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SOLVING COUPLED COMPOSITE MONOTONE INCLUSIONS
BY SUCCESSIVE FEJER APPROXIMATIONS OF THEIR
KUHN-TUCKER SET*

ABDULLAH ALOTAIBIT, PATRICK L. COMBETTES?, and NASEER SHAHZAD?

Abstract. We propose a new class of primal-dual Fejér monotone algorithms for solving systems
of composite monotone inclusions. Our construction is inspired by a framework used by
Eckstein and Svaiter for the basic problem of finding a zero of the sum of two monotone
operators. At each iteration, points in the graph of the monotone operators present in
the model are used to construct a half-space containing the Kuhn—Tucker set associated
with the system. The primal-dual update is then obtained via a relaxed projection
of the current iterate onto this half-space. An important feature that distinguishes
the resulting splitting algorithms from existing ones is that they do not require prior
knowledge of bounds on the linear operators involved or the inversion of linear operators.
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rithm, splitting algorithm
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1. Introduction. The first monotone operator splitting methods arose in the
late 1970s and were motivated by applications in mechanics and partial differential
equations [32, 35, 39]. In recent years, the field of monotone operator splitting al-
gorithms has benefited from a new impetus, fueled by emerging application areas
such as signal and image processing, statistics, optimal transport, machine learning,
and domain decomposition methods [3, 5, 24, 36, 41, 43, 46]. Three main algo-
rithms dominate the field explicitly or implicitly: the forward-backward method [38],
the Douglas—Rachford method [37], and the forward-backward-forward method [47].
These methods were originally designed to solve inclusions of the type 0 € Ax + Bz,
where A and B are maximally monotone operators acting on a Hilbert space (via
product space reformulations, they can also be extended to problems involving sums
of more than two operators [9, 45]). Until recently, a significant challenge in the
field was to design splitting techniques for inclusions involving linearly composed
operators, say

(1.1) 0€ Az + L*BLx,

where A and B are maximally monotone operators acting on Hilbert spaces H and
G, respectively, and L is a bounded linear operator from H to G. In the case when A
and B are subdifferentials, say A = 0f and B = dg, where f: H — |—o0, +00] and
g: G — ]—00,+00] are lower semicontinuous convex functions satisfying a suitable
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constraint qualification, (1.1) corresponds to the minimization problem

(1.2) migiegrltize f(x) + g(Lx).

The Fenchel-Rockafellar dual of this problem is

(1.3) mininéize f(=L*v*) 4+ g"(v")
v*e

and the associated Kuhn—Tucker set is
(1.4) Z={(z,v)eH®G | —L*v* €df(z) and Lz € dg*(v*)}.

The importance of this set is discussed extensively in [44], notably in connection
with the fact that Kuhn-Tucker points provide solutions to (1.2) and (1.3). To the
best of our knowledge, the first splitting method for composite problems of the form
(1.1) is that proposed in [16], which was developed around the following formulation.

Problem 1.1. Let H and G be real Hilbert spaces, and set I = H & G. Let
A:H — 2" and B: G — 29 be maximally monotone operators, and let L: H — G
be a bounded linear operator. Consider the inclusion problem

(1.5) find T € H such that 0 € ATz + L*BL7,

the dual problem

(1.6) find 7* € G such that 0 € —LA™'(—L*7*) + B~ '7*,
and the associated Kuhn—Tucker set

(1.7) Z ={(z,v*) e K| —L*v* € Az and Lz € B~'v*}.

The problem is to find a point in Z. The sets of solutions to (1.5) and (1.6) are
denoted by & and 2, respectively.

The Kuhn—Tucker set (1.7) is a natural extension of (1.4) to general monotone
operators. In [16], a point in Z was obtained by applying the forward-backward-
forward method to a suitably decomposed inclusion in H @ G (the use of Douglas—
Rachford splitting was also discussed there). Subsequently, the idea of using tra-
ditional splitting techniques to find Kuhn-Tucker points was further exploited in
a variety of settings, e.g., [1, 12, 14, 23, 25, 26, 48]. Despite their broad range of
applicability, existing splitting methods suffer from two shortcomings that preclude
their use in certain settings. Thus, a shortcoming of splitting methods based on the
forward-backward-forward [16, 25] or the forward-backward algorithms [2, 26, 48] is
that they require knowledge of || L||; this is also true for the Douglas—Rachford-based
method of [14]. On the other hand, a shortcoming of splitting methods based on the
Douglas—Rachford [16, Remark 2.9] or Spingarn [1] algorithms is that they require
the inversion of linear operators, as does [12, Algorithm 3]. In some applications,
however, ||L|| cannot be evaluated reliably and the inversion of linear operators is
not numerically feasible. As will be seen in Section 4, this issue becomes particularly
acute when dealing with systems of coupled monotone inclusions, which constitute
the main motivation for our investigation.

Our objective is to devise a new class of algorithms for solving Problem 1.1 that
alleviate the above-mentioned shortcomings of existing methods. Our approach is
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inspired by an original splitting framework proposed in [28] for solving the basic
inclusion (see also [29] for the extension to the sum of several operators)

(1.8) 0 € Az + Bux.

The main idea of [28] is to use points in the graphs of A and B to construct a
sequence of Fejér approximations to the so-called extended solution set

(1.9) {(z,v*) e H@®MH | —v* € Az and v* € Bz}

and to iterate by projection onto these successive approximations. This extended
solution set is actually nothing but the specialization of the Kuhn-Tucker set (1.7)
to the case when G = H and L = Id. This construction led to novel splitting
methods for solving (1.8) that do not seem to derive from the traditional methods
mentioned above. In the present paper, we extend it significantly beyond (1.8) in
order to design new primal-dual splitting algorithms for Problem 1.1.

The paper is organized as follows. Preliminary results are established in Section 2
and algorithms for solving Problem 1.1 are developed in Section 3. These results are
then used in Section 4 to solve systems of composite monotone inclusions in duality.
Notation. The scalar product of a Hilbert space is denoted by (- | -) and the asso-
ciated 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, let 27 be the power set of H, and let A: H — 2*. We denote by ran A =
{u eEH | FrxeH)ue Aw} the range of A, by gra A = {(x,u) EHXH | u € Aw}
the graph of A, and by A~! the inverse of A, which is defined through its graph
{(u,z) e H x H | (v,u) € graA}. The resolvent of A is J4 = (Id +A)~*. We say
that A is monotone if

(1.10) (V(z,u) € graA)(V(y,v) € grad) (r—y|u—v) =0,

and maximally monotone if there does not exist any monotone operator B: H — 27
such that gra A C gra B # gra A. In this case, J4 is firmly nonexpansive and defined
everywhere on H. The Hilbert direct sum of H and G is denoted by H & G. The
projection operator onto a nonempty closed convex subset C' of H is denoted by Pe.
The necessary background on convex analysis and monotone operators will be found
in [9].

2. Preliminary results. We first investigate some basic properties of Problem 1.1,
starting with the fact that Kuhn-Tucker points automatically provide primal and
dual solutions.

Proposition 2.1. In the setting of Problem 1.1, the following hold:

(i) Z is a closed convex subset of & x 9.

(i) P40 2+ D+0.

Proof. This is [16, Proposition 2.8] (see also [42] for (ii)). W

A fundamental concept in algorithmic nonlinear analysis is that of Fejér mono-
tonicity: a sequence (&, )nen in a Hilbert space H is said to be Fejér monotone with
respect to a set C C H if

(2.1) Vze C)(VneN) |eni1 — 2] < ||xn — 2]

Alternatively (see [8, Section 2]), (,)nen is Fejér monotone with respect to C' if,
for every n € N, ¢, 41 is a relaxed projection of x, onto a closed affine half-space
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H,, containing C, i.e.,
(2.2)
(VneN) xpi1 =, +\o(Pa, Ty, —x,), where 0< A\, <2 and C C H,.
The half-spaces (H p,)nen in (2.2) are called Fejér approximations to C. The Fejér
monotonicity property (2.1) makes it possible to greatly simplify the analysis of the
asymptotic behavior of a broad class of algorithms; see [7, 9, 21, 22, 30, 31] for
background, examples, and historical notes.

In the following proposition, we consider the problem of constructing a Fejér
approximation to the Kuhn-Tucker set (1.7).

Proposition 2.2. In the setting of Problem 1.1, for every a = (a,a*) € gra A and
every b = (b,b*) € gra B, set
(2.3)

H,, = {mGIC ’ (x| siy) gnab}, where Sap = (a7 + L%, b— La)

’ ’ ’ Nab = (a]a®)+(b]b7).

Then the following hold:

(i) Leta € graA and b € graB. Then sl =0 & H,, =K = (a,b*) €

Z andn,p = 0. 7
(i) Leta€gradA andb e graB. Then Z C H, .

(111) Z = ﬂae ra A ﬂbEgraB Ha b -
(iv) Let ( g} € grad, (b,b*) € graB, and (z,v*) € K. Set s* = a* + L*b*,

t = b La and o = ||5*||2 + ||t||2; ifO' >0, set A = (<x | S*> + <t | v*> o
(a | ) - <b | b*))/o. Then

(2.4

Per. (2.v%) (z = (A/o)s*,v* = (AJo)t), if 0>0 and A > 0;
z,v%) =

Hapl™ (x,v%), otherwise.

Proof. (i): Suppose that s}, = 0. Then —L*b* = a* € Aa and La=b € B~ 1p*,
Hence, (1.7) implies that (a,b*) € Z. In addition,

(2:5) nap = (a]a”)+(b]b") = (a| L") +(La|b") = —(La|b") +(La|b") =
and therefore H,},, = KC. Conversely, H,p = KK = s b= =0 and n,p =0.
(ii): Suppose that = (z,v*) € Z. Then (z, 7 *) € graA and, by mono-

tonicity of A,

(2.6) (a—z|a"+ L*") > 0.

Likewise, since (Lx,v*) € gra B, we have

(2.7) (b— Lz | b* —v*) > 0.

Using (2.6) and (2.7), we obtain

(| shy)=(x|a*+ L")+ (b— La|v")
=(x|a*+ L")+ (L | b* —v*) + (b — Lz | v*) 4+ (x — a | L*v")
={(x—al|a"+ L")+ {(a]|a*)y+ (La|v*)

+ (L —=b|b" =0 )+ (|b*)—(b|v*)+(b—Lx|v*)+ (x —a| L")
<ala*y+La—=blvyY+ @b+ (b— Lz |v*)+ (x—a| L")
=(a]a") + (0] 0%)

(2.8) = Nab-
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(iti): By (i), Z C Maegraa Nbegra s Hap. Conversely, fix a € grad and b €
graB, and let @ = (x,v*) € H,p. Then (x| s}, ) < 7., and therefore

{(a,b*) — (z,v*) | (a*,b) — (—L*v*, Lz)) = ((a — x,b* —v*) | (a* + L*v*,b — Lx))
={a—z|a"+ L")+ (b— La | b* —v")
= Tla,b — (:B | 3:,b>

(2.9) > 0.

Now set M : K — 2%€: (z,w*) ~ Az x B~'w*. Then, since ((a,b*), (a*,b)) is an
arbitrary point in gra M and since [9, Propositions 20.22 and 20.23] imply that M
is maximally monotone, we derive from (2.9) that ((x,v*),(—L*v*, Lz)) € gra M,
i.e., that @ € Z.

(iv): Let @ € IC. As seen in (i), if 87, = 0, then 7, = 0 and H,p = K. Hence
(@ | s%,) = 1ab and Pu,, @ = . Otherwise, it follows from [9, Example 28.16] that

_ <m | 3:,b> —Tab
(210) Py a=1{" [CNER
xr

if <‘B | 3:,b> > MNab;

, otherwise.

In view of (2.3), the proof is complete. B

Remark 2.3.

(i) The fact that Z is closed and convex (Proposition 2.1(i)) is also apparent
in Proposition 2.2(iii), which exhibits Z as an intersection of closed affine
half-spaces.

(ii) The inclusion Z C H, (Proposition 2.2(i)) will play a key role in the paper.
This construction is inspired by that of [28, Lemma 3], where G = H and
L=1d.

Our analysis will require the following asymptotic principle, which is of interest
in its own right.

Proposition 2.4. In the setting of Problem 1.1, let (an,a’)nen be a sequence in
gra A, let (bn,b!)nen be a sequence in graB, and let (T,7%) € K. Suppose that
anp — T, b5 — T*, al + L*b5 — 0, and La, —b, — 0. Then {(ay | a})+ (b, | b)) = 0
and (T,7") € Z.

Proof. Define

(2.11) V={(z,y) K| Lz =y}.
Then

(2.12) vt = {(w*,v*) e K | u* = —L*v*}.
Now set

(2.13) A: K — 2% (z,y) — Az x By.

We deduce from (1.7) that, for every (z,v*) € K,

(z,v") € Z & (z,=L"v") € grad
’ (Lz,v*) € gra B
(2.14) & (x,u) = ((z, L), (~L*v*,v*)) € (V x Vi) ngraA.
5
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On the other hand, [1, Lemma 3.1] asserts that

(2.15)

Gy c k) LEvEY) = ((Id +L*L) " (z + L*y), L(d +L*L) ' (z + L*y))
Y Py.(z,y) = (L*(Id +LL*) " (Lz — y), —(Id +LL*)"(Lz — y)).

Now set

Tn = (ana bn)
u, = (a,bk).

n»’n

(2.16) == (z,Lz), uw=(-L'v",7%), and (VneN) {

Since a¥ + L*b% — 0 and La,, — b, — 0, we derive from (2.15) that Pyu, — 0 and
Py iz, — 0. Altogether, since L and L* are weakly continuous, the assumptions
yield

(Vn €N) (xn,u,) € graA
T, — T
(2.17) u, — @
PvLmn — 0
Pv’u,n — 0.

However, (2.17) and [9, Proposition 25.3] imply that
(2.18) (€, |u,) -0 and (&, @) c (V x V) ngraA.

In view of (2.14), the proof is complete. B

Remark 2.5. In the special case when G = H and L = Id, Proposition 2.4 reduces
to [6, Corollary 3] (see also [9, Corollary 25.5] for an alternate proof), where m = 2.
The decomposition IC = V @&V *, where V is as in (2.11), is used in [1] in a different
context.

3. Finding Kuhn—Tucker points by Fejér approximations. In view of Proposi-
tion 2.1(i), Problem 1.1 reduces to finding a point in a nonempty closed convex subset
of a Hilbert space. This can be achieved via the following generic Fejér-monotone
algorithm.

Proposition 3.1.[22] Let ‘H be a real Hilbert space, let C be a nonempty closed
convex subset of H, and let ¢y € H. Iterate

forn=0,1,...
H,, is a closed affine half-space such that C C H,,
An, €10,2]
Tnt1 = Tn + A\ (PH, Tn — Tp).

(3.1)

Then the following hold:
(i) (@n)nen is Fejér monotone with respect to C: (Vz € C)(Vn € N) ||@pq1 —
2] < — 2.
(i) > ,en An(2 = M) || Pr, T — 0||* < +00.
(iil) Suppose that, for every x € H and every strictly increasing sequence (kn)nen
inN, xp, — © = x € C. Then (x,)nen converges weakly to a point in C.

6
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We now derive from the above convergence principle a conceptual primal-dual
splitting framework.

Proposition 3.2. Consider the setting of Problem 1.1. Suppose that & # &, let
x9 € H, let v € G, and iterate

forn=0,1,...

(an,al) € gra A

(b, b%) € graB

sy =ay + L*by,

tn, = b, — La,,

on = V/IIS3l1? + [[tn]?
ifo, =0

T = ay

(3.2) T = b,

| terminate.

ifon, >0

An €10,2]

Ap = maX{O, ((zn | s7) + (tn [ vg) = (an | a3;) — (bn | bii>)/0’n}

971 = A'n,An/o'n
Tntl = Tp — OpS]
Vi1 = U — Opty.

Then either (3.2) terminates at a solution (T,T*) € Z in a finite number of iterations
or it generates infinite sequences (Tn)nen and (vX)nen such that the following hold:
(i) (zp,vi)nen is Fejér monotone with respect to Z.
(i) > ,en An(2 = Ap)AZ < +o0.
(iii) Suppose that for every x € H, every v* € G, and every strictly increasing
sequence (kp)nen n N,

(3.3) [z, — @ and vy, — 0] = (2,0")€Z.

Then (n)nen converges weakly to a point T € P, (vX)nen converges weakly
to a point * € 9, and (T,T7*) € Z.

Proof. We first observe that, by Proposition 2.1, Z is nonempty, closed, and
convex. Two alternatives are possible. First, suppose that, for some n € N, o,, = 0.
Then Proposition 2.2(i) asserts that the algorithm terminates at (T,7*) = (a,,b%) €
Z. Now suppose that (Vn € N) o, > 0. For every n € N, set

(3.4) Ty = (Tn,vy), 85, = (s5,tn), and 1, = (an | ay,) + (bn | b)),
and define
(3.5) H,={xecK | (x|s)) <m}

Then we derive from (3.2) and Proposition 2.2(ii) that (Vn € N) Z C H,,. On the
other hand, Proposition 2.2(iv) implies that

(36) (vneN) A,=|Pu,x,—x,|| and x,11 =x,+ \(Pr, Ty — Ty).

Thus, the conclusions follow from Proposition 2.1(i) and Proposition 3.1. B
At the nth iteration of algorithm (3.2), one picks the quadruple (a,, a’, by, b’) in
gra A x gra B. In the following corollary, this quadruple is taken in a more restricted

7
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set adapted to the current primal-dual iterate (x,,,v}), which leads to more explicit
convergence conditions.

Corollary 3.3. Consider the setting of Problem 1.1. Suppose that & +# &, let
e €10,1], let o € 10,400, let xg € H, and let v§ € G. For every (z,v*) € K, set

(3.7) Gulz,v*) = {(a,b,a*,b*) €K x K| (a,a*) € grad, (bb*) € graB, and
(x—al|a* + L")+ (Le —b | b* —v*) > af||a* + L*b*|* + || La — b||2)}

ITterate

forn=0,1,...
(@n,bn,ay,07) € Ga(wn,vy)
sy =ay + L*b}
t, = b, — La,
o = [lspll? + [ltal?
ifr, =0
T = anp
(3.8) 7 = bt
terminate.
if >0
>\ €le,2—¢]
On = An (<$n | s7) + (tn [ 03) — (an | ag) — (bn | b:;>)/7'n
Tptl = Tn — OnS),

0

ntn

* k%
L UnJrl =Up —

Then either (3.8) terminates at a solution (T,T*) € Z in a finite number of iterations
or it generates infinite sequences (Tn)nen and (v2)nen such that the following hold:

() S 522 < o0 ond 3oy ftaf* <+,
((ng %:neN ||£Cn}_;_1 — || < +oo and 3,y llvh i —vhl]? < 4oo.
iii) Suppose that

(3.9) Tp —an = 0 and v —0b; — 0.

Then (n)nen converges weakly to a point T € P, (v))nen converges weakly
to a point T* € 9, and (T,7*) € Z.
Proof. This corollary is an application of Proposition 3.2. To see this, let
v*) € KC. First, to show that the algorithm is well defined, we must prove that
G, (z,v*) # @. Since & # @, it follows from Proposition 2.1(11) that Z # @. Now
et (a,b*) € Z, and set a* = —L*b* and b = La. Then (1.7) yields (a,a*) € graA
and (b,b*) € gra B. Moreover,

(

(x—a|a*+ L")+ {(Le—b|b" —v")
—(x—a|L*(b" —v")) + (L(z —a) | b* —v™)
=0
(3.10) = a(lla* + L*b*||* + || La — b||?).

Hence (a,b,a*,b*) € G, (z,v*) and (3.8) is well defined. Next, to show that (3.8) is
a special case of (3.2) it is enough to consider the case when (Vn € N) 7, > 0. Note

8
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that (3.8) yields

(Vn€N)  (z, | s) + (ta [ v5) — {an | ag) — (bn | by,)
={(xn —an | ay+ L") + (Lxy, — by | b), —v))
> a(llal + LB + 1 Lan — bu?)
=T,

(3.11) > 0.
In turn, if we define (A, )nen as in (3.2), we obtain

(Tn | sh) + {tn | vy) = (an | ap) — (b | b))
N

(3.12) (VneN) A, = > aym > 0.

Hence (3.8) is a special case of (3.2). Moreover, it follows from (3.12) and Proposi-
tion 3.2(ii) that

(3.13)
x 1 1
Do lsnlP+l1tal?) =D 7 < = Y Az< e D An(2 = An)AL < +oo,
neN neN neN neN

which establishes (i). On the other hand, (ii) results from (3.8) and (3.13) since

D (lznsr = @l + 0541 = vilI?) = D Oara
neN neN
=> A2
neN
<@2-¢?) A2
neN
(3.14) < +00.

Finally, to prove (iii), it remains to check (3.3). Take z € H, v* € G, and a strictly
increasing sequence (k,)nen in N such that z;, — x and U,jn — p*. Then it follows
from (3.9) and (i) that

(3.15) ag, — =, by — v, a; +L'b; —0, and Lay, — b, =0,

and from (3.8) that (Vn € N) (an,a’) € graA and (b,,b) € graB. We therefore
appeal to Proposition 2.4 to conclude that (z,v*) € Z. &

Remark 3.4. In the special case when G = H and L = Id, Corollary 3.3(iii) was
established in [28, Proposition 2] under the following additional assumptions: A+ B
is maximally monotone or H is finite-dimensional, z,, — a, — 0, and v} — b — 0.

Corollary 3.3 is conceptual in that it does not specify a rule for selecting the
quadruple (an, by, al,bt) in Go(xy,,v)) at iteration n. We now provide an example

ny “¥nr¥n
of a concrete selection rule.

Proposition 3.5. Consider the setting of Problem 1.1. Suppose that & # &, let
9
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e €]0,1, let xo € H, let v§ € G, and iterate

forn=0,1,...

(Yns btn) € [€,1/¢]?

an, = Jy, a(xy — . L*0))

l, = Lz,

bn = ,unB(ln + an;:)

Sp = '77:1(*%'71 - an) + M;lL*(ln - bn)

t, = b, — La,
0 = 52+ 2
(3.16) =0
T = anp
T =)+ gyl — bn)
| terminate.
ifn, >0
An € 6,2 — €]
On = )‘n(%:lllxn — an|® + pp |l — bn||2)/T"
Tp+1 = Tp — Ops),
| Upi1 = U — O,t,.

Then either (3.16) terminates at a solution (T,T*) € Z in a finite number of itera-

tions or it generates infinite sequences (Tn)nen and (v} )nen such that the following
hold:

() Lonen 15312 < +00 and ey [[tall? < +00.
(i) Xpen a1 — 2l < 400 and 35, oy vy 41 — vpl|* < +oc.
(iif) Y, en lzn — anl]? < 400 and 3, o [[Lxy — by||? < +00.
(iv) (Zn)nen converges weakly to a point T € &, (V) )nen converges weakly to a

point T € 9, and (T,7°) € Z.

Proof. We are going to derive the results from Corollary 3.3. To this end, let us

set

(3.17) (YneN) a, =7, (xn —an) — L' and b = p, (L, — by) + v

Now let n € N. To show that (3.16) is an instantiation of (3.8), let us check that
there exists o € 10, +o0o[ such that (an,bn,ak,b’) € Go(xy,v)). By construction,
we have

(3.18) (an,ay) € graA and (b, b)) € graB.

In view of (3.7), we must find « € |0, +00[ such that
(3.19)
(@n —an | @y + L ;) + (Lan = ba | 0, = vp) > a(llay, + L0 [1° + [| Lan — ba]|).

n

By (3.17),
(3.20)
(Tn = an | ay, + L) + (Lxy — by | b}, —vyy) = '7;1||xn - an||2 + Nr_zlann - bn||2

and
(3.21) |laX + L*b%||* + || Lan — ba|?
= ||(7;1 Id ‘HM_LlL*L):En - (’7;1‘171 + Nr_LlL*bn)||2 + || Lan — bn||2-

10
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On the other hand,
(3.22) 1L = bl = [ Zan]? — 2(Lan | ba) + a1
and
(3 1+, 'L L) — (7, g + g, VL0, |12
= ”'Y;lzn + U;lL*anH2 - 2<7;117n + uﬁlL*an | 'Y;lan + U;lL*bn>
+ 170 an + L b
= % 2 llenll® 4+ 29, i I Lanll? + w2 1L Laon||® — 27,2 (@ | an)
— 99 (Lt | ba) — 237 i (L | Lan) — 241,21 L | L)
+ 95 2 llanll® + 29,y (L | bn) + 2| L0 ||
=%, wn = anll® + p 2 1L (L — bn)|1* + 2, i, | Lo |2
=29, (L | bn) = 295ty (L | Lag) + 27y, (L, | by)
=% wn = anll® + w2 1L (L — b)) 1?4 2 i I L2 — an) ||
— Y I Lanll® v L = bull? = v 16 ?
(3.23) + 29,y H(Lag | ).

Combining (3.21), (3.22), and (3.23), and recalling that {y,,u,} C [e,e7 ], we
obtain

llay, + L0y |I* + || Lan — byl
=, 2 llen — anll® + py 2 | L* (Lwn, — b)) ||
+ 90 i L (= an) |1 + v | L, — b |2
+ (1= ) (I Lan|* = 2(Lan | ba) + [|bnl|?)
=% llen = anll® + py 2| L7 (Lfcn*b I + 75 L (0 — an)
+ 9 i Ly = bu|* 4 (1 =y, ') | Lan — b |
< 5_1(%?1”% — anl® + i, ILF (Lan = ba) I + 7 I L (0 — an) |12

I

+ ,Ur:lHLG - bn||2) + 2(1 — Vn . ;1) (”L(an - xn)Hz + ”an - bn||2)
e (U IZI2) (30 o = anl® + i | L = bal?)
+2( = P IR = a2 = 5 = bl

e (L4 L)% + 2(1 — e*)max{1, [|L]*})
(3.24) X (Y = anll® + pp | Lan = bal1?).
Therefore, (3.20) implies that (3.19) is satisfied with
€

3.25 _ _
( ) 14+ |L||2+2(1 —52)max{1,||L||2}

We thus obtain (i) and (ii). To prove (iii), note that it follows from (3.17) that
T —ay = (7, 1d +N;1L*L)71(%;1($n —an) + iy L*L(x — an))
= (v ' 1d +p, 'L*L) " (v N (@n — an) 4 gy P L* (L, — by,)
+ py, 'L*(by, — Lay,))
(3.26) = Yo (Id +(yn/pn)L*L) " ((af, + L*b}) + py, ' L*(by, — Lay)).
11
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Thus, since ||(Id +(vn/pn)L* L) 7| < 1 and since max{y,, '} < e~!, we have

2

* —11|2 * * 1% - *
2 — anl|® < ]| (Id +(va/pa) L L) (llay, + L5 + g I L (Lan — ba)|l)
< 27 (llay, + L0 1* + 1 * [ L7 (Lan — ba)|1?)
(3.27) < 262 ([lspll” + e 2NLI? Ital?).

Hence, (i) yields Y, oy [|#n — an|[* < 400. In turn, since
(3.28) ||Lwn = bull* = | L(zn — an) + Lan = bal|* < 2(I LI l2n — anll® + [Ita]),

we obtain Y || Ly — by||* < 400. Therefore

(3:20) 3 loh = B2 = 3 L — ball® < =72 Y (1L — ball? < +ox,
neN neN neN

Thus, (3.9) is satisfied and (iv) follows. B

Remark 3.6. As mentioned in the Introduction, existing methods for solving
Problem 1.1 either require knowledge of || L|| or necessitate potentially hard to imple-
ment inversions of linear operators. For instance, the method of [16], which hinges
on a reformulation that employs Tseng’s forward-backward-forward algorithm [47],
imposes the same scaling coefficients on A and B at each iteration and they must
be bounded by a specific constant which depends on || L||; more precisely, (Vn € N)
Yn = tn € ]0,1/]|L||[. These restrictions are lifted in (3.16), where the parameters
(Yn)nen and (pin)nen can evolve freely in an arbitrarily large interval of ]0,+oo]
independent from L.

We now highlight two particular instances of interest.

Example 3.7. Consider the setting of Problem 1.1 with A = 0. Then the primal
problem (1.5) reduces to

(3.30) find 7 € H such that 0 € L*BL7.

Assume that it has at least one solution, let A € ]0,2], let g € H, let v§ € G, and
iterate

forn=0,1,...
On, = Ty, — L™V},
l, = Lz,

bn == JB(ln + ’U;;)
st =y —an+ L (I, —by)
tn, = b, — La,,
7 = [[s5l12 + [ltall?
ifr, =0
T = an
v =0+ 1, — by
terminate.
if 7, > 0
On = /\(Hxn = anl* + [l — bn||2)/7'n
Tp+1 = Tp — OpS),
| Unt1 = vy — Onty.

(3.31)

12
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This algorithm is the instance of (3.16) in which A =0 and (Vn € N) v, = p, =1
and A\, = A. It follows from Proposition 3.5 that, if it does not terminate, it produces
a sequence (Z,)nen that converges weakly to a solution to (3.30). In the special
case when H = RY and G = RM this result was established in [27] (the fact that
[27, Algorithm 3.1] is equivalent to (3.31) follows from elementary manipulations).
Interestingly, the analysis of [27] is quite different from ours and it does not employ
a geometric construction.

Example 3.8. Consider the setting of Problem 1.1 with G = H and L = Id. Then
the primal problem (1.5) reduces to

(3.32) find T € H such that 0 € AT + B=.

Assume that it has at least one solution, let € € ]0,1][, let ¢ € H, let v} € H, and
iterate

forn=0,1,...

(Vs ttn) € [, 1/€)?

An = JmlA(xn - ’an;kz)

bp = Ju, B(Tn + pinvy,)

Sy = 77:1(1771 - an) + M;l(xn - bn)
tn, = bn — Qn

Tn = [lsnll? + ltnll?
ifr, =0
(3.33) T =a,

T = v+, (0 — ba)
terminate.

ifr, >0
An € 6,2 — €]
On = /\n(%;lnxn = an|* + p | n — bn||2)/7'n
Tpt+1 = Tp — OpS),

| Uni1 = vy — Oty

Then Proposition 3.5 asserts that, if the algorithm does not terminate, it produces
a sequence (T, ) )nen that converges weakly to a point (Z,7*) such that —v* € AT
and 7* € BT, so that T solves (3.32). Under the additional assumptions that A + B
is maximally monotone or that H is finite-dimensional, this result was established in
[28, Proposition 3] for a version of (3.33) in which an additional relaxation parameter
is allowed in the definition of a,,.

4. A Fejér monotone algorithm for coupled monotone inclusions. Many com-
plex systems feature interactions between several variables can be modeled in terms
of equilibria involving composite monotone operators. A mathematical formulation
of such problems in duality is the following.

Problem 4.1. Let m and K be strictly positive integers, let (H;)1<i<m and
(Gk)1<k<i be real Hilbert spaces, and set K = H1 @ - Hp, ®G1 @ -+ ® Gi. For
everyi € {1,...,m} and every k € {1,..., K}, let A;: H; — 2™ and By: Gj, — 29
be maximally monotone, let z; € H;, let ry € Gy, and let Ly;: H; — Gi be linear

13
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and bounded. Consider the coupled inclusions problem

(4.1) find T € Hy,...,Tm € Hm such that

K m
(V’i S {1,...,m}) 2 € Aifi""Zin(Bk(Zijfj —Tk>),

k=1 Jj=1

the dual problem

(4.2) find 7] € Gy,...,V € Gk such that

m K
VEe{l,....K}) —rm€—> Ly (A;l <z - ZLZ‘ﬁZ‘)) + B 'w},
i=1 =1
and the associated Kuhn—Tucker set

(4.3)

K
Z = {(xl,...,xm,v’f,...,v}})elc ’ (Vie{l,...,m}) zi—ZLZZ—UZ € Az,
k=1

m
and (Vk € {1,...,K}) ZLM:@- —r € Bklv,j}.
i=1
The problem is to find a point in Z. The sets of solutions to (4.1) and (4.2) are
denoted by &2 and 2, respectively.

Such formulations, at least in their primal form (4.2), have been investigated at
various levels of generality in [2, 3, 5, 10, 13, 15, 17, 20, 18, 23, 33, 34] to model
problems arising in areas such as game theory, evolution equations, machine learn-
ing, signal and image processing, mechanics, the cognitive sciences, and domain
decomposition methods in partial differential equations. As shown in [11] and [23,
Section 3], another important motivation for studying such systems is the fact that
single-variable inclusion problems involving various types of parallel sums of mono-
tone operators, can be recast in the multivariate format (4.1) via the introduction
of auxiliary variables.

In this section, we shall use the following result, which establishes a bridge
between Problem 1.1 and Problem 4.1, to devise a splitting method for the latter
based on Proposition 3.5.

Proposition 4.2. Consider the setting of Problem 4.1 and set

H= @;11 Hi
g= @kK:1 G

K
B: G —29: (yi)i<k<i — Xjey By — i)
L:H— g: (xi)lgigm — (Z;il Lkixi)lgkgK

in Problem 1.1. Then the following hold:
(i) Problem 1.1 coincides with Problem /.1.
(ii) Let vy €10, +o0[, let (zi)1<icm € H, and let (yx)i1<k<kx € G. Then
(45)  Jya(@)icicm = (Joa, (@i +720)) 1 <o
and  Jyp(y)r<h<x = (i + Jyp (U = 7h)) e i

14
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Proof. (i): This follows from (4.4) and the fact that L*: G — H: (yx)1<k<i —
(St Liagmgicm.
(ii): [9, Propositions 23.15 and 23.16]. &

To find a Kuhn—Tucker point in Problem 4.1 we can invoke Proposition 4.2 and
apply the algorithms devised in Section 3 in the setting of (4.4). Thus, Proposi-
tion 3.5 leads to the following result.

Theorem 4.3. Consider the setting of Problem /.1. Suppose that & # @&, let

e€]0,1[, let ;10 € Hi, ooy Tmo € Hum, V19 € G, .-, Vi € Ok, and iterate
forn=0,1,...
(Yns in) € [571/5]2
fori=1,....m

\‘ Ain = J’YnAi (xi,n + Tn (Zl - Zf:l thz”lt,n))
fork=1,...|K
lk,n = E;n;l Lkizi,n
bk,n =71+ J n B (lkﬂl + anz,n - Tk)
thn = bkon — Doiey LikiGim
fori=1,....m
L 8t =0 (@i — ain) + 1t Sy Ly (e — bion)
* K
Tn = D ieq ||S7,n||2 + e tenll?

(4.6) if T =0
fori=1,...,m
L Ti = Gin

fork=1,..., K
| Tk = 0k + (e — D)

| terminate.

ifr, >0
An € [6,2 — €]
On = M (v o0 im = ainl® + i iy len — i) /7
fori=1,....,m

I_ Tin+1l = Tin — ensin
fork=1,....K
* ok
L L Vkmnt1 = Ygn — entkqn'

Then either (4.6) terminates at a solution (T1,...,Tm,T5,...,05) € Z in a finite
number of iterations or it generates infinite sequences (T1.n)neN, ---5 (Tmn)neN,
(V] )neN, -5 (Vi )nen such that the following hold:

(i) (Vi € {1,....,m}) X, cnllsinll? < 400, Y enll@intt — zinl* < 400, and
Y onenllTin — in||? < +oo.

() (R (L, K1) Soneltnnll? < 00, Scnlltinsa — vinll? < oo, and
Donenll it Lii®in — bien|* < +o00.

(iil) For everyi € {1,...,m} (®in)nen converges weakly to a point T;, for every
ke{l,....,K} (vi,)nen converges weakly to a point Uy, (T1,...,Tm) € &,
(T5,...,Ux%) € 2, and (T1,...,Tm,03,...,05) € Z.

Proof. Define H, G, A, B, and L as in (4.4). Then, as seen in Proposition 4.2(i),
15
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Problem 1.1 coincides with Problem 4.1. Now set

(4.7) (vneN) b, = (bpn

Then we derive from Proposition 4.2(ii) that (4.6) coincides with (3.16). The asser-
tions therefore follow from Proposition 3.5. W

Remark 4.4. In the special case when m = 1, A; = 0, z; = 0, and, for every
ke{l,....,K}, Gx =H, Ly =1d, and r = 0, the primal problem (4.1) becomes

K
(4.8) find T € H such that 0 € » By,
k=1

and the associated Kuhn—Tucker set of (4.3) becomes

(4.9)

K

> vp=0and (Vke{l,...,K}) v} eka}.

Z = {(z,v;,...,v € HE+H
k=1

In this setting, (4.6) reduces to an algorithm which is similar to that of [29, Section 4].
The convergence of the latter was established under the additional assumption that
Zszl By, is maximally monotone or that H is finite-dimensional [29, Proposition 4.2],
but these assumptions were subsequently shown not to be necessary [6]. Let us note
that in this special case, (4.6) is different from the algorithm of [29] as it has a
parallel structure (all the operators (By)i<k<i are used simultaneously), whereas
that of [29] allows for more flexibility (e.g., sequential activation) and it assigns to
each monotone operator its own scaling parameter. It is natural to ask whether,
in our general setting, (4.6) could be extended to include such features by using
Corollary 3.3 directly instead of Proposition 3.5. We have not been successful in
bringing an affirmative answer to this question.

Remark 4.5. Using Proposition 4.2, any algorithm for solving Problem 1.1 can in
principle be used to solve Problem 4.1. However, methods which require the compu-
tation of the norm of the operator L of (4.4) face the difficulty of expressing it tightly
in terms of those of the individual coupling operators (Ly;)1<k<k; see, for instance,

1<i<m

[11, 23] for examples of such approximations. This task is further complicated by
the fact that in some situations the norms of the individual coupling operators may
not even be computable precisely. For instance, in domain decomposition meth-
ods, Lg; is the trace operator relative to the interface between two subdomains and,
depending on the underlying assumptions, its norm may not be easy to estimate.
Likewise, inverting linear operators based on various combinations of the individual
coupling operators is typically unfeasible in such applications, which renders inoper-
ative those methods of [1, 14, 16] using such computations. These shortcomings of
existing methods are circumvented by (4.6), which makes it particularly attractive
for solving Problem 4.1.

16
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Remark 4.6. An alternative method to solve Problem 4.1 is that proposed in
[23]. In terms of complexity per iteration and parallelizability, both algorithms are
quite comparable. However, as noted in Remark 4.5, the method of [23] implicitly
requires a tight bound on the norm of the global operator L of (4.4), which can be a
serious drawback. Another difference between the method of [23] and (4.6), is that
the latter features two sequences of scaling parameters (v, )nen and (g, )nen which,
furthermore, can be arbitrarily large or small. The proposed algorithm (4.6) also
incorporates relaxation parameters (A, )nen that can induce large step sizes through
overrelaxations up to almost 2, whereas the method of [23] is unrelaxed.

An important area of application of Problem 4.1 is multivariate convex mini-
mization problems. We denote by I'o(#) the class of lower semicontinuous convex
proper functions from H to |—oo,4+00]. Let f € Tog(H). The conjugate of f is
Do(H) > f*:u = supyey((@ | u) — f(x)). For every z € H, f + |lz — -||>/2 has a
unique minimizer, which is denoted by prox,z [40]. We have

(4.10) proxy = Joy,
where
(4.11) Of i H— 2"z {u" eH ‘ (VyeHt) (y—z|u)+ flz) < fy)}

is the Moreau subdifferential of f. The following formulation captures a variety of
multivariate minimization problems, e.g., [3, 4, 5, 15, 18, 19, 20, 33, 34].

Problem 4.7. Let m and K be strictly positive integers, let (H;)i<i<m and
(Gr)1<k<k be real Hilbert spaces, and set K = H1 @& - Hp, ®G1 & -+ @ Gk For
every i € {1,...,m} and every k € {1,..., K}, let f; € T'o(H;), let gx € To(Gx), let
zi € H;, let v € Gi, and let Ly; : H; — Gi be linear and bounded. Let & be the set
of solutions to the primal problem

m K

(4.12) minimize Z (fi(aci) — (2 | zz>) + ng(ZL,ﬂ-xi - Tk),
i=1

x1EH1,.-s T EHm im1 =1
and let Z be the set of solutions to the dual problem
m K K
4.13 minimize oz — Livp )| + rup) + (i | re)).
419 miimize, S (= Yo Tiek) + X2 D) + 01 7)
The problem is to find a point in the associated Kuhn—Tucker set

(4.14)

K
Z = {(wl,...,xm,vf,...,v}})elc ’ (Vie{l1,...,m}) Zi_ZLZiUZ € df;x;
k=1

and (Vke{l,...,K}) ZL]”',TZ' -1, € (’“)g,jv,j}.

i=1

Corollary 4.8. Consider the setting of Problem 4.7. Suppose that

K m
(4.15)  (Vie{l,....,m}) =z €ran (5fi +> Lo dgko (Zij : —Tk)>,
k=1 j=1

17
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let € € ]0,1], let w10 € H1, -, Tmo € Hm, let viy € G1, ..., Vi € Gk, and
iterate (4.6), where the only modification is that we now set

K
(4.16) @in = Prox,, p | Tin + | 2i — Z Livin

k=1
and
(4.17) bk,n = Tk + Prox, g, (l;m + UnVk p — Tk)-

Then the conclusions of Theorem 4.3 hold true.

Proof. Set (Vi € {1,...,m}) A; = 9f; and (Vk € {1,...,K}) By, = Ogi. Then,
using the same arguments as in [23, Proposition 5.4], we obtain that (4.12) and
(4.13) are instances of (4.1) and (4.2), respectively. B

Sufficient conditions for this constraint qualification (4.15) to hold can be found
in [23, Proposition 5.3]. In particular, if (H;)1<i<m and (Gg)i<k<i are finite-
dimensional and if & # @, then (4.15) is satisfied if (Vi € {1,...,m})3z; €
ridom f;)(Vk € {1,...,K}) > | Lyjx; — vy, € ridom gg.
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