product Hilbert space

H" = Hx ) xH with inner product defined as

(o) (e ) = D E) VO o), (e ) € H
i=1

Sequences and sets in product spaces are marked with bold, e.g., x = (x1,...,x,) €
H".

For a set-valued operator, we write A : H = H, in opposite to A : H — H which
denotes a single-valued operator. The notation dom, Fix, zer and gra is used for the
domain, the set of fixed points, the zeros and the graph of A, respectively, i.e.,

domA: = {xeH:Alx) #0}, FixA:={xeH:xeAk)},
zertA :={xeH:0e A(x)}, graA:={(x,u)e HxH:ueAkx)}.

The inverse operator of A, denoted by A~!, is the operator whose graph is given
by graA™! = {(u, x) € H x H : u € A(x)}. The identity operator is denoted by Id.
When L : ‘H — G is a bounded linear operator, we use L* : G — H to denote its
adjoint, which is the unique bounded linear operator such that (Lx, y) = {(x, L*y),
forallx €e Hand y € G.

To simplify the notation, we will use [k, [] to denote the set of integers between
k,l e N, ie.,

ik k1, itk <
[k, 1] = { %] otherwise.
Definition 1 An operator T : H — H is said to be
(1) «-Lipschitz continuous for k > 0 if
ITC) =TI <«llx =yl Vx,y eH;

(i) nonexpansive if it is 1-Lipschitz continuous, i.e.,

IT@) =TI < llx =yl Vx,yeH;

(iii) «-averaged nonexpansive for a € 0, 1[ if
2, -« 2 2
17 x)=T)l +TII(Id—T)(X)—(Id—T)(y)II <llx=ylI© Vx,yeH.
Definition 2 A set-valued operator A : H = H is monotone if

(x—y,u—v)>0 V(x,u),(y,v) € graA.

Furthermore, A is said to be maximally monotone if there exists no monotone
operator B : H =2 H such that gra B properly contains gra A.

Definition 3 Given an operator A: H =2 H, the resolvent of A with parameter y > 0
is the operator J,, 4 : H = H defined by J, 4 := (Id + yA)_l.

The next result contains Minty’s theorem [17].
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Proposition 1 ([2, Proposition 23.10]) Let A : H = H be monotone and let y > 0.
Then,

(i) Jya is single-valued,
(i) dom J, o = H if and only if A is maximally monotone.

2.1 Parametrized resolvent splitting

Besides developing lifted splitting algorithms with reduced dimension, different
works have been devoted to determine the minimal dimension reduction that can be
achieved under some conditions. This is the case of [16, 19], where a minimality
result is obtained for the classical monotone inclusion Problem 2. In what follows,
we employ T for denoting a fixed point operator and S for a solution operator, both
depending on the maximally monotone operators appearing in the problem.

Definition 4 (Fixed point encoding [19]) A pair of operators (7', S) is a fixed point
encoding for Problem 2 if, for all particular instance of the problem,

n n
Fix T # } <> zer (ZA,-) #@andz € FixT = S(z) € zer (ZA,-).
i=1 i=1

Previous works on minimality are based on the concept of resolvent splitting,
which does not allow employing parametrized resolvents (i.e., it only permits com-
putation of the resolvents Ja,, ..., J4,). In this work, we introduce the notion of
parametrized resolvent splitting and adapt the minimality result in [16, Section 3] to
the more general parametrized setting. Since the reasoning is very similar to the one
in the mentioned reference, we only present the results here and refer the interested
reader to Appendix A for a detailed demonstration.

Definition 5 (Parametrized resolvent splitting) A fixed point encoding (7', S) for
Problem 2 is a parametrized resolvent splitting if, for all particular instances of the
problem, there is a finite procedure that evaluates 7 and S at a given point which
only uses vector addition, scalar multiplication, and the parametrized resolvents of
Al, ..., Ap.

Definition 6 (Frugality) A parametrized resolvent splitting (7', S) for Problem 2
is frugal if, in addition, each of the parametrized resolvents of Ay, ..., A, is used

exactly once.

Definition 7 (Lifting [19]) Let d € N. A fixed point encoding (7, S) is a d-fold
lifting for Problem 2 if T : H? — H? and S : H? — H.

Example 1 In [8], a product space reformulation with reduced dimension is pro-
posed, which applied to Problem 2 yields the following lifted splitting. Given any

@ Springer



Numerical Algorithms

y > 0and A € ]0,2], the algorithm in [8, Theorem 5.1] can be defined by the
operator R : H"~! — H"~! given by

X1 — X0
Xy — X0
R(Z) = Z+)\. . )
Xn—1 — X0
where z = (29, 21, ..., 2Zn—1) and X = (xg, X1, ..., X,—1) € H" is the vector defined

as

1 n—1
xo=Jra |\ ior 2% )
i=1
X; = JyA,-(sz —zi) Vie [1,1/1 — lﬂ.

Moreover, if we let S : H"~! — # be the operator given by

1 n—1
S@ i=J x4 (nT] X;z,) :
i=

then the pair (R, S) is a frugal parametrized resolvent splitting with (n — 1)-fold
lifting which is not a resolvent splitting, since it makes use of resolvent parameters.

Malitsky and Tam prove in [16, Theorem 3.3] that the minimal lifting that one
can achieve for Problem 2 with frugal resolvent splittings is n — 1. From their proof,
it cannot be directly determined whether the same result holds when the resolvents
are allowed to have different parameters. The next theorem provides an affirmative
answer to this question.

Theorem 2 (Minimal lifting for frugal parametrized splittings) Let n > 2 and let
(T, S) be a frugal parametrized resolvent splitting with d-fold lifting for Problem 2.
Then, d > n — 1.

Proof See Theorem 6 in Appendix A. O

3 A primal-dual splitting with minimal lifting

In this section, we devise a primal-dual splitting algorithm for Problem 1 with min-
imal lifting. We base our analysis in the case in which the primal problem involves
only one linear composition, i.e., m = 1, and later extend to an arbitrary finite num-
ber of linearly composed maximally monotone operators by appealing to a product
space reformulation. Lastly, we prove minimality of the algorithm by adapting the
concept of lifted splitting to primal-dual algorithms.
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The case with one linear composition Letn > 2. We start by considering the primal-
dual problem given by

n
find x €  such that 0 € ZAi(x) + L*B(Lx), )
i=1
and
n -1
findu € G such that0 € —L (Z A,-) (—L*u) + B '), 5)
i=1
where A, ..., A, : H = H and B : G = G are maximally monotone operators and

L : H — G is a bounded linear operator. Note that in this case, (5) corresponds to
the Attouch—Théra dual problem of (4) (see [1]). In the following, we denote the set
of solutions of (4) and (5) by P and D, respectively, and consider the set Z defined as

n
Z={(xu)eHxG:—L'ue) Ajx)andue B(Lx)} :
i=1
which is useful for tackling primal-dual inclusion problems. It is well-known that Z
is a subset of P x D and that
P AP =L +0 <D #0.

Indeed, we have

JxeP < @xeM) 0e) Ai(x)+L*B(Lx)

i=1

L) € 3 Ao,

> A(x,u) e HxG) i=1
u € B(Lx),
n —1
— A, eHxg | © (;Al) (=L7u).
Lx € Bi](u),

n -1

< @QAueg 0e-L (ZAi) (—L*u) + B Y(u) = 3JueD.
i=1

We refer to an element of Z as a primal-dual solution of (4) and (5).

Now, we introduce a fixed point algorithm for solving the primal-dual problem
given by (4)and (5). Let A,y > Oandlet T : H"~! x G — H"~! x G be the operator
given by

X2 — X1
X3 — X2

(-]

Xn — Xn—1
Yy (y = Lxyn),
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where (x, y) = (xq,...,Xn, ) € H" x G depends on (z,v) = (z1,...,2n—1,V) €
H"~! x G in the following way

x1 = Ja, (z1),
xi = Ja,(zi +xic1 —zi—1), Vie€[2,n—1],
Xn = Ja, (X1 + Xt — 21 — L*(yLx; — ), O

Toyy (LG +x) = 2).

<
Il

In the next lemma, we characterize the set of fixed points of the operator 7' by means
of the set of primal-dual solutions to (4) and (5).

Lemmal Letn > 2and A, y > 0. The following assertions hold.

(1) If(x,u) € Z, then there exists 7 € H"1 such that (Z, yLx —u) e FixT.
() If(z1,.-.,2n—1,0) € FiXT, then (J4,(z1), yLx — V) € Z.

As a result,
FixT £ < Z # 0.

Proof (i) Let (x, u) € Z. Then, u € B(Lx) and there exists (ay, ..., a,) € H" such
that ; € A;(¥) and —L*a = Y ;_, a;. Consider the vectors (Zi,...,Zy—1,0) €
H"~1 x G defined as

71 =X +a € d+ A (%),

o= ai 4z =0d+A)E) —F+Z, Vie[2n—1],

i = yLi—ii e (yld— B) (L¥).
Then, we deduce that ¥ = J4,(Z1) and X = J4, (Z; + % —Z;—1) foralli € [2,n — 1].
Moreover, we have

2% — Zy_q — L¥(yL¥ — 8) = 2% — 21 — L*(@1)
n—1
=fta+i-Za+) a

i=1

n—1
=X+a,+X—Zn_1 +Z(Zi —Zi-)+t21—X
=2
= (Id+ A,)(X).
Altogether, we obtain
x = Ja, (z1),
X =Ja@+x—-27zi—1), Vie2,n—-1],
X = Ja,2Xx —Zzy—1 — L*(yLx — ),

L% = Jg, (2LF - 2),

=
Il

which implies that (z1, ..., Z,—1,v) € Fix T.
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(i) Let (Z1,...,2n—1,v) € FixT and set x := J4(Z1). By (6),y = Lx and x; = x
foralli =1, ..., n. Consequently, from (7), we derive
71 —x € Aj(x),
Zi —Zi—1 € Ai(X), Vie[2,n—1],
X = Zn—1 — L*(yLx —v) € Ay(X),
yLx —v € B(LXx).

Summing together the first n inclusions above and setting i := y Lx — v, we deduce
n
—L*i € Y Ai(®),
i € B(LY),
which implies (X, u) € Z, as claimed. O

The following technical lemma provides nonexpansive properties of the operator
T in the Hilbert space H" ' x G with scalar product given by

) . B n—1 . 1 .
(@1 201 0), Gl 1 D))y = ) (2 T+ Swdg @
i=1
for (21, ..., Zn-1,0), Gl v Zn-1,0) € H" ' x Gand y > 0.
Lemma?2 Forall (z,v)=(z1,...,2n—1, V) EH"XG and (z, D) = (Z1, ..., In_1, D)
e an—l % g’

I—2x
IT @ v) — T@ D)} + — I =T) @z v) - (1d=T) (2. ol

L=y IS 4 - 7y i = S d = T 6, 3 2
— ,;( - T) (), —E( ~T) (@ 0); y
= iz, v) — (z, ﬁ)ll,z,, ©)
where || - ||, denotes the norm induced by the scalar product (8). In particular, if

A €0, 1[andy € ]0, m], the operator T is A-averaged nonexpansive.

Proof Let (x1,...,x,,y) € H" x G and (X1, ..., X,, y) € H" x G be given by (7)
from (z, v) and (z, v), respectively. For simplicity, we denote (z*, v*) = T'(z, v) and
(z*,v") =T(z, v). Since z1 — x1 € Aj(x1) and Z; — X; € A;(X1), by monotonicity
0fA1
0 < {(z1 —x1) — (21 —x1), x1 — X1)
= (@1 —x) — @1 — X)), x1 — x2) + (21 — x1) — (21 — %), x2 — X1). (10)
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Foreveryi € [2,n — 1], we have z; + xj_1 — zi—1 — x; € A;(x;) and Z; + X;j_1 —
Zi—1 — X; € Ai(x;) and thus, by monotonicity of A;

0 < ((zit+xi-1 —zi—1 — X)) — (Zi +Xim1 — Zi—1 — %), Xi — X;)
((zi —xi) — (@i — X)), xi — X)) — ((Zi—1 — Xi—1) — (Zi—1 — Xi—1), Xi — X;)
((zi —xi) — @i — %), xi — xig1) +{(zi —xi) — (Zi — %), Xit1 — Xi)
—{(zi—1 = xi—1) — @i—1 — Xi—1), X; — Xi—1)
—((zi—1 = Xi—1) = (Zi—1 — Xi—1), Xi—1 — X;). (11)

Now, since x| +x,—1 —2Zy—1 —Xp—L* (yLx; — v) € Ay (xy) and X1 +Xy—1 —Zp—1 —
X, — L* (yLxy — v) € A,(x,), again monotonicity of A, results in the inequality

0 < (X1 +Xp—1 — 2Zp—1 — Xp — L™ (yLx1 — V), X, — %)
— (X1 + Xnm1 — Znm1 — X — L* (Y LX) — D), x5 — %)
((fn—1 = zZn—1) — (Cn—1 = Zn—1), Xn — Xn) + ((x1=X1) — (Xp — Xn), Xp —Xp)
—(y (Lxy — Lx1) — (v — ), Lx, — LX)
= ((xn—1 = z2n-1) — Kn—1 = Zn—1), Xn — Xn—1)
+{(x1 —x1) — (6 — Xn), Xn — Xn)
H{(tn—1 — zu—1) — Kn—1 — Zn—1)> Xn—1 — Xn)

—(y (Lxy — LX) — (v — 0), Lx, — LX,).
(12)

Finally, we have y L(x1 +x,) —v—yy € B(y)and yL(x1 + x,) —v—yy € B(y),
so by monotonicity of B we get

0<((yLx1+x) —v—yy) —(YLG1+X) =0 =y y),y—)). (13)
Summing together (10)—(13) and rearranging, yields
n—1
0 < Y (i —xip1) — (6 — ig1), i — Zi)
i=1
n—1
+ D {0 — ) = (Kigr — Fip), % — x;)
i=1

+((1 = X1) = (6 = Xn), Xp — Xn) + (Lxp — LX) — (y = §), v — )
V(L1 +xn) = LE +30) = (v =),y = F)
—y{(Lx1 — Lx1, Lx,, — Lx,). (14)
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The sums in (14) can be written, respectively, as

1
(i —xip1) — (X — Xig1), 2i — Zi)
1

n

i

n—1
= %Z«a — ) -G -5 — )

i=1

= %((z—z*)—(i—i*),z—i)

1
= 5 (le—zh —@-2HP -1z -2 1P+ 1z—2) . (15

and
n—1

D 0 = F) = (i1 — Kig1), K — x1)

i=1

ln—l . ) ) .

= 3 2 (Iisr = Tl = i = 81 = 105 = xi40) = G = F)I?)
i=1

1 1 n—1

=5 (nxn =5l =l =8P - 5 ) G- - G —z,.*>||2>
i=1

= L (= 5l = I — B2 = S — 2t — G 70 (16)
= ) n n 1 1 kz .

The third term in (14), becomes

((x1 —X1) — (Xp — Xn), X5 — Xp)

1 _ _ _ -
= 3 (I = #112 = Il = %l = 011 =¥ = (o = EI7) . (D)

while the fourth term yields

((Lxp—=LXp) = (y =), v — 1)

v Gt
_y)\((v v — (0 —v"),v—10) (18)

5,7 (10 =9 =@ =T = v =P+ v = 5F).
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Lastly, making use of the Cauchy—Schwarz and Young’s inequalities, the second last
term of (14) gives

Y{(L(x1 +x,) — L(E1 +3)) — (= 5.y — )

=y (Lx; —Lx1,y = y) + ((Lxy = Lxp) = (y = ¥), ¥y = ¥))

= 2 (1w = L& 1P = | Lty = L&) = v = DI = Iy = 51
+y{(Lx1 — Lx1,y —y)
y B} 1 _ )
s5(||an—an||2—Wn(v—v*)—(v—v*)u ||y—y||2>
Y -2 V4 -2
+ ZLxy — LxI* + =y —
S ILx = L& |2+ Sy = 31
14 - Y _ _
= JlLx - Lx1||2+5||an—an||2— Iw—vH) — @ -2,

2yA2
(19)
while the last term can be rearranged as follows

—y{(Lxy — Lx1, Lx,, — Lx,)

Y - - - -
= 2 (1LG1 =3 = LG = 51 = L1 = LE® = |Lx, — LE[?)

(20)
Summing together (19) and (20) and using the Lipschitz continuity of L, we get

Y (LGt +x0) = L&+ X)) — (v = 7). ¥ = §) — y{Lx1 — LE1, Lx, — L)

%nL(xl —xn) = LG — &) —

VIL|? YT
= 5o = x) = @ = %) EEE

1
el v — @ —hI?

Iw—vH) — @ -2

21
Multiplying (14) by 2 and substituting (15)—(21), we obtain the final inequality

+ ( )(II(Z—Z+)—(Z—Z+)II +—||(v—v+)—(v—v+)|| )

1 - -
£l = TP (1= ILIP) e =) = G = Sl

2
lz*

- 1 -
< llz =2 + — v -9l
14
To complete the proof, just note that

n—1 n—1
M= x) = A(E = E) =AY (6 —xip1) — A Y (6 — Xig)
i=1 i=1
n—1

n—1
= Z(Z,’ - Zz+) - Z(Zz - Z,+)1
i=1 i=1

from where (9) finally follows. O
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Next, we state our main result, which establishes the convergence of the iterative
algorithm defined by the operator T in (6) and (7).

Theorem 3 Letrn > 2, let L : H — G be a bounded linear operator and let
Al,...,A, : H = Hand B : G = G be maximally monotone operators with

zer (Z;’Zl A + L*BL) # (. Furthermore, let A € 10, 1[ and y € ]0, W] Given

an initial point (zo, vo) = (z(]), e, 1271, UO) e H"! x G, consider the sequences
given by
Xy —xf
ko k
Zk+1 s B0 =0 ’
= A : Vk >0,
(Uk+1) (vk> + L = (22)
Xn — xn—l
y (% — Lxf)
with

xf = Ja, @),
K= a2 ), vie2,n—1],
Xy =Ja,( Hxk_ —zp = L*(yLx} =), (23)

n—1
k Kook U
y = ‘IB/)’ (L(xl +xn) - 7) :
Then, the following statements hold.

(i) The sequence (zk, vk)kEN converges weakly to a point (z, v) € Fix T.

(i) The sequence (x'f, e, x,’f, yk)keN converges weakly to (x,...,x, LX) with
xeP.

(iii) The sequence (nylk — vk) ey converges weakly to yLx — v € D, for all
i €[1,n].

Proof (i) The sequence in (22) is the fixed point iteration generated as

k+1 k
z z
(£0) =7 () weo

Since A € 10,1[ and y € ]0, |L||?], T is averaged nonexpansive by Lemma 2
and, moreover, FixT = @, due to Z # ¢ and Lemma 1(i). Then, by [2, Theo-
rem 5.15] the sequence (zk, vk )keN converges weakly to a point (z, v) € Fix T and
limy o0 |21, 041 — (24, )], = 0.

(i) From (i), the sequence (zF, vF) ey is bounded. Then, nonexpansivity of
the resolvents and boundedness of the linear operator L imply that the sequence

x5, YYen = (x’l‘, . ..,x,’f, y¥)ren is also bounded. Furthermore, the fact that
@, v Y ey — (2, v )kenw — 0, as k — oo, implies by (22) that
yE = Lxf — Oand x| —xF — 0, foralli € [1,n —2]. (24)
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Next, by making use of the definition of resolvents and (23), we can write

- -
& — b — @ — b o
c : 5 5 . 09)
k k k k
(Zn—l _xn—l) - (Zn—Z _xn—2) xﬁ—] _x’l;
ok xb L (Lnf — 3¥)
Y (LG 4 xky — yk) — ok vk — Lxk
where the operator C: H" x G = H" x G is given by
AT 00...0—-Id 0
Ay! 00..0-Id0
C = : w0 e (26)
A 00...0-IdoO
A, IdIld...Id 0 L*
B! 00...0-L O

The operator C is maximally monotone as the sum of a maximally monotone operator
and a skew symmetric linear operator (see, e.g., [2, Corollary 25.5 (i) & Exam-
ple 20.35]). Thus, the graph of C is sequentially closed in the weak-strong topology,
by demiclosedness of maximally monotone operators [2, Corollary 20.38].

Now, let (X, y) be a weak sequential cluster point of (xk, yk)keN. Due to (24), x is
of the form X = (x, ..., x) € H" and y = Lx. Taking the limit along a subsequence
of (x*, y*)ren which converges weakly to (X, ¥) and using demiclosedness of C, (25)
and (26) yield the expression

71 — X € A1(X),

Zi —Zi—1 € Aj(X), Vie[2,n—1],
X = Zn—1— L*(VL)E — V) € Ap(%),
yLx —v € B(LX),

which, by summing the first n equations, implies that (x, yLx — v) € Z with
X = Ja,(z1). In particular, we have shown that (X, y) is directly obtained from z,
implying that it is the unique weak sequential cluster point of the bounded sequence
(x*, y*)ren. Thus, the full sequence converges weakly to this point.

(iii) From (i)-(ii), for all i € 1, n], we deduce that the sequence (y fo — v )en
weakly converges to y Lx — v, which belongs to D since (x, yLx — v) € Z. O

Remark 1 (Malitsky—-Tam resolvent splitting [16] as a special case) Consider
Problems (4) and (5) in the particular case in which L = Id. Then, B : H = H
and (4) becomes the classical monotone inclusion problem with (n + 1)-operators.
Furthermore, by setting ¥y = 1 in Theorem 3, it is straightforward to see that the
sequences in (22) and (23) yield the Malitsky—Tam resolvent splitting with minimal
lifting for (n + 1)-operators.
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Remark 2 (On the parameter y in the definition of the norm || - ||,,) In Lemma 2,
we proved that the operator 7" is A-averaged nonexpansive with respect to the norm
| - Il induced by the scalar product defined in (8). Although the use of this norm
did not require detours from the usual procedure to prove convergence of the fixed
point algorithm in Theorem 3, it may numerically affect the performance of the algo-
rithm. To give an intuition about this, consider the norm of the sequence of residuals
(1 L, vkl — (2, vk)||,,)keN, which converges to 0 as the algorithm reaches a
fixed point, and note that we have

2 1
H @+ kY — (k) vk)H = 12— 2 SRt — K2 Yk > 0.
14 14

Lemma 2 implies that this sequence is monotone decreasing, but if y is very small,
the weight of the sequence of dual variables (v*t! — vk), oy in the norm would be
much larger than the one of the sequence of primal variables (2! — ZM)en, s0 a
small decrease in the value of ||[vFT! — vk || will readily imply a decrease of the norm
of the sequence of residuals even if ||z¢*! — z¥|| does not diminish much. Because
of that, a larger number of iterations might be needed to achieve convergence of the
primal sequence, which can slow down the overall convergence of the algorithm.
Nonetheless, it is possible to perform some sort of pre-conditioning to prevent from
having a large constant in the definition of the norm. We will further comment on
this in the numerical experiments in Section 4.

The case with multiple linear compositions A standard product space reformulation
permits to extend our method to the more general inclusion Problem 1, which has
finitely many linearly composed maximally monotone operators. We detail this in
the following corollary, while the resulting scheme is displayed in Algorithm 1.

Corollary 1 Let n > 2 and assume that Problem I has a solution. Let A € 10, 1]
andy € ]O, I/Z?:1||Lj||2]. Given some initial points 20 = (z1, . .., zp—1) € H"~!
and V0 = (v(l), e v?n) € Gy X -+ X Gy, consider the sequences (ZF, vVF)ren and
(x*, yX)ren generated by Algorithm 1. Then, the following assertions hold:

(i) The sequence (2, vV¥) ey converges weakly to a point (z,¥) € H' ™' x G x

o X G,

(i) The sequence (x/f, el x,’i, yi‘, - y,ljz)keN converges weakly to (x,..., X,
Lix, ..., LyXx) withx € H solving the primal inclusion (1).

(iii) Foralli € [1, n], the sequence (ylef‘ — vll‘, e, )/mef‘ — Ufn)keN converges
weakly to (y L1X — v1, ..., Y LuX — Up), which solves the dual inclusion (2).

Proof Just note that Problem 1 can be reformulated as an instance of Problems (4)
and (5) by replacing B by the operator B : Gy x -+ - x G, = Gy X - - - X G, defined as
the cartesian product B := X'/, Bj and L by the linear operator L := X''_; L;. In
particular, ||L||*> = Z’}:I IL; |? and its adjoint operator is L* : Gy X - - - X Gy — H.:

W1y evesUp) — Z;”: 1 Ljv ;- Hence, the result follows by considering the averaged
nonexpansive operator T in (6) for this choice of operators and applying Theorem 3.
O
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Require: 2 € |0, 1[andye]o /3 |Ly HZ]

1: Choose z° —( peH  tandv0 = (00, ... 0)) e Gl x - x Gy
2: fork =0, 1, d
3: Compute
x5 = xf
x5 -
k+1 k
z z
<vk+1)=(vk)+k xk—xk , (27
y (1 = Lixy)
v (i — L)

with x* = (xf, ..., x}) e H"and y* = (3f,....08) € Gi x -+ x Gy
computed as

x]f = JAI(ZIIC),
XK= Ja (e +xF —zio) Vie[2,n—1],
m
= Ja, [ s - DLl v | 28)
i=1
Y
Y JB/V< (e + ) 7’) Vj e [, m]

4: end for

Algorithm 1 Primal-dual splitting for Problem 1 with (n — 1, m)-lifting, with n > 2.

Minimality for primal-dual parametrized resolvent splitting We begin by extend-
ing the definition of fixed point encoding to englobe primal-dual problems. As in
Section 2.1, we denote by T a fixed point operator and by S a solution operator, both
parametrized by the maximally monotone operators as well as the linear and adjoint
operators appearing in Problem 1.

Definition 8 (Fixed point encoding) A pair of operators (7, S) is a fixed point
encoding for Problem 1 if, for all particular instance of the problem,

n m
FixT # @ < zer [ Y A+ Y L'BL;| #¥andw € Fix T = S(w) € Z,
i=1 j=1
where we recall that Z denotes the set of primal-dual solutions of the problem.
When talking about lifting for primal-dual problems, the need to distinguish

between variables in the space of primal solutions and dual solutions arises. This
motivates the following definition.

@ Springer



Numerical Algorithms

Definition 9 (Primal-dual lifting) Letd, f € Z. A fixed point encoding (7, §) is a
(d, f)-fold lifting for Problem 1 if

T:”deglflxmx ,{,C’"—>deg{1x~-~x S

and
STHI X G X X G H X Gr X X G,

where f; > 0forall j € [I,m] and f = 3", f;. We adopt the convention that the
space G; vanishes from the equation when f; = 0.

The need to control the Lipschitz constants of the linear operators requires the
introduction of parameters in the resolvents of the maximally monotone opera-
tors. This motivates the definition of parametrized resolvent splitting introduced in
Section 2.1 and which we now adapt to primal-dual splitting algorithms.

Definition 10 (Primal-dual parametrized resolvent splitting) A fixed point encoding
(T, S) for Problem 1 is a primal-dual parametrized resolvent splitting if, for all par-
ticular instance of the problem, there is a finite procedure that evaluates 7 and S at a
given point which only uses vector addition, scalar multiplication, the parametrized
resolventsof A, ... A, and By, ..., By, and forward evaluationsof L1, ..., L,, and
their adjoints.

Definition 11 (Frugality) A primal-dual parametrized resolvent splitting (7', S) for
Problem 1 is frugal if, in addition, each of the parametrized resolvents of Ay, ..., A,
and By, ..., By, is used exactly once.

Remark 3 (On the absence of restrictions on the evaluation of the linear operators)
Since in the finite case, a forward evaluation of a linear operator is computationally
equivalent to performing vector addition and scalar multiplication, this suggests that
for practical applications there is no computational need to control the number of
evaluations of the linear operators in the definition of frugality.

Example 4 Let n > 2 and consider Problem 1. Let 7 : H" ! x Gy x --- x G, —
H" ! x G x --- x G, be the operator defined in (6) by setting B := ><;'-1:1 B; and
L:=X"_LjLetS:H" ' xGi x X Gy = HXGi XX Gy be defined as

JA](ZI)
<z> yLiJa,(z1) — vy
S = .
v :
VLmJAl(Zl) — Um

Then, by Lemma 1 and Corollary 1, the pair (7', S) is a frugal parametrized resolvent
splitting with (n — 1, m)-fold lifting.

The following result shows that the lifting of Algorithm 1 is minimal among frugal
primal-dual parametrized resolvent splitting algorithms with m dual variables.
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Theorem 5 (Minimality theorem for frugal parametrized splitting) Let (T, S) be a
frugal primal-dual parametrized resolvent splitting for Problem 1 with (d, m)-fold
lifting. Then, if n > 2, necessarilyd > n — 1.

Proof By way of contradiction, let (7', S) be a frugal primal-dual parametrized resol-
vent splitting for Problem 1 with (d, m) fold lifting and d < n — 1. Consider the
instance of the problem in which L; = Id : H — H for all j € [1,m]. Then,
Problem 1 becomes the classical monotone inclusion problem with n + m operators
and (7, S) is a frugal resolvent splitting with (d + m)-fold lifting for such problem
with d + m < n + m — 1, which contradicts Theorem 2. O

Finally, we conclude this section by highlighting that Algorithm 1 can be applied
with n < 2, by setting A; = 0 if required. However, a reduction in the lifting is not
obtained in this case.

Remark 4 (Algorithm 1 when n < 1) Consider Algorithm 1 applied to Problem 1
with n < 1. We distinguish the two cases:

(i) Ifn =1, then Algorithm 1 has (1, m)-lifting. Indeed, (27) and (28) become

xk—zk

N s y(f — Lix") k=0 29)
Vk+1 - Vk =Y,
Yk — Lyx®)
and
& kK ok
d=ua - X LiLi =) ).

=l (30)

Wk ,
Y5 =gy <L,~(z’< +xk) — 7’> . Vjell,m],

respectively. This means that, in contrast with what happens when n > 2, there
is no reduction in the lifting with respect to the number of operators involved.

(ii) If n = 0, the scheme also has (1, m)-lifting. In fact, the scheme is the same as
in the previous case but substituting J4, by Id in (30). Note that this is also the
lifting obtained by the already known algorithms in the literature applied to this
case.

4 Numerical experiments

In this section, we test our algorithm for solving an ill-conditioned linear inverse
problem which arises in image deblurring and denoising. Let b € R” be an observed
blurred and noisy image of size M x N, withn = M N for grayscale and n = 3M N
for color images, and denote by A € R"*" the blur operator. The problem can be
tackled by means of the regularized convex non-differentiable problem

SieIIlan {IAs = blli + a1 |Wsll1 + a2T V(s) + 8j0,112(s)} , (31)
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where o1, ap > 0 are regularization parameters, d[o, 1} denotes the indicator function
of the set [0, 1]*, TV : R" — R is the discrete isotropic total variation function and
W is the linear operator given by the normalized nonstandard Haar transform [21].

Recalling Remark 2, it is of interest to consider a mechanism which allows tuning
the parameter y appearing in the definition of the norm given by the inner product in
(8) to an appropriate value. To this aim, we perform in (31) a change of variable of
the form s = px, with u > 0, and instead handle the problem

xeR”

) b
inf {u||[Ax — —
n

+oapl|Wxlly + a2V (ux) + 80,1/ (X)} . (32)
1
Below, we will see the way in which the choice of p can help setting a suitable
parameter y.
The minimization problem in (32) can be modeled as a composite monotone inclu-
sion problem. For this, define the operator L : R" — R" x R"” : x — (Lyx, Lox)
where L1 and Lj are defined component-wise as

Xipl,j—Xij g
LT Cif i < M,

0, otherwise,

Xij41=Xij g s
%’ 1fj<N,

. (33)
0, otherwise.

(L1x)i,; :{ and (Lax);, j :{

Then, the parametrized total variation function can be written as TV (u -) =
ILC) s, with [[(p, @l i= 307 37— 1’;'2,]' + qi%j. Furthermore, an upper bound

of the Lipschitz constant of L is given by IL|1> < 8u? (see [9] for details).
By [2, Proposition 27.5], obtaining a solution to the following problem is
equivalent to solving (32)

find x € zer (Njo,1/up + W 00dg1 oW + A*0dgr0 A+ L*0dg3oL), (34)

with g1 : R" — R, g1(y) = aiullyllh, & : R" = R, ga(y) = wlly — b/ulls,
g R"xR" = R, g3(p, q) = azll(p, ¢)llx, and Njo,1/.» the normal cone opera-
tor to the set [0, 1/u1]". In order to implement Algorithm 1 for solving (34), we need
the expression of the following resolvents and proximity operators. By [2, Proposi-
tion 23.25 (iii)], the second term in (34) is a maximally monotone operator and its
resolvent can be expressed as

Jwroagrow =1d — W*o (Id — proxgl) oW=Id—W*o Prox,: o W,

where prox, = Jjg denotes the proximity operator of a function g, and g} is the
conjugate function to g, which is equal to the indicator function &[_g, ;¢ ., and
thus proxX,x = Pl—q;u.e 1. Given o > 0, the proximity operators of g> and g3 are,

respectively,
= ot (+ ) = sl Dol 1] o]
prox,, (x) = —+proxy ,p., | x — — ) = —+sign| x — — xX——|—ou| ,
082 w ol w n u 1 N
where © denotes element-wise product and [ - ]+ and | - | are applied element-wise,
and
1 1
proxg,, =Id — OProX1 . © —Id=1Id —oPs o —1d,
; 8 o o
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since the conjugate function of g3 is g5 : R" x R" — R", g7 = Js, with the set §

defined as
S :=1{(p, R" x R" : [p? . +q¢%. < ,
{(p 9 R x lsiSmMi);/sN Pij T4 =92

and the projection operator Pg : R” x R" — § is given component-wise by
(Pi.j» 4qi.j)

(Pi,j,qi,j) = az 5 =
max {a2, /P —i—ql.’j}

Hence, when choosing 0 e R, v? € R" and vg € R" x R" as starting values, and
letting A € 10, 1[and y € ]0, 1/(|A]? + ||L||2)], the iterative scheme in Algorithm 1
becomes

l<i<M, 1<j=<N.

xK = Po1jup (),
= (142 W o Py o W)
(fo —ZF = A*(yAx{‘ — v’l‘) — L*(ny{‘ — v’2‘ ),
k
k_ b ko ky_ Y b
Y= g FProxey, (A(xl )=y —u
yi = (Id — %Ps> (yL(x{‘ +x5) — v§) ,
= kg ak —xb,
T = ok Ay F — Axb),
L vé“ = v’z‘ + )\.J/(ylg — Lxé‘).

In our experiment, we replicate the problem in [5, Section 4.2], where an extensive
comparison between different primal-dual algorithms is presented. Since the best
performing algorithm is the Douglas—Rachford type primal-dual method in [5, Algo-
rithm 3.1], we limit our comparison to this algorithm, whose detailed implementation
is given in the cited work. We ran our experiments in MATLAB, making use of the
inbuilt functions fspecial and imfilter to define an operator A which is a
Gaussian blur operator of size 9 x 9 with standard deviation 4 and reflexive boundary
conditions. In particular, A verifies |A|| = 1 and A* = A. We employed as observed
image b a picture taken at the Schonbrunn Palace Gardens (Vienna) subjected to the
already specified blur followed by the addition of a zero-mean Gaussian noise with
standard deviation 1073 (see Fig. 2). To test the influence on the performance of the
picture size, we resized the original picture to different pixel resolutions (see Table 1).

When measuring the quality of the restored images, we use the improvement in
signal-to-noise-ratio (ISNR), which is given by

Ilx — b|?
ISNR; = 101og, (m ’

where x and x¥ are the original and the reconstructed image at iteration k, respec-
tively. We tuned the regularization parameters in order to guarantee an adequate ISNR
value for the restored images, setting vy := 0.005 and oy := 0.009.

We recall that the stepsize parameter y of Algorithm 1 must be taken in the interval
y €10, 1/AIAIP + ILIH] = ]0, 1/(1 + 8u?)]. When p = 1 (i.e., we solve (31)),
this interval is ]0, 0.111]. In our numerical experiments, we empirically observed that
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—— Algorithm 1 p =1

DR1

——— Algorithm 1 4 =1/V/8 151 — ]

Objective function
ISNR

—— Algorithm 1 p =1
20k ——— Algorithm 1 p = 1/v/8
DR1
25 L . N . . s ’ . L
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
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Fig.1 The evolution of the values of the objective function and of the ISNR in CPU time for 400 iterations
of Algorithm 1 with u = 1 and u = 1+/8 and DRI, using the 640 x 768 pixels image displayed in Fig. 2

a very small stepsize negatively affects the performance of the algorithm, as men-
tioned in Remark 2. After testing different options, the most convenient one seems to
be . = 1/+/8, which implies making the Lipschitz constant of both linear operators
in the problem equal to 1.

The initialization of each of the methods was the following:

e  DRI([3, Algorithm 3.1]): starting points xo = b and (vy,0, v2,0, v3,0) = (0, 0, 0),
o1 =1,00 =0.05, 03 =005, v = 1(o] + 02 + 803)~! —0.01, A, = 1.5 for al
n € N.

® Algorithm 1 with u = 1: starting points zo = b and (v(l), vg) =(0,0), 2 =0.99
and y = 1/9;

e Algorithm 1 with u = 1/4/8: starting points zo = b/u and (v(l), vg) = (0, 0),
A=09andy =1/2.

We performed 400 iterations of each of the algorithms and compared the values
of the objective function in (32) and the ISNR with respect to the CPU time, which
provides a more realistic comparison than iteration count, since DR1 has a higher
computational cost per iteration than Algorithm 1. The tests were ran on a desktop of
Intel Core i7-4770 CPU 3.40GHz with 32GB RAM, under Windows 10 (64-bit). The
algorithms were ran 3 times, once for each of the RGB components of the picture.
The evolution in CPU time of adding these 3 values of the objective function and
those of the ISNR for the 640 x 768-sized picture are represented in Fig. 1, where
we observe that Algorithm 1 with s = 1/+/8 obtains slightly better values than those
returned by DR1, but in significantly less time.

The restored images are presented in Fig. 2. There is no much difference between
the ones corresponding to Algorithm 1 with u = 1/+/8 (bottom-middle) and DR1
(bottom-right), but a close look at the image obtained with Algorithm 1 with u =1
permits to observe its worse quality. To show that this trend in the performance of
the algorithms is not affected by the image size, we present in Table 1 the results
from running the algorithms on the same picture for five different pixel resolutions.
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Fig.2 On the top, the original 640 x 768 pixels image and the blurred and noisy image. On the bottom the
images restored after computing 400 iterations of Algorithm 1 with . = 1 (left) and o = 1/+/8 (middle),
and DR1 (right)

Overall, we notice that the CPU time required for computing the 400 iterations is sig-
nificantly lower for Algorithm 1, as expected. On average, DR1 required 45% more
time than Algorithm 1 to compute the 400 iterations, independently of the size of the
image. Regarding the parameter p, Algorithm 1 with u = 1 is notably outperformed
by the other two methods, making thus clear the influence that this parameter has on
it. The function values obtained were slightly lower for DR1, while the ISNR was
slightly lower for Algorithm 1 with u = 1/+/8, which implies that both algorithms
performed similarly with respect to the restored image quality.

Interpretation of the results of the experiments The experimental results show that,
after performing the same number of iterations, Algorithm 1 with u = 1/+/8 obtains
similar results in the function values and the measurement in the quality of the image
recovery than those obtained by DRI, but in considerably less time. This decrease
in the running time can be attributed to the reduction in the lifting of the operator.
Although in the first iterations DR1 achieves a larger reduction of the objective func-
tion, the quality of the restored image is not sufficient, as assessed by the low ISNR
values. On the other hand, Algorithm 1 with & = 1 can be discarded, as it obtains
higher objective and lower ISNR values. Consequently, Algorithm 1 with © = 1//8
is the preferable choice to address problem (31).
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Table 1 Results from running on the picture displayed in Fig. 2 (for various pixel resolutions) 400
iterations of Algorithm 1 with u =1 and u = 1/4/8, and DR1

Resolution 80 x 96 160 x 192 320 x 384 640 x 768 1280 x 1536
Function n=1 55.0 225.5 920.3 3630.3 13084.0
Values n= l/«/g 43.2 174.3 711.2 2825.2 10360.0
DRI1 42.8 173.4 706.0 2804.5 10327.0
ISNR n=1 9.7 8.4 8.7 9.8 12.8
w=1/8 15.8 14.3 14.9 16.5 21.0
DRI1 15.8 14.2 14.8 16.4 21.0
CPU n=1 59 16.0 54.7 294.4 1654.2
Time uw=1+8 5.8 16.2 51.5 293.1 1638.5
DRI1 8.7 21.1 74.0 465.4 2349.6

5 Conclusions and open questions

In this work, we have considered the composite monotone inclusion problem together
with its dual counterpart given by Problem 1. We have extended the definition of
resolvent splitting given in [19] to encompass primal-dual algorithms and the inclu-
sion of parameters in the resolvent and presented a definition of minimal lifting
for frugal schemes of this form. We have proposed the first primal-dual algorithm
which presents minimal lifting in this sense, and show its good performance with a
numerical example.
To conclude, we outline possible directions for further research.

Establishing an optimal criterion for tuning the stepsize y We pointed out in Remark
2 the influence that the parameter y can have in the performance of the algorithm. In
Section 4 we presented a possibility for controlling this parameter, by making use of
a change of variable which modifies the Lipschitz constants of the linear operators,
and we empirically showed that it significantly affects the speed of performance of
the algorithm. However, there is no guarantee that this strategy is optimal. It would
be interesting to further investigate which is the best way for tuning the value of y.

Achieving lifting reduction in the dual variables The reduction in the lifting with
respect to the number of operators achieved in the algorithm here presented only
affects the primal variables. It remains open the question of whether it is possible
to reduce the dimension of the underlying space associated to the linearly composed
operators. More precisely, if we consider the problem given by

m
find x € # such that 0 € Y ~ L% B;(L;x),
j=1
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is it possible to obtain an algorithm for solving this problem with (0, m — 1)-fold
lifting (according to Definition 9)? Or even with (1, m — 1) or (0, m)-fold lifting? All
these questions remain open.

Appendix A: Proof of the minimality theorem for parametrized
resolvent splitting

Throughout this section, we assume that n > 2 and we denote by A, the set of all n-
tuples of maximally monotone operators on . Hence, an element A € A, is of the
form A = (Ay, ..., A,), where A; : H == H are maximally monotone operators for
alli € [[1, n]. Every instance of Problem 2 is determined by the choice of A € A,. In
particular, when considering a fixed point encoding for this problem, the fixed point
operator and the solution operator are both parametrized in terms of A € A,. To
emphasize this idea and to facilitate the exposition, we denote these operators by T4
and S4 in the following.

Let (T4, S4) be a d-fold lifted frugal parametrized resolvent splitting for Problem
2. By definition, there exists a finite procedure for evaluating 74 and S4 using only
vector addition, scalar multiplication and the resolvents Js, 4,, ..., Js,4, precisely
once, where § = (41, ..., 8,,)T is a vector of positive parameters. Following the same
reasoning than in [16, Section 3], we can completely describe the evaluation of a
point z = (z1,...,zq4) € H? by Ta with a series of equations. We directly present
them here.

(1) There exists X = (xq,...,x,) € H" andy = (y1, ..., yn) € H" such that
X =Jss(y) <= 0ex—y+5AX), (35)

where A := (81 A1, ...,8,A,) € A,.
(ii) There exists ¥, € R"*? and a lower-triangular matrix ¥, € R"*” with zeros
in the diagonal such that!

y=Y.z+ Yx. (36)
(iii) By frugality, there exists 7, € R?*? and T, € R?*" such that
Ta(z) = T,z + TyXx. (37)

Similarly, also by frugality, the evaluation of z by the solution operator S can be
expressed as
Sa(z) = S;z2+ Six, (38)

where S, € R'*? and S, € R1*",
The proof of the next technical lemma can be obtained by following the same steps
than in [16, Lemma 3.1], so we do not replicate it here.

"Here, we make use of an abuse of notation. Indeed (36), should be written as y = (Y, @ Id)z + (Y, ®)x,
where ® denotes the Kronecker product.
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Lemma 3 Let (T4, Sa) be a frugal parametrized resolvent splitting for Problem 2.
Let M denote the block matrix given by

0 Id —I1d sT1d
M = Y. Y. —-Id 0
T.,—1dT, 0 O

Ifz € Fix Ty, then there exists v = [z,X,y, a]’ € ker M with a € A(x). Conversely,
ifv = [z,x,y,a]’ € kerM and a € A(X), then z € FixTa, X = Jsa(y) and
Sa(z) = S,z 4+ Six.

Proposition 5 (Solution operator) Let (T4, Sa) be a frugal parametrized resolvent
splitting for Problem 2 . Then, for all Z € Fix T4 and X = Js4(y), we have

I Ry _ ) _
Sa@ = ;(yi — @) =% = = Xn, (39)
1=
where a = A(X).

Proof Consider a particular instance of Problem 2 given by some operators A € A4,,.
Let T4 and S4 be the fixed point and solution operators of this particular instance,
respectively. Let Z € FixT4 and x* = S4(z). By Lemma 1, there exists v :=
(Z,X,¥,a]" €kerM witha € A(X) and x* = Sx(z) = S.z+ S;x.

Consider now the n + 1 instances of Problem 2 given by the n-tuples of maximally
monotone operators AO AW A® ¢ A defined as

0

AOx):=aand AV (x) :=a+ | x; — ¥; Vj e [1,n].

L 0 -
Since v € ker M and a = AY)(X), for all j € [0,n], Lemma 1 implies that zZ €
Fix Ty, X = Js4» (¥) and thus, S, (Z) = S;Z + SxX = x™ is a solution to every

instance. Therefore, we have 0 = 3" A (x*) = 3""_g; and hence
n . n
0= AP0 =>"a +x* -5 =x*—%; Vje[ln]
i=1 i=1
from where it follows that x* = X; = - - - = X,,. Finally, since X = J54© (¥), we have
thaty—x = §AQ(X) = (81a1, ..., 8,an). Consequently, Y7, 3 —nx* = I_ 8;a;,
which completes the proof. O

Note that, although the expression for the solution operator given by (39) differs
from the one obtained in [16, Proposition 3.2], it still holds that the vector X belongs
to the diagonal subspace of dimension n, which we denote by A,,. This is what we
employ to prove the following theorem.
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Theorem 6 Let (T4, Sa) be a frugal parametrized resolvent splitting with d-fold
lifting for Problem 2. Then, d > n — 1.

Proof Suppose, by contradiction, that (T4, S4) is a frugal parametrized resolvent
splitting for Problem 2 with d-fold lifting such that d < n — 2. Consider a particular
instance of the problem given by A € A, such that zer (Z?zlA,-) # () and take
z € Fix T4. By Lemma 1, there exists v := [z, X, y, a]T € ker M with a € A(x). The
last row of M implies that 0 = (T, — Id)z + T, x. Since Ty € R¥*" andd < n — 2,
by the rank-nullity theorem, dimker 7, = n — dimrank7, > n —d > 2. Since A, is
a subspace of dimension 1, there exists X ¢ A, such that 7\yx = T\X.

Now, setzZ :=z,y := Y,z+ Y,xand a := ((y1 — X1)/81,---, n — Xn)/bn)
and consider the instance of the problem given by A € A, defined as A(s) := a
for all s € H". Then, v := [z,X,y, é]T € ker M with a = A(i). By Lemma 3
and Proposition 5, this implies that X € A,, obtaining thus a contradiction which
completes the proof. O
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