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ABSTRACT. We investigate combinatorial issues relating to the use
of random orbit approximations to the attractor of an iterated
function system with the aim of clarifying the role of the stochastic
process during generation the orbit. A Baire category counterpart
of almost sure convergence is presented.

1. INTRODUCTION

We prove that the chaos game, for all but a o-porous set of orbits,
yields an attractor of a general iterated function system (IFS). The
IFS may not be contractive and may possess multiple attractors. In
[Barnsley & Vince(2011)] it was shown that, in proper metric spaces,
attractors are limits of certain non-stationary stochastic chaos games;
this generalized the canonical explanation, based on stationary stochas-
tic processes, [Elton(1987)], of why the chaos game works to generate
attractors. Here we present new results, based primarily in topology
and category rather than in stochastic processes. Our results may have
implications on how data strings are analyzed, as we explain next.

An iterated function system F' = (X, f, : 0 € X) is a finite set of
discrete dynamical systems f, : X — X. If (0,)92, is a sequence in
Y. then the corresponding chaos game orbit [Barnsley(1988), p.2 and
p.91] of a point zo € X is the sequence (x,)>2, defined iteratively
by z, = fs,(xn_1) for n = 1,2,.... The chaos game may be used
(i) in computer graphics, to render pictures of fractals and other sets
[Barnsley(2006), Barnsley et al.(2008), Nikiel(2007)], and (ii) in data
analysis to reveal patterns in long data strings such as DNA base pair
sequences, see [Jeffrey(1990)]. If the maps f, are contractions on a
complete metric space X, and if the sequence (0,)%°; is suitably ran-

n=1
dom, then the tail of (x,)2%, converges to the unique attractor of F.
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In computer graphics, long finite strings (o,,)%_, are used, say with L
= 10°. In genome analysis, if (0,)%_, is a long finite sequence, say
L = 2.9 x 10° for the number of base pairs in human DNA, and if the
attractor of F' is a simple geometrical object such as a square, then
(z,,)E_, may be plotted, yielding a “picture” of (o,,)%_;. Such pictures
may be used to identify patterns in (0,,)%_,, and used, for example, to
distinguish different types of DNA, [Jeffrey(1990)]. In the first case (i)
a stochastic process is used to define the chaos game orbit (z,)L_, and
to describe the attractor A of the IFS. In the second case (ii) a deter-
ministic process, specified by a given data string, is used to define the
chaos game orbit (x,)L_,; how this orbit sits in the attractor, that is,
the relationship between the determainistic orbit and the stochastic orbit,
provides the pattern or signature of the string. Our results suggest the
feasibility of data analysis (a) using topological concepts and (b) using
general IF'Ss.

The type of IFS F' that we consider is quite general: the only restric-
tions are that the underlying metric space X is complete and the func-
tions f, : X — X are continuous. In Section 2 we define an attractor,
its basin of attraction, and chaos games. In Section 2 we also define the
fibres of an attractor and describe how attractors are classified accord-
ing to their fibre structure. The types of fibre structure of an attractor
are minimal-fibred, strongly-fibred and point-fibred. In contrast to the
situation for a contractive IFS, as in the classical Hutchinson theory,
see [Hutchinson(1981)], it is not possible to attach a code space to the
attractor, so results concerning the behaviour of the chaos game cannot
be inferred from analogous results, on the code space itself, by contin-
uous projection onto the attractor. Nonetheless, in Section 3 we estab-
lish Theorem 1, which says that the tail of any disjunctive chaos game
orbit, starting from any point in the basin of an attractor, converges in
the Hausdorff metric to a set C',, the omega-limit set of the orbit, that
is both contained in the attractor and contains a point belonging to
each fibre of the attractor. Compared to [Barnsley & Vince(2011)] we
replace stochastic sequences by disjunctive ones, and lift the require-
ment that X be proper. As a corollary we obtain Theorem 2: if the
attractor is strongly-fibred, then C4, coincides with the attractor.

Theorem 2 allows us to prove in Section 4 that the chaos game, start-
ing from any point in the basin of strongly-fibred attractor, yields the
attractor, except for a set of strings that is small in the sense of Baire
category; specifically Theorem 4 says that the set of strings for which
the chaos game does not converge to the strongly-fibred attractor is o-
porous, which is stronger than first category. In Section 5, we define the
notion of a disjunctive stochastic process, which generalizes the notion
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of a chain with complete connections [losifescu & Grigorescu(1990),
Onicescu & Mihoc(1935)]; then we prove, as a consequence the forego-
ing material, that Theorem 5 holds: namely, a chaos game produced by
disjunctive stochastic process converges to a strongly-fibred attractor
almost surely.

Finally, in Section 6 we establish Theorem 6 — the Rapunzel Theo-
rem — which illustrates the power of disjunctiveness in the chaos game
algorithm in the commonly occuring situation where an IFS of homeo-
morphisms on a compact metric space possesses a unique point-fibred
attractor A and a unique point-fibred repeller A*. This situation oc-
curs for Mébius IFSs on the Riemann sphere [Vince(2013)]. Basically,
the result says that if (0,,)%°, is a disjunctive sequence, then even when
the point zy belongs to the dual repeller A*, with few exceptions, the
chaos game orbit “escapes from the tower”, the disjunctive sequence
“lets down her hair” and the sequence of points in the chaos game orbit
dances out of the clutches of the dual repeller. Why is this surprising?
For a number of reasons, but mainly this: A* is the complement of the
basin of attractor A, so it is not true that limy_,., F*({z}) = A for
x € A*, and A* may have nonempty interior.

2. DEFINITIONS

Throughout, let (X, d) be a complete metric space with metric d.
For B C X, x € X and € > 0 we denote d(z, B) := infy,cp d(x,b),

N.B:={ze€ X :d(x,B) <¢}.
The Hausdorff distance between B, C' C X is defined as
hB,C) :=inf{r >0 : BC N,C,C C N,B}.

Let K(X) denote the set of nonempty compact subsets of X. Then
(K(X),h) is also a complete metric space, and may be referred to as a
hyperspace ([Barnsley(1988), Barnsley(2006), Beer(1993), Hu & Papageorgiou(1997),
Kuratowski(1958)]). Note that a descending (nested) sequence C,, 1 C
C, € K(X) always converges to its nonempty intersection (., C,
w.r.t. the Hausdorff distance; moreover f ((°_, C) = (), —, f(C,) for
continuous f : X — X ([Kuratowski(1958), chap.II1.30]).

The system F' = (X, f, : 0 € X), comprising a finite set of continuous
maps f, : X — X, is called an iterated function system (IFS) on X
[Barnsley & Demko(1985)]. We define the Hutchinson operator F' :
K(X) — K(X), associated with the IFS F', to be

F(S) =] f-(S)={fs(s) 0 €%, s€ 5}

A
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for S € IC(X). It is well defined and continuous (cf. [Barnsley & Lesniak(2012)]).
Without risk of ambiguity we use the same notation F' for the IFS and

the operator. The k-fold composition of F is written as F* : K(X) —

K(X), and we have

FHS)={fs0...0f0(s):p1...o € TF s €S}

forall S € K(X) and k =1,2,....

Following [Barnsley & Vince(2012)] we say that A € K(X) is an at-
tractor of the IFS F' when there exists an open neighbourhood U(A) D
A such that, in the metric space (I(X), h),

(1) F*(S) — A, for U(A) D S € K(X), k — oo.

The union B(A) of all open neighborhoods U(A), such that (1) is true,
is called the basin of A. Since F' : K(X) — K(X) is continuous it
follows that A is invariant under F'| i.e., A = F(A).

The coordinate map 7 : 3> — K(A) for A (w.r.t. F) is defined by

7(p) = ﬂ for 0o o (A) =t A,
K=1
for all p = (p1,....,pK,...) € 3. The set A, is called a fibre of A
(w.r.t. F). The union A = |J cy~ A, provides fibering structure in
the attractor (cf. [Kieninger(2002), Mauldin & Urbariski(2003)]). If
A, is a singleton for all p € ¥°°, then A is said to be point-fibred.
To say that A is strongly-fibred means that for every open V. C X
intersecting A, VN A # 0, there is p € 3> such that 4, C V. All
attractors of IFSs are said to be minimally-fibred. Strongly-fibred is
weaker than point-fibred which is weaker than the situation where A is
the attractor of a contractive IFS. Classification of attractors according
their fibration is discussed in [Kieninger(2002), chap.4]. Note that our
definition of a strongly-fibred attractor slightly differs from the original
one but is consistent with it due to Proposition 1 (cf. [Kieninger(2002),
Proposition 4.1.7 (i) p.85]).

Proposition 1. If A is an attractor of F and B C B(A) is a nonempty
forward invariant compact set containing A, i.e., F(B) C B € K(X),
B D A, then

Ay= () fomo-- 0 for(B)
K=1

for every code p = py...px... € 1.

Proof. The inclusion “C” is obvious because A C B. For the reverse
inclusion “D” observe first that the sequence f, o...o f, (B), K > 1,
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is descending due to F'(B) C B. Next from the definition of attractor
we have

Jor1 © -0 foron(B) C F™(B) C N:A

for every K = 1,2, ... and € > 0 with large enough n. Hence

() forcir© -0 forn(B) C A.
n=1

Therefore
ﬂfplo...opr(B):
K=1
:ﬂfmo...opropr+1o...opr+n(B):
n=1
=foo...0fp (ﬂ pr+lo...opr+n(B)) C
n=1
Cfmo"'opr(A)
for all K. O

Strongly-fibred but not point-fibred attractors are newcomers to the
classical Hutchinson theory. Diverse examples occur in projective spaces,
see [Barnsley(1988), Barnsley & Vince(2012), Vince(2013)]. We show
below that a large class of contractive IFSs gives rise to noncontractive
[F'Ss with strongly-fibred attractors.

Example 2.1. (Strongly-fibred attractor construction by B. Kieninger;
[Kieninger(2002)] Example 4.3.19 p.103). Let X be compact with at
least two elements and F' = (X, f, : ¢ € X) be a contractive tiling
of X, ie., all f, are Lipschitz contractions and | J, .y, fo(X) = X (we
drop here the usual intersection condition for tiling). Obviously X
is the attractor of F' and F' consists of at least two maps. Define
Fo:=(Xx X, f, xid,id X f,: 0 € X)), i.e., f, xid(z,y) = (f,(x),y),
id X fo(x,y) = (, f,(y)) for (x,y) € XxX. For convenience we define
the alphabet for Fi to be 3 x {1,2} so that

o = foxad, j =1,

@) =\ idxf,, j=2

We choose also the maximum (chessboard) metric in the product so
that Na{xl} X Ng{x‘g} = NE{(Il,Ig)}.

Then: (a) Fo has A := X xX as an attractor, (b) Fp is strongly-
fibred, (¢) Fp is not point-fibred.
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(a): One easily finds (by induction) that the Newton expansion holds
Sl X SQ U FZ Fk ‘ S )

for 51,5, € K(X); F°(S) := S. Therefore given any R € K(X xX) we
choose anyhow (z1,z5) € R and write for i =0, 1

FEH(R) o FE ({(w1,22)}) O

D FS({m1}) < FE ™ ({a2})

to see from F*({z;}) — X, j = 1,2, that F'(R) — X xX w.r.t. the
Hausdorff distance in (X xX).

(b): Let (z1,22) € XxX, e > 0. Since F' is contractive, for j = 1,2
there exist Kj, p1...p%, € ISR fago o ofy (X) C NAx;}. Thus

A
form oo fui mofray oo fiz 2)(A)

CNA(x1,22)}.

(c): Choose any oy € ¥ and let z, = f,,(z.) be the only fixed point
of fs,. The fibre Ay 1)(00,1)... = {2+}x X is not a singleton.

Note that the system F is not contractive on average under any com-
plete metric in X x X. The class of average contractive IF'Ss constitutes
a standard way to relax contractivity hypothesis, at least for the proba-
bilistic IFS associated with the deterministic one, see [Lasota & Mackey(1994),
Proposition 12.8.1 p.434], [Kunze et al.(2012), chap.5.2.3|, [Barnsley et al.(2008),
Stenflo(2012)]. We say that F'is contractive on average, if there exists
a probability distribution (ps)ses over X, p, > 0, > v po = 1, s.t.
Y wesPo - Ly < 1, where L, stands for the smallest global Lipschitz
constant of f,. This necessarily implies that min,cx L, < 1, i.e., one
of the maps is already a contraction.

Suppose w.l.o.g. that a map f,xid : X xX — X xX is contractive
under some complete metric in X x X. Then there exists the unique
fixed point

P (e, 2) ©

faxid(x*,y*) = (fa(w*),y*) = (x*,y*) c X xX.

Hence x, = f,(x.), so fyXid(xs,y) = (x,,y) for all y € X. This
contradicts uniqueness.

To complete the picture, note that completeness is essential. Let
X :=(0,1] and D := {(z,y) € R* : 0 < 22 + y* < 1}. Further let us
define a bijection ® : R? D XxX — D C R?

O(x,y) := (z - cos(2my), x - sin(27y))
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for (z,y) € XxX. We transport the induced Euclidean metric || - ||
from D to X xX

do((z1,11), (€2, 92)) = [|P(21,y1) — (22, 92) .

for (z1,y1), (x2,92) € XxX. Put f(z) := -z for z € X. Then
fxid: (XxX,de) = (XxX,ds) is a contraction (transported back to
D, it acts by halving radius vectors toward the center of the punctured
disk).

Let ¢ = (01,09,...) € ¥°. The orbit of g € B(A) under F and ¢ is
the sequence (xy)32, defined by
(2) { Ty € B(A),

Ty = fo(Tp-1), k> 1.

While in the definition of the fibre we compose maps backwards as it is
standard in symbolic dynamics ([Barnsley(2006), Barnsley et al.(2008),
Hutchinson(1981), Kunze et al.(2012), Mauldin & Urbariski(2003)]), here
we have a forward composition z = f,, 0...0 fy (20). If (01,09,...)
is chosen using a stochastic process, then (zj)2, is referred to as a ran-
dom orbit, and more generally as a chaos game orbit (e.g., [Barnsley(1988),

Peak & Frame(1994)]).
Occasionally we may need the concatenation
WT = w - T 1= (Wi, ..., W, T1y ey Tyy) € DFF™

of words w = wy.. wy € ¥¥ and 7 =7...7,, € ™.

3. DETERMINISTIC ANALYSIS

Throughout this section let F' = (X, f, : ¢ € ¥) be an IFS with an
attractor A € K(X) and basin of attraction B(A). Let (z)3, denote
the orbit of xy € B(A) under F and (o1,09,...) € 3. We define the
omega-limit set Coo of ()52, to be

Coo = ﬁ CK
K=0

where
Crk :={xr : k> K}
is the closure of the K-th tail of the orbit x;, K =0,1,2,....
The following gives a known sequential characterization of Cy, (cf.
[Kieninger(2002), Proposition 3.4.4 p.77] or [Chueshov(2002), Katok & Hasselblatt(1995)]).

Lemma 1. The omega-limit set of the orbit x; is the set of all its
accumulation (limit) points:

Co = {JI* e X: Elkl/‘oo ZL‘kl—)ZE*}.



8 MICHAEL F. BARNSLEY AND KRZYSZTOF LESNIAK

Proof. One observes that the omega-limit set is the upper Kuratowski
topological set-limit of tails and uses the sequential characterization of
this notion (e.g., [Beer(1993), Lemma 5.2.8 p.148], [Kuratowski(1958),
Chapitre 11.25], [Hu & Papageorgiou(1997)]). O

Further basic properties of C, follow from [Chueshov(2002), chap.1.5
Lemma 5.1 p.29], [McGehee(1992), Lemma 6.1], [Kieninger(2002), chap.3.4].

Proposition 2. Let (z1)72, be the chaos game orbit starting at xo in
the basin of a compact attractor A. Then

(i) the range of this orbit has compact closure, Cy = {zy : k =0,1,2,...} €
K(X),
(ii) the (closures of) tails of this orbit converge to the omega-limit
set w.r.t. the Hausdorff distance, Cx — Cy,
(iii) the omega-limit set is a nonempty compact subset of the attrac-
tor, Cs C A, Cy € K(X).

Proof. Fix € > 0 and take a finite e-net S of A, i.e., A C N.S. By the
convergence F*({xg}) — A w.r.t. the Hausdorff distance, so we can
choose K s.t.
x, € F*({xo}) € N.A for k > K.
Hence
Cx C | FF({xo}) € NocA C N3,
k>K
and
Co = {1} 1=y UCk C Na({zi}ig U S).
This means that Cj is totally bounded, so all closed sets C are com-
pact. Moreover

oo
Coo= () Cx C [\ NaA= A
K=0 e>0
Finally we recall that a decreasing sequence of nonempty compact sets
Ck converges to its intersection C, in the Hausdorff distance and C
is nonempty compact. O

We say that the infinite word ¢ = (01,09,...) € X is disjunctive
([Calude & Staiger(2005), Staiger(2002)]) if it contains all possible fi-
nite words, i.e.,

vm vaZ‘m E]j vl:l

In fact any finite word appears in a disjunctive sequence of symbols
infinitely often, because it reappears as a part of longer and longer
words.

..... m O(G-1)4+1 = Wi.
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Example 3.1. (Champernowne sequence). Let us write down finite
words over the alphabet 3: first one-letter words, second two-letter
words etc. An infinite word made by concatenating this list creates
the Champernowne sequence, known to be normal, which is more than
merely disjunctive.

Applications of disjunctive sequences in complexity, automata theory
and number theory are described in the papers cited in [Calude & Staiger(2005)].

Theorem 1. Let A be an attractor of F = (X, f, : 0 € X). If the orbit
xy 18 driven by a disjunctive sequence ¢ = (01,09,...) € X°°, then the
omega-limit set of this orbit intersects all fibres of A, i.e., A,NCo # 0
for every code p € X*°.

Proof. We have

CoNA,=Csx N m for 0o fp (A)D

K=1

(3) D (V(Coo N fry 00 £ (Co))

K=1

due to the inclusion C,, C A stated in Proposition 2. The sets C, N
foi0....ofp (Cs) are compact and form a descending (nested) sequence.
Thus we only need their nonemptiness to conclude that the intersection
in (3) is nonempty.

Fix (pK,...,p1). Since (oy)x is a disjunctive sequence there exists a
subsequence (oy,); with the property that

(4) (O-kz-‘ri)ilil = (pKa “'>p1)'

A subsequence (zy,); of the orbit possesses a convergent subsequence

Thy, = T with z, € C as C4 constitutes the set of all limit points of

x. By continuity
fo0..0 pr(xklj) = for 0o for(z4) =0y
Ys € fpy 0.0 [ (Coo).

However
fp1 0...0 pr(ZL'klj) = fL’klj+K —y. € Cx
due to (4). Hence

Ys € Coo N fpr 0.0 [, (Cxo).
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Theorem 2. Let A be an attractor of F = (X, f, : 0 € X). Assume
that A is strongly-fibred. If the orbit (x,)2,, xo € B(A), is generated
via a disjunctive sequence (01,09, ...) € £°°, then the tails of this orbit

(5) {n i n>p}—A, p— oo,

converge to the attractor w.r.t. the Hausdorff distance, and

(6) A= ()

p=1n=p

Proof. Let a € A, e > 0 and V := N.{a}. Obviously VN A # (). Since
A is strongly-fibred, there is p € X*° such that A, C V. In view of
Theorem 1, there exists z, € Cy such that z, € A,. From this and
Proposition 2 we see that

Co CAC N.Cy,

and C,, = A because ¢ was arbitrary.
Formula (6) is the explicitly stated definition of C, and (5) is Propo-
sition 2 (ii). O

It should be pointed out that in the case of a contractive IFS a very
simple justification of the deterministic chaos game can be given along
the lines in [Edgar(1998), chap.5.1: proof of Theorem 5.1.3 pp.205-206]
(cf. [Kunze et al.(2012), chap.2.4 pp.48-50|, [Barnsley & Vince(2011)],
[Lasota & Mackey(1994), Theorem 12.8.2]). We note that the disjunc-
tive chaos game works for (at least some) attractors which are not
strongly-fibred, see [Barnsley & Vince(2011), Example 1] (the IFS con-
sists of the identity and an irrational rotation acting on the circle), cf.
[Kieninger(2002), Example 4.4.3 (b) p.108].

4. CATEGORIAL ANALYSIS

A subset W C M of a metric space M is called porous when there
exist constants 0 < M < 1 and rg > 0 s.t.

(7) vwE‘I! v0<r<ro E|UGM N)\/T{U} - Nr{"/}} \ v,

A countable union of porous sets is said to be o-porous. A subset of a
o-porous set is o-porous.

Note that every o-porous set is of the first Baire category and that
this is a proper inclusion. Moreover every o-porous subset of Eu-
clidean space has null Lebesgue measure. More on porosity can be
found in [Mera et al.(2003), Zajicek(2005)]. It is employed among
others in problems from optimization, analysis and fractal geometry
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[De Blasi et al.(1991), Chousionis(2009), Lindenstrauss et al.(2012), Lucchetti(2006),
Mauldin & Urbaiiski(2003)].
The following criterion will be useful.

Proposition 3. If ¥ C M satisfies
(8) Jo<r<t Yyew Ynz1 Jvemr Nag-n{v} C No-n{9}\ ¥,

then ¥ s porous.

Proof. Choose ry := 1 and associate with 0 < r < ry the number n > 1
in such a way that 27" < r < 2-27". (Namely n := entier[log,(r')] +
1).
From (8) there exist appropriate 0 < A < 1 and v € M. Scale X' := %
verifies (7):
Ny {v} C Nyg-n{v} C No—n{tp} \ ¥ C N, {0} \ ¥.
O

Now we recall that the Cantor space (¥°°,0) is the set of infinite
words over alphabet ¥ equipped with the Baire metric

0((0:)2y, (0i)i%y) = 27 minltou)

for (0,)2,, (v;)2, € ¥ (conveniently 2~ ™"? .= ). Note that (X, o)
may be referred to as code space in fractal geometry settings ([Barnsley(1988),
Barnsley(2006)]). The topology of the Cantor space is just the Tikhonov
product of the discrete alphabet >, but the Baire metric obeys the ul-
trametric inequality which provides a tree structure in the space.

For future reference we note that balls in the Baire metric are cylin-
ders

(9) NeAw} = b} <o x {ahn} x E%,

where n > 1, 27D < <277 ) = (¢;)2, € B,
For 7 = (7y,...,7m) € ¥ and p > 1 denote

U(r,p) = {(0:)Z € X7

the set of words that do not contain the subword 7 from the p-th
position onwards.

Lemma 2. The set V(7,p), as a subset of the code space (X, 0), is a
porous Borel set.

Proof. To simplify notation ¥ := W(7,p) and n := n + p given n > 1.
Let ¢ = (¢;)32, € ¥. We investigate Ny-n{tp} \ W.



12 MICHAEL F. BARNSLEY AND KRZYSZTOF LESNIAK

Define for ¢ > 1
v = { Vi Z N 7:7”
T{(i—7) mod m}+1, ¢ = M.
Of course v := (v;)2, € ¥°°\ W. Moreover v € Ny-«{10}, because
o(v, ) < 27" < 27"
Consider ¢ = ()52, € X% close enough to v, namely
o(s,v) < 27@mtp) . g=n
Then o; = v; for i < (2m +p) +n. So
p<n+m<n+m+1<...
<n+m+(m-—1)<2m+p+n

and thus o711 = 7 for [ = 1,2,...,m, which in turn means that
¢ € V. Additionally

o(s,¥) < ols,v) + o(v,¥) <
<2b.gmmyp ot =9

which means ¢ € Ny-n{9}. Altogether
Nyg-n{v} C Np-n{tp} \ 0,

2m+p)

if we put \ := 2( . Therefore W is porous subject to condition

(8).

The complement
YO\ U =
U SPEED s fm ) X x T x 2 =

k>1
— U U Ny—ir-1+m{w - 7}

k>1 weyptk—1

is a countable union of open balls due to (9). Hence ¥ is Borel. O

Theorem 3. Sequences which are not disjunctive form a Borel o-
porous set D' C X°° w.r.t. the Baire metric.

Proof. We have
D' = U U U U(r,p).

p>1m>1 rexm

Since our union is countable, it is enough to remind that the sets U(r, p)
are porous according to Lemma 2. U

We are ready to prove the main theorem of this section.
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Theorem 4. Let A be an attractor of the IFS which is strongly-fibred.
The set of sequences (0,)5, € X°°, which fail to generate an orbit that
yields A via (5) and (6) is o-porous in (3°°, ).

Proof. The set of faulty sequences is a subset of D' in Theorem 3. [

5. PROBABILISTIC ANALYSIS

Let Z, : (S,6,Pr) — X, n = 1,2,..., be a sequence of random
variables on a probability space (S, S, Pr), where & is a o-algebra of
events in S, and Pr : &—[0,1] a probability measure. As usual the
same symbol Pr denotes the joint, marginal, as well as conditional
distribution.

We define the stochastic process (Z,),>1 to be disjunctive when

Pr (Z(n71)+z =7, l=1,...,m, for some n) =1

for 7 € ¥™ m > 1; that is, each finite word almost surely appears in
the outcome.

Proposition 4. A disjunctive stochastic process (Z,)n>1 with values in
Y generates a disjunctive sequence (0,)22, € X°° as its outcome with
probability 1.

Proof. Denote for u € ¥X™
E(u) = {(Zm-1)41:- - » Z(n-1)+m) = u for some n}.

By disjunctiveness Pr(£(u)) = 1. The event (1,51 (Nyexm £(u) de-
scribes the appearance of a disjunctive sequence as an outcome. Its
probability equals 1, because it is a countable intersection of almost
sure events. 0

Although ergodic stochastic processes are useful in engineering ap-
plications (e.g., [Gray(2010), Gray(2011), Shields(1996)]) they might
be too weak for reliable simulations in probabilistic algorithms like the
chaos game. (In particular, pseudorandom number generators that
pass a battery of statistical tests may fail to generate an attractor).

Example 5.1. (Ergodicity is not enough; [Lothaire(2005)] Example
1.8.1). Let (Z,)n>1 be the homogeneous Markov chain with states
in ¥ := {1,2}, initial distribution Pr(Z; = o) = 1/2 and transition
probabilities Pr(Z, =1|Z,-1=2)=1,Pr(Z, =0|Z,.1 =1) =1/2
for n>2, 0 € X. It is ergodic (even strongly mixing) since the square of
its transition matrix has positive entries ([Shields(1996)] Prop.1.2.10).
Moreover our chain occupies all states almost surely:

Vees Pr(Z, = o for infinitely many n) = 1.
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Nevertheless the word “22” is forbidden:
Pr(Z, =2, Z,41 = 2 for some n) =0,

i.e., the process lacks disjunctiveness (comp. with discussion in [Shields(1996)]
chap.l.4).

It is not hard to see that a homogeneous finite Markov chain (with
strictly positive initial distribution) is disjunctive if and only if its tran-
sition matrix has positive entries.

The class of disjunctive stochastic processes is quite large. It contains
nondegenerate Bernoulli schemes, Markov chains and chains with com-
plete connections ([Barnsley & Vince(2011), Tosifescu & Grigorescu(1990),
Onicescu & Mihoc(1935)]). See [Les$niak(2014)] for proofs and further
discussion.

We finalize this section by giving its main result, which follows di-
rectly from Theorem 2 via Proposition 4.

Theorem 5. Let A be an attractor of F' = (X, f, : 0 € ) which
is strongly-fibred. If the stochastic process Z, : (S,6,Pr) — X, n =
1,2,..., generating (0,)52, € X is disjunctive, then (5) and (6) in
the statement of Theorem 2 hold with probability 1.

6. THE RAPUNZEL THEOREM

Throughout this section, we restrict attention to invertible IFSs.
This is not overly restrictive because the functions of an IFS usually
belong to a group, such as a group of affine, Mobius, or projective
transformations.

An IFS F = (X, fy; 0 € X) is said to be invertible if f, : X — X is
a homeomorphism for all o € X.

The dual of the invertible IFS F' = (X, f,;0 € X) is the IFS F* :=
(X, f;10 € X). The dual repeller of an attractor A of F is A* := X\B
where B is the basin of A (with respect to F).

We are concerned with the special situation where A* is a point-
fibred attractor of F™*. But, to set the context, we mention that,
when X is compact, the dual repeller A* of an invertible IFS F' is
a Conley attractor of F™*, with basin B* = X\ A, see [McGehee(1992),
McGehee & Wiandt(2006)]. (A Conley attractor of an IFS F* is a
nonempty compact set A* C X such that there exists an open set U
with A C U and limy_,.(F*)¥(U) = A. The union of all such open sets
is called the basin B* of A*; it has the property that F*(B*) = B*.)

The special situation, where A* is a point-fibred attractor of F™*, is
exemplified by any Mobius IFS F on the Riemann sphere, C, that has
an attractor A # C, [Vince(2013)].
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Another example, where A* is a point-fibred attractor of F™*, occurs
when F' = (R" U {o0}, fy;0 € X) is an affine IFS, with oo equal to
the ”"point at infinity”, f,(0c0) := oo for all 0 € ¥, and A C R” is an
attractor of F'. In this case A* = {oo} and B* = (R™\ A) U {o0}.

Theorem 6. Let F' = (X, f,;0 € ) be an invertible IFS, with a
strongly-fibred attractor A and dual repeller A*. Let A* be a point-fibred
attractor of F*, or let A* be empty. If < is a disjunctive sequence, then
the chaos game generated by F., <, and x, yields A for all x € X, with
the exception of at most one point in X.

Proof. If A* = X \ B is empty then X = B and the result follows at
once from Theorem 2.

Suppose A* is a point-fibred attractor of F*. Let y € A* and let
re = limg o0 fgll o fC_Q1 o ...f{kl(y). Let z € X \ {x.}. Then, since
A* is point-fibred with respect to F*, we can choose k so large that
d(x, f' o fl o fo ' (A%)) > 0. Since fe, 0 fo, 0.0 fe : X = X
is a homeomorphism, it follows that d(f¢, o f¢,_, © ... o fe (x), A*) > 0.
Hence f¢, o fe,_,0...0 f¢(x) € B=X\ A*. The result now follows from
Theorem 2. U

In the case of a loxodromic Mobius IFS, both A and A* are point-
fibred (w.r.t. F and F* respectively). In this case the chaos game, with
a fixed disjunctive sequence, can be used to yield both the attractor and
the dual repeller, starting from any point x € @, with two exceptions.

If A is an attractor of an affine IFS F' on R"U{oo}, then A is point-
fibred and A* = {oo}, see for example [Barnsley & Vince(2013)]; the
chaos game generated by F¢, and z # oo, yields A.

ACKNOWLEDGMENTS

The authors thank Pablo Gutiérrez Barrientos and anonymous re-
viewers for pointing out an error in an earlier version of this paper. The
second author wishes to thank The Australian National University for
the kind hospitality during his fruitful stays at the Mathematical Sci-
ences Institute in February 2011 and 2012.

REFERENCES

[Barnsley(1988)] Barnsley, M.F. [1988] Fractals Everywhere. (Academic Press).

[Barnsley(2006)] Barnsley, M.F. [2006] Superfractals. Patterns of Nature. (Cam-
bridge University Press).

[Barnsley & Demko(1985)] Barnsley, M. F., Demko, S. G. [1985] “Iterated function
systems and the global construction of fractals,” Proc. R. Soc. Lond. Ser. A
Math. Phys. Eng. Sci. 399, 243-275.



16 MICHAEL F. BARNSLEY AND KRZYSZTOF LESNIAK

[Barnsley et al.(2008)] Barnsley, M.F., Hutchinson, J., & Stenflo, O. [2008] “V-
variable fractals: fractals with partial self similarity,” Adv. Math. 218, 2051—
2088.

[Barnsley & Ledniak(2012)] Barnsley, M.F., & Lesniak, K. [2012] “On the continu-
ity of the Hutchinson operator,” arXiv:1202.2485v1.

[Barnsley & Vince(2011)] Barnsley, M.F. & Vince, A. [2011] “The chaos game on a
general iterated function system,” Ergodic Theory Dynam. Systems. 31, 1073—
1079.

[Barnsley & Vince(2012)] Barnsley, M.F. & Vince A. [2012] “Real projective iter-
ated function systems,” J. Geom. Anal. 22, 1137-1172.

[Barnsley & Vince(2013)] Barnsley, M.F. & Vince, A. [2013] “Developments in frac-
tal geometry,” Bull. Math. Sci. 3, 299-348.

[Beer(1993)] Beer, G. [1993] Topologies on Closed and Closed Convex Sets.
(Kluwer).

[De Blasi et al.(1991)] De Blasi, F.S., Myjak, J. & Papini, P. L. [1991] “Porous sets
in best approximation theory,” J. Lond. Math. Soc. (2) 44, 135-142.

[Calude & Staiger(2005)] Calude, C. S. & Staiger, L. [2005] “Generalisations of
disjunctive sequences,” MLQ Math. Log. Q. 51, 120-128.

[Chousionis(2009)] Chousionis, V. [2009] “Directed porosity on conformal IFSs and
weak convergence of singular integrals,” Ann. Acad. Sci. Fenn. Math. 34, 215—
232.

[Chueshov(2002)] Chueshov, I. D. [2002] Introduction to the Theory of Infinite-
Dimensional Dissipative Systems. (ACTA Scientific Publishing House Kharkov).

[Edgar(1998)] Edgar, G. A. [1998] Integral, Probability, and Fractal Measures.
(Springer-Verlag).

[Elton(1987)] Elton, J. H. [1987] “An ergodic theorem for iterated maps,” Ergodic
Theory Dynam. Systems 7, 481-488.

[Gray(2010)] Gray, R. M. [2010] Probability, Random Processes, and Ergodic Prop-
erties. revised 1987 ed. (Springer-Verlag).

[Gray(2011)] Gray, R. M. [2011] Entropy and Information Theory. 2nd ed.
(Springer-Verlag).

[Hu & Papageorgiou(1997)] Hu, S. & Papageorgiou, N. S. [1997] Handbook of Mul-
tivalued Analysis. Vol. I. (Kluwer).

[Hutchinson(1981)] Hutchinson, J. E. [1981] “Fractals and self-similarity,” Indiana
Univ. Math. J. 30, 713-747.

[Tosifescu & Grigorescu(1990)] Iosifescu, M. & Grigorescu, S. [1990] Dependence
with Complete Connections and Its Applications. (Cambridge University Press).

[Jeffrey(1990)] Jeffrey, H. J. [1990] “Chaos game representation of gene structure,”
Nucleic Acids Research 18, 2163-2170.

[Katok & Hasselblatt(1995)] Katok, A. & Hasselblatt, B. [1995] Introduction to the
Modern Theory of Dynamical Systems. (Cambridge University Press).

[Kieninger(2002)] Kieninger, B. [2002] Iterated Function Systems on Compact
Hausdorff Spaces. (Shaker-Verlag Aachen).

[Kunze et al.(2012)] Kunze, H., LaTorre, D., Mendivil, F. & Vrscay, E. R. [2012]
Fractal-Based Methods in Analysis. (Springer-Verlag).

[Kuratowski(1958)] Kuratowski, C. [1958] Topologie. Vol. 1. 4th ed. (Polish Scien-
tific Publishers).



THE CHAOS GAME 17

[Lasota & Mackey(1994)] Lasota, A. & Mackey, M.C. [1994] Chaos, Fractals, and
Noise. Stochastic Aspects of Dynamics. 2nd ed. (Springer-Verlag).

[Lesniak(2014)] Lesniak, K. [2014] “On discrete stochastic processes with disjunc-
tive outcomes,” Bull. Aust. Math. Soc. 90, 149-159.

[Lindenstrauss et al.(2012)] Lindenstrauss, J., Preiss, D. & Tiser, J. [2012] Fréchet
Differentiability of Lipschitz Functions and Porous Sets in Banach Spaces.
(Princeton University Press).

[Lothaire(2005)] Lothaire, M. [2005] Applied Combinatorics on Words. (Cambridge
University Press).

[Lucchetti(2006)] Lucchetti, R. [2006] Convexity and Well-Posed Problems.
(Springer-Verlag).

[Mauldin & Urbanski(2003)] Mauldin, R. D. & Urbaniski, M. [2003] Graph Directed
Markov Systems: Geometry and Dynamics of Limit Sets. (Cambridge University
Press).

[McGehee(1992)] McGehee, R., “Attractors for closed relations on compact Haus-
dorff spaces,” Indiana Univ. Math. J. 41, 1165-1209.

[McGehee & Wiandt(2006)] McGehee, R. P. & Wiandt, T. [2006] “Conley decom-
position for closed relations,” J. Difference Equ. Appl. 12, 1-47.

[Mera et al.(2003)] Mera, M. E., Mordn, M., Preiss, D. & Zaji¢ek, L. [2003] “Poros-
ity, o-porosity and measures,” Nonlinearity 16, 247-255.

[Nikiel(2007)] Nikiel, S. [2007] Iterated Function Systems For Real Time Image
Synthesis. (Springer-Verlag).

[Onicescu & Mihoc(1935)] Onicescu, O. & Mihoc, G. [1935] “Sur les chaines de
variables statistiques,” Bull. Sci. Math. 59, 174-192.

[Peak & Frame(1994)] Peak, D. & Frame, M. [1994] Chaos Under Control: The
Art and Science of Complexity. (W.H. Freeman).

[Shields(1996)] Shields, P. C. [1996] The Ergodic Theory of Discrete Sample Paths.
(AMS).

[Staiger(2002)] Staiger, L. [2002] “How large is the set of disjunctive sequences?”
J. UCS 8, 348-362.

[Stenflo(2012)] Stenflo, O [2012] “A survey of average contractive iterated function
systems,” J. Difference Equ. Appl. 18, 1355-1380.

[Vince(2013)] Vince, A. [2013] “Mobius iterated function systems,” Trans. Amer.
Math. Soc. 365, 491-509.

[Zajitek(2005)] Zajicek, L. [2005] “On o-porous sets in abstract spaces,” Abstr.
Appl. Anal. 5, 509-534.

MATHEMATICAL SCIENCES INSTITUTE, AUSTRALIAN NATIONAL UNIVERSITY,,
CANBERRA, ACT 0200, AUSTRALIA, MICHAEL.BARNSLEY@ANU.EDU.AU

FAacurTy OF MATHEMATICS AND COMPUTER SCIENCE, NICOLAUS COPERNI-
cus UNIVERSITY,, TORUN, 87-100, POLAND, MUCH@MAT.UMK.PL



