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UNIFORM DISTRIBUTIONS ON CURVES AND
QUANTIZATION

JOSEPH ROSENBLATT AND MRINAL KANTI ROYCHOWDHURY

ABSTRACT. The basic goal of quantization for probability distribution is
to reduce the number of values, which is typically uncountable, describing
a probability distribution to some finite set and thus to make an approxi-
mation of a continuous probability distribution by a discrete distribution.
It has broad application in signal processing and data compression. In
this paper, first we define the uniform distributions on different curves
such as a line segment, a circle, and the boundary of an equilateral tri-
angle. Then, we give the exact formulas to determine the optimal sets
of n-means and the nth quantization errors for different values of n with
respect to the uniform distributions defined on the curves. In each case,
we further calculate the quantization dimension and show that it is equal
to the dimension of the object; and the quantization coefficient exists as
a finite positive number. This supports the well-known result of Bucklew
and Wise [2], which says that for a Borel probability measure P with non-
vanishing absolutely continuous part the quantization coefficient exists as
a finite positive number.

1. Introduction

‘Quantization’ refers to the process of approximating the continuous set of
values in the image data with a finite (preferably small) set of values with broad
application in engineering and technology (see [4,7,12]). Although the work of
quantization in engineering science has a long history, rigorous mathematical
treatment was given by Graf and Luschgy (see [6]). The quantization for a
probability distribution refers to the idea of estimating a given probability by
a discrete probability with a given number n of supporting points.

Let P denote a Borel probability measure on R?, where d > 1. For a finite
set a C RY, the error [ minge, ||z — al|?dP(z) is often referred to as the cost or
distortion error for «, and is denoted by V(P;«). For any positive integer n,
write V,, := V,,(P) = inf{V(P;a) : « C R, card(a) < n}. Then, V,, is called
the nth quantization error for P. We assume that [ |z||?dP(z) < oo to make
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sure that there is a set « for which the infimum occurs (see [1,5,6,8]). Such
a set «a for which the infimum occurs and contains no more than n-points is
called an optimal set of n-means and the elements of an optimal set are called
optimal quantizers. In some literature it is also referred to as principal points
(see [9]). The numbers

- 2logn — ) 2logn

D(P) := 11nH_l>IOI<1>f gV (P)’ and D(P) := llisolip "oV, (P)
are, respectively, called the lower and upper quantization dimensions of the
probability measure P. If D(P) = D(P), the common value is called the
quantization dimension of P and is denoted by D(P). Quantization dimension
measures the speed at which the specified measure of the error tends to zero as n
approaches to infinity. For any s > 0, the two numbers lim inf,,_, o, n%/*V;,(P)
and limsup,,_,., n?/*V,,(P) are, respectively, called the s-dimensional lower
and upper quantization coefficients for P. If the s-dimensional lower and upper
quantization coefficients are equal, we call it the s-dimensional quantization
coefficient for P. If the s-dimensional lower and the upper quantization coef-
ficients are finite and positive, then s equals the quantization dimension of P
(see [6]). It is well-known that for a Borel probability measure P with non-
vanishing absolutely continuous part lim,,_,o 1/ 4V, (P) is finite and strictly
positive (see [2]). This implies that the quantization dimension of a Borel
probability measure with non-vanishing absolutely continuous part equals the
dimension d of the underlying space. For a finite set a C R?, the Voronoi
region generated by a € «, denoted by M (a|w), is defined to be the set of all
elements in RY which are nearest to a. The set {M(ala) : a € a} is called the
Voronoi diagram or Voronoi tessellation of R? with respect to a. The point
a is called the centroid of its own Voronoi region if a = E(X : X € M(a|a)),
where X is a P-distributed random variable. Let us now state the following
proposition (see [4,6]).

Proposition 1.1. Let a be an optimal set of n-means, a € «, and M (a|a) be
the Voronoi region generated by a € o. Then, for every a € a, (1) P(M(a|a)) >
0, (if) P(OM(ala)) =0, (ili) a = E(X : X € M(a|w)), and (iv) P-almost surely
the set {M(a|) : a € a} forms a Voronoi partition of RY.

Proposition 1.1 says that if « is an optimal set and a € «, then a is the
conditional expectation of the random variable X given that X takes values
in the Voronoi region of a. Recently, the optimal quantization for uniform
distributions on different regions has been investigated by several authors, for
example, see [3,10,11].

In this paper, there are three subsections. In Subsection 2.1, Subsection 2.2,
and Subsection 2.3, first we have defined the uniform distributions on a line seg-
ment, on a unit circle, and on the boundary of an equilateral triangle. Then, in
Theorem 2.1.1, Theorem 2.2.1, and Theorem 2.3.10, we give the exact formulas
to determine the optimal sets of n-means and the corresponding quantization
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errors for different values of n € N. We have further shown that the quanti-
zation dimension of the uniform distribution in each case is one, which equals
the dimension of the line, circle, and the boundary of the equilateral triangle.
Moreover, we have shown that in each case the quantization coefficient exists
as a finite positive number. As described in Remark 2.4, once the optimal sets
of n-means are known for a line segment, a circle, and an equilateral triangle,
by giving an affine transformation, one can easily obtain them for any line seg-
ment, any circle, and the boundary of any equilateral triangle. We did not find
any literature where the optimal quantization for a probability distributions on
a curve has been investigated. Thus, our work in this paper can be considered
as a first advance in this direction. Finally, we would like to mention that the
technique used in this paper will be of great help to investigate the optimal
quantization for any distribution on any curve.

2. Main result

In this section, in three subsections, we give the main results of the paper.
Let ¢ and j be the unit vectors in the positive directions of z1- and xo-axes,
respectively. By the position vector a of a point A, it is meant that OA = a. In
the sequel, we will identify the position vector of a point (ay, as) by (a1,as) :=
a1t + asj, and apologize for any abuse in notation. For any two vectors & and
¥, let 4 - ¥ denote the dot product between the two vectors ¢ and ¢. Then,
for any vector ¥, by (7)?, we mean (7)? := ¢ - ¢. Thus, |§| := V7 - ¥, which is
called the length of the vector ¢. For any two position vectors @ := (a1, as) and
b := (b1, b2), we write p(a,b) := ||(a1,az2) — (b1,b2)]|> = (a1 — b1)? + (az — b2)?,
which gives the squared Euclidean distance between the two points (a1, az)
and (b1, b2). By E(X) and V := V(X), we represent the expectation and the
variance of a random variable X with respect to the probability distribution
under consideration. Let P and @ with position vectors p and ¢ belong to an
optimal set of n-means for some positive integer n, and let D with position
vector d be a point on the boundary of the Voronoi regions of the points P
and @. Since the boundary of the Voronoi regions of any two points is the
perpendicular bisector of the line segment joining the points, we have |DP| =

DG, i.e., (DP)? = (DG)? implying (75— d)* = (4 — d)?, i.e., p(,d) = p(d, d).
In the sequel, such an equation will be referred to as a canonical equation. In
the paper, there are some decimal numbers; they are rational approximations
of some real numbers.

2.1. Optimal quantization for a uniform distribution on a line seg-
ment

Without any loss of generality we can assume the line segment as a closed
interval [a,b], where 0 < a < b < +o00. Let P be the uniform distribution
defined on the closed interval [a,b]. Let the probability density function for P
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FIGURE 1. Optimal configuration of n means with respect to
a uniform distribution on a line segment for 1 < n < 10.

is given by f. Then, we have

= if z € [a,b],

@) = { 6 otherwise,

implying dP(z) = P(dz) = f(z)dz = ;- dz.
The following theorem gives the optimal sets of n-means for all n € N.

Theorem 2.1.1. Let P be the uniform distribution on the closed interval [a, b].
Then, the optimal set n-means is given by a,, == {a+ 2L (b—a): 1< i <n},

2n
2
and the corresponding quantization error is V,, := V,(P) = (‘i;f;g .
Proof. Let ay, = {a1,a2,...,a,} be an optimal set of n-means. Since the

points in an optimal set are the conditional expectations in their own Voronoi
regions, without any loss of generality, we can assume that a < a1 < ag < -+ <
an < b. Then, by Proposition 1.1, we have

)@= B X o+ ),
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ai—1+a; G + a4
2 ’ 2
(3) an:E(X;Xe[wW.

(2) a;=EX:X €] for2<i<n-—1,

By (1), we have

JH gap O spas 1
[ 1 = T — —
3 (a1+ 3 (a1+
faz (a1+a2) dP faz (a1+a2) f(l')d.’l; 4

2a + a1 + az)

implying

(4) 2(ay —a) =as — ay.

Similarly, by (2) and (3), we have

(5) a1 —a;=a;41 —a;for2<i<n-—1, and ap, —an—1 = 2(b— ay).
Combining the equations in (4) and (5), we have

(6) 2(a1 —a)=a; —a;—1 =2(b—ay,) =k (say) for2<i<mn
implying

(a1 —a —I—Z i — Qi—1) (b—an)zg—l—(n—l)k’—i—g, ie., b—a=nk.

Thus, puttmg k= %, by (6) we have
2n—1
2n

yielding the fact that a, == {a+ 25-1(b— a) : 1 <14 <n} forms an optimal set
of n-means for P (see Figure 1). Notice that the probability density function
is constant, and the Voronoi regions of the points a; for 1 < i < n are of equal
lengths. This yields the fact that the distortion errors due to each a; are equal.
Hence, the nth quantization error V,, := V,,(P) is given by

al—a—l— (b a), ag—a—l— (b a), a3—a+ (b a),...,an=a+

(b—a)

(a1+az) 2
. 2. M 2 9 (a —b)
" ;relgi(xia) dpib—a/a (& =) de = 12n2

Thus, the proof of the theorem is complete. ([
Remark 2.1.2. By Theorem 2.1.1, we see that if V,, is the quantlzation error of

n-means for the uniform distribution on [a, b], then V;, = (‘{233 Thus,

21 21
D(P) = lim coen lim %:17
n—oo —log V,, n—s log (a b)

which equals the dimension of the line segment. Moreover, we have lim n?V,, =
n—oo

(a—b)*
2

, which is a finite positive number.
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O OO0

FIGURE 2. Optimal configuration of n means with respect to
a uniform distribution on a circle for 1 < n < 8.

2.2. Optimal quantization for a uniform distribution on a unit circle

Let L be the unit circle given by the parametric equations: L := {(x1,z5) :
x1 = cosb, xo =sinf for 0 < § < 27}, Let the positive direction of the x;-axis
cut the circle at the point A, i.e., A is represented by the parametric value
0 = 0. Let s be the distance of a point on L along the arc starting from the
point A in the counterclockwise direction. Then,

ds — \/(d;glf v (%)Qdﬁ — b

Then, the probability density function (pdf) f(z1,x2) for P is given by
Lif (1‘1 :L‘Q) eL

— 2 b b

fla1,22) = { 0 otherwise.

Thus, we have dP(s) = P(ds) = f(x1,22)ds = 3-df. Moreover, we know that
if 6 radians is thAe central angle subtended by an arc of length S of the unit
circle, then S = 0, and

P(S):/SdP(s):;?T/Sd&:;;T.

The following theorem gives the optimal sets of n-means and the nth quanti-
zation errors for all n € N.

Theorem 2.2.1. Let a,, be an optimal set of n-means for the uniform distri-
bution P on the unit circle 3 + x3 =1 for n € N. Then,

ap = {%(sin(%) ccos((2j — 1)), sin(Z) - sin((25 — 1) )) L j= 1,2,...,n}

™ ™
n n n
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forms an optimal set of n-means, and the corresponding quantization error is
. 2 .
given by 1 — sin? (%) .

Proof. Let a, := {a1,as,...,a,} be an optimal set of n-means for P for n € N.
Let 61 — 60g, 605 — 01, ..., 0, — 0,1 be the angles in radians subtended by the
Voronoi regions of the points ai,as,...,a,, and let the corresponding lengths

of the arcs be S1,59,...,S,, respectively, where 6y = 0 and 6,, = 27. Then,
Sy =0p —0r_1 for 1 <k <n. Thus, for 1 < k < n, we have

1 . .
ar=E(X :X €S = P(Sk)/Sk(zcosH—i—jsmﬁ)dP

2 o1
T / —(icos@ + jsin6)do,
Or—1

- Ok — Gk—l 2
which after simplification implies
1
(7) ar = ———— (sinf, — sinfg_1, cosOy_1 — cosb) .
Or — Or—1
The nth quantization error is given by
Vo, = nelin || (cos @, sin §) — al||*dP
1 [
=5 Z/e |(cos 6, sin @) — ay||*dé
k=17 01
1 & Ok sin 0, — sin Ox_1\ 5 . cosBy_1 — cos O\ 2
- %,;/em ((COSQ* Or — Ops ) + (Sme* O — Ops ) )de
1< Op—1—0)) — 1
= (ek—9k71+2(cos(k ! k) ))
2 (Gk — ek—l)
k=1
1 & sin2 Ok —0k_1
= =S (6 — 01 — 472)
2”2_:1(’“ gy — Ok
9 no . 2 0—0k_1
SR
T Yk T Vk—1
The distortion error V,, being optimal, we must have (?9‘9/}: = 0 for all k£ =

1,2,...,n — 1, yielding the fact that
sin? % sin(0 — 0x—1) N sin? M 3 sin(@g+1 — O)
(O — Ok—1)? Ok — Ok—1) (041 — Ok)? (Or+1 — Ok)
implying

2 0 —0k_1 . 2 Opp1—0k .

sin® =—— sin(fx — k1) sin” ==5— sin(fx4+1 — Ok)

® (O — Or—1)? (O — Or—1) - (Or+1 — Or)? (Or+1 — Ok)

=0
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forall k=1,2,...,n — 1. From the above recurrence relation, we have

) sin? @ B sin(6; — 6p) _ sin? % B sin(0 — 60x_1)
(01 — 0o)? (61 — 6o) (O — Op—1)? (O — Ok—1)

for kK =2,3,...,n. This yields the fact that

2
61— 00 = 62— 01 =05~y = =0, — 61 = —.
Thus, we have 0, = % for k = 1,2,...,n. Hence, by (7), we deduce that
if o, := {a1,aq9,...,a,} is an optimal set of n-means, then a; = %(sin(%) .
cos((2k—1)%), sin(%)~sin((2kfl)%)) for k=1,2,...,n (see Figure 2). Notice

that in the optimal set of n-means, the distortion errors contributed by each
point in their own Voronoi regions are equal. Thus, the quantization error for
n-means is given by

Vo, = n(quanization error due to the point a; in the opitmal set of n—means)

™

w 2
= n/ [(cos @, sin ) — (i sin—ﬁ7 " sin? E)||2dP
0 2m n’m n

27
no 1 n 2r n s
= — 0,sin 0 — gin =—, — sin® 240
n/o 5 l(cos 8, sin ) — (27rsm - 7rsm n>|| ,

which after simplification yields V,, = 1 — 25 S sin? ™ . Thus, the proof of the
theorem is complete. (I

Remark 2.2.2. By Theorem 2.2.1, we see that if V,, is the quantization error
of n-means for the uniform distribution on the circle, then V,, =1 — 25 sm2 .

Thus,

D(P) = Tim 22081 _ 1y 21°g” ~1,
n—oo — log Vn n—o00 — IOg (1 2 S1n2 1)

which equals the dimension of the circle. Moreover, we have lim n?V, =

o

which is a finite positive number.

Proposition 2.2.3. The points in an optimal set of n-means for the uniform
distribution P on the unit circle 23 +x3 = 1 form a concentric circle of radius
ZsinZ.

s n

Proof. By Theorem 2.2.1, we see that if «,, is an optimal set of n-means for a

positive integer n, then a,, = {a1,as,...,a,}, where a = %(sin(%) -cos((2k —

1)=), sin(%)-sin((2k — 1)g)) for k =1,2,...,n. The distance of the points ay,
from the center (O 0) is Zsin 7 yielding the fact that the points ay form the

circle 22 + 23 = o s1n2 z Wthh is the proposition. O
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Remark 2.2.4. By Proposition 2.2.3, we know that the points in an optimal set
of n-means for the uniform dibtribution P on the unit circle 2 + z3 = 1 lie on
the circle 2% + 23 = WQ sin? ©. Notice that the radius of the circle 2 Zsin 7 is an
increasing function of n and approaches to one as n — oo, i.e., the concentric
circle formed by the points in an optimal set of n-means approaches to the

circle 23 + 23 = 1 as n — oo (see Figure 2).

2.3. Optimal quantization for a uniform distribution on the bound-
ary of an equilateral triangle

Let P be the uniform distribution defined on the boundary L of the equi-
lateral triangle with vertices O(0,0), A(1,0), and B(3, ?) Let s represent
the distance of any point on L from the origin tracing along the boundary of
the triangle in the counterclockwise direction. Then, the points O, A, B are,
respectively, represented by s =0, s = 1, s = 2, and the point with s = 3 coin-
cides with O. Then, the probability density function (pdf) f(s) of the uniform
distribution P is given by f(s) := f(x1,22) = 3 for all (z1,x2) € L, and zero
otherwise. Notice that L = L1 U Lo U L3, where

Ly ={(z1,22) 11 =t, 22 =0for 0 <t <1},
Ly = {(w1,22) s 21 =1, 22 = —\/g(t— 1) for % <t <1},
Ly = {(z1,22) 121 =1, 22 :\/gtf0r0<t<%}.

Again, dP(s) = P(ds) = f(z1,32)ds = 3ds. On Ly, we have

d d
dsz\/(;tl)u( —2)dt| = dt

yielding dP = %|dt|. On Ly and Lg, we have ds = |/ (41)2 + (%£2)2|qdt| = 2|dt|
yielding dP = Z|dt|.
Let us now prove the following lemma.

Lemma 2.3.1. Let X be a continuous random variable with uniform distribu-

tion taking values on L. Then, E(X) = (3, %) and V(X) = ¢.

Proof. Recall that by (a,b) it is meant ai + bj, where ¢ and j are the two unit

vectors in the positive directions of z1- and zs-axes, respectively. Thus, we
have,

B(X) = /L(xli + 2f)dP

! !
:%/0 (t,O)dt—%/l (t,—\/g(t—l))dt—g/ (t,v/31) dt

1 V3
55

);
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and
V(X) = E|X - B(X)|?
=5 (e preom R [ (g
3\ /o 2 6 1 2
e eJas o= dres- S
.
Hence, the proof of the lemma is complete. O

Remark 2.3.2. For any (a,b) € R?, we have

EIX — (a,0)]? = / (1 22) — (a,b)|2dP
1

= g/L ((ml —a)* + (20 — b)Q)ds

= %/L ((m - %)2 + (z2 — ?3)2)&9
s (A (2 )

= v+ Hlah) - 5 e

which is minimum if (a,b) = (3, ?), and the minimum value is V(X). Thus,

we see that the optimal set of one-mean is the set {(3, %)}, and the corre-
sponding quantization error is the variance V := V(X)) of the random variable
X.

The following lemma gives the optimal set of two-means.

Lemma 2.3.3. Let P be the uniform distribution defined on the boundary of
the equilateral triangle with vertices O(0,0), A(1,0), and B(3, ?) Then, if
we divide the equilateral triangle into an isosceles trapezoid and an equilateral
triangle in the ratio o : 1 — o, where a = %(\/ﬁ — 1), then the conditional
expectations of the two regions give an optimal set of two-means. One of the

three such sets is given by {(0.314187,0.395954), (0.771396,0.131985) }, and the
quantization error for two-means is Vo = 0.0994281.

Proof. Let the points P and ) with position vectors p and ¢ form an optimal
set of two-means for the uniform distribution on L. Let ¢ be the boundary of
their Voronoi regions. Let ¢ intersect OA and AB at the two points D and
FE with position vectors d and e, respectively. Let D and E be given by the
parametric values t = o and t = . Then, d = (a,0), and & = (8, —v3(8 - 1)).
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Let P be in the region which contains the point A, and @ be in the region
which contains the point B. Then,

p=E(X:X €DAUAE) and = E(X:X € EBUBOUOD),

yielding
_ 1
P P(DAUAE) /DAUAEde
(FEAT D 2R Ve )y
U —a—2-1)4+1 7 —a-208-1)+1
and

EB BC C /E OD
X

q

("‘;—2@ ) +1 ﬁg—2(ﬁfz—\/35+3f>)
S Na=2-f)+1 T a=2G-f) 1 )

Since D and F lie on ¢, and the boundary of the Voronoi regions ¢ is the per-
pendicular bisector of the line segment joining P and (), we have the canonical
equations as p(d,p) = p(d,§) and p(é,p) = p(¢,q) which after simplification
give the following two equations:

20° + a*(128 — 11) + 4a® (487 — 108 + 3) + 202 (88% — 2658 + 288 — 3)

+2a (88° — 208° + 123 — 3) —643° + 24053* — 3523° + 25253% — 843 + 9 = 0,

and

—9—5a* +2a° + 128 + 1083% —2883° +-2408 — 6458° + o® (—83 + 458 + 4)
o (—328° + 768 — 448 + 6) —2a (483" — 1448° + 1608 — 783 + 15) = 0.

Solving the above two equations in o and (8, we get the following four sets of
solutions:

{azO,B:§},{a:%,6=1},{04:1,621},and

1 ~ BW1T-1)-51
{a_§(‘ﬁ D6 = ;(ﬁ—n—m}

Thus, we have the following results:

(i) Putting {« = 0,8 = %}, we obtain p = (8, sf) and ¢ = (%,%).
Notice that in this case D coincides with the vertex O, and p and § are sym-
metric about the line ¢, i.e., the boundary line ¢ of the two Voronoi regions
becomes a median of the triangle passing through the vertex O, and thus, the
corresponding distortion error, denoted by V3 ;), is given by

Vo) = 2/ p((z1,22),p)dP
OAUAE
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2/ [* N p R
=2 ([ o052 [ p((t. V3t - 1), )
a 1
yielding V5 ;) = & = 0.104167.

(ii) Putting {a =1.8= %}, we obtain p = (%,ﬁ) and § = (%,ﬁ)
Notice that in this case E coincides with the vertex B, and p and ¢ are sym-
metric about the line ¢, i.e., the boundary line ¢ of the two Voronoi regions
becomes a median of the triangle passing through the vertex B, and thus, the
corresponding distortion error, denoted by V5 (i3, is given by

Vz,(n') = 2/ p((ﬂfl,%z)»iﬁ)dp
DAUAB

= ;(/: p((£,0), p)dt — 2/1[3 p((t,—V/3(t — 1)),p)dt)

yielding V5 (;;) = 2 = 0.104167.
(iii) Putting {o = 1,8 = 1}, we see that the points D and E coincides with
A, which is not true.

(iv) Putting {a = £(vV17-1),8 = %}, we see that the points D

and F, respectively, are given by (%(m —1),0) and
(V17T -1) - 51 D17 -1) - 51
( 8<\/> ) 77\/:;)( 8(\/> ) 71)).
65(v/17 — 1) — 232 65(v/17 — 1) — 232
Thus, in this case we have OD = BE and DA = AE = ED implying the fact

that the boundary of the Voronoi regions ¢ divides the equilateral triangle into

an isosceles trapezoid and an equilateral triangle in the ratio o : 1 — «, where

o= %(\/ 17 —1). The corresponding distortion error V; (;,,) is given by

1 B
Ve = 5( | o002t =2 [ ol ~V30 = 1).5)

1

3 0
9 /ﬂ p((t, —V/3(t — 1)), ) di — 2 / p((t,V/38), ) dt

+ [ ote0r.a) )

1
= 5(0.0330382 +0.0330382 + 0.0716907 + 0.0888266 + 0.0716907)
= 0.0994281.

Thus, comparing the distortion errors V5 3y, Vo (i1), and V3 (4,), we can say that
when the boundary of the Voronoi regions ¢ divides the equilateral triangle into
an isosceles trapezoid and an equilateral triangle in the ratio o : 1 — «, where
o= é(\/ﬁ — 1), then the conditional expectations of the two Voronoi regions

give an optimal set of two-means. There are three such sets; one of them is given

2
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by {(0.314187,0.395954), (0.771396,0.131985)} and the quantization error for
two-means is Vo = 0.0994281. Thus, the proof of the lemma is complete. [

The following lemma gives the optimal set of three-means.

Lemma 2.3.4. Let P be the uniform distribution defined on the boundary of
the equilateral triangle with vertices 0(0,0), A(1,0), and B(3, ?) Then, the
set {(13, \1/735)’ (1, 3{) (<, %)} forms the optzmal set of three-means, and the
quantization error for three-means is V3 = @ = 0.0364583.

Proof. Let the points P, @@, and R with position vectors p, ¢, and 7 form
an optimal set of three-means for the uniform distribution on L. Let the
boundaries of their Voronoi regions cut the sides OA, AB, and BO at the
points D, E, and F' with parametric values given by t = «, t = 3, and t = v,
respectively. Let d é, and f be the position vectors of D, E, and F', respectively.
Then,
d= (0170), €= (ﬁa _\/g(ﬁ - 1))7 and f = (77 \/5’7)

Let p=FE(X : X € DAUAE), = E(X : X € EBUBF), and 7 = E(X :
X € FOUOD,). Then, using the definitions of conditional expectations, and
after some calculations, we have

(AT )+ 2(—;x/352+¢§5—“§>)
—a—-26-1)+1 "  —a-206-1)+1 /)
(—2@»)72(%*%) 2(“%ﬂ2¢§ﬂ+3g§>z<@283>) .
) )

TAUd s 203 2G-AH-20-D
5 VA
T_(oz+2’y’a+2fy)'

Notice that the point D lies on the boundary of the Voronoi regions of P
and R implying p(ci, 7) = p(d, p). Similarly, for the points F and F, we have
p(é,p) = p(é,q), and p(f~7 q) = p(f, 7). Thus, we have three equations in «,
8, and 7. Solving the three equations, we obtain the following three sets of
solutions:

1 1

{a:(),ﬁzl,'y:i},{az?ﬂz }, and {a =1,8= ,'y—O}
Thus, we obtain the following three results:

(i) For {a = 0,5 = 17 = 3}, we have p = (5,0). 4 = (3. 4), 7 = (3,
with distortion error obtained as -5 = 0.0833333.

(11) FOI' {CY— 2’/8 47’7 } we havep—(?aﬁ)aq: (%aT)af:
(2 ‘f) with distortion error obtained as 115 = 0.0364583.

q

~—

16° 16
(iii) For {a = 1,8 =3,y = O} we have p = (2, ¥3),
with distortion error obtained as =5 = 0.0833333.
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Comparing the distortion errors, we deduce that the set

13 V3 13v3 3 V3

{(Ev T6)7 (2’ ] )7 (T67 T6)}
forms the optimal set of three-means (see Figure 3), and the quantization error
for three-means is V3 = é = 0.0364583. Thus, the lemma is yielded. (]

The following lemma gives the optimal set of four-means.

Lemma 2.3.5. Let P be the uniform distribution defined on the boundary of
the equilateral triangle with vertices 0(0,0), A(1,0), and B(3, @) Then, the
set

{(0.133784,0.140735), (0.5,0), (0.866216, 0.140735), (0.5,0.653763) }

forms an optimal set of four-means, and the corresponding quantization error
is V4 = 0.028269.

Proof. Let the points P, @, R, and S with position vectors p, §, 7, and 5 form an
optimal set of four-means for the uniform distribution on L. Let the boundaries
of their Voronoi regions cut the side OA at two points D and E, and cut AB,
BO at the points F', G, respectively. Let the position vectors of D, E, F, G be
(i, e, f, g with parametric values given by t = «, 3,7, d, respectively. Then,

CZ: (Oé,O), €= (ﬂ70)7 f: (7a _\/g(’y - 1))7 and g = (67 \/35)
Letp=FE(X : X €e GOUOD),§=E(X : X € DE),7 = E(X : X € EAUAF),
and § = E(X : X € FBU BG). Then, using the definitions of conditional
expectations, and after some calculations, we have

P (0‘;4-52 \/§§2> o (OH_B,O),

s =

a+25" a+28 2
f:(—%—%é—%)% _2(—$\/§v2+\/37—“§>) o
—B=2(y=1)+1 "~ —-B8-2(y-1)+1 ’
52(2@2)2(5;@) “2(E VB + 38) 2 - )
—2G -7 -20-3) 23 -7 -20-D

In this case, we obtain the following four canonical equations in «, 3, -y, and §:
p(d,p) = p(d, ), p(é,q) = p(é,7), p(f,7) = p(f,3), and p(g,5) = p(.P)-
Solving the above four equations, we obtain
a = 0.28985, 5 =0.71015, v = 0.7451, § = 0.2549
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hU.
:‘U.

Q

FIGURE 3. Optimal configuration of n means for 2 < n < 4.

yielding p = (0.133784,0.140735), ¢ = (0.5,0), ¥ = (0.866216,0.140735), and
5 =(0.5,0.653763) (see Figure 3). Notice that the above four points are sym-
metric about the median passing through the vertex B. Thus, the correspond-
ing quantization error is given by

8 ) .
= g(/; p((t’o)’@dH/ﬁ p((t,0), F)dt — 2/1 p((t, —V/3(t — 1)), 7)dt

- 2/2 p((t, —/3(t — 1)),§)dt) = 0.028269.
¥
Thus, the lemma is yielded. ([l

Remark 2.3.6. Due to the symmetry of the equilateral triangle with respect to
a rotation of %ﬂ, by Lemma 2.3.5, we conclude that there are three optimal
sets of four-means (see Figure 3).

Let us now state the following two lemmas which give the optimal sets of
five- and six-means. The proofs are similar to the previous lemmas.
Lemma 2.3.7. Let P be the uniform distribution defined on the boundary of
the equilateral triangle with vertices 0(0,0), A(1,0), and B(3, ?) Then, the
set

{(0.130625, 0.138564), (0.485912,0), (0.883966,0.0669921),
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FIGURE 4. Optimal configuration of n means for n = 5, 6.

(0.742956, 0.445213), (0.445312,0.683619)}

forms an optimal set of five-means, and the corresponding quantization error
is Vs = 0.020525 (see Figure 4).

Lemma 2.3.8. Let P be the uniform distribution defined on the boundary of
the equilateral triangle with vertices 0(0,0), A(1,0), and B(3, ?) Then, the
set

{(0.112854,0.0651563), (0.5,0), (0.887146,0.0651563),
(0.75,0.433013), (0.5,0.735713), (0.25,0.433013)}

forms an optimal set of six-means, and the corresponding quantization error is
Vs = 0.0132077 (see Figure 4).

Remark 2.3.9. By Lemma 2.3.4, Lemma 2.3.5, Lemma 2.3.7, and Lemma 2.3.8,
we see that if «y, is an optimal set of n-means for 3 < n < 6, then a,, contains
three elements in the interior of the triangle each close to one of the vertices,
and the remaining elements are on the sides of the triangle. In fact, for n > 6,
if o, is an optimal set of n-means, then it can be shown that «,, contains three
elements in the interior of the triangle each close to one of the vertices, and the
remaining elements are on the sides of the triangle. If «,, contains ny, no, and
ng elements from the three sides of the triangle, where n = ny + no + n3 + 3,
it can be shown that |n; —n;| <1 for 1 <14 # j <3. If it is not true, then the
quantization error can be reduced by redistributing the points until ny, no, and
ng satisfy [n; —nj| <1 for 1 <i# j <3, and this contradicts the optimality
of the set a,,. Due to technicality, we are not showing the details of the proof
in the paper.

The following theorem determines the optimal sets of n-means and the nth
quantization errors when n = 3k + 3 for some positive integer k. It also helps
us to determine the quantization dimension and the quantization coefficient for
the uniform distribution defined on the boundary of the equilateral triangle.
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Theorem 2.3.10. Let n € N be such that n > 6, and n = 3k + 3 for some
positive integer k. Then, the optimal set of n-means for P is given by

o ={& V) -2 L e o) uyummune),
where v := {r + %(1 —2r):53=12...,k}, and r = %53\7/1357 and Ty, T
are two affine transformations on R? such that Ty(0,0) = (3, @), T1(1,0) =
(1,0), T5(0,0) = (0,0), and T5(1,0) = (%,@) The quantization error for
n-means is given by

n =

7 (Tk? — 8Tk + 16)

12(16 — 7k2)*
Proof. Let a, b, c be the three points that «,, contains from the interior of the
angles /0, /A, and /B, respectively. Again, recall that P is uniform over
the boundary of the triangle, and as mentioned in Remark 2.3.9, «,, contains
k elements from each side of the triangle yielding the fact that the Voronoi
regions of a, b, ¢ will form equilateral triangles P almost surely. Let the lengths
of the sides of the equilateral triangles formed by the Voronoi regions of a, b, ¢
equal r. Then,

A,EVJDﬁ*2f?@V&V”, 3 3r

),

Jy1dt—2 [, 1at 8’ 8
L 0de =2 TR VB - )d e VB
Sl tdt—2 [ 7514 8 8V

—2I§Lﬁﬁ@,—v§@——U)dt—2jf“_”(uv§ﬂdt

CcC =

1 1
1 1 :(77_7\/5(7”_2))'
3 3(1-7) 27 4
=2 [P, Lt =2 [ Lat
Let v be the set of all the k£ points that «,, contains from the side OA. Then,
the Voronoi regions of the points in y covers the closed interval [r, 1 —r] yielding

2j — 1
- 1—2,):'=LZ~W }
v { (r + 5% ( r),0) : j k

Since T and T; are affine transformations with 73 (0OA) = AB, and T2(OA) =

OB, we have the points that «,, contains from AB and OB are, respectively,
Ty () and Ts(7y) yielding

on= (&) B (L Lo} usunmun.

Using the symmetry, the quantization error for n-means is obtained as

V., = 3(quantization error due to the points a and the k points in )

0 T
:3(—§L p((t, \/gt)7a)dt+%/0 p((t,0),a)dt
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1 [T 1
+§k/r p((t,O),(rJrﬂ(l—2r),0))dt>
3
== )

Notice that for a given k, the quantization error V,, is a function of r. Solving
63‘;“ =0, we have r = %EE}/ZQ’“ Putting r = 8153‘7/;’“, we have

7(7k* — 8y/Tk + 16)

O 12(16 - Tk2)?
Thus, the proof the theorem is complete. ([

Remark 2.3.11. When n = 6, i.e., when k£ = 1, then Theorem 2.3.10 reduces
to Lemma 2.3.8. Using a similar technique as in the proof of Theorem 2.3.10,
we can also determine the optimal sets of n-means and the nth quantization
errors when n =3k + 3+ 1, or n = 3k + 3 + 2 for some positive integer k.

Proposition 2.3.12. Quantization dimension D(P) of the uniform distribu-
tion P defined on the boundary of the equilateral triangle equals the dimension
of the boundary of the triangle. Moreover, the quantization coefficient exists as
a finite positive number which equals %

Proof. For n € N, n > 6, let £(n) be the unique positive real number such that
30(n) 4+ 3 <n < 3((n) + 1) + 3. Then, Vam)+1)+3 < Vi < Vag(n)43 implying
2log(3¢(n) + 3) 2logn  2log(3(¢(n) +1) +3)
< <
—log V3(e(ny+1)+3  —logVy —log V3g(n)+3
Notice that
21log(34(n) + 3)

(10)

21og(34(n) + 3)

lim = lim =1,
n—oo —log Va(p(n)+1)43  &n)—oo 4 7(7((n)+1)2—8V7(£(n)+1)+16)
) 12(16—7(6(n)+1)2)2
and
2log(3(4(n) +1)+3) lim 2log(3(4(n) + 1) + 3) _

n—00 —IOgV3g(n)+3 £(n)—o0 1 7(70(n)?—8v7L(n)+16)
-l 12(16—7£4(n)2)>

and hence, by (10), nh_}rrgo %gg(}n = 1 which is the dimension of the underlying
space. Again,
(11)  (30(n) +3)*Va(um)+1)4+3 < nVi < (3(£(n) + 1) + 3)*Vay(n) 43-
We have
lim (3¢(n) + 3)*Va(e(n)+1)+3

— lm (3 + 3)27 (7(6(n) +1)% — 8VT7(¢(n) +21) +16) _ §7
(n)—o0 12(16 — 7(4(n) +1)2) 4
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and
Jim (3(6(n) +1) + 3)*Vas(n) 43
7(70(n)? — 8V/7(n) + 16 3
= lim (3(f(n)+1)+3)? (7t(n)* — 87 (”)2 ) _ S
£(n)—o0 12 (16 — 76(77/)2) 4
and hence, by (11), we have lim n?V, = %7 i.e., the quantization coefficient
n—oo
exists as a finite positive number which equals %. Thus, the proof of the
proposition is complete. O

Remark 2.3.13. By Remark 2.3.9, we see that an optimal set a,, of n-means
for n > 3 always contains three elements in the interior of the triangle each
close to one of the vertices, and the remaining elements are on the sides of the
triangle. It can be shown that as n approaches to infinity each of the three
elements which are in the interior of the triangle approaches to their closest
vertices.

Let us now end the paper with the following remark.

Remark 2.4. We know that an affine transformation 7' on R? is given by

rla]=a[n]- 5]

where A := [‘j g] is an invertible matrix, and e, f € R. Once the optimal sets
of n-means are known for a line segment, circle, or an equilateral triangle, by
giving an affine transformation, one can easily obtain them for any line segment,
circle, or an equilateral triangle. For example, by Theorem 2.1.1, we see that
the optimal set of n-means with respect to the uniform distribution on the line
segment [0, 1] is given by a,, := {21'71 1 <4 < n}, and the corresponding

quantization error is V,, := V,,(P) = 12”2 The optimal set of n-means for the
uniform distribution on the line segment joining (0,0) and (1,+/3) is given by
{(21 1 V3 (21 1)
2n

1sVn:—Vn( ): o

3n2-

):1<i<n}, and the corresponding quantization error
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