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This  paper  presents  a scatter  search  approach  based  on  linear  correlations  among  genes  to find  biclusters,
which  include  both  shifting  and scaling  patterns  and  negatively  correlated  patterns  contrarily  to most  of
correlation-based  algorithms  published  in  the literature.  The  methodology  established  here  for  compari-
son is based  on  a  priori  biological  information  stored  in  the  well-known  repository  Gene Ontology  (GO).  In
particular,  the  three  existing  categories  in GO,  Biological  Process,  Cellular  Components  and  Molecular  Func-
tion, have  been  used. The  performance  of the  proposed  algorithm  has  been  compared  to  other  benchmark
biclustering  algorithms,  specifically  a  group  of  classical  biclustering  algorithms  and  two  algorithms  that
catter search
ene expression data

use correlation-based  merit  functions.  The  proposed  algorithm  outperforms  the  benchmark  algorithms
and  finds  patterns  based  on  negative  correlations.  Although  these  patterns  contain  important  relation-
ship  among  genes,  they  are  not  found  by  most  of biclustering  algorithms.  The experimental  study  also
shows  the  importance  of  the  size  in a bicluster  in addition  to  the  value  of  its correlation.  In  particular,  the
size  of a bicluster  has  an influence  over  its enrichment  in  a  GO term.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Gene expression data provide the information that is collected
rom a group of microarray chips, each of which is built for a
pecific sample. The samples are generated according to a con-
rete experimental condition such as temperature, steps in the
ell cycle or characterization of a patient. One single chip meas-
res the expression level of thousands of genes in the sample
nder study [1]. After several preprocessing procedures, which
omprise a process known as low level microarray analysis, the
oining of the data from all of the samples constitutes the gene
xpression data to be analyzed. A gene expression matrix can
e considered a two-dimensional numerical matrix, in which
he rows are genes and the columns are the experimental con-
itions that are under study in each sample. A value in the
atrix represents the gene expression value under a specific

xperimental condition. Data Mining techniques applied to infer

nowledge from high-dimensional gene expression data sets com-
rise a process known as high-level microarray analysis. Most of
hese techniques are motivated by a simple idea, which is widely

∗ Corresponding author. Tel.: +34 954 559 769.
E-mail addresses: janepo@us.es (J.A. Nepomuceno), ali@upo.es (A. Troncoso),

guilar@upo.es (J.S. Aguilar-Ruiz).

ttp://dx.doi.org/10.1016/j.asoc.2015.06.019
568-4946/© 2015 Elsevier B.V. All rights reserved.
used in functional genomics: co-expression means co-regulation
[2]. This assumption is called the guilt-by-association heuristic
and is essential to study biological systems through “omic” data
analysis.

Biclustering is a unsupervised machine learning technique that
simultaneously clusters instances and features of the data set
matrix. Unlike most of the clustering techniques, biclustering allows
the overlapping among the results instead of making clusters which
divide the data space. Therefore, the motivation is more to dis-
cover hidden information than to describe the data. Biclustering is
a NP-hard problem considered first by Morgan and Sonquist [3],
and later by Hartigan [4] and by Mirkin [5]. It can be found in
the literature with other names, such as co-clustering [6] or sub-
space clustering [7]. In the context of gene expression data analysis,
biclustering identifies patterns from gene expression data [8] and
it was  introduced by Cheng and Church [9].

Most of biclustering algorithms use the mean squared residue
(MSR) measure [9] to obtain biclusters. Although scaling patterns
are essential from a biological point of view, the MSR  does not cap-
ture them when the gene variance values are high in the bicluster
[10]. Recently, other measures based on correlations have been pro-

posed to find biclusters. These measures are able to capture shifting
and scaling patterns but do not obtain activation–inhibition expres-
sion patterns, which were presented in [11] and are a common
feature in many molecular pathways [12,13].

dx.doi.org/10.1016/j.asoc.2015.06.019
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
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BIclustering algorithm based on a Scatter Search scheme, called
ISS, is presented in this paper. The BISS approach attempts to over-
ome all the drawbacks of the existing biclustering algorithms to
nd biclusters including activation–inhibition patterns, in addition
o both shifting and scaling patterns. The scatter search metaheuris-
ic is a population-based evolutionary optimization method that
mphasizes systematic processes against random procedures, in
ontrast to genetic algorithms [14]. The initial population of solu-
ions is built using a diversification method, which non-randomly
enerates solutions with special characteristics. The fitness func-
ion is based on linear correlations among genes but also it
onsiders negative correlations. The optimization process consti-
utes the evolution of a small set of solutions and includes a local
earch procedure, which intensifies the search without losing infor-
ation from the scatter solutions of the problem. To evaluate the

roposed algorithm two experiments have been carried out. As
nitial step, the proposed algorithm has been compared to clas-
ical algorithms of biclustering to analyze its potential to obtain
iclusters. Secondly, other existing approaches based on correla-
ions have been used with the purpose of comparing the kind of
atterns discovered by the proposed algorithm.

The remainder of this paper is organized as follows. A review of
he bibliography of biclustering is provided in Section 2. In Section
, the proposed algorithm is presented to account for two  aspects:
rst, how the search engine works, and second, the description of
he merit function. Section 4 summarizes the experimental results,
ncluding a comparison of the performance of our approach to other
iclustering methods. Finally, Section 5 is devoted to conclusions
nd future research.

. Related research

Many biclustering algorithms have been proposed in recent
ears. These algorithms can be classified according to the type of
atterns that are found, the size of the biclusters or the heuristic
trategies that are used [8,15,16]. There is not a common criterion to
ompare different algorithms [17,18]. Some comparison method-
logies are based on statistical metrics [19] or on the study of the
ehaviour over known synthetic data sets [20]. However, a suf-
ciently accepted methodology is based on enrichment analyses
nd uses a priori biological information that is stored in known
epositories, such as GO [21].

The first proposals for solving the problem of searching for
ocal patterns in gene expression data stem from the clustering
eld. An iterative hierarchical clustering is separately applied to
enes and conditions, and the resultant biclusters are the com-
ination of obtained clusters for each dimension in [22]. In 2000,
heng and Church were the first to consider the biclustering in the
ontext of gene expression data [9]. The Cheng and Church algo-
ithm (CHCH) is a deterministic greedy iterative search method
hat obtains biclusters with a low MSR. If I and J are the sets of rows
genes) and columns (conditions) in a specific bicluster, respec-
ively, then the MSR  is defined as:

SR  = 1
|I||J|

∑
i∈I,j∈J

(aij − aiJ − aIj + aIJ)
2 (1)

here aij is the expression value in row i and column j, aiJ is the
ean of the expression values in row i, aIj is the mean of the expres-

ion values in column j and aIJ is the mean of the complete bicluster.
he algorithm begins with the whole data matrix, and it iteratively
dds or removes rows and columns until it finds a bicluster with a

esidue that is less than a given threshold. The process is repeated
ntil the required number of biclusters is obtained. The number
f biclusters to be obtained is an input parameter. The FLexible
verlapped biClustering (FLOC) algorithm [23] improves CHCH by
omputing 35 (2015) 637–651

obtaining simultaneously a set of biclusters and incorporating a
strategy for addressing missing values in the process.

During recent years, several algorithms based on different tech-
niques have been proposed. The Iterative Signature Algorithm (ISA)
[24] is a nondeterministic greedy algorithm that finds up- and
down-regulated biclusters. The algorithm starts with a random set
of rows, and it iteratively updates columns and rows until con-
vergence. Specifically, each column and row in a bicluster must
have an average value that is less than several parameters, which
measure symmetric requirements to obtain up- or down-regulated
biclusters. This process is repeated using different seeds. The Order
Preserving Submatrix (OPSM) algorithm [25] is a deterministic
greedy algorithm that searches for biclusters according to a model
that is based on linear ordering among rows. Most of the interesting
patterns, such as constant values, shifting or scaling, are captured
by this model. The biclusters are built through a scoring system, and
the best bicluster is selected for each iteration of the algorithm. The
Statistical-Algorithmic Method for Bicluster Analysis (SAMBA) [26]
is a greedy algorithm that is based on an exhaustive bicluster enu-
meration using a bipartite graph model. It adds or removes nodes
to find maximum weight subgraphs. The Plaid Model [27] algo-
rithm is a statistical modelling approach that represents the input
matrix as a superposition of layers, where each layer corresponds
to a bicluster. It iteratively adjusts the parameters of each layer to
handle its MSR. Spectral biclustering [28] identifies biclusters using
techniques from linear algebra, especially eigenvector calculus. The
idea comprises capturing up- or down-regulated biclusters with a
variance that is lower than a given threshold. The characterization
of the biclusters as hyperplanes in a high-dimensional space is the
goal of several algorithms, which use image processing techniques
[29] or Hough transform-based hyperplane detection algorithms
[30].

The combination of a search engine and a measure character-
izing the patterns that are sought is the methodology followed
by a broad family of biclustering algorithms. These algorithms are
optimization metaheuristics which are adapted to gene expression
data, such as evolutionary approaches [31–33], multiobjective evo-
lutionary approaches [34,35], greedy randomized adaptive search
[36], simulated annealing [37], particle swarm Optimization [38]
or estimation of distribution algorithms [39]. Most of these algo-
rithms use the MSR  as part of their merit function to characterize
the types of patterns that are relevant to be found.

Recently, several biclustering algorithms using measures based
on correlations have been proposed to obtain co-expressed genes
[40–46]. In particular, BCCA [44] is a nondeterministic greedy algo-
rithm which builds an initial bicluster composed of a pair of genes
by removing experimental conditions while the Pearson correlation
coefficient is lesser than a given threshold, and later, all the genes
maintaining the correlation are added to this bicluster. In the same
way, BICLIC [45] obtains a seed bicluster by applying clustering to
each dimension separately, and second, the biclusters are expanded
during the search process. The algorithm presented in [46] is based
on a scatter search scheme. Although this algorithm could be con-
sidered to belong to the family of biclustering algorithms based on
optimization metaheuristics, it uses the correlation instead of the
MSR  as a merit function. Although these methods use measures
based on correlations, neither of them except for BICLIC captures
negative correlations among genes.

Several biclustering algorithms which are specifically designed
for binary datasets [21,47] or time series gene expression data
[48,49] can be found in the literature. In the case of algorithms
for binary datasets, a discretization step is necessary before the

algorithm is applied, and therefore, a preprocessed matrix is used
instead of the original gene expression data matrix. Thus, the
preprocessing step is essential in this type of approach. In the
case of time series data, the biclusters must have contiguous
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C1 C2 C3 C4 C5
G1 1.3 2.4 3.2 -1.2 0.2
G2 -1.5 -1.2 1.9 1.1 0.7
G3 3.8 1.0 1.0 4.3 -0.3
G4 2.7 -0.8 -2.6 -3.4 2.5
G5 4.5 1.0 1.0 -1.3 1.3
G6 -0.3 1.0 1.0 2.3 -0.3
G7 -3.1 -2.3 3.5 1.4 -3.2
G8 2.4 2.1 -4.2 0.9 0.3
G9 3.2 1.4 4.9 5.2 -0.3
G10 1.3 1.7 1.3 0.5 -0.7

1.0 1.0

1.0 1.0

1.0 1.0

0010110000 01100

bicluster

bicluster codification

bicluster expression matrix

Gene expression data matrix
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olumns, and this constraint becomes a polynomial time prob-
em [48]. The CCC-biclustering algorithm discretised the matrix
nd used string processing techniques based on suffix trees [48].
-CCC-biclustering [49], proposed by the same authors, found
pproximate expression patterns, in other words, patterns in which

 certain number of errors in the expression matrix is allowed.
hese possible errors can have an influence on the discretization
rocess.

Currently, the study of new measures [50] and the integration
f different sources of large biological information sets for the dis-
overy of co-regulated genes, not only from gene expression data,
s considered to be future topics for the biclustering community. In
his context, the combination of gene expression data and sequence
ata to discover biclusters that represent regulatory modules has
een proposed [51].

. Method

Scatter search is a population-based evolutionary metaheuristic
n which a population comprises a small set of solutions and evolves
ntil an optimal solution is reached [14]. One of the most important
spects in scatter search schemes with regard to other evolutionary
etaheuristics, such as genetic algorithms, is that systematic pro-

esses are emphasized against random procedures. Moreover, the
opulation evolves while accounting for only two  strategies dur-

ng the searching process: intensification and diversity. The goal
f the intensification is to improve the quality of the solutions and
hus capture the best solution. The goal of the diversity strategy is to

aintain a set of scatter solutions to avoid local solutions that could
top the process in its early stages. The word scatter is motivated by
he idea of considering solutions that are scattered whenever pos-
ible in the reference set to explore the complete data space during
he search process. The small set of solutions, usually called the
eference set in the scatter search literature, is built with a group
f solutions which are selected by considering the previous two
trategies in each iteration.

With regard to the merit function used in the BISS algorithm, the
ain motivation is that correlated genes imply co-expressed genes

nd, therefore, imply the same regulatory regime for a group of
enes. Most of the relevant patterns are captured using correlation-
ased measures. These patterns are shifting and scaling patterns
hat express both the activation of genes at the same time with the
ame or proportional intensity and activation–inhibition patterns.
t is essential to consider negative correlations to capture this sec-
nd type of pattern. Furthermore, some extra terms to control the
ize of the biclusters are added to the fitness function.

.1. Searching procedure

The input data set is the gene expression data matrix D, where
n element (i, j) is the expression level of gene i under condition
. A bicluster is a submatrix of the matrix that is composed of a
ubset of rows and a subset of columns. A bicluster is encoded
s a binary string in which the initial terms inform about what
enes are included and the latter terms inform about what condi-
ions. Fig. 1 shows an example where the string 0010110000||01100
epresents a bicluster of a microarray with ten genes and five con-
itions, {gi}1≤i≤10, and five conditions, {cj}1≤j≤5. This string encodes
he bicluster composed of the genes g3, g5 and g6 and the conditions
2 and c3.

The pseudocode of the BISS algorithm is presented in Algorithm

. This algorithm is based on an adaptation of a scatter search
cheme for finding a bicluster, and the process is repeated accord-
ng to the number of biclusters to be reported (the external loop is
efined by lines 3 and 23). Therefore, the algorithm is a sequential
Fig. 1. A toy example of a gene expression matrix and a bicluster with its binary
codification.

covering algorithm, in other words, the number of biclusters to find
is established as the input of the method, and each bicluster is inde-
pendently obtained. For each bicluster, first, an initial population is
generated (line 4), and second, the reference set is built (line 6). This
set initially contains the most representative solutions from the ini-
tial population with respect to both quality and diversity criteria.
The reference set evolves by generating new solutions (lines 10–15),
and it is rebuilt when the process is stable (line 16). This process
is repeated a number of times (the inner loop is defined by lines 9
and 19). The mechanism to build or re-build the reference set is to
add both the best solutions from the initial population (line 6) or
from previous reference sets (line 16) and the solutions from the
initial population as scatter as possible regarding the solutions that
belong to the set. Consequently, after building or rebuilding the ref-
erence set,  the initial population must be updated by removing the
solutions that were previously added into the reference set (lines 7
and 17). Moreover, a local search procedure is applied to make the
search more efficient (lines 5 and 13). Finally, after a given number
of iterations numIter, the best solution in the reference set according
to the fitness function is chosen, and the bicluster encoded by this
solution is stored in the set results (line 21).

Next, the different steps in Algorithm 1 are detailed. Specifically,
we describe how the initial population is generated, the fitness
function considered in order to find activation–inhibition patterns,
in addition to both shifting and scaling patterns, how the minimum
correlation is computed, what is the meaning of the improvement
method, how the reference set is built and re-built and how new
solutions are created.

3.2. Initial population

Initial populations of size 200 are usually recommended in
scatter search algorithms [14]. These solutions are not randomly
generated, but a systematic process called diversification genera-
tion method is used. This method generates new solutions from a
seed solution by following a diversity rule. Specifically, if the seed
is a binary string, xi with i = 1, . . .,  n, where n is the number of bits,
then new solutions are obtained with the following equation:

x′1+kh = 1 − x1+kh for k = 0, 1, 2, 3, . . .,  �n/h� (2)

where �n/h� is the largest integer that is less than or equal to n/h,
and h is an integer that is less than n/5. All the remaining bits of x′

are equal to those of x. After generating all the possible solutions
with that seed, if more solutions are needed, the diversification

generation method is applied again, using the last solution as a
new seed. Each solution representing a bicluster is improved by a
local search procedure before it is stored in the population.
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Table 1
Correlations among genes 1, 2, 3 and 4.

g1 g2 g3 g4

g1 1 0.14 −0.01 −0.05
g2  1 0.98 −0.89
40 J.A. Nepomuceno et al. / Applied

.3. Fitness function

The fitness function used as a merit function in the BISS algo-
ithm is based on linear correlations because correlated genes
mply co-expressed genes. Most of the relevant patterns, such
s shifting and scaling patterns, are captured using the corre-
ations among the genes. Two genes follow a shifting pattern
f they increase and decrease at the same time and with sim-
lar intensity. Moreover, they follow a scaling pattern if this
ehaviour occurs with different levels of intensity. The difference
etween these two types of patterns results from considering

 linear combination with additive or multiplicative terms [10].
he activation–inhibition patterns are also very relevant from a
iological point of view. These patterns can be observed when
he increase in a gene value is related to a similar decrease in
nother gene’s value [11], that is, they can be described by neg-
tive correlations. Linear correlation measures the grade of the
inear dependency between two vectors so that it captures shif-
ing, scaling and activation–inhibition patterns among genes. Note
hat although the algorithm presented in [46] uses a scatter search
cheme and a fitness function based on linear correlations, negative
orrelations among genes are not captured because of the design
f its fitness function and its improvement method.

The Pearson correlation coefficient between two vectors X and
 is defined by:

(X, Y) = cov(X, Y)
�X�Y

=
∑n

i (xi − x̄)(yi − ȳ)

n�X�Y
(3)

here cov(X, Y) is the covariance of the variables X and Y, x̄ and ȳ
re the average of the values of the variables X and Y and �X and �Y

re the standard deviations of X and Y, respectively.
Note that −1 ≤ �ij ≤ 1, which implies that if the value is close

o 0, gene i and gene j will show different behaviour. However, if
he value is close to ±1, then they will have the same or opposite
endencies. Values from 0 to 1 indicate that two genes are positively
orrelated and that they show the same tendency; if one of them
ncreases its value, then the other also increases its value. Values
rom 0 to −1 indicate that the genes are negatively correlated;  they
ave a complementary tendency: one of them increases while the
ther one decreases with the same intensity, and vice versa.

Given a bicluster B composed of N genes, the mean of absolute
alues of correlation between pairs of genes, noted �|.|(B), is defined
s:

| ·  |(B) = 1(
N

2

) N−1∑
i=1

N∑
j=i+1

|�ij| (4)

here �ij is the correlation coefficient between the gene i and the

ene j. Note that �ij = �ji, hence only

(
N
2

)
elements have been

onsidered. It is important to highlight that the absolute value is
onsidered to avoid losing relevant information. A couple of genes
ith positive correlations could eliminate the effect of other two

enes with negative correlations. For example, two genes with
orrelations equal to 0.9 would cancel to other two genes with
orrelation equal to −0.9 if the absolute value were not consid-
red. Moreover, note that the Equation 4 captures the negative
orrelations among the genes, and therefore, activation–inhibition
atterns are considered.

The fitness function used to evaluate the quality of the biclusters

s defined by

 (B) = (1 − �| · |(B)) + ��(B) + M
(

1
vol(B)

)
(5)
g3  1 −0.93
g4  1

where vol(B) is the volume of the bicluster (i.e., the number of genes
multiplied by the number of conditions), M is a penalty factor to
control the volume, and �� is the standard deviation of the values
�ij. The analysis of the influence of the parameter M is described in
the following section. The standard deviation is included to avoid
that the value of the average correlation could be high although the
bicluster could contain a subgroup of several non-correlated genes.

3.4. Minimum correlation method

A procedure for determining a minimum value for the correla-
tion is conducted before the iterative process begins (line 2). This
value depends on the data set, and it is an input parameter for
the improvement method because the population is improved by
removing the genes that have a correlation lower than the mini-
mum  correlation which is computed in this step. The procedure to
select the minimum correlation, �, is now discussed. This proce-
dure initially generates 100 random biclusters and computes the
number of biclusters that are improved according to the fitness
function by varying the parameter � from 0.1 to 0.9. A biclus-
ter is improved if the fitness function decreases when removing
the genes in the biclusters with a correlation lower than �. The �
selected is the value that maximizes the number of biclusters which
were improved.

3.5. Improvement method

This method is a local search procedure that improves biclusters
in relation to the value of its fitness function [52]. The local search
used in a scatter search algorithm depends on the nature of the
problem. In this case, the objective of this method is to improve the
average correlation of the bicluster by removing those genes which
are not sufficiently correlated; in other words, the correlation with
at least one gene in the bicluster is lower than the minimum cor-
relation � that was previously established. The pseudocode of this
procedure is summarized in Algorithm 2. From this pseudocode, it
can be observed that the set R is composed of the poorly correlated
genes which are finally removed (lines 5–11).

Fig. 2 presents an example of a bicluster that is composed of four
genes and has an average correlation of 0.70 according to Eq. (4). It
can be observed that genes 2 and 3 present scaling patterns and that
gene 4 shows a negative correlation pattern regarding the genes 2
and 3. However, gene 1 does not follow a pattern. Table 1 shows the
correlations among these four genes. If the minimum correlation is
0.5, then gene 1 must be removed because its correlation with genes
2, 3 or 4 is lower than 0.5. Once gene 1 is deleted, the average of the
correlation of the bicluster composed of genes 2, 3 and 4 is 0.98.

3.6. To build and re-build the reference set

The reference set is a small set of solutions; usually, 10 solutions
comprise a typical value in scatter search schemes [14]. This set is
built using the best and most scattered solutions. The best solu-

tions are solutions with a low value of the fitness function. The best
solutions are selected from the initial population at the first time
the reference set is built (line 6) or from previous reference set at
the other times at which the set is re-built (line 16). It is important
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The BISS algorithm presents two  parameters, a penalty factor
in its fitness function, which controls the size of biclusters to be
obtained, and a minimum correlation, which is used to improve
the biclusters in the evolutionary process using the improvement
Fig. 2. A bicluster before (with the dashed line) and after

o update the initial population by removing all the solutions that
re added to the reference set when building and re-building the
et during the process. Thereby the exploration of the data space is
s exhaustive as possible. Once the best solutions are selected, the
ost scattered solutions with respect to them are chosen from the

nitial population. The concept of scatter needs the definition of a
istance. In this work, the Hamming distance has been used to mea-
ure the distance among two solutions because of the solutions are
ncoded by binary strings [14]. Although the BISS algorithm uses a
mall number of solutions, the searching process is efficient when
hese solutions are very representative of the data space. In other
ords, the best solutions from a quality point of view intensify

he convergence to the optimum, and the most scattered solutions
xplore the complete data space to avoid local optima.

.7. Subset generation method, solution combination method and
eference set update method

The reference set evolves by creating new solutions from subset
eneration and solution combination methods. The method of sub-
et generation creates all the possible subsets of pairs of solutions.
f S is the size of the reference set,  then S × (S − 1)/2 subsets can be
enerated. Then, all the pairs of solutions in the reference set are
ombined using a uniform crossover operator. This crossover oper-
tor randomly generates a mask. The child solution contains values
rom the first parent when there is a 1 in the mask and from the
econd parent when there is a 0. This crossover operator has been
sed due to the biclusters are encoded as binary strings. Finally,
he reference set must be updated by choosing the best S solutions
ccording to the fitness function. The election of the S solutions is
ade from the joining of the S × (S − 1)/2 solutions generated by the

olution combination method and improved by the improvement
ethod together with the S solutions, which were in the reference

et.

. Experiments

In this section, the results obtained from the application of the
ISS approach are presented. First, Section 4.1 provides a detailed
escription of the three datasets used in this work. An analysis
f the parameter configuration used for the BISS algorithm can

e found in the Section 4.2. Finally, the results are gathered and
iscussed in Section 4.3. In particular, the performance of BISS is
ompared to the most representative approaches reported in the
iterature and to two specific algorithms based on correlations in
out the dashed line) applying the improvement method.

Sections 4.3.1 and 4.3.2, respectively and a study of biological sig-
nificance of several biclusters is made in Section 4.3.3.

4.1. Dataset description

Three datasets, two  from Saccharomyces cerevisiae yeast and
one from a Homo sapiens dataset related with the alzheimer dis-
ease, have been used in the experimental study presented in this
paper. Many authors have evaluated their own approaches over the
Saccharomyces cerevisiae organism, and as a consequence, the lit-
erature offers multiple results for this organism. Moreover, there
is a good knowledge of this organism because of its use in the food
industry (e.g., bread, beer, wine) and its importance in molecular
biology studies.

One of the yeast datasets, called GaschYeast,  and the Homo
sapiens dataset, called Alzheimer,  have been downloaded from the
supplementary information in papers [21,53], respectively. The
GaschYeast dataset is composed of 2993 genes and 173 samples
and the Alzheimer dataset comprises 1663 genes and 33 samples.
The other yeast dataset has been obtained from the Gene Expres-
sion Omnibus (GEO)1 repository. Specifically, the dataset record
GDS1116 reported in a previous study [54] has been used in this
work. This dataset is not a time series gene expression data set,
and the dimensionality is 7084 genes and 131 samples. The miss-
ing values have been preprocessed using the GEPAS2 tool. This tool
basically removes the genes with a large number of missing values
and replaces missing values using the mean or median of the row or
column values of the gene expression data matrix. In this case, the
genes with a percentage of missing values in the expression pro-
file greater than 80% were removed, and the missing values were
replaced with the average of the expression profile. After this pre-
processing process, approximately 12% of the genes were removed,
and the final GDS1116 microarray dataset was composed of 6229
genes and 131 samples.

4.2. Parameter configuration
1 http://www.ncbi.nlm.nih.gov/geo/.
2 http://www.gepas.org/.

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.gepas.org/
http://www.gepas.org/
http://www.gepas.org/
http://www.gepas.org/
http://www.gepas.org/
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Table 2
Results obtained by BISS for different values of penalization.

BISS

M = 1 M = 10 M = 20 M = 40

Genes 11.0 281.4 386.5 415.1
Conditions 12.7 34.4 34.1 34.0

m
a
a
a
G
f

o
t
1
u
2
b
v
T
i
s
b
c
c
(
t
i
o

d
a
o
t

p
b
l
s
l
(
c
a
c
o
t
o

b
c
g
r
t
a
t
t
m
s
a

u

0
10
20
30
40
50
60
70
80
90

100

En
ric

he
d 

B
ic

lu
st

er
s 

(%
) M=1

M=10

M=20

M=40
Size 138.0 10,057.7 13,244.8 13,929.8
�|·|(B) 0.89 0.30 0.23 0.21

ethod. In this section, the value for the penalization parameter is
nalyzed to determine which value of this parameter is the most
dequate, and moreover, the minimum correlation is computed
s it was previously described in Section 3.4. Only the results for
DS1116 dataset are shown but similar results have been obtained

or the other datasets.
Table 2 reports the average of the number of genes, the average

f the number of conditions, the average of the size or volume of
he biclusters and the average of the values of the correlation for
00 biclusters obtained using the BISS algorithm for different val-
es of the penalization parameter M,  specifically, the values 1, 10,
0 and 40. The correlation of a bicluster is defined by Eq. (4). It can
e observed that a low number for the penalization implies a small
olume of the biclusters and, in particular, a low number of genes.
he number of genes increases when the value of the penalization
ncreases from 10 to 40, but the number of conditions remains con-
tant. With regard to the correlation, a low penalization provides
iclusters with correlations that are close to 1, and therefore, highly
orrelated genes (negatively or positively). Although the highest
orrelation is obtained when the penalization is the smallest value
M = 1), this value provides too small biclusters. We  can conclude
hat the value of M must be chosen depending on whether the user
s interested in searching for biclusters with highly correlated genes
r in searching for biclusters with a very large number of genes.

In addition to the results related to the number of genes or con-
itions and the correlations of the biclusters obtained by the BISS
lgorithm, it is also interesting to analyze the biological relevance
f biclusters for different values of penalization. For this purpose,
he GO repository has been used.

GO is an ontology or vocabulary in which genes and gene
roducts are annotated in terms of their molecular functions, the
iological processes in which they are involved and the cellular

ocations in which they are active. For this reason, GO has a tree
tructure that has three different sub-ontologies or branches: Cel-
ular Component (CC), Molecular Function (MF) and Biological Process
BP). The CC category summarizes the parts of a cell or its extra-
ellular environment, the MF  category summarizes the elemental
ctivities of a gene product at the molecular level, such as binding or
atalysis and the BP category summarizes sets of molecular events
r operations which have a defined beginning and end, in the func-
ioning of integrated living units such as cells, tissues, organs and
rganisms.

The enrichment of biclusters according to GO is used as
enchmark analysis to compare biclustering algorithms [21]. The
omparison is based on the percentage of biclusters with a group of
enes which are biologically relevant. A bicluster is said to be over-
epresented or enriched in a GO term if the group of genes that form
he bicluster is statistically significant with respect to that term for

 given significance level, that is, the p-value is lower than a cer-
ain threshold. The AGO tool presented in [55], which is based on
he GeneMerge software [56], has been used in this paper to deter-

ine the enriched biclusters. GeneMerge uses the hypergeometric

tatistical test and the multiple-testing adjustments of Bonferroni
s correction method.

Fig. 3 presents the percentage of enriched biclusters obtained
sing the BISS algorithm for different values of penalization M and
Fig. 3. Percentage of enriched of biclusters obtained by BISS for different values of
penalization.

different significance levels. The percentage of enriched biclusters
has been obtained from the three GO components, CC, MF  and
BP, and the average is presented in this Figure for each level of
significance.

A significance level of 90% (e = 0.1 %) or 95% (e = 0.05 %) is usually
used, that is, a bilcuster is enriched if its p-value is lower than 0.1 or
0.05, respectively. For a significance level of 95%, the percentage of
enriched biclusters for M = 1 is greater than that for M = 10 (31.34%
versus 21.34%). However, for a significance level of 90%, a similar
percentage of enriched biclusters is provided for both penalization
factors (34.67% and 29.34%, respectively).

From the observations presented in Table 2 and Fig. 3, it can be
concluded that a high negative or positive correlation among genes
implies biologically relevant biclusters according to GO.  Thus, any
value from M = 1 to M = 10 can be a good election depending on the
required size of the biclusters. In this work, the value of M = 5 has
been chosen, with the goal of finding a balance between biological
relevance and the size of the biclusters.

Fig. 4 shows the percentage of biclusters that improved accord-
ing to the fitness function for different values of correlation. Here,
99% of the biclusters decrease the value of the fitness function when
genes with an absolute value of correlation lower than 0.3 or 0.4
are removed. Thus, either of these two  values are adequate to be
used in the improvement method as the minimum correlation.

4.3. Results

The results obtained from the application of the BISS algorithm
to the three datasets and the comparison between the perfor-
mance of BISS and other approaches published in the literature
are reported in this section. First, a comparison with the classical
biclustering algorithms implemented in the BiCAT tool [57], such
as CHCH [9], ISA [24] and OPSM [25] is presented and second, the
performance of the BISS algorithm is compared to BCCA [44] and
BICLIC [45] algorithms.

The experimental setting of the BISS algorithm is 5 for the
penalization parameter and 100 for the number of biclusters to
be obtained. Note that BISS algorithm is based on a scatter search
heuristic that is repeatedly applied to obtain biclusters. Each biclus-
ter is obtained independently, and hence, a high number of this
input parameter controls the randomized nature of the scatter
search.

4.3.1. Comparison with classical algorithms

A comparison with classical biclustering algorithms imple-

mented in the BiCAT tool [57], such as CHCH [9], ISA [24] and
OPSM [25], is presented in this subsection. Although the xMo-
tifs [58] algorithm is included in the BICAT tool, it has not been
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Fig. 4. Percentage of biclusters imp

ossible to consider in this work because its implementation does
ot support datasets that have more than 64 samples.

There are many criteria that could be used to establish a com-
arison among different biclustering algorithms, such as the type of
atterns that are sought, the number of biclusters generated or the
ize of the biclusters. In this paper, the results obtained by the differ-
nt algorithms are compared according to the size of the biclusters,
he correlation patterns and the biological information stored in the
O repository. With respect to the last criterion, the comparison
ethodology is based on the GO-enriched biclusters [21].
The configuration parameters of the CHCH, ISA and OPSM algo-

ithms were the values recommended or used in the original
apers. An input parameter of the CHCH algorithm is the number
f biclusters to be obtained, but the ISA and OPSM algorithms do
ot present this option.

Table 3 shows different features of the biclusters obtained by
he BISS, CHCH, ISA and OPSM algorithms. Specifically, the average
f the number of genes and conditions, the average of the size of
he biclusters, the smallest and the largest size of the biclusters,
he average of the values of the correlation and the average of the
umber of pairs of negatively correlated genes are presented.

In this table, two correlations �|·|(B) and �(B) are provided, the
orrelation defined by Eq. (4) as well as the correlation when the
bsolute values are not considered in that equation. The smaller
ifference between these two values is, the smaller the negative
orrelation between pairs of genes of the biclusters is. Note that
PSM does not capture negative correlations for GaschYeast and
lzheimer datasets. Although OPSM presents a large number of
airs of negatively correlated genes for GDS1116, namely 290,
33.4, and ISA for GDS1116 and GashYeast, namely 1489.42 and
66.9, the negative correlation between pairs of genes is small due
o the difference between the correlation with and without the
bsolute value is very small (0.95 and 0.89, 0.74 and 0.63, 0.60 and
.52, respectively). On the other hand, it seems that ISA obtains
hree biclusters with a high negative correlation for Alzheimer
ataset. However, these biclusters have only two  conditions, and
herefore, they do not provide any relevant information. Thus, it can
e concluded that neither ISA nor OPSM are adequate for finding
ctivation–inhibition patterns. Furthermore, it can be appreciated

hat there is a large variability in the sizes of the biclusters. For
xample, for GDS1116 dataset, the number of genes ranges from
2 to 300 when using the BISS algorithm. The ISA algorithm reports
0 biclusters, but some biclusters do not present relevant patterns
 according to the fitness function.

because they have a low number of conditions. OPSM reports only
14 biclusters, and they present a large number of genes and a high
correlation. However, the smallest bicluster has only 2 genes, and
the largest bicluster has only 2 conditions; therefore, they do not
focus on nontrivial patterns.

Fig. 5 more clearly depicts the different sizes of biclusters
obtained by the BISS, CHCH, ISA and OPSM algorithms for GDS1116
dataset. A point represents a bicluster, where the number of genes
is represented on the x-axis, and the number of conditions is rep-
resented in the y-axis. The OPSM approach has 5 biclusters, with
more than 400 genes and too few conditions (from 2 to 6). Never-
theless, only biclusters with fewer than 400 genes are drawn in the
Figure, with the goal of improving the visualization of the results.
It can be observed that biclusters from the BISS approach (squares)
can be classified into two clusters: one group with biclusters which
have a large number of genes and another group with biclusters
which have fewer than 50 genes. All the biclusters obtained by the
BISS algorithm have more conditions than the biclusters obtained
by the CHCH, ISA or OPSM algorithms. The ISA (circles) and CHCH
(diamonds) algorithms present biclusters with fewer than 10 con-
ditions, but the biclusters of ISA always have more than 50 genes.

Fig. 6 presents the percentage of overrepresented or enriched
biclusters in one or more GO terms for the BISS, CHCH, ISA and
OPSM algorithms for GDS116 and GaschYeast datasets. This per-
centage has been separately computed for each branch CC, MF  and
BP in GO and for the most commonly used significance levels 0.05%
and 0.1%. It can be observed that the BISS approach obtains bet-
ter results than the ISA algorithm for GaschYeast dataset and the
CHCH algorithm for both datasets for the three branches of GO and
for the two  levels of significance. However, the results from the
ISA and OPSM algorithms are better than those of the BISS method
for GDS1116 dataset. The OPSM algorithm obtained a low num-
ber of biclusters, most of which are composed of a large number of
positively correlated genes, as can be observed in Table 3.

The influence of the size of the biclusters on the percentage
of enriched biclusters has been widely studied in the literature
[44,21,18]. To avoid this impact, previous researchers [44] have
considered a filtering process in the group of biclusters obtained for
each algorithm before establishing a comparison based on the per-

centage of enriched biclusters. The filter comprises determining the
maximum number of genes allowed in the biclusters and removing
the biclusters that have more genes than that maximum. Specifi-
cally, 50 genes is considered to be the maximum number of genes.
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Table 3
Results obtained by the BISS and the classical CHCH, ISA and OPSM algorithms for GDS1116, GaschYeast and Alzheimer datasets.

Num. bicluster Num. genes Num. conditions Min. size Average size Max. size �|·|(B) �(B) Pairs of neg. corr. genes

GDS1116
BISS 100 90.4 21.5 (22 × 13) 2370.29 (300 × 45) 0.65 0.21 4806.4
CHCH 100 19.0 4.68 (3 × 5) 66.9 (136 × 3) 0.49 0.00 266.9
ISA  60 182.1 5.5 (129 × 2) 1023.5 (280 × 8) 0.74 0.63 1489.42
OPSM 14 678.1 9.0 (2 × 21) 2207.1 (4186 × 2) 0.95 0.89 290,033.4

GaschYeast
BISS  100 96.2 26.2 (20 × 18) 2680.4 (292 × 45) 0.75 0.35 3839.7
CHCH 100 70.6 19.1 (45 × 9) 1407.1 (222 × 90) 0.3 0.0 1986.9
ISA  66 76.3 8.7 (11 × 11) 645.7 (136 × 10) 0.60 0.52 366.9
OPSM 12 95.6 12.5 (4 × 18) 849.8 (387 × 7) 0.98 0.98 0.0

Alzheimer
BISS  100 48.7 15.1 (36 × 10) 741.8 (62 × 18) 0.83 0.16 488.7
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ig. 7 shows the percentage of enriched biclusters after this filtering
rocess for the BISS, CHCH, ISA and OPSM algorithms for GDS116
nd GaschYeast datasets. Note that all the biclusters obtained by
he ISA algorithm for GDS116 dataset are removed after the filter-
ng process. It can be appreciated that the BISS algorithm obtained

ore enriched biclusters than ISA for GashYeast dat set and the
HCH algorithm for both datasets and for the three subcategories
f GO. Moreover, BISS improved the OPSM algorithm for GDS116
ataset and it obtained similar results for GaschYeast dataset.

.3.2. Comparison with correlation-based algorithms
The performance of the BISS algorithm is compared to BCCA [44]

nd BICLIC [45] algorithms in this subsection. These two  methods
ere chosen because they also use a merit function based on cor-

elations to search patterns from gene expression data. Moreover,
he BICLIC algorithm was designed to find activation–inhibition
xpression patterns, which is one goal of this work.

The BCCA has two possible experimental settings depending on
hether it considers overlapping. The BCCA without overlapping

BCCA-not) has the number of biclusters to be obtained and a cor-
elation threshold as input parameters. The BCCA with overlapping
BCCA-yes) has the correlation threshold as the only input param-
ter. The correlation threshold depends on the data, and the size of

he biclusters decreases when this threshold increases. The main
ifference between the two algorithms, BCCA-not and BCCA-yes,

s that the BCCA-yes is an exhaustive search and thus it obtains
 large number of biclusters with a high computational cost. The
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Fig. 5. Size of biclusters found by the BISS, CHCH, IS
170.55 (152 × 33) 0.54 0.09 34.2
103.3 (56 × 2) 1.0 0.1 609.67

 925.0 (809 × 3) 0.96 0.96 0.0

parameters of the BCCA-not is 100 for the number of biclusters
to be obtained and 0.2 for the correlation threshold for GDS116
dataset and 0.8 for both GaschYeast and Alzheimer datasets. Note
that the choice of these parameters imply a hard trial-and-error
task for each dataset. For BCCA-yes, an experimental study of the
correlation is not possible because of the computational cost, and
a threshold of 0.85 has been selected, as it was indicated by the
previous researchers [44].

The BICLIC has three input parameters: a correlation threshold
and the minimum number of genes and conditions of the biclus-
ters to be obtained. The values for these parameters are 0.9, 5
and 5 for GaschYeast dataset, 0.85, 25 and 10 for GDS116 dataset
and 0.6, 5 and 2 for Alzheimer dataset. The values selected for
GaschYeast dataset have been provided by the authors of BICLIC as
default parameters in [45]. However, the parameters for GDS116
and Alzheimer datasets have been experimentally obtained by
means of a trial-and-error task since the default parameters do not
provide results.

Table 4 shows different features of the biclusters obtained using
the BISS, BCCA-not, BCCA-yes and BICLIC algorithms. BISS and
BCCA-not obtained 100 biclusters as it was  expected. BCCA-yes
and BICLIC obtained 1662, 17,322 and 368 and 5988, 14, 791 and
4405 biclusters for GDS1116, GaschYeast and Alzheimer datasets,

respectively. Though the activation–inhibition patterns are impor-
tant from a biological point of view [11], it can be noticed that
the BCCA algorithm in both versions does not capture negative
correlations among the genes; in other words, the number of

00 25 0 30 0 35 0 40 0

f genes

BISS
CHCH
ISA
OPSM

A and OPSM algorithms for GDS1116 dataset.
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Fig. 6. Percentage of enriched biclusters obtained by BISS, CHCH, ISA and OPSM

egatively correlated genes is 0. This result is one of the most
mportant differences between the BISS and the BCCA algorithms.
n the other hand, BICLIC captures negative correlations for

aschYeast and Alzheimer datasets but not for GDS1116 dataset.
owever, it can be concluded that BICLIC obtains genes with a very

ow negative correlation due to the difference between the cor-
elation with and without the absolute value is very small (0.76

able 4
esults obtained by the BISS, the BCCA-not, BCCA-yes and BICLIC algorithms for GDS1116

Num. bicluster Num. genes Num.
conditions

Min. size 

GDS1116
BISS 100 90.4 21.5 (22 × 13) 

BCCA-not 100 16.5 122.7 (3 × 122) 

BCCA-yes 1662 10.4 86.3 (2 × 18) 

BICLIC  5988 76.7 14.9 (25 × 10) 

GaschYeast
BISS  100 96.2 26.2 (20 × 18) 

BCCA-not 100 2.6 22.7 (2 × 8) 

BCCA-yes 17,322 59.4 97.7 (2 × 3) 

BICLIC  14,791 178.9 29.2 (5 × 6) 

Alzheimer
BISS  100 48.7 15.1 (36 × 10) 

BCCA-not 100 9.1 14.8 (2 × 8) 

BCCA-yes 368 8.9 16.1 (2 × 5) 

BICLIC  4405 516.1 14.2 (5 × 13) 
he CC, MF  and BP sub-ontologies of GO for GDS1116 and GaschYeast datasets.

and 0.61 for GaschYeast dataset and 0.69 and 0.68 for Alzheimer
dataset).

Fig. 8 shows the different sizes of the biclusters obtained by

the BISS, BCCA-not, BCCA-yes and BICLIC algorithms for GDS1116
dataset. It can be observed that BCCA-not, BCCA-yes and BICLIC
provided biclusters with a number of conditions larger and a num-
ber of genes lower than that of the BISS approach or a number of

, GaschYeast and Alzheimer datasets.

Average size Max. size �|·|(B) �(B) Pairs of neg.
corr. genes

2370.29 (300 × 45) 0.65 0.21 4806.4
2022.5 (90 × 122) 0.36 0.36 0.0

943.0 (32 × 114) 0.85 0.85 0.0
940.5 (685 × 10) 0.85 0.85 0.0

2680.4 (292 × 45) 0.75 0.35 3839.7
54.0 (15 × 19) 0.77 0.77 0.0

5906.5 (121 × 163) 0.9 0.9 0.0
2249.3 (139 × 159) 0.76 0.61 5797.1

741.8 (62 × 18) 0.83 0.16 488.7
97.8 (24 × 29) 0.86 0.86 0.0

118.8 (16 × 23) 0.88 0.88 0.0
5888.9 (899 × 25) 0.69 0.68 2799.9
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pplying  the filter.

enes larger but a number of conditions lower in the case of several
iclusters obtained by BICLIC. Note that the biclusters obtained by
he BISS and the BCCA-not, BCCA-yes and BICLIC algorithms are dif-
erent and capture different types of patterns. For this reason, the
iclusters are represented in different areas in the picture.
Fig. 9 presents the percentage of overrepresented or enriched
iclusters in one or more GO terms for the BISS, BCCA-not, BCCA-
es and BICLIC algorithms for GDS1116 and GashYeast datasets
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 BP, CC and MF  sub-ontologies of GO for GDS1116 and GaschYeast datasets after

when applying the filter described in Section 4.3.1, that is, only
the biclusters with a number of genes lesser than 50 genes are con-
sidered. It can be observed that BISS improves BCCA-not, BCCA-yes
and BICLIC for the three categories of GO and for the two levels of
significance for GaschYeast dataset. Moreover, BISS presents better
results than the BCCA-not, BCCA-yes and BICLIC in the CC and MF
subbranches of GO for GDS1116 dataset. In the BP component, the
results from the BISS and the BCCA-yes algorithms are similar for
the level of significance 0.1% but BCCA-yes is better than BISS for
the level of significance 0.05%. Nevertheless, BCCA-yes is unable to
obtain negative correlation patterns.

A more challenging definition for an enriched bicluster can be
established to emphasize the difference between the BISS and the
BCCA-yes algorithm. Most of the time, the majority of the function-
ally enriched biclusters have a low number of annotated genes in
GO with respect to their total number of genes. Thus, a bicluster
is said to be highly enriched if the number of genes that share the
same function in a GO term is greater than a given threshold. In this
work, a minimum of 5 genes has been considered [55,56].

Fig. 10 presents the percentage of highly enriched biclusters
for the BISS, BCCA-yes and BICLIC algorithms. The results obtained
by the BISS are better than those of the BCCA-yes and BICLIC

algorithms for BP and CC components for GDS1116 dataset. In com-
ponent MF,  BISS has 27.6% and 28.9% for level of significance 0.1%
and 0.05% respectively, BCCA-yes has 27.5% for both levels and
BICLIC has 30.4% and 30.8%. In addition, it can be observed that
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terms are shown. It can be observed that 22 and 12 genes of the
bicluster # 1 are found in the GO:0022626 and GO:0022627 terms,
which are composed of 163 and 64 genes, respectively. These GO
BISS BCCA-not BCCA-yes BICLIC BISS BC

ig. 9. Percentage of enriched biclusters obtained by BISS, BCCA-not, BCCA-yes and

esults obtained by BISS and BCCA-yes algorithms are similar and
lways better than BICLIC for GaschYeast data set.

.3.3. Biological significance of biclusters
A study of the biological significance of several biclusters

btained by the BISS algorithm is presented in this subsection.
Fig. 11 shows the profile of a bicluster composed of 35 genes and

3 conditions obtained by the BISS algorithm for Alzheimer dataset.
rom this figure, both shifting and scaling patterns, and moreover,

egative and positive correlation patterns can be observed. In par-
icular, two positively correlated genes are plotted using dash lines
nd a third gene showing negative correlation with the two  afore-
entioned genes is plotted using a bold line.
t BCCA-yes BICLIC BISS BCCA-not BCCA-yes BICLIC

 for the BP, CC and MF  sub-ontologies of GO for GDS1116 and GaschYeast datasets.

Table 5 reports the biological significance of several biclus-
ters obtained by the BISS algorithm for GDS1116 and GaschYeast
datasets. The FuncAssociate web-based tool has been used to gen-
erate the information presented in the table.3 In particular, the size
of the bicluster and the number of genes of the bicluster associated
with a GO term, the number of genes in the GO term, the value of
the adjusted p-value and the description of the GO term for two GO
3 http://llama.mshri.on.ca/funcassociate/.

http://llama.mshri.on.ca/funcassociate/
http://llama.mshri.on.ca/funcassociate/
http://llama.mshri.on.ca/funcassociate/
http://llama.mshri.on.ca/funcassociate/
http://llama.mshri.on.ca/funcassociate/
http://llama.mshri.on.ca/funcassociate/
http://llama.mshri.on.ca/funcassociate/


648 J.A. Nepomuceno et al. / Applied Soft Computing 35 (2015) 637–651

BISS BCCA-yes BICLIC BISS BCCA-yes BICLIC BISS BCCA-yes BICLIC

BCCA

0

10

20

30

40

50

60

70

80

90

100

P
er

ce
nt

ag
e 

of
 H

ig
hl

y 
E

nr
ic

he
d 

B
ic

lu
st

er
s 

P
er

ce
nt

ag
e 

of
 H

ig
hl

y 
E

nr
ic

he
d 

B
ic

lu
st

er
s 

GDS1116 yeast

0.05%
0.1%

BP CC MF

0

10

20

30

40

50

60

70

80

90

100
GaschYeast

0.05%
0.1%

BP CC MF

F CLIC f

t
a
g
t

BISS BCCA-yes BICLIC BISS

ig. 10. Percentage of highly enriched biclusters obtained by BISS, BCCA-yes and BI
erms belong to the cellular component subontology of GO and both
re related to ribosomes located in the cytosol. Bicluster # 70 has 4
enes associated with GO:0000722 and GO:0003678 terms related
o DNA metabolic processes such as the telomere maintenance and

2 4 6 

3

4

5

6

7

8

9

Experime

E
xp

re
ss

io
n 

V
al

ue

Alzheim

Biclus

Fig. 11. Bicluster profile obtained by the B
-yes BICLIC BISS BCCA-yes BICLIC

or the BP, CC and MF  sub-ontologies of GO for GDS1116 and GaschYeast datasets.
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from GaschYeast dataset are related to ribosomal functionality, in
particular, the half of the genes approximately are related to RNA
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Table  5
Biological significance of several biclusters obtained by BISS for GDS1116 and GaschYeast datasets.

Bicluster size Genes from bi. in GO term Genes in GO term p-Value GO term &description

GDS1116
Bicluster #1 (38,22) 22 163 <0.001 GO:0022626 cytosolic ribosome

12  64 <0.001 GO:0022627 cytosolic small ribosomal subunit
Bicluster #70 (24,19) 4 19 <0.001 GO:0000722 telomere maintenance via recombination

4  36 0.003 GO:0003678 DNA helicase activity

GaschYeast
Bicluster #1 (51,30) 12 64 <0.001 GO:0022627 cytosolic small ribosomal subunit

23  163 <0.001 GO:0022626 cytosolic ribosome
Bicluster #62 (44,20) 21 483 <0.001 GO:0034660 ncRNA metabolic process
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.3.4. Computational complexity
The computational complexity of the BISS algorithm mainly

epends on the fitness function complexity (Eq. (5)) and the set
f operations during the searching procedure (Algorithm 1).

The main term in the fitness function is the average correla-
ion of the bicluster B (Eq. (4)), which is based on the correlation
etween pairs of genes in B (Eq. (3)). The complexity of the cor-
elation between two genes is O(m), where m is the number of
onditions in B. Therefore, the complexity of the fitness function
s O(n2m),  where n is the number of genes in B. Note that in the

orst case n and m are equal to the number of genes and condi-
ions in the microarray, respectively. However, this case is almost
nlike due to the biclusters are built in the initial population with

 limit for the number of genes and conditions (Algorithm 1, line
).

The BISS algorithm complexity is set to O(k · n2m),  where k is
 constant such that k = knumBi× knumIter× kconvergence. Firstly, knumBi
s the number of biclusters to find which is an input parameter
Algorithm 1, line 3). Secondly, knumIter is a constant to control
he number of times that the reference set is rebuilt (Algorithm
, line 9). This constant is an inner parameter of the algorithm,
hich is usually chosen equal to 20 following the scatter search

eferences [14]. Finally, kconvergence is a constant to guarantee the
onvergence of the optimization process (Algorithm 1, line 10).
ote that this constant is not explicitly written in the algorithm
ecause the reference set is always stabilized before this constant is
eached.

The complexity of CHCH and OPSM algorithms is O(nm) and
(nm3 · l), respectively, where l is the number of biclusters that
PSM reports. The ISA algorithm is lineal with respect to the num-
er of genes and conditions but also regarding the seed that is used,
nd hence, a good initial parametrization is required. On the other
and, the complexity of the BCCA, which is also based on corre-

ations, is O(n5). Although the BICLIC complexity is not provided,
he experiments indicate that the algorithm running time is also
igh.

. Conclusions

The BISS algorithm for searching local patterns in gene expres-
ion data has been proposed in this paper. This algorithm uses a
erit function based on linear correlations among genes and a

catter search metaheuristic. The main motivation to use linear cor-
elations among genes is that correlated genes imply co-expressed
enes. One of the most important characteristics of the BISS
lgorithm is the type of discovered patterns. The BISS captures

egative correlation patterns and not only positively correlated
enes as other methods based on correlations. Negative correla-
ion patterns have been recently considered in gene expression
tudies due to their biological relevance since they are a common
<0.001 GO:0034470 ncRNA processing

feature in many molecular pathways. The BISS has been compared
with a group of classical biclustering methods, including CHCH,
ISA and OPSM, and with the recently published BCCA and BICLIC
approaches, which are based on correlations. Firstly, experiments
reported that BISS obtained good results when comparing with
the benchmark algorithms and, secondly, that BISS captured neg-
ative correlation patterns unlike the BCCA and it improved the
results of BICLIC which also captures negative correlations. On
the other hand, the results show that the number of conditions
of biclusters obtained by the BISS is greater than those obtained
by CHCH, ISA and OPSM. Additionally, it can be concluded that
the functional enrichment of the biclusters obtained by the BISS
improves when the biclusters have less than 50 genes. There-
fore, the penalization in the fitness function of the BISS to control
the volume of the biclusters is crucial. In the case of biclusters
with less than 50 genes, the BISS is better than the CHCH, ISA,
OPSM and BICLIC and better than or similar to the BCCA algo-
rithm.

Future research will be focused on different topics. First, other
improvement and combination methods or solution codifications
can be studied using the scatter search metaheuristic. Moreover,
the integration of new measures in the fitness function as mutual
information or other measures that explore the inner topological
properties of the network induced by the correlation among the
genes will be also studied.

Algorithm 1. BISS: BIclustering with scatter search
INPUT microarray D, number of biclusters to be found numBi,  parameter to

control the size of biclusters M
OUTPUT Set Results with numBi biclusters.
begin

1: num ← 0, Results← ∅
2: �← MinimumCorrelation(D,M)
3:  while (num < numBi) do
4: Population← DiversificationGeneration()
5: Population← Improvement(Population,�)
6: Reference Set ← Build(Population)
7:  Population← Population \ Reference Set
8: i ← 0
9: while (i < numIter) do
10: while (NOT stable) do
11: A← SubsetGeneration(Reference Set)
12: B← SolutionCombination(A)
13: B← Improvement(B,�)
14: Reference Set ← Update(B,Reference Set)
15: end while
16: Reference Set ← Rebuild(Population,Reference Set)
17:  Population← Population \ Reference Set
18: i ← i + 1
19: end while
20: Bicluster← the best one from Reference Set

21: Results ← Results ∪ {Bicluster}
22: num ← num + 1
23: end while
end
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lgorithm 2. Improvement method
INPUT Bicluster B = [g1, . . ., gN], minimum correlation �
OUTPUT Bicluster B′ ⊆ B such that |�(gi , gj)| ≥ � ∀ gi , gj ∈ B′

begin
1: i ← 1, B′ ← {gi}, R ← {}
2: while (i < N) do
3: j ← i + 1
4: while (j ≤ N) do
5: if (|�(gi , gj)| ≥ �) then
6: if (gj /∈ R) then
7: B′ ← B′ ∪ {gj}
8: end if
9: else
10: R ← R ∪ {gj}
11: end if
12: j ← j + 1
13: end while
14: i ← i + 1
15: end while
end
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