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Abstract We study a class of singular functions via a generalized dyadic system and Haus-
dorff dimensions are calculated for several sets related with these functions. Furthermore,
we introduce a class of monotonic type on no-interval and almost everywhere differen-
tiable functions that includes—as an exceptional case—the continuous nowhere differen-
tiable Takagi function (multiplied by 2) among them.

Keywords Singular function - Generalized dyadic system - Schauder basis - (Simply)
normal number - Hausdorff (fractal) dimension - MTNI function

1 Introduction

The first example of a continuous nowhere differentiable function was published by du Bois-
Reymond in 1875. This example, given by the formula

+00
3
Won(x) = Zak Cos(bknx), O<a<l,ab>1+ En, b+1e2Z,
k=0

was due to Weierstrass. Afterwards, Hardy proved that it is still a continuous nowhere dif-
ferentiable functionif 0 <a < 1, ab > 1.
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Later, in 1903, Takagi gave another example of a continuous nowhere differentiable func-
tion as follows:

+00 k
T(x) ::Zd(ikx), Vx €R, )
k=0

where d(x) denotes the distance of x from the nearest integer.

Several properties of this function have been studied in depth, for example one-side
derivatives, maxima, level sets, etc. as can be seen in [5, 6, 13, 24].

The first example of a singular function (i.e. a monotone increasing and continuous func-
tion whose derivatives vanish a.e.) was independently published by Cantor and Scheefer
twelve years after the functions W, ;, were introduced. In 1904, Minkowski gave an example
that allowed him to enumerate the quadratic irrational numbers. Moreover, he established a
bijection between rationals and numbers in the unit interval I := [0, 1] whose dyadic repre-
sentation is finite via Farey’s sequence. Denjoy showed the relation between Minkowski’s
representation system for real numbers and the representation by simple continuous frac-
tions. More recently, Viader et al. in [30], showed this function as the asymptotic distribution
function of an enumeration of the rationals in I.

The family of functions {S,} we are going to study were introduced, simultaneously,
by Césaro in 1906 and Hellinger in 1907. They have been studied from a wide variety of
viewpoints (for example, geometric, arithmetic, probabilistic, or as functional equations),
as can be seen in [3, 7, 10, 20, 27-29, 31]. One application for plastic deformation can be
found in [8]. Other related references with respect to these functions can be found in [21].

In 1984, Hata and Yamaguti [19] showed that functions S, and Takagi function T are
related through the formula % (x) =2T (x).

In Fig. 1, from left to right, and from top to bottom, we show the graphs of W35, T, C
and S 5:

Singular functions come up in a wide variety of contexts. We mention here three topics
where these functions appear, and seem to be far from each other.

We find these functions to relate representation number systems, in a similar way to the
Minkowski function in [9, 25].

Under certain conditions, the Riesz products in the Theory of Trigonometric Series are
singular functions (see [32, p. 208]).

On the other hand, the natural need to analyze transient data has led researchers to look
for new tools that could provide some information about the change of scale when they
observed decomposable events in nature, such as fingerprints or self-similar behavior in
iterated processes. This leads to a special class of functions, called wavelets (that can be
traced back to Haar in the early 20th century as particular examples), which provides a
satisfactory answer to the scale problem (see [14]).

Much of the enthusiasm for wavelets comes from their potential applications. Among
other fields, wavelets have found use in image processing, in restoration of recordings, and
in seismology. In the context of wavelets in fractals, singular functions appear for example
as conjugating homeomorphisms (see [11, Example 4.6]) or Perron-Frobenius measures
(see [15]).

An overview of singular functions can be found, for example, in [21].

Our main purpose is to study the class of singular functions {S, : a # 1/2} with the aid of
a generalized dyadic system, analyzing, among other properties, the Hausdorff dimensions
of a certain set related with them. We also work on the path traced by Hata and Yamaguti,
and we show how generalized Takagi functions can be obtained.
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Fig. 1 W3 s, Takagi, Cantor and S 15’s graphs

The organization of the paper is as follows. In Sect. 2, we describe the family of singular
functions S, (parameterized by a € ]0, 1[), and we also calculate the coefficients of S, for the
Schauder’s basis S. We prove that if a # 1/2, then S, does not admit a non-zero derivative
atany x € [L.

In Sect. 3, the Hausdorff dimensions for some subsets in I are calculated, using two
number representation systems to express S,.

In Sect. 4, we introduce a number representation system and a system of functional equa-
tions. Afterwards, we study the quasi-inverse function of the unique bounded solution of that
system of functional equations, that is a Cantor-type function.

The last section concerns the study of the function 7, (a generalized Takagi function)
given by the derivative of S, with respect to the variable a, and we establish that if a # 1/2,
the function 7, is of monotonic type on no interval and 7, (x) =0 a.e.

In a series of papers several notions are considered that measure some degrees of pathol-
ogy in the class of continuous nowhere monotone functions (see, for example, [12] and
the references therein). We will study two of these notions for the functions 7, and other
functions related with them.

@ Springer



E. de Amo et al.

For our further consideration, we now introduce some preliminary notation. As usual,
C(I) denotes the collection of functions f : I — R that are continuous. We say that f is of
monotonic type on an interval J C 1 if the function f,(x) = f(x) 4+ mx is monotone on
J for some m € R. Let us denote by MNI those functions in C(I) that are monotone on no
interval (or nowhere monotone) and by MTNI those functions in C(I) that are of monotonic
type on no interval. In [12], the relationships between these notions are given. In particular,
MTNI implies MNI.

We use standard terms of Measure and Fractal Geometry whose definitions may be found
in [16].

2 The Family {S, : a € ]0, 1[} of Singular Functions

The functions S, we will study in this section are, together with the Cantor function, the
best known examples of singular functions. In [20, 28], a class of functions 4, is studied as
the limit of a sequence of functions with polygonal graphs. For their definition, the authors
use an operator 7, on segments AB of coordinates A = (x, y)and B = (x 4+ Ax,y + Ay),
being 7, (AB) the polygonal ACB, the union of the segments AC and CB, with C = (x +
Ax /2,y +alAy). The graph of fj is the segment joining (0, 0) with (1, 1); the graph of f;
is obtained when 1, is applied to the previous segment. Afterwards, the graph of f, follows
from the action of , on the two segments obtained in the graph of f;; and applying 7, over
the 22 segments of the graph of f», we obtain f3. Thus, the function &, is defined by

ha(x):= lim f, (x).

We will study h, from a different point of view with respect to the references cited above.
The study follows as a relationship between the dyadic and the generalized dyadic systems
introduced in [4, Sect. 3]. This is a representation system for numbers in ]0, 1], generalizing
the dyadic (or binary) one.

As it is known, the dyadic system permits the expression of any real number in ]0, 1]
through a series in the form x = ;r:f 2)1" , where (m,) is a strictly increasing sequence
of positive integers. In order to generalize this representation, we introduce two numbers k
and 1 — k (with k € ]0, 1[), and we obtain expansions in the form x = ,T:OT(I — k)'k'™,
with r,, € Z* and r, < r,y1. The coefficients r, depending on x, sometimes will be written
as r,(x). Properties of this system of representation of numbers in I are similar to those
of the dyadic representation system. The representation is unique except for a denumerable
set of numbers x for which there are exactly two, one of which is finite. We call the new
representation the generalized dyadic representation number system.

Note that in the case k = 1 — k = 1/2, both representations are the same for numbers in
10, 1]. We recall the following result.

Proposition 1 ([4, Prop. 3]) Let k € 10, 1[. If x €]0, 1], then there exists a unique increasing
sequence of positive integers 1 <rog<ry <---<r, <---, such that

+00
x=Y (1—k)"km
n=0
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Singular Functions with Applications to Fractal Dimensions

The expansion x = :ﬁg(l —k)"k™ is unique, but in the stationary case (i.e. r; > r;j_;
and r, =r;,if n > j), we have the equality

+o00 j—1
X =Z(1 —k)nkr" =Z(1 _k)"krn +(1 _k)j krjfl.
n=0 n=0

This finite expression can be considered as a second expansion in this system for the num-
ber x.

An outstanding property for the dyadic representation is the following result that gener-
alizes the Borel Theorem of Normal Numbers (see [18, p. 125]). As usual, A denotes the
Lebesgue measure on the reals.

Theorem 1 ([4, Th. 13]) The set N, of points satisfying
rx) ok

lim =—

n—o0o n 1—-k’

is a set of A-measure 1.

Definition 1 The elements of N, are called normal numbers in the generalized dyadic sys-
tem. If a = 1/2, we denote N, by N, and its elements are called the normal numbers in the
base-2.

+oo 1

Definition 2 Let x € [, and ) | ) 55 be its dyadic expansion. For each a € ]0, 1[, we set

+o0
Sa(x):=Y a™ " (1—a)".

n=0

Let us observe that 0 < a,1 —a < 1 and m,, > n, ensure the convergence for the series.
This definition is implicit in some papers (see for instance [27-29]).

We can prove with a small amount of calculus that this family of functions satisfies the
following properties.

Proposition 2 For S,, with a € 10, 1[, we have:

i. S, is well defined.
ii. S, is an increasing function.
iii. S, is continuous.
iv. Ifa #1/2, then S, is a singular function.
v. S, is the unique bounded solution for the system of functional equations

{f(f)zaf(x)

F(E)=a+d-a)f @) @

We remark that S, and £, satisfy the system (2); therefore, they coincide.
A sequence (y,) in a normed space (Y, || o ||) is a basis of Schauder if, for every y in Y,
there is a unique sequence of scalars (¢;,) such that y = Zj:f) a;y;. Thatis,

n
li - ivill =0.
Jfm | = 2y =0
j:

@ Springer
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We use the basis of Schauder in the linear space C(Il) endowed with the sup-norm, which has
the following description: By(x) := x, B;(x) := 1 —x, and B, ; are functions that vanish out
of [z, ”zikl], and whose graph, when x runs on it, is given by the equal sides of the isosceles

triangle determined by (2"—k, 0), ("2%1,

0), and (zzﬁl' , 1). They can be expressed as:

n
ARy e 2k ok

By (x) = 2k( ok

1 41
=P )

withO<n<2fF—1,k>1.

This basis will be denoted by S. We have that By = yo, Bj = y; and B, x = Yok ,41,1n S.
For the sake of clarity, we use the notation o, «; and «,, ¢, for the coefficients in the series
expansion.

If f € C(D), its coefficients can be calculated as:

2n+1 1 n ntl
o = f(l), o = f(O), Ok = f<2kT> N 5<f<2—k> + f<2—k>) (3)

In particular, the expression for the Takagi function given in (1) shows that the corresponding
coefficients in the basis § are

a=0;=0 and «,;=

2_/( ) (4)

not depending on 7.
The reader can find either the proof that S is a basis, or the validity of the relations (3)
in [26, Chp. 6].

Proposition 3 Schauder’s basis for S, functions yields coefficients in the form of
m n 1
oy =1, a; =0 and ap;=a"(1-a) a—E ,
where n is the number of terms in the binary expansion of j, and m =k — n.

Proof Let us consider n even:

t

n 1 n+l o 1 1 2n+1
¥l @ =ty g =Ly T

j=0 j=0 j=0

and then,

t
n s .
() = Y-
j=0
1 : , ,
> <%> =) A -a) +d T A -
Jj=0

2n+1 d . ,
Sa< n—+ ):Za’”f’f(l—a)/—l—ak*’(l—a)lH.

2k+l
=0
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Then, the coefficients are:

2n+1 1 n n+1
=t () =3 (1(5)+1 (%))

— ak*[ (] _a)t+l _ %akftfl (1 _a)H—l

— (a _ %) akftfl (l _a)l+l .

If 2o =" o5, then n =Y (257"; that is, the binary expansion for n needs 7 + 1
terms.
We proceed in a similar way if n is odd, and the proof is complete. ]

Theorem 2 Ifa €10, 1[\{1/2}, then S, does not admit a non-zero derivative.

Proof The proof rests on a geometric argument. To be specific, the idea is that the iterative
application of the operator 7, has Sa(%), Sa(zlz) and Sa(% + 2%); and Sa(z%), Sa(zl2 + 2%),
Sa(% + 2%) and S(,(% + le + 2%) as fixed points. And so on, with respective applications.

For each iteration, we find divisions on the X and Y axes. We denote by u, and v, the
extremes for the interval including x in the n-th application of m,. The corresponding Y -
interval is [S, (), Sa(v,)], which includes the point S, (x). If S/ (x) = « # 0 exists, then,
for n large enough:

Sa(vn) = S(uy) a1 —a)"*

1 — W,

o

Up — Up

and wherever the n + 1-th interval is:

Ala—ay=* 2
— 1 ~2aua
Sa(vn+l) B Su(un+l) _ #
= ko1~ o \n+l—k
Upt1 — Unl U™ ~ (1 —a)a
on+l
Therefore, the limit can only exists if a = 1/2. O

3 Application to Fractal Dimension

This section is devoted to describing several sets related to the function S, and to compute
their Hausdorff dimensions. If f : I — I is a continuous bijection, then it is known that the
following statements are equivalent (see for instance [20, pp. 288-290]):

a. f is a singular function.
b. f maps a set of A-measure one onto a set of A-measure zero.
c. f maps a set of A-measure zero onto a set of A-measure one.

For S,, we will find examples of sets satisfying b. and c. above. Let us recall that N
denotes the set of normal numbers in the base-2.

Theorem 3 Ifa # 1/2, then S,(N) is a set of A-measure zero.

@ Springer



E. de Amo et al.

Proof If x € N, then m,, = 2n + o(n). Applying S,:

+o00
Sa(x)=Y a" " (1-a)".

n=0

rn

For S,(x), we have r, =m, — n, and thus = — 1. But, for the generalized dyadic system,
this limit must be equal to %= at points in a set of A-measure 1.

Consequently, if a ;é 5 the set N (which is Lebesgue-measurable of A-measure 1) is
mapped by S, on a set of A -measure zero; to be specific, the set of points where = — 1. [

Lemma 1 [fx € N,, then its image under S, satisfies that, in its binary expansion, among
the first k digits, the number of Os is approximately ak, and the number of 1s is approxi-
mately (1 — a)k.

Proof 1f S;'(x) = oo L we have

n702mn’
m, r,+n a 1
— = - +1= )
n n 1—a 1—a

because there are exactly n + 1 digits equal to 1 among the first m,, digits of S !(x). Now,
for k, with m,, <k <m,, it follows that

n__n n
mp41 k mpy
and the Sandwich rule (or the squeeze theorem) ensures the result. O

Corollary 1 Ifa # 1/2, then S, maps

n=fe=3o nlggom——l—“}

n=0

of A-measure zero onto a set of A-measure one.

Proof If a #1/2, then A(A,) = 0, because they are not normal numbers, and S, (A) is a set
of A-measure 1, because S,(A,) = N,. O

The following result concerning Hausdorff dimensions is a consequence of a theorem by
Besicovitch (see [16, Prop. 10.1]).

Theorem 4 S, maps a set of L-measure zero onto a set of A-measure one. The Hausdorff

dimension of the first set is logz[aa m].

Proof The Hausdorff dimension of A, is logz[ ] (see [16, Prop. 10.1]). O

a® (1— )1 a
As Fig. 2 shows, the Hausdorff dimension of A, tendstoOon O and 1, and is 1 ifa = 1/2,
as can be expected, because the function S, is the identity.
We require the following useful Frostman-type lemma (see [16, pp. 60-61]). Here B, (x)
denotes the closed ball with centre x and radius r.

@ Springer
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Fig. 2 Graph of the Hausdorff 1r e
dimensions ‘H-'"'a -h"“-,_,
{'f'.“ ‘\'\
0.5 e M,
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/ "
L 4
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f u
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L 0.1 n_g 0.5 1

Lemma 2 Let F be a Borel set in R, and let u be a probability measure on R such that
w(F) = 1. Under these assumptions,

i. If the upper limit limsup,_, % is bounded on F, then dimy(F) <s.

w(Br(x))
r.V

ii. If there exists a positive real ¢ such that liminf,_ g >c >0 on F, then

dimy(F) > s.

We use this lemma but with cylinders of the generalized dyadic representation number
system in [4] instead of balls.

—In4
Ina(l—a) "

Theorem 5 S, maps N onto a set of A.-measure zero and with Hausdorff dimension

Proof We here use the function S;!. If

+00
y=Y a"(-a),
n=0

we then consider the interval

n n
{Zark (1 —a)k s Zark (1 _a)k +arn—1 (1 _a)n+l} ,
k=0 k=0

and the corresponding image under S ! is another interval, specifically:

R R | 1
|:k2_0: 2retk’ g Qrr+k + 2r,,+nj| :

Note that the respective lengths of both intervals are given by the numbers a’»~'(1 — a)"*+!
and ﬁ
Therefore, the Hausdorff dimension is given by the number

1
. . 2rntn
sup[ﬂ >0: nlingo—[arn—l(l v < —i—oo}.
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Fig. 3 Comparison of the 1r
Hausdorff dimensions

Taking logarithms:

. =+ In2—-B8@r,—DIna—Bm+1)In(1 —a)
lim n

n—00 n

< 400,

—In4

i , which is the Hausdorff dimension. |
na(l—a)

and since * — 1, this gives g =

Figure 3 shows Hausdorff dimensions of sets we have considered in Theorems 4 and 5.

The graph of the Hausdorff dimension of functions S,(XN), as shown by Fig. 3, is very
similar to that one given in Fig. 2: this is not smaller than that and both coincide if and only
ifa=1/2.

This function is a particular case in a wider class of functions that we find in the Har-
monic Analysis of Fractals (see for example [23]). It is clear that the unit interval I is a post
critically finite set for the pair of functions given by Fj(x) = x/2 and F>(x) =x/2+ 1/2.
Following the ideas in [23, examp. 3.1.4], the associated harmonic functions related with
the harmonic framework in this example are, precisely, the functions S, .

In the case where the pair of similarities is Fi(x) =ax and F,(x) = (1 —a)x +a,a €
10, 1[, the harmonic functions are a generalization of the previous ones. They are in the form
Sapi=Sp 0 ;" (see [7]), and apply x = Y% a’ (1 —a)" on S, ,(x) = Y 20 b (1 — b)".
The use of these representations in two generalized dyadic systems provides the following
result.

Theorem 6 If a # b, then S, , maps a set of A-measure zero onto a set of A-measure one.
The Hausdorff dimension of the first set is

bInb+ (1 —b)In(1 —b)
blna+ (1 —-b)In(l —a)’

Proof The set of A-measure 0 is that of the points with limit ﬁ for their corresponding

sequences of ratios . To obtain its Hausdorff dimension, if x = Yo a(1—a)", then we

consider the interval

|:Za”‘ (1—=a)k, Za”‘ 1—-a)+a" (1 —a)"+li| .

k=0 k=0
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The image of this interval under S, 5 is the interval
{Xn:b’k (1-b), Xn:brk (1=b)+b"" (1 - b)”+1:| :
k=0 k=0
The respective lengths of these intervals are
a"'A—a)" and A-b)"'A-b)".
Therefore, its Hausdorff dimension is given by

IB O 1 br,,fl(l _b)n+l +
su >0 1M — = < T+ .
p N> 00 [a’"‘l(l _a)n-H]ﬂ

If we proceed as before, then the limit

. (rp=DInb+m+DIn(1—=>0b)—B[(r,—DIna+@®m+ 1)In(1 —a)]
lim n

n—00 n

is finite. Finally, "+ — 1%1? gives

bInb+ (1 —b)In(1 —b)
blna+ (1 —-5b)In(l —a)’

dimy (A) =

4 Relationship Between Cantor and S, Functions

The study of the system (2) in Proposition 2 is generalized in [7] to a system in the form
{ f(3)=af ()
f(B)=b+cf @)

with positive real parameters a, b, ¢ satisfying relations 0 <a <b < 1,and b+ c = 1.
In this section, we study the more general system

(&)

{ f x) =af (x) ©

fla+0—-—a)x)=b+cf (x)

with o € JO, 1[. We introduce a number representation system which generalizes another
system of representation B used by the authors in [2]. The new system is also denoted by B,
and it is defined as follows:

Every number x € I can be written in the form:

BotdiBi+8p+-+8&fi+-,

where 8; € {0,a, b} and 5o =1,

asd;_y, it i1 =0,
8i=10—a)_y, fp_1=a,
C(S,»,l, ifﬂ,‘,l =b.

@ Springer
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This representation is unique except for a denumerable set where there are two expres-
sions. A property of this system is that the set of points in the unit interval satisfying the
existence of the limits

. Card{i <n:B; =0}
lim =a

n—o00 n
. Card{i <n:B;=a}
lim =b—a
n—o00 n
. Card{i <n:B;=b}
lim =c
n—00 n

is of A-measure 1.

Proposition 4 The system of functional equations (6) has one and only one bounded solu-
tion in 10, 1]. We denote it by f, c.o. Furthermore, if

+00
x = Za"” 1—-a)",
n=0

then
JacaX)=Bo+ 8181 +8B+--+6B +---

with

B = b, ifi+1e{r,+n},>,
"7 10, otherwise

taking m_; =0 and f, ..o (0) =0.

Proof 1t is based upon the Contraction Mapping Theorem and a direct checking that the
equations are satisfied. ]

These functions map a set of A-measure 1 onto another denoted by Nu, .4, of A-measure
zero. To study the Hausdorff dimension of Nu, .., we introduce the quasi-inverse function
of a monotone function; that is: if g : I — I is a monotone function, its quasi-inverse is
defined by g=P (x) = sup{t : g(z) < x}.

Let us note that fa(z.lg is a generalized Cantor-type function. As an example, Fig. 4 shows
the graph of the function f (2_;) 4

In the particular case of the Cantor function, c satisfies c(x) = f1(/73,1; s3.5(x), forall x e L.

The moments of functions ft(,_i), are studied in [17, (2.11)]. These functions are called
the Cantor-Riesz-Nagy functions.

Theorem 7 fa(;l; is the unique bounded solution for the system of functional equations

af (%), if0<x<a,
fx)=1 «a, ifa<x<b, @)
at+(l-a)f(3?) ifb<x<l.

For x =80+ 6181+ 6262+ ---+ 86 +--- with B; € {0, b}, the corresponding series
expansion for fa(fl)(x) is Zﬂ(o) a"(l —a)', with r, = j —n — 1 where j satisfies that

ca n=
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-(—1) 1.

Fig.4 Graphof [, & ,

n=Card{i < j:B; =b}. If x has a coefficient B; = a, then fa(;,lo)l x)= fa(;,lo)l (sy), where s,
denotes the greatest point with all its coefficients in {0, b} and s, < x.
Moreover, fa(:loz maps a set of L-measure zero with a Hausdorff dimension

olna+(1—ao)ln(l —a)
alna+ (1 —a)lnc

onto a set of A-measure one.

Proof Direct calculations show that f D satisfies (7). Uniqueness follows from the defini-

a,cia
tion of a functional that is a contraction.

We are considering the subset whose elements in the B system satisfy that §; € {0, b} and
the limits

. Card{i <n:g;, =0}
lim =«

’

n—o00 n
. Card{i <n:B;=b}

lim =1—-a,

n—oQ n

exist with these values.

The calculation of the Hausdorff dimension follows, such as in the above theorems, ap-
plying the Frostman lemma to cylinders in the representation system B. In this case, they
are in the form

[Bo+ 8181+ 8B+ 488, o+ 8181 + 8B+ + 8B + 8ivi]
with

a, if [:O,
yi:{ p

¢, ifpi=b.
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—21n2
Ina+In(c)?

Corollary 2 Nu, . s has Hausdorff dimension and the Hausdorff dimension of

. tlnt+(1—7)In(1—1)
Nu,iyt;r s 1w

We recall that the Cantor ternary set C is the subset of elements Y ;25 5% in the unit

interval T with u; € {0, 2} for all k. Therefore, as a consequence of the above theorem, we
have the following result.

Corollary 3 Let us consider the elements in the Cantor set satisfying the following relations:

Card{k <n:u; =0}

im =a,
n—o00 n
Card{k <n:u,=2}
im =1—-oa.
n—o00 n

Then, this subset has Hausdorff dimension

olna+(1—a)ln(l —a)
In3 '

Using similar techniques it is possible to obtain a result for a more general class of
Cantor-type sets.

Theorem 8 If m is an integer greater than 2, and C* denotes the set of points in 1 such

that their base-m expansion le:of) :1—’;( has all its digits in the set A ={ay, ..., a,}, then the
Hausdorff dimension of the set of points in C* such that lim,,_, s w = «; is equal
to
Yoo ailne
B Inm ’

5 A Generalized Takagi Function

Up to this point, we have considered the functions S, as depending on x:

+00 +00

X = Z 2:1” —_— Sa(x) — Zam,lfn (1 _ a)n

n=0 n=0

They are functions in the two variables x and a. Interchanging their roles, we now consider
these functions depending on the parameter a, and we study their derivatives with respect
to this variable. Several properties of these functions, e.g. their maxima and their relations
with binary digital sums have been studied in [1, 22].

Definition 3 Let 7, : I —> R be given as

39S +o0
T, (x):= aaa (x) = Z [(mn —n)d" " 1 —a)" —na™ " (1 — a)”fl].

n=0

Through calculations it is possible to check that this formula for 7, (x) is also valid for x
with double representation. Figure 5 shows the graph of 7'3s.
The next result generalizes the equalities given in (4).
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Fig. 5 Graphof T35

Proposition 5 (Identities for 7)) Letk € Z*,0 <n <2 —1, and set : ¥ = zk + 36T Bl 4
Z—}, aj € {0, 1}.If d is the number of Os among the values b, and r denotes the correspondmg

number of s, then

2+ 1 1
T(Zk—:> ((1—a)T<2k>+aT(”2+k >>=a’(1—a)d.

Proof We distinguish four cases:
Case I: n is even. Let us consider n = 2°«¢ with odd @, 1 < ¢, and 0 <n < 2f — 1. Its
d—1 11 _ xd-1 1
expression in the base- 3 is o = Zj -0 2,,,j , with mgq_y = k — c. Hence, “= = Zj:() o+
2n+1 __ I 1 1
sand 557 =)0 77 + S . y
Taking the two expressions above into account, and applying the definition of 7,, we

have
2n +1 n+1
v () - (-on(5) +on (57))

=g"-1+ (1 —g) = (1 —a) =a' (1 — a)".

1
2md71+c s

Similar calculations give the result in the other three cases.

Case II: n is odd with n < 2¥ — 1.

Case IlII: n =0.

CaseIV:in=2F— 1. O

This result together with (4), allow us to relate the Takagi function with 7. To be specific,
the equality 27 = T% is valid.
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Theorem 9 The family given by

g1(x) :=8,(x)
&) :=1—58,(x)
S —i). xe[d 3]
8kj() =4 g <2k+1 (x _ 22{»:11»7 ve [Zi—ﬂ jzikl]
0, otherwise

fork=0,1,2,...;j=0,1,2,...,2k =1

provides a Schauder’s basis for the space C(I) of continuous functions in 1. We denote this

basis by *S.
The proof follows in a similar way to that given for S in [26, Ch. 6].

Theorem 10 7, is the unique bounded function satisfying

G (x/2) =aG (x) + S, (x)
G(HE)=1-a)Gx)+1-S,(x).

Proof 1t is a direct consequence of the Contraction Mapping Theorem or, on the other hand,

as an application of the system of (2) to S,.

These functional equations give the following result by induction.

O

Theorem 11 The coefficients in the series expansion for T, in the basis S are given by

=0, a;=0, oy =d"" (1 —a)",

where n denotes the number of 1s in the binary expansion for j.

Theorem 12 Ifa # %, then there exists the derivative T)(x) and it is zero a.e. x in 1.

n 1

Proof Given x € N, with representation x = Y7, 5 + Y72, 777, We consider x, =

n 1 00 1 . . .
Do g+ Zj:n+l —7, with m, 1 #m; . At these points, we have:
27

|Ta(x) = Tu ()| < @™ ™"~ (1 = a)"

x (|(agr — (4 D) a7 (L —a) — (n 4 1 @™+ 7" 4|

+ ’(m,ﬁﬂ — (D)@ (1 —a) — (0 1)@ T D )

We want to find an upper bound for the ending terms:

(Mg = (4 D)y a7 (1 —a) — (n+ D@1~

+ (Mpgs = (1+2)) @272 (1= a)’ — (n+2) @27 |

e 00
= O(Zmn+jamn+jm”j (1 _a)] + Z(n_l_j)amn_*_,‘fmnfj (1 _

j=1 j=1
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o0
B 0(2 (M = m,, = j)a™ =" (1 = a)’
j=1

9]
+ ) O 42j)a" " (1 - a)’>-
j=1

Because m,,j —m, — j > m,1 —m, — 1 and m,, > n, it follows that

o]
> mytn+2))a"™ 7" (1= a) = 0 (a7
j=1

since xa” is bounded and decreasing for suitable conditions, and thus

(M —m, = j+ 1)@=~ (1 —a) = O (myyga+1 7).

oL

J

Therefore,

|Ta(x) - Ta(xn)l =0 (am,l—n (1 - a)n (mn+1am"+l_m"))
=0 (@ " (1 —a)' my) =0 (@ " (1 —a)' m,),

because x € N. The constant involved in O depends on a. Again, taking into account that
x € N, then

ITa(x) - Ta(xn)l =0 (amnfn (1 - a)n mn)

-0 ((a(l —an Fat —a)"—'"T"m,,)
( : - an_n )
=0 (a(l—a))T< ) m, |.
l1—a

mp n_p
la(l —a)] % (=) F " m,
1
omp+o(n)

i a o(n)
=0 (2" a1 —a)] T < ) m,
l1—a
a o(l) n
=0 (| [4a( — a)]To® (1—> 2D 2n+0m)) ).
—da

Since 4a(l —a) < 1 if a # 1/2, for n large enough, it follows that

Finally, we have:

Ta(x) - Ta(xn)

X — Xy

o(1)
[4a(l — a)] oW (—1 a ) 200 o < 1.
—a

Hence, if x, — x, the quotient converges to zero. Therefore, T, (x) exists and is zero. O
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Proposition 6 If a # %, then T, is an MTNI function.

Proof 1t is sufﬁcient to consider open intervals. Let us consider an arbitrary open interval

JcLa=Y" € J and k such that 8 = Y"_; 577 + zmr € J. Then,

j =0 me
T,(B) — Tu (&) + p(B—a) = (m, +k —n — Da"™ "2 (1 —a)"*!

_ (I’l + 1)am,,+k7n71 (] _a)n +p

iy +k

=(1=-a)"ad"* "2 [(m,+k—n—1)1—a)

(}’l + I)Cl] + p2m +k°
For each p we can find a k such that 7, (8) — T, (oz) + p(B—a)>0.

We can also choose « such that y =« + Z andd =y + zmﬁkﬂ , belong to J
for all k € Z*. Under these conditions, we have

Jj=1 2mn+/

T, —T.(y)+ply =8 =a™ " 1A —a)y™ - [(my, —n) (1 —a)

etk Dal P

For each p, it is possible to find k such that the last term is negative. Therefore, 7, is an
MTNI function. O

Corollary 4 Ifa # %, then T, is an MNI function.

Definition 4 For all positive integer k, let be (7, (x) := i’;ﬁ" (x) for a € 10, 1[\1/2, and
x €0, 1[.

In a similar way to that in Theorem 12, we obtain the following result.
Theorem 13 ;7,(x) =0a.e. x €.
Theorem 14 If k is odd, then T, is an MTNI function.

Finally, with the aid of the functions S, ;, we give a last generalization obtaining a bi-
parametric family of nowhere differentiable functions.

_ 08

Definition 5 For parameters a, b € 10, 1[, set T,  := T

Theorem 15 T, is the unique bounded function satisfying

G (ax) =bG (x) + Sap (X)),
Ga+(0-a)x)=0-b)Gx)+1—=S8,5(x).

Theorem 16 T, , is a nowhere differentiable function.
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Proof On the one hand, if x has a finite expansion of n terms, we consider y; := x +a*(1 —
a)"*!. Then,
Taa ()’k) - Taa ()C)
—_— >
Ve — X
if k — +o0.
On the other hand, if x has no a finite expansion, then we consider »n such that r,, .| > r,,.
Let us consider the truncated expansion for x

xp:=ad"+---+a"(1—a)",

and
X i=x1+a™ (1 —a)"'.

Then x; < x < X1, and the derivative T/ (x) does not exist, because

aa

li Taa (Yl) - Taa(xl)
m —— =&

n—00 X1 — X;

)

and the proof is complete for x € ]0, 1[.
Finally, for x € {0, 1}, the one side derivatives complete the result. O

Remark 1 The above property is true for a wider class of functions:

T . akSa,b
klaa = .
‘ 8bk b=a

Applying the same approaches as those of the previous results, we obtain:
Theorem 17 If a # b, then T, ;, is an MTNI function.

Theorem 18 If a # b, then there exists a set of h-measure 1 such that T, has derivatives
at any point x with T, ,(x) = 0.

Function T, is a strange one: it is a function without monotonicity on any subinterval
whose derivative vanishes on a set of A-measure 1.
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