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Abstract. Proximal splitting algorithms for monotone inclusions (and convex optimization
problems) in Hilbert spaces share the common feature to guarantee for the generated sequences
in general weak convergence to a solution. In order to achieve strong convergence, one usually
needs to impose more restrictive properties for the involved operators, like strong monotonicity
(respectively, strong convexity for optimization problems). In this paper, we propose a modi-
fied Krasnosel’skii-Mann algorithm in connection with the determination of a fixed point of a
nonexpansive mapping and show strong convergence of the iteratively generated sequence to the
minimal norm solution of the problem. Relying on this, we derive a forward-backward and a
Douglas-Rachford algorithm, both endowed with Tikhonov regularization terms, which generate
iterates that strongly converge to the minimal norm solution of the set of zeros of the sum of
two maximally monotone operators. Furthermore, we formulate strong convergent primal-dual
algorithms of forward-backward and Douglas-Rachford-type for highly structured monotone in-
clusion problems involving parallel-sums and compositions with linear operators. The resulting
iterative schemes are particularized to the solving of convex minimization problems. The theo-
retical results are illustrated by numerical experiments on the split feasibility problem in infinite
dimensional spaces.
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1 Introduction and preliminaries

Let H be a real Hilbert space endowed with inner product (-, -) and associated norm ||-|| = 1/ (-, ).
Let T : H — H be a nonexpansive mapping, that is ||[Tz — Ty|| < ||z — y|| for all z,y € H.
One of the most popular iterative methods for finding a fixed point of the operator T is the
Krasnosel’skii-Mann algorithm

Tptl = Ty + /\n(Tmn — mn) Vn >0, (1)

*University of Vienna, Faculty of Mathematics, Oskar-Morgenstern-Platz 1, A-1090 Vienna, Austria, email:
radu.bot@univie.ac.at. Research partially supported by FWF (Austrian Science Fund), project I 2419-N32.

TUniversity of Vienna, Faculty of Mathematics, Oskar-Morgenstern-Platz 1, A-1090 Vienna, Austria, email:
ernoe.robert.csetnek@univie.ac.at. Research supported by FWF (Austrian Science Fund), projects M 1682-N25
and P 29809-N32.

HUniversity of Vienna, Faculty of Mathematics, Oskar-Morgenstern-Platz 1, A-1090 Vienna, Austria, email:
meierd61@univie.ac.at. Research partially supported by FWF (Austrian Science Fund), project I 2419-N32, and
by the Doctoral Programme Vienna Graduate School on Computational Optimization (VGSCO), project W1260-
N35.



where xg € H is arbitrary and (\,),>0 is a sequence of nonnegative real numbers. Provided
FixT ={x € H : Tz = x} # (), one can show under mild conditions imposed on (Ay)n>0, that
the sequence (xy,)n>0 converges weakly to an element in Fix T (see for instance [6]).

The applications and the impact of this fundamental result go beyond the usual fixed point
theory, representing in fact the starting point for the derivation of algorithms and related con-
vergence statements in connection with the solving of monotone inclusions. In this context, we
mention the classical forward-backward algorithm for determining a zero of the sum of a set-
valued maximally monotone operator and a single-valued and cocoercive one and the Douglas-
Rachford algorithm for determining a zero of the sum of two set-valued maximally monotone
operators. The paradigms behind these classical methods can be transferred to the solving of
convex optimization problems, too (see [6]).

The iterative algorithms mentioned above share the common property that the generated
sequences converge weakly to a solution of the problem under investigation. However, for ap-
plications where infinite dimensional functional spaces are involved, weak convergence is not
satisfactory. In order to achieve strong convergence, one usually needs to impose more restric-
tive properties for the involved operators, like strong monotonicity when considering monotone
inclusions and strong convexity when solving optimization problems. Since there evidently are
applications for which these stronger properties are not fulfilled, the interest of the applied math-
ematics community in developing algorithms which generate iterates that strongly convergence
is justified.

We mention in this sense the Halpern algorithm and its numerous variants designed for
finding a fixed point of a nonexpansive mapping (see for instance [13]). In the context of solving
monotone inclusions, we mention the prozimal-Tikhonov algorithm

Tnr = (Id+An(A+ p1p 1d)) ™ () Y1 > 0,

where A : H = H is a maximally monotone operator, Id is the identity operator on H and
(An)n>0 and (un)n>0 are sequences of nonnegative real numbers. Under mild conditions im-
posed on (A,)n>0 and (fin)n>0, One can prove strong convergence of (zp)p>0 to the minimal
norm solution of the set of zeros of A (see [19,27]). It is important to emphasize the Tikhonov
regularization terms (u, Id),>0 in the above scheme, which actually enforces the strong conver-
gence property. In the absence of the regularization term, the above numerical scheme becomes
the classical proximal algorithm for determining a zero of the operator A, for which in gen-
eral only weak convergence can be proved (see [23]). For more theoretical results concerning
Tikhonov regularization and more motivational arguments for using such techniques, especially
for optimization problems, we refer the reader to Attouch’s paper [2]. For other techniques and
tools in order to achieve strong convergence we mention also the works of Haugazeau [18] and [5].

In this article, we will first introduce and investigate a modified Krasnosel’skii-Mann algo-
rithm with relaxation parameters, having the outstanding property that it generates a sequence
of iterates which converges strongly to the minimal norm solution of the fixed points set of a
nonexpansive mapping. In contrast to [13,20,27] (see also the references therein), where the
techniques and tools used have their roots in fixed point theory results for contractions, our
convergence statements follow more directly. Relying on this, we derive a forward-backward
and a Douglas-Rachford algorithm, both endowed with Tikhonov regularization terms, which
generate iterates that strongly converge to the minimal norm solution of the set of zeros of the
sum of two maximally monotone operators. The resulting iterative schemes are particularized
to the minimization of the sum of two convex functions.

Furthermore, we deal with complexly structured monotone inclusions where parallel-sums
and compositions with linear operators are involved. By making use of modern primal-dual



techniques (see [10,12,15,17,28] and also [8,9]), we derive strongly convergent numerical schemes
of forward-backward and Douglas-Rachford type, both involving Tikhonov regularization terms
and having the remarkable property that all the operators are evaluated separately. Moreover,
the designed algorithms solve both the structured monotone inclusion problem and its dual
monotone inclusion problem in the sense of Attouch-Théra (see [4]). When particularized to
convex optimization problems, this means the concomitantly solving of a primal problem and its
Fenchel dual one. For other types of primal-dual algorithms with strong convergence properties
and their applications we refer the reader to [1,3]. Finally, in the last section we carry out
numerical experiments on the split feasibility problem in infinite dimensional Hilbert spaces
which illustrate the potential of the algorithm endowed with Tikhonov regularization terms.

In the remaining of this section, we recall some results which will play a decisive role in
the convergence analysis of the proposed algorithms. The following result is related to the
convergence of a sequence satisfying a sharp quasi-Fejér monotonicity property and follows as a
direct consequence of [27, Lemma 2.5].

Lemma 1 Let (ap)n>0 be a sequence of non-negative real numbers satisfying the inequality
ap+1 < (1 —0p)an + 0,by, + €, Y > 0,

where
(i) 0< 0, <1 foralln>0 and ), ~,0n = +00;
(1) limsup,,_,, o, bn <0; N
(iii) €, > 0 for alln >0 and ), <, en < +00.
Then the sequence (an)n>0 converges to 0.

We close this section with a result that is a consequence of the demiclosedness principle
(see [6, Corollary 4.18]) and it will be used in the proof of Theorem 3, which is the main result
of this paper.

Lemma 2 Let T : H — H be a nonexpansive operator and let (z,)n>0 be a sequence in H and
x € H be such that w—1limy,_s o zp, = x and (T'x, —xn)n>0 converges strongly to 0 as n — +oo.
Then z € FixT.

2 A strongly convergent Krasnosel’skii-Mann algorithm

In order to induce strong convergence into the asymptotic behaviour of the Krasnosel’skii-Mann
algorithm for determining a fixed point of a nonexpansive mapping 17" : H — H, we propose the
following modified version of it:

Tp+1 = 5111'71 + A\ (T(ann) - 5711'71) Vn >0, (2)

where xop € H is the starting point and (\,)n>0 and (Bn)n>0 suitably chosen sequences of
positive numbers. In the proof of the theorem below, we denote by proj- : H — C,proj-(z) =

argmin ||z — ¢||, the projection operator onto the nonempty closed convex set C' C H. We notice
ceC
that for a nonexpansive mapping 7' : H — H, its set of fixed points Fix T is closed and convex

(see [6, Corollary 4.15]).

Theorem 3 Let (A\,)n>0 and (Bn)n>0 be real sequences satisfying the conditions:
(1) 0 < By <1 foranyn >0, limy 400 Bn =1, 32,50(1=Bn) = 00 and 3,51 [Bn—Bn-1] <
+00;



(i) 0 < A, <1 for any n > 0, iminf, 4 Ay > 0 and anl [An — An—1] < +00.
Consider the iterative scheme (2) with and arbitrary starting point xg € H and a nonexpan-
sive mapping T : H — H fulfilling FixT # 0. Then (x,)n>0 converges strongly to projpy7(0).

Proof. For the beginning, we prove that (x,),>0 is bounded. Let z € Fix7T. Due to the
nonexpansiveness of T', we have for any n > 0:

|Zn+1 =zl = [[(1 = M) (Bazn — ) + )\H(T(/ann) - T:E)H
< (1= A)l[Bnwn — 2| + Al T(Bpan) — T|
< ||Bnzn — ||
= [|Bn(zn — ) + (B — 1)z
< Bullzn — 2l + (1 = B)l]].

A simple induction leads to the inequality
[2n — f| < max{||lzo — x|, [lz]|} Vn =0,

hence (xy,)n>0 is bounded.
We claim that
|Xnt1 — xnl] = 0 as n — +oc. (3)

Indeed, by taking into account that 7' is nonexpansive and that (z,),>0 is bounded, we obtain
for any n > 1 the following estimates:

[Zn+1 — znll = [|(1 = An) Bran — (1 = An—1)Bn—1@n—1 + AT (Bnxn) — An—1T (Bn—12n-1) ||
< = M) (Buzn — Bn-12n-1) + (An—1 — M) Bn—12n-1]|
+ 1A (T (Bnzn) — T(Brn-12n-1)) + (An — An—1) T (Bp-12n-1) ||
< |Bnzn = Br—12n-1ll + [An — An—1|Ch,

where C7 > 0.
Further, we derive for any n > 1:

Hanrl - J}nH S Hﬁn(xn - xnfl) + (Bn - 5n71)33n71|| + ’)‘n - )\n71|01
< Ballzn — zn-1ll + [Bn — Bn-1]C2 + [An — An—1]|Ch,
where Cy > 0. Statement (3) is a consequence of Lemma 1, for a,, := ||z, — zp—1]|,bn := 0,y :=

|ﬁn - /anl‘cb + |)\n - )\n71|01 and 0, :=1— B,,n > 1.
In the following we prove that

|z, — Tzp|| — 0 as n — +oo. (4)
For any n > 0 we have the following inequalities:

|2 — Tznl| < [2n+1 — 2ol + 2041 — Ty
= |lzn41 — znll + [T = An) (Bnzn — T2p) + )‘n(T(ﬁnxn) - Txn)”
< lznt1 — 2l + (1 = A)[|Bnzn — Tonll + Al Bnn — 0|
< l@pt1 — 2ol + (L = An)[|Bnn — Bu Tz
+ (1= A8 T — Txpl| + An(1 = Bn)| 2|
< lwptr — 2ol + (1 = An)|lzn — Tan||
+ (1= A) (A = Bo)[Tzn | + An(1 = B)[[zn-



From here we deduce that for any n > 0:
AallZn = Tl < |2ng1 — zoll + (1 = An) (1 = Ba) [Tzl + An(1 = Bn)l|2nll-

Taking into account that (x,),>0 is bounded, (3) and the properties of the sequences involved,
we derive from the last inequality that (4) holds.

In what follows we show that (x,),>0 actually converges strongly to projpi,7(0) := Z. Since
T is nonexpansive, we have for any n > 0:

[zn1 — 2| = [|(1 = An)(Bnzn — T) + )‘n(T(/ann) - Tf) I
< (1= A)IBnn — Z[| + Al T (Bpan) — Tl
< NBran — |-

Hence,

|zns1 = Z|* < || Bnzn — T
= [|Bu(an — ) + (Bn — 1)z?
= Ballzn = Z)* + 28n(1 = Ba)(~T, 20 — T) + (1 = Bn)? 7]
< Bullwn = T + (1 = o) (260 (-, 20 = T) + (1 = Bu)l|Z[*) VR > 0. (5)

Next we show that
lim sup(—7, x, — T) < 0. (6)
n——+00
Assuming the contrary, there would exist a positive real number [ and a subsequence (zy;);>0
such that
(=, 21, —7) 21>0Vj>0.

Due to the boundedness of the sequence (xy,),>0, we can assume without losing the generality
that (x;);>0 weakly converges to an element y € H. According to Lemma 2, by taking into
consideration (4), it follows that y € FixT. From this and the variational characterization of
the projection we easily derive

lim (=7, 2y, —7) = (-7,y —T) <0,
J—r+oo

which leads to a contradiction. This shows that (6) holds. Thus

limsup (26, (—Z, z, — Z) + (1 — By)[|Z]*) < 0.

n—+oo
A direct application of Lemma 1 to (5), for a, := ||z, — Z||%, by = 280 (-7, 2, — T) + (1 —
Bz, en =0 and 0, := 1 — B,,n > 0, delivers the desired conclusion. [ |

Remark 4 Condition (ii) in the previous theorem is satisfied by every monotonically increasing
(and, in consequence, convergent) sequence (A,)n>0 C (0,1] and also by every monotonically
decreasing (and, in consequence, convergent) sequence (A,)n>0 C (0, 1] having as limit a positive
number.

Condition (i) in the previous theorem is satisfied by every monotonically increasing sequence
(Bn)n>0 € (0,1] which fulfills lim, 40 B, = 1 and ), (1 — B,) = 400, as it is for instance
the sequence with 5y € (0, %) and 8, =1— r%kl for any n > 1.



An immediate consequence of Theorem 3 is the following corollary, which proposes an itera-
tive scheme that finds a minimal norm solution of the set of fixed points of an averaged operator.
Let a € (0,1) be fixed. We say that R : H — H is an a-averaged operator if there exists a
nonexpansive operator 7' : H — H such that R = (1 — «) Id +aT'. It is obvious that a-averaged
operators are also nonexpansive. The %—averaged operators are nothing else than the firmly non-
expansive ones and form the most most important representatives of this class. For properties
and insights into these families of operators we refer the reader to [6]. The following result will
play in the next section a determinant role in the converge analysis of the forward-backward
method endowed with Tikhonov regularization term.

Corollary 5 Consider the iterative scheme
Tnt1 = BnTn + An (R(ann) - /Bnmn) Vn > 0, (7)

with ©o € H as starting point, R : H — H an «a-averaged operator, for a € (0,1), such that
Fix R # 0 and (Ay)n>0 and (Bn)n>0 real sequences satisfying the conditions:

(1) 0 < By <1 foranyn >0, limp 400 Bn =1, 32, 50(1=Bn) = 00 and 3,51 [Bn—Bn-1] <
+o0;

(i) 0 < A, < 1/a for any n > 0, liminf,, 1o Ay, > 0 and anl |[An — An—1| < 4+00. Then
(Zn)n>0 converges strongly to projpi r(0).

Proof. Since R is a-averaged, there exists a nonexpansive operator T : H — H such that
R = (1—a)ld+aT. The conclusion follows from Theorem 3, by taking into account that (7) is
equivalent to

In+1 = Brnxn + aXy (T(ﬁn$n) — 6nxn) Vn >0
and that Fix R = FixT. |

3 A forward-backward algorithm with Tikhonov regularization
term

This section is dedicated to the formulation and convergence analysis of a forward-backward
algorithm with Tikhonov regularization terms, which generates a sequence of iterates that con-
verges strongly to the minimal norm solution of the set of zeros of the sum of two maximally
monotone operators, one of them being single-valued.

For readers’ convenience, we recall some standard notions and results in monotone operator
theory which will be used in the following (see also [6,7,26]). For an arbitrary set-valued operator
A:H = H we denote by Gr A = {(z,u) € H x H : u € Ax} its graph. Then A~ : H = H,
which is the operator with Gr A™! = {(z,u) € H x H : x € Au}, denotes the inverse operator
of A. We use also the notation zer A = {x € H : 0 € Az} for the set of zeros of 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 maximally 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

Ja=(Id+A)"1,

where Id : H — H,Id(x) = x for all z € H, is the identity operator on H. Moreover, if A
is maximally monotone, then Jy : H — H is single-valued and maximally monotone (see [6,
Proposition 23.7 and Corollary 23.10]).



Let v > 0. We say that B : H — H is y-cocoercive, if (x — y, Bx — By) > v||Bx — By||? for
all z,y € H.

The following technical result (see [21, Theorem 3(b)] and [16, Proposition 2.4]) gives an
expression for the the averaged parameter of the composition of two averaged operators. We
refer also to [6, Proposition 4.32] for other results of this type.

Proposition 6 Let T; : H — H be o;-averaged, where o; € (0,1), i = 1,2. Then the composi-
tion T1 o Ty is a-averaged, where

-2
o= +og — donon € (0,1).
1 — X109

Theorem 7 Let A:H = H be a maximally monotone operator and B : H — H a [-cocoercive
operator, for B > 0, such that zer(A + B) # (). Let v € (0,28]. Consider the iterative scheme

Tnt1 = (1 - )\n)ﬂnl'n + >\nJ'yA (IBnSUn - ’YB(ﬂnxn)) Vn > 0, (8)

with xg € H as starting point and (A,)n>0 and (Bn)n>0 real sequences satisfying the conditions:
(1) 0 < Bp <1 foranyn >0, lim,_ 100 B =1, ano(l—ﬁn) = +o00 and Zn21 |Bn—Bn-1] <
+00;
(ii) 0 < A\ < 48—y for any n >0, liminf, s A\, > 0 and Zn21 A — An—1] < +00.

28
Then (xn)n>0 converges strongly to proj,e.(a4p)(0)-

Proof. It is immediate that the iterative scheme (8) can be written in the form

Tn+1 = 5713377, + A\ (T(ann) - ann) Vn >0,

where T' = J, 4 o (Id —yB).
We consider two cases. The first one is when 7 € (0,25).
According to [6, Corollary 23.8 and Remark 4.24(iii)], J,4 is 3-cocoercive. Moreover, by [6,

Proposition 4.33], Id —yB is %—averaged. Combining this with Proposition 6, we derive that 7" is

1 ;é y—averaged. The statement follows now from Corollary 5, by noticing that Fix T' = zer(A+ B)
(see [6, Proposition 25.1(iv)]).

The second case is when v = 23. The cocoercivity of B implies that Id —vB is nonexpansive,
hence the operator T' = J,4 o (Id —yB) is nonexpansive, too, the conclusion follows in this

situation from Theorem 3. |

Remark 8 The choice A\, = 1 for any n > 0 in the previous theorem leads to the iterative
scheme

Tnt1 = Jya(Butn — YB(Bun)) Vn = 0,

which further becomes in case B =0
Ln+1 = J'yA (ann) Vn > 0.

This last relation can be equivalently written as

T, € i:an + lAa:n_H = (Id +e, 1d +7A> (Tnt1)s
B B Bn

where €, Id (with g, := ,8% —1 > 0 and limy,—, o0 £, = 0) represents the Tikhonov regularization

term, which enforces the strong convergence of the sequence (zy)p>0 to the minimal norm

solution. For other types of Tikhonov-like methods for monotone inclusion problems we refer

the reader to [19,24,27] and the references therein.



In the remaining of this section we turn our attention to the solving of optimization problems
of the form

min{f(z) + g(x)}, 9)

where f: H — RU{+o0} is a proper, convex and lower semicontinuous function and g : H — R
is a convex and Fréchet differentiable function with %—Lipschitz continuous gradient, for 5 > 0.

For a proper, convex and lower semicontinuous function f : H — R U {+o0}, its (convex)
subdifferential at x € H is defined as

Of(@) ={ueH: fly) = f(x) + (w,y —z) Vy € H},

for x € H with f(z) = 400 and as df(x) = (), otherwise. When seen as a set-valued mapping,
the convex subdifferential is a maximally monotone operator (see [22]) and its resolvent is given
by Jos = prox; (see [6]), where prox, : H — H,

pros (o) = arguin { 1(0) + ly — oI} (10)
yeEH

denotes the proximal operator of f.

Corollary 9 Let f : H — RU{+oc} be a proper, conver and lower semicontinuous function and
g:H — R a convexr and Fréchet differentiable function with +-Lipschitz continuous gradient,
for >0, such that argming o, {f(z)+g(x)} # 0. Let v € (0,28]. Consider the iterative scheme

Tni1 = (1= An)Bntn + An prox. ; (Bazn —YVg(Bnn)) Vn >0, (11)

with xy € H as starting point and (A, )n>0 and (Bn)n>0 Teal sequences satisfying the conditions:

(1) 0 < By <1 foranyn >0, limp 400 Bn =1, 32,50(1=5n) = +00 and 3, -1 [Bn—Bn-1] <
+o0;
(ii) 0 < A\, < 452—;7 for any n > 0, iminf,, 1 A, > 0 and anl A — Ano1] < +oo.
Then (xn)n>0 converges strongly to the minimal norm solution of (9).

Proof. The statement is a direct consequence of Theorem 7, by choosing A := 0f and B := Vg
and by taking into account that

zer(0f +Vyg) = argg{in{f (z) +g(x)}

and the fact that Vg is S-cocoercive due to the Baillon-Haddad Theorem (see [6, Corollary
18.16]). [ |

4 A Douglas-Rachford algorithm with Tikhonov regularization
term

In this section we derive from the Krasnosel’skii-Mann algorithm formulated in Section 2 an
iterative scheme of Douglas-Rachford-type, which generates sequences that strongly converge to
a zero of of the sum of two set-valued maximally monotone operators.

In what follows, we denote by R4 = 2J4 —Id the reflected resolvent of a maximally monotone
operator A : H = H.



Theorem 10 Let A, B : H = H be two mazimally monotone operators such that zer(A+B) # ()
and v > 0. Consider the following iterative scheme:

Yn = nyB(ﬂnmn)
(Vn > 0) Zn = J'yA(Qyn — Bnn)
Tn+l = ﬁnxn + )\n(Zn - yn)

with xy € H as starting point and (A )n>0 and (Bn)n>0 Teal sequences satisfying the conditions:

(i) 0<fBn <1foranyn >0, lim, i Br =1, ano(lfﬁn) = 400 and anl |,8n*5n71| <
+00;

(i) 0 < A, < 2 for any n > 0, iminf, 4 Ay > 0 and ZnZl [An — An—1] < +00.

Then the following statements are true:

(a) (zn)n>0 converges strongly to T := projpixp g ;(0) asn — +o00;
(b) (Yn)n>0 and (zn)n>0 converge strongly to J,g(T) € zer(A+ B) as n — +o0.

Proof. Taking into account the iteration rules and the definition of the reflected resolvent, the
iterative scheme in the enunciation of the theorem can be equivalently written as

Tnl = ann + A\ |:J7A o (2JA/B - Id) (ann) - JA/B (/ann)]

= ann + ﬁ(jj(ﬁnxn) - 6nxn) vn > 0, (12)

2

where T' := Ry4 0 Ryp : H — M is a nonexpansive operator (see [6, Corollary 23.10(ii)]).
From [6, Proposition 25.1(ii)] we have zer(A + B) = J,p(Fix T, hence FixT # (). By applying
Theorem 3, we obtain that (xy,),>0 converges strongly to T := projpi7(0) as n — +oo, hence
(a) holds.

Further, by taking into account the definition of the sequence (yn)n>0 and the continuity
of the resolvent operator, we obtain that (y,)n,>0 converges strongly to J,pZ € zer(A + B) as
n — +oo. Finally, by taking the limit in the recursive formula of the sequence (zy)n>0, We
obtain that z, — y, converges strongly to 0 as n — 400, thus (b) holds, too. |

Remark 11 The classical Douglas-Rachford method, which reads

Yn = 7B($n)
(Vk > 0) Zp = JyA(2yn — Tp)
Tntl = Tn + )\n(zn - yn)7
produces sequences for which in general only weak convergence to a zero of the A + B can
be proved (see for example [6, Theorem 25.6]). In order to ensure strong convergence, one
usually needs to impose restrictve conditions on the monotone operators involved, like uniform
monotonicity (which is a generalization of strong monotonicity). This is not the case for the

iterative scheme stated in Theorem 10, where we are able to guarantee strong convergence in
the very general situation of maximally monotone operators.

Further, we look at optimization problems of the form

min{ f(z) + g(2)}, (13)

9



where f,g:H — RU{+oc} are proper, convex and lower semicontinuous functions. We denote
by
dom f={zeH: f(z) <+4oo}

the effective domain of the function f.
In order to proceed, we need the following notion. For S C H a convex set, we denote by

sqriS = {x € S : Uys0A(S — z) 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 H is finite-dimensional, then sqri S coincides with ri S, the relative
interior of S, which is the interior of S with respect to its affine hull. The notion of strong quasi-
relative interior belongs to the class of generalized interiority notions and plays an important
role in the formulation of regularity conditions, which are needed in convex optimization in order
to guarantee duality results and also subdifferential sum formulas. The one considered in the
next result is the so-called Attouch-Brézis regularity condition. We refer to [6,7,26,29] for more
interiority notions and their impact on the duality theory.

Corollary 12 Let f,g:H — RU {400} be proper, convex and lower semicontinuous functions
such that argmin 4 {f(z) + g(x)} # 0 and 0 € sqri(dom f — dom g) and v > 0. Consider the
following iterative scheme:

Yn = Prox., (Bnn)
(Vn > 0) Zp = pI"OXWf(Qyn - ann)
Tp41 = Brnxn + )\n(zn - yn)

with xg € H as starting point and (Ay)n>0 and (Bn)n>0 real sequences satisfying the conditions:
(1) 0 < By <1 foranyn >0, limy, 400 Bn = 1, 32,50(1=5n) = +00 and 37, 51 |Bn—Bn-1] <
+o00;
(ii) 0 < A\, <2 for any n >0, iminf, 100 Ay >0 and >, <1 |An — Ap—1| < 400.
Then the following statements are true: -

(a) (Tn)n>0 converges strongly to T := projpy7(0) as n — +oo, where T = (2prox,; —1Id) o
(2prox,, —Id);

(b) (Yn)n>0 and (z,)n>0 converge strongly to prox,,(¥) € argmin, 4 { f(z)+g(z)} asn — +oo.

Proof. The results is a direct consequence of Theorem 10 for A = 9f and B = dg and by
noticing that the regularity condition 0 € sqri(dom f — dom g) ensures the relation (see [6,
Proposition 7.2])

zer(0f + dg) = arger;l{in{f () +g(2)}.

5 Strongly convergent primal-dual algorithms

The aim of this section is to induce strong convergence in the nowadays so popular primal-dual
algorithms designed for solving highly structured monotone inclusions involving parallel sums
and compositions with linear operators.
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5.1 A primal-dual algorithm of forward-backward-type with Tikhonov regu-
larization terms

In this subsection, the following monotone inclusion problem will be in the focus of our investi-
gations.

Problem 13 Let A : H = H be a maximally monotone operator and C' : H — H a u-cocoercive
operator, for some p > 0. Let m be a strictly positive integer and for any ¢ = 1,...,m, let G;
be a real Hilbert space, B;, D; : G; = G; be maximally monotone operators such that D; are
v;-strongly monotone, for some v; > 0, and L; : H — G; be a nonzero linear continuous operator.
The problem is to solve the primal inclusion

find 7 € H such that 0 € AZ + Y L;(B;,0D;)(L;x) + C7, (14)
=1

together with the dual inclusion of Attouch-Théra type (see [4,15,28])

-y Lt € Az + Cx

v; € (BZDDZ)(LZ:L’), 1=1,...m (15)

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

Some of the notations used above are to be specified. The operator L] : G; — H, defined
via (Lix,y) = (x, Ly) for all z € H and all y € G;, denotes the adjoint of the linear continuous
operator L; : H — G;, for i = 1,...,m. We say that D; : G; = G, is v;-strongly monotone, for
some v; > 0, if (x —y,u —v) > v||lz — y||? for all (z,u), (y,v) € GrDy,i = 1,...,m. The parallel
sum of the set-valued operators B;, D; : G; = G; is defined as B;L1D; : G; = G;, B;LD; =
(B;1 + D;l)il, fori=1,...,m.

We say that (7,01, ...,0p) € HX G1 X ... X Gy, is a primal-dual solution to Problem 13, if

m
=Y L% € AT+ CT and ; € (BiOD;)(LiT), i = 1,...,m. (16)

=1

It is easy to see that, if (%, 71, ..., Um) € HX G1 X ... X Gy, is a primal-dual solution to Problem
13, then 7 is a solution to (14) and (v1, ..., Um) € G1 X ... X Gy, s a solution to (15). Moreover, if
T € H is a solution to (14), then there exists (U1, ...,Um) € G1 X ... X Gy, such that (Z, 71, ..., Up,)
is a primal-dual solution to Problem 13 and, if (01, ...,7p) € G1 X ... X G, is a solution to (15),
then there exists Z € H such that (Z,v1, ..., Uy,) is a primal-dual solution to Problem 13.

Theorem 14 In Problem 13, suppose that

0 € ran (A +> Ly o (BOD;) o Li + c) : (17)

i=1

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

1

2-min{r Yo7t . o0t min{p, vy, v} [ 1 -

m
Y allLill? | > 1.
i=1

Let be the starting point (xg,v1,0, ..., Vm0) € HX Gi X...x G, and set:

11



Pn = JrA [Bnl‘n - T(Bn Z:il Livipn + C(ﬁnl'n))]

Tn+l1l = 6nxn + )\n(pn - /ann)

(Vn > 0) Fori=1,...m (18)
_ —1

Qijn = JO'iBi_l [ﬁnvi,n + 0 (Ll(2pn - ann) - Dz (ﬁnvz,n))}

Vin+1 = /ani,n + )\n(Qim, - /ani,n)

where (Ap)n>0 and (Bn)n>0 are real sequences satisfying the conditions:

(i) 0<B, <1 foranyn >0, hmn—)—i—oo Bn =1, ano(l_ﬁn) = 400 and anl ’Bn_ﬁn—ﬂ <
+00;

(i) 0 < A\ < 452’;};1 for any n >0, liminf,,_, 4o Ay > 0 and anl A — An—1| < +o0,

for

B =min{p, v1, ..., Vm}
and

p=min{r o7t . o |1

m
T ol Lil?
=1

Then there exists a primal-dual solution (T,U1, ...,Tpm) to Problem 13 such that the sequence
of primal-dual iterates (pn,Vin, ..., Vmn) converges strongly to (T,v1,...,Um) as n — +00.

Remark 15 (i) Since D; : G; = G; is y;-strongly monotone, we have that D;l 1 G, — G; is
vi-cocoercive, for i = 1,...,m.

(ii) The resolvent of the inverse operator of a maximally monotone operator M : H = H
can be computed as follows (see [6]):

Id = Jypr + vy -1p-1 0y Id. (19)

Proof. The idea is to apply Theorem 7 in an appropriate product space under the use of
appropriate renorming techniques (see [28]). We consider the Hilbert space KK = H X Gy X ... X G,
endowed with inner product and associated norm defined, for (z,v1,...,0m), (Y, q1,-..,qm) € K,
via

m
<(.’E, Ulu---y”m)v (3/7 qlv"wQ’m))K: - <9U73/>H + Z <vi7 q2>g1
i=1
= (20)
and ||(2, v1,-0. vm)llc = o | 12013, + Y llvill,,
i=1

respectively. Furthermore, we consider the set-valued operator
M: K=K, (z,01,...,0p) — (Am,Bflvl,...,B;fvm),

which is maximally monotone, since A and B;, i = 1,...,m, are maximally monotone (see [6,
Proposition 20.22 and Proposition 20.23]), and the linear continuous operator

m
S K=K, (2,01,..,0m)— (Z Livy, —Lz,..., —Lmac) ,
i=1

12



which is skew-symmetric (i.e. S§* = —8) and hence maximally monotone (see [6, Example
20.30]). We also consider the single-valued operator

Q:K—-K, (z,v1,..,0m)— (C:U,Dl_lvl,...,Dr_nlvm) ,

which is once again maximally monotone, since C' and D; are maximally monotone for i =
1,...,m. Therefore, since dom S = IC, M + S is maximally monotone (see [6, Corollary 24.4(i)]).
According to [28, page 672]

Q is 8 — cocoercive.

Further, one can easily verify that (17) is equivalent to zer (M + S + Q) # & and (see also [15,
page 317])

(2, v1,...,vm) € zer (M + S + Q)

21
< (z,v1,...,Up,) is a primal-dual solution to Problem 13. (21)

We also introduce the linear continuous operator

m
x vy U
VK=K, (z,01,..,0m) (T — E L}v;, P Liz,...,— — Lma:> ,
; 1
=1

Om
which is self-adjoint and p-strongly positive (see [28]), namely, the following inequality holds
(@, Va) > pllzlk Vo € K.

Therefore, its inverse operator V1 exists and it fulfills |V 7| < %.
The algorithmic scheme (18) in the statement of the theorem can be written by using this
notations as

Bn(T_lxn - Zzﬂil L;vi,n) - T_lpn + Z?il L;Qi,n - C(ﬁnxn) S Apn + eril L;Qi,n
Tn+l = 6n$n + )\n(pn - ann)
(Vn>0) | Fori=1,..,m
\‘ Bn(o-i_lvi,n - szn) - O'i_lq@n + Lipn - Di_l(ﬂnvi,n) c Bi_l(Qi,n) - Lipn
Vin+1 = ani,n + )\n(Qi,n - ani,n)v
(22)

By introducing the sequences

LTy = (xnavl,na-'wvm,n)a and Yn = (pnv qlins--+s Qm,n) Vn > 07
the scheme (22) can equivalently be written in the form
(vn = O) \‘ Tn+1 = /Bnmn + A (yn - /Bnmn) . (23)
Furthermore, we have for any n > 0
BV (n) = V(y,) — Q(Brwy) € (M +S) (y,,)
& (BaV = Qo (Bu1d))(mn) € (M + 5+ V)(y,)
S Y, =(M+S+V) B,V - Qo (B,1d))(zn)
Sy, = (1d+V I (M +8)) " (8, 1d =V 0 Qo (8,1d))(z,)
< Yp = JA(ﬁnxn - B(ﬁn$n))>

13



where
A=V (M +S) and B := v-1lQ. (24)

Let ICyv be the Hilbert space with inner product and norm defined, for x,y € IC, by

(@, Y, = (@ Vy)c and [[z|x, = /(@ VE)x, (25)

respectively. As the set-valued operators M + S and @ are maximally monotone on IC, the

operators A and B are maximally monotone on Ky (see also [28]). Furthermore, B is Sp-

cocoercive on KCy. Moreover, since V' is self-adjoint and p-strongly positive, weak and strong

convergence in Ky are equivalent with weak and strong convergence in KC, respectively.
Taking this into account, it follows that (23) becomes

(VTL > 0) Tn+1 = ﬂnxn + >\n <JA (ﬂnmn - B(ﬁnmn)) - /ann)a

which is the algorithm presented in Theorem 7 for determining the zeros of A+ B in case v = 1.
However, we have

zer(A+ B) = zer(V I (M + S + Q)) = zer(M + S + Q).

According to Theorem 7, @, converges strongly to proj,e.(a+s)(0,0,...,0) in the space Ky as
n — +oo and the conclusion follows from (21). [ |

In the remaining of this subsection we investigate the convergence property of the algorithm
(18) in the context of simultaneously solving complexly structured convex optimization problems
and their Fenchel duals. The problem under investigation is the following one.

Problem 16 Let f € I'(H) and h : H — R be a convex and differentiable function with a
p~1-Lipschitz continuous gradient, for some p > 0. Let m be a strictly positive integer and
for i = 1,...,m, let G; be a real Hilbert space, g;,l; € I'(G;) such that l; is v;-strongly convex,
for some v; > 0 and L; : H — G; a nonzero linear continuous operator. Consider the convex
optimization problem

inf {f(x) 3 (00 (L) + h<x>} (26)

M
v i—1

and its Fenchel-type dual problem

v;€G;,1=1,.., = i=1

We denote by I'(H) the set of proper, convex and lower semicontinuous functions defined on H
with values in the extended real line R U {+o00}. The conjugate of a function f is f*: H — R,
f*(p) = sup{(p,x) — f(z) : x € H} for all p € H. Moreover, if f € I'(H), then f* € I'(H),
as well, and (9f)~! = df*. Finally, having two proper functions f, g : H — R, their infimal
convolution is defined by fOg: H — R, (fOg)(x) = infyey {f(y) + g(z — y)} for all z € H.

Corollary 17 In Problem 16, suppose that

0 € ran (a f+Y Lo (0g:00L) o Li + w) . (28)

=1
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Let 7 and 0;, 1 = 1,...,m, be strictly positive numbers such that

1

2 min{T_l,af vy oY min{p, vy, e vy | 1 —

m

TZJi\|Li||2 > 1.
i=1

Let be the starting point (xg,v1,0, ..., Vm0) € HX Gi X...x G, and set:

Pn = PTOX ¢ [/ann - T(/Bn Z:il L;'Ui,n + Vh(ﬁnl'n))]
Tn+l = BnTn + /\n(pn - ann)
(Vn > 0) Fori=1,..,m (29)
\‘ Qin = PFOng-gi* [/ani,n + o (Lz(2pn - /ann) - Vl: (ﬁnvz,n))]
Vin+1 = /ani,n + )\n(Qi,n - ﬁnvi,n)a

where (Ap)n>0 and (Bn)n>0 are real sequences satisfying the conditions:

(1) 0 < Bn <1 foranyn >0, lim, 100 B = 1, 32,50(1=Bp) = +00 and 3, o1 |Bn—Bn-1] <
+00;

(11) 0 < A\, < 452’5;1 for any n >0, iminf, 400 An >0 and 32, 51 [An — An—1| < +00,

for

B = min{u, v1, ..., v }
and

S R | ~1
p:=min{r" ", 07", ...,0,, 1—

m
7Y ol Lil?
i=1
Then there exists (T,V1,...,0m) € H X G1 X ... X Gy, such that (zp,V1n, ..., Umn) converges
strongly to (Z,01, ..., Um) asn — +00 and T is an optimal solution of the problem (26), (T1,..., V)
is an optimal solution of (27) and the optimal objective values of the two optimization problems
coincide.

Remark 18 The proximal-point operator of the conjugate function can be computed via the
Moreau’s decomposition formula

ProX, s+ ProX(j /) oy 1Id = Id, (30)
which is valid for v > 0 and f € T'(H) (see [6]).
Proof. Consider the maximal monotone operators
A=0f,C=Vh,B; =0g; and D; =0l;, i = 1,...,m.

The Baillon-Haddad Theorem (see [6, Corollary 18.16]) ensures that C' is p-cocoercive. Since I;
is v;-strongly convex, D; is v;-strongly monotone, for i = 1,...,m. According to [6, Proposition
17.10, Theorem 18.15], D; 1= VI; is a monotone and v; !_Lipschitz continuous operator for
i = 1,...,m. The strong convexity of the functions /; guarantees that ¢;00l; € I'(G;) (see [6,
Corollary 11.16, Proposition 12.14]) and 9(¢;0l;) = 0¢;001;,i = 1,...,m, (see [6, Proposition
24.27)).

Hence, the monotone inclusion problem (14) reads

find T € # such that 0 € 0f(Z) + Y _ L; (9g,00L;)(LiT) + Vh(T), (31)
i=1
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while the dual monotone inclusion problem (15) reads

-y Ly, € 0f (x) + Vh(z)

5 € (9g:00L)(Liz), i =1,..m. %)

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

One can see that if (Z,71,...,0p) € HX Gy X ... X G, is a primal-dual solution to (31)-(32),
namely,

~ 3" Liw; € 9f(z) + Vh(z) and v; € (9g:00L)(LiT), i = L,...ym, (33)
=1

then T is an optimal solution of the problem (26), (v1,...,7y,) is an optimal solution of (27) and
the optimal objective values of the two problems coincide. Notice that (33) is nothing else than
the system of optimality conditions for the primal-dual pair of convex optimization problems
(26)-(27).

The conclusion follows now from Theorem 14. |

Remark 19 (i) The relation (28) in the above theorem is fulfilled if the primal problem (26) has
an optimal solution z € ‘H and a suitable regularity condition holds. Under these auspices there
exists an optimal solution to (27) (v1,...,Tp) € G1 X ... X G, such that (T, v1,..., Ty, ) satisfies the
optimality conditions (33) and, consequently, (28) holds.

(i) Further, let us discuss some conditions ensuring the existence of a primal optimal solution.
Suppose that the primal problem (26) is feasible, which means that its optimal objective value
is not identical +oo. The existence of optimal solutions for (26) is guaranteed if, for instance,
[+ h is coercive (that is lim| ;o0 (f + h)(z) = +00) and for all i = 1,...,m, g; is bounded
from below. Indeed, under these circumstances, the objective function of (26) is coercive (use
also [6, Corollary 11.16 and Proposition 12.14] to show that for all i = 1, ..., m, ¢;(JI; is bounded
from below and ¢;0Jl; € I'(G;)) and the statement follows via [6, Corollary 11.15]. On the other
hand, if f + h is strongly convex, then the objective function of (26) is strongly convex, too,
thus (26) has a unique optimal solution (see [6, Corollary 11.16]).

(iii) We discuss at this point a suitable regularity condition as mentioned at item (i) above.
Since dom(g;[0l;) = dom g; +dom;, i = 1,...,m, one can use to this end the regularity condition
of interiority-type (see also [15])

(0,...,0) € sqri <H(domg,- +doml;) — {(Liz,..., Lmx) : € dom f}) : (34)
=1

This is fulfilled provided that one of the following conditions is verified (see [15, Proposition
4.3]):

(a) domg; + doml; = G;, i = 1,...,m;
(b) H and G; are finite-dimensional and there exists € ridom f such that L;z—r; € ridom g;+

ridoml;, ¢ = 1,...,m.

5.2 A primal-dual algorithm of Douglas-Rachford-type with Tikhonov regu-
larization terms

The problem that we investigate in this section reads as follows.
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Problem 20 Let A : H = H be a maximally monotone operator. Let m be a strictly positive
integer and for any ¢ = 1,...,m, let G; be a real Hilbert space, B;, D; : G; = G; be maximally
monotone operators and L; : H — G; a nonzero linear continuous operator. The problem is to
solve the primal inclusion

m
find 7 € M such that 0 € AT+ Y L} (B,0D;)(Li7) (35)
i=1
together with the dual inclusion
— ZZZI L;‘@i € Ax

find 71 € Gy,..., U € Gy, such that (Jz € H) {

Different to Problem 13, the operators D;,i = 1,...,m are general maximally monotone
operators, thus they will have to be addressed through their resolvents. This is why in this
context a primal-dual algorithm relying on the Douglas-Rachford paradigm is more appropriate.

Theorem 21 In Problem 20, suppose that

m
i=1
Let 7,0, > 0, ¢ = 1,...,m, be strictly positive numbers such that

m
7’ZO'Z‘HLZ‘”2 < 4.
i=1

Let be the starting point (xg,v1,0,...,Vm,0) € H X Gi ... X Gy, and set:

Pin = Jra (ﬁnmn - %ﬁn Z:Zl L;'kvi,n)

Win = 2p1,n - 577,3371

Fori=1,...m

{ P2in = J; p-1 (Bnvin + % Liwn)
W2in = 2D2in — Bnlin

Zin = Win — 5 2 peq Liwgin

Tpy1 = BnTn + Mn(21,0 — P1n)

Fori=1,...m

\‘ Z22imn = JO'iDi_l ('UJQJL’n + %Li(QZLn — wl,n))
Vint1 = BnVin + M(22,in — D2,in),

(Vn > 0) (38)

where (An)n>0 and (Bn)n>o0 Teal sequences satisfying the conditions:

(i) 0< By <1foranyn >0, lim, B8, =1, ano(l_ﬂn) = 400 and anl ’/Bn_ﬂn—ly <
+o00;

(ii) 0 < A\, <2 for any n >0, iminf, 100 Ay >0 and >, <1 |An — A1 < 400.

Then there exists an element (T,U1,...,0m) € HXGy ... X G such that the following statements
are true:

(a) by setting

m
T .
p1=Jra (33— 5 ElLi’Uz) )
1=

o .
Pyi=J, 51 (m + ;Li(%l - f)) ci=1...,m,

the element (Py, Pa.1s-+ Dam) € H X G1 X... X Gy is a primal-dual solution to Problem 20;
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(b) (n, V1 sy Umn) converges strongly to (Z,01,...,Um) as n — +00;
(c) (P1n,P2,1m50 P2mmn) and (21,0, 221,050+ 22,mn) converge strongly to (Py,Pa1s-- Dam) GS
n — +oo.

Proof. For the proof we use Theorem 10 (see also [9]) in the same setting as in the proof
of Theorem 14, namely, by considering K = H x G; X ... X G,,, endowed with inner product
and associated norm defined in (20). Furthermore, we consider again the maximally monotone
operator

M: K=K, (z,01,..,0m)— (Ax,Bl_lvl,...,Bn_llvm),

the linear continuous skew-symmetric operator
m
S K=K, (2,01,..,0n)— (Z Liv;, —Lz,..., —me>
i=1

and the (this time not necessarily single-valued) maximally monotone operator
Q: K=K, (z,01,..,um)— (O,Dl_lvl,...,D;llfum) .
Since dom S = K, both $S+@Q and $S+M are maximally monotone (see [6, Corollary 24.4(i)]).

Furthermore,
B7) = zer(M+S+Q)#9

and

(, 1y, V) € zer (M + S + Q) (39)

< (x,v1,...,Up) is a primal-dual solution to Problem 20.
We introduce the linear continuous operator
T I~ ., v 1 v 1
V. K— ’C, (x,vl,...,vm) — (7‘ — 5 ;Livi, ;1 — §L1.’L',..., £ — 2Lml’> s
which is self-adjoint and p-strongly positive (see also [9]), for
m
. [1 1 1
pi= TZUZ|’LZ”2 mln{q_vo_lv'~-7%}>07
i=1
namely, the following inequality holds
(@, Va) > pllallk Vo € K.
Therefore, its inverse operator V1 exists and it fulfills |V || < %.
The algorithmic scheme (38) is equivalent to

Pudn Pl — LS LY (Buvin — Pain) € 3 34ty Lip2im + Apin

Wi,n = 2p1,n — Bnn

Fori=1,...m

\‘ BHUHIU# - %Ll(IBTL:’UTL - pl,n) € _%Lipl,n + B;1p2,i,n

Wo i =200 — B v
(‘v’n > O) 2.4,n D2,in Bn i,n (40)

Wi,n—Z1,n _ l m * . —
T 2 Z’L:l LZ w2,7,,n - O
Tnt+l = ann + )\n(zl,n - pl,n)
For:=1,...m
W2 i,n—%22,i, 1 1 —1
{ ==t — s Li(win — 21,0) € —3Lizin + D 22,

Vint1 = Bnlin + (220 — P2in)-
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By considering for any n > 0 the notations

Tp = (-Tn)Ul,na-“a Um,n)’yn = (pl,n7p2,1,na-~7p2,m,n) and z, = (Zl,na Z2,1,m 505 ZZ,m,n)u
the iterative scheme (40) can be written as

(VR >0) | V(2y, — Bnxn — 2zn) € (35 + Q) 2, (41)
Lnt+1 = ﬁnwn + An (zn - yn)

which is further equivalent to

— (Id+V (1S + M) (Buwn)

(n20)| 2z, = ([d+V 1S+ Q)" (2y, — Buwn) (42)
Tp+1 = /ann + )\n (zn - yn) .

Let KKy be the Hilbert space with inner product and norm defined, for @,y € IC, via
(@, y)x, = (@, Vy) and |zllx, = 1/ (@, VX)), (43)

respectively. As the set-valued operators %S + M and %S + @ are maximally monotone on IC,
the operators

B:=Vv~! <;S+M> and A := V! (;SJFQ) (44)

are maximally monotone on Ky . Furthermore, since V is self-adjoint and p-strongly positive,
strong convergence in Ky is equivalent with strong convergence in IC.
Taking this into account, (42) becomes

Y, = JB (Bnmn)
(VR >0) | zn = Ja 2y, — Bnzn) (45)
Ln41 = Bn$n + >\n (zn - yn) )

which is the Douglas—Rachford algorithm formulated in Theorem 10 in case v = 1 for determining
the zeros of A 4+ B. It is easy to see that

zer(A+ B) = zer(VH (M + S + Q)) = zer(M + S + Q).

By Theorem 10 (a), there exists T = (T, 01, ..., Um) € Fix(RaRB), such that JpT € zer(A +
B) = zer(M + S + Q). The claim follows from Theorem 10, (39) and by writing JgZ in terms
of the resolvents of the operators involved in the expression of B. |

We close this section by considering the variational case.

Problem 22 Let f € I'(H), m be a strictly positive integer and for ¢ = 1,...,m, let G; be a real
Hilbert space, g¢;,l; € I'(G;) and L; : H — G; a nonzero linear continuous operator. Consider the
convex optimization problem

inf {f(x) + Z(gz’Dlz’)(Lﬂ)} (46)

eH
x i=1

and its conjugate dual problem

sup . {—f* <—ZLIW> Z g; () + 17 ( vz))} (47)
XYm i=1

(Ul ----- 'Um)eng i=1
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Corollary 23 In Problem 22, suppose that

0 € ran <a f+>Lio(9g,00L) 0 L) (48)

i=1
Let 7,0, > 0, i = 1,...,m, be strictly positive numbers such that

m
7Y ol Lil* < 4.
i=1
Let be the starting point (xo,v1,0,...,Vm,0) € H X Gi ... X G, and set:

P1,n = PIOX, ¢ (/ann - %Bn Zzn:l Lfvi,n)
Win = 2p1,n — Bnn

Fori=1,...m

{ D2,i;n = ProX,, g= (Bnvin + % Liwin)

W2 in = 2p2,i,n - 5nvi,n 49
Zin = Win — 5 9 peq Liwgn (49)
Tn4+1 = ann + )\n(zl,n - pl,n)

Fori=1,..m
{ 22,in = PrOXy s (Wa,in + G Li(221,0 — win))
Vint1 = BnVin + (2260 — DP2,im),

where (An)n>0 and (Bn)n>0 are real sequences satisfying the conditions:

(1) 0 < Bp <1 foranyn >0, lim, 100 Bn =1, ano(l—ﬂn) = +o00 and anl |Bn—Bn—1] <
+00;

(ii) 0 < A\, <2 for any n >0, iminf, 1o Ay >0 and >, <1 |An — Ap—1| < 400.

Then there exists an element (T,01,..., ) € HXG1 ... X Gy such that the following statements
are true:

(a) by setting
e m
D1 = pProxX;r (1‘ — 5 ZL;*W) ;
=1
_ _ o _ _ .
Do = ProXg, - (’Ui + ELi(Qpl — $)> , i=1,...,m,

the element (py, P2 15+ Dam) € H X G1 X... X Gy is a primal-dual solution to Problem 20,
namely,

— > Liv € 0f(F) and v; € (0g:00L)(LiT), i = 1,...,m, (50)
=1

hence Py is an optimal solution to (46) and (Pg1;---, Do) is an optimal solution to (47);

(b) (Tn, V1 ey Umon) converges strongly to (T,U1,...,Um) as n — +00;

(C) (pl,n7p2,1,na---7p2,m,n) and (zl,n722,1,n7--~722,m,n> converge Strongly to (ﬁlaﬁzlr--aﬁzm) as
n — —+o0o.

Remark 24 The hypothesis (48) in Theorem 23 is fulfilled, if the primal problem (46) has an
optimal solution, the regularity condition (34) holds and

0 € sqri(dom g; —dom!}) for i =1,...,m.

According to [6, Proposition 15.7], the latter also guarantees that ¢;0l; € I'(G;), i = 1, ..., m.
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6 Numerical experiments: applications to the split feasibility
problem

Let H and G be real Hilbert spaces and L : H — G a bounded linear operator. Let C and @
be nonempty, closed and convex subsets of H and G, respectively. The split feasibility problem
(SFP) searches a point z € H with the property

x € Cand Lz € Q. (51)

The (SFP) was originally introduced by Censor and Elfving [11] for solving inverse problems in
the context of phase retrieval, medical image reconstruction and intensity modulated radiation
therapy.

We show that the strongly convergent primal-dual algorithms which we have investigated in
Section 5 are excellently suited to solve the (SFP), especially in the case when infinite dimen-
sional Hilbert spaces are involved. For this purpose, we note that problem (51) can be written
equivalently in the form

min {dc (2) + 6g (L)}, (52)
where
0, ifxes
Os(x) = { +o0, else

denotes the indicator function of a subset S of a Hilbert space. Another alternative way to write
problem (51) is as the minimization problem

min {;d%(x) + 5Q(Lx)} , (53)
where do(x) = infyec ||z — ul| denotes the distance of the point x € H to the set C. Both
optimization problems are special instances of Problem 16, consequently, we will solve them by
making use of the algorithm stated in Corollary 17.

The optimization problem (52) can be stated in the framework of Problem 16 by taking
[ =dc, m=1, g1 =0q, 1 =0, L1 = L and h = 0. The iterative scheme stated in Corollary
17 reads:

Pn = PC’(ﬁnxn - T/BnL*Un)
Tn+1 = ﬂnxn + An(pn - ﬁnxn)

Vn >0

( "= ) qn = 5nvn + UL(Qpn - /ann) - O—PQ(Uilﬁnvn + L(Qpn - ann))
Un+1 = ﬁnvn + )\n(Qn - ,ann)

(54)

The optimization problem (52) can be stated in the framework of Problem 16 by taking
f=0,m=1,g1=06q, i =0y, L1 = L and h = §d%. Noticing that V (3d%) = Id —P, the
iterative scheme stated in Corollary 17 reads:

Pn = ann - T(BnL*Un + anEn - PC(/ann))
Tn+l = 5n$n + An(pn - Bn$n)

Vn >

( "= O) dn = /ann + UL(2pn - /ann) - UPQ(O'_I/BnUn + L(2pn - ﬁnxn))
Un+1 = ann + )\n(Qn - ﬁnvn)

(55)
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For the numerical example we consider the following setup: let H = G = L?([0,27]) =
{f [0,27] = R : f (t)|?dt < —i—oo} equipped with the scalar product (f, g) := 2” f(t)g(t)dt

o 1/2
and the associated norm || f|| := ( 0 |f(t)\2dt) for all f,g € L?([0,27]). The sets

C:= {x c L*([0,27]) : /O%x(t)dt < 1}

and or
Q:::{xEEL2ﬂQ2WD:D/ \xu)—snmwﬁdtg16}
0
are nonempty, closed and convex subsets of L%([0,27]). Notice that C = {z € L*([0,27]) :
(z,u) <1} and Q = {x € L*([0,27]) : ||z — f|| < 4}, where u : [0,27] — R, u(t) = 1 for all
€ [0,27], and f : [0,27] — R, f(t) = sint for all t € [0,27]. We define the linear continuous
operator L : L?([0,2x]) — L2([0, 27]) as

@@@p:(é%x@m%-t
Let z,y € L?([0,27]). Then

2m 2m 2w
(Lx,y>:/0 La:(t)y(t)dt:/o a:(s)/o ty(t)dt ds,
and therefore
27
(Ly)(t) = /0 sy(s)ds.

Furthermore, by using the Cauchy-Schwarz inequality yields

2m 2m 2m
|L|[? = sup / Tz(t)%dt = sup / t2dt (/ x(s)ds)
lzll=1/0 lzfl=1/0 0

8 5 [*7 16
< sup 7r3/ z(s)ds - 2m = —n?.
lal=13 " Jo 3

2

The projection onto the set C' can be computed as (see [6, Example 28.16])

27
{W-%x, 1ff t)ydt > 1

x, else.

On the other hand Py is given by [6, Example 28.10]

. 4(x—sin .
{ sin + T t)( sm())|2dt s if f t) — sin(t)|?dt > 16

Po(z) =
x, else.

We implemented the algorithms (54) and (55) in MATLAB used symbolic computation for
generating the sequences of iterates. One can easily notice that, in this particular setting, the
split feasibility problem and, consequently, both addressed optimization problems are solvable.
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Number of iterations

.%'20 Ug) 5n =1 ﬁn =1- %4-1
%9 % 13 1
in st 20 11
t t, 12

?t (& —; 54 21 12
z€' ze! 20 12
1t t . t?

56 2 e ;’; by 21 ].3

t

e + % 10 > 150 15
et + S—é %et 20 13
et + i et + % 21 13

Table 1: Comparison of the variants without and with Tikhonov regularization terms of the
primal-dual algorithm (54), for different starting values and step sizes 7 = 0.1 and ¢ = 0.01.

Number of iterations

T v Ba=1 Bu=1-4
o [ 24 1
L el .46 10
?Ot el ; 5 46 10
T oo ’
56 56 24 11
Let e+t 35 21
SN o 32 6
el + § th 36 12
eyl el 24 11

Table 2: Comparison of the variants without and with Tikhonov regularization terms of the
primal-dual algorithm (55), for different starting values and step sizes 7 = 0.1 and o = 0.01.
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The numerical experiments confirmed that the primal-dual algorithms involving Tikhonov regu-
larization terms outperform the ones without Tikhonov regularization terms, which correspond
to the case when 3, = 1 for every n > 0 and for which is known that they weakly convergence
to a primal-dual solution of the corresponding KKT system of optimality conditions.
In the two tables above we present the numbers of iterations needed by the two algorithms
to approach a solution of the split feasibility problem (SFP). We consider as stopping criterion
1 2 1 2 -3
E(zn) = 5llPe(@n) = @nll” + Sl[Po(Lan) — Lan||” < 1077,
while taking as relaxation variables A\, = 0.4 for every n > 0 and as Tikhonov regularization
parameters 3, := 1 — —— for every n > 0, respectively, 8, = 1 for every n > 0 for the variants

n+1
without Tikhonov regularization terms.

7 Further work

We point out some directions of research related to proximal methods with Tikhonov regular-
ization terms, which merit to be addressed starting from the investigations made in this paper:

1. To consider in the numerical algorithms of type forward-backward and Douglas-Rachford
proposed in this paper dynamic step sizes, which are known to increase the flexibility of
the algorithms. This can be for instance done by formulating first a Krasnosel’skii-Mann—
type algorithm for determining an element in the intersection of the sets of fixed points
of a family of nonexpansive operators (1j)>0. Suitable choices of the operators in this
family, in the spirit of the investigations we made in the sections (3) and (4), can lead to
iterative algorithms with dynamic step sizes (see [14]).

2. To employ in the iterative schemes discussed in this article inertial and memory effects,
which are known to contribute to the acceleration of the convergence behaviour of the
algorithms.

3. To translate the proposed numerical methods to a framework that goes beyond the Hilbert
space setting considered in this article, in order to allow applications where functional
spaces are involved. We refer the reader to [24,25,27] and the references therein for tools
and techniques which allow to prove convergence statements in Banach spaces with some
particular underlying geometric structures.
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