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1 Introduction

In recent years (though influenced by papers of G. Kreisel going back to the 50’s, e.g. [75-77]) as
well as subsequent work by H. Luckhardt ([83,84]) and others an applied form of proof theory sys-
tematically evolved which is also called ‘Proof Mining’ ([73]). It is concerned with transformations of
prima facie ineffective proofs into proofs from which certain quantitative computational information
as well as new qualitative information can be read off which was not visible beforehand. Applications
have been given in the areas of number theory ([83]), combinatorics [2, 36,100, 101], algebra ([23—26,
21,22]) and, most systematically, in the area of functional analysis (see the references below). In
particular, general logical metatheorems ([55,35,65]) have been proved which guarantee a-priorily
for large classes of theorems and proofs in analysis the extractability of effective bounds which are
independent from parameters in general classes of metric, hyperbolic and normed spaces if certain
local boundedness conditions are satisfied. Unless separability assumptions on the spaces involved
are used in a given proof, the independence results from parameters only need metric bounds but no
compactness ([35,65]). The theorems treat results involving concrete Polish metric spaces P (such
as R" or C[0,1]) as well as abstract structures (metric, hyperbolic, normed spaces etc.) which are
axiomatically added to the formal systems as kind of ‘Urelements’. It is for the latter structures
that we can replace the dependency of the bounds from inputs involving elements of these spaces
by hereditary bounds (‘majorants’) of such elements which in our applications will be either natural
numbers or number theoretic functions. So we can apply the usual notions of computability and
complexity for type-2 functionals and do not have to restrict ourselves to instances of these struc-
tures which are representable in some effective way or would carry a computability structure. The
latter is only required for the concrete Polish metric spaces where we rely on the usual ‘standard
(Cauchy) representation’.

Obviously, certain restrictions on the logical form of the theorems to be proved as well as on the
axioms to be used in the proofs are necessary (for a large class of semi-constructive proofs the re-
strictions on the form of the theorems can largely be avoided, see [34]). These restrictions in turn
depend on the language of the formal systems used as well as the representation of the relevant
mathematical objects such as general function spaces. The correctness of the results, moreover, de-
pends in subtle ways on the amount of extensionality properties used in the proof which has a direct
analytic counterpart in terms of uniform continuity conditions.

The applications which we discuss in this survey include a number of new qualitative existence
results in the area of nonlinear functional analysis which follow from the metatheorems but so far
did not have a functional analytic proof. Applying the extraction algorithm provided by the proofs
of the metatheorems to these results yields the explicit quantitative versions stated below and at



the same time direct proofs which no longer rely on the logical metatheorems themselves ([10, 33,
62,64,69,70,66,81]).

The page limitations of this paper prevent us from formulating precisely the various logical metathe-
orems and the formal systems involved and we refer to [65,35]. We will rather give a comprehensive
presentation of the effective bounds obtained with the help of this logical approach in analysis (often
all the qualitative features of the bounds concerning the (in)dependence from various parameters
as well as some crude complexity estimates are guaranteed a-priorily by logical metatheorems) and
refer for information on the logical background as well as for the proofs of these bounds to the
literature.

Notations: '} and IR} denote the sets of strictly positive rational and real numbers respectively.

The bounds presented below are all obviously effective if stated for e € Q7. Sometimes it is more
convenient to state them (and to formulate the various moduli involved) for € € R . It will, nev-
ertheless, always be straightforward to make the use of e.g. [z] effective by restricting things to
rational ¢ (and corresponding moduli formulated for rationals).

2 Logical metatheorems

In this section we give an informal presentation of the main metatheorems on which the applications
reported in this paper are based (details can be found in [65, 35]).

Definition 1. 1) The set T of all finite types over 0 is defined inductively by the clauses
(1)0e T, (it) pre T =(p—71)€ T.
2) The set TX of all finite types over the two ground types 0 and X is defined by
(i) 0,X € TX, (i1) p,7 € T = (p - 7) € TX.

3) A type is called small if it is of degree 1 (i.e. 0 — ... — 0 — 0) or the form p; — ... — pp — X
with the p; being 0 or X.1

The theory A for classical analysis is the extension of the weakly extensional Peano arithmetic in
all types WE-PA“ by the schemata of quantifier-free choice QF-AC and dependent choice DC for
all types in T (formulated for tuples of variables).

The theories A“[X,d]_, and A“[X,d, W]_; result? by extending A“ to all types in TX and
adding axioms for an abstract metric (in the case of A“[X,d]_p) resp. hyperbolic (in the case of
AY[X, d, W]_p) space. AY[X,d, W, CAT(0)]_; is the extension by an abstract CAT(0)-space. Analo-
gously, one has theories A“[X, || - ||] with an abstract non-trivial real normed space added (as well as
further extensions A“[X, || - ||, C] resp. A¥[X,] - ||, C]-» with bounded resp. general convex subsets
C' C X which we will, however, due to lack of space not formulate here). Our theories also contain
a constant Ox of type X which in the normed case represents the zero vector and in the other cases
stands for an arbitrary element of the metric space. For details on all this see [65, 35].

Real numbers are represented as Cauchy sequences of rationals with fixed rate 27" of convergence
which in turn are encoded as number theoretic functions f!, where an equivalence relation f =R g
expresses that f1, g' denote the same real numbers, and <R, <R, | - |r express the obvious relations

! In [35] a somewhat bigger class of types of so-called degree (1, X) is allowed. However, for the applications
presented in this paper the small types suffice which simplifies the statement of the metatheorem below.

2 The index ‘—b’ indicates that in contrast to the corresponding theories in [65] we (following [35]) do not
require the metric space to be bounded.



and operations on the level of these codes. Here =g, <r€ IIY whereas <r€ XY. Again details can
be found in [65].

‘Weakly extensional’ means that we only have Spector’s quantifier-free extensionality rule. In par-
ticular, for the defined equality x =x y := (dx(z,y) =r Or), we do not have

v=xy— X7 ) =x f(y)

but only from a proof of s =x t can infer that f(s) =x f(¢). This is of crucial importance for our
metatheorems to hold. Fortunately, we can in most cases prove the extensionality of f for those
functions we consider, e.g. for nonexpansive functions, so that this only causes some need for extra
care in few cases (for an extensive discussion of this point see [65]).

Definition 2. For p € TX we define p € T inductively as follows

o —

0:=0, X:=0, (p—7):=(p—7),
i.e. p is the result of replacing all occurrences of the type X in p by the type 0.

Definition 3 ([35]). We define a ternary majorization relation 25 between objects x,y and a of
type p, p and X respectively by induction on p as follows:

- xOZSyOXEmey;
- 2? 2% vt = (@R 2w dx(y, a),
—x 2, Y=V (2 25 2w 20 y) AV 2(2 2% 2 — w2 2% wz).

~Pp—T T ~p

For normed linear spaces we choose a = 0x.

Definition 4. A formula F in L(AY[X,...]_p) is called V-formula (resp. 3-formula) if it has the
form F' = VaZF,(a) (resp. F = 3a%F;f(a)) where Fyy does not contain any quantifier and the
types in g are small.

In the following S¥ = <Sp>p€T refers to the full set-theoretic type structure of all set-theoretic
functionals of finite type.

Theorem 1 ([35]).

1) Let p be a small type and let By(x,u), resp. C3(x,v), be V- and I-formulas that contain only
x,u free, resp. x,v free. Assume that the constant Ox does not occur in By,C3 and that

A¥ (X, d] _p F Vo (Yu® By(z,u) — F0°C5(x,v)).

Then there exists a computable functional* @ : S5 — IN such that the following holds in all
nonempty metric spaces (X,d): for all x € S,, x* € S if there exists an a € X s.t. z* 2% x
then

Vu < @(x*)By(z,u) — Jv < &(x*)C3(z,v).

If 0, does occur in By and/or C3, then the bound @ depends (in addition to x*) on an upper
bound IN 5 n > d(0x,a).

2) The theorem also holds for nonempty hyperbolic spaces A“[X,d, W|_p,
(X,d, W) and for A“[X,d,W,CAT(0)] s, where (X,d, W) is a CAT(0) space.

3) The theorem also holds for non-trivial real normed spaces A°[X, || - ||], (X, |- ), where then ‘a’
has to be interpreted by the zero vector Ox in (X, | - ||) and Ox is allowed to occur in By, C3.

3 Here (2)m refers to the embedding of IN into IR in the sense of our representation of IR.
4 Note that for small types p the type 7 is of degree 1. So & essentially is a type-2 functional : IN™ — IN.



Instead of single variables x,u,v and single premises YuBy(z,u) we may have tuples of variables
and finite conjunctions of premises. In the case of a tuple x we then have to require that we have a
tuple z* of a-majorants for a common a € X for all the components of the tuple x.

Remark 1. From the proof of Theorem 1 two further extensions follow:

1) The language may be extended by a-majorizable constants (in particular constants of types 0
and 1, which always are uniformly majorizable) where the extracted bounds then additionally
depend on (a-majorants for) the new constants.

2) The theory may be extended by purely universal axioms or, alternatively, axioms which can be
reformulated into purely universal axioms using new majorizable constants if the types of the
quantifiers are small.

Using these extension, the theorem above can be adapted to other structures such as uniformly
convex normed spaces or inner product spaces ([35]) as well as to uniformly convex hyperbolic
spaces, 6-hyperbolic spaces (in the sense of Gromov) and IR-trees in the sense of Tits (see [81]).

A crucial aspect of theorem 1 is that the bound @ operates on objects of degree < 1, i.e. natu-
ral numbers or n-ary number theoretic functions so that the usual type-2 computability theory as
well as well-known subrecursive classes of such functionals apply here irrespectively of whether the
metric and normed spaces to which the bounds are applied come with any notion of computability
or not. Since we included the axiom of dependent choice (and so also countable choice and hence
full comprehension over numbers) in our systems, the functional @ extracted will be in general a
bar recursive functional in the sense of Spector [97]. However, if (as usually is the case) only small
fragments of this are used, e.g. if in addition to basic arithmetic only the weak Konig’s lemma WKL
is used, then the bound will be primitive recursive in the sense of Gddel’s T' ([40]) if full induction
is used resp. primitive recursive in the ordinary sense of Kleene if only X{-induction is used. If not
even full X¥-induction is used then in many cases even polynomial bounds (in the data) can be
expected (see [55,58-60]).

The proof of theorem 1 provides an algorithm (based on (monotone) functional (‘Dialectica’) inter-
pretation [40,97,57,43]) for the extraction of &.

In the concrete applications theorem 1 is used via various applied corollaries of which we give an
example now:

Definition 5. Let (X,d) be a metric space. A mapping f : X — X is called nonexpansive (short
‘n.e.’) if
Va,y € X(d(f(2), f(y)) < d(z,y)).

Corollary 1 ([35]). Let C3 be an 3-formula and P, K Polish resp. compact metric spaces in stan-
dard representation by A“-definable terms (see [55] for a precise definition). If A“[X,d, W]_, proves
a sentence

Va € PVy € KV2X, 3% O=X X=X (f nonerpansive — Ev]N(J'g)

then there is a computable functional ®(g,,b,h) s.t. for all x € P, g, € NN representative of x,
beIN,he NN

Vy € KVz,z2€ XVe: IN — XVf: X — X(f ne. Ad(z,[f(2)),d(z,2) < bAVn(d(z,c(n)) < h(n)
— Jv < @(917 ba h) Oﬂ)

holds in any nonempty hyperbolic space (X,d, W).

Proof (sketch): The fact that P, K have a standard representation by A“-terms essentially means
that V-quantification over P resp. K can be expressed as quantification V! resp. Vy <; N where N



is a fixed simple (primitive recursive) function depending on K. Here the number theoretic functions
encode Cauchy sequences (with fixed rate of convergence) of elements from the countable dense sub-

set of P resp. K on which the standard representations are based. We now apply theorem 1 with

a := z. For this we have to construct >*-majorants for !, y', 2%, 2% =X and fX—X .

¥ =M = Mp.max{x(i) : i <n},y* = NM 2z =003 := b, ¢* := WM,
f* = ln+0.

For f* we use that
d(z,2) <n—d(f(z),2) <d(f(z), f(2)) + d(f(2), 2) < d(x,2) + d(f(2),2) <n+b.

Note that the majorants only depend on z, b, h. O

3 Applications of proof mining in approximation theory

Let (X,] - ||) be a (real) normed linear space and E C X a finite dimensional subspace. By a
standard (ineffective) compactness argument each & € X possesses at least one element y;, € E of
best apprxomation, i.e.
|z —yp|| = inf ||z —y| =: dist(x, E).
yeE

In some important cases (see further below) y; is uniquely determined
Vo € XVy1,y2 € E(l|lz — yil], |z — yall = dist(x, E) — y1 = ya)
which can be written as follows
Vo € XYy, y1 € EVE € N3n € N(||lz — 1|, |z — v2|| < dist(z, E) + 27" — ||ly1 — o] < 27F),
where (using the representation of real numbers mentioned above)
lz = yull, llz = el < dist(z, B) + 27" — |lys — | < 27"

is equivalent to a X9-formula.

Every best approximation y, € E clearly satisfies |lys|| < 2||z|| (since otherwise 0 € E would be a
better appoximation). Hence we can replace above the space E by the compact subset K, := {y €
E : ||y|| < 2||z||}. Now suppose that one has a computable bound &(z, k) (depending on a suitable
representation of x) for ‘In € IN’ that is independent of y1,y2 € K, i.e.

Vo € XVyi,y1 € KoVk € N(|lz — yi ||, ||z — ye2|| < dist(x, E) +272@R) 5 |ly; — ya| < 275).

We call such a ¢ a modulus of uniqueness. Then any algorithm for computing 27 "-best approxi-
mations y, € K, i.e. ||z — y,| < dist(x, E) + 27" can be used to compute y;, with any prescribed
precision since

VE € N (|ya@r — voll <27F).

If we use K, := {y € E : |ly|| < S]jz||} instead of K, then by an easy argument a modulus
of uniqueness on K, can be extended effectively to the whole space E. So we now always refer
to moduli of uniqueness on all of £ and — for convenience — use ¢ € Q7 instead of 2% with
D(x,q) € Q. The next proposition further indicates the relevance of this notion:

Proposition 1 ([55]). Let (X, | - ||) be a real normed linear space, E C X a finite dimensional
subspace. Assume that every x € X possesses a uniquely determined best approximation in E and
that the operation @ is a modulus of uniqueness. Then the following holds



1) % - @ is a modulus of pointwise continuity for the projection P : X — E which maps x € X to
its best approrimation y, € F, i.e.

. 1
Vo, 20 € X,q € QL (|2 — 2o < §¢x0q — ||Pz — Pxol| < q).
2) If @ is linear in q,i.e. Pxq = q-~v(x), then y(x) is a ‘constant of strong unicity’, i.e

Vee X,ye E(lz—yll > [z =l + () - lly — wll),

where yp, is the best approrimation of x in E,

3) For ~(z) as in ‘2)’ we get that A(x) := % is a pointwise Lipschitz constant for P, i.e.

Va, 20 € X (||Pz — Pxol| < A(zo) - ||z — 20])).

In the following, we discuss two specific best approximation problems. Let C[0,1] be the space
of all continuous real valued functions on [0,1] and P, the subspace of all polynomials of degree
< n. We consider best approximations of f € C[0,1] by polynomials in P, w.r.t. the maximum

norm || fllec := sup |f(x)| (called best Chebycheff approximation) as well as w.r.t. the Li-norm
z€[0,1]

£l == fol |f| (also called ‘approximation in the mean’). Even in the latter case we represent C|0, 1]
as a Polish space w.r.t. the metric induced by || - || since it is not complete w.r.t. || - ||1. The usual
so-called standard representation of (C10, 1], || -||oc) is constructively equivalent to the representation
of f via its restriction to the rational numbers in [0,1] and a modulus w : Q% — Q7 of uniform
continuity of f, i.e.

Vz,y € [0,1]Ve € Q% (lz —y| <w(e) — [f(z) = f(y)| <e)
so that the bounds will depend on w.

Since in this section we do not use abstract classes of metric spaces but (in addition to IR) only the
concrete Polish metric space (C[0, 1], - ||o) the applications in this section are instances already of
the older metatheorems from [55].

We first consider the case of best Chebycheff approximation: A well-known theorem in so-called
Chebycheff approximation theory states that every f € (C]0,1] possesses a unique polynomial
py € P, of best approximation in the || - ||sc-norm, i.e. a polynomial in P, such that ||f — pp|lec =
distoo(f, Pn) := pienl_f ||/ — plloo- Both the existence as well as the uniqueness of p;, are established

by classical arguments which make use of the theorem that continuous real valued functions attain
their minimum on compact spaces, i.e. use the ineffective weak Konig’s lemma WKL (see [95]).

By (the algorithm implicit in) our general metatheorems from [55] it is guaranteed that the unique-
ness proof, nevertheless, allows one to extract a (primitive recursively) computable modulus of
uniqueness (even of relatively low complexity), a concept which — under the name of strong unicity
— plays an important role in approximation theory (see [18]). By proposition 1 such a modulus of
uniqueness provides a stability rate for the Chebycheff projection which assigns to f € C[0, 1] the
unique polynomial p of best approximation in P,. Furthermore, it can be used to compute p; and
to (upper) estimate its computational complexity (see [55] for all this). In [56] the following explicit
moduli (also for the case of general Haar spaces) were extracted from the classical uniqueness proof
due to [102]:

Theorem 2 ([56]). Let

P(w,n, €) := min {5/4, 5! {%ﬂ) (wnl(e/2)™ - } ,



with
1, ifn=0.

wn(e) =

Then @ is a common modulus of uniqueness for all f € C[0,1] which have the modulus of uniform
continuity w, i.e. for all n € IN. More precisely, we have

2
vplap2 € Ppie € Qi( /\(Hf _leOO - sztoo(fa PN) < é(w7na€)) - le _p2H00 < E)‘
i=1
Moreover if distoo(f, P,) >0 and | € Q7 such that | < dist(f, P,) and
_ Al
o )= L

then ®(w,n, 1) ¢ is a modulus of uniqueness for f which is linear in & and so d(w,n,1) (by proposition
1) is a ‘constant of strong unicity’.

Remark 2. 1) The most important aspect of @, P above is that these bounds do not depend on
p1,p2. This is guaranteed by the metatheorems in [55] since one can — as discussed above —
restrict things to the bounded (and hence compact) subset Ky, := {p € Py : [[plloc < 2| flloc}
of the finite dimensional space P,.

2) Instead of the term fﬁ} in the definition of w, we may use an arbitrary upper bound M >

| flloc- Actually the result is proved in this form in [56]. Using the construction f — f, f(x) :=
f(z) — £(0) (using that disteo(f, Py) = disteo(f, Py)) one sees that one may assume without
loss of generality that f(0) = 0. With this assumption fﬁ] is an upper bound of || f||c which
reduces the dependence of the bound on f to just w.

3) Our constant of strong unicity tends to 0 as n — co. Except for the trivial case where f € P,
this is unavoidable by a deep result in [32].

The modulus of uniqueness in theorem 2 is significantly better than the one implicit in [53, 54] (see
[56] for a comparison).

The existence of a unique element of best approximation to f € C[0,1] extends from P,_; :=
Ling{l,z,...,2" 1} to general so-called Haar spaces H := Ling{1,...,dn}, i.e. n-dimensional
subspaces of C[0, 1] which have the unique interpolation property, i.e.

ng € HV@G [0, 1]( A (1'1 < .Z'z'+1> A /\(Qﬁ(l‘z) :O) — ng O)

The tuple (¢1, ..., ¢n) of functions in C[0, 1] is called a Chebycheff system over [0, 1].
Let ¢ := (¢1,...,d,) be a Chebycheff system over [0,1], ¢(z) := (¢1(x),...,¢n(z)) € R",||§] :=

sup ||é(x)||2, where || - ||2 denotes the Euclidean norm on IR".
z€[0,1]

8,7,k : (0, %] — IR} are defined by

inf ifn=1

IO
n—1

inf{|det(q§j(xi))| 0< 2y, o, <1, A (Tig1 — @i > a)}, ifn>1

i=1

Bla) =



and

7(@) :=min ¢ [|9],

Bl0)
whn =TT+ ]1)

for v € (0, 1]. Since ¢ is a Chebycheff system it follows that 8(cr) > 0.
H := Ling(¢1, ..., ¢n); wy denotes a modulus of uniform continuity of ¢. Ep ¢ := distoo(f, H).

Lemma 1 ([6,7]).

1) Suppose that A C C[0,1] is totally bounded, w4 is a common modulus of uniform continuity for
all f € A and M >0 is a common bound M > || fl|leo for all f € A. Then

e-f
4Mn3(n —1)

)
(14 [I¢illo)

, €
wa,a(e) =min wa(5),ws

—=E

!
i=1

is a common modulus of uniform continuity for all ¥y, — f where f € A and 1y is the best
approximation of f in H.

n—1
2) Assume 0 < a <L and A (ziy1 —xi > @) (@1,...,2, € [0,1]) for n > 2. Then
=1

1=

A (a)
Vi€ Hoe > O(i_/\1|1/)(zi)| < e 9]]oo < 5).

Theorem 3 ([56]). Let A,wa p,7,k be as in lemma 1 and Ey 4 := }ngEHJ. Then
€

®4€ = min c l'y(min{%,wAﬁH(%)}) -€ p = min = °
' 4’2 n-|o| 4’2nm(min{%,wA,H(§)})

is a common modulus of uniqueness (and a common modulus of continuity for the Chebycheff pro-
jection in f) for dll f € A.
Forlg.a € QY such that lga < Eg,a and 0 < a < min{%,wA,H(Q lg,.a)} we have J(”(;)” (resp.

2nk(a)) as a uniform constant of strong unicity (resp. Lipschitz constant) for all f € A.

The bounds in theorem 3 are significantly better than the ones obtained in [6-8] (see [56] for a
detailed comparison). The (ineffective) existence of a constant of strong unicity was proved first in
[86]. The existence of a uniform such constant (in the sense above) was established (again ineffec-
tively) first in [42]. The local Lipschitz continuity of the projection is due to [31].

If the Haar space contains the constant-1 function then, using again the transformation f — f,
with f(z) := f(x) — f(0), one can even eliminate the dependence of the bounds on M > || f|ls and
conclude:

Theorem 4. Let {¢1,...,dn} be a Chebycheff system such that
1€ H :=Ling()1,...,¢n) and let w : R} — R} be any function. Then

Q)H(wae) '= min {Z’ Qn,@-(mln{%,w}](%)}) }



with
e B(3)
4[5t 12 (n = 1! TT (1 + [|6il]s0)

i=1

w(€) := min w(%),w¢

is a common modulus of uniqueness (and a common modulus of continuity for the Chebycheff pro-
jection) for all functions f € C|0, 1] which have w as a modulus of uniform continuity.

As a corollary we obtain that for arbitrary Haar spaces having the constant function 1 the continu-
ity behavior of the Chebycheff projection is uniform for any class of equicontinuous functions which
generalizes a result of [79] for the case of (trigonometric) polynomials.

We now move to best approximations of f by polynomials in P, w.r.t. the Li-norm ||f]1 :=
fol | f(x)|dx, so-called best ‘approximation in the mean’.

Theorem 5 ([45]). Let f € C[0,1] and n € IN. There exists a unique polynomial p, € P, of degree
< n that approximates f best in the Li-norm, i.e.

If = pollv = inf ||f —pll =: dist1(f, Pn).
pEP,

Since C0, 1] is not complete w.r.t. the norm || f||1 we still use the representation w.r.t. || f||eo in which
the norm || f||1 can easily be computed. As a result of this we again have to expect our modulus
of uniqueness to depend on a modulus w of uniform continuity of f. Again, both the existence
and the uniqueness part are proved using compactness arguments which are equivalent to WKL.
Despite of this ineffectivity, using the algorithm implicit in the logical metatheorems from [55] the
following result was extracted from the ineffective uniqueness proof due to [17] (the extractability of
a primitive recursive modulus of uniqueness again is a-priorily guaranteed by logical metatheorems,

see [55]):
Theorem 6 ([72]). Let
. Cné CnE
QS(W, TL,&) = mln{m, 7
where

n/2]![n/2]! .
Cp = Mn% and wn(&‘) = mln{w(i), m}

Then ¢(w, n, €) is a modulus of uniqueness for the best Li-approximation of any function f in C[0, 1]
having modulus of uniform continuity w from P,, i.e. for all n and f € C[0,1] :

2

Vplap? S Pn,E € Qi (/\(”f*szl 7d15t1(fapn) S @(w,n,s)) - le 7p2”1 S 5)7
i=1

where w is a modulus of uniform continuity of the function f. Note that again @ only depends on f
only via the modulus w.

The uniqueness of the best Li-approximation was proved already in 1921 ([45]). In 1975, Bjornestal
[3] proved ineffectively the existence of a rate of strong unicity ¢ having the form cy ., e wy(cyn €),
for some constant cy, depending on f and n. In 1978, Kroé [78] improved Bjornestal’s results
by showing — again ineffectively — that a constant c,, ,, depending only on the modulus of uniform
continuity of f and n exists. Moreover, Kro6 proved that the e-dependency established by Bjornestal
is optimal. Note that the effective rate given above has this optimal dependency.

The effective rate of strong unicity given above allows one for the first time to effectively compute
the best approximation. An upper bound on the complexity of that procedure is given in [88].
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4 Effective computation of fixed points for functions of contractive type

There is a long history on extensions of Banach’s well-known fixed point theorem for contractions
to various more liberal notions of contractive type functions. The results usually are of the same
shape as Banach’s theorem, i.e. they state that the functions under consideration have a unique
fixed point and that the Picard iteration (f™(x)),en of an arbitrary starting point converges to this
fixed point. However, in contrast to Banach’s theorem, in general no explicit rates of convergence
can be read off from the (often ineffective) proofs.

The oldest of these results are due to Edelstein [28] and Rakotch [90].

Definition 6 ([28]). A self-mapping [ of a metric space (X,d) is contractive if

Vo,y € X(z #y —d(f(z), f(y) < d(z,y)).

Theorem 7 ([28]). Let (X,d) be a complete metric space, let f be a contractive self-mapping on
X and suppose that for some xg € X the sequence (f™(x0)) has a convergent subsequence (f™i(xo)).
Then & = lim f™(xg) exists and is a unique fized point of f.

n—oo

Rakotch observed that when contractivity is formulated in the following uniform way (which in the
presence of compactness is equivalent to Edelstein’s definition but in general is a strictly stronger
condition) then it is possible to drop the assumption of the existence of convergent subsequences.

Definition 7 ([90]). 5 A selfmapping f : X — X of a metric space is called uniformly contractive
with modulus o : Q7 — (0,1) N Q if

Ve € QiVr,y € X(d(x,y) > e — d(f(x), f(y)) < ale) - d(z,y)).

Theorem 8 ([90]). Let (X,d) be a complete metric space and let f be a uniformly contractive self-
mapping on X (i.e. f has modulus of contractivity o), then, for all x € X, £ = lim f"(x) ewists

and is a unique fized point of f.

Ezample 1. The functions f : [1,00) — [1,00), f(z) == 2+ L and f : R — R, f(z) := In(1 + €%)
are both contractive in the sense of Edelstein but not uniformly contractive in the sense of Rakotch.
The function f : [1,00) — [1,00), f(z) := 1+ Inz is uniformly contractive in the sense of Rakotch
but not a contraction.

From the essentially constructive proof in [90] one obtains (as predicted by a general logical metathe-
orem established in [34]) the following bound (see also [9] for a related result):

Theorem 9 ([34]). With the conditions as in the previous theorem we have the following rate of
convergence of the Picard iteration from an arbitrary point x € X towards the unique fized point £

of f:
Vo € XVe € Q1 Vn > d(a,b,e)(d(f"(2),€) <e),

where

(S(Oé,b, E) _ lrlogsflogb'(a,b)—‘ fO’f’

log a(e)
b (e, b) = max(p, #’?p)) with IN 3 b > d(z, f(x)) and p > 0 arbitrary.

Remark 3. 1) Note that the rate of convergence depends on f,z only via o and an upper bound

for d(z, f(x)).

® This definition is taken from [34] and slightly more general than Rakotch’s original definition.
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2) Instead of the multiplicative modulus of uniform contractivity « one can also consider an additive
modulus 7 : Q7 — Q7 s.t.

Ve € QLVx,y € X(d(x,y) > e — d(f(2), [(y) +n(e) < d(z,y))
and construct a rate of convergence in terms of n (see [34]).

Instead of starting from a constructive proof one also could take an ineffectice proof of f™(x) — 0
and first extract an effective bound & such that

Vo € XVe € Q% 3n < &(a,b,e)(d(f"(z), f"T(z)) <e)

using theorem 1 (which is possible since ‘In(d(f"(z), f**1(z)) < €)’ is purely existential).
Since the sequence (d(f™(x), f"*1(x))), is nonincreasing this yields

Vz € XVe € Q1Vn > &(a,b,e)(d(f"(z), [T (z)) <e).

One then extracts (using again theorem 1) a modulus ¥ of uniqueness from the uniqueness proof.
Similarly to our applications in approximation theory, these two moduli @, ¥ together then provide
a rate of convergence towards the fixed point (for details see [73]).

In the fixed point theorems due to Kincses/Totik ([46]) and Kirk ([49]) which we discuss next, only
ineffective proofs were known so that an approach as outlined above had to be anticipated. However,
due to the lack monotonocity of (d(f™(x), f**1(x)))n, in these cases, this approach would not yield
a full rate of convergence. Nevertheless, this problem could be overcome and, in fact, recent work
of E.M. Briseid ([15]) shows that under rather general conditions on the class of functions to be
considered (satisfied in the two cases at hand for uniformly continuous functions) theorem 1 can
be used to guarantee effective rates of convergence of (f™(x)),, towards a unique fixed point from a
given ineffective proof of this fact.

In [92,93], 25 different notions of contractivity are considered starting from Edelstein’s definition.
The most general one among those is called ‘generalized contractivity’ in [10, 11]. If only some iterate
fP for p € IN is required to satisfy this condition, the function is called ‘generalized p-contractive’:

Definition 8 ([92]). Let (X,d) be a metric space and p € IN. A function f : X — X s called
generalized p-contractive if

Va,y € X (z #y — d(f7(x), P (y)) < diam {z,y, [P(2), [7(y)})-

Theorem 10 (Kincses/Totik,[46]). Let (K,d) be a compact metric space and f : K — K a
continuous function which is generalized p-contractive for some p € IN. Then f has a unique fized
point € and for every x € K we have

lim f"(x) =&

n—oo

Guided by the logical metatheorems from [55,63,65], Briseid ([10]) (i) generalized theorem 10 to
the noncompact case (similar to Rakotch’s form of Edelstein’s theorem) and (ii) provided a fully
effective quantitative form of this generalized theorem:

Definition 9 ([10,11]). Let (X,d) be a metric space, p € IN. f : X — X s called uniformly
generalized p-contractive with modulus n: Q% — QY if

Vr,y € XVe € Q (d(z,y) > e — d(f*(x), P (y)) +n(e) < diam{z,y, f*(x), f*(y)})-

It is clear that for compact spaces and continuous f the notions ‘generalized p-contractive’ and
‘uniformly generalized p-contractive (with some modulus 1)’ coincide.
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Theorem 11 ([10,11]). Let (X,d) be a complete metric space and p € W. Let f : X — X be
a uniformly continuous and uniformly generalized p-contractive function with moduli of uniform
continuity w and uniform generalized p-contractivity n. Let xo € X be the starting point of the
Picard iteration (f™(xo)) of f and assume that (f"(x0)) is bounded by b € Q.. Then f has a unique
fized point § and (f™(xo)) converges to & with rate of convergence ¢ : Q7 — IN, i.e.

Ve € QLVn > &(e)(d(f" (w0),§) < &),

where
B(e) = {pﬁb —&)/p(e)] ifb> e,

0, otherwise
with

ple) =i {(2). 53" 5}

For a discussion of the logical background of this result see [10].

Another notion of contractivity was recently introduced by Kirk and has received quite some interest
in the last few years:

Definition 10 ([49]). Let (X, d) be a metric space. A selfmapping f: X — X is called an asymp-
totic contraction with moduli &, P, : [0,00) — [0,00) if D, P,, are continuous, P(s) < s for all s >0
and

Vn € NVa,y € X(d(f" (), f"(y)) < Puld(z,y)),

and @, — @ uniformly on the range of d.

Theorem 12 (Kirk,[49]). Let (X,d) be a complete metric space and f : X — X a continuous
asymptotic contraction. Assume that some orbit of f is bounded. Then f has a unique fized point
¢ € X and the Picard sequence (f™(x)) converges to & for each x € X.

The following definition is essentially due to [33] (with a small generalization given by [12]) and
was prompted by applying the method of monotone functional interpretation on which the logical
metatheorems mentioned before are based to Kirk’s definition.

Definition 11 ([33,12]). A selfmapping f : X — X of a metric space (X, d) is called an asymptotic
contraction in the sense of Gerhardy and Briseid if for each b > 0 there exist moduli n° : (0,b] —
(0,1) and 8° : (0,b] x (0,00) — IN such that the following hold

1) There exists a sequence of functions ¢¥ : (0,00) — (0,00) such that for each 0 < I < b the
function 8P == Bb(l,-) is a modulus of uniform convergence for (¢%), on [I,b], i.e.

Ve > Vs € I, blvm, n = B2(e) (1% (s) — o (s)] < ).

Furthermore, if € < &' then 8°(e) > Bb(e").
2) For all x,y € X, for all e > 0 and for all n € IN with 8%(1) < n we have that

b>d(z,y) >e— d(f*(x), [ (y) < oh(e)d(z,y).

3) For ¢* := lim ¢° we have

Ve € (0,b)Vs € [¢,b](¢%(s) + n°(e) < 1).
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As shown in [33] (see also [12]) every asymptotic contraction in the sense of Kirk is also an asymp-
totic contraction in the sense of Gerhardy and Briseid (for suitable moduli). Moreover, as shown in
[12], in the case of bounded and complete metric spaces, both notions coincide and are equivalent
to the existence of a rate of convergence of the Picard iterations which is uniform in the starting
point (as the one presented below).

Guided by logical metatheorems Gerhardy [33] not only developed the above explicit form of asymp-
totic contractivity but also extracted from Kirk’s proof an effective so-called rate of proximity
W (n,3,b,e) such that

(f™(2))n bounded by b — Ve > 03n < ¥(n, 8,b,¢)(d(f" (z),£))

for the unique fixed point £ of f. For functions f which in addition to being continuous asymptotic
contractions (with moduli 5, 5) are quasi-nonexpansive (see the final section of this paper) this
already yields a rate of convergence towards the fixed point since (d(f™(z),£))n is non-increasing in
this case. Building upon Gerhardy’s result Briseid [12] gave an effective rate of convergence in the
general case:

Theorem 13 ([12]). Let (X, d) be a complete metric space and f a continuous asymptotic contrac-
tion (in the sense of Gerhardy and Briseid) with moduli n, 3. Let, furthermore, b > 0. If for some
xo € X the Picard iteration sequence f™(xg) is bounded by b, then f has a unique fixed point & and

Ve > 0vn > B(n, B,b,) (d(f" (20).€) < ),
where
P(n,8,b,¢) :=
max{k(2M, + B£)(6) + Ky — 1), (k = 1) - (2M, + B£)(d) + Ky — 1) + M, + 1},

1 ne—In I Iny—Inb L

d := min{3, 77(25)}, ~ := min{J, %‘3 .
Using results from [33] it is shown in [13] that Picard iteration sequences of asymptotic contractions
always are bounded so that the corresponding assumption in Kirk’s theorem 12 is superfluous (see
also [98, 14]). Moreover, [13] gives an effective rate of convergence which does not depend on a bound
b on (z,) but instead on (strictly positive) lower and upper bounds on d(zq, f(zo)).

5 Fixed points and approximate fixed points of nonexpansive functions
in hyperbolic spaces

Already for bounded metric spaces we cannot even hope that nonexpansive functions have approx-
imate fixed points. This is due to the fact that (in contrast to functions of contractive type treated
above) we can always change a given metric d to a bounded one by defining the truncated met-
ric D(z,y) := max{d(z,y),1} without destroying the property of nonexpansiveness: e.g. consider
the bounded metric space (IR, D) where D(z,y) := max{|x — y|, 1} and the nonexpansive function
f(z) == 2+ 1. Then inf{D(z, f(z)) : « € R} = 1. In the case of bounded, closed and convex subsets
C' of Banach spaces, nonexpansive mappings always have approximate fixed points (see e.g. [61]
for an easy proof of this fact) but in general they have no fixed points (see [96]). Moreover, as the
example f = idx shows, if a fixed point exists it will in general no longer be unique and even in cases
where a unique fixed point exists, the Picard iteration will not necessarily converge to the fixed point
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and may even fail to produce approximate fixed points: consider e.g. f : [0,1] — [0,1], f(z) := 1—2.
Then for each z € [0,1] \ {3} the iteration sequence f"(z) oscillates between 2 and 1 — z and so
stays bounded away from the unique fixed point % This is the reason why one considers so-called
Krasnoselski-Mann iterations (z,,),en (see below) which make use of a concept of convex combina-
tion which exists in normed spaces but also in so-called hyperbolic spaces. Even in cases where (z,,)
converges to a fixed point one can no longer hope for an effective rate of convergence. In fact it has
been shown that already in almost trivial contexts such effective rates do not exist (see [66]). This
failure of effectivity is largely due to the non-uniqueness of the fixed point (and hence the absence
of a modulus of uniqueness in the sense of section 3). However, in many cases one can extract from
the proofs effective rates on the so-called asymptotic regularity

d(an, f(xn)) = 0,

which holds under much more general conditions than the ones needed to guarantee the existence
of fixed points. As mentioned above, we need somewhat more structure than just a metric space to
define the Krasnoselski-Mann iteration:

Definition 12 ([47,38,91,65]). (X,d, W) is called a hyperbolic space if (X,d) is a metric space
and W : X x X x [0,1] = X a function satisfying

(i) Yz, y, 2 € X¥A € [0,1](d(z, W (z,5,\) < (1 = Nd(z,z) + Ad(2,)),
(it) Vx,y € XVA1, A2 € [0,1](d(W (z,y, A1), W(z,y,A2)) = |A1 — A2 - d(z, 1)),
(iii) Va,y € XVA € [0,1](W (z,y,\) = W(y,z,1— X)),
(iv) Va,y, z,w € X, A € [0,1]
(d(W(z, 2, M), Wy, w, X)) < (1 —Nd(z,y) + A\d(z, w))

Remark 4. The definition (introduced in [65]) is slightly more restrictive than the notion of ‘space
of hyperbolic type’ as defined in [38] (which results if (iv) is dropped) but somewhat more general
than the concept of ‘space of hyperbolic type’ as defined in [47] and — under the name of ‘hyperbolic
space’ — in [91]. Our definition was prompted by the general logical metatheorems developed in [65]
and appears to be most useful in the context of proof mining (see [65,35] for detailed discussions).
Moreover, our notion comprises the important class of CAT(0)-spaces (in the sense of Gromov)
whereas the concept from [47,91] only covers CAT(0)-spaces having the so-called geodesic line
extension property. With axiom (7) alone the above notion coincides with the concept of ‘convex
metric space’ as introduced in [99].

In the following we denote W (z,y, A) by (1 — XNz & Ay.
In this section (X,d, W) always denotes a hyperbolic space and (\,) a sequence in [0,1) which is

o0
bounded away from 1 (i.e. limsup A, < 1) and divergent in sum (i.e. Y. \; =o0). f: X — X isa
i=0
selfmapping of X. Furthermore, given an x € X, the sequence (x,,) refers (unless stated otherwise)
to the so-called Krasnoselski-Mann iteration of f, i.e.

To =2, Tpy1 = (1= Ap)Tn @ A f(20).

Theorem 14 ([44,38]). Let (X,d, W) be a hyperbolic space and f : X — X nonexpansive. Then
for all x € X the following holds:

If (xy,) is bounded, then d(zy, f(x,)) — 0.

Theorem 15 ([4]). Let (X,d, W) be a hyperbolic space and f : X — X be a nonexpansive function.
Then for all x € X the following holds:

d(@n, f(zn)) = rx(f) == ylg)f( d(y, f(y))-
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The quantity rx (f) is often called ‘minimal displacement of f on X.

As shown in [35], corollary 1 a-priorily guarantees that the proofs of the previous two results allow
one to extract effective bounds on both theorems depending only on those parameters the concrete
bounds in theorems 16 and 19 below depend which are extracted in this way. We start with theorem
15: Since (d(zn, f(x,))) is non-increasing, theorem 15 formalizes as either

(a) Ve > 03n € WVz* € X (d(an, f(z)) < d(z*, f(x*)) +¢e)
(b) Ve > 0Vz" € X In € N(d(zyp, f(zy)) < d(z*, f(x™)) +&).

Trivially, (a) implies (b) but, ineffectively (using the existence of rx (f)) also the implication in the
other direction holds. Only (b) meets the specification in the metatheorem.

In the following, let o : IN x IN — IN be such that®
Vi,n € N(a(i,n) < a(i+1,n)) and

i+a(i,n)—1
VineNn< Y A).

Let £ € IN be such that )\nglf%forallnGIN.
Corollary 1 predicts a uniform bound depending on x, z*, f only via b > d(z,z*), d(z, f(x)) and on
(Ax) only via k, « (see [35]):

Theorem 16 ([70]). Let (X,d, W) be a hyperbolic space and (Ay)neN, k, & as above. Let f : X — X
be nonexpansive and b > 0,z,2* € X with d(x,x™),d(z, f(x)) <b. Then for the Krasnoselski-Mann
iteration (z,,) of f starting from x the following holds:

Ve € QLVn > W (k,a,b,e) (d(xn, f(zn)) < d(z”, f(2¥)) +€),

where
U(k,a,b,e) :=a([2b-exp(k(M +1))] -1, M),
with M = [1 2b—| and
a0, M) :=a(0, M), a(m+1,M) := &(a(m, M), M) with
a(m, M) :=m+ a(m,M) (m e IN).

Definition 13 ([48,70]). If (X,d, W) is a hyperbolic space, then f : X — X is called directionally
nonexpansive (short ‘f d.n.e’) if

Vo € XVy € seg(w, f(2))(d(f(2), f(y)) < d(z,y)),

where
seg(z,y) :={ W(z,y,A) : A€ [0,1] }.
Ezample 2. Consider the convex subset [0, 1]? of the normed space (IR?, || - ||max) and the function
) 2 2 _J(Ly),ify>0

f is directionally nonexpansive but discontinuous at (0,0) and so, in particular, not nonexpansive.

B(n)
6 One easily verifies that one could start with any function 8 : IN — IN satisfying n < > As and then
s=0
define a(i,n) := mgx(ﬂ(n +j) — 7+ 1) to get an « satisfying these conditions. However, this would in
I

general give less gogd bounds than when working with « directly. See [62, 70] for more information in this
point.
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Theorem 16 generalizes to directionally nonexpansive mappings. The additional assumption needed
is redundant in the case of nonexpansive mappings:

Theorem 17 ([70]). The previous theorem (and bound) also holds for directionally nonexpansive
mappings if d(xz,x*) < b is strengthened to d(x,,z%) <b for all n.

The next result is proved in [64] for the case of convex subsets of normed spaces but the proof
immediately extends to hyperbolic spaces. We include the proof for completeness. It applies corollary
1 to a formalization of theorem 15 which corresponds to the Herbrand normal form of (a) and
constructively has a strength in between (a) and (b). Here z* is replaced by a sequence (y,) and we
search for an n such that

d(@n; f(2n)) < d(yn, f(yn)) + ¢,

i.e. (b) is just the special case with the constant sequence y,, := z*. As predicted by corollary 1 we
get a quantitative version of the following form:

Theorem 18. Under the same assumptions as in theorem 16 the following holds: Let (b,) be a
sequence of strictly positive real numbers. Then for all x € X, (yn)new C X with

Vn € N(d(z, f()), d(z,yn) < bn)
and all € > 0 there exists an i < j(k,, (bn)new,€) 8.1.7

(i, f(z)) < d(yi, f(y:) + &,

where (omitting the arguments k, « for better readability)

j((bn>n€]N;€) = W(kvavbi;€/2)

max
i<h((bn)new,e)
with o
B((by) e, &) = I_%(gi(()), g(n) == (k, o, by, e/2),N := [?ﬂ .

Here W is the bound from theorem 16 and g™(0) is defined primitive recursively:

9°(0) :== 0, g"*(0) == g(g™(0)).
Instead of N, we can take any integer upper bound for 6bgy/e.

Proof: By theorem 16 we have that

(1) ¥ & N(d(zg(u). f(@g0)) < Ay fa)) + 5).

where g(n) := ¥(k,a,b,,e/2). Let N := [%2] and | := m%(gi(()). Using that
1<

(2) d(yo, f(y0)) < d(yo, z) + d(z, f(z)) + d(f(z), f(yo)) < 2d(yo,z) + d(z, f(x)) < 3bo
we now show that
(3) i < N (At 01+ f Wit 0)) < A0 Wgr100) +5) -
Suppose not, then for all i < N
AW (g1 (0)): fWgi+1(0))) < AW 0)) f Wigi0)))) — %

" Recall that whereas (y,) is an arbitrary sequence of points in X, (2) denotes the Krasnoselski-Mann
iteration of f starting from x.
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and, therefore,

(2)
Ay g™ ) f Wign o)) < d(yo, f(vo)) — N2<3b07]\72<0

which is a contradiction and finishes the proof of (3).
Let i be as in (3). Then by (1) we get for p := ¢*(0)

(4) Yn € N(d(zg(p)s [(Tgp)) < AYg()s f Yg()) +€),

where p <. Hence the theorem is satisfied with j((by)n,€) := max g(7). —

The next theorem gives a uniform quantitative version of the theorem of Ishikawa [44] as generalized
by Goebel and Kirk [38] to hyperbolic spaces.

Theorem 19 ([70,68]). Let (X,d, W) be a nonempty hyperbolic space and f : X — X a nonez-
pansive mapping, (An)new, @ and k be as before. Let b > 0, z,x* € X be such that

d(z,z*) < bAV¥n,m e IN(d(z), <b),

n’ ’ITL)

*

*) is the Krasnoselski-Mann iteration starting from x*. Then the following holds

where (x
Ve > 0Vn > h(k, a, b, 5)(d(mn, flzn)) < 5),

where
h(k,a,b,e) == a([10b- exp(k(M +1))] — 1, M)), with
M := [1%4@ and @ as before.

Next we generalize the previous theorem (for z* := z) to directionally nonexpansive functions.

Theorem 20 ([70]). Let (X,d, W) be a nonempty hyperbolic space and f : X — X a directionally
nonexpansive mapping. Let (A, )new, @, k be as before.
Let b >0 and x € X such that

Vn, k,m € ]N(d(xn, (2g)m) < b),

where

(@e)o =k, (@k)mtr = (1= Am)(@k)m & Ak f(@k)m)-
Then the following holds

Ve > 0Vn > h(k, o, b,e) (d(zn, f(zn)) <€),

where
h(k,a,b,e) := a(0, 1) a*([2b- a(0,1) /e\xp(k:(M—i— 1))1~—/1\7M)7 with
M := P"flﬂ and o (0,n) := a*(0,n), a*(i + 1,n) := a*(a*(i,n),n) with
a*(i,n) =i+ a*(i,n),
a*(i,n) = a(i + «(0,1),n) (i,n € IN)

Remark 5. Note that for constant A\g := A we have (g )m = Zg+m so that the assumption d(x,,, T,) <
b for all m, n suffices.

Previously known existence and uniformity results in the bounded case:®

8 Le. the case of bounded convex subsets in the normed case resp. bounded hyperbolic spaces.
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— Krasnoselski(1955,[74]): Uniformly convex normed spaces X and special constant Ay = %, no
uniformity.

— Browder/Petryshyn(1966,[16]): Uniformly convex normed spaces X and constant A\, = A €
(0,1), no uniformity.

— Groetsch (1972,[41]): X uniformly convex, general (), no uniformity (see also below).

— Ishikawa (1976,[44]): General normed space X and general (\y), no uniformity.

— Edelstein/O’Brien (1978,[29]): General normed space X and constant A, := A € (0,1). Unifor-
mity w.r.t. g € C' (and implicitly, though not stated, w.r.t. f).

— Goebel/Kirk (1983,[38]): General hyperbolic X and general (\y). Uniformity w.r.t. zo and f.

— Kirk/Martinez (1990,[51]): Uniformity w.r.t. zo, f for uniformly convex normed spaces X and
special constant Ay := 1/2.

— Goebel/Kirk (1990,[39]): Conjecture: no uniformity w.r.t. C.%

— Baillon/Bruck (1996,[1]): Uniformity w.r.t. o, f,C for general normed spaces X and constant
A=A € (0,1).

— Kirk (2000,[48]): Uniformity w.r.t. o, f for constant Ay := X € (0,1) for directionally nonex-
pansive functions in normed spaces.

— Kohlenbach (2001,[62]): Uniformity w.r.t. 2, f, C for general (\;) for nonexpansive functions in
the normed case.

— K./Leustean (2003,[70]): Uniformity w.r.t. 2o, f, C for general (A) for directionally nonexpansive
functions in the hyperbolic case.

Theorem 14 by Ishikawa [44] and Goebel and Kirk [38] has the following consequence in the compact
case:

Theorem 21 ([44,38]). Let (X,d, W) be a compact hyperbolic space and (A,), f,(x,) as in theorem
14. Then (x,)n converges towards a fized point of f for any starting point xog := x € X of the
Krasnoselski-Mann iteration (x,,).

By theorem 14, the completeness of the space and the continuity of f, the conclusion of theorem 21
is equivalent to the property of (x,) being a Cauchy sequence. That property is I19 and so of too
complicated a logical form to allow for an effective bound in general. In fact, as shown in [66] there
is no effective bound (uniformly in the parameters) even in the most simple cases. However, we can
extract an effective bound on the Herbrand normal form

(H) Vk € N,g € NN3n € Vi, j € [n;n + g(n)](d(zs, ;) < 27F)

of the Cauchy property which classically is equivalent to the latter. Here [n;n + g(n)] denotes the
set of all natural numbers j with n < j < n+ g(n). Note that Vi, j € [n;n+ g(n)](d(z;, z;) < 27F)
is equivalent to a purely existential formula.

Since
)\nd(l‘n, f(xn)) = d(zp, :Cn+1)

the asympotic regularity d(z,, f(x,)) — 0 property is equivalent to the special case of (H) with
g =1 (for seqences (\,,) which are bounded away from 0). So (H) is a generalization of asymptotic
regularity which for general g fails in the absence of compactness whereas asymptotic regularity only
needs the boundedness of X (or rather of the sequence (x,,)). Our effective bound on (H), therefore,
will depend on a modulus of total boundedness of the space (see [68] for a detailed discussion).

Definition 14. Let (M,d) be a totally bounded metric space. We call v : IN — IN a modulus of total
boundedness for M if for any k € IN there exist elements ao, ..., ay ) € M such that

Vo € M3i < ~(k)(d(z,a;) < 27%).

9 By uniformity w.r.t. C it is meant that the bound depends on C only via an upper bound on the diameter
of C.
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Definition 15. Let (M, d) be a metric space, f : M — M a selfmapping of M and (x,,) an arbitrary
sequence in M. A function § : N — IN is called an approzimate fized point bound for (x,,) if

Vk € NIm < 5(k) (d(m, f(zm)) < 27F).

Of course, an approximate fixed point bound only exists is (z,) contains arbitrarily good approxi-
mate fixed points.

Theorem 22 ([66]). Let (X,d, W), (A\n), f, (zn) be as in theorem 14 and k € IN,g : IN — IN,¢ :
IN - N and v : IN — IN. We define a function £2(k,g,d,7) (primitive) recursively as follows:

‘Q(k79757 ’Y) = z<1’?(%§3) WO(’IZ, kvg75)7

where
WO(Oa kv g, 6) =0

Yo(n+1,k,g,0):=9¢ (kz +2+ (logg(rlxzaxg(wo(l, k,g,0))+ 1)]) :

If 6 is an approzimate fized point bound for the Krasnoselski-Mann iteration (x,) starting from
x € X and vy a modulus of total boundedness for X, then

Vk € NVg : N — IN3In < 2(k, g,0,7)Vi, j € [nin + g(n)] (d(z;, z;) < 27F).

We now extend the previous theorem to asymptotically nonexpansive functions (though only in the
context of convex subsets C' of normed linear spaces (X, || - ||):

Definition 16 ([37]). Let (X,]| - ||) be normed space and C C X a nonempty convex subset. f :

C — C is said to be asymptotically nonexpansive with sequence (k) € [0,00)N if lim k,, =0 and
n—oo

vn € NWz,y € X (| f"(@) = f* W) < 1+ ka)llz = y]).

In the context of asymptotically nonexpansive mappings f : C — C, the Krasnoselski-Mann iteration
starting from x € C' is defined in a slightly different form as

(+) zo =2, Zpt1:= (1 = A)zn + A f"(xn).
Definition 17. An approzimate fized point bound @ : Q. — IN is called monotone if

@1 < g — P(q1) > P(q2), q1,92 € QY.

Remark 6. Any approximate fixed point bound @ for a sequence (z,) can effectively be converted
into a monotone approximate fixed point bound for (z,) by

D1r1(q) := Dy (min k[27% < ¢]), where &, (k) := %132(45(271-).

We now assume that C' is totally bounded.
Theorem 23 ([66]). Let k € N,g : IN - IN,® : Q, — N and v : IN — IN. Let f : C — C be
asymptotically nonexpansive with a sequence (k) such that N 3 K > Y k, and N € IN be such

n=0

that N > eX. We define a function ¥(k, g, ®,7) (primitive) recursively as follows:

w(kvg7¢77) = wo(iakvg7¢)7

max
i<y (k+logy (N)+3)



20

where (writing Wo(l) for Wo(l, k, g,P))

Wo(()) =0
Wo(n + 1) =

@ (275752 gy (B0 (1) (1) + 6" (Fo(0) + oy () + 1))

with gM (n) := max g(i).

If @ is a monotone approximate fized point bound for the Krasnoselski-Mann iteration (x,) (defined
by (+)) and v a modulus of total boundedness for C' then

Vk € NVg : IN — IN3n < ¥(k,g,8,7)Vi,j € [nyn+ g(n)](||z; — 2] < 27%).

Remark 7. The previous two theorems even hold for arbitrary sequences (A,) in [0, 1]. However, in
order to construct approximate fixed point bounds one will need extra conditions.

For uniformly convex spaces and (\,,) bounded away from both 0 and 1 an approximate fixed point
bound @ for asymptotically nonexpansive mappings will be presented in the last section.

We will now show that the qualitative features of the bounds in theorem 16 and 19 can be used
to obtain new information on the approximate fixed point property (AFPP) for product spaces.
A metric space (M, p) is said to have the AFPP for nonexpansive mappings if every nonexpansive
mapping f : M — M has arbitrarily good approximate fixed points, i.e. if uiglf;[p(u, flw) =0.

Let (X, d, W) be a hyperbolic space and (M, p) a metric space with AFPP for nonexpansive map-
pings. Let {Cy}uenmr € X be a family of convex sets such that there exists a nonexpansive selection
function 6 : M — J,cp; Cu with

Vu € M(6(u) € Cy).

Consider subsets of (X x M) (with the metric doo((z, u), (y,v)) :=

max{d(z,y), p(u,v)})
H:={(z,u):ue MzecC,}
IfP:H— |J Cyu,P»: H— M are the projections, then for any nonexpansive function 7' : H —

ueM
H w.r.t. dy satisfying

() V(z,u) € H ((PLoT)(z,u) € Cy)
we can define for each uw € M the nonexpansive function
Ty:Cy — Cy, Ty(z):=(ProT)(z,u).
We denote the Krasnoselski-Mann iteration starting from = € C,, and associated with T;, by (z¥)
((An) as in theorem 14).
rs(F) always denotes the minimal displacement of F' on S.

Theorem 24 ([71]). Assume that T : H — H is nonezpansive with (x) and sup, e reo, (Ty) < 00.
Suppose there exists ¢ : R} — R s.t.

Ve > 0Vv € M3x* € C, (d(d(v),z*) < @) A
Ad(x*, Ty(x%) < sup re, (T,) +e).
weM
Then
ra(T) < sup re, (Ty).
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Theorem 25 ([71]). Assume that there is b > 0 s.t.
Vu € M3z € Cy,(d(0(u), z) <bAVn,m e N(d(zs, ) <b).
Then ry(T) = 0.
Corollary 2 ([71]). Assume that there is a b > 0 with the property that
Yu € M(diam(Cu) < b).
Then H has AFPP for nonexpansive mappings T : H — H satisfying ().

As a special case of the previous corollary we obtain a recent result of Kirk (note that for C,, := C
being constant, we can take as ¢ any constant function : M — C):

Corollary 3 ([50]). If C,, := C constant and C bounded, then H has the approxzimate fized point
property.

6 Bounds on asymptotic regularity in the uniformly convex case

Prior to Ishikawa’s paper [44] the fixed point theory of nonexpansive mappings was essentially
restricted to the case of uniformly convex normed spaces ([74,16]). Although Ishikawa showed that
the fundamental theorem 14 holds without uniform convexity the case of uniformly convex spaces
is still of interest for the following reasons (among others):

— As shown by Groetsch [41] (see below) in the uniformly convex case the conditions on (A,) in
theorem 14 can be weakened to

i=0

which is known to be optimal even for the case of Hilbert spaces (for general normed spaces it
is still open whether this condition is sufficient).

— The bounds extracted from proofs using uniform convexity are often better than the ones known
for the general case (see below; a notably exception is the optimal quadratic bound from [1] for
the case of general normed spaces and constant A, = A € (0,1)).

— Only in the uniformly convex case corresponding results for more general classes of functions
such as asymptotically nonexpansive functions and (weakly) quasi-nonexpansive functions are
known (see below).

Definition 18 ([19]). A normed linear space (X, | - ||) is uniformly convex if for any € > 0 there
exists a 0 > 0 such that

1
Yo,y € X (2]l <1 A=yl 2 e = 5@+y)ll <1-9).

A mapping n : (0,2] — (0,1] providing such a 6 := n(e) > 0 for given ¢ € (0,2] is called a modulus
of uniform converity.

Theorem 26 ([41]). Let C be a convex subset of uniformly convex Banach space (X, | - ||) and let

(An) be a sequence in [0,1] with > \i(1 — X)) =o0. If f: C — C is nonexpansive and has at least
i=0

one fized point, then for the Krasnoselski-Mann iteration (x,,) of f starting at any point xo € C' the

following holds:

k—o0

[k = f(zp)| "= 0.
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We now give a quantitative version of a strengthening of Groetsch’s theorem which only assumes
the existence of approximate fixed points in some neighborhood of z (see [65,81] for a discussion on
how this fits under the logical metatheorems):

Theorem 27 ([64]).
Let (X, ]|-]]) be a uniformly convex normed linear space with modulus of uniform convexity n, d > 0,
C C X a (non-empty) convex subset, f : C — C nonexpansive and (A\;) C [0,1] and v : IN — IN

such that
v(n)

Ve IN( D Ak(l= M) = n).
k=0

Then for all x € C which satisfy that for all € > 0 there is a y € C with
[z —yll < d and [ly — f(y)|| <e,

one has
Ve > 0Vn > h(e,d,v,n)(||zn — f(zn)| <),

where h(e,d,v,n) ==~ ([L@—D for e < 2d and h(e,d,~,n) := 0 otherwise.

2e-n( T
Moreover, if n(e) can be written as n(e) = € - 7j(e) with

g1 > €2 — 7(e1) > 7(e2), for all e1,e2 € (0,2], (1)

then the bound h(e,d,~y,n) can be replaced (for e < 2d) by

h(e,d,,7) = <{#(18—)—D |
4T

For a Hilbert space one can take as modulus of uniform convexity n(¢) := €2/8 and hence the bound
in theorem 27 applies with 7j(e) := ¢/8. If, moreover, A\, := X € (0,1) for all n then we can take
v(n) = [n/(A(1 — A))]. So for the case of Hilbert spaces and constant A we obtain a quadratic
bound in e.

In [82], Groetsch’s theorem and its quantitative analysis from [64] is extended to uniformly convex
hyperbolic spaces. The bounds obtained are roughly the same as in theorem 27 but now also apply
e.g. to the important class of CAT(0)-spaces which are uniformly convex with the same modulus as
in the Hilbertian case. Hence as a corollary the following quadratic bound follows:

Theorem 28 ([82]). Let (X,d) be a CAT(0)-space, C C X a nonempty convex subset whose di-
ameter is bounded by d € Q. Let f : C — C be nonexpansive and A € (0,1). Then

Ve € Qi Vn = g(e,d, A)(d(zn, f(zn)) <€),

where () is the Krasnoselski-Mann iteration starting from xg := x € C and

1 4(d+1)?
g(E,d, )\) — M1—N) ’V =2 —| ) fO'I"E <2
0, otherwise.

In the following, C' C X is a convex subset of a normed linear space (X, || - ||).

Definition 19 ([94]). f: C — C is said to be uniformly \-Lipschitzian (A > 0) if

¥n € NVa,y € C(|f" (@) — " (W)l < Az —yll).
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Definition 20 ([27]). f: C — C is quasi-nonexpansive if
¥z € Ovp € Fiz(f)(If (@) = pll < llz = pll),
where Fix(f) is the set of fized points of f.
Example 3. f:1]0,1) — [0,1), f(2) := 2? is quasi-nonexpansive but not nonexpansive.

Definition 21 ([89]). f : C — C is asymptotically quasi-nonexpansive with k, € [0,00)N if
lim k, =0 and

n—oo

Vn € NVz € XVp € Fiz(f)(||f"(z) —p| < 1+ ky)llz — p|).
Definition 22 ([69, 35]).

1) f:C — C is weakly quasi-nonexpansive'® if

p € Fiz(f)ve € C(|If(z) = f®)II < |z - pl])

or — equivalently —

3p € Oz € X ([ f(x) —pll < [lz — pl]).-

2) f:C — C is asymptotically weakly quasi-nonexpansive if
3p € Fiz(f)Ve € CVn € N(||f"(2) — f* ()| < (1 + kn)llz = p]).
Ezxample 4. f:]0,1] — [0,1], f(x) := 2? is weakly quasi-nonexpansive but not quasi-nonexpansive.

For asymptotically (weakly) quasi-nonexpansive mappings f : C' — C the Krasnoselski-Mann iter-
ation with errors is

(+4) 2o :=2 € C, Tpy1 := an®n + Bnf" (Tn) + Yntin,

where ay,, Bn, v € [0,1] with oy + 8 + 7, = 1 and u,, € C.

Relying on previous results of Opial, Dotson, Schu, Rhoades, Tan, Xu and — most recently — Qihou
we have

Theorem 29 ([69]). Let (X, || -||) be a uniformly convex normed space and C C X convez. (ky) C
Ry with Yk, < co. Let k € IN and ay,, B, vyn € [0, 1] such that 1/k < 8, < 1-1/k, an+Ln+vyn =1
and Y vn < 0o. f: C — C uniformly Lipschitzian and asymptotically weakly quasi-nonexpansive
and (uy) be a bounded sequence in C. Then the following holds for (x,) as defined in (++) for an
arbitrary starting point x € X :

[2n = f(zn)[| — 0.

Unless f is nonexpansive we in general cannot conclude (in contrast to the situation in theorems 14
and 15) that (||z, — f(2n)]|)nen is non-increasing which is needed to reduce the logical complexity
of the convergence statement from I19 to I19. That’s why we can apply our metatheorems only to
the Herbrand normal form to get the following result (see [69]) for an extended discussion on how
the metatheorems apply here and to a large extent predict the general form of the result):

10 The same class of mappings has recently been introduced also in [30] under the name of J-type mappings.
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Theorem 30 ([69]). Let (X, ||-||) be uniformly convex with modulus of convexity n, C C X convez,
x€C,f:C — Ck,an, BnyTn, kn, Un as before with > v, < E, Sk, < K,Vn € N(|ju, — x| < u)
and E,K,u € Q. Let d € Q7 and (xy) as in theorem 29.

If f is A-uniformly Lipschitzian and

[f(pe) —pell < eAllpe — x| < d A >
Ve > 03dp. € C <Vy c COVn € lN(Hf"(y) _ f"(Pe)H < (1 + kn)Hy _PaH) )

then
Ve € (0,1]Vg : N = INIn < dVm € [n,n+ g(n)] (|zm — f(zm)]| < &),

where

& :=D(K,E,u,k,d,\,n,¢e,g) := h*(0), where
h(n) :==gn+1)4+n+2,

3(5KD+6E(U+D)+D)k2
én(/(D(1+K))) ’

D:=eX(d+ EU),U :=u+d,
E:=¢c/2(1+ XA+ 1)(A+2))).

Remark 8. 1) Specializing theorem 30 to g = 0 yields
Ve € (0,1]3n < ¥ ([lzn — f(za)ll <€),

where

o L 3(5KD+6E(U+D)+D)k>
W= U(K, E,u,k,d,\n,¢) =2 { D opl D) } ,
D :=ef(d+ EU),U :=u+d,

E:=¢c/1+ XA+ 1A+ 2))).

2) As in the quantitative analysis of Groetsch’s theorem above one can replace in the bound in
theorem 30 n by 7 if  can be written in the form 7n(e) = () with 77 satisfying

0<er <ep <2—1(er) < j(e2).

3) For asymptotically nonexpansive mappings with sequence (k) in R4 such that Y k, < K the
assumption ‘uniformly Lipschitzian’ is automatically satisfied by A := 1 + K since K > k,, for
all n.
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