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Abstract In this paper, the problem of optimal quantization is solved for uniform distribu-
tions on some higher dimensional, not necessarily self-similar N—adic Cantor-like sets. The
optimal codebooks are determined and the optimal quantization error is calculated. The ex-
istence of the quantization dimension is characterized and it is shown that the quantization
coefficient does not exist. The special case of self-similarity is also discussed. The condi-
tions imposed are a separation property of the distribution and strict monotonicity of the
first N quantization error differences. Criteria for these conditions are proved and as special
examples modified versions of classical fractal distributions are discussed.
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1 Introduction

The optimal quantization of probability distributions was first discussed by electrical engi-
neers in the 1940’s as a problem arising out of signal processing and data compression. The
aim is to determine the best approximation of a d—dimensional probability distribution v
by a discrete one, containing at most n supporting points. The approximation will always be
generated by a set oo on R? , consisting of at most n points. This set o is called codebook
and with r > 0 and the Euclidean norm || - ||, the error distance is defined by

‘I’aﬁr(v):/min lx—a | dv(x). (1)
aco
Subsequently, the n—optimal quantization error for v of order r is denoted by

Vor(v) = inf{¥,(v) : B C R? card(B) < n}, )

* This work contains and generalizes some parts of the authors doctoral thesis (cf. [16])
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where card denotes cardinality. The set « is called n—optimal set (or n—optimal codebook)
for v of order r, if ¥y (V) = Vp,,r (V). The problem of optimal quantization is to determine for
every integer n € N = {1,2,..} all n—optimal sets and to calculate the optimal quantization
error V,, (V).

A good overview to the theory of optimal quantization and its historical development
is presented by Gray and Neuhoff [9]. For a comprehensive mathematical treatment of the
problem, the reader is referred to Graf and Luschgy [5], [7]]. A more applied approach to the
subject, stressing aspects of information theory and signal processing, can be found in the
book of Gersho and Gray [3].

Although under weak assumptions an n—optimal codebook exists for every integer n (cf.
[Sl], Theorem 4.12), the non-convex nature of the n—optimal quantization problem makes
it difficult to determine the n—optimal codebooks and the optimal quantization error. For
nonsingular distributions, exact solutions were found only in some special cases (cf. [5],
chapter 4.4, 5.2).

In the singular case, Graf and Luschgy [4] solved the quantization problem for the classi-
cal self-similar Cantor distribution. Subsequently, for more generalized Cantor distributions,
which are not necessarily self-similar, among other results the optimal codebooks were de-
termined by Kessebohmer and Zhu [15]. Kreitmeier [[17] extended this codebook result to a
class of Cantor distributions, including the classical one studied by Graf and Luschgy.

Because exact solutions are difficult to find, the aim is to get high-rate asymptotics for

the optimal quantization error. To this end, we consider the sequence (%) , which
was introduced by Zador [23]. If n tends to infinity, the strict positive limit (if it exists) is

called quantization dimension and denoted by D, (V). If the quantization dimension exists,
_r _
the question arises whether or not the sequence (n Dr(v) V,,y,(v)) has a strict positive and

finite limit. If yes, it is called quantization coefficient and denoted by Q, (V).

If the distribution Vv is absolute continous with respect to the d-dimensional Lebesgue
measure and [x"9dv(x) < oo for some § > 0, then the quantization dimension exists and
equals d. The quantization coefficent exists under these conditions as well. This result goes
back to Zador [22]] , respectively Bucklew and Wise [1]. A complete proof was given by
Graf and Luschgy (cf. [S], Theorem 6.2).

In the case of singular distributions, the situation is different. For self-similar distribu-
tions, satisfying the so-called open set condition, Graf and Luschgy [6] have shown that
the quantization dimension exist. Potzelberger [21] proved the existence of the quantiza-
tion coefficient, if the self-similar distribution satisfies the strong separation condition and a
non-arithmetic condition. Using other methods, Graf and Luschgy have extended this result
by replacing the strong separation condition with the open set condition (cf. [8], Theorem
4.1). For singular distributions which are not self-similar, Lindsay gave an example for the
non-existence of the quantization dimension (cf. [19], Example 5.5). Later on, the existence
of the quantization dimension for distributions on (not necessarily self-similar) Cantor-like
sets was systematically studied and characterized by Kessebohmer and Zhu [15)], Kreitmeier
[17] and Zhu [24].

In this paper, we will solve for natural N > 2 the quantization problem for uniform
distributions on one- or higher dimensional, not necessarily self-similar N—adic Cantor-like
sets.

In section@ for every n > N the n—optimal codebooks are determined and a formula for
the n—optimal quantization error is proved (cf. Theorem|[I). The existence of the quantiza-
tion dimension is characterized (cf. Proposition[) and under weak assumptions we show that
the quantization coefficient does not exist (cf. Proposition [5). Although the formula for the



quantization dimension is a special case of the results of Zhu [24], the class of distributions
considered in this present paper is not completely embraced by the one studied in [24] (cf.
section [3.2). In the self-similar case, we get a more explicit formula for the optimal quanti-
zation errors and determine the set of accumulation points of the sequence (n#(v) V,,_,(v)) .
In our proofs, the conditions imposed are a separation property of the uniform distribution
on the Cantor-like set and strict monotonicity of the first N differences of optimal quantiza-
tion errors. Both conditions will be analyzed in detail in section To this end, we need
some results about optimal quantization for Borel probabilities, uniformly concentrated on a
disjoint union of balls with equal radius. These facts are denoted and proved in section[2]and
interesting on its own. To show the applicability of our results from section 3] we discuss in
section[3]the optimal quantization of the uniform distribution on modified versions of several
classical fractal probabilities, e.g. Cantor distribution and uniform distribution on Sierpinski
gasket. For the whole paper, we denote @ as a finite subset of R with card(®) = N.

2 Uniformly separated probabilities

In this section, we study probability distributions which are uniformly concentrated on a
disjoint union of N balls with equal radius. If the radius is small enough, then for n > N the
n—optimal codebooks have a separation property (cf. Definition 2)), studied below in detail.
Moreover, we derive an upper bound for the difference between the optimal quantization
errors of the uniformly separated probability on the balls and the uniform distribution on the
ball centers. Let d € N and o be a nonempty finite subset of R?. We call

W(alat) := {xERd:Hx—a ||=min || x—b H}
bea

the Voronoi cell of a with respect to a. Let x € R? and [ > 0. Let
B(x,l):={z€R ;|| x—z|| <1}

be the closed ball with center x and radius / > 0. Let v be a Borel probability measure on
RY. Recall @ C R? with card(®) = N > 2.

Definition 1 The distribution v is called uniformly (I, ®)— separated, respectively (/, ®)—separated
in short notation, if the balls (B(x,1)),cq are pairwise disjoint and
v(B(x,1)) = % for every x € @.

Let n € N and r > 0. The set of all n-optimal codebooks for v of order r is denoted by
Cnr(v).Leta € G, (v). For x € o let

o(x)=anNB(x,I)

and
a(x)={a€ a:W(ala)NB(x,l)#0}.

Clearly, a(x) C @(x). With
dmin (@) := min{[| x—y [|: x,y € @;x # y}

we define the minimal distance in ®.



2.1 Properties of the optimal codebooks

If n > N, the calculation of the n—optimal quantization error of v simplifies considerably, if
{®(x) : x € ®} becomes a partition of ¢, i.e. if

a(x)na(y) =0 )

for every x,y € @ with x # y. Due to the importance of this property we make the following
definition.

Definition 2 Let n be an integer and n > N. The (I, ®)-separated distribution v is called
separately quantizing, if relation (3) holds for every n—optimal codebook o € G, (V).

Let B,C C R? be arbitrary sets and
d(B,C) :=inf{||x—y|:xeB,ye C}

be the distance between these two sets. For x € R? we simply denote d(x,B) instead of
d({x},B). With conv(B) we indicate the convex hull of B, with B its topological closure.

For any Borel measurable set A C R? with v(A) > 0, let v(-|A) = >) be the con-
ditional distribution of v w.r.t. A. The support of Vv is denoted by supp(v ) The following
Proposition states a sufficient condition for v to be separately quantizing and a formula for
the optimal quantization error.

Proposition 1 Lern € Nandn > N. Let r > 1. Assume that v is (I, 0)—separated.

(a) Let v be separately quantizing. Then a(x) = ot(x) for every x € @. The n—optimal
quantization error can be written as

= Z W (alct) NB(x,1))Vi(v(-|W (a]t) NB(x,1))).

XGwaea

For the special case n = N,
Vv (v) = Z Vi, (V(-[B(x,1))).
XE(D

(b) If dmin(®) > 101, then v is separately quantizing. Moreover, if r > 1, then additionally
to (a),

1
(1 + N) VN,,»(V) < VN—l,r(V)- )
Proof Letn >N, r>1and o € Gy (V).
(a) Let x € o. First we will show that @(x) C ¢(x). To this end let a € @(x). From the

definition we get
W (ala) NB(x,1) # 0.

Using property (B) we deduce

W(ala)n |J B(zl)=0
zew\{x}

Due to V(U,c, B(z,1)) = 1 and [5]], Theorem 4.1 we obtain

0 < v(W(ala)) = v(W(a|a) N B(x,1)), )



which yields

conv(supp(v(-|W(ala))) C B(x,1). ©)

According to [3], Theorem 4.1., we have {a} € Cy ,(v(-|W(a|a))). The application of [5],
Remark 4.6 (a) yields a € conv(supp(v(:|W(a|c))). From (EI) we get a € B(x,l). Hence,
a € o(x). As already stated, the converse inclusion ¢ (x) C @(x) is obvious. Thus, we have

o(x) = o(x).
Next, we will prove the two equations for the n—optimal quantization error. From [5]],
Lemma 3.3 and [5]], Theorem 4.2 we get

= Y v(W(d|a))Vi (v(-|W(ala))).

With (@) and (3) we obtain
Var(V) = ), Z) W (alor) V(v (W (a]t)))
=) ;)V( (alo) N B(x, 1))V (V(-|W(ala) N B(x,1))).

From @ (x) = ot(x) for every x € ® we deduce the first equation in Proposition Ifn=Nwe
have card(o(x)) = card((x)) = 1 for every x € . Hence, we get from the first equation,

V(v ZV” (-|B(x,1))).

XECO
(b) Let dyin (®) > 10L.

(bl) We will show that @/(x) N'@(y) = 0 for every x,y € @ with x # y.
To this end, let
o ={x€w:dB(xI),o0)>2l} @)

and @, = @\ ;. We will prove that
o(x) C B(x,5) for every x € . ®)
Let x € @». Theny € B(x,/) and a € « exist, with
Iy —all=d(B(x),0) <21
Letb € 0(x). Ay € B(x,l) exists, with
Iy =bll=d(,a) <[y —all.
Thus, we get

[x=b| <lx=Y[+y—-b]
< I+ ]y —al
<IH+|y =yl +lly—al
< 1420420 =5I,

which yields b € B(x,51). Thus, relation (8)) is proved.
Due to dpin (@) > 10/ we obtain

o(x)No(y) =0 for every x,y € @y, x # y. ©)



The set @, is nonempty because otherwise we would have
Yo, (V) <I"< (21)" < ¥y (V) = Vi (v),

which contradicts card(@) = N < n. Assertion (bl) is proved, if @; = 0. We proceed indi-
rectly and assume that @; # 0. From definition (7) of w; we get

VoV =Y, > B F [ dayave) (10)
Two cases appear.
1. card(;) < card (ot\ Uye g, 0(x)).
Let B = 0 UU,eq, &(x). Obviously
card(B) < card(w )+ card(Uyeq, &(x)) (11)
< card (0\ Uye, ®(x)) + card(Uye e, @(x))

= card().
With and @; # @ we have

r

<Y o+ L[ T V() < (),

Xem; xXe€my "
Together with (TT)), this contradicts the optimality of c.

2. card(;) > card (ot\ Uy, @(x)).
Let
5= {x€ w:card(o(x)) =1}
and
w,={x€ w:card(@(x)) > 1} = w\w ;.
We will derive in this second case a contradiction as well. To this end, we construct an
alternative codebook 3 by taking points from Uxea)z‘,, 0(x) and replacing them by @;. We

will show that 8 does not contain more points than ¢, but generates a quantization error less
than the one of «.
From (@), we obtain

card(a) = card (a\ U a(x)) + Z card (@(x)).

XEW XEM

On the other hand, card(e) = card(w, ) + card(@,) + (n — N). Thus, we deduce

0 < card(e;) — card <Oz\ U Oz(x))

xXemw
= ) card(d(x)) — card(@;) — (n—N)
XeEm
= ) card(a@(x)) 4 card(@, ) — card(@,) — (n—N)
XEw p
= Z card(a(x)) — card(@, ) — (n —N)
waz,p

< Z (card(o(x)) —1).

Xew p



Now, let N, , = card(@,,) and {x1,...x, , } = @ p an arbitrary enumeration of @, . Based
on this enumeration, we recursively define the mapping

¢ — Ny

by

(i) @(x)=0forallx € wy,
(ii) forie{1,..,N2,} and with ¥9_, @(x;) := 0 it is

XEW

i—1
¢@(x;) = min <card(oc(x,~)) —1,card(®; ) — card(et\ U o(x)) — 21 (p(xj)>
=

Obviously, ¢ has the following properties

(iii) @(x) € {0,..,card(a(x)) — 1} for every x € @ p,
(V) Lrcw, 9(x) = card(oy) — card (\ Uye o, E(x))-

With this mapping ¢, we take for every x € @, a
ﬁ (x) € Ccard(a(x))f(p(x),r(v(' |B(X7 l) ))
and define the already mentioned codebook

B=oU U B(x)

xXewy

Now, we prove that g (V) <V, (V).
At first we get the upper bound

) < Z i Z/ x))'dv(z) (12)

XECO] XEm
1
= Z + Z VCdrd ‘B(x l)))
XE(HI XG(DZ

From (I0) and (T2), we obtain

Var (V) — %, (v) > Zl/wwﬂaa@»Wv&>

x€ﬂ)2‘B

N Z Vcard |B(XI Z

)CG(A)Z xew;

= & X g, (VOIBGD)

xewz

N Z Vcard |B(XI Z

xewz XEW|



From definition (Z)) of the optimal quantization error, we get

Vor(V) —¥3,(V) (13)
"2r—1
Ly e

xew;

+ % Z (Vcard(a(x)),r(v('|B(xvl)))_Vcard(B(x)),r(v("B(xvl))))

XEW
=)

I —1)
XEW] N
1
+ = Y (Veard (@) - (V(B(x,1)))
xe{zem:@(z)#0}

_Vcard(ﬁ(x))—(p(x),r(v('|B(x7 l)))) :

From property (iii) and (iv) of ¢, we deduce

card({z€ my: 9(2) #0}) < ) o)

XEW)

= card(®,;) —card (OC\ U a(x)) < card(@y).

xXEmy

Inequality (T3) thus transforms into

Var (V) — W (V) (14)

xe{zem:@(z)#0}

v

> % (card(a)l)l’(Z’ D+ Y (O_Vl,r(v('|B(x7l))))>

card(w;)I"(2" — 1) — Y ‘P{x},r(V(-B(XJ))))

xe{zew:9(z)#0}

> ="V (r@r—1)-1)>o0.

Property (iv) of the mapping ¢ and (9) implies
card(B) < card(w;) + Y card(B(x))
xXewy

= card(wy) + Z (card(o(x)) — @(x))
xewy

= card(w) +card< U a(x)) — (card(a)l) —card(ar\ U a(x)))

XEW XEMD
= card().

Thus, (]E[) contradicts the optimality of «. Because each case ends in a contradiction, we
have proved assertion (b1).

(b2) We will prove inequality ().



Our approach is to determine two distinguished points from o for o € Cy_; (V). Using
the partitions of @ into the sets @y, @, ; and @, j,, we can deduce an upper bound for Vv - (V),
respectively a lower bound for Viy_; (V). This enables us to prove inequality .

Letr>1and a € Cy_; (V). Due to card(a) = N — 1 there exist two different points
x1,x € @ and a € a with d(x;,a) = d(x;, o), respectively d(xp,a) = d(x2,a). For every
7 € B(x1,1) we have

d(z,a) > d(x1,00) —d(x1,z) > d(xi, o) — 1,

respectively d(z, o) > d(x, ) — [ for z € B(xz,1). Hence,

/ <x1,l>d(z’ “ dV(Z)—’—-/B(xz,l)d(Z’ )av(z) (15)
2 %((maX(O,d(xl,a) —1))" + (max(0,d(x, @) —1))).
Obviously,
xr”rZz(%) Cety)” (16)

for arbitrary x,y > 0 with x+y > 0. From [ < %dmm(w) and we deduce for inequality

(T3) that

/B<x171)d(170‘) dV(Z)+/B(X2J>d(z, a)'dv(z) (17)

> %(%) (d(xv1,a) +d(x2,a) — 20)

% (%dmin(CO) —l)r.

With statement (9), which is also valid if card(ct) = N — 1, we get

A%

card(a) > Z card(o(x)).
XEW

The definition of @, ; and @, yields
Z card(a(x)) = Z card(a(x)) + Z card(a(x))
XEwy XEW) ¢ Xew p

= card(@y) +card(@y,,) + ) (card(@(x))—1)
XEW p

> card(w,) +card(w, p).

Thus, we have

card(m,) +card(m, ) < card(c)
= N—1= card(,) + card(e;) — 1,

which yields
card(m ) < card(w;)— 1. (18)
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Using (T7), we conclude that

Wi,V = Y / d(z. 00y dv(2)
xewy \{x1,x} B(x,l)

+ ) / xvl)d(aoc)’dv(z)

xewy p\ {1 2} B
+ Y /( l)d(aa)’dv(z)

xew \{x1.x2}

+ ) /X’l)d(z,(x)’dv(z)

xe{x; .0} B(

19)

1
> ¥ OB
xewy \{x1,%2}
1
+ Z Vcard( (V( |B(x l)))
xewy p\{x.x2}

+ ) %(21)%%(%51“,1(@)—1)

xewp\{xy 0}

>11v( Y Viv(IBGoD)

xemp \{x. %2}

+ (card(an) —2)(21)’+2(%dm(w) - z)r> .

From (a) we get
V(v ZV], (-|B(x,1))),

XECO

which implies

( Z Vi (v(:|B(x,1))) (card(wzﬂp)+card(w1))l’> . (20)

XEM s

VNr

With (T9) and 20) we deduce
N (VN_],(V) 1+ %)VN’,(V)>

> T VOB + card(n) - 2)(20 +2  gdmn(0) 1)
xemy s \{x1 %2}

( N) (;}2 Vi (VCABD) + ard(0n,) +card(n) )

> (card(@) —2)(20)" +2 (%dmm(a)) - z) '

_ (W £+ ) eard(@r,) +card(w1))l’> —2:(2)"



Due to dpin (@) > 101, the right hand side is strict greater than

card(m; )

((card(wl)—2)2r+2~4’— N

1
— (l + N) (card(, )+ card(@y)) 72-2’) I
= ((card(wy) —2)2"+2-4"— 1 —card(w;) —card(@wy ) —2-2")1".
Due to (I8) and r > 1 we obtain the lower bound

((card(e;) —2)2"+2-4" —2card(ew;) —2-2") 1"
= ((card(w;))2" —4-2"+2-4"—2-card(e))!" > 0,

which proves inequality (d).

Remark 1 The sufficient condition dpp, (@) > 10/ in Proposition (b) ensuring the separa-
tion property (3 of the optimal codebooks needs only the constant value 10 and does neither
depend on @ nor the norm exponent r. It is also independent of the dimension d.

For x € R? we denote §, as the dirac measure in x.

Remark 2 One may conjecture that the condition dp, (@) > 10! in Proposition |1| (b) can
be weakened, i.e. Proposition [I] (b) is probably still true for a smaller constant than 10. But
we cannot drop the condition completely. For example, let d = 1 and v = %(60 +9d;) be
the uniform distribution on the points 0 and 1. Let @ = {0, 17—0} and [ = % Hence, v is a
(1, )—separated measure. Clearly, C,(v) = {{0,1}} and W(0[{0,1}) =] — e, 1]. Thus,
we obtain

W(0[{0,1}) N B(0,1) = B(0,1) £ 0

and
4 5

W(0[{0,1}) "B (%z) - [E’E} £0,

which implies that v is not separately quantizing.

2.2 Approximation of the optimal quantization error

For d € N denote Uy, as the uniform distribution on @. It is well known (see e.g. [S], p.
57 ff) that the n—optimal quantization error depends continuously from the distribution it
refers to, if the distance between distributions is defined by a suitable metric. Moreover, this
continuity is uniform in n.

In our special case, for every € > 0 an [ > 0 exists such that for every (I, ®)—separated dis-
tribution v and n € N, we have |V;, -(V) =V, (Uy)| < €. The following Proposition 2|refines
this abstract approximation result by presenting an upper bound for the optimal quantization
error difference, independent of n and tending to zero if / tends to zero. For an arbitrary set

C c R and x € RY let
o[ 1 ifxec
=1 0, otherwise

be the characteristic function on C. We denote with
diam(C) = sup{||x—y ||: x,y € C}

the diameter of C.
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Proposition 2 Letn € Nand r > 1. Let v be an (1, ®)-separated probability measure. Then

Ir(l +diam(w))~", ifn< N
Vir (V) = Vs (Uo)| < { I, ifn> N

Proof Letn > N. ThenV,, ,(Ugp) =0 and
‘Vn,r(v) _Vn,r(Ua))| = Vn,r(v) < q’w,r(v) < I.

If n < N, we can identify two cases.

1V, (V) > Vi (Un).
With an a € G, (Uyp) we obtain

Vn,r(v) - Vn,r(Ua))

IN

/ d(y, 0) dv(y) — / A0y, 0 dUs ) o
L ( /Bw) d(y,)'dv(y) - %d(x, a)r> ,

Due to v(B(x,1)) = %, for every x € o the right hand side of equals

- r 22
Xgo /B(x,z) (dy, @) —d(x,a)")dv(y) )
< xg, /B(x,,) (d(y, )" —d(x,@)") Lzep(xtyd(zo)>d(x0)} (0)dV ().

Now let x € @ and y € B(x,l) such that d(y, o) > d(x, ).
Choose a §(y) € [d(x,a),d(y,a)] such that

d(y, ) —d(x,a)" = r&(y)" ' (d(y, @) —d(x, 1) (23)
From [5]], Remark 4.6 (a) we deduce
o C conv(supp(Us)).
On the other hand we have
diam (m) = diam(),
which yields

max(d(y, a),d(x,a)) < d(x,a)+d(x,y)
< diam(w) +1.

Equation (23) implies
d(y,a) —d(x,a)" < r(l+diam(w)) 'd(x,y) < ri(l+ diam(w)) "

Thus, we derive for (22)) the upper bound

x;)/;(x’l) rl(1 4 diam(®))" " 'dv(y) = rI(I + diam(w)) '



Using (2T) we get
Vor(V) = Vo (Ug) < rl(1+diam(w)) .

2.V 1 (V) < Vi (U).
Let a € Cp (V). Similar to the first case, we obtain

Vor(Up) = Vir (V)
: x;o/B(xJ) (d(x7 (x)’ - d(ya a)r)dV(y)

< Z/B( Z)(d(x,a)’fd(y, )" )N zeBe)dxa)>dza)} (V)AV(Y)-
XE® X

Now we consider all x € @ and y € B(x,!) with d(y,a) < d(x,a). As in the first case we
deduce
0 < Vo, (Ug) =V r(v) < rl(I+diam(w))"".

The combination of both cases yields the assertion.

3 Uniform distributions on Cantor-like sets

Let » > 1. Recall N > 2 and the finite set © = {x1,..,xy} C R4, consisting of N different
points x; € R?. Note that we do not make any restrictions on the dimension d € N. Let
(cx) € ]0,1] be a sequence of contraction ratios and Sy ; contractive similitudes for k € N
and i € {1,..,N} with fixpoint x; and contraction ratio ¢; independent of i. We assume that
Supen ¢k = ¢ < 1 and that the mappings Sy ; satisfy the open set condition, i.e. a bounded
open set V C R? exists such that for every k € Nand i € {1,..,N} we have

Ski(V)cv (24)

and

Sei(V)NSk;(V)=0
for every j € {1,..,N}\{i}. Now we can construct the N-adic Cantor-like set E and the
uniform distribution u on it. To this end, let m € N, recall V as the topological closure of V
in R and define for any k € N the set

DP(V) = {Smy © -0 Strm—1.4, (V) 1 (i1, i) € {1,..,N}*}.

With EJ*(V) = Uregmm) F» we define the Cantor-like set E™(V) = MienEP(V). By re-
peated subdivision, (cf. [2], p. 9) we get a unique Borel probability measure (™ on R,
defined by u" (F) = N for every F € 2}"(V). Note that "™ is supported on E” (V). We
write shortly 2} (V) = 2x(V), respectively E} (V) = Ex(V), E'(V) = E and p(V) = u. We
denote by {1,..,N}* the set of all words on the alphabet 1,..,N, including the empty word
0. With o = o;...0; € {1,..,N}*, we call k the length of ¢ and write |o| for it. The empty
word 0 has length 0.

We denote S§ = S5 0 © Skym—1,5, TESPectively shortly S}, = S¢. Moreover we write

= Hf;’:j’l c; respectively shortly 71:k1 = 7.

Lemma 1 Let m,k be integers and 6 € {1,..,N}* with length k. Then we have
wO (ISGE™(V))) = u"H o (s5) 7
m+k)

Proof The assertion follows from the construction of u(™ respectively .
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3.1 Solution of the optimal quantization problem

To solve the quantization problem for uniform distributions on Cantor-like sets, we assume
that for every m > 1, the distribution u(m) satisfies a separation condition which incorpo-
rates that u(’”) is separately quantizing (cf. Deﬁnition. Moreover we need a monotonicity
condition for the first N differences of the optimal quantization errors of ™). Let us define
these two conditions.

(a) Separate quantization (SQ): we say that u satisfies the separate quantization condition,
ifaset k = {yy,..,yn} C R? with card(k) = N exists, such that for every m € Nan ,, > 0
exists, with

(al) B(yi,lm) D Smi(E™(V)) forevery i € {1,..,N},
(a2) the distribution (™) being an (Im, x)-separated probability measure (cf. Definition
[I) and separately quantizing (cf. Definition ]2).

(b) Monotonicity of quantization error differences (MQED): we say that u satisfies the
monotonicity condition for the quantization error differences, if for every m € N and
n € {l,..,N— 1} the relation

Vir (™) = Vo (1) > Vi o (0) = Vi ()
does hold.
Remark 3 If the condition (SQ) is satisfied, also the strong separation condition is satisfied,
i.e.
Smi(E™(V)) S (E™(V)) =0 (25)
foreverym € Nand i,j € {1,..,N} with i # j.
Proposition 3 Let m,n € N withn > N and o € Cn,r(/,t(”’)). If condition (SQ) holds, then

ni,...,ny € N exist with ):?L] n; =nand

V(1)) (26)

™M=

m 1
Vnﬁr(.u( )) = N 4

Il
-

Moreover, for each i € {1,..,N} an ni—optimal set B; € Cy, (")) exists such that

N

o ={JSmi(B)-

i=1

Proof Let o € C,,T,(u(’")). Applying condition (SQ), we find with k¥ = {yi,..,yny} that

N
a=Jak)
i=1
with @ (y;) N&(y;) =0 forevery i, j € {1,..,N} with i # j.
Define n; = card(a(y;)) > 0 for every i € {1,..,N}. From [5]], Theorem 4.1 and 4.2 we
deduce

N

V(™)=Y u( U W (ala)) Vo, (" (| U W(al@))). 27



Again by (SQ) and Lemma [T] we obtain

w U Wala) = u™ B ) (28)
aca(y;)
= " ([Smi(Em(V))) = ut" Vo5, |
respectively

(29)

z|

Y wida) =
acal(y;)

forevery i € {1,..,N}. The application of and (29) to yields

=z

m 1 m —
V”J'(u'( )): N v”iar('u( JFl)oSm,li)'

Il
-

From [3], Lemma 3.2 (a) and the definition of S,,,; we get

V(™) = Vo (V).

2=
=

l

Define i = S;}i(ﬁ(y,-)) for every i € {1,..,N}. From [5]], Theorem 4.1 we obtain

Smi(Br) € Cor (W™ (| |J Wiala)))

aco(y;)

Applying , we deduce S, ;(Bi) € C,,,.,r(,u(’”“) OS;_VI[). Finally, [3]], Lemma 3.2 (a) implies
ﬁi € Cniﬁr(p’ m+1))-

Remark 4 If condition (SQ) is satisfied, we get as a direct consequence of Proposition 3| for
every m € N the identities

VN,r(ﬂ(m)) = 'Vl,r(ﬂ(m-H))

m
respectively

- N i
Vi () = 3 ((N—l)vu(u( L ERA +1>))_

As an application, we derive the equation

r

cﬂ (m+1)y _ (m+1)
G ) (30)
c 1 N
:ﬁ(TWNW%—Tw%mMWHN4WMMWW>
Cm Cn
1 c(N=1) 1 .
:NWAMM—WAMNW+‘%7JEWAMU

= VNJ(.u(m)) - VNHJ(N(m)):

which will be useful in the sequel.
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Remark 5 In the self-similar case (cf. section[d]), Graf and Luschgy (cf. [5], Lemma 14.10)
have shown that an nyp > N exists such that identity remains true for n > ngy under the
strong separation condition, which is, according to Remark 3} weaker than our condition
(SQ). Nevertheless, ng will be greater than N in many cases.

For any ¢ € {1,..,N}* and n < |o|, we define

0 ,ifn=20
o, = .
01...0;, , otherwise

as the restriction of o to n. For any 7 € {1,..,N}*, we define the order relation ¢ < 7 if and
only if [o] < || and 7|5 = 0. We call © a predecessor of 7, if ¢ < 7. A finite set I' C
{1,..,N}* is called a finite antichain, if any two different words o, 7 € I" are incomparable,
i.e. neither o < 7 nor 7 < ©. A finite antichain I" is called maximal if any word 7 € {1,..,N}*
with |t| > max{|c|: 6 € I'} has a predecessor in I". By an iterative approach of Proposition
[lit is straightforward to see that the following statement holds.

Corollary 1 Let m,n € N with n > N. Assume that condition (SQ) holds and let o be an
n—optimal set for u™ of order r > 1. Then a maximal finite antichain I' C {1,..,N}* and
ne € {1,..,N} for every o € I exists, with ¥ scr he = n and

(77"|6\)r
Nlol

Vi (™)=Y Vig,r (oD, 31)

oel’

m+|o|

Moreover, for each ¢ € I' an ng-optimal set Bg for [.L( ) of order r exists such that

a= U S5 (Bo)-

ocel’

Remark 6 By one more application of Proposition[3] the statement of Corollary [T|does also
hold with ns € {1,..,N—1} foreveryc € I'.

For an integer k and I" C {1,..,N}* let I} be the subset of I" consisting of all words with
length k.

Remark 7 If the maximal finite antichain I" from Proposition |3| contains only words of
length k, i.e. I' = I, then I" consists of exactly N¥ words.

For 6 =0y...0p_10; € {1,..,N}* we denote 6~ = 07...0;_1. We say that o is equivalent
tote{l,.. N} ifoc-=1".

Remark 8 LetI and B, 6 €I as in Corollary Conversely to Remark@ we can cluster
the sets Bs. We will denote exactly this. Let [ := max{|o|: 0 € I'} and assume that / >
2. The equivalence relation described above induces the partition I 1,..,I;,, of I} with an
integer | <w <N.Nowletie€ {1,..,w}and 7 € I] ;. Because I is a maximal finite antichain,
we get card(I7 ;) = N. It is easy to see that

U Serlfl,Gl (ﬁa)

o€l};Tm=0"
is independent of the choice of T € I} ; and an /;—optimal set for =1 with

N <1[; <N - max card(Bs).

GGI—]‘A’[
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Remark 9 In the self-similar case (cf. sectionfd)), Graf and Luschgy (cf. [5], Corollary 14.2)
have shown that the right hand side in equation is greater or equal to V,,_,(,u(’">), if
condition (SQ) is dropped completely.

If we additionally assume that the monotonicity condition (MQED) holds, we can sharpen
identity (3T) to a formula for the optimal quantization error, which depends only on the first
N optimal quantization errors.

Theorem 1 Ler r > 1 and n > N. Let k > 1 be an integer and i € {1,..,N — 1} such that
iN* < n < (i+1)NK. Assume that condition (SQ) and (MQED) holds. Let o be an n—optimal
set for W of order r. Then for every 6 € {1,..,N}* with length k a set B exists such that

o= U So(Bs)

oe{l,. N} o=k

and n—iN* of the sets By are (i + 1)—optimal sets for u*+1) of order r, while (i+1)N¥ —n
of the sets Bg are i—optimal sets for [.L(k“) of order r. Moreover,

Vir (1) (32)
r

= O (i OV ) V(D) (i) Vi (0D

Proof To prove Theorem[I] we will use Corollary [T} We divide the proof into two steps.

1. We will show that condition (MQED) ensures that the set I" in Corollary |I| is identical

with I and that ns can take only two different adjacent values for every o € I'.

LetI' C {1,..,N}* be as in Corollary [1| Let / be the number of all appearing lengths in I"

and denote I = I}, U---UIy, with k; < --- < k;. We study all appearing (sub)cases.

Case 1: [ =1.

Case 1.1: ky = k.

Case 1.1.1: maxger ng — minger ng < 1.

We will show that this case is the only one which can happen and all remaining cases end in
a contradiction or can be transformed into this case.

Case 1.1.2: maxger ng — mMinger ng > 1.

Let op € I' with ng, = minger ng and 61 € I' with ng, = maxger ns. According to Corol-
larylet Bo € Cug (W) for every o € I such that & = Uger So(Bo) is an n—optimal
set for y or order r. Let B € C,,GOHJ(LL(]‘“)) and

Bs, € Crg, _1-(u* D), For 6 € I' we define

ﬁ(ﬁifo—er\{c()vo-l}
Yo = ﬁéo,if(fico
ﬁé},if(i:o'[

Define &' = Uger So(¥s). Clearly, n = card(a) = card(a’). By definition (1)) and the con-
struction of 1 we obtain

Wi () = [ min | x—a " du(x)

1
< — min ||x—al|"du(-|Ss(E))(x
< ¥ e/ i lemall duC185(8) )
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Applying Lemmal[T] we get

1
q]/r < o : _ "d (k+1) 571 33
wob) < ¥ [ min lx—alduosqt ) (33)

=Y (’%ﬁ [ min | x—a du+ )
acYos

oel’

T r
= Z %Vcard(yg) (I»l(kﬂ) ) .

ocel’

From Corollary [T] we deduce

Vﬂ-,r(au) = Z @Vcard(ﬁg)(.u(wrl))' (34)

cel’

The combination of (33) and (34) together with the definition of ¥, implies that

Vi) o, 01) = L (VD) v, (D)
Va1 (1) = Vi 1 (w8 ).
Due to the choice of oy and o}, we have
ney <ngy, +1<ng, —1 <ng,.

Condition (MQED) then yields V,, -(u) — ¥ (1) > 0, which contradicts the optimality of
a. Thus Case 1.1.2 cannot happen.

Case 1.2: k; =k #k.

Corollaryensures n=Ygerno < N¥+! respectively n > N¥.

Because N* < n < N**1, only the case K’ = k — 1 with ng = N for every ¢ € I" can happen.
But in this case, we can apply Proposition@ and will end into Case 1.1.1 with I" = I and
ne = 1foreveryoc €.

Case 2: [ > 1.

Case 2.1: a 0y € I}, exists, with ng <N.

Case 2.1.1: a 0y € I}, exists, with ng, > 1.

We proceed similar to Case 1.1.2. Let By € Cp, (19141 for every 6 € I,

such that o = s So(Bo) is an n—optimal set for y or order r.

Let B, € Cn61+17r(‘u(kl+l)) and ﬁ(’,l € Cnalflm(li(k’ﬂ)). For 0 € I" we define

Bs,if 6 e '\{o1,0;}
Yo =% Bs,ifoc =01
B, if o =0

and &' = Uger So(Ys). By the same arguments as in Case 1.1.2 we obtain

bt 0 2 £ 555

()"

> N;‘l (Vngl,r(ﬂ<kl+l>)_Vngl+1,r(u(kl+l)))
(7,)"
o (Vi (BED) Vi (00

(Vcard(ﬁg)(u(chl)) - Vcard(yg)(u(|6|+1>)>
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By iterative application of equation (30) from Remark ] and condition (MQED), we deduce

Vn,r(.u-) - lP()c’,r ([J)

(7,)"
= L (Vi (D) = Vg 1 (1)

(nllflJrl)r
W (Vnclil’r(‘u(kﬂrl)) - Vnol -,r(u(k[Jrl))))

)
> ( kl) (VN—I,r(#(kl+l))7VNr(,u<kl+1))

= Nkl s
Cpiaq - Ck
n r
> O (v (u#0) vy (a4

- (VN.r(u(kl+l)) - VN+1,r(u(kl+l)))) > 07

which contradicts the optimality of o. Thus, Case 2.1.1 does not appear.

Case 2.1.2: ng = 1 for every ¢ € I},.

Case 2.1.2.1: [ =2.

Case 2.1.2.1.1: ng > N — 1 for every o € I},

From Remark (8| we know that the sets B, o € Ij,, which are optimal for u(kl“), can be
clustered to sets By, 6 € [ with I = {6~ : 6 € I}, }, which are N—optimal for u(*). If
ko —1 =k; we end into case 1.1.1. If ko — 1 > k; we proceed as in case 2.1.1 and end in a
contradiction.

Case 2.1.2.1.2: a 0 € I}, exists, withng <N —1.

First, we cluster I, to I’ as described in Case 2.1.2.1.1. If ko — 1 = k;, we proceed as in
Case 1.1.2 and end in a contradiction. If k; — 1 > ki, we adopt the arguments of Case 2.1.1,
yielding a contradiction as well.

Case 2.1.2.2: 1 > 2.

Due to k» — 1 > k;, we proceed as in Case 2.1.2.1.2 and end in a contradiction.

Case 2.2: ng = N for every ¢ € I}, .

Case 2.2.1: [ =2.

Case 2.2.1.1: ng <2 forevery o € Ij,.

Case 2.2.1.1.1: ng =2 fora o € I},.

We subdivide I}, according to Remark|§|int0 " c{1,..,N}* such that

I;,={c":0¢ F"}. For every 7 € I, then the N—optimal set f3; is divided into 1 —optimal
sets Bei,--, Ben. If ko — 1 = k| we end in case 1.1.1. If kp — 1 > k; we proceed as in case 2.1.1
and end in a contradiction.

Case 2.2.1.1.2: ng = 1 for every ¢ € I,.

First we subdivide I, into " like in case 2.2.1.1.1. I kp —1 =k; then we end in case 1.1.1.

If ko — 1 > ki, we cluster I}, to I’ as described in Case 2.1.2.1.1. If kr—1=k +1 and
N =2, then we proceed as in Case 1.1.2. Otherwise, we adopt the arguments of Case 2.1.1.
Hence, both cases end in a contradiction.
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Case 2.2.1.2: a 0 € I}, exists, with ng > 2.
After subdivision of Iy, into I " like in case 2.2.1.1.1, we proceed, depending on the value
of k, — ki, like in case 1.1.2 respectively 2.1.1 and both ways end in a contradiction.

Case 2.2.2: 1 > 2.
Due to k, — 1 > k; we can proceed as in Case 2.2.1.1.2 respectively Case 2.1.1 and end in a
contradiction.

2. We finish the proof.

From Corollary [1{and 1. we deduce for n € [iN¥, (i 4 1)N¥[ that two integers m;,m; | exist
such that

T r
Vrlh) = F Vi ()

ocl;

_(m)
=

(m,- : Vi,r(lvl<k+1)) +miqy 'Vi+1,r(“(k+1)))

with i-m;+ (i+ 1) -mi11 = n. Applying Remarkwe obtain m; 4+m;, | = N¥. Thus we get
m; = (i+ 1)N* — n, respectively m;, | = n— iN¥, which proves equation . The represen-
tation of the optimal sets follows from above and Corollary

Remark 10 Although one may conjecture that conditions (SQ) and (MQED) in Theorem
[[] can be weakened, they cannot be dropped completely. The example of one-dimensional
Cantor distributions (cf. section [5.I)) will demonstrate that (SQ) can not even be replaced
by the strong separation condition (cf. (25)). Moreover, a discussion of modified versions
of the Sierpinski gasket (cf. section [5.2) shows that condition (MQED) cannot be dropped
completely either.

Remark 11 The special case of one-dimensional dyadic homogeneous Cantor distributions
(d = 1,N = 2) was investigated by Kessebohmer and Zhu [15] and Kreitmeier [17]. Al-
though not explicitely stated, both conditions (SQ) and (MQED) were necessary in these
papers as well. Lemma 3.6 in [15], respectively Proposition 3.11 in [17] indemnifies (SQ).
The arguments ensuring that condition (MQED) is satisfied are somewhat hidden, but can
be found in Lemma 3.3 - 3.5 of [[15]], respectively Lemma 4.1 - 4.3 of [[17]. The appropriate
version of Theorem E]is stated as Proposition 3.7 in [13], respectively Theorem 4.4 in [17]].

3.2 Quantization dimension and quantization coefficient

As defined in writing on the topic (see e.g. [S]], Definition 11.1), we call

— liminf 10800
D (w) =t — )

the lower and

_ . rlog(n
Dy = limsup 0

the upper quantization dimension of i of order r. If the two numbers agree, their common

value D,(u) =D, (1) = D,(u) is called quantization dimension of u of order r. First intro-
duced by Zador [23]], the quantization dimension for singular distributions was studied by
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Graf and Luschgy (cf. [5], [6]) in the self-similar case. They have shown that the quantiza-
tion dimension always exists in this case, if the open set condition is satisfied. Lindsay has
shown (cf. [19], Example 5.5) that the quantization dimension needs not to exist for singular
distributions that are not self-similar. Kessebohmer and Zhu [15] studied the quantization
dimension for homogeneous singular distributions on Cantor-like sets in the 1-dimensional
case. To this end, they determined the structure of the optimal sets under the restriction that
C=sup;cnCi < %. Kreitmeier [[17]] extended this codebook result and the related existence
characterization of the quantization dimension to the case ¢ < % Several authors (cf. [11]],
[12], [20]) studied Hausdorff and packing dimension of even more generalized Cantor-like
sets as introduced by us in section[3] They need a boundary distortion condition, which turns
in our setting into

inf¢; > 0. (35)

ieN
Hua et.al. (cf. [[L3]], section 3.3) were able to determine Hausdorff and packing dimension of
Cantor-like sets without using (33). But they needed (in our terms) the condition

1 .,
im og(ci)
i—e log(m;)

The inquiries for quantization dimension of generalized one-dimensional Cantor sets (cf.
[15], Theorem 1.6 (3), respectively [[17]], Proposition 5.1) abstained from (33). Zhu [24] also
characterized the quantization dimension for a large class of singular distributions on higher
dimensional Cantor-like sets. Due to this more general approach, he needed the boundary
condition (33) there. In our setting (cf. Proposition @), we can drop (33)), but are restricted
to the conditions (SQ) and (MQED).

Lemma 2 Assume that condition (SQ) and (MQED) are satisfied. Then strict positive con-
stants 0 < My < M < o exist such that for every n € N with n € [iN*, (i + 1)N¥[, the relation

M- (m)" < Vi (1) < M- ()"
does hold.

Proof Immediate consequence of Theoremwith My =minjeqy ny Vi (1) > 0and My =
max;e(1,. Ny Vi () < oo

Proposition 4 Assume that condition (SQ) and (MQED) holds. Then
—log(N)

D.(u) = liminfﬂ <limsup T

- _— = br(.u) (36)
noe ITElogley) ~ o LTy log(c)

Proof From the definition of D, (i) and n € [N} N¥()+1[ we deduce
Vi () >V, (1) respectively

o rlog(n)
D, = liminf ————
Y (nu) n—soco —log(Vnr(.u))
k+1
< liminfLN)
koo —log(Vyi (1))
= liminf krlog(N) + rlog(V) ’

ke —log(Vye (1))
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Because (V,, »(1t))nen tends to zero (cf. [5], Lemma 6.1), considering Lemmawe obtain

D,.(1) < liminng(N)
koo 7]0g(ka,r I'L))
krlog(N) log(N)

< liminf —————— = liminfli.
ke —log(My-(m)") o= — 130 log(ci)

By the same arguments the lower inequality can be shown. The identity for D, (i) follows
similarly.

Subsequently to the characterization of the quantization dimension we can ask whether
the quantization coefficient Q, (i) exists. The following Proposition shows that under weak
assumptions the quantization coefficient does not exist.

Proposition 5 Let r > 1 and assume that (SQ) and (MQED) does hold. Further assume that

(%) ) converges in R. Then D, exists and

r k
(i) limsup,_,., nPrV, (1) < e, if and only if limsup;_,,, NDr 1 < oo,

,
(ii) liminf, . n?rV, (1) > 0, if and only ifliminfk_mNDLr m > 0.
—_1

' k k
(iii) Let supyencr =C < . If 0 <liminfy . N?r ;. and limsupy_, ., NPr 7 < o, then

I . €T
0 < liminfn?rV, () < limsupn?rV, .({t) < co. (37)
n—o0 n—oo '
Proof Proposition ] ensures the existence of the quantization dimension D,. The assertions
(1) and (ii) are an immediate consequence of Lemma@

(iii) Let x € ]1,2[ and consider the mapping

log(x)

x—s(x)=

= . (38)
log(51=)

Clearly, s(x) < 1. Using de I’'Hospital we obtain lim,_,; s(x) = 1. Thus, we can choose an

o € ]1,2[ such that _IL(:gg(g)V) < s(a) < 1. As a consequence, we get
log(N —log(N
D, = liminf—08N) __ ZloeN) _ oy

n—so0 _% n llog(ci) - IOg(E)

i=

Now, let n, = N and my, = o4 N* with o = [aN¥] /N for every k € N. Here [aN¥] denotes

the integer part of aN¥. Using , we deduce n” V,, (1) = (N"‘)D*rr(nk)’Vl_,(,u.(k“)),
respectively

mkDir mG,r(u)

o o ()"
= (v T (N VYA () (e~ NV ()

(2 — o) o (N*) P () Vi (D).

v
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Clearly, o ko a. Together with , we obtain

by s , 1
w —a” 2-a) et 2-a)>a@(2-a)=1.
" Var (1)

Combining this with (i) and (ii), we get

n—oo

0 < liminfn?r V, (1) < liFinfn?Vnk7,(u)

< limsupm?’mGﬁ,(,u) < limsuanLrVn,,(u) < co.

k—oo n—oo

Remark 12 1t remains an open question whether the existence characterization @) of the
quantization dimension does also hold, if only condition (SQ) is required. The techniques
developed by Zhu [24] need the boundary condition inf;cy¢; > 0 and therefore cannot be
used here. Moreover, it remains unanswered whether it is possible to find conditions, which
are equivalent to (36).

Remark 13 1t is also still an open question whether (37) remains valid, if we drop some or
all conditions in Proposition |§] (iii).

3.3 Ceriteria for the imposed conditions

In order to make our results applicable, we need a criterion ensuring that condition (SQ),
respectively (MQED) is satisfied. Such a criterion may only depend on V, @ and (¢ )gen-
Note that for every integer m and i € {1,..,N} the similitude S, ;(-) can be written as

Sm,i(+) = cmOm,i(- — xi) +xi (39)

with an orthonormal map O,,;. (cf. [14]], Proposition 2.3 (1)). Let us first note a simple but
essential fact.

Lemma3 Itisw CV.

Proof Letm € Nand i € {1,..,N}. Because Sy, ;(.) is a similitude, we get from relation
that

Smi(V) CV. (40)
Now, we proceed indirectly. Assume that x; ¢ V. Thus, we get
sup{6 >0:B(x;,6)NV =0} =: & > 0.
Moreover, aw € V exists such that || x; —w ||= §;. Using , we obtain
Sm,i(W) € Sim,i(B(xi, 6;)) = B(Sm,i(xi),cm0;) = B(Xi,cin0;).

Because ¢, < 1, we have B(x;,¢,,8;) NV =0. Hence, S,,;(w) ¢ V, which contradicts relation
(40).

dmin(w)

In the sequel, we will need the constant dy = Todiam(V) "
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Proposition 6 If ¢ = sup,c.yci < do and r > 1, then (SQ) holds with k. = @ and l,, =¢-
diam (V) for every m € N.

Proof Letm € N and 1,, = ¢-diam(V’). The construction of E”(V') and relation (24) implies
E™(V) C V. Using and Lemma 3] we obtain

Smi(E™(V)) C Spi(V) C B(x;,c-diam(V)), (41)

which proves part (al) of condition (SQ) with k¥ = .

Dueto ¢, < 2‘;"}“;‘:5%)) , the balls B(x,1,,),x € @ are pairwise disjoint. Thus, the construction of
u(™ and yields 1 (B(x, 1)) = % for every x € . Hence, u" is an (I,,, ) —separated

probability measure. Because of I, < do - diam(V) = d‘“i"(gw) , we can apply Proposition(b)

and deduce that u" is separately quantizing. Thus, (a2) of (SQ) is also proved.

Now, we need to develop a criterion for condition (MQED). To this end, we define for
any Borel probability distribution v, r > 1 and N > 2 the value

Dmin(r,N, V)
= min{V,, (V) = Vi1, (V) = Vit 1,,(V) = Vig2, (V) :n € {1,..,N - 2} }
= min{V, (V) + Vop2,(V) = 2Vps1,(v) :ne {1,..,N—2}}.

Proposition 7 Let m € N and N > 2. Let Dy (r,N,Uy) > 0 and

. d Din (nN,Up) N 2
dy = mm( 0’ ar(4} diam(@))""" diam(V) e

do LJIFN=2
Ifc < dy and r > 1, then condition (MQED) and (SQ) does hold.

Proof We divide the proof into two steps.

First, we will show that Dy, (1, N, [.t(”’>) > 0.
Due to ¢ < 2051?;;(1?%)’ we know that 1™ is an (I, ®)—separated probability measure with

[ =¢-diam(V). Applying Proposition we obtain

Dunin (N, 11" > Dyyin (N, Ugy) — 41r(1 + diam (o))"~

dmin ( (Y

r—1
> Dnin(r,N,Ug) —4§~diam(V)r( 10 ) +diam(a)))

B 11 r—1
> Dpin(r,N,Uy) —¢-diam(V )4r (E diam(a))) >0.

Secondly, we will show that VN,H(/J(’")) — VN‘,(,U,<’">) > VN_,(,U.<’”>) — VN+17,([.L<"“>).
Applying Proposition[I] (b), we deduce

V- (1) = Vi (1) = (Vi (1) = Vi (1))

1
> (1 + N) Vi (1) = 2V (™) 4 Vi (0 ™).
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With Proposition [3|and (30), the right hand side turns into

r

1 c

_ (m)y _ Em (m+1)y _ (m+1)

) = S (Vi () v (u0 )
_m (m+1)y >

NVZ,V(,u )—O

Combining the two steps, we recognize that (MQED) does hold.

Remark 14 1f we replace Dyin (1, N,Ug) by |Dmin(r, N,Ug)| in the definition of d, it is easy
to see that Dy (r, N, Ug) < 0 implies Dyin (1, N, i) < 0, provided ¢ < d;.

Remark 15 According to [5], Lemma 3.2 (a), the optimal quantization error scales with
s” under a similitude with scaling number s > 0. Thus, any criterion ensuring that (SQ)
respectively (MQED) holds, should be invariant under such a similarity transformation of
the whole model. Indeed, each of our criteria in this section satisfies this request. Note also
that dy, respectively d; in the criteria above do not depend on the cardinality of w. Our
criteria, ensuring that (SQ) does hold, is working with k¥ = @ and /,, independent of m.
Nevertheless (SQ) is not restricted to this special setting.

4 The self-similar case

If ¢ = ¢, is independent of m € N, we have u = ,u(’”) for every m € N. Thus, u becomes
self-similar. In this case, we have D = D,(u) = i"ligz'c)>
[6]) because the similitudes satisfy the open-set condition. In this self-similar case, we can

determine all accumulation points of (n% V(1)) To this end, let f, : [I,N] — R with

for the quantization dimension (cf.

neN’
fc(x) = x§ ((i+ I)Vi,r(”) - iVi+1,r(ﬂ) _X(Vi,r(ﬂ) - Vi+1.r(/~£))) )

ifxeli,i+1[,ie{l,..,N—1}and f.(x) =V; ,(u), if x = N. By adapting arguments from
[4]] and [[17] in addition to Theoremwe get the following result.

Proposition 8 Let r > 1 and n > N. Let k > 1 and i € {1,..,N — 1} such that INk <n<
(i4+ 1)N*. Assume that condition (SQ) and (MQED) holds. Then

Ckr
Vi) = S ((G+ DN* =) Vi () + (1= iN9) Vi () ) 42)

If. furthermore, ¢ < -, then the set of all accumulation points of the sequence (nﬁ V,,ﬁ,(u))
equals the interval f.([1,N]), which contains more than one point.

neN

Proof Equation {@2) follows immediately from Theorem T}

Due to lim, ;¢ f.(x) = f.(i) for every i € {2,..,N}, the function f, is continuous and
fe([1,N]) is an interval. Moreover, we see for every i € {1,..,N — 1}, that f. is differentiable
on Ji,i+ 1[. Using r > 1 and ¢ < 1, we deduce 5 = Iigigf\;) > 1. Thus, for all x €]i,i+ 1]
we get

FU0) = Sb = (14 1)Vi = Vi) 5B (14 ) (Viy = Vi)

Hence, f7 is continuous on i,i + 1] and has at most one zero in ]i,i+ 1[. Thus, f, is not con-
stant, yielding that f,([1,N]) contains more than one point. It remains to prove that f,([1,N])

equals the set of all accumulation points of the sequence (nﬁ Vn,r(u))n n- Lety € fe([1,N]).
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Thenanip € {1,..,N—1}and x € [1,N] exist, withx € [ip,ip+ 1] and y = f.(x). Let k € Nand
define n; := [xN¥] as the greatest integer, smaller or equal to xN¥. Obviously, an x; € [1,N]
exists, with n; = x;,N¥. The sequence (x;)sen converges to x. Due to k() = k and i(ny) = ig

we get from ([#2)

(Viour (1) (i + DINE = 5N%) + Vi1 (10) (iNE = igNY) )

Because of P = %, we deduce

r

0 Vo r (1)
= P ((io+ 1)Vig (1) = i0Vig 1.0 (1) = 5 (Vig r (1) = Vig11.-(11)))
= fe(xr)-
The continuity of f. implies

y :fc(x) = ]}EI:ofc(xk)'

Thus, y is an accumulation point of (25 V,,(1)),en-

r

Now, let y be an accumulation point of (n7 V,, (1)) nen- Then a subsequence (n Vi, (1)) en
exists, with

y= ,ﬁjﬂ"!ﬁ Vir (1).

W.lo.g. we can assume that k(n;) < k(n; + 1) for all I € N. Otherwise, we take a suitable
subsequence. Let x; := % Then x; € [i(n;),i(n;) + 1] and imply

felx) = nlﬁvm,r(“>~

Because (x;);cn is bounded, a subsequence (x;,)qen exists, converging against a x € [1,N].
According to the continuity of f,, we obtain

Je() = lim () = lim nf Ve, (1) =,
yielding y € f.([1,N]).
Remark 16 Equation (@) implies
Var (1) = Vag1,,(10) = Vi1 (1) = Vigo (1) (43)
for every n > N. @) turns into an equation, if
()N < n < (i(n) + 1)NKM — 1.

Hence, the strict monotonicity forn=1,..,N — 1 (cf. condition (MQED)) is not carried over
toalln € N.

Remark 17 1f condition (SQ) and (MQED) are satisfied and ¢ < % then the non-existence
of the quantization coefficient follows from Proposition [5] but is also an immediate conse-
quence of Proposition@
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Remark 18 Let n € N. An n—tuple s = (s1,..,5,) with s; > 0 is called arithmetic, if at > 0
exists such that s; /¢ € N. For such an arithmetic s, we call

¥ :=max{r >0:s;/t € Nforeveryi=1,.,n}

the period of s. Hence, the N—tuple (—log(c),..,—log(c)) with ¢ as contracting parameter
is arithmetic with period —log(c). In this arithmetic case, Potzelberger ([21]], Theorem 1)
has shown that a periodic function 4 : R, — R with period —log(c) exists such that

lim (2D V(1) — h(log(n))) = 0.

n—oo

In contrast to our special setting, this function /4 in [21]] is not calculated explicitly.

Remark 19 The construction of the Cantor-like set E starts with the closed set V. Hutchin-
son [14]] has shown for the self-similar case that a replacement of V by any non-empty
compact set K C R with JY_, S;(K) C K leads always to the same Cantor-like set E.

5 Modified versions of classical fractals
5.1 One-dimensional Cantor distribution

Letd =1 and o = {0,1}. Let r > 1 and (cx) be a sequence of contracting factors, satis-
fying ¢, € ]0, %] for every k € N. We consider the similitudes Sy ;(x) = cxx, respectively
Sk2(x) = cxx+ 1 —cx. We choose V = ]0, 1[. Obviously, the open set condition is satisfied.
The uniform distribution ¢t on E = E(V) is called one-dimensional Cantor distribution. If
cx = c¢ independent of k, the distribution i becomes self-similar. In the (sub-)case of ¢ = %,
the measure p is the classical Cantor distribution.

If ¢ = sup;ey i < 1—10, Proposition [7|ensures that the conditions (SQ) and (MQED) are sat-
isfied. Applying Theorem |1} we can solve the optimal quantization problem in this case.
Using more refined methods, Kessebohmer and Zhu (cf. [[15]) proved the result for the opti-
mal codebooks in Theoremm under the relaxed condition ¢ < %. In another work, Kreitmeier
[17] has shown that all assertions of Theoremremain true, if ¢ < % Note that the solution
of the optimal quantization problem in the classical case (¢; = % for every k) goes back to
Graf and Luschgy (cf. [4]). Thus, our results in this paper for the one-dimensional Cantor
distribution are already incorporated in other works. In this context, it is interesting to see
that Theorem |1|becomes wrong, if ¢ > % To show this, let (a;);cn be a zero sequence with

supjeya; < 5. Fork,1 € Nand ¢ €]0, 1] let

[ e ifk#2
K= ay, ifk=2

Denote y; as the uniform distribution on E defined by (cx;)ren. Due to ¢; ; = ¢ and because
(c21)ien is a zero sequence, the series (L;);en converges weak against v, = %(50 + 6.+
01—c+ 01). Moreover,

Sl aue = [l dveto).

because the support of 1; and v, is contained in [0, 1] for every /. Using well-known stability
and consistency results (cf. [3]], p. 57 ff), one gets

Vn,r(u’l) - Vn.r(vc)' 44)
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Moreover, a sequence (0;);cn of codebooks exists, with oy € C,, (1) for every I € N and

[—so00

dH(ahCn,r(vc)) —0 (45)
Now assume that Theorem[T]is valid. Hence,
B T O D B U e AN B B
C3J’(ul)7{{271 c+ ) )1 2 }7{ 2 )€ ) )1 2}}

In case of ¢ < % it is easy to see that
c

c
Csp(ve) = {{5, 1—¢,1},{0,c,1— 3

1

but 1
CS,r(VL') = {{07 57 1}}:

if ¢ > % In the last case, the statement about optimal codebooks in Theorem gets wrong
because otherwise we would derive with

1
linlginf{dH(a,ﬁ) ra€C(W),BeC(ve)} > 57¢> 0,
€

a contradiction to #3). In the same way, the assumed validity of equation (32) in case of
c> % would lead to

N

lim Vs, (1) = lim (@ -1wi, (5?))

Cr

1 1
2Vl7r(§50+§61)
1 /et 1/1 r
=3(3) >3 (5‘C> = Var(ve),

which contradicts (@4). Hence, all statements of Theorem [I] will get wrong in general, if
c> % As a consequence, the condition (SQ) cannot be replaced by the weaker condition of
strong separation (cf. @)). Even in the self-similar case, it can be shown (cf. [17], Example

6.3) that Theorem [1|becomes invalid, if ¢; = ¢ > S%W

5.2 Uniform distribution on modified Sierpinski Gasket

Now, we intend to apply our results to a set @ consisting of three different points. In view
of our criteria (cf. section[3.3)) for condition (SQ) and (MQED) it is essential to know, under
which conditions Dy, (r,3,Uy) > 0 does hold. At first, we will answer this question in
Proposition [9] To this end, we will use properties of the Fermat point of a triangle. After
that, we introduce the uniform distribution on a modified version of the Sierpinski Gasket
and discuss the optimal quantization of it.

Lemma 4 Let @ C RY be finite and non-empty, r = 2 and s(®) = %erwx. Then

VirlUo) = [ 6= 5(0) I dUp() = ¥ llx=s(@) " (46)

XEW

Equation ({6)) also holds in case of r > 1, if | x— s(®) || does not depend on x.
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Proof The proof of Theorem 2.4 in [5]] shows the strict convexity of
R azi/ |x—z || dUy(x) € RY.
If F, has only one critical value, it is the global minimum of F,. With V as gradient, we

calculate -
VE(2) = Yollx—z]7? (z—x).

xew

If r=2orif || x —s(w) || is independent of x € @, we get VF,(s(®w)) = 0.

Proposition 9 Let d > 2, card(®w) =3 and r > 1. Then
doin(@)\" 4 [ dmin(®)\"
Dmin(r,3,Uw)2< ml“/% )> -3 <%()> _ 47)

In general Dy, (r,3,Ugp) > 0 if r > 2. If and only if dpin (@) = diam(®), turns into an
equation.

Proof According to [5]], Lemma 3.2 (a), the optimal quantization error remains unchanged
under isometrical mappings. Thus, we can assume w.l.0o.g. that d = 2. Let ® = {A,B,C}.
Let

u=inf{||[A—P| +|B—P|+|C-P|:PeR?}.

A point F € R? is 1—optimal for Qg of order 1, this means, {F} € Cy 1(Qy), if and only if
u=[[A=F|+|[B-F[+[C-F]. (48)

The minimization problem defined by has a unique solution (cf. [10]): exactly one point
F € conv(w) satisfies equation 1)

(a) If the triangle, spanned by , has an angle equal or greater than %71:, then F is the vertex
of this angle.

(b) Otherwise, F is the unique point, at which each of the three angles BFC, CFA and AFB
- containing F' as vertex - does have the value %TE‘

The point F is called Fermat point. Due to [5]], Remark 4.6 (a), this minimization problem
does not have another solution on R?\conv(w). Hence, the Fermat point is unique in R? and
we have C) 1(Uyp) = {{F}}.

If we construct above each side of the triangle ABC an equilateral triangle (cf. figure
[1), we get the triangles BA'C, ACB’ and BAC'. The line segments AA’, BB', and CC' are
all the same length u and their common point of intersection is the Fermat point (cf. [10]).
Obviously, V3 -(Uy) = 0, respectively V5 .(Uyp) = %(dm%(w))’
each of the two cases (a) and (b).

. We proceed separately for

Case (a)
We obtain u > 2dy;, (). Thus, the convexity of + — ¢ yields
N\ 2 d dnin(®))\"
VirUo) > (5) = (gdmm(w)) > (%3))) : (49)
Case (b)

First we calculate u. To this end, we use the standard notation a, b and c for the sides of the
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Fig. 1 Fermat point

triangle ABC. The angles o, 8 and 7y belong to the vertices A, B and C. Let A denote the
area of the triangle ABC. Note that A’B = BC = a. Using the law of cosine, we obtain

u? = (AA")? = 2 +a* —2ac-cos(B + g) (50)

1 3

= 4 a* —2ac (2 cos(f) — [sin(ﬁ))

2 2_b2 A

SN A YO e

2 ac
2.2, .2
_ %H\/M

As before, the convexity of t — ¢" yields
u r
Vir(Us) > (5) . (5D

Note that

A > —(dpin(®))?* - max (sin(a),sin(B),sin(y)).

S

At least one angle of the triangle ABC lies in [5, %”] Therefore, we get

(dmin(w))Z*\/g- (52)
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The combination of (30), (31) and (52) yields

/ a2+1722+(72 +2\/§A
Vir(Us) > (53)

3

> <1\/3(dm,(w))2 +2\/§;(dmin(w))2;\/§>

3 2
_ (dmin(w)) ) r'
V3
Thus, in both cases we get from {@9) and (3)),
Dmin(r7 37 U(A)) = V]_r(Uw) - 2V21V(Um)
> dmin(w) ' _ i dmin(w) '
- \/§ 3 2 )

.
which is strictly positive if % > (73) . This is exactly the case if r > 2.

Now assume that diam(®) = dpin (®).

From Lemmawe get V| (Ugp) = (%)’ diam”(®), which yields equality in || If, on the
other hand, turns into an equation due to {@9), only case (b) can happen. Thus (33),
turns into an equation. As an immediate consequence, we obtain a = b = ¢, which implies
diam(®) = dyin(®).

Now, let @ = {x1,x2,x3} C R? with card(@) = 3. Assume that the points x1,x2, X3 are not
collinear. Let (cx) be a sequence of contracting factors with ¢ € ]0, 3] for every k € N. For
x € R?, the integers k € N and i € {1,2,3} define the similitudes Sy ;(x) = cxx + (1 — c)x;.
Let V be the interior of the convex hull of @. Let it be the uniform distribution on E = E(V).
We call E a modified Sierpinski gasket. Due to ¢ < 1, the open set condition is satisfied. If
= % for every k and ® consists of the vertices of an equilateral triangle, we call E the
classical Sierpinski gasket. In the non-equilateral case, i.e. if diam(®) # dpyin(®), using
Proposition [9] and Proposition [7] we can calculate a d; > 0, ensuring the applicability of
Theorem [I] if € < d;. In the equilateral case we can determine such a d; > 0, too, but here
we are restricted to r > 2. Note that in the self-similar case, provided r = 2 and ¢ < ¢¢ for
a small enough ¢ > 0, the optimal quantization errors V,,»(ft) can be calculated explicitly
for n € {1,2,3} by Theorem 5.4 in [18]. By means of Theorem E], we thus can determine
the optimal quantization errors V,»(u) for every n in the non-equilateral case, provided
¢ < min(cg,d ). Finally, we illustrate with this example that condition (MQED) cannot be
dropped completely. To this end, let ® represent an equilateral triangle and let u be self-
similar with contracting factor ¢ and r € |1,2[. Checking the proof of Proposition@]it is easy
to see that Dyin(7,3,Ug) < 0. According to Remark one gets Dpin (1,3, 1) < 0, provided
c is smaller than d;, which we will assume. Note that condition (SQ) is satisfied according
to Proposition@ Now, let {a} € C;,(u) and {b;,b} € C;(11). Let

o' = {Si(a),82(a),S,1y(a),Si2)(a),S33)(a)}

and

o = {S1(a),52({b1,b2}),83({b1,b2})}.
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Because u satisfies condition (SQ), Proposition@implies

lP()t’,r(“) - lpa,r(.u) = Cr(Vl,r(”) +V3,r(u) - 2V2,r(#)) <O0.

Hence, a ¢ Cs (1) and equation (@), respectively gets wrong. Thus, the condition
(MQED) cannot be dropped completely.

5.3 Further examples

Let u be a uniform distribution on a Cantor-like set E, defined as in|§|by a set of similitudes
with contracting factors ¢, k € N and @ as the set of fixpoints with card(®) = N.

According to Proposition |/| we can calculate a constant d; > 0 and apply Theorem |I|,
if Diin(r,N,Ug) > 0 and ¢ < d;. Additionally, as already mentioned in Example in the
self-similar case and r = 2 by combination of [18]], Theorem 5.4 and Theorem |I| we can
fix a ¢o > 0 and calculate all optimal quantization errors explicitly, if ¢ < min(cop,d; ). Note
that [18], Theorem 5.4 is only applicable, if the similitudes have no rotation part, i.e. the
orthonormal transformation in (39) has to be the identity.

Thus, it remains to derive a criteria for @, ensuring that Dy (r, N,Ug) > 0. If r = 2, this
question can always be answered by direct calculations, using the centroidal decomposition
of Vu2(Ug) for n=1,..,N —1 (cf. [5], Example 3.5). If r > 1 in general, the situation
becomes more difficult. In [[16], Proposition 6.24 (ii), some special criteria are ensuring
that Dy (r,N,Ug) > 0. It needs further investigations to find general conditions in higher
dimensions, ensuring that Dy, (r,N,Ug) > 0.
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