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We extend the general decomposition scheme of [32], which is based on the hybrid inexact proximal
point method of [38], to allow the use of variable metric in subproblems, along the lines of [23]. We show
that the new general scheme includes as special cases the splitting method for composite mappings [25]
and the proximal alternating directions method [13, 17] (in addition to the decomposition methods of
[10, 42] that were already covered by [32]). Apart from giving a unified insight into the decomposition
methods in question and openning the possibility of using variable metric, which is a computationally
important issue, this development also provides linear rate of convergence results not previously available
for splitting of composite mappings and for the proximal alternating directions methods.
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1. Introduction

We consider the classical problem of finding a zero of a maximal monotone operator
T:R" = R" i.e., find z € R" such that

0eT(z). (1)

As is well known, a wide variety of problems such as convex optimization, min-max
problems, and monotone variational inequalities over convex sets, fall within this general
*This author is supported in part by CNPq Grants 301508/2005-4 and 471267/2007-4, by PRONEX—
Optimization, and by FAPERJ.
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framework, see, e.g., [31]. Our central interest in this paper is the situation when the
given operator 1" has some separable structure. In such cases, decomposition methods
come into play. Many of those methods (e.g., [20, 40, 12, 41, 43, 32, 22]) are explicitly or
implicitly derived from the proximal point algorithm (e.g., [21, 30, 18]) for solving (1).

Given zF € R™, the current approximation to a solution of (1), the proximal point method
obtains the new iterate as the solution of the subproblem

0€ T (2) +2— 2",

which can be stated as

0=crv+2z— 2%,

{v e T(2),
k

where ¢ > 0 is the regularization parameter. To handle approximate solutions, which is
a typical practical requirement, it is useful to relax both the inclusion and the equation in
the above system, and to employ constructive relative error criteria to control the quality
of approximation. One development in this direction is the Hybrid Inexact Proximal
Point Method (HIPPM) [38] (see also related methods in [35, 34] and applications of
HIPPM to Newton, bundle, and decomposition methods in [33, 37, 36, 39, 32, 22, 5]).
In order to get more efficient algorithms, it is also attractive to allow for the use of a
variable metric (or preconditioning), see [2, 26, 19, 9] for the special case where T is the
subdifferential of a convex function, and [6, 7, 8, 23] for the general case. The variable
metric HIPPM (VMHIPPM) of [23] combines both the use of variable metric and of
relative error tolerance, and it is the following procedure.

Consider the generalized proximal subproblem
0€ e MyT(2) + 2 — 2", (2)

where M}, is a symmetric positive definite matrix (it is sometimes convenient to keep
separated the ¢, parameter). Given the error tolerance (relaxation) parameter oy, € [0, 1),
an iteration of VMHIPPM consists in finding 9* € R", 2¥ € R™ and ¢, > 0 such that

ok € Tex(55),
5k = CkMk@k -+ ék — Zk,

(3)

and
0412, + 2ekex < oF (oMt |12, + 125 = 242, (4)

where by || - ||as we denote the norm induced by a symmetric positive definite matrix M,
ie.,
12l[ar = /{2, M2),

and the inclusion in (3) is relaxed by using the e-enlargement of a maximal monotone
operator T (see, e.g., [3, 4]), defined as

T(z):={veR" | (w—v,y—2) > —¢, Vy e R" Yw e T(y)}, ¢ > 0.

The enlargement above can be seen as an outer approximation of 7', as it holds that
T° =T and T(z) C T¢(z), for any z € R and any € > 0. If f is a proper closed convex
function, then 0.f(z) C (0f)°(z), where 0. f is the usual e-subdifferential of f.
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Note that if o = 0 is chosen in (4) then the exact solution of (2) is obtained. Also, it
should be noted that one can check the approximation criterion (4) without having to
invert the matrix My, see [23].

Having computed the objects satisfying (3) and (4), the next iterate is then obtained by

<f}k, Zk — 2k> — &k
IV T2,

k41 k K
2P = 2F — ma MR, 7 € (0,2), ap =

(5)

If the approximation rule (4) is replaced by the more stringent one:

16¥]12 -1 4 2crer < opl|2F = 28|31, (6)
k k

then there exists 7, € (0,2) such that 7,ax = ¢x ([23, Proposition 3.1}), and we can take
the next iterate as
L= ko M.

Convergence of the method outlined above to an element of T-1(0) # () is guaranteed
under some mild conditions imposed on the choice of the matrices Mj, [23, Theorem 4.2].
Moreover, if T~ satisfies a certain Lipschitzian property at zero (a condition which does
not imply uniqueness of the solution) then the linear rate of convergence is obtained
[23, Theorem 4.4]. The advantage of employing variable metric was illustrated in [23]
in the context of a proximal Newton method. In this paper, introducing variable metric
will also allow us to treat splitting of composite mappings [25] and proximal alternating
directions algorithms [13, 17].

Let us now go back to the discussion of variational inclusions with structure. Operators
of the form
T(z,y) = F(z,y) x [G(z,y) + H(y)],

where F' : R" xR™ = R"” and H : R™ = R™ are maximal monotone, and G : R" x R™ —
R™ is Lipschitz-continuous, have been considered in [42, 32]. The decomposition scheme
presented in [32] is the following iterative procedure, which is derived from HIPPM (i.e.,
from the inexact proximal method outlined above, with the choice of My = I). Given
(2%, y¥) € R* x R™, first a forward-backward splitting step (e.g., [20, 41, 11]) is performed
with the z-part fixed:

§ = (I+ aH) + GO ™ (= alG, ) = GEOD) (), (7)

where G% is some adequate Lipschitz-continuous splitting function. To clarify the nature
of this step and some options concerning the choice of G¥, suppose that H is the normal
cone mapping associated to a closed convex set C' C R™. In that case, (7) gives

= Pe (v — ar(GE(5") = GY(y") + G(*, "))

If we take G} = 0, then
Qk = Fc (yk - CkG(xkv yk)) )

which is the standard projection step. If we take G¥ = G(z*, ), then

7" = Po (y" — aG=",9"),
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which is an implicit (proximal) step. Inbetween there are various intermediate (in terms
of computational cost) choices of G¥. Which particular G¥ should be used depends on
the structure of G(z*, ) and of H(-), see [42] for a more detailed discussion and examples.

The forward-backward splitting step is followed by a hybrid inexact proximal step with
the y-part fixed, that consists in finding a triplet (4*, 2% ;) € R® x R" x R, such that

k k

~k ek (5k ok
ut e Fe (", g"),
r* = ¢tk + 2% — 2k,

where the enlargement F°* is in z for §* fixed, and
Ir* 117+ 1l + 2eker < o (lexa® 1 + lew@® | + [[2° = 2|17 + [17° = *[1%)

with W% = G(*, §*) + h*¥ and s* = c* + §F — y*, where h* is the element of H(§*)
computed in the forward-backward splitting step. The next iterates are obtained by
setting

oF = 2F — magd®,

k+1 _ Kk ~k
Yy =Y — Trapw -,

where
<(,&k7wk)’ (xk - :i'kayk - gk» — &k

[k ]| + [

ay = , Tk €(0,2).

The decomposition framework outlined above contains some instances of the scheme
described in [42], as well as the proximal-based decomposition for convex minimization
of [10], which we state next as an example that can be helpful for clarifying the nature
of the general scheme. We refer the reader to [32] for justification of the relation in
question. Consider the problem

minimize  fi(21) + fo(z2) (8)
subject to Ax; — Bxy =0,

where f; and f5 are closed proper convex functions on R™ and R™, respectively, and A :
R" — R!, B : R™ — R! are linear operators (matrices of appropriate dimensions). The
method of [10] applies proximal point iterations to the subdifferential of the Lagrangian
function L(x1,xs,y) = fi(z1) + fa(z2) + (y, Ary — Bxs), alternately fixing the variables
or the multipliers. Specifically, given some (2%, 2% ¢*) € R" x R™ x R!, the method

performs the following updates:

9F = y" + ¢, (Az} — Baf),

. . 1
¥ = arg min {fl(l'l) + (AT ) + o - 1’]1{"2} ,
z1ER™ QCk

. . 1
28! = arg min {f2(I2) —(BT9F, z0) + %H@ - x§||2} )
k

xroER™

Y = o 4 (Axlle+1 _ Bxlchrl) .
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This method has some nice features not shared by previous decomposition algorithms,
when the latter are applied to (8). In particular, the minimization is carried out sepa-
rately in the spaces R™ and R, and the two minimization problems decompose further
according to the separable structure of the functions f; and f;. Other methods do not
achieve such a fine degree of decomposition for the given problem, see [42] for a more
detailed discussion.

In this paper, we combine the ideas of decomposition from [32] with the use of variable
metric from [23]. We emphasize that this development is worthwhile for a number of
reasons. Apart from variable metrics and preconditioning being important in practice, we
note that in this context it appears useful also for theoretical considerations. Specifically,
splitting of composite mappings [25] and proximal alternating directions methods [13, 17]
could not be analyzed within the previous decomposition framework of [32] (i.e., without
introducing variable metric). Among other things, this analysis allows us to obtain
rate of convergence results for the methods in consideration, which were not available
previously, and to present a unified view of those seemingly different techniques. As an
additional enhancement with respect to [32], we shall allow inexact computation in the
forward-backward step.

We next introduce our notation. By M’ we denote the space of symmetric positive
definite matrices, with the partial order < given by

A=< B & B— A is a positive semidefinite matrix.

For M € M7, Apin(M) and Ayee (M) stand for the minimal and the maximal eigen-
values of M, respectively. For any A < B, it holds that ||z||4 < ||z||s. In particular,
if

0< )\l S )\m'm(M) S )\max(M) S )\m

then for any = € R™ it holds that

1 1
Alll® < llelli < Aullell, el < el < A—ZHIHQ- (10)

u

By (z,y) we denote the usual inner product between =,y € R". For a matrix M € M"_,
we denote (z,y)y = (Mx,y). For a closed convex set 2 C R" and a matrix M € M7,
the “skewed” projection operator onto €2 under the matrix M is given by

) .1 9
Pou(2) = argmin —(x — 2, M(z — 2)) = argmin - 2 — 2|3,

i.e., it is the projection operator with respect to the norm || -||,s. The associated distance
from z € R" to 2 is defined as

dist(z, Q) p = ||z — Pom(2)]]-

2. Variable Metric Hybrid Proximal Decomposition Method
Consider problem (1), where T" has the following structure:

T:R"xR™ =3 R" x R™, T(z) = F(z,y) X [G(z,y) + H(y)], (11)
F:R"XR™ = R" G :R"xR™ - R™ H:R™ = R™ and we set z = (x,y) € R" xR™.

We make the following standing assumptions:
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A1l G is a (single-valued) continuous function.

A2 H is maximal monotone.

A3 The mapping (z,y) — F(z,y) x G(x,y) is maximal monotone.
A4 domH Crint{y € R™ | 3z € R" s.t. F(z,y) x G(x,y) # 0}.

Under the stated assumptions, it follows from [28] that T' is maximal monotone, and
further that the mapping x — F(z,y) is also maximal monotone for any fixed y € domH
(42, Lemma 2.1].

We are now in position to present our algorithm. In essence, it is the hybrid proximal
decomposition method of [32], already explained above, with the following extensions.
Variable metric is introduced in both the forward-backward splitting and proximal steps,
and the former (in addition to the latter) is also allowed to be computed inexactly. We
note that in general, in decomposition methods of this nature the regularization parame-
ter ¢, has to be sufficiently small, see [10, 42, 32]. The value of ¢ is either determined by
a suitable linesearch procedure or set according to some heuristic considerations. This
is accounted for by the comment at the end of the proximal step of Algorithm 2.1 — if
solution of the proximal subproblem does not satisfy the required criteria, the value of
¢ has to be reduced. In the variable metric inexact setting of Algorithm 2.1, there also
other parameters that affect the quality of solution of the proximal subproblem (specif-
ically, the chosen metric @, and the error in the forward-backward splitting step e*).
Adjusting those may be enough without decreasing c;. In any case, Theorem 2.2 below
shows that appropriate values of ¢; guarantee solution with the needed properties.

Algorithm 2.1 (VMHPDM).
Initialization: Choose (z°,4°) € R" x R™ and 6 € (0,1). Set k := 0.

Inexact Forward-Backward Splitting Step: Choose a continuous monotone func-
tion GY¥ : R™ — R™, a scalar ¢, > 0 and a symmetric m x m positive definite matrix
Qr. Compute & € R™, h* € R™ and ¥ > 0 such that

i€ (HeE + Gh) (3, 12)
et = Qrh* + g~ — (yk — cxQr [G(l’ka yk) - Glf(yk)}) :

Inezact Prozimal Step: Choose the error tolerance parameter oy € (0,1) and a sym-
metric n X n positive definite matriz Py. Compute £¥ € R", 4* € R™ and ¥ > 0 such
that

it e Fer(at, gk) 13)
r* = e Pk + 2 — ok,
where the enlargement F& is in x for §* fived, and
1152+ (1™ 115 + 26k (ek +€f)
(14)

< of (lewPe |21 + lleQeatlI3 s + 18 = 2820+ 15" = ¥ 31

with
Wt = Gk, %) + hF — GY (Y, s* = Q" + 9F — .
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(If the prozimal subproblem (13) is solved to “maximal possible precision” but (14) is not
satisfied, decrease ¢y or choose a new matriz Qy, to decrease ||Qg||, and/or compute §* in
the Inexact Forward-Backward Splitting Step with more accuracy and repeat the
Inexact Prozimal Step with this new j*.)

Tterates Update: Stop if i* = 2% and §* = y*. Otherwise, choose 7, € (1 — 0,1+ 0)
and define

$k+1 = l’k — TkakPkﬁk, (15)

Y = y* — marQru”,
where

(@, wF), (2" — 2%, y* — §*)) — (e} + &)
ap = - -
[ PRt 1 + [|Qrad® (|2,
k k
Set k:=k+1 and go to Inexact Forward-Backward Splitting Step.
We recall that if the stronger than (14) approximation is used, i.e.,
P41, 15¥12 0+ 2en(ef +2) < of (185 = H 2+ 15 = o4150) . (16)

then in (15) we can use the stepsize Ta, = .

Apart from our ability to satisfy condition (14), which requires a proof, the other parts of
the method are easily seen to be well-defined. Indeed, since G¥ is a monotone continuous
function, it follows that H + G% is maximal monotone. Thus ¢* in the forward-backward
splitting step is well-defined and §* € domH. As already noted above, for any §* €
domH, the mapping * — F(x,§") is maximal monotone under the stated assumptions.
Thus the proximal point step is also well-defined. Furthermore, the stepsize choice of ay
is well-defined whenever @* # 0 or w* # 0. Now, if it were the case that 4* = 0 and
w* = 0, then it would follow that r* = 2% — 2 and s* = ¢* — y*. But (14) then implies
that 2% = 2% and §* = y* (because o € (0,1)), so that the stopping rule would have
been activated (as will be shown in Theorem 2.2, in this case (z¥, y*) is a solution of the
problem).

Before proceeding to the convergence analysis we make one final assumption:

A5 It holds that

u € F (z,y) B ey B
w € G(z,y) + H (y) } = (ww)=veT (2), z=(z,y),

where F"(z,y) is the e-enlargement of F'(-,y) at z with the y-part fixed.

This assumption is redundant if in VMHPDM we set £ = €} = 0 for all k. Furthermore,
in [32] it is shown that A5 always holds for (set-valued) monotone variational inequalities
with linear constraints. We shall refer to Assumption A5 with ¢V = 0 as Assumption
A5x, and to Assumption A5 with ¥ = 0 as Assumption A5y .

Theorem 2.2. Suppose that T=1(0) # 0, where T is given by (11), and that Assump-
tions A1-A4 hold. Suppose further that either in Algorithm 2.1 we set € = e} = 0 for
all k, or we set e} = 0 and Assumption A5x holds, or we set €f = 0 and Assumption
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A5y holds, or that Assumptions A5 holds. Let G be Lipschitz-continuous and G% be
Lipschitz-continuous uniformly in k.

Suppose that
0<o < lunlnfm€ <limsupo, <o, < 1,

k—o0

and the matriz sequences { Py}, {Qx} satisfy the conditions
0< A< llm 1nf/\mm(Pk) < limsup Aoz (Pr) < A,

k—o0

0< X\ < hm 1nf)\mm(Qk) < limsup Aoz (Qr) <

k—o0

1
— Qr =< Qrr1, - Py = Poy1, me>0VE, an < +00. (17)
k

1+ k=0

Then there exists c¢,, > 0 such that if

0<¢g< l1m 1nfck <limsupc; < ¢,

k—oo

and the forward-backward step is computed with sufficiently accuracy, then the sequence
{(2%,y*)} generated by Algorithm 2.1 is well-defined and converges to an element of
T-1(0).

If, in addition, T~ is Lipschitzian at zero, i.e., there exist Ly > 0 and Ly > 0 such that
T '(v) cT7H0) + Li||v||B Vv € LyB, (18)

where B is the unit ball in R™, then the algorithm parameters can be chosen to obtain
the linear rate of convergence.

Finally, for any choice of the parameters 0 < oy < 0, < 1, and 0 < ¢; < ¢,, we can
choose the parameters 0 < A\ < A, such that if the matrices {Py},{Qr} satisfy, in
addition to (17), the conditions

Qi1 = (1 + ) Qx, Pry1 = (1 +m) Py, (19)

then there exists an index ko such that the convergence rate is linear in the norm induced
by M, 1 where
P, 0
M, = .
(o)
Proof. From (12) we obtain
7" =" = aQx [Glf(yk) — G(a* ) — Bk} + €,

so that

s = aQuit + " =y
= cpQk [G(fk»@k) +hF - Gk(Ak)] +9F =y
= aQr [GYY) — GEF) + GEM %) — Ga* yh)] + b,
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Suppose that the forward-backward splitting step is computed with sufficient accuracy,
so that the following two conditions are satisfied:

. L2 Qnll? |
"Il < e LIQKIING* = v¥Il, e} < QA—()II A b

where L > 0 is the modulus of Lipschitz-continuity of G and G%¥. Then

"Il < e LIQl (I15* Y H+H( e, %) — (@8, + et
< L] Qull2llg* —y ||+||( 2z ) = (@*, M)
< SBaLlQulllE", %) — (" M)l

It follows that

54112, + 2exe

< gyl SO g e
Amin(Qr) Amin(Qr)
< A e O ey gy
< P (b P = 2+ M QI 1)
< TN (ki ).

Hence, if we choose ¢, > 0 such that

10¢, L2X\3
Tt My
Al

then condition (14) can always be satisfied (it is enough to note that the exact solution
of the proximal system (13), corresponding to r* = 0 and &% = 0, satisfies (14)). This
concludes the proof of the claim that Algorithm 2.1 is well-defined.

Since 4% € Fek (2%, %) and w* = G( FogR) + BY — GE(%), with b — G (%) € He (i),
Assumption A5 guarantees that (%, @") € T=+(z", §*) for e, = e¥ 4 . The same inclu-
sion is satisfied also if €} = 0 and Assumption A5x holds, or if £ = 0 and Assumption
Aby holds, or if ef =&} = 0.

It now follows that with the identifications
k ko k ~k “k Ak & k ~k k ko k P, 0
z :(xhy)a z _( 7?J> v :(U’?w )7 5 :<T78)7 Mk: 0 Qk )

Algorithm 2.1 falls within the VMHIPPM framework. The announced convergence re-
sults then essentially follow adapting [23, Theorems 4.2-4.4]. For the sake of complete-
ness, and to take care of some necessary details, we include a streamlined proof.

From (3), by re-arranging terms, it is easy to see that (4) is equivalent to

1— o2

© (N2, + 112 = 212, ). (20)

(0F 28 — %) —gp >
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By the definition of ay, after some algebraic transformations, we obtain that

L op (b B+ 1% =10\ 1 -
a :
"=, SR . 1++/1- (1022
2
And, since (Hck]\/[k@kHMk_l —||12% - z’“HMk—1> > 0, it holds that
| Mio* ||y = (1= o) [[25 = 2[5 (22)

It is only necessary to consider the case when the right-hand side in (20) is positive (if
it is zero, (3) and (4) imply that 2¥ € T71(0) and the method stops). If the right-hand
side in (20) is positive then z* is not contained in the closed halfspace

Hy = {z € R" | (0%, 2 — 2F) — ¢, <0}
Since ©* € T (2¥), it holds that for any z* € T-1(0) we have (0% — 0, 2% — 2*) > —¢,.
In particular, z* € Hy. By the properties of the skewed projection onto Hy, we have

(0%, 26— 2K) —ep )
= PHk’M;(zk) =k |7’Mk@k||2 - Mok = 28 — a, MyoF,
k

Y

Z— 2" = (1, — DapgMyt®, and (2" — z,0%) <0.
Using these relations (after adding and subtracting adequate terms), we obtain
I =255 < M2 = 2005, = (U= (U= 7)) ag | M7,
<l = R — (- a2,

(23)

Condition (17) implies that M, ", < (14m,)M, " forall k, and that [T~ (14+m) = p < co.
Hence, from (10) and (23),

)\q:1||Z* . Zk+1||2 S * k+1||M_

[
k41

< Wmlle” = R = (0= )b .

Applying this inequality consecutively, we obtain that

k
Al =P < T+l = 2015 = (107 Z las M0 15,0, (24)
=0 i=0

and, for any k,

k-1
I = 2P < A [T+ m)ller = 230 < —|| -1, (25)
=0

which shows that the sequence {z*} is bounded. Therefore, it has some accumulation
point, say z € R™. Passing onto the limit when £ — oo in these inequalities, we obtain
that

k(2 K PAy x 02
ZH%MM’ 17 < A ZHakMk o < Tz lE 2l < o0,
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and, as a consequence, we have

lim ||ap Mo"|| = 0, lim [|[Mt*]| =0 and lim ||2F - 2¥|| = 0.

k—o0 k—o0 k—o0
Since the matrices M, are uniformly positive definite, we also have that lim,_,. 9% = 0.
And, since g, < (0%, 2% — 2¥) it follows that limy_.., & = 0.
Let {2z} be any subsequence converging to Z. It then holds that 2% — z. For any
z€R™ and any u € T(z), (u—v", 2z — 28) > —g; . Hence,

(u—0,2—25) > (WM, 2= 2M) — g,
and passing onto the limit when j — oo we obtain
(u—0,2—2) >0.

As z € R" and u € T(z) were arbitrarily chosen, and 7' is maximal monotone, the
above relation shows that 0 € T'(2), i.e., Z is a solution. The proof of uniqueness of the
accumulation point is standard.

Assume now the Lipschitzian property (18) of T71. Let &% 9% € T(¢*) be the exact
solution of the proximal system ¢ € T(§), 0 = by Mty + € — 2%, where by, = Tpa;. Since
0% € Te+(2%), by [23, Lemma 4.3], by the definitions of ¢*, * and ay,, and (22), it follows
that
ka - ékH?\/jgl + ”fk - Zk+1H2 o
=6 — 2+ BRI — M2,

S ||2k — ZkH2 k_l + (T;? — 27—k)||akMk@k||?\/1k—1

IN

1
2 ~k (12
<Tk — 2Tk + m) ||CLkMkU ||M;1 (26)

Since % — 0, the first inequality in (26) implies that ¢* — 0. Hence, there exists k; € N
such that [[1)*|| < Lo for all k > k;. By (18), we then have that

dist (€%, T71(0)) < Ly|[o*|| VE > k.

Therefore, for k > ki,
ek —10Y)2 LY ke LYk e
Aist(€", T )2+ < THII3, = so 12 — €912, . (27)
] 1 %%

Let & := P, o), Mk_l(gk). Then, for k > ki, by combining the Cauchy-Schwarz inequality
with (21), (22) and (23), we have that

dist (2, T_l(O))Mgl

< [l - ngMk_l
O fk“M,;l + diSt(Ik7T_1(0))M,;1
Ly . .
< = g+ (18 = Pl + 12 = )

< MkHakMk@kHM,;la (28)
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where
= ol + 1B — 1+ i, (29)
with
Iy <1+¢W> L (1+W)
T TG —o(1—0) = nal—-o)(-8 _* (30)
and [ := L < L =: 3. (31)

2 = 2
l—o0; = 1—o0;

Let z¥ .= T,l(o)’Mk_l(zk). From (23) and (28), we obtain

dist(=", T71(0)3, = dist(z"", T7(0))7, 0 + (1 = 0°) arMio®|§,

v

1 — 2
(1+ uf )dist(zk“,T_l(O))fwkl. (32)
k

Therefore,

dist(zF+1, T71(0)) < v/
V(g +1 - 62%)

Let v > 1. By the definitions (30) and (31), taking ¢, sufficiently large we can make «y
arbitrarily small, and by taking o}, sufficiently small we can make 3 arbitrarily close to
one, so we can make . sufficiently small to satisfy

dist(2*, T71(0)). (33)

Lok 1

—_— < -
Vig+1-602 v

Now note that by choosing 0 < 0; < 0, ¢, > ¢; > 0, Ay, > A\; > 0 such that

VAN <, A < 01/ (Lyv/10¢,),

we satisfy the condition in the part of the proof that shows that the method is well-
defined. In addition, (33) now establishes that {dist(z*, T1(0))} converges linearly to
zero. For Fejér-monotone sequences, this is equivalent to the linear convergence rate of
{2*} to its limit (see, e.g., [1]).

Assume now that the additional conditions (19) hold. Then,

1

dist(z, 771(0))2,., =  inf —ylI? 34
< i —yll2.
<t =yl
< inf (1 —ylI?,
< et () llz = wllyy,
= (14 n)dist(z, 77(0))3 (35)

—1.
Mk

Define 1 = va2 +1,/42 — 1 + aB. Note that u > p, for all k.
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Since [];2,(1 + n;) < oo, there exists ks € N such that

o /2 P
H(1+m)<u.

i=ky K
From (32), applying (34) consecutively, for any k > ko := max{ky, k2}, we have that

dist(*, 771 (0))M};1 < vdist(2*, 77! (0)) -1,
0

ko

where

—uﬂtl 92H +n) < 1,

as claimed. O

3. Applications

We next show that in addition to decomposition methods of [10] and [42], already covered
by the scheme of [32], the proposed variable metric framework also includes splitting of
composite mappings [25] and proximal alternating directions methods [13, 17]. This
provides a unified view of all those techniques, some of which are seemingly unrelated,
as well as adds some new convergence rate results.

3.1. Splitting Method for Composite Mappings

Consider the following variational inclusion in the composite form: Find z € R™ such
that
0c ATTA(x), (36)

where A : R” — R™ is a linear operator (a matrix of appropriate dimensions), and
[': R™ = R™ is a maximal monotone (set-valued) operator. Problems of this form arise
frequently in applications [31, 27, 24]. For example, for a composite function fo A, where
f is convex, under appropriate regularity conditions it holds that 9(f o A) = ATOfA.
Also, a sum of operators T} + T3 is a special case corresponding to taking Az = (x,x)
and I'(z1,x9) = Ti(x1) X Ty(xs), so that AT (y1,42) = y1 + y2 and, hence, ATTA(z) =
Ti(x) + To(x). (It should be noted that the converse is also true, i.e., a composite map
can be reformulated as a sum, e.g., [16].) However, unlike for sums of operators for
which a wealth of splitting methods have been proposed (e.g., [20, 41, 12, 11, 14, 43, 5]),
decomposition of inclusions in the composite form appears to be much less developed.
The first proposal in this direction seems to be the method of [25], which is derived as an
application of the Method of Partial Inverses [40], with the decomposition of the space
R™ = rgeA @ ker AT,

Let A" be the pseudo-inverse of A, i.e., for each y € R™ it gives the minimal-norm
solution of the least-squares problem min, || Az — y||?>. We next state the method of [25]
(we note that in [25] the more general setting of Hilbert spaces is considered).

Algorithm 3.1.
1.  Choose some ¢} € rgeA and 39 € ker AT. Set k := 1.
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2. Compute §¥ such that
0€ D(gY) + 07 — (1 +v5).
3. Set

T = A(gy),

yllf-i-l _ A($k+1),
ystt=yb oyt — g

Set k:=k + 1, and go to Step 2.

The above is indeed an attractive splitting method for solving the composite inclusion
(36), as it achieves a full decomposition between A and I': one computes proximal steps
for I' and solves least-squares problems for A. We refer the reader to [25] for a detailed
discussion and some applications.

We next show that the splitting Algorithm 3.1 is a special case in the VMHPDM frame-
work of Section 2. Among other things, this gives rate of convergence results for Algo-
rithm 3.1 that were not available previously.

We first define the appropriate mappings H, G and F', that put the inclusion with
composite structure (36) in the form of finding a zero of T' given by (11).

Fix some v > 2 and define

H:R™ x R™ - R™ x R™, H<§1)2<F(yl>>,

2 0
y —yo + v (Y1 — Ax)
G:R"XR"xR™"™ - R"xR™ G| »n :( >,
U1 —A.T
Y2
xXr
F:R"xR™xR™ =R" F| y | =ATyp+v AT (Az —y).
Y2

We claim that, with the definitions above, the problem

0€T(2)=T(x,y1,92) = F(z,y1,y2) X [G(x,y1,92) + H(y1, y2)]

is equivalent to the composite inclusion (36). Indeed, for z = (z,41,y2) € T~*(0) it holds
that

0=y —Ar = vy = Az crged, A'(Az—y) =0,
0=Alyo+v AN Az —y) =ATys = yyekerd’,
0€T(y) —ya+v 'y —Az) =T(y) =y = w2 €T(m).

Combining these relations, we obtain that

A'TA(z) = A'T(y;) 2 ATy, = 0.
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Conversely, if x € R" verifies 0 € ATT'A(x), there must exist y; € rgeA and y, € kerA"
such that y; = Az and 0 € T'(y;) —y2. It is easily seen that 0 € T'(x, y1,y2). We conclude
that the two problems are equivalent.

Furthermore, the Assumptions A1, A2 and A4 of Section 2 hold trivially. We next show
that Assumption A3 holds as well. As F'x (G is single-valued and continuous, it is enough
to prove its monotonicity. To this end,

n—v | Yo — Yo+ v~ ( - Az — ')
Y2 — U Y1 — Yy — (w—x)
v (| Al — 2P = 2(y — yh, Al — ) + lys — ¥4 ]1%)
vHA(z —2) — (1 —yy)|I” > 0.

< x—a AT (yy — b)) + v~ 1AT( (f—ff»’/) (v1 —v1)) >

Thus, the chosen operator T satisfies all the assumptions of Section 2.

Next note that AT A is a symmetric positive semidefinite matrix, which is positive definite
if ker A = {0}. If ker A # {0}, we can make the decomposition R" = ker A x (ker A)*

and write
. (RO
wa= (B9, o

where R is a symmetric positive definite matrix that acts on (ker A)=*.

In the VMHPDM Algorithm 2.1, we shall now choose the following parameters:

Cr. = 1, Gk % - v ; 38
" ! < Yo Y1+ =y (38)

a-(y 1) n=74n (39)

v—1

—1
with P = (ATA)™ ! if ker A = {0} and P = ( fe 0 ) otherwise, where R is the

0 I

symmetric positive definite matrix defined in (37). Note that G¥ is Lipschitz-continuous
and monotone (since v > 2).

Suppose that {y 10, {Uh1e, and {zF}22 | are the iterates generated by Algorlthm 3.1.

Observe that y9 € ker AT and formally define 2° = ATy? € (ker A)*, so that y? = Az°

(this is done because VMHPDM needs also the x-part of the starting point, while the
splitting Algorithm 3.1 employs only the y-part to start). We next show that VMHPDM
Algorithm 2.1 applied to the operator T, with (2°,99 49) as the starting point and
with appropriate choice of the algorithm parameters, generates the same iterates as the
splitting Algorithm 3.1.

Suppose that Algorithms 2.1 and 3.1 have the same iterates until the one indexed by
some k > 0. We shall show that the (k + 1) iterate is then also the same.

Forward-Backward Splitting Step (i.e., (12) with £/ = 0, ¥ = 0 and other parame-
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ters defined in (38)—(39)) computes §¥ € R™, g5 € R™ such that

([ If R NG — 5
- e (H + GH(¢F) = 1 N 2
(hk) (H +GY)(5") ( 0 + y’f—i—ﬁyf ;

2
0 = Qkihk + ?)k - (yk — Qr [G($k>yk) - Glf(yk)})
_ [ vhE g = (- v [y v - Axt) - w5])
\ hs + 95 — [Uh — (yf — Ak —yf — 508

Since y¥ — AzF = 0 (by the construction of Algorithm 3.1, given that the k-th iterates
coincide), from the latter relations we obtain that

(§)(35)
hk Wt o=9 )

0= vhf + gk — b,
0=hs —yb + 95 — 2ub.

;Lk:<’/_k1(ylfl—ﬁl]1:) ) E( kr@i)—ﬁg k)
U1 + 505 yr — Ys + 55Ys

In particular, we have that

Hence,

YLk ghy. (40)

95 = s +

Inexact Proximal Step (i.e., (13) with €f = 0 and other parameters defined in (38)-
(39)) computes ¥ € R™ and @* € R™ such that

it € F(a*,§") = ATgh +v AT (AR = gh), )
rk = Pk + 2% — ok,
and
412+ 13412, < o (18 = 2¥120 + 19 = oH1E) (42)

where §% = (9§, 9%), v* = (yf, y5) and

—1(,k ~k
sk sk ok ik okiaky [V (yi — AZ")

AL Azk

N N Kk Yy — AT
§T = Q" + 9" — = . A N .
F 4 4 (ylf—AIk+y§—y§)

In the above, instead of the approximation condition (14) in the VMHPDM framework
we use the stronger version (16), corresponding to (42), so that we can define the new
iterates using the stepsize 1ar = ¢ in (15), i.e.,
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Iterates Update: Stop if #¥ = k¥ and §* = 4", otherwise

k+1 ok k

=zF — Pk = zh — ¥,
Azt

k41 _ ok () ok —

Yy Y’ — Qrw (yg_g;HAik).

We next show that for adequate choices of the approximation parameter oy, € (0,1), the
element 2% = ATyl satisfies (41) and (42).

X

By the very definition of the pseudo-inverse, it holds that
AT(AzF —gFy =0. (43)

Then, using also (40), we have that (41) takes the form

{ i = AT = AT (0 + A — k), "

= PytilF 4 3% — oF = L PaF 4 28 — oF

By the construction of Algorithm 3.1, and since the k-th iterates coincide, we have that
y5 € ker AT and yf = Ax*. Hence, ATy5 = 0 and

AT(yy —9F) = ATA(@" — &%) + AT (A" — gf) = P~ (2" — 2P),

where we have taken into account (43) and the fact that #* — 2% € (ker A)*. By using
these relations in (44), we obtain

This implies that #F+1 = 28 — vk = 2% = Afgh.

Furthermore, condition (42) then becomes

1, . . . . .
;Ily’f — AZF|]? + |97 — AZ* + 95 — ub |7

1%
< 0§<

Note that, since yf = Az* and AT (g} — Az*) = 0, we have

(@ — )+ gt — o+ —y2||2) (45)

97 — z‘l-’i"f!!2

= |lgy —yr + Aa® — Az
195 — yFII° + [ Ax® — AZ*||* + 2(5F — of, Az — AZF)

= |9} — ofII” + | Az* — AZ¥|]* + 2(AT (g} — Ad* + AZ* — Ad¥), 2* — 3F)
= |lgF — o |I? + || Ax® — AZF||]? + 2(A%*F — Ax®, AxF — AZF)

= |lgr —yrll® — [ Aa® — Az,
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Also, by using (40) and similar transformations as above, we obtain

gy — Az% + 95 — 5 |)?

v—1 R
(yy — 07)

gy — i + A —

2

1
- H;(Q’f—yf) + At - i)

2, .
= —Hyl—y1H2+HA( — )P+ (0 — Al - 20)
S (1——) JAG* — )|

Hence, from these relations and (40), the inequality (45) is equivalent to

V+ 1
—— g1 — yilI> +

1/+1 v
< o—z( 1 — o2+

(&% —h)|?

@ =) (46)

Since we have chosen v > 2, it holds that v + 1 < 2 — v 4+ 1 and there exists o, < 1
such that

v+1 vP—v+1 v—3 v—1
< Ok 3 , < O R
v v v

so that the inequality (46) (and, hence, (45)) is automatic.
Finally, the new iterates of VMHPDM Algorithm 2.1 are given by
P = G = Atgh,

ylf+1 AJ? _ A.’L‘k+l

2

y§+1 = ?Jz + Azt _yl =Y +yk+1 _?)lfa

which is the same as in the splitting Algorithm 3.1.

Thus, convergence properties of Algorithm 3.1 are now given by Theorem 2.2, including
the new rate of convergence results.

3.2. Proximal Alternating Directions Method

Consider the following structured variational inequality:
Find z* €  such that (®(z*),z —2") >0 VzeQ, (47)

where

Q= {(£,0) € Ky x Ky | A& + B{ —b =0},
B(€,0) = (f(€),9(0). f:Ki—R", g:K —R",

with K; C R", K5 C R™ being closed convex sets, f and ¢ being monotone functions, A :
R" — R and B : R™ — R’ being linear operators (matrices of appropriate dimensions),
b e R
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We denote the solution set of (47) by SOL(®, ). For a variational inequality associated
to any other pair of a set and a mapping, the notation would be analogous. As is well
known, associating a Lagrange multiplier to the equality constraint in the definition of
2, (47) is equivalent to finding

(€, ¢ A") € SOL(Y, Z), (48)
where
f(&) —ATA
Z=K xEKyxRY U:ZR"xR™" xR UEGN=| g()—B™A |. (49)
AE+ B¢ —b

The proximal alternating directions method (PADM) [17] (see also [13, 10] for related
techniques) is the following iterative procedure.

Algorithm 3.2. Given (¢, (%, \F) € K| x Ky x RY, k>0,

1. Choose symmetric positive definite matrices Hy , R, and S, of the dimensions
{x €, nxnand m x m, respectively.
2. Find &' € SOL(f, K,), where

fe(€) = F(§) = ATIN' — Hi(AE + BC* — b)) + Ri(€ — €5).
3. Find ¢** € SOL(gy, K), where
91(¢) = g(¢) — BT[N* = H(Ag"" + B¢ — b)) + Sk(¢ — ¢F).
4. Set Nl =Xk — H (AR 4 BCHY — b)), k:=k =1 and go to Step 1.

First observe that problem (48) is equivalent to the variational inclusion
0€T(2) = F(G,&A) X [G(GEA) + HE N, (50)
with
FiR"XR'XRO =R, F(GEA) = 9(C) = BIA+ Nig(0),

G:R"xR"xR = R" xR, G((EN) = ( jéi;;??b )

H:R' xR =R xR, H(EN = ( " ) ,
where Nk, () and Ngo(-) are the normal cones to the sets K; and Ks, respectively.

It is evident that T" defined above satisfies the Assumptions A1-A4 of Section 2. Taking
r = and y = (§,\), we apply Algorithm 2.1 to the operator T defined in (50), with
the following choices of the algorithm parameters:

=1, Glf(? ) = G(Ckv ) ')’ (51)

Rt 0 _
Qr = ( ok 1, ) P, = (Sy +B"H,B)™". (52)
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Observe that
G(a* y*) — Gy =0,  G@E* 9" - GY(*) = (0, B(F - ¢¥)). (53)

We next show that VMHPDM Algorithm 2.1, with appropriate choice of the parameters,
when applied to the operator T above generates the same iterates as PADM Algorithm
3.2.

Forward-Backward Splitting step (i.e., (12) with €} = 0, ¢ = 0 and other parame-
ters given by (51)—(52)) computes ¥ € R" x R such that

~

= @A) =y Q|G - Gt ) - B
= yk - Qkilk
€ ¢~ Qu(H +GY)(7")
_ ( € — R'(Ni (&%) + (€9 — ATA) )
e — Hy(AE* + BC* —b) ’

where

(H + G¥)(§*) 2 hF = (hf, AE* + B¢k —b),
Nic, (E%) + f(€F) — ATAF 5 BE = Ry (€8 — €V,

and we have taken into account (53).

(54)

(Exact) Proximal Step (i.e., (13) with e¥ = 0, r* = 0 and other parameters given by
(51)-(52)) computes (¥ € K, and 4% € R™ such that

i € F(#*, ) = g(¢¥) — BTAF + Ny (¢%) A
= 9(¢*) = BT [\* — Hy (A" + BC* — b)] + N, (¢F), (55)
0= Py +¢* — (¥,
with R o
5412, < oR(ICE = CHI s + N E) — (65, A9, (56)
where (using (53) and (54))
A o . . R (&k — £k
wy = G(&*,9%) = GY(§*) + h* = ( Aglf(_fngg_) b ) 7

_ ( R Ry (€8 — €F) + €8 — ¢ )
— \ Hy(AEF + BC* — b) — Hy(AEF + B¢ —b)

- (HkB@Ok—ck) )

In the above, instead of the approximation condition (14) in the VMHPDM framework
we use the stronger version (16), corresponding to (56), so that we can define the new
iterates using the stepsize Tpar = ¢ in (15), i.e.,
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Iterates Update: Stop if ék =3 Ck Ck and \F = A\¥ . otherwise
CkJrl Ck — Ck
gt =¢r - R;%(ﬁ - =¢
AL — \F _ HL(AEF + BCF —b).

We next show that the iterates defined above are the same as those given by PADM
Algorithm 3.2.

From the second relation in (54), we have that
N (@) 3 = (€)= ATN + Ru(€ - &)
=~ (F€") — ATV = H(A& + BC* — b)) + Rulé" — €).
By the definition of f, in PADM Algorithm 3.2, this gives
—F(€") € N, (89,
ie., & =& € SOL(fy, K1)
Similarly, from (55) and (52), we have that
Ni(C) > i = (9(Ch) = BTN = Hy(AZ* + BC* - b))
= P == (90 = BTN = Hy(A8 + BCF — b))
=~ (9(¢" = BTN — Hy(A€ + B — )]
+(P' = BTHB)(C" = )
= — (9(0) = BTIN* = Hy(Ag"" + BEE = b)] + 5, = ¢1))
By the definition of g, in PADM Algorithm 3.2, this gives

—gi(¢*) € Ni, (T,
ie., (M1 =(_ke SOL(gy, Ks).

Finally, Nt = Xk — H, (A¢*+ + BCHL — b) is the same as the update of the multiplier
in PADM Algorithm 3.2.

Furthermore, the approximation condition (56) takes the form
IEBE - M2,
< oF (16 = CHUIg, + 116 = CH 113 i+ EER) = (€5, 29) 12
or, equivalently,
(" = ¢*, BTHB(C* — ¢M)

o2 . -
= (116 = MM, + EN) = (€. X)) (57)
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Let y; and pu, be respectively the lower and upper bounds for the eigenvalues of Hy and
Si. Then

(" = ¢* BTHB(C* = () < pall BIPIICH — ¢*I1°
and ) )
pllCh = ¢FIP < NICE = ¢, -
Hence, the inequality (57) (equivalently, the approximation condition (56)) would be
satisfied if

o mlBIP
l—op =

and this can be ensured by choosing

u|| BJI?
T P L
This completes the demonstration of the fact that PADM Algorithm 3.2 is a special case
of VMHPDM Algorithm 2.1. Thus, convergence properties of Algorithm 3.2 are now
given by Theorem 2.2, including the new rate of convergence results.
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