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a  b  s  t  r  a  c  t

Association  mining  is a well  explored  topic  applied  to various  fields.  In this  article,  the  associations  among
the  genes  have  been  identified  from  microarray  gene  expression  data.  Here  a methodology,  called  Fuzzy
Correlated Association  Mining  (FCAM),  is  developed  for identifying  the  associations  among  the genes
that  have  altered  quite  significantly  from  normal  state  to diseased  state  with  respect  to their expression
patterns.  This  idea  leads  to predict  the  disease  mediating  genes  along  with  their  altered  associations.  The
proposed  methodology  involves  generation  of fuzzy  gene  sets,  construction  of fuzzy items,  computation
of  fuzzy  support  for fuzzy  items  and fuzzy  correlation  coefficient  of a  pair  of  fuzzy  items,  generation  of
associations,  and identification  of  altered  associations  from  normal  to  diseased  state.  The concept  of  find-
ing  fuzzy  correlation  between  two  groups  of items,  generation  of  altered  associations  among  the  items
(groups  of  items)  and  then  rank  these  items  (groups  of  items)  according  to their  importance  are  the novel
contribution  of  the present  article.  The  effectiveness  of  the  methodology  has  been  demonstrated  on  five
gene  expression  data  sets dealing  with  human  lung  cancer,  colon  cancer,  sarcoma,  breast  cancer  and

leukemia.  As  a result,  some  possible  genes,  like  IGFBP3,  ERBB2,  TP53,  HBB,  KRAS,  PTEN,  CALCA,  CDKN2A,
has  been  found  as important  genes  that  may  mediate  the  development  of various  cancers  considered  here.
For comparison,  we  have  considered  11  existing  association  rule  mining  algorithms.  The  results  are  appro-
priately  validated  in terms  of  gene–gene  interactions,  functional  enrichment,  biochemical  pathways,  and
using  NCBI  database.

© 2015  Published  by  Elsevier  B.V.
. Introduction

Exploratory data mining techniques are needed that can, roughly speaking, be
onsidered as the search for interesting bi-sets, i.e., sets of biological situations and
ets of genes, which are associated in some way. Indeed, it is interesting to look
or  groups of co-regulated genes, for which a reasonable assumption is that they
articipate in a common function within the cell [1]. Genes are grouped together
ccording to similar expression profiles. The association among a set of co-regulated
enes and its discovery pave a way  to a better understanding of gene regulation.

Fuzzy set theory is capable of handling uncertainty in the gene expression
alues arising due to incompleteness, imprecision, noise and experimental errors.
oreover, genes have expression values that are in different intervals under two
onditions (i.e., normal or diseased). Although each interval has a well-defined
oundary, they are highly overlapped. Fuzzy set theory is especially suitable to
odel such imprecise and overlapping data. Thus incorporation of the notion of

∗ Corresponding author. Tel.: +91 3325753105; fax: +91 3325783357.
E-mail addresses: anupam.ghosh@rediffmail.com (A. Ghosh), rajat@isical.ac.in

R.K. De).

ttp://dx.doi.org/10.1016/j.asoc.2015.09.057
568-4946/© 2015 Published by Elsevier B.V.
fuzzy sets in the methods enables one to handle such overlapping intervals in a
better way  [2,3].

The notion of fuzzy sets has been used in the domain of gene expression analysis.
They include, among others, development of rule discovery procedure [4] based on
knowledge extraction of gene by classification; transformation of gene expression by
fuzzy heuristic rule set [5]; classifying fuzzy inference system [6]; development of a
fuzzy  model for gene regulatory networks [7]; measuring performance of small rule-
based classifiers using fuzzy logic [8]; identification of normal and tumor patients
using a fuzzy neural network model [9].

Global gene expression profiling, both at the transcript level and at the protein
level, can be a valuable tool in the understanding of genes, biological networks and
cellular states. As larger and larger gene expression data sets become available,
data mining techniques can be applied to identify patterns of interest in the data.
Association rules, used widely in the area of market basket analysis, can be applied
to  the analysis of expression data as well. Association rules can reveal biologically
relevant associations between different genes or between environmental effects
and gene expression [10]. Items in gene expression data can include genes that

are highly expressed or repressed, as well as relevant facts describing the cellular
environment of the genes (e.g., the diagnosis of a tumor sample from which a profile
was obtained).

Association rule discovery has been applied to gene expression data, search-
ing  for patterns of differential expression across tens of thousands of genes. In

dx.doi.org/10.1016/j.asoc.2015.09.057
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asoc.2015.09.057&domain=pdf
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Fig. 1. Flow

ife threatening diseases, such as cancer, where the effective diagnosis includes
nnotation, early detection, distinction, and prediction, data mining and statistical
pproaches offer the promise for precise, accurate, and functionally robust analysis
f  gene expression data [11]. The computational extraction of derived patterns from
icroarray gene expression is a non-trivial task that involves sophisticated algo-

ithm design and analysis for specific domain discovery. In an earlier investigation, a
odel was  proposed for feature extraction by first applying feature selection heuris-

ics  based on the statistical impurity measures like Gini Index, Max  Minority, and the
woing Rule and obtaining the top 100–400 genes and then analyze the associative
ependencies between the genes and assign weights to the genes based on their
egree of participation in the rules [12]. An analysis of some of these rules reveals
umerous associations among certain genes, many of which make sense biologically,
thers suggesting new hypotheses that may  warrant further investigations.

In  this article, an association rule-mining algorithm, called fuzzy correlated asso-
iation mining (FCAM), has been developed, which uses gene expression data to
enerate the association among the large set of genes and more importantly to
dentify the set of altered associations. The algorithm considers a large set of genes
nd  determines the disease mediating genes (marker genes) (Fig. 1).
Unlike the proposed algorithm FCAM, there is no method that determines
ene–gene associations that have altered from normal state to diseased one and
hereby finding possible disease mediating genes. Thus, identifying the associa-
ions among the genes, discovering the altered associations from gene expression
t of FCAM.

data and finally the proposal of gene ranking technique that is used to identify
the importance of the genes from the set of altered associations may  be consid-
ered as a novel concept. Biological data are often imprecise and noisy. Moreover, in
microarray gene expression data, genes have expression values that are in different
intervals under two  conditions, i.e., normal or diseased. Although each interval has
a  well-defined boundary, they are highly overlapped. Fuzzy set theory is especially
suitable to model such imprecise and overlapping data. This idea leads us to develop
the methodology using the concept of fuzzy set theory. Thus incorporation of the
notion of fuzzy sets in the proposed method enables one to handle such overlapping
intervals in a better way.

We  have applied the proposed methodology (FCAM) (Fig. 1) on gene expres-
sion data sets of 5 different human cancers (lung, colon, lymphocyte, sarcoma
and  breast). There exist several methods for finding gene–gene associations. These
existing methods may  be classified into 3 categories, viz., Category 1, Category 2
and  Category 3. The methods under Category 1 consider finding gene–gene asso-
ciations from structural data, i.e., sequence data [13–15]. Under Category 2, the
methods determine associations among gene functions and protein–protein inter-
actions by using gene expression data as well as some other databases [16–20].

The  methods, under Category 3, determine association among objects in a non-
biological domain [21–26]. Since we could not find any method that works exactly
the  same way  as FCAM does, we have considered 11 methods under Categories
2  and 3 for comparison. Although it can extract the associations among the
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enes from microarray gene expression data, we can put FCAM under Category
.

The  superior performance of FCAM has been demonstrated in terms of
ene–gene interactions, functional enrichment, biochemical pathways and based
n  some earlier information available in NCBI database. Moreover, F-score statistics
as been used to validate the result (for details about F-score, one may  see Appendix
).

Section 2 mainly deals with different existing methods of gene–gene interac-
ions and its related investigations. Section 3 is the methodology, i.e., the description
f  FCAM (Fig. 1) consists of several subsections like Mathematical Preliminaries
Section 3.1), Algorithm for generation of associations (Section 3.2), Altered set of
ssociations from normal to diseased state (Section 3.4) and Ranking of genes based
n  their importance (Section 3.5). Section 5 provides the result which consists of
everal subsections, namely, Description of Datasets (Section 5.1), Analysis of the
esults (Section 5.2) and Comparisons (Section 5.3). The comparison is done using
ene–gene interactions, biochemical pathways, database and functional enrich-
ent. In addition, some possible reasons behind superior performance of FCAM

ave been explained in Section 5.3. Finally, the paper concludes in Section 6. Fur-
her, the proofs of three lemmas, definition of F-score, and some more tables and
gures are provided in Appendix.

. Related works

In this section, we describe briefly some of the methods under
ategories 2 and 3, as they have been considered for comparison. It

s to be mentioned here that the methods [13–15] under Category
 is not considered here as they deal with structural data related
o genes/proteins, unlike FCAM. The algorithms in [16–20,27–31]
nd also FCAM fall under Category 2 as the methods determine the
ene–gene interactions by using the gene expression data. Simi-
arly, we have found a set of algorithms [21–23,26,32–39] that may
e classified into Category 3 as they determine the associations
mong the objects in non-biological domains. Here we have con-
idered Fuzzy FP-Growth (FFPG) [20], Ant-ARM [16] and Li-An [19]
ethods under Category 2, and Apriori [32], FP-Growth [33], T-
priori [34], H-Apriori [34], CFARM [35], FCBAR [21], FWFPG [22]
nd FHARM [39] under Category 3, for comparison.

Both FCAM and FFPG work under fuzzy framework. Unlike
CAM, FFPG the number of requires extra processing time during
he mining process as it continuously generates large conditional
ases and conditional FP-tree. On the other hand, Ant-ARM is based
n crisp environment with higher time complexity as the concept
s based on the swarm intelligence and association rule mining. Li-
n method also works under crisp environment and generates the
lusters during the generation of the associations, which actually
ncreases the time complexity with compared to FCAM.

The algorithms CFARM, FCBAR, FWFPG, FHARM and FCAM are all
ased on fuzzy set theoretic approach. CFARM selects the rule based
n certainty factors. FCBAR constructs the dynamic tree struc-
ure for implementing the fuzzy clustering and subsequently the
ree pruning for mining the rules. On the other hand, FCAM uses
uzzy correlation to generate the rules and mine the significant
ules based on fuzzy confidence threshold values. FWFPG com-
ines the concept of fuzzy weight and fuzzy partition methods in
ata mining, and uses FP-Growth for rule mining, which requires
uge mining cost compared to FCAM. However, both FCAM and
WFPG uses triangular membership functions. FHARM uses fuzzy
upport and confidence values as well as correlation for interest-
ngness measures to generate the rules where as FCAM measures
t using fuzzy confidence threshold values.

. Fuzzy Correlated Association Mining (FCAM)

In this section, we describe the proposed methodology, called
uzzy Correlated Association Mining (FCAM) (Fig. 1). Let us consider

n expression data for a set of n genes X = {x1, x2, . . .,  xn}, for each of
hich m expression values are given. Let G be the set of n genes {g1,

2, g3, . . .,  gn}. For each gene gi, there is an m-dimensional vector
i, where xil (l = 1, 2, . . .,  m) is the lth expression value of gi.
puting 38 (2016) 587–605 589

3.1. Mathematical preliminaries

Before describing the algorithm, some functions that are needed
by FCAM, are defined.

3.1.1. Generation of fuzzy gene sets
The set of expression values of a gene constitute a fuzzy set,

called a fuzzy gene set. The membership function �il of a fuzzy
gene set corresponding to ith gene, is defined as

�il = max

{
0,

1
2

+ 1
2

×
(

xil − xmini

xci
− xmini

)}
, where 0 < xil ≤ xci

,

= max

{
0,

1
2

+ 1
2

×
(

xmaxi
− xil

xmaxi
− xci

)}
, where xil ≥ xci

,

= 0, otherwise,

(1)

where �il ∈ [0, 1] is the fuzzy expression level of ith gene in lth
sample. The terms xmin

i

and xmax
i

are minimum and maximum

expression values of ith gene, respectively, and xci
= xmaxi

+xmini
2 .

That is, a fuzzy set is considered around a gene gi in such a way
that at xil = xmin

i

or xil = xmax
i

(i.e., at the boundary), the degree of

belongingness (fuzzy expression level) of gene gi to the fuzzy set is
0.5, i.e., the situation of most uncertainty. At xil = xci

, the degree of
belongingness of gene gi to the fuzzy set is 1 (maximum) as most of
the expression values are expected to be around xci

for a particular
situation (normal or diseased). Thus a gene is represented by a set
of membership values corresponding to their expression values in
different samples (normal or diseased). In other words, each mem-
bership degree of a gene represents the truth value of the gene to
the corresponding fuzzy set with respect to an expression value.

3.1.2. Fuzzy items and fuzzy support for a fuzzy item
Let Gr = (gr1 , gr2 , . . .,  grp ) be a list of genes of length p. Here we

call Gr a fuzzy item. The fuzzy support for a fuzzy item Gr is defined
as

Fsup(Gr) = 1
m

m∑
l=1

min
gi ∈ Gr

�il (2)

where Gr is the set of genes that are in the list Gr.

3.1.3. Fuzzy correlation coefficient of a pair of fuzzy items
Let �̄1l and �̄2l be two  p and q dimensional vectors correspond-

ing to two  fuzzy items G1 and G2 of lengths p and q, respectively. An
ith (jth) component of �̄1l ( �̄2l) is �il (�jl) (computed using Eq. (1)),
where gi (gj) is involved in G1 (G2). The number of genes involved in
G1 is p and that in G2 is q. The fuzzy correlation coefficient between
two fuzzy items G1 and G2 is defined as [40,41]

Fcorr(G1, G2) = S(G1, G2)
S(G1) × S(G2)

(3)

where

S(G1, G2) = 1
(m − 1)

×
m∑

l=1

|�1l − �̄1| × |�2l − �̄2|, (4)
S(Gr) =

√√√√ 1
(m − 1)

×
m∑

l=1

|�rl − �̄r |2, r = 1, 2 (5)
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nd

¯ r = 1
m

×
m∑

l=1

�rl, r = 1, 2 (6)

Once Fcorr(G1, G2) is computed, it needs to be tested to determine
f it is significant. For this purpose, t-test has been used, where t is
iven by

 = Fcorr(G1, G2) − Tcorr√
(1−F2

corr (G1,G2))
m−2

(7)

he term Tcorr > 0 is a predefined threshold value for fuzzy corre-
ation coefficient, called minimal fuzzy correlation coefficient.  Then
t is checked whether t is at least t(1−˛),(m−2) > 0, where t(1−˛),(m−2)
s the (1 − ˛)th percentile in the t distribution with degree of free-
om (m − 2). If t(1−˛),(m−2) > 0 then it is concluded that Fcorr(G1, G2)

s greater than the predefined minimal fuzzy correlation coefficient
corr with the level of significance of (1 − ˛).

.1.4. Fuzzy confidence of the associations
From the aforesaid fuzzy items, associations are generated. An

ssociation 〈G1, G2〉 indicates that genes in G2 will be over/under
xpressed if genes in G1 are over expressed. After generating the
ssociations, the fuzzy confidence of each association 〈G1, G2〉,
enoted by Fconf(〈G1, G2〉), is calculated by [42],

conf (〈G1, G2〉) = Fsup(G3)
Fsup(G1)

(8)

here G3 is the list of all the genes involved in either G1 or G2. After
omputation of the fuzzy confidence values for the associations,
hey will be compared with minimal fuzzy confidence threshold CF.
f the fuzzy confidence value of an association is less than CF, then
he association is rejected and pruned from the list. Otherwise, it
ill be in the list of associations.

.2. Algorithm: Generation of associations

Here we describe the algorithm. It starts with computing �il
Eq. (1)), for all i = 1, 2, . . .,  n and l = 1, 2, . . .,  m.  The algorithm is an
terative one; the computations in different iterations are narrated
elow.

Begin
Step 0: Initialize SF, ˛, Tcorr, CF.
Step I: Generate terms and Fsup(Tr) from Tr where r = 1.
– Step I.1: Set r = 1 and Tr = {(gi)|i = 1, 2, . . .,  n ; gi ∈ Tr}.
– Step I.2: If Fsup(Tr) ≥ SF then assign Lr = Tr.
– Step I.3:  If |Lr| = �, a null set, then no association is generated

and the algorithm terminates. Otherwise, set r = r + 1 and go to
Step II.

Step II: Generate terms Tr, where r ≥ 2.

– Step II.1:  Generate Tr from Tr−1, such that Tr = Tr−1�  Tr−1. The

operation ‘�’ is the join operation [32].
– Step II.2: If Fsup(Tr) ≥ SF and t(Tr) ≥ t(1−˛),(m−2) then assign Lr = Tr.
– Step II.3: If |Lr| = �, a null set, then go to Step III. Otherwise, set

r = r + 1 and go to Step II.
Step III:  Generate associations from Lr−1.
– Step III.1: Compute Cr−1=Association(Lr−1).
– Step III.2: If Fconf(Cr−1) ≥ CF then assign CFINAL = Cr−1.
End
puting 38 (2016) 587–605

• Begin Function ()
– Function: Association(Lj).
– Define: Set Lj = (Gj, Gj+1, . . ., Gk) where k = 2j−1 and Set Gj=j-term,

i.e., Gj = (g1, g2, . . .,  gj).
– Association(Lj) = ∪k

j=1Association(Gj).
– return.

• End Function ()

• Begin Function ()
– Function: Association(Gr).
– Define: Set Gr=r-term, i.e.,  Gr = (g1, g2, . . .,  gr), and define Gi such

that Gi ⊂ Gr ∀i = 1, 2, . . .,  (r − 1).
– Association(Gr)=∪r−1

i=1 < Gi, (Gr − Gi) >.
– return.

• End Function ()

3.3. Example

Input: In this example, we  have considered 5 genes, viz., g1, g2,
g3, g4, g5 with expression values over 5 samples. The dataset is
mentioned in Table 1.

Initialization: Here, each parameter is initialized, and SF = 0.30,
 ̨ = 0.10, Tcorr = 0.20, CF = 0.95, have been considered for the experi-

ment. Since m = 5 and  ̨ = 0.10, t(1−˛),(m−2) = 1.638.
Generation of Fuzzy gene sets: Based on the aforesaid initial-

ization and input data set, the fuzzy gene set has been determined
(Table 1).

Computation in 1st iteration: Generation of terms and their
fuzzy support. In the very first step, T1 term set has been gener-
ated. T1 is set of 1-gene set. After that the fuzzy support (Fsup) of
T1 has been calculated (Table 2). Hence, L1 has been generated by
pruning T1 using fuzzy support threshold SF = 0.30 (Table 2). Since,
L1 /= �, a null set T2 has been generated.

Computation in 2nd iteration: Generation of terms and their
fuzzy supports, t values. In the 2nd iteration, T2 has been gener-
ated from L1. T2 is set of 2-gene set. Now, Fsup and t-value (using
fuzzy correlation coefficient) for T2 has been calculated (Table 2).
After that, L2 has been generated by pruning T2 using fuzzy sup-
port threshold SF = 0.30 and predefined t = 1.638 (Table 2). As L2 /= �
then T3 has been generated.

Beginning of 3rd iteration: Generation of terms and their fuzzy
supports, t values. In the 3rd iteration, T3 has been generated from
L2. T3 is set of 3-gene set and 4-gene set. Here, T3 generates 3-gene
set. Now, Fsup and t-value (using fuzzy correlation coefficient) for
T3 has been calculated (Table 2). After that, L3 has been generated
by pruning T3 using fuzzy support threshold SF = 0.30 and prede-
fined t = 1.638 (Table 2). Since L3 = � no further iteration has been
required, and association has been generated from L2.

Generation of associations C2 from L2: The associations (C2)
has been generated from L2. The fuzzy confidence Fconf of C2 has
been calculated (Table 3), and final association set CFINAL has been
generated by pruning C2 using minimal fuzzy confidence CF = 0.95
(Table 3).

Lemma  1. The number of elements in Tr in rth iteration is

|Tr|=
∑2r−1

i=r

(
n
i

)
, r ≥ 1, n ≥ 2r−1. Proof of the lemma  is given in

Appendix A.1. However, the algorithm terminates in iteration R, if
LR = �, R ≥ 1, and the set of significant associations is generated from
LR−1. After determining the significant associations, the fuzzy con-
fidence value is computed for each association (Eq. (8)). The set of
associations finally reduced by pruning some associations based on

minimal fuzzy confidence (CF) value.

Lemma  2. The maximum number of iterations of FCAM is �1+ log2 n �.
Proof of the lemma is given in Appendix A.2.
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Table  1
Input dataset and corresponding fuzzy gene set.

Gene name Expression value

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Input dataset g1 170 59.7 80 92.4 104
g2 69.4 18.1 26 96.9 72.8
g3 250.7 146.8 150 177.8 228.7
g4 957.1 186.8 340.2 515.8 540.8
g5 25.4 −7.7 −16.3 18 26

Fuzzy gene set g1 0.500000 0.848985 0.500000 0.500000 0.514184
g2 0.500000 0.500000 0.500000 0.500000 0.000000
g3 0.684044 0.600254 0.530799 0.699143 0.000000
g4 0.796464 0.500000 0.798364 0.927106 0.689125
g5 0.901632 0.805838 0.711742 0.959561 0.500000

Table 2
Fuzzy support, t-value of terms in different iterations and pruning.

Terms (T1) Fsup t-value

Fuzzy support of terms in 1st iteration (g1) 0.676428
(g2) 0.651015
(g3) 0.608181
(g4) 0.717162
(g5) 0.340662

Fuzzy  support of terms in 1st iteration after pruning (g1) 0.676428 > SF

(g2) 0.651015 > SF

(g3) 0.608181 > SF

(g4) 0.717162 > SF

(g5) 0.340662 > SF

Fuzzy support and t-value of terms in 2nd iteration (g1, g2) 0.581218 −0.229618
(g1, g3) 0.607801 2.129630
(g1, g4) 0.676428 7.916760
(g1, g5) 0.337825 0.503083
(g2, g3) 0.548508 −0.613424
(g2, g4) 0.581218 −0.386906
(g2, g5) 0.302837 0.281405
(g3, g4) 0.608181 3.279048
(g3, g5) 0.337825 1.298586
(g4, g5) 0.337825 0.706486

Fuzzy  support and t-value of terms in 2nd iteration after pruning (g1, g3) 0.607801 > SF 2.129630 > t0.9,3

(g1, g4) 0.676428 > SF 7.916760 > t0.9,3

(g3, g4) 0.608181 > SF 3.279048 > t0.9,3

Fuzzy support and t-value of terms in 3rd iteration (
Fuzzy support and t-value of terms in 3rd iteration after pruning N

Table 3
Associations Cr−1 or C2 with their fuzzy confidence and final associations CFINAL .

Associations (C2) Fconf(C2)

Associations Cr−1 or C2

with their fuzzy
confidence

<g3, g1> 0.999375

<g1, g3> 0.898545
<g4, g1> 0.943201
<g1, g4> 1.000000
<g4, g3> 0.848038
<g3, g4> 1.000000

Associations CFINAL after
pruning based on
CF = 0.95

<g3, g1> 0.999375 > CF

<g1, g4> 1.000000 > CF

L

i

l

normal state to diseased state. Here we  describe a gene ranking
mechanism based on their importance in the altered association set.
<g3, g4> 1.000000 > CF

emma  3. The number of associations in candidate set Cr in rth∑2r−1
(

n
)

teration is |Cr | = i=r (2i−1 − 1)
i

, r ≥ 1, n ≥ 2r−1. Proof of the

emma is given in Appendix A.3.
g3, g1, g4) 0.607801 > SF 0.737023 < t0.9,3

ull

3.4. Determining altered set of associations from normal to
diseased state

The algorithm is applied to both normal and diseased samples
of the gene expression data. Thus two sets AN and AD of associa-
tions, corresponding to normal and diseased samples, have been
obtained. Now the set of associations that have altered from nor-
mal  state to diseased state, has been identified. The altered set of
associations A = (AN ∪ AD) − (AN ∩ AD) is identified. This set of altered
associations indicates that they influence mediating the develop-
ment of the disease.

3.5. Ranking of genes based on their importance

Once the set A for the data set has been identified, we consider
the genes involved in the set of associations that have altered from
In order to measure the importance of a gene, a parameter, called
importance factor,  is introduced. The importance factor of gene gi,
denoted by IMP(gi) ( ∈ [0, 1]), is defined as



5 oft Com

I

H
m
a
I
a
a

4

i

4

a
n

i

p
i
t
i

4

f
i
i
t

5

(
g
l
a
t
d
a
C
B
(
F
m

s
o

5

d
i

5

A
s
c
s

92 A. Ghosh, R.K. De / Applied S

MP(gi) = Vassociation(gi)
|A| (9)

ere, |A| is the number of associations that have altered from nor-
al  to diseased condition. Vassociation(gi) indicates the number of

ltered associations in which gi is involved. Higher the value of
MP(gi), higher is the importance of gi in mediating the disease
nd vice versa. Based on these IMP-values, the genes are ranked
ccording to their importance in mediating a disease.

. Computational cost

In this section, we shall derive an estimate for the cost incurred
n the computation. We  have done it on n, number of genes.

.1. Cost for generating the associations

The entire method starts with generation of term sets and then
ssociations are generated from the terms set in each iteration. The
umber of computations required for generating the associations

n rth iteration of n genes is
∑2r−1

i=r (2i−1 − 1)

(
n
i

)
. Hence the com-

utational complexity for generating the associations for n genes
n the iteration is O(nc) where c is the constant. Thus, the computa-
ional complexity required for generating the associations in each
teration of n genes is O(nc).

.2. Cost for generating the associations in all iterations

We  can get n ≥ 2(r−1), where r is the number of iterations. Thus,
or the maximum value of r = R, 2R−1 = n. That is, R = 1 + log2 n. If n
s not a power of 2 then R =�1 + log2 n �. Thus maximum number of
terations of the algorithm requires �1+ log2 n �. Hence the compu-
ational cost for the algorithm is O(1 + log2 n) * O(nc) or O(nc * log2 n).

. Results

The effectiveness of Fuzzy Correlated Association Mining
FCAM), along with comparisons, is demonstrated on five cancer
ene expression datasets, viz., lung (7129 genes with 10 normal
ung and 86 tumor samples), breast (22,645 genes with 2 normal
nd 4 tumor samples), colon (6600 genes with 18 normal and 18
umor samples), sarcoma (22,283 genes with 15 normal and 39
iseased samples) and leukemia (22,283 genes with 13 normal
nd 43 diseased samples). We  have considered the methods, like
omposite Fuzzy Association Rule Mining (CFARM), Fuzzy Cluster-
ased Association Rules (FCBAR), Fuzzy Frequent Pattern Growth
FFPG), Fuzzy Weighted Frequent Pattern Growth (FWFPG), Apriori,
P-Growth, T-Apriori, Hybrid Apriori (H-Apriori), Ant-ARM, Li-An
ethod and FHARM, for comparisons.
For every dataset, the parameters of each algorithm have been

et to values in such a way that the number of selected genes
btained by each algorithm is closed to that in NCBI database [43].

.1. Description of datasets

Here we describe briefly five microarray gene expression
atasets. Table 4 shows the number of genes and expression values

n these datasets.

.1.1. Human lung expression data
Human lung gene expression data has been obtained by
ffymetrix microarray experiments with tumors and normal lung
amples [44]. In this data set, there are 7129 genes (more specifi-
ally, Affymetrix probe-sets) for 86 lung tumor and 10 normal lung
amples. The gene expression profiles represent 86 primary lung
puting 38 (2016) 587–605

adenocarcinomas, including 67 state I and 19 state III tumors, as
well as 10 neoplastic lung samples. More details on this data set
can be found in [44]. Database web  link for this data is [49].

5.1.2. Human colon expression data
In human colon expression data, the expression level of 6600

genes in [45] 18 tumor and 18 normal samples have been con-
sidered. The data set is available at [43]. Samples were obtained
from colon adenocarcinoma specimens snap-frozen in liquid nitro-
gen within 20 min  of removal/collection from patients. From some
of these patients, paired normal colon tissue was  also obtained.
The tissue was snap-frozen in liquid nitrogen within 20–30 min of
harvesting and stored thereafter at −80 ◦C. mRNA was extracted
from the bulk tissue samples and hybridized (using Affymetrix
Hum600) to the array using standard procedure. The adenocar-
cinoma samples were specifically re-reviewed by a pathologist
where the samples were obtained using paraffin-embedded tissue
that was adjacent or in close proximity to the frozen sample from
which the mRNA was extracted.

5.1.3. Human breast cell expression data
Human breast cell expression data constitutes expression level

of 22,645 genes [46]. The array based gene expression profiling of
breast cancer cell lines HCC 1954 and MDA-MB-436 were consid-
ered in reference to mammary epithelial cells. In this data set, there
are 6 samples; two samples are for normal breast epithelium con-
trol replicate human mammary epithelial cells, and remaining 4
samples for breast cancer cells. Database web link for this data is
[43].

5.1.4. Human soft tissue sarcoma expression data
Human soft tissue sarcoma expression data consists of expres-

sion profiling of soft tissue sarcoma samples of Homo sapiens.
Hypoxic regions often develop in tumors as they increase in
size. Results provide insight into the expression of hypoxia-
related genes in sarcomas under oligonucleotide technology. In
this data set, there are 22,283 genes with 15 normal samples and
39 diseased samples [47]. Among these 39 diseased samples, 7
fibrosarcoma samples, 2 GIST (gastrointestinal stromal) samples, 6
Leiomyosarcoma samples, 4 dedifferentiated liposarcoma samples,
3 pleomorphic liposarcoma samples, 9 MFH  (malignant fibrous his-
tiocytoma) samples, 4 Round cell sarcoma samples and 4 Synovial
sarcoma samples are present. The data set can be available at [43].

5.1.5. Human lymphocytes and plasma cell expression data
Human lymphocytes and plasma cell expression data is related

to Waldenstrom’s macroglobulinemia (B lymphocytes and plasma
cells) [48]. It has been used for analysis of B lymphocytes (BL) and
plasma cells (PC) from patients with Waldenstrom’s macroglobu-
linemia (WM),  a B-lymphoproliferative disorder (BLPD). The entire
data set consists of expression level of 22,283 genes in 56 samples.
Among them, there are 13 normal samples (8 normal B lymphocytes
and 5 normal plasma cells) and 43 diseased (20 Waldenstrom’s
macroglobulinemia, 11 chronic lymphocytic leukemia, 12 multiple
myeloma) samples.

5.2. Analysis of the results

At first, FCAM is applied to normal samples of human lung
expression data. In normal state, 112 associations have been
generated. Here the threshold value for t has come out to be
1.39, i.e., t(1−˛),(m−2) = t0.9,8 = 1.39, where m (=10), the number of

samples, is the degree of freedom. Likewise, the algorithm is
applied to diseased samples of lung expression data. Here the
value of m is 86. Thus, the threshold t-value has become 1.29
(t(1−˛),(m−2) = t0.9,84 = 1.29). As a result, 97 associations have been
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Table  4
Highlights of the datasets.

Sl. No. Dataset Number of genes Number of normal samples Number of diseased samples Reference

1. Lung 7129 10 86 [44]
2. Colon 6600 18 18 [45]
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3. Breast 22,645 2 

4. Sarcoma 22,283 15 

5. Leukemia 22,283 13 

etermined for the diseased state. Now, these two sets of associ-
tions (one set for normal state and another set generated from
iseased state) have been compared. After comparing these two
ets, 55 associations that have altered from normal to diseased
tates of lung, have been obtained. Table C.5 in Appendix C shows
hese 55 altered associations, for lung expression data, along with
heir fuzzy confidence values. It is to be noted that 77 associations
re common in both the states (i.e., normal and disease). Finally,
he genes involved in these 55 associations (Table C.5 in Appendix
) have been ranked based on IMP  values (Eq. (9)). Likewise, 50
ssociations for colon, 112 associations for soft tissue sarcoma, 96
ssociations for lymphocytes and plasma cell, and 108 associations
or breast have been found, by FCAM, to have altered from normal
tate to carcinogenic state in the respective organs. We have not
isted them to improve the conciseness of the article. The genes
nvolved in these associations have been considered and ranked
sing IMP-values.

Table C.6 in Appendix C provides the numbers of associations
btained by all the methods implemented for all the datasets. The
ntries in the table correspond to the number of associations (|AN|
nd |AD|) obtained on gene expression data under both normal and
iseased states, that obtained on any of gene expression data under
ormal or diseased (|AN ∪ AD|) and also on both |AN ∩ AD|. Likewise,
he numbers |(AN ∪ AD) − (AN ∩ AD)| of altered associations obtained
y all the methods for all the datasets are also depicted in the table.
he table shows that FCAM has been able to identify maximum
umber of altered associations for most of the datasets. Table C.7

n Appendix C provides the parameter values used by the methods
o obtain the sets of above associations.

.3. Comparisons

In this section, we have made a comparative study of the
esults derived from gene expression datasets (lung, colon, breast,
arcoma, leukemia) using FCAM and 11 other methods (under
ategories 2 and 3). We  have used some criteria like gene–gene

nteractions and function enrichment for comparisons. The com-
arisons are also based on biochemical pathways and NCBI
atabase.

.3.1. On gene–gene interactions
Here, we compare the results obtained by FCAM with other

ethods, in terms of gene–gene interactions. By gene–gene inter-
ctions, we mean corresponding protein–protein interactions. For
his purpose, we have mainly focussed on the fact that how cor-
ectly FCAM has discovered the associations in terms of gene–gene
nteraction with respect to other existing methods.

In NCBI, we get pathway related information from bio-system
atabase. The bio-system consists of a set of genes and their inter-
ctions with other genes. We  have found some cancer specific
athways from bio-system (pathway) database of NCBI [43]. In the
atabase, we have found non-small cell lung cancer, small cell can-

er, colorectal cancer, chronic myeloid and acute myeloid leukemia
elated pathways. These pathways are related to human lung, colon
nd lymphocyte and plasma cells. However, we  could not find
imilar pathways for human sarcoma and breast cells. From this
4 [46]
39 [47]
43 [48]

database, we  have collected the information related to gene–gene
interaction for leukemia, lung and colon cancers. The list of inter-
actions for three cancers have been compared with associations
generated by the 12 methods (including FCAM) for normal state of
lung, colon, and lymphocyte cells.

For human lung expression dataset, 129 interactions among
the genes in normal state have been identified using FCAM. The
database provides 126 such interactions for human lung. We  have
found 98 interactions (true positive) that are common in both the
sets. Likewise, we have calculated false positive and false nega-
tive. In this way, we  have computed the aforesaid parameters for
remaining 11 existing methods for lung. Finally, we have calculated
these parameters for all the cases except breast and sarcoma. From
Fig. 2, it is clearly observed that our method FCAM produces the high
F-score value compared to the other existing methods for all the
three datasets. It is to be noted that FCAM (Fig. 2) also generates less
number of false positives and false negatives compared to almost
all the other methods. From Fig. C.10 in Appendix C, it is clearly
observed that for Category 2, the method FFPG under fuzzy frame
work performs much better (higher F-score value) than the meth-
ods under crisp frame work (Ant-ARM and Li-An) for lung, leukemia
and colon cancer datasets. Similarly, for Category 3, methods under
fuzzy frame work (i.e., CFARM, FCBAR, FWFPG, FHARM) perform
better than that under crisp frame work (i.e., Apriori, FP-Growth,
H-Apriori, T-Apriori) for all the cancer datasets. Thus the methods
under fuzzy framework performs that better than that under crisp
frame work both for Categories 2 and 3. On  the other hand, it is
clearly observed that our proposed method FCAM (from Fig. C.9
in Appendix C) results in higher F-score value than all the meth-
ods under both the Categories (Fig. C.10 in Appendix C). Thus, we
can say that FCAM is the best method compared to other methods
considered here, in terms of gene–gene interactions.

5.3.2. Using biochemical pathways
From the aforesaid pathways, the genes (protein) involved in

these pathways have been identified. Now we consider the altered
associations in such a way  the set of genes involved in these asso-
ciations has become similar to the set of genes involved in the
pathways. For lung cancer, we  have found non-small cell lung can-
cer and small cell cancer pathways. A set of 409 genes are involved
in these two  pathways. For lung expression data (7129 genes), top
ranked 409 genes have been considered from the results obtained
by all the 12 methods. These genes have been compared with 409
genes (Table C.7 in Appendix C). FCAM has identified 415 genes that
are involved in altered associations. Here 342 genes have been iden-
tified, which are common in database information and the results of
FCAM. We  have called these genes as true positive (TP) genes. Thus
we have 73 genes that are within the set of 415 genes (obtained
by FCAM) but not involved in the pathways. These 73 genes are
considered as false positive (FP). Similarly, the number of false neg-
ative genes is 67 for FCAM. Likewise, the numbers of true positive,
false positive and false negative genes have been computed for

remaining 11 methods.

For human colon expression data, we have found 62 genes that
are present in a colon cancer related pathway (i.e., colorectal cancer
pathway). Similarly, 355 genes have been found in leukemia related
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Fig. 2. Comparison of FCAM with all other methods in terms of ge

athways like chronic myeloid and acute myeloid leukemia. From
ig. 2, it is clear that FCAM have provided the best F-score result to
nd out true positives compared to the other existing methods for
ll the cases. It is to be mentioned that FCAM is capable of finding
ut less number of false positive and false negative genes compared
o the other methods for all the cases.

Next, the results, obtained by the methods under Categories 2
nd 3 in both fuzzy and crisp framework, have been compared,
sing F-score, in terms of biochemical pathways. From Fig. C.11 in
ppendix C, it is clearly observed that all the methods under fuzzy

ramework, that Categories 2 and 3, perform better than the under
risp framework. Here FCAM results in higher F-score value than
ll the methods considered here for all the cancer datasets.

.3.3. Using database
NCBI provides a gene database [50] where the disease mediating

ene list corresponding to a specific disease can be obtained. The list
s arranged in terms of relevance of the gene. We  have got different
ets of genes for lung cancer, colon cancer, sarcoma, breast cancer
nd leukemia. From each gene list, we can consider first c genes if

 method results in c genes. For lung expression data (7129 genes),
5 altered associations have been identified using FCAM. A set of 90
enes are involved in these altered associations. We  have compared
his set of genes with first 90 genes from NCBI, which are supported
y some earlier investigations. Here 75 genes have been identified,
hich are common in both the sets. We  call these genes as true

ositive (TP) genes. Thus 15 (=90 − 75) genes are not in the list of 90
enes obtained from NCBI. We  denote these genes as false positives
FP). Likewise, 15 (=90 − 75) genes which are in NCBI list, are not
n the set of genes obtained by FCAM and are called false negative
enes.

In this way, we have taken top ranked 110, 80, 80, 120, 75, 75,
0, 70, 100, 95 and 100 genes from NCBI corresponding to CFARM,
CBAR, FFPG, FWFPG, Apriori, FP-Growth, T-Apriori, Hybrid Apriori,

nt-ARM, Li-An and FHARM. Similarly, the results have been val-

dated for other four expression datasets. From Fig. 2, it is clearly
hown that FCAM produces the best F-score value compared to the
ther existing methods for all the five datasets. We  have made a
ne interactions, biological pathways, NCBI database using F-score.

comparative study using F-score obtained by the methods under
Categories 2 and 3 under both fuzzy and crisp framework, in terms
of NCBI database. From Fig. C.12 in Appendix C, it is clearly observed
that all the fuzzy association rule mining methods provide higher
F-score values than the crisp rule mining methods. FCAM performs
much better than all existing rule mining methods considered here
for all the five cancer datasets. Hence, we  can conclude that the
proposed method FCAM is capable of identifying the significant
associations among the genes in terms of gene–gene interactions,
biochemical pathways and NCBI database.

5.3.4. Using functional enrichment
Since the genes have been ranked based on their occurrences in

the altered associations, top ranked genes are expected to mediate
the respective carcinoma, being involved in some particular biolog-
ical functions [51]. Thus the functional categories, related to these
biological functions, of these genes should be enriched.

In our study, the enrichment of each GO category for each
of the genes has been calculated by its p-value. A low p-value
indicates that the genes belonging to the enriched functional cat-
egories are biologically significant. Here only functional categories
with p-value ≤5 ×10−5, p-value ≤5 ×10−7 and ≤5 ×10−9 have been
considered. Figs. C.3–C.5 in Appendix C show the number of func-
tionally enriched attributes corresponding to FCAM for various sets
of genes. Higher number of enriched attributes for a set of top
ranked genes indicates that the resulting genes are belonging to
the same functional categories. In other words, this group of genes
are performing the same set of functions. This means, if one of the
genes from the pool is responsible for cancer then the other genes
may  have a strong influence in mediating the disease.

In order to demonstrate the ability to identify cancer mediat-
ing genes correctly, the number of enriched attributes of the first
5, 10, 15, 20 genes has been computed for all the five datasets.
From Figs. C.3–C.5 in Appendix C, it is clearly seen that gene rank-
ing resulted in by FCAM is the best of all the other 11 methods

considered in the present investigation. Similarly, we have calcu-
lated the number of enriched attributes for the last 5, 10, 15, 20 gene
sets to establish the fact that how correctly the methods along with
importance factor is capable of ranking the genes according to their
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mportance (Figs. C.6–C.8 in Appendix C). Figs. C.3–C.8 in Appendix
 clearly depict that FCAM provides the best results for all the five
atasets.

.3.5. Some possible reasons behind superior performance of
CAM

Methods under Category 1 deal with structural data and other
ype of biological data except gene expression data, and have not
een considered here for comparison. We  have considered some
ethods under both Categories 2 and 3 for comparison.
Since the proposed method FCAM has been developed for gene

xpression data and based on the notion of fuzzy set theory, FCAM
as provided better results than the methods under Category 3.
lthough the methods under Category 2 uses gene expression data,

hey ultimately determine associations among the gene functions
ased on other databases viz., GO, SAGE. The methods under Cate-
ory 3 deal with non-biological data in different domains.

The methods Apriori, T-Apriori, H-Apriori and FP-Growth par-
ition a continuous domain into crisp intervals while splitting a
omain of an attribute into intervals. Here the problem of sharp
oundary problem arises. Elements near the boundaries of a crisp
et (interval) may  be either ignored or overemphasized. In case of
-Apriori, the use of clustering method, in partitioning the domain
f an attribute, maps the quantitative association rule mining prob-
em into the Boolean association rule mining problem, and needs
areful consideration, as the partitions may  affect the generated
ules directly. The algorithms, FP-Growth, FFPG and FWFPG do
ot produce the candidate item-sets, but it uses growth models
o mine frequent patterns. Moreover, FP-growth needs transac-
ion database twice, due to which mining process needs extra
rocessing time and space as it continuously generates large con-
itional bases and conditional FP-Trees. These are some possible
easons behind the better performance of FCAM over the others.

Out of the methods under both Categories 2 and 3, those based
n the notion of fuzzy sets have shown better performance in
ost of the cases than the non-fuzzy methods. This is shown in

igs. C.9–C.12 in Appendix C. The reason behind it may  be as follows.
Biological data are often imprecise and noisy. Moreover, in

icroarray gene expression data, genes have expression values
hat are in different intervals under two conditions (i.e., normal
r diseased). Although each interval has a well-defined boundary,
hey are highly overlapped. Fuzzy set theory is especially suitable
o model such imprecise and overlapping data. Thus incorporation
f the notion of fuzzy sets in the methods enables one to handle
uch overlapping intervals in a better way.

Finally, we have executed the fuzzy set theoretic algorithms
eveloped based on (i) triangular membership function that has
een used in FCAM, and (ii) the membership function used orig-

nally by the respective methods. Fig. C.13 in Appendix C shows
he results. However, both Cases (i) and (ii) have resulted in
imilar performance. Case (i) has performed better for some
atasets/databases than Case (ii), while it is the reverse for some
thers.

.4. Some possible cancer mediating genes

Here some genes are considered, which are among the most sig-
ificant top genes. Applying FCAM on human lung expression data,
e have found the genes, like IGFBP3, TP53, HBB, HLA-B, SFTPA2,

NF, IGHG3, PRKACA and SORT1 are among the top 10 most impor-
ant genes. Likewise, for human colon expression profile, the genes
ike, microtubule-associated protein 2 (MAP2), tumor necrosis fac-

or (TNF), calcitonin (CALCA), colon carcinoma kinase-4 (CCK4),
soleucyl-tRNA synthetase (IARS), thymidylate synthase (TYMS),
emoglobin Beta Chain (HBB), insulin-like growth factor binding
rotein 6 (IGFBP6) are among the top 10 most important genes.
puting 38 (2016) 587–605 595

For human breast cancer dataset, we  have found that genes like
KRAS, HAL, FNTA, BCAN, GDI2, ERBB2, NARS are the most impor-
tant genes. Similarly, genes, like PTEN, IGF1, BRCA1, TYMS, IARS,
HBB are also among the top 10 most important genes for human soft
tissue sarcoma expression data. Finally, we report that genes, like
BAX, CALCA, ATP6V0B, NARS, CDKN2A, GDI2, SDHC and H3F3A are
among the top 10 most significant genes for human lymphocytes
and plasma cell expression data.

6. Conclusions

In this article, we have developed a methodology, called fuzzy
correlated association mining (FCAM) that has identified associa-
tions among the genes and found out the disease mediating genes
from gene expression data. The algorithm has identified the associ-
ations among the genes, which have altered quite significantly from
normal state to diseased state. Moreover, a gene ranking measure-
ment has been formulated to identify the importance of the genes
that are present in the set of altered associations.

The effectiveness of FCAM, along with superior performance
over 11 existing methods has been demonstrated on five gene
expression datasets (lung, colon, sarcoma, leukemia and breast).
The comparative study has been made in terms of gene–gene
interactions, biochemical pathways, using NCBI database and func-
tionally enriched attributes. We  have found genes, like IGFBP3,
ERBB2, TP53, HBB, KRAS, PTEN, CALCA, CDKN2A as some possible
important genes mediating certain cancers considered in this arti-
cle. It has been found that FCAM has been able to find more true
positives than the existing methods considered here. We  have also
validated the altered associations among the genes using various
pathways available in NCBI database. As a consequence, we can say
that these sets of identified genes along their altered associations,
have a significant role of mediating the various types of cancers.

Appendix A. Some Lemmas and their proofs

A.1. Proof of Lemma 1

Lemma  1. The number of elements in Tr in rth iteration is

|Tr|=
∑2r−1

i=r

(
n
i

)
, r ≥ 1, n ≥ 2r−1.

Proof. We now prove Lemma  1 by the method of induction. In
general, if there is a set D = {g1, g2, . . .,  gn−1, gn} consisting of

n genes then T1 = {(g1), (g2), . . .,  (gn−1), (gn)} and |T1| =
(

n
1

)
=

∑21−1

i=1

(
n
i

)
. Similarly, the set T2 consists of 2-terms. The num-

ber of 2-terms is

(
n
2

)
. Thus, |T2| =

(
n
2

)
=

∑22−1

i=2

(
n
i

)
. The

set T3 consists of both 3-terms and 4-terms. The number of 3-

terms is

(
n
3

)
and that of 4-terms is

(
n
4

)
. Thus, |T3| =

(
n
3

)
+(

n
4

)
=

∑23−1

i=3

(
n
i

)
. Similarly, the set T4 consists of 4-terms,

5-terms, 6-terms, 7-terms, 8-terms. Thus, |T4| =
(

n
4

)
+

(
n
5

)
+(

n
6

)
+

(
n
7

)
+

(
n
8

)
=

∑24−1

i=4

(
n
i

)
. Therefore, the Lemma  1
is valid for r = 1, 2, 3 and 4. Let us assume that the

lemma  is valid for r = r. That is, |Tr|=
∑2r−1

i=r

(
n
i

)
. Now the

set Tr+1 consists of (r + 1)-terms, (r + 2)-terms,  . . .,  2 × 2r−1 i.e.,
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r terms. Therefore, |Tr+1| =
(

n
r + 1

)
+

(
n
r + 2

)
+ · · · +

(
n
2r

)
=

2r+1−1

i=r+1

(
n
i

)
. Thus, if Lemma  1 is valid for r = 1 then it is valid for

 = 2. If Lemma  1 is true for r = 2, it holds for r = 3, and so on. Thus,

Tr|=
∑2r−1

i=r

(
n
i

)
, r ≥ 1, n ≥ 2r−1.

.2. Proof of Lemma 2

emma  2. The maximum number of iterations of FCAM is �1+ log2n �.

roof. From Lemma 1, we can get n ≥ 2(r−1), where r is the number
f iterations. Thus, for the maximum value of r = R, 2R−1 = n. That is,

 = 1 + log2 n. If n is not a power of 2 then R =�1 + log2n �.

.3. Proof of Lemma 3

emma  3. The number of associations in candidate set Cr in rth

teration is |Cr | =
∑2r−1

i=r (2i−1 − 1)

(
n
i

)
, r ≥ 1, n ≥ 2r−1.

roof. The number of associations generated from each r-term is(
r
(r − 1)

)
+

(
r
(r − 2)

)
+ . . . +

(
r
1

))
/2, i.e., (2r−1 − 1) where

 ≥ 1. Thus, the number of associations generated from all r-

erms becomes (2r−1 − 1)

(
n
r

)
. Similarly, number of associations

enerated from all (r + 1)-terms is (2r − 1)

(
n
(r + 1)

)
. In this( )
ay, we can get (2(2r−1−1) − 1)
n

2r−1 associations generated

y all 2r−1-terms. All these associations are included in the
puting 38 (2016) 587–605

set Cr. Therefore, total number of associations in Cr, r ≥ 1, in

rth iteration is |Cr | = (2r−1 − 1)

(
n
r

)
+ (2r − 1)

(
n

(r + 1)

)
· · · +

(2(2r−1−1) − 1)

(
n

2r−1

)
=

∑2r−1

i=r (2i−1 − 1)

(
n
i

)
It is to be noted

that Lr is generated from Cr in rth iteration based on fuzzy support
and fuzzy correlation coefficient using corresponding threshold
values.

Appendix B. F-score

F-score ( ∈ [0, 1]) [52] is defined as

F-score = (ˇ2 + 1) ∗ Precision ∗ Sensitivity

ˇ2 ∗ Precision + Sensitivity
(10)

where

Sensitivity = tp

(tp + fn)
(11)

Precision = tp

(tp + fp)
(12)

The terms tp,  fp,  fn and  ̌ stand for true positive, false positive,
false negative and balance factor, respectively. All the above three
measures distinguish the correct classification of labels within dif-
ferent classes. They concentrate on one class (positive examples).
Sensitivity or Recall is a function of its correctly classified examples
(true positives) and its misclassified examples (false negatives).
Precision is a function of true positives and examples misclassified
as positives (false positives). The F-score [52] is evenly balanced
when  ̌ = 1. It favors precision when  ̌ > 1, and sensitivity or recall
otherwise. In our experiment, we  have chosen  ̌ = 1.
Appendix C. Some tables and figures

See Appendix Figs. C.3–C.13 and Tables C.5–C.7 .
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Figure C.3. Comparative results on number of enriched attributes of first 5 to first 20 gene sets with p-val ≤5 ×10−5.

Figure C.4. Comparative results on number of enriched attributes of first 5 to first 20 gene sets with p-val ≤5 ×10−7.
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Figure C.5. Comparative results on number of enriched attributes of first 5 to first 20 gene sets with p-val ≤5 ×10−9.

Figure C.6. Comparative results on number of enriched attributes of last 5 to last 20 gene sets with p-val ≤5 ×10−5.
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Figure C.7. Comparative results on number of enriched attributes of last 5 to last 20 gene sets with p-val ≤5 ×10−7.

Figure C.8. Comparative results on number of enriched attributes of last 5 to last 20 gene sets with p-val ≤5 ×10−9.
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Figure C.9. F-scores obtained by FCAM.

Figure C.10. Comparison using F-scores on gene–gene interactions for lung, leukemia and colon cancer datasets.
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Figure C.11. Comparison using F-scores on biochemical pathways for lung, leukemia and colon cancer datasets.

Figure C.12. Comparison using F-scores on NCBI database for lung, leukemia, colon, sarcoma and breast cancer datasets.
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Figure C.13. Comparison between two  different fuzzy frameworks.

Table C.5
List of associations that have altered from normal to tumor samples for lung expression dataset using FCAM.

Rule No. List of rules Fuzzy confidence value

1. 〈(TNF,TP53),(EGFR,KRAS,BRAF,CASP8)〉 0.82
2.  〈(PTEN,TGFB1,TNF),(VEGFA,AKT1,CDKN2A,CDH1)〉 0.85
3.  〈(BCL2,IL6,HLA-B,PIK3CA),(TP53,PTEN,EGFR)〉 0.81
4.  〈(TNF,EGFR,STAT3),(ERBB2,HIF1A,ESR1,BRCA1)〉 0.87
5.  〈(TNF,EGFR,TP53),(BAX,LEP,IGF1,IGFBP3)〉 0.89
6.  〈(TNFRSF1A,BRAF,TP53),(PTEN,TNF)〉 0.82
7.  〈(EGF,IGF1R,CYP2D6,FLT1),(STAT3,BAX)〉 0.91
8. 〈(CASP3,KRT19,ITGB3),(IGFBP3)〉 0.87
9.  〈(AGER,PIK3CG,SOX4,TNF),(TP53,EGFR)〉 0.92

10.  〈(FAS,MYC,ACE,BRCA1),(FOXP3,BIRC2)〉 0.90
11.  〈(TNF),(IGFBP3,HLA-B)〉 0.88
12.  〈(BAX,TNF,BRAF),(TP53,EGFR)〉 0.91
13.  〈(PRKACA,TP53),(HBB,SFTPA1,SFTPA2)〉 0.86
14.  〈(EGFR),(MMP3,MMP2,MMP1,MMP9)〉 0.88
15.  〈(HLA-B,KRT19),(VEGFA,HLA-G)〉 0.84
16.  〈(TP53,BRCA1),(TNF)〉 0.83
17.  〈(SFTPA1,SFTPA2),(HBB)〉 0.84
18.  〈(HBB),(ERBB2,ERCC2)〉 0.85
19.  〈(APOE,IL10,IL8),(IL6)〉 0.90
20.  〈(IGFBP3,CDKN2A),(CDKN1B,CDKN1A)〉 0.92
21.  〈(MMP7),(MMP9)〉 0.80
22.  〈(MMP3,MMP2),(MMP7)〉 0.86
23.  〈(TP53),(APOA1,LPA,PTGS2)〉 0.86
24.  〈(TNF),(MAPK1,MAPK14,MAPK3)〉 0.85
25.  〈(VEGFA),(VHL,VEGFC)〉 0.84
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Table  C.5 (Continued)

Rule No. List of rules Fuzzy confidence value

26. 〈(PTEN,BRCA1),(BIRC5,CCND1,ESR2,FLT4)〉 0.89
27.  〈(TP53),(MAPK8)〉 0.90
28. 〈(MMP1),(MMP8)〉 0.91
29.  〈(BRCA1,TNF),(DAPK1,BCL2L1,BCL2)〉 0.86
30.  〈(PTEN),(PRKCD,FHIT,LTF)〉 0.87
31.  〈(TNF,TP53),(FHIT,BCL2L1,FLT4)〉 0.84
32.  〈(TNF),(PTEN,STAT3,CDKN2A)〉 0.83
33.  〈(TNF),(EGF,BRAF,CASP3)〉 0.87
34.  〈(TNF,TP53,IGFBP3),(BAX,KRAS,CDH1,KRT19)〉 0.90
35. 〈(TP53),(DAPK1,TRAF4,RHOA)〉 0.83
36.  〈(EGFR,CDKN2A),(BRAF)〉 0.82
37.  〈(MYC,HES1),(RIMS2,BRAF,PTGS2)〉 0.80
38.  〈(TP53,MYC),(BRAF)〉 0.82
39.  〈(JUN,RELA,HIF1A),(LPA,TNF)〉 0.80
40.  〈(FHIT,TGFB1,TLR4),(TNF)〉 0.84
41.  〈(CYP2A6,TP53,TNF),(TP73,IGFBP3)〉 0.81
42.  〈(BCL2,EGFR),(MAPK14,MAPK1)〉 0.84
43.  〈(TP73,EGR1),(HRAS)〉 0.80
44. 〈(TP53,SOX9),(CREB1,CEBPB)〉 0.82
45.  〈(TNF,IL6,IL10),(LEP,STAT3)〉 0.81
46.  〈(E2F1,TNF,TP53),(EGR1)〉 0.84
47.  〈(TNF,E2F1,CREB1,STAT1),(EGF,EGR1)〉 0.80
48.  〈(RELA,STAT1),(IRF1,IRF2,IRF8)〉 0.83
49.  〈(PTEN,E2F1,MYC),(PIK3CG)〉 0.81
50.  〈(CDKN2A,IL6,E2F1),(CDH1)〉 0.86
51. 〈(FGF2,MYC,HIF1A),(VEGFA)〉 0.84
52.  〈(TNF,TP53,EGF),(PTEN,TGFB1)〉 0.80
53.  〈(BCL2,PIK3CG),(HRAS,KRAS,HGF)〉 0.83
54.  〈(EGFR),(PRKACA,KRT8)〉 0.81
55.  〈(IGF1R,TP53,VEGFA,LEP),(IGF1,IGFBP3,IGF)〉 0.86

Table C.6
Altered associations generated by different methods.

Dataset Method |AN| |AD| |AN ∪ AD| |AN ∩ AD| |A| = |(AN ∪ AD) − (AN ∩ AD)|
Lung FCAM 112 97 132 77 55

CFARM 122 86 125 83 42
FCBAR 98 74 111 61 50
FFPG 83 91 101 73 28
FWFPG 105 98 146 57 89
Apriori 90 73 102 61 41
FP-Growth 102 79 112 69 43
T-Apriori 95 81 111 65 46
H-Apriori 115 104 131 88 43
FHARM 102 89 108 70 38
Ant-ARM 110 92 115 85 30
Li-An-Method 97 92 121 83 38

Colon  FCAM 76 58 92 42 50
CFARM 83 64 92 55 37
FCBAR 72 60 86 46 40
FFPG 63 41 70 34 36
FWFPG 87 58 91 54 37
Apriori 72 53 82 43 39
FP-Growth 67 49 80 36 44
T-Apriori 61 45 69 37 32
H-Apriori 77 59 85 51 34
FHARM 102 89 108 70 38
Ant-ARM 110 92 115 85 30
Li-An-Method 97 92 121 83 38

Sarcoma FCAM 170 128 205 93 112
CFARM 172 109 198 83 115
FCBAR 156 98 180 76 104
FFPG 145 121 180 84 96
FWFPG 112 102 149 65 84
Apriori 136 109 176 69 107
FP-Growth 157 92 166 83 83
T-Apriori 169 115 198 86 112
H-Apriori 121 77 148 50 98
FHARM 92 85 118 77 41
Ant-ARM 101 90 119 85 34
Li-An-Method 112 98 125 83 42
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Table C.6 (Continued)

Dataset Method |AN| |AD| |AN ∪ AD| |AN ∩ AD| |A| = |(AN ∪ AD) − (AN ∩ AD)|
Lymphocytes FCAM 164 112 186 90 96

CFARM 152 98 161 89 72
FCBAR 126 90 143 73 70
FFPG 145 121 180 84 96
FWFPG 134 109 163 80 83
Apriori 116 87 133 70 63
FP-Growth 140 78 156 62 94
T-Apriori 107 89 139 57 82
H-Apriori 146 117 184 79 105
FHARM 82 98 110 77 33
Ant-ARM 115 98 131 96 35
Li-An-Method 99 90 102 69 33

Breast  FCAM 164 112 192 84 108
CFARM 115 88 138 65 73
FCBAR 123 80 143 73 70
FFPG 145 121 180 84 96
FWFPG 134 109 163 80 83
Apriori 116 87 135 68 67
FP-Growth 140 78 154 64 90
T-Apriori 107 89 139 57 82
H-Apriori 146 117 182 81 101
FHARM 105 98 118 82 36
Ant-ARM 107 90 112 85 27
Li-An-Method 109 116 127 92 35

Table C.7
Comparative results on the number of genes (proteins) involved in the pathways and those obtained by the respective method. The results of breast and sarcoma have not
been  included as the pathway information of these data sets are not available. Here TP,  FP and FN indicate true positive, false positive and false negative, respectively. The
column “Parameters” provide different parameter values used for various methods.

Datasets Methods TP FP FN Parameters

Lung FCAM 342 73 67 SF = 0.20, CF = 0.55, Tcorr = 0.15
CFARM 312 115 97 Cert − factor = 0.40 minsup = 0.30
FCBAR  302 120 107 Minsup = 0.15
FFPG  290 95 119 Minsup = 0.10
FWFPG 315 103 94 MinSup = 0.30
FHARM 333 92 76 Minsup = 0.25
Apriori 224 186 185 Minsup = 0.10 Minconf = 0.50
FP-Growth 237 188 172 Minsup = 0.22
T-Apriori 220 205 189 Minsup = 0.40
H-Apriori 243 197 166 Minsup = 0.025
Ant-ARM 290 140 119 Minsup = 0.15
Li-An-Method 275 155 134 Minsup = 0.45

Leukemia FCAM 278 97 77 SF = 0.20, CF = 0.60, Tcorr = 0.15
CFARM 243 123 112 Cert − factor = 0.45 minsup = 0.33
FCBAR  205 120 150 Minsup = 0.20
FFPG  233 146 122 Minsup = 0.17
FWFPG 253 123 102 MinSup = 0.26
FHARM 333 92 76 Minsup = 0.30
Apriori 167 213 188 Minsup = 0.10 Minconf = 0.50
FP-Growth 170 190 185 Minsup = 0.20
T-Apriori 154 206 201 Minsup = 0.50
H-Apriori 182 188 173 Minsup = 0.05
Ant-ARM 235 135 120 Minsup = 0.27
Li-An-Method 235 135 120 Minsup = 0.38

Colon  FCAM 55 15 7 SF = 0.30, CF = 0.75, Tcorr = 0.20
CFARM 52 15 10 Cert − factor = 0.50 minsup = 0.48
FCBAR  48 18 14 Minsup = 0.29
FFPG  45 14 17 Minsup = 0.28
FWFPG 50 20 12 MinSup = 0.47
FHARM 50 20 12 Minsup = 0.20
Apriori 34 41 28 Minsup = 0.20 Minconf = 0.65
FP-Growth 38 27 24 Minsup = 0.35
T-Apriori 40 25 22 Minsup = 0.65

R

H-Apriori 33 

Ant-ARM 42 

Li-An-Method 42 
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