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Preface

These are the proceedings of the 16th International Conference on Information Pro-
cessing and Management of Uncertainty in Knowledge-Based Systems, IPMU 2016.
The conference was held during June 20–24, 2016, in Eindhoven, The Netherlands:
one of the vibrant hi-tech hot spots of Europe. The IPMU conference is organized every
two years with the aim of bringing together scientists working on methods for the
management of uncertainty and aggregation of information in intelligent systems.

Since 1986, the IPMU conference has been providing a forum for the exchange of
ideas between theoreticians and practitioners working in these areas and related fields.
In addition to the many contributed scientific papers, the conference has in the past
attracted prominent plenary speakers, including the Nobel Prize winners Kenneth
Arrow, Daniel Kahneman, and Ilya Prigogine. Another important feature of the con-
ference is the presentation of the Kampé de Fériet Award for outstanding contributions
to the field of uncertainty and management of uncertainty. Past winners of this pres-
tigious award were Lotfi A. Zadeh (1992), Ilya Prigogine (1994), Toshiro Terano
(1996), Kenneth Arrow (1998), Richard Jeffrey (2000), Arthur Dempster (2002),
Janos Aczel (2004), Daniel Kahneman (2006), Enric Trillas (2008), James Bezdek
(2010), Michio Sugeno (2012), and Vladimir N. Vapnik (2014). This year, the recipient
was Joseph Y. Halpern from Cornell University, USA.

IPMU 2016 had a rich scientific program. Four invited overview talks (tutorials)
were given on the first day, identifying the challenges and discussing the various
methods in the field of information processing and the management of uncertainty.
Further, the program consisted of five invited plenary talks, 13 special sessions, 127
contributed papers that were authored by researchers from 34 different countries,
industry round tables, and discussion panels. The plenary presentations were given by
the following distinguished researchers: Chris Dyer (Carnegie Mellon University,
USA), Joseph Y. Halpern (Cornell University, USA), Katharina Morik (Technische
Universität Dortmund, Germany), Peter P. Wakker (Erasmus University Rotterdam,
The Netherlands), and Ronald R. Yager (Iona College, USA). All contributed papers
underwent the same review process and were judged by at least two reviewers; 90 %
of the papers were reviewed by three or more referees, and some papers by as many as
five referees. Furthermore, all papers were scrutinized by the program chairs, meaning
that each paper was studied by three to six independent researchers. The review process
also respected the usual conflict-of-interest standards, so that all papers received
blinded, independent evaluations.

Organizing a conference like IPMU 2016 is not possible without the assistance,
dedication, and support of many people and institutions. We want to thank our industry
sponsors, the institutional sponsors, and the material sponsors. Our sponsor chair, Paul
Grefen, did an excellent job in attracting the interest and support from industry for the
success of IPMU 2016. We are also particularly grateful to the organizers of sessions
on dedicated topics that took place during the conference—these special sessions have



always been a characteristic element of the IPMU conference. Special thanks go to Joao
Sousa, who helped evaluate and select the special session proposals. The help of the
members of the international Program Committee as well as multiple reviewers was
essential in safeguarding the scientific quality of the conference. The local Organizing
Committee is very grateful for the efforts of multiple student volunteers who provided
practical support during the conference.

Finally, we gratefully acknowledge the technical support of several organizations
and institutions, notably the IEEE Computational Intelligence Society, the European
Society for Fuzzy Logic and Technology (EUSFLAT), and the Netherlands Research
School for Information and Knowledge Systems (SIKS). Last, but not least, our
greatest gratitude goes to the authors who submitted their work and presented it at the
conference!

April 2016 Rui J. Almeida
Joao Paulo Carvalho
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Bernadette Bouchon-Meunier
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Ronald R. Yager
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Plenary Lectures



Actual Causality: A Survey

Joseph Y. Halpern

Cornell University, Computer Science Department, 414 Gates Hall, Ithaca, NY
14853, USA

halpern@cs.cornell.edu

Abstract. What does it mean that an event C “actually caused” event E? The
problem of defining actual causation goes beyond mere philosophical specula-
tion. For example, in many legal arguments, it is precisely what needs to be
established in order to determine responsibility. (What exactly was the actual
cause of the car accident or the medical problem?) The philosophy literature has
been struggling with the problem of defining causality since the days of Hume,
in the 1700s. Many of the definitions have been couched in terms of counter-
factuals. (C is a cause of E if, had C not happened, then E would not have
happened.) In 2001, Judea Pearl and I introduced a new definition of actual
cause, using Pearl’s notion of structural equations to model counterfactuals. The
definition has been revised twice since then, extended to deal with notions like
“responsibility” and “blame”, and applied in databases and program verification.
I survey the last 15 years of work here, including joint work with Judea Pearl,
Hana Chockler, and Chris Hitchcock. The talk will be completely
self-contained.

Biography Joseph Halpern received a B.Sc. in mathematics from the University of
Toronto in 1975 and a Ph.D. in mathematics from Harvard in 1981. In between, he
spent two years as the head of the Mathematics Department at Bawku Secondary
School, in Ghana. After a year as a visiting scientist at MIT, he joined the IBM
Almaden Research Center in 1982, where he remained until 1996, also serving as a
consulting professor at Stanford. In 1996, he joined the CS Department at Cornell, and
was department chair 2010-14.

Halpern’s major research interests are in reasoning about knowledge and uncer-
tainty, security, distributed computation, decision theory, and game theory. He is a
Fellow of AAAI, AAAS (American Association for the Advancement of Science), the
American Academy of Arts and Sciences, ACM, IEEE, and SEAT (Society for the
Advancement of Economic Theory). Among other awards, he received the
ACM SIGART Autonomous Agents Research Award in 2011, the Dijkstra Prize in
2009, the ACM/AAAI Newell Award in 2008, the Godel Prize in 1997, was a
Guggenheim Fellow in 2001-02, and a Fulbright Fellow in 2001-02 and 2009-10. Two
of his papers have won best-paper prizes at IJCAI (1985 and 1991), and another two
received best-paper awards at the Knowledge Representation and Reasoning Confer-
ence (2006 and 2012). He was editor-in-chief of the Journal of the ACM (1997-2003)
and has been program chair of a number of conferences.



The Present State of the Art of Modeling
Uncertainty in Decision Theory, Resulting
from an Interaction between Mathematical
Economists and Empirical Psychologists

Peter P. Wakker

Econometric Institute, Erasmus University, Rotterdam, The Netherlands
wakker@ese.eur.nl

Abstract. In decision theory, more than in other fields of IPMU, the modeling of
uncertainty is driven by empirical findings about human behavior. Decision
theorists are strict in the requirement that for every mathematical detail the
empirical meaning must be exactly specified. For example, taking the lower
bound of possible probabilities of an event, while accepted uncritically in most
information management theories, is meaningless to a decision theorist until it
has been specified whether the event in question yields good or bad outcomes.

This lecture describes how the current state of the art in uncertainty-decision
theory could only come about from interactions between empirically oriented
psychologists and mathematically oriented economists. At several stages in
history, the next step forward could be made only by empirical intuitions from
psychologists. Following up on that, the next step forward could be made only
by theoretical inputs from economists with advanced technical skills. Modern
views on the proper modeling of uncertainty attitudes could only arise from the
merger of ideas from all the fields mentioned. It, for instance, led to a measure of
information-insensitivity that is more refined than just taking supremums or
infimums of uncertainty measures.

Biography Peter Wakker is a professor of decisions under uncertainty at Erasmus
School of Economics of the Erasmus University Rotterdam. He works in behavioral
economics, primarily on the differences between normative and descriptive decisions,
and on decisions under risk and uncertainty. Wakker has published in leading journals
in economics, business, medicine, psychology, statistics, and mathematics. He was
nominated the best-publishing Dutch economist in the years 1994, 1998, 2003, and
2007, and was ranked 90th in the world in the ISI’s most cited scientists in economics
and business in 2003. He received a Frank P. Ramsey Medal in 2013 and the Medical
Decision Making Career Achievement Award in 2007. Wakker regularly gives advices
on insurance in the media. Wakker is director, jointly with Professor Han Bleichrodt,
of the research group Behavioral Economics.



Decision Making with Multi-criteria

Ronald R. Yager

Machine Intelligence Institute, Iona College
yager@panix.com

Abstract. The construction of multi-criteria decision functions is strongly
dependent upon the use of aggregation operators. Here if D(x) = Agg(C1(x),
C2(x), …,Cn(x)) represents the satisfaction of alternative x to the collection of
criteria a central problem becomes the formulation of the decision function
D. The structure of the function Agg must be a reflection of the decision makers
perceived relationship between the different criteria. We must provide some
approaches that can used to help in the construction of these decision functions.
One approach is to allow the decision-maker to express their perceived rela-
tionship between the criteria in a linguistic like manner and then try to model
this relationship using fuzzy logic formalisms. Another approach is the use of set
measures for the representation of the relationship between criteria. Once having
a formal representation of the decision function D we must evaluate it for each
alternative. In many real world environments the values of the Cj(x) can only be
provided with some uncertainty. Among the different types of imprecise valu-
ations are intervals, probability distributions, D-S belief structures, fuzzy sets,
intuitionistic, Pythagorean and generalized orthopair fuzzy sets as well ordi-
nallinguistic valuations. Finally we must choose among these alternatives based
their values for D(x). In the case of uncertainty in the Cj(x) the value of D(x) also
manifests uncertainty. Choosing requires that we provide an ordering of these
uncertain values. In our talk we shall discuss various topics from the above.

Biography Ronald R. Yager is Director of the Machine Intelligence Institute and
Professor of Information Systems at Iona College. He is editor and chief of the
International Journal of Intelligent Systems. He has published over 500 papers and
edited over 30 books in areas related to fuzzy sets, human behavioral modeling,
decision-making under uncertainty and the fusion of information. He is among the
worlds top 1 % most highly cited researchers with over 45,000 citations in Google
Scholar. He was the recipient of the IEEE Computational Intelligence Society Pioneer
award in Fuzzy Systems. He received the special honorary medal of the 50-th
Anniversary of the Polish Academy of Sciences. He received the Lifetime Outstanding
Achievement Award from International the Fuzzy Systems Association. He recently
received honorary doctorate degrees, honoris causa, from the Azerbaijan Technical
University and the State University of Information Technologies, Sofia Bulgaria. Dr.
Yager is a fellow of the IEEE, the New York Academy of Sciences and the Fuzzy
Systems Association. He has served at the National Science Foundation as program
director in the Information Sciences program. He was a NASA/Stanford visiting fellow
and a research associate at the University of California, Berkeley. He has been a
lecturer at NATO Advanced Study Institutes. He was a program director at the National
Science Foundation. He is a visiting distinguished scientist at King Saud University,



Riyadh Saudi Arabia. He was an adjunct professor at Aalborg University in Denmark.
He received his undergraduate degree from the City College of New York and his Ph. D.
from the Polytechnic Institute NewYork University. He is the 2016 recipient of the IEEE
FrankRosenblatt Award themost prestigious honor given out by the IEEEComputational
Intelligent Society.
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Resource-Constrained Data Analysis
and Exploration

Katharina Morik

Faculty for Computer Science, Artificial Intelligence Group,
TU Dortmund University, Dortmund, Germany
katharina.morik@tu-dortmund.de

Abstract. Computer science has always taken into account some resources
needed for the execution of algorithms, namely runtime and memory space.
Since the triumph of very large data centers, energy has become a resource of
importance, additionally. In 2008, Google had its millionth server. Google’s
estimated yearly energy consumption is about 2024 watt hours (Wh). A search
request consumes 0.3 Wh, asking and reading the result at a home computer
consumes about the same, so that each query costs about 0.6 Wh1.

Where data centers challenge resources at a global scale, the energy of
cyber-physical systems and smartphones is restricted at the local device. The
battery of a smartphone has a capacity of about 8 Wh. The user wants a long
battery duration together with a high quality of service. Regarding machine
learning, there are two ways, in which energy may be saved. On the one hand, a
learning algorithm may learn from compiler logs2 or from user behavior3 how to
enhance the heuristics of the system’s software. On the other hand, the learning
algorithm itself has to become energy-efficient. This can be achieved through
approximations which reduce the operations that cost the most energy4.

Cyber-physical systems populate diverse parts of our everyday life, they are the
nodes of the Internet of Things and they produce big data. If we focus again on
smartphones, each user generates about 60 GB of data per year. Learning a
personal model of app usage could allow early warnings when to recharge the
battery5. However, the analysis of such data is not easy: data may be missing, their
incompleteness is not easy to recognize, and they may be wrong due to several
reasons. Labels, which are needed for classifier training, are missing.

1 E. Gelenbe, Y. Caseau (2015) The impact of information technology on energy consumption and
carbon emissions, in: Ubiquity, June, 1–15

2 P. Lokuciejewski, M. Stolpe, K. Morik, P. Marwedel (2010) Automatic Selection of Machine
Learning Models for WCET-aware Compiler Heuristic Generation, in: 4th Workshop on Statistical
and Machine Learning Approaches to ARchitecture and compilaTion (SMART)

3 P. Fricke, F. Jungermann, K.Morik, N. Piatkowski, O. Spinczyk, M. Stolpe (2010) Towards
Adjusting Mobile Devices to User’s Behaviour, in: Intern. Workshop at ECML PKDD on Mining
Ubiquitous and Social Environments

4 N. Piatkowski, S. Lee, K. Morik (2016) Integer undirected graphical models for
resource-constrained systems, in: Neurocomputing, 173(1), 9–23

5 N. Piatkowski, S. Lee, K. Morik (2013) Spatio-Temporal Random Fields: Compressible
Representation and Distributed Estimation, in: Machine Learning Journal 93(1), 115–139



Data exploration is an important, though often under-estimated first part of data
analysis.

In the talk, several probabilistic graphical models will be presented together
with their applications.

Biography Katharina Morik is full professor for computer science at the TU Dortmund
University, Germany. She earned her Ph.D. (1981) at the University of Hamburg and
her habilitation (1988) at the TU Berlin. Starting with natural language processing, her
interest moved to machine learning ranging from inductive logic programming to
statistical learning, then to the analysis of very large data collections, high-dimensional
data, and resource awareness. She is a member of the National Academy of Science
and Engineering and the North-Rhine- Westphalia Academy of Science and Art. She is
the author of more than 200 papers in well acknowledged conferences and journals.
Her latest results include spatio-temporal random fields and integer Markov random
fields, both allowing for complex graphical models under resource constraints. Her
interest in interdisciplinary research covers a large variety of fields. She successfully
collaborated with linguists, engineers, physicians, and astrophysicists.

She was one of those starting the IEEE International Conference on Data Mining
together with Xindong Wu, and was chairing the program of this conference in 2004.
She was the program chair of the European Conference on Machine Learning (ECML)
in 1989 and one of the program chairs of ECML PKDD 2008. She is in the editorial
boards of the international journals Knowledge and Information Systems and Data
Mining and Knowledge Discovery.

Her aim to share scientific results strongly supports open source developments. For
instance, the first efficient implementation of the support vector machine, SVM_light,
was developed at her lab by Thorsten Joachims. Also the leading data mining platform
RapidMiner started out at her lab, which continues to contribute to it. Currently, the
Java streams framework is developed, which abstracts processes on distributed data
streams.

Since 2011, she is leading the collaborative research center SFB876 on data
analysis under resource-constraints, an interdisciplinary center comprising 14 projects,
20 professors, and about 50 Ph.D. students or Postdocs.
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Learning Representations of Complex
Structures in Natural Language

with Neural Networks

Chris Dyer

Machine Learning Department, Carnegie Mellon University, Pittsburgh, USA
cdyer@cs.cmu.edu

Abstract. Effective processing of natural language requires integrating infor-
mation from a variety of sources: an individual word’s meaning depends on the
context it is used in; the proper interpretation of a sentence depends on
understanding the discursive context it occurs in; and, reasoning about the truth
of a linguistically encoded proposition requires drawing on world knowledge.
However, if we take stock of what progress has been made in language pro-
cessing applications to date, it is precisely those that depend on a narrow view of
context rather than those that require significant integration of contextual
information where we find the most success.

In this talk I argue that the challenge of developing next-generation models
that are sensitive to broader contextual information can be helpfully cast as a
representation learning problem. Given a basic representation of the input signal
and relevant contextual information, a unified representation suitable for making
predictions needs to be computed. I discuss work from my group on using
neural networks to integrate basic representations of component linguistic ele-
ments and combining them recursively to obtain composite representations of
complex objects. Our work has demonstrated that taking inspiration from the
linguistic structures when designing architectures is more effective than
task-agnostic architectures. Applications ranging from text categorization, to
language modeling, to machine translation will be discussed.

Biography Chris Dyer is an assistant professor at Carnegie Mellon University. Dyer
graduated from the Duke University in 2000, where he studied computer science. He
went on to obtain a Ph.D. in linguistics in 2010 from University of Maryland under the
supervision of Prof. Philip Resnik. Chris Dyer’s research interests line in the inter-
section of statistical machine translation, unsupervised learning, computational mor-
phology and phonology, large-scale data processing, probabilistic models of natural
language processing, Bayesian techniques and machine learning. He is currently sup-
ported by grants from The National Science Foundation (Lexical Borrowing), DARPA
(LORELEI), Google (A Hybrid Neural Phrase-Based Model for Machine Translation)
and The Army Research Office (MT/NLP for Low-Resource Languages).
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