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1. Introduction

The term ‘quantization’ in the title originates in the theory of signal processing and denotes a process of discretizing
signals. As a mathematical theory quantization concerns the best approximation of probabilities by discrete probabilities
with a given number of points in their support. A detailed account of this theory can be found in [3]. Given a Borel
probability measure p on RY, a number r € (0, +00) and a natural number n € N, the nth quantization error of order r for
is defined by

Vpr() = inf{/d(x, o) du(x): o ¢ RY, card(e) < n},

where d(x, ) denotes the distance from the point x to the set o with respect to a given norm || - || on R%. We note that if
JIxII"dp(x) < oo then there is some set « for which the infimum is achieved (cf. [3]). The set « for which the infimum is
achieved is called the optimal set of n-means or n-optimal set of order r for 0 < r < 4o00. The upper and lower quantization
dimension of order r for w is defined to be

_ 1
Dy(w) :=limsup rosn

. Dy(u) = liminf — 198"
n—soo —logVpn (1)’ = =a

—00 —log V()

If D;(u) and D, () coincide, we call the common value the quantization dimension of order r for the probability measure i,
and is denoted by D, := D,(u). One sees that the quantization dimension is actually a function r — D, which measures the
asymptotic rate at which V,, ; goes to zero. If D, exists, then one can write

1 r/Dr
log Vi r ~ log(ﬁ) .
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Let S1,S2,...,Sn be a set of contractive similarity mappings on R? with the similarity ratios respectively s1,s2,..., SN
for N > 2. Then for a given probability vector (p1, p2,..., pn) there exists a unique Borel probability measure w (cf. [5])
satisfying the condition

N
=Yy pjmoS;’

j=1
Let the iterated function system {Si, S», ..., Sy} satisfy the open set condition: there exists a bounded nonempty open set
U c R? such that U?’:] Sj(U)cU and S;(U)NS;j(U) =9 for 1 <i# j<N.The iterated function system satisfies the strong
open set condition if U can be chosen such that U N J # @, where ] is the limit set of the iterated function system. Under
the open set condition, Graf and Luschgy showed that the quantization dimension function D, := D,(u) for the probability
measure [ exists, and satisfies the following relation (cf. [3,4]):

N

Dr

Z(p] )r+Dr =1.

j=1
Note that from the above relation it is clear that the quantization dimension function for a self-similar probability has
a relationship with the temperature function of the thermodynamic formalism arising in multifractal analysis. Lindsay
and Mauldin extended the above result to the F-conformal measure with finitely many conformal mappings (cf. [6]). The
quantization dimension and its relationship with the temperature function for some other probability measures were also
investigated, for example one could see [9-11,13]. But in each case, the number of mappings considered was finite. De-
termination of the quantization dimension for a probability measure generated by an infinite iterated function system
associated with a probability vector is a long-time open problem. The work in this paper is the first advance in this di-
rection. The probability measure w considered here is induced by a set of infinite contractive similarity mappings (Sp)n>1
satisfying the strong open set condition with the similarity ratios respectively (s;)n>1, and associated with a probability
vector (p1, p2,...), that is, the probability measure w satisfies

(e}
M:meosj‘l.
j=1

We have shown that for such a probability measure w if the quantization dimension D, := D;(u) exists, it satisfies the
following relation:

o0

Z(p] )rJIrJDr =1. (1)

j=1
Riedi and Mandelbrot showed that the multifractal formalism for a self-similar measure does indeed hold in the infinite case
(cf. [12]). In particular, the singularity exponent 8(q) (also known as the temperature function) satisfies the usual equation

qu ﬂ(q) (2)

and that the spectrum f(c) is the Legendre transform of B(q). Comparing (1) and (2), we see that if g, = +D , then
B(qr) = rqy, that is, the quantization dimension function for an infinite self-similar probability has a relationship with
the temperature function of the thermodynamic formalism arising in multifractal analysis (for thermodynamic formalism,
multifractal analysis and Legendre transform one could see [2]). The result in this paper is an infinite extension of Graf and
Luschgy (cf. [4]).

2. Basic definitions and results

In this paper, R? denotes the d-dimensional Euclidean space equipped with a metric d, and R_. represents the set of all
nonnegative real numbers. Let us write,

Vir=Vpr(u):= inf{fd(x, o) dux): a cRY, card(a) < n}.
A set o c R? with card(e) < n is called an n-optimal set of centers for (v of order r or Vi, r()-optimal set if

Vir(p) = / d(x, o) dju(x).

As stated before, n-optimal sets exist when [ ||x||" d(x) < oco.
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Let X be a nonempty compact subset of R? with X = cl(int X). We call f:X — RY a Lipschitz function if there exists a
number c¢ such that

d(f®), f(y)) <cd(x,y) forallx,yeX.

The infimum value of ¢ for which such an inequality holds is called the Lipschitz constant of f, written as Lip f. A Lipschitz
function f:X — R is called a contractive mapping if 0 < Lip f < 1. Let (Sn)n>1 be an infinite set of contractive similarity
mappings on X whose contraction ratios are respectively (Sp)n>1, i.e., d(Sp(x), Sn(¥)) =spd(x,y) forall x,y € X, 0 <s, <1,
n > 1. Moreover, sup,s; < 1. Let K(X) denote the class of all nonempty compact subsets of X. If we define a function
h: K(X) x K(X) —> Ry by

h(A, B) =max{D(A, B), D(B, A)},
where

D(A, B) = sup( inf d(x, y)) for all A, B € K(X),
xeA \YEB

we obtain a metric, namely the Hausdorff metric. If (X, d) is a complete metric space, then C(X) is a complete metric space
with respect to the metric h. Also (XC(X), h) is a compact metric space provided that (X, d) is compact (cf. [1]). Let us now
define a set function S: K(X) — KC(X), by

S(E) = Sn(B),
n>1
where A of a set A represents the closure of the set A. Then for any two sets E, F € K(X), we have

h(S(E), S(F)) = h( U sa®. sn(F>) = h( Us«®. U sn(F)),

n>1 n>1 n=1 n>1

which implies
B(S(E), S(F)) < suph(Su(E), Su(F)) = (supsa )h(E. F),
n>1 n>1

ie, S is a contractive mapping on (K(X), h) with contraction ratio s < sup,>; sp. Hence by the contraction mapping theo-
rem, there exists a unique nonempty compact set J C X, which is known as the attractor or the invariant set of the family
(Sn)n>1, ie., J satisfies

J=8=JSWU.

n>1

The set | is called the infinite self-similar set corresponding to the infinite iterated function system (S;)p>1 considered in
this paper. Let (p1, p2,...) be a probability vector with p, > 0 for all n > 1. Then there exists a unique Borel probability
measure i on RY such that

o0
=Y pajoS;’,

n=1

which has the support the compact set J (cf. [8]). We call u the infinite self-similar probability or the infinite self-similar
measure induced by the similarity mappings (Sp)n>1 and the probability vector (p1, p2,...). The iterated function system
(Sn)n>1 is said to satisfy the open set condition (OSC) if there exists a bounded nonempty open set U C X (in the topology
of X) such that S;(U) C U and S;(U)NSj(U) =@ for all i # j, i, j > 1, and the strong open set condition (SOSC) if, in addition,
U can be chosen such that UN J # @. In the paper, we assume that the set of infinite similarity mappings satisfies the strong
open set condition.

Let us now consider the auxiliary function:

o
P(q,t) =log ) _ pls} (3)
j=1

for g,t € R. For a given q € R, let 6(q) = inf{t € R: P(q,t) < oo}. Then 6#(q) > —oo. For a given q € R the function P(q,t) is
strictly decreasing, convex and hence continuous in (6(q), +0c0). Its value ranges from —oco (when t — +00) to +0co (when
t — 6(q)). Therefore, by the intermediate value theorem there is a real number ¢ such that P(q,t) = 0. The solution ¢ is
unique as P(q, -) is strictly decreasing in t. This defines t implicitly as a function of q: for each g there is a unique t = 8(q)
such that P(q, 8(q)) =0. P(q,t) is called the topological pressure corresponding to the given infinite iterated function system.
The function B(q) is sometimes denoted by T(q), and called the temperature function.
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y
y=B(a)
Dim,(J)
y=rq
Dr ]
1 ¢ q
ar 1

Fig. 1. To determine D, first find the point of intersection of y = (q) and the line y =rq. Then D, is the y-intercept of the line through this point and the
point (1, 0).

Note 2.1. If ¢ =0 then from (3), we have

o0

BO) _
> sV =1,
=

i.e., B(0) gives the Hausdorff dimension dimy(J) of the infinite self-similar set J (cf. [7]). Moreover, P(1, 0) =0, which gives
B(1) =0 (see Fig. 1).

3. Main result

The relationship between the quantization dimension function and the temperature function S(q) for the probability
measure w, where the temperature function is the Legendre transform of the f(«) curve (the definitions of the f(«) and
the Legendre transform are given in [2]) is given by the following theorem. For a graphical description see Fig. 1.

Theorem 3.1. Let 1 be the infinite self-similar probability induced by the infinite iterated function system (Sy)n>1 satisfying the
strong open set condition, and associated with the probability vector (p1, p2,...). Let f = B(q) be the temperature function of the
thermodynamic formalism. For each r € (0, +00) choose q; such that (qr) = rq;. Then the quantization dimension for the probability
measure | is given by

_ BG@y)

Dy = .
' 1—gq;

Lemma 3.2. Let 0 < r < +00. Then there exists exactly one number k, € (0, +00) such that

o0

Z(pjs;)ﬁ =1.

j=1

Proof. The function P(t,rt) :=log Z?il(PjS;)[ is strictly decreasing, convex and hence continuous in the interval (0, +00).
Moreover, P(0,0) = oo and P(1,r1) =log Zj’il pjs; < log Zj’il pj = 0. Therefore, by the intermediate value theorem, there
exists a unique t which lies between 0 and 1, such that P(t,rt) =0. Take kr = ]r—_ft and then log Zjo-i] (pjs;)ﬁ =0, which

implies Zj?‘; (pjs;)fi_rkr =1, and thus the lemma is obtained. O

For every M > 2, let us consider the partial iterated function system (Sn),’:/':l defined on X associated with the probability
vector (P1, P2, ..., Pm), where pj=p; for 1<j<M—1and py = Zj’iM pj. Then for every M > 2, there exists a unique
Borel probability measure pp; (cf. [5]) on X with the support Jy such that

M M
Ju=JSiUm) and pum=) pjmmoS;",

j=1 j=1

Let us now state the following lemma.

Lemma 3.3. (Cf. [3, Lemma 14.4].) Let 0 < 1 < o0 and M is as before. Then there exists exactly one number /cr(M) € (0, +o00) with
M o

K,

> (bss) =1.

j=1



M.K. Roychowdhury /J. Math. Anal. Appl. 383 (2011) 499-505 503

The above Kr(M) is the quantization dimension for the probability measure ), generated by the set of self-similar

mappings S1, S, ..., Sy associated with the probability vector (p1, p2, ..., pm) (cf. [3,4]).
Let us now prove the following lemma.

Lemma 3.4. Let 0 <1 < +00, and let KT(M) be as in Lemma 3.3. Then K,(M) — Ky as M — oo, where k; is as in Lemma 3.2.

Proof. Let ¢\™ = g and g = X First we prove ¢™ — g, as M — If possible, let lim (M) Then
. ar = ™ qr = 74, - rirst we prove gy ar oo. II possible, My —ocoqr = > qr.
there exist y > 0 and a sequence of positive integers {Mp}n>1 such that qﬁM”) > qr + y > q; for all n. Using the fact that

limp— o0 ZiiMn pj=limp_ o0 (1— Z?”:"fl pj)=1-— Zj-":’] pj=1-1=0, Lemmas 3.2 and 3.3, we have

rMp—1

. ryaMm & r "
1:,111)“010 Z (pjsj) T4 Z Pj |Sh,
L j=1 j=Mn

rMp—1 00 ar+y
: r+
<am] S0 (L) |
J=Mn

L j=1

rMp—1 00 ar+y
: r+
<im[ S0 (Sn) ]
L j= J n
+ o0
<Y ()™ <D (pisy) " =1,
j=1 =1

—,

which gives a contradiction. Hence, limMHooqﬁM) < qr. Similarly if we take limpy_ oo qﬁM) < ¢r, a contradiction will arise.

M
o _ g™ g

Hence, qﬁM) — qr as M — oo, and then «; o T =kr as M — oo, which yields the lemma. O
—qr

Let M denote the set of all normalized Borel measures on X. The map dy : M x M — R such that

dy (i, v)=supH/ng—/gdv
X

X

:Lipggl}

for all i, v € M, is a metric, namely the Hutchinson metric. (M, dy) is a compact metric space (cf. [1]). With respect to the
Hutchinson metric dy, it is known that {tpm}m>2 tends to the probability measure @ as M — oo (cf. [8, Theorem 3]). Again
we know that in the weak topology on M,

U —>pn < /fd//,M—/fd,u—>0 forall f € C(X),
X X

where C(X) :={f:X — R: f is continuous}. Clearly, X being compact all measures in M have a compact support. It is
a standard fact that dy topology and the weak topology coincide on the space of Borel normalized measures with compact
support. Using this fact, let us prove the following lemma.
Lemma 3.5. Let 0 <1 < 400, and py — |4 with respect to the Hutchinson metric dy. Then
lim Vir(m) = Vi r ()

M— o0
foreveryn>1.
Proof. By our assumption, | [|x||" du(x) < oo. Since the function f:X — R defined by f(x) = ||x||" is continuous, we have
limp—s oo [ IXII"dpap (%) = [ [1x]I" dja(x), which yields that there exists a positive integer Mg > 2 such that for all M > Mo,

f IxI” dpem (x) < oo. Take M > Mo. Then n-optimal sets for both Vi -(um) and Vy -(u) exist. Let oy be a V- (ppr)-optimal

set and B, be a Vy (u)-optimal set for n > 1. As uy — pu (weakly), and for every o C R? the function f:X — R defined
by f(x) =d(x,a)" is continuous, for every n > 1 we have

lim Vi, (um) = lim /d(x,an)rdum()c)=/d(x,an)rdu()<)2Vn.r(u) and
M— oo M— o0

IV}i—I;noo Vir(um) < I\/}Ellm/d(x’ B dum(x) = / d(x, Bn)" dp(x) = Vir(u),
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and thus
lim Vi r(um) = Var(u),
M— o0

which yields the lemma. O

Proof of Theorem 3.1. To prove the theorem let us first prove

.. rlogn rlogn
<lim mfig < lim sup _ Trosm < Kr. (4)
n —log V(1) —log Vi r (1)
logn : rlogny
If possible, let liminf, W < kr. Then there exists a subsequence (m)k>1 of the sequence (m)n>1
such that limy_, o k)gf,%ﬁ:"r(u) < kr, which implies that there exists a positive integer Ko such that % < Ky for all
k > Ko. Thus for k > Ky, using Lemmas 3.4 and 3.5, we obtain
rlogn rlogn
lim L = M < Ky = llm K(M),
M—oo —log Vi, r(um)  —log Vi, r(10) —00
and so there exists a positive integer M’ such that % < /c, M) for all M > M’ and for all k > Ko. In particular, for
ng.r
all k > K¢ we have
rlogn )
g1 K r(M ) (5)

—log Vi, r(um)

Note that Vp, r(ip) — 0 as k — oo, and Vi r(pr) = Vi, r(yr) > 0 for all k > 1, and thus there exists a positive
integer K, such that for all k > Kj,

1> Vo r(tmr) 2 Vi r(tmr) > 0.

Hence for all k > K, we have

rlogn rlogn
g1 > EMk+1 , (6)

—log Vi r(tm) ~ —log Viy r(im)

ie., (%)k>% is a decreasing sequence of real numbers. Then by (5) and (6), we deduce
rlogn / rlogn rlogn /

lim —— 8T M) e liminf—— 28" Jim — 08Tk _ (M)

k—o0 —log Vi, r(tipmr) n —log Vnr(m) — k—oo —log Vi, r ()
/cr(M,) is the quantization dimension for the probability measure wyy, and so by the preceding inequality, we obtain

/ rlogn rlogn /
k™M) = fim — T8 jiminf g M,

n—o0 —log Vi r(tpr) n o —log Vur(um)

which is a contradiction. Hence

rlogn rlogn
11m mfig and similarly, limsup _ rosn <Ky
—log Vp, r(M) n —log Vi r ()
Therefore, the inequalities in (4) are proved, and thus limp_ o %ﬁt(u) exists and equals «;, i.e.,
D, (1) = rlogn e
=0 T log V)
Note that if g, = r+K , by Lemma 3.2, we have 8(q;) =rq,, and then D, = ’3("') . Thus the proof of the theorem is com-
plete. O
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