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Background: One of the emerging techniques for performing the analysis of the DNA microar-

ray data known as biclustering is the search of subsets of genes and conditions which are

coherently expressed. These subgroups provide clues about the main biological processes.

Until now, different approaches to this problem have been proposed. Most of them use the

mean  squared residue as quality measure but relevant and interesting patterns can not be

detected such as shifting, or scaling patterns. Furthermore, recent papers show that there

exist new coherence patterns involved in different kinds of cancer and tumors such as

inverse relationships between genes which can not be captured.

Results: The proposed measure is called Spearman’s biclustering measure (SBM) which per-

forms an estimation of the quality of a bicluster based on the non-linear correlation among

genes  and conditions simultaneously. The search of biclusters is performed by using a

evolutionary technique called estimation of distribution algorithms which uses the SBM

measure as fitness function. This approach has been examined from different points of

view by using artificial and real microarrays. The assessment process has involved the use

of  quality indexes, a set of bicluster patterns of reference including new patterns and a set

of  statistical tests. It has been also examined the performance using real microarrays and
comparing to different algorithmic approaches such as Bimax, CC, OPSM, Plaid and xMotifs.

Conclusions: SBM shows several advantages such as the ability to recognize more complex

coherence patterns such as shifting, scaling and inversion and the capability to selectively

marginalize genes and conditions depending on the statistical significance.

under a set of conditions. The measurement of these levels of
.  Introduction
he quantitative and qualitative analysis of the DNA has
ecome one of the most important areas in the biomed-

cal research. To accomplish this analysis, the microarray
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technology is used [1]. This technology allows to measure
simultaneously the level of expression of thousands of genes
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expression leads to the storing of huge volumes of data which
are organized in matrices. The analysis of these matrices is
a key issue to better understand the biological interactions
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Fig. 1 – Clustering approaches: (a) classical clustering on

In order to answer these questions, we propose an addi-
genes and (b) biclustering on genes and conditions.

between genes. The complexity of this analysis arises from the
huge quantity of variables, the noise which can affect these
measures, and the low number of conditions.

Clustering is one of the techniques that has been broadly
applied to analyze DNA microarrays [2,88,92]. Clustering
allows to group genes that are expressed in a coherent way
in different sets (see Fig. 1a).

However, the application of clustering shows that the
methods have some limitations in this setting. Many  expres-
sion level patterns are common to a subgroup of genes in a
specific subset of conditions. In fact, the general understand-
ing of biological processes indicates subgroups of genes to be
co-expressed only under specific subsets of conditions, but
they behave in a different way under other conditions (see
Fig. 1b). The discovering of co-expressed subgroups of genes
for some of the conditions may be the key to understand the
biological interactions that are not apparent otherwise. This
discovery has motivated the development of specific cluster-
ing algorithms known as biclustering algorithms.

The biclustering problem is a NP-hard problem that was
originally considered by [3], subsequently by [4,5,91]. The com-
plexity of this problem in the context of DNA microarray data
analysis has motivated the creation of different algorithmic
approaches.

Cheng and Church (CC) algorithm [6] is a greedy itera-
tive search method based on a quality measure called Mean
Squared Residue. The algorithm uses this quality measure in
order to add or to remove rows or columns iteratively, thus,
improving the quality. The MSR  measures how adequate each
expression value is with regard to the rest of values of the
bicluster (see [6] for more  details). Subsequently, this method
was improved with the FLOC algorithm which incorporates the
capability to deal with missing values and to obtain several
biclusters simultaneously following a hierarchical clustering
strategy in each dimension and combining the results. On the
other hand, SAMBA takes a different approach performing
an exhaustive biclusters enumeration by means of bipartite

graph based model and subsequent greedy approach adding
or removing nodes in order to find the maximum weight sub-
graphs. Spectral biclustering uses linear algebra in order to
 b i o m e d i c i n e 1 1 2 ( 2 0 1 3 ) 367–397

identify biclusters patterns. The Plaid Model takes a differ-
ent approach which represents the input microarray matrix
as a sum of layers where each layer represents a bicluster.
The BiMax algorithm discretizes the microarray data before
applying a recursive process until to obtain a matrix with a
single value. On the other hand there is a group of biclus-
ters algorithms based on metaheuristics such as simulated
annealing, particle swarm optimization, memetic algorithms,
etc. All these approaches use the MSR as a bicluster quality
evaluation function in order to detect co-expressed behaviour
patterns.

In this sense, the MSR is nowadays the most commonly
measure used to perform the search of biclusters. The joint
use of this measure with evolutionary approaches to perform
the search in the candidate biclusters space has provided suc-
cessful results correctly identifying the majority of coherence
patterns [7–13].

However, this measure presents several problems. First, it
does not evaluate correctly some coherence evolution patterns
such as scaling patterns [14]. Furthermore, as we  demonstrate
in this paper there are other patterns such as inversion pat-
terns which show some difficulties in being correctly identified
by MSR. Secondly, it is not possible to determinate whether
the collection of genes and conditions represents a reliable
grouping in statistical terms.

In order to overcome these problems, we propose an
alternative measure called Spearman’s biclustering measure
(SBM). It is based on the Spearman’s non-parametric cor-
relation coefficient as an evaluation function of fitness of
candidate biclusters. Although several correlation-based mea-
sures have been proposed in the literature, all of them have
been oriented to detect only direct relationships between
genes. The proposed measure is able to detect direct and
inverse relationships between genes and conditions. The
inclusion of inverse relationships is based on recent papers
related with the discovering of inverse relationships in dif-
ferent types of cancer and tumors [15–17]. It has been also
considered the detection of relationships between conditions
to increase the capability of detection of patterns. Metrics
proposed in the literature the measures only consider the
correlation between genes. The proposed measure is able to
identify complex patterns that can not be identified by bench-
marking MSR. Furthermore, based on its statistical properties,
it is possible to determine the reliability of a collection of genes
and conditions in statistical terms. The absence of this prop-
erty in MSR measure does not allow to qualify the biclusters in
statistical terms. The problem arises in the evaluation of the
quality of the results provided of the measure with regard to
classical MSR measure. It is also necessary to take into account
that the evaluation of SBM has to be performed analyzing its
capabilities with the actual taxonomy of coherence patterns
[18] with regard to MSR  as the biclustering reference measure.
In order to compare both measures fairly, it would be desirable
to use a methodology capable of identifying the weaknesses
and strengths of any measure on every type of coherence pat-
tern.
tional set of contributions. Firstly, a set of global quality
indexes is proposed to evaluate both the global relative per-
formance and the global quality of the measure to discover

dx.doi.org/10.1016/j.cmpb.2013.07.025


i n b i

g
i
o
t
t
i
m
m
t
f

y
a
l
g
i
c
P
t
w
O
n

t
s
d
e
p
w

2

I
t

2

A
b
c
r
j
g
r
w
t

s
t

2

I
w
m
t
c
t
c

c o m p u t e r m e t h o d s a n d p r o g r a m s 

enes and conditions. Secondly, a set of local quality indexes
s proposed in order to individually assess the local quality
f the measure with regard to the selected genes and condi-
ions. Next, a fair comparison procedure based on statistical
ests is proposed to evaluate the results using previous qual-
ty indexes. Finally, the search of biclusters based on different

easures is performed using the same search algorithm: esti-
ation of distribution algorithms (EDAs). A recent alternative

o the use of genetic algorithms which have provided success-
ul results in different fields [19–21].

Once this analysis has been performed, a biological anal-
sis is performed from different points of view. Firstly, the
lgorithm is assessed individually with real microarrays fol-
owing a quality process which allows to filter low quality
enes and/or conditions in the bicluster before proceed-
ng with the biological assessment. Finally, the algorithm is
ompared with biclustering methods such as BiMax, OPSM,
LAID, CC and Xmotifs. Following the methodology in [22]
he performance of all algorithms is evaluated biologically
ith the percentage of biclusters enriched by any Gene
ntology Consortium (GO) category at different levels of sig-
ificance.

This article is organized as follows: Section 2 presents
he state of the art in biclustering algorithms. Section 2
hows the definitions of the coherence measures. Section 4
escribes the search algorithm used for this problem, the
stimation of distribution algorithms. Section 5 describes the
roposed experimentation framework and finally in Section 6
e  present our conclusions.

.  State  of  the  art

n order to properly understand the notation used throughout
he paper, a set of basic definitions will be provided.

.1.  Basic  definitions

 DNA microarray dataset is represented as a matrix denoted
y ARC, where the set of rows is R = {1, . . .,  N} and the set of
olumns is C = {1, . . .,  M}, each element aij of this matrix rep-
esents the level of expression of the gene i under condition
. Following this notation, given two subsets I ⊆ R and J ⊆ C of
enes and conditions respectively, then BIJ denotes the cor-
esponding submatrix with |I| genes and |J| conditions and
here bij denotes the level of expression of the gene i under

he condition j of the submatrix.
A bicluster is therefore a submatrix BIJ where the involved

ubset of genes (I) exhibits a similar behaviour pattern through
he subset of conditions (J) [23,18,24].

.2.  Taxonomy  of  biclustering  algorithms

n this paper an updated taxonomy of biclustering algorithms
ill be shown (see Tables 3 and 4 for an enumeration of the
ethods). The aim of this update is to include new dimensions
o assess as accurately as possible the capabilities and specific
haracteristics of new biclustering algorithms developed since
he key taxonomy of Madeira in [18]. Two new dimensions to
haracterize biclustering techniques have been incorporated:
 o m e d i c i n e 1 1 2 ( 2 0 1 3 ) 367–397 369

the nature of the data and the validation procedure. Finally, a
new set of more  complex coherence patterns is considered in
the modeled coherence patterns set based on the presence of
these behaviours in different types of cancer.

The axes to do a taxonomy of biclustering approaches are
as follows:

• The nature of the data. In order to develop a biclustering
algorithm it is necessary to decide whether the method will
be able to extract the biclusters directly from continuous-
value expression data or it is needed to perform a previous
discretization task. In this sense current biclustering algo-
rithms can be divided in different categories:
1. Binary discretized data. This category groups all those

algorithms that require a process of discretization of
the gene expression data matrix to a binary data matrix
[25,22,26]. It has the advantage of requiring much less
computational resources to detect coherence patterns.
Its drawback is the limited set of coherence of pat-
terns detectable as pointed out by Ahmad in [27], the
dependence of the discretization methodology [28] and
therefore the impossibility to detect new continuous
complex patterns.

2. Integer discretized data. In this category the discretiza-
tion process is still required to extract biclusters. The
difference lies in the number of level of expressions
obtained after the discretization process. Although the
discretization can suppose a loss of information, it can
be an advantage in terms of computational resources.
This kind of approach provides faster algorithms and the
loss of coherence pattern is not so considerable com-
pared to the binary ones. However, it is easy to check
that some shifting/scaling patterns are not detectable.
Two subtypes are present in the biclustering literature
depending on the number of levels of expressions. In the
first subtype the gene expression data matrix is only dis-
cretized to three levels of expressions as it is commonly
performed in DNS microarray studies: over-expressed,
under-expressed, and baseline [29]. In the second sub-
type the gene expression data matrix is discretized
to multiple levels of expression (more than three)
[30–32].

3. Original real numbers data matrix. In this category
biclustering algorithms are able to extract directly biclus-
ters from the original, continuous-value, microarray
data. This kind of algorithms requires more  complex
processes and more  computational resources. However,
they have the advantage of detecting richer and more
complex coherence patterns than previous scenarios. In
this sense, the majority of the developed biclustering
algorithms are able to deal with real data.

• Validation function. A second axe to divide bicluster learn-
ing algorithms is based on the quality requirements of the
biclusters found and the algorithm’s capability to recover
known bicluster structures before to proceed with the bio-
logical analysis. Some biclustering approaches propose a

set of validation procedures prior to assess the results from
the biological perspective. These procedures aim to guar-
antee that it is useful to apply the proposed biclustering
algorithm to real microarray data in order to perform a

dx.doi.org/10.1016/j.cmpb.2013.07.025
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Table 1 – Biclusters with constant values on rows or
columns.

Additive model Multiplicative model

Rows bij = � + ˛i + �ij bij = � × ˛i + �ij

Columns bij = � + ˇj + �ij bij = � × ˇj + �ij

Table 2 – Biclusters with coherent values in rows or
columns.
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posterior biological assessment. Two main kinds of valida-
tion approaches can be found in the literature:
1. Method/Model validation. The aim of this step is to eval-

uate the accuracy of the results of the method based on
the computation of a set of measures on a predefined
set of artificial microarray datasets. Different validation
metrics can be found in the literature:
– Precision/Recall metric. Most of the biclustering

algorithms that use measures based on the preci-
sion/recall metrics such as false positive discovery rate
[26], true positive discovery rate [33], etc.

– Upper bounds on probability models. In this case
upper bounds on the probability are computed based
on random datasets in order to know the statistical
significance of the probability of the obtained model
[34].

2. Bicluster quality assessment. In this case the aim is to
evaluate the coherence degree of a detected single biclus-
ter. The different types of coefficients are the following:
– Clustering coefficients. This kind of validation is based

on the use of existing clustering coefficients that are
adapted to the biclustering problem [35].

– Information theory. This approach is used to measure
the quantity of information that the bicluster found
provide based on the whole microarray data informa-
tion [36].

– Specific coefficients. These are ad-hoc coefficients
developed to measure the quality from different points
of view such as the statistical significance of the
biclusters obtained [29], or ad-hoc coefficients [37,32].

• Coherence patterns. An interesting criteria to evaluate a
biclustering algorithm concerns the identification of the
type of data pattern the algorithm is able to find. We iden-
tified several major classes of patterns already introduced
in the taxonomy of Madeira [18]; a new pattern has been
added:
1. Biclusters with constant values [4]. The values of all ele-

ments of the bicluster are equal. Although this approach
produces good results, in ideal conditions it is necessary
to consider the noise that the real microarray data incor-
porates. This means that the values of the bicluster can
be computed as:

bij = � + �ij (1)

where � represents the average value of the bicluster and
�ij represents the noise added.

2. Biclusters with constant values on rows or columns [38,31].
This kind of pattern exhibits coherent variations in the
rows or in the columns. That is, the value of each ele-
ment bij of the bicluster can be broken down as the
contribution of the average value of the bicluster (�),
the contribution of the value of the row (˛i) or the con-
tribution of the value of the column (ˇj). This set of
contributions can be expressed in two possible ways: the
additive model or the multiplicative model. In the addi-

tive model the contribution is expressed as the sum of
the values of all involved elements: the average value
of the bicluster and the value of the row, or the average
value of the bicluster and the value of the column. On
Additive model Multiplicative model

bij = � + ˛i + ˇj + �ij bij = � × ˛i × ˇj + �ij

the other hand the multiplicative model is expressed as
the product of the values of the corresponding elements
(see Table 1).

3. Biclusters with coherent values [6,39,40]. This kind of pat-
tern exhibits coherent variations on the rows or on the
columns. That is, the value of each element bij of the
bicluster can be broken down as the contribution of the
average value of the bicluster (�), the contribution of the
value of the row (˛i) and the contribution of the value
of the column (ˇj). This set of contributions can also be
expressed in two possible ways: the additive model or
the multiplicative model (see Table 2).

4. Biclusters with coherent evolutions [41,29]. This kind of pat-
tern represents the most difficult coherence pattern to be
discovered. This pattern addresses the problem of dis-
covering subsets of rows and subsets of columns with
coherent behaviours, regardless of the exact numeric
values in the data matrix. This collective coherent evolu-
tion can be observed in the entire bicluster, on both rows
and columns of the bicluster, on the rows of the bicluster,
or on the columns of the bicluster.
Although there exist many  kinds of coherent evolution
patterns, two main cases are distinguished in the litera-
ture:
– Shifting pattern [14]. A group of genes (conditions) fol-

lows a shifting pattern if their values under a specific
condition (gen) can be expressed as the addition of
some constant dependent on the condition (˛j) plus
a value dependent on the specific gene (ci). This can
be expressed by means of a matrix as follows:

BIJ =

⎛
⎜⎝

b11 . . . b1J

. . . . . . . . .

bI1 . . . bIJ

⎞
⎟⎠ =

⎛
⎜⎝

c1 + ˛1 . . . c1 + ˛J

. . . . . . . . .

cI + ˛1 . . . cI + ˛J

⎞
⎟⎠ (2)

In order to clarify this kind of pattern, Fig. 2a shows
an example of a matrix that represents a bicluster
with three genes and five conditions, where the genes
follow a shifting pattern. Fig. 2b shows the graphi-
cal representation of the bicluster showing that the
shifting pattern is a collection of copies of a vertically
shifted pattern. Finally, Fig. 2c shows a graphical rep-
resentation of the effects of the shifting patterns in the
conditions.
– Scaling pattern [14]. A group of genes (conditions) fol-
lows a scaling pattern if their values under a specific
condition (gen) can be expressed as the product of

dx.doi.org/10.1016/j.cmpb.2013.07.025
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Fig. 2 – Coherence patterns: shifting, scaling and two types of inversion (shifting and scaling): (a) shifting pattern, (b)
shifting pattern: genes, (c) shifting pattern: conditions, (d) scaling pattern, (e) scaling pattern: genes, (f) scaling pattern:
conditions, (g) inverted shifting pattern, (h) inverted shifting pattern: genes, (i) inverted shifting pattern: conditions, (j)
inverted scaling pattern, (k) inverted scaling pattern: genes, (l) Inverted scaling pattern: conditions.

dx.doi.org/10.1016/j.cmpb.2013.07.025
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some constant dependent on the condition (ˇj) and a
value dependent on the specific gene (ci). This can be
expressed by means of a matrix as follows:

BIJ =

⎛
⎜⎝

b11 . . . b1J

. . . . . . . . .

bI1 . . . bIJ

⎞
⎟⎠ =

⎛
⎜⎝

c1 × ˇ1 . . . c1 × ˇJ

. . . . . . . . .

cI × ˇ1 . . . cI × ˇJ

⎞
⎟⎠ (3)

We  illustrate an example of this pattern in Fig. 2d. In
this figure we  show a matrix that represents a biclus-
ter with three genes and five conditions where the
genes follow a scaling pattern. As in the previous case
Fig. 2e shows the corresponding graphical representa-
tion. Finally, Fig. 2f shows, the effects of the pattern in
the conditions.

– Shifting and inverted shifting pattern. Recently, new inter-
esting coherence patterns have been proposed. Some
papers reflect inverse relationships associated with
biological functions [42]. Furthermore, inverse rela-
tionships have been found in different kinds of cancer
and tumors [15–17]. With the aim of enriching this set
of coherence patterns, we have decided to include two
new sets of inversely correlated coherence patterns in
this taxonomy of biclustering algorithms.
The first one is the shifting and inverted shifting pat-
tern. This new category is defined as a subset of genes
(conditions) that follows a shifting inversion pattern
if their values under a specific condition (gene) can
be expressed as the addition or subtraction of a con-
stant dependent on the condition (˛j) from a value
dependent on the specific gene (ci). This can be also
expressed by means of a matrix as follows:

BIJ =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

︷  ︸︸  ︷
b11 . . . b1J

. . . . . . . . .

bi1 . . . biJ

. . . . . . . . .

bj1 . . . bjJ

. . . . . . . . .

bI1 . . . bIJ

Conditions⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

︷  ︸︸  ︷
c1 + ˛1 . . . c1 + ˛J

. . . . . . . . .

ci − ˛1 . . . ci − ˛J

. . . . . . . . .

cj − ˛1 . . . cj − ˛J

. . . . . . . . .

cI + ˛1 . . . cI + ˛J

Conditions⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(4)
In this matrix we have incorporated two inverted shift-
ing patterns associated to the genes i and j. However
the rest of the genes follow a classical shifting pattern.
 b i o m e d i c i n e 1 1 2 ( 2 0 1 3 ) 367–397

Fig. 2g shows an example of a matrix that represents
a bicluster with three genes and five conditions where
the second gene follows an inverted shifting pattern,
whereas the first and the third gene follow a classical
shifting pattern. Fig. 2h shows the graphical repre-
sentation of the bicluster showing the shifting and
the inverted shifting patterns as a collection of copies
of the same vertically shifted pattern and vertically
inverted pattern. Finally, Fig. 2i shows the effects of
this pattern in the conditions but, contrary to previous
patterns, the effect on the conditions is not recogniz-
able.

– Scaling and inverted scaling pattern.  This is the second
category introduced and it is defined as a subset of
genes within a group of genes (conditions) follows a
shifting inversion pattern if their values under a spe-
cific condition (gene) can be expressed as the product
or division of a value dependent on the specific gene
(ci) by some constant dependent on the condition (ˇj).
This can be expressed by means of a matrix:

BIJ =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

︷  ︸︸  ︷
b11 . . . b1J

. . . . . . . . .

bi1 . . . biJ

. . . . . . . . .

bj1 . . . bjJ

. . . . . . .  . .

bI1 . . . bIJ

Conditions⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

︷  ︸︸  ︷
c1 × ˛1 . . . c1 × ˛J

. . . . . . . . .

ci/˛1 . . . ci/˛J

. . . . . . . . .

cj/˛1 . . . cj/˛J

. . . .  . . . . .

cI × ˛1 . . . cI × ˛J

Conditions⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(5)

In this matrix we have also incorporated two inverted
scaling patterns associated to the gene i and to the
gene j. However, the rest of the genes follow a classical
scaling pattern.
Fig. 2j shows an example of a matrix that represents a
bicluster with three genes and five conditions where
the second gene follows a inverted scaling pattern,
whereas the first and the third gene follow a classical
scaling pattern. Fig. 2k, as in the previous case, shows
the graphical representation of this kind of patterns.
Finally, as in the previous pattern, Fig. 2l shows the
effects of the pattern with the same result.
As a summary, a list of published biclustering techniques is
shown in Tables 3 and 4, enumerating their capabilities based

dx.doi.org/10.1016/j.cmpb.2013.07.025
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Table 3 – Enumeration of biclustering methods and its classification.

Method Pattern Structure Discovery Data Validation

1. Constant values 1. Single 1. One at time 1. Binary 1. Bicluster
2. Constant values: row/col 2. Exclusive row/col 2. One set at time 2. Integer I 2. Method
3. Coherent values 3. Checkerboard 3. Simultaneously 3. Integer II
4. Coherent evolutions I 4. Exclusive row 4. Real
5. Coherent evolutions II Inverted 5. Exclusive column

6. Non-overlapping: tree
7. Non-overlapping:
non-exclussive
8. Overlapping: hierarchical
9. Arbitraly positioned
overlapping

BlockClustering [4] ��� �� ��� �� � �� � �� � �� �� ��
ı-Biclusters [6] ��� �� ��� �� �� �� ��� ��� � ��
FLOC [97,98] ��� �� ��� �� �� �� ��� ��� � ��
pClusters [99] ��� �� ��� �� �� �� ��� ��� � ��
Plaid Models [39] ��� �� ��� �� �� �� ��� �� �� ��
PRMs [100] ��� �� ��� �� �� �� ��� �� �� ��
CTWC [38] �� �� � ��� �� �� �� �� � ��� � ��
ITWC [40] ��� �� ��� �� �� �� �� � �� �� ��
DCC [75] ��� �� ��� �� �� �� ��� �� �� ��
ı-patterns [101] �� �� � ��� �� �� �� ��� ��� � ��
Spectral [68] ��� �� ���  �� �� �� ��� �� �� ��
Gibbs [31] �� �� � ��� �� �� �� �� � �� � � ��
OPSMs [34] ��� � � ��� �� �� �� ��� �� �� ��
SAMBA [29] ��� � � ��� �� �� �� ��� �� �� ��
xMOTIFs [73] ��� � � ��� �� �� �� ��� ��� � ��
OP-Clusters [102] ��� � � ��� �� �� �� ��� �� �� ��
Scatter/Correlation [103] ��� �� ��� �� �� �� ��� �� �� ��
FABIA [36] ��� � � ��� �� �� �� ��� �� �� ��

 �� �
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o
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o
t
(
u
i
s

KM-GS Hybrid [104] ��� � � ���

n the exposed taxonomy. Its first column shows the name
f the method. The second column describes the coherence
atterns that the method is able to detect: by means of a row
f five squares, each of them is filled if the method is able
o detect the specific coherence pattern or empty otherwise
patterns are ordered by ascending complexity). The third col-

mn describes the bicluster structure as Madeira [18] defined

n the original taxonomy and it is represented by a row of nine
quares: each of them representing the capability of detection

Table 4 – Enumeration of biclustering methods and its classifica

BILS [105] ��� � � ��� �� �
BCCA [106] ��� �� ��� �� �
BiMine [37] ��� �� ��� �� �
QUBIC [30] ��� � � ��� �� �
VOTE [32] ��� � � ��� �� �
BiCBin [26] ��� �� ��� �� �
Non-Over [107] ��� �� ��� �� �
MOEA-B [13] ��� � � ��� �� �
EC [79] ��� � � ��� �� �
Plaid-Enh [108] ��� �� ��� �� �
Bic GF [109] ��� �� ��� �� �
Mutual Information [33] ��� �� ��� �� �
Diam-Clustering [110] ��� � � ��� �� �
Geometric Gan [111] ��� � � ��� �� �
Geometric Zhao [112] ��� � � ��� �� �
Geometric Wang [113] ��� � � ��� �� �
� �� ��� �� �� ��

of artificially predesigned biclusters. The fourth column rep-
resents the discovery methodology carried out by the method.
That is, depending on the algorithm there are methodologies
which are able to discover one bicluster, a subset at a time or all
biclusters simultaneously. So, those methodologies which are
able to find several biclusters at the same time in the major-

ity of cases are obviously able to find only one if these are
correctly parameterized. Methodologies which are able to find
all biclusters simultaneously are also able to find a subset of

tion (continuation).

� �� ��� �� �� ��
� �� ��� �� �� ��
� �� ��� �� �� ��
� �� �� � �� � � ��
� �� ��� �� � � ��
� �� ��� ��� � ��
� �� �� � �� � � ��
� �� ��� �� �� ��
� �� �� � �� �� ��
� �� ��� �� �� ��
� �� �� � ��� � ��
� �� �� � �� �� ��
� �� ��� ��� � ��
� �� ��� ��� � ��
� �� ��� ��� � ��
� �� ��� ��� � ��
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these. The fifth column represents the type of input needed by
the algorithm, and finally the last column represents its vali-
dation capability: the presence/absence of an specific method
validation procedure and the presence/absence of a procedure
for bicluster assessment.

3.  Actual  and  proposed  coherence
measures

3.1.  Classical  mean  squared  residue  (MSR)

The mean squared residue (MSR) is a measure introduced by
Cheng and Church [6] which has been widely used in different
biclustering approaches and it is considered as the benchmark
measure in biclustering literature [89]. The computation of this
measure is defined as follows:

MSR(BIJ) = 1
|I||J|

∑
i∈I,j∈J

(bij − biJ − bIj + bIJ)
2 (6)

where

biJ = 1
|J|

∑
j∈J

bij (7)

bIj = 1
|I|

∑
i∈I

bij (8)

bIJ = 1
|I||J|

∑
i∈I,j∈J

bij (9)

biJ is the average of the elements of the column J, i.e. the
average of the gene expression level through different condi-
tions; bIj is the average of the elements of the row I, i.e. the
average of the gene expression value of a condition through
different genes; bIJ is the average of all elements of the biclus-
ter.

In spite of the success of this measure it has also been
demonstrated that it shows some problems. The first prob-
lem was pointed out by Aguilar [14] and is related with the
identification of the scaled versions of the same pattern. MSR
gets different values for scaled versions of the same pattern.
That is, it is not able to recognize the pattern. Furthermore,
in this work we  will show experimentally that it is not able to
detect different inverted versions of the same pattern.

The second problem is related with the absence of a sta-
tistical base. The authors originally describe the measure
as a submatrix AIJ with a specific score. There is no refer-
ence with regard to any statistical base in the whole paper.
Therefore, this measure does not include any approach to
determine the statistical significance which can be used to
assess results. The biclusters obtained with a methodology
based on MSR  can not be evaluated in statistical terms and
therefore it is not possible to filter specific genes and/or

conditions within the bicluster which do not meet basic sta-
tistical quality requirements. Furthermore, the original paper
[6] describes the addition/deletion process of nodes by using
the value of the score exclusively.
 b i o m e d i c i n e 1 1 2 ( 2 0 1 3 ) 367–397

3.2.  Spearman’s  biclustering  measure

The main contribution of this paper is the proposal of a new
measure capable of detecting normal and modified (shifted,
scaled or inverted) versions of the same pattern between genes
or conditions independent of the value.

A measure based on the concept of correlation is demon-
strated as a suitable tool to quantify the distance between two
genes through a set conditions [43]. The correlation is not only
able to quantify the similar trends but also the direction of the
trend. Although these capabilities are common to all correla-
tion coefficients, not all of them are equally suitable to be used
with DNA microarray data. As well as having datasets without
outliers, some correlation coefficients can require normality
conditions to provide reliable values of correlation.

Taking into account these potential problems, Spearman’s
correlation coefficient has some known interesting character-
istics such as:

• Invariability to shifting and scaling, that is, a shift-
ing/scaling pattern affects to specific values but it does not
change the ranks of the data (the relative order of the data),
therefore the correlation value does not change. We will
illustrate this invariability by means of two examples where
exists a shifting and scaling pattern (see Fig. 19). In both
cases, the shifting or the scaling do not change ranking val-
ues and therefore the difference between the ranks “D” is
zero and the correlation value is one. The invariability to
shifting and scaling is formally proved in Appendix A.

• Capability to detect nonlinear monothonic relationships:
since the dependence on the specific values of the data is
relaxed and the relative order of the data is maintained,
more  complex patterns than shifting and scaling can be
identified (e.g. inversion patterns).

• It does not perform a Gaussian assumption of the data
[44,45].

• Robustness against outliers which are common in DNA
microarrays datasets [46,47]. In robust statistics there are
several basic tools to describe and measure robustness
such as the breakdown point, the influence function and
the sensitivity curve. In our proposed measure based on
Spearman’s correlation coefficient influence functions have
been used to analyze the robustness of the measure con-
cluding that our proposed correlation coefficient has a
bounded smooth influence functions with a high efficiency
[48].

The computation of this coefficient is accomplished in two
steps. Firstly, the relative order of n measurements of X and
Y written as xi and yi (i = 1, . . .,  n) is computed, i.e. the ranks.
Finally, once the data is converted into ranks the coefficient is
computed as follows:

r =
∑n

i=1x′
i
y′

i
−

(∑n

i=1
x′

i

)(∑n

i=1
y′

i

)
n

X,Y [∑n

i=1x′2
i

−
(∑n

i=1
x′

i

)2

n

]1/2[∑n

i=1y′2
i

−
(∑n

i=1
y′

i

)2

n

]1/2

(10)
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The proposed Spearman’s biclustering measure (SBM) makes
se of this coefficient to detect trends in genes and in condi-
ions within a bicluster. It is defined as follows:

BM(BIJ) = ˛(BIJ)rG
BIJ

ˇ(BIJ)rC
BIJ

(11)

The first set, rG
BIJ

, denotes the summarized expression of the
rends observed in the genes of the considered bicluster. It is
omputed as follows:

G
BIJ

= 2
|I|(|I| − 1)

|I|∑
i=1

|I|∑
i′=i+1

|rG
ii′ | (12)

here |rG
ij
| is the absolute value of the Spearman’s nonpara-

etric correlation coefficient between the evolution of the
ene i and the evolution of the gene j under all involved condi-
ions of the bicluster. The computation of the absolute value
s oriented to provide independence from the direction of the
rend.

The second term, rC
BIJ

, denotes the summarized expression
f the trends observed in the conditions and it is computed as:

C
BIJ

= 2
|J|(|J| − 1)

|J|∑
j=1

|J|∑
j′=j+1

|rC
jj′ | (13)

here |rC
ij
| represents the absolute value of the Spearman’s

onparametric correlation coefficient between the evolution
f the condition i and the evolution of the condition j under
ll involved genes of the bicluster.

Finally, the terms ˛(BIJ) and ˇ(BIJ) are the reliability coeffi-
ients and they weight the influence of the trends observed
n the genes and the conditions respectively. The weight-
ng is necessary because the computation of the correlation
oefficients is performed with different sample sizes. In the
ase of computing the coefficient associated with the condi-
ions, the coefficient is very reliable because it is computed
ith hundreds or thousands of samples. In the case of genes,

he situation changes radically, the computation is performed
ith dozens of samples, that is one or two orders of lower
agnitude. This situation involves a different influence in

he computation of the SBM. In order to compensate this dif-
erence, we  introduce the terms  ̨ and ˇ. The term  ̌ is the
oefficient associated to the conditions and therefore its relia-
ility is very high (it is computed from hundreds of genes) and

t is set to one. On the other hand,  ̨ is the coefficient associated
o the conditions and therefore its reliability is very low and
t is computed with few samples (subsets of conditions). This
alue is computed taking into account the number of samples
s follows:

(BIJ) =
{

1 if |J| > Threshold;
|J|
M

if |J| ≤ Threshold.
(14)

here |J| represents the number of the conditions of the biclus-

er and M the total number of conditions of the microarray.
he selection of the threshold is based on the experimentation
nd allows to decide when it is necessary or not to take into
ccount the weighting of the conditions. We  have fixed this
 o m e d i c i n e 1 1 2 ( 2 0 1 3 ) 367–397 375

value to nine, it is minimum value that provides a coherent
evolution in the results.

This expression represents a natural way of weighting the
trends of both the conditions and the genes. An increase of
the SBM measure value necessary implies a joint increase of
the coherence in the genes and in the conditions.

4.  The  search  of  biclusters  by  means  of
randomized  optimization  heuristics

The whole set of all possible groupings of genes and condi-
tions shapes the space of candidate biclusters. In this space
each point represents a candidate bicluster that can be eval-
uated by a measure or merit function. The aim is to find the
best candidate biclusters within this space. To accomplish the
task of searching in the space of possible biclusters, several
approaches have been used including simulated annealing [9],
genetic algorithms [7,8,11,80,82] and greedy search techniques
[49].

In this work we  propose the use of a new search strat-
egy based on a new bicluster quality measure combined with
recent efficient evolutionary computation algorithms: estima-
tion of distribution algorithms [50].

4.1.  Estimation  of  distribution  algorithms

Estimation of distribution algorithms (EDAs) is a novel class
of evolutionary optimization methodology that was devel-
oped in the last decade as a natural alternative to genetic
algorithms. The principal advantages of EDAs over genetic
algorithms are the absence of multiple parameters to be tuned
(e.g. crossover and mutation probabilities) and the expressive-
ness and transparency of the probabilistic model that guides
the search process. In addition, EDAs have been proven to be
better suited to some applications than GAs, while achiev-
ing competitive and robust results in the majority of tackled
problems including in a variety set of bioinformatics problems
[51].

4.1.1.  Introduction
Estimation of distribution algorithms [50,52–55] are evolu-
tionary algorithms that work with a population of candidate
solutions (in our case candidate biclusters). Fig. 3 illustrates
the general pseudocode for any EDA approach. Initially, a
random sample of candidate biclusters is generated. These
candidate biclusters are evaluated using an objective func-
tion. Based on this evaluation, the best points are selected.
Then, a probabilistic model of the selected solutions is learned,
and a new set of points is sampled from the model. The pro-
cess is iterated until the optimum has been found or another
termination criterion is fulfilled.

4.1.2.  A  basic  taxonomy  of  EDAs
Since several EDAs have been proposed with a variety of mod-
els and learning algorithms, the selection of the best type of
EDA to deal with a given optimization problem is not always

straightforward. A criterion is to trade off the complexity of
the probabilistic model with respect to the computational
cost of storing and learning the selected model. Both issues
are also related to the problem dimensionality (i.e. number
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Fig. 3 – EDA pseudocode.
of variables) and to the type of representation (e.g. discrete,
continuous, mixed).

Researchers should be aware that simple models generally
have minimal storage requirements, and are easy to learn. On
the other hand, more  complex models, which are able to rep-
resent more  complex relationships, may require sophisticated
data structures and costly learning processes. The impact that
the choice between simple and more  complex models has
in the search efficiency will depend on the addressed opti-
mization problem. Another criterion that should be taken into
consideration is whether there is any previous knowledge
about the problem structure, and which kind of probabilistic
model is best suited to represent this knowledge. The follow-
ing classification of EDAs is intended to help the bioinformatic
researcher to find a suitable EDA type to be applied.

EDAs can be broadly divided according to the complexity of
the probabilistic model used to capture the interdependencies
between the variables: univariate, bivariate or multivariate
approaches. Univariate EDAs, such the univariate marginal
distribution algorithm (UMDA) [56,92], assume that all vari-
ables are independent and factorize the joint probability of
the selected points as a product of univariate marginal proba-
bilities. Consequently, these algorithms are the simplest EDAs
with the fastest CPU execution times.

Bivariate models can represent low order dependencies
between the variables. mutual information maximization for
input clustering (MIMIC) [57], the bivariate marginal distribu-
tion algorithm BMDA  [58], dependency tree-based EDAs [59]
and the tree-based estimation of distribution algorithm (Tree-
EDA) [60] are examples of this subclass.

Multivariate EDAs factorize the joint probability distribu-
tion using statistics of order greater than two. As the number
of dependencies among the variables is higher than in the
above categories, the complexity of the probabilistic struc-
ture, as well as the computational effort required to find the
structure that best suits the selected points, is greater. Some
algorithms that belong to this group are EBNA [61], and BOA

[62].

For detailed information about the characteristics and dif-
ferent algorithms that constitute the family of EDAs, see
[50,63].
4.1.3.  Univariate  marginal  distribution  algorithm
The biclustering problem requires the handling of thousands
of variables which implies that in general the CPU time and
memory  required to handle complex models can be huge.
Biclustering requires performing a searching task in a huge
dimensionality space: it is typical to have thousands of genes
and dozens of conditions. This task can be performed effi-
ciently by using an EDA which explicitly represents each of
the elements involved in the problem, in this case the genes
and the conditions. The decision of selecting complex mod-
els where relationships between genes and conditions are
explicitly represented can have several disadvantages such
as:

• The first one is related to the complexity of the model to
represent a subset of biclusters. If each point of the initial
population must represent a codified set of biclusters then
it involves the use of more  complex probabilistic model.
Therefore, the use of these kind of models involves more
computational resources in different parts of the algorithm
such as:
– The size of the population. This required for correctly esti-

mating the parameters of the model increases. Taking
into account that there are thousands of variables this
could represent a significant increase of time and com-
putational resources whenever we decide to maintain the
quality of the search.

– The sampling of the model. Based on a more  complex
model the time spent to sample increases and this time
which it is now moderated it could be prohibitive

– The learning of the probabilist model. The existence of
a more  complex model involves more  computations and
a significant increase of population in order to correctly
estimate the parameters.

– Computation of the measure. With a bigger population
the increase of the computation time is very signifi-
cant. We  must take into account that our experiments

were performed with microarrays with few thousands of
genes if we try more  complex models that is with bigger
microarrays the computational resources involved could
be prohibitive.

dx.doi.org/10.1016/j.cmpb.2013.07.025
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 Secondly, we  must take into account that our measure
evaluates the quality of the relationships between genes
and conditions not only between genes. This extra com-
putational load increase the resources needed in order to
evaluate a candidate bicluster.

 Finally, our proposed algorithm performs a search in a huge
space, this space is exponential in the number of variables
to be considered. Any kind of increase on the number of
variables has a great impact on the difficulty of finding good
promising candidate biclusters.

Therefore, the modelization of the interrelations between
he genes and conditions is discarded due to the prohibitive
osts cited previously. Based on this premise, EDAs such as
MDA  [51] can be an ideal candidate to handle biclustering
roblems.

The model chosen is known as univariate marginal distri-
ution algorithm for discrete domains: UMDAd. This method
onsiders a model where there are no interrelations between
he variables, and the probability distribution can be learnt
s:

l(x) =
R∏

i=1

pl(xi) (15)

This distribution represents the product of R independent
robability distributions associated to the genes and the con-
itions of the DNA microarray. pl(xi) is a Bernoulli probability
istribution which takes two values: 1 if the gene or the condi-
ion is selected and 0 if the gene or the condition is not selected
n the considered bicluster.

Based on this model, the estimation of the parameters of
he model is performed based on marginal frequencies of the
elected subset of biclusters:

l(xi) =
∑R

j=1ıj(Xi = xi|DSe
l−1)

R
(16)

here

j(Xi = xi|DSe
l−1) =

{
1 if in the jth case of DSe

l−1, Xi = x1

0 otherwise
(17)

Finally, a new population is obtained sampling the built
oint probability distribution from selected candidate solu-
ions.

.2.  Description  of  the  proposed  algorithm  for  bicluster
earch

n order to better understand the proposed algorithm we will
rst proceed with the description of the representation of a
andidate bicluster.

A candidate bicluster (x) is represented by a binary array of

 + M elements:

 = (
︷  ︸︸  ︷
x1, . . .,  xN

Genes

,
︷  ︸︸  ︷
xN+1, . . .,  xN+M

Conditions

). (18)
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The first N elements, (x1, . . .,  xN), represent each gene of the
microarray. The next M elements, (xN+1, . . .,  xN+M), represent
the conditions. A value of 1 in the ith position (where i ∈ {1, . . .,
N}) indicates that the ith gene has been selected for inclusion
in the considered bicluster whereas a value of 0 indicates that
the gene has not been selected. On the other hand, a value of
1 in the (N + j)th position (where j ∈ {1, . . .,  M}) indicates that
the (N + j)th condition has been selected for inclusion in the
bicluster and a value of 0 indicates that the condition has been
excluded.

For example, let’s consider a DNA microarray with 8 genes
and 4 conditions. An example of a bicluster BIJ where I = {3, 4, 5}
are the selected genes and J = {2, 3} are the selected conditions,

is codified as: x = (
︷  ︸︸  ︷
0, 0, 1, 1, 0, 0, 0

Genes︷ ︸︸  ︷
0, 1, 1, 0

Conditions

).
The proposed methodology is a two-step process. The

first step is a standard sequential extraction search process
[6,13,64] and the second step is a statistical assessment pro-
cess. The sequential extraction search process is composed of
two coordinated algorithms: an outer algorithm and an inner
algorithm. The role of the outer algorithm is to obtain a set of
biclusters by requesting them from the inner algorithm and
to control the diversity of this set, that is, to guarantee that
there are not two biclusters with an overlapping greater than
50%.

The role of the inner algorithm is to find the best biclus-
ter following a typical evolutionary sequence of steps, it is
therefore a bicluster finder.

Initially, a collection of candidate biclusters is randomly
generated. The diversity of the bicluster collection is con-
trolled by means of the Hamming distance, measuring the
overlapping rate with regard to the list of biclusters pro-
vided by the outer algorithm. A generated bicluster is rejected
if the overlapping rate is greater than 50%. Otherwise it
is accepted to be included in the population of biclus-
ters.

Secondly, the whole collection of candidate biclusters is
evaluated using the SBM measure (see Eq. eq:HS1). Based on
this evaluation, half of the most fitted candidate biclusters are
selected. Then, a probabilistic model of the selected biclusters
is built, and a new collection of biclusters is sampled from the
model within the exposed EDA evolutionary process. The pro-
cess is iterated until a previously fixed number of iterations
is reached. The best bicluster obtained in this process is pro-
vided to the outer algorithm and it is included in the final list
of biclusters.

The inner algorithm is a bicluster finder which can be
again invoked by the outer algorithm, that is, the controller
algorithm, until a fixed number of biclusters is achieved. The
algorithm concludes with a set of biclusters with different
kinds of bicluster patterns only constrained by the predefined
overlapping rate.

The list of biclusters obtained by the outer algorithm is
then assessed by the next process: the statistical assessment
process. This is a quality filtering process where every pair of
genes and condition is statistically tested and whose result is
a subset of biclusters considered to be statistically significant.

Throughout this process some genes and/or conditions can
be removed, even a whole bicluster can be removed from the
original set.

dx.doi.org/10.1016/j.cmpb.2013.07.025
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Table 5 – SIMAGE model parameters.

SIMAGE parameters (Part I)

Array number of grid rows nrow 4
Array number of grid columns ncol 4
Number of spots in a grid row n2

spot 20

Number of spots in a grid column n2
spot 20

Number of spot pins npin 4
Number of technical replicates nrep 2
Number of genes 200
Number of slides nslide 20
Perform dye swap Yes
Gene expression filter Yes
Reset gene filter for each slide no
Mean signal � 11.492
Change in log2ratio due to

upregulation
�+ 0.832

Change in log2ratio due to
downregulation

�− -0.605

Variance of gene expression �2
G

1.775
% of upregulated genes �+ 0
% of downregulated genes �− 0
Correlation between channels � 0.981
Dye filter Yes
Reset dye filter for each slide Yes
Channel (dye) variation �channel 0.51
Gene x Dye Xgk 0
Error filter Yes
Reset error filter for each slide Yes
Random noise standard deviation �epsilon 0.219
Tail behaviour in the MA plot ı 0.09
Non-linearity filter Yes
Reset non-linearity filter for each slide Yes
Non-linearity parameter curvature ˛l 0.025
Non-linearity parameter tilt ˛2 0.777
Non-linearity from scanner filter Yes
Reset non-linearity scanner filter for

each slide
Yes

Scanning device bias (0 = clipped,
1 = fully non-linear)

w  0.295

Spotpin deviation filter Yes
Reset spotpin filter for each slide no
Spotpin variation �pin 0.36
Background filter Yes
Reset background filter for each slide Yes
Number of background densities nbg 5
Mean standard deviation per

background density
�bg 0.3

Maximum of the background signal
(%) relative to the non-background
signals

b  100

Table 6 – SIMAGE model parameters.

SIMAGE parameters (Part II)

Standard deviation �� 0.1
Background gradient filter Yes
Reset gradient filter for each slide Yes
Maximum slope of the linear tilt s 700
Missing values filter Yes
Reset missing spots filter for each slide Yes
Number of hairs nh 10
Maximum length of hair lh 20
378  c o m p u t e r m e t h o d s a n d p r o g r a m

5.  Experimentation:  analysis  of  the
proposed  SBM  measure

In this work, we  have considered a two-step experimenta-
tion process: an individual analysis of the SBM measure and
a comparative analysis. The first part of the analysis was
aimed to show the suitability and applicability of the proposed
approach in the problem of biclustering and before perform-
ing any kind of comparative analysis. It has been therefore,
a necessary requisite to continue with the next step of the
experimentation.

In this step, we  consider the combination of previous
validation approaches (see Section 2.2) based on the use of
artificial and real DNA microarray datasets to evaluate differ-
ent aspects of the proposed algorithm. These aspects consist
of analyzing the relative performance of different quality
indexes such as the identification of patterns, the stability
of the results [64–66], and the statistical significance of the
quality of the final biclusters. Another aspects involved in
this procedure are the required steps to perform a biologi-
cal assessment of the results based on the common practices
found in the biclustering literature. To accomplish this task
the procedure of experimentation has been divided into two
phases.

5.1.  First  phase:  artificial  experimentation

The first step entails the evaluation and comparison of MSR
and SBM by means of a set of quality indexes and the statistical
assessment of the quality of the biclusters found by the SBM.

In order to accomplish the comparison, a reference set
of artificial DNA microarray has been created. Each artificial
microarray includes a bicluster with a different specific pat-
tern (see Section 5.1.1). Based on this set of artificial DNA
microarrays, a search of the biclusters is performed by means
of the same UMDAd procedure using as fitness function the
SBM measure and MSR measure as fitness functions with the
same stopping condition. The results of the search have been
used to compute the quality indexes for both measures. The
comparison of both measures has been carried out by means
of a set of statistical tests using the results provided by the
quality indexes.

Finally, based on the statistical properties of the SBM, we
have performed an assessment of the quality of the final dis-
covered bicluster.

In the following subsections each of the elements and each
of the steps involved in this phase of experimentation are
explained.

5.1.1.  Definition  of  the  artificial  DNA  microarrays  datasets
The process of generating the set of different reference
microarray has been accomplished in several steps. Firstly,
we have used a microarray data simulation software known
as SIMAGE [44]. This simulation software uses a model

that allows to perform simulations of microarray data (see
Tables 5 and 6) based on the following set of parameters: gene
expression, missing data, scanning device bias, nonlinearity
effect, background surface variation, random error, left-tail

Number of discs nd 6

Average radius disc ld 10
Number of missing spots ns 0

dx.doi.org/10.1016/j.cmpb.2013.07.025
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Table 7 – Artificial patterns.

Pattern Name Figure

# 1 Bicluster with constant values 4a
# 2 Bicluster with constant values in rows 4b
# 3 Bicluster with constant values in columns 4c
# 4 Bicluster with coherent values 4d
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and the rows represent the real elements that form the biclus-
# 5 Bicluster with coherent evolutions 4e
# 6 Bicluster with inverted coherent evolutions 4f

ehaviour, gene × dye interaction, channel error, spot pin error
nd a replication error.

From the data provided by this software, we obtained a
eference microarray dataset. Based on this reference microar-
ay dataset, we  generated six different microarray datasets.

ithin each newly created microarray we insert only one dif-
erent kind of coherence pattern following the taxonomy of
oherence patterns explained in Section 2.2.

Six artificial DNA microarrays datasets incorporating a sin-
le coherence pattern inside each microarray (see Table 7 and
ig. 4) have been created: a bicluster with constant values, a
icluster with constant values in rows, a bicluster with con-
tants values in columns, a bicluster with coherent values, a
icluster with coherent evolution (with some scaled versions
f the same pattern), and a bicluster with inverted coherent
volutions. In all cases the microarray has 100 genes and 20
onditions, that is, a scaled version of the real microarrays.

.1.2.  Definition  of  the  biclustering  global  quality  indexes
n order to carry out a comprehensive comparison among var-
ous biclustering measures, two sets of quality indexes are
sed. Some of these have been proposed in different ways in
ecent works [67–69].

The first set provides information about the following fea-
ures: stability and global discovery capability of biclusters,
epresented by a set of global quality indexes. Stability is

 relatively neglected issue of the methods used in high-
imensional optimization tasks. Stability, defined originally

64–66] as the sensitivity of a method to variations in the train-
ng set, has been recently applied to biclustering methods [67].
ur application to biclustering has been performed in a differ-
nt way with the aim of assessing the sensitivity of the method
o the variations in the DNA microarray datasets and to the
hoice of the parameters of the model. This concept has been
dapted to our evaluation framework as:

 Stability. Measurement of the variability of the results
obtained in different search processes of biclusters. It is
computed as the average value of the differences between
the best candidate biclusters found codified as binary
arrays obtained in different search processes. It is formally
expressed as:

Stability = 2
r(r − 1)

r∑
i=1

r∑
j=i+1

d(xi, xj) (19)
where r represents the number of search processes per-
formed, xi and xj represent the best candidate biclusters
codified as binary arrays in the ith and jth search processes
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respectively, and d(xi, xj) represents the Manhattan’s rela-
tive distance between two candidate biclusters:

d(xi, xj) =
∑N+M

p=1 |xi
p − x

j
p|

N + M
(20)

The computation of this metric allows to quantify the sta-
bility by means of a value between 0 and 1. The stability is
considered high when the obtained values are close to 0 and
low when the values are close to 1.

The problems related with the absence of a valid descriptor
of the discovery capability will be shown by means of a simple
example. The aim of this example is to show graphically the
candidate bicluster discovered by using MSR and SBM. In order
to fairly compare the results, both measures use the same
search algorithm, the same stopping condition and obviously
the same DNA microarray dataset with an artificial bicluster
inserted. Therefore we will perform two search processes, the
first one by using SBM and the second one by using MSR. At
the end of the search process we will show two kinds of results
for each measure, the first one is the graphical expression of
the discovered bicluster within the microarray and the second
one is the evolution of the value of the measure. The results
of these independent search processes carried out by using
MSR  and SBM will be shown in several figures. Fig. 5a shows
the evolution of the MSR  value along the generations whereas
Fig. 5b shows the final coherence pattern discovered. On the
other hand, Fig. 5c shows the evolution of the On the other
hand, Fig. 5c shows the evolution of the SBM value along the
generations whereas Fig. 5d shows the final coherence pat-
tern.

Several conclusions can be extracted from these figures:
the first one is that the shape of the discovered bicluster by
MSR  and SBM are quite different. MSR discovers a bicluster
where all conditions are selected but not all genes. Whereas
SBM discover partially the original bicluster with the corre-
sponding conditions. The second one is that the value of the
biclustering measure is not a good descriptor of the quality of
the discovered bicluster. It is necessary to introduce some kind
of combination of characteristics to describe the properties of
the discovery capability of a biclustering method.

In order to incorporate this information into the global
properties, some contributions [67,69] propose a combination
of characteristics to describe the properties of the global dis-
covery capability of a biclustering method.

In the case of the patterns of simulated biclusters, these
characteristics are based on the fact that it is possible to know
the detection errors since we know which gene-condition
combinations belong to the true biclusters. Therefore it is
possible to know not only the amount but also the kind of
errors produced in the identification of the elements. Using
this information it is possible to classify the different kinds
of errors within a confusion matrix specifically defined for
biclustering problems: the columns represent the identifica-
tions of the elements performed by the biclustering method
ter. This type of table summarizes the correct and incorrect
identifications of the gen-condition specific combinations. We
call it biclustering confusion matrix (see Fig. 6).

dx.doi.org/10.1016/j.cmpb.2013.07.025
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Fig. 4 – Considered patterns in the experiments with artificial data: (a) bicluster with constant values, (b) bicluster with
constant values in conditions, (c) bicluster with constant values in genes, (d) bicluster with coherent values, (e) bicluster

eren
with coherent evolutions, and (f) bicluster with inverted coh

Based on this matrix it is possible to measure each kind of
error by means of the following quality indexes:

• Bicluster global accuracy (BGA).  This quality index determi-
nates the percentage of elements of the artificial DNA
microarray correctly identified. The identification includes
those gen-condition combinations belonging to the true
bicluster and those belonging to rest of the microarray. This
metric is computed as:
BGA = True Positives + True Negatives
Positives + Negatives

(21)
t evolutions.

The values of this index lie between 0 and 1, representing
a high accuracy those values near to 1. On the other hand
values near to 0 represent a low accuracy.

• Bicluster global specificity (BGP). This quality index measures
the false positive rate. That is, the rate of identification of
those gen-condition combinations belonging to the rest of
the microarray incorrectly identified as belonging to the true
bicluster. It is therefore the worst error committed if we
take into account the costs associated with the study of the
identified genes. This value is computed as:
BGP = True Negatives
False Positives + True Negatives

(22)

dx.doi.org/10.1016/j.cmpb.2013.07.025


c o m p u t e r m e t h o d s a n d p r o g r a m s i n b i o m e d i c i n e 1 1 2 ( 2 0 1 3 ) 367–397 381

ectio
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Fig. 5 – Capability of det

The BGP values lie between 0 and 1. As in the previous index,
values close to 1 point out that the BGP is low whereas values
near to 0 represent a high false positive rate.
 Bicluster global sensitivity (BGE). This quality index computes
the rate of those gen-condition combinations belonging to

Fig. 6 – Biclustering confusion matrix.
n in a single execution.

the true bicluster identified as belonging to the rest of the
microarray. This value is computed as:

BGE = True Positive
True Positives + False Negatives

(23)

The values of this metric are between 0 and 1, representing
a low false negative rate values close to 1. Values near to 0
point out a high false negative rate.

In order to clarify these metrics, an example is used. Let’s
consider an artificial DNA microarray dataset with 8 genes and
5 conditions (see Fig. 7). Let’s suppose that we  have an artificial
true bicluster (represented by lined cells) formed by the subset
of genes I = {2, 3} and by the subset conditions J = {2, 3, 4}.

On the other hand, let’s suppose that we  have a biclustering
algorithm which identifies a bicluster formed by the subset of

′ ′
genes I = {3, 4} and the subset of conditions J = {2, 3}. It is
represented by bold cells. Using this information we build the
biclustering confusion matrix. Next, the values of the quality
indexes are computed (see Fig. 7).

dx.doi.org/10.1016/j.cmpb.2013.07.025
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onfu
Fig. 7 – Procedure of constructing the biclustering c

5.1.3.  Definition  of  the  biclustering  specific  quality  indexes
Previous quality indexes provide a description of the global
behaviour of a measure. However they do not explain the influ-
ence of the genes and the conditions in the global discovery
capability. That is, it is not possible to know either the specific
rate of genes correctly detected individually or the rate of con-
ditions correctly detected individually. In order to fill this gap,
we  propose the creation of a second set of quality indexes dis-
sociating the genes and the conditions. That is, we propose to
create a set of quality indexes to be able to classify the num-
ber and the kind of errors separately for the genes and for the
conditions. We  call the table that summarizes the detection
errors associated to the genes as genes biclustering confusion
matrix and the table associated to the conditions as conditions
biclustering confusion matrix (see Fig. 8).

Based on these matrices it is possible to define the following
set of specific quality indexes:

• Bicluster Local Gen/Condition Accuracy (BLAG/BLAC). This
determinates the percentage of genes/conditions of the
artificial DNA microarray correctly identified. As in the
case of global quality indexes, this identification includes
those genes/conditions belonging to the bicluster and those
belonging to the rest of the microarray. It is computed
as:

BLAG/C = True Positives + True Negatives
Positives + Negatives

(24)

where G/C represents genes or conditions.
• Bicluster Local Gen/Condition Specificity (BLPG/BLPC). This

measures the false positive rate of genes/conditions. This
value is computed as:

True Negatives

BLPG/C =

False Positives + True Negatives
(25)

where G/C also represents genes or conditions.
sion matrix and its associated BGA, BGP and BGE.

• Bicluster Local Gen/Condition Sensitivity (BLEG/BLEC). This
computes the false negative rate of genes/conditions. This
value is computed as:

BLEG/C = True Positive
True Positives + False Negatives

(26)

where G/C represents genes or conditions.

In order to clarify these new quality indexes, the previous
example (see Fig. 7) has been used to compute this new set of
quality indexes (see Fig. 9).

5.1.4.  Statistical  assessment  of  SBM  and  MSR  by  means
of biclustering  quality  indexes
Firstly, a search of the biclusters contained in the set of
designed artificial DNA microarray datasets by means of the
exposed UMDAd procedure has been performed. The search is
repeated 20 times for both measures: SBM and MSR  obtaining
20 different biclusters for each measure.

The average and associated standard values of biclustering
global quality indexes and biclustering specific quality indexes
are computed for 20 found biclusters for MSR and SBM. Finally,
all information is grouped into four tables (Tables 8–11).

Tables 8 and 9 shows the results corresponding to global
quality metrics. The first column shows the artificial microar-
ray used (see Table 7). The next 4 columns show the results of
the global quality indexes.

Tables 10 and 11 show the results corresponding to the spe-
cific quality metrics computed by SBM and MSR respectively.
Columns are organized in the same way as in Table 5, showing
the values of the specific quality metrics associated with the
genes in the first 3 columns and the values associated with the
conditions in the last 3 columns. The best average values for
each bicluster quality index are marked in bold in all tables.

The results show that SBM presents a good performance
with regard to the quality indexes with the exception of the

quality indexes associated to the false negative rate. In these
cases, the SBM shows a lower performance than MSR, that is
SBM has a more  conservative policy than MSR  in the selection
process.

dx.doi.org/10.1016/j.cmpb.2013.07.025
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Fig. 8 – Biclustering genes and conditions confusion matrices.

valua

h
t
t

Fig. 9 – Procedure of e
Based on these tables, we have carried out a statistically
ypothesis-testing comparison among MSR  and SBM biclus-
ering measures by means of the Wilcoxon paired-signed rank
est as suggested by Demsar [70].

Table 8 – Summary of the results obtained by SBM for the biclu

Pattern 

Stability BGA 

# 1 15.97 ± 0.00 88.33 ± 0.4
# 2 7.21 ± 0.00 85.38 ± 0.3
# 3 15.19 ± 0.00 90.28 ± 0.5
# 4 10.56 ± 0.00 78.73 ± 0.6
# 5 3.97 ± 0.00 79.79 ± 0.5
# 6 6.17 ± 0.00 71.43 ± 0.4

Average 9.85 ± 4.93 82.07 ± 7.0
tion of artificial data.
SBM obtains a significant difference in performance for the
accuracy of the false positive rate in the global quality indexes.
However, it obtains a significative worse difference in the
false negative rate. MSR  obtains significative difference in the

stering global quality indexes.

SBM

BGP BGE

0 98.16 ± 0.32 90.16 ± 0.65
2 98.36 ± 0.24 87.01 ± 0.57
6 97.97 ± 0.51 92.31 ± 0.80
5 98.69 ± 0.22 80.04 ± 0.87
5 96.82 ± 0.57 82.97 ± 0.21
9 94.16 ± 0.64 77.27 ± 0.29

3 97.35 ± 1.69 84.79 ± 5.88

dx.doi.org/10.1016/j.cmpb.2013.07.025
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Table 9 – Summary of the results obtained by MSR  for the biclustering global quality indexes.

Pattern MSR

Stability BGA BGP BGE

# 1 0.00 ± 0.00 35.00 ± 0.00 35.00 ± 0.00 100.00 ± 0.00
# 2 0.00 ± 0.00 31.80 ± 0.00 32.20 ± 0.00 100.00 ± 0.00
# 3 0.00 ± 0.00 38.40 ± 0.00 39.40 ± 0.00 100.00 ± 0.00
# 4 0.00 ± 0.00 33.20 ± 0.00 33.20 ± 0.00 100.00 ± 0.00
# 5 0.00 ± 0.00 30.00 ± 0.00 30.00 ± 0.00 100.00 ± 0.00
# 6 0.00 ± 0.00 34.80 ± 0.00 34.80 ± 0.00 100.00 ± 0.00

Average 0.00 ± 0.00 33.76 ± 00.00 33.98 ± 00.00 100.00 ± 00.00

Table 10 – Summary of the results obtained by SBM for the biclustering specific quality indexes.

Pattern Genes Conditions

BLAG BLPG BLEG BLAC BLPC BLEC

# 1 88.08 ± 1.86 99.90 ± 0.31 71.90 ± 1.86 85.00 ± 0.00 85.00 ± 0.00 100.00 ± 0.00
# 2 89.56 ± 2.28 100.00 ± 0.00 60.46 ± 10.52 85.00 ± 0.00 85.00 ± 0.00 100.00 ± 0.00
# 3 88.92 ± 2.28 99.20 ± 0.70 78.05 ± 2.28 85.00 ± 0.00 85.00 ± 0.00 100.00 ± 0.00
# 4 86.87 ± 2.17 100.00 ± 0.00 50.10 ± 2.17 90.00 ± 0.00 90.00 ± 0.00 100.00 ± 0.00
# 5 88.65 ± 0.59 97.05 ± 1.10 51.35 ± 0.59 85.00 ± 0.00 85.00 ± 0.00 100.00 ± 0.00

 0.97

 12.9
# 6 92.10 ± 0.97 92.60 ± 0.64 45.90 ±
Average 89.02 ± 1.75 98.09 ± 2.93 58.50 ±

stability quality index. The only remarkable fact is the accu-
racy of the inversion pattern in SBM and MSR. In this case,
the high rate of false positive allows to obtain higher accu-
racies than SBM. SBM is more  conservative with regard to the
selection of genes. This explains the high rate of false negative.

5.1.5.  Statistical  assessment  of  the  bicluster  pattern
coherence  degree  of  a  discovered  bicluster
The assessment of the bicluster pattern coherence degree is a
problem which has yet to be settled [68]. Our aim is to incorpo-
rate an assessment method of the bicluster pattern coherence
degree in statistical terms, which is one of the contributions
of our work. This is feasible due to the statistical nature of the
Spearman’s non-parametric correlation coefficient involved in
the computation of the proposed SBM measure to discriminate
genes and conditions. This bicluster pattern coherence degree
must also be verified in the genes and the conditions inde-
pendently in order to be able to remove genes and conditions
which do not reach the required level of coherence degree.
Therefore, the computation of the bicluster pattern coher-
ence degree only requires to recover previously computed
Spearman’s nonparametric correlation coefficients to obtain
the value of the SBM. These coefficients are arranged into two

Table 11 – Summary of the results obtained by MSR  for the bicl

Pattern Genes 

BLAG BLPG BLEG

# 1 61.00 ± 0.00 61.00 ± 0.00 100.00 ± 0.00
# 2 63.00 ± 0.00 63.00 ± 0.00 100.00 ± 0.00
# 3 56.00 ± 0.00 66.00 ± 0.00 100.00 ± 0.00
# 4 71.00 ± 0.00 61.00 ± 0.00 100.00 ± 0.00
# 5 69.00 ± 0.00 69.000 ± 1.00 100.00 ± 5.00
# 6 72.00 ± 0.00 72.00 ± 0.00 100.00 ± 6.00

Average 65.07 ± 5.78 65.21 ± 4.11 100.00 ± 0.00
 60.75 ± 4.38 74.50 ± 2.24 86.25 ± 2.75

5 81.14 ± 10.50 83.95 ± 5.10 97.56 ± 5.61

matrices. As explained previously, the first matrix is the genes
correlation matrix which reflects the quality of the relation-
ships between genes based on the correlation value computed.
The second one is the conditions correlation matrix which
reflects the quality of the relationships between conditions
based on the same computation.

Both matrices reflect the coherence degree of the bicluster
associated with the selected genes and with the conditions.

Based on these matrices, we  perform the statistical tests
associated to the Spearman’s coefficient using the traditional
Bonferroni method to adjust significance thresholds for multi-
ple testing. In our case we fixed  ̨ = 0.05/n being n the number
of correlation coefficients associated to the different paired
genes/conditions combinations. This value depends on the
number of genes and conditions.

The result of applying this method to the set of artificial
bicluster coherence patterns confirms that the selection of
the whole set of genes and conditions performed by the SBM
fulfills the minimum statistical requirements of quality.
In order to clarify this process, let us take an example
with a bicluster with 4 genes and 5 conditions (see Fig. 20).
Based on this bicluster we compute the correlation coeffi-
cients between each pair of genes and conditions. After this

ustering specific quality indexes.

Conditions

BLAC BLPC BLEC

 35.00 ± 0.00 35.00 ± 0.00 100.00 ± 0.00
 35.00 ± 0.00 35.00 ± 0.00 100.00 ± 6.00
 40.00 ± 0.00 40.00 ± 0.00 100.00 ± 0.00
 40.00 ± 0.00 40.00 ± 0.00 100.00 ± 0.00
 35.00 ± 0.00 35.00 ± 0.00 100.00 ± 7.00
 40.00 ± 0.00 40.00 ± 0.00 100.00 ± 0.00

 37.42 ± 2.50 37.42.00 ± 2.50 100.00 ± 0.00

dx.doi.org/10.1016/j.cmpb.2013.07.025
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Fig. 10 – First real microarray: coherence evolution patterns detected.

Table 12 – Significant GO terms (function, process, component) of the selected bicluster.

Molecular function Biological process Cellular component

Structural constituent of ribosome Translation Cytosol
17 Genes 19 Genes 20 Genes
GO-e 8.84 GO-e 2.91 GO-e 4.48
Structural molecule activity Cellular macromolecule biosynthetic Cytosolic ribosome
19 Genes 29 Genes 17  Genes
GO-e 8.59 GO-e 2.36 GO-e 11.17

Macromolecule biosynthetic process Cytosolic part
29 Genes 17 Genes
GO-e 2.35 GO-e 9.98

Ribosome
19 Genes
GO-e 8.21
Ribosomal subunit
17 Genes
GO-e 9.01
Cytosolic large ribosomal subunit
10 Genes
GO-e 6.14
Cytosolic small ribosomal subunit
7 Genes
GO-e 4.48
Large ribosomal subunit
10 Genes
GO-e 4.60
Small ribosomal subunit
7 Genes
GO-e 2.84
Ribonucleoprotein complex
20 Genes
GO-e 3.96
Macromolecular complex
Genes 34
GO-e 3.48
Intracellular non-membrane-bounded organelle
Genes 25
GO-e 3.29
Non-membrane bounded organelle
Genes 25
GO-e 3.29

dx.doi.org/10.1016/j.cmpb.2013.07.025
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Fig. 11 – Second real microarray: coherence evolution patterns detected.
process we  obtain two matrices, the first one (Fig. 20) is the
gene correlation matrix which contains all correlation coeffi-
cients between genes, the second one (Fig. 20) is the condition
correlation matrix which contains all correlation coefficients
between conditions.
Based on these matrices we  compute the statistical sig-
nificance of each Spearman’s correlation correlation of the
correlation matrix: the result is composed of two matrices
which contain the p-values associated with the genes and

Table 13 – Significant GO terms (function, process, component) 

Molecular function Biological process

Catalytic activity Cellular process 

76 Genes 163 Genes 

GO-e 2.11 GO-e 12.39 

Metabolic process 

123 Genes 

GO-e 3.49 

Cellular metabolic process 

116 Genes 

GO-e 2.86 

Biosynthetic process 

76 Genes 

GO-e 2.21 

Celullar bionsynthetic proces
74 Genes 

GO-e 2.01 
the conditions. The filtering process is based on these values,
that is, when a gene or condition does not show statistical
significant correlation for all genes/conditions.

In this example, based on  ̨ = 0.10, gene 4 and condition 5
are filtered because all its p-values do not reach the minimum

statistical significance.

In summary, our proposed bicluster pattern coherence
degree assessment method provides additional statistical
guarantees about the subset of genes prior to any kind of

of the selected bicluster.

Cellular component

Cell part
176 Genes
GO-e 16.33
Cell
177 Genes
GO-e 16.31
Intracellular
162 Genes
GO-e 8.16
Intracellular part
161 Genes
GO-e 7.85

s Intracelullar organelle
134 Genes
GO-e 4.60
Organelle
134 Genes
GO-e 4.59
Membrane-bounded organelle
121 Genes
GO-e 2.81
Intracelullar membrane-bounded organelle
121 Genes
GO-e 2.81
Cytoplasm
120 Genes
GO-e 2.01

dx.doi.org/10.1016/j.cmpb.2013.07.025
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Fig. 12 – Comparison of different biclustering algorithms
c o m p u t e r m e t h o d s a n d p r o g r a m s 

iology assessment. This statistical assessment can be viewed
s an additional quality control in the process of biclustering
nalysis. This type of analysis is not possible with the classical
pproach of the MSR  measure.

.2.  Second  experimentation  phase:  real  gene
xpression  datasets

he aim of this second phase of the experimentation process
s to assess the proposed measure on two real DNA microar-
ays datasets based on the well-known Yeast organism. The
rst dataset is a benchmark and widely used microarray in
he biclustering literature [6]. The second is a microarray used
o study the response of Yeast to environmental changes [71].

This assessment is based on the common practice found in
he biclustering literature. It has been applied to both microar-
ay datasets and it is formed by the following sequence of
hases:

 Description. Characteristics of the microarray dataset, that
is, the number of genes and conditions.

 Search and selection of biclusters. In this step we perform a
search process of biclusters by means of the exposed UMDAd

evolutionary method, using the proposed SBM measure as
fitness function. This process is repeated 20 times in order
to check the stability of the experiments and their replica-
bility. The size of the population in each search process is
fixed to 2.5(N + M)  individuals, a minimal size in order to
check whether the algorithm is able to provide significative
results in the worst conditions. Each run of the algorithm
is configured to output a single bicluster, resulting in a final
set of 20 different biclusters.
Next, we proceed with the assessment of the stability degree
(see Eq. (19)) of the obtained biclusters. In order to consider
the resulting subset of genes as acceptable, it is important
that the computed values are near zero.

 Selection of genes. This is a new step which aims to collect
a subset of genes which are common to all biclusters.

 Statistical assessment of the quality of a bicluster. This is
a step which aims to filter low quality biclusters and there-
fore to detect spurious bicluster coherence models. To this
aim, we  apply the procedure described in Section 5.1.5, that
is, to perform multiple statistical testing to the bicluster
formed by all selected common genes and conditions to all
biclusters.
The application of statistical tests to detect spurious biclus-
ter coherence models has been accomplished on each
combination of pairs of genes and on each combination of
pairs of conditions. So, the results of these tests are used to
discard or accept a gene or condition. A gene or condition is
discarded when all the results of the tests associated to the
same element are negative.
Therefore, the results of the tests determinate whether
the subset of genes is statistically correlated among them
and therefore it is possible to continue with the biological
assessment. Otherwise, the subset of genes is rejected. The

same is applied to selected conditions.

 Biological assessment. Any artificial scenario is inevitably
biased regarding the underlying model and only reflects
certain aspects of the biological reality [13]. Therefore, the
from Yeast data set.

biological relevance of the obtained biclusters with the
selected genes is assessed by means of their functional
enrichment. This enrichment is based on the information
of the Gen Ontology (GO) annotations [72]. In this database
genes are assigned to three structured, controlled vocabu-
laries (ontologies) that describe the gene products in terms
of associated biological processes, components and molec-
ular functions in a species-independent manner. In our
case, we  have analyzed the results based on the biological
processes, and component and molecular functions.
The degree of enrichment has been measured using a
cumulative hypergeometric distribution, which involves the
probability of observing the number of genes from a par-
ticular GO category (i.e., function, process, component)
within each bicluster [13]. The p-values are calculated for
each functional category, which shows the statistical degree
with which they match the different GO categories. Note
that a smaller p-value is indicative of a better match. The
Bonferroni correction is adopted for multiple comparison
hypothesis. The enrichment is finally computed based on
the corrected p-values as follows:

Enrichment = −log10(p − value) (27)

Based on this widely used approach, we  have selected
the Saccharomyces Genome Database [72] to perform the
analysis of functional enrichment. In order to perform the
analysis, the common practice found in the literature has
been adopted and therefore we  have selected information
from three databases: the molecular function, the biological
process, and the cellular component.

5.2.1.  First  microarray  dataset:  benchmark  yeast  DNA

microarray
Description.  The first microarray is formed by 2884 genes under
17 conditions and it has been used in many  works to assess
the performance of biclustering methods [6].

dx.doi.org/10.1016/j.cmpb.2013.07.025
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Fig. 13 – Biclustering with statistic

Search and selection of biclusters. By means of the application
of the proposed procedure, the result of this step is a bicluster
of 133 genes. Next, we  have computed the variability of the
bicluster found along different executions of the algorithms
providing a result of 0.032. That is, only 3.2% of the genes
and conditions differ along 20 different search processes. The
96.8% of the selected genes and conditions are common in all
found 20 biclusters. This result is satisfactory considering the
high number of genes and conditions.

Selection of genes. Starting from the group of 133 genes
detected we  proceed with the selection of those genes which
are well documented in the Saccharomyces Genome Database

website [72], showing that each stable gene with regard to the
biological function, the biological process and the biological
component. Therefore, all the genes were accepted to proceed
with the next step.
tering applied to the genes. Part I.

Statistical assessment of the quality of a bicluster. The result
of this filtering step based on the application of the exposed
statistical tests to each combination of pairs of genes and con-
ditions is that 69 genes were rejected. The final bicluster is a
subset of 64 genes which shows a reliable coherence in statis-
tical terms (see Fig. 10). The algorithm has been able to detect
with high reliability different kinds of coherence patterns such
as shifting, scaling and even inverse coherence patterns (see
Fig. 10). The reliability of the inverse coherence patterns is
specially important in some diseases such as some kinds of
cancer and tumors [15–17].

It is also remarkable that the algorithm finds almost per-

fect coherence patterns in conditions (see Fig. 10) taking into
account the 64 genes.

The final bicluster shows an almost perfect reliability in the
coherence of the conditions and a rich set of reliable coherence
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atterns in genes. That is, all genes has passed the statistical
ests with solvency.

It is therefore possible to proceed with the biological
ssessment.

Biological assessment. The result of the analysis is shown
n Table 12. The columns show the significant GO terms
function, process, component) used to describe the selected
ollection of genes. In each cell of the table the rows show the
pecific biological description, the number of involved genes,
nd the computed biological enrichment degree.

Firstly, the results of the molecular function analysis show

wo large groups of genes with a high degree of enrichment.
hese groups are associated with the structural constituent
f ribosome (GO-e 8.84) and structural molecule activity (GO-e
.59).
Secondly, the results of the biological process show that
there are clear processes identified by several groups of
genes: translation process (GO-e 2.91), cellular macromolecule
biosynthetic (GO-e 2.36) and the macromolecule biosynthetic
process (GO-e 2.35).

Finally, the results of the cellular component show a large
group of genes involved in the following processes: Cytosol
(GO-e 4.48), Cytosolic Ribosome (GO-e 11.17), Cytosolic part
(GO-e 9.98), Ribosome (GO-e 8.21), Ribosomal subunit (GO-e
9.01), Cytosolic large ribosomal subunit (GO-e 6.14), Cytosolic
small ribosomal subunit (GO-e 4.48), Large ribosomal subunit

(GO-e 4.60), Small large ribosomal subunit (GO-e 2.84), Ribonu-
cleoprotein complex (GO-e 3.96), Macromolecular complex
(GO-e 3.48), Intracellular non-membrane bounded organelle
(GO-e 3.29), Intracellular non-membrane-bounded organelle
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l fun
Fig. 15 – Detailed biologica

(GO-e 3.29) and the Non-membrane bounded organelle (GO-e
3.29).

The results show the consistence of the identified groups of
genes with regard to their involvement in the different biolog-
ical parts. However, it is necessary to remark the high degrees
of the GO-enrichment term obtained by the groups of genes

identified in the cellular component and the molecular func-
tion.

These results show that SBM provides competitive results
with regard to biological enrichment. We have obtained a large

Fig. 16 – Detailed biological comp
ctions of the first bicluster.

subset of genes compared with other approaches based on
MSR [13].

5.2.2.  Second  microarray  dataset:  response  of  Yeast  cells
to environmental  changes  DNA  microarray
Description.  This second microarray is the result of the study

of genomic expression programs in the response of Yeast
cells to environmental changes [71]. This study has allowed
to measure changes in transcript levels over time for almost
every yeast gene, as cells responded to temperature shocks,

onents of the first bicluster.
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Fig. 17 – Bicluster 1: direct relationships.

ydrogen peroxide, the superoxide-generating drug mena-
ione, the sulfhydryl-oxidizing agent diamide, the disulfide-
educing agent dithiothreitol, hyper- and hypo-osmotic shock,
mino acid starvation, nitrogen source depletion, and progres-
ion into stationary phase.

In the initial microarray, undocumented genes were
emoved and a subset of all conditions was selected: tempera-
ure shocks evolution (5 conditions), the sulfhydryl-oxidizing
gent diamide (8 conditions) and the amino acid starvation (5
onditions). This is carried out to check whether the proposed
lgorithm is able to detect specific subsets of genes and con-
itions. The result is a microarray formed of 2601 genes and
8 conditions.

Search and selection of biclusters. The result of this step is a
icluster composed of 178 genes. Next, we  have computed the
ariability of the bicluster found along different executions of
he algorithms providing a result of 0.002. That is 0.2% of the
enes and/or conditions are different genes along 20 repeti-
ions from different starting points. This value shows a low
ariability and therefore a good result in terms of stability of
he algorithm.

Selection of genes. We  have performed the selection of the
ommon genes to all biclusters found terminating with a col-
ection of 178 genes. From this collection we proceed with
he filtering of the undocumented genes, while maintaining
he documented ones. The result is that all genes were docu-

ented and therefore it was not necessary to discard any gene
nd it is possible to proceed with the next step.

Statistical assessment of the quality of a bicluster. In this sec-
nd microarray, the result of this filtering step shows that only
ne gene (see the graphical results of the coherence patterns in
ig. 11). As in the previous case, the approach has been able to
etect different kinds of coherence patterns with high reliabil-
ty in statistical terms, including the most complex coherence
atterns, the inverse coherence patterns.

Biological assessment. The result of the analysis is shown
n Table 13. The columns show the significant GO terms
Fig. 18 – Bicluster 1: inverse relationships.

(function, process, component) used to describe the col-
lection of genes. In each cell, the rows show the specific
biological description, the number of involved genes, and the
computed biological enrichment degree.

The results show that there is a subset of genes involved
in catalytic activity, which is expected under the experimen-
tal conditions applied. So, in order to verify these results,
it is necessary to consider the results of the original paper
[71]. It shows that there is a specific subset involved in all
experimental conditions. That is, this subset is involved in
the Environmental Stress Response (ESR). The result is that only
1.6% of the genes detected are in the ESR, while the rest of
the genes are specific to the heat shock and to the sulfhydryl-
oxidizing agent diamide and not to the starvation condition.
This is coherent with the results presented in the original
paper.

6.  Experimentation:  comparative  analysis

The performance of the proposed approach has been com-
pared with a set of state of the art biclustering methods such
as BiMax [22], CC [6], OPSM [34], Plaid [39] and xMotifs [73]
for the Yeast microarray data set. Following the methodology
exposed in [22] the performance of all algorithms is evaluated
with regard to the percentage of biclusters enriched by any
Gene Ontology Consortium (GO) category at different levels
of significance. GO [71] is used to know whether a group of
genes belonging to a bicluster shows significant enrichment
with regard to a specific GO term. Although there are differ-
ent tools to analyze GO enrichment, a recently published tool
AGO [74] has been used to study the percentage of significant
biclusters obtained. The enrichment of each group of genes
with regard to a specific GO term is established by the returned

p-value. A bicluster is said to be overrepresented in a functional
category if its p-value is small or below the preset thresh-
old. The percentage of overrepresented biclusters in one or
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Fig. 19 – Invariability to shifting and scaling.
more  GO annotations is used to compare different algorithmic
approaches.

In order to perform this comparison with respect to
previously cited biclustering algorithms it is necessary to
parameterize them to return the same number of biclusters,
whenever it is possible. In the case of our proposed SBM algo-
rithm, the overlapping rate is fixed to 50%. The value of this
rate could depend on the user’s specific previous knowledge
of the problem.

The biclusters obtained by the set of algorithms are pro-
cessed by the AGO tool. Fig. 12 represents the percentage of
enriched biclusters for each method in which one or several
GO terms are overrepresented for different levels of signifi-
cance (p-values from p = 0.001% to p = 5%). The figure shows
that for all levels of significance BiMax obtains the best results.
This algorithm only searches binary coherence patterns in the
space of binary data. Therefore, it is important to consider the
level of significance and the capabilities of pattern detection.
Complex new patterns are based on real data and they are hard
to detect whereas the simple patterns can be expressed with
binary data and they are therefore easy to find and detect. In
the rest of cases, the SBM approach obtains the best results
in all levels of significance. In the worst case, the percent-
age of enriched bicluster is above the 40% whereas the rest
of approaches is very low or inexistent (see Fig. 12).

We have also followed our previously exposed methodol-
ogy with the set of biclusters provided by the SBM algorithm.
This has resulted in a reduction near to 85% of the previously
selected genes in all candidate biclusters (see Figs. 13 and 14).
These figures show in the first column all biclusters found and
in the second column the same set of biclusters after apply-
ing a statistical filtering to reduce the set of genes. The figures

show graphically a clear reduction in the number of genes in
all biclusters. This result confirms that the statistical assess-
ment of the results is a necessary step before proceeding to the
biological analysis, showing that the majority of the genes do
not fulfill the statistical requirements. As we  have advised pre-
viously, the bicluster set that an algorithm can find does not
necessarily imply that they are good candidates, this needs to
be confirmed by means of a set of statistical tests. In general
terms, biclustering algorithms do not incorporate biological
information when they look for the best bicluster. They are
based on mathematical quality measures and the search is
performed under these conditions, so these biclusters can be
considered as mathematical biclusters. This means that algo-
rithms can find good biclusters but in mathematical terms.

In our experiments we assessed the concept of mathemat-
ical bicluster. The result of the experiments is the detection of
several biologically related groups of genes involved in the pro-
cess of translation. Therefore, not only the genes in a bicluster
are strongly correlated, but also the main functions of these
genes in different biclusters are also correlated (see Fig. 15).
The whole set of filtered genes shows the relationship among
the different biological functions related with the process of
translation in the cell (see Figs. 15 and 16) where different
elements are involved such as the small and large subunit,
the preribosome and the cytoplasmic translation. The algo-
rithm detects not only the activity of genes within a biological
function but the associated biological functions in the same
process. This can be useful when the knowledge of the organ-
ism is unknown because it can discover biological functions.

On the other hand, Figs. 13, 14 and 16 show different kind
of patterns such as scaled patterns, shifting patterns and the
proposed pattern the inverse patterns.

For instance, Bicluster 1 (see Fig. 13) can be decomposed
in two subsets: the direct relationships subset and the sub-
set covering inverse relationships (see Figs. 17 and 18). Scaling

and shifting patterns in both subsets, with independence of
the kind of relationship, can be seen. Our experiments have
confirmed the capability of detection for these two kinds of

dx.doi.org/10.1016/j.cmpb.2013.07.025
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atterns. This confirms that direct and inverse patterns are
resent in the same biological components for almost all bio-

ogical biclusters.
The absence of the capability of detection for this kind of

atterns can lead, in many  cases, to the omission of key genes
n the discovery of biological functions. Real cases where the
nverse patterns are relevant can be found in different types of
ancer and tumors as previously cited [15–17]. The detection of
his kind of relationships can, therefore, show more  complete
iological information in the study of a disease.

In this situation where almost all biclusters contain rele-
ant direct and inverse relationships, MSR  has been unable to
onsider them as good biclusters because the computed value
f MSR  metric for all biclusters was greater than 300 [6]. This
alue is considered the quality threshold and therefore the
esults would been rejectable but not for the proposed SBM
lgorithm.
Finally, during the course of the analysis two types of
athematical biclusters were found. The first set reveals

elationships with a known biological process. However, the
econd set of biclusters was not linked to any specific
n filtering process.

biological function, that is the biological functions of this
set are classified as “unknown”. This means that we  have
found new unknown and undocumented biological functions.
Considering the results we re-analyzed the relationships
mathematically using a different toolbox but the result was
the same. The result of the analysis with a different toolbox
confirms that the correlation between genes and conditions
is considered as “perfect correlation” because the values
obtained were � = 1 or � = −1 for each accepted gene. This
means that the detected relationships between genes by the
algorithm were correct and therefore they suggest the initial
discovering of new undocumented biological relationships.
Subsequently, the results confirm the validity of the measure
and the search mechanism to find quality biclusters.

7.  Conclusions
In the present work we have shown a competitive alternative
to the widely used MSR  metric for biclustering is presented:
the Spearman’s Biclustering Measure (SBM). In contrast to
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MSR, this measure has several advantages: a lower rate of false
positives, and the possibility to detect inverse patterns. The
drawbacks detected is the high false negatives rate.

From the point of view of the biological assessment, the
results confirm that SBM is able to detect groups of genes that
perform related biological functions, as well as inverted bio-
logical functions. It therefore allows to detect a large variety
of biological functions than classical MSR.

We  also present a new set of quality indexes for the anal-
ysis and comparison of biclustering measures. This new set
if indexes is used in combination with a predefined group
of reference artificial DNA microarray datasets that fulfills
the classical coherence patterns characteristics. This allows
to quantify a biclustering measure in a fair and honest way
with different quality indexes such as the accuracy, the false
positive rate, the false negative rate and the stability degree.

We  hope that this new measure and the set of proposed
biclustering quality indexes actively helps in the data analysis
and knowledge discovery process in gene expression experi-
ments.

Conflict  of  interest

No competing financial interests exists.

Acknowledgments

This work has been partially supported by the Etortek, Saiotek
and Research Groups 2007–2012 (IT-242-07) programs (Basque
Government), TIN2010-14931 and Consolider Ingenio 2010
- CSD2007-00018 projects (Spanish Ministry of Education
and Science) and COMBIOMED network in computational
biomedicine (Carlos III Health Institute) and INF07/39.

Appendix  A.

The correlation based on ranks is a tool which is invariable to
scaling and shifting problems. Following, we will describe the
necessary steps to demonstrate this.

First, the computation of the Spearman’s correlation
between the samples corresponding to two variables is based
on the differences between the ranks of the samples. There-
fore, in order to demonstrate the invariability between two
sets of samples where one of them is a modified version of the
other, it is only necessary to demonstrate that the associated
ranks of the modified version do not change. So, to show that
the ranks do not change, it is only necessary to demonstrate
that the relative order of the samples does not change.

In all cases we  will suppose that there is a set of samples x1,
. . .,  xn and its modified version y1, . . .,  yn associated respectively
to X and Y variables. The relative order is expressed by means
of the following inequations x∗

1 ≤ . . . ≤ x∗
n, where x∗

i
represents

the ith ordered from the smallest sample to highest of the
original set.
Theorem 1 ((Invariability to the shifting)). Let’s suppose a shift-
ing pattern with regard to an original set, the shifting pattern can be
 b i o m e d i c i n e 1 1 2 ( 2 0 1 3 ) 367–397

expressed as y1 = x1 + ˛, . . ., yn = xn + ˛, being x1, . . .,  xn the original
pattern and  ̨ ∈ R. If x∗

1 ≤ . . . ≤ x∗
n then x∗

1 +  ̨ ≤ . . . ≤ x∗
n + ˛.

Proof. This is trivial due to the fact that the addition or the subtraction
of a real number  ̨ does not change an inequation.

Theorem 2 ((Invariability to the scaling)). Let’s suppose a shift-
ing pattern with regard to an original set, the shifting pattern can
be expressed as y1 = x1˛, . . ., yn = xn˛, being x1, . . .,  xn the original
pattern and  ̨ ∈ R+. If x∗

1 ≤ . . . ≤ x∗
n then x∗

1  ̨ ≤ . . . ≤ x∗
n˛.

Proof. This is trivial due to the fact that the product of a real positive
number  ̨ does not change an inequation.
In the case of a real negative number  ̨ ∈ R− the whole inequation
changes, the ranks are completely inverted, and therefore the corre-
lation computes a negative number but equal in absolute value to
the previous correlation coefficient. The SBM always computes the
absolute value of the correlation coefficient, therefore in these cases
there is no negative effect.
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review of estimation of distribution algorithms in
bioinformatics, BioData Mining 1 (1) (2008) 6.

[52] P. Bosman, D.D. Thierens, Linkage information processing in
distribution estimation algorithms, in: Proceedings of the
Genetic and Evol. Comput. Conference, Morgan Kaufmann
Publishers, San Francisco, 1999, pp. 60–67.
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