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Abstract: In a database with categorical attributes, each attribute defines a partition
whose classes can be regarded as natural clusters of rows. In this paper we focus on
finding a partition of the rows of a given database, that is as close as possible to the
partitions associated to each attribute. We evaluate the closeness of two partitions
by using a generalization of the classical conditional entropy. From this perspective,
we wish to construct a partition (referred to as the median partition) such that the
sum of the dissimilarities between this partition and all the partitions determined by
the attributes of the database is minimal. Then, the problem of finding the median
partition is an optimization problem, over the space of all partitions of the rows of the
database, for which we give an approximative solution. To search more efficiently the
large space of possible partitions we use a genetic algorithm where the partitions are
represented by chromosomes. Our genetic algorithm obtains better clustering results
than the classical k-means algorithm.
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1 Introduction

Clustering is an important problem in many computer science domains and is
particularly important in the context of data mining.

The clustering problem can be described as follows: given a set of NV objects,
characterized by n attributes, we want to group these objects such that objects
which are similar to be placed in the same group and objects which are dissimilar
to be placed in different groups.

Research in clustering has been focus more on data characterized by numer-
ical or quantitative attributes, for which natural distances (like Euclidean or
Manhattan distance) between the objects to be clustered are available. Clus-
tering categorical or qualitative attributes presents an special challenge, since a
natural ordering of the attributes values is not available. Previous research in
this direction include algorithms introduced in [VJR99, SRK99, Hua97].

1 C.S. Calude, K. Salomaa, S. Yu (eds.). Advances and Trends in Automata and
Formal Languages. A Collection of Papers in Honour of the 60th Birthday of Helmut
Jirgensen.



In this paper we focus on the case of categorical attributes databases and we
investigate the application of information-theoretical methods to the clustering
problem. The objects that we cluster are represented by tuples in a table and
the goal of the genetic algorithm is to construct a partition of the set of rows
whose classes are regarded as clusters of the rows. We require that this partition
satisfy the following two conditions:

1. it must summarize the partitions generated by the attributes of the table.
2. the number of classes of the partition should not exceed a prescribed upper
limit.

The first condition ensures that the resulting partition represents a clustering
of the rows, while the second condition represents a restriction of the number of
classes in this clustering.

In literature, the partition satisfying the first condition is called median par-
tition or consensus partition and was analyzed in [BL95, Rég83a, Rég83b]. Re-
search concerning the application of genetic algorithms to grouping problems
was presented in [Hol92, Mic99, Fal99, Mit97, JB91].

Finding the median partition is an NP-complete problem as it was shown
by [BL95]. That is why we focus in this paper on finding an approximative so-
lution using a genetic algorithm approach. To determine how well a partition
summarizes the attribute partitions of a table, we use a measure based on a gen-
eralization of the conditional entropy, that was introduced in [SCC00c, SCC00a].

The rest of the paper is organized as follows: Section 2 introduces definitions
and notation, and presents a generalization of the classical entropy measure
and important properties of this generalization. Section 3 describes the genetic
algorithm that we use to search for the median partition. Section 4 presents
the results of our experiments as well as an analysis of the implications of the
different techniques used. Section 5 concludes the paper with a summarization
of our results.

2 Definitions

2.1 Generalized entropy

The set of partitions of a set R is denoted by PART(R). For m,0 € PART(R)
we write 7 < o if every class of ¢ is a union of classes of 7. We denote by
wgr € PART(R) the one-class partition, and by ag € PART(R) the partition with
one-element classes. We denote by |7| the number of classes of the partition 7.

Let U be a set whose elements are referred to as attributes. We assume that
for every element A of U there is a set denoted by Dom(A) referred to as the
domain of A such that [Dom(A4)| > 2.

A table is a function T : R x H — |J Dy, where R, a finite set, is referred
to as the set of rows of T, H is a finite subset of U (called the heading of T),
Dy = {Dom(A) | A€ H}, and T(r, A) € Dom(A) for every r € R and A € H.

The projection of the table T : Rx H — |J Dy on the set of attributes L C H
is the table T[L] : Rx L — |J Dy, given by T[L](r, A) = T(r, A) for every r € R
and A € L. If r is a row of the table T, then the set {T'(r,A) | A € H} is the
content of the row r. Note that this definition of a table allows for the existence of
multiple rows having the same content. The projection of the row r of the table T



on Listheset r[L] = {T(r,A) | A€ L}.For A€ H,Qr[A] ={T(r,A) | r € R}
represents the content of the column associated with the attribute A in the table
T.

The active domain of a set of attributes L in the table T is the set aDomy (L)
= r[L]. The cardinality of the active domain of L in the table T is denoted by
a¥, or, when there is no risk for confusion, just by ar,.

Let T : Rx H — |J Dy be a table with n attributes and H = A1 As ... A,,.
Every attribute set L C H determines a partition 7, = {D1,...,D,,} of the
set R of rows in table T, where aDomg(L) = {v1,...,v,,} and D; = {r € R |
T(r,L) =v;} for 1 <i<ay. Clearly, if L = {A;,,..., A, }, then np, = ﬂ{wAij |
1<j</{¢}. When L = H, we denote by mg = ({74, | 1 <i < n} the partition
determined by the intersection of all n attribute partitions. We call this partition
the intersection partition.

Let R be the set of reals. The k-dimensional simplex is the set SIMPLEX},_4
={(p1,...,px) ER" | p;>0and p +--- +p = 1}.

A function f : R — R is concave on a set S C R if f(az + (1 — a)y) >
af(z) + (1 —a)f(y) for « € [0,1] and z,y € S. The function f is sub-additive

(supra:sgdditive) on Sif f(z+y) < f(z) + fly) (flz+y) > f(z)+ f(y)) for
x,y €8S.

Definition 1 A generator is a concave, subadditive function f : [0,1] — R
such that f(0) = f(1) = 0 and f(6a1)+---+f(6an) < 6(f(a1)+---+f(an))+f(6)
for every (ay,...,a,) € SIMPLEX,, 1 and 6 € [0,1].

The impurity measure induced by f is i(p1,...,pr) = f(p1)+- -+ f(pr), foEl'

every (p1,...,pr) € SIMPLEX},_1.
It is easy to verify that such functions as fgini(p) = p — p? (the Gini index),

fent(p) = —plogp (the Shannon entropy), or fpeak (8iven by fpeak(p) = p for
0<p<0.5and fpeak(p) =1—pfor 0.5 < p < 1) are generators.

Definition 2 Let f be a generator, R be the set of rows of a table T, and let
m={B1,...,Bp}, 0 ={C1,...,Cn} be two partitions of R.
The f-impurity of partition 7 (called also the f-entropy of w) is Hf (7)) =

T ().
The specific f-impurity of a subset L of R relative to a partition 7 is the
quantity
. LN B |L N By|
F(L) = ILN By = Znaly
mef(0) = (G )+ (B

The f-impurity of 7 relative to o is
= | |BiNGj|

This quantity is also called the f-conditional entropy of « relative to o. 0

In other words, the conditional entropy H/(w|c) is the average value of the
specific impurity of the classes of the partition o relative to the partition 7.
Note that Hf (r|wr) = H7(r) for every 7 € PART(R). We have ¢ < 7, if and



only if H/(7w|o) = 0. Thus, for any partition of the set R we have H/ (r|ag) =0
and H/ (wg|m) = 0.
Several properties of entropy (see [SCCO0b]) are given next.

(i) Let f be a generator and let 7,0 be two partitions of a set R. We have:
HE () > HI (n]o) > HI (7 A o) — HI (o).

(ii) If 71, 7,0 € PART(M) are such that m; < my, then H/ (7|0 (m2]0).

(iii) If 7, 01,09 € PART(R) are such that o1 < o2, then H7 (7|oy (m|oa).

(iv) If 7y, me,0 € PART(M) are such that 7; < ma, then HY (71) > HF (7).

(v) Let f be a generator and let 7, be two partitions of a set R. We have

)Z’H
) <H!

1
5 [HY (7) + HT (0)] < HI (w Ao) < HI(7) + HI (o).
(vi) Let f be a generator and let m, o be two partitions of a set R. We have
1 1
SH! () = 5#! (0) < (xlo) < H (x)
and

Lo Lo i 7
M (o) = gH (m) < H' (o|m) < H (o).

(vil) Let f be a generator and let 7,72, . .. 7, partitions of a set R. We have

1 n n
EZ?‘N(W@') <HI(miAma.. . Amy) < Z’Hf(m).

i=1 =1

2.2 Properties of Partitions with k classes

Let my = {B1, By ... By} € PART(R) with |ni| = k classes and let 7,1 be the
partition with k—1 classes, obtained from 7}, by fusing the classes B; and B;, and
keeping the rest of the classes unmodified. The difference between the entropies
of the two partitions is given by H/(m) — Hf (mr_1) = f (l‘%‘ ) +f (lﬁ;"ll) —
f (%) > 0 (since the generator f is sub-additive). Thus, by joining two
classes of a partition we obtained another partition with a smaller value of its
entropy. Similarly, by splitting a class of a partition we obtained another partition
with a greater value of the entropy. The quantity Hfsini () — HFeini (mj_y) =

2%. Thus for the Gini index, the maximum decrease in the entropy is

obtained when the largest classes of the partition 7y are united. For the Shannon
entropy, the decrease in entropy is H7ent (m) — Hfent (mp_1) = ‘17‘(1 + LyriBal)

where r = “ BJ“ If we choose B; as the largest class of 7;, then the maximum

value of the expression (1+ )" is obtained for the largest possible value of r, thus
for the largest value of |B; | Again, to obtain the greatest decrease in entropy
we have to fuse the largest classes of the partition 7.

Given a set R, ag has the largest value of the entropy

# () = 1711 (o)




and the largest number of classes |ag| = |R| and wg has the smaller value of the
entropy H/ (ar) = 0 and the smallest number of classes |wg| = 1. We can obtain
any partition 7 with k classes, by starting from ag and successively fusing two
classes. We obtain in this way a series of partitions 7° = ag, 7', 7>... 7% =«
such that each 7% has the same classes as 7'~ with the exception of two classes
which are united in 7%. If we want the partition 7 to have the smallest possible
value of the entropy among all partitions with k classes, in the sequence of
partitions obtained above, we must always to unite the largest possible classes,
to ensure at each step the largest decrease in the value of the entropy. Thus, in
this process, we always add one more element to the largest class obtained so
far. Therefore, the partition 7 having |7| = k classes and the smallest possible
value of H/(m) has k — 1 classes of cardinality 1 and one class of cardinality
|R| — k+1.

The partition 7 having |7| = k classes and the largest possible value of the
entropy, has classes of equal cardinality |k£|.

We conclude that the entropy of a partition 7 such that || = k is bounded

T () swecu ()

Given an entropy value H{arget < |R|f (ﬁ), we can estimate an upper and
lower bound for the number of classes k = |r| of a partition = which has entropy
f —yf
H/(m) = Hiarget-
For the Gini index as generator, the inequality Hgarget =H/(r) <kf(%)
implies
1

f 7
1- Htarget

k>

and the inequality Hgarget =H(m) > kf (ﬁ) +f (lRT}l;rrll ), yields

k< [|R| H rgot 1] .

fo
For the Shannon entropy as generator, we obtain the boundaries 2 target <

Hf
k < |R|+1—[e target] where ky is the first integer that makes the inequality
— Bl < (IR| - k + 1)(IBI=k+1) trye.
" <
. target
For a generator f, the upper bound of the value k, obtained from the inequal-

ity H{arget < kf (%) represents the number of classes of a partition 7 with equal
f

cardinality classes having the value of the entropy H/ () = Hta,rget'
bound represents the number of classes of a partition with one class containing
the majority of the elements. Since the last situation will be very unlikely to
occur in practical clustering problems, more attention should be given to the
upper bound estimate.

The lower



2.3 Dissimilarity measure

A generalization of the notion of metric on a set is the notion of dissimilarity
(see[KR90] and [JMF99]) which is useful in clustering.

A dissimilarity on a set S is a function d : S x S — R such that d(z,y) > 0,
d(z,z) =0 and d(z,y) = d(y, z) for every z,y € S.

The dissimilarity d is said to be definite if for all z,y € S, d(x,y) = 0 implies
z = y. If a dissimilarity satisfies the triangular inequality d(z,y) + d(y,z) >
d(z, z) for z,y,z € S, then we obtain the familiar notion of metric on S.

If f is a generator, then the mapping df : PART(R) x PART(R) — R
given by d (7,0) = Hf (n|o) + H’ (o|r) for o, € PART(R), is clearly a definite
dissimilarity on PART(R). When 7 is close to o, meaning that their classes have
many elements in common, then both H/(7|o) and Hf(o|r) are close to 0, so
d? (m,0) is close to 0.

3 Clustering using Genetic Algorithms

3.1 Genetic Algorithm

Let T : R x H — |J Dy be a table. We are searching for the median partition,
that is a partition m such that || < k, and 7 minimizes the sum Y oy d (4, ).

A k-chromosome on a table T : R x H — |JDpg is a function K : R —»
{1,...,k}. An element of the set {1,...,k} is called a class identifier.

The partition mx of the set of rows R determined by the k-chromosome K
is mg ={C1,...,Cy}, where C; ={re R | K(r)=j}for1<j<k.

The input parameters of the genetic algorithm are summarized in Figure 1.

cardinality of the chromosomial population

number of rows in the table T'

number of columns in the table T'

number of classes in the median partition

percent of chromosomes that are used for crossover

percent of chromosomes that undergo a mutation

maximum number of consecutive iterations without improvement
margin error for the fitness function

Ixx=3 28

32
1)
8

[0}

Figure 1: The input parameters of the genetic algorithm

The chromosomial population consists of k-chromosomes, Ki, K, ... Ky,
where each k-chromosome K; can be regarded as a sequence of length N = |R)|
representing a possible assignment of the rows of the table T to the k classes of
the partition 7x,. Initially, the chromosomes K1, K> ... K are generated using
random values between 1 and k.

The idea of the genetic evolution is to modify the chromosomes in the current
population by using mutation and crossover as genetic operators such that in
the new population we have chromosomes that will be increasingly closer to the



median partition, that is, they will summarize better and better the columns of
the table T'.

We use the classical single point crossover operator. Starting from two chro-
mosomes, a random crossing point (called a crossover site) is selected as a num-
ber [ between 1 and N. The offspring will contain the first 1 to [ positions from
the first parent and the last [+ 1 to IV positions from the second parent and vice
versa. We use the classical mutation operator which involves changing randomly
a number of max{1,0.1N} positions in the chromosomes. The new value for each
chromosome position is chosen randomly from 1 to k.

The pseudocode of the algorithm is the following:

initialize the population of genetic algorithm
while (true)
compute the fitness of chromosomes in the population;
if (there has been no relative
improvement in best fitness value for N,,,, iterations)
then
output the partition of Kpest;
exit;
copy fittest (1 — r —m)M chromosomes to new population;
select probabilistically max{2,7M} chromosomes to cross over;
apply crossover operator to the selected chromosomes
and copy the offspring to the new population;
select with uniform probability max{1, mM} chromosomes to mutate;
apply mutation operator to the selected chromosomes
and copy the modified chromosomes to the new population;
replace old population by the new one;

For each chromosome K; we compute the value fitness(K;). We denote by
Kpest the chromosome which has the largest fitness(K;) value; its fitness is de-
noted by fitnesspeg-

If in N,,,., consecutive iterations there is no improvement in the best fitness,
then the algorithm will halt and the median partition will correspond to the
chromosome Kpest- Otherwise, a new population is computed using the elite
selection (see [Mic99]). The fittest max{M — 3,(1 —r —m)M} chromosomes are
copied directly in the new population, ensuring that we will never lose the best
chromosome from the old population.

Next, a number of max{2,rM} chromosomes from the old generation are
selected probabilistically to be used in the generation of the new offspring by
crossover. The selection method used is a roulette wheel strategy (or fitness-
proportionate selection) in which the chromosomes having greater values of their
fitness have also a greater chance of being selected. The newly generated chro-
mosomes are copied into the new population.

Finally, a number of max{1,mM} chromosomes are selected with uniform
probability and are subjected to mutations. The mutation operator is not biased
towards the fittest chromosomes and therefore the chromosomes that will suffer
a mutation are selected with uniform probability.



3.2 Genetic Algorithm Fitness Measures
Let m € PART(R), K¥(r) = 3 4eq HY (ma|m) and LS (7) = 3 4o g HY (w|ma).

In the median partition problem, we are searching for a partition 7 which mini-
mizes the distance d/ (1) =Y , [H/ (ma|m) + HI (w|ma)] = KP (7) + LI (7).

We have df (wg) = Kf(wgr), since 74 < wr and Hf (wgr|ma) = 0 for all
partitions m4. Also K¥ (wg) =Y 4 Hf (74), so df (wr) = 3 4 H (wa).

Similarly, we have d (ag) = £f(ag), since T > QR and Hf (malag) = 0
for all partitions 74. Given that 74 = {B{,... B/} and ag = {D,.. .Dig}

A
we have H/ (ag|ma) = 2221 lﬁul ElRl (‘B ODJ ) There are | B#| non-empty

intersections in the inner sum, so

L BAP 1
H' (anlma) =3 | |f%|| f<|B'|>‘
=1 ?

A2
Thus7 df(OéR) = Ei’:l %f (‘B}l‘)
agp <7 < wgr, Hf (ma|n) < HF (malwgr) and HF (n|74) < HF (ag|m4). Thus,
we have an upper bound for the value d’ (), namely d/ (r) < df (wg) + d (aRr).
We propose the quantities summarized in Figure 3.2 as measures of the close-
ness between the partitions represented by the chromosomes and the attribute
partitions.

EAGH (malm)
Mf( ) K () + L7 ()
#Y (x|x #T (x|
ZAEH 1+7-§f|(7r:)) + ZAEH 1+§-Lf|(:))
K () if # (m) < Havg
L7 () otherwise
f f f
froy = 4 Ki(m) if K7 (m) > L7 ()
Pl(m) = LS () otherwise
Qf (m) = |K (m) + £7(m)| + K (m) — L7 ()]

O/ (r) =

Figure 2: Measures for assessing the quality of the partition 7

Based on these measures, we define the fitness measure associated with each
chromosome K whose partition is wx, as in Figure 3.2.

Note that if a chromosome has a small value for X/ (g, ), then its associated

fitness value ﬁtnessé(Ki) will be large. This property holds for all proposed

fitness measures.

The measure K/ () leads the convergence process toward a partition 7 whose
classes fit as well as possible inside the classes of all attribute partitions.

The measure M/ () requires the partition 7 to have classes that fit as well
as possible inside the classes of all attribute partitions and conversely the classes



max{K7T (rx. i max Frk, 3
fitness!. (K) = & {)c}c(f(,:;|)1§z§n} ﬁtnessf,cw(K) — ma {MM(fz:;I)ISzSn}
max Ty, i max T (rk. 3
ﬁtnessfv'(K) = {NN(fg:;‘)lSzSn} ﬁtnessé(K) = {Oo(fg:;l)lysn}
P _ max{Pl (rg;)1<i<n} f _ max{Qf (zk,)|1<i<n}
fitnessy, (K) = BT (i) fitnessg (K) = PIErS)

Figure 3: Fitness Measures

of the attribute partitions should fit as well as possible inside the classes of the
partition .
For a given partition 7 and a given database, K (7) and £ (7) do not have

the same range of possible values, but ffﬁ;‘(‘l?) and ?Jfrg f|7(r7‘r‘)) both range between

0 and 1. The measure '/ () uses the scaled versions of the conditional entropies.
The introduction of the measure Of (7) is explained by the following results.
For any partition 7 by summing over all partitions w4 we get the following
inequalities + > , H' (74) — snH (x) < K (7) <3, HI (74) and inH P () —
1AM (ma) < LI (7) < nHI (7). Let H;fwg be the average entropy of the
H (x
partitions generated by the attributes of the table, given by HzJ;vg = w
The previous inequalities can be rewritten as Hévg —H(m) < QICL& < 27“[2fwg
s
and HS () — ’Hgvg < Mn& < 2H7 (). We have two cases depending on the
relative values of H/(7) and ’ngg:

1. If ’Hgvg > Hf(x), then we have max{ﬁf(”),’}-lgvg - Kiﬁ} < HI(m) <

n
Hiyvg, K7 (1) < nHyg, and £F () < nH (n) < nHyg
To have the blocks of the partition  fit as well as possible inside the blocks of
the partitions 74, we seek to minimize the average f-impurity of the blocks
of m, relative to each of these partitions, that is, we seek to minimize K/ (7).
The inequality 0 < ’H{;Vg - Hi(m) < w, guarantees that if Xf(7) is
small, then H7 () is close to ’r'{szg.
For the quantity M/ (w) = Kf(r) + £ (7) we have also the following lower
and upper bound 2{ ’Hgvg — K (m) } <K (m) + LI (m) < 2n’H{;Vg.

2. If ’Hgvg < Hf(m), then we have max{Lf(”),H{Wg} < Hf(m) < Hgvg +

n

2T kS (1) < nHfyg, and £f (x) < nH! (x).

To have the blocks of the attribute partitions 74, fit as well as possible
inside the blocks of the partition 7 found by the genetic algorithm, we seek
to minimize the average f-impurity of the blocks of attribute partitions 74,
relative to the partition obtained by the genetic algorithm, that is, we seek

7

to minimize £7 (7). The inequality 0 < Hf () —Hgvg < unﬁ
the value of H/(r) will get close to the value Hz];vg-

, insures that



In this case the lower and upper bound of the quantity M/ (r) = Kf(7) +
L (r) are 2{ H/(m) — ’Hgvg } <K (7)) + L (7) < n’Hgvg +nH (7).

To conclude, by minimizing X/ (7) and £ (7) we obtain a partition = which
has the value H7 () as close as possible to the value ’Hgvg. This observation
suggest the following convergence criteria for the genetic algorithm:

If 'Hg;vg > H7 (n), the genetic algorithm will minimize K/ (), favoring parti-
tions with many blocks of smaller sizes. Otherwise (”Hévg < H7(x)), the genetic

algorithm will minimize £f (), favoring partitions with fewer blocks of bigger
sizes. This alternation between minimization of X/ () and £f(7) corresponds
to the measure O (7) from figure 3.2.

Similarly, the measure P/ (7) uses the idea of alternating between the mini-
mization of X/ () and £/ (), but the choice depends on the relative values of the
two quantities. Namely, if K7 (7) < £f(7) the genetic algorithm will minimize
L7 (1), otherwise will minimize K (7).

When the quantity K/ (r) is very small, the partition 7 has many classes with
smaller sizes, that fit well inside the classes of attribute partitions and therefore
the classes of attribute partitions might not fit that well inside the classes of
7, leading to a greater value of the quantity £f(7). Thus, we want to favor
partitions for each the difference between the two quantities is small in absolute
value. The measure Q7 (7) is based on this observation.

For any given database, we have ’Hgvg < Kf(nw) < n’Hgvg. Thus, the
average entropy of the attribute partitions has always a smaller value than the
entropy of the intersection partition. We denote by kg = |mg|. The blocks
of my fit perfectly inside the blocks of all attribute partitions 74, so 7y is a
candidate for the partition that we search. But, we are not interested in this
special partition since it might have a large number of blocks (close to the total
number of rows |R|) and thus, the corresponding clustering of the data is not
interesting. We are interested to find a partition 7 that is as close as possible to
all attribute partitions and has the maximum possible number of blocks % less
than kg. In this process of minimizing K7 (7) and £ (), the entropy Hf(m) of
the partition 7 will get closer and closer to the value of the average entropy of
the attribute partitions ’Hgvg.

The interpretation of the measure O7(7) is illustrated in Figure 4.

If H (7)) > He];vga the partition 7 has too many blocks or very small blocks
and the minimization of £/ () has the effect of decreasing the number of blocks
or respectively uniting blocks of the partition 7. Otherwise (H(7) < ”Hafwg),

7 has too few blocks or blocks with large sizes and the minimization of K7 (7)
has the effect of increasing the number of blocks or splitting the blocks of the
partition .

For databases for which the value Hz};vg represents a good approximation

of the entropy of the partition that we are searching, then the measures Of ()
or Pf(r) should be used in the convergence process of the genetic algorithm
in preference to the other proposed measures. The partition 7 associated with
the minimum possible value of the quantity M7 (7) has the entropy H” () close

to the value of the average entropy of all attribute partitions ’Hgvg. Thus, the



H (n) Hive H/ () H (7r)

o—o—=o6 e -
increase in entropy values
min K7 (7) min £F ()
increasing the number decreasing the number
of classes or splitting larger of classes or merging
classes larger classes

Figure 4: Explanation of the convergence process for measure O7 ()

number of blocks k = |x| of the partition 7 can be estimated from the inequality
kf (\1?\) +f (‘RTE'”) < Hgvg < kf (+) as explained in the previous sec-
tion. For the Gini index generator we get the limits for the number of classes:

|R| ’H;’;Vg +1>k> —Hlév . If the partition 7 has well represented classes
(with similar cardinalities) then the lower bound limit is a better estimation
of k. On the other hand if = has almost all elements grouped into one class,
then the upper bound limit is a better estimate. If we do not know in advance
what to assume about the nature of the partition 7 that we searched, we have
to apply the genetic clustering algorithm searching for successive values of k,

starting from # and increasing k by 1. The quantity M/ () will have a
~tav,

minimum for the value of k reflecting the natural number of classes. If the value

M/ (7) always increases as we increment the number of classes, then the value

k= represents the natural number of classes.

—
1=Havg

4 Experimental results

We studied the clustering found by three algorithms, our genetic algorithm de-
noted by ALG-RAND, the algorithm introduced by [Rég83a], denoted by ALG-TP,
based on the idea of transferring elements from one class to another until no im-
provements has been done in a number of consecutive iterations, and the classical
k-means algorithm denoted by K-MEANS.

To prove the better quality of the partition obtained by our method, we used
synthetically generated databases for which we know in advance the partition
embedded in the data, denoted by reference partition.

The generation of these databases follows the pattern: for each row number
rowid € [1, N], a number ¢ € [1,¢] is randomly generated and saved at position
rowid in the reference partition and in all attribute partitions, but one. The
exception attribute A, € H, randomly chosen, receives at position rowid a dif-
ferent value j € [1,¢], j # i. To ensure that the reference and attribute partitions
have exactly c classes, the first values for ¢ are 1,2,...c.

We generated a synthetic database with a fixed number of rows N = 50
and columns n = 5, and embedded a k = 5 class partition in the data. To



see how the algorithm behave on average when the population of chromosomes
increases relative to the size of the database, we ran the genetic algorithm with
10 different values for the random number generator seed and with the number
of chromosomes equal to 1, 2, up to 10 times the number of rows. The other
parameters for the genetic algorithm are: crossover rate of 0.8, mutation rate
of 0.1, the Shannon entropy used as generator and 100 consecutive iterations
without improvement. The results are shown in Figures 5, 6, and 7.
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Figure 5: Classification rate / ALG-RAND with increasing number of chromosomes

ALG-RAND performed extremely well and found the reference partition or a
close approximation of it, leading to classification rates (the number of rows clas-
sified in the partition found by the algorithm in the same way as in the reference
partition) between 0.94 and 1. By increasing the size of the chromosomial popu-
lation, the number of iterations required by the algorithm decreases significantly.
The time required by the algorithm is linear in the number of chromosomes.

We fixed the number of chromosomes to N = 50 and we generated databases
with ¢ = 5 columns, k = 5 class partitions embedded in the data and a number
of rows equal respectively to 1, 2 up to 10 times the number of chromosomes.
The other parameters for the genetic algorithm remained as in the previous
experiment. The results are shown in Figures 8, 9, and 10.

With the increase in the number of rows, the classification rate decreases
since the search space becomes more complex, the number of iterations and the
time increases. The increase in the number of iterations and the time is linear
in the size of the database.

We generated a database with N = 100 rows, n = 10 columns, and ¢ = 5
classes in the attribute and reference partitions. On this database, we ran our
genetic algorithm ALG-RAND, the algorithm ALG-TP and the algorithm K-MEANS
implemented in the WEKA package, searching for a partition with k¥ = 5 classes.
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Figure 6: Number of iterations / ALG-RAND with increasing number of chromosomes
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Figure 7: Time (secs) / ALG-RAND with increasing number of chromosomes

We executed 10 runs for each algorithm, corresponding to different values for the
seed of the random number generator and we computed the average performance
of the partitions found. For the genetic algorithm we used the fitness measures
based on the quantities presented in Figure 3.2, 100 chromosomes, a crossover
rate of 0.8, a mutation rate of 0.1, the Gini index and respectively the Shannon
entropy as generators, and 100 consecutive iterations without improvement. The
results are summarized in the Figure 11. The results table contains the entropy
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Figure 8: Classification rate / ALG-RAND with increasing number of chromosomes
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Figure 9: Number of iterations / ALG-RAND with increasing number of chromosomes

of the intersection partition H/(mg), the average value of the entropies of all
attribute partitions Hévg, the entropy of the reference partition H”/ (mpef) and
its associated value M7 (mpef)- For the genetic algorithms we present the average

value of the following measures: %7 (), M7 (x), d(m,7o¢) (the distance between
7 and Wref), the classification rate cr, and the number of iterations nitrs. For
the ALG-TP and the K-MEANS algorithms we present only the average value of the
classification rate.
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Figure 10: Time (secs) / ALG-RAND with increasing number of chromosomes

The genetic algorithms using fitness measures based on the quantities from
Figure 3.2 lead in all cases to a partition close to the reference partition, in
approximatively the same number of iterations. The genetic algorithm using the
Gini index as generator obtained the best partition in the case of the measure
Q/f (m), for which M7 (m) = 3.820 is the closest value to M7 (mof) = 3.561, and

HSsini () = 0.793 is the closest value to Hgi,% = 0.793. For this quality measure
the average classification rate was 0.99, leading to a very good approximation
of the searched partition, in which 99 elements have been classified in average
as in the reference partition. When the Shannon entropy was used as generator,
the best partition was found by using the measure X/ (7); in this case also the
associated value M/ () = 11.102 is the closest value to M/ (m ) = 10.480, and

Hfentr () = 2.300 is the closest value to ng\;g = 2.298. For the measure K/ (),
the genetic algorithm has also a high value of the average classification rate
equal to 0.992, meaning that 99 elements have been grouped as in the reference
partition.

We are searching for a partition 7 having well represented classes, that is
we do not have any reason to assume that some classes have significantly more
elements than the others, and we can estimate the number of classes k of this
partition using the value of the average entropy of the attribute partitions. When
the Gini index is used as generator, the value of k is given by [17 Hlf 1=

avg

s
[4.85] = 5, and when the Shannon entropy is used, we have k = |'2H3Vg'| =
[22:3] = 5. This estimation corresponds to the real number of classes of the
reference partition.

The algorithm ALG-TP converged toward a partition that is far from the
reference partition, having in average a classification rate of 0.616. ALG-TP favors
partitions with fewer than k classes and thus, with larger class cardinalities.
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Figure 11: ALG-RAND, ALG-TP, and K-MEANS on the first synthetically generated database

The K-MEANS algorithm from the WEKA package converged to better par-
titions than ALG-TP, having an average classification rate of 0.824, but still did
not outperformed our genetic algorithms.

We can conclude that on this database, our genetic algorithms produce better
clusterings than the classical “transfer points” and k-means algorithms.

A second type of synthetically generated databases are characterized by at-
tribute partitions with a predominant class. The generation process differs from
the one described previously, in the fact that after the first ¢ positions have being
filled with the sequence 1,2, ...¢, the number i to be filled in the reference and
all attribute partitions, is set to 1 for any two other rows. Thus, the reference
and attribute partitions have class 1 with the largest cardinality value.

The parameters of the genetic algorithms and the setting of the experiments
remain the same as in the previous ones. The results are summarized in Figure
12.

The partitions found by the genetic algorithms using both the Gini index
and Shannon entropy as generators, are very close to the reference partition
for the quality measures M7 Sﬂ) and N/ (7). The best partition is found in
case of the Gini index for M/ (7), when M7 (m) = 4.380 is the closest value
to M7 (o) = 3.353, and in case of the Shannon entropy for N7 (r), when

M (r) = 11.580 is the closest value to M7 (mpef) = 9-600. The best classification
rate for the genetic algorithms is in average 0.895 for the Gini index and 0.927
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Figure 12: ALG-RAND, ALG-TP, and K-MEANS on the second type of synthetically generated
database

for the Shannon entropy.

For this database ALG-TP performed better than in the previous experiment,
but still the average classification rate 0.82 is smaller than the performance of
the genetic algorithm using M7 (7) and N/ (7) as quality measures. The better
performance of ALG-TP for this database is explained by the tendency of the
algorithm to converge toward partitions with fewer classes of larger cardinality.

Again the K-MEANS algorithm from the WEKA package has a better classifi-
cation rate 0.833 than the one of ALG-TP, and is still not as good as the genetic
algorithm using the measures M7 (), and N7 (7).

Note that the quality measures N'/(7) and P# () lead to good classification
rates regardless of the type of database.

As we discussed in section 2.2, we can obtain an estimate of the natural

number of classes in the input database, by using the value of ’Hg;vg. In the

second experiment we work with a database having Hé‘;}‘g’;’ = 1.911. For this value

the lower bound estimate of the number of classes gives k = [21-911] = 4. Using
the same database we executed 10 runs of the algorithm ALG-RAND, searching
for partitions with k € {3,4,5,6,7,8,9,10} classes.

We observe from Figure 13 that the value of the quantity M7 (7) we search
to minimize reaches a minimum for values of k¥ around the real number of classes
embedded in the data. A detailed description of the partitions found by ALG-RAND
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Figure 13: ALG-RAND with A/ (), Shannon entropy and various k on the second type
of synthetically generated database

in one of the 10 experiments is given in Figure 14.
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Figure 14: Characteristics of the partitions found by ALG-RAND with A/ () on the
second type of synthetically generated database

The best partition found by ALG-RAND using the quality measure N/ () and
the Shannon entropy is the one obtained for k& = 5, characterized by the smallest
value of M7 (). In this case ALG-RAND obtained exactly the reference partition,
as the classification rate of 1 indicates. Even if we started the algorithm by asking
for more that the real number of classes, the partitions found by the algorithm
have discovered the major classes of the reference partition and the additional
classes have smaller cardinalities. This show that our algorithms are robust and
they are able to discover the real clustering of the data even if they are asked
for more than the necessary number of classes.



We conclude that whenever we do not know in advance the number of classes
in the natural clustering of the input data, we have to run a couple of experiments
with increasing values of k = |x|, and we have to consider both the shape of the
partition 7 found by the algorithm and its associated value M/ (7). We can use
as the best approximation of the median partition, the partition that has the
smaller value of M/ (7) and the fewest number of small cardinality classes.

5 Conclusions

We demonstrated the use of the notion of generalized entropy for designing
a genetic algorithm for finding clusters in a given data and experimented with
different fitness measures for the evaluation of the chromosomial population. Our
experiments showed that, with very few exceptions, the algorithms converged to
the clustering that we embedded in the synthetically generated databases, and,
when they didn’t converge, then they found a clustering that was close to the
“hidden” one.

The number of iterations required by our algorithms scales linearly with the
size of the database.

Using the dissimilarity measure K7 (7)+ £/ (), it is possible to determine the
number of clusters embedded in the data in the absence of any apriori knowledge.
As shown in this paper the information-theoretical measures proved successful
in finding the natural clustering of the data.
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