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Abstract We propose and study the iteration-complexity of an inexact version of the Spingarn’s partial
inverse method. Its complexity analysis is performed by viewing it in the framework of the hybrid proximal
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1 Introduction

In [1], J. E. Spingarn proposed and analyzed a proximal point type method — called the partial inverse
method — for solving the problem of finding a point in the graph of a maximal monotone operator
such that the first (primal) variable belongs to a closed subspace and the second (dual) variable be-
longs to its orthogonal complement. This problem encompasses minimization of convex functions over
closed subspaces and inclusion problems given by the sum of finitely many maximal monotone operators.
Regarding the latter case, Spingarn also derived an operator splitting method with the distinctive fea-
ture of allowing parallel implementations. Spingarn’s approach for solving the above mentioned problem
consists in recasting it as an inclusion problem for the partial inverse (a concept coined by himself) of
the monotone operator involved in the formulation of the problem with respect to the closed subspace.
That said, Spingarn’s partial inverse method essentially consists of Rockafellar’s proximal point method
(PPM) applied to this monotone inclusion, which converges either under the assumption of exact compu-
tation of the resolvent or under summable error criterion [2]. The hybrid proximal extragradient (HPE)
method of Solodov and Svaiter [3] is an inexact version of the Rockafellar’s PPM which uses relative
error tolerance criterion for solving each proximal subproblem instead of summable error condition. The
HPE method has been used for many authors [3-14] as a framework for the design and analysis of several
algorithms for monotone inclusion problems, variational inequalities, saddle-point problems and convex
optimization. Its iteration-complexity has been established recently by Monteiro and Svaiter [15] and, as
a consequence, it has proved the iteration-complexity of various important algorithms in optimization
(which use the HPE method as a framework) including Tseng’s forward-backward method, Korpelevich
extragradient method and the alternating direction method of multipliers (ADMM) [12,15,16].
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In this paper, we propose and analyze the iteration-complexity of an inexact version of the Spingarn’s
partial inverse method in the light of the recent developments in the iteration-complexity of the HPE
method. We introduce a notion of approximate solution of the above mentioned Spingarn’s problem and
prove that our proposed method can be regarded as a special instance of the HPE method applied to
this problem and, as a consequence, we obtain pointwise and ergodic iteration-complexity results for
our inexact partial inverse method. As applications, we propose and study the iteration-complexity of an
inexact operator splitting method for solving monotone inclusions with the sum of finitely many maximal
monotone operators as well as of a parallel forward-backward algorithm for multi-term composite convex
optimization. We also briefly discuss how a different inexact version of the Spingarn’s partial inverse
method proposed and studied in [17] is related to our method.

Contents. Section 2 contains two subsections. Subsection 2.1 presents some general results and the
basic notation we need in this paper. Subsection 2.2 is devoted to present the iteration-complexity of
the HPE method and to briefly discuss the method of [17]. Section 3 presents our main algorithms and
its iteration-complexity. Finally, in Section 4 we show how the results of Section 3 can be used to derive
an operator splitting method and a parallel forward-backward method for solving multi-term composite
convex optimization.

2 Background Materials and Notation
This section contains two subsections. In Subsection 2.1 we present the general notation as well as some
basic facts about maximal monotone operators and convex analysis. In Subsection 2.2 we review some

important facts about the iteration-complexity of the hybrid proximal extragradient (HPE) method and
study some properties of a variant of it.

2.1 General Results and Notation

We denote by H a real Hilbert space with inner product (-,-) and induced norm || - | := /().
For m > 2, the Hilbert space H™ := H x H X --- x ‘H will be endowed with the inner product
(X1, oy @m), (2, 2l,)) == > (@i, 2%) and norm || - || == \/(:, ).

For a set-valued map S : H = H, its graph and domain are taken respectively as G(S) = {(x,v) €
HxH :ve S} and D(S) = {z € H : S(x) # 0}. The inverse of S'is S™' : H = H such that
v € S(z) if and only if z € S™!(v). Given S,5" : H = H and A > 0 we define S+ 5’ : X = H and
AS :H = H by (S+85)(x) = S(x) + 5 (z) and (AS)(z) = AS(x) for all z € H, respectively. Given
set-valued maps S; : H = H, for i = 1,...,m, we define its product by

S xSy x o XSyt H™ ZH™, (x1,22,...,Zm) = S1(x1) X Sa(z2) X -+ X Sp(Thm). (1)
An operator T : 'H = H is monotone if
(v—2',2z—12") >0 whenever (z,v),(z',v") e G(T).

It is maximal monotone if it is monotone and maximal in the following sense: if S : H = H is monotone
and G(T) C G(S), then T = S. The resolvent of a maximal monotone operator T is (T + I)~!, and
Z = (T+1)"'zif and only if 2 — 2 € T(Z). For T : H = H maximal monotone and ¢ > 0, the
e-enlargement of T [18,19] is the operator T° : H = H defined by

T (z):={veH : (V—v,a —x)>—c V(@ v)eGT)} VzreH. (2)

Note that T'(z) C T¢(x) for all x € H.
The following summarizes some useful properties of 7° which will be useful in this paper.

Proposition 2.1 Let T,S : H = H be set-valued maps. Then,

(a) ife <&, then T(x) C T¢ () for every x € H;

(b) T¢(z) + S (z) C (T + S)*< () for every x € H and e,&' > 0;

(c) T is monotone if, and only if, T C T°;

(d) T is mazimal monotone if, and only if, T = T°;

(e) if f: X — R:=RU{—00,+00} is proper, convex and closed, then - f(x) C (0f)¢(x) for any e >0
and € H.
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Throughout this work we adopt standard notation of convex analysis for subdiferentials, e-subdiferentials,
etc. Moreover, for a closed subspace V C H we denote by V1 its orthogonal complement and by Py and
Py 1 the orthogonal projectors onto V and V=, respectively. The Spingarn’s partial inverse [1] of a set-
valued map S : H = H with respect to a closed subspace V' of H is the set-valued operator Sy : H = H
whose graph is

G(Sv) :=={(z,v) e HxH : Py(v)+ Pyr(z) € S(Py(z) + Py(v))}. (3)
The following lemma will be important for us.

Lemma 2.1 ([17, Lemma 3.1]) Let T : H = H be a mazimal monotone operator, V. C H a closed
subspace and € > 0. Then,

(Ty)" = (T%)v.
Next we present the transportation formula for e-enlargements.

Theorem 2.1 ([20, Theorem 2.3]) Suppose T : H =2 H is mazimal monotone and let x¢,up € H,
e, €Ry, for £ =1,... k, be such that

k
up € T (xzy), L=1,...,k, Zaé:l’
(=1
and define
k k k
z¢ ::Z apxy, uti= Z o up, ¢ ::Z oy e + (xe — 2% up — u®)].
=1 (=1 =1

Then, the following statements hold:

(a) € >0 and u® € T=" (z®).
(b) If, in addition, T = Of for some proper, convex and closed function f and u; € Og, f(x¢) for £ =
1,....k, then u® € Oca f(2?).

The following results will also be useful in this work.

Lemma 2.2 (21, Lemma 3.2]) If f : H — R is a proper, closed and convex function and z,%,v € H
are such that v € 0f(x) and f(Z) < oo, then v € O, (&) for every e > f(Z) — f(z) — (v,Z — x).

Lemma 2.3 Let f : H — R be proper, closed and convex. Then, the following holds for every \,e > 0:

(a) O(Af) = AOf;
(b) O=(Af) = Adeyaf-

Lemma 2.4 ([22, Lemmas 1.2.3]) Let f : H — R be convex and continuously differentiable such that
there exists a monnegative constant L satisfying

IVf(z) =Vl <Lz -yl VYz,yeH.
Then,
OSf(l')*f(y)%Vf(y),w*wéglleyHQ (4)

forall x,z € H.
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2.2 On the Hybrid Proximal Extragradient Method

In this subsection we consider the monotone inclusion problem
0eT(z) (5)

where T : H =% H is a point-to-set maximal monotone operator. We also assume that the solution set
T-1(0) of (5) is nonempty. Since problem (5) appears in different fields of applied mathematics includ-
ing optimization, equilibrium theory and partial differential equations, it is desirable to have efficient
numerical schemes to find approximate solutions of it.

An ezact prozimal point method (PPM) iteration for (5) is

2k = ()\kT+I)7lzk_1 (6)

where zp_1 and z; are the current and new iterate, respectively, and A\, > 0 is a sequence of stepsizes.
The practical applicability of proximal point algorithms to concrete problems depends on the availability
of inexact versions of such methods. In the seminal work [2], Rockafellar proved that if zj is computed
satisfying

Iz = T + D)~z || < Z M < 00, (7)
k=1

and {A;} is bounded away from zero, then {z} converges weakly to a solution of (5) — assuming that
there exists at least one of them. New inexact versions of the PPM which use relative error tolerance to
compute approximate solutions have been proposed and intensively studied in the last two decades [3,
12-15,23,24]. The key idea behind such methods [3] consists in decoupling (6) as an inclusion and an
equation:

vp € T(21), Aok + 2k —2k—1 =0 (8)

and in relaxing both of them according to relative error tolerance criteria. The hybrid prorimal extra-
gradient (HPE) method of [3] has been used in the last few years as a framework for the analysis and
development of several algorithms for solving monotone inclusion, saddle-point and convex optimization
problems [3-14].

Next we present the HPE method.

Algorithm 1 Hybrid proximal extragradient (HPE) method for (5)

(0) Let zp € H and o € [0, 1] be given and set k = 1.
(1) Compute (Zg, vk, ex) € H X H x Ry and A > 0 such that

v, € Tk (2k), H)\kvk + Zr — Zk71||2 + 2 < 0'2”2]@ — Zk,1||2. (9)
(2) Define
2k = Zk—1 — AkUk, (10)

set k < k + 1 and go to step 1.

Remarks. 1) First note that condition (9) relaxes both the inclusion and the equation in (8). Here, T¢(+) is
the e-enlargement of T'; it has the property that T'(z) C T°(z) (see Subsection 2.1 for details). 2) Instead
of Zj, the next iterate zy, is defined in (10) as an extragradient step from zj_;. 3) Letting o = 0 and using
Proposition 2.1(d) we conclude from (9) and (10) that (2, vx) and A\ > 0 satisfy (8), i.e., Algorithm
1 is an inexact version of the exact Rockafellar’s PPM. 4) Algorithm 1 serves also as a framework for
the analysis and development of several numerical schemes for solving concret instances of (5) (see, e.g.,
[6,10-12,15,23]); specific strategies for computing (Zx, vk, ex) and g > 0 satisfying (9) depends on the
particular instance of (5) under consideration.

In the last few years, starting with the paper [15], a lot of research has been done to study and analyze
the iteration-complexity of the HPE method and its special instances, including Tseng’s forward-backward
splitting method, Korpelevich extragradient method, ADMM, etc [12,15,23]. These iteration-complexity
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bounds for the HPE method are based on the following termination criterion introduced in [15]: for given
tolerances p,e > 0, find z,0 € H and & > 0 such that (z,v) := (Z,7) and € := £ satisfy

veT(z), |v|<p, e<e (11)

Using Proposition 2.1(d) we find that if p = e = 0 in (11) then 0 € T'(2), i.e., Z is a solution of (5).

Next we summarize the main results from [15] about pointwise and ergodic iteration-complexity of
the HPE method that we will need in this paper. The aggregate stepsize sequence {Ay} and the ergodic
sequences {Z¢}, {0¢}, {4} associated to {A\r} and {Z,}, {vi}, and {ex} are, respectively,

=
i
B

)\57
=1
1 & 1 <
Zy = N ; Aezg, v i= A ; Ae vg, (12)

Ae(ee + (20 — 2 ve — vg)).

~

Il
)=
M?r I

~
l

1

Theorem 2.2 ([15, Theorem 4.4(a) and 4.7]) Let {Z}, {vr}, etc be generated by Algorithm 1 and
let {z¢}, {ve}, etc be given in (12). Let also dy denote the distance of zo to T=(0) # 0 and assume that
A:=inf A\ > 0. The following statements hold.

(a) For any k > 1, there exists i € {1,...,k} such that

do 1+o < 02d8

i € T (%), il < = D TE RV AL
v; € (), il WEV1I—0¢ ¢ 2(1—02)Ak

(b) for any k > 1,

vk € T (), vkl <

2y, _ 2140/ VT= D)
e k= V2 '

Remark 2.1 The bounds given in (a) and (b) of Theorem 2.2 are called pointwise and ergodic bounds,
respectively. Items (a) and (b) can be used, respectively, to prove that for given tolerances p,e > 0 the
termination criterion (11) is satisfied in at most

o ({5l [51}) e 0 ({51 1))

iterations, respectively.

The following variant of Algorithm 1 studied in [17] is related to the results of this paper: Let zg € H
and & € [0, 1] be given and iterate for k > 1,

{’Uk GTE’“(gk), ||)\kvk+2k—zk_1\|2+2)\ksk §52 (Hék*Zk—leJFHAk”UkHz)a ( )
13

Zk — Zk—1 — )\kvk.

Remark 2.2 The inequality in (13) is a relative error tolerance proposed in [14] (for a different method);
the identity in (13) is the same extragradient step of Algorithm 1. Hence, the method described in (13)
can be interpreted as a HPE variant in which a different relative error tolerance is considered in the
solution of each subproblem. In what follows in this section we will show that (13) is actually a special
instance of Algorithm 1 whenever & € [0,1/4/5[ and that it may fail to converge if we take & > 1/v/5.
Lemma 2.5 ([14, Lemma 2]|) Suppose {zr}, {Zx}, {vk} and {\i} satisfy the inequality in (13). Then,
for every k > 1,

1-6 . 140 .
152 I = 21l < lIAwvrll < =5 1120 — 261l
where

0:=/1— (162 (14)
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Proof From the inequality in (13) and the Cauchy-Schwarz inequality we obtain

(1 — (5’2) ||/\1€11;€||2 — 2”2]@ — ZIc—lHH/\kUkH + (1 — 5’2) 1Zx — Z/C_le <0, Vk > 1.
To finish the proof of the lemma note that (in the above inequality) we have a quadratic function in the
term || Agvgl|. O

Proposition 2.2 Let {z1.}, {Zc}, {vk}, {er} and {\x} be given in (13) and assume that & € [0,1/v/5].
Define, for all k > 1,

1—62

2
0c:=6 1+(1+9>, (15)

where 0 < 0 < 1 is given in (14). Then, o > 0 belongs to [0,1] and z, Zk, vk, and N\, > 0 satisfy (9)
and (10) for all k > 1. As a consequence, the method of [17] defined in (13) is a special instance of
Algorithm 1 whenever 6 € [0,1//5].

Proof The assumption & € [0,1/+/5 [, definition (15) and some simple calculations show that o € [0, 1]. It
follows from (13), (9) and (10) that to finish the proof of the proposition it suffices to prove the inequality
in (9). To this end, note that from the second inequality in Lemma 2.5 and (15) we have

2 (1 . 1+60\%) .
&2 (12 — 2=l + | Aevr]|?) < 62 (1 + ( ) ) (B

1—62
= U2H«§k — Zk,1||2 Vk Z ].,
which in turn gives that the inequality in (9) follows from the one in (13). O

Remark 2.3 Algorithm 1 is obviously a special instance of (13) whenever o € [0, 1/+/5 [ by setting 6 := 0.
Next we will show it is not true in general. Let T': R — R be the maximal monotone operator defined
by

T(z) =z VzeR (16)
Assume that o €]4/2/5,1], take zp = 1 and define, for all k£ > 1,

- o
Zp = 2 = (1 - 02) Zh—1, Uk = Zx—1, Ek = 7\zk_1|2, A\ =02, (17)

We will show that (2, vy, ex) and A, > 0 in (17) satisfy (9) but not (13) for any choice of & € [0,1/v/5].
To this end, we first claim that v, € T°%(Z;) for all £ > 1. Indeed, using (16) and (17) we obtain, for all
yeRand k> 1,
(Ty —ve)(y — 2) = (Y — 26—1)(y — 26—1 + 07 2-1)
>y — zp-1]? = |0 z1lly — 21|
. |U2Zk,1|2
4

which combined with (2) proves our claim. Moreover, it follows from (17) that

Z > —€k,

|)\kvk + Zr — Zk_1|2 + 2X\peR = |2k — (1 - 0'2)21@_1‘2 + 2 ek
= 2\
:O'Q‘Ek 7Zk,1|2, (18)
which proves that (2, vi,er) and A\x > 0 satisfy the inequality in (9). The first and second identities in
(17) give that they also satisfy (10). Altogether, we have that the iteration defined in (17) is generated

by Algorithm 1 for solving (5) with T given in (16). On the other hand, it follows from (17) and the
assumption o > 1/2/5 that

2

. o .
o2z, — 2P = - (126 — 2zk—1] + [Awv]?)
1,
> g (|Zk — Zk71|2 + |)\kvk|2) . (19)

Hence, it follows from (18) and (19) that the inequality in (13) can not be satisfied for any choice of
6 €[0,1/4/5[ and so the sequence given is (17) is generated by Algorithm 1 but it is not generated by
the algorithm described in (13).
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Remark 2.4 Next we present an example of a monotone inclusion problem for which an instance of (13)
may fail to converge if we take & €]1/v/5,1[. To this end, consider problem (5) where the maximal
monotone operator T : R — R is defined by

T(z):=az VzeR, (20)
where

_
=

1446

+1, 7::1_&2.

(21)

(6 > 0 is defined in (14).) Assuming & €]1/v/5, 1] we obtain 56* — 662+ 1 < 0, which is clearly equivalent
to 6 > |1 — 262|. Using (21) and the latter inequality we conclude that

ary

> 2, > 2. 22
gl P (22)

Now take zg = 1 and define, for all £ > 1,
Zky Vi, €k ) 1= 2k—1,1(Zk),0 |, Ag:=1, 2 := 2p—1 — AkUk. 23
(Zk, vk, €k) <a+7k1(k)) k k k-1 — ARV (23)

Direct calculation yields, for all £ > 1,

lok + Zx — zk1|” = 6 (|2 — 261 + oel?) (24)

which, in turn, together with (23) imply (13). Using (20) and (23) we find

k
ay
=(|1- vk > 1. 25
o ( a+7)’ - (25)

Using the second inequality in (22) and the latter identity we easily conclude that |zx| — oo as k — oo
and so {zx} does not converge to the unique solution z = 0 of (5).

3 An Inexact Spingarn’s Partial Inverse Method

In this section we consider the problem of finding x,u € H such that
eV, ueV*t and ueT(z) (26)

where T' : H = H is maximal monotone and V is a closed subspace of H. We define the solution set of
(26) by
S*(V,T) :={z € H : there exist z,u € H satisfying (26) such that z = x + u} (27)

and assume it is nonempty. Problem (26) encompasses important problems in applied mathematics
including minimization of convex functions over closed subspaces, splitting methods for the sum of
finitely many maximal monotone operators and decomposition methods in convex optimization [1,17,25,
26]. One of our main goals in this paper is to propose and analyze an inexact partial inverse method for
solving (26) in the light of recent developments in the iteration-complexity theory of the HPE method [3,
15], as discussed in Section 2.2. We will show, in particular, that the method proposed in this section
generalizes the inexact versions of the Spingarn’s partial inverse method for solving (26) proposed in
[26] and [17]. The main results of iteration-complexity to find approximate solutions are achieved by
analyzing the proposed method in the framework of the HPE method (Algorithm 1).

Regarding the results of iteration-complexity, we will consider the following notion of approximate
solution for (26): given tolerances p,e > 0, find Z,4 € H and &€ > 0 such that (z,u) = (z,a) and € = &
satisfy

we T (z), max{|z—Py(@)|llu-Pro(l} <p, e<e¢ (28)

where Py and Py . stand for the orthogonal projection onto V and V1, respectively, and T¢(-) denotes
the e-enlargement of T (see Section 2.2 for more details on notation). For p = € = 0, criterion (28) gives
zeV,ueVtandueT(Z),ie., in this case Z, u satisfy (26). Moreover, if V = H in (26), in which case
Py =1 and Py1. = 0, then the criterion (28) coincides with one discussed in Section 2.2 for problem (5)
(see (11)).
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That said, we next present our inexact version of the Spingarn’s partial inverse method for solving
(26).

Algorithm 2 An inexact Spingarn’s partial inverse method for (26) (I)

(0) Let 9 € H and o € [0,1] be given and set k = 1.
(1) Compute (Zg,ug,cx) € H X H x Ry such that

up € T(Zx), |k + Zp — wp—1|* + 26 < 0% Py (Zx) + Pyo (ur) — 2| (29)
(2) Define
zp = Tp—1 — [Py (ug) + Pyo(2)], (30)
set k < k + 1 and go to step 1.

Remarks. 1) Letting V = H in (26), in which case Py = I and Py. = 0, we obtain that Algorithm 2
coincides with Algorithm 1 with A, =1 for all k£ > 1 for solving (5) (or, equivalently, (26) with V' = H).
2) An inexact partial inverse method called sPIM(e) was proposed in [17], Section 4.2, for solving (26).
The latter method, with a different notation and scaling factor n = 1, is given according to the iteration:

{Uk € T8 (&), |lup + Tp — zk—1]® + 2ex < 62 (|2 — Py (ze—1)|1* + llur — Py (zk-1)|?) , 51)

T = k-1 — [Py (ur) + Py (T)],

where 6 € [0, 1[. The convergence analysis given in [17] for the iteration (31) relies on the fact (proved in
the latter reference) that (31) is a special instance of (13) (which we observed in Remark 2.4 may fail to
converge if we consider & €]1/+/5,1[). Using the fact just mentioned, the last statement in Proposition
2.2 and Proposition 3.3 we conclude that (31) is a special instance of Algorithm 2 whenever & € [0, 1/1/5]
and it may fail to converge if & > 1/4/5. On the other hand, since, due to Proposition 3.3, Algorithm 2
is a special instance of Algorithm 1, it converges for all o € [0, 1] (see, e.g., [3, Theorem 3.1]). Note that
the difference between sPIM(e) and Algorithm 2 is the inequality in (29) and (31).

In what follows we will prove iteration-complexity results for Algorithm 2 to obtain approximate
solutions of (26), according to (28), as a consequence of the iteration-complexity results from Theorem
2.2. To this end, first let {Z}, {ux} and {ex} be generated by Algorithm 2 and define the ergodic
sequences associated to them:

(32)

The proof of the next Proposition is given in Subsection 3.1.

Theorem 3.1 Let {%}, {ur} and {ex} be generated by Algorithm 2 and let {Z¢}, {uf} and {e?} be
defined in (32) . Let also dy v denote the distance of xo to the solution set (27). The following statements
hold:

(a) For any k > 1, there exists j € {1,...,k} such that

€ T% (& ),
doy [T + - 02d2y, (33)
\/llﬂ?y Py (Z)I1? + luj — Py (uy)]? < VA gj < A= o7k
(b) for any k > 1,
uj, € T (&),
2, (1+0/V1=02)d (34)
\/||961c Py (Z)I? + llug — Pre (up)[? < gv, 0<ep < :
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Next result, which is a direct consequence of Theorem 3.1(b), gives the iteration-complexity of Algo-
rithm 2 to find z,u € H and € > 0 satisfying the termination criterion (28).

Theorem 3.2 (Iteration-complexity) Let do v denote the distance of xq to the solution set (27) and let
p, € > 0 be given torelances. Then, Algorithm 2 finds x,u € H and € > 0 satisfying the termination

criterion (28) in at most
d2
o (max{ ’Vdo’v—‘ , ’VO’V—‘ }) (35)
p €

We now consider a special instance of Algorithm 2 which will be used in Section 4 to derive operator
splitting methods for solving the problem of finding zeroes of a sum of finitely many maximal monotone
operators.

iterations.

Algorithm 3 An inexact Spingarn’s partial inverse method for (26) (II)

(0) Let 9 € H and o € [0, 1] be given and set k = 1.
(1) Compute Z, € H and e > 0 such that

2
N 3 o
up = Tho1 = T € TH(@),  en < - [lEk — Py (zr—1)|* (36)
(2) Define
xp = Py (Tr) + Pyo(ug), (37)

set k < k + 1 and go to step 1.

Remarks. 1) Letting o = 0 in Algorithm 3 and using Proposition 2.1(d) we obtain from (36) that x = %,
solves the inclusion 0 € T'(z) + 2 — x}_1, i.e., Tp = (T +I)"tzy_1 for all k > 1. In other words, if o = 0,
then Algorithm 3 is the Spingarn’s partial inverse method originally presented in [1]. 2) It follows from
Proposition 2.1(e) that Algorithm 3 is a generalization to the general setting of inclusions with monotone
operators of the Epsilon-prozimal decomposition method scheme (EPDMS) proposed and studied in [26]
for solving convex optimization problems. Indeed, using the identity in (36) we find that the right hand
side of the inequality in (36) is equal to 02/2 (|| Py (&)||> + || Py (uk)|[?) (cf. EPDMS method in [26],
with a different notation). We also mention that no iteration-complexity analysis was performed in [26].
3) Likewise, letting V' = H in Algorithm 3 and using Proposition 2.1(e) we obtain that Algorithm 3
generalizes the IPP-CO framework of [21] (with A, := 1 for all £k > 1), for which iteration-complexity
analysis was presented in the latter reference, to the more general setting of inclusions problems with
monotone operators.

Proposition 3.1 The following statements hold true.

(a) Algorithm 3 is a special instance of Algorithm 2.
(b) The conclusions of Theorem 3.1 and Theorem 8.2 are still valid with Algorithm 2 replaced by Algo-
rithm 3.

Proof (a) Let {zx}, {Zr}, {ex} and {ur} be generated by Algorithm 3. Firstly, note that the identity in
(36) yields ux + & — xx—1 = 0 and, consequently,
|12 = Py (zr-1)||* = 1Py (& — 2—1)|” + | Py (@)
= 1Py (@x — xp—1)||* + |1 Pys (ur — zi-1)]|
= [|Pv (k) + Py (ug) — zx—1]?,
and
Py () + Py (ue) =(Zk — Py (Tx)) + Py (uk)
= (zr—1 — ur) = Pya(T) + Py (ur)
=Tp_1— [Pv(uk) + Py (i‘k)] .
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Altogether we obtain (a).
(b) This Item is a direct consequence of (a), Theorem 3.1 and Theorem 3.2. O

Next we observe that Proposition 3.1(b) and the first remark after Algorithm 3 allow us to obtain
the iteration-complexity for the Spingarn’s partial inverse method.

Proposition 3.2 Let dy v denote the distance of xg to the solution set (27) and consider Algorithm 3
with o = 0 or, equivalently, the Spingarn’s partial inverse method of [1]. For given tolerances p,e > 0,
the latter method finds

(a) z,u € H such that u € T'(z), max {||z — Py (2)], |lu — Py+(u)||} < p in at most

dgv
O . 38
iterations.

(b) z,u € H and £ > 0 satisfying the termination criterion (28) in at most a number of iterations given
in (35).

Proof (a) The statement in this item is a direct consequence of Proposition 3.1(b), Theorem 3.1(a) and
the fact that e, = 0 for all £ > 1 (because 0 = 0 in (36)). (b) Here, the result follows from Proposition
3.1(b) and Theorem 3.2. O

3.1 Proof of Theorem 3.1

The approach adopted in the current section for solving (26) follows the Spingarn’s approach [1] which
consists in solving the monotone inclusion

0e Tv<2’) (39>

where the maximal monotone operator Ty : H = H is the partial inverse of T with respect to the
subspace V. In view of (3), we have

(Ty)~H(0) = S*(V, 1), (40)

where the latter set is defined in (27). Hence, problem (26) is equivalent to the monotone inclusion
problem (39). Before proving Theorem 3.1 we will show that Algorithm 2 can be regarded as a special
instance of Algorithm 1 for solving (39).

Proposition 3.3 Let {Z}r>1, {ukte>1, {exti>1 and {zx}tr>0 be generated by Algorithm 2. Define
zo = g and, for allk > 1,

2y = Tk, Zk = Pv(.i‘k) + Py1 (uk), Vg = Pv(uk) + Py1 (i‘k) (41)
Then, for all k > 1,

vk € (Tv)™ (Zk), vk + 2 — zi—1]|® + 26 < 0|2k — 2517, (42)
2k = Zh—1 — Uk,

i.e., (Zk, vk, €x) and A\, =1 satisfy (9) and (10) for all k > 1. As a consequence, the sequences {2k} k>0,
{Zk}r>1, {vk}e>1 and {ex}r>1 are generated by Algorithm 1 (with Ay := 1 for all k > 1) for solving
(39).

Proof From the inclusion in (29), (3) with S = T and Lemma 2.1 we have Py (ug) + Py (%) €
(Tv)** (Py (%) + Py (ug)) for all k > 1, which combined with the definitions of Z; and vy in (41) gives
the inclusion in (42). Direct use of (41) and the definition of {z;} yield

Uk + 2 + 21 = Uk + Tk — Tp—1,

2 — zp—1 = Pv(Tx) + Py (ug) — vp-1, (43)

Zp—1 — Vg = Tp—1 — [Py (ug) — Py (Tx)],

which combined with (29), (30) and the definition of {zx} gives the remaining statements in (42). The
last statement of the proposition follows from (42) and Algorithm 1’s definition. a
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Proof of Theorem 3.1. From (41) we obtain

Zp = Py(Zx) + Pyo(vg), wup = Py(vg)+ Pyo(Z) VE>1. (44)
Direct substitution of the latter identities in Z¢ and u§ in (32) yields

B = Py + Pya(uf), uf = Py(of) + Poo (3) k> 1. (45)

Using (44) and (45) in the definition of €f in (32) and the fact that the operators Py and Py. are
self-adjoint and idempotent we find

k
Z (e0+ (Zo — 22 00— 00)) Vk > 1, (46)

where {€{} is defined in (32). Now consider the ergodic sequences {A}, {7} and {vf} defined in (12)
with Ay := 1 for all £ > 1. Let dy denote the distance of zg = z¢ to the solution set (7,)~*(0) of (39) and
note that dy = do,v in view of (40). Based on the above considerations one can use the last statement in
Proposition 3.3 and Theorem 2.2 with A := 1 to conclude that for any k > 1 there exists j € {1,...,k}
such that
2d2
v; € (TV)7 (%), vl < &< 5o (47)
f 2 2(1 — o2k’

and

2do,v 20 +0/V1—02)d3y,

v e ()FED, lopl < =Y, et < . ,

where {e¢} is given in (32). Using Lemma 2.1, the definition in (3) (for S = T**), (44) and (45)
we conclude that the equivalence v € (Ty)®(2) <= v € (T°)yv(2) <= wu € T°(Z) holds for
(2,v,€) = (Zk, vk, ex) and (Z,u,e) = (Tk, Uk, €x), and (2,v,e) = (¢, vf,et) and (Z,u,e) = (TF, ug, %),
for all k > 1. As a consequence, the inclusions in (33) and (34) follow from the ones in (47) and (48),
respectively. Since (45) gives v = Py (u}) + Py (2}) for all £ > 1, it follows from the definition of {vy}
n (41) that (v,u,Z) = (v, uk, &) and (v, u, T) = (v}, uf, Tf) satisfy

[l = 1Py ()[I* + | P+ (@)1 = llu = Py (w)]* + & — Py (2)]>

(48)

for all k£ > 1, which, in turn, gives that the inequalities in (33) and (34) follow from the ones in (47) and
(48), respectively. This concludes the proof. O

4 Applications to Operator Splitting and Optimization

In this section we consider the problem of finding = € H such that
0€) Ti(x) (49)
i=1

where m > 2 and T; : H = H is maximal monotone for ¢ = 1,...,m. As observed in [1], x € H satisfies
the inclusion (49) if and only if there exist uq, ..., u, € H such that

u; € T;(x) and Z u; = 0. (50)

That said, we consider the (extended) solution set of (49) — which we assume nonempty — to be defined
by

S'(Y) ={(z)2; € H™ : Tz,u1,ug,...,uy € Hsatisfying (50); z,=x+u; Vi=1,...,m}. (51)

Due to its importance in solving large-scale problems, numerical schemes for solving (49) use information
of each T; individually instead of using the entire sum [1,17,27,29-31]. In this section, we apply the
results of Section 3 to present and study the iteration-complexity of an inexact-version of the Spingarn’s
operator splitting method [1] for solving (49) and, as a by-product, we obtain the iteration-complexity
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of the latter method. Moreover, we will apply our results to obtain the iteration-complexity of a parallel
forward-backward algorithm for solving multi-term composite convex optimization problems.

To this end, we consider the following notion of approximate solution for (49): given tolerances
P, 5, € >0, find T1,T2, ... Ty € H, U1, Uz,...,Um €H and €1,82,...,Em >0 such that (Il)gl = (ji)ﬁl’
(ui)iZy = (@)L, and (£:)iZ, = (&)i%, satisfy

w €T (x;) Vi=1,...,m,

> uil <p,
- (52)
lzi —xel| <6 Vi, d=1,...,m,
Z E; S €.
i=1
For p = § = € = 0, criterion (52) gives 1 = Ty = +++ = Ty, = T, y_ 1oy @ = 0 and u; € T;(z) for all

i=1,...,m, ie., in this case T, 4y, Us,. . ., Um, satisfy (50).
We next present our inexact version of the Spingarn’s operator splitting method [1] for solving (49).

Algorithm 4 An inexact Spingarn’s operator splitting method for (49)

(0) Let (z0,91,05- - - Ym,0) € H™ ! such that y1 0+ +Ymo = 0and o € [0, 1] be given and set k = 1.

(1) For each i =1,...,m, compute Z; ,, € H and ¢; ; > 0 such that
2
Wi g = Tho1 + Yi ko1 — Tik € T (84, 1), gik < %Hi‘i,k — x| (53)
(2) Define
1 — 1 —
xk:EziLk, y@k:ui’k*a;?u’k forizl,...,m, (54)
1= =

set k < k+ 1 and go to step 1.

Remarks. 1) Letting 0 = 0 in Algorithm 4 we obtain the Spingarn’s operator splitting method of [1]. 2)
In [17], Section 5, an inexact version of the Spingarn’s operator splitting method — called split-sPIM(z)
— was proposed for solving (49). With a different notation, for i = 1,...,m, each iteration of the latter
method can be written as:

i,k € T (T, 1),
i, ko + @ik — The1 — Vi, k1 [1? + 285,5 < 62 (1T, 5 — mo—1]1® + llwi, 6 — yi,k-1?) 5 (55)

m ~ m ~ .
Jﬁk:fﬂk—l—azizl Ui, &, yi,k:yi71~c—1_$i,k+EZe:1$€7k for i=1,...,m,

where & € [0,1[. The convergence analysis of [17] consists in analyzing (55) in the framework of the
method described in (13), whose convergence may fail if we take & > 1/4/5, as we observed in Remark
2.4. On the other hand, we will prove in Proposition 4.1 that Algorithm 4 can be regarded as a special
instance of Algorithm 3, which converges for all ¢ € [0, 1] (see Proposition 3.3, Proposition 3.1(b) and
[3, Theorem 3.1]). Moreover, we mention that contrary to this work no iteration-complexity analysis is
performed in [17].

For each i = 1,...,m, let {%; x}, {w;, s} and {e; 1} be generated by Algorithm 4 and define the
ergodic sequences associated to them:

k k
e 1 . o 1 _
Ty k= % Tie, U= % Ui, ey
=1 =1
56
L (56)
ey = . D et (Fie — B gowie — ul )]

Next theorem will be proved in Subsection 4.1.
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Theorem 4.1 For eachi=1,...,m, let {Z; 1}, {ui 1} and {e; 1} be generated by Algorithm 4 and let
{2¢ 11 {ug .} and {e*}.} be defined in (56) . Let also do,s: denote the distance of (xo+y1,0,- - -+ %0 +Ym,0)
to the solution set (51). The following statements hold:

(a) For any k > 1, there exists j € {1,...,k} such that

U5 € T:i'j (i’i}j) Vi = 1,....,m,

iU" <\/ﬁd0’2 140
i=1 R Y 1-o’

(57)
2dox JLHO iy
VE V1-o0

i <72d0274\7
PIEFE 21— o)k’
=1

1Zi, — Ze 41l <

(b) for any k >1,

uly €T M(EE,) Yi=1,...,m,
- 2y/md
S, < 2md.s.
=1 ’ k
Ady s (58)

1255 — T 4|l < Vi l=1,...,m,

iEa - 20 +0/V1—-02)dj 5
ik S :
’ k

i=1

As a consequence of Theorem 4.1(b) we obtain the iteration-complexity of Algorithm 4 to find
XT1,T2y .oy Ty € H, U1, U, ..., Uy € H and e1,€2,...,6, > 0 satisfying the termination criterion (52).

Theorem 4.2 (Iteration-complexity) Let do x denote the distance of (o + Y1,05---,%0 + Ym,0) to the
solution set (51) and let p,d,e > 0 be given torelances. Then, Algorithm 4 finds x1,22,...,2ym € H,
UL, Uy - oy Uy € H and €1,€2,...,&m > 0 satisfying the termination criterion (52) in at most

(i)

Using the first remark after Algorithm 4 and Theorem 4.1 we also obtain the pointwise and ergodic
iteration-complexity of Spingarn’s operator splitting method [1].

iterations.

Theorem 4.3 (Iteration-complexity) Let do 5 denote the distance of (xo + Y1,05---,%0 + Ym,0) to the
solution set (51) and consider Algorithm 4 with o = 0 or, equivalently, the Spingarn’s operator splitting
method of [1]. For given tolerances p,d,e > 0, the latter method finds

(a) z1,22,...,&m € H and uy,ug, ..., Uy € H such that

Uq ETZ‘(SL’Z‘) Vi=1,...,m,

m
> i
i=1

lzi — 2| <6, Vi,d=1,...,m

d? d?
o (me{ [52] - [%2)}) o
iterations.

(b) x1,29,... Ty € H, Ui, U, ..., Uy € H and e1,¢9,...,&,m > 0 satisfying the termination criterion
(52) in at most the number of iterations given in (59).

<p, (60)

m at most
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Proof (a) This item follows from Theorem 4.1(a) and the fact that ¢; , = 0 for each ¢ = 1,...,m and
for all k£ > 1 (because o =0 in (53)). (b) This item follows directly from Theorem 4.2. O

Applications to optimization. In the remaining part of this section we show how Algorithm 4 and its
iteration-complexity results can be used to derive a parallel forward-backward splitting method for multi-
term composite convex optimization and to study its iteration-complexity. More precisely, consider the
minimization problem

m

min 2 (fi + i) (z) (62)

where m > 2 and the following conditions are assumed to hold for all : = 1,... m:

(A1) f; : H — R is convex, and differentiable with a L;-Lipschitz continuous gradient, i.e., there exists
L; > 0 such that

IVfi(z) = Vi)l < Lillz —yll Vo,y € H; (63)

(A.2) ¢; : H — R is proper, convex and closed with an easily computable resolvent (Ady; + I)~!, for any
A>0;
(A.3) the solution set of (62) is nonempty.

We also assume standard regularity conditions * on the functions ¢; which make (62) equivalent to
the monotone inclusion problem (49) with T; := Vf; 4+ 0y, for all ¢ = 1,...,m, i.e., which make it
equivalent to the problem of finding x € H such that

m

0> (Vfi+0p) (o). (64)

i=1

Analogously to (52), we consider the following notion of approximate solution for (62): given tolerances

p,0,€ >0, find T1, %o, ...,%Tm € H, U1, U2,..., Uy € H and &1,89,...,&y, > 0such that (z;), = (Z;)",
(u)y = (W)™, and (g;)12, = (&), satisfy (52) with T} * replaced by 0., fi+0p;, foreachi=1,...,m.
For p = § = € = 0, this criterion gives Ty = To = -+ = Ty, =2 T, yivy 4 = 0 and 4; € (Vf; + ;) (T)
foralli=1,...,m, i.e., in this case Z solves (64).

We will present a parallel forward-backward method for solving (62) whose iteration-complexity is
obtained by regarding it as a special instance of Algorithm 4. Since problem (62) appears in various
applications of convex optimization, it turns out that the development of efficient numerical schemes for
solving it — specially with m > 2 very large — is of great importance.

Next is our method for solving (62).

Algorithm 5 A parallel forward-backward splitting method for (62)

(0) Let (%0,41,05---,Ymo0) € H™ ' such that y10 + -+ + ymo = 0 and o €]0,1[ be given and set
A =0?/max{L;}™, and k = 1.

(1) For each i =1,...,m, compute
Fip =00 + D)7 (wh—1 + Yi k1 — AV fi(z1-1)) - (65)
(2) Define
mk:iifii,k, Yik = Yi k—1 + Tk — T4 for i=1,...,m, (66)
mia

set k < k+ 1 and go to step 1.

Remarks. 1) Since in (65) we have a forward step in the direction —V f;(zx—1) and a backward step given
by the resolvent of ¢;, Algorithm 5 can be regarded as a parallel variant of the classical forward-backward

1 see, e.g., [28, Corollary 16.39]
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splitting algorithm [32] . 2) For m = 1 the above method coincides with the forward-backward method
of [21], for which the iteration-complexity was studied in the latter reference.

For each i =1,...,m, let {zx}, {Z; r} be generated by Algorithm 5, {u; »} and {e; x} be defined in
(84) and let {Z¢ ; }, {uf ,} and {&;!; } be given in (56). Define, for all £ > 1,

1 1 1
u;,k::XUi,ka 5;,k::X5i,ka Uiak ::Xu?kv Egak ::ngkv

L F 1 F (67)
5;:%:%2 [@g+<$ze—xz kvvfl T 1) %Z i(Ts1 }

=1 —1

Next theorem will be proved in Subsection 4.2.

Theorem 4.4 For each i = 1,...,m, let {Z; 1} be generated by Algorithm 5 and {Z,} be given in
(56); let {u; 1.}, {ei 1} {ui%} {5 o and {e] %} be given in (67). Let also do s denote the distance of
(o +y1,0,---,Z0 + Ymo) to the solutwn set (51) in which T; :=V f; + 0p; fori=1,...,m, and define
Ly :=max{L;}",. The following hold:

(a) For any k > 1, there exists j € {1,...,k} such that

€ (0, fi+001) (31) Vi=1,....m,

iu Vm deoz\/m
il = 0
= o2k l—0o
- . 2d02 1+o . (68)
12,5 = Ze 51l < i Vil =1,...,m,
Ui Ly dOQE
< .
Z 9 =9I — o)k
-1
(b) for any k > 1,
u;fy, € (aELCifi +8(€;?k752:i)<pi) (@f ) Vi=1,...,m,
- a 2\/5112 dO,E
2w S =
i=1
4do, (69)

%5 5 — %54l < Vil=1,...,m,

. _20+0/V1-0?)Lyd s
Zai’k_ o2k

i=1

The following theorem is a direct consequence of Theorem 4.4.

Theorem 4.5 (iteration-complexity) Let do 5 denote the distance of (xo + y1,05---,%0 + Ym,0) to the

solution set (51) in which T; := V f; + 0pi, for i =1,...,m, and let p,0,¢ > 0 be given torelances. Let

Ly, := max{L;}™,. Then, Algorithm 5 finds

(a) z1,22,.. ., Tm € H, ut,ug,...,um € H and €1,€9,...,6, > 0 satisfying the termination criterion
(52) with T} replaced by O, f; + Dp; in at most

mL22d22 d%z L2d22
O (max{ ’V = %2\, 5’2 ) 60’ (70)
iterations.

(b) 1,29, .. T € H, ur,ug,...,um € H, €1,62,...,6m >0 and €1,€a,...,Em > 0 such that
6(857f1+857gol)(z1) Vi=1,...,m

m
PIRT
i=1
lw; —ael| <0, Vil=1,...,m

m
Z (ei+é&;)<e
i=1

<p

(71)
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ofm{fmzss ) [25])

m at most

iterations.

4.1 Proof of Theorem 4.1

Analogously to Subsection 3.1, in the current section we follow the Spingarn’s approach in [1] for solving
problem (49) which consists in solving the following inclusion in the product space H™:

0 e Tv(z), (73)
where T : H™ == H™ is the maximal monotone operator defined by
T(x1,%2, .. X)) :=T1(x1) X To(22) X - X Trp(x)  V(21,22,. .., Zm) € H™, (74)
and
Vi={(z1,22,...,2m) EH" t x1 =22 =" =Ty} (75)
is a closed subspace of H™ whose orthogonal complement is
VL:{(xl,xQ,...,xm)E’Hm D xp a2+ +x, =0} (76)
Based on the above observations, we have that problem (49) is equivalent to (26) with T and V given

in (74) and (75), respectively. Moreover, in this case, the orthogonal projections onto V and V+ have
the explicit formulae:

1 & 1 &
Pv(l‘l,l‘g,...,xm): 75 .’Ei“..,*g i3 5
m 4 m 4
=1 1=1
1 — 1 —
Pyi(z1,29,...,&m) = xl——g xi,...,xm——g z; | .
mi3 mai3
1= =

Next we show that Algorithm 4 can be regarded as a special instance of Algorithm 3 and, as a
consequence, we will obtain that Theorem 4.1 follows from results of Section 3 for Algorithm 3.

(77)

Proposition 4.1 Let {zy}r>0 and, for eachi=1,...,m, {yi & tx>0, {Zi, & te>1, {Wi, 6 te>1 and {ei, k e>1
be generated by Algorithm 4. Consider the sequences {x }r>0, {Xkte>1 and {ug}tr>1 in H™ and {ex }x>1
i Ry where

X = (xk +?Jl,ka-~-7$k +y’m’k)’ ik = (jl’k7”'7j.m’k)7
m (78)
€k ::Zé:i,ka Ug = (Ul,kw"aum,k)’
i=1
Then, for all k > 1,
€1,k Em,k\ (% X o X ’
w € (T X)), wet &= =0, e S R Pyl gy

xi = Py (Xg) + Py o (ug).

As a consequence of (79), the sequences {Xi}r>0, {Xk}e>1, {Urtr>1 and {ex}r>1 are generated by
Algorithm 3 for solving (39) with T and V given in (74) and (75), respectively.

Proof Note that (79) follows directly from (53), (54), (78) and definition (1) (with S; = T<"* for i =
1,...,m). The last statement of the Proposition is a direct consequence of (79) and Algorithm 3’s
definition. ad
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Proof of Theorem 4.1. We start by defining the ergodic sequences associated to the sequences {X}, {ux}
and {ex} in (78):

M
>

I
| =
Mw
?r\H
M»

! =t (80)
[ee + (X¢ — X7, up — uf)].
Note that from (27), (51), (74), (75) and (76) we obtain S*(V,T) = S*(X) and, consequently, do v =

do ». That said, it follows from the last statement in Proposition 4.1, Proposition 3.1(a) and Theorem
3.1 that for any k > 1, there exists j € {1,...,k} such that

u; € (T17 x Ty»7 x o x Tomd) (X5),

dos [T X o2d2 (81)
\/HXJ Py (%))[1? + [Ju; — Py (uy)* < VA PR 201 —o2)k ’
and
2dy, > 20 +0/V1—02)di 5 (82)

0<ef <

\/ka Py ()| + lluf = Py (up)[|* < —2= < z

In particular, we see that Item (a) of Theorem 4.1 follows from (81), (78) and (77). Note now that from
(80), (78) and (56) we obtain, for all k£ > 1,

i(lz:(jlll,kv‘ig,kv"'ax?n,k)’ uZ:(uikvug,k)"wu?n,k)’ €Z=Z€?,k~ (83)

Hence, the inequalities in (58) follow from (82), (83) and (77). To finish the proof of the theorem it

suffices to show the inclusions in (58) for each i = 1,...,m and all k¥ > 1. To this end, note that for each
i =1,...,m the desired inclusion is a direct consequence of the inclusions in (53), the definitions in (56)
and Theorem 2.1 (with T'=T; for each i = 1,...,m). O

4.2 Proof of Theorem 4.4

Next proposition shows that Algorithm 5 is a special instance of Algorithm 4 for solving (49) with
T, =V(A\fi) +0(\p;) foralli=1,...,m

Proposition 4.2 Let {zy}r>0 and, fori=1,...,m, {yi k>0 and {&; x}r>1 be generated by Algorithm

5. Fori=1,...,m, consider the sequences {u; r}tr>1 and {&; 1 }trx>1 where, for all k > 1,
Ui g i= Th—1 + Yi kel — Ti, ks (84)
ik = AMfi(@i k) — filer—1) = (Vfi(Tp—1), Ti,k — Tu—1)] .
Then, for all k > 1,
V(Afi)(@r-1) € O, ,,(Afi)(Zi, 1), (85)
ui ) — Vi) (xr—1) € O(Api)(Zi, 1), (86)
ui g € (0z,  (Mfi) + 0(Npi)) (Fi k), (87)
2
o
0 S Eik S Ellxi,k - l‘k71||27 (88>
xp and y; k satisfy (54). (89)

As a consequence of (84)—(89), the sequences {Tk}r>0, {¥i, b e>1, {Zi ktr>0, {€irtr>1 and {wi ktr>1
are generated by Algorithm 4 for solving (49) with

T, =V(Afi) +0(hg;) Vi=1,...,m.
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Proof Inclusion (85) follows from Lemma 2.2 with (f,z,%,v,¢) = (Afi, @1, Zi ks VIN)(@k=1)s €0 k)5
where ¢; , is given in (84). Inclusion (86) follows from (65), the first identity in (84) and Lemma 2.3(a).
Inclusion (87) is a direct consequence of (85) and (86). The inequalities in (88) follow from assumption
(A.1), the second identity in (84), Lemma 2.4 and the definition of A > 0 in Algorithm 5. The fact that
xy, satisfies (54) follows from the first identities in (54) and (66). Direct use of (66) and the assumption
that y1,0 + -+ + Ym,0 = 0 in step 0 of Algorithm 5 gives > ,~, y¢, = 0 for all k& > 0, which, in turn,
combined with the second identity in (66) and the first identity in (84) proves that y; , satisfies the
second identity in (54). Altogether, we obtain (89). The last statement of the proposition follows from
(84)—(89) and Proposition 2.1(b;e). O

Proof of Theorem 4.4. From the last statement of Proposition 4.2, the fact that

(i w5, +a¢i1> 0= (i YO +a<m>]) 0

i=1 i=1

and Theorem 4.1 we obtain that (57) and (58) hold. As a consequence of the latter fact, (87), (67),
Lemma 2.4(b), the fact that A = 02/Lx and some direct calculations we obtain (68) and the inequalities
n (69). To finish the proof, it suffices to prove the inclusion in (69). To this end, note first that from
(85), (56), the last identity in (67), Lemma 2.3(b) and Theorem 2.1(b) we obtain, for each i =1,...,m,

sz To-1) € Depa fi(E()) VE > 1. (90)

On the other hand, it follows from (86), Lemma 2.3(a), (67), Theorem 2.1(b) and some direct calculations
that, for each i =1,...,m,

w5 %Z V@) € Do o) eilE) W2 1, o1)

which, in turn, combined with (90) gives the inclusion in (69). O

5 Conclusions

We proposed and analyzed the iteration-complexity of an inexact version of the Spingar’s partial in-
verse method and, as a consequence, we obtained the iteration-complexity of an inexact version of the
Spingarn’s operator splitting method as well as of a parallel forward-backward method for multi-term
composite convex optimization. We proved that our method falls in the framework of the hybrid prox-
imal extragradient (HPE) method, for which the iteration-complexity has been obtained recently by
Monteiro and Svaiter. We also introduced a notion of approximate solution for the Spingarn’s problem
(which generalizes the one introduced by Monteiro and Svaiter for monotone inclusions) and proved the
iteration-complexity for the above mentioned methods based on this notion of approximate solution.
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