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Abstract

Emile Borel defined normality more than one hundred years ago to
formalize the most basic form of randomness for real numbers. A number
is normal to a given integer base if its expansion in that base is such that
all blocks of digits of the same length occur in it with the same limit-
ing frequency. This chapter is an introduction to the theory of normal
numbers. We present five different equivalent formulations of normality
and we prove their equivalence in full detail. Four of the definitions are
combinatorial and one is in terms of finite automata, analogous to the
characterization of Martin-Lof randomness in terms of Turing machines.
All known examples of normal numbers have been obtained by construc-
tions. We show three constructions of numbers that are normal to a given
base and two constructions of numbers that are normal to all integer
bases. We also prove Agafonov’s Theorem that establishes that a number
is normal to a given base exactly when its expansion in that base is such
that every subsequence selected by a finite automaton is also normal.

1 Introduction

Flip a coin a large number of times and roughly half of the flips will come up
heads and half will come up tails. Normality makes analogous assertions about
the digits in the expansion of a real number. Precisely, let b be an integer
greater than or equal to 2. A real number is normal to base b if each of the
digits 0, ...,b—1 occurs in its expansion with the same asymptotic frequency 1/,
each of the blocks of two digits occurs with frequency 1/b%, each of the blocks
of three digits occurs with frequency 1/b%, and so on, for every block length.
A number is absolutely normal if it is normal to every base. Emile Borel [17]
defined normality more than one hundred years ago to formalize the most basic
form of randomness for real numbers. Many of his questions are still open, such
as whether any of 7, e or v/2 is normal in some base, as well as his conjecture
that the irrational algebraic numbers are absolutely normal [18].

In this chapter we give an introduction to the theory of normal numbers.
We start by considering five different equivalent formulations of normality and
we prove their equivalence in full detail. These proofs have not appeared all
together in the literature before. Four of the definitions are combinatorial and



one is in terms of finite automata, analogous to the characterization of Martin-
Lo6f randomness [29] in terms of Turing machines. This characterization of
normality holds for various enrichments of finite automata [13, 23], but the
relation with deterministic push-down automata remains unsolved. We also
briefly mention another well known equivalent definition of normality, in terms
of uniform distribution modulo 1, that will be further considered in Chapter ?7.

All known examples of normal numbers have been obtained by constructions.
We first focus in three selected constructions of numbers that are normal to a
given base. We then present two constructions of absolutely normal numbers,
one is a sightly simplified version of of the pioneer work done by Alan Turing
and the other is a simplified version of the polynomial time algorithm in [10].

Finally we consider the problem of preserving normality by selection by finite
automata of a subsequence of a give sequence. We give the proof of Agafonov’s
Theorem [1] showing that a number is normal to a given base exactly when
its expansion in that base is such that every subsequence selected by a finite
automata is also normal.

Notation. Let A be finite set of symbols, that we refer as the alphabet. We
write A for the set of all infinite words in alphabet A, A* for the set of all
finite words, ASF for the set of all words of length up to k, and A* for the set
of words of length exactly k. The length of a finite word w is denoted by |w|.
The positions of finite and infinite words are numbered starting at 1. To denote
the symbol at position ¢ of a word w we write w[¢] and to denote the substring
of w from position 4 to j we write w[i...j]. The empty word is denoted by A.
For w and u two words, the number |w|,, of occurrences of u in w and the
number |w|, of aligned occurrences of u in w are respectively given by

[wly = {7 :wli...i+ |u| — 1] = u}],

|wle ={i:wli...i+u—1]=wand i =1 mod |u|}|.

For example, |aaaaal,, = 4 and |aaaaa|., = 2. Notice that the definition of
aligned occurrences has the condition ¢ =1 mod |u| instead of : =0 mod |u],
because the positions are numbered starting at 1. When a word u is just a
symbol, |wl|, and |w|, coincide. Counting aligned occurrences of a word of
length r over alphabet A is the same as counting occurrences of the correspond-
ing symbol over alphabet A". Precisely, consider alphabet A, a length r and an
alphabet B with |A|" symbols. The set of words of length r over alphabet A
and the set B are isomorphic, as witnessed by the isomorphism 7 : A" — B
induced by the lexicographic order in the respective sets. Thus, for any w € A*
such that |w| is a multiple of , w(w) has length |w|/r and 7(u) has length 1, as
it is just a symbol in B. Then, for any u € A", |w], = |7T(w)|xr(w)-



2 Borel’s definition of normality

A base is an integer greater than or equal to 2. For a real number x in the unit
interval, the expansion of x in base b is a sequence ajasas ... of integers from
{0,1,...,b— 1} such that

T = E akb_l’c = 0.a1aqa3 ...
E>1

To have a unique representation of all rational numbers we require that expan-
sions do not end with a tail of b — 1. We will abuse notation and whenever the
base b is understood we will denote the first n digits in the expansion of = with

Definition 1 (Strong aligned normality, Borel [17]). A real number x is simply
normal to base b if, in the expansion of x in base b, each digit d occurs with
limiting frequency equal to 1/b,

lz[1...n]]la 1

A T n T
A real number x is normal to base b if each of the reals x,bx, bz, . .. are simply
normal to bases b',b2,b3,.... A real x is absolutely normal if x is normal to

every integer base greater than or equal to 2.

Theorem 2 (Borel [17]). Almost all real numbers (with respect to Lebesgue
measure) are absolutely normal.

Are the usual mathematical constants, such as 7, e, or v/2, absolutely nor-
mal? Or at least simply normal to some base? The question remains open.

Conjecture 3 (Borel [18)). Irrational algebraic numbers are absolutely normal.

The most famous example of a normal number is due to Champernowne [25].
He proved that the number

0.12345678910112131415161718192021222324252627 . ..

is normal to base 10. The construction can be done in any base, obtaining a
number normal to that base. It is unknown whether Champernowne numbers
are normal to the bases that are multiplicatively independent to the base used in
the construction. Champernowne’s construction has been generalized in many
interesting ways. There are also some other methods of to obtain examples of
numbers that are normal to a given base. In Section 7, we comment on the
different methods and we present three selected constructions.

All known examples of absolutely normal numbers are given by construc-
tions. The oldest were not even computable. The first computable construction
is due to A. Turing [54, 7]. In Section 8 we give references of known constructions
and we present two of them.



3 Equivalences between combinatorial definitions
of normality

Borel’s original definition of normality turned out to be redundant. Pillai in
1940, see [22, Theorem 4.2], proved the equivalence between Definition 1 and
the following.

Definition 4 (Aligned normality). A real number x is normal to base b if x is
simply normal to bases b*, b2, b3, . . ..

Niven and Zuckerman in 1951, see [22, Theorem 4.5], proved yet another
equivalent formulation of normality by counting occurrences of blocks but not
aligned. This formulation was stated earlier by Borel himself, without proof.

Definition 5 (Non-aligned normality). A real number x is normal to base b if

for every block u,
. =[]l 1
lim ———— = —.
n—00 n plul
We will prove that Definitions 1, 4 and 5 are equivalent. The following lemma
gives a central limit theorem that bounds the number of words in alphabet A

of length k having too few or too many occurrences of some block w.

Definition 6. Let A be an alphabet of b symbols. We define the set of words of
length k such that a given word w has a number of occurrences that differs from
the expected in plus or minus ek,

> z—:} .

Lemma 7 (Adapted from Hardy and Wright [34, proof of Theorem 148]). Let
b be an integer greater than or equal to 2 and let k be a positive integer. If
6/k <e <1/b then for every d € A,

|V]w _plwl

Bad(A, k,w,e) = {v € A

|Bad(A, k,d, )| < 4bFebe"k/6,
Proof. Observe that for any d € A,
Bad(A,k,de) = Y <k> b-DF" 4 > <k> (b— 1)k
n<k/b—ck " n>k/b+ek "

Fix b and k and write N(n) for

<f;) (b—1)km,

For all n < k/b we have that N(n) < N(n + 1) and the quotients
N(n)  (n+1)(b—-1)

N(n+1) k—n




decrease as n increases. Similarly, for all n > k/b we have that N(n) < N(n—1)

and the quotients
N(n) kE—n+1

Nn—1) nb-1)
increase as n decreases. The strategy will be to “shift” each of the sums m
positions.
We bound the first sum as follows. For any n we can write

~ N(n) .N(n—i—l)' .N(n—l—m—l). "m
N = NorD) Nox2 " Nagm)  Ywetm

Let
m = |ek/2] and p = |k/b— ek]|

For each n such that n < p+m — 1 we have that n +m < k/b, so,

N(n) Np+m-—1)
N(n+1) — N(p+m)

(p+m)(b—1)

k—p—m+1

(k/b—¢ek/2)(b—1)

k—k/b+ek/2

eb/2

C1—1/b+¢/2
< 1—¢b/2 (using the hypothesis € < 1/b).
o—be/2.

A

N(n) < <e_b5/2) N(n+m)
efbe(sk/Qfl)/Z N(Tl + m)
< ebelk/4 N(n+m), (the hypothesis e < 1/b implies ”*/? < 2)

IN

We obtain,

Z N(n) < 2ebek/2 Z N(n+m) <2 bre—be"k/4,

n<p n<p

We now bound the second sum, shifting it m positions. For any n we can
write
N(n) N(n-1) Nn—-m+1)

N = N1 Nm=2 " Na—my Yeom)

Let
m = |ek/2] and ¢ = [k/b+ ck].



For each n such that n > ¢ — m + 1 we have n — m > k/b, so,

N(n) N(g—m+1)
Nn-1) — N(g—m)
k—qg+m

(g—m+1)Hb-1)
k—[k/b+ ck] + |ek/2]
([k/b+ek] — |ek/2] +1)(b—1)

§ k—k/b—ck/2
— (k/b+cek/24+1)(b-1)
1-1/b—¢/2

S Uhre2b-1)

Now
(1/1b_+15//b2_)flf1) < 1-1be/3

o 121/b—c/2 < (1—be/3)(1/b+2/2)(b—1)
o b=1)/b—c/2 < (1/b+e/2)(b—1) — (be/3)(1/b+2/2)(b— 1)
< (be/3)(1/b+¢€/2)(b—1) < be/2
o (1/b+e/2)(b—1) < 3/2.

Since & < 1/b we obtain the required inequality,
(1/b+2/2)(b—1) < (1/b+1/(2))(b— 1) = 3/(2b)(b — 1) < 3/2

We conclude,

N(n) b
V7 L] = < 5/3.
Nin—1) 1-be/3<e

N(n) < (efba/:i)m N(n—m)
< e—bal_ek/Qj/SN(n _ m)
efbs(ak/Qfl)/SN(n . m)
2 e_bazk/GN(n —m), (the hypothesis £ < 1/b implies **/3 < 2).

IN

IN

Thus,
Z N(n) <2 bke—be"k/6,
n>q
This completes the proof. O
The next lemma bounds the number of words of k£ symbols in alphabet A

that contain too many or too few occurrences of some block of length ¢, with
respect to a toleration specified by e.



Lemma 8. Let A be an alphabet of b symbols. Let k, £ be positive integers and
¢ a real such that 6/|k/¢] <e < 1/b*. Then,

U Bad(A, k,w,e)| < 20 b+ e b'Ek/(60)
we At
Proof. Split the set {1,2,...,k} into the congruence classes modulo ¢. Each of
these classes contains either |k/¢| or [k/¢] elements. Let My denote the class
of all indices which leave remainder zero when being reduced modulo ¢. Let
nog = |M0‘
For each x in A consider the word in (A?)"

33[21(21 —|—€—1)]l‘[ (22+€—1)] [Zno---(in0+£_1)]
for i1,...ip, € Mp. By Lemma 7 we have
|Bad(Al,no,w,6)’ <4 (be)”oe*beszn(’/ﬁ.

Clearly, similar estimates hold for the indices in the other residue classes. Let
ni,...,ny_1 denote the cardinalities of these other residue classes. By assump-
tion ng + -+ +ny_1 = k. Then,

N
,_.

|Bad(A, k,w,e)| < ‘Bad (A nj,w, e

~ S,
Lol
= o

4(be)"je*b£€2”f/6

(]

~ .
Il
= o

4(bz)k/z+1e—b%2k/(6z)

(]

<.

\
=
o

pEte ¢ b%%/(ﬁ@).

The last inequality holds because
(be)[k/ae—b’-’EQ [k/€1/6 (bz)k/ule—bfe?k/(sz)
and e < 1/b* ensures

(be)uc/qe—b%2 Lk/€]/6 < bke—b’-’e%/(sz)el/(ebf) < bke—béa2k/(6€)b€.

Now, summing up over all w € A¢ we obtain

U Bad(A, kb w,e)| < 20 prt2le bR/ 00
we At
Instead of the factor 4 we can put the factor 2 because if a word w € A* occurs

fewer times than expected in a given word z € A*, then there is another word
v € A? that occurs in z more times that expected. U



Lemma 9. Let (21.0)n>05 (T2,0)n>0, - - - (Thon)n>0 be sequences of real numbers

such that Zle Tin =1l andletcy,ca,. .., ci be real numbers such that Zle =
1. Then,

1. If for each i, liminf, o x; ,, > ¢; then for each i, lim;, o0 T; p, = ¢;.
2. If for each i, limsup,, ,.. Tin < ¢; then for each i, limy, o0 i = ¢;.

Proof. For any 4 in {1,...,k},

lim sup x; ,, = limsup(1 — Zx]n)

n—oo n—0o0

Jj#i
=1+ limsup(— Z Zjn)
n— o0 . .
J#i
=1-—limi ;
iminf(y ;)
J#i
<1-— lim i ;
<10 liminfag,
J#i
<1-> ¢
JFi
= C;.
Since
liminf <limsup and limsupz; , <¢; <liminf z; ,,
n— o0 n—
necessarily,

liminf x; , = limsup = ¢; and lim z;, = ¢;.
n— o0 n—oo n— oo

Theorem 10. Definitions 1, 4 and 5 are equivalent.
Proof. Let = be a real number. We use the fact that for every block w € A*,

lim M — p—lwl
n—oo n

if and only if there is a positive integer r such that

lim [2[1...n7]|w _ plwl
n— 00 nr

A similar fact is true for the limit of |x[1...né]|,/n.

1. We show that Strong aligned normality implies Non-aligned normality.



Observe that for any w € Af,

{—1
|z[1...n]]w = Zn(bim)u...n — ]|

Then,

SN CE ST PR o N (23] o Nt/ —
in =3 Z /

n—oo

2. We prove that Non-aligned normality implies Aligned normality. Define

[v)w,r = |{z sl 4 |w| — 1] = w and ¢ = r mod |w|}|.

Wk HlaX w,r
o] max |o]
V(w ke) = {v € AMITL oy > (k= D)7 + )}

Given w € A*, let d be corresponding digit in Al and observe that for each
v € V(w,k,e) there is © € Bad(A"!,k —1,d,¢) and there are words s,t € A*
such that |s| + |t| = |w| — 1 and v = sv¢t. Thus,

V(w, k,e)| < [w|bI = Bad(A" k —1,d,¢)|.
So by Lemma 8, for every positive real § there is kg such that for every k > 0,

[V (w, k,e)| b~ *lwl=D <6,



Fix ¢ and assume w € A¢. Then, for any k > max(2, ko),

lim sup il I < lim gy Miﬂ |zt — 1)+ 12|
n—o00 n T nooo E v
nl—~L+1
< limsu zt k=10 +0—2]|wx
< tmaw g 3 b ) B
) |x[1...(n+k—1)€—1]|v [0,
= limsup ’
n veg’;@*l nt k-l
. x[1...(n+k—1)£—1]lv) [0]w,«
< lim su ;
UE;—1 ( "_H)Cp nf k - 1
1 14 w,*
~ 5 (i et Il
veArti—1 n— oo 14 k-1
_ (ke—1) ||U||w *
> b i
veEAkL—1
_ p-the=1) [Vlw p=tke=1) [Vlw
‘ Z k—1 + Z k-1
vEAR=I\V (w,k,€) veV (w,k,e€)
I I R
vEAM=I\V (w,k,e) VEAM IV (w,k,€)
<bf4e+td

To obtain the inequality in the second line observe that each aligned occurrence
of w in a position j¢ + 1, where k — 1 < j < n, is counted (k — 1)¢ times by
lxft...t+kl—2]|wot for (j+1 -kl +1<t<jl+1.

Since the last inequality is true for any 6§, > 0, we conclude that

1...n8|w
limsupM < bt

n—00 n

Applying Lemma 9, we conclude,

n—o0 n

3. We prove that Aligned normality implies Strong aligned normality. It
is sufficient to prove that if x has aligned normality then bx also has aligned
normality. Define

Ulk,w,i) ={uec A* : uli...i+ |w| —1] = w}.

Fix a positive integer £. For any w € A’ and for any positive integer r,

10



r—2
R [ e | Jz[1...nrd]],
| > - EE—
il T 2 it L ) "

k=0 weU(rt,w,2+£Lk)

1 r—2
—rl
=D DD DI
k=0 weU(br,w,2+Lk)
_ = 1b_£
, .

For every r the following equality holds:

liminf M — liminf [(b2)[1 ... nrl] ] .

n—00 n n—00 nr

Then, using the inequality obtained above we have,

o)1l 71

lim inf
n— 00 n r

Since this last inequality holds for every r, we obtain,

liminf M > bt

n—00 n

Finally, this last inequality is true for every w € A?, hence by Lemma 9,

[l

n— 00 n

=b"t.

4 Normality as a seemingly weaker condition

The following result is due to Piatetski-Shapiro in 1957 [46] and was rediscov-
ered later by Borwein and Bailey [19] who called it the Hot Spot Lemma. In
Theorem 11 below we present two versions of this result, one with non-aligned
occurrences and one with aligned occurrences. The theorem has been extended
relaxing the constant C' to a sublinear function, see [22] for the references.

Theorem 11. Let x be a real and let b be an integer greater than or equal to 2.
Let A=1{0,...,b—1}. The following conditions are equivalent,

1. The real x is normal to base b.

2. There is a constant C' such that for infinitely many lengths ¢ and for every
w in Af

lim sup <C bl

n—oo

Jz[1. .. njw[]]uw
n

11



8. There is a constant C such that for infinitely many lengths £ and for every
w in A )
lim sup left-. - nflw <. bl
n—00 n
Proof. The implications 1 = 2 and 1 = 3 follow from Theorem 10.
We now prove 2 = 1. Define,
> 5}

Lemma 8 implies that the size of EaJd(A“”', k,w,e) shrinks exponentially as k
increases. Suppose there is C' such that for infinitely many lengths ¢ and for
every w € A,

V] w _plwl

é:z/d(A‘wl,k,w,e) = {1} € Akl

IR | P
n

lim sup
n—oo

Fix £ and w € A*. Fix € > 0 and take k large enough.

S 1 S Y 74 lz[1...nkl], |v]w
it = St ) T
vEAkRL
. lz[1...nkl]y [v]w
2wt ) .
vE AR\ Bad( AL, k,w,e)
e 1...nke|
S (1 — ‘ [l v
>(1—-e) hnrglgf Z .

vEAR\ Bad(AL kw,e)

=(1-ep¢ liminf {1- > Jzfd... k€],

n—o0 - n
vEBad (A% k,w,e)

z[1...nkfl]|,
T [k 1l

=(1—e)b*[1-limsup

_ n
vEBad(A% k,w,e)
N . 1...nkd)]|
>(1—eb 1= 1 J=[L.. k]
>(1—¢) > im sup -

v€§uad(Ae,k,w,s)

>(1—e)b [1- > C bk
vEBad(AL k,w,e)
> (1—e)b (1 - Ce).

Since this is true for all € > 0,

lim inf |x[1...nkl),

n—00 n

> bt

12



Finally, this last inequality is true for every w € A?, hence by Lemma 9

lim M —pt
n—oo n
The proof of implication 3 = 1 is similar to 2 = 1. Consider the set
Bad(A,w, k,e) from Definition 6, the bound in Lemma 8 and the following fact.

Fix w of length ¢. Then for any n and k,

1. nflw < Z lex v.r ([0]w +€—1)

1)€A’“T 0
z[1.. 0]l > > Z Jeft . n]lor|v]w
k—(0+1 €+1
veAk 7=0
Then,
n— oo n T nooo k w
veAkr 0
T ||ac ”vr
g 3 3 b,
veAk =0
And
B £ ) | |z[1...nf]or
) Ay £+1 2 Z ok
veAk 7=0
. lz[L. .. ]l
8D Z e
veAk r=0
Hence,

1]afl...n]| < Jzll...n]] [e[L...n)l,
. w . |l Sl | T _
L DI il = Jim 5 37 FEE
UEA"" r=0 UEA"

O

5 Normality as incompressibility by finite au-
tomata

The definition of normality can be expressed as a notion of incompressibility
by finite automata with output also known as transducers. We consider non-
deterministic transducers. We focus on transducers that operate in real-time,
that is, they process exactly one input alphabet symbol per transition. We start
with the definition of a transducer (see Section ?? for the definition of automata
without output).

13



Definition 12. A non-deterministic transducer is a tuple T = (Q, A, B, 4,1, F),
where

e () is a finite set of states,
e A and B are the input and output alphabets, respectively,
e ) C QX Ax B*xQ is a finite transition relation,

e ] CQ and F C @Q are the sets of initial and final states, respectively.

A transition of such a transducer is a tuple (p, a, v, ¢) which is written p alv,

g. A finite (respectively infinite) run is a finite (respectively infinite) sequence
of consecutive transitions,

al\'ul a2|v2 anl'Un

g —>q1 —> Q42" Qn—-1 — > (qn

g U1 vy

A finite path is written qo 29nl1Pny o An infinite path is final if the
state g, is final for infinitely many integers n. In that case, the infinite run is
written go -2i92gslvivava, o Ap infinite run is accepting if it is final and
furthermore its first state ¢o is initial. This is the classical Biichi acceptance
condition. For two infinite words z € A and y € B¥, we write T (z,y) whenever

there is an accepting run go 2% oo in 7.

Definition 13. A transducer T is bounded-to-one if the functiony — |{z : T (z,y)}|

s bounded.

Definition 14. An infinite word x = ajasas--- is compressible by a non-
ai|vy az|va aslvs

deterministic transducer if it has an accepting run qqo q Q2
qs - -+ satisfying

[v1v2 - - vp| log | B

lim inf < 1.
n—00 n log | A]

It follows from the results in [51, 27] that the words which are not compress-
ible by one-to-one deterministic transducers are exactly the normal words. A
direct proof of this result appears in [9]. Extensions of this characterization for
non-determinisms and extra memory appear in [13, 23].

Theorem 15. An infinite word is normal if and only if it not compressible by
a bounded-to-one non-deterministic transducer.

We first show that a non-normal word is compressible. We show a slightly
stronger result since the transducer can be chosen deterministic and one-to-one.

Lemma 16. A non-normal infinite word is compressible by a deterministic
one-to-one transducer.

Proof. Assume x € A% is not normal. Let us show that = is compressible
regardless of the choice of an output alphabet B. Since x is not normal, there
is some word wug of length k such that




meaning that the limit on the left side either does not exist or it does exist
but it is different from 1/|A|*. There exists then an increasing sequence (n;);>0
of integers such that the limit f,, = lim; o0 |2[1...7n]|w/(n:/k) does exists for
each word u of length k and furthermore f,, # 1/|A[¥. Note that >°, o 4 fu = 1.
Let m be an integer to be fixed later. For each word w € A*™, let f,, be defined
by fu = H:’;l fu, where w is factorized w = uy - - u,, with |u;| = k for each
1 < i < m. Since ZweA’”" fw =1, a word v,, € B* can be associated with
each word w € AF™ such that v, # v, for w # w’ |, the set {v,, : w € A™*} is
prefix-free, and for each w € A*™,

|vw| < [—log fu/log|B]].

We claim that the words (vy),eqrm can be used to construct a deterministic
transducer 7, which compresses x for m large enough. The state set @, of T,
is the set A<F™ of words of length less than km. Its initial state is the empty
word A\ and all states are final. Its set F,, of transitions is given by

alq)“)(l

= {w P wa - lwa| < km} U{w A wa| = km}.

Let us denote by T,,(z) the output of the transducer 7, on some finite input
word z. Suppose that the word z is factorized z = w; - - - wpw’ where |w;| = km
for each 1 < ¢ < n and |w’| < km. Note that n = [|z|/km]. Note also that the
transducer 7, always comes back to its initial state A after reading km symbols.

n
=2l
n

< [~log fu,/log|Bl]

i=1

< +Z—1ogfwl/log|B|

IZI —log fu
<em T > zlw—2r
i log | B|
jEl —log fu
<ot E || (——

log |B|

Applying this computation to the prefix z = z[1..n] of x gives
| Trn (z[1..n]) log | B| [T (2[1..n;]) log | B]

lim inf <1
00 nlog |A] = e n; log |A\
log | B
u 1 u
~ kmlog|A| k10g|A| Z ful=log fu).

uc Ak

Since at least one number f, is not equal to 1/|A|*, the sum Y- 4« fu(—log fu)
is strictly less that klog|A|. For m chosen large enough, we obtain that 7y,
compresses . [l
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The following lemma is the key lemma to prove the converse.

Lemma 17. Let ¢ be a positive integer, and let uy, us, us, ... be words of length £
over the alphabet A such that uiususg - - - is simply normal to word length £. Let
CO u1vy Cl uz vz 02 us|vs CS .

be a run where each C; is a configuration of some kind of transducer. Assume
there is a real € > 0 and a set U C A of at least (1 — ¢)| A" words such that
u; € U implies |v;| > €(1 — ). Then,

|’U1'U2 e U’I’L|

lim inf > (1—¢)3.

n— 00 nt

Proof. Assume words u; as in the hypothesis. By definition of normality to
word length ¢, let ny be such that for every u € A’ and for every n > ng,

{i:1<i<n,u; =u}|>n|A~“1—¢).

Then, for every n > ng,

n
orvs o] = Y vl
i=1

> > ol

1<i<n,u; €U
> Y (1-¢)

1<i<n,u; €U
> n|A|7¢(1 —¢) Z L(1—¢)

uelU

> n|A|4(1 —e)(1— 6)|A|ZE(1 —e€)
>(1- 5)311[.

O

We now come back to the proof that normal words are not compressible by
bounded-to-one transducers.

Proof. Fix a normal infinite word = = ajasas---, a real € > 0, a bounded-to-
one non-deterministic transducer T' = (Q, A, B, 4, qo, F'), and an accepting run
Qo a1]vy a1 az|vs g2 as|vs gs - --. It suffices to show that there is £ and U such

that Lemma 17 applies to this arbitrary choice of ¢, T and accepting run. For
each word u € A* let

be the minimum number of symbols that the processing of u can contribute to
the output in the run we fixed. Let

U ={uc A’ h,>(1—-¢)}
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be the set of words of length ¢ with relatively large contribution to the output.
Let ¢ be such that T is t-to-one. For each length ¢, pair of states p, g that appear
in the run, and for each word v, consider the set

U':{UEAzzpﬁl—v%q}.

Since p and ¢ appear in the run, let qq Lo|vo, p be a prefix of the run and
q 2ol¥0, o be a suffix of the run. This implies ¢ Zolyo, goes infinitely often
through an accepting state. Thus, for different uq,us € U’, there are accepting
runs qo ~owizoltovvo, oo ang g, Meu2Zoltevvo, o from which it follows that
T (ugu1xo, vovyo) and T (uguszo, vovyp). Therefore, by definition of ¢, |U’| < t.

ulv

Hue A :p == ¢} < t.

Thus,
Ul > [A] = Q¢ B~

Fix ¢ such that |Us| > |A|*(1 — €) and apply Lemma 17 with U = Uy to the
considered run. This completes the proof. O

6 Normality as uniform distribution modulo 1

Let (z;)j>1 be a sequence of real numbers in the unit interval. The discrepancy
of the N first elements is

j:1<j<Nandu<z; <v
Dy((zj)j>1) = sup {i:1=i< N_ i Sofl
0<u<v<1

(v—u)

The sequence (x;);>1 is uniformly distributed in the unit interval if

lim Dy((z;);>1) = 0.

N—o00
Schmidt [49] proved that for every sequence (z;);>1 of reals in the unit interval

there are infinitely many Ns such that

log N
AP > )
Dn((5)i21) 2 150N

There are sequences that achieve this lower bound, see [30].
Normality can be expressed in terms of uniform distribution modulo 1.

Theorem 18 (Wall 1949 [56]). A real number x is normal to base b if and only
if the sequence (V) ;>0 is uniformly distributed modulo 1.

The discrepancy modulo 1 of the sequence (b/x);>0 gives the speed of con-
vergence to normality to base b. Gal and G4l [33] and Philipp [45] proved that
for almost all real numbers x the discrepancy modulo 1 of the sequence (/) >0
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is essentially the same and it obeys the law of iterated logarithm up to a con-
stant factor that depends on b. Fukuyama [32] obtained the precise constant
factor.

For a real number x, we write {x} = z — |x| to denote the fractional part
of .

Theorem 19 (Fukuyama 2008 [32]). For every real 0 > 1, there is a constant
Co such that for almost all real numbers x (with respect to Lebesgue measure),

i Dy ({072} ;>0)VN
im sup
N—oo loglog N

For instance, in case 0 is an integer greater than or equal to 2,
V/84/9, if0 =2
Cy =4 V200+1)/(6—1)/2, if 0 is odd

V20 +1)0(0—2)/(0 —1)3/2, if 0 >4 is even.

= Cp.

It remains an open problem to establish the minimal discrepancy that can
be achieved by a sequence ({b’z}),>o for some z.

The formulation of normality in terms of uniform distribution modulo 1
has been used in constructions of numbers that are normal to one base and
not normal to another, where analytic tools come into play by way of Weyl’s
criterion of equidistribution [22, 38]. We give some references in Section 8.

7 Constructions of numbers that are normal to
a given base

Copeland and Erdés [26] generalized Champernowne’s construction [25]. They
show that for any increasing sequence of integers which does not grow too fast,
the concatenation of its terms yields the expansion of a normal number. In
particular, one can take the sequence of prime numbers. There are many other
generalizations, such as [28, 44].

Other examples of normal numbers are defined by arithmetic constructions,
the first ones are due to Stoneham [53] and Korobov [37]. For b, ¢ be relatively
prime integers greater than 1, the real numbers

oo

1
e =D

n=1

are normal to to base b. Bailey and Borwein [4] showed that a9 3 is normal to
base 2 but not to base 6. Noticeably, for any given integer base b Levin [41] gives
an arithmetic construction of a real number z, subtler than the series for oy,
such that Dy ({b"x},>0)is in O((log N)?/N). This is the lowest discrepancy
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obtained so far and it is close to the lower bound of O(log(N)/N) proved by
Schmidt for arbitrary sequences (see Section 6 above). It is an open question
whether there exists a real = for which Dy ({0"x},>0) reaches Schmidt’s general
lower bound.

Yet there is a very different kind of construction of expansions of normal
numbers, based on combinatorics on words, specifically on de Bruijn words.
This is due to Ugalde in [55].

In all the cases the constructions have the form of an algorithm, or can be
turned into an an algorithm. Recall that a real number z is computable if there
is an algorithm that produces the expansion of x in some base, one digit after
the other. The algorithm computes in linear time or has linear time complexity
if it produces the first n digits in the expansion of x after performing a number
of operations that is linear in n. Similarly, we consider polynomial, exponential
or hyper-exponential complexity. Algorithms with exponential complexity can
not run in human time, but algorithms with sub-exponential complexity can.
In this monograph we analyze the computational complexity by counting the
number of mathematical operations required to output the first k digits of the
expansion of the computed number in a designated base. Thus, we do not
count how many elementary operations are implied by each of the mathematical
operations, which means that we neglect the computational cost of performing
arithmetical operations with arbitrary precision.

In this section we present three constructions of real numbers that are in-
sured to be normal to a given base. Since we care about the normality to
just one base, we will just construct infinite words in a given alphabet. We
first present the simplest possible construction a la Champernowne. Then we
present Ugalde’s construction and we give a much simpler proof than the one
in [55]. Finally we present a subtle construction of a normal word which has a
self similarity condition: the whole infinite word is identical to its subsequence
at the even positions. This result is due to Becher, Carton and Heiber (see [12,
Theorem 4.2]).

71 Ala Champernowne

Theorem 20. Let A be an alphabet. Let w; be the concatenation of all words
over A of length j, in lexicographic order. The infinite word w = wiwows ... is
normal to alphabet A.

Proof. Let w = wywsws ... = ajas ... where each a; is a symbol in A. Fix N
and let n be such that

n+1

D AlAP <N <Y jlAY
j=1 j=1

Let u be a block of symbols in alphabet A. The occurrences of u in the prefix
of w[l..N] are divided into two classes: those that are fully contained in a single
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block of length ¢ in some w; and those that overlap several blocks.

laras...anly _ laraz... 4z, |y
N - n|A|»
1 n+1 . n+1 )
< TAT > G = lul+ DIAPT 4> (ju] - 1)]AP
J=lul Jj=1
(n+ DA R =
< Al + Al
A Z| 7+ |A|nZ\ |
(m+1) |l |ul|AJ?
< AT
n(|Al 1) n(|Al—1)

The first term accounts for occurrences fully contained in a block and the second
of for those that overlap several blocks. It follows that

. |a1a2...aN|u
lim sup A —lul,

By Lemma 11, w is normal to alphabet A. O

The infinite word w can be computed very efficiently: the first N symbols
can be produced in at most O(N) elementary operations. It is also possible to
produce just the N-th symbol of w in O(log N) many elementary operations.

7.2 Infinite de Bruijn words

See [15] for a fine presentation and history of de Bruijn words.

Definition 21 ([20, 47]). A (non cyclic) de Bruijn word of order n over alphabet
A is a word of length |A|™ +n — 1 such that every word of length n occurs in it
exactly once.

Every de Bruijn word of order n over A with |A] > 3 can be extended to
a de Bruijn word of order n + 1. Every de Bruijn word of order n over A
with |A| = 2 can not be extended to order n + 1, but it can be extended to
order n 4 2. See [8] for a complete proof of this fact. This allows us to define
infinite de Bruijn words, as follows.

Definition 22. An infinite de Bruijn word w = aias ... in an alphabet of at
least three symbols is an infinite word such that, for every n, ay ...ajapn4n—1 18
a de Bruijn word of order n. In case the alphabet has two symbols, an infinite
de Bruijn word w = ajag ... is such that, for every odd n, ay ...ajapmqin-1 s @
de Bruijn word of order n.

Ugalde [55] was the first to prove that infinite de Bruijn words are normal.

Theorem 23. Infinite de Bruijn words are normal.
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Proof. In case the alphabet A has two symbols, consider the instead the words
in the alphabet A’ of four symbols obtained by the morphism mapping blocks
two symbols in A to one symbol in A’ and prove normality for alphabet A’.

Suppose that the alphabet A has alt least 3 symbols Let © = ajas ... be an
infinite de Bruijn word over A. Fix a word u of length £ and n > |A[*4+¢—1. Then
u occurs in a de Bruijn word of order n > ¢ between |A["~¢ and |A|" ¢ 4+ n — ¢
times. To see this, observe if w occurs at a position ¢, for some ¢ such that
1 <4 < |A|™, then position ¢ is the beginning of an occurrence of a word of
length n. There are exactly |A|"~* words of length n whose first £ symbols are
u. In addition, there are exactly n — ¢ other positions in a de Bruijn word of
order n at which a subword of length ¢ may start. Since z is infinite de Bruijn,
by definition, for each n, a; ...ajqjn4n—1 is a de Bruijn word or order n. Fix a
position N and let n be such that

A" +n—1< N < |A"™ +n.

Then,
n+1—¢
lai . ..an|u < |a1 te 'a|A|"+1+n‘“ < |A| + +n—1¢ <2 |A|7Z+1.
N A" +n—1 A" +n—1
Thus,
limsupM < 2|A7HL
N—o00 N
By Lemma 11, using C' = 2 |A|, z is normal. O

There is an obvious algorithm to compute an infinite de Bruijn word which,
for each n > 1, extends a Hamiltonian cycle in a de Bruijn graph of order n
to an Eulerian cycle in the same graph. This is done in time exponential in n.
No efficient algorithm is known to compute the N-th symbol of an infinite de
Bruijn word without computing the first N symbols.

7.3 A normal and self similar word

For a given finite or infinite word x = ajasas... where each a; is a symbol
in alphabet A, define even(z) = asaqag--- and odd(z) = ajazas---. Thus,
x = even(x) means that a,, = ag, for all n.

Theorem 24 ([12, Theorem 4.2]). There is a normal word x such that © =
even(z).

We construct a normal word & = ajagag--- over the alphabet {0,1} such
that as, = a, for every n. The construction can be extended to an alphabet of
size k to obtain a word ajacas - -+ such that ax, = a, for each integer n > 1.

A finite word w is called £-perfect for an integer £ > 1, if |w| is a multiple of ¢
and all words of length £ have the same number |w|/(£2¢) of aligned occurrences
in w.
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Lemma 25. Let w be an {-perfect word such that |w| is a multiple of £22°.
Then, there exists a 2¢-perfect word z of length 2|w| such that even(z) = w.

Proof. Since |w| is a multiple of £22¢ and w is f-perfect, for each word u of
length £, |wl, is a multiple of 2¢. Consider a factorization of w = wyws - - - w,
such that for each ¢, |w;| = ¢. Thus, r = |w|/¢. Since w is ¢-perfect, for any
word u of length £, the set {i : w; = u} has cardinality r/2¢. Define z of length
2|w| as z = 2129 - - -z, such that for each i, |z;| = 2¢, even(z;) = w; and for
all words u and ' of length ¢, the set {i : 2; = u/ V u} has cardinality r/22¢.
This latter condition is achievable because, for each word u of length ¢, the set
{i : even(z;) = u} has cardinality /2¢ which is a multiple of 2¢, the number of
possible words u’. O

Corollary 26. Let w be an {-perfect word for some even integer £. Then there
exists an {-perfect word z of length 2|w| such that even(z) = w.

Proof. Since w is f-perfect, it is also £/2-perfect. Furthermore, if v and v are
words of length /2 and ¢ respectively then |w], = 2¢?*'|w]|,. Thus, the
hypothesis of Lemma 25 is fulfilled with £/2. O

Corollary 27. There exist a sequence (wy)n>1 of words and a sequence of
positive integers (Un)p>1 such that |wy| = 27, even(wy41) = Wy, Wy s £y -
perfect and (€n)n>1 s non-decreasing and unbounded. Furthermore, it can be
assumed that wy = 01.

Proof. We start with w; = 01, ¢; = 1, wy = 1001 and ¢5 = 1. For each n > 2,
if £,,2%¢ divides |wy|, then £, 1 = 2/, and w,, is obtained by Lemma 25.
Otherwise, £,41 = ¢, and w,1 is obtained by Corollary 26. Note that the
former case happens infinitely often, so (¢,),>1 is unbounded. Also note that
each ¢, is a power of 2. O

of Theorem 24. Let (wy,)n>1 be a sequence given by Corollary 27. Let z =
1lwywaws - -~ We first prove that x satisfies # = even(z). Note that z[2* +
1..281 = wy, for each k¥ > 1 and z[1..2¥%1] = 11w ---wy. The fact that
wy, = even(wy41) implies z[2n] = x[n], for every n > 3. The cases for n = 1
and n = 2 hold because z[1..4] = 1101.

We prove that x is normal. Consider an arbitrary index ng. By construction,
W, 18 n,-perfect and for each n > ng, w, is also £,,,-perfect. For every word u
of length ¢,, and for every n > ny,

Jo[1.2" ] < J2[1..2"0u + [wn, - wnu-

Then, for every N such that 2" < N < 2" and n > ny,
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JoL- N _ 212" ]
N/gno N N/£n0

(127 Ju + [wng - wn

- N/Eno
2127 Jwng - wnla

=2 /b, 27 [y,

CJaf12m]), (270 . 4 27) (€, 250)

2n/énc» 2”/€n0

|z[1..27°]|. 2
2n/£n0 ng *

For large values of N and n such that 2" < N < 2""1 the expression |z[1..2"]|, /(2" /¢y,)
becomes arbitrarily small. We obtain for every word w of length ¢,,,,

LN
e g, <32
Since the choice of ¢,, was arbitrary, the above inequality holds for each ¢,.
Since (45, )n>1 is unbounded, the hypothesis of Lemma 11 is fulfilled, with C' = 3,
so we conclude that x is normal.
O

It is possible to compute a normal word x such that z = even(z) in linear
time.

8 Constructions of absolutely normal numbers

The first constructions of absolutely normal numbers were given, independently,
by Lebesgue [39] and Sierpinski [52], when the theory of computing was unde-
veloped. The numbers defined by these two constructions cannot be computed
because they are just determined as the infimum of a set defined by infinite
unions and intersections. The first example of a computable absolutely normal
number was given by Turing [54, 7] and, unfortunately, it has doubly exponential
time complexity. The computable reformulation of Sierpiriski’s construction [6]
has also doubly exponential time complexity.

There are exponential algorithms that use analytic tools, such as Levin’s
construction [40, 3] of an absolutely normal number with fast convergence to
normality and Schmidt’s construction [50] of a number that is normal to all the
bases in a prescribed set but not normal to the bases in the complement, see
Theorem 43.

Some years ago several efficient algorithms were published. Figueira and Nies
gave in [31] an algorithm based on martingales with polynomial time complexity.
Becher, Heiber and Slaman [10] reworked Turing’s strategy and obtained an
algorithm with just above quadratic time complexity. Madritsch, Scheerer and
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Tichy [43] adapted it and obtained an efficient algorithm to compute a number
that is normal to all Pisot bases. Recently Lutz and Mayordomo [42] obtained
an algorithm based on martingales with poly-logarithmic linear time complexity.

Another aspect in constructions of absolutely normal numbers is the the
speed of convergence to normality. Aistleitner, Becher, Scheerer and Slaman [2]
constructed an absolutely normal real number x so that for every integer b
greater than or equal to 2 the discrepancy modulo 1 of the sequence (b™x),,>0 is
strictly below that realized by almost all real numbers (see Section 6) The con-
struction yields an exponential algorithm that achieves a discrepancy estimate
lower than that in Levin’s work [40]. According to Scheerer’s analysis [48], cur-
rently there are no other known constructions achieving a smaller discrepancy.
The problem of the existence of an absolutely normal number computable with
polynomial complexity having fast rate of convergence to normality remains
open.

We will present two algorithms and we will analyze their computational
complexity. We first need some notation.

If v is a block of digits in base b, I,, denotes b-ary interval

(0,040

Definition 28. Let = be a real in the unit interval, and let x; be its expansion
in base b. We define

‘%b[lN”d 1
A = elz---ld 2]
n (@) de?%?.).(,b} N b

If w is a finite block of digits in base b we just write A(w) instead of Ay, (w).

8.1 Turing’s construction of absolutely normal numbers

Theorem 29 (Turing 19377 [54, 7]). There is an algorithm that computes the
expansion in base 2 of an absolutely normal number y in the unit interval.

The construction is done by steps. We will use n as the step number and
we will define the following functions of n: N, is the number of digits looked
at step n, b, is the largest base considered at step n and €, is the maximum
difference between the expected frequency of digits and the tolerated frequency
of digits at step n. It is required that b, be non-decreasing and unbounded and
€n be non-increasing and goes to zero. Many instantiations of these functions
can work.

Definition 30. Define the following functions of n,

N, = 22 whereny = 11,
b, = |log N,, |
en = 1/by.
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Define the following sets of real numbers,
Ey =(0,1), and for each n

E,= () {z€(0.1): Ay, () <en}.
be{2,...bn }

The value ng has been selected so that the forthcoming calculations are
simple. Observe that for every n, b, > 2. Thus, for each n the set E,, consists
of all the real numbers whose expansion in the bases 2,3, ..., b, exhibit good
frequencies of digits in the first V,, digits. We write u for Lebesgue measure.

Proposition 31. For eachn, E, is a finite union of open intervals with rational
endpoints, Eny1 C E,, and pE, > 1 — Ng,

Proof. The values of N,, and ¢g,, satisfy the hypotheses of Lemma 8 with digits
in base b (that is, let k be N,,, let £ be 1 and let € be ¢,),

p{x € (0,1): A, (m) > en} < 2626 =nPN=/6
Then, for b,, <logN,,, ¢ > 1/log N,, and N,, > el0 can be checked that

br
3 2pem N/ < 1 /N2,
b=2

Hence,

b’!l
pE, > 13 2b%e = tNa/6 > 1 /N2,
b=2
O

Proposition 32. The set [~ En has positive measure and consists just of
absolutely normal numbers.

Proof. From Proposition 31 follows that (1, -, E, has positive measure. Sup-
pose € [),,5o En. Then, for every n, z € E,,, so for each b=2,3,...,b,,

ANn ({Eb) S En-

Let b be an arbitrary base and let M be an arbitrary position. Let n be such
that
N, <M < Nypyi.

For each b smaller than b,, we have that for each digit d in {0,...,b— 1},

xp|l... M zp[l... Ny Ny, 1 1
il Myl Moele o M (1Yo a(Ee,)

|£Eb[]....MHd> |$b[1Nan> Nn E—En _ 1 E—En .
M Npt1 Npp1 \ b 4\ b
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Since &, is decreasing in n and goes to 0, we conclude that for each base b =
2,3...,

1 —_— <4-.
Now N b

Using the morphism that maps digits in base b* to words in base b, this is

equivalent to say that that for each base b, for every length ¢, for every word u

of length ¢,

1...4N]|w 1
o sup 1L €]

N—o00 N b@ '
By Theorem 11, x is normal to every base b, hence absolutely normal. O
Turing’s construction selects nested binary intervals I, I, ... such that, for

each n, ul, = 1/2™. Each interval I,,1 is either the left half or the right half
of I,,. The base-2 expansion of the computed number y is denoted with the
sequences yi,ya, ... which is the trace of the left/right selection at each step.
Recall Definition 30 where the sets F,, are defined, for every n > 0.

Algorithm 1.

Initial step, n=0. Iy = (0,1), Ey = (0, 1).

Recursive step, n > 1. Assume that in the previous step we have computed
I, 1.

Let I? be left half of I,,_; and I} be right half of I,, ;.
If 1 (Ig N7, Ej) > 1/N,, then let I,, = I° and y, = 0.
Else let I, = I} and y,, = 1.

of Theorem 29. From Algorithm 1 follows that the intervals I1, I, .. . are nested
and for each n, pul, = 1/2™. To prove the correctness of the algorithm we need
to prove that the following condition is invariant along every step n of the
algorithm:

plL.n()E;| >0
j=1

We prove it by induction on n. Recall N,, = 2m0+2n,
Base case n = 0.
1 1
1(lo N Eo) = p((0,1)) > Nz T e
Inductive case, n > 0. Assume as inductive hypothesis that

n
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We now show it holds for n + 1. Recall uE,, > 1 —1/N2. Then,

n+1

n
p| L0 (VEi| = p|In()ENEw | >
j=0 j=0

1 1 S 2
Np N5+1 Nn+1'

Since the algorithm chooses I,, ;1 among I and I} ensuring (1,41 ﬂﬂ;irol E;) >
1/Np11, we conclude pu(I,41 N ﬂ?:ol E;) > 1/Np11 as required.

Finally, since (I,,),,>0 is a nested sequence of intervals and p (I, ﬂﬂ?:() E;) >
0, for every n, we obtain that

N =) hmﬁ@.
j=0

n>0 n>0

contains a unique real number y. By Lemma 32, all the elements in >0 Ej
are absolutely normal. This concludes the proof of Theorem 29. B

We now bound the number of mathematical operations computed by the
algorithm to output the first n digits of the expansion of the computed number
in a designated base. We do not count how many elementary operations are
implied by each of the mathematical operations, which means that we neglect
the computational cost of performing arithmetical operations with arbitrary
precision.

Proposition 33. Turing’s algorithm has double exponential time-complexity.

Proof. At step n the algorithm computes the set I,,_; N E,, by computing first
the set

I, 1NE,= ﬂ {1’ el, 1NE,_1: ANH(.T})) < 5n}
be{2,..,bn }

and choosing one of its halves. Then, the number of words to be examined to
compute I, N E,, is
(bn)anNn_lf(nfl).

Since N,, = 2"°"2" and b,, = |log N,, |, this number of words is in the order of

0((2n)*™").

The examination of all these words requires O((2n)2"") mathematical opera-
tions. We conclude by noticing that using the set I,, N E,, at step n the algorithm

determines the n — th binary digit of the computed number. O
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8.2 A fast construction of absolutely normal numbers

We give a simplified version of the algorithm given by Becher, Heiber and Slaman
in [10].

Theorem 34. There is an algorithm that computes an absolutely normal num-
ber x in nearly quadratic time completely: the first n digits in the expansion of x
in base 2 are obtained by performing O(n2 Vlogn) mathematical operations.

The following two lemmas are not hard to prove.
Lemma 35 ([10, Lemma 3.1]). Let u and v be blocks and let a positive real €.
1. If A(u) < € and A(v) < € then A(uv) < e.

2. If Au) <&, v=ay..a;y and |v|/|u|] < e then A(vu) < 2¢, and for every
¢ such that 1 < £ < |v|, A(uajas...ap) < 2e.

Lemma 36 (Lemma 3.4 [10]). For any interval I and any base b, there is a
b-ary subinterval J such that pJ > pl/(2b).

The next two definitions are the core of the construction.

Definition 37. A t-sequence 7 isa sequence of intervals (og,...,01) such that
for each base b=2,...,t, oy is b-ary,
for each base b=3,... t, op C op—1 and poy > pop—1/(2b).

Observe that the definition implies poy > (uo2)/(24!).

Definition 38. A t-sequence 7 = (12,...,7¢) refines at’'-sequence 7 = (02,...,0¢)
if ' <t and 7, C oy for each b= 2,...,t'. A refinement has discrepancy less

than € if for each b = 2, ..t there are words u,v such that op = I,,, 7, = L4, and
A(v) <e.

We say that an interval is b-ary of order n if it is of the form

a a+1
bn’ b

for some integer a such that 0 < a < b". If 0, and 7, are b-ary intervals, and
Ty C oy, we say that the relative order of 7, with respect to o} is the order of
minus the order of oy,.

Lemma 39. Let t be an integer greater than or equal to 2, let t' be equal to
t ortot+ 1, and let € be a positive real less than 1/t. Then, any t-sequence
T = (0g,...,00) admits a refinement T = (1o,...,7y) with discrepancy less
than €. The relative order of 1o can be any integer greater than or equal to
max(6/¢,24(log, t) (log(t!))/e?).
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Proof. First assume t' = ¢t. We must pick a t-sequence (7o, ...,7) that refines
(02,...,0¢) in a zone of low discrepancy. This is possible because the measure
of the zones of large discrepancy decreases at an exponential rate in the order
of the interval. To prove the lemma we need to determine the relative order NV
of 73. such that the measure of the union of the bad zones inside o9 for the
bases b = 2,...t is strictly less than the measure of the set all the possible t-ary
subintervals 7y of os.

Let L be the largest binary subinterval in o;. Consider the partition of L in
2N binary intervals 75 of equal length. For each 75 apply iteratively Lemma 36 to
define 73, ..., 7, . In this form we have defined 2V many t,-sequences (7o, ... 7¢).
Let S be the union of the set of all possible intervals 7; over these 2 many
tn-sequences. Hence, by the definition of t-sequence,

pS > pL/(2').

By Lemma 36,
ul > poy /4.

And by the definition of ¢t-sequence again,
poy > poy /(2.
Combining inequalities we obtain,
S > poa /(24! 4 241)

Now consider the bad zones inside os. For each b = 2,...¢, for a length N
and a real value ¢ consider the the following set of intervals of relative order
[N/log, b] with respect to o,

By, [N/ log, b],c = U Lu.
ue{0,...,b—1} [N/ log2 b]

A(u)>e
Thus, the actual measure of the bad zones is
ep! /i( U KBy [N/ 10g, b'\,e)
b=2,..,t
Then, N must be such that
Jlep) ,U( U By, [N/ 108, b],s) < .

b=2,..,t

Using Lemma 8 on the left and the inequality above for puS on the right it
suffices that NV be greater than 6/ and also N be such that

242 . =" (N/3log, t) RN

2041 4 2t
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We can take N greater than or equal to max(6/¢, 24(log, t)(log(t!)) /2).

The case t' =t + 1 follows easily by taking first a t-sequence 7 refining i
with discrepancy less than e. Definition 38 does not require any discrepancy
considerations for 7¢41. Take 7141 the largest (¢ 4+ 1)-ary subinterval of ;. By
Lemma 36, urey1 > (u7)/(2(¢+1)). This completes the proof of the lemma. O

The algorithm considers three functions of the step number n: ¢, is the
maximum base to be considered at step n, €, is the maximum discrepancy
tolerated at step n, and N,, is the number of digits in base 2 added at step n.
It is required that ¢, be increasing and ¢, be decreasing. Many instantiations
of this functions can work.

The algorithm constructs @@, o1, @2, . .. such that o = (0,1) and for each
n>1, 7" is t,-sequence that refines ?n_l with discrepancy €, and such that
the order of o, 2 is IV,, plus the order of o,_1 2.

Definition 40. Define the following functions of n,

t, = max(2, [ v/logn]),
en = 1/ty,
Nn = Llog TLJ + Nstart,

where Ngiare 1S the minimum integer such that it validates the condition in
Lemma 39. Thus we require that for every positive n,

I_log nJ + Nstart = 6/571 and
llog n) + nstare > 24(logy tn) (log(t,!)) /2n.

Algorithm 2.

Initial step, n = 1. o1 = (03), with o5 = (0, 1).

Recursive step, n > 1. Assume 0,1 = (02y. .y 08, _,)- Take
Tn = (72,...,7,) the leftmost t,-sequence such that it is refine-
ment of 771,1 with discrepancy less than &, such that the relative order
of 79 is N,,.

of Theorem 34. Consider Algorithm 2. The existence of the sequence @1, @, . ..
is guaranteed by Lemma 39. We have to prove that the real number x defined
by the intersection of all the intervals in the sequence is absolutely normal. We
pick a base b and show that x is simply normal to base b. Let & > 0. Choose
ng so that t,, > b and e,, < £/4. At each step n after ng the expansion of z in
base b was constructed by appending blocks u,, such that A(u,) < &,,. Thus,
by Lemma 35 (item 1) for any n > nq,

AtUng -« - Up) < Eng-
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Applying Lemma 35 (item 2a), we obtain ny such that for any n > n
Aug ... up) < 2€p,.

Let Nﬁb) be the relative order of 7, with respect to o,. By Lemma 36,

Ny,
logy b —

N, +1

< NP <
~ logy b

n

+ 1.

)

Since N,, = [logn| + nstart, Ny grows logarithmically and so does Nr(Lb for each

base b. Then, for n sufficiently large,

n—1 n—1

N, +1 N b
NP <212 11 <2, I <26, Y N
n = 1Og2b + —= EO;IOngi EOZ J

Jj=1

By Lemma 35 (item 2b) we conclude that for n sufficiently large, if w, =
ai...ap, then for every £ such that 1 < £ < |u,],

Ap(ug .. tup_1a1 ...a7) < 4ép, < €.

So, x is simply normal to base b for every b > 2.

We now analyze the computational complexity of the algorithm. Lemma 39
ensures the existence of the wanted t-sequence at each step n. To effectively
find it we proceed as follows. Divide the interval oy into

2N7L
equal binary intervals. In the worst case, for each of them, we need to check if it
allocates a t,-sequence (7o, ..., 7, ) that refines (o3...,0:,_,) with discrepancy

less than €,,. Since we are just counting the number of mathematical operations
ignoring the precision, at step n the algorithm performs

o2V t,,)

many mathematical operations. Since IV, is logarithmic in n and ¢,, is a rational
power of log(n) we conclude that at step n the algorithm performs

O(n+/logn)

mathematical operations. Finally, in the first k steps the algorithm will output
at lest £ many digits of the binary expansion of the computed number having

performed
O(k*/log k)
many mathematical operations. This completes the proof of Theorem 34. [
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9 Normality, non-normality and other mathe-
matical properties

Recall that two positive integers are multiplicatively dependent if one is a rational
power of the other. Then, 2 and 8 are dependent, but 2 and 6 are independent.

Theorem 41 (Maxfield 1953 [22]). Let b and b' multiplicatively dependent. For
any real number x, x is normal to base b if and only if x is normal to base V.

Theorem 42 (Cassels 1959 [24]). Almost all real numbers in the middle third
Cantor set (with respect to the uniform measure) are normal to every base which
is not a power of 3.

Theorem 43 (Schmidt 1961 [50]). For any given set S of bases closed under
multiplicative dependence, there are real numbers normal to every base in S
and not normal to any base in its complement. Furthermore, there is a real x
computable from S.

Theorem 43 was improved in [14] to obtain lack of simple normality for the
bases outside S instead of just lack of normality. Then Becher, Bugeaud and
Slaman [5] obtained the necessary and sufficient conditions on a set S for the
existence of real numbers simply normal to every base in S and not simply
normal to any base in its complement.

Theorem 44 (Becher, Bugeaud and Slaman [5]). Let S be a set of bases. There
is a real x that is simply normal to exactly the elements in S if and only if

1. for each b, if b* in S then b in S,

2. if infinitely many powers of b belong to S, then all powers of b belong to
S.

Moreover, the real x is computable from the set S. Furthermore, the set of real
numbers that satisfy this condition has full Hausdorff dimension.

We end the section with references on the relation of normality and Dio-
phantine approximations. The irrationality exponent m of a real number x
reflects how well x can be approximated by rational numbers. Precisely, it is
the supremum of the set of real numbers z for which the inequality
p’ 1

0< |z —~— ~
q

is satisfied by an infinite number of integer pairs (p,q) with ¢ > 0. Rational
numbers have irrationality exponent equal to 1. Liouville numbers are those
with infinite irrationality exponent. It follows from the fundamental work by [36]
that almost all irrational numbers (with respect to Lebesgue measure) have
irrationality exponent equal to 2. On the other hand, it follows from the theory
of continued fractions that for every m greater than 2 or equal to infinity, there
is a real number z with irrationality exponent equal to m.
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Absolute normality places no restriction on irrationality exponents of irra-
tional numbers. The existential result that for every real number a greater than
or equal to 2 there is an absolutely normal number with irrationality exponent
equal to follows from Kaufman [35]. Bugeaud [21] showed there is an absolutely
normal Liouville. In both cases, existence of such real numbers follows from the
existence of a measure whose Fourier transform vanishes sufficiently quickly at
infinity and which is supported by a subset of the real numbers with the appro-
priate irrationality exponent. Bugeaud’s argument employs an adaptation of
Kaufman’s methods to the set of Liouville numbers due to Bluhm [16]. Becher,
Heiber, and Slaman [11] exhibit a computable construction of an absolutely
number Liouville number.

10 Selection

We consider the selection of symbols from an infinite word and define a word
with the selected symbols. The general problem is which forms of selection
preserve normality, that is, which families of functions f performing selection
guarantee that f(z) is normal when z is normal. Notice that if a selection
procedure is allowed to read the symbol being decided, it would be possible to
“select only zeroes”, or yield similar schemes that do not preserve normality.

We consider three forms of selection. Prefiz-selection looks at just the prefix
of length i — 1 to decide whether the symbol at position 7 is selected. Suffiz
selection looks at just the suffix starting at position i + 1 to decide whether
symbol at position ¢ is selected. Two-sided selection looks at the prefix of
length ¢ — 1 and the suffix starting at position ¢+ 1 to decide the selection of the
symbol at position i. Prefix-selection is the selection defined by Agafonov [1].

Let x = agaias--- be an infinite word over alphabet A. Let L C A* be a
set, of finite words over A and X C A% a set of infinite words over A.

The word obtained by prefiz-selection of x by L is © | L = a;,a;,Giy0iy - - -
where ig,11,%2,--- is the enumeration in increasing order of all the integers i
such that agas ---a;_1 € L.

The word obtained by suffiz-selection of x by X is | X = a;,a:,ai,a4, - - -
where g, 41,142, is the enumeration in increasing order of all the integers i
such that a;11a;40a;43--- € X.

Theorem 45 (Agafonov [1]). If x € A% is normal and L C A* is rational then
x [ L is also normal.

Before giving the proof of Theorem 45 we discuss some other results. Agafanov’s
theorem can be extended to suffix selection by replacing the rational set of finite
words L by a rational set of infinite words X. The proof of this theorem is quite
technical so we do not give it here.

Theorem 46 ([13]). If x € A¥ is normal and X C A¥ is rational then x 1 X
s also normal.
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The prefix and suffix selections cannot be combined to preserve normality: in
general, two-sided selection does not preserve normality. For instance, selecting
all symbols surrounded by two symbols 1 in a normal word over {0,1} always
destroys normality: the factor 11 occurs more frequently than the factor 00 in
the resulting word.

We now give three lemmas to be used in the proof of Theorem 45.

Lemma 47. For any set of finite words L, the function x — (x | L,z | A*\ L)
18 one-to-one.

Proof. Let y3 = x| L and yo = | A*\ L. By definition, y; contains some
symbols of x, in the same relative order, and y, contains the complement, also
in the same relative order. It is possible to reconstruct = by interleaving appro-
priately the symbols in y; and y2. For each ¢ > 1, the i-th symbol of x comes
from y; if and only if the prefix of length ¢ of x is in L. Thus, there is a unique
x such that yy =z | L and yo =2 | A*\ L. O

A (deterministic) two-output transducer is like transducer but it has two
output tapes. Each of its transitions has the form p 4%% ¢ where a is the
symbol read on the input tape and v and w are the words written to the first

and the second output tape respectively.

An infinite word z = agaias - -+ is compressible by a two-output transducer
if there is an accepting run g 2elto:wo, ¢ @lviwn, o asjvawa, o hat satisfies
i in (lvova - - - vy | + |wows - - - wy|) log | B| <1
n—o0 n+1 log | A] ’

The following lemma states that an extra output tape does not help for
compressing.

Lemma 48. An infinite word is compressible by a bounded-to-one two-output
transducer if and only if it is compressible by a bounded-to-one transducer.

Proof. The “if” part is immediate by not using one of the output tapes.
Suppose that x is compressible by the bounded-to-one two-output trans-
ducer T3. We construct a transducer 77 with a single output tape which also
compresses . The main idea is to merge the two outputs into the single tape
without loosing the bounded-to-one assumption. Let m be an integer to be
fixed later. The transducer 7; simulates 72 on the input and uses two buffers
of size m to store the outputs made by 75. Whenever one of the two buffers
is full and contains m symbols, its content is copied to the output tape of T;
with an additional symbol in front of it. This symbol is either 0 or 1 to indicate
whether the m following symbols comes from the first or the second buffer. This
trick preserves the bounded-to-one assumption. This additional symbol for each
block of size m increase the length of the output by a factor (m + 1)/m. For m

large enough, the transducer 77 also compresses x. O
Lemma 49. Let v = agaias --- be a normal word and let qo 2% ¢ 22 g 22

be a run in a deterministic automaton. If the state q is visited infinitely
often then liminf, . [{i <n:q =q}|/n > 0.
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Proof. Let A be a deterministic automaton. For a state p and a finite word w,
the unique state ¢ such that p ¥ ¢ is denoted p - w.

Let ¢ = q1,...,q, be the states occurring infinitely often in the run. For
1 <14,j len, let u; ; be a word such that ¢; -u; ; = g;. Let us define the sequence
of words (wi)1<k<n by w1 = X and wyy1 = wru; 1 where gpi1 - wi = ¢;- By
definition qj - wy = q and thus the finite run ¢; 22 ¢; - w, visits the state ¢ for
each i since w; is a prefix of w,. Since the number of occurrences of w,, in x
converges to 1/|A[l“!| the result holds. O

of Theorem 45. Let x be a normal word. Let L C A* be a rational language.
We suppose by constriction that = [ L is not normal and we show that = can
be compressed, contradicting its normality.

Let A be a deterministic automaton accepting L. This automaton can be
turned into a two-output transducer that outputs | L and = | A*\ L on
its first and second output tapes respectively. Each transition that leaves a
final state, copies its input symbol to the first output tape and each transition
that leaves a non-final states copies its input symbol to the second output tape.
By hypothesis, [ L is not normal, and therefore can be compressed by some
deterministic transducer. Combining, these two transducers yields a two-output
transducer that compresses x. This later result holds because, by Lemma 49,
the states that select symbols from x are visited at least linearly often. Then,
by Lemma 48, x can be compressed and is not normal. O
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