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Abstract. In this paper we propose an algorithm for solving systems of coupled
monotone inclusions in Hilbert spaces. The operators arising in each of the inclusions of
the system are processed in each iteration separately, namely, the single-valued are eval-
uated explicitly (forward steps), while the set-valued ones via their resolvents (backward
steps). In addition, most of the steps in the iterative scheme can be executed simulta-
neously, this making the method applicable to a variety of convex minimization prob-
lems. The numerical performances of the proposed splitting algorithm are emphasized
through applications in average consensus on colored networks and image classification
via support vector machines.
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1 Introduction and problem formulation

In recent years several splitting algorithms have emerged for solving monotone inclusion
problems involving parallel sums and compositions with linear continuous operators,
which eventually are reduced to finding the zeros of the sum of a maximally monotone
operator and a cocoercive or a monotone and Lipschitz continuous operator. The later
problems were solved by employing in an appropriate product space forward-backward
or forward-backward-forward algorithms, respectively, and gave rise to so-called primal-
dual splitting methods (see [11,14,17,29] and the references therein).
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Recently, one can remark the interest of researchers in solving systems of monotone
inclusion problems [1,4,16]. This is motivated by the fact that convex optimization
problems arising, for instance, in areas like image processing [9], multifacility location
problems [12,21], average consensus in network coloring [22, 23] and support vector
machines classification [19] are to be solved with respect to multiple variables, very
often linked in different manners, for instance, by linear equations.

The present research is motivated by the investigations made in [1]. The authors
propose there an algorithm for solving coupled monotone inclusion problems, where the
variables are linked by some operators which satisfy jointly a cocoercivity property. The
iterative scheme in [1] relies on a forward-backward algorithm applied in an appropriate
product space and it is employed in the solving of a class of convex optimization problems
with multiple variables where some of the functions involved need to be differentiable.
Our aim is to overcome the necessity of having differentiability for some of the functions
occurring in the objective of the convex optimization problems in [1]. To this end we
consider first a more general system of monotone inclusions, for which the coupling
operator satisfies a Lipschitz continuity property, along with its dual system of monotone
inclusions in an extended sense of the Attouch-Théra duality (see [2]). The simultaneous
solving of the primal and dual system of monotone inclusions is reduced to the problem
of finding the zeros of the sum of a maximally monotone operator and a monotone and
Lipschitz continuous operator in an appropriate product space. The latter problem is
solved by a forward-backward-forward algorithm, fact that allows us to provide for the
resulting iterative scheme, which proves to have a high parallelizable formulation, both
weak and strong convergence assertions.

The problem under consideration is as follows.

Problem 1.1. Let m > 1 be a positive integer, (H;)1<i<m be real Hilbert spaces and
fori=1,...mlet B; : H1 X ... X Huy — H; be a p;-Lipschitz continuous operator with
i € Ry jointly satisfying the monotonicity property

V@1, . szm) € Hi X oo o X Hn) (YY1, -+ Ym) € Hi X oo X Hop)

oL

<xi — yi\Bi(asl, e ,ZL‘m) - Bi(yb . ’ym»% Z 0. (11)

=1

For every i = 1,...,m, let G; be a real Hilbert space, 4; : G; — 2% a maximally
monotone operator, C; : G; — 2% a monotone operator such that C; Uis v;-Lipschitz
continuous with v; € Ry and L; : H; — G; a linear continuous operator. The problem
is to solve the system of coupled inclusions (see (2.4) for the definition of the parallel
sum of two operators)

0€ Ly (A1 0C)(I171) + B1(T1, ..., Tm)
find 7, € Hi1,...,Tm € Hm such that

(1.2)



together with its dual system
0= Lfﬁl + B1($1, c ,a:m)

find 71 € G1,...,Um € G such that 0=L}"Um+ Bn(z1,...,Tm)

(Ge1 € Ha,..., Fem € Hp) | 1 € (A1DC)(Liz1) (1.3)

Um € (A OCn) (LimTm)

We say that (Z1,...,Tm,01,..-,0m) € H1 X ... X Hy X Gy ... X Gy, is a primal-dual
solution to Problem 1.1, if

0= L;‘fi + Bi(fl, ... ,Tm) and v; € (Az DCZ')(LiTZ‘), t1=1,....,m. (1.4)
If (Zi,...,Zm,01,...,0m) € H1 X ... X Hyy X G1 ... X G, is a primal-dual solution to
Problem 1.1, then (Z1,...,Z,,) is a solution to (1.2) and (vy,...,7,,) is a solution to

(1.3). Notice also that

(T1y...,Tm) solves (1.2) & 0 € L7 (A; O0C)(LiT;) + Bi(T1, ..., Tm), i=1,...,m<

_ _ 0=L7v;+ Bi(T1,..-,Tm), i =1,....,m
d71 € G, ...,y € Gy, such that { 7i € (hiDCi)(LiTi), i=1.....m.
Thus, if (Z1,...,Ty) is a solution to (1.2), then there exists (T1,...,Tm) € G1 X ...Gp,
such that (Z1,...,%Tm,01,..,0m) is a primal-dual solution to Problem 1.1 and, if
(T1,...,Um) € G1 X ...Gp is a solution to (1.3), then there exists (Zi,...,Tm) €
Hi X ... X Hy, such that (Ty1,..., T, U1, ..., 0p) is a primal-dual solution to Problem
1.1.

The paper is organized as follows. In the next section we give some necessary no-
tations and preliminary results in order to facilitate the reading of the manuscript.
In Section 3 we formulate the primal-dual splitting algorithm for solving Problem 1.1
and investigate its convergence behaviour, while in Section 4 applications to solving
primal-dual pairs of convex optimization problems are presented. Finally, in Section
5, we present two applications of the proposed algorithm addressing the average con-
sensus problem on colored networks and the classification of images via support vector
machines.

2 Notations and preliminaries

Let us recall some elements of convex analysis and monotone operator theory which are
needed in the sequel (see [3,5,6,20,25,30]).

For every real Hilbert space occurring in the paper we generically denote its inner
product with (-]-) and the associated norm with ||-|| = \/{:|-). In order to avoid confusion,
when needed, appropriate indices for the inner product and norm are used. The symbols
— and — denote weak and strong convergence, respectively. Further, Ry denotes the
set of nonnegative real numbers, R, the set of strictly positive real numbers and
R =R U {400} the extended real-line.



Let H be a real Hilbert space. The indicator function dc : H — R of a set C' C H is
defined by d¢(z) = 0 for z € C and d¢(x) = 400, otherwise. If C' is convex, we denote
by sqriC := {x € C : UysoA(C — x) is a closed linear subspace of H} its strong quasi-
relative interior. Notice that we always have int C' C sqriC' (in general this inclusion
may be strict). If H is finite-dimensional, then sqri C' coincides with riC, the relative
interior of C, which is the interior of C' with respect to its affine hull.

For a function f : H — R we denote by dom f := {x € H : f(z) < +oo} its effective
domain and call f proper if dom f # @ and f(x) > —oo for all x € H. We denote by
['(H) the set of proper, convex and lower semicontinuous functions f : H — R. The
conjugate function of fis f* : H — R, f*(u) = sup {{u,z) — f(z) :x € H} forallu € H
and, if f € T'(H), then f* € I'(H), as well. The function f is said to be y-strongly convex
with y > 0, if f —~/2|| - ||? is convex. The (conver) subdifferential of the function f at
z € Histheset Of(x) ={ueH| (VyeH)(y—z|u)+ f(z) < f(y)}, if f(z) € R,
and is taken to be the empty set, otherwise. The infimal convolution of two proper
functions f, g : H — R is defined by

fOg:H—R, fOg(zx)= yigyfi{f(y) +g9(x—y)}.

When f € I'(H) and v > 0, for every x € H we denote by Prox,¢(z) the prozimal
point of parameter v of f at x, which is the unique optimal solution of the optimization
problem

1
inf —lly—=|*¢. 2.1
it {70 + 5l — =) 2.1)

We have Moreau’s decomposition formula
Prox. s +v Prox(q )+ oy 1Id = 1Id, (2.2)

where operator Id denotes the identity on the underlying Hilbert space.

Let 2" be the power set of H, M : H — 2™ a set-valued operator and v > 0.
We denote by zer M = {x € H : 0 € Mz} the set of zeros of M and by graM =
{(z,u) € HxH :u e Mz} the graph of M. We say that the operator M is monotone if
(x —ylu —v) >0 for all (z,u), (y,v) € gra M and it is said to be mazimally monotone
if there exists no monotone operator N : H — 27 such that gra N properly contains
gra M. The operator M is said to be uniformly monotone with modulus ¢p; : Ry —
Ry U {400}, if ¢ is increasing, vanishes only at 0, and (z — ylu —v) > ¢ (||z — y||)
for all (x,u), (y,v) € graM. A prominent representative of the class of uniformly
monotone operators are the strongly monotone operators. We say that M is y-strongly
monotone, if (x —y,u —v) > 7||z — y||? for all (z,u), (y,v) € gra M.

The inverse of M is M~' : H — 2" w s {x € H : u € Mz}. The resolvent of an
operator M : H — 2" is Jyr : H — 2M, Jyy = (Id+M) ™ . If M is maximally monotone,
then Jys : H — H is single-valued and maximally monotone (cf. [3, Proposition 23.7
and Corollary 23.10]). We have (see [3, Proposition 23.18])

v+ Jy-1p-10y7 Id =1d. (2.3)

A single-valued operator M : ‘H — H is said to be y-cocoercive, if (x—y, Max—My) >
YIMx — My|? for all (x,y) € H x H, while M is ~-Lipschitz continuous (here we allow



also v = 0 in order to comprise also the zero operator), if | Mz — My|| < v||lxz —y|| for all
(z,y) € H x H. Obviously, every 7-cocoercive operator is monotone and v~ !-Lipschitz
continuous.

The parallel sum of two set-valued operators M, N : H — 27 is defined as

-1
MON:H — 2%, MON = (M~ 4 N 7). (2.4)

If f € I'(H), then Of : H — 2™ is a maximally monotone operator and (9f)~! = 9f*.
Moreover, Jygr = (Idy +79f) ™! = Prox, .
Finally, we notice that for f = ¢, where C' C H is a nonempty convex and closed
set, it holds
Jos., = Proxs, = Pe, (2.5)

where P : H — C denotes the projection operator on C (see [3, Example 23.3 and
Example 23.4]).

When G is a another real Hilbert space and L : H — G is a linear continuous
operator, then the norm of L is defined as ||L|| = sup{||Lz|| : € H, ||z| < 1}, while
L* : G — H, defined by (Lx|y) = (x|L*y) for all (x,y) € H x G, denotes the adjoint
operator of L.

3 The primal-dual splitting algorithm

The aim of this section is to provide an algorithm for solving Problem 1.1 and to furnish
weak and strong convergence results for the sequences generated by it. The proposed
iterative scheme has the property that each single-valued operator is processed explicitly,
while each set-valued operator is evaluated via its resolvent. Absolutely summable
sequences make the algorithm error-tolerant.

Algorithm 3.1.

For every i = 1,...,m let (a1,in)n>0, (b1,in)n>0, (C1,in)n>0 be absolutely summable
sequences in H; and (ag,in)n>0, (b2.in)n>0, (€2,in)n>0 absolutely summable sequences
in G;. Furthermore, set

m
B = max { Zu?,ul,...,ym} —l—i_nllaXmHLiH, (3.1)
i=1 T

let € €]0,1/(8 + 1)[ and (yn)n>0 be a sequence in [e, (1 —¢)/S]. For everyi=1,...,m
let the initial points z; 0 € H; and v; 0 € G; be chosen arbitrary and set

Fori=1,....m
Yin = Tin — ’YH(L;(,UZ',TL + Bi(l'l,na . awm,n) + al,i,n)
Wi g = Vin — Yu(C; i — Litin + agin)
Din = Yin +b1in
(Vn > 0) Tin = Jy A=1Win +b2,in
Qi;n = Pi;n — rYn(L;fri,n + Bi(pl,na e apm,n) + Cl,i,n)
Sim = Timn — Yn(C; in — LiDin + c2,in)
Tin+l = Tin — Yin + qin
Vin+1 = Vin — Win + Sin-




The following theorem establishes the convergence of Algorithm 3.1 by showing
that its iterative scheme can be reduced to the error-tolerant version of the forward-
backward-forward algorithm of Tseng (see [28]) recently provided in [11].

Theorem 3.1. Suppose that Problem 1.1 has a primal-dual solution. For the sequences
generated by Algorithm 3.1 the following statements are true:

() (Vie{l,....m}) X lzin = pinllz, < +o00 and ¥ vin —rinllg, < +oo.
n>0 n>0

(i) There exists a primal-dual solution (Z1,...,Tm,01,...,0m) to Problem 1.1 such
that:
(a) (Vie{l,....m}) xin — Ti, Pin — Ti, Vin — U; and rip — T; as n — +00.

(b) if Ci_l,i = 1,...,m, is uniformly monotone and there exists an increasing
function ¢p : Ry — Ry U {400} vanishing only at 0 and fulfilling

(V(:Ul,..., )EHl X...XHm)(V(yl,...,ym)GHl X...XHm)

m

Z y7,|B :L'l,..., m)_BZ(yla7ym)>’Hz Z

=1

(@1 @m) = e m)ll), (3.2)
then (Vi € {1,...,m}) ®in — Ti, Pin — Ti, Vipn — U; and riy, — V; as
n — +00.

Proof. We introduce the real Hilbert space H = Hi X ... X Hm endowed with the inner

product and associated norm defined for = (z1, .. (Y1, ym) € H as
m
(®y)g = D (@ilyi)yy, and [lz]p = Z ill%, (3.3)
=1 =1
respectively. Furthermore, we consider the real Hilbert space G = G X ... X G, en-
dowed with inner product and associated norm defined for v = (v1,...,vm), w =
(w1,...,wy) € G as
m m
(vlw)g = (vilwi)g, and [vllg = | > llvill3,. (3.4)
i=1 i=1

respectively. Let us now consider the Hilbert space I = H x G endowed with the inner
product and associated norm defined, for (x,v), (y,w) € K, as

(@, v)|(y, w))c = (lY)g + (v|w)g and ||(z, v)x = /[ 2[5, + [[V]IZ, (3.5)
respectively. Consider the set-valued operator

A KK — 2K,

-1 -1
)
(T1ye oy T, U1,y U) = (0,00, 0, A7 01, ooy AL Um)



and the single-valued operator

B:K—IC,
(T1y ey Ty V1, v oy Um) = (L1 + Bi(x1, ..oy Zm), ooy Ll + B (21, -+ 2y Tim)s
C;lvl — Lixq,. .. ,C’n_llvm — Lz
We set
EZ(Tlv"wfmaﬁl?"w@m)‘ (36)
Then
0= Liv1 + B1(%1,. .-, @Tm)
_ 0=L}Um+ Bn(ZT1,...,Tm)
S ZGI‘(A + B) = 0e Al_lﬁl 1 Cl_lﬁl —LE
0¢€ A 0, + Col0,, — LT
0=Liv1 + B1(ZT1,...,Tm)
- 0=L}0Um+ Bn(T1,...,Tm)
v € (AT + O (Iam)
Um € (A" + Co) ™ (L)
0= LTUl + Bl(fl, - ,fm)
- 0=L}Um+ Bn(T1,...,Tm)
v1 € (A1 O0CT)(L17y)
Um € (A OCn) (Lin@m)
Consequently, T = (Z1,...,Tm,01,...,0p) is a zero of the sum A + B if and only if
(Z1,.-+,Tm,U1,...,Up) is a primal-dual solution to Problem 1.1. As already noticed,
in this case, (T1,...,Tm) solves the primal system (1.2) and (71, ...,Ty,) solves its dual

system (1.3). Therefore, in order to determine a primal-dual solution to Problem 1.1,
it is enough to find a zero of A + B.

Further, we will determine the nature of the operators A and B. Since the operators
A;,i=1,...,m, are maximally monotone, A is maximally monotone, too (cf. [3, Propo-
sition 20.22 and Proposition 20.23]). Furthermore, by [3, Proposition 23.16], for all
v € Ryt and all (z1,...,2m,v1,...,0y) € IC we have

JyA(T1, .o T, V1, U) = (21, . .,xm,JVA;wl, .. .,JWA;me). (3.7)



Coming now to B, let us prove first that this operator is monotone. Let
(Z1y. ey Ty V1, o, Uy) and (Y1, ..y Ym, Wi, - .., Wi,) be two points in IC. Using (1.1)
and the monotonicity of C;l, t=1,...,m, we obtain

((1y ey Ty U1y e o3 Um) — (YLs e v ey Yy W1, -« oy Wiy

B(x1,...,%m, 01, ,0m) — BW1, ., Yms W1, -, W) )

=((T1 = Y1y s T — Ymy V1 — W1y« vy Uy — Wip)|

(Bi(z1, ... xm) — Bi(y1, .- ym) + Li(v1 —w1), ...,

Bpn(x1,...;2m) = Bn(yt, -« Ym) + Ly (U — Wi ),

Cflvl — C;lwl —Li(z1—y1)y-- s C;fvm — C’n_llwm — Loy (Tm — ym)) )k

m m
= (wi— il Bi(z1, . wm) = By, ym))ag, + D <Uz' — wi|C; o — Ci_lwi>9¢
=1 i=1
+ 3 (s = wal L (05 = wi)) = (05 = wil Li(s — i)y, )
. < 1 1
:; (i —yil Bi(w1, - 2m)a; — Bi(yt, - ym)) gy, + ; <UZ' —w;|C; vy — CF wi>gi
> 0. (3.8)

Further, we show that B is a Lipschitz continuous operator and consider to this end
(T1y ey Ty V1, Um)s (YL - e oy Yy, W1, -+, Wiy ) € KC. Tt holds

|

:H<(Bl(x17)xm) - Bl(yla" . aym)7' . .,Bm(ﬂjl,. ..,.’Em) - Bm(yl)' "7ym)7

-1 -1 -1 -1
Ci v —C w,...,CL v, —C, wm)

B(z1,...,Tm,V1,...,Un) —B(yl,...,ym,wl,...,wm)H’C

+(Li(1 = wn), . Loy (vm = wi), =La(@1 = 91), -~ Lo — ym))HK
<|[(Bi@r, o 2m) = But, - ym)s - Bunl@1, - 2m) = By, ym),

Ortor = Oy twn, o Clom = Ctw )|

+ |[Lior = wi)s o L (om = wi), =Ln(@r = 90), s = Lnam = o)

2

m m
ZJ S IBi(ar, .o m) = Biyrs - ym)lag, + > HCZIW — Oy .
i=1 i=1 ‘

m m
+ J > ML (o = wi) gy, + Y I Lizi — wi)llg,
1=1

=1

N

m m 9 m 9
<UD (2 Ml —wsllay, ) + D w2 llvs — willg,
i j=1 i=1

=1

m m

2 2 2 2

o | 2oLl loe = willg, + DLl lls — il
i—1 i=1



IN

=1 =

=1

J(iu)(znml ) + max 023 o~ il

m m
2 2
Jmaxc (Ll (3 flos = willg, + Y Il — will3, )
=1 =1

+
7 bAd 7
<B(x1, . s Tms 01, Um) — (Y1, Yms W1, - - W) || s (3.9)
hence, B is -Lipschitz continuous, where 3 is the constant defined in (3.1)
Setting
Tp = (T1ns-- T Vs -« > Umon)
(vn 2 0) (yl,Tw st 7ym,n7 wl,na cte 7wm,n)
(pl,na s PmnsTin, - - - arm,n)
= (QIJM e dmny Siny - -y Sm,n)
and
an = (a1,1n:--0mmn, 021,05 - - A2.m,n)
(\V/Tl > O) b, = (bl,l,nu cee abl,m,n’ b2,1,n7 sy b2,m,n) s
cn = (Clims - Clymmn> C2,1ms -+ C2min)
the summability hypotheses imply that
(3.10)

> lanlic < +oo,

n>0 n>0

Z |brll < 400 and Z lenlle < 4o00.

n>0

Furthermore, it follows that the iterative scheme in Algorithm 3.1 can be written as

Yn

(Vn > 0)

= mn
n — J’YnAyn + b’ﬂ

Ln41 = T

- /yn(an + an)
(3.11)

_yn+qn'

thus, it has the structure of the error-tolerant forward-backward-forward algorithm

given in [11].

(i) It follows from [11, Theorem 2.5(i)] that
Z |l —an,QC < H-o00. (3.12)
n>0
This means that
2 S 2 2
> l@n = palic = D D (i = pinllzy, + Ivin = rinll3,)
n>0 n>01:=1
m m
2 2
=3 D Nwin —pimlz, + DD vin —rinll§, < +oo. (3.13)
i=1n>0 i=1n>0
Hence
(Vie{l,...,m}) Y llwin —pinlF, <+oo and Y |vin —rinlZ < +oo. (3.14)
n>0

n>0



(ii) It follows from [11, Theorem 2.5(ii)] that there exists an element T =
(ZT1y... T, U1,...,0m) in the set zer(A + B), thus a primal-dual solution to Prob-
lem 1.1, such that

x, =~ and p, —T. (3.15)

(ii)(a) It is a direct consequence of (3.15)).
(ii)(b) Let be i € {1,..,m}. Since C; ' is uniformly monotone, there exists an
increasing function ¢,-1 : Ry — Ry U {400}, vanishing only at 0, such that

(z—y,v—w)g > ¢c;1(H$ —yllg,) ¥(x,v), (y,w) € gra Ci_l. (3.16)

Taking into consideration (3.2), we define the function ¢p : Ry — Ry U {400},

¢5(c) = inf {pp(a) + i b1 (bi) : || a®+ fj b2 =c}, (3.17)
=1 i=1

which is increasing, it vanishes only at 0 and it fulfills due to (3.8) the following in-
equality

(1y oy Ty U1y ey Um) = (Yl e ey Yy W1y e e oy Wiy

B(z1,...,2m,01,...,0m) — BW1, ..., Ym, w1, ..., W)

m m

Z yz‘B Tlyeeey m) - Bi(yl, e 7ym)>Hi + Z <U, wl’C Vi — Ci_lwi>g_
i=1 i=1 ¢

2¢B(||(a:1,...,xm)—(yl,...,ym HH)+Z¢C (Ilvl wz’”gi)

Z¢B(||33—y||;c>aV$ — (xl)"wxmvvlv'--)vm)vy = (ylv"'yym7w17'”7wm) S ’C
(3.18)

Consequently, B is uniformly monotone and, according to [11, Theorem 2.5(iii)(b)], it
follows that x, —  and p,, — T as n — 4-o00. This leads to the desired conclusion. [J

4 Applications to convex minimization problems

In this section we turn our attention to the solving of convex minimization problems
with multiple variables via the primal-dual algorithm presented and investigated in this

paper.

Problem 4.1. Let m > 1 and p > 1 be positive integers, (H;)i<i<m, (H;)lgigm and
(Gj)1<j<p be real Hilbert spaces, fi,h; € T(H;) such that h; is v; '-strongly convex
with v; e Ry ,i=1,...,m, and g; € I'(G;) for i = 1,...,m,j = 1,...,p. Further, let be
K, :H — ’H; and Lj; : H; — Gj,i =1,...,m,j = 1,...,p linear continuous operators.
Consider the convex optimization problem

(1, @m ) EHIX .. X Him i1 = =1

10



In what follows we show that under an appropriate qualification condition solving
the convex optimization problem (4.1) can be reduced to the solving of a system of
monotone inclusions of type (1.2).

Define the following proper convex and lower semicontinuous function (see [3, Corol-
lary 11.16 and Proposition 12.14])

m

FrHyx X Hy = R (s ym) = D (i Th) (w1),

i=1
and the linear continuous operator
K:Hl X oo, XHm—>H1 X oo, XHm, (:rl,...,mm) — (Kll'l,...,Kml‘m),
having as adjoint
K :Hyx oo X Hyy = Hi X oo X Himy (Y1, Ym) = (K1, o K Ym)-
Further, consider the linear continuous operators
m
Li:Hix...XHpm = Gj, (1,...,2m) — ZLjﬂi,j =1,..,p,
i=1
having as adjoints
LG —=Hix oo X Hpny y= (Liyy, - Liny), i =1,..,p,
respectively. We have

(Z1,...,Tm) is an optimal solution to (4.1)

@(0,...,0)€B(foK+igjoLj) (T1y. . Tm)- (4.2)

j=1

In order to split the above subdifferential in a sum of subdifferentials a so-called
qualification condition must be fulfilled. In this context, we consider the following
interiority-type qualification conditions:

there exists z, € H; such that
(QC)) Kza:; € (dom f; + dom h;) and f; Oh; is continuous at Klm;,z =1,..,m,
and >, Ljia:; € dom g; and g; is continuous at » ;" Ljim;,j =1,..,p

and

(0,...,0) € sqri (T2 (dom f; + dom h;) x I[7_, dom g,
(QCQ) —{(Kll‘l, e ,Kml‘m, Z;Zl Llixiv ceey Z?ll Lpzxz) :
(1, ) € Hy X ... ><’Hm}).

We notice that (QC1) = (QC4), these implications being in general strict, and refer the

reader to [3,5,6,20,27,30] and the references therein for other qualification conditions
in convex optimization.
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Remark 4.1. As already pointed out, due to [3, Corollary 11.16 and Proposition 12.14],
fori=1,....,m, f;0Oh; € F(’H;), hence, it is continuous on int(dom f;+dom h;), providing
this set is nonempty (see [20,30]). For other results regarding the continuity of the
infimal convolution of convex functions we invite the reader to consult [26].

Remark 4.2. In finite-dimensional spaces the qualification condition (QC3) is equiva-
lent to

there exists z; € H; such that K;z; € ridom f; + ridom h;,i = 1,...,m,

(QC,) and i, Ljx; € ridomgj,j =1,...,p.

Assuming that one of the qualification conditions above is fulfilled, we have that
(Z1,...,Tm) is an optimal solution to (4.1)
P
< (0,...,0) € K*0f (K(T1,...Zm)) + >_ Li0g;(Lj(Z1, ... Tm))

j=1
& (0,...,0) € (K{O(AOM)KiT1), - ., K30 fon Do) (KT

j=1

The strong convexity of the functions h; imply that domh] = 7—[; (see [3, Corollary

11.16, Proposition 14.15]) and so O(f; O h;) = 0f;00h;,i = 1,...,m, (see [3, Proposition
24.27]). Thus, (4.3) is further equivalent to

p
(0,...,0) €(K{ (DA DOR)EAZ1), ..., K3y (0fin DOhon) (KinTom) ) + > Livy,
j=1

where
m m
v; € 8gj(Lj(§1, .. Tm)) < U € 893’(2[/]'1'51') = ZLjifi S 8g;-<(ﬁj),j =1,..,p.
=1 =1

Then (Z1,...,Ty) is an optimal solution to (4.1) if and only if (Z1,...,Tm,01,...,0p)
is a solution to

0€ K{(0fi0O0h1)(K1Z1) + Z‘Ij):l L;lﬁj

0 € K3, (0fm D0hm)(KmTm) + Y5_1 L,

0 € 997 (T1) — 212y L1 (4.4)

0 € 99, (Vp) — 220 LpiTi.
One can see now that (4.4) is a system of coupled inclusions of type (1.2), by taking

Ai = 8fz, Cz = 8hi, Li = Ki,i = 1, e, m,

12



Qj, x=0

@, otherwise 7Lm+j = Idgj’] - 1, e P,

Amyj = ag;v Cm+j(x) = {

and, for (z1,..., Tm, v1,...,0p) € Hi1 X ... Hm X G1 X ... X Gp, as coupling operators

P
.
Bi(x1,...,Tm,v1,...,0p) :ZLjin7ZZ 1,...,m,

and
m
Bm+j(x1,...,xm,vl,...,vp) = —ZLjixi,j = 1,...,p
Define
B(x1,...,2m,01,...,0p) = (B1,..., Bmip) (@1, .. ., Ty V1, .., Up) (4.5)
p m m
Zle’UJ,...,ZL;ml}j,—ZLul‘i,...,—ZLPZ‘I’Z’ .
j=1 i=1 i=1
(4.6)

According to [3, Proposition 17.26(i), Corollary 16.24 and Theorem 18.15)] it follows

that C;' = (0h;)~' = Ohf = {Vh}} is v-Lipschitz continuous for i = 1,...,m. On the

other hand, Cm}i-] is the zero operator for j = 1,..., p, thus 0-Lipschitz continuous.
Furthermore, the operators B;,7 = 1,...,m 4+ p are linear and Lipschitz continuous,

having as Lipschitz constants

p m
STILil?, i=1,.om, and pimy = | > I1Lill, 5 =1,...,p,
j=1 i=1

respectively. For every (z1,...,Zm,v1,...,0p), (Y1, Ym, W1,...,Wp) € Hi X ... X
Hm x G1 X ... x Gy it holds

pi =

m

Z< ’i_yi|Bi(‘r17'"7:1:77177)17"‘71)17)_B’i(yla“'vymawlau'7wp)>’}-[i

=1

p
—G—Z(Uj—wj|Bm+j(:L‘1,...,xm,v1,...,vp)—Bm+j(y1,...,ym,wl,...,wp))gj

j=1

m p p m m
=Z< yzZLﬂvg ZL}%W> —Z<Uj—wj|ZLji$i—ZLjiyz‘> =0,
i=1 j=1 y, =1 i=1 i=1 g;

thus (1.1) is fulfilled. This proves also that the linear continuous operator B is skew
(i.e. B*=—B).

Remark 4.3. Due to the fact that the operator B is skew, it is not cocoercive, hence,
the approach presented in [1] cannot be applied in this context. On the other hand,
in the light of the characterization given in (4.2), in order to determine an optimal
solution of the optimization problem (4.1) (and an optimal solution of its Fenchel-type
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dual as well) one can use the primal-dual proximal splitting algorithms which have been
recently introduced in [17,29]. These approaches have the particularity to deal in an
efficient way with sums of compositions of proper, convex and lower semicontinuous
function with linear continuous operators, by evaluating separately each function via
a backward step and each linear continuous operator (and its adjoint) via a forward
step. However, the iterative scheme we propose in this section for solving (4.1) has the
advantage of exploiting the separable structure of the problem.

Let us also mention that the dual inclusion problem of (4.4) reads (see (1.3))

0= K{w +Y0_, Lyv,

0= K}wm+ Z§:1 L3,v5
0= Wyy1 — >imq L1z
findw, e Hy,..., wm € H,,,

W41 € G1, .-« s Wimyp € Gp such that
(Fz1 € Hi,...,Fzm € Hpn, v € Gy, ..., v, €Gp)

0 =Wytp — 2% Lpizi
wy € (8f1 D@hl)(lel)

€ (0fm DO ) (KmTm)
W41 € Og7(v1)

Wintp € 09, (vp).
(4.7)

Then (Z1,...Tm, U1, ..., Up, W1, -.o, Wyn, Wynt1, ---s Wmnp) 18 & primal-dual solution to (4.4)
- (4.7), if

€ (0f;00h;)(KT;), Wi+j € 0g;(7;),
p m
0= K:@Z + ZLji@j and 0 = Wy, 45 — ZLjifi,Z' =1,....mj3=1,...,p.
Jj=1 i

Provided that (Z1,...Zm, U1, ..., Up, Wi, ..o, Win, Win41, ---s Wintp) is a primal-dual solu-
tion to (4.4) - (4.7), it follows that (Zi,...Tn,) is an optimal solution to (4.1) and
(W1, ..., W, V1, ..., Up) is an optimal solution to its Fenchel-type dual problem

m p
sup { Z i (w;) + hi(w;)) Z (Wi j }
=1

’ ’
(wl,...,wm,wm+1, ,wm+p)€H X...XH Xg1><...><gp
K*U)H-Z r W =0,i=1,...,m

1JL

(4.8)
Algorithm 3.1 gives rise to the following iterative scheme for solving (4.4) - (4.7).

Algorithm 4.1.

For every i = 1,...,m and every j = 1,...,p let (a1,in)n>0, (b1,in)n>0, (C1,in)n>0,
be absolutely summable sequences in H;, (a2in)n>0, (02,in)n>0, (c2in)n>0 be ab-
solutely summable sequences in ’H; and (a1, m+jn)n>0s (@2m+jn)n>0, (b1,m+jn)n>0
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(b2,m+j,n)n>05 (€1,m+jn)n>0 and (€2,m+jn)n>0 be absolutely summable sequences in G;.

Furthermore, set

m-+p
B=max { [ S pvi,. v o+ max {IEK0]L Kl 1, (49)
=1
where
g 2 S 2
i = Z”LJZ” 5 z':l,...,m, and Hm+j = ZHLJZH 5 jzl,...,p, (410)
Jj=1 =1

let € €]0,1/(8 + 1)[ and (yn)n>0 be a sequence in [g,(1 — €)/B]. Let the initial

. / /
points (1‘17170, e 7x17m70) € Hi X ... Xx Hp, (.’L’27170, ce ,$27m70) € Hy x...xH,, and
(V1,1,0,- -+, V1p,0), (V2,1,05---,V2p0) € G1 X ... X Gy be arbitrary chosen and set

Fori=1,...,m

Ylin = Tlin — Tn (K{szm + 0 Livn e + a1,i,n)
Y2,in = 22in — Yn(VR 22in — KiZ14n + a24n)

Plin = Yl,in +b1in

| P2,in = Proxy, px y2in + b2in

Forj=1,...,p

Wi jm = Vijm — Yn (V250 — 2oie1 Lji®1im + @1 mtjm)
W2 jn = V2jm — Yn(—V1jn + @2m+jn)

T1jmn = Wijn + 0lmijn

| T2,5n = PrOX'yngj w2 5n + b2,m+j,n

Fori=1,...,.m

Q1in = Plin = Tn (Ki*pzz‘,n + 3 Lyrign + Cl,i,n)
@in = D2in — In(VRiD2in — KiD1in + C2im)
Tlin+l = Tlin — Ylin t q1in

L Z2in+1 = T2in — Y2,in T 42,in

Forj=1,...,p

815, = T1jn — n (T2n — 2oie1 LjiPlin + Climjn)
524n = T2,4;n — Yn(—T1jm + C2m+jn)

V1jn+l = Vljn — Wijn + S1jn

V2,441 = V25n — W25n + 82,5

The following convergence result for Algorithm 4.1 is a consequence of Theorem 3.1.

Theorem 4.1. Suppose that the optimization problem (4.1) has an optimal solution and
that one of the qualification conditions (QC;), i = 1,2, is fulfilled. For the sequences
generated by Algorithm 4.1 the following statements are true:

(i) (Vie{l,....m}) X |[@1in — prinlly, <400, X |[@2in — p2inlls, <-+oo and
n>0 n>0

(Vief{l,....p}) X lvrjm — il <400, X [[v2jm — ranlls, < +oo.
n>0 ! n>0 ’
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(ii) There exists an optimal solution (Zi,...,Tmy) to (4.1) and an optimal solution
(W1, Win, Wint 1, - - - s Winyp) to (4.8), such that (Vi € {1,...,m}) x1;n — Ty,
Plin — Ti, T24imn — W; and D2in — W and (Vj S {1, . ,p}) V1,jn — Wm+j and
T1jn — Wmtj AS N — +00.

Remark 4.4. Recently, in [16], another iterative scheme for solving systems of mono-
tone inclusions, that is also able to handle with the solving of optimization problems of
type (4.1), in case when the functions g;,j = 1, ..., p, are not necessarily differentiable,
was proposed. Different to our approach, which assumes that the variables are coupled
by the single-valued operator B, in [16] the coupling is made by some compositions of
parallel sums of maximally monotone operators with linear continuous ones.

5 Numerical experiments

In this section we present two numerical experiments which emphasize the performances
of the primal-dual algorithm for systems of monotone inclusions.

5.1 Average consensus for colored networks

The first numerical experiment that we consider concerns the problem of average con-
sensus on colored networks.

Given a network, where each node posses a measurement in form of a real number,
the average consensus problem consists in calculating the average of these measurements
in a recursive and distributed way, allowing the nodes to communicate information along
only the available edges in the network. Consider a connected network G = (V, ), where
V represents the set of nodes and £ represents the set of edges. Fach edge is uniquely
represented as a pair of nodes (i,7), where ¢ < j. The nodes i and j can exchange
their values if they can communicate directly, in other words, if (i,j) € £. We assume
that each node possesses a measurement in form of a real number, also called color, and
that no neighboring nodes have the same color. Let C' denote the number of colors the
network is colored with and C; the set of the nodes that have the color i, i =1,...,C.
Without affecting the generality of the problem we also assume that the first C; nodes
are in the set Ci, the next Co nodes are in the set Cs, etc. Furthermore, we assume
that a node coloring scheme is available. For more details concerning the mathematical
modelling of the average consensus problem on colored networks we refer the reader
to [22,23].

Let P and E denote the number of nodes and edges in the network, respectively,
hence, z?:l C; = P. Denoting by 6 the measurement assigned tonode k, k =1,..., P,
the problem we want to solve is

P

i —(r — . 1
mip 2 5l 0 o)

}—l

The unique optimal solution to the problem (5.1) is 8* = % S b, Oy, namely the average
of the measurements over the whole set of nodes in the network. The goal is to make
this value available in each node in a distributed and recursive way. To this end, we
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replicate copies of z throughout the entire network, more precisely, for £ = 1,..., P,
node k will hold the k-th copy, denoted by x;, which will be updated iteratively during
the algorithm. At the end we have to guarantee that all the copies are equal and we
express this constraint by requiring that x; = z; for each (i, j) € £. This gives rise to
the following optimization problem
i EP: ! Ok)? 5.2
oy D p 2 5 (k= 0" (5.2)
zi=zj, V{i,j}€€
Let A € RPXE be the node-arc incidence matriz of the network, which is the ma-
trix having each column associated to an edge in the following manner: the column
associated to the edge (i,j) € € has 1 at the i-th entry and —1 at the j-th entry, the
remaining entries being equal to zero. Consequently, constraints in (5.2) can be written
with the help of the transpose of the node-arc incidence matrix as ATZ = 0. Taking
into consideration the ordering of the nodes and the coloring scheme, we can write
ATz = ATz +.. .+ Agfc, where Z; € R% i = 1,...,C, collects the copies of the nodes
in C;, i.e.
xr = (.%'1, ey Oy s TP—Cotly oo xp).

T zc

Hence, the optimization problem (5.2) becomes

T=(T1,...,2C)
A{51+...+Ag§c=0

c
min > (@), (5.3)
—

where for i = 1,...,C, the function f; : RY — R is defined as fi(%;) = Y jec, 5(x1 — 01)*.
One can easily observe that problem (5.3) is a particular instance of the optimization
problem (4.1), when taking

m = C,p = 1,hi = 5{0},Ki = Id, Lh‘ = AlT S REXCi,i = 1, ...,C, and g1 = 5{0}

Using that A} = 0,7 = 1,...,C, and Prox,4(xz) = 0 for all v > 0 and = € RE. the
iterative scheme in Algorithm 4.1 reads, after some algebraic manipulations, in the
error-free case:
Fori=1,...,C
Ylin = T1in — Yo (T2,i0 + Aiv11,0)
Y2,im = T2in + InTlin
| P2 = ProxXy, £ y2in
Wi1n = V1,1,n — Tn (Uz,l,n - ZZC:1 AinUu,n)
Fori=1,...,C
q1imn = Ylinm — TIn (pQ,i,n + Aiwl,l,n)
Q2in = D2in T Yn¥Ylin
Tlin+l = Tlin — Ylin T qlin
| T2in+1 = T2in — Y2in + Q2in
V1,1n+l = V1,10 T Tn ZZC:1 A;fpyl,i,n
Vot i1 = V2 (X ATz 0 — va10).

(Vn > 0)
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Let us notice that for i = 1,...,C and vy > 0 it holds Prox, s+ (7;) = (1 + )@ —10;),
where 6; is the vector in R% whose components are §; with [ € C;. In order to compare

(a) Watts-Strogatz network (b) Geometric network
Watts—Strogatz Network, (n,p)=(2, 0.8) Geometric Network, d=0.2
110 T T T T 1000F ‘P _____ ‘u T T T A6
g © @ D-ADMM
-6-030)
== [24]
1%} 1]
Q. o
[0) (]
@ @
c c
K] K]
IS 5]
Q Q ~.
c = S
=] =) |-l
£ g wort RN T e 4
IS IS
o o] 4
o O
20
—0— ALG
e DADMMI L 100 T e e e ===
1or -6-po ] 5 =3
-=0- [24] e
O10 50 100 200 500 700 1000 010 50 100 200 500 700 1000
Number of nodes Number of nodes

Figure 5.1: Figure (a) shows the communication steps needed by the four algorithms for a
Watts-Strogatz network with different number of nodes. Figure (b) shows the communication
steps needed by the four algorithms for a Geometric network with different number of nodes.
In both figures ALG stands for the primal-dual algorithm proposed in this paper.

the performances of our method with other existing algorithms in literature, we used the
networks generated in [23] with the number of nodes ranging between 10 and 1000. The
measurement 6 associated to each node was generated randomly and independently
from a normal distribution with mean 10 and standard deviation 100. We worked with
networks with 10, 50, 100, 200, 500, 700 and 1000 nodes and measured the performance
of our algorithm from the point of view of the number of communication steps, which
actually coincides with the number of iterations. As stopping criterion we considered

[2n — 1p6"]]

o

<1074

where 1p denotes the vector in R” having all entries equal to 1. We present in Figure
5.1 the communication steps needed when dealing with the Watts-Strogatz network with
parameters (2,0.8) and with the Geometric network with a distance parameter 0.2. The
Watts-Strogatz network is created from a lattice where every node is connected to 2
nodes, then the links are rewired with a probability of 0.8, while the Geometric network
works with nodes in a [0, 1]2 square and connects the nodes whose Euclidean distance
is less than the given parameter 0.2. As shown in Figure 5.1, our algorithm performed
comparable to D-AMM, presented in [23], but it performed better then the algorithms
presented in [24] and [31].

In order to observe the behavior of our algorithm on different networks, we tested
it on the following 6 networks: 1. Erdés-Rényi network with parameter 0.25, 2. Watts-
Strogatz network with parameters (2, 0.8) (network 2), 3. Watts-Strogatz network with
parameters (4, 0.6), 4. Barabési-Albert network, 5. Geometric network with parameter
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Networks with 10 nodes
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<@ D-ADMM
1608 = ¢ =[30]

\ C=0= [24]

Communication steps

3 4
Network number

Figure 5.2: Comparison of the four algorithms over six networks with 10 nodes. Here, ALG
stands for the primal-dual algorithm proposed in this paper.

0.2 and 6. Lattice network, with a different number of nodes. Observing the needed
communication steps, we can conclude that our algorithm is communication-efficient
and it performs better than or similarly to the algorithms in [23], [24] and [31] (as
exemplified in Figure 5.2).

5.2 Support vector machines classification

The second numerical experiment we present in this section addresses the problem of
classifying images via support vector machines.

Having a set training data a; € R™, ¢ = 1,...,k, belonging to one of two given
classes, denoted by “-1” and “+1”, the aim is to construct by it a decision function
given in the form of a separating hyperplane which should assign every new data to one
of the two classes with a low misclassification rate. We construct the matrix A € RF*?
such that each row corresponds to a data point a;,i = 1, ..., k and a vector d € R¥ such
that for ¢ = 1, ..., k its i-th entry is equal to —1, if a; belongs to the class “-1” and it is
equal to +1, otherwise. In order to cover the situation when the separation cannot be
done exactly, we consider non-negative slack variables §&; > 0, ¢ = 1,...,k, thus the goal
will be to find (s,7,§) € R™ x R x R’j_ as optimal solution of the following optimization
problem (also called soft-margin support vector machines problem)

. 2 2
min —{s|* + C ¢} (5.4)
(8,,€)ER™ xRXRY
D(As+1pr)+£21y

where 1j, denotes the vector in R* having all entries equal to 1, the inequality z > 1 for
z € R¥ means z; > 1,i = 1,...k, D = Diag(d) is the diagonal matrix having the vector d
as main diagonal and C' is a trade-off parameter. Each new data a € R" will by assigned
to one of the two classes by means of the resulting decision function z(a) = s'a + r,
namely, a will be assigned to the class “-1”, if z(a) < 0, and to the class “41”, otherwise.

19



(a) A sample of data for number 2 (b) A sample of data for number 9

ZDHP2LA2AAMNT?7 99257977

Figure 5.3: A sample of images belonging to the classes -1 and +1, respectively.

For more theoretical insights in support vector machines we refer the reader to [19]. We
made use of a data set of 11907 training images and 2041 test images of size 28 x 28 from
the website http://www.cs.nyu.edu/~roweis/data.html. The problem consisted in
determining a decision function based on a pool of handwritten digits showing either
the number two or the number nine, labeled by —1 and +1, respectively (see Figure
5.3). We evaluated the quality of the decision function on a test data set by computing
the percentage of misclassified images. Notice that we use only a half of the available
images from the training data set, in order to reduce the computational effort.

The soft-margin support vector machines problem (5.4) can be written as a special
instance of the optimization problem (4.1), by taking

m = 37p = 17f1() = H‘”Qan == 07f3() = CHHQ +5Ri()7h2 = 5{0}7K’L = Id,l = 172737

g1 = 5{Z€Rk1221k}’L11 = DA, L12 = D]lk and L13 =1d.

Thus, Algorithm 4.1 gives rise in the error-free case to the following iterative scheme:

Fori=1,2,3
Ylin = T1im — Yo (T2in + Lﬂ»m,m)
Y2,in = T2in T YnTlin
P2,i;n = Proxy, r+ y2,in
Wian = V110~ V(U210 — Yooy L1iT1in)
W2 1n = V210 + YnV1,1n
r2,1,n = Prox,, ¢ w21,
Fori=1,2,3
Q1,in = Ylin — In (p2,i,n + Li’;wm,n)
q2;in = P2in T InYlin
Tlint+l = Tlin — Ylin T q1,in
T2in+l = T2in — Y2,in T 42,i,n
$11m = Wiin — Yn(roin — oy L1ip1in)
S$21;m =T2,1,n T TnWi,1,n
V,ln+l = V1,1n — Wi ln + 51,10
V21n+1 = V21n — W21 n 1+ 5210
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http://www.cs.nyu.edu/~roweis/data.html

Number of iterations | 100 | 1000 | 2000 | 3000 | 5000 |

Training error 2.95 1| 2.6 2.3 1.95 | 1.55
Test error 2.95 | 255 | 245 | 2.15 | 2

Table 5.1: Misclassification rate in percentage for different numbers of iterations for both the
training data and the test data.

We would also like to notice that for the proximal points needed in the algorithm one
has for v > 0 and (s,7,£, 2) € R® x R x RF x R the following exact formulae:

Prox,f:(s) = (2 + 7)_123,Pr0x7f2* (r) = 0,Proxy s (§) = € — ')/PR;JCr (2C + )71

and
PrOX’Ygl (Z) = P{a:E]Rk:xZ]lk}(z)'

With respect to the considered data set, we denote by D= {(X;,Y;),i = 1,...,6000} C
R™* x {41, —1} the set of available training data consisting of 3000 images in the
class —1 and 3000 images in the class +1. A sample from each class of images is
shown in Figure 5.3. The images have been vectorized and normalized by dividing each

1

of them by the quantity (ﬁ 56000 HX,HQ) ®. We stopped the primal-dual algorithm
after different numbers of iterations and evaluated the performances of the resulting
decision functions. In Table 5.1 we present the misclassification rate in percentage for
the training and for the test data (the error for the training data is less than the one
for the test data) and observe that the quality of the classification increases with the
number of iterations. However, even for a low number of iterations the misclassification
rate outperforms the ones reported in the literature dealing with numerical methods for
support vector classification. Let us also mention that the numerical results are given
for the case C' = 1. We tested also other choices for C', however we did not observe
great impact on the results.

Acknowledgments. The authors are grateful to Christopher Hendrich for helpful hints
concerning the implementation issues of the algorithm, to Jodo F.C. Mota for sharing
the data he worked with and to an anonoymous reviewer for remarks which improved
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