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Abstract

Consider the barycentric subdivision which cuts a given triangle along its medians to produce
six new triangles. Uniformly choosing one of them and iterating this procedure gives rise to a
Markov chain. We show that almost surely, the triangles forming this chain become flatter and
flatter in the sense that their isoperimetric values goes to infinity with time. Nevertheless, if the
triangles are renormalized through a similitude to have their largest edge equals to [0,1] C C (with
0 also adjacent to the shortest edge), their aspect does not converge and we identify the limit
set of the opposite vertex with the segment [0,1/2]. In addition we prove that the largest angle
converges to 7 in probability. Our approach is probabilistic and these results are deduced from
the investigation of a limit iterated random function Markov chain living on the segment [0,1/2]
and in particular of its invariant probability measure. Some estimates will need the help of the
computer.

Keywords: barycentric subdivision, triangle-valued Markov chain, isoperimetric functional,
flat triangles, iterated random functions, invariant probability measure, Wasserstein distance.
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1 Introduction

Let A be a given triangle on the plane (to avoid triviality the vertices will always be assumed not
to be all the same). Using the medians of A (all intersecting at the barycenter), we can cut it
into six small triangles, say A1, Ao, Az, Ay, A5, ANg. Next, each A\;, for i € [1,6], can itself be
subdivised in the same way into six triangles, (A; ;) e[1,6]- Iterating this barycentric subdivision
procedure, we get 6" triangles (Aj)jcpi g at stage n € N. It is known, numerically (see for
instance [?]) and rigorously (cf. Diaconis and McMullen [5]) that as the barycentric subdivision
goes on, the triangles have a tendency to become flat. The original motivation for this kind of
results was to show that the barycentric subdivision is not a good procedure to construct nice
triangularizations of surfaces. The goal of this paper is to propose a new probabilistic approach to
this phenomenon.

First, we adopt a Markovian point of view: Let A(0) := A and throw a fair dice to choose

A(1) among the six triangles A\;, i € [1,6]. By pursuing in the same way, we get a Markov chain
(A(n))pen: if the n™ first triangles have been constructed, the next one is obtained by choosing
uniformly (and independently from what have been done before) one of the six triangles of the
barycentric subdivision of the last obtained triangle. Of course, at any time n € N*, the law of
A(n) is the uniform distribution on the set of triangles {Ar : I € [1,6]"}. So to deduce generic
properties under this distribution it is sufficient to study the chain (A(n)),en.
In order to describe more analytically our results, let us renormalize the triangles. For any non-
trivial triangle A on the plane, there is a similitude of the plane transforming A into a triangle
whose vertices are (0,0), (0,1) and (x,y) € [0,1/2] x [0,v/3/2], such that the largest (respectively
the smallest) edge of A is sent to [(0,0), (0,1)] (resp. [(0,0), (x,y)]). The point (x,y) is uniquely
determined and characterizes the aspect of A (as long as orientation is not concerned, otherwise
we would have to consider positive similitudes and = would have to belong to [0, 1]). So any time
we will be interested in quantities which are invariant by similitude, we will identify triangles with
their characterizing points. In particular, this identification will endow the set of triangles with
the topology (not separating triangles with the same aspect) inherited from the usual topology of
the plane. This convention will implicitely be enforced in the whole paper. The triangle A will be
said to be flat if y = 0. So up to similitude the set of flat triangles can be identified with [0,1/2].
For n € N, let (X,,,Y},) be the characterizing point of A(n). Next result gives a justification to the
assertion that as the barycentric subdivision goes on, the triangles become flat.

Theorem 1 Almost surely (a.s.) the stochastic sequence (Yy)nen converges to zero exponentially
fast: there exists a constant x > 0 such that a.s.:

lim sup ! In(y,) < —x
n—oo M
We will show that we can take xy = 0.035 (but this is not the best constant, indeed we will present
a numerical experiment suggesting that the above bound should hold with x ~ 0.07), nevertheless
the previous result remains asymptotical. But contrary to Blackwell [2] (see also the remark at
the end of section 6), we have not been able to deduce a more quantitative bound in probability
on Y, for any given n € N.

In particular, we recover the convergence in probability toward the set of flat triangles which
was already proven by Diaconis and McMullen [5], through abstract dynamical system arguments.
There is a stronger notion of convergence to flatness asking for the triangles to have an angle

which is almost equal to . With the preceding notations, for n € N, let A,, be the angle between
[(0,0), (X, Ys)] and [(X,, Yy), (0,1)], this is the largest angle of A(n).

Theorem 2 The sequence (A(n))nen is strongly becoming flat in probability:
Ve>0, lim P[A, <7m—¢ = 0

n—oo



Of course this result implies that (Y),),en converges to zero in probability. Note that the
converse is not true in general: one can consider isosceles triangles becoming flatter an flatter,
then their maximum angle is converging to 7/2. Indeed, Theorem 2 will be more difficult to obtain
than Theorem 1 because (X, )nen is not converging:

Theorem 3 Almost surely, the limit set of (Xn)nen @s [0,1/2], so it follows from Theorem 1 that
a.s. the limit set of a trajectory of the triangle Markov chain (A(n))pen is the whole set of flat
triangles.

A crucial tool behind these results is a limit flat Markov chain Z. Strictly speaking the stochastic
chain (X, )nen is not Markovian, but eventually its evolution becomes almost Markovian. Indeed,
we note that the above barycentric subdivision procedure can formally also be applied to flat
triangles and their set is stable by this operation. This means that if Yy = 0, then for any n € N,
Y, = 0 a.s. and in this particular situation (X, ),en is Markovian. Let M be its transition kernel,
from [0,1/2] to itself. In what follows, Z = (Z,)nen will always designate a Markov chain on
[0,1/2] whose transition kernel is M. An important part of this paper will be devoted to the
investigation of the Markov chain Z since it is the key to the above asymptotical behaviors. We
will see that Z is ergodic in the sense that it admits an attracting (and thus unique) invariant
measure y on [0,1/2]. We will also show that u is continuous and that its support is [0,1/2] (but
we don’t know if p is absolutely continuous).

The plan of the paper is the following: next section contains some global preliminaries, in
particular we will show, by studying the evolution of the isoperimetric value, that the triangle
Markov chain always return as close as we want to the set of flat triangles. This is a first step
in the direction of Theorem 1. In section 3, we begin our investigation of the limiting Markov
chain Z, to obtain some informations valid in a neighborhood of the set of flat triangles. Then in
section 4 we put together the previous global and local results to prove Theorem 1. Ergodicity and
the attracting invariant measure p of the Markov chain Z are studied in section 5, using results
of Dubins and Freedman [6], Barnsley and Elton [1] and Diaconis and Freedman [4] on iterated
random functions. This will lead to the proofs of Theorem 2 and Theorem 3 in section 6. In
the last section we present some numerical experiments which helped us in some technical proofs.
They will also illustrate the obtained results, in particular to evaluate the constant y of Theorem 1
and to see the profil of p.

2 A weak result on attraction to flatness

The purpose of this section is to give some preliminary informations and bounds on the triangle
Markov chain obtained by barycentric subdivisions. By themselves, these results are not sufficient
to conclude to the a.s. convergence toward the set of flat triangles, but at least they give an heuristic
reason for this behavior: the barycentric subdivision divides the area by six, but in the mean, the
perimeter is divided by a constant smaller than v/6. So the isoperimetric value of the triangles has
a tendency to diverge to infinity, which is a hint that they are becoming flat.

To measure the separation between a given triangle /A and the set of flat triangles we use the
inverse of the isoperimetric value I(A) of A: it is the perimeter of A divided by the square root
of the area of A (this quantity is well-defined in R* LI {400}, since remember that the vertices are
assumed not to be all the same). Note that I(A) = +o0 if and only if A is flat. Furthermore the
isoperimetric functional is invariant by similitude, so it depends only on the characteristic point
(z,y) of A and we have

\/§1+\/x2+y2+\/(1—x)2+y2

I(0) = =



in particular we get

Vi3 < (L) < VY (1)

so that the convergence of y to zero is equivalent to the divergence of I(A) to +oo.
With the notations of the introduction, we define for n € N, I, := I(A(n)). Our first goal is to
show the

Proposition 4 Almost surely, we have limsup,, ., I, = +00.

The proof will be based on elementary considerations on one step of the barycentric subdivision.
Let consider A a triangle under the normalized form given in the introduction. For simplicity,
we denote A, B and C' the vertices (0,0), (z,y) and (1,0) of A. Let also D, E, F and G be
respectively the middle points of [A4, B], [B,C] and [A, C] and the barycenter of A (namely the
intersection of the lines (A, F), (B, F') and (D, C)). We indice the small triangles obtained by the
barycentric subdivision as

Al = {A,D,G}, AQ = {D,B,G}, Ag = {B,E,G} (2)
A4 {E,C,G}, A5 = {C,F,G}, AG = {F,A,G}

The next result is classical, but we will give a proof for completeness:

Lemma 5 All the triangles /\;, for i € [1,6], have the same area.

Proof

First note that the triangles {A, B, F'} and {B,C, F'} have the same area. Indeed, let H be the
orthogonal projection of B on the line (A, B). Denoting by A the area and |-| the length, we have

AGAB.FY) = LA, FI/|[B,H]
= SIIR.C) B, H)
= A({B,C,F})

This argument shows that

=
s
I
=
s

But since we have on one hand,
A{A, B, F}) = A(A1) + A(A2) + A(Le)
= 2A(A2) + A(Le)
and on the other hand
A({B,C. F}) = A(As) + A(A4) + A(Ds)

it follows that A(As2) = A(A3). Similar reasoning leads to A(A4) = A(A35) and A(Ag) = A(LDq)
and this concludes that all the triangles A;, for i € [1,6], have the same area.
|

Next let define

Ly = HAvB”a Ly = HB’C”? Ly = HC’A”
li = |[D,C”, la = |[E7A”7 I3 = |[F5B”

We will need another technical point.



Lemma 6 The quotient (I1 + 1z +13)/(L1 + Lo + L3) is minimal when {A, B,C} is equilateral, so
we always have
3
h+la+l3 > {(L1+L2+L3)
Proof

Define the perimeter of {A, B,C'} in terms of the coordinates (z,y) of B:

p = Li+La+ L3

3 N
= —+2 - = 2
2+ <:U 2> + 2y

We first work with p equal to a fixed value. Note that the set of the corresponding points B is
included into a circle centered in (1/2,0) and by considering its intersection with the line parallel
to the ordinate axis and passing through (1/2,0), it appears that p can vary between the values
2 (isosceles flat triangle) and 3 (equilateral triangle), due to our renormalization asking for L; <
Ly < Lsg=1.

So let p € [2,3] be fixed. We can express the length of the medians in terms of = and p:

3)
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and thus to find where the quotient (Iy + o + [3)/(L1 + L2 + L3) is minimal, we have to minimize
in z (belonging to a subinterval of [0,1/2] depending on p) the quantity

But this expression is clearly a concave function of x and where it is defined we can write

1/3 p 3 p 3
> 2 /- (Carf 2By
olx) > \/2<4x+8 4x+8+4)

p 3
= /42

8+8
= ¢(1/2)

with

We compute its derivative



For p € [2,3], we have ¢/(p) > 0 if and only if

N

_ 3
p—1 pP—3

and this leads to a second order equation (the third order terms cancel out) where one can directly
check that (4) is indeed true for p € [2,3]. So we have obtained that

max = 3

pe[m]w(p) ¥(3)
and it follows that the quotient (I1+Il2+13)/(L1+ L2+ L3) is minimal when {A, B, C'} is equilateral.
In this situation we compute directly that Iy =l = I3 = \/5/2 while L1 = Ly = L3 = 1, so the
announced bound follows.

|
We can transform these ingredients into a probabilistic statement:

V3+1-6

Lemma 7 Let o = 75

expectation

> 0, then for any n € N we have the following bound on conditional

Ell,1|T.]) > (1+a)l,

where Ty, is the o-algebra generated by A(n), A(n—1), ..., A0).

Proof
By the Markov property, the above bound is equivalent to the fact that for any n € N,

ElLa|om)] > (1+a),

Since the Markov chain (A(n)),en is time-homogeneous, it is sufficient to deal with the case n = 0.
We come back to the notations introduced above. Because the small triangles have the same area,
we get that

EI(AM)A0)=4] = ¢ 3 1Ay
1€[1,6]

1L+ Lo+ Ly +2(h + 12 +13)
6 VAAN)/6

1 (1+v3)(L1 + Lo+ L3)

which is what we looked for.

In general the previous submartingale information is not enough to deduce a.s. convergence.
Taking expectations, we get that for any n € N, E[I,,11] > (14 «)E[],], thus E[,,] > (1+a)"I(A),
so we can just deduce L!-divergence of I,, for large n € N, but this is not a very useful result.

To prove Proposition 4, recall that the numbers I,,, n € N, are uniformly bounded below by a
positive constant. Indeed the isoperimetric functional can be defined for relatively general bounded
subsets of the plane and its minimal value is obtained for discs (cf. for instance Osserman [7]).
Thus we have

VneN, I, > 2Vr

6



But from Lemma 7, we see that

VneN, Pl > (1+a)L|T] >

| =

and by consequence

1
vV n,meN, PllLyim > (1 4+ a)™2v7|T,] > G (5)
Let M > 1 be an arbitrary large number and consider m € N* such that (1 + «)™2y/m > M. The
sequence (1 Ion(ni1)> M )nen stochastically dominates a sequence of independent Bernoulli variables
of parameter 1/6™. It follows that a.s. we have

limsupl, > M

n—oo
and since M can be chosen arbitrarily large, Proposition 4 is proven.

To finish this section, we will prove another simple preliminary result.
Lemma 8 There exists two constants 0 < a < b < +00 such that

VnéeN, al, < Inpy1 < bl,

Proof

Again it is sufficient to consider the first barycentric subdivision and to prove that we can find two
constants 0 < a < b < 400 such that

Vie[l,6], al(A) < I(L;) < bI(D)
where we came back to the previous notations for the normalized representation of A and its
barycentric subdivision. Such inequalities are obvious for flat triangles, so we can assume that A
is not flat. Since the areas are easy to compare, we just need to consider the perimeters and we
will denote by P(A) the perimeter of A.
Let us begin with the lower bounds. The existence of a constant a’ > 0 such that

Vie[l1,6], dPA) < P(A)

comes from the following observations.

- By the normalized representation, max (L1, Ly) < L3 = 1, so we have P(A) < 3.

- Due to the fact that Ls = 1, we have P(Qg) > 2|[A, F]| =1 and P(As) > 2|[F,C]| = 1.

- In quite the same way, it appears that P(As3) > 1/2 and P(4A4) > 1/2, because we have
|[B,C]| > 1/2 (since = < 1/2).

- For the same reason, we have |[G,C]| > 1/2, we deduce that |[D,G]| = |[G,C]| /2 > 1/4 and it
follows that min(P(Aq), P(A2)) > 2|[D,G]| > 1/2.

For the upper bound, it is clear that
Vi€ [1,6], P(A;) < VPD)

should be satisfied with & = 1. But since we are not interested here in precise constants, let us
just give a coarse argument for the existence of a worse constant &'. It follows, on one hand, from
P(A) > 2 and on the other hand, from the fact that all the medians /1,ly and [3 are smaller than
/1 +3/4, due to the fact that the triangle {A, B, C} is included into [0, 1] x [0, v/3/2].

|



3 Near the limit flat Markov chain

Our goal here is two-fold. First we show that the kernel of the triangle Markov chain nicely
converges to the kernel of the flat triangle Markov chain as the triangle becomes more and more
flat. Second we study the evolution of a perimeter related functional for the flat triangle Markov
chain, to get a bound on the evolution of the isoperimetric functional for the triangle Markov chain,
valid at least in a neighborhood of the set of flat triangles.

Let @ be the transition kernel of the Markov chain (X,,,Y},),en considered in the introduction.
For any (x,y) € D, the set of characterizing points of triangles, we can write

1
Q((l‘ay)a ) = 6 Z 5(171'7111')
1€[1,6]

where § stands for the Dirac mass and where for any i € [1, 6], (z;,y;) is the characterizing point
of the triangle A\; described in (2). Of course, the z; and y;, for i € [1,6], have to be seen as
functions of (x,y). For i € [1,6], let us define

Vxel0,1/2], zi(z) = x4(x,0) (6)

The transition kernel M on [0, 1/2] of the flat triangle Markov chain alluded to in the introduction
can expressed as

1
veel01/2, M) = ¢ > buw (7)
i€[1,6]

The next result enables to measure the discrepancy between () and M as the triangles become
more and more flat.

Lemma 9 There exists a constant K > 0 such that

Vi€ [1,6], ¥ (z,y) €D, {’xi(x’y)y_@-ég} 2 gyﬂ

Before coming to the proof of these bounds, we make a change of coordinate for renormalized
triangles A: as in the proof of Lemma, 6, it is more convenient to work with the modified coordinates
(x,p) = (x,P(A)). A useful relation between y and p is that

V(zy)eD, ¢}f3 <p-2<2 (8)
Indeed, for the upper bound we have
po= 1+Va2 g+ V(-2 +y?
< l4z4+y+(1—-2)+y
= 242y

For the lower bound, taking into account that for (x,y) € D, we have y?/(1—x)? < (3/4)/(1/4) = 3,
we get by concavity of the mapping [0,3] 3 z — /1 + z,

2

p > l+a+(1-2) 1+(137x)2
> 1+x+(1—a:)(1+\/?_1> (122)2
2
- 2+3(ly—a:)
2
> 2+y§



The lower bound is of the right order when z is not too close to zero: for any 0 < € < 1/2, there
exists K > 0 such that for all (z,5) € DN[e,1/2] x Ry, p—2 < K92

Next let A be any (non-trivial) triangle and denote by L; < Lg < L3 the lengths of its edges.
Let also (x,p) be the modified coordinates of its normalized form.

Lemma 10 Let € > 0 be given. On the domain {(L1,Lo,L3) : 0 < Ly < Ly < L3 € [e,e7 1]}, the
mapping (L1, Lo, L3) +— (x,p) is Lipschitz. Furthermore on normalized triangles (namely satisfying
L3 = 1), the mapping (x,p) — (L1, L2) is also Lipschitz.

Proof
Indeed, this is clear on the explicit formulas of these mappings. First, we have
i Ly + Lo+ L3
Ls
and next x satisfies the equations
L3 = h?+ (2L3)?
L3 = h*+((1-2)Ls)?

where h is the height orthogonal to the edge of length Ls. It follows that

L3— L3+ L3

€T =
212

If Ly =1, by replacing Ly by p — 1 — L1, we compute that
2z — 1+ (p—1)?

="
_1-2z+4(p—1)
b = =0

We can now come to the

Proof of Lemma 9

Let A be a normalized triangle, we use the notation of last section. For i € [1,6], let (z;,p;)
(respectively (x,p)) be the modified coordinates of A; (resp. A). Taking into account that 2 <
p < 3, formulas (3) and Lemma 10, it appears without difficulties that for ¢ € [1,6], the mapping
(x,p) — (w4, p;i) is uniformly Lipschitz on its domain of definition. Then (8) enables to conclude
to the validity of Lemma 9.

|

The second goal of this section is to study the sign of quantities like E[In(I,,4+1/I,)|A(n) = Al, at
least when A is close to a flat triangle, where we recall that I,, is the isoperimetric value of A(n).
By the Markov property, it amounts to evaluate the sign of 1/6 3,y g1 In(Z(Ai)/1(A)). Of course
the previous quotients are not rigorously defined if the triangle A was to be flat, Nevertheless, let
(x,y) be the characterizing point of A. When y goes to zero 0, I(A;)/I(A) = VEP(L;)/P(D)
converges to G(i,x), which is just the latter quotient for the flat triangle /A whose characterizing
point is (z,0). We have, for any x € [0,1/2] (see the computations of section 5 for more details)

G(Lz) = \J3(1+a), G2x) = \Jh2-2)
G3,r) = /3(1—2), G4,z) = /3(2-2) (9)
(2—x), G(6,z) = %

2
\.OT
&
[
o



From the previous considerations, we easily get that this convergence is uniform over z, in the
sense that for any i € [[1, 6],

lim sup
Y0+ (z,9)eD

So to prove that E[ln(l,41/1,)|A(n) = A] > 0 for nearly flat triangles A, it is sufficient to show
that the mapping [0,1/2] > z +— 3,1 6; In(G(4, ) only takes positive values. Unfortunately, this
is not true, since it takes negative values in a neighborhood of 1/2 (see section 7). To get around
this problem, we iterate the barycentric subdivision one more step.

Proposition 11 There exist a constant vy > 0 and a neighborhood N of the set of the flat triangles,
such that

VneN,VAEN, En(lu/L)AN) =4A] > 5

(for flat triangles I\, the quotient is defined as a limit as above, or equivalently, as a quotient of
perimeters, before renormalisation, up to the factor 6).

Proof

Coming back to the notations of the beginning of the introduction, we want to find A/ and ~ as
above and satisfying

A4 _ 2 >

Let (z,y) be the characterizing point of A, as y goes to 04, the left hand side converges (uniformly
over x) to

Fa) = o 3 (GG, #@)GG,) (1)
1,j€[1,6]

where the z;(z), for i € [1,6], were defined in (6). More explicitely, we will compute in section 5
(see Lemma 15) that on each of the segments [0, 1/5], [1/5,2/7] and [2/7,1/2], the z;, for i € [1, 6],
are homographical mappings. So it seems more convenient to consider the rational fraction (by
pieces)

R(z) = exp(36F(z)) (12)
= I Gl =@)Gi.2)
1,5€[1,6]

After computations (see section 7), it appears that it is indeed a polynomial function by pieces.
By numerically studying the zeroes of R — 1 of the three underlying polynomial functions, we show
that F' does not vanishes on [0,1/2]. So by continuity, we get that v := minjy /9 /2 > 0. Then
using the above uniform convergence, we can find a neighborhood N of the set of flat triangles so
that (10) is fulfilled.

|

We will see more precisely in section 7 that F' is decreasing, so we can take v = F(1/2)/2 =
0.035.

10



4 Almost sure convergence to flatness

We are now in position to prove Theorem 1. The principe behind the proof is that there is a
neighborhood N of the set of flat triangles such that if the triangle Markov chain is inside N, then
it has a positive probability to always stay in this neighborhood and then to converge exponentially
fast to the set of flat triangles. This event will eventually occur, since triangle Markov chain always
returns to A”.

In order to see that the triangle Markov chain has a positive chance to remain trapped in a
neighborhood of the set of flat triangles, we will use a general martingale argument. To do so,
we introduce some notations. On some underlying probability space, let (F,),en be a filtration,
namely a non-decreasing sequence of g-algebras. Let v > 0 and A > 0 be two given constants.
We assume that for any R large enough, say R > Ry > 0, we are given a chain (Vn(R))neN and a
martingale (NéR))neN, adapted to the filtration (F;,)nen, satisfying VO(R) =R, NéR) = 0 and such
that for any time n € N,

N® -NB| < A (13)
V-V > g+ NI - NP (14)

The next result shows that if R is large enough, with high probability V") will never go below
R/2.
Lemma 12 There exists a constant A’ > 0 only depending on A and ~y such that

1
1 —exp(—~2/(44"))

PAneN: V¥ < R/2 < exp(—yR/A")

Furthermore, we have a.s.

(R)
liminf — > ~
n—oo n

Proof
The constant A’ > 0 is defined as

A" = max | A% sup expt) —1-t v
[t1<A, 40 2 12

Thus we have for any A € [—1,1] and any n € N,

Elexp(~A(NY — NI)F] < E[L+ AN - N 4 4402 - N2 7]
- 14 A’A—QAQE[(Nﬁ)l — N2 7]
< 14+ AN
< exp(A'N?)

By induction, we deduce the following exponential martingale bound:
VneN Ael[-1,1],  Elexp(=AN{®)] < exp(A\2A'n)
Indeed, it is true for n = 0 and if we assume it is satisfied for some integer n € N, then

Elexp(— AN\

o E[E[exp(~A(NSD — N))|Fa] exp(—AND)]

<
< exp(A'NY)E[exp(~AN{)]
< exp(M?A'(n+1))

11



Next we note that for any n € N,

so we get for any A € [0, 1],
PV < R/2) < Pl-NB > R/2+ ]
< exp(—A(R/2 + n7))E[exp(—AN)]
< ex

(—
p(=A(R/2 4+ nv)) exp(A\2A'n)
(~AR/2) exp(n(\2A — 7))

exp

The quantity is minimal when A = /(2A’) and this number belong to [0,1] by our definition of
A’. Tt follows that

2
VneN, PV < R/2] < exp(—yR/A")exp (—ZA/n>

The first announced bound now follows by summation over n € N.
(R)

The second bound is classical: due to the fact that the increments of the martingale NV are
bounded, the iterated logarithm law (see for instance Stout [8]) implies that a.s.
)
lim sup —————
n—oo y/nln(ln(n))
thus (15) enables us to conclude.
|

The latter lemma will be applied with V() a stochastic chain of logarithm of isoperimetric values,
or rather with a sequence of the kind (In(I2,))nen-

More precisely, consider the neighborhhood N obtained in Proposition 11. By compactness of
[0,1/2], there exists a small constant € > 0 such that N contains {(z,y) € D : 0 < y < €} and
so taking into account (1), there exists Ry > 1 such that {A : In(I(A)) > Ri} C N (again
we are slightly abusing of notations here, identifying triangles with the characterizing points of
their normalized forms, this should not lead to confusion). Let T' be a finite stopping time for
the triangle Markov chain (A(n))pen. Assume that R = In(I(A(T))) satisfies R > 2R;. Define a
stopping time 7 for the shifted chain (A(T + 2n)),en by

7 = inf{n e N : In(I(A(T+2n))) < R}

which is infinite if the set of the r.h.s. is empty. Let v > 0 the constant appearing in Proposition 11.
We construct a stochastic chain V) in the following way:

VneN VR { In(I(A(T + 2n))) yifn <71

" In(I(A(T 4 27))) +v(n —7) , otherwise

Let us check that the above assumptions are satisfied. Following the traditional Doob-Meyer
semi-martingale decomposition (see for instance Dellacherie and Meyer [3]), we define

¥neN, N = > VB -EVPF, ]
me[1,n]

where for any n € N, F,, is the o-algebra generated by the trajectory-valued variable (A(m A (T +
n)))men. Using classical stopping time notations, this is the o-algebra 77, where the filtration
(7rn)men was introduced in Lemma 7. After conditioning by Fy and taking advantage of the strong

12



Markov property, we can apply Lemma 8 to see that (13) is satisfied with A = (b/a)? (we even
have Nfli)l — Nr(LR) =0 for n > 7). Furthermore, we have for any n € N,

R R R R
vE _v® = gy F] - v® v B gy £
= EVB - v® 5]+ N - NP

= En(Iryomsr)/Ir420)|A(T + 20) [ Tp<r +y1psr + Nﬁ-)l — NB)
> v+ N'I(L}—&%-)l — N{F

where the last inequality comes from Proposition 11. Then Lemma 12 implies that

Proposition 13 Let N7 = {A : In(I(A)) > R1}. There exists a large enough constant Re >
2Ry such that for any finite stopping time T for the triangle Markov chain (A(n))nen satisfying
In(I(A(T))) = Ra, we have

PI3neN: A(T+n)gN'|Tr] < 1/2

Furthermore on the event {~N n € N : A(T +n) € N'}, we have a.s.

lim inf In(fn) > /2
n

n—oo
Indeed, Lemma 12 only gives one hand that we can find Ry > 2R; such that
Plr <oo|ZTr] = PEBneN: AT +2n) €N |Tr] < 1/2
and on the other hand that on the event {V n € N : A(T + 2n) € N'}, we have a.s.

lim inf M

n—00 n

>

But Lemma 8 permits to extend these results to the above statement (up to replacement of Ry by
bR2/a.

Now the proof of Theorem 1 is standard. By iteration, we introduce two sequences (Sy)nen
and (T, )nen of stopping times for the triangle Markov chain: we start with Sy = 0 and for any
n € N, if S, has been defined, we take

T, = inf{m > S, : In(I(A(m))) > Ra}
Spt1 = inf{m >T, : In(I(A(m))) < R1}
Of course, if for some n € N, S,, = oo then for any m > n, S,, = T,, = oo. Conversely, via

Lemma 4, we see that if S,, < oo, then a.s., T), < 400, so the events {S,, < oo} and {7}, = 0o} are
the same, up to a negligible set. For n € N, let us define the event

E, = {S, <o and S, = o0}
= {T,, <occand Vm eN, A(T,, + m) e N'}

Up to condionning with respect to {S,, < oo}, Lemma 13 shows that
P[Sp41 = 00|S, < 0] = P[E,|S, < oo] > 1/2

thus it follows easily that P[UyenFEn] = 1. As Lemma 13 also shows that on all the E,, the
sequence (I,,}),en converges exponentially fast to zero with rate at least v, the bound (1) enables

to conclude to the validity of Theorem 1 with y = /2.

13



Remark 14 Let v := F(1/2) = ming¢(o,1/9) F'(x). A closer look at the proof of Proposition 11
shows that for any v < 2, we can find a neighborhood N of the set of flat triangles such that the
lower bound of Proposition 11 is satisfied. By the above arguments, it follows that Theorem 1 also
holds with x = v2/2, so we win a factor 1/2.
But one can go further. For N € N\ {0,1} and = € [0,1/2], consider
1 . . .
Fy(x) = oy Z In (G(in, ziy_, 0+ 02y (2)) - - Gliz, zi, (%)) G(i1, x))

(i1,-in)E[L,6]N

= E.| Y. I(GUni1,Zn))
ne0,N—1]

where (I,)nen+ is a sequence of independent random variables uniformly distributed on [1,6] and
(Zp)nen is the Markov chain starting from x (Zp = x) constructed from (I,)nen+ through the
relations

Vne N, Zn+1 = 2 (Zn) (16)
Then define
= in F
W= i Ev(@)

An easy extension of the previous proof shows that Theorem 1 equally holds with x = yn/N
and by consequence with y = limy_.c yn/N. The quantity vy /N is converging due to the weak
convergence of the Markov chain (Z,),en, uniformly in its initial distribution, as we will show it
in next section. Indeed, if p is the attracting invariant probability associated to (Zy,)nen, we will
see that for any x € [0,1/2],

lim E, [In(G(Ip+1,%n))] = L

n—oo

with

L o= éz / In(G (i, 2)) p(dz) (17)

ie[1,6]
It follows from Cesaro’s lemma that
F 1
TG TR > Eo (Gt Zn))]
e T el N-1]
= L

Since this convergence holds uniformly in = € [0,1/2], we get that Theorem 1 is satisfied with

x = L. In section 7, we will numerically evaluate that L ~ 0.07.
g

5 Ergodicity of the limit flat Markov chain

We study here more precisely the limit flat Markov chain Z = (Z,)nen. First we will see that
it admits a unique invariant probability u and that it converges exponentially fast to it in the
Wasserstein distance. Next we will show that p is continuous and that its support is the whole
state space [0,1/2].

We begin by describing more explicitely the kernel of Z given in (7) under an iterated random
functions form.

14



Lemma 15 With the notations of the previous sections, we have for all x € [0,1/2],

3z
al@) = 555,
3x 2 —4x
z(r) = mlx@/? + ﬁﬂxzzﬁ
1+ 2 —4x
z3(x) = mlmlﬁ + m1121/5
14z
alr) = 105,
1-—2x
z5(z) = 4—2p
1—-2x
w(x) = —3

Proof

First, consider a general triangle A under the normalized form. With the notations of section 2,
in particular (2), the lengths of the edges of the triangles obtained by the barycentric subdivision
are given by

Al . L1/2, 11/3, 2[2/3
AQ . L1/2, 11/3, 2[3/3
As i Ly/2, lo/3, 2I3/3
A4 : L2/2, 2[1/3, l2/3
As : 1/2, 20,/3, 1y/3
Ng : 1/2, 205/3, 13/3

This is also valid if A is a flat triangle with (z,0) as characteristic point and in this situation we
can express the above lengths in terms of x since we have

Ly = x, Ly = 1—1’, L3 =1
x 1+ 1

h =1—-—= ly = l3 = - —
1 5 2 5 3 5 7

Taking into account that for any flat triangle, the abscissa of the characteristic point is the ratio
of the smallest edge by the largest edge, the announced formulas follow.

To see that the Markov kernel M of Z is ergodic, in the sense that it admits an invariant and
attracting probability, we apply a result due to Barnsley and Elton [1]: let S be a compact
segment of R (more generally it can be a complete, separable metric space) on which we are given
n Lipschitz functions f; : S — S, for i € [1,n]. Let p = (pi)ie[1,n) be a probability on [1,n] and
consider the Markov kernel N from S to S given by
Vel N(a:, ) = Z piéfi(x) (18)
i€[1,n]
Then under the assumption that there exists a constant r < 0 such that
Vz#yeS, Zpﬂn(’fi(y)_‘m) < r (19)
. ly — =
i€]1,n]

the kernel NV is ergodic: it admits a unique invariant and attracting probability u, namely satisfying
uN = p and for any probability v on S, lim,, ..o ¥N™ = u (in the weak topology). Furthermore,
Barnsley and Elton [1] show that there exists ¢ € (0, 1] and p € (0, 1) such that

Va,y€sS, > pilfily) = fi@|* < ply—af (20)

i€[1,n]
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Let us rewrite this bound in a more probabilistic way. Let (I,)nen be a sequence of independent
random variables taking values in [1,n] with distribution (p;)c[1,,). For any = € S, we denote
by U* = (U;)nen the stochastic chain constructed as follow: Uy = z and for any n € N, U7,
J1,0: (US). It is a Markov chain with transition kernel V. This construction enables us to couple
together all the Markov chains U?, for x € S. Then the above bound can be written

Vaz,ye S,  E[UY-UT|"] < ply—al?
and admits an immediate extension:
VneNVayes,  EUI-U;" < p"ly—al

This leads us to consider the Wasserstein distance D between probability measures on S: if v; and
vy are two such measures,

D(vi,v9) = sup |v[f] —wa[f]|
FeL()

where £(1) is the set of Lipschitz functions on S whose Lipschitz constant is less (or equal) than
1. Then it appears that

Lemma 16 Under the above assumption (24), we have for any time n € N and any x € S,
D(N™(z,), 1) < diam(S)p"

where p and q are as in (20) and diam(S) is the diameter of S. It follows that U* satisfies the law
of large numbers: for any continuous function f on S, we have a.s.,

SOHUn = plf]

N_@O N +1 ne[0,N]

Proof
Let f € £(1), we compute that

Ve = lfll = | f a7 ) - N )
< sup |[N"(z,f) — N"(y, f)|
z,yeS
= sup [E[f(US) — f(UY)]|
z,yeS
< sup E[|U; - U]
z,yeS
L Uz = Un]
= amnls) sop £ [l
. Uy — Ui |
< i) m |G|
< diam(S)7 sup p" |y — x|?
T,Yy€S

< diam(S)p"

The announced bound follows by taking the supremum over all functions f € L(1). The law
of large numbers is deduced from a traditional martingale argument based on the existence of a
bounded solution to the Poisson equation. More precisely, for f € £(1), we can define

Vaxels, o(r) = ZE[JC(U;) — plf]]
neN
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since the r.h.s. converges exponentially fast and uniformly with respect to z € S. Furthermore we
easily see that ¢ is a Lipschitz function and that it is solution to the Poisson equation

{VmGS, (@) = N(z, @) = f(z)— p[f]
ple] = 0

This enables us to write for any n € N,

f(Xo) + F(X0) +---+ f(Xn) = (n+Dulf]+ ¢(Xo) = ¢(Xnt1) + M

where (Mj,)nen is a martingale whose increments are bounded. The law of large numbers for
functions f belonging to £(1) then follows from the well-known fact that M,,/n converges a.s. to
zero. So it is also true for all Lipschitz functions f and by usual approximations, for all continuous
functions f.

|

Let us discuss condition (19). Note that since the functions f;, for ¢ € [1,n], are Lipschitz, they
are absolutely continuous, so let us write f; for their respective weak derivatives. By letting y and
x become close in criterion (19), we get that almost everywhere in z € S,

> piln(|fi)) < r (21)

i€[1,n]

Conversely, this condition is not sufficient to insure that the kernel N is ergodic. Consider the
following example with S = [0, 1], n = 2 and the functions f; and fs defined by

min(2z, 1) Jifi=1

Vzelo,1],  filz) = {mwmr4+mmﬁ¢:2

In this case (21) is even satisfied with 7 = —oo and the set of invariant probability measures is
{adp + (1 — a)d1 : a € [0,1]}, so none of them can be attractive (but the law of a corresponding
Markov chain converges exponentially fast to one of the invariant probability measures).

Nevertheless, under some circumstances, the necessary condition (21) is also sufficient. This is
in particular the case if for all the functions |f/|, with ¢ € [1,n], there exist a;,b; € R such that
almost everywhere (a.e.) in x € S,

fi(@)] = (aix+b)~" (22)

(in particular —b;/a; cannot belong to S otherwise f/ would not be integrable over this interval).
Indeed in this situation we can write that for any x <y € S,

|fi(y) — fi(z)] /yfl/(z) dz

1
ly — x| ly — x|

! /ﬁf;(z)» @z

ly — x|
1 Y 1
— d
|yx|/x (@z+0)2 "
1

1 1
oaily— <ai$+bi a aiy+bi>
1 a;(y — )
a; ly — z| (a;y + b;)(a;x + b;)
1
la;y + b;| |a;x + by

= @I @)

IN
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where the last equality has to be understood a.e. It follows that, at least for a.e. z,y € .S,

m(lfi(y)—fi(x)\) < (i@ + Wn(fi=)])
ly — B 2

and by consequence
fily) — fi(z 1 1
> pein (POZEED) < 55 pin(awh + 5 3 il fi)
1€[1,n] Y 1€[1,n] i€1,n]
formula which enables to pass from (21) to (19), which has only to be checked for a.e. z,y € S.

It is time now to come back to the flat triangle Markov chain, namely we consider the setting
where N = M, ie. S =1[0,1/2], n = 6, f; = z for i € [1,6] and p the uniform distribution on
[1,6]. A good news is that condition (22) is satisfied. Since 25(2/7—) = —2z5(2/7+) and 25(1/5—) =
—24(1/5+), we see that, contrary to z,(z), |z/|(x) can be defined everywhere (convention that we
will adopt from now on). Indeed, we compute that for any = € [0,1/2],

3 6

‘Z“(x) = mv ‘Zé|($) = m
5@ = i 6 = oy
H@ = g @ =

So we are wondering if (21) would not be satisfied in this situation. Unfortunately this is not true
and surprisingly it is a computation we have already encountered : comparing with (9), it appears
that

1
Viel[l,6],Vxe|0,1/2], ! = —
ielLelveeD A |4 = g
thus by the observation before Proposition 11, we know that }_,c g In(|2}(x)|) is positive for z
near 1/2. As in section 3, we get around this difficulty by iterating one more time the kernel M

(this iterating trick was also used by Barnsley and Elton in one example of their paper [1]). So we
consider N = M2, namely S = [0,1/2], n = 36, fij = 2; 0 z; for (i,j) € [1,6]? and p the uniform
distribution on [1,6]%. Its advantage is that we have for any 4,j € [1,6] and any x € [0,1/2],

il (@) = |2 (z(2)) |2] (2)
= (Gli,2(2))G(j,x))
Thus it appears that
Y2 e0,1/2], > ()

i,5€[1,6]

(r)) = —2F(x)

and in particular the left hand side is negative due to Proposition 11 (it is even increasing as a
function of x € [0,1/2] according to the observation made at the end of section 3). But (22) is no
longer satisfied by the functions f; ;. To avoid this problem, we come back directly to the bound
(23): for i,7 € [1,6] and y > = € [0,1/2], we write

fii() = fig @\ _ ) (1#(20) = 2i(2(2))] o (2W) = 2(2)]
1“( y 2l ) - 1( %) — ()] )+1< y >
In(|2j(z W))) + |z @)) | n(125@)) +In(l=5(2)])
= 2 2
1n(\f{](y)])+1n(|f{]($)\)
2
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Thus in this situation we can also come back from (22) to (21) and the results of Barnsley and
Elton [1] insure that the iterated Markov kernel M? is ergodic. To come back from M? to M is
not difficult:

Proposition 17 The kernel M is ergodic and the Markov chain Z satisfies the strong law of large
numbers.

Proof

Let u be the attracting and invariant probability for M2. Then we have (uM)M? = (uM?)M =
M, so M is invariant for M? and by uniqueness it follows that uM = p. Next for any probability
measure v on [0,1/2], the (weak) limit set of (vM"™),en is included into {p, uM} = {u}, so u is
also attracting for M and the uniqueness of i as the invariant probability of M follows. Finally the
strong law of large numbers for Z can be deduced from that of the two Markov chains (Zay, )nen

and (Z142n)nen-
[ |

There was a cruder way to deduce the ergodicity of M:

Remark 18 Diaconis and Freedman [4] considered a simpler criterion for ergodicity of a random
function Markov kernel (18): for i € [1,n], let K; := sup,, |fi(y) — fi(x)|/|y — x| stands for the
Lipschitz constant of f; and assume that there exists a constant r < 0 such that

Y,y €S, > piln(K;) < v (24)
1€[1,n]

then the kernel N is ergodic and Diaconis and Freedman [4] showed that the convergence is expo-
nentially fast in the Prokhorov distance (but for us the Wasserstein distance is more convenient
because in the end we would like to couple the two Markov chains (X, Yy )nen and (Zy)nen). Of
course condition (24) implies (19). Since for ¢ € [1,n], K; is the essential supremum of |f/(x)],
(24) corresponds to the exchange of essential supremum and sum in (22). Let us now come back
to our flat triangle Markov chain. From the previous considerations, (24) cannot be satisfied with
N = M. Tt does not work either with N = M?, so this is an example were the criterion (19)
is fulfilled while (24) is not. But condition (24) is satisfied with N = M3 namely S = [0,1/2],
n =216, fijr =z o zj oz for (i,4,k) € [1,6]> and p the uniform distribution on [1,6]>. For the
details of the underlying numerical computions, we refer to section 7.

O

To finish we prove two properties of  which will be needed in next section. The first one is

Lemma 19 The probability (v contains no atom, in particular u({0}) = 0.

Proof

The proof needs a few steps and notations. Let us define
p = sup{u({z}) : x €[0,1/2]}
St = {ze€[0,1/2] : p({z}) =p"}

and for any x € [0,1/2],

S(x) = {(i,y) € [1,6] x [0,1/2] : z(y) = =}
S(z) = {yel0,1/2] : ie[l,6] with z;(y) =z}

The first step is:
o We have u({0} = n({1/2}) < p*/2.
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By invariance of y we can write that
p({0}) = p
1
= ¢ 2. u{w

(i.9)€S(0)

= 2u({0)) + gu({1/2)

and this relation implies that ©({0}) = u({1/2}). Next considering the point 1/2, we get

> u{y})

(i,y)€S(1/2)
= 2u((1/2) + gu{1/5) + gu({2/Th)

< a1/ +gu

p({1/2}) =

N | =

so it follows that p({1/2}) < p*/2.
Next step is:
e For any x € S*, we have S(z) C S* U {0}.
Looking at the graphs of the functions z;, for i € [1,6] (see Figure 1 in section 7), we get that

4 ifz=1/2
vV el0,1/2], card(S(z)) = 7 ,ifx=1/4orx=1/3
6 , otherwise

So consider x € S*\ {1/4,1/3,1/2}, writting that

plieh) = ¢ S ully)
(1.y)€S(2)
< p
it appears that equality is possible only if u({y}) = p* for all y € S(z), namely S(z) C S*.
We study now the three particular cases of 1/4, 1/3 and 1/2.
- For 1/2: as seen in the first step, 1/2 € S* implies that u* = 0, so S* = [0,1/2] and the inclusion
S(1/2) C S* is trivial.
- For 1/4: there exist five distinct points v}, 5, ¥4, vy, y5 € [0,1/2] such that we have

S(1/4) = {(47 0)7 (57 0)7 (17 yll>7 (27yé)7 (27 yé)v (37y£l)7 (67 y:’))}

so by invariance of u we get

p({1/4) = < 2e({0)+ > w({yi})

i€[1,5]

(2u({0}) + 5u)

D=

1
6
and since we know that p({0}) < p*/2, the equality p({1/4}) = p* is possible only if p({y;}) = p*
for i € [1,5], so we can conclude that S(1/4) C S* U {0}.

- The same argument holds for 1/3 (even if 1/3 € S(1/3)). For the last step, let us denote by z;
the restriction of z5 to [0,2/7]. This mapping is one-to-one from [0,2/7] to [0,1/2] and we denote
by zy ! its inverse.

<
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e For z € [0,1/2] \ {0}, the set {z;"(x) : n € N} is infinite, so S* is infinite.

The first assertion comes from the fact that for any x € (0,1/2], 0 < 2, *(x) < z, 50 (Z5"(2))nen
is indeed a decreasing sequence (converging to 0). By the first step, S* cannot be reduced to {0},
so there exists = € S* \ {0}. By the previous step, the sequence (2, "(x))nen is included into S*,
since none of its elements can be equal to 0. It follows that S* is infinite.

Of course the last statement implies that u* = 0, because pu is a probability measure.
|

If all the functions z;, for i € [1,6], were strictly monotone, the fact that u({0}) = 0 could have
been deduced more directly from the uniqueness of y and Theorem 2.10 from Dubins and Freedman
[6]. The second information we will need on p is a direct consequence of a result of the latter paper.

Lemma 20 The support of i is the whole segment [0,1/2].

Proof

By Theorem 4.9 of Dubins and Freedman [6], the support of p is the whole segment [0, 1/2] if we
can cover it by the images of the functions z; which are strict contractions. But this is the case
here, since z4 and z5 are strict contractions and z4([0,1/2]) = [1/4,1/2] and 25(]0,1/2]) = [0, 1/4].

[

6 More on the asymptotic behavior

Our main goal here is to prove Theorems 2 and 3. The underlying tool is to couple the Markov
chains (X, Y, )nen and (Zy,)nen to take advantage of the informations we have on the latter one.

Indeed, there is a natural coupling between the above chains based on the construction alluded
to in Remark 14. Assume that (Xo,Yy) and Zy are given and let (I,)nen+ be a sequence of
independent random variables uniformly distributed on [1, 6] and independent from the previous
initial conditions. We consider (Z,)nen constructed as in (16) and similarly we iteratively define
(Xny Yi)nen via

Vne Na (Xn+1v Yn+1) = (x1n+1(Xn)7 YlLyia (Yn))

In these relations, the indices refer to the conventions made in (2) and (6). A first simple property
of this coupling is:

Lemma 21 The random variable | X,, — Z,| converges in probability to zero for large time n € N.

Proof

First we iterate Lemma 9 to show that there exists a constant K’ > 0 such that

Vi j €[1,6],V (x,y) €D, |wilz(z,y),yi(2,y) - zi(z()] < K'Vy

Indeed, using Lemma 9 and the fact that all the functions z;, ¢ € [1,6] have a Lipschitz constant
less (or equal) than 8/3, we deduce that for any 7, j € [1,6] and any (z,y) € D,

i (2 (2, ), yi(2,y)) — 2i(z(2))|

< e, 0), 0 (1) — (s (0 )] s (0, 9) — (2 (2)]
< Ky p) + 5 lej(e,0) = ()

< K\/§+¥\y!

< K'\y
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with K’ = K(1 + 2%3%), where we have taken into account that the largest possible ,/y for
(z,y) € D is attained for the equilateral triangle and that is value is then (3/4)"/%.

Let ¢ € (0,1] and p € (0,1) as in (20) but relatively to the kernel N = M?2. Then for any n € N,
we can write

E[|Xn+2 - Zn+2|q|Xn7 Yn, Zn]
]E[‘$]n+2 (x1n+1 (Xna Yn)v Yt (X?”La Yn)) = Zlng2 (Z]n+1 (Zn))qHXm Ya, ZTL]
< ]EH:L'IW& (x1n+1 (Xna Yn)v Yl (Xnv Yn)) — Rlny2 (Zln+1 (Xn))‘q|Xm Yo, Zn]
+E[|Zln+2 (an+1 (Xn)) = Rlny2 (an+1 (Zn)) |q|Xn7 Ya, Zn]
a
(K1Y + p| X — Zp |

IN

For n € N, denote

E[| X, — Z,|7]
(K')E[V;¢]

an

bn

so that after integration the above bound leads to

VHEN, An+-2 < pan+bn
We deduce that
YneN, am < app"+ . byt " (25)
me[0,n—1]

where it appears that lim,, .. a2, = 0 is a consequence of lim,_ .o, b, = 0. A similar computation
shows that this latter condition also implies that lim, . asn+1 = 0, i.e. at the end we will be
insured of

lim B[ X, — Z,|7] = 0
n—oo

and thus of the announced convergence in probability.
But we already know that (Y),),en converges a.s. to zero and since this sequence is uniformly
bounded, we see by the dominated convergence theorem that lim,, ., b, = 0.

|

Now Theorem 2 follows quite easily:

Proof of Theorem 2

For n € N, let H,, be the orthogonal projection of (X,,Y},) on the abscissa axis and denote A},
(respectively A7) the angle between [(0,0), (X,,Y,)] and [(X,, Ys), Hy] (resp. [Hy, (Xy,Y,)] and
[(Xn,Yn), (1,0)]), so that A, = A} + A!l. Since the length of [H,, (1,0)] is larger than 1/2 and
Y,, converges a.s. to zero for large n € N, it is clear that A" converges a.s. to /2. Furthermore,
we have tan(A!) = X,,/ Y, so to see that A, converges in probability toward 7, we must see that
Y,/ X, converges in probability toward 0. Let €, > 0 be given, we have for any n € N,

PV, /Xn > € P[Y, > 2en] + P[X,, < 27]

<
< P, > 2en] + P(| Xy — Zp| < 0] +P[Zn < 1]

Taking into account that the attractive probability u of Z is continuous, we get by letting n going
to infinity

limsupP[Y,, /X, >¢€¢ < u([0,7])

n—oo
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Using again Lemma 19 and letting 1 go to zero, we obtain that lim,, ., P[Y,,/X, > € = 0 and by

consequence the announced convergence in probability.
|

Remark 22 We don’t know if (Ay,),en is converging to zero a.s. One way to deduce this result,
via Borel-Cantelli lemma, would be to show that for any given ¢ > 0,

Y PYVu/Xn > < 400
neN

In view of the above arguments, one of the main problems is that we have no bound on the way
1([0,m]) goes to zero as 1) goes to zero. We would like to find o > 0 such that limsup, o, u([0,n])/n*
< 400, but we were not able to prove such an estimate. If we knew that y is absolutely continuous,
Figure 7 in section 7 would suggest that this property holds with o = 1 (and lim,, o, £([0,7])/n <

1).
O

In order to prove Theorem 3, we will need two technical results. In all that follows, let fix some
a €[0,1/2] and € > 0 and define O :=[a —€,a + €] N [0,1/2].

Lemma 23 There exist n > 0 and N € N* such that

inf P,[Zye€ O] >
sl BelZn €Ol 2 m

(the index z means that Zy = z).

Proof

This is a consequence of Lemma 16 applied to M?: there exists p € (0,1) such that for any
z €[0,1/2] and n € N, D(M?", ) < p™. Let ¢ a function from £(1) vanishing outside O and
whose value is € at a (¢ is uniquely determined if O is strictly included into [0,1/2]). Since the
support of u is [0,1/2], we have 7 := u[e]/2 > 0. So if we choose N € N such that plV/2l < 5, we
get that for any z € [0,1/2], P,[Xy € O] > MY (z,0) > 1.

|

For the second preliminary, we need a convenient notation: for (z,y) € D and (i1,i2, - ,in) €
[1,6]Y, we denote @, iy... in (T,Y), Yiy i in (T, y) and zi, 4, ... iy (z) the values of X,,, Y, and Z,
when (Xo, Yo, Zo) = (z,y,2) and (I1, Iz, -+, In) = (i1,42, - ,iN)-

Lemma 24 There exists a constant Ky such that
1/2N71

172N

v (117227 T 72]\7) S [[1?6]]]\[7 v (Jf,y) € Da ‘le,lz, JN(xvy) Firiz, 71N($)| P VY
Yir g, iy (T, 9)] < KNy

Proof

For N =1 this is just Lemma 9. The general case is proven by an easy iteration, similar to the
one already used in the proof of Lemma 21, starting with

‘xi17i27”' AN (x7 y) T Riyyig,in (x)’
< ‘xiN ($i17i27"' ,iN71(<73a Y), Yiq i, 77;N71(x7 y) — Zin (ximéw” aiNfl(‘r7 y))‘

+ ‘ZiN (wil,iz,"' 77:N71(x’ y)) — Rin (zil,izf" 77:N71(w))‘

We can now come to the
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Proof of Theorem 3

Let O = [a — 2¢,a + 2¢] N [0,1/2]. We want to show an analogous result to Lemma 23 but for the
chain (X,,, Y}, )nen, namely to find ' > 0 and N’ € N* such that

inf P Xy e > v 26

(:v,lyI;GD (ac,y)[ N } Z N ( )

(the index (x,y) recalls that initially (Xo,Yy) = (x,y)). To do so, we first consider n and N as

in Lemma 23 and consider § > 0 sufficiently small such that Kydé/ 2¥7 < ¢, Then according to
Lemmas 23 and 24, we have

XyeO] >
(z,y)€ED : y<d N ] = 7

:c,y)[

To extend such an estimate to the whole domain D, we come back to (1) and (5) which enable us
to find N” € N such that

n = (xiggfép]}”(x’y)[YN// <d] >0

Now the Markov property implies (26) with n = 7'n" and N’ = N + N”.
Since this bound is uniform over (z,y) € D, the sequence (X, n/)nen is stochastically bounded

below by an independent familly of Bernoulli variables of parameter 1’ and we deduce that a.s.

limsup lor(X,,) = 1

n—oo

The announced result follows because a € [0,1/2] and € > 0 are arbitrary.

|
We would have liked to get more quantitative bounds but unfortunately we didn’t:
Remark 25 To complete Remark 22, we are also missing another estimate of the kind
IK,p,x>0:VneN, E[Y] < Kexp(—xn) (27)

Blackwell [2] succeeded in obtaining such a bound (with p = 1/2) by exhibiting an appropriate
supermartingale with the help of the computer. His result also implies Theorem 1, with x = 0.04.
Furthermore it allows for a more direct proof of Theorem 3. Indeed, by the arguments of the proof
of Lemma 21, we deduce from (27) that |X,, — Z,| converges a.s. to zero. Thus the law of large
numbers for Z and Lemma 20 imply immediately Theorem 3. We can even go further to justify
the assertion made in the introduction that asymptotically (X, )nen is almost Markovian. Let us
introduce the supremum distance d on [0,1/2]Y, seen as the set of trajectories from N to [0,1/2]:

V2= (n)neN; ¥ = (Yn)nen € [0, 1/2]N’ d(z,y) = Sug |Tr — Ynl
ne

For m € N, let X[, oo = (Xm+n)nen € [0, 1/2]N and consider
D,, = infE[d(Xﬂm,mH, Z)}

where the infimum is taken over all couplings of X[, o[ With a Markov chain Z whose transition
kernel is M. Then we have lim,, .., D;; = 0. To be convinced of this convergence, consider for
fixed m € N, (X, Yn)nen and (Zy)nen two chains coupled as in the beginning of this section and
starting from the initial conditions (Xo,Yp) = (Xpm, Ym) and Zg = X,,,. Then (27) and (25) imply
that the quantity ZneNEH)N(n — Zy|] converges exponentially fast to zero as m goes to infinity.

O
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7 Numerical computations

We present here the technical facts needed to conclude the proof of Proposition 11 (and by con-
sequence also of Proposition 17). We used the free numerical computational package Scilab 4.1.2.
Next we investigate the Lipschitz constants alluded to in Remark 18. Finally we illustrate the
results obtained in this paper by giving a numerical approximation of the invariant measure u of
the chain Z and of rate L defined in (17).

But as a preliminary, let us give in Figure 1 the graphs of the six functions z;, for i € [1,6],
since they are at the heart of this paper.

Figure 1: Graphs of the z;, for ¢ € [1,6]

7.1 Computations relative to Proposition 11

The goal is to show that the function F' defined in (11) does not vanish in [0, 1/2]. Since we want
to work formally as long as we can, it is better to consider the rational fraction (by pieces) R given
n (12). Here are the codes we wrote and the results given by the computer.

e On the interval (2/7,1/2).
First we compute the matrix A := (vV6G(i, z;(2))V6G(j, )); je[1,6], Where z is a “free variable”.
We multiplied the function G' by v/6 to avoid square roots in the computations.

x=poly(0,’x’);

z1=3/2*x/ (1+x) ;
z2=(2-4%x)/(2-x);

z3=(2-4%*x) /(3-3*x) ;

z4=(1+x) / (4-2%x) ;2z5=(1-2*x) / (4-2%x) ; 26=(1-2%x) /3;
z=[z1 22 z3 z4 z5 z6];
gl=2%(1+x) ;g2=(2-%) ; g3=3*(1-x) ;
g4=2%(2-x) ; gb=g4;gb=3;
g=lgl;g2;g3;g4;85;86];
a=horner(g,z);

A=axdiag(g)
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Running this code, we get the following polynonial matrix:

4+10x 8—10x 10—14xz 10— 2z
4+ 2+ 2x 4—2x 7—b5x
6 — 3z 9x 34 3z 9—9x
8+2xr 4+4x 8—4x 14— 10z
8+2xr 4+4x 8—4x 14— 10z
6+6xr 6-—3x 9 —9x 12 — 6x

By construction, we have

1
Rz) = 5 II 4@
,J€[1,6]
229317
o Ll Bl
4,5€[1,6]

where the matrix B is defined by

24+5x 4—5xr 5—Txr SH—=x
44z 14z 2—z 7-5z
2—x T 142 1—=x
442 142 2—x T7-5zx
442 142 2—x 7-5zx
142 2—2 1—2 2-—=x

thus we obtain that R(x) — 1= Pi(z) on [2/7,1/2], with

10 — 8«
7T —2x
9
14 — 4x
14 — 4z
12 — 6z

z)

8 —4dx
o+ 2x
6 + 62
10 + 4x
10 + 4x

5—4dx 22—z
7T—2x 5+2x

1 14z
7T—2x 5+2x
7T—2x 542z

2—zx

1

Pi(z) = 2773792 +5z)(4—5z)(5— 72)(5 — x)(5 — 4x)(2 — 2)%(4 + 2)3(1 + z)°

(7 —52)*(7 —22)*(5 + 22)3z(1 —2)* — 1

Using the command roots of Scilab 4.1.2 which computes numerically the roots of a given poly-
nomial function, we obtained the roots of P;(x) depicted as crosses in Figure 2.

Figure 2: Roots of P;(x)
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We see that none of these roots is in the segment [2/7,1/2] (also drawn as the thick horizontal
segment in the middle of the picture). Indeed looking more closely at the roots found by the
computer, the one on the left (respectively the right) of the segment is 0.0006183 (resp. 0.6297289).
The fact that R > 1 on [2/7,1/2] comes from the computation of R(1/2) ~ 12.989284. We also
estimate that R(2/7) ~ 99.311045.

e On the interval (1/5,2/7).
The first above code has only to be slightly modified: the definition of z2 (line 4) is now

z2=(3*x) /(2-x) ;
It appears that the corresponding matrix A is also polynomial and the computer gives us

4+10x 4+4xr 10—14x 10—2x 10—8x 8 —4x
4+ 4 —5x 4 —2x 7 — b5x 7T—2x 542z
6—3xr 6—12x 34 3z 9 —9x 9 6 + 6x
8+2xr 8—10x 8—4x 14—10x 14 —4x 10+ 4x
8+2r 8—10x 8—4x 14—10x 14 —4x 10+ 4x
6+6x 6-—3x 9-—09zx 12—-6x 12— 6z 9

Then we compute the roots of the polynomial function P5(z) representing R(x) — 1 on [1/5,2/7]
and as it can be seen in Figure 3, none of them belongs to this segment (drawn as thick line, the
closest root is 0.4569663).

Figure 3: Roots of Py(x)

Thus R is strictly positive on [1/5,2/7], since we already knew that R(2/7) > 0. We estimate
that R(1/5) ~ 418.66239.

e On the interval (0,1/5).
The additional modification is the definition of z3 (line 5),

z3=(1+x) / (3-3*x) ;
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Again we obtain a polynomial matrix A,

44 10x 4+ 4x 8 —4dx 10—2z 10—8x 8 —4dx
4+x 4 — 5 5—Tx 7 — b5x 7T—2x 542z
6—3r 6-—12x 6—12z 9—9zx 9 6 4 62
8+2xr 8—10x 10— 14z 14— 10x 14 —4x 10+ 4z
8+2r 8—10x 10—14x 14— 10x 14 —4x 10+ 4x
6+6x 6—3r 9-—09zx 12—-6x 12 —6x 9

and Figure 4 gives a picture of the roots of P;(z) representing R(x) — 1 on [0,1/5]. None of them
belongs to this segment (the closest one is 0.3995404).

Figure 4: Roots of P3(x)

Thus R is also strictly positive on [0,1/5], since we have already seen that R(1/5) > 0. We
estimate that R(0) ~ 13496.561.

In conclusion, the function F defined in (11) is positive on [0, 1/2], as it is illustrated in Figure 5.

There is a more analytical approach to justify the positivity of F'. Indeed, the above polynomial

expressions for the three matrices A (one on each of the segments [0,1/5], [1/5,2/7] and [2/7,1/2])
enable to get a simple uniform bound C on F’ on € (0,1/2) \ {1/5,2/7} via the formula

, 1 Ag](x)
Vee 0D\ {1/52/7),  |F@)] = 5 Auy(@)
igefe]
Aiy()
A, j(z)

ma.
i,5€[1,6]

Working out the details, we get that we can take C' = 14/3 (obtained for : = 3, j = 2 and = 2/7
for the matrix A valid on the interval [1/5,2/7]). Thus if there exists N € N* such that

in F(i/N)—14/(6N) > 0
o (i/N) /(6N)

we can conclude to the positivity of F' on [0,1/2]. We tried with N = [14/(3F(1/2))] = 66 and it
works (except that we have not taken into account the preciseness of the computer).
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Figure 5: Graph of function F'

The fact that F' and R are decreasing on [0,1/2] can also be checked numerically. Indeed,
using the command derivat of Scilab 4.1.2, we can compute first the derivatives of the polynomial
functions P;, P» and Ps; and next their roots. It appears that they do not belong respectively to
the segments [2/7,1/2], [1/5,2/7] and [0,1/5]. Since we have already seen that F'(0) > F(1/5) >
F(2/7) > F(1/2), it follows that F' is decreasing on [0, 1/2] and thus bounded below by F(1/2).

As it was mentioned to us by André Galligo, there is also a totally algebraic approach to this
problem via the use of Sturm’s sequences. Since we are dealing with polynomial functions with
rational coefficients, this method can be made rigorous, if we are allowed to work on the computer
with numbers with a large number of digits (here of order 42 = [log;,(36!)], since we have to
consider the values of all the derivatives of the polynomial function of interest at the boundary of
the interval where we are looking for roots), in order to deal only with true “integers”. So this
approach would require to work with another mathematical software, such as Maple.

Finally let us also draw the graph of the function

Fi01/252 — é S (G, 2))
1€]1,6]

to show that it was necessary to iterate the kernel M to get a lower bound as the one in Proposi-
tion 11 (or to be able to apply the result of Barnsley and Elton [1]).

Indeed, F' is negative in a neighborhood of 1/2, which means that the isoperimetric value of
the triangles near this neighborhood have the tendency to decrease. But fortunately, the abscisse
of the characteristic point of new triangle obtained by the barycentric subdivision has a chance of
4 over 6 (see Figure 1) to be close to zero, zone where the isoperimetric functional has a strong
tendency to increase.

7.2 On the Lipschitz constants of Remark 18

We implement on the computer the verification of the criterion (24) from Diaconis and Freedman
[4] in our particular situation. We adpot an analytical approach, despite the fact we are essentially
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Figure 6: Graph of function F

dealing with polynomial functions. Let us denote (recall the notation of (9))

1

Vie[l,6],Vzel0,1/2], D(i,x) = |#](z) = i)

and for any n € N* and (i, ) € [1,6]?,

K;j(n) = sup D(i,2i(x))D(j,x)
xGSn
where S, := [0,n]/(2n) is a mesh of [0,1/2]. Then for any (i, ;) € [1,6]?, the Lipschitz constant
of z; o zj is given by
Ki,j = sup D(Z,Z](.%'))D(j, JJ)
z€[0,1/2]
= sup K ;(n)
neN*
Thus to show that criterion (24) is not fulfilled by M?2, it is sufficient to check that for some n € N*,
Ka(n) = 1li jyepep Kig(n) > 1.
Similarly for M3, we define for any n € N* and any (i, j, k) € [1,6]3,
Kijr(n) = sué) D(i,zj o zi(x))D (4, z(x))D(k, x)
TESH
so that for any (i,j,k) € [1,6]3, the Lipschitz constant of z; o z; o z is given by K, i =
sup,en K jk(n). We compute that

max D(i,x) = 8
i€[1,6],2€[0,1/2] 3
dD(i, z) 32
max —_— = =
i€[[1,6],2€[0,1/2] dz 3

so we easily deduce that

195552
- 243

9 D0, 2 0 2()) D, 2()) D(k, ) < 805

max
(i,5,k)€[1,6]3,z€[0,1/2] | dz
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It follows that

202
Vne N*a v (i7j7 k) S H176ﬂ37 Ki,j,k < Kz,j,k(n) + —

Thus to see that criterion (24) is satisfied by M3, it is sufficient to check that for some n € N*,

K3(n) = H (Kijjjk(n) + 2;.2) <1

(i.4,k)€[1,6]°

The following program (where the index set [1,6] has been replaced by the more convenient set
[0,5]) gives that Ka(1) = k2 &~ 92.067225 and K3(10000) = k3 ~ 0.0116774, values which justify
the assertions made in Remark 18.

function z=Z(x,i)
select i

case 0 then z=3/2*x/(1+x);

case 1 then z=3%*bool2s((x<2/7))*x/(2-x)+bool2s((x>=2/7))*(2-4*x)/(2-x) ;

case 2 then z=bool2s((x<1/5)).*(1+x)./(3-3%x)+bool2s((x>=1/5)) .*(2-4%*x) ./ (3-3%x) ;
case 3 then z=(1+x)/(4-2%x);

case 4 then z=(1-2*x)/(4-2%*x);

case 5 then z=(1-2%x)/3;

end; endfunction

function d=D(x,i)
select i

case 0 then d=3/2 ./(1+x).72;
case 1 then d=6 ./(2-x).72;
case 2 then d=2/3 ./(1-x).°2;
case 3 then d=3/2 ./(2-x).72;
case 4 then d=3/2 ./(2-x).°2;
case 5 then d=2/3

end; endfunction

function d=DD(x,i)
j=floor(i/6); k=i-6%j;
d=D(Z(x,k),j)*D(x,3j);
endfunction

function d=DDD(x,1i)

j=floor(i/36); k=floor((i-36%j)/6); 1=i-36*%j-6*k ;
d=D(Z(Z(x,1),k),j)*D(Z(x,1),k)*D(x,1)+202/10000;
endfunction

r2=[0 1/2]; I2=0:35; K2=feval(r2,I12,DDD);
k2=prod (max (K2, ’r’))

r3=0:1/(2%10000) :.5; I3=0:215; K3=feval(r3,I3,DDD);
k3=prod (max(K3,’r’))

7.3 Approximation of the invariant measure p

Proposition 17 leads to an approximation of the invariant measure p through the strong law of
large numbers. In practice, we run the following code, which simulates the chain (Z;,),ecp, N7 With
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N = 100000 and starting from an initial variable Z; chosen uniformly over [0,1/2].

n=100000;

z(1)=.5*%rand(); s(1)=0;

for i=2:n

j=floor(6*rand());
z(1)=2(z(i-1),j);
s(1)=s(i-1)-1log(D(z(i-1),3j))/2;
end

L=s(n)/n

The program takes into account the functions Z and D defined in the code of the previous subsection.
Figure 7 shows the approximation we got of u through a histogram using 100 bars.

Figure 7: An approximation of p

So we have the impression that p is absolutely continuous, despite the fact that it is difficult
to judge of that property from such histograms.

Finally, the code provides an approximation of the rate L defined in (17). Running several
times the program, we always got values between 0.07 and 0.08, suggesting that Theorem 1 should
be satisfied with x = 0.07.
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