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Abstract

We discuss the logical principle of extensionality for set-valued operators and its relation to mathematical
notions of continuity for these operators in the context of systems of finite types as used in proof mining.
Concretely, we initially exhibit an issue that arises with treating full extensionality in the context of the
prevalent intensional approach to set-valued operators in such systems. Motivated by these issues, we
discuss a range of useful fragments of this full extensionality statement where these issues are avoided and
discuss their interrelations. Further, we study the continuity principles associated with these fragments of
extensionality and show how they can be introduced in the logical systems via a collection of axioms that
do not contribute to the growth of extractable bounds from proofs. In particular, we place an emphasis
on a variant of extensionality and continuity formulated using the Hausdorff-metric and, in the course of
our discussion, we in particular employ a tame treatment of suprema over bounded sets developed by the
author in previous work to provide the first proof-theoretically tame treatment of the Hausdorff metric
in systems geared for proof mining. To illustrate the applicability of these treatments for the extraction of
quantitative information from proofs, we provide an application of proof mining to the Mann iteration of
set-valued mappings which are nonexpansive w.r.t. the Hausdorff metric and extract highly uniform and
effective quantitative information on the convergence of that method.

Keywords: proof mining; set-valued operators; extensionality; Hausdorff metric; nonexpansive maps; Mann-type iterations

1. Introduction

At least since the emergence of the fundamental correspondence between mathematical proofs
and programs, it has been one of the main driving interests of proof theory to describe the com-
putational content, and by that measuring the strength, of a mathematical theorem. In that vein,
the research program of proof mining emerged in the 1990s through the work of Kohlenbach (fol-
lowing the spirit of Kreisel’s program of unwinding of proofs, see Kreisel (1951, 1952)) which aims
at providing this content by analyzing the (prima facie) noneffective proofs of mathematical the-
orems as they are found in the usual literature. While this is a highly nontrivial task through the
prevalent use of classical logic and infinitary set-theoretical (sometimes called ideal) principles in
mainstream mathematics, this research program of proof mining is nevertheless substantiated by
a firm logical basis developed using central proof-theoretic tools like Godel’s functional interpre-
tation (see Godel (1958)) and Howard’s majorizability (see Howard (1973)), and their variants,
and has since its inception lead to hundreds of novel applications in core mathematics and
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computer science. We refer to the monograph Kohlenbach (2008) for a detailed exposition of
proof mining up to 2008 and to the surveys Kohlenbach (2017, 2019b); Kohlenbach and Oliva
(2003) for further details on the theoretical developments of the field as well as on applications.

In more detail, the central results of the logical foundation of proof mining are the so-called
general logical metatheorems which comprise an underlying logical system together with a theorem
about that system so that, for one, this corresponding system is suitably designed so that it facili-
tates (relatively) easy applications to large classes of objects and proofs from the core literature of
the intended area of application and, for another, the associated logical metatheorem guarantees
the extractability of tame and highly uniform computational information from large classes of
noneffective proofs carried out in this system, the complexity of which corresponds to the logical
strength of the principles used in the proof. Further, the proofs of the logical metatheorems even
provide algorithms to (in principle) extract this information.!

In the context of this enterprise of extractive proof theory, one of the prime (logical) issues
actually arises in connection with the, from a mathematical perspective perhaps trivial, princi-
ple of extensionality. Concretely, working over the higher-type system & [X, ||-||] for classical
analysis over an abstract normed space X defined as in the seminal works Kohlenbach (2005);
Gerhardy and Kohlenbach (2008) (see Section 2 for further details), the prevalent system used
in proof mining for extracting programs from proofs pertaining to the theory of normed spaces,
the extensionality of an operator T : X — X for the normed space (represented by) X is naturally
formulated as

V)(Y,)/X (x =xy— Ix=x Ty)
where equality in X is internally defined using the norm of the space represented by X via
x=xy:=|llx—xyllx =r Or,
utilizing a suitable representation of the real numbers in the underlying language. This principle, if
provable in a system (say, extending «°[X, ||-||]) that is amenable to proof mining metatheorems,

would immediately entail (see e.g. the discussion in Kohlenbach (2008)) the extractability of a
(computable) functional w : N 3 _ N such that

Vk, b € NVx, y € By(0) (||x oyl <279k T - Ty < 2"‘)

holds for all B-bounded mappings T: X — X (i.e. | Tx|| <B for all x € X with BeN) and all
normed spaces (X, ||-||) axiomatized by the system,” where Bj(0) := {x € X | |x|| < b}. So one
could directly derive the uniform continuity on bounded sets for bounded operators T from its
associated extensionality statement. Therefore, if discontinuous objects should be treated, one has
to have issues with (and therefore has to restrict) extensionality as a principle in formal systems
used in proof mining. In the practice of applying methods from proof mining, especially in the
context of nonlinear analysis and fixed point theory, this has previously, more often than not,
had relatively little relevance for operators of that type as for most single-valued operators consid-
ered in the respective applications, their defining properties (like e.g. nonexpansivity) immediately
entail the uniform continuity and hence extensionality for these maps (as centrally also discussed
in Kohlenbach (2005); Gerhardy and Kohlenbach (2008)).

In the case of set-valued operators T : X — 2%, this situation changes as first highlighted in
Pischke (2024c) where, for one, already fragments of the extensionality principle give rise to very
strong uniform continuity principles excluding a wide range of natural instances of such oper-
ators and where, for another, it has been shown that the key defining properties of some of the
central classes of such operators considered in the literature actually are already equivalent to
the associated extensionality principle, creating an a priori dire situation for extending meth-
ods from proof mining to such objects. This issue is made even more pressing by the fact that
these set-valued operators have become one of the prime foci of proof mining applications in
the recent years, as exemplified by the the many case studies carried out utilizing these objects
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(see e.g. the many works on the seminal proximal point algorithm and its variants as in Dinis
and Pinto (2020, 2021); Kohlenbach (2020, 2021, 2022); Kohlenbach et al. (2018); Leustean et al.
(2018); Leustean and Pinto (2021); Pinto (2021); Pischke and Kohlenbach (2024); Pischke (2024b)
as well as case studies on nonlinear semigroups and their relation to accretive set-valued opera-
tors as in Kohlenbach and Koutsoukou-Argyraki (2015); Pinto and Pischke (2023); Findling and
Kohlenbach (2024); Pischke (2024f) as well as other central considerations on iterations featur-
ing these operators like in Kohlenbach (2019a); Kohlenbach and Powell (2020); Pischke (2023b);
Sipos (2022, 2023) among others).

It is therefore even more surprising that, contrary to these theoretical limitations, this appar-
ent proof-theoretic strength is rarely observed in practice. In particular, essentially none of the
case studies mentioned above (besides a central illustrative example Pischke (2023b)) require
a quantitative treatment of extensionality at all if they did not feature a uniform continuity
assumption in the first place. As first outlined in Pischke (2024c), this can be explained from a
proof-theoretical perspective by the empirical fact that in many proofs from the mainstream liter-
ature of m-accretive or maximally monotone operator theory, the areas where these case studies
are situated in (see Takahashi (2000); Bauschke and Combettes (2017) for canonical textbooks on
these subjects), one does not require the full extensionality of the operator in question but it actu-
ally suffices to have a certain so-called intensional treatment thereof together with access to the
so-called resolvent which in turn is proof-theoretically tame and can be utilized to design appli-
cable systems with accompanying metatheorems in the usual style of proof mining for these areas
(see the discussions in Pischke (2024c) for further information).

If, however, the proof is not of that nature and really requires the extensionality of the opera-
tor, then a quantitative treatment of such will be necessary (as was e.g. the case in the previously
mentioned application from Pischke (2023b)). This might in some situations further hinder a
proof-theoretic treatment as some of the central uniform continuity principles for set-valued
operators, which crucially feature in many proofs in that area and naturally imply an associated
extensionality statement, are not immediately recognized as proof-theoretically tame statements
and instead seem to carry computational strength already due to the use of apparently logically
complicated objects like for example the Hausdorff metric.

The purpose of this paper is now twofold:

(1) We discuss some central issues with treating the full extensionality statement in the context
of an intensional approach to set-valued operators, similar to the approach towards accretive
and monotone operators taken in Pischke (2024c) (see also Pischke (2024a)). In particular,
we show that, in a way, no bound extraction result akin to the metatheorems of proof mining
exists for intensional systems treating suitable classes of set-valued operators and which prove
the associated full extensionality principle for the operator. This in particular puts strong
emphasis on extensionality as a central logical issue for proof mining in the context of set-
valued operator theory.

(2) Motivated by these negative results of item (1), we discuss a range of fragments of the full
extensionality principle, which arise by considering said principle from a more mathemat-
ically motivated perspective, and study the relations among them, highlighting a certain
robustness. Contrary to the negative results on the rather “naive” and logically motivated full
extensionality principles, we illustrate how these fragments all represent the extensionality of
the operator in a mathematically fruitful, and essentially equivalent, way. In particular, they
allow for a computational interpretation which generates useful uniform continuity state-
ments for set-valued operators that can be introduced in the logical systems via a collection
of axioms that do not contribute to the growth of extractable bounds from proofs. In par-
ticular, we in that context illustrate how the most prominent uniform continuity principle
for set-valued operators as formulated using the Hausdorff metric can be treated in a logi-
cally tame way in the context of an intensional approach to these operator, which presents the
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first proof-theoretically tame approach to the Hausdorff metric and hence for the first time
enables proof mining applications utilizing this mapping in an essential way. This is then in
particular illustrated in the later half of the paper by a case study where we extract quantita-
tive information on the convergence of an iterative method devised in Song and Wang (2009)
for the approximation of fixed points of set-valued maps that are nonexpansive relative to the
Hausdorff metric.

With these two contributions, we therefore provide highly necessary information for the prac-
tice of proof mining regarding proofs featuring the extensionality of set-valued operators as
it is carried out using these intensional approaches, highlighting with (1) and (2) the subtlety
of expressing mathematically meaningful notions of extensionality and uniform continuity in
respective formal systems, where we in particular illustrate that even complicated uniform conti-
nuity statements using the Hausdorff metric can be approached in a proof-theoretically tame way,
a fact that in this paper, as mentioned above, also immediately leads to novel applications.

2. Logical Aspects of Full Extensionality Principles for Set-Valued Operators

In this section, we discuss the main aspects of the first of the previously mentioned objectives of
this paper, that is the issues with extensionality in the context of an intensional treatment of set-
valued operators T : X — 2% over a normed vector space X.> In the context of these set-valued
operators, we write

domT :={xe X | Tx # @},
for the domain of T and
ranT := U Tx

xeX

for the range of T. As we are dealing with objects on normed spaces, the main system for proof
mining over abstract normed spaces &#”[X, ||-||] as introduced in Kohlenbach (2005) (see also
Gerhardy and Kohlenbach (2008)) consequently forms a logical basis for these investigations.
While this system is central for the present paper, we nevertheless only rely on a handful of
key properties of it which we shortly discuss in the following. For any other background on this
system, we refer to the presentation in Kohlenbach (2008).

Concretely, the system @ [X, ||-||] extends & = WE-PA“ + QF-AC + DC, that is a weakly
extensional variant of Peano arithmetic in all finite types together with the principle of quantifier-
free choice in all types and the principle of dependent choice (see Kohlenbach (2008) and Troelstra
(1973) for further details), with an additional abstract base type X and additional constants and
universal axioms utilizing this type to axiomatize that X is a normed space. As such, the system
@ [X, ||-||] operates over an extended set of types TX defined by

0,XeTX, &teT =1(€)eT’

with pure types abbreviated via natural numbers through recursively defining # 4+ 1 :=0(n). To
induce a normed linear structure on X, one adds the constants Ox, 1x of type X, +x of type
X(X)(X), —x of type X(X), -x of type X(X)(1), and |-||x of type 1(X) together with suitable
axioms stating that X with these operations is a real normed vector space with 1x representing a
unit vector and —x producing the additive inverse of its argument (see Kohlenbach (2005, 2008);
Gerhardy and Kohlenbach (2008) for further details). In any way, equality at type 0, i.e. on the
natural numbers, is the only primitive relation and equality at higher types is treated as a defined
notion by setting

K =xy = lx—xylx =r0,
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using a suitable representation of the real numbers as objects of type 1 (see e.g. Kohlenbach (2008))
and by extending this to higher types via

S =o(r) t 1= VX" (sx =4 tx).

An intended model of this language arises from the full set-theoretic type structure .7**X defined
by

So=N, Sx:=X, Soq):= Sg’

for a given normed space (X, ||-||) by suitably interpreting the additional constants present in
[X, ||-|I] (see Gerhardy and Kohlenbach (2008) for further details).

Crucially, this system is suitably designed so that by an application of a negative translation
together with a monotone variant of Godel’s functional interpretation arising through a combi-
nation with Howard’s majorizability (due to the seminal work of Kohlenbach (1996a), see also
already Kohlenbach (1992)), the following logical metatheorem in the style of proof mining can
be established for that system:

Theorem 1. (Gerhardy and Kohlenbach 2008). Let p be admissible* and let By(x, u) / Ca(x, v) be
purely universal/existential, respectively, where the types of the internal quantifiers are admissible
and such that they only contain x, u / x, v freely. Assume that

X, |11+ Vx? (YuBy(x, u) = 3°Ca(x, v)) .

Then there exists a partial functional ® : S5 — N which is defined on all strongly majorizable ele-
ments of S5 (see Gerhardy and Kohlenbach (2008)), where the corresponding restriction to these
elements is bar-recursively computable and where the following holds for any model .#*X defined
by a nontrivial real normed vector space (X, ||-|): for all x € S,, and x* € Sp, if x* 2 x, then

X =Wy <o D(xF)By(x, u) = Iv < P(xF)C(x, v).

Here, 2 is the extension due to Kohlenbach (2005) and Gerhardy and Kohlenbach (2008) of the
strong majorizability relation of Bezem and p € T is the type of the majorants of objects of type
peTX.

By an intensional approach to a set-valued operator T over X, we now understand that T is
treated formally via its graph as coded by its characteristic function which is an object of type
0(X)(X).> To generically talk about such systems here, we assume that the language of the system
(X, ||I-|I] is extended with a new constant xr of type 0(X)(X). We write y € Tx, (x,y) € T or
(x, y) € graT for the formal statement x7xy =¢ 0 in the extended language and we write x € domT
for X (y € Tx). Note that inclusions in the graph of T are in particular quantifier-free. We
denote the extension of the system 2 [X, ||-||] by this constant x7 together with the characteristic
function axiom

v, v (xrxy <o 1) O

by «#[X, |||, T]. Naturally, an intended model WT’X for this extended system arises from a
normed space (X, ||-||) and a set-valued operator T : X — 2% by extending the induced model .7*X
for the system #[X, ||-||] by interpreting xr via

0 if(x,»)eT,

X = AX,y € X.
[XT]y¥X Y 1 otherwise.

It rather immediately follows® that this simple extension @ [X, |-||, T] of &#[X, ||-||] also satisfies
a proof mining metatheorem akin to that presented in Theorem 1.
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By the (full) extensionality axiom for T, we now mean the following formal statement in the
corresponding language of & [X, |||, T1:

VxX,yX,ZX,wX(x:Xy/\zzxw/\zeTx—>weTy). (E))%

Naturally, a system like the above might now serve as the basis for further extensions with addi-
tional constants and axioms in order to axiomatize certain specific classes of set-valued operators,
like for example done in Pischke (2024c) for treating (m-)accretive and (maximally) monotone
operators on Hilbert spaces and in Pischke (2024a) for (maximally) monotone operators on
Banach spaces, but this approach is not limited by these classes of objects and rather is imme-
diately applicable for any extension of this system by additional constants, as long as these are
majorizable, and suitable axioms, as long as these have a monotone functional interpretation (see
Kohlenbach (2008) for further details on both of these aspects).

In the following, we however want to study the behavior of a (suitably) generic but fixed exten-
sion of that very minimal base 2#’[X, |||, T] which we in the following denote by %*. Crucially,
we only assume for ¢ that is satisfies the following two properties:

(1) The system €“ satisfies a metatheorem in the style of proof mining, that is akin to Theorem 1,
where the conclusion is (of course) only true for a certain class of intended models .72%,
which we here fix to arise only from spaces X of a certain nonempty class Csp of normed
spaces and from set-valued operators T : X — 2% of an associated nonempty class Cop(X).

(2) The system 6“ axiomatizes a class of nonempty and closed set-valued operators, that is X €
Csp and T € Cop(X) implies that T'is closed in X x X and that domT # ¢.

It should be emphasized that this in particular holds true for most systems considered for proof
mining applications, in particular for the systems devised for (nonempty) m-accretive and max-
imally monotone operators in Pischke (2024a,c) (and even for operators continuous w.r.t. the
Hausdorff metric as will be discussed later on). In fact, for these classes of m-accretive or maxi-
mally monotone set-valued operators, the closedness of them in X x X is even actually equivalent
to the extensionality of these mappings over respective suitable intensional systems (akin to ¢,
i.e. extending &7 [X, ||-||, T] and satisfying a logical metatheorem in the style of proof mining) as
shown in Pischke (2024a,c).

We now want to investigate what consequences there are when such a system actually proves
the extensionality of T or fragments thereof. So, let us initially assume that 4 - (E)}.. Then, using
the bound extraction theorem, that is property (1), assumed for 6, we would be able to extract a
functional wx 7 : N — N (potentially depending on X and T) such that

Vb € NVx, y,z, w € By(0) <||x -yl llz—=w| < 27xT®) A ze Tx > we Ty)

holds for any normed space X € Cg, and operator T € Cop(X). Now, any such operator has to be
open in X x X (in a uniform way on bounded sets): given (x, z) € T with ||x]||, ||z]| < b and y, w
such that

I = yll, |1z — w|| < 27 @xT+D)]

we have [|y||, [[w|]| < b+ 1andso (y, w) € T. However, this provides a semantic clash with property
(2) assumed for 6“ as any T € Cop(X) is, by that assumption, closed in X x X and hence clopen
and so, since X (and with that X x X) is a normed space, that means any T is either equal to X x X
or ¢, the latter being excluded as T is also assumed to be nonempty. Not only is this restriction
already here so severe that it completely trivialized the semantically considered operators, but in
the context of many of the central classes of set-valued operators studied in the literature of con-
vex analysis, as is e.g. the case for m-accretive and maximally monotone operators, the analytical
properties imposed on them often already further exclude the full operator X x X. In such cases,
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there are therefore no operators T € Cop(X). Consequently, if a system 4* with the properties (1)
and (2) as above has a model based on the standard structure using spaces X € Csp and operators
T € Cop(X), it can not prove the extensionality of the operator T.

A kind of internalized version of the above argument can be given using the principle of uni-
form boundedness Z?—UB)_( asintroduced in Giinzel and Kohlenbach (2016) (see also Kohlenbach
(2006) as well as Kohlenbach (1996b), the latter being where this principle was first introduced,
outside of the context of abstract types however). By the results of Giinzel and Kohlenbach (2016)
(see also Kohlenbach (2006)), E?—UB)f can be consistently added to a system that enjoys bound
extraction theorems in the above sense. In particular, the system <X, ||-||, T] + E?—UB)_( enjoys
the same bound extraction theorems as the system @#’[X, |||, T]. Now, the principle E?-UB)E
represents a carefully defined intensional version of the usual uniform boundedness principle
E?—UBX (see also Kohlenbach (2006) and Giinzel and Kohlenbach (2016)), a necessary restriction
in order to stay admissible in the context of unbounded spaces. However, as shown in Lemma
6.25 in Giinzel and Kohlenbach (2016), E?-UB}E and E?-UBX coincide for sentences that are
extensional. Now, in our context, it however in particular follows that

(X, I, T1 + (E)% - Ext(A3)

where, following Giinzel and Kohlenbach (2016), Ext(A3) represents the extensionality of the
formula A3 defined by

A3(, 1, 2w, j) == lx — yllx Iz — wllx <R 27 Aze Tx - we Ty

as by (E))T(, inclusions of the form z € Tx are extensional (and since the norm is provably exten-
sional). Hence, by Lemma 6.25 from Giinzel and Kohlenbach (2016), in the context of E?—UB)_(

we can actually apply X9-UBX to A3 which, by internalizing the above argument, immediately
allows one to derive that T is open as before, i.e. we can thereby derive that

(X, ||-Il, T] + =P-UBX + (B)X - (Open)r
where

Fo OBV, Y, 2w (1xlxs 1y 2l Ilwllx <m b A (Open)r

—w(b)

lx —xyllx> Iz —x wllx <r 2 NzeTx— weTy)

is a formalization of the fact that T is open (uniform on bounded sets) as above. Therefore, the
system & [X, ||||, T] + £)-UBX + (E)}. + (Clsd) proves that

VX, X (yeTx)\/Vog(,yX(y¢Tx)

where (Clsd)r is some suitable formalization of the closure of T. In particular, let us now consider
the systems #* or .7 from Pischke (2024c) which provide a treatment of m-accretive operators in
normed spaces and maximally monotone operators in inner product spaces, respectively. There,
we in particular find that the conclusions VxX, yX (y ¢ Tx) and Vx*X, y* (y € Tx) are excluded as,
for one, T is provably nonempty in these cases and, for another, as the total operator is provably
not accretive or monotone. Further, by utilizing special properties of the operators axiomatized
therein, one has (by Theorems 3.1 and 3.3 in Pischke (2024c)) that (Clsd) is provably equivalent
to (E))T(. Together, we obtain that the system #* + Z?-UB)_( + (E));, and similarly the variant for-
mulated with .7, are actually inconsistent, while 7* + £0-UBX and 7 + £9-UBY still satisty
highly meaningful bound extraction theorems.

It should be noted that similar issues persist if (E))% is restricted to the domain of T by
considering the weakened extensionality principle

VX, X KWV (x=xyAz=xwAaze TxAve Ty > we Ty). (E)}
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For, suppose that 6* - (E))}d for the previously presumed system %, then the bound extraction
theorem, i.e. property (1), assumed for 4 would yield the existence of a functional wxr: N — N
such that

Vb e NVx, y, z, w, v € Bp(0)(||x — y|, |z — w| < 27x10) A ze Tx Ave Ty > we Ty)

holds for any normed space X € Cgp and any operator T € Cop(X). This still at least implies that
Tx is open for any x € domT as if z € Tx with ||z||, ||x|| < b are given, and w is such that ||z — w| <
27ox1(b+D then w € Tx. Again, this provides a semantic clash with property (2) assumed for ¢®
by which, since such a T is closed in X x X, any Tx in particular is also closed so that the only
operators T' € Cop(X) are of the form

X ifxedomT,
T:x+— .
#  otherwise.

In the special case of the previously mentioned systems for, e.g., m-accretive or maximally mono-
tone operators, this limitation on the class of axiomatized operators is now slightly less severe as
it does not necessarily render models based on Y"T”X (as induced by the previously fixed classes of
spaces and operators) impossible (take e.g. the normal cone operator Nyy; for a given point x € X
in a Hilbert space, see Bauschke and Combettes (2017), which is maximally monotone but of the
above form and so is feasible for the previously mentioned system .77, for example). Nevertheless,
the class is of course still extremely restrictive, presumably making any extracted results qualita-
tively uninteresting and so of little practical relevance. Also this result can be internalized akin to
the previous discussion.

3. Useful Fragments of the Extensionality Principle and Their Formal Treatment

All the observations made above clearly highlight that the “naive” extensionality principles (E)%
and (E);d, derived by requiring the extensionality of the graph of T as coded intensionally via
XT> is unsuitable for any applied considerations. In a way, this comes at no big surprise as the
principles essentially require an inherently intensional object x7 to now act extensional again.

Now, even though the use of extensionality can often be (at least partially) avoided in practice,
as discussed in the introduction, there are nontrivial cases where it nevertheless features promi-
nently, and since (E)}. and (E )T(d are not amenable in any real sense to an applied proof-theoretic
treatment using the intensional approach to set-valued operators, we are inclined to look for alter-
native formulations of extensionality to faithfully represent that property formally in this context,
meanwhile being of practical, mathematical, use. Guided by the perspective of applied proof the-
ory, we in this section study a range of fragments of the full extensionality principles, which are
motivated by uniform continuity statements for set-valued operators already prominently investi-
gated in the literature of nonlinear analysis and which in that sense all represent the extensionality
of the operator in a mathematically fruitful way.

3.1 Arefined extensionality principle and its closed variant

We begin our investigation regarding well-behaved fragments of the full extensionality principle
with a uniform continuity principle for set-valued operators based on the so-called Hausdorff-like
predicate as introduced in Kohlenbach and Powell (2020). Concretely, in Kohlenbach and Powell
(2020), they introduced a form of uniform continuity for a set-valued operator T: X — 2% on a
normed space X by assuming the existence of a modulus w : N — N such that

Vk € NVx,y € domT(||x — y|| < 27*® — H*[Tx, Ty, 27¥])
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where H* is the aforementioned Hausdorff-like predicate defined by
H*[P,Qe]l=VpeQIgeQ(lp—qll<e).

This notion was introduced in Kohlenbach and Powell (2020) by logical motivations to avoid the
use made of the full Hausdorff metric H, defined by

H(P, Q) := max {sup inf[|p — qll, sup infllp — q|
peP 4€Q qeQPeP

for nonempty, closed, and bounded sets P, Q C X, in the proofs analyzed therein, which features
there in the form of a uniform continuity assumption (and hence an associated extensionality
statement). Further, the uniform continuity statement also features crucially in the only other
previously mentioned proof mining case study from Pischke (2023b) that had to resolve an exten-
sionality statement for a set-valued operator. We here now want to argue that this uniform
continuity statement already represents, or at least indicates, the correct refined extensional-
ity principle for set-valued operators, which in particular then also indicates that the above
uniform continuity statement represents the faithful uniform quantitative strengthening of the
extensionality of a set-valued operator as suggested by the perspective of proof mining.

For this, we first turn to the associated extensionality principle suggested by the above uni-
form continuity principle relative to H* which, following Pischke (2024c) where this principle was
already discussed from a logical perspective (albeit embedded in the context of systems treating
monotone and accretive set-valued operators), takes the following form:

VxX,yX (x,yedomTAx:Xy—>Vk0 (H*[Tx, Ty,Z_k]>> (E)7
= VxX,yX (x,y cdomT Ax=xy— ViOVu € TxTv € Ty (||u — | <gr 27k)> .

Indeed, it can be immediately recognized that the uniform continuity principle suggested by the
perspective of the monotone functional interpretation of (E)}. amounts to the above uniform con-
tinuity statement, actually in a slightly less uniform variant where w does additionally depend on
a norm upper bound b on the points from X involved. Further, as discussed in Pischke (2024c),
this uniform continuity principle can be formalized in a proof-theoretically tame way over a
system treating such operators intensionally as outline above in the following way: A “naive”
first formalization of the principle, resolving in particular the hidden quantifiers in x, y € domT,
yields

VK, b0, 5%, %, 25 I (Ixllxs Iyl lzllx llullx < bAze Ty Aue Tx
Allx—x ylx < 27®P > (ve Ty A llu —x vilx <r 27F))

where w is a suitable constant of type 0(0)(0). As any such v naturally satisfies ||v|| < ||u|l + |lu —
v|| < [lu|l + 1, the above statement can be further specified as

Vi, b0, 5%, ¥, 25, w3V <k (lullx + Dx(Ixllx Iyl Izlixs lullx <z bAze Ty  (UC);
AueTxA lx—xylx <2 ®Y - (ve Ty A lu—x vlix < 27%))

where xX <x yX means |[x||x <g ||yllx. As the existential quantifier over v is now bounded in
terms of the preceding universal quantifiers and the inner matrix is universal, the principle (UC)7.
can be recognized as a statement of type A as defined in Giinzel and Kohlenbach (2016) for lan-
guages involving abstract types (originally stemming from the earliest works on proof mining such
as Kohlenbach (1992), see also Kohlenbach (2008)), a class of formulas with a particularly trivial
monotone functional interpretation, which hence are admissible in the context of systems tailored
for the extraction of bounds using the monotone functional interpretation.
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Now, the above extensionality principle (E)7. seems to suggest a further extensionality prin-
ciple as follows: If H* would be “continuous” in its last argument, we could move from

VKO (H *[Tx, Ty, Z_k]) to H*[Tx, Ty, 0], whereby the above statement then would in particular

imply the following even more concise extensionality principle
VxX,yX (x,yedomTAx:Xy—> H*[Tx, Ty, 0]) (E)T
= VxX,yX (x,yedomTAx:Xy—> YueTxave Ty (u=x v)).

Here, compared to (E)7., the closedness of the image sets of T is already “infused”, in a way, as it
does not only allow us to conclude the existence of a sequence in Ty approximating u but actu-
ally allows us to conclude the existence of an extensionally equal witness v. Further, the above
principle can be thought of as an “extensionalized version” of the principle (E)}. in the sense that
it posits the extensional equality of the set Tx not as formalized by u € Tx = x (x, u) =¢ 0 but by
the “extensionalized variant” u €g Tx =31’ € Tx (u =xu ) Now, while there is certainly a subtle
difference between (E) and (E)7, the following result makes their close relationship based on the
topology of the set Tx formally precise:

Proposition 1. Over «°[X, |-||, T], the principle (E)T implies (E)}.
Further, define the closure principle

VX, ZX,yf)(O) (x e domT A Vno(yn e Tx) A (y,, —x z) — InX w=xzAwEe Tx)) , (pClsd)T
where y, — x z is some formal representation of convergence in X, say
VKOINVn 20 N Iy —x 2llx <2 27F),

expressing that Tx is closed for any x € domT. Then over &°[X, |||, T] + (pClsd)r, the principle
(E);. implies (E)r.

Proof. That (E)T implies (E)}. is obvious. To see that (E)}. implies (E)7 under the assumption of
the closure of each Tx with x € domT, let u € Tx and y € domT with y = x be given. By (E)%, for
any k of type 0 there exists a vi € Ty with ||u — vi| < 27k Thus we have v, — x u and by (pClsd)r,
there exists a w € Ty with w = u. Thus we have shown (E)r. O

So, in essence, both (E)T and (E)7 represent the same extensionality principle which posits the
equality of Tx and Ty, seen as extensional sets, for x = y in the domain of T, with the difference
that (E)}. only requires a weaker approximating sequence to witness this equality which suffices in
the context of closed operators.

Remark 2. For the central classes of monotone and accretive operators with total resolvents, these
fragments of the full extensionality principle are equivalent to suitable “extensionalized” variants of
the closure of the graph of the operator as well as the resolvent identity and the maximality. Further,
for these classes, removing the restriction to domT and the dependence on the norm-bounds from
w already from the principle (UC)}. results in a very strong uniform continuity statement which,
by utilizing results of Chidume and Morales (2007), implies that the operator T is actually single-
valued. We refer to Pischke (2024e) for a further discussion of both of these aspects.

Naturally, also (E)r entails its own uniform continuity principle via the perspective of the
monotone functional interpretation which takes the form

v, %, 23S < (lulx + DLV, (el iyl Nzl lullx <e bAze Ty (UO)r

AueTxA x—x yllx <g 270 — (V €Ty Allu—xvlx <r 2*k) )
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where we already have highlighted the natural boundedness of the quantifier over v which illus-
trates that (UC)r, similar to (UC)7. before, is a statement of type A and so is similarly admissible
in the context of systems tailored for the extraction of bounds using the monotone functional
interpretation.

In particular, compared to (E)); and (E)%?, the fragments (E)r and (E)7. are now very applicable
as their uniform quantitative versions as guided by the monotone functional interpretation, that
is the above uniform continuity principles (UC)r and (UC)}, are highly nontrivially populated.
This also allows us to see formally that (E)7 and hence (E). are properly weaker than (E))}d. For

that, we first consider the following result which shows that any suitable operator T : X — 2% that
is uniformly continuous in the sense of (UC)}. is closed in X x X:

Proposition 3. Any operator T : X — 2X such that any set Tx is closed and which is uniformly
continuous in the sense of (UC)7. is closed in X x X.

Proof. As T is uniformly continuous in the sense of (UC)%, there exists a @ with

Vk,beNVx,y,z,u € By(0)(z€ Ty Aue Tx A llx — y| < 2~ ekb)

—IeX(veTyalu—vll<275).

Let (x, y») € T be a sequence in T such that (xy, y,) = (x, y) for n — 00. As (xy, y,) converges,
the sequence is bounded and thus, using the existence of w, we get that for any # € N, there exists

a v, € Tx such that the sequence v, converges to y. As Tx is closed, we have y € Tx. Thus, T is
closed. O

Hence, the results from Section 2 apply in this context and yield that & [X, |||, T] + (UC)T I/
(E))}d as there are operators which are uniformly continuous in the sense of (UC)r that are not of
the form

X ifxedomT,
T:x+— )
#  otherwise,

the most trivial example being the operator defined by T'(x) := {x} on a space that is nontrivial.
So, (E)t is properly weaker than (E))}d.

Now, as mentioned before, the predicate H* and the associated uniform continuity princi-
ple for set-valued operators was introduced in Kohlenbach and Powell (2020) to avoid formal
considerations on the Hausdorff metric. This was in particular possible as the precise value of
the Hausdorff metric was not a required quantity in the proof but was only used, by means of a
uniform continuity assumption, to derive certain approximation properties of the involved sets.
While this was possible in Kohlenbach and Powell (2020), there certainly are other proofs from
the literature where the value of the Hausdorff metric seems to feature much more essential in
the proof and where hence a quantitative treatment thereof would be desirable to allow a more
direct access to those proofs as they are found in the literature. In the next section, we provide
such an access here by leveraging the strengths of the intensional approach and showing that in
such a context, one can indeed treat the Hausdorff metric and its associated uniform continuity
principle for a set-valued operator in a proof-theoretically tame way amenable to proof mining
metatheorems.

In that section, we in particular further show that the associated extensionality principle is
equivalent to (E)7. whenever H(Tx, Ty) is well-defined, showing that (E)}. and hence (E)r are
very robust as extensionality principles in the sense that small perturbations yields equivalent
principles. Based on this robustness and the applicability of the principles (E)7 and (E)} and their
associated uniform continuity principles (UC)r and (UC)7 as evidenced from the previous proof
mining literature together with the logical motivations of this section, we thereby want to argue
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in this paper that (E)T and with that this cluster of related extensionality principles are the faithful
and correct representation of the notion of extensionality of a set-valued operator in the context
of this intensional approach.

3.2 An extensionality principle based on the Hausdorff metric

We now show how the Hausdorff metric and its associated extensionality and uniform continu-
ity principles can be formally approached in the context of systems providing and intensional
treatment of set-valued operators like @ [X, ||-||, T] (or related systems). For that, we begin with
showing that for certain sets P, Q, the Hausdorft distance H(P, Q) can indeed be treated in a
proof-theoretically tame way in the context of the systems considered in the context of proof
mining over normed linear spaces.” For this, we work over the basic system .&*[X, ||-||] for now.
Now, to approach the Hausdorff metric, let concretely P now be a set in a normed space X which
is bounded, that is ||p|| < ¢ for all p € P with ¢ € N. Then, we can treat the real-valued distance
function

d(x, P) = inflx — p|
peP

by adding an additional constant d(:, P) of type 1(X) with the following two axiom schemes:
V¥, p¥ (P(p) — d(x, P) <g llx —x plx) (dp)s

as well as (writing ¢ for the real number arising from c¢ seen as a numeral)
v, K3p <x el (P(p) A llx —x pllx < d(x, P) +27F) (dp):

where P(p) is a predicate describing p € P. These two axioms schemes completely characterize
the facts that, for one, d(x, P) is supposed to be a lower bound on the norm distance [|x — p||
from x to any element p € P as governed by P(p), and for another, that d(x, P) is arbitrarily well
approximated by any such norm distance. In other words, the two schemes exactly specify that
d(x, P) is the greatest lower bound of all norm distances ||x — p|| for all p € P.8

These schemes become admissible if they are instantiated with a P such that the two axioms
have a monotone functional interpretation. This can in particular be guaranteed if the formula P,
besides potential parameters, is quantifier-free (as is e.g. naturally the case in the context of
an intensional description of a set akin to the way we previously treated set-valued operators).
Concretely, in this quantifier-free case (which will actually be the only concrete case occurring in
the applications given in this paper), the axiom (dp); is of type A, since the existential quantifier
in (dp); is bounded (which crucially uses the boundedness of the set specified by P), and hence
admissible in systems with bound extraction theorems in the style of proof mining.

Similarly, we can add a constant d(-, Q) of the same type for a second bounded set Q (w.Lo.g.
also bounded by c) together with the following axioms determined as above over a (in all practical
circumstances of this paper quantifier-free) predicate Q(q) describing g € Q:

VX, g% (Q(q) — d(x, Q) <r lx —x qlIx) » (doh
VX, K039 <x c1x(Q(q) A llx —x qllx <r d(x, Q) +27). (dqQ)2
In the context of both d(x, P) and d(x, Q), we can then introduce the quantities

d(P, Q) =sup d(p, Q) and d(Q, P) = sup d(q, P)
peP q€Q

into the system by following a dual idea as the above approach towards the treatment of the infima
d(x, P) and d(x, Q) and hence adding corresponding constants (for simplicity also denoted by)
d(P, Q) and d(Q, P) of type 1 into the language together with another set of similar axiom schemes,
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concretely taking
Vp*(P(p) — d(P, Q) =g d(p, Q) (dpo)1
VK3p <x clx(P(p) A d(p, Q) =g d(P, Q) — 27), (dpq)2
for the quantity d(P, Q) as well as
Vq*(Q(g) > d(Q, P) >R d(q, P)), (dop)1
Vk3q <x c1x(Q(g) A d(g, P) =g d(Q, P) —27%), (dq.p)

for the quantity d(Q, P).

Again, also these axiom schemes are of the form A if the predicates P and Q are both quantifier-
free (again making use of the fact that the existential quantifiers can be bounded as the specified
sets are assumed to be bounded), and so these schemes are admissible in systems with bound
extraction theorems in the style of proof mining.

Lastly, we move to the concrete Hausdorff metric which can now just be introduced by a closed
term involving d(P, Q) and d(Q, P):

Of course, this distance can also be introduced uniformly for a family of sets described by formulas
P(p, x), Q(g, x) with parameters x of type o if the sets described by P(p, x), Q(g, x) are bounded by
a function c(x) pointwise in the parameters.

Note that the nonemptiness of the sets P, Q is not needed to define these formulas but the
nonemptyness is required on a semantic level in order for these formulas to actually have a model
as the objects, mapping to type 1, have to be interpreted by a real number (or by a function
mapping into real numbers, respectively).

As mentioned before, this abstract treatment is fruitful at least in the context of sets describable
by quantifier-free formulas, where these constants and axioms then allow for extending a previous
metatheorem of an underlying system via suitable interpretations of the constants in the model’
since the axioms are admissible as discussed before. Crucial for this however is the majorizability
of the constants. This however can be easily achieved: For d(-, P), via the axiom (dp),, we have

d(x, P) < |lx — pll < lIxll + llpll < llx]| + ¢

where p is some point witnessing that P is nonempty (and thus the nonemptyness is also important
for majorization). Further, we have

d(QP)<d(g,P)+1=<|qll+c+1<2c+1

for a suitable g chosen with axiom (dqp),;. From this, majorants for d(-, P) and d(Q, P) are
immediate.

By a similar reasoning, d(-, Q) as well as d(P, Q) are majorizable and this extends to any variant
using additional parameters if the sets are nonempty and bounded pointwise for all parameters.
Naturally, also the resulting bounding function c¢(x) then has to be majorizable as a function of
type 0(c").

We are now in particular interested in using this way of formulating the Hausdorff distance to
talk about uniform continuity formulations and extensionality principles for set-valued operators
T treated as in the previous basic system @*[X, ||-||, T]. Then, the sets P and Q can be taken
to be of the form Tx with a parameter x of type X for a given set-valued operator T which
is represented in the system by an intensional description over its graph via xr as discussed
before. Formally, this is naturally represented by taking P(p, x) := x7(x, p) =¢ 0. As this resulting
formulation of the set Tx is quantifier-free, the above axioms in particular become admissible
for bound extraction results if, as discussed before, the operator T is actually such that all Tx are
bounded with a bounding function c of type 0(X) that is majorizable. In the language of Pischke
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(2024c), the existence of such a c is equivalent to the operator T being uniformly majorizable, that
is to being bounded on bounded sets. Thus, to treat such operators in the Hausdorff metric, we
consider an additional constant T* of type 1 together with the axiom

v,y b0 (y € Tx A llxllx <m b— Ilyllx <r T*b) (T%)

which serves as a majorant (and hence witness) to c. Then, we can as above introduce constants
d(-, Tx) and d(Tx, Ty) for x, y € domT into the language using xr and T* to form H such that the
expression H(Tx, Ty) is represented by a term for any x and y.

With this, an extensionality statement corresponding to the Hausdorff metric now indeed can
be written as a formal sentence in this extended language via

Vxx,yx(x,yedomT/\xzxyeH(Tx, Ty) =R 0) . (E){

In that context, this extensionality principle (E)I; is provably equivalent to the previous prin-
ciple (E)}. as the following result shows. For that, let &’[X, ||-||, T, H] refer to the system which
results from & [X, ||-||, T] by adding the respective constants and axioms for the Hausdorff metric
required to introduce H(Tx, Ty) as detailed above.

Proposition 4. Over (X, |||, T, H], the principles (E)I; and (E)};. are equivalent.

Proof. To show that (E)% implies (E)¥, let x =y for x, y € domT. Fixing k of type 0, let u € Tx be
such that d(u, Ty) + 2= (k1) > (T, Ty), using the axioms for d(Tx, Ty). Then use (E)} to pick
ve Ty with |u — v|| < 27*+D. We now have

d(Tx, Ty) < d(u, Ty) + 27 % < Ju— v|| 4 275D < o7k

using the axioms for d(u, Ty). As k was arbitrary, we have d(Tx, Ty) =0, and similarly we can
show d(Ty, Tx) = 0. This yields H(Tx, Ty) = 0, and we have shown (E)I;! .

To show that (E)¥ implies (E)%, again let x =y for x, y € domT and fix k of type 0 as well as
ue Tx. As (E)I; implies H(Tx, Ty) = 0, we have d(Tx, Ty) = 0. Using the axioms for d(Tx, Ty), we
have d(u, Ty) = 0 and so using the axioms for d(u, Ty), we have that there exists a v € Ty with

lu— vl < d(u, Ty) + 27K =27%,
Thus, we have shown (E)7. O

Further, the monotone functional interpretation then associates to this a corresponding uni-
form continuity principle for set-valued operators. Further, this principle is actually the usual
notion of uniform continuity for set-valued operators w.r.t. the Hausdorff metric (as commonly
used in the analytic literature, see e.g. Moore and Nnoli (2001)). Concretely, the monotone
functional interpretation posits the existence of a modulus w of type 0(0)(0) satisfying!°

V% v K0 B0 (e w), (1, v) € T A llxll Iyl lullxs Ivlix <m b (et
Allx —x yllx <r 27°®Y — H(Tx, Ty) <g 275).

As this statement (UC)I; is now universal based on our treatment of the Hausdorff metric, it
can thus be freely added to a system with bound extraction theorems in the style of proof min-
ing together with an accompanying constant @ and the preceding treatment of H so that, for
this extension, one retains the bound extraction results. Even further, a quantitative analysis of
Proposition 4 immediately yields that if w(k, b) is a modulus of uniform continuity for T in the
sense of (UC)¥ , we have that w(k + 1, b) is a corresponding modulus for the uniform continuity
of T in the sense of (UC)7, and similarly, we conversely have that if w(k, b) is a modulus of uni-
form continuity for T in the sense of (UC)7, then w(k + 1, b) is a corresponding modulus for the

uniform continuity of T in the sense of (UC)? (in this context where H(Tx, Ty) is well-defined).
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In the next section, we will illustrate the applicability of this approach towards the Hausdorff
metric by analyzing iterative methods related to set-valued mappings which are uniformly
continuous w.r.t. the Hausdorff metric.

4. An Application: Quantitative Results on Mann Iterations for Nonexpansive
Set-Valued Mappings in Banach Spaces
In this section, we illustrate the applicability of the treatment of the continuity principle based on
the Hausdorff metric developed formally in a framework for proof mining for the first time in this
paper by providing quantitative results on a Mann-type iteration of set-valued mappings which
are nonexpansive w.r.t. the Hausdorff metric.
Concretely, let X be a Banach space and denote by CB(X) the collection of nonempty, closed
and bounded subsets of X. We still write H(A, B) for the Hausdorff metric for A, B € CB(X) which
is well-defined and real-valued and we write

d(x, A) = inf||x — a|
acA
for a given set A € CB(X) as before. A set-valued map T': D € X — CB(X) is called nonexpansive
if
H(Tx, Ty) < llx =y

for any x, y € D. We say that a point x is a fixed point of T if x € Tx, and we denote the set of fixed
points of T by F(T).
The following is a rather immediate consequence of the definition of the Hausdorff metric:

Lemma 5 (see for example Nadler (1969)). Let A, B € CB(X). For any a € A and & > 0, there exists
some b € B with

lla—bll < H(A, B) +e¢.

Based on this lemma, it is immediately clear that given a nonempty convex set K and start-
ing points xg € K, yo € Txo together with scalars «, € [0, 1] and y, € (0, 00), one can inductively
define an iteration

Xnt1 = (1 — otn)xn + Quyn ()

where y,,41 € Txy,41 is chosen such that ||y,41 — yull < H(TXxp+1, Tx4) + ¥ This iteration defined
in that way was studied in Song and Wang (2009) and in the case that the set K is additionally
compact, the authors obtained the following convergence result:

Theorem 2. (Song and Wang 2009). Let K € X be nonempty, convex, and compact. Let T : K —
CB(K) be a set-valued map that is nonexpansive and suppose that F(T) # () as well as T(p) = {p}
for each p € F(T). Let (x,) be defined as in () with starting points xo € K, yo € Txg and scalars
(o) € [0, 1] and (yy) € (0, 00) such that

(1) lim,— Yn =0,
(2) 0 <liminf, o a0y <limsup,_, ., o, <1.

Then (x,) converges strongly to a fixed point of T.
The main feature of the sequence exploited in the proof is that it is Fejér monotone (see

in particular Combettes (2001, 2009)). This well-studied class of sequences possesses very gen-
eral convergence theorems which guarantee the weak convergence of such sequences under very
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mild asymptotic regularity assumptions. In compact (metric) spaces, like in the above result, the
convergence is in particular strong.

These general convergence results for Fejér monotone sequences from compact sets were ana-
lyzed through the lens of proof mining in Kohlenbach et al. (2018) where, under the assumption
of the existence of moduli which witness uniform quantitative reformulations of the central prop-
erties involved, a construction of a rate of metastability for the sequence in question is presented,
that is a bound on the # in the expression

1
VkeN,ge NV3p e NVi,j € [n;n+ g(n)] (||x,- —xjll < k—i—_1>

in terms of k and g. This noneffectively equivalent phrasing of the Cauchy property is particularly
useful for more uniform and finitary considerations on convergence, as in particular also high-
lighted in Tao (2008a,b), and such a bound is in general the most one can hope for if one aims
at computable information for Fejér monotone sequences as already in the most simple cases of
ordinary Fejér monotonicity, there, in general, are no computable rates of convergence as one can
show using methods from computability theory (essentially reducing to the seminal paper Specker
(1949), see also Neumann 2015), and see Kohlenbach et al. (2018) for a more detailed discus-
sion of this). However, aiming for computable rates of convergence, in Kohlenbach et al. (2019),
a general principle of metric regularity is studied (encompassing various forms of well-known
regularity assumptions from nonlinear analysis and optimization like metric subregularity, weak
sharp minima, error bounds, etc.) and under the assumption of such a metric regularity principle,
the authors then provide a construction for a computable as well as highly uniform full rate of
convergence for a given Fejér monotone iteration which moreover holds in the absence of any
compactness assumptions.

These general but abstract proof mining results were previously successfully instantiated for
many different situations in which Fejér monotone sequences occur to derive rates of metastability
and rates of convergence. In particular, we want to mention the applications in the context of the
composition of two firmly nonexpansive mappings in nonlinear spaces from Kohlenbach et al.
(2017), the proximal point algorithm in uniformly convex Banach spaces from Kohlenbach (2021)
and in CAT(0)-spaces as in Leustean and Sipos (2018a,b) as well as algorithms for finding zeros of
differences of monotone operators from Pischke (2023b) and Korpelevich’s extragradient method
as in Pischke (2023a).

It is also here that we apply the results from Kohlenbach et al. (2018, 2019) to derive rates
of metastability and rates of convergence (under a metric regularity assumption) for the above
iteration which are, as before, not only computable in their parameters but also highly uniform.
For that, we need to extract the previously mentioned moduli witnessing uniform quantitative
versions of the Fejér monotonicity and asymptotic regularity which themselves arise from an
application of proof mining to the respective proofs of these properties given in the course of
the proof of Theorem 2 in Song and Wang (2009). As these proofs in particular rely on the utiliza-
tion of the Hausdorff metric, this application given here is in particular to be seen as a case study
to illustrate the applicability of the treatment of the Hausdorff metric discussed in the previous
section.

4.1 The central assumptions and their quantitative content

In this section, we now first discuss the central assumptions present in Theorem 2 and in particular
discuss (using the underlying logical methodology) what kind of quantitative assumptions they
entail to potentially feature in the analysis of the main theorem.

The first important assumption present in Theorem 2 is the compactness of the set K. This
compactness assumption on K is witnessed in the following by a quantitative modulus of compact-
ness introduced in Gerhardy (2008) under the name of a modulus of total boundedness'' which
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takes the form of a function y : N — N such that for any k € N and for any (x,) C K:

1
Jo<i<j<yk) <|Ixi—xj|| = k+1>'

Such a modulus exists if, and only if, K is compact and we refer to Kohlenbach et al. (2018) for
various discussions on the construction of such moduli for certain concrete classes of compact
sets and spaces.

As a second assumption, we find the nonemptyness of the fixed point set F(T) which will be
represented by a concrete witness pg (i.e. po € K and pg € Tpp) in the following. As follows by the
perspective of majorization, the bounds extracted later will of course only depend on an upper
bound on the norm of py, which by the compactness and therefore the boundedness of K is in
particular represented by any upper bound on the diameter of K.

One of the most crucial assumptions, in some sense, is the single-valuedness of T on actual
fixed points, that is the assumption that Tp = {p} if p € F(T). This implication is equivalent to

Vp € K (d(p, Tp) = 0 — H({p}, Tp) =0) (%)

which in turn unravels into
1 1
Vpe KYkeN3jeN |(d(p, T —— > H T
pe eN3je ((p P)=- o — H({p}, p)_k+1>

and in that way, the logical methodology induces'? a modulus 6 : N — N bounding (and thus
witnessing) such a j in terms of k, that is such that'?

1 1
Vpe KVkeN (d(p, Tp) < O H({p}, Tp) < ot 1)

Note that by a simple compactness argument, possessing such a modulus is equivalent to the
property (x) in compact spaces:

Lemma 6. Let K be compact and let T : K — CB(K) be a nonexpansive operator. Then T satisfies
() if, and only if,
1

) 1
VkeNJje NVpeK (d(p, Tp) < ]T H({p}, Tp) < P 1) (k)

Proof. Clearly, () implies (x). Conversely, suppose that () fails, that is suppose there exists a
k € N such that for anyj e N:

1 1
JpjeK (d(P], Tpj) < T A H({pj}, Tpj) > e 1)

Then d(pj, Tp;) < <71 1rnphes that for any j > 1, there exists a g; € Tp; such that [|p; — gj|| < 1/j.
Further, H({p;}, ij) > k_—H now implies that there exists a qj € Tpj such that [|p; — qj|| > k+L1
We now pick subsequences pj;, gj; and q]’.i such that p;, — p, gj, — q and qj’.i — ¢ with p, g,
q' €K. Then, ||p—qll=0 and H(Tpj, Tp) — 0 for i— oo as T is nonexpansive. Thus, in
particular d(g;;, Tp), d(qj’.i, Tp) — 0 which yields
d(q, Tp) < g — gji Il + d(gj,, Tp) — 0

and thus d(p, Tp) = d(q, Tp) = 0. Similarly d(q Tp) = 0 and thus ¢’ € Tp. However, we have ||p —
qll=> k+1 andso H({p}, Tp) > lp — 4|l > k+1 This is a contradiction to (x). O
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In that way, the existence of such a modulus is implied already by the assumptions in
Theorem 2.

At last, we consider the assumptions on the auxiliary sequences y, and ;. For y,,, where it is
assumed that

lim y, =0,

n—oo

we will later rely on a rate of convergence t witnessing this property, i.e. on a t satisfying

1

For a4, the assumption that

0 <liminfa, <limsupa, <1
n—od n—00

is witnessed by a value a € N* with the property

1 1
Vn>a|l-<oa,<1—-
a a

in similarity to Dinis and Pinto (2020).

Remark 7. For the previous treatment of the Hausdorff metric, it was crucial that the sets come
equipped with a modulus witnessing their boundedness. Note again that the existence of such a mod-
ulus is immediate for sets of the form Tx as Tx € CB(K) and thus Tx C K which is bounded as K is
compact. In that way, for the quantitative results, we will later rely on a bound on the diameter of
K (as mentioned before). Note that such a bound can not be computed from the modulus of total
boundedness y for K as this modulus is only noneffectively equivalent to the total boundedness of K
in the usual sense and thus only implies the boundedness of K noneffectively (see Kohlenbach et al.
(2018) for a further discussion of this).

4.2 Suzuki’s lemma and its analysis

The main analytical ingredient of the convergence proof from Song and Wang (2009) is a well-
known lemma from Suzuki (2005):

Lemma 8 (Suzuki 2005). Let (x,), (yn) be bounded sequences in a Banach space X and let
(an) €10,1] be such that 0 < liminf,_, oo oy <limsup, .y an < 1. Suppose that X1 = ux, +
(1 — ap)yn as well as

lim sup ([yn+1 — yull = lxn41 — xall) < 0.
n—o0

Then limy,— oo ||, — yull = 0.

This lemma was analyzed quantitatively in Dinis and Pinto (2020), and we will rely in the
following on this analysis:

Lemma 9 (Dinis and Pinto 2020). Let (x,),(y,) be sequences in a Banach space X with
Izl 1yull < b for some b € N* and let (ay) C [0, 1] be such that there exists a a € N* with the
property

1 1
vn>al-<a,<1—-]).
a a
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Suppose that xp1 = otnxy + (1 — aty)yn as well as that there exists a monotone function T : N — N
such that

1
Vk € NVn > (k) ((Ilyn+1 Yall = %01 — xall) < k—)
Then for any k e Nand any g : N — N:
1
dn < (pa,r,h(kag)vm elmn +g(")] (me — Ymll < k—f—_l)
where @, ¢ p(k, g) = max{a, T(t(2t + 1)a’(k+ 1) — 1)} + (bt(2t + Da’(k + 1) — 1)t + rq for
. 0 ifi=0b(k+ 1),
Tt i 4 Z(max{a, T(02t + Daf(k4+1) — 1)} + it + i) if i < bk + 1).

where g(m) =t + g(m) and t = 2ba(k + 1).

4.3 Fejér monotonicity and metastability

We now present the extractions of the quantitative versions of Fejér monotonicity and asymptotic
regularity.

For this, we first need to define an appropriate notion of an approximate solution (i.e. of an
approximate fixed point) as the results given in Kohlenbach et al. (2018) rely on uniform refor-
mulations of the respective properties in terms of such approximate solutions. For our concrete
situation here, note that p is a fixed point of T if, and only if, d(p, Tp) =0 (as Tp is closed since
Tp € CB(K)). In that vein, we call p a k_i%l-approximate fixed point of T if

d(p, Tp) < k-i-_l

and define correspondingly

1
AFk={peK|d<p,Tp>§m}

as the set of approximate solutions which extend the set of full solutions
= (p e K | d(p, Tp) = 0) = E(T).

Now, for the Fejér monotonicity of (x,), we concretely strive to establish the existence of the
following modulus relative to the chosen AFj:

Definition 10 (Kohlenbach et al. 2018). A function x : N*> — N is a modulus of uniform Fejér
monotonicity for (x,) w.r.t. (AFy) if for any n,m,r € N, any p € AF, (k) and any | < m:

1
%n41 = pIl < ll%n — pll + P

For this, we can now extract the following from the proof of Fejér monotonicity given in Song
and Wang (2009) for the sequence (x,) defined as in (t).

Lemma 11. Let 0 be such that
1 1
VpeKVkeN(d(p 9) = 5o g = Hlp) Tp)_k+1>

Then sequence (x,) defined as in (t) is uniformly Fejér monotone w.r.t. (AFy) with a modulus

x(m,m,r)=0(m(r+1)+1).
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Proof. Let p be given with d(p, Tp) < Then

1 __
x(mmn)+1°
Xn4+1 — pIl < (1 — ) llxn — pll + ullyn — pll

< (1 —apllx, —pll + Olnd(}/m Tp) + an(llyn — pll — d()’n’ Tp))

< (1 —au)llxn _P” + a,H(Txy,, TP) + an(”)’n _P” - d(}’m Tp))

< 1%n = pll + (llyn — pll — d(yn, Tp))
and by induction we get

-1
i — Pl < llxw — Pl + Y (lynsi — pll = d@nyio Tp))

i=0
for any /> 1. It is rather immediate to see that in general, for nonempty sets Y,Z C X and
a point x, we have d(x, Y) < d(x, Z) + H(Y, Z) and instantiating this yields

ynti — pll = d(yn+i- {p}) < d(yn+i- Tp) + H({p}, Tp)
and thus ||y,+i — pll — d(yuyi» Tp) < H({p}, Tp). As now p € AF, (y,m,r)> We get

1
H({p}, Tp) < o)

In particular, in that case we have
%541 — pll < llxn — pll + mH({p}, Tp)

1
< lxn —pll + i

forl <m. O

Remark 12. Note that if T satisfies (x), the sequence is Fejér monotone w.r.t. F(T) in the usual
sense as can be shown by following the proof of the above Lemma 11. In particular, this result holds
without any compactness assumption for K.

For the asymptotic behavior, we are interested in the following type of quantitative information:

Definition 13 (Kohlenbach et al. 2018). A function ® is an approximate F-point bound for (x,)
w.r.t. (AFy) if for any k € N:

dn < &(k) (x, € AF}) .

The construction of such a ® for the sequence studied here relies on analyzing the proof
of the statement d(x,, Tx,) — 0 from Song and Wang (2009), which relies on Suzuki’s lemma.
Concretely, we get the following:

Lemma 14. Let b be a bound on the diameter of K and let (o) C [0, 1] be such that there exists an
a € N* with the property

1 1
Vn>a|l-<a,<1—-].
a a

Let T be a monotone rate of convergence for y, — 0. Let ¢, . ;, be defined as in Lemma 9. Then (x,)
defined as in (1) has approximate F-points w.r.t. (AFy) with an approximate F-point bound

(k) = ¢a,r,b(k, 0).
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Proof. As in Song and Wang (2009), we can derive
lyn+1 — yull < H(Txp41, Txn) + ¥ < %041 — Xnll + v

which yields that

lyn1 = yull = l1xn41 — xnll < ¥n
and thus 7 satisfies the assumption of Lemma 9. Applying Lemma 9, we get that for any k € N and
anyg:N—N:

1
In < @ar bk, g)Vm € [nsn+g(n)] (nxm — ymll < m) .

In particular, we get for any k € N that

1
dn < (Pu,r,b(k, 0) (”’Cn —yull < m)

which yields that for this #, we have
1
d(x,, T < — < —,
(x> Txp) < lln )’n” S kTl

ie. x, € AF. U
Remark 15. While the full function @, ; j, is rather complex, in the above special case of considering
the constant-0 function, it simplifies considerably to

Parp(k, 0) = max{a, T(t2t + 1)a'(k+ 1) — 1)} + (bt(2t + Da'(k + 1) — 1)t + 2b(k + 1)t
for t =2ba(k+ 1).

Lastly, we show that F(T) is not only closed but that it is even sufficiently uniformly closed
respective to the approximations AFy in a concrete way introduced in Kohlenbach et al. (2018):

Definition 16 (Kohlenbach et al. 2018). The solution set F is called uniformly closed w.r.t. (AFy)
with moduli §, w if for any k € N, any q € AFsy and any p with ||p — q|| < 1/(w(k) + 1), we have
p € AFy.

Lemma 17. The set F = F(T) is uniformly closed w.r.t. (AFy) with moduli

S(k) =2k + 1,
w(k) = 4k + 3.

Proof. Note that we have
d(p, Tp) < d(p, Tq) + H(Tp, Tq)
<lp—qll +4d(q, Tg) + lig — pl

and thus if g € AFy;; and |[p — g < then d(p, Tp) < ie.peAFy. O

_1 1
4(k+1)° k+1°

Combined, we can now apply the general result from Kohlenbach et al. (2018) to get the
following quantitative version of Theorem 2.

Theorem 3. Let y be a modulus of total boundedness for K. Let b be a bound on the diameter of K
and let (a,) C [0, 1] be such that there exists an a € N* with the property

1 1
Vn2a<—§oen§1——>.
a a
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Let (yn) € (0, 00) be such that y, — 0 and let T be a monotone rate of convergence for y, — 0. Let
6 be such that

1
VpeKVkeN(d(p,Tp)se(k)+1

Let @, 1 1(k, 0) be defined as in Remark 15, i.e.
Parb(k, 0) = max{a, T(t2t + 1)a' (k+ 1) — 1)} + (bt(2t + Da'(k + 1) — 1)t + 2b(k + 1)t

for t =2ba(k + 1). Then, (x,) defined as in (t) is Cauchy and moreover, for all ke N and all g :
N— N,

1
— H({p}, Tp) < k_-H> .

1
AN < W(k,g)Vij € [N; N + g(N)] (ux,- —xjll < g A AFk>

where W(k, g) = Wo(P, k, g) for P =y (4k + 3) and with

W (0,k,g)=0,
Wo(n+ 1,k g) = wa,f,h(x,ﬁ‘é(%(n, k,g), 8k +7),0),

and where

x(n,m,r)=60(m(r+1) + 1),
Xi(n, m, r) = max{2k + 1, x(n, m, r)},

Xitg(n, 1) = max{ (i, g(0), ) | i < m}.

Proof. The result rather immediately follows from Theorem 5.3 in Kohlenbach et al. (2018)
(which itself builds on Theorem 5.1 in Kohlenbach et al. (2018)) by instantiating the bound given
there with the moduli obtained in Lemmas 11, 14, and 17. Concretely, x in Kohlenbach et al.
(2018) is instantiated by x as above and ® in Kohlenbach et al. (2018) is instantiated by ¢, ; (-, 0).
Further, §r and wr in Kohlenbach et al. (2018) are instantiated by § and w as in Lemma 17, and we
have G = H =id and thus ag(k) = Bu(k) = k. Note lastly that as 7 is monotone, so is ¢, ; 4(-,0)
as follows by Remark 15. The bounds given here result from the ones given in Kohlenbach et al.
(2018) only by immediate simplifications. U

Remark 18. Theorem 3 is a full finitization of Theorem 2 in the sense of Tao as it only references
finite segments of the iteration (x,) but it trivially implies back the original formulation of Theorem 2
as all the moduli naturally exist and since metastability is (noneffectively) equivalent to convergence
(see also Remark 5.5 in Kohlenbach et al. (2018)).

4.4 Moduli of regularity and rates of convergence

In this section, using the results from Kohlenbach et al. (2019), we give constructions for rates of
convergence based on the assumption of a (very general) kind of regularity notion as discussed in
the introduction.

The central notion here is consequently the following instantiation of the abstract notion of a
modulus of regularity from Kohlenbach et al. (2019):

Definition 19. Let z € F(T) and r> 0. A function ¢ :(0,00) — (0,00) is called a modulus of
regularity for T w.r.t B,(z) if for all ¢ > 0 and all x € B,(z):

d(p, Tp) < ¢(e) — dist(x, F(T)) < e.

If there is a z € F(T) such that ¢ is a modulus of regularity w.r.t. B,(z) for all r > 0, then ¢ is just
called a modulus of regularity for T.
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Remark 20. Note that the work Kohlenbach et al. (2019) is written in the context of a formal
setup where instead of using sets F/AFy. as above to formulate the solutions and approximative solu-
tions, a function F: X — [0, +00] is employed and the roles of the sets F/AFy are (conceptually)
replaced by zerF/{x | F(x) < €} for ¢ > 0. The above notion arises from the general definition given
in Kohlenbach et al. (2019) by using F(x) := d(x, Tx) but we in the following suppress this whole
setup from Kohlenbach et al. (2019).

Note that the function d(p, Tp) is continuous in p if T is nonexpansive as

d(p, Tp) < d(p, Tq) + H(Tp, Tq)
<llp—qll+4d(q Tq) + llqg — pll
and thus

|d(p, Tp) — d(q, Tq)| < 2[lp — 4l

It follows from Proposition 3.3 of Kohlenbach et al. (2019) that any such nonexpansive map T has
a modulus of regularity (albeit in general being uncomputable) if K is compact.

Under the assumption of such a modulus, we now get the following result on rates of
convergence:

Theorem 4. Let z € F(T) # () and let b be a bound on the diameter of K. Assume that K is closed.
Let (x,,) be defined as in (). Assume that T satisfies (). Let (o,) with a and (y,) with T as well as
©a.7.b(k, 0) be as in Theorem 3 (and Remark 15). Let ¢ be a modulus of regularity for T w.r.t. By(2).
Then, (x,) is Cauchy with

1

Ve > OVi,j > @ari (Lﬁ(&—/Z)—‘ ,O) (Ilxi — xjll <)

and further (x,) converges to a fixed point of T with a rate of convergence

1
Pat qd)(e/zﬂ ’0) '

Proof. The result is a straightforward instantiation of the general abstract Theorem 4.1 from
Kohlenbach et al. (2019), using the previous Lemma 14 by which we have that

1
Ve > 031 < gury (H ,o) (d(x Tn) <)
£

Note for this that the sequence (x;,) is Fejér monotone w.r.t. F(T) by Remark 12 since T satisfies
(). That (x,) converges to a fixed point of T with the given rate follows from Theorem 4.1, (i) in
Kohlenbach et al. (2019) for which we need that K is complete (which follows as X is a Banach
space and as K is closed) and that F(T) is closed which follows from the fact that d(p, Tp) is
uniformly continuous in p and F(T) = (d(-, T - ))~1(0). O

Remark 21. Note that the above Theorem 4 holds without any compactness assumptions on K.
Thus, in the presence of a modulus of regularity, the convergence result from Theorem 2 immediately
holds for any closed, bounded and nonempty set K and any nonexpansive mapping T with F(T) # ()
that satisfies (x).

Finally, we look at a notion for multivalued mappings where simple instances of such moduli
of regularity can be derived. Following Senter and Dotson (1974), a multivalued mapping T : K —
CB(K) is said to satisfy Condition I if there is a nondecreasing function f : [0, c0) — [0, 00) with
f(0)=0, f(r) > 0 for r € (0, 00) and

d(x, Tx) = f(d(x, F(T)))
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for all x € K. If the property that f(r) > 0 for r € (0, 00) is witnessed in a uniform and quantitative
way by a function ¢ : (0, 00) — (0, c0) with

fr)<¢e) >r<e

for any r, & > 0, then such a ¢ is clearly already a modulus of regularity for T. This in particular is
true for mappings that satisfy Condition II of Senter and Dotson (1974), i.e. where there exists a
real o > 0 such that

d(x, Tx) > ad(x, F(T))

where then ¢ can be given by ¢(¢) = ae. Examples of mappings which satisfy Condition II are
for instance discussed in Senter and Dotson (1974) and for these, the above rates of convergence
therefore instantiate immediately.
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Notes

1 Examples of such metatheorems can in particular be found in Kohlenbach (2005, 2008); Gerhardy and Kohlenbach (2008);
Giinzel and Kohlenbach (2016); Ferreira et al. (2019); Kohlenbach and Nicolae (2017); Leustean (2006, 2014); Neri and
Pischke (2024); Paunescu and Sipos (2023); Pischke (2024a,c,d, 2025); Sipos (2019).

2 In fact, a more general statement holds for which the above is just a special case. Concretely, in general the result holds for
all mappings T which are majorizable, i.e. bounded on bounded sets in this case, and the modulus w in this case depends on
such a majorant instead of B. See Kohlenbach (2008) for further details on this.

3 We want to note that the discussion given here extends also to operators T': X — 2Y for a second space Y, e.g. the dual
space X* of X as considered in Pischke (2024a,d).

4 A type is called admissible if it is of the form X(oy) . .. (01) or 0(oy) . . . (01) where each o; is a so-called simple type, i.e.
each o; is of the form X(0) . .. (0) or 0(0) . .. (0).

5 This approach to treating set-valued operators was first employed in Pischke (2024c) and is by now a staple in the logical
approaches to such objects in the context of systems used for proof mining.

6 Note for this that the only additional axiom (x)r is purely universal and that the constant xr, by virtue of this axiom, is
trivially majorizable, see Kohlenbach (2008) for details.

7 Naturally, a similar approach would already work over underlying metric spaces but we here only focus on the normed
case.

8 As such, these two axioms follow the general approach to the tame treatment of infima and suprema over certain well-
behaved sets using two schemes (S)1, (), in systems geared for proof mining as outlined in Pischke (2024d).

9 Concretely, the new constants d(-, P), d(-, Q), d(P, Q) and d(Q, P), which produce real numbers based on their inputs, are
naturally interpreted in the respective models via a functional ( - ), canonically selecting a representing Cauchy sequence with
a fast rate, see Kohlenbach (2005, 2008) for details.

10 As already discussed in the context of (UC)%., while the following principle stipulates uniform continuity on bounded
subsets, the literature often even considers situations where the continuity is uniform over the whole space, i.e. with @
independent of b.

11 In Kohlenbach et al. (2018), the name II-modulus of total boundedness is used but we here follow the conventions from
Gerhardy (2008) where such a modulus is just called a modulus of total boundedness.

12 To formalize the above statement in the language of the previous systems, we have to represent the set {p} using an
additional constant x; of type 0(X)(X) together with two axioms expressing that x(p, -) intensionally codes the singleton {p}
for all p:

Vp* (xs(p> p) =0 0) s
Vpx, xX (Xs(p> x)=00—x :XP) .

In that way, the treatment of {p} is intensional as we can not prove that for x = p, we also have x € {p} in the sense that
Xxs(p, x) =0 0. Then H({p}, Tx) can be introduced using x; and some x7 coding T as discussed in the first part of this paper.
In particular, this utilizes that T is bounded since it maps into CB(K) and K is bounded.

13 Note that the (full) independence on p is suggested by the logical methodology as the set K is in particular bounded.

https://doi.org/10.1017/5S0960129525000167 Published online by Cambridge University Press


https://doi.org/10.1017/S0960129525000167

Mathematical Structures in Computer Science 25

References

Bauschke, H. and Combettes, P. (2017) Convex Analysis and Monotone Operator Theory in Hilbert Spaces. CMS Books in
Mathematics, 2nd ed. Cham, Springer.

Chidume, C. and Morales, C. (2007). Accretive operators which are always single-valued in normed spaces. Nonlinear
Analysis: Theory, Methods & Applications. 67 (12) 3328-3334.

Combettes, P. (2001). Quasi-Fejérian analysis of some optimization algorithms. Studies in Computational Mathematics. (8)
115-152.

Combettes, P. (2009) Fejér monotonicity in convex optimization, Encyclopedia of Optimization, Floudas, C. and Pardalos, P.
(eds.), New York, Springer, 1016-1024.

Dinis, B. and Pinto, P. (2020). Metastability of the multi-parameters proximal point algorithm. Portugaliae Mathematica. 77
(3) 345-381.

Dinis, B. and Pinto, P. (2021). Quantitative results on the multi-parameters proximal point algorithm. Journal of Convex
Analysis. 28 (3) 729-750.

Ferreira, F., Leustean, L. and Pinto, P. (2019). On the removal of weak compactness arguments in proof mining. Advances in
Mathematics. (354) 106728.

Findling, R. and Kohlenbach, U. (2024). Rates of convergence and metastability for Chidume’s algorithm for the approx-
imation of zeros of accretive operators in Banach spaces. Numerical Functional Analysis and Optimization. 45 (3)
216-233.

Gerhardy, P. (2008). Proof mining in topological dynamics. Notre Dame Journal of Formal Logic. 49 (4) 431-446.

Gerhardy, P. and Kohlenbach, U. (2008). General logical metatheorems for functional analysis. Transactions of the American
Mathematical Society. 360 (5) 2615-2660.

Godel, K. (1958). Uber eine bisher noch nicht beniitzte Erweiterung des finiten Standpunktes. Dialectica. 12 (3-4) 280-287.

Giinzel, D. and Kohlenbach, U. (2016). Logical metatheorems for abstract spaces axiomatized in positive bounded logic.
Advances in Mathematics. (290) 503-551.

Howard, W. (1973) Hereditarily majorizable functionals of finite type. In: Troelstra, A. (ed.), Metamathematical Investigation
of Intuitionistic Arithmetic and Analysis, Volume 344 of Lecture Notes in Mathematics, New York, Springer, 454-461.

Kohlenbach, U. (1992). Effective bounds from ineffective proofs in analysis: an application of functional interpretation and
majorization. The Journal of Symbolic Logic. 57 (4) 1239-1273.

Kohlenbach, U. (1996a) Analysing proofs in analysis. In: Hodges, W., Hyland, M., Steinhorn, C. and Truss, . (eds.), Logic:
From Foundations to Applications. European Logic Colloquium, Oxford, Oxford University Press, 225-260.

Kohlenbach, U. (1996b). Mathematically strong subsystems of analysis with low rate of growth of provably recursive
functionals. Archive of Mathematical Logic. 36 (1) 31-71.

Kohlenbach, U. (2005). Some logical metatheorems with applications in functional analysis. Transactions of the American
Mathematical Society. 357 (1) 89-128.

Kohlenbach, U. (2006). A logical uniform boundedness principle for abstract metric and hyperbolic spaces. Electronic Notes
in Theoretical Computer Science. (165) 81-93.

Kohlenbach, U. (2008). Applied Proof Theory: Proof Interpretations and Their Use in Mathematics. Springer Monographs in
Mathematics. Berlin, Heidelberg, Springer-Verlag.

Kohlenbach, U. (2017). Recent progress in proof mining in nonlinear analysis. IFCoLog Journal of Logics and Their
Applications. 10 (4) 3361-3410.

Kohlenbach, U. (2019a). A polynomial rate of asymptotic regularity for compositions of projections in Hilbert space.
Foundations of Computational Mathematics. 19 (1) 83-99.

Kohlenbach, U. (2019b) Proof-theoretic methods in nonlinear analysis. In: Sirakov, B., de Souza, P. N. and Viana, M. (eds.)
Proc. ICM 2018, 2, World Scientific, pp. 61-82,

Kohlenbach, U. (2020). Quantitative analysis of a Halpern-type proximal point algorithm for accretive operators in Banach
spaces. Journal of Nonlinear and Convex Analysis. 21 (9) 2125-2138.

Kohlenbach, U. (2021). Quantitative results on the proximal point algorithm in uniformly convex Banach spaces. Journal of
Convex Analysis. 28 (1) 11-18.

Kohlenbach, U. (2022). On the proximal point algorithm and its Halpern-type variant for generalized monotone operators in
Hilbert space. Optimization Letters. 16 (2) 611-621.

Kohlenbach, U. and Koutsoukou-Argyraki, A. (2015). Rates of convergence and metastability for abstract Cauchy problems
generated by accretive operators. Journal of Mathematical Analysis and Applications. 423 (2) 1089-1112.

Kohlenbach, U., Leustean, L. and Nicolae, A. (2018). Quantitative results on Fejér monotone sequences. Communications in
Contemporary Mathematics. 20 (2) 1750015.

Kohlenbach, U., Lépez-Acedo, G. and Nicolae, A. (2017). Quantitative asymptotic regularity results for the composition of
two mappings. Optimization. 66 (8) 1291-1299.

Kohlenbach, U., Lopez-Acedo, G. and Nicolae, A. (2019). Moduli of regularity and rates of convergence for Fejér monotone
sequences. Israel Journal of Mathematics. 232 (1) 261-297.

Kohlenbach, U. and Nicolae, A. (2017). A proof-theoretic bound extraction theorem for CAT(k )-spaces. Studia Logica. (105)
611-624.

https://doi.org/10.1017/5S0960129525000167 Published online by Cambridge University Press


https://doi.org/10.1017/S0960129525000167

26 N. Pischke

Kohlenbach, U. and Oliva, P. (2003). Proof mining: a systematic way of analysing proofs in mathematics. Proceedings of the
Steklov Institute of Mathematics. (242) 136-164.

Kohlenbach, U. and Powell, T. (2020). Rates of convergence for iterative solutions of equations involving set-valued accretive
operators. Computers & Mathematics with Applications. 80 (3) 490-503.

Kreisel, G. (1951). On the interpretation of non-finitist proofs—Part I. The Journal of Symbolic Logic. 16 (4) 241-267.

Kreisel, G. (1952). On the interpretation of non-finitist proofs—Part II. Interpretation of number theory. Applications. The
Journal of Symbolic Logic. 17 (1) 43-58.

Leustean, L. (2006). Proof mining in R-trees and hyperbolic spaces. Electronic Notes in Theoretical Computer Science. (165)

95-106.

Leustean, L. (2014). An application of proof mining to nonlinear iterations. Annals of Pure and Applied Logic. 165 (9)
1484-1500.

Leustean, L., Nicolae, A. and Sipos, A. (2018). An abstract proximal point algorithm. Journal of Global Optimization. 72 (3)
553-577.

Leustean, L. and Pinto, P. (2021). Quantitative results on the Halpern type proximal point algorithm. Computational
Optimization and Applications. 79 (1) 101-125.

Leustean, L. and Sipos, A. (2018a) An application of proof mining to the proximal point algorithm in CAT(0) spaces. In:
Bellow, A., Calude, C. and Zamfirescu, T. (eds.), Mathematics Almost Everywhere. In Memory of Solomon Marcus, World
Scientific,153-168.

Leustean, L. and Sipos, A. (2018b). Effective strong convergence of the proximal point algorithm in CAT(0) spaces. Journal
of Nonlinear and Variational Analysis. 2 (2) 219-228.

Moore, C. and Nnoli, B. (2001). Iterative solution of nonlinear equations involving set-valued uniformly accretive operators.
Computers & Mathematics with Applications. 42 (1-2) 131-140.

Nadler, S. (1969). Multi-valued contraction mappings. Pacific Journal of Mathematics. 30 (2) 475-487.

Neri, M. and Pischke, N. (2024). Proof mining and probability theory. https://arxiv.org/abs/2403.00659v2

Neumann, E. (2015). Computational problems in metric fixed point theory and their Weihrauch degrees. Logical Methods in
Computer Science. 11 (4) 1-44.

Paunescu, L. and Sipos, A. (2023). A proof-theoretic metatheorem for tracial von Neumann algebras. Mathematical Logic
Quarterly. 69 (1) 63-76.

Pinto, P. (2021). A rate of metastability for the Halpern type proximal point algorithm. Numerical Functional Analysis and
Optimization. 42 (3) 320-343.

Pinto, P. and Pischke, N. (2023). On computational properties of Cauchy problems generated by accretive operators.
Documenta Mathematica. 28 (5) 1235-1274.

Pischke, N. (2025). A proof-theoretic metatheorem for nonlinear semigroups generated by an accretive operator and
applications. Selecta Mathematica. 31 (2) 32.

Pischke, N. (2023a). On Korpelevich’s extragradient algorithm. Zeitschrift fiir Analysis und Ihre Anwendungen. 42 (1/2) 117-
129.

Pischke, N. (2023b). Quantitative results on algorithms for zeros of differences of monotone operators in Hilbert space.
Journal of Convex Analysis. 30 (1) 295-315.

Pischke, N. (2024a). A proof-theoretic bound extraction theorem for monotone operators in Banach spaces.
https://nicholaspischke.github.io

Pischke, N. (2024b). Generalized Fejér monotone sequences and their finitary content. Optimization. to Appear.
https://doi.org/10.1080/02331934.2024.2390114

Pischke, N. (2024c). Logical metatheorems for accretive and (generalized) monotone set-valued operators. Journal of
Mathematical Logic. 24 (2) 2350008.

Pischke, N. (2024d). Proof mining for the dual of a Banach space with extensions for uniformly Fréchet differentiable
functions. Transactions of the American Mathematical Society. 377 (10) 7475-7517.

Pischke, N. (2024e). Proof-theoretical aspects of nonlinear and set-valued analysis. Phd thesis. TU Darmstadt.
https://doi.org/10.26083/tuprints-00026584

Pischke, N. (2024f). Rates of convergence for the asymptotic behavior of second-order Cauchy problems. Journal of
Mathematical Analysis and Applications. 533 (2) 128078.

Pischke, N. and Kohlenbach, U. (2024). Effective rates for iterations involving Bregman strongly nonexpansive operators.
Set-Valued and Variational Analysis. 32 (4) 33.

Senter, H. and Dotson, W. (1974). Approximating fixed points of nonexpansive mappings. Proceedings of the American
Mathematical Society. 44 (2) 375-380.

Sipos, A. (2019). Proof mining in L? spaces. The Journal of Symbolic Logic. 84 (4) 1612-1629.

Sipos, A. (2022). Quantitative inconsistent feasibility for averaged mappings. Optimization Letters. 16 (6) 1915-1925.

Sipos, A. (2023). The computational content of super strongly nonexpansive mappings and uniformly monotone operators.
Israel Journal of Mathematics. arXiv: 2303.02768.

Song, Y. and Wang, H. (2009). Convergence of iterative algorithms for multivalued mappings in Banach spaces. Nonlinear
Analysis: Theory, Methods & Applications. 70 (4) 1547-1556.

https://doi.org/10.1017/5S0960129525000167 Published online by Cambridge University Press


https://arxiv.org/abs/2403.00659v2
https://nicholaspischke.github.io
https://doi.org/10.1080/02331934.2024.2390114
https://doi.org/10.26083/tuprints-00026584
https://arxiv.org/abs/2303.02768
https://doi.org/10.1017/S0960129525000167

Mathematical Structures in Computer Science 27

Specker, E. (1949). Nicht konstruktiv beweisbare Sitze der Analysis. Journal of Symbolic Logic. 14 (3) 145-158.

Suzuki, T. (2005). Strong convergence theorems for infinite families of nonexpansive mappings in general Banach spaces.
Journal of Fixed Point Theory and Applications. 2005 (1) 103-123.

Takahashi, W. (2000). Nonlinear Functional Analysis. Yokohama, Yokohama Publishers.

Tao, T. (2008a). Norm convergence of multiple ergodic averages for commuting transformations. Ergodic Theory and
Dynamical Systems. 28 (2) 657-688.

Tao, T. (2008b). Structure and Randomness: Pages From Year One of a Mathematical Blog, Chapter Soft Analysis, Hard Analysis,
and the Finite Convergence Principle. Providence, American Mathematical Society.

Troelstra, A. ed. (1973). Metamathematical Investigation of Intuitionistic Arithmetic and Analysis, Volume 344 of Lecture
Notes in Mathematics. New York, Springer.

Cite this article: Pischke N (2025). On logical aspects of extensionality and continuity for set-valued oper-
ators with applications to nonlinear analysis. Mathematical Structures in Computer Science 35(el5), 1-27.
https://doi.org/10.1017/50960129525000167

https://doi.org/10.1017/5S0960129525000167 Published online by Cambridge University Press


https://doi.org/10.1017/S0960129525000167
https://doi.org/10.1017/S0960129525000167

	
	Introduction
	Logical Aspects of Full Extensionality Principles for Set-Valued Operators
	Useful Fragments of the Extensionality Principle and Their Formal Treatment
	A refined extensionality principle and its closed variant
	An extensionality principle based on the Hausdorff metric
	An Application: Quantitative Results on Mann Iterations for Nonexpansive Set-Valued Mappings in Banach Spaces
	The central assumptions and their quantitative content
	Suzuki"2019`s lemma and its analysis
	Fej"00E9`r monotonicity and metastability
	Moduli of regularity and rates of convergence

