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Abstract. Vector quantization is a classical signal-processing technique with significant applications in data compression,
pattern recognition, clustering, and data stream mining. It is well known that for critical points of the quantization energy, the
tessellation of the domain is a centroidal Voronoi tessellation. However, for dimensions greater than one, rigorously verifying
a given centroidal Voronoi tessellation is a local minimum can prove difficult. Using variational techniques, we give a full
characterization of the second variation of a centroidal Voronoi tessellation and give sufficient conditions for a centroidal
Voronoi tessellation to be a local minimum. In addition, the conditions under which a centroidal Voronoi tessellation for a given
density and domain is unique have been elusive for dimensions greater than one. We prove that there does not exist a unique
two generator centroidal Voronoi tessellation for dimensions greater than one.
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1. Preliminaries. Consider the vector space IRY over the field IR, with inner product (r,y) == aTy
and induced norm ||z|| := (z,z)'/2. Let p(z) be a positive real-valued C? function, p : R — IR, with
compact and convex support 2. We call p(z) the density function associated with Q. Let p be the measure
associated with p(x), namely

n(4) = [ sl

We consider the problem of approximating p(x) by a piecewise-constant function taking only K many values,
namely p: Q — {p(u1),...,p(ux)}, where {uy,...,ux} C 2 and

plr) =plu;) ifz ey,

Q ={z € Q|| — wil| < ||z — u, ]| for all 5}.

The process of approximating a function by its value at finitely many points is known as quantization. Quan-
tization is a classical signal-processing technique with applications in data compression, pattern recognition,
clustering, and data stream mining [9]. For N =1 and N > 1, it is referred to as scalar quantization and
vector quantization, respectively.

We have Q = UK Q. Let us define Ay (A) as the N-dimensional Lebesgue measure of the set A ¢ R,
We have An(€; N Q;) =0 for all ¢ # j. If Q; N Q; # 0, we define o; ; as the unique element of ©; N Q; that
is collinear with {u;, u;}, namely

’U,i+u]'

2

Oij =

We note that the set {€2;}5, defines a tessellation of 2 and is referred to as the Voronoi tessellation associated
with the generating points {u;} ;. The region ; is referred to as the Voronoi region associated with the
generator u;. Each of these regions (2; is convex. The dual to a Voronoi tessellation defines a Delaunay
triangulation [1]. See Figure 1.

The connectivity of the Voronoi regions {{2;} X, gives rise to a graphical structure. We define the Voronoi
graph G = (V, E) as the graph with vertices i € V, i =1,..., K and edges ¢, ; € E if Q; N Q; # 0.

If the Voronoi generators satisfy the property

u; = M(Qi)_l/ﬂ xp(z)dz,
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(a) Voronoi tessellation (b) Delaunay triangulation

Fic. 1. A Voronoi tessellation of the square and the dual Delaunay triangulation.

then the tessellation is a centroidal Voronoi tessellation.
We define the error of the approximating function p, uniquely defined by the generators {u;}X ,, by

Tl =Y [ e = wlpla)d.

eV

This is also often referred to as the quantization energy or energy of the tessellation. Any set of generators
that minimizes the functional J[u] must necessarily generate a centroidal Voronoi tessellation. We define the
quantization error corresponding to a particular generator u; by

Ji[u] :/ |z — i 2p(a)da.

i

While the support  is compact, the domain of {u;}, is not. The set of valid choices for {u;}X,

denoted by U C QF, does not contain points for which u; = u; for some i # j. Such points are called
degenerate and do not define a K-quantizer. Analysis of such points is not needed; the energy of a degenerate
point is greater than some local K-quantizer in an e-neighborhood for any e greater than zero [2, 5]. For this
reason, we restrict ourselves to

U={ulu; € Qi=1,.,ku; #uj, fori#j}.

The study of quantizers and centroidal Voronoi tessellations is closely related to Lloyd’s algorithm [12],
described as follows:

Lloyd’s Algorithm:
1. Choose initial set of generators {u;}X, on Q.
2. Construct associated Voronoi regions {;}X, of Q.
3. Compute centroids of each Voronoi region, {u;}/<;, @ = ()" [, ap(z)dz.
4. Tf {u; } X | and {@; }£ | meet the given convergence criterion, return {i;} | and terminate; otherwise
let {u;}, = {@;}[ | and repeat steps 2 and 3.

The algorithm is intended to converge to a centroidal Voronoi tessellation minimizing Jlu] over all
acceptable choices of u. See Figure 2. Centralized Voronoi tessellations and their relation to the convergence



(b) One Iteration (c¢) Three Iterations

(d) Five Iterations (e) Ten Iterations (f) Twenty-Five Iterations

Fic. 2. Iterations of Lloyds algorithm on the square. The tessellations are approaching the globally minimizing centroidal
Voronoi tessellation.

of Lloyd’s algorithm have been studied extensively. For excellent and thorough reviews of the literature, we
refer the reader to [3, 4].

Initially in [7], and later in [11], it was shown that Lloyd’s algorithm is a local contraction for N = 1,
given that the density function is logarithmically concave, namely

2
% Inp(z) <0 for all z € Q.

In [15], this result was extended to continuous and positive densities. Similar convergence results are tougher
for N > 1, but not intractable. Convergence was shown in [10, 14] by defining the Lloyd mapping for
degenerate points. Most notably, in [2] global convergence of Lloyd’s algorithm was shown under a number
of different conditions, one of the largest recent results in the field:

THEOREM 1.1. If any one of the following conditions occur

(i) there is a unique fized point,

(ii) the set of fixed points with any particular distortion value is finite,

(iii) the Lloyd iterations stay in a compact set for which the Lloyd map is continuous,
then the Lloyd’s algorithm converges globally.

While this result proves convergence to a centroidal Voronoi tessellation, it does not give conditions for
uniqueness. In fact, there may be multiple centroidal Voronoi tessellations for a given density and domain,
each with a different locally minimizing energy. See Figure 3.

In [7], Fleischer showed that for N = 1 the logarithmic concavity condition implies that any centroidal
Voronoi tessellation is a local minimum, and, further, that there is a unique centroidal Voronoi tessellation
that is both a local and global minimum of J[u]. Namely, he proved the following theorem:

THEOREM 1.2 (Fleischer, 1964). Let a given continuous probability density of finite second moment obey



(a) Voronoi tessellation (b) Saddle point CVT (¢) Globally minimizing CVT

Fi1G. 3. Both figure (B) and (C) are centroidal Voronoi tessellations of the square with uniform density. Tessellation (B)
is only a saddle point with respect to energy, while tessellation (C) globally minimizes energy.

the inequality [Inp(z)]” < 0. Then the energy of an K-level quantizer has a unique stationary point. This
point is a relative and absolute minimum.

As noted in numerous papers, including [2, 4], there has been no extension of Fleischer’s theorem to
N > 1. The need for vector quantizers in higher dimensions, rather than a superposition of N scalar
quantizers, was shown in [13]. Convergence of Lloyd’s algorithm and conditions for a unique centroidal
Voronoi tessellation remain a relevant and open area of research.

However, rigorously verifying that a given centroidal Voronoi tessellation is a minimum can be difficult.
Using a variational formulation, we determine when critical points are guaranteed to be minima and give
sufficient conditions that can be used in practice to verify a given centroidal Voronoi tessellation is indeed
a minimum. Furthermore, we address the open question of the existence of conditions for a unique cen-
troidal Voronoi tessellation in higher dimensions. Namely, we prove that there exists multiple two generator
centroidal Voronoi tessellations for any density and multidimensional domain. Such results have both clear
practical and theoretical applications to Lloyd’s algorithm and the many fields that use quantizers.

The remainder of the paper is as follows. In section two, we introduce the problem through variational
calculus. We recall classical results and find explicit representations for the first and second variation of J[u].
In section three, we examine sufficient conditions for minima and illustrate how the conditions can be used
in practice. Finally, in section four, we prove that there does not exist a unique two generator centroidal
Voronoi tessellation for dimensions greater than one.

2. Variational Formulation. First, we recall the following differential notation. The gradient and
Hessian of a function f(x), denoted V f(x) and H[f(x)], respectively, are defined by

[l tep) — fz)
(V@) ¢) = Tim TP and  HI[f(z)] == VIVS(@)".
When referring to a set A, we will denote the interior, boundary, and closure by A°, A, and A, respectively.
Here, and in what follows, we will make use of the theory of variational calculus to assist in the study of the
critical points of the functional J[u]. Fleischer’s proof for N = 1 uses no such machinery but instead uses
basic differential calculus and optimization concepts, namely, first and second order conditions of the form

VJ] =0, H[ J[u]] > 0,

where now and in what follows, “>” and “>” refer to positive definiteness and semi-definiteness, respectively.
Differential calculus works well for N = 1, but it is more difficult for N > 1, due to the complex nature of
the subregions €2; in higher dimensions.

We recall certain basic concepts from variational calculus that will prove useful in our analysis. For
additional reading, the author suggests [8], a classic text by Gelfand on the subject.
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Let us fix a point u € U. Define u* = u + ep, for some € € R, ¢ € RV*X o= (0T, .., 08T, il < 1
for all i =1, .., K. The increment of J[u] is given by

AJle, p;u] = J[u*] — J[ul.
We say the functional J[u] is twice-differentiable if its increment can be written in the form
AJle, p;u] = 8. [p; ule + 6% T [p;ule® + Me, p; ule,

where §.J[p; u] and 62.J[p; u] are linear and quadratic functionals in ¢, respectively, and lim,_.q M e, ; u] = 0.
We say the functionals §.J[p;u] and 62J[p;u] are the first and second variation of J[u], respectively.

We recall the following results regarding extremal points of a functional, taken from [8].
THEOREM 2.1. A necessary condition for the differentiable functional Jlu] to have an extremum at
u = 1s that its first variation vanishes, namely

0J[p;a) =0

for all admissible .

THEOREM 2.2. A sufficient condition for a twice differentiable functional J[u] to have a minimum at
u = 4, given that the first variation §.J[p;u] vanishes at u = 4, is that its second variation 62J[p;)] is
strongly positive, namely, there exists a constant C' > 0 such that

2 J (3] = Clle]?

for all admissible .
Theorems 2.1 and 2.2 will not be used until Section 3, but they motivate the work in this section. With
the necessary machinery in hand, we examine the increment AJle, ;u].

Just as we have
Qi = {z € Ol — wl| < [l -yl for all j},
let us define
Q ={z € Qff|lz — uj[| < |lz —uj| for all j}.
In this way, just as
T =Y [ e = wilPp(o)dz,
iev
we have
) =3 [ o= uilPpla)da.
iev

In addition, if 27 NQ} # 0, let us define o} ; as the unique element of QF N Q7 that is collinear with {u;, u}}.

R
Because of the complex nature of the regions of integration 2; and €2, the uncertain variation between

the regions €2; and €, and the uncertainty in the change of boundaries or creation of new boundaries be-

tween {Q;}5, and {Q7}E,, we divide the increment into two portions.

We introduce another functional, .J [u*; u], defined by

Tl =Y [ e = ui oo

eV



We can now decompose the increment AJ[e, p;u] into two parts and write
AJle, piu] = Adule, p3u] + Adale, ¢ ul,

where

Adyle, psul = Ju*su] — Jul,

AJdale, piu] = Ju*] — J[u*;u).

The subscripts u and {2 have meaning, in that AJy[e, ¢;u] obtains its variation from the difference in
functions of u and u* integrated over identical subregions, and AJgle, ; u] obtains its variation from the
difference in identical functions of u* integrated over differing subregions. However, before we compute
the representations of AJ,[e, v;u] and AJgle, p;ul, we give the following lemma, which will be useful in
analyzing both components of the increment.

LEMMA 2.3.

y+z

lz = yll* = llz = 2I|* = 20z = ==,z —y)

With the assistance of Lemma 2.3, we can efficiently compute the representation of A.J,[e, ;ul.
LEMMA 2.4.

Anfegil = =23 [ o= uppads+ & Y llPu(@)

i€V i€V
Proof.

Adule,piul = Ju*ul — T = > /Q Nl = [Pp(a)de =3 7 /Q Nl = wil*p(e)dx

eV eV

3 /Q e — a2 = |1z — wg]2p(a)de
i€V @

By Lemma 2.3,
" u; + u; . €
Il =l =l =l = 26w = =55 i = i) = 2w —wi = g0, —epi)
= —2e(x — ui, i) + € [lal|*.
0

The representation of the component AJ,[e, p;u] has been straightforward to obtain. However, the
component AJg[e, v;u] requires precision and care, due to the complex nature of the subregions and the
boundaries between them. We give the following lemma.

LEMMA 2.5. Let {Q}E | and {Qj}JKzl be two Voronoi tessellations of Q). Then

Q = Ui<i<k Ui<j<k (27 N Q)

and

8((21* N Qj) = (Ug;,gi QNN Qj) U (Ug#j QNN Qj) U (Q;k N Qj N (89))

Proof. We have

Ur<i<k Uigi<k (27 NQ;) = Ui<i<k (27 N (U1<j<k(Y))) = Ui<i<k (27 N Q) = Ur<i<k ] =
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Now consider z € 9(£2; NQ;). We have either z € 0Q}, x € 095, or both. Without loss of generality, suppose
x € 09F. Then z € QF N Q* for some ¢ # i, or x € 89 Therefore,

O N Q) C (Ui QN NQ;) U (U QF N NQ) U (R NQ, N (00)).
Because ©2; N €y C 08 for all £ # j and Q; NN C 0§2;, we also have

O NQ) D (Uess O NQ;NQG) U (Upe; Q7 NQeN Q) U (27 NQ; N (0Q)).

0
We have the following representation for AJgle, ; u].
LEMMA 2.6.
e\ e V]2
Agleg = Y [ gl A e gl g
QN0 llu; — il

Ei_’jGE

where lim._,0 Male, p;u] = 0.
Proof. For the sake of space, we introduce the notation
* * *
uiﬁj:uj—ui, uiﬁj:uj—ui,

and
Qe ;= NQ;, Qe e =0 NN, Q=070 Q}" N Q.

By Lemmas 2.3 and 2.5, we have

Adale, piu] = Jlu*] = Ju*, ] Z/ o =} |*p(a dx—z/ e — u}|?p(a)da

i€V jeVv
=23 [ Ot e e =3 [ 2ot ptee
i€V jev j i#£j i
- Z/ ”2 - Uf,jaul‘!jﬂuzgj’Ufaj)ﬁ(fﬂ)dfﬂ
iy I Uiy
S [ e o) e ) i ple)
L R LA

Applying integration by parts, we obtain

(x—of,ul, ) (u, ., n) (x— o} j,ur ;) (uf,;, Vp(x))
AJ 1 1,50 Yi—j i—j d _/ 6,j? g =]
ale, @5 ul ; [/8(91* 3 R plojde = w11

dx|,

=] =]

where 7 is the unit normal vector, oriented outward with respect to ;- ;.
By Lemma 2.5,

O( Qv ) = (U U N NQ) U (U 0 NQeNQ) U (2 NQ;N(09)).

* * _ . .
For x € Qi j« j, (uj_,;,® — o] ;) = 0. Therefore the integral over Q;- j« ; is zero. For & € Qi ; 5, (uisj, T —
oij) =0, giving

<u;'k—>j’ T — U:,j> = <ui—>j7$ - ai,j> + <u;—>] = Uisjy, T — Ui,j> + <u;'k—>j’ Oij — U:,j>

6 *

= elpj = wisx = 0ij) = 5 Ui 0+ @j)
€
2

&2
= e{@j — i, T — 04 5) — 5 {Uinj, i + Qj) — 5(%‘ — @i, i +5)
2
(17 1 U; ; €
:6<§0j7x_0i,j_%>_6<S@i»x_0i,j+ ;J>—§<<Pj—90i7%+¢j>
2

€
= e({pj, ® — uz) — {pi, T — wi)) — 5(%‘ — i, i + ;).



Therefore,

(uiyx =0 )® = €((pg, 7 —uy) — (i x —uy))”
3
5
For ;- ; ; oriented with respect to 2 ;,

€
(0j — @iy i + @) (@5, — uz) — (@i, © — uz) — i(w — i, 0i + ©5))-

* - <u>ikﬂjv ui—>j> _ <ufﬁj7uzaj> + <u;'kﬂj7ui—>j - u;‘%j> - Hu7,~>j|‘2 <ufaj7 Pj — ¢i>
<“iajvn>__ = = +e ,
i [l i i
giving
<u;‘k—>j>$ - Uf,j>2<u>{—>g" TL> _ <u?—>ja Pj— @i><u:—>j7 T = U;j>2 2 [<‘Pjvx - uj> - <90i; T — U1>}2
llui ;112 et i3 5112 [[esis |
(0 — @i i + #5) €
+el 2“;7, Z,H (s =) — (i w —wi) = 50 = @i 00 + 95)
i—j

for x € Q;« ; ; oriented with respect to €2~ ;.
Noting that p(x) = 0 on 99 and that €; ; = Upey € j o+, we can write

LT —u) — (i, T — ug)]?
Salecpi = ¢ Y [ Henrm ) S ZuIl s g gle il

l[wissl
where
1 (x—of  ur, )2 (ur, ., n)
Mqle, p;u] = 722 {/ 1,50 Wiesj h i—j p(x)dx
€ g LY (Ui Qx 0, )0 (Vi Qi ex ) ”ulﬁ]ll
_/ <I - J;’j,ufﬁﬂ < zﬁj?vp( )>d.%' T 6‘/ <u2‘ﬁj’sﬁj - ¢i><uzﬁj7x _ gf’j>2 (x)d.%‘
* i P B e
{pj — @i, i + ©5) ¢
Jr63/ 1Yo T (s — ug) — (i, @ — ug) — = (05 — 00,05 + ©5))p(x)da
ey 2wl 2
e; j€EE Uezi, 82 5,0 ||'U/z~>J||

The proof that lim._,o Mqle, p; u] = 0 is tedious and adds little insight to the result. Therefore, we leave
it to Appendix A. O

With an explicit representation of both AJ,[e, p;u] and AJgle, p;ul, we can write the increment
AJle, p;u] explicitly.

THEOREM 2.7.

Adlegiu] = —2¢ 3 / —upp(@)dz + & S ol ()

eV eV

2
2 / (s = wy) = (i@ —uidl 3 Mies orule?,
2 o Ty — ] (w)da =+ Mle, o:u]

where lim._,o M[e, p;u] = 0.
Explicit representations of the first and second variation 6.J[¢;u] and 62.J[¢p; u] follow naturally.

COROLLARY 2.8.
*722/ — i, pi)p(x)dz

i€V

COROLLARY 2.9.

- Sl - 3 o P

i€V



3. Conditions for Extrema. With explicit representations of both the first and second variations
in hand, we may now investigate necessary conditions for extremal points and give sufficient conditions for
which those points are minima. We have the following necessary condition with respect to the first variation.

THEOREM 3.1. u is an extremal point of J only if

ug = ()t / zp(x)dx for alli=1,.. K.
Q;
Proof. By Theorem 2.1, we require

S [ o wpipads =0

iev /L

for all admissible ¢. This implies that

/| (o= wpla)ds =0

for all = 1,..., K. Rearranging, the desired result follows. O
Before we make use of the second variation for sufficient conditions, we give the following lemmas:
LEMMA 3.2. Let f be a C? function on a convex region Q. Then we have

o . (x -y, Vof(x) = Vyf(y))
min A (H[f(2)]) < T —pr—5)

for all x # y € Q.

Proof. The result follows from the definition of the Hessian, namely

1

HIf ()l = lim <[V (x + ) = VI (@),
0
LEMMA 3.3.
argmin/ & = y|I*p(z)de = M(Q)_l/ zp(z)dz
yeR Jo Q
Proof. Observing the first order condition
V, [ lle=ylPpa)ds = [ 20— a)pta)ds =0
gives us

Y= (@) /Q ep(x)de

as the unique critical point. We note that

H| / e — ylPp()de] = V, / 2y — )p(x)dz = 2u(Q)].

We also recall the following result with respect to block diagonally dominant matrices, taken from [6].
LEMMA 3.4. Let f(x) = Zf; Z]K:l wla; jag, with a; j = aj,; for all i,j =1,.., K. The function f(x)
is strongly positive if
(i) a;; is SPD, i=1,... K,
(ii) (||ai_7il||)’1 > > izillaigll, i=1,.., K, with strict inequality holding for at least one i,
(ii) A= (ai,j)fzzl is block irreducible.
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We prove the following sufficient condition with respect to the second variation.
THEOREM 3.5. Suppose

u; = /L(Qi)*l/ﬂ xp(x)dx

i

and

Jilu] . / i — 03 5])?
min Apyin (H|— Inp(x)]) > )+ ——p(x)dx
5 in (H| (2)]) = (N ; P —— (z)

foralli=1,.... K, with strict inequality holding for at least one i. Then u is a minimum.
Proof. The condition

u; = p(Q) ! / xp(x)dr, i=1,..,K
Q;

implies that §.J[p;u] = 0. Therefore, by Theorem 2.2 all we require is that §2.J[p;u] is strongly positive.
However, before we can apply the result of Lemma 3.4, we must verify that 62J[p;u] can be put in the
necessary form. We have

(g, —uj) = (i — w)]* = o] (& — uy) (@ —uy) "0 — o] (& —wi)(z —uy) ",
— ol (@ —uy) (@ —w) i + of (#—w;)(x — ui) ;.

From this we obtain

52 Zz(pz Qi,jPj5,

eV jev

where

(2 —uy) (2 —uy)T
a;; = p(x)dx,
’ Z/Q nQ; [y — il

gri

x —uy)(z —u;)T
wi= | =) =) yae, it

[ — ]

We note that

o 1Azl

- B
(o " = ng Pl g [ 2 321

[l

—||B Bz
o Sl = 1Bzl _ p 1Bl _

E— Pl

—|IB.

We require

/ (2 —wi)z - uj)Tp(x)dJ; .
Q:NQ;

) >
lluj = wil

x—ui
x)d
Z/z nQ; ‘U’J — ug| ! +Z

Miadd Jr~i

From this condition, it quickly follows that a; ; is SPD. In addition, A = (aw)f’(j:l is block irreducible, from
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the connectedness of the Voronoi graph G. Examining the right hand side, we have

T o N — T
R eiiglel ”u] - ul|| i /2Ny [y — gl
<Z/ G~ i) =) "I+ e~ wi) @ =) T g
_j~i QN0 lluj — will
ey [ ol s el
oA iigleF [Juj — wi i N9 [Juj — will
< Z/ 2||z — || — (& — ui, & — uy) + (& —uj, w0 — uj>p(1:)da:
Groi Q;NQ; HU’J - u’LH
(T —ujuj — / 2(x —us,x — 05 5)
< / - —Ip(x)dx + “Ep(x)de
; Q;NQ; lJuj — Uz” ; QiNQ; [Juj — wi

g/mi«cuz, p(z)d +Z/Q —ial 0y,

ne, (i Uw”

Using Stokes’ Theorem, we have
| o= wsmp(a)ds = [ (pla),z - ud + N
Therefore, to prove the theorem it suffices to have

[ @005 = ajdo = (v - a0 + Y =00l

i J g |uz il

We also have

| 9t o = i («f (o), [ oateyin) =~ [ pteyie [ (o Vapla)hi
(

With this, we can easily prove Fleischer’s sufficient conditions for local minima for N = 1.
COROLLARY 3.6. Let Q C R. A sufficient condition for u to be a minima of J is

U; = M(Qi)*l/ﬂ xp(x)dx

i
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and
j—; Inp(z) <0
for all x € Q.
Proof. When N =1, Q; N Q; = {0; ;}. By Theorem 3.5, a sufficient condition is
a2
it A ([~ Inp()]) = min [~ np()] > 0.

0

When the dimension increases, the additional terms play a role, and the multidimensional version of the
log-concavity condition

MiN Amin (H [~ Inp(2)]) > 0

is not sufficient to guarantee a critical point to be a minimum. We have the following example for N = 2.
EXAMPLE 3.7. Consider the function f : Q := [0, M]?> — [0,1], p(x) = exp{—||z||?}, and the case
K = 2. We introduce the subregions

Ql = {l‘ € Q|£E1 Z ZL’Q}, QQ = {SU S Q‘SﬂQ Z $1}.
The centroidal locations are given by

_ Vor <erf(\/§M) — 2™ M erf(M)> o — V2m ( V2erf(M) — 67"f(\?M) >
V2erf(M) — erf(~/2M) ro erf(v/2M) — 2e ™M erf(M) )

8 8

The centroidal locations are reflections about the line x1 = o, implying that they are generators for 2y, s
and, therefore, produce a centroidal Voronoi tessellation. We note that we have the log-concavity condition

Amin(H[=Inp(z)]) = Amm(H[Hx”ﬂ) > 0.

We investigate 62.J[o*; u] for i = (0,1)T, o5 = (0,0)T. For illustration, we consider the result as M — oo,
though the result holds for choices for which M is finite. We have

il = [ pw- [ . (oL =" gy

llug — il

1
= o * (3~ m(2)?
/ / e*(w?“:g)dmzdml —/ AP
0 0 0 [Jug — u |
o VT

672((3—2\/5)7'(“!‘8(2_\/5)): T R
s (1) ovave )

so therefore the centroidal Voronoi diagram of ui,us cannot be a minimum.

Finally, we give a simple example of Theorem 3.5 used in practice to verify a given centroidal Voronoi
tessellation is indeed a minimum.

EXAMPLE 3.8. Let Q = [—10,10]2 and p(x) = e~ 1=1°/2. The generators

= (1)

= —’ul

produce a centroidal Voronoi tessellation with regions Q1 = [0, 10] x [-10,10], Qo = [-10,0] x [—10,10]. We
have

Amin(H[=np(2)]) = Amin (H[||2]*/2]) = 1,
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1 2
() = p(Q22) = 5/ e 1220y = zerf(5v2)? ~ T,
Q

Tlur] = Jlus) = / 2 — w2124y

1

= \/7/2erf(5V/2) <(1 — e NV2merf(5v2)((1 — e %) 2merf(5v2) — 4)
+ 2V2merf(5v/2) + 4e7%((1 — e 720V 2rerf(5v/2) — 10)>

~21(m — 1),
and
5 —50
/ L S <1 _ 20 ) ~ 1
s lutl] 1—e- V2merf(5v/2)
We see that

ar—1)—7m—1=(mr—-1)*>0,

implying that centroids uy and us satisfy the conditions of Theorem 3.5, and, therefore, the centroidal Voronoi
tessellation is a strict minimum.

4. Non-Uniqueness for Two Generators. Following and expanding upon the techniques of Fleis-
cher, the sufficient conditions in Theorem 3.5 can be used to give sufficient conditions for a unique centroidal
Voronoi tessellation. This procedure is done in Appendix B, however, the resulting conditions in dimen-
sions greater than one prove unwieldy, and may describe an empty set in general. In particular, we show
that for any density and multidimensional domain, there exists multiple two generator centroidal Voronoi
tessellations.

First, we must first show that the energy J[u] is stable with respect to small changes in the density
p(x). For the remainder of the section, we assume all densities are positive real-valued C? functions with
compact and convex support contained in 2, but not necessarily given by 2. Let us denote the energy of
the generator u over a density p(z) by J[u;p]. Let

A(Q) := —
() z%aeﬁllar yl|

be the diameter of 2. Using the diameter and the measure of the domain €2, we can bound the change in
energy resulting from a change in density.

LeMMA 4.1. If |p(z) — p(z)|| < e, then |J[u;p] — J[u; p]| < eA(Q)?u(Q)1/2.
Proof. We may write p(x) as
p(x) =plx) +er(z), [(@)] <1
By linearity of J with respect to the density, we have
i) = Sspll = 3 [ o= wilPr(a)del < €3 [ o = wilP(@)lda,
iev /S iev /¢
Applying the Cauchy-Schwartz inequality, we obtain

Tfuss] = Tl < [ (3 llo =Pl € 2Pl (o)lds

eV

< 6(/9 O e —wil*1{z € QJ)%)UQ(/QV(Q;)?M)IM

2%
< AQ) ()] = eA(R)u()"/2.
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0

If we have a given centroidal Voronoi tessellation u for a density p(x), for sufficiently small perturbations
of the density, we can bound the distance between u and the closest centroidal Voronoi tessellation for the
new, perturbed density. However, first we must define notions of distance on Q. We define a natural inner
product, given by

(u,v)qx = Z(ui,vi%

with induced norm

K
lu = olffe =Y llus — il
=1

We have the following theorem.
THEOREM 4.2. Let u be a centroidal Voronoi tessellation of p(x) and J[u;p] be o-strongly convez in
B(u, R) := {v € QX|||lv — ul|ox < R}. Then for any p(z) satisfying
oR?

Ip(z) —p(z)|| < €:= A Q)12

there exists some centroidal Voronoi tessellation 4 of p(x) such that

lu— illox < Ve

Proof. Because J[u;p| is o-strongly convex in B(u, R) and w is a centroidal Voronoi tessellation of p(x),
we have that for any v € B(u, R),

ag g
Jwip) = T pl + (VI [uspliv = u) + 5 llu = vllée = T pl + S llu = vflG.
This gives

Jv;p] = Ju; p] = (J[v; p] = J[v;pl) + (J[u; p] = J[u; p) + (J[vip] — J[u,p])
Sl = vl = 17036l = Jos pl = | Tws 5] = J[us .

v

Now, suppose ||u — v||ox = R. Using Lemma 4.1, we have

o 2
Tosd) — T p] > T — 2eA(©)2u(2) 2

Setting

oR?
4A(Q)2p()1/2

€ =

implies that
Jv, t* + 1] — Ju, t* +7] >0

for all v such that ||u — v|jqx = R. Therefore B(u, R) must contain a local minimum in its interior for p(z).
This local minimum is by definition a centroidal Voronoi tessellation. O

Given Theorem 4.2, we are now prepared to prove that for any density on a multidimensional domain,
there exists multiple two generator centroidal Voronoi tessellations.

THEOREM 4.3. Let Q@ ¢ RY, N > 1. Then there exists multiple two generator centroidal Voronoi
tessellations that are distinct not counting permutations.



15

Proof. Suppose, to the contrary, that there is a unique centroidal Voronoi tessellation, given by u =
(u1,u2). Let the mass center of 2 with respect to p(z) be given by z. We necessarily have z = auj + (1 —a)us
for some 0 < a < 1.

For each line L in IRY that passes through z, we can consider the projection of p(x) onto L, given by

pr(x) = / p(z)dy, x€ L.
{yl(y—=)LL}

Each py, has convex and compact support on a one dimensional interval of length at most A(£2), where we
will assume z to correspond to the origin. Let

O = {u|u is a local minimum two generator centroidal Voronoi tessellation of py, for some L} C Q.

We note that any centroidal Voronoi tessellation in one dimension that is a local minimum must be a strict
local minimum. This is easily seen from considering §2.J[p;v] in the one dimensional case and noting that
pr has convex support. This implies that each minimum is o-strongly convex, for some o > 0.

Let v = (v1,v2) be an element of © that maximizes the energy J[v] over ©. Let the line that contains
v1, v be denoted L,. Because of the assumption of uniqueness of u, v uniquely minimizes energy over all
choices in Q2. Therefore v and u are distinct, even with respect to permutation. Let us denote the Voronoi
regions of v; and vy by Q; and s, respectively. Let the centroids of €; and 25 be given by w; and ws,
respectively. We have z = aw; + (1 — a)ws for some 0 < o < 1. Because v is a centroidal Voronoi tessellation
of pr,, (v —wy) L L, and (v —ws) L L,. Therefore, §J[¢;u] = 0 for all perturbations ¢ along the line L,,.

It suffices to show that v; = w; and vy = wy. Because A(f2) < oo and p(z) is C2, we have that for
a sufficiently small angular perturbation of L, about z, py, is also perturbed a sufficiently small amount.
Therefore, by Theorem 4.2, for any sufficiently small angular perturbation, there is an element of © on the
perturbed line that is sufficiently close to v. This creates a local, convex (N — 1) dimensional subset M of
O, that contains v and a unique element of © for every directional angular perturbation of L,. However, v
maximizes energy over this local convex set M, and therefore 6.J[p; u] = 0 for all ¢ pointing along M.

Because 0.J[p; u] = 0 for all perturbations ¢ along the line L,, and the linearity of §.J[y; v] with respect
to ¢, we have dJ[p;v] equals zero for 1 = wy — v1, Y2 = we — vo. However, because wy and we are the
centroids of 2; and €5, respectively, we have

/ (x — v, wy —v1)p(z)de >0 and / (x — v, wy — vo)p(x)dz > 0.
(o5 Q2

Therefore

[ @ vpeyde = [ (o= vaun - va)pla)de =0,
Q1 Qo
which implies that vy = wy and vy = wsy. O

While the machinery in the proof of Theorem 4.3 does not extend easily to K > 2, it is likely that this
result holds for general K. Finally, we make the following conjecture.

CONJECTURE 4.4. There does not exist a unique centroidal Voronoi tessellation for generators and
dimensions both greater than one.

Acknowledgements. The author would like to thank Vadim Kaloshin and Ludmil Zikatanov for in-
valuable comments and discussion and Louisa Thomas for improving the style of the presentation. The
author would also like to thank Alexander Rand for pointing out errors in an earlier draft.

Appendix A. lim._,o Mqgle, o;u] =0 .
We note that for e sufficiently small, the change in tessellation from {Q;}X | to {Q:}X, is of order €, by

the definition of €2;. Stated more precisely, we have the following lemma:
LEMMA A.1. For sufficiently small e,

sup |<.’E —Y,u; — UZ>| < Mjue, )\N(Q: n QJ) < MQE, and )\Nfl(ﬂi n Qj N QZ) < Mgse
z,y€QrNQ;

for alli # j # k and some fixred My, Moy, M3 < co.
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Proof. We first aim to bound sup, ,cq-nq, |( — ¥, u; — u;)|. It suffices to show that this holds for all u*
such that ¢; = 0 for all j. We can decompose ¢; into two components, the projection onto u; — u; and the
component orthogonal to u;—,;. The result of the projection component is that the hyperplanes containing
Q; ; and ;- j«, respectively are parallel, and at most an e distance apart. The orthogonal component has
norm at most €. By the boundedness of 2, namely

A(®) = max [lo — ] < o0,

Y

the maximum distance between €; ; and ;- ;- along u; — u; is bounded above by %.

have sup, ,co-nq, [{(x —y,u; —u;)| < Me, M < co. From here, the remaining two results come from noting
that the N-dimensional volume of € N Q; and the (/N — 1)-dimensional volume ©; N §; N} are bounded
by 9(Q)V 1 Me and 9(Q)N~2Me, respectively. O

The assumption on € is non-restrictive, in that we are concerned with behavior in an e-neighborhood of
u as € — 0. We are now prepared to prove the following:

LEMMA A.2. lim._,g Mgle, p;u] =0

Proof. 1t suffices to show |Mgle, ¢; u]| < Ce, for some C < co. By Lemma A.1,

Therefore, we

2
/ <$ B O';kj7 u:%y) 2<ui;~>jv n>p($)dl’
(Ui;éi,jQi*,e,j)U(U£¢i,jﬂq‘,*,e*,j) ||uz~>j||
M2 2
< / ———p(x)dx
(Uz¢1 % 0, )U(Uesti Q% g 5 ||U’7,~>j H

M?e? max,
< M eap(® [Z AN 1 (- o) Z )\N_1(Qi*,j,£*)]

mlnl#] ||u2~>‘] || [;él j f;él,j
M{e® max,cqop(x )2(K o) My
mlnl#] ||u7—>_] || ’

[ i i Ve d</ ML,

[l 5112 llui sl

_ M3 maxyeq [Vp(a)]

AN (i 5)
mlnﬁ‘é] ||uz—>]|| o
< M7 e max,eq || Vp(z )||M26,
mlnl?é] ||uz—>1||

w0 — @iy {ul ,7x—g>.k.2 o || M2e?
/ < 1) ¥j 90>< 1] Z7J> p(I)dl‘S/ ||90J %H i€ p(x)dx

i 11w 511 iy Mgl

(||303 |+ llgi) M2e max,cq p(a)
MmN [|wi || mingy; [|lu

i*,1,7

<

AN—1(Qi= i 5)

z—>_]||

2MEe® max,eq p(r) A(Q)N_l

T oming; il ming; [Juf

(@5 — @i, pi + ©5) €
jo U Uj) — @iy T — Ui) — 5

il

Yj — Yi, i + wj))p(x)dx]

i* 0,5

i = eilllei + @5 ¢
< [ lemelle el gy am + lndam + Slies - eilles + vilpielas]
. i

M@A(Q)
2min; . [[ui— ||
2(2A(9) + 26) A(Q) N tmaz,ecqp(x)

ming.; [|wi—||

IN

€
+ 5 (el + l9il))Ax -1 (- i.j)mazseap(a)

b



17

/U o [<ij,l‘ — uj> - <50i’$ - uz>]2p($>d.’lﬁ < / [H(P]”A(Q) + H¢1||A(Q)]2p(l‘>d$

llwisll Urtis Qi g o l[wimssll

< [2A(Q)]? max,eq p(r
ming; [|wi ||

< 4A(Q)? max,eq p(r)

ming.z; [|wi—||

) Z AN—1(Q j,e+)

L5

(K - 2)M36

This gives us

‘MQ[E’()D;U’“ < Z

i#]

[2M12M3(K —2)maxzeqp(r)  MEMymax,cq ||[Vp(z)||

mingz; [l

il min;; ||uf

i—>j||
2MEA(Q)N " max,eq p(z) n AANQ)NTHA(Q) + e)mazeap()

ming; [|wi—; || ming; [[ui_;| ming; [[ui— ||

n Z AM3(K — 2)A(R)? max,ecq p(ac)e'

miniz; [ |

e; ;€L

We have |Mgle, p;u]| < Ce, where C' < oo follows from p(z), [|[Vp(z)| < oo for all z € Q, |lu; — wl|
bounded away from zero, and N, K, A(Q2) < co. O

Appendix B. Resulting Sufficient Conditions for Uniqueness.

First we must restrict the domain /. Consider the set of permutations acting on the elements u, ..., ug,
denoted Pk. If u € U is a minimum, then o(u) must also be a minimum for any o € Pg. Therefore, we must
redefine our concept of unique. We must either search for a centroidal Voronoi tessellation that is unique up
to permutation, or consider an alternate domain which does not contain permutations of itself. Namely, we
consider closed convex regions W C QF satisfying the following two conditions:

(i) c(W°) N W = { for all non-trivial permutations o € Py,

(i) Ugepo(W) = QK.
The region W contains every element of U/ up to permutation, but does not contain any non-trivial permu-
tations of itself. Therefore, every unlabeled set of K-quantizers appears only once.

In the scalar setting, this is easily done by setting

W = {u|u; <wuj,Vi<j}.

In the multi-dimensional setting, there is no clear “best” choice of W. To show uniqueness, the boundary of
W must not contain any points that locally minimize energy. In one dimension, this is guaranteed, for the
boundary consists exclusively of degenerate points.

We also note that while ¢/ is not convex, W is, allowing existing optimization theory to be applied. In
addition, because W is closed, it necessarily contains the set of degenerate points on its boundary. We recall
the following optimization lemma, from [7].

LEMMA B.1. Let Cy be a connected open region in N -dimensional Euclidean space and let C be a convex
closed region in Cy. Let f(x) be a function defined in Cy which has the following properties:

(i) Vf(x) exists and is continuous in Cy.
(i) At every point where V f(x) = 0, the function attains a strict local minimum.
(i1i) At every point on the boundary of C' there exists a vector pointing into C along which the directional
derivative of f(x) is negative.
Then, in the region C, f(x) possesses a unique stationary point. The point is interior to C; it is a relative
and absolute minimum of f(z) in C.

We are now prepared to give conditions for uniqueness.

THEOREM B.2. Suppose W is such that no element of OW locally minimizes energy with respect to W°,
and for every u € W such that

u; = M(Qi)*l/ﬂ xp(x)dx

i
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foralli=1,..., K, we have

|25 — 04 4|2

p(z)dz

P2 i A (H [ Inp(a)) 2 (N = Da(@) + Y

= Jang; llui =il
foralli =1,.., K, with strict inequality holding for at least one i. Then J[u] achieves a unique centroidal
Voronoi tessellation on W, which is also unique onU up to permutation. That centroidal Voronoi tessellation
is the unique local and global minimizer of the quantization energy on W, and also on U up to permutation.

Proof. By the assumption on OW, we immediately have condition (ii¢) of Lemma B.1. By the as-
sumptions of the theorem and Theorem 3.5, condition (¢7) holds. We have continuity of .J[p;u] for all
K-quantizers. We will show continuity of §.J[p; u] for degenerate points in Appendix C. O

Fleischer’s result for N = 1 (Theorem 1.2) is a direct corollary of Theorem B.2. However, as noted in
Section 4, when N > 1 the given conditions are significantly more cumbersome. Further, by Theorem 4.3,
the conditions of Theorem B.2 are not satisfiable for K = 2, and, as suggested by Conjecture 4.4, may indeed
describe an empty set in general.

Appendix C. Continuity of §J[p; u] for Degenerate Points.

The continuity of §.J[p; u] for degenerate points is immediate when ¢ points along a curve of degenerate
points. Therefore, it suffices to consider §J[p;u] when u* = u + ey is a K-quantizer, for e sufficiently small.
We will treat the case when u is a (K — 1)-quantizer. All other cases of degeneracy follow immediately from
successive application of the following analysis.

Without loss of generality, suppose the degenerate point of u is given by ux_1, and the corresponding
two points in ©* are given by uj._; and uj,. Let us introduce the point & = u + €9, where

. 0 i=1,..,K—-2
%«—{ ¢; i=K-1,K °

and the functional .J [@, u], given by

2 — e |Ppl)da + / e — ax|?p()de,

K—1 Qe

I, u] = Iij /Q Hx_ai||2p(m)dx+/é

where Q Kk—1 and Q k are the resulting tessellations from the generators 41 and 4k acting on the domain
QK—I .
We will decompose AJ[e, p;u] into three components, namely

AJe, psu] = [J[u] = Jla]] + [J[a] = Jla, ul] + [J[i, u] = I[u].

We aim to find the terms of order epsilon in each component. The component J[u*] — J[4] is the difference
in energy between two K-quantizers, and therefore

J] — Tl = 2 3 /Q (@ — 15, p)p(x)da + M [u*, e

(x — ug, @i)p(x)de + My[u™, de,

Il

o
ling
S~

where M;[u*,4] — 0 as € — 0. The component J[a] — J[i, u] consists of the same generators, integrated
over e-varying subdomains. By Lemma 2.6 and the results of the previous Appendix,

J[a)] — J[ii, u] = Malii, ule,
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where Ma[ii, u] — 0 as e — 0. All that remains is to consider J[d,u] — J[u]. We have

Jli,ul - J[u] = / e — g |Pp(z)da + / e — de |2p(e)de — / 2 — uge—1|*pla)de
QK—I QI( QK—l

/ e — g1 — & — w1 |Plp()de + / e — axc|? - |l — ug—a|?Ip(z)da
Qr -1 Qe

26{/@}( 1<3€ —uk-1,pr-1)p(z)dz + /QK (x — UK—1,80K>P($)d$] + Msla, ule,

where Mj3[t,u] — 0 as e — 0. We are now prepared to give an explicit representation of §.J[p;u] for
degenerate points.
THEOREM C.1. Let u € QX be degenerate, namely

Up = U2 = ... Ug(1), Ug(1)+1 = Ug(1)+2 = -+ = Ug(2)y -+ We(k—1)+1 = Wg(k—1)+2 = - = Up(k);

with (k) = K. Suppose u* = u + ep is non-degenerate for all € sufficiently small. Then

0J[p;u] = 722/ — g, i) p(w)da,

i€V

where {Q }l (—1)41 is the tessellation of the degenerate subregion corresponding to the j** element degen-
erate k-quantizer by the elements {u* }f(:jl?(jfl)ﬂ as € = 0.
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