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1. Introduction

In recent years, the development, advancement, and use of
Information and Communications Technology (ICT) have
had a major impact on the operation, structure, and strategy
of organizations around the world. Today, it is unthinkable to
conceive an organization without the use of ICT, because it
allows for the reduction of communication costs and oper-
ation while increasing flexibility, interactivity, performance,
and productivity. As a result, digital technology fueled by
ICT and ICT is currently embedded in any task, activity, and
process that is done in any organization or even our daily
life activities. This new digital age also implies that science,
engineering, and business environments need to reshape
their strategies and underlying technology to become a key
player of the Industrial Revolution 4.0.

Engineering methods such as requirements engineering,
systems modeling, complex network analysis, or simulation
are currently applied to support the development of criti-
cal systems and decision-making processes in operational
environments. As an example, cyberphysical systems featured
by mechanical, electrical, and software components are a
major challenge for the industry in which new and integrated
science and engineering techniques are required to develop
and operate these systems in a collaborative data-intensive
environment.

Both the development processes and the operational
environments of complex systems need the application of
scientific and engineering methods to fulfill the management

of newmultidisciplinary, data-intensive, and software-centric
environments. Programming paradigms such as functional,
symbolic, logic, linear, or reactive programming in conjunc-
tion with development platforms are considered a corner-
stone for the proper development of intelligent and federated
programming platforms to support continuous and collabo-
rative engineering.

More specifically, the availability of huge amounts of
data that are continuously generated by persons, tools, sen-
sors, and any other smart connected device requires new
architectures to address the challenge of solving complex
problems such as pattern identification, process optimization,
discovery of interactions, knowledge inference, execution of
large simulations, or machine cooperation. This situation
implies the rethinking and application of innovative scientific
programming techniques for numerical, scientific, and engi-
neering computation on top of well-defined hardware and
software architectures to support the proper development
and operation of complex systems.

In this context, the evolution and extension of engi-
neering methods through scientific programming techniques
in data-intensive environments are expected to take advan-
tage of innovative algorithms implemented using different
programming paradigms and execution platforms. The con-
junction of scientific programming techniques and engineer-
ing techniques will support and enhance existing develop-
ment and production environments to provide high qual-
ity, economical, reliable, and efficient data-centric software
products and services. This advance in the field of scientific
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programmingmethods will become a key enabler for the next
wave of software systems and engineering.

Therefore, the main objective of this special issue was to
collect and consolidate innovative and high quality research
contributions regarding scientific programing techniques
and algorithms applied to the enhancement and improve-
ment of engineering methods to develop real and sustainable
data-intensive science and engineering environments.

2. Papers

This special issue aims to provide insights into the recent
advances in the aforementioned topics by soliciting original
scientific contributions in the form of theoretical founda-
tions, models, experimental research, surveys, and case stud-
ies for scientific programing techniques and algorithms in
data-intensive environments. This special issue just contains
one type of contribution: regular research papers. These
works have been edited according to the norms and guide-
lines of the journal. Several call for papers were distributed
among the main mailing lists of the field for researchers to
submit their works to this issue. We received a total of 20
submissions which were subject to a rigorous review process
to ensure their clarity, authenticity, and relevance to this
special issue. At least three reviewers were assigned to every
work to proceed with the peer review process. Seven papers
were finally accepted for their publication after corrections
requested by reviewers and editors were addressed.The seven
regular research papers introduce new and interesting results
in the form of theoretical and experimental research and case
studies under new perspectives on scientific programming
techniques and algorithms for data-intensive engineering
environments.

One of the special issue’s research papers is entitled
“Design and Solution of a SurrogateModel for PortfolioOpti-
mization Based on Project Ranking,” where E. Fernandez et
al. propose a knowledge-based decision support system for
the Portfolio Selection Problem on a Set of Ordered Projects.
The results show that the reduction of the dimensionality
supports the decision-maker in choosing the best portfolio.

In another contribution, entitled “Sentiment Analysis in
Spanish for Improvement of Products and Services: A Deep
Learning Approach,” M. A. Paredes-Valverde et al. propose
a deep-learning-based approach that allows companies and
organizations to detect opportunities for improving the qual-
ity of their products or services through sentiment analysis.
The approach is based on Convolutional Neural Network
(CNN) and word2vec. To determine the effectiveness of
the approach for classifying tweets, some experiments were
conducted with different sizes of a Twitter corpus composed
of 100000 tweets. Results showed a precision of 88.7%, a
recall of 88.7%, and an 𝐹-measure of 88.7% considering the
complete dataset.

In a further paper, entitled Scalable “Parallel Distributed
Coprocessor System for Graph Searching Problems with
Massive Data,” Y. Sun at al. propose a scalable and novel
field programmable gate array-based heterogeneous multi-
core system for scientific programming. Authors designed
considerable parallelism and relatively low clock frequencies

to achieve high performance and customized memory archi-
tecture to deal with irregular memory access pattern.

In an additional contribution, entitled “Analysis of Med-
ical Opinions about the Nonrealization of Autopsies in a
Mexican Hospital Using Association Rules and Bayesian
Networks,” E. R. Delgado identifies the factors influencing
the reduction of autopsies in a hospital in Veracruz. The
study is based on the application of data mining techniques
such as association rules and Bayesian networks in datasets
created from the opinions of physicians. For the exploration
and extraction of the knowledge, some algorithms like
Apriori, FPGrowth, PredictiveApriori, Tertius, J48, Naive
Bayes, MultilayerPerceptron, and BayesNet were analyzed.
To generate mining models and present the new knowledge
in natural language, a web-based application was developed.
The results have been validated by specialists in the field of
pathology.

The fifth paper, entitled “Applying Softcomputing for
Copper Recovery in Leaching Process,” C. Leiva et al.
present a predictive modelling contrasting; a linear model,
a quadratic model, a cubic model, and a model based on
the use of an artificial neural network (ANN) for copper
recovery in leaching process. The ANN was constructed
with 9 input variables, 6 hidden layers, and a neuron in
the output layer corresponding to copper leaching predic-
tion. The validation of the models was performed with
real information and these results were used by a mining
company in northern Chile to improve copper mining pro-
cesses.

In a further contribution, entitled “Semantic Annotation
of Unstructured Documents Using Concepts Similarity,”
F. Pech et al. propose a semantic annotation strategy for
unstructured documents as part of a semantic search engine.
Ontologies are used to determine the context of the enti-
ties specified in the query. The strategy to extracting the
context is focused on concepts similarity. Each relevant
term of the document is associated with an instance in
the ontology. The similarity between each of the explicit
relationships is measured through the combination of two
types of associations: the association between each pair of
concepts and the calculation of the weight of the relation-
ships.

Finally, a paper entitled “A Heterogeneous System Based
on Latent Semantic Analysis Using GPU and Multi-CPU”
is by G. A. Leon-Paredes et al. They introduce a hetero-
geneous Latent Semantic Analysis (hLSA) system, which
has been developed using general-purpose computing on
graphics processing units (GPGPU), which can solve large
problems faster through the thousands of concurrent threads
on the multiple-core multiprocessors of GPUs and multi-
CPU architectures which offer a shared memory program-
ming model in a multithreaded environment. The results of
the experiments show that the acceleration reached by an
hLSA system for large matrices with one hundred and fifty
thousand million values is around eight times faster than
the standard LSA version with an accuracy of 88% and a
recall of 100%. The performance gain is achieved by using
heterogeneous system architectures for matrix computation
and text processing.
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3. Conclusions

As can be seen, all accepted papers are aligned with the scope
of the special issue, and all of them provide quite interesting
research techniques, models, and studies directly applied to
the area of scientific programming techniques and algorithms
for data-intensive engineering Environments.
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-e present paper introduces and reviews existing technology and research works in the field of scientific programming methods
and techniques in data-intensive engineering environments. More specifically, this survey aims to collect those relevant ap-
proaches that have faced the challenge of delivering more advanced and intelligent methods taking advantage of the existing large
datasets. Although existing tools and techniques have demonstrated their ability to manage complex engineering processes for the
development and operation of safety-critical systems, there is an emerging need to know how existing computational science
methods will behave to manage large amounts of data. -at is why, authors review both existing open issues in the context of
engineering with special focus on scientific programming techniques and hybrid approaches. 1193 journal papers have been found
as the representative in these areas screening 935 to finally make a full review of 122. Afterwards, a comprehensive mapping
between techniques and engineering and nonengineering domains has been conducted to classify and perform a meta-analysis of
the current state of the art. As the main result of this work, a set of 10 challenges for future data-intensive engineering en-
vironments have been outlined.

1. Introduction

Digital technology fueled by software is currently embedded
in any task, activity, and process that are done in any or-
ganization or even in our daily life activities. -e Digital Age
has come to stay meaning that any industry or business need
to reshape strategies (operational, social, and economic) to
become part of what is known as “the 4th Industrial Rev-
olution” or “Industry 4.0” [1]. -e first step towards the
smart automation and data exchange in industrial envi-
ronments relies on the application of new techniques to
create new technology-driven business opportunities.
However, technology is not completely the focus but people:
consumers, workers, and partners. -e change in the cor-
porate culture through technology is considered a corner-
stone to empower people and to drive the change and
disruption in a domain turning a traditional organization
into a leading digital entity. In this context, it is possible to

find several consultancy reports, such as the “2016 Accenture
Technology vision report” that outlines five trends to shape
this new environment. Organizations shall focus on the
creation of data-driven solutions powered by artificial in-
telligence (“Intelligent Automation”) equipping people
(“Liquid Workforce”) with the required skills to build new
execution platforms (“Platform Economy”), boosting dis-
ruption (“Predictable Disruption”), and trustworthy digital
ecosystems (“Digital Trust”).

In the frame of engineering processes and methods, the
initiatives of “Industrial Internet” or “Industrial Data
Spaces” among others are trying to define the new meth-
odologies and good practices to bring the digital age to the
industry and engineering. In this light, a set of technologies
such as Security, Big Data, Mobility, Natural Language
Processing, Deep Learning, Internet of X (things, people,
tools, everything, etc.), User Interfaces, 3D Printing, Virtual
Reality, or Cloud Computing are aimed at changing both the
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development and production environments of complex
products and services. -e notion of the cyberphysical
system [2] (CPS) is currently gaining momentum to name
those engineering systems-combining technologies coming
from different disciplines such as mechanical, electrical, and
software engineering. CPSs represent the next generation of
interconnected complex critical systems in sectors such as
automotive, aerospace, railway, or medical devices in which
the combination of different engineering areas are governed
by software. -e increasing complexity in the development
of such systems also implies unprecedented levels of in-
teraction between models and formalisms from the in-
ception of the system to the production, distribution,
support, and decommissioning stages.

In order to tackle the needs of new engineering envi-
ronments, collaborative engineering [3], “concept of opti-
mizing engineering processes with objectives for better product
quality, shorter lead time, more competitive cost, and higher
customer satisfaction” [4], represents a shifting paradigm
from islands of domain knowledge to an interconnected
knowledge graph of services [5], engineering processes, and
people. Methods such as requirements engineering, mod-
elling, and simulation or cosimulation to support processes
such as analysis, design, traceability, verification, validation,
or certification demand now integration and interoperability
in the development toolchain to automatically exchange
data, information, and knowledge. -at is why, last times
have seen the emergence of model-based systems engi-
neering (MBSE) [6] as a complete methodology to address
the challenge of unifying the techniques, methods, and
tools to support the whole specification process of a system.
In the context of the well-known Vee life cycle model, it
means that there is “formalized application of modelling”
(http://www.incose.org/docs/default-source/delaware-valley/
mbse-overview-incose-30-july-2015.pdf?sfvrsn�0) to support
the left-hand side of this system life cycle implying that any
process, task, or activity will generate different system ar-
tifacts but all of them represented as a model. In this manner,
the current practice in the Systems Engineering discipline is
improved through the creation of a continuous and col-
laborative engineering environment easing the interaction
and communication between both tools and people.

However, there is muchmore at stake than the connection
of tools and people, the increasing complexity of products and
services also requires the improvement and extension of
existing techniques. In this context, scientific programming
techniques such as computational modelling and simulation,
numerical and nonnumerical algorithms, or linear pro-
gramming to name a few have been largely used and studied
[7, 8] and applied to solve complex problems in disciplines
such as natural sciences, engineering, or social sciences.
Furthermore, the exponential increase of data has created
a new complete environment in which computational sci-
entists and practitioners must concentrate [8] not only in the
formulation of hypotheses, creation of models, and execution
of experiments but also in the complexity of techniques and
combination of tools [9] to deal with large amounts of data.

Considering the current digital transformation in the
industry, the need of producing complex CPS through the

collaboration between different engineering domains and
the increasing amounts of data, this survey looks for
summarizing the last existing studies applying scientific
programming techniques in the context of data-intensive
engineering environments.

2. Background

-e development of a complex system such as CPS requires
the involvement of hundreds of engineers working with
different tools and generating thousands of system artifacts
such as requirements specifications, test cases, or models
(logical, physical, simulation, etc.). -ese large amounts of
data must then be integrated together to give support to
those engineering processes that require a holistic view of
a system such as traceability management or verification. In
this frame, data management techniques are becoming
a cornerstone to the proper exploitation of the underlying
data and for the successful development of the system.

Last years have also seen a large body of work in the field
of Big Data covering from the creation of tools and archi-
tectural frameworks to its application to different domains
[10–12] such as social network analysis [13], bioinformatics
[14], earth science [15], e-government [16], e-health [17, 18],
or e-tourism [19]. More specifically, in the context of en-
gineering and industry, some works have been reported [20]
by large companies such as Teradata in particular domains
such as maintenance of aircraft engines. All the work around
tries to provide a response for data-centric environments in
which it is necessary to deal with the well-known V’s of
a data ecosystem: variety, volume, velocity, and veracity. Big
Data technology has been successfully applied to deal with
the large amounts of data that are usually created during
simulation processes of complex critical systems such as
CPS. Moreover, last times have seen the emergence of a new
notion “digital twin.” A digital twin is defined as a “digital
replica of physical assets, processes and systems” that looks for
replying, in a digital environment, the same working con-
ditions than a physical environment. -is approach is being
used to improve the verification and validation stages of CPS
such as smart cars. For instance, autonomous cars need to
pass certification processes in which manufacturers must
demonstrate the proper behavior of the car under certain
circumstances and consider the new artificial intelligence
capabilities. Since it is not completely possible to create
a complete digital environment for these large simulations,
there is currently a trend to design a kind of validation loop in
which real data are used to feed synthetic data. From a data
management perspective, this approach implies the need of
providing a data life cycle management process to represent,
store, access, and enrich data. After several simulations, data
gathered from car sensors under real conditions can be over
hundreds of petabytes. Similar approaches are used to validate
aircraft engines or wind turbines.

-us, data storage systems and processing frameworks
have been developed [21] demonstrating the viability of
a technology that can now be considered mature. NoSQL
data storage systems [22] based on different representation
mechanisms such as key-value stores, documents, distributed
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files, wide column stores, graphs, object databases, and tuple
stores such as Apache Hive, MongoDB, ArangoDB, Apache
Cassandra, Neo4J, Redis, Virtuoso, or CouchDB can be found
to handle large volumes of evolving data. In the case of
processing frameworks, technology offering capabilities to
process data under different models (stream, batch, or event)
such as the Apache projects: Hadoop (and its ecosystem of
technology), Storm, Samza, Spark, or Flink can also be found.
Furthermore, most of them usually offer us not just a dis-
tributed computational model to tackle the well-known CAP
theorem [23] but a set of libraries [24] for implementing
applications on top of existing machine learning techniques
[25] (e.g., Mlib in Spark or FlinkML in Flink) or large-scale
graph processing [26] (e.g., GraphX in Spark).

-is plethora of tools and technology has also generated
the development of technology and tools for the manage-
ment of Big Data infrastructures and resources such as
Apache Messos or YARN and the emergence of companies
and commercial tools such as Cloudera, MapR, Teradata, or
HortonWorks (apart from the toolsets offered by the big
software players such as Amazon, Google, IBM, Oracle, or
SAP). Moreover, Big Data technology has found in the cloud
computing area a good travelling companion [27, 28] since
the cloud provides a powerful and massive scale technology
for complex computation decreasing the cost of hardware
and software maintenance. In this sense, the current chal-
lenges rely on the automatic deployment of Big Data in-
frastructures under different topologies and technologies
keeping nonfunctional aspects such as scalability, avail-
ability, security, regulatory and legal issues, or data quality as
main drivers for research and innovation.

Once Big Data and cloud computing technology have
been briefly summarized, it is important to highlight what is
being considered one of the next big things in this area: the
combination of high-performance computing (HPC) and
Big Data technology [29]. -e growing interest in this area
[30] looks for joining the efforts to shift the paradigm of
large and complex computations to a kind of Big Data
analysis problem. In this way, new computational and
programming models taking advantage of new data storage
systems and extensions in programming languages such as
R, Fortran, or Python are becoming critical to address the
objective of performing time-consuming tasks (computa-
tional complexity) over large amounts of data.

-at is why, the main aim of this review is to examine the
existing works in the field of Big Data and scientific pro-
gramming in the engineering discipline. A better un-
derstanding of this new environment may potentially allow
us to address existing challenges in the new computational
models to be designed.

3. Review Protocol

As it has been previously introduced, a good number of
systematic reviews can be found in the field of Big Data
[18, 27] and specific domains such as the health sector
[17, 18, 31] the same manner, scientific programming tech-
niques have beenwidely studied and reviewed [7, 8]. However,

the application of Big Data technology and scientific pro-
gramming techniques to the engineering domain has not been
fully reviewed, and it is not easy to draw a comprehensive
picture of the current state of the art apart from works in
specific domains such as climate [32] or astronomy [20]. -at
is why, this work aims at providing an objective, contem-
porary, and high-quality review of the existing works fol-
lowing the formal procedures for conducting systematic
reviews [31, 33]. -e first step relies then on the definition of
the systematic review protocol (SRL) as follows:

(1) Research Question. -e main objective of this work is
to provide a response to the following research
question:
Which are the last techniques, methods, algorithms,
architectures, and infrastructures in scientific
programming/computing for the management, ex-
ploitation, inference, and reasoning of data in engi-
neering environments?
To formulate a researchable and significant question,
the PICO model is used to specify the different el-
ements of the query to be formulated; see Table 1
outlining the description of each PICO element.

(2) Search String. According to the PICO model and the
application of natural language processing tech-
niques to add new terms to the query, the next search
string has been formulated; see Table 2.

(3) Bibliographic Database Selection. In this case, com-
mon and large bibliographic databases in the field of
computer science have been selected as in other
previous survey works [34]:

(a) ACM Digital Library (ACM): this library com-
prises the most comprehensive collection of full-
text articles in the fields of computing and in-
formation technology. -e ACM Digital Library
consists of 54 journals, 8 niche technology
magazines, 37 special interest group newsletters,
+275 conference proceedings volumes (per year),
and over 2,237,215 records in the Guide to
Computing Literature Index.

(b) IEEE Xplore Digital (IEEE): the IEEE Xplore®digital library provides “access to the cutting-edge
journals, conference proceedings, standards, and
online educational courses that define technology
today.” “7e content in IEEE Xplore comprises 195
+ journals, 800+ conferences, 6,200+ technical
standards, approximately 2,400 books, and 425+
educational courses. Approximately 20,000 new
documents are added to IEEE Xplore each month.”

(c) ScienceDirect (Elsevier): ScienceDirect “is
a leading full-text scientific database offering
science, medical, and technical (STM) journal
articles and book chapters from more than 3,800
peer-reviewed journals and over 37,000 books.
7ere are currently more than 11 million
articles/chapters, a content base that is growing at
a rate of almost 0.5 million additions per year.”
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(d) SpringerLink (Springer): ScienceDirect is
a leading full-text scientific database offering
science, medical, and technical (STM) journal
articles and book chapters. It comprises
12,258,260 resources consisting of a 52% of ar-
ticles, 34% of chapters, 8% of conference papers,
and 4% reference work entries.

Moreover, some aggregation services such as Google
Scholar and DBLP have also been checked with the aim of
getting those results that can be found on other sources such
as webpages or nonscientific articles. However, these ag-
gregation services can also include works that have been
published under different formats such as technical reports,
conference, and journal papers, so it is important to carefully
select the complete andmost up-to-date version of the works
to avoid duplicates. -at is why, during the selection pro-
cedure, works were selected removing potential duplicates to
provide a whole and unique picture of the research
landscape.

(4) Inclusion Criteria. -is review collects studies that
have been published in English as a journal paper.
English has been selected as the target language
since relevant journals in these topics mainly in-
clude works to get the attraction of researchers and
practitioners at a worldwide scale. Although many
conferences and workshops in the field of data
science and engineering have emerged during the
last times generating a quite good number of pa-
pers, this review looks for works with strong
foundations as those available as journal papers. In
the case of the timeframe, a range of 5 years
(2012–2017) has been defined to include relevant
and up-to-date papers. Furthermore, a special at-
tention has been paid to remove duplicate studies or
extensions that can appear in several publications
keeping in that case the most complete and up-to-
date version of the work.

In terms of the contents, studies to be included in the
review shall contain information about the scientific pro-
gramming methods, Big Data technologies, and datasets (if
any) that have been used. Since a huge amount of works
(thousands) can be found in the field of Big Data tech-
nologies, only those papers related to scientific pro-
gramming techniques shall be selected. However, in some
cases, such as the use of hybrid approaches between scientific
programming and artificial intelligence implies the need of
extending the scope to explore other possibilities that
may have impact in the current state of the art of scientific
programming for data-intensive engineering environments.

In the same manner, novel techniques applied to other
domains such as earth sciences, biology, meteorology,
or social sciences may be included to check whether
such works represent progress regarding the current
techniques.

As a result of the application of the inclusion criteria,
Figure 1 shows the number of papers published per year
and database (Figure 2). According to the trendline, there is
increasing interest in the creation of know-how around
these techniques, methods and technologies having in the
last 5 years an increment of a 56% of the number of
published papers just in journals what indicates a rising
demand of new techniques to take advantage of all the
technology and approaches that are currently available. In
the case of the databases, Springer is becoming a key player
promoting the research and innovation in the data science
and engineering areas, Figures 3 and 4 also shows the
distribution of papers per year and database. However, the
type of search engine in each database may have impact in
the number of articles that are returned as the result
explaining the big difference between Springer and the rest
of publishers.

(5) Selection Procedure. -ose papers fulfilling the in-
clusion criteria are summarized in a spreadsheet
including the main facts of each work. -e proposed
approach seeks for ensuring that papers suitable for
review must first pass a quality check. More spe-
cifically, the identifier, title, abstract, keywords,
conclusions, methods, technology, measures, scope,
and domain are extracted to create a table of met-
ainformation that serve us to present the information
to two different experts to decide whether the work is
finally selected for review or not. To do so, a quan-
titative value is assigned to each entry being that: 1:
applicable; 0.5: unknown; 0: not applicable. -is
approach allows us to accomplish with the two-fold
objective of having a qualitative and quantitative
selection procedure and follow the guidelines
established in the PRISMA model [35].

As a result, Figure 5 depicts the number of works that
have been identified after searching in the database
(1193), the number of works that have been screened
successfully (935) and excluded (258), the number of
works selected for quality assessment (322) and, finally,
the number of works that have been included in the
review (114).

Table 2: Search string including operators.
(scientific AND (programming OR computing) AND
(model OR technique ORmethod OR algorithms OR architecture
OR infrastructure) AND
(data OR “big data”) AND engineering)

Table 1: -e PICO model applied to formulate the research
question.

PICO
element Description

Population Engineering environments and methods

Intervention

Scientific programming/computing techniques,
algorithms, methods, architectures, and
infrastructures to deal with data-intensive

engineering
Comparison Performance measures, benchmarks, and datasets

Outcomes
New and collaborative techniques, algorithms,
architectures, infrastructures, domains, and case

studies
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(6) Evaluation Procedure and Data Extraction Strategy.
In this step, the selected papers are evaluated
according to a Likert-scale 1–6 being 1 applicable but
not fully representative for the scientific pro-
gramming community and 6 applicable and fully
representative. In this way, it is possible to create
a sort of the selected papers to finally select those
which are beyond a value of 4. In this manner, only
papers beyond the average are then evaluated. To
provide a proper classification and mapping of the
works, the topics covered by the works are organized
in broader themes. -is classification looks for or-
ganizing the works providing a comprehensive view
of the existing state of the art. In case of a work that
can be applied to different domains, it is classified as
a general domain work.

(7) Synthesis of Data and Analysis of Results. -e syn-
thesis of findings in different studies is hard to draw
since many factors can affect a data-intensive envi-
ronment. In this work, after passing the qualitative
and quantitative evaluation, we have realized that
the best approach is to group the different works
according to themes relevant to a specific field. In this
manner, we have selected, following a typical Big Data
architecture [36], the next dimensions: infrastructure,
software technique/method, and application domain.
All data generated during this review are publicly
available in the following repository: https://github.
com/catedra-rtve-uc3m/smart-public/tree/master/
papers/data-scientific-programming-review-2018.

4. Analysis of Results

In the field of data-intensive environments, it is necessary
to separate the different responsibilities and aspects of
both hardware and software components. To do so, as it
has been previously introduced, the NIST (National Insti-
tute of Standards and Technology) has published the “Big
Data Interoperability Framework [36]” allowing us to per-
fectly define and sort responsibilities and aspects of func-
tional blocks in a Big Data environment.

In this work, we take as a reference this architectural
framework simplifying and grouping works in three big
themes: hardware infrastructures, software components
being that techniques, methods, algorithms, and libraries
and applications.

In the first case, hardware resources are becoming
critical to offer high-performance computing (HPC) capa-
bilities to data-intensive environments [29]. Last times have
seen the growing interest to take advantage of new hardware
infrastructures and techniques to optimize the execution of
time-consuming applications. In this sense, the use of GPUs
(graphical processing units) is a cornerstone to accelerate
data-intensive applications being a critical component for
performing complex tasks keeping a balance between cost
and performance. More specifically, GPUs and CUDA (GPU
and a programming language) are being currently used to
train machine learning algorithms decreasing the training
time from weeks to days or even hours. -e potential use of
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many processing cores enables algorithms to parallelize data
and processing in a real multithread environment taking
advantage of a high computing power, a large memory
bandwidth and, in general, a very low power consumption.
However, the main drawback of this type of architecture
relies on the difficulties to design and code algorithms due to
the expressivity of the language and the need of handling
interdependencies in a highly parallelized environment.

FPGAs (field-programmable gate arrays) are other type
of integrated circuit and programming language (hardware
description language, a kind of block-based language) to run
jobs repeatedly avoiding unnecessary processing cycles. It
perfectly fits to problems in which repetitive tasks must be
done several times such as pattern matching. However, the
on-the-fly configuration of a new algorithm is not flexible as
in GPUs or CPUs, and more advanced programmer toolkits
are still missing.

Multiprocessor architectures are hardware infrastructures
based on the use of several CPUs in the same computer
system (commonly a super computer). According to the well-
known Flyinn’s taxonomy, multiprocessors-based systems lay
on different configurations depending on how data are input
and processed. Shared memory and message passing are also
typical synchronization mechanisms of these computer sys-
tems that usually present symmetry in the type of CPUs and
a set of primitives to easily process data, e.g., vectors.

Finally, grid computing represents a set of geo-
graphically distributed computer resources that are
combined to reach a common goal. Several configurations
and processing schemes can be found in each node for
processing different jobs and workloads. To manage a grid
computing system, a general-purpose middleware is used
to synchronize both data sharing and job processing what

is considered critical in a data-intensive environment
where a data management strategy is required to organize,
store, and share data items across the grid computing
system.

As a final remark, parallelization and distribution are
again general approaches [12] for improving performance
while executing time-consuming tasks. -is situation is
also applicable to data-intensive environments where the
combination of large amounts of data and complex cal-
culations require new strategies and configurations to avoid
the bottlenecks produced by the need of synchronizing
data.

Secondly, techniques, methods, and algorithms for sci-
entific computation are generally complex implying the need
of optimization techniques to avoid recomputation. When
large amounts of data meet this type of techniques, this
situation is becoming critical since complexity is increased
due to the processing of large inputs and intermediate results
(e.g., cosimulation in engineering). -at is why, it is possible
to find combination of different techniques trying to tackle
the problem of implementing a technique while keeping
a reasonable balance between time and cost.

In this sense, after screening existing works, a plethora
of techniques and methods was found trying to provide
innovative ways of solving existing problems. With the aim
of grouping and sorting them adequately, a first classifi-
cation was made according to the 2012 ACM Computing
Classification System at different levels of granularity. To
do so, techniques and methods were grouped under general
themes trying to make a comprehensive and clear dis-
tinction between the type of problem and the technique
and/or method. In some cases, it was not completely
possible to make such clear distinction since the same
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technique can be applied to solve a huge set of problems
(e.g., deep learning).

(i) Artificial intelligence (AI): nowadays, artificial
intelligence techniques are spread to solve a huge
variety of problems from space observation to
autonomous driving. Robotics, medicine, and
many other domains are being affected by AI in
which more computational power and a change of
the people mindset is still required. -is category
technique tries to equip machines with intelligence
to be able to perceive its environment and take
actions reaching specific goals. Some techniques
such as deep learning, fuzzy logic, gene pro-
gramming, neural networks, or planning methods
fall in this category. Although AI techniques can
directly be applied to solve particular problems, in
the context of this review, they are usually com-
bined with other techniques to optimize the res-
olution of a more complex problem.

(ii) Computation architecture: as it has been pre-
viously introduced, a hardware setting may have
a critical impact in terms of time and costs. Instead
of lowering the configuration to a hardware level,
software-defined architectures and methods are
used to provide a virtual infrastructure that
practitioners can easily use and configure. In-
frastructure customization, scheduling techniques,
and high-level design of workflows can be found as
abstract methods to manage complex hardware
settings.

(iii) Computation model: a computational model can
be defined as the formal model that is applied to
solve a complex system. In this case, the compu-
tational models that have been selected refer to the
different strategies to manage, synchronize, and
process data and tasks. To do so, event calculus,
message passing interface (MPI), parallel pro-
gramming, query distribution, and stream pro-
cessing are the main models that have been found
in the review.

(iv) Computational science: complex problems may
require the collaboration of different disciplines to
provide innovative solutions. Computational sci-
ence, and more specifically its application to the
engineering domain, is the core of this review. -e
use of models, simulations, and many other
techniques such as Euler models or statistical
methods are widely spread to understand and
model the behavior of complex systems such as
those that can be found in engineering. However, it
seems that the combination of these techniques
under different hardware settings and software
models is being a trend that must be systematically
observed and evaluated.

(v) Graph theory: last times have seen an increasing use
of graph theory to model problems in domains such
as social network analysis, telecommunications, or

biology. Any problem that can be modeled as
a network is a good candidate to apply graph theory
techniques understanding how the network is built
and to infer new relationships through the ex-
ploitation of the underlying knowledge coded in the
different nodes, relationships, and layers. Multi-
layered and multimode networks are a common
logical representation for relational data that can be
used to perform tasks of structural analysis [37] or
relational learning [38]. It is also well known that
techniques and methods in this domain [39] are
usually complex and time-consuming. -at is why,
new data-intensive environments may require
taking advantage of techniques such as complex
network analysis or automata, but they will also
require a good number of computational resources.

(vi) Engineering: building on the notions presented in
computational science, the different disciplines in
engineering make intensive use of formal models,
simulations, and numerical and nonnumerical
methods for building complex systems. In this
case, methods such as finite elements and simu-
lation have been identified as critical techniques
already available in the literature as candidates to
make use of data-intensive environments.

(vii) Machine learning: it is considered a brand of ar-
tificial intelligence and defined as a set of tech-
niques to equip machines with intelligence in
changing environments. Basically, a model is built
through a training method that it is then evaluated
in the testing phase. Large amounts of data directly
impact the performance of both phases, so it is
possible to find libraries that can work stand-alone
(e.g., Weka, Python, and Scikit) or in a distributed
environment (e.g., Spark Mlib). Machine learning
techniques based on unsupervised and supervised
learning methods are commonly applied to solve
multiple problems in classification, computer vi-
sion, data mining, natural language processing and
text mining, sentiment analysis, opinion mining,
speech systems, pattern recognition, or question
answering to name just a few. Once a model is
created using a concrete technique, it can easily be
used to perform predictive and prescriptive anal-
ysis processes. Potential applications of the tech-
niques falling in this category range from social
network, medicine, or biology to logistics or
manufacturing. In this review, Bayesian machine
learning, data mining, information fusion, pattern
recognition, predictive models, support vector
machines, and regression models have been found
as representatives and popular types of problems
and techniques in machine learning for engi-
neering in combination with other scientific pro-
gramming mechanisms.

(viii) Mathematics and applied mathematics: the use of
strong theoretical foundations is critical to build
complex systems such as those in engineering.
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Mathematics (in this review, mainly Algebra) and,
more specifically, applied mathematics offer use of
a set of formal methods in science, engineering,
computer science, and industry to solve practical
problems. Gradient descent optimization, integer
linear programming, linear algebra/solvers, linear
and nonlinear programming, matrix calculation,
numerical methods, and symbolic execution rep-
resent a set of common types of problems and
techniques widely studied and applied to the sci-
entific programming area.

(ix) Programming techniques: programming as a prac-
tice represents themain driver of implementation of
a system after the analysis and design processes.
Different programming techniques can be found to
optimize the development of algorithms and take
advantage of the different programming language
primitives. In this sense, constraint programming,
cube computation, dynamic programming, domain
specific languages (DSL), and stochastic pro-
gramming have been found as representative pro-
gramming techniques in a scientific environment to
take the most data and perform tasks such as
analysis or data quality checking.

Once the hardware settings and the main methods,
techniques, and algorithms at a software level have been
presented, a set of tentative application domains can be
outlined. In this light, the review has found two main
directions: (1) engineering domains such as Aerospace,
Automotive, Civil engineering, Cyberphysical systems,
Feature engineering, Industrial applications, Iron mining,
Manufacturing or Nuclear domain, and (2) other domains
such as Earth science, Geometry, Image analysis, Internet
of things, Medicine, Scientific research, Social Sciences, or
Spatial modelling.

All these domains share some common characteristics
and needs strong mathematical foundations to govern the
different systems, processing of large amounts of data, ap-
plication of methods, techniques, and models such as
simulation and, in general, criticality (they are considered
safety-critical or life-critical systems; a failure can imply
death or serious injury to people and severe damage to
equipment or environment). -at is why, the emerging use
of innovative hardware architectures and exploitation of
data must be controlled by strict requirements that make
scientific programming techniques even more important
than in any other application domain.

4.1. Hardware Infrastructure for Data-Intensive Engineering
Environments. -e previous section has introduced the
main hardware settings for data-intensive environments. In
Table 3, a mapping between the hardware architectures and
the different software-based techniques is presented.

-e use of GPUs (and CUDA) [41–50, 54–56, 58, 60] is
a widely accepted hardware setting for providing a hardware
infrastructure to process large amounts of data regardless of
the type of software technique. In this manner, the review

has found 18 out of 24 (75%) works in this field. GPUs
clearly represent a major step to optimize the execution of
complex tasks iterating over data. Here, the possibility of
reducing the number of repetitions in terms of data pro-
cessing becomes relevant and can be critical for some time-
restricted domains in which it is necessary to make decisions
in near real-time. More specifically, GPUs are mainly used to
solve linear algebra problems [54–56] or to perform large-
scale matrix calculations [54–56, 58]. -ese are common
problems in the field of engineering.

Other alternatives for large-scale computational in-
frastructures seem to be the traditional environments for
parallel (FPGA and multiprocessor systems) and distributed
computing. In the first case, the works that the review has
found in the field of FPGAs [53] are not very representative
(just 1 out of 24) while multiprocessor architecture works
[40, 51, 57, 59] are still relevant (4 out of 24). Although
FPGAs represent a powerful alternative to GPUs, the lack of
(1) abstraction to code programs and (2) of a kind of hot-
deployment method makes this alternative not very at-
tractive for data science and engineering.

In the case of multiprocessor architectures, they repre-
sent the traditional powerful and expensive data processing
centers for high-performance computation that are available
in large research institutions. As it has been introduced in
the first section, the research efforts [29] to merge Big Data
and HPC are becoming popular to take advantage of existing
large-scale computational infrastructures. Moreover, mul-
tiprocessor architectures also provide high-level APIs (ap-
plication programming interfaces) that allow researchers
and practitioners to easily configure, deploy, and run
computing-intensive tasks. Finally, grid computing ap-
proaches [52] that have been widely spread for the de-
ployment of cost-effective Big Data frameworks are not yet
a popular option for scientific computation of large amounts
of data.

4.2. Software Methods and Techniques for Data-Intensive
Engineering Environments. To present the meta-analysis
of the works regarding the typology of techniques and
domains, Table 4 groups the different works making
a mapping between the type of technique and its application
domain. According to this table, AI techniques are the most
prominent methods, representing the 21.43% of the
reviewed works, to tackle problems in different sectors what
is completely aligned to new perspectives open by the In-
dustry 4.0 and digitalization processes.

Mathematics and applied mathematics methods still
represent a 16.07% of the existing works bringing formal
foundations for the computation of large amounts of data
applying techniques such as integer linear programming,
linear algebra, or symbolic execution. -is situation makes
sense since engineering domains are based on modelling
physical systems using mathematics; so the existence and
generation of more data only reinforces the need of im-
proving the performance of existing methods to deal with
more and greater amounts of data. -is situation also affects
computation architectures, trying to improve infrastructure
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Table 3: Mapping between methods/models/techniques and hardware domains.

GPU FPGA Multiprocessor Grid computing

Artificial intelligence

Deep learning
Fuzzy logic

Gene programming
General techniques
Neural networks

Planning

Computational architecture
Infrastructure [40]

Scheduling techniques
Workflow

Computation model

Event calculus
MPI

Parallel programming [41, 42]
Query distribution
Stream processing [43]

Computational science
Euler models ([44], p. 2)

Scientific computation
Statistical methods

Graph theory Automata
Complex network analysis

Engineering Finite elements [45]
Simulation [46, 47]

Machine learning

Bayesian machine learning [48]
Data mining

Information fusion
Pattern recognition [49, 50] [51] [52]
Predictive models

Support vector machines [53]
Regression model

Mathematics and applied mathematics

Gradient descent search
Integer linear programming

Linear algebra/solvers [54–56] [57]
Linear programming
Matrix calculation [54–56, 58] [59]

Nonlinear programming
Numerical methods
Symbolic execution

Programming techniques

Constraint programming
Cube computation [60]

Dynamic programming
DSL

Stochastic programming

Table 4: Mapping between methods/models/techniques and domains including aggregated percentages.

General application to engineering Engineering Nonengineering Aggregated (%)
Artificial intelligence [62, 63] (1.79%) [64–73] (8.93%) [74–85] (10.71%) 21.43%
Computational architecture [86–88] (2.68%) [89–95] (6.25%) [90–95] (5.36%) 14.29%
Computation model [96–98] (3.57%) [99–101] (2.68%) [102, 103] (1.79%) 8.04%
Computational science [104] (0.89%) [85, 105, 106] (2.68%) [107] (0.89%) 4.46%
Graph theory [37, 108–117] (9.82%) [118, 119] (1.79%) 11.61%
Engineering methods [96, 120–124] (5.36%) 5.36%
Machine learning [125, 126] (1.79%) [127] (0.89%) [128–130] (2.68%) 5.36%
Mathematics and applied mathematics [62, 88, 131–136] (7.14%) [70, 137–141] (5.36%) [141–144] (3.57%) 16.07%
Programming techniques [74, 114, 122, 145–147] (5.36%) [69, 148] (1.79%) [149] (0.89%) 8.04%
General software application [89, 115, 150–153] (5.36%) 5.36%
Aggregated (%) 43.75% 28.57% 27.68% 100/100%
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settings via software-defined systems. Works in this area
represent around 14.29% of the selected articles and, in
general, they look for easing the creation of large software-
defined infrastructures and APIs that can be used by the
previous areas of AI and Mathematics and Applied
Mathematics.

Graph techniques (11.61%), computational models
(8.04%), and programming techniques (8.04%) represent the
midclass methods in this classification. It is especially rel-
evant to highlight the number of works that have emerged in
the field of complex network analysis. Historically, large
graph processing was a very time- and resource-consuming
task that was preventing the broad use of these techniques.
Currently and since new hardware infrastructures and APIs
are available for scientific computation of large graphs, these
techniques have gained momentum and they are being
applied to different domains such as social network analysis,
telecommunications, or biology.

Finally, the last section of the classification includes very
specific works in the areas of Machine learning (5.36%),
Engineering methods (5.36%), and Computational science
(4.46%) that could be classified in other broader areas, but
they represent concrete and representative works for data-
intensive engineering environments.

On the other hand, selected works can be aligned to their
scope in the different domains. In this sense, it has been found
that techniques that can be applied to engineering (but not
directly designed for engineering) represent a 43.75% what
means that existing papers are reporting works to offer
general-purpose solutions instead of solving specific prob-
lems.-is is also a trend in the digitalization [61] in which one
of the main cornerstones is the delivery of platforms
(“Platform Economy”) that can be extended and enable
people to build new things on top of a baseline technology. In
the case of Engineering, the selected works represent a 28.57%
focusing on specific engineering problems that are now facing
some new data landscape where existing techniques must be
reshaped to offer new possibilities and more integrated and
smart engineering methods. Finally, the review has also in-
cluded a 27.68% of works in other domains to demonstrate
that scientific computation and data are also an open issue in
the other science-oriented domains. -e two major conclu-
sions of this meta-analysis are as follows:

(1) Engineering is not being indifferent to data-driven
innovations. Assuming that more data will imply
more knowledge, engineering methods are trying to
find new opportunities in a data world to become
more optimized and accurate.

(2) Hybrid approaches mixing existing techniques such
as computational science and mathematics (de-
terministic) and AI techniques (probabilistic) are an
emerging research area to optimize the use and
exploitation of data.

In both cases, hardware- and software-defined in-
frastructures will play a key role to provide a physical or
virtual environment to run complex tasks consuming and
generating large amounts of data (e.g., simulations).

Once a whole picture of the techniques and methods in
use for engineering has been depicted, it is necessary to
identify and align existing research to specific engineering
domains. To do so, Table 5 shows a mapping between the
different methods and techniques and its application to the
engineering domains.

Here, the development and operation of safety-critical
systems implies an implicit need of managing data, in-
formation and knowledge that is generated by the different
engineering teams. In this light, it is necessary to emphasize
the research advances in Aerospace [105, 137, 138, 150] and
Automotive [64, 65, 72, 89, 139] engineering. In both cases,
the “one-size fits all” is again not true. Although formal
methods are completely necessary to model this kind of
complex systems, it is also necessary to combine different
techniques that can shift the current practice in systems
engineering. Existing engineering processes such as re-
quirements engineering, modelling, simulation, co-
simulation, traceability, or verification and validation are
now completely impacted by an interconnected data-
driven environment in which interoperability, collabora-
tion, and continuous integration of system components are
completely necessary.

Civil engineering [66, 67, 151], Industrial applications
[148], Iron Mining [70], Manufacturing [73] Nuclear do-
main [143] works are also relevant in terms of using a huge
up-to-date variety of techniques to exploit data that are
continuously being generated by tools, applications, sensors,
and people.

Finally, other rising sectors completely fueled by data
such as CPS [71] or Feature Engineering [127] represent the
update of classical engineering disciplines in aerospace,
automotive, or robotics. As a final remark, general purpose
engineering techniques have been also reported
[68, 69, 99–101, 106, 140, 152, 154], making use of data,
scientific programming techniques, and hybrid approaches.

On the other hand, as it has been previously introduced,
the present work also looks for reviewing the impact of new
techniques and methods in other nonengineering domains
(Table 6). Earth science [78, 79, 84, 102, 149] is a common
domain in which large amounts of data are generated by
satellites and other data sources that must be processed to
provide services such as environmental management and
control, urban planning, and so on.

Scientific programming techniques are becoming even
more relevant to Geometry [77, 80, 118, 130] paving the way
to solve complex problems in areas such as civil engineering,
physics, or architecture. In the case of image analysis
[75, 76, 81, 144], it is possible to find techniques that are now
gaining popularity for equipping smart cars with autono-
mous driving capabilities, identifying people, assisting
physicians in medical diagnosis and surgery, or drone field
monitoring with object recognition capabilities. More spe-
cifically, Medicine [74, 115, 128, 129] is taking advantage of
scientific programming techniques and data for improving
its processes of health monitoring and prevention. Social
sciences [83] or Spatial modelling [94, 103] are also offering
new capabilities such as social network analysis or simu-
lation through the application of existing scientific
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programming techniques over large datasets. Finally, this
review has also found a good number of works in the field of
scientific research [82, 90–93, 95, 107, 141] providing
foundations for analysis and exploitation of data for other
domains.

4.3. Additional Remarks about Benchmarking and Datasets.
As it has been reviewed in the previous sections, a good
number of hardware configurations and software frameworks
to deal with large amounts of data in different domains can be
found. However, it is also relevant to briefly introduce the
notion of benchmarking for large-scale data systems as
a method to evaluate this huge variety of tools and methods.
In general, benchmarking comprises three main stages [156]:
workload generation, input data or ingestion, and calculation
of performance metrics. Benchmarking has been also widely
studied [156, 157] in the field of Big Data systems and the
main players in the industry [158] such as TPC (“Transaction
Processing Performance Council”), SPEC (“the Standard
Performance Evaluation Corporation”) or CLDS (“Center
for Large-scale Data System Research”) have published
different types of benchmarks that usually fall into three
categories: microbenchmarks, functional benchmarks, or
genre-specific benchmarks. -e Yahoo! Cloud Serving
Benchmark (YCSB) Framework, the AMP Lab Big Data
Benchmark, BigBench [158], BigDataBench [159], Big-
Frame [160], CloudRank-D [161], or GridMix are some of
the benchmarks that have been evaluated in [157] apart
from others [157, 162] directly designed for Hadoop-based
infrastructures such as HiBench, MRBench, MapReduce-
BenchmarkSuite (MRBS), Pavlo’s Benchmark, or PigMix.
Benchmarking is therefore a key process to ensure the
capabilities of the different hardware settings and software
frameworks in comparison with others.

Finally, it is also convenient to point out the possibility of
accessing large datasets (open, free, and commercial) for
computational and research purposes. -ese large datasets are
usually managed by public institutions such as the European
Data Portal (https://www.europeandataportal.eu/) (European
Union), the Data.gov initiative (https://catalog.data.gov/
dataset) (U.S. General Services Administration), research
centers such as “Institute for Data Intensive Engineering and
Science” (http://idies.jhu.edu/research/) (John Hopkins Uni-
versity), or large research projects such as Big Data Europe
(https://www.big-data-europe.eu/). However, one of the best
options to search and find high-quality datasets (license,
provider, size, domain, etc.) is the use of some aggregating
service such as the Amazon AWS Public Dataset Program,
Google Public Data Explorer, or the most recent Google
Dataset Search (https://toolbox.google.com/datasetsearch)
(September 2018) that indexes any dataset published under
a schema.org description. Kaggle (https://www.kaggle.com/
datasets) and services organizing data-based competi-
tions are also a good alternative to find complete and high-
quality datasets. As a final type of data source, public APIs
such as those from large social networks (e.g., Twitter,
Linkedin, or Facebook) or specific sites such as GeoNames
can also be used to access a good amount of data

under some restrictions (depending on the API terms of
service).

5. Answer to the Research Question and
Future Challenges

-e main objective of this systematic review was to provide
a comprehensive and clear answer to the following question:

Which are the last techniques, methods, algorithms, ar-
chitectures, infrastructures in scientific programming/
computing for the management, exploitation, inference,
and reasoning of data in engineering environments?

According to the results provided in the previous section
and the meta-analysis, it is possible to define the different
techniques, methods, algorithms, architectures, and infra-
structures that are currently in use for scientific pro-
gramming in data-intensive engineering environments.
More specifically, in terms of hardware infrastructures,
systems based on GPUs are now the main type of hardware
setting to run complex and time-consuming tasks. Other
alternatives such as FPGAs, multiprocessor architectures, or
grid computing are being used for solving specific problems.
However, the main drawback of FPGAs lies on the need of
higher levels of abstraction to ease the development and
deployment of complex problems. In the case of multi-
processor architectures, they are becoming popular since
there is an effort to merge Big Data and HPC, but there is not
yet so much works reporting relevant works in this area.
Finally, grid computing represents a good option for Big
Data problems where distribution is a key factor. However,
when complex computational tasks must be executed, it does
not seem to be a good option due to the need of syn-
chronizing processes and data. In terms of architectures,
there are also a good number of works looking for creating
software-defined infrastructures easing the configuration
and management of computational resources. In this sense,
research works in the field of workflow management rep-
resent a trend to manage both the data life cycle and the
execution of complex tasks.

On the other hand, scientific programming techniques
and computational science methods such as integer linear
programming, linear algebra/solvers, linear programming,
matrix calculation, nonlinear programming, numerical
methods or symbolic execution are being challenged by
a complete new data environment in which large datasets of
information are available. However, all these techniques
have strong theoretical foundations that will be necessary to
tackle problems in engineering. Moreover, programming
techniques such as constraint and stochastic programming
seem to be a good option to implement existing formal
models in engineering.

-is review has also identified that graph-based tech-
niques, mainly complex network analysis, are becoming
popular since a good number of problems can be repre-
sented as a set of nodes and relationships that can then be
analyzed using graph theory. Considering that graph
analysis techniques are based on matrix calculations, the
possibility of having high-performance scientific methods
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and infrastructures to execute such operations is being a key
enabler for this type of analysis.

A relevant outcome of this review comes with the
identification of AI and machine learning techniques as
a counterpart of traditional scientific programming tech-
niques. In the era of the 4th industrial revolution, the
possibility of equipping not just machines but existing
software techniques with intelligence is becoming a reality.
-ese techniques are used to prepare the input of existing
methods, to optimize the creation of computational models,
and to learn and provide feedback on existing scientific
programming techniques depending on the output. Al-
though not every process, task, or engineering method is
expected to include AI techniques, the review outlines the
current trend of merging deterministic and probabilistic
approaches. However, the use of AI is still under discussion
since the impact of AI in engineering processes such as
certification or assurance of safety-critical systems is com-
pletely open, e.g., autonomous driving.

Finally, the main engineering domains affected by huge
amounts of data are Aerospace and Automotive. In these
safety-critical sectors, engineering claims for innovative
methods to enable collaboration between processes, people,
and tools. -e development and operation of a complex
system cannot be anymore a set of orchestrated tasks via
documents but a data-driven choreography in which each
party can easily exchange, understand, and exploit data and
information generated by others.

5.1. Future Challenges. Data-driven systems are already
a reality ready to use. Big Data technologies and tools are
enough mature and continuously improved and extended to
cover all the stages of the data life cycle management. Ca-
pabilities for data ingestion, cleaning, representation, stor-
age, processing models, and visualization are also available
as stand-alone applications or as a part of a Big Data suite.
Many use cases have successfully applied Big Data tech-
nology to solve problems in different sectors such as mar-
keting, social network analysis, medicine, finances, and so
on. However, a paradigm shift requires some efforts
[163, 164] in the following topics:

(1) A reference and standardized architecture is nec-
essary to have a separation of concerns between the
different functional blocks. -e standardization
work in [36] represents a first step towards the
harmonization of Big Data platforms.

(2) A clear definition of interfaces to exchange data
between data acquisition processes, data storage
techniques, data analysis methods, and data visu-
alization models is completely necessary.

(3) A set of storage technologies to represent informa-
tion depending on its nature. A data platform must
support different types of logical representations
such as documents, key/values, graphs, or tables.

(4) A set of mechanisms to transport (and transform)
data between different functional blocks, for in-
stance, between the data storage and analysis layers.

(5) An interface to provide data analysis as a service.
Since problems to be solved and data may have
different nature and objectives, it is necessary to
avoid a kind of vendor lock-in problem and support
a huge variety of technologies to be able to run
diverse data analysis processes.-us, it is possible to
take the most of the existing libraries and tech-
nologies, e.g., libraries in R, Python, or Matlab.
Here, it is also important to remark again that “no
one size fits all” and hybrid approaches for ana-
lytical processes may be considered for the next
generation of Big Data platforms.

(6) A set of processing mechanisms that can minimize
the consumption of resources (in-memory, parallel,
and distributed) maximizing the possibilities of
processing data under different paradigms (event,
stream, and batch) and analyzing data with different
methods and techniques (AI, machine learning,
scientific programming techniques, or complex
network analysis) are also required.

(7) A management console to monitor the status of the
platform and the possibility of creating data-
oriented workflows (like the traditional method-
ologies in business process management but fo-
cusing on data). Data-intensive environments must
take advantage of last technologies in cloud com-
puting and enable users and practitioners to easily
develop and deploy more complex techniques for
the different phases and activities of the data life
cycle.

(8) A catalogue of available hardware and software
resources. A Big Data platform must offer capa-
bilities to manage computational resources, tools,
techniques, methods, or services. -us, the operator
can configure and build their own data-driven
system combining existing resources.

(9) A set of nonfunctional requirements. Assuming that
scalability can be easily reached through the use of
cloud computation environments, interoperability,
flexibility, and extensibility represents major non-
functional characteristics that future platforms
must include.

(10) A visualization layer or, at least, a method to ingest
data in existing visualization platforms must be
provided to easily summarize and extract meaning
of huge amounts of data.

Apart from these general-purpose directions for the
future of data-intensive environments, the engineering
domain must also reshape the current methods to develop
complex systems. Engineering is not anymore an isolated
activity of experts in some discipline (software, mechanics,
electronics, telecommunications, etc.) that produces a set of
work products that serve us to specify and build a system.

Products and services are becoming complex and that
complexity also implies the need of designing new ways
of doing engineering. Tools, applications, and people
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(engineers in this case) must collaborate and improve the
current practice in systems engineering processes through
the reuse of existing data, information, and knowledge. To
do so, data-intensive engineering environments must be
equipped with the proper tools and methods to ease pro-
cesses such as analysis, design, verification and validation,
certification, or assurance. In this light, scientific pro-
gramming techniques must also be enriched with new and
existing algorithms coming from the AI area. Hybrid ap-
proaches of techniques to solve complex problems represent
the natural evolution of scientific programming techniques
to take advantage of AI models and existing infrastructure.

5.2. Data-Intensive Engineering Environments and Scientific
Programming. -e development of complex engineering
systems is challenging the current engineering discipline.
From the development life cycle to the operation and re-
tirement of an engineering product, an engineering product
is now a combination of hardware and software that must be
designed considering different engineering disciplines such
as software engineering, mechanics, telecommunications,
electronics, and so on. Furthermore, all technical processes,
perfectly describe in standards such as the ISO/IEC/IEEE
15288:2015 “Systems and software engineering—System life
cycle processes,” are now more interrelated than never. A
technical process implemented through an engineering
method requires data and information that has been gen-
erated in previous development stages enriching the current
engineering practice.

From a technical perspective, interoperability is be-
coming a cornerstone to enable collaborative engineering
environments and to provide a holistic view of the system
under development. Once data and information can be
integrated together, new analytical services can be imple-
mented to check the impact of a change, to discover traces,
or to ensure the consistency of the system. However, it is
necessary to provide common and standardized data models
and access protocols to ensure that it is possible to build an
integrated view of the system such as a repository. In this
sense, the Open Services for Lifecycle Collaboration (OSLC)
initiative applying the principles of Linked Data and REST
and theModel-Based Systems Engineering approach are two
of the main approaches to create a uniform engineering
environment relying on existing standards. Approaches such
as the OSLC Knowledge Management (KM) specification
and repository [165] or the SysML 2.0 standard are defined
under the assumption of providing standardized APIs
(application programming interfaces) to access any kind of
system artifact (in the case of OSLC KM) or model (in the
case of SysML 2.0) meaning that the exchange of system
artifacts is not anymore a single and isolated file but a kind of
service. In general, engineering environments are already
fueled by interconnected data shifting the paradigm of data
silos to a kind of industrial knowledge graph. -e impact of
having an interconnected engineering environment relies on
the possibility of increasing the time to release an engi-
neering product or service meeting the evolving needs of
customers.

In the operational environment, complex engineering
systems are an example of Internet of -ings (IoT) products
in which thousands of sensors are continuously producing
data that must be processed with different goals: prediction
of failures, making decisions, etc. -is environment repre-
sents a perfect match for designing and developing analytical
services. Examples of data challenges for specific disciplines
can be found in the railway sector [166], aerospace [167], or
civil engineering [168] where Big Data technologies are
mainly used to exploit data and information generated
during the operation of the system.

However, in both cases, it is possible to find some
common barriers to implement a data management strategy:
data privacy, security, and ownership. For instance, in the
automotive industry, it would be nice that the data used to
validate the behavior of an autonomous car were shared
among car manufacturers to ensure that all cars accomplish
with a minimum level of compatibility and to ease the ac-
tivity of certification bodies. Nevertheless, it seems also clear
that this will not happened since it can represent a com-
petitive advantage in a market-oriented economy. -at is
why, it is completely necessary to design policies at a political
level that can ensure a proper development of new engi-
neering products and services where manufacturers must
focus on providing better user experiences under a common
baseline of data.

Finally, it is necessary to remark again that scientific
programming techniques have been widely used to solve
complex problems in different domains under several
hardware settings. -e rising of Big Data technologies has
created a new data-intensive environment in which scientific
programming techniques are still relevant but facing a major
challenge: How to adapt existing techniques to deal with
large amounts of data?

In this context, scientific programming techniques can be
adapted at hardware or software (platform, technique, or
application) levels. For instance, it is possible to find again
examples of GPUs architectures [169] to improve the practice
in parallel programming for scientific programming. Cloud-
based infrastructures [170, 171] and platforms for analytics
[172] are another field of study. In the case of foundations of
scientific programming, the work in [173] reviewing the main
foundations of scientific programming techniques and the use
of pattern matching techniques in large graphs [174] are
examples of improvements and works in the scope of software
techniques. Finally, applications in coal mining [175], rec-
ommendation engines for car sharing services [176], health
risk prediction [177], text classification [178], or information
security [179] are domains in which data are continuously
being generated representing good candidates to apply sci-
entific programming techniques.

6. Conclusions

Data are currently fueling any task, activity, or process in
most industries. A Big Data ecosystem of infrastructures,
technologies, and tools is already available and ready to
tackle complex problems. Scientific programming tech-
niques are being disrupted for this mare magnum of
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technology. Complexity is not just the main driver to
compute large and complex tasks. Large amounts of data are
now used as input of complex algorithms, techniques, and
methods to generate again huge amounts of more data items
(e.g., simulation processes). -ese data-intensive environ-
ments strongly affect the current engineering discipline and
methods that must be reshaped to take advantage of more
and smarter data and techniques to improve both the de-
velopment and operation of complex and safety-critical
systems. -at is why, the provision of new engineering
methods through the exploitation of existing resources
(infrastructure) and combination of well-known techniques
will enable the industry to build complex systems faster and
safer. However, there is also an implicit need to properly
manage and harmonize all the aspects concerning a data-
driven engineering environment. New integration platforms
(and standardized architectural frameworks) must be
designed to cover all stages of the data life cycle encouraging
people to run large-scale experiments and improve the
current practice in systems engineering.
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planning software program for desalination in agriculture
-SPARE:WATERopt,” Desalination, vol. 404, pp. 121–131,
2017.

[85] K. Zafar, R. Baig, N. Bukhari, and Z. Halim, “Route planning
and optimization of route using simulated ant agent system,”
Journal of Circuits, Systems and Computers, vol. 20, no. 03,
pp. 457–478, 2011.

[86] A. Alexandrov, R. Bergmann, S. Ewen et al., “-e Strato-
sphere platform for big data analytics,” VLDB Journal,
vol. 23, no. 6, pp. 939–964, 2014.

[87] F. Nadeem, D. Alghazzawi, A. Mashat, K. Fakeeh,
A. Almalaise, and H. Hagras, “Modeling and predicting
execution time of scientific workflows in the Grid using
radial basis function neural network,” Cluster Computing,
vol. 20, no. 3, pp. 2805–2819, 2017.

[88] S. J. van Zelst, B. F. van Dongen, W. M. P. van der Aalst, and
H. M. W. Verbeek, “Discovering workflow nets using integer
linear programming,” Computing, vol. 100, no. 5, pp. 529–
556, 2017.

[89] G. Li, D. Wu, J. Hu, Y. Li, M. S. Hossain, and A. Ghoneim,
“HELOS: heterogeneous load scheduling for electric vehicle-
integrated microgrids,” IEEE Transactions on Vehicular
Technology, vol. 66, no. 7, pp. 5785–5796, 2017.

[90] D. de Oliveira, K. A. C. S. Ocaña, F. Baião, and M. Mattoso,
“A provenance-based adaptive scheduling heuristic for
parallel scientific workflows in clouds,” Journal of Grid
Computing, vol. 10, no. 3, pp. 521–552, 2012.

18 Scientific Programming



[91] I. K. Musa, S. D. Walker, A. M. Owen, and A. P. Harrison,
“Self-service infrastructure container for data intensive ap-
plication,” Journal of Cloud Computing: Advances, Systems
and Applications, vol. 3, no. 1, p. 5, 2014.

[92] M. Atkinson, C. S. Liew, M. Galea et al., “Data-intensive
architecture for scientific knowledge discovery,” Distrib-
uted and Parallel Databases, vol. 30, no. 5–6, pp. 307–324,
2012.

[93] M. S. Mayernik, J. C.Wallis, and C. L. Borgman, “Unearthing
the infrastructure: humans and sensors in field-based sci-
entific research,” Computer Supported Cooperative Work
(CSCW), vol. 22, no. 1, pp. 65–101, 2013.

[94] J. Zhang, J. Yan, Y. Ma, D. Xu, P. Li, and W. Jie, “In-
frastructures and services for remote sensing data pro-
duction management across multiple satellite data centers,”
Cluster Computing, vol. 19, no. 3, pp. 1243–1260, 2016.

[95] Q. Wu, M. Zhu, Y. Gu et al., “A distributed workflow
management system with case study of real-life scientific
applications on grids,” Journal of Grid Computing, vol. 10,
no. 3, pp. 367–393, 2012.

[96] A. Pellegrini, S. Peluso, F. Quaglia, and R. Vitali, “Trans-
parent speculative parallelization of discrete event simu-
lation applications using global variables,” International
Journal of Parallel Programming, vol. 44, no. 6, pp. 1200–
1247, 2016.

[97] C. Lively, X. Wu, V. Taylor et al., “Power-aware predictive
models of hybrid (MPI/OpenMP) scientific applications on
multicore systems,” Computer Science-Research and Devel-
opment, vol. 27, no. 4, pp. 245–253, 2012.

[98] Y. Eom, J. Kim, and B. Nam, “Multi-dimensional multiple
query scheduling with distributed semantic caching
framework,” Cluster Computing, vol. 18, no. 3, pp. 1141–
1156, 2015.

[99] M. Z. A. Bhuiyan, J. Wu, G. Wang, T. Wang, and
M. M. Hassan, “e-Sampling: event-sensitive autonomous
adaptive sensing and low-cost monitoring in networked
sensing systems,” ACM Transactions on Autonomous and
Adaptive Systems, vol. 12, no. 1, pp. 1–29, 2017.

[100] Z. Milosevic, W. Chen, A. Berry, and F. A. Rabhi, “An open
architecture for event-based analytics,” International
Journal of Data Science and Analytics, vol. 2, no. 1–2,
pp. 13–27, 2016.

[101] S.-W. Lee, “Evidence-driven decision support in critical
infrastructure management through enhanced domain
knowledge modeling,” Multimedia Tools and Applications,
vol. 71, no. 1, pp. 309–330, 2014.

[102] R. Jacob, J. Krishna, X. Xu et al., “ParNCL and ParGAL: data-
parallel tools for postprocessing of large-scale earth science
data,” Procedia Computer Science, vol. 18, pp. 1245–1254,
2013.

[103] D. Amagata and T. Hara, “A general framework for MaxRS
and MaxCRS monitoring in spatial data streams,” ACM
Transactions on Spatial Algorithms and Systems, vol. 3, no. 1,
pp. 1–34, 2017.

[104] J. Weinbub, K. Rupp, and S. Selberherr, “ViennaX: a parallel
plugin execution framework for scientific computing,” En-
gineering with Computers, vol. 30, no. 4, pp. 651–668, 2014.

[105] G. Zuo, G. Guan, and R. Wang, “Numerical modeling and
optimization of vacuum membrane distillation module for
low-cost water production,” Desalination, vol. 339, pp. 1–9,
2014.

[106] M. D. G. Garcia-Hernandez, J. Ruiz-Pinales, E. Onaindia
et al., “New prioritized value iteration for Markov decision

processes,” Artificial Intelligence Review, vol. 37, no. 2,
pp. 157–167, 2012.

[107] G. Simonin, C. Artigues, E. Hebrard, and P. Lopez,
“Scheduling scientific experiments for comet exploration,”
Constraints, vol. 20, no. 1, pp. 77–99, 2015.

[108] W. Horn, M. Kumar, J. Jann et al., “Graph programming
interface (GPI): a linear algebra programming model for
large scale graph computations,” International Journal of
Parallel Programming, vol. 46, no. 2, pp. 412–440, 2017.

[109] S. Lai, G. Lai, F. Lu, G. Shen, J. Jin, and X. Lin, “A BSP model
graph processing system onmany cores,” Cluster Computing,
vol. 20, no. 2, pp. 1359–1377, 2017.

[110] V. Boulos, S. Huet, V. Fristot, L. Salvo, and D. Houzet,
“Efficient implementation of data flow graphs on multi-gpu
clusters,” Journal of Real-Time Image Processing, vol. 9, no. 1,
pp. 217–232, 2014.

[111] J. Dümmler, R. Kunis, and G. Rünger, “SEParAT: scheduling
support environment for parallel application task graphs,”
Cluster Computing, vol. 15, no. 3, pp. 223–238, 2012.

[112] Q. D. Pham, Y. Deville, and P. Van Hentenryck, “LS(Graph):
a constraint-based local search for constraint optimization
on trees and paths,” Constraints, vol. 17, no. 4, pp. 357–408,
2012.

[113] W. Ju, J. Li, W. Yu, and R. Zhang, “iGraph: an incremental
data processing system for dynamic graph,” Frontiers of
Computer Science, vol. 10, no. 3, pp. 462–476, 2016.

[114] O. Çeliktutan, C. Wolf, B. Sankur, and E. Lombardi, “Fast
exact hyper-graph matching with dynamic programming for
spatio-temporal data,” Journal of Mathematical Imaging and
Vision, vol. 51, no. 1, pp. 1–21, 2015.

[115] J.-H. Jung, J. Lee, K. R. Hoffmann, T. Dorazio, and
E. B. Pitman, “A rapid interpolation method of finding
vascular CFD solutions with spectral collocation methods,”
Journal of Computational Science, vol. 4, no. 1–2, pp. 101–110,
2013.

[116] J. Xu, J. Han, K. Xiong, and F. Nie, “Robust and sparse fuzzy
K-means clustering,” in Proceedings of the Twenty-Fifth
International Joint Conference on Artificial Intelligence,
pp. 2224–2230, New York, NY, USA, 2016.

[117] F. Nie, C. Ding, D. Luo, and H. Huang, “Improved MinMax
cut graph clustering with nonnegative relaxation,” in Pro-
ceedings of the 2010 European Conference on Machine
Learning and Knowledge Discovery in Databases: Part II,
pp. 451–466, Berlin, Heidelberg, 2010.

[118] H. Motallebi and S. Parsa, “Data locality optimization of
interference graphs based on polyhedral computations,”
Journal of Supercomputing, vol. 61, no. 3, pp. 935–965,
2012.

[119] Z. Halim, M. Atif, A. Rashid, and C. A. Edwin, “Profiling
players using real-world datasets: clustering the data and
correlating the results with the big-five personality traits,”
IEEE Transactions on Affective Computing, p. 1, 2017.

[120] A. Weiß and D. Karastoyanova, “Enabling coupled multi-
scale, multi-field experiments through choreographies of
data-driven scientific simulations,” Computing, vol. 98, no. 4,
pp. 439–467, 2016.

[121] S. P. Muszala, G. Alaghband, J. Hack, and D. Connors,
“Natural Load Indices (NLI) for scientific simulation,”
Journal of Supercomputing, vol. 59, no. 1, pp. 392–413, 2012.

[122] R. R. Upadhyay and O. A. Ezekoye, “libMoM : a library for
stochastic simulations in engineering using statistical mo-
ments,” Engineering with Computers, vol. 28, no. 1, pp. 83–
94, 2012.

Scientific Programming 19



[123] B. Ben Youssef, “A parallel cellular automata algorithm for
the deterministic simulation of 3-D multicellular tissue
growth,” Cluster Computing, vol. 18, no. 4, pp. 1561–1579,
2015.

[124] H. Mohamed and S. Marchand-Maillet, “Distributed media
indexing based on MPI and MapReduce,” Multimedia Tools
and Applications, vol. 69, no. 2, pp. 513–537, 2014.

[125] W. Wang and G. Zeng, “Bayesian Cognitive Model in
scheduling algorithm for data intensive computing,” Journal
of Grid Computing, vol. 10, no. 1, pp. 173–184, 2012.

[126] C. Ling, T. Hamada, J. Gao, G. Zhao, D. Sun, and W. Shi,
“MrBayes tgMC 3 ++: a high performance and resource-
efficient GPU-oriented phylogenetic analysis method,” IEEE/
ACM Transactions on Computational Biology and Bio-
informatics, vol. 13, no. 5, pp. 845–854, 2016.

[127] P. Arroba, J. L. Risco-Mart́ın, M. Zapater, J. M. Moya, and
J. L. Ayala, “Enhancing regression models for complex
systems using evolutionary techniques for feature engi-
neering,” Journal of Grid Computing, vol. 13, no. 3,
pp. 409–423, 2015.

[128] G. Zhang, H. Pu, W. He, F. Liu, J. Luo, and J. Bai, “Bayesian
framework based direct reconstruction of fluorescence
parametric images,” IEEE Transactions on Medical Imaging,
vol. 34, no. 6, pp. 1378–1391, 2015.

[129] L. Peng, B. Liao, W. Zhu, Z. Li, and K. Li, “Predicting
drug–target interactions with multi-information fusion,”
IEEE Journal of Biomedical and Health Informatics, vol. 21,
no. 2, pp. 561–572, 2017.

[130] E. Park, J. Cavazos, L.-N. Pouchet, C. Bastoul, A. Cohen, and
P. Sadayappan, “Predictive modeling in a polyhedral opti-
mization space,” International Journal of Parallel Pro-
gramming, vol. 41, no. 5, pp. 704–750, 2013.

[131] M. Kreutzer, J. -ies, M. Röhrig-Zöllner et al., “GHOST:
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This research identifies the factors influencing the reduction of autopsies in a hospital of Veracruz. The study is based on the
application of data mining techniques such as association rules and Bayesian networks in data sets obtained from opinions of
physicians.We analyzed, for the exploration and extraction of the knowledge, algorithms likeApriori, FPGrowth, PredictiveApriori,
Tertius, J48, NaiveBayes, MultilayerPerceptron, and BayesNet, all of them provided by the API of WEKA. To generate mining
models and present the new knowledge in natural language, we also developed a web application. The results presented in this
study are those obtained from the best-evaluated algorithms, which have been validated by specialists in the field of pathology.

1. Introduction

Autopsy [1] is a very important practice for medicine. It is the
only study that allows identifying the true cause of death of
the deceased, studying the evolution of diseases, determining
the effectiveness of traditional treatments, discovering new
diseases, and much more. However, in a hospital of Veracruz
State, this method is practically in disuse, which have moti-
vated the pathology department to investigate the probable
causes. Figure 1 shows how autopsy studies have declined in
the hospital. In the years 2012 and 2016, none of them were
performed. For this reason, in [2, 3], the Apriori algorithm
was applied to several data sets obtained by the application
of an instrument (survey) to doctors of the hospital, with
the aim of finding interesting association rules to identify

the main causes for the nonrealization of autopsies in the
hospital. In this paper, we present a more complete analysis
because we apply four association rule mining algorithms,
that is, Apriori, FPGrowth, PredictiveApriori, and Tertius, as
well as Bayesian network learning to the data sets in order to
identify the factorswhich influence the reduction of autopsies
in the hospital. Also, we evaluated different classification
algorithms such as J48, NaiveBayes, MultilayerPerceptron,
and Sequential Minimal Optimization (SMO) to determine
which is the best to be applied in the classification of open
questions of the survey.

The purpose of this study is providing a tool to the
department of pathology thatmakes the analysis of the above-
described situation easier and allows discarding or testing
hypotheses about the origin of the problem, so that physicians
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Figure 1: Behavior of autopsies in a hospital in Veracruz.

can base their solution proposals on intelligent, statistical,
and probabilistic methods. Therefore, we developed a web
application, which is capable of generating mining models,
interpreting them, and returning the results in a natural
language that pathologists can understand.

Prior to the development of the web application, we
reviewed several research-related papers, which are described
in Section 2. The proposals of solutions and results of these
studies demonstrate the usefulness of data mining (DM) to
solve problems such as the one presented, so we considered
relevant for its solution to identify the factors influencing the
reduction of autopsies, through the application of machine
learning algorithms for DM tasks.

As a social research technique, we used the survey, a tool
that allowed us to collect the opinion of physicians regarding
the importance, requesting, and realization of autopsies in
the hospital. For some years, autopsies have been subject
of interest of some researchers as is evidenced in [4]. This
demonstrates that the problem of the study is not trivial and
that it is also affecting areas beyond this Mexican hospital, so
it is necessary to do research like this one to help continuing
the use of this practice in order to maintain quality in
medicine.

The disuse of autopsies is an evident fact in many parts
of the world, as mentioned in [5]. The paper stated that at
health centers in Nigeria there are currently no autopsies and
that the most frightening thing is that nothing is done about
it. The author, in addition to exposing the real benefits of this
practice andmentioning possible reasons that have generated
this situation, cited a set of works that report data that make
the decrease of autopsies in other places like United Kingdom
(UK) evident, where currently autopsies are only performed
to 10% of the deceased. In addition, the study ruled out the
possibility that autopsy could be replaced by high technology
techniques because no one has so far managed to mitigate
errors in clinical diagnoses.

Another work that showed that autopsies are declining in
many countries of the world is [6]. The authors analyzed the
Cancer Registries of Zurich between 1980 and 2010 to see how
the number of autopsies in cancer patients has changed. The

investigation showed that the autopsy rate decreased from
60% to 7% in the analyzed period.

The rates of autopsies of different places at UK that were
presented in [7] are alarming. This research analyzed data
from autopsies conducted in 2013 and found that England has
an average autopsy rate of 0.51%, Scotland of 2.13%, Wales of
0.65%, and Northern Ireland of 0.46%. As can be seen, most
of the values are below 1%, which is why the authors proposed
to carry out investigations that analyze the impact of this for
patient safety, health, and medical education.

In [8], it was argued that the situation in which the
autopsy is going through is serious. It refers to the alarming
decline of the autopsy practice, explaining that in the fourth
part of the UK National Health Service autopsies are no
longer performed and that, among other areas, in Europe and
the United States the number of autopsies has also reduced
considerably. The main cause of this is that doctors are
not requesting them. Therefore, the authors intend to raise
awareness of the importance of this medical study in the area
of health, as well as among politicians and the general public,
all this with the goal of resuming autopsies like a routine
procedure.

The research [9] showed the results of a study conducted
at Punjab Medical College, Faisalabad, where a group of
medical students was surveyed during the 2011 and 2012
academic years. The survey recorded a group of emotional
reactions to this practice, but in general all the students
recommended its use. This work points out the importance
of emphasizing the maintenance of autopsies in medical
education, because without this learning resource, future
doctors will present problems when explaining procedures
they have never seen.

For a better explanation of the objective of study, the rest
of the article is structured as follows. Section 2 shows some of
theworks related to the objective of study of this research, that
is, data mining techniques applied to the medical field. The
method that was followed to obtain the results of this research
is described in Section 3. The association rules and Bayesian
networks obtained are presented in Section 4. Finally, the
conclusions are given in Section 5.
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2. Related Works

We can classify the related works into two groups according
to the type of DM techniques applied to solve problems in the
medical area. We first discuss the articles that are focused on
the use of classification techniques, or a combination between
several techniques, followed by the works done exclusively
under association rules.

2.1. Classification Techniques. With the motivation of sup-
porting the development of the health sector in smart cities,
several advances and trends of data mining in this area were
described in [10]. According to the authors, Neural Networks
and decision trees are the data mining techniques most used
in the predictive analysis.

In [11], support vector machines (SVMs) were used to
classify features associatedwith the effects ofHuman Immun-
odeficiency Virus (HIV) on the brain during three different
periods of the early clinical course: primary infection, 4–12
months postinfection (pi), and >12–24 months pi.

Moreover, the goal of [12] was to demonstrate the use
of artificial intelligence-based methods such as Bayesian
networks to open up opportunities for creation of new knowl-
edge in management of chronic conditions. The research
found links between asthma and renal failure, which demon-
strated the usefulness of this method to discern clinically
relevant and not always evident correlations.

Also, in [13] it was determined that the best predictor of
hypertriglyceridemia, based on traditional indicators derived
from anthropometric measurements, may differ according
to gender and age. To identify suitable predictors among
the group of measures, authors employed two widely used
machine learning algorithms to solve classification problems:
logistic regression and Näıve Bayes (NB) algorithm.

In order to achieve highly accurate, concise, and inter-
pretable classification rules that facilitate the diagnosis of
type 2 diabetes mellitus and medical decision-making, the
combined use of the Recursive-Rule eXtraction (Re-RX) and
J48graft algorithms was proposed in [14]. Also, using this
combination, a new extraction algorithm was developed,
which the authors recommended to be tested in other data
sets to validate its accuracy.

Different schemas for the identification of class labels for
a given data set were compared in [15], to show how the
proposal of an Improved Global Feature Selection Scheme
(IGFSS) is more efficient than the classic ones. Also, the
author described the use of algorithms commonly employed
for text classification asNB and SVM, in order to demonstrate
the effectiveness of his proposal.

With the goal of predicting the causes of deaths related
to the World Health Organization standard classification of
diseases, in [16] automatic learning techniques were applied
in forensic text reports. In turn, the authors performed
a comparison of feature extraction approaches, feature set
representation approaches, and text classifiers such as SVM,
Random Forest (RF), and NB for the classification of forensic
autopsy reports. The data set used was the result of 400
forensic autopsy reports from a hospital in Kuala Lumpur,
Malaysia, comprising eight of the most common causes of

death. The results of the decision models for SVM exceeded
those of RF and NB.

Also the results of [17] were interesting because authors
proposed a system of automatic classification (multiclass)
to predict the causes of death from decision models of
automatic classification of texts.The data analyzed were 2200
autopsy records for accidents at a Kuala Lumpur hospital.
The researchers evaluated SVM, NB, K-nearest neighbor
(KNN), decision tree (DT), and RF algorithms according to
precision, recall, F-measure, and ROC (Receiver Operating
Characteristic) area metrics, from the data mining tool
WEKA (Waikato Environment for Knowledge Analysis). RF
and J48 proved to be the best-evaluated decision models.

The development of efficient and robust schemes for
classifying text is of great importance to business intelligence
and other areas. For this reason, [18] performed an empirical
analysis on statistical methods for the extraction of keywords
using the ACM (Association for Computing Machinery) and
Reuters-21578 document collections. Authors also described
the predictive behavior of classification algorithms and joint
learning methods when using keywords to represent scien-
tific text documents, thus demonstrating that as the number
of keywords increases, the predictive performance of the
classifiers tends to increase too.

In many countries with poor medical care, most deaths
occur in households. Unlike hospital deaths, home deaths
do not have a standard to be validated as it is indicated
by [19], where it is explained that for this reason previous
studies have shown contradictory performance of automated
methods compared to physician-based classification of causes
of death (COD). Therefore, authors compared the NB, open-
source Tariff Method (OTM), and InterVA-4 (a model for
interpreting verbal autopsy data intoCOD) classifiers in three
data sets comprising about 21000 records of child and adult
deaths. The result of the NB classifier overcame the other
classifiers, although it was evident that none of the current
automated classifiers is capable of adequately performing the
individual COD classification.

The problem addressed by [20] was that it is difficult
for experts to determine the degree of disease either when
they lack sufficient evidence for medical diagnosis or when
they have too much evidence. For this reason, authors
analyzed important research that deals with the application
of automatic learning algorithms for data mining tasks
aimed at supporting the diagnosis of heart disease, breast
cancer, and diabetes. The purpose of this research was to
identify the DM algorithms that can be used efficiently in
the field of medical prediction. In that sense, it reaffirmed
the importance of diagnosing these diseases in their early
stages and consecrated the need for a new approach to reduce
the rate of false alarms and increase the detection rate of the
disease.

Lastly, a review of sources that describe the application
of the different data mining techniques in the medical field
is presented in [21] to identify useful classification and clus-
tering approaches for the development of prediction systems.
Also, the available data processing and classification tools are
discussed and it is explained that, for pattern recognition,
the choice of mining tasks depends on the characteristics of
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the data. Therefore, authors indicated the use of grouping
techniques when the data is not labeled and the classification
for the opposite case.Their study highlighted the importance
of accuracy in the diagnosis of life-threatening diseases, such
as cancer and heart disease, and pointed out that it is a factor
that requires a novel approach, which alleviates false alarms
and improves the diagnosis in the early stages of the diseases.

2.2. Association Rule Mining. Given the variety of traditional
Korean medicine in what medicinal herbs are concerned, in
[22] data mining association techniques are used to establish
various ways of treating the same disease by addressing
etiological factors. As a result of the analysis, representative
herbs used specifically in each disease were identified.

In order to overcome the disadvantage of the large
volume of rules derived from the application of data mining
association algorithms to big medical databases, in [23] an
ontology based on measures of great interest that favors the
establishment of association rules hierarchies was proposed.
Thus, this ontology knowledge mining approach is used
to rank the semantically interesting rules. This method
was applied to data of an ontology that responded to the
mammographic domain.

With the goal of improving the quality of the healthcare
service for the elderly, satisfying the medical needs of that
social group, andmaking a bettermanagement of themedical
resources involved, an intelligent medical replenishment
system was designed in [24] that, based on fuzzy association
rules mining and fuzzy logic, proved to be very effective.

Moreover, using data mining techniques too, [25] pre-
sented a medical diagnostic system for web applications,
which helps to reduce expense and time of visiting doctors.
Using association rules the system processes the information
entered by users, analyzes symptoms and correlations of
symptoms, and, based on that, is able to give a preliminary
diagnosis.

In addition, the risk factors correlated to diabetesmellitus
type 2 (DM2) and the way healthcare providers perform
the management of this disease were identified in [26]
applying association rules. The experiment was conducted
using a database of patients with DM2 treated by a health-
care provider entity in Colombia. Moreover, in [27] risks
factors and comorbid conditions associated with diabetes
were identified through frequent item set mining, which was
applied to a set of medical data.The research proposed a new
approach based on the integration of improved association
and classification techniques, which resulted in an algorithm
with greater analytical and predictive power.

Also, a new data mining framework based on general-
ized association rules to discover multiple-level correlations
among patient data was proposed in [28]. The framework
discovered and analyzed correlations among prescribed
examinations, drugs, medical treatments, and patient profiles
at different abstraction levels. Also, rules were classified
according to the involved data features (medical treatments
or patient profiles) and then explored in a top-down fashion:
from the small subset of high-level rules, a drill-down
was performed to target more specific rules. Moreover, in
[29] the Intensive Care Units risk prediction system, called

ICU ARM-II (Association Rule Mining for Intensive Care
Units), was presented. ICU ARM-II is based on a set of
association rules that forms a flexiblemodel for the prediction
of personalized risk. This approach assumes a classification
supported by association.

Datamining techniques can be used to improve decision-
making in areas such as hospital management. In that sense,
they can be very useful to replace the manual analysis of
health insurance data. With the increase of people who
have joined a plan, that task, going only to limited pro-
fessional knowledge, has become increasingly difficult and
impossible to perform efficiently. Therefore, [30] proposed a
classification based on three criteria (precision, stability, and
complexity) to allow a more efficient analysis of the volume
of data, compared to a manual analysis. The data set used
to test the effectiveness of this approach comprises tens of
thousands of patients in a city and hundreds of thousands of
medical reimbursement records during the 2010–2015 period.
The results of the experiment performed from the medical
data analyzed by the FPGrowth algorithm demonstrated that
the proposed approach improves the decision model, so that
the decision-making gains in flexibility and efficiency and
surpasses the other schemes in terms of the precision for
classification.

Based on machine learning algorithms for data mining,
in [31] a study was performed about the characteristics of
diseases caused by themosquito, such as dengue-1, dengue-4,
yellow fever,WestNile virus, and filariasis. Although for some
of the above-mentioned diseases there is a cure, the authors
assumed that as thesemainly affect areas of great poverty such
as the African continent and Western Asia, people cannot
afford the indicated treatment.Therefore, the objective of this
study was to find similar characteristics in the amino acid
sequences, which allows creating a cure capable of healing
the patient at one time. The results of the study showed
that although there appear to be similar features between
dengue virus, yellow fever virus,WestNile, andBrugiaMalayi
mitochondrion, the differences between these are stronger
than their similarities. On the other hand, authors discovered
that Leucine control might contribute to the development of
a single effective cure for the cases of West Nile and Brugia
Malayi mitochondrion.

Finally, because of the high cancer mortality, [32] inves-
tigated the sequences of various cytokines using algorithms
such as Apriori, decision tree, and support vector machines
(SVM). Cytokines play a central role in the immune system,
so the study, if its goal is achieved, may contribute to others in
finding new rules to determine whether a cytokine may have
anticancer properties or not.

Table 1 shows a summary of these investigations.
As we can see in Table 1, the different studies mentioned

before demonstrate the usefulness of data mining techniques
for the solution of problems in the medical area, which is
raised as a great object of study, with appropriate problems to
be studied from this perspective. Nevertheless, to the best of
our knowledge, there are not works which used association
rule mining and Bayesian networks to analyze the decrease
in the number of autopsies performed in a hospital; therefore
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Table 1: Related works.

Work DM techniques DM tasks
[10] Decision trees, Neural Networks Classification
[11] SVM Classification
[12] Bayesian networks Classification
[13] Logistic regression, NB Classification
[14] Re-RX, J48graft Classification
[15] NB, SVM Classification
[16] NB, SVM, RF Classification
[17] J48, RF, KNN, NB, SVM Classification
[18] NB, SVM, logistic regression, RF Classification
[19] NB, OTM, InterVA-4 Classification
[21] Decision tree, Neural Networks Classification
[22] Association rules Association
[23] Apriori Association
[24] Fuzzy association rules Mining and fuzzy logic Association
[25] Formal Concept Analysis Association

[27] Apriori
Split and Merge (SAM)

Association
Classification

[28] Association rules Association

[29] CBA (classification based on association) Classification
Association

[26] Apriori, FPGrowth Association

[30] FPGrowth
Decision trees

Association
Classification

[31] Apriori
Decision trees

Association
Classification

[32] Apriori
Decision trees, SVM

Association
Classification

this determines the appropriateness, novelty, and interest of
this research.

3. Methods

3.1. Collection and Preparation of Data. In order to carry
out the study, it was necessary to collect data that record
aspects about the opinion, attitudes, or behaviors of the
physicians about the practice of autopsies, as well as the
values, beliefs, or motifs that characterize them. To do this,
one of the department’s pathologists compiled a survey of 16
questions, divided into three open type and thirteen closed
type, of which five include a section to specify other responses
considered by the doctors. Table 2 shows a summary of the
survey applied to the physicians and the number of categories
generated by response.

The survey was answered by 86 physicians of the hospital.
Their answers were processed, resulting in the following:

(i) 27 categories related to factors that the doctors con-
sidered negatives for the realization of autopsies and
26 categories for the positive factors were generated.

(ii) Nine motives for the family for autopsy rejection
and eight possible reasons for the nonrealization of
enough autopsies in the hospital were extracted.

(iii) Regarding the opinion of the physicians about the
procedure to request an autopsy, 14 efficient methods
and six options about the suitable staff to request an
autopsy were considered.

(iv) The answers of general comments given by the doc-
tors were reduced to 25 categories.

(v) The remaining questions kept the proposed options of
the questionnaire, three possible answers for the area,
and the grade of the doctor and five for each of the
three questions related to the medical opinions about
the discoveries found in autopsies.

A database was designed and implemented to store the
information obtained from the surveys and ensure the
persistence of these data, so that they could be used in
subsequent analyses. This database was implemented using
the PostgreSQL database management system. From the
database records, two suitable representations (binary-matrix
andminable-view) were created to apply the DM techniques.
These structures were created by SQL functions, generated
dynamically by the tables, and in this way, two different data
sets were formed from the same data. In this paper, the
binary-matrix table will be named as C and theminable-view
table as D. Their characteristics are described in Table 3.
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Table 2: Summary of the survey applied to the medical staff.

Aspects Questions Code Type of
question

Generated
categories

Medical training

Area area Closed 3
Grade grade Closed 3

General medicine training center gral med inst Closed 47
Medical specialty training center spec ins Closed 47

Medical experience Years of medical practice years pract Closed 5
Participation in autopsy cases cases Closed 5

Discoveries in
autopsies

Cause discrepancy with the clinical diagnoses disc findings Closed 5
Originate in claim cases dem findings Closed 5

Originate in arbitration cases arb findings Closed 5

Request of autopsies

Motives for autopsy acceptance aut reason Open 26
Motives for autopsy rejection reason no aut Open 27

Motives for autopsy rejection by family fam rejection Closed 9
Motives for not enough autopsies performed in the hospital no hosp Closed 8

Procedure to request
an autopsy

Suitable staff to request an autopsy staff request aut Closed 6
Efficient methods to request an autopsy method request aut Closed 14

General aspect Comments com sug op Open 25

Table 3: Characteristics of C and D data sets.

Characteristics C data set D data set
Attributes 166 18
Objects 4 7859
Type of data Nominal-binary-asymmetric Nominal
Description Binary-matrix ⟨answer, value⟩ Matrix represented by ⟨question, answer⟩
Missing values Yes No
Values out of range No No
Inconsistent values No No

Minable-View. The function constructs a matrix where rows
mean combinations of answers for polls and columns repre-
sent the answers. The value of each column responds to the
intersection that can be read as a pair ⟨question, answer⟩.

Binary-Matrix. The function constructs a binary-matrix, in
which each row represents a respondent and the columns
represent the answers. The value of each column responds
to the intersection that can be read as a pair ⟨answer, value⟩,
value being equal to “S” if that answer was answered and void
otherwise.

Open answers provide research with a higher level of
complexity because in these cases respondents can answer the
question by writing a free idea. Because of this, the system
has to perform an automatic categorization of the text, where
it predicts or assigns a category to that response. To do this,
we needed the classified data sets of each question to train
the prediction model, so it was necessary that the experts
established the possible categories and manually sorted the
open answers of the recorded surveys (see Tables 4, 5, and
6). In this way, the data sets “aut reason”, “reason no aut”,

Table 4: Reasons, causes, and circumstances for requesting autop-
sies.

Reason
(a) Establish definitive diagnoses
(b) Subjects related to forensic medicine
(c) Pedagogical objectives
(d) Applicability of the study
(e) Lack of correlation between clinical and laboratory data
(f) Provide essential information to relatives in cases of

infectious or congenital diseases
(g) Correct or incorrect application of the used treatment
(h) Health care problems
(i) Difficult diagnosis

and “com sug op” were created with the answers to open
questions. These ones answered for reasons for requesting
autopsies, reasons for not requesting them, and comments
(see characteristics in Table 7).
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Table 5: Reasons, causes, and circumstances for not requesting
autopsies.

Reason
(a) That the service does not exist
(b) Fear of demand
(c) Negative of relatives
(d) Ignorance of the practice of autopsies
(e) Disinterest
(f) Known base disease
(g) Administrative formalities
(h) Lack of indication
(i) Religious
(j) Cultural
(k) Legal
(l) When the body is in decomposition
(m) Of the condition of the deceased
(n) Lack of human resources
(ñ) Lack of material resources
(o) Lack of financial resources
(p) When it is done without teaching purposes
(q) Social
(r) That the pathology service does not perform it
(s) Political
(t) Lack of doctor-patient communication
(u) Forgetfulness in the practice of autopsies

The characteristics of the data sets were analyzed and
it was determined that no transformation was necessary
because they did not affect the performance of the algorithms
that were contemplated to evaluate. So, wewent directly to the
DM phase.

3.2. Evaluation of Algorithms. According to the data and
the objective of this paper, two DM tasks were considered
to solve the problem. It was first thought to perform an
association analysis to determine the relationships between
the attributes and on the other hand to use the classification
to recognize the relevant dependencies between attributes,
according to probability and statistics, by using also Bayesian
networks.Other datamining techniques for text classification
were considered too. The comparison of the evaluation of
the WEKA algorithms for each DM task considered in the
research is presented below.

3.2.1. Association Algorithms

Apriori [33]. It is a classic algorithm for association rule
mining. It generates rules through an incremental process
that searches for frequent relationships between attributes
bounded by a minimum confidence. The algorithm can be
configured to run under certain criteria, such as upper and
lower coverage limits, and to accept sets of items that meet
the constraint, theminimumconfidence, and order criteria to

Table 6: Comments, opinions, and suggestions.

Comment
(a) No comment
(b) It should be routine
(c) Inadequate teaching of general pathology
(d) Usefulness of the survey
(e) Importance of autopsies
(f) Observation of the survey
(g) Reasons to request
(h) To strengthen the relationship between pathological

anatomy and general surgery
(i) Clarification
(j) Participation of all services
(k) Acknowledgments
(l) Agreeing on a difficult clinical case among all
(m) Increase the number of autopsies
(n) Residents of pathology
(ñ) Compelling residents
(o) They have never performed autopsies on their patients
(p) Request consents
(q) Add pathology to the rotation of internal physician

display the rules, as well as a parameter to indicate the specific
amount of rules we want to show.

FPGrowth [34]. It is based on Apriori to perform the first
exploration of the data, in which it identifies the sets of
frequent items and their support, value that allows us to
organize the sets in a descending way. The method proposes
good selectivity and substantially reduces the cost of the
search, given that it starts by looking for the shortest frequent
patterns and then concatenating them with the less frequent
ones (suffixes), and thus identifying the longest frequent
patterns. It has been shown to be approximately one order of
magnitude faster than the Apriori algorithm.

PredictiveApriori [35]. The algorithm achieves a favorable
computational performance due to its dynamic pruning
technique that uses the upper bound of all rules of the
supersets of a given set of elements. In addition, through a
backward bias of the rules, it manages to eliminate redundant
ones that are derived from the more general ones. For this
algorithm, it is necessary to specify the number of rules that
are required.

Tertius [36]. It performs an optimal search based on finding
themost confirmed hypotheses using a nonredundant refine-
ment operator to eliminate duplicate results. The algorithm
has a series of configuration parameters that allow its appli-
cation to multiple domains.

The measures considered in the evaluation were as fol-
lows:

(i) Confirmation: this statistical measure indicates how
interesting a rule can be.
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Table 7: Characteristics of data sets for the classification of open-ended questions.

Data set Number of attributes Attribute/type Class Objects

aut reason 2 aut reason: nominal
text: String aut reason 891

reason no aut 2 reason no aut: nominal
text: String reason no aut 698

com sug op 2 com sug op: nominal
text: String com sug op 472

Table 8: Application of the algorithms in the data sets.

Data set Apriori FPGrowth PredictiveApriori Tertius
C √ √ √ √

D √ × × √

(ii) Support: it represents the percentage of transactions
from a transaction database that the given rule satis-
fies.

(iii) Confidence: it assesses the degree of certainty of the
detected association.

(iv) Time: amount ofmilliseconds that takes the construc-
tion of a model.

In order to determine which algorithms could be applied
to C and D data sets, an analysis was made based on
the characteristics of the data sets, such as their attribute
types and whether they contained missing, out of range, or
inconsistent values. The results of such analysis are shown in
Table 8.

The association algorithms were grouped, taking into
account their configuration characteristics to compare each
other. Therefore, Apriori and FPGrowth were first analyzed.
For this, different support and confidence thresholds were
established, since rules are considered interesting and strong
if they satisfy both a minimum support threshold (min sup)
and aminimum confidence threshold (min conf) [34]. More-
over, the number of rules generated, the execution time
of the algorithm (in milliseconds), and the support and
confidence averages for each case were recorded. On the
other hand, to analyze PredictiveApriori and Tertius it was
necessary to specify the number of rules to be generated by
these algorithms. The execution time of the algorithm and
the average of support and confidence were registered too.
Finally, we compared the best-evaluated algorithms in each
of these cases considering the following variables: number
of rules generated, execution time, and average values of
support.

The results of the evaluations of the algorithms for the C
data set were recorded in Tables 9 and 10. Each evaluation
was executed 100 times to estimate the average time for
the construction of the models. Also, the average values of
support and confidence were taken into account. Table 9
shows the comparison between Apriori and FPGrowth, as we
can see the latter is computationally faster than the former.
Moreover, althoughApriori foundmore rules than FPGrowth

in seven cases, the average confidence of the rules found by
FPGrowth is greater in three cases and only lowest in one
case, while the average support of its rules overcame the
average support of the rules obtained by Apriori in four cases.
Therefore, FPGrowth is better than Apriori for the C data set.

The comparison between PredictiveApriori and Tertius is
presented in Table 10. Experiments demonstrate that Tertius
obtained the same number of rules as PredictiveApriori in
considerably lower time. Nevertheless, the average support
of the rules found by the latter is greater than the average
support of the rules of the former in three cases and lower
only one time. Figures 2 and 3 show the comparison between
the four algorithms with respect to support and time, respec-
tively. Table 9 and Figure 3 show that FPGrowth is the fastest
algorithm. In contrast, Table 10 and Figure 3 demonstrate
that PredictiveApriori is the slowest. Also, the results indicate
that the algorithms that generate rules with better support
within the C data set are Apriori and FPGrowth. Thus, the
best algorithm for the data set C is FPGrowth.

Table 11 shows the comparison results of the algorithm
evaluations for the D data set. Also, each evaluation was
performed 100 times to estimate the average time for the
construction of the models and the number of rules and
average support were taken into account. Apriori reports
better results than Tertius because the time it takes to obtain
the samenumber of rules is considerably shorter and the rules
that it identifies have better support.

Although FPGrowthwas the best algorithm for the C data
set, it has the disadvantage that it cannot be applied to the D
data set; therefore the Apriori algorithm is considered more
appropriate for this work since it generates more rules than
FPGrowth and can be used for the two data sets contemplated
in this research, as illustrated in Figure 4.

3.2.2. ClassificationAlgorithms. Bayesian networks were con-
sidered to analyze the data of the surveys, whereas J48, Neural
Networks, NaiveBayes, and Sequential Minimal Optimiza-
tion (SMO) were studied considering their application in the
classification process for the open questions. We performed
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Table 9: Test results for Apriori and FPGrowth for the C data set.

Algorithms min conf /min sup Rules Time Confidence Support
Apriori 0.9/0.5 9 11 0.93 0.57
FPGrowth 9 4 0.93 0.57
Apriori 0.9/0.5 11 9 0.92 0.58
FPGrowth 11 5 0.92 0.58
Apriori 0.8/0.6 2 9 0.88 0.76
FPGrowth 2 3 0.88 0.76
Apriori 0.9/0.4 25 15 0.93 0.49
FPGrowth 24 8 0.93 0.49
Apriori 0.9/0.3 87 21 0.95 0.38
FPGrowth 78 12 0.94 0.39
Apriori 0.8/0.3 167 20 0.90 0.37
FPGrowth 140 12 0.91 0.39
Apriori 0.8/0.4 48 13 0.89 0.47
FPGrowth 47 8 0.90 0.47
Apriori 0.9/0.2 568 45 0.95 0.25
FPGrowth 528 28 0.96 0.26
Apriori 0.8/0.2 985 45 0.91 0.25
FPGrowth 961 26 0.91 0.25
Apriori 0.9/0.1 16463 285 0.97 0.12
FPGrowth 9349 108 0.97 0.13
Apriori 0.7/0.6 2 9 0.88 0.76
FPGrowth 2 4 0.88 0.76
Apriori 0.7/0.5 12 11 0.90 0.58
FPGrowth 12 4 0.90 0.58

Table 10: PredictiveApriori and Tertius test results for the C data set.

Algorithms Rules Time Confidence Support
PredictiveApriori 9 4050 0.78 0.29
Tertius 9 97 - 0.25
PredictiveApriori 11 4136 0.82 0.28
Tertius 11 100 - 0.26
PredictiveApriori 2 2794 1 0.33
Tertius 2 83 - 0.49
PredictiveApriori 2 2877 1 0.33
Tertius 2 99 - 0.22
PredictiveApriori 12 4109 0.83 0.27
Tertius 12 97 - 0.27
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Figure 2: Comparison of Apriori, FPGrowth, PredictiveApriori, and Tertius algorithms in terms of support.
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Table 11: Test results for Apriori and Tertius for the D data set.

Algorithms Min Conf/Sup Rules Time Support
Apriori 0.8/0.6 5 112 0.65
Tertius 5 9514 0.41
Apriori 0.7/0.6 6 118 0.64
Tertius 6 7467 0.42
Apriori 0.9/0.5 10 149 0.56
Tertius 10 9529 0.33
Apriori 0.8/0.5 28 144 0.56
Tertius 28 9700 0.42
A priori 0.7/0.5 36 147 0.56
Tertius 36 9471 0.42
Apriori 0.9/0.4 82 198 0.45
Tertius 82 10042 0.39
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Figure 3: Comparison of Apriori, FPGrowth, PredictiveApriori, and Tertius algorithms in terms of time.
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Figure 4: Comparison of Apriori algorithm in C and D data sets and FPGrowth for the C data set, with respect to number of rules.

10-fold cross-validation in all cases to avoid any problem of
overfitting.

BayesNet. It determines the relations of dependence and
probabilistic independence between all the variables of a data
set, thus conforming the structure of the Bayesian network,
represented by an acyclic graph where the nodes are the
variables and the arcs are the probabilistic dependencies
between the linked attributes [37, 38].

J48. It constructs a binary decision tree to model the classifi-
cation process. This algorithm ignores the missing values or
predicts them according to the known values of the attribute
in the other registers [39, 40].

Neural Networks. These are mathematical procedures based
on the exploitation of parallel local processing and the prop-
erties of distributed representation that imitate the structure
of the nervous system and can be interpreted as the way to
obtain knowledge from experience [41].

NaiveBayes. It is a probabilistic classifier that calculates the
probabilities according to the combinations and frequencies
of occurrence of the data in a given data set [39, 40].

SMO. It implements the algorithm to train SVMs and solve
the problems of quadratic programming that these presup-
pose [42].
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Table 12: Application of Bayesian networks in datasets C and D.

Data sets Bayesian networks
C ×

D √

The measures considered in the evaluation were as fol-
lows:

Accuracy. It is the percentage of test set tuples that are
correctly classified by the classifier.

ROC Area. It refers to the area under the curve between true
positives (𝑦-axis) and false positives (𝑥-axis); the result is
better when it gets closer to one.

Kappa. It determines how good a classifier is according to the
concordance of the results obtained by several classifiers of
the same type. Values close to 1 affirm a good concordance,
while values close to 0 show a concordance due exclusively to
chance.

Time. It is the amount ofmilliseconds that takes the construc-
tion of a model.

The possibility of applying Bayesian network learning
using various search algorithms in C and D sets was analyzed
(see Table 12), as well as J48, Neural Networks, NaiveBayes,
and SMO in aut reason, reason no aut, and com sug op data
sets (see Table 13).

To evaluate the Bayesian networks, the 18 attributes of D
data set were considered as classes. Each test was executed
100 times to estimate the average time of construction of the
network. Accuracy and ROC area values were considered
too. Table 14 shows the results of the tests carried out by
taking the grade of the respondent (grade) as a class. In the
same way, the results of the 17 classes were recorded, which
shows that the best results (see Table 18) were obtained with
the TAN (Tree Augmented Naı̈ve Bayes) search algorithm
for 14 of the classes and HillClimber for the remaining 4.
As we can see in Table 14, HillClimber for the class grade
is the best algorithm because although TabuSearch, Repeat-
edHillClimber, and HillClimber present higher accuracy and
ROC area than the other algorithms, HillClimber obtains the
Bayesian network in lower time.

The evaluation of J48, Neural Networks (MultilayerPer-
ceptron), NaiveBayes, and SMO algorithms, considered for
text classification, is described in Tables 15, 16, and 17 for
the aut reason, reason no aut, and com sug op data sets,
respectively. Each test was performed 100 times to estimate
average values in terms of time and in addition other metrics
such as accuracy, ROC area, and kappa were considered.

Table 18 presents the best cases for each algorithm
analyzed according to the different data sets.This information
can be very useful to guide the specialist about the parameters
that must be generated by the models and thus obtain
more accurate results. It should be noted that only the best
configuration for the algorithms is attempted, but regardless

of this, the specialists can configure them according to their
interests.

3.2.3. Robustness Evaluation. Robustness is the ability of the
classifier to make correct predictions given noisy data or data
with missing values. This is typically assessed with a series
of synthetic data sets representing increases in degrees of
noisy and missing values [34]. To evaluate the robustness of
the Bayesian network search algorithms, we create 18 data
sets with 10% of missing values for each attribute, then we
execute every algorithm considering each attribute as a class.
Figures 5 and 6 show the evaluation results. TAN was the
best algorithm because it had the greatest accuracy for 14
of the 18 classes. Also, it got the best ROC area for the 18
classes.

4. Results

The algorithms evaluated in Section 3.2 of this article were
implemented in the web application, a tool proposed by
the authors of this work to support the process of finding
useful knowledge in the applied survey, generate the models,
and submit the results to a thorough evaluation by the
experts. These algorithms were configured with the param-
eters that gave rise to the best results during the evaluation
stage.

The application allows physicians to answer the survey,
which is the subject of study in this research. In addition, it
guarantees the persistence of data and from these the data
sets that the mining algorithms considered in this work must
analyze are generated.The application, using theWEKAAPI,
generates models according to the selected algorithms and
returns the results. The format of the rules generated by the
algorithms can be understood by experts in data mining but
it is difficult to be understood by a common user, so it was
decided to describe in the application each variable involved
in the survey. From this, and using a pattern to define the
explanation of a rule, it was possible to program a function
that, given the rules of a model, returns the explanation of
these in a natural language expression. In this way, specialists
can perform evaluations without necessarily relying on data
mining experts.

4.1. Association. Weobtained the best 20 rules from each data
set using Apriori, FPGrowth, PredictiveApriori, and Tertius
algorithms. Then, the rules were evaluated by the expert.
Figure 7 shows the rules generated by the application from
the C data set using the Apriori algorithm.

4.2. BayesNet. Given the interest of the specialist to know
the behavior of the data for the questions about the reasons
why no autopsies are requested and the reasons why they
are requested, two Bayesian networks were built taking these
attributes as classes. The application shows the accuracy
for each network and also represents them by nondirected
acyclic graphs. This allows us to graphically appreciate the
relationships between the nodes. The graph of the second
network is shown in Figure 8.
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Table 13: Application of the algorithms in the aut reason, reason no aut, and com sug op data sets.

Data sets J48 NaiveBayes Neural networks SMO
aut reason √ √ √ √

reason no aut √ √ √ √

com sug op √ √ √ √

Table 14: Results of Bayesian networks for grade class.

Class: grade Accuracy ROC area Time
K2 0,995 0,999 59
TAN 0,999 0.999 55411
TabuSearch 0,999 1 21571
RepeatedHillClimber 0,999 1 117975
LAGDHillClimber 0,993 0,999 310
HillClimber 0,999 1 10215

Table 15: Test results for aut reason class.

Class: aut reason Accuracy ROC area Kappa Time
J48

GainRatio 0,86 0,96 0,79 998
InfoGain 0,86 0,97 0,80 1273

NaiveBayes
GainRatio 0,75 0,93 0,67 625
InfoGain 0,75 0,93 0,67 647

MultilayerPerceptron
GainRatio 0,86 0,97 0,81 44611
InfoGain 0,86 0,97 0,82 56820

SMO
GainRatio 0,83 0,91 0,75 1168
InfoGain 0,83 0,91 0,75 560

Table 16: Test results for reason no aut class.

Class: reason no aut Accuracy ROC area Kappa Time
J48

GainRatio 0,78 0,97 0,74 1098
InfoGain 0,78 0,97 0,74 1180

NaiveBayes
GainRatio 0,76 0,95 0,65 1279
InfoGain 0,76 0,95 0,65 1244

MultilayerPerceptron
GainRatio 0,84 0,97 0,76 33674
InfoGain 0,85 0,96 0,76 15904

SMO
GainRatio 0,81 0,94 0,73 995
InfoGain 0,81 0,94 0,73 696

4.3. Evaluation of the Results. To support the expert in the
evaluation process, the system provides a natural language
explanation of theminingmodels results, so that the patholo-
gist understands them. In this way, the specialist can evaluate

the results by subjectively analyzing, based on his experience
and knowledge, the information extracted by the models.

The association rules analyzed by the specialist were the
top 20 of each algorithm implemented in this research. For
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Table 17: Test results for com sug op class.

Class: com sug op Accuracy ROC area Kappa Time
J48

GainRatio 0,84 0,97 0,85 266
InfoGain 0,84 0,97 0,85 326

NaiveBayes
GainRatio 0,84 0,97 0,76 332
InfoGain 0,84 0,97 0,76 315

MultilayerPerceptron
GainRatio 0,90 0,97 0,88 14040
InfoGain 0,92 0,98 0,90 25796

SMO
GainRatio 0,83 0,96 0,92 1473
InfoGain 0,84 0,96 0,83 1208
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Figure 5: Comparison of Bayesian network search algorithms in data sets with missing values considering their accuracy.
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Figure 6: Comparison of Bayesian network search algorithms in data sets with missing values considering ROC area.
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Table 18: Presentation of the best results of each algorithm evaluation.

Association analysis
Data set Algorithm Parameters

C

Apriori
Confidence = 0.9
Support = 0.4
Rules = 15

FPGrowth
Confidence = 0.9
Support = 0.4
Rules = 8

PredictiveApriori Support = 0.5
Rules = 12

Tertius Support = 0.5
Rules = 12

D
Apriori

Confidence = 0.9
Support = 0.5
Rules = 10

Tertius Support = 0.5
Rules = 10

Classification analysis
Data set Algorithm Class Search algorithm

D BayesNet

reason no aut Tan
aut reason HillClimber

fam rejection Tan
years pract Tan

area Tan
cases Tan

category Tan
com sug op Tan
spec inst HillClimber

gral med inst Tan
method request aut HillClimber

arb findings Tan
dem findings Tan
disc findings Tan

physician reason aut Tan
no hosp Tan

staff request aut Tan
grade HillClimber

Data set Algorithm Attribute selection measures
aut reason MultilayerPerceptron InfoGain
reason no aut MultilayerPerceptron InfoGain
com sug op MultilayerPerceptron InfoGain

example, the 20 association rules obtained by Apriori in the
C data set have been shown in Figure 7.

For each node in a Bayesian network, the application
shows a conditional probability table containing all probabil-
ities of occurrences for its attributes. For this, the Bayesian
networks provide much information to be analyzed, but this
does not mean that everything is interesting. For this reason,
the analysis of the two networks generated was limited to
six survey questions, considering only the highest probability
values. The questions are related to the years of practice of

the physician, the number of cases in which the doctor has
intervened, discrepant findings, demand findings, causes of
autopsies rejection, reasons for not requesting autopsies in
the hospital, and why the physician does not perform it,
among others.

To illustrate this procedure more clearly, we describe the
analysis process for the no hosp question from the Bayesian
network generated from the query aut reason of Figure 8.
From this network, we selected the node corresponding to the
question of interest for this case (no hosp), which generated
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Figure 7: Apriori model for the C data set.

a total of 1875 conditional probabilities. The next step was
to rule out the conditional probabilities less than 50% and
this reduced to 14 the number of results (see Figure 9). In
this particular case, the specialist ruled out the conditional
probabilities 1, 2, 3, 4, and 11. With this procedure the
remaining questions selected in each networkwere evaluated.

4.3.1. Association. The results comprised 120 rules, 20 per
model, of which the specialist evaluated only 100. The
decision of not including the rules of FPGrowth was made
to avoid repetitions in the results, given that the majority of
the rules are also obtained by Apriori.

After a thorough analysis of the rules, the conclusive
results were as follows: from 100 rules, the expert approved 75.
Eight rules were discarded in each model of Apriori, seven in
PredictiveApriori and two in the model of Tertius with the D
data set.Themost accepted algorithm turned out to beTertius
with 90% of rules approved for the D data set and 100% for
the C data set (see Table 19). In general, it can be concluded in
the association analysis that the results had a 75% of approval.

4.3.2. BayesNet. It is complex to analyze the data generated
by Bayesian models due to the large volume of probability
relationships that have been extracted from these networks.
This is why, for this research, the expert delimited the analysis
to the results with a probability greater than 50% that relate
the attributes: years of practice, cases in which the physician
has intervened, discrepant findings, demand findings, causes of
autopsies rejection, reasons for not requesting autopsies in the
hospital, and why the physician does not do it. In this way, 352
probability relationships were evaluated. 168 were extracted
from the network generated from the aut reason class and 184
from the reason no aut class (see Table 20).

After a thorough analysis, the conclusive results were
as follows: for a total of 352 conditional probabilities, 347
were approved by the expert. The specialist discarded one
probability in the Bayesian network for aut reason and four
probabilities in the Bayesian network for reason no aut. In
general, it is concluded that Bayesian networks had a 98.6%
approval (see Table 21).

The networks also made establishing a situational diag-
nosis of autopsies in hospital possible, which is detailed in
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Precision: 55%aut_reason

area

grade

category gral_med_inst cases years_pract disc_findings dem_findings
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reason_no_aut fam_rejection no_hosp physician_reason method_request_aut

Figure 8: Bayesian network graph, considering motives for autopsy acceptance as class.

Table 19: Evaluation of association results.

Algorithm Data set Accepted Discarded Rules discarded Acceptance

Apriori C 12 8 9, 10, 15, 16, 17, 18, 19, and 20 60%
D 12 8 8, 11, 14, 15, 17, 18, 19, and 20 60%

PredictiveApriori C 13 7 6, 11, 12, 13, 14, 16, and 18 65%

Tertius C 20 0 100%
D 18 2 4 and 17 90%

Table 20: Results of Bayesian networks.

Bayes networks Results
aut reason 168
reason no aut 184
Total 352

Figures 10 and 11. These diagnoses are referred to the causes
and reasons for requesting and not requesting autopsies,
respectively.

5. Conclusions and Future Work

The prominent decrease in the number of autopsies in the
hospitals around the world has raised questions about the

motives for this phenomenon. The purpose of this work was
to analyze the possible causes of the reduction of autopsies
in the hospital system of “Servicios de Salud de Veracruz”
by means of association rule mining and Bayesian networks
from the data that belong to the medical opinions about such
medical practice.

The analyzed data were collected through a survey that
was applied to the doctors of the hospital. The survey was
focused on the medical opinions about the causes or reasons
of autopsies that were not performed, the study level of
the specialists, their years of experience, and the cases of
autopsies they have been involved in, among others.

The use of association rule mining techniques and Bayes
networks allowed us to perform a descriptive analysis of
the problematic situation and find the correlations between
the categorical attributes of the data set, which formed
the information obtained from the medical staff, all this
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Figure 9: Results of relations for the node: reasons for not requesting autopsies.
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Table 21: Evaluation of the results of Bayesian networks.

Results Accepted Discarded Acceptance
aut reason 167 1 99.4%
reason no aut 180 4 97.8%
Total 347 5 98.6%

Findings could lead to demand
(1) Strongly agree (42.86%)
(2) Disagree (28.57%)
(3) Agree (17.86%)
(4) Strongly disagree (7.14%)
(5) Uncertainty (3.57%)

Reasons to request autopsies
(1) Establish definitive diagnoses (26.79%)
(2) Pedagogical objectives (24.40%)
(3) Applicability of the study (13.09%)
(4) Clarify difficult diagnosis (9.52%)
(5) Lack of correlation between clinical and 

laboratory data (7.74%)
(6) When it is necessary to provide essential 

information to relatives in case of
infectious or congenital diseases (6.55%)

(7) When there is a relationship with forensic 
medicine (5.95%)

(8) Medical care problems (2.98%)
(9) Determine whether or not the method used 

was correct (2.98%)

Specialty
(1) Institute of Public Health (12%)
(2) Hospital of the Department of D. F. (8%)
(3) Do not specify (8%)
(4) Nachon/CEM (7.33%)
(5) Rio Blanco Regional Hospital (6.67%)
(6) General Manuel Gea González (6.67%)
(7) National Institute of Nutrition (6%) 
(8) National Institute of Pediatrics (6%)
(9) IMSS Adolfo Ruiz Cortines (5.33%)
(10) Health Services (5.33%)
(11) The Race IMSS (4%)
(12) IMSS (4%)
(13) UNAM (4%)
(14) Women’s Hospital (2.67%)
(15) San Luis Potosí (2.67%)
(16) High Specialty in IMSS (2%) 
(17) Medical Center of the West (2%)
(18) Western Regional (2%)
(19) University of San Carlos (2%)
(20) National Cancer Institute (1.33%)
(21) University of La Salle (1.33%)
(22) Ministry of Health (0.67%)

Causes to request autopsies
(1) Interest (84.62%)
(2) Wrong diagnosis (15.38%)

Reasons why autopsies are not 
requested at the hospital

(1) Not requested (71.43%)
(2) Lack of financial resources (21.43%)
(3) Lack of human resources (7.14%)

Causes of rejection by the relative
(1) Poor communication of the doctor with

the patient and relatives (52.94%)
(2) Religious motives (23.53%)
(3) Failure to properly request 

authorization (17.65%)
(4) Moral reasons (5.88%)

Findings could be discrepant with 
diagnosis

(1) Strongly agree (51.52%)
(2) Agree (30.30%)
(3) Uncertain (15.15%)
(4) Disagree (3.03%)

Years
(1) More than 20 years (45.46%)
(2) 5–10 years (20.45%)
(3) Less than 5 years (13.64%)
(4) 11–15 years (11.36%)
(5) 16–20 years (9.09%)

Cases
(1) 0 cases (27.78%)
(2) Less than 5 cases (22.22%)
(3) 6–10 cases (22.22%)
(4) 11–20 cases (16.67%)
(5) More than 20 cases (11.11%)

Causes to request autopsies
(1) Interest (80%)
(2) Wrong diagnosis (20%)

Figure 10: Situational diagnosis of autopsies in the hospital on the reasons for requesting autopsies.

through a web application or system developed especially
for the case. The system provides a natural language expla-
nation of the mining models results, so that the pathologist
understands them. In this way, the specialist can evaluate
the results by subjectively analyzing, based on his expe-
rience and knowledge, the information extracted by the
models.

The rules generated by the association models instru-
mented for the research had 75% approval by the specialist.
As for the algorithms, Tertius proved to be the most accurate,

with 90% approval of its rules in the C data set and 100% in
the D data set.

As future work we suggest studying data of the clinical
records of the patients who died in the hospital and analyzing
with real data the trend of the causes that lead to perform
autopsies in some patients and not in others. This will
confirm the veracity of the results of this research. We also
recommend to perform similar studies in other parts of the
country and to identify whether themedical opinions and the
consequences of autopsies rejection differ by region.
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Reasons for not requesting autopsies
(1) Known base disease (16.39%)
(2) Negative of relatives (16.39%)
(3) Disinterest (14.69%)
(4) Social factors (8.48%)
(5) Fear of demand (8.48%)
(6) Cultural issues (7.34%)
(7) Religious issues (5.65%)
(8) Lack of indication (5.08%)
(9) Lack of human resources (5.08%)
(10) Lack of material resources (2.83%)
(11) Legal issues (2.26%)
(12) The pathology service does not perform it (2.26%)
(13) I forget about the practice of this study (2.26%)
(14) Ignorance of the practice of autopsies (1.69%)
(15) Condition of the deceased (0.56%)
(16) There is no service (0.56%)

Specialty

(1) Not specified (13.66%)
(2) Regional Hospital of Río Blanco (12.42%)
(3) General Manuel Gea González (12.42%)
(4) Institute of Public Health (10.56%) 
(5) Hospital of the Department of D. F. 

(6.83%)
(6) Western Regional (6.83%)
(7) National Institute of Nutrition (5.59%)
(8) Nachon/CEM (4.97%)
(9) High Specialty in IMSS (2.49%)
(10) Women’s Hospital (2.49%)
(11) IMSS (2.49%)
(12) San Luis Potosí (2.49%) 
(13) Health Services (2.49%)
(14) University of La Salle (2.49%)
(15) Western Medical Center (1.86%)
(16) National Institute of Pediatrics (1.86%)
(17) The Race IMSS (1.86%)
(18) UNAM (1.86%)
(19) Center for Medical Specialties (1.24%)
(20) National Institute of Cancerology 

(1.24%)
(21) University of San Carlos (1.24%)
(22) IMSS Adolfo Ruiz Cortines (0.62%) 

Reasons why autopsies are not 
requested at the hospital

(1) Not requested (70.59%)
(2) Lack of financial resources (23.53%)
(3) Knowledge of its didactic utility (5.88%)

Causes of rejection by the relative
(1) Poor communication of the doctor with 

the patient and relatives (55%)
(2) Religious motives (25%)
(3) Failure to properly request 

authorization (10%)
(4) Moral reasons (10%)

Findings could lead to demand
(1) Strongly agree (44.74%)
(2) Agree (31.58%)
(3) Disagree (15.79%)
(4) Uncertain (7.89%)

Findings could be discrepant with 
diagnosis

(1) Strongly agree (54.06%)
(2) Agree (29.73%)
(3) Uncertain (10.81%)
(4) Disagree (5.40%) 

Cases
(1) Less than 5 (42.86%)
(2) 0 cases (28.57%)
(3) 6–10 cases (11.43%)
(4) 11–20 cases (8.57%)
(5) More than 20 cases (8.57%)

Years
(1) More than 20 years (50%)
(2) Less than 5 years (25%)
(3) 5–10 years (18.75%)
(4) 16–20 years (6.25%)

Causes to request autopsies
(1) Interest (80%)
(2) Wrong diagnosis (20%)

Figure 11: Situational diagnosis of autopsies in the hospital on the reasons for not requesting autopsies.
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learning algorithms in structured peer-to-peer systems,” Journal
of Information andCommunication Technology, vol. 15, no. 2, pp.
85–116, 2016.
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The Internet applications, such as network searching, electronic commerce, andmodernmedical applications, produce and process
massive data. Considerable data parallelism exists in computation processes of data-intensive applications. A traversal algorithm,
breadth-first search (BFS), is fundamental in many graph processing applications and metrics when a graph grows in scale. A
variety of scientific programmingmethods have been proposed for accelerating and parallelizing BFS because of the poor temporal
and spatial locality caused by inherent irregular memory access patterns. However, new parallel hardware could provide better
improvement for scientific methods. To address small-world graph problems, we propose a scalable and novel field-programmable
gate array-based heterogeneous multicore system for scientific programming. The core is multithread for streaming processing.
And the communication network InfiniBand is adopted for scalability. We design a binary search algorithm to address mapping to
unify all processor addresses.Within the limits permitted by theGraph500 test bench after 1D parallel hybrid BFS algorithm testing,
our 8-core and 8-thread-per-core system achieved superior performance and efficiency compared with the prior work under the
same degree of parallelism. Our system is efficient not as a special acceleration unit but as a processor platform that deals with
graph searching applications.

1. Introduction

Information technology, the Internet, and intelligent tech-
nology have ushered in the era of big data. Data-intensive
applications, as a typical representative of big data applica-
tions represented by graph searching, have been receiving
increased attention [1]. Many real-world applications could
be abstracted as a large graph of millions of vertices, but
this procedure is a considerable challenge for processing.
These applications represent the connections, relations, and
interaction among entities, such as social networks [2], bio-
logical interactions [3], and ground transportation [1]. Poor
data-driven computation, unstructured organization, irregu-
lar memory access, and low computations-to-memory ratio
are the prime reasons for parallel large-graph processing
inefficiency [4]. To traverse larger graphs caused by data-
intensive applications, a variety of scientific programming
methods has been proposed [5, 6]. Tithi et al. [5] optimized
the programme and used dynamic load balancing with Intel
click++ language. Chen et al. [6] proposed a new parallel

model called Codelet model.They all do a good job in speed-
ing up access to memory. However, new parallel computing
machines could provide a better platform for software meth-
ods. Heterogeneous processing, with reconfigurable logic
and field-programmable gate array (FPGAs) as an energy
efficient computing systems [7], performs competitively with
the multicore CPUs and GPGPUs [4, 8]. The performance of
breadth-first search (BFS) on large graphs is bound by the
access to high-latency external memory. Thus, we designed
considerable parallelism and relatively low clock frequencies
to achieve high performance and customized memory archi-
tecture to deal with irregular memory access patterns.

The bottleneck of processing graph search is memory.
Communication is a primary time overhead in the expansion
of processors. In this study, we propose a scalable and novel
FPGA-based heterogeneous multicore system for big data
applications. The core is multithread for streaming process-
ing, and the communication network is InfiniBand (IB) for
scalability. The address mapping is a binary search algorithm
mapping, and three levels of hierarchy of memory exist.
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The remainder of this paper is organized as follows:
Section 2 introduces the details of our 1D decomposition
hybrid BFS algorithm. Section 3 shows the details of the
proposed parallel system architecture. Section 4 describes the
implementation of binary search address mapping. Section 5
provides details of the single processor architecture. Section 6
exhibits the three-level memory hierarchy. Section 7 analyzes
the experiment results.

2. Related Works

While parallel computers withmillions of cores are already in
production, the trend is geared toward higher core densities
with deepermemory hierarchies [10] even though other node
resources (e.g., memory capacity per core) are not scaling
proportionally [11]. Anghel et al. (2014) [12] analyzed node-
to-node communications and showed that the application
runtime is communication bound and that the communica-
tion makeup is as much as 80% of the execution time of each
BFS iteration [13].

The Graph500 benchmark is the representative of the
graph-based analytic class of applications and is designed to
assess the performance of supercomputing systems by solving
the BFS graph traversal problem [14, 15].

Fast graph traversal has been approached from a range
of architecture methods. Fast graph traversal has been ap-
proached from a range of architecture methods. In general-
purpose CPU and multicore/supercomputing approaches
[16, 17], Agarwal et al. performed locality optimizations on a
quad-socket system to reduce memory traffic [18]. A consid-
erable amount of research on parallel BFS implementations
on GPUs focuses on level-synchronous or fixed-point meth-
ods [19, 20].The reconfigurable hardware approach in solving
graph traversal problems on clusters of FPGAs is limited by
graph size and synthesis times [4, 8]. Betkaoui et al. (2012)
[4] and Attia et al. (2014) [8] explored highly parallelized pro-
cessing elements (PEs) and decoupled computation memory.
Umuroglu et al. (2015) [11] demonstrated the density, rather
than the sparsity, of the treatment of the BFS frontier vector
in yielding simpler memory access patterns for BFS, trading
redundant computation for DRAM bandwidth utilization,
and exploring faster graphs.

3. 1D BFS Algorithm for Testing

In 2013, Beamer et al. [21] proposed a bottom-up algorithm
on BFS, which dramatically reduces the number of edges
examined, and presented the combination of a conventional
top-down algorithm and a novel bottom-up algorithm. The
combined algorithm provides a breakthrough for level-syn-
chronized parallel BFS in parallel computation, and this
novel bottom-up algorithm is applied in 2D sparse matrix
partitioning-based solutions. Today, the 2D bottom-up BFS
implementation is a general application in Blue Gene archi-
tecture.

Experiments show that with a large number of processors
relative to the 1D decomposition, the 2D decomposition can
effectively reduce the total communication between proces-
sors. In the 2D decomposition, the BFS algorithm has better

performance. By contrast, with a small number of processors,
the BFS algorithm is suitable in the 1D decomposition.
Moreover, our system has eight processors in parallel with
unified fine-grained address mapping. Algorithm 1 uses 1D
decomposition-optimized BFS algorithm which is proposed
by Yasui et al. [22]. In Algorithm 1, 𝑉 is the set of vertex in
graph, while 𝐸 is the set of edges; that is, 𝐸(𝑢, V) = 1 means
𝑢 and V are connected. The parent [𝑘] gives the parent of
vertex 𝑘 in the BFS tree whose source vertex is 𝑠; when 𝑘 is
unreachable from 𝑠, parent [𝑘] = −1. V ∈ 𝑉; if V is in the
frontier queue, then next [V] = 1. The same meaning is given
to next (V) (next frontier for each BFS iteration) and visit (V)
(when visit (V) = 1, V has been visited). Array next, visit, and
frontier are stored as bitmap. A new vertex appears in the
search; then end = 0. When no new vertex appears in the
current iteration of BFS, the iteration will end.

4. Massive Parallel Coprocessor
System Architecture

Ourmassive parallel coprocessor system architecture is orga-
nized by a single master processing node and large numbers
of coprocessing nodes for special computation tasks. The
master processing node is an embedded system with ARM
processor as its core. The communication architecture of our
system is the IB communication network.

The coprocessor is a development board with FPGA
(Virtex-7), which is a reconfigurable processor for solving
graph problems. Two blocks of DDR3memory are integrated
on each board, and data are transferred by a memory con-
troller (MC).Wemodified theMC’s IP core so that two blocks
of DDR3 memory could be accessed in parallel. Any pro-
cessing node would assign the tasks and transfer data to all
coprocessors through the I/O interface and target channel
adapter (TCA), which is the communication interface we
implement based on the IB protocol. Communications data
from the TCA are sent to the IB switch interface through a
transmitter (TX) by the IB protocol, and the communication
data from IB switch interface are received by TCA through
the receiver (RX). The max theoretical line rate is 13.1 Gb/s,
and the actual line rate is 10Gb/s. We have four lines; thus,
the communication bandwidth is 40Gb/s. When the system
is initialized, the master node distributes data to the DDR3
memory of each coprocessor via PCI-E bus. After the system
has started, each processing node communicates through the
IB communication network whose interface is TCA.The pro-
gram in the master node sends its instructions or data after
address mapping (i.e., AM in Figure 1) and each coprocessor
communicates after the address mapping. Address mapping
is implemented by the FPGA, and the scheme is a functional
hardware unit for each node. The architecture is described in
Figure 1.

The core is a streaming processor that uses a multi-
threading vector. Cross-multithreading is a fine-grainedmul-
tithreading in which threads are executed alternately. Our
massive parallel coprocessor system is a scalable system
and a platform for parallel processing of big data applica-
tions.
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Input: 𝑉[1 ⋅ ⋅ ⋅ 𝑛], 𝐸[1 ⋅ ⋅ ⋅ 𝑛][1 ⋅ ⋅ ⋅ 𝑛], 𝑠 (source vertex)
Output: parent[1 ⋅ ⋅ ⋅ 𝑛].

(1) for ∀V ∈ 𝑉 do
(2) visit[V] = 0
(3) parent[V] = −1
(4) frontier[V] = 0
(5) next[V] = 0
(6) frontier[𝑠] = 1
(7) level = 0
(8) end = 0
(9) while 𝑓end ̸= 1 do
(10) end = 1
(11) if (level < 𝛼) or (level > 𝛽) then
(12) for ∀V ∈ 𝑉 do
(13) if f rontier[V] = 1 then
(14) for ∀𝑢 ∈ 𝐸(V) do
(15) if visit[𝑢] = 0 then
(16) visit[𝑢] = 1
(17) next[𝑢] = 1
(18) parent[𝑢] = V
(19) end = 0
(20) else
(21) for ∀V ∈ 𝑉 do
(22) if visit[V = 0] then
(23) for ∀𝑢 ∈ 𝐸(V) do
(24) if f rontier[𝑢] = 1 then
(25) visit[V] = 1
(26) next[V] = 1
(27) parent[V] = 𝑢
(28) end = 0
(29) BREAK
(30) BARRIER
(31) for ∀V ∈ 𝑉 do
(32) frontier[V] = next[V]
(33) next[V] = 0
(34) level = level + 1
(35)

Algorithm 1: Parallel 1-D BFS algorithm.

5. Binary Search Address Mapping Unit

Thearchitecture of our addressmapping is shown in Figure 2.
In our scheme, the memory of DDR3 is divided into two
areas: the local data blocks and the global translation blocks.
The local data blocks store the data that the program needs
from I/O requests and TCA. The global translation blocks
hold themapping of all data. Furthermore, the global transla-
tion blocks in each node are the same, and they are managed
in a fine-grained page.

The basic idea of binary search is as follows: In ascending
order of the tables, we take intermediate records as objects
of comparison. If the given item is equal to the intermediate
records, then the search is done. However, if the given item is
smaller than the intermediate records, then we have a binary
search in the first half of the ascending table; otherwise, we
have a binary search in the bottom half of the ascending table.

The implementation of the binary search address map-
ping is a pipeline in which the virtual address is the input,

and the output data are the physical address. We divided
the registers in the pipeline storage unit into three groups.
The first group contains the OMR, DVR, and MTR register,
which stores the status of data in RAM. The RAM stores the
addressmapping of the visited arrays (visited array in the BFS
algorithm). The input of the virtual address is the frontier
arrays (frontier array in the BFS algorithm). This situation
means that we could not find the corresponding mapping in
RAMandwewould obtain one of the addressmappings of the
frontier array from the DDR3memory to be stored in RAMs.
This situation is object missing (array missing) where no
object is missing in the beginning of a binary search and after
the first stack, but the data are missing. The range of virtual
address in the array would be entered in the range register
(RR). When the input address is not in the range of each
RR, a warning that an object is missing is triggered.Then, we
would update the data in RR; the order of updating uses the
least recently used mechanism. The pipeline then stalls, and
we acquire one dataset in the frontier array to continue the
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Figure 1: The overview of the system.

search.One data itemof the frontier array exists in the current
stack of RAMs. Thus, when searching the next stack, the
next data in RAMs are invalid. We would obtain the address
mapping data of the Frontier array from the DDR3 memory
to be stored in this RAMs, and the situation is that the data are
missing.The 𝑖thOMR is the objectmissing indicator of the 𝑖th
stack in pipeline. Furthermore, the MTR is the data missing
indicator. The 1 bit in DVR indicates the 64 bits of data in the
RAMs that are currently stacked. When an object is missing,
the DVR is 0. After updating in RAMs, the corresponding bit
would be set to 1.

The second group contains the VAR and DVR, which are
temporary storage that passes the data to the next stack when
the pipeline is running. The third contains the LBR, RBR,
and CAR. In the binary search algorithm, in each searching
step, the smaller value is in the LBR, and the larger value is in
the RBR. The output of the RAMs provides the intermediate
element, and CAR records the comparable results in all steps.
For instance, in a 𝑘th stack, when the virtual address is in the
range of LBR and output of RAMs, the 𝑘th bit in CAR is 1 and
the value of (𝑘 − 1)th to 1 bit is the same as the value in CAR
in the (𝑘 − 1)th stack. The number of stacks is equal to the
number of processors.

The LRU unit is implemented by a series of shift registers
(the number of bits width is the number of shift register
minus 1). When RR is updated, we set 1 to the corresponding

shift register, and each register shifts left. The register, which
is 0, is the least recently used. The LRU unit provides the
number, and the corresponding RR is waiting to be updated
in the next object missing.

Unlike time complexity 𝑂(𝑛) in direct search, the time
complexity of binary search is 𝑂(log 𝑛). When the value of
𝑛 increases, the advantages of the method are obvious.

6. Architecture of Streaming Processor

Our streaming processor design is on the basement of the
multithreading vector. Cross-multithreading is a fine-grained
multithreading, in which threads are executed alternately.
This design requires the switching of threads in each clock
whether the thread is stalling or not.Thismechanism ensures
that the pipeline constantly runs. When a stall exists in a
thread, the latter would initially have a request. Every time the
thread turns to use the pipeline, it would wait until the stall is
handled. The execution of the thread using a cycle mode and
its architecture is shown in Figure 3.

The architecture of the microprocessor without inter-
locked piped stages (MIPS) was simplified to efficiently
process graph searching problems. The pipeline was divided
into Thread Select (TS), Instruction Fetch (IF), Instruction
Decode (ID), Execute (EX), and Write Back (WB) sec-
tions.
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In the Thread Select section, a thread would be selected
and the value of the corresponding program counter (PC)
register is obtained as the address in the IF section. Each
thread has its corresponding PC register and the value in
the register is updated according to the Next Program (NPC,
in EX section). The update must be done before another
thread is selected. Eight threads are implemented and used
according to the instruction register in the cycle because of
the limitation of the FPGAs resources.

In the Instruction Fetch section, the pipeline obtained
the correct instruction according to the corresponding PC
value. Two instruction caches exist: L1 and L2 caches. The L1
cache is private for a process, and the L2 cache is shared given
more than one process. The L1 cache is 0.5 kB, and it adopts
fully associative mapping programs.The L2 cache is 4 kB and
adopts direct mapping programs. An instruction register is
designed for each thread to store the last instruction. When
the thread is blocked, it could take the last instruction from
the instruction register.

In the Instruction Decode section, the decode controller
matches the instruction and reads the correct data in the data
register.

Four types of operation exist in the Execute section: the
operation of arithmetic logic, load and store, access in stream
register and shared on-chip memory, and branches jump
instruction. In the Write Back section, the result in the
Execute section is written in the local register. The result
could be from LSU (load and store unit), ALU, and SSU
(stream register and shared on-chip memory unit). The
address is in the instruction.

Load and store unit (LSU) is designed for operation
access, which includes vector or scalar access. The load
operation is from thememory to the stream register.The store
operation is from the stream register to the memory. Shared
memory on-chip unit (SSU) is to perform operation accessed
stream register or shared on-chip memory. The structures of
LSU and SSU are similar.

7. Three-Level Memory Hierarchy

The stored data in the graph search problems has two charac-
teristics: sparsity of the storage and lack of locality inmemory
accessing. The optimization in cache cannot effectively use
the locality of the memory access. By drawing on the
experience of the design of stream architecture, a new three-
level memory hierarchy is proposed.

Figure 4 shows that the first-level memory is a local
register. Our architecture is a multicore and multithread
structure. The local register distributes in the inner part of
processor. When multithreads exist in the execution in each
process, the processor needs to protect the state. A distributed
thread registers to create each thread with its own private
registers to store their own states. As they have a local register,
no access conflicts occurred between the threads. Implement
register mapping is unnecessary. Thus, a small access in the
address space and low access delay and power exist.

The local register is implemented by a block RAM re-
source in FPGAs. In the multithread execution, the local reg-
ister would simultaneously process two requests of reading
from decoding and one request of writing from writing back.
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Considering that a single block RAM has read-and-write
ports, we copy a local register for each thread. When two
requests for reading exist, they could be read separately; how-
ever, if one request for writing exists, they would be written
simultaneously.

The second level is the stream register and the shared
memory on the chip. The stream register is a data buffer on
the chip that is implemented by block RAM and combined
with a bank of stream register to support multirequest from
the local register. A bank of stream register contains a bank
memory and a controller (as shown in Figure 4). The bank
memory provides two read-and-write ports (ports A and B),
and they are the interfaces of the local register and the off-chip
memory.

The controller of the stream register has three functions.
One is handling the data and the request from the local
register. Another is handling the data and request from off-
chip memory. The last is coordinating the read-and-write
ports that consume the data writing or reading in the stream
register with a correct sequence.

The shared on-chip memory is a special RAM on a
chip. Furthermore, it is controlled through software and is
programmable, which is different from cache. The data is
accessed by addresses, and it is shared by processors (if
we have) and threads. This study’s design of a shared on-
chip memory is a sharing and communicating interface for
the processors and threads. The function of the design is
data transaction and synchronization. The shared on-chip
memory is divided with the lock and data segments. When
more than one processor or thread exists to read and write
in the same address, the atomic lock is supported by the lock
segment to ensure correct program sequence. A base address
exists in the lock segment. The bits begin with the base
address, and one bit determines an atomic lock. Each process
or thread could read only one bit in a lock segment at a
time.The data segment is special shared data in amultithread
or multiprocess program execution. Barrier synchronous
counter is one of the special shared data items. The data
segment is divided into several 64 bits block, and one local
register is composed of 64 bits.

Owing to the width in a transaction burst at 512 bits, the
width between the interface of the off-chip memory and the
stream register is also 512 bits. The data width between the
local register and stream register is 64 bits, and it is the same
as the data in the local register. The valid data transaction
between the stream and local registers is identified by amask.
The mask is given by a program instruction and its range is
from 0 to 7.

The third-levelmemory hierarchy is the off-chipmemory.
Our off-chip memory is a dual-data rate (DDR3) and is
provided by FPGAs.

8. Results and Comparison

Theproposed scalable parallel distributed coprocessor system
has 8 cores, and each core has 8 threads. We used the 8 Xilinx
Virtex-7 FPGAVC709 evaluation board (xc7vx485t-2ffg1761)
and a commercial switchboard called Mellanox IS5030,
which is based on the IB protocol, to implement the system.

The Xilinx Virtex-7 FPGA VC709 evaluation board has 2
SODIMM DDR3 memory with a storage capacity of 4GB.
Eight channel PCIE interfaces and four lineGTH transceivers
are included.The communication bandwidth is 40GB/s, and
the memory bandwidth in each core is 10GB/s in theory.
Moreover, two computers that run Linux are used. One of
them is responsible for the initialization of the switchboard,
and the other is responsible for generating the BFS algorithm,
loading data, and receiving returned results. The number of
nodes in the system can be expanded as needed. We use
the Verilog HDL to achieve a parallel architecture system
in Xilinx Vivado 2013.4, which is written to the FPGA chip
through the JTAG interface.

In accordance with the Graph500 benchmark, we gen-
erated a series of information through a Kronecker graph
generator. Then, the information is converted to any type
of data structure, which is the input of the BFS algorithm.
We verified the results after execution. In the above steps,
the creation of the data structure and the design of the BFS
algorithm can be customized by the user.

In the Graph500, a fair comparison of the processor with
different test bench is obtained using TEPS. According to the
performance, which is calculated in Graph500, we proposed
a formula to calculate performance 𝑃. The details are shown
in (1). When the dataset and the root node are determined, 𝐸
is a constant.
𝐸 is the number of edges in the connected region of the

root node in the graph. 𝑓 is the working frequency, which is
200MHz in our implementation. 𝑇clk indicates the number
of clock cycles between the beginning and the end of the
program. We obtain the 𝑇clk through the chip scope. The test
dataset inGraph500 is used. Table 1 presents our performance
and comparison.

𝑃 =
𝐸 × 𝑓

𝑇clk
. (1)

We run the parallel BFS algorithm described as
Algorithm 1 on our prototype system for testing. The scale of
graph searching using the BFS is 19 to 23, which means that
the scale of graph data is 219 to 223, and the edge factor of the
graph is 16.

In the first experiment step, we use Vivado 2014.1 to load
the test data to FPGAs with a computer. The test data is from
Graph500. Then we run the BFS programme in Linux which
is running inARMcortex.TheARMcortex is provided by the
evaluation board. The ARM cortex initializes the searching
and gets the results from FPGAs through PCIE bus. Finally
we use ChipScope which is in Vivado 2014.1 to analyze the
performance.

As most works targeting high-performance BFS use
MTEPS as a metric, comparing raw traversal performance is
possible but the availablememory bandwidth in the hardware
platform sets a hard limit on achievable BFS performance.
Our experimental results are from a Virtex-7 platform with
much less (utilization of bandwidth is 64%, the theoretical
bandwidth is 10GB/s, the actual bandwidth is 6.4GB/s)
memory bandwidth and work frequency (200MHz) than
platforms in prior work; thus, it is comparatively slow. Our
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Table 1: Comparison to prior work.

Work Platform No. of parallel units Avg. MTEPS BW (GB/s) MTEPS/BW
[4] Convey HC-2 512 1600 80 20
[4] Convey HC-2 256 980 80 12.5
[4] Convey HC-2 128 510 80 6.375
[4] Convey HC-2 64 350 80 4.375
[4] Convey HC-2 32 210 80 2.625
[8] Convey HC-2 64 1900 80 23.75
[9] Nehalem + Fermi 32 800 128 6.25
This work Virtex-7 & InfiniBand 8 169 10 16.9
This work Virtex-7 & InfiniBand 64 763 80 9.54

system has 8 cores and supports 8 threads per core, which
is equivalent to 64 threads in parallel. Considering the
memory bandwidth, the traversals per unit bandwidth is
used as a metric to enable fair comparison with prior work.
Table 1 allows the comparison with several related works on
the average performance, available memory bandwidth, and
traversals per bandwidth over RMAT graphs.

9. Conclusions

We can draw the following conclusions:
(1) Compared with the approach of Betkaoui et al. [4],

our system is more efficient. The performance of 64 parallel
units is similar to that of approximately 256 parallel units in
[4]. Our data of traversals per unit bandwidth in 64 parallel
units are between 256 units and 128 parallel units in Betkaoui
et al. [4].
(2) Attia et al. [8] is on BFS algorithm optimization, and

our system is a scalable general processor platform that per-
forms instruction set decoding and the address mapping.
Attia et al. [8] is limited to scale, and it is a special acceleration
unit.
(3) Our data of traversals per unit are twice that of

Hong et al. [9], and the performance is approximately equal.
Moreover, our proposed system has the advantages of power
and scalability.
(4)The proposed system can be used as a scalable general

processing system for graph application with big data.
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Characterizing the preferences of a decision maker in a multicriteria decision is a complex task that becomes even harder if the
information available is limited. This paper addresses a particular case of project portfolio selection; in this case, the measures of
project impacts are not assumed, and the available information is only projects’ ranking and costs. Usually, resource allocation
follows the ranking priorities until they are depleted.This action leads to a feasible solution, but not necessarily to a good portfolio.
In this paper, a good portfolio is found by solving amultiobjective problem. To effectively address such dimensionality, the decision
maker’s preferences in the form of a fuzzy relational system are incorporated in an ant-colony algorithm. The Region of Interest
is approached by solving a surrogate triobjective problem. The results show that the reduction of the dimensionality supports the
decision maker in choosing the best portfolio.

1. Introduction

Resource allocation in institutions should address the proper
distribution of a given budget among a set of available
projects [1]. The type of projects can vary according to the
area, and they might be involved in a wide range of tasks or
activities, such as improving the skills of a professional sports
team, the selection of R&D project portfolios in enterprises,
the founding of projects by a government program, and
supporting environmental regulations [2].

The construction of the best portfolio that accomplishes a
certain balance among the selected projects and that is subject
to a budget has been approached in the scientific literature
(e.g., [3–8]). This problem can be defined as follows:

max
𝑥∈𝑅𝐹

{⟨𝑧1 (𝑥) , 𝑧2 (𝑥) , . . . , 𝑧𝑝 (𝑥)⟩} , (1)

where 𝑅𝐹 is the space of feasible portfolios and 𝑧(𝑥) =
⟨𝑧1(𝑥), 𝑧2(𝑥), . . . , 𝑧𝑝(𝑥)⟩ represents the functions 𝑧𝑖 that char-
acterize the impact of a portfolio 𝑥 over the considered
criteria.

Problem (1) has evolved in different particular cases. For
example, recently, the Portfolio Selection Problem on a Set
of Ordered Projects, or PSPSOP, has been reported to focus
on the construction of a portfolio from a set of projects
subject to a limited budget (cf. Bastiani et al. [9]). This case
also involves a distinctive feature, which is that the only
information available about the projects is their rank; that
is, they are ordered according to the decision maker’s (DM)
preferences. The importance of the study of this problem
arises from the fact that in most situations a DM prefers
simple decision methods, and the decision process in such
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methods has conditions that involve limited resources such
as time and information.

The task in PSPSOP is closely related to R&D projects
funded by enterprises; it can be seen in the discussion
presented in Cooper et al. [10]. Particularly, in govern-
ment organizations, R&D projects pursue the satisfaction of
the citizenship, and, for this purpose, they try to identify
programs that focus on the priorities of social sectors.
The participatory budgeting aids in the definition of such
priorities, and it combines the efforts of both citizens and
government to establish them (cf. Fernandez and Olmedo
[11]). With a proper definition of priorities, all that remains
is the construction of a portfolio in which the costs of the
projects adjust to the approved budget. This last task remains
a challenge in the general case, and it has been studied from
different approaches in the literature.

The construction of portfolios from projects that include
information on ranking and costs is a problem that has been
addressed in the scientific literature. The Ranking method
is commonly used, and it involves the ordered selection of
projects, previously ranked by priorities established by a DM,
according to an available budget. This method has been criti-
cized because the final portfolio that it creates only guarantees
that the most important projects will be supported without
considering a balance between the priorities and costs, which
usually increases the number of supported projects and
their impact in society (cf. [12, 13]). Additionally, it could
be possible that a DM becomes reluctant to follow such a
construction if he considers that the ranking information is
not reliable [14].

Bastiani et al. [9] propose a method to solve PSPSOP
based on the cardinality and the discrepancies present in
a portfolio, where cardinality refers to the total number of
projects involved in it, and the term discrepancy is a concept
that reflects the negative effect that is applied over the DM’s
thinking because one of the projects, when it is compared
against others, seems to have merits that belong to the
portfolio but it is not in it.The strategy balances the priorities
and the number of projects in the final portfolio through a
model that minimizes discrepancies concerning the ranking
and costs and maximizes its cardinality, all of which are
defined in ten objectives. Given that this model handles a
large number of objective functions, this paper proposes a
method to reduce the original many-objective problem to
a surrogate one with three-objective functions. The reduced
problem can be easily solved by an ant-colony algorithm that
incorporates a knowledge mechanism (like the one proposed
by Cruz et al. [15]).

This paper is organized into six sections. Section 2
presents a criticism of previous related approaches and
describes the many-objective optimization model proposed
by Bastiani et al. [9] for PSPSOP. Section 3 details the
decision-support mechanisms used for the PSPSOP; this
mechanism is based on DM preferences. Section 4 describes
the metaheuristic optimization method. Finally, the experi-
ments and results and conclusions are shown in Sections 5
and 6, respectively.

2. A Brief Outline of Previous Approaches

According to the reviewed scientific literature, there are dif-
ferent approaches that solve PSPSOP with a lack of available
information. The works of [16–18] are similar to Scoring and
Ranking methods [10] or additive functions [12, 19] in that
they prioritize projects according to a certain utility function
to measure their importance. Alternatively, the use of proxy
variables [9, 11, 14] has offered versatile and satisfactory
results that extend the information derived from a ranking of
projects. However, none of those approaches offer a strategy
that incorporates theDM’s preferences, the key element in the
present work that guides the construction of better solutions.
Table 1 analyzes the state of the art related to the research
proposed in these works. The first column presents the work,
and the second column describes it.

From the information provided in Table 1, all the strate-
gies followed to solve PSPSOP are based on ranking, costs,
discrepancies, and cardinality. Our interest is focused on the
definition and management of such elements given by the
work of Bastiani et al. [9]. The remainder of this section
briefly discusses their definition, but it is left up to the reader
whether to get a deeper understanding of the concepts by
reviewing the work in [9].

The model proposed by Bastiani et al. [9] defines three
objectives per category plus one for the power indicator 𝑃.
Hence, the number of proxy variables is 𝑀 + 1, where 𝑀
is the number of categories in the instance of PSPSOP that
is solved. The model uses a reference portfolio 𝐶ref to reflect
the DM’s disappointment in combination with the statement
“rank(𝑥) is better than rank(𝑦) ⇒ (𝑦 ∈ 𝐶ref ⇒ 𝑥 ∈ 𝐶ref )”
to define three types of discrepancies over a built portfolio
C, which are initially based on the idea that a discrepancy
occurs when in such a portfolio 𝑎 ∈ 𝐶ref but 𝑎 ∉ 𝐶. These
discrepancies are as follows: (a) weak discrepancy 𝑛𝑤𝑘 that
occurs when the budget of a project 𝑥 ∈ 𝐶ref , which is not
in C, is much higher than the average budget in category k;
(b) strong discrepancy 𝑛𝑠𝑘 that occurs when the budget of a
project 𝑥 ∈ 𝐶ref , which is not in C, is considerably higher
than the average budget in category k; and (c) unacceptable
discrepancy that occurs whenever a project 𝑥 ∈ 𝐶ref , which
is not in C, has a budget that is not significantly higher than
the average budget in category k, or the budget required by
another project 𝑦 ∈ 𝐶 that has a lower rank than 𝑥. The first
two discrepancies, in combination with the cardinalities per
category and the power of the set of objectives to the model,
are proposed in [9]. The unacceptable discrepancy is used to
constrain the feasible region of PSPSOP.

The model of Bastiani et al. [9], referred to as Bastiani’s
model in this work, succeeds in providing more information
to a DM related to the construction of a particular portfolio.
The success is derived from the specialization per category of
the information derived from the ranking. However, due to
this situation, the number of objectives involved in themodel
is not fixed, and it varies with the number of considered
categories.This situation allows growth in the dimensionality,
which in turn increases the difficulty in approximating the
Region of Interest, that is, the zone in the Pareto frontier
that fits a DM’s preferences. For this reason, the question of
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Table 1: Optimization models for PSPSOP based on proxy variables.

Research work Description

Fernandez et al. [14]

To the best of our knowledge, this is the first published article
that employs a set of proxy variables to solve PSPSOP. The
model proposed works on discrepancies𝐷𝑆,𝐷𝑊 and
cardinality𝑁𝐶 of portfolios 𝐶; it is as follows:
min
𝐶∈𝑅𝐹

(𝐷𝑆, 𝐷𝑊), max
𝐶∈𝑅𝐹

𝑁𝐶.

Fernandez and Olmedo [11]

This work also uses the cardinality of the portfolio 𝑛𝑝𝑟 but it
extends the types of discrepancies used in [14] to include the
set of absolute discrepancies 𝑛𝑎, which considers the absolute
difference between the considered categories. The model is as
follows:
max
𝐶∈𝑅𝐹

{⟨𝑛𝑝𝑟⟩},min
𝐶∈𝑅𝐹

{𝑛𝑎, 𝑛𝑠, 𝑛𝑤}.

Bastiani et al. [9]

This work improves the multicriteria description of the
portfolio qualities, provided by approaches such as [11, 14],
through the incorporation of cardinality and discrepancy
information per category. Additionally, it includes the power
score 𝑃, an indicator of the number of high-rank projects in a
portfolio. The proposed model is as follows:

Optimize
𝐶∈𝑅𝐹

{⟨𝑁1, 𝑛wd1, 𝑛sd1, . . . , 𝑁𝑀, 𝑛wd𝑀, 𝑛sd𝑀, 𝑃⟩},

where the power 𝑃 and cardinalities𝑁1, 𝑁2, . . . , 𝑁𝑀 are
maximized and the discrepancies are minimized.

whether it is possible to keep the same level of information
in the construction of a portfolio through an optimization
approach but reduce the dimensionality remained open.
Our work in this paper is dedicated to answering this
question positively. The proposed approach is presented in
the following section.

3. Proposed Surrogate Model for PSPSOP

According to Cruz et al. [15], metaheuristic approaches are a
viable strategy to solvemultiobjective optimization problems.
These approaches rely on their ability to approximate the
Pareto frontier to provide a set of solutions (or popula-
tions) that might satisfy complex constraints and objectives
functions, a feature rarely shared with approaches based on
mathematical programming, which normally yield a single
solution and are limited to a narrower range of variations in
the definition of an optimization problem.

During the optimization, it is possible to find somepitfalls
derived from a problem with many objectives. One of the
pitfalls arises if it is difficult to generate a proper population
that lies on the Pareto frontier. Another pitfall corresponds
to the increments in the number of Dominance Resistant
Solutions, that is, solutions that are hard to dominate even
though they are not Pareto optimal and are hard to take out
of the final set of solutions. Another concern is related to the
appropriate selection of one solution from the set given by
metaheuristics. This situation leads to a process in which a
human must perform a cognitive effort to choose the desired
alternative. However, according to Miller [20], the human
mind’s capacity to handle information is diminished when
it increases, for example, when the number of objectives

that he/she must use to make a decision increases. All these
drawbacks have been observed and/or discussed in several
research studies, as shown in [21–24].

The high dimensionality of a problem can be addressed
through the incorporation of preference information.
According to the work in [15], a DM that is willing to provide
his/her preferences aids in the localization of the Pareto
frontier zone known as the Region of Interest (RoI); this
zone can be understood as a relaxation of the feasible region
defined by the multiobjective optimization problem that
only covers solutions that are of interest for a DM. Several
research papers, such as the one by Fernandez et al. [25],
present strategies that address multiobjective problems using
surrogate models that approximate the RoI. The remaining
part of this section presents the adaptation of such model to
solve the PSPSOP.

The research work in [25] proposes a surrogate model
based on the credibility index 𝜎(𝑥, 𝑦) of the statement “𝑥
is at least as good as 𝑦.” The value of 𝜎(𝑥, 𝑦) is computed
using the method ELECTRE (cf. [26, 27]), and it is integrated
into a relational system of preferences (as described by Roy
[26]) to model the DM preferences. The preferences defined
in [27] for pairs of alternatives 𝑥 and 𝑦 are as follows: (1) strict
preference 𝑥𝑃𝑦; (2) indifference 𝑥𝐼𝑦; (3) weak preference
𝑥𝑄𝑦; (4) incomparability 𝑥𝑅𝑦; and (5) k-preference 𝑥𝐾𝑦.

To define a surrogate model for PSPSOP, this work uses
the net flow score defined through the objectives of Bastiani’s
model, as shown in Table 2. The net flow score, denoted
𝐹𝑛(𝑥) or NF, was introduced in Fernandez et al. [25] as a
measure to enhance preference information towards a better
characterization of the DM preferences in the nonstrictly
outranked set, denoted by NS. Based on the elements 𝑦 ∈ NS,
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Input: 𝑃𝑟, 𝐵, max iter, 𝑛𝑎
Output: The new set of portfolios NS
Begin PROCEDURE

(1) Initialize Iter = 0, pheromone matrix and𝑁𝑆 = 0
(2) Construct an initial portfolio 𝐶ref
(3) Repeat
(4) Initialize 𝑆𝐹 = 0
(5) 𝑆𝐹 <- GenerateFeasibleSolutions(𝑃𝑟, 𝐵, 𝑛𝑎)
(6) 𝑆∗𝐹 <- Perform local search to the set 𝑆𝐹
(7) Calculate objective functions of Problem (2) on the set 𝑆𝐹
(8) 𝐹 <- Generate non-dominated fronts on 𝑆∗𝐹
(9) Updating the pheromone matrix with the set 𝐹0
(10) Assign𝑁𝑆 = 𝑁𝑆 ∪ 𝐹0
(11) iter = iter + 1
(12) until (iter = max iter)
(13) 𝐹∗ <- Generate non-dominated fronts on𝑁𝑆
(14) return 𝐹0∗

End PROCEDURE

Algorithm 1: ACO-SOP.

Table 2: Computation of the net flow score.

Set/measure Conditions
𝑆 𝑆 (𝑂, 𝑥) = {𝑦 ∈ 𝑂 | 𝑦𝑃𝑥} .
NS NS (𝑂) = {𝑥 ∈ 𝑂 | 𝑆 (𝑂, 𝑥) = Ø} .
𝑊 𝑊(𝑂, 𝑥) = {𝑦 ∈ NS (𝑂) | 𝑦𝑄𝑥 ∨ 𝑦𝐾𝑥}

Net flow score (NF)
𝐹𝑛(𝑥) = ∑

𝑦∈NS(𝑂)\{𝑥}
[𝜎(𝑥, 𝑦) − 𝜎(𝑦, 𝑥)],

where 𝐹𝑛(𝑥) > 𝐹𝑛(𝑦) denotes a certain
preference of 𝑥 over 𝑦

𝐹 𝐹 (𝑂, 𝑥) = {𝑦 ∈ NS (𝑂) | 𝐹𝑛 (𝑦) > 𝐹𝑛 (𝑥)}

the following sets are defined: (a) the set 𝑆 of alternatives
𝑦 that strictly outrank 𝑥; (b) the set 𝑊 of portfolios 𝑦 that
weakly outrank a given portfolio 𝑥; and (c) the set 𝐹 of
alternatives 𝑦 with greater net flow score. All the previous
elements are defined in Table 2, where 𝑂 is the set of feasible
portfolios.

The combination of the net flow score 𝐹𝑛(𝑥) with the
definition of the sets 𝑆 and 𝑊 allows the formulation of the
optimization problem defined in

min
𝑥∈𝑂

{⟨|𝑆 (𝑂, 𝑥)| , |𝑊 (𝑂, 𝑥)| , |𝐹 (𝑂, 𝑥)|⟩} . (2)

With the previous problem, it is demonstrated that Bas-
tiani’s model can be mapped to problem (2) independently
of the original objective space dimension. The approach by
Fernandez et al. [25] was successfully applied to Problem
1 in [15]. Combined with an ant-colony metaheuristic, the
approach in Bastiani et al. [9] is extended here to solve
PSPSOP thru the optimizationmodel defined in problem (2).
To summarize, the contribution of this work is the solution of
PSPSOP with lack of information using a surrogate objective
model (which is of smaller dimension than those reported
in previous approaches) and the incorporation of DM’s
preferences in the search process to approximate the RoI.The

details of the algorithm and each component of theACO-SOP
are presented in the next section.

4. An Ant-Colony Optimization Algorithm

Thiswork proposes an approach based on an ant-colony opti-
mization, denoted by ACO-SOP (Ant-Colony Optimization
for Solving Portfolio Problems with Ordinal Information about
Projects). The approach takes ideas from Dorigo’s ACS [28],
Cruz et al. [15], and Bastiani et al. [9] to solve PSPSOP, first
searching in the wider feasible region defined by Bastiani’s
model and then searching in the smaller space defined by the
model in problem (2).

The core strategy of ACO-SOP uses the pheromone
representation, selection rule, and local search function
defined in the algorithm ACO-SPRI proposed by Bastiani
et al. [9], with a small variation in the construction of the
nondominated fronts used in their computations.The general
idea of ACO-SOP is depicted inAlgorithm 1.The algorithm is
characterized by five elements: (a) the initialization function;
(b) the construction of a feasible set of solutions; (c) the
improvement phase based on local search; (d) the construc-
tion of nondominated fronts; and (e) the updating of the
pheromone matrix. These elements are briefly defined in this
section (cf. Bastiani et al. [9] for further details).

The algorithm ACO-SOP requires as input the set 𝑃𝑟
of ranked projects, the budget 𝐵, the maximum number of
iterations max iter, and the maximum number of ants 𝑛𝑎.
Inside this algorithm, the initialization function constructs
the reference portfolio 𝐶ref (see Line (2)); it is done by
the ordered selection of projects from 𝑃𝑟 by rank and in
agreement with the available budget 𝐵 (ties are broken
arbitrarily).

The phase of construction of feasible solutions (see Line
(5)) involves the construction of one portfolio by each of the
𝑛𝑎 ants. Each ant starts with an empty portfolio𝐶 and adds to
it one project at a time based on the budget, global knowledge
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Step 1 Step 2
Instance

Project Cost P Category
1 100 10

Priority2 50 9
3 90 8
4 150 7

Satisfactory5 85 6
6 73 5
7 68 4

Acceptable8 23 3
9 35 2
10 160 1

Pheromone table
1 2 10

1 0.5 0.3 0.4
2 1 2 1

10 0.2 0.4 0.8

feasible solutions

1 1 1 0 1 0 0

1 0 1 1 1 0 0

0 1 1 1 0 1 0

Evaluation with
Bastiani’s model

1 1 1 0 1 0 0

1 0 1 1 1 0 0

0 1 1 1 1 1 0

Step 3 Step 4

Apply local search in feasible 
solutions

1 1 1 1 1 0 0

1 0 1 1 1 1 0

0 0 1 1 1 1 1

Input:
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C∈R

{⟨N1, nwd1, nsd1, . . . , NM, nwdM, nsdM, P⟩ }
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ＧＣＨ
x∈O

{⟨ |S (O, x)| , |W(O, x)| , |F (O, x)|⟩}

Generated set O of

surrogate model
Evaluation with

Figure 1: Schematic example of construction process of ACO-SOP.

derived from the pheromone matrix, and local knowledge
obtained from the preferences of the DM, as defined in the
selection rule by Bastiani et al. [9]. At the end of this phase, a
set 𝑆𝐹 of feasible portfolios is delivered.

Following the process of forming 𝑆𝐹, the algorithmACO-
SOP performs a local search over each 𝐶 in 𝑆𝐹, just as it
is done by Bastiani et al. [9] in their local search scheme.
The algorithm creates a new portfolio 𝐶new with every
combination derived from the inclusion and/or exclusion of
V projects of 𝑃𝑟 chosen at random. Each portfolio 𝐶new is
repaired such that constraints in rank and budget are held.
Finally, the best portfolio 𝐶∗new is chosen as the local search
improvement for𝐶.The union of all the new portfolios𝐶∗new
will form the new set of feasible portfolios 𝑆∗𝐹.

The construction of nondominated fronts (see Line (8))
is based on the objectives defined in problem (2). The output
of the algorithm in this phase is the set of fronts 𝐹 =
{𝐹0, 𝐹1, . . . , 𝐹𝑘} obtained from 𝑆∗𝐹. Each set 𝐹𝑖 is composed of
a subset of portfolios in 𝑆∗𝐹 that are exclusively dominated by
exactly 𝑖portfolios, where 0 ≤ 𝑖 ≤ 𝑘 (following the dominance
criterion established in Cruz et al. [15]). Instead of computing

the dominance from the objectives of Bastiani’s model, this
work uses the objectives of problem (2), a key feature in this
research because it makes it more manageable for algorithms
to address large dimensions.

Finally, the last and most important element that defines
ACO-SOP is the pheromone matrix, and the process to con-
struct it and update it is described herein. The bidimensional
matrix 𝜏 represents the knowledge that the ants have gained
during the construction of portfolios. They represent that
knowledge in the formof pairs of projects (𝑖, 𝑗) and the gain of
having them together in the same portfolio (denoted as 𝜏𝑖,𝑗).
Theportfolios 𝑆∗𝐹 constructed by the ants at each iteration are
used to update 𝜏 (see Line (9)) based on the number of fronts
𝑘 constructed and in the front where each portfolio is found.
This strategy and the one incorporated to prevent premature
convergence are detailed in Bastiani et al. [9].

The algorithm ACO-SOP accumulates in 𝑁𝑆 the front
𝐹0 constructed at each iteration (see Line (10)). Then, using
the last set 𝑁𝑆 it forms the final set of fronts 𝐹∗ and
returns as its solution the front 𝐹∗0. Figure 1 presents a
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Table 3: Parameters of the outranking model.

Values of the preference model

W 𝑄 𝑃 𝑈 𝑉
Indifference thresholds Strict preference threshold Pre-veto threshold Veto threshold

𝑊1 0.21 𝑄1 0 𝑃1 1 𝑈1 2 𝑉1 3.5
𝑊2 0.14 𝑄2 0 𝑃2 1 𝑈2 2.5 𝑉2 5.5
𝑊3 0.21 𝑄3 0 𝑃3 1 𝑈3 1.5 𝑉3 3
𝑊4 0.14 𝑄4 0 𝑃4 1 𝑈4 8 𝑉4 11.5
𝑊5 0.05 𝑄5 0 𝑃5 1 𝑈5 - 𝑉5 -
𝑊6 0.12 𝑄6 0 𝑃6 1 𝑈6 - 𝑉6 -
𝑊7 0.04 𝑄7 0 𝑃7 1 𝑈7 - 𝑉7 -
𝑊8 0.01 𝑄8 0 𝑃8 2 𝑈8 - 𝑉8 -
𝑊9 0.04 𝑄9 0 𝑃9 1 𝑈9 - 𝑉9 -
𝑊10 0.04 𝑄10 0.5 𝑃10 1.5 𝑈10 - 𝑉10 -
Credibility threshold 𝜆 = 0.67
Unacceptability threshold 𝛾 = 0.20
Note. Veto power is not allowed in criteria 5–10.

brief example of the construction process of ACO-SOP. Step
1 shows how the instance information is transformed with
the aid of the pheromone matrix into a set of 𝑁 feasible
solutions 𝑂 = {Sol1, Sol2, . . . , Sol𝑁}, where each solution
Sol𝑖 is binary vector representing the projects in a portfolio.
Step 2 shows the computed values of the 10 objectives from
Bastiani’s model for each solution. After that, in step 3, ACO-
SOP shows an improved set of 𝑁 solutions from the local
search. Finally, step 4 presents the transformation of 𝑂 into
the surrogate model, that is, a set 𝑂 with the objective values
defined in problem (2). To exemplify the transformation, let
us take the values of the solution 𝑥 = Sol1 = ⟨0, 0, 1⟩, which
indicate that there is no other solution 𝑦 = Sol𝑖, for 𝑖 ̸= 𝑗, that
is strictly or weakly preferred over 𝑥; that is, there is no𝑦 such
that 𝑦𝑃𝑥 or 𝑦𝑄𝑥 or 𝑦𝐾𝑥, and there is only one solution that
has greater net flow score than𝑥; that is,𝐹𝑛(𝑦) > 𝐹𝑛(𝑥), taking
into account the fact that 𝑦 is in the nonstrictly outranked set
NS(𝑂).

The following section presents the experimental design
performed to evaluate the performance of ACO-SOP when
solving problem (2). The following section also shows the
versatility of the approach to tackle cases of large dimensions.

5. Solving Some Computer Experiments

In this section, we develop a set of experiments to verify
the validity of and to validate the advantages gained by our
solution method, especially addressing problems with many
objectives. Based on these goals, the exposure and resolution
of two different cases of study are presented in the following
paragraphs.

To test the performance of ACO-SOP, the algorithm was
implemented using the programming language Java. The
experimental design was made using a computer with an
Intel Core i7 2.8GHz CPU, 4GB of RAM, and Mac OS
X Lion 10.7.5 (11G63b) as operating system. The instance
used for the experimentation is the one defined in Bastiani
et al. [9]. The tuning process involved selecting different

combinations of values similar to those previously reported
for these parameters. According to the results of the fine-
tuning process, the best configuration of values was as
follows: tot iter = 200 iterations, 𝑛𝑎 = 300 ants, 𝑤 = 0.63,
𝜂 = 0.1, 𝜌 = 0.9, 𝛼1 = 0.65, and 𝛼2 = 0.75. These parameter
values were used to obtain the experimental results reported
in this section. The incorporation of preferences through the
outranking model is basic in order to map the problem in
Bastiani et al. [9] into problem (2). The parameters of the
outranking model were set as provided in Table 3.

The ACO-SOP strategy requires, besides the ranking
information and costs of the PSPSOP instance, the definition
of a reference portfolio𝐶ref and the definition of the projects’
categories. The heuristic followed to construct 𝐶ref is based
on the traditional Scoring and Ranking method and takes
the projects one at a time in order of their rank until the
available budget is consumed. The categories considered
during the experiment were (1) priority, (2) satisfactory, and
(3) acceptable, and the projects were distributed uniformly
among them based on their ranks.

5.1. Analysis of Results. The results from the experiments
performed on the proposed approach (ACO-SOP) are ana-
lyzed from three points of view.The first analysis involves the
quality of the solutions provided by ACO-SOP in relation to
their meaning to a DM and his/her preferences. The second
and third analyses study the performance of ACO-SOP in
comparison with a similar approach of the state of the art.
These experiments differ on the quality indicator used during
the comparison. Let us indicate that the considered budget
was 2,500 units and that the reference portfolio𝐶ref is formed
by the first 22 best ranked projects in the instance taken from
Bastiani et al. [9].

The indicators used to measure the results from the
experiment were 𝐼1, 𝐼2, and 𝐼3. The indicator 𝐼1 =
{|𝑆(𝑂, 𝑥)|, |𝑊(𝑂, 𝑥)|, |𝐹(𝑂, 𝑥)|} uses the three objectives asso-
ciated with the preference information derived from the
proposed surrogate model (see problem (2)). The indicator
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Table 4: Nonstrictly outranked solutions.

Solution
𝑥

𝐼1 𝐼2
|𝑆 (𝑂, 𝑥)| |𝑊 (𝑂, 𝑥)| |𝐹 (𝑂, 𝑥)| 𝑁1 𝑛wd1 𝑛sd1 𝑁2 𝑛wd2 𝑛sd2 𝑁3 𝑛wd3 𝑛sd3 𝑃 Card

ACO-SOP1 0 0 0 27 2 0 1 0 0 0 0 0 85.10 28
ACO-SOP2 0 0 1 27 4 0 6 0 0 0 0 0 81.03 33
ACO-SOP3 0 2 2 27 2 1 3 0 0 0 0 0 83.5 30

Table 5: Solutions suggested in [11] and the two best solutions to the problem in Bastiani et al. [9].

Solution 𝑁1 𝑛wd1 𝑛sd1 𝑁2 𝑛wd2 𝑛sd2 𝑁3 𝑛wd3 𝑛sd3 𝑃 Card (𝐶)
Sol1 24 0 0 0 0 0 0 0 0 87.62 24
Sol2 25 0 0 0 0 0 0 0 0 86.96 25
ACO-SOP1 27 2 0 1 0 0 0 0 0 85.10 28
ACO-SOP2 27 4 0 6 0 0 0 0 0 81.03 33

𝐼2 = {𝑁1, 𝑛wd1, 𝑛sd1, 𝑁2, 𝑛wd2, 𝑛sd2, 𝑁3, 𝑛wd3, 𝑛sd3, 𝑃} uses the
ten objectives associated with ranking and derived from the
Bastiani model (see Section 2). Finally, the indicator 𝐼3 is the
content of the portfolio, that is, the projects that are included
in it.

The first analysis involved the solution of the instance
with ACO-SOP, and its results are summarized in Table 4.
This table provides the values of the indicators 𝐼1 and 𝐼2
computed from the three best nonstrictly outranked solutions
that were consistently obtained in 30 runs (the average
computer time required for this experimentwas 130minutes).
The solutions ACO-SOP1, ACO-SOP2, and ACO-SOP3 of
Table 4 are ordered according to the indicator 𝐼1; in this
ordering, ACO-SOP1 is the best because it reduced all the
values of the indicator to zero, while ACO-SOP2 did it only
for the metrics |𝑆(𝑂, 𝑥)| and |𝑊(𝑂, 𝑥)| but it improves ACO-
SOP3 in the last one, |𝐹(𝑂, 𝑥)|. This relation of order is
associated with the DM’s preferences, and evidence of that
can be supported by analyzing the values of the indicator 𝐼2,
regarding the number of projects involved in the solutions.

First, it is possible to observe a great level of dissatisfaction
in the DM when the provided solutions have strong discrep-
ancies (see value 𝑛sd1 of ACO-SOP3), because it means that
some important projects that are in the reference portfolio
𝐶ref are left out of the solution when they could have been
included in place of others that were less relevant. Second, the
DM could have a low level of dissatisfaction if the solutions
only have weak discrepancies (see value 𝑛wd1 of ACO-
SOP2), because it means that only a rather small number of
important projects had been left out. Third, an almost null
level of dissatisfaction can be noted in the DM when the
solution involved a small number of weak discrepancies and
a high power (see values 𝑛wd1 and 𝑃 of ACO-SOP1), because
this is an indicator that an adequate number of high-ranked
projects are in the solution.

The second analysis compares the two best solutions
ACO-SOP1 and ACO-SOP2 against the solutions Sol1 and
Sol2, as reported in [11]. Table 5 summarizes these results,
with each of its columns representing a metric used by
indicator 𝐼2. Observe that the lack of discrepancies on Sol1

and Sol2 (see 𝑛wd1, 𝑛sd1, 𝑛wd2, 𝑛sd2, 𝑛wd3, and 𝑛sd3) could
allow the DM to make a decision using only two criteria, the
power 𝑃 and the cardinality𝑁1; this is a convenient situation
for a DM that willingly accepts a solution with only high-
ranked projects, or with a large cardinality, but does not care
about their balance (because high values in 𝑃 are normally
associatedwith small cardinalities and high-ranked but costly
projects). But what happens if the DM has a different point
of view? For example, how are these solutions affected if, for
the DM, the objectives are not equally important? The latter
case involves considering solutions, such as ACO-SOP1 and
ACO-SOP2, with an acceptable level of discrepancies and
a better balance between 𝑃 and the cardinalities (e.g., 𝑁1
and 𝑁2); these solutions slightly increase the discrepancies
(as in metric 𝑛wd1). Hence, while approaches such as the
ones presented in [11] or in Bastiani et al. [9] succeeded
in managing problems with limited information, they do
not include DM preferences. This analysis showed evidence
that the solutions provided by the proposed model allow the
inclusion of DM’s preferences through the parameters of the
outranking model (see Table 3).The preference model can be
used to redefine what is acceptable or not as a solution for a
DM; for example, the solutions Sol1 and Sol2 donot satisfy the
DM’s preferences in Table 3 because they have unacceptable
discrepancies that cause great discomfort to the DM; this
situation is detailed in the following analysis.

Table 6 allows the analysis of the configurations of the
portfolios obtained from Sol1, Sol2, ACO-SOP1, and ACO-
SOP2; it shows the projects in each solution and in bold
those in Category 1. One important difference between these
solutions is the situation of Project 20 (or Pj20); while it
appears on the portfolio of ACO-SOP1 and ACO-SOP2, it
does not in Sol1 and Sol2.The relevance of this project is that it
belongs to the reference portfolio 𝐶ref = {1, 2, 3, . . . , 22}, and
the fact that it does not appear in Sol1 and Sol2 constitutes
an unacceptable discrepancy for the DM characterized in
Table 3.

To explain this situation, let us note that Pj20 is in
Category 1 and has an average cost of Cost(𝑃𝑗20) = 97.5
and the projects of Sol1 that are in the same category
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Table 6: Projects of the portfolios created from solutions Sol1, Sol2, ACO-SOP1, and ACO-SOP2.

Solution Projects in the portfolio Avg (Cat1)
Sol1 {1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 21, 24, 25, 26, 27} 102.19
Sol2 {1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 21, 24, 25, 26, 27, 28} 99.55
ACO-SOP1 {1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 20, 22, 25, 26, 27, 28, 29, 30, 33, 34} 91.29
ACO-SOP2 {1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 20, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39} 85.31

have an average cost of Avg(Cat1) = 102.19. Hence, the
unacceptability level of 𝑃𝑗20 is UNAc(𝑃𝑗20) = (Cost(𝑃𝑗20) −
Avg(Cat1))/Avg(Cat1) = −0.04. The value of UNAc(𝑃𝑗20) is
smaller than the unacceptability threshold 𝛾 = 0.20 defined
for the DM; that is, the projects in the portfolio are too costly
to exclude𝑃𝑗20 from𝐶ref and possibly some others, a situation
that occurs with Sol1 and Sol2 and that generally does not
satisfy the DM’s preferences. Such solutions where the DM’s
preferences are not considered can be constructed using
approaches from [9, 11], but the present approach overcomes
it by including preferences during the search process; as a
result, the solutions contain portfolios more convenient for
the DM, because they include an increment in the number of
projects of up to 20%,with the guarantee that this still satisfies
his/her preferences.

To summarize, this section has presented the results
from the experiment to analyze the quality of the solutions
provided by ACO-SOP and their robustness. The robustness
was demonstrated by providing evidence that ACO-SOP pro-
vides solutions of the same quality as the other approaches,
whenever they satisfy the DM’s preferences; evidence of this
is provided in Table 4, where solutions of similar quality are
presented, solutions that are in the RoI for a DM. In general,
whenever a solution fits the interest of the DM expressed in
the parameter values of the preference model, this solution
can be found in the search space, showing that the present
approachmaintains the same level of information. Finally, the
lack of preferences on approaches such as [11] or [9] can lead
to the construction of solutions that are not in the RoI for a
DM, that is, solutions the DM is not interested in.

6. Some Conclusions

This paper proposes a knowledge-based decision-support
system for the Portfolio Selection Problem on a Set of
Ordered Projects.This problem commonly has a lack of avail-
able information, which is why the incorporation of knowl-
edge mechanisms in the solution strategies can improve the
quality of the solutions.

This work is a crucial refinement from a recent proposal
that modeled the DM’s attitude through a many-objective
optimization problem. The high dimensionality of this prob-
lem is a great concern for metaheuristic approaches in gen-
erating an acceptable approximation to the Pareto frontier,
and it is also a great concern for the DM in making the final
decision due to human cognitive limitations. Here, we have
presented a method that incorporates the DM’s preferences
through a fuzzy outranking-based relational model. This
allows mapping the original many-objective problem into

a surrogate three-objective problem. With this transforma-
tion, the process of identifying the Region of Interest (the
preference privileged zone of the Pareto frontier) becomes
easy. Another advantage of the proposal is to be very robust
with respect to an increasing number of objective functions.
Robustness is important to make a finer representation of the
DM’s preferences, including project synergic effects. So this
contribution should be significant in this particular field of
project portfolio optimization.

The strongly nonlinear surrogate problem is solved by
using an ant-colony algorithm. This algorithm includes
a knowledge and learning mechanism in the form of a
pheromone matrix and integrates a decision-support mecha-
nismbased on theDM’s preferences.The experimental results
show its capacity to obtain consistent solutions in the Region
of Interest.These solutions surpass in quality others obtained
by alternative proposals taking into account the amount and
impact of the supported projects.

Let us observe that the surrogate model not only reduces
the dimensionality of the problem but also reduces the
number of alternatives that result from the multiobjective
optimization process, because it provides only nonoutranked
solutions that are on the privileged zone of the known
Pareto frontier. Comparisons between pair of alternatives
are not so difficult as the number of objectives seems to
suggest. Note that the objectives 𝑁1 and 𝑛sd1 are strongly
more important than the remaining ones. So, the DM can
apply a sort of lexicographic priority that allows a radical
reduction of the set of solutions. Even though it is possible
that ACO-SOP produces a number of portfolios that could
not be easily handled by the DM, this situation can be
addressed by the support of an expert analyst who, using a
multicriteria decision method, provides a sufficiently small
set of alternatives that can be handled by the DM.

Another point that is worthy of discussion is that the
projects might involve objectives that are hard to judge,
as is the case of the risk, because they are complex in
both quantitative and qualitative elements. However, it is
important to note that such cases are handled in the present
approach through the ranking. Following this idea, let us
note that this work addresses the special case of PSPSOP
that has as the only available information the ranking of the
projects and their costs and that it is the rank that integrates
all the previous existing information about the criteria that
characterized the projects. In other words, the instances
of PSPSOP already capture information about criteria such
as risk in the rank, and the methodology followed to do
such integration is out of the scope of the present research.
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However, if it were the case that an alternative to solve the
problem of integrating objectives into ranking should be
proposed, it could be done through the family of ELECTRE
methods [26], which can address qualitative and quantitative
information in a unique aggregation model of preferences.

Finally, some situations that can be present in the
instances of the special case of PSPSOP studied here are
the existence of interdependence among criteria and/or
projects. Fuzzy multicriteria methods derived from outrank-
ing approaches can handle interdependence among criteria
and reflect it on the rank ordering of candidate projects (cf.
[29]). So, the rank used by our proposal takes into account
the criterion interdependence. On the other hand, the project
interdependence remains a challenge for the proposedmodel;
it is defined as part of the future work of this research to
explore the possibility of integrating synergy negative and
positive effects among projects through the incorporation of
artificial projects that are related to their interdependence.
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There is a large amount of information in the form of unstructured documents which pose challenges in the information storage,
search, and retrieval. This situation has given rise to several information search approaches. Some proposals take into account the
contextual meaning of the terms specified in the query. Semantic annotation technique can help to retrieve and extract information
in unstructured documents. We propose a semantic annotation strategy for unstructured documents as part of a semantic search
engine. In this proposal, ontologies are used to determine the context of the entities specified in the query.Our strategy for extracting
the context is focused on concepts similarity. Each relevant term of the document is associated with an instance in the ontology.
The similarity between each of the explicit relationships is measured through the combination of two types of associations: the
association between each pair of concepts and the calculation of the weight of the relationships.

1. Introduction

The rapid growth of the web has generated an enormous
amount of information in the form of unstructured doc-
uments. Search engines have become common and basic
tools for users. However, engines still have difficulties in
performing searches because search methods are based on
keywords, and they do not capture and do not explore the
meaning and context of the need of the user. This challenge
has drawn attention of several research groups which are
interested in solving the issues associated with information
storage and search and retrieval of information in this
enormous cumulus of data.

On the other hand, the continuous growth of the Seman-
tic Web has motivated the development of knowledge struc-
tures on different domains and applications, like Wikipedia
[1], Linked Open Data (LOD) [2], DBpedia [3], Freebase
[4], and YAGO [5], among other applications. Additionally,
some ontologies for several domains have been developed,
such as Snomed CT [6] and UMLS [7] for the medical field
and AGROVOC [8] for the agricultural field. An ontology

is a formal representation of knowledge, which plays a very
important role in the semantic web because of its capability
to express meanings and relationships. Ontologies have been
valuable in knowledge extraction technologies, especially in
the aggregation of knowledge from unstructured documents.
Ontologies are a key component of semantic association,
which is the process to formalizing knowledge through the
linking of words or phrases of plain text (mentions or named
entities) with elements of the ontology (concepts or entities).

The semantic annotation of a document consists in
finding mappings between text chunks of a document and
the instances or individuals in ontology.The annotation plays
an important role in a variety of semantic applications, such
as generation of linked data, extraction of open information,
alignment of ontologies, and semantic search. Specifically,
semantic search allows users to express their information
needs in terms of the knowledge base concepts. Unlike
traditional keyword-based search, semantic search can make
use of semantic relationships in the ontology to accomplish
new tasks, such as refining user queries with broader or more
specific concepts.
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The semantic annotation has been applied in different
areas of knowledge. For example, it has been applied in
biological systems for the identification of biomedical entities
such as genes, proteins, and their relationships; also, it has
been applied in news analysis for identification of people,
organizations, and places.

At the present, semantic annotation strategies are carried
out without regard to context [9–11]; these works do not
analyze the meaning or semantics of the terms. Generally,
authors assume that lexicons are enough to express the
meaning of the terms in a document. However, to a large
degree, the semantic of a concept depends of the context
in which it occurs. Therefore, the identification of meaning
could lead to problems of ambiguity. Several research works
have demonstrated the complexity of word-sense disam-
biguation (WSD), where traditionally a term is searched in a
data dictionary (e.g., WordNet) [12]. Other approaches have
chosen to analyze the context of the terms to improve the
annotation process [13]. The problems related to semantic
annotation are still an open research topic.

The annotation process could be a source of different
types of problems, for example, (i) ambiguous annotations,
when entities have been assigned tomore than one concept in
the ontology, (ii) erroneous annotations, when the meaning
of a text is not found in the ontology, and, (iii) false
annotations, when the annotation does not provide any value
for the realization of a semantic search. In this sense, this
paper presents a strategy of semantic annotation in unstruc-
tured documents. Our approach is based on ontologies and
on the extraction of contextual semantic information from
entities of the ontology. The semantic context of an entity is
determined by their relationships in the ontology. Therefore,
we propose to extract the semantic context of the entities
by calculating the similarity of association between each
pair of concepts and the calculation of the weights of the
relationships of the entities. With this strategy, we deal with
the problems of ambiguous, erroneous, and false annotations.
Our method of semantic annotation is part of a semantic
search system in natural language and it has been evaluated
with the corpus compiled by Lee andWelsh [14] andDBpedia.

This paper is organized as follows: Section 2 describes the
background of our proposal, Section 3 presents the related
work, Section 4 presents the architecture of the system,
Section 5 presents the evaluation of the proposed approach,
and finally, Section 6 provides some conclusions and an
outlook for future work.

2. Foundations

This section presents the concepts and foundations of the
proposed semantic annotation approach.

2.1. Ontology. An ontology is composed of a schema and
instances (see Figure 1). A schema is defined as ⟨𝐶,𝐷, 𝑃⟩
where 𝐶 is the set of classes/concepts 𝐶 = {𝑐1, 𝑐2, . . . , 𝑐𝑛}, 𝐷
is the set of data types, and 𝑃 is the set of properties 𝑃 ={𝑝1, 𝑝2, . . . , 𝑝𝑛} which are the relationships between classes.
Instances represent knowledge and denote an instanced class
and their relationships. Instances can be defined as a graph
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Figure 1: Two-level ontology: schema and instances.

𝐺 = ⟨𝑉, 𝐸⟩, where 𝑉 is the set of instances, and 𝐸 is the set of
relationships or predicates binding the instances.

In an ontology, classes, properties, data types, and
instances are explicitly identified by Uniform Resource Iden-
tifiers (URI). In addition, they represent entities within the
ontology, which are characterized by their textual description
declared in the property rdfs:label. This may have lexical
variations defined as rdfs:label = {"𝑡𝑒𝑥𝑡1","𝑡𝑒𝑥𝑡2"}.

Figure 1 shows a fragment of an ontology for the research
domain. The schema level defines classes such as Laboratory
and Professor, and properties such as interestedIn.

The instance level indicates the instantiated schemas.
For example, ontologies is an instance of the class Research-
Group; Methodology, and Alice Perez are related to the
property writtenBy and belong to the classes Publication
and Author, respectively. The Acapulco instance contains its
textual description with two lexical variations rdfs:label ={"𝐴𝑐𝑎𝑝𝑢𝑙𝑐𝑜","𝐴capulco de Juárez"}.
2.2. Semantic Annotation. The semantic annotation is fun-
damental to obtaining better results in the semantic search
because the documents are represented in a conceptual space.

The semantic annotation of a document 𝑑 consists in
linking the terms 𝑡 in 𝑑 = {𝑡1, 𝑡2, . . . , 𝑡𝑛} with the entities in
the ontology which describe the content of the term in its
textual description best (see Figure 2). Namely, let an entity-
term pair be ⟨𝑐, 𝑡⟩, where 𝑐 is an entity in the ontology and 𝑡
is a term/phrase of 𝑑, so that there is a mapping between the
textual descriptions defined in the label rdfs:label of 𝑐 and 𝑡.

In semantic annotation techniques, a document is ana-
lyzed in order to identify its relevant terms and to define the
importance of each term.There are tools to identifymentions,
such as TagMe [15] and Spotlight [16].

When the semantic annotations are made without regard
to the context, its terms or mentions are linked with the
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entities in the ontology without taking into account their
meaning. This causes ambiguous or erroneous annotations.

Our research work proposes to analyze the context of the
annotations in order to identify their meaning through the
entities in the ontology, and in this way to avoid ambiguities.
In the extraction of the context, the explicit relationships
of each entity in the ontology are analyzed. For example,
Figure 2 shows the relationship between theOntologies entity
and ResearchGroup and Alice Perez.

3. Related Work

The semantic search involves different components: (i) pre-
processing, (ii) semantic query translator, (iii) semantic
annotation and indexing, (iv) retrieval of semantic content,
and (v) semantic ranking.

Currently, there are several research works with different
contributions in the area of the semanticweb. Several general-
purpose tools have been developed to support the annotation
process, and, also, specific domain ontologies and knowledge
bases have been proposed by research groups.

General-Purpose Tools. There are several available services
for annotation of named entities in documents that could be
accessed using RESTful APIs such as the case of OpenCalais
[17].

Let us remark that, AlchemyAPI [18] and OpenCalais
[17] use context-based statistical techniques to disambiguate
the candidate instances to annotate a term. These tools
use proprietary vocabularies and ontologies whose instances
are linked to DBpedia through the owl:sameAs relation-
ship. However, OpenCalais provides some limited linkage to
DBpedia. Also, OpenCalais is mainly focused on organiza-
tions. This approach has two disadvantages. Firstly, it only
explores the surface of the graph for each DBpedia instance
considering the labels, abstract, links to Wiki pages, and

synonyms. Secondly, this approach annotates a term with
only one instance of DBpedia. Therefore, this approach does
not exploit the semantic information available in DBpedia to
disambiguate the instance annotating a given term.

DBpedia Spotlight [16] is a semantic annotation tool for
data entities in a document and it is based on DBpedia
for the annotation. Also, this tool provides interfaces for
disambiguation, including a Web API which supports XML,
JSON, and RFD formats.

Gate [19] is a tool for text engineering to help users in
the process of text annotation manually. This tool provides
basic processing functionalities, such as recognition of entity
named, sentence dividers, markers, and so on.

Ontea [20] is a tool for semanticmetadata extraction from
documents.This tool uses regular expressions patterns as text
analysis tool, and it detects semantically equivalent elements
according to the domain ontology defined in the tool. This
tool creates a new individual ontology from a defined class
and it assigns the detected elements as properties in the onto-
logy class. The patterns of regular expressions are used to
annotate the text without format with elements in the onto-
logy.

These approaches have two main drawbacks. On the one
hand, they just explore the surface of the graph for each
DBpedia instance; they mainly consider label, abstract, links
toWiki pages, and synonyms.Therefore, these approaches do
not exploit the semantic information available in DBpedia to
disambiguate the instance annotating a given term. Another
disadvantage of this work lies in the fact that it discards the
relationship, which contains relevant information about a
term. That is, they do not enrich the description of relevant
terms with the semantic graphs that contain the DBpedia
instances related to the context of the document. Some works
do face these drawbacks by annotating their documents with
graphs extracted from DBpedia.

Specific Domain Tools. There are specific tools for biomedical
annotations such as MetaMap [8], Whatizi [21], and Seman-
tator [22]. Most of this approaches and tools are based on a
strategy to search terms in thesaurus. These methods consist
in finding occurrences of a concept chain in a text fragment
using strict coincidence of terms.

Semantic Annotation Approaches Based on Information
Retrieval Techniques. Popov and colleagues [23] present KIM,
a platform for information and knowledge management,
annotation, and indexed and semantic retrieval. This tool
provides a scalar infrastructure for personalized information
extraction and also for documents management and its
corresponding annotations.Themain contribution of KIM is
the recognition of the named entities according to ontology.

Castells et al. [24] propose an information retrieval
model using ontologies for the annotation classification.This
model uses an ontology-based schema for the semiauto-
matic semantic annotation of documents. This research was
extended by Fernández et al. [25] to provide natural language
queries.

Berlanga et al. [26] propose a semantic annotation/query
strategy for a corpus using several knowledge bases. This
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method is based on a statistical framework where the con-
cepts of the knowledge bases and the corpus documents
are homogeneously represented through statistical models of
language. This enables the effective semantic annotation of
the corpus.

Nebot and Berlanga [27] explore the use of semantic
annotation in the biomedical domain.They present a scalable
method to extract domain-independent relationships. They
propose a probabilistic approach to measure the synonymy
relationship and also a method to discover abstract semantic
relationships automatically.

Fuentes-Lorenzo et al. [28] propose a tool to improve the
quality of results of the Web search engines, performing a
better classification of the query results.

In the literature we can find several approaches to opti-
mize query results. Swoogle [29] is a raster based system to
discover, index, and query RDF documents. SemSearch [30]
is another search engine relying on semantic indexes and is
based on Sesame [31] and Lucene.The ranking algorithmwas
specifically designed for the extraction of ontologies through
annotation. In [32] a search engine is proposed to infer the
context of Web pages and also to create links to relevant Web
pages. Lopez et al. [33] developed an information retrieval
system based on ontologies. This system takes as input a nat-
ural language query and converts it to semantic entities using
a question-answering system. PowerAqua [33] is a system to
recover and to classify documents through TF-IDF meas-
ures [34].

4. Semantic Annotation Architecture

This paper presents a novel semantic annotation approach
based on ontologies for the improvement of information
search in unstructured documents. We present an approach
to annotation that enriches and semantically describes the
content of a document using the similarity of entities of an
ontology. Specifically calculating (1) the association between
each concept pair and (2) the relationships weight.

The goals of our approach are (a) to link the entities with
their meaning in order to be annotated and (b) to provide
a framework for semantic searches using natural language
processing. The semantic annotation approach extracts the
semantic context through the similarity analysis calculating
the association of the explicit relationships and the weight
of the relationships of the entities involved. Figure 3 shows
an overview of our proposed solution for the semantic anno-
tation.

4.1. Documents Indexing. Commonly, Natural Language Pro-
cessing (NLP) is used for the analysis of unstructured
documents, and also for the recognition and extraction of
mentions or named entities [35].

In this approach, the indexing of unstructured web
documents generates inverted indexes, which contain the set
of terms to be compared with the entities in the ontology. We
propose an algorithm for the indexing of documents using
Lucene.The output of this algorithm is an inverted index con-
taining the list of terms or keywords and a set of documents
where the terms appear.

Therefore, the algorithm provides a mapping from terms
to documents and amechanism for annotating search results.
Also, it obtains the position of the information: the list of
terms IDs, the association with the ID of the document, and
its position.

4.2. Entity Identifications. Given a document 𝑑 and a knowl-
edge base, the objective of this phase is to extract the textual
descriptions and the semantic context of all the information
about 𝑑 from the knowledge base.

Identification of Mentions. Documents are analyzed to detect
terms.Generally, this process is known as acknowledgment of
mentions or named entities [35]. A mention is a term/phrase
in the text which may correspond to an entity in the
knowledge base.

From the ontological point of view, an entity can denote
classes, relationships, or instances. Entities can represent
people, organizations, locations, and so on.There are different
tools to define entities, like Spotlight [16] and TagMe [15],
among others. TagMe usesWikipedia as a dictionary of terms
for mentions detection. We have used this tool with the same
purpose.

TagMe analyzes the input text and detects mentions using
a dictionary of entities/words (surface form). For each word,
it registers the set of entities recognized by that name. This
dictionary is constructed by extracting the words from four
sources: Wikipedia papers, redirected pages, Wikipedia page
titles, and other variants.

Words with few occurrences and single-character words
are discarded. Finally, an additional filtering to discard words
with low link probability is done (e.g., less than 0.001). The
link probability is defined as stated in

𝑝link (𝑚) = 𝑃 (link | 𝑚) link (𝑚)
freq (𝑚) , (1)

where link(𝑚) is the number of times the mention𝑚 appears
as a link and freq(𝑚) denotes the number of times the
mention𝑚 occurs in Wikipedia.

The detection ofmentions is carried out by comparing the𝑛-grams (until 𝑛 = 6) of the document.

4.2.1. Extraction of Instances. Each mention detected in
document 𝑑 is searched in the ontology, and if an instance
matches its textual description, it is extracted from the
label rdfs:label. All the values contained in rdfs:label (lexical
variations) are considered as labels that are later compared in
the document index.

Figure 4 shows a fragment of the México entity code
containingURI, class, and textual descriptionwith two lexical
variationsMéxico and Estados Unidos Mexicanos.

4.2.2. Extraction of the Instances Semantic Context. In this
process, the semantic context of the instances is extracted to
be analyzed in detail. The explicit relationships in the URI
are also analyzed. Several strategies have been proposed to
evaluate the proximity of entities according to their semantic
characteristics [21].The use of the semanticmeasure based on
graphs allows us to compare concepts, terms, and instances.
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<owl:NamedIndividual

rdf:about="http://example/ontea#Mexico">

<rdf:type rdf:resource="http://example/ontea#Country"/>

<rdfs:label rdf:datatype="http://www.w3.org/2001/

XMLSchema#string">

Mexico, Estados Unidos Mexicanos

</rdfs:label>

</owl:NamedIndividual>

Figure 4: Code fragment of an instance in the ontology.

This measure is represented as an edge in a semantic graph
in order to determine the relationship strength among the
ontology concepts.

Therefore, this research work uses the semantic measure
as a strategy to measure the strength of the explicit relation-
ship between entities. Two types of measures are considered:(1) the association between each concept pair and (2) the rela-
tionships weight. Each measure reflects the similarity degree
or relationship between the ontology entities according to its
meaning.

Concept Pairwise Association. An entity is explicitly related to
other concepts in the ontology. To measure the association
strength between each pair of concepts 𝑐1 and 𝑐2, we compare

each pairwise by calculating similarity. Figure 2 shows the
Acapulco entity with four explicitly related concepts (Carlos,
Guerrero,México, and Richard).

The association strength between each pairwise can be
measured taking into account different characteristics, such
as the shortest path between concepts pairwise, the depth of
their common ancestor, and information content [36].

We have adopted the Resnik approach [37] tomeasure the
similarity between two concepts 𝑐1 and 𝑐2 according to the
information content, using the formula

Sim (𝑝 (𝑐1, 𝑐2)) = IC (MSCA (𝑐1, 𝑐2))
IC (𝑐1) + IC (𝑐2) , (2)
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where MSCA(𝑐1, 𝑐2) denotes the common ancestor of 𝑐1 and𝑐2 with the higher information content. IC is the information
content calculated for each node 𝑐 in the ontology, whereas
the more specific the node in the ontology is, the greater its
information content is.There are differentmetrics to calculate
IC [36].

Generally, these metrics are intrinsic. Namely, they are
based on the topological information of the ontology and
consider the instances occurrence. This approach considers
the occurrence of an instance𝑥 quantified as 𝑙(𝑥) = log2pr(𝑥),
which has been reformulated as stated in

IC = −log2 𝐼 (𝐷 (𝑐))𝐼 (𝐶) , (3)

where 𝐼(𝐷(𝑐)) denotes the number instances of the concept 𝑐
and 𝐼(𝐶) represents the number of instances on the ontology.

From the ontology in Figure 2 which contains 1000
resources including the entities Person, Publication, and
ResearchGroup, we can see a group of 600 people interested
in some research group (ResearchGroup) and 100 people
(Author) who wrote some publications (Publication). The
information content in interestedIn andwrittenBy is obtained
as stated in

IC (𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡𝑒𝑑𝐼𝑛 (𝑃𝑒𝑟𝑠𝑜𝑛, 𝑅𝑒𝑠𝑒𝑎𝑟𝑐ℎ𝐺𝑟𝑜𝑢𝑝))
= −log2pr (𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡𝑒𝑑𝐼𝑛 (𝑃𝑒𝑟𝑠𝑜𝑛, 𝑅𝑒𝑠𝑒𝑎𝑟𝑐ℎ𝐺𝑟𝑜𝑢𝑝))
= −log2 6001000 = −log20.6 ≈ 0.73,

IC (𝑤𝑟𝑖𝑡𝑡𝑒𝑛𝐵𝑦 (𝑃𝑢𝑏𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛, 𝐴𝑢𝑡ℎ𝑜𝑟))
= −log2pr (𝑤𝑟𝑖𝑡𝑡𝑒𝑛𝐵𝑦 (𝑃𝑢𝑏𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛, 𝐴𝑢𝑡ℎ𝑜𝑟))
= −log2 1001000 = log20.1 ≈ 3.32.

(4)

The information content in a property represents the strength
of the discrimination among the relationships. However, this
is not enough to determine the meaning of the entity. We
propose to measure the weight of each property linked to a
concept 𝑐.
Relationships Weight. Based on information theory, the
amount of information contained in a random variable over
another variable is measured by mutual information. This
strategy has been proposed by Cover [38] and we have
adapted it to measure the relationship strength of pairwise 𝑐1
and 𝑐2.
MI (𝑝 (𝑐1, 𝑐2)) = ∑∑ pr (𝑐1, 𝑐2) ⋅ log2 pr (𝑐1, 𝑐2)

pr (𝑐1) ⋅ pr (𝑐2) , (5)

where pr(𝑐1, 𝑐2) is the probability of relationship 𝑒 belonging
to a set of properties of 𝑐1 and 𝑐2. pr(𝑐1) is the probability
of relationship belonging to set of properties of 𝑐1, whereas
pr(𝑐2) is the probability of relationship 𝑒 belonging to set of
properties of 𝑐2.

Figure 5 shows the relationships writtenBy, memberOf,
hasAdvisor, and livesIn belonging to Richard entity in the
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Figure 5: Relationships memberOf, writtenBy, hasAdvisor, and
livesIn in the ontology.

ontology. The instances of these relationships are shown in
Figure 6.

As an example, let us calculate the relationship weight
between Richard and Methodology, which is writtenBy, and
it is computed as stated in

MI (𝑤𝑟𝑖𝑡𝑡𝑒𝑛𝐵𝑦 (𝑃𝑢𝑏𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛, 𝐴𝑢𝑡ℎ𝑜𝑟))
= 𝐼 (𝑀𝑒𝑡ℎ𝑜𝑑𝑜𝑙𝑜g𝑦, 𝑅𝑖𝑐ℎ𝑎𝑟𝑑)
⋅ log2 ( 𝐼 (𝑀𝑒𝑡ℎ𝑜𝑑𝑜𝑙𝑜g𝑦, 𝑅𝑖𝑐ℎ𝑎𝑟𝑑)

𝐼 (𝑀𝑒𝑡ℎ𝑜𝑑𝑜𝑙𝑜g𝑦) ⋅ 𝐼 (𝑅𝑖𝑐ℎ𝑎𝑟𝑑))
+ 𝐼 (𝑀𝑒𝑡𝑜𝑑𝑜𝑙𝑜𝑔𝑦, 𝐴𝑙𝑖𝑐𝑒𝑃𝑒𝑟𝑒𝑧)
⋅ log2 ( 𝐼 (𝑀𝑒𝑡ℎ𝑜𝑑𝑜𝑙𝑜g𝑦, 𝐴𝑙𝑖𝑐𝑒𝑃𝑒𝑟𝑒𝑧)

𝐼 (𝑀𝑒𝑡ℎ𝑜𝑑𝑜𝑙𝑜g𝑦) ⋅ 𝐼 (𝐴𝑙𝑖𝑐𝑒𝑃𝑒𝑟𝑒𝑧))
+ 𝐼 (𝑇ℎ𝑒𝑆𝑒𝑚𝑎𝑛𝑡𝑖𝑐𝑊𝑒𝑏, 𝐴𝑙𝑖𝑐𝑒𝑃𝑒𝑟𝑒𝑧)
⋅ log2 ( 𝐼 (𝑇ℎ𝑒𝑆𝑒𝑚𝑎𝑛𝑡𝑖𝑐𝑊𝑒𝑏, 𝐴𝑙𝑖𝑐𝑒𝑃𝑒𝑟𝑒𝑧)

𝐼 (𝑇ℎ𝑒𝑆𝑒𝑚𝑎𝑛𝑡𝑖𝑐𝑊𝑒𝑏) ⋅ 𝐼 (𝐴𝑙𝑖𝑐𝑒𝑃𝑒𝑟𝑒𝑧))
+ 𝐼 (𝑇ℎ𝑒𝑆𝑒𝑚𝑎𝑛𝑡𝑖𝑐𝑊𝑒𝑏, 𝐶𝑎𝑟𝑙𝑜𝑠)
⋅ log2 ( 𝐼 (𝑇ℎ𝑒𝑆𝑒𝑚𝑎𝑛𝑡𝑖𝑐𝑊𝑒𝑏, 𝐶𝑎𝑟𝑙𝑜𝑠)

𝐼 (𝑇ℎ𝑒𝑆𝑒𝑚𝑎𝑛𝑡𝑖𝑐𝑊𝑒𝑏) ⋅ 𝐼 (𝐶𝑎𝑟𝑙𝑜𝑠))

= 14 ⋅ log2 (
1/4

(1/2) ⋅ (1/4)) +
1
4

⋅ log2 ( 1/4
(1/2) ⋅ (1/2)) +

1
4 ⋅ log2 (

1/4
(1/2) ⋅ (1/2))

+ 14 ⋅ log2 (
1/4

(1/2) ⋅ (1/4)) = 0.5.

(6)

It should be noted that a relationship can have many
instances. Consequently, calculating the relationships weight
would have a high computational cost. Thus, we calculate the
mutual information as stated in

MI (𝑒) =≈ log2 ( 1/ [𝐼 (𝑒)]
(1/𝐼 (𝑐1)) ⋅ (1/𝐼 (𝑐2))) , (7)

where [𝐼(𝑒)] represents all relationships 𝑒 in the relationships
set, 𝐼(𝑐1) represents all relationships in 𝑐1 (subject), and 𝐼(𝑐2)
represents all relationships in 𝑐2 (object).
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Figure 6: Examples of writtenBy,memberOf, and hasAdvisor entities and livesIn property.

Table 1: Document annotation.

Entity Document Weight
http://ex/onto#State D1 0.5
http://ex/onto#State D2 0.2
http://ex/onto#State D87 0.67
http://ex/onto#Mexico D1 0.45
http://ex/onto#Mexico D23 0.6

Combining Association and Relationship Weights. The com-
bination of weights requires considering several methods of
aggregation, such as average, addition, and multiplication. A
weighted sum as combination method to adjust the influence
of each factor on the total weight was selected. Finally, to
combine the association between each pair of concepts (see
(2)) and the weights of the relationships (see (7)), we calculate
the final weight to obtain the entities context, as stated in

𝑊(𝑃 (𝑐𝑖, 𝑐𝑗)) = 𝛼 ⋅ Sim (𝑐1, 𝑐2) + 𝛽 ⋅MI (𝑝 (𝑐1𝑐2)) , (8)

where 0 ≤ 𝛼, 𝛽 ≤ 1. Sim andMI were normalized to be in the0, 1 range by unit-based normalization [13], stated in

Sim −min𝑝∈𝑃Sim
max𝑝∈𝑃Sim −min𝑝∈𝑃Sim

,
MI −min𝑝∈𝑃MI

max𝑝∈𝑃MI −min𝑝∈𝑃MI
.

(9)

4.3. Terms Extraction and Documents Annotation. The tex-
tual descriptions of instances and entities semantic context
obtained in the previous stage are searched in the inverted
index to extract and generate a documents’ annotation table
containing the ontology entity, the belonging document, and
its weight (see Table 1).

The annotations weight is done by means of TF-IDF
algorithm. Term frequency (TF) is the local weighting factor
reflecting the importance of a term within a document.
Document frequency (DF) is the global weighting factor
considering the importance of a term within the document
collection. Inverse document frequency (IDF) calculates the

frequency of a document within the collection. TF and IDF
are calculated using the formulas stated in (10) and (11).

TF = freq𝑥,𝑑
max𝑦freq𝑦,𝑑

, (10)

where freq𝑥,𝑑 is the number of occurrences of term 𝑥 within
document 𝑑 andmax𝑦freq𝑦,𝑑 is the number of occurrences of
all terms within document 𝑑.

IDF = log |𝑁|𝑑𝑓 , (11)

where |𝑁| is the total number of documents in the collection
and 𝑑𝑓 represents the documents where term 𝑥 appears. The
weight 𝑑𝑥 for 𝑥 in 𝑑 is the combination of TF ∗ IDF.

Finally, the annotations are represented in the form of
serialized triplets in JSON-LD.

5. Evaluation

Pearson and Spearman correlation were used in order to
measure the agreement with the human judgments. Pearson
correlation measures the linear correlation between two
variables, uses the ranges, orders numbers of each group of
subjects, and compares those ranges. Spearman is a correla-
tion measure between two continuous random variables.

Experimental Setup

Ontology and KIM Platform Knowledge Base [23]. This ontol-
ogy has 271 classes, and 120 relationships and attributes. Some
declared classes are of general importance such as People,
Organizations, Government, and Location. The knowledge
base consists of 200,000 instances, 50,000 locations, 130,000
organizations, 6,000 people, and more.

DBpedia [3]. DBpedia is general-purpose and multilingual in
nature and has comprehensiveness. For this reason, it was
selected for our experimentation. The English version con-
tains 685 classes and 2795 properties; and the knowledge base
is more than 4 million instances. DBpedia contains multiple
classification systems, such as YAGO, Wikipedia Categories,
and the hierarchical subgraph of the DBpedia Ontology. The
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Table 2: Summary of Corpus LP50 annotations with KIM and
DBpedia.

#doc Words Mention detection Linked KIM Linked DBpedia
(1) 80 13 8 30
(2) 98 21 10 37
(3) 98 17 7 34
(4) 106 24 4 42
(5) 80 13 9 47
(6) 97 15 14 43
(7) 97 27 8 39
(8) 82 24 10 35
(9) 126 12 7 28
(10) 76 23 11 41
(11) 83 17 7 31
(12) 67 15 8 38
(13) 103 4 10 21
(14) 105 16 9 24
(15) 90 17 12 45
(16) 75 18 11 41
(17) 73 15 8 29
(18) 62 16 7 25
(19) 103 27 13 33
(20) 122 19 11 25
(21) 94 18 6 31
(22) 61 12 6 22
(23) 72 13 7 23
(24) 54 13 5 16
(25) 57 13 5 29

Wikipedia Category system has the highest coverage of enti-
ties among all three options. To overcome these issues, we use
the Wikipedia Category Hierarchy by Kapanipathi et al. [39].

Data Sets. LP50 are data sets of documents compiled by Lee
and Welsh [14], which was used for our experimentation.
LP50 is composed of 50 general-purpose news documents
with lengths between 50 and 126 words.

Lucene. The Lucene’s documents were indexed to generate
a documents index that includes the list of mentions and
documents where they appear. Also, the TagMe tool was used
for mentions detection in the documents. We used the Jena
library for the analysis and extraction of the entities in the
ontology. We use Jena TDB triple store to operate DBpedia
locally.

For space issues, Table 2 shows only the results of the
first 25 annotated documents. Column 2 shows the number
of words in each document. Column 3 shows the mentions
detected in each document. The columns 4 and 5 show the
mentions linked in theKIMandDBpedia ontologies, respect-
ively.

Table 2 shows only few mentions linked with KIM know-
ledge base. This is mainly due to the fact that (i) ontologies
and instances are limited and (ii) the entities must have a
value in rdfs: label.

Table 3: Precision, recall, 𝐹-measure, and accuracy of semantic
annotations between context-free and context-based semantic an-
notation.

Means Context-free Context-based
Precision 0.621 0.893
Recall 0.839 0.799
𝐹-measure 0.678 0.815
Accuracy 0.644 0.835

In the first case, if an ontology and knowledge base have
a limited scope, a mention in the ontology could not exist.
Therefore, ontology with a larger population (as DBpedia)
will cover most of the mentions obtained in the documents.

In the second case, the entities must have value in rdfs:
label, since this depends on links between the mentions
and entities. DBpedia has more mention-entity link since it
contains more than 4 million instances.

Table 3 shows the results of the semantic annotation
evaluation DBpedia.The standard measures precision, recall,𝐹 measure, and accuracy were used for evaluating the anno-
tations obtained. Precision is the rate between the relevant
instances of the ontology and the total number of instances
retrieved, and recall is the rate between the number of
relevant instances retrieved and the total number of relevant
instances existing in the ontology:

Precision = |TP|
|TP| + |FP| ,

Recall = |TP|
|TP| + |FN| ,

(12)

where TP (True Positives) are the set of retrieved instances
that are relevant, FP (False Positives) are the set of retrieved
instances that are not relevant, and FN (False Negatives) are
the set of instances that are wrongly retrieved as nonrelevant.

The results show that our proposed method of context-
based semantic annotation improves the results of the con-
text-free annotation method.

Comparison to State of the Art. The results of our similarity
calculation approach were compared with different strategies
shown of the state of the art. Some approaches only take into
account the weight of the edges, the association between each
pairwise concept, and the ontology structure. We compared
our approach with different methods in the literature that
measure document similarity and use the LP50 data set.
Among the methods analyzed are Latent Semantic Analysis
(LSA) [40], Explicit Semantic Analysis (ESA) [41], Salient
Semantic Analysis (SSA) [40], Graph Edit Distance (GED)
[42], and ConceptsLearned [43].

The results obtained of comparison of our approach with
other methods using LP50 dataset are shown in Table 4. The
values of Pearson and Spearmen correlation of our approach
were 0.745 and 0.65, respectively. This result was best com-
pared to the results of other approaches. Thus, our approach
significantly outperforms, to our knowledge, the most com-
petitive related approaches, although ConceptsLearned has
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Table 4: Comparing our approach with other methods using LP50
dataset.

Approach Pearson correlation Spearman correlation
LSA 0.59 0.53
ESA 0.68 0.59
SSA 0.71 0.64
GED 0.72 0.64
Our approach 0.745 0.65
ConceptsLearned 0.81 0.75

Table 5: Information content with extrinsic and intrinsic
approaches.

Parameter Metric Pearson correlation
Depth Intrinsic 0.743
Descendant Intrinsic 0.743
Instances Extrinsic 0.745

a better correlation of Pearson and Spearman (0.81 and
0.75). This is because ConceptsLearned uses 17 more features
compared to ours, but the computational cost is high.

Comparison with Other Metrics for Information Content
(IC) Calculation. We performed tests with different metrics
to calculate the information content and use the extrinsic
approach. The information content with the intrinsic ap-
proach can be performed using two parameters: (1) the depth
of the class and (2) the descendants of a class.

Table 5 shows the slight advantage of considering the
ontology instances with the extrinsic information content.

6. Conclusions

In this paper, we have presented a semantic annotation of
unstructured documents approach. Which considers con-
cepts similarity in ontology through its semantic relations.

The unstructured documents are represented as graphs,
the nodes represent the mentions, and the edges represent
the semantics and relationships. Each semantic relationship
has a weighting measure assigned. Thus, the significant
relationships have a higher weight.

The context extraction was done through the computa-
tion of association between pairwise concepts and the weight
of entity relations. The sum of the two values is the one that
measures the meaning or context of an entity. We also took
advantage of instances in the knowledge base to measure the
information content classes and relationships.

According to the state of the art the results obtained with
our approach give the best results.

As future work, we are trying to reduce the knowledge
base by selecting the entities whose definition is more likely
to be used in the corpus. Additionally, Word2vec tool for
semantic extraction of terms and documents can be used.

Finally, this approach also has been compared with other
proposals available in the literature.
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Themining industry of the last few decades recognizes that it is more profitable to simulatemodel using historical data and available
mining process knowledge rather than draw conclusions regarding future mine exploitation based on certain conditions. The
variability of the composition of copper leach pilesmakes it unlikely to obtain high precision simulations using traditional statistical
methods; however the same data collection favors the use of softcomputing techniques to enhance the accuracy of copper recovery
via leaching by way of prediction models. In this paper, a predictive modeling contrasting is made; a linear model, a quadratic
model, a cubic model, and a model based on the use of an artificial neural network (ANN) are presented. The model entries were
obtained from operation data and data of piloting in columns. The ANN was constructed with 9 input variables, 6 hidden layers,
and a neuron in the output layer corresponding to copper leaching prediction. The validation of the models was performed with
real information and these results were used by a mining company in northern Chile to improve copper mining processes.

1. Introduction

Due to the complexity of extraction mining worldwide,
computer models are becoming an essential tool for reducing
production costs [1]. Computational techniques have recently
been incorporated into the copper industry to improve both
the process and the results obtained through leaching, thus
achieving tangible results such as higher levels of production,
identification of low grade ore, and reduction of production
costs [2].

Copper mining in Chile is the most profitable indus-
try and contributes to approximately 12% of world copper
production [3, 4]. In recent years, the mining industry in
Chile has begun to utilize and show an increasing interest in
Artificial Intelligence techniques in processes such as copper
production predictions, where the traditional methods tend
to lack certainty and knowledge, and one of these techniques
is softcomputing [5].

Softcomputing is the branch of Artificial Intelligence that
groups paradigms and techniques working with incomplete

and imprecise information in critical processes, in order for
the company to obtain useful solutions for tasks such as
prediction or discovery of information or knowledge [4–6].
A definition of softcomputing is “an emerging approach to
computingwhich parallels that remarkable ability of the human
mind to reason and learn in an environment of uncertainty and
imprecision” [7].

This paper describes thework donewithANN to generate
behavior predictions of the pile in the copper leaching
domain. The use of ANNs has been used in combination
with other techniques commonly used as a predictor in the
mining industry, such as linear regression, with the aim of
contrasting and enhancing the quality of results. An ANN
can be defined as a set of computational units (neurons) that
are highly interconnected. Each neuron is also called node
which represents the biological neuron, and the connection
among them represents the biological neuronal network [8].
The basic element of data processing in a neural network is
the perceptron, a simple element that with an input vector
provides a single output, for which it uses an activation
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function. An extended and well-accepted way to classify
ANN is according to architecture and learning. Architecture
refers to the arrangement and connections between neurons,
number of input and output variables, and number of hidden
layers, while learning classification refers to training the
network by way of patterns, and the patterns are performed
iteratively until the restriction |𝑂𝑑 − 𝑂𝑖| ≤ 𝛿 is satisfied, 𝑂𝑑
being the desired output, 𝑂𝑖 the output of the 𝑛th iteration,
and 𝛿 a small numerical value [9, 10].

This paper describes the copper recovery prediction
process for an extraction mine in northern Chile, using both
a statistical model (methods traditionally used in the copper
leaching industry) and a neural model known as multilayer
perceptron with backpropagation [11, 12]. The multilayer
perceptron model is considered the most widely used neural
network due to its efficiency and ease of understanding
and interpretation of both the network and its results. The
parameters of entry to the ANN were selected with respect
to the objectives and conditions of the company. Specifically,
this paper reflects the processes and results obtained in the
SCM Franke Company, of the international group KGHM
International, which has been operating in Chile since 2009.

2. Background and Related Works

The process of applying different techniques to adjust the
weights related to each of the input variables of neurons
in an ANN is known as learning [8, 13]. For this process,
which is also known as network training, several techniques
can be followed but the most common ones are as follows:
supervised and unsupervised training [14]. The supervised
training consists of using a series of pairs (𝐼𝑖 , 𝑂𝑖) where
𝐼𝑖 represents an input data vector and 𝑂𝑖 represents the
desired output vector. The training consists of using an
algorithm to make the values of 𝐼𝑖 as close as possible to the
vector 𝑂𝑖, while in the unsupervised training only the vector
𝐼𝑖 is available and the training algorithm attempts to find the
hidden structures between these data to adjust the weights of
each neuron in the network [15]. In both cases, the learning
rules act by modifying the weights to achieve the goal, for
which there are several techniques as well. One of the most
used techniques is error correction via adjustment of weights
that essentially consists of obtaining a value 𝛿 very close to 0.

Currently, the applications that include ANN are in all
areas of science and engineering, that is, energy production
estimation systems [16]. In engineering in particular, the
increase in ANN usage in recent decades is significant, being
applied to tasks such as prediction and regression. For exam-
ple, in [17] a comparison between ANN and regression anal-
ysis is described, in terms of notation and implementation of
both paradigms, and also highlights the advantages in terms
of implementation. In [4, 18] works are presented related to
metal-mechanical industry that compares the performance
of the Bayesian networks with ANNs in the prediction of
surface quality in high-speed machining processes. The most
frequently used techniques for this process are ANN [13] and
linear or multiple regression methods [14]. In [19], ANNs are
used to predict the influence of biological and nonbiological
parameters on the precipitation of ferric iron through a

bioleaching process. In [20] a process of construction of a
three-layer backpropagation ANN to predict the concentra-
tion of heavy metals (Zn, Ni, Cd, and Pb) as waste in a zinc
leach cell is described.

In [21] an ANN used to predict the copper production
process is presented as well. Moreover, in the work recently
reported in [22] an ANN is used to predict copper flotation
rates under different operating conditions; different dosages
of chemical reagents used in the process, feed rate, and
granulometry are used for this process. A three-layer back-
propagation neural network (input layer, two hidden layers,
and one output), topology (9-10-10-3), was used, and the
quality of the prediction in the testing process was 93%.

3. Materials and Methods

The SCM Franke Company uses three industrial processes
widely known in the copper industry to producemetallic cop-
per via hydrometallurgy: leaching in dynamic cells, solvent
extraction, and electrowinning.The goal in these processes is
to achieve the highest copper production by saving resources
and having the lowest possible environmental impact. In this
sense, the company considered carrying out simulations to
predict the copper production through leaching processes.
The objective was to produce an efficient model (with an
accuracy greater than 95%) for the estimation of copper
leaching recovery based on historical data.

A previous analysis by the SCM Franke Company con-
ducted to determine which of these processes is the least
controlled (number of influencing factors and homogeneity
of irrigation) found it to be the leaching process in dynamic
stacks. Based on this previous analysis, the parameters to
be used in the prediction models and the desired quality
level (95%) were identified and employed as the desired
adjustment value in the simulation to test the results of the
models.

The study summarized the prediction of copper extrac-
tion in dynamic stacks, applyingmathematicalmodels (statis-
tical model) that require complete information to give precise
results and an ANN, which is considered to have advantages
over the treatment of incomplete information in terms of
generating predictions in industrial production.

Pile leaching copper is a percolation process that operates
above ground. The procedure is illustrated in Figure 1. The
oxide copper ore is piled up on leach pads which have an
inclination of 3∘ approx. and a rubber lining that seals the
ground beneath.These heaps are 3-meter-high and 72 meters
in length with a base area of 2,880 square meters, covering
120,000 tons of ore.

A sprinkler system is installed on top of each heap
allowing diluted sulfuric acid to be fed uniformly over the
ore. While the solution percolates through the pile, copper
is leached out of the ore. The pregnant leaching solution
is collected by a drainage system below the pile and is led
through a collection ditch into a pond.

4. Methodology

The research consists of two stages, the first called “copper
recovery modeling” in which models are generated with each
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Figure 2: Work scheme for copper recovery prediction in dynamic stacks.

of the aforementioned methods and the second stage called
“Evaluation” where the results are compared and the quantity
and quality of information are obtained.

Both stages are beneficial for the SCM Frank Company
in order to understand the leaching process with the char-
acteristics of the ore and to be able to predict the recovery
of copper in dynamic stacks, focused on achieving a less
than 5% margin of error in estimation. These two stages are
possible due to the previous analysis and selection of variables
and parameters representing the inputs to the prediction
methods; Figure 2 graphically shows this work scheme.

4.1. Statistical Models. In order to perform the modeling, the
most recent literature in leaching process was considered,
taking into account the variables that affect the recovery of
copper. In addition, the historical operational results data
and process-related pilot testing were taken into account,
which we call pilot data. Pilot tests consist of testing columns

with strict control measures regarding irrigation rates, acid
concentrations in irrigation solutions, and operating cycles,
conditions that vary depending on the test to be performed.
A case study was generated with a database of approximately
30,000 pieces of data.

4.1.1. Data Collection. For the purpose of this study, the his-
torical database corresponding with industrial and piloting
performance from SCM Franke Company was used. The
data stored in the database correspond to both plant data
operation (weighted values and accumulated daily) and pilot
data.

The operating plant data were obtained at a frequency of 4
hours for 1 year. For some periods, the irrigation was stopped
on some cells or modules in service; due to these periods,
inconsistent results were disregarded and corresponding
data was not considered for the data collection process;
some “noise” in the system and useless information were
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Table 1: Entry parameters to the statistical model.

Notation Name and description Optimum values

𝑥1
Monoclass granulometry (refers

to the mineral) Between 11,5mm and 15mm

𝑥2 Irrigation rates Between 14 (l × h)/m2 and 6
(l × h)/m2

𝑥3 Total acid added Between 0,5 g/l and 100 g/l
𝑥4 Pile high Between 1m and 5m
𝑥5 Total copper grade Between 0,5% and 2%
𝑥6 CO3 grade Between 0,5% and 10%

𝑥7 Leaching ratio Less than 15m3/TMS in pilot and
Less than 8m3/TMS in plant

𝑥8 Operation days Between 90 and 120 days
𝑥9 Soluble copper grade stacked 70% of the total copper grade

Table 2: Comparative of 𝑅2 values.

Model 𝑅2 value
Lineal model 69,8%
Quadratic model (standard deviation = 9,4) 89,9%
Cubic model (standard deviation = 8,3) 92,3%
ANNmodel 97,9%

disregarded as well. Regarding the pilot data, the method
of information collection was the same used for the data of
operation.

The next step was to identify the parameters that affect
the copper recovery and to form a robust database with
this information for use in the preparation and evaluation
of process models using different techniques in order to
determine one thatmeets the plant requirements (adjustment
greater than 95%) with respect to plant and pilot operating
data. The parameters considered in the statistical model are
detailed in Table 1.

A search was performed to find the combination of
suitable variables to produce the most successful model for
the desired response. The system response was defined as the
percentage of copper extraction. To validate the model, the
response variable was monitored. The model was monitored
in order to obtain the best fit for the operating conditions and
variations. When model misalignment was below acceptable
(much lower than the desired 95%), themodel was readjusted
and remade considering the operating ranges that were
initially not considered; parameters that were initially not
considered were now carried out.

To select the subset of variables that ensure a practical
model, coefficients were generated using the Minitab soft-
ware. In detail, the calculated coefficients were as follows:
Vars, 𝑅-cuad, adjusted 𝑅-cuad, 𝐶p of Mallows, and 𝑆 (stan-
dard dispersion). A preliminary statistical model was made
considering the Press factor, used to avoid overadjustment.
Additionally, for this model the following restrictions were
considered: (1) that the adjusted values of 𝑆,𝑅-cuad (𝑅2), and
𝑅-squared were the highest possible and (2) that the value of
the Press factor was the highest grade possible.

Originating from the preliminarymodel and utilizing the
Minitab tools, three statistical models were generated: linear
adjustment model, quadratic adjustment model, and cubic
adjustment model. Table 2 summarizes each of these models
and the adjustments results according to the value 𝑅2.

For the lineal model (1),

𝑌 =
9

∑
𝑖=1

𝛼𝑖 ∗ 𝜒𝑖 + 𝐶. (1)

For the quadratic and cubic models (2)

𝑌 =
9

∑
𝑖=1

𝛼𝑖 ∗ 𝜒𝑖 +
9

∑
𝑗=1

9

∑
𝑖=1

𝑏𝑖 ∗ 𝜒𝑖 ∗ 𝜒𝑗 + 𝐶,

𝑌 =
9

∑
𝑖=1

𝑎𝑖 ∗ 𝜒𝑖 +
9

∑
𝑗=1

9

∑
𝑖=1

𝑏𝑖 ∗ 𝜒𝑖 ∗ 𝜒𝑗

+
9

∑
𝑘=1

9

∑
𝑗=1

9

∑
𝑖=1

𝑐𝑖 ∗ 𝜒𝑖 ∗ 𝜒𝑗 ∗ 𝜒𝑘 + 𝐶,

(2)

where

(i) 𝜒𝑖, 𝜒𝑗, and 𝜒𝑘 represent the input value of the variable;
(ii) 𝑎𝑖, 𝑏𝑖, and 𝑐𝑖 represent the weight of the input;
(iii) 𝐶 represents a constant

4.2. ANN Model Base. To perform the RNA modeling, the
MATLAB program was applied. For the network program-
ming, the following parameters were used: 9 income variables
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(see Table 1), hidden layers, 60% of the information for the
network, 40% of the information for network validation, 0.2
of error as cycle-error, or maximum of 500 iterations. The
data for the training and validation was randomly selected.

In the variables selection the following was considered:
the experience accumulated by operation experts of the SCM
Franke Company, the results of the piloting, bibliography,
and the results observed with the statistical models described
above. In the ANN configuration, nine input variables were
used (see Table 1) for a multilayer perceptron model with
backpropagation algorithm.

The output layer was formed by a corresponding neuron
to the prediction of copper recovery in dynamic piles, equally
focusing on achieving a less than 5% error in the prediction
estimation.Themathematical expression used in eachneuron
to obtain the output value is indicated in (3) where (𝑥𝑖)
represents the input value to the neuron and the variable (𝑤𝑖𝑗)
represents the weight associated with the neuron.The task of
initializing the weights associated with each input variable
was performed randomly in a range normalized between
(−1, 1) and using the MAPMINMAX function of MATLAB
(a function used to normalize the input and output values
of the neurons), and threshold values that were used in the
activation functions (sigmoid function) were initialized in a
similar way (these data were not reflected in this document
because they are subject to confidentiality agreements with
the company). The mathematical expression of the sigmoid
function is indicated in

𝑦 =
9

∑
𝑗=1

𝐿𝑗
9

∑
𝑖=9

𝑤𝑖𝑖𝑗 ∗ 𝑥𝑖, (3)

where

(i) 𝑥𝑖 represents the 𝑖th input value to the neuron;

(ii) 𝑤𝑖𝑖𝑗 represents the 𝑖th weight associated with the
neuron 𝑖 of the layer 𝑗;

(iii) 𝐿𝑗 represents the constant of the 𝑗th layer.

5. Results

Table 2 shows the 𝑅2 values obtained by both, algorithmic
models and ANNmodel; as seen in the table, the second-best
value of 𝑅2 corresponds to the cubic fit model. None of these
values exceed the desired minimum value (95%); however,
the values obtained in the simulation, using cubic algorithmic
models, are close to what was obtained.

The best value corresponding to the ANN model during
the learning phase and validation of the ANN, a 97,9% of
adjustment, was obtained. Figure 3 shows the adjustment
performed with the ANN.

6. Discussion

The result obtained through linear modeling was far from the
required (89.9% v/s 95%), which indicates that the capacity
to make the needed adjustment far exceeds what can be
delivered by this type of modeling. The adjustment results
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of the quadratic model were approximately 22% better than
those obtained previously and the 𝑅2 value was very similar
to 𝑅2 (adjusted), which means the quadratic model is better
able to generate more realistic data projections. With respect
to the cubicmodel, the observed adjustmentwas close towhat
was obtained using the quadratic model, which indicates that
the use of higher-grade models does not present a significant
improvement in relation to the model adjustment, due to
the limitations given by the techniques used and the high
variability presented by the data used.

The use of ANN for system modeling led to an improve-
ment from 92.3% to 97.9%, compared to the cubic model. It
was observed that the use of ANN achieved the objective of
adjusting to fit, which was due to the complex network that
this process uses to adjust the system response to the existing
parameters.

To achieve these results through the use of ANN, the
use of a program such as MATLAB or another advanced
calculation program is required. Due to the high complexity
of such a modeling technique, it requires a database with
an abundance of information so as to give the program the
information necessary to evaluate as many cases as possible.
On the other hand, ANN has the disadvantage of not being
easily detected compared to statistical models, so this could
present a problem for new users.

7. Conclusion

SCM Franke has carried out simulations on other copper
production processes and knows from experience that the
prediction is much cheaper than the experimental work, but,
in this case, our study describes a prediction model that
represents the behavior of the leaching plant, considering the
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variables initially defined with adjustment results higher than
95% obtained.

Accordingly, it was determined that ANN was the best
model for SCM Franke mining leach plant, due to the
high variability of the existing plant results and tests. The
adjustment obtained was 97.9%, which is higher than the
adjustment of 95% initially requested.

This study has served to obtain a comparison between
prediction models and it can be intuited by the precision of
the adjustments that the neural model has potential for use in
future copper production prediction process. Furthermore,
experience was gained in defining the model of an ANN,
which can be used in future process simulations related to
the improvement of copper attainment via softcomputing
techniques in the SCM Franke Company or in similar
companies.
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Latent Semantic Analysis (LSA) is a method that allows us to automatically index and retrieve information from a set of objects
by reducing the term-by-document matrix using the Singular Value Decomposition (SVD) technique. However, LSA has a high
computational cost for analyzing large amounts of information. The goals of this work are (i) to improve the execution time of
semantic space construction, dimensionality reduction, and information retrieval stages of LSA based on heterogeneous systems
and (ii) to evaluate the accuracy and recall of the information retrieval stage. We present a heterogeneous Latent Semantic Analysis
(hLSA) system,which has beendevelopedusingGeneral-Purpose computing onGraphics ProcessingUnits (GPGPUs) architecture,
which can solve large numeric problems faster through the thousands of concurrent threads on multiple CUDA cores of GPUs and
multi-CPU architecture, which can solve large text problems faster through a multiprocessing environment. We execute the hLSA
system with documents from the PubMed Central (PMC) database. The results of the experiments show that the acceleration
reached by the hLSA system for large matrices with one hundred and fifty thousandmillion values is around eight times faster than
the standard LSA version with an accuracy of 88% and a recall of 100%.

1. Introduction

Latent Semantic Analysis (LSA) is a method that allows us
to automatically index and retrieve information from a set of
objects by reducing a term-by-document matrix using term
weighting schemes such as Log Entropy or Term Frequency-
Inverse Document Frequency (TF-IDF) and using the Sin-
gular Value Decomposition (SVD) technique. LSA improved
one of themain problems of information retrieval techniques,
that is, handling polysemous words, by assuming there is
some underlying latent semantic structure in the data that
is partially obscured by the randomness of word choice
[1]. LSA uses statistical techniques to estimate this latent
structure and get rid of the obscuring “noise.” Also, LSA has
been considered as a new general theory of acquisition of
similarities and knowledge representation, which is helpful
in simulating the learning of vocabulary and other psycholin-
guistic phenomena [2].

Latent Semantic Analysis, from its beginnings to the
present, has been implemented in several research topics, for
example, in applications to predict a reader’s interest in a
selection of news articles, based on their reported interest in
other articles [3]; in the self-diagnosis of diseases through
the description of medical imaging [4]; in applications to
detect cyberbullying in teens and young adults [5]; in the field
of visual computers by improving techniques for tracking
moving people [6]; in applications for the classification of less
popular websites [7].

LSA has a computational complexity of𝑂(𝑑2𝑘3), where 𝑑
is the smaller value between the number of documents and
the number of terms and k is the number of singular values
[8]. LSA takes a considerable amount of time to index and to
compute the semantic space, when it is applied to large-scale
datasets [9–11].

An introduction for a parallel LSA implementation based
on aGPUhas achieved acceleration of five to seven timeswith
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large matrices divisible by 16- and 2-fold for matrices with
another size.TheGPU is being used for the tridiagonalization
of matrices, and the routines that compute the eigenvalues
and eigenvectors of matrices are still being implemented on
the CPU. The results present that the accuracy and speed
needed further research in order to produce an effective fully
implementable LSA algorithm [12].

A technique called index interpolation is presented for a
rapid computation of the term-by-document matrix for large
documents collections; the associated symmetric eigenvector
problem is then solved by distributing its computation among
any number of computational units without increasing the
overall number of multiplications.The experiments took 42.5
hours to compute 300,000 terms on 16CPUs [13].

We present a fully heterogeneous system based on Latent
Semantic Analysis (hLSA), which utilizes the resources of
both GPU and CPU architectures to accelerate execution
time.Our aim is to compute, reduce, and retrieve information
faster than standard LSA versions and to evaluate the accu-
racy and recall of the information retrieval procedure in the
hLSA system. The performance of hLSA has been evaluated,
and the results show that acceleration as high as eight times
could be achieved, with an accuracy of 88% and a recall of
100%.An early version of the hLSA systemhas been presented
as a poster in the GPU Technology Conference [14].

The rest of the paper is organized as follows. Section 2
introduces the related background of LSA. In Section 3, we
present our heterogeneous Latent Semantic Analysis system.
Section 4 gives a description of the design of experiments.
Section 5 presents the results of the experiments. Finally,
Section 6 concludes the work.

2. Background

LSA takes a matrix of a term-by-document (M) and con-
structs a semantic space wherein terms and documents that
are closely associated are placed near one another. Normally,
the constructed semantic space has as many dimensions as
unique terms. Additionally, instead of working with count
data, the entries of matrix M are weighted with a represen-
tation of the occurrence of a word token within a document.
Hence, LSA uses a normalized matrix which can be large
and rather sparse. For this research, two types of weightings
scheme are used.

(i) The first is a logarithmic local and global entropy
weighting, known as a Log Entropy scheme. That is, if𝑀[𝑤,𝑑] denotes the number of times (frequency) that a word𝑤 appears in document 𝑑 and 𝑁 is the total number of
documents in the dataset, then

𝐴 [𝑤,𝑑] = log (𝑀[𝑤,𝑑] + 1)
× (1 + ∑𝑁𝑖=1 𝑃[𝑤,𝑖] × log (𝑃[𝑤,𝑖])

log (𝑁) ) , (1)

where 𝑃[𝑤,𝑖] is the fraction of documents containing the 𝑖th
term; for example,

𝑃 [𝑤, 𝑑] = 𝑀[𝑤,𝑑]∑𝑁𝑖=1𝑀[𝑤,𝑖] . (2)

This particular termweighting scheme has been very success-
ful formanyLSA studies [15], but other functions are possible.

(ii)The second is a term frequency and inverse document
frequency weighting, known as a TF-IDF scheme, which
assigns to word 𝑤 a weight in document 𝑑, when 𝑁 is the
total number of documents in the dataset and𝑀 is the term
frequency by documents matrix; for example,

𝐴 [𝑤,𝑑] = 𝑀[𝑤,𝑑]∑𝑁𝑖=1𝑀[𝑖,𝑑] × log(
𝑁

∑𝑁𝑖=1𝑀[𝑤,𝑖]) . (3)

This particular termweighting scheme has been very success-
ful for many LSA studies [8].

To reflect the major associative patterns in matrix A and
ignore the smaller less important influences, a reduced-rank
approximation of matrix A is computed using the truncated
Singular Value Decomposition [16]. Note that the SVD of the
original weighted matrix can be written as

𝐴 [𝑤,𝑑] = 𝑇[𝑤,𝑛] × 𝑆[𝑛,𝑛] × 𝐷𝑇[𝑛,𝑑], (4)

where 𝐴 [𝑤,𝑑] is the words-by-documents matrix; 𝑇 is a [𝑤 ×𝑛] orthogonal matrix whose values represent the left singular
vectors of 𝐴; 𝐷 is a [𝑑 × 𝑛] orthogonal matrix whose values
represent the right singular vectors of 𝐴; and 𝑆 is a [𝑛 × 𝑛]
diagonal matrix which contains the singular values of 𝐴 in
descending order. Note that 𝑛 is the smaller value between the
total number of words 𝑤 and the total number of documents
d.

To obtain the truncated SVD denoted by 𝐴, it is neces-
sary to restrict SVD matrices to their first 𝑘 < min (terms,
documents) dimensions, as revealed by

𝐴[𝑤,𝑘] = 𝑇[𝑤,𝑘] × 𝑆[𝑘,𝑘] × 𝐷𝑇[𝑘,𝑑]. (5)

Choosing the appropriate number of dimensions 𝑘 is an open
research problem. It has been proposed that the optimum
value of k is in a range from 50 to 500 dimensions, depending
on the size of the dataset. As described in [17], if the number
of dimensions is too small, significant semantic content
will remain uncaptured, and if the dimension is too large,
random noise in word usage will be remodeled. Note that
the truncated SVD represents both terms and documents as
vectors in 𝑘-dimensional space.

Finally, for information retrieval purposes, the 𝑘-
dimensional semantic space is used.Thus, the terms of a user
query are folded into the 𝑘-dimensional semantic space to
identify a point in the space. This can be accomplished by
parsing a query into a vector denoted by 𝑞 whose nonzero
values correspond to the term weights of all unique valid
words of the user query. Then, the query folding process
denoted by 𝑞 can be represented as

𝑞[𝑘] = 𝑞𝑇[𝑤] × 𝑇[𝑤,𝑘] × 𝑆−1[𝑘,𝑘]. (6)

Then, this 𝑞 vector can be compared with any or all docu-
ments/terms vectors of the 𝑘-dimensional semantic space. To



Scientific Programming 3

Search in the
knowledge

base based on
a user query

hLSA system

1.txt 2.txt 3.txt

Knowledge base

Dimensionality
reduction

Semantic
space

Find text
documents

Read documents

Truncate SVD

Compute SVD

Normalize matrix Read user query

Parse user query

Retrieve
relevant

documents

Compute similarityParse document

Information
retrieval

N.txt

Figure 1:The hLSA system presents three stages: semantic space, dimensionality reduction, and information retrieval. Also, the hLSA system
works with a user query, as well as a knowledge base, and presents the relevant documents.

compare vectors, the dot product or cosine between points is
used. For example,

cos(V,𝑞) = →V ×
→𝑞→V  ×

→𝑞
, (7)

where V is a vector representation of the 𝑘-dimensional space.
LSA proposes the retrieval of information in two ways: (1)
by establishing a minimum value of similarity, for example,
all the similarities greater than 0.90, and (2) by obtaining the
top-ranked values of similarity, for example, the top 10 and
the top 5.

3. Heterogeneous Latent Semantic
Analysis System

The hLSA system has several technical challenges: (1) how
to construct the semantic space using the multi-CPU archi-
tecture to speed up the text processing; (2) how to reduce
the dimensionality of the term-by-document matrix using
the GPU architecture to accelerate the matrices processing;
and (3) how to retrieve information from the semantic
space using GPU mechanisms to speed up the matrix and
text computations. Figure 1 presents the proposed hLSA
system for constructing, reducing, and retrieving relevant
documents using heterogeneous architectures.

Notably, one of the features of the hLSA system is the use
of GPU architecture, which is able to execute SIMD (Single
Instruction, Multiple Data) operations, such as matrix and

vector multiplications, very efficiently with high parallelism.
In addition, we take advantage of themulti-CPU architecture,
which is able to execute SIMD operations, such as map and
reduce functions. On the one hand, the hLSA system utilizes
the GPU architecture to solve matrix operations, especially
in the stage of dimensionality reduction and information
retrieval. On the other hand, the hLSA system utilizes CPU
and multi-CPU architectures to solve text processing, in the
semantic space stage. Thus, with the use of these mechanisms
the hLSA system is able to achieve accelerated performance.

3.1. Semantic Space Stage. The input for constructing the
semantic space is a knowledge base; this is represented by
a dataset of raw texts, which is generally stored in the disk
drive of a personal computer.Therefore, the hLSA systemfirst
needs to find the text documents.This execution has nomajor
computational cost and therefore is executed by the CPU in
a sequential manner. As a result, a document list is generated
which is loaded into the main memory of the CPU.

From the document list obtained, the hLSA systembegins
to read each document text and starts the preprocessing,
for instance, eliminating the blank spaces at the beginning
and the end and, also, eliminating special characters such as
”?!(),;:.⋅ and ignoring common words known as stopwords,
such as “the”; “for”; and “you.” As a result, the hLSA system
generates a list of preprocessed texts, which is stored in the
main CPU memory. This procedure is performed on CPU
runtime in a sequential manner.

Then, the hLSA system starts to generate the countmatrix
of term frequency by documents denoted as A, where rows
represent the terms and columns represent the documents.
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void parse(text)

words = text.split()
for w in words:

if w in a:

else:
a[w] +=1

a[w] = 1

{

}

void parse_documents(text_list)
{

}

p = Pool(number_of_cores)

p.join()

a = {} # dictionary
a = p.map(parse, text_list)

void read_documents(document_list)
{

}

for d in document_list:
texts_list.append(d.read())

Figure 2:The architecture used in the semantic space stage of the hLSA system.The blocks in light yellow represent the principal procedures
executed by the CPU, the blocks in light blue represent the procedures executed by multi-CPUs, and the blocks in light green represent the
procedures executed by GPU, respectively. The multi-CPUs include shared memory models for multiprocessing programming.

In order to do this, the hLSA system analyzes the list of
preprocessed documents.

Therefore, the hLSA system takes each preprocessed text
of the list and splits the content when a blank space appears.
For example, the text “This is an example” is split at each
blank space. As a result, a list of words: [“This”; “is”; “an”;
“example”] is generated.

Next, the hLSA system iterates the new list of words and
for each time the word appears in a document the hLSA
system adds one to the corresponding cell value of matrix A.
This procedure has a high computational cost.

Thus, we implement a parallel multiprocessing model
using a multi-CPU architecture. Each CPU core is in charge
of processing an element of the preprocessed text of the list as
shown in Figure 2. As a result of the semantic space stage, the
hLSA system generates in parallel and sequential procedures

matrix A, where each cell value corresponds to the frequency
that a word appears in document of the knowledge base.

3.2. Dimensionality Reduction Stage. The hLSA system uses
the CUDA programming model in order to process the
dimensionality reduction of matrix A. As a consequence,
the hLSA system uses two dimensions (𝑥, 𝑦) of the CUDA
architecture; the x dimension is associated with the rows of
matrices and the y dimension with the columns of matrices.
Each block of the CUDA architecture executes 32 concurrent
threads and the total number of blocks executed depends on
the total size of the matrix to be processed.

The hLSA systemneeds to normalizematrixA.Therefore,
two term weighting schemes are used to normalize matrix A:
the Log Entropy and the Term Frequency-Inverse Document
Frequency schemes. In order to compute the term weighting
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int i = blockIdx.x ∗ blockDim.x + threadIdx.x;
int j = blockIdx.y ∗ blockDim.y + threadIdx.y;
int tid = i ∗  cols + j;

a_norm[tid] = global_i[j] ∗ log(a[tid] + 1);

{

}

a a_norm, float ∗__global__void log_entropy(float ∗ 
float ∗global_i, int rows, int cols)

svd_func<<<cols/32, 32>>>(cols, rows, a_norm, s, d, t);

{

}

avoid compute_svd(float ∗ _norm, int rows, int cols)

floa d = (float ∗) malloc(cols ∗ cols ∗ sizeof(float));
float ∗t = (float ∗) malloc(rows ∗ cols ∗ sizeof(float));

float ∗
t ∗

s = (float ∗) malloc(cols ∗sizeof(float));

int i = blockIdx.x ∗ blockDim.x + threadIdx.x; 
int j = blockIdx.y ∗ blockDim.y + threadIdx.y;

a_norm[tdi] = (a[tdi]/wordsPerDoc[j]) ∗ log(cols/docsPerWord[i]); 

{

a__global__void tf_idf(float ∗a_norm, float ∗ , float ∗wordsPerDoc,
docsPerWord, int rows, int cols)float ∗ 

int tdi = i ∗ cols + j;

reduce_func<<<cols/32, 32>>>(cols, rows, d, dy);
reduce_func<<<cols/32, 32>>>(cols, rows, t, ty);

reduce_func<<<cols/32, 32>>>(cols, rows, s, sy);

float ∗
float ∗
float ∗

sy = (float ∗) malloc(k ∗ sizeof(float));

ty = (float ∗) malloc(rows ∗ k ∗ sizeof(float));
dy = (float ∗) malloc(k ∗cols ∗ sizeof(float));

void truncate_svd(float ∗t, float ∗s, float ∗d, int rows,

{

}

 int cols, int k)

Figure 3: The architecture used in the dimensionality reduction stage of the hLSA system. The blocks in light yellow represent the principal
procedures executed by the CPU, the blocks in light blue represent the procedures executed by multi-CPUs, and the blocks in light green
represent the procedures executed by GPU, respectively. The GPU executions include CUDA kernels and CUDA functions using floating-
point numbers.

schemes, the hLSA system loadsmatrixA into theGPUglobal
memory and, then, executes the CUDA kernel functions and
the resulting matrix is saved into the GPU global memory as
A norm.

The hLSA system uses the SVD algorithm, which decom-
poses matrix A norm into three matrices. Matrix T is an
orthogonal matrix of left singular vectors. Matrix S is a
diagonal matrix and contains the singular values ordered
by magnitude. Matrix DT is an orthogonal matrix of right
singular vectors.Therefore, the hLSA system needs to reserve
space in the GPU global memory for the resultantmatrices T,
S, andDT.Then, it executes the compute svdCUDA function.
At the end of the execution the hLSA system frees the GPU
memory space of matrix A norm.

Finally, the hLSA system truncates the resultant matrices
of the SVD function into their first k dimensions. Therefore,
it executes the truncate svd CUDA function. As a result, the
hLSA system generates three matrices denoted by Sy, Ty,
and Dy. At the end of the execution the matrices are copied
into the main memory of the CPU and then the GPU global
memory is freed. The dimensionality reduction stage of the
hLSA system is shown in Figure 3.

3.3. Information Retrieval Stage. The hLSA system uses a
user query in order to retrieve the relevant information from
the semantic space. Therefore, the hLSA system creates a
one-dimensional vector that is denoted by q, with a size
equal to the total number of terms obtained in the semantic
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space. Then, it analyzes the query; namely, if a word of the
query corresponds to a word in the semantic space, the hLSA
system increments by one the corresponding cell value in the
vector 𝑞.This execution has nomajor computational cost and
therefore is executed by the CPU in a sequential manner.

Then the hLSA system folds the vector q into the semantic
space by using the query folding equation (6). Therefore,
the hLSA system executes the query folding CUDA function
using the matrices Sy, Ty, and Dy loaded in the GPU global
memory. As a result, the hLSA system generates a vector𝑞, whose values correspond to the terms weights of all the
unique words of the query. Then, the hLSA system compares
the vector 𝑞 with all document vectors inside the semantic
space in order to find their similarity.

To compute the similarity, the hLSA systems uses
the cosine similarity equation (7). Hence, it executes the
cosine similarity CUDA function using the vector 𝑞 and the
document vectors of matrix Dy. Ultimately, the hLSA system
presents themost relevant documents based on the similarity
value between the vector 𝑞 and each document vector. To
present the results, the hLSA system establishes a threshold of
similarity, for example, all the similarities greater than 0.90,
and/or the hLSA systems obtain the top-ranked values of
similarity, for example, the top 20, the top 10, and the top 5.
The information retrieval stage of the hLSA system is shown
in Figure 4.

4. Experiments

The objective of this section is to evaluate the performance of
the proposed hLSA system. The design of the experiments is
detailed in (1) Definition of the Knowledge Base, (2) Defini-
tion of Dataset Size, (3) Definition of Stopword Document,(4) Definition of 𝑘 Dimensions, (5) Definition of Use Cases,
and (6) Evaluation Methods.

(1) Definition of Knowledge Base. The experiments conducted
with the hLSA system use documents of the Open Access
Subset of PubMed Central (PMC) as the knowledge base of
the experiments. PMC is an online digital database of freely
available full-text biomedical literature. Extensively used in
the Text REtrieval Conference (TREC) (the Text REtrieval
Conference (TREC), cosponsored by theNational Institute of
Standards and Technology (NIST) and the US Department
of Defense, can be found at http://trec.nist.gov). The text
of each article in the open access subset is represented as
an NXML file, which is an XML format used by NML
Journal Archiving and Interchange Tag Set (the Journal
Archiving and Interchange Tag Set defines elements and
attributes that describe the content and metadata of journal
articles, including research and nonresearch articles, letters,
editorials, and book and product reviews).

The documents are named and identified by a unique
number (PMCID) defined by an <article-id> element. Also,
each NXML file has XML elements such as <article-title>,<doi>, < abstract>, <fig>, and <publisher-name>,. For exper-
imental purposes, we only use the abstract of the document.
This information is extracted from each NXML and copied

to a new text file (.txt). Each text file is stored in a working
directory with a file name equal to the PMCID identifier.

(2) Definition of Dataset Size. The experiments conducted
with the hLSA system use a total of five thousand documents
of the PMC database. In order to observe the variation of
the total time of execution of the hLSA system with large-
scale datasets, we partition the five-thousand documents into
twelve subsets of different sizes ranging in size from five
hundred to five thousand documents. In Table 1, we present a
summary of each subset.The first column represents the total
number of documents. The second column represents the
total number of words in a dataset after preprocessing the raw
texts. The third column presents the total number of unique
words in the dataset. The fourth column represents the total
number of elements in the matrix of term-by-document and
the last column represents the size in megabytes of the term-
by-document matrix.

(3) Definition of Stopword Document. The experiments con-
ducted with the hLSA system uses a document file of stop-
words to exclude certain single words like determinants, that
is, “the,” “a,” “an,” and “another”; coordinating conjunctions,
that is, “for,” “but,” “or,” and “so”; prepositions, that is, “in,”
“under,” and “towards”; pronouns forms, that is, “me,” “my,”
“myself,” and “you”; verb forms, that is, “am,” “is,” “was,”
and “do”; among other words. In total, one thousand nine
hundred eighty-two words were used.

(4) Definition of 𝑘 Dimensions. The experiments conducted
with the hLSA uses several values of 𝑘 to find the appropriate
value with which the hLSA system is more accurate. In total,
twenty values of 𝑘 were used ranging from twenty-five to five
hundred dimensions in increments of twenty-five.

(5) Definition of Use Cases. The experiments in the hLSA
system were conducted with three use cases: (a) bipolar
disorders, (b) lupus disease, and (c) topiramate weight-loss.

(a) Bipolar Disorders. Bipolar disorders could be presented
in patients in their middle age with obese disorders, who
struggle with their weight and eat when feeling depressed,
excessively anxious, agitated, and irritable and when having
suicidal thoughts and/or difficulty sleeping.

(b) Lupus Disease. Lupus disease could be presented in
patients with alopecia, rash around their nose and checks,
delicate nonpalpable purpura on their calves, and swelling
and tenderness of their wrists and ankles and with nor-
mocytic anemia, thrombocytopenia, and being positive for
protein and RBC casts.

(c) Topiramate Weight-Loss. Some research reports have
shown that the anticonvulsant topiramate causes weight-loss
in various patient groups. Patients have lost a mean of 7.75 kg
in six months and at twelve months patients have lost a mean
of 9.61 kg.

(6) Evaluation Methods. We have defined the size of the
subsets, the number of k dimensions, and the use cases for our

http://trec.nist.gov
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void read_user_query(query, number_of_unique_terms,
unique_terms):

for word in words:
for index, unique_term in enumerate(unique_terms):

q = [number_of_unique_terms]
words = query.split()

if word == unique_term:
q[index] += 1

void parse_query_vector(float ∗q, int number_of_unique_terms, float ∗ty,
float ∗sy, float ∗dy)

float ∗q = (float ∗) malloc(number_of_unique_terms ∗ sizeof(float));
{

}

folding_func<<<rows/32, 32>>>(q , q, number_of_unique_terms,
ty, sy, dy);

for doc_vec in document_vectors:

void information_retrieval (document_vectors, q):

float sim = cosine_similarity(doc_vec, q)
query_folding, document_vector);

return cosine_similarity;

float cosine_similarity(float ∗document_vector, float ∗query_folding)
{

}

cosine_similarity_func<<<cols/32, 32>>>(cosine_similarity,

Figure 4: The architecture used in the information retrieval stage of the hLSA system. The blocks in light yellow represent the principal
procedures executed by the CPU, the blocks in light blue represent the procedures executed by multi-CPUs, and the blocks in light green
represent the procedures executed by GPU, respectively. The GPU executions include CUDA kernels and CUDA functions using floating-
point numbers.

experiments. Hence, to evaluate our hLSA system, we have
used two methods: (a) we have built an LSA system using
CPU sequential-only architecture, in order to specifically
evaluate the acceleration reached by the hLSA system. Thus,
we have compared the execution time of the hLSA and LSA
(CPU sequential-only) system. (b) We have evaluated the
accuracy and recall of the information retrieval stage.

(a) Time Execution. We have executed the hLSA system and
LSA systems a total of four hundred eighty times to complete
all the experiments with the different subsets, k dimensions,
weighting schemes, and use cases. Therefore, in order to

compare the execution time of the hLSA system versus the
LSA system, we have collected the execution time of each
procedure involved in each stage of both systems. Hence,
we have presented in Section 4 the mean values of these
executions.

(b) Similarity Accuracy. We have executed the hLSA system
and LSA systems a total of four hundred eighty times to
complete all the experiments with the different subsets, k
dimensions, weighting schemes, and use cases. Therefore,
in order to evaluate the information retrieval process of
the hLSA system, we have presented the top 10 ranked
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Table 1: Subsets used in the experiments for the hLSA system.

Number of documents Number of words Number of unique words Number of elements in
matrix

Size of matrix
(Mb)

500 13856 6819 3,409,500 27
750 18194 9039 6,779,250 54
1000 22107 11026 11,026,000 88
1250 25264 12587 15,733,750 126
1500 28251 14066 21,099,000 169
1750 31282 15596 27,293,000 218
2000 34024 16990 33,980,000 272
2500 39239 19650 49,125,000 393
3000 44114 22039 66,117,000 529
3500 48622 24284 84,994,000 680
4000 53003 26373 105,492,000 844
5000 61466 30273 151,365,000 1211

documents, and we have compared the similarity values
generated by the hLSA system in each experiment with the
subset of five thousand documents.

5. Results

In this section, we present the results of the experiments with
the hLSA system. First, we show the execution time for the
semantic space stage. Second, we present the execution time
for the dimensionality reduction stage. Third, we show the
execution time for the information retrieval stage. Fourth, we
present the execution time for the full hLSA system. Finally,
the results to evaluate the similarity accuracy and recall of the
information retrieval stage are presented.

The hLSA system has been executed on a Linux Open-
SUSE 13.2 (3.16.6-2 kernel) system with Core i7 Intel proces-
sors at 2.50GHz with 16GB DDR3L of main memory and 4
cores with 8 threads for each core and a NVIDIA GeForce
GTX 970M. The GPU has 10 SMs with 128 CUDA cores
for each SM, a total of 1280 CUDA cores. The GPU has a
total amount of global memory of 3064Mbytes and a clock
speed of 2.5 GHz. Also, the maximum number of threads per
multiprocessor is 2048, and themaximumnumber of threads
per block is 1028. The GPU maximum dimension size of
thread block is “1024, 1024, and 64” in the (𝑥,𝑦, 𝑧) dimension.

(1) Runtime Results: Semantic Space Stage. The procedures
executed in the semantic space stage are to read the stopwords
file, find documents in the hard disk drive, read documents
from the hard disk drive, parse documents into the main
CPU memory, and build the matrix of terms frequency by
documents. The hLSA system uses the benefits of multi-
CPU architecture to parse the documents into the main CPU
memory. Table 2 present the execution time of procedures
executed in CPU sequential-only. In Table 3, we compare
the execution time of the Document Parser procedure using
CPU sequential-only and multi-CPU architecture with four,
eight, and sixteen processors. Additionally, in Figure 5, we
present the overall execution time using CPU andmulti-CPU
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Figure 5: Results of the overall execution time in seconds of the
semantic space stage using CPU sequential-only architecture and
multi-CPU architecture with four, eight, and sixteen processors.

architectures.The execution timeswere obtained asmean val-
ues of the four hundred eighty executions and are presented
in milliseconds.

The procedures with high execution time in the LSA
system are Read Documents and Document Parser. On the
other hand, the procedure with the highest execution time in
hLSA system is Read Documents. This is due to the fact that
the Read Documents procedure has to access the drive disk
in order to read the text documents, and the time to access
the drive disk depends on the hardware. Therefore, there is
a bottleneck which is limited by the hardware of disk I/O
system, which goes beyond the scope of our work.

Moreover, we have found a substantial improvement in
the Document Parser procedure in the hLSA system using
multi-CPU architecture. Acceleration of 2.50 times is seen
with five hundred documents and maximum acceleration of
2.90 times with five-thousand documents using four proces-
sors. When using eight processors, acceleration of 3.00 times
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Table 2: Results of the CPU sequential-only procedures in milliseconds of the semantic space stage in the hLSA system.

Number of documents Read stopwords
(ms)

Find documents
(ms)

Read documents
(ms)

Build matrix
(ms)

500 27.016 186.764 4.044 41.646
750 27.016 187.885 5.929 61.891
1000 27.016 195.235 7.845 82.295
1250 27.016 196.450 9.752 105.363
1500 27.016 189.951 12.333 121.197
1750 27.016 191.454 13.816 152.200
2000 27.016 198.723 16.475 164.590
2500 27.016 194.696 19.134 208.550
3000 27.016 192.528 23.034 250.311
3500 27.016 191.431 26.621 297.541
4000 27.016 198.942 34.243 339.805
5000 27.016 189.929 37.598 434.999

Table 3: Results of theDocument Parser procedure in milliseconds of the semantic space stage in the LSA system using CPU sequential-only
architecture and in the hLSA system using multi-CPU architecture with four, eight, and sixteen processors.

Document Parser Procedure

Number of documents LSA
(ms)

hLSA
with 4 processors (ms)

hLSA
with 8 processors (ms)

hLSA
with 16 processors (ms)

500 1681.982 676.587 504.683 549.639
750 2587.080 1003.574 720.285 780.755
1000 3453.187 1351.907 984.871 1037.802
1250 4241.641 1549.046 1205.027 1128.528
1500 5121.449 1770.975 1303.507 1347.592
1750 6016.346 2236.582 1522.095 1596.852
2000 6806.595 2158.235 1789.595 1766.482
2500 8645.503 2667.631 2212.338 2215.629
3000 10351.710 3799.512 2594.976 2740.206
3500 12066.547 4420.248 3077.626 3065.884
4000 13762.060 4582.366 3495.762 3442.618
5000 17247.301 6029.288 4477.206 4352.604

is seen with five-hundred documents and maximum accel-
eration of 3.85 times with five thousand documents. Finally,
for sixteen processors, acceleration of 3.30 times is seen with
five-hundred documents and maximum acceleration of 3.96
times with five thousand documents. Thus, a better overall
performance is found with sixteen processors and greater
acceleration when the document corpus increases.

(2) Runtime Results: Dimensionality Reduction Stage. The
weighting schemes Log Entropy andTermFrequency-Inverse
Document Frequency have a high computational cost in the
LSA system, as shown in Table 4. The hLSA system reaches
acceleration of thirty times for the smaller datasets (five
hundred to two thousand five hundred) and acceleration
of eight hundred fifty times for the larger datasets (three
thousand to five thousand) using the TF-IDF scheme. Also,

using the Log Entropy scheme the hLSA system has reached
acceleration of sixty-two times for the smaller datasets and
acceleration of one thousand fifty-two times for the bigger
datasets.

The computational complexity of Log Entropy is 0(d)
and that of TD-IDF schemes is O(dw), where 𝑤 is the total
number of individual words and 𝑑 is the total number of
documents in the corpus. As shown in the results, the TF-
IDF scheme in the hLSA system has reduced the execution
time from more than 160 seconds to less than 0.20 seconds,
and the Log Entropy scheme in the hLSA system has reduced
the execution time from more than 321 seconds to less than
0.20 seconds.

Meanwhile, an exact SVD has a computational complex-
ity of O(𝑑𝑤2), and this is expensive for large matrices. In the
hLSA system, we implement the GPU-SVD function, which
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Table 4: Results of the execution time in the hLSA system using GPU-accelerated procedures and in the LSA system using sequential-only
procedures for the Log Entropy scheme and the TF-IDF scheme.

Number of documents
TF-IDF Log Entropy

hLSA
(ms)

LSA
(ms)

hLSA
(ms)

LSA
(ms)

500 117.814 3676.445 118.735 7401.700
750 118.319 7315.378 121.697 14300.521
1000 118.622 11845.949 121.143 23370.072
1250 123.446 17255.605 124.997 33131.246
1500 127.632 22982.827 132.696 45446.027
1750 130.057 29501.134 129.801 57330.141
2000 134.766 36193.939 135.845 71768.188
2500 143.089 54128.704 154.173 103304.719
3000 148.864 70769.040 154.600 139719.203
3500 161.621 92035.205 161.590 179290.609
4000 167.414 114055.179 175.994 233267.328
5000 189.126 160822.907 206.725 320797.375

hLSA
LSA

1000 1750 2500 3250 4000 4750500
Number of documents

0
20

40
60

80

110

Ex
ec

ut
io

n 
tim

e (
se

co
nd

s)

Figure 6: Results of the execution time of the SVD procedure
applied in the hLSA system using GPU-accelerated procedures and
in the LSA system using CPU sequential-only procedures.

gives us acceleration of up to three times compared to the
LSA system. In Figure 6, we present a comparison of the SVD
execution time between the hLSA systemand the LSA system.

In the smallest dataset, we measure an execution time of
1.60 seconds in the LSA system and, in the largest dataset,
we measure an execution time of 122.10 seconds. On the
other hand, in the hLSA system, we measure an execution
time of 0.50 seconds in the smallest dataset and an execution
time of 53.40 seconds in the largest dataset. Hence, we reach
acceleration of two to three times in most cases.

Consequently, the SVD procedure with the NVIDIA
Visual Profiler was analyzed. We found that SVD generates
about 77 percent of all the time-processing and launches
around six thousand seven hundred thirty kernel instances of
SVD in CUDA architecture. In addition, the profiler showed
an optimization problem in memory access for computing
the SVD procedure. For shared memory, the SVD utilizes
a low bandwidth of 39.193GB/s for 273,163 total load/store
transactions, and, for device memory, the SVD utilizes a low
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Figure 7: Results of a complete execution of dimensionality reduc-
tion stage with 𝑘-dimension equal to 300 and TF-IDF weighting
scheme applied in the hLSA system using GPU-accelerated proce-
dures and the LSA system using CPU sequential-only procedures.

bandwidth of 42.814GB/s for 1,193,617 read/write transac-
tions.

Meanwhile, the computational cost for the truncated SVD
procedure takes less than one second in the LSA system using
the biggest dataset. However, in the hLSA system, we have
accelerated up to nine times for the smaller datasets and up
to four times for the larger datasets. In Table 5, we present
the results of an execution with the dataset of two thousand
documents. In this execution, our results present acceleration
of four times.

We have presented the results of procedures: Log Entropy,
TF-IDF, SVD, and Truncated SVD. As shown in results, the
dimensionality reduction stage has the most computational
cost in our experiments. Therefore, we now present in
Figure 7 the results of a complete execution of dimensionality
reduction stage with 𝑘 = 300 and the TF-IDF weighting
scheme. We obtain for the smaller datasets acceleration from
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Table 5: Results of execution time in a truncated SVD procedure applied in the hLSA system using GPU-accelerated procedures and the LSA
system using CPU sequential-only procedures for 2000 documents.

Number of 𝑘 hLSA LSA
Matrix S
(ms)

Matrix D
(ms)

Matrix T
(ms)

Total
(ms)

Matrix S
(ms)

Matrix D
(ms)

Matrix T
(ms)

Total
(ms)

25 0.158 7.241 59.635 67.033 0.094 11.151 254.472 265.717
50 0.134 6.540 59.228 65.902 0.113 12.756 251.627 264.496
75 0.144 6.870 59.576 66.590 0.127 10.842 250.042 261.011
100 0.149 4.216 60.443 64.808 0.118 10.594 251.530 262.242
125 0.118 5.064 60.644 65.826 0.115 11.048 262.973 274.136
150 0.176 4.657 61.183 66.016 0.127 10.387 261.292 271.806
175 0.113 6.631 61.259 68.002 0.120 10.626 257.150 267.896
200 0.162 4.195 62.297 66.653 0.135 10.148 265.645 275.928
225 0.174 4.204 63.519 67.897 0.140 10.298 266.845 277.283
250 0.177 4.941 63.100 68.219 0.142 10.090 256.517 266.749
275 0.177 4.599 65.915 70.691 0.140 10.917 257.991 269.048
300 0.174 4.829 64.671 69.675 0.147 10.869 269.890 280.906
325 0.174 6.413 64.655 71.242 0.150 10.774 254.650 265.574
350 0.178 4.269 67.372 71.818 0.149 10.570 253.184 263.903
375 0.157 4.843 68.000 72.999 0.194 10.630 252.340 263.164
400 0.209 5.808 66.520 72.537 0.181 10.776 252.570 263.527
425 0.209 6.443 66.587 73.239 0.174 12.384 265.330 277.888
450 0.243 5.847 69.124 75.213 0.162 10.868 258.973 270.003
475 0.198 4.866 70.410 75.474 0.169 10.796 265.007 275.972
500 0.201 5.765 70.373 76.338 0.172 10.656 256.289 267.117

Table 6: Results of the execution time of query parser procedure applied in the hLSA system with the three use cases: bipolar disorders, lupus
disease, and topiramate weight-loss.

Number of documents Bipolar disorders
(sec)

Lupus disease
(sec)

Topiramate weight-loss
(sec)

500 7.81 6.22 27.13
750 10.28 8.20 35.99
1000 12.62 9.96 44.06
1250 14.22 11.39 50.22
1500 15.92 12.88 56.38
1750 17.71 14.11 62.29
2000 19.34 15.38 68.33
2500 22.22 17.81 78.71
3000 25.05 20.08 88.35
3500 27.51 22.09 97.49
4000 30.11 23.93 107.81
5000 34.46 27.50 121.37

six to ten times, and for the larger datasets acceleration from
five to eight times.

(3) Runtime Results: Information Retrieval Stage. We have
implemented the hLSA system not just for indexing doc-
uments, but also for information retrieval. Thus, we now
present the results of the execution time in information

retrieval procedures, which are as follows: query parser, query
folding, and cosine similarity.

We obtain the process time for the query parser proce-
dure, which has been implemented in CPU sequential-only
for both systems hLSA and LSA. We present, in Table 6, the
results of the query parse procedure on each dataset using the
three use cases.
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Table 7: Results of execution time for the query folding and cosine similarity procedures are applied in the hLSA system using GPU-
accelerated procedures and the LSA system using sequential-only procedures for 5000 documents and topiramate weight-loss use case.

Number of 𝑘 hLSA LSA
Query folding

(ms)
Cosine similarity

(ms)
Query folding

(ms)
Cosine similarity

(ms)

175 1.989 585.023 26.348 245.986
200 3.484 620.742 2.401 246.752
225 3.979 621.718 14.623 247.087
250 3.929 614.037 6.367 248.554
275 4.065 595.509 19.193 256.337
300 4.539 623.648 7.603 255.993
325 4.900 595.137 4.495 259.016
350 4.805 589.494 30.019 262.982

Table 8: Results of the total execution time in the hLSA system versus the LSA system. Results include all procedures using 5000 documents,𝑘 = 300, Log Entropy, TF-IDF, and four, eight, and sixteen multi-CPUs.

Bipolar disorders Lupus disease Topiramate weight-loss
Log Entropy

(sec)
TF-IDF
(sec)

Log Entropy
(sec)

TF-IDF
(sec)

Log Entropy
(sec)

TF-IDF
(sec)

hLSA 96.29 110.16 87.42 86.40 181.93 180.25
LSA 770.50 610.82 756.33 590.01 848.97 689.12
Acceleration 8.00 5.54 8.65 6.83 4.67 3.82

The process with the highest computational cost in
terms of the information retrieval stage is the query parser
procedure. For the biggest dataset with the use case of bipolar
disorders it took around 34 seconds, with the use case of lupus
disease it took around 27 seconds, and with the use case of
topiramate weight-loss it took more than 120 seconds. This is
due to the number of unique words in the queries. The first
use case has an average of 31 unique words, the second use
case has an average of 22 unique words, and the last use case
has an average of 136 unique words.

Additionally, we now present the result times for the
query folding procedure and cosine similarity procedure.
We present the best results using the use case of topiramate
weight-loss. These procedures do not have a high computa-
tional cost; in most cases, the execution time is less than one
second for all datasets in the hLSA and LSA system. Table 7
shows several results of query folding and cosine similarity
procedures.

(4) Runtime Results: hLSA versus LSA. We present in Table 8
the overall execution time for the hLSA systemversus the LSA
system with five thousand documents, 𝑘-dimension equal to
three hundred, three use cases, and two weighting schemes.
Also, for use case of bipolar disorders, we present results
with four processors; for use case of lupus disease, we present
results with eight processors; and, for use case of topiramate
weight-loss, we present results with sixteen processors. We
reach overall acceleration of five to eight times.

(5) Information Retrieval Results. To evaluate the accuracy, we
compare the documents retrieved by the hLSA system based
on a text query related to each use case versus the relevant
documents defined by the experts.The experts define that the
most relevant documents for use case of bipolar disorders are
the articles with identifiers 1087494, 1434505, and 2031887;
for use case of lupus disease the most relevant documents
are the articles with identifiers 1065341, 1459118, and 1526641;
and for use case of topiramate weight-loss the most relevant
document is the article with identifier 1087494. We present
the results of the similarities for each relevant document
covering all the documents of the knowledge base with two
weighting schemes and twenty values of 𝑘, for use case of
bipolar disorders in Figure 8, for use case of lupus disease
in Figure 9, and for use case of topiramate weight-loss in
Figure 10.

As shown in the results, the best similarities found in the
experiments with the hLSA system for use case of bipolar
disorders are found with values of 𝑘 = 50 and accuracy =
0.88, for use case of lupus disease are found with values of𝑘 = 25 and accuracy = 0.56, and for use case of topiramate
weight-loss are found with values of 𝑘 = 25 and accuracy =
0.98. Anyhow, the similarities values are normalized in the
range from one hundred fifty to three hundred.

Moreover, we present the results of the top ten documents
with use case of bipolar disorders in Table 9; with use case of
lupus disease, we show results in Table 10, and, for use case
of topiramate weight-loss, we present the results in Table 11.
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Table 9: Results of the information retrieval process in the hLSA system with use case of bipolar disorders, using Log Entropy and TF-IDF
weighting scheme with 500 documents and 𝑘 = 75, 100, 125, and 150; 2000 documents and 𝑘 = 175, 200, 225, and 250; 4000 documents and𝑘 = 275, 300, 325, and 350.

Tf-Idf Log Entropy Tf-Idf Log Entropy
File Similarity File Similarity File Similarity File Similarity

500 documents𝑘 = 75 𝑘 = 100
1 1434505.txt 0.62 3662141.txt 0.53 1 1434505.txt 0.59 1087494.txt 0.53
2 3714066.txt 0.51 3416914.txt 0.47 2 3714066.txt 0.48 3425832.txt 0.44
3 3181786.txt 0.39 1087494.txt 0.47 3 3821851.txt 0.37 3650299.txt 0.42
4 3103169.txt 0.38 3395358.txt 0.42 4 3181786.txt 0.35 3662141.txt 0.41
5 3821851.txt 0.35 3574453.txt 0.42 5 3662141.txt 0.34 2776598.txt 0.39
6 3425832.txt 0.34 2776598.txt 0.41 6 3585785.txt 0.31 3078090.txt 0.37
7 3662141.txt 0.32 3078747.txt 0.40 7 2933487.txt 0.31 2031887.txt 0.36
8 2933487.txt 0.32 3425832.txt 0.39 8 3425832.txt 0.30 3483824.txt 0.33
9 3585785.txt 0.30 3483824.txt 0.39 9 1087494.txt 0.28 3443410.txt 0.33
10 3574453.txt 0.29 3650299.txt 0.38 10 3785904.txt 0.28 3395358.txt 0.32𝑘 = 125 𝑘 = 150
1 1434505.txt 0.55 1087494.txt 0.53 1 1434505.txt 0.49 1087494.txt 0.57
2 3714066.txt 0.46 3425832.txt 0.45 2 3714066.txt 0.40 3650299.txt 0.45
3 2933487.txt 0.33 3650299.txt 0.41 3 2933487.txt 0.34 3425832.txt 0.43
4 3821851.txt 0.31 3662141.txt 0.38 4 3483824.txt 0.33 3483824.txt 0.37
5 1087494.txt 0.28 3483824.txt 0.34 5 3416914.txt 0.33 3443410.txt 0.33
6 1779284.txt 0.28 3078090.txt 0.34 6 3662141.txt 0.33 3078680.txt 0.33
7 3181786.txt 0.27 3443410.txt 0.32 7 3078747.txt 0.32 3416914.txt 0.32
8 3662141.txt 0.26 2031887.txt 0.30 8 1779284.txt 0.31 1434505.txt 0.31
9 3585785.txt 0.26 3078680.txt 0.29 9 1087494.txt 0.31 3662141.txt 0.29
10 3785904.txt 0.26 3416914.txt 0.28 10 2031887.txt 0.30 3180447.txt 0.27

2000 documents𝑘 = 175 𝑘 = 200
1 1434505.txt 0.53 2928181.txt 0.47 1 1434505.txt 0.52 3662141.txt 0.42
2 2928181.txt 0.50 2758213.txt 0.45 2 3714066.txt 0.44 2758213.txt 0.40
3 2758213.txt 0.47 3662141.txt 0.43 3 2758213.txt 0.41 2928181.txt 0.38
4 3714066.txt 0.46 3650299.txt 0.42 4 2928181.txt 0.41 3574453.txt 0.37
5 2031887.txt 0.39 3574453.txt 0.41 5 2031887.txt 0.39 2031887.txt 0.36
6 3833508.txt 0.37 1087494.txt 0.40 6 3615012.txt 0.35 1087494.txt 0.35
7 3615012.txt 0.36 1434505.txt 0.39 7 3833508.txt 0.33 3650299.txt 0.34
8 3759464.txt 0.33 2031887.txt 0.38 8 3759464.txt 0.31 3488815.txt 0.32
9 3662141.txt 0.31 3514449.txt 0.34 9 3662141.txt 0.31 3514449.txt 0.32
10 2426811.txt 0.31 3615012.txt 0.34 10 3641510.txt 0.30 3615012.txt 0.32𝑘 = 225 𝑘 = 250
1 1434505.txt 0.50 3662141.txt 0.38 1 1434505.txt 0.48 2758213.txt 0.37
2 3714066.txt 0.43 2758213.txt 0.37 2 3714066.txt 0.41 3662141.txt 0.33
3 2031887.txt 0.38 3650299.txt 0.34 3 2031887.txt 0.37 3650299.txt 0.33
4 2928181.txt 0.36 2928181.txt 0.34 4 2928181.txt 0.34 1087494.txt 0.32
5 2758213.txt 0.36 3641510.txt 0.32 5 3615012.txt 0.32 2031887.txt 0.32
6 3615012.txt 0.33 2031887.txt 0.32 6 2758213.txt 0.30 3641510.txt 0.31
7 3833508.txt 0.32 1087494.txt 0.32 7 3759464.txt 0.29 2928181.txt 0.30
8 3759464.txt 0.31 3615012.txt 0.30 8 3641510.txt 0.28 3724308.txt 0.29
9 3641510.txt 0.29 3574453.txt 0.29 9 3833508.txt 0.27 3615012.txt 0.28
10 2426811.txt 0.27 1434505.txt 0.28 10 3662141.txt 0.25 1434505.txt 0.28

4000 Documents𝑘 = 275 𝑘 = 300
1 1434505.txt 0.42 3662141.txt 0.42 1 2031887.txt 0.41 3662141.txt 0.42
2 2031887.txt 0.41 1087494.txt 0.35 2 1434505.txt 0.40 1434505.txt 0.34



14 Scientific Programming

Table 9: Continued.

Tf-Idf Log Entropy Tf-Idf Log Entropy
File Similarity File Similarity File Similarity File Similarity

3 3615012.txt 0.40 2758213.txt 0.32 3 3615012.txt 0.39 1087494.txt 0.34
4 2928181.txt 0.39 1434505.txt 0.32 4 3714066.txt 0.36 2758213.txt 0.33
5 3714066.txt 0.37 2928181.txt 0.32 5 3290984.txt 0.36 2928181.txt 0.31
6 3290984.txt 0.35 3574453.txt 0.31 6 2928181.txt 0.36 2990827.txt 0.31
7 2758213.txt 0.35 3488815.txt 0.30 7 3426905.txt 0.33 3135225.txt 0.30
8 3442741.txt 0.33 3135225.txt 0.30 8 3641510.txt 0.33 3650299.txt 0.29
9 3426905.txt 0.33 2031887.txt 0.30 9 2758213.txt 0.32 3488815.txt 0.29
10 3641510.txt 0.32 2990827.txt 0.30 10 3442741.txt 0.32 2031887.txt 0.29

𝑘 = 325 𝑘 = 350
1 2031887.txt 0.39 3662141.txt 0.39 1 2031887.txt 0.38 3662141.txt 0.37
2 1434505.txt 0.39 1087494.txt 0.34 2 1434505.txt 0.38 1087494.txt 0.34
3 3615012.txt 0.36 1434505.txt 0.34 3 3615012.txt 0.35 1434505.txt 0.33
4 3714066.txt 0.34 2928181.txt 0.31 4 3290984.txt 0.34 2990827.txt 0.31
5 3290984.txt 0.34 2990827.txt 0.29 5 3426905.txt 0.33 2928181.txt 0.30
6 3426905.txt 0.33 2758213.txt 0.29 6 3714066.txt 0.33 3135225.txt 0.28
7 2758213.txt 0.32 3514449.txt 0.29 7 2758213.txt 0.30 2031887.txt 0.28
8 2928181.txt 0.31 2031887.txt 0.28 8 3641510.txt 0.30 2758213.txt 0.27
9 3641510.txt 0.31 3833508.txt 0.28 9 2928181.txt 0.29 3650299.txt 0.27
10 2579333.txt 0.29 3615012.txt 0.28 10 2579333.txt 0.28 3615012.txt 0.27
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Figure 8: Results of the similarity for relevant document 1: 1087494,
relevant document 2: 1434505, and relevant document 3: 2031887 in
the use case of bipolar disorder using the subset of 5000 documents,
twenty values of 𝑘, and two weighting schemes (TF-IDF and Log
Entropy).

As shown in the results, in several of the experiments the
identifiers for the relevant documents defined by the experts
are retrieved in the top ten.
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Figure 9: Results of the similarity for relevant document 1: 1065341,
relevant document 2: 1459118, and relevant document 3: 1526641 in
the use case of lupus disease using the subset of 5000 documents,
twenty values of 𝑘, and two weighting schemes (TF-IDF and Log
Entropy).

6. Conclusions

The paper has introduced a heterogeneous system based on
the Latent Semantic Analysis method. The proposed system
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Table 10: Results of the information retrieval process in the hLSA system with use case of lupus disease, using Log Entropy and TF-IDF
weighting scheme with 1000 documents and 𝑘 = 50, 75, 100, and 125; 3000 documents and 𝑘 = 250, 275, 300, and 325; 5000 documents and𝑘 = 350, 375, 400, and 425.

Tf-Idf Log Entropy Tf-Idf Log Entropy
File Similarity File Similarity File Similarity File Similarity

1000 documents𝑘 = 50 𝑘 = 75
1 3654263.txt 0.64 3754886.txt 0.55 1 1065341.txt 0.85 3420478.txt 0.39
2 2974973.txt 0.63 2106780.txt 0.47 2 1526641.txt 0.73 2106780.txt 0.39
3 3271631.txt 0.61 2892131.txt 0.47 3 2816238.txt 0.72 2836250.txt 0.38
4 3283793.txt 0.60 2836250.txt 0.46 4 3423037.txt 0.68 3538549.txt 0.37
5 2933487.txt 0.59 3339798.txt 0.45 5 2141996.txt 0.59 3754886.txt 0.36
6 2229596.txt 0.59 3517290.txt 0.45 6 1459118.txt 0.55 3207056.txt 0.34
7 3501694.txt 0.58 3420478.txt 0.43 7 2138500.txt 0.48 3517290.txt 0.34
8 2816238.txt 0.58 3412204.txt 0.43 8 2832080.txt 0.47 3002958.txt 0.33
9 2684704.txt 0.58 3538549.txt 0.42 9 2133386.txt 0.44 3336207.txt 0.33
10 2108140.txt 0.58 3754383.txt 0.42 10 2974973.txt 0.44 1661595.txt 0.33𝑘 = 100 𝑘 = 125
1 1065341.txt 0.77 2106780.txt 0.36 1 1065341.txt 0.72 3420478.txt 0.33
2 1526641.txt 0.61 3340108.txt 0.35 2 2816238.txt 0.57 3002958.txt 0.29
3 2816238.txt 0.60 3654263.txt 0.33 3 2141996.txt 0.51 3340108.txt 0.29
4 2141996.txt 0.56 3420478.txt 0.33 4 3423037.txt 0.49 3517290.txt 0.28
5 3423037.txt 0.53 3517290.txt 0.32 5 1526641.txt 0.48 2865479.txt 0.28
6 1459118.txt 0.48 3002958.txt 0.32 6 2974973.txt 0.44 2836250.txt 0.28
7 2974973.txt 0.45 2816647.txt 0.29 7 1459118.txt 0.43 2106780.txt 0.27
8 2138500.txt 0.43 3754886.txt 0.29 8 3514429.txt 0.40 3371498.txt 0.27
9 3514429.txt 0.40 2836250.txt 0.28 9 2138500.txt 0.36 2825732.txt 0.26
10 2119723.txt 0.40 3334796.txt 0.27 10 2119723.txt 0.33 2930170.txt 0.26

3000 documents𝑘 = 250 𝑘 = 275
1 1065341.txt 0.49 3507913.txt 0.39 1 1065341.txt 0.50 3507913.txt 0.37
2 2247119.txt 0.47 2247119.txt 0.36 2 2247119.txt 0.46 2975002.txt 0.33
3 3842271.txt 0.38 2975002.txt 0.33 3 3842271.txt 0.37 3272557.txt 0.32
4 3260316.txt 0.38 3272557.txt 0.32 4 3260316.txt 0.36 2247119.txt 0.32
5 3512896.txt 0.37 270621.txt 0.30 5 3512896.txt 0.36 270621.txt 0.32
6 270621.txt 0.36 2724402.txt 0.30 6 270621.txt 0.34 2820672.txt 0.30
7 2141996.txt 0.34 3514429.txt 0.29 7 2141996.txt 0.34 3368184.txt 0.29
8 2873406.txt 0.33 3368184.txt 0.29 8 2974973.txt 0.31 2995072.txt 0.28
9 2974973.txt 0.33 3372565.txt 0.29 9 2133386.txt 0.30 3512896.txt 0.28
10 3526860.txt 0.32 2820672.txt 0.28 10 3526860.txt 0.30 1784585.txt 0.27𝑘 = 300 𝑘 = 325
1 1065341.txt 0.50 3507913.txt 0.35 1 1065341.txt 0.48 3507913.txt 0.35
2 2247119.txt 0.46 3272557.txt 0.31 2 2247119.txt 0.46 2975002.txt 0.30
3 3842271.txt 0.34 2975002.txt 0.31 3 3842271.txt 0.33 2820672.txt 0.30
4 270621.txt 0.33 2820672.txt 0.31 4 3260316.txt 0.31 3368184.txt 0.30
5 3512896.txt 0.32 2247119.txt 0.30 5 270621.txt 0.31 2247119.txt 0.30
6 3260316.txt 0.31 2995072.txt 0.29 6 3489096.txt 0.31 3272557.txt 0.30
7 2974973.txt 0.31 270621.txt 0.29 7 2873406.txt 0.31 270621.txt 0.28
8 1459118.txt 0.30 3368184.txt 0.29 8 1459118.txt 0.29 2995072.txt 0.28
9 2873406.txt 0.30 3512896.txt 0.27 9 2133386.txt 0.29 3512896.txt 0.28
10 3526860.txt 0.30 3586474.txt 0.26 10 3512896.txt 0.29 3586474.txt 0.25

5000 documents𝑘 = 350 𝑘 = 375
1 2247119.txt 0.47 3507913.txt 0.35 1 2247119.txt 0.47 2247119.txt 0.33
2 3842271.txt 0.36 2247119.txt 0.33 2 3514209.txt 0.34 270621.txt 0.31
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Table 10: Continued.

Tf-Idf Log Entropy Tf-Idf Log Entropy
File Similarity File Similarity File Similarity File Similarity

3 3160874.txt 0.35 3272557.txt 0.31 3 2801992.txt 0.33 3603166.txt 0.31
4 270621.txt 0.34 3603166.txt 0.31 4 3842271.txt 0.33 3586474.txt 0.30
5 1065341.txt 0.33 270621.txt 0.30 5 1065341.txt 0.32 3272557.txt 0.30
6 3514209.txt 0.33 2975002.txt 0.30 6 3160874.txt 0.32 2975002.txt 0.30
7 2873406.txt 0.32 2820672.txt 0.29 7 2873406.txt 0.32 2820672.txt 0.29
8 3510383.txt 0.30 3284243.txt 0.28 8 3284243.txt 0.31 3507913.txt 0.29
9 3284243.txt 0.30 3435747.txt 0.27 9 270621.txt 0.31 3284243.txt 0.29
10 2801992.txt 0.29 3586474.txt 0.27 10 3489096.txt 0.30 3435747.txt 0.28

𝑘 = 400 𝑘 = 425
1 2247119.txt 0.47 2247119.txt 0.33 1 2247119.txt 0.47 3272557.txt 0.31
2 3842271.txt 0.33 270621.txt 0.31 2 1065341.txt 0.34 270621.txt 0.31
3 3514209.txt 0.32 3272557.txt 0.30 3 3514209.txt 0.33 2247119.txt 0.30
4 2873406.txt 0.32 3507913.txt 0.29 4 3842271.txt 0.32 3507913.txt 0.29
5 2801992.txt 0.32 2975002.txt 0.28 5 2873406.txt 0.32 2975002.txt 0.28
6 1065341.txt 0.32 3435747.txt 0.28 6 2801992.txt 0.30 3435747.txt 0.28
7 3160874.txt 0.31 3586474.txt 0.28 7 3160874.txt 0.30 3603166.txt 0.27
8 270621.txt 0.30 2820672.txt 0.28 8 3501694.txt 0.30 2820672.txt 0.27
9 3489096.txt 0.30 3284243.txt 0.28 9 270621.txt 0.29 3368184.txt 0.26
10 3284243.txt 0.29 3603166.txt 0.27 10 2778347.txt 0.29 3586474.txt 0.26
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Figure 10: Results of the similarity for relevant document 1: 1087494
in the use case of topiramate weight-loss using the subset of 5000
documents, twenty values of 𝑘, and two weighting schemes (TF-IDF
and Log Entropy).

allows the indexing of text documents from a knowledge base
faster than the standard LSA versions. In addition, the hLSA
system allows the retrieval of relevant documents based on a
query. The results we have found are feasible and promising.

The hLSA system is divided into three main stages:
semantic space, dimensionality reduction, and information

retrieval. Acceleration of four times is shown in the semantic
space stage, acceleration of eight times is shown in a dimen-
sionality reduction stage, and in the information retrieval
stage we do not find acceleration. However, the hLSA system
is limited by the main and global memory of GPU and
CPU. Therefore, in future work, we propose adding a multi-
GPU functionality to increase the size of matrices to be
processed.

We have succeeded with our main motivation of improv-
ing the execution time of Latent Semantic Analysis method
through the use of heterogeneous architectures such as GPUs
and multi-CPU. As shown in experimental tests, we have
achieved overall acceleration of around eight times faster than
standard LSA systems for five thousand documents.

We have retrieved documents using twelve subsets of
different sizes from five hundred to five thousand documents
of the Open Access Subset of PubMed Central by using
two weighting schemes: the Log Entropy and the Term
Frequency-Inverse Document Frequency and twenty differ-
ent values of 𝑘 ranging from25 to 250 to prove the appropriate
value with which the hLSA system is more accurate. Hence,
the hLSA has achieved an accuracy of 88% with the use case
of bipolar disorders, an accuracy of 56% with the use case
of lupus disease, and an accuracy of 98% with the use case
of topiramate weight-loss. Moreover, we can infer that in
our experiments the Log Entropy scheme has a higher value
of similarity in two out of three use cases over the TF-IDF
scheme.



Scientific Programming 17

Table 11: Results of the information retrieval process in the hLSA system with use case of topiramate weight-loss, using Log Entropy and
TF-IDFweighting scheme with 1500 documents and 𝑘 = 25, 50, 75, and 100; 3500 documents and 𝑘 = 150, 175, 200, and 225; 4000 documents
and 𝑘 = 425, 450, 475, and 500.

Tf-Idf Log Entropy Tf-Idf Log Entropy
File Similarity File Similarity File Similarity File Similarity

1500 documents𝑘 = 25 𝑘 = 50
1 1087494.txt 0.97 1087494.txt 0.92 1 1087494.txt 0.96 1087494.txt 0.89
2 2838810.txt 0.94 3552983.txt 0.82 2 2362538.txt 0.86 3128260.txt 0.74
3 3720211.txt 0.94 3055095.txt 0.82 3 2063236.txt 0.85 3771300.txt 0.73
4 2246781.txt 0.94 3880815.txt 0.82 4 3845698.txt 0.85 3055095.txt 0.71
5 3337849.txt 0.93 3771300.txt 0.82 5 2719193.txt 0.85 3148993.txt 0.69
6 2918360.txt 0.93 3284015.txt 0.79 6 2246781.txt 0.84 2275478.txt 0.68
7 3519703.txt 0.93 3128260.txt 0.78 7 3800929.txt 0.84 2941806.txt 0.64
8 2719193.txt 0.93 3800929.txt 0.75 8 2360336.txt 0.83 3284015.txt 0.64
9 3191588.txt 0.93 1896169.txt 0.74 9 545962.txt 0.82 3540966.txt 0.62
10 3845698.txt 0.93 3617973.txt 0.74 10 3095993.txt 0.82 3005214.txt 0.62𝑘 = 75 𝑘 = 100
1 1087494.txt 0.94 1087494.txt 0.90 1 1087494.txt 0.93 1087494.txt 0.90
2 2362538.txt 0.83 3128260.txt 0.65 2 2246781.txt 0.77 3128260.txt 0.61
3 2063236.txt 0.81 3055095.txt 0.59 3 2063236.txt 0.77 3055095.txt 0.60
4 2719193.txt 0.80 3148993.txt 0.56 4 3128260.txt 0.75 3650299.txt 0.54
5 2246781.txt 0.80 3098785.txt 0.56 5 2719193.txt 0.75 3771300.txt 0.52
6 3128260.txt 0.80 3650299.txt 0.55 6 2362538.txt 0.75 3443410.txt 0.49
7 3800929.txt 0.78 3617973.txt 0.55 7 2275478.txt 0.74 2275478.txt 0.48
8 545962.txt 0.78 3540966.txt 0.54 8 2360336.txt 0.73 3540966.txt 0.48
9 3720211.txt 0.77 2275478.txt 0.54 9 3720211.txt 0.72 1434505.txt 0.47
10 3112026.txt 0.77 3771300.txt 0.54 10 3800929.txt 0.72 3337849.txt 0.47

3500 documents𝑘 = 150 𝑘 = 175
1 1087494.txt 0.90 1087494.txt 0.84 1 1087494.txt 0.90 1087494.txt 0.84
2 2001661.txt 0.72 3128260.txt 0.48 2 2001661.txt 0.69 3443410.txt 0.47
3 3857881.txt 0.70 3443410.txt 0.48 3 3857881.txt 0.65 3128260.txt 0.45
4 3855068.txt 0.68 3650299.txt 0.45 4 2275478.txt 0.64 3650299.txt 0.41
5 2275478.txt 0.67 3055095.txt 0.42 5 3855068.txt 0.64 3420720.txt 0.39
6 3720211.txt 0.67 2988027.txt 0.39 6 3720211.txt 0.64 3771300.txt 0.38
7 2246781.txt 0.66 1434505.txt 0.39 7 3065878.txt 0.64 3055095.txt 0.38
8 3065878.txt 0.66 3420720.txt 0.39 8 3196922.txt 0.63 3286846.txt 0.38
9 2063236.txt 0.65 3771300.txt 0.39 9 2246781.txt 0.61 3022769.txt 0.38
10 2887190.txt 0.65 3751340.txt 0.37 10 2063236.txt 0.61 1434505.txt 0.38𝑘 = 200 𝑘 = 225
1 1087494.txt 0.89 1087494.txt 0.85 1 1087494.txt 0.89 1087494.txt 0.86
2 2001661.txt 0.64 3443410.txt 0.48 2 2001661.txt 0.59 3443410.txt 0.48
3 3065878.txt 0.60 3650299.txt 0.41 3 3128260.txt 0.56 1434505.txt 0.41
4 2275478.txt 0.60 3128260.txt 0.40 4 3720211.txt 0.56 3650299.txt 0.40
5 3128260.txt 0.59 2988027.txt 0.39 5 2275478.txt 0.55 3286846.txt 0.39
6 3855068.txt 0.58 3286846.txt 0.39 6 3855068.txt 0.55 3128260.txt 0.39
7 3720211.txt 0.57 3540966.txt 0.37 7 3065878.txt 0.54 3540966.txt 0.38
8 3196922.txt 0.57 1434505.txt 0.36 8 2887190.txt 0.53 2988027.txt 0.36
9 2887190.txt 0.57 3420720.txt 0.36 9 2063236.txt 0.53 3592507.txt 0.34
10 2063236.txt 0.57 3065878.txt 0.35 10 3448379.txt 0.51 3065878.txt 0.33

4000 documents𝑘 = 425 𝑘 = 450
1 1087494.txt 0.89 1087494.txt 0.86 1 1087494.txt 0.89 1087494.txt 0.86
2 2350122.txt 0.47 3443410.txt 0.36 2 2350122.txt 0.44 3650299.txt 0.36
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Table 11: Continued.

Tf-Idf Log Entropy Tf-Idf Log Entropy
File Similarity File Similarity File Similarity File Similarity

3 2362551.txt 0.44 1434505.txt 0.36 3 2362551.txt 0.42 3443410.txt 0.35
4 2001661.txt 0.42 3650299.txt 0.35 4 3065878.txt 0.40 1434505.txt 0.35
5 3065878.txt 0.41 3286846.txt 0.31 5 3530724.txt 0.40 3128260.txt 0.31
6 1832214.txt 0.40 3128260.txt 0.30 6 3650299.txt 0.40 2350122.txt 0.30
7 3530724.txt 0.39 2350122.txt 0.29 7 1832214.txt 0.39 3286846.txt 0.30
8 3592507.txt 0.39 3540966.txt 0.27 8 2001661.txt 0.39 2750184.txt 0.25
9 3857881.txt 0.39 2750184.txt 0.26 9 3592507.txt 0.39 3540966.txt 0.24
10 1831765.txt 0.39 293436.txt 0.24 10 1831765.txt 0.37 293436.txt 0.23

𝑘 = 475 𝑘 = 500
1 1087494.txt 0.89 1087494.txt 0.87 1 1087494.txt 0.89 1087494.txt 0.87
2 2350122.txt 0.44 3650299.txt 0.37 2 2350122.txt 0.45 3650299.txt 0.37
3 3650299.txt 0.40 3443410.txt 0.34 3 3650299.txt 0.42 3443410.txt 0.35
4 2362551.txt 0.40 1434505.txt 0.33 4 3530724.txt 0.40 1434505.txt 0.34
5 3530724.txt 0.39 3128260.txt 0.31 5 2362551.txt 0.38 3128260.txt 0.30
6 3065878.txt 0.38 3286846.txt 0.30 6 3065878.txt 0.37 3286846.txt 0.29
7 1832214.txt 0.38 2350122.txt 0.30 7 2001661.txt 0.36 2350122.txt 0.29
8 2001661.txt 0.37 2750184.txt 0.25 8 3592507.txt 0.36 2750184.txt 0.24
9 3592507.txt 0.36 293436.txt 0.23 9 1832214.txt 0.36 3181688.txt 0.23
10 1831765.txt 0.36 2988027.txt 0.23 10 3286846.txt 0.35 293436.txt 0.23

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

Thisworkwas supported by theUniversidad Politécnica Sale-
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Sentiment analysis is an important area that allows knowing public opinion of the users about several aspects. This information
helps organizations to know customer satisfaction. Social networks such as Twitter are important information channels because
information in real time can be obtained and processed from them. In this sense, we propose a deep-learning-based approach
that allows companies and organizations to detect opportunities for improving the quality of their products or services through
sentiment analysis.This approach is based on convolutional neural network (CNN) andword2vec. To determine the effectiveness of
this approach for classifying tweets, we conducted experiments with different sizes of a Twitter corpus composed of 100000 tweets.
We obtained encouraging results with a precision of 88.7%, a recall of 88.7%, and an 𝐹-measure of 88.7% considering the complete
dataset.

1. Introduction

Nowadays, there is a lot of online opinions. This information
is important for users because it helps them tomake decisions
about buying a product, voting in a political election, and
choosing a travel destination, among other subjects. This
information is also important for organizations since it helps
them to know the general opinion about their products,
the sales forecast, and the customer satisfaction in real
time. Based on this information, companies can identify
opportunities for improving the quality of their products or
services.

A good example that demonstrates the importance of the
opinions is a t-shirt of Zara clothing store which received
negative opinions because it looked like the clothes used
in the Holocaust. In these situations, companies must act
quickly and solve the problem to avoid these opinions affect-
ing their reputation. In this sense, to know the public opinion
in real time is very important. Twitter is a social network,
where users share information on almost everything in real

time. Therefore, companies consider this social network as a
rich source of information that allows knowing the general
opinion about their products and services, among others [1].
However, analyzing and processing all these opinions require
much time and effort for the humans. On these grounds, a
technology that processes automatically this information has
arisen. This technology is known as sentiment analysis or
opinion mining.

Sentiment analysis has been defined by several authors.
However the definitionmost used in the research community
is the proposed by Liu [2], who defined it as follows:
“Sentiment analysis is the field of study that analyzes peo-
ple’s opinions, sentiments, evaluations, appraisals, attitudes,
and emotions towards entities such as products, services,
organizations, individuals, issues, events, topics, and their
attributes.”

In the last years, several approaches have been proposed
for sentiment analysis. Most of these approaches are based
on two main techniques, semantic orientation and machine
learning. Although good results were obtained for both
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techniques, several works in the literature have demonstrated
that machine learning obtained better results. However, in
more recent years a new technique known as deep learning
has captured the attention of researchers because it has
significantly outperformed traditional methods [3, 4]. Most
of the deep-learning-based approaches for sentiment analysis
are based on the English language. Hence, we propose a deep-
learning-based approach for sentiment analysis of tweets
in Spanish. Spanish is the third language most used on
the Internet (http://www.internetworldstats.com/stats7.htm).
Therefore, we consider that new approaches for sentiment
analysis in the Spanish language are necessary.

The remainder of the paper is structured as follows.
Section 2 presents a review of the literature about sentiment
analysis and deep learning. Section 3 described the proposed
approach. The experiments and results are presented in
Section 4. Finally, Section 5 presents conclusions and future
work.

2. Related Works

In the literature, several authors have proposed approaches
for the sentiment analysis. These works have used two main
techniques, semantic orientation andmachine learning.With
respect to the first technique, approaches use sentiment
lexicons to determine the polarity. SentiWordNet is the most
used lexicon in the literature [5, 6]. This lexicon is based
on WordNet and it contains multiple senses of a word.
Also, it provides a positive, objective, and negative value
for each sense. Several works using this technique have
obtained promising results; however, some other works have
not obtained good results due to two main reasons: (1)
sentiment lexicons mainly are based on English, which forces
researchers to translate the English lexicons to the target
language and (2) a word can have different senses depending
on the domain where they are used.

Regarding the machine learning approach, authors use
classification algorithms such as Support Vector Machines
(SVM) [7–11], Bayesian Networks (BayesNet) [12], and deci-
sion trees (J48) [10], among others. For this technique, two
data sets are necessary, a training set and an evaluation set.
The training set is used for the algorithm to learn from
features of the domain. Meanwhile, the evaluation set is
used to validate the built model from the training set. The
performance of the machine learning technique depends on
the effectiveness of the selectedmethod for feature extraction.
Among the most used methods are bag of words [13], TF-
IDF [14], 𝑛-grams (unigrams, bigrams, and trigrams) [11, 15],
features based on POS tagging [16], and features based on
dependency rules [17].

However, most recent works are based on deep learning
techniques. For instance, Dos Santos and Gatti [18] pro-
posed an approach to sentiment analysis of short texts. The
approach is based on convolutional neural network, which
is applied on two corpora, movies reviews (Stanford Sen-
timent Tree-bank) and Twitter messages (Stanford Twitter
Sentiment corpus). Araque et al. [19] introduced an approach
based on deep learning for sentiment classification. The

authors used aword embeddingsmodel and amachine learn-
ing algorithm. To evaluate the performance of the proposed
approach, the authors used six corpora publicly available
of Twitter and movies reviews. Hu et al. [20] proposed a
framework based on neural network for sentiment analysis.
This framework is composed of two main phases. Firstly,
feature vectors are obtained through linguistic and domain
knowledge. Secondly, a Deep Neural Network is designed.
Also, the authors evaluated their approach on three datasets
(electronic products, movies reviews, and hotels reviews).
Tang et al. [21] built a supervised learning framework. The
authors combined sentiment features and features related
to emoticons, negation, punctuation, cluster, and 𝑛-grams.
Then, they trained a classifier by using a benchmark corpus
provided in SemEval 2013. Ruder et al. [22] proposed an
approach to aspect-based sentiment analysis. The authors
used a convolutional neural network (CNN) for aspect
extraction and sentiment analysis. The proposal was evalu-
ated in several domains such as restaurants, hotels, laptops,
phones, and cameras. Severyn andMoschitti [4] introduced a
deep learningmodel which is applied to two tasks of SemEval
2015, namely, message-level and phrase-level of Twitter sen-
timent analysis. Sun et al. [23] proposed a sentiment analysis
approach for Chinesemicroblogwith aDeepNeural Network
model. The proposed method extracted features to obtain
semantic and information of words. Finally, three models,
SVM, Naı̈ve Bayes, and Deep Neural Network, are selected
to prove the effectiveness of the method. Finally, Poria et al.
[24] presented an approach to aspect extraction for sentiment
analysis by using a deep learning technique. Also, the authors
obtained a set of linguistic patterns to combine them with
neural networks.

On the other hand, the approaches for the sentiment
analysis are mainly focused on the analysis of the opinions
of blogs, forums, and travel and sales websites. However,
recently a more special interest has arisen on social networks
such as Twitter because a lot of information from different
topics can be extracted for its analysis. Among the most
studied domains in the sentiment analysis area are movies,
technological products, tourism, and health. Finally, regard-
ing the language, most of them are based on English language
and only one is based on the Chinese language.

Next section describes the deep-learning-based approach
for sentiment analysis proposed in this work. More specifi-
cally, this section describes the architecture of our proposal
as well as the relations among all its components.

3. Approach

The sentiment classification approach presented in this work
is divided into threemainmodules: (1) preprocessingmodule,
(2) word embeddings, and (3) CNN model. Figure 1 shows
the workflow of the system. Firstly, the tokenization and
normalization of the text are carried out. Secondly, word2vec
is used to obtain the feature vectors. The last step consists
in training a convolutional neural network to classify tweets
as positives or negatives. A detailed description of these
modules is provided in the following sections.

http://www.internetworldstats.com/stats7.htm
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Parece q tenı́as razón @bufalo58 y tendré q cambiarme a iPhone, Mentions and replies
xq el servicio técnico de @SamsumgChile no va a reparar Hashtags
mi celu #ChaoSamsumg URL

Box 1

Word 
embeddings 
(word2vec)

Convolutional 
neural network
(CNN)

Sentiment classifier

Preprocessing

or ?

Training data

Tweets

Figure 1: Our proposed approach.

Figure 2: Example of a tweet.

3.1. Preprocessing Module. The first step of the method
proposed consists in the preprocessing of the tweets. Twitter
is a social network where users use informal language due to
the limitation of 140 characters. Therefore, there are several
issues such as spelling errors, slang words, abbreviations,
and replication of characters, among others, that must be
addressed before detecting the polarity of a tweet. Figure 2
presents a tweet with some of these issues. In order to deal
with this problem, we adopted the approach presented in [25]
for the tweets processing.

The first phase of the preprocessing module consists in
the tokenization process. In this process, the text is divided
in tokens, which can be words or punctuation marks. To
perform this process, the Twokenize (http://www.cs.cmu
.edu/∼ark/TweetNLP/) tool was used. This tool is oriented to

Twitter and allows identifying items of Twitter like hashtags,
mentions and replies, and URLs, among others.

The second phase of this module consists in the normal-
ization of the text. Firstly, items identified by Twokenize are
removed because they do not provide important information
for the detection of polarity. Next, each item removed from
tweets is described.

(1) Mentions and replies to users: these items are repre-
sented with @.

(2) URLs: all items start with http://
(3) Hashtags: in this case, the character # is only removed

due to the rest of the text representing an important
part to be analyzed.

For instance, let us consider the tweet presented in Fig-
ure 2: “Parece q tenı́as razón@bufalo58 y tendré q cambiarme
a iPhone, xq el servicio técnico de @SamsungChile no va a
reparar mi celu #ChaoSamsung—It looks like you were right
@bufalo58 and I will have to switch to iPhone because the
@SamsungChile technical service is not going to repair my
cell phone #ChaoSamsung.” In this step, Twokenize detects
two mentions and one Hashtag. Then, the module removes
the mentions (“@bufalo58” and “@SamsumgChile”) and the
character “#” of “#ChaoSamsumg” (see Box 1).

Secondly, hashtags (strings that contain one or more
words) are split based on capital letters. Considering the
example presented above, #ChaoSamsung is split into two
words “Chao” and “Samsung.”

Thirdly, abbreviations and shorthand notations are
extended. To this aim, we used the NetLingo (http://www
.netlingo.com) dictionary. For example, “que” instead of “q,”
“por que” instead of “xq,” and “celular” instead of “celu.”
Finally, Hunspell (http://hunspell.github.io) dictionary is
used to correct spelling errors.

3.2. Word Embeddings. In this approach, we use word2vec
for learning word embeddings. This tool implements the
continuous bag-of-words model (CBOW) and skip-gram
model for computing vector representations of words [26].
Word embeddings represent an important part in CNN
architecture due to the fact that it allows obtaining syntactic
and semantic information from the tweets, which is very
important for sentiment classification.

3.3. CNN Model. We use a deep convolutional neural net-
work for classification of tweets into positive and negative
classes. The CNN (convolutional neural network) architec-
ture requires concatenated word vectors of the text as input.
Regarding the implementation of this model, Tensorflow
(https://www.tensorflow.org) was used.

http://www.cs.cmu.edu/~ark/TweetNLP/
http://www.cs.cmu.edu/~ark/TweetNLP/
http://www.netlingo.com
http://www.netlingo.com
http://hunspell.github.io
https://www.tensorflow.org
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Figure 3: Learning model for sentiment classification [4].

Next, Figure 3 shows the architecture of a convolutional
neural network used for sentiment classification [4].

4. Experiments

4.1. Data. The main objective of this approach is to detect
important information about products and services that
allows companies and organizations to improve them.There-
fore, our approach requires a corpus related to products and
services. Although several corpora have been provided in
the literature, there is a lack of corpora for Spanish. In this
sense, we have obtained a corpus fromTwitter in Spanish.The
process for collecting this corpus is described below.

(1) Tweets were collected by using Twitter4J (http://
twitter4j.org/) library. To obtain relevant tweets, a set
of keywords related to technological products were
defined.

(2) Duplicated tweets, retweets, tweets in other lan-
guages, and tweets that contain only URLs were
removed.

(3) We obtained a total of 70000 positive tweets and
63000 negative tweets.

(4) Finally, we selected only 50000 positive tweets and
50000 negative tweets, which weremanually analyzed
to obtain those relevant to our study.

This corpus is not available publicly because according to the
Twitter privacy policy it is not possible to share the content
of the tweets. Next, two examples from the corpus collected
are presented. Figure 4 shows a positive tweet “Una excelente
caracteŕıstica del iPhone 7 #JumboMobile @tiendasjumboco
es su resistencia al agua—An excellent feature of the iPhone
7 #JumboMobile @tiendasjumboco is its water resistance,”
while Figure 5 shows an example of a negative tweet “lo que
quise dar a entender es que nme salio bueno ni el cargador ni
el iPhone pq se me rompieron los dos—What I meant to say
was, both the charger and iPhone were not good because the
two broke.”

Table 1 shows the distribution of our corpus. As can be
seen, 40000 positive and negative tweets were used to train
the classifier and 10000 tweets positive andnegativewere used
to test the model built.

Figure 4: Positive tweet.

Figure 5: Negative tweet.

Table 1: Distribution of the corpus.

Positive Negative Total
Train 40000 40000 80000
Test 10000 10000 20000

4.2. Evaluation and Results. Aiming to measure the per-
formance of our proposed approach, we have used well-
known metrics: precision, recall, and 𝐹-measure. Precision
(1) represents the proportion of predicted positive cases
that are real positives. On the other hand, recall (2) is
the proportion of actual positive cases that were correctly
predicted as such. 𝐹-measure (3) is the harmonic mean of
precision and recall [27].

Precision = True Positives
True Positives + False Positives

, (1)

Recall = True Positives
True Positives + FalseNegatives

, (2)

𝐹-measure = 2 ∗ Precision ∗ Recall
Precision + Recall

. (3)

Also, we used the macro precision (4), macro recall (5), and
macro 𝐹-measure (6) metrics due to the fact that the polarity
detection is a multiclass problem.

Macro precision =
∑
|𝐶|

𝑖=1 Precision
|𝐶|

, (4)

Macro Recall =
∑
|𝐶|

𝑖=1 Recall
|𝐶|
, (5)

Macro𝐹-measure =
∑
|𝐶|

𝑖=1 𝐹-measure
|𝐶|

. (6)

Table 2 shows that our approach obtained encouraging results
with a precision of 88.5%, a recall of 88.8%, and an𝐹-measure

http://twitter4j.org/
http://twitter4j.org/
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Table 2: Results obtained with CNN.

Precision Recall 𝐹-measure
Positive 0.885 0.888 0.887
Negative 0.888 0.884 0.886
Macro 0.887 0.887 0.887

Table 3: Results of traditional model and Deep model.

CNN SVM NB
5000 0.785 0.675 0.680
10000 0.793 0.723 0.712
20000 0.843 0.805 0.802
40000 0.844 0.808 0.779
60000 0.852 0.811 0.771
80000 0.858 0.833 0.777
100000 0.887 0.837 0.779

of 88.7% for the positive class, and a precision of 88.8%, a
recall of 88.4%, and an 𝐹-measure of 88.6% for the negative
class.

4.3. Comparison with Traditional Learning Methods. In this
work, different classification algorithms were compared with
the same feature vector, namely, SVM, NB, and CNN (see
Table 3). For a fair comparison, the default parameters were
used for each algorithm without carrying out an additional
tuning process.This analysis was carried out in order to study
the effects of the proposed approach with a convolutional
neural network. The algorithms were evaluated with several
sizes of the corpus. Each subset is split into two datasets: (1)
80% of the data is used as a training set and (2) 20% of the
data is used as a testing set.

As can be seen in Figure 6, traditional models show
similar results. However, SVM provides better results than
NBwhen the size of data increases. On the other hand, results
also indicate that convolutional neural network obtained
better results that traditional models (SVM and NB) with
the different subsets of the Twitter corpus. These results con-
firm that deep learning techniques outperformed traditional
methods of machine learning for sentiment analysis.

It is important to mention that we did not carry out
a comparison of our results with those reported in related
works because there is a lack of deep learning approaches for
sentiment analysis in Spanish.

5. Conclusions and Future Work

In this work, we presented an approach for Twitter sentiment
analysis. The main objective of this proposal was provid-
ing the basis to know customer satisfaction and identify
opportunities for improvement of products and services.The
proposal is based on a deep learningmodel to build a classifier
for sentiment detection. Our approach obtained encouraging
results, with a precision, recall, and 𝐹-measure of 88.7%. The
results also show that CNN outperformed traditional models
such as SVM and NB.
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Figure 6: Comparison of SVM, NB, and CNN for different sizes of
subsets for the Twitter dataset.

As future work, we are considering exploring other neural
network models such as Recursive Neural Tensor Networks
(RNTN), RecurrentNeuralNetworks (RNN), andLong Short
TermMemory (LSTM). Also, we plan to evaluate other word
embedding features as those presented in [21]. Finally, we
have considered applying our approach to other languages
such as English, French, and Arabic.
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[11] M. del Pilar Salas-Zárate, M. A. Paredes-Valverde, J. Limon-
Romero, D. Tlapa, and Y. Baez-Lopez, “Sentiment classification
of Spanish reviews: an approach based on feature selection
and machine learning methods,” Journal of Universal Computer
Science, vol. 22, no. 5, pp. 691–708, 2016.
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