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ABSTRACT. In this work, we give a presentation of the so-called Harthong-Reeb line. Only based
on integer numbers, this numerical system has the striking property to be roughly equivalent to the
continuous real line. Its definition requires the use of a natural number w which is infinitely large in
the meaning of nonstandard analysis. Following the idea of G. Reeb, we show how to implement in
this framework the Euler scheme. Then we get an exact representation in the Harthong-Reeb line
of many real functions like the exponential. Since this representation is given with the help of an
explicit algorithm, it is natural to wonder about the global constructivity of this numerical system. In
the conclusion, we discuss this last point and we outline some new directions for getting analogous
systems which would be more constructive.

RESUME. Dans ce travail, nous donnons une présentation de la droite dite d’Harthong-Reeb. Il s'agit
d’'un systeme numérique uniqguement basé sur les nombres entiers et dont la propriété frappante
est qu'il est a peu prés équivalent a la droite réelle continue. Sa définition nécessite I'utilisation
d’'un nombre naturel w qui est infiniment grand au sens de I'analyse nonstandard. Suivant I'idée de
G. Reeb, nous montrons comment on peut implémenter le schéma d’Euler dans ce cadre. Alors, on
obtient une représentation exacte dans la droite d’Harthong-Reeb de nombreuses fonctions réelles
comme la fonction exponentielle. Puisque cette représentation est donnée au moyen d’'un algorithme
explicite, il est naturel de s’interroger sur la constructivité globale de ce systéme numérique. Dans la
conclusion, nous discutons ce dernier point et nous esquissons de nouvelles directions pour obtenir
des systémes analogues dotés d'une meilleure constructivité.

KEYWORDS : nonstandard analysis, arithmetization, Euler scheme, discrete line, constructive math-
ematics.

MOTS-CLES : analyse nonstandard, arithmétisation, schéma d’Euler, droite discréte, mathématiques
constructives.
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1. Introduction

The first goal of this paper is to give an idea of some of the works which have been
done, mainly during the eighties and the first half of the nineties, in a part of the french
school of nonstandard analysis on the matter of computation in analysis with integers
numbers using the framework of the so called Harthong-Reeb line. The initiators of this
theme are undoubtedly G. Reeb and J. Harthong. These two leading figures wanted to
define and to experiment a new way of designing the mathematical continuum with the
strong feature of using only integer numbers [14, 15]. This project was partly based
on a philosophical analysis which is not fully developed here [16, 32, 22, 41]. In addi-
tion to G. Reeb and J. Harthong, the main protagonists were J.P. Reveilles, A. Troesch,
E. Urlacher, M. Diener and H. Holin [36, 37, 38, 34, 10, 17]. For the most part, our
presentation will follow the works of the preceding authors. However, we have added
some explanations, terminologies or developments in order to clarify certain points. On
the other hand, we do not claim to reflect all the works which have been done in this
direction.

The second goal of this study is to show that the scientific interest of this topic is still
relevant. Actually, the Harthong-Reeb line is a transition space between the discret line
Z and the continuous line R. Thus, this space is a kind of paradigm which occupies an
important place in the context of a general study of scaling transformations. Moreover, the
Harthong-Reeb line is also an alternative theory of the real line with the striking property
that the basic elements of this space are integers numbers. Since computations are easy
and sure with integers, an interesting question is to measure to what extent this concept is
really constructive. At the frontier of computer science and mathematics, a research team
composed of E. Andres, L. Fuchs and G. Largeteau from Poitiers University, A. Chollet
and the author from La Rochelle University is currently working on this issue [13]. The
present paper is also a consequence of this collective work.

The basic remark leading to the Harthong-Reeb line is that the discret space Z seen
from afar looks like the real line R. Forcefully expressed by J. Harthong !, this point of
view gave birth during the eighties to a scientific program about a new representation of a
continuous line. The main idea is that it is sufficient to perform a strong metric contraction
on the arithmetic of integers to get a numerical system which is equivalent to the system of
real numbers. The expected benefits are: 1) safety and speed for computation on integers
without using uncontrolled floating numbers, 2) the meeting of discret and continuous
aspects in a single space.

Obviously, this program is based on the use of nonstandard analysis (NSA). Indeed,
it is well known? that, when dealing with a problem involving real numbers, one of the
most significant contributions of NSA is the fruitful possibility of translating the contin-
uous initial problem into a discrete and finitely presented one. However, there is a high
specificity of the program of the Harthong-Reeb line relative to the usual practice of NSA:

— the purpose is not to use a finite discretization as an auxiliary tool for resolving a
continuous problem but to replace completely classical real numbers by integers;

— consequently, only a minimal form of nonstandard analysis is sufficient.

1. R, c’est Z vu de loin.
2. For those who have really tried to see what is nonstandard analysis.
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2. A Minimal Form of Nonstandard Analysis

Among the different presentations of nonstandard analysis, the people close to Reeb
has generally preferred the axiomatic version of Internal Set Theory due to E. Nelson [28].
One advantage of this approach is that it is possible to weaken the nonstandard addition
in order to get simple axioms perfectly suited to some purpose. That is what we do in
this study. In the spirit of some works of Nelson or Lutz [29, 23], we perform a syntactic
forcing of the theory of integer numbers by introducing a new predicate lim on elements
of Nand Z: lim(X) reads “the number X is limited". This predicate is external to the
usual theory of integer numbers and its ultimate meaning derives from the following rules.

LIM1. Thenumbers1 islimited.

LIM2. The sumand the product of two limited numbers are limited.

LIM3. Therearenon limited integer numbers.

LIM4. Forall (X,Y) € Z?,if X islimited and |Y'| < | X|, then Y islimited.

For reading conveniences, we introduce the following notations:

-vimX F(X) is an abbreviation for VX (lim(X) = F(X) which can be read as
“for all limited X, we have F'(x)".

—-3lm X F(X) is an abbreviation for 3X (lim(X) A F(X) which can be read as
"exists a limited X such that F/(X)".

Here we have to insist on the fact that these rules are added to every classical property
(axioms or theorems) over integer numbers. Everything that was classically true remains
true. We simply improve the language by a syntactic enrichment. These rules imply that
N splits into two classes: the class Ny;,,, := {0, 1, ...} of natural limited numbers (stable
by arithmetical operations), and the class N . ., of natural non limited numbers. Moreover,
a non limited natural number is bigger than every limited natural number. Thus, the non
limited natural numbers are said infinitely large. In the same way, the set Z splits into
three classes: the class Zy;,, of limited integers, the class Z . := N4 and the class

— = —Nj . In the following figure, w denotes an arbitrary infinitely large natural
number.
—w 0 w
Li—o Ziim L oo

Figure 1. Different orders of magnitude on Z

Lets us add some technical but important remarks. A mathematical property or for-
mula which does not contains the new predicate lim is called an internal formula. For
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example, the formula X + 1 > X is internal. An internal formula is therefore a classi-
cal formula on numbers. In contrast, an external formula uses explicitly the new pred-
icate lim; for example, lim(X) or V'™ X, Y < X are external formulae. Since ev-
erything that was true remains true, for all internal formula P(X), we can build the set
P = {X € N; P(X)} which possesses the classical properties of subsets of N; for ex-
ample, if the set P is not empty and bounded above, then P has a maximal element. This
is no longer true for an external property; for instance, if we consider the external prop-
erty lim(X), the collection Ny;,,, = {X € N; lim(X)} of limited natural numbers is a
non empty and bounded above; nevertheless, this collection cannot have a bigger element
since X + 1 is limited for all limited X. A collection of numbers defined by an external
property which cannot be a set of numbers in the classical meaning is called external set.
Hence, Ny;,, is an external part of N. The radical difference between internal and external
properties is not just a formal limitation because it gives birth to a new mathematical tool
called the overspill principle.

Proposition 1. (Overspill principle) Let P () be an internal formula such that P(n) is
true for all limited n € N. Then, there exists an infinitely large v € N such that P(m) is
true for all natural numbersm suchthat 0 < m < v.

Proof. Thecollection A = {X € N; VY € [0, X]| P(Y)} is ainternal set (i.e. a classical
set) containing Ny;,,,. Since Ny;,,, is an external set, the inclusion Ny;,,, C A is strict and
leads to the result. O

In the same way, the application of an inductive reasoning on an external formula can
be illegitimate. For instance, O is limited and X + 1 is limited for all limited X € N.
Nevertheless, we see from (LIM3) that not all integers are limited. To improve the power
of our nonstandard tool, it is necessary to add a special principle for external induction.
Nevertheless, a feature of the works we are going to present is that we do not really need
this kind of new rule®. Accordingly, we will only use the four axioms LIM1, LIM2, LIM3
and LIM4. The last rule will be laid down in an appendix.

3. Exporting the different scales on R

Thanks to the predicate lim, we can define some new scale concepts on R.

Definition 1. Let = bereal number. e say that:

1) z islimited incase 3"n e N |z| < n;

2) x isinfinitely large incase V!""n € N n < |z|.
Notation: z ~ oo (z ~ +ooifz > 0andx ~ —oco if z < 0);

3) « isinfinitely small in case V'""n € N\ {0} |w| < 2.
Notation: = ~ 0;

4) x isappreciable in case z is neither infinitely small nor infinitely large.
As a consequence, 0 is infinitely small, 1 is appreciable and we have the following
immediate properties:

3. A rule on external induction is useful for convergence or completeness properties. For instance,
we need this tool in [13] in a proof about the constructive least uper-bound principle.
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— z appreciable < 3™k e N\ {0} ; <z < k;
—z~0sz=00rz"! ~ oco;
—zx~0and|2'| < |z| = 2’ ~0;
—x~ocoand |z| < |2/| = &’ ~ o0;
-z limited and |z’| < |z| = « limited;
—x ~0andy appreciableand z ~ co = |z| < |y| < |z].
Moreover, if Z,, denotes an arbitrary infinitely small number, A, an arbitrary apprecia-

ble number, L;,,, an arbitrary limited number and Z;,, an arbitrary infinitely large number,
we have the following symbolic algebra:

Zomn +Zsm = Zom Tom + -App = -App Iimn+Tie = Lo
App + App = L:zm App + Ila = Ila Ila + Ila - ?
Ism X Ism = Ism Ism X App = Ism Ism X Ila = ?
App X App = App App XTLie = Tia

Definition 2. Given z,y € R, we say that they are infinitely close and we note z ~ y in
casex —y ~ 0.

It is clear that this binary relation ~ is an equivalence relation on R. For z € R, its
equivalence class for ~ is the external set Hal(z) := {y € R ; = ~ y} also called the
halo of x.

We also introduce the external set of limited real numbers
Riim = {z € R; z limited}

and the numerical system of limited real numbers (R;;,,, ~, <, +, x, 0, 1) where the rela-
tion < is defined by
xSy <= x<yorx=~y.

~

4. The Harthong-Reeb line as a numerical system

Forz € R, let | =] be the integer part of « defined by
lz] € Zand |z| <z < [z|+1
and let {z} := x — || be the non integer part of x, so that

0<{z}<landz = |z] + {z}.

Once and for all in this section, we choose an element w € N such that w ~ 4oc.
Now, our purpose is to define a new numerical sytem equivalent to the preceding one
(Ryim, ==, <,+, x,0,1) but such that all the elements are integers and in which w is the
new unit: the Harthong-Reeb line. Firstly, we will introduce the underlying set HR .,
secondly we will define the equality =, the order relation <., and finally the algebraic
structure (+., X). We have chosen a relatively formal presentation of the Harthong-

Reeb line 4 which is close to the one given by M. Diener [10].

4. Much more formal that the usual style of Reeb and Harthong.
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Definition 3. The set of integerslimited at the scalew is

HR, ={X€Z;F"neN |X|<nw}.

It is clear that HR, is an external subset of Z.

Definition 4. On the set HR,,, we introduce the two following binary relations:
—the equality at the scale w defined by

VX,YEHR, X=,Y <= V'™pneN nX-Y|<uw;

—the order relation at the scale w defined by
VX, YeHR, X <,Y <<= X<YoX-=,Y.

Proposition 2. Therelation =, isan equivalencerelation on HR .

Proof. We just show that =, is transitive. Let X, Y and Z € HR,, suchthat X =, Y
andY =, Z. Then, for every limited n € N

n|X —Y|<wandn|]Y — Z| <w
thus n| X — Z| < 2w. Taking n = 2m, we get

Vimm e N m|X — Z| < w.

Proposition 3. For all X, Y € HR,,,wehave X <, Y ifand onlyif
vimp e N n(X-Y)<w

Proof. Suppose that X <, Y, thatistosay X <Y or X =, Y. If X <Y, then for all
limited n € Nwe have n(X —Y) <0 <wandif X =, Y, then for all limited n € N
we have n(X —Y) <n|X - Y| <w.

Suppose now that n(X —Y) < w for all limited » € N. Then, we have X <Y or
X > Y and this last case, X — Y = |X — Y| and thus n| X — Y| < w for each limited
n €N O

Proposition 4. Therelation <, is an order relation relatively to the equality =, at the
scalew, that isto say:

(1) VX e HR, X <, X;

@ VX, YeHR, X<, YadY <, X = X =Y,

R VX, Y, ZeHR, X<, YadY <, 7 = X <,Y.

Proof. We just give the proof of (3). From the hypothesis, we know that, for every limited

n € N,wehave n(X —Y) <wandn(Y — Z) < w, thus n(X — Z) < 2w. Taking
n = 2m, we get m(X — Z) < w for every limited m € N. O
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Remar k Usually, when we have an equivalence relation such as =, on HR, or ~ on
Ry:m, we consider the associated quotient set in order to replace the initial equivalence
relation by the absolute equality on the equivalence classes. It turns out that this usage
is not so good and that it is technically simpler to keep the initial equivalence relation.
Common in constructive mathematics and theoretical computer sciences, this point of
view avoids to create too much new objects. Moreover, in our situation, we are dealing
with external sets and the meaning of the associated quotient sets is not clear.

We are now going to introduce the pertinent algebraic operations on HR .

Definition 5. The sum at the scale w isthe operation 4, on HR, identical to the restric-
tion of theusual suminZ

VX,2YEHR, X+,Y =X+Y.
The multiplication at the scale w isthe operation x ,, on HR,, such that

VXY € HRy X xoY = {EJ
w

Let us also introduce the following notations:
-0, :=0and 1, := w (both belonging to HR.,,);
—Foreach X e HR, —. X :=—-X;

2
— Foreach X € HR,, suchthat X #, 0, XD« .= {%J
Then, we get the following algebraic properties.

Proposition 5. For every X, Y, Z € HR,,, we have:

(1) X +,Y € HR, and X x,, Y € HR,;

(2) —oX € HR, and X “De € HR,, if X £, Oy

B) X4,V =Y+, Xand X x,YV =Y x, X;

@ (X +oY) 40 Z =X 40 (Y 4o Z) and (X xo, V) X0 Z =0 X %o (Y %0 Z);
(5) X 4,0, =Xand X x 1, = X;

(6) X +, —wX =0,and X x, XDe = 1,

Proof. Regarding the sum operation, these properties are trivial. For the product opera-
tion, we just have to use systematically the decomposition of any rational number into the
sum of its integer part and its fractional part. For instance, let us consider the justification
of the point (4) for the multiplication.

From the definition, we get (X x., Y) x,, Z = || £X] £|. Using several times the

w

decomposition U = |U| — {U} with 0 < |U| < 1, we obtain

ooxvy ez = |UE|(XVZY (X047 (X0 2y
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Since Z € HR.,, there is a limited n € N such that |Z| < nw. Hence, we have

()-8 e

. . XYZ . .
Since n + 2 =, 0, we obtain (X %, Y) x, Z) =, 5 J It is clear that a similar
w
. XYZ
treatment would give X x,, (Y x, Z) =, { 5 J O
w

It is easy to see that the relation <., the operations +,,, x. and the applications
X — —,Xand X — XDe (for X #, 0,,) are extensional relatively to the equality
=,. That means that, for X, X', Y, Y’ € HR, suchthat X =, X’ andY =, Y’, we
have

-X<,Y = X' <Y
- X+,Y =, X'+, Y and X x,Y =, X' x,Y";
- —wX =, X' and X“De = XD (for X #£,, 0,).
It is now the time to give our formal definition of the Harthong-Reeb line.

Definition 6. The numerical system (HR,,, =w, <w, +w, Xw) IS called the Harthong-
Reeb line.

X X+1

I | Z
1

X X+1

: : HR.,
1/w

X/w~(X+4+1)/w
— Riim

Figure 2. Z, HR. and Ry,

That concept explicitly depends on a parameter w € N such that w ~ +o00. Although
the elements of HR ., are integers, we are going to see that the Harthong-Reeb line is
equivalent to the system of limited real numbers (R, ~, <, +, x) where z < y means
(x <y)or(z~y).

Since, for every X € HR,, and = € Ry;,,, we have X/w € Ry;p, and |wz] € HR,,
we consider the two maps

0o  HRo — Rupm and Yo @ Rym — HRo
X - Xw xr  —  |wz]

While ¢, is clearly additive (Z-linear), it is not the case for v,,. This is the source of
some technical difficulties not always well treated in the litterature.

Then, forevery X, Y € HR,, and = € Ry;,,,, we have the following properties:
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—X <Y = pu(X) SeuY);
= Pu(X +uY) = pu(X) + 9o (Y);
~Pu(X X0 Y) >y, (X) x 9o, (Y);
- ¢u(0,) ~ 0and <pw( w) =1;
-X=Y & ¢,(X)~ep,(Y);
Yy € Ry 3IX € HRY  wu(X) ~u;
=y 0 pu(X) =, X and @, 0 P, (x) ~ x.

These properties are summarized by saying that ¢, is an isomorphism from the system

(HRw, =w, <w, tw, Xu) tothesystem (R, ~, <, +, x) and that ¢, istheinverse iso-
mor phism.

12
pr il

5. The arithmetization of Euler scheme

Since the two preceding systems are equivalent, it is theoretically possible to define on
the Harthong-Reeb line an equivalent discrete notion for any continuous concept defined
on Ry;m,. For instance, each limited real number a is represented by ¢, (a) = |wa] in
HR,,. Similarly,amap f : z — f(z) defined on a part of R;,,, and with values in R;;,,,
is represented by themap F : X — F(X) := |wf(X/w)] defined on a part of HR ., and
with values in HR .

HR, —X s MR,

o | [w

f
]Rlim — IRlim

For a two variables map ¢ : (z,y) — g(z,y) the same process gives the discrete equiva-
lentG: (X,Y) — |wg(X/w,Y/w)].

The main disadvantage of this direct arithmetization method is that it is based on the
real numbers on which the calculations are made before coming back to HR .,. On the
contrary, our purpose is to stay in the discrete world of HR ., without using any real
numbers. A better idea for defining a discrete equivalent of a continuous object is to find
an arithmetization of a construction method of this object. That is what we are going to do
with the Euler scheme as a process for constructing a solution of a differential equation.
This is a typical idea of Reeb who, at this time, was simply trying to make simulations of
the moiré sensing on a personal computer.

5.1. Arithmetization at the scale w

We consider a function « : ¢t — () which is a solution of a Cauchy problem

(%74

where f : U — R is a map C' defined on an open set U of R2. We suppose that
a,b € Ry, U CRZ,and f(U) C Ry;p, and that « is defined on an interval [a,a + 7]
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with T € Ry;,,, and T' £ 0. We know that we can get a good approximation of the function
x by using the following Euler scheme with step 1/

to=a;,xzo=2">
tht1 =t +1/0 Q)
Tn+1l = Tn + 1/5f(tn7$n)

The real variables ¢,, and z,, are such that x,, is an approximation of x(¢,,) and the error
|z(tn) — ]| is getting smaller when the step 1/ of the method decreases to 0. Thus,
in our context, it is interesting to take 1/8 ~ 0. Moreover, since our goal is to find an
equivalent scheme in HR, with integer variables, it is advantageous to assume that /3 is
a divisor of w. Finally, we suppose that

Ja, €N w=aqafand [~ +c0. 2

Definition 7. An arithmetization of theinitial Euler scheme (1) isa new iterative scheme
with integer variablesin HR

To=A;Xy=B
Tpi1=Th+C (©)
XnJrl - Xn + (I)(ﬁanﬂ Xn)

with A, B,C € HR,, and a function ® such that, if we go back to R;,,, using the real
variablest,, := T, /w and z,, := X,,/w, we get a schemeinfinitely closeto (1), that isto
say, an algorithm of the form

to = a’ y Lo = v
tn+1 :tn"’_l/ﬁ
Tn+1 :xn‘f'l/ﬁf/(tn;mn)

wherea’ ~ a, b’ ~band f'(t,x) ~ f(t,x) for t, z € Ry,

This definition establishes a strong link between the initial scheme (1) and its arith-
metization (3). Let us now show how we can choose the components A, B, C and ¢ of
(3). Itis easy for the first three: A := |wa], B := |wb] ® and C := a. As an arithmetical
translation of the term 1/ f (¢, x,,), it is quite natural to take

(8, Tn, Xn) = [(1/B) W] (Tn/w, Xpn/w)|] = F(Tn, Xn) + 3

where F(T,, X,,) = |w f(Tn/w, Xn/w)| is an arithmetization of f(¢,,x,) and = de-
notes the arithmetic operation which gives the euclidian quotient. Of course, we suppose
that the function f is sufficiently simple so that its arithmetization F' is directly accessible
in HR,, without any calculus on R. Thus, we consider the following scheme

Ty = A; Xo=B
Thy1=Th +« (4)
Xn+1 = Xn + F(Tn; Xn) - 6

where A := |wa], B := |wb| and F(T,,, X,,) = |w f(Tn/w, Xy /w)].

5. Of course, we suppose that these two elements are already known without any calculus in R. This
knowledge may be the result of a preceding arithmetization process.
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Proposition 6. If we add the condition « ~ +o0 to the hypothesis (2), the scheme (4) is
an arithmetization of the initial Euler scheme (1).

Proof. Since ¢, is additive, it is sufficient to show that ¢, (F(T,, X,) + §) may be
written 1/ f(t,,, x,,) with the condition f’(t,, z,) =~ f(tn, ). Since

pulF(T X,) + ) = = QWD

we get

pulF(T, X,) + ) = = (W (tn, )] { (@ F(tn, 20) })

B B
then

X < 8) — L (wf(tg,xn) ~ {wf(tg,xn)} B { LWf(tg,xn)J })

w

that is to say

PP (T X+ B) = 3 (mn,xn) o fltm )} 1 {M})

w « I)

Since w and « are infinitely large, we get the result. O

From now on, it is assumed that
Jda,BEN w=af, a~+ocoand § ~ +oo (5)

Under this hypothesis, we say that (4) is the arithmetization of (1) at the scale w.

5.2. Interpretation at an intermediary scale

We are now looking at the solution (T, X,,) of (4). We would like to get an arithme-
tization of the initial function ¢t — x(t) as a discrete function T — X (T") defined on an
interval [0, N] of N. It appears that this solution (T, X,,) is a sequence of points very
distant from each other because T',,+1 — T, = o ~ +o0o. To get closer the points of this
sequence, we can observe the solution at an intermediate scale.

A general principle of Reeb is that it is useful to work with two non trivial scales: the
(strong) scale w for computing the solution and a (lowest) scale w’ with 1 < o’ <« w for
the graphical representation of the same solution.

Thus, we have to explain more formally what does it mean to go from the scale w to
another scale w’. The natural idea is to perform an homothety followed by a truncation,
i.e X — | £ X]. This maps turns out to be equal to ¢.,» o p, : HR., — HR.r, SO that
we get the commutative diagram

HR, —— HR.-

Pw J/ T’l/iw/

id
Riim —— Rym
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If W’ is a divisor of w, that is to say if there is w” € N such that w = w’w"”, we get the
following nice form

W”

VX € HR, w0 pu(X) = {XJ X +w

The question is to choose an interesting intermediate scale. Actually, we have already two
intermediate scales: « and 3 such that w = «3. What is the best? If we choose 3, then
the second line in (4) is becoming better but the effect on the third line is not so good.
If we choose «, the third line is becoming better but not the second one. It appears that
it is our interest to suppose that o = (3. Thus, we make a further assumption which is
compatible with the previous (2) and (5)

36eN w=p%and 3~ +oo (6)

Hence, our intermediate scale is 3 and going from the scale w to the scale 3 is just the
map
wﬁ OCPw HR, — H’R,ﬁ
X +— X=p
In order to get the interpretation of the scheme (4) at the intermediate scale 3 we introduce
the following notation: forevery Z € HR,,, Z := Z - and Z := Z mod (3 respectively
denotes the quotient and the remainder in the euclidean division of Z by 3. From the
preceding explanation, we know that Z = Zﬁ + Zwith Z € ‘HR 3 and Ze {0 LB =

1}. Thus, for each k, Ty, = T, 8 + Tk, Xy, = X, B+ Xi and F(Ty, Xi) = Fy, 8 + Fy
with Tk, Xk, Fk € HRg et Tk,Xk, Fk S {0, 1,....,0— 1}

From the relation T}, = T}, + B we deduce that T, .1 ~ 5 =T, ~ 3 + 1, thatis to
say T+1 = T, + 1. The equation X,, 11 = X, + F(T,, X,,) =+ 3 becomes

jzn+16 + )?n-i-l = jznﬁ + )?n + ﬁn

which is equivalent to the system

)En-i-l = Xn"‘(Xn"‘Fn)-ﬁ
Xnt1 = (X +F)modﬂ

Finally, we get the arithmetisation of Euler scheme (1) computed at the scalew = 32 and
interpreted at the intermediary scale :

TofA ﬂXofB ﬁandXomeodB
TnJrl T, +1

)En-l-l X +(X +Fﬂ) ~ 6

Xpi1 = (Xn + Fn) mod 3

()

where A = [3%a], B = |%b] and

F, = F(T,3+ Amod 8, X, + X,,) + 3

_ {wf (TnﬁJrAmodﬂ,an’Jan)J o5

w w
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In the scheme (7), we have to understand that the X, are some auxiliary variables and
that the Tk and the X « are the relevant variables. Now, the set of pairs (Tk, Xk) is the
graph of a discrete function 7' — X (T") defined on an interval T of Z. We will say that
this function is the arithmetisation of the initial function ¢ — «(t), computed at the scale
(3% and interpreted at the scale 3.

6. Examples of arithmetisation

6.1. The arithmetisation of the exponential function

One of the first functions to which Reeb applied the previous arithmetization process
was the exponential function.

Figure 3. The arithmetisation of ¢t — ~e® computed at the scale 32 and interpreted at the
scale gfor3=50and~v=0.2,0.4, 0.6, 0.8, 1.

The exponential function x — e is the solution of the following Cauchy problem

Loy 2%

The function f of the general theory is now the projection (¢, ) — x. Thus, we get

—
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Since the initial condition is 2(0) = 1, we have A = 0 et B = 32. Consequently, the
arithmetisation of the corresponding Euler scheme computed at the scale 52 and inter-
preted at the scale (3 is the following

ﬁ):O,f(O:ﬁet}?@:O
Toir =T, +1
Xn+1 = Xn + (Xn + Xn) - 6

~

Xn+1 = ()}n + )?n) mod ﬂ

(8)

This is precisely the kind of algorithm proposed by G. Reeb. This algorithm defines
a discrete function 7' — E(T') for T > 0 in HR g which is an arithmetisation of the
exponential function: E(T)/3 ~ eT/8 for T € HR s and ¢! ~ E(|3t])/5 for t € Ry,

6.2. The arithmetisation of a straight line

It may seem a strange idea to implement the previous aritmetization process on a
function as elementary as ¢ — ct+d. Yet, that was done by J.P. Reveillés with a surprising
and intersecting result: a new approach to the notion of discrete line [35, 36, 37, 38, 42,
43].

We consider now a straight line A in the plane R? with the equation z = ct + d
where ¢ and d are two given elements of R;,,. This line is the graph of the function
t — x(t) := ct + d which is the solution of the trivial Cauchy problem

{2

The corresponding Euler scheme is

to=0andxzg = d
tn—i—l =tn + 1/ﬁ (9)
Tpi1 = Tp + C/ﬁ

and the arithmetisation of this last scheme, computed at the scale 32 and interpreted at
the scale 3, is

Ty =0, Xo = |#2d| + B and X, = [* d] mod 3

Tn—i—l =T, +1

Ly ntL 10
Koot = Ko+ (X, + K) + (o
Xn+1 = (X, + K)mod g

where K is the integer | 3% c| + 3 € HRgs. The set of pairs (fk, )?k) is the graph of a
discrete function T — X (T') defined on an interval I of Z. This function is called the
arithmetisation of the straight line A, computed at the scale 32 and interpreted at the
scale 5.

20| =
Proposition 7. For all T' € I, we have X (T') = |CsT + Dg| where Cj := W

2
and Dg := %
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Proof. We introduce the variable X, := )?nﬂ + )A(n with values in HR., where w = (2.
Then, we have X,, = X,, + (3 and we get the inductive relation X,, .1 = X,, + K. Thus,
for each n we have X,, = Xy + nK. Since K = |w¢| + (5 and

Xo = Xof+ Xo = (|lwd| + B)B + |wd] mod 3 = |wd|
we get the expression X,, =|n(|wc] + ) + |wd] and finally

7 _ {n(twq +§>+ LdeJ |

Since T,, = n, the proof is done. O

The elements of the graph of the function 7' — X (T') are the points with integer
coordinates which are on or just below the continuous straight line A g with equation

20| =
x = Cgt+ Dg. The slope of Ag is Cg = (S el=5) ~ cand for t = 0 we have
2 d ﬂ
x=Dg= —Wﬁ J ~ (B d. Thus, for d = 0 the line Az is infinitely close to the initial line

Moreover, the algorithm given by (10) is a variant of the famous Bresenham algorithm
which is used for drawing a line in a discret plane like a computer screen. This fact shows
that the algorithm provided by our arithmetization process is a good one. This property is
interesting because this algorithm is given by a general and conceptual analysis while the
Bresenham algorithm results of a specific work on a straight line.

Figure 4. The arithmetisation of the line 15y = az computed at the scale 52 and inter-
preted at the scale g for 3 =50 and a = 4,7,11, 14.
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Finally, it is easy to check that the graph of the function T — |C'gT + Dg| is the set
of (T, X) € Z? such that
0<KT-pX+pBDsg<p
This kind of inequalities is at the origin of the concept of analytic discrete line introduced
by Reveillés:
Givena,b,v,7 € Zsuchthat0 < a < b,b # 0and 7 > 0, the discrete analytic line
with slope (a, b), with thickness 7 and origin ~ is the set of points (X, Y") € Z?2 such that

y<aX —-bY <vy+T

This definition is at the beginning of a new scientific field of discrete geometry and
graphical computer usually called discrete analytical geometry. It should be noted that, in
these latest developments, nonstandard analysis is no longer used and the main theoretical
tool seems to be arithmetic.

7. Elements on the constructive content of the Harthong-Reeb
line

In the preceding sections, we have introduced a weak axiomatic version of nonstan-
dard analysis which is enough to work on integer numbers. Then, we have defined the
numerical system of the Harthong-Reeb line and the arithmetization process of the Euler
scheme which allows us to construct an arithmetical analogous of a solution of some dif-
ferential equations with variables in R. Let us remark that the philosophy and the concept
of the Harthong-Reeb line gave also rise to other kind of scientific developments, mainly
around the works of Harthong [14, 15], developments which are not covered in the present
paper.

A natural remark about what we have related is the constructive aspect of these system.
In fact, once admitted the nonstandard language and the infinitely large natural number w
or /3, we get a theory and a practice which seems relatively constructive: we can see that
we only perform explicit calculus and reasoning without the use of any new transcendent
principle. Furthermore, the nonstandard axiomatic we have chosen is as little transcendent
as possible. Indeed, we only need the existence of some infinitely large number and we
just did what is required for this purpose.

Of course, for the moment it is only an impression of constructivity and it may be
noted at least two points which weaken this feeling:

— from the constructive point of view, the axiomatic introduction of infinitely large
numbers is not completely satisfactory since the computational meaning of such entities
is not given;

— there is no chance that the underlying logic used in the considered developments is
completely conform to the strict constraints of intuitionnistic principles which are one of
the ultimate criteria for the constructive mathematics.

More generally, this is the old debate about the constructivity of nonstandard analysis
which arise again. On the one hand, the main criticism made against NSA is that this
theory is highly non-constructive. According to this view, NSA and constructive math-
ematics occupies opposite positions in the geography of mathematics. For instance, the
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reaction of E. Bishop [3] (the master of constructive analysis) was to consider that NSA
was the ultimate senseless mark of the non-constructive framework of classical analysis.
One can also mention the judgement made by A. Connes on NSA [8]. The idea behind
this type of criticism is that the typical nonstandard entities (like nonstandard numbers)
are basically non-constructive, as fictitious as non-measurable set of Lebesgue theory or
as the axiom of choice of set theory. Accordingly, theses entities would be nothing else
that some non-essential artefacts of our formalism. On the other hand, Harthong and
Reeb explains in [16] that, far from being an artefact, nonstandard analysis necessarily re-
sults of an intuitionnistic interpretation of the classical mathematical formalism (see also
[41]). In a more concrete way, it is a common remark that the practice of NSA has a rela-
tively constructive appearence. Moreover, some strange structural similarities have been
noted between nonstandard and constructive proofs [44]. Finally, thanks to the works of
P. Martin-Lo6f [26], I. Moerdijk [27] and E. Palmgren [30, 31], there are now new presen-
tations of nonstandard analysis which completely fit with the constructive constraints (see
also [5]).

Thus, it is now time for us to move beyond a sterile polemic and to begin the con-
ceptual analysis of the question of the constructivity of the Harthong-Reeb line HR ..
In a recent work [13], we have shown that HR ., just slightly modified, satisfies in a
non-trivial way the Bridges axioms of a constructive line. These axioms defined a kind of
abstract structure which may be called a Bridges-Heyting field and which concentrates the
essential characteristics of the continuous line from the constructive point of view; then,
using only intuitionnistic logic, all the known constructive properties of this line may be
derived. In our work on HR ., starting with accurate definitions of =, and >, and us-
ing a special logical framework closed to the intuitionnistic one, we prove that HR , is
a Bridges-Heyting field. We believe that the constructive content of this version of HR
is measured by the quality of our logical framework. This last one can be summed up
in three rules: 1) the usual relation = and > are decidable on integers (limited or non-
limited), 2) the usual constructive integers are identified to the limited one and 3) we use
only intuitionnistic logic. Conversely, the lack of constructivity of HR ., should also be
read in this logical context: it is clear that the combination of rules 1) and 2) is not to-
tally satisfactory because it is only for the usual integers that the relations = and > are
unquestionably decidable.

This last restriction on the constructivity of HR , is clearly linked to the axiomatic
way we chose for the introduction of infinitely large numbers. More generally, it is now
well known that the axioms are a real obstacle in computational mathematics. From this
viewpoint, it is always better to replace a problematic axiom by a roughly equivalent com-
putational rule [11, 12]. This is the direction in which we are currently working with the
hope to get a more constructive version of the Harthong-Reeb line. For this purpose, we
are partly using the idea of Laugwitz and Schmieden on infinitely large natural numbers
[19, 21, 20] and the framework of Martin-L6f type theory [24, 25, 26]. We believe that, for
a system like the Harthong-Reeb, it would be possible to obtain a sufficiently constructive
structure so that the proofs written in it may be translated into exacts programs.

Appendix on external induction
We now supplement our minimal form of nonstandard analysis by the introduction of

a special induction that fits with external formulae. This inductive defining principle is
our last axiom:
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LIM5. (External inductive defining principle): Let p a limited natural number
and P(U) be aninternal or an external formula for which U denotes an arbitrary finite
sequencein Z?. \We suppose that:

1) there exists an element X, € ZP suchthat P((Xo));

2) for every limited n € N and for every sequence (X4),«,,, iN Z? such that
P((Xk)o<p<n) thereexists X, 1 € ZP such that we haveP((ijogkgnﬂ).

Therefore, there exists an internal infinite sequence (X), oy in Z7 such that, for all
standardn € N, P((Xk)ogkgn)-

This principle means that the sequence of values X, for k limited can be extended in a
complete sequence (X)ren defined for all naturel numbers k. Saying that this sequence
is internal means that it has all the properties of the classical sequences in usual number
theory. Particularly, if Q(X) is an internal formula, then the collection {k € N; Q(X )}
is an internal subset of N.
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