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Chuan-Kang Ting
National Tsing Hua University, TAIWAN

Surfing the Waves
of Computational Intelligence

I

am deeply honored and privileged to serve as the Editor-inChief of IEEE Computational Intelligence Magazine (CIM). Special thanks go to the Administrative Committee (AdCom) and
the Executive Committee (ExCom) of IEEE Computational
Intelligence Society (CIS), particularly Jim Keller and Nikhil R.
Pal, for supporting my appointment. Meanwhile, I would like to
express my immense gratitude to Hisao Ishibuchi for his enormous help in transition matters and editing this issue.
Computational intelligence plays a prominent role in the recent AI renaissance and
attains many remarkable achievements. Since its debut in 2006, CIM has been one of
the most significant publications in the area of computational intelligence, covering
the technologies of neural networks, fuzzy systems, evolutionary computation, and
learning systems. Its impact factor is raised to 5.857 according to the recent Journal of
Citation Reports by Clarivate Analytics. The success of CIM should be attributed to
the dedicated efforts and devotion of our former Editors-in-Chief: Gary G. Yen, Kay
Chen Tan, and Hisao Ishibuchi. Moving forward, I will endeavor to make CIM the
core medium that connects CIS members and a leading information provider of the
cutting-edge technologies, novel discoveries, profound insights, inspiring ideas, interviews and success stories of computational intelligence.
This issue features three articles in “Computational Intelligence for Internet of Things
in the Big Data Era” continuing the previous issue. In addition, the new CIS President,
Bernadette Bouchon-Meunier, presented her “President’s Message,” and the new CIS
Vice President for Conferences, Marley M.B.R.Vellasco, and the new CIS Vice President
for Technical Activities, Luis Magdalena, provided their vision statements in this issue.
Also new this year, CIM made a big move to the ScholarOne ManuscriptTM system to
enhance the submission and peer-review process for authors, editors, and reviewers. As
the Editor-in-Chief of CIM, I look forward to working with you to promote CIM to a
new level. I would also like to encourage you to contact me at ckting@pme.nthu.edu.tw
with your suggestions and comments. Let’s keep embracing and surfing the waves of
computational intelligence together!

IEEE prohibits discrimination, harassment, and bullying.
For more information, visit http://www.ieee.org/web/
abou-tus/whatis/policies/p9-26.html.

(Hisao Ishibuchi and Chuan-Kang Ting at National Tsing Hua University)
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President’s
Message

Bernadette Bouchon-Meunier
CNRS – Sorbonne Université,
FRANCE

To All Members of the Computational
Intelligence Community

I

t will be my great honor to serve as the president of the IEEE
Computational Intelligence Society in 2020–2021. I am
thankful to all those who have placed their trust in me to continue the great work done by the former presidents to develop the
activity and the visibility of the IEEE CIS and to reinforce service
to all its members.
My perception is that the IEEE Computational Intelligence
Society is both a scientific entity and a community of women and men. From a scientific point of view, the IEEE CIS is a home for all researchers and practitioners working on neural networks, learning systems, fuzzy systems, evolutionary computation,
adaptation paradigms and other nature-inspired computing topics. Many of the techniques developed in the IEEE CIS are at the core of currently trending artificial intelligence realizations. In addition to fundamental research topics, IEEE CIS technical
committees and their task forces address application domains which cover most intelligent systems important to the industry and real-world key issues. We can list, among
others, datamining and big data analytics, web intelligence, affective computing, energy
and smart grid, computer vision, audio processing, aerospace sciences, brain informatics, robotics, cybersecurity, bioinformatics and bioengineering, health, finance, business
intelligence, astronomy, games and smart world.
The most important aspect, from my point of view, is the fact that the IEEE CIS is
a community, a group of scientists of all experience levels, from students to fellows,
interested in theory or applications, from academia or industry, working in all parts of
the world. They share a common area of interest. They have the same capacity to promote Computational Intelligence and to move the IEEE CIS forward.
Chapters and student branches bring members of the IEEE CIS, belonging to the
same local environment, together. Their chairs are both representatives of the IEEE
CIS in local sections and delegates of their country, city or academia to the IEEE CIS
structure. It is of the utmost importance to have active chapter chairs and student
branch chairs, stimulating research and development of Computational Intelligence
around them as well as fostering local cooperations, international relations and expansion of their community. I am very grateful to all of them for their continued effort
and their commitment to the IEEE CIS members. I depend on all of you. I depend
on members of active chapters to continue to make the IEEE CIS a vibrant community. I depend on members of inactive chapters to ask for elections and elect a dynamic board. I also depend on members of the IEEE CIS in parts of the world where
there is no chapter, to create them and make them a success.
Our conferences and journals are the most visible parts of our activities. All of
them reflect the technical advances in the field of Computational Intelligence and
serve as a liaison to the whole community. I express my deep appreciation to the CIS
Editors-in-chief who work every day for the quality of our Transactions and

Digital Object Identifier 10.1109/MCI.2019.2954573
Date of current version: 10 January 2020

(continued on page 9)

CIS Society Officers
President – Bernadette Bouchon-Meunier,
CNRS-Sorbonne Université, FRANCE
Past President – Nikhil R. Pal,
Indian Statistical Institute, INDIA
Vice President – Conferences – Marley M. B. R.
Vellasco, Pontifical Catholic University of
Rio de Janeiro, BRAZIL
Vice President – Education – Simon M. Lucas,
Queen Mary University of London, UK
Vice President – Finances – Pablo A. Estévez,
University of Chile, CHILE
Vice President – Members Activities – Carlos A.
Coello Coello, CINVESTAV-IPN, MEXICO
Vice President – Publications – Jim Keller,
University of Missouri, USA
Vice President – Technical Activities –
Luis Magdalena, Universidad Politecnica
de Madrid, SPAIN
Publication Editors
IEEE Transactions on Neural Networks
and Learning Systems
Haibo He, University of Rhode Island, USA
IEEE Transactions on Fuzzy Systems
Jon Garibaldi, University of Nottingham, UK
IEEE Transactions on Evolutionary Computation
Kay Chen Tan, City University of Hong Kong,
HONG KONG
IEEE Transactions on Games
Julian Togelius, New York University, USA
IEEE Transactions on Cognitive and Developmental
Systems
Yaochu Jin, University of Surrey, UK
IEEE Transactions on Emerging Topics in
Computational Intelligence
Yew Soon Ong, Nanyang Technological University,
SINGAPORE
Administrative Committee
Term ending in 2020:
Janusz Kacprzyk, Polish Academy of Sciences,
POLAND
Sanaz Mostaghim, Otto von Guericke
University of Magdeburg, GERMANY
Christian Wagner, University of Nottingham, UK
Ronald R.Yager, Iona College, USA
Gary G.Yen, Oklahoma State University, USA
Term ending in 2021:
David Fogel, Natural Selection, Inc., USA
Barbara Hammer, Bielefeld University,
GERMANY
Yonghong (Catherine) Huang,
McAfee LLC, USA
Xin Yao, Southern University of Science
and Technology, CHINA
Jacek M. Zurada, University of Louisville, USA
Term ending in 2022:
Cesare Alippi, Politecnico di Milano, ITALY
James C. Bezdek, USA
Gary Fogel, Natural Selection, Inc., USA
Yaochu Jin, University of Surrey, UK
Alice E. Smith, Auburn University, USA

Digital Object Identifier 10.1109/MCI.2019.2954571

FEBRUARY 2020 | IEEE COMPUTATIONAL INTELLIGENCE MAGAZINE

3

Conference
Reports

Mengjie Zhang
Victoria University of Wellington, NEW ZEALAND
Kay Chen Tan
City University of Hong Kong, HONG KONG SAR

Conference Report on 2019 IEEE Congress
on Evolutionary Computation (IEEE CEC 2019)

T
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Tourism New Zealand. By including a
variety of topics in evolutionary computation, IEEE CEC provides a forum to
bring together researchers and practitioners from all over the world to present
and discuss their research findings on
evolutionary computation.
IEEE CEC 2019 received 791 submissions and over 530 registrations from
authors spanning 73 countries and regions. Among the submissions, a large
number of papers demonstrated refreshing theories and concepts, supported by
strong, compelling analytical and empirical analyses. Each paper was reviewed by
at least two reviewers (and most papers
received three or more reviews each).
Based on rigorous reviews, 443 highquality papers were accepted for oral and
poster presentations. The accepted papers
represent a diverse view of the latest
advances in the area and give a preview
of the next steps in our commitment to
drawing inspiration from nature for solving real and practical problems. The
organizing committee is truly humbled
by this impressive display of support for
the congress.

FIGURE 1 General Co-Chair (Mengjie Zhang)
delivering the opening speech at IEEE
CEC 2019.

FIGURE 2 Attendees socializing and indulging in delectable food and drinks at the
Welcome Reception.

he IEEE Congress on Evolutionary Computation (IEEE CEC) is
a leading event in the area of
evolutionary computation. The conference encompasses a broad set of topics,
including a variety of evolutionary
computation techniques and applications in a wide range of real-world
problems. In 2019, IEEE CEC was held
from 10-13 June at Te Papa Tongarewa,
the National Museum of New Zealand,
located in the capital city, Wellington,
which presents all the traditional culture
and history of New Zealand. Since the
first CEC, which took place in Orlando
in 1994, the 2019 congress also marked
the 26th milestone.
IEEE CEC has traditionally been
sponsored by the IEEE Computational
Intelligence Society (IEEE CIS). This
year, the congress also received financial
support from YiXue Education, ONRG
and Facebook, and great support from
Victoria University of Wellington and
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On 10th June, there were 18 free tutorials and 3 workshops that cover a wide
range of topics and offer a great opportunity to disseminate in-depth information
on specific areas of evolutionary computation. These topics range from multi-/
many-objective optimization, large-scale
optimization, hyper-heuristics, evolutionary machine learning, computer vision, to
theory and real-world applications. In
order to generate the most benefit for
researchers and students to exchange ideas
with established researchers in the field, a
large amount of effort had been made to
ensure that these tutorials were in highquality and free to all attendees.
IEEE CEC 2019 also featured a public lecture and four plenary talks including an industry plenary talk, given by
top researchers in the field of evolutionary computation:
❏ What Can Evolutionary Computation Do for You? (public lecture) by
Prof Xin Yao
❏ Research Trends in Evolutionary
Multi-Objective Optimization: Past,
Present and Future by Prof Hisao
Ishibuchi

FIGURE 3 Attendees at the Young Professionals & Student Activities & Women in Computational Intelligence joint Reception.

❏ Towards the Autonomous Evolution

of Robotic Ecosystems by Prof
Emma Hart
❏ Creative AI through Evolutionary
Computation by Prof Risto Miikkulainen
❏ How AI Makes Personalized Education Affordable to Every Family in
China, industry plenary talk by Dr
Wei Cui
The public lecture and the plenary
talks presented the audience with
cutting-edge research and technologies in the field of evolutionary
computation.
Apart from the technical program,
IEEE CEC 2019 also advocated socializing by supplementing a variety of
events as part of the social program, providing attendees with opportunities to
connect with other great minds with

common interests. Highlights include
the Welcome Reception on 11th June
which provided delectable food and
drinks, and the IEEE CIS joint reception (i.e., Young Professionals, Student
Activities and Women in Computational
Intelligence) to boost communication
and provide recognition among women,
young professionals and students.
Amongst the social programs, the
award banquet as the main event was
held on the evening of the 12th June at
the Amokura Gallery function venue, Te
Papa Museum, which provided a great
occasion for all participants, distinguished
guests, and speakers to bond over gourmet food and drinks. The banquet also
allowed for the recognition and celebration of researchers who achieved
outstanding success in the field of evolutionary computation and computational

FIGURE 5 General Co-Chairs, Mengjie Zhang (left) and Kay Chen Tan (center), receiving the
token of appreciation from Xin Yao (right), former IEEE CIS President, for successfully organizing IEEE CEC 2019.

FIGURE 4 Hisao Ishibuchi (left) being presented the prestigious 2019 IEEE CIS Fuzzy
Systems Pioneer Award by Carlos A. Coello
Coello (right), 2019 IEEE Vice PresidentMembers Activities.

intelligence. During the ceremony, recognition was given to the recipients
of the 2019 IEEE CIS Fuzzy Systems
Pioneer Award, 2019 IEEE CIS Outstanding PhD Dissertation Award, 2019
Transactions on Evolutionary Computation Outstanding Paper Award, 2019
IEEE Computational Intelligence Magazine Outstanding Paper Award, IEEE
CEC 2019 Outstanding Conference
Paper Award, Outstanding Student Paper
Award, etc.
Last but not least, we would like to
express our sincerest thanks to all people who have contributed in various
ways for making IEEE CEC 2019 a
successful conference. Through this grueling yet rewarding journey, we have
witnessed and appreciated the unwavering devotion of everyone including the
organizing committee members and
student volunteers, who have dedicated
their time and efforts for promoting
and organizing the conference. Special
thanks are also extended to all colleagues for their rigorous review of
paper submissions, which is vital for the
quality of accepted papers and the success of the congress. We also would like
to thank all the authors’ support in
paper submissions and presentations,
and to all delegates in making IEEE
CEC 2019 a memorable event. We look
forward to the next successful edition of
IEEE CEC 2020 as part of IEEE World
Congress on Computational Intelligence (WCCI) 2020, 19-24 July 2020,
in Glasgow, UK.
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Timothy C. Havens
Michigan Technology University
James M. Keller
University of Missouri

Conference Report on 2019 IEEE International Conference
on Fuzzy Systems (FUZZ-IEEE 2019)

T

he IEEE International Conference on Fuzzy Systems (FUZZIEEE 2019) is the leading conference
in the field of fuzzy systems. This year
marked the 28th edition of this important conference, and this year’s
FUZZ-IEEE received important financial sponsorship from the University
of Missouri: College of Engineering,
Electrical Engineering and Computer
Science Department, the Center for
Geospatial Intelligence, and the Center
for Eldercare and Rehabilitation Technology; the College of Computing at
Michigan Technology University; and
from the Lab for Uncertainty in Data
and Decision Making at the University
of Nottingham. The meeting was held at
the JW Marriott in vibrant New Orleans,
LA, from June 23-26, 2019. Laissez les
Bons Temps Rouler!
This year’s technical program was
rich and varied, with a special 2018
IEEE Frank Rosenblatt Award Keynote,
given by the esteemed Dr. Enrique
Ruspini, 3 plenary talks, and 4 invited
presentations. The conference was packed
with opportunities for networking and
technical exchange. There was a full slate
of tutorials on Sunday, followed by three
days of hard-hitting parallel sessions and
a plenary poster session that also included a new experiment with Late
Breaking Research entries. There was a
morning long session devoted to a competition for human and smart machine
co-learning on the game of Go. Another
novel aspect at FUZZ-IEEE this year
Digital Object Identifier 10.1109/MCI.2019.2937596
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FIGURE 1 Part of the conference swag. Hint: this is not a USB drive.

FIGURE 2 Enrique Ruspini receiving the 2018 IEEE Frank Rosenblatt Medal from IEEE Past
President, Jim Jefferies.
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was a formal program that matched
young authors with mentors to help
them continue down a path toward
their goals. Thanks to Christian Wagner
for running this event and to the CIS
and the University of Nottingham’s
LUCID Center for sponsoring—it was
a fun and inspiring time for both the
mentors and mentees and we hope
that these types of events live on in
future conferences.
Some Conference Details

We accepted 249 papers to the conference from a pool of 333 submissions
resulting in a 74.8% acceptance rate.
Of the accepted papers, 120 were
scheduled to be presented in oral sessions, 15 in poster presentations, and
the remaining in oral special sessions.
This year we also introduced the ability to submit “Late Breaking Research”
abstracts. There were 13 late breaking
research posters presented during the
poster session alongside the standard
poster submissions. In addition, we had
seven tutorials spanning a range of topics. Our highlighted Rosenblatt Medal
Winner Presentation and plenary talks
this year were:
❏ Rosenblatt Medal Winner’s Presentation: Similarity and Fuzzy Logic in
Cluster Analysis, Speaker: Enrique
Ruspini
❏ Plenary Talk: Data Explainability
Through Linguistic Expression of
Extracted Knowledge, Speaker:
Marie-Jeanne Lesot
❏ Plenary Talk: Fuzzy Rule-Based
Classifier Design: Accuracy, Interpretability and Explanation Ability,
Speaker: Hisao Ishibuchi
❏ Plenar y Talk: Explorations in
BIG Data and sMall Data with a
Fuzzy Perspective, Speaker: Lawrence Hall
We also had four invited presentations:
❏ Learning Control and Knowledge
Transfer Between Aerial Robots for
Improved Accuracy in Trajectory
Tracking, Speaker: Erdal Kaycan
❏ Do Fuzzy Sets Matter? An Interdisciplinary Point of View, Speaker:
Christian Wagner

FIGURE 3 Tim jamming with the New Orleans Jazz group at the banquet.

FIGURE 4 Conference Program Co-Chairs, Alina Zare and Derek Anderson giving Daniel
Sanchez the award for Best Paper.

FIGURE 5 Jim “entertaining” the crowd during a break in the action at the banquet. Seems
fitting, the picture is a little fuzzy.
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❏ Process Data and Computing with

FIGURE 6 Professional Go player taking on the machine in the competition session while
participating in emotion tracking research. Based on the robot’s expression, it seems the Pro
is winning. See http://oase.nutn.edu.tw/fuzz2019-fmlcompetition/demonstration.php for a
nice video of the conference and competition.

FIGURE 7 Part of the crew who helped make FUZZ-IEEE 2019 a fuzzy success.
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Words: A Neglected Opportunity?
Speaker: Anna Wilbik
❏ My Computer Speaks Colors! Fuzzy
Color Spaces for Image Understanding, Description and Retrieval,
Speaker: Jesus Chamorro Martinez
The conference included three panels. The audience discussed Fuzziness
in AI, Reproducible Research in the
Fuzzy Community, and Publishing in
IEEE Transactions on Fuzzy Systems with
experts. The panel on Reproducible
Research created a lively debate – check
it out when it appears on IEEE TV.
The success of this conference was
our responsibility, as Conference CoChairs, but ultimately we depended on
the many people in the organizing
committee and beyond, who worked
tirelessly on planning and organizing
the technical program and associated
social events. In particular, we give
many thanks to the program chairs,
Derek Anderson and Alina Zare, for
going well above and beyond to put
together an amazing technical program.
We also thank the numerous reviewers
who assisted them in ensuring a highquality technical program. We extend
our appreciation and thanks to all those
in the organizing committee who put
in many hours to provide us with assistance in planning and coordinating this
conference. Special gratitude is extended to our many volunteer “helpers”
(spouses, students, friends) who actually
made the conference work! Also, the
staff at the JW Marriott were super;
they anticipated all of our needs, and if
we wanted anything changed or updated, they accommodated us immediately.
Last, we would like to give special
thanks to Jo-Ellen Snyder, Bernadette
Bouchon-Meunier, and Gary Fogel for
their huge help and encouragement in
the past two years.
To close, we must thank the sponsors
of this conference, whose generosity
made this event possible. First, we thank
the IEEE Computational Intelligence
Society; the conference committee was
very helpful in guiding us towards a
successful event. Second, we thank
the University of Missouri, Michigan

Technological University, and the University of Nottingham for their important sponsorship. Finally, we are pleased
that the One World Alliance signed on
to be the official travel partner for
FUZZ-IEEE.
We believe that everyone had an
inspiring experience at FUZZ-IEEE
2019, and that all our attendees and
their friends had a great time in the Big
Easy. Laissez les bon temps rouler!
Let’s all meet for the next successful
edition of FUZZ-IEEE as part of
WCCI 2020 in Glasgow, Scotland.
FIGURE 8 What would an event in New Orleans be without a “traveling” New Orleans Brass
Band. They led the banquet attendees out at the end.

President’s Message

(continued from page 3)

Magazine. I am also extremely grateful
to the general chairs, program chairs and
other members of conference organizing committees who undertake the responsibility of hosting their colleagues
with high-level quality scientific programs and enjoyable social gatherings.
Conferences enable us to get together at
least once a year. Please join one of the
ten congresses and conferences sponsored by the IEEE CIS in 2020. In particular, I will be happy to see you in
Glasgow, UK, for IEEE WCCI 2020,
July 19–24 (wcci2020.org) and in Canberra, Australia, for IEEE SSCI 2020,
December 1–4 (ieeessci2020.org).
Of all aspects of living together in
the Computational Intelligence community, I would like to focus on two of
the most important ones to me: the
place of women and the emergence of
young generations, the two being intertwined. Since the inception of the
Women in Computational Intelligence
Committee in 2004, the IEEE CIS has
constantly promoted the right of its
women members to have the same
opportunities as men in their scientific
life and in the Society life. We strive to

build diverse committees and editorial
boards, and aim to put forth candidate
lists that are representative in terms of
gender. To increase the number of
women in the IEEE CIS, it is important
to have more girls attracted to the topics
we work on. All efforts will be done to
develop innovative summer schools or
activities along the year for high school
students, in order to make Computational Intelligence appealing to both
girls and boys and to make them aware
of the involvement of Computational
Intelligence in all aspects of our modern
life, including the most sophisticated.
Relations with industry are also
among my priorities, as they achieve several of the goals I discussed above. They
contribute to show that Computational
Intelligence is at the core of many industrial artificial intelligence successes. They
attract the young generation, excited by
modern real-world applications. They
propose challenges to researchers who
have to cope with the complexity of the
real world, the size and the speed of digital data, the necessary security and ethics
of devices and communications, and the
request of sustainable development, to cite

but a few of the issues in Computational
Intelligence applications. A convincing
way to prove the quality of our research is
to show its success in real-world applications, such as aerospace engineering,
robots, biomedical engineering, eldercare
or brain-computer interfaces, for instance.
The IEEE CIS technical challenge on
fraud detection, organized last year, was a
spectacular proof of the interest of
researchers for industrial challenges. It will
be my great pleasure to see a new CIS
industry-focused conference launched
next year, please stay tuned!
I will be remotely present for all of
you during the next two years. Do not
hesitate to share with me any real-world
realization or success story, any original
initiative for kids or, more generally, for
education, any successful activity of your
chapter, any action to improve women’s involvement in the CIS activities. I
strongly believe that, by sharing our
experiences, we can all together make the
CIS even more responsive to its members’ needs and wishes. Feel free to
send me any suggestion or question at
b.bouchon-meunier@ieee.org.
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Marley M.B.R. Vellasco
Pontifical Catholic University of Rio de Janeiro
(PUC-Rio) BRAZIL

IEEE CIS VP-Conferences Vision Statement

I

t is my pleasure and a great honor to
serve as Vice President for Conferences of the IEEE Computational Intelligence Society (IEEE CIS). High-quality
conferences are indeed one of the main
opportunities for researchers and students
to present their work and create an innovative networking environment. Together
with Conference Committee members, I
will put all my effort into continuing the
excellent work done by previous VP
Conferences in the past years, ensuring
the best environment to conference organizers so they can provide attendees an
excellent experience both in terms of
scientific content and networking.
One of my first activities related to
the IEEE CIS was the creation of the
Rio Chapter in 2011, serving as the
founding Chapter Chair for five consecutive years. During these years, I organized several invited talks to publicize
the Computational Intelligence area and
the IEEE CIS mission.
However, attending and organizing
conferences have always been one of my
priorities. After organizing special sessions
and being a member of the organizing
committee of various international conferences, my first experience as General
Chair was in 2005, of the Fifth International Conference on Hybrid Intelligent
Systems, held in Rio de Janeiro, Brazil.
Specifically for IEEE CIS, my involvement in the organization of conferences
started in 2011, as International Chair for
South & Central America of IJCNN
2011, in San Jose, USA, and Program
Chair of IJCNN 2013, in Dallas, culminating as General Chair of IEEE WCCI
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2018 in Rio de Janeiro, Brazil. More
recently, I have served in different CIS
Conference Committees, first as Chair of
the IEEE CIS Technically Co-Sponsored
Conferences Sub-Committee and then as
Chair of the Finance Sub-Committee, in
addition to being a member of the IEEE
CIS Bid Sub-Committee and the Strategic Planning Sub-Committee. These
previous experiences allowed me to better understand how CIS runs its flagship
conferences and technical cosponsored
conferences. They also gave me a better
idea of the difficulties encountered by
conferences organizers, from the preparation of bids and budgets, to the final
organization of the approved conference.
Organizing a conference involves a lot
of time and dedication. CIS will be
eternally grateful to the volunteer work
of the General Chairs and all organizing
committee members who have put a lot
of effort to keep the high standard of
our conferences.
Based on the excellent work done by
Bernadette Bouchon-Meunier and Gary
Fogel in recent years, as the past VP-Conferences, the structure of the Conference
Committee will be maintained with the
following sub-committees:
❏ Future Conferences
❏ Conference Finance
❏ Conference Bids
❏ Technical Co-Sponsorships
❏ Conference Activities and Communications
❏ Strategic Planning
All these sub-committees have key
roles in the organization, planning and
definition of new strategies for CIS
conferences.
Future Conferences Sub-committee is
responsible to plan future CIS events,
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looking for proposals for either the society’s main conferences, such as the IEEE
World Congress on Computational Intelligence (IEEE WCCI) and the IEEE
Symposium Series on Computational
Intelligence (IEEE SSCI), or other smaller
size but, nonetheless, important conferences that complete the spectrum of the
CIS core activities. Some of these smaller
conferences include IEEE CIFEr on
Financial Engineering and Economics,
IEEE CIBCB on Bioinformatics and
Computational Biology, IEEE CIVEMSA
on Virtual Environments for Measurement Systems and Applications, IEEE
ICDL-EpiRob on Development and
Learning & Epigenetic Robotics, IEEE
CISDA on Security and Defense Applications, IEEE BESC on Behavioral, Economics, and Socio-Cultural Computing,
and IEEE DSAA on Data Sciences and
Advanced Analytics. The IEEE World
Congress of Computational Intelligence
(IEEE WCCI), on the other hand, is the
largest technical event organized by CIS.
IEEE WCCI, held on even years, congregates researchers and students from all areas
under the Computational Intelligence
roof, hosting the three flagship conferences
of CIS: the International Joint Conference
on Neural Networks (IJCNN), the IEEE
International Conference on Fuzzy Systems (FUZZ-IEEE), and the IEEE Congress on Evolutionary Computation
(IEEE CEC), which are separately organized in odd years. IEEE WCCI encourages cross-fertilization of ideas among
the three big areas of CIS and provides
a forum for intellectuals from all over
the world to discuss and present their
research findings on computational intelligence. IEEE WCCI also incorporates
special sessions on cross-disciplinary and

CI applications areas, which allow the
organization of hybrid sessions, outlining
research topics of a variety of computational intelligence techniques. The next
IEEE WCCI meetings will be held in
Glasgow, Scotland, and Padova, Italy in
2020 and 2022, respectively. The IEEE
Symposium Series on Computational
Intelligence (IEEE SSCI) is another
important CIS conference, held every
year around December. IEEE SSCI is
organized as an association of more than
twenty symposia. IEEE SSCI 2020 will be
organized in Canberra, Australia, and
IEEE SSCI 2021 will be in Orlando,
Florida, USA.
Conference Finance and Conference
Bids Sub-Committees are responsible to
evaluate the proposed budgets and bids
received from potential organizers. Careful preparation of a bid and its associated
budget is a very important step to a successful approval and realization of a conference. The Conference Committee
provides all the support and advice to
help General Chairs. Instructions for the
preparation of proposals are available on
the CIS website (https://cis.ieee.org/
conferences/conference-proposals). We
are preparing a new document to be
uploaded on CIS website, to further facilitate the work of general chairs.This document will contain guidelines to prepare
the budget Excel file, explaining in details
the CIS rules regarding conference budgets and the important entries that need
to be included to achieve a successful

event. We are also preparing a guide to
better help conference chairs in all steps
of the organization.
Technical Co-Sponsorship SubCommittee deals with the evaluation of
proposals of various other conferences
that are handled by local organizations
with a technically co-sponsorship from
CIS, expanding the participation of CIS
to other related topics and countries.
Strategic Planning Sub-committee is
where new ideas are proposed and discussed. One of the new strategies being
discussed in this Sub-Committee is the
organization of an Industry Focused
Conference (“CI Expo”) with industry
applications of CI/AI/machine learning.
CIS conferences should be promoted and
associated with the new wave of Artificial
Intelligence. These actions can contribute
to CIS’s overall growth in terms of membership and volunteers’ participation, as
well as attracting young entrepreneurs to
join our society. We will continue to support this important initiative, providing all
the necessary support to consolidate the
Industry Focused Conference, in order to
increase the participation of companies’
personnel; improve sponsorship from
industries; attract young entrepreneurs –
startups to find capital investment; and
increase the participation of students –
find employment opportunities.
There are some other important
issues that need to be considered and
discussed. It is important to define efficient strategies to attract younger talents

to get involved in conference activities.
It is essential to propose and promote
actions to train and get younger professionals to serve in conference organization roles so that they can lead our
flagship conferences in the future.
Another key issue is to continue our
aim to increase the participation of
women in the IEEE CIS Conference
leadership. We are definitely committed
to keeping looking for new strategies to
obtain a more gender balance in the
leadership of CIS conferences, as well as
in their organizing committees. We
encourage and promote women to contribute in all capacities, giving them the
same visibility as men.
As already mentioned by previous VP
Conferences, the most important component of our conferences is their scientific
quality. Therefore, it is crucial that we continue to keep the highest attention to a very
strict reviewing process, performed by Program and Conference chairs with the help
of Technical Co-Chairs, on the basis of
expert review reports. We will continue to
improve the online submission and reviewing systems, providing authors, reviewers
and Program Chairs a suitable and userfriendly environment to guarantee a high
scientific program for CIS conferences.
I would like to stress that I am available and open to receiving suggestions,
comments and new ideas to improve
CIS conferences. All are more than welcome to contact me directly at marley@
ele.puc-rio.br.

Luis Magdalena
Universidad Politécnica de Madrid, SPAIN

IEEE CIS VP-Technical Activities Vision Statement

I

t is my great pleasure and honor to
serve as Vice President for Technical
Activities of the IEEE Computa-
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tional Intelligence Society (IEEE CIS)
for the period 2020-21. And I am extremely fortunate in doing so after my
predecessor, Hussein Abbass, who did an
excellent job in starting quite important
initiatives as the successful IEEE CIS

Technical Challenge as well as redefining some operational aspects of the
Technical Activities Committee.
I have been an IEEE member for a
long time, since I was an engineering
student interested in Artificial Intelligence
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more than thirty years ago. During this
period I have been involved in activities
of different IEEE societies: Computer,
Robotics and Automation, and Systems,
Man, and Cybernetics. In what concerns
Computational Intelligence, I have
served the Society in different positions
including Strategic Planning, Education,
Nominations and Awards Committees,
as well as being an AdCom member.
And obviously, I have also been involved
in IEEE CIS Technical Activities as a
member of several Technical Committees and Sub-Committees, and Chair of
the Intelligent Systems Applications TC.
The Vice President for Technical
Activities is, according to IEEE Computational Intelligence Society Bylaws,
responsible for coordinating the technical activities of the Society, while the
Technical Activities Committee (TAC) is
responsible for overseeing these activities.
When defining the Agenda for the next
two years as Vice President for Technical
Activities, and consequently as Chair of
the TAC, it is quite important to put it
into context. IEEE is the world’s largest
technical professional organization for
the advancement of technology, having
as its motto “Advancing Technology for
Humanity.” And we, the IEEE Computational Intelligence Society, should contribute to this common goal in what
concerns our field of activity: “Computational Intelligence.”
In my view, it is possible to define
four types of activities that contribute to
scientific/technology advancement and
consequently to the subsequent effects of
this advancement in Humanity. Those
four components are Education, Research, Transfer and Dissemination. Any
institution related to science and technology makes a different combination of
these components to define its own profile. And we, the IEEE CIS, should also
define our own cocktail. We have our
Education Committee that provides the
education component. We also have the
Publications Committee and the Conferences Committee to provide dissemination activities. And we finally have the
Technical Activities Committee to complete the drink by adding research and
transfer. But considering these four com-

12

ponents as independent represents a
significant mistake. They have strong
interactions. As a result, the better we
integrate the four aspects, the stronger
our Society will become and the larger
will be its impact on “Advancing Technology for Humanity.” In that sense,
technical activities should contribute to
research and transfer, but without missing the education and dissemination
components, being in a sort of crossroad
of our Society, showing strong interactions with Conferences, Publications and
Education activities.
Before considering some specific initiatives for the next two years, it is
important to notice that the TAC and
the technical activities of the Computational Intelligence Society are mostly
organized around Technical Committees
(TCs) and Task Forces (TFs). At present,
the TAC has 12 TCs usually grouped in
three main categories:
1) Technology-oriented TCs promoting CI technologies:
❏ Neural Networks
❏ Fuzzy Systems
❏ Evolutionary Computation
❏ Cognitive and Developmental
Systems
❏ Adaptive Dynamic Programming
and Reinforcement Learning
2) Application-oriented TCs dealing
with applications of CI technologies:
❏ Bioinformatics and Bioengineering
❏ Computational Finance and Economics
❏ Data Mining
❏ Games
❏ Smart World
3) Incubator TCs trying to identify
and nurture new CI technologies
and new areas for CI applications:
❏ Emergent Technologies
❏ Intelligent Systems Applications
The TAC also includes the Standards
Committee, dealing with standards, data
sets, and software of interest to people
working in CI, and the Strategic Planning Sub-Committee which hosts the
task force on Ethical and Social Implications of Computational Intelligence. The
overall structure is completed by the TFs,
that grouped under the different TCs, are
focused on more specific areas of CI. For
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a complete view of the list and topics of
the TCs and TFs, please visit https://cis
.ieee.org/technical-committees.
And now, let us start talking about
what to do in the next two years, considering first a recently and successfully
launched initiative, the IEEE CIS Technical Challenge.
The idea of launching a Technical
Challenge to give visibility to our Society was considered for the first time
more than three years ago in December
2016. Since that date, the definition and
implementation of the Challenge have
required a lot of time and effort. Initial
discussions took place along 2017 and
early 2018 at the level of the Strategic
Planning for Technical Activities Subcommittee of the TAC. As a member of
that committee, I was involved in those
conversations where quite different
approaches were considered and analyzed. After one and a half years of work,
a preliminary problem was chosen and
the question was mature enough to
enter in a second stage. Then a new
committee was created, the Technical
Challenge Committee responsible for
running the challenge and ensuring the
integrity of the overall evaluation process. But running the challenge was
much more complex than expected and
it was impossible to complete the process
in 2018, consequently the first Challenge
was delayed to 2019 giving the Committee more time to select a new problem, define the process, select the
platform to implement it and so on.
Finally, the process was completed in
2019 and the IEEE CIS Technical Challenge was launched in July and closed on
October first with significant success and
around 6,000 teams participating.
I know how complex has been and
how much effort has required this first
Challenge, but there is no time to rest,
and we need to keep on working to
design the IEEE CIS 2020 Technical
Challenge, consolidating this activity,
being this a central point in the Agenda
for next year.
A second interesting initiative recently launched and that needs to be
consolidated in 2020 is the Scientific
Mentoring Program. After two tests at a

lower dimension during IJCNN 2018
in Rio de Janeiro (Brazil), and FUZZIEEE 2019 in New Orleans (US), we
plan to organize for the first time a
Mentoring Program at WCCI level during WCCI 2020 in Glasgow (Scotland).
The two previous programs have demonstrated the potential of this activity,
but a much larger implementation at a
WCCI level requires the strong involvement of a large team of volunteers that
have already started its work.
From highly visible actions as the
Technical Challenge or the Mentoring
Program, we will move now to another
initiative with quite limited external visibility but a high impact in the internal
activity: the implementation of the
recently updated Technical Activities
Operational Manual, and the auditing of
TCs. An updated Operational Manual
has been recently defined and is now in
the process of approval. As soon as the
approval process is completed, we should
start working on its implementation that
should take place in 2020. We plan also
to complete an already started auditing
process involving the different TCs and
TFs of TAC.
It has been mentioned before that
transfer (technology transfer) should also
be considered as one of the components
contributing to scientific/technology
advancement. In that sense, it is clear
that IEEE CIS needs to improve its
interaction with Industry, and TAC
seems to be the right place to work for
this improvement considering not only
transfer but also dissemination activities.
It is also important to achieve a higher
involvement of Industry in IEEE CIS
activities. We need to define new tools,
and exploit the existing ones, to
approach/attract industry and to gain
visibility. Every TC or TF can play a role
in this respect, but obviously, application
oriented TFs will have more to offer to
Industry. Tools to be considered are the
organization of Industrial Panels in our
conferences or even in our Computa-

tional Intelligence Magazine. Other
actions such as Industry oriented special
sessions and application oriented special
issues would also be interesting. These
actions will obviously require the interaction with Conferences and Publications Committees.
Technology transfer has been always
in the agenda of TAC. Some years ago,
there was a Technology Transfer Committee integrated as a component of
TAC, but the committee disappeared,
and some of the questions under its
consideration were assumed by the
Industry Liaison Sub Committee under
the Education Committee. Recently, the
IEEE CIS Strategic Plan included as
one of its points, to: “Increase collaborations and soften boundaries between CIS and
other IEEE societies, emergent communities
and industry,” and designed some specific
actions to be deployed by TAC (jointly
in some cases with other Committees of
IEEE CIS) in order to achieve this strategic goal:
❏ Promote CI concepts to all IEEE members
❏ Demonstrate that CI is central part to all
computational learning systems
❏ Constitute an Industry Advisory Committee
The third point is of particular interest here. An Industry Advisory Committee could represent an extremely
powerful tool to strengthen IEEE CIS
collaboration with Industry. It will help
in designing a strategic plan for the
industry engagements, which include
industry sponsors, demos, panels, special
sessions/issues, and even recruiting
events. The design and implementation
of this Committee will represent a quite
important point in TAC Agenda for the
next two years, a design that will require
a previous thoughtful analysis involving
not only TAC but also ExCom and
Education Committee (at least through
its Industry Liaison Sub Committee).
To this point, I have mentioned actions
that will require potential cooperation
with Education, Conferences and Publications Committees. These and any

other action or technical activity will
always rely on volunteering IEEE CIS
members. Consequently, a key action for
the success of any initiative is to enlarge
the body of volunteers supporting our
activities. To do so, one important point
will be to extend the support of TAC to
regional IEEE-CIS technical activities in
order to catch new people (and particularly young people) to work for the
Society. This promotion at a regional
level will require the cooperation with
Chapters Committee (under Members Committee).
In summary, for the next two years,
we are designing a mixture of different
activities and initiatives. These activities
range from doing business as usual by
contributing to conferences (with
papers, special sessions, panels, tutorials,
workshops, etc.), or to journals (with
papers and special issues), to completely
new initiatives as the creation of an
Industry Advisory Committee. We will
also work to consolidate recently
launched initiatives such as the Technical
Challenge and the Mentoring Program.
All these ideas will be implemented
considering a quite synergistic approach
with other Committees (e.g., Education,
Publications, Conferences and Members), and trying to integrate the largest
and widest possible team of volunteers.
We should favor the integration in this
team of young professionals, people
from industry, and women, continuing
with the Gender Balance Strategy of
IEEE CIS.
I can’t end this message without saying thanks to all those who have contributed and who will contribute to the
success of the technical activities of our
Society. Please, consider yourself as a
potential candidate to join the team.
New volunteers will be more than welcome. I am also open to any suggestion
or comment. If you want to be involved
or has any idea or opinion you want to
share with me, please directly contact
me at luis.magdalena@upm.es.
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Cesare Alippi
IEEE CIS 2019 Awards Committee Chair,
Politecnico di Milano, ITALY, and
Università della Svizzera italiana, SWITZERLAND

2020 IEEE CIS Awards
Fuzzy Systems Pioneer Award
Laszlo T. Koczy, Budapest University of Technology and Economics
and Szechenyi Istvan University
(Gyor), HUNGARY
For contributions to fuzzy rule-based systems
and fuzzy modeling.
Laszlo T. Koczy received the M.Sc.,
M.Phil. and Ph.D.
d e g re e s f ro m the
Technical University
of Budapest (BME)
in 1975, 1976 and
1977, respectively; and the D.Sc. degree
from the Hungarian Academy of Science
in 1998. He spent his career at BME
until 2001, and from 2002 at Szechenyi
Istvan University (Gyor, SZE). He has
been from 2002 to 2011 Dean of Engineering, and from 2013 to current, President of the University Research Council
and of the University Ph.D. Council.
From 2012 he has been a member of the
Hungarian Accreditation Committee
(for higher education), appointed by the
Prime Minister, and elected Chair of the
Engineering and Computer Science subcommittee, Acting Chair of the Professors and Ph.D. sub-committee, and has
been a member of the National Doctoral
Council since 2012.
He has been a visiting professor in
Australia (ANU, UNSW, Murdoch and
Deakin), in Japan (TIT, being LIFE
Endowed Fuzzy Theory Chair Professor),
in Korea (POSTECH), Austria (J. Kepler
U.), Italy (U. of Trento), and Poland
(AGH University) etc.
His research interests are Intelligent
Modeling and algorithms with multidisciplinary applications including manageDigital Object Identifier 10.1109/MCI.2019.2954636
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ment and logistics. He has published
over 750 articles, most of those being
refereed papers, and several textbooks on
the subject. He has over to 2830 independent citations (mtmt.hu) and his
Hirsch-index is 39 by Google Scholar
(based on ~6600 citations there).
His main results are: he did introduce
the concept of rule interpolation in
sparse fuzzy models, and hierarchical
interpolative fuzzy systems, fuzzy
Hough transform, and also fuzzy signatures and fuzzy situational maps, further fuzzy signature state machines
among others. He also proposed a family of memetic algorithms (Bacterial
Memetic Algorithm, Discrete Bacterial
Memetic Algorithm) which, among others, provides the best solutions to the
Traveling Salesman Problems and Traveling Repairman Problems. His research
interests include applications of CI for
management, transportation and logistics,
control and decision support information
retrieval, etc.
He was a Lead Guest Editor at Complexity. He was an Associate Editor of
IEEE TFS for several periods, and is now
AE of Fuzzy Sets and Systems, Int. Journal of Fuzzy Systems, Journal of
Advanced Computational Intelligence,
Int. J. of Fuzzy Systems, Soft Computing,
etc. He is a Fellow of the International
Fuzzy Systems Association, of the International Society of Management Engineers and of the Hungarian Academy of
Engineering. He was the founding President and is now the Life Honorary
President of the Hungarian Fuzzy Association, was President, etc. of IFSA,
AdCom member of IEEE CIS, and of
IEEE Systems Council, etc. He is a
member of the St. Stephan Academy of
Science (2016), and of the Polish Academy of Science (2017).
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Evolutionary Computation
Pioneer Award
Risto Miikkulainen, The University
of Texas at Austin and Cognizant
Technology Solutions, USA
For contributions to theory, algorithms, and
applications of neuroevolution.
Risto received an
M.S. in Engineering
from the Helsinki
University of Technology (now Aalto
University), Finland,
in 1986, and a Ph.D.
in Computer Science from UCLA in
1990. Risto’s research focuses on biologically inspired computation such as neural networks and genetic algorithms: On
one hand, the goal is to develop intelligent artificial systems that learn and
adapt by interacting with the environment, and on the other, obtain insights
into biological information processing.
His three main focus areas are: (1) Evolutionary optimization of neural network architectures in decision making,
robotics, games, and artificial life; (2)
Cognitive Science, i.e., models of natural
language processing, memory, and learning that, in particular, shed light on disorders such as schizophrenia and aphasia;
and (3) Computational Neuroscience,
i.e., development, structure, and function
of the visual cortex and episodic memory. Risto is an author of over 400 articles
in these research areas, and the books
“Computational Maps in the Visual
Cortex” (Springer, 2004) and “Subsymbolic Natural Language Processing”
(MIT Press, 1993). Several of his papers
have won best paper awards; he has also
won AAAI/IAAI deployed application
awards for evolutionary optimization of
web interface design and for a machine
learning system to predict graduate

admissions, the BotPrize award for creating a video game bot that passes a Turing Test, a Gabor Award from the
International Neural Network Society
for neuroevolution, and an Outstanding
Paper of the Decade award of the International Society for Artificial Life. Risto
believes that evolution is the next deep
learning, and is currently working on a
platform that would make it possible to
apply evolutionary optimization rapidly
to many real-world applications.
Meritorious Service Award
Pau-Choo (Julia) Chung, National
Cheng Kung University, TAIWAN
For contributions to the membership development of the Computational Intelligence Society.
Pa u - C h o o ( Ju l i a )
Chung is a full professor of the Department of Electr ical
Engineering, National Cheng Kung Unive r s i t y (N C K U ),
Taiwan, and was elected as a Distinguished Professor in 2005. She also
served as Program Director of Intelligent
Computing Division, Ministry of Science and Technology (2012–2014), Taiwan. She was the Director General of
the Department of Information and
Technology Education, Ministry of Education (2016–2018). Currently she is the
Director of Computer and Network
Center of NCKU and the Chair of IEEE
CIS Strategy Planning Committee.
Julia Chung is an IEEE Fellow. She
served on the VP for Members Activities
(2015–2018), the Chair of IEEE CIS
Distinguished Lecturer Program (2012–
2013), the Chair of Women in Computational Intelligence (2014), the CIS website
manager (2007–2008) and IEEE CIS
ADCOM member (2009–2014). She
found the CIS Tainan Chapter in 2004
and served as its founding Chair. Julia initiated various programs and strategic planning to enhance visibility of CIS and
reach out to all communities. She initiated
Reception for cultivating potential female
members and Young Professional members, and set up forums for members’
interactions. She simplified the DLP
nomination process, refined the criterion

for selection of DLs, and extended DLP
coverage. She initiated the reshaping CIS
Newsletter to shine up CIS promising
and emerging techniques, to deliver CIS
senior members pathways to the Young
Professional members, and to highlight
CIS members’ achievements and awards.
The new face of Newsletter significantly
promotes CIS visibility and image among
CIS members. She served as an Associate
Editor of IEEE Transactions on Neural
Network and Learning Systems. She also
served as the publicity Co-Chair and the
program Co-Chair on SSCIs and WCCIs.
Professor Chung’s research interests
include neural networks, deep learning,
and image analysis and understanding.
Particularly she applied the CI techniques
on medical and healthcare applications.
She developed various approaches for the
analysis of medical images (CT, fMRI,
mammograms, and etc.). One of her current research focuses is on pathology
image analysis through the combination
of domain knowledge with the deep
learning neural networks. She also has
great interests in pushing the techniques
into clinical adoption in practical use.
IEEE Transactions on Neural Networks and Learning Systems Outstanding Paper Award
“LSTM: A Search Space Odyssey,” by
Klaus Greff, Rupesh K. Srivastava, Jan
Koutník, Bas R. Steunebrink, and Jürgen Schmidhuber, Vol. 28, No. 10, pp.
2222–2232, October 2017.
IEEE Transactions on Fuzzy Systems
Outstanding Paper Award
“A Hierarchical Fused Fuzzy Deep Neural Network for Data Classification,” by
Yue Deng, Zhiquan Ren,Youyong Kong,
Feng Bao, and Qionghai Dai,Vol. 25, No.
4, pp. 1006–1012, August 2017.
IEEE Transactions on Evolutionary
Computation Outstanding Paper
Award
“Performance of Decomposition-Based
Many-Objective Algorithms Strongly
Depends on Pareto Front Shapes,” by
Hisao Ishibuchi, Yu Setoguchi, Hiroyuki
Masuda, and Yusuke Nojima,Vol. 21, No.
2, pp. 169–190, April 2017.

IEEE Transactions on Cognitive
and Developmental Systems Outstanding Paper Award
“Deep Reinforcement Learning With
Visual Attention for Vehicle Classification,” by Dongbin Zhao, Yaran Chen,
and Le Lv, Vol. 9, No. 4, pp. 356–367,
December 2017.
IEEE Transactions on Computational Intelligence and AI in Games
Outstanding Paper Award
“The ANGELINA Videogame Design
System−Part I,” by Michael Cook,
Simon Colton, and Jeremy Gow, Vol. 9,
No. 2, pp. 192–203, June 2017.
IEEE Transactions on Emerging
Topics in Computational Intelligence Outstanding Paper Award
“A Model-Driven Methodology for the
Design of Autonomic and Cognitive
IoT-Based Systems: Application to
Healthcare,” by Emna Mezghani, Ernesto Exposito, and Khalil Drira,Vol. 1, No.
3, pp. 224–234, June 2017.
IEEE Computational Intelligence
M a g a z i n e O u t s t a n d i n g Paper
Award
“PlatEMO: A MATLAB Platform for
Evolutionary Multi-Objective Optimization,” by Ye Tian, Ran Cheng, Xingyi
Zhang, and Yaochu Jin,Vol. 12, No. 4, pp.
73–87, November 2017.
Outstanding PhD Dissertation
Award
Zhen Ni for his
thesis entitled “Goal
Representation Adaptive Dynamic Programming for Machine
Intelligence” for the
degree of Doctor of
Philosophy, University of Rhode Island,
USA, August 2015.
Supervisor: Haibo He, University of
Rhode Island, USA.
Abstract−This d i s s e r t a t i o n is
focused on a general pur pose new
framework for machine intelligence
based on adaptive dynamic programming (ADP) design. This research is significantly important for developing
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self-adaptive intelligent system that is
highly robust and fault-tolerant to
uncertain and unstructured environments. Generally, there are two key
components toward building truly selfadaptive systems: fundamental understanding of brain intelligence and
complex engineering designs. This dissertation will focus on general purpose
computational intelligence methodologies from a biological-inspired perspective, and develop a new self-learning
machine intelligent system online over
time. Furthermore, this new approach
will also be explored on wide critical
engineering applications.
Specifically, a new framework, named
“goal representation adaptive dynamic
programming (GrADP)”, is proposed and
introduced in this dissertation. It is
regarded as the foundation of building
intelligent systems through internal
reward learning, goal representation and
state-action association. Unlike the traditional ADP design with an action network and a critic network, this new
approach integrates an additional network, called the reference (or goal) network, such that to build a general internal
reinforcement signal. Unlike the traditional fixed or predefined reinforcement
learning signal, this new design can adaptively update the internal reinforcement
representation over time and thus facilitate the system’s learning and optimization to accomplish the ultimate goals.
The original contribution of this
research is to integrate an adaptive goal
representation design into ADP framework rather than engineering handcrafted reward functions in literature.
This is the first time that the reward signal is presented in a general mapping
function by the observation of system
variables over time.This is also an important step towards a general purpose selfadaptive learning system based on ADP
designs. Generally, ADP family has three
major categories: heuristic dynamic programming (HDP), dual heuristic dynam-
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ic programming (DHP), and globalized
dual heuristic dynamic programming
(GDHP). In this research, goal representation principle has been integrated into
each design, and verified with promising optimization and learning results. To
this end, goal representation heuristic
dynamic programming (GrHDP), goal
representation dual heuristic dynamic
programming (GrDHP), and goal representation globalized dual heuristic
dynamic programming (Gr-GDHP), are
successfully proposed and developed as a
new GrADP family. Further studies of
GrADP approaches from toy problems
to real-world applications have been provided in comparison with several other
classical control and reinforcement learning approaches. The rigorous mathematical analysis and stability assurance have
also been provided to address the convergence and boundedness issues, which
are the theoretical assurance for this new
integrated design. In summary, this is the
first time that the new GrADP design
framework has been proposed and
described explicitly with its family
members. The numerical simulation verification, engineering applications and
also theoretical results are provided to
study each of the new architecture
design from different viewpoints.
Outstanding Early Career Award
Julian Togelius, New York University,
USA
For contributions to the field of Computational Intelligence and Games.
Julian Togelius received his BA in Philosophy from Lund
University in 2002, his
MSc in Evolutionary
and Adaptive Systems
from the University of
Sussex in 2003, and his PhD in Computer
Science from the University of Essex in
2007. He later did a postdoc at IDSIA in
Lugano and was an Assistant and Associate Professor at IT University of Copen-
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hagen, and is now an Associate Professor
in the Department of Computer Science
and Engineering at New York University.
Julian studied philosophy because he
wanted to understand the mind. However, he gradually became disillusioned
with the prospects for making much
progress on this non-tr ivial topic
through thinking alone. He reasoned
that to understand the mind, he needed
to build minds, so he took to artificial
intelligence. Initially, he worked in evolutionary and other biologically inspired
approaches to robotics. But he soon
realized that video games are much
more interesting than robots, and more
useful as AI benchmarks as well, as they
are faster, cheaper, and designed to challenge human intelligence. So he reoriented his research toward video games as
AI benchmarks.
Along the way, he figured out that not
only are games useful for AI, but that AI
can be useful for games as well. He pioneered the use of search-based procedural
content generation, where evolutionary
algorithms are used to create content
such as levels or characters for games, and
did some of the world’s first work on
automatic game design. He also did highly influential early work on modeling
player behavior and experience, and
combining that work with content generation to automatically adapt games to
the player. Some of his recent work
focuses on enabling tools that can help
game designers be more creative; other
recent work uses games to diagnose the
shortcomings of reinforcement learning,
including its failure to generalize. At the
end of the day, Julian still wants to understand how the mind works. He’s just taking a roundabout way to get there.
Julian directs the Game Innovation
Lab at New York University. He is also
the Editor-in-Chief of IEEE Transactions on Games, co-founder of the startup modl.ai, and advisor of another
startup, OriGen.ai.

In
Memoriam

Bernadette Bouchon-Meunier
Paris, FRANCE
Piero P. Bonissone
San Diego, USA
Jim Bezdek
Pensacola, FL USA

Obituary for Enrique H. Ruspini

O

n October 15, 2019, the IEEE
Computational Intelligence
Society (CIS) lost a great volunteer, Dr. Enrique Ruspini, who
devoted a large portion of his professional life to the conception, development and growth of CIS. On the same
day, our scientific community lost a
great scientist, as Enrique was one of
the first pioneers in fuzzy clustering
and approximate reasoning, providing a
similarity-based interpretation of fuzzy
logic. Finally, Bernadette, Piero, and
Jim, and many of us lost Enrique, a
great friend, who was always ready to
help on a moment’s notice.
It is difficult to describe Enrique in a
few words, and it is even more difficult to
separate the volunteer from the scientist.
Enrique H. Ruspini received his degree of Licenciado en Ciencias Matemáticas
from the University of Buenos Aires,
Argentina, and his doctoral degree in System Science from the University of California at Los Angeles. He was one of the
earliest contributors to the development
of fuzzy set theory and its applications,
having introduced its use to the treatment
of numerical classification and clustering
problems. He also made significant contributions to the understanding of the
foundations of fuzzy logic and approximate reasoning methods. His recent
research focused on the applications of
fuzzy logic techniques to the development of systems for intelligent control of
teams of autonomous robots, information
retrieval, qualitative description of comDigital Object Identifier 10.1109/MCI.2019.2954637
Date of current version: 10 January 2020
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Enrique H. Ruspini

plex objects, and knowledge discovery
and pattern matching in large databases.
Dr. Ruspini was the author of over
100 original research papers, a Life Fellow of the Institute of Electrical and

Electronics Engineers, a First Fellow of
the International Fuzzy Systems Association, a Fulbright Scholar, and an SRI
Institute Fellow. He received the Meritorious Service Award of the IEEE
Neural Networks Society for leading
the transition of the Neural Networks
Council into Society status.
Jim still remembers when he was sitting with Enrique on the flight home
from the International Congress for
Cybernetics and Systems, which was
held in Acapulco in 1980. At that time
there were no professional organizations dedicated to fuzzy sets and system
models, so they decided to form one.
Enrique led the way, recruiting Lotfi
Zadeh, who then recruited King-Sun
Fu, to help us in this endeavor. Without

FIGURE 1 Top Row: Piero Bonissone, Jim Bezdek, Enrique Ruspini; Middle Row: Marc
Roubens, Philippe Smets, Janet Efstathiou, Richard Tong, Ronald Yager, Elie Sanchez; Bottom
Row: Paul Wang, Abe Mamdani, Tanya Bezdek, King-Sun Fu, Jim Yao, Lorenza Saitta.
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FIGURE 2 Enrique receiving the 2018 Frank Rosenblatt award from
James Jefferies, Past President of the IEEE.

Enrique, this would have inevitably happened later, but with Enrique, it happened then. With Jim, Enrique was one
of the founding members of the North
American Fuzzy Information Processing
Society (NAFIPS) and one of the first
recipients of that society’s King-Sun Fu
Award. Figure 1 shows Enrique among
some of the 41 participants to NAFIP
-1, the first NAFIPS meeting, organized
in Logan, UT, by Jim Bezdek.
Dr. Ruspini was also the recipient of
the 2009 Fuzzy Systems Pioneer Award
of the IEEE Computational Intelligence
Society. However, his crowning achievement was the 2018 IEEE Frank Rosenblatt Award, which was bestowed to him
“for fundamental contributions to the
understanding of fuzzy logic concepts
and their applications”. He received this
award during the 2019 IEEE International Conference on Fuzzy Systems in
New Orleans, LA, in June 2019 (Figure 2), surrounded by his family (Figure 3).
This gave all of us the opportunity to
spend a few days with him for the last
time. He was very present, as always, he
gave a plenary lecture and he participated
in a panel. Jim was both humbled and
honored when Enrique asked him to
push his wheelchair up the ramp to the
stage to get the award. Some wondered
why he would ask Jim instead of many
other possible candidates. There were two
reasons: their shared body of work in
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FIGURE 3 Enrique surrounded by his family after receiving the 2018 IEEE
Frank Rosenblatt Award at FUZZ-IEEE 2019, in New Orleans, LA, USA.

fuzzy clustering was a bond for them; but
more importantly, they loved each other.
That was the last time we all saw
Enrique, and it is etched in our memory
as one of the best moments of our life.
Dr. Ruspini was a member of the IEEE
Board of Directors (Division X Director,
2003–2004), the Past-President (President-2001) of the IEEE Neural Networks
Council and its past Vice-president of
Conferences. Dr. Ruspini, who has led
numerous IEEE technical, educational, and
organizational activities, was also a member
of the Administrative Committee of the
IEEE Computational Intelligence Society
and of its Awards and Constitution and
Bylaws Committees, as well as its VicePresident for Finance from 2013 to 2018.
However, the description of his accomplishments as a volunteer and as a scientist
fails to capture Enrique’s passion for life,
his outgoing personality, and his breadth
and depth of scientific and cultural
knowledge. We have known Enrique
since the late 70’s and we have enjoyed his
friendship ever since. Needless to say, we
have numerous anecdotes on Enrique’s
character and personality that we would
like to share with you. For the sake of
brevity, we will each describe one.
Sharing with Enrique a common
interest in soccer and wine, Piero can still
vividly remember the day when Italy was
playing against Argentina in the 1990
World Cup Semifinals. Enrique and Piero
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were in Paris, attending the 1990 International Conference on Information Processing and Management of Uncertainty
in Knowledge-Based Systems (IPMU),
which was organized by Bernadette. We
decided to take a break from the conference to watch the game in Piero’s room,
which had a large-screen TV. We were
obviously rooting for our respective teams
but we also behaved with civility toward
each other. After a tied game (1-1) at the
end of regulation time, Argentina ended
up winning 4-3, on penalty kicks - well
Argentina had Maradona and Italy did
not… Enrique was torn by two opposing
feelings: the joy of witnessing the victory
of his team and the sorrow of watching
Piero sad and distressed (yes, soccer could
be an emotionally moving sport). He
called room service and ordered a bottle of
Chardonnay, which they consumed
together, discussing some of the salient
points of the soccer game and of course
both complaining about the referee… It
was typical vintage Enrique.
Piero was not the only one to share
the passion for soccer with Enrique. Jim
and Enrique had a long and heated set
of exchanges about the US soccer team
during the 2002 World Cup. This was
the only time the US team ever rose to
the quarterfinals, but Enrique refused
to accept the US team as a legitimate
(continued on page 23)

Publication
Spotlight

Haibo He, Jon Garibaldi, Kay Chen Tan,
Julian Togelius, Yaochu Jin, and
Yew Soon Ong

CIS Publication Spotlight

IEEE Transactions on Neural
Networks and Learning Systems

The Boundedness Conditions for ModelFree HDP(m , by S. Al-Dabooni and
D. Wunsch, IEEE Transactions on Neural Networks and Learning Systems, Vol.
30, No. 7, July 2019, pp. 1928–1942.
Digital Object Identifier: 10.1109/
TNNLS.2018.2875870
“This paper provides the stability
analysis for a model-free action-dependent heuristic dynamic programing
(HDP) approach with an eligibility trace
long-term prediction parameter (m).
HDP(m) learns from more than one
future reward. Eligibility traces have long
been popular in Q-learning. This paper
proves and demonstrates that they are
worthwhile to use with HDP. In this
paper, we prove its uniformly ultimately
bounded (UUB) property under certain
conditions. Previous works present a
UUB proof for traditional HDP
[HDP(m = 0)], but we extend the proof
with the m parameter. By using Lyapunov stability, we demonstrate the boundedness of the estimated error for the
critic and actor neural networks as well
as learning rate parameters. Three case
studies demonstrate the effectiveness of
HDP(m). The trajectories of the internal
reinforcement signal nonlinear system
are considered as the first case. We compare the results with the performance of
HDP and traditional temporal difference
[TD(m)] with different m values. The secDigital Object Identifier 10.1109/MCI.2019.2954638
Date of current version: 10 January 2020
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ond case study is a single-link inverted
pendulum. We investigate the performance of the inverted pendulum by
comparing HDP(m) with regular HDP,
with different levels of noise. The third
case study is a 3D maze navigation
benchmark, which is compared with
state action reward state action, Q(m),
HDP, and HDP(m). All these simulation
results illustrate that HDP(m) has a competitive performance; thus this contribution is not only UUB but also useful in
comparison with traditional HDP.”
Dynamic Feature Acquisition Using
Denoising Autoencoders, by M. Kachuee,
S. Darabi, B. Moatamed, and M. Sarrafzadeh, IEEE Transactions on Neural
Networks and Learning Systems, Vol. 30,
No. 8, August 2019, pp. 2252–2262.
Digital Object Identifier: 10.1109/
TNNLS.2018.2880403
“In real-world scenarios, different
features have different acquisition costs at
test time which necessitates cost-aware

methods to optimize the cost and performance tradeoff. This paper introduces
a novel and scalable approach for costaware feature acquisition at test time. The
method incrementally asks for features
based on the available context that are
known feature values. The proposed
method is based on sensitivity analysis in
neural networks and density estimation
using denoising autoencoders with binary representation layers. In the proposed
architecture, a denoising autoencoder is
used to handle unknown features (i.e.,
features that are yet to be acquired), and
the sensitivity of predictions with respect
to each unknown feature is used as a
context-dependent measure of informativeness. We evaluated the proposed
method on eight different real-world
data sets as well as one synthesized data
set and compared its performance with
several other approaches in the literature.
According to the results, the suggested
method is capable of efficiently acquiring features at test time in a cost- and
context-aware fashion.”
IEEE Transactions on
Fuzzy Systems

A Multiview and Multiexemplar Fuzzy
Clustering Approach: Theoretical Analysis
and Experimental Studies, by Y. Zhang,
F.-L. Chung, and S. Wang, IEEE Transactions on Fuzzy Systems, Vol. 27, No. 8,
August 2019, pp. 1543–1557.
Digital Object Identifier: 10.1109/
TFUZZ.2018.2883022
“Multiview and multiexemplar fuzzy
clustering aims at effectively integrating
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the fuzzy membership matrix of each
individual view to search for a final partition of objects in which each cluster
may well be represented by one and
even multiple exemplars. However, how
to integrate the corresponding fuzzy
membership matrix of each view such
that enhanced clustering performance
can be theoretically guaranteed still keeps
an open topic. In this study, with the
proposed exemplar invariant assumption
that an exemplar of a cluster in one view
is always an exemplar of that cluster in
each other view, the authors demonstrate
that multiview & multiexemplar fuzzy
clustering has a theoretical guarantee of
enhanced clustering performance. Based
on the above-mentioned theoretical
result, the authors develop a novel multiview & multiexemplar fuzzy clustering
approach (M2FC). The key features of
the proposed approach are: first, embed a
quadratic penalization term into its
objective function to minimize the discrepancy of exemplars across different
views such that the exemplar invariant
assumption can be met as much as possible; and second, optimize the proposed
objective function of the proposed
approach by applying the Lagrangian
multiplier method and Karush-KuhnTuchker conditions to assure nonnegative fuzzy memberships. Extensive
experimental results show that M2FC
outperforms the existing state-of-the-art
multiview approaches in most cases.”
Semisupervised Fuzzy Clustering With
Partition Information of Subsets, by J.-P.
Mei, IEEE Transactions on Fuzzy Systems, Vol. 27, No. 9, September
2019, pp. 1726–1737.
Digital Object Identifier: 10.1109/
TFUZZ.2018.2889010
“Pairwise constraint is a type of side
information that is widely considered
in existing semisupervised clustering
approaches. In this paper, the authors
explore a new form of supervision for
clustering. They consider the partition
results of a number of subsets as additional information to assist clustering.
Compared to the pairwise constraint,
which only involves the “must-link” or
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“cannot-link” relationship of two objects,
the partition of a subset of objects provides information about the group structure of more objects and hence can
possibly serve as a more effective form of
supervision for clustering. In this paper,
the authors instantiate the idea of clustering with subset partitions under the
fuzzy clustering framework for document categorization. The proposed fuzzy
clustering approach is formulated to
learn from the partition of subsets and
has the ability to handle high-dimensional document data. Specifically, the
partition results of subsets are collectively
transformed into pairwise relationships,
based on which a penalty term is constructed and incorporated into a cosinedistance-based fuzzy c-means approach.
The experimental results on benchmark
data sets demonstrate the effectiveness of
the proposed approach for a semisupervised document clustering.”
IEEE Transactions on
Evolutionary Computation

Optimal-Margin Evolutionary Classifier,
by M. R. Bonyadi and D. C. Reutens,
IEEE Transactions on Evolutionary
Computation, Vol. 23, No. 5, October
2019, pp. 885–898.
Digital Object Identifier: 10.1109/
TEVC.2019.2895298
“In this paper, the authors introduce
a novel approach for discriminative classification using evolutionary algorithms.
They first propose an algorithm to optimize the total loss value using a modified
0–1 loss function in a 1-D space for classification. They then extend this algorithm for multidimensional classification
using an evolutionary algorithm. The
proposed evolutionary algorithm aims to
find a hyperplane that best classifies
instances while minimizing the classification risk. They test particle swarm optimization, evolutionary strategy (ES), and
covariance matrix adaptation ES for
optimization purposes. After parameter
selection, they compare the results with
well-established and state-of-the-art classification algorithms, for both binary and
multiclass classification, on 23 bench-
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mark classification problems, with and
without noise and outliers. They also
compare these methods on a seizure
detection task for 12 epileptic patients.
Results show that the performance of
the proposed algorithm is significantly
(Wilcoxon test) better than all other
methods in almost all problems tested.
They also show that the proposed algorithm is significantly more robust against
noise and outliers comparing to other
methods. The running time of the algorithm is within a reasonable range for
the solution of real-world classification problems.”
IEEE Transactions on Games

ViZDoom Competitions: Playing Doom
From Pixels, by M. Wydmuch, M.
Kempka, and W. Jaśkowski, IEEE
Transactions on Games, Vol. 11, No. 3,
September 2019, pp. 248–259.
Digital Object Identifier: 10.1109/
TG.2018.2877047
“This paper presents the first two editions of Visual Doom AI Competition,
held in 2016 and 2017. The challenge
was to create bots that compete in a multiplayer deathmatch in a first-person
shooter game Doom. The bots had to
make their decisions solely based on visual information, i.e., a raw screen buffer.To
play well, the bots needed to understand
their surroundings, navigate, explore, and
handle the opponents at the same time.
These aspects, together with the competitive multiagent aspect of the game, make
the competition a unique platform for
evaluating the state-of-the-art reinforcement learning algorithms. This paper discusses the rules, solutions, results, and
statistics that give insight into the agents’
behaviors. Best performing agents are
described in more detail. The results of
the competition lead to the conclusion
that, although reinforcement learning can
produce capable Doom bots, they still are
not yet able to successfully compete
against humans in this game. This paper
also revisits the ViZDoom environment,
which is a flexible, easy to use, and efficient three-dimensional platform for
research for vision-based reinforcement

learning, based on a well-recognized firstperson perspective game Doom.”
IEEE Transactions on Cognitive
and Developmental Systems

Deep Spiking Convolutional Neural
Network Trained With Unsupervised
Spike-Timing-Dependent Plasticity, by
C. Lee, G. Srinivasan, P. Panda, and K.
Roy, IEEE Transactions on Cognitive
and Developmental Systems, Vol. 11,
No. 3, September 2019, pp. 384–394.
Digital Object Identifier: 10.1109/
TCDS.2018.2833071
“Spiking neural networks (SNNs)
have emerged as a promising brain inspired neuromorphic-computing paradigm for cognitive system design due to
their inherent event-driven processing
capability. The fully connected (FC)
shallow SNNs typically used for pattern
recognition require large number of
trainable parameters to achieve competitive classification accuracy. In this paper,
the authors propose a deep spiking convolutional neural network (SpiCNN)
composed of a hierarchy of stacked convolutional layers followed by a spatialpooling layer and a final FC layer. The
network is populated with biologically
plausible leaky-integrate-and-fire (LIF)
neurons interconnected by shared synaptic weight kernels. The authors train
convolutional kernels layer-by-layer in
an unsupervised manner using spiketiming-dependent plasticity (STDP) that
enables them to self-learn characteristic

features making up the input patterns. In
order to further improve the feature
learning efficiency, the authors propose
using smaller 3 × 3 kernels trained using
STDP-based synaptic weight updates
performed over a mini-batch of input
patterns. The proposed deep SpiCNN,
consisting of two convolutional layers
trained using the unsupervised convolutional STDP learning methodology,
achieved classification accuracies of
91.1% and 97.6%, respectively, for inferr ing handwr itten digits from the
MNIST data set and a subset of natural
images from the Caltech data set.”
IEEE Transactions on Emerging
Topics in Computational
Intelligence

Data-Driven Decision-Making (D3M):
Framework, Methodology, and Directions,
by J. Lu, Z.Yan, J. Han, and G. Zhang,
IEEE Transactions on Emerging Topics in
Computational Intelligence, Vol. 3, No.
4, August 2019, pp. 286–296.
Digital Object Identifier: 10.1109/
TETCI.2019.2915813
“A decision problem, according to
traditional principles, is approached by
finding an optimal solution to an analytical programming decision model,
which is known as model-driven decision-making. The fidelity of the model
determines the quality and reliability of
the decision-making; however, the
intrinsic complexity of many real-world
decision problems leads to significant

model mismatch or infeasibility in
deriving a model using the first principle. To overcome the challenges that
are present in the big data era, both
researchers and practitioners emphasize
the importance of making decisions
that are backed up by data related to
decision tasks, a process called datadriven decision-making (D 3M). By
building on data science, not only can
decision models be predicted in the
presence of uncertainty or unknown
dynamics, but also inherent rules or
knowledge can be extracted from data
and directly utilized to generate decision solutions. This position paper systematically discusses the basic concepts
and prevailing techniques in data-driven
decision-making and clusters-related
developments in technique into two
main categories: programmable datadriven decision-making (P-D3M) and
nonprogrammable data-driven decision-making (NP-D 3M). This paper
establishes a D3M technical framework,
main methodologies, and approaches
for both categories of D3M, as well as
identifies potential methods and procedures for using data to support decision-making. It also provides examples
of how D3M is implemented in practice
and identifies five further research
directions in the D3M area. We believe
that this paper will directly support
researchers and professionals in their
understanding of the fundamentals of
D3M and of the developments in technical methods.”

Call for Papers for Journal Special Issues
Special Issue on “Applications of Fuzzy Systems in Data Science and Big Data”
Journal: IEEE Transactions on Fuzzy Systems
Guest Editors: Gautam Srivastava, Dragan Pamučar, Jerry Chun-Wei Lin, and Sotiris Kotsiantis
Submission Deadline: March 1, 2020
Further Information: Gautam Srivastava (srivastavag@brandonu.ca)

https://cis.ieee.org/images/files/Publications/TFS/special-issues/A_Special_Session_on_Applications_of_Fuzzy_S
ystems_in_Data_Science_and_Big_Data.pdf
Digital Object Identifier 10.1109/MCI.2019.2954684
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Celimuge Wu
The University of Electro-Communications, JAPAN
Guoliang Xue
Arizona State University, USA
Jie Li
Shanghai Jiaotong University, CHINA
Kok-Lim Alvin Yau
Sunway University, MALAYSIA
Junaid Qadir
Information Technology University, Lahore, PAKISTAN

Computational Intelligence for Internet of Things
in the Big Data Era (Part II)

E

merging Internet of Things (IoT)
applications in various domains
such as smart city, smart home,
smart grid, e-health, smart transportation,
and computer vision critically require
trustworthy networking solutions that
are resilient against disturbances and
disruptions, including high-mobility,
high density, disasters, infrastructure failures, cyberattacks, etc. The networking
framework should be capable of providing more secure, reliable and efficient
communications in various network
environments, especially for the performance-sensitive and mission-critical
applications such as remote surgery and
autonomous driving.
Two main challenges exist in enforcing trustworthy IoT. The first challenge
comes from the spatial diversity of the
entities involved in communications,
such as the high-mobility of the devices, and the limitations of propagation
media and other resources. The second
challenge is due to the varying temporal features of the environment. These
challenges can be solved by using computational intelligence (CI) technologies
such as fuzzy logic and evolutionary
computation. On the other hand, Big
Data-based approaches, including deep
neural networks, could facilitate datadriven prediction and perfor mance
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This special issue puts a focus on CI-based solutions
for the spatial-temporal challenges toward trustworthy
Internet of Things in the Big Data Era.
improvement by capturing time-dependent properties of network elements
such as user traffic and behaviors. While
CI technologies can achieve a flexible
and self-evolving system design, Big
Data can facilitate the use of deep neural networks through which learning
the best strategy from complex data
becomes possible.
This special issue focuses on the
technical challenges and the synergistic
effect of Big Data and CI for trustworthy IoT. We were successful in attracting
47 submissions. All of the submitted
papers were reviewed by at least three
competent independent referees and
also by one editor. Following a rigorous
peer review process, 7 papers have been
accepted for publications, and three of
them have been selected for the Part II
of this special issue (the first four accepted papers were published in Part I on
2019 November).
The first paper, “Mining Mobile
Intelligence for Wireless Systems: A
Deep Neural Network Approach” by H.
Hu et al., discusses the challenges on big
data-based wireless system design, and
proposes a unified framework to tackle
them with the help of deep neural net-
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works (DNN) and online learning techniques. In particular, the authors propose
a DNN architecture by incorporating
an embedding layer to project different
types of raw data to a latent space and
utilizing a regression or classification
function to predict the mobile access
pattern. By evaluating the performance
with a real wireless dataset, the authors
show the advantage of the proposed
framework over baseline approaches.
In the second paper titled “Enabling
Computational Intelligence for Green
Internet of Things: Data-Driven Adaptation in LPWA Networking,” C. Zhang et
al. develop a comprehensive solution for
intelligent green IoT networking to satisfy the modern requirements through a
data-driven mechanism, so that the IoT
networks use computational intelligence
to realize self-regulation of composition,
size minimization, and throughput optimization. Both real-world evaluations
and numerical comparisons are conducted to show the performance of the proposed approach.
Last but not the least, H. Song et al.
propose AI-based solutions to address
the challenges related to random access,
spectrum access, and spectrum sensing

in their paper titled “Artificial Intelligence Enabled Internet of Things: Network Architecture and Spectrum Access.”
To facilitate IoT users to choose transmission parameters efficiently, several
deep reinforcement learning-based ap proaches are introduced and discussed.

In Memoriam

We sincerely thank all of the authors
who submitted their papers to our special issue, and to a large number of distinguished reviewers who volunteered
their time and expertise and helped us
in curating a high-quality special issue
on this important and timely topic. We

would also like to thank Prof. Hisao
Ishibuchi, the former Editor-in-Chief
of IEEE Computational Intelligence
Magazine (IEEE CIM), and all the
members of the editorial team for their
support during the editing process of
this special issue.

(continued from page 18)

FIGURE 4 Workshop on Fuzzy Logic, Blanes, Spain, 1989. From left to right: R. Felix, D. Dubois, B. Bouchon-Meunier, L.A. Zadeh, F. Esteva,
J.L. Castro, J. Aguilar, E. Bonet, C. Freksa, A. Vila, R. Lopez de Mantaras, L.Valverde, C. Alsina, E. Trillas, J.L. Verdegay, J. Jacas, H. Prade, E. Ruspini,
and colleagues.

contender because the US team “didn’t
have a soccer history”. And so, they
argued… Soccer was a passion we all shared.
Bernadette still remembers his energy and dynamism when participating
in the first meetings gathering the
emerging fuzzy community. The most
surprising for her was probably to see
him in Acapulco, where they were participating in the International Congress on Applied Systems Research
and Cybernetics in December 1980.
After the sessions, a small group went
to the beach and Enrique disappeared

at some point, to suddenly appear again,
but in the sky, doing some sort of parasailing. They could not believe what
they saw!
He was a strong supporter of brand
new fuzzy conferences (Figure 4). Bernadette cannot forget that he actively
participated in the first issue of the
IPMU conference in Paris in 1986 and
he continued to attend it regularly during many years, giving for instance a
plenary lecture at IPMU 2008 in Málaga, Spain. He was also a plenary lecturer at the first edition of the French

annual fuzzy conference, Rencontres
Francophones sur la Logique Floue et ses
Applications, held in Paris in 1995,
which he attended in spite of a general
strike in France that eliminated all
means of transportation.
Enrique loved computers, travel,
astronomy, photography, history, music,
opera, and sports. He loved science and
people. He was the corporate memory
for IEEE CIS, he was a mentor and a
friend. We will miss him.
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latent space and utilize a regression or classification function to
predict the mobile access pattern. It outperforms the best traditional machine learning algorithm (76% vs. 63%) significantly.
Moreover, combining the proposed DNN architecture with
online learning techniques, we show two cases on how to apply
the mobile intelligence for wireless video applications, including video adaption and video pre-fetching. In the former case,
we utilize the proposed DNN method to predict the dynamics
of user count within the coverage of base stations, and adaptively
adjust the bitrate for video streaming to improve the video
watching experience. In the latter one, we utilize the proposed
method to predict the user trajectory, i.e., the associated base stations, and conduct content prefetching to reduce the access
latency. Evaluating the performance with a real wireless dataset,
we show that the perceived video QoE and cache hit ratio are
greatly improved (0.7db and 25% respectively).
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I. Introduction

Abstract—Wireless big data contain valuable information on
users’ behaviors and preferences, which can drive the design and
optimization for wireless systems. The fundamental issue is how
to mine mobile intelligence and further incorporate them into
wireless systems. To this end, this article discusses two challenges
on big data based wireless system design and optimization, and
proposes a unified framework to tackle them with the help of
Deep Neural Networks (DNNs) and online learning techniques.
In particular, we propose a DNN architecture by incorporating
an embedding layer to project different types of raw data to a

ecent years have witnessed a dramatic growth of
wireless big data generated from various wireless systems and mobile devices [1]–[3], which draw great
attention to data-driven system design and optimization. Globally, there were 8 billion mobile devices and the generated mobile data traffic reached 7.2 exabytes per month in
2016. It is predicted that the number of mobile devices will
increase to 11.6 billion, and the traffic will grow to 49.0 exabytes per month by 2021 [4]. As these data contain rich information of human beings and wireless systems, there are great
opportunities for diagnosing system bottlenecks, designing novel
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architecture, and optimizing overall performance. For instance,
we can mine the mobile access pattern, such as individuals’ geolocation [5] and social relationship from Usage Detail Records
(UDRs), which can be utilized for content prefetching or content dissemination over social networks [6].
Applying wireless big data into system design and optimization meet two fundamental challenges. First, the unique characteristics of wireless big data hinder the analyzing and mining
mobile intelligence. In particular, wireless big data are usually
un-structured and heterogeneous. For example, the UDR is
structured. The data from mobile apps may contain structured
data and un-structured data, such as emotion and chat. Traditional statistical analysis and machine learning perform well on
structured data, but not on unstructured data [7]. Second, both
mobile intelligence and wireless systems are rapidly changing,
incorporating them together should be in an online manner.
For instance, driven by the revolution of wireless networks
(e.g., 3G to 4G), smart devices with different sensors, and service integration (e.g., video, online social networks), wireless
systems are evolving rapidly with the changing mobile access
pattern [8], [9]. Intelligence from the previous dataset may be
outdated for the running wireless systems.
There exist some efforts on tackling the aforementioned
challenges, which can be categorized into model-based methods
and machine learning based methods. For the former, they need
to utilize the given dataset to model the running mechanism of
existing systems or build a simulator, and then devise various
optimization algorithms. However, it is challenging to guarantee
that the performance on well-characterized simulator or model
will extend to real systems, which inevitably differ from those
envisioned in the deployment and will continue to evolve over
time. This bias between the simulator and real systems presents
an obstacle to any model-based method. As a result, they need
to periodically build the model and update algorithms, which
are computation and labor intensive. For the latter, they mainly
consist of two steps, including feature extraction, and (un)supervised feature learning. The performance highly relies on feature
extraction, which needs prior knowledge and domain expertise.
Thus, they need to conduct systematic optimization case-bycase without performance guarantee.
To further bridge the performance gap, we jointly study the
wireless big data analysis and system optimization and present a
general framework as shown in Figure 1. It consists of three
components, wireless big data, deep neural network based intelligence mining, and online learning based system optimization.
First, we need to gather wireless big data to drive our research.
Sometimes, external knowledge from other domains, such as
online social networks, can be useful. After that, we can utilize
the deep neural networks based algorithms to mine various data
intelligence, such as social interaction, user trajectory, and user
interest. Finally, using intelligence, we can design the system
architecture and the online learning methods (e.g., reinforcement learning) to dynamically adjust the system deployment
strategy. Our framework tackles the aforementioned challenges
due to the two salient characteristics of deep neural networks

and online learning. For the first challenge, deep neural networks combine the feature extraction and pattern learning into
the same neural network architecture without the prior domain
knowledge for feature extraction. These algorithms have shown
great success in other fields, such as computer vision and natural
language processing. For the second challenge, an online learning method can track the system dynamics and gradually adjust
system parameters to react to system changes.
Following the proposed framework, our work is structured as
follows. First, we collect a wireless dataset from a mobile operator. Second, using deep neural networks, we predict the mobile
access pattern and compare the performance with the traditional
machine learning algorithm. Third, to further illustrate how to
utilize the intelligence, we introduce two specific cases, including
video adaptation and content prefetching, on utilizing wireless
big data to improve users’ QoS with the help of the online
learning algorithm. To the best of our knowledge, the interrelationship between wireless big data and learning technique has
not been well addressed in previous work. We believe that the
initial step we take can help in understanding how to integrate
deep neural networks and online learning for wireless system
design, deployment and optimization.
II. Overview of Mobile Access Pattern
Prediction and Deep Neural Network

This section presents a brief introduction to the mobile access
pattern prediction and deep neural network. We start by introducing mobility datasets, mobile access pattern prediction and
its applications. Then we describe the theory of deep neural
network and its main benefit.
A. Mobile Access Pattern Prediction and Its Applications

Built on mobility datasets released by mobile operators, numerous analyses have been conducted to reveal mobile access patterns, from temporal, spatial, to preference. These datasets
commonly describe four essential elements of a mobile access
pattern, i.e., who (users), where (location), when (timestamp) and what
(contents). Thus, researchers aimed to develop different models to
describe the relationship among these four elements. Zhao et al.
[10] analyzed the time interval that a user returns to the same
location and revealed that it follows a fat-tailed distribution. Lee
et al. [11] demonstrated that the spatial distribution of the traffic
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Resource
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FIGURE 1 Architecture of data intelligence based system design and
optimization. It consists of three components: wireless big data, deep
neural network based intelligence mining, and online learning based
system optimization.
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density follows the log-normal or Weibull distribution. Barabasi
et al. [12], [13] studied the long-term mobility of mobile users
and found that it is not consistent with the levy flight model.
Xu et al. [14] found that there are different time-domain traffic
patterns for cellular towers, and each of them can be mapped to
one type of geographical locations related to urban ecology,
including a residential area, business district, transport, entertainment, and comprehensive area. Other researchers investigated
the relationship between location and application, such as social
network [15]–[17] and web access [18].
Via analyzing the mobile access pattern, we can optimize various wireless systems, such as mobile cellular networks, Delay Tolerant Network (DTN), content prefetching system, and
social-aware recommendation. In particular, mobile cellular networks need to evaluate the network coverage and performance to
diagnosing customer complaints. By predicting the performance
of cellular signal in terms of spatial and temporal dimensions [19],
[20], we can reduce the operational costs for network operators
and improve the quality of user experience. DTN exploits the
user-to-user opportunistic sharing during an intermittent meeting of mobile users. If we can know users’ trajectory in advance,
we can strategically design the propagation chain, i.e., a set of
mobile users, to reduce the dissemination delay [21]. Content
prefetching refers to replicate contents ahead of users’ requests and
thus reduce the service delay and shift traffic away during the
peak periods. Hu et al. [22] employed the Markov chain to model
the user behavior and utilized the reinforcement learning to
design the online video prefetching policy.Yuan et al. [15] studied
the correlation between geo-locations and physical entities (e.g.,
restaurants, bar) and make recommendations based on locations.

ly, researchers have found that the same complexity can be
achieved by a neural network with multiple hidden layers with
fewer neurons in total, known as deep neural networks.
Currently, deep neural networks outperform the traditional
machine learning algorithms in many files, including computer vision, speech recognition, and natural language processing.
Traditional machine learning algorithms consist of two major
steps, including feature extraction, and (un)supervised feature
learning. The performance highly relies on feature extraction,
which needs prior knowledge and domain expertise. By contrast, deep neural networks replace these two steps with a unified neural architecture and learn more latent features via a
huge amount of connected neurons to gain better performance. Although deep neural networks show excellent performance in many machine learning tasks, their applications to
wireless systems have not yet been widely explored.
Deep Reinforcement Learning(DRL), considering a
long-term accumulative reward for sequential and farsighted
decision making, combines deep neural networks and reinforcement learning [23]. It utilizes the neural networks to approximate the relationship between states and actions, and thus address
the curse of dimensionality. Inspired by the wonderful success of
AlphaGo, built on DRL techniques, there exist a large number
of works on utilizing DRL for various applications, including
vehicular networks [24], [25] and edge computing [26].
III. Mobile Access Pattern Prediction

In this section, we introduce our DNN based architecture for
mobile access pattern prediction and compare the performance
with the traditional machine learning algorithms.

B. Deep Neural Network

A. Dataset & Problem Statement

Neural networks, inspired by the working principle of the
human brain, are a set of algorithms that are used to recognize
patterns, including clustering, classification, and regression. They
can model the complex and non-linear relationships between
input data and output. For the traditional machine learning algorithms, e.g., linear regression, decision trees and boosting, we
have input layer and output layer, and the inputs are manually
transformed into certain representations. By contrast, in a neural
network, there are one or more hidden layers between input and
output layers. Each hidden layer consists of a number of neurons
that process its inputs from the previous layer using an activation
function, which transforms the input data variables to an output
data. At each layer except input layer, the input to each neuron is
the weighted sum of units from the previous layer, and an activation function, such as logistic, tanh, or rectified linear unit, is
applied to transform the input to a new representation.There are
weights on links between neurons from layer to layer. The computation flow forwards from input to output, and we can get the
final results (e.g., class) for the given inputs. The emergence of
powerful hardware, i.e., GPU, enables training complex models
for various tasks via neural networks and gain unprecedented
attention from industry and academia. In the traditional neural
network, there are one hidden layer and several neurons. Recent-

The dataset is an anonymized cellular trace collected by an ISP
from nine municipalities in the south of China, covering
23 days. Each entry of the trace contains six key fields, including
anonymized phone number, start-end time of data connection,
base station ID, address of base station, the requested website,
and the amount of 3G or LTE data used in each connection.
Due to the sparse relationship between users and base-stations
or websites, we conduct filtering for the raw trace. In particular,
we discard the individuals with less than 15 records per day and
utilize the root website as the requested URL. In this way, we
obtain more than 7 million records covering 179 root websites,
9,720 users, and 684 base stations.
This dataset will be utilized to study the mobile access patterns. In particular, each entry in our dataset can be interpreted
as a tuple {who, when, where, what}. Utilizing the historical information, we can predict the base station that a mobile user connects to (trajectory prediction) and the website that a mobile user visits
(interest prediction), or simultaneously predict both information.
These tasks can be described as finding the mapping functions
f ($): 1who, when, where2 " 1interest2 or f ($): 1who, when2 "
1where2. In essence, it is a classification problem. Other tasks,
such as traffic forecasting, can also be transformed into a regression problem. In this article, we focus on illustrating the
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the neighborhood together for an image, and the word embedding
technique puts words with a similar meaning closer to each other
in a word space. However, the structured data with categorical
features may not have continuity. The traditional method is to use
one-hot encoding. For example, when we have 1,000 base stations,
we need a 1000-dimension vector to represent a base station, i.e.,
one single 1 and all the others 0. Naively applying neural networks does not work well due to the following reasons:
❏ When we have many high cardinality features, one-hot
encoding often results in an unrealistic amount of computational resource requirement. In our example, the dimension
of input data is at least 179 + 9, 720 + 684 = 10, 583. Moreover, the convergence of the deep neural networks cannot
be guaranteed.
❏ Different values of categorical variables are treated independently, and some informative relations are ignored.
In our example, the time interval of two entries cannot
be captured.
❏ As different categorical variables have diverse dimensions, the
importance of some variables with the lower dimension will
be weakened. In our example, the dimension of the user feature is 9,720, and will dominate the feature representation.
To tackle this problem, we propose a novel deep neural network architecture [27] as illustrated in Fig. 2. It consists of four
layers. For the input layer, we utilize the one-hot encoding for
each type of data, e.g., user, time and website. The first hidden
layer is entity embedding layer. The one-hot encoding of each
type of data will be fully connected to the corresponding entity
embedding layer. All the output of the first hidden layer will be
fully connected to one dense layer. The output layer is the classification result. In comparison with the traditional deep neural
network, one type of embedding layer will transform the spare
one-hot encoding data to a low-dimension representation, and

classification performance using deep neural networks and traditional machine learning methods, by taking the interest prediction as an example. Similar analysis can be extended to other
mobile access pattern predictions.
B. Traditional Machine Learning Methods

Traditional machine learning algorithms consist of two major
steps, including feature extraction, and (un)supervised feature
learning. For the feature extraction, there are three types of features that are commonly used for mobile access pattern prediction, including:
❏ Original feature: There are three original features that we can
extract for each entry, including the timeslot (when this entry
occurs), the geo-location (where this entry occurs), and the
sojourn time (How long a user connects to a website).
❏ Temporal feature: Given a mobile user, we can extract two
temporal features for each entry, including the time interval
between two consecutive entries, and the time interval
between two consecutive entries for the same website.
❏ Spatial feature: Give a mobile user, we can extract two spatial
features for each entry, including the distance interval between
two consecutive records and the gyration of this user.
For the supervised learning step, there are many classification models, such as support vector machine, decision tree, random forest, and AdaBoost. We choose the random forest
method with 10 trees to build the classification model, which
achieves the best performance among these prevailing methods.
C. DNN-Based Method

In principle, a neural network can approximate any continuous
function and piecewise continuous function. Currently, the
unstructured data can be transformed into continuous variables.
For example, the convolutional neural networks group pixels in
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FIGURE 2 DNN architecture for mobile access pattern prediction. It consists of four layers, including one input layer, two hidden layers and one
output layers. For the two hidden layer, we first utilize one entity embedding layer to transform the spare one-hot encoding into a vector with
lower dimension for each type of input, and a dense layer to fully connected the neurons in the entity embedding layer.
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different embedding layers are independent. In this way, our proposed architecture can achieve dimension reduction, and eliminate the dimension difference between different types of data.

referred to the hyper-parameter tuning. The representation
output of layer j, i.e., r j, is given as:
r ( j ) = f ( W ( j ) s( j - 1) + b( j ) ),

1) Pre-processing
The input data can be categorized into two types: categorical
information (integer values) and continuous values. Accordingly, we adopt two specific approaches to extract the features. In
particular, we use embedding layer and quantification layer to
extract the features for categorical information and continuous
values, respectively. The time information is discretized into
3600 slots with an equal slot duration; the categorical information is represented using the one-hot encoding pattern. All
these raw features will be connected to the corresponding onelayer neural network for feature embedding. Let x i denote the
i-th input data and vi denote the extracted feature vector. The
data prepossessing can be denoted as:
vi = fi(x i; d) ! R U ,

(1)

where fi is the feature extraction method for i-th data type and
d is the learned parameter.
2) Learning Representation
In this phase, we combine the feature vectors from the preprocessing phase to generate a single feature vector. In particular, the simple concatenation operation is employed and has the
following form:
s = C ( g 1(v 1), g 2(v 2), f, g i(vi )),

(2)

where vi is the i-th feature vector and g i(vi ) assigns different
“weights” for distinctive features, which can be tuned as hyperparameter in the training process. C is the concatenation operation and s represents the fused feature vector. Eq. (2) not only
provides a general way to fuse different features and achieve better
performance, but also to identify the significant factors to user
behavior prediction.
The fused feature vector is fed into several fully connected
layers to generate a high-level representation. It should be
noted that the number of fully connected layers can be adjusted according to the size of the dataset. Interested audience is
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FIGURE 3 Prediction accuracy comparison of different algorithms.
Our proposed method shows the best performance comparing to the
other state-of-the-art machine learning algorithm.
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(3)

where s( j - 1) is the input of layer j, W j is the weight matrix
between layer j - 1 and layer j, b j is the bias, and f represents
the activation function of layer j . To prevent overfitting, we utilize the dropout technique in these hidden layers when training.
3) Predicting Access Pattern
In this phase, we use a single-layer NN to process the output or
the learned representation from the learning representation phase
for either classification or regression. The learned representation
is denoted as s(l ), and the associated ground truth or label of the
training sample is denoted as Y. Let W l + 1 denote the weight
matrix of the single layer NN. For classification, the loss function
is defined as the cross-entropy function as given below:
L = - Y log F ( W l + 1 s(l ) + b l + 1 ),

(4)

where F is the activation function, i.e., the softmax function.
For regression, the loss function is given as:
L = 1 ( Y - F ( W l + 1 s (l ) + b l + 1 ))2,
m

(5)

where F can be the linear activation function and m is the
number of samples in a training batch.
D. Experimental Results

The first experiment is to predict the visiting website of users,
which can be transformed into a classification task. In the data
pre-processing phase, each user is represented by a one-hot vector and mapped into a 10-dimension vector by the embedding
layer. Time feature is discretized into 3600 intervals and mapped
into a 3-dimension vector. Each base station is normalized into
the range [0, 1] and mapped into a 3-dimension vector. Website
feature is represented by a one-hot vector and mapped into a
6-dimension vector. In the feature learning module, these vectors
are concatenated into a single one (i.e., 10 + 3 + 3 + 6 = 22dimension). Two fully connected layers are employed to handle
the fusion feature, in which the dropout technique is utilized to
prevent overfitting. In the output layer, we use the softmax activation function and the cross-entropy loss function for training
and prediction. For the baseline algorithm, we use random forest algorithm with different feature combinations, including
original feature, temporal feature, spatial feature, and all the features (abbreviated as RF-O, RF-T, RF-S, and RF-All). For all
these algorithms, we use the 10-fold cross validation method
for training and testing.
The performance comparison is shown in Fig. 3. For the
random forest algorithm, we can achieve the best performance
using all the features (63%), followed by original feature (43%),
spatial feature (37%) and temporal feature (18%). Our deep
neural network based algorithm gains the best performance
with an accuracy of 76%.

The second experiment is to predict the user count associated with a mobile station, which is cast as a regression problem. We use the Autoregressive Moving Average (ARMA)
model, SVM regression, and random forest regression as the
baseline algorithms. The Mean Square Error (MSE) values are
shown in Table I. The MSE of our proposed method outperforms our algorithms.
IV. Data-Driven Wireless System Design

In this section, we present two case studies, including video
adaptation and video prefetching, in which the mobile intelligence mined from wireless big data are utilized for system
design and optimization.

where j (t ) is the bitrate choice, ur (t ) is the averaged QoS of all
the mobile users within a base station, and d is the threshold
for QoS guarantee. We will predict the value of ur (t ) and then
utilize a heuristic method to increase or decrease the bitrate.
Game Theory Based Spectrum Allocation
Given the bitrate version j (t ) determined by the network
operator, we will utilize the game theory method for spectrum
allocation to solve the competition problem. In particular, due
to the limited spectrum channels, the selection of a specific
spectrum channel of one user may lead to interference to other
mobile users. Thus, each mobile user aims to maximize its individual utility. Given other users’ spectrum selection strategies
a -n, user n aims to find a strategy a n that maximizes the utility:

A. Learning Based Video Adaptation System

DNN Based QoS Prediction and Bitrate Adjustment
The overall QoS of mobile users depends on several coupled
factors and can be estimated by our DNN based method. Within a time interval, there will be a set of mobile users requesting
spectrum channels for video consumption. The number of
mobile users, the spectrum allocation method, and the selected
bitrate version determine the QoS of all the mobile users. These
three factors are dynamic and coupled, leading to the bias of
QoS prediction. In this work, we use the DNN based method
to predict the overall QoS by using the historical information
mobile users’ video consumption. The bitrate adjustment problem is given as below:
P1: max
s.t.

j (t )

(6)

ur (t ) 2 d,

(7)

P2: max u n(a n, a -n, j (t ), t ).

(8)

an ! M

We extract a subset of trace related to 7 base stations located
in downtown to drive our experiment. A real video sequence

TABLE I Regression model comparison.
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We study the mobile social video sharing [28] with regards to
the legacy wireless infrastructure as illustrated in Fig. 4(a). The
content server supplies videos to mobile users via base stations.
Each video will be encoded into different resolution-level versions with diverse file size [29], [30]. If the content server
chooses the highest resolution-level version for mobile users,
they may achieve the best QoS under the good channel condition, e.g., fewer mobile users within the location of interest
[31], [32]. However, if there are more users connected to the
content server, the resolution-level should be decreased to
guarantee the fluent playback. As there are limited channels for
mobile users, the network operator should allocate mobile
users to different channels to reduce the interference. The challenges lie on three aspects: 1) The number of mobile users
within a region is changing quickly, which will affect the
bitrate selection for the content server. 2) Different mobile
users will consume a different amount of videos. Thus, the
occupied time of the channel allocated to the corresponding
mobile users is diverse. and 3) The channel allocation and
bitrate adjustment are coupled. For instance, a channel with
more mobile users, but less total video demand, can still enjoy a
satisfactory QoS.
We adopt a two-level optimization method to jointly solve
the spectrum and bitrate adjustment problem.
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FIGURE 4 Learning based video adaptation system: a) system framework; b) performance comparison with the baseline algorithm.
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(i.e., Sony Demo clip) is utilized to calculate the video traffic.
For the communication model, we assume that mobile device
users are randomly scattered over the coverage region. For the
bitrate adjustment, we revise the Autoregressive Model Based
Algorithm (AMBA) [33] as the baseline algorithm to solve the
bitrate adjustment problem. For the spectrum allocation, we
consider the generic case that the network operator aims to
optimize the system throughput without the knowledge of the
actual traffic demand of all the users. Fig. 4(b) presents the
average PSNR for two algorithms under the different number
of mobile users. It can be observed that our proposed algorithm achieves a higher PSNR, up to 0.7db. With the increase
of the sampling rate, i.e., there are more mobile users, the
PSNR of the two algorithms will decrease due to the limited
available bandwidth.
B. Content Prefetching System

We study the problem of content prefetching [34], [35] when
mobile users watch TV episodes via wireless networks [36] as
illustrated in Fig. 5(a). A mobile user connects to the content
source for TV watching via the base station 2. If a specific episode is cached in the base station 2, the request can be served
immediately. Otherwise, the request will be redirected to the
remote CDN server, thereby incurring a longer startup delay.
An intuitive method is to replicate video contents ahead of the
real request. For example, if we can know this user will move
to the base station 3 and request a specific video content, we
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FIGURE 5 Content prefetching for mobile TV watching: a) system
framework; b) comparison on cache hit ratio and prefetching cost.
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can replicate this content to the cache adhered to this base station. Therefore, to apply the content prefetching, we need to
predict: 1) the next base station that a user will move to. and 2)
the video that a user will request. It should be noted that once
we make a wrong prediction, unnecessary replication causes
extra storage cost to the cache and transmission cost to the
CDN server. Obviously, there is a tradeoff between the video
prefetching costs and users QoE. On the one hand, the aggressive prefetching strategy can guarantee a higher cache hit ratio
and a better QoS. On the other hand, more contents to
prefetch incur a more monetary cost, especially the wrong
prefetching decision. Moreover, prefetching aggressively will
cause the competition for requests connected to the CDN
server and degrade users’ viewing experience.
To solve this problem, we first develop two prediction models: 1) User trajectory model: for each user, we utilize the aforementioned deep neural networks to train a classification model.
At each time slot, this model will predict the next base station
that this user will move to. 2) Watching behavior model: in our previous study, we found that users tend to either keep watching
the current episode or the next three episodes with a probability
of 35% and 47% respectively. We model users’ transition behavior among series in the same TV series as a Markov model. To
strike the balance between prefetching costs (including transmission, storage, and resource competition cost) and improve
users’ QoE, we formulate the content prefetching problem as a
Markov Decision Process (MDP) and utilize the reinforcement
learning method to derive the approximation solution [22].
We utilize a synthesis dataset to drive our experiment. The
user trajectory trace is from our wireless dataset, and users’ watching history model is from [22]. Similarly, we employ a heuristic
algorithm that predicts users’ next move via linear interpolation
method, which is verified in [37], and then replicate the next episode to this base station as the baseline algorithm. In order to
quantify the performance of different prefetching strategies, we
adopt the two metrics, including cache hit ratio and normalized
cost. In particular, the prefetching cost is defined as the weighted
sum of transmission and storage cost. We adjust the cost of both
algorithms into the range [0,1] by using the cost of a heuristic
algorithm as the baseline. Using two prediction models, our content prefetching algorithm can achieve a better cache hit ratio
(over 42%) to that of the baseline algorithm (around 17%). As a
result, the normalized prefetching cost is significantly reduced.
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With the advances in wireless networks and smart devices, a
huge amount of wireless big data has been produced and
stored. Data-driven researches focus on utilizing the data intelligence for system design and optimization. This article first discussed the drawbacks of the traditional model based and
machine learning based methods, and proposed a unified
framework to tackle them based on the emerging deep neural
networks and online learning techniques. Using a wireless
dataset, we first showed the superiority using deep neural networks for human trajectory prediction. We then introduced

two cases, including wireless video adaptation and content
prefetching, to demonstrate how to utilize the data intelligence
and integrate it with an online learning method.
This work is our initial step in integrating deep neural networks and online learning. There exist many open issues left for
our future research. First, neural networks can approximate any
continuous function or piece-wise continuous function. However, it performs not so well on non-continuous functions, such
as category classification. For mobile access pattern prediction,
some tasks, such as trajectory prediction and interest prediction,
are classification problems. We need to improve the prediction
accuracy. Moreover, the input of wireless big data is a categorical
variable. For example, if we have 1,000 base stations, we need a
1000-dimension spare vector (only one item is 1) to represent
the base station feature using the one-hot encoding method.
This sparse encoding manner will aggravate the computational
cost of deep neural models. We need to design other encoding
mechanisms for both category variables and continuous variables for deep neural networks. Second, for the deep neural network architecture, our dataset is crawled from one province in
China, which can not guarantee the representativeness. We will
enhance our model by using the hard-negative samples for
training to improve the robustness. Furthermore, we will use
other public UDR datasets via multi-task learning to improve
the learning effectiveness. Third, we adopt an open-loop fashion
to integrate deep neural networks and online learning, i.e.,
directly using the data intelligence from deep neural networks
into the online learning phrase. Actually, we can also utilize the
online learning characteristic to reveal latent data intelligence.
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Abstract—With the exponential expansion of the number of
Internet of Things (IoT) devices, many state-of-the-art communication technologies are being developed to use the lowerpower but extensively deployed devices. Due to the limits of
pure channel characteristics, most protocols cannot allow an
IoT network to be simultaneously large-scale and energyefficient, especially in hybrid architectures. However, different
from the original intention to pursue faster and broader connectivity, the daily operation of IoT devices only requires stable
and low-cost links. Thus, our design goal is to develop a comprehensive solution for intelligent green IoT networking to satisfy the modern requirements through a data-driven mechanism,
so that the IoT networks use computational intelligence to realize self-regulation of composition, size minimization, and
throughput optimization. To the best of our knowledge, this
study is the first to use the green protocols of LoRa and ZigBee
to establish an ad hoc network and solve the problem of energy
efficiency. First, we propose a unique initialization mechanism
that automatically schedules node clustering and throughput
optimization. Then, each device executes a procedure to
manage its own energy consumption to optimize switching in
and out of sleep mode, which relies on AI-controlled service
usage habit prediction to learn the future usage trend. Finally,
our new theory is corroborated through real-world deployment
and numerical comparisons. We believe that our new type of
network organization and control system could improve the
performance of all green-oriented IoT services and even
change human lifestyle habits.

T

I. Introduction

he Internet of Things (IoT) helps make the world
that people live in smarter than ever. The world residents living in are incessantly, automatically and collaboratively provided with customized urban services.
The IoT contains smart devices (e.g., wearable devices and
mobile devices), communication technologies (e.g., wireless ad
hoc networks (WANETs) and next-generation cellular networks (NGCNs)), computation infrastructure (e.g., cloud
computing and edge computing) and other core technologies
(identification, sensing and personalization) [1]. In addition to
facilitating these common smart services in daily life, IoT
devices have appeared in various environments. Such devices
create new industry forms, such as smart healthcare, smart
grids [2], and the overall concept of smart cities, and influence
home appliances [3], food supply chains and industrial automation [4]. In contrast to the pure IoT networks’ need for
faster speeds and larger bandwidth, these daily services also
need stable, low-cost, and energy-efficient links [5]. The green
IoT initiatives are motivated by the full deployment and everincreasing demand for smart services when the power and
bandwidth rather than resources are considered as a limitation
[6]. Therefore, new energy-efficient procedures (whether
involving hardware or software) should be adopted during the
design of IoT services to eliminate waste of resources or
reduce the impact of the green procedure itself.

To make the IoT ‘green,’ more state-of-the-art technologies
are being considered and newly developed to fulfill the demand
of these energy-hungry devices [7]. Regarding wireless communications, numerous IoT nodes are intelligently assembled to
transfer the data collected during monitoring [8]. A base station
(BS) provides various applications to facilitate communications,
and it intelligently adjusts power, controls the protocols, schedules activities and allocates resources. These tasks are easily performed by technologies in the D2D domain. However, most of
these tasks consume more energy than a simple IoT device can
afford. According to a survey of all the wireless communication
technologies [9], medium-distance connectivity methods (e.g.,
IEEE 802.15.4) are good choices for meeting the demand for
low-rate and low-power communications [10] usually involved
in smart parking and tracking. Furthermore, long-distance
machine-type communications (e.g., LoRa and eMTC) are
areas of new and ongoing research. They represent effective
approaches applied in meters and public facilities.
Nevertheless, if we use medium-distance communication
technologies (such as ZigBee) to form a WANET, the actual
delay over multiple hops will significantly increase, and
throughput will decline [11]; many redundant packets will have
to be generated to achieve a higher delivery rate, which will
lead to additional energy consumption. On the other hand, the
pure low-power wide-area (LPWA) protocols could avoid the
above multiple relaying problems, but the unlicensed narrow
band significantly limits the performance of multinode networks [12]. In addition to the throughput limitation of the
node-to-BS model, the IoT nodes have to perform long-term
channel detection and endure single-channel interference,
which necessitates more sophisticated power control mechanisms [13]. The green initiatives are still in their infancy, and
many theoretical and practical issues need to be thoroughly discussed; such analyses will boost the development of large-scale
and hybrid IoT networks.
To the best of our knowledge, there is no design for a combined network of LoRa and ZigBee that addresses the energy
efficiency issues in IoT devices. We take advantage of suitable
distance and channel characteristics of both communications
technologies to form a QoS-aware green IoT network. The
design goal of this article is to develop a comprehensive design
of a new type of green IoT network. The study contains node
clustering, throughput optimization, energy self-management,
and a field test. This network reduces the energy consumption
of the IoT network while at the same time guaranteeing QoS.
We believe that our new type of IoT node organization and
control process could improve the performance of green-oriented IoT services and even change people’s service use habits.
The remainder of this paper is organized as follows. Section II discusses the motivation of our design and introduces
the organization of LoRa and ZigBee in a moderate-density
IoT network. Afterwards, the implementation of multiplehop data transmission is discussed. Section III gives a brief
overview of the solution regarding the problem of organizing a large number of nodes, and a center node selection
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method is introduced for the overall energy efficiency. Based
on that background, we further develop a multiple-hop
scheduling algorithm to maximize the throughput of our
designed low-rate long-distance IoT network. In Section IV,
for general IoT nodes, we design an AI-based power control
system for switching to sleep mode. In Section V, we describe
a real-world deployment of the proposed design using Raspberry Pi and discuss the outlook for future network deployments. In Section VI, we conclude this paper by highlighting
the green approaches.
II. LoRa and ZigBee Ad Hoc Network

Most of the unlicensed industrial, scientific, and medical frequency bands operated by LPWA use center frequencies of
2.4 GHz, 868/915 MHz (ZigBee), 433 MHz (LPD433), and
169 MHz (SRD). The first design of short-range IoT devices
was limited to line-of-sight distance [14]. For example, ZigBee can maintain the speed of 250 kbit/s, and Bluetooth can
maintain the speed of 2 Mbit/s [15], [16], while the communi-

cation ranges are limited to 100 meters or even less [17].
Although receivers such as ZigBee have very high sensitivity
[18], they cannot expand to cellular-like coverage ranges due
to the distinct channel disturbance and poor penetration.
With the exponential growth of the number of IoT devices,
it is foreseeable that the topology of these devices will extend as
well as that of cellular networks [19]. Due to the signaling
overhead and inability to avoid multiple hops, the supported
flow-level throughput is much lower than the theoretical
transmission rate. The channel environment is also entirely
different from that of a single-hop transmission. The actual
bandwidth requirements are unsatisfied by a large-scale IoT
network [20], even if bandwidth usage is composed of intermittent and sporadic data transmissions required by edge
sensors. Additionally, packet loss and delay become problematic, and the situation could be even worse in an energyhungry scenario.
A groundbreaking alternative solution is to use the unlicensed sub-gigahertz radio frequency band, widely known as

Industrial
Monitoring

Caution
Alert
Smart
Vehicles
Water Meter

Refrigerator
Parking Meter

Smart Home

Smart Dustbin
FIGURE 1 Simple and low-power yet still useful IoT devices are widely deployed presently.
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LoRa [21]. Using the existing infrastructure of cellular networks,
IoT devices can connect with the base station using one-hop
LoRa links [22], which have already been deployed by network
operators in, e.g., France, Netherlands, and Portugal. The
advantages of these deployments are the remote connection
ability and latency control. They help implement many interval-based services, such as street lights, temperature sensors, traffic control barriers, or other intelligent transportation systems.
LoRa inherits the basic ideas of legacy cellular networks, where
the gateway acts as a point of access for connecting to the IPbased core network [23]. However, the lack of resource allocation and device mobility awareness makes the topology less
effective [24], and it is not particularity suitable for a large-scale
and hybrid IoT deployment.
In summary, the existing solutions for large-scale hybrid
IoT networks are limited by either the efficiency of singlelevel topology or the use of a very busy narrow frequency
band. Hence, a three-layer topology for an LPWA-based
hybrid network is introduced here. We design a hybrid transmission model and study the energy-saving measures for each
IoT device to develop a QoS-aware green IoT network for
the new era.

LoRa

ZigBee

7.8–500 kHz

2,000 kHz

2–5 km

20–300 m

5–27 kb/s

200–250 kb/s

10 mA

5 mA

US$ 5

US$ 10

Overview of Network Organization

As shown in Fig. 2, IoT nodes can form an ad hoc network
through ZigBee or use LoRa that connects with the BSs
directly. In contrast to the traditional ZigBee topologies (e.g.,
star, tree or mesh topologies), some nodes are selected to relay
collected information to the remote BSs; such relaying uses
LoRa instead to guarantee that the transmission is uninterrupted and uses an exclusive channel. The other edge nodes are
generally regarded as energy-hungry nodes. Thus, they must be
activated from sleep mode first; subsequently, they transmit
packets to relays. In contrast, relay nodes should listen to any
incoming data from other IoT nodes or control information
from the outside [25]. Some other nodes, which have greater
mobility and larger capacity, are considered as flexible nodes
and used to handle and store delay tolerance packets; such
nodes subsequently send those packets to relays or BSs.
It is convenient that, on most occasions, both ZigBee and
LoRa use the typical star topology. Both protocols are defined
at the physical layer (PHY), using the unlicensed band (e.g., the
mentioned band centered at 2.4 GHz), which makes the channel and subbands easy to distribute. The nodes with full function devices establish connections, set up routing and manage

FIGURE 2 Citywide topology of a hybrid network using LoRa and ZigBee.
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local nodes and connect to a remote BS. If other ZigBee
embedded nodes want to communicate with the outside (e.g.,
node a communicates with node b), they will search the other
nodes within the ZigBee range to use for relaying their data.
For each node, we use two queues to discuss various scenarios. As shown in Fig. 3(b), the source node (denoted by S) creates two queues: a local queue, and a relay queue. When a local
packet arrives, it is put at the end of the local queue. Node S
dispatches the packet at the head of a local queue, and the
remaining packets advance in the queue. Then, the packet currently at the head of the queue becomes the next packet to be

this network. They reduce the signal to environmental noise
ratio using power control and account for the interference created by nearby Wi-Fi networks [26]. In addition, the nodes
vary the length of spreading code to determine the variable
data rates [27], which involves a trade-off between throughput,
energy consumption, and robustness.
Selectable Transmission Model

The necessary condition for establishing a ZigBee and LoRa
network is accessibility. As shown in Fig. 3(a), nodes A and B are
equipped with two types of protocols to relay messages between

ZigBee
ZigBee
a

b

c
B

A
LoRa

f

BS

d
e

(a)
Relay Queue
S-R Transmission

R-D Transmission

Node R (A)
Packet

Local Queue

Handshake

Receive Queue

S-D Transmission
Node D

Node S

Request

Relay Queue

Relay Queue

Relay Packets
R–R Transmission
Node S

Handshake
(b)

Node R (B)

FIGURE 3 The transmission and relay process of a hybrid green IoT network. (a) Two different ways of message transmission depending on
different protocols. (b) Message relaying and forwarding process.
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sent. In contrast, a packet received from one of the other nodes
is kept in a relay queue if node S is not the destination of that
packet. If node S is considered as the destination, there is a
receive queue for node S to store the packets expected to be
received. The queue stores the sequence numbers of packets
that have not been received yet, and the corresponding packet’s
number will be removed after the packet arrives.
There are three types of transmission in the packet forwarding
process: source to relay (S-R), relay to relay (R-R), and source to
destination (S-D). The S-R transmission is designed for the start
of multiple hop scheduling [28] and is used to share control
information in the local area or collect monitored data at the sink
node, using its ZigBee. A relay could refuse the transmission if that
node was selfish enough (e.g., energy-hungry or experiencing a
full relay queue).The R-R transmission is considered a bridge for
hub nodes with sufficient energy; in this transmission mode, some
redundant packets are deleted due to excessive forwarding and
after a sufficiently long delay. The S-D and relay to destination
(R-D) transmissions are designed to transmit packets through
LoRa remotely to the BS or share data with local nodes through
ZigBee. After a handshake, node S listens to the channel until it is
empty and then transmits the packet to its destination.
III. Multiple Hop Scheduling in Ad Hoc Network
A. Automatic Center Node Selection

In this network structure, nodes directly connected to the BS
(e.g., the LoRa gateway) form an important bridge. They
should be selected carefully, since the capacity of relaying
between BS, and edge nodes corresponds to the actual coverage. Additionally, the battery and the hybrid transmission module are essential factors [29]. The traditional k-means or other
mean-shift methods provide efficient ways of calculating the
geometric centers of IoT nodes. However, due to the competition of WLAN channels in the local area and the indeterminate

number of group members (various types of IoT devices), we
need to design an algorithm that selects clusters that have nearby members and that are relatively remote from other potential
clusters. Inspired by the efficient and low-complexity density
clustering method in [30], we use the local density p i and the
distance to a higher density node i i to distinguish the singular
cluster from others. The local density p i for node i is defined
as p i = / j exp (- (d ij /d c)2 ), where d c is the cutoff distance. This
equation represents the density of nodes in a proper communication range of node i. The reason is that the density only
reflects the relative magnitude of various nodes, and it is a continuous function that has unequal values in the same set S.
Thus, robustness is guaranteed. In addition, the distance to a
higher density node i i is considered to be
ii

p j 2 pi
(1)
p i is the highest, then j is farthest node.

B. Multiple Hop Forwarding

In a real-world communication environment, the capacity of
the network is strongly related to the competition of links.
Based on the mentioned protocols, the transmission link i at
time t is stable if the following is satisfied for an arbitrary link
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6

Member Node
Head Node

5
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min (d ij) if
max (d ij) if

Usually, this value is larger than the distance to the nearest
node, and the potential center nodes are recognized as having
higher values, since they are away from other stronger competitors. Then, we can express the outstanding cluster head clearly
through the relaying node recommendation rate R = z i i i p i
that is greater than threshold R l, where z i is a binary number
used to indicate whether the node is currently suitable as a
relay due to reasons such as experiencing an energy shortfall or
a malfunction. As shown in Fig. 4(a)(b), the method can intuitively identify the potential cluster head and determine the
correct number of groups automatically.
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FIGURE 4 Automatic cluster node selection based on placement. (a) Sample placement of nodes. (b) Calculated singer value and local density.
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j: ;Ti(t ) - R i(t ); $ (1 + v) ;T j(t ) - R i(t );, where v is a predefined guard factor that depends on the protocol and guarantees
that the interference problem is sufficiently small. Ti and R i
denote the positions of transmitter and receiver, respectively,
and the absolute value sign that we use indicates the relative
distance. If interference cannot be avoided, a selection of transmitters should be implemented. We use an equal opportunity
mechanism to solve the competition problem. At each time
interval, every node confirms whether there are active nodes
nearby. If other nodes remain silent, it carries out the original
plan. If other nearby nodes want to use this transmitting
opportunity as well, they create a back-off counter with a
number randomly selected from [0, Ch], where Ch is the number of channels. The value of Ch is based on the characteristics
of the basic transmission protocol; e.g., we normally define
13 channels for Wi-Fi communication. Afterwards, the nodes
listen to the channel until the counter runs out or until a handshake with a receiver. When a node’s counter becomes 0 without any communication, the node claims itself as the only
transmitter among nearby links. The probability of receiving a
chance to transmit is the same for all nodes at the same level.
Next, we consider a standard multihop routing scheme with
f-cast, where at most f nodes in the transmission range are
selected as the relays, and the packets sent by the source node
are only stored at these f nodes. For an arbitrary link i, the
packets sent by the source node S are labeled with a sequence
number of packets SN(P), and the destination correspondingly
creates a required sequence number of packets RN(D). The
purpose of the sequence number is to guarantee that every
packet is successfully transmitted to the destination in spite of
transmission problems, such as packet loss or channel disturbance. The sequence numbers of received packets are removed
from the list of remnant copies at the destination, as are the
sequence numbers of packets that have been successfully transmitted outside by the source node.
Therefore, for the same sequence of two-hop packets, we
can derive the probability p 1 that source S directly transmits
the packet to destination and probability p 2 of the source
transmitting it to a relay. Based on the channel competition
mechanism mentioned before, we have

(2)

where m = (2d - l /d )2, l indicates the length of a side of a
square, and d is the transmission range. Variable g is the number of cluster heads that we automatically select through our
center node selection algorithm. Then, if there are already
c (c # f ) copies away from node S, we can derive the probability that the destination can receive, p r (c) = p 1 + (c - 1)/
(2l - 4l /d ) · p 2 .
Based on the above theoretical transmission model, we consider a new throughput optimization problem next.
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In an IoT-formed MANET, where each packet is forwarded
through multihop links with the limited transmission range d, the
objective is to find a fixed number of relay nodes f that maximizes the throughput per node.The meaning of this optimization
is that, at peak traffic time, the capacity can always be maintained
at the maximum level, if necessary. Furthermore, we introduce a
new switching model for nodes capable of entering the sleep state
to save energy in the next section; such a model turns off unnecessary nodes regularly and minimizes the size of this network.
Therefore, traffic of active nodes always remains high to finish
every node’s tasks, and the BS can wake up a part of nodes (e.g.,
more LoRa-BS links) to expand the network capacity.
Next, we optimize this variable-sized network. For a given
transmission distance d, the maximum per-node throughput
capacity U is deduced as [31],
U = max " 1/E [X D( f + 1)] ; f = f0], 1/E [X s(1)] ; f = f1] ,

(3)

where X s( f ) indicates the service time between when a packet
starts to be delivered by node S and when the distribution of copies ends, and X D( f ) indicates the service time between when a
packet starts to be requested by node D and when it is received.
In a classical star topology, variable f 0 indicates the maximum number of fixed nodes such that the expected service time X s is
larger than that for only one relay, and it is defined as f 0 =
max " f ; E [X S(1)] # E [X D( f + 1)] ,. Variable f1 indicates the
minimum number of relaying nodes such that the expected
service time X D is smaller than the distributing service time
of using only one relay, defined as f 0 = max " f ; E [X D( f + 1)] #
E [X S(1)] ,. Based on the derivative process of the star topology
mentioned in Eq. 3, we calculate the result in various settings. As
shown in Fig. 5, it is easy to derive that the f 0 and f1 in fact exist,
since the expected service time X S(1) monotonically increases,
while X D( f + 1) monotonically decreases.Then, we can find fixed
optimized settings f 0 and f1 that together achieve the optimal
throughput U. The optimized setting of f is only influenced by
the size of a network and has no relation with the time diversity.
Therefore, the optimization algorithm is simplified to search for
a specific f corresponding to the changing size of the network.
IV. Sleep Switching in IoT Devices

l - l /d
l - l /d
p 1 = 12 ' m - l/d c 1 - ` l - l/d j + 1 ` l - l/d j m1
l
l
n
g l - l/d
l - l /d
l - l /d
p 2 = 12 ' l - m c 1 - ` l - l/d j - ` l - m j m1
l
l
g l - l/d

C. Optimized Multihop Scheduling

Previous studies show that the power control of BSs and their
next-level IoT devices can save approximately 60 to 80% of the
overall energy consumption. Putting inactive nodes into the
sleep mode is an efficient approach, as the traffic load is less than
10% of the peak value during 30% of the total time in one
week [32]. The demand for IoT nodes, usually used in temperature sensors, lighting systems, and smart homes, is regular due to
human life habits, which are strongly related with time and
space. Transition into sleep mode can better balance the trade-off
between the QoS requirement and energy consumption. The
computational cost of data learning can be transferred from a
single node to the BS. Generally, the learning of patterns for
each IoT node is not a heavy burden on BSs [33] because the
technologies of distributed computing and even fog computing

can provide enough resources, and the goal of this learning is to
‘guide’ nodes as to how (or when) to wake up.
Poisson Process-Based Request Estimation

Due to the limited storage and computational resources of energy-harvesting IoT devices, it is impossible to create a complicated schedule for each of them. Here, we design a traffic model
based on an interrupted Poisson process (IPP) to describe the
traffic requirement at each node. The goal is to search for a selfgenerating message transmission requirement threshold N i such
that the transmission module would be active. The IPP has been
proven to be influential in two-state traffic modeling, and it is
widely used in various wireless traffic management technologies,
such as 3GPP and LAN. We use the IPP model to perform a
preliminary analysis of node behavior and, most importantly, to
guarantee the delay performance and energy savings.
In a 24-h service period, the periods of activity and inactivity
are both exponentially distributed on the timeline, with the average lengths of r -1 1 and r -2 1 [34], respectively. The active period
begins when the node generates a packet and ends when the
node finishes the packet’s transmission. At each specific node, the
transmission requirement rate m follows the Poisson process during the inactive period, and the average rate for one node is
mt = mr2 /(r1 + r2). At each time, we assume that the node generates a packet of a usual size, and the transmission module remains
inactive until N packets are ready.
Our optimization goal is to make the sleep mode efficient;
with an easily derived sleep probability p s based on the above
m , we obtain the expected total power consumption
P = p s P in + (1 - p s) (Pon + Pt ) + Ps F.

(4)

According to the above equation, we can explore three
energy-efficient approaches: increase the probability of the
inactive mode with energy consumption P in, reduce the

transmission power Pt with the slope d that indicates the
power consumption depending on the load, or decrease the
mode switching frequency F associated with the switching
cost Ps . Based on the IPP model, it is easy to prove that the
packet threshold N monotonically increases with r 2 . Thus, a
longer idle period corresponds to a larger packet redundancy
threshold if energy consumption is optimized.
To determine the optimal set of packet redundancy N, we
use the brute force search in small-scale data or directly deduce
it using the approaches of previous studies. As shown in Fig. 6,
each threshold corresponds to a different waking probability,
which also refers to a different expected power consumption.
The new results for the packet redundancy threshold N and
requirement rate m are indexed at the control module in BSs
and sent to each corresponding node. When the service environment changes or an incident occurs, the algorithm uses the
monotony of the optimal setting to calculate the packet redundancy efficiently. For example, in most of the cases, if the packet
generating rate decreases, which leads to a larger probability of
being in the inactive state, then we only need to search for a
smaller redundancy threshold to minimize the power consumption (that is monotonically increasing with the active ratio).
AI-Controlled Power Switching System

Using the data forwarding process, the BSs can always collect
the activation records of each node, which could update the
sleeping schedule based on such lagging data. The hysteretic
data analysis is acceptable for timetable-based services (e.g.,
temperature sensors and signal lamps) but unsuitable for other
human activity-oriented services (e.g., smart parking) and is
even less appropriate in case of an emergency [35]. To overcome the considerable unreliability of analysis results obtained
using historical data, we apply a new AI-controlled switching
system to predict the future trend of the service request.
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FIGURE 5 Automatic throughput optimization. (a) Throughput changes by the predefined guard factor. (b) Change in the optimal number of
relays with network size.

FEBRUARY 2020 | IEEE COMPUTATIONAL INTELLIGENCE MAGAZINE

39

It is fortuitous that the environmental data collected by
nearby IoT nodes are ultimately summarized at the BSs (or a
datacenter in an IP network), and these data are highly related
with those collected by other IoT networks that interact with
people. For instance, in the case of smart parking, drivers tend
to use an indoor parking area rather than outdoor parking if a
rainstorm is approaching. The above theory has also been proven in previous data mining studies and illustrates that regularly
collected temporal and spatial data have a strong effect on the
prediction result.
1) Big Data-Based Prediction
As explained above, the data collected through the sensor network are very helpful in predicting the activity of IoT devices.
Some critical data can effectively improve the accuracy of AI
predictions if such data are properly collected and filtered. The
selection of data can be based on empirical preprocessing, using
the expertise of related services to select the relevant large
environmental data of IoT devices and using the latter data as
input to the predictive model. The weather data mentioned
above, for example, have a more significant impact on outdoor
service-oriented IoT networks. The selection of data can also
be based on filtered results. One may extract some unusual

Request Number

20
15
10

samples of the device during the service process (e.g., when the
device is overloaded or provides no service) and compare them
to environmental data that also exhibit significant fluctuations
at the same time or location. Using these large fluctuating data
as training inputs improves the prediction of service demand
with temporary fluctuating changes.
Training Models: The input data of the network model itself
are based on the data collected by the diverse IoT networks.
Predictions of a traditional fully connected network (e.g., an
ANN) are inherently data fault-tolerant and robust to changes
in the environment. Even if the data collected and filtered by
hybrid IoT networks still have repetitive and negative correlations, a simple shallow neural network (or an RNN) with
decision trees can effectively control the efficiency of energysaving systems.
Model Deployment in IoT networks: Shallow neural networks have their advantages in deploying IoT devices. Such
networks do not consume excessive amounts of computing
resources, storing resources in and transferring resources from
intermediate networks. Data preprocessing and network training
are performed in the cloud [36]. Moreover, most of the same
kinds of IoT devices can be modeled by the same neural network. The central node in a cycle only needs to transfer the
model data to the cluster head once, and
then, the data are distributed to each
edge device. This process does not take
up too many valuable LPWAN resources,
and nodes with mobile capabilities [37]
can form new ZigBee links everywhere
to effectively share spectrum resources.
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2) Reinforcement Learning-Based
Predictions
Another kind of prediction that can be
obtained based purely on the traffic
control information of the network
itself is the reinforcement learning
model based on the hidden Markov
chain. The advantage of this model is
that it does not require a large quantity
of environmental data as input and is filtered for storage.
The sample that we use is the record
of service requirements and device control across the network, that is, self-optimization traffic control based on the
network itself. Its advantages are being
instantaneous, having a low initial
demand, and being very predictable for
sudden service increases and decreases.
However, the predictive ability of longterm cyclical changes is weak, and a reasonable scale of learning needs to be
preset to correct the adverse effects of
reinforcement learning.

A hidden Markov chain model can effectively recover the
history of the entire decision-making process based on the service appearances [38]. We only need to know the status S of
network nodes, as well as the corresponding action A. This policy r, on the other hand, can use the mentioned IPP model as
an initial value. The optimal policy is calculated by setting up
an evaluation parameter Q (including the transmission overhead, the switching overhead, the reward for demand satisfaction, etc.). Afterwards, the learning formula
Q(s, a) = Q(s, a) + a(r (s, a) + c max alQ (sl , al ) - Q(s, a))

(5)

can be used to influence the power control policy. Ultimately, a
policy r corresponding to the different values of the state
matrix S will be used as the solution for the power control system to maximize energy savings.
When the cloud collection of control data is large enough,
we can even use deep reinforcement learning to train in the
cloud; in the memory replay approach, a random selection of
some historical control data is added to the recent reinforcement learning. The data are mixed into the input sample (as a
mini-batch), thus balancing the impact of recent events on the
overall network; the network clone technique involves setting
up a parallel space for the predictive network Ql. Compared to
learning after each round of data updating, learning and testing
are completed only after the collection of M rounds of data,
thus maximizing stability.
Using the trend prediction, the BSs can adjust the sleeping
strategy over time, even if facing sudden changes. In general, the
optimization of throughput or power only concerns the size of
each message, and the value of content has not been thoroughly
investigated. Because of the diversity of IoT nodes, the existence
of various types of messages makes the optimization task more
difficult. However, if we could effectively use the inner
connections between these messages’ content, our network
management would be even more accurate.

(a)

V. Experiment and Comparisons
A. Implementation

First, we perform the field test of our LoRa and ZigBee ad hoc
network. Installing a LoRa gateway on top of a building allows
all the nodes embedding LoRa modules to access the core network through that gateway. As shown in Fig. 7, the installation
includes the integration of Raspberry Pi with a gateway module, connection with a database and registration with an online
service. For an individual IoT node, the collected data can be
transmitted to a remote antenna through either the LoRa
module or the ZigBee module. At present, the installation has
been completed, and the resulting network successfully delivers
packets within ten kilometers.
B. Network Flow Control

Traffic flow control of the network is divided into two different
dimensions. In practice, the power control of communication
modules in the network is mainly divided into two steps: the
establishment of an active node connection diagram and the
network traffic flow control. When a new time frame starts,
each center node and the gateway are aware of the switch conditions for each edge node. In other words, the future control
scheme of the previous power control system is also stored at
these intermediate nodes that can form a network similar to
that shown in Fig. 8(a). After establishing the temporary active
node connection diagram, we can select a traffic control policy
for data flows. According to the existing literature, the use of
relay priorities that maximize hop number first and destination
closeness first can optimize the overall network response delay
and the total throughput, respectively [39].
Next, we continue and finish the optimization of the network settings. To understand the range setting clearly, we use
the deduction process mentioned before, and the calculated
results are shown in Fig. 8(b). The size of a star topology network varies from 100 to 400, and the maximum throughput

(b)

FIGURE 7 Deployment of LoRa and ZigBee transmission module. (a) Integration of Raspberry Pi with a gateway module. (b) User-side transmission module connecting with an IoT device.
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varies from 0.0014 to 0.0052 per packet/slot. Five power levels
are described that correspond to various communication ranges (r = 10 meters in our simulation). At first, the longer transmission model performs better due to the low density of nodes,
and it consumes more power to obtain higher throughput.
However, with increasing node density, the influence of different ranges becomes low, and the throughput at each range
decreases significantly.
C. Green Effect in IoT

In Fig. 9(a), we show the calculated total energy consumption
per hour. The blue bar corresponds to being constantly active,
while bars labeled PeakA and LZAI represent being active dur-

ing peak hours (regularly activated) and our proposed AI-controlled LZ system, respectively. Based on our observations, 15 to
25% of nodes are selected as the head nodes to transmit messages
using LoRa, while the other ZigBee nodes save approximately
one-half of the energy used if the nodes remain active all the
time. However, due to the higher density of nodes, traffic
congestion forces the nodes to spend more time monitoring the
channel, which consumes more energy than expected.
In Fig. 9(b), we simulate and study the impact of various
communication module configurations on the power-saving
performance of the network. For such configurations, the ratio
of the number of LoRa nodes to that of ZigBee nodes varies
from 1/3 to 1/6. The number of nodes is approximately 400.
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The cumulative results show that our LZAI strategy can play a
significant role in saving energy. In the case of a larger number
of LoRa node modules, the use of multiple communication
modules in nodes will increase energy consumption. Moreover,
when fewer selectable nodes are available for upward communication, Zigbee node trends to upload the data to the cluster
node and switch off itself, which could further reduce energy
consumption. It may increase the overall transmission latency.
However, our network optimization architecture proposed
before is to alleviate this adverse effect.
VI. Conclusion

In this paper, we conduct an all-around solution for new
green LoRa and Zigbee IoT ad hoc network, which realizes
the self-regulation of composition, size minimization, and
throughput optimization. At first, we propose a unique initialization mechanism that is automatically scheduling node
clustering and throughput optimization. Then, a self-energy
management method is conducted to optimize the sleep
switching in each device, which through an AI-controlled
service usage habit prediction method to learn the future
requirement trend. Different from other control systems
with dynamic scheduling, our method provides a unique
scheduling setting to approximate the optimal one, which
significantly lightens the burden of storage, computation
cost, and power. We believe our new design could improve
the performance of real deployment IoT services, and even
changes humans lifestyle habits through the efforts of our
energy savings.
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Abstract—The explosive growth of wireless
In general, dense active users or machine devices
devices motivates the development of the
internet-of-things (IoT), which is capable of
will bring two major challenges: increased
interconnecting massive and diverse “things”
probability of access collisions and complicated
via wireless communications. This is also called
resource management.
massive machine type communications (mMTC)
as a part of the undergoing fifth generation
services to a large amount of dense wireless users or machine
(5G) mobile networks. It is envisioned that more sophisticated
devices. In general, dense active users or machine devices will
devices would be connected to form a hyperconnected world
bring two major challenges: increased probability of access
with the aids of the sixth generation (6G) mobile networks. To
collisions and complicated resource management. When
enable wireless accesses of such IoT networks, artificial intelliaccess collisions occur, users/devices will necessarily relaunch
gence (AI) can play an important role. In this article, the frameradio access procedures leading to increased transmission
works of centralized and distributed AI-enabled IoT networks
latency and degraded quality of service (QoS). For delay-senare introduced. Key technical challenges, including random
sitive data, latency is a very important factor causing the failaccess and spectrum sharing (spectrum access and spectrum sensure of the underlying transmissions. Dense active users or
ing), are analyzed for different network architectures. Deep reinmachine devices will bring additional difficulties in wireless
forcement learning (DRL)-based strategies are introduced and
resource management, including scheduling and power conneural networks-based approaches are utilized to efficiently
trol due to the additional complications caused by the
realize the DRL strategies for system procedures such as specunderlying wireless channel and inter-user interference. Furtrum access and spectrum sensing. Different types of neural netthermore, in order to effectively conduct resource manageworks that could be used in IoT networks to conduct DRL are
ment, channel measurements need to be conducted to obtain
also discussed.
the underlying channel state information, the overhead of
which could be substantial with a large number of active
I. Introduction
users and devices. Second, IoT networks should be able to
he emerging waves of Internet-of-things (IoT) parahandle heterogeneous wireless users or machine devices.
digm are attracting increasing attention from both
Diverse wireless devices may co-exist in IoT networks with
industry and academia via its promising applications
different QoS requirements and priorities. For example, by
of intelligently connecting things or objects around
proper resource management, IoT networks should give prius without human interventions [1]. With the automatic
ority to guarantee reliable transmissions of emergency inforinteractions among numerous devices, such as radio frequency
mation, such as health care and fire alarms.
identification (RFID), sensor networks, and mobile phones,
The existing methods to tackle the aforementioned issues
IoT can assist our daily life in various ways including ubiquimainly rely on complicated algorithms, mechanisms and
tous healthcare, control of home equipment, environmental
schemes [13], [14] where specific models are used. Due to the
monitoring, smart grid, and so on [2]–[4]. Nowadays, the evolution of the fifth generation (5G) wireless networks becomes
heterogeneous nature of IoT networks, such model-depenthe main driver for world-wide IoT development [5], [6].
dent solutions can not effectively adapt to real environment.
Even though the surge of 5G networks has not fully arrived
Furthermore, algorithm-based approaches may be prohibiyet, it is time to envision what will appear in the sixth genertively complicated preventing them from being adopted in
ation (6G) wireless networks [7]. Towards this end, our paper
practice. On the other hand, artificial intelligence (AI)-based
will not only provide solutions to technical challenges in 5G
approaches can play an important role to handle resource
mobile networks but also provide visions on how these solumanagement among a massive number of devices. Accordingtions may resolve issues in future 6G networks.
ly, deep neural networks and big data analytics are naturally
According to Gartner, there will be more than 30 billion
suitable for information extraction from high-dimensional
IoT devices by the year 2025 [8]. Accordingly, the 5G network
data and complicated decision makings [15]. We do believe
and future 6G networks are expected to support a massive
that the AI-supported hyper-connected world would be an
number of smartly connected IoT devices [9], [10]. Our existintegral core part of future 6G wireless networks. In this artiing wireless technologies may break down when such a trecle, more efficient and overhead-friendly approaches using AI
mendous number of devices (things) attempt to access the
will be explored and introduced.
network. To achieve the massive access of IoT devices, it is
The remainder of this article is organized as follows. In Secimportant to redesign and improve our existing networks [11].
tion II, we introduce the frameworks of both centralized and
Compared with conventional wireless communication netdistributed IoT networks. Then, in Section III, potential techworks targeting mainly at human communications, IoT netnical challenges of centralized IoT networks are analyzed, and
works, which also allow machine-to-machine communications,
the corresponding solutions based on AI technologies are
have unique characteristics and capability requirements [12].
introduced to address these challenges. In Section IV, we introFirst, IoT networks should be able to provide wireless access
duce multiple AI-based schemes to tackle technical challenges

T
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cloud units. In such networks, all the functions originally implemented in base stations
(BSs) and core networks, including storage,
signal processing, scheduling, power control,
computations, access control, and mobility
management, and so on, are migrated to the
cloud [19], [20]. With powerful cloud technologies, these functions could be executed
efficiently and robustly. Furthermore, since
only radio frequency (RF) units are remained in front ends,
the complexity and operational cost of RRH networks will
be greatly reduced. Fronthaul networks are used to establish
connections and manage information exchanges between
RRH networks and the cloud, which normally adopt wired
physical mediums, such as cable and fiber, to enable high data
rate and low latency data delivery. Based on the control information and signaling from the cloud, IoT users will conduct
data transmissions and send feedback information to the
cloud, such as channel state information (CSI), measurements
report, and ACK/NACK signaling. Based on the feedback
information, the cloud will reconfigure transmission parameters for all IoT users to maintain communication quality. All
the transmissions between IoT users and the cloud will be
forwarded by RRH networks and fronthaul networks.
Obviously, centralized control could achieve good performance for IoT networks, since complicated algorithms and
mechanisms could be employed to globally optimize network
performance [21], [22]. However, the overhead of computations and signal processing would exponentially increase with
the growing number of IoT users. Therefore, centralized IoT
networks will introduce substantial control overhead due to a
large number of IoT users. Furthermore, centralized control
will restrict the flexibility and scalability of the underlying IoT
network, since IoT users may be required to follow the same
protocol. For example, to conduct channel measurements, the
control center in Fig. 1 may need to conduct measurement
configurations for all IoT users within the network, based on
which IoT users insert user-specific pilots, also referred as to
reference signals (RSs), in their physical (PHY) radio frames
[23]. Additionally, effective measurements of user-specific pilots
require the underlying pilots from different users to be synchronized and orthogonalized.

In the future, IoT networks may be configured with
a control center to provide centralized control to be
compatible with existing cellular mobile networks, or
may be designed in a distributed fashion for better
flexibility and scalability.
that may be encountered in distributed IoT networks. Finally,
we conclude the article in Section V.
II. Network Architecture

To be compatible with existing cellular mobile networks such
as the third Generation Partnership Project (3GPP) Long-Term
Evolution (LTE)/LTE-Advanced, IoT networks may be configured with a control center to provide centralized control.
On the other hand, for better flexibility and scalability, IoT networks may be also designed in a distributed fashion. Therefore,
in this section, the frameworks of both centralized and distributed IoT networks will be discussed.
A. Centralized IoT Networks

Currently, centralized IoT networks based on cloud computing technologies or fog computing technologies are widely
studied due to their remarkable advantages [16]–[18]. As
shown in Fig. 1, cloud computing technologies based IoT
networks consist of three main components: remote radio
head (RRH) networks, fronthaul networks, and baseband

Operator 2
Operator 1

Server 1
Server 2

Scheduling
Power Control
Computing

Storage
Access Control
Signal Processing

Mobility Management

FIGURE 1 The architecture of centralized IoT networks.
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B. Distributed IoT Networks

Based on the above discussions, distributed IoT networks may
be more appealing compared with the centralized ones due to
low complexity, high flexibility, and high scalability [24]. The
architecture of distributed IoT networks can be seen most clearly in Fig. 2. Fig. 2 shows a low-complexity architecture that a
distributed IoT network can be configured to. In distributed
IoT networks, only low-complexity access points (APs) are
needed to be deployed with simplified protocol stacks. For
example, for PHY and medium access control (MAC) layers, an
AP only needs to fulfill some simple functions, such as modulation/demodulation, coding/decoding, and automatic repeat

request, while IoT users are required to carry
The probability that random access collisions
out other functions individually and distributively, including adaptive modulation and codoccur will increase with the growth of the number
ing, multiple access, power control, and so on.
of IoT users. As a result, in IoT networks with a large
The core network that connects with APs
number of users, random access collisions may
through cable or fiber consists of four main
components, namely mobility management
be a significant issue.
entity (MME), serving gateway (SGW), packet
data network gateway (PDN-GW), home subscriber server (HSS), which are in charge of the system procerealized by the contention-based random access (CRA) procedures related to mobility management, security, internet
dure [25]. Fig. 3 shows the detailed processes of the CRA proceprotocol (IP) data traffic delivery, access authorization, and subdure: First, when an IoT user attempts to start the procedure, it
scriber-related information storage.
has to arbitrarily select a random access resource, including a preamble and a physical random access channel (PRACH), from a
random access resource pool. At the stage of random access, all
III. Artificial Intelligence-Based
IoT users have to behave in a non-cooperative mode. Then, IoT
Approaches in Centralized IoT Networks
users will send the randomly selected preamble on the randomly
In this section, we analyze potential design challenges in cenchosen PRACH. Since different preambles are orthogonal, rantralized IoT networks and introduce corresponding AI techdom access collisions occur only if multiple users choose the same
nologies to address them.
preamble and the same PRACH. Upon collisions, the control
center may fail to recognize the transmitted preamble and the
A. Challenges of Contention-Based Random Access
IoT users have to restart their random access processes. On the
Although powerful cloud computing technologies could enable
other hand, the control center may successfully receive the precentralized IoT Networks to possess low system complexity, effiamble, but it cannot figure out which users send the underlying
cient signal processing, and high-performance centralized
preamble, as these IoT users have not been connected and regisresource management, many challenges still exist. For example,
tered in the underlying IoT network. In this case, the control ceninitial access can be extremely challenging considering the large
ter will schedule wireless resources for the IoT users that collide
number of underlying IoT users. Initial access is a procedure that
with each other to allow them to perform first transmissions.
users establish initial wireless connections with RRHs, which is
Then, these IoT users will use the same wireless resources to
carry out their first transmissions, causing collisions again. Apparently, in this case, the signals of only one user can be successfully
Core Networks
received by the network, while the signals of other users will be
treated as noises or interferences. The user with its signals successfully received will survive in the random access contention, while
other users have to restart their random access processes.
MME
SGW
PDN GW
HSS
Random access collisions will result in serious transmission
latency and even transmission outages. The probability that random access collisions occur will increase with the growth of the
number of IoT users. As a result, in IoT networks with a large
number of users, random access collisions may be a significant
issue. One way to improve the probability of successful random
Access
Point

Access
Point

Access
Point

Access
Point

Preamble on PRACH
Random
Access Response
First
Transmissions
Contention
Resolution
Wireless Link
FIGURE 2 The architecture of distributed IoT networks.

Cloud

RRH

User

Preamble
Random
Access Response
First
Transmissions
Contention
Resolution
Wire Link

FIGURE 3 The processes of contention-based random access.
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access is to adopt a greedy strategy under which the device sends
multiple preambles on multiple PRACHs. By this way, the data
link will be established as long as one of the preambles does not
encounter collisions. In the sense of increasing the success probability of a single user, the greedy strategy seems to be a good
choice. However, if a lot of users in IoT networks follow this
strategy, collisions will dramatically increase and the network may
break down. Therefore, the devices in an IoT network need to
behave greedily at a proper level to maximize the overall random
access performance. Conventional algorithm-based approaches
may be difficult to resolve this problem since the number of
users which try to access the IoT network is unknown as a priori. In this article, we resort to the more efficient and overheadfriendly approaches based on AI to intelligently adjust the greedy
level of IoT users.
B. Contention-Based Random Access
with Artificial Intelligence

Before establishing connections with the RRH networks and
the cloud, IoT users need to carry out random access independently and competitively. As a result, labeled data related to ran-
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FIGURE 4 Neural network based on FFNN.
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dom access parameters are infeasibly obtained. To improve the
access probability, deep reinforcement learning (DRL) can be
employed to facilitate IoT users to make proper decisions on
the number of random access resource blocks used in one random access. A random access resource block can be denoted by
a tuple (i, j ) which refers to using i-th preamble and j-th
PRACH. Each IoT user possesses independent neural networks to perform DRL individually. We assume that there are
totally N random access resource blocks. Here, the action in
reinforcement learning is defined as the number of random
access resource blocks used in one random access. Accordingly,
the output layer of a neural network consists of N neurons. Let
the n-th neuron represent the action of using n random access
resource blocks in one random access, n = 1, 2, f, N. On the
other hand, the state should provide the information on the
action selected in the last random access and the corresponding
reward. For example, if the last selected action is to use n random access resource blocks and the corresponding obtained
reward is r, the current state could be represented by a vector,
namely 60, f, 0, 1, 0, f, 0, r @, in which the n-th element and
the (N + 1)-th element are 1 and r, respectively, while the others are 0. Accordingly, the input layer consists of N + 1 neurons, and the i-th element of the state vector will be input into
the i-th neuron of the input layer, i = 1, 2, f, N + 1. Fig. 4
gives a simple example of the neural network based on the feed
forward neural network (FFNN) [26] under the assumption
that the total number of random access resource blocks is 4.
The definition of the reward is of critical importance to the
system performance: more reward should be given if an IoT
user can conduct random access successfully. On the other
hand, the reward should also take into account the impact of
using multiple random access resource blocks instead of a single
resource block, as using multiple random access resource blocks
may potentially bring more collisions. Hence, the reward can
be defined as follows.
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(1)

where A and n denote the value of the reward brought by one
successful random access and the number of random access
resource blocks used in this random access, respectively. 1{$} is
the indicator function. It equals to 1 if the underlying random
access is successful, otherwise, it is 0. e stands for a weight to
adjust the impact of n on the reward.
C. Training Process of Deep Q-Network

Fig. 5 illustrates the online training process of the deep
Q-network (DQN), in which two neural networks are used,
namely an evaluated NN and a target NN [27], for DRL.
After inputting an original state into the evaluated NN,
Q-values of each action will be generated. Then, an action
will be selected according to a predefined policy such as f greedy. After taking the selected action, the corresponding
reward will be obtained and the state will be updated. The
updated state will be input to the target NN to output

Q-values of each action. With Q-values
Due to the difficulty of acquiring labeled data in
generated by the target NN and the
obtained reward, the Q-value of the origidistributed IoT networks, a DQN based spectrum
nal state and the selected action will be
access strategy is introduced for intelligent
updated according to (2), which will be
spectrum access.
adopted as the target value to train the evaluated NN by the back-propagation algorithm. After several rounds, the target NN
can be updated via replacing it with the evaluated NN, i.e.,
B. Artificial Intelligence-Based Spectrum Access
Due to the difficulty of acquiring labeled data in distributed IoT
Q(s t, a t) ! Q(s t, a t) + a $ 6rt + 1 + c $ max
Q(s t + 1, a t + 1) - Q(s t, a t)@,
at + 1
networks, a DQN based spectrum access strategy is introduced for
(2)
intelligent spectrum access. In the introduced strategy, spectrum
sensing results will be adopted as the state in DRL. It is assumed
where s t, s t +1, a t, and a t +1 represent the original state, the
that there are M channels available for IoT users. The state
updated state, the action selected based on Q-values of
ENN, and the action selected based on Q-values of TNN,
can be expressed as a spectrum sensing vector, 6s 1, s 2, f, s M @ . If
respectively. Besides, rt +1, a ! (0, 1), and c ! [0, 1] denote
the m-th channel is sensed to be idle, s m = 0, otherwise s m = 1,
the obtained reward, the learning rate, and the discounted
m = 1, 2, f, M. Accordingly, a neural network is used to perform
rate, respectively.
DRL where the input layer consists of M neurons. The m-th element in the spectrum sensing vector will be input into the m-th
neuron in the input layer. Meanwhile, the output layer also consists
IV. Artificial Intelligence-Based Approaches in
of M neurons, where the m-th neuron represents the m-th chanDistributed IoT Networks
nel. Fig. 6 shows an example of the neural network based on the
In distributed IoT networks, IoT users have to adjust transmisrecurrent neural network (RNN) with three available channels.
sion parameters individually without cooperations among IoT
The reward could be defined as
users and coordinations from the centralized control. AI-based
techniques can support IoT users to adjust their transmission
M
parameters intelligently for performance improvement.
r = / log 2 (1 + SINR j) - f $ B $ 1 j " Collide with PUs ,, (3)
A. Challenge of Spectrum Access

Due to the limited available spectrum, it is challenging for IoT
network operators to acquire standalone licensed frequency
bands. Alternatively, IoT networks may need to leverage available access opportunities in unlicensed frequency bands, such as
industrial, scientific, and medical (ISM) bands, and unlicensed
national information infrastructure (UNII) bands. Recently, the
United States Federal Communication Commission (FFC) has
opened up under-utilized licensed bands for unlicensed use.
For example, the AWS-3 bands, including 1,695–1,710 MegaHertz (MHz), 1,755–1,780 MHz, and 2,155–2,180 MHz
bands, and 3.5 GigaHertz (GHz) bands (3,550–3,700 MHz)
have been opened up for dynamic spectrum access [28]. Despite
these encouraging access opportunities, spectrum access on
unlicensed bands will face many challenges. First, on some
unlicensed bands especially for opened licensed bands, IoT
users may share spectrum with primary users (PUs) with high
priorities. These PUs should be protected from detrimental
interference. For example, IoT network operators that attempt
to access AWG-3 bands need to treat the federal meteorological-satellite systems as PUs [28]. Second, due to the lack of
cooperations and coordinations, each IoT user has to conduct
spectrum access individually with limited side information [29].
An IoT user may only be able to detect the channel gain of the
links between its own transmitter and receiver, while the
assumption of channel state information of different IoT users
becomes unrealistic. Thus, conventional algorithm-based spectrum access methods cannot be directly applied.

j=1

where SINR j represents the signal-to-interference plus noise
ratio (SINR) of received signals on channel j. f and B are the
weight and the penalty caused by colliding with PUs on channel
j, respectively. Online training will be applied to train the underlying DQN, enabling DQN to adapt to wireless environment
variations, the processes of which have been presented in Fig. 5.
C. Challenge of Spectrum Sensing

Spectrum sensing is performed to harvest available channels or
idle channels during spectrum access. As shown in Fig. 7, some
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DRL-based spectrum sensing scheme is introduced to seek for the proper spectrum sensing
frequency.The action of reinforcement learning
is defined as the number of sensing slots that
are inserted into a radio frame. Consequently,
the output layer is composed of K neurons
where the k-th one corresponds to the action
of using k sensing slots in a radio frame,
k = 1, 2, f, K . The state is composed of two parts, including the
actions chosen during the last attempt and the corresponding
reward. As an instance, if the last selected action is using k sensing
slots and the corresponding reward is r, the state can be given as
a vector [0,f, 0, 1, 0,f, 0, r] with the k-th element being 1, the
N + 1-th element being r, and 0 otherwise. Accordingly, N + 1
input neurons should be included in the input layer, in which
the i-th element in the state vector is adopted as the i-th input.
Fig. 8 gives an example of the neural network based on reservoir
computing (RC) under the maximum number of sensing slots
of 3. The definition of the reward should consider the trade-off
between spectrum sensing accuracy and transmission efficiency.
Consequentially, the reward could be defined as

In distributed IoT networks, accurate labeled data may
be difficult to be obtained, therefore, a DRL-based
spectrum sensing scheme is introduced to seek
for the proper spectrum sensing frequency.
disjoint sensing slots are inserted into each radio frame to periodically check the availability of channels [30]. One of the most
important parameters during this process is the sensing frequency which measures the density of sensing slots in a radio frame.
High sensing frequency requires more wireless resources to
conduct spectrum sensing and will result in low data transmission efficiency. On the other hand, it also provides accurate and
timely sensing results. To improve the network performance, the
spectrum sensing frequency should be adjusted based on the
underlying wireless environments. For example, in fast timevarying environments, frequent spectrum sensing should be
conducted to timely track the availability of channels. Therefore,
it is important to have a robust design that is capable of intelligently adjusting the sensing frequency in response to the timevarying and dynamic environments.
D. Artificial Intelligence-Aided Spectrum Sensing

We assume that the maximum number of sensing slots to be
inserted into a radio frame is K, and the length of a sensing slot
is a fixed value x. Sensing slots are uniformly distributed in a
radio frame as shown in Fig. 7. In distributed IoT networks,
accurate labeled data may be difficult to be obtained, therefore, a
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FIGURE 7 Spectrum sensing.
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(4)

where Teff represents the effective transmission time calculated
by Teff = mT. m and T are the number of collision-free data
transmission phases and the length of each data transmission
phase, respectively. k denotes the number of spectrum sensing
slots to be inserted into a radio frame. e is a predefined constant to adjust the weights between spectrum sensing accuracy
and transmission efficiency. The online training processes have
been described in Fig. 5, which could enable each IoT user to
learn and attain an appropriate spectrum sensing frequency.
E. Selection of Underlying Neural Network Architectures

Data
Transmission
τ

r = Teff - e $ k $ x,
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The types of neural networks should be selected carefully since
they will directly impact the performance of the DQN. The
FFNN is a basic neural network architecture, which has been
widely applied in multiple applications in practices [31]. As
shown in Fig. 4, the most significant feature of FFNN is its simple structure, in which signals only travel in the feed-forward
direction. This feature makes FFNN easily trained, which is
important for IoT networks [32]. However, the downside is that
FFNN can not fully capture the underlying temporal correlation among the data which is critical for IoT networks due to
the dynamic nature of the environment. On the other hand, the
RNN is a powerful neural network that can explore the temporal correlation nature of the underlying data. In RNN, the
activation updates of neurons in hidden layers, also referred to as
recurrent neurons, need to take into account not only current
input signals but also previous signals from recurrent neurons
and output neurons, as shown in Fig. 6 [31]. In this way, RNN
is able to create combinations of current and historic input signals and learn temporal correlations in dynamic systems. For
example, RNN have been widely used in natural language processing, where sentences generally need to be understood based

on both the current sentences and previous sentences [33].Thus,
RNN may be a better choice for IoT networks to learn the
dynamics of the underlying wireless environments. However,
the training process of RNN is complicated [34], [35] which is
too difficult to be applied in IoT networks. To cope with that,
the RC could be an alternative method to significantly reduce
the underlying training. As shown in Fig. 8, RC is a special type
of RNN, in which only the weights in output layer will be
trained, while the other weights in the input layer and reservoir
layers are fixed and generated randomly [36]. In this way, the
difficulty of training RNN is significantly alleviated, while the
feature of the temporal correlation still remains. It is shown that
RC can be easily trained to conduct spectrum access for
dynamic spectrum access networks [29] and high-rate symbol
detection [37] for wireless networks. As a result, the RC can be
an ideal neural network candidate for IoT networks.
V. Conclusion

IoT is a novel paradigm to interconnect massive wireless devices, which has the potentials to be applied in diverse applications
and fields. However, due to a huge number of wireless devices
in IoT networks, many technical challenges need to be
addressed. In this article, we first have discussed potential architectures to construct IoT networks and design the frameworks
for both centralized and distributed IoT networks. Furthermore,
the possible technical challenges in our designed IoT networks
have been analyzed. Then, AI-based solutions have been discussed to address these challenges related to random access,
spectrum access, and spectrum sensing. To facilitate IoT users to
choose transmission parameters individually and intelligently,
reinforcement learning is employed, which is a model-free
method to achieve good system performance without relying
on accurate labeled data. Furthermore, for better efficiency,
DQN has been used to conduct efficient online training for
reinforcement learning. Finally, the advantages and disadvantages
for different types of neural networks to be used in IoT networks have been discussed. We would like to envision that AIenabled hyper-connected devices and world would become an
important part in 5G networks and a core part of the future 6G
networks. AI may greatly support Internet of things in different
ways for PHY, MAC, network, transport, and application layers.
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A

nt colony optimization is a swarm
intelligence metaheuristic inspired
by the foraging behavior of some
ant species. Ant colony optimization has
been successfully applied to challenging
optimization problems. This article
investigates existing ant colony optimization algorithms specifically designed
for combinatorial optimization problems
with a dynamic environment. The investigated algorithms are classified into two
frameworks: evaporation-based and population-based. A case study of using
these algorithms to solve the dynamic
traveling salesperson problem is de
scribed. Experiments are systematically
conducted using a proposed dynamic
benchmark framework to analyze the
effect of important ant colony optimization features on numerous test
cases. Different performance measures
are used to evaluate the adaptation
capabilities of the investigated algorithms, indicating which features are the
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ony optimization algorithms in dynamic
environments.
I. Introduction

Ant colony optimization (ACO) is a
well-known metaheuristic for combinatorial optimization problems inspired by
Corresponding Author: Michalis Mavrovouniotis (Email:
mavrovouniotis.michalis@ucy.ac.cy)
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the foraging behavior of real ant colonies [1], [2]. Ants are able to find the
shortest path between a food source and
their nest [3]. They lay pheromones (a
chemical substance produced by ants)
on the ground to mark their path, forming in this way a pheromone trail, and
they tend to follow paths marked by
strong pheromone concentrations. In
this way, the ants are able to share information with their nest mates.
In ACO, a colony of (artificial) ants
cooperates in constructing high-quality
solutions to difficult combinatorial optimization problems [4]. The construction
of solutions is guided by (artificial) pheromone trails. The pheromone model
used to update the pheromone trails is
inspired by the pheromone trail laying
and following behavior of real ants. This
is basically a parametrized probabilistic
model that is modified by the ants to
reflect their experience while optimizing a particular problem.
ACO was initially designed for solving
static combinatorial optimization problems
[4]. However, the environments of many
real-world problems are often dynamic [5].
A dynamic combinatorial optimization

1556-603X/20©2020IEEE

problem can be seen as a series of different
static problem instances. Hence, a straightforward method to deal with these type of
problems is to consider each dynamic
change as the arrival of a new problem
instance that needs to be solved from
scratch. However, this method is often
impractical when the dynamic change is
relatively small [5]–[7]. A better strategy is
to adapt to dynamic changes by transferring the past experience of the optimization process since the new environment
will be in some sense related to the old
one. ACO is a good choice in adapting to
dynamic changes because it naturally
implements a memory structure (i.e., the
pheromone model), allowing ACO to
remember the past experience. Therefore,
when a dynamic change occurs the past
experience can be transferred via the
pheromone trails of previously optimized
environments [7]. Successful ACO applications to dynamic combinatorial optimization problems include Internet-like
network routing [8], vehicle routing [9],
and train scheduling [10].
In the last decade, studying ACO
algorithms for dynamic environments
attracted a lot of attention because of
their intrinsic features [6], [7]. Several
dynamic strategies have been designed to
enhance the adaptation capabilities of
ACO [11]–[14]. These strategies have
been mainly tested on different dynamic
variations of the traveling salesperson
problem (TSP), which makes the dynamic TSP (DTSP) an ideal subject for a case
study in this article. However, in the
existing DTSPs [15]–[19], important
dynamic optimization settings (e.g., the
type, frequency, and magnitude of the
dynamic change) are not following any
experimentation protocol. This causes
many difficulties for researchers to analyze the strengths and weaknesses of algorithms in DTSPs. Consequently, the
following important questions arise:
Which ACO algorithm performs best under
which dynamic settings and why? Which
ACO features are important when addressing
dynamic environments? We strongly believe
that it would be beneficial to have a unified dynamic benchmark framework to
evaluate algorithms in DTSPs with common dynamic settings [20], [21].

This article aims to provide insights
concerning the behavior of ACO using
the DTSP as a case study. In order to
achieve this aim, we set out the following two objectives. First, the existing
ACO algorithms designed for DTSPs
are classified according to their framework either as evaporation-based or as population-based. Second, a unified dynamic
benchmark framework is proposed to
systematically carry out a critical evaluation of the most important features of
ACO algorithms (i.e., the decision rule
for constructing solutions, the policy for
updating pheromone trails, and the
dynamic strategy for enhancing adaptation capabilities) on different test cases.
In fact, this benchmark framework will
also be able to serve as an initial proving
ground for new algorithmic ideas in
dynamic environments.
The rest of this article is organized as
follows. Section II describes the generation of dynamic test cases utilizing the
unified dynamic benchmark framework
with the TSP as the base problem. Section III classifies the ACO algorithms
from the literature that have been
designed for DTSPs. Section IV outlines the experimental setup of our
study. Next, Section V presents and analyzes the experimental results. Finally,
concluding remarks are presented in
Section VI.
II. Dynamic Travelling Salesperson
Problem

In this section, we describe how dynamic test cases can be generated from a
static problem instance. TSP is used as
the base problem to generate the
dynamic test cases in this article because
it is a problem without too many technicalities (e.g., hard constraints). Hence,
it is more convenient to evaluate algorithms because their behaviors will not
be obscured by the technicalities of the
problem [22]. Additionally, the TSP is an
important N P -hard combinatorial
optimization problem arising in several
applications [23]. Finally, the best ACO
algorithms for the TSP very often perform well when applied to more complex problems. For example, the Ant
Colony System [1], which is one of the

best performing ACO algorithms on the
TSP, is used to solve world-scale instances of vehicle routing problems [24].
A. TSP Formulation

The TSP can be described as follows:
given a collection of cities, the objective
of a salesperson is to find the shortest
Hamiltonian cycle of visiting all of the
cities once before finally returning to the
starting city. More formally, a TSP problem instance is modeled by a complete
directed weighted graph G = (N, A),
where N is a set of n nodes and A is a
set of arcs fully connecting the nodes. For
the classical TSP, nodes and arcs represent
respectively the cities and the links
between the cities. Each arc (i, j ) ! A is
associated with a non-negative value
w ij ! R +, which represents the distance
between nodes i and j. In this article, we
will use symmetric TSP problem instances to generate dynamic test cases and,
hence, these distances are independent of
the direction of traversing the arcs, that is,
w ij = w ji for every pair of nodes.
B. Generating Dynamic
Test Environments

Every TSP problem instance consists of a
weight matrix that contains all the weights
associated with the arcs of the corresponding graph G. In order to generate dynamic test cases the weight matrix of the
problem is subject to changes as follows:
W(T ) = {w ij (T )}n # n,

(1)

where W($) is the weight matrix and T
is the environmental period index
which is synchronized with the algorithm during the optimization process.
Therefore, the environmental period
index is defined as T = ^t /f h, where f
is the frequency of change and t is the
evaluation counter of the algorithm.
A particular TSP solution r =
[r 1, f, r n] is a permutation of node
indices, and for the DTSP it is evaluated
as follows:
z(r, t ) = w r n r 1(T ) +

n-1

/w

(T ). (2)

ri ri + 1

i=1

Mainly, there are two components of the
graph G representing the problem that
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can change: 1) the set of nodes [13], and
2) the weights on the arcs [11]. A change
to any of these problem components will
also cause a change to the weight matrix
defined in Equation 1 and, thus, it may
affect the algorithm’s output: the best
output before a change may not be the
best (or even feasible) after the change.
Real-world applications that encompass
the aforementioned types of dynamic
changes can be found in many fields,
including transportation. For example,
changes in the traffic situation (i.e.,
weight changes) or changes in the visiting locations (i.e., node changes).
1) DTSP with Node Changes
The key idea to generate a dynamic test
case with this type of changes is to replace
nodes from the current working node set
N in(T ), where N in(0) = N, with newly
introduced nodes drawn from another set
N out(T ). The latter set N out(T ) is initially generated with n new random nodes
in the range of the N set. A dynamic
change of this type occurs as follows.

1

Node Changes
. . .
n

. . .

1

n
(a)
1

Weight Changes
. . .
n

Every f evaluations exactly ^mnh nodes
are randomly selected from N out(T ) to
replace exactly ^mnh randomly selected
nodes from N in(T ), where m (m ! (0, 1])
defines the magnitude of change. The
higher the value of m, the more nodes
will be replaced. In this way, the weight
matrix will be affected because the
weights on the arcs connecting the
replaced nodes will be modified.
2) DTSP with Weight Changes
A dynamic test case with this type of
changes can be generated by assigning an
increasing/decreasing factor value to the
arc connecting nodes i and j as follows:
w ij(T + 1) =
w ij(0) + R ij, if arc (i, j ) ! A S(T ),
(3)
'
w ij(T ),
otherwise,

where w ij(0) is the initial weight of arc
(i, j ) (from the static TSP instance when
T = 0), R ij is a normally distributed
random number (with zero mean and
standard deviation set proportional to
w ij(0) as in [20]) that defines the modified f actor value to arc (i, j ), and
A S(T ) 1 A defines the set of arcs randomly selected for the change at that
period. Consider that the size of the set
A is defined by the number of arcs as
follows: n(n - 1). Then, the size of
A S(T ) is defined by the magnitude of
change (i.e., m ! (0, 1]) and the size of
A. Therefore, every f evaluations
exactly ^mn (n - 1)h arcs will be selected
to change their weights. The higher the
value of m, the more arcs will be selected for changes.

1

. . .

C. Some Additional Remarks

n
(b)
FIGURE 1 Illustration of the weight matrix
when node (a) and weight (b) dynamic
changes (with m = 0.2 in this example)
occur. Gray boxes denote a change to the
weight. Note that the symmetry with respect
to the main diagonal line is due to the fact
that symmetric problem instances are used
to generate DTSPs.
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It must be noted that there are some
ACO algorithms that benefit from the
use of less ants (e.g., the Ant Colony
System [1]), resulting in less evaluations
per algorithmic iteration, and some
other ACO algorithms that benefit from
the use of more ants (e.g., the hyper
populated ant colonies [25], [26]),
resulting in more evaluations per algorithmic iteration. Therefore, the frequency of change is expressed in
evaluations in the described dynamic
benchmark framework. In this way, a fair
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comparison between the competing
algorithms is ensured with the generated
DTSP test cases because the dynamic
changes occur at exactly the same period of time (i.e., all algorithms have
exactly the same number of evaluations
available between the environmental
changes). Also, the period of change is
restricted either at the start or at the end
of an algorithmic iteration [27].
From the way the magnitude of change
is defined for both DTSP types, there
exists an interesting observation: the
weights of the same number of arcs, but
not necessarily the same arcs, are modified
when the same value of m is selected for
DTSPs that utilize symmetric problem
instances. For example, in Figure 1 the
dynamic change with magnitude set to
m = 0.2 will change one node for a
problem of size five (i.e., ^0.2 # 5h) when
node changes occur and four arcs for the
same problem (i.e., ^0.2 # 5(5 - 1)h)
when weight changes occur. Consider
that there are two arcs connecting a pair
of nodes and their weights are the same in
symmetric problem instances. For a problem of size five in a fully connected graph,
each node is connected with the remaining four nodes; therefore, when one node
is replaced, the weights of eight arcs in
total will be modified as shown in Figure 1(a). For the same problem, the
weights of the four selected arcs will be
modified when weight changes occur,
but, due to the symmetric property of the
problem instance, each time the weight of
an arc (i, j ) changes, the weight of the arc
( j, i ) changes to the same value. As a
result, the weights of eight arcs in total
will actually change (as in the case of
node changes) as shown in Figure 1(b).
III. Classification of ACO
Algorithms
A. ACO for the Dynamic Travelling
Salesperson Problem

In the ACO metaheuristic, a colony of ~
artificial ants constructs solutions by incrementally selecting feasible solution components. Each solution component is
associated with a pheromone value which
is used to guide artificial ants when selecting the next solution component. Since

the TSP is considered as the base problem
to generate dynamic test cases, it is used as
a concrete example to describe the ACO
metaheuristic in this section.
With probability 1 - q 0 (q 0 ! [0, 1])
each ant chooses the next node probabilistically. The probability with which
ant k chooses node j from node i is
defined as follows:
Z
a
b
] 6x ij@ 6h ij@ , if j ! N ki ,
]
a
b
(4)
p kij = [ / k 6x il@ 6h il@
]] l ! N i
0,
otherwise,
\
while with probability q 0 each ant k
chooses the next node j with the highest probability as follows:
j = argmaxk {[x il]a [h il]b},
l!Ni

(5)

where x ij and h ij = 1/w ij(T ) are, respectively, the pheromone trail value (which
is initialized with a value x 0) and the
heuristic value (which is available a priori) of the arc connecting node i to
node j, a and b are two parameters
that control the relative influence of the
pheromone versus the heuristic information, and N ki is the set of nodes that
ant k has not selected yet when being
at node i.
When q 0 = 0.0, we have the normal
random proportional decision rule in
which ants make moves probabilistically
using only Equation 4. When q 0 2 0.0,
we have the so-called pseudorandom proportional decision rule, introduced in the
Ant Colony System [1], in which ants
make the best possible moves as indicated by the existing pheromone trails and
the heuristic information using Equation 5, in combination with the probabilistic moves defined in Equation 4.
B. ACO Framework Types

There are two framework types of the
ACO metaheuristic. First, the evaporation-based framework that typically utilizes the random proportional decision
rule as shown in Algorithm 1. Second,
the population-based framework that
typically utilizes the pseudorandom proportional decision rule as shown in
Algorithm 2. These two frameworks
also differ in the way their pheromone

trails are updated and, consequently, in
the way they adapt to dynamic changes.
1) Adapting via Pheromone
Evaporation
The evaporation-based framework used
in this article adopts the pheromone
update policy of the MAX-MIN
Ant System ( MMAS) [28], which is
one of the best performing evapora-

tion-based algorithms. The pheromone
trails are updated by applying evaporation as follows:
x ij

! (1 - t) x ij, 6(i, j ) ! A,

(6)

where t( t ! (0, 1]) is the evaporation
rate. After evaporation, the best ant
deposits pheromone on the arcs belonging to its constructed solution (i.e., r best )

Algorithm 1 Evaporation-Based Framework.

1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:

I ! 0 and t ! 0
initialize all pheromone trails x ij uniformly with a value x 0
while termination condition is not satisfied do
construct ~ solutions using the random proportional rule in Equation 4
evaluate all solutions using Equation 2
t !t +~
find the best solution r ib from the I–th iteration
if z(r ib, t ) is better than z(r bs, t ) then
r bs ! r ib
end if
reduce all pheromone trails x ij using Equation 6
increase the pheromone trails x ij using Equation 7
I ! I +1
end while
OUTPUT: the best-so-far solution r bs

Algorithm 2 Population-Based Framework.

1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:

I ! 0 and t ! 0
initialize all pheromone trails x ij uniformly with a value x 0
set the population-list P (I ) ! 4
while termination condition is not satisfied do
construct ~ solutions using the pseudorandom proportional rule in Equations 4 and 5
evaluate all solutions using Equation 2
t !t +~
find the best solution r ib from the I–th iteration
if population-list P (I ) is full then
select the oldest solution r out to leave the population-list P (I )
reduce the pheromone trails x ij using Equation 9
end if
r in ! r ib
insert r in in the population-list P (I )
increase the pheromone trails x ij using Equation 8
if z(r ib, t ) is better than z(r bs, t ) then
r bs ! r ib
end if
I ! I +1
end while
OUTPUT: the best-so-far solution r bs
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with an amount proportional to the
quality of that solution as follows:
x ij

! x ij + Tx ijbest, 6(i, j ) ! r best,

(7)

where T
= 1/z(r , t ) is the proportional amount of pheromone to be
deposited. The best ant may be either
the best ant found in the current iteration (iteration-best ant), in which case
best
r
= r ib, or the best ant found since
the start of the algorithm (best-so-far
ant), in which case r best = r bs, or a combination of both [29]. The lower and
upper limits x min and x max of the pheromone trail values are imposed such that
6(i, j ): x min # x ij # x max . The x min and
x max values are always updated proportionally to the solution quality of the
current best-so-far ant.
When a dynamic change occurs, the
current pheromone trails will contain
mixed information that can either guide
the search towards promising areas of the
search space containing high-quality
solutions or misguide the search towards
poor areas of the search space containing
low-quality solutions. Hence, some previously generated pheromone trails may
lead to a possibly poor solution for the
new environment.Therefore, pheromone
evaporation is responsible for the gradual
reduction of these pheromone trails.
best
x ij

best

2) Adapting via Population-list
The population-based framework uses a
population-list P (I ) of size K (i.e., an

archive of K solutions), in which at
each iteration I the solution of the iteration-best ant is stored in the population-list [12]. The population-list is
directly associated with the pheromone
trails, that is, whenever an ant in enters
the population-list, a positive pheromone update is performed as follows:
x ij

! x ij + Tx, 6(i, j ) ! r in,

(8)

where Tx is the constant pheromone
amount to be deposited and r in is the
solution of the ant entering the population-list (i.e., r in = r ib ). Whenever an
ant out leaves the population-list, due to
the limited size of P (I ), a negative pheromone update is performed as follows:
x ij

! x ij - Tx, 6(i, j ) ! r out,

(9)

where Tx is the constant pheromone
amount to be removed and r out is the
solution of the ant leaving the population-list (i.e., the oldest solution in the
population-list). In this way, outdated
pheromone trails are reduced directly
when a dynamic change occurs.
There exists an interesting relationship between the evaporation-based and
population-based frameworks: they both
use pheromone trail limits, which is an
important feature to avoid early search
stagnation [29], although these are
explicit, as discussed earlier, in the evaporation-based framework and implicit in
the population-based framework. In particular, the pheromone trail values in the

population-based framework can never
drop below the initial pheromone value
x 0 because a constant amount of pheromone Tx will always be added to the
trails when the ant enters the populationlist and the same constant amount of pheromone Tx will always be removed from
the same trails when the ant leaves the population-list. On the contrary, the additional
pheromone value a trail can receive can be
at most K, which is the size of the population-list, times the constant amount of
pheromone Tx. Hence, in the population-based framework is implicitly guaranteed that 6(i, j ): x 0 # x ij # x 0 + KTx.
It must be also noted that the pheromone trail limits (i.e., x min = x 0 and
x max = x 0 + KTx) in the populationbased framework are fixed, whereas the
pheromone trail limits in the evaporation-based framework are variable (they
change whenever a new best solution
is discovered).
C. ACO Variants for the DTSP

As discussed earlier, both ACO frameworks can successfully address DTSPs
using their pheromone trails to utilize
previous experience and adapt to the
newly generated environments, either via
pheromone evaporation in the case of the
evaporation-based framework (denoted as
MMAS in Table I) or via the population-list in the case of the populationbased framework (denoted as P-ACO in
Table II). However, these adaptation

TABLE I Dynamic strategies of evaporation-based variants.
ACO ALGORITHM
MMAS

†

REFERENCE

DYNAMIC STRATEGY

EXPLICIT ACTION

[28]

ADAPT VIA PHEROMONE EVAPORATION

–

RESTART-STRATEGY

[16]

REINITIALIZE ALL PHEROMONE TRAILS BY THE SAME DEGREE

MODIFY PHEROMONE VALUES

x -STRATEGY

[16]

UTILIZE THE LOCATION OF DYNAMIC CHANGES

MODIFY PHEROMONE VALUES

h -STRATEGY

[16]

UTILIZE THE LOCATION OF DYNAMIC CHANGES

MODIFY PHEROMONE VALUES

SHAKE-STRATEGY

[11]

REDUCE TRAILS WITH HIGHER PHEROMONE AMOUNT MORE

MODIFY PHEROMONE VALUES

MAX-STRATEGY

[30]

REINITIALIZE ALL TRAILS PROPORTIONAL TO THE MAXIMUM
PHEROMONE VALUE

MODIFY PHEROMONE VALUES

MMAS CASTE

[31]

MULTIPLE COLONIES WITH DIFFERENT DECISION RULES

–

MMAS R

[32]

REINITIALIZE ALL PHEROMONE TRAILS TO THE INITIAL VALUE

MODIFY PHEROMONE VALUES

MMAS A

[33]

ADAPT THE PHEROMONE EVAPORATION RATE

INCREASE THE EVAPORATION RATE

MMAS S

[34]

SELF-ADAPT THE PHEROMONE EVAPORATION RATE

–

MC- MMAS

[35]

MULTIPLE COLONIES WITH INDEPENDENT PHEROMONE TRAILS

–

†

Conventional evaporation-based framework.
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mechanisms often become ineffective
once ACO shows a stagnation behavior
(i.e., when all the ants follow the same
path and construct the same solution over
and over again). This is because excessive
growth of pheromone trails will be generated on the arcs of a single solution.
Therefore, in case a dynamic change
occurs, it will be difficult for the ants to
escape from this solution (which could be
optimal previously) in order to search for
the new optimal solution. Since both
frameworks focus their search on a specific area of the search space, there is a consequent danger of getting trapped in a
stagnation situation. Although the pheromone trail limit feature, discussed in Section III-B, is designed to counteract this
situation, both ACO frameworks need to
be further endowed with additional
features when addressing dynamic
environments [14].
Several dynamic strategies have been
designed to balance the knowledge
transferred and the diversity maintained
in ACO, and, consequently, improve the
adaptation capabilities of ACO in
dynamic environments [7]. Achieving a
good balance between these two factors
is not a trivial task. On one hand,
increasing the diversity of the constructed solutions resolves the issue of search
stagnation. On the other hand, it may
disturb the optimization process because
of too much randomization. Additionally, transferring knowledge is essential for
faster recovery when dynamic changes
occur. However, if too much knowledge
is transferred or utilized from previous
environments, then the reoptimization
process may start near a (possibly poor-

quality) local optimum and get stuck
there. In fact, these two factors are also
conflicting because if the diversity
maintained is not enough, then it will
be difficult for ACO to utilize any
knowledge transferred.
Existing ACO variants for the DTSP
are classified into evaporation-based and
population-based framework variants in
Tables I and II, respectively. The main
common feature of all these ACO variants is that they prevent the concentration of large amounts of pheromone
trails on the arcs of a single solution. In
the evaporation-based variants, this is
typically achieved by reducing the pheromone trails on these arcs much faster
than the remaining pheromone trails
and/or increasing some pheromone
trails on arcs of other promising solutions
in the search space. On the contrary,
the population-based variants typically
introduce newly generated solutions, that
do not belong in the constructing colony, in the population-list. In this way,
the population-list is unlikely to maintain identical solutions that will result in
stagnation of the search. It must be noted
that the dynamic strategies of most variants are based on explicit actions when a
change occurs. For detailed descriptions
of these variants, refer to their original
references listed in Tables I and II.
IV. Experimental Setup
A. Dynamic Test Cases

TSP instances were obtained from the
TSPLIB benchmark library [40], which
is available at http://comopt.ifi.uni
-heidelberg.de/software/TSPLIB95/, to

generate dynamic test cases as described
in Section II. Specifically, the frequency
of change was set proportionally to the
size of the problem instance as follows:
f = 2.5n and f = 25n, ind icating
quickly (e.g., before the algorithm
converges, denoted as fast) and slowly
(e.g., after the algorithm has converged,
denoted as slow ) changing environments, respectively. The magnitude of
change was set to m = 0.1, m = 0.25,
m = 0.5, and m = 0.75, indicating small,
to medium, to large dynamic changes,
respectively. The dynamic settings for
each DTSP test case are selected to
systematically analyze the dynamic
behavior of ACO algorithms (i.e., their
ability to recover fast and produce
the best output). Note that usually as
the frequency of change is faster and the
magnitude of change is increasing
the DTSP test case becomes harder to
address [14], [21].
B. Parameter Settings

The common parameters of all ACO
algorithms were set to typical values as
follows [4]: a = 1 and b = 5 (for all the
experiments). The colony size ~ for
DTSPs with node changes was set to
~ = 5 and for DTSPs with weight
changes was set to ~ = 25. The remaining parameters were set to t = 0.8 and
K = 3 for ACO algor ithms using
these parameters.
Note that these parameters were
found to yield reasonable performance
in most DTSPs. In general, the best
results on both types of DTSPs are
obtained when setting the evaporationbased variants with a high pheromone

TABLE II Dynamic strategies of population-based variants.
ACO ALGORITHM

REFERENCE

DYNAMIC STRATEGY

EXPLICIT ACTION

P-ACO†

[12]

ADAPT VIA POPULATION-LIST

–

RIACO

[36]

GENERATE RANDOM IMMIGRANTS

–

EIACO

[36]

GENERATE ELITISM-BASED IMMIGRANTS

UPDATE PREVIOUS BEST SOLUTION

HIACO

[36]

GENERATE BOTH RANDOM AND ELITISM-BASED IMMIGRANTS

UPDATE PREVIOUS BEST SOLUTION

M-PACO

[32]

POPULATION-LIST WITH TRIGGERED RANDOM IMMIGRANTS

–

MIACO

[37]

GENERATE MEMORY-BASED IMMIGRANTS

UPDATE MEMORY STRUCTURE

EIIACO

[38]

GENERATE ENVIRONMENTAL-INFORMATION BASED IMMIGRANTS

UPDATE PREVIOUS POPULATION-LIST

HIACO-II

[39]

GENERATE EITHER RANDOM OR ELITISM-BASED IMMIGRANTS

UPDATE PREVIOUS BEST SOLUTION

†

Conventional population-based framework.
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evaporation rate and the populationbased variants with a small populationlist size. On the contrary, the colony size
varies for the two types of DTSPs: a
smaller colony size performs better in
DTSPs with node changes, whereas a
larger colony size performs better in
DTSPs with weight changes.
For each ACO algorithm on each
DTSP test case, 30 independent runs
were executed on the same set of random
seed numbers. For each run, 100 environmental changes were allowed and the
value of the best-so-far ant since the last
change of the environment was recorded.
C. Performance Measures

Five metrics for evaluating the performance of ACO algorithms were considered: 1) offline performance, 2) best
before change, 3) robustness, 4) diversity,
and 5) m- branching factor. The first two
metrics are classified as optimality-based
metrics, whereas the last three metrics
are classified as behavior-based metrics. The set of metrics is described in
the following:
❏ Offline performance (Proffline) measures how well an algorithm performs until it finds a high-quality
solution [5]. It is one of the most frequently used metrics for dynamic
optimization, which is defined as the
average solution quality of the bestso-far solution found at each evaluation step. This metric is calculated
as follows:
E

Proffline = 1 / z(r bs, t ),
E t=1

(10)

where z(r bs, t ) is the quality of the
best-so-far solution since the last
change of the environment and E is
the total number of evaluations
(which is defined as E = Mf, where
M is the total number of environmental changes and f is the frequency of change).
❏ Best before change (Prchange) measures how good the final outcome of
an algorithm is [41]. It is another
useful metric, defined as the average
solution quality of the best-so-far
solution found at the end of each
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environmental period. This metric is
calculated as follows:
Prchange = 1
M

M

/ z(r bs, Tf - 1),

(11)

T=1

where z(r bs, Tf - 1) is the quality of
the best-so-far solution achieved just
before the T–th environmental
change.
❏ Robustness (Prrobust) measures the
stability of an algor ithm when
dynamic changes occur [32], [42].
Suppose that at evaluation count t a
change occurs. Then, the robustness
of an algorithm is calculated by comparing the quality of the best-so-far
solution just before the change (i.e.,
at evaluation count t - 1) with the
quality of the best-so-far solution
when a change occurs (i.e., at evaluation count t ) as follows:
Prrobust =

1
M -1

Z
bs
z(r ,Tf - 1)
] 1,
21,
if
bs
]
z(r ,Tf )
#/[
bs
T =1 ] z(r ,Tf - 1)
] z(r bs,Tf ) , otherwise.
\
(12)
M -1

The values of Prrobust are normalized
and range over the interval [0, 1], where
a value closer to 1 indicates better average robustness because the quality of the
best-so-far solution will have less degradation at each environmental change.
r ) gives an indication of
❏ Diversity (D
the amount of exploration an algorithm performs [32], which, in this
case study, is calculated as follows:
r =
D

1

/ / c 1 - CA(np, q) m,
~

~

~(~ - 1) p = 1 q ! p

(13)

where CA( p, q) is the total number of
common arcs between the solutions conr
structed by the p–th and q–th ants.The D
value tends to decrease as the ants start to
follow similar paths, where a value of zero
corresponds to stagnation of the search.
❏ m -Branching factor (mr ) measures
the distribution of the pheromone
trail values [43]. The m -branching factor is given by the number of arcs incident to node i satisfying the following
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i
i
condition: x ij $ x imin + m(x max
- x min
),
i
i
where x max and x min are, respectively,
the maximum and minimum pheromone values on arcs incident to node
i, and m ! [0, 1] is a constant. The
average m -branching factor (i.e., mr )
from all nodes’ m -branching factors
gives an indication of the level of
search space exploration generated
by the ants.The values of mr range over
the interval [2, n - 1], where a value
of 2 indicates stagnation behavior.
Finally, in order to support our comparisons, pairwise Wilcoxon rank–sum statistical tests with a significance level of
0.05 were performed. In the case of multiple comparisons, Kruskal–Wallis statistical
tests were performed, followed by posthoc
pairwise comparisons using Wilcoxon
rank–sum statistical tests with p–values
adjusted by Bonferroni correction.

V. Experimental Results
and Their Analysis

This section presents representative
examples of the results obtained in our
experimental studies and analyzes them1.
A. Comparison between EvaporationBased and Population-Based
Frameworks

In this study, the evaporation-based
framework is compared with the population-based framework. The experiments were carried out using three
TSPLIB instances to generate the
dynamic test cases: kroA200, rd400
and u1060, in which the number in the
instance name identifies the problem
size, and they are considered as small,
medium and large instances, respectively.
Table III shows the Proffline, Prchange, and
Prrobust results obtained by the two
frameworks for DTSPs with m = 0.25.
To better understand their behavior,
Figure 2 shows plots of the mr (with
r results against the
m = 0.05) and D
last ten node changes on the TSPLIB
instance rd400. From the experimental
results, the following observations can
be drawn.
1

The detailed results of each experimental study are
provided as supplementary material. The supplementary material is available at https://github.com/
Mavrovouniotis/ACODTSP.

First, in terms of Proffline, the population-based framework performs significantly better than the evaporation-based
framework in most quickly changing
DTSPs. This is because the pseudorandom proportional decision rule used
in the population-based framework is
more greedy than the random proportional decision rule used in the evapora-

tion-based framework and, thus, it
directs the search towards high-quality
solutions quickly. On the contrary, the
random proportional decision rule
requires sufficient time to explore the
search space (and most probably discover
better-quality solutions). Hence, the
evaporation-based framework performs
significantly better, in terms of both

Proffline and Prchange, than the populationbased framework in most slowly changing DTSPs. Another reason is that the
evaporation-based framework requires
some time to make significant changes
to the pheromone trails, because the
pheromone evaporation will gradually
decrease outdated pheromone trails down
to the explicit x min value, whereas the

TABLE III Pr offline , Pr change , and Pr robust (averaged over 30 runs) results of evaporation-based and population-based frameworks (i.e.,
MMAS and P-ACO, respectively) for DTSPs with m = 0.25.

kroA200
METRIC

ACO FRAMEWORK

WEIGHTS

rd400

NODES

WEIGHTS

u1060
NODES

WEIGHTS

NODES

fast
Proffline

Prchange

Prrobust

EVAPORATION

30140

34620

16361

17322

254703

325217

POPULATION

30552

34430

16276

17203

252955

321851

EVAPORATION

29620

33021

15992

16602

249219

314794

POPULATION

30101

33118

15983

16594

247801

312261

EVAPORATION

0.95

0.77

0.93

0.76

0.92

0.76

POPULATION

0.96

0.82

0.95

0.82

0.92

0.82

slow
Proffline

Prchange

Prrobust

EVAPORATION

28300

31635

14947

15892

241128

306628

POPULATION

28745

31887

15154

15952

239814

304820

EVAPORATION

27964

30771

14641

15403

236858

300317

POPULATION

28363

31113

14870

15527

235303

299506

EVAPORATION

0.94

0.72

0.93

0.71

0.91

0.73

POPULATION

0.94

0.78

0.93

0.77

0.91

0.79

Bold values indicate statistical significance.

rd400 (With Node Changes)–fast, m = 0.25
Evaporation
Population

Average Diversity

0.4
0.3
0.2
0.1
0
90 91 92 93 94 95 96 97 98 99 100
Environmental Change T
(a)

2.5
Average λ - Branching Factor

0.5

rd400 (With Node Changes)–fast, m = 0.25
Evaporation
Population

2.4
2.3
2.2
2.1
2
90 91 92 93 94 95 96 97 98 99 100
Environmental Change T
(b)

r (a) and mr (b) (averaged over 30 runs) results of evaporation-based and population-based frameworks against the last ten enviFIGURE 2 D
ronmental changes.
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If a dynamic change occurs to the nodes, it will always
affect the current best-so-far solution and, consequently,
affect the current optimization process.
population-based framework decreases
outdated pheromone trails much faster,
because the pheromone on the arcs
belonging to the solutions to be removed
from the population-list will be directly set
to the x 0 value (which is also the implicit
x min value). Nevertheless, it appears
that the time required for the random
proportional decision rule to express its
effect is affected by the scale of the problem. For example, on the TSPLIB instance
u1060, the population-based framework
significantly outperforms the evaporation-based framework even in slowly
changing DTSPs. This is natural because
in large problem instances with huge
search spaces the random proportional
decision rule will spend an enormous
amount of exploration time until it discovers areas in the search space containing high-quality solutions.
Second, the population-based framework usually maintains a higher
m- branching factor than the evaporation-based framework [see Figure 2(b)].
This is because the pheromone trails of
the evaporation-based framework are
more likely to represent a single solution
(i.e., the solution of the best ant). In particular, the pheromone on the arcs corresponding to this solution will rise up
to the explicit x max value, while on all
the other arcs the pheromone will
decrease down to the explicit x min value.
On the contrary, the pheromone trails of
the population-based framework, are
more likely to represent multiple solutions (i.e., the solutions stored in the
population-list). Hence, the pheromone
on the arcs corresponding to these solutions will increase (and most probably
have the same value), while on all the
other arcs the pheromone will remain
equal to the implicit x min value.
Third, in terms of Prrobust, the population-based framework significantly outperforms the other framework in almost
all DTSPs. Nevertheless, the robustness
of both frameworks is very high for
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DTSPs with weight changes. This is
because the environmental changes generated by the weight changes may not
affect the current best-so-far solution
(the arcs in which their weights change
may not necessarily belong to that solution). On the contrary, if a dynamic
change occurs to the nodes, it will
always affect the current best-so-far
solution and, consequently, affect the
current optimization process. Recall
from Figure 1 that all arcs incident to
the affected node will be modified.
Therefore, it is guaranteed that at least
one affected arc will belong to the current best-so-far solution.
Fourth, it is interesting to observe
that although the average m- branching
factor of the population-based framework suggests more exploration than
the evaporation-based framework [see
Figure 2(b)], the average diversity the
former framework generates is usually
lower than the latter framework [see
Figure 2(a)]. This is because the pseudorandom proportional decision rule
exploits the search experience accumulated by the colony more strongly than
the random proportional decision rule
as discussed previously. Consequently,
the solutions constructed will have a relatively large number of common arcs,
r results.
resulting in lower D
B. Effect of Main Framework Features

In this study, the two main features of the
evaporation-based and population-based
frameworks are investigated: 1) decision
rule (i.e., random denoted as R or pseudorandom denoted as P), and 2) pheromone update policy (i.e., proportional
denoted as P or constant denoted as C).
Specifically, the two ACO frameworks
with their default decision rule and pheromone update policy are compared with
alternative feature combinations (in the
format “ACO framework”_“decision
rule”_“pheromone policy”). For
example, the default feature combinations
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of the evaporation-based and population-based frameworks are denoted as
Evaporation_R_P and Population_P_C,
respectively. The experiments were carried
out using the same set of TSPLIB instances
as in the previous study. Figure 3 shows
the Proffline results obtained by the two
frameworks with all possible feature
combinations on the TSPLIB instance
kroA200.
From Figure 3(a) it can be observed
that the constant amount of pheromone
has no effect on the performance of the
evaporation-based framework. This is
because only a single ant is allowed to
add pheromones in each iteration. Also,
from Figure 3(b) it can be observed that
the proportional amount of pheromone
degrades the performance of the population-based framework. This is because
the resulting amount of pheromone representing the population-list solutions is
very small to bias the search.
Furthermore, the use of the random
proportional decision rule has a negative
effect on the performance of the population-based framework. As we have
seen previously, the way pheromones are
distributed on the arcs of the constructing graph promote search space exploration. This is reflected by a higher mbranching factor for the populationbased framework [see Figure 2(b)].
Therefore, a decision rule that further
promotes the exploration may result in
too much randomization. Similarly, the
use of the pseudorandom proportional
decision rule has a negative effect on the
performance of the evaporation-based
framework. This shows that the two
main ACO framework features often
complement each other.
C. Effect of Dynamic Strategies

In this study, the dynamic strategies integrated with the evaporation-based and
population-based frameworks are investigated. The experiments were carried
out using a wider set of TSPLIB instances
than in the previous studies. From the
statistical comparisons of the evaporation-based and population-based frameworks against their variants, listed in
Tables I and II, respectively, the following observations can be highlighted.

First, evaporation-based variants performing severe explicit actions, such as
MMAS R and Max-Strategy variants,
are not effective for DTSPs with weight
changes. As discussed earlier, the environmental changes generated by weight
changes usually affect the current bestso-far solution less than when the environmental changes are generated by
node changes. Hence, a reinitialization
of the pheromone trails (either to the
initial pheromone value with MMAS R
or to the maximum pheromone value
with Max-Strategy) may destroy useful
previous knowledge. On the contrary,
these variants perform significantly better than the evaporation-based framework in most DTSPs with node changes
(except when m = 0.1, in which the
changing environments are more likely
to be similar).
Second, MC-MMAS and MMAScaste
variants perform significantly better than
the evaporation-based framework in several DTSPs with node changes, while they
maintain a competitive performance in
DTSPs with weight changes. These variants focus their search on multiple areas of
the search space (either using multiple colonies with MC- MMAS or multiple
castes with MMAS caste). Therefore, the

Average Offline Performance

32,500
32,000
31,500

kroA200 (With Weight Changes)
fast
slow
Evaporation_R_P*
Evaporation_P_P
Evaporation_P_C
Evaporation_R_C

31,000
30,500
30,000
29,500
29,000

D. Effect of Utilizing
Change-Related Information

From a practical perspective, changerelated information may be available in
real time to the optimizer (e.g., using
advances in information and communication technologies or related technologies, in the case of transportation
systems). In this study, the outdated
solutions are repaired using changerelated information: the affected nodes
are removed and the newly introduced
nodes are placed in the best possible
position when a change occurs [12].
The experiments were carried out on
the same set of TSPLIB instances as in
the previous study. Figure 4 shows the
Proffline results obtained by the evaporation-based and population-based
frameworks when change-related
information is utilized and when it is
not, on the TSPLIB instance kroA150.
In addition, these results are compared with the results obtained by
the R e s t a r t - S t r a t e g y, h- Strategy,
and x -Strategy variants that were specifically designed to utilize changerelated information as listed in Table I.
From F i g u r e 4, the following
observations can be drawn. First, the
performance of both ACO frameworks

kroA200 (With Weight Changes)
fast
slow
38,000
Average Offline Performance

33,000

past experience available to be utilized is
broadened when a change occurs.
Third, EIACO, MIACO and HIACO-II variants perform significantly
better than the population-based framework in most DTSPs, both with node
and weight changes. It is interesting to
note that these variants have a common
feature: their dynamic strategy generates
elitism-based immigrants. This shows
that this dynamic strategy is responsible
for the performance improvement. Elitism-based immigrants are generated via
transferring knowledge from the previous environment and replace solutions
in the population-list to maintain diversity. Therefore, when the changing environments are similar (e.g., when
m = 0.1), the utilization of this knowledge will guide the search process to
promising areas faster.
Fourth, RIACO and EIIACO variants are effective only for a few
extreme DTSP test cases (i.e., when f
is f a s t and m = 0.75). Otherwise,
they perform significantly worse than
the population-based framework in
most DTSPs. This is due to the fact
that the diversity generated is very high
and therefore the ongoing optimization
process is disturbed.

36,000

Population_R_P
Population_P_P
Population_P_C*
Population_R_C

34,000
32,000
30,000

28,500
28,000

0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75
m
(a)

28,000

0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75
m
(b)

FIGURE 3 Proffline (averaged over 30 runs) results of evaporation-based (a) and population-based (b) frameworks with alternative decision rules
and pheromone update policies. *These combinations are the default ones.

FEBRUARY 2020 | IEEE COMPUTATIONAL INTELLIGENCE MAGAZINE

61

MMAS and EIACO) are compared
with a state-of-the-art evolutionary
algorithm that utilizes one of the best
performing TSP search operators (i.e.,
the generalized partitioned crossover
(GPX) [4 4]) and the elitism-based
immigrant genetic algorithm (EIGA),
which is one of the best performing
algorithms in evolutionary dynamic
optimization [20], [45], and also the evolutionary counterpart of EIACO.
Since we compare algorithms which
are structurally different, the frequency
of change is set to f = 100n (which is
considered as slow) to allow sufficient
evaluations between the dynamic changes

is significantly improved when changerelated information is utilized in all
DTSPs. Second, the three competing
strategies outperform the two ACO
frameworks only when they do not
utilize change-related information.
This shows the effectiveness of utilizing such kind of infor mation to
explore and/or exploit the affected
areas in the search space faster.
E. Comparisons with
Evolutionary Algorithms

In this study, the two ACO frameworks
(i.e., MMAS and P-ACO) and two of
the best performing variants (i.e., MC-

kroA150 (With Node Changes)
fast

Average Offline Performance

31,000

slow
Evaporation
Population
Restart-Strategy*
η-Strategy*
τ -Strategy*

30,000
29,000
28,000
27,000
26,000
25,000

0.1

0.25

0.5

0.75

m

0.1

0.25

0.5

0.75

FIGURE 4 Proffline (averaged over 30 runs) results of evaporation-based and population-based
frameworks, and three evaporation-based variants. Each bar is divided into two parts that represent the results when utilizing change-related information (darker) or not (lighter). *These
variants have been designed to utilize change-related information and, thus, the values when
information is not utilized do not exist.

VI. Conclusions

TABLE IV Pr offline results (averaged over 30 runs) of ACO algorithms compared
with evolutionary algorithms for DTSPs with weight changes.
TSPLIB
INSTANCE

P-ACO

MMAS

EIGA

GPX

MCMMAS

berlin52

7261

7195

7414

7392

7177

7191

eil101

572

568

581

578

569

567

kroB200

28481

28261

29161

29026

28231

28345

lin318

40154

39957

41543

41054

40456

39932

pr439

105376

104591

105904

106193

104633

103918

p654

49138

49415

48178

47921

49127

49533

rat783

8434

8521

8515

8509

8436

8444

pr1002

270701

274370

281952

279321

268532

274301

u1432

158822

160881

163427

161203

157503

161244

Bold values indicate statistical significance.
Underline values indicate no statistical difference with the bold value.
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for all types of algorithms. The magnitude of change is randomly chosen from
a uniform distribution in (0.0, 0.5]
(which is considered small to medium)
for every dynamic change. The experiments were carried out on a different set
of TSPLIB instances from the previous
studies. Table IV shows the Proffline results
obtained by the aforementioned algorithms for DTSPs with weight changes.
From Table IV, it can be observed
that the two ACO frameworks outperform the evolutionary algorithms in
almost all DTSPs. This is because for this
class of problems (i.e., with a network
environment) the pheromone structure
of ACO algorithms is built across the
solution search space as a weighted graph
and it can be taken as the natural representation of past environmental information. Therefore, there is a larger
capacity of information that ACO can
utilize from its pheromone structure
when a dynamic change occurs in
comparison to evolutionary algorithms
(which are restricted only to the information of their evolving populations).
Also, it is interesting to observe that
EIACO outperforms EIGA although
both algorithms utilize the same dynamic
strategy. Once again, it can be observed
that: 1) EIACO outperforms P-ACO in
most DTSPs, 2) MC- MMAS is competitive with MMAS, and 3) P-ACO
outperforms MMAS as the size of the
problem increases. These comparisons are
consistent with the observations found in
our previous studies.

This article investigates the behavior of
the ACO metaheuristic in dynamic
environments. Several ACO algorithms
are classified according to their framework (i.e., evaporation-based and population-based). The traveling salesperson
problem is used as the base problem to
generate dynamic test cases using a proposed dynamic benchmark framework.
Experimental studies were systematically
conducted to investigate the effect of
different features on the performance of
ACO in dynamic environments.
From the experimental results, the
following concluding remarks can be

drawn. First, the effect on the performance of the decision rule used to construct solutions strongly depends on the
pheromone update policy of the ACO
framework. Second, the dynamic strategies further enhance the adaptation
capabilities of the two ACO frameworks,
but their effect on the performance
strongly depends on the dynamic settings
of the problem. And third, the utilization
of change-related information is always
effective for both ACO frameworks.
Finally, the source code of the
dynamic benchmark framework together with the performance measures and
the ACO algorithms used in this case
study is available at https://github.com/
Mavrovouniotis/ACODTSP. The source
code can be useful to researchers who
are interested in generating the same or
different dynamic test cases to compare
their own algorithms (not necessarily
ACO) in dynamic environments.
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Abstract

E

motions and sentiments are subjective in nature. They differ on
a case-to-case basis. However,
predicting only the emotion and sentiment does not always convey complete information. The degree or level
of emotions and sentiments often plays
a crucial role in understanding the
exact feeling within a single class
(e.g., ‘good’ versus ‘awesome’). In this
paper, we propose a stacked ensemble
method for predicting the degree
of intensity for emotion and sentiment by combining the outputs
obtained from several deep learning
and classical feature-based models
using a multi-layer perceptron network. We develop three deep learning
models based on convolutional neural network, long short-term memory and gated recurrent unit and one
classical supervised model based on
support vector regression. We evaluate our proposed technique for two
problems, i.e., emotion analysis in
the generic domain and sentiment
a n a l y sis in the financial domain.
The proposed model shows impressive results for both the problems.
Comparisons show that our proposed
model achieves improved performance over the existing state-of-theart systems.

Digital Object Identifier 10.1109/MCI.2019.2954667
Date of current version: 10 January 2020

64

©ISTOCKPHOTO.COM/MA_RISH

I. Introduction

We live in a time where access to information has never been so free. Online
platforms like Twitter, Facebook, etc. give
a sense of power where a user can
express his/her views, vent opinions and
get to know about others’ ideas and
thought processes. All this is possible in
mere 140 characters that Twitter limits
Corresponding Author: Erik Cambria (cambria@ntu.edu.sg).
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per tweet (recently, Twitter raised the
characters limit to 280; however, all the
tweets in our datasets are of 140 characters or less). This short piece of text has
the potential to shape peoples’ outlook
toward any situation or product. Companies and service providers can utilize
dynamic textual information, and infer
the public opinions about a newly
launched product or any service or market conditions.

1556-603X/20©2020IEEE

Emotion analysis [1] in natural language processing (NLP) targets to automatically extract the emotional state of
a user through his/her writing (tweets,
post, blogs, etc.). Ekman [2] studied the
human emotion behavior in details and
categorized them into six basic human
emotions. According to him, basic emotions are anger, fear, surprise, sadness,
joy and disgust. Comparatively, the aim
of sentiment analysis is to predict the
polarity orientation (e.g., positive, negative, neutral or conflict) in the user-written
texts [3]. Coarse-grained sentiment analysis (document or sentence level) usually
ignores critical information toward a
target. In fine-grained sentiment analysis
[4], we can emphasize on a target without losing any critical information.
Sentiment and emotions are closely
related. Emotions are usually shorter in
duration, whereas sentiments are more
stable and valid for a longer period of
time [5]. Sentiments are also normally
expressed toward a target entity, whereas
emotions are not always target-centric [6].
Table I depicts example scenarios for
both the problems. In the first example,
emotion ‘joy’ is derived from the phrase
‘died from laughter’ which is also very intense. However, the emotion associated
with the second example which contains
similar phrase ‘died from cancer’ is ‘sadness’.
In such scenario predicting the correct
emotion is often very challenging and
non-trivial.The third and fourth examples
reflect emotion classes ‘fear’ and ‘anger’
derived from the respective phrases ‘Still
salty’ and ‘revenge’. In sentiment analysis
problem, the first example expresses ‘posi-

tive’ sentiment whereas the second example has ‘negative’ sentiment for their
respective targets, i.e., WTS and Lloyds.
In general, emotion analysis and sentiment analysis classify a text into one of
the predefined classes (e.g., joy, fear, etc.
for emotion and positive, negative, etc. for
sentiment). However, predicted opinion
or sentiment class of a text does not
carry the finer information such as the
exact state of mood or opinion of a user.
Level or intensity of the expressed emotions or sentiments often differs on a
case-to-case basis within a single class.
For example, some emotions are comparatively gentler than the others (e.g.,
‘not good’ versus ‘terrible’). Emotion
expressed by both the phrases is anger,
however, the phrase ‘not good’ expresses
relatively mild emotion, whereas the
phrase ‘terrible’ is much severe.
Similarly, both phrases ‘its fine’ and ‘its
awesome’ carry positive sentiment but
express different level of sentiments.
Sentiment of the latter case is strong,
whereas the sentiment of the earlier case
is comparatively weak. Thus, measuring
the degree of emotion is of paramount
importance in analyzing the finer-level
details of the expressed emotions and
sentiments. Such analysis has wide realworld applications such as big social data
analysis for business intelligence [9],
stock market prediction [10], healthcare
[11], recommendation systems [12], etc.
In this paper, we propose a multi-layer
perceptron (MLP) based ensemble technique for solving two different problems,
i.e., emotion analysis and fine-grained sentiment analysis. We aim to identify the

intensities of emotions and sentiments,
respectively for the two tasks. For emotion
analysis, we employ generic tweets, whereas for sentiment analysis our target domain
is financial text. At first, we develop a support vector regression (SVR) [13] based
feature-driven system and three deep
learning systems, namely a convolutional
neural network (CNN) [14], a long shortterm memory (LSTM) network [15] and a
gated recurrent unit (GRU) network [16]
for the intensity prediction. In the second
step, we combine the outputs of these
systems via the MLP network. The final
output obtained from this combined
model is better as compared to the individual models. We further perform a series of
normalization heuristics to minimize the
noise. The normalized text has a higher
degree of readability than un-normalized
text, thus making it a better candidate to
find more representative word embeddings.
The current work follows one of our
previous works [17] on intensity prediction. However, our current research significantly differs from earlier work w.r.t.
the following points: a) Our previous
work [17] addressed only financial sentiment analysis task, whereas in the current
work we also focus on emotion intensity prediction for the four emotions, i.e.,
‘anger’, ‘fear’, ‘joy’ and ‘sadness’. Please note
that intensity prediction of emotion is
completely a different task; b) We include
several features for training and testing of
the classifier; c) We incorporate various
normalization heuristics to address the
noisy text; d) We present a detailed analysis of the obtained results w.r.t. various
state-of-the-art and traditional techniques;

TABLE I Examples of Emotion and Sentiment analysis. Intensity values reflect the degree of emotion/sentiment in the respective
text. Examples are taken from the respective datasets [7], [8].
EMOTION ANALYSIS (0: NO EMOTION, 1: HIGH EMOTION)
TEXT

DOMAIN

EMOTION

INTENSITY

JUST DIED FROM LAUGHTER AFTER SEEING THAT.

TWITTER

JOY

0.92

MY UNCLE DIED FROM CANCER TODAY…

SADNESS

0.87

STILL SALTY ABOUT THAT FIRE ALARM AT 2AM THIS MORNING.

FEAR

0.50

HAPPINESS IS THE BEST REVENGE

ANGER

0.25

SENTIMENT ANALYSIS (−1: EXTREMELY NEGATIVE, +1: EXTREMELY POSITIVE)
TEXT

DOMAIN

TARGET

SENTIMENT

INTENSITY

BEST STOCK: $WTS +15%

MICROBLOGS

WTS

POSITIVE

0.857

UK GOVERNMENT CUTS STAKE IN LLOYDS TO BELOW 11 PCT

NEWS HEADLINE

LLOYDS

NEGATIVE

− 0.596
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and e) We also presented a detailed qualitative analysis on the errors encountered by
our proposed method. In another work,
Ghosal et al. [18] developed a deep ensemble model that utilizes the character, word
and lexicon level fusion for the sentiment
and emotion prediction.
The main contributions of our proposed work are highlighted below: a)
We effectively combine deep learning
and feature driven traditional model via
an ensemble framework; b) We develop
a stacked denoising autoencoder based
technique for an enhanced word representation by leveraging the syntactic and
semantic richness of the two distributed
word representations; c) We perform
normalization of tweets by utilizing various heuristics; and d) We build a stateof-the-art model that effectively solves
both the problems of emotion analysis
and sentiment analysis.
The remainder of the paper is organized as follows: Section II briefly discusses existing techniques; Section III
defines the overall problem; Section IV
describes our proposed method in detail;
experimental results along with detailed
analysis on the results are presented in
Section V; finally, Section VI concludes
this paper.
II. Related Work

A survey of the literature [19]–[21] suggests mainly three groups of approaches
for detecting the emotion from text, i.e.,
keyword-based methods, learning-based
methods and hybrid methods. A linguistic resource WordNet-Affect was developed in [22] for the lexical representation
of affective words. Applications of support vector machine (SVM) and conditional random field (CRF) for emotion
detection are proposed in [23] and [24],
respectively. Dung et al. [20] exploited
human mental states w.r.t. an emotion
for training a hidden Markov model
(HMM). In contrast, Wu et al. [19] proposed a rule-based approach to extract
emotion-specific semantics, which is
then utilized for learning through various separable mixture models.
Recently, there is a growing trend to
perform sentiment analysis involving
financial texts [25]. The model proposed
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in [26] makes use of lexical cohesion to
create a commutable metric for identifying the sentiment polarity of the
financial news. O’Hare et al. [27] used
the word-based approach on financial
blogs to train a sentiment classifier for
automatically determining the sentiment
toward companies and their stocks. The
analysis of financial news is an important
component in predicting the stock market behavior as shown by [28]. The
authors use the bag-of-words (BoW)
and named entities (NEs) with SVM for
predicting the stock prices. This goes to
show that the stock market behavior is
based on the opinions. Among the other
notable works, a topic-centric Twitter
sentiment analysis for stock prediction is
proposed by Si et al. [29]. They employed
Dirichlet process model for learning the
topic and then utilized lexicons for predicting the sentiment score toward the
topic. A fine-grained sentiment annotation scheme was incorporated by [30]
for predicting the explicit and implicit
sentiment in the financial text. An application of multiple regression model was
developed by [31]. In another work, a
multitask representational learning
approach has been proposed in [32]. The
authors evaluated four combination of
tasks involving sentiment and emotion
prediction, and showed that the multitask lear ning framework attained
improved performance over the singletask learning framework.
III. Problem Definition

In this article, we focus on the problems of emotion analysis and sentiment
analysis for different domains. For both
the problems at hand, we aim to find
the intensity score of a given emotion
or sentiment. By nature, both the problems are of regression types, where we
have to predict a continuous value representing the intensity of emotion
or sentiment.
For the first problem, an instance of a
tweet and an associated emotion are
given. We aim to predict the intensity of
emotion felt by the user - a score on a
continuous scale of 0 to 1 is to be determined. Intensity values close to 1 reflect
high-degree of emotions, whereas inten-
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sity values close to 0 reflect low-degree
of emotions of the users at the time of
writing the text. In this article, we target
four different emotions, i.e., ‘anger’, ‘fear’,
‘joy’ and ‘sadness’. Table I depicts one
example scenario along with their
intensity values for each emotion. For
the second problem, financial short texts
for two different domains, namely ‘microblog messages’ and ‘news headlines’, having
one or multiple company stock symbols
(cashtags) are given. The objective is to
predict the sentiment score for each of
the company or stock mentioned in the
range of -1 (bearish) to 1 (bullish), with
0 implying neutral sentiment.
IV. Proposed Methodology

We propose an MLP based ensemble
approach to leverage the goodness of various supervised systems. We develop one
feature-driven supervised model and
three deep neural network architecture
based models, viz. LSTM, CNN and
GRU. The classical feature-based system
utilizes a diverse set of features (c.f. Section IV-A) to train an SVR. The three
deep architectures are trained on top of
distributed word representations. In this
article, we employ GloVe [33] and Word2Vec [34] models to learn our word
embeddings. Although the underlying
techniques of these two distributed models are different (GloVe is a count-based
model that works on the principle of
word co-occurrence matrix, whereas
Word2Vec is a contextual model that aims
to predict a word based on its context or
vice-versa), literature suggests that both
the techniques are efficient at capturing
the syntactic and semantic properties of a
word in the embedding space. However,
some applications perform better on
GloVe while other applications adapt well
to Word2Vec. We, therefore, aim to leverage the goodness of these two models
through a stacked denoising auto-encoder
network. Finally, we ensemble the outputs
of all four individual models through a
three-layered MLP network. The output
of the MLP network serves as the final
intensity value for the respective problems.
We furnish the details of our system in
subsequent subsections. Figure 1 summarizes our proposed system.

A. Feature-based Model

In addition to the three deep learning
based frameworks, the fourth model that
we employ is a classic feature-driven
model. We define and employ a diverse
set of features for training and evaluation
of an SVR. The SVR model predicts
the intensity values on the continuous
scale of [0, 1] and [-1, +1] for emotion
analysis and sentiment analysis, respectively. The following set of features was
used for this SVR model:
1) Word and Character Tf-Idf: The
Tf-Idf measures the importance of
word w.r.t. to a document in a corpus. We use Tf-Idf values of continuous sequences of 2, 3, 4, 5 words and
characters at a time as the features.
2) Tf-Idf Weighted Word Vector:
Every word in input is not equally
significant for some specific problems. We, therefore, scale the word
embedding of each word (E w) corresponding to their Tf-Idf weights.
The resultant vector (E wl ) is used as
a feature for the experiments.
3) Lexicon Features: Lexicons are the
list of words along with their polar
information. Following are the list of
lexicon features that we employ for
each tweet:
• MPQA [35] and Bing Liu [36]:
For each sentence, we extract two
features, i.e., positive word count
and negative word count per lexicon and utilize them as feature values for the classifier.
• NRC Hashtag Sentiment and
NRC Sentiment140 [37]: We
extract positive, negative and aggregate scores of each word in a sentence and use as feature values.
• SentiWordNet [38]: We compute
the sum of the positive, negative
and aggregate scores of each word
in a sentence and use them as feature values for building the model.
In addition to these lexicon features, we
also extract the following features for
emotion intensity prediction.
• NRC Word-Emotion Association [39]: We count the number
of words matching respective emotion in the lexicon and use it as the
feature value. We also use NRC

Word-E motion Assoc iation
Expanded [40] lexicon for the feature extraction.
• NRC Hashtag Emotion [41]:
We extract the sum of association
scores of the words in a tweet for
the emotions and use as the feature values in the model.
• AFINN Sentiment/Emotion
score [42]: We use the aggregate of
positive and negative word scores as
the feature values.We, also, compute
the aggregate scores for each emoticon present in a tweet and use it as
the feature value for training.
4) VADER Sentiment: We employ
VADER (Valence Aware Dictionary
for sEntiment Reasoning) sentiment
[43] score, which makes use of various
grammatical and syntactical heuristics.
For each sentence, VADER returns a
compound sentiment score on a continuous scale of -1 (extremely negative) to +1 (extremely positive). For
example, the compound sentiment
score of the sentence (‘The book was
good.’) is 0.4404, whereas for another
sentence (‘The book was kind of good.’)
score is 0.3832. It also reports three
scores corresponding to ratios of positive, neutral and negative tokens in a
sentence. We use the compound score
and the three ratios as features in our
feature-based model.
B. Multi-Layer Perceptron Based
Ensemble

Ensemble is an efficient technique that tries
to improve the overall performance of the
system by combining the outputs of various candidate systems. The basic idea is to
leverage the correctness of several systems
for improving the overall performance.

Literature [44]–[46] suggests that the
traditional approaches to ensemble are
Boosting [47], Bagging [48], Voting
(Weighted, Majority) [49]. However, our
proposed approach differs from these
existing works on the basis of the class of
problem that we solve. Most of the systems solves a classification problem,
while, in current work, we aim to predict
the regression problem. Another notable
difference is the underlying problem
domain that these systems solves.
Our proposed ensemble technique is
based on MLP. The MLP network is
stacked on top of the candidate systems’
predictions, i.e., predictions of CNN,
LSTM, GRU & Feature-driven SVR
systems. We use a three-layered ensemble
network in our proposed system. The
MLP network has 4 " 4 " 1 neurons
corresponding to the three layers of the
network. As activation function, we
employ ‘Relu’ at the two hidden layers,
while for the prediction, we use ‘sigmoid’
and ‘tanh’ activations at the output layer
for emotion analysis and sentiment analysis, respectively. We choose ‘Adam’ as
our optimizer and introduced 20%
Dropout at the intermediate layers.
All four candidate models are separately trained and tuned for both the problems. Although the performances of the
individual systems are quite encouraging,
a qualitative analysis suggests that the predictions of the individual systems are
often complementary in nature, i.e., there
are instances where one model fails, but
another model succeeds in correctly predicting the intensity. This heterogeneous
characteristic leads us to build an ensemble model that effectively combines the
outputs of all the component models and
further improves the performance.

CNN
Word
Embeddings

LSTM
GRU

Feature
Extraction

SVR

FIGURE 1 MLP based stacked ensemble architecture.
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C. Word Embeddings

Any neural network architecture requires
a vector representation of a word or sentence to work. Distributed representation
models such as GloVe and Word2Vec have
been proved to be effective for a wide
range of NLP applications. The effectiveness of any neural network architecture
depends on the quality of word embeddings which inherently depends upon
two important entities: i) amount of
training corpus and ii) in-domain corpus.
The pre-trained word embedding models
of GloVe (PWE-GLV) and Word2Vec
(PWE-W2V) are trained on top of general purpose Common Crawl and Google
News corpus. In general, they capture the
syntactic and semantic properties of a
word pretty well. However, to capture the
domain-specific properties of a word, it is

always recommended to use in-domain
word embeddings. For example, the word
‘hot’ in the sentences ‘They serve hot foods.’
and ‘The charger gets hot pretty quickly.’
conveys the opposite semantic, respectively, for the restaurant and laptop
domains. Since one of the problems that
we address here belongs to the financial
domain, we train and use separate word
embeddings utilizing the financial text
corpus (FWE). We started with crawling
Google & Yahoo News and collected
126 K financial news articles consist of
approx. 92 million tokens. Subsequently,
we train a GloVe (FWE-GLV) and a
Word2Vec (FWE-W2V) model for the
financial text. In comparison with the
GloVe and Word2Vec pretrained word
embedding corpus, our financial corpus
size is relatively small; however, FWE

Denoising Auto-Encoder

...

...

...

...
DAWE
...

...

...

Salt-and-Pepper Noise (60%)

...

...
Concatenate

...
Word2Vector

...
GloVe

FIGURE 2 Scheme of the denoising auto-encoder based word embeddings (DAWE).
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performs reasonably well for the problem at hand (c.f. Table IV). Since the
financial word embedding is specific to
financial sentiment analysis task, we do
not employ it for the generic emotion
analysis task.
The performance of GloVe and Word2Vec embeddings are often competitive in
nature. For some tasks, GloVe performs
better whereas for other tasks Word2Vec
has the advantage. To break the tie, we
adopt a hybrid word embedding model
that takes pretrained GloVe and Word2Vec word representations as input and
produces a new representation that combines the best of both the pre-trained
models. The hybrid model follows the
work of [50] that comprises of stacked
denoising auto-encoders. A denoising
autoencoder is a neural network which is
trained to reconstruct a clean repaired
input from a corrupted version of the
input. We concatenate the word embeddings of GloVe & Word2Vec into a single
vector of dimension 600 (GloVe:300 and
Word2Vec:300). Subsequently, we add
salt-and-pepper noise to make the input
corrupted. We experimented with the
varying amount of noises ranging from 20
to 70% and observed that 60% noise is
the optimal amount for our case. The
denoising auto-encoder takes the concatenated noisy representation as input and
tries to predict the original concatenated
representation.The auto-encoder network
comprises of three hidden layers having
400, 300 & 400 neurons, respectively. We
take activation values of the middle hidden layer (i.e., 300-dimensional layer) as
our new denoising auto-encoder word
embeddings (DAWE). We employ Adam
[51] optimizer with mean-squared-error loss
and train the model for 90 epochs. The
batch size is set to 16. Figure 2 summarizes the process for computing denoising
auto-encoder based word embeddings.
In total we employ five different
word embedding models for financial
sentiment analysis (i–v) and three models
for generic emotion analysis (i, ii and v):
i) PWE-W2V; ii) PWE-GLV; iii) FWEW2V; iv) FWE-GLV; and v) DAWE. We
keep word embedding dimension of all
these models as 300. Also, we train our
proposed DL models in dynamic mode,

which allows word embeddings to be
fine-tuned during the training.

TABLE II Dataset statistics.

V. Experiments, Results and
Analysis

DATASETS

DOMAIN

TRAIN

DEV

TEST

EMOTION ANALYSIS (WASSA-2017) [7]

ANGER

857

84

760

FEAR

1,147

110

995

JOY

823

79

714

SADNESS

786

74

673

MICROBLOGS

1,700

—

800

NEWS

1,142

—

491

A. Dataset

We evaluate our model on the datasets
of eighth Workshop on Computational
Approaches to Subjectivity, Sentiment and
Social Media Analysis shared task on emotion intensity (EmoInt-2017) [7] for emotion analysis.The datasets of SemEval-2017
shared task on ‘Fine-Grained Sentiment
Analysis on Financial Microblogs and
News’ [8], are used for sentiment analysis.
The EmoInt-2017 datasets [7] contain
generic tweets representing four emotions, i.e., joy, fear, anger and sadness.
Datasets of SemEval-2017 [8] comprise of financial texts from microblogs
(Twitter and StockTwits) and news
(Yahoo finance). For the experimental
purpose, we perform five-fold cross validation for model tuning and hyperparameter selection. According to the respective
description papers, SemEval-2017 dataset
[8] was manually annotated by three
human financial experts while Emotion
Intensity [7] dataset was created using the
Best-Worst Scaling technique [52]. Detailed statistics of both the datasets are
presented in Table II.
B. Preprocessing

We use NLTK [53] for tokenization.
Since the contents were derived from
the Internet, pre-processing is of paramount importance due to lack of proper
grammar and structures. Since URLs,
user names and numbers usually do not
carry any polar sentiments, we replace
these with the tags: <url>, <user> and
<number>, respectively. For example, we
replace ‘www.twitter.com’ by <url> and ‘@
JonSnow’ by <user>. After stripping off
excess white spaces, all the characters
were converted to lowercase. Additionally, all HTML entities were converted to
their corresponding unicode characters
such as ‘&amp;’ was replaced by ‘and’.
Hashtags carry meaningful information
and are relevant to extract underlying
emotions and sentiments. We first stripoff # symbol from the hashtags and then

SENTIMENT ANALYSIS (SEMEVAL-2017) [8]

split the resulting token into constituent
words. For example, ‘#GreatDayEver’ is
converted to ‘Great Day Ever’. We
employ python-based WordSegment 1
module for the segmentation of hashtags.
Finally, we perform normalization of
noisy text by employing the following
set of heuristics in line with [54].
❏ Elongation of a valid word: To convey their state of emotions or sentiments, users tend to express through
elongation of a valid word, e.g., ‘joooyy’,
‘gooood’, etc. We define a heuristics that
identifies all such elongated words and
process them into valid dictionary
words by iteratively dropping the consecutive sequence of characters. For
example ‘joooyy’ and ‘gooood’ are converted to ‘joy’ and ‘good’, respectively.
❏ Frequent noisy term: Due to the
character limit in Twitter, usage of
abbreviations and slang terms in
tweets are in common practice among
users, e.g., ‘grt’, ‘g8’ for ‘great’. To
handle such cases we created a dictionary of commonly used abbreviations and slang terms along with
their expanded valid forms. We then
perform a lookup in the dictionary
for each token in a tweet and on the
success we use its expanded valid
form for further processing. We compile the dictionary of the frequent
noisy term by consulting the datasets
of WNUT-2015 shared task on Twitter Lexical Normalization [55].
❏ Verb present participle: By careful
inspection of tweets, it is observed
that users have a common practice to
skip the characters ‘g’ or ‘i’ from the
present participle form of a verb, i.e.,
‘ing’ form of the verb. For example,
1

https://github.com/grantjenks/wordsegment

‘enjoying’ is written as ‘enjoyin’ or
‘enjoyng’. We correct these cases by
applying a heuristics that considers
all the verbs that end with either ‘in’
or ‘ng’ and convert them into valid
present participle form of the verb.
❏ Expand contraction: Twitter users
generally tend to merge two words by
introducing an apostrophe (’) symbol
in place of few in between character
sequences, e.g., the contraction “i’ve”
belongs to valid words “i have”. Such
practice saves a few crucial characters
in a tweet and can be utilized for extra
words. We create a list of such contractions and their expanded forms by
consulting the WNUT-2015 datasets
[55].We apply a heuristic that identifies
contracted tokens in a tweet and converts them to its normalized form.
C. Experiments

For evaluation of the proposed models,
we employ the Pearson correlation
coefficient and cosine similarity score
for the problems of emotion intensity
and sentiment score, respectively. The
choice of evaluation metrics was derived
from the guidelines of the shared tasks
on EmoInt-2017 [7] and SemEval-2017
[8]. Pearson correlation coefficient measures the linear correlation between the
actual and predicted scores, whereas the
cosine similarity score measures the
degree of agreement between the actual
and predicted values.
We separately train and tune all the
deep learning systems (CNN, LSTM
and GRU) over different word embeddings—pretrained, financial and the
DAWE. As mentioned earlier, we do not
employ financial word embedding for
the generic emotion analysis task. The
network architecture (dimensions, layers,
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etc.) of all these models have been fixed
through cross-validation. In classical
feature-based models, we use SVR to
predict a regression value on a continuous scale. We perform a grid search for
hyper-parameters tuning for both SVR
and neural network based models. We
also ensure common architecture and
hyper-parameters reasonably suited to all
the models. A summary of the choice of
parameters used in the experiments is
mentioned in Table III.
Table IV shows Pearson coefficient
and cosine similarity scores of our various
models. For emotion analysis in ‘anger’
class, the CNN, LSTM, GRU and SVR
report best Pearson scores of 0.664, 0.664,
0.652 & 0.701, respectively. In ‘joy’ we
observe 0.647, 0.625, 0.631 & 0.697
Pearson scores for the four models. For
‘sadness’ and ‘fear’, we obtain Pearson

TABLE III Choice of Hyper-parameters.
MODELS

PARAMETERS

VALUES

CNN

CONVOLUTION

1#1D CONV

FILTERS

300 (2, 3 & 4-GRAM)

POOLING

1# MAX-POOLING (STRIDE: 2)

FULLY-CONNECTED

3 LAYERS (50 " 10 " 1)

LSTM

GRU

SVR

LAYERS

2 #100

FULLY-CONNECTED

3 LAYERS (50 " 10 " 1)

LAYERS

2 #100

FULLY-CONNECTED

3 LAYERS (50 " 10 " 1)

C

2

c

0.03

MLP

FULLY-CONNECTED

3 LAYERS (4 " 4 " 1)

COMMON
PARAMETERS

OUTPUT

EMOTION " SIGMOID, SENTIMENT " TANH

OPTIMIZER

ADAM

DROPOUT

20%

ACTIVATIONS

RELU

WE DIMENSION

300

TABLE IV Cosine similarity (Financial Sentiment) and Pearson correlation (Emotion Analysis) scores of various models on the test
data. PWE: pretrained word embeddings; FWE: financial word embeddings; DAWE: denoising autoencoder word embeddings;
W2V: Word2Vec embeddings; GLV: GloVe embeddings; PWE-W2V CNN: CNN model trained on pretrained Word2Vec.
FINANCIAL SENTIMENT

EMOTION ANALYSIS

MODELS

MICROBLOGS

NEWS

ANGER

JOY

SADNESS

FEAR

AVERAGE

CNN1

PWE-W2V CNN

0.705

0.722

0.664

0.626

0.701

0.697

0.672

CNN2

PWE-GLV CNN

0.721

0.697

0.662

0.647

0.709

0.706

0.681

CNN3

FWE-W2V CNN

0.710

0.705

—

—

—

—

—

CNN4

FWE-GLV CNN

0.724

0.714

—

—

—

—

—

CNN5

DAWE CNN

0.697

0.698

0.598

0.532

0.639

0.583

0.588

LSTM1

PWE-W2V LSTM

0.700

0.704

0.659

0.620

0.668

0.704

0.662

LSTM2

PWE-GLV LSTM

0.715

0.683

0.664

0.625

0.679

0.702

0.667

LSTM3

FWE-W2V LSTM

0.727

0.680

—

—

—

—

—

LSTM4

FWE-GLV LSTM

0.717

0.691

—

—

—

—

—

LSTM5

DAWE LSTM

0.722

0.720

0.579

0.527

0.579

0.597

0.570

GRU1

PWE-W2V GRU

0.689

0.721

0.635

0.582

0.658

0.691

0.641

GRU2

PWE-GLV GRU

0.713

0.705

0.652

0.631

0.674

0.701

0.664

GRU3

FWE-W2V GRU

0.715

0.687

—

—

—

—

—

GRU4

FWE-GLV GRU

0.713

0.703

—

—

—

—

—

GRU5

DAWE GRU

0.721

0.712

0.567

0.481

0.567

0.583

0.550

CNN

LSTM

GRU

FEATURE - SVR

70

SVR1

TF-IDF + LEXICON + VADER

0.752

0.749

0.686

0.661

0.705

0.707

0.690

SVR2

SVR1 + PWE-W2V

0.740

0.731

0.701

0.678

0.707

0.742

0.707

SVR3

SVR1 + PWE-GLV

0.758

0.745

0.691

0.697

0.706

0.748

0.710

SVR4

SVR1 + FWE-W2V

0.709

0.702

—

—

—

—

—

SVR5

SVR1 + FWE-GLV

0.732

0.725

—

—

—

—

—

SVR6

SVR1 + DAWE

0.765

0.760

0.695

0.661

0.702

0.721

0.696
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1
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1) CNN is Best
3) SVR is Best

6) SVR is Best

5) LSTM is Best

0.6
0.4

2) CNN/GRU
0.2 are Better

5

4) SVR is Worst

7) LSTM is Best
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(d) Emotion: Fear
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(f) Sentiment: News Headlines
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CNN
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GRU

SVR
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FIGURE 3 Contrasting nature of different models w.r.t. the gold standard values which motivate us to build an ensemble system; Y-axis: Intensities;
X-axis: Samples; Sample size –30. (a) Highlighted region 1: CNN is best; 2: CNN & GRU are better; 3 and 6: SVR is best; 4: SVR is worst; 5 and 7:
LSTM is best.
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four systems motivates us to combine the
predictions for overall better performance.
Consequently, we train an MLP based
stacked ensemble on top of the best
performing individual models, i.e., one
each for CNN, LSTM, GRU and Feature-SVR. In response, the MLP ensemble
network reports enhanced scores for each
of the datasets as reported in Table V. We
obtain Pearson scores of 0.747, 0.712,
0.755 & 0.779, for ‘anger’, ‘joy’, ‘sadness’ and
‘fear’, respectively. The ensemble network
improves the performance of individual
systems by a significant margin of 4, 2, 5 &
5 Pearson scores, respectively. Similarly, the
proposed ensemble approach aids in
improving the performance of the individual systems by 3 & 2 cosine similarity
points at 0.797 and 0.786, respectively for
the microblog messages and news headlines.
We compare our proposed system
with state-of-the-art systems for both

closer to the desired or gold intensity
score) than the competing systems (B, C
& D), while for some other examples system A reports less accurate prediction than
the other systems.We depict the contrasting behavior of these competing systems
with respect to the gold score in Figure 3.
Further, we highlight a few scenarios in
Figure 3a to make the differences more
apparent. In the first highlighted region,
CNN performs better than other systems,
whereas, in the second case both CNN
and GRU report closer values to the gold
score. Subsequently, in the third region,
SVR is the best among all, however, in
the fourth region, it has the least performance. Similarly, SVR has the best and
least performances for the sixth and seventh highlighted regions, respectively. In
contrast, LSTM and GRU both have better performances for the fifth highlighted
region. Such contrasting behavior of these

scores of 0.709, 0.679, 0.674 & 0.707 and
0.706, 0.704, 0.701 & 0.748, respectively.
In microblog dataset four individual models, i.e., CNN, LSTM, GRU and featurebased systems obtain cosine similarity of
0.724, 0.727, 0.721 and 0.765, respectively. Similarly, in headline dataset the four
models report 0.722, 0.720, 0.721 and
0.760 cosine similarities, respectively.
We analyze the predictions of all the
four individual models (i.e., CNN,
LSTM, GRU & SVR) as reported in
Table IV and observe that the performances of these systems are numerically
quite similar. However, when we qualitatively analyze the predictions, we observe
the contrasting nature of these individual
models. In most of the case, the predictions of each individual model are nonoverlapping to each other. For some
examples, one system (say A) obtains relatively correct predictions (i.e., prediction

TABLE V Results of the ensemble model for financial sentiment analysis and emotion analysis tasks. Ensemble models (CNN#,
LSTM#, GRU# & SVR#) refer to the best models of CNN, LSTM, GRU & Feature-SVR based models of Table IV.
FINANCIAL SENTIMENT

EMOTION ANALYSIS

ENSEMBLE MODELS

MICROBLOGS

NEWS

ANGER

JOY

SADNESS

FEAR

AVERAGE

E1

CNN4 + LSTM3 + GRU5 + SVR6

0.797

0.765

—

—

—

—

—

E2

CNN1 + LSTM5 + GRU1 + SVR6

0.779

0.786

—

—

—

—

—

E3

CNN1 + LSTM2 + GRU2 + SVR2

—

—

0.747

0.705

0.744

0.769

0.741

E4

CNN2 + LSTM2 + GRU2 + SVR3

—

—

0.731

0.712

0.745

0.772

0.740

E5

CNN2 + LSTM2 + GRU2 + SVR2

—

—

0.738

0.702

0.755

0.768

0.740

E6

CNN2 + LSTM1 + GRU2 + SVR3

—

—

0.732

0.707

0.748

0.779

0.741

TABLE VI Comparison with the state-of-the-art systems. Emotion Analysis: Prayas, IMS & IITP were the ranked first, second & fifth
systems at EmoInt-2017 [7]. Systems [56]–[58] are the recent works evaluated on the EmoInt-2017 datasets. Sentiment Analysis:
ECNU & Fortia-FBK were the top performing systems at SemEval-2017 task 5 [8] for microblogs and news headlines, respectively.
System [59]+ 10-fold CV.
FINANCIAL SENTIMENT

72

EMOTION ANALYSIS

SYSTEMS

MICROBLOGS

NEWS

ANGER

JOY

SADNESS

FEAR

AVERAGE

SYSTEM [59]+

0.726

0.655

—

—

—

—

—

ECNU [60]

0.777

0.710

—

—

—

—

—

FORTIA-FBK [61]

—

0.745

—

—

—

—

—

BASELINE [7]

—

—

0.625

0.635

0.706

0.620

0.647

IITP [62]

—

—

0.649

0.657

0.709

0.713

0.682

SYSTEM [56]

—

—

0.723

0.671

0.735

0.725

0.713

SYSTEM [57]

—

—

0.716

0.692

0.733

0.728

0.717

IMS [63]

—

—

0.705

0.690

0.767

0.726

0.722

SYSTEM [58]

—

—

0.718

0.717

0.771

0.729

0.734

PRAYAS [64]

—

—

0.732

0.732

0.765

0.762

0.747

PROPOSED SYSTEM

0.797

0.786

0.747

0.712

0.755

0.779

0.748
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the problems. Table V I shows the
comparative results on test datasets. For
emotion analysis task, Prayas [64] and
IMS [63] are the two best-performing
systems with the average Pearson scores
of 0.747 and 0.722 as compared to the
average Pearson score 0.748 of our proposed model. Prayas [64] used an ensemble of five different neural network
models (a feed-forward model, a multitasking feed-forward model and three
joint CNN-LSTM models). The final
predictions were generated by a weighted average of the base models. IMS [63]
employed a random forest regression
model on concatenated lexicon features
and CNN-LSTM features. IMS used an
external lexicon source (ACVH-Lexicons) containing unmodified ratings for
arousal, concreteness, valency and happiness (ACVH), which was not part of the
original baseline model [7]. They also
use a 2016 Twitter corpus containing
50 million tweets with 800 million
tokens containing emotion hashtags and
popular general hashtags to train their
word embeddings. Our proposed system
performs better than all these existing
best systems without using such external
resources. Recently, Xie et al. [57]
proposed a CNN based model that associates attention weights for each convolution windows. They defined a new
activation function (inspired by ReLu activations) for predicting the intensities in
the range 0 to 1. In another work, Khosla
et al. [56] proposed affect-enriched distributional word representation (Aff2Vec)
model to effectively encode the affective
and emotional word semantics.
For financial sentiment analysis task,
ECNU [60] reported cosine similarities
of 0.777 and 0.710, respectively in microblog messages and news headlines domains
against the cosine similarities of 0.797
and 0.786 of the proposed system. The
underlying approach of ECNU utilized
various regressors (e.g., SVR, XGBoost
regressor, AdaBoost regressor, etc.) as
the base models and then averaged the
predictions of these regressors for the
final scores. These regressors were trained
on an optimized set of features obtained
using the application of hill climbing. In
comparison, Fortia-FBK [61] utilized a

CNN architecture and obtained a cosine
similarity of 0.745 for the news headlines
domain. The employed CNN architecture was assisted by various sentiment
lexicons. In another work, Atzeni et al.
[59] proposed a feature-driven approach
to study the effect of lexical (n-grams)
and semantic (BabelNet, Semantic
frames) features for predicting the intensity of sentiment. They experimented with
seven different feature combinations and
five different regressors for the study.
The proposed approaches of these systems (ECNU [60], Fortia-FBK [61] and
Atzeni et al. [59]) have a major limitation,
i.e., their proposed method does not perform well across domains. The proposed
system of ECNU performed reasonably
well for microblog messages domain but performed below par for news headlines
domain. We observe similar trends for
Atzeni et al. [59] as well, where the 10-fold
CV performance in news headline is not
at par with the microblog messages. In
comparison, Fortia-FBK obtained decent
performance for news headlines but did not
report the results for microblog messages.
However, in comparison, our proposed
system reports better performance than
both the existing best systems (i.e., ECNU
and Fortia-FBK) for microblogs and news
headlines. It suggests that our proposed
system is more generic and robust in predicting the sentiment scores.
To further show the efficacy of our
proposed approach we perform a statistical significance test on the obtained
outputs. We observe that the predicted
outputs are statistically significant (t-test)
with p-values 0.004 & 0.037 for microblog
messages and news headlines, respectively.
For the emotion analysis, we compute
p-value for the overall Pearson score as
0.017 which is significantly lesser than
the threshold 0.05.
D. Discussion

The evaluation shows that feature-based
model performs better compared to the
deep learning models. A possible reason
for such behavior would be the lack of
training samples used in the deep learning model which, in general, requires a
good amount of data instances to learn.
In our case, the number of training sam-

ples in all the six datasets (2 sentiments +
4 emotions) is in the range of 1000–1700
samples only. We believe that with more
training samples the performance gap
between the deep learning and featurebased models would be even lesser and
the ensemble model would be able to
further improve upon that.
We also tried combining various
feature-based models (different combinations of feature-SVR models (SVR1,
SVR2, …, SVR6) of Table IV) but
the resultant ensemble predictions
were not at par. A possible reason is
that the candidate models were not
diverse enough. Stacking algorithm
usually requires a diverse set of candidates to improve the performance and
to prevent overfitting. We ensure diversity by combining 3 deep learning
models and a feature-based model after
analyzing their predictions.
E. Comparison with Other
Ensemble Techniques

We also compare our proposed system
with other ensemble techniques. For
comparison, we utilized three standard
ensemble techniques, e.g., Gradient Boosting [65], AdaBoost [66] and Bagging
Regressor [48]. Shallow decision trees are
used as meta estimators for Gradient
Boosting model. For AdaBoost and Bagging Regressor, we use Nearest Neighbor
Regressor as the base estimator. Results
are reported in Table VIII. Although the
results reported by these models were
quite encouraging, the MLP based
ensemble improves at least 1—2 cosine/
Pearson point over the best performing
non-MLP based ensemble for all the
cases. It suggests that, indeed, the proposed
MLP is a better choice for the ensemble.
F. Error Analysis

We perform qualitative analysis and
observe that the proposed system faces
difficulties in the following scenarios.
1) Implicit sentiment: The presence
of implicit sentiments often causes
the model to mispredict the intensity. For example, “I’m such a shy person, oh my lord.”, the gold intensity is
0.833, but our model predicts 0.494.
For “Tesco breaks its downward slide by
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TABLE VII Qualitative analysis of the error cases.
DOMAIN

TEXT

ACTUAL

PREDICTED

REMARKS

EMOTIONFEAR

I’M SUCH A SHY PERSON, OH
MY LORD.

0.833

0.494

SENTIMENT

TESCO BREAKS ITS DOWNWARD
SLIDE BY CUTTING SALES
DECLINE IN HALF.

0.172

−0.694

IMPLICIT
SENTIMENT/
EMOTION

SENTIMENT

IS $FB A BUY? TOPEKA CAPITAL
MARKETS THINKS SO.

−0.373

0.363

BEST STOCK: $WTS +15%

0.857

0.106

CANNOT WAIT TO SEE YOU
HONEY!

0.770

0.160

I SEE THINGS IN THE CLOUDS
THAT OTHERS CANNOT SEE SO
I CAN BE LATE.

0.620

0.220

ALWAYS SO HAPPY TO SUPPORT
YOU BROTHER, KEEP THAT FIRE
BURNING.

0.132

0.418

EMOTIONJOY

EMOTIONANGER

NUMBERS
AND
SYMBOLS
IMPLICIT
EMOTION
WITH
NEGATION

METAPHORIC
SENTENCES

TABLE VIII Comparison with the other ensemble techniques.
FINANCIAL SENTIMENT
ENSEMBLE METHOD

MICROBLOGS

NEWS

AVERAGE

PROPOSED SYSTEM-MLP

0.797

0.786

0.748

GRADIENT BOOST

0.773

0.762

0.737

ADABOOST

0.780

0.771

0.729

BAGGING

0.779

0.768

0.735

cutting sales decline in half”, the gold
sentiment is 0.172 and our model
predicts −0.694.
2) Numbers and Symbols: The presence of numeric entities and special
symbols often confuses the model into
predicting sentiments with higher error.
We observe that for, “Is $FB a BUY?
Topeka Capital Markets thinks so.” and
“best stock: $WTS +15%”, predicted
sentiment scores are 0.363 and 0.106
but the gold sentiment scores are
−0.373 and 0.857, respectively.
3) Implicit emotion with negation:
The intensity of tweets containing
emotions derived from various negation phrases like ‘no wonder’, ‘cannot
wait’, etc. are often predicted in correctly in the ‘joy’ datasets. For
instance, gold intensities of “Cannot
wait to see you honey!” and “I see
things in the clouds that others cannot see
so i can be late” are 0.77 and 0.62, but
the model predicted relatively lower
intensities of 0.16 and 0.22, respectively. On in-depth analysis, we
observe that for ‘joy’ datasets implicit
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negation is one of the prime factors
in our system’s relatively below-par
performance. We tried to incorporate specific negation features into
account, but the performance did
not improve for the ‘joy’ dataset and
we also observed performance degradation for the other datasets.
4) Metaphoric sentences: Intensities
are often wrongly predicted for the
tweets containing metaphors. For
example, expressed emotion for the
sentence “Always so happy to support you
brother, keep that fire burning” is anger
with an intensity of 0.132, whereas the
predicted intensity was 0.418.
Table VII presents a summary of the
frequent error cases.

With the help of our experiments, we
tried to establish that the proposed method
is applicable to different domains of problems. In total, we evaluate our proposed
technique for three different problem
domains, i.e., sentiment intensity prediction
in financial microblog messages, sentiment
intensity prediction in financial news headlines and emotion intensity prediction in
generic tweets. The proposed model shows
impressive results for all the problem
domains. We have implemented a series of
linguistic and semantic heuristics for our
analysis of the noisy text in tweets and
news headlines. We have evaluated our
proposed system on the benchmark setup
of EmoInt-2017 and SemEval-2017 for
emotion and sentiment analysis, respectively. Comparisons suggest that our proposed
model performs significantly better than
the state-of-the-art systems with the
improvement of 2.0 and 4.1 points on the
tasks of sentiment prediction of financial
microblog messages and news headlines. For
emotion analysis, our proposed model also
performs comparatively better than the
state-of-the-art models.
As future work, we would like to
build an end-to-end stock market prediction system, which should be able to
forecast the stock prices of a given company based on public sentiments. For
emotion analysis, we would like to investigate other emotion classes along with
the tweets with mixed-emotions.
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S

entiment analysis (SA) is a task
related to understanding people’s
feelings in written text; the starting point would be to identify the
polarity level (positive, neutral or negative) of a given text, moving on to
identify emotions or whether a text is
humorous or not. This task has been
the subject of several research competitions in a number of languages, e.g.,
English, Spanish, and Arabic, among
others. In this contribution, we propose
an SA system, namely EvoMSA, that
unifies our participating systems in various SA competitions, making it
domain-independent and multilingual
by processing text using only languageindependent techniques. EvoMSA is a
classifier, based on Genetic Programming that works by combining the
output of different text classifiers to
produce the final prediction. We analyzed EvoMSA on different SA competitions to provide a global overview of
its performance. The results indicated
that EvoMSA is competitive obtaining
top rankings in several SA competitions. Furthermore, we performed an
analysis of EvoMSA’s components to
measure their contribution to the

p erformance; the aim was to facilitate a
practitioner or newcomer to implement a competitive SA classifier. Finally,
it is worth to mention that EvoMSA is
available as open-source software.
I. Introduction

Sentiment Analysis (SA) is a task dedicated to developing automatic techniques that can analyze people’s feelings
or beliefs expressed in texts [1] such as
emotions, opinions, attitudes, appraisals,
among others. Sentiment Analysis is not
only applied to text data but also voice,
video recording, to mention a few, see,
Corresponding author: Sabino Miranda-Jiménez (Email:
smirandaji@conacyt.mx).
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for instance [2] and [3]. Regarding text,
one of the most analyzed opinion
forums is Twitter because it is a massive
source of data1 having potential uses for
many decision-making areas. Affective
computing and sentiment analysis have
attracted a multitude of researchers aiming to understand people’s opinion on
an event or entity or even the user’s
mood [1], [4]. The dedicated community, i.e., researchers in areas ranging from
psychology and sociology to natural language processing (NLP) and machine
learning, have proposed a number
of approaches to tackle the problem.
The community also organizes several
1

https://www.omnicoreagency.com/twitter-statistics/

1556-603X/20©2020IEEE

challenges to measure the effectiveness
of the available approaches over common ground, e.g., TASS (Taller de
Análisis Semántico) [5], [6] and SemEval
(Semantic Evaluation) [7], [8] which are
among the most popular SA competitions. Overall, the challenges’ dynamic
provides insightful ideas on how to solve
the problem, and an objective procedure
to compare different approaches; however, in our opinion, the side effect is that
some models are difficult to replicate.
Our particular experience is that the
rush of the competition leads us to take
several decisions which are not systematically tested. Consequently, it produces
many details that are impractical to
write in a report.
One would expect that in competitions such as SemEval [7], [8] where a
task is in English, Arabic, and Spanish
languages there would be plenty of multilingual approaches participating in all
the languages, or, at least, teams participating in various languages. However,
the majority of systems are designed to
work only in English. For example, in
SemEval 2017 [8] where task 4 was in
English and Arabic only 19% (8 out of
42 teams) of the teams participated in
both languages, and in SemEval 2018 [7]
16% (7 out of 43 teams) participated in
English, Arabic, and Spanish, and 28%
(12 out of 43) participated in two of the
languages. The reason for the reduced
multilingual participation is the inherent
difficulties of creating multilingual systems. For example, the resources are
only available in a specific language, or
the implementation of other languages
is challenging. This problem becomes
relevant for those languages with weakly
developed NLP techniques. As an example, some winning approaches have created text models based on millions of
texts (more than 400 million of tweets),
clearly, the requirements on information and computing power limit this
approach only to the languages where
these requirements are satisfied which
sometimes are those where the authors
have invested most of their time. On the
other hand, there are a number of language techniques that are tailored to a
specific language, and, to target another

language, one needs to be fluent on that
particular language.
To overcome these problems, this
contribution proposes a multilingual
methodology that tackles the sentiment
analysis task inspired by our participation as INGEOTEC in TASS 2017 [9]
and 2018 [10]; SemEval 2017 [11] and
2018 [12]; and IberEval 2018 in MEXA3T [13], and HAHA [14] competitions.
There are considerable differences
between INGEOTEC’s systems and
EvoMSA. Firstly, EvoMSA is applied to
all the languages and competitions without any modification and with its
parameters fixed, per language, to provide a global overview of its performance; whereas, INGEOTEC systems
are slightly different in each competition. Secondly, in this contribution, it is
included an alternative implementation
of the DeepMoji [15], ad-hoc to our
approach; we call it Emoji Space. Finally,
some text models have not been used in
our participating systems such as FastText (except in TASS 2018) and our
Emoji Space (see Section III).
The goal is to propose a competitive
multilingual SA system that can be
applied to a variety of languages and
domains. To achieve this, we disregard
those techniques and optimizations that
are either only applicable to a particular
language or domain, or which net
effects (regarding performance) are hard
to measure. Moreover, the development
of EvoMSA is modular so that each of
its parts can be measured separately,
facilitating the understanding of which
parts contribute the most to the performance. As a result, the methodology
presented here can be easily applied to
other text categorization problems, and
it is easy to implement, given that there
are public libraries for most of its components. Moreover, we released our
Python implementation as open-source2.
The rest of the manuscript is organized as follows: Section II presents the
related work emphasizing the best or
multilingual works presented at SA
competitions. EvoMSA is described in
Section III. Section IV describes the
2

https://github.com/INGEOTEC/EvoMSA

competitions datasets used as testbeds.
The performance and comparison of
EvoMSA using different models and
state-of-the-art SA systems are described
in Section V. The conclusions and possible directions for future work are given
in Section VI.
II. Related Work

The sentiment analysis community has
stimulated research groups to develop
innovative techniques to classify aspects,
stances, emotions employing international challenges such as SemEval, TASS,
IberEval, among others. In particular, to
boost multilingual approaches, SemEval
challenge encourages the participation
in more than one language; for instance,
English, Spanish, and Arabic languages
are promoted in tasks such as polarity
detection [8] and emotion detection [7].
Existing multilingual approaches rely
on lexicons, parallel corpora, machine
translation systems, labeled data, or a combination of them [16], [17]. For example,
polarity detection [18] uses a machine
translation system to translate data from
English into four languages (Italian, German, French, and Spanish), and a classifier
to train models for each language. The
results by language are similar, and the
combination of m
 ultilingual data sometimes improves the performance; the
authors also point out that the use of
external labeled data of the target language improves the performance. Meng et
al. [19] proposed a generative cross-lingual
mixture model (CLMM) using the bilingual parallel corpus for English and Chinese (target), they can learn unseen
sentiment words maximizing the likelihood of generating the parallel corpora.
Becker et al. [20] used two source corpora
(English and Portuguese) of news and
their translated versions of the target languages Spanish, French, English, and Portuguese. The combination of features of
multilingual translations improves the performance for the classification task; on the
other hand, the stacking of monolingual
classifiers performs even better.
In the case of contests, we describe
those approaches that obtained the first
positions in each competition, in
SemEval 2017, polarity detection task
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involves detecting whether a given text
has a positive, negative, or neutral sentiment at a global level. The BB_twtr [21]
team used an ensemble of Neural Networks combining Convolutional Neural
Networks (CNNs) and Long-Short
Term Memory Networks (LSTMs). The
DataStories [22] system follows a similar
deep learning approach using Bidirectional LSTMs (BiLSTM) with an attention mechanism. Both approaches use
word embeddings from pre-trained vectors as text representation. In the case of
the Arabic language, NileTMRG team
[23] used a Naive Bayes classifier augmented with phrase and word level sentiment lexicon for Egyptian and Modern
Standard Arabic. Two multilingual systems were proposed for this task, SiTAKA
[24] and ELiRF-UPV [25] which participated in English and Arabic. SiTAKA
system uses pre-trained embeddings,
Word2Vec for English, and SKIP-G300
[26] for Arabic. This system also uses
other features such as n-words, part of
speech tags, and lexicons to give an additional score. It uses a Support Vector
Machine (SVM) to perform the classification. ELiRF-UPV system is based on
Convolutional Recurrent Neural Networks (CRNNs) and the combination
of general and specific word embeddings
for English and Arabic, and polarity
information from lexicons.
SemEval 2018 [7] consisted of an array
of subtasks where the systems have to
infer the emotional state of a person based
on his/her tweets. The tasks include the
automatic determination of emotion
intensity (EI) and valence classification
(VC). The former tries to determine the
emotional intensity of tweets; it considers
four basic emotions: anger, fear, joy, and
sadness. The latter,VC, consists on, given a
tweet, classify it into one of seven ordinal
classes related to various levels of positive
and negative sentiment intensity. All tasks
were run for English, Arabic, and Spanish
languages. In this competition, SeerNet
system [27], participating only in English,
proposed a pipeline of pre-processing and
feature extraction steps. The pre-processing uses Tweettokenize3 tool, and for
3

https://github.com/jaredks/tweetokenize

78

feature extraction, several deep learning
approaches were considered, such as
DeepMoji, EmoInt, Sentiment Neuron,
and Skip-Thought Vectors. EiTAKA [28]
presented results for English and Arabic
using an ensemble of two approaches,
deep learning and XGBoost regressor
based on embeddings and lexicons. As a
multilingual system, AffecThor [29] participated in all the languages and emotional intensity and valence task. The
AffecThor team proposed a solution build
upon several best past-years participating
systems and a combination of several
approaches based on lexical resources and
semantic representations. These resources
include 22 lexicons and Word2Vec for
word embeddings. In the classification
step, they use the architecture of several
neural models like CNN with max pooling, BiLSTM with attention, and a set of
character and word features BiLSTMs
(CHAR-LSTM).
TASS 2017 competition [6] focused
on polarity classification at tweet level
(positive, negative, neutral, and none) in
the Spanish language. The systems were
evaluated on two datasets: the International TASS corpus (InterTASS), tweets
located inside Spain territory written in
the Spanish language; and the General
Corpus, tweets of personalities and
celebrities written in Spanish from several countries including Spain. ELiRFUPV [30] employed different approaches,
i.e., bag-of-words, bag-of-chars, word
embeddings, and one-shot vectors over
words and characters representations, as
well as, Multilayer Perceptron (MPL),
RNNs, CNNs, and LSTM networks.
TASS 2018 edition [5] proposed
tasks including the identification of positive or negative emotions that can
arouse in news, i.e., classify news articles
into SAFE (positive emotions, so safe
for ads) or UNSAFE (negative emotions, so better avoid ads), as a kind of
stance classification according to reader’s
point of view. In this task, there were
two subtasks, subtask 1 (S1) consists in
the classification of headlines into either
SAFE or UNSAFE tweets written only
in the Spanish language spoken in Spain;
there were two test sets, named L1 and
L2, having as only difference their cardi-
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nality. Moreover, subtask 2 (S2) consists
in evaluating the systems’ ability to generalize. For training, participants were
provided with headlines written only in
the Spanish language spoken in Spain,
and for testing, news articles come from
nine different countries of America
in order to encourage generalization.
ELiRF-UPV [31] team used a deep
neural network, Deep Averaging Networks (DANs), and a set of pre-trained
word embeddings for representing the
news headlines.
The IberEval contest is related to
emotions, mostly in the Spanish language.
In its 2018 edition, IberEval promoted
different tasks such as aggressiveness identification [32] and humor analysis [33].
The aggressiveness identification task
(MEX-A3T) is motivated by cyberbullying, hate speech, harassment, among others. It consists of classifying a text, in
Spanish from Mexico, into either aggressive or non-aggressive. CGP [34] system
used an Attention-based LSTM network,
and word embeddings were used over
the sentence. Attention is applied over the
hidden states to estimate the importance
of each word, and this context vector is
used into another LSTM model to estimate whether a tweet is aggressive or not.
Aragon-Lopez [35] team used both a bag
of terms representation and second-order
attributes (SOA). They use an n-gram
representation combined with a CNN as
the classifier.
The HAHA task [33] (Humor Analysis based on Human Annotation) consisted of classifying tweets in Spanish as
humorous or not. U_O-UPV [36] used
a neural network with attention mechanism, word2vec models, and a set of linguistic features such as stylistic (e.g.,
length, counting of emoticons, hashtags),
structural and content (e.g., animal
vocabulary, sexual and obscene vocabulary), and affective (e.g., positive or negative words, counting of words related
to attitudes). The use of different Neural
Networks has not been restricted to the
aforementioned tasks. There are essential
advances on tasks such as in Sarcasm
which could be considered as a verbal
form of irony that toggles the explicit
sentiment found in a text [37]. Joshi

et al. [38] proposed a deep-learning
approach with word embeddings as the
main feature. Another deep-learning
approach was presented in [39]; here,
authors use CNN to learn user embeddings with the purpose to learn userspecific context. Ghosh and Veale [40]
explored and compared the performance of CNN and RNN regarding
sarcasm detection.
III. System Description

EvoMSA is a specialization of Stack
Generalization (SG) [41] focused on text
classification problems4. EvoMSA is a
two-stage procedure where the first stage
is composed by several models that transform a text into decision function values;
these values are combined, in the second
stage, by a classifier, in particular, EvoDAG [42], [43] which is based on
Genetic Programming (GP). Figure 1
depicts the structure of EvoMSA; the
prediction flow goes from left to right.
On the left, a text is submitted to
different models; the outputs of these
models compose the vector space which
is used by EvoDAG to make the final
prediction. Figure 1 illustrates that the
difference between EvoMSA and SG is
on the first stage, whereas EvoMSA’s
first stage receives a text, SG receives a
vector; from the vector space through
the end of the procedure EvoMSA and
SG are equivalent.
The first stage considers five models,
that can be selected by the user, and are
a composition of two functions, i.e.,
g % m, where m transforms a text into a
vector (i.e., m : text " R d where d is
inherent to m) and g is a function with
the form g : R d " R c where c is the
number of classes of the text classification problem. Function m is a text
model obtained from different sources,
and g is a linear SVM5.
The different sources used to compute m are: in the first model, m 1, the
training set of the competition (TR). The
second model, m 2, uses a human anno4
Stack Generalization was initially proposed to improve
the performance of any supervised learning algorithm.
5
It was decided to use a linear SVM as g based on our
experience building B4MSA [44], our previous SA
classifier.

tated (HA) dataset, independent of TR.
The third model, m 3, is an emotion and
sentiment Lexicon-based model (TH).
The fourth model, m 4, is our Emoji
Space (Emo). Finally, the fifth model, m 5,
corresponds to FastText (FT), frequently
used to provide a semantic representation
(word embeddings) of the text. Based on
this description, it is possible to infer the
value of d for each m. In the first model,
d 1 corresponds to the vocabulary size. In
the second model d 2 is the number of
classes of HA. The third model d 3 equals
2 which corresponds to the count of
positive and negative words, respectively.
The fourth model has a d 4 = 64 (see
Section III-C); and finally, d 5 = 300 (see
Section III-D) for the fifth model.

The second stage starts using the outputs generated by all the models, e.g.,
g % m 1, g % m 2, f, g % m ,, concatenated to
form a vector in R ,c where , is the
number of models, and c is the number of
classes. This last vector is used by EvoDAG to perform the final prediction.
Before EvoDAG can be used, it requires
to be trained. The naive approach would
be to use TR to train g and EvoDAG.
Nonetheless, this would result in an illdesigned approach, which is not considering the weakness of the classifier(s) at
generalization. In SG, it was proposed to
train the second stage classifier (e.g., EvoDAG) by using the output of a k-fold
(five folds) cross-validation approach
on TR and g. Algorithm 1 presents the

TR B4MSA
HA B4MSA

EvoDAG

TH Lexicon
Text

Emo
Emoji Space

Vector Space

Predicted
Class

FT FastText

FIGURE 1 The prediction scheme of EvoMSA. A text is transformed by different models composing a vector space which is the input of EvoDAG to make the final prediction; the flow goes
from left to right.

Algorithm 1 EvoDAG’s training.

Require: M {First-stage text models}
Require: TR {Training set of pairs text and class}
1: X ! [] {Store the decision function values}
2: for all m ! M do
3:
X ! m ( TR) {Transform the texts into vectors}
Xt ! [] {List containing m decision function values}
4:
5: for (tr, vs) ! K-Fold(X ) do
c ! Train(SVM, tr) {Train a linear SVM}
6:
Xt [Index (vs)] ! Decision-Function(c, vs)
7:
8: end for
X ! Concatenate(X, Xt )
9:
10: end for
11: return Train(EvoDAG, X )
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TABLE I B4MSA parameters used per language.
TEXT TRANSFORMATION
PARAMETER

DEFAULT

ARABIC

ENGLISH

SPANISH

REMOVE DIACRITICS

YES

YES

NO

YES

REMOVE DUPLICATES

YES

REMOVE PUNCTUATION

YES

LOWERCASE

YES

EMOTICONS

GROUP

NUMBERS

GROUP

GROUP

DELETE

URLS

GROUP

USERS

GROUP

HASHTAG
ENTITIES

NONE
NONE

DELETE

NONE

FALSE

DELETE

FALSE

NEGATION
STOPWORDS

GROUP

NONE

FALSE

STEMMING

FALSE

FALSE
TOKENIZERS

N-WORDS

{1, 2}

{1}

{1, 2}

SKIP-GRAMS

{}

{}

{(3, 1)}

{(2, 1)}

Q-GRAMS

{2, 3, 4}

{2, 3, 4}

{3, 4}

{2, 3, 4, 5, 6}

procedure used to train EvoDAG. It
receives the first-stage text models,
m ! M, and TR. From lines 2–9, it iterates for the different text models, m, transforming the text into vectors (line 3),
these vectors are used in k-fold cross-validation (lines 5–8) to predict the decision
function values of the validation set (vs).
During the folding process, there are two
disjoint sets, tr and vs, where tr is used to
train an SVM (line 6), and vs is the set to
be predicted (line 7). The predictions
obtained for the different models, M, are
concatenated (line 9) to form EvoDAG’s
training set. The last step is to train EvoDAG (line 11) with the predicted values.
The rest of this section describes the
different text models, m, used in this contribution. It starts with B4MSA using two
datasets, the lexicon-based models, Emoji
Space and FastText. The last subsection is
devoted to describing EvoDAG, the classifier used in EvoMSA’s second stage.
A. B4MSA

The first two text models, i.e., m 1 and m 2,
use our baseline for multilingual sentiment
analysis, namely B4MSA6 [44]. B4MSA
6

https://github.com/INGEOTEC/b4msa
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{1}

uses an equivalent structure that the models used in EvoMSA’s first stage, i.e.,
g b % m b. Function m b uses a series of simple language-independent text transformations to convert text into tokens, as well as
some language-dependent transformation
commonly implemented on various opensource libraries. Nonetheless, it avoids the
usage of computational expensive linguistic
tasks such as part-of-speech tagging,
dependency parsing, among others. Then,
these tokens are represented into a vector
space model using TF-IDF, and, finally, the
vectors and their associated classes are
learned by a linear SVM (i.e., g b).
B4MSA was conceived to serve as a
baseline for text categorization. To achieve
this, it starts with a search in its parameter
space to find an acceptable configuration.
However, this search, per problem, increment the time required to find a model,
and besides, our previous work on sentiment analysis (see [45]) indicates that some
parameters could be fixed with a minimal
impact on the performance. Consequently,
it was decided to keep constant the
parameters of B4MSA per language.
Table I shows B4MSA’s parameters
per language. These parameters were
obtained by measuring their performance
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(using macro-F1) on all the datasets used
in this contribution, and, using k-fold
cross-validation (k = 5) on the training
set. The parameter space was sampled
using a loop of two steps. In the first step,
the parameters varied were the tokenizers; it was tested all the combinations of
n-words 1, 2, and 3; skip-grams (3, 1), (2,
2), and (2, 1); and q-grams 2, 3, 4, 5, and 6.
The second step tested the rest of the
parameters shown in the table; these
parameters are either dichotomic or
treated as such, this is the case of parameters with possible values like group or
delete. This process continues until a stable
configuration is found, that is, where the
best configuration is the one found in the
previous step.
Some of B4MSA’s parameters are selfdescribed such as remove diacritics, duplicates, punctuation symbols, and convert
text to lowercase. The emoticons were
changed to the words _pos, _neg, or _neu
depending on the polarity expressed.
Numbers, URLs and users are either
deleted or replaced with words _num, _url,
and _usr, respectively. The tokens are
words, bigrams of words, q-grams of different sizes, and skip-grams. The notation
used in skip-gram is (a, b) where a indicates the number of words and b indices
the length of the skip, for example, in have
a nice weekend the skip-gram (2, 1) would
be have nice and a weekend.
B4MSA is used to create two models
(g % m 1 and g % m 2), one using the competition training set (TR) and the other
using a human annotated (HA) dataset.
Regarding TR, m 1 = m b, i.e., m 1 is
B4MSA’s text model, and, as a result,
EvoMSA’s first model is g % m b. On the
other hand, HA dataset is composed of
texts and their associated polarity (negative,
neutral, or positive), and, it is not related to
TR. Consequently, it is feasible to create a
text classifier that outputs the polarity of a
given text. That is m 2 = g b % m b where m b
is B4MSA’s text model (using the parameters shown in Table I) and g b is a linear
SVM trained on HA, therefore EvoMSA’s
second model is g % g b % m b.
B. Lexicon-Based Model

The text model, m 3, introduces external
knowledge into our approach by the use

of lexicons such as affective words.
T h u m b s U p -Down (TH) model,
m 3 : text " R 2, counts the number of
affective words keeping a separate record
for the positive and negative words. We
created a positive-negative lexicon based
on several affective lexicons for English
[46] and Spanish [47]–[49] and enriched
with WordNet [50]. In the case of Arabic, we translate the English lexicon to
Arabic language using Google translate,
service employing Googletrans API [51].
C. Emoji Space

Inspired by DeepMoji [15], we create
the text model, m 4 : text " R 64; the
core idea is to predict what emoji would
be the most probable one for a given
text. For this purpose, we learn a B4MSA
model per language using 3.2 million
examples of the 64 most frequent emojis
in each language. This dataset consists in
50,000 examples per emoji extracted
from our own collected tweets, that is,
we filtered out these examples from
(approximately) 2.0 # 10 9 Arabic tweets,
2.3 # 10 9 English tweets, and to
3.7 # 10 9 Spanish tweets. A few simple
rules were followed to create the datasets: i) each example contains only one
type of emoji to reduce the ambiguity
among predictions, ii) all re-tweets were
removed, iii) a uniform sample was chosen to avoid any seasonality effect. Finally, each selected tweet is transformed
into a text and emoji pair, where the
emoji is the one in the text. All emojis

(a)

were removed from the text while training. Consequently, the dataset is a supervised learning dataset.
B4MSA uses this dataset to create the
Emoji Space. Each text is transformed to
the vector space defined by B4MSA’s
text model using Table I parameters
with a one-vs-rest strategy to train the
SVM (i.e., m 4 = g b % m b where m b is
B4MSA’s text model and g b is a linear
SVM). Instead of being interested in the
most probable emoji given text, we are
interested in the decision functions of all
the classifiers given a text such that each
coordinate represents an emoji. Consequently, a 64-dimension real-valued vector represents a text.
Figure 2 lists the emojis used to create our Emoji-Space for Spanish, English,
and Arabic languages; which also correspond to 64 most frequent emojis in
these languages. The emojis are ordered
row-wise being the most frequent the
emoji in the left upper corner. Notice
the significant coincidence among the
most frequent emojis in all languages.
D. FastText

FastText [52] is a tool to create text classifiers and learn a semantic vocabulary from a
given collection of documents; this vocabulary is represented with a collection of
high dimensional vectors, one per word.
FastText is robust to lexical errors supporting out-vocabulary words, and it is used to
represent a text into a vector space using
the pre-computed models (see [53]) for

(b)

Arabic, English, and Spanish. In particular,
each text is transformed into a vector
using the vector sentences flag; these are
vectors in 300 dimensions using the
default parameters (i.e., m 5 : text " R 300).
E. EvoDAG

EvoDAG7 [42], [43] is a steady-state GP
system with tournament selection (tournament size 2) specifically tailored to
tackle classification and regression problems. GP is an evolutionary algorithm
with the distinctive characteristic of
searching in a program search space, in
particular, in this contribution, GP
searches in a search space, X, of functions. That is, X is the set of functions
created by recursively composing elements from two sets: function set F, and
terminal set L. The function set is composed by operations such as sum, product, sin, cos, max, and min, among others;
and the inputs compose the terminal set,
and normally, by an ephemeral random
constant. Nonetheless, EvoDAG’s terminal set only contains inputs, and each
function, in the function set, is associated
with a set of parameters that are identified using the training set. For example,
let f ! F be a function of cardinality 1
then f (x ; i) ! X is an element of the
search space, and, i is identified with the
training set using ordinary least squares,
e.g., f (x ; i) = i sin (x).

7

https://github.com/mgraffg/EvoDAG

(c)

FIGURE 2 Actual emojis used by our Emoji-Space model. (a) Spanish, (b) English, (c) Arabic.
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The research community regularly opens monolingual
and multilingual competitions with topics going from
opinion mining to detect humor, emotion, or hatespeech in micro-blogging platforms, in monolingual and
multilingual datasets.
function, f, is randomly selected from F,
f \s arguments are randomly taken from
L without replacement. This process
continues until either all the elements of
L have been selected, or the population
size has been reached. In the former case,
the process is to add one element at a
time to P 0, choosing f ! F with the
difference that f \s arguments are randomly taken from P 0; this mechanism
continues until the population size is
reached. For example, let F = {+ , sin}
and L = {x 1, x 2, x 3} then P 0 s t a r t s
with {i 1 x 1, i 2 x 2}, this is followed by
selecting a function, assume + is selected,
P 0 is {i 1 x 1, i 2 x 2, i 3 x 1 + i 4 x 2}, assume
the next function selected is sin, consequently, P 0 = {i 1 x 1, i 2 x 2, i 3 x 1 + i 4 x 3,
i 5 sin (x 2)}. At this point all the inputs
have been selected so the process
continues by selecting the arguments
from P 0, suppose sin is selected and
i 3 x 1 + i 4 x 3 is its argument, this makes
P 0 = {i 1 x 1, i 2 x 2, i 3 x 1 + i 4 x 3, i 5 sin (x 2),
i 6 sin (i 3 x 1 + i 4 x 3)}. This process is
repeated until ; P 0 ; reaches the population size.
Once the initial population is created, P 0, the evolution starts. EvoDAG
uses a steady-state evolution, and, thus, it

In more detail, EvoDAG’s search
space is as follows: let Fc 3 F be the
functions with cardinality c in the function set, and X i be the elements created at iteration i, starting from i = 0.
Using this notation, the first elements,
i.e., i = 0, are X 0 = {ix j ; x j ! L} ,
' c { f (x 1, f, x c ; i) ; x j ! L, f ! Fc }.
The rest of the elements are composed
recursively using X i = ' c { f (x 1, f,
x c ; i) ; x j ! X i - 1, f ! Fc}; consequently,
the search space is defined as X = ' i X i.
Using this notation, it is difficult to indicate
that in the case of a commutative operator it
is only included one of them, e.g., x i + x j is
included in the search space and x j + x i it is
not. The second restriction is that some
functions require unique arguments. A
function is decided to require unique arguments when f (a, b, b, d ) = if (a, b, d ) such
as: min, max, and addition, among others.
EvoDAG searches X using a similar
procedure than the one used to describe
it. It is not possible to test all the elements
at X i; instead, X i is sampled, storing the
elements in population P. The initial
population, P 0, contains {ix ; x ! L}, a
set of functions such as Nearest Centroid
Classifier, and other elements that are
selected using the following procedure. A

is not necessary to keep track of the
population through the generations,
therefore P = P 0. The procedure used
in the first generation is to create an element by selecting a function from F,
and its arguments are randomly selected
from P. The element created replaces
an element of P which is selected using
a negative tournament selection. From
the second generation to the end of the
run an element is created by first selecting f and its argument are selected using
tournament selection on P, the element created replaces an element selected, from P, with a negative tournament.
Traditionally in GP, the evolution stops
when the maximum number of generations is reached, or the fitness reaches a
particular value; however, EvoDAG uses
an early stopping approach. That is, the
training set is split into a smaller training
set, used to identify i and the fitness of
the individuals, and a validation set. Then,
the best element is the one with the best
performance on the validation set. The
evolution stops when the best individual
has not been updated in some evaluations,
4000 is the default.
EvoDAG function set is F = {R 60,
atan, NC 2, ; $ ;, hypot, max 5, min 5, P 20,
NB 5, MN 5, sin, , tan, tanh}. Let us
start by describing the addition which is
defined as f (x 1, f, x 60) = R i i i x i where
coefficients i are identified with ordinary least squares (OLS) using the training set. Functions such as min and
trigonometric functions are defined as
if (x i, f) where i is identified using
OLS. For classification problems, the

Max

Sin

Tanh

NaiveBayesMN

Fabs

Add

NaiveBayes

NaiveBayes

NaiveBayesMN

Hypot

Centroid

x1

FIGURE 3 An example of an evolved model by EvoDAG for the Arabic sentiment analysis task.
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x2

Tanh

x0

Centroid

technique one-vs-rest is used, producing
k binary classification problems, and, for
each different coefficients are optimized.
NC 5 is the nearest centroid classifier
whose output is the distance to each
class centroid. NB 5 and MN 5 are Naive
Bayes classifiers using Gaussian and Multinomial distributions, respectively. The
outputs of these classifiers are the loglikelihood. NC, NB, and MN are always
included in the initial population P 0
having as arguments all the inputs, in the
rest of the run, these functions use their
default number of arguments.
Figure 3 depicts a model evolved for
the Arabic sentiment analysis task. As can
be seen, the model is represented using a
Direct Acyclic Graph (DAG) where the
direction of the edges and dependency
is bottom-up, e.g., tanh depends on
Centroid, i.e., the hyperbolic tangent
function is applied to Centroid’s output.
The input nodes are colored in red, the
internal nodes are blue (the intensity is
related to the distance to the height, the
darker, the closer), and the green node is
the output node. As mentioned previously, EvoDAG uses as inputs the decision functions of the models, the first
three inputs (i.e., X 0, X 1, and X 2) correspond to the decision function values
of the negative, neutral, and positive
polarity of B4MSA model, the rest of
the red nodes correspond to functions
that are always in the initial population.
It is important to mention that EvoDAG
does not have information regarding
whether input X i comes from a particular polarity decision function, consequently from EvoDAG point of view all
inputs are equivalent.
IV. Competition, and Human
Annotated Datasets

As mentioned before, we use the human
annotated (HA) datasets from [54], [55]
for Arabic, English, and Spanish languages. These are polarity datasets with three
classes positive, neutral and negative, containing 223,306 tweets for Spanish,
73,240 for English, and 1,972 for Arabic.
On the other hand, the datasets used
to analyze EvoMSA’s performance are
described in Table II. These datasets
include the competitions SemEval 2017

[8] and 2018 [7], TASS 2017 [6] and
2018 [5], HAHA 2018 [33] and MEX-A3T
2018 [32]. It is worth to mention that
for corpus InterTASS (TASS 2018) and
MEX-A3T, we do not have the gold
standard used in the competition; so,
we performed cross-validation instead.
Therefore, the performances reported
are on that cross-validation dataset,
and cannot be compared with the
official perfor mance presented by
the competition.
These competitions present different
tasks starting from the traditional sentiment analysis which corresponds to identify the polarity of a text; moving on to
emotion ordinary classification where the
emotions considered are anger, fear, joy,

and sadness; safe-unsafe news classification; humor and aggressiveness detection.
The majority of the problems are multiclass problems, and there are three binary
classification problems which are safe
news, humor, and aggressive detection.
V. Analysis

This section presents EvoMSA’s performance using the models described in
Section III, and on different competitions. The different EvoMSA instances
are a combination of B4MSA trained
with TR, B4MSA trained with HA, the
Lexicon-based model (TH), Emoji Space
(Emo), and FastText (FT). In total, there
are 31 different combinations of these
models; however, we decided to present

TABLE II Number of tweets on the training and test sets in different tasks regarding
sentiment analysis (SA), emotion-ordinal classification (EC), safe-unsafe
classification of news (SUS), humor analysis (HA), and aggressive analysis (AA).
LANGUAGE

TRAINING

TEST

ENGLISH

50,333

12,284

ARABIC

3,355

6,100

ANGER

1,027

373

FEAR

1,028

372

JOY

952

448

SEMEVAL 2017 (SA)

SEMEVAL 2018 (EC)

ARABIC

ENGLISH

SPANISH

SADNESS

1,030

370

VALENCE

1,070

730

ANGER

2,089

1,002

FEAR

2,641

986

JOY

1,906

1,105

SADNESS

1,930

975

VALENCE

1,630

937

ANGER

1,359

627

FEAR

1,368

618

JOY

1,260

730

SADNESS

1,350

641

VALENCE

1,795

648

SPANISH
TASS 2017 (SA)

TASS 2018 (SUS)

G. CORPUS

7,219

60,798

InterTASS

1,514

1,899

S1-L1

1,500

500

S1-L2

1,500

13,152

S2

274

407

HAHA 2018 (HA)

16,000

4,000

MEX-A3T (AA)

5,389

2,311
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pair with the best performance is kept,
and, the process continues testing the
remaining text models until all of them
are incorporated into EvoMSA.
Figure 4 presents a boxplot of the
ranks of EvoMSA instances as well as the

only those combinations that had a significant impact on performance following a bottom-up approach. The starting
point is EvoMSA using only TR, and
then the remaining models are incorporated and tested one at a time. The model

12
10

Rank

8
6
4

All

TR + Emo + FT + HA

TR + Emo + FT + TH

TR + Emo + FT

TR + Emo + HA

TR + Emo + TH

TR + Emo

TR + FT

TR + HA

TR + TH

TR

B4MSA

2

FIGURE 4 Boxplot of the ranks of B4MSA and EvoMSA using different models, namely trained
with the training set (TR), Lexicon-based model (TR + TH), the human-annotated dataset
(TR + HA), the FastText model (TR + FT), and the combination of these model until all the text
model are combined with EvoMSA (All).

TABLE III Performance comparison, in terms of macro–Recall (SemEval 2017) and
macro–F1 (TASS 2017), of EvoMSA (using all models) with teams that participated
in each competition; we include the performance of our baseline (B4MSA) and our
participating system (INGEOTEC). The best performance for each task is indicated
in boldface.
SEMEVAL 2017 [8]

84

TASS 2017 [6]

SYSTEMS/TEAMS

ARABIC

ENGLISH

G. CORPUS

InterTASS

BB_TWTR

—

0.681

—

—

DATASTORIES

—

0.681

—

—

LIA

—

0.676

—

—

SENTI17

—

0.674

—

—

NILETMRG

0.583

—

—

—

NNEMBS

—

0.669

—

—

EVOMSA

0.592

0.662

0.540

0.474

TWEESTER

—

0.659

—

—

INGEOTEC

0.477

0.649

0.577

0.507

SiTAKA

0.550

0.645

—

—

ELiRF-UPV

0.478

0.619

0.549

—

B4MSA

0.510

0.610

0.490

0.388

JACERONG

—

—

0.569

—

RETUYT

—

—

0.546

—

TECNOLENGUA

—

—

0.528

—
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rank of B4MSA. These ranks were calculated using all the datasets used, and, the
performance measures used in each particular competition, namely macro-F1,
macro-Recall, and Pearson correlation.
From the figure, it can be observed that
B4MSA has the highest rank, followed
by EvoMSA using only TR. The difference in performance between these two
systems is statistically significant with the
confidence of 95%, using Wilcoxon
signed-rank test [56]. Comparing the
performance of EvoMSA using only two
models, it is observed that the Emoji
Space (TR + Emo) is the one with the
lowest rank, followed by FastText (TR +
FT), the human-annotated dataset (TR
+ HA), and the Lexicon-based model.
This latter model has an equivalent rank
that EvoMSA using TR, albeit, it presented an outlier obtaining the best
performance in one problem. The combination of TR, Emo, and FT has the
lowest rank among the systems with
three models, and EvoMSA with fourth
(TR + Emo + FT + TH and TR +
Emo + FT +HA) and five models (All)
obtained similar ranks, having the lowest
rank EvoMSA with all the models. In
order to complement this boxplot, it
was performed a comparison between
EvoMSA with all the models (system
with the lowest rank) and the rest of the
systems. The statistical test used was a
Wilcoxon signed-rank test [56], and the
p-values were adjusted with the HolmBonferroni method [57] to consider the
multiple comparisons. The result is that
the difference in performance between
the best system and the next three bestperforming systems is not significant
with confidence of 95%, whereas it is
statistically different with the remaining
of the systems.
Table III presents the performance
of EvoMSA using all the models,
B4MSA, our participating system (i.e.,
INGEOTEC), and a selection of systems that participated in SemEval 2017
[8] and TASS 2017 [6]. Given that more
than 30 teams participated in SemEval
2017, we decided to include only those
systems that outperformed INGEOTEC in any of the languages. Regarding TASS 2017, the teams selected are

the best submission of each team, and,
those that obtained better performance
than B4MSA, which is our baseline.
The performance in English sorts all
systems. Comparing the performance of
EvoMSA against the other competitors
in SemEval 2017, it is observed that
EvoMSA would have obtained the first
place in Arabic and the sixth position in
English. Regarding General Corpus
(TASS 2017), our INGEOTEC team
obtained the best performance, and
EvoMSA would have been in the fifth
place [6].
Let us move our attention to those
teams that participated in more than one
language, the table presents only two out
of three teams that participated in both
languages, namely SiTAKA [24] and
ELiRF-UPV [25], [30]; it can be observed
that EvoMSA obtained the best performance among these teams, and, in
addition only SiTAKA is better than
B4MSA (our baseline) in both languages. On the other hand, ELiRF-UPV
participated in both languages and competitions. This team had better performance than EvoMSA in TASS 2017 and
worst in Arabic and English.
Table IV shows the results achieved
on SemEval 2018 [7] datasets. The table
includes the performance of EvoMSA,
B4MSA, INGEOTEC, and a selection
of competitors. The teams included were
those that obtained a better position than
INGEOTEC in English and those that
outperformed the competition baseline
on Arabic and Spanish. The table is organized according to the competition language, namely Arabic, English, and
Spanish. Furthermore, the systems are sorted by valence in all the languages. From
the table, it can be observed that EvoMSA
in Arabic would have obtained the second
place in valence, first in sadness, and third in
the rest of the tasks. On the other hand, in
English, EvoMSA did not outperform
INGEOTEC in valence; nonetheless, it did
improve INGEOTEC in the rest of the
problems. In Spanish, EvoMSA would
have been in first place in joy and second
place in the rest of the tasks.
Seven teams participated in two or
more languages; only AffectThor [29]
submitted results for all languages. Their

approach in English outperformed EvoMSA
in all tasks; in Arabic and Spanish languages AffectThor obtained better performance in anger, fear, and joy. Three
teams submitted results for Arabic and

English: EiTAKA [28] obtained better
performance than EvoMSA in all tasks;
UNCC [67] in English had a better
position than EvoMSA in anger, fear,
and sadness. EvoMSA outperforms UWB

TABLE IV Performance comparison in terms of Pearson correlation of EvoMSA
(using all models) and teams that participated in SemEval 2018; we also included
our baseline (B4MSA) and our participating system (INGEOTEC) in the listing. The
best performance for each task is indicated in boldface.
SYSTEMS/TEAMS

ANGER

FEAR

JOY

SADNESS

VALENCE

ARABIC
EiTAKA

0.572

0.529

0.634

0.563

0.809

EVOMSA

0.492

0.495

0.612

0.622

0.761

AFFECTTHOR

0.551

0.551

0.631

0.618

0.752

INGEOTEC

0.387

0.440

0.498

0.425

0.749

UNCC

0.459

0.483

0.538

0.587

0.748

B4MSA

0.425

0.409

0.401

0.480

0.680

UWB [58]

0.327

0.345

0.437

0.467

—

EMA [59]

0.077

0.242

0.215

0.535

0.643

NILETMRG [7]

—

—

—

—

0.622

ENGLISH
SEERNET

0.706

0.637

0.720

0.717

0.836

PLUSEMO2VEC

0.704

0.528

0.720

0.683

0.833

AMOBEE [60]

0.667

0.536

0.705

0.673

0.813

PSYML [61]

0.670

0.588

0.686

0.667

0.802

EiTAKA [28]

0.651

0.595

0.651

0.636

0.796

FOI DSS [62]

0.631

0.521

0.617

0.591

0.777

TCS RESEARCH [63]

0.641

0.561

0.655

0.621

0.777

NTUA–SLP [64]

0.644

0.581

0.678

0.643

0.777

AFFECTTHOR [29]

0.620

0.538

0.686

0.622

0.776

EPITA [65]

—

—

—

—

0.776

INGEOTEC

0.560

0.489

0.643

0.584

0.760

ELiRF–UPV [66]

0.601

0.525

0.630

0.605

0.759

EVOMSA

0.575

0.520

0.656

0.605

0.753

UNCC [67]

0.604

0.544

0.638

0.610

0.736

YNU–HPCC [68]

0.554

0.523

0.624

0.610

0.733

B4MSA

0.420

0.400

0.521

0.487

0.530

ZMU [7]

0.556

0.565

0.586

0.579

0.122

AMOBEE

—

—

—

—

0.765

SPANISH

EVOMSA

0.560

0.659

0.693

0.672

0.757

AFFECTTHOR

0.606

0.706

0.667

0.677

0.756

ELiRF-UPV [66]

0.520

0.567

0.592

0.620

0.729

INGEOTEC

0.468

0.634

0.655

0.628

0.698

UG18 [69]

0.499

0.606

0.665

0.625

0.682

YNU-HPCC [68]

0.263

0.283

0.513

0.380

0.556

B4MSA

0.454

0.568

0.570

0.546

0.538

UWB [58]

0.361

0.606

0.544

0.506

—
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TABLE V Performance in terms of macro-F1 (except HAHA where F1 is used instead)
of EvoMSA (with all the models), our baseline (B4MSA), our participating system
(INGEOTEC), and other competitors. The performance in S1-L1 sorts the systems
and the best performance is indicated in boldface for each task.
TASS 2018 [5]

IBEREVAL 2018 [32], [33]

SYSTEM

S1–L1

S1–L2

S2

HAHA

MEX–A3T

INGEOTEC

0.795

0.866

0.719

0.797

0.794

ELiRF

0.790

0.883

0.699

0.772

—

EVOMSA

0.783

0.854

0.725

0.799

0.789

RBNUGR

0.774

0.873

0.683

—

—

M.CLOUD

0.767

0.793

0.651

—

—

SINAI

0.728

0.773

—

—

—

B4MSA

0.722

0.768

0.519

0.793

0.786

16
14

Rank

12
10
8

VI. Conclusions

6
4

MLP
Logistic Regression
SVC
Gradient Boosting
Linear SVC
Ada Boost
SGD
Random Forest
BernoulliNB
Extra Trees
K-Neighbors
Passive Aggressive
Perceptron
Decision Tree

EvoDAG

Gaussian NB
Nearest Centroid

2

FIGURE 5 Ranking comparison of different classifiers on all tested datasets.

[58] in all tasks. Finally, three teams participated in English and Spanish,
Amobee [60] obtained a better score
than EvoMSA in all the tasks; ELiRFUPV [66] obtained better results in
English and worst in Spanish; and YNUHPCC [68] only outperformed EvoMSA in fear and sadness in English.
Table V shows the performance of
EvoMSA (using all models), B4MSA,
and the participants of TASS 2018 [5]
and IberEval 2018 [33]. The table shows
that EvoMSA would have obtained two
first places and it did not outperform
our participating system, INGEOTEC
on the rest of the tasks.
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It is observed from the figure that
EvoDAG obtained the lowest rank
(best performance), closely followed by
a Gaussian Naive Bayes and the Nearest Centroid classifier, the Decision
Trees presented the highest rank. EvoDAG, Gaussian NB, and Nearest Centroid obtained the first position in a
number of problems; however, these
are not the only ones obtaining the
first position, these other classifiers are
Logistic regression, SVM, and Ada
Boost. The comparison between EvoDAG’s performance against the other
systems –using the Wilcoxon signedrank test [56] and adjusting the p-values with Holm-Bonferroni method
[57] to consider the multiple comparisons – shows that there is a difference
in performance with confidence of
95%. Nonetheless, as mentioned, there
are classifiers that in some problems
obtained the best place.

After analyzing the behavior of
EvoMSA, it is time to measure the
effects that EvoDAG, has in the overall
performance. The procedure used is to
replace EvoDAG in EvoMSA (using all
models) by, almost, all the classifiers
implemented in [70] with their default
parameters. In total, sixteen different
classifiers are used to perform this comparison. Figure 5 presents the boxplot
of the ranks of these classifiers as well as
EvoDAG. The figure is ordered so that
the classifier with the lowest rank is on
the left and the classifier with the highest rank is on the right; this is only to
facilitate the reading.
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We presented EvoMSA, a multilingual
and domain-independent sentiment
analysis system. EvoMSA is designed to
combine different resources into one
objective; among the possible resources,
we use domain-specific training set and
other related human-annotated datasets,
lexicon-based models, semi-supervised
models like our Emoji Space and FastText. These models are combined into
a classifier based on GP to produce the
final prediction. EvoMSA’s components
are analyzed based on performance,
including our classifier EvoDAG. The
study shows that the resource contributing most to the perfor mance is
Emoji Space; on the other hand, the
system with the lowest average rank
(the lower, the better), was produced by
using all the resources. Furthermore, it
is worth to mention that replacing
EvoDAG with a simpler classifier such
as Gaussian Naive Bayes one can
reduce computing time, nonetheless,
with a performance impact.
EvoMSA performance is analyzed
using datasets from different competitions, namely SemEval 2017 and 2018,
TASS 2017 and 2018, HAHA 2018, and
MEX-A3T 2018. It is important to note

that almost all the parameters of EvoMSA
and its components are kept constant in
all the datasets. Consequently, EvoMSA
can be considered an almost free parameter algorithm in a multilingual domain.
Furthermore, the result shows that
EvoMSA is competitive against the systems participating in those competitions.
Based on our experimental results,
EvoMSA would have obtained fifth first
places (SemEval 2017 in Arabic;
SemEval 2018 sadness in Arabic and joy
in Spanish; TASS 2018 on S2 dataset;
and HAHA 2018), on SemEval 2018
would be on average on the second
place in Spanish and third in Arabic.
These results are evidence that EvoMSA
has a significant generalization potential
over several languages.
Finally, we would like to discuss some
research avenues briefly. We have tested
EvoMSA on different sentiment analysis
competitions; however, the scheme is
general enough to tackle multi-modal
problems such as combining images and
texts. We also have tested two semantic
resources, i.e., Emoji Space and FastText,
in the future, it would be essential to
develop and test other semantic representations. An important characteristic that
has not been addressed in EvoMSA is
that, currently, the models evolved are not
intended to be understood. Given that
EvoDAG is a GP system, it would be
desired that the model evolved would be
a white box.
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A Bibliometric Overview of the Field of Type-2 Fuzzy Sets and Systems
Abstract

F

uzzy Sets and Systems is an area of
computational intelligence, pioneered by Lotfi Zadeh over 50
years ago in a seminal paper in Information and Control. Fuzzy Sets (FSs)
deal with uncertainty in our knowledge
of a particular situation. Research and
applications in FSs have grown steadily
over 50 years. More recently, we have
seen a growth in Type-2 Fuzzy Set (T2
FS) related papers, where T2 FSs are
utilized to handle uncertainty in realworld problems. In this paper, we have
used bibliometric methods to obtain a
broad overview of the area of T2 FSs.
This method analyzes information on
the bibliographic details of published
journal papers, which includes title,
authors, author address, journals and
citations, extracted from the Science
and Social Science Citation Indices in
the Web of Science (WoS) database for
the last 20 years (1997-2017). We have
compared the growth of publications in
the field of FSs, and its subset T2 FSs,
identified highly cited papers in T2 FSs,
highly cited authors, key institutions,
and main countries with researchers
involved in T2 FS related research.

Online Resource: http://www.sau
.int/~cilab/
Further statistics are made available as supplementary materials on
the given link.
I. Introduction

Data in the real world is gathered from
many sources. Considering that none of
the processes in the real world is ‘ideal’,
the data collected generally possess some
kind of uncertainty, and information
about some features or characteristics of
the data are either incorrect or incomplete. Uncertainty is, therefore, a major
challenge in real world applications, and

there was a need felt, to have a theoretical framework within the discipline of
Mathematics and Computer Science for
handling such unknown, incomplete or
uncertain information.1 A solution was
provided by Zadeh [1] in 1965 when he
proposed the fuzzy set theory to bridge
the gap between certain and uncertain
environments. Although Zadeh’s work
did not attract much attention initially,
from the mid-70’s a number of scientists
began examining this area. Several professional associations were started, and
the first conference was held in USA in
1982. European and Asian researchers
had also started to show increased attention to the field since the mid-70’s. In
1985, the International Fuzzy Systems
Association (IFSA) was created which
held its first conference in Palma de
Mallorca, in Spain. Today, fuzzy set theory has emerged as a powerful way of
quantitatively representing and manipulating the imprecision in a variety of
problems, both theoretical and applied. It
is now an established field with thousands of researchers studying different
theoretical or practical aspects, as can be
verified by bibliometrics.
1
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There is also another form of uncertainty, called randomness, for which a theoretical framework is provided by probability theory.
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and research can be found in a later
study by Merigo, Gil-Lafuente and Yager
in 2015 [4]. Van Eck and Waltman [5]–
[6] have mapped the related field of
Computational Intelligence in 2006 and
again in 2007. Recently, Bustince has
also studied the history of various types
of FSs in [77]. Other Computer Science
fields have also been covered, e.g., big
data [7], linguistic decision making [8],
Atanassov intuitionistic fuzzy sets [9],
Industry 4.0 [29], fuzzy decision making
[10], etc. Apart from subject wise bibliometric analysis, there are also journal
specific studies in the literature, e.g.,
[11]–[13], [48]–[52].
Type-1 (T1) FSs are limited by the
certainty of their membership function
(MF) values, something that was
already recognized by Zadeh [24]
when he introduced type-2 (T2) FSs,
whose MF values are no longer certain
but are modeled as intervals that can be
uniformly or non-uniformly weighted.
A T2 FS is characterized by its footprint of uncertainty (FOU), bounded
by two T1 MFs, called lower M F
(LMF) and upper MF (UMF). Although
T2 FSs were first introduced by Zadeh
in 1975, it was Karnik and Mendel
[22] who first introduced T2 fuzzy
logic systems (FLS) in 1998. For a history of why it took so long for this to
happen, see [79].
T2 FSs have been used extensively by
many researchers in a broad range of
applications in which MF uncertainties are
modeled by their FOUs as a way to handle application uncertainties completely
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FIGURE 1 Publications growth curves for research in FSs and T2 FSs and systems.
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within the framework of FSs (e.g., [14]–
[16], [18]–[25], [43]–[46], [53]–[76]). To
get a better overview of the overall
research on all aspects of T2 FSs and systems, see [55] which lists more than
1,000 articles, and was recently made
public by Mendel.
The trends in research publications
indicate that the overall field of fuzzy sets
and systems has grown from around
1,648 publications2 in 1997 to around
9,130 publications in 2017. During the
same period, T2 publications have grown
from almost none to more than 230.
Comparing the two growth rates during
the past 10 years, it would seem that the
T2 FS field has been growing faster than
the overall FS field, which has motivated
the present scientometric study.
Fig. 1 shows a comparison of the
percentage growth3 in the T1 and T2
fuzzy fields. When we take a closer look
at the two curves, we can conclude that
the percentage growth for T2 fuzzy was
very dynamic during the early years but
is now approaching the percentage
growth of the entire FS field, implying
that the T2 field is no longer an emerging technology but has matured.4 Therefore, it is worth pointing out that the T2
field should no longer be referred to as
an emerging field.
The main contributions of this study
are given below:
1) It provides a detailed bibliometric
analysis of all the publications on T2
FSs and systems as indexed in WoS
core collections Science Citation
Index-Expanded (SCI-E), Social
Sciences Citation Index (SSCI) and
Emerging Sources Citation Index
(ESCI) database.
2) It is the first such work that has analyzed the key contributing authors
on T2 FS related research and their
institutions.
2
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Bibliometrics (equivalently scientometrics) refers to a technique of statistical analysis of scientific papers, using
only bibliographic details or meta-data
on papers, as is available from citation
indexes such as Web of Science (WoS)
or Scopus. It enables extraction of
many features in the scientific field to
which the papers belong, without
actually reading the entire corpus. To
extract the papers in a field, a suitable
keyword or string is used to query the
WoS database. Care needs to be taken
at this stage to ensure that the query
retrieves all relevant information, and
ensures that both precision and recall
are high. The data has information on
papers, including title, author names,
journal, publication year, author address
and citations. This can be analyzed to
obtain a measure of the productivity
and citation of authors, institutions or
countries. From the citation data, one
can obtain highly cited papers, or
authors, journals, institutions and countries that publish the most cited articles.
Time trends can also be obtained. Bibliometric analysis has been performed
in different disciplines.
The first bibliometric analysis and
mapping of Fuzzy Sets (FSs) research
were done by Herrera and co-authors in
2009 for Spain, a country that held a
leading position in fuzzy research at the
time [2]. In 2011, the same Spanish
group analyzed the entire field covering
research in fuzzy set theory in all countries [3]. An overview of the origin of
FSs, journals used, prominent authors,
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These counts are annual, and T2 publications are not
included in these counts.
3
The percentage growth is calculated as: Percentage
growth = ((A−B)/B) × 100%, where A = Publications
(current year) and B = Publications (previous year).
4
One might also disagree with this statement, since the
number of publications of the T2FSs are largely behind
that of the FS field, according to the WoS data. A possible reason for the latter might be that T2 FSs have not
yet been explored much by the researchers of other
fields, as compared to the primary domain of T1 FSs.

3) It also provides the topmost venues
(journals) which are chosen by the
key contributors to publish their
research work on T2 FSs and systems.
4) It discusses the top 20 most highly
cited articles on T2 FSs.
5) It also analyzes various aspects of
the contr ibutions from different
countries.
6) It provides the co-authorship analysis of T2 FSs related research.
This paper is organized as follows:
Section II discusses data collection and
methodology; Section III provides scientometric analysis and quantitative
results on research growth, discipline,
top source journals, most productive and
highly cited authors, and highly cited
papers; Section IV covers a countrywise analysis along with analysis of
institutional performances. Finally, Section V concludes this paper with discussions on findings of the study and
its future scopes.
II. Data Collection and
Methodology

Bibliographic details of research outputs
(articles, reviews, proceedings papers, etc.)
were collected from the WoS index using
the query term5 “Type-2 Fuzzy” till
December 31, 2017. All the papers in
which this term is present in any of the
three key locations: Title, Abstract, and
Keywords are extracted. The query term
“Type-2 Fuzzy” was chosen since it covers ‘Type-2 Fuzzy Sets’ as well as its two
common variants: ‘General Type-2 Fuzzy
Sets (GT2 FSs)’ and ‘Interval Type-2
Fuzzy Sets (IT2 FSs).’6 Databases included in our search were the SCI-E, SSCI
and ESCI. The data corresponds to the
duration of 20 years from 1997 to 2017.
A total of 1,288 papers were re trieved with a total of 35,072 citations.
Each of the records consisted of 66
Fields, such as Author(s), Affiliations(s),
5
For traditional FSs we have used the keyword “Fuzzy”
for the search in the WoS.
6
IT2 FSs are closely related to (some even say they are
generalization of) Interval-valued fuzzy sets (IVFSs)
[78]. If the papers on IVFSs have used the keyword
“type-2 fuzzy” in any of these key locations (Title,
Abstract, and Keywords), then they are automatically
included. Papers that didn’t use the keyword “type-2
fuzzy,” in any of the three key locations were excluded.

Title, Abstract, Citations, Source, etc. for
each paper. Cited references were also
collected for these publications. The data
was pre-processed manually to eliminate
duplicate/outliers so that only unique
records remained in the extracted data.
Then, the data was processed programmatically in R. In all calculations, we
used integer counting7; i.e., when there
was a co-authored paper, each author
was credited with one paper. This was
also done for institutions and countries.
III. Analysis and Results

The following scientometric analysis
and results are given in the subsequent
subsections: (A) Qualitative Analysis, (B)
Discipline wise Analysis, (C) Top Source
Journals, (D) Most Productive and
Highly Cited Authors, (E) Most Cited
Papers, and (F) Keywords Visualization
using VOSviewer [80].
A. Qualitative Analysis

A qualitative and visual analysis of the
data usually precedes detailed analysis.
After noting the growth pattern of the
T2 fuzzy research area, we note the level
of citations. We found that 1,157 papers
out of 1,288 papers were cited, constituting 89.82% of the total. This is indicative of an active field. There are 131
un-cited papers, but they also include
recent papers, from the past one year or
two. Among the cited papers, most of
the papers were cited only 0–50 times
(993 papers or 77.1%) while only 7
papers had more than 500 citations.
B. Discipline Wise Analysis

As expected, Computer Science as a
broad category, contains the maximum
number of papers in the domain of T2
FSs with 905 papers, followed by Engineering, (503 papers, 39.05%), and Automation Control Systems (167 papers,
12.97%). Mathematics papers cover only
9.16% of the field with 118 papers.
There are in fact 149 distinct subject
categories in the data indicating that the
applications are widely dispersed across
7
It is possible to do “fractional counting” where an
author is credited an equal fraction, depending on the
number of authors. Both methods are in use and it is
not clear which one is much better than the other.

different areas. The papers may be
assigned to more than a single category
indicating interdisciplinary work.
C. Top Source Journals

In the case of top contributing journals in
the field, parameters taken into account
are the Total Publication (TP) count, Total
Citation (TC) count, and Cites/Paper.
One more parameter, h-index is also
computed for visualizing the impact of
these sources; it is the number of publications (N) that have attained more than N
citations for the number of cited papers.
The journals with the most T2 papers
are IEEE Transactions on Fuzzy Systems and
Information Sciences (TP > 100 papers) and
Applied Soft Computing (TP > 50 papers).
IEEE Transactions on Fuzzy Systems is also
the most cited journal with total citations
being 10,737 in 20 years, or about 537
citations per year on average. It is cited
almost twice as frequently as the next most
frequently cited journal in the field, Information Sciences (TC = 5,864). Other journals with more than 1,000 citations in 20
years are Expert Systems with Applications
(TC = 1,872) and Applied Soft Computing
(TC = 1,664), Fuzzy Sets and Systems (TC
= 1,290) and IEEE Computational Intelligence Magazine (TC = 1,060). Table 1 provides the top 15 journals with the highest
number of publications.
If we look at the size-independent
indicator, citations per paper (Cites/
Paper), another set of journals emerges
which have high citations but with relatively few papers. Physica A with a single
paper has 113 citations. IEEE Transactions
on Systems, Man and Cybernetics with
93.5 cites per paper, was followed by
IEEE Transactions on Fuzzy Systems with
74.56 cites per paper. Note that most
journals which published T2 papers are
not core fuzzy journals. The only core
journal for fuzzy papers is IEEE Transactions on Fuzzy Systems. This highlights
the fact that not only theory but also
applications of FSs have also been highly
cited even when they are published in
small numbers and are dispersed in journals outside the field of FSs.
If we use the h-Index as an indicator
for T2 FS publications, the journals with
the highest h-Index are seen to be IEEE
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TABLE 1 Top 15 journals with highest publications of T2 FS research.
JOURNAL TITLE

TP

TC

CITES/ PAPER

h-INDEX

IEEE TRANSACTIONS ON FUZZY SYSTEMS

144

10,737

74.56

49

INFORMATION SCIENCES

107

5,864

54.80

41

APPLIED SOFT COMPUTING

72

1,664

23.11

22

EXPERT SYSTEMS WITH APPLICATIONS

53

1,872

35.32

23

JOURNAL OF INTELLIGENT & FUZZY SYSTEMS

52

166

3.19

7

SOFT COMPUTING

44

552

12.55

13

FUZZY SETS AND SYSTEMS

35

1,290

36.86

19

INTERNATIONAL JOURNAL OF FUZZY SYSTEMS

31

206

6.65

7

NEUROCOMPUTING

31

242

7.81

10

ENGINEERING APPLICATIONS OF ARTIFICIAL INTELLIGENCE

24

520

21.67

12

INTERNATIONAL JOURNAL OF UNCERTAINTY FUZZINESS AND
KNOWLEDGE-BASED SYSTEMS

22

222

10.09

7

IEEE COMPUTATIONAL INTELLIGENCE MAGAZINE

16

1,060

66.25

9

INTERNATIONAL JOURNAL OF INNOVATIVE COMPUTING INFORMATION
AND CONTROL

16

235

14.69

9

ISA TRANSACTIONS

16

199

12.44

9

KNOWLEDGE-BASED SYSTEMS

16

512

32.00

11

TABLE 2 Top 15 most productive authors.
AUTHOR

TP

TC

CITES/ PAPER

h-INDEX

MENDEL, JM

69

9,809

142.16

44

CASTILLO, O

65

3,005

46.23

34

MELIN, P

52

2,486

47.81

28

HAGRAS, H

35

1,257

35.91

16

PEDRYCZ, W

23

514

22.35

11

ZARANDI, MHF

23

325

14.13

10

WU, DR

19

1,483

78.05

15

JOHN, RI

18

2,839

157.72

15

TURKSEN, IB

17

456

26.82

10

KAYNAK, O

16

474

29.63

11

CHEN, TY

16

413

25.81

11

LIN, TC

16

310

19.38

10

CHEN, SM

15

681

45.40

11

CASTRO, JR

15

482

32.13

10

LIU, XW

15

422

28.13

9

Transactions on Fuzzy Systems (h = 49),
Information Sciences (41), Expert Systems
with Applications (23), Applied Soft Computing (22), and Fuzzy Sets and Systems (19).
D. Most Productive and
Highly Cited Authors

Results for the most productive authors
in research in T2 FSs are discussed in this
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section. As can be seen from Table 2,
Mendel has the highest number of papers
and citations in this field. Mendel has the
highest total citations at 9,809, followed
by Castillo with 3,005 citations, John with
2,839, Melin with 2,486 citations, Liang
with 2,274 citations, and Karnik with
2,072 citations. Mendel has the highest
h-Index at 44, followed by Castillo at 34
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and Melin at 28. Karnik has the highest
citations per paper (405.4) followed by
Liang (252.67) and Liu (236.17).
E. Highly Cited Papers

This section lists the top 20 highly
cited papers in T2 FSs, dates ranging
from 1999–2012. The highest citation
till now for a T2 FSs paper is by Mendel and John, written in 2002, titled
‘Type-2 fuzzy sets made simple’ [17]
which received 1,129 citations.
Usually, reviews are more cited, but
this does not seem to be the case here.
Of the 20 highly cited papers, as many
as 11 are in IEEE Transactions on Fuzzy
Systems, with an impact factor IF =
8.415. Twelve (12) papers have been
authored/co-authored by Mendel.
This is the highest number of papers
by any individual in this elite set. Nine
(9) authors have a single paper only in
this list. After Mendel, Karnik has 3
papers in this list. Liang and Hagras
each have authored/co-authored 3
papers while John and Liu have 2
papers each.
Among the top 20 cited papers (see
Table 3), the 2002 paper [17] from
Mendel and John has the highest citations per year of 75.27. It is followed by

the paper titled “Interval type-2 fuzzy
logic systems made simple” published
in IEEE Transactions on Fuzzy Systems
[19] of 2006 and had 827 citations over
10 years with 75.18 citations/year. It is
authored by Mendel, John and Liu. The
paper “Interval type-2 fuzzy logic systems: Theor y and design,” [27] in
IEEE Transactions on Fuzzy Systems, by
Liang and Mendel (2000), got 55.94
citations per year. The main authors in

the top 10 cited papers are Mendel
(12), Karnik (3), Hagras (3), John (2),
Liang (2), Liu (2). The numbers in the
brackets denote the number of papers
by the respective authors in the top 20
highly cited publications.
F. Keywords Visualization
Using VOSviewer

A visualization of research intensity of
different areas within T2 FS for the

entire period (1997–2017), using the
visualization software VOSviewer [80], is
shown in Fig. 2. Red areas indicate high
research intensity as in a ‘heat map.’ Keywords ‘type-2 fuzzy set/s,’ ‘type-2 fuzzy
logic,’ and ‘interval type-2 fuzzy set’ lie
in the red areas. These are the most frequently used keywords/topics in the
papers of type-2 fuzzy research. The
other relative hot spots are: ‘uncertainty,’
‘fuzzy control,’ and ‘fuzzy sets.’ The

TABLE 3 Top 20 cited papers in T2 FSs.
S.NO

AUTHORS

TITLE

CITES

AGE

CITES/AGE

1

MENDEL, JM; JOHN, RI
(2002)

TYPE-2 FUZZY SETS MADE SIMPLE, IEEE TRANSACTIONS FUZZY SYST. [17]

1,129

15

75.27

2

LIANG, QL; MENDEL, JM
(2000)

INTERVAL TYPE-2 FUZZY LOGIC SYSTEMS: THEORY AND DESIGN,
IEEE TRANSACTIONS FUZZY SYST. [27]

934

17

54.94

3

MENDEL, JM; JOHN, RI;
LIU, FL (2006)

INTERVAL TYPE-2 FUZZY LOGIC SYSTEMS MADE SIMPLE, IEEE
TRANSACTIONS FUZZY SYST. [19]

827

11

75.18

4

KARNIK, NN; MENDEL,
JM; LIANG, QL (1999)

TYPE-2 FUZZY LOGIC SYSTEMS, IEEE TRANSACTIONS FUZZY SYST. [28]

768

18

42.67

5

KARNIK, NN; MENDEL,
JM (2001)

CENTROID OF A TYPE-2 FUZZY SET, INFORMATION SCIENCES [30]

601

16

37.56

6

HAGRAS, HA (2004)

A HIERARCHICAL TYPE-2 FUZZY LOGIC CONTROL ARCHITECTURE FOR
AUTONOMOUS MOBILE ROBOTS, IEEE TRANSACTIONS FUZZY SYST. [31]

555

13

42.69

7

MENDEL, JM (2007)

TYPE-2 FUZZY SETS AND SYSTEMS: AN OVERVIEW, IEEE
COMPUTATIONAL INTELLIGENCE MAGAZINE [32]

422

10

42.20

8

KARNIK, NN; MENDEL,
JM (2001)

OPERATIONS ON TYPE-2 FUZZY SETS, FUZZY SETS AND SYSTEMS [33]

354

16

22.13

9

MENDEL, JM (2007)

ADVANCES IN TYPE-2 FUZZY SETS AND SYSTEMS,
INFORMATION SCIENCES [34]

345

10

34.50

10

WU, HW; MENDEL, JM
(2002)

UNCERTAINTY BOUNDS AND THEIR USE IN THE DESIGN OF INTERVAL
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WU, DR; MENDEL, JM
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228

8

28.50
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LIANG, QL; MENDEL, JM
(2000)
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218
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(2007)
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positions of the research areas are determined by the co-occurrence frequency
of the keywords.
IV. Country Wise Distribution

Many countries have researchers working
in the area of T2 FSs. Here we study various aspects of the contributions by
researchers from different regions/countries. It includes country wise distribution, time dynamics, impact analysis,
institution analysis, etc.
A. Country Level–Analysis

At present, researchers from 68 countries have published on T2 FSs. More
than 50% of the publications have been
contributed by the researchers of only
four countries including: China, Iran,
USA, and Taiwan. Out of these, Chinese researchers have produced the
largest number of papers (TP = 274). It
is approximately a fifth of the total
share of all papers in T2 FS (21.2%).
Iranian researchers stand at the second
position with the share of 13.04%, hav-

ing published 168 papers. The other
productive countries with researchers
on T2 FSs, after China and Iran, are
USA, Taiwan, United Kingdom, and
Turkey with not much differentiated
shares of 12.8%, 10.7%, 8.77%, and
8.22% having 165, 138, 113 and 106
publications, respectively.
B. Impact Analysis

In this section, we analyze the quality of
the publications (measured in terms of
citations) by researchers from different
countries, divided into four periods (1997–
2001), (2002–2006), (2007–2011), (2012–
2017).The countries are sorted on the basis
of the metric TC. The top six countries in
terms of citations are USA, UK, China,
Taiwan, Mexico and Spain, in order.
If we look at the most recent period,
countries with the highest citations are
China, Mexico, Taiwan, UK, USA and
Spain. Fig. 3 shows the country-level
citations in the 4 periods (1997–2001),
(2002–2006), (2007–2011), (2012–2017)
for research on T2 FSs.

FIGURE 2 Topic density visualization using VOSviewer.
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C. Growth Rate

T2 FSs originated in the USA and
researchers in the country published the
largest number of papers in the initial 15
years. The number of papers from the
researchers in USA has declined in
recent years while researchers in other
countries like China and Taiwan have
published more. In Fig. 4, we see the
total production plotted against the
average annual productivity growth in
T2 FSs for researchers in different countries. Researchers in China have published the largest number of papers
(>200) and also has a fairly high growth
rate of 15.5%. Researchers in Iran have
shown a considerably higher growth
rate of 13.4% in the last decade.
However, researchers in USA and
Taiwan have more than a hundred
papers each but the growth rate has
been low (5% for Taiwanese researchers
and -22.3% for researchers in the USA).
Publications by the researchers in UK
also have a low growth rate of -8.3%.
Works published by the researchers in

Turkey, Mexico, and India have grown at
the rate of 6.7, 1.7, and 6.5 percent,
respectively. Papers by researchers in the
USA, which has been at third position
among all other countries, saw a decline
of growth rate in recent years and is
currently showing the lowest growth
rate among the top 20 countries. This is
mainly because of Prof. Mendel’s retirement, since he was continuously contributing in earlier years.

Total Citations

25,000
1997–2001

20,000

2002–2006

2007–2011

2012–2017

Total

15,000
10,000
5,000

This section discusses the Top 20 Universities or Organizations in T2 FS
research. As available in Table 4, the top
institution is the University of Southern
California, researchers from which contributed 5.7% to the published papers
in T2 FSs. It is the only institution from
the USA in the top 20 list. It also happens to have the highest number of
citations (10,104). The next most productive organization is the Tijuana University of Technology in Mexico with
5.05% share in the productivity and has
the third highest citations with a count

France

Lithuania

Malaysia

Italy

Belgium

India

Singapore

Poland

South Korea

D. Institutional Performance

Saudi Arabia

Iran

Australia

Canada

Spain

Turkey

Mexico

China

Taiwan

UK

USA

0

FIGURE 3 Country Level Citations for research on T2 FSs (1997—2017).

of 2,886. At third and fourth positions
are Essex University (UK) and Amirkabir
University (Iran) with 2.95% and 2.72%
of papers, respectively. De Montfort University in UK and King Abdul Aziz University in Saudi Arabia are next at fifth
and sixth positions with 2.56% and
2.33% share, respectively. Out of these,
De Montfort University is observed to
have accumulated the second highest
citations (3,465). Islamic Azad University,

Iran is seventh with 2.25% share and
Istanbul Technical University in Turkey is
eighth with 2.10% share. Universidad
Autonoma De Baja California, Mexico
and National Chung Hsing University,
Taiwan are at ninth and 10th spot.
E. Most Influential Authors
from Top Institutions

Mendel authored – or co-authored –
91.89% of the papers attributed to

30
Australia, 2.5

South Korea, –0.6
Egypt, 1.5

Growth Rate in Last Decade (%)

20

Saudi Arabia, 3.8

10

China, 15.5

India, 6.5

Italy, 1.2

Iran, 13.4

Turkey, 6.7

Spain, 0.7

Taiwan, 5.1
0

Mexico, 1.7

Singapore, –2

–10

Algeria, 1.8

–20

Poland, –2.9

Hong Kong, –1.7
–30

0
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100

United States, –22.3
Bubble Size Indicates Total Number
of Papers in 1997–2017
150
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Number of Papers
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FIGURE 4 Percentage growth of papers in T2 FSs by researchers in different countries in the last decade (2008—2017) as compared to starting
years (1997—2007).
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University of Southern California, USA.
His citation counts are almost the same
as that of his university.
Castillo from Tijuana Institute of
Technology contributed 90.77% to pub-

lications and 96.26% to citations of that
institute. After University of Southern
California, the highest citations per
paper (ACPP = 105) were found for De
Montfort University for which the main

contributor was John. The next highest
citations per paper were obtained by
Essex University in the UK, where
Hagras was the main contributor.
F. Co-Authorship Study

TABLE 4 Institutional Productivity, TP, Citations TC.
S. NO.

ORGANIZATIONS

TP

TC

%

1

UNIVERSITY OF SOUTHERN CALIFORNIA

74

10,104

5.75

2

TIJUANA INST TECHNOLOGY

65

2,886

5.05

3

UNIVERSITY OF ESSEX

38

1,820

2.95

4

AMIRKABIR UNIVERSITY OF TECHNOLOGY

35

393

2.72

5

DE MONTFORT UNIVERSITY

33

3,465

2.56

6

KING ABDULAZIZ UNIVERSITY

30

598

2.33

7

ISLAMIC AZAD UNIVERSITY

29

240

2.25

8

ISTANBUL TECHNICAL UNIVERSITY

27

475

2.10

9

UNIVERSIDAD AUTONOMA DE BAJA CALIFORNIA

26

1,085

2.02

10

NATIONAL CHUNG HSING UNIVERSITY

23

771

1.79

V. Discussions and Conclusion

11

SOUTHEAST UNIVERSITY CHINA

23

641

1.79

12

UNIVERSITY OF ALBERTA

23

535

1.79

13

CHANG GUNG UNIVERSITY

21

507

1.63

14

POLISH ACADEMY OF SCIENCES

21

431

1.63

15

DEAKIN UNIVERSITY

20

362

1.55

16

BOHAI UNIVERSITY

18

821

1.40

17

INDIAN INSTITUTE OF TECHNOLOGY SYSTEM

18

125

1.40

18

FENG CHIA UNIVERSITY

17

423

1.32

19

NATIONAL TAIWAN UNIVERSITY OF SCIENCE TECHNOLOGY

17

742

1.32

20

SHIRAZ UNIVERSITY OF TECHNOLOGY

17

163

1.32

In this study, we have characterized the
field of T2 FSs which has developed
within the parent discipline of FSs. T2
FSs is a relatively new field, having originated only about 43 years ago in the
USA (in 1975). The top 20 highly cited
papers span about 14 years, from 1999 to
2012 indicating the importance of this
period for the discipline. Twelve papers
in this set of 20 are (co-) authored by
Mendel. He has both the highest number of papers and by far the highest citations in the field. Out of the authors
with more than 10 TP, Mendel has the
second highest citations per paper
(~142.16), the highest being ~157.72
cites per paper obtained by John.
Among the top countr ies with
researchers doing research on T2 FSs,
we find China, followed by Iran, USA,
and Taiwan. Papers published by the
researchers in the USA have the highest
total citations. Citations of the publications by Chinese researchers in the
most recent period were the highest.
Although researchers in China have
produced the highest number of publications, there are only two Chinese
institutions contributing to the top 20
list at ranks 11th and 16th with a total
of 3.18% share. This implies that T2 FS
research in China is distributed across a
number of institutions. Taiwan has four
institutions contributing to a total share

FIGURE 5 Co-authorship structure of the field of T2 FSs.
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It can be seen from Fig. 5 that the main
actors have their own groups of coauthors as shown using different colors.
Mendel, John, Hagras, Kumbasar,
Bustince and Kaynak appear as the main
characters in the interconnected clusters
seen on the left. On the right is an independent cluster with few connections to
the other cluster, with Castillo and
Mendez as the main characters. The
interconnection between the left and
right nodes represents the connection
between the authors of both sides.
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of 6.06%. There are three institutions
from Iran which contributes of 6.28%.
Two institutions are from Mexico with
% share of 7.07%.
The field appears to have a dual
structure with a small well-defined core
of papers published in a few prominent
and specialized journals, and a dispersed
periphery of papers linked to applications which are spread out over a large
variety of journals. There is a large
potential for growth in application areas.
While WoS has a good coverage of
journals, it may not cover all journals or
proceedings of conferences-particularly
the latter, which are considered to be an
important contribution in Computer
Science. Consequently, any paper published in a journal or proceedings not
indexed by WoS were overlooked, even
if important, in this study. Therefore, a
very good future scope of this scientometric study would be to consider other
indexing platforms such as Google
scholar and Scopus for a thorough comparison with the WoS.
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