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SYSTEMS OF STRUCTURED MONOTONE INCLUSIONS:
DUALITY, ALGORITHMS, AND APPLICATIONS*

PATRICK L. COMBETTES!

Abstract. A general primal-dual splitting algorithm for solving systems of structured coupled
monotone inclusions in Hilbert spaces is introduced and its asymptotic behavior is analyzed. Each
inclusion in the primal system features compositions with linear operators, parallel sums, and Lip-
schitzian operators. All the operators involved in this structured model are used separately in the
proposed algorithm, most steps of which can be executed in parallel. This provides a flexible solu-
tion method applicable to a variety of problems beyond the reach of the state-of-the-art. Several
applications are discussed to illustrate this point.
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1. Introduction. Traditional monotone operator splitting techniques [8, 18, 24,
25, 29, 35, 37, 41, 43, 44] have their roots in matrix decomposition methods in numeri-
cal analysis [22, 45] and in nonlinear methods for solving optimization and variational
inequality problems [7, 12, 31, 34, 40]. These methods are designed to solve inclusions
of the type 0 € Bixz + Bsx, where By and Bs are maximally monotone operators
acting on a Hilbert space H. Extensions to sums of the type 0 € Zszl Byx are
typically handled via reformulations in product spaces [8, 41]. In recent years, new
splitting algorithms have emerged for problems involving more complex models fea-
turing compositions with linear operators [14] and parallel sums [20, 46]; we recall
that the parallel sum of two set-valued operators B and D is

(1.1) BOD= (B~ +D )\,

These algorithms rely on reformulations of the inclusions as two-operator problems in
a primal-dual space, in which the splitting is performed via an existing method. This
construct makes it possible to separately activate each of the operators involved in the
model, and it leads to flexible algorithms implementable on parallel architectures. In
the present paper, we pursue this strategy toward more sophisticated models featuring
systems of structured coupled inclusions in duality. The primal-dual problem under
consideration is the following.

PROBLEM 1.1. Let m and K be strictly positive integers, let (H;)i1<i<m and
(Gr)1<k<k be real Hilbert spaces, let (i;)i<i<m € [0,+00[™, and let (vg)1<i<kx €
[0, +o0[. For everyi € {1,...,m} and k € {1,..., K}, let Ci: H; — H; be mono-
tone and p;-Lipschitzian, let A;: H; — 2%i and By: Gr — 29 be mazximally mono-
tone, let Dy: G, — 29 be mazximally monotone and such that D,;lz G — G is
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vy -Lipschitzian, let z; € H;, let i, € Gk, and let Ly; € B (H;i,Gr). It is assumed that

(1.2) B= max{ max [l;, 1H}€3«<XKVI€} +vA >0,

<ism SUAS
K

sup Z

o llwalP<1 g 5
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where X\ € , +00

)

Lyix;
1

=

and that the system of coupled inclusions

(1.3) find 77 € H1,...,Tm € Him such that

K m
21 € ATy + Z L, <(Bk DDk)(Z Lyiwi — Tk)) +Ci71
i=1

k=1

: K m
i=1

k=1

possesses at least one solution. Solve (1.3) together with the dual problem
(1.4) find 1 € G1,...,0k € Gk such that

m K
—r €= Li(Ai+ c)™ (zl -3 L,’;im) + By "oy + Dy oy
k

i=1 =1

Com X«
Tk € — ZLKi (Ai + Ci)_l <zZ - Z LEW) + BR1W+ nglﬁ.
i=1 P

The primal system (1.3) captures a broad class of problems in nonlinear analysis
in which m variables z1, ..., z,, interact. The ¢th inclusion in (1.3) features two
operators A; and C; which model some abstract utility of the variable x;, while the

operators (Bk)1<k<ks (Dr)i<k<k, and (Lk;) 1<igm model the interaction between x;
1<k<K
and the remaining variables. One of the simplest realizations of (1.3) is the problem

considered in [10], namely,

0€ ATy + 77 — T3,
(1.5) find 77 € H, T3 € H such that 12 + i 2
O (S AQZI;Q — X +$2,
where (H, || -]|) is a real Hilbert space, and where A; and A are maximally monotone

operators acting on H. In particular, if A; = df; and As = Jf3 are the subdifferentials
of proper lower semicontinuous convex functions f; and f2 from H to ]—oo, +0o0], (1.5)
becomes

1
1' o . . - _ 2.
(1.6) minimize fi(x1) + fa(w2) + gllz1 — 22|
This formulation arises in areas such as optimization [1], the cognitive sciences [5],
image recovery [21], signal synthesis [30], best approximation [9], and mechanics [38].
In [3], we considered the extension of (1.6) which amounts to setting in Problem 1.1,
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for every i € {1,...,m} and k € {1,..., K}, A; = 0f;, C; = 0, and By = Vg,
where f;: H — ]—o00,400] is a proper lower semicontinuous convex function and
gr: G — R is convex and differentiable with a Lipschitzian gradient. This leads to
the minimization problem

m K m
1.7 inimi i Lyiwi |,
@ e, 0o+ (3w

geeey

which has numerous applications in signal processing, machine learning, image re-
covery, partial differential equations, and game theory; see [2, 6, 13, 15, 26, 28, 42]
and the references therein. This minimization problem arose in [3] as an instance of
a multivariate inclusion problem which is a special case of (1.3) in which the opera-
tors (C;)1<igm and (D,;l)lgkgK are zero, and the coupling operators (By)i1<k<k are
restricted to be single-valued and to jointly satisfy a cocoercivity property.

The goals of the present paper are to develop a flexible algorithm to solve Prob-
lem 1.1 without the restrictions imposed by current method, and to illustrate its
flexibility by applying it to a variety of problems for which no solution method ex-
ists currently. Our setting places no additional hypotheses on the coupling operators
(Br)i<k<rk and (Dg)igk<k, or on the number m of variables. In the proposed par-
allel splitting algorithm, the structure of the problem is fully exploited to the extent
that the operators are all used individually, either explicitly if they are single-valued,
or by means of their resolvent if they are set-valued. In the case when m = 1 in
Problem 1.1, we obtain the univariate primal-dual problem investigated in [20] (see
also [14, 46] for special cases), namely,

K

(1.8) find T € H such that z € AT + ZLZ((Bk O0Sk)(LiT — 1)) + CT
k=1

and

(1.9) find 77 € Gy, ..., Uk € Gk such that

K
(Vke{1,....,K}) —rp€—Ly ((A+C)1 <z — ZL?UT)) + B; 't + S, '
=1

Conversely, formulating these inclusions in a suitable product space H formally leads
to (1.3)—(1.4). However, transcribing the algorithm of [20] and its convergence anal-
ysis in such a product setting would lead to much weaker results than those to be
presented in section 2, which will employ a finer analysis and leverage the properties
of each of the operators involved in the model. Our problem formulation and its
asymptotic analysis will enable us to extend existing results and solve much more
complex problems than those afforded by the state-of-the-art. These advances are
highlighted by the following applications of the results of section 2.

o In section 3, we revisit (1.8)—(1.9) and solve it without the restriction that the
operators (S, 1)1< k<k be Lipschitzian, as is required in [20]. This is achieved
by showing that, through the introduction of auxiliary variables, the problem
is reducible to an instance of (1.3).

e In section 4, we address the problem of approximating—by means of parallel
sums—inconsistent common zero problems. By reformulating this univariate
problem as an instance of Problem 1.1, we obtain a framework which allows



SYSTEMS OF STRUCTURED MONOTONE INCLUSIONS 2423

for relaxations with operators possessing strictly monotone inverses, while
existing results [18] are limited to relaxations with multiples of identity.

e In section 5, we apply the results of section 2 to multivariate structured convex
minimization problems, thus obtaining notable improvements over the results
of [3, 13].

e In section 6, we use the results of section 3 to solve univariate minimization
problems featuring infimal convolutions with general lower semicontinuous
convex functions. In such models, the state-of-the-art is limited to strongly
convex functions [20].

e Another application of the results of section 2 is that developed in [11] after
the submission of the present paper. In this work, inclusions of the form
(1.10)

find 7 € H such that 2z € AT+  ((Lj o Bio L) D (M; 0 DyoMy))T+CT
k=1

together with their duals were considered for the first time. We reformulated
this problem as a special case of (1.3) and showed that it captured variational
formulations in the area of signal recovery for which no solution method was
available until now.

Notation. We denote the scalar product of a Hilbert space by (- |-) and the
associated norm by || - ||. The symbols — and — denote, respectively, weak and
strong convergence, and Id denotes the identity operator. Let H and G be real
Hilbert spaces and let 27 be the power set of 7. The space of bounded linear
operators from H to G is denoted by B (H,G). Let A: H — 2*". We denote by
rand = {u € H | (32 € H) u € Az} the range A, by dom A = {z € H | Az # o}
the domain of A, by zer A = {x eH ‘ 0e Ax} the set of zeros of A, by grad =
{(x,u) EHXH|ue Aw} the graph of A, and by A~! the inverse of A, i.e., the op-
erator with graph {(u,z) € H x # | u € Az}. The resolvent of Ais J4 = (Id +A4)~".
Moreover, A is declared monotone if

(1.11) (V(z,u) € grad)(V(y,v) € grad) (x—y|u—v) >0,

and maximally monotone if there exists no monotone operator B: H — 2% such that
graA C graB # graA. In this case, J4 is a nonexpansive operator defined every-
where on ‘H. Furthermore, A is uniformly monotone at € dom A if there exists an
increasing function ¢: [0, +o0o[ — [0, +00] that vanishes only at 0 such that

(1.12) (Vu € Az)(V(y,v) € grad) (z—y|u—v) > ¢([|z—yl),

and A is couniformly monotone at u € ranA if A~! is uniformly monotone at u. The
parallel sum of A and B: H — 2" is ADB = (A~'+B~1)~!. The infimal convolution
of two functions g and ¢ from H to |—o0, +00] is

(1.13) gOl: H — [—o00,+00] : z — yuel’{l (9(y) + €tz —y)).

We denote by I'g(H) the class of lower semicontinuous convex functions f: H —
]—00, +00] such that dom f = {z € H | f(z) < +o0} # @. Let f € T'o(H). The con-
jugate of fis T'o(H) > f*: u— sup,ey((z | w) — f(x)), and f is uniformly convex at
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x € dom f if there exists an increasing function ¢: [0, +oo[ — [0, +o0] that vanishes
only at 0 such that

(1.14)
(Vy € dom f)(Va €]0,1])  f(az+(1-a)y)+a(l-a)é(|lz—yl]) < af(z)+(1-a)f(y).

For every z € H, f + ||z — -||?/2 possesses a unique minimizer, which is denoted by
prox,;x. We have

(1.15) prox; = Jof, where
8f:7-£—>2”:x|—>{u€7—[ | (Vy € H) <y—a:|u>+f(a:)<f(y)}

is the subdifferential of f. Let C' be a convex subset of . The indicator function of
C' is denoted by tc and the distance function to C' by d¢. The relative interior (re-
spectively, the strong relative interior) of C, i.e., the set of points x € C such that the
cone generated by —z + C is a vector subspace (respectively, closed vector subspace)
of H, by riC (respectively, sriC). See [8, 47] for background on convex analysis and
monotone operators.

2. General algorithm. We start with three preliminary results. The first one is
an error-tolerant version of a forward-backward-forward splitting algorithm originally
proposed by Tseng [44, Theorem 3.4(b)].

LEMMA 2.1 (see [14, Theorem 2.5(1)—(ii)]). Let K be a real Hilbert space, let
P: K — 2K be mazimally monotone, and let Q: KK — I be monotone and x-
Lipschitzian for some x € |0,4+00[. Suppose that zer (P + Q) # &. Let (ap)nen,
(bn)nen, and (cn)nen be absolutely summable sequences in IC, let wo € IC, let
€€10,1/(x+ 1)[, let (Yn)nen be a sequence in [, (1 —)/x], and set

forn=0,1,...
Sp = Wp — 'Yn(an + an)a
(2.1) P, = J'ynP Sy + bnv

Wpi1 = Wy — Sy + Q.

Then Y, ey llwn — P, ||? < +o00 and there exists W € zer (P + Q) such that w, — W
and p, — W.

LEMMA 2.2. Let H be a real Hilbert space, let A: H — 2™ be a mazimally
monotone operator, let v € ]0,400[, and let x and r be in H. Then Jy(ya-1)r =
£ =+ yor Al Y — 7).

Proof. 1t follows from [8, Proposition 23.15(ii)] that J, (4412 = Jyjqa—12 =
Jya-1(x—~yr). On the other hand, we derive from [8, Proposition 23.18] that (Vy € H)
Jya-1y =y —vJ,-14(y"'y). Applying this identity to y = x — yr yields the re-
sult. O

LEMMA 2.3. [14, Proposition 2.8] Let ‘H and G be two real Hilbert spaces, let
E:H — 2" and F: G — 29 be mazimally monotone, let L € B(H,G), let z € H,
andletr €G. Set K=H DG,

(2:2) {M: K — 2% (@,0) = (—z + Ex) x (r + F'v),

S: K- K: (z,v)—~ (L"v,—Lax),
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and

(2:3) {SB:{:CG’H | z€ Ex+ L*(F(Lz — 7))},

D={veG|-re—-LE"(z2—Lv)+F 'v}.

Then zer (M +S) is a closed convex subset of BPxD, and P # & < zer (M +S) £ @
= D4,

The following theorem contains our algorithm for solving Problem 1.1 and states
its main asymptotic properties. In this primal-dual splitting algorithm, each single-
valued operator is used explicitly, while each set-valued operator is activated via
its resolvent. Approximations in the evaluations of the operators are tolerated and
modeled by absolutely summable error sequences. The algorithm consists of three
main loops, each of which can be implemented on a parallel architecture.

THEOREM 2.4. Consider the setting of Problem 1.1. For everyi € {1,...,m}, let
(@1,i,n)neNs (b1,in)nen, and (C14n)nen be absolutely summable sequences in H; and,
for every k € {1,..., K}, let (a2,xn)nen, (b2,5n)nen, and (C2.5n)nen be absolutely

summable sequences in Gy,. Letx10 € Hi, ..., Tm,o € Hm, V1,0 € G1, ..., VK0 € Ok,
let € €10,1/(8+ 1)[, let (Yn)nen be a sequence in [e, (1 —¢)/B], and set
forn=0,1,...
fori=1....m

K
S1in =Tin — Tn (Cixi,n + D et LiiVkn + aLi,n)a
Plin = Iy A (81,im + Vn2i) + b1in,
fork=1,....K
_1 m

82, k;n = Vk,n — Tn (Dk Vkon — 2 g Li%in + a27k7n>a

_ 1
P2.kn = S2,k;n — Tn (Tk + J'y;lBk (Y "S2,km — ) + b27k7n)7

1 m
42,k,;n = P2,k,;n — Tn (Dk P2,kn — Zi:l Lkipl,i,n + CQ,k,n)a

L Vkn+1 = Vkn — S2kn + q2,k,n
fori=1....m

K
q1in = Plin — Tn (inl,i,n + Ek:1 Liip2.kn + Cl,i,n)v
L | Tin+1 = Tin — S1,in + q1,in-

Then the following hold:
(i) (Vi € {17 s 7m}) ZneN Hxhn _p17i,n|l2 < +o0.
(i) (Vke{l,....,K}) 3 en lVkn — P2enl* < +o0.
(iii) There exist a solution (T1,...,%Tm) to (1.3) and a solution (v1,...,Tx) to
(1.4) such that the following hold:
(a) (Vie{l,...,m}) zi— S0, L}, 0r € AiT; + CiT5.
(ke {1,... K}) S L — r, € By o5 + Dy 7.
(Vi e {1,. m}) Tinm — T; and piin — T
(Vk € {1 JK}) vkn — Uk and pagn — Uk
Suppose that, for some j € {1,...,m}, A; or Cj is uniformly monotone
at T;. Then xj, — T; and p1jn — T;.
(f) Suppose that, for somel € {1,..., K}, B; or Dy is couniformly monotone
at v;. Then vy — U1 and pain — 7.
Proof. Let us introduce the Hilbert direct sums

(2.5) H=Hi® SHmn, G6=Gd &Gk, and K=HIG,

(b)
()
(d)
()

e
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and let us denote by & = (z;)1<icm and v = (vg)1<k<ix generic elements in H and
G, respectively. We also define

A: H—>2H2 T — XAixi;
i=1

C.:H—>H: xz— (Cixi)lgigm,

L:H%g:wH(ZLkixi) )

i=1 1<kSK
z = (zi)igi<m

K

B: g—>29: (Mg XBI@UI@,
k=1
K

and D:G—29 v X Dyvg,

k=1

F=BUOD,

r = (Ti)i<k<k-

It follows from [8, Propositions 20.22 and 20.23, Corollaries 20.25 and 24.4(i)] that
A B, C, D, E, and F are maximally monotone. Moreover, L € B (H,G), L*: G —

H:v (Zszl L};vk)1<i<m, and

(2.7) (Ve e H) || Lx|?> = Z < M2

k=1

Z Lkzxz

Next, we set

M: K —2%: (x,v)— (—z + Ex) x (r + F'v),

P: K —2%: (z,v) = (—z + Az) x (r + B"'v),
(2.8) Q:K—K: (x,v)— (Cx+Lv,D” v—Lm)

R:K - K: (z,v) — (Cx, D 'v),

S: K- K: (z,v) ~» (L"v,—Lx).

Note that

(2.9) zer (P + Q)
={(@w,v)eH®G|2z—Lve Ar+ Cx and Lr —r € B 'v+ D 'v}.

Furthermore, in view of [8, Propositions 20.22 and 20.23], P is maximally monotone,
and Lemma 2.2 and [8, Proposition 23.16] yield

(2.10) (Vy€]0,4oc])(Ve € H) (Vv € G) Jyp(z,v)
= (J’YA1($1 +921)s -5 Iy A (@ + V2m), 01 — Y (11 + Jyrp, (v T — 1)),
LUK — 7(7‘1{ +Jy-1Bg (v ok — T‘K))).

On the other hand, since C' and D~! are monotone and Lipschitzian with, respec-
tively, constants p = maxigig<m i and v = maxigr<k Yk, J is monotone and
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Lipschitzian with constant max{y,v}. In addition, it follows from [14, Proposi-
tion 2.7(ii)] and (2.7) that S € B (K,K) is a skew (hence monotone) operator with
IIS|| = ||L|| < VA. Altogether, since @ = R + S, we derive from (1.2) that

(2.11) P is maximally monotone and @ is monotone and [S-Lipschitzian.

Let us call P and ® the sets of solutions to (1.3) and (1.4), respectively. It follows
from (2.6) that

(2.12) P={xcH|zcEx+ L (F(Lz—r))},
' D={veg|-re —L(E"'(z - L*v)) + F~'v}.
Hence, since P # @ by assumption, we deduce from Lemma 2.3 that

(2.13) & # zer (M + S) =zer (P + Q) CP xD.

Thus, to solve Problem 1.1, it is enough to find a zero of P 4 Q. For every n € N, let
us set

Wy = (T1,ny- - Tmns Vins - - - s VK om)s
Sp = (51,17117 e Simny S2, 1m0 - - 827K7n)7
(2.14)
P, = (pl,].ﬂl? ey PimnsP21n, - .- 7P2,K,n)7
4, = (@imn - QmnG2,0,m, - 42, K,n)
and
a, = (al,Lna s Bl mon, A2,1,my - - - a2,K,n)a
(215) bn = (bLl,TL? sy bl,mma _P)/an,Lna ceey _P)/nb27K7n)7
Cp = (Cl,l,na - Clmn, C2 1,y - - - CZ,K,n)-

Then, using (2.6), (2.8), and (2.10), we see that (2.4) reduces to (2.1). Moreover,
our assumptions and (2.5) imply that (ap)nen, (bn)nen, and (¢,)nen are absolutely
summable sequences in /C. Hence, it follows from (2.11), (2.13), and Lemma 2.1 that
> en lwn = p,||I? < +oo and that there exists W € zer (P + Q) such that w, — W
and p, — w. Upon setting w = (T1,...,Tm, 1, .., 0k ) and appealing to (2.5) and
(2.9), we thus obtain assertions (i), (ii), and (iii)(a)—(iii)(d).

(iii)(e) Let us introduce the variables

K
S1in = Tin — Tn <Ozxzn + E invk,n)

(2.16) (Vie{1,...,m})(Vn eN) pt

Diin = Iy ds (81,im + Tnki)

and
(2.17)

m

~ -1 §

S2 kn = Vkn — In <Dk Vkn — Lkixi,n>7
=1

~ ~ 1~
P2,kn = S2,k;n — Tn (’f’k + JVTTlBk (A/n S2.kn — ’f’k)) .

(Vke{1,...,K})(Vn e N)
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It follows from (2.4) that
(218) (VZ S {1, Ce m})(Vn S N) HSLZ',TL — gl,iﬂlH = 7n||a1,i7n|| < 571”0,171'),1”.

Hence, by virtue of the nonexpansiveness of the resolvents [8, Proposition 23.7], we
have

(Vi e {1,...,m})(Vn € N) |Ip1in — Prial
= |y a4, (51,00 + Vn2i) + 0150 — Ty, 4, (51,00 + Yn2i) ||
<|Is1,im = S1inll + 101,60l

(2.19) < B M arimll + 161,inll-

In turn, since, for every ¢ € {1,...,m}, (a1,in)nen and (bisn)nen are absolutely
summable, we get

(220) (Vl S {1, .. ,m}) S1,in — gl,im — 0 and Plin — ﬁl,im — 0.
Likewise, we derive from (2.4) and (2.17) that
(2.21) (Vk S {1, ceey K}) 82, kn — gg)k)n — 0 and D2,kn — ﬁg)k)n — 0.

On the other hand, we deduce from (iii)(a) that

K

(222) (VZ S {1, .. ,m})(Ei u; € ’Hl) w; € A;T; and 2z = wu; + Z LZzW + C;7;,
k=1

and from (iii)(b) that

(2.23) (VkE{l,...,K}) WEBk(ZLkix_i—’/’k—Dlzlﬁ).

i=1

In addition, (2.16) yields

_ K
Timn — Plyin % ~
—_ E Liivkn—Ci%in+2i € AiP1in,

(2.24) (Vie{1,...,m})(¥Yn€N) 5
" k=1

while (2.17) yields

(2.25) (Vke{1,...,K})(VneN)

~ m
- Vk,n — D2,k, _
D2,k € B <% + ZLlﬂwim -1 — Dy 1'Uk,n> .

n i=1
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Now, for every n € N, let us set

K
1 ~ ~ _ .
(2.26) 6, = (g + I/k> lvke,n — D2kl |P2,k,n —Tkl| and (Vi€ {1,...,m})
1

k=

K
~ 1 _ _ __
i = D1, — Tin| <g||]91,i7n — Tl + pillwin — Tl + > kil orn — Uk||> :
k=1
It follows from (i), (ii), (iii)(c), (iii)(d), (2.20), and (2.21) that
(2.27) 0, >0 and (Vie{l,...,m}) a;n,—0.

Using the Cauchy—Schwarz inequality, the Lipschitz-continuity and the monotonicity

of the operators (C;)i<i<m, (2.22), (2.24), and the monotonicity of the operators
(Ai)lgigma we obtain

(Vie{l,....m}H(VneN) a;,+ <a:1n -7

K
> L0 - i) )
k=1

2 1Pt — inll (e D100 — Till + | Ciwsn — CiTi))

K
> Li(mk - vk7n)> + <xn -7
k=1

= 1Prim — imll (e~ P10 — Till + |Cizin — CiT|)

K
S L (o k>>
k=1

+ <]31,i7n — Tin

K
S L - vk7n>>
k=1

+ <]31,i7n —-T;

_ K
~ — | Li;n — Ply, —
> <p1,i7n —T; | =5 =+ ZLL(UI@ - Uk7n)>
Tn k=1

+ (P1in — Tin | CiT5 — Cizipn)

_ K K
~ — | Ti;m —Plyin __ _
= <p1,i7n T | — g Liivkn — Ciwip + E L0k + CiCCi>
Tn k=1 k=1

+ (@i — T | Ciin — CiT)

_ K
~ — | Tin — D1,
= <p1,i7n - T — Plim _ Z Livkn — Ciin + 2 — Uz>
Tn k=1
(2.28) + <$i7n — T | Cixi,n — Cl$_1>

Tin — Pl i
(2.29) > <51m —I; (“171“1 - Z Lok — Cixin + Zz) — Uz>

Tn k=1

(2.30) >0.

On the other hand, since the operators (D;l)lgkg i are Lipschitzian and monotone,
and since the operators (Bj)i1<k<x are monotone, we deduce from (2.26), (2.23), and
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(2.25) that

(2.31)

(2.32)

(2.33)

(2.34)

m K
(Ve {l...,K})(VneN) &+ <a:n ~ % | Y Ly (Bon — m)>
i=1 k=1

M=

Uk,n — P2k, pe 1
> <%+Dk Bk — D vk

n
pzkn—vk>

+ Z Lkz 371 n —
K v ]3,
k,n — D2k, _
=S ( (e Bk S i - D

n i=1

— <ZLki$_i —Tg — D;W) ‘ D2,k — W>

K
+Z kp2kn_Dk Uk|p2kn__k>
1

k=
p2 l,n -1
( + Z lefz n — Tl — -Dl Ulm)

i=1

— <Z Ly —r — Dl_lv_l> ‘ D2.in — U_z>

+ l p2ln_D 'Ul|52ln_v_l>

< ( p2 Ln + Z lefz n — Tl — Dllvlm)

=1
],52,l7n - U_l>

- <ZLlix_i_ T — Dl_lv_z>
i=1

= 0.

E
Il
—_

/\

We consider two cases.

e If A; is uniformly monotone at 77, then, in view of (2.29), (2.22), (2.24),

and (1.12), there exists an increasing function ¢4, : [0, +00[ — [0, +-00] that
vanishes only at 0 such that
(2.35)

(VneN) ajn,+ <xj7n -T;

K
Zsz<v—k—vk7n>> > 6, ([Frim — T,
k=1

Combining (2.34), (2.30), and (2.35) yields

m m K
(2.36) (VneN) 4, + Z Qi + Z <$m - Z Ly (D2,kn — Ukn)>
i=1 i=1

k=1

2 ¢4, ([IP1j.n —T11)-
It follows from (2.27), (ii), (iii)(c), (2.21), and [8, Lemma 2.41(iii)] that
éa,;([P1,j;n — Tj]]) — 0 and, in turn, that p j, — T;. In view of (i) and
(2.20), we get p1jn — T; and x;, — T;.
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e If C; is uniformly monotone at Z;, then we derive from (2.34), (2.28), and
(2.30) that there exists an increasing function ¢¢, : [0, +o00[ — [0, 400] that
vanishes only at 0 such that

K
> Lii(Pokm — vk,n)>

k=1
> ¢c;([[2jn = Tjl))-
This implies that ¢c; (||, — T;||) — 0 and hence that z;, — ;. Finally,
(i) yields p1,j,n — 7.
(iii) (f) We consider two cases.
e If B; is couniformly monotone at 7y, then (2.33), (2.23), and (2.25) imply that
there exists an increasing function ¢p-1: [0, +00] — [0, +00] that vanishes

(2.37) (YneN) 6,4+ Z Qin + Z <xm - T
=1 i=1

only at 0 such that

K
> Lii(Fon - m>
k=1
v, P T
In — D2,1 _
> <("7“ + Zin%n—?‘z - D, 1vl7n)

(VneN) &,+ Y <a:n -7
i=1

Tn i=1
- (ZLlix_i_Tl - Dl_lv_z> 527l,n_v_l>
i=1
(2-38) Z QSBl*l (Hﬁ?,l,n - U_l”)

Combining this with (2.30) yields

K
> Lii(Pokn — vk,n)>

k=1
2 d)BfI (Hﬁll,n - U_l“)

Hence, using (2.27), (ii), (iii)(c), (2.21), and [8, Lemma 2.41(iii)], we get
(;SBl_l(H’psz,n —7]]) — 0 and, in turn, ps;, — 7;. Using (2.21) and (ii), we

(2.39) (YneN) 6, + Z oGm + Z <x7,n -
i=1 i=1

conclude that po;, — 77 and vy, — 7.

e If D, is couniformly monotone at 7y, then it follows from (2.32) and (2.34) that
there exists an increasing function ¢ -1 : [0, 400[ — [0, +00] that vanishes
only at 0 such that

K
> Lo — W)>
k=1

<D;1§2,l,n - Dflv_l | 52,l,n - U_l>
b+ (2. — ).

(VneN) &,+ Y <a:n -7
i=1

>
(2.40) >

Thus, (2.30) yields

K
Z Ly (p2,kn — Uk,n)>

k=1
> b1 (20 — ),

(241) (neN) G+ i+ <xn — 7
=1 =1

and we conclude as above. a
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Remark 2.5. When m = 1, (1.3)—(1.4) assume the form of (1.8)—(1.9), and Theo-
rem 2.4 specializes to [20, Theorem 3.1]. Our proof of Theorem 2.4(i)—(iii)(d) hinges on
a self-contained application of Lemmas 2.1 and 2.3 in the primal-dual product space IC
of (2.5). Alternatively, these results could be obtained as an application of [20, Theo-
rem 3.1] using the product space # of (2.5) as a primal space. This strategy, however,
would not enable us to recover the strong convergence results of Theorem 2.4(iii)(e)
since [20, Theorem 3.1] would impose uniform monotonicity properties on the product
operators A or C of (2.6), which, in general, do not translate easily into properties
of the individual operators (A;)i1<i<m and (C;)igigm. By contrast, our framework
exploits properties of each operator individually without imposing a global uniform
monotonicity property on their product.

Remark 2.6. It follows from the Cauchy—Schwarz inequality that, for every
(i)1<icm € @iy Ha,

(2.42)
K m 2 K m 2 K m m
S35 L <z(z|w w) <z(anM|2) (znxiw).
k=1 =1 k=1 =1 k=1 =1 =1

Hence, in general, one can use \ = Eszl S | Lkil|? in (1.2). However, as will be
seen in subsequent sections, this bound can be improved when the operator L of (2.6)
has a special structure.

In the remainder the paper, we highlight a few instantiations of Theorem 2.4
that illustrate the variety of problems to which it can be applied and which are not
explicitly solvable via existing techniques. (See also [11] for additional applications.)

3. Inclusions involving general parallel sums. The first special case of Prob-
lem 1.1 that we feature is an extension of a univariate inclusion problem investigated
in [20], which involves parallel sums with monotone operators admitting Lipschitzian
inverses. In the following formulation, we lift this restriction.

PROBLEM 3.1. Let H be a real Hilbert space, let K1, Ko, and K be integers such
that 0 <K K1 K Ko <K K > 1, let z € H, let A: H — 2™ be maximally monotone,
and let C: H — H be monotone and p-Lipschitzian for some p € [0, +oo[. For every
integer k € {1,..., K}, let Gy be a real Hilbert space, let i, € Gy, let By: G — 29
and Sk: G — 29% be mazimally monotone, and let Ly € B(H,Gr); moreover, if
Ki+1< k < Ky, Sk: G — Gy is Bx-Lipschitzian for some B € [0,+00|, and if
Ko+1< k<K, S,;lz Gr — Gk is Bi-Lipschitzian for some By € [0,4o00[. It is
assumed that

(31) B:ma’x{,uaﬁKl-'rla"'vﬁK}_"

K
1+ L2 >0
k=1

and that the inclusion
K
(3.2) find T € H such that z € AT + ZLZ((B;.C OSk)(LyT — 1)) + CT
k=1

possesses at least one solution. Solve (3.2) together with the dual problem

(3.3) find v1 € Gy, ..., Uk € G such that

K
Vke{l,...,K}) —rpe—L ((A+C)1 (z—ZLZ‘vT)) + BT + Sy '
=1
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PROPOSITION 3.2.  Consider the setting of Problem 3.1. Let (a1,1,n)nen,
(01,1,n)neN, and (¢1,1,n)nen be absolutely summable sequences in H. For every integer
ke {l,...,K}, let (a2,k,n)neN, (b2,kn)neN, and (co.kn)nen be absolutely summable
sequences in Gi; moreover, if 1 < k < Ky, let (b1 k+1,n)nen be an absolutely summable
sequence in G, and if K1 +1 <k < Ks, let (a1,5+1,n)nen and (€1 k+1,n)nen be abso-
lutely summable sequences in Gi. Let xo € H, y10 € G1, ..., Yk,,0 € OK,, V10 € Gi,

.., and v € Gk, let € €]0,1/(8 4+ 1)[, let (yn)nen be a sequence in [, (1 —€)/f],
and set

forn=0,1,...
S1,1,n = T, — ’yn(an + Zszl Livgn + a171)n),
P1in = Iy a(81,1,0 + Tn2) + b1,1,m,
Zle 750, fOT‘]C: ].,...,Kl
S$1,k+1,n = Ykn T VnVkn,
D1k+1,n = JynSkS1,k+1,n + 01 k+1,n,
S2.k,n = Vkn — Tn (yk,n — Lyxp + a27k7n)7
P2,kn = S2,k;n — Vn (Tk + J%;lB,c (%218271@71 —rg) + b27k7n)7
q2,k,n = D2,k,n — Tn (pl,k+1,n — Lgpiain + CQ,k,n);
Vk,ntl = Vkn — S2,k,n + 42,k,n,
if Ky # Koy, fork=K, +1,..., K,
S1k41m = Y — Yo (SkYkn — Uk + 01,k41,0),
P1,k+1,n = S1,k+1,n,
$2,k;n = Vkn — Tn (yk,n - kan + aQ,k,n);
(34) P2,kn = S2,kin — Tn (rk + J’Y»;lBk ("/;1527&71 - rk) + b27k7n)7
q2,k,n = D2,k,n — Tn (pl,k+1,n — Lgpiain + CQ,k,n);
| Vknt+1 = Vk;n — S2,k;n + Q2,kn;
ifKo #K, fork=Ko+1,..., K
52, kn = Vkn — Vn (Sk_lvk,n — Ly + azen),
D2k = 52,k;n — Tn (Tk +J,-1p, (Y tsokn — k) + bQ,k,n)a
q2,k,n = P2,k,;n — Tn (Sk_lp2,k,n - Lkal,n + C27k7n)7
L Vk,n+1 = Vk,n — 52,k,n T 42,k,n,)
Q1 =P — Y (CP1an + Zszl Lip2km + C11n),
Tntl = Tp — S1,1,n + q1,1,n5
if K1 #0, fork=1,..., K
{ Q1,k+1,n = D1,k+1,n T VnDP2,kn,
Ykn+1l = Ykn — S1,k+1,n T Q1k+1,n,
Zle ;é KQ, fO’I‘k = K1 + 1,...,K2
{ Q1 k+1m = PLk+1,n — Yo (SkPLk+1,n — P2,k + CLk+1,n)
SYkn+1 = Yk,n — S1k+1,n + Q1 k+1,n-

Then the following hold for some solution T to (3.2) and some solution (01, ...,VUK)
to (3.3):
(i) ¢, = T and (Vke{l,...,K}) vkn — k.
(ii) Suppose that A or C' is uniformly monotone at T. Then x, — T.
(iii) Suppose that, for some l € {1,...,K}, By is couniformly monotone at j.
Then vy, — ;.
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(iv) Suppose that Ko # K and that, for some l € {Ky+1,..., K}, S| is couni-
formly monotone at v;. Then v, — 7.
Proof. We assume that K5 # 0 and consider the auxiliary problem

(3.5) find T € H, g1 €G1, ..., Uk, € Gk, such that
Ko K
2 €AT+Y Li(Bu(LiZT — T —m)) + Y. Li((BeOSk)(LiT — 1)) + CT,
k=1 k=Ko+1

0 e Slm—Bl(Llf—m—Tl)

0 € Sk, UK, — Br, (LK, T — UK, — TK,)

together with the dual problem (3.3) (if Ko = 0, (3.5) should be replaced by (3.2)
and the resulting simplifications in the proof are straightforward). Let us show that
solving the primal-dual problem (3.5)/(3.3) is a special case of Problem 1.1 with

(3.6)

Hiv1 = Gk,
m=Ky+1 Aoy = &?H<k<m7
H,=H if K14+1<k< Ko,
A=A o _J0 iH1Sk<E,
¢ =0 (ke {l,... . Ko}) TS if K+ 1<k < K,
f=n o it 1<k <Ky,
ne S Br if K1 +1<k< Koy,
L= 2 $k+1:y_kv

2p+1 =0,

and

D {0} if 1<k < Ky,
T8, if Ke+1<k<K,

0 if 1<k<Ks,
Vk+1 = .

ﬁk 1fK2+1<k§K,
Lkl:Lkv

(3.7) (Vke{l,...,K})

~Id ifi=k+1,

0 otherwise.

(Vie{2,...,Ky+1}) L,ﬂ-:{

First, we note that, in this setting, (1.3) reduces to (3.5), and (1.4) to (3.3). Now
define H and G as in (2.5), let © € H, let (yr)i<k<i, € @kKil Gr, set (z3)1<icm =
(z,y1,...,YK,) € H,set y = (y1,...,YK,,0,...,0) € G, and set A = 1—|—Z:,€K:21 | L)%
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Then, using the Cauchy-Schwarz inequality in R?,

m
E Ly;x;
i=1

K

38) Y

k=1

2
2
= ||(Lrx)1<r<rs — YI* < (Yl + [(Lrz)r1<e<xe )

2

Ko
< lll+ [ D w2 [l
k=1

K2 m
< (1 'y ||Lk|2) (Ul + 1l?) = A s
k=1 =1

Thus, (3.1) is a special case of (1.2). On the other hand, by assumption, (3.2) has a

solution, say, x. Therefore, there exist v; € G1, ..., vk, € Gk, such that
K K

3.9 zEAx—FZLka—I— Z L ((BrOSk)(Lrx — 1)) + Ca,

(3:9) k=1 k=Ks+1

(Vk e {1,...,Ks}) v, € (BrOSk)(Lpx — k).

Therefore, in view of (1.1), there exist y1 € G1, ..., Yk, € Gk, such that
K> K
zeArx+ ) Livg+ Ly ((BrOSk)(Lrx —ry)) + Cu,
(3.10) Yo Live+ Y Li((BeOSk)(Lix — 1))

k=1 k=Kz+1
(VEe{l,...,K2}) wyi € Sk_lvk and Lgx —yr — 1% € Bk_lvk,

which implies that

Ko K
z€Ar+> Livk+ . Li((BxOSk)(Lix — i) + Cx,
(3'11) k=1 k=Ks+1

(Vk S {1, .. .,Kg}) Vi € Skyk and Vi € Bk(LkCC — Yk — T‘k),

and therefore that

(3.12)
K> K
A AQ? + Z Lz (Bk(Lka: — Yk — ’I“k)) + Z LZ((Bk DSk)(Lk$ — T'k)) + O$,
k=1 k=Ka+1

(Vk S {1, ey KQ}) 0€ Spyr — Bk(ka — Yk — Tk)-
This shows that (3.5) possesses a solution. Next, upon defining
(3.13) (YneN) zy, =2, and

Tk+1,n = Yk,n,

a1 p+1,n =0 if 1<k <Ky,
b1kt1,n =0 if Ki+1<k<Ky,
Clk+1n =0 if 1<k <Ky,

(Vk € {1,...,K>5))

we see that (2.4) specializes to (3.4). Hence, in view of (3.6)-(3.7) and Theo-
rem 2.4(iii)(a)—(iii)(d), there exist a solution (T, 71, ...,Vk,) to (3.5) and a solution
(v1,...,VUK) to (3.3) such that

(3.14) zp, =T and (Vke{l,...,K}) vrn — Tg,
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with
(3.15)

K
2=y Litr € AT+CF, (Vke{l,...,Ks})

{L;ﬁ — 9 — 1 € By ',
k=1

U € Sky_k,
and (Vk € {Kx+1,...,K}) LT —r € B, 't + S, 'o%.

Since the strong convergence claims (ii)—(iv) are immediate consequences of Theo-
rem 2.4(iii)(e)—(iii)(f), it remains to show that T solves (3.2). We derive from (3.15)
that, for every k € {1,..., Ko}, LyT —Jg — 1 € Bk’lm and 7 € S,;lﬁ, and, for
every k € {Ko+1,... K}, LyT —r € B;1W+ Sk_lm. Altogether,

(3.16) (Vke{l,....K}) Lyz—ry€ (By'+5S; )
and, therefore,

K

K K
(3.17) Y Liwr € ZL;((B,;MFS;)“(L@_W)) =Y Li((BkOSk)(LeT—1%)).
k=1 k=1 k=1

Thus, since (3.15) also asserts that z — Zszl Liv, € Az + Cz, we conclude that T
solves (3.2). O

Remark 3.3. Problem 3.1 encompasses more general scenarios than that of [20],
which corresponds to the case when K; = Ky = 0, i.e., when all the operators
(D,;l)lg r<k are restricted to be Lipschitzian. This extension has been made possible
by reformulating the original primal problem (3.2), which involves only one variable, as
the extended primal problem (3.5), in which we added K auxiliary variables. We also
note that Algorithm (3.4) uses all the single-valued operators present in Problem 3.1,
including (Sk)K1+1<k<K2 and (Slzl)K2+1<k<K, through explicit steps.

4. Relaxation of inconsistent common zero problems. A standard prob-
lem in nonlinear analysis is to find a common zero of maximally monotone operators
A and (By)1<k<k acting on a real Hilbert space H [17, 23, 33], i.e.,

K
(4.1) find T € # such that 0 € ATN (1] BiT.
k=1

In many situations, this problem may be inconsistent (see [19] and the references
therein) and must be approximated. We study the following relaxation of (4.1),
together with its dual problem.

PROBLEM 4.1. Let H be a real Hilbert space, let K be a strictly positive integer,
and let A: H — 2% be mazimally monotone. For every k € {1,...,K}, let By: H —
2" be mazimally monotone and let Sy : H — 2™ be mazimally monotone and such that
S’]zl s at most single-valued and strictly monotone with 5;10 = {0}. It is assumed
that the inclusion

K
(4.2) find T € M such that 0 € AT+ (BxDSk)T
k=1
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possesses at least one solution. Solve (4.2) together with the dual problem

(4.3) find 71 €H, ..., Uk € H such that
K

(VkEe{l,...,K}) 0c—-A"" <_Z”_l> +B;§1W+Sk’lm.

=1

First, we justify the fact that (4.2) is indeed a relaxation of (4.1).

PROPOSITION 4.2. In the setting of Problem 4.1, set Z = (zer A) N ﬂszl zer By,
and suppose that Z # &. Then the set of solutions to the primal problem (4.2) is Z.

Proof. Tt is clear that every point in Z solves (4.2). Conversely, let 2 be a solution
to (4.2) and let z € Z. We first note that the operators (By O Sk)1<k<k are at most
single-valued. Indeed, let k € {1,..., K} and let (y,p) and (y, ¢) be in gra(By O.Sk).
Then we must show that p = ¢. We have p = (ByOSk)y & y € B,:lp + S,;lp
Sy — Sk_lp € Bk_lp. Likewise, y — Sk_lq e Bk_lq and, by monotonicity of By,
—(p—alSi'p—5."a) = (p—al(y—S'p)—(y— Sy q)) > 0. Consequently, by
strict monotonicity of S;', (p—q|S;'p—S;, 'q) = 0 and p = q. Hence, since z
solves (4.2), there exists (px)o<rk<x € HET! such that

K
(4.4) > pe=0, po€Azr, and (Vke({l,...,K}) pp=(BOS)z.

Therefore, we have
(4.5)
po € Az, 0€ Az, and (Vke{l,...,K}) pr€ Bk(x — S;lpk) and 0 € Bz,

and, by monotonicity of the operators A and (By)1<k<k,
(4.6) (x—z|po) >0 and (Vke{l,....K}) (z—S;'pp—2 | p) > 0.

Hence, since Zszo pr = 0, it follows from the monotonicity of the operators
(Sy isw<x that

K
= ok =0 Sy 'pe — 5, 10)
k=1

K

K
=> (w—z|pe)—>_{S; pr | i)
k=0

k=1

K
=(x—z | po) +Z<$ kpk_z|pk>
k=1

(4.7) > 0.
Thus, Ele {pr — 0| S, 'pr — S;,10) = 0 and, therefore,
(4.8) (Vke{l,...,K}) {(pr—0]S; 'pr—5;'0)=0.

The strict monotonicity of the operators (S, 1)1<k< k implies that for every k €
{1,....,K} p = 0, ie., x € B.'pr, + Sy 'pr = B0+ S,'0 = B;'0. In turn,
=— Zszlpk =0, ie., z € A7'0. Altogether, x € Z. O
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Remark 4.3. Suppose that in Problem 4.1 we set, for every k € {1,..., K},
Sy = vk_lld, where v;, € ]0, +00], i.e., BrOS, = "*By is the Yosida approximation of
B, of index 7y [8, Proposition 23.6(ii)]. Then (4.2) reduces to the setting investigated
in [18, section 6.3], namely,

K
(4.9) find T € M such that 0 € AT+ Y "By,
k=1

which itself covers the frameworks of [10, 19, 36, 38] and the references therein. In
this case, Proposition 4.2 specializes to [18, Proposition 6.10]. Now let us further
specialize to the case when H = RN, A =0, and

(4.10)
=1, up € RV,
(Vke{1,...,K}) Biizs span {uy } %f (x | ug) = px, where lug]l = 1,
if (x| ur) # pr, pr €R.

Then (4.1) amounts to solving the system of linear equalities
(4.11) find 7 € RY such that (Vk € {1,...,K}) (T|ux) = p,

whereas (4.2) amounts to solving the least-squares problem

m

(4.12) minimize Z (x| ug) — pr|*
z€RY 1

The idea of relaxing (4.11) to (4.12) is due to Legendre [32] and Gauss [27].
To solve Problem 4.1, we use Proposition 3.2 to derive the following algorithm.
PROPOSITION 4.4. Consider the setting of Problem 4.1. Let (b11n)nen and,
for every k € {1,...,K}, let (b1k+1,n)nen and (b kn)nen be absolutely summable
sequences in H. Let xo € H, (Yro)i<k<x € HE, (vko)ickcrx € HE, and e €
10,1/(VK +1+1)[, let (Yn)nen be a sequence in [e,(1 —e)/v/ K + 1], and set

formn=0,1,...
K
P1,in = J’ynA(xn — Tn Zk:l Uk,n) + bl,l,n;
fork=1,...|K
Plk+1n = J’Ynsk (yk,n + P)/nvkm) + bl,k+1,na
82, k;n = Vkn — A/n(ykm - xn)a

4.13 _
( ) P2,kn = S2,kn — P)/n(erleBk (Pyn 152,k,n) + b2,k,n)7
Vk,nt1l = Vkn — S2,kn + P2,kn — Tn (p17k+17n - P1,17n)7
K
Tn4+1 = P1,1,n + Tn Ek:l (vk,n - p27k7n)7
fork=1,...|K
L L Ye,n+1 = Plk+1,n + 'Yn(pQ,k,n - Uk,n)-

Then the following hold for some solution T to (4.2) and some solution (v1,...,TK)
to (4.3):

(i) zp, = T and (VE € {1,....K}) vk — Tg.
(ii) Suppose that A is uniformly monotone at T. Then x, — T.
(i) Suppose that, for some l € {1,...,K}, By is couniformly monotone at vj.
Then vy, — ;.
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Proof. Problem 4.1 is a special case of Problem 3.1 with K1 = Ky = K, 2 =0,
C=0,u=0,8=+vK+1, and (Vk € {1,...,K}) G = H, L =1d, and r, = 0.
In this context, (3.4) can be reduced to (4.13), and the claims therefore follow from
Proposition 3.2. d

Remark 4.5. For brevity, we have presented an algorithm for solving Problem 4.1
in its general form. However, if some of the operators (S)1<r<xk or their inverses are
Lipschitzian, we can apply Proposition 3.2 with K; # K and/or Ky # K to obtain
a more efficient algorithm in which each Lipschitzian operator is used through an
explicit step, rather than through its resolvent.

5. Multivariate structured convex minimization problems. We derive
from Theorem 2.4 a primal-dual minimization algorithm for multivariate convex min-
imization problems involving infimal convolutions and composite functions.

PROBLEM 5.1. Let m and K be strictly positive integers, let (H;)i1<i<m and
(Gr)1<k<k be real Hilbert spaces, let (i;)i<i<m € [0,+00[™, and let (vg)1<i<kx €
10, +0o[. For every i € {1,...,m} and k € {1,...,K}, let h;: H; — R be convex
and differentiable and such that Vhi is pi- szschztzzan let f; € To(H;), let g €
To(Gk), let £y € To(Gr) be 1/vg-strongly convex, let z; € H;, let 1, € Gy, and let
Lii € B(Hi,Gr). Set f = max{max)ci<miti, Maxi<k<ixVi} + VA > 0, where X €
[SUPZZL [ERS! Zszl | S° Lyixi]|?, +00l, and assume that

5.1

(Vie{l,...,m}) 2z €ran 8]‘1—|—X:L,ﬂ (0gx, O 0L) o ZL’“ —ri | + Vh;

k=1
Solve the primal problem
(5.2)
m K m
eZLiniming Zfi(xi) + Z(gk O4) (Z Lyiz; — rk> + Z (hi(as) — (@i | 23)),
TS Tm Ry k=1 i=1 i=1
together with the dual problem
(5.3)
m K K
v1€7£1z.’r.L.7.}:”1§ingK ; (fl* Dhr) (Zz - ; Lszk> + ; gk Uk + ék Uk) + <Uk | Tk>)'

Remark 5.2. Problem 5.1 extends significantly the multivariate minimization
framework of [3, 13]. The minimization problem under consideration there was the
following specialization of (5.2)

m K m
5.4 e i(@i) + Lyiz; |,
(5.4) zle?rillmnmz e ;f (x;) ng <; kil )

k=1

where, in addition, the functions (gx)1<r<x Wwere required to be differentiable every-

where with a Lipschitzian gradient. Furthermore, no dual problem was considered.
PROPOSITION 5.3. Consider the setting of Problem 5.1. Suppose that (5.2) has

a solution and set

(5.5)

B <§:L-x-—y> ‘ (Vi e {1,...,m}) z; € dom f;,
p Rk 1<k< K (Vk e {1,...,K}) yx € dom gy + dom £, '
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Then (5.1) is satisfied in each of the following cases:
(1) (ri)igk<r € srikE.

(ii) E — (rx)1<k<k 15 a closed vector subspace.

(iii) For everyi e {1,...,m}, f; is real-valued and, for every k € {1,..., K}, the
operator L, 7—[ = Gk (5)1<i<m = 2 jey Lijaj is surjective.

(iv) For every k € {1, ..y, K}, gi or  is real-valued.

(V) (Hi)1<iscm and (Gr)1<k<k are finite-dimensional, and (Vi € {1,...,m})(3z; €
ridom f;)(Vk € {1,...,K}) Yi" | Ly;z; — rj, € ridom gy, + ridom €.

Proof. Define H and G as in (2.5) and L, z, and r as in (2.6). Set

and

(5.6) fiH = ]-o0,4od] i @ T, filwi),
9: G — |00, +oo] s y = D4y gk (u)

h:H—R:z— Z:il hZ(ZIJZ),
£: G —|—00,+0]: Yy Zszl O (yg).

Then (5.5) and [8, Proposition 12.6(ii)] yield

E= {L:B—y | x € dom f and y Edomg—i—domE}
:L(domf) — (domg—i—domE)
= L(dom (f +h — (-] 2))) — dom (gO%).

(1) Since the functions (¢x)1<k<k are strongly convex, so is £. Hence, dom£* = G
[8, Propositions 11.16 and 14.15] and therefore [8, Propositions 15.7(iv) and 24.27]
imply that 0g00€ = 9(g0¢€) and gOL € T'4(G). On the other hand, (5.8) yields
0 € sri(L(dom (f +h — (- | z))) — dom(gO£€)(- — r)). Thus, we derive from |8,
Theorem 16.37(1)] that

Of + L* o (0g00%;) o (L-—r)+Vh—z
=9(f+h—{(|2z)+L"c0(g0L)o(L —r)
(5.9) =9(f+h—(|2z) +(g0Lo(L-—r)).

Since (5.2) has a solution and is equivalent to minimizing f+h—(- | z)+(g0£€)o(L-—r)
over ‘H, Fermat’s rule [8, Theorem 16.2] implies that 0 € rand(f+h— (- | z)+(g0¥€)o
(L - —7r)). Hence (5.9) yields z € ran(0f + L™ o (0g0d%y) o (L - —r) + Vh) and we
conclude that (5.1) is satisfied.

(ii)=(i) [8, Proposition 6.19(i)].

(iii)=-(i) We have L(dom f) = L(H) = G. Hence, (5.7) yields £ = G.

(iv)=(i) We have dom g + dom£ = G. Hence, (5.7) yields £ = G.

(v)=-(i) Since dim G < +o0, sriF = ri E. On the other hand, by (5.7) and [8,
Corollary 6.15],

(5.10) riE =ri (L(dom f) —domg — dom@) = L(ridom f) —ridomg — ridom £.

Thus, r € sriE < (Jx € ridom f = X;ilridomfi) Lx —r €ridomg + ridom £ =
Xszl(ri dom gy, + ridom £,). O

PROPOSITION 5.4. Consider the setting of Problem 5.1. For every i € {1,...,m},
let (a1,in)nen, (b1in)nen, and (Ciin)nen be absolutely summable sequences in H;
and, for every k € {1,...,K}, let (a2,kn)nenNs (b2,kn)nen, and (¢2kn)nen be ab-
solutely summable sequences in Gi. Furthermore, let x109 € Hi, ..., Tmo € Hm,
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vig € Gi, ..., Vko € Gk, let € € 10,1/(B+1)[, let (Vn)nen be a sequence in
[e,(1 —¢)/B], and set
forn=0,1,...
fori=1,....m

Stim = Tim — Yo (Vhi(@in) + Y5y LiiVkin + a1in)
P1in = ProxX, r(81in + n2i) + biin,
fork=1,....K

(5.1) s2,6,n = Vkn = Y (VG (k) = 200y Li®in + 2,k,n),
. P2en = S2.6m = Yo (1 +Prox -1, (V' 2,50 — Th) + b2n)

m
@2,k = P2en — Yo (VG (P2,kn) — Doiey LiiD1,im + C2,m) s
L Vkn+1 = Vkn — S52,kn + q2,k,n»
fori=1,....m
K
Qi = P1im — Y (VRi(P1i0) + D1 LiiD2,kn + Cliin)
| Tin+l = Ti;n — S1in + q1,in-

Then the following hold:
i) (Vi € {1,....m}) > enll@in — Prinl® < 400, and (Vk € {1,...,K})
> onen 10kn— P2, nll? < +o0.
(ii) There exist a solution (Tt,...,Tm) to (5.2) and a solution (v1,...,TUK) to
(5.3) such that the following hold:
(a) (Vie{l,...,m}) zin — T and z— 3.0, LT € 0f:(T7) + Vhi(T).
(b) (Vke{l,...,K}) vg — U and D", LT —ri € 09 (v5)+ VI (k).
(c) Suppose that, for some j € {1,...,m}, f; or hj is uniformly convezr at
T;. Then xj, — ;.
(d) Suppose that, for some l € {1,...,K}, g or {; is uniformly conver at
v;. Then vy, — 7.
Proof. Set

(5.12)

(ViE{l,...,m}) Azzafl and C; = Vh;,,
(VkE{l,...,K}) Bkzagk and Dy = 0/4y.

It follows from [8, Proposition 17.10] that the operators (C;)1<igm are monotone, and
from [8, Theorem 20.40] that the operators (Ai)lgigm, (Bk)lgkgm, and (Dk)lgkgK
are maximally monotone. Moreover, for every k € {1,..., K}, we derive from [8,
Corollary 13.33 and Theorem 18.15] that ¢} is Fréchet differentiable on Gy and V/;
is vy-Lipschitzian, and from [8, Corollary 16.24 and Proposition 17.26(i)] that Dk_1 =
(00,)~r = 0Ly = {V¢;}. On the other hand, (5.1) implies that (1.3) possesses a
solution, and (1.15) implies that (5.11) is a special case of (2.4). We also recall that
the uniform convexity of a function ¢ € T'o(H) at z € dom dp implies the uniform
monotonicity of d¢ at x [47, section 3.4]. Altogether, the claims will follow at once
from Theorem 2.4 provided we show that, in the setting of (5.1) and (5.12), (1.3)
becomes (5.2) and (1.4) becomes (5.3). To this end, let us first observe that since for
every k € {1,..., K}, dom £} = Gy, [8, Proposition 24.27] yields

(5.13) (Vk S {1, RN K}) B ODy = dg, 004, = 3(gk Dék),
while [8, Corollaries 16.24 and 16.38(iii)] yield
(5.14) (Vk e {1,....K}) By'+D;'=0g;+{Vl}=0(g + ).
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Likewise, using [8, Theorem 15.3], we obtain

(5.15) (Vi€ {l,...,m}) (A;i+C)~ = (0fi+Vhy)™*
= (O(fi + ha)) " = O(fi + he)* = O(fF ORY).

Now let us define H and G as in (2.5), L, z, and r as in (2.6), and f, h, g, and £ as in
(5.6). We derive from (5.12), (5.13), [8, Corollary 16.38(iii), Propositions 16.5(ii), 16.8,
and 17.26(i)], and Fermat’s rule [8, Theorem 16.2] that for every @ = (z;)1<i<m € H,

x solves (1.3) & (Vi € {1,...,m}) 0¢€ dfi(x;)

K m
+ Z thz <3(gk Dék) < Z ij$j — Tk)) + th(ﬂil) — Z;
k=1

j=1

S 0e€df(x)+L*(0(g0&)(Le — 1)) +V(h— (| 2))(x)
=0e0(f+(g080 (L —r) +h—(]|2)()
(5.16) < x solves (5.2).

Next, let v = (vk)1<kcx € G. Then we derive from (5.14), (5.15), and the same
subdifferential calculus rules as above that

m K
v solves (1.4) & (Vk € {1,...,K}) 0€—> Ly (a(f; th)<zi - ZL;;UZ»
=1 =1

F (gt + 05+ (| i) (ug)
©0e€-L(O(f OR")(z— L)+ 0(g"+£ + (| r))(v)
~0e 8((f*Dh*) o(z—L*)+g" +£ +(| r>)(v)

(5.17) < v solves (5.3),

which completes the proof. ad

Remark 5.5. Proposition 5.4 provides a framework that captures and suggests
extensions of multivariate or infimal convolution variational formulations found in
areas such as partial differential equations [4], machine learning [6], and image recovery
[15, 16, 39].

6. Univariate structured convex minimization problems. Minimization
problems involving a single primal variable can be obtained by setting m = 1 in
Problem 5.1. However, this approach imposes that infimal convolutions be performed
exclusively with strongly convex functions. We use a different strategy relying on
Proposition 3.2, which leads to a formulation allowing for infimal convolutions with
general lower semicontinuous convex functions.

PROBLEM 6.1. Let H be a real Hilbert space, let Ky, Ko, and K be integers such
that 0 K K1 K Ko < K 21, let z € H, let f € To(H), and let h: H — R be convex
and differentiable and such that Vh is p-Lipschitzian for some p € [0, +0o[. For every
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integer k € {1,..., K}, let Gy be a real Hilbert space, let ri, € Gy, let gi € To(Gk),
let o € To(Gk), and let Ly, € B(H,Gr); moreover, if K1 +1 < k < Ka, g is
differentiable on Gy and such that Vi is Pi-Lipschitzian for some By € [0,+0o0],
and, if Ko+ 1 < k < K, ¢ is 1/Bg-strongly convex for some By € 10,400 Set

8= max{u,ﬁKH_l, . ,ﬁK} +4/1+ Zszl ILk|I? and assume that

K

(6.1) z € ran <8f + Z L} 0 (0grO0¢py) o (Lk . —rk) + Vh)
k=1

and

(6.2) (VE € {1,...,K3}) 0 € sri(domgj —domyy).

Solve the primal problem
K

(6.3) mzmmzze flz)+ Z (9x Owr)(Lgx — 1) + h(z) — (x| 2),
k=1

together with the dual problem

v1€G1,.., VK €EGK

K m
(6.4)  minimize  (f*OR%) (z - ZLka> + Z g (k) + @5 (v) + (v | 7).
k=1 k=1

Remark 6.2. Tt follows from (6.2) and [8, Propositions 11.16, 14.15, 15.7(i), and
24.27] that

(6.5) (VEe{l,...,K}) grOpr €To(Gr) and 0Ogr D¢ = 0(gr Der).

Hence, using the same type of arguments as in the proof of Proposition 5.3, we can
deduce similar conditions for (6.1) to hold, e.g., that (6.3) have a solution and that
(ri)1<k<k lie in the strong relative interior of

(6.6) {(Lrz—yr)1<r<k | x € dom f and (Vk € {1,...,K}) yr € dom g + dom ¢y }.

PROPOSITION 6.3.  Consider the setting of Problem 6.1. Let (a1,1,n)nen,
(b1,1,n)nen, and (c1,1,n)nen be absolutely summable sequences in H. For every integer
ke {l,...,K}, let (a2,k,n)neN, (b2,kn)nen, and (co.kn)nen be absolutely summable
sequences in Gi; moreover, if 1 < k < K1, let (b1 g+1,n)nen be an absolutely summable
sequence in Gy, and, if K1+1 <k < Ko, let (a1 k+1,n)nen and (€1 k+1,n)nen be abso-
lutely summable sequences in Gi,. Let xo € H, y1,0 € G1, ..., YK,,0 € Gk, V1,0 € G,

.., and Vi € G, let € €10,1/(B8 4 1)[, let (Yn)nen be a sequence in [e, (1 —€)/0],
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and set

forn=0,1,...
S1,1,;n = Tn — In (Vh(xn) + Z?:l szk,n + al,lm)a
P1,1,n = Prox,, (81,1,n + Vn2) + 01,10,
if K1 #0, fork=1,..., K,
S1,k+1,n = Yk,n + YnVk,n,
P1k+1,n = ProXy o S1,k+1,n + b1, k+1,n,
S2.k,n = Vkn — Tn\Ykn — kan + a27k7n)7
P2k = 82,k — Yo (T +Prox -1 (v s2,6m — 78) + b2 k),
q2,k;n = D2,k;n — Tn (pl,k+1,n — Lgpiin + Cz,k,n),
| Vk,n+1 = Vk,n — S2,kn T+ 42,k,n;
Zle #Kz, fO’I“k:Kl +1,...,K2
S1,k+1,n = Ykn — Tn (Vspk(yk,n) — Vk,n + al,kJrl,n)a
P1k+1,n = S1,k+1,n;,
S2,k;n = Vkin — Tn (ykm - kan + a27k7n)7
67) P2kn = S2,km — Yo (T + ProxX. -1 (V' 82,kn — 75) + b2 kn )
q2,k;n = DP2,k,n — Tn (pl,k+1,n — Lgpirin + Cz,k,n),
| Vk,n+1 = Vk,n — S2,kn T+ 42,k,n;
ifKo#K, fork=Ko+1,...,K
S2,k;n = Vkin — Tn (VSO;; (Ukm) - kan + a27k7n)7
P2k = 82,k — Yo (T +ProxX 1 (Y s2,km — 71) + D2 k),
@2k = P2kn — Yn(VOh(P2,km) — LkP1im + C2kn)s
| Vk,n+1 = Vk,n — S2,kn T+ 42,k,n;
a0 = P10 — Yo (VR(P110) + S Lipa s + Cl1m)s
Tn+l = Tn — S1,1,n + q1,1,n;»
if K1 #0, fork=1,..., K,
Q1,k+1,n = P1,k+1,n T YnP2.k,n,
Yk,n+1 = Yk,n — S1,k+1,n T Q1,k+1,n;
Zle #Kz, fO’I“k:Kl +1,...,K2
{ q1,k+1,n = Plk+1,n — Tn (VSOk (p17k+17n) — D2,kn T+ Cl7k+17n)a
Yk,n+1 = Ykn — S1,k+1,n T Q1,k+1,n-

Then the following hold for some solution T to (6.3) and some solution (01, ...,VUK)
to (6.4):
(i) ¢, =~ T and (Vke{l,...,K}) vkn — k.
(ii) Suppose that f or h is uniformly conver at T. Then x, — T.
(iii) Suppose that, for some l € {1,...,K}, g/ is uniformly conver at T;. Then
Vin — V-

(iv) Suppose that Ko # K and that, for somel € {Ka+1,..., K}, ¢ is uniformly

convez at ;. Then vy, — ;.

Proof. Using (6.5) and the same arguments as in the proof of Proposition 5.4, we
first identify Problem 6.1 as a special case of Problem 3.1 with A = df, C = Vh, and
(Vk € {1,...,K}) By = dgi, and Si, = O¢y. Using (1.15), we then deduce the results
from Proposition 3.2. d

We conclude this section with an application to the approximation of inconsistent
convex feasibility problems where, for the sake of brevity, we discuss only the primal
problem.

Example 6.4. In Problem 6.1, set K1 = Ko =K, 2=0, h =0, f =0, and, for
every k € {1,...,K} r; =0 and gx = t¢,,, where C} is a nonempty closed convex



SYSTEMS OF STRUCTURED MONOTONE INCLUSIONS 2445

subset of Gy with projection operator Pg. In addition, suppose that
(6.8)
(Vke{l,...,K}) Argming; = {0}, ¢4(0) =0, and 0 € sri(dom g, — dom ¢y).

It follows from [8, Proposition 15.7(i)] that the infimal convolutions (tc, O k) 1<k<k
are exact. Hence, (6.3) becomes

K

6.9 inimize i Lex — 1),
(6.9) mininiz kily&lgkwk( KT = Yk)

and it is assumed to have at least one solution. We can interpret (6.9) as a relaxation
of the (possibly inconsistent) convex feasibility problem

(6.10) find T € H such that (Vk € {1,...,K}) LT € Cj.

Indeed, it follows from (6.8) that, if (6.10) is consistent, then its solutions coincide
with those of (6.9). Furthermore, in view of (1.15), Algorithm (6.7) can be written
as

forn=0,1,...
P1in = Tn — ’Yn(szzl L;;'Uk,n + al,l,n);
fork=1,....K

S1,k+1,n = Yk,n + YnUk,n,
P1k+1,n = ProX, ., S1k+1,n + 01 k+t1,n,
S2.k,n = Vkn — Tn (ykm — Lyx, + a2,k,n)7
(6.11) P2kn = 52.km — Yn (Pe(Vn "S2,6m) + b2k,
q42,k,;n = D2,k,;n — Tn (pl,k+1,n — Lypiin+ C27k7n)7
| Ykl = Vkn = 82,k T G2,k,n,
q1,1,0 =DP11,n — Y ( Z?:l Lip2km + C11,m),
Tnt+l = Tn — P1,1,n T 41,10,
fork=1,...,K
{ q1,k+1,n = P1Lk+1,n + VnP2,k,n,
L | Ykn+1 = Ykn — SLk+1,n T Q1 k+1,n-

By Proposition 6.3(1), (2, )nen converges weakly to a solution to (6.9) if inf,,cy v, > 0
and sup,,cy o < (14 Zszl ||Lk||2)71/2. Now suppose that, for every k € {1,..., K},
G = H, Li, =1d, ¢ = 1oy if k = 1, and ¢ = wyl| - ||>, where wy, € ]0,+00],
if K # 1. Then (6.10) reduces to the feasibility problem of finding T € ﬂszl Ck
and (6.9) reduces to the constrained least-squares relaxation studied in [19], namely,

minimizegzec, Zszg Wk dzc,c ().
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