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ABSTRACT. We use techniques originating from the subdiscipline of mathematical logic called ‘proof mining’ to
provide rates of metastability and - under a metric regularity assumption - rates of convergence for a subgradient-
type algorithm solving the equilibrium problem in convex optimization over fixed-point sets of firmly nonex-
pansive mappings. The algorithm is due to H. liduka and I. Yamada who in 2009 gave a noneffective proof of
its convergence. This case study illustrates the applicability of the logic-based abstract quantitative analysis of
general forms of Fejér monotonicity as given by the second author in previous papers.
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1. INTRODUCTION

In [11], a general logic-based analysis of abstract forms of convergence theorems based on general forms of
Fejér monotonicity is given. That paper uses methods from the subdiscipline of mathematical logic called ‘proof
mining’, which aims at the extraction of effective bounds from prima facie nonconstructive proofs by logical
transformations (see [9] for a book treatment and [10] for a recent survey).

Even in most simple cases of ordinary Fejér monotonicity on the real line and with all the data involved
trivially being computable, there, in general, are no computable rates of convergence as one can show using
methods from computability theory (see the discussion in [11] and - in particular - [14]) which sharpen known
‘arbitrary slow convergence’ phenomena discussed in optimization to noncomputability results.

Logically speaking, this is because the formulation of the Cauchy-property of a sequence (z,)nen (say in a
metric space (X, d)), that is

Vk € NIN € NVn,m > N <d(xn,:17m) < 1)
k+1
is of the form V3V which, in general, is of too high logical complexity (and thus not covered by the general
logical metatheorems used in proof mining to extract bounds from noneffective proofs).

What can be achieved by the aforementioned logical metatheorems, however, are effective rates of so-called
metastability which, moreover, are highly uniform. Metastability is based on a (noneffectively equivalent but
constructively weakened) reformulation of the convergence or Cauchy statements into what is known in logic as
Herbrand normal form. In the context of the above example, this reformulation is given by (here [n;n+g(n)] :=
{n,n+1,n+2,...,n+g(n)})

1
Vk € NVg € NNV3n € NVi, j € [n;n + g(n)] (d(mi7xj) < k+1> :

This statement is of the general form V3 (considering the leading two universal quantifiers as one and disregarding
the last universal quantifier as it is bounded) and for statements of the above form, the logical metatheorems of
proof mining guarantee the extractability of highly uniform effective bounds on ‘In € N’ (see [9]). Such bounds
are by now well-known in the literature under the name of rates of metastability (after Tao, see e.g. [17, 16]).

One important consequence of the Fejér monotonicity (in the very general sense of [11]) of an iterative
sequence (T )nen is that effective rates of convergence can be established if some general form of regularity,
provided quantitatively by a so-called modulus of regularity, which generalizes many concepts of regularity used
in optimization, is given (see [13]). The existence of regularity usually requires to be in a rather special (‘tame’)
context where the sets in question are e.g. semialgebraic so that tools from the model theory of o-minimal
structures can be utilized (see e.g. [6, 3] and - for a concrete example - [4]).

OThis paper is a condensed version of the Bachelor thesis [15] of the first author written under the supervision of the 2nd author.
Date: September 1, 2021.
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Our paper is intended as a case study to illustrate how the abstract approach from [11, 13] can be used in
a very concrete situation to give a perspicuous quantitative analysis of the algorithm being considered. The
logic-based notions used in these papers now have a concrete mathematical meaning so that the whole treatment
can be given without any reference to logic. We will indicate in the next subsection that we expect that many
other algorithms can be analyzed in a similar way.
In [5], the following equilibrium problem over the fixed point set of a firmly nonexpansive mapping is studied:
let f:RY x RY — R be a function such that:
(1) f(x,z) =0 for any z € RV;
(2) f(-,y) is continuous for any y;
(3) f(z,-) is convex for any .
Now we can state the equilibrium problem for f (a so-called equilibrium function) over the fixed point set
Fiz(T) of T, where T : RV — R¥ is a firmly nonexpansive mapping with a nonempty fixed point set.

Problem 1 (Equilibrium problem of f over Fix(7T)). Find a
u € EP(Fix(T), f) :== {u € Fix(T) | f(u,y) >0 for all y € Fix(T)}.

Tiduka and Yamada proposed a subgradient-type iterative algorithm (z,)nen (see also [7] for a related al-
gorithm also discussed in [5]) and showed that it converges to a point in EP(Fix(T), f). However, there is no
quantitative information given in the theorem. In this paper we provide explicit quantitative versions of this
result as well as of several intermediate convergence results such as

lim f(yn,zn) =0 as well as lim ||z, — Tx,| =0.
n— o0 n— o0

As mentioned already, even for N = 1 and f = 0 one can construct a simple computable T" such that (z,)nen
has no computable rate by adapting a counterexample from [14].

Nevertheless, we present a fully effective and highly uniform rate of metastability for the algorithm providing
a complete finitary account of the main result in [5].

Moreover, in Section 3 we even give a rate of convergence, modulo an additional metric regularity assumption.

1.1. Analytical preliminaries. Throughout, we consider RY (N > 1) as the Euclidean space with the usual
inner product (-, -) and the induced Euclidean norm ||-||. With B,(z) and B,(z), we denote the open and closed
ball with radius r > 0 and center x € RY with respect to |||, respectively.

Throughout, if not stated otherwise, let T : RN — RN be a firmly nonexpansive mapping, that is for all
z,y € RN:

2
[Tz —Ty|” < (x -y, Tz - Ty).
In particular, T is also nonexpansive.

1.2. The subgradient method of Iiduka and Yamada. for the equilibrium problem utilizing the subgra-
dient of the equilibrium function f:

Algorithm 2 (Subgradient-type method for Problem 1). Choose g9 > 0, Ao > 0 and z¢ € R arbitrarily and
define pg := ||xo|| and set n = 0. Then, repeat:

e Given z,, € RY and p, > 0, choose €, > 0 and \,, > 0.

¢ Find a point y,, € K,, :== B,,,+1(0) such that

J(Yn;n) > 0 and Hel?(x T, w0) < f(Yn, Tn) + €n.
yeEK,

e Choose &, € f (yn,-)(x,) arbitrarily, define

Tnt1 = T(2n = A f(Yn, T0)6n) and ppy1 := max{pn, [|Tn+1]}
and update n — n + 1.

As discussed in [5], this algorithm is based on the combination of ideas from two well-known algorithms,
namely the hybrid steepest descent method of Yamada [19] and the scheme of Tusem and Sosa from [7]. Note
that the approximate maximum point ¥, can be computed effectively due to the error €, whenever the latter
is strictly positive and f(-,x,) comes with a modulus of uniform continuity on K, while for &, = 0 there in
general would be no computable point y,, (see [8] for a discussion of this point in terms of complexity theory).

In [5], the following theorem on the correctness of the algorithm is established:

Theorem 3 (liduka and Yamada, [5]). Let Fix(T') # 0. Assume that there is an M > 0 with ||€,]| < M for all
n € N. Then the sequences (Zy)nen, (Yn)nen generated by the algorithm satisfy:
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(a) For allu € Q, :={u € Fix(T) | f(yn,u') < 0}:
|21 = ull® < Jln = ull® + X (M2 X = 2)(f (Y 20))*-
In particular, if A, € [0,2/M?3]:
i1 — ] <l — ]
(b) If @ := "2,y # 0 and A\, € [a,b] C (0,2/M?) for some a,b > 0 and all n € N, then the sequences
(Zn)neN, (Yn)nen are bounded and

lim f(yn,zn) =0 as well as lim ||z, — Tx,|| = 0.
n— o0 n— o0

(c) If e, > 0 for all n with lim,,_, o £, = 0, in addition to the requirements for (b), then (z,)nen converges
to a point in EP(Fix(T), f).

In this paper we establish quantitative versions of the claims in this theorem.

1.3. The range of the results. First, let us stress that to consider only sets of fixed points Fix(T") of a firmly
nonexpansive mapping 7' in Problem 1 is indeed not limiting in the sense that it still allows us to consider
arbitrary closed and convex sets C' in place of Fix(T): for any such C, the metric projection P is a firmly
nonexpansive mapping (see e.g. [1]) with Fix(Pz) = C. See [5] for further considerations on this version of
Problem 1 over C.

From that perspective, Problem 1 can be seen to indeed encompass many general notions and problems from
convex optimization as special cases, including in particular the famous Nash-equilibrium problem (as treated in
[5]) as well as the convex minimization problem, the variational inequality problem and the vector minimization
problem, next to others (see [7]).

Moreover, allowing arbitrary firmly nonexpansive mappings 7" in place of plain projections Po can be bene-
ficial in the concrete practical formulation of particular equilibrium problems, as e.g. Iiduka and Yamada show
in their work [5] for the example of the previously mentioned Nash-equilibrium problem. Here, while dealing
with sets C' where, on the one hand, P may be computationally untractable, while, on the other hand, C'
can be given by (the intersection of) simple closed convex sets C; whose projections Pg, are tractable, a firmly
nonexpansive mapping 7' can be defined using the tractable projections Pc, which is not a projection itself but
fulfills Fix(T') = C and inherits tractability from the Pc,.

And further, many practical choices of such sets C from convex optimization already lend themselves to
representations as fixed point sets of firmly nonexpansive mappings, a prime example maybe being the set of
zeros zer A of a monotone (or accretive) operator A. These zero-sets can be expressed as the set of fixed points
of the resolvent J4 corresponding to A which is, in particular, firmly nonexpansive (see [1] for a comprehensive
reference on monotone operators).

We expect that various other algorithms for equilibrium problems over suitable sets C can be treated by
following a similar analysis provided in this paper (using [11, 13]).

2. A FIRST QUANTITATIVE ANALYSIS

A first consequence of Theorem 3 is the following reformulation of (parts of) part (a).

Lemma 4. Let u € Q # 0 and M > 0 with M > ||&,]| for all n € N. Suppose \, € [0,2/M?] for all n € N.
Then

|znr1 = ul* < lan — ull?
for all n € N. Especially, ||z, — u|® converges.

As the required sequence is monotone, we can obtain a direct rate of metastability for the sequence (||xn - u||2)
neN

from the next lemma which follows immediately from [9], Proposition 2.27 and Remark 2.29.

Lemma 5 (Quantitative version of Lemma 4). Let u € Q # 0 with ¢, > ||lzo —u|® and let M > 0 with
M > &, for all n € N. Further, let A, € [0,2/M?] for alln € N. Then for all k, K € N and all g € NN:

1
1 € [ 6,0, K1 € i+ 0] ([l =l = oy = | < 17 )
where
' (k. g, cu, K) := g IV(E) and g(n) :=n+ g(n).
Here g(”)(K) denotes the n-th iteration of § starting from K. For the special case of K = 0, we simply write
q)l(kagacu) = (Dll(k7g,Cu7O).
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Proof. The proof given in [9], Proposition 2.27 and Remark 2.29, only provides the case for K = 0. It is,
however, immediately apparent from the proof given there that the argument of §{[»(*+D1) can be chosen to
be an arbitrary K € N. Similarly, it follows from said proof that the resulting n is then of the form n = §( (K)
for some ¢ < [¢,(k 4+ 1)]. Therefore in particular also n > K by construction of g. O

A lemma used in the proof (in [5]) of Theorem 3, part (b) and (c), is the following which is a direct corollary
of part (a).

Lemma 6 (Iiduka and Yamada, [5], p. 257). Let u € Q # 0 and M > 0 with M > ||&,]| for all n € N. Let
further N, € [a,b] C (0,2/M?) for alln € N. Then

0 < —a(M?b = 2)(f(yn #n))* < 20 = ull® = l|lzn41 — ull”
for alln € N.
Using this lemma, we obtain the following quantitative analysis of the convergence of f(yy,z,) towards 0.

Proposition 7 (Quantitative version of Theorem 3, part (b), I). Letu € Q # 0, ¢, > ||xo — ul|*, and let M >0
with M > ||&,|| for all n € N. Further, let A, € [a,b] C (0,2/M?) for alln € N. Then for all k € N and all
g € NN;

1
In < Oo(k* + 2k, g,¢) Vi € [n5n + g(n)] (f(yivxi) < k+1>

where
d (k g,c )'——Cb 7k ! -1 g—|—1 C and a(a b M) = —a(M2b—2)
2y 95 Cu ) - 1 ( ,l,]‘{) ) s Cu s Yy .

with ®1 as in Lemma 5.

Proof. Let k € N and g € NV be arbitrary.

By Lemma 5
k+1
In< P — -1 1,¢y
"= 1Q?wwmnw ’g+7c>

such that for all i € [n;n + g(n)] (as then i +1 € [n;n+ g(n) + 1]):

(2 < =gz (o =l = lziss =)
1 1
= Za(M? - 2) ([a(ﬂ}m] - 1) +1

1 ala,b,M) 1

< =
~ afa,b,M) k+1 E+1
where the first inequality follows from Lemma 6. From this the claim is immediate. (]
Lemma 8 (liduka and Yamada, [5], p. 257). Let u € Q # 0 be arbitrary and M > 0 with M > ||, for all
n € N. Let further \,, € [a,b] C (0,2/M?) for all n € N.
(i) For allm € N:

2 2 2
[#n = @pga ™ < 2w = ull” = lentr — ull™ + 2Mbf (yn, @n) |20 — 2ol -
In particular, if L > diam{z,, | n € N}:
lzn — xn-HHQ < lzn — u||2 — [|zp41 — uH2 + 2MbL f(yn, xn).
(ii) For all n € N:
[Znt1 = Txngall < |2n — Tpgall + MOf (Yn, 20).

Proposition 9 (Quantitative version of Theorem 3, part (b), II). Let u € Q # 0, ¢y > |lwo —ul®, L >
diam{z,, | n € N} as well as M > 0 with M > ||&,|| for all n € N. Further, let \,, € [a,b] C (0,2/M?) for all
n € N. Then, for all k € N and all g € NY:

where we have
®3(k, g, cu) == ®1 ([(n(a,b, M, L) (k+1)*] = 1,¢',cu) +1
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with ¢'(n) :=g(n+1) + 1 as well as

2MbL Mb
Vala,b,M)  /a(a,b,M

n(a,b, M,L) := ( ) + 1) and oa,b, M) := —a(M?b — 2)

with ®1 as in Lemma 5.
Proof. Let k € N and g € NY be arbitrary. As an abbreviation, we write
2 2
Bum = llzn —ull® = l[z0ss — ull.

Using Lemma 6, we at first have

(*1) 0< f(yn,2n) < \/WF
Further, we have (using Lemma 8) for any u € :
Jonr = T | < [12n = Znsall + MbF (g, )
<D+ V2MOLN/f(yn, 20) + Mf (Y, )

and therefore (using (x1)):

V2M Mb
( 2) ||$ +1— 1 +1H \/W \/ a(a,b, M) V >

for all n € N.
By Lemma 5, we have that
Hm S q)3<kag7cu) -1

such that (using (x2)) for all i € [m;m + g(m + 1)]:

et — Taens]| < 2MbL 1 N My, 1
o o V/a(a,b, M) n(a,b, M, L)(k + 1) afa,b, M) (n(a,b, M, L))?(k + 1)
2MbL Mb 1 1
+ +1 < :
Vala,b, M) /a(a,b, M) n(a,b, M,L)(k+1) ~ k+1

If we define n = m + 1, then n < ®3(k, g,¢,) and
i€mn+gn)=i—1€mm+g(m+1)]
and thus by the above we have

1
i — T < ——
s = Tl < =
for all i € [n;n + g(n)]. O
Remark 10. Note that a bound L on the diameter of (z,),en as used in Proposition 9 as an input can actually
be obtained in terms of ¢, by setting L := 2,/c,, as we have:

[en = 2w < llzn —ull + l2m —ull < [z0 = ull + lzo — ul <2/

To obtain a rate of metastability for the sequence (z,)nen, we apply recent results of Kohlenbach, Leustean
and Nicolae [11] on Fejér-monotone sequences. Other examples of application of these recent results are espe-
cially the derivation of a quantitative version of asymptotic regularity of compositions of two mappings (see
[12]). We recall the definition of Fejér monotonicity.

Definition 11. Let (X, d) be a metric space, F' C X nonempty and (z,)nen be a sequence in X. (z,)nen is
called Fejér-monotone with respect to F, if for all n € N and all p € F":

d(xn+1,p) S d(xnap)

The authors in [11] actually introduce a generalized form of Fejér monotonicity, but for the purpose of this
work, the above is enough. However, we pass to the notion of uniform Fejér monotonicity, as introduced in [11],
to formulate the (following) quantitative results.

For this, one considers approximations of the approached set F' in form of a descending sequence of sets

AFy, 2 AFy
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for k € N with
F =) AF:.

keN

Definition 12. (z,),en is called uniformly Fejér monotone with respect to F' and (AFy)gen if for all 7, n,m € N:

1
Jk e NVp e AFp Vi <m <d(mn+l,p) < d(zn,p)+ 7“—1—1> .

Any function x(n,m,r) producing such a k € N is called a modulus of (zn)nen being uniformly Fejér monotone.

Under the assumption of (X, d) being boundedly compact, the authors of [11] obtain (in a slightly general-
ized setting) an explicit effective rate of metastability for the sequence (x;,),en. This rate only depends on the
particular uniform quantitative reformulations of the assumptions of the setting such as a modulus of uniform
Fejér monotonicity and some further quantitative information on the space (X,d) and on how the sequence
(Zn)nen approaches the set F.

With quantitative information on the space (X, d) we here mean explicitly a modulus of total boundedness
(as defined in [11]) or a ‘modulus of bounded compactness’. This will be discussed in the proof of Theorem 17.

With quantitative information on how the sequence (x,)ncn approaches the set F, we mean a bound on
(2n)nen having approzimate F-points. For this, recall the following definition from [11]:

Definition 13. (x,)nen has approzimate F-points if Vk € NIN € N(zy € AF). A bound ®(k) on ‘IN € N
is called an approximate F-point bound.

As a feasibility check on whether these results can be applied and whether the setup of [5] fits into the above
framework, note that part (a) of Theorem 3 can be seen (modulo some refinement of the approximations )
as hinting the uniform Fejér monotonicity of (z,)nen (as the sequence from Algorithm 2) with respect to the
set () being taken as F.

We at first focus on whether (quantitative versions of) these properties of uniform Fejér monotonicity and
approximate F-/Q-points can be obtained by suitably modifying the approximations 2,,.

For this, we need to weaken the conditions of €2, to allow (z,)nen to lie in them further along the approxi-
mation. As none of these z,, is expected to be a fixed point of T or to satisfy f(ym,x,) < 0, we weaken these
properties to that of approzimate fized point and f(ym,,u) < k%-l’ respectively. Part (b) of Theorem 3 gives,
as a feasibility check, that in the long run f(y,,z,) is expected to decrease and that the sequence z,, contains
better and better approximate fixed points of T'.

Using this motivation, we define

1
and f(y;,u) < el

1 .
;::{UERN‘H@L—Tquk_'_l foralljgk}

which plays the role of AFy. By construction, we naturally have that (9} )gen is descending and
Q=Y.
keN

Further, we obtain the following lemma giving a quantitative version of (2, )nen having approximate Q-points
with respect to (€2},), cy (modulo some quantitative reformulations of the parameters of Algorithm 2).

Lemma 14. Let u € Q # 0 with ¢y, > |lzo —ul|* and let M > 0 with M > ||&,| for all n € N. Let
An € [a,b] € (0,2/M?) for alln € N and let L > diam{z,, | n € N}. Further, let e, > 0 for alln € N and let
en = 0 (n — 00) where T is a nondecreasing rate of convergence for €, — 0 (n — o0), that is T(k + 1) > 7(k)
and

1
Then
Vk € NIn < ®(k,a,b, M, L,7,¢c,) (x, € Q) ,

where
®(k,a,b,M,L,7,c,) :=2[cy - (o(a,b,M,L))*16(k + 1)*] + max{k, 7(2k + 1)} + 1
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with
2MbL M 1
o(a,b,M,L) := b + b+ +1| and a(a,b, M) := —a(M?b — 2).
Vala,b,M)  +/ala,b, M)

Proof. Let k € N. We again write
Ay =20 — U||2 —lzns1 — u||2 .

Again by Lemma 6, we have

* 0< mn y T
(*1) < f(Ynta +1) \/W

and as in the proof of Proposition 9, we obtain

V2 Mb
« it — Tanasll < Bt | 2 1) A
( 2) Hl’ +1 +1|| \/W a(a,b, M) ,

Note, that for 2 : n — 2 we have

\/ u,n+1-

&) (k,2,c, K) =2[cu(k+1)] + K
for any K € N and so
®(k,a,b, M, L,T,c,) = ®((o(a,b, M, L))*16(k + 1)* — 1,2, ¢y, max{k, 7(2k + 1)}) + 1.

Hence by Lemma 5 (applied to j :=i+ 1 and K := max{k,7(2k + 1)}), we have that
dn € [K;®(k,a,b, M, L,T,¢,) —1]Vi € [n;n + 1]

_ 2 2 1
<AW’ = Mo =l =l =l < S Do + 1)4> '

By n+1>n>max{k,7(2k + 1)} we get €41 < Therefore, using (1) and (*2):

2(k+1)
|Zn+1 = TTniall + f(Ynt1, Tng1) + Entr
9MbL 1 Mb+1 1 1
$/a(a, b, M) o(a, b, M, L)2(k + 1) * ( ala b ) ) (0(a b, M, D)2k + 12 2(k+ 1)
{ 9MbL Mb+1 l 1 L1
Va(a,b,M)  +/ala,b, M) ola, b, M, L)2(k+1)  2(k+1) k+1

as o(a,b,M,L) > 1

By the above, we have

1 1
kL as well as f(Yn+1, Tnt1) + Ent1 < PR

separately as f(yn+1,Zn+1) > 0 by definition from Algorithm 2. Also by the definition of Algorithm 2, we have

|Znt1 — Tpqa]l <

max  f(y,Tny1) < f(Yni1, Tng1) +ngr <

YEKnt1 ~—k+ 1
By definition of the K, as K; C K1 and y; € K, we have yo, ..., ¥n+1 € Kn11. Therefore, we have especially
1
; < —
Sy, n1) ol
for all j <n+1and as n+ 1> n > max{k,7(2k + 1)} > k by definition of n, we have z,41 € ), as well as
n+1<®(k,a,b,M,L,T,c,). O

The next two lemmas now give the quantitative version of the uniform Fejér monotonicity of (x,)nen with
respect to 2 and (), oy-

Lemma 15. Let M > 0 with M > ||&,]| for all n € N and let A, € [a,b] C (0,2/M?) for all n € N. Now, let
n € N be fized. For any k> n and any u € Q.:

2
1 1
g1 —ul* < <|$n —ul + k‘—l—1> + mf(ymxn)%(l + M).
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In particular, we have

I \/2b1+M =l
+ Z f(

||x’ﬂ+l - U” < ||‘T7l - u” + E+1

yn+j ) wnﬂ‘)
7=0

for allu € Q. and for alll € N with n+1 <k +1 (where for I =0 the sum is 0).
Proof. We give a quantitative analysis of the proof of (3.6) in [5]. At first, note that &, € 9f(yn,)(zn) by the
definition of Algorithm 2. Thus, by the definition of the subgradient, we have especially
FWnsu) > f(Yn, zn) + (U — Tn, §n)
and thus
(Tn =, &n) > f(YnsTn) — f(yn,u)

for all u € Q..
Therefore, we have:

1T (zr — A f (Yns Tn)6n) — UH2
HT(xn - )\nf(yna "En)gn) —Tu+Tu— ’U,”2

[

< (IT(@n = A f Yn> 2n)&n) — Tull + [Ju — Tul])?
< (l@n = A Yns 20)€n) — ull + [lu — Tul])?
= (@0 = Anf W 2n)n) — ull* + 2020 = A f Y 20)€n) — | lu — Tul| + lu — Tul|?
< lon — u||2 = 220 f (Yns T )(Tn — 4, &p) + /\i(f(ymxn))Z ”fn”Q +

2w — Tul| (lzn — ull + A f (Yo 20) [Enl) + = Tu?
= (lzn = ull + llu = Tull)® + X2 (f (¥n, 20) 1€0l” = 220 f Uns Tn) (@0 — 1, &)+

2 lu = Tul| A f (Y zn) [|nll
< (lwn = ull + llu = Tul)? + X2 (f (o 20)) 2 €all* = 220 f (Uns 20) (F W T0) = f(ynsw)+

2|lu = Tul| A f (Y, zn) 10l
< (lon —ull + lu = Tul)® + A (f Wns 20)) > (A M? = 2) 4+ 2X0 f (Y, 20) f (Y, w)+

9 1
< (lzn —ull + llu—Tul))” + mf(ynwn)?b(lﬂLM)
1\ 1

< (b=l )+ /2014 20),

From this, it naturally follows that

1 J/2b(1+ M) ST,

The claim
l w/2b 1+ M)
s =l < llaw =l + 5 + Z VI s on)
=0
follows from this by induction on > 1 withn+1<k+1 (the case of 1 =0 is trivial). O

Lemma 16. Let M > 0 with M > ||&, || for alln € N and let A\, € [a,b] C (0,2/M?) for all n € N. Further let
€ > f(Yn,xn) for alln € N. Then (zp)nen is uniformly Fejér monotone with modulus x(n,m,r), that is for all
r,m,m € N:

1
Vu e QVi<m <||xn+l —ull < ||lzp —ul| + o 1)

where

k= x(n,m,r) :=max{n+m, UT“ * (14 V(T + 1) J}
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Proof. Fix r,n,m € N and assume m > 1 without loss of generality. Let k = x(n,m,r), u € Q) and I < m. By
Lemma 15, we have (as k+ 1 > n+m > n + [ by definition)

l 2b( 1+M
(+) e = ull < lon = ul + =5 + N SN~
j=0

and by using f(yn,z,) < e, we obtain

l@ast — ull < e —ull +

from (%) as I <m. As

< lzn —ull +

L /B,
[ NES
m 2be(1+ M)

_|_
S Y/

k_{(?ﬂ—l (1+\/W)J

we obtain

m 2be(1+ M)

[€n1 = ull < flan —ulf +

<l —ul +

(r-+ 1)2m? (14 /2he(1 1)) e om (1+ V2be(1+ 1))

1
< Jlow —ull + =

from this.

1
Vi (14 /2be(T+ M)

<m+ m\/m>

Applying Theorem 5.1 from [11], we now obtain a rate of metastability for (z,)nen-

Theorem 17 (Quantitative version of Theorem 3, part (c), I). Let e > f(yn,2n) and M > 0 with M > ||&,]|

for all n € N. Also, let A\,, € [a,b] C

(0,2/M?) for all n € N as well as L > diam{x,, | n € N}. Further, let

en>0,e, >0 (n— o) and 7 be a nondecreasing rate of convergence for €, — 0 (n — o). Let u € Q #

with ¢, > ||xo — ul]*.

Then, for all k € N and all g € NN:

L 1
5 < £(0,9) i € frin -+ g00)] (o1 = 31 <

fOT E(kag) = EO(P(k)akmgaX?(p) with

and

where we define

P(k) := [(Sk + 8)\/NL-‘ "

EO(Oak7gaX7¢)) =
EO(TL+ 17ka97X7

0,
D) := P(x maI(ZO(n,k,g,X,@),llk—|—3)),

x(n,m,r) == max{n+m, |(r+1)*m?B(b,e, M)|},
Xg(n, k) :=x(n,9(n), k), xg"“*(n, k) := max{x,(i, k) | i <n},
- (0

as well as

(a,b, M, L))*16(k + 1)*] + max{k, 7(2k + 1)} + 1,

a(a,b, M) := —a(M?b — 2),
B(b,e, M) = (1 +/2be(1 + M))2 :

o(a,b, M, L) ;:{ LML Mbil +1w.

Yalab,M)  \/a(a,bM)
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Proof. The proof is an application of Theorem 5.1 from [11] with X := By (z¢) and F := QN X, AF), := Q. NX
(and G := H := Id). Here we use that we have

(Tn)nen € Br (xO)

as we assume L > diam{z, | n € N} and we have ||z, — x¢|| < diam{x,, | n € N} by definition of the diameter.

N
By Example 2.8 of [11], the function (k) := [2(16 + 1)\/NL-‘ is a modulus of total boundedness of B, (0)

and, considering the definition of (II)-moduli of total boundedness from [11], it is straightforward to see that
these moduli are ‘translation-invariant’ in the case of normed vector spaces, i.e. any (II)-modulus of total
boundedness for a set A C RY is also a (II)-modulus of total boundedness for A + v := {a +v | a € A} with
v € RN, In our situation, we thus have that the particular v is also a (II-)modulus of total boundedness for
By (z9) = Br(0) + zp. By Lemma 14, ® is an approximate F-point bound and by Lemma 16, x is a modulus
for (z,)nen being uniformly Fejér monotone w.r.t. F' (and AF}). Applying Theorem 5.1 with v, ®, x gives the
result. O

Remark 18. In the above theorem, we can obtain a bound e on f(y,,z,) in terms of ¢,,a,b and M by setting

Cu

¢ =\ g

as we have (using Lemma 6):
1 \/ 2 2
fyn,zn) < m lzn = ull” = l@n41 — ull
1
S — s [lzn — |
—a(M?b— 2)

< L
~ /=a(M2-2)

Remark 19. The complexity of our rate of metastability is mainly given by the fact that the function ® o x,
and so, in particular, the ‘counterfunction’ g gets iterated in the definition of 3. Some iteration of this sort,
however, is unavoidable as the counterexample given in [15] to the computability of the rate of convergence
(already for N = 1 and f = 0) shows that an extremely special case of the algorithm studied computes the
limit of a decreasing sequence in [0, 1] whose rate of metastability necessarily needs this iteration process (see
the discussion on p.4 of [11]). In the next section we show that a low-complexity rate of full convergence results
under an additional metric regularity assumption.

3. ADDING FURTHER ASSUMPTIONS

In this section, we investigate two sets of assumptions to strengthen Theorem 17.

3.1. Uniform closedness. In [11], the authors introduce the notion of uniform closedness, an additional
assumption on the way the sets AF}) approach the set F' (using the notation of the previous general setting of
Definition 13).

We recall the corresponding definition.

Definition 20. Let (X, d) be a metric space and F C X be nonempty. Let AF; C X be closed with AF} D
AFyq and F = oy AFy. Fis called uniformly closed for (AF}y)ren with moduli §p,wp : N — N if

Vk € NVp,q e X <q € AFs, () and d(p, q) =p€E AFk> .

1
< -
- wF(k) +1
Under the assumption of uniform closedness, the authors obtain Theorem 5.3 in [11] as a strengthening of
Theorem 5.1. In the following, we will observe that, under further quantitative assumptions on the equilib-
rium function f, Q is uniformly closed with the previously defined approximations (€2}), .y and compute the
corresponding moduli of uniform closedness.

Definition 21. Let g: D C RY — R be uniformly continuous. A modulus of uniform continuity for g on D is
a function o : N — N such that

/ / 1 / 1
— [ - < —.
Vk € NVz,z €D<x x”*cr(k;) 1=>|g(£v) g(ﬂf)\fk 1)
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This notion of modulus of uniform continuity differs from the commonly known modulus of continuity in
(numerical) analysis but is commonly used in computable and constructive analysis as well as in proof mining
(see e.g. [2, 9, 18]).

We then obtain the following result giving corresponding moduli of uniform closedness in terms of moduli of
uniform continuity.

Lemma 22. Let (y;);jen be a sequence in RN (defining ,.) and let oj be moduli of uniform continuity for
f(y;,-) for all j € N on some subset D C RN. Then

1
Vk € NVu,u’ € D (u’ € Yoy and Jlu — /|| < T

Q/
e e )

where
oa(k) =2k +1,
o (k) 1= max{oi(k) | § < j}.
wa(k) == max{4k + 3,07*"(2k + 1)}

Proof. Let k € N and let u,u’ € D with u" € Q5 and
I

— <

b=l < Com 1

u' € Yy, is by definition equivalent to

1 1
|/ —Tv'|| € =——— and Vj <2k +1 <f(yj,u’) < 2) .

2(k+1) (k+1)
As T is especially nonexpansive, we have ||Tu — Tu'|| < ||lu — u/||. As wq(k) > 4k + 3, we have further
ol € e < o
= wok)+1 = 4k +1)
and thus
lu—Tull < flu—u'[| + [ = TW|| + || Tu — Tu||
< 2|lu— | + [lu' = T
<2 ! + L = 1 .
SUk+ D) T 20k+1) k4l
As wo (k) > o***(2k + 1) > 0;(2k + 1) for all 4 < k by assumption, we have
1 1

- < <
le=vll< Zom+1 S m@rr 11

for all i < k and as o; is a modulus of uniform continuity for f(y;,-), we have
Flyiru) < flyiou) +1f (yi, w) — fyi, o)
SRS N SR |
“2k+1)  2k+1) k+1
for all i« < k. Thus, by definition we have u € Q;C O

Using these moduli, we obtain the following strengthening of Theorem 17 in correspondence to Theorem 5.3
instead of Theorem 5.1 (of [11]).

Theorem 23 (Quantitative version of Theorem 3, part (c¢), II). In addition to the assumptions of Theorem 17,
let 0 be a modulus of uniform continuity for f(y;,-) for any j € N on Br(xo).

Then, for all k € N and all g € NN:

1
T and x; 692)
for $(k, g) == Xo(P(ko), ko, g, X, ®) with P,x,® and Xy as in Theorem 17 as well as

In < %(k,g)Vi,j € [n;n+ g(n)] <|$i —zj]| <

ko := max {k7 Pdsz(l;)—l-‘ } and xx(n,m,r) := max{dq(k), x(n,m,r)},
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where we define

oa(k) =2k +1,

o' (k) = max{o;(k) | i < j},

wao(k) == max{4k + 3,07"*"(2k + 1)}.
Proof. Apply Theorem 5.3 of [11] under the same considerations as in the proof of Theorem 17, using Lemma
22 with D := Bp(x). The Lemmas 14 and 16 apply as before. O

Remark 24. This theorem is a finitization of Theorem 3, part (c) as it (ineffectively, but elementary) implies
back the statement of (c): the metastability trivially implies the Cauchy-statement (and thus convergence) of
(Zn)nen. Further: for M € N and ¢ : n — M, Theorem 23 gives 3i > M (z; € Q). Thus, as Q}, is closed, we
have x := lim,, oo Z,, € ) and as k was arbitrary, we have x € Q by Q = [, .y . As in [5], p. 258, it follows
elementary that x € EP(Fix(T), f).

3.2. Regularity conditions. Using the recent quantitative treatment [13] of very general scenarios of regu-
larity conditions in the context of Fejér monotone sequences, we can give an improvement of Theorems 17 and
23 by adding assumptions on (a quantitative version of) a regularity condition for 2 and obtain (under this
assumption) even rates of convergence for the sequence approximating an equilibrium point.

Central for the further results is the following quantitative version of regularity, defined as modulus of regu-
larity in [13]. For this, given a function F : RN — R, we write zer F for the set of zeros of F.

Definition 25 ([13]). Let F : RY — R be a function with zer F # () and fix z € zer F and 7 > 0. A function
@ :(0,00) = (0,00) is a modulus of regularity for F w.r.t. zer F and B,.(z) if for all € > 0 and all x € B,.(2):

|F(z)| < ¢(e) = dist(x,zer F) < e.

The setting for these regularity conditions in [13] is far more general, e.g. being in the context of abstract
metric spaces. We will, however, only need the above version for functions over R¥V.

Under the assumption of a modulus of regularity for F' together with the Fejér monotonicity of a sequence
(n)neny w.r.t. zer F' and some further assumptions on quantitative information on how the sequence (z,,)nen
interacts with F', the authors obtain effective rates of convergence for the sequence (x;,)nen-

By quantitative information on the interaction of (x,)nen with F, we mean precisely that (z,),en has
approzimate F zeros. For this, recall the following (modification of the) definition from [13].

Definition 26. Let F' be as above. We say that a sequence (x,,)nen has approzimate F zeros if

1

A bound on ‘In € N’ is called an approzimate zero bound.

Notice the similarity of approximate zeros with approximate F-points from Definition 13 (although there F'
has a different meaning). Guided by this similarity, the fact that the particular sequence (2, )nen from Algorithm
2 has approximate {2-points (relative to the representation (2}, )ren) and the fact that (x,,)nen is Fejér monotone
w.r.t. ), we are particularly interested in a function F' where (1) zer F = Q and (2) |F(x)| < 1/(k + 1) relates
to x € Q). Towards a particular choice, we first define the set-valued function v : RY — P(N) through

~y(z) = {k: eN| f(y,x) > kil for some j < k}
and the corresponding function G : RV — R>( defined through
0 if y(z) =0,
G(z) =42 if v(z) =N,
m otherwise.

Given a mapping 7 : RY — R, we may further define the function F : RN — R>g
F(z) := max{|lz — Tz|,G(x)}.

This function is now an adequate choice which fulfills the previously desired requirements (1) and (2). For this,
note first that v(z) has the following property whose proof is immediate:



QUANTITATIVE ANALYSIS OF A SUBGRADIENT-TYPE METHOD FOR EQUILIBRIUM PROBLEMS 13

Lemma 27. For any x € RN and any k € N: k € y(x) implies j € y(z) for all j > k.
In the following, we verify properties (1) and (2) for F:
Lemma 28. For allz € RN and allk € N: z € Q) iff F(z) < k%‘_l In particular, Q = zer F.

Proof. Let x € RY and let k € N and suppose first that @ € Q). Then, we have

lo =Tzl <

and f(y;,z) < for all j < k.

1 1
k+1 k41
The latter gives k ¢ v(x) and thus j ¢ v(z) for all j < k by the contraposition of Lemma 27. Now, either
~v(z) = 0 or v(z) # 0. The former gives G(z) =0 < k%‘_l by definition, the latter gives inf y(z) > k+1 and thus
G(x) = 1/(infy(z)) < 1/(k +1). In any way F(z) < 1/(k +1).

Now, suppose x ¢ Q). Then, ||z — Tz| > %ﬂ or f(y;,z) > = for some j < k. The former gives F(z) > ==

Tt Pt
immediately. The latter gives k € y(x). Thus,
infy(zx) <k<k+1
and therefore, we have either v(z) = N where G(z) =2 > %H by definition, or inf y(z) > 1 where then
1 1
Glo) = inf y(z) T krl
In any way F(z) > 1/(k+1). O

Together with the previous results on approximate 2-points from Lemma 14, we obtain the following result
regarding approximate F' zeros.

Lemma 29. Let u € Q # 0 with ¢, > ||lzo—ul® and let M > 0 with M > ||&,|| for all n € N. Let
An € [a,b] C (0,2/M?) for alln € N as well as L > diam{x,, | n € N}. Further, let e, > 0 for alln € N and let
en — 0 (n — 00) where T is a nondecreasing rate of convergence for €, — 0 (n — o0). Let ® be as in Lemma
14 Then for any k € N

1
dn < o M. L F < — .
n < Bk, a, b, M, m,cu)( (:m_kH)

Proof. By Lemma 14, we have
In < ®(k,a,b, M, L,7,c,) (x, € Q).

By Lemma 28, this implies F'(z,) < O

1
B+
As the function F' may be perceived to be quite artificial, it is of interest to see equivalent characterizations

for the existence of a modulus of regularity for F'. The following easy consequence of Lemma 28 gives a result
in this vein.
Lemma 30. Let u € Q and let v > 0. Then:

(1) If ¢ : (0,00) — (0,00) is a modulus of reqularity for F w.r.t. Q and B,(u), then

Ve > 0Vz € B, (u) <x e R dist(z, Q) < 5> .
FIe)
(2) If ¥ : (0,00) = N is such that
Ve > 0Vz € By(u) (:c € Q) = dist(z,Q) < s) )

then 1/((e) + 1) is a modulus of regularity for F w.r.t. Q and B,(u).

Using this lemma, we obtain the following rate of convergence for the sequence (x,,)nen generated by Algo-
rithm 2 under the assumption of a modulus of regularity for F.

Theorem 31. Let u € Q # 0 with ¢, > |lzo —ul® and let M > 0 with M > ||&,|| for all n € N. Let
An € [a,b] € (0,2/M?) for alln € N as well as L > diam{z,, | n € N}. Further, let ¢, > 0 for alln € N and
suppose £, — 0 (n — 00) with a nondecreasing rate of convergence .

If ¢ : (0,00) = N is such that
Ve >0V € B /o (u) (a: € o) = dist(z,Q) < e) )
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then (x,)nen s convergent with © = lim,,—, o ©, € EP(Fix(T), f) and

Wk € NVn > @ <¢ (2(/<1+1))> (xn _ gl < k}ﬂ)

where we define

9(€) = 1/)(6)1+ 1
and
P(e) =2 {cu - (o(a,b, M, L))*16( ﬁ-‘ + 1)4-‘ + max{ E-‘ T (2 E-‘ + 1)} +1,
as well as

2MbL Mb+1
ala,b,M)  +/a(a,b, M)
Proof. The proof is an application of Theorem 4.1, (i) of [13]. Fejér monotonicity of (x,)nen w.r.t € is already

contained in (a) of Theorem 3. By Lemma 30, (2), ¢ is a modulus of regularity for F.
Now, let € > 0. Then, by Lemma 29, we obtain

a(a,b, M) := —a(M?*b—2), o(a,b, M,L) :=

1
In<P(e) | Flay,) < ———— < e .
<0(0) (Flan) < 7757 <¢)
As e was arbitrary, Theorem 4.1 of [13] applies as ) is closed and we obtain © = lim,, . z, € Q with the
desired rate of convergence. We obtain = € EP(Fix(T), f) as in [5], p. 258. |
Acknowledgment: The second author was supported by the German Science Foundation (DFG KO 1737/6-1).
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