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A computational study of a class of recursive inequalities
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Abstract: We examine the convergence properties of sequences of nonnegative
real numbers that satisfy a particular class of recursive inequalities, from the
perspective of proof theory and computability theory. We first establish a number
of results concerning rates of convergence, setting out conditions under which
computable rates are possible, and when not, providing corresponding rates of
metastability. We then demonstrate how the aforementioned quantitative results can
be applied to extract computational information from a range of proofs in nonlinear
analysis. Here we provide both a new case study on subgradient algorithms, and
give overviews of a selection of recent results which each involve an instance of
our main recursive inequality. This paper contains the definitions of all relevant
concepts from both proof theory and mathematical analysis, and as such, we hope
that it is accessible to a general audience.
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1 Introduction

Recursive inequalities on sequences of nonnegative real numbers play an important
role in functional analysis. They can be used to establish convergence properties of
algorithms in a very general setting, and often yield explicit rates of convergence in
addition. A simple example of this phenomenon is represented by the inequality

) Pon1 < Cfin

for ¢ € [0, 1). Here, any sequence {,} of nonnegative reals that satisfies (1) converges
to zero, and moreover an effective rate of convergence for p, — 0 is given by p, < .
The inequality (1) is associated most famously with the Banach fixed point theorem:
suppose that (X,d) is a metric space and T : X — X a contractive mapping with

constant ¢, ie
d(T(x), T(y)) < cd(x,y)
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forall x,y € X. If x* is a fixpoint of 7', and {x,} the algorithm defined by x4 := Tx,
for some starting value xy € X, it is easy to see that u, := d(x,,x") satisfies (1), since

d(xpt1,x) = d(T(x,), T(x™)) < cd(x,,x7).

Therefore x,, — x* follows from u, — 0, and moreover, the same rate of convergence
applies, with d(x,,x*) < c"d(xg, x*).

What we have just sketched is a simple but representative example of a much broader
strategy for proving that an algorithm {x,} in some space X converges to a point x*
(where the latter could be, for example, a minimiser of a function, a fixpoint of an
operator, or a solution of an equation), namely:

(1) Show that u, := d(x,,x") satisfies some recursive inequality.

(2) Prove that any sequence {u,} of nonnegative reals satisfying that recursive

inequality converges to zero.

An important advantage of this strategy is that individual classes of recursive inequalities
can typically be used to prove the convergence of a wide range of different algorithms.
Moreover, as a happy byproduct, additional properties pertaining to the recursive
inequality that we are able to uncover, such as a rate of convergence, often then apply
uniformly to any algorithm that can be reduced to that inequality.

The purpose of this article is to study several classes of sequences that all satisfy the
recursive inequality

(%) M1 < by — By + Yn

where we assume throughout that {u,}, {a,}, {8.} and {v,} are sequences of
nonnegative real numbers, with the additional conditions that

o Y 2y =00, and

* v, —+0asn— oo.
The significance of (x) as a basic characterising property for a range of interrelated
convergent sequences has been exploited in several places in the mathematics literature
— see for example Section 2 of Alber and Iusem [3]. We give a detailed description of
the mathematical relevance of (x) in Section 2.1 below, but informally speaking, the
{an} are typically step sizes for some algorithm, while {~, } represents an “error-term”
that eventually vanishes. We are then interested in the convergence properties of {1, }
and {3,}. As we will see, the aforementioned conditions on {«,} and {7,} alone are
not sufficient to establish convergence of either {y,} or {/,}, but their behaviour can
be controlled by imposing a range of additional conditions, which then divide (%) into
a number of interesting subclasses that each have distinct properties and applications.
While (1) represents a very simple case of (x) for 8, := p,, ay ;=1 —c and v, := 0,
in general, proving convergence of {x,} and {,} can be extremely subtle.
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Aims and overview of the paper

For us, the relevance of (x) lies primarily in the fact that it has implicitly appeared in
several recent papers in applied proof theory, where classes of sequences satisfying
(%) have been analysed from a quantitative perspective in order to extract rates of
convergence for concrete problems in nonlinear analysis.

Applied proof theory is an area of research that uses ideas and techniques from proof
theory to produce new results in mainstream mathematics. While the field has historical
roots in Hilbert’s program and Kreisel’s idea of ‘unwinding’ proofs [25, 39, 40], its
emergence as a powerful area of applied logic only started in the early 2000s with
the research of Kohlenbach and his collaborators. This work resulted in numerous
applications across different fields including nonlinear analysis, approximation theory,
ergodic theory and convex optimization, where proof theoretic methods have been used
to obtain both new quantitative results along with qualitative generalisations of existing
theorems. In parallel, new logical systems for reasoning about abstract mathematical
structures have been developed, and used to formulate general logical metatheorems that
explain the aforementioned applications as instances of logical phenomena (beginning
with Kohlenbach [20] and most recently by Pischke [47]). A comprehensive overview
of the ideas and techniques that underlie applied proof theory, along with a survey
of case studies up until 2008, can be found in the textbook by Kohlenbach [21], and
an account of some applications in the subsequent decade is provided by the review
papers from the same author [22, 23]. Just some examples of recent applications in new
areas include pursuit—evasion games (Kohlenbach, Lopez-Acedo and Nicolae [32]),
differential algebra (Simmons and Towsner [52]), and probability theory (Arthan and
Oliva [5]).

Many papers in the applied proof theory literature explicitly deal with the computational
content of convergence results for sequences of reals satisfying recursive inequalities
of some kind, from authors including Cheval, Dinis, Kohlenbach, Kérnlein, Lambov,
Leustean, Lopez-Acedo, Nicolae, Pinto, Sipos, Wiesnet, and the second author [9, 10,
13, 11, 12, 24, 26, 29, 30, 31, 33, 34, 41, 42, 43, 44, 46, 53, 50, 54]. It is these are
most relevant to the work presented below. A more detailed summary of recursive
inequalities in the literature is given in Section 4.1, where we connect these results with
the relevant subclasses of (x) that are explored in this paper.

The main contributions of our paper are to generalise some abstract convergence results
on recursive inequalities and classify them within a overarching framework, establish
new abstract quantitative lemmas for sequences of nonnegative reals, and present new
applications.
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4 Morenikeji Neri and Thomas Powell

Our paper is divided into two main parts. In Section 3 we focus exclusively on sequences
of real numbers satisfying (x), and address the following questions:

(a) Under which conditions on {«a,} and {~,} can we prove that {x,} and {3,}
converge, and when do we obtain computable rates of convergence?

(b) Where computable rates of convergence are not possible, can we obtain computable
bounds on the corresponding rates of metastable convergence for these sequences?

Answers to these questions are both interesting and useful. Where (a) can be answered
positively, we are then in a position to extract concrete rates of convergence from more
complex proofs which reduce to that particular instance of (x) as a lemma. When the
answer is negative, we have demonstrated that there is no uniform method for obtaining
computable rates in this way, and this can also be revealing: quite often, analysts who
use recursive inequalities of the latter type simply observe that their proof does not
yield convergence rates. Our results then provide an explanation as to why that is the
case, using tools from computable analysis such as Specker sequences. On the other
hand, for all cases that we consider we are able to answer (b) positively, and provide a
corresponding quantitative lemma that yields rates of metastability, given appropriate
metastable rates for assumptions. This allows us to extract quantitative information
from proofs where computable rates of convergence do not seem to be possible.

Section 4 then focuses on applications, giving concrete examples of the phenomena
we have just described. We begin with a brief overview of recursive inequalities in the
applied proof theory literature, and then present a new case study which uses some of
our new results on recursive inequalities in the context of subgradient methods, to firstly
explain why rates of convergence cannot be extracted from the kind of convergence
proofs given in the literature, and secondly providing instead a rate of metastability
for a class of subgradient algorithms. This is followed by a high-level survey of some
selected case studies, where we demonstrate how our abstract numerical results can be
more broadly utilised in a wide range of different settings.

Our main technical contributions include the following:

* (Real analysis) Strengthenings of existing convergence results on sequences of
real numbers, with necessary and sufficient conditions for convergence for both
main classes studied (Proposition 3.8 and Proposition 3.13).

e (Computability theory) Negative results showing that for sequences of reals
satisfying (x), computable rates of convergence are in general not possible
without additional assumptions (Theorem 3.6 and Proposition 3.16).

¢ (Proof theory) The extraction of computable rates of metastability for all con-
vergence results considered (Theorems 3.9, 3.17 and 3.19), along with rates of
convergence in special cases (Corollaries 3.11, 3.18 and 3.20).
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* (Applied proof theory) An abstract characterisation of a class of gradient descent
methods along with a general quantitative convergence result for these algorithms
(Theorem 4.2), and application to a projective subgradient method of Alber,
Tusem and Solodov [4] (Theorem 4.5).

In addition to this technical work, our secondary objective has been to write a paper that
serves as a useful and accessible introduction to some recent research in applied proof
theory. Quantitative versions of lemmas involving recursive inequalities have become
increasingly common over the last 5-10 years, and while this article is by no means
intended as a comprehensive overview of all of these, by focusing on a relevant class of
inequalities we hope to provide some general insight into the role they play in proof
theoretic approaches to analysis. Our work coincides nicely with a recent survey paper
on convergent sequences by Franci and Grammatico [15], which provides an extensive
overview of their many applications over different areas of analysis and probability
theory. Our paper is similar in spirit (though here with a focus on proof theory and
computability theory) in presenting an overview of several variations a type of recursive
inequality, and illustrating how these are applied in concrete areas.

With all this in mind, our aim has been to write for as general an audience as possible.
All of the core definitions and concepts from both proof theory and computability theory
are included in Section 2.2, and our main abstract results in Section 3 do not require
any knowledge of analysis beyond basic facts about sequences and series. The more
advanced areas of mathematical analysis covered in Section 4 are carefully motivated,
with simple illustrative examples provided before each of the main results, and it should
be possible for readers who are not experts in the relevant subfields of analysis to follow
these with no prior knowledge beyond some elementary facts about inner products and
normed spaces.

Some of this research has been formalized in the Lean theorem prover!', as part of a

broader strategy of building a library for key definitions and lemmas from applied proof
theory. We conclude the paper with a brief account of this effort, arguing why recursive
inequalities form such a good starting point for an applied proof theory library, and by
outlining some potentially interesting directions for future work.

2 Preliminaries

This paper is about both mathematical analysis and logic, and we divide this background
section into two distinct parts, focusing on each in turn. We begin by motivating the

'"https://leanprover.github.io/
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recursive inequality (x) in a little more detail, justifying why we have chosen it as an
object of study and preparing for the applications that will be presented in Section 4. We
then collect together some key facts and definitions from proof theory and computability
theory that will be used in what follows.

2.1 Mathematical context

At the very beginning of the paper we gave, via Banach’s fixed point theorem, a simple
example of how recursive inequalities underlie convergence proofs. We now explain
how the more complex recursive inequality (x) appears in nonlinear analysis, first
through a simple example and then with a high-level overview, detailing the role that
each of the individual components usually play.

2.1.1 A simple example: weakly contractive mappings and the sine function

For purely illustrative purposes, let us consider a simple class of mappings known as
1p—weakly contractive mappings, introduced by Alber and Guerre-Delabriere in [1] and
widely studied since. Letting X be some normed space and v : [0, 00) — [0,00) a
nondecreasing function with ¢(0) = 0 and ¥(¢) > 0 for t > 0, amapping 7 : X — X
is called y—weakly contractive on some C C X if it satisfies

(2) 1T = Ty]| < Jloc =yl = (llx =y

for all x,y € C. Any contractive mapping on C is also y—weakly contractive for
W(t) = (1 — o)t with ¢ € [0, 1), but the »—weakly contractive mappings are much more
general. For example, setting X = R, we can show, by considering its Taylor expansion,
that 5

| sin(x) — sin(y)| < |x —y| — ]x—gy\
for x,y € [0, 1], and so the sine function is 1)—weakly contractive on [0, 1] for

W(t) = £3/8 (for details see [1, page 14]).

Now suppose that x* is a fixed point of a 1)—weakly contractive mapping 7. A classic
algorithm for approximating fixed points is the so-called Krasnoselskii-Mann (KM)
scheme, defined recursively from some starting point xy by

(3) Xn+1 = (I — ap)xy + o, Tx,

where {a;,} is a sequence of nonnegative real numbers with »_° o = co. Again, this
is a generalisation of the scenario considered in the introduction, where the algorithm
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Xn+1 = Tx, corresponds to the special case o, = 1. Using (2) and (3) along with the
triangle inequality, we can calculate that

2041 = x| = [|(1 = )y + n T, — x*|
=[]0 — )y — x*) + n(Tx, — x|
< (1 = ap)llxn — x| + | T, — Tx*||
< (1 = ol —5*[| + s — ]| = s, — )
R R el
and thus g, := ||x, — x*|| satisfies the following special case of () for 3, := (i)
and 7, := 0:

4) M1 < i — anw(,uln)

As we will see in Section 3, it can be shown that if Zioio «; = 00, then whenever
{pn} satisfies (4) we have p, — 0. There also exist effective rates of convergence
for 41, — 0 in terms of the speed of divergence of > _°) c;. These will be given in a
general setting in Section 3 and are also formulated in a slightly different way in Alber
and Guerre-Delabriere[1].

As a consequence, by focusing on the convergence behaviour of sequences of reals
satisfying (4), we can show that whenever x* is a fixed point of some —weakly
contractive mapping T, the corresponding KM algorithm converges to this fixed point
with a known rate of convergence. In particular, setting 7" = sin and «;,, = 1, we can
show that x,;; = sinx, converges to zero for any xy € [0, 1] and provide an explicit
convergence speed.

In Section 4.3.1 we will give a slightly more intricate asymptotic variant of being
1—weakly contractive, which leads to a version of (4) with a nonzero error terms {~,}.

2.1.2 The general setting

Moving away from our concrete example to the general setting, the recursive inequality
(%) is applied in a broadly similar way across each of the different settings we explore in
this paper. We typically have a mapping T on some normed space X, a special value x*
(such as a minimizer or a fixed point), and define an algorithm {x,} in terms of some
step size {a, } with )% a; = oo, and we show that

[xn1 = x*|| < loen — x¥|| — nF(xn) + v

where F : X — R is some function, {~,} a sequence of error terms with ~, — 0, and
both F and {,} are defined in terms of the mapping 7 or the space X. We are then
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usually interested in the convergence behaviour of ||x, — x*|| or F(x,) (ie u, or 3,),
and this leads naturally to the two questions (a) and (b) posed in the introduction.

The first part of this paper focuses exclusively on convergence properties of sequences
of real numbers, but in Section 4 we outline several concrete applications of these
convergence results, which each adhere to the above phenomenon, namely:

o {x,} is a generalised gradient descent algorithm, 7 : X — R is a convex,
continuous function and x* a minimiser of 7' (a new application discussed in
Section 4.2.1).

* {x,} a modified Krasnoselkii-Mann scheme, 7 : X — X is an asymptotically
1—weakly contractive mapping and x* is a fixed point of 7 (surveyed in
Section 4.3.1).

» {x,} is an implicit scheme, T : X — 2X a set-valued accretive operator and x* a
zero of T (surveyed in Section 4.3.2).

These in turn are just representative examples of a much wider variety of settings in
which recursive inequalities of the form (%) have been applied.

2.2 Preliminaries from proof theory and computable analysis

We now turn our attention to the relevant background from logic, outlining some key
definitions and results which will be important in what follows. We let Q denote the
set of strictly positive rational numbers.

Definition 2.1 Let {a,} be a sequence of real number that converges to some limit a.
A rate of convergence for a, — a is any function ¢ : Q4+ — N satisfying

Ve € Qy Vn > ¢(e) (la, — a| < e).
Similarly, ¢ is a rate of Cauchy convergence for {a,} if
Ve € Q. Vm,n > ¢(5)(’an - am| <é).

We say that {a,} has a computable rate of (Cauchy) convergence if it possesses a rate
of (Cauchy) convergence ¢ that is computable in the usual sense. Any computable
rate of convergence can be converted to a computable rate of Cauchy convergence, and
vice-versa.

While the existence of a (not necessarily computable) rate of convergence is logically
equivalent to convergence itself, it is well known that there exist convergent sequences of
computable numbers that do not have a computable rate of convergence. The canonical
examples of this phenomenon are the so-called Specker sequences:

Journal of Logic & Analysis 15:3 (2023)
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Proposition 2.2 (Specker 1949 [55]) There exists a computable, monotonically
increasing, bounded sequence {a,} of rational numbers whose limit a is not a
computable real number, and thus no computable rate of convergence for a, — a exists.

It is not necessarily the case that having a computable limit guarantees the existence
of a rate of convergence either: provided we no longer insist on monotonicity, we can
construct a computable sequence of rationals that converges to 0 but with no computable
rate. We now state and prove a slightly generalized version of what is essentially a
folklore construction, which will be important in Section 3.

Proposition 2.3 Let {a,} be any strictly decreasing computable sequence of positive
rationals that converges to 0. Letting T,, denote the Turing machine with index m,
define:

ay for the minimum m < n such that T,, halts on input m in exactly n steps
Sp 1=
" 0  if no such m exists

Then s, — 0 but has no computable rate of convergence.

Proof Fix n € N and let N be such that any of the machines 7; which terminate on
input i for i =0,...,n— 1 do soin at most N steps. Then for any £ > N 4+ 1 we have
sr < a,. Were this not the case then s; = a,,, where m < k is the least such that T,
halts on input m in exactly k steps. But since {a,} is strictly decreasing, we must have
m < n and therefore k < N. Since a, — 0 this therefore implies that s, — 0.

Now suppose for contradiction that s, — 0 with some computable rate of convergence
¢. We argue that for any k£ € N, if T} halts on input &, then it does so in less than
(k) := max{k, p(ax+1)} steps. If not, and Ty (k) halts in n steps for 1)(k) < n, then
since k < n we must have s, = a,, for some m < k (ie the minimal m < n such that
T,»(m) halts in exactly n steps). Thus s, = a,, > ax > ag4+1. But since ¢ is a rate of
convergence for s, — 0 and ¢(ax+1) < n then s, < ag41, a contradiction. Therefore if
¢ were computable then (k) forms a computable upper bound on the number of steps
it takes Ty to halt on input k, contradicting the unsolvability of the halting problem. O

In scenarios where we are, in general, unable to provide a computable rate of convergence,
we can often nevertheless produce computable bounds for the following classically
equivalent reformulation, known as metastable convergence:

®) Ve € Q4 Vg : N — NInVk € [n,n+ gn)](lax — a| <€)

Journal of Logic & Analysis 15:3 (2023)
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where [a,a + b] :== {a,a+ 1,...,a+ b}. Note that (5) easily follows from a, — a
since if n is such that |ax — a| < € for all k > n, then we also have |a; — a| < ¢ for
k € [n,n + g(n)]. The other direction, on the other hand, requires us to reason by
contradiction: if a, - a then there exists some € > 0 such that

Vn3k > n(lax —al > ¢e)
and therefore there exists some function g : N — N bounding & in n, ie
Vn3k € [n,n+ gm)(|ax — al > ¢€)

which contradicts (5). The following notion of a bound on 7 in (5) in terms of € and g
appears throughout the applied proof theory literature:

Definition 2.4 A rate of metastability is a functional ® : Q1 x (N — N) — N
bounding 7 in (5), ie

Ve € Q4 Vg : N — NIn < &(e, @) Vk € [n,n+ gm)] (Jax —a| < ¢) .
There is an analogous notion of metastability for Cauchy convergence, namely
Ve e Q Vg :N— NanVi,j€ [n,n+ gn)l (|a,~ —aj| < s)
and rates of metastability are defined similarly:

Ve € QyVg: N — N3n < P, g)Vi,j € [n,n+ g(n)] (\ai —aj| < 8)

A detailed account of metastability is given by Kohlenbach in [21] (cf Chapter 2
in particular). From the perspective of logic, metastability (5) is just the Herbrand
normal form of convergence, and a rate of metastability a solution to the so-called ‘no-
counterexample interpretation’ of the convergence statement as set out by Kreisel [39,
40]. However, metastable convergence theorems have been independently studied in
mathematics: in particular, metastable versions of the monotone convergence principle
and other ‘infinitary’ statements have been discussed by Tao in [56, 57], and have found
nontrivial applications in several areas of mathematics. Highly uniform and computable
rates of metastability can often be obtained convergence proofs, even when those proofs
are nonconstructive and computable rates of convergence are not possible. Indeed, the
extraction of rates of metastability using proof theoretic techniques is a standard result in
applied proof theory (examples from just the present year include Cheval, Kohlenbach
and Leustean [8], Freund and Kohlenbach [16], and the second author [49]).

A number of the results that we study involve convergence or divergence properties of
infinite series. We note that in the case that > _°) b; < oo, where {b;} a sequence of
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nonnegative reals, a rate ¢ of Cauchy convergence for »_;°, b; satisfies

n—+m
Ve € Q. Vn,m e N <n2¢(€) — Zbi§€>

i=n

while a corresponding rate of metastability ¢ satisfies:

n+g(n)
Ve € Q1 Vg : N = Ndn < O(e, g) ( Z bi§5>

Finally, for infinite series that diverge, we will need to introduce a computational
analogue of this property. The following notion was first used by Kohlenbach in [19]:

Definition 2.5 Suppose that {b,} is a sequence of nonnegative real numbers such that
Y2y bi = 0o. Arate of divergence for > ° b; = oo is any function r : Nx Q1 — N

such that: -
Vn e NVx € Q, (Z bin)

i=n
For simplicity in formulating our bounds, we also assume that rates of divergence are
monotone in their first argument, ie

m<n = r(m,x) < r(nx)
forall m,n € N and x € Q.
Remark 2.6 Our monotonicity assumption is harmless: any (potentially non-monotone)
rate of divergence r can be computably converted to one that is monotone by setting:
7(n,x) := max{r(k,x) |k < n}

Then 7 is monotone in its first argument, to see that it is also a rate of divergence, note
that 7(n, x) = r(k,x) > r(n,x) for some k < n, and so:

F(n,x) r(n,x)
Z bi > Z bl‘ >x
i=n i=n

3 Abstract quantitative results

In this first main section, we restrict our attention to convergence properties of sequences
of reals satisfying our main recursive inequality. To recall: for the remainder of the
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section, {u,}, {an}, {6} and {7,} will be sequences of nonnegative real numbers
such that
(%) M1 < i — By + Ya
for all n € N. Moreover, we will always assume that
o Y 2y =00, and
* v, —0asn— oo.

Our main question will concern the convergence behaviour of {4, } and {3,}, and in
particular under which conditions rates of convergence are possible.

We begin with the observation that the above conditions alone do not guarantee
convergence of either {yu,} or {5,}. After all, setting

1 2 S
p=——) Bp=vVn+1, yp=—o, up=0 and -

we see that (x) is satisfied with > > o = oo and 7, — 0, but both {y,} and {,}
diverge. However, there are two key ways of strengthening 7y, — O so that we start to
see better behaviour, and these will in turn form the two main subclasses that will be
studied below. The following facts are well-known:

Proposition 3.1 (Alber and Iusem [3]) Suppose that {1, }, {a}, {Bn} and {~,} are
sequences of nonnegative real numbers satisfying (), and that % ;°, o;; = oo. Then
either one of the following conditions implies the existence of a subsequence {3, }
with 3, — 0:

@M YZpvi < oo
(ID) ~n/an — 0 asn — oo

Moreover, in the case (I) we also have p,, — p for some limit p > 0.
Proof We suppose that there exists € > 0 and N € N such that 5, > ¢ forall n > N,

and show that each of (I) and (II) lead to a contradiction, from which we can infer the
existence of a subsequence {/3;,} converging to zero.

(I) Rearranging (%) we obtain a,e < a8y < fy — fna1 + 7, for all n > N, and

thus:
n n o0
szai < UN = Hnt1 + Z% < MN+Z%
i=N i=N i=0

From )%, < oo we therefore infer » >°) a; < 0o, a contradiction.

Journal of Logic & Analysis 15:3 (2023)
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(I) Pick Np > N such that v, /c, < e/2 for all n > Np. Then from (%) and 3, > ¢

we have
e e
Hnt1 < fhp — Q€ + 2 = Hn — )

for all n > Ny, and therefore, rearranging,

n
€
3 g ;i < Ny — Pnt1 < UN,
i=No

and so again we have ) >°) «; < 00, a contradiction.

The additional fact that {x,} converges to some limit in case (I) follows from the
general result that whenever
a1 < U+ T

for 3%~ < oo, then {1, } converges, noting that since /3, > 0 then

Pl < iy — B+ Yo < i+ Yo

We omit details here, but the proof can be found in, eg, Alber and Guerre-Delabriere [2,
Proposition 1]. |

The two cases (I) and (II) outlined above will be considered in Sections 3.1 and 3.2
respectively, where in each case further conditions are added to establish stronger
convergence results. Before proceeding, we observe that the two cases are disjoint.

Example 3.2 (a) Define o, = 1/(n+ 1), 8, = 0 and p,4+1 = pn + 7y, for some
o > 0, where:

n —

B {1/(n—|—1) if n+ 1 =m? for some m € N

0 otherwise

Then these sequences satisfy case (I) of Proposition 3.1 but not case (II), since

oo o0 1
Y=Y g <
i=0 i=1
but whenever n + 1 = m?
Y/ tn — 0.
(b) Define oy, = B, =1/vV/n+1, v, =1/(n+ 1) and p, = po for some py > 0.
Then these sequences satisfy case (II) of Proposition 3.1 but not case (I).

we have ~v,/a, = 1, therefore we cannot have
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14 Morenikeji Neri and Thomas Powell

3.1 CaseI: convergence with >~ v, < co

As stated in Proposition 3.1 above, if 2,7 < oo, then {u,} converges to some limit
independently of any properties of {a,} and {3,}. Indeed, more general results of this
kind are possible: for instance, Qihou [51] proves that if

(6) g1 < (1 + 5n)/$n + T

where {d,} is also sequence of nonnegative reals with »_°d, < oo, then {u,}
converges. Convergence of {/3,}, on the other hand, is more subtle, and requires
additional assumptions beyond » %, ; < 00, as the following example demonstrates.

Example 3.3 Let oy, :=1/(n+1),7,:=0and 8, :=1ifn+1= m? else 0. Then

o0

RLEDWESWE
i=0 i= m2

for sufficiently large L. Now let 119 := L and 41 := L — Y. ,a;f3;. Then p, >0

forall n € N and pi,11 < ftn — 8, With Y20 oy = oo, but {,} does not converge.

A key result in this direction is due to Alber and lusem, which adds a regularity condition
to the {3,} to establish convergence to zero:

Proposition 3.4 (Alber and Tusem [3, Lemma 2.2]) Suppose that {p,}, {an}, {Bn}
and {~,} are sequences of nonnegative real numbers satisfying (x) with Z?io a; = 00
and Z;ﬁo ~; < oo. Then whenever there exists @ > 0 such that the following conditions
holds:

B — But1 < Oy, forall n € N

then ,, — p for some . > 0, and 5, — 0.

The above result and its variants, proofs of which are typically by contradiction (note
that an alternative proof of the result is presented within this paper, via Propositions 3.7
and 3.8), plays a particularly important role in establishing convergence properties of
subgradient algorithms (cf [3, 4, 14, 45] as examples), and we will explore this domain
of application later in Section 4.2. Therefore the question of whether computable rates
of convergence for i, — p and particularly 3, — 0 can be produced is important,
as these could be used to obtain computable rates of convergence for a very general
class of subgradient methods. Our first main result gives a negative answer, and we
also conjecture that the main construction here could be easily adapted to prove similar
results for the numerous variants on Proposition 3.4 found in the literature. We first
need a simple lemma which adapts the standard construction given in Proposition 2.3.
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A computational study of a class of recursive inequalities 15

Lemma 3.5 There exists a computable sequence {s,} of rational numbers with
> 20 8i < oo such that s, — 0 with no computable rate of convergence.

Proof Let {a,} and {s,} be as in Proposition 2.3 but with Y °ja; < oo (eg
ap=1/(n+ 1)?). Define b, := a, if there exists some k € N such that s; = a,, and
0 otherwise, and note that ) 7°)b; < > 7 a; < co. Let {s,,} (respectively {b,,}),
be the subsequence of {s,} (respectively {b,}) consisting of the sequence’s nonzero
elements. Then there is a bijection f : N — N such that s,, = by, forall i € N. To
define f, referring to the definition of {s,}, for i € N let p to be the least index < n;
such that 7,(p) halts in n; steps, which we know to exist since s,, is nonzero, and so in
fact s,, = a,. This therefore means that b, = a, > 0, and so b, = b, for some index
j, and we define f(i) := j for this index.

This map is surjective since for any j, b, > 0 and thus b,,, = a,,; where there exists
some k with sy = a,; > 0, and so in turn k = n; for some unique index i, and
going back through the definition of f we see that f(i) = j. It is injective because if
S, = Sn, = bmj, then Ton,(m;) halts in exactly n; and n; steps, and thus i = i’. The
existence of f means that {s,,} is just a permutation of {b,,}, and therefore

oo [o@) o o
Dosi=D =) bwy=) bj<oo
i=0 i=0 =0 j=0

where the first equality follows since {s;} is just {s,, } padded out with zero elements
(and similarly for the third), while the second equality follows from the fact that we can
reorder the terms in series where all terms are positive. |

Theorem 3.6 For any sequence of positive reals {c,} bounded above by a > 0 with
Y20 i = 00, together with 6 > 0, there exist sequences of positive reals {j,} and
{Bn}, computable in {c,} and 0 and satisfying

Hnt1 < pn — oy, and B, — Bn+1 < fay

such that p, — p and 3, — 0, but neither with a computable rate of convergence.

Proof Take {s,} as in Proposition 3.5 and define / : N — N recursively by /(0) := 0,
and I(n + 1) := k+ 1 where k > I(n) is the least number satisfying

k
|Sn - Sn+1|
7 P>
(7) 'Z o>~
i=I(n)
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16 Morenikeji Neri and Thomas Powell

which is well defined by %) a; = co. Now define {5} as follows: Sy := s,, and
if I(n) < k < I(n+ 1) then:

k—1

B i= sp+ 5@y —5n) -0 >

i=l(n)
The intuition here is that {3, } represents a ‘padding out’ of {s,}, designed in such
as way as to ensure that the distance between consecutive elements is bounded by
Oay,. Since I(n) is strictly increasing with /(0) = 0, {f} is thereby defined for all
k € N. We now show that |5 — Sit1| < Oayg. There are two cases to deal with. If
I(n) <k < I(n+1)— 1 then

1Bk — Br+1| = [sgn(snt1 — sp) - Q| < Oy

and if k = I(n + 1) — 1 then (assuming without loss of generality that |s,, — s,41| > 0,
otherwise the claim is trivially true):

In+1)—2
|f31(n+1)71 - 51(n+1)| = |8y +sgn(suq1 — 8,) - 0 Z A — Sp+1
i=I(n)
I(n+1)-2
= |sgn(sut1 — sn)| - |0 Z Qi — |Sp — Spt1
i=I(n)

I(n+1)—2
=lsn—snpal =0 >
i=l(n)
ln+1)—1 ln+1)—2
0> w0y
i=l(n) i=l(n)
= 0ont1)—1
where if /(n + 1) — 1 = Il(n) we use the convention that Zi(ﬁ;&l))_z a; = 0. For the
I(n+1)-2

third equality we use that |sgn(s, — s,+1)| = 1 and 6 Zi:l(n) a; < |s, — Sp+1], since
otherwise this would contradict the construction of /(n + 1).

From the defining property of I(n + 1) we can also show that for I(n) < k < I(n+ 1) we
have either s, < fr < sy41 or Sy < Br < sy, and from this and the fact that s, — 0
it follows that 3, — 0.

To show that there is no computable rate of convergence for 5, — 0, suppose for
contradiction that ¢ is such a rate. Fixing ¢ > 0, we have (5, < ¢ for all n > ¢(¢).
However, since /(n) is strictly monotone, we have /(n) > n for all n € N, and thus
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A computational study of a class of recursive inequalities 17

Sn = Bimy < € for all n > ¢(e). Therefore ¢ is also a computable rate of convergence
for s, — 0, which is not possible.

Finally, to define {u,}, we first show that > ) ;3 < oo. Let ¢ > 0 be any
upper bound on {s,}. Using again that s, < S < sy41 Or Sy < S < s, for
I(n) <k <Iln+ 1), wehave B < s, + sy11 for k in this range, and therefore

In+1)—1 ln+1)—1

Y aiBi<Guts) Y,

i=l(n) i=I(n)

Sn — Sn+1
< (Sp + Snt1) <w + az(n+1)1>

< (sn + SnJrl)(C/Q + o)
where for the second inequality we use the defining property of /(n + 1), noting that
since I(n + 1) — 1 = k for the least k satisfying 7, we must have

l(n+1)—1

k
Sp — 8§
> oa=Y el

i=l(n) i=l(n)
since if this were not the case then
k—1

Sn — Sn+1
Zai>|n 9n+|

i=I(n)

for k — 1 > l(n), contradicting minimality of k. Therefore summing over the whole

sequence:
oo l(n+1)—1

Z iffi = Z Z i3
i=0

n=0 i=Il(n)

<(c/0+ )Y (sn+sut1)

n=0
< 2(c/9+a)2sn < 00
n=0

Now to construct {,}, first of all, let L > 0 be any bound with >_° o;3; < L, and
let {v,,} be some computable monotonically decreasing sequence converging to some
limit v > 0. Define:

po:=L+wvy and ppy1 =L+ vyqr — Zaiﬁi
i=0
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18 Morenikeji Neri and Thomas Powell

Then fi,41 < ftn — s, and we now claim that if exactly one of {v,} and >~>°) a3
have a computable rate of Cauchy convergence, then {y,} cannot have a computable
rate of Cauchy convergence. To see this we observe that for any m > n,

m—1
Mm — Pn = (Vm - Vn) - Z Oé,',B,’
i=n—1
and so if {u,} has a computable rate of Cauchy convergence, then a computable rate of
convergence for either one of {v,} or > >, «;; would imply a computable rate for
the other.

It remains to show that we can always define {1, } such that exactly one of {1, } or
Z?io «;5; have a computable rate of convergence. If Z;ﬁo «;3; has a computable rate,
then let {v,} be some computable, monotonically decreasing sequence of rationals
that converges to some noncomputable ¥ > 0. Note that this exists by adapting
Proposition 2.2: taking {a,} to be as in that proposition, ie a computable, monotonically
increasing and with a noncomputable limit a, and ¢ > 0 some rational upper bound
for {a,}, we can define v, := ¢ — a, so that {v,} is then monotonically decreasing
and converges to ¢ — a. Since c¢ is computable and a is not, ¢ — a must also be
noncomputable. On the other hand, if " :°; c;/3; does not have a computable rate, just
set v, = 0 forall n € N.

The final claim that {1, } and {3,} are computable sequences of rationals when {c,}
is followed by observing that all of the above constructions are computable, including
the construction {v, } above, along with {s,} as taken from Proposition 2.3. We note
that our proof gives two possible constructions for {1, }, both of which are computable
in {a,} and 6, according to whether or not > %) a;3; < oo with a computable rate of
convergence, and thus the theorem holds, even if we cannot read off from the proof
which of these two constructions we would use. d

As a consequence of Theorem 3.6, we cannot in general obtain rates of convergence for
tn — p and B, — 0 in Proposition 3.4, since even in the special case that v, = 0 and
{aw} is computable such that > °, oy = oo with a computable rate of divergence (eg
o, = 1), there exist computable {x,} and {3,} such that all of the conditions of the
proposition are satisfied, but neither {y,} nor {3,} converge with a computable rate.
In the special case that a, := 1, we have Y ;g ;5 = >.oy Bi < 00, and a rate of
convergence for the latter would also imply a rate of convergence for 5, — 0, which is
not possible, therefore in this case we can also decide which of the two constructions
for {11,} we would use, defining i, :=L— Y 7 .
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Having shown that computable rates of convergence are not possible in general, we
can nevertheless give a quantitative version of Proposition 3.4 in terms of rates of
metastability. We first observe that quantitative versions of recursive inequalities of
the form (6) have been widely used in the applied proof theory literature, and rates of
metastability for {1, } which are given by Kohlenbach and Lambov [29] would apply
directly to the case of Proposition 3.4. As such, we focus here on completing the picture
by giving a quantitative version of the property that 5, — 0. In this case, the core of
Proposition 3.4 is contained in the following result:

Proposition 3.7 (Alber, [usem and Solodov [4, Proposition 2]) Suppose that {c,} and
{B,} are sequences of nonnegative real numbers with »_°) c; = o0 and y o, o5 <
oo. Then whenever there exists @ > O such that the following condition holds:

Bn — Bnr1 < 0oy, forall n € N

then 3, — 0.

To derive (3, — 0O under the conditions of Proposition 3.4, we simply observe that by
(%) and condition (i) of Proposition 3.4 we have

n n [ee]
Zaiﬁi S S Z%’ < po + Z%‘
i=0 i=0 i=0
and thus ) >°) ;5 < oo, and so Proposition 3.7 applies directly.

The original proof of Proposition 3.7 uses a somewhat intricate and highly ineffective
subsequence construction (cf Proposition 2 of [4]). We now provide a strengthening
of the result (and hence also of Proposition 3.4) which establishes a necessary and
sufficient condition for 3, — O under Z;‘io «;f3;i < oo, orin the case of Proposition 3.7,
under) 2 i < oo. We then follow this with a quantitative variant, giving a simple
constructive formulation of the standard proof strategy exhibited in [4].

Proposition 3.8 Suppose that {«,} and {(,} are sequences of nonnegative real
numbers with Y 2 o = oo and -2y ;3 < oo. Then 3, — 0 if and only if there
exists § > 0 such that:

N—o0

m—1
limsup{ﬁn—ﬁm—HZaiN§n<m} <0

i=n

We initially leave Proposition 3.8 without proof, as one direction will follow from the
quantitative version of the result below.
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20 Morenikeji Neri and Thomas Powell

Theorem 3.9 (Quantitative version of Proposition 3.8) Suppose that {c,} and
{Bn} are sequences of nonnegative real numbers and r is a rate of divergence for
Yo =00. Lete >0 and g : N — N be arbitrary. Then if Nj,N> € N and § > 0
are such that, setting N := max{N;, N,}, we have

r(N+g(N),e/40) 2
Z a;Bi < 30
=N,

m—1
€ €
and Bn—ﬁméﬁizn:ai+4 fora11N2§n<m§r(N+g(N),@)

then we can conclude that 5, < € forall n € [N,N + g(N)].

Proof Fix € > 0 and g : N — N, and suppose for contradiction that 3, > ¢ for
some n € [N,N + g(N)]. We first show that there exists some m € [n, r(n, £/46)] with
Bm < &/2. If this were not the case then using monotonicity of r in its first component
(cf Remark 2.6) we would have

r(n,e/46) 2 r(n,e/46) 2 r(N+g(N),e/46)
g g
— < g a; < — g aiffi < — g o8 < —
40 = — i - — 151 =z P 1181 =49
= — -,

which contradicts the claim, where for the third inequality we use that Ny < N < n, and
n < N + g(N) together with our assumption that rates of divergence r are monotone
in their first argument. Now let n < m < r(n, ¢/460) be the least such index such that
Bn>e, 8 >¢e/2fori=mn,...,m—1and B, < e/2. Thensince Ny < N < n we
have

€ m! e 207 €
2<Bn_6m<9;ai+4<€;ai/3i+4

20 r(N+g(N),e/46)

< = Z aifi +

i=N;

<

1™
N ™

and so we have our contradiction. O

Proof of Proposition 3.8 To establish one direction we use Theorem 3.9. If Y ) a; =
oo then it possesses some rate of divergence, and for any € > 0 there must exist some
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A computational study of a class of recursive inequalities 21

N; and N, such that

o 2
€
Z a;fi < —
i=N; 80
m—1 c
d n — m_g igf
an Bn — B, iznoz 2

for all Ny < n < m. Therefore the assumptions of Proposition 3.9 are satisfied for
arbitrary g : N — N, thus 3, < ¢ forall n € [N, N + g(NV)] also for arbitrary g. But
this just means that 8, < ¢ forall n > N, and so 5, — 0.

In the other direction, if /3, — 0 then there exists N € N such that |3, — 8| < ¢ for
all m,n > N. But then for m > n > N we have

m—1
Bn—ﬁmﬁ\ﬁn—ﬂmISESZai—i-s

i=n

and so limsupy_, {ﬂn—ﬁm—zz’;l ai|N§n<m} <0. ]
Proposition 3.7 follows directly from Proposition 3.8 because if 5, — 8,+1 < O, for
all n € N, we have

m

Bn_ﬁm_ezaigo

i=n
for any n < m. In particular, we can set N> := 0 in Theorem 3.9 and replace /80
with £2 /46 for the property of Ny, so that Theorem 3.9 simplifies to the following:

Corollary 3.10 Suppose that {«,} and {3,} are sequence of nonnegative real numbers
and r is a rate of divergence for y -~ c; = 0o. Let ¢ > 0 and g : N — N be arbitrary.
Then if N € N and 6 > 0 are such that

r(N+g(N),e/20) £2
Z aifi < 10 and B, — PBnr1 < 6a, foralln € N
i=N

then B, < ¢ forall n € [N,N + g(N)].
As an immediate corollary we obtain the following:
Corollary 3.11 Suppose that {«,} and {8,} are sequences of nonnegative real

numbers and r is a rate of divergence for ) ;% c;; = 00, and that there is some 6 > 0
such that B, — B+ < Oay, for all n € N. Then:
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(a) If Y °,iffi < oo with rate of convergence ¢, then (3, — 0 with rate of

convergence:
2
P(e) = ¢ <40>

(b) If > 7 aifi < oo with rate of metastability ®, then 3, — 0 with rate of
metastability:
2

U(e, g) = @ <5

9
49,h> for h(n) := r (n + g(n), %> .

Proof (a) Since ¢ is arate of convergence for »_;°; a;3; < oo, for any N > 1(e)
we have vaij aif; < €2/46 for any m € N, so setting g(i) := 0 in Corollary

3.10 we have
(N ,e/20) 2
Z o;fi < —
— 460

and therefore 5, < e forn € [N,N],ie By < .
(b) Similarly, if ® is a rate of metastability for Z?io a;f; < oo, there exists some
N < ¥(e, g) such that

N-+h(N) r(N+g(N) /26 2
Z a3 = Z a3 < 0
i=N i=N
and thus by Corollary 3.10 we have 3, < ¢ forall n € [N,N + g(N)]. O

3.2 Case II: convergence with ~,/a, — 0

Having thoroughly analysed (%) under the additional condition that Y%, v; < 0o, we
now move onto the second condition that allows us to obtain favourable convergence
results on {yu,} and {8,}. This second case has a slightly different flavour: here
the condition on {~,} is primarily used to ensure convergence of {,} towards zero.
The fact that {,} possesses a subsequence converging to zero is crucial for this,
together with a requirement that there exists some modulus linking this subsequence to
a corresponding subsequence of {, }. We show that the existence of such a modulus is
also necessary when our sequences are strictly positive. Our starting point is a standard
convergence result from the literature.

Proposition 3.12 (Alber and Tusem [3, Lemma 2.5]) Suppose that {u,}, {an}, {5}
and {v,} are sequences of nonnegative real numbers with o, > 0 for all n € N,
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satisfying () with Y 2 o = 00, {a,} bounded and ~y,/a, — 0 as n — oco. Then
there exists some sequence of indices {l,} such that 3;, — 0 as n — oo, and whenever,
in addition, we have p;, — 0, then p, — 0 as n — 0o.

Typically, the above result is applied in cases where 3, = 1(u,) for some continuous,
nondecreasing function 1 : [0, c0) — [0, 00) which is strictly positive on (0, co) and
satisfies ¢¥(0) = 0. These properties allow us to infer y;, — 0 from () — 0, and
thus lim, . p, = 0. We now give an alternative formulation of Proposition 3.12
above, where we replace 5, = ¥(u,) with a more general modulus w. In the case
that the elements {3,} are strictly positive, the existence of such a modulus is even
necessary for u,, — 0, which justifies it as a natural property.

Proposition 3.13 Suppose that {u,}, {a,}, {8} and {v,} are sequences of nonneg-
ative real numbers with oy, > 0 for all n € N, satisfying (x) with Y ;> a; = 00, {a, }
bounded and v, /«, — 0. Then if there exists a function w : Q4 — Q. such that for
every € > 0 we have

(8) IBn < w(e) = lUn <e

foralln € N, then y,, — 0 asn — oo. Conversely, if 1, - O and u, >0 = 5, >0
for all n € N, then there necessarily exists an w satisfying (8) for all ¢ > 0 and n € N.

Proof One direction is by Proposition 3.12. Here ~,/a,, — 0 implies there exists
some subsequence [3;, — 0 as outlined in Proposition 3.1 (II), and (8) implies that
w, — 0. To see this, note that for any € > 0 we can choose N such that 3;, < w(e) for
all n > N, and so y;, < ¢ forall n > N. Therefore 1, — 0 by Proposition 3.12. For
the other direction, assume now that p, — 0 and p, >0 = (3, > 0. Given € > 0
let N € N be such that y, < ¢ forall n > N, and set

w(e) == %-min{ﬁn >0|n <N}

or just w(e) := 1 if B, = 0 for all n < N. Then supposing for contradiction that there
is n € N such that 5, < w(¢) and p, > €, then we must firstly have 3, > 0 (using
n >0 = B, > 0) and secondly n < N (using pu, < € for n > N). But then

Bn < w(e) < B,/2, a contradiction for /3, > 0. |

So far we have focused on convergence of {,}. In most concrete applications, where
By = Y(u,), we also get 8, — 0 as n — oo from some basic property of 1, eg
continuity or monotonicity. We can also make this intuition formal in terms of a modulus
going in the other direction:
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Proposition 3.14 Under the conditions of Proposition 3.13, together with the existence
of a modulus w satisfying (8), suppose that there also exists some & : Q4+ — Q4 such
that for every € > 0 we have

foralln € N. Then 3, — 0 as n — oo, and if ¢ is a rate of convergence for
wn — 0 then ¢ o & is a rate of convergence for 3, — 0. Conversely, if 3, — 0 and
By >0 = u, >0 forall n € N, then there exists a & satisfying (9) for all € > 0
andn € N.

Proof In one direction, we have 1, — 0 by Proposition 3.13, and then 3,, — 0 follows
easily from (9). The other direction is proved analogously to second part of the proof of
Proposition 3.13. |

Example 3.15 Suppose that the conditions of Proposition 3.13 hold and 3, := ¥ (u,)
for some nondecreasing v with ¥(0) = 0 and ¥() > 0 for t+ > 0. Then (8)
holds for w(e) := (e)/2, since if wu, > ¢ then ¥(u,) > YP(e) > w(e), and (9)
holds for @(e) := uy for the least N such that Sy < e (this is well defined by
the existence of a subsequence 3;, — 0). To see the latter, if u, < py then
Bn = Y(uy) < Y(uny) = By < €. Alternatively, if 1 is also continuous at 0, then @
can be defined to be any modulus of continuity.

The convergence theorems above play a role in numerous different convergence proofs
in nonlinear analysis (some examples of which will be given in Section 4). Just as
in the previous section, we now present some negative results which demonstrate the
limitations on obtaining computable rates of convergence for p, — 0.

Proposition 3.16 We can construct computable sequences {y,}, {a,}, {8} and
{m} satisfying (x), with oy, > 0 foralln € N, >~ a; = 00, {,} bounded and
Yu/an — 0, along with w satisfying (8), such that each of the following scenarios
holds:

(a) w is computable, but p,, — 0 with no computable rate of convergence.
(b) u/an — 0 with computable rate of convergence, but 11, — 0 with no computable
rate of convergence.

Proof (a) Define p, = /3, := s, as in Proposition 2.3 for any {a,}, o, := 1 and
Yn := Sp+1. Then (%) is satisfied since

tn — 0B 4 Yo = Sp — Sn & Snt1 = Snt1 = Hnt1
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(b)

we have that (8) is satisfied by w(e) := ¢, and v,/ = sp4+1 — 0. But p,, — 0
with no computable rate of convergence by construction.

Define p, := s, as in Proposition 2.3 for a, := 1/(n + 1), so that s, < 1 for
any n € N. Define oy, :=n+1, 3, :=1/(n + 1)? and Yn = 2. Then (%) is
satisfied since

1
Mn_an6n+7nzsn_ +22>5,+12> 850401 = g
n+1

we have ~,/a, = 2/(n+ 1) — 0 with computable rate of convergence and (8) is

satisfied by
1

(¢(e) + 1)?

where ¢ is a rate of convergence for p, — 0, and ¢ cannot be computable
since u, = s, where s, is explicitly defined to have no computable rate of
convergence. d

w(e) =

This result shows that, in general, there is no way of obtaining a computable rate
of convergence for p, — 0, even in cases where w is computable, or we have a
computable rate of convergence for v, /c;, — 0. We now provide a quantitative version
of Proposition 3.12, giving a rate of metastability for u,, — O in the general case, which
can be converted into a rate of convergence if both w is computable and we have a
computable rate of convergence for 7, /«, — 0. This is a metastable generalisation of
Lemma 3.1 of the second author and Wiesnet [50].

Theorem 3.17 Suppose that {u,}, {a,}, {8.} and {~,} are sequences of positive
real numbers with o, > 0 for all n € N, satistying (%), and that:

(1)
(i)
(iii)

¢ > 0 is such that pi, < ¢ foralln € N
« > 0 is such that o, < « foralln € N
Y20 @i = oo with rate of divergence r

Fix e >0 and g : N — N, and define h : Q+ x N — N by:

h(6,m) := g <r <m, 2(;)) for g(i) := max{j+ g()|j < i}

Then if p € N and § > 0 are such that there exists m < p such that

(10)

and

(1)

. [0 e
< - —
Y/ n < min {2, 2a} forall n € [m,h(5, m)]

Bn <0 = py < for all n < h(d,p)

[\ NN
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then there exists some N < r(p,2c/6) such that

pn < e forall née[N,N+ g

Proof We first observe that for all n € [m, h(§, m)] it follows from (10) that

(12) Mn+1 < Mn — O‘n(ﬂn - 6/2)

and (using o, < @):
€
(13) Hn+1 < Hn — anﬂn + 5

Now suppose for contradiction that p, > £/2 for all n € [m, r(m,2c/d)]. Then since

n<r (m 2;) < W5, m) < h(3.p)

where here we use the definition of /4 and g, and the last step monotonicity of rates of
divergence in their first argument, then from (11) we also have 3, > §, and therefore
using (12) we have

0 0
Hn+1 S,U/n*an'i and thus O‘n'i < Pn — Hnt1

for n in this range. Therefore,
5 r(m,2c/8)
5 Z i < P = Prm2c/6)+1 < Pm < €

=m
a contradiction. Therefore we have shown that there exists some N € [m, r(m,2c/0)]
such that puy < &/2, and in particular, N < r(m,2c/d) < r(p,2c/5). We now show
that in fact p, < ¢ forall n € [N, N + g(N)]. We use induction, where the base case
n = N follows from the assumption. For the induction step we deal with two cases,
first noting that [N, N + g(N)] C [m, h(5, m)] by the definition of & and g. If p, <¢&/2
then from (13) we have

Ml < p — QB +E/2 <e.

On the other hand, if £/2 < u, < e then we have /3, > ¢ by (11) and h(d, m) < h(d, p),
and from (12)

Mn+1 Sﬂn_an(ﬁn_a/z)g,Ufn_anfs/zg,un <e

which completes the induction. |

Corollary 3.18 Suppose that {1, }, {cou}, {8} and {~,} are sequences of positive
real numbers with o, > 0 for all n € N, satisfying (%) and that:
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(i) ¢ > 0 issuchthat u, <c foralln € N
(ii) o > 0 is such that o, < o foralln € N
(iii) Y 2, a; = oo with rate of divergence r
(iv) ~n/an — O with rate of convergence ¢
Then whenever there exists a modulus w : (0, c0) — (0, co) such that for all € > 0 and
neN,
P Sw(e) = mm<e¢

then p, — O with rate of convergence:

o . [w(e/2) £ 2c
Pe):=r <<;5 (mln{ 7 2@}) , w(€/2)>

Proof Directly from Theorem 3.17, defining d := w(e/2) and

p::¢<min{§’2€a}>

and noting that these satisfy the premise of the theorem for any g : N — N. a

3.2.1 Second variant of Case I1

We conclude the section by considering a variant of Proposition 3.12 whose only
difference is a slight change in the modulus condition (replacing ,, with 1), but
which comes with a slightly simpler computational interpretation, and, as we will see in
Section 4, has already led to interesting applications in a number of areas. The following
is a metastable variant of Lemma 3.4 of Kohlenbach and the second author [34] which
generalises that result:

Theorem 3.19 Suppose that { i, }, {an}, {Bn} and {~,} are sequences of nonnegative
real numbers with ay, > 0 for n € N, satisfying (x), and that:

(1) ¢ > 0 issuchthat u, < c foralln € N
(ii) o > 0 is such that o, < « foralln € N
(ii1) Z?io a; = oo with rate of divergence r

Fixe >0 and g: N — N, and define h : Q1 x N — N by:

h(6,m) =g <r (m, 2;)) with (i) := max{j+ g(j) |j < i}
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Then if p € N and § > 0 are such that there exists m < p such that
Yo/ n < g forall n € [m, (6, m)]
and Bn <6 = ppgr1 <€ forall n<h(,p)
then there exists some N < r(m,2c/d) + 1 such that:
pn < e forall n€[N,N+ g(N)]
Proof Suppose for contradiction that p, > ¢ for all n € [m,r(m,2c/6) + 1] C

[m, h(5, m)]. Then for n < r(m,2c/d) we also have n < h(d, p), and since i, +1 > €
we have (3, > § for n € [m, r(m,2c/d)]. It follows that

0 )
Pnt1 < iy — pd + O‘ni = Hn — ani
5 r(m,2c/8)
and so 5 Z Qi < = Pr(m/2c8)+1 < €
i=m

a contradiction. So we have shown that there exists some N € [m, r(m,2c/d) + 1]
such that puy < . We now show that u, < e forall n € [N,N + g(N)]. Suppose for

contradiction that there is some n € [N, N + g(N)] such that p, < ¢ but p,41 > €.
Then since n < h(d, p) we have 3, > ¢ and thus

)
5<Un+1§ﬂn_05n§§5

a contradiction. O

Corollary 3.20 Suppose that {1, }, {aw, }, {B8,} and {~,} are sequences of nonnegative
real numbers with «,, > 0 for n € N, satistying (x), and that:
(1) ¢ > 0 issuchthat u, < c foralln € N

(ii)) o« > 0 issuch that o, < « foralln € N

(iii) Z?ﬁo a; = oo with rate of divergence r

(iv) ~yu/an — O with rate of convergence ¢
Then whenever there exists a modulus w : (0, c0) — (0, oo0) such that for all € > 0 and
neN,

Bn S w(e) = 1 <€

then p,, — O with rate of convergence

o(e) :—r<¢> <°";5)) wi;) +1

where ¢ > 0 is any upper bound on {1, }.
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Proof Directly from Theorem 3.19, defining § := w(e) and p := ¢(§/2), and observing
that these satisfy the premise of the theorem for any g : N — N. |

4 Applications

In this second main section we demonstrate how our quantitative study of recursive
inequalities can be applied to obtain numerical results from theorems in nonlinear
analysis. Our main contribution is a new case study involving the subclass explored in
Section 3.1, where we apply our rate of metastability for 3, — O to obtain quantitative
information for a class of gradient descent algorithms. Instances of the results from
Section 3.2 have already been used in a number of recent papers, and we also provide a
high-level outline some of these. In all cases, we start by presenting a simplified form
of the application, motivating how the recursive inequality and associated conditions
emerge naturally from the concrete setting, before discussing more detailed results.

4.1 Recursive inequalities in applied proof theory

Before we start, we give a very brief survey of some of the different types of recursive
inequality that have been recently studied from a quantitative perspective in applied
proof theory. We make no attempt to give a detailed or comprehensive overview of this
topic (which would constitute a paper in its own right); rather, we content ourselves
with a few pointers to representative papers in the proof theory literature, and explain
how the inequalities used there relate to the class we study here.

Some of the first quantitative recursive inequalities appearing in the proof theory
literature involve the general inequality already discussed in Section 3.1,

pnr1 < I+ 5n)un + Yn

which we used to show that {x,} converges to some limit under the conditions
Yoo <ooand ) ) < co. Rates of metastability for {z,} have been extracted,
and then applied to obtain, for instance, bounds on the computation of approximate fixed
points of asymptotically quasi-nonexpansive mappings by Kohlenbach and Lambov [29],
or for nonexpansive mappings in uniformly convex hyperbolic spaces by Kohlenbach
and Leustean [30].

If we consider the special case of (x) where 3, = u,, ie

(14) a1 < (11— Q) + Yn
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we can show that 1, — 0 for both >~>°;~; < oo and v, /a, — 0. In fact, in this case
the proofs can be simplified and the two conditions combined, and quantitative results
giving both direct and metastable rates of convergence have been crucial in numerous
different contexts. An early use of kind of recursive inequality was to extract rates
of asymptotic regularity for the Halpern iterations of nonexpansive self-mappings by
Leustean [41], and a particularly detailed discussion of variants of (14) is given by
Kohlenbach and Leustean [31]. There have been many further examples since: the
last years have seen numerous instances of (14) with combined conditions by several
different authors, including Cheval, Dinis, Kohlenbach, Leustean, Nicolae, Pinto, and
Sipos [9, 10, 13, 11, 12, 24, 33, 42, 43, 44, 46, 53].

Less common but perhaps more relevant to us are examples of the subclass considered in
Section 3.2 for 8, = ¥(u,) or B, = ¥(u,+1). Here rates of convergence closely related
to Corollary 3.18 or 3.20 have been applied in various different contexts. The main
variant 3, = ¢ (u,) was crucial in a recent paper by the second author and Wiesnet on
rates of convergence for generalized asymptotically weakly contractive mappings [50],
while the second variant 3, = ¥(u,+1) considered in Section 3.2.1 was initially used
by Kohlenbach and Kornlein [26] to extract rates of convergence for pseudocontractive
mappings. More recently, it has featured in the work of Kohlenbach and the second
author [34], where Corollary 3.20 is applied to obtain rates of convergence for algorithms
involving set-valued accretive operators, and Sipos [54], where the same result is used
in the context of jointly nonexpansive mappings. Both [34] and [50] will be discussed
in more detail in Sections 4.3.1 and 4.3.2 below.

4.2 Application of Case I: a quantitative analysis of a class of gradient
descent methods

We now give a new quantitative result that utilises Proposition 3.8 (in the form of
Corollary 3.11) in the context of gradient descent algorithms. As such, the content of
this section should be seen as a new contribution to applied proof theory in nonlinear
analysis, but we aim to present our work without assuming any technical background in
the area of application. Gradient descent algorithms have been the subject of case studies
in applied proof theory before, notably rates of metastability for a hybrid steepest descent
method was given by Kornlein [36] (which also appears as Chapter 8 of Kornlein’s
thesis [35]), who analyses a theorem of Yamada [58], and a quantitative analysis of a
subgradient-like algorithm was recently given by Kohlenbach and Pischke [48], who
extract computational information from a theorem of Iiduke and Yamada [18]. Our
contribution here, and in particular the concrete application on projective methods
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in Section 4.2.1, is separate to these (Kornlein considers a different algorithm, while
Kohlenbach and Pischke work in R"), but it would nevertheless be interesting to explore
any parallels between these approaches in future work.

To help motivate what follows, we first consider a simple example:

Example 4.1 (Gradient descentin R") Let f : R” — R be a convex, differentiable
function, and consider the usual steepest descent algorithm defined by

(15) Xnt1 = Xn — V[ (xn)
for some initial xp, where the step sizes {«,} satisfy:

o o
g a;j = oo and g a,-2<oo
i=0

i=0
Assuming that L > 0 is such that ||Vf(x,)|| < L forall n € N, by (15) we have:
(16) Hxn—i—l - an < Loy

Now, let x* be a point where f attains its minimum, ie f(x*) < f(y) forall y € R". A
basic property of a differentiable function f : R" — R being convex is that

(17) ) = fO) + (Vf(),x = y)
for all x,y € R", and therefore in particular
(18) 0 < flxn) — (") < (V) xn — x7)

for all n € N. Setting 3, := f(x,) — f(x*) we have
2003, < 2(nVf(xn), %, — x*) by (18)

=2(xy — Xpy1,X, — X*) by (15)
= ||z 1 — Xa||* 4 |Ixn — x*||* = ||xe1 — x*||* (properties of inner product)

< L2og + g = x%[2 = [lanrr — "> by (16)

(19)

and therefore the main recursive inequality () is satisfied with:

1 . 1
oy i= §||x,, —x*|* and 7, := ELza,%

Moreover, from )%, a? < oo we clearly have Y207 < oo and, using convexity of
f together with the Cauchy-Schwartz inequality and (16)

Bn - Bn-‘,—l = f(xn) _f(xn-l—l) < <vf(xn)7xn - xn+1>
< va(xn)H : Hxn — Xn+1 ” < Lzan
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and thus the assumptions of Proposition 3.7 are satisfied for § := L?. Therefore by the
conclusion of that proposition, it follows that f(x,) — f(x*), and moreover, using the
quantitative results of Section 3.1 we can produce a computable rate of metastability in
terms of suitable input data.

We stress that for the special case of gradient descent in R” sketched above, more direct
proofs of convergence are possible, with better rates of convergence. However, there
exist a number of much more general results whose proofs use Proposition 3.7 or its
variants in a crucial way, and in these cases, our quantitative results give us a means to
extract computational information from those proofs.

A concrete example of such a result will be considered in Section 4.2.1 below, but we
first give a new, abstract convergence theorem that axiomatises some key properties of
steepest descent used above, making precise what we need in order to be able to reduce
convergence to Proposition 3.7. Note that this result applies to an arbitrary real inner
product space, and does not explicitly introduce a gradient descent method. Instead,
this is implicit in the abstract properties that we require.

We start by motivating these abstract properties. Let f : X — R be a function for some
real inner product space X, {x,} and {u,} be sequences of vectors in X, and {«,}
a sequence of nonnegative reals, with the intuitive idea being that {x,} is generated
via some kind of gradient descent algorithm, where {u,} denotes the gradients of f at
points {x,}, and {«,} the step sizes; ie:

(20) Xnt1 = Xn — Qplty
Looking in more detail at our simple example, the precise definition of the algorithm is
used to establish two key properties, namely:
(M |Ixn1 — xull < Lay, (cf (16))
(H) <anun’xn - X*> = <xn — Xn4+1,Xn — X*> (Cf(19))

As we will see, we can replace (20) with general versions of these two properties,
namely

@ lxnt1 — x|l < cn
(b) <anun’xn - X*> < a<xn — Xn+1,Xn _X*> +dy,

for some constant a > 0 and sequences of nonnegative reals {c, }, {d,} with >.2°, ¢? <
oo and ) ;% d; < 0o, and still reduce the problem to an instance of (x). In a similar
way, the fact that u,, represents a gradient of f at x,, is only used to establish

f(xn) _f(Y) < <un7xn - y>
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and again, we will show that this can be generalised to incorporate an error term, ie

f(xn) —f()’) S <un7xn —)’> + bn

for some sequence of nonnegative reals {b,} with > >°) a;b; < co. We now use
these properties to present an abstract, quantitative convergence theorem for a class of
gradient descent-like methods, where we use Proposition 3.7 to establish convergence,
and Corollary 3.11 to provide a rate of metastability. We certainly do not claim that
this abstract version provides any kind of definitive characterisation of gradient descent
methods in inner product spaces: it simply gives an abstract presentation of a type of
convergence proof that utilises a specific reduction to (x). We give a nontrivial example
of how this can then be applied in a concrete setting in Section 4.2.1.

Theorem 4.2 Let X be a real inner product space with Y C X, and suppose that
f X — R isafunction. Let {c,} be a sequence of nonnegative reals with > > o; =
oo, and {b,},{cn} and {d,} sequences of nonnegative reals with >_°) a;b; < oo,
S Xoc? < oo and Y2, d; < oc. Finally, suppose that x* € Y, {x,} and {u,} are
sequences of vectors with x, € Y foralln € N, and a,p,0 > 0 are constants, which
satisfy the following properties for all n € N:
1) f(x*) <f(x,) (x* acts as a minimizer)
(i) f(xn) —fO) < (up,x, —y) + by, forall y € Y (u, acts as a gradient)
(i) ||Xn+1 — Xu|| < cu (x, acts as a gradient descent method, property 1)
(iv) (auun,x, — x*) < alxy — Xy41,% — x*) + dy (x, acts as a gradient descent
method, property II)
(v) |lun|| < p (gradients are bounded)
(vi) pcp+ b, < 0oy
Then f(x,) — f(x*). Moreover, if r is a rate of divergence for 2?20 «; = oo, and
b,c,d,K > 0 are such that

0o 0o 0o
Zaibl-gb, ZC%SC, Zdigda and HXO_X*HZSK
i=0 i=0 =0

then for all ¢ > 0 and g : N — N we have
dn < (g, ) Vk € [n,n + g)] (fxe) < f(x™) + €)

where: ~ ,
D(e, g) := 149/ D(0)

h(n) :=r (n + g(n), %) +1

alc + K)
e:=——7"

b+d
s tb
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To prove Theorem 4.2, we require the following lemma, which is a simple variant of a
standard rate of metastability for monotone increasing sequences.

Lemma 4.3 Let {b,} be a sequence of nonnegative numbers with ).~ b; < b. Then
a rate of metastability for Y ;> b; < oo is given by:

D(e,g) 1= g'(“’/‘ﬂ)(O) where g(n):=n+gn) +1

Proof Assume that the statement is false, ie there exist € > 0 and g : N — N such that

n+g(n)
Z bi > ¢ foralln < ®(e, g)

j=n

Then for any i < [b/e] we have §?(0) < ®(c,g) and thus, using that §?(0) +
g(@?(0)) = gtP(0) — 1, we have

g1

Z b, > ¢

J=89(0)

and so summing over all i < [b/e],

®(e,g)—1 [b/e]—1 (g+D©O)~1 [b/e]—1
SR Sl U SV P SRR R
i=0 i=0 j=8D(0) i=0
contradicting Y :° b; < b. ]

Proof of Theorem 4.2 Setting 3, := f(x,) — f(x*) and noting that 5, > 0 by (i), we
have

200, < 2(0utty, Xp — X*) 4+ 204b, by (i)
< 2a(xXy — Xpt1,%0 — X°) + 2(auby, +dy) by (iv)
= a(||xur1 — I + [0 — X1 = [[Xng1 — x*P) + 2(0nbn + dy)
< a(|lxy — x*||* = [[xnt1 — x*||?) + [acp + 2(anby + dy)] by (iii)

21

where the third line is by a routine calculation and standard properties of real inner
products, and therefore (x) is satisfied for:

2

a . ac
= EHX” —x*|*> and 7, := 7” + anby + dy
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In particular, it follows that:

[e.e] o0
i <po+ Y 7
i=0 i=0

o0 2
a N ac
22) =Sl — P+ <2 +anbn+dn>
i=0
aK ac
< — —_ =
=5 + > +b+d=:¢

We also have
Bn = Brp1 = f ) — fnt1)

< (un, Xp = Xn1) + bu by (i)

< ||tn||||Xn — Xn+1]| + by Cauchy-Schwartz

< pcy + b, by (ii) and (v)

< fay by (Vi)
therefore the conditions of Proposition 3.7 are satisfied for {/3,} defined as above, and
thus f(x,) — f(x*) — 0. To get the rate of metastability, we apply Corollary 3.11 (b).
Since Y ) aifi < e, by Lemma 4.3, rate of metastability for > >°) ;3 < oo is
therefore given by

(e, h) := hl/c10) where h(n):=n+ h(n)+ 1

for e as defined in (22) above, and therefore by Corollary 3.11 a rate of metastability
for f(x,) — f(x*) — 0 is given by

)
P =V (—h
(¢,8) ( 10’ )
where h(n) = r(n + g(n),e/20) — n. Unwinding the definitions gives the result. O
Remark 4.4 A rate of metastability for { f(x,)} in the special case of gradient descent
in R" as sketched in Example 4.1 can be read off from Theorem 4.2 by setting

e:=(L+K)/2 and 0 := L?, though as emphasised already, alternative proofs for this
simple case will yield better quantitative information.

4.2.1 An application for projective subgradient methods

We now use our abstract theorem to give a quantitative version of a result by Alber,
Iusem and Solodov [4], where convergence f(x,) — f(x*) for a generalised subgradient
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method {x,} towards a minimizer x* of f is established, and then used to prove weak
convergence of {x,}. We provide a rate of metastability for { f(x,)}, and conjecture
that similar results on projective subgradient methods, eg [3, 4, 14, 45] could also be
reduced to Theorem 4.2 (or a simple variant thereof), although we leave the details to
future work.

Suppose that H is a real valued Hilbert space, C C H a closed, convex subset of H,
and f : H — R a convex and continuous function. The e—subdifferential of f at x € H
is defined by

0 () := {u € H|f(¢) —f®) > (u,y —x) —e forall y € H}

with the case ¢ = 0 coinciding with the usual subdifferential 0f (x). Letting Pc : H — C
be the orthogonal projection of H into C, Alber et al consider the following algorithm:

(23) Xnt1 = Pc <xn - 10/4nun> for u, € 0, f(x,) with u, #0

n

where {,} satisfies Y ooqa; = oo and Y :°qa? < oo, {e,} is a sequence of
nonnegative error terms with €, < pa, for some p > 0 and v, := max{1, ||u,||}. The

algorithm halts if 0 € J;, f(x,) at any point.

Theorem 4.5 (Alber, Iusem and Solodov [4, Lemma 1 and Theorems 1 and 2]) Let
x* € C be a minimizer of f on C, and suppose that {x,} is an infinite sequence
generated by the algorithm (23), whose components satisfy all of the properties outlined
above. Suppose that p > 1 is such that ||u,|| < p for all n € N. Then f(x,) — f(x*).
Moreover, if r is a rate of divergence for Z;’io «a; = oo and L, K > 0 are such that
Yo <L and ||xg —x*||* < K, then forall ¢ > 0 and g : N — N we have

In < ©(e,8) Vk € [n,n+ g (flx) < f(x") + &)

where:
(e, g) = HI/=D0)

h(n) :=r (n + g(n), 26—9) +1

L+K
e::¥+(u+2p)L
0:=p+u

Proof We show that conditions (i)—(vi) of Theorem 4.2 are satisfied, using details from
the proof of Lemma 1 of [4], and the result then follows. Condition (i) holds because
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x* is a minimiser of f on C and x, € C for all n € N. For (ii) we use the definition of
the subgradient: since u, € O, f(x,), for any y € C we have

f(xn) _f(.Y) < <un;xn _y> +eéen < <un7xn _y> + pay,
using €, < pay,, and so the property holds for b, := pa,, with Zioio a;b; < ul. To

establish condition (iii), setting z, := x, — (@, /Vy)u, we have

o
(24) ”xn—i-l _an = ||PC(Zn) - PC(xn)” < ||Zn _an = f"’/ﬁz” < a,

n
using properties of the orthogonal projection (cf Proposition 3 (i) of [4]) and ||u,|| < v,
and so property (iii) holds for ¢, := o, and Z?io c? < L. For (iv) we first observe that:

(6%
7n<unaxn - X*> = <xn _X*,xn - Zn>
n

(25) = <xn — X" Xy — xn+1> + <xn - X*vxn—l-l - Zn>
= <xn - x*yxn - xn+l> + <Zn — XnyZn _xn+1> + <x* — Zns3n _xn+l>
By properties of the projection (cf Proposition 3 (ii) of [4]), we have
<Zn *X*,Zn - PC(Zn)> >0
and using P¢(z,) = x,41 we have
<X* — Zny<n _xn+1> = _<Zn —X*,Zn - PC(Zn)> <0
and therefore from (25), also using that v, < max{1, p} < p, we have
26) (ot Xn — X*) < p ((xn — X, X0 — Xpp1) + (20 — Xn, 20 — Xng1)) -
Finally, we see that:
<Zn — XnyZn *xn+1> = <Zn — Xnyin — xn> + <Zn — Xny, Xn — xn+1>
<lzn — anz + llzn = xullllxn — Xnt1 ]
< 2|z —xl* by 24)
202

< n 2
<23

<2a? since ||uy|| < v,
Substituting this into (26), we have
2
(i, xn — x*) < p(xy — X*, % — Xp1) + 2pcy;,

and so (iv) is satisfied for a = p and d, = 2pa? with Y i2odi < 2pL. Finally,
(v) is holds by assumption since ||u,|| < p, and (vi) holds since pc, + b, = (p +
way, . Applying Theorem 4.2 with the relevant parameters, ie (a,b,c,d,p,0) =
(p, L, L,2pL, p, p + ), gives us the result. a
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Remark 4.6 The proof of Theorem 1 of Alber, lusem and Solodov [4] uses Proposi-
tion 3.7 for 3, := f(x,) — f(x*), establishing that Z;ﬁo «;3; is bounded and therefore
B, — 0. By Theorem 3.6, there is in general no way of obtaining a computable rate
of convergence from a bound on ) _;°, o;3; (rather a computable rate of convergence
on the series is needed). The difficulty of reading off rates of convergence from their
proof of the whole sequence {x,} rather than just a subsequence {x,, } is alluded to
by the authors in [4], who write, in the final paragraph: “This result does not give any
information on the asymptotic behaviour of { f(xy)} outside the subsequence {x'*}”.
Theorem 3.6 gives a formal explanation as to why reading off a quantitative information
on the whole sequence is difficult, although we are able to provide information on the
behaviour of {f(x)} in the form of a rate of metastability. We stress that this does
not mean that an alternative proof technique would not yield a computable rate of
convergence, at least in special cases.

Remark 4.7 Note that in [4], technically the existence of some p > 0 satisfying
||lun|| < p forall n € N follows by establishing that the {x,} are bounded, and then
using an additional boundedness assumption for the subgradient, namely that 0. f is
bounded on bounded sets.

4.3 Application of Case II: a survey of recent applications of Section 3.2

Having given a new case study which uses, in a crucial way, results of Section 3.1, we
conclude this section on applications of the results of Section 3 with a brief discussion
of how quantitative results pertaining to the second condition ~,/c, — 0, discussed in
Section 3.2, have been used recently in different contexts.

4.3.1 Mann schemes for asymptotically weakly contractive mappings

An illuminating example of how the main recursive inequality (%) with the second
convergence condition ~,/c, — 0 can be applied is given by considering a slightly
generalised notion of the class of 1)—weakly contractive mappings already discussed
in Section 2.1. Convergence becomes more interesting when one is confronted with
asymptotic variants of these mappings, which become weakly contractive in the limit.
A simple example is the following generalisation of the original scheme (2):

17" = T < [lx = y[| = &(|}x = y[D) +

where {/,} is some sequence of nonnegative reals converging to zero, and we recall that
1) is a nondecreasing function with (0) = 0 which is positive and (0, c0). One can
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show in a very general setting that whenever x* is a fixpoint of 7', the Krasnoselki-Mann
scheme (3) converges to x* for any step sizes {«,} with > °; «; = co. Indeed, for
the simple example above, we see that

[n+1 = x| = [[(1 = cn)xn + uT"x, — X7
= [[(1 — an)xn — x*) + an(T"x, — x7)|
< (1 = ap)||xn — x| + || T"x, — T"x™||
< (= ap)|xn — x| + an(llxn — x| = ¥([lxn — x*[) + 1)
= |lxw = x*|| = cntp(flxn — X)) + anln
which is an instance of () for p, := ||x, — x*||, By := ¥(||x, — x*||) and 7, := ayl,.
Moreover, we have 7, /a, = I, — 0 and

&ZMW)S@ == <€
by monotonicity of 1 (cf Example 3.15), and so Corollary 3.18 can be applied to
produce a rate of convergence for x,, — x*, assuming we have one for /, — 0. This
corollary can in fact be utilised in a much more general setting to produce abstract
quantitative convergence results for classes of weakly contractive mappings. The
following is an example from a recent paper by the second author and Wiesnet [50],
where weakly contractive mappings are discussed in much more detail:

Theorem 4.8 (cf Theorem 4.1 of [50]) Let X be a normed space with E C X, and
suppose that {A,} is a sequence of mappings A, : E — X, and ¢ : [0, 00) — [0, 00) a
nondecreasing function with ¢(0) = 0 which is positive on (0, c0). Suppose that {k,}
is some sequence of nonnegative reals and o : (0, 00) x (0, 00) — N a modulus such
that {A,} satisfies

lx =X <b = [JApx —x7|| < (1 + k) llx = x"[| = ¥(flx = ") + 6
for all 6,b > 0 and n > (0, b). Suppose in addition that {x,} is a sequence satisfying
(27) Xnp1 = (I — ap)xy + apApxy

where {,} is some sequence in (0, ] such that "7 ) o, = oo with rate of divergence
r and d > 0 is such that H?:O(l + ak;) < d forall n € N. Then whenever there exists
¢ > 0 such that ||x, — x*|| < ¢ for all n € N, we have ||x, — x*|| — O with rate:

B(e) :zr(a (Zldmin{w (Zid) Z}c) ’2d/5:2411ft)> +1
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The rate of convergence stated here uses Corollary 3.18, though in a slightly refined
form using monotonicity of i to replace the second argument of r with an integral.
This instance of Corollary 3.18 is given as Lemma 3.1 in [50]. Much more sophisticated
results, also using Corollary 3.18 in this way, are also given in [50]. A related case
study by Kohlenbach and Koutsoukou-Argyraki [28] explores a KM algorithm in the
slightly different setting of nonexpansive semigroups.

4.3.2 Computing zeroes of set-valued accretive operators

In our final illustration, we give an instance of how the modified conditions set out in
Section 3.2.1 can be used to produce rates of convergence for algorithms computing
zeroes of set-valued accretive operators. Let X be a Banach space and X* its dual space.
The normalized duality mapping J : X — 2% is defined by:

e {; . 2 12
J(x) := {j € X" | (x,j) = [Ix[I” = lI"}
An operator A : D — 2% is said to be accretive if for all x,y € D, if u € Ax and v € Ay
then there exists some j € J(x — y) such that (u —v,j) > 0. A notion of uniform
accretivity was introduced by Garcia-Falset in [17], where A is said to be uniformly
accretive if there exists some nondecreasing ¢ : [0, c0) — [0, c0) with ¢(0) = 0 and

¢ positive on (0, co) such that whenever u € Ax and v € Ay then there exists some
j € J(x — y) such that

(w—v,j) > o(|lx =y
For such operators, if there exists x* € D such that 0 € Ax*, we can show that the
following algorithm
Xpp1 = Xp — ity for u, € Axpq

for > 7%, a; = co converges to x*. Suppose that K > 0 be such that ||x, —x*[| < K
for all n € N. Since 0 € Ax* and u, € Ax,41, we know that there exists some
J € J(xp41 — x*) be such that (up,j) > &(||xy+1 — x*||). We then have

1 = 2% = (a1 —27j) by j € JCmgr —x7)

= (o — %", J) — an(un,j) DY Xnp1 = Xn — Qnity

<t = s — 50— @) sinee [jl] = [bonsr — ]

<l = x| - (|1 = X = cnd([|xn1 — x¥[]) usingj € Jp1 — x%)

< D = 2150 — 51 = @bt — /KD by s — )| < K

and therefore:

g1 = X7 < flxn = x| = and([[xns1 —x7|D/K
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Defining p, := ||x, — x*|| and S, := &(||xp+1 — x*||)/K, these then satisfy (%) for
v, = 0. Moreover, similarly to the previous section, we have

Bn = QZ)(,UWH-I)/K < ¢(5)/2K = fpr1 <€

and so we can apply Corollary 3.20 to obtain a rate of convergence. Much more
sophisticated results are possible, which use the full power of Corollary 3.20 with ~,
defined as some nontrivial error term. For example, we could replace the algorithm
above with a perturbed scheme of the form

Xnt1 = Xp — Quuty, for u, € Auxp4

where {A,} is some sequence of accretive operators which approach A in the Hausdorff
metric. Similar calculations along the lines of the above give rise to an instance of (x)
where 7, represents some error between A,x,1 and Ax, ;. A series of quantitative
results along these lines are given by Kohlenbach and the second author [34] and
Koutsoukou-Argyraki [37], using a so-called modulus of uniform accretivity at zero
defined by Kohlenbach and Koutsoukou-Argyraki [27] in place of the function ¢.

Remark 4.9 A variant of Corollary 3.20 was first used by Kohlenbach and Kérnlein
in [26], and more recently by Sipos [54]. Both of these provide additional examples of
how quantitative lemmas based on the second variant of Case II can be used in applied
proof theory.

S A note on implementation in the Lean theorem prover

As we have emphasised throughout, numerous convergence theorems in nonlinear
analysis rely in a crucial way on the convergence properties of sequences of real
numbers satisfying recursive inequalities. As mentioned at the beginning, a recent
survey encompassing a multitude of such inequalities (including those studied here) has
been recently published by Franci and Grammatico [15]. In line with this, numerous
quantitative results in applied proof theory rely on a quantitative analysis of the relevant
recursive inequality, a partial account of which is provided by this paper.

While the formal proof interpretations that underlie applied proof theory, such as the
Dialectica interpretation, have been implemented in a number of theorem provers (most
notably the Minlog system?), the majority of implementations tend to focus on the use
of such translations as a verification strategy. In comparison, very little has been done on

*https://www.mathematik.uni-muenchen.de/~logik/minlog/
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formalizing concrete applications of proof theory in mathematics, though the potential
benefits of creating formal databases of “proof-mined” proofs have been suggested by
Koutsoukou-Argyraki over the past few years, and are nicely outlined in her recent
article [38].

Significant progress on this front has been made in the last year or so by Cheval, who
has developed several libraries in the Lean theorem prover,> which implement not only
the core logical techniques like the Dialectica interpretation, but also some logical
metatheorems and quantitative results from his paper with Leustean [9], which includes
the use of recursive inequalities to establish convergence.

In parallel, the authors of this paper also have started building a Lean library,* the aim
of which is to focus on recursive inequalities and the associated quantitative results.
Formalizing these results is straightforward in the sense that they do not rely on extensive
libraries of formal mathematics — indeed, most of the ordinary convergence results
require little more than the ability to reason about sequences and series of real numbers.
At the same time, such a library is clearly useful for the formalization of both nonlinear
analysis in general and the corresponding proof theoretic applications, as it takes care of
a core component of the normally much more complex convergence proofs in concrete
settings. Moreover, in addition to the obvious value of having a range of core lemmas
implemented, one could conceivably develop automated methods which attempt to
generate recursive inequalities from given assumptions, and then automatically infer
convergence properties, along with numerical bounds. While the development of
such automated reasoning algorithms is independent of formalisation, the existence
of a formal library facilitates the testing of these algorithms, which could in turn be
incorporated as tactics into the proof assistant itself.

Our own formalisation effort is currently in an early stage. Several convergence proofs for
simple recursive inequalities have now been implemented, and some key constructions
from computable analysis have been formalized (such as Proposition 2.3), making use
of Lean’s computability libraries, and some well-known rates of metastability, such as
that for monotone bounded sequences, have been verified.

6 Concluding remarks

It is hoped that this paper has provided not only a thorough quantitative study of an
important class of convergent sequences, but has also demonstrated the applicability of

*https://github.com/hcheval
*https://github.com/mneri123/Proof-mining-
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such results in analysing proofs in different areas of nonlinear analysis. We conclude
by outlining some open questions.

An obvious direction for future work is a more in-depth proof theoretic study of
subgradient type methods. There are numerous extensions of Alber, lusem and
Solodov [4], many of which use variants of Proposition 3.7, and so the results of
Section 3.1 could potentially be used to produce rates of convergence or metastability
in different settings. For example, Alber and Tusem [3] establish convergence results
for subgradient methods in uniformly convex and uniformly smooth Banach spaces,
and we anticipate that our quantitative lemmas could be applied to extract quantitative
information which would depend on the corresponding moduli of convexity and uniform
smoothness.

A much broader challenge would be to explore further types of recursive inequalities,
which have been nicely organised and classified by Franci and Grammatico [15].
Particularly interesting here are stochastic recursive inequalities, which establish
almost sure convergence of real-valued random variables, and in addition to standard
methods used to prove convergence of sequences of real numbers, make crucial use of
Martingale convergence theorems. Here we anticipate we could use recent work on
formulating metastable variants of almost everywhere convergence by Avigad, Dean
and Rute [6], along with numerical results on upcrossings as used in Avigad, Gerhardy
and Towsner [7].

Finally, as already alluded to above, work on formalizing convergence results for
recursive inequalities in theorem provers raises a natural question of whether one can
devise algorithms for reducing concrete convergence statements to a particular recursive
inequality, thereby generating a convergence proof automatically. In practice, the
reduction often involves little more than the systematic application of basic algebraic
operations along with standard facts about norms or inner products, and it is conceivable
that for a given method {x, } converging towards some point x*, a search algorithm could
potentially generate recursive inequalities satisfied by ||x, — x*||, thereby providing an
automated method for proving the convergence of numerical algorithms, along with
quantitative information in the form of a rate of convergence or metastability. The latter
would form an instance of the general program of formalised applied proof theory as
outlined by Koutsoukou-Argyraki [38].
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