RANDOM CLOSED SETS VIEWED AS RANDOM RECURSIONS
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ABSTRACT. It is known that the box dimension of any Martin-Lof random
closed set of {0, 1}V is logz(%). Barmpalias et al. [Journal of Logic and Com-
putation, Vol. 17, No. 6 (2007)] gave one method of producing such random
closed sets and then computed the box dimension, and posed several questions
regarding other methods of construction. We outline a method using random
recursive constructions for computing the Hausdorff dimension of almost ev-
ery random closed set of {0,1}", and propose a general method for random
closed sets in other spaces. We further find both the appropriate dimensional
Hausdorff measure and the exact Hausdorff dimension for such random closed
sets.

1. INTRODUCTION

In [1], a specific method of producing random closed sets of {0, 1}" is proposed
and the box dimension of every Martin-Lof random closed set is shown to be n =
log,(3). Our goal will be to outline a method from [6] for computing Hausdorff
dimension and Hausdorff measure in that dimension, and moreover a method to
find the exact Hausdorff dimension functions for random recursions from [5], and
to show how this method can be used to compute the Hausdorff dimension and
exact Hausdorff dimension of almost every random closed set. More specifically,
our main goal will be to prove the following theorem:

Theorem 1. For almost every random closed set @, dimy(Q) = 1. Moreover,

HN Q) = 0 almost surely. Let h(t) = t7 log(\log(t)|)27}2§§;. Then, for almost
every Q, 0 < H"(Q) < o0.

First we will outline a definition for random closed sets. Note that this differs
from the definition given in [1], for two reasons. Firstly, Barmpalias et al. were
concerned primarily with Martin-Lof randomness, whereas we will construct our
closed sets based on probability. Secondly, we will not be concerned about coding
a construction which is not one-to-one (i.e. we may have multiple codes for a single
set). If S is a set, define S* as the set of all finite sequences from S, including
the empty sequence 0. If « = (ay,...,a,) € S*, and 8 = (by,...,by) € S*, then
let |o| =n and a* 8 = (a1,...,an,b1,...,by). The general setting for a random
closed set construction is {0, 1}, with the ultrametric p(o,7) = W, where for
distinct o, 7 € {0, 1}N7 o A T is the longest finite string which agrees with both of
7 and 0. We have a probability space (2, X, P), and a collection of @, indexed by
o € {0,1}*, so that
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(1) each Q, : © — K({0,1}Y), where K ({0, 1}Y) denotes the space of compact
subsets of {0, 1}

(2) Qp = {0, 1} with probability 1

(3) for each o € {0,1}*, P(Qps0 = [0 % 0], Qos1 = [0 x 1]|Qs # 0) = P(Quwo =
[0 * 0]7@0*1 = @|Q0 7é @) = P(QU*O = ®7Q¢7*1 = [U * 1”@0 7é @) = %a where [T] is
the set of words in {0, 1} which agree with 7 for the entire length of 7.

Define Q(w) = (1 U Qo (w). For each w € Q, Q(w) is called a random closed
n>0|o|=n
set.

In comparison, the general model from [6] is as follows.

Fix a Euclidean space R™, and a nonempty compact subset J C R™, so that
cl(int(J)) = J. Assume that we have a probability space (2,3, P) and a family of
random subsets of R™,

J={J,|o e N*},

satisfying three properties:

(1) Jp(w) = J for almost all w € Q. For every o € N* and for almost all w, if
Jo(w) is nonempty, then J,(w) is geometrically similar to J.

(2) For almost every w and for every o € N*| J,.1(w), Jox2(w), ... is a sequence
of nonoverlapping subsets of J,(w). (By ”A and B are nonoverlapping” we mean
that int A Nint B = 0.)

(3) The random vectors 7, = (Tps1, Trs2, - .. ), 0 € N* are i.i.d., where T, (w) is
the ratio of the diameter of J,.,(w) to the diameter of J,(w) if J,(w) is nonempty.
(For convenience, let Ty(w) = diameter of .J.)

We call such a system J a construction. Our constructions require only a ”sto-
chastic ratio self similarity”, and also allow for infinite branching. We now define
the random set K by

Kw=0N U Jow).

n>1oceNn

For convenience, let 0° = 0. Then ) 77, (w) counts the number of nonempty
p>1
Josp(w), if Jo(w) is itself nonempty. For 3 > 0, define ® : [0,00) — [0,00) by

() =E(X TP =E(X Tf*n) Note that the assumption ”®(0) > 17, well
n>1 n>1

known from branching processes, as explained in [6], guarantees that with positive
probability, K # ().

The following theorems are some results from random recursive constructions
that we will use to examine random closed sets. In these theorems we use the
following notation: if (X, p) is a metric space, and E C X, then dimpy ,(E) denotes
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the Hausdorff dimension of E with respect to the p metric (For a reference on
Hausdorff dimension/measure, try [7] or [3]. For a reference on exact Hausdorff
dimension/measure, try [8]). Similarly, 3¢ is the dimension o Hausdorff measure
with respect to p, and HY is the Hausdorff measure with respect to the gauge
function g and metric p. In the case where p is understood, we omit the subscript
p-

Theorem 2. Suppose ®(0) > 1. Then, with positive probability, K is nonempty.
Moreover, if a is the least 3 so that ®(3) < 1, then if K # 0, a is almost surely
the Hausdorff dimension of K; i.e. P(dimg(K) = o|K # 0) = 1.

The proof of this, just as the setup outlined above, is contained in [6].

In the case |S| = n < oo, the construction is called an n-ary construction. In
this case, much more is known. We give two examples of what is known which can
be applied to the main model given in [1].

Theorem 3. With « defined as in Theorem 2, if P( Y, T& # 1) > 0, then
1<i<n
H*(K) = 0 almost surely.

This is Theorem 7.7 from [4].

Theorem 4. Suppose that J is an n-ary construction with ®(0) > 1, and suppose
that each T; takes only finitely many values P —a.e. and that P( > Tf #1) > 0.

1<i<n
Then, for P —a.e. w, if K(w) # 0, then
0 < H"(K(w)) < oo,
where h(t) = t*(log | log(t)|)' == .

This is only a specific case using Theorems 5.1 - 5.4 from [5].

Next is a lemma which will be necessary to convert from random closed sets to
random recursions. It is primarily concerned with how Hausdorff dimension and
measure change under Holder (and hence bi-Holder) maps.

Lemma 5. Let (X, p), (Y,r) be metric spaces, and ¢ : X — Y, with ¢ Hélder of
order d. That is, for some m, r(¢(z), d(y)) < m - p(x,2)? for all x,y € X. Then,
Jor >0, HZ(¢(E)) < mPHIP(E) for each E C X. Moreover, if E C X, then
dime(E) > d- dzmH7T(¢(E))

Proof. Let E C X. If G is a d-mesh cover of E (meaning each set in G has diam-
eter < 4), then if A € G, diam(¢(A)) < mé?, so ¢(G) := {#(A) : A € G} is an
md%-mesh cover of ¢(FE). Thus,

g{ﬂ

méd,r

(¢(E)) =inf{>_ |I|P : J is an md”-mesh cover of ¢(FE)}
e

<inf{ Y |¢(A)|?: A € G, G is a J-mesh cover of E}
AeG

<inf{ 3 mP|A|%: A € G, G is a §-mesh cover of E}
AeG

=m?-inf{ 3 |A|%: A€ G, G is a 5-mesh cover of E}
AeG
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— dp
= m*@fH[s)p(E).

Letting 6 — 0, HZ(¢(F)) < mﬁﬂ{gﬁ(E). Also, note that if H?(¢(E)) = oo, then
J—Cgﬁ(E) = 00, and hence dimpy ,(E) > d - dimp,(¢(E)). O

Note that in the case ¢ is bi-Holder of order d, i.e. my-p(x, 2)¢ < r(¢(x), ¢(z)) <
mo - p(m,z)d, for some mq,mo > 0, then there is equality in the last statement of
Lemma 5.

2. RANDOM CLOSED SETS WITHOUT DYING

We say the construction outlined from [1] is "without dying”, since there is 0
probability that a node in the tree has no children. In order to compute the almost-
sure Hausdorff dimension of these random closed sets, we will transfer the problem
to a random recursive construction and then use Lemma 5 to relate the two. In
order to do this, we will map each @ to a random subset of Cantor’s middle third
set (call it C), and we will find the Hausdorff dimension with respect to the stan-

dard Euclidean metric. If ¢ : {0,1} — € is defined by ¢(o) = > 22@, then

i>1
¢ is a bijection. Translating (1)-(3) from the above description of random closed
sets, define Jy(w) = [0, 1], then for each o € {0,1}*, if J,(w) # 0, define J,.o(w)
as the left third of the interval J,(w) if Qus0(w) # 0 and Jy.o(w) = @ otherwise.
Similarly define J,.1(w) as the right third. This is simply a random recursive con-
struction, where the reduction ratios are, with equal probability, one of three things:
Towo = Tos1 = %7 Towo = 0 and T5u1 = %a or Tou = % and Ty, = 0. AISO, by
construction, ¢(Q(w)) = K(w) almost surely.

Then, if 3 > 0, ®(8) = E(Toﬁ —&—Tf) = 2%(%)6, which is 1 only for 8 = }Zégg -1,

log(4)
102(3) -1

so by Theorem 2, the Hausdorff dimension of K is almost surely a =

Also notice that if o, 7 € {0, 1}, then
plo,7)* < |p(a) — o(7)| < 3p(o, )%,

where d = %, since

[6(0) —o(n)| = | £ 2GR = | 3 Aol

i>1 i>|oAT|

< . |ZA l%:ﬁ:?ﬁ)(gﬁ)d

1>|0NT
and
#(0) — o(r)| = | ¥ Hlzr) >

) ) i>\t;/\7| ) .
SloArI+1 Z 37 = 3loArlF1  3loArIFI p(Ua T) .

i>|oAT|+1
By 5 and the remarks that follow it, this bi-Hoélder inequality implies that, with
regard to the p metric, the Hausdorff dimension of @ is almost surely d - a =
(B3 — 1)(122) = logy(3) = n. Moreover, Theorem 3 gives us that H*(K) = 0
almost surely, and so Lemma 5 implies that H"(Q) = 0 almost surely.
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Note that similar results can be found for packing dimension and upper box
dimension by the results contained in [2]. Specifically, one could use Theorem 3.1,
which says that if K # (), dimp(K) = dimp(K) = dimg(K) = a almost surely.

Moreover, we can find the almost-sure exact Hausdorff dimension for @, but first
we need the following extension of Lemma 5.

Lemma 6. Let (X, p),(Y,r) be metric spaces, and ¢ : X — 'Y, with ¢ bi-Holder of
order d. That is, there are constants my, ma > 0 so that myp(x, 2)? < r(¢(z), ¢(2)) <
map(x,2)?. Let g(t) = t*log(|log(t)|)?, and h(t) = t*@log(| log(t)|)?, where p > 0.

Then, if E C X so that 0 < HY(¢(E)) < oo, then 0 < H(E) < oo.

The proof of this is similar to the proof of Lemma 5, using the small additional

iy log(llog(ms)? _
fact that 51ir61+ o Toa®NF ~ — -

Now, to complete the proof of Theorem 1, we set h(t) = t7log(|log(t)|)}~ =

og(4)
tos2(3) Jog((| log(t)|)271°g<§> and combine Lemmas 4 and 6, to show that if @) is a
random closed set in the above construction, then P(0 < J{Z(Q) <oo)=1 0O

3. RanpoMm CrLosep SETS oF {0, 1} WiTH DYING

In [1], a question is proposed, where, instead of a random closed set being defined
by taking equal probabilities for each node to have both a left and right child, just
a left child, or just a right child, we also allow them to have no children. Moreover,
we might allow different probabilities for each of ”splitting”, "keeping the left”,
”keeping the right”, or ”dying”. That is, when (3) from above is changed to

(3) for each o € {0,1}*, P(Qox0 = [0 % 0],Qos1 = [0 * 1]|Qs # 0) = Protn,
P(QO‘*O = [O- * O]7Qo*1 = @'Qo’ 75 (Z)) = Pleft, P(QO’*O = (Z)uQG*l = [O- * 1]|Qa 7é Q)) =
Pright, and P(QO’*O = ®7 Qo*l = (Z)‘QO' 7& Q)) = Pdie-

Theorem 7. For the model of constructing random closed sets of {0, 1} just de-
scribed, the following hold, if pyotn > Ddie:

(i) P(Q#0) >0
(i) P(dimp (Q) = logy(1 + protn — paic)|Q # 0) =1
(ZZ'L) g—flOgQ(lJ”pboth*pdic)(Q) =0 almost surely

(iv) If Q # 0, then 0 < H"(Q) < oo almost surely, where
h(t) — thgz(l"I‘pboth—Pdie)(log(| log(t)|)1_10g3(1+pboth_pdie)

Proof. In this case, we again view this as a random subset of €, in the following
manner: Jp(w) = [0, 1], and for each o € {0,1}*, if J,(w) # 0, define Jy.o(w) as the
left third of the interval J, (w) if Qpxo(w) # 0 and J,.o(w) = 0 otherwise. Similarly
define J,.1(w) as the right third. In this case, the reductions ratios are, one of
four things: Ty = Tys1 = %, Toswo = 0 and Ty = %, Towo = % and Ty, = 0,
or Tpuo = Tpu1 = 0. Then, if > 0, ®(8) = E(T) +T{) = prorn - 2+ (3)° +
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Prest - (5)° + Pright - (5) = (2Dvoth + Diess + Pright)(5)° = (1 + Droth — Paic)(5)°,
so ®(0) > 1 <= Dpoth > Pdie, hence we can assured that K, and hence
@, is nonempty with positive probability. Also, by Theorem 2 we know that
P(dimp(K) =10og5(1 + ppoth — Paic)| K # 0) = 1 and hence by Lemma 5, we know
that P(dimg(Q) = 1ogs(1 + Peoth — Pdie) - d = 1085 (1 + Pooth — Pdie)|Q # 0) =1, i.e.
if @ is nonempty, dim g (Q) = 1ogs (1 + Ppoth — Pdaie) almost surely. Also by Theorem
3 and Lemma 5, we know that J{1°82(1+Pootn=Paic) (Q) = 0 almost surely.

Theorem 4 implies that if g(t) = t'°8s(1+Peorn—paic) (log (| log(t)|) ' ~108s (1+Potn—paic)
P(0 < HI(K) < oo|K # () = 1, and hence by Lemma 6, P(0 < H"(Q) < o|Q #
0)=1.

(]

4. AN ADDITIONAL GENERAL MODEL

One can analyze the following general model. Let P be a probability distribution
on the sets of all finite trees, S*. The process begins by choosing a tree according
to P, and then for each end node of the tree, independently choose trees according
to P and append it to those nodes. This is the specific model outlined in [1], and it
could be viewed as a random recursive construction by using [] (S*, P). Because

1€EN
random recursive fractal constructions can use words from N*, one could view the

process of appending a random tree from S* as simply another random recursion,
one could define the Js in a way so that the number of children produced is not
done node-by-node, but instead is done tree-by-tree.
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