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Abstract. Measuring the similarity between clusterings is a classic problem with
several proposed solutions. In this work we focus on measures based on co-
association of data pairs and perform some experiments to investigate whether
specificities can be highlighted in their behaviour. A unified formalism is used,
which allows easy generalization of several indexes to a fuzzy setting. A selec-
tion of indexes is presented, and experiments investigate simplified cases and a
paradigmatic real-world case, as an illustration of application.

1 Introduction

Fuzzy clustering [[1] is a well established procedure and a useful data analysis tool,
often providing more flexibility and expressive power than crisp techniques. In general,
clustering quality assessment is a problem without a satisfactory solution [2] due to the
unsupervised nature of the task. Several cluster validity indexes [3i4]] take into account
cluster size and composition. However, if we have additionally class labels available,
comparisons may be performed according to this external information, although the fact
that these reflect the natural grouping of the data is only to be regarded as a working
hypothesis. Another form of quality assessment for clusters is stability analysis [3],
where comparison is necessary to evaluate cluster variability.

Cluster similarity (or diversity) can also be used to achieve better performance by
ensemble clustering [6]. Another use of cluster comparison is biclustering [[7] i.e., clus-
tering rows and columns at the same time. Fuzzy biclustering [8] is available. In both
crisp and fuzzy cases, many methods only produce one bicluster for each run, so the
question arises of whether two biclusters are similar enough to be considered the same.

In all these examples, the problem may be reduced to measuring the similarity be-
tween two fuzzy partitions. In this paper, we analyze some methods to compare fuzzy
partitions. The contributions of this work consist in:

— A unified formalism useful for the implementation of several clustering comparison
indexes, which are all represented by means of co-association matrices;

— The use of this framework to generalize several indexes to a fuzzy setting; some
indexes are presented, but the generalization can be extended to many other cases;

— Some experimental insight on the behaviour of these indexes in both simplified
cases, where the relationship between the partitions is clear, and a paradigmatic
real-world case, as an illustration of application.
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2 Measures Based on Data Pairs

Clustering induces a partitions of the data, so measuring the agreement or overlap be-
tween two clusterings amounts to measuring the similarity between two partitions.

There are several partition similarities available in the literature. A first distinction
can be made between pairwise similarity indexes, which apply to pairs of partitions, and
non-pairwise ones, which can work on an arbitrary number of partitions. The difference
is of a practical nature only, since in principle a non-pairwise index can always be
obtained by computing a pairwise index for all possible pairs, and then averaging.

A more fundamental distinction refers to the way partitions are compared. The two
main approaches include comparing matching subsets, and comparing co-association
information. The first approach is not reliable when the partitions are not very similar,
and in any case require some criterion for matching subsets. In principle, we can expect
these methods to be of linear complexity w.r.t. data cardinality.

In this study, we concentrate on the second approach. Co-association information is
obtained by analyzing whether pairs of points in the data set are co-attributed to the
same cluster by both partitions. These methods require building a co-association matrix
[9l], by scanning all possible data pairs, so they run quadratically with cardinality.

Given a data set X, suppose we have two fuzzy or soft partitions A and B of X. Soft
partitions means that Vo € X there is a membership u(x, a;) for each subset a; € A
(similarly for B — and this comment applies throughout). We assume normal mem-
berships. For a proper partition we ask that ). yi(x,a;) = 1. (Note that possibilistic
subsets —not proper partitions— are also possible by removing this constraint.)

Each data point is thus represented by a coordinate vector, whose dimension is the
number of subsets (clusters) in the partition, and whose components are the membership
values, which we assume normalized in [0, 1]. Each data pair is described by the degree
of similarity between the two objects x and y under the partition A.

Similarity of strings of memberships can be measured by Hamming distance for
crisp bits, which is equivalent to summing the bits of the bitwise-AND between the
two words. The fuzzy generalization of this operation is defined once we appropriately
define the conjunction connective AND [[10]. We adopt the product t-norm [11], which
is appealing because it is related to the scalar product operation between vectors, which
in turn can be used to define popular distance measures, and also to the concept of
a joint probability. This allows some generality in the indexes studied, although the
product logic arising from this particular choice does not have some of the properties
found in other cases [12] (e.g., Godel or Lukasiewicz fuzzy logics). In particular, some
of the derivations have been obtained by assuming a specific relationship between the
AND and OR connectives which is not necessarily satisfied by all possible definitions.

Given two fuzzy memberships/truth values p and v, the conjunction logical connec-
tive is defined as 4 AND v = pw. The co-association of a given pair of data points to
a given cluster a; is the conjunction of the respective point memberships to a;, and the
degree of similarity of two points is the average of these values. The co-association
matrix s under partition A is:

|A]
Sf; = SA(.I‘Z‘,.I‘]') = Zﬂ(ﬂﬁiaal)ﬂ(%val) (1)
=1
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Note that in the crisp case this definition collapses to the proposition “partition A
puts z and y in the same cluster”, but in the fuzzy case it is necessary to take all clusters
into considerations because, in general, none of them will be exactly zero or one.

3 Indexes

Once the co-association matrices s and s are built, we can treat their entries as two
paired samples and compare them with appropriate measures.

To simplify notations, we will serialize the matrices s and s so that they may be
indexed as vectors, so that: s{} = U,f. To avoid redundancy, the index h scans only the
upper triangular matrix, excluding the diagonal (which is trivial), so 7 € [1,|X| — 1],
jei+1,]X|,and h = |X|(i — 1) —i(i + 1)/2 + j. Moreover, we define H =
|X|(|X]|—1)/2sothath € [1, H].

Indexes of partition similarity based on the co-association matrix can be computed
by several approaches. Some of them are reviewed in [[13]] and some are experimentally
compared in [6]. These may include Ward’s linkage criterion [14], Student’s t formula
[[LS]], information-theoretic criteria as in [[6] and [[13]], and well-known partition overlap
measures like Jaccard’s [[16] or Rand’s [[17] or Fowlkes and Mallows’ [18]] indexes, and
subsequent work [[19].

In general, measures for paired samples can be based on different criteria. Methods
like Ward or Student are focused on comparing average and dispersion of the two sam-
ples. Another approach is to compute some statistic on the differences between the two
data in each pair (that is, o' — o Vh). Yet another criterion is to exploit the [0, 1]
range of the values and analyze other types of combination between data, as in the
Pearson correlation and the Jaccard index. We will focus on some indexes which are
representative of each approach.

Average linkage — This measure of distance is based on comparing the centroids of two
sets, i.e., on computing the average of the two sets and measuring their distance.

This criterion is simple-minded, since it is prone to false positives: two sets with the
same centroid are considered coincident even if one has a larger variance than the other.
However, for normalized data, it may be reasonable.

Correlation — The standard Pearson correlation coefficient, a measure of similarity:
corr — ;IZh(UAUB)_ Ilerh(UA);IZh(UB) )

2 2
VA S0 = (5 Su0M)’ b a0 — (4 Tilo®)
Since this is a similarity measure between -1 and 1, the correlation distance is
C(A,B) = (1 —corr)/2. 3)

Jaccard — The Jaccard coefficient [[16] is a classic measure of set similarity, and one of
the most general. It is the ratio of the intersection of two sets to their union: J(A4, B) =
|AN B|/|AU B|. In the crisp case, this pairwise index can be practically computed by
counting the number N1, = |AN B| of points put in the same cluster by both partitions,
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the number N1¢ of points assigned to the same cluster only by partition A, and the
number Ny similarly defined, so that N1g + No; + N11 = |[AU B| and
N1y
J(A,B) = : 4)
( ) Nio + No1 + N1

In the fuzzy case, the concept of coincidence must be redefined as a degree of coinci-
dence. By taking advantage of the reasonable assumption that a generalization of De
Morgan’s law holds, for the product t-norm we can define the associated disjunction
operator as the probabilistic sum t-conorm, so that 4 ORv = p + v — pv. Therefore,
in terms of o and o, the actual computation in this case is:

AﬂB:ZUfaf and AuB:Z(af—Faf—Ufo) )
3 h

The Jaccard distance between A and B is 1 — J(A, B).

Student distance — This index exploits the well-known Student’s ¢ statistic to obtain a
distance measurement which takes into account not only the estimated overlap, but also
its significance in terms of variance.

(X loit = o7l

S B) = 55 oft — 0P [2/H — (5 o4 — o]/ H)?

(6)
With respect to the Student’s ¢ formula, this is compensated to avoid a vanishing de-
nominator.

The Rand index — This index was explicitly proposed for comparing clusterings [17],
but it is computed similarly to the Jaccard index which was introduced in a more generic
setting. It is defined as

Yulon +oi)+1

R(A,B) = e

(N

4 Experiments

We present some experiments aimed at highlighting the behaviors of these indexes.
We use three kinds of data: two families of simple datasets, represented through the
membership (directly as partitions, regardless of how they were obtained); then we use
the Iris data set as an illustration of real-world application.

4.1 Experiments with Toy Problems

Experiment set 1 — The aim of this experiment set is to compare several synthetic par-
titions. The family of toy datasets used is composed of 20 data objects in 2 partitions,
one of 2 clusters, the other of 3 clusters. The presented methods are insensitive to the
number of clusters in partitions, although this sensitivity may be easily introduced. The
datasets used are tabulated in Table[Il Table 2] presents the results.

Experiment set 2 — The second toy dataset family is composed of 20 data objects; 2
partitions of 2 clusters each are used. The second partition is fixed as follows:
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Table 1. The family of datasets used in the first experiment set

toy0
1.0 1.0 1.0 1.0 1.0 1.0 00 0.0 0.0 00 00 00 00 0.0 00 0.0 0.0 0.0
0.0 0.0 00 00 00 00 10 10 10 1.0 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0
1.0 1.0 1.0 1.0 1.0 1.0 0.0 0.0 0.0 00 00 0.0 0.0 0.0 00 0.0 0.0 0.0
0.0 0.0 00 00 00 00 10 10 10 1.0 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.0 0.0 00 0.0 0.0 00 00 00 0.0 00 00 00 00 0.0 00 00 0.0 0.0

1.0 10 10 1.0 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

1.0 1.0 1.0 1.0 1.0 1.0 10 1.0 1.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0
0.0 0.0 00 0.0 00 00 00 00 00 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 00 0.0 00 00 00 00 00 00 00 00 00 1.0 1.0 1.0 1.0 1.0

08 08 0.8 0.8 0.8 0.8 02 02 02 02 02 02 02 02 02 02 02 02
02 02 02 02 02 02 08 08 0.8 08 0.8 08 0.8 0.8 08 0.8 0.8 0.8
08 08 08 0.8 08 0.8 02 02 02 02 02 02 02 02 02 02 02 02
02 02 02 02 02 02 08 08 0.8 08 0.8 08 0.8 0.8 08 0.8 0.8 0.8
0.0 0.0 00 0.0 0.0 00 00 00 0.0 00 00 00 00 0.0 00 00 0.0 0.0

1.0 1.0 1.0 1.0 1.0 1.0 00 0.0 00 0.0 00 0.0 00 00 0.0 00 0.0 0.0
0.0 0.0 00 00 00 00 10 10 10 1.0 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0
1.0 1.0 1.0 1.0 1.0 1.0 00 0.0 0.0 0.0 00 0.0 00 00 0.0 00 0.0 0.0
0.0 0.0 00 0.0 00 00 08 08 0.8 08 0.8 08 02 02 02 02 02 02
0.0 0.0 00 0.0 00 00 02 02 02 02 02 02 08 0.8 08 0.8 08 0.8

1.0 1.0 1.0 1.0 1.0 1.0 00 0.0 0.0 0.0 00 0.0 00 00 0.0 00 0.0 0.0
0.0 0.0 00 00 00 00 10 10 10 1.0 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0
1.0 1.0 00 00 00 00 10 1.0 1.0 1.0 00 0.0 0.0 0.0 0.0 00 0.0 0.0
00 00 1.0 1.0 00 00 00 00 00 00 10 1.0 1.0 1.0 0.0 0.0 0.0 0.0

1.0 09 08 07 0.6 05 04 03 02 0.1 00 1.0 09 00 0.0 00 0.0 0.0
00 0.1 02 03 04 05 06 07 08 09 10 00 01 1.0 1.0 1.0 1.0 1.0
1.0 1.0 00 00 00 00 10 1.0 1.0 1.0 00 0.0 0.0 0.0 0.0 00 0.0 0.0
00 00 1.0 1.0 00 00 00 00 00 00 10 1.0 1.0 1.0 0.0 0.0 0.0 0.0

object 1234567891011121314151617 18 19 20
cluster] 1111111111 000O0O0O0O0O0O0O0
cluster2 0000000000 1 1 1 1 1 1 1 1 11

In the first experiment of this set we investigate the variation of indexes in a crisp
case. The data start equally clustered in both cases (two equal partitions). Then, in 10
further steps, each data object is moved from one cluster to the other in the first partition;
the second is left as is. In the second experiment, the variation of indexes in a simple
fuzzy case is analyzed. The partitions start identical, with data equidistributed in the two
clusters. One data object in the first partition is gradually moved from the first cluster
to the second by changing its memberships in steps of 0.1, as follows:

sep 0 1 2 3 4 5 6 7 8 910
clusterl 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0
cluster2 0.0 0.1 0.2 0.30.40.5 0.6 0.7 0.8 0.9 1.0

The third experiment involves changing the memberships of all data in a partitions
from crisp to totally fuzzy, i.e., in the first partition all memberships of the first 10
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Table 2. Results on the first toy problem set

Average Rand Student Correl. Jaccard
toy0 0.0000 0.0000 0.0000 0.0000 0.0000
toyl 0.8497 0.4248 0.5707 0.8211 0.6566
toy2 0.0000 0.4352 0.0000 0.0000 0.5976
toy3 0.4455 0.2227 0.3845 0.1610 0.4207
toy4 1.0980 0.5490 0.7344 1.0811 0.8000
toy5 0.9707 0.4854 0.8205 0.9489 0.7595

1.2 0,25 1

avg ——
Rand
} Stud —#—
1 corr —&—
/ﬂ"‘ 0.2 0.8 Jacc —#—
0.8 / J ) y—a—i
)/ At 0.5 / 0.6

o/ Ry NNV

/
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Fig. 1. Results on the second experiment set

points in the first cluster are gradually moved from 1 to 0.5 and all memberships of
points 11-20 are moved from 0 to 0.5; memberships in the second cluster are obviously
complementary. The second partition is held fixed.

The results of these experiments are illustrated by the graphs in Figure [[I We can
observe that in general all the indexes considered feature similar behavior, having value
0 for equal partitions and monotonically increasing behavior (they are not normalized
on a single scale, however). The graph also show that, while this similarity holds for
most types of variation, there are cases where some index does not agree with others
(see Jaccard on the first experiment).

4.2 Real Data: Iris

Anderson’s Iris data [20] is an almost mandatory testbed, since it is so well-known.
Here we use it to show how the properties of the indexes may be exploited. For this
dataset the following two features are used: sepal width x sepal length; petal width x
petal length. These allow a low error with linear separation. In this experiment, two
partitions are compared: the ground truth provided by the true classes and the central
clustering obtained by taking the averages of each class as centroids. Therefore there
are 3 clusters in both the target and class-induced clustering.

Experiments have been made with both crisp and fuzzy partitions. In the crisp case,
the memberships are obtained with the simple nearest centroid rule. In the fuzzy case,

a membership model similar to the “Maximum Entropy” approach [21]] has been used,
e—dij /B

where membership of data point x; is computed as 115 (x;) = S oo/
.

where d;; is
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Table 3. Results on the Iris dataset

Crisp case
Complete

Setosa vs Versicolor
Setosa vs Virginica

Average Rand Student Correl. Jaccard

0.5589 0.2795 0.3985 0.5962 0.5552
0.3790 0.1895 0.2899 0.4492 0.5043
1.1055 0.5527 0.7397 1.1562 0.8761

Virginica vs Versicolor 0.1523 0.0762 0.1335 0.2175 0.2902

Fuzzy case Average Rand Student Correl. Jaccard

Complete 0.8010 0.4005 0.5639 0.5506 0.6311

Setosa vs Versicolor 0.2916 0.1458 0.2828 0.0763 0.4260

Setosa vs Virginica 0.9465 0.4733 0.8101 0.8406 0.7576

Virginica vs Versicolor 0.1624 0.0812 0.1608 0.0127 0.2939
* T o

Virginica

s
ol * #+ P e T

10 15 20 25 30

Fig. 2. The Iris data, with class centroids

the (Euclidean) distance between data point z; and the j-th centroid y; and 3 is a scale
parameter imposing the degree of fuzziness, here set to 1.

Table 3] presents the results. In both the crisp and the fuzzy case, the first row refers
to the whole dataset (three classes), while the remaining rows represent all possible
pairing of the three classes. We notice that representation with three centroids is not very
good, even if these are chosen as the mean of the respective classes. This can be easily
inferred from Fig. 2] showing centroids and data. The results indicate that, although
with different numerical values, all the indexes correctly reflect the well-known fact
that the separation between the Versicolor and Virginica varieties is hard.

5 Conclusion

We introduced a possible fuzzy framework for applying traditional and novel partition
similarity measures to fuzzy clustering. Some indexes have already been generalized to
the fuzzy setting in the literature [22], but we provide a more systematic procedure while
also introducing some new indexes. Several other formulations are of course possible
in addition to the three proposed here; we only provide these as examples.
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The experimental result show that, while all indexes retain the same general be-

haviour, there are indeed some occasional differences that may deserve to be studied
and exploited. Further research will focus on characterizing these fuzzy indexes and on
their application in tasks involving clustering comparison, e.g., ensemble clustering.
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