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The increasing volume of existing information on biological
processes and the use of large databases have significantly
increased the accessibility of datasets to the scientific com-
munity. This has enabled performing an analysis to facilitate
the extraction of relevant information or modeling and opti-
mizing tasks in different processes. Parallel to the increasing
volumes of information is the emergence of new or adapted
distributed computing models such as grid computing and
cloud computing. Together with new techniques of artificial
intelligence, or more specifically knowledge discovery, these
management systems are making it possible to perform a
more efficient analysis of the information and are enabling
the creation of adaptive systems with learning ability.

In the area of distributed artificial intelligence models
for knowledge discovery in bioinformatics, ten interesting
proposals are presented. These models analyze different
biological aspects and simulate the process or user behavior
in the health care system. The main characteristics in these
proposals are the use of artificial intelligence techniques to
analyze the information and extract knowledge.

“Bladder Carcinoma Data with Clinical Risk Factors and
Molecular Markers: A Cluster Analysis” provides interesting
research about bladder cancer. The paper shows the hypoth-
esis that the use of clinical and histopathological data with
information about marker is useful to manage treatments of
nonmuscle invasive bladder cancers (NMIBC). The authors
apply data mining techniques such as hierarchical clustering

to create molecular cluster and risk groups. In their experi-
ments, the authors analyze 45 patients with a new diagnosis
of NMIBC.They create four groups of patients and categorize
the patients according to clinical characters and biological
behavior.

The authors of “A Linear-RBF Multikernel SVM to Clas-
sify Big Text Corpora” use data mining techniques based on
classifiers to big text corpora. In particular, they implement
a variant of support vector machine (SVM) to reduce the
computational cost. The authors show a multikernel SVM
with automatic parameterization to improve the results of
SVM parameterized under a brute force search.The proposal
is composed of a workflow with algorithms to process doc-
uments, reduce the dimensionality of the data, and to apply/
provide clustering, training, and prediction. The proposal is
analyzed according to the classification results and building
time in the dataset TREC Genomics 2005 corpus.

In “Analysis of Environmental Stress Factors Using an
Artificial Growth System and Plant Fitness Optimization,”
the authors analyze how some environment conditions can
accelerate the evolution process; in addition to modifying
the environment conditions, it is possible to select genomic
variants. The authors analyze several factors for Pleurotus
ostreatus to improve quality and production. In order to carry
out the analysis of the factors, the authors include several
IoT sensors to retrieve the information from the sensors.The
information is then processed with data mining techniques

Hindawi Publishing Corporation
BioMed Research International
Volume 2015, Article ID 846785, 2 pages
http://dx.doi.org/10.1155/2015/846785

http://dx.doi.org/10.1155/2015/846785


2 BioMed Research International

in cloud system in order to predict plant growth and manage
plant growth control.

“RecRWR: A Recursive Random Walk Method for
Improved Identification of Diseases” proposes a newmethod
to select the best disease targets for multiconcepts graphs.
The proposal, referred to as recursive random walk with
restarts (RecRWR), includes multilayer networks, graphs,
and weights calculation and has been tested with the OMIM
database with the area under ROC curves.

“Gene Knockout Identification Using an Extension of
Bees Hill Flux Balance Analysis” is an interesting paper that
presents an extension of Bees Hill Flux Balance Analysis
(BHFBA) integrated within the framework of the OptKnock
and Hill Climbing algorithm in a local search to extract gene
knockout in order to maximize the production of the desired
metabolite. The proposal has been analyzed with different
databases and compares the execution time, growth rate,
and production yield. The authors validate that the BHFBA
improves the performance due to the inclusion of the Hill
Climbing algorithm.

In “Using the eServices Platform for Detecting Behavior
Patterns Deviation in the Elderly Assisted Living: A Case
Study,” the authors present the eServices platform (Elderly
Support Service Platform). The platform detects any devi-
ation in the behavioral pattern followed by elderly people
and is able to predict dangerous situations. The system was
modeled with the CRISP-DM methodology and was tested
with synthetic data based on real data and expert knowledge.
The authors incorporate several data mining techniques such
as decision trees, cluster, or ROC curves in order to validate
the results.

“Agent-Based Spatiotemporal Simulation of Biomolec-
ular Systems within the Open Source MASON Frame-
work” presents a tool for biomolecular reaction modelling
in the multiagent simulator of neighborhoods framework
(MASON). The tool describes the interaction among the
molecules. The system is worth considering to analyze the
effect of different factors in simulations. The system is tested
in several scenarios based on enzymatic activity. The results
area is compared with studies performed in laboratories.

“A Distributed Multiagent System Architecture for Body
Area Networks Applied to Healthcare Monitoring” presents
an architecture based on a multiagent system to monitor
the parameters of several users with biomedical sensors. The
agents incorporate the BDI (belief, desire, and intention)
model and data mining techniques to analyze the data of the
sensors. The system is able to detect movements, activities,
and postures. Its accuracy is confirmed and presented in the
results taken from the tests performed in several cases.

“Modelling the Longevity of Dental Restorations by
means of a CBR System” presents a case based reasoning
(CBR) system to analyze dental restorations with different
materials. The system applies the steps of the CBR cycle in
which it integrates several datamining algorithms to perform
in the retrieved phase. It also includes a mixture of experts
with neural networks and Bayesian networks in the reuse
phase to predict the longevity of dental restorations. The
system is tested with the data of patients and the results are
shown in the paper.

Finally, “aCGH-MAS: Analysis of aCGH by means of
Multiagent System” proposes a multiagent system to analyze
data of CGH (comparative genomic hybridization) arrays.
The agents incorporate several layers to perform visualization
and analysis and to manage information processes. The
system proposes different visualizations to facilitate the visual
analysis and to access the information in databases.Moreover,
the multiagent system provides several data mining tech-
niques to carry out the analysis. The system is tested with
several kinds of CGH arrays and the results are shown in the
paper.
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Support vector machine (SVM) is a powerful technique for classification. However, SVM is not suitable for classification of large
datasets or text corpora, because the training complexity of SVMs is highly dependent on the input size. Recent developments in the
literature on the SVM and other kernel methods emphasize the need to consider multiple kernels or parameterizations of kernels
because they provide greater flexibility. This paper shows a multikernel SVM to manage highly dimensional data, providing an
automatic parameterization with low computational cost and improving results against SVMs parameterized under a brute-force
search.Themodel consists in spreading the dataset into cohesive term slices (clusters) to construct a defined structure (multikernel).
The new approach is tested on different text corpora. Experimental results show that the new classifier has good accuracy compared
with the classic SVM, while the training is significantly faster than several other SVM classifiers.

1. Introduction

Theamount of information stored in public resources contin-
ues to grow. For example, theMedline bibliographic database,
the most important source in the biomedical domain, stores
documents since 1950 and contains more than 22 million
citations.Thus, in order tomanage this volume of documents,
the use of sophisticated computer tools must be considered.

In the last years, researchers show a special interest of
applying text mining techniques to the field of biomedicine,
as pattern recognition, automatic categorization, or classi-
fication techniques. In order to get good results, the need
to establish a unified data structure to represent documents
must be accomplished.

A well-known data structure supported by the scientific
community is the sparse matrix [1], which is commonly
managed by classifiers as input data. In it, each document is
decomposed as a vector of its more relevant terms (words).

Unfortunately, although an efficient data structure solves
problems related to performance, other inconveniences about
the size of the corpora impact negatively over classifiers
and their accuracy. Data imbalance problems exist in a
broad range of experimental data and have captured the
attention of researchers [2, 3]. Data imbalance occurs when
the majority class in a document corpus is represented by

a large portion of documents, while the minority class has
only a small percentage [4]. When a text classifier encoun-
ters an imbalanced document corpus, the performance of
machine learning algorithms often decreases [5–8].

Another important situation in a classification process,
which can render the problem unmanageable, is related to
the sparse matrix dimensionality. The matrix dimension is
directly connected to the amount of attributes (terms) of the
documents included in it, affecting the performance of the
classifier and attaching a high computational cost. At this
point, algorithms to select relevant terms from whole data
structuremust be considered. As a result, an optimized sparse
matrix is generated.

Regarding classifiers, support vector machine (SVM) [9–
12] is one of the most well-known classification techniques
used within the scientific community. It obtains good results
in a variety of classification problems, although it is difficult to
determine its parameterizationwith imbalanced data. A SVM
classifier uses a kernel function to make a transformation
over the data and change the workspace, separating relevant
from nonrelevant documents. Taking into account that some
kernels have additional parameters that must be selected, the
parameterization of a SVM has a high cost.

As with other classifiers, SVMs are not suitable to classify
large datasets due to their high training complexity. Support
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Figure 1: Schema of a generic text classification model.

vectors are internally computed to represent the dataset;
this helps to find a hyperplane that separates the contents
of each class. The complexity of a SVM is given by the
number of support vectors needed to get the hyperplane.Data
dimensionality negatively affects the kernel coverage, such
that a unique kernel may not be enough to get an optimal
division between classes.

One solution is to divide the dataset into small portions,
attaching a specific kernel to each slice, decreasing the train-
ing complexity, and improving classification results.This idea
is known as a SVM based on a multikernel transformation.

Multikernel algorithms combine predefined kernels in
order to obtain accurate hyperplanes. These kernels and
their parametrization are usually determined by different
learning methods. However there is not an efficient learning
method to cover all classification scenarios, because it is
highly dependent of the field of study. Gönen and Alpaydın
[14] establish a category of existing multikernel algorithms
focused on their learning methods and properties.

(i) Fixed rules are functionswhich combinemultiple sin-
gle kernels grouping them as sums or products and
working over the data slice by slice [15, 16]. Kernels
are usually unweighted and do not need any training
before applying them. However, other approxima-
tions include several coefficients to weigh each term
in order to penalize some multikernel parts. Even
so, value coefficients are adjusted based on empirical
results or brute-force algorithms.

(ii) Heuristic approaches combine the idea behind fixed
rules to weigh each multikernel term under best
coefficient values [17, 18]. These values are usually
determined by unsupervised algorithms such as ID3
trees, hierarchical clustering, or self-organizingmaps,
among others, which may be applied separately (term
by term) or one over all of them. In almost all
cases, the search space is extremely wide (original
or feature), becoming the scenario in a NP-complete
problem.Thus, the computational cost and the system
performance must be taken into account.

(iii) Optimization approaches consist in providing opti-
mal values for kernel function parameters. Usually,
based on external models, this optimization can be
integrated as a part of a kernel-based learner or

reformulated as a different mathematical model for
obtaining the parameter values, and then parametrize
the learner [19, 20].

(iv) In Bayesian approaches, kernels are combined and
interpreted as probabilistic variables. These param-
eters (in kernels) are used to perform inference for
learning them and the base learner parameters.
Bayesian functions measure the quality of the result-
ing kernel function constructed from candidate ker-
nels using a Bayesian formulation. In general, we
use as target function the likelihood or the posterior
to find the maximum likelihood estimator and then
obtain the model parameter values [21, 22].

(v) Boosting approaches, inspired on ensemble algo-
rithms, combine weak learning models to produce a
new complex strong one [23]. A set of pairwise SVM-
kernels may be configured and trained separately to
get a final voting result in testing stage. There are
different ways in which the combination can be done,
including the previous approaches. The models may
be predefined or it is possible to add a new kernel until
the performance stops improving [23, 24].

In this paper, we show a multikernel SVM to manage
highly dimensional data, providing an automatic parameter-
ization with low computational cost and improving results
against SVMs parameterized under a brute-force search.

The remainder of the paper proceeds as follows. The
general text classification model is described in Section 2.
The proposed model is presented in Section 3, matching and
explaining differences with the previous section.The analysis
of experimental tests and comparative results with other
authors are shown in Section 4. Finally, the most relevant
conclusions are collected at Section 5.

2. Text Classification

Text classification is focused on assigning a class to each
document of a corpus.Thus, a class encloses those documents
which are representative from a specific topic. The class
assignment can be performed manually or automatically.

In general, the text classification process includes a set of
steps, as shown in Figure 1.These steps are detailed in the next
subsections.
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2.1. Document Processing. During the first step, each docu-
ment 𝑑𝑗 in the corpus is processed to extract its most rep-
resentative keywords (terms). As each term 𝑡𝑖 has a different
relevance when it is used to describe the document content,
a numerical weight 𝑤𝑖𝑗 is assigned. This weight quantifies
the importance of the term for describing the document
semantic. Moreover, a data normalizing process is used to
transform term weights into a new unified value range, with
TF-IDF (term frequency-inverse document frequency) being
the most used normalization process [1].

As a result, each document 𝑑𝑗 is represented by a 𝑚-
dimensional vector (instance), where 𝑚 is the total number
of terms in the corpus and an associated class (relevant or
nonrelevant) (see (1) (term vectors for a document corpus)).
The similarity between two documents is computed based on
the distance of their representative vectors. Consider

𝑡1 𝑡2 ⋅ ⋅ ⋅ 𝑡𝑚 class
𝑑1 𝑤11 𝑤21 ⋅ ⋅ ⋅ 𝑤𝑚1 relevant
𝑑2 𝑤12 𝑤22 ⋅ ⋅ ⋅ 𝑤𝑚2 unrelevant

.

.

.

.

.

. d
.
.
.

.

.

.

𝑑5 𝑤15 𝑤25 ⋅ ⋅ ⋅ 𝑤𝑚5 unrelevant
.
.
.

.

.

. d
.
.
.

.

.

.

𝑑𝑛 𝑤1𝑗 𝑤2𝑗 ⋅ ⋅ ⋅ 𝑤𝑚𝑛 relevant.

(1)

2.1.1. Stemming and Stopwords. In many cases, irrelevant
terms are included on the sparse matrix, thus decreasing the
classification results. In order to partially remove the noise,
some stemming techniques and stopword removal are used.

Stemming techniques [25] morphologically identify
terms and their variants (nouns, adjectives, adverbs, etc.)
and reduce the data dimensionality through a step called
conflation. It is to extract the stem of all the terms and apply
a matching process to fuse or combine the terms, avoiding
variants in the final representation.

Stopword lists [26] are wordlists composed of irrelevant
terms such as articles, determiners, or interrogative particles.
These terms are usually excludedduring the documentmatrix
generation.

In this way, combining stopword filtering and stemming
techniques helps to avoid nonuseful terms and to significantly
improve the information retrieval systems and their results.

2.2. Manage Data Dimensionality. In general, the use of
stemming and stopword removal is not enough to obtain
a good document classification for huge datasets. Thus,
in a postprocessing step, algorithms and techniques are
focused on reducing, compacting, or transforming thematrix
containment. Normally, two approaches are considered.

(i) Instance filtering focused on balancing the number
of instances (documents) in each class (topic), taking
into account their difference factor. In some cases,
unbalanced problems may negatively affect the clas-
sification process causing overfitted models.

(ii) Attribute (term) selection algorithms transform and
remove (in some cases) current terms in the docu-
ment matrix in order to reduce its size and compu-
tational cost.

2.2.1. Instance Filtering. Data imbalance problem appears
when a majority class, usually the negative class, contains
many more instances that the other class [2–4]. When a text
classifier encounters an imbalanced document corpus, the
machine learning performance often decreases [5–8].

Instance filtering represents a powerful tool against over-
fitting cases with regard to a specific class type (majority class
in almost all cases). Two well-known techniques, oversam-
pling and subsampling, may be applied on texts to redistribute
each class and solve the imbalance [27, 28].

The subsampling technique removes instances in the
majority class by taking into account a difference factor with
the minority class. A random algorithm is usually used to
select which instance is removed until the redistribution
factor is reached. Similarly, the oversampling technique adds
new or replicated instances in the minority class until the
difference factor with the majority class is reached. Equal
to subsampling, a random algorithm is used to select which
instances are the base of the replication process.

Finally, both techniques can be applied simultaneously,
increasing instances at the minority class and decreasing on
the majority class. This process is known as resampling [29].
TheWeka library [30], used in this study, provides algorithms
which implement these techniques.

2.2.2. Attribute Selection. Data sizes can be optimized by try-
ing to find the most relevant attributes (terms) in a dataset.
Attribute selection algorithms are focused on the relevance
of a term in a document, class, or both, removing, merging,
and/or transforming those terms that are less important and
generating a new dataset. Therefore, an attribute selection
task pursues the following goals: (i) to reach better classifica-
tion results, (ii) to generate more efficient models, and (iii) to
reduce the data dimensionality and therefore computational
costs.

The Weka library provides algorithms for the attribute
selection. Some of them were previously analyzed by the
authors [31]. In this work, we apply the principal compo-
nent analysis (PCA) algorithm [32]. PCA looks for linear
combinations between attributes to remove their individual
dependency (noise) and to reduce the original data.

2.3. Train and Prediction. Once the document matrix is built
and optimized, it can be used as input in a classifier. Train
and prediction are divided in two complex steps: (i) choosing
a classifier, in which a model must be selected, trained, and
tested, and (ii) parameter tuning, involving algorithms and
techniques in order to fit the classifier parameters and obtain
better results.

2.3.1. Choosing a Classifier. In the last step of the process,
a reasoning model is selected to classify those documents
contained in the dataset as relevant and nonrelevant.
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Figure 2: Mapping samples from input to feature space. Image adapted from http://mechamind.in/, verified at 10/29/2014.

To perform this task, several algorithms supported by the
scientist community were analyzed: K-nearest neighbor [4,
7], naive Bayes [7, 33], and SVM [6, 34]. Finally, we choose
the SVM classifier because it gets the best results with regard
to the text classification [7, 35, 36].

2.3.2. Understanding the Support Vector Machines. SVMs
were developed from the theory of statistical learning and
structural risk minimization [12, 37]. In almost all cases,
linear or nonlinear, a new decision surface is calculated,
mapping the input space through a 𝜙 function in which
samples are separable. Thus, the idea behind SVMs consists
of discovering a hyperplane to discriminate positive and
negative samples (relevant and nonrelevant documents).

To understand how it works, consider a separable training
set in the input space equal to the identity function (linear
case), 𝑆 = {(𝑑𝑖, 𝑦𝑖)}

𝑛
𝑖=1 with 𝑑𝑖 ∈ R𝑚 and 𝑦𝑖 ∈ {−1, 1},

and a linear decision function 𝑓(𝑑) = ⟨𝑤, 𝑑⟩ + 𝑏, enclosed
by support vectors defining the maximum margin between
positive and negative samples, where 𝑏 is the bias hyperplane
off-set determined by Karush-Kuhn-Tucker conditions.

In order to get an optimal hyperplane, a quadratic
programming optimization must be considered:

min𝑤,𝜉:
1

2
𝑤
𝑇
𝑤 + 𝐶

𝑛

∑

𝑖=1

𝜉𝑖,

subject: 𝑦𝑖 (𝑤
𝑇
𝜙 (𝑑𝑖) + 𝑏) ≥ 1 − 𝜉𝑖,

𝜉𝑖 ≥ 0,

(2)

where 𝜉𝑖 is a slack variable (computed during optimization)
which serves to control training errors and keep constraints
up, 𝐶 is the trade-off parameter for controlling the compro-
mise between the margin maximization and violated restric-
tions (soft-margin), and 𝜙(𝑑𝑖) are the equation coefficients.
The class 𝑦𝑖 for a document 𝑑𝑖 is determined by the sign of

(3), where the 𝑠V parameter is the number of support vectors
previously calculated on (2). Consider

𝑦𝑖 = sign
𝑠V

∑

𝑗=1

[𝛼𝑗𝑦𝑗 ⟨𝑑𝑗, 𝑑𝑖⟩ + 𝑏]

sign (𝑦𝑖) = {
relevant if 𝑦𝑖 ≥ 0,
unrelevant if 𝑦𝑖 < 0.

(3)

For nonlinear cases (𝜙 is not trivial), input samples are
mapped to a feature space, dimensionally higher than original
one, where a linear separation may be feasible (see Figure 2).
The mapping process is achieved by applying a nonlinear
kernel function over each pair of vectors.

As a result, a linear solution is discovered by getting the
optimal hyperplane and solving the mentioned nonlinear
case [38].

However, given the possible scenario about infinite
dimensions in kernel space, the nonlinear mapping function
𝜙 : R𝑑 → ℏ cannot be formulated explicitly. A solution
consists of expressing the matrix operations in the kernel
space𝜙(𝑑𝑖)

𝑇
𝜙(𝑑𝑗) as dot products in the input space𝐾(𝑑𝑖, 𝑑𝑗),

so-called kernel trick [37]. Therefore, (3) is reformulated as
follows to include the kernel mapping:

𝑦𝑖 = sign
𝑠V

∑

𝑗=1

[𝛼𝑗𝑦𝑗𝐾(𝑑𝑗, 𝑑𝑖) + 𝑏] . (4)

2.3.3. Parameter Tuning. The classification process based on
SVM is usually supported by several kernels [9]: linear (5),
radial basis function (RBF) (6) or Sigmoid (7):

Linear: 𝐾(𝑑𝑖, 𝑑𝑗) = ⟨𝑑𝑖, 𝑑𝑗⟩ , (5)

Radial Basis Function RBF:

𝐾(𝑑𝑖, 𝑑𝑗) = exp (−𝜎 ⋅ 𝑑𝑖 − 𝑑𝑗


2
) ,

(6)

Sigmoid: 𝐾(𝑑𝑖, 𝑑𝑗) = tanh (𝜎 ⋅ ⟨𝑑𝑖, 𝑑𝑗⟩ + coef ) . (7)
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Figure 3: RBF behavior.

Some kernel functions, such as radial or sigmoid, provide
extra parameters to improve their transformation surface
making it more suitable for the dataset morphology. Unfortu-
nately, getting an optimal configuration for these parameters
usually results in an NP-complete problem, requiring addi-
tional computation cost. Well-known solutions, restricted in
almost all cases to a range of values, may be a brute-force
search, heuristic methods, or genetic algorithms [35, 36].

2.3.4. Kernel Behavior. In order to understandwhich range of
values are the most suitable to each case, the kernel behavior
must be analyzed. As an example, an explanation about
the behavior of the RBF kernel is considered here. Figure 3
describes how tomeasure the similarity between three vectors
𝑑1 = [0, 1, 1], 𝑑2 = [0, 1, 0], and 𝑑3 = [1, 0, 0] using a RBF
kernel, in which 𝑑1 − 𝑑2 are more similar than 𝑑1 −𝑑3. Sigma
values and the search space were obtained based on practical
guides and empirical tests [9, 36, 39, 40].

In practice, distances between samples are estimated
using the same 𝜎 value for all cases and must be carefully
selected.

(i) Kernel values close to 1 mean that samples are in the
same class. Otherwise, values close to 0 mean that
samples are in different classes.

(ii) If cosine values are close to 1, samples are very similar
in the feature space. Otherwise, if cosine values are
close to 0, samples are very dissimilar in the feature
space.

(iii) if 𝜎 values are gradually increased, the angle between
vectors {𝑑𝑗, 𝑑𝑘} denotes that they are closer to each
other, in the feature space, than other ones like
{𝑑𝑖, 𝑑𝑘}. Therefore if values are increased, the first
angle will increase less than the second one (see
Figure 4).

Following the previous criteria, an intermediate value
represents the best choice to compute the similarity for
all vectors. However, in our tests 0.2 and 0.6 values were
considered because they maintain both the smallest distance
for 𝑑1, 𝑑2 and the largest for 𝑑1, 𝑑3 at the same time.
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Figure 4: Sigma curves for dissimilar documents.

3. Proposed Classification Model

In this section, we introduce a novel text classifier based on
SVM over a set of modified RBF kernels. It is developed to
manage highly unbalanced data, to autoparameterize itself
under low computational cost, and to improve results against
brute-force search.

The idea behind the model consists of spreading the
dataset into cohesive term slices (clusters) to construct a
defined structure. Each cluster is attached with an RBF kernel
and the remaining (terms not considered for clustering) are
enclosed in a linear kernel creating a multikernel model.

The model was developed to solve cases in which a
dataset contains very similar samples for both classes, such as
scientific corpora, making it difficult to obtain good results
using conventional kernels on SVM classifiers.

Figure 5 shows a brief schema of the architecture.
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Figure 5: Proposed model architecture.

(1) For the first step, we use a dataset to generate a doc-
ument matrix using the vector model. To identify the
most relevant terms, a stemming algorithm (Lovins
stemmer [25]) and a stopword list extracted from
GATE tool [41] are used. In addition, the TF-IDF
normalization is used to weight terms based on their
frequencies.

(2) For the second step, data dimensionality is managed
through the principal component analysis (PCA).
Terms are compacted using linear combinations
between them. As a result, a matrix containing the
new subset is generated.

(3) The third step starts by transposing the term matrix
to build a hierarchical clustering per each linkage
method available (see [37, 42] for more details about
hierarchical clustering). It continues analyzing resul-
tant hierarchies with the cophenetic matrix to deter-
mine which hierarchy best fits the matrix. Finally, the
Kolmogorof-Smirnov normality test [43] is applied
to each cluster and hierarchy level to determine the
optimal cut.

(4) The last step consists of building the multikernel
Linear-RBF (MLRBF) in the existent clusters from the
optimal cut.

All these steps are optimized in order to reduce the
computational cost and improve the results.

The next subsections explain each step of the process.The
matrix generation is omitted or simply referenced.

3.1. Principal Component Analysis. The principal component
analysis (PCA) [32] is usually used on text mining to reduce
the data dimensionality with a minimum risk of information
loss. Dimensionality reduction is accomplished by choosing
the eigenvectors, which contain a certain percentage of
variance (based on their eigenvalues) with respect to the
original data and transforming them.

As a result, the document matrix is reduced according to
the linear combination of the most representative terms (the
most dispersed), transforming the input space into a smaller
one. The new terms are known as principal components.

In this paper, PCA is not used as data reduction algo-
rithm. The internal process looks for linear combinations
between terms, producing components which may follow
a normal distribution. This means, for relevant documents,
that there are terms which are approximately normally
distributed. However, this is not the case in the irrelevant
documents.

As a consequence, terms may be agglomerated into
cohesive groups (clusters) causing the matrix fragmentation
(Figure 6), allowing a better adjustment in the next steps.

The steps to perform a PCA are listed below.

(1) Terms {𝑡1, 𝑡2, 𝑡3 . . . , 𝑡𝑚} are standardized (zero mean
and unit variance, see the following equation) to
ensure the independence of each resultant compo-
nent:

Std (𝑤𝑖𝑗) =
𝑤𝑖𝑗 − 𝜇𝑖

𝜎𝑖

, (8)
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Figure 6: Terms following a normal distribution and agglomerated
in cohesive groups.

where 𝜇𝑖 is arithmetic mean of term 𝑖 and 𝜎𝑖: standard
deviation of the frequencies of the term 𝑖 in the
corpus.

(2) Once the terms are standardized, a correlationmatrix
is computed and the eigenvalues and eigenvectors are
obtained.

(3) Terms are sorted in descending order taking into
account their eigenvalues.

(4) Terms with a variance (eigenvalue) lower than 90%
are discarded [44].

(5) Terms not discarded (principal components) are used
to transform the input space based on their eigenvec-
tors.

3.2. Clustering. To divide the matrix in cohesive parts several
agglomeration (clustering) techniques have been analyzed.

Well-known solutions such as 𝐾-means [45] or COWEB
[42] were discarded due to their initial parameterization.
Hierarchical techniques [37] are the most adequate for our
problem because they are not subject to initial requirements
for clustering morphology, making it possible to analyze the
clusters to determine which size and number are best for an
optimal process.

The following subsection helps to get a better understand-
ing of hierarchical clustering and the algorithms that have
been developed to analyze the output.

3.2.1. Hierarchical Clustering. On the hierarchical clustering,
entities are agglomerated into groups (clusters) andhierarchi-
cally ordered as a heap structure (see Figure 7). Each upper
level on the structure contains more components than the
previous one due the fact that the clusters are fused into new
ones, thus increasing their size. To determine which clusters
are the most suitable, each level structure is usually analyzed
by algorithms that achieve the optimal cut.

Each fusion level is determined by a linkage algorithm
which selects the most suitable clusters. Special care is taken
in choosing an appropriate linkage method, since it directly

affects the final cluster set. In order to do so, a correlation
analysis between the original dataset and the resultant hierar-
chical clustering is performed through the calculation of the
cophenetic coefficient [46].Thus, all linkage methods may be
measured to obtain the best one from them.

Several linkagemethods such as complete, single, average,
median, or ward [47] were tested. The complete linkage (see
(9)) is the most suitable method for our datasets. The search
space for the complete linkage is focused on far clusters
attempting to avoid the local minima problem. Consider

distance (𝐴, 𝐵) : max
𝑡𝑖∈𝐴,𝑡𝑗∈𝐵

dist (𝑡𝑖, 𝑡𝑗) , (9)

where dist(𝑡𝑖, 𝑡𝑗) is the distance between the terms 𝑡𝑖 and 𝑡𝑗
and 𝐴, 𝐵 are term clusters.

A linkage algorithm also needs a metric to measure
distances between terms. In this paper, Euclidean distance
dist(𝑡𝑖, 𝑡𝑗) = √∑

𝑟
𝑘=1(𝑡𝑖[𝑤𝑘𝑖] − 𝑡𝑗[𝑤𝑘𝑗])

2 [47] is selected based
on empirical results.

Regarding software, a hierarchical clustering algorithm
was implemented (see Algorithm 1) in order to include a
cophenetic analysis to determine the best linkage method or
to calculate the optimal cut. The algorithm iterates over each
linkage method computing its associated hierarchy and com-
paring the correlation through a cophenetic analysis. Once
the best linkage method has been identified, its resultant
hierarchy is returned.

This implementation includes some operations such as
an improved internal distance matrix structure (line 2),
logic to restore the distance matrix (line 11), or manageable
structures to store each fused level of the hierarchy. These
basic operations were crucial to construct a competitive
system, reducing the elapsed time needed to build the model.

3.2.2. Optimal Cutting Selection. Once the hierarchy is built,
it is analyzed in order to determine the optimal level of the
final agglomeration.

Although several well-known solutions [47] may be
adapted to produce a feasible solution, some requirements
about cluster morphology are not totally satisfied.

(i) A final cohesive slice is considered as a normal
multivariate cluster if all components have a normal
distribution.

(ii) An optimal level is only composed of final cohesive
slices.

(iii) Large clusters have a smaller probability of following
a multivariate distribution than small ones.

(iv) The size and number of the final clusters must be
controlled.

(v) An optimal cutting composed of very small clusters
provides a better adjustment of the results (overfitting
problem) but increases computational costs. On the
contrary, taking only large clusters into account,
computational costs are amenably reduced but result
in a poorer fit.
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Input:𝑀 is a dataset matrix 𝑑𝑛𝑋𝑡𝑚
LMS is a set of linkage methods

Result: Best agglomeration correspondence
(01) Truncate (𝑀);
(02) dmatrix← CalculateDistances (𝑀);
(03) bestAgglomeration← { };
(04) ccoef← 0;
(05) foreach linkage method lm of the set LMS do
(06) linkageLevelList← { };
(07) while Size (dmatrix) > 0 do
(08) linkageResult← ComputeLevelLinkage (lm, dmatrix);
(09) linkageLevelList← linkageLevelList ∪ {LinkageResult};
(10) UpdateDistanceMatrix (dmatrix, linkageResult);
(11) Restore (dmatrix);
(12) ccoefAux← CompCopheneticMatrix (linkageLevelList, dmatrix);
(13) if ccoef < ccoefAux then
(14) ccoef← ccoefAux;
(15) bestAgglomeration← linkageLevelList;
(16) return bestAgglomeration

Algorithm 1: Hierarchical clustering algorithm (pseudocode).

Therefore, we present a new algorithm to divide the
matrix into cohesive slices and support these requirements
(see Algorithm 2).

To evaluate each cluster, a Kolmogorof-Smirnov test with
Lilliefors correction [43] was used. Thus, each term in a
cluster is checked for a normal distribution, assuming that a
multivariate cluster is one in which each term is considered
normally distributed (𝑃 value greater than 0.05) [44]. In other
words, there is no evidence to reject the null hypothesis per
term and therefore that clustermay be considered as a normal
multivariate distribution.

3.3. Training and Prediction. This last step is focused on
parameterizing each kernel portion for training and predic-
tion scenarios.

Our implementation was built on the LibSVM [9] library.
Several parameters were set by taking into account the
LibSVM practical guide [40]. The cost parameter 𝐶 was
established to 1 according to a small margin, minimizing the
trade-off between wrong classified samples.

On the other hand, the kernel (10), defined as a RBF
and linear kernels composition (see Section 2.3) was param-
eterized based on the resultant clusters from the optimal
hierarchy level:

MLRBF (𝑑𝑖, 𝑑𝑗) = ⟨𝑑𝑖 [𝑡𝑎 ⋅ ⋅ ⋅ 𝑡𝑏] , 𝑑𝑗 [𝑡𝑎 ⋅ ⋅ ⋅ 𝑡𝑏]⟩⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

Linear kernel

+

𝑝

∑

𝑘=1

RBF𝑘 (𝑑𝑖 [𝑡𝑘1 ⋅ ⋅ ⋅ 𝑡𝑘𝑙] , 𝑑𝑗 [𝑡𝑘1 ⋅ ⋅ ⋅ 𝑡𝑘𝑙]) ,

(10)

where 𝑝 = number of clusters in optimal level, RBF =

RBF kernel function, [𝑡𝑘1 ⋅ ⋅ ⋅ 𝑡𝑘𝑙] = terms of the cluster 𝑘, and
[𝑡𝑎 ⋅ ⋅ ⋅ 𝑡𝑏] = terms nongrouped in any cluster.

Recalling the main idea about identifying cohesive slices
to divide the matrix, each slice (cluster) is composed of
normal distribution terms and defined as a common pattern
(multivariate normal distribution). Clusters provide a simple
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Input: LL is the best agglomeration
Result: Optimal hierarchy level

(01) optimalLevel← { };
(02) foreach level l in LL do
(03) counter← 0;
(04) foreach cluster c in l do
(05) test←MultiLillieforsTest (𝑐);
(06) if test is true then
(07) counter← +1;
(08) aux← NumClusters (l);
(09) if aux = counter then
(10) optimalLevel← l;
(11) else
(12) break; //Breaks outer loop
(13) return optimalLevel

Algorithm 2: Optimal hierarchy level algorithm (pseudocode).
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Figure 8: Computing multikernel from optimal level.

way to parameterize RBF kernels in the proposedmultikernel
(see Figure 8).

Each 𝜎𝑖 parameter corresponding to a RBF kernel is
computed taking into account the maximum eigenvalue of
its associated cluster; specifically, for each term we compute
its eigenvalue to finally obtain the maximum by cluster (see
(11)). Note that all resultant values have been normalized to
prevent absolute eigenvalues, by enclosing them in a defined
range interval (0, 4] according the explanation in Section 2.3,
to get better results. Consider

𝜎𝑘 =
max {eigen values (𝐶𝑘)}

size (𝐶𝑘)
⋅ 4. (11)

On the other hand, those terms which are not included in
a cluster are enclosed by forming the linear kernel.

In addition, some changes in the input data were per-
formed in order to precompute themultikernel outputmatrix
due to the complexity of the proposed model.

In the training, eachmember in thematrix kernel is com-
puted by applying the MLRBF function over all document
vectors. However, the testing step differs in that each test
sample is computed against each train vector. To illustrate
it, Figure 9 shows how to compute the kernel matrix in a
training scenario.

4. Results and Discussion

This section includes several tests of preconfigured SVM
classifiers and the proposed multikernel from different view-
points: classification results, model building time perfor-
mance, and a comparative with other authors.

To evaluate the effectiveness of themodel, some statistical
measures were used: recall (fraction of relevant documents
that are correctly classified), precision (fraction of documents
correctly classified as relevant), 𝐹-measure (harmonic mean
between recall and precision), and kappa statistic (which
takes the output confusion matrix of an evaluation and
reduces it to one value).

As input dataset, the TREC Genomics 2005 corpus [13]
was chosen due to the similarity between relevant and
nonrelevant documents, offering more realistic classification
scenarios. In 2005, the TREC committee provided a set of
evaluation tasks to obtain valuable knowledge in biological
fields by applying information extraction techniques.

The track is divided in two tasks. One of them consists
in categorizing documents regarding different criteria (allele,
expression, gene ontology annotation, and tumor) in the
genomics domain.Thus, an ad hoc collection, extracted from
4.591.008 MEDLINE records, was prepared by experts to
support the task [13]. Having four criteria, resultant records
were reorganized to generate each respective corpus (see
Table 1).

According to the imbalance problem, only allele and go
annotation (GoA) corpora contain enough documents per
class to perform our tests applying the subsampling tech-
nique. expression and tumor corpuses contain few relevant
documents and the oversampling techniques or similar are
needed, as used in [13].

Documents were processed to get a suitable structure for
SVM classifiers (see Section 3). In addition, PCA was used to
determine linear combinations between terms, reducing their
amount considerably, and a random subsampling technique
to filter instances. Randomly generated subsets contain a
uniform distribution (1 : 1), that is, the same number of
documents per class. As shown below, it produces different
results because samples are not removed in the same order
each time they are applied. Thereby, we generated 10 datasets
per each corpus (allele and GoA) in order to get trusted
results.

Regarding to the parameterization, our multikernel con-
tains internal procedures to determine the most suitable
value for each kernel parameter during the classification
process (see previous sections). As preconfigured classi-
fiers do not provide automatic methods to get a suitable
configuration, sigmoid and RBF parameters (gamma and
sigma, resp.) were determined by brute-force. Brute-force
was implemented as a grid search, included in the Lib-
SVM library [40], under a set of predefined range values
{0.03125, 0.0625, 0.125, 0.25, 0.5, 1.0, 2.0, 4.0}. Gamma values
(sigmoid case) were reduced to [0, 4] taking into account the
performed empirical tests. In addition, cost SVM parameter
was set to 1 for MLRBF case, to obtain a small-margin hyper-
plane due to its high precision. On the preconfigured kernels
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Figure 9: Building the kernel matrix.

Table 1: Number of documents of the experimental corpora.

Corpus
Criteria

TRAIN TEST
Total Relevant Nonrelevant Total Relevant Nonrelevant

A (alelle) 5837 338 5499 6043 332 5711
E (expression) 5837 81 5756 6043 105 5938
G (GO annotation) 5837 462 5375 6043 518 5525
T (tumor) 5837 36 5801 6043 20 6023

it was determined by the previous grid-search algorithm
under a soft-margin range [2−5,25].

Table 2 shows a comparison between preconfigured clas-
sifiers and ourmodel. Precision, recall, kappa, and𝐹-measure
statistics were considered to measure the quality of each
model. Results were grouped by their minimum (Min),
maximum(Max), and average (Avg) values due to the amount
of test cases per classifier.

Tests were performed in an Intel Core i7 at 3.8 Ghz
with 8Gb of RAM. They were restricted to one execution
thread because preconfigured classifiers on LibSVM [9] are
implemented under a single execution thread.

With the results, we can conclude that the multikernel
obtains competitive values on both corpuses, and it presents
a steady behavior in almost all situations compared to other
classifiers. The average statistic shows which multikernel
obtained the most stable results. As the subsampling tech-
nique produces random datasets, if the instances are easily
separable by single kernels similar results to our proposed
multikernel may be obtained. However, if the instances of
different classes are too close, a hyperplane may be extremely
difficult to trace since it has only one kernel.Thus, best results
on average statistics like recall (0.823), precision (0.893), or
𝐹-measure (0.858) were achieved by our model on both
corpuses.

Table 2 also helps to identify which kernels got maximum
or poor results by statistic. Concerning to the allele case, the
Sigmoid kernel got somemaximum results on the 𝐹-measure
(0.888) or recall (0.882) with gamma values close to zero, but
its average or minimum stats are lower than those obtained
by the multikernel. The behavior of the linear kernel was
very similar to our model, obtaining a maximum peak on

precision (0.913). Finally, the RBF got the worst results (sigma
values close to 0).

Regarding the GoA corpus, best results were achieved
by MLRBF in almost all cases, except recall (Max case),
demonstrating that, on those corpuses which are not easily
separable on original space (linear case), our multikernel
offers results with high values on precision and recall statis-
tics, as a consequence of a very accurate hyperplane. We
would like to clarify that the RBF kernel got a high value on
the recall statistic at the expense of other stats, achieving poor
results on the kappa statistic, meaning that classes were not
correctly trained. Therefore, we can conclude that the RBF
kernel is not suitable for the GoA corpus.

Table 3 shows the time to build a model respect a specific
corpus, divided by folds.

As shown, the building time on linear andMLRBFkernels
presents a similar steady growth because the parametrization
time of our model is almost constant and linear kernels do
not have parameters. Even so, the needed time to configure
a linear-SVM is around 1/3 less than MLRBF with regard to
allele and a bit less on GoA.

On the other hand, RBF and Sigmoid kernels enclose
a high runtime cost because their parameterizations are
determined by an external technique. Note that the brute-
force cost increases depending on the search space size.

To conclude, the MLRBF kernel offers a good solution
with low runtime cost compared with RBF or Sigmoid
kernels, but the linear still continues getting the lowest cost.

As a final analysis, a comparison with other authors is
included. The TREC 2005 Overview [13] document offers a
wide explanation about tasks, tests, and results performed in
the competition. Note that the categorization task is focused
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Table 2: Comparative results between preconfigured classifiers and the proposed model.

Statistics Classifiers
Linear RBF Sigmoid MLRBF

Allele
Precision

Min 0.840 0.645 0.830 0.860
Avg 0.891 0.725 0.855 0.893
Max 0.913 0.855 0.895 0.910

Recall
Min 0.741 0.652 0.745 0.771
Avg 0.803 0.755 0.818 0.823
Max 0.834 0.834 0.882 0.834

𝐹-measure
Min 0.800 0.650 0.795 0.810
Avg 0.847 0.735 0.836 0.858
Max 0.872 0.844 0.888 0.870

Kappa
Min 0.712 0.542 0.718 0.719
Avg 0.729 0.610 0.731 0.732
Max 0.754 0.692 0.778 0.746

GoA
Precision

Min 0.621 0.472 0.701 0.732
Avg 0.653 0.493 0.729 0.753
Max 0.689 0.501 0.759 0.780

Recall
Min 0.584 0.496 0.619 0.641
Avg 0.617 0.640 0.662 0.674
Max 0.639 0.797 0.686 0.707

𝐹-measure
Min 0.602 0.490 0.657 0.702
Avg 0.635 0.552 0.694 0.713
Max 0.652 0.614 0.719 0.742

Kappa
Min 0.227 −0.07 0.355 0.450
Avg 0.289 −0.01 0.416 0.478
Max 0.337 0.002 0.450 0.508

Table 3: Time (seconds) needed to build a model per number of folds.

Classifiers Folds
1 2 3 4 5 6 7 8 9 10

Allele
Linear 4 s 9 s 13 s 17 s 21 s 26 s 30 s 34 s 39 s 43 s
MLRBF 15 s 31 s 46 s 62 s 77 s 93 s 108 s 124 s 139 s 155 s
Sigmoid 36 s 72 s 108 s 144 s 180 s 216 s 252 s 288 s 324 s 360 s
RBF 44 s 88 s 132 s 176 s 220 s 264 s 308 s 352 s 396 s 440 s

GoA
Linear 7 s 14 s 21 s 28 s 35 s 42 s 49 s 56 s 63 s 70 s
MLRBF 35 s 70 s 105 s 140 s 175 s 210 s 245 s 280 s 315 s 350 s
Sigmoid 40 s 80 s 120 s 160 s 200 s 240 s 280 s 320 s 360 s 400 s
RBF 56 s 112 s 168 s 224 s 280 s 336 s 392 s 448 s 504 s 560 s
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Table 4: Comparative against other authors (data source TREC 2005 [13]).

Precision Recall 𝐹-score Tag Tag 𝐹-score Recall Precision

Allele

0.910 0.834 0.870 MLRBF MLRBF 0.742 0.708 0.780

GoA

0.541 0.867 0.666 THUIRgA0p9x gibmadz05m1 0.423 0.617 0.321
0,507 0.900 0.649 aibmadz05m1 gibmadz05m2 0.420 0.621 0.317
0,502 0.900 0.645 aibmadz05m2 gibmadz05s 0.415 0.583 0.322
.
.
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

0.233 0.259 0.245 aLRIk1 gLRIk2 0.101 0.102 0.100
.0.230 0.250 0.239 aLRIk2 gMUSCUIUC2 0.100 0.173 0.070
0.219 0.262 0.238 aLRIk3 gLRIk1 0.097 0.102 0.093

Min 0.219 0.250 0.238 0.097 0.102 0.070 Min
Avg 0.357 0.893 0.506 0.318 0.650 0.210 Avg
Max 0.795 0.957 0.666 0.423 0.936 0.554 Max

on how to maximize the number of relevant documents that
are correctly classified (recall), putting aside other stats like
precision or 𝐹-measure. In order to compare our system
against other authors we reorganized the results based on the
𝐹-measure (𝐹-score) stat.

Table 4, extracted from TREC 2005 Overview, shows a
comparison against other works of the conference. As seen,
MLRBF offers trusted results with high precision (0.9102) on
allele and 0.780 on GoA.

Several solutions on TREC were developed as a statistical
system based on a semisupervised learning and modulating
the original dataset under the medline mesh domain. Best
results for other authors were achieved only if the mesh
domain is used and no other data transformation is con-
sidered. Otherwise, applying other domains and building
balanced systems, their results were similar to our system.

In conclusion, MLRBF may offer good results on general
scenarios, even though a specific term domain is not speci-
fied.

5. Conclusions and Future Work

In this research, we present a new multikernel for SVM
classifiers. The model divides the dataset in small portions to
assign an independent kernel which is adjusted to take into
account the containment of its slice.

The multikernel offers a stable behavior, thus avoiding
some difficulties from text datasets. It achieved the best
average results compared to other classifiers and some peaks
as maximum values on precision or 𝐹-measure on allele
corpus. Regarding GoA, our model got the best results in
almost all statistics except for recall, in which the RBF kernel
got better results keeping aside other stats.

With regard to runtime cost, the multikernel approach
obtains a steady growth curve similar to linear kernel. Even
so, MLRBF needs less time to completely build the model
than RBF or Sigmoid.

At the end, we compare the novel model against other
existing works in TREC 2005 competition, concluding that
our system raises results under a high precision and 𝐹-
measure stats even though a specific domain was not spec-
ified.

As future lines of work, we are going to focus our effort
on reducing the computational cost of the preprocessing step
when applying subsampling, which is known to produce
different results because samples are not removed in the same
order each time they are applied.

We are going to focus our effort on developing a prepro-
cessing step which helps to avoid the quadratic programming
cost, while at the same time solving the problem associated
with applying the subsampling technique.
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There are currently different techniques, such as CGH arrays, to study genetic variations in patients. CGH arrays analyze gains
and losses in different regions in the chromosome. Regions with gains or losses in pathologies are important for selecting relevant
genes or CNVs (copy-number variations) associated with the variations detected within chromosomes. Information corresponding
to mutations, genes, proteins, variations, CNVs, and diseases can be found in different databases and it would be of interest to
incorporate information of different sources to extract relevant information. This work proposes a multiagent system to manage
the information of aCGH arrays, with the aim of providing an intuitive and extensible system to analyze and interpret the results.
The agent roles integrate statistical techniques to select relevant variations and visualization techniques for the interpretation of the
final results and to extract relevant information from different sources of information by applying a CBR system.

1. Introduction

There are various techniques for performing studies on
genetic variations in patients, including expression arrays
[1, 2], CGH (comparative genomic hybridization) arrays
[3], and studies at the genetic sequence level. CGH arrays
allow comparing the DNA of a patient with a control DNA
and using this information to detect mutations [4, 5] based
on gains, losses, and amplifications [6]. Another kind of
microarrays is the expression arrays, which determine the
expression of different genes with probes. CGH are used
to detect regions in the chromosomes with variations in
certain pathologies. This information is taken into account
for sequencing these regions through the use of expression
arrays and sequencers [7]. In these studies, the users have
to work with a vast amount of information, which implies
the development of systems oriented to improve the analysis
of the data and to automatically extract information using
databases [8]. For this reason, it is necessary to identify the
exact location of those interesting genes inCGHarrays before
carrying out the sequencing.

There are currently various tools that provide a visual
analysis of the information of aCGH. These tools typically
represent the information but the interaction with the infor-
mation is complex. The visual analysis is used to represent
additional information about relevant regions. Some of these
tools can be found in works [9–14]. A visual analysis of these
data is normally performed manually [14, 15], which requires
the participation of experts to select the relevant information.
However, these tools lack usability and require the use of tech-
niques that facilitate the automatic analysis and extraction
of information from different sources. For this reason, it is
necessary to incorporate a process that helps determine the
interesting genes [16], proteins, and relationships to diseases
that must be analyzed and understood in a simpler way.

The distributed analysis of CGH data is performed by
different laboratory personnel, from hybridating the chips to
extracting the relevant variations and information associated
with the chips. This work shows a multiagent system specif-
ically designed to analyze CGH data [17]. The functionality
of the multiagent system is divided into layers and roles
to carry out the analysis of CGH arrays. The analysis is
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usually composed of several stages. The first stage is the
segmentation process [18], which implements the subsequent
analysis of the data and is important to be able to represent
a visualization of the data. The remaining stages depend
on the analysis to be performed and include clustering,
classification, visualization, or extraction of information from
databases. The proposed multiagent system manages the
analysis and the automatic interpretation of the data. The
system can select the relevant genes and transcripts for
the prior classification of pathologies. The information of
the identified genes is obtained from public databases. The
information management system is based on the CBR (case-
based reasoning) model [19, 20] to detect the mutations,
genes, proteins, and diseases. Finally, visualization assists the
user in reviewing the results.

This paper is organized as follows. Section 2 describes
the state of the art in CGH arrays, Section 3 describes the
proposal, and Section 4 presents the results and conclusions.

2. CGH Arrays

Array-based comparative genomic hybridization (aCGH) is a
kind ofmicroarray that analyzes areas of the genome to detect
gains or losses. Whereas traditional high-resolution chromo-
some analysis detects chromosome structure alterations at
a resolution of 5 megabases (Mb) or greater, aCGH detects
gains or losses of DNA that cannot be seen by traditional
karyotyping and may sometimes be only thousands of base
pairs in size [21]. aCGHhas emerged as a powerful diagnostic
technique for high resolution analysis of the human genome.
It is a specific, sensitive, and rapid technique that can
detect genomic arrangements and copy-number changes. A
variety of array CGH platforms are currently available, both
commercially and in academic institutions. The choice of
platformmay depend on the type of data sought; however, the
price, reproducibility, and standardization are crucial factors
that need to be considered [22].

CGH arrays incorporate segments of DNA that are
defined with genome databases. The clones are predomi-
nantly selected to target areas of the human genome that,
when deleted or duplicated, are known or highly suspected to
cause well-characterized genetic defects. Microarray printers
attach the clones to a glass slide in an organized way
to form a microarray. A typical microarray slide contains
thousands of different clones representing targeted areas of
the genome. Fluorescently labeledDNA fromboth the patient
and a known normal human control are applied to the slide
and compete to attach or hybridize to their corresponding
DNA segments. The fluorescent signals are analyzed and,
depending of the values obtained, it is possible to detect areas
with unequal hybridization of a patient versus control DNA.

The first whole genome microarray contains 2,400 large-
insert genomic clones, primarily bacterial artificial chro-
mosomes (BACs). With the total human genome covering
approximately 3,000Mb, the resolution of this array is on
average close to 1Mb, about one order of magnitude higher
than that obtainedwith classical CGH[23]. For a full coverage
resolution array, approximately 30,000 BACs have been
arrayed [24], increasing the resolution with another order of

magnitude. However, producing such large numbers of BACs
for array CGH is expensive and time-consuming and, due
to the large size of the BACs, the limits of BAC array CGH
resolution have been reached. These problems can be over-
comewhen oligonucleotides are used as targets inmicroarray
experiments. Oligonucleotides allow a sheer infinite reso-
lution, great flexibility and are cost-effective [3]. Moreover,
oligonucleotides allow for the generation of microarrays for
any organism for which the genome has been sequenced.
Attempts have been undertaken to increase the resolution
of BAC arrays in other ways, but CGH cannot compete
with the flexibility and versatility of oligonucleotides. Finally,
oligonucleotide arrays are being used, designed, and accepted
for expression profiling and are thus widely available [25].

In conclusion, BAC arrays (array-based comparative
genomic hybridization) have proved to be successful for the
detection of submicroscopic DNA copy-number variations.
Technological improvements to achieve a higher resolution
have resulted in the generation of additional microarray
platforms encompassing larger numbers of shorter DNA
targets (oligonucleotides). Currently, both types (BAC and
oligo arrays) have advantages and disadvantages. The BAC
clone targets have been mapped to the human reference
sequence produced by the International Human Genome
Sequencing Consortium, allowing easy access to information
in the related genomic databases. However, BACs, which are
usually 100–200 kb,maymiss alterations smaller than the size
of a clone but are less likely to detect alterations of unclear
clinical significance. For this reason, they are unable to
distinguish deletions/amplification less than approximately
85 kb.

Oligonucleotides, which aremuch smaller probes, usually
25–60 bp, may detect small alterations that would not be
seen using a BAC microarray, but oligonucleotide arrays are
more likely to detect small alterations of unclear clinical
significance.

3. Multiagent System

The multiagent system is composed of three layers: anal-
ysis, information management, and visualization. Figure 1
shows the multiagent system architecture and the layers
it comprises. The analysis layer performs the microarray
analysis. It includes several algorithms that can be applied
to the specific case study taken into consideration. The
information management layer generates a local database
using the information of several sources. The visualization
layer manages the information and the algorithms. It displays
the information and the results obtained after applying the
existing algorithms at the analysis layer.

The analysis layer contains the DF (Directory Facilitator)
agent, which registers the different types of agents that
are contained in that layer and the services they provide.
Each agent provides a set of services to perform certain
functionalities that can be requested by other agents. This
separation allows the inclusion of new functionalities in the
application by modifying the services provided by the agents
at the analysis layer.
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Figure 1: Multiagent system architecture.

The information management layer contains an agent for
each external source of information. Each agent is responsible
for retrieving the information requested by the Manager
agent, which compiles the information from the agents and
generates a local database.

The agents at the visualization layer consult with the DF
to obtain the services provided for each existing process.
Additionally, these agents can contact the Manager in the
information management layer to obtain relevant informa-
tion that appears during the analysis.

The following subsections describe each one of the layers
adapted to the case study for CGH arrays.

3.1. Analysis Layer. The agents in these layers perform
different tasks for processing information, specifically the
processing tasks that will be used in the case study and
the chips. It is necessary to take into account that the
algorithms can be adapted to each case study. In the particular
case presented in this work, this layer contains agents for
normalization and segmentation, knowledge extraction, and
clustering.

3.1.1. Normalization and Segmentation. During this process,
the data are preprocessed in order to segment them and
reduce noise. This state is important to represent the infor-
mation and extract relevant regions. While there are many
algorithms capable of carrying out the preprocessing, the
package snapCGH [18] R Server was used in this tool to
normalize and segment the data. The package incorporates
algorithms as aCGH, DNACopy, and GLAD [26, 27]. It is
important to use algorithms in order to compare the different
results; additionally, this package is widely used.

In order to compare all of the arrays simultaneously, the
value is readjusted for all data that were previously processed
by NimbleGen, which normalizes and segments each of the
arrays. The data are then scaled according to the mad1dr

(median absolute deviation) provided by NimbleGen. The
process is defined according to the function

𝑓 (𝑥,𝑚, tl, tg) = {𝑓𝑎 (𝑥,𝑚, tl) 𝑥 ≤ 0

𝑓𝑏 (𝑥,𝑚, tg) 𝑥 > 0,
(1)

𝑓𝑎 (𝑥,𝑚, tl) = {
𝑓1 (𝑥,𝑚, tl) 𝑓𝑙 (𝑥,𝑚, tl) < 0
0 𝑓𝑙 (𝑥,𝑚, tl) ≥ 0,

𝑓𝑏 (𝑥,𝑚, tl) = {
𝑓𝑔 (𝑥,𝑚, tl) 𝑓𝑔 (𝑥,𝑚, tl) < 0
0 𝑓𝑔 (𝑥,𝑚, tl) ≥ 0,

(2)

𝑓𝑙 (𝑥,𝑚, tl) = 𝑥 − (−tl − 𝑚) −
(−𝑚 − 𝑥) |−tl − 𝑚|

𝑚
,

𝑓𝑔 (𝑥,𝑚, tg) = 𝑥 + (tg − 𝑚) −
(𝑚 − 𝑥)

tg − 𝑚


𝑚
,

(3)

where 𝑥 represents the value of the segment,𝑚 is the value of
the mad1dr for the given array, tl is the loss threshold, and tg
is the gain threshold.

3.1.2. Knowledge Extraction and Classifiers. There are cur-
rently several kinds of classifiers based on different technolo-
gies: decision rules and decision trees RIPPER [28], One-R
[29],M5 [30], J48 [31], CART [1] (classification and regression
trees), probabilistic models naive Bayes [32], fuzzymodels K-
NN (K-nearest neighbors) [33], neural networks [34], and so
forth. Some of these classifiers can be used to extract relevant
information in order to obtain attributes, and this process can
be carried out by traditional statistical techniques to compare
values using the parametric or not parametric test ANOVA
[35], Kruskal-Wallis [36], and Mann-Whitney 𝑈 test [37] or
testing to compare the frequencies as parametric Chi squared
[38] or Fisher’s exact test. The gain functions are a particular
case of the techniques used in decision trees and decision
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Input: CGHArrays, Groups
Output: RelevantSegments
𝑅𝑒𝑙𝑒V𝑎𝑛𝑡𝑆𝑒𝑔𝑚𝑒𝑛𝑡𝑠 ← 0

foreach 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 ∈ 𝐶𝐺𝐻𝐴𝑟𝑟𝑎𝑦𝑠/𝐺𝑟𝑜𝑢𝑝𝑠$𝑝𝑎𝑡ℎ𝑜𝑙𝑜𝑔𝑖𝑒 do
𝑐𝑡 ← 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝐶𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦𝑇𝑎𝑏𝑙𝑒(𝑠𝑒𝑔𝑚𝑒𝑛𝑡, 𝐺𝑟𝑜𝑢𝑝𝑠, 𝐶𝐺𝐻𝐴𝑟𝑟𝑎𝑦);
// Chi Squared test

if 80% of the data from a ct > 5 then

𝜒
2
←∑

𝑖,𝑗

𝑓𝑖𝑗 − 𝑓𝑖⋅ ∗ 𝑓⋅𝑗/𝑓⋅⋅

𝑓𝑖⋅ ∗ 𝑓⋅𝑗/𝑓⋅⋅

;

𝑑𝑓 ← (𝑟𝑜𝑤(ct) − 1)(𝑐𝑜𝑙(ct) − 1);
𝑃-value← 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑃𝑉𝑎𝑙𝑢𝑒(𝜒

2
, 𝑑𝑓);

end
// Fisher’s Exact test

else

𝑃-value←
(
𝑓11 + 𝑓21

𝑓11

)(
𝑓12 + 𝑓22

𝑓12

)(
𝑓13 + 𝑓23

𝑓13

)

(
𝑓⋅⋅

𝑓11 + 𝑓12 +𝑓13

)

;

end
// H0: pathology and the segments are independents

if 𝑃-value < 0.05 then
𝑅𝑒𝑙𝑒V𝑎𝑛𝑡𝑆𝑒𝑔𝑚𝑒𝑛𝑡𝑠 ← 𝑅𝑒𝑙𝑒V𝑎𝑛𝑡𝑆𝑒𝑔𝑚𝑒𝑛𝑡𝑠 ∪ 𝑠𝑒𝑔𝑚𝑒𝑛𝑡;

end
end

Algorithm 1: Automatic selection of segments.

rules for selecting the attributes, which is why they are not
considered separately.

For this particular system, the decision trees were chosen
to select the main genes of the most important pathologies,
specifically the J48 [31] in its implementation for Weka [39].
However, if the system needs a generic selection, gain func-
tions or statistical test is chosen (specifically Chi squared).

Chi squared test [38] was selected because it can work
with qualitative and nominal variables and it provides an
easy way to select relevant regions depending on a 𝑃 value.
Fisher’s exact test [40, 41] is applied, which is the recom-
mended method when the sample size is small, and it is not
possible to ensure that 80% of the expected frequency from a
contingency table has a value greater than 5. Table 1 displays
the information used in the contingency tables to carry out
the statistical tests.

The segments that were considered most relevant for
each of the CGH arrays were selected for each pathology.
Algorithm 1 displays the selection algorithm for the relevant
segments used for the set of arrays and for the individuals
with or without a particular pathology, as identified by the
groups variable. The algorithm was applied repeatedly for
each existing pathology.

3.1.3. Cluster. There is a wide range of possibilities in data
mining. Some of these techniques are artificial neural net-
works such as SOM [42] (self-organizing map), GNG [43]
(growing neural gas) resulting from the union of techniques
CHL [44] (competitive Hebbian learning) and NG [45]
(neural gas), and GCS [43] (growing cell structure).There are

Table 1: Contingency table.

Gain Normal Loss Total

Pathology 𝑓11 𝑓12 𝑓13

𝑓1⋅ = total
pathology

Not
pathology 𝑓21 𝑓22 𝑓23

𝑓2⋅ = total not
pathology

Total 𝑓⋅1 = total
gains

𝑓⋅2 = total
normal

𝑓⋅3 = total
losses 𝑓⋅⋅ = total

other techniques with fewer computational costs that provide
efficient results. Among them we can find the dendrogram
and the PAM method [46] (partitioning around medoids). A
dendrogram [47] is an ascendant hierarchical method with
a graphical representation that facilitates the interpretation
of results and allows an easy way to establish groups without
prior establishment. The PAM method requires selecting the
number of clusters previous to its execution.

Dendrograms are hierarchical methods that initially
define conglomerates for each available case. The algorithm
is modified so that each coordinate stores the values −1, 0,
and 1 to indicate that the segment has a loss, no variation,
or a gain, respectively. At each stage, the method joins the
two conglomerates with the least distance and then calculates
the distance of the other conglomerate to this new one.
The new distances are updated in the matrix of distances.
The process finishes when there is only one conglomerate
remaining (agglomerativemethod).The distancemetric used
in this paper was the average linkage, a metric that calculates
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Input: CGHArrays, thresholdLost, thresholdGain
Output: RootNodeTree
𝐶𝐻𝐺𝐴𝑟𝑟𝑎𝑦𝑠𝑁 ← 𝐶𝐺𝐻𝐴𝑟𝑟𝑎𝑦𝑠

foreach 𝑐ℎ𝑔𝐴𝑟𝑟𝑎𝑦 ∈ 𝐶𝐺𝐻𝐴𝑟𝑟𝑎𝑦𝑠𝑁 do
foreach V𝑎𝑙𝑢𝑒 ∈ 𝑐𝑔ℎ𝐴𝑟𝑟𝑎𝑦 do
if V𝑎𝑙𝑢𝑒 < 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑𝐿𝑜𝑠𝑡 then V𝑎𝑙𝑢𝑒 ← −1;
else if V𝑎𝑙𝑢𝑒 > 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑𝐺𝑎𝑖𝑛 then V𝑎𝑙𝑢𝑒 ← 1;
else V𝑎𝑙𝑢𝑒 ← 0

end
end
listNodes← calculateLeafNodes(CHGArraysN);
While listNodes.size() > 1 do

distances← calculateDistances(listNodes);
[node𝑖, node𝑗] ←minDistance(distances);
// Calculate a new node with the median of nodei and nodej

treeNode← fusion(node𝑖, node𝑗);
listNodes.remove({node𝑖, node𝑗});
listNodes.add(treeNode);

end

Algorithm 2: Dendrogram algorithm.

the average distance of each pair of nodes for the two
groups and, based on these distances, merges the groups.
The metric is known as the unweighted pair group method
using arithmetic averages (UPGMA) [48].This type of cluster
was selected since it allows the grouping process to be easily
reviewed by visualizing the results. Dendrogram algorithm is
described in Algorithm 2.

3.2. Information Management. The information manage-
ment layer includes a different agent for each available
source of information that is managed by the Manager
agent. The specific agents used are UCSC, Ensembl, CNVs
(copy-number variations), and annotation [49]. These agents
download existing information from the databases managed
by the Manager agent to generate the local database. They
specifically download information related to genes, proteins,
pathologies, genomic variants, and CNV. This information
is compiled by the Manager agent, who is responsible for
generating a local database that will be used as a source of
information. In addition to the information retrieved from
the database, the system stores the annotations created by the
system experts for future data analysis.

When the information in the GUI database requires
updating, the Manager agent orders the agents to download
the updated information from the remotewebsites. Using this
information, the agent then stores the data in the system’s
local database in order to improve performance. There are
different local databases for the different versions of HG that
are being used.The data model used for each of the databases
follows the class model shown in Figure 2.

Although the information from the tables is downloaded
from UCSC, the data model does not follow the same
diagram; the information stored in the tables does, however,
correspond to the information that can be found for the
equivalent tables in UCSC:

(i) DGV: database of genomic variants,
(ii) annotation: comments that are inserted into regions

of the chromosomes,
(iii) chromosome: table with information for the chromo-

somes which only stores the chromosome identifier,
(iv) CNV: table that stores information used to represent

the copy-number variations,
(v) KnownGene: table with information about the genes,
(vi) KeggPathway: KEGG pathway cross-reference,
(vii) KgXref: linking together a known gene ID and a gene

alias, used to extract the information commonly used
to identify genes,

(viii) Hgnc: a cross-reference table between HUGO Gene
Nomenclature Committee (HGNC) IDs and other
database IDs,

(ix) SpDisease: a cross-reference table between Swiss-Prot
IDs and disease description.

The advantage is that all of the information is generated
in a single database and stored locally, which improves
performance; additionally, new tables such as CNV can
be added, or further annotations can be provided to the
database.

3.3. Visualization. aCGH is a technique to detect variations
in patients who have different mutations in chromosomal
regions. Usually the variations have already been catalogued,
which is why the existing information can be used to
catalogue and evaluate the mutation. In this case study, the
cases were defined according to the segments in which the
chromosomic regions have been fragmented. Therefore, in a
CBR system [50], the retrieval and selection phase is adapted
to get the most suitable information that solves the problem.
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Figure 2: Class diagram with the information stored in the databases.
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Figure 3: Chromosome 19 losses in red and gains in green.

Cases involving stored memory correspond to the infor-
mation for the region and the information associated with
the region.There are cases associated with genes, pathologies,
CNVs, annotations, variants, and duplications.The algorithm
selected for the retrieval of cases should be able to search
the case base and select the genes, the known transcripts
associated with the region, the variations to gains or losses,
and so forth in the regions. The retrieved genes and tran-
scripts are shown with each of the segments to validate the
obtained results using the analysis techniques. The revision
phase is carried out by an expert, and finally the retained
phase allows storing the information considered relevant.The
analysis process followed by the system is shown in Figure 3.

During the retrieval stage, the information previously
stored by the Manager agent is retrieved from databases such
as UCSC or Ensembl.The retrieved information is that which
is considered the most relevant and is organized in order
to generate local databases, which are completed with other

existing information, such as that originating from the copy-
number variations.

The stored information is reused during the reuse phase
in order to generate the reports, which are provided to
the end user, on the analysis of the regions that stand out
during a visual analysis or automatic analysis of the data.
Part of this information is also used to draw regions and
nonrelevant mutations, which helps the subsequent revision
of the selected segments as relevant.

The revision phase is carried out by an expert who
determines the relevance of the selected regions according to
the variations and the information retrieved from the reports.
The expert also inputs any annotations considered relevant
regarding the detected variations, which are stored during the
learning phase for future analysis of new patients. Moreover,
the revision is facilitated by representing information such
as the CNVs and the annotations, which eliminates the
variations that are not considered relevant.
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Figure 4: Automatic selection of segments.

4. Results

The multiagent system designed in this work was applied to
the study of CGH arrays. A functionality was developed to
study the different types of arrays. The system was applied
on three different kinds of CGH arrays: BAC aCGH, oligo
aCGH, and SNP CGH. Although these arrays are similar, the
information provided by each differs considerably because
the segments are defined in different ways.

The first step in the analysis of CGH arrays is the
segmentation and normalization process; Table 2 shows the
information obtained from the BAC arrays after this step.
In this kind of array, all patients are represented by the
same segments, shown as rows in the image. Each segment
contains information about the chromosome, initial position
andfinal position. For each region,we have a value V𝑖𝑗with the
information of gains and losses for the segment 𝑖 and patient
𝑗; these values represent gains or losses if they are greater or
lower than a threshold.

An analysis using oligo aCGH shows that the available
information is different.The information from these arrays is
shown in Table 3.The values V𝑖𝑗 represent gains and losses for
segment 𝑖 and patient 𝑗. Each patient has a different number
of segments, whichmight not have the same initial value; this
means that the initial or final value of segment 𝑖 and patient 𝑗
can be different from segment 𝑖 and patient 𝑘.

Finally, the system includes databases since the system
extracts the information regarding genes, transcripts, CNV,
and local annotations.

Figure 4 shows the information from the BAC arrays
cases, which includes 38 cases with 5 different pathologies.
Only the information corresponding to chromosome 12 is
shown. The green lines show gains regions in the chro-
mosome, while red lines show losses. Therefore, the figure
shows that the green patients have gains while the remainder
presents few variations.Themost relevant segments are auto-
matically highlighted as bright segments with the application
of the hypothesis contrast Chi squared test. This technique
allows the selection of the regions of interest.

Once the data are represented, a CBR reasoning cycle is
performed. During the retrieval phase, information regard-
ing the catalogued genes and transcripts is recovered from the

Table 2: BAC aCGH segmented and normalized.

Patient 1 Patient 2 Patient 3 ⋅ ⋅ ⋅ Patient 𝑛
Segment 1
(chromosome-init-
end)

𝑉11 𝑉12 𝑉13 ⋅ ⋅ ⋅ 𝑉1𝑛

Segment 2
(chromosome-init-
end)

𝑉21 𝑉22 𝑉23 ⋅ ⋅ ⋅ 𝑉2𝑛

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Segment𝑚
(chromosome-init-
end)

𝑉𝑚1 𝑉𝑚2 𝑉𝑚3 ⋅ ⋅ ⋅ 𝑉𝑚𝑛

database. During the reuse phase, these genes are evaluated
and valued according to the hypothesis contrast described in
Section 3. After selecting the segments, their relevance can
be observed. Figure 5 shows the information from the genes
that were recovered from the database and considered to be
relevant.

In addition to visualizing the information for each of
the different segments, it is also possible to generate reports
automatically. These reports make it possible to quickly visu-
alize potentially relevant information from the regions about
proteins, genes, and diseases. Figure 6 displays information
related to proteins, genes, anddiseases.The systemalsomakes
it possible to generate reports on variants, duplications, or
CNVs.

The system provides several visualizations to support the
revision of the information by an expert. The system allows
for information about the previously analyzed regions to be
included, which makes it possible to eliminate regions that
were not previously considered relevant. Additionally, the
system can include representations of different variations,
whichmakes it possible to eliminate regionswhosemutations
have already been catalogued as not relevant. This helps
the visual analysis and selection of relevant regions. The
pink area highlighted in Figure 7 represents the regions
presented by CNV; there is a gains area highlighted in
green which corresponds to a CNV and should not be
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Table 3: Oligo aCGH segmented and normalized.

Patient 1 Patient 2 ⋅ ⋅ ⋅ Patient 𝑛
Segment 11
(chromosome-init-end) 𝑉11

Segment 12
(chromosome-init-end) 𝑉12 ⋅ ⋅ ⋅

Segment 1𝑛
(chromosome-init-end) 𝑉1𝑛

Segment 21
(chromosome-init-end) 𝑉21

Segment 22
(chromosome-init-end) 𝑉22 ⋅ ⋅ ⋅

Segment 2𝑛
(chromosome-init-end) 𝑉2𝑛

.

.

.

.

.

.
.
.
.

.

.

.

.

.

.
.
.
.

.

.

.

Segment𝑚1
(chromosome-init-end) 𝑉𝑚1

Segment𝑚2
(chromosome-init-end) 𝑉𝑚2 ⋅ ⋅ ⋅

Segment𝑚𝑛
(chromosome-init-end) 𝑉𝑚𝑛

.

.

.

.

.

.

.

.

.
.
.
.

.

.

.

Segment 𝑘2
(chromosome-init-end) 𝑉𝑘2 ⋅ ⋅ ⋅

Segment 𝑙𝑛
(chromosome-init-end) 𝑉𝑙𝑛

Figure 5: Automatic selection of segments and genes.

Figure 6: Automatic report with information from the highlighted segments.

taken into consideration in the analysis. The information
from the annotations inserted by laboratory personnel is
likewise shown, with the color varying according to the
user’s selection. Another variation with respect to Figure 4 is
that the data are represented as an accumulated amount as
opposed to per individual patient, which allows the regions
of gains or losses to be easily observed. The regions that were
automatically selected by the analysis tests can bemodified by
using a mouse to mark the segments with a selection square
or by dragging the triangles located in the lower part of the
chromosome.

If there are any doubts, it is possible to consult the UCSC
website to determine the relevance of a specific segment;
to see the accumulated view, simply click on the segment

and then select OK for the UCSC option for either the
complete segment of the patient or the minimum region
into which each segment has been resegmented. Figure 8
shows the window from the UCSC site and the dialogue
box that appears after clicking on a particular segment.
This information is useful to analyze the relevance of the
regions by taking into consideration the different knowledge
extraction techniques applied.

Figure 9 shows a representation in parallel coordinates
and a bar graph. In the bar graph, one bar represents each
individual and is divided into different segments with an
amplitude proportional to the width of the segment. The
color of the top rectangle represents the type of pathology
the patient has. In parallel coordinates, each line is associated
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Figure 7: Accumulated view of chromosome 5 together with information from the CNVs.

Figure 8: Information from UCSC for the selected segment.

Figure 9: Clustering review with a bar graph and parallel coordinates.

with a patient and the color represents the pathology type.
Each coordinate represents a segment. If we select the patients
from the green category in the stacked bars, we can see
how the other bars are deactivated, which indicates that
the patients have variations within different ranges; only
the patients with variations within the range of the selected
patients remain active, which makes it easy to see other
similar patients. In the parallel coordinates, the values of
each coordinate are adjusted to the maximum and minimum

extremes for the selected individuals. The lines for each
selected individual are highlighted while those not within the
range of maximum and minimum values as established for
each coordinate are marked in gray.

In the case of Figure 9, the number of segments selected
was very high, which explains the appearance of so many
coordinates. Having selected fewer, the number of coordi-
nates would be lower, making it easier to see the range of
variation for each of the coordinates.
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Figure 10: Grouped individuals according to the highlighted segments for each chromosome.

If there are no groups, the system can also create a cluster
of individuals which can then be revised by selecting the
individuals with a mouse and modifying the cluster to which
they belong. Clusters can be made only according to the
information from the chromosomes that can be seen on the
screen and only based on the highlighted segments, which
makes it possible to create a group according to the infor-
mation considered relevant. Figure 10 shows a cluster created
from chromosomes 5 and 11 using all of the information
from chromosome 11 and the highlighted information from
chromosome 5.Once the dendrogramwas created, the cluster
was manually corrected by selecting individuals one by one.

5. Conclusions

Visualization also makes it possible to carry out tasks, such as
drag and drop, for each visualization, to export information
in image format, to select thresholds, chromosomes to visual-
ize, categories, individuals, to zoom, or to import Affymetrix
(multiple tsv files) and NimbleGen (multiple txt files) data.

The multiagent system can add agents that specialize in
specific case studies and allows the reuse of functionalities
for specific layers. Furthermore, the independence of the
different modules in this kind of system allows for the easy
inclusion of new techniques. This case study used the aCGH
data analysis to facilitate the addition and/or modification of
existing techniques.The system provides easy access to infor-
mation of several databases, improving the visual analysis
of the information and proving relevant information of the
selected regions of the chromosome. The system uses CBR to
automatically select the genes that characterize pathologies.
This CBR manages all the information of the databases and it
allows the incorporation of new information that can be used
in future analyses.

Finally, the different visualization can easily manage the
data, thus improving the efficiency of the experts in the
selection of relevant regions, its validation, and the access to
information associated with these regions.
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Agent-based modelling is being used to represent biological systems with increasing frequency and success. This paper presents
the implementation of a new tool for biomolecular reaction modelling in the open source Multiagent Simulator of Neighborhoods
framework. The rationale behind this new tool is the necessity to describe interactions at the molecular level to be able to
grasp emergent and meaningful biological behaviour. We are particularly interested in characterising and quantifying the various
effects that facilitate biocatalysis. Enzymes may display high specificity for their substrates and this information is crucial to the
engineering and optimisation of bioprocesses. Simulation results demonstrate thatmolecule distributions, reaction rate parameters,
and structural parameters can be adjusted separately in the simulation allowing a comprehensive study of individual effects in the
context of realistic cell environments. While higher percentage of collisions with occurrence of reaction increases the affinity of the
enzyme to the substrate, a faster reaction (i.e., turnover number) leads to a smaller number of time steps. Slower diffusion rates and
molecular crowding (physical hurdles) decrease the collision rate of reactants, hence reducing the reaction rate, as expected. Also,
the random distribution of molecules affects the results significantly.

1. Introduction

Microbial chemical factories have become an increasingly
important industrial platform, with numerous applications
in the food, agriculture, chemical, and pharmaceutical indus-
tries [1–5].

Recent advances in protein engineering, metabolic engi-
neering, and synthetic biology have revolutionised our ability
to discover and design new biosynthetic pathways and engi-
neer industrially viable strains [6–8]. Metabolic engineering
offers ways to enhance the yield and productivity of target
compounds while combinatorial biosynthesis enables the
creation of novel derivatives [9–11].

The interplay of mathematical modelling and in sil-
ico simulation with laboratory experiments is thus pivotal
to elucidate the basic, and presumably conserved, design
and engineering principles of the biological systems [12].
Understanding the behaviour of a biological system, whether
it is natural or engineered, requires models that integrate
the various interactions that occur at different spatial and
temporal scales. However, modelling the various scales and
the intra- and interscale interactions of a biological system is
extremely complex and is considered an open and active area
of research [13–15].

Researchers are looking into novel approaches for
abstraction, for modelling bioprocesses that follow different
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biochemical and biophysical rules, and for combining dif-
ferent modules into larger models that still allow realistic
simulation with the computational power available today.

This paper explores the potential application of agent-
basedmodelling to such complexmodelling. Notably, the aim
is to develop a computational infrastructure for multiscale
biomolecular modelling and simulation based on common
biochemical and biophysical rules. The novelty of the work
lays on fully considering the spatial location of the molecules
and allowing for the description of intricatemicroscale struc-
tures, which enables the modelling of microbial behaviour in
more realistic and complex environments. The prototype of
the agent-based cellular simulator was developed in the open
source Multiagent Simulator of Neighborhoods (MASON)
[16].The rationale behind the use ofMASON, among existing
agent-based frameworks, lies in its general purpose and thus
the ability to support various levels of social complexity,
including different physics and agent logic. Moreover, there
is a project working on the development of a distributed
version of MASON, which will certainly be required in order
to simulate complex metabolic models and, in the future,
whole cell models.

Test and validation experiments addressed the correct
formulation of diffusion coefficient and reaction rate princi-
ples. Then, a simple cellular system was formulated, encom-
passing most of the rules previously validated and account-
ing for a realistic number of participants. This experiment
exposes the computational requirements imposed by a real-
istic scenario and raises discussion about future lines of
research and development for agent-based biomodelling.

The next sections of the paper describe the biological
and computational rationale behind our simulator. Section 2
summarises the key points of agent-based modelling and
earlier application of agent-based models to biological sys-
tems. Section 3 describes the biochemical and biophysical
rules that guided themodelling. Section 4 presents the agent-
based model and explains the structure and functionality of
the different interacting agents involved in the system. In
Section 5, simulation results are compared to experimental
results and noise is discussed. Final conclusions resume
current achievements and draw main guidelines for future
work.

2. Agent-Based Models and
Their Application in Biology

Agent-based modelling (ABM) is as a relatively new
paradigm for engineering complex and distributed intelligent
systems [17]. Typically, this approach is considered suitable
for scenarios where there is a population of heterogeneous
individuals, which display varied and adaptive behaviour.

Generally, agents can be defined as computer systems that
are situated in some environment and that are capable of
autonomous action in this environment, based on mecha-
nisms and representations somehow incorporated. The early
work of Wooldridge [18] described the general character-
istics of an agent as follows: autonomy, that is, agents can
make decisions about what to do without direct external

intervention of other systems; reactivity, that is, agents are
situated in an environment, can perceive it (at least to some
extent), and are able to react to changes in it; proactiveness,
that is, agents do not simply react to changes in the environ-
ment but are also able to take the initiative; social ability, that
is, agents can interact with other agents and participate in
social activities.

In ABM, the purpose is to “monitor” the behaviour of
the agent from the perspective of the agent itself, rather
than the system as a whole [19]. Each agent class has
multiple manifestations in the form of a population of agents
that interact in the shared environment. Differing local
conditions lead to different behavioural trajectories of the
individual agents, and the heterogeneous behaviour of indi-
vidual agents leads to the aggregated system dynamics. This
process enables the generation of a population of behavioural
outputs from a single model, producing system behavioural
spaces consistent with population-level biological observa-
tion. Moreover, new information (e.g., finer degree of detail)
can be added either through the introduction of new agent
classes or by the modification of existing agent rules without
having to reengineer the entire simulation.

An agent-based model (i.e., the automaton) is thus
composed of agents (autonomous entities), rules (logic or
mathematical), a simulation environment (source of local
information), and a set of initial and boundary conditions.
Agents may be defined at multiple scales, and the model can
formalise the various behaviours through which individuals
interact with one another, directly or indirectly, through
the shared environment. This requires the preparation of
plausible and adequately detailed design plans for how
components at various system levels are thought to fit and
function together. In silico results should then be validated
against experimental outputs to reconcile different design
plan hypotheses and render a realistic view of the system.

Such individual-based modelling has the potential to
replicate cellular systems at its minimum components and
thus help to understand the linkage from molecular level
events to the emerging behaviour of the system [20–24]. In
particular, the spatial nature of most agent-based models
puts emphasis on behaviour driven by local interactions,
which matches closely with the mechanisms of stimu-
lus and response observed in biology. The Epitheliome, a
representation of the growth and repair characteristics of
epithelial cell populations, is probably one of the earliest
applications [25]. Other more recent applications relate to
biofilm formation [26], bacterial phenotypic switching [27],
cancer development [28, 29], bacterial virulence in surgical
site infection [30], the development of restenosis in blood ves-
sels [31], oxygenmetabolism in aerobic-anaerobic respiration
[32], and the design of cellulase systems [33].

It is reasonable to say that ABM has become a popular
biomodelling approach and the new models are reaching
out for increasingly more complex and higher resolution
problems. The key challenge is to be able to reproduce
different scales realistically, in terms of the number and type
of participants involved and the events taking place, whilst
balancing the requirements of extendible model granularity
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with computational tractability. So far, the use of general
purpose graphical processing unit (GPGPU) technology and
multicore CPU processors are the favoured approaches to
parallelise simulation algorithms [34, 35].

3. A Novel Agent-Based Spatiotemporal
Biomolecular Model

3.1. Modelling Environment and Overview. A multiscale
agent-based model mimicking the biology of biochemical
reactions was developed using MASON version 16 [16], a
Java based, open source, ABM framework that facilitates
model development.Thismodel includes agents representing
common biochemical players such as metabolites, cofactors,
and enzymes. The model also considers one physical barrier
representing the cell membrane and a number of geographi-
cal hurdles accounting for themolecules known to exist in the
intracellular space but not represented individually (to avoid
unnecessary computational complexity).

The agent-based model is created on a continuous two-
dimensional environment, which corresponds to 5𝜇m2. The
distance unit is given by the radius of the smallest molecule
represented in themodel and corresponds to 0.323× 10−3 𝜇m.
This value also establishes the upper limit for the velocity at
which agents may move, such that the smaller the radius of
the molecule is the faster it will move, and vice versa. The
correspondence between simulation time steps and real time
is configurable and may be used to validate different results.

The intracellular environment can be populated by
enzymes, some metabolites, and cofactors (e.g., NAD+ and
NADH). Once the simulation starts, other types of agents,
such as other metabolites, appear in the model in accordance
with the behavioural rules. So, the simulation only requires
defining the particle radius and diffusion coefficient for each
species and the initial number of the molecules. Agents are
then distributed randomly and may circulate freely.

Every agent, except obstacles, is randomly initialised
with a given orientation. The behaviour of each agent is
determined by the corresponding set of behavioural rules
and most notably its spatial location (Figure 1). In each time
step, the model checks the current situation of the agents and
determines which rule(s) should be executed and what input
values should be used.

Given the circular shape of the agents, the detection of a
collision between agents is based on the Pythagorean Theo-
rem for triangles.That is, collision is detected by knowing that
if the distance between the centres of the agents is less than
their combined radius the agents are to collide.

In the event of a collision, the simulator identifies the
types of the agents involved and looks for any behavioural
rules that may apply. Either no rule applies and agents should
be reoriented or the matching rule should be executed and
agents should be affected accordingly. Agents are reoriented
based on the angle of collision and the corresponding
diffusion rate [36, 37].

Most of the rules applicable in a scenario of collision
involve enzymes and metabolites, that is, the possible occur-
rence of an enzymatic reaction (see Section 3.2).The reaction

Table 1: Agents, behavioural rules, and interacting agents.

Agent Rules Interacts with

Enzyme (apoenzyme) Moving and binding Metabolite and
cofactor

Metabolite Moving, binding, and
death

Enzyme-cofactor
complex

Cofactor Moving, binding, and
reconverting

Enzyme and cell
membrane

Enzyme-cofactor
complex
(holoenzyme)

Moving, reaction, and
decoupling Metabolite

Obstacle Preventing movement All agents in
movement

probability is given by the probability of the collision and
the probability that a reaction occurs given that a collision is
occurring.The claim of the simulation is that it can reproduce
the macroscopic enzymatic rate constants 𝑘𝑚 and 𝑘cat (mass
action kinetics) in homogeneous conditions.

Particularly, the number of agents representing metabo-
lites and enzymes needs to be compared with values reported
in the literature. For this purpose, at model construction, we
established a conversion mechanism, between the number
of agents in the simulation and the number of moles cal-
culated in laboratorial experiments. In the literature, values
of molecules are typically represented as a concentration
(e.g., mM). Molar concentrations can be modified to number
of molecules per volume unit by simply multiplying the
concentration by the Avogadro number. Because this is a
2D simulator, a height also had to be indicated. This was
assumed to be 0.005 𝜇m, an approximate typical height of
an enzyme. The number of molecules in the simulator can
then be obtained multiplying the previous value by the
area of the simulation space and the estimated height. The
diffusion rates and the sizes of the molecules can be generally
obtained directly from the literature or extrapolated using
some already known correlations. In our case, diffusion was
calculated based on [38], which estimatesmolecular diffusion
based on the molecular mass of the species.

Each type of agent can be tracked continuously in one run
of simulation. To facilitate the inspection and a dimensional
representation, distinct agent types are associated with differ-
ent colours and sizes.

3.2. Behavioural Rules of Agents in the Model. The behav-
ioural rules are twofold: interaction of agents with their
environment and responses to the presence of other agents
(Table 1). Specifically, agents interact with the cell membrane
(the physical boundary of the cell) and with the obstacles in
the intracellular space. The cell is able to retrieve substrates
from the extracellular space and release products to this
space. Other internally produced metabolites are to remain
within cell boundaries.

The obstacles aim to mimic the presence of other lower
level molecules in the intracellular space. They are not rep-
resented individually to preserve computational tractability
(e.g., a bacterial cell contains approximately 2𝐸+10molecules
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Figure 1: Decision process for the movement and rotation of an agent during the simulation.

of water) but some form of representation was still required
in order to model the diffusion rate and the orientation of the
movement of the simulated molecules adequately.

In certain cases, the type of agent can be changed and
consequently, the corresponding behavioural rules of the new
type would be applied to the agent.This transition is typically
based on the spatial location of the agent, its type, and

the local environment. One example of agent type reas-
signment is the “recycling” of NADH molecules to NAD+
molecules whenever NADH agents collide with the cell
membrane.

Regarding agent interaction, enzymes interact with cofac-
tors and metabolites. Many enzymes require the assistance of
cofactors in biochemical transformations. When an enzyme
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agent and a cofactor agent collide, the enzyme checkswhether
it requires the cofactor to operate. If so, a new agent represent-
ing the enzyme-cofactor complex (holoenzyme) is created in
replacement of the two agents.

The interaction between the enzymes (or enzyme-
cofactor complexes) and metabolites represents catalysis and
was modelled according to Michaelis-Menten equation (see
kinetic parameters section). In general, metabolites and
enzymes are supposed to react within a certain probability
whenever they collide, and the enzymatic reaction may be
concluded in the same time step or after a number of time
steps.

After the enzymatic reaction takes place, that is, the
enzyme-cofactor complex collides with a substrate, the com-
plex is destroyed and the agents representing the enzyme
and the cofactor are created again. Likewise, the agents
representing the substrate disappear and new agents are
created for the products of the reaction.

3.3. Kinetic Parameters. The critical part of developing our
model was related with incorporating kinetic information
on the cellular dynamics, especially on different enzymatic
reaction kinetics.

Generally, the kinetic scheme representing an enzymatic
reaction under steady-state conditions is written as

E + S
𝐾1

𝐾−1

ES
𝐾2

𝐾−2

E + P, (1)

where E represents the enzyme, S is the substrate, ES is
the enzyme-substrate complex, and P is the product. The
association rates 𝑘1 and 𝑘2 and the dissociation rates 𝑘 − 1
and 𝑘−2 account for the substrate binding andproduct release
forward and reverse processes, respectively.

Since the rate constants for the binding and unbinding
reactions are either often unknown or difficult to determine,
modelling has to rely on approximations, also called aggre-
gate rate laws, such as theMichaelis-Menten kinetics [39, 40]:

𝑉 =
𝑉max [S]
𝐾𝑚 + [S]

(2)

or, following the Lineweaver and Burk linear transformation,

1

𝑉
=
𝐾𝑚

𝑉max
×
1

[S]
+
1

𝑉max
(3)

which represents the reaction rate at a substrate concentra-
tion [S].𝑉max is themaximum rate that can be observed in the
reaction, considering the substrate is in excess.TheMichaelis
constant𝐾𝑚 is a measure of the concentration of substrate at
which the rate of the reaction is one half its maximum, 𝑉max.
That is, 𝐾𝑚 is a relative measure of the affinity of the enzyme
for the substrate (how well it binds). Small 𝐾𝑚 means tight
binding and large 𝐾𝑚 means weak binding.

The turnover number

𝑘cat =
𝑉max
[E]

(4)

where [E] equals total enzyme concentration, represents the
number of moles of product produced per number of moles
of enzyme per unit time, and is expressed in units of inverse
time (𝑠−1). That is, the rate of the reaction when the enzyme
is saturated with substrate.

Having inmind the biologicalmeaning of the parameters,
we hypothesised that the percentage of reactive collisions
between enzyme and metabolite and the number of simu-
lation time steps could together be used to mimic the rates
expressed by 𝑘𝑚 and 𝑘cat. To corroborate this hypothesis
we conducted a series of experiments trying out different
percentages of collision with reaction and number of time
steps and calculating the theoretical values of 𝑘𝑚 and 𝑘cat.
The combination of simulation parameters was further vali-
dated against experimental values retrieved from the enzyme
database BRENDA [41].

4. Results and Discussion

To actually demonstrate that our design plan is functionally
plausible, we recreated different scenarios of enzymatic activ-
ity to show that the constructed model exhibits behaviours
that match those observed in the laboratory experiments.

We present results obtained for the simulation of a
simple scenario where an enzyme catalyses one substrate and
releases one product.These results are discussed theoretically
in terms of enzyme affinity to substrate and catalytic effi-
ciency and further tested against experimentally calculated
kinetic parameters.

Then, we show that the tool is able to model biochemical
pathways, accounting for biochemical and biophysical laws
adequately.We describe the computational costs of represent-
ingmore complex biomolecular scenarios.We discuss a num-
ber of present commitments and simplifications necessary to
ensure computational tractability and point out ongoing lines
of work.

4.1. Approximation of Kinetic Parameters. This process of
analysis is somewhat similar to that performed in laboratory
experiments.That is, we studied the behaviour of an identical
amount of enzyme in the presence of increasing concen-
trations of substrate and measured the velocity of reaction
by determining the rate of product formation. Furthermore,
we tested different (combinations of) simulation parameters,
namely, the percentage of collisions producing reaction and
the number of time steps taken by a reaction. Based on the
interpretation of the Lineweaver-Burke plot, which describes
the Michaelis-Menten laws for kinetic dynamics, we calcu-
lated the theoretical values of 𝑘𝑚 and 𝑘cat.

Substrate concentrations ranged from 6.64𝐸 − 02mM
to 6.64𝐸 − 01mM (200 molecules to 2000 molecules,
approximately) and there is a concentration of enzyme of
4.98𝐸 − 02mM (150 enzymes, approximately). Simulation
parameterisation mimicked “extreme” scenarios (i.e., 100%
immediate reactive collisions, very slow reactions, and barely
any reactions occurring) as well as more common scenarios
(i.e., midrange percentages of reactive collision and reaction
duration). Moreover, the experiment was replicated 3 times



6 BioMed Research International

(3 simulation runs for every concentration of substrate) and
results were averaged.

The model assumes that a simulation tick corresponds
to a configurable, specific amount of time in the system.
Notably, our approach to real time-time step conversion
focused on framing realistic values of velocity of reaction
and hence of 𝑘cat. Regardless of the range of values of 𝑘cat to
be simulated, we should be able to represent such enzyme
dynamics accurately by adjusting the equivalence in time
steps.

Figure 2 shows the Lineweaver-Burke plots resulting
from experiments considering the duration of the reaction
constant and equal to 1 time step representing 10 seconds.
Since the number of time steps that a reaction takes to be
concluded is considered somewhat equivalent to the velocity
of the reaction, the Lineweaver-Burke plots should converge
to a similar 𝑦-intersect. Likewise, different percentages of
reactive collision should describe different affinities of the
enzyme for the substrate, and this effect should be reflected
in the slope of the plots. Most results were as expected: there
was a convergence of the 𝑦-intersects, and the higher the
percentage of reactive collision (i.e., lower values of 𝑘𝑚) the
lower the value of the slope.

From the Lineweaver-Burke plots and, in particular,
considering the linear regression model that approximates
the equation

1

𝑉
=
𝐾𝑚

𝑉max
×
1

[S]
+
1

𝑉max
(5)

wewere able to estimate the values of 𝑘𝑚 and 𝑘cat described by
the simulation parameters (Table 2). Again, it was expected
that higher percentages of reactive collision would relate to
lower values of 𝑘𝑚 and vice versa, whilst the value of 𝑘cat
should be less affected. The presence of negative values for
𝑘cat and 𝑘𝑚 for very low percentages of reactive collisions
was unexpected though. This occurs because 𝑘cat for those
situations is supposed to be very close to zero. As this model
is stochastic, small variations may lead the values of 𝑘cat to
become negative, hence affecting the values of 𝑘𝑚 as well.

To further validate the approximation of the kinetic
parameters made by our model we tested them against
experimentally validated data. Six enzyme records falling
within the range of kinetic values calculated were randomly
selected from BRENDA database [41].

We selected the simulation scenarios producing the
most similar approximation to the experimentally validated
kinetic parameters (Table 3) and compared the correspond-
ing Lineweaver-Burke plots (Figure 3). As expected, themore
similar the approximations were to the real values the better
the simulations performed. In particular, the number of
time steps stipulated for the duration of the reaction only
affects the value of 𝑘cat and thus can be used to validate the
simulation.

4.2. A Two-Step Enzymatic Reaction. After validating our
model for situations where only one enzymatic reaction
occurs, we then studied the behaviour of our simulator when
two enzymes are present in a two-stage process.

Table 2: Approximation of kinetic parameters by different percent-
ages of reactive collision and time steps.

% reactive
collision Time step 𝑘𝑚 (mM) 𝑘cat (s

−1)

1 0 −0,850576595 −0,028514453
5 0 −2,996153951 −6,87𝐸 − 01
5 25 −4,656418568 −9,77𝐸 − 01
5 50 3,439111157 8,08𝐸 − 01
5 75 2,918555171 6,25𝐸 − 01
5 100 −21,79373575 −3,92𝐸 + 00
10 0 −14,6001318 −6,631944616
15 0 11,51508927 7,623330464
25 0 0,87739 1,08𝐸 + 00
25 5 1,36829 1,44𝐸 + 00
25 25 2,45375 2,23𝐸 + 00
25 50 1,20869 1,06𝐸 + 00
25 75 0,70036 6,22𝐸 − 01
25 100 0,531257304 4,52𝐸 − 01
34 1 3,18977 3,93𝐸 + 00
50 0 0,71725 1,27𝐸 + 00
75 0 3,65866 6,49𝐸 + 00
75 5 3,06473 5,33𝐸 + 00
75 25 1,13387 2,01𝐸 + 00
75 50 0,60205 1,07𝐸 + 00
75 75 0,37565 6,69𝐸 − 01
75 100 0,29693544 5,06𝐸 − 01
90 0 4,43222 8,17𝐸 + 00
95 0 4,49601 8,44𝐸 + 00
95 25 1,277963717 2,396621333
95 50 0,56747 1,11𝐸 + 00
95 75 0,34196 6,88𝐸 − 01
95 100 0,237537579 4,88𝐸 − 01
100 0 0,75547 1,60𝐸 + 00

Specifically, we studied the catalytic activity of two
enzymes commonly present in aromatic aldehyde produc-
tion: the aryl-alcohol dehydrogenase (EC number 1.1.1.90)
and the benzaldehyde dehydrogenase (EC number 1.2.1.28).

In particular, the model encompasses the following two
equations:

benzyl alcohol +NAD+ → benzaldehyde +NADH +H+

benzaldehyde+NAD+ +H2O → benzoate+NADH + 2H+

(6)

The model represented an area of approximately 1𝜇m2,
containing a concentration of 1.66mM (5𝐸+03molecules) of
each type of enzyme, 105 obstacles, and initial concentrations
of 3.32𝐸 + 01mM and 3.32mM (1𝐸 + 05 molecules and
1𝐸 + 04 molecules) for NAD+ and NADH, respectively.
During simulation, a concentration of 4.98𝐸 − 01mM
(1500 molecules) of benzyl alcohol, that is, the substrate of
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Figure 2: The Lineweaver-Burk plots obtained while simulating different percentages of reactive collision and a time step of 1. The markers
represent the outputs of simulation and the lines represent the corresponding trend lines based on linear regression (equation also shown).

Table 3: An approximation between experimentally calculated kinetic parameters and the parameters simulated by our model.

Enzyme identification Experimental kinetics Simulation parameters Approximated kinetics
𝑘𝑚 𝑘cat % reactive collision Time step 𝑘𝑚 (mM) 𝑘cat (s

−1)
EC 1.8.1.9—glutathione reductase activity 0.404 0.39 25 100 0.531257304 4.52𝐸 − 01

EC 4.1.1.11—aspartate 1-decarboxylase 0.219 0.65 75 75 0.37565 6.69𝐸 − 01

EC 1.1.1.1—alcohol dehydrogenase 0.41 1 95 75 0.34196 6.88𝐸 − 01

EC 1.1.1.205—IMP dehydrogenase 1.7 1.9 25 25 2.45375 2.23𝐸 + 00

EC 3.4.13.22—D-Ala-D-Ala dipeptidase 1 4.7 75 25 1.13387 2.01𝐸 + 00

EC 4.1.1.1—pyruvate decarboxylase 1.8 1.2 25 5 1.36829 1.44𝐸 + 00

Table 4: The weight, size, and diffusion rate of the molecules
represented in the two-step enzymatic system.

Species Molecular
weight (g/mol)

Particle radius
(𝜇m)

Diffusion rate
(𝜇m2/s)

Benzyl alcohol 108.14 0.323 × 10−3 4.018 × 10−14

NAD+ 661.41 0.657 × 10−3 1.975 × 10−14

NADH 663.43 0.658 × 10−3 1.973 × 10−14

Benzaldehyde 106.121 0.321 × 10−3 4.047 × 10−14

Benzoate 121.12 0.338 × 10−3 3.843 × 10−14

the first reaction, was introduced gradually in the environ-
ment, specifically 10% at every 10 time steps.

Agent size and velocity of movement were adjusted
according to the molecular weight of the biological species
(Table 4). Heaviermolecules have a larger radius and a slower
diffusion rate. Proportionally, the agents representing benzyl
alcohol and benzaldehyde molecules should be two times

smaller and faster than the agents representing the molecules
of NAD+ and NADH.

To facilitate visual inspection, distinct agent types are
associated with different colours and proportional sizes. As
such, it is possible to visually observe the evolving of the
simulation and, at some extent, observe how the agents are
moving and interacting with each other. Specifically, it is
possible to see how different agents traverse the environment
and how behavioural rules are triggered or take precedence
over each other.

As illustrated in Figure 4, although the movement of
the molecules of benzyl alcohol (green circles) is quite fast,
these molecules are unable to interact with the correspond-
ing enzyme (aryl-alcohol dehydrogenase, named enzyme
one and coloured yellow in the figure) unless the enzyme
has already bound to a NAD+ molecule (i.e., creating the
holoenzyme 1, coloured in black). Likewise, interactions with
the second enzyme, benzaldehyde dehydrogenase (magenta
circles), are limited to the molecules of NAD+ (red circles)
until the first reaction actually occurs and begins producing
benzaldehyde (blue circles). Furthermore, it is possible to
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Figure 3:The Lineweaver-Burk plots for experimentally calculated kinetic parameters (represented by a solid line) and simulation parameters
simulated by our model (represented by a dash dotted line). From top to bottom, and from left to right, the plots represent the activity of the
following enzymes: glutathione reductase, aspartate 1-decarboxylase, alcohol dehydrogenase, IMP dehydrogenase, D-Ala-D-Ala dipeptidase,
and pyruvate decarboxylase.

observe the reconversion of the molecules of NADH (blue
circles) to molecules of NAD+ whenever the first hit the
cell membrane (i.e., boundary of the environment). Likewise,
it is possible to observe that obstacles are playing their
part, deflecting the movement of the other agents every
so often. A detailed visual documentation of the two-step
enzymatic reaction simulation is available in supplementary

material (see Supplementary Material available online at
http://dx.doi.org/10.1155/2014/769471).

Numeric outputs detail these visual insights and present
data about the movement of the different species, the
velocity at which the reactions are taking place and the
behavioural system as a whole (Figure 5). The number of
agents representing the first substrate, benzyl alcohol, decays
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Figure 4: Visual illustration of the evolving of the population of agents during the simulation steps.

considerably in the first 2000 steps of simulation, together
with the disappearance of agents representing NAD+ and
the creation of agents representing the aryl-alcohol dehy-
drogenase haloenzyme. This leads to the production of a
growing number of agents representing benzaldehyde and an
increase in the number of reactions occurring in the system.
As soon as benzaldehyde agents start to circulate in the
environment, and considering the continuous reconversion
ofNADHagents intoNAD+ agents, the second reaction starts
to occur. This is reflected in a considerable decrease in the
number of agents of benzaldehyde and a fairly proportional
increase in the number of the agents representing benzoate,
the product that will be ultimately excreted.

4.3. System Performance. This work describes the first phase
of development of the biomolecular simulator. That is to
say that focus was set on identifying and implementing

themain biochemical and biophysical laws that would govern
the model rather than implementing a realistic picture of the
molecular landscape.

As far as we know, there has not been a previous attempt
to simulate the effects of spatial localisation and temporal
scales of individuals in the modelling of biomolecular sys-
tems. So, before engaging into more complex scenarios, it
was pivotal to take advantage of available experimental data
and ensure that the tool was able to account for basic cellular
dynamics, such as those governing enzymes, adequately. Now
that we obtained a successful proof of concept, we will work
on system scalability in order to address more complex
problems.

For this purpose, we run preliminary performance tests to
find out the current scalability of our system. Figure 6 sum-
marises performance tests using an Intel I7 (2600) 3.4GHz
processor with 6GB of RAM and runningWindows 8 64-bit.
The tests accounted for three possible scenarios, as follows:
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Figure 5: The number of agents of different species interacting in the environment during 15000 simulation steps. From top to bottom, and
from left to right, the above plots represent the number of agents of benzyl alcohol, NAD+, benzaldehyde, NADH, aryl-alcohol dehydrogenase
holoenzyme, and benzaldehyde dehydrogenase holoenzyme. At the bottom, there is the number of occurring reactions and the number of
molecules of benzoate excreted the extracellular medium.



BioMed Research International 11

0

5000

10000

15000

20000

25000

30000

35000

0 50000 100000 150000 200000

Ti
m

e (
m

s)

Number of agents

Only agents
Agents with movement
Agents with movement and reactions
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no action, that is, the agents are created but no diffusion or
behavioural rules are executed; without reaction, that is, the
agents are created and diffusion rules are activated, but agents
do not interact among themselves; and, with reaction, that
is, agents are created, can move, and can interact. The three
scenarios show a similar performance till the system reaches
a population of 1.5𝐸 + 05 agents. That is, till this point, the
physics governing agent movement and the introduction of
behavioural rules do not affect simulation time significantly.
Cost resides on creating the system. After that point, the
time taken by the simulation of more elaborated scenarios,
that is, more agents in motion and more rules to manage,
is somewhat aggravated. Over 2.5𝐸 + 05 agents, the system
becomes computational unviable by a single machine.

So, in the near future, we will investigate the use of dis-
tributed and high-performance computing in the simulation
ofmore complex biomolecular systems.Namely, we are inves-
tigating the potential of the new distributed environment
of MASON, the DMASON (http://www.isislab.it/projects/
dmason/), and the Biocellion framework [42].

5. Conclusions

ABM is increasingly popular in biology due to its natural
ability to represent multiple scales of system decomposition,
intertwine complicated behaviours, and deal with spatial-
temporal constraints.

The agent-based tool developed in this work aims to
support biomolecular simulations and, most notably, provide
insights into catalytic efficiency in scenarios of industrial
interest. Hence, proof of concept was focused on the approx-
imation of kinetic parameters. The models correctly sim-
ulated known enzymatic characteristics and yielded useful
predictions that may guide future experimental design. It
also provides a simulation variability that may reproduce the
experimental variation observed in lab experiments.

Future development of the models presented here will
include three-dimensional representation, metabolic path-
way simulation, and accounting of extracellular substances.

Moreover, we plan to take into advantage the new DMA-
SON platform to engage into distributed, affordable sim-
ulation and study more complex scenarios. Other recent
high-performance computing frameworks like Biocellion
will also be evaluated.

After consolidation, our tool will provide several
resources and services for the investigation of bacterial cells
in benefit of the research and industry communities.
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The environment promotes evolution. Evolutionary processes represent environmental adaptations over long time scales; evolution
of crop genomes is not inducible within the relatively short time span of a human generation. Extreme environmental conditions
can accelerate evolution, but such conditions are often stress inducing and disruptive. Artificial growth systems can be used to
induce and select genomic variation by changing external environmental conditions, thus, accelerating evolution. By using cloud
computing and big-data analysis, we analyzed environmental stress factors for Pleurotus ostreatus by assessing, evaluating, and
predicting information of the growth environment. Through the indexing of environmental stress, the growth environment can be
precisely controlled and developed into a technology for improving crop quality and production.

1. Introduction

Plant growth is a multifaceted process that integrates physio-
logical phenomena such as photosynthetic activity, water use,
nutrient uptake, storage of starch and lipids, and adaptation
to stress [1]. In contrast to animals, plants cannot relocate to
avoid stress, and thus a sophisticated internal control system
is needed to combat adverse conditions [2]. Research on
plant adaptations to stress should focus on understanding the
overall system and its complexity. All plants experience some
environmental stress, which, in the absence of adaptation, can
lead to reduced resistance to pests and to disease.

Representative examples of environmental stressors expe-
rienced by plants can include drought or excess moisture,
poor aeration, lack of sunlight, and high or low temperature.
The optimal plant growth environment should be provided
by identifying early stages of biological reactions to stressors
through frequent observation [3]. Symptoms of pest-related
damage should also be assessed at an early stage through
observation of leaves and branches. Early diagnosis and
treatment can reduce damage caused by disease.

Artificial growth systems (e.g., factory farms) are produc-
tion systems that can grow crops year-round by artificially
adjusting the natural environment (e.g., light, temperature,

humidity, carbon dioxide, airflow, and nutrients) within
confined facilities [4]. Optimization of plant fitness through
control of the growth environment enables quality and
yield to be improved. Manipulation of growth environmen-
tal conditions can also accelerate evolution by inducing and
selecting genomic variation.

Here, we report the use of a data-intensive cloud service to
store, process, and analyze environmental information gen-
erated from an artificial growth system [5]. The importance
of cloud computing in the field of bioinformatics is growing
rapidly as large-scale biological and environmental datasets
become available [6–8]. The purpose of data-intensive com-
puting is to find biological knowledge by analyzing big data;
the data parallelism technique is the primary processing
method and consists of calculations that are assisted by
cloud computing. Data-intensive computing uses advanced
technology that can handle high-capacity searches and data
extraction [9, 10]. The artificial growth system implemented
here is an integrated system that can analyze patterns in
biological big data and process growth environmental data
quickly and continuously.

To implement this system, this study is organized as fol-
lows. Section 2 examines the broad configuration of the arti-
ficial growth system developed in this study; Sections 3 and 4
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Figure 1: Schematic diagram of an artificial growth system.

provide a detailed discussion of cloud service and Internet-
of-Things (IoT) devices for cloud or artificial growth systems.
Section 5 analyzes environmental stress factors for Pleurotus
ostreatus through a pilot project. Finally, Section 6 presents
conclusions and directions for future research.

2. Artificial Growth System

The purpose of protected cultivation is to harvest plants at
the desired time by conversion from passive crop production,
which relies on natural conditions, to active (“artificial”)
production [11]. In this study, “plant” refers to the entire plant
body, including tissues and cells; the plant is referred to as an
artificial growth system, a clonal proliferation system, or a cell
mass-culture system, depending on the production system
used. In advanced facilities such as artificial growth systems,
genetic variation can be induced becausemost environmental
factors relating to crop growth are tightly controlled [12]. To
operate the artificial growth system, as shown in Figure 1,
an environmental control unit is constructed using ele-
ments such as light-emitting diodes (LEDs) and temperature,
humidity, and carbon dioxide (CO2) regulators.

(1) IoT Sensors. The artificial environment is controlled by
monitoring plant growth status using sensors for electrical
conductivity (EC), pH, temperature, humidity, CO2, and light
[13]. Basically, growth-related sensors require EC and pH
sensors, and temperature, humidity, CO2, and pyranometer
sensors are used as the environment-related sensors. These

sensors enable the real-time growth environment of plants
and roots to be monitored.

(2) Control Units.The artificial growth system includesmeans
to control various facilities within the system to maintain
optimal conditions for crop growth. The control units are
based on information collected using the sensors and are
designed to be used remotely via a communication interface
such as the Internet.

If sensor data are entered, which are outside of the
previously established acceptable range for the facility, the
facility can be controlled in real time through a control-status
lookup feature. This design enables more precise control,
through IoT technology, than is possible with traditional
wired systems.

(3) Control Gateway. Information collected from the system
by sensors in real time is stored in a cloud database (DB) that
can be accessed by the user at any time through a network.
The data analysis provides information (e.g., external weather
data, heat, and water status) needed for facility control and
management.

3. Data-Intensive Cloud Service

The types of platforms and computing resources required for
data analysis are very diverse. As shown in Figure 2, the data-
intensive cloud service platform consists of analysis services
based on virtual infrastructure and data management that
enables efficient access to high-capacity data. We created
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a virtual machine (VM) to logically control, integrate, and
manage various IoT sensors and applications for growth
environment control through analysis of environmental data
and implementation of an IoT-centric cloud using a virtual
appliance (VA) equipped with each sensor application.

(1) Data Management Services. Data management services
allow users to search and download remote environmental
data through web-portal interfaces. Searches can be per-
formed using actual data values or metadata as a property
and data that are necessary for the analysis can be selectively
extracted. Data are sent to the user in an efficient and
transparent manner. These services are provided via a user
portal developed separately to optimize user convenience and
accessibility.

The information collected from IoT sensors includes
structured and unstructured data that must be filtered to
enable effective utilization. Data filtering includes four steps:
parsing for discovery of formatting and other types of
errors; transformation to fit specific formats; elimination of
duplicates; and statistical correction of missing or erroneous
data.

(2) Analysis Services. Analysis services create virtual instances
that perform data analysis according to specifications
required by the user. The virtual instance is one independent
computing cluster composed of a virtual machine for data
analysis, with a system configured for data access and task
management. Virtual instances are created and managed
through virtual cluster services. Analysis services can select
and implement virtual cluster appliances or directly register
and use new virtual appliances.

(3) Virtual Appliance. The VA is a plug-in that allows the
user to quickly build an artificial growth system. The VA

can remotely control storage, deletion, and modification of
data in the cloud service in image form; it sends and receives
necessary data through the cloud-computing server interface
and enables the VM to be managed through synchronization
with the cloud.The advantage of the VA is excellent mobility;
it can be installed without limitation if a network connection
is available.

If the Linux-basedHypervisor is installed and embedded,
the VM can be operated in the environment [14]. Hyper-
visor can be configured with Xen or Kernel-based virtual
machines (KVM) [15]; a VM is produced which minimizes
the appliance load in the embedded form, with an optimal
environment that can run applications and an adapter that
enables communication among sensors. Each VM has a DB
that is used to analyze data and control its sensors. IoT sensor-
control applications installed on the VM are used for self-
analysis and control of collected data; some data are transmit-
ted to data management centers in the cloud service and used
for statistical analyses, control, and linkage to other systems.

(4) Cloud Control Services. Cloud control services are used to
monitor and control sensors by analyzing the data collected
by IoT sensors.These services configure VAs into clusters and
monitor the status (includingmemory and available capacity)
of each cluster node, VM, CPU, and memory information
and available capacity. Various applications for controlling
the sensor are included.

(5) Data Mining Techniques. The process by which analytical
results are obtained from environmental big data is illustrated
in Figure 3. Optimization of plant fitness involves six steps:
data collection, storage, analysis, prediction, evaluation of
results, and application.

The artificial growth system was set up to handle all
requests and to establish an integrated solution for the process
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that tightly unites all stages of the application. An exploratory
data analysis (EDA) methodology was used to extract mean-
ingful data, and the structure of the environmental mutation
data was identified through mutagenesis cluster analysis,
which used the 𝐾-means algorithm to classify specimens
that had undergone ecological mutations into clusters [16].
Those specimens that underwent mutagenesis attributed
to environmental factors were classified into groups and
the properties of each group were determined to gain an
understanding of all of the target specimens.

4. Plant Fitness Optimization in
Cloud Computing

The artificial growth system is analyzed based on histori-
cal information regarding sowing, plant growth conditions,
and harvest; appropriate conditions are then defined based
on this analysis. Appropriate growth conditions should be
determined by intelligently predicting changes in growth
stage from these data and assessing the results of those
predictions on the controlled growth system.These processes
are illustrated in Figure 3.

Growth information is divided into external and internal
data. External data include the temperature of the culture
medium, CO2, humidity, and light conditions in the artificial
growth system; internal data include the historical DB in
which plant growth status is recorded. External growth infor-
mation collectors retrieve data in real time using IoT sensors,
and internal growth information collectors save growth status
data in real time in the historical DB and transmit these data
to a big-data integrator. Big-data integration processes and
saves the data for use in plant growth classification.

Plant growth classification categorizes and disassembles
datasets with 𝐾-means clustering. The plant fitness opti-
mization clustering technique clusters the related growth
information through similarity of the information, thus
helping to classify, search, and process the large amount of
information automatically.

Plant growth prediction determines the time at which
the growth stage changes by predicting changes in fresh
weight from one growth stage to the next, according to the
classified growth conditions. Service reasoning uses proposed

reasoning rules to provide conditions that are suitable for a
given growth stage at the time of the predicted change in
growth stage.

5. Analysis of Environmental Stress Factors

Plant biotechnology has advanced, with traditional plant-
breeding techniques used to design and produce crops that
suit human requirements. New convergence studies involving
cropmolecular systems and biological and human evolution-
ary studies have emerged as a new research paradigm [17].
Big-data analysis combined with IoT and establishment of
year-round crop-producing systems are being attempted for
the first time for Pleurotus ostreatus.

Through a pilot project in which P. ostreatus was culti-
vated in an artificial growth system, we performed a rapid
analysis of large amounts of environmental data and analyzed
environmental stress factors using distributed computing
technology. This work has generated a database of biological
information for fungi that can continue to be expanded.
Characteristics of P. ostreatus change according to growing
conditions [18]; these morphological changes can be mea-
sured in relation to symptoms of physiological disorder that
result from failure of the environmental control system.

(1) Fruiting Body under High Temperature andHighHumidity.
If the temperature and humidity in the artificial growth
system exceed 20∘C and 80%, respectively, the fruiting body
of P. ostreatus is relatively short compared to the stalk, and
the color ranges from light gray to grayish brown. Some
mushrooms project a pileus center that appears as a small
lump, whereas others have a central depression (dimple).

(2) Fruiting Body under High Temperature and LowHumidity.
If the temperature in the artificial growth system exceeds
20∘C and the humidity is 80% or lower, the pileus edge of
most P. ostreatus becomes thin, and the mushroom becomes
umbrella-shaped with light gray or white color. The mush-
room’s fresh weight decreases significantly and the fruiting
body can be easily broken during harvest. In addition,
the stalk becomes thin, and malformed mushrooms with
inconsistent pileus and indistinct stalks occur frequently.
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Figure 4: Comparison of physiological characteristics of Pleurotus ostreatus grown in different culture conditions.

(3) Fruiting Body under Low Temperature and Low Humidity.
The most-pronounced change in the P. ostreatus fruiting
body at temperatures <12∘C is that the flesh becomes dark
brown and acquires a very hard texture. Mushroom growth
is very slow and bacterial blotches can appear, and the pileus
widens or becomes rough and bent. The stalk becomes thick
and jar-shaped, and the central region can become enlarged.
The germination rate of the mushrooms is significantly
reduced, which affects yield.

(4) Fruiting Body under Low Temperature and High Humidity.
At low temperatures (13–16∘C) and high humidity (>80%),
the quality of P. ostreatus is good; the flesh is dark brown
and firm, and the pileus is thick. However, mushroom
growth and germination rates are poor compared to normal
temperatures.

(5) Fruiting Body under OptimumTemperature andHumidity.
Cultivation of P. ostreatus at 13–16∘C and humidity >80% can
improve physiological disorders in this species.

If only a subset of environmental factors is managed,
problems will arise in the artificial growth environment.
When a balance is maintained among the environmental
conditions, these factors can either complement or oppose
one another. If temperature increases, humidity decreases;
if ventilation is supplied when the air temperature is higher
than the temperature in the artificial growth system, the
temperature increases and humidity decreases. In spring
and autumn, proper ventilation maintains the temperature
and generates optimal growing conditions. In spring and
autumn cultivation, the temperature does not require manip-
ulation because the external temperature is ideal for mush-
room growth. However, growers should be careful regarding
humidity and ventilation at this time.

Additionally, we found that the CO2 concentration in
the artificial growth system was closely related to mushroom
growth. Excessive CO2 during growth and ripening was the
main cause of malformed mushrooms.

Morphological changes in P. ostreatus were examined in
relation to CO2 concentration. As the CO2 concentration
increased, the size of the pileus decreased and stalk length

Table 1: CO2 concentration for fruit-body formation and yield of
Pleurotus ostreatus in the artificial growth system.

Item CO2 concentration (%)
0.03 0.15 0.32 0.53

Pileus
(mm) 6.4 3.2 2.6 0.7

Stalk
(mm) 4.9 6.5 6.4 2.3

Fresh weight
(g/bottle) 342 245 197 95

increased. The mushroom fresh weight was highest in the
0.03% CO2 treatment group (342 g per 1,100mL bottle) and
decreased with increasing concentration (Table 1).

6. Conclusions

Artificial growth systems enable planned production of
crops through strict environmental control. Plants survive
by adapting appropriately to changing environmental condi-
tions, but on exposure to external stressors, reactive oxygen
species levels increase and damage plant cells. As one defense
mechanism, plants produce functional materials with antiox-
idant properties. In the artificial growth system, functional
material-centered qualities can be improved by using short-
duration environmental stress.

As shown in Figure 4 and Table 1, several genetic events,
which can be influenced significantly by the surrounding
environment, need to occur to produce a high yield and
quality of P. ostreatus fruiting bodies. The three conditions
that must be controlled are temperature, humidity, and
ventilation; if these conditions are not adequately managed,
all variants will experience reduced quality and physiological
disorder.

In the present study, collection, storage, processing,
and analysis of big-data-based biological and environmental
information were implemented using cloud computing. In
addition, a cloud service that can be easily used by both biolo-
gists and bioinformatics experts was presented. To efficiently
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analyze patterns in biological and environmental data and
to implement an integrated system that can use a database
based on distributed cloud computing, we designed all
necessary modules in each component. Our artificial growth
system analyzed biological growth patterns and focused on
optimizing fitness. In conclusion, by indexing environmental
stressors, the growth environment can be precisely controlled
and developed into technology for improving crop quality
and yield.
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World’s aging population is rising and the elderly are increasingly isolated socially and geographically. As a consequence, in
many situations, they need assistance that is not granted in time. In this paper, we present a solution that follows the CRISP-
DM methodology to detect the elderly’s behavior pattern deviations that may indicate possible risk situations. To obtain these
patterns, many variables are aggregated to ensure the alert system reliability and minimize eventual false positive alert situations.
These variables comprehend information provided by body area network (BAN), by environment sensors, and also by the elderly’s
interaction in a service provider platform, called eServices—Elderly Support Service Platform. eServices is a scalable platform
aggregating a service ecosystem developed specially for elderly people. This pattern recognition will further activate the adequate
response. With the system evolution, it will learn to predict potential danger situations for a specified user, acting preventively and
ensuring the elderly’s safety and well-being. As the eServices platform is still in development, synthetic data, based on real data
sample and empiric knowledge, is being used to populate the initial dataset. The presented work is a proof of concept of knowledge
extraction using the eServices platform information. Regardless of not using real data, this work proves to be an asset, achieving a
good performance in preventing alert situations.

1. Introduction

Currently modern society’s members are facing a fast paced
lifestyle. People are overloaded. Meanwhile life expectancy is
increasing [1]. As a consequence, the less elderly have proper
care and attention from their family members. This lack of
care may result in several issues, since senior population is
minded to have a more fragile health and physical condition.
In a physiological side, the elderly are more likely to develop
loneliness and insecure feelings if they are alone in their
own homes or might feel a burden, outsider, and losing
their autonomy when admitted to long term care facility.
The elderly’s family members can also put forth concern and
guilty consciousness for not having time to be present for
their seniors. In a financial side, the cost of being in a nursing

home might be unbearable to the senior, the family, or the
government [2].

Having this motivation in mind, our research team has
developed a service platform with services targeted to the
senior population, called Elderly Support Service Platform
(eServices). It combines the concern towards physical aspects,
as well as social and physiological aspects.

eServices provides continuousmonitoring of vital param-
eters and a person location in their natural environment
by wireless and noninvasive technologies. This permanent
monitoring associated with distress triggers ensures that the
elderly have an immediate response in eminent danger situ-
ations. It also potentiates building a large dataset that helps
making more accurate diagnosis, as doctors have substan-
tially more data to base their decisions. All of the collected
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information can also enable a preventive response along with
the reactive response, since deviations may be detected and
treated earlier. Additionally, as patient records are digital and
available through networks, all stakeholders (doctors, nurses,
firefighters, etc.) are able to quickly access relevant informa-
tion whenever it is necessary (if they have the permissions to
do so).

As previously mentioned, eServices also includes features
to overcome social and physiological issues. The elderly
have, in their natural environment, a device where they can
easily access a wide range of scalable services that meet
their needs and expectations (medical services, maintenance
services, leisure services, cultural services, experience record
services, and call center). Among other things, they can
have virtual doctor appointments; play card games with their
social network friends; or record their experiences to share
with others.

All of the data used in eServices (biosensors, environment
sensors, and the log resultant from the interaction between
the services and the elderly) can be analyzed, allowing the
detection of possible risk situations.

These data are only translated into knowledge if data
mining techniques are applied. It is almost impossible for
a human being to detect and extract information in such
large datasets. When monitoring a person’s behavior does
detect potential risk situations, it is also important to be
aware of false positives and false negatives. False positives can
jeopardize the alert system’s credibility whenever a distress
flag is raised in a situationwhere nothing has really happened.
False negatives are even more harmful and can put a life at
risk due to the fact of missing the detection of a real alarm
situation.

This paper presents the knowledge extraction procedure
from the eServices dataset using Cross-Industry Standard
Process for Data Mining (CRISP-DM) [3] methodology and
emphasizes a solution that narrows down false negatives.
Decision trees, built with the C5.0 algorithm, are used as a
predictive data mining modeling method.

Since the eServices platform is still under development
and in testing, there are not yet sufficient quality data to
proceed with proper knowledge extraction. With that in
mind, we have derived a dataset based on the existing data
and empirical awareness. This dataset has origins in a sample
of data obtained by eServices sensors, inmeteorology records,
and in the demographic data of its users. Then, a set of rules
was inducted in the dataset in order to later try to find them
through the CRISP-DM process, as we describe in Section 4.
Although we are aware that the conclusions regarding the
resulting rules are not valid for real world appliance and that
this process will necessary be repeated and revised when
working with real data, this work intends to be a proof of
concept on how pattern deviations may be detected using the
eServices platform.

The remainder of the paper proceeds as follows: related
work is presented in Section 2, followed by the summariza-
tion of eServices platform in Section 3. Section 4 approaches
the core of this paper concerning knowledge extraction to
unequivocally identify potential risk situations. Conclusions
and future work are presented in Section 5.

2. Related Work

Knowledge extraction and its use to predict future situations
have been a challenge applied to several areas, including
health. The existence of large datasets of information led
to the need of developing technologies that are able to
quickly analyze them. Online analytical processing (OLAP)
technology, data warehouse (DW), knowledge discovery in
databases (KDD), and data mining (DM) are some of the
techniques that, when combined, allows suppressing the
mentioned requisites.

A DW is a database separated from the different data
sources where the data are clean, uniformed, and consoli-
dated. Firstly, data sources are identified, then the extract,
transform, and load (ETL) process is made. Afterwards,
OLAP enables DW to provide rapid responses to iterative
complex analytical queries. OLAP cubes, or more recently
Microsoft tabular model, feed the presentation layer provid-
ing ad hoc and static reporting, dashboards, scorecards, and
key performance indicators (KPI) to help in the decision
making.

KDD is a process to discover hidden knowledge from
massive amounts of data, as Figure 1 illustrates. It starts
with data selection and data preparation through cleansing
and transformation processes. Afterwards, DM is applied
to find patterns which are later interpreted and evaluated
[4]. DM can be defined as “the process of discovering
meaningful new correlations, patterns, and trends by sifting
through large amounts of data stored in repositories, using
pattern recognition technologies as well as statistical and
mathematical techniques” [5].

There are many literature reviews that enhance the
importance of using these concepts and technologies. In [6]
a literature review is made to show the DM techniques trends
in the past decade.

Concerning the health field, [7] presents a literature
review with 24 solutions in medical DM, indicating tech-
niques, utility, and diseases. Another literature survey of
DM in healthcare and biomedicine is made by [8]. Other
contributions in this field are made by [9, 10] where a wireless
sensor network (WSN) that detects the elderly’s basic daily
routines in order to predict senior’s behavior is presented. A
home based health monitoring to mine human patterns is
also presented in [11].

Regarding the papers that present literature reviews,
many of them make an analysis on how to overcome issues
related with the DMprocess. One of the issues pointed out by
[8] when using DM in healthcare is the low quality of patient
data. Another problem highlighted by [12] is the difficulty of
handling heterogeneous data sources like laboratory results,
doctors’ appointments, and also the absence ofDW to consol-
idate data. The lack of treated data to feed the DM process is
also remarked by [13]. It is also clear that the information that
is mostly analyzed to predict problems in senior population
is based on basic life signs (like blood pressure, temperature)
or routines achieved through environment sensors.

In order to suppress the above-mentioned issues, we have
developed a solution that gathers and combines information
from the basic life signs and environment sensors and from
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Figure 1: KDD process (adapted from [3]).

the elderly’s interaction with the eServices platform. By
aggregating all of these data we are able to predict more
accurately distress situations. Moreover, the use of an ETL
process to extract all of the information from our several data
sources, transform it, clean it, and consolidate it in order to
load it into a DW reduces the issues that may appear in DM.
Additionally, having a platform that enables adding services
in a scalable mode will increase the amount of information
collected and, therefore, the distress situation predictively.
This central and integrated data repository empowers theDM
process to easily obtain the necessary data.

In the next section, the eServices platform is summarily
presented to illustrate the information that it can provide.

3. Elderly Support Cloud Service Platform

The main purpose of the eServices platform is to aggregate
services targeted to the elderly population.Themajor concern
on its conception was to create an easy to use and simple
interaction system due to the elderly’s special needs. Another
relevant preoccupation was to include physical health issues,
but also to act in a social and psychological aspect [14–16].

Concerning eServices architecture, there are three major
segments: end user clients that consume services, service
provider that supplies services, and cloud service provider
platform, as shown in Figure 2.

Regarding end user clients, users will have biosensors to
monitor basic life signs as well as environment sensors to
obtain surrounding information and a device to interact with
some of the available services.

As for service providers, they supply services in a specific
category in the enterprise service bus (ESB), according to an
established protocol.

The cloud service provider platform will not only provide
a wide range of services but also have system administra-
tion and event management and alert deployment features.
System administration attends issues such as authentication,
authorization, access control, and security. Since sensitive

information is gathered (including vital parameters, medical
history, and daily routines) quasi-identifiers are avoided and
user identities are protected from service providers. Event
management and alert deployment are responsible for analyz-
ing the obtained information, perceive threat situations, and
trigger the adequate response. The present paper is focused
on the event management.

Therefore, eServices encompasses monitoring basic life
signs through BAN and offers a large range of services that
can currently be categorized by medical services, mainte-
nance services, leisure services, cultural services, experience
record services, and call center.Thementioned categories can
be extended and the services provided in each category are
scalable. To remove any installation and configuration issues,
all of the services are available as software as a service (SaaS),
nested on the cloud.

BAN monitoring and information acquisition are being
presented by our research team in [17–20]. A special attention
is being paid to fall detection since it is one of the most
important issues in detecting danger situations.

Regarding leisure services, several games that the elderly
usually like are available, as well as games to promote mental
stimulation. Other games might be added with the use of
tools such asMicrosoft Kinect orWii fit, to detect and correct
possible posture deviations as well as to endorse physical
exercise, maintaining the elderly’s health. Also in leisure
services, our research team has implemented an interactive
musical environment for gerontechnology [21].

As formedical services, virtual appointments can be done
to complement diagnoses in situations where seniors are
unable to address a health area (hospital or others).This kind
of service, without replacing face-to-face consults, allows
narrowing links between seniors and health carriers (doctors,
nurses, caregivers, and others) by having a simple and low
cost efficient way to communicate.

In experience record services, the elderlymay record all of
their tacit knowledge and share it with other seniors or family
members. The idea is to avoid losing empiric knowledge in
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Figure 2: eServices—Elderly Support Service Platform.

areas like agriculture, handicraft, and cooking, allowing this
information to pass from generation to generation.

Many other services are already in use in the eServices
platform, seeking to improve the elderly’s quality of life by
maintaining them as part of the active population and as con-
tributors to society knowledge. These services also increase
secure and safety feelings due to continuous monitoring and
proper response in danger situations.

In the next section the methodology to identify alert
situations is presented.

4. Detecting Risk Situations

CRISP-DM is based on KDD and is the most widely used
methodology for developing data mining projects [22]. This
methodology is applied in the present study.

The life cycle of CRISP-DM includes six phases: business
understanding, data understanding, data preparation, mod-
eling, evaluation, and deployment (Figure 3).

The first phase is to understand the business process, clar-
ify the concepts, and realize what results are being expected
(business understanding). The second phase includes ana-
lyzing and exploring the available data and understanding
what it means (data understanding). Then data should be
prepared, outliers must be treated accordingly, new data
may be created by aggregations, data can be formatted, and
so forth. These operations intend to simplify data to be
processed by DM’s algorithms, constructing the final dataset
(data preparation). Afterwards models are built from DM’s
algorithms (modeling) [23].

DM’s algorithms are classified into two categories:
descriptive or unsupervised learning and predictive or
supervised learning. In descriptive data mining, clusters are

Business understanding Data understanding

Modeling

Evaluation

Deployment
Data preparation

Data

Figure 3: CRISP-DM life cycle [7].

created by aggregating similar records to discover unknown
patterns or relations between data. It includes clustering,
association rules, sequence discovery, and summarization
tasks. In predictive mining, prediction rules are applied to
training data and further applied to unclassified data. It
includes classification, regression, time series analysis, and
prediction [8].

Evaluation is the phase where the prediction quality of
the models built is evaluated (evaluation). In a satisfactory
evaluation, the solution is deployed to production mode
(deployment). Otherwise the process is made again. Never-
theless, even when good results are obtained, all the process
is occasionally redone to detect new rules or trends, in order
to monitor eventual changes.

The data sources in the eServices platform are the inputs
obtained from the interaction of the elderly with the services
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present in the platform, data provided by biosensors along
with environment sensors. Other relevant inputs might be
added. The conjunction of all of the information feeding our
system intends to infer deviations that may indicate alert
situations.

Since the platform is in development, synthetic data were
used to validate the DM process. Some parameters were
considered based on an existing sample and an empirical
evaluation: the existence of 50 users, 1 year of platform use,
3 profiles (high usage, average usage, and low usage), 75 years
old as average with 10 years of standard deviation, andmarital
status according to the following distribution: 30% married,
50%widowed, 10% single, 8% divorced, and 2% cohabitation.

The initial dataset was constructed with 19 attributes that
characterize access for a 3-day time window for each user.

In order to facilitate the DM process evaluation, alerts
were generated based on well-defined rules.

1st Rule. If the user does not access the platform during 3
consecutive days and none of them are weekends or holidays
and the user belongs to the high or average use profile then
alert.

2nd Rule. If the user’s age is between 70 and 80 inclusive and
their marital status is divorced, widowed, or single and the
access occurs between 11 p.m. and 7 a.m. and its duration is
over 3 hours then alert.

3rd Rule. If the user’s age is above 70 and their marital status
is married and the access is over 3 hours then alert.

4th Rule. If the temperature is between 15 and 30∘C and the
atmospheric condition is sky clear, partly cloudy, or with
scattered clouds and the access is over 3 hours then alert.

5th Rule. If the user accesses the platform 3 consecutive
weekends and misses the next then alert.

During the dataset construction some random errors
were generated in order to provide a more realistic scenario
that further trigger issues to be solved in data preparation.

The following subsections present the CRISP-DM meth-
odology applied to our problem.

4.1. Data Understanding. The first step was to target data
sources, understand its meaning, and identify necessary
data transformation. Afterwards, the data stating area (DSA)
structures and data marts were created. Finally the ETL pro-
cess was made in order to populate the DW.The ETL process
and the DW construction allow us to treat information and
suppress some data preparation made in DM.

The original dataset was made based on the information
contained in the DW and comprises 19 attributes. The list
presented below provides information on each one of these
attributes and information about their meaning:

(i) Surrogate Key: user identification in the DW;
(ii) Age: user age;
(iii) District: user’s residence district;
(iv) Marital Status: user’s marital status;

(v) Alert Date: date of occurrence of an alert situation;
(vi) Num Accesses: number of accesses (distinct sessions)

that the user has made in the eServices platform;
(vii) Num Accesses Holidays Weekends: number of ac-

cesses that the user has done to the eServices platform
in holidays and weekends;

(viii) Num Accesses Morning: number of accesses that the
user made to the eServices platform during mornings
(7:00–12:00);

(ix) Time Session Max: longest access to the eServices
platform, in minutes;

(x) Time Session Min: smallest access to the eServices
platform, in minutes;

(xi) Time Offline Max: longest time offline, in minutes;
(xii) Time Offline Min: smallest time offline, in minutes;
(xiii) Temperature Max: maximum temperature value in

the region where the user accessed the eServices
platform;

(xiv) Temperature Min: same as Temperature Max, but for
minimum temperature;

(xv) Humidity Max: maximum humidity value in the
region where the user accessed the eServices;

(xvi) Humidity Min: same as Humidity Max, but for min-
imum temperature;

(xvii) Is Alert: flag that indicates if there was an alert in a
3-day window before each access.

4.2. Data Preparation. Despite the cleansing process made
in the ETL process, it was necessary to make some addi-
tional transformations such as outlier detection, attribute
discretization, and attribute removal or addition in order
to prepare data for further analysis and classification. The
inclusion of irrelevant, redundant, and noisy attributes in the
DM process can result in hard knowledge discovery [24].
Data exploration allowed us to perceive irregularities to treat.
In data exploration, statistics regarding unique values, value
ranges, maximum and minimum value, and average and
missing values were made for each attribute.

As a result, we have observed some outlier values in
temperature and humidity such as −9999 and 100. We have
decided to replace those values with blank. Another possible
approach was to replace them by average or mode values of
the attribute, but in this case the usage of average or mode
values can jeopardize the collected sample by introducing
incorrect numbers.

Concerning attribute discretization and attribute removal
or addition, the list bellow shows, for each attribute, the
actions taken:

(i) Surrogate Key: since we want to infer generic rules
there is no relevancy in keeping the DW identifier.
Action: attribute removal;

(ii) Age: age attribute is very important for our analysis
andmust be kept. Nevertheless, there are innumerous
different values. Action: set value ranges;
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(iii) District: it does not seem relevant to achieve user’s
district as it is possible to access the eServices
platform from different locations. Action: attribute
removal;

(iv) Marital Status: user marital status can have a great
influence in its habits; therefore it is an attribute to
keep. For instance, singles or widows may feel more
solitude and spend more time online. Action: keep
attribute;

(v) Alert Date: this attribute is essential in the data prepa-
ration phase in order to aggregate different informa-
tion.However it has somany distinct values that it will
not offer any additional relevant information to DM
algorithms. Action: attribute removal;

(vi) Num Accesses: it may be a relevant attribute, so it is
maintained. Action: keep attribute;

(vii) Num Accesses Holidays Weekends: Holidays and
weekends can have an impact on user’s behavior, as
they potentially have diverse routines like sightseeing
or visiting family. Therefore, the attribute is kept.
Action: keep attribute;

(viii) Num Accesses Morning: it can be interesting to
cross this information with the Num Accesses Holi-
days Weekends attribute. Action: keep attribute;

(ix) Time Session Max: it seems relevant to obtain infor-
mation about different access during day periods of
time. Action: keep attribute;

(x) Time Session Min, Time Offline Max, Time Offline
Min: itmay be a relevant attribute, so it ismaintained.
Action: keep attribute;

(xi) Temperature Max, Temperature Min, Humidity
Max, Humidity Min: the weather can influence how
users act. Temperature in conjunction with humidity
can provide relevant atmospheric conditions. Nice
weather may lead seniors to spend more time
outdoors. Action: keep attribute;

(xii) Is Alert: this attribute is the DM process goal charac-
teristic. Action: keep attribute.

Also, in data preparation CRISP-DM phase it is possible
to derive new attributes that best represent the existing
information or to simplify DM algorithms processing. This
derivation can result from existing attributes aggregation, or
by applying other DM algorithms, or as a result of attribute
value discretization.

As previously mentioned, separate attributes like tem-
perature (𝑡) and humidity (ℎ) might not give important
information. However atmospheric conditions (ac) may be
obtained by combining these two attributes results (rt, rh):

𝑡 < 15 → rt = 0;
15 < 𝑡 < 30 → rt = 1;
𝑡 > 30 → rt = 2;
ℎ = “Rain” | “Light Rain Showers” → rh = 0;
ℎ = “Partly Cloudy” | “Scattered Clouds” |

“Clear” → rh = 2;

ℎ = Other situations → rh = 1;
ac = rt + rh.

Atmospheric conditions (ac) were added as a new attrib-
ute in the dataset.

Another derived attribute is profile that represents user’s
profile based on cluster algorithms. For this purpose we have
used the two-step cluster algorithm. Observing the offline
time in minutes, we were able to group data into three
clusters: high usage, average usage, and low usage.

The two-step cluster algorithm was also applied to age
attribute. We have observed that there were many distinct
values in this attribute and that there was the need to
discretize them. After observing the clusters formed by
the algorithms, we have decided to empirically give more
meaning to this range of values:

two-step cluster [−∞, 50], ]50, 60], ]60, 70], ]70, 80],
]80, 90], ]90, 100], ]100, +∞];
empirical ranges [−∞,65], ]65, 80], ]80, 90], ]90,

+∞].

The same approach wasmade to session times. Regarding
the session time, the two-step cluster pointed out 25 min-
utes; however we consider that it is more appropriate the
discretization of this attribute in 30-minute ranges. As for the
offline time, the algorithm suggests an 8-hour division, but
we have opted for 12-hour clusters.

Finally, we have perceived that most of the data are in a
format that is easily identified by DM algorithms. The only
data conversion made was in the Is Alert that has the values
“yes” and “no” in the DW and was converted to 1 and 0 and
also in the Marital Status that were passed from a numeric
value to a string value.

As a result of the data preparation, the final dataset to
provide to DM algorithms was compiled.

4.3. Modeling. DM’s purpose is to extrapolate rules from
the data existing in the dataset. The choice of the algorithm
depends on the problem to solve, the gathered data, and the
computing tools available. For our problem we have used
C5.0 decision tree learning algorithm since they are easily
understood and interpreted [25].

To evaluate the model’s predictive ability, the model must
be trained with a known dataset and validated with an
unknown dataset. The ideal model would have 100% hit rate,
a receiver operating characteristic (ROC) of 1, based on the
relation between true and false positives, no false positives or
false negatives.

In the present context, models that enhance less false
negatives are going to be overrated over models that value
false positives. It is preferable that the system throws an
alert when nothing happens to the service user compared to
missing an alert in a distress situation.

Record partition for training and validation was based
on 10-fold cross-validation. This process involves randomly
dividing the data into 10 equal size subsamples. A model is
built and evaluated in each iteration. After all of the iterations
a new model is built with all of the training dataset to ensure
that the model was built with the most of the information
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Table 1: Models.

Model Profile Cost matrix application
M1 All records No
M2 All records Yes
M3 Low usage profile No
M4 Low usage profile Yes
M5 Average usage profile No
M6 Average usage profile Yes
M7 High usage profile No
M8 High usage profile Yes

available. The average metrics obtained in each of the 10
iterations were the evaluation metrics considered.

In the model construction using C5.0 no limits were
introduced in maximum purity, maximum depth, and mini-
mum number of records per leaf nodes parameters, to avoid
narrowing down the obtained rules.

Two approaches were made to create the models. In the
first approach, all of the records were supplied to the DM
algorithm. In the second approach three distinctmodels were
created, each one for a specific profile previously detected by
the clustering algorithm. For both approaches, severalmodels
were generated: some where no cost matrix is provided and
others where it is.

Therefore, 8 models were created. Table 1 shows, for
each model, the records considered and the cost matrix
application. Table 2 presents the rules for each model.

4.4. Evaluation. Severalmodels with different rules were pro-
posed to predict the alert occurrence. To assess the model’s
quality and consequently the applied rules, an analysis was
made for eachmodel.This analysis was based on hit rates and
the area under the ROC curve. Table 3 shows the obtained
values for each model.

From the values presented inTable 3 it is clear thatmodels
5 and 6 are to rule out, since the area under the ROC curve
is very small. Also in models 1 and 2, which are applied to
all records, the area under the ROC curve is slightly above
0.5 and the hit rates regarding alerts are very poor. All of the
remaining models have relevant values that are useful in the
problem resolution.

Afterwards, it is important to evaluate the model across
a confusion matrix that represents the number of correct
and incorrect predictions. This analysis will also provide
information on the influence of the cost matrix application.
Table 4 represents the confusion matrix for the models that
were not discarded in the previous step. Table 5 shows the
results obtained by the values in confusion matrix.

The rules from the selected models that classify a record
as being an alert are as follows:

Time Session Max ≥ 180 ∧ Age > 70 → Is Alert =
true;

Time Session Max ≥ 120∧Atmospheric Conditions
≥ 1.5 → Is Alert = true.

Testing these rules in the initial dataset, with all of the
records, we obtain the confusion matrix shown in Table 6.

Concerning the number of correct predictions, 5152
records are correctly predicted, while 898 records are not
correctly classified. This implies a 0.85 accuracy rate and
therefore a 0.15 error rate.

4.5. Deployment. After obtaining the models it is important
to understand how the DM process will continue in the
future.

In this situation, the test data will be removed from the
DW and the ETL process will be scheduled to continuously
feed the DW. The DM process must be redone with some
frequency to determine whether the found rules are still valid
or if new rules are detected.

5. Conclusions and Future Work

Concerning our major goal to detect behavior deviations in
senior population it is imperative to combine several data in
order to be as accurate as possible. Using eServices platform,
both physical parameters (basic life signs and environment)
and the elderly’s interaction with the platform are being
assembled in a large dataset, which can be enriched by adding
more services.

After briefly presenting the eServices platform where
the data are achieved, we have focused on the use of the
CRISP-DM methodology to obtain a valid model that is
able to predict alert situations based on the gathered data.
Since the platform is still in development, synthetic data
was used to validate the DM process based on a real data
sample obtained by eServices sensors, meteorological data,
and empiric domain knowledge. During this process we have
implemented a DW. As previously mentioned, the presence
of an ETL process and the data consolidation using a DW
facilitates the DM work, as many of the data treatments are
made by the ETL process. The existence of the DW will also
allow assisting decision support systems through reporting,
KPI, dashboards, and scorecards.

Although our solution makes use of a DW that allows
obtaining a set of rules through the CRISP-DMprocess, help-
ing on the detection of possible pattern deviation behaviors,
there are real life situations where time is critical and it is
necessary to act immediately according to the information
provided by the BAN. This means that many alert situations
must be triggered without waiting for the ETL process to
occur. This immediate response is, in our system, granted by
the BAN. In the DW we will further register if the triggered
alert was indeed a valid distress.

Subsequently, it is vital to explore data, manage to
remove any noise and redundant information, compile it,
and proceed with several operations to promote an easy
knowledge discovery from DM algorithms. We have used
C5.0 and generated several models. From the 8 models
created and evaluated, the largest contribution for solving the
problem obtains a 0.85 accuracy rate. These results were also
confirmed by the confusion matrix.

Summarily, in this paper, a proof of concept is presented
showing the KDD process made to detect risk situations in
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Table 2: Model’s rules.

Model Rules

M1

R1 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 ≥ 180 ∧ 𝑃𝑟𝑜𝑓𝑖𝑙𝑒 < 1,5 ∧ 𝐴𝑔𝑒 ≥ 70 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑡𝑟𝑢𝑒

R2 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 ≥ 180 ∧ 𝑃𝑟𝑜𝑓𝑖𝑙𝑒 < 1,5 ∧ 𝐴𝑔𝑒 < 70 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

R3 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 ≥ 180 ∧ 𝑃𝑟𝑜𝑓𝑖𝑙𝑒 ≥ 1,5 ∧ 𝐴𝑔𝑒 ≥ 70 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

R4 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 < 180 ∧ 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 < 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

R5 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 < 180 ∧ 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 ≥ 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑡𝑟𝑢𝑒

R6 120 ≤ 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 < 180 ∧ 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 ≥ 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

M2

R1 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 < 180 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

R2 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 ≥ 180 ∧ 𝑃𝑟𝑜𝑓𝑖𝑙𝑒 < 1 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

R3 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 ≥ 180 ∧ 𝑃𝑟𝑜𝑓𝑖𝑙𝑒 = 1 ∧ 𝐴𝑔𝑒 < 70 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

R4 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 ≥ 180 ∧ 𝑃𝑟𝑜𝑓𝑖𝑙𝑒 = 1 ∧ 𝐴𝑔𝑒 ≥ 70 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑡𝑟𝑢𝑒

M3
R1 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 < 180 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

R2 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 ≥ 180 ∧ 𝐴𝑔𝑒 < 70 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

R3 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 ≥ 180 ∧ 𝐴𝑔𝑒 ≥ 70 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑡𝑟𝑢𝑒

M4

R1 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 < 180 ∧ 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 < 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

R2 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 < 180 ∧ 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 ≥ 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑡𝑟𝑢𝑠

R3 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 ≥ 180 ∧ 𝐴𝑔𝑒 < 70 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

R4 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 ≥ 180 ∧ 𝐴𝑔𝑒 ≥ 70 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑡𝑟𝑢𝑒

M5

R1 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 ≥ 180 ∧ 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 < 1,5 ∧ 𝐴𝑔𝑒 ≥ 70 ∧𝑀𝑎𝑟𝑖𝑡𝑎𝑙 𝑆𝑎𝑡𝑢𝑠 ̸= 𝑀𝑎𝑟𝑟𝑖𝑒𝑑 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑡𝑟𝑢𝑒

R2 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 < 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

R3 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 < 120 ∧ 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 ≥ 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

R4 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 ≥ 120 ∧ 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 ≥ 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑡𝑟𝑢𝑒

M6 R1 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑡𝑟𝑢𝑒

R2 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 < 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑡𝑟𝑢𝑒

M7
R1 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 < 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

R2 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 ≥ 120 ∧ 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 ≥ 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑡𝑟𝑢𝑒

R3 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 < 120 ∧ 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 ≥ 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

M8
R1 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 < 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

R2 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 ≥ 120 ∧ 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 ≥ 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑡𝑟𝑢𝑒

R3 𝑇𝑖𝑚𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑀𝑎𝑥 < 120 ∧ 𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 ≥ 1,5 → 𝐼𝑠 𝐴𝑙𝑒𝑟𝑡 = 𝑓𝑎𝑙𝑠𝑒

Table 3: Model’s evaluation.

Model Hit rate
Is Alert = false

Hit rate
Is Alert = true

Area under the
ROC curve

M1 0,98 0,499 0,551
M2 0,98 0,499 0,551
M3 0,858 0,945 0,814
M4 0,85 0,955 0,823
M5 0,983 0,244 0,254
M6 0,983 0,244 0,254
M7 0,989 0,889 0,881
M8 0,969 1 0,986

eServices platform.The presented work allowed us to explore
a useful methodology to apply as future guidance. It also
allowed us to build a scenario where the information is
extracted from the inputs of the eServices platform into aDW
leading to consolidated data. Regarding future work, as data
are being collected in senior’s homes, the proof of concept will
be applied using real data.

Table 4: Confusion matrix.

Predicted true Predicted false
M3

Actual true 445 26
Actual false 105 634

M4
Actual true 450 21
Actual false 111 628

M7
Actual true 24 3
Actual false 19 1769

M8
Actual true 27 0
Actual false 56 1732
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Table 5: Evaluation’s models results.

Model Correct
predictions

Incorrect
predictions Error rate Accuracy

rate
M3 1079 131 0,11 0,89
M4 1078 132 0,11 0,89
M7 1793 22 0,01 0,99
M8 1759 56 0,03 0,97

Table 6: Confusion matrix from initial dataset with final rules.

Predicted true Predicted false
Actual true 615 277
Actual false 621 4537
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High-throughput methods such as next-generation sequencing or DNA microarrays lack precision, as they return hundreds of
genes for a single disease profile. Several computational methods applied to physical interaction of protein networks have been
successfully used in identification of the best disease candidates for each expression profile. An open problem for these methods is
the ability to combine and take advantage of the wealth of biomedical data publicly available. We propose an enhanced method to
improve selection of the best disease targets for a multilayer biomedical network that integrates PPI data annotated with stable
knowledge from OMIM diseases and GO biological processes. We present a comprehensive validation that demonstrates the
advantage of the proposed approach, Recursive RandomWalk with Restarts (RecRWR).The obtained results outline the superiority
of the proposed approach, RecRWR, in identifying disease candidates, especially with high levels of biological noise and benefiting
from all data available.

1. Introduction

A major research domain in molecular biology is the study
of the causal association between genomic variations and
clinical phenotypes [1–3]. Classical methods use a manual
approach where one or a limited number of genomic targets
are individually tested. However, due to the resources needed
to systematically perform this procedure and due to the
difficulty in controlling all experimental variables, improved
strategies were required.The possibility to use computational
methods to identify the best disease candidates to be further
validated was a major breakthrough [4–8]. A common
constraint of most methods is the need for training data,
which is scarce and difficult to validate.

A recent research trend consists of exploiting the topo-
logical properties of protein-protein interaction (PPI) net-
works combined with other biological data to envisage the
underlying mechanisms of genetic diseases. Barabási et al.

[9] and Joy et al. [10] discuss the role of proteins with high
betweenness as mediators of relevant metabolic processes.
Ma and Zeng [11] explore the use of the closeness centrality
to quickly identify the top central metabolites in large scale
networks. Approaches proposed by Erten et al. [12] and
Arrais andOliveira [13] explore the potentialities of the nodes
with high degree for the prioritization of disease-associated
genes.

While the previous methods focus on evaluation of
the weights given to each node, a complementary strategy
consists of evaluating the proximity of two given nodes in
the network. Some common methods to conduct this task
are the shortest path, log-likelihood, propagationmatrix, and
the RWR (Random Walk with Restarts). Previous studies
confirm that the RWR outperforms other methods [14–18].
One common limitation of these studies is that they assume
the graph is single concept, meaning that every node is
equally treated. However, as we demonstrate in this study,
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those methods are poor when the graph integrates nodes
from distinct data types.

In this paper, we propose a novel method to improve
selection of the best disease targets for multiconcept graphs.
Towards this aim we build a multilayer biomedical graph
that stores PPI data, annotated with stable knowledge from
OMIM diseases and Biological Process from Gene Ontology.
The inherent improvements of the proposed method are (a)
the use of multilayer networks formed with PPI data and by
the terms’ associations; (b) the combination of this data to
establish new associations among nodes; and (c) the use of
degree-based methods to evaluate node weights.

Finally, we present comprehensive validation that demon-
strates the superiority of the proposed approach, Recursive
RandomWalk with Restarts (RecRWR).

2. Methods

The method proposed herein uses a graph representation
of biomedical knowledge centred on proteins enriched with
biomedical terms. The first step consisted of selecting and
curating the required data and using it to construct the
graph. For performance issues this network is represented
as a matrix of adjacencies. Based on this ground-based
biomedical graph we apply a modified version of the Hubs
and Authorities (HITS) [13] algorithm adapted to this par-
ticular subject, in order to obtain a normalized and more
accurate association among relations. Although here we
are interested in tuning to protein-disease association, it is
important to stress that it can be extended to the study
of general association of many-to-many biomedical terms.
Finally, we formulate how the proposed method, RecRWR,
can be applied to this subject.

2.1. Multiconcept Graph Modelling. A graph-based represen-
tation is used to store the relations among the biomedical
terms. Since we are integrating three distinct data sources,
three interconnected subgraphs are obtained.

(i) PPI data are retrieved from STRING database [19],
where the average confidence level is considered. A
filter is applied to select only human.

(ii) Disease data are extracted from OMIM morbid map
[20] data where the genotype-phenotype associations
are preserved.The morbid map is also used to extract
the mapping relation for known protein diseases.

(iii) Biological Process from Gene Ontology (GO) [21]
Directed Acyclic Graph structure is extracted and
replicated.TheGO-GOmapping is also retrieved and
stored.

For each of the previous data sources a curated set of terms ⃗𝑎

is extracted:

⃗𝑎 = (𝑎1, 𝑎2, . . . , 𝑎𝑃) , (1)

with 𝑎𝑘 representing the content of the 𝑎th term from the
interval (𝑘 ∈ [1, 𝑃] ⊂ N). Each term 𝑎𝑘 is a tuple of three
elements that can be represented as

𝑎𝑘 : {𝑡𝑎, 𝑡𝑏, 𝑤} , (2)

where the element 𝑡𝑎 has an association with the element 𝑡𝑏,
with a confidence score 𝑤 where (𝑎, 𝑏 ∈ [1, 𝑅] ⊂ N) and (𝑤 ∈

[0, 1000] ⊂ N).
The set of vectors ⃗𝑎 are modelled as a nonoriented

weighted graph 𝐺 = (𝑉, 𝐸,𝑊).
(i) Each vertex V𝑥 ∈ 𝑉 is obtained by identifying the

unique entry 𝑡𝑎-𝑡𝑏 or 𝑡𝑏-𝑡𝑎 of all the association tuples
contained in vector ⃗𝑎.The vertices are labelled by their
unique identifier.

(ii) Each edge 𝑒𝑥 ∈ 𝐸 connects vertexes (V𝑚, V𝑛) repre-
senting an association between the terms represented
by the vertices V𝑚 and V𝑛 contained in vector ⃗𝑎.

(iii) The weight 𝑤V𝑚 ,V𝑛 of each edge 𝑒𝑥 corresponds to the
score between two nodes.

The graph 𝐺 = (𝑉, 𝐸,𝑊) is then mapped to an adjacency
matrix representation that consists of a |𝑉|×|𝑉| = 𝑛×𝑛matrix
𝐴:

𝐴 = (

𝑎11 ⋅ ⋅ ⋅ 𝑎1𝑛

.

.

. d
.
.
.

𝑎𝑛1 ⋅ ⋅ ⋅ 𝑎𝑛𝑛

), 𝑛 = |𝑉| , 𝑎𝑖,𝑗 ∈ [0, 1000] ⊂ N.

(3)

Because the graph is undirected the adjacency matrix is
symmetric and therefore 𝑎𝑖𝑗 = 𝑎𝑗𝑖.

The compiled graph resulted in 60.000 nodes with an
average degree of 5. The memory space required to represent
the graph is Θ(|𝐸|), which is realistically equivalent to a
memory space of 6.0MB, excluding hash tables required for
node mapping. The adjacency matrix requires a memory
space of Θ(|𝑉|

2
), 7.2 GB.

2.2. RecRWR: Recursive Random Walk with Restarts. Next
we formulate the RecRWR algorithm including a detailed
pseudocode description of the algorithm (Algorithm 1). The
three main components are

(i) RandomWalk with Restarts;
(ii) recursive cross subgraph mapping;
(iii) node replacement.

2.3. RandomWalk with Restarts. The final probability vector
of RandomWalker is defined as

⃗𝑝
𝑡+1

= (1 − 𝑟)𝑊 ⃗𝑝
𝑡
+ 𝑟 ⃗𝑝
0
, (4)

where 𝑊 is the column-normalized adjacency matrix 𝐴 and
⃗𝑝
𝑡 is a vector in which the 𝑖th element holds the probability

of being at node 𝑖 at time step 𝑡. The vector 𝑝
0 holds the

probability of the initial states and is constructed such that
equal probabilities are assigned to the list of seed nodes where
the sum of the probabilities is equal to 1. This is obtained by a
given list 𝐿 of seed nodes, where 𝐿 ⊂ 𝑉.
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Algorithm Recursive RandomWalk with Restarts
Input: Adjancecy matrix A of size N × N;

Vector of size N with nseed proteins p0;

Restart probability r

Output: Sorted list of candidate diseases

(1) Let m1, . . ., mk be the binary vectors of length N

(2) Let W be a column normalized of the Amatrix of size N × N

(3)
(4) Let p := p0;

(5) Let i := 1, j := 1;

(6)
(7) While ((m1  ∗|p − pt − 1|) >= rho)

(8) Process (i, j, p)

(9)
(10) Let x := top(p ∗ diag(m1));

(11) Output x;

(12)
(13)
(14) Process (i, j, p)

(15) If (i == j)

(16) While (j <= k)

(17) p := Process (i, j, p);

(18)
(19) If (i != j)

(20) p := Process (j, j, p)

(21)
(22) p := p  ∗ Wmij;

(23) Wmij := diag(mi) ∗ W ∗ diag(mj)

(24) While ((mi  ∗ (delta(p)) > ro)

(25) p := (r ∗ p0 + (1 − r)Wij ∗ p);

(26)
(27) p := p  ∗ Wmij;

(28) p := SelectTop(p, n);

(29)
(30) return p;

Algorithm 1: Pseudocode for the RecRWR method.

2.4. Recursive Cross Subgraph Mapping. We extend the pre-
vious formulation to a symmetric matrix composed of 𝑘2/2
of submatrixes, where 𝑘 corresponds to the number of data
sources. The submatrix that corresponds to the mapping
between the subgraphs 𝑖 and 𝑗 is obtained by

𝑊𝑖𝑗 = diag (→𝑚𝑖) ∗ 𝑊 ∗ diag (→𝑚𝑗) , (5)

where →
𝑚𝑖 and

→
𝑚𝑗 are binary vectors with n elements that

represent the mask of the source and target subgraphs where
𝑖, 𝑗 ∈ [1, 𝑘] ⊂ N, |

→
𝑚𝑖| = |

→
𝑚𝑗| = 𝑛.

The result of each iteration of the Random Walk with
Restarts is given by

𝑝
𝑡→∞
𝑖 =

∞

∏

𝑡=0

((1 − 𝑟)𝑊𝑖𝑗𝑝
𝑡
+ 𝑟𝑝
0
) , (6)

where in fact the algorithm stabilizes when the following
condition is met:

(
→
𝑚1


⃗𝑝
𝑡
− ⃗𝑝
𝑡−1

) < , (7)

where →
𝑚1 is disease mask vector and ⃗𝑝

𝑡 is weight vector at
time 𝑡. The product will result in a scalar that corresponds
to the sum of the differences between two iterations. The
condition is true when this value is less than a given constant
.

2.5. Node Replacement. The recursive iteration of the cross
subgraph mapping returns a new term. A node replacement
strategy is used to replace the genes to be used. The selection
of the node index 𝑎𝑚 to be replaced by the node index 𝑎𝑛 is
given by the minimum value of 𝑎𝑚 = min0≤𝑚≤|𝑉|𝑝

𝑡→∞
𝑖 and

where the candidate node is given by 𝑎𝑛 = max0≤𝑖≤|𝑉|𝑊𝑖𝑗 ∗
𝑝
𝑡→∞
𝑗 .

3. Results and Discussion

In this sectionwe explore and evaluate the performance of the
proposed method. We present a systematic evaluation using
a synthetic datasets based on well-known disease profiles.



4 BioMed Research International

Table 1: Comparison of the AUC for the analysed methods.

0% 20% 40% 60%
AUC-RWR 0.9866 0.9453 0.8894 0.8435
Δ (%) −4.36% −6.29% −5.44%
AUC-RWR all data 0.9866 0.9417 0.8838 0.8115
Δ (%) −4.77% −6.55% −8.91%
AUC-RecRWR 0.9856 0.9834 0.9534 0.9072
Δ (%) −0.22% −3.15% −5.09%

We also present how the results of RecRWR can be used to
explore the resemblances mechanisms on breast cancer.

3.1. Validation Procedure. For each selected phenotype entry
on the OMIM database we created a dataset with the asso-
ciated genotypes. We have selected 100 phenotype diseases
with at least 10 associated genotypes each.Then, we iteratively
replace genes from the original dataset by random ones, in
20% increments, and the dataset is progressively converted to
a fully random dataset. We use each of these protein datasets
as seed nodes on the graph. We end up with a test space of
600 gene sets (6 random step levels plus 100 diseases).

3.2. Information Paradox. Previous use of RWRonmolecular
biology typically concentrates on PPI networks. One would
expect that including additional data would contribute to an
improved overall result. Figure 1 presents a comparison of
the relative frequency of the ranks for each of the analysed
datasets, for two of the tested methods (RWR over only PPI
data and RWR over the whole network) and for four levels
of randomness. From analysis of this graph it is clear there
is no improvement with including external annotations on
the original PPI network. Indeed for original dataset, with
random effect, there are no perceptible differences between
the twomethods.This statement is even sharper when we test
progressive levels of randomness. For instance, when 20% of
the genes on the dataset are random, 55% of the RWR over
PPI ranks the disease in the top 3, while with the RWR over
all data this frequency drops to 48%. For 60% randomness,
35% of the RWR over PPI ranks the disease in the top 5, while
with the RWRover all data the frequency drops to 23%.These
results were the primarymotivation for the work presented in
this paper, as they clearly show that the RWR method is not
suitable for dealing with multiple biological data.

3.3. RecRWR Results on Synthetic Datasets. We evaluate the
performance of the RecRWRmethod using the receiver oper-
ating characteristic (ROC) curves where each curve contains
the results for each level of randomness. A higher AUC (area
under curve) corresponds to a better overall performance.
Figure 2 and Table 1 compile the obtained results.

With 0% randomness the AUC is approximately the
same for the three methods, the proposed one having the
lowest minimum value, which can be perceived visually. This
means that in the absence of biological noise the protein
annotation data does not contribute to improving the final
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Figure 1: Comparison of the RWR method using PPI data and PPI
enriched in biological terms.

result. However, if randomness is introduced the proposed
method shows a strong improvement.

With 20% randomness the RecRWR AUC is 0.9834,
which compared to 0.9453 on the RWRcorresponds to a 4.0%
of improvement. Comparing the behaviour of the RecRWR
the 20% randomness reflects no real impact (−0.22%) on the
obtained AUC.

For 40% and 60% the difference is even higher (7.1% for
40% and 7.6% for 60%) demonstrating the greater capability
of the proposed method.

It is also relevant to note a 1.0 TPR (true positive rate, 𝑦-
axis on the graphs from Figure 2), meaning that the disease is
always correctly identified and is consistently obtained at the
expense of a lower FPR (false positive rate, 𝑥-axis).

3.4. RecRWR Results on Breast Cancer. Breast cancer (MIM:
114480) is considered a complex disorder having 23 known
genotypes that are sharedwith other cancer-related disorders.
We have used RecRWR over the common expression profiles
of breast cancer to explore the network of diseases that share
common mechanism. The diseases most closely related to
breast cancer are hepatocellular carcinoma, bladder cancer,
and lung cancer.

From analysing the network of associations, we can
see that the proteins most related with breast cancer are
responsible for important cellular functions, such as DNA
repairing, cell cycle arrest and its regulation, induced cell
death (apoptosis), and tumor suppression. Also, we can
see that the more closely GO terms associated with breast
cancer are protein binding and apoptotic process.This means
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Figure 2: ROC curves with the comparison of the overall performance of RecRWR against existent methods.

that the probable causes of breast cancer are related to the
impairment of all these functions. For instance, a genetic
mutation causing loss of function on a tumor suppressor
gene (such as the cellular tumor antigen p53, P04637)
product would result in unrestrained cellular proliferation.
Conversely, the transformation of a protooncogene (a gene
that participates in a cell-growth pathway) into an oncogene
(a protein that can induce cancer on animals) requires
a gain-of-function mutation that will allow its permanent
activation. An example of this is the epidermal growth factor
receptor (EGFR, P00533), also present in Figure 3. EGFR is
involved in the conversion of extracellular stimulus to cellular
responses. Also, transcription errors are usually immediately
corrected by DNA repairing proteins, like the DNA repair
and recombination protein RAD54-like (Q92698), shown
in the network. A mutation in this gene would result in

the defective proteins, and subsequently the correction of
transcription and translation errors would cease. Finally, the
protein caspase-8 also seems to be a possible cause of breast
cancer. Since caspase-8 is involved in the apoptotic process,
impairment of this protein would result in the absence of
apoptosis, and defective cells would not be destroyed.

The shortest path between the two diseases ismediated by
the cellular tumor antigen p53. There are however other con-
nections between the two nodes. For instance, the proteins
receptor tyrosine-protein kinase erbB-2 (P04626), GTPase
KRas (P01116), and caspase-8 (Q14790) also connect the two
cancers.The influence of caspase-8 mutations on the onset of
cancer was explained above. ERBB2 is a protooncogene, with
the potential of being converted into an oncogene and induc-
ing cancer. The GTPase KRas is involved in a great variety of
important biological processes, including regulation of both
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Figure 3: Network of biological concepts associated with breast cancer.

of cell proliferation and gene expression, signal transduction,
and cell signalling.Themajority of the proteins analysed here
are part of the same KEGG pathways: pathways in cancer
(hsa05200), neurotrophin signaling pathway (hsa04722), and
focal adhesion (hsa04510). The first pathway consists of an
integration of the various cancer pathways.The neurotrophin
signalling pathway is responsible for the differentiation and
survival of neural cells. However, this second pathway is
heavily regulated by other intracellular signalling cascades, in
which some of the proteins presented in Figure 3 participate.
The focal adhesion pathway plays important roles in the
proliferation, differentiation, and survival of cells and in gene
expression. In case of compromise of any of the proteins
involved on this pathway cellular communication becomes
defective, which can also result in cancer.

4. Conclusion

In this paper, we have proposed a graph-based approach to
address the problem of selecting the best disease targets for

multiconcept graphs. Towards this aim we build a multilayer
biomedical graph that stores PPI data, annotated with stable
knowledge fromOMIMdiseases and Biological Process from
Gene Ontology. The inherent improvements of the proposed
method are the use of multilayer networks formed with the
PPI data and by the terms’ associations; combination of this
data to establish new associations among nodes; and use of
degree-based methods for evaluating node weights.

Finally, we have presented comprehensive validation that
demonstrates the superiority of the proposed approach,
Recursive Random Walk with Restarts (RecRWR). The
obtained results outline the superiority of the proposed
approach in identifying disease candidates, especially with
high levels of biological noise and benefiting from all data
available.
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In the last years the area of health monitoring has grown significantly, attracting the attention of both academia and commercial
sectors. At the same time, the availability of new biomedical sensors and suitable network protocols has led to the appearance of
a new generation of wireless sensor networks, the so-called wireless body area networks. Nowadays, these networks are routinely
used for continuous monitoring of vital parameters, movement, and the surrounding environment of people, but the large volume
of data generated in different locations represents a major obstacle for the appropriate design, development, and deployment of
more elaborated intelligent systems. In this context, we present an open and distributed architecture based on a multiagent system
for recognizing human movements, identifying human postures, and detecting harmful activities. The proposed system evolved
from a single node for fall detection to a multisensor hardware solution capable of identifying unhampered falls and analyzing the
users’ movement. The experiments carried out contemplate two different scenarios and demonstrate the accuracy of our proposal
as a real distributedmovementmonitoring and accident detection system.Moreover, we also characterize its performance, enabling
future analyses and comparisons with similar approaches.

1. Introduction

The still prevailing world economic crisis heightened various
social problems; some of the more alarming are the ones
relating to the aging of most developed countries [1]. The
reduction in the active force means there is not only less
available income to support the elderly but there are also
fewer people to provide continued care. Instead of decreasing
this problem, it is expected to grow, and by the year 2050
the European population over 65 will have grown from the
current 17.1% to 30.0% [2]. This leads to the necessity of
finding an economically viable and dignified solution to
support the growing elderly population.

In this context, one area which has gained lots of attention
from academia and commercial sectors is health monitoring.

With the appearance of biomedical sensors and suitable
network protocols, a new generation of wireless sensor
networks has emerged: body area networks (BAN). These
networks can be used for continuous monitoring of vital
parameters, movement, and the surrounding environment.
The data gathered by these networks contributes to improve
users’ quality of life and allows creating useful knowledge
bases.

Related with the scope of this study, the work being done
at the Center for Future Health of the Medical Center of Uni-
versity of Rochester [3] is aimed at answering an important
question. “What can be learned about an individual’s health
state by observing the motion, activity and interactions in
one’s natural environment?” The objective of the research is
to learn what is normal for the person and to detect and
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monitor trends that may indicate developmental or incipient
health issues and hence detect such conditions in the earliest
possible stage.

In this respect, enabling remote monitoring of patients
offers potential advantages like reducing internment and
aftercare costs, as well as providing speedier delivery of
preventive and emergency care, with little to no attention
required from the patient. The patient quality of life can
also be improved by avoiding confinement to the prox-
imity of nonportable medical monitoring equipment. As a
consequence, one interesting application area of BANs to
health monitoring is the continuous supervision of elder
movements, both during activities of their daily living (ADL)
or while being subjected to a specific rehabilitation process.

In the particular case of ADL monitoring, an important
field of research is the development of effective solutions able
to recognize deterioration in movement, help in rehabilita-
tion, and detect accidents, being the identification of falls
a key problem to cope with. Regarding motion and ADL
monitoring, the application of BAN technology is prone to
errors natural to internal monitoring systems. These types
of errors can only be mitigated using complex filtering
algorithms or very sensitive sensors. In the early 1990s, Lord
and Colvin started studying the acceleration sustained by the
human body during an impact using a small triaxial analog
accelerometer [4].This approach was the one followed by the
majority of latter studies. After a few years (in 1998) the first
prototype of a fall detection device to be used on a telecare
system was developed [5].

These first systems had a sub 90% success rate, suffering
from many false positives. This situation was motivated in
part by the inefficient hardware being used and the way the
problem was being approached. As the system relied on the
energy of the impact to be transmitted through the human
body, the fall could not be detected (or would be confused
with ADL) in case the energy was absorbed by the body.
In 2008, Bourke et al. introduced a very precise solution
for distinguishing falls from ADLs using BANs [6]. Their
work was supported by the research of Wu [7] and their own
previous work [8] which, using image processing equipment,
proved that it was possible to distinguish a fall from an
ADL using the velocity of the torso instead of the force
of the impact. Nowadays, the introduction of more precise
sensors accompanied by powerful and efficient processors has
enabled recent research to advance from distinguishing falls
from ADLs to actually monitoring said ADLs [9].

However, in this area there is still the need of open
architectures that facilitate the design and implementation
of sensor network applications, being able to reduce the
overall message communication and to optimize energy
consumption [10]. In this context, distributed agent-based
architectures provide more flexible ways to move functions
to where actions are needed, thus obtaining better responses
at execution time, autonomy, service continuity, and supe-
rior levels of flexibility and scalability than centralized
approaches. Moreover, sensors’ capabilities can be enhanced
by means of intelligent agents, changing dynamically their
behavior and personalizing their reactions [11]. A multiagent
system possesses mobile, goal oriented, communicative, and

reactive agents. These characteristics make this approach
suitable for the development of BAN healthcare monitoring
applications, in which agents are mainly advantageous given
their ability to change according to the nature of surrounding.

The solution presented in this work represents the culmi-
nation of a study which started in 2010. The original project
evolved from a single node for fall detection [12] into a
multisensor solution capable of identifying unhampered falls
and analyzing the users’ movement [13]. Although the results
were promising, the architecture of the previous system did
not involve the use of an adaptive model with learning ability
and did not guarantee an efficient analysis of the information
generated. For this reason, in this work we propose a BAN
based on a BDI (belief, desire, and intention) multiagent
system (MAS) with the goal of being more robust, flexible,
and adaptable. Our multiagent system allows the definition
of an open architecture, which is straightforward scalable by
easily adding new agents (with the same or different goals)
that follow the proposed BDI specification. The advantage of
information sharing between agents allows them to correct
errors by their ability to make an explicit coordination. Each
agent is considered an autonomous software process, which is
able to manage its own environmental information and local
state based on the global information.TheBDImodel enables
to view agents as goal-directed entities that act in a rational
manner.

While this section has introduced and established the
basis of the work, the rest of the paper is structured as follows:
Section 2 describes related studies in the area of wireless
sensor network (WSN), BAN, andMAS applied to healthcare
projects. Section 3 introduces the physical components com-
prising our underlying system used to perform movement
recognition. While Section 4 explains the proposed multi-
agent system architecture, Section 5 gives details about its
implementation and real deployment. Section 6 introduces
the experimental evaluation carried out and discusses the
obtained results. Finally, Section 7 draws the conclusions and
highlights future work.

2. Related Work

Thanks to the significant advances in MEMS (microelec-
tromechanical systems) and CMOS (complementary metal-
oxide-semiconductor),WSN technology has come a longway
since it was first used in 1967 project Igloo White [14], with
the purpose of deploying a wireless network of seismic and
acoustic sensors in theHoChiMinh trail during the Vietnam
War.

With the emergence of WSNs and the rapid growth of
physiological sensor technology, scientists from various fields
sought to adapt sensor networks for the purposes of health
monitoring applications. In 2006, Yang and Yacoub coined
the termbody sensor network (BSN) to refer to that particular
application of WSNs [15]. BAN technology is a natural
refinement of that concept [16], providing more flexibility for
a broader set of applications but with special attention to the
medical sector. BANs, as the name suggests, are networks of
computing entities that have the distinctive characteristic of
being physically linked to a user’s close proximity.
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One of the most referenced projects in the area of BAN
is Code Blue [17]. It employs ad hoc networks of off-the-
shelf motes and medical sensors (e.g., electrocardiogram,
peripheral capillary oxygen saturation, electromyogram, and
motion) in order to give a response in prehospital and in-
hospital emergency care, disaster response triage process,
and stroke patient rehabilitation. The same authors of Code
Blue were also involved in a related project called Mer-
cury [18], which aims to support high-resolution motion
studies of patients with Parkinson’s disease, stroke, and
epilepsy.

Two relevant projects related to the residential health-
care monitoring component of our system are ALARM-
NET [19] and BASUMA [20]. On the one hand, ALARM-
NET implements a home healthcare system that integrates
environmental and physiological sensors in a scalable and
heterogeneous architecture. This development includes an
analysis program called Circadian Activity Rhythm (CAR),
which processes sensor data for learning individual behavior
patterns. On the other hand, the BASUMA project seeks
continuous health monitoring of chronically ill patients in
their own homes in order to detect when the health state
changes to worse. It can alert and recommend actions in a
timely manner before critical conditions occur.

Regarding the combined use of MAS and BANs for the
development of healthcare monitoring applications, Vaidehi
et al. [21] proposed a health care monitoring system based
on WSN which is capable of collecting, retrieving, storing,
and analyzing vital signs of the patient. The proposed MAS
consists of four agents (i.e., admin, control, query, and
data agents) which performs data reduction using Epsilon
approximation. The use of the data agent reduces data traffic
and the requirement for secondary storage space.

From another perspective, the Confidence project [22]
applies a multiagent system to correctly distinguish normal
from abnormal activities. In this case, the agents are all
external to the BAN and the surrounding hardware relies on a
combination of sensors placed in the user and sensors placed
in the user’s home.

Complementarily, Castanedo et al. [23] describe a MAS
based on the BDI model for processing information and
fusing data coming from a distributed visual sensor network.
Their work is more focused on how to fuse a set of tracks
which belong to the same object from different agents. This
information was used to fuse only data which provides
an accurate monitorization, discarding those visual sensors
presenting tracking errors.

As stated in Introduction, the detection of abnormal
movements seems to be conveniently addressed (i.e., there
are methods and algorithms able to effectively process raw
data) but, as evidenced in the related work carried out,
there is still a substantial room for improvement in the
design of open architectures using MAS able to cope with
inherent issues regarding the deployment of distributed
applications (e.g., tracking, data fusion, learning, etc.). In
this context, our proposal brings together both fields: an
underlying physical system for efficiently capturing raw data
(presented in Section 3) and amultiagent implementation for
real deployment (detailed in Sections 4 and 5).

3. Underlying Physical System Architecture

One of the biggest struggles inWSNs has always been how to
balance between processing power and energy conservation.
This problem is even more emphasized in BANs, where
usability is another constraint to balance. When devising
a BAN it is mandatory to carefully take into account this
triangle, or else there is the risk that the system does not fulfill
its objectives or it fails to be accepted by final users.

The first two constraints are easy to phantom as both have
conditions for their acceptance that can be easily defined: a
given BAN is deemed acceptable if (i) it is capable of pro-
cessing the required amount of information in the specified
time and (ii) it is capable of repeating the process during the
defined time period. The third constraint is more dependent
on subjectivity, but the size of the node, the number of nodes,
and their placement are a good common ground. To be able
to balance all three of these constraints some concessions had
to be made, as the technology available would not allow all of
them to be fully satisfied, at least not in an economical viable
way.

If the concession wasmade in terms of usability or energy
efficiently, it would mean the users would be constrained in
terms of space, movement, autonomy, or even all of the three.
Therefore, these types of adjustments will not be discussed
as their costs would violate the objectives of the proposed
solution. For this reason, our architecture was defined taking
into account the necessary limitations in terms of in-BAN
processing and, at the same time, taking into consideration
the recent advances done in the field of mobile processors,
which enable the use of more advanced and intelligent
algorithms.

In particular, this project has strict rules of using non-
invasive methods to monitor the user, so in no way could
the sensors be physically attached to the human body.
This requirement introduces a variable related to the small
differences in the node position every time the user puts on
the nodes. In order to be possible to precisely evaluate data
between usages and specially to be able to viably compare
data between users, it wasmandatory to introduce an external
system capable of correctly evaluating the body part position
against its own known referential. As the external system is
only necessary during the initial setup, it does not introduce
constraints in terms of user’s spatial movement or to the
user’s privacy. For the current version of the architecture the
external module used to setup the whole system was the
Microsoft Kinect SDK (see Figure 1).

In our system, there are four main constituents of its
architecture: (i) the individual node, (ii) the BAN com-
munication medium, (iii) the remote server (RS), and (iv)
the communication medium between the BAN and the RS.
Figure 2 shows a visual representation of all the elements.The
system architecture shown in Figure 2 intends to use a tech-
nological solution to recognize human movement, identify
human postures, and detect harmful activities for preventing
risk situations. To achieve these goals, tiny sensors nodes
with wireless communication, computational and energy
harvesting capabilities are networked around the human
body forming a wireless body area network.
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Figure 1: External process for calibrating the nodes used in the implemented BAN.
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Figure 2: Visual representation of all the parts that make up the physical system architecture.

The final architecture in which our solution relies is
the result of the continuous improvements made to the
BodyMonitor system [24]. While it was initially envisioned
for implementing a fall detection system, energy constrains
had already been taken into consideration being concluded
that it was necessary to divide the processing tasks and relay
some of them to an external system.

In terms of hardware, we developed our own sensor node
so that the platform could be small, lightweight, and very
responsive by using data from an accelerometer, gyroscopes,
andmagnetometers, which enable amore precise reconstruc-
tion of humanmovement [13].The sensor node is responsible
for the acquisition and processing of information relative to
the respective body area. It stands as the first layer of decision
regarding the importance of the gathered information. In
order for the node to be able to apply advanced filters without
compromising the remaining activities, it was necessary to

use an advanced 32-bit microcontroller instead of a 8-bit
one [25]. However, his option involves that during the active
phase the power consumption would be higher, leading
to lower autonomy. Our solution to this problem was to
develop a sensor node which uses ultralow power and a
basic microcontroller for the collecting tasks, while the main
microcontroller is responsible for carrying out normal system
activities and processing the sensor data in batches instead
of for every sample. The final microcontroller base board
measures 4.8 cm × 3.5 cm × 0.8 cm and weights 11 g while the
sensor board measures 3.6 cm × 3.5 cm × 0.4 cm and weighs
5 g.

For intra-WSN communication, the standard that most
closely conforms to the project requisites is the IEEE 802.15.6
body area network, which as of June 2014 is still being drafted
[26]. As the name infers, the standard was specially designed
for communication between devices placed on the human
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Figure 3: The two layers comprising the proposed multiagent architecture.

body, being one of themost important aspects its requirement
for ultralow power consumption [27]. For the best of our
knowledge, as of June 2014 there is no communication device
that implements the first draft defined by the IEEE 802.15 task
group 6 (BAN) [28]. In such a situation, a good alternative
sharing some similarities was the IEEE 802.15.4 (Low-Rate
Wireless Personal Area Network) [29]. However, in order to
guarantee a possible future transition the constraints defined
in the BAN draft were also taken into account.

The RS was designed to complement the BAN. It is
responsible for keeping track of the users’ information both in
terms of individual data as well as common patterns sharable
between users. It is also responsible for undertaking heavy
processing tasks that would undermine the WSN’s energy
autonomy such as long term data analyses and agent training,
or those that the BAN would not be able to compute in an
acceptable time frame.

The system actually supports two forms of communica-
tion between the BAN and the RS. The decision on which
type of communication should be used depends on the user’s
location. If the user is inside the home, the communication is
done through 802.15.4 enabled wireless access points, thereby
minimizing the energy consumption necessary to establish
a normal Wi-Fi communication. When out of range, the
communication between BAN and RS is done through a
smartphone using the Bluetooth radio. The use of this type
of communication is more energy efficient and keeps the size
of the node reduced by not incorporating an extraGMS radio.

4. Multiagent Architecture

With the goal of creating a robust, flexible, and adaptable
system, able to take advantage of the capabilities introduced
by our node’s modern processor, the base principles behind
the system architecture shifted from a monolithic design
into a multiagent approach. The different parts comprising
the final architecture and their relation with the hardware
elements are presented in this section.

The multiagent tasks were devised in two main groups:
those related with the management of the individual nodes
and those regarding the supervision of the BAN itself. For
its part, the BAN architecture was also divided in two com-
plementary layers (see Figure 3 for an explanatory diagram).

In Figure 3, the top layer contains multiple groups of agents,
each group being responsible for an individual node. Each
group of agents is in charge of keeping track of themovement
state, orientation states, and preselecting anomalies from the
body part in which the node was placed. This information is
then passed to the lower layer containing an individual agent
group, which is responsible for keeping track of the states,
this time in terms of full body movement and orientation.
Moreover, the bottom layer is also responsible for verifying
if the anomaly detected by a single node could be confirmed
or refuted using the data provided by the BAN as a whole.

In our previous architecture, there was already informa-
tion being exchanged between the nodes in order to correctly
evaluate their own data and the state of the whole BAN.
Therefore, this could already be considered a primitive type
of MAS. However, all the node’s processing was focused
on data immediately available and the functions used were
represented in the format 𝑆 → 𝐴. In intelligent-agent theory,
this conceptualization is defined as purely reactive agents
[30].

In this iteration of the work the initial MAS evolved to
support a more specific architecture, enabling the system to
make decisions based not only in current data but analyzing
the event as a whole taking also into consideration previous
changes.

The main processing cycle of each wireless node is
divided in three blocks: preprocessing, state evaluation, and
anomaly detection. As each block presents different charac-
teristics, they have been implemented using separated agents,
allowing for a more individualized definition, training, and
evaluation.

In order to minimize deployment costs and to create a
straightforward system, the required number of body areas
beingmonitoredmust be reduced. In this context, we decided
that the incremental cost and reduced usability necessary
to detect very rare ADLs was not justified. The body parts
finally selected were the upper torso, hip area and leg. On
the one hand, the upper torso and leg were selected in order
to quickly characterize normal orientations (standing, laying,
and sitting positions). On the other hand, the hip was chosen
due to its stability during movement.

Figure 4 shows the relation between node placement and
agent groups, in which N1, N2, and N3 refer to the agents
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Figure 4: Node placement in different body parts.

responsible for preprocessing, state evaluation, and anomaly
detection, respectively, and M1 and M2 stand for the agents
responsible for merging the information from the different
nodes into full body states (M1) and validating the anomalies
(M2).

5. Multiagent Implementation
and Deployment

In this section, we provide a detailed discussion about the
design, implementation, and deployment of the multiagent
architecture presented in the previous section. The frame-
work finally chosen to carry out the agent definition and
execution was Jadex [31], who was initially created as an add-
on of the widely used JADE platform [32] for giving specific
support to the BDI paradigm. Since then, it evolved into an
independent middleware with its own unique characteristics,
the most notorious being the active component program-
mingmodel [33] but still keeping complete compatibilitywith
JADE.

The BDI model provides an appropriate way to both
conceptualize a system and structure its design by using the
concepts of belief, desire, and intention as mental attitudes
that generate human actions. Beliefs capture informational
attitudes, desiresmotivational attitudes, and intentions delib-
erative attitudes of agents. Rao and Georgeff adopted this
flexible representation and transformed it into a formal
theory and execution model for software agents based on the
notion of beliefs, goals, and plans [34].

In order for each agent to be truly independent, Jadex
interagent communication is based on the service oriented
architecture (SOA) principles of service searching and bind-
ing. This way, the agent does not need to know which other

agents will provide it with its required external functional-
ities, only needing to know which services are wanted and
announce them at the same time that publishes those services
provided by itself.

With all these features, this framework eases the task of
adding new sensors and different complementary functions
to our system, as the agent’s base stays the same and only
the abstract methods should be implemented. Figure 5 shows
the dependency diagram of beliefs, goals (inner class of the
agents), plans, and services.

The programmatic representation of the beliefs, goals,
plans, and services shown in Figure 5 is as follows.

(a) Beliefs: they were implemented as classes in order
to be easily extended. Agent’s beliefs that consist of
primitive classes were aggregated in new classes.

(b) Goals: as they are very specific and share extensive
information with its related agent, they were imple-
mented as inner classes. Goals are the implementation
of actual desires selected by the agent for active
pursuit.

(c) Plans: given the fact that plans are the part of the
agent sufferingmore changes, they were implemented
as independent classes in order to facilitate both
subsequent updates and sharing of plans between
agents of different types. Plans also stand for the most
concrete part of intentions, being constituted by the
actions necessary to accomplish a given goal (or a part
of it).

(d) Services: as aforementioned, the communication
between agents is done without the source agent
having to know the specific implementation of the
receiver (target) agent.This is done through the use of
Java interfaces, in which the source registers its need
for the required service interface and the receiver
(or service provider) implements this interface and
listens for service requests.

The following subsections are focused on explaining in
detail each agent used by our proposed system.

5.1. Data Processor (N1): Data Acquisition and Preprocess-
ing. Each Data Processor agent handles the environmental
information gathered from the shared memory space. Data
is initially transformed from its raw representation according
to the conversion table of each sensor, and then, it is filtered
using theMadgwick AHRS algorithm [35] to fuse the inertial
data into a valid node orientation. This type of algorithm,
just like the Kalman filter, is commonly used to minimize
the intrinsic error of evaluating a system from the inside.
After filtering the sensorial data, and once obtained the fused
orientation, the resulting information is passed to the agent
responsible for its evaluation (i.e., the State Evaluator agent).

The previous processes are embedded into the BDI
reasoning cycle, in which beliefs of the Data Processor agent
are continually updated. Those beliefs belonging to the Data
Processor agent are defined as follows.
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Figure 5: Dependency diagram of beliefs, goals, plans, and services.

(a) Average quaternion: defined by the stored averaged
initial orientations from both the internal (inertial
sensors) and the external (computer vision) systems.

(b) Fusion filter parameters: corresponding to the filter
configuration data (i.e., the sampling period and, in
the case of the Madgwick AHRS filter, the algorithm’s
gain) together with the internal values of the filter,
which are used and updated for each sample.

(c) Raw sensor data: representing the body part raw
inertial information acquired by the three inertial
sensors.

(d) Inertial data: standardized representation of the sen-
sor data. The accelerometer uses the 𝑔 notation
(each𝑔 corresponds to 9.812865328m/s2), the angular
speed from the gyroscope is expressed in rad/s, and
the magnetometer magnetic field is denoted in gauss.

(e) Fused data: it represents the orientation resulting
from fusing the three sensors and its transformation
to the external system’s referential. The filtered accel-
eration is also stored independently.

The Data Processor agent has three main goals.

(a) Obtain external reference: the agent waits and keeps
trying to contact an external system in order to
get an independent representation of its body part’s
orientation.

(b) Obtain sensor data: after being awakened by the 8-bit
processor, the objective of the sensor is to obtain the
inertial data.

(c) Have data fused: once the agent knows the inertial
data, the agent’s objective becomes its fusion.

In order to accomplish its goals, the Data Processor agent
has the following plans.

(a) Calculate external referential: the agent starts col-
lecting and averaging fused orientation data until it
receives the equivalent data from the external system.

(b) Collect data: the agent accesses the shared memory
and retrieves those samples stored by the 8-bit pro-
cessor.

(c) Process data: raw data is converted to its standardized
representation through each sensor specific conver-
sion table.

(d) Fuse data: data from the three sensors ismerged using
the Madgwick AHRS filter (loaded using a dynamic
class factory). The rotation quaternion which would
transform the initial orientation is obtained using
𝑞rot = 𝑞×𝑞

−1
wn (with 𝑞rot being the rotation quaternion,

𝑞 the fused orientation quaternion, and 𝑞wn the
internal system’s average orientation). After that, it is
applied to the external system’s average quaternion
using 𝑞norm = 𝑞cv × 𝑞

−1
rot (with 𝑞norm representing

the normalized quaternion and 𝑞cv standing for the
computer vision’s average quaternion).

Figure 6 shows a diagram exemplifying the structure of
the Data Processor agent.

5.2. State Evaluator (N2): Asserting Node Orientation and
Movement States. Although the received information from
the Data Processor agent is already fused, it is only relative
to a single point in time. Therefore, the State Evaluator agent
is responsible for transforming this data into a continuous
stream of information. The fused data is then reprocessed
and complementary information is calculated (i.e., velocity,
walking distance, step cadence, and step energy).

After inferring the continuous information, the State
Evaluator agent estimates the current state of the node
regarding its orientation and verifying whether it is inmotion
or stationary. In case a change of state is detected, the
node responsible for keeping track of the full body state is
contacted.The inferred data, together with the states, are then
sent to the Anomaly Detector agent. This data is also made
available to the agent responsible for carrying out anomaly
validation.
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Figure 6: Data Processor agent.

As a common BDI agent, the State Evaluator agent has its
own beliefs, goals, and plans, also providing services for other
agents. The specific beliefs belonging to the State Evaluator
agent are defined as follows.

(a) Inferred data: representing data inferred from the data
fused by the Data Processor agent. It is composed by
velocity, activity, step length, walking distance, step
cadence, and step energy.

(b) States: comprising movement states (moving and
stationary) and orientation states (vertical and hori-
zontal).

(c) Personal data: composed by the physical characteris-
tics of the user as well as his/her normal orientation
and movement ratios.

The State Evaluator agent has two main goals.

(a) Obtain inferred data: once received the fused data, the
goal of the agent becomes to infer extra information
from it.

(b) Obtain node state: for keeping the track concerning
the state of each node. This goal is further divided
into two subgoals: (i) obtaining the movement state
and (ii) obtaining the node’s orientation state. The
general goal is accomplished when both subgoals are
achieved.

In order to accomplish its goals, the State Evaluator agent
possesses the following plans.

(a) Infer data: in this plan, the fused data is processed
for obtaining the inferred data. In particular, the
accelerometer’s proper acceleration must be con-
verted into dynamic acceleration using the formula
⃗𝑎dyn = ⃗𝑎prop − ⃗𝑔 (for a better understanding of

how the gravity’s direction is obtained refer to [36])
and then integrated into velocity using the formula
⃗V(𝑡) = ∫ ⃗𝑎dyn(𝑡)𝑑𝑡. For activity detection it is used
the AccelerationMoving Variance Detector (AMVD)
function defined in [37], with the formula being
(1/𝑁)∑

𝑁
𝑘=1 ‖𝑎𝑛 − 𝑎𝑘‖

2
< 𝛾 where 𝑎 stands for

acceleration, 𝛾 is the threshold (in this case 0.0013),
and 𝑁 represents the window size (in this prototype
the size is 20). If the agent corresponds to the hip
node, the step detection is done using the acceleration
peak-to-peak variation, the step cadence is calculated
by integrating the velocity computed for the duration
of the step, the walking distance is calculated by
adding the multiple step distances, and step cadence
is obtained by averaging the number of steps in
each sample during the walking activity. If the agent
corresponds to the leg node, the step force is also
calculated by multiplying the user’s weight by the
acceleration when the step impacts the ground (step’s
acceleration peak).

(b) Assert node movement state: for each sample, the
movement of the nodes is evaluated based on the
sample’s calculated activity (i.e., the state is set to
moving if the threshold is passed in the AMVD
function).

(c) Assert node orientation state: the possible states of
the node’s orientation are horizontal or vertical, and
for each node and state there is a corresponding
transition interval in the user’s profile. For each
sample the orientation is checked against the current
state’s transition interval, and if the orientation value
lies within that same interval the state is changed,
otherwise the state remains the same.
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Figure 7: State evaluator agent.

Moreover, the State Evaluator agent provides to other
agents the following services.

(a) Process fused data: it provides the capability of pro-
cessing fused data. This service triggers the Obtain
inferred data goal.

(b) Supply inferred data: other agents may request indi-
vidual samples (or complete sampling periods) of data
already inferred.

Figure 7 shows a diagram exemplifying the structure of
the State Evaluator agent.

5.3. Anomaly Detector (N3). This agent is responsible for
ascertaining whether the data coming from the State Eval-
uator agent is normal or it presents any kind of anomaly.
The type of anomalies being investigated depends on the
position of the nodes, but all of them are searched looking
for sudden variations in the inferred data that could have
caused an accident. Due to the fact that each node only
maintains information belonging to its own position, the
degree of filtering done to avoid false positive errors is very
small. Therefore, any suspicious deviation is sent to the node
responsible for verifying full body anomalies.

The specific belief of the Anomaly Detector agent is the
following.

(a) Anomaly history: composed by the log of all possible
anomalies detected by this node.

The Anomaly Detector agent has one specific goal.

(a) Have data checked: triggered by the Detect anomalies
service. Tries to detect if any of the samples contains
suspicious information.

In order to accomplish its goal, the Anomaly Detector
agent has one plan.

(a) Verify inferred data: fused and inferred data belonging
to each sample is compared to the user’s range of
normal values stored in its profile. To do so, the
agent only has to verify if the detected value lies
within the interval defined in the user’s profile. This
interval is defined and updated in the RS and already
includes the necessary threshold tolerances (i.e., the
tolerance is dependent on the deviation of values in
the aforementioned interval and is different for each
individual user and each profile parameter) so that the
BAN node can avoid extra processing. Each sample
that strays from the predefined range is added to the
anomaly log.

Moreover, the Anomaly Detector agent provides to other
agents the following service.



10 BioMed Research International

Anomaly Detector

GoalsPlans

Beliefs

AnomalyHistory

HaveDataCheckedVerifyInferredData IValidateAnomalies

Services

IDetectAnomalies

Figure 8: Anomaly Detector agent.

(a) Detect anomalies: point of communication enabling
the evaluation of inferred data from other agents.

Figure 8 shows the corresponding diagram to exemplify
the structure of the Anomaly Detector ECTOR agent.

5.4. Body State Evaluator (M1). Body State Evaluator is the
first mobile agent of the main agent group, being purely
reactive. The main function of this agent is to keep updated
the state machine which maintains the user movement and
orientation as a whole. For this purpose, the Body State
Evaluator agent uses information already processed by other
State Evaluator agents.

This agent possesses amigratory capability and it is able to
visit a set of nodes while maintaining its present information
state. The specific belief of the Body State Evaluator agent is
the following.

(a) States: comprising both the individual change in the
state of each node state and the movement and
orientation states from the full body itself. Full body
movement states are moving and stationary while
orientation states are standing, lying, and seated.

As in the previous case, the Body State Evaluator agent
has one specific goal.

(a) Obtain node state: this goal is comprised of two
subgoals: obtaining (i) the full body’s movement
state and (ii) the full body’s orientation state. The
general goal is accomplished when both subgoals are
achieved.

In order to accomplish its goal, the Body State Evaluator
agent possesses the following plans.

(a) Assert movement state: as the movement state is
only based on the hip node, whenever it received
a movement state change from this node the plan
automatically defines the full body movement state as
the same as the one just received.

(b) Assert orientation state: the decision of changing the
current orientation is done based on the data received
from individual nodes. As an example, when the leg
node informs that it is in horizontal state, if the last
orientation communicated by the chest’s node was
horizontal then the full body’s current state is laying,
otherwise is sited.

Moreover, the Body State Evaluator agent provides to
other agents the following services.

(a) Supply full body state: on request, this agent provides
other agents with the correct information concerning
the states.

(b) Maintain user state: receives information from the
states of the individual nodes with the goal of main-
taining the full body state.

Figure 9 shows a diagram exemplifying the structure of
the Body State Evaluator agent.

5.5. Anomaly Validator (M2). Thismobile agent acts as a final
step between all the detection work done inside the BAN and
the remote server. Each time a node processes information
suspicious of representing an anomaly, this agent is contacted.

Thefirst stage of the validation process consists on collect-
ing information from other nodes and consulting the Body
State Evaluator agent regarding the current orientation and
movement states of the user. Afterwards, data coming from
the three body parts is compared. If a conclusion is taken,
the server is immediately contacted or the rejected anomaly is
simply logged. Alternatively, if the result is inconclusive, the
agent waits for another sampling period. In order to make
a decision in the absence of a definite result, the server is
contacted and only just data is sent to it. As an example, in
the majority of the hampered falls no node will return an
impact that will cause (by itself) an immediate alert, but if
the following samples show no user movement, the server is
contacted to guarantee that no fall is missed.

The specific belief of the Anomaly Validator agent is the
following.
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(a) Confirmed anomalies: containing a list of anomalies
that were confirmed by this agent.

As in the previous case, the Anomaly Validator agent has
one specific goal.

(a) Have anomalies validated: the only objective of this
agent is to verify if all the possible anomalies detected
by individual body part nodes are actually true
anomalies.

In order to accomplish its goal, the Anomaly Validator
agent has one plan.

(a) Verify anomaly: the agent contacts other agents in
order to verify if the data belonging to the anomaly
verification request is actually a true anomaly or just a
rare data occurrence. The request-and-evaluate cycle
continues until a decision can be taken.

Moreover, the Anomaly Validator agent provides to other
agents the following service.

(a) Validate anomalies: service that enables those nodes
belonging to different body parts to process their
anomalies using full body information.

Figure 10 shows the corresponding diagram to exemplify
the structure of the Anomaly Validator gent.

5.6. Agent’s Communication. In order to facilitate the com-
prehension of our system, this section summarizes the com-
munication process carried out by all the agents comprising
the proposed approach.

In summary, the data analysis cycle starts when the Data
Processor agent is awaken by the external processor, which

promptly proceeds to filter and fuse available signals. The
resulting data is then sent to the State Evaluator agent, so
that extra information can be extracted from the orientation
and acceleration data. At this point, it is also verified if the
movement and orientation states have changed. If it is the
case, the Body State Evaluator agent is informed in order to
track the full body state in a central location. Both the inferred
information and the fused data are then aggregated and sent
to the Anomaly Detector agent for testing the presence of
anomalous data. If such data is found, then the Anomaly
Validator agent is contacted. With the goal of correctly
verifying if the data actually represents an anomaly, this
agentmay request extra information fromboth the remaining
State Evaluator agents and the Bogy State Evaluator agent.
In case an anomaly is actually detected, the remote server is
subsequently notified.

Figure 11 introduces the complete communication dia-
gram with the goal of illustrating the interaction inside the
multiagent system and between the MAS and the external
devices.

6. Results and Discussion

To assert the validity of our proposal, two different scenarios
were conceived. The first one consists of tests specifically
designed to verify the correct movement recognition and
accident detection capabilities of our system. The second
one was defined taking into account the inner working of
the multiagent system, together with the objectives behind
the migration to an agent-based platform. This section first
describes both case studies and latter discusses the results.

6.1. Case Study Number 1: System Accuracy for Movement
Monitoring and Accident Detection. While the algorithms in
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Table 1: Chidamber and Kemerer metrics analyzed in our system.

Metric Description
Weighted methods
per class (WMC)

Measures the complexity of the each class based on the sum of the cyclomatic complexity of each of class’s
methods.

Depth of inheritance
tree (DIT)

Measures the inheritance level of each class. A high DIT number means class extension is more prone to
error as each intermediate class introduces new methods and variables whose access must be controlled.
Faults also become harder to detect.

Number of children
(NOC)

It counts the number of immediate child classes each class has. A class with a high NOC is very hard to
change (or update) due to the number of classes reusing it.

Coupling between
object classes (CBO)

Measures the relationship between classes and how dependent they are of each other. A high coupling rate is
unwanted in a very modular system such as the presented in this work.
Additionally, two submetrics of CBO can be also computed: afferent couplings (Ca) that measures the number
of classes that use each class and efferent couplings (Ce) that indicates the number of other classes being used
by each class.

Response for a class
(RFC)

Stands for the potential number of methods that can be called when one of the class’s methods is invoked. In
this test, a special importance is given to remote methods, as they not only increase the complexity of the
class but also augment class coupling.

use were already tested in our previous research, it was still
mandatory to corroborate if they were correctly implemented
in their respective agents and how they perform.

The following experiments were repeated ten times by
each volunteer of the testing group.The group consisted of six
members (three female and three male) being their average
height and weight 173.50 cm and 75.33 kg, respectively, with
a standard deviation of 5.02 and 11.18. The average age was
of 27.33 years with a standard deviation of 3.64. All the
volunteers participating in this study gave their informed
permission for the use of the data collected during the proofs.

Movement recognition tests were conducted in two
phases. The first one acted as a control stage with all the
actions being conducted withoutmishaps. During the second
phase, the volunteers were asked to simulate a problem
associated with the specific movement being studied. In
particular, the movement recognition experiment tested the
following situations.

(a) Standing: the control phase consists of standing
straight and immobile for ten seconds. In the second
stage the volunteer was asked to move the body
without leaving the initial position, again for ten
seconds. The objective of this try is to verify if the
MAS is able to correctly differentiate between a body
part movement and locomotion.

(b) Walking: in the control phase the volunteer was
asked to walk in an “L” shaped pattern, stopping in
the end of each sequence before continuing. In the
problem simulation stage, the volunteer was asked to
carry out one of the following actions: (i) simulate a
small hump while walking or (ii) walk with a very
different stepping cadence from the one used in the
control phase. Both subcases were repeated 10 times
individually.

(c) Sitting: in the control phase the volunteer sited down
correctly (with his back strait), while in the second
stage he carried out this activity with an excessive
longitudinal or lateral inclination.

Regarding accident detection evaluation, the objective
was to verify (i) if unhampered falls continued to be correctly
detected and (ii) if by using our agent-based system it was
possible to obtain a better ADL differentiation inside the
BAN. The fall tests consisted of the volunteer falling into a
mattress both from a stationary position and while initially
walking. As the ADL responsible for triggering false fall
events is rough sit-down actions, the volunteer was asked
to sit down by letting his body drop into a chair instead of
completely bending his knees.

In terms of hampered falls (i.e., those with an initial
deceleration before the impact with the ground), it was also
tested if the added internal data evaluation allowed for a
higher detection rate. The experiment involved asking the
volunteer to initially impact with a vertical mattress and then
falling to a mattress placed at ground level, being immobile
after the final impact.

6.2. Case Study Number 2: Multiagent Performance. There
are several reasons why it was selected the Jadex framework
for migrating the existing architecture to a MAS approach:
its modularity, the ability to easily introduce new agents,
and the facility to include new system capabilities and/or
change/upgrade existing ones. However, in order to guaran-
tee that core functionalities of the base system are correctly
implemented and object-oriented programming rules are
fully respected, we used the CKJM extended [38] testing tool
to calculateChidamber andKemerer object-orientedmetrics.
Table 1 shows a summary briefly describing the purpose of
each selected metric.

To the best of our knowledge, there is no MAS created
with the same objectives as ours, so there are no defined
metrics to compare to. Nevertheless, in order to be possible
to evaluate future iterations of this project and also to allow
that different projects can compare their results with ours, we
further computed and collected the following parameters.

(a) Number of false state changes but corrected at least
in the next sample. This situation implies that there is
still an error in the state analyses, but a very low value
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Table 2: Result of the movement recognition tests.

Group Test Accuracy

Standing Control 100%
Problem 98.33%

Walking
Control 100%

Problem (hump) 81.67%
Problem (step cadence) 100%

Sitting Control 100%
Problem 90%

Table 3: Result of the fall tests.

Fall type Accuracy
Unhampered 100%
Hampered 83.33%

might also mean a very low sensibility, where actual
states changes might be ignored.

(b) Number of internal false anomalies but correctly
verified by the Anomaly Validator. Even if anomalies
are correctly verified, extra energywas spent for intra-
BAN communication.

(c) Number of internal false anomalies during an ADL
but correctly verified by Anomaly Validator. Some
ADLs tend to be confused with accidents, so an
adequate balancemust be found for guaranteeing that
any accident is ignored and, at the same time, the
number of unnecessary communications does not
impair system autonomy.

(d) Number of internal false anomalies while resting but
corrected by Anomaly Validator. In this case, even a
moderate value implies that node agents are correctly
executing the anomaly filtering task.

(e) Number of different events triggered during an acci-
dent. It is important to understand how the node
reacts during an accident and also how a high/low
value impacts the algorithm performance.

6.3. Results. We will start by describing the results from
case study number 1, more specifically the tests concerning
the movement recognition component of the agents. These
results are presented in Table 2.

As expected, results shown in Table 1 do not present any
statistical difference from those obtained by our previous
system, as the changes done to this component of the
architecture were related to efficiency and not accuracy. It is
important to notice that in the case of walking with a small
hump,whatwas being testedwas the distortion in thewalking
pattern, so the alerts of the anomalous inclination were only
considered during the actual walking phase, otherwise the
accuracy would have been 100%.

The second part of the algorithm evaluation tests con-
sisted on studying their efficiency regarding fall detection.
The results from these experiments are shown in Table 3.

In terms of unhampered fall detection, the conducted
tests did not present results statistically different from the
ones belonging to our previous system, being all the falls
correctly detected.

Regarding the detection of unhampered falls and its
differentiation fromADLs, the new algorithm revealed a clear
increase in accuracy (83.33% against the precious 59%). This
increment is due to both the analysis of more parameters
(not only the acceleration but also the final full body state of
the users) and the analysis of multiple sources of data (the
sudden deceleration from one node may not be high enough
to trigger an alert but two or more high values from different
sources are).

After interpreting the data from the not detected falls, it
was concluded that it was due to one of the two following
reasons.The primary cause, and the one that was not possible
to smooth out of the algorithm, is related to the falls where
the distance between the beginning of the movement and the
impact is so small it would not even harm the user (visually
explained in Figure 12). The problem of these falls not being
detected is not relative to the injury of the fall itself, but the
fact that they might imply another type of health problem. If
the algorithm is modified to encompass these types of falls,
even the most basic ADL may trigger an alert.

The second cause for misclassifications is related to
the similarities between a hampered fall and the sit-down
action. This type of falls stays undetected when the sudden
decelerations of the multiple impacts are similar to the
decelerations of a rougher sit-down action. In a first testing
stage, part of this limitation was corrected by taking into
account the user’s final orientation state. In this line, if the
user was lying down or sitting, but in an incorrect sit-down
position, the alert is sent. In the event the acceleration is
very similar to a rougher sit-down action, and the user final
orientation is consistent with a normal sitting position, the
fall stays undetected (although the information is still sent
to the remote server). Figure 13 shows some examples of the
aforementioned after fall positions.

With reference to the results from case study number
2, the outcomes belonging to the Chidamber and Kemerer
metrics are presented in Table 4.

The very high standard deviation of the majority of
the metrics is due to the big different between the more
supporting classes (utility classes, abstract classes, or even,
the beliefs and plan classes) and the actual agent classes.
The agents were the only classes with high WMC, coupling,
or RFC values, the remaining classes presented very low
values, which helps to demonstrate the great scalability of the
proposed system.

Finally, with respect to the tests concerning the proper
operation of our system, Table 5 shows the obtained values.
Results were very satisfactory, with the number of unnec-
essary node-to-node and node-to-server communications
being kept low. However, there were some situations of
unnecessary communication present in the system, as will be
discussed below.

In regard to incorrect state transitions (i) the number is
low, being mainly related to the transition between active
and inactive periods primarily during slow walks, and very
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(a) (b)

Figure 12: Demonstration of the distance to the initial contact. In (a) the distance is not enough for the impact to cause harm or to trigger
an alert; in (b) the distance is enough to cause harm and to trigger the alert.

(a) (b) (c)

Figure 13: Examples of how the body stays after a hampered fall. In (a) the body fully slid of the wall ending in a laying position; in (b) the
user ended in a sitting position but his posture is incorrect; in (c) the user slid to a sitting position fully supported by the wall.

Table 4: Chidamber and Kemerer metrics for the proposed system.

Metric Average Std. deviation Min Max
WMC 8.72 7.19 1 28
DIT 0.83 0.47 0 2
NOC 0.17 0.62 0 3
CBO 5.73 5.49 0 29
Ca 1.98 2.41 0 9
Ce 3.79 5.33 0 27
RFC 13.79 11.45 1 64

rarely lead to node-to-node communication. In the case of
the number of false anomalies (ii, iii), the great majority is
related to the misclassification of body orientations during
posture transitions. As these anomalies are not maintained
for more than a few samples, there is no node-to-node

Table 5: Results of movement recognition tests.

Test Summary Result
i False state changes 0.67
ii Internal false anomalies 0.11
iii False anomalies during an ADL 0.06
iv False anomalies while resting 0.00
v Events per accident 0.33

communication. Regarding anomalies whichmay imply acci-
dents (iii), as expected the only ADL that triggered this type
of anomaly was the rougher sit-down action. In terms of false
anomalies while stationary (iv) there were none detected.
The normal events that took place during an accident were
full body activity change, full body orientation change, and
high acceleration alert. The number of individual alerts was
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conditioned by the final body orientation and the force of the
individual impacts.

7. Conclusions

In this paper, a multiagent system for recognizing human
movements, identifying human postures, and detecting
harmful activities is presented. Using the proposed multia-
gent architecture, we have focused on how to fuse informa-
tion fromdifferent agents which belong to the same objective,
allowing them to correct errors by their ability to make an
explicit coordination.

Experimental results on two different scenarios demon-
strate that the designed architecture can successfully evaluate
the user’s movement and posture. The accuracy achieved
enables a long term study and the detection of both beneficial
and harmful changes. The performance finally obtained
also represents an improvement over our previous system
with respect to hampered fall detection. This gain was only
possible by enabling individual nodes to work as a group
instead as a set of isolated individuals.

In addition to these results, the use of a multiagent
architecture for a BAN applied to healthcare monitoring
brings several advantages with respect to traditional systems.
In this context, one of the primary benefits is the scalability
of the whole system, since it could be possible to increase the
monitoring area by adding more agents without decreasing
the performance of each agent. Complementarily, the use of
agent-based standard communication protocols enables the
system to achieve a higher abstraction level of interoperation
with other systems.

Mobile agents, withmigratory capabilities for visiting sev-
eral nodes, are able to accumulate information corresponding
to the user movement and orientation as a whole. Benefits
include low overall computational costs, as no more than
one node is active at the same time instant. Since a single
transmission and reception event is required from an individ-
ual node to facilitate the agent’s migration, communication
is routinely low. Moreover, simplicity is another important
advantage, since the agentmanages both the task of collecting
data and its visitation route.

Future work will consider the introduction of new
machine learning algorithms into the Anomaly Detector and
Anomaly Validator agents in order to more precisely detect
hampered falls. The goal is to be able to detect those falls
whose difficulty comes not from the fall itself, but from other
health conditions (e.g., stroke, seizure, and/or fainting). We
are also interested in improving the remote server for better
exploiting the advantages brought by the proposed MAS,
enhancing its capacity to carry out long term evaluation of
the user’s condition. Finally, we intend to run long term tests
of the new architecture alongside the previous one in order to
better evaluate the practical benefits of the final stage of the
new architecture.
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Microbial strain optimisation for the overproduction of a desired phenotype has been a popular topic in recent years. Gene knockout
is a genetic engineering technique that can modify the metabolism of microbial cells to obtain desirable phenotypes. Optimisation
algorithms have been developed to identify the effects of gene knockout. However, the complexities of metabolic networks have
made the process of identifying the effects of geneticmodification on desirable phenotypes challenging. Furthermore, a vast number
of reactions in cellular metabolism often lead to a combinatorial problem in obtaining optimal gene knockout. The computational
time increases exponentially as the size of the problem increases.This work reports an extension of Bees Hill Flux Balance Analysis
(BHFBA) to identify optimal gene knockouts to maximise the production yield of desired phenotypes while sustaining the growth
rate. This proposed method functions by integrating OptKnock into BHFBA for validating the results automatically. The results
show that the extension of BHFBA is suitable, reliable, and applicable in predicting gene knockout. Through several experiments
conducted on Escherichia coli, Bacillus subtilis, and Clostridium thermocellum as model organisms, extension of BHFBA has shown
better performance in terms of computational time, stability, growth rate, and production yield of desired phenotypes.

1. Introduction

The rapid development of genetic manipulation techniques
has made the alteration of microorganisms for different
purposes popular in recent years. Genetic manipulation of
microorganisms aims to increase the yields of biocompounds
or decrease the production of by-products [1]. The process
of developing computational models to simulate the actual
processes inside cells is growing rapidly because the models
are of central importance to the investigation of general bio-
logical functions and applications in the area of biomedicine
and biotechnology [2]. In nature, microorganisms evolve
by optimising their growth rather than by overproducing
specific chemical compounds due to metabolic responses to
the history of selective pressures. Hence, retrofitting cellular
metabolism is essential to economically developing high-
yield cellular production systems. However, data ambiguity

due to the complexities of the metabolic networks makes
the effects of genetic modification on the desirable pheno-
types difficult to predict. Furthermore, the huge number of
reactions performed in the course of cellular metabolism
often leads to a combinatorial problem in obtaining optimal
gene knockout due to the large solution space [3]. The
computational time increases exponentially as the size of the
problem increases. As mentioned by de Paz et al., the use of
computationalmethods is essential. One of the possible appli-
cations is in the use of Artificial Intelligence techniques [4].
In recent years, rational design principles based on genetic
engineering have been implemented to retrofit microbial
metabolism, a process that is widely known as metabolic
engineering. In metabolic engineering, the main objective
is to increase target metabolite production through genetic
engineering. Gene knockout is one of the most common
genetic engineering techniques in which one of an organism’s
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genes is made inoperative. To date, this technology has been
successfully applied in many organisms, from unicellular
eukaryotes to mammals, including human cells.

Computational algorithms have been developed to iden-
tify the gene knockout to obtain improved phenotypes. Bur-
gard et al. developed the first rational modelling framework
(known as OptKnock) for introducing a gene knockout,
leading to the overproduction of a desired metabolite [5].
OptKnock functions by identifying a set of gene (reaction)
deletions tomaximise the flux of a desiredmetabolite without
affecting the operation of the internal flux distribution so that
growth or another objective function is optimised.

OptKnock uses mixed integer linear programming
(MILP) to formulate a bilevel linear optimisation that is a
promising method of finding the global optimal solution.
OptGene is an extended approach of OptKnock, which
formulates the in silico design problem using a Genetic
Algorithm (GA) [6]. Metaheuristic methods are capable of
producing near-optimal solutions with reasonable compu-
tation time. Furthermore, the objective function that can
be optimised is flexible. OptGene is developed in two rep-
resentation schemes: binary or integer. The binary repre-
sentation is more complex and produces solutions with a
larger number of knockouts even though it is closer to the
natural evolution ofmicrobial genomes. Although the integer
representation results in a more compact genome, it still
encounters problems as it needs to define the number of
gene knockouts a priori [7]. Hence, Rocha et al. proposed
two optimisation algorithms, Simulated Annealing (SA),
and Set-based Evolutionary Algorithms (SEAs), to allow
the automatic determination of the best number of gene
deletions to achieve a given productivity goal. Still, these
methods do not guarantee to reach optimal solutions due
to their stochastic nature [8]. The computational algorithms
discussed in this paper are based on constraint-basedmodels.
According to Egen and Lun, to date, more than 50 organism-
specific genome-scale models have been developed and used
in various applications, and it is believed that constraint-
based models can produce more accurate predictions [9].

A hybrid of BA and FBA (BAFBA) was proposed by
Choon et al. [10]. BAFBA showed better performance in
predicting optimal gene knockout in terms of growth rate and
production yield. The concept of BAFBA is based on Bees
Algorithm (BA) introduced by Pham et al. [11]. BA is a typ-
ical meta-heuristic optimisation approach, which has been
applied to various problems, such as controller formation
[12], image analysis [13], and job multiobjective optimisation
[14]. The concept of BA is based on the intelligent behaviour
of honeybees. It locates the most promising solutions and
selectively explores their neighbourhoods looking for the
global maximum of the objective function. BA is efficient
in solving optimisation problems, according to previous
studies. Nevertheless, BA is relatively weak in local search
activities due to its dependency on random search [15].
BHFBA, a hybrid of Hill climbing and the neighbourhood
searching strategy of BAFBA, was proposed to improve the
performance of BAFBA by using the Hill climbing algorithm
as a promising algorithm in finding the local optimum
[16]. In this paper, we propose an extension of BHFBA

by integrating OptKnock into BHFBA for validating the
results automatically. This paper shows that the extension of
BHFBA is not only capable of solving large problems in short
computational time but also improves the performance in
predicting optimal gene knockout.We also present the results
obtained by extension of BHFBA in four case studies, with
E. coli (Escherichia coli) iJR904, B. subtilis (Bacillus subtilis),
andC. thermocellum (Clostridium thermocellum) as the target
microorganisms. In addition, we conducted a benchmarking
to test the performance of the hybrid Bee algorithm and Hill
Climbing algorithm.

This paper is organised as follows. First, the materials
and experimental setup are described. Then, the problem
formulation is introduced, and the details of the BAFBA and
the extension of BHFBA are described. Next, experimental
results are presented.Then, the obtained results are discussed,
reviewing the contributions of this work. Finally, this paper is
summarised by providing the main conclusion and addresses
future developments.

2. Materials and Methods

2.1. Materials. In this study, we used E. coli, B. subtilis, and C.
thermocellum models to test the operation of the extension
of BHFBA. E. coli iJR904 (http://bigg.ucsd.edu/) was used
to test the operation of BAFBA [17]. The E. coli model
contains 904 genes, 931 unique biochemical reactions, and
761metabolites.We used E. coli iJR904 in this work to test the
reliability of BHFBA because this model was used in previous
studies [5, 6, 10]. This model is preprocessed through several
steps based on biological assumptions and computational
approaches before it was applied.This results in the reduction
of the size of the model to 667 reactions.The secondmodel is
B. subtilis iBsu1103 [18] (http://genomebiology.com/content/
supplementary/gb-2009-10-6-r69-s4.xml), which includes
1437 reactions associated with 1103 genes. We preprocessed
this model to reduce the size to 763 reactions. The last
model is C. thermocellum (ATCC 27405) iSR432 model [19]
(http : //www.biomedcentral.com/content/supplementary/
1752-0509-4-31-s3.xml), which contains 577 reactions, rep-
resenting the function of 432 genes. The preprocessing of
this model reduced the size to 351 reactions. The growth
rate and BPCY were used in this work. The unit for growth
rate is hour−1, while the unit for BPCY is milligram (gram-
glucose.hour)−1.

We compared the results with those of previous reports in
the literature [5, 6, 10].The experiments were conducted on a
2.3 GHz Intel Core i7 processor and 8GBRAM workstation.
We carry out 100 individual runs in the experiment to test the
efficiency of BHFBA, and the result shown is the best result
among the runs.

2.2. Method

2.2.1. Problem Formulation. The problem of identifying opti-
mal gene knockout from biological models can be formulated
as follows. Suppose that a model that contains the stoichio-
metric matrix S provides the linear relationship of the model
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Figure 1: BAFBA flowchart. Note. Red-dotted box is Flux Balance Analysis which is hybridized into standard BA as an objective function in
order to predict the effect of gene knockout.

between the flux rates of the reactions (k) and the derivatives
of the reactant concentrations (x). The matrix is a constant,
while the flux vector is a variable. Assume that there are 𝑚
reactants and 𝑛 reactions between them.

Flux vector:

k = (V1, V2, . . . , V𝑛)
T
. (1)

Concentration vector:

x = (𝑥1, 𝑥2, . . . , 𝑥𝑚)
T
. (2)

Dynamic mass balance equation:

𝑑X
𝑑𝑡
= Sk, (3)

where T represents the time.
The chemical elements, ionic charge, and biochemical

moieties must be balanced in the stoichiometric matrix. The
objective is to find the optimal gene knockout to improve
the product yields of industrially important chemicals while
sustaining the growth rate of the microorganism. This is
commonly performed using linear programming, defined as
follows:

maximise cTx

subject to Sk = 0,

lowerbound ≤ x ≤ upperbound,

(4)

where k represents the vector of fluxes and S is the stoi-
chiometric matrix. The expression (cTx) to be maximised

or minimised is known as the objective function, where c
is a vector of weights, indicating how much each reaction
contributes to the objective function. The inequalities of the
lower bound and upper bound define the maximal rates of
flux for every reaction corresponding to the columns of the
stoichiometric matrix.

2.2.2. A Hybrid of BA and FBA (BAFBA). Figure 1 shows the
flow of the BAFBA. The BAFBA is initialised by mimicking
a population of bees. In identifying gene knockout, a bee
is represented by a binary variable to indicate the absence
or the presence of genes in the reaction. In this study, the
BAFBA is started with the bees being placed randomly in
the search space. The fitness of the sites visited by the bees is
evaluated using the FBA. Bees with the highest fitness would
be denoted as “selected bees” and the sites they visited would
be chosen for a neighbourhood search. A small amount of
“selected bees” was expected to encourage local exploitation.
After many tests, we found that an appropriate maximum
“selected bees” was (1/4) × 𝑛. We chose and limited the
amount of selected bees within the range [1, (1/4) × 𝑛] to
prevent the selection of too many sites for a neighbourhood
search. Each bee was required to go through this repetitive
local search neighbourhood procedure until the best possible
answer was obtained. Meanwhile, the remaining bees were
assigned randomly to search for new potential solutions.

Before attempting to propose the extension of BHFBA,
it is crucial to find the limitations of the BAFBA [10] and
BHFBA [16].The dependence of BA on random searchmakes
it relatively weak in local search activities, and it suffers
from slow convergence due to the repetitive iteration of
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Figure 3: Bee representation of metabolic genotype.

the algorithm. The repetition of unnecessary similar process
in the neighbourhood search causes additional computa-
tional time in generating the solution. In addition, the results
need to be validated manually.

2.2.3. An Extension of Bees Hill Flux Balance Analysis
(BHFBA). In this paper, we propose the extension of BHFBA
to identify optimal gene knockout. It is proposed to overcome
the limitations of BAFBA and previous reports.The extension
of BHFBA in our work differs from the BAFBA in local
search activities and in validating the results.The extension of
BHFBA improves the algorithm by hybridisingHill Climbing
algorithm with BAFBA and by integrating OptKnock into
BHFBA. Figure 2 shows the overall framework of BHFBA.
Important steps are explained in the following subsections.

Bee Representation of Metabolic Genotype. One or more genes
can be involved in each reaction in a metabolic model. In
this paper, each of those genes is represented by a binary

variable, where 0 represents the absence of the gene and 1
represents the presence of the gene in the reaction. These
variables form a “bee” representing a specific mutant that
lacks somemetabolic reactions when compared with the wild
type (Figure 3).

Initialisation of the Population. The algorithm starts with an
initial population of 𝑛 scout bees. Each bee is initialised
as follows. Assume a reaction with 𝑛 genes. Bees in the
population are initialised by randomly setting the present or
absent status of each gene. Initialisation of the population is
performed randomly so that all bees in the population have
an equal chance of being selected. The result might not truly
reflect the population if it is performed with a bias setting.

Evaluation of the Fitness (Flux Balance Analysis). Each site
is given a fitness score that determines whether more bees
should be recruited or whether the site should be abandoned.
Here, we use the FBA to calculate the fitness score for each
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Figure 4: The flow for calculating fitness function.

site (see (4)). In this paper,maximisation of growth is applied.
After maximising cellular growth, mutants with growth rate
higher than 0.1 continue the process by maximising the
desired product flux at fixed optimal cellular growth value.
Hence, we enhance the yield of our desired products at a
fixed optimal cellular growth. The production yield is the
maximum amount of product that can be generated per
unit of substrate. The following shows the calculation for
production yield:

Production yield

=
production rate production (mmol/gm)
consumption rate substrate (mmol/gm)

,

(5)

where mmol is millimole and gm is gram.
We used biomass-product coupled yield (BPCY) as the

fitness score in this work. According to Soons et al., metabolic
networks can function in living cells under various biological
objectives depending on the relevant organism and its genetic
and environmental context. However, biological objectives
are only applicable for analysing a number of organisms in
terms of microbial metabolic engineering. It is desirable to
couple the formation of the desired product to growth [20].
The calculation for BPCY is as follows:

BPCY = production yield (mmol/gm)

× growth rate (mmol ⋅ hr/gm ⋅ hr) ,
(6)

where mmol is millimole, hr is hour, and gm is gram.
The flow of calculating the fitness function is shown in

Figure 4.

Neighbourhood Search (Hill Climbing Algorithm). This algo-
rithm carries out neighbourhood searches in favoured sites

(m) using the Hill Climbing algorithm. Hill climbing is an
iterative algorithm that starts with an arbitrary solution to
a problem and then attempts to find a better solution by
incrementally changing a single element of the solution. In
this paper, the initial solution is the𝑚 favoured sites from the
population initialised with the BA. The algorithm starts with
the solution and makes small improvements to it by adding
or reducing a bee to the sites. We define the value of initial
size of patches (ngh) and use the value to update the site (𝑚)
identified in the previous step to search the neighbourhood
area. In this paper,𝑚 is equal to 15 and ngh is equal to 30.The
values are obtained by conducting a small number of trials
with the range of 10 to 25 and 20 to 35, respectively. This step
is important because there might be better solutions in the
neighbourhood than the original solution.

Random Assignment and Termination. The remaining bees in
the population are sent randomly around the search space
to scout for new feasible solutions. This step is performed
randomly to avoid overlooking potential results that are not
in the initial range. These steps are repeated until either
the maximum loop value is met or the fitness function has
converged. In the end, the colony has two components in
its new population—representatives from each selected patch
and other scout bees assigned to perform random searches.

OptKnock Validation. Originally, the result from BHFBA is
solely validated through literature. In this paper, we use
OptKnock to evaluate the result obtained from the BHFBA.
OptKnock is used to evaluate the results by using the list of
gene deletions from the BHFBA. If the difference between
the BPCY obtained from the BHFBA and the maximum
production rate obtained by OptKnock is less than 0.001,
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the list is considered a valid solution.This saves the biologists’
time as they can consider only the valid solution to carry out
their laboratory experiments. The list of genes in this paper
is the best valid solution among 100 individual runs. After
the validation, most of the knockout genes are proven to be
related in improving the desired products through literature.
Figure 5 shows the flow of the validation.

3. Results and Discussion

3.1. Benchmark Functions. In this paper, we propose an
improved method, extension of BHFBA, to test the per-
formance of the BHFBA. For evaluation, we conduct a
benchmarking analysis. However, benchmark functions can
only be tested on BH and BA because FBA is an objective
function. Hence, we test the benchmark functions on BH and
BA in this study. Because BA is used to look for a maximum,
the functions are inverted before the algorithm is applied.
The De Jong, Martin and Gaddy, Schwefel, and Griewangk
functions are used in this study. These functions are a set of
common parametric test problems.The simplest test function
is De Jong. It is continuous, convex, and unimodal. Martin
and Gaddy function is a unimodal function. The Schwe-
fel function is complex, with many local minima. Lastly,
Griewangk function has many widespread local minima.
However, the location of the minima is regularly distributed.
We carry out 100 individual runs to test BH and BA.

Table 1 shows the mathematical representation of the
functions. Table 2 shows the mean and standard deviation
(STD) of the De Jong, Martin and Gaddy, Schwefel, and
Griewangk functions tested on both the original BA and BH.
The results show that BH performs better than the BA. All
functions had a low STD, indicating that the result from each
run is very close to the mean. In conclusion, the stability of
the proposed method is high given that the difference in the
result of each individual run is small. In addition, the means
for both algorithms are similar, indicating that BH is indeed

Table 1: Mathematical representation of De Jong, Martin and
Gaddy, Schwefel, and Griewangk functions.

Name Mathematical representation

De Jong max𝐹 = (3905.93) − 100(𝑥12 − 𝑥2)
2
− (1 − 𝑥1)

2

Martin and
Gaddy min𝐹 = (𝑥1 − 𝑥2)2 + (

𝑥1 + 𝑥2 − 10

3
)
2

Schwefel min𝐹 = 418.9829 ∗ 𝑛 +
𝑑

∑
𝑖=1

−𝑥𝑖 ∗ sin(√
𝑥𝑖
)

Griewangk min𝐹 = 1

(0.1 + ∑
𝑛
𝑖=1 (𝑥𝑖

2/4000) − ∏
𝑛
𝑖=1 cos ((𝑥𝑖/√𝑖) + 1))

Table 2: Obtained fitness value of all benchmark functions.

Function Mean STD
BA BH BA BH

De Jong 3.91𝑒 + 03 3.90𝑒 + 03 0.000504 4.79e − 13
Martin
and Gaddy 11.1083 11.1111 0.002797 0

Schwefel 8.38𝑒 + 02 8.38𝑒 + 2 2.205𝑒 − 05 0
Griewangk −0.5263 −0.5263 5.76765𝑒 − 09 0
Note. The bold numbers represent the best result.

reliable because the results obtained from BH are consistent
with the results from previous reports.

3.2. Production of Succinic Acid and Lactic Acid in E. coli. In
this paper, the extension of BHFBA is compared with the
previous works: BAFBA, SA + FBA, and the conventional
OptKnock. Tables 3 and 4 summarise the results obtained
from the BHFBA for succinic acid and lactic acid production
in E. coli. As shown in the results, this method produces
better results than the previous studies in terms of growth rate
and BPCY and is able to identify potential genes that can be
removed.
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Table 3: Comparison between different methods for production of Succinic acid by E. coli.

Method Growth rate (1/hr) BPCY List of knockout genes
BHFBA 0.7988 0.93656 PTAr∗∗, RPE, SUCD1i
BAFBA [9] 0.62404 0.66306 FUM, PTAr∗∗, TPI∗∗

SA + FBA [5] N/A 0.39850 ACLD19∗, DRPA, GLYCDx, F6PA, TPI∗∗, LDH D2, EDA, TKT2, LDH D-
OptKnock [3] 0.28 N/A ACKr, PTAr∗∗, ACALD∗

Note. The bold numbers represent the best result. N/A: not applicable. ∗∗Common genes in either 2 methods. BPCY is in gram (gram-glucose⋅hour)−1.

Table 4: Comparison between different methods for production of Lactic acid by E. coli.

Method Growth rate (1/hr) BPCY List of knockout genes
BHFBA 0.62501 5.2241 FBP, PGK, ACALD∗∗

BAFBA [9] 0.58586 3.5656 GAPD, L LACD2, PTAr∗∗

SA + FBA [5] N/A 0.39850 ACLD19∗∗, DRPA, GLYCDx, F6PA, TPI, LDH D2, EDA, TKT2, LDH D-
OptKnock [3] 0.28 N/A ACKr, PTAr∗∗, ACALD∗∗

Note. The bold numbers represent the best result. N/A: not applicable. ∗∗Common genes in either 2 methods. BPCY is in gram (gram-glucose⋅hour)−1.

Table 3 shows that the extension of BHFBA performs
better than those proposed in previous studies with a
growth rate of 0.7988 and BPCY of 0.93656. In addition,
Figure 6 shows that the extension of BHFBA obtained the
highest value for both growth rate and BPCY among the
othermethods tested. Knocking out succinate dehydrogenase
(SUCD1i) interrupted the conversion of succinic acid to
fumarate. By eliminating the conversion of succinic acid to
fumarate, the production yield of succinic acid is improved.
Next, phosphotransacetylase (PTAr) is removed. According
to Burgard et al. [5], these mutants can grow anaerobically
on glucose by producing lactate. In the next step, ribulose-5-
phosphate-3-epimerase (RPE) is suggested to be knocked out.
This knockout involves the inflow reaction of ammonium. As
stated in Bohl et al., the utilisation of nitrate as the electron
acceptor and ammonium source under anaerobic conditions
can improve succinate production [21].

Table 4 shows the results of the extension of BHFBA
and previous works. The extension of BHFBA resulted in
a better growth rate and BPCY than the previous works,
which are 0.62501 and 5.2241, respectively. Figure 7 shows
the comparison among the methods of producing lactic
acid in E. coli. The extension of BHFBA shows a drastic
difference in the value of BPCY and a small improvement
in the growth rate. The deletion of fructose bisphosphatase
and phosphoglycerate kinase decreased the efficiency of
gluconeogenesis, which resulted in an increased concentra-
tion of phosphoenolpyruvate. Phosphoenolpyruvatewas then
converted into pyruvate and then lactic acid. Knocking out
acetaldehyde dehydrogenase, which catalyses the conversion
of acetaldehyde into acetic acid, eliminated the competing
product, acetic acid. In consequence, the yield of lactic acid is
improved.

3.3. Production of Ethanol by B. subtilis. We applied the
BAFBA to B. subtilis andC. thermocellum to identify the opti-
mal gene knockouts to improve the production of ethanol.
Ethanol is a volatile, flammable, and colourless liquid, and
it is a promising biofuel. Ethanol is currently used as an
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Figure 6: Comparison between different methods for growth rate
and BPCY of succinic acid by E. coli. Note. BPCY is in gram (gram-
glucose⋅hour)−1.

alternative fuel for gasoline worldwide. Hence, ethanol is a
good case study here.

Table 5 shows the results of the extension of BHFBA and
previous works. The extension of BHFBA obtained a growth
rate and BPCY of 122.9089 and 1.15680e + 05, respectively. In
the experiment by Kim et al., deletion of NADH-dependent
glycerol-3-phosphate dehydrogenase 1 (GPDH) resulted in
a slight improvement in ethanol yield. As stated in Kim
et al., lactate dehydrogenase (LDH L) plays a key role in
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Table 5: Comparison between different methods for growth rate and BPCY of ethanol by B. subtilis.

Method Growth rate (1/hr) BPCY List of knockout genes
BHFBA 122.9089 1.15680e + 05 ALAD L∗, GPDH, LDH L∗

BAFBA [9] 122.8861 1.1154𝑒 + 05 ALAD L∗, LDH L∗, XYLI1, inosose 2,3-dehydratase
Note. The bold numbers represent the best result. N/A: not applicable. ∗Common genes for all methods. BPCY is in gram (gram-glucose⋅hour)−1.

Table 6: Result of implementation of different knockout for produc-
tion of Ethanol in C. thermocellum.

Method Growth rate
(1/hr) BPCY List of knockout genes

BHFBA 10.1637 8.5e + 003 G3PD1∗, NDPK5, PTAr∗

BAFBA [9] 9.9313 8.329𝑒 + 003 MDH, G3PD1∗, PTAr∗

Note. The bold numbers represent the best result. N/A: not applicable.
∗Common genes for all methods. BPCY is in gram (gram-glucose⋅hour)−1.
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Figure 7: Comparison between different methods for production of
lactic acid by E. coli. Note. BPCY is in gram (gram-glucose⋅hour)−1.

the fermentative metabolism in the metabolic engineering
of B. subtilis for ethanol production. The deletion of LDH L
inhibited the conversion from pyruvate to lactate, so more
pyruvate was decarboxylated to acetaldehyde and further
converted to ethanol [22]. Figure 8 shows the comparison
between different methods in terms of the growth rate and
BPCY of ethanol; the extension of BHFBA generates better
results in terms of both growth rate and BPCY compared to
BAFBA.

3.4. Production of Ethanol by C. thermocellum. Table 6 shows
the results of the extension of BHFBA and previous methods
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Figure 8: Comparison between different methods for growth rate
and BPCY of ethanol by B. subtilis. Note. BPCY is in gram (gram-
glucose⋅hour)−1.

to enhance the production of ethanol in C. thermocellum.
The extension of BHFBA provides a better result for the
C. thermocellum model with a growth rate of 10.1637 and a
BPCY of 8.5e + 003. Figure 9 shows the comparison between
different methods in terms of the growth rate and BPCY of
ethanol. The extension of BHFBA results in a higher value
of both the growth rate and BPCY than the BAFBA. The list
of knockout genes includes nucleoside-diphosphate kinase
(NDPK5), glycerol-3-phosphatedehydrogenase (G3PD1) and
phosphate acetyltransferase (PTAr). According Roberts et al.,
the deletion of PTA2, PTAr, PPAKr, and ACKr is expected
to increase the lower and upper bounds of ethanol secre-
tion relative to wild-type ethanol secretion [19]. The result
indicated that deletion of one of these reactions should force
an increase in ethanol production. As mentioned in Kim
et al., deletion of NADH-dependent glycerol-3-phosphate
dehydrogenase (G3PD1) can slightly improve ethanol pro-
duction [22]. However, there is still no direct evidence for a
unique effect of NDPK5 on ethanol levels inC. thermocellum.
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Figure 9: Comparison between different methods for production
of ethanol by C. thermocellum. Note. BPCY is in gram (gram-
glucose⋅hour)−1.

However, NDPK5 catalyses the reaction in which the ter-
minal phosphate of a nucleoside-triphosphate is transferred
to a nucleoside-diphosphate. According to Lu et al., NDPK5
is not essential for growth, but mutants display a mutator
phenotype [23].

3.5. Computational Time. Table 7 shows a comparison of the
computational time required for the extension of BHFBA
and BAFBA with 1000 iterations. The average computational
time for the extension of BHFBA improved by 69%, 69%,
and 72% compared to the BAFBA result for 1000 iterations,
respectively.

3.6. Discussion. As seen in the results, both the extension
of BHFBA and BH performed better than other algorithms.
It can be concluded that the ability of the Hill Climbing
algorithm to find local optimum improved the performance
of the original BA. The original BA has a problem with
repetitive iterations of the algorithm in local search, where
each bee continues to search until the best possible answer
is reached. Our proposed extension of BHFBA solves the
problem by implementing Hill Climbing algorithm in the
local search and improved the algorithm by integrating
OptKnock. The Hill Climbing algorithm is a powerful local
search algorithm that attempts to find the best solution by
incrementally changing a single element of the solution until
no further improvements can be found. The search process
is recorded so that the process is not repeated. Furthermore,

Table 7: Comparison between average computational time of
BHFBA and BAFBA for 1000 iterations.

Model Method Computation time (seconds)

E. coli

BHFBA 3223
BAFBA [9] 10253
OptKnock [3] N/A
SA + FBA [5] N/A

B. subtilis

BHFBA 7028
BAFBA [9] 22515
OptKnock [3] N/A
SA + FBA [5] N/A

C. thermocellum

BHFBA 2880
BAFBA [9] 10282
OptKnock [3] N/A
SA + FBA [5] N/A

Note. The bold numbers represent the best result. N/A represents that the
results are not reported in literature.

one of the advantages of the Hill Climbing algorithm is that it
can return a valid solution even if it is interrupted at any time
before it ends. OptKnock is widely used for in silicometabolic
engineering. It has been proven that it can produce promising
simulated results and help in the experiments.

4. Conclusions and Future Works

It is crucial to develop more accurate and efficient mod-
elling and optimisation methods in metabolic engineering
because theywill have a significant impact on commercialised
biotechnology engineering, which will lead to substantial
economic gains in the production of pharmaceuticals, fuels,
and food ingredients. In this paper, the extension of BHFBA
is proposed for use in predicting optimal sets of gene dele-
tions to maximise the production of the desired metabolite.
The extension of BHFBA improves the performance of the
BAFBA by implementing the Hill Climbing algorithm, which
is a promising algorithm for finding local optimum. It is
extended by integrating OptKnock into BHFBA. Experimen-
tal results with E. coli iJR904, B. subtilis, and C. thermocellum
showed that extension of BHFBA is effective in generating
optimal solutions for gene knockout prediction; therefore,
it is a useful tool in metabolic engineering. In the future
because biological models incorporate a set of parameters
that represent the physical properties of real biological sys-
tems, it is advisable to extend the capability of the parameter
estimation method in dealing with the structural nonidenti-
fiability problem. This is because the problem often involves
prior knowledge of the structure of the model, which can
lead to more discoveries while selecting possible routes of
the pathways that are particularly important in the field of
bioengineering [24].
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The lifespan of dental restorations is limited. Longevity depends on the material used and the different characteristics of the dental
piece. However, it is not always the case that the best and longest lasting material is used since patients may prefer different
treatments according to how noticeable the material is. Over the last 100 years, the most commonly used material has been silver
amalgam, which, while very durable, is somewhat aesthetically displeasing. Our study is based on the collection of data from the
charts, notes, and radiographic information of restorative treatments performed by Dr. Vera in 1993, the analysis of the information
by computer artificial intelligence to determine the most appropriate restoration, and the monitoring of the evolution of the dental
restoration. The data will be treated confidentially according to the Organic Law 15/1999 on 13 December on the Protection of
Personal Data. This paper also presents a clustering technique capable of identifying the most significant cases with which to
instantiate the case-base. In order to classify the cases, a mixture of experts is used which incorporates a Bayesian network and
a multilayer perceptron; the combination of both classifiers is performed with a neural network.

1. Introduction

The longevity of dental restorations is essentially defined by
thematerial used, although other contributing factors include
the characteristics of the cavity, the patient’s personal habits,
and the dentist’s ability [1]. The present paper focuses on the
choice of materials and the longevity of placed restorations.
An analysis of the reasons for choosing a replacement will
be reported in a separate article. The materials that are
currently used to restore Class I and Class II cavities are
amalgam and composite resin Figure 1. Generally, amalgam
is most frequently used, although other materials such as
composite are more aesthetically pleasing and have adhesive
properties, resulting in reduced preparation size and rein-
forcement of the remaining dental structure [2]. Composite
does not, however, have good results in certain restorations
for secondary caries [3, 4]. Studies such as [5] present

the factors related to the patient, operator, tooth, cavity size,
and materials, although it is not possible to determine the
level of relevance as indicated in the study [5]. Long-term
studies have shown controversial results regarding the same
items: tooth, cavity size, and cavity type. There are reports
indicating that composite restorations in Class II cavities, in
molars, and in large teeth have a higher potential of failure
[6, 7].

Case-based reasoning (CBR) systems have been used
successfully in several domains such as diagnosis, prediction,
control, and planning [8–11], as applied to different fields. A
case can be defined as a past experience and is composed of
three elements: a problem description, which describes the
initial problem, a solution, and the state achieved when the
solution is applied. A CBR manages cases (past experiences)
to solve new problems. The way in which cases are managed
is known as the CBR cycle and consists of four sequential
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Figure 1: (a) Posterior tooth preparation for amalgam restoration. (b) Posterior tooth restored with amalgam. (c) Posterior tooth preparation
for composite restoration. (d) Posterior tooth restored with composite.

steps which are recalled every time a problem needs to be
solved: retrieve, reuse, revise, and retain. Each of the steps of
the CBR life cycle requires a model or method in order to
perform its mission. The application of CBR to the field of
biomedicine is a relatively new field which has been applied
to a great variety of medical problems: in health centres as a
control method, for hyperthyroidism, for haemodialysis for
patients and/or diabetics, for the diagnosis of patient stress
levels, and as a predictive method for the evolution of cancers
and leukaemia [12–16]. Dentistry is a new area where CBR
can be successfully applied; as such, we did not find articles
related to the use of artificial intelligence in the prediction
of restorations failure. CBR develops predictive reasoning
models, applicable to the failure of resin restorations and/or
amalgam obturations of the posterior teeth and to identify
contributing factors and causes of the failure.

For this study, a CBR tool was developed to identify
the most adequate restoration (composite or amalgam) for a
given posterior tooth and for monitoring and predicting the
longevity of such restorations. Figure 2 presentsmolarswhich
have been treated with amalgam and composite restorations.
The retrieval of similar cases is carried out by a clustering
process; following the arrival of a new case, the cluster is
retrieved by applying the belonging probability according
to the estimated parameters for expectation maximization.
Once the cases that correspond to a particular cluster have
been retrieved, the associated classifiers are also retrieved and

recalculated in case they have not been previously trained. An
estimate is then made followed by the remaining steps in the
reasoning cycle.

This tool guides the practitioners in their work and has
proved to be a suitable system for monitoring the state of
the art in the field and guiding dentists in the use of differ-
ent restoration materials. The study of these technological
changes could be used to identify the rate of change and
the evolution of the complementary restoration techniques:
composite and amalgam. This tool was tested with 2,023
patients over the last eight years at the Complutense Uni-
versity of Madrid and the V. Vera Dental Clinic and Surgery
Center. The CBR based tool stores records of all patients,
including information related to their dental restorations.
This information is then used to identify the best possible
restoration option and its expected longevity.

This paper is structured as follows. Section 2 describes
the clustering process that was used in this study; Section 3
explains the prediction system; Section 4 details the CBR
system; and, finally, Section 5 presents the results and con-
clusions.

2. Clustering

Clustering methods can recover similar information during
a given process. In order to apply a clustering technique, it
is necessary to take the type of variables into consideration.
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Figure 2: (a) A failed amalgam restoration on a posterior tooth. (b) Posterior tooth amalgam restoration has been redone. (c) A failed
composite restoration on a posterior tooth. (d) Posterior tooth composite restoration has been redone.

If there are qualitative variables, it is not possible to compare
them directly and it would be necessary to transform the
variables from qualitative to quantitative. For this reason,
techniques based on neural networks, hierarchy, or partitions
cannot be applied to good results, requiring the system to use
other alternatives.

In order to manage nominal variables, the system incor-
porates expectation maximization (EM) [17], which max-
imizes the probabilities of belonging to each group. Each
cluster has a distribution function that differs according to
the elements of the cluster. For every distribution function,
it is necessary to calculate the required parameters of the
distribution function, after which Bayes theorem is applied
to calculate the probability of belonging to each cluster.

The process of calculating the parameters is iterative.

(1) (E-Step) Based on the parameters predicted Θ the
expectation of the log-likelihood is calculated as
follows:

𝑃 (𝑉 | 𝐷,Θ
𝑡
) =

𝑃 (𝑈,𝐷,Θ
𝑡
)

∑𝐷∈𝐷𝑛 𝑃 (𝑈,𝐷,Θ
𝑡
)
. (1)

(2) (M-step) The new parameters are calculated to max-
imize the expression according to the expected log-
likelihood found on the E-Step.Theparameters define
the latent variables in the E-Step:

Θ
𝑡+1

= max
Θ

[𝑃 (𝑉 | 𝐷,Θ
𝑡
) + log𝑃 (Θ)] , (2)

where 𝑈 is the set of data and 𝑉 are the variables.

3. Prediction Models

3.1. Bayesian Network. Bayesian networks are probabilistic
models based on Bayes theorem; they can calculate likelihood
according to their constructions. There are several methods
to construct a Bayesian network, including the Friedman-
Goldsmidtz model [18], tabu search [19], and conditional
independence [20], K2 [19], HillClimber [19]. In this case,
conditional independence is applied to create the directed
acyclic graph (DAG) according to the algorithmofVerma and
Pearl [20].This algorithm creates DAG searching conditional
dependencies between pairs of variables 𝑎, 𝑏; according to a
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disjoint set of variables 𝑆, the condition independence 𝐼(𝑎, 𝑏 |
𝑆) is defined by the following expression:

𝐼 (𝑎, 𝑏 | 𝑆) . If 𝑃 (𝑎 | 𝑆) ⋅ 𝑃 (𝑏 | 𝑆) = 𝑃 (𝑎, 𝑏 | 𝑆) , (3)

where 𝑃 is the conditional probability.

3.2. Multilayer Perceptron (MLP). Another prediction
method is MLP. The MLP is configured so that the hidden
layer has 2𝑛 + 1 neurons, where 𝑛 is the number of inputs.
The MLP also includes bias for each neuron. The activation
function is the sigmoidal. According to this configuration,
the prediction function is defined according to the following
equation:

𝑦
𝑝

𝑗 = 𝑓𝑗(

𝑁

∑

𝑖=1

𝑤𝑗𝑖 (𝑡) 𝑥
𝑝

𝑖 (𝑡) + 𝜃𝑗) . (4)

The inputs are 𝑥. The inputs and outputs now fall within the
range [0.2–0.8] due to the activation functions in the MLP.
The value 𝑤𝑗𝑖 is the weight, the first index is the neuron in
the hidden layer, and the second index is the neuron in the
input layer; 𝜃𝑗 is the bias in the hidden neuron 𝑗, 𝑁 is the
number of neurons in the input layer, and 𝑡 is the iteration.

The backpropagation learning algorithm is used [21]. By
using the existing definition of the bias and according to the
activation functions, the update of the weight and bias in
the output and hidden layer is defined according to (5)–(8),
respectively, as follows:

𝑤
𝑝

𝑘𝑗
(𝑡 + 1) = 𝑤

𝑝

𝑘𝑗
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𝑝

𝑘
− 𝑦
𝑝

𝑘
) (1 − 𝑦

𝑝

𝑘
) 𝑦
𝑝

𝑘
𝑦
𝑝

𝑗
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where 𝑤𝑘𝑗 is the weight, the first index is the neuron in the
output layer, and the second index is the neuron in the hidden
layer; 𝑡 is the time, 𝑑𝑝

𝑘
is value to obtain in the neuron 𝑘, 𝑦𝑝

𝑘

is the value obtained in the output neuron 𝑘, 𝑦𝑝𝑗 is the value
obtained in the hidden neuron 𝑗, 𝜂 the 𝜇 the momentum and

learning rate, and 𝜃
𝑝

𝑘
bias in the output neuron 𝑘. 𝑀 is the

neuron in the hidden layer; the other variables in the hidden
layer are defined in similar way to the variables in the output
layers.

3.3. Mixture. The term mixture of experts can be found in
works such as [22–24], although this idea can also be found
in techniques such as Bagging [25] and Ada-Boosting [26].
The mixture of experts uses a neural network, as in the
study carried out by [23], which facilitates the combination
of outputs by both methods and reduces error. The neural
network selected for this study is the multilayer perceptron.
Figure 3 illustrates the process of mixing based on classifiers.
As shown, the output of the classifiers corresponds to the
input of the neural network.

4. Applying Case-Based Reasoning System to
Dental Restoration

The aim of the present retrospective case-based study is to
compare long-term clinical performance of amalgam and
composite restorations and to identify the best possible treat-
ment.

The technical simplicity and the excellent mechanical
behavior of the silver amalgam justify its widespread use
in operative dentistry. Since its introduction more than a
century ago, composites have unquestionably acquired a
prominent place among the filling materials employed in
direct techniques. Despite the fact that both amalgam and
composite resin are considered suitable materials for restor-
ing cavities, the system presented in this study facilitates the
decision-making process for dentists and helps to identify
the most adequate material (amalgam or composite) for a
given restoration. The developed CBR system also provides
information related to the duration of the restoration and can
be used to analyze the evolution of both types of materials.

A case-base has been in development since 1993 and
now includes information for over 2,000 patients from the
Odontology Faculty of the Complutense University and the
V. Vera Dental Clinic and Surgery Center of Madrid. These
patients were selected because they regularly visit the clinic. A
CBR system was selected for its capacity to handle enormous
amounts of data, adapt to changes in the environment,
and provide an adequate framework for integrating different
complementary clustering and classification techniques. The
cyclic CBR process proposed is shown in Figure 4.

In Figure 4, the words in bold (shown with arrows)
represent the four steps of a typical CBR life cycle, and the
words in italics represent data coming in or out of the case-
base (situated in the center of the diagram). The case-base
used by the developed system was generated using historical
records of a number of selected patients from theOdontology
Faculty of theUniversity Complutense and the V. VeraDental
Clinic and Surgery Center of Madrid. The present case-base
included 4,336 records corresponding to 2,023 patients. Each
case includes information for a restoration performed for a
given patient. The case-base may, therefore, include several
cases corresponding to different restorations of the same
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Figure 3: Final estimate based on the output values of the classifiers.

Table 1: Changes in the CBR system for evaluating the longevity of dental restorations.

Step Initial CBR system Modifications and improvements
Retrieval of cases 𝐾-nearest neighbour algorithms EM algorithm and Bayesian networks
Reuse of cases Radial basis function network Mixture of experts

Learning of cases Radial basis function network
pruning metrics Prediction models and cases

patient. This paper presents an improvement of a system
initially developed and presented in [27]. In the initial system,
a new problem case is constructed when the new patient
arrives. This problem case includes information about the
patient and the tooth that should be repaired. This new case
is used to retrieve𝑚 cases from a collection of previous cases
usingBayesian network and the cluster determined by the EM
algorithm. The 𝑚-retrieved cases are adapted by a mixture
of classifiers composed of a Bayesian network and a MLP
neural network; themixture of both classifiers is done using a
new MLP neural network. Through the revision process, the
proposed solution is adjusted to generate the final solution
using the confidence limits from the knowledge base. Learn-
ing (retaining) is achieved by storing the proposed restoration
and knowledge (ANNs and the Bayesian network) acquired.

This initial CBR system was successfully tested and used
from 2003 to 2011. Improving this system was our challenge

and this sectionwill outline themodifications that weremade
with the intention of demonstrating that the newCBR system
can provide successful results and automate the retrieval of
cases. Table 1 shows the changes that were made in the CBR
system for evaluating the longevity of dental restorations.

Table 1 outlines the changes made to the original system.
The first column of the table indicates the step of the CBR
life cycle where the changes were made; the second column
indicates the method originally used (and now eliminated);
and column three indicates which methods were included in
the system.The changes indicated in Table 1 were introduced
with the intention of developing a robust model, based on a
technology that is easy to implement and that can automate
the process of defining the retrieval, reuse, and learning steps
of the CBR system. We shall now present the structure of a
case and indicate how the kernel methods were used in the
three CBR steps described [28].
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Figure 4: CBR system architecture.

4.1. Case Description. A systematic method was used to
research, identify, select, and critically appraise the relevant
charts in order to answer the research question in an
evidence-based manner.

Each base includes information of both the tooth and the
patient. Tables 2 and 3 present the attributes that form part of
a case. Table 2 lists the attributes related to the patients and
Table 3 shows the information stored for the teeth of each of
the patient treated. There is a case for each restored tooth.
Some attributes are Boolean values and others are numerical
values, pondered from 1 to 10.The case-base was constructed
with 4,336 cases collected from 1993 to 2003, and the system
was tested between 2003 and 2011 on 1,714 problem cases.

Dr. Vera saw the subjects annually for follow-up, oral
examinations, and bitewing radiographs, at which time
they performed complete dental charting, and noted any
new treatment needs. We considered restorations needing
replacement to be failures. Dr. Vera proposed conducting this
study to predict the failure of using composite and amalgam
in the posterior teeth and to identify the most important
factors. This information will allow clinicians to determine
the type of restoration that is best suited for the patient by
predicting the longevity of each procedure and using this

technique more effectively, thereby achieving higher rates of
success in treatments [6, 7, 14].

The CBR identifies the most adequate restoration type
and its longevity.

We subsequently classified failures occurring before that
point by reviewing the clinical record.We noted several tooth
and restoration characteristics to further investigate their
relationship with failure [29].

Table 2 contains information related to the last restoration
of a given tooth (restoration date) and information about the
date at which the restoration failed (restoration duration).
Most restorations do not fail, and in this case the attribute
restoration duration is the present date. 43 attributes define a
given case. The first 41 attributes are the problem descriptor,
and attributes 42 and 43 are the solution.The aim of the CBR
is then to identify the most adequate restoration type and its
longevity.

4.2. Creating the Case-Base with Expectation Maximization.
We use expectation maximization to organize the case
memory. The number of groups is automatically established
through a 10-fold cross validation process which calculates
the log-likelihood for the validation. The log-likelihood is
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Table 2: Case attributes characterising a given patient.

Case attributes
number Attribute Value

1 Patient number Real number
2 Sex Male/female
3 Smoke Yes/no
4 Drink Yes/no
5 Date of birth Date

6 Dental sickness: gingivitis Yes/no
(if yes 1,. . .,10)

7 Dental sickness: abrasion Yes/no
(if yes 1,. . .,10)

8 Dental sickness: attrition Yes/no
(if yes 1,. . .,10)

9 Dental sickness: amelogenesis Yes/no
(if yes 1,. . .,10)

10 Dental sickness:
dentinogenesis

Yes/no
(if yes 1,. . .,10)

11 Dental sickness: pressed
dental

Yes/no
(if yes 1,. . .,10)

12 Dental sickness: multicaries Yes/no
(if yes 1,. . .,10)

13 Dental sickness: other Yes/no
(if yes 1,. . .,10)

14 Patient sickness: diabetes Yes/no

15 Patient sickness: high blood
pressure Yes/no

16 Patient sickness: cardiac
disease Yes/no

17 Patient sickness: infectious
disease Yes/no

18 Patient sickness: liver
complaint Yes/no

19 Patient sickness: AIDS Yes/no

20 Patient sickness: allergic
pharmacology Yes/no

21 Patient sickness: allergic
antibiotic Yes/no

22 Patient sickness: allergic to
analgesic Yes/no

23 Patient sickness: allergic to
anaesthetic Yes/no

24 Patient sickness: allergic to
metal Yes/no

25 Patient sickness: allergic to
latex Yes/no

26 Patient sickness: mental illness Yes/no
27 Patient sickness: epilepsy Yes/no

28 Patient sickness: malignant
tumors Yes/no

29 Patient sickness: surgical
operation Yes/no

30 Patient sickness: family history Yes/no

Table 3: Case attributes characterising a given tooth of a patient.

Case attributes
number Attribute Value

31 Tooth number 1–32
1 Patient number Real number
32 Restoration date Date
33 Restoration longevity Date
34 Restoration type Amalgam/composite

35 Restoration level
Sample (1–3),

composed (4–7), or
complex (8–10)

36 Failure fracture of
restoration Yes/no

37 Failure from fracture of
dt Yes/no

38 Failure from accident Yes/no
39 Failure from caries Yes/no
40 Aesthetic importance Yes/no
41 Restoration date Date
42 Restoration longevity Date
43 Restoration type Amalgam/composite

calculated for each iteration, resulting in a total of 10 mea-
surements for each number that can be statistically analyzed
to determine if there is any improvement. The number of
final groups is defined by the variation of the maximum
log-likelihood during the clustering process. The value is
calculated as a product of probabilities from the credibility
function. The number of clusters is increased until the value
does not exceed 10−6. The final number of clusters is limited
to 3 with a log-likelihood value of −2.21.

4.3. Identification of the Initial Restoration Solution. Several
experiments incorporating a mixture of experts have been
carried out to illustrate the effectiveness of the CBR system.
As previously mentioned, the CBR system has been used at
the Complutense University of Madrid and V. Vera Dental
Clinic and Surgery Center. The case-base was constructed
from 4,336 cases collected between 1993 and 2003, and the
system was tested from 2003 to 2011 on 1,938 problem cases.

Table 4 lists the percentage of each type of composite
applied between the years of 2003 and 2011. The initial goal
was to perform the restoration as predicted by the system,
although if the user preferred a different type of restoration
process their preferences were respected whenever possible.

In some cases, the system recommendations were not
carried out because, for example, the patient was more
interested in the aesthetic composite restoration than in the
longevity of amalgam restoration. In 12% of the cases, the
patients decided to carry out a different type of restoration
than the one recommended by the CBR system. On these
occasions the percentage of failed restorations was 346%
higher than in those cases in which the doctors followed the
CBR recommendations. This is clear evidence of the CBR
system’s effectiveness.



8 BioMed Research International

Table 4: Percentage of amalgam and composite restorations carried out in posterior teeth as suggested by CBR and the dentist from 2003 to
2011 (data from 2011 belong to the first half of the year), at the Odontology Faculty of the Complutense University and of the V. Vera Dental
Clinic and Surgery Center of Madrid.

Year 2003 2004 2005 2006 2007 2008 2009 2010 2011
Composite 93% 92% 92% 91% 92% 92% 93% 94% 93%
Amalgam 7% 8% 8% 9% 8% 8% 7% 6% 7%

Table 5: Average duration (in years) of amalgam and composite restoration carried out in posterior teeth from 2003 to 2011 (data from 2011
belong to the first half of the year), at the Odontology Faculty of the Complutense University and of the V. Vera Dental Clinic and Surgery
Center of Madrid.

Year 2003 2004 2005 2006 2007 2008 2009 2010 2011
Composite 8 years 9 years 9 years 9 years 10 years 10 years 10 years 11 years 11 years
Amalgam 14 years 14 years 14 years 15 years 15 years 15 years 15 years 16 years 16 years

Given the impossibility of empirically validating the long-
term results of this model, we will follow up in sixteen years
with the amalgam treatment and in eleven years with the
composite treatment. We will use the cases stored in the
CBR case memory and relate them to the variables of similar
cases stored in order to assist Dr. Vera in selecting the most
appropriate restorative material for each new case.

5. Results

We have demonstrated a new technique for identifying
important cases, which could be used to construct CBR
systems. The technique for retrieving cases facilitates the
selection of similar cases and the classifiers with which they
are associated. The retrieval of the best matching cases is a
very simple operation and presents no major computational
obstacles. The CBR system allows us to identify the most
adequate restorations and provides information about their
longevity.The expected longevity of the proposed restoration
is obtained by calculating the average tooth longevity from
the retrieved cases. As can be seen in Table 5, the average
duration of a composite restoration is presently estimated at
around 11 years and is 16 years for an amalgam restoration.
The developed CBR systemwas evaluated because it has been
operational for 11 years, and on 207 occasions it predicted that
the longevity of a given restoration would not last for more
than 4 years successfully.

Using restorative treatments with a known period of
longevity, we were able to make predictions using a CBR
system to estimate the prediction capability of the system. For
each of the restorations shown in Table 5, we looked for the
most similar restorations and predicted the longevity in order
to compare it to the known value. The average absolute error
obtained by applying the leave-one-out technique was 0.42
years for a composite restoration and 0.21 for amalgam.

The duration of the treatments can be calculated by
analyzing the longevity during the period between 1993 and
1997, according to the duration data obtained up to 2014.
This time frame was selected so that the average duration
of treatment exceeds the elapsed time. Table 1 provides a
comparison of the values predicted by the initial CBR system,
the new proposal, and RBF and MLP without the CBR

Table 6: 5 × 2 cross validation with longevity error in years for the
period of 1993–1997.

Step 1 Step 2 Step 3 Step 4 Step 5
Initial CBR 0.67 0.72 0.82 0.63 0.73
Proposal 0.41 0.54 0.38 0.38 0.45
MLP 0.85 0.95 0.80 1.06 0.79
RBF 1.01 0.84 0.87 1.10 0.81

Table 7: 𝑃 values with Mann-Whitney test.

Initial CBR Proposal MLP RBF
Initial CBR 1.0000 0.0159 0.0079
Proposal 0.0040 0.0040 0.0040
MLP 0.9921 1.0000 0.2738
RBF 0.9960 1.0000 0.7897
Bold values indicate a relevant difference, row methods lower than column
methods.

system. Predictions were compared by applying a 5 × 2 cross
validation in which half the data for each year were randomly
selected for testing and training, with the process repeated for
a total of 5 times.The average estimation errors for each of the
methods are shown in Table 6.

The Mann-Whitney test was applied to compare the
variousmethods and determinewhichwasmore efficient. H0
establishes that the distribution of both groups is the same,
meaning that if we accept H0 there is no significant difference
between the methods, whereas H1 indicates that the file
method has a lower rank value than the column method.
Table 7 shows the 𝑃 values obtained during the analysis. A
value of 0.05 was selected so that if the value is less than this
amount, the H0 is rejected.

Table 8 provides information related to restoration fail-
ures over the last few years. After eleven years of follow-up
visits, we can conclude that the mean annual failure rates
of posterior composite restorations were significantly higher
than those of amalgam restorations. This was true regardless
of the arch, type of tooth, number of restored surfaces, or
restoration size. The overall risk of failure due to secondary
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Table 8: Restoration failure percentage of amalgam and composite restoration carried out in posterior teeth from 2003 to 2011 (data from
2011 belong to the first half of the year), at the Odontology Faculty of the Complutense University and of the V. Vera Dental Clinic and Surgery
Center of Madrid. A restoration is considered a failure if it lasts less than 50% of the average duration time for the type of restoration.

Year 2003 2004 2005 2006 2007 2008 2009 2010 2011
Composite 23% 22% 22% 22% 21% 22% 18% 19% 19%
Amalgam 7% 4% 4% 5% 5% 5% 4% 7% 5%

caries was almost 4 times higher in composite restorations
than in amalgam restorations.

6. Conclusions

The system allows us to determine the type of restoration
that is best suited for the patient by predicting the longevity
of each procedure. Using the provided data, the patient can
select the type of restoration they prefer. The prediction
system used in the mixture was compared statistically with
other techniques. We were able to determine that there
are statistical differences and that the combination of the
prediction techniqueswith anMLPnetworkmakes it possible
to select and combine the results of both prediction systems
in order to improve the results.

The information which is stored in the CBR system
facilitates data analysis and adds to the accumulation of
knowledge. The retrieve phase makes it possible to select
the most similar cases, grouping the cases with the EM
algorithm and using Bayesian network to classify the new
case among the available clusters. It automatically generates
Tables 4–8, which are of great use to practitioners and can be
used for monitoring evolution in the field. Additionally, the
system can be used to predict the duration of composite and
restoration amalgam.

The system adapts to new cases that it obtains by incor-
porating new cases to the system case-base and updating the
information, which is then used for new predictions. This is
an important issue, which can lead to the improvement of
results as new cases are introduced in the system.

For future investigation, we have decided to apply the use
of the CBR artificial intelligence tool to study and analyse
the resin restorations in the posterior area performed by
dental students on placement during their studies of Dental
Pathology andTherapy II.Thiswill permit us to predict which
variables influence the failures, with the aim of correcting the
defects of the cognitive knowledge and skills, which have led
to the failure of the restorations in the posterior region.
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Bladder cancer occurs in the epithelial lining of the urinary bladder and is amongst the most common types of cancer in humans,
killing thousands of people a year. This paper is based on the hypothesis that the use of clinical and histopathological data together
with information about the concentration of various molecular markers in patients is useful for the prediction of outcomes and the
design of treatments ofnonmuscle invasive bladder carcinoma (NMIBC).Apopulation of 45 patientswith a newdiagnosis ofNMIBC
was selected. Patients with benign prostatic hyperplasia (BPH),muscle invasive bladder carcinoma (MIBC), carcinoma in situ (CIS),
and NMIBC recurrent tumors were not included due to their different clinical behavior. Clinical history was obtained by means of
anamnesis and physical examination, and preoperative imaging and urine cytology were carried out for all patients. Then, patients
underwent conventional transurethral resection (TURBT) and some proteomic analyses quantified the biomarkers (p53, neu, and
EGFR). A postoperative follow-upwas performed to detect relapse and progression. Clusteringswere performed to find groupswith
clinical, molecular markers, histopathological prognostic factors, and statistics about recurrence, progression, and overall survival
of patients with NMIBC. Four groups were found according to tumor sizes, risk of relapse or progression, and biological behavior.
Outlier patients were also detected and categorized according to their clinical characters and biological behavior.

1. Introduction

Bladder cancer (BC) is one of the most frequently occurring
tumors worldwide [1]. Most BCs are transitional cell carcino-
mas (TCC), that is, a cancer that begins in cells that normally
make up the inner lining of the bladder. TCC, also known
as urothelial carcinoma, is the most common type of bladder
cancer. The cancer starts in cells, called transitional cells, in
the bladder lining (urothelium).

Bladder cancer is staged according to the degree of tumor
invasion into the bladder wall. Carcinoma in situ (stage Tis)

and stages Ta and T1 are grouped as nonmuscle invasive blad-
der cancers (NMIBC) because they are restricted to the inner
epithelial lining of the bladder and do not involve the muscle
wall. Of the NMIBC, stage Ta tumors are confined to the
mucosa, whereas stage T1 tumors invade the lamina propria.
T1 tumors are regarded as being more aggressive than Ta
tumors. Muscle invasive bladder cancer (MIBC) may extend
into the muscle (stage T2), the perivesical fat layer beyond
the muscle (stage T3), and adjacent organs (T4). Metastatic
tumors involve lymph nodes (N1–3) or distant organs (M1).

Hindawi Publishing Corporation
BioMed Research International
Volume 2015, Article ID 168682, 14 pages
http://dx.doi.org/10.1155/2015/168682

http://dx.doi.org/10.1155/2015/168682


2 BioMed Research International

Approximately 75% of patients with TCC present a dis-
ease at a noninvasive stage that involves only the inner lining
of the bladder [2]. The remaining 25% of newly diagnosed
bladder cancers are MIBC and have a higher risk of cancer-
specific mortality [3] with the need of aggressive radical
surgery or radiotherapy, with or without chemotherapy.

The cellular morphology of TCC is graded according to
the grading of cellular differentiation.The grading consists of
well-differentiated (grade 1), moderately differentiated (grade
2), and poorly differentiated (grade 3) tumors. Grading of
cell morphology in NMIBC is important for establishing
prognosis because grade 3 tumors are themost aggressive and
the most likely to become invasive.

NMIBC is a heterogeneous group of tumors. Between
30% and 90% will relapse within 5 years. One group (70%)
will have a good survival rate but a high risk of recurrence
with the same degree of clinical aggressiveness and a global
survival at 5 years greater than 80% [4]. A minor but
not insignificant proportion of patients (30%) [4, 5] have
a high risk of progression with a severe worsening of the
prognosis and therapeutic options [6].Themain treatment of
NMIBC consists of transurethral resection (TURBT) followed
in the majority of the cases by intravesical instillations of
chemotherapeutic agents or immunotherapy.

Theheterogeneity ofNMIBC in terms of both histological
origin and clinical behavior means that clinical parameters
such as tumor grade and stage are not yet enough to
accurately predict biological behavior or to guide treatment
reliably. Although these parameters provide a certain degree
of tumor biological potential, a significant degree of tumor
heterogeneity remains even within prognostic subgroups.
The need for accurate diagnosis, continuous surveillance,
and possible repeated treatments and the need to anticipate
whichNMIBCwill progress into an invasive diseasemake BC
one of the most expensive tumors in terms of total medical
care expenditures [7] with an estimated cost of US$96,000
to US$187,000 per patient from diagnosis to death in the
United States [7]. Accordingly, the major goals in treating
patients with NMIBC are to prevent the high number of
recurrences and to prevent muscle invasive progression. A
more individually tailored follow-up scheme for NMIBC
patients depending on their risk profile would help to reduce
patient burden and costs. With these aims, new tools to aid
diagnosis, assess prognosis, identify optimal treatment, and
monitor progression of NMIBC are urgently required.

The unprecedented progress on clinical prognostic accu-
racy with the emergence of risk calculators, artificial neural
networks, and cancer genetics are rapidly affecting the clinical
management of solid tumors. Some of them are now an
integral part of routine clinical management for patients with
lung, colon, and breast cancer. In sharp contrast, molecular
biomarkers have been largely excluded from current man-
agement algorithms for urologicmalignancies. Presently, risk
associations are beginning to be included in management
algorithms of NMIBC [8], but risk groups and validated
prognostic molecular biomarkers that can help clinicians to
identify patients in need of early, aggressive management are
lacking.

Hierarchical clustering (HC) applied to structured
databases is used as an aid to represent medical domain
knowledge substructures to simplify the generation process
of the databases through clustering. As a result, it is possible
to identify interesting relationships and patterns among the
data and represent them in the form of rules.

Based on this background there is a belief of the use-
fulness to employ a prior database used in several studies
of our research group [9–13], which includes traditional risk
factors, risk groups, and somemolecular markers, to perform
a cluster analysis to try to discover nonevident patterns in the
dataset.

The paper is organized as follows. Section 2 presents
the research hypotheses and goals of the paper. Section 3
describes the bladder cancer, from epidemiology to etiology,
and prognostic factors. Section 4 presents the population
investigated and the clinical methodology used to obtain
the data. The hierarchical clustering analysis of the data is
presented and discussed in Section 5.The paper is concluded
in Section 6 with some considerations and perspectives for
future research.

2. Research Hypotheses and Goals

The research hypothesis is that a combined molecular and
histopathological analysis of NMIBC might be related with
predicting outcomes and designing treatments of NMIBC.
There are three main goals with this research:

(i) to find the intrinsic grouping in a set of data with
clinical, molecular markers and statistics about recur-
rence, progression, and overall survival of patients
with NMIBC;

(ii) to develop a knowledge discovery in databases
(KDD) approach for discovering possible relation-
ships between the concentration of different molec-
ular markers and clinical and histopathological prog-
nostic factors of NMIBC;

(iii) to investigate if a combined clinical and molecular
classification of NMIBC based on a developmental
biology approach can provide additional prognos-
tic information by using a hierarchical clustering
exploratory data analysis.

3. Bladder Cancer

3.1. Epidemiology of BC. BC is themost commonmalignancy
of the urinary tract, the 7th most common cancer in men
and the 17th in women [14].The worldwide age-standardized
incidence rate is 9 per 100,000 for men and 2 per 100,000 for
women (2008 data) [15].

In the European Union (EU), the age-standardized inci-
dence rate is 27 per 100,000 for men and 6 per 100,000 for
women [1]. The incidence of BC varies between regions and
countries; in Europe, the highest age-standardized incidence
rate has been reported in Spain (41.5 in men and 4.8 in
women) and the lowest in Finland (18.1 in men and 4.3 in
women) [15].
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Worldwide age-standardized mortality rate is 3 for men
versus 1 per 100,000 for women. In the EU, the age-
standardized mortality rate is 8 for men and 3 per 100,000
for women, respectively [1]. In 2008, BC was the eighth most
common cause of cancer-specific mortality in Europe [15].

The incidence of BChas decreased in some areas, possibly
reflecting the decreased impact of causing agents, mainly
smoking and occupational exposure [16]. Mortality from BC
has also decreased, possibly reflecting an increased standard
of care [17].

3.2. Etiology of BC. Tobacco smoking is the most important
risk factor for BC, accounting for approximately 50% of
the cases [3, 18], because tobacco smoke contains aromatic
amines and polycyclic aromatic hydrocarbons, which are
renally excreted. Cigarette smokers have a two- to fourfold
increased risk of bladder cancer compared with nonsmokers
[19], and the risk increases with increasing intensity and
duration of smoking [20]. On cessation of smoking, the risk
of bladder cancer falls>30% after 1–4 years and by >60% after
25 years but never returns to the risk level of nonsmokers [1].

Occupational exposure to aromatic amines, polycyclic
aromatic hydrocarbons, and chlorinated hydrocarbons is the
second most important risk factor for BC, accounting for
about 10% of all cases. This type of occupational exposure
occurs mainly in industrial plants processing paint, dye,
metal, and petroleum products [3, 21, 22].

Although the significance of the amount of fluid intake is
uncertain, the chlorination of drinking water and subsequent
levels of trihalomethanes are potentially carcinogenic, while
exposure to arsenic in drinking water increases the risk
[3]. The association between personal hair dye use and risk
remains uncertain; an increased risk has been suggested in
users of permanent hair dyes with an NAT2 slow acetylation
phenotype [23, 24]. The impact of diet and environmental
pollution is less evident.

Exposure to ionizing radiation is connected with
increased risk. It is suggested that cyclophosphamide and
pioglitazone are weakly associated with BC risk [3]. Schis-
tosomiasis, a chronic endemic cystitis, based on recurrent
infection with a parasitic trematode, is a cause of BC [3].

Finally, there is increased evidence that genetic predispo-
sition may influence the incidence of TCC of the bladder [3],
especially via its impact on susceptibility to other risk factors
[3, 25].

3.3. Prognostic Factors (PF) of NMIBC. As previously seen,
the NMIBC is a heterogeneous group of tumors whose prog-
nosis and therapeutic indications are very difficult to establish
at the diagnosis time. Although TURBT is an essential
diagnostic tool and an effective treatment for bladder cancer,
45% of patients will have tumor recurrence within 12 months
of TURBT alone. Tumor recurrence can be attributed to a
combination of missed tumors, incomplete, initial resection,
reimplantation of tumor cells after resection, and tumor
occurrence in high risk urothelium. Several factors influence
the recurrence rate, for instance, clinical and pathological
results, applied treatments, and diagnostics.

There are two fundamental risks attributed to NMIBC:
the risk of recurrence without worsening the grade or stage
and the risk of progression to MIBC. So, according to this
behavior, basically, NMIBC can be classified into three groups
of patients. A minority of patients (20–30%) have a relatively
benign type of TCCwith a low recurrence rate.These low risk
tumors do not showprogression.The largest group of patients
includes those who frequently develop a NMIBC recurrence
but seldom experience progression. A third, small group of
patients, includes those who have a relatively aggressive non-
muscle invasive tumor at presentation. Despite maximum
treatment, up to 45% of these patients will develop MIBC.
The desire to predict which NMIBC will become MIBC and
will develop disseminated disease has stimulated the study
of factors with possible prognostic value; these are called
prognostic factors (PF).

3.3.1. Clinical PF. The current clinicopathology-based prog-
nostic approaches for predicting recurrence and progression
in NMIBC divides the factors into three groups: PF based on
clinical; endoscopic; and pathological findings [26–33].

Prognostic factors are based on clinical findings:

(i) primary or recurrence,
(ii) prior recurrence rate,
(iii) use of intravesical therapy.

PF are based on endoscopic findings:

(i) number of tumors,
(ii) tumor size.

PF are based on pathologic findings:

(i) tumor grade,
(ii) tumor stage,
(iii) association with carcinoma in situ (CIS).

In our database we selected only primary tumors with no
concomitant CIS. Previously recurrent tumors were excluded
because of their molecular markers and their natural history
could be altered due to the previous use of intravesical
chemo- or immunotherapy, usually employed in this kind
of tumors. In the same way, concomitant CIS patients were
excluded because CIS has a clearly different molecular devel-
opmental pathway [34, 35] and a clearly worse prognosis.

Several authors have tried to classify NMIBC risk groups
by trying to predict the possible evolution, in order to design
strategies for treatment and monitoring.

Parmar et al. [26] established 3 different groups of risk of
recurrence: Group 1 (single tumor and negative cystoscopy at
3rd month); Group 2 (multiple tumor, or positive cystoscopy
at 3rd month); and Group 3 (multiple tumor and positive
cystoscopy at 3rd month). The percentage of patients free of
recurrence at 2 years was 74% in Group 1, 44% in Group
2, and 21% in Group 3. In this classification, interesting for
its simplicity, the introduction of positive cystoscopy at 3rd
month as a risk factor provides a high degree of differentiation
of tumor recurrence; however, it is not suitable to assess the
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progression or tumor mortality, which was not accounted for
by this author.

Fradet [36] studying 382 patients with initial NMIBC
showed that the main PF for recurrence in their series were
tumor multiplicity, size, stage, and tumor grade, defining
what they called adverse tumor characteristics (ATC). With
this classification, recurrence and progression at 1 year were,
respectively, 21 and 0% in the low risk group, 36 and 1% in the
intermediate risk group, and 66 and 9% in the high risk group.
CCAFU [37] also classified the NMIBC into three categories
according to progression risk (low risk groups, intermediate,
and high).

When using these risk groups, however, no distinction
is usually drawn between the risk of disease recurrence
and disease progression. Although prognostic factors may
indicate a high risk of recurrence, the risk of progression
might still be low, while other tumors might have a high risk
of both recurrence and progression.

In order to predict separately the short- and long-term
risks of disease recurrence and progression in individual
patients, the group of Millán-Rodŕıguez et al. [38] has also
designed its own risk classification based on the PF NMIBC
discussed above, with the novelty of having each group
assigned a specific weight PF recurrence, progression and
mortality, stratifying the different variables depending on
the degree and the association of Kish. Accordingly, and
analyzing 1,529 patients with NMIBC, they established three
groups with different risks of recurrence, progression and
mortality. Risk groups were classified as low (grade 1 stage
Ta disease and a single grade 1 stage T1 tumor), intermediate
(multiple grade 1 stage T1 tumors, grade 2 stage Ta disease,
or a single grade 2 stage T1 tumor), and high (multiple grade
2 stage T1 tumors, grade 3 stages Ta or T1 disease, and any
stage disease associatedwithCIS), with significant differences
on recurrence, progression, and overall survival among the 3
groups. Low and intermediate risk patients showed 37% and
45% risk of recurrence, respectively, without significant risk
for progression or death from bladder cancer. By contrast, in
the high risk category the incidence of recurrence, progres-
sion, and mortality was 54%, 15%, and 9.5%, respectively.

More recently, the European Organization for Research
and Treatment of Cancer (EORTC), Genito-Urinary Cancer
Group (GUCG), developed a scoring system and risk tables
[8] based on the six most significant clinical and pathological
factors:

(i) number of tumors;
(ii) tumor size;
(iii) prior recurrence rate;
(iv) T category;
(v) presence of concurrent CIS;
(vi) tumor grade.

The basis for the EORTC risk tables was a combined anal-
ysis of individual patient data from 2596 NMIBC patients
included in seven randomized EORTC trials [8]. A sim-
ple scoring system was derived based on six clinical and
pathological factors (number of tumors, tumor size, prior

recurrence rate, T stage, presence of concomitant CIS, and
tumor grade). Based on available prognostic factors and in
particular data from the EORTC risk tables, the EAU Guide-
lines Panel recommends stratification of patients into three
risk groups that will facilitate treatment recommendations.

The prognostic value of the EORTC scoring system has
been confirmed by data from the Clube Urológico Español
de Tratamiento Oncológico (CUETO) patients treated with
BCG and by long-term follow-up in an independent patient
population (125,126). The CUETO risk calculator is available
at http://www.aeu.es/Cueto.html [39, 40].

For our database, we used a modification of the risk
groups classifications proposed by Parmar et al. [26] and
Millán-Rodŕıguez et al. [38], grouping low and intermediate
risk groups into the same risk group, trying to avoid the data
dispersion, because of the small number of patients in each
group and the small prognostic differences between low and
intermediate risk groups.

3.3.2. Molecular PF. With increasing understanding of the
cellular mechanisms underlying the development of molecu-
lar pathways involved in urothelial oncogenesis, somemolec-
ular prognostic factors are being proposed to identify patients
in need of surveillance and aggressive treatment.

Originally defined to represent the analysis of the entire
protein component of a cell or tissue, proteomics now encom-
passes the study of expressed proteins, including identifica-
tion and elucidation of the structure-function relationship
under healthy conditions and disease conditions, such as
in cancer. In combination with genomics, proteomics can
provide a holistic understanding of the biology underlying
disease processes.

Cancer proteomics encompasses the identification and
quantitative analysis of differentially expressed proteins rel-
ative to healthy tissue counterparts at different stages of
disease, from preneoplasia to neoplasia. Expression analysis
directly at the protein level is necessary to unravel the critical
changes that occur as part of disease pathogenesis. This is
because proteins are often expressed at concentrations and
forms that cannot be predicted from mRNA analysis [41].

Many molecular markers have been studied in NMIBC
[42], including deletion or expression of mutated forms of
the tumor-suppressor genes, p53 and retinoblastoma, and
expression of the different products of the tyrosine kinase
receptor (TKR) family.

The epidermal growth factor receptor (EGFR) is a mem-
ber of the TKR family, a group of receptors which are all
encoded by the c-erbB oncogenes. There are four known c-
erbB oncogenes whose transcription produces a variety of
protein products that play a physiological role in coordinated
cell growth and tissue repair. Pathological expression of these
proto-oncogenes is associated with the loss of coordination
of cell growth that typifies malignancy.

A series of studies have indicated the potential prognostic
value of evaluating expression levels of TKR genes such as
FGFR3, EGFR, ERBB2 (HER/neu), and ERBB3 in patients
with NMIBC and muscle invasive bladder cancer (MIBC)
[34, 43, 44].
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Overexpression of EGFR in bladder cancer has been
widely reported [45–48] and several studies have shown
EGFR positivity to be associated with high tumor stage,
tumor progression, and poor clinical outcome [46, 48, 49].
The mechanism by which EGFR expression is associated
with poor prognosis is not entirely clear, although there
is some evidence linking EGFR stimulated activation of
activator protein-1 transcription factor with induction of
matrix metalloproteinase activity [50].

TheHER2/neu gene encodes a glycoprotein with intrinsic
tyrosine kinase activity, another member of the family TKR.
The HER2/neu encoded protein molecule occupies a critical
position in the biochemical pathways responsible for the
transduction of mitogenic signals from a variety of growth
factor receptors. In addition to its role in regulating normal
cellular proliferation, overexpression of the HER2/neu gene
appears to play a role in neoplastic cell growth [51].

The incidence of overexpression of HER2/neu in bladder
cancer is one of the highest among all human malignancies,
ranging from 9% to 34% of the cancers tested [52–55].
In transitional bladder cell carcinoma, it was found that
HER2 is overexpressed with a greater frequency in higher
grades (40%) and stages (38%) than lower grades (0%) and
stages (8%) [56]. Several studies have suggested a negative
prognostic role for HER/neu amplification or overexpression
in MIBC [57–60]. Using multivariate analysis, Bolenz et al.
[55] found that patients harboring tumors with HER/neu
overexpression were twice as likely to experience recurrence
and to die from their cancer, compared to patients with
HER/neu-negative tumors.

A subset of high grade NMIBCs contains HER2 ampli-
fication and is associated with markedly aggressive behav-
ior [61]. The results obtained by quantitative methods in
other studies showed HER2/neu oncoprotein to be more
significantly expressed in the malignant group compared to
the benign and normal groups [54], and they concluded
that the quantitative assessment of HER2/neu expression in
malignant tumors aided by other proliferation markers such
as synthetic phase fraction (SPF),DNA index (DI), and ploidy
is useful in selecting patients formore aggressive treatment or
for predicting outcome.

TP53 tumor suppressor gene is considered to play a
significant role in carcinogenesis. Mutations in the TP53
are the most frequent genetic abnormalities encountered in
human malignancies, including urinary bladder carcinoma
[62]. It has already been established that the half-life of a
mutated p53 protein is considerably longer than that of the
wild-type p53 protein [63]. The accumulation of the mutated
p53 protein in the nuclei of the malignant cell is the main
reason for increased detection level by immunohistological
methods, including immunofluorescence.

Many previous studies have established that both p53
gene mutations and immunohistochemically detected p53
expression are independent prognostic biomarkers in CCT,
indicating that p53 stabilization not encoded by mutant
gene could also produce aberrant downstream signaling
pathways, with a central role in apoptotic regulation [64,
65]. Progression of NMIBC to higher-grade muscle invasive
disease is also due to alterations in TP53 and RB1. Early

studies by Sarkis et al. [66, 67] found TP53 alterations to
be strong independent predictors of disease progression in
patients with NMIBC, MIBC, and CIS. Recent studies have
supported these findings by showing an independent role
of TP53 alteration in predicting disease-free survival and
disease-specific survival in patients with pT1 and pT2 tumors
who have undergone cystectomy [68].

Digital quantitative detection of nuclear p53 by immuno-
fluorescence staining of histological samples seems to provide
more objective and reproducible values corresponding to
p53 protein concentration in cell’s nuclei than the traditional
scoring system of counting the positively stained cells [69].

As it has been proved in previous publications of our
working group [9–13] quantitative expression analysis of
these proteins seems to be helpful to establish prognosis in
BC.

4. Population Investigated

4.1. Clinical Methodology. This analysis used a subpopulation
of a previous clinical database with three different groups of
patients, NMIBC, MIBC, and Benign Prostatic Hyperplasia
(BPH) patients. 45 patients with a new diagnosis of NMIBC
were selected. Patients with BPH, MIBC, CIS, and previous
NMIBC recurrent tumors were not included in this database
because of their different clinical behavior.

Anamnesis andphysical examinationwith clinical history
were previously carried out in order to collect clinical factors
(age, sex, smoking status, and alcohol consumption and
presentation mode).

As part of a preoperative staging, preoperative imaging
(renal and bladder ultrasound, intravenous urography, com-
puted tomography, or cystoscopy) and urine cytology were
carried out before the diagnosis of all patients.

After that, patients underwent conventional TURBT and
the following data were collected: multiplicity, size, and
aspect. TURBT was completed with a standardized multiple
biopsy of the bladder surface in order to exclude the presence
of concomitant CIS.

Once the TURBT was finished, the tumor tissue obtained
was divided into two specimens: one of them for the
histopathological study and the other one for protein expres-
sion studies.

Histopathological diagnosis was performed by a single
pathologist. Grading was established using the OMS classifi-
cation [70]. Staging was performed by the UICC criteria 1997
staging system [71]. Patients with biopsies that showed the
presence of concomitant CIS were excluded from the study.

The samples extracted in the surgery room were sent to
the proteomic laboratory for a quantification of the following
biomarkers:

(i) p53 protein: quantified in the cytosol by a technique
of immunoluminescence (LIA);

(ii) neu protein: determined using a quantitative enzyme
linked immunoassay (ELISA);

(iii) EGFR: quantified in membranes by radioimmunoas-
say (RIA).
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Then, a stratified protocol of postoperative adjuvant intrav-
esical therapy and standard follow-up for patients diagnosed
NMIBC with cytology and cystoscopy or ultrasound was
performed for preventing and detecting tumor recurrence
and/or progression.

4.2. Dataset. The dataset used in the experiments is com-
posed of 45 patients undergoing TURBT for NMIBCwithout
the presence of concomitant CIS. Table 1 summarizes the 67
variables measured for each patient, their description, and
range.

5. Hierarchical Clustering Analysis

The numerical analyses performed here with the dataset
emphasized the use of clustering algorithms for finding
hierarchical groups of objects in an unsupervised way [72–
74].The first steps involved preparing the dataset for analysis,
which included cleansing and normalizing the data. Then,
three different clustering analyses were performed: using only
those variables with no missing values; using all variables,
but replacing missing values; and using only those variables
selected by experts. The different analyses allowed us to
detect, remove, and explain anomalies in the dataset and
to cluster patients based on neu ranges and risk groups,
with a different prognostic of progression or recurrence.
The method and experiments are detailed in the following
sections.

5.1. Single-Linkage Hierarchical Clustering. Clustering, in
data mining, tries to identify the distribution of patterns
and intrinsic correlations in datasets by partitioning the data
points into similarity groups. Clustering enhances the value
of existing databases by revealing rules in the data. These
rules are useful for understanding trends,making predictions
of future events from historical data, or synthesizing data
records into meaningful clusters [72–74].

Clustering algorithms usually employ a distance metric
(e.g., Euclidean) or a similarity measure to partition the
database, such that data points in the same partition are
more similar than points in different partitions. Hierarchical
clustering is one of the most frequently used methods in
unsupervised learning. Given a set of data points, the output
is an upside down tree, known as a dendrogram, whose leaves
are the data points andwhose internal nodes represent nested
clusters of various sizes. The tree organizes these clusters
hierarchically, where the hope is that this hierarchy agrees
with the intuitive organization of real-world data.

The method used in the clustering experiments per-
formed in this paper is named single-linkage. This is an
agglomerative hierarchical method in which new clusters are
created by combining the most similar groups. The initial
clustering is formed by a singleton, that is, a single object, and
at each iteration a new cluster is formed by joining two of the
most similar groups of the previous iterations. In the single-
linkage, the distance between the new group and the others
is determined as the shortest distance among the elements of
the new and the remaining groups.

5.2. Data Cleansing. Data preprocessing, or data preparation,
manipulates and transforms data so that the knowledge
contained in it can be more easily and accurately extracted
[75, 76].The best way to preprocess the data depends on three
main issues: the database problems (e.g., inconsistency and
noise); what use is intended from the data; and how the data
analysis tools to be used work.

The first preprocessing step performed with the dataset
was to remove constant-valued variables, identifiers (IDs),
variables with a high number of missing values, and dates.
Table 2 presents the variables that were removed from the
original dataset and why.

5.3. Analysis with No Missing Values. In this first analysis,
only those variables without missing values were considered,
totaling 58 out of 67 variables, as follows: Age; Gender;
Tabaco; Alcohol; Af; Mfumador; Hematuri; Irritat; Dolor-
sup; Otross; Diagn; Tumor; Hem; Hb; Hcto; Citesp; Citar;
Eco; Uiv; Ct; Cistosc; Multiple; Tam; TAM3CM; Aspect;
ASPESUPE; Tto; ADYUV; Oncot; Mytom; Bcg; Bmn; Jewett;
G; G23; Tnm; GRIES; GRX; Ap; Tipoap; p53iha; p53ria;
Neu; Recidiv; Progres; Nrecidiv; Numrecp; Metas; Muerte;
Mporca; Recm; Logneu; Superv; Tprogre; Tmetas; Np53ria;
Nneu; Edad70.

Figure 1(a) shows the dendrogram of the hierarchical
clustering performed on all patients and only those variables
with no missing values. It can be observed that patients 10,
13, and 28 have profiles substantially distinct from the others,
thus being treated as anomalies. To better investigate the data
and search for groups of patients’ profiles, the anomalous
patients (10, 13, and 28) were removed from the dataset and
a new hierarchical clustering was performed, as depicted in
Figure 1(b).

By looking at Figure 1(b) the presence of five clusters of
patients can be observed (represented here by their IDs):

(i) Cluster 1: 6, 30, 35;
(ii) Cluster 2: 1, 3, 4, 7, 11, 14, 15, 17, 19, 20, 22, 24, 26, 29, 31,

34, 37, 38, 39, 42, 45;
(iii) Cluster 3: 2, 5, 12, 16, 18, 27, 44;
(iv) Cluster 4: 8, 21, 23, 33, 36, 40, 41, 43;
(v) Cluster 5: 9, 25, 32.

After an analysis of the original dataset and comparison with
the groups found by the algorithm, it is possible to note a
subdivision of patients based on ranges of the neu variable,
as follows:

(i) Cluster 1: neu ≈ 400HNU/mL;
(ii) Cluster 2: 600 ≤ neu ≤ 1,100HNU/mL;
(iii) Cluster 3: neu < 400HNU/mL;
(iv) Cluster 4: 1,500 ≤ neu ≤ 1,900HNU/mL;
(v) Cluster 5: 1,200 ≤ neu ≤ 1,400HNU/mL.

The anomalous profiles found presented a very large neu: neu
> 1,900HNU/mL. No association between these neu clusters
and classical risk factors or risk groups was found.
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Table 1: Variables measured and available in the dataset.

Name Description Values Significance
Type Type of sample 1/2/3 NMIBC/MIBC/control
Age Diagnosis age Numeric Years
N History Identification number Numeric —
Gender Gender 1/2 Male/female
Fdiagn Diagnostic data Date DD/MM/YYYY
Tobacco Tobacco smoking 0/1 No/yes
Alcohol Alcohol consumption 0/1 No/yes
Af Family history of BC 0/1 No/yes
Mfum More than 20 cigarettes a day 0/1 No/yes
Otrosf Other risk factors of BC Text Not analyzable
Hematuri Haematuria 0/1 No/yes
Irritat Irritative syndrome 0/1 No/yes
Dolorsup Suprapubic pain 0/1 No/yes
Otros Other symptoms 0/1 No/yes
Diagn Diagnostic type 1/2 Symptomatic/incidental
Tumor Number of tumors Numeric Numeric
Creat Creatinine Numeric mg/dL
Got GOT Numeric U/L
Gpt GPT Numeric U/L
Hem Number of red blood cells Numeric E6/uL
Hb Haemoglobin Numeric g/dL
Hcto Hematocrit Numeric %
Ca Calcium Numeric mg/dL
P Phosphorum Numeric mg/dL
Falc Alcaline phosphatase Numeric U/L
Citesp, Citarr; eco, UIV; CT, cistosc Diagnosis test performed Text Not analyzable
Multiple Multiplicity 1/2 Single/multiple
Tam Size (cm) numeric cm
TAM3CM Size ≥3 cm 1/2 No/yes
Aspect Endoscopic aspect 1/2/3 1 Superficial/2 infiltrative/3 intermediate
ASPESUP Superficial aspect 1/2 Yes/no
Tto Type of adjuvant therapy Text Not analyzable
ADYUV Adjuvant therapy 1/2 Yes/no
Jewett Histologic staging 1/2/3 A/B/C-D
G Grade 1/2/3 G1/G2/G3
G23 Grades 2 or 3 1/2 No/yes
Tnm TNM 1/2 Ta/T1
Gries EORTC risk group 1/2 Low-intermediate/high
Grx Millan risk group 1/2 Low-intermediate/high
AP, tipoAP Type of BC 1/2/9 Not analyzable TCC/SC/other
p53iha P53 immunohistochemistry 1/2/3 +/++/+++
p53ria P53 quantified Numeric ng/ml
Neu Prot p185 quantified Numeric HNU (0.05 fmol/mg)/ml
p16 Prot p16 immunohistochemistry 1/2/3 +/++/+++
Recid Relapse 1/2 Yes/no
Fechare First relapse data Date DD/MM/YYYY
narecid Number of relapses Numeric Number
narecidp Number of relapses till progression Numeric Number
Prog Progression 1/2 Yes/no
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Table 1: Continued.

Name Description Values Significance
Fprog Progression date Date DD/MM/YYYY
Metas Metastatic disease 1/2 Yes/no
Muerte Death 1/2 Yes/no
Fechmuerte Date of death Date DD/MM/YYYY
Mporca Cancer specific mortality 1/2 Yes/no
Recm Number of relapses till death Numeric Number
fechaultre Last Revision Date Date DD/MM/YYYY
Egfr EGFR quantified Numeric EGFR fmol/protein mg
Logneu Neu logarithm Numeric Number of months
Super Survival (months) Numeric Number of months
Ile Relapse-free survival Months Number of months
Tprogre Progression-free survival Months Number of months
Tmetas Metastatic disease-free survival Months Number of months
Np53ria p53 RIATertile 1/2/3 Tertile 1/tertile 2/tertile 3
Nneu NeuTertile 1/2/3 Tertile 1/tertile 2/tertile 3
Negfr EGFRTertile 1/2/3 Tertile 1/tertile 2/tertile 3
Filtro NMIBC
edad70 Older than 70 years 1/2 Yes/no
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Figure 1: Hierarchical clustering of the NMIBC patients removing variables with missing values. (a) Clustering of the whole dataset. (b)
Clustering of the dataset after removing the anomalous patients 10, 13, and 28.

5.4. Analysis Replacing Missing Values. In the second set of
experiments performed, all 67 variables were used, but those
with missing values were replaced by the average in case
of numeric variables, or by the mode in case of categorical
variables. Table 3 summarizes the replacement values used
for each variable with missing values.

In this case, the hierarchical clustering shown in
Figure 2(a) indicates only two anomalous profiles, patients 13
and 28. After removing them from the dataset, the following
clusters emerge (Figure 2(b)):

(i) Cluster 1: 1, 2, 3, 4, 5, 6, 7, 11, 12, 14, 15, 16, 17, 18, 19, 20,
22, 24, 26, 27, 29, 30, 31, 34, 35, 37, 38, 39, 42, 44, 45;

(ii) Cluster 2: 8, 21, 23, 33, 36, 40, 41, 43;
(iii) Cluster 3: 9, 10, 25, 32.

In this case, an analysis of the groups formed leads to
the observation of the following neu ranges: Cluster 1

(1,250HNU/mL ≤ neu ≤ 1,550HNU/mL); Cluster 2 (neu >
1,550HNU/mL); and Cluster 3 (neu < 1,200HNU/mL).

No association between these neu clusters and classical
risk factors or risk groups was found.

5.5. Expert Selection of Relevant Variables. In this last exper-
iment, the goal was to observe if there is any relationship
between the molecular markers (proteins neu, EGFR, and
p53) and the tumoral tissue of NMIBC. To investigate that, a
subset of the variables was selected manually and the cluster-
ing algorithm was applied. The following variables were cho-
sen: Age, Gender, Tabaco, Tumor, Multiple, Tam, TAM3CM,
ASPESUPE, G, G23, Tnm, GRIES, GRX, Tipoap, p53iha,
p53ria, neu, Recidiv, Progres, Nrecidiv, Metas, Muerte, Egfr,
Logneu, Superv, Ile, Tprogre, Tmetas, Np53ria, Nneu, Negfr,
and Edad70. The patients with missing values (3, 8, 10, 11,
17, 18, 22, 23, 24, 27, 28, 31, and 34) were removed from the
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Figure 2: Hierarchical clustering of the NMIBC patients using all variables. (a) Clustering of the whole dataset. (b) Clustering of the dataset
after removing the anomalous patients 13 and 28.

Table 2: Variables removed from the dataset during the cleansing
process.

Variable Explanation
Type Constant value
Nhistori Identifier

Otrosf 87% of missing values (additional
medical information)

Creat Empty
p16 Empty

Otrosm 93% of missing values (additional
medical information)

Fdiagn Date
Fecharec Date
Fechaprog Date
Fechametas Date
Fechmuerte Date
Fechaultre Date
filter $ Constant value

Table 3: Replacement values for the variables with missing values.

Variable Value
Got 25
Gpt 24
Ca 9.32
P 3.22
Falc 87
h c 23
Egfr 10.05
Ile 61
Negfr 3

dataset. The results are presented in Figure 3. In Figure 3(a)
the clustering of the whole dataset is presented, and the
presence of eight outliers can be observed: 13, 26, 30, 35, 37,
38, 44, and 45.

By looking at Figure 3(b) it is possible to observe four
clusters of patients who can be subdivided into risk groups:

(i) Cluster 1: low riskwith no progression and recurrence;
(ii) Cluster 2: high risk with no recurrence (or late

recurrence) and no progression;
(iii) Cluster 3: low risk with early recurrence and no

progression;
(iv) Cluster 4: high risk with recurrence and progression.

Outlier patients can always be grouped in one of the different
clusters according to their clinical characters (size, number,
grade, stage, etc.) but were excluded by the algorithm because
one or more molecular markers were out of range, as shown
in Tables 4 and 5.

5.6. Discussion. Progress in data storage and acquisition has
resulted in a growing number of enormous databases. The
information contained in these databases can be extremely
interesting and useful; however, the amount is too large
for humans to process manually. Data mining is defined as
part of knowledge discovery in databases and draws on the
fields of statistics, machine learning, pattern recognition, and
database management and can be able to extract interesting
and useful material from these large datasets.

Using a hierarchical algorithm it was possible to find
two different cluster associations based on HER2/neu levels.
None of these associations was significantly correlated with
any of the clinicopathologic data studied (neither classical
risk factors nor risk groups).These data support the previous
assertion of another working group, which suggested that the
quantitative assessment of HER2/neu expression by ELISA in
BC was not significantly associated with stage or grade and
has no prognostic significance by itself but only aided by other
proliferation markers such as SPF, DI, and ploidy [54].

By using a hierarchical clustering algorithm, an interest-
ing distribution of patients into four different groups (clus-
ters) with different biological behaviors and prognosis could
be found. Cluster 1 is composed of unique tumors, low size
(<3 cm), low grade, and low stage, with a low risk of relapse or
progression, and with a biological behavior according to the
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Table 4: Clinical and molecular characteristics of the different clusters.

Attribute Cluster 1 Cluster 2 Cluster 3 Cluster 4

Age∗ 61 years; 18 67 years; 9 70 years; 9 82 years; 9
(23–73) (52–79) (60–82) (72–93)

Multiplicity No: 100% No: 20% No: 40% No: 50%
Yes 0% Yes 80% Yes 60% Yes 50%

TM > 3 cm No: 71% No: 50% No: 60% No: 0%
Yes: 29% Yes: 50% Yes: 40% Yes: 100%

Grade
G1: 83.3% G1: 0% G1: 20% G1: 0%
G2: 16.6% G2: 62.5% G2: 80% G2: 50%
G3: 0% G3: 37.5% G3: 0% G3: 50%

TNM Ta: 100% Ta: 0% Ta: 80% Ta: 0%
T1: 0% T1: 100% T1: 20% T1: 100%

Risk group [26] Low-Int: 100% Low-Int: 0% Low-Int: 80% Low-Int: 0%
High: 0% High: 100% High: 20% High: 100%

Risk group [38] Low-Int: 100% Low-Int: 12.5% Low-Int: 100% Low-Int: 0%
High: 0% High: 87.5% High: 20% High: 100%

p53 (ng/mL)∗ 0.1; 0.2 0.5; 1.2 0; 0 0; 0
(0–0.6) (0–3.40) (0-0) (0-0)

neu (HNU/mL)∗ 748.5; 415.6 775.4; 544.2 1379.9; 184.7 854.4; 497.7
(328–1596.1) (76–1749.1) (1253.0–1698.1) (330.9–1527.2)

EGRF (fmol/mg)∗ 6.9; 4.0 12.5; 12.8 8.5; 4.7 22.8; 17.2
(0.2–11.4) (2.2–16.6) (3.0–15.1) (7.1–39.5)

GS (months)∗ 104; 37 (47–128) 93; 46 (3–135) 84; 47 (23–133) 17; 10 (5–28)
RFS (months)∗ 104; 37 (47–128) 81; 56 (3–135) 9; 4 (4–13) 13; 10 (5–27)
PFS (months)∗ 104; 37 (47–128) 93; 46 (3–135) 84; 47 (23–133) 13; 10 (5–27)
∗Mean; SD (range).
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Figure 3: Hierarchical clustering of the NMIBC patients using the selected variables. (a) Clustering of the whole dataset. (b) Clustering of
the dataset after removing patients 13, 26, 30, 35, 37, 38, 44, and 45.

expected one in patients with these characteristics. Cluster
2 is composed of tumors with a high risk of relapse and
progression (multiplicity, bigger size than 3 cm, high grade,
and high stage) but with no relapse (or a very late superficial
relapse) and no evidence of progression during a long follow-
up period (almost 8 years). Cluster 3 is composed of unique
tumors, with low size, low grade, low stage, and a low risk
of relapse or progression, that shows a very early relapse as
NMIBC and no progression. Cluster 4 is composed of high

risk tumors, with a high risk of progression (multiplicity,
bigger size, high grade, and high stage) and with a biological
behavior according to these characteristics, with an early
relapse, progressing to a MIBC.

Outlier patients can always be grouped into one of
the different clusters according to their clinical characters
(size, number, grade, stage, etc.) and biological behavior
but were excluded by the algorithm because one or more
molecular markers were out of range. Nevertheless, no rules
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Table 5: Clinical and molecular characteristics of the different outliers (patient number).

Attribute Outlier 1 (13) Outlier 2 (26) Outlier 3 (30) Outlier 4 (35) Outlier 5 (37) Outlier 6 (38) Outlier 7 (44) Outlier 8 (45)
Age 77 73 69 72 41 71 80 60
Multiplicity Yes Yes Yes No No No No Yes
TM > 3 cm Yes No No No No No Yes Yes
Grade G3 G2 G2 G2 G2 G2 G3 G2
TNM T1 Ta Ta Ta T1 T1 T1 Ta
Risk group High Low-Int Low-Int Low-Int High High High Low-Int
p53 0 4.7 0.9 0 0 0 0.9 0
Neu 2,125.80 724.5 415.8 459 994 700 385.7 870.6
Egfr 0.5 6.3 15.5 8.6 3.2 1.3 16.4 0
GS (months) 15 35 133 111 131 11 9 106
RFS (months) 15 11 5 11 59 1 3 18
PFS (months) 15 35 133 111 131 1 3 91
Cluster 4 3 3 3 2 4 4 3
Bold: reason for exclusion by the algorithm.

of distribution between clusters and any of the molecular
markers were found.

The small number of patients in the database due to
the restrictive criteria of inclusion (NMIBC, first tumor, no
CIS associated, and disposable molecular markers) and the
retrospective analysis of a preexisted databasewith no specific
design for this use were important limitations of the present
study.

6. Conclusions and Future Work

This paper explored the hypothesis that clinical and histo-
pathological data, together with information from several
molecular markers in patients, helps in the prediction of
outcomes and design of treatments for nonmuscle invasive
bladder cancer. A hierarchical clustering algorithm was
applied to a set of patients to identify clusters of patients
with clinical, molecular markers and prognostic factors and
provide statistics about the recurrence, progression, and
survival of patients.

The results presented showed that the cluster algorithms
can group patients with NMIBC into different molecular
clusters.Thequantitative assessment ofHER2/neu expression
in NMIBC was grouped by the algorithm, but these were
not significantly correlated with clinicopathologic data and
are not useful for predicting the patients’ outcome. Also,
EGFR and p53 showed not to be useful proteins for clustering
patients with NMIBC. However, the hierarchical clustering
algorithm could group patients with NMIBC into different
risk groups with different clinical behaviors and prognosis,
but these ones were not significantly correlated with molecu-
lar markers. Outliers were also detected and explained.

Future investigation includes the use of a larger number
of patients and the inclusion of different molecular markers
in the analyses.
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[56] S. Krüger, G. Weitsch, H. Büttner et al., “Overexpression of c-
erbB-2 oncoprotein inmuscle-invasive bladder carcinoma: rela-
tionship with gene amplification, clinicopathological parame-
ters and prognostic outcome,” International Journal of Oncology,
vol. 21, no. 5, pp. 981–987, 2002.

[57] V. Ravery, D. Grignon, J. Angulo et al., “Evaluation of epidermal
growth factor receptor, transforming growth factor alpha, epi-
dermal growth factor and c-erbB2 in the progression in invasive
bladder cancer,”Urological Research, vol. 25, no. 1, pp. 9–17, 1997.

[58] R. E. Jimenez, M. Hussain, F. J. Bianco Jr. et al., “Her-2/neu
overexpression in muscle-invasive urothelial carcinoma of the
bladder: prognostic significance and comparative analysis in
primary and metastatic tumors,” Clinical Cancer Research, vol.
7, no. 8, pp. 2440–2447, 2001.

[59] A. Chakravarti, K. Winter, C.-L. Wu et al., “Expression of the
epidermal growth factor receptor and Her-2 are predictors
of favorable outcome and reduced complete response rates,
respectively, in patients with muscle-invading bladder cancers
treated by concurrent radiation and cisplatin-based chemother-
apy: a report from the Radiation Therapy Oncology Group,”
International Journal of Radiation Oncology Biology Physics, vol.
62, no. 2, pp. 309–317, 2005.

[60] C. Bolenz and Y. Lotan, “Translational research in bladder can-
cer: from molecular pathogenesis to useful tissue biomarkers,”
Cancer Biology andTherapy, vol. 10, no. 5, pp. 407–415, 2010.

[61] P. C. H. Chen, H. J. Yu, Y. H. Chang, and C. C. Pan, “Her2
amplification distinguishes a subset of non-muscle-invasive
bladder cancers with a high risk of progression,” Journal of
Clinical Pathology, vol. 66, no. 2, pp. 113–119, 2013.

[62] T. H. Ecke, H. H. Schlechte, G. Schulze, S. V. Lenk, and
S. A. Loening, “Four tumour markers for urinary bladder
cancer—tissue polypeptide antigen (TPA), HER-2/neu (ERB
B2), urokinase-type plasminogen activator receptor (uPAR)
and TP53mutation,”Anticancer Research, vol. 25, no. 1, pp. 635–
641, 2005.

[63] C. A. Finlay, P. W. Hinds, T. H. Tan, D. Eliyahu, M. Oren, and
A. J. Levine, “Activating mutations for transformation by p53
produce a gene product that forms an hsc70-p53 complex with
an altered half-life,”Molecular and Cellular Biology, vol. 8, no. 2,
pp. 531–539, 1988.

[64] B. George, R.H.Datar, L.Wu et al., “p53 gene and protein status:
the role of p53 alterations in predicting outcome in patients with
bladder cancer,” Journal of Clinical Oncology, vol. 25, no. 34, pp.
5352–5358, 2007.

[65] Z. Popov, A. Hoznek, M. Colombel et al., “The prognostic value
of p53 nuclear overexpression and MIB−1 as a proliferative



14 BioMed Research International

marker in transitional cell carcinoma of the bladder,” Cancer,
vol. 80, no. 8, pp. 1472–1481, 1997.

[66] A. S. Sarkis, G.Dalbagni, C. Cordon-Cardo et al., “Nuclear over-
expression of p53 protein in transitional cell bladder carcinoma:
amarker for disease progression,” Journal of theNational Cancer
Institute, vol. 85, no. 1, pp. 53–59, 1993.

[67] A. S. Sarkis, G. Dalbagni, C. Cordon-Cardo et al., “Association
of p53 nuclear overexpression and tumor progression in carci-
noma in situ of the bladder,” Journal of Urology, vol. 152, no. 2,
pp. 388–392, 1994.

[68] S. F. Shariat, C. Bolenz, P. I. Karakiewicz et al., “P53 expression in
patientswith advanced urothelial cancer of the urinary bladder,”
BJU International, vol. 105, no. 4, pp. 489–495, 2010.

[69] S. Saidi, Z. Popov, S. Stavridis, V. Janevska, and S. Panov, “Digital
quantitative immunofluorescent detection of p53 protein in
urinary bladder cancer tissue samples,” Prilozi, vol. 34, pp. 167–
175, 2013.

[70] F. K. Mostofi, C. J. J. Davis, and I. A. Sesterhenn, Histological
Typing ofUrinary Bladder Tumours,WHO(WorldHealthOrga-
nization) International Histological Classification of Tumours,
Springer, Berlin, Germany, 1999.

[71] L. H. Sobin and C.Wittekind, TNM: Classification of Malignant
Tumours, Wiley-Liss, 5th edition, 1997.

[72] A. K. Jain, M. N. Murty, and P. J. Flynn, “Data clustering: a
review,”ACMComputing Surveys (CSUR), vol. 31, no. 3, pp. 264–
323, 1999.

[73] L. Kaufman and P. J. Rousseeuw, Finding Groups in Data: An
Introduction to Cluster Analysis, Wiley-Interscience, New York,
NY, USA, 2005.

[74] B. S. Everitt, S. Landau, and M. Leese, Cluster Analysis, John
Wiley & Sons, New York, NY, USA, 2009.

[75] D. Pyle, Data Preparation for Data Mining (The Morgan Kauf-
mann Series in DataManagement Systems), Morgan Kaufmann,
Boston, Mass, USA, 1999.

[76] S. Zhang, C. Zhang, and Q. Yang, “Data preparation for data
mining,” Applied Artificial Intelligence, vol. 17, no. 5-6, pp. 375–
381, 2003.




