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Abstract General clustering deals with weighted objects and fuzzy member-
ships. We investigate the group- or object-aggregation-invariance properties
possessed by the relevant functionals (effective number of groups or objects,
centroids, dispersion, mutual object-group information, etc.). The classical
squared Euclidean case can be generalized to non-Euclidean distances, as well
as to non-linear transformations of the memberships, yielding the c-means
clustering algorithm as well as two presumably new procedures, the convex
and pairwise convex clustering. Cluster stability and aggregation-invariance
of the optimal memberships associated to the various clustering schemes are
examined as well.

Keywords Aggregation invariance - c-means clustering - EM algorithm -
Fuzzy clustering - Model-based clustering - Mutual information.
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1 Introduction

Clustering consists in optimally partitioning objects, whose data vectors or
pairwise distances are known, into groups. The same holds for general cluster-
ing, dealing with weighted objects and fuzzy membership matrices.

This paper deals with the time-honored quest for optimally clustering a con-
figuration (m,X), where X denotes the locations of the objects (matrix of
features vectors) and 7 their weights (relative mass). Quite simply, each of the
n objects is assigned to one of the m possible groups. This crisp clustering can
be generalized to fuzzy clustering that is described by a matrix Z of degrees
of membership.

Frangois Bavaud
University of Lausanne, 1015 Lausanne, Switzerland
E-mail: francois.bavaud@unil.ch



Natural as is might be, the explicit consideration of weighted objects is not
that frequent in the literature; by contrast, this paper emphasizes the weighted,
non-uniform configurations, and addresses the question of their fuzzy cluster-
ing.

Quite pragmatically, practitioners apply various clustering algorithms, and
might face solutions with equivalent fuzzy groups (Definition 2), as in Table 1.
One would like to know if aggregating such equivalent groups is legitimate or
not, and changes or not the value of the relevant quantities associated to the
algorithms.

The same issues arise in the case of an aggregation of objects. Seeking to answer
those questions calls for a deliberately formal set-up that starts by defining four
kinds of group or object equivalences (section 2 and 3). The paper pursues by
investigating the aggregation-invariant properties of a few relevant functionals
(section 4), among which the group centroids, the group dispersions and the
object-group mutual information are the most prominent.

Section 5 investigates investigates various clustering algorithms, which aim at
determining the optimal clusterings as local minima of a few relevant function-
als, whose convexity and local stability are further studied. In particular, the
thermodynamic clustering, resulting from the minimization of the free energy,
is shown to be equivalent to the weighted version of the model-based clus-
tering, under broad conditions. Also, a new clustering scheme, called convex
clustering, is introduced as an attempt to adapt the c-means clustering to the
weighted, aggregation invariant situation.

A few theorems emphasize the main results; the proof of the most straightfor-
ward ones is left to the reader.

2 Formalism and notations
2.1 Weights, membership degrees, group distributions and quotients

A crisp clustering is a partition of n objects i = 1,...,n into m disjoint groups

g = 1,...,m. In full generality, a fuzzy clustering f is specified by an asso-

ciation matrix (f;4) with non-negative entries normalized to >, >~ g fig =1,

whose components formally define a joint distribution p(i, g) (fori =1,...,n,9 =
1,...,m). The quantity m; := 3 fi; = p(i) is the relative weight of object 4,

pg = > fig = p(g) is the relative weight of group g and z;, := fig/m =

p(g|i) is the membership degree of object i in group g, with Zg zig = 1 and

> Mizig = pg for all i and g. The n x m membership matriz Z = (z;4) is crisp

iff z;g =0or 1 for all 4, g.

A group g is specified by the objects it contains, namely by the distribution
7l = fig/pg = p(ilg), i = 1,...,n, with Y, 77 = 1. The quotient g;, is de-
fined as the ratio of the joint probability p(i,g) over its formal value under



independence p(i)p(g), namely Qig ‘= fig/(ﬂ-ipg) = 7Tig/77i = Zig/Pg = m;ipg- By
construction, , miqig = 1, 3 pgdig = 1 and

- - 9 _
fig = TiZig = pg™; = TiPglig -

2.2 Feature-based and dissimilarity-based clustering

The association matrix (fiy) records the proportion of occurrences of the var-
ious objects in the various groups and exhibits the kind of formal row-column
duality encountered in Factor Correspondence Analysis (FCA).

However, in Data Analysis, only the configuration (7, X), given by the
weights 7; of the objectsi = 1,...,n and their p-dimensional feature or location
vectors x; = (x;1, ...,xip)' € RP, collected together in the location matrix
X = (x1,...2,)", is known.

Feature-based clustering consists in determining an optimal association ma-
trix f from the given (w, X). In dissimilarity-driven clustering, coordinates do
not show up, but a p x p pairwise dissimilarity matrix d = (d;;) among objects
is known (see e.g. Runkler 2007 and references therein). One assumes (d;;)
to be proper, that is obeying, for all 4,5 = 1,...,n: d;j > 0, d;; = d;; and
dij =0 = [d;, = dj for all k] (and hence d;; = 0).

In this paper, optimal clusterings f are defined as solutions to minimization
problems of the form min A[f], for a given (7, X) or (7,d), where A[f] is an
objective functional (clustering criterion; see sections 4 and 5).

The distinction between feature- and dissimilarity-based clustering be-
comes irrelevant for the squared Euclidean dissimilarity noted by D;; :=
(x; — z;)(x; — x;) = ||lz; — z;]|*: by multidimensional scaling (see the ap-
pendix), the object locations can indeed be recovered (up to a translation and
rotation) from a squared Euclidean dissimilarity matrix.

In feature-based clustering, each group g is furthermore characterized by a
prototypical location or centroid y, € RP, defined as the location y minimizing
a certain dispersion functional depending upon 79 and X: see sections 4.4, 4.6,
5.3, 5.4.1 and 5.6.

3 Definitions: aggregation and equivalences

Definition 1 (Object and group aggregation)
a) Two distinct objects ¢ and j from {1, ...,n} with given locations z;, z; € RP
can be aggregated, resulting in an object [ U j] that has by definition

i) weight 7, = 7 + m;, membership degrees zj;u )y = (Tizig +7;254) /(T +
m;), quotients g = (Tiig + 7;jq5g)/ (7 + ;) and group distributions

W[giuj] =7 +nfforg=1,...,m

ii) location xp;u;) = (mz; + mjxy)/(m; + 75).



b) Two distinct groups g and h from {1,...,m} can be aggregated, creating a

group [g U h] that has weight pigun) = pg + pn, membership z;j un) = 2ig + Zin,

quotient g;igun) = (PgQig + Prdig)/ (Pg + pr) and distribution W,L[gUh] = (pgm] +

prl')/(pg + ph)-
Under group aggregation g,h — [g U h], the n X m membership matrix Z

transforms into a n x (m — 1) matrix Z, whose columns other than g or h
remain unchanged. Under object aggregation i,j — [i U j], Z updates into a

(n — 1) x m matrix Z, whose rows other than i or j remain unchanged.

Definition 2 (Equivalences)

e Group equivalence : two groups g and h are said to be group-equivalent,
noted g £ h (tolerating some notational collision), if their distributions
coincide, that is if 7y = 7l or equivalently if gig = @n for all objects
t=1,...,n.

o Centroid equivalence : given their centroids y, and y,, two groups g and h
are said to be centroid-equivalent, noted g ~ h, if Yg = Yn-

e Membership equivalence : two objects ¢ and j are said to be membership-
equivalent, noted i ~ j, if their membership degrees coincide, that is if
Zig = Zjg o equivalently if ;4 = g;4 for all groups g =1,...,m.

o Dissimilarity equivalence : given a proper dissimilarity d, two objects ¢ and

j are said to be dissimilarity-equivalent, noted 4 4 J,if d;; =0.
3.1 An illustration

Table 1 displays a few rows (14 out of n = 55 Swiss towns) of a membership
matrix Z = (z;4) with m = 10 groups, resulting from thermodynamic cluster-
ing (see section 5.2) applied to a matrix of Euclidean “inter-town commuter
distances” (Bavaud 2006).

Thun 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.6 0.00 o0.01
Luzern 0.00 0.30 0.06 0.13 0.20 0.00 o0.00 0.01 0.00 0.30
Einsiedeln 0.00 0.30 0.06 0.13 0.20 0.00 0.00 0.00 0.00 0.30
Lachen 0.00 030 0.06 0.13 0.20 0.00 0.00 0.00 0.00 0.30
Schwyz 0.00 0.30 0.07 0.13 0.20 0.00 0.00 0.00 0.00 0.30
Stans 0.00 030 0.06 0.13 0.20 0.00 0.00 0.00 0.00 0.30
Zug 0.00 030 0.06 0.13 0.20 0.00 0.00 0.01 0.00 0.30
Bulle 0.00 0.01 0.00 0.00 0.010 0.00 0.00 0.91 0.06 0.01
Fribourg 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.97 0.00 o0.01
Grenchen 0.00 0.03 0.01 0.01 0.02 0.00 0.00 0.88 0.00 0.03
Olten-Zofingen ~ 0.00 0.29 0.06 0.12 0.19 0.02 0.00 0.03 0.00 0.29
Solothurn 0.00 0.07 0.02 0.03 0.05 0.01 o0.00 0.75 0.00 0.07
Basel 0.00 0.03 0.01 0.01 0.02 091 0.00 0.00 0.00 0.03

Schaffhausen 0.00 0.30 0.07 0.13 0.20 0.00 0.00 0.00 0.00 0.30

Table 1: 14 rows of a 55 x 10 membership matriz Z = (z;4). Columns
associated to groups g = 2,3,4,5,10 are (exactly or nearly) proportional
(group equivalence). Rows associated to objects i = 2,7 (and also i = 3,4 and
i =5,14) are identical (membership equivalence).



Table 1 illustrates a familiar situation in fuzzy clustering, where many groups
(m = 10) have been provided for the starting step of a general clustering
algorithm, but few non-equivalent groups (M = 5) persist in the final solution.
Intuitively, such equivalent groups could and should be aggregated, without
changing the value of the relevant quantities of interest.

Similarly, one would expect that joining objects with identical membership
degrees should change neither the clustering problem nor its solution:

Definition 3 (Aggregation invariance (AI): gAI, cAI, mAI, dAI)
Let A[f] be an arbitrary functional depending upon the n X m association
matrix f = (fig). Then

o A is group-aggregation invariant (gAl) if A is unchanged under the aggre-
gation of any two group-equivalent groups g, h, i.e. with ¢ h

o A is centroid-aggregation invariant (cAl) if A is unchanged under the ag-
gregation of any two centroid-equivalent groups g, h, i.e. with g ~ h

o A is membership-aggregation invariant (mAl) if A is unchanged under the
aggregation of any two m-equivalent objects 4, j, i.e. with i ~ j

o A is dissimilarity-aggregation invariant (dAl) if A is unchanged under the

aggregation of any two d-equivalent objects i, j, i.e. with ¢ 4 j.

4 Clustering functionals and their aggregation invariance

In sections 4 and 5 we define the main functionals involved in clustering prob-
lems and check their aggregation invariance properties. Strictly speaking, those
functionals should we written as A[f], but since the weights and locations of
objects (or their dissimilarities) are known and fixed, they will be written,
with a slight notational abuse, as A[Z], in view of the identity f;, = m;izig.

4.1 Effective number of groups

Determining the “right” number of groups m is a pervasive issue in clustering.
Actually, the number m[Z] of rows of Z is not gAl : m decreases under the
aggregation of groups that are equivalent in the sense of Definition 2. (Note:
here and in the sequel, we use the term “decrease” and “increase” in the weak
sense.)

However, the effective number of groups defined by M[Z] := rank(Z) <
min(n, m) is gAI as well as mAI. Also and by construction, M[Z] decreases
under aggregation of groups or objects in general. Furthermore, M[Z] = m[Z]
for crisp clusterings involving non-empty groups.



4.2 Number of distinct objects

The number ND[X] < n of objects with distinct feature vectors from {z1,...,z,}
is gAT and dAT by construction. In general, ND[X] can decrease but also increase
under object aggregation: think of four points ¢, j, k, [, with z; =z, # z; = ;
(two distinct locations); under aggregation [i U j], the location x; might
well differ from x; and x;, thus increasing ND[X] (three distinct locations).

4.3 Cohesiveness

Let O = {1,...,n} denote the set of objects and G = {1,...,m} the set of
groups, with corresponding entropies and joint entropy:

H(O)=-> mm  H(G):=-Y pylnp,  H(O,G) == figlnfi
i g ij

The mutual object-group information
I[Z):=1(0:G) = H(O)+ H(G) — H(O,G) = Ho|Z] + Hg|Z) — Ho.c[Z]
i Zj
= Zfigln Jig Zm ziglnp—g :Zm Pg Qig N qig (1)
g g 9

-
i Pg i9

is a measure of object-group dependence or cohesiveness. I[Z] is readily seen
to be gAl and mA, and generally decreases under the aggregation of objects
or groups - unless the latter ones are equivalent.

The same can be said of the chi-square criterion that is a cohesiveness measure
as well:

(7] = Y STl S (g - 1),

T
g ng

The group entropy H(G) is not gAl: it decreases under the aggregation of
equivalent groups. Identity I(O : G) = H(G) is readily seen to characterize
crisp clusterings.

4.4 Dispersion and centroids (feature-based clustering)

In case the data have the form of an n X p feature matrix X = (x1,...,2,) €
R™P, dissimilarities d;; are typically computed by means of formulas such as
dij = d(x;, ;) = (34—, |vie — 25,|*)° for a suitable choice of a and b. Let
y € RP be an arbitrary location and consider the functional

vl Z,y] == wad(xi,y) .



The group centroid y, is defined as the location minimizing the latter criterion;
the value of the minimum defines the group dispersion v4[Z]:

YglZ] = argminyy[Z, 3] Vgl 2] = minyy[Z,y) =2, y,] . (2)

Also, the within-group dispersion yw|[Z] and the overall dispersion v[Z] are
defined as

ywlZ] = ZPQ'VQ[Z] 2] = Ir%/inzmd(xi,y) = Zﬂid(ﬂﬁmyo)
g Y=l i=1

3)

where yo := argmin, >, m;d(z;,y) is the overall centroid of all n data points.

Theorem 1 (Aggregation invariance of dispersions and centroids)
a) The group centroid y4[Z) is gAI, dAI and cAL

b) The within-group dispersion yw |[Z] and the overall dispersion y[Z] are gAl,
dAI and cAl

c) The within-group dispersion yw[Z| increases under group aggregation. In
particular, y[Z] > yw[Z].

d) If d(z,y) is of the form h(x — y) with a convex and even function h(-),
the group dispersion v4[Z), the within-group dispersion yw[Z] and the overall
dispersion v[Z] decrease under object aggregation.

Proof a) The first two assertions follow readily from definitions. To prove the
cAl property, define A := p,/(pg + pn) € [0,1]. Then, assuming y, = ys,

Vigunl1Z, Ylgunl] = minqggun[Z,y] 2 Aminyg[Z,y] + (1 — A) minya[Z, y]
= >"79[Zv yg] + (1 - )‘)’Vh[Zﬂ yg] = Vgun] [Z’ yg] . (4)

b) Again, the first two assertions are readily proved; the cAI property follows
from the identity (pg + pn)vigun)[Z] = PgyglZ] + pryn[Z] found in (4).

c) Let '}/W[Z] denote the within-group dispersion after groups g and h have
been aggregated. Then yw [Z] > yw [Z] iff ygun[Z] > MyglZ] + (1 — N)wlZ]
(first line in 4).

d) Let 7[Z] denote the overall dispersion after objects i and j have been
aggregated. Define u(y) := 32, ; s med(zy,y) and @) = (mzi +mjz5) /(w3 +
7). By convexity of h

mid(zi,y) + mid(2,y) +u(y) = (m + 75)d(@ 0, v) + uly) -

Applying min, on both sides demonstrates y[Z] > v[Z]. The other claims are
proved analogously. O



4.5 Pairwise dispersion (dissimilarity-driven clustering)

If the data consist of pairwise dissimilarities d;; between objects, the dispersion
in group g can be measured by the average pair dissimilarity:

1 1
5,1 2) = 5 D wimldiy = 5 mimidigdiadi
iJ

ij

which is dAI. The within-group pair dispersion
1
dwlZ] == Z pglylZ] = ) Z Z pgﬂigﬂj(‘]dij (5)
g ij g
can be checked to be both glA and dAI, as is the overall dispersion
1 1
5[2] = 5 Z Zpgﬂ—iﬂjdij = 5 Zﬂiﬂ—jdij .
ijog ij

0[Z] is trivially not affected by group aggregation, and one would expect dy [Z]
to generally increase under group aggregation. This is, however, not the case,
with the notable exception of squared Euclidean dissimilarities:

Theorem 2 (A new characterization of Euclidean distances)
The within-group pair dispersion dw|Z] increases under group aggregation for
every Z iff di; is the squared Euclidean distance, noted D;; := ||x; — z;||*.

Proof Let dw[Z] denote the within-group pair dispersion after groups g and h

have been aggregated. One readily finds dy [Z] — dw[Z] = %p’;gf:h > 5i8idig

where s; := 7/ —7". Hence 0w [Z] > 6w [Z] for all Z iff > sisjdij < 0 for any
s with Y, s; = 0 (such a vector can indeed always be written as s; = a(r{ —7/")
where 7/ and W? are well-defined distributions and a is large enough). But the
latter inequality, the conditionally negative semi-definite condition, is well-
known to hold iff d;; is a squared Euclidean distance D;; (Schoenberg 1935;

Blumenthal 1953). O

Theorem 3 (Huygens) The within-group dispersion and pair dispersion co-
incide (yw(Z] = dwlZ]) iff the given dissimilarity is a squared Euclidean
distance (d;; = D;;).

Proof Actually, Huygens’ theorem traditionally covers the “if” part only; the
“only if” part follows from Theorems (1) and (2). O



4.6 Gravity center and inertia (squared Euclidean dissimilarities)

Squared Euclidean dissimilarities, highlighted by Theorem 2, enjoy unique and
well-known properties. First, the group dispersion 74[Z] and the group pair
dissimilarity d,[Z] coincide for all groups g and all clusterings Z, and define
the group inertia Ay[Z] obeying Huygens weak principle (Bavaud 2002):

1
AyZ] = Zﬂ-igng =3 Zﬂfﬂ'ngij where DY := ||z; — y,||* .
i ij

Also, the group centroid in (2) can be explicitly written as the group gravity
center

yglZ] =29 == Z?T;ql”i = Zﬂqz‘gﬂii (6)
which is easily shown to be both mAI and dAI. The overall gravity center
YolZ] =7 := Zpgfg = Zﬂgﬂi%‘g%‘ = Zﬂixi
g ig %

does not depend on Z, and is thus completely aggregation-invariant, that is
gAl cAl, mAI and dAIL

Define DY := |lz; — yo|* and D9° := ||y, — yol?, as well as Ag[Z] :=
> p pgD9°. Then the overall or total inertia exactly decomposes as:

AlZ] = ZmD? = pgDP + Y pyAg[Z] = AplZ] + Aw[Z].

The following results can be proven by repeated use of the Huygens principle,
or by explicit manipulation of the coordinates in the Euclidean distance:

Theorem 4 (Behavior of the inertia under aggregation)
a) Under object aggregation Z — Z with i,j — [i U j|, the between inertia
Ap[Z] remains constant; the total inertia and group inertias decrease as

> T 5 ™
Alz)= A7) - L p, 4,7 = A,l7) - L D,
i j i J

b) Under group aggregation Z — Z with g,h — [g U h], the total inertia
A[Z] remains constant; the within inertia increases, and the between inertia
decreases as

7 PgPh h > PgPh h
AwlZ] = Aw[Z] + DY AplZ)| = AglZ DY
w [ } 24 [ ] . N [ ] [ ] . N

where DI := [y, — yu .
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5 Optimum clustering algorithms: the functional approach

Given n objects together with their weights and locations or dissimilarities,
a fuzzy clustering is determined by a membership matrix Z (see section 2.1).
We shall investigate the aggregation invariance properties of a few functional
clustering schemes that are aiming at determining an optimal clustering, i.e.,
that minimizes a given objective functional A[Z] (clustering criterion). The
group labels being arbitrary, we assume A[Z] to be symmetric, i.e., invariant
w.r.t. permutations of the columns of Z.

A necessary condition for Z to be a local minimum is that the first deriva-
tives of A[Z] with respect to all z;4 are vanishing where the constraints z;; > 0
(for all 4,g) and }° 2z, = 1 (for all ) are to be taken into account by suit-
able Lagrange multipliers \;. Another necessary condition is the local stability
condition requiring the non-negativity of the quadratic form (e, F[Z]e) where
F[Z] is the matrix of second derivatives of A[Z] and € any admissible variation
satisfying the constraints.

5.1 Optimum clustering for convex functionals

Before examining specific clustering schemes, let us derive simple results based
upon the convex or concave nature of clustering functionals. Consider two nxm
membership matrices Z, and Z, as well as their mizture AZ, + (1 — \)Z}, where
0 < X < 1. A functional A[Z] is said to be conves if

ANZa + (1= N)Zp] < M[Za] + (1 = ) A[Z)]

for all Z,,Z, and 0 < A < 1. Equivalently, convex functionals decrease un-
der mixing (and concave functionals increase under mixing). When smooth
enough, the functional is convex if its Hessian matrix with components

92 AlZ)
A Zl ih —
[ } g,Jh 8Zigazjh

is semi-positive definite. Straightforward differentiation shows this to be the

case for the mutual information with

w0 T 0

I[Z]ig,jn = Ogn|—* — —*] = dgn ——[diym{ — mi]] (7)

79 . Zig Pg I RigZjg ! ’

By contrast, the Hessian of the within-group inertia turns out to be
T

Aw[Z)ig,jn = 5gh7;) *[Dyj — D} — DJ] = —254

9 9

T4

B (8)

which is negative semi-definite (B}, is a matrix of scalar products that is
explained in the appendix). In summary, the mutual information is convex,
while the inertia is concave.
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Theorem 5 (Fuzziness and convexity)

A convex functional A[Z] takes its minimum value on fuzzy memberships and
its maximum on crisp memberships. The opposite holds for a concave func-
tional.

Proof The result essentially follows from the observation that any fuzzy mem-
bership can be written as a mixture of crisp memberships (partitions), and
that the set of admissible membership matrices 2 1= {Z[2;4 > 0, }_ 2ig = 1}
is convex. The situation where the minimizer Zj of the convex functional A4[Z]
lies on the boundary of Z (containing the partitions) cannot be ruled out at
first thought, but the symmetry of .A[Z] implies that membership matrices Zo,
obtained from Zj by an arbitrary permutation of the columns, constitue also
minimizers, whose mixing with Zy ultimately yields truly fuzzy membership
matrices, lowering the value of the functional by convexity. O

Mizing is a binary operation, associating to two nm x m membership matrices
a membership matrix of the same type, and must be distinguished from the
aggregation of groups, which is an unary operation yielding a n x (m — 1)
membership matrix Z from an n xm membership matrix Z. The two concepts
are, however, closely related:

Theorem 6 (Aggregation of groups and convexity)
Any convex gAI functional A[Z] decreases under group aggregation. Any con-
cave gAI functional A[Z] increases under group aggregation.

Proof Consider two columns ¢ and h of Z. Let Z be the membership obtained
from Z by permuting columns g and k, and let Z result from the aggregation of
g and h. Abbreviate A[Z] as a(z,, z;,) and A[Z] as a(z[gun), the other columns
being fixed. Then

AIZ] = aletgun) = alzg + 1) 2 al5 (20 + ), 520 + 1)

®) 1 1 (¢)
< ia(zg,zh) + §a(zh,zg)) = a(zg,2n) = AlZ]

where (a) follows from gAl of A, (b) from the convexity and (c) from the
symmetry A[Z] = A[Z]. O

The mutual information I[Z] (1) is gAI and convex: it decreases under aggre-
gation of groups, a well-known result in Information Theory (see e.g. Cover
and Thomas 1991).

The within-group inertia Ay [Z] (3) is concave and gAl: it takes on its min-
imum on crisp memberships (Theorem 6) and increases under aggregation of
groups (Theorem 2).

The within-group pair dispersion dy [Z] (5) is gIA; since it does not increase
under aggregation of groups in general (Theorem 2), it cannot be concave.
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5.2 Thermodynamic clustering
5.2.1 Free energy

In statistical mechanics, equilibrium distributions emerge as a compromise
between the opposite objectives of minimizing the energy (producing distribu-
tions concentrated in a ground state) and maximizing the entropy (producing
uniform distributions). The conflict is arbitrated by the temperature T' > 0,
assessing the importance of the entropy term.

Transposed into the clustering context, those considerations lead to the func-
tional scheme aiming at minimizing, w.r.t. Z, the gAl functional (see Rose et
al. 1990; Rose 1998)

Flz] =112+ Byw(Z] 9)

which is proportional to the so-called free energy in thermodynamics. I[Z] is
the mutual information (1), yw[Z] the within-group dispersion (3) and § :=
1/T is the inverse temperature. Minimizing vy [Z] with a large enough initial
number of clusters m tends to produce numerous crisp clusters tightly linked to
objects, while minimizing I[Z] favors a small number of fuzzy clusters scattered
all over the objects. By contrast, both quantities (hence F[Z]) decrease under
object aggregation.

The free energy is made out of a mAI component and a dAI component, both
gAI Consequently, F[Z] is gAl only.

In the squared Euclidean case (see section 4.6), the minimizing conditions can
be made explicit. Taking derivatives of (9) under the constraints »_  zig = 1
for all ¢ yields, with Lagrange parameters \;,

Rig g\ _ . _ Py exp(fﬂDf)
;i (In P + (D]) = A, for all g, ie. Zig S o exp(—3D) (10)
satisfying the constraints z;; > 0 for all 4, g. Let Z(3) be the (supposed unique)
membership matrix solution to (9), and define R(3) := I[Z(8)] and D(8) :=
Aw[Z(8)]. The parametric curve (R(3), D(3)) for § = 1/T > 0 is the rate-
distortion function R(D) of engineers and information theoreticians (see e.g.
Cover and Thomas 1991 p. 362; Gray and Neuhoff 1998), which can also be
written as:
R(D) := min  I[Z]
Z; Aw[Z]<D

R(D) is decreasing, with R(D) = 0 for D > A and R(0) = H(O) (if all
objects are distinct). In the usual information theoretical set-up, the centroids
yg (called reproduction values ; see e.g. Gray and Neuhoff 1998) are fixed,
making Ay [Z] a linear function of the the memberships Z and thus ensuring
the convezity of R(D); the latter property cannot be guaranteed anymore in
the present framework, due to the concavity of Ay [Z].
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R
H(O) P=c<, MP=N
B=Bc
R </
ki MB)=L
0 D: D» A D

Fig. 1 Rate-distortion function R(D), whose gap betrays a phase transition at critical
inverse temperature (3., equal to the slope —(R1 — R2)/(D2 — D1). The limit § =1/T — oo
creates as many groups as (distinct) objects, while 3 small enough yields a single group
M =1.

The existence of two minima Z;(3) and Z(8) for (9) for some critical
inverse temperature 3 = (., such that Ry > Ry, D1 < Dy (and Ry + 3.D1 =
Rs + B.D5) characterizes a clustering phase transition, and leads to a gap in
the rate distortion function (see Fig. 1 and section 5.2.2).

5.2.2 Phase transition

When the temperature T decreases, i.e. for an increasing 8 = 1/T, it may
happen that formerly locally stable clusters cease to be so, and split into
smaller clusters, thus increasing the effective number of groups. In the squared
Euclidean case, this phase transition is controlled by A{, the projection of the
group inertia A, onto the first principal factor (see the appendix), as made
explicit by the following Theorem:

Theorem 7 (Locally stable membership matrices) A sufficient condi-
tion for local stability in thermodynamic clustering is maxy, A{ < T/2. Beyond
this limit, clusters may become unstable and fragment into smaller groups.

Proof For a fixed temperature T, the membership matrix Z attains a local
minimum iff it is stable with respect to perturbations of the form z;; — 2;4+¢€4
(with admissibility conditions 3 €ig = 0 and €3 > —z;q), that is iff the
Hessian of the free energy F[Z] satisfies (in view of (7) and (8))

1 1 wi0i; W T
2 Y FignlZleigejn = 52( ;.” - =2 Beigey 2 0.
ig,jh ijg tg Pg Py
Using the eigen-decomposition of Theorem 11, together with Y _, ufaujga =

dij and uf,uf, = /77!, the condition becomes

injn

n—1
1 T 1
> L0 = \fmim] = 2BKegesg = =D (1= 26M)(eag)* (1)
g 9 a=1

9.9 p
mm; P9
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where eqg =), \Z’T_?ufaem. Hence the condition max, 4 A, < 1/20, ensuring
(11), is sufficient for local stability. Whether this condition is necessary or
not depends on the proof of the existence of a matrix (en.q) associated to
an admissible perturbation matrix (e;4), such that the inequality in (11) can
be reverted whenever max, A\{ > T/2 - a question so far unsettled in full

generality. 0O.

As a corollary, the 1-group solution is locally stable for 7' > 2A.

Theorem 7 appears in the unweighted setting in Rose (1998) (see also Rose et
al. (1990)), whose proof uses a perturbation of the gravity center y,, instead
of a perturbation of the membership matrix.

The variant consisting in minimizing the non-gAl functional —Hop ¢[Z] +
BAw[Z], or equivalently — Hg o[Z]+BAw [Z] (first considered in Rose (1998)),
yields to optimal solutions of the form z;; = exp(—3DY)/ Y, exp(—BD!), as-
signing an a priori uniform weight on the groups.

5.3 The weighted mixture model

Fuzzy membership matrices appear naturally in the maximum likelihood (ML)
approach to the mixture model. Let us review this well-known topic (see e.g.
Celeux and Govaert 1992; McLachlan and Krishnan 1997) in the weighted
clustering setting.

Let {f(x]0)}oco be a parametric family of probability density functions nor-
malized by [o, f(x]0) dz = 1. Let fy(z) := f(z]6,) denote the density asso-
ciated to group g. Consider m groups with proportions r» = (r1,...7,,) (with
rg > 0 and Z;n:l ry = 1) and parameters § = (61, ...0,,), forming the mizture

density f(x|0,r) = > gTg fo().

Consider N independent observations of a corresponding random vector
X € RP that may take n distinct values z1,...,z, € RP (n < N). Let N; > 1
be the number of observations located at x;, for i = 1,...n, and define 7; :=
N;/N. The probability density of the data (7, X) under the mixture model is
P(m, X,r,0) =TI, f(z;|0,7)™:. Up to a factor N, the log-likelihood is

LL(O,r|m, X) = Zm In f(x;]60,7) .

Maximizing the log-likelihood w.r.t. (r, ) for a fixed X amounts to determining
the mixture of m distributions that optimally fits the object locations X, given
their weights 7.

If the objects were in addition labelled, that is if the counts IV;; = “number
of times an object with location x; is attributed to group g” were observable,
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then associations F' = (fiy) := (N;y/N) = (m,Z) should also be taken into
account and the relevant functional would be the complete log-likelihood

CLL(r, |7, Z, X) Zmzzg In(ry fo(x;)) =

ig

D pglnrg +Y pg Y wlnfyxs) = 8(r. Z) + (0, Z) .
g g i

Amazingly, determining the optimal mixture (r,§) amounts to determining an
optimal membership matrix Z:

Theorem 8 (Optimal mixture model and optimal membership)
Consider a a fized configuration (w,X) and the clustering criterion

M(Z] = I1Z] + nw (2]

with

= pgnglZ], 142) = miny[Z, 6], ny(Z.0] : Zﬂ —In f(x]6))
(12)
Then

maxLL(r,0) = —min M[Z].
r,0 Z

Proof Consider the alternative membership matrix 7'(r,¢) with components
tig == 1gfq(xi)/f(x;) > 0 obeying Zg tig = 1 Vi, as well as the cross-entropy

CE(Z,T) = CE(Z,T(r,0)) Zmzzg Int, .

Then
LL(r,0) = CLL(r, 0| Z)+CE(Z,T(r,0)) = ¢(r, Z)+(0, Z)+CE(Z,T(r,0)) (13)

Consider two sets of parameters (r(™,0(™)) and (r("+1) g("+1)) together with
a membership matrix Z(™ := T = T(r™ ¢(")) By (13)

LL(r D) 9Dy — Lr(r™ 9()) = [cLL(r(" D), gD ()
— cLL(r™, 9™ | 7)) 4 [cE(T™, T("+V)) — cE(T™, T(™)].

Choosing (r("+1) 9("*+1)) := argmax, g CLL(r, §|T(™) makes the first differ-
ence in the r.h.s. positive. The second difference in the r.h.s. is positive by
virtue of inequality CE(Z,T) > CE(Z, Z) = Hg|o[Z], valid for all membership
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matrices Z and 7. In summary, starting form any initial value (r(?),0(®)) of
the parameters, the “expectation-maximization” (EM) iteration scheme

(n) (n)
() _ o ((m) gy _ Te S (il0g )
Z’Lg T tl.‘](r 79 ) - fT(n) (SUZ)

(r D g +)) = arg max CLL(r,0|Z™) M-step

E-step

increases the value of the log-likelihood, and hence converges towards a lo-
cal maximum (r*,0*). Let Z* := T(r*,0%). Then (13) yields r; = p; and
o(r*, Z2%) =32, pyInpy = —Hg[Z*], and finally, together with (12):

LL(r™,0%) = o(r", Z7) + (0", Z7) + CE(Z", Z7)

= —Hg[Z] —nw(Z") + Hgio|Z] = —1[Z"] —nqw[Z"] . O

The aggregation invariance properties of the functional 7y[Z, 6] are entirely
similar to those of the functional v4[Z, ], as stated in Theorem 1. In particular,
the properties a), b) and ¢) hold here as well (after the substitution y — 6).
Also, n4[Z] decreases under object aggregation if f(z|f) is log-concave in its
first argument (see Theorem 1d) and its proof).

Model-based and thermodynamic clusterings coincide iff n4[Z,0] = v4[Z, y],
that is iff = y and f,(z) = f(z|yy) = h(z —y,) where h(z) is symmetric and
maximum at x = 0: in this class of distributions, called location models, the
function d(z,y) := —In(h(z — y))/h(0)) constitutes a proper dissimilarity.

The class of homogeneous location models contains the distributions of the
form fy(x) = o Ph((z — yg4)/0), with common adjustable dispersion o > 0.
Application of the EM clustering algorithm collapses in the over-parameterized
case where the number m of available groups equals (or exceeds) the number
ND[X] of objects possessing distinct features (proof: attach each distinct object
i to its “own private group” g[i], hat is @] = d, 41 Setting y,(;) = ; yields
mingy M[Z] < Hp[Z] —In f(0) + plno — —oo for 0 — 0). The same collapse
occurs for heterogeneous location models of the form fy(z[0,) = o P f((x —
Yg)/0g), as soon as m > 2.

5.4 Convex clustering

Before examining the weighted c-means algorithm (section 5.6), we introduce
a presumably new family of convex dispersion functionals whose minimization
defines a convez clustering procedure. Those functionals depend upon a smooth
non-negative strictly convex, strictly increasing function ¢(gq) with derivative
c’(q). We shall make use of the function r(-) obeying r(¢’(¢q)) = ¢ (inverse of
c’(q)) which exists and is unique by construction.
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5.4.1 Aggregation properties and optimal memberships

Let D(z,y) = ||z — y||* denote the squared Euclidean distance and consider a
fixed configuration (7, X). Define the convex dispersion k4[Z] for group g as

kglZ] = myin kgl Z, Y] = Kg[Z,y,) kglZ,y] == Zﬂ'ic(qig)D(Ii,y)
i
~ . ~ 7-‘-Z'C(Qig)
where  y,[Z] =) #lw; with il i= =——"2—. (14)
! zz: Zj mic(gjg)

Theorem 9 (Aggregation-invariance of convex functionals)

a) The centroid y4[Z] is mAI but not dAL

b) The convex dispersion kg4[Z] is neither dAI nor mAI It decreases under
aggregation of objects.

¢) The within-group convex dispersion kw [Z] :=>_  pgrg4[Z] is gAL

Proof a) Let i < j. Define 7,[Z] := Y, m; c(qiy). Aggregating i and j leaves
Yg[Z] unchanged in view of the identities

Flivg) _ &7 _ A7 _ cldpugg)
’/Tfiuj] it 7r]£47 T4l Z]

On the other hand, ﬁ'ﬁuj] # 7 + ﬁjg- in general, thus proving the second
assertion.

b) Consider a group g and two objects ¢, j with quotients ¢;4, ¢;4 and locations
x;, T, the other objects being fixed. Then

(@) (b)
Kg(Qigs Qig> Tis T5) 2 Kg(Qigs Qig Tlavg)s Tling) = Kg(Qlivglgs Alivgles Tliug)s Tlivg))

where (a) follows from the convexity of D(z,y), and (b) follows from the
convexity of ¢(q).

¢) Immediate from the definition. O

Theorem 10 (Optimal convex membership)
The membership matriz Z minimizing kw[Z] fulfills

C/(Qig)D(Iivyg) = b; + a4[Z] — ry[Z]

bi + ay[Z] — k4[]

sty = py PP (15)

where ag[Z] == > miqigc () D(x,y4) and b; is determined by the normal-
ization condition g Zig = Zg Pglig = 1.
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Proof Differentiating xky under the above constraint, and taking into account

B Oary O
Zig = Pglig = = dk
7 97 8Zig ; 8Zig 8qu pq aqzq Z gaq

as well as >, m;ic(qig) (%) — Yg)' 0y /0qig = 0 (see 14) yields

8I€W

\i =
82’1‘9

= 71 (kg[2] + ¢ (4ig) Dlxi. g) — g Z])

Setting b; := A;/m; achieves the proof. The constraint z;; > 0 is satisfied due
to the positivity of r(-). O

5.5 Examples

The case c(q) = 2/2 entails 7(q) = q, a4[Z] = 2kr4[Z], and b; = (1 —
2 L g'{g[z] )/ 21 = The design of an iterative scheme intended to converge

to (15) 1S 0bv1ous we will not tackle this question, nor study the stability of
the solution in the present paper.

The choice ¢(q) = ¢ yields kw[Z] = Aw[Z], the within-group dispersion,
whose minimum it attained for crisp memberships (section 5.1). The function
r() is not defined, and Theorem 10 does not apply. The same holds for ¢(q) = 1,
yielding kw [Z] = A[Z], the total-group dispersion, which does not depend
upon the membership.

5.6 Weighted c-means

We now turn to the question of generalizing the c-means clustering to the
weighted case. The latter actually obtains by defining

v =3 mic(zi)Diwiy) and Jy[7] = min T, [Z,5] = Tyl 7, v,

. : 3 . V mic(2ig)
with solution yg =y 7l with A
! Z Zj mic(2jg)
Minimizing further Jw[Z] := 3_ Jy[Z] with respect to Z yields the solution
(compare with (15)):
b;
ig

where b; is fixed such as > g %ig = 1. In particular, the algebraic case c(q) =

zig = 7(
Cq® with C > 0 and B > 1 yields the celebrated “fuzzy c-means clustering”
(see e.g. Bezdek 1981 or Miyamoto et al. 2008)
-5
D, _ 1
1 Dig\ 1
S DT Xalp) T

Zig =
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while the exponential case ¢(q) = Cexp(Aq) with C, A > 0 gives

1 1 D;
zig:—Jr—Zln b (16)

As before, the centroids y, are mAI but not dAI But Jw[Z] is not gAl, con-
trarily to Ky [Z]. In other words, aggregating two equivalent groups generally
modifies the value of J[Z], which is certainly posing a difficulty of interpreta-
tion, irrespectively of the algorithmic merits of the c-means.

5.7 Convex pairwise clustering

In the spirit of sections 4.5 and 5.4, define the average convex pairwise dissim-
ilarity

1
vglZ] == 3 mejc(qig)c(qjg)dij and vwlZ] = Zpgyg[Z] .
ij g
Minimizing vy [Z] under the constraint 3° 2z, = 1 yields (see section 5.4)
81/W [Z]
A= 0. Ti(Vg[Z] 4 ¢ (Gig) Eig|Z] — ag[2])
Zig
bi + ag[Z] — vy[Z]

that is Zig = pg 7( E,. 7] )

with Ejg[Z] := 32, mjc(qj9)diy and ag[Z] := 3 Tqrgc (qhg) ErglZ].

6 Conclusion

Clustering problems are a nice instance of the interplay between the geometric
content and the probabilistic content, typical of Data Analysis. This paper has
underlined four classes of functionals involved in general clustering, namely:

e centroids y4, representing the central, typical location of a group g, or the
optimal model parameter 6, associated with group g.

o dispersions 74, Ag or 1y measuring the average dissimilarity between the
locations of the objects in the group and the centroid (or measuring the
average dissimilarity é, between the pairs of objects of the group g).

e entropies Hp, Hg, Ho,g or Ip.q, respectively denoting the object uncer-
tainty, the group uncertainty, the object-group association uncertainty and
the object-group dependence. While the previous classes are of geometric
nature, entropy functionals express the probabilistic aspects of the clus-
tering problem, and measure which groups are made out of which objects,
and conversely.

o “mized functionals” such as kg, J; and vy, of twofold nature, interweaving
geometric and probabilistic content.
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Discussing the aggregation-invariance properties of algorithms and function-
als necessitates a general clustering approach: aggregating objects requires the
consideration of weighted objects, and aggregating groups requires the the con-
sideration of fuzzy memberships. This main theme was developped through-
out this paper, whose main results are summarized in eleven theorems, among
which Theorems 1,2,4,5,6,9 and 10 are presumably new, as is the proof of
Theorem 7.

Among open issues, let us mention the question

e of the consequences of aggregating groups which are only nearly equivalent

e of the stability of the convex clustering and other variants

e of the convexity of the associated “mixed functionals”, under various fam-
ilies of functions ¢(q)

e of the numerical testing of alternative weighted c-means procedures, such
as the “exponential c-means” of equation (16), as well as of the convex
clustering procedure of section 5.4, or its pairwise version of section 5.7.

The last issue is of practical rather than formal nature, and should be given the
highest priority if one wants to determine whether or not convex clustering
can be recommanded to practionners. Although convex clustering possesses
better aggregation-invariance properties than the c-means algorithm, which is
defective in that respect (section 5.6), the question of its numerical behavior
remains so far open.
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Appendix: weighted, group-specific multidimensional scaling

Theorem 7 above makes essential use of the quantity Ay = max,, A%, controlling
the local stability of the thermodynamic clustering. Here AY,[Z], measuring the
proportion of the group inertia Ay[Z] expressed in dimension ¢, denotes the
a-th eigenvalue associated to the multidimensional scaling problem (MDS)
in its weighted, group-specific version (that is attached to group g), where
a=1,...,n,and \Y =0 if o > p, where p is the dimensionality of the object
features.

For definition sake, and given the scarcity of expositions of weighted MDS in
the scientific literature, we present the main results of weighted, group-specific
MDS in the following Theorem, whose proof follows the usual (unweighted)
steps (see Bavaud 2006).

Theorem 11 (weighted, group-specific MDS)

a) Consider a fized group group g of n objects with data points x;, weights 77,
and gravity center y, (6). Define D;; := ||x; —x;||* and DY := ||x; —y,4||*. The
n x n matrix of scalar products with components BY; := 3(DY + DY — Dy;) =
(i — yg)'(z; — yg) is positive semi-definite, and so is the matric K9 with
elements K, := \/m]m] B};. Let K9 = UIAI(U9)" be its decomposition, where
U9 = (u,) is orthogonal and A9 = diag(Ny,) is diagonal with decreasingly
ordered eigenvalues )\51' > )\*‘27 > ... > 0, where A9 = 0 s associated to the
eigenvector uf, = /m]. Then

ol

D;; = Z(xfa - x?a)Q where zf = — ul, i,j,a=1...,n.
a>1 i
n n n n—1
Also, A[Z) =) mBS=> Ki=> M=> M.
i=1 i=1 a=1 a=1
b) Replacing the distribution ¢ by the overall weights 79 := m; and repeat-
ing the above construction yields the usual weighted MDS, with spectral de-
composition K® = U°A%(U°)" providing coordinates x9., = /A0 u?, /\/m; and

eigenvalues O such that

A[Z]:ZWiB?i:ZK?iZZ)\gZZpgAizAW. a
i % el a,g



