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Abstract. We consider the primal problem of finding the zeros of the sum of a maximal
monotone operator and the composition of another maximal monotone operator with a
linear continuous operator. By formulating its Attouch-Théra-type dual inclusion problem,
a primal-dual splitting algorithm which simultaneously solves the two problems in finite-
dimensional spaces is presented. The proposed scheme uses at each iteration the resolvents
of the maximal monotone operators involved in separate steps and aims to overcome the
shortcoming of classical splitting algorithms when dealing with compositions of maximal
monotone and linear continuous operators. The iterative algorithm is used for solving
nondifferentiable convex optimization problems arising in image processing and in location
theory.
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1 Introduction

1.1 Problem formulation and motivation

For X and Y real Hilbert spaces, A : X = X and B : Y = Y maximal monotone operators
and K : X — Y a linear continuous operator we propose in this paper an iterative scheme
for solving the monotone inclusion problem

find x € X such that 0 € Az + K*BKuz, (1)

which makes separate use of the resolvents of A and B. The necessity of having such an
algorithm is given by the fact that the classical splitting algorithms have considerable limi-
tations when employed on the inclusion problem under investigation in its whole generality.
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Indeed, the Forward-Backward algorithm (see [5]) is a valuable option in this sense when
B is single-valued and cocoercive, while the use of Tseng’s Forward-Backward-Forward
algorithm (see [28]) asks for B being single-valued and Lipschitz continuous on a superset
of the image of the domain of A through K. On the other hand, the Douglas-Rachford
algorithm (see [5,14]) asks for the maximal monotonicity of A and K*BK and employs
the resolvent of the latter, which can be expressed by means of the resolvent of B only in
some very exceptional situations (see [5, Proposition 23.23]).

The aim of this article is to overcome this shortcoming by proposing a primal-dual
splitting algorithm for simultaneously solving this monotone inclusion problem and its
dual inclusion problem in the sense of Attouch-Théra (see [2,4,24])

find y € Y such that 0 € B™'y — KA ' (—K*)y. (2)

In the formulation of the iterative scheme (only) simple forward evaluations of the operator
K and of its adjoint are made, while the resolvents of A and B appear separately. More
than that, the provided algorithm gives rise to a primal-dual iterative method for solving
the monotone inclusion problem

k
find = € X such that 0 € Y K;B;K;x, (3)
i=1
and its dual problem
k k
find y = (y1,...,yk) € Y1 X ... x Y}, such that X:KfyZ =0 and ﬂ(BZKl)_l(yl) #0, (4)
i=1 i=1

where X and Y; are real Hilbert spaces, B; : Y; = Y, are maximal monotone operators
and K; : X — Y, are linear continuous operators, which makes use of the resolvents of B;
and assumes only simple forward evaluations of K;,i =1, ..., k, (and of their adjoints).

Another primal-dual splitting algorithm which operates similarly with linear continu-
ous operators has been recently introduced in [10,13]. By using a standard product space
approach, this method basically reformulates the primal-dual pair as the problem of find-
ing the zeros of the sum of a maximal monotone operator and a monotone and Lipschitz
continuous operator, which is then solved by making use of the error-tolerant version of
Tseng’s Forward-Backward-Forward algorithm provided in [10].

When A and B are taken to be subdifferentials of proper, convex and lower semicontin-
uous functions, the primal-dual algorithm we propose in this paper becomes the iterative
method from [12]. It has the advantage that, in the context of solving nonsmooth convex
optimization problems involving compositions of proper, convex and lower semicontinuous
functions with linear continuous operators, it only asks for the proximal points of the func-
tions and not of the compositions. From this point of view, our approach proves to have a
certain similariy with the algorithm proposed in [10,13]. In counterpart, popular decom-
position algorithms like the augmented Lagrangian method (ALM) and the alternating
direction method of multipliers (ADMM) (see [17] and, for some recent considerations
on these methods, [9,16]) may assume the solving in each iteration of some optimization
problems, for the solutions of which no explicit or closed form are always available.

The method we propose in this paper will open the gates towards proposing easy
numerical implementations when solving regularized convex nondifferentiable problems of



the shape

inf {HAx B MTV (z) + )\QHle} ,
z€[0,1]™
where TV : R™ — R is a discrete total variation functional and Ai, A2 > 0 are regulariza-
tion parameters in the context of deblurring and denoising of images. Here, A € R™*™
describes a blur operator, b € R™ represents the blurred and noisy image and the optimal
solution is an estimation of the unknown original image, each of its pixels being assumed
to range in the closed interval from 0 (pure black) to 1 (pure white). Beyond that, the
primal-dual approach is expected to have a positive impact when dealing with the mini-
mization of nonsmooth convex functions with an intricate formulation, as they occurr in
applications in signal and video processing, machine learning, multifacilty location theory,
portfolio optimization, average consensus on networks, etc.

The structure of the paper is the following. The remainder of this section is dedicated
to some elements of convex analysis and of the theory of maximal monotone operators. In
Section 2 we motivate and formulate a primal-dual splitting algorithm for solving the pair
of monotone inclusion problems (1) - (2). Further, in Section 3 we address the primal-
dual pair of monotone inclusion problems (3)-(4), while in Section 4 we employ the general
schemes for several classes of nondifferentiable convex optimization problems. Finally, we
consider applications of the presented algorithms in image deblurring and denoising and
when solving the Fermat-Weber location problem and compare their performances to the
ones of some iterative schemes recently introduced in the literature.

1.2 Monotone operators

In what follows we recall some elements of the theory of monotone operators in Hilbert
spaces and refer the reader in this respect to [5,26].

Let X be areal Hilbert space with inner product (-, -) and associated norm ||-|| = /(:, -).
For an arbitrary set-valued operator A : X = X we denote by Gr A = {(z,u) € X x X :
u € Ax} its graph, by dom A = {x € X : Az # ()} its domain and by A~ : X = X its
inverse operator, defined by (u,x) € Gr A~! if and only if (z,u) € Gr A. We say that A is
monotone if (z —y,u —v) > 0 for all (z,u), (y,v) € Gr A. A monotone operator A is said
to be maximal monotone, if there exists no proper monotone extension of the graph of A
on X x X. A single-valued linear operator A : X — X is said to be skew, if (z, Az) =0
for all x € X. Skew operators are maximal monotone.

The resolvent of A, J4 : X = X, is defined by J4 = (Idx +A4)~!, where Idx : X —
X,Idx(z) = x for all x € X, is the identity operator on X. Moreover, if A is maximal
monotone, then Jy : X — X is single-valued and maximal monotone (see [5, Proposition
23.7 and Corollary 23.10]). For an arbitrary v > 0 we have (see [5, Proposition 23.2])

p € Jyax if and only if (p,7 '(z —p)) € Gr A
and (see [5, Proposition 23.18])
J’VA+’7J7—1A—1 O’y—l Idy = Idx. (5)

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



2 A primal-dual splitting algorithm for finding the zeros of
A+ K*BK

For X and Y real Hilbert spaces, A : X = X and B : Y = Y maximal monotone operators
and K : X — Y a linear continuous operator we consider the problem of finding the pairs
(Z,7) € X x Y fulfilling the system of inclusions

Kr e B 'yand — K*y € Ax. (6)
If (z,y) tulfills (6), then ¥ is a solution of the primal inclusion problem (1)
find x € X such that 0 € Az + K*BKx
and ¥ is a solution of its dual inclusion problem (2)
find y € Y such that 0 € B~y — KA™Y(—K*)y.

On the other hand, if Z € X is a solution of the problem (1), then there exists a solution y
of (2) such that (z,y) fulfills (6), while, if y € Y is a solution of the problem (2), then there
exists a solution 7 of (1) such that (z,y) fulfills (6). We refer the reader to [1,2,4,10,18,24]
for more algorithmic and theoretical aspects concerning the primal-dual pair of inclusion
problems (1)-(2).

For all o,7 > 0 it holds

(Z,7) is a solution of (6) < 5+ cKZ € (Idy +0B™1)j and  — 7K*y € (Idx +7A4)Z
S yY=J,p1(Y+0Kz) and T € J (T — TK*Y).

(7)

The above equivalences motivate the following algorithm for solving (6).

Algorithm 1
Initialization: Choose 0,7 > 0 such that o7|K|? <1 and (2°,4°) € X x Y.
Set 70 := 20.
For n >0 set: y"tl':=J p1(y"+ ocKz")
xn—f—l - TA(-Tn o TK*yn+1)
= 2gntl  gn

Theorem 2 Assume that the system of inclusions (6) has a solution (Z,y) € X xY and
let (™, T", y™)n>0 be the sequence generated by Algorithm 1. The following statements are
true:

(i) For any n > 0 it holds

=" — 22

2T

n _ 732 0 _ =2 0 _ 2
ly" =9l ll=” =2l Jly” — 9l

+ (1 - oI < I

(8)
thus the sequence (z™,y")n>0 is bounded.

(i) If X and Y are finite-dimensional, then the sequence (x",y")n>0 converges to a
solution of the system of inclusions (6).



Proof. (i) The main idea of the proof relies on the following Fejér-type inequality

o =& g =gl e =7 -3
2T 20 - 2T 20
[yt —y)I> 2"t — 2] ™ — 2™ 12 9)
(14 varr e - = e

(K (@™ —a")y" =g+ (K ("~ 2",y ),

which we will prove below to hold for any n > 0. By taking N € N arbitrary such that
N > 2 and by summing up the inequalities in (9) from n =0 to N — 1 we obtain

2 — 22 n ly™ = 31* _ [12° =7 N ly° ?JHZ
2T 20 - 2T 20
ly" — v~ 1|| < [ — a2
(=1 + /o7 || K1) Z +(~1 4 Vor|K]) Z (10)
n=1
N N—1)2
VN —zx _ N
H 5 H _ <K(1'N —iL'N 1)’yN _y>‘
By combining (10) with
N _ .N—1]2 KHQ
K (N — N N 5 <||$ T | 7|l N =2
(K@Y — a1,y gy < Wm0 TR v g
we get
™ — Z||? N Iy — 7l < |20 — Z||? n |° —l7||2+
2T 20 - 2T 20
ly™ =y 12 ~ Hw— 12 THK||2 2
(~1+VaTIK]) Z— NEENGLUDS + T Y -5
n=1
or, equivalently,
2N — |2 o Iy — 77
W =2y (1 - or| k7)Y
N o
Xy =y 2" — a2
(1 —var| i 3 Wy - e Z—s (11)
n=1
[ G e
2T 20 '

Since o7||K||? < 1, (11) yields (8), hence (2™, y")n>0 is bounded.
We are going now to prove that for any n > 0 the inequality (9) is fulfilled. For any
n > 0 the iterations of Algorithm 1 yield that

1
<x”+1, —(z" — TK*y" T — :L'"'H)) € GrA, (12)
T
hence the monotonicity of A implies

1
0< <x"+1 — 7, (2" — g™t — Kyt 4 Kg> . (13)

T



Similarly, for any n > 0 we have

1
<yn+1’ ;(yn +oKz" — yn+1)> c GI“B_I,

thus .
0 < <K1,n + 7(yn _ yn-i-l) o K&I\, yn-i-l _ /y\> ]
g

On the other hand, for any n > 0 we have that
1 ~
”anrl _ %\HQ + <xn+1 -7, ;(xn _ anrl) _ K*ynJrl + K*y> —
n+l _ = Lon_ o 1 n+l _ ~ *, n+1 S
x —x,;(:z: —-z)+ 1—; (" —Z) - K'%Yy"" 4+ K'Yy ) =

1 . 1 ~ ~
(z" T -z 2" — ) + (1 - > 2"t —Z))? + (K (2" - 7),
7—

T

_yn+1 + :/y\>7

hence .
7Hxn+1 _ £||2 4 <xn+1 . f, *(CE” . $n+1) o K*yn+1 + K*/y\> _
T

1 o A . R
(@ = T0" = 7) + (K@ - 7), " ) =

;
- 1, .. ~ ~
" —2)” + o i 2| + (K (2" = ), —y" T + ),

1 n+1 n|(2 1
QTH:U G 2T
where, for deriving the last formula, we use the identity

1 1 1
(a,0) = —5llo = b + 5 all* + 5 [b] Va,b € X.

Consequently, for any n > 0 it holds

1 1 -
;Hx"“ —7|? + <:1c"+1 -, ;(:1:" — ") — Kyt g K*y> =
(16)
1 1 ~ ~ —~
ol P - B (K (@ 8), )
Thus, by combining (13) and (16), we get for any n > 0
1 n+1 =12 1 n+1 n||2 1 n =12 n+1 ~ n+1 o~
o lla™ = E? < — e =P ot B2 4 (K@ - 8), ). ()

By proceeding in analogous manner we obtain the following estimate for any n > 0
~ 1 ~ ~
940 = 91P + (Ko 4 L =) - Koy - 7) =
o

1 noS 1 n -~ —n =~ ,n =~
<U(y —y)+<1—a>(y -9+ Kz" - Ki,y “—y>=

1 N N 1 ~ _ ~ ~
L= = (1= D) I = R (K - )

6



hence ) )
Lyt =i (K L -y - KE ) -

1 - N _ N ~
—(y" - 7.y =) (K@ —7),y" T —7) =

1 1 R 1 L R
—%Hy"+1 —y" I+ %IIy”Jrl —JI* + oy yIP+H (K@@ —2),y" T 7).

From here we obtain for any n > 0

1 N _ 1 ~ ~
el = B+ (K 20 =y = K - ) =

1 N _ ~ N
~5s ™ — ™2 + v = g+ (K@ —z),y"t 7).

and, thus, by combining (15) and (18), it follows

1 n+1 =12 1 n+1 n|(2 1 n ~2 = ~ 1 -~

- i — - |y — K@ —32),y"™ —3). (19
5 1Y 7] [ YT+ oy =yl (K@ - 7).y v (19)
Summing up the inequalities (17) and (19) and taking into account the definition of

Z" we obtain for any n > 0

1 R 1 ~

S lla™ =2+ oy - g <
1 ~ 1 N 1 1 20
Solla = B2+ oy = G - ool =P - oyt -yt (20

<K(J}n+1 + xnfl o Q.Tn), _yn+1 + ?/J\>,

where 71 := 2. Let us evaluate now the last term in relation (20). For any n > 0 it

holds that
(K" + 2" —22"), =" +7) =
(K(a"h = a™), g™ +9) + (K" = 2" 1),y" = §) + (K (@" —a" 1), y" " —y") <
—(K (2" —a™),y™ = g) + (K (2" = 2" 1),y" = §) + | K[ []2" — 2" H{fly" " =y <
—(K (2" —a™),y™ = §) + (K(@" — 2" 1),y" = O+
VO o — gy YOTUR sy

2
(21)

From (20) and (21) we obtain for any n > 0 the following estimation

1 ~ 1 . 1 ~ 1 ~
e =By =G < e = B+ ol — B

1 1 ~ _ ~
ol =Py g = (R =),y = ) (K @ — ), = )+

Vor | K _ Vor | K
2”l H ||:L,n — 1||2 + 2(’7’— H ||yn+1 _ ynHQ’

thus (9) holds. This concludes the proof of statement (i).



(ii) According to (i), (2™, y")n>0 has a subsequence (", y" )= which converges to
some element (z*,y*) € X XY as k — +o00. From (11) we also obtain that lim,_, 4~ (2" —
2" 1Y) = limy, 4 0o (y" —y™ 1) = 0. Further, from (12) and (14) and using that, due to the
maximal monotonicity of A and B, Gr A and Gr B are closed sets, it follows that (z*,y*)
is a solution of the system of inclusions (6).

Further, let k¥ > 0 and N € N, N > ng. Summing up the inequalities in (9), for
(z,9) := (z*,y"), from n = ng to N — 1 we obtain

N
o™ — 21> |y =P ly™ =y 1
1-— K -
e e (R VDY =
n=ng+1
- N-1 - N N—12
™ — 2™ 2 ™ — a2 [l — 2N
— 1—+o7||K
2T + oK) Z 2T 2T

n=ng
HE @Y =N =) = (K@ =)y =)

G e
- 27 20 ’

which yields

o™ — 22 | [lyY -y _ .
—2 L WY < e — o - o

e N et G il
2T 20 2T

Consequently, by using also the boundedness of (2", y™),>0, for any k£ > 0 it holds

N _ .x||2 N o x|2
psup (12 =12 | Y =92
N—s+00 2T 20

+ <K(:L‘nk _ IL‘nk_l),ynk _ y*>

nk71”2

xnk _ .I'* 2 Nk _ 5% 2 Ne

e G i G
27 20 2T

We finally let k& converge to +o0o, which yields

N _ .x||2 N o x|2
o =Ly LT
N—s+00 27 20

4 <K(l‘nk _ xnk—l),ynk o y*>

and, further, limy_ 400 N = z* and limy 400 yN = y*. u

We close this section by discussing another possible approach when solving the system
of inclusions (6) by employing some ideas considered in [10,13]. To this end we define
the operators M : X xY = X x Y, M(z,y) = (Az,B7'y),and S : X xY — X x Y,
S(z,y) = (K*y,—Kx). The operator M is maximal monotone, since A and B are maximal
monotone, while S is maximal monotone, since it is a skew linear operator. Then (Z,y) €
X x Y is a solution of the system of inclusions (6) if and only if it solves the inclusion
problem

find (z,y) € X x Y such that (0,0) € S(x,y) + M(z,y). (22)



Applying Algorithm 1 to the problem (22) with starting point (2°,¢y" u°,v%) € X x
Y x X xY, (@%°7%") = (2°,94°) and 0,7 > 0 gives rise for any n > 0 to the following
iterations:
(w0 = Ty [, ") + o (7, 5]
(a:.nJrl’ ynJrl) =J,g [(xn7 yn) _ T(unJrl, Un+1)]
(En—l—l’yn—i—l) = 2(xn+1, yn-‘rl) o (xn’ yn)
Since
JUM—l = JUA—l X JoB

and (see [10, Proposition 2.7])
Jrs(z,y) = (Idx +7°K*K) Yz — 7K*y), Idy +7?KK*) ' (y + 7K7)) Y(z,y) € X x Y,
this yields the following algorithm:

Algorithm 3
Initialization: Choose 0,7 > 0 such that o7 <1 and (z%,¢%), (u®,2°) € X x Y.
set (z°,7°) == (2°,3°).
For n >0 set: u"tl:=J, 41(u"+ 07"

"= T g(v™ + o7")
2" = (Idx +72K*K)~! [m” — Tu™t — T K*(y" — TU”+1)]
y" = (Idy +72KK*)~! [y" — 1"t L T K (2™ — Tu"“‘l)}
= 2gntl — gn
@n—f—l n+1l _ y

n

=2y
The following convergence statement is a consequence of Theorem 2.

Theorem 4 Assume that X and Y are finite-dimensional spaces and that the system
of inclusions (6) is solvable. Then the sequence (x",y")n>0 generated in Algorithm &
converges to (x*,y*), a solution of the system of inclusions (6), which yields that x* is
a solution of the primal inclusion problem (1) and y* is a solution of the dual inclusion
problem (2).

Remark 5 As we have already mentioned, the system of inclusions (6) is solvable if and
only if the primal inclusion problem (1) is solvable, which is further equivalent to solvability
of the dual inclusion problem (2). Let us also notice that from the point of view of the
numerical implementation Algorithm 3 has the drawback to ask for the calculation of the
inverses of Idyx +7?K*K and Idy +72KK*. This task can be in general very hard, but
it becomes very simple when K is, for instance, orthogonal, like it happens for the linear
transformations to which orthogonal wavelets give rise and which play an important role
in signal processing.

3 Zeros of sums of compositions of monotone operators with

linear continuous operators

In this section we provide via the primal-dual scheme Algorithm 1 an algorithm for solving
the inclusion problem (3)

k
find z € X such that 0 € ¥ K;/B;K;x,
=1



where X and Y; are real Hilbert spaces, B; : Y; = Y; are maximal monotone operators and
K; : X — Y; are linear continuous operators for ¢ = 1, ..., k. The dual inclusion problem
of (3) is problem (4)
k k
find y = (y1, ..., yx) € Y1 X ... X Y}, such that ZK:yZ =0 and ﬂ(BiKi)_l(yi) #0.

i=1 i=1
Following the product space approach from [10] and [5] we show that this primal-dual pair
can be reduced to a primal-dual pair of inclusion problems of the form (1)-(2).

Consider the real Hilbert space H := X* endowed with the inner product (z,u)y =
Ef:1<mi,ui>x for © = (zi)1<i<k,v = (ui)1<i<k € H, where (-,-)x denotes the inner
product on X. Further, let Y := Y; x ... X Y, be the real Hilbert space endowed with
the inner product (y,z)y := Zfﬂ(yi,zi)yi for y = (yi)1<i<k, 2 = (zi)1<i<k € Y, where
(-,-)v; denotes the inner product on Y;,i = 1,...,k. We define A : H =% H, A := Ny,
where V = {(z,...,.2) €e H: 2z € X}, B:Y =Y, By1,...,yx) = (B1y1, ..., Bryx), and
K:H—->Y, K(1,...,2) = (Kiz1,..., Kxxg). Obviously, the adjoint operator of K
is K*: Y — H, K*(y1, ..., yx) = (K{y1, ..., K{yr), for (y1,...,yx) € Y. Further, let be
j: X —H, jx)=(z,...,x).

The operators A and B are maximal monotone and

x solves (3) if and only if (0,...,0) € A(j(z)) + K*BK (j(x)),
while
y = (Y1, ..., ) solves (4) if and only if (0,...,0) € B~y — KA™Y(—K*)y.
Applying Algorithm 1 to the inclusion problem
find (x1,...,2) € H such that 0 € A(z1,...,x;) + K*BK(x1, ..., zk) (23)

with starting point (xo,...,xo,y?,...,yg) € X xX...x X xY] x...x Y, constants o, 7 > 0
————

k
and (79, ...,70) := (29, ..., 2°) yields for any n > 0 the following iterations:

(W7 M<i<k = Jop ((y?hgigk + UK(E?hSiSk)
(@] ) 1<ick = Jra ((96?)1§z‘§k - TK*(y?HhSigc)
(@ )1<ick = 2] ) 1<ick — (@P)1<i<k-

According to [10], for the occurring resolvents we have that J-a(u, ..., ug) = j(£ Zle u;)
for (u1,...,ux) € H and J,g-1(21, ..., 2) = (J, B vy p—12) for (21,...,2;) € Y. This
k

g
means that for any n > 1 it holds 27 = ... = 2} and /™' = ... = 7!, which shows

that there is no loss in the generality of the algorithm when assuming that the first &
components of the starting point coincide. Notice that a solution (Z1, ..., ) of (23) must
belong to dom A, thus Z; = ... = Z. We obtain the following algorithm:

Algorithm 6
Initialization: Choose 0,7 > 0 such that o7 Y F_, ||K;||2 < 1 and
(29, Y, ...,y,g) €EXxY] x..xY;. Set 70 :=20.
For n > 0 set: y?“ = Jo_Bifl(y? +oKz"),i=1,...,k

n+l . .n_ T\ k %, n+1
a" =t — 23 Ky
L= 2t g7

10



The convergence of Algorithm 6 is stated by the following result which is a consequence
of Theorem 2.

Theorem 7 Assume that X and Y;,i = 1,...,k, are finite-dimensional spaces and (3) is
solvable. Then (4) is also solvable and the sequences (z")n>0 and (yi, ..., yp)n>0 generated
in Algorithm 6 converge to a solution of the primal inclusion problem (3) and to a solution
of the dual inclusion problem (4), respectively.

Remark 8 Since ||K? < 3% | ||K;||?, the inequality o7 2% | || K[| < 1 in Algorithm 6
is considered in order to ensure that o7||K|? < 1.

Remark 9 The iterative schemes in Algorithm 1 and Algorithm 6 follow for some ap-
propriate initializations from the one proposed in [29], as the author of this paper kindly
pointed it out to us. The approach in [29] relies on an idea similar to the one from [10,13],
as it assumes the reformulation of the primal-dual pair as the problem of finding the ze-
ros of the sum of a maximal monotone operator and a cocoercive operator, solved via
an error-tolerant Forward-Backward algorithm. In counterpart, the technique we propose
here puts in foreground the Fejér-type inequality (9), which is of big importance in the
context of studying the convergence rates of iterative methods relying on Algorithm 1.

When particularizing the above framework to the case when Y; = X and K; = Idx for
i =1,..,k, the primal-dual pair of inclusion problems (3)-(4) become

k

find z € X such that 0 € Z B;x (24)
i=1

and
k k
find y = (y1,...,yx) € X x ... x X such that Zyi =0 and ﬂ B Ny) #0,  (25)

i=1 i=1

respectively. In this situation H =Y, K = Idy, |K| =1 and

x solves (24) if and only if (0,...,0) € A(j(z)) + B(j(x)),
while
y = (y1, ..., yx) solves (25) if and only if (0, ...,0) € B~ (y) — A~ (—y).
Algorithm 6 yields in this particular case the following iterative scheme:

Algorithm 10
Initialization: Choose o,7 > 0 such that o7 <1 and
(299, . ) € X x ... x X. Set 70 := 20,
k+1
For n > 0 set: yf“ =J g1y +ox"),i=1,...k
gl gn LTkl

11



The convergence of Algorithm 10 follows via Theorem 7.

Theorem 11 Assume that X is a finite-dimensional space and (24) is solvable. Then
(25) is also solvable and the sequences (x™)n>0 and (yi, ..., y; )n>0 generated in Algorithm
10 converge to a solution of the primal inclusion problem (24) and to a solution of the
dual inclusion problem (25), respectively.

In the last part of this section we provide a second algorithm which solves (24) and
(25) which starts from the premise that by changing the roles of A and B one has

x solves (24) if and only if (0,...,0) € B(j(x)) + A(j(x)),
while
y = (y1, ..., yx) solves (25) if and only if (0, ...,0) € A~ (—y) — B~ (y).
Applying Algorithm 1 to the inclusion problem

find (z1,...,2x) € H such that 0 € B(xy,...,x;) + A(z1, ..., 1)

with starting point (29, ..., 20,37, ..., y}) € X x ... x X constants o, 7 > 0 and (29, ..., T ):=

2k
(29, ...,20) yields for any n > 0 the following iterations:

(Y ) 1<ick = Joa ((yzn)lgigk + U(f?)lgigk)

(2 <i<k = JrB <($?)1§z’§k - (y; 1§i§k>
@ ) 1<icr = 220 1<ick — (@) 1<i<h-

Noticing that J, -1 = JJN;1 =1Idy —0J,-1y, oo ' 1dy (see [5, Proposition 23.18]) and

Jo—iny (U, o ug) = Iny (ur, oy ug) = j(3 Zle u;) for (uy,...,ur) € H (see [10, relation
(3.27)]) and by making for any n > 0 the change of variables y' := —y* for i = 1, ..., k,
we obtain the following iterative scheme:

Algorithm 12
Initialization: Choose 0,7 > 0 such that o7 <1 and
(29, .2y, yd) € X x o x X Set (2),...,70) := (a9, ..., 7).

2k
For n >0 set: y't' =yl — o7l + %25:1 Yy + %Z?Zlfy,i =1,...,k
1 T .
2= Top (2 + Yt i =1,k

—n+1 ,__ n+1 no; __
T, =22 —ati=1,..,k

Theorem 13 Assume that X is finite dimensional and (24) is solvable. Then (25) is
also solvable, the sequences (x}')n>0,1 =1, ..., k, generated in Algorithm 12 converge to the
same solution of (24) and the sequence (YT, ...,y;)n>0 generated by the same algorithm
converges to a solution of (25).

12



4 Solving convex optimization problems via the primal-dual
algorithm

The aim of this section is to employ the iterative methods investigated above for solving
several classes of unconstrained convex optimization problems. We start by recalling some
elements of convex analysis (see [5,6,19,26,31]).

When X is a real Hilbert space and f : X — R := RU {400} a proper (i.e., dom f =
{r e X: f(x) < +o0} # 0 and f > —o0), convex and lower semicontinuous function
f:X — R:=RU{+oco}, then its (convex) subdifferential, which is defined by df(z) :=
{ue X : fly) > f(x)+ (u,y —x) Vy € X}, for x € f~Y(R), and df(z) := 0, otherwise,
is a maximal monotone operator (see [25]). Moreover, (9f)~! = 0f*, where f*: X — R,
f*(u) = supex{(u,z) — f(x)} for u € X, denotes the conjugate function of f. Examples
of maximal monotone operators which fail to be subdifferentials of a proper, convex and
lower semicontinuous function are nonzero skew operators defined on a Hilbert space with
a dimension greater than or equal to 2 (see [26]).

For v > 0 and = € X we denote by prox, f(CL') the proximal point of parameter v of f
at x, which is the unique optimal solution of the optimization problem

1
i Sy — 22t 2
e {0+ 5y - ol (26)
Notice that Jyor = (Idx +y0f)~' = prox, ¢, thus prox,; : X — X is a single-valued
operator fulfilling the extended Moreau’s decomposition formula

PrOX. ; +7 PrOX(q /) + oy Mdx =Idx . (27)

Let us also recall that the function f : X — R is said to be strongly convex (with modulus
v >0),if f — 3| - |* is a convex function.

When C' C X is a nonempty, convex and closed set, its indicator function d¢ : X — R,
is the proper, convex and lower semicontinuous function that takes the value 0 on C' and
+oo otherwise. The subdifferential of ¢ is the normal cone of C, that is No(z) = {u €
X :{(u,y—2z) <0VyeC},ifx € C and Ng(z) =0 for x ¢ C. For v > 0 it holds

JyNe = INg = Joso = (Idx -l-Nc)*l = proxs, = Pc, (28)

where Po @ X — C denotes the projection operator on C' (see [5, Example 23.3 and
Example 23.4]).

For the real Hilbert spaces X and Y, the proper, convex and lower semicontinuous
functions f : X — R and g : Y — R and the linear continuous operator K : X — Y
consider the optimization problem

inf {/(2) + g(K2)} (29)
zeX
along with its Fenchel dual problem (see [5,6,19,31])

sup{—f*(—=K"y) — g"(y)}- (30)
yey

For this primal-dual pair weak duality always holds, i.e., the optimal objective value of the
primal problem is greater than or equal to the optimal objective value of the dual problem.

13



In order to guarantee strong duality, i.e., the situation when the optimal objective values of
the two problems coincide and the dual problem has an optimal solution one needs to ask
for the fulfillment of a so-called qualification condition. One of the weakest interiority-type
qualification conditions known in the literature reads (see [5-7,26,31])

(QC) | 0 € sqri(domg — K(dom f)).

Here, for C' a convex set, we denote by sqriC := {z € C': Uy5oA(C — ) is a closed linear
subspace of X} its strong quasi-relative interior. The strong quasi-relative interior of C
is a superset of the topological interior of C, i.e., int C' C sqri C' (in general this inclusion
may be strict). If X is finite-dimensional, then sqri C' coincides with the relative interior
of C, which is the interior of C' with respect to its affine hull. The qualification condition
(QQ) is fulfilled, for instance, when there exists 2’ € dom f N K~!(dom g) such that g is
continuous at Kz'.
Algorithm 1 written for A := 0f and B := Jg yields the following iterative scheme:

Algorithm 14

Initialization: Choose 0,7 >0 such that o7|K|? <1 and (2°,4°) € X x Y.

Set 70 := 0.

For n >0 set: y"t!:=prox, . (y" + ocKz")
g™t = prox, p(a" — TK*y" )
= 2gntl g

n+1

We have the following convergence result.

Theorem 15 Assume that the primal problem (29) has an optimal solution T and the
qualification condition (QC) is fulfilled. Let (z",Z",y")n>0 be the sequence generated by
Algorithm 14. The following statements are true:

(i) There exists y € Y, an optimal solution of the dual problem (30), the optimal
objective values of the two optimization problems coincide and (Z,Y) is a solution of the
system of inclusions

Kz € 09" (y) and — K*y € 0f(x). (31)
(i) For any n > 0 it holds

2" —2?
2T

n _ 732 0 _ =2 0 _ =2
ly" = 9l7  ll=” =2l Jly” — 9l

+ (- orK ) < E i,

(32)

thus the sequence (z™,y")n>0 is bounded.
(i1i) If X andY are finite-dimensional, then (x™)n>0 converges to an optimal solution
of (29) and (y™)n>0 converges to an optimal solution of (30).

Remark 16 (i) Statement (i) of the above theorem is well-known in the literature, (31)
being nothing else than the system of optimality conditions for the primal-dual pair (29)-
(30) (see [6,19,31]), while the other two statements follow from Theorem 2.

(ii) The existence of optimal solutions of the primal problem (29) is guaranteed if
K(dom f) Ndomg # () and, for instance, f is coercive and g is bounded below. Indeed,
under these circumstances, the objective function of (29) is coercive and the statement
follows via [31, Theorem 2.5.1(ii)]. On the other hand, when f is strongly convex, then
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f+goK is strongly convex, too, thus (29) has a unique optimal solution (see [5, Corollary
11.16)).

(iii) We rediscovered above the iterative scheme and the convergence statement from
[12] as a particular instance of the general results furnished in Section 2.

For X and Y; real Hilbert spaces, g; : Y; — R proper, convex and lower semicontin-
uous functions and K; : X — Y; linear continuous operators, ¢ = 1,..., k, consider the
optimization problem

k
a}g{ z; 9i(K;z) (33)

1=

and its Fenchel-type dual problem
k

sup —g; (yi). 34
yieYi,izL...,k; o) )

?:1 K yi=0

One of the weakest qualification conditions guaranteeing strong-duality for the primal-dual
pair (33)-(34) reads (see, for instance, [6,10,31])

(QC*) ‘ 0 € sqri (Hle domyg; — {(Kiz,...,Kpz) : x € X})

and it is fulfilled, for instance, when there exists 2/ € ﬂle K; '(dom g;) such that g; is
continuous at K;x’,i = 1,...,k. By taking B; := 0g;, i = 1,..., k, Algorithm 6 yields the
following iterative scheme:

Algorithm 17
Initialization: Choose 0,7 > 0 such that o7 Zle | K> < 1 and
(22,99, .. y)) € X x V1 x ... x Y. Set 70 :=2".
For n > 0 set: yf“ 1= proX,gs (yf + o KiT"), i =1,...,k
gl = g _ T3k LKyt
: 1= ?

Tk i
= 2gntl  gn

The convergence of Algorithm 17 is stated by the following result which is a conse-
quence of Theorem 7.

Theorem 18 Assume that the primal problem (33) has an optimal solution T and the
qualification conditions (QC™) is fulfilled. The following statements are true:

(i) There ezists (Y1, ...,Yk) € Y1 X ... X Yy, an optimal solution of the dual problem (34),
the optimal objective values of the two optimization problems coincide and (X, Y1, ..., Y) 1S
a solution of the system of inclusions

k
Kz € 0g; (yi),i=1,....,k, and ZK:% =0. (35)
i=1

(it) If X and Y are finite-dimensional, then the sequences (x™)n>0 and (Y7 ..., Y3 )n>0
generated in Algorithm 17 converge to an optimal solution of (33) and (34), respectively.
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Considering, finally, the particular case when Y; = X and K; = Idx, ¢ = 1, ..., k, the
problems (33) and (34) become

k
Inf Z gi(x) (36)

=1

and, respectively,
k
sup —g (y;). 37
pet 2 ) @0
E?:l yi=0

The qualification conditions (QC?) looks in this case like
(QC) \ 0 € sqri (Hle dom g; — {(z, .., 7) : x € X})

and it is fulfilled, for instance, if there exists 2’ € ﬂle dom g; such that k — 1 of the
functions g;,7 = 1, ..., k, are continuous at z’. By particularizing Algorithm 17 we obtain:

Algorithm 19
Initialization: Choose 0,7 > 0 such that o7 <1 and
(2,99, .., yd) € X x ... x X. Set 70 :=2".
—_—
k+1
For n >0 set: y'!:= proX, - (yif +ox"),i =1,...,k

nt+l . ,.n_ T \k n+1
€ =2 k die1 Y
e L

while Algorithm 12 gives rise to the following iterative scheme:

Algorithm 20
Initialization: Choose 0,7 > 0 such that o7 <1 and

(29, .2yl ) € X x o x X Set (20, ...,70) := (2, ..., 2Y).
2k
For n >0 set: ' :=y? —oT} + %Z?Zl Y+ %Z?:l z7i=1,..k
2t = prox, () + Tyt i=1, .k

—nt+l . _ + C
T =2 —ali =1,k
We have the following convergence theorem.

Theorem 21 Assume that the primal problem (36) has an optimal solution T and the
qualification conditions (QC™) is fulfilled. The following statements are true:

(i) There exists (Y1, ...,Yx) € X X ... x X, an optimal solution of the dual problem (37),
the optimal objective values of the two optimization problems coincide and (Z, Y1, ..., Y) 1S
a solution of the system of inclusions

k
x € 0g; (yi),i=1,...,k, and ZyZ = 0. (38)
i=1

(11) If X is finite-dimensional, then the sequences (x")n>0 and (Y7, ..., yp )n>0 generated
in Algorithm 19 converge to an optimal solution of (36) and (37), respectively.

(i11) If X is finite-dimensional, then the sequences (x')n>0,1 = 1,...,k, generated in
Algorithm 20 converges to the same optimal solution of (36) and the sequence (yi, ...y )n>0

1
generated by the same algorithm converges to an optimal solution of (37).
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Due to the absence of linear continuous operators in its formulation, one can consider
for the solving of the optimization problem (36) also other splitting algorithms with an
easy implementable formulation. In order to compare the structure of Algorithm 19 to
some of the most popular decomposition methods, we point out that the iterative steps
can be reformulated for n > 0 as (here, 7! := 20)

Yt = proXggs (yi + o(22" — Y, i=1,.k
k
-
xn-l—l — g = Zy?-‘rl
ki3

(i) The (parallel) Douglas-Rachford splitting algorithm, as described in [5, Proposition
25.7], applied to problem (36) gives rise for n > 0 to the following iterative steps

1k
po= %ZU?
i=1

vi = prox,g (u'),i=1,...k
1 k
" = EZU?
i=1
W = A2~ = )i =1,k

Taking in the primal-dual algorithm ¢ = 7 = 1 and in the Douglas-Rachford splitting
algorithm v =1 and A\, =1 for any n > 0, it turns out that the two iterative schemes are
equivalent in the following sense. If the sequence (z",y7, ...,y )n>0 is generated by the
primal-dual algorithm, then the sequence (uf, ..., u}, vy, ..., v} )n>0, where v} := y* 4+ 22" —
2" and vt = — yf“, for i = 1,..., k, is the one generated by the Douglas-Rachford
splitting algorithm. Conversely, if (uf,...,uf, v, ..., v} )n>0 is the sequence generated by
the Douglas-Rachford splitting algorithm, then (z",y7, ...,y )n>0, where y?* := utt —

1
vf_l,i =1,..,k and 2" :=u —y' + %Zle y;', is the one generated by the primal-dual
algorithm.

(ii) The alternating direction method of multipliers (ADMM) applied to the dual op-
timization problem (37) gives rise (see [9, Subsection 7.3.2]) for n > 0 to the following

iterative steps

nl = prox,—1,.(y; —u" —7"),i=1,....,k
1 k
_ 1
= >
i=1
un+1 — " + fn-i-l
which can be equivalently written as
Yt = PrOX 14+ (Y — (2u™ —u" 1)), i =1, ...,k
1k
unJrl = "+ Ezygl-i-l.
i=1

17



By defining 2™ := —u™ for all n > 0, this is further equivalent to

yZH—l =: prOprlgz* (yzn + (2xn - xn_l))J‘ = 17 I k
k
1
xn—i—l — " — % Zyln-‘rl
=1

Thus, the primal-dual method applied to (36) for o = 7 = 1 is equivalent to ADMM with
penalty parameter p = 1 applied to the dual (37).

(iii) Spingarn’s method, as described in [27, Section 5], applied to problem (36) gives
rise for n > 0 to the following iterative steps (here, Zle y? =0)

TP =t proxg(a” 4y i =1,k
Ty = 2"+y —yi=1,..k
k
1
1. T
2"t = % Ty
i=1
1k
A R D R

which can be equivalently written as

7= prox(a” + )i = 1k
k
1
"= 2t - 2 g
k =1
1 F
S = S Hi= 1k
i=1
and further as
= prox,: @ 422" —a”),i=1,..k.
1 k
xn—i—? = xn—&—l - Zy?+1
k i=1

One can recognize in the reformulation of Spingarn’s method the same structure as for
the primal-dual method in the case when ¢ =1 and 7 = 1.

5 Numerical experiments

In this section we present numerical experiments involving the primal-dual algorithm and
some of its variants when solving some nondifferentiable convex optimization problems
originating in image processing and in location theory.
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5.1 Image deblurring and denoising

The first numerical experiment concerns the solving of an ill-conditioned linear inverse
problem arising in image deblurring. To this end, we consider images of size M x N as
vectors x € R™ for m = M N, where each pixel denoted by z;;, 1 <¢ < M,1<j <N,
ranges in the closed interval from 0 (pure black) to 1 (pure white). For a given matrix
A € R™*™ describing a blur operator and a given vector b € R™ representing the blurred
and noisy image the task that we considered was to estimate the unknown original image
z* € R™ solving the linear system Ax = b.

To this aim we solved the following regularized convex nondifferentiable problem

inf {\|Aa:—b||2+/\1TV(x)+)\2HxH1}, (39)
z€[0,1]™

where TV : R™ — R is a discrete total variation functional, A1, Ay > 0 are regulariza-
tion parameters and the regularization is done by a combination of two functionals with
different properties.

Two popular choices for the discrete total variation functional are the anisotropic total
variation TV,niso : R™ — R

M—-1N-1
amso ‘-731—&—1,] $7,,]| + |$z,]+1 x’LJ‘
i=1 j=1
M-1 N-1
+ Z |Tip1, N — xi N |+ Z |Tarj4+1 — Tarjl
— =
and the isotropic total variation TVig, : R™ — R
M—-1N-1
1so Z Z \/ l’z+1,j - l’i,j)z + (-I'@'7j+1 — xi,j)2
M— N-1
Z Tit1,N — TiN| + Z |Zar 41 — Taaj] -
_ =

We denote ) = R™ x R™ and define the linear operator L : R™ — Y, z;;

(lei,ja LQ,T/L'J’), where

by = { 0 SN gy = { o e
The operator L represents a discretization of the gradient in the horizontal and vertical
directions. One can easily check that ||L||*> < 8 and that its adjoint L* : ) — R™ is as
easy to implement as the operator itself (cf. [11]).

We concretely looked at the 256 x 256 cameraman test image, which is part of the image
processing toolbox in Matlab. We scaled the pixels to the interval [0, 1] and vectorized the
image, obtaining a vector of dimension m = 256 x 256 = 65536. Further, by making use
of the Matlab functions imfilter and fspecial, we blurred the image as follows:

H=fspecial (’gaussian’,9,4); % gaussian blur of size 9 times 9
% and standard deviation 4

B=imfilter (X,H, conv’,’symmetric’); % B=observed blurred image
% X=original image
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In row 1 the function fspecial returns a rotationally symmetric Gaussian lowpass filter
of size 9 x 9 with standard deviation 4. The entries of H are nonnegative and their sum
adds up to 1. In row 3 the function imfilter convolves the filter H with the image X and
outputs the blurred image B. The boundary option ”symmetric” corresponds to reflexive
boundary conditions.

Thanks to the rotationally symmetric filter H, the linear operator A € R™*™ given
by the Matlab function imfilter is symmetric, too. By making use of the real spectral
decomposition of A it shows that ||A||*> = 1. After adding a zero-mean white Gaussian
noise with standard deviation 1073, we obtained the blurred and noisy image b € R™
which is shown in Figure 1. We solved (39) by applying Algorithm 17 for both instances

original blurred and noisy

Figure 1: The 256 x 256 cameraman test image

of the discrete total variation functional. Thus, when considering the anoisotropic total
variation, the problem (39) can be formulated as

inf {g1(Az) + g2(Lx) + g3(2) + 9a(2)}, (40)
where g1 : R™ — R, g1(z) = ||z — b%, g2 : Y = R, go(u,v) = M\]|(w,0)||1, g3 : R™ — R,
g3(x) = Xo||z|]1 and g4 : R™ — R is the indicator function of [0, 1]™.

When applying standard splitting algorithms in order to solve problem (40), one would
need determing the resolvents of A* o 9g; 0 A and L* o gy o L, for which in general no
exact formulae are available. On the other hand, the proposed primal-dual method asks
only for the proximal points of the conjugates of the particular functions, which, as it is
shown as follows, can be easily calculated.

For every p € R™ we have gi(p) = §llpll* + p”b and g5(p) = 0j_x, »,)= (p), While, for
every (p,q) € Y it holds g5(p, q) = dj—x, a;J" x[=r, a0 (P, @) Thus, for 0 > 0 and p, g € R™

we have
_ 2(p—bo)

ProXsgx (p) = Toxo

proxo’gé‘ (pa Q) = P[—/\l,)\l]mx[—Al,Al]’" (p7 Q),
pI'OXo.g§ (p) = P[*Az,)\Q]m(p)
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PD3gis° = 3.9435 PD3s° = 1.8170 PD3as° = 1.0319

- bl

Figure 2: Iterations 100, 200 and 300 when solving the problems (40) and (41) via Algo-
rithm 17

and

PLOX s (D) = P — 0 P1OXs5, 1 (50) =D — 0P am (5p) -

On the other hand, when considering the isotropic total variation, the problem (39) can
be formulated as

Jnf {g1(Ax) + g2(L2) + g3(z) + ga(2)} (41)

where the functions ¢1,g93 and g4 are taken as above and g2 : JV — R is defined as
- M N .
2(u,v) = Mll(w,0)[lx, where [|(-,)]lx = Y = R, [[(w,v)llx = 3250 250 yJui; + 07, is a
norm on the Hilbert space ). Thus for every (p,q) € Y it holds §5(p, q) = ds(p, ¢) and

PTOXagg (p7 q) = PS (p’ Q) )

where (cf. [8])

= . 2 2
S= PO eV ma, i el <

1<j<N
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Figure 3: Improvement in signal-to-noise ratio (ISNR)

and the projection operator Pg : Y — S is defined via

(Pij, i) — M (i, q;,j) -
s (v o, )

We considered as regularization parameter A\ = Ao = 2 x 107°, ¢ = 64 x 10~ and
7 = 140 when solving (40) and ¢ = 9 x 107% and 7 = 100 when solving (41). The top
line of Figure 2 shows the iterations 100, 200 and 300 when solving (40) via Algorithm 17,
while the bottom line of it shows the iterations 100, 200 and 300 when solving (41) via
the same algorithm, for each of them the value of the objective function at the respective
iterate being provided.

We also made some comparisons from the point of view of the quality of the recovered
images when solving (40) and (41) with Algorithm 17 and with the iterative method
from [10,13] relying on Tseng’s Forward-Backward-Forward algorithm. We considered the
latter not only because of its primal-dual nature, but also since it assumes only simple
forward evaluations of the linear continuous operators (and of their adjoints) involved in
the formulation of the optimization problems. For the iterative scheme from [10, 13] we
have chosen € = 0.012 and v = 0.3124. The comparisons concerning the quality of the
recovered images were made via the improvement in signal-to-noise ratio (ISNR), which

is defined as ,
—-b
ISNROQ~—10kgH)<|M | ),

2
[l — 2|

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

where x, b and =" denote the original, observed and estimated image at iteration n, respec-
tively. Figure 3 and Figure 4 show the evolution of the ISNR values and the decrease in
the objective function values, respectively, when solving (40) and (41) with the Algorithm
17 (PD) and with the algorithm from [10,13] (FBF), respectively. Algorithm 17 furnishes
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Figure 4: The decrease in the objective function values

after 300 iterations from the point of view of the quality of the recovered images the best
results, whereby here the isotropic total variation functional is the optimal choice. More
than that, as expected, due to the supplementary forward step, the algorithm in [10,13]
needs at each iterate more CPU time than Algorithm 17.

5.2 The Fermat-Weber problem

The second application of the primal-dual algorithm presented in this paper is with respect
to the solving of the Fermat-Weber problem, which concerns the finding of a new facility
in order to minimize the sum of weighted distances to a set of fixed points. We considered
the nondifferentiable convex optimization problem

k
P inf i - & 3
(Prw) zgﬁm{;Alliﬂ c||}

where ¢; € R™ are given points and A\; > 0 are given weights for i = 1, ..., k. We solved the
optimization problem (Ppy) by using Algorithm 19 for g; : R™ — R, g;(x) = \il|lz—¢|,i =
1, ..., k. With this respect we used that for ¢ = 1, ..., k it holds

con e, iyl < A, m
9 (W) = { 400, otherwise, VyeR

and, from here, when o > 0, that

z—o0c¢, if|z—oq| <\,

proxag;‘ (2:) = { N\ =—9Ci otherwise
tz—oci)?

Vz € R™.
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Figure 5: The progression of iterations of Algorithm 19 when solving the Fermat-Weber
problem for points and weights given by (42)

We investigated the functionality of the algorithm on two sets of points and weights,
often considered in the literature when analyzing the performances of iterative schemes for
the Fermat-Weber problem. In the light of the theoretical considerations made at the end
of the previous section, the convergence behaviour of classical splitting algorithms will not
differ from the one of the primal-dual method. Thus, we will compare the performances
of the primal-dual algorithm with the ones of a smoothing method recently proposed in
the literature and tested in the context of the the Fermat-Weber problem. In the last
years one can notice a dramatically increase of the number of publications dealing with
smoothing approaches for solving nonsmooth convex optimization problems. They become
popular since they provide good convergence rates, especially for the sequence of objective
values, motivated by the fact that they rely on fast gradient methods. By considering the
following two examples we would like to emphasize the fact that, in counterpart to the
splitting algorithms, they seem not to be appropriate when applied to location problems.

In a first instance we considered for k = 4 the points in the plane and the weights

Ccl1 = (59,0), Cy = (20,0), C3 = (—20,48), Cq = (—20, —48) and )\1 = )\2 = 5, )\3 = )\4 = 13,

(42)
respectively. The optimal location point is & = (0,0), however, the classical Weiszfeld
algorithm (see [22,30]) with starting point 2° = (44,0) breaks down, due to the fact that
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Figure 6: The progression of iterations of Algorithm 19 when solving the Fermat-Weber
problem for points and weights given by (43)

the sequence of generated iterates attains the point (20,0). On the other hand, Algorithm
19 with ¢ = 0.13, 7 = 7.6923 and y,g = (0,0),k = 1,...,4, achieved a point which is
optimal up to three decimal points after 15 iterations. Figure 5 shows the progression of
the iterations, while PD,, provides the value of the objective function at iteration n.

Recently, an approach for solving the Fermat-Weber problem was proposed by Gold-
farb and Ma in [21], which assumes the approximation of each of the functions in the
objective by a convex and differentiable function with Lipschitz-continuous gradient. The
optimization problem which this smoothing method yields is solved in [21] by the classical
gradient method (Grad) and by a variant of Nesterov’s accelerated gradient method (Nest)
(see [23]) and by a fast multiple-splitting algorithm (FaMSA-s) introduced in this paper.
We applied the smoothing approach in connection with these algorithms to the example
considered in (42) with smoothness parameter p equal to 1072 (chosen also in [21]) and
step sizes 7 = 0.1, 7 = 0.01 and 7 = 0.001. We stopped the three algorithms when
achieving an iterate 2" such that ||2™ — Z|| < 1073 and obtained in all cases the lowest
number of iterations for 7 = 0.1. A point which is optimal up to three decimal points was
obtained for Nest after 308 iterations, for Grad after 175 iterations and for FaMSA-s after
54 iterations, thus none of these iterative schemes attained the performance of Algorithm
19.
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For the second example of the Fermat-Weber problem we considered in case k = 5 the
points in the plane and the weights (see [15])

c1 = (0,0),co = (1,0),c3 = (0,1), ¢4 = (1,1),c5 = (100, 100) 43
and)\lz)\QZ)\gz/\4=1,)\5=4, ( )
respectively. The optimal location point is = (100, 100) and, by choosing the relative
center of gravity z° = (50.25,50.25) as starting point, we found out that not only the clas-
sical Weiszfeld algorithm, but also the approach from [21] described above in connection
to each of the methods Grad, Nest and FaMSA-s did not achieve a point which is optimal
up to three decimal points after millions of iterations. On the other hand, Algorithm 19
with o = 0.0001, 7 = 9999 and y = (0,0),k = 1,...,5, achieved a point which is optimal
up to three decimal points after 478 iterations. This example is more than illustrative
for the performance of the primal-dual Algorithm 19 in comparison to some classical and
recent algorithms designed for the Fermat-Weber problem. Figure 6 shows the progression
of the iterations, while PD,, provides the value of the objective function at iteration n.
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