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ABSTRACT. The general iteration method for nonexpansive mappings on a Banach

space is considered. Under some assumption of fast enough convergence on the
sequence of (“almost” nonexpansive) perturbed iteration mappings, if the basic
method is 7—convergent for a suitable topology 7 weaker than the norm topology,
then the perturbed method is also 7—convergent. Application is presented to the
gradient-prox method for monotone inclusions in Hilbert spaces.

1. Introduction. Let us consider some problem defined by its data d and
its solution set S assumed to be a subset of a given set X. An iterative method for
solving this problem, i. e. for finding an element of S, generates a sequence in X by
some iteration scheme from a given starting point « in X. We call such an iterative
method basic method if its iteration mapping from X into X is defined from the
data d. With such a basic method can be associated another iterative method that we
call perturbed method. This perturbed method is defined in the same way than the
basic method except that at each iteration k, in the iteration mapping, the exact data
d are replaced by perturbed (or approximate) data dj.

If X is equipped with the topology 7, we say that an iterative method is 7—con-
vergent if, for any starting point, the generated sequence has a 7—limit which is in S.
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We say that a basic method is 7—stable with respect to the perturbed data {dj} if it
is T—convergent as also the perturbed method with {dj}.

In the last seven years, a number of works have been devoted to this kind
of stability in the field of convex minimization and monotone inclusions in Hilbert
spaces for specific basic methods known to be convergent (prox and gradient methods)
([6, 7,9, 13, 14, 16]). The step was to prove the convergence of the perturbed method
by the same techniques used for the basic method assuming that the perturbed data
converge to the exact ones fast enough in a suitable sense allowing to recover the
convergence of the basic method as a particular case.

What we would like to present here is a general converse result saying, roughly
speaking, that, also under some assumption of fast enough convergence on the perturbed
data, if a given basic method is convergent then the perturbed method is also conver-
gent for the same topology.

We present the main results in section 2 and, in section 3, we give an application
to the gradient-prox method for monotone inclusions in Hilbert spaces.

2. Main results. Considering some problem with data d and solution set S,
a subset of some set X, we call basic method any iteration scheme

{ &y = Poéu1, n=12,...
& = zeX
where the iteration mapping P, := P(d, \;,), from X into X, is defined from the data d
and may depend also on the iteration index n through a sequence of parameters {\,}
(for instance, in a descent method for a minimization problem, the sequence of step
lengths).

With such a basic method we associate the perturbed method, i. e. the iter-
ation scheme

Ty = Qpagp-1, k=1,2,...
g = x€X

where the iteration mapping Qy := P(dg, \x), from X into X, is defined in the same
way than for the basic method except that, at each iteration k, the exact data d are
replaced by perturbed (or approximate) data dy.

Now on, let us assume that X is equipped with some topology 7.

Definition 2.1. An iterative method is said to be T-convergent if, for any
starting point, the generated sequence has a T-limit which is in S.

Definition 2.2. A basic method is said to be T-stable with respect to the
perturbed data {dy}, if it is T-convergent as also the perturbed method with {dy}.
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Definition 2.3. Let some basic method with iteration mappings P, be given.
For all k € N, the translated basic method is defined by the iteration scheme

{fn(k) = Popn Eni(k), n=1,2,...
fo(k) = z€X.

Remark 2.1. If P, = P does not depend on n, then, for each k, the translated
basic method coincides with the basic one which is therefore the iteration method for
P.

Definition 2.4. Let us assume that X is a vector space. Let some basic
method with iteration mappings P, be given as also a sequence of “errors” ey. The
approximate basic method is defined by the iteration scheme

vy, = Poxp_1+ep, E=1,2,...
g = x€X.

The following lemma is substantially in [5] (proof of Remark 14) in a particular
context and not considered on its own.

Lemma 2.1. Let us consider some basic method with iteration mappings P,
and the associated approximate basic method with errors ey.

Let us assume that X is a Banach space with norm ||.|| and topological dual X*,
that T is a Hausdorff locally convex topology on X compatible with the duality X, X™,
that S is a closed subset of X, that, for alln € N, P, : X — X 1is nonexpansive, 1. e.

Ve,y € X, |[Pox — Poyll < |z —yl],

and that Z €, < 400 with € = ||ex.
If, for all k € N, the translated basic method is T-convergent, then the approxi-
mate basic method is T-convergent too.

Proof. From [5].

Let {xr} be a sequence generated by the approximate basic method and let
{&.(k)} be the sequence generated by the translated basic method with &y(k) := zy.
By assumption, Vk,{(k) =1 — nEIfoo &n(k) exists and is in S.

We have
(1) Vn >0, Vk>0,|& (k) — &np1(k— )| < e

This results from the nonexpansiveness of the P/ s. Indeed we have

HPk‘-I—nfnfl(k) - Pk‘—l-l—n—l—lfn(k - 1)” < ||§n71(k3) - fn(k - 1)”
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Therefore,

160 (k) = &ns1(k = DI < [[€o(k) = &1(k = DI = [ler — Prag-all < e

Passing to the lower limit as n — +oo in (1), thanks to the 7-lower semi-
continuity of the norm, we get that {£(k)} is a Cauchy sequence then norm convergent
and, as S is closed, its limit x, is in S.

Writing (1) successively with n := 0 and k, with n := 1 and k& — 1, and so on
until n and k — n, for k£ > n, and adding, we get

lon —Epir(k—n—1)|| <ex+- -+ exn

Changing k into k + n, we get
400
(2) Vn >0, |zpin =&tk =D S erpnt -+ <Y 6.
i=k

Now split the difference x4, — 2~ in three parts:
d1 = Tktn — fn+1(k‘ — 1),d2 = fn+1(k‘ — 1) — §(k — 1),d3 = f(k‘ — 1) — Lo

Let V' be a neighbourhood of the origin for the topology 7 and therefore for the norm
topology. Thanks to (2) and the convergence of £(k) to z we have dj + ds € V/2 for
all n and some k := K large enough. Then, by definition of {(K — 1), there exists N
such that, for all n > N, dy € V/2. Finally, for all k > K + N, xp — 2o € V, that is,
T T—converges to Too. U

Remark 2.2. In the assumptions of lemma 2.1, the convergence of the trans-
lated basic method may seem more restrictive than the convergence of the sole basic
method. Actually, these are equivalent if the iteration mapping does not depend on the
iteration index (see Remark 2.1) or (as usual in the applications) if the dependance is
through a sequence of parameters and if the property needed on this sequence for the
convergence of the basic method is invariant by translation, that is, if any translated
sequence satisfies this property.

Proposition 2.1. Let us consider some basic method with iteration mappings
P,,, and the associated perturbed method with iteration mappings Q.

Let us assume that X is a Banach space with norm ||.| and topological dual X*,
that 7 is a Hausdorff locally convex topology on X compatible with the duality X, X™,
that, Vk e N, Vx,y e X, Vp >0,

Pi is nonexpansive ,

T is a fixed point of Py,
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+o00
|Qrx — Qryll < (1 + €x)||z — yl|, where e > 0, Z €, < +00,
k=1
+00
> Agp < +oo, where Ay, = sup [|Qpr — Py
k=1 llzll<p

If, for all k € N, the translated basic method is T-convergent (cf. remark 2.2), then the
perturbed method is T-convergent too.

Proof. Let {x;} be a sequence generated by the perturbed method.
First we shall prove that {x} is bounded. We have

[z — || < [|Qrzr—1 — QiZl| + |QkT — PeZ| < (1 + €)llwp—1 — Z[ + Apz)-
So,

k k
g — 7| < H L+ e)(|lzo — [ + D A jzy) < 400
i=1 =1

since, as the eg-series is convergent, the (1 + €x)-infinite product is finite. Therefore
{zx} is bounded in norm by some positive p. Then we have

lzr — Prag—1|| = [|Qrtr—1 — Pexp—1|| < Ak p-

In other words, {zy} is generated by the approximate basic method associated with
the given basic method for some “error” term ey, satisfying ||ex|| < Ay ,. Therefore the
result follows from Lemma 2.1. O

3. Gradient-prox method for monotone inclusions. Let X be a real
Hilbert space endowed with inner product (-,-) and associated norm |.||, let A, B be
maximal monotone operators on X, A single valued everywhere defined. We are con-
cerned with the problem of finding a zero of A + B, that is, the monotone inclusion

0e(A+B)x
or, what is equivalent for any A > 0, the fixed point problem
= JB(I - \A)zx

where JB := (I + AB) ™! is the resolvent (or prox mapping) of B with parameter \.
In all what follows we assume that the set valued inverse A™! is a-strongly
monotone, which is equivalent to the firm nonexpansiveness of aA, that is, o > 0 and

Yo,y € X, (v —y, Azx — Ay) > af Az — Ay|*.
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It should be noted that this implies that A is 1/a-Lipschitz continuous (and therefore
A + B maximal monotone), the converse being true if A is the gradient of a convex
function ([3]).

Associated with this problem we consider the basic iterative method (gradient-
prox method) defined by

Py i=JE o(I—XA), 0<A<), <A< 20

A perturbed version of this method has already been studied (as a particular case) in
[6, 9] in the context of convex minimization, that is, with A the gradient (resp. B the
subdifferential) of a proper closed convex function on X.

We show in the following two lemmas that P, is c-firmly nonexpansive for a
suitable positive ¢, a crucial property for the convergence of the method.

Lemma 3.1. Let M; be c¢;-firmly nonexpansive mappings, i = 1,2, that is,
c¢; >0 and

Yo,y € X, [ Mz — Myy|* < ||z — yl* — eil| (1 = M)z — (I — My)y|.

Then My o My is c-firmly nonezpansive with ¢ := min{cy, ca}/2.
Proof.

[ My Moz — My Mayl* < || Moz — May||* — e1[|(I — My) Moz — (I — M) Mayl|* <
|z = ylI* = callz — y — (Max — May)||? — e1]| Moz — Moy — (My Maa — My May)|®
<z =yl = min{er, o} /2[lx —y — (My Moz — My May)|)? O
Lemma 3.2.
VneN, Vo,ye X, |[Pux— Puyl? <l|lz—yl*> —cl|(I = Po)z — (I — P,)yl?

with ¢ ;= min{1,2a/\ —1}/2 > 0.
Proof. First we show that, for all n, I —\, A is (2a/ X — 1)-firmly nonexpansive.
Indeed we have

Va,y € X, [[(I=AnA)z— (= XAl < 2z —yl? + [ Andz —An Ayl® —2Xna ]| Az — Ay|®

<lz =yl = 2a/X = D Andz — XAy,

Then, as the composition of the 1-firmly nonexpansive mapping J)i ([5]) with the
(2a/\ — 1)-firmly nonexpansive mapping I — A\, A, P, is c-firmly nonexpansive with
¢ = min{l,2a/\ — 1}/2, thanks to Lemma 3.1. O
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Proposition 3.1. If S := (A4 B)~1(0) # @, then the (translated) gradient-
proz method is weakly convergent (strongly if S has a non empty interior or if A+ B
is asymptotically well behaved, that is, d(0, (A + B)uy) — 0 implies d(u,,S) — 0).

Proof. Thanks to Remark 2.2 it is sufficient to prove the convergence of the
basic method (k = 0). From Lemma 3.2 we get

(3) vz € S, [|n —TI* < l|én-1 — TI* — cllén-1 — &ull?

That &, converges weakly to some point in S is rather standard from (3) and
the Lipschitz property of A ([9]). Indeed, {&,} is S-Féjer monotone, that is,

vz €S, Vn, |6 =7 < [|€-1 — 7.

Therefore {{,,} is bounded, for all T € S, ||§, — T|| is convergent and ||£,—1 — &,|| — O.
Then {¢,} is stationary for A 4+ B, that is,

f;; = (é.nfl - gn)/An + Aé‘n - Agnfl S (A + B)gn

with £ — 0. As the graph of A+ B is weak-strong closed, any weak limit point is in S.
The uniqueness of such limit point is standard (see for instance [15], proof of Theorem
1). Proof of strong convergence can be found in [9] (proof of Proposition 5.1) in the
first case and in [8] (proof of Proposition 5.7) in the second one. O

Remark 3.1. By the way, it is shown in [10] and in [4] as a special case, that
when T'(:= A+ B here) is the subdifferential of a proper closed convex function f on a
Banach space X, the asymptotical well behaviour of T is equivalent to (generalized to
non uniqueness cases) Tykhonov well posedness of f for minimization. On the other
hand, it is shown in [11] that, if f is Gateaux differentiable on a non empty closed
convex subset K of X then f + dx is Tykhonov well posed for minimization iff the
associated variational inequality is well posed in a suitable sense.

Actually the equivalence between asymptotical well behaviour of T := Ty +
Op (with Ty a set valued operator from X into its dual X* and ¢ a proper convex
function on X) and (generalized) Luchetti-Patrone well posedness of the variational
inequality (VI):

TEX, YeTIp(T), V2 e€X, (T2 -7)+ () —¢@) =0

holds true for a general normed space X. More precisely the Luchetti-Patrone’s notion
of approximate solution to VI coincides with the notion of approximate solution to
the inclusion 0 € T'(z) (equivalent statement) that induces the notion of stationary
sequence for T'. Indeed, let € be a positive real and x, € X, an e-approximate solution
to VI in the sense of Luchetti-Patrone, that is,

Jye € To(ze), Ve € X, (Ye,x — xc) + p(x) — p(xc) > —€||z — x|
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This is equivalent to

inf _ _ >0
Jdnf (et y,w = ad) + 9(2) — gl 20,

(where B,(0,¢€) denotes the dual closed ball of radius €), which in turn, thanks to
Moreau’s max — inf theorem ([12]) is equivalent to

a. ] f + ) _ + B > 07
Z/Er]ri’l*(}é,e) xegémgo<y6 Y, x $€> S0(1‘) QO(.IG) 2

that is,
Jy. € B.(0,¢), 7, € T(x,)

or

dy(0,T(z) <. O

Now we consider the perturbed method associated with the gradient-prox method
defined as follows.

By is a maximal monotone operator on X, A := A + G with G} a single
valued operator on X satisfying

Gre — Gryll < millz —yll, me >0,3z0 € X, VE €N, Gp(zg) =0
Qi = Jy* o (I = ApAy).
Lemma 3.3.

Vo,y € X, [Qrz — Qryll < (14 A mi) |z — vl

Proof. Straightforward from the nonexpansiveness of J )]\5; ¥ and (I — A\tA) and
the definition of A;. O

Lemma 3.4.
Akp < Nemi(p + llzoll) + Ox,,pr (Br, B)
where

p' = p+ A0, 6x,(B, B) = ”51”15 lT ke — TPz (1, 16])
z|[<p

Proof. Let z € X with ||lz[| < p. Then, as I — A\;A is non expansive, we have
(I — ApA)z|| < p+ A||AO||. Therefore,

1Qkz — Prr|| < M| Grarll + [T (I — ApAz) = JX (I = A Aw)|
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< ANenmk(p + [|@ol]) + Ox, 0 (B, B) O

As a direct consequence of Proposition 3.1, Lemmas 3.3 and 3.4, and Proposition

2.1, we get the expected result of stability of the gradient-prox method:

Proposition 3.2. If 3 Ay < +oo, and Vp > 0, >0y, ,(Bk, B) < 400,

then the gradient-prox method is weakly (strongly under the additional assumptions in
Proposition 3.1) stable.
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