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1 Functional Consistency of Clustering Result

In this section, the performance of the proposed rough-
fuzzy clustering algorithm1 is compared with that of hard
c-means (HCM)2, fuzzy c-means (FCM)3, rough-fuzzyc-
means (RFCM)4, cluster identification via connectivity ker-
nels (CLICK)5, and self organizing map (SOM)6 with respect
to gene ontology. The performance of the normalized range-
normalized city block distance (NRNCBD) over Pearson dis-
tance (PD) and Euclidean distance (ED) is also presented.

The genes that are targeted by at least 75% miRNAs in a
cluster are analyzed and the results are reported in Fig. 1. The
final annotation ratios generated by all the algorithms at their
optimum values ofλ and ω for molecular functions (MF),
biological processes (BP), and cellular components (CC) on-
tologies on four miRNA microarray data sets are shown in this
figure. All the results reported here confirm that the proposed
clustering algorithm provides higher or comparable final an-
notation ratios than that obtained using several existing clus-
tering algorithms in most of the cases.

The upper portion of Fig. 1 presents the comparative results
of the RFCM and proposed clustering algorithm, in terms of
final annotation ratio or cluster frequency, for the MF, BP, and
CC ontologies on four miRNA expression data sets. All the
results reported here confirm that the proposed method pro-
vides higher or comparable final annotation ratios than that
obtained using the RFCM algorithm in most of the cases. Out
of 12 cases, the proposed method provides higher final anno-
tation ratio in 7 cases. On the other hand, the RFCM with the
NRNCBD generates better results in 1, 2, and 2 cases for MF,
BP, and CC ontologies, respectively.

The middle portion of Fig. 1 reports the comparative final
annotation ratio of the HCM, FCM, and the proposed algo-
rithm on four data sets. From the results reported in this por-
tion, it is seen that out of total 12 comparisons, the proposed
algorithm attains higher final annotation ratio than that ob-
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tained using otherc-means algorithms in 3, 3, and 2 cases
for the MF, BP, and CC ontologies, respectively. However,
the FCM with the NRNCBD generates higher final annotation
ratio in 1, 1 and 2 cases for the MF, BP, and CC ontologies,
respectively.

Finally, the lower portion of Fig. 1 compares the final anno-
tation ratios obtained using the CLICK, SOM, and proposed
clustering algorithm. From the results reported in this portion,
it can be seen that the final annotation ratio obtained using
the proposed algorithm is higher than that obtained using both
CLICK and SOM in all the cases.

2 Biologically Significant Gene Clusters

Fig. 2 presents the comparative performance analysis of the
NRNCBD, Pearson distance (PD), and Euclidean distance
(ED) with respect to the proposed clustering algorithm. The
significant gene clusters generated by the proposed algorithms
for molecular functions (MF), biological processes (BP), and
cellular components (CC) ontologies on four miRNA microar-
ray data sets are shown in this figure. In Fig. 2, the genes that
are targeted by 10 to 75% miRNAs in a cluster are presented.
From Fig. 2, it is seen that in most of the cases the NRNCBD
performs better than both Pearson distance and Euclidean dis-
tance. For the proposed clustering algorithm, the NRNCBD
performs better than Pearson distance and Euclidean distance
in 103 cases, out of total 120 comparisons. However, the Pear-
son distance and Euclidean distance perform better in 4 and
13 cases, respectively. The dimension additivity propertyof
the NRNCBD, that is, the total distance is a sum of the dis-
tances per dimension, leads to better functionally consistent
clustering solutions as compared to both Pearson distance and
Euclidean distance.

Fig. 3 reports the comparative performance analysis of dif-
ferent clustering algorithms with respect to the number of sig-
nificant gene clusters. Results are reported for the genes that
are targeted by at least 75% miRNAs in a cluster. The upper
portion of Fig. 3 presents the comparative results of the RFCM
and proposed algorithm for the MF, BP, and CC ontologies,
respectively. From the results, it is seen that the proposedal-
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(a) Molecular Function

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

GSE16473 GSE17155 GSE29495 GSE35074

F
in

a
l 

A
n
n
o
ta

ti
o
n
 R

a
ti

o
 /

 C
lu

s
te

r
 F

r
e
q
u
e
n
c
y

Data Sets

CLICK
SOM

Proposed

(b) Biological Process

 0

 1

 2

 3

 4

 5

GSE16473 GSE17155 GSE29495 GSE35074

F
in

a
l 

A
n
n
o
ta

ti
o
n
 R

a
ti

o
 /

 C
lu

s
te

r
 F

r
e
q
u
e
n
c
y

Data Sets

CLICK
SOM

Proposed

(c) Cellular Component

Fig. 1 Biological annotation ratios obtained using different clustering algorithms for t = 75%

gorithm generates more or comparable number of significant
gene clusters in 4, 3, and 3 cases for the MF, BP, and CC on-
tologies, respectively. On the other hand, the RFCM with the
NRNCBD generates more number of significant gene clusters
in one case each for BP and CC ontologies.

The middle portion of Fig. 3 reports the number of signifi-
cant gene clusters generated by the HCM, FCM, and proposed

algorithm for the MF, BP, and CC ontologies for all microarray
data sets, respectively. All the results reported in this portion
establish the fact that the proposed algorithm generates more
or comparable number of significant gene clusters than that of
otherc-means algorithms in most of the cases. For the MF,
BP, and CC ontologies, the proposed method generates more
or comparable number of significant gene clusters in 3, 3, and
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Fig. 2 Biologically significant gene clusters obtained using the NRNCBD, Pearsonand Euclidean distances

2 cases, respectively. That is, out of total 12 cases, it provides
better results in 8 cases. However, the FCM algorithm with
the NRNCBD generates better results in 1, 1, and 2 cases for
the MF, BP, and CC ontologies, respectively.

Finally, the performance of CLICK, SOM, and proposed al-
gorithm is compared in lower portion of Fig. 3 with respect to
the number of significant gene clusters generated for MF, BP,
and CC ontologies, respectively. From the results reportedin
this portion, it is seen that the proposed algorithm generates

more or comparable number of significant gene clusters com-
pared to both CLICK and SOM algorithms in all the cases.
From Fig. 3, it can also be seen that the proposed clustering
algorithm with the NRNCBD produces better results as com-
pare to other algorithms, irrespective of the data sets, distance
measures, and ontologies used. Hence, it can be concluded
that the proposed clustering algorithm generates highly com-
pact and functionally enriched clusters.
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Fig. 3 Biologically significant gene clusters obtained by different algorithms fort = 75%
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