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Abstract. We present two modified versions of the primal-dual splitting algorithm relying
on forward-backward splitting proposed in [27] for solving monotone inclusion problems.
Under strong monotonicity assumptions for some of the operators involved we obtain for
the sequences of iterates that approach the solution orders of convergence of O(%) and
O(w™), for w € (0,1), respectively. The investigated primal-dual algorithms are fully
decomposable, in the sense that the operators are processed individually at each iteration.
We also discuss the modified algorithms in the context of convex optimization problems
and present numerical experiments in image processing and pattern recognition in cluster
analysis.
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1 Introduction and preliminaries

The problem of finding the zeros of the sum of two (or more) maximally monotone op-
erators in Hilbert spaces continues to be a very active research field, with applications
in convex optimization, partial differential equations, signal and image processing, etc.
(see [1,6-9,13,14,27]). To the most prominent methods in this area belong the proximal
point algorithm for finding the zeros of a maximally monotone operator (see [23]) and the
Douglas-Rachford splitting algorithm for finding the zeros of the sum of two maximally
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monotone operators (see [16]). However, also motivated by different applications, the re-
search community was interested in considering more general problems, in which the sum
of finitely many operators appear, some of them being composed with linear continuous
operators [1,9,13]. In the last years, even more complex structures were considered, in
which also parallel sums are involved, see [7,8,14,27].

The algorithms introduced in the literature for these issues have the remarkable prop-
erty that the operators involved are evaluated separately in each iteration, either by for-
ward steps in the case of the single-valued ones (including here the linear continuous oper-
ators and their adjoints) or by backward steps for the set-valued ones, by using the corre-
sponding resolvents. More than that they share the common feature to be of primal-dual
type, meaning that they solve not only the primal inclusion problem, but also its Attouch-
Théra-type dual. In this context we mention the primal-dual algorithms relying on Tseng’s
forward-backward-forward splitting method (see [9,14]), on the forward-backward split-
ting method (see [27]) and on the Douglas-Rachford splitting method (see [8]). A relevant
task is to adapt these iterative methods in order be able to investigate their convergence,
namely, to eventually determine convergence rates for the sequences generated by the
schemes in discussion. This could be important when one is interested in obtaining an
optimal solution more rapidly than in their initial formulation, which furnish “only” the
convergence statement. Accelerated versions of the primal-dual algorithm from [14] were
already provided in [7], whereby the reported numerical experiments emphasize the ad-
vantages of the first over the original iterative scheme.

The aim of this paper is to provide modified versions of the algorithm proposed by Vi
in [27] for which an evaluation of their convergence behaviour is possible. By assuming
that some of the operators involved are strongly monotone, we are able to obtain for the
sequences of iterates orders of convergence of (’)(%) and O(w"), for w € (0,1), respectively.

For the readers convenience we present first some notations which are used throughout
the paper (see [1,3,4,17,24,28]). Let H be a real Hilbert space with inner product (-,-)
and associated norm || - || = \/(:,:). The symbols — and — denote weak and strong
convergence, respectively. When G is another Hilbert space and K : H — G a linear
continuous operator, then the norm of K is defined as || K|| = sup{||Kz| : z € H, ||z| < 1},
while K* : G — H, defined by (K*y, z) = (y, Kx) for all (x,y) € H x§, denotes the adjoint
operator of K.

For an arbitrary set-valued operator A : H = H we denote by Gr A = {(z,u) € HxH :
u € Az} its graph, by dom A = {x € H : Ax # 0} its domain and by A=! : H = H its
inverse operator, defined by (u,r) € Gr A~! if and only if (z,u) € Gr A. We say that
A is monotone if (x — y,u —v) > 0 for all (x,u), (y,v) € GrA. A monotone operator
A is said to be mazximally monotone, if there exists no proper monotone extension of the
graph of A on H x H. The resolvent of A, J4 : H = H, is defined by J4 = (Idy +4)71,
where Idy : H — H,Idy(z) = x for all z € H, is the identity operator on H. Moreover,
if A is maximally monotone, then J4 : H — H is single-valued and maximally monotone
( cf. [1, Proposition 23.7 and Corollary 23.10]). For an arbitrary v > 0 we have (see [1,
Proposition 23.2])

p € Jyaz if and only if (p,y '(z —p)) € Gr A
and (see [1, Proposition 23.18])

Jya+ 141097 dy = Idy . (1)



Let v > 0 be arbitrary. We say that A is y-strongly monotone if (x—y, u—v) > v||z—y||*
for all (z,u), (y,v) € Gr A. A single-valued operator A : H — H is said to be 7-cocoercive
if (v —y, Az — Ay) > || Az — Ay||? for all (x,y) € H x H. Moreover, A is y-Lipschitzian if
|Az — Ay|| < v||z —y|| for all (x,y) € H x H. A single-valued linear operator A : H — H
is said to be skew, if (x, Ax) = 0 for all z € H. Finally, the parallel sum of two operators
A,B:H = H is defined by ATB : H = H, AOB = (A~ + B-1)~L.

The following problem represents the starting point of our investigations (see [27]).

Problem 1 Let H be a real Hilbert space, z € H, A : H = H a maximally monotone
operator and C' : H — H an n-cocoercive operator for n > 0. Let m be a strictly positive
integer and, for any i € {1,...,m}, let G; be a real Hilbert space, r; € G;, let B; : G; = G;
be a maximally monotone operator, let D; : G; = G; be a maximally monotone and v;-
strongly monotone operator for v; > 0 and let L; : H — G; be a nonzero linear continuous
operator. The problem is to solve the primal inclusion

find T € H such that z € AT + Y _ L; ((B{OD;)(LT — ;) + CT, (2)
i=1
together with the dual inclusion
z—y L, € Az + Cx
v; € (B,LDDl)(sz — ’l“i), 1=1,....m.
(3)

We say that (Z,01,...,Um) € HX G1 X ... X G, is a primal-dual solution to Problem 1,

find 77 € Gy....,Uy, € G, such that oz € H : {

if

m
2= Y L € AT+ CT and v; € (B,OD;)(LiT — 1), i = 1,...,m. (4)

i=1
If T € H is a solution to (2), then there exists (U1,...,Up) € G1 X ... X G, such that
(Z,v1,...,Tpp) is a primal-dual solution to Problem 1 and, if (01,...,Tp) € G1 X ... X Gy, is
a solution to (3), then there exists # € H such that (Z,v1,..., 0y, ) is a primal-dual solution
to Problem 1. Moreover, if (Z,U1,...,Um) € HX G1 X ... X Gy, is a primal-dual solution to
Problem 1, then 7 is a solution to (2) and (v1,...,Um) € G1 X ... X Gy, is a solution to (3).
By employing the classical forward-backward algorithm (see [13,26]) in a renormed
product space, Vi proposed in [27] an iterative scheme for solving a slightly modified
version of Problem 1 formulated in the presence of some given weights w; € (0,1], i =
L,...,m, with >, w; = 1 for the terms occurring in the second summand of the primal
inclusion problem. The following result is an adaption of [27, Theorem 3.1] to Problem 1

in the error-free case and when A\, =1 for any n > 0.

Theorem 2 In Problem 1 suppose that

z € ran (A + iL: ((B;OD;)(Li - —3)) + C) .

i=1
Let 7 and o;, i = 1,...,m, be strictly positive numbers such that

1

2-min{r Y, oy .. 00 - min{n, vy, vt [ 1 -

m
Y aillLi? ] > 1.
=1



Let (20, 01,05, Um0) € HX Gi X...X Gy, and for alln > 0 set:

Tni1 = Jra [xn — 7'( Yo Liviy + Cxyy — z)}
Yn = 2Tpy1 — Tp
Vintl = JO'iBi_l [Vin + oi(Liyn — D;lvm 1)), i=1,..,m.

Then there exists a primal-dual solution (T,V1,...,Uy,) to Problem 1 such that x, — T and
(vl,n7"'7vm7n) — (@1,-“,6771) as n — +oo.

Notice that the work in [27] is closely related to [11] and [15], where primal-dual split-
ting methods for nonsmooth convex optimization problems are proposed. More exactly,
the convergence property of [11, Algorithm 1] provided in [11, Theorem 1] follow as spe-
cial instance of the main result in [27]. On the other hand, Condat proposes in [15] an
algorithm which can be seen as an extension of the one in [11] to optimization problems
in the objective of which convex differentiable functions occurr, as well.

The structure of the paper is as follows. In the next section we propose under ap-
propriate strong monotonicity assumptions two modified versions of the above algorithm
which ensure for the sequences of iterates orders of convergence of O(1) and O(w"), for
w € (0,1), respectively. In Section 3 we show how to particularize the general results in
the context of nondifferentiable convex optimization problems, where some of the func-
tions occurring in the objective are strongly convex. In the last section we present some
numerical experiments in image denoising and pattern recognition in cluster analysis and
emphasize also the practical advantages of the modified iterative schemes over the initial
one provided in Theorem 2. Numerical comparisons to other state-of-the-art methods for
solving convex nondifferentiable optimization problems are also given.

2 Two modified primal-dual algorithms

In this section we propose in two different settings modified versions of the algorithm in
Theorem 2 and discuss the orders of convergence of the sequences of iterates generated by
the new schemes.

2.1 The case A+ C' is strongly monotone

For the beginning, we show that, in case A + C is strongly monotone, one can guarantee
an order of convergence of O(L) for the sequence (2,)n>0. To this end, inspired by [29]
and [11], we update in each iteration the parameters 7 and oy, i = 1,...,m, and use
a modified formula for the sequence (y,)n>0. Due to technical reasons, we apply this
method in case D; ! is equal to zero for i = 1,...,m, that is D;(0) = G; and D;(z) = 0 for
x # 0. Let us notice that, by using the approach proposed in [7, Remark 3.2], one can
extend the statement of Theorem 8 below, which is the main result of this subsection, to
the primal-dual pair of monotone inclusions as stated in Problem 1.

More precisely, the problem we consider throughout this subsection is as follows.

Problem 3 Let H be a real Hilbert space, z € H, A : H = H a maximally monotone
operator and C : H — H a monotone and n-Lipschitzian operator for n > 0. Let m be a
strictly positive integer and, for any i € {1,...,m}, let G; be a real Hilbert space, r; € G;,



let B; : G; = G; be a maximally monotone operator and let L; : H — §G; be a nonzero
linear continuous operator. The problem is to solve the primal inclusion

find Z € H such that z € AT+ Y L (Bi(L:Z — ;) + CT, (5)
=1

together with the dual inclusion

z—Y L, € Az + Cx
v; € Bi(LZ'J? — 7“@'), 1= 1,....m.

find 71 € Gy,...,TU;m € Gy, such that dx € H : { (6)

As for Problem 1, we say that (Z,01,...,0p) € HX G1 X ... X G, is a primal-dual solution
to Problem 3, if

m
z— ZL;*@ € AT+ CT and T; € By(LiT — 1), i = 1,...,m. (7)
=1

Remark 4 One can notice that, in comparison to Problem 1, we relax in Problem 3 the
assumptions made on the operator C. It is obvious that, if C' is a n-cocoercive operator
for n > 0, then C is monotone and 1/n-Lipschitzian. Although in case C' is the gradient
of a convex and differentiable function, due to the celebrated Baillon-Haddad Theorem
(see, for instance, [1, Corollary 8.16]), the two classes of operators coincide, in general
the second one is larger. Indeed, nonzero linear, skew and Lipschitzian operators are not
cocoercive. For example, when H and G are real Hilbert spaces and L : H — G is nonzero
linear continuous, then (z,v) — (L*v,—Lx) is an operator having all these properties.
This operator appears in a natural way when considering primal-dual monotone inclusion
problems as done in [9].

Under the assumption that A + C' is y-strongly monotone for v > 0 we propose the
following modification of the iterative scheme in Theorem 2.

Algorithm 5
Initialization: Choose 79 > 0,0;0>0,¢=1,...,m, such that
10 <2y/n, A2 n+1, 1037 oillLill* < V14 10(2y = nmo) /A,
0y = 1/\/1—}—70(27—7)7'0)/)\ and (20, v1,05-.-sUm,0) EHXG1 X ... X Gpyy.
For n >0 set: xp41 = J(Tn/)\)A[a:n — (Tn/)\)(zzn:l Livip + Cxyp — z)]
Yn = Tn+1 + Hn(xn—i—l - xn)

Vint1 = Jcri,nBi_l[U"v" + 0in(Liyn —1i)], i =1,...,m

Tn+l = enTny 0n+1 = 1/\/1 + Tht1 (2'7 - 777—n+1)/)\7
Oin+1 = Oin/On+1, 1 =1,...,m.

Remark 6 Notice that in contrast to the algorithm in Theorem 2, we allow here variable
step sizes 7, and o0;,, 1 = 1,...,m, which are updated in each iteration. Moreover, for
every n > 0 the iterate y, is defined by using the sequence 6,. Dynamically adjusted
step sizes have been first proposed in [29] and then used in [11] in order to accelerate the
convergence of iterative methods when solving convex optimization problems.



Remark 7 Notice that the assumption 70> i, o0/ Li[|? < /14 70(2y — n7m0)/A in Al-
gorithm 5 is equivalent to 71 Y 1, 00/ Li||* < 1, being fulfilled if 79 > 0 is chosen such

that
o< VATV O, 22+ 1/
- (i giollLill2)? +n/A

Theorem 8 Suppose that A+ C' is y-strongly monotone for v > 0 and let (T, v1,...,Up,) be
a primal-dual solution to Problem 8. Then the sequences generated by Algorithm & fulfill
for anyn >0

A —
J2ns1 3] (1—nzmw)z'“” il
T T104,0

n+1 1
Mz — 7|2 V0 — T 1 — T m B
H > H Z || L zH H 5 H + = Z<Li(x1 _ fUO)aUz‘,O . Uz’>-
i —  T10ip 75 0 =

Moreover, lim nr, = %, hence one obtains for (zy)n>0 an order of convergence of O().
n—+4o00 -

Proof. The idea of the proof relies on showing that the following Fejér-type inequality
is true for any n > 0

A o N Vine1 —Til? [ Tng — T ||
) [#ns+2 — T +z_: P + 2 -

n+2 _ Tn—l—l
2 m
Z<Li($n+2 — Znp41), “Viny1 +0;) < (8)
Tn+1 % -
/\ 2 nsa _5E||2 Z Vi — s + [#n+1 _5EnH2
n
i =~ T Th

— Z a:n+1 — xn) —Vipn + E‘).
To this end we use first that in the light of the definition of the resolvents it holds for
any n >0

A

Tn+1

(.fUnJrl .il?nJrQ (Z L Vin+1 + Cl‘n+1 — Z) + C.ﬁUnJrQ € (A + C)l’nJrQ (9)
=1

Since A + C' is y-strongly monotone, (7) and (9) yield for any n > 0

12 _ A
Yznt2 = 2" < ( Tnt2 =T, ——(Tnt1 — Tny2) ) +
Tn+1
m m
<xn+2 -, — (Z L;ﬁvi’n+1 + C$n+1 — Z) + Cl‘n+2 — (Z — ZL;W) > = (10)
i=1 =1
A _ _
— (Tn42 = T, Tpt1 — Tng2) + (Tnt2 — T, Cnig — Capy) +
Tn+1
m

D (Li(Tns2 — ), 0 — vipga) -

=1



Further, we have

=12 |2 2
_ Tpt1 — T Tpy2 — T Tp+l — Tp+2
<$n+2 T, Tni1 — l‘n+2> || n+ 5 ” ” n+ 5 H H n+ 5 n+ || (11)

and, since C' is n-Lipschitzian,

IN

[Znt2 = Z[ - |Canta — Canp|
NTn+1 n
2 27—77,—1—1

Hence, it follows from (10)—(12) that for any n > 0, it holds

(Tpy2 —T,Crpyo — Cxpyy)

lnss — enitl® (12)

IA

Znr2 — 7| +

A _
( o nml) lena — 7 <
Tn+1

A e A— = L
|znr1 =22 = 2 anse — @nsal? + 23 (Li@nsz — 2), 5 — vips1)-
Tn+1 Tn+1 i1

Taking into account that A > n + 1, we obtain for any n > 0 that

A _
< Loy Wl) lensa — 7|2 <
Tn+1

A

Tn+1

1 m
201 — | — 771H$n+2 — Ty | + 2Z<Li(xn+2 —7),0; — Vipn+1). (13)
n+ i=1

On the other hand, for every i = 1,...,m and any n > 0, from
1

(Vin — Vin+1) + Liyn — 71 € By '0int1, (14)

Oin

the monotonicity of B; ' and (7), we obtain

Oin

)

1
0 < < (Vi — Vipt1) + Liyn — ri — (LiT — 13), Uiy — 'Ui>

1

= —(Vin — Vip+1:Vint+1 — Ui) + (Li(Yn — T), Vip+1 — i)

o

n
1 _ 1 _

= 5, lvin will* — 55 Vin = Vi1 ||® = 25, Mvim+1 = vil|?
,n ,n 7,n

+ (Li(Yn — @), Vins1 — i),

hence
. _ 7.2 .12 . 2
[in+s =il < [vin = Tll" _ Noin = vinsa] +2(Li(Yn — T), Vijnt1 — Ts)- (15)

Tin Tin Oin

Summing up the inequalities in (13) and (15) we obtain for any n >0

A 2 % Vi ns1 — ;|2
+27 = g ) e — 72 + 30 L o
Tn+1 i

i—1 Oin
ST o S ST TS i o LSl BT o
Tl — Oin Tn+1 — Tim

m
+2 Z<Li($n+2 — Yn), ~Vin+1 + Vi)
i=1

7



Further, since vy, = Znt1 + On(xnt1 — xy), for every i = 1,...,m and any n > 0, it holds

(Li(®n42 — Yn), —Vin+1 + 0i) = (Li(Tnt2 — Tng1 — On(Tng1 — Tn)), —Vims1 + i) =

(Li(Tnt2 — Tny1), —Vint1 +05) — Op(Li(Tnr1 — Tp), —Vign +0i) +

On(Li(Tny1 — Tn), —Vin + Ui,n+1> <

(Li(Tn+2 = Tn41)s —Vin+1 +0i) — O (Li(Tpt1 — Tn), —Vin +0i) +

Ol Lill*oin
2

||Ui,n — Vin+1 ||2
20i,n '

|Zn+1 — wnHQ +

By combining the last inequality with (16), we obtain for any n > 0

A o e i1 = Tl? Tt — o)
+ 29 =1 ) [ani2 7P + ) + -
Tn+1 .

i—1 Oin Tn+1
m
2> (Li(Tnia = Tn41), —Vint1 + Vi) < (17)
i1
A 2, = i — 12 S 2 2 2
A s -l S W 0 S 20, ) 82 e — el -
T+l i—1 Tin i—1
m
2 Z 0n<Li(l’n+1 — l’n), —Vin + 51).
i=1

After dividing (17) by 7,41 and noticing that for any n > 0

A 27 A
2 =3
Ta+1 Tn+1 Ta+2
Tn+10in = ThOin—1 — ... = 71050

and
(s ILilPoin) 05— mara Yoy I LillPoin 713 [ LilPoi0 <1
= g 27
Tn

Tn+1 Tr% T72L

it follows that the Fejér-type inequality (8) is true.
Let N € N, N > 2. Summing up the inequality in (8) from n =0 to N — 1, it yields

A _ "l N — U; 2 TN+l — TN 2
5 HxN-i-l _ HTHQ + Z H (2 lH + H + 5 H <
TN 1 P T30 N
A " jvio — |2 z1 — x|
72”331 _5”2 + Z I 4,0 ill + |21 _ ol + (18)
T1 i1 T104%,0 T

m
1 1
22 —(Li(znt1 — oN), —vin +U5) — —(Li(z1 — 20), —vio + i) | -
=1 ™ 70

Further, for every ¢ = 1,...,m we use the inequality

2 _
—(Li(xn41 — xN), —viN +T5) <
TN

oioll Lil|?

TR (Ximy oiollLil[?

Sty oiollLil?
==l B v

2

)HCL‘NH —an|* + s

8



and obtain from (18) that

2 2

AI!$N+1—wHQ levuv il _ Alles — 7 levzo vz||2 w1 — @o]?
TN_H P T104,0 - Ti P T105,0 70

2 & &Y ojollLl”?
+ i(x1 — o), vi0 — Ui) + § I lvin — 34|12,
i=1 40

which rapidly ylelds the inequality in the statement of the theorem.

We close the proof by showing that 1irJIrl nt, = A/7. Notice that for any n > 0,
n—-—+0o0

Tn

NiE ey (1)

Tn+1 =

Since 0 < 79 < 27v/n, it follows by induction that 0 < 7,41 < 7, < 79 < 27/n for any
n > 1, hence the sequence (7,,)n>0 converges. In the light of (19) one easily obtains that

lim 7, = 0 and, further, that lim T” =1. As (& Jn>0 1s a strictly increasing and
n——+00 n—-+00 Tn

unbounded sequence, by applying the Stolz Cesaro Theorem, it yields

. . n . n+l-—n . TnTn+1
lim nr, = lim = lm ——— = lim ————
n—+oo n—+o0o — n—+o0o — — — n—+00 T, — Tpi1
Tn Tn+1 Tn

TnTn+1(Tn + Tn—‘rl) TnTn+1(Tn + Tn—‘rl)

= lim 5 3 = lim 3
n——+oo T2 —Th n—+oo T2 T (2y — NTn)
Tn
= lim Tnf Tntl lim o 1 _ 2
- 2 = 2 =
n——4o0 Tn-i—l(% _ ng) n—-+0o T'Y _ ng v

Remark 9 Let us mention that, if A + C is y-strongly monotone with 4 > 0, then the
operator A+ 1" L¥(B;(L; - —r;)) + C is strongly monotone, as well, thus the monotone
inclusion problem (5) has at most one solution. Hence, if (Z,v1,...,7p,) is a primal-dual
solution to Problem 3, then T is the unique solution to (5). Notice that the problem (6)
may not have an unique solution.

2.2 The case A+ C and B; '+ D;!, i = 1,...,m, are strongly monotone

In this subsection we propose a modified version of the algorithm in Theorem 2 which
guarantees when A + C' and B, Ly D; 1 i =1,...,m, are strongly monotone orders of
convergence of O(w™), for w € (0, 1), for the sequences (xy,)n>0 and (Vi n)n>0, @ = 1,...,m.
The algorithm aims to solve the primal-dual pair of monotone inclusions stated in Problem
1 under relaxed assumptions for the operators C' and D;” 1 i=1,..,m. A same comment
as in Remark 15 can be made also in this context.

Problem 10 Let H be a real Hilbert space, z € H, A : H = H a maximally monotone
operator and C : H — H a monotone and 7n-Lipschitzian operator for n > 0. Let m be a
strictly positive integer and, for any i € {1,...,m}, let G; be a real Hilbert space, r; € G;,
let B; : G; = G; be a maximally monotone operator, let D; : G; = G; be a monotone



operator such that D Lis v;-Lipschitzian for v; > 0 and let L; : H — G; be a nonzero
linear continuous operator. The problem is to solve the primal inclusion

find T € H such that z € AT + Y _ L; ((B{OD;)(LT — ;) + CT, (20)
=1

together with the dual inclusion

z—y L7, € Az + Cx
v; € (BZDDZ)(LZZ‘ — T’i), 1=1,...,m.
(21)

find 71 € Gy,...,Um € Gy, such that 3z € H : {

Under the assumption that A + C' is 7-strongly monotone for v > 0 and B, L4 D, !
is d;-strongly monotone with §; > 0, ¢ = 1,....m, we propose the following modification of
the iterative scheme in Theorem 2.

Algorithm 11
Initialization: Choose p > 0 such that

p < min {32/12,03/V3.., 8%, v AT (e, ILIP T }

T = ”/(27)7 0 = M/(Q(Sl): 1=1,..,m,

6 €2/(2+ p),1] and (x0, v1,0,.--, Um,0) € HX Gi X...X Gpy.
For n >0 set: zp11=Jra [$n — T(Z;il Livip + Cxp — z)]

Yn = Tn41 + e(xn—‘rl - xn)

Vin+1l = JgiBi—l [Ui,n + Uz(Llyn - D;l

Vin —1i)], i =1,...,m.

Remark 12 Different to Algorithm 5, the step sizes are now constant in each iteration, as
it is also the case in Theorem 2. The major difference to the iterative scheme in Theorem
2 is given by the role played by the constant u, not only in the definition of the step sizes,
but also in the way the sequence (yn)n>0 is constructed (through the choice of ). Notice
that the situation when 6 = 1 provides the same definition of the latter as in the algorithm
stated in Theorem 2.

Theorem 13 Suppose that A + C is ~y-strongly monotone for v > 0, B;l + D;l s 0;-
strongly monotone for §; > 0, ¢ = 1,...,m, and let (T,V1,...,Vy) be a primal-dual solution
to Problem 10. Then the sequences generated by Algorithm 11 fulfill for any n > 0

m
Wwnir =27 + (1= w) D dillvin — B> <
=1

m m
w" (’Yllﬂ?l —ZP+ ) billvio —l* + %wllﬂfl — 2ol + o > (Li(w1 — 20),vi0 — Uz‘>> ,
=1 i=1

2040) _ ¢

where 0 < w = yay

Proof. For any n > 0 we have

1 N
— (@41 — Tnta) = (Z Livint1 + Crpgy — 2) + Cznyo € (A4 C)nga, (22)
i=1

10



thus, since A + C' is y-strongly monotone, (21) yields

e

nsa — 7P < <xn+z 7 e - a:n+2>> i

<$n+2 -, — (Z Livins1 + Capgr — Z) + Cpyr — (Z - ZLfvz) > = (23)

i=1 i=1
1 _ _
= (T2 = T, Tng1 — Tny2) + (Tny2 — T, Copya — Copyr) +

m
(Li(Tnt2 —T),0; — Ving1) -
=1

=

Further, by using (11) and
(tns2 = T, Css = Cansn) < 3 [t = + %HM — T,

we get from (23) that for any n > 0
1

(3 +3) lewsa -3l <

1 _ 1 P - -

o7 lent1 = z|* - (27 - ;) #nte = @t + Y (Lil@nts — ), 0 — vini1)-

i=1
After multiplying this inequality with u and taking into account that
2

p 1 7 ( u) 1 7 n”o_
£ = D)=y (v B andp (- L) =y - L2
o 7’“<2T+2> T\tg) e ”(27 2y ) " T Tt =

we obtain for any n > 0

7 (14 5) lanse = 7% < (24)
,_y m
Mani1 —=|* - §H9Cn+2 — T |® + MZ(Lz’(J«"nH —T),0i — Vipt1)-
i=1
On the other hand, for every i = 1,...,m and any n > 0, from
1 _ _ _ _
f(Uz’,n - Ui,n—l—l) + Liyn — D,L lvi,n —r; + DZ 1Ui,n+1 c (Bz ! + Dz 1)'Ui,n+17 (25)

7

the d;-strong monotonicity of B;l + D;l and (21), we obtain

(2

_ 1 _
Sillvip1 —wi)* < <U,(Ui,n — Vin+1), Vint1 — Uz'>
+ (Liyn — 7 — D; M + D i — (LiT — 714), Vi1 — 7;).(26)

Further, for every ¢ = 1,...,m and any n > 0, we have

1 B 1 3 1 1 _
7<Uz‘,n = Vint+1, Vip+1 — Vi) = 2Tl,llvi,n —ui||* - 27@,||Ui,n — Vi1l — T‘i”viﬂwl — v ||

11



and, since D, 1'is a v;-Lipschitzian operator,

1 . 0 52 4 Zi 2
i Vin+l — LU, Vin,Vintl — Vi) > S ||Vint+l — Vs Vint+1 — Uinl|| -
(D D )< 2+ el 2 e

Consequently, from (26) and(27) we obtain for every ¢ = 1,...,m and any n > 0:

1 0;
<%i + 2Z> [vint1 — Tsl|* <

1 _ 1 7 _ _
ol = = (51 = 55 ) lksn = il T = 90, Ts = ),

which, after multiplying it by u (here is the initial choice of p determinant), yields

O
6 (14§ ) i =Tl < 6ilfoi =0l 5 s s =il (L), Bt (28)

We denote .
an = Y| Tns1 — EH2 + Z&me - 5i||2 Vn > 0.
=1

Summing up the inequalities in (24) and (28), we obtain for any n > 0

(1 n g) tni1 < an (29)

m

*%Hxn+2*$n+1“2*2 ||Uzn Uzn+1|| +MZ i(Tnt2 — Un )vﬁi*vi,n+1>-
i=1 =1

Further, since y, = 241 + 0(zn+1 — o) and w < 0, for every i = 1,...,m and any n > 0,
it holds

(Li(Tn+2 — Yn), Ui — Ui,n+1> = (Li (xp42 — Tnt1 — O(@pg1 — 2n)) , Ui — Ving1) =
(Li(Tnt2 = Tn41), Vi — Vip+1) — W(Li(Tnt1 — Tn), Vi — Vip) +
W{Li(Tn+1 — Tn); Vint1 — Vin) + (0 — W) {Li(Tnt1 — Tn), Vips1 — 0i) <
<Lz(-7;n+2 - anrl) 'Uz',n+1> - <L'($n+1 - wn)a@i - Ui,n> +
|’xn+1 _5Un|| ||Uzn+1 UinH2
L; L; 0; 2
N e T

[2n41 = @nl® | ¢ vint1 — T
0 — w)||L; L; 5; 1 -
L e R T

(Li(Tn+2 — Tng1), Ui — Vipg1) — W{Li(Tns1 — Tn), Ui — Vi) +

|2 e SR
HﬂwHLi‘|2Hxn+1 fL'n” _‘_dH'Uz,n—H ’Uz,n” n (G—w)élw

26; ! 2u 2uw
Taking into consideration that
12 _
QWZHL” w<loadr4 b=t 07w
2 2w w

12



from (29), we obtain for any n > 0
1 Y
“an+1+ 2| Tnr2 — g <
w 2

0 —w o~ 0 >
an + %WH%H - $n||2 T T <an+1 - ; éﬂvi,nﬂ - “i||2> +
m
wY - (Li(znsz = Tn41), 0 = viga1) = (Li@nt1 = 20), 0 = vi))-
i=1

Asw <60 and any1 — Y iy %vaﬂ —9;||? > 0, we further get after multiplying the last
inequality with w™" the following Fejér-type inequality that holds for any n > 0

m
w a0+ %w_"Hxnw — 2|+ pw ™Y (Li@ats = Tos1), Vi1 — i) <
i=1
/_y m
w "a, + §w*(”’1)Hxn+1 — x| + w1 Z<Li(xn+1 — Zn), Vip — Uj). (30)

[y

1=

Let N € N, N > 2. Summing up the inequality in (30) from n =0 to N — 1, it yields

m
w_Na,N + %W_N—HH{L‘N — $N+1H2 + MW_N+1 Z(Li<mN+1 — xN),vi,N — @i> S
i=1

m
ap + %WHM — zo* + /M.Z;@i(l’l — 20),vi,0 — Vi)
1=

Using that

_plLal
19,

; .
(Li(N41 — TN), vin — T5) > ey — 2N — ;ZHUZ',N —Tl?, i =1,..,m,

this further yields

-N —N+1 [ 7 M2 - HLzH2 2 —N+1 % — 12
w tay +w >~ len = zn |2 =™ Silloiy —wl® <

2 4T i=1
7 m
ap + 5&)”1‘1 — 1’0”2 + pw Z<Li(.’£1 — 1‘0), Vi,0 — 6i>- (31)
i=1

Taking into account the way p has been chosen, we have

hence, after multiplying (31) with w™, it yields

m m
anN — UJZ&'HU@N — E’HQ < wN <a0 + %UJHSEl — :L‘0||2 + pw Z(Li(:m — LU(]),ULO — UZ>) .

i=1 i=1

The conclusion follows by taking into account the definition of the sequence (ap)n>0. W

13



Remark 14 If A + C is 7-strongly monotone for v > 0 and B, Ly D; Lis §;-strongly
monotone for §; > 0, i = 1,...,m, then there exists at most one primal-dual solution to
Problem 10. Hence, if (Z,71,...,V,,) is a primal-dual solution to Problem 10, then 7 is the
unique solution to the primal inclusion (20) and (v1,...,Ty,) is the unique solution to the
dual inclusion (21).

Remark 15 The modified versions Algortihm 5 and Algorithm 11 can handle Problem 1
under more general hypotheses than the original method given in [27]. Indeed, convergence
was shown under more general hypotheses on the operator C for the first (see also Remark
4) and on the operators D;,i = 1,...,m for the latter. More than that, we can provide
in both cases a rate of convergence for the sequence of the primal iterates and in case
of Algorithm 11 one for the sequence of dual iterates, as well, in particular also strong
convergence.

Remark 16 As mentioned in the introduction, in [7] accelerated versions of the algo-
rithm from [14] have been proposed. The algorithms in [7] and the ones proposed in this
manuscript are designed to solve the same type of problems and under the same hypothe-
ses concerning the operators involved (compare [7, Theorem 3.3] with Theorem 8 above
and [7, Theorem 3.4] with Theorem 13, respectively). The rates of convergence obtained
in [7] and in our paper are the same.

On the other hand, our schemes differ from the ones in [7] in some fundamental aspects.
Indeed, we propose here accelerated versions of the algorithm given in [27], which relies
on a forward-backward scheme, while in [7] the accelerated versions are with respect to
a forward-backward-forward scheme. In contrast to the forward-backward-forward algo-
rithm, which requires additional sequences to be computed, the forward-backward scheme
needs fewer steps, thus presents from theoretical point of view an important advantage.
This applies also for the accelerated versions of these algorithms. The mentioned advan-
tage is underlined also by the numerical results presented in the last section of our paper.
Moreover, one can notice that in Algorithm 5 at every iteration when evaluating the op-
erators B; different step sizes (in form of the parameters o;,,) for i = 1,...,m have been
considered, which is not the case with the iterative scheme in [7, Theorem 3.3] where for
the evaluation of the same operators the same step size has been used. Individual step
sizes possess the advantage that in this way the operators B;, ¢ = 1,...,m can be more
involved in the algorithm and in the improvement of its convergence properties. A similar
remark can be made also for the iterative scheme in [7, Theorem 3.4] and Algorithm 11.

3 Convex optimization problems

The aim of this section is to show that the two algorithms proposed in this paper and
investigated from the point of view of their convergence properties can be employed when
solving a primal-dual pair of convex optimization problems.

For a function f : H — R, where R := RU{#o00} is the extended real line, we denote by
dom f ={x € H: f(x) < +oo} its effective domain and say that f is proper if dom f # ()
and f(x) # —oo for all x € H. We denote by I'(H) the family of proper convex and lower
semi-continuous extended real-valued functions defined on H. Let f* : H — R, f*(u) =
supgen{(u,z) — f(x)} for all w € H, be the conjugate function of f. The subdifferential of
fatx e H, with f(z) € R, is the set f(z) :={veH: f(y) > f(x)+ (v,y—x) Vy € H}.
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We take by convention df(z) := 0, if f(z) € {£oo}. Notice that if f € T'(H), then Of is a
maximally monotone operator (cf. [22]) and it holds (f)~! = df*. For f,g:H — R two
proper functions, we consider their infimal convolution, which is the function fOg : H — R,
defined by (fOg)(z) = infyen{f(y) + g(z —y)}, for all z € H.

Let S C H be a nonempty set. The indicator function of S, 65 : H — R, is the function
which takes the value 0 on S and 400 otherwise. The subdifferential of the indicator
function is the normal cone of S, that is Ng(x) = {u € H : (u,y —x) < 0 Vy € S}, if
x € S and Ng(z) =0 for = ¢ S.

When f € T'(H) and v > 0, for every z € H we denote by prox,;(z) the prorimal
point of parameter « of f at x, which is the unique optimal solution of the optimization
problem

int {0+ 5y —alP}. (32)

Notice that J,gr = (Idy +y0f)~! = prox. s, thus prox.,, : H — H is a single-valued
operator fulfilling the extended Moreau’s decomposition formula

PrOX., ; +7 Prox(y /) p« 0y~ ' Idgy = Idy, . (33)

Let us also recall that the function f : H — R is said to be ~y-strongly convez for v > 0,
if f— 2|l |*is a convex function. Let us mention that this property implies v-strong
monotonicity of df (see [1, Example 22.3)).
Finally, we notice that for f = dg, where S C H is a nonempty convex and closed set,
it holds
Jyng = JIng = Josg = (Idy +Ng) ™! = proxs, = Ps, (34)

where Pg : H — C denotes the projection operator on S (see [1, Example 23.3 and Example
23.4]).

In order to investigate the applicability of the algorithm introduced in Subsection 2.1
we consider the following primal-dual pair of convex optimization problems.

Problem 17 Let H be a real Hilbert space, z € H, f € T'(H) and h : H — R a convex and
differentiable function with a n-Lipschitzian gradient for n > 0. Let m be a strictly positive
integer and, for any ¢ € {1,...,m}, let G; be a real Hilbert space, r; € G;, g; € I'(G;) and let
L; : H — G; be a nonzero linear continuous operator. Consider the convex optimization
problem

zeH

inf { F@)+ Y giLiw —15) + hiz) — (=, z>} (35)
=1

and its Fenchel-type dual problem

sup {_(f*Dh*) (,z — Z Lm) - Z (97 (vi) + (vi,m))} . (36)
i=1

v;€G;,i=1,..,m i=1
Considering maximal monotone operators

A=0f,C=Vhand B; =0¢;, i =1,...,m,
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the monotone inclusion problem (5) reads

find T € H such that z € 9f(T) + > _ L} (9gi(LiT — i) + VA(T), (37)
=1

while the dual inclusion problem (6) reads

_ _ 2= Liv; € 0f(z) + Vh(x)
find 71 € Gi,..., U, € G, such that oz € H : { i € 0s(Lix — 14), i = 1,0, m. (38)
If (Z,71,...,Um) € HX G1 X ... X Gy is & primal-dual solution to (37)-(38), namely,
2= Liv; € Of () + VA(T) and U; € gi(LiT — 13), i = 1,...,m, (39)

i=1
then T is an optimal solution of the problem (35), (v1,...,Ty,) is an optimal solution of
(36) and the optimal objective values of the two problems coincide. Notice that (39) is
nothing else than the system of optimality conditions for the primal-dual pair of convex
optimization problems (35)-(36).

In case a qualification condition is fulfilled, these optimality conditions are also neces-
sary. For the readers convenience, let us present some qualification conditions which are
suitable in this context. One of the weakest qualification conditions of interiority-type
reads (see, for instance, [14, Proposition 4.3, Remark 4.4])

(r1yeeeyTm) € sqri <H dom g; — {(L1z,..., L,x) : € dom f}) . (40)

i=1
Here, for H a real Hilbert space and S C H a convex set, we denote by
sqriS :={z € S : Uy>oA(S — ) is a closed linear subspace of H}

its strong quasi-relative interior. Notice that we always have int S C sqriS (in general
this inclusion may be strict). If # is finite-dimensional, then sqriS coincides with ri S,
the relative interior of S, which is the interior of S with respect to its affine hull. The
condition (40) is fulfilled if (i) domg; = G;, i = 1,...,m or (ii)) H and G; are finite-
dimensional and there exists x € ridom f such that L;x — r; € ridomg;, ¢ = 1,....m
(see [14, Proposition 4.3]). Another useful and easily verifiable qualification condition
guaranteeing the optimality conditions (39) has the following formulation: there exists
2" € dom fNN, L; *(r;+dom g;) such that g; is continuous at Lz’ —r;, i = 1,...,m (see [4,
Remark 2.5] and [6]). For other qualification conditions we refer the reader to [1,3-5,28].

The following two statements are particular instances of Algorithm 5 and Theorem 8,
respectively.

Algorithm 18
Initialization: Choose 79 > 0,050 >0,¢=1,...,m, such that
T <2y/n, A=n+1, 103" oiollLill? < /14 70(2y — 170) /X
Oy = 1/\/1+T()(2’)/—77T0)//\ and (.%'0, V104000 Ump) EHXGLX...XGp.
For n >0 set: Zn41 = ProX(, /\ys [@n, — (70 /A) (X0 Livin + Vh(zy) — 2) ]
Yn = Tp+1 + en(ﬂjn—i—l - xn)
Vint1 = ProX,, - [Vin + 0in(Liyn —1i)], i =1,....m
Tn+1 = enTn; 0n+1 = 1/\/1 + Tn+1(27 - 777-n+1)/)\
Oin+l = O-i’n/gnJrl, 1= 1,...,m.
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Theorem 19 Suppose that f + h is y-strongly convex for v > 0 and the qualification
condition (40) holds. Then there exists a unique optimal solution T to (35), an optimal
solution (U1,...,Ty) to (36) fulfilling the optimality conditions (39) and such that the op-
timal objective values of the problems (35) and (36) coincide. The sequences generated by
Algorithm 18 fulfill for any n >0

A -
”xn-‘rzl IH <1 -7 ZUZOHL H2> Z Hvzn UZ”
T, T104,0

n+1 i=1
>\Hfb‘1 —7|? [vio — UzH H$1 —xol® | 2 & -
Z s+ — > (Li(x1 — x0),vi0 — V).
i—1 7'10'10 7'0 T0 i—1

Moreover, lim nr, = %, hence one obtains for (zy)n>0 an order of convergence of O().
n—+o00 -

Remark 20 The uniqueness of the solution of (35) in the above theorem follows from [1,
Corollary 11.16].

Remark 21 In case h(z) = 0 for all € H, one has to choose in Algorithm 18 as initial
points 79 > 0,050 > 0, i = 1,..,m, with 79> e, o0l Li||> < /1 + 2707/ and A > 1
and to update the sequence (0,,),>0 via 0, = 1/1/1 4 27,7/ for any n > 0, in order to
obtain a suitable iterative scheme for solving the pair of primal-dual optimization problems
(35)-(36) with the same convergence behavior as of Algorithm 18. In this situation, when
chosing A =1, m =1, 2z = 0 and r; = 0, one obtains an algorithm which is equivalent to
the one presented by Chambolle and Pock in [11, Algorithm 2.

We turn now our attention to the algorithm introduced in Subsection 2.2 and consider
to this end the following primal-dual pair of convex optimization problems.

Problem 22 Let H be a real Hilbert space, z € H, f € T'(H) and h : H — R a convex and
differentiable function with a n-Lipschitzian gradient for n > 0. Let m be a strictly positive
integer and for any i € {1,...,m} let G; be a real Hilbert space, r; € G;, g;,l; € T'(G;) such
that [; is v, Lstrongly convex for v; > 0 and L; : H — G; a nonzero linear continuous
operator. Consider the convex optimization problem

inf {f(x) + ) (9:00) (Lix — 73) + h(x) — (x, z)} (41)

TEH =1
and its Fenchel-type dual problem
m
sup —(f On) | 2z - z:L*vz - Z (g7 () + 15 (v5) + (viym4)) ¢ (42)
v;€G;,1=1,...,m i=1
Considering the maximal monotone operators
A=0f,C=Vh,B; =0¢g; and D; =0l;, i =1,....m,

according to [1, Proposition 17.10, Theorem 18.15], Di_1 = VI? is a monotone and v;-
Lipschitzian operator for ¢ = 1,...,m. The monotone inclusion problem (20) reads

find 7 € H such that z € f(Z) + ZL* ((09;000;)(LiT — 14)) + Vh(T), (43)
=1
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while the dual inclusion problem (21) reads

z— " Lt € 0f (x) + Vh(z)

v; € (0¢;800L)(Lixz — 1), © = 1,...,m.
(44)

If (Z,01,...,0m) € HX G1 X ... X Gy, is a primal-dual solution to (43)-(44), namely,

find 71 € G1,..., U € Gy, such that Iz € H : {

2= " Livi € 0f(2) + V(@) and T; € (9g:00L) (LT —14), i = Lym,  (45)
i=1

then Z is an optimal solution of the problem (41), (v1,...,Tp,) is an optimal solution of
(42) and the optimal objective values of the two problems coincide. Notice that (45) is
nothing else than the system of optimality condition for the primal-dual pair of convex
optimization problems (41)-(42).

The assumptions made on [; guarantees that ¢;00l; € I'(G;) (see [1, Corollary 11.16,
Proposition 12.14]) and, since dom(g;0l;) = domg; + dom/{;, ¢ = 1,...,m, one can can
consider the following qualification condition of interiority-type in order to guarantee (45)

(P1yeee, 7)) € sqri (ﬁ(domgi +doml;) — {(Liz,..., Lyyx) : € dom f}) ) (46)
i=1

The following two statements are particular instances of Algorithm 11 and Theorem
13, respectively.

Algorithm 23
Initialization: Choose p > 0 such that

< min {32/12,03/V3,..., 8%, v AT (e, ILIP T },

T= U/(27)7 0 = :u/(25i)7 i=1,..,m,

0 €[2/(2+ p),1] and (zg, V1,05, Vm,0) € H X G1 X ... X Gy
For n >0 set: 41 = prox,; [xn — T(Z?il L¥vin + Vh(z,) — z)]

Yn = Tpy1 + 0($n+1 - xn)

Vi1 = ProXg, g« [Vin + 0i(Liyn — VU (vin) —1i)], i =1,...,m.

Theorem 24 Suppose that f + h is y-strongly convex for v > 0, g° + I} is d;-strongly
convex for 0; > 0, i = 1,....m, and the qualification condition (46) holds. Then there
exists a unique optimal solution T to (41), a unique optimal solution (Ui,...,Tp,) to (42)
fulfilling the optimality conditions (45) and such that the optimal objective values of the
problems (41) and (42) coincide. The sequences generated by Algorithm 23 fulfill for any
n>0

m
Yanir =2+ 1= w) Y Gillvin — il <
i=1

m m
w" (’Y||331 -z|* + Z;@‘\Uz‘,o —ui|* + %wllm — @ol|* + pw z;@z‘(fﬁl —20),Vi,0 — Uz‘>> :
1= 1=

2(1+6)
Atp

where 0 < w = < 1.
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Remark 25 Let us mention that g+ is §;-strongly convex if, for example g} (or [}) is d;-
strongly convex, ¢ = 1,...,m. Another situation which guarantees that g; +17 is 0;-strongly
convex is the case when g} is a;-strongly convex, [} is B;-strongly convex, where «;, 8; > 0
are such that o; + ; > 9;,4 = 1,...,m. Finally, according to [1, Theorem 18.15], g/ is
a;-strongly convex if and only if g; is Fréchet-differentiable and Vg; is a;l—Lipschitzian
fori=1,...,m.

4 Numerical experiments

In this section we illustrate the applicability of the theoretical results in the context of two
numerical experiments in image processing and pattern recognition in cluster analysis.

4.1 Image processing

In this subsection, we compare the numerical performances of Algorithm 18 with the
ones of other iterative schemes recently introduced in the literature for solving an image
denoising problem. To this end, we treat the nonsmooth regularized convex optimization
problem

) 1 9
int {3l =07+ v (o)} (47)

where TV : R¥ — R denotes a discrete total variation functional, o > 0 is a regularization
parameter and b € R” is the observed noisy image. Notice that we consider images of size
k= M x N as vectors z € R¥, where each pixel denoted by i, 1 <i<M,1<j<N,
ranges in the closed interval from 0 (pure black) to 1 (pure white).

Two popular choices for the discrete total variation functional are the isotropic total
variation TV, : RF — R,

M-1N-1
TVio(2) = > \/(:L‘i+1,j — i j)* + (Tij1 — ij)?
i=1 j=1
M1 N-1
+ |Zit1,N — @i N| + Z |2 a1 — Tag]
i-1 i=1

and the anisotropic total variation T Vapiso : RF — R,

M—-1N-1
TVaniso(fc) = Z Z ‘$i+1,j - Tij| + |.’L'i’j+1 - xivj‘
=1 j—1
M-1 N-1
+ Z [Ziv1,n — @i N|+ Z EIVRESE I VRIR
i—1 j=1

where in both cases reflexive (Neumann) boundary conditions are assumed. Obviously, in
both situations the qualification condition stated in Theorem 19 is fulfilled.

Denote ) = RF x R* and define the linear operator L : RF — ), zi; — (L1 j, Lax; j),
where

Tiv1i — Xiq, i< M Tiir1l — Xiq, ifj<N
Lz = { 02-1—17] .7 PR and Lox; j = { Ow—i—l 1,5 ifj’ SN
bl - ) -
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(a) Noisy image, o = 0.06 (b) Noisy image, o = 0.12 Figure 1: The noisy im-
ages in (a) and (b) were
obtained after adding white
Gaussian noise with stan-
dard deviation ¢ = 0.06
and o = 0.12, respec-
tively, to the original 256 x
256 lichtenstein test image.
The outputs of Algorithm
18 after 100 iterations when
solving (47) with isotropic
total variation are shown in
(c) and (d), respectively.

(c) Denoised image, a = 0.035 (d) Denoised image, a = 0.07

The operator L represents a discretization of the gradient in horizontal and vertical direc-
tion. One can easily check that ||L]|?> < 8 while for the expression of its adjoint L* : ) — R*
we refer the reader to [10].

When considering the isotropic total variation, the problem (47) can be formulated as

inf {h(z) + g(Lo)}, (48)
zERF
where h : R¥ — R, h(z) = 3|lz — b||? is 1-strongly convex with 1-Lipschitzian gradient,

and g : Y — R is defined as g(u,v) = «af|(u,v)||x, where ||(-,)||x : Y = R, [[(u,v)]|x =
M Zé\;l A /u?’j + vi2,j= is a norm on the Hilbert space ). One can show (cf. [7]) that
g*(p7 Q) = 5S(pa q) for every (p7 q) € )Y, where

_ . 2 2
S=4(qe): max \/pi;+a; <o
1<j<N
Moreover, by taking (p,q) € Y and o > 0, we have
ProXg g« (p7 Q) = Pg (pa Q) )
the projection operator Ps : Y — S being defined via

(Pijs i)

(pi,j7Qi,j) = o
/.2 2
max {a, Dij + qiyj}

20
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isotropic TV anisotropic TV

e=10"°

o =0.06 o =0.12 o =0.06 o =0.12
FB 10.55s (548) 25.78s (1335)  7.83s (517)  12.36s (829)
Algorithm 18 3.12s (177)  4.82s (275)  2.66s (202)  3.87s (290)
FBF 19.71s (698) 48.84s (1676) 15.39s (651) 24.60s (1040)
FBF Acc 3.51s (134)  5.94s (208)  3.51s (146)  4.82s (202)
AMA 19.34s (969) 45.94s (2313) 13.58s (901) 22.14s (1448)
AMA Acc 3.38s (132)  5.31s (205)  3.42s (154)  4.80s (230)
Nesterov (dual)  4.48s (146) 6.94s (230)  3.61s (172) 5.42s (249)
FISTA (dual)  3.26s (148)  5.02s (229)  3.14s (173)  4.52s (256)

Table 1: Performance evaluation for the images in Figure 1. The entries refer, respectively,
to the CPU times in seconds and the number of iterations in order to attain a root-mean-
square error for the primal iterates below the tolerance level of ¢ = 1075,

On the other hand, when considering the anisotropic total variation, the problem (47)
can be formulated as

inf {h(z) +§(Lo)} (49)
TERK

where the function h is taken as above and g : ) — R is defined as g(u,v) = «||(u,v)||1.

For every (p,q) € Y we have g*(p,q) = 5[_a o]F x[—a a]k(p, q) and therefore

ProX,g: (P, 4) = Pi_ ot ¢ (—a,apt (P @)

We consider the lichtenstein test image of size 256 times 256 and obtain the corrupted
images shown in Figure 1 by adding white Gaussian noise with standard deviation o = 0.06
and o = 0.12, respectively. We then solve (47) by making use of Algorithm 18 and by
taking into account both instances of the discrete total variation functional. For the picture
with noise level o = 0.06, we choose the regularization parameter o = 0.035, while, in the
case when o = 0.12, we opted for o« = 0.07. As initial choices for the parameters occuring
in Algorithm 18, we let v = 0.35, n = 1, A =+ 1, 79 = 0.6%, and 0 = TP The
reconstructed images after 100 iterations for isotropic total variation are shown in Figure
1.

We compare Algorithm 18 from the point of view of the CPU time in seconds which is
required in order to attain a root-mean-square error (RMSE) below the tolerance e = 1075
with respect to the primal iterates. Therefore, Table 1 shows the achieved results where
the comparison is made with the foward-backward method (FB) by Vi in [27], the foward-
backward-forward method (FBF) due to Combettes and Pesquet in [14] and its acceleration
(FBF Acc) proposed in [7], the alternating minimization algorithm (AMA) from [25] and
its Nesterov type (cf. [20]) acceleration (AMA Acc), as well as the FISTA (cf. [2]) and
Nesterov method (cf. [21]), both operating on the dual problem.

As supported by Table 1, Algorithm 18 competes well against all these methods and
provides an accelerated behavior when compared with the forward-backward method by
Vi in Theorem 2. In both of these algorithms, we made use of the ability to process the
continuously differentiable function z — % ||z —b||? via a forward evaluation of its gradient.

21



. j, v Figure 2: Clustering two interlocking half
v %'9;' v‘vvvvv' moons. The colors (resp. the shapes) show
v
LA A v v':v the correct affiliations.
v
 did e° wy v
Vv oD \ °
Vv °°xp :% v e o
v 150 oo.' N
2.‘ y .0.’. &° ??...
.!. ‘ .... e
% e

4.2 Clustering

In cluster analysis one aims for grouping a set of points such that points within the same
group are more similar to each other (usually measured via distance functions) than to
points in other groups. Clustering can be formulated as a convex optimization problem
(see, for instance, [12,18,19]). In this example, we consider the minimization problem

. 1 -
inf &S = wll? 4 Y wiglla = gl (50)
=1

z; €ER™ i=1,....m Y

where v € Ry is a tuning parameter, p € {1,2} and w;; € R, represent weights on the
terms ||x; — xjl|p, for 4, j = 1,...,m, i < j. For each given point u; € R", i =1,...,m,
the variable x; € R" represents the associated cluster center. Since the objective function
is strongly convex, there exists a unique solution to (50).

The tuning parameter v € Ry plays a central role within the clustering problem.
Taking v = 0, each cluster center x; will coincide with the associated point wu;. As 7y
increases, the cluster centers will start to coalesce, where two points u;, u; are said to
belong to the same cluster when x; = ;. One finally obtains a single cluster containing
all points when ~ becomes sufficiently large.

Moreover, the choice of the weights is important as well, since cluster centers may
coalesce immediately as v passes certain critical values. In terms of our weight selection,
we use a K-nearest neighbors strategy, as proposed in [12]. Therefore, whenever i, j =
1,...,m, i < j, we set the weight to w;; = ij» exp(—¢||zi — z;||3), where

K 1, if j is among ¢’s K-nearest neighbors or vice versa,
L:: = .
K 0, otherwise.

We consider the values K = 10 and ¢ = 0.5, which are the best ones reported in [12] on a
similar dataset.

Let k be the number of nonzero weights w;;. Then, one can introduce a linear operator
A:R™ — RF" such that problem (50) can be equivalently written as

inf {h(x)+ g(Az)}, (51)

rER™M™

the function h being 1-strongly convex and differentiable with 1-Lipschitzian gradient.
Also, by taking p € {1,2}, the proximal points with respect to g* admit explicit represen-
tations.
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e=10"* e=10"8 e=10"* e=10"8

FB 2.48s (1353)  5.72s (3090) 2.01s (1092)  4.05s (2226)
Algorithm 18 2.04s (1102)  4.11s (2205) 1.74s (950) 3.84s (2005)
FBF 7.67s (2123)  17.58s (4879)  6.33s (1781)  13.22s (3716)
FBF Acc 5.05s (1384)  10.27s (2801)  4.83s (1334)  9.98s (2765)

Nesterov (dual)  7.85s (3811)  42.69s (21805)  7.46s (3936) > 190s (> 100000)

)
)
)
)
AMA 13.53s (7209)  31.09s (16630)  11.31s (6185)  23.85s (13056)
)
)
) 51.01s (27356)  6.55s (3550)  47.81s (26069)

(
(
AMA Acc 3.10s (1639)  15.91s (8163)  2.51s (1392)  12.95s (7148)
(
(

FISTA (dual)  7.55s (4055

Table 2: Performance evaluation for the clustering problem. The entries refer to the CPU
times in seconds and the number of iterations, respectively, needed in order to attain a
root mean squared error for the iterates below the tolerance e.

For our numerical tests we consider the standard dataset consisting of two interlocking
half moons in R?, each of them being composed of 100 points (see Figure 2). The stopping
criterion asks the root-mean-square error (RMSE) to be less than or equal to a given
bound e which is either ¢ = 107™% or ¢ = 1078, As tuning parameters we use v = 4 for
p=1and v = 5.2 for p = 2 since both choices lead to a correct separation of the input
data into the two half moons.

By taking into consideration the results given in Table 2, it shows that Algorithm 18
performs slightly better than the forward-backward (FB) method proposed in [27]. One
can also see that the acceleration of the forward-backward-forward (FBF) has a positive
effect on both CPU times and required iterations compared with the regular method. The
alternating minimization algorithm (AMA, cf. [25]) converges slow in this example. Its
Nesterov-type acceleration (cf. [20]), however, performs better. The two accelerated first-
order methods FISTA (cf. [2]) and the one relying in Nesterov’s scheme (cf. [21]), which
are both employed on the dual problem, perform surprisingly bad in this case.

Acknowledgements. The authors are grateful to anonymous reviewers for remarks
and suggestions which improved the quality of the paper.
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