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Abstract

We present lower and upper bounds for the box dimension of the graphs of certain nonaffine fractal in-

terpolation functions by generalizing the results that hold for the affine case.
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1 Introduction

There has been great interest in the calculation of the box dimension of fractal inter-
polation functions because of their potential utility in approximation theory and in comput-
er graphics.

! computed

In the case of equally spaced interpolation points, Hardin and Massopust®
the box dimension of certain self-affine functions in one dimension. Later, Barnsley et. al.
in [3] showed how the class of one-dimensional interpolation functions can be usefully
widened by considering the projections of the graphs of higher-dimensional self-affine
functions, which he named hiddenvariable fractal interpolation functions. The construc-
tion of space-filling curves using these hidden-variable fractal interpolation functions is
considered in [6]. The determination of the conditions that a vertical scaling factor must

obey to effectively model an arbitrary function and the introducton of the polar fractal in-.

terpolation functions as a fractal interpolation method of a nonaffine character are consid-
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ered in [4].

Here our aim is to estimate the box dimension of the graphs of certain nonaffine func-
tions in one dimension so as to generalize the results in [ 3] to the nonaffine case. Finally,
some examples of how one can use the proposed bounds to estimate and, in some cases, to

compute the box dimension of the fractal functions mentioned earlier are given.
2 Iterated Function Systems

Within Fractal Geometry, the method of iterated function systems introduced by

1 (2] 1 [s]

Hutchinson™ and popularised by Barnsley et. a and Demko et. a , provide a frame-
work for encoding and generating a large class of fractal images.
Let X,YCR? A function f:X—Y is called a Lipschitz function if
[f(z) = f» | <clx — vl
for all £, y€ X and for some constant ¢2=0. A Lipschitz function is a contraction with con-
tractivity factor ¢, if ¢<C1. The function f is called a bi-Lipschitz function if
alz =y < @) — f ] <ealx— vl

for all x, y€ X and some constants 0<{c;<{c;<(oo. An iterated function system, or IFS for
short, may be considered as a pair consisting of a closed subset X of R? and a finite collec-
tion of continuous mappings w, : X->X, n=1,2,+,N. It is often convenient to write an

IFS formally as {X;wi,w;,***swy} or, somewhat more briefly, as {X;w,_,}.

We introduce the associated map of subsets W . g€ (X)—>5¢(X), given by

WE) =Uw E)  for  EE€ g0,
where Z€°(X) is the metric space of all nonempty compact subsets of X endowed with the
Hausdorff metric. The map W is called the collage map to alert us to the fact that W(E) is
formed as a union or collage of sets. Sometimes S (X) is referred to as the “space of frac-
tals in X” (but note that not all members of X are fractals).

If w, are contractions with corresponding contractivity factors s,,n=1,2,+, N, the
IFS is termed hyperbolic and the map W is itself a contraction with contractivity factor s=
max {$1,525**,5n} (ref. [1], Theorem 7.1, p.81). In what follows we abbreviate by j*
the 2-fold composition f o fe = o f.

The attractor of a hyperbolic IFS is the unique set A for which lirgW’z(E)=A for ev-

ery starting set £. The term attractor is chosen to suggest the movement of E towards A

under repeated applications of W. Note that A is also the unique set in $Z°(X) which is



222 Analysis in Theory and Applications 19:3, 2003

not changed by W, i.e. , W(A)=A, and from this important perspective it is often called
the invariant set of the IFS.
A transformation w is affine in R?if it may be represented by a matrix B and a trans-

lation ¢ as w{(X)=Bx-+t, or , in the case of R?,

=[0G

The code of w is the 6-tuple (a,b,c,5,d,e), and the code of an IFS is a table whose rows

are the codes of w;,w;, " ,wy. We refer the interested reader to [17] or [8].
3 Fractal Interpolation Functions

Let f be a continuous real function defined on the real closed interval 7=[0,1]. Fur-
ther, let O=a,<lzx,<+*<ay_,<zy=1 be a partition of I, where zq, 21, 2y are N+1
distinct points. It is not assumed that these points are equidistant. The funciton f is called
an interpolation function corresponding to the set of data {(z;,y:.) EIXR: i=0,1,+,N},
if f(x)=yiforalli=0,1,+,N. We shall write for brevity f(x;)=fi,i=0,1,--,N. The
points (xz;, fi) are called the interpolation points. We say that the function f interpolates
the data and that (the graph of) f passes through the interpolation points. Let us denote
by Gr={(x,f(x)):2€ I} the graph of a function f on I. Throughout this section we will
work in the complete metric space K=1XR with respect to the Euclidean or to some other
equivalent metric.

Let N be a positive integer greater than 1. Set I,=[x,.;,2,] and define L,:I—I, by

L.(z) = a,x + d,,
where the real numbers a,,d,, for n=1,2,++, N, are chosen to ensure that L, (I)=1,.
Thus, for n=1,2,,N,

Ly ™ Xyy
a, = ———— =2, — L,_; > 0,
Xy — ZTo

d - INT,_ ™™ XXy o
= — =, -
TN )

Since N2=2,0<a,<C1,L, are contractive homeomorphisms for n=1,2,++,N with contrac-
tivity factor A=max{a,:n=1,2,*,N}.
Now define M,:K—R, by
M, (z,y) = ,g.(x) + 3,8, (y) + e,,
where g,: /=R and A,:R—R are continuous functions such that

lg.(x) — g.(2") | <m,|lz — 2’|
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with g.(zn)7g.(x:) and
Lly — ¥ < |h(3) — R <mly — ',
where r,2' €1, v,y €R and /,,7,>>0 are constants for n=1,2,++,N.
The real constants ¢, and e, depend on the adjustable real parameters s, and chosen so
that
M, (zo, fo) = [y M (zn,f) = fa
Thus,

_ fo—foy _ A (N — R (D)
2.(xn) — g.(x0) * g (xn) — ga.(xe)’

gn(IN)fn——l - gn(xo)fn _ gn(IN)hn(fo) — gn(xo)hn(fN)
g.(xn) — g.(xe) i g.(xn) — g.(xo)

e?l =

for n==1,2,+*,N. The mapping M,,n=1,2,+,N are Lipschitz with respect to the first
variable, with Lipshitz constant |c,| and bi-Lipschitz with respect to the second variable,
with constants |s,|Z., |5, |7.-

Now define the functions w,: K—K by

=l
w, =
y Mn(I,y)

for all (x,¥)€E K and n=1,2,+,N. Then the IFS is of the form {K;w, y}, where the
maps are of the special structure

x a,x d,
wl ]=] ]
y €a8a(x) + s.h.(y) e

n

and @, +CasSqsd,se, are real numbers for n=1,2,++,N. We refer to s, as the vertical scaling
factor of the transformation w,, which must obey
w, [IO}= [I"mlJ and 1w, [xN}z [x,,] forn=1,2,-+,N.
fo S S S

To assure that the IFS {K:w,_y} constructed above is hyperbolic, we need the fol-
lowing

Theorem 1.  Let s, be such that 0<_|s,|r,<<1 for n=1,2,+,N. Then there is a metric
p on K, eqivalent to the Euclidean metric, such that the IFS {K; w,_y} is hyperbolic with
respect to p.

Theorem 2. The hyperbolic IFS{K; w,_y} defined above has a unique attractor GE
GE(K). Furthermore, G is the graph of a continuous function f.I->R which obeys

flzx) = fi, i=0,1,,N.
The proofs of Theorems 1 and 2 follow closely those of Theorems 2.1 and 2.2 in [1]
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-

or Lemma 2.1 and Theorem 1 in [ 3], repsectively, and are therefore omitted.
Definition 1. The function | whose graph is the attractor of an IFS as described in

Theorem 2, is called a fractal interpolation function or FIF for short.
4 Main Result

The main idea behind all the dimension calculations is to define the right covers for
the graph G of the fractal function. Let us now define a class of covers that will allow to
relate covers of different sizes (see also [3]).

Definition 2.  For 0<<e<<1, {1;}}-, is called an e-partition if

1. € (—&/2, 1), for j=0,1,,m.

2. &/2<t;,—1;<e, for j=0,1,ym—1.

A cover C(¢) of G will be called an e-column cover of G with associated e-partition
{t;}70 if there are positive integers nosny s+ sn, and real numbers &,&, 5+ &, such that

C@ = {[r.nu+ el X [&+ G—De& + jel: = 1,2, m; k= 0,1, ,m}.
The class of all such covers of G is denoted by € (e). Note that a cover C(e) €€ (e) con-

m

sists of an closed eX ¢ squares arranged in m—+1 columns. Let |C(¢)| denote the cardi-
k=0

nality of C(e) and define A" (e)=min{|C(e)]:C(e)EC(e)}.
Definition 3. Let F be a nonempty bounded subset of R and let A (€) be the smallest
number of (closed) squares of side € which can cover F. The lower and upper box-counting

dimensions of F are defined respectively as

dimgF = liminf I—Og“ip () ,
— >0 - Oge

— log 4" (e)
dimgF = hnel>soup —a— Toge *

If these are equal we refer to the common value as the box-counting or box dimension of F

dimyF = lim Lq—grli/(—s).
+ Og€

0
The next result shows that for the calculation of the box dimension of G it suffices to
consider e-column covers.
Lemma 1. A ()<< A" ()KL2.4(e) for all 0<e<1.
Proof. See Lemma 4.1, p. 1236 of [3] or Proposition 6.1, p. 206 of [10].
Lemma 2. Let y,y1,3v:ER be such that y;=Q—2A) y+Ay:+8 for some A€ (0,1) and

8540, Let 9:R—R be a function which satisfies |¢(x,) —¢(x,) | =l |21 —~z,| for z,,2,€ER



L. Dalla et al: On The Box Dimension for a Class of Nonaffine Fractal 225

and some [Z>0. Then,

1) iof @is increasing , concave and 6>>0, we have ¢(y,— (1—2)@(y) —Ap(y,) ==L ;

i) if @is increasing concave and 80, we have $y3)— (1= p(y)— Ap(ya) I8

i) if @is linear, we have |@(y)— (1 —2D¢(y) —Apy,) | =1]8].

Proof. Let

F= ¢(y) — (1 — De(y) — Aely,)
= [@((1 — Dy + Ay, + ) — o((1 — Dy + Ay,)]
+ [e((1 — Dy 4+ Ayy) — (1 — Dely) — Ap(y,) 1= A + B.

i) Since @is increasing, concave, and §>>0, we have A,B>20 and I'=A=|A|>=!5;

it) Since ¢1is increasing, convex, and §<C0, we have A,B<{0 and
I'sA=—lAl<—1lo]=15;

iii) Since @is linear, we have |I'|=|@(8) [=/]8].

To show that the term 1/¢ becomes negligible we need the following

Lemma 3. Let {(x:isf):¢=0,1,", N} be given points and Vi=(f1—f1o) — Sis,—
Jo-DCre—x4 )/ (@py1— 24—, ) F0 for some BE{1,2,++ ,N—1}. Choose g.(zx)=x for all n
=1,2,,N and

1) if there exists a k€ {1,2,++ ,N—1} such that V>0, choose s,h, for n=1,2,+,N to
be increasing and concave;

1) if there exists a [€ {1,2,++*, N—1} such that V,<{0, choose s,h, for n=1,2,--, N to
be increasing and convex;

1) if there exist £, /€ {1,2,++,N—1} such that V,V,< 0, choose s,h, for n=1,2,++,N

to be (all) increasing and concave or (all) increasing and convez.

N

Then, if 7, = Lis.| > 1,
1

n=

lim e/ (&) = co,

o™

Proof. We shall prove only the first case; the other two can be proved using similar
arguments. Let 2= (1—A)x,_;+Azsy, for some A€ (0,1). Then, fi=1—2) f_,+FA s,
+V.i(see Fig. 1(a)).

Let a=min{2a,:n=1,2,+,N}. Then 0<Ca<{1, because N>=2. Since f is continuous

and the points (z,_y5fm1) s (@as f4) s (24415 [11,) € G we obtain
/V*(e)}%’f for all 0 << e<Ca.

From the previous lemma and since g,(xz)=x for all n=1,2,++, N we have that M, (zs,

fb)—(l_A)Myz(xk——l7fb—-.1)———AMn(x]¢+17fk+1) =5nhn((1 ~A)fk—1+kfk+1 +V}z)_— (1'—A>thu
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(Sfre-1)— A8, (frop) =l |5, | Vi for n=1,2,++,N. Since w,(G)CG for n==1,2,+, N, the
points w,(zy_1s fr1) = (L () s Mo Cxpry s [3-10) s wa (e [2) = (La () s My (i s F2) ) 5w,
(Zpqr9 Spi1) = L (Xpy)) s Mo (Zyiy s Fag1 ) EGy 50 M (0, f1) =0 — DM, (x4_ys froy) +AM,
(Tpgrs Fag) T ls LV € F(L,([0,11)) for some z,2=1 and L,(x;) =(1—A) L, (x,_,)+AL,

N
(244, Hence, to cover L_JIL,,([O,I:D X f(L,C[0,1])) we need

= 14 X 14
@ = Dl ln| L= D] 7 forall 0<e<a?
n==1

n=1

W (Tk, fi)

(zk, fr) o (Zaey. T
(Tk+1, fes1) wn(zk 1.fk 1) f{tlank

wn(Tes1, fror1)

(k=1, fr—-1)

(a) (b)

Figure 1
(see Fig. 1(b)). By induction
N
A () = | 21,,@[)’"% for 0<e<<a™'andm € N.
n=1

N
Since Zl,, |s,] > 1and V,>0 the lemma is proved.

n=1

The next theorem serves as a generalization of Theorem 4, p. 1236 of [3] to the case
of nonaffine fractal functions, which are more flexible, since they can deal with a wider
(than in the affine case) range of applications.

Theorem 3.  Let f be the function with the graph G generated by the hyperbolic IFS
{Kjw,_y}.

1\/
(a) If Zr,,]s,,l > 1 and (x;, ;) € K fori = 0,1,,N are not all collinear, then
=1

N
dimyG << D, where D € (1,2) is the unique real solution of Zr,, Is,la?™! = 1.

nws]

(b) If the hyperbolic IFS satisfies in addition the conditions of Lemma 3, then d<{

N
dimpG, where d€ (1,2) is the unique real solution of Zl,, [s.]ai" ! = 1.

n=1]
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Proof. Let 0<{e<Ca be given and C(e) a minimal e-column cover of G with associat-
ed e-partition {z;}7.. For n€ {1,2,,N}, let [z’k,r‘,-i—e] be the gméllest interval that cov-
ers I,=[x,_,»x,]). Denote by .

Cole) = {[r,e. + el X [&+ G — De&,§ + jelij = 1,2, m;,
[t + €] C [rw,r, + €1}
the “restriction” of C(e) to I, and by A, (e)=|C,(e) | its cardinality. Note that ./, (e)
denotes the number of squares of side length ¢ that intersect w,(G) for n=1,2, -+, N.
Since there are at most two columns in C,(e) C,4,(e) and that f is uniformly bounded on
I, there is some constant A;>>0 such that

N
DA ) K AT (e) + AT

n=1

Now suppose that n€ {1,2,++N} is such that 5,50. Then w, is invertible. Consider a

typical column &% in C, (&) that consists of n,e X € squares. Qbviosuly &% has the width ¢

and height nee. Since w,(G)C U %, we have GC U w, ' (&). If (z,y),(z,y)E

RCC (o) ZCC, (e)

Z, then, since |x—x' |<e, |y—y |<nee and

x — d,
a,
Wy l: }= x d, ’
kY oY T €agnl ) — e,
Sﬂ
w, ' (%) has the maximum height
x —d, , z' —d,
YT ngn( - ) —e| po Y T c,.g,,(—a"—) e,
S Sa
1 z —d, z —d
< — ! —_— 3 — e n
<I7e] ‘(y W) = el @ — g ]
1 e
< - .
SO T L ae

Thus, the inverse image, w, (&%), of Z% is a set that is inside a rectangle of the width ¢/

|enl

m,&, which can be covered by
Lilsa|a,

[ I ]+1

AT AN

IL()€+

. 1
a, and height ITs]

squares of the side €/a, as in Fig. 2, where [ « ] denotes the integer part of a number.

Since there are at most 2a,/e+2 columns in C,{(¢e), L(J wy '(&) can be covered by
ZCC (©

<, 2a, a,

a, . &
_"—/V,,(E) + lnls"lmn(T + 2) - l"|s"l\/1fn(€) + €

lll ISH I
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€/a, X ¢e/a, squares for some constant A,>0. Therefore

A SO +4
or equivalently,
ey = bl ey A?
Summing over n yields
S halsl sl yr res < S — A e W
= G =y
for some positive constant S,.
Wy

Cn

Inlsnlan mn€

F— g —

Figure 2 The rectangle &% and its image under the map <w,
Next an upper bound for .4 (&) is obtained. Fix an n€ {1,++,N}. Let D, be a mini-
mal &/a,~column cover of G and & a typical column of D, that consists of nee/a, X ¢/a,
squares. Note that w, () is a set that is inside a parallelogram of width € and height |s.|

€
rang - + |c. |a m,, which can be covered by

n n

5,

r
[nelel
,.

jﬁ«ln"}r 1

n

¢ X e squares as in Fig. 3. This way a cover C,(¢) of w;(G) consisting of € X e squares is

generated. Since there are at most 2a,/e+2 columns of D,, QUD w, () can be covered by
.

75,1 D] + ’anm" 2a 7 clzsnl
"n

a,

Bn



L. Dalla et al; On The Box Dimension for a Class of Nonaffine Fractal 229

squares ofthe side € for some constant B,>>0. Therefore

e | < felsnl e 8y 4 B
a a, &€

n

Wn
\ -
nof: = e 1sn[rnn0f: + L%'—men
k—&/am e— g —+
0 1 o Tp_1 T 1

Figure 3 The rectangle % and its image under the map w,

N
The union UC,(e) is a cover of G, but in general may not be an e-column cover of G
1

n=

because the columns of C,(¢) may not join up properly with those of C,,,(e); however, an

N
e-column cover C(e) can be constructed from UC,(e) by replacing at most two columns

n=1

from C,(e) UC,,,(e) with at most two properly spaced columns. Thus, there exists a pos-

itive constant (8, such that

B
- (2)

N
e < STl 5y

n=1 #

From (1) and (2) we have established that .#* (¢) satisfies the functional inequality

iéﬂi’i/y*(i) —&</V*(€)< iiﬂ /V*(i) +&
n=1 n : n € - = =1 A B “n €

for all 0<<e<Ca and some f,53;>0.
N

(a) Note that if 7, = > r,|s,| then 7,227,>1. Select &>>0,4,>>0 so that

n=1

A (O <5 fzyze—l + ke ? (3)

for e,<Ce<ley/a, where a=min{a,:n=1,+,N}. If Ae,<le<{g,, where A=max{a,:n=1,
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«,N}, then ¢,<Ce/a, < e,/a and thus

1& Lt (5P,

«c &
d (a,,)< — 7, €

Therefore, using also (2) and (3),

M%@<§fﬂﬁ<ﬂz)ﬂ+ﬁN’””“+ﬂ”
T & e, 1-7" € 4 a, 2¢

- ks < - -
= T:—y— lzr..li | + = > ralsalal™t + Be?
n=1

—_ ﬂZyZ E—l _*_kze_D + ﬁze—*l —_ Bz( -1 _+_ kze—D
1 - 72 1

_ B e ! e D

= T ke

for Aepy<Ce(e,. The preceding argument serves as an induction step: Suppose that for A'e,

LeLe,kEN

‘/%w<1f

-1 —D
726 + k™",

then it must also hold for A*T'e,<le<Ce,. Since A*—>0 as k—>oo,

N (e) L 1 Ez), e kel < ke P
2
for all e€ (0,&,]. Therefore,
log. 4™ (&) logk,
— loge <D+ loge’

which implies that dimsG<<D.

(b) By Lemma 3 there exists §,>0 so that

EJV*(E)>27€1_1 for 0<<e<§d,/a.
1
Then
ﬁl ﬁl ﬂl kl
.
et (6)271_1+71_1>71_1+€d—1’

ﬁl

for 60<e<§~ and 0<%, <57 6d . Working in an analogous way, we finally have

ke L 7 ﬂ_ le_l + ket L A (o)
) ,

for all €€ (0,8,]. Therefore, dimsG==d.
The proof of the theorem is complete.
The following corollary is, in turn, a generalisation of Theorem 5, p. 1240 of [3],

because it does not confine the functions g, only to the case g,(z) =z, but permits freedom
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of selection according, of course, to the restrictions set.

231
Corollary 1.

With the same notation as above, but with h,(y)=y,

n=1

~
(a)if Z [s.] > 1 and the inter polation points do not all lie on a single straight line,

the up per box-counting diemnsion of G is the unique real solution D of
N
Doilsalla, Pt =1;
n=1

(b) if in addition the conditions of Lemma 3 are satisfied . the box-counting dimension
of G is the unique real solution D of

AY
Dlsllal” =1
n=1
Ezxample 1.

Let I=[0,1], Y=R and let {(0,0),(1/2,1),(1,0)} be a given set of
data. Define the functions L,:I—I by

L(z) = %(— D™z 4+ (n — 1),

n=1,2.

Let g1,2,€C(I). Define mappings M,:I XY—Y by M, (z,y)=g.(z)=Fs,y,n=1,2. Fig. 4

shows the graph of a nonaffine fractal interpolation function for g,(x) =z, g;{(x) =2 and

sy=5,==3/4, which has an upper box dimension bounded by
. log([si| + |s.1) _ log3 _

dimy(G) < 1 + IOgZ

25Ty

- lOgZ promey 1. 585-

054

e
<

025

05

|
. P
075 1
Figure 4 The graph of a nonaffine FIF
Example 2. Let 1=[0,11,Y=[1,61and let {(0,2),(1/3,4),(2/3,5/2),(1,2)} be
a given set of data. Define the functions L,:1—1 by

L(x) = —;—[:x + =17,

n=1,2,3.
Let g1582,8:€C(). Define mappings Ma:IXY—=>Y by M, (x,y) ==caga (x) +s,h.(y)+e,,n
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=1,2,3. Fig. 5(a) shows the graph of such a fractal interpolation function for
&1(x) = go(2) = g:(x) = z, hi(y) = 3%, hy(y) = hs(y) =

and
Sy = 1/167 S, = 1/2 and53 == 3/49

the upper box-counting dimension of which satisfy

1.202= 1+ BB < im, () < EmA(6)

og3
log?2
< —== == 1.63.
3 ! [ d
55+ 55
5 5
L] Q
15 15
1 1
854 a5
s o5 it f s o5 ot ;
(a) (b)

Figure 5 The graphs of (a) a nonaffine FIF and (b) an affine FIF

Figure 5(b) shows the graph of an affine fractal interpolation function using almost
the same parameters as before except that A,(y) =2y, which has a box-counting dimension
of

log(Isi] + [so] + IssD)
log3

dimgz(G) =1 + = 1. 248.
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