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Preface
The concept of CAST as Computer Aided Systems Theory was introduced by Franz
Pichler of Linz in the late 80's to name computer theoretical and practical tools for
problems in System Science. It was thought as the third component (the other two
being CAD and CAM) that will provide for a complete picture of the path from
Computer and Systems Sciences to practical developments in Science and
Engineering.
Franz Pichler organized in the University of Linz the first CAST workshop in April
1988, which demonstrated the acceptance of the concepts by the scientific and
technical community. Next, Roberto Moreno-Díaz, of the University of Las Palmas
de Gran Canaria joined Franz Pichler, motivated and encouraged by Werner
Schimanovich, of the University of Vienna (present Honorary Chairman of Eurocast),
and they organized the first international meeting on CAST, (Las Palmas February
1989), under the name EUROCAST'89 that again proved to be a very successful
gathering of systems theorists, computer scientists and engineers from most of
European countries, North America and Japan. It was agreed that EUROCAST
international conferences would be organized every two years, alternating between
Las Palmas de Gran Canaria and a continental Europe location, being later decided to
celebrate them in Las Palmas. Thus, successive EUROCAST meetings took place in
Krems (1991), Las Palmas (1993), Innsbruck (1995), Las Palmas (1997), Vienna
(1999), Las Palmas (2001), (2003), (2005), (2007), (2009), (2011), (2013) and (2015)
in addition to an extra-European CAST Conference in Ottawa in 1994. Selected
papers from those meetings were published by Springer-Verlag Lecture Notes in
Computer Science nos. 410, 585. 763,1030, 1333, 1798, 2178, 2809, 3643, 4739,
5717, 6927, 6928, 8111- 8112, 9520 and in several special issues of “Cybernetics and
Systems: an International Journal”. EUROCAST and CAST meetings are definitely
consolidated, as it is shown by the number and quality of the contributions over the
years.
EUROCAST 2017, to be held in the Elder Museum of Science and Technology of Las
Palmas, February 19-24, continues with the approach tested in last Conferences as an
International computer related Conference with a true interdisciplinary character. The
participants profile is presently extended to include fields which are in the frontiers of
Science and Engineering of Computers, of Information and Communication
Technologies and the fields of Social and Human Sciences. The best paradigm is the
Web, with its associate systems engineering, CAD-CAST tools and professional
application products (Apps) for services in the social, public and private domains.
There are different specialized Workshops which, in this occasion, are devoted to:
1.- Systems Theory and Applications, chaired by Pichler (Linz) and Moreno-Díaz
(Las Palmas); 2.-Pioneers and Landmarks in the Development of Information and
Communication Technologies, chaired by Pichler (Linz), Stankovic (Nis), Kreuzer, F.
and J. (USA); 3.- Stochastic Models and Applications to Natural, Social and
Technological Systems, chaired by Nobile and Di Crescenzo (Salerno); 5.- Theory
and Applications of Metaheuristic Algorithms, chaired by Affenzeller and Jacak

(Hagenberg) and Raidl (Vienna); 6.- Embedded Systems Security, chaired by
Mayrhofer and Schmitzberger (Linz); 7.- Model-Based System Design, Verification
and Simulation, chaired by Nikodem (Wroclaw), Češka (Brno), Ito (Utsunomiya);
10.- Systems in Industrial Robotics, Automation and IoT, chaired by Stetter (Munich),
Markl (Vienna), Jacob (Kempten); 11.- Applications of Signal Processing
Technology, chaired by Huemer (Linz), Zagar (Linz), Lunglmayr (Linz), Haselmayr
(Linz); 12.- Algebraic and Combinatorial Methods in Signal and Pattern Analysis,
chaired by Astola (Tampere), Moraga (Dortmund), Stankovic (Nis); 13.- Computer
Vision, Deep Learning and Applications, chaired by Penedo (A Coruña), Radeva
(Barcelona); 14.- Computer and Systems Based Methods and Electronic Technologies
in Medicine, chaired by Rozenblit (Tucson), Hagelauer (Linz), Maynar (Las Palmas),
Klempous (Wroclaw); 15.- CyberMedical Systems, chaired by Rudas (Budapest),
Kovács (Budapest), Fujita (Iwate); 16.- Socio-economic and Biological Systems:
Formal Models and Computer tools, chaired by Schwaninger (St. Gallen),
Schoenenberger (Basel), Tretter (Munich), Cull (Corvallis US), Suárez-Araújo (Las
Palmas) and 17.- Intelligent Transportation Systems and Smart Mobility, chaired by
Sánchez-Medina (Las Palmas), Celikoglu (Istanbul), Olaverri-Monreal (Wien),
García-Fernández (Madrid), Acosta-Sánchez (La Laguna).
In this Conference, as in prior ones, most of the credits of success are due to the
chairpersons of the workshops. They, with the counselling of the International
Advisory Committee, selected near 154 extended abstracts for oral presentation at the
meeting, which are included in this volume. Specific instructions will be given for the
preparation of the Post-Conference Publication, which will contain full papers
selected, as in prior EUROCAST's, after the oral presentations. The present volume is
divided in Chapters corresponding to the Workshops.
The event has been possible thanks to the efforts of the chairpersons of the
Workshops in the diffusion and promotion of the Conference, as well as the selection
and organization of all the material. The organizers must express their
acknowledgement to all contributors and participants and to the invited speakers,
Prof. Christian Müller-Scholer from Hamburg, Prof. Manuel Maynar, from Las
Palmas and Prof. Jaakko Astola from Tampere, for their readiness to collaborate. Also
to the Director of the Elder Museum of Science and Technology, D. José Gilberto
Moreno, to the members of the Museum, and finally, to the Collaborator Institutions
and to all those which contribute to the success of the Conference as a pleasant and
useful scientific, technical and human event.
Las Palmas de Gran Canaria, February 2017.
The Editors.
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Extended abstract
Since the invention of the ﬁrst microprocessor has passed many years. Technological developments in CPU construction is primarily based on increasing
the performance of devices, their miniaturization and the reduction of manufacturing costs. Well known Moore’s Law, speaking of doubling the number of
transistors on a chip at regular intervals, proved to work well over years. Such
a trend, due to the technological constraints cannot be everlasting; right now
it is observed as it slows down. Limitations in minimum size of the individual
components (transistors) and a total power draw of a system, forced to change
the direction of the technological development. Instead of boost the clock of a
processor, it was decided to multiply its number in a chip. Thanks to clustering
of processor cores in a single chip that utilize fast shared cache memory, we still
can observe considerable performance boost.
Another approach, recently propagated, involves the use of special, dedicated
computation units (such as Graphics Processing Units) to parallelize the operation. In 2006 new graphics chips with uniﬁed stream processors were introduced
to the market and started to replace outdated one based on speciﬁed pixel shader
/ vertex units. As a result, one can utilize them for general purpose computation
while these units are not engaged in rendering graphics. The approach gained
its momentum and was adopted as General Purpose on GPU which ﬁnally resulted in the project - an open framework to create kernels and communication
interface with devices supporting it. Forged under auspices of Khronos Group,
OpenCL met with universal acceptance and became a de facto standard.
Advent of Internet era, and common use powerful, mobile devices, made
Khronos Group to come up with industry standards that remediate the problem
with diversity of devices / operating systems, dealing with displaying accelerated
graphics in a browser and with utilization of potent CPUs/GPUs for general
purpose computation. That was the trigger to introduce WebGL and WebCL as
a counterparts to well known OpenGL and OpenCL.
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The study involves the design and implementation of environmental research,
on the basis of which to be drawn appropriate conclusions. The project consists of
a desktop application, written in C ++ using frameworks OpenCL and OpenGL,
and its mobile counterpart (that can be reached via a web browser), using WebCL
and WebGL. Both systems allow for solving an advanced computational problem
without the use of external libraries (natively in C++ and JScript), dealing with
that problem by means of use of GPGPU (WebCL / OpenCL), and lastly allow
for visualization the eﬀects (WebGL / OpenGL).
The authors used known, though computationally complex problem of generating fractals as a test ground for the research. Studies consequently compared
the diﬀerent aspects such as:
– The execution time of the algorithm(s) along with render-time (rendered
frames per unit time).
– Dependency between screen resolution and time to generate a fractal,
– Measurement time and system resources utilization during the initialization
and release of OpenCL / WebCL context.
The contribution of this paper is to demonstrate the legitimacy of the use
of WebCL/OpenCL frameworks and GPGPU capabilities in the process of creating complex applications that are run in a web browser. The aim was to use
WebCL framework to test the possibility of using GPGPU techniques in the
creation of complex applications running directly in a browser (and its potential performance boost / degradation in comparison to a desktop application
developed with use of OpenCL). The choice was dictated by the growing importance of Internet services, and the problem they are facing - time to load and
performance penalty introduced by a use of web. No direct comparisons of duo
OpenCL/OpenGL vs. WebCL/WebGl were made so far. Authors [1–4] proved
that these standards are useful, not only in terms of rendering complex graphics in a browser but also capable to deal with complex computations, but none
had tried to make complete comparison in terms of performance, features and
interoperability of these standards.
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Extended abstract
When in the 20th century such scientists as Norbert Wiener, John von Neumann,
Warren McCulloch [3, 8] formulated the basis of cybernetics, they tended rather
to the conception of the human mind in terms of the functioning in a machine,
than to the anthropomorphization of the machine. Following this path, taking
into account the legacy of the cybernetics, the idea of computerization of the
mind has re-emerging today as cognitive informatics [2, 7].
I would like to talk about a new endeavor in this ﬁeld - the application of
set theory and relations in cognitive informatics which are especially useful in
solving holistic problems or global/local activity dilemmas. While we arrange
the puzzle, it is easier to ﬁnd its elements, if we know the whole. Without the
whole picture a single action becomes meaningless.
The expansion of the modern scientiﬁc method, based both on system theory
and computer based numerical veriﬁcation of the studied phenomena, spanning
today these areas of reality, that until recently, have been the subject of vague
speculative and pure common sense inquiry. We have more and more evidence
[1] that the cells in the brain are not only sensitive to certain stimuli, but reacts
in accordance with what at the same time doing other cells.
Based on the state-of-the-art in system theory research [6] I will present associative relations, as an element of relational space, which can deﬁne limited
bandwidth of information transfer, which can deﬁne limited bandwidth of information transfer, high cognitive eﬀort and cumbersome and time-consuming
calculation as the main problems the science have to face in real world applications outside the laboratory.
Cognitive modeling is our attempt to dealing with holistic and part-based
computations in computer based modeling of technical systems which are complex and distributed. We will present sketches of what we’ve been doing, and
some, selected methods will be discussed on the conference. We will present a
results of applications of cognitive modeling in creating adaptive human computer interfaces based on visual communication and image processing based on
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morphological operations [4]. We argue that, if we understand the principles
of visual perception, image processing and learning processes that occur in the
human brain, we can use this knowledge to improve human computer interface
technology.
The presentation will be a comprehensive digest of empirical fact and theoretical considerations biased toward conclusion that we still on the way towards
understand how our brain works [5], and how to model this activity using computers.
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Extended abstract

In recent years parallel and distributed computing have become standard techniques
for speeding up calculations for a wide various applications, ranging from production
planning [1] to cosmology [2]. Such a common usage have resulted in a considerable
attention from the scientis around the world. The basic theoretical speedup achievable
in such parallel computing systems is governed by Amdahl’s law [3], which describes
the speedup as the function of the number of computing cores (processors).
Despite its usefulness, Amdahl’s law has several drawbacks. It disregards the overhead encountered in real-life parallel systems. More importantlyo, it assumes that all
the processors in the system are identical. In other words, it describes a homogeneous
parallel system. However, in the present day computations are carried out using more
than just a series of identical CPUs. Other possibilities include: Graphics Processing
Units (GPUs) with hundreds of cores, vector processing (using technologies like SSE
instructions or dedicated devices like Xeon Phi) or distributed computing. Moreover,
modern parallel computations systems often combine several of aforementioned devices
and techniques. The resulting systems are thus heterogeneous. The advantage of such
systems is that they allow to better use the processing power of modern computer
systems (e.g. virtuall all modern computers can achieve parallelization through the use
of SSE instructions. Many also have GPUs capable of performing all-purpose computations). Thus, heterogeneous parallel systems have attracted considerable attention
over the last years. Examples include work that uses CPU, GPU and Xeon Phi devices
at once [4], several surveys [5] and even simulators [6].
Naturally, increase in popularity of heterogeneous parallel systems resulted in some
attempts at extending Amdahl’s law for use with such systems ([7] to name one recent
example). However, trying to directly apply Amdahl’s law to heterogeneous systems
is diﬃcult, since we lack the means of expressing one type of core (like CPU cores)
with some number of cores of another type (like GPU cores). Moreover, diﬀerent parallel computing techniques have diﬀerent granularity: SSE vectorization is ﬁne-grained,
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while distributed computing is coarse-grained and with CPUs, GPUs and Xeon Phi-like
systems somewhere in the middle.
Thus, we propose a reversed take on Amdahl’s law. First, we describe the given
real-life heterogeneous parallel system by its conﬁguration (types and number of cores
etc). Next, we choose a reference conﬁguration (usually a single core machine). Then
we execute the same, ﬁxed algorithm on both machines and compare the observed computation times. This yields speedup of the given conﬁguration relative to the reference
conﬁguration.
Next, we use the reversed version of Amdahl’s law: we express the number of
cores using the measured speedup. The resulting number (not necessarily an integer)
tells us how many referenced conﬁgurations would need to be launched in parallel
to equal the given (examined) conﬁguration. This in turn allows to compare various
heterogeneous systems (using the same reference conﬁguration) by other means than
simple comparison of speedups. This, together with known conﬁgurations costs, allows
to better approximate computational capabilities of parallel systems.
In the paper we introduce the reversed Amdahl’s law and show some of its properties, parameters and accuracy. We then use the law to compare two heterogeneous
parallel systems in a computer experiment. One system equipped with 8 CPU cores
and one with 12 CPU cores and a GPU device (the CPUs are diﬀerent for each machine).Moreover, both machines employed SSE instructions to improve the computation
time. The comparison was done by implementing parallel algorithms for three simple
test problems. The results show that the reversed Amdahl’s law can be used to compare
heterogeneous parallel systems beyond simple comparison of achieved speedups.
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Extended Abstract

The airports security and protection model involves using diﬀerent resources to
secure its infrastructure. The most used are; equipment for the inspection of
persons and luggage, closed circuit television cameras throughout the airport,
anti-intrusion systems and, detection and recording systems. However, all these
resources imply a high cost that not all airports can aﬀord.
Currently, there are new proposals for security which propose the use of
mobile technology as video surveillance system. Mobile technology provide performance, portability, transmission capacity and the ability to capture videos
and images that do it possible, and even more important, it reduces costs.
Sharing information among nodes in a network can be done in diﬀerent
ways. The kind of the information that the system shares usually determines
the method for the chosen communication. In this proposal, sharing audio and
video media is the main objective. For this reason, the most important point is
the guarantee of a low latency, low jitter and eﬃcient transmissions, but occasional losses could be tolerated. The media streaming protocol is deﬁned taking
into account the structure of the packets and the algorithms used to send realtime media on a network.
There are several protocols, which allow the implementation of video surveillance system in mobile phones. In particular, WebRTC and RTCP, are the most
used. This work focuses on carrying out a study of three possible implementations in order to analyze their weaknesses, strengths and conclude which one
would be the most suitable to be use on mobile devices. This proposal evaluates
times at live streaming with the use of smartphones. It takes into account the
establishment time and stream reception time from a single source, to a large
quantity of receivers. In order to perform the analysis three Android applications
have been implemented, a web service and two diﬀerent multimedia services. The
study includes the implementation of three diﬀerent proposals that claims to be
the innovaty solutions in videostreaming.
The ﬁrst proposal that is analyzed, uses the Real Time Streaming Protocol
(RTSP) [3] based on Real-time Transport Protocol (RTP) [4] with a multimedia
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server that acts as intermediary between the two devices that do the streaming.
It is a non-connection oriented application layer protocol that uses a session
associated to an identiﬁer. RTSP usually uses the UDP protocol to share the
video and audio data and TCP for the control (TCP is used just if it is necessary).
The second proposal implements Web Real-Time Communications (WebRTC)
protocol with a multimedia server that acts as intermediary too. WebRTC [1]
is a project maintained by Google based on RTP. This system allows real-time
communications through some Application Programming Interfaces (API) with
a high quality, low latency and low bandwidth consumption.
The last proposal is based on WebRTC and STUN (Session Traversal Utilities
for NAT) and it does not use any multimedia server. The STUN server allows
clients to ﬁnd out their public address, the type of NAT they are behind and
the Internet side port associated by the NAT with a particular local port. This
information is used to set up UDP communication between the client and the
VoIP provider to establish a call. The STUN protocol is deﬁned in RFC 3489
[2].
In particular, this paper present a comparative study of three diﬀerent systems designed to evaluate times at live streaming, using Android smartphones.
Simulations analyse the time requirements for establishing and sending packets
in a videostreaming connection in each one of the proposed solutions. The results show a 20% of performance improvement of WebRTC protocol over RTSP.
However, the last analysed protocols based on STUN and without using a multimedia server, provides an improvement of 38% respect to WebRTC and 49%
respect to RTSP. Hence, the obtained results show that the last proposals oﬀer
signiﬁcant improvements over previous schemes.
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Secret-key encryption functions are usually divided into two separated classes:
stream ciphers and block-ciphers depending on whether the encryption function
is applied either to each individual bit or to a block of bits of the original message,
respectively. Stream ciphers try to imitate the one-time pad cipher or Vernam
cipher [4] that remains as the only absolutely unbreakable cipher. They are designed to generate from a short key a long sequence (the keystream sequence)
of pseudorandom bits.
The modiﬁed self-shrinking generator (MSSG), a decimation-based keystream sequence generator, was introduced by Kanso in [2] as an improved version of the self-shrinking generator [3]. In the MSSG case, the m-sequence {ui }
generated by a maximal-length LFSR is self-decimated. The decimation rule is
very simple: given {u2i , u2i+1 , u2i+2 }, i = 0, 1, 2, . . ., three consecutive bits of the
m-sequence {ui }, the output sequence {sj } is computed as


If u2i + u2i+1 = 1 then sj = u2i+2 ,
If u2i + u2i+1 = 0 then u2i+2 is discarded.

We call the output sequence {sj } as the modiﬁed self-shrunken sequence
(MSS-sequence). If the length of the LFSR that generates {ui } is denoted by
L, then the linear complexity LC of the corresponding MSS-sequence satisﬁes:
L
2 3 −1 ≤ LC ≤ 2L−1 − (L − 2), and the period T of such a sequence, when L
L
is odd, satisﬁes: 2 3  ≤ T ≤ 2L−1 as proved in [2]. As usual, the key of this
generator is the initial state of the register that generates {ui }.
In [1], the authors showed that the MSS-sequence can be obtained through
linear cellular automata. A cellular automaton (CA) is a discrete device where
the contents of a cell at instant t are updated following a rule or function that
involves k neighbour cells at instant (t − 1) [5]. If the operations involved in such


The ﬁrst author was supported by FAPESP with number of process 2015/07246-0.
The second author was supported by Ministerio de Economı́a y Competitividad,
Spain under grant grant TIN2014-55325-C2-1-R (ProCriCiS) and Comunidad de
Madrid, Spain, under grant S2013/ICE-3095-CM (CIBERDINE). Both authors also
want to thank Feder Funds.
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a rule are composed exclusively by XOR operations, then the CA is said to be
linear.
A linear CA can be also seen as a linear transformation, where each state
xt+1 is obtained from the previous state xt . Considering the CAs in [1], this
linear transformation has the following form:
T : Fl2 −→ Fl2
xt = (xt0 , xt1 , . . . , xtl−1 ) −→ xt+1 = T (xt ) = xt A
= (xt0 + xt1 , xt1 + xt2 , . . . , xtl−2 + xtl−1 , xtl−1 ),
where the transition matrix, A, is an l × l matrix with ones in both the main
diagonal and the subdiagonal and zero elsewhere.
On the other hand, let E be the one-sided shift operator that acts on the
terms of a sequence, for example, Ean = an+1 and E k an = an+k . We claim that
the MSS-sequence {sj } based on the m-sequence {ui } is a particular solution of
the homogeneous linear diﬀerence equation
(E + 1)2

L−1

zn = 0,
L−1

whose characteristic polynomial is (1 + x)2 .
Decimation was introduced in order to break the linearity of the m-sequences
generated by LFSRs. However, in this work we see that the MSS-sequence can be
modelled as the output sequence of two diﬀerent linear structures: one based on
linear CA and the other one based on linear diﬀerence equations. The previous
statement implies that MSS-sequences are sensitive to suﬀer a cryptanalysis that
takes advantage of their linearity.
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1. Cardell, S. D., Fúster-Sabater, A.: Recovering the MSS-sequence via CA. Procedia
Computer Science. 80, 599–606 (2016).
2. Kanso, A.: Modiﬁed self-shrinking generator. Procedia Computer Science. 80, 599–
606 (2016). Computers and Electrical Engineering. 36(1):993–1001 (2010).
3. Meier, W., Staﬀelbach, O.:The self-shrinking generator. In: Advances in Cryptology,
EUROCRYPT 1994. LNCS. 950, 205–214. Springer-Verlag (1994).
4. Nagaraj, N.: One-Time Pad as a nonlinear dynamical system. Commun Nonlinear
Sci Numer Simulat. 17, 4029–4036 (2012).
5. Wolfram, S.: Cellular automata as simple self-organizing system. Caltrech preprint
CALT. 68–938 (1982).

10

Eurocast 2017, February 19-24, Las Palmas de Gran Canaria

Extended Abstracts
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Abstract. The paper surveys recent theoretical results of the CzechTech
group in network systems. Several problems are scanned such as the local dynamics impact; the role of Laplacian matrix properties; waves and
transfer functions in networks.Also, several simulation and experiments
examples are presented from diﬀerent such as platoons of automated vehicles for future automated highway systems, nonlinear oscillators synchronization for Smart Grids and vibration suppression through networks
in new materials for future cars and airplanes.
Keywords: Networked systems, Laplacian matrix, decentralized control, collaborative control, consensus, synchronization, waves, transfer
functions, platooning, smart grids, and suppression of vibrations.

Nowadays, the world is all interconnected. Everything aﬀects everything else.
All kinds of systems are interconnected in diﬀerent networks at many levels of
the hierarchy. This networked nature becomes pervasive and past centralized
approaches fail to describe, understand, and control current industrial, communication, social and many other hypercomplex systems. That is why entirely new
decentralized and collaborative methods and architectures are to be developed
for control, decision and many other purposes and goals to design and handle
highly autonomous, heterogeneous and hybrid networked subsystems.
Quite naturally, networked systems have long been part of the mainstream
in systems and control research, development, and applications. Many research
groups are pursuing the topic at the CzechTech. This article aims to provide
a brief overview of recent achievements of this group in theory and practice of
network systems. Also, it demonstrates how the initial curiosity-driven research
can give rise to experimental, development and application eﬀort and results.
In the paper, several topics will be enlightened including:
–
–
–
–


The eﬀect of various feedback types within the network [5, 6].
How local dynamics impacts stability, performance, and scaling [4, 7].
Laplacian matrix properties in system analysis and design [2, 3].
Dense or sparse network? Tight or loose binding?

The work was partly supported by the Czech Ministry of Education project LG15049.
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– Waves in networks: propagation, bouncing and absorption [1].
– Transfer functions within the network.

Fig. 1. The EU Sartre project: a platoon of Volvo driver-less cars in normal traﬃc.
Successful Control system design by CzechTech graduates in Ricardo Prague company.

During the survey, several simulation, experimental and application examples
from diﬀerent engineering ﬁelds will be demonstrated and exploited such as
– Automated highway systems - platoons of automated vehicles.
– Smart Grids - nonlinear synchronization of oscillators.
– New materials for future cars and airplanes - vibrations suppression.
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Extended abstract
Data Mining emerges in response to technological advances and considers the
treatment of large amounts of information locked up in databases. The objective of Data Mining is the extraction of new, valid, comprehensible and useful
knowledge by the construction of models that seek structural patterns in the
data, to ultimately make predictions on future data. The challenge of extracting
knowledge from data is an interdisciplinary discipline and draws upon research
in statistics, pattern recognition and machine learning among others. Clustering
and classiﬁcation are two methods used in data mining.
Clustering is a common technique for identifying natural groups hidden in
data. Clustering is a process that automatically discovers structure in data and
does not require any supervision, it is an unsupervised learning method [1]. The
grouping is done in such a way that objects in the same group or cluster are more
similar to each other than to those in other clusters. It is important to use the
appropriate similarity metric to measure the proximity between two objects, but
the separability of clusters must also be taken into account. The goal is to ﬁnd
clusterings that satisfy homogeneity within each cluster as well as heterogeneity
between clusters [2].
The problem of comparing two or more sets of overlapping data as the foundation for identifying diﬀerent partitions of quantitative data was addressed in
[3]. A method for cluster analysis and statistical based split of the data was
presented. The clusters are formed using similarity measures based on boxplots.
Boxplots are non-parametric, they display variation in the data of a statistical
population without making any assumptions of the underlying statistical distribution. The spacings between the diﬀerent parts of the box indicate the degree
of dispersion and skewness in the data, and also show outliers. A boxplot is a
convenient way to graphically display the data and identify outliers. Boxplots are
useful when comparing data sets. Therefore, boxplots are a convenient tool to
study overlapping data. Once clusters are identiﬁed the multiway split selection
is forthcoming. The number of splits depends on the number of clusters found.
Classiﬁcation is a process of categorization, where objects are recognized,
diﬀerentiated and understood using the training set of data. Classiﬁcation is a
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supervised learning technique where a training set and correctly classiﬁed observations are available. In order to predict the class labels of a new object, hidden
relationships between attributes are discovered. There are many classiﬁcation
techniques available. One of them is the decision tree model. A decision tree is
a structure that includes a root node, branches, and leaf nodes. Each internal
node denotes a test on an attribute, each branch denotes the outcome of the
test, and each leaf node holds a class label. The topmost node in the tree is the
root node. Decision tree learning creates a decision tree from the training set,
that can be used as a predictive model which maps observations about a new
object, represented in the branches, to conclusions about the object’s class label,
represented in the leaves. In data mining, a decision tree describes data and can
be used to classify new objects.
The majority of methods and techniques used to construct decision trees
are binary based. These algorithms decide the split for binary class values that
allows for the optimal decision tree. This is convenient when the class is dichotomous. This paper addresses the problem of constructing decision trees where the
multi-split values assigned to the branches are found using statistical concepts
that measure the distance between partitions and allow for the formation of clusters. In particular, quartiles and interquartilic range are used in the calculation
of a dissimilarity measure between clusters. The attribute selection is carried
out using discriminant analysis procedures. Given a database with p numerical attributes Xi and a class or variable of interest Y which takes class values
yn = 1, 2, . . . , c, a simple, precise and interpretable tree (predictive model) is
built using the DMT (Decision Multi-split Tree) method.
The DMT method builds a decision tree considering multi-splits or multiway
splits. A multiway split partitions the database in Z subgroups, z ≥ 2. In addition to considering multi-splits, the DMT method studies where to carry out the
multi-split in such a way as to get the most homogeneous possible subgroups.
The behavior of the data will be studied through the dispersion of the p attributes. Actually we are not interested in the dispersion of the attribute Xi but
the dispersion for each class value of the attribute Xi . That is, the dispersion
conditioned by the class value for each attribute Xi . The purpose of the DMT
method is ﬁnding possible clusters of classes with similar dispersion in each attribute and calculating the interval or cutting points to separate these clusters
of the most discriminatory way possible.
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ǆƚĞŶƐŝŽŶŽĨŽƉĞŶĚĂƚĂŵŽĚĞů
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<ĞǇǁŽƌĚƐ͗KƉĞŶĚĂƚĂŵŽĚĞů͕ĐŽƌƌĞĐƚŶĞƐƐ͕ĐŽŶĐĞƉƚƵĂůŵŽĚĞů͕ůŽŐŝĐĂůŵŽĚĞů͕
ƉŚǇƐŝĐĂůŵŽĚĞů

ǆƚĞŶĚĞĚĂďƐƚƌĂĐƚ
dŚĞ ŵĂŝŶ ƉƵƌƉŽƐĞ ŽĨ ƵƐŝŶŐ ŽƉĞŶ ĚĂƚĂ ;ĨƵƌƚŚĞƌ KͿ ŝƐ ƚŽ ƉƌŽǀŝĚĞ ĐŽŶƚĞŶƚ͘
&ƌŽŵ ƚŚĞ ĚĞĨŝŶŝƚŝŽŶ ŽĨ K ƚŚĞǇ ŝŶĐŽƌƉŽƌĂƚĞ ƚǁŽ ŝŵƉŽƌƚĂŶƚ ĂƚƚƌŝďƵƚĞƐ͗ ŵĂͲ
ĐŚŝŶĞƌĞĂĚĂďůĞĨŽƌŵĂƚĂŶĚƵƐĞǁŝƚŚŽƵƚĂŶǇůĞŐĂůƌĞƐƚƌŝĐƚŝŽŶ͘dŚĞŝƐƐƵĞŽĨƚŚĞ
ƐŽĐĂůůĞĚ͞KƉĞŶĚĂƚĂ͟ŚĂƐƌĞĐĞŶƚůǇďĞĞŶŝŶǀĞƐƚŝŐĂƚĞĚĂŶĚĚŝƐĐƵƐƐĞĚŝŶĚĞƚĂŝů͘
,ŽǁĞǀĞƌ͕ŝƚ ŝƐŽŶůǇƉŽƐƐŝďůĞƚŽďĞŶĞĨŝƚ ĨƌŽŵKŝĨƚŚĞ ĚĂƚĂĂƌĞƚƌƵĞ͕ŽƌĐŽƌͲ
ƌĞĐƚ͘ dŚĞƌĞ ĂƌĞ ƉůĞŶƚǇ ŽĨ ŵŽĚĞůƐ ŽĨ K ĂŶĚ ƚŚĞŝƌ ŵĞƚƌŝĐƐ͕ ƚŚĞ ƉƌĞƐĞŶƚĞĚ
ŵŽĚĞůĞǆƚĞŶĚƐŽŶĞŽĨŝƚƐƋƵĂůŝƚǇĂƚƚƌŝďƵƚĞƐͲĐŽƌƌĞĐƚŶĞƐƐ͘dŚŝƐŵŽĚĞůƉƌĞĨĞƌƐ
ƚŽƵƐĞ ƚŚŝƐĂŐŐƌĞŐĂƚĞĚĂƚƚƌŝďƵƚĞƌĂƚŚĞƌƚŚĂŶŝŶĚŝǀŝĚƵĂůĂƚƚƌŝďƵƚĞƐŽĨƋƵĂůŝƚǇ͘
dŚĞŵĂŝŶĂŝŵŽĨƚŚŝƐƉĂƉĞƌŝƐƚŽĚĞĨŝŶĞ͕ƵƐŝŶŐƚŚĞŐŝǀĞŶŵŽĚĞů͕ƚŚĞƉŽƐƐŝďŝůŝͲ
ƚŝĞƐŽĨŵŽŶŝƚŽƌŝŶŐƚŚĞƐƉƌĞĂĚŽĨǀĂƌƌŽĂďĞĞƚŚƌŽƵŐŚK͘/ƚƐĂĚĚŝƚŝŽŶĂůĂŝŵŝƐ
ƚŽ ƉƌŽƉŽƐĞ ĂŶ ĂĐĐĞƉƚĂďůĞ ƉƌŽĐĞĚƵƌĞ ŽĨ ƵƐĞ ŽĨ ƐƵĐŚ ĚĂƚĂ ĂƐ ƌĞůĞǀĂŶƚ ŝŶĨŽƌͲ
ŵĂƚŝŽŶƐƵƉƉŽƌƚŝŶƐŽůǀŝŶŐƉƌŽďůĞŵƐĂƐƐŽĐŝĂƚĞĚǁŝƚŚƚŚĞƐƉƌĞĂĚŽĨǀĂƌƌŽĂďĞĞ͘
KƵƌŝŶŶŽǀĂƚŝǀĞƐŽůƵƚŝŽŶŽĨŵŽŶŝƚŽƌŝŶŐƚŚĞƐƉƌĞĂĚŽĨǀĂƌƌŽĂďĞĞ ŝƐďĂƐĞĚŽŶ
ĚĂƚĂďĂƐĞƐ͘dŚĞƉƌĞƐĞŶƚĞĚŵĞƚŚŽĚŽůŽŐǇĚƌĂǁƐŽŶĂŵĞŶƚĂůŵŽĚĞůŽĨŝŵƉůĞͲ
ŵĞŶƚĂƚŝŽŶ͕ ƌĂƚŚĞƌ ƚŚĂŶ ĐŽŶĐĞƉƚƵĂů ĂŶĚ ƌĞůĂƚŝŽŶĂů ŵŽĚĞů͕ ŝŶǀŽůǀŝŶŐ ƉŚǇƐŝĐĂů
ŵŽĚĞůĂŶĚĨŝŶĂůůǇƚĞƐƚŝŶŐĂŶĚǀĂůŝĚĂƚŝŽŶ͘tĞƵƐĞĚĂƚĂƌĞƐƵůƚŝŶŐĨƌŽŵůĂďŽƌĂͲ
ƚŽƌǇĂŶĂůǇƐŝƐĂǀĂŝůĂďůĞĂƚĂůůĚŝƐƚƌŝĐƚŽĨĨŝĐĞƐŽĨƚŚĞZĞŐŝŽŶĂůsĞƚĞƌŝŶĂƌǇĚŵŝŶͲ
ŝƐƚƌĂƚŝŽŶĂŶĚůŽĐĂůǌĞĐŚĞĞŬĞĞƉĞƌƐƐƐŽĐŝĂƚŝŽŶ͘
K ĐĂŶ ďĞĐŽŵĞ Ă ƌĞůĞǀĂŶƚ ƐŽƵƌĐĞ ŽĨ ŝŶĨŽƌŵĂƚŝŽŶ ƌĞĂĚŝůǇ ĂǀĂŝůĂďůĞ ŽŶ ƚŚĞ
/ŶƚĞƌŶĞƚ͕ ŶŽƚ ŽŶůǇ ŝŶ ƚŚĞ ƉƵďůŝĐ ƐĞĐƚŽƌ ďƵƚ ĂůƐŽ ƚŚĞ ĐŽŵŵĞƌĐŝĂů ƐĞĐƚŽƌ ϭ͘
,ŽǁĞǀĞƌ͕ŝĨƚŚĞĚĂƚĂĨƌŽŵƚŚŝƐůĂďŽƌĂƚŽƌǇĂŶĂůǇƐŝƐĂƌĞƚŽŵĞĞƚƐƵĐŚƉŽƚĞŶƚŝĂů
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ƚŚĞǇŶĞĞĚƚŽďĞŽĨĐĞƌƚĂŝŶƋƵĂůŝƚǇ͘/ŶŐĞŶĞƌĂů͕ƚŚĞƋƵĂůŝƚǇŝƐĚĞĨŝŶĞĚďǇŝŶƚĞƌͲ
ŶĂƚŝŽŶĂůƐƚĂŶĚĂƌĚƐ;^YƵĂZͿŝŶƚŚĞĞƐƚĂďůŝƐŚĞĚƋƵĂůŝƚǇŵŽĚĞů͘dŽŵĞĞƚŽďũĞĐͲ
ƚŝǀĞƐ ŽĨ ƚŚŝƐ ƉĂƉĞƌ ƚĞĐŚŶŝƋƵĞƐ ĂŶĚ ƉƌŽĐĞĚƵƌĞƐ ŽĨ ƚŚĞ ƌĞůĂƚŝŽŶĂů ĚĂƚĂďĂƐĞ
ƚĞĐŚŶŽůŽŐǇ ǁŝůů ďĞ ƵƐĞĚ͘ dŚĞ ƉƌĞƐĞŶƚĞĚ ƐŽůƵƚŝŽŶ ǁŝůů ďĞ ĚĞŵŽŶƐƚƌĂƚĞĚ ĂŶĚ
ƐƵďƐĞƋƵĞŶƚůǇǀĞƌŝĨŝĞĚďǇŵĞĂŶƐŽĨKƌĞůĂƚŝŶŐƚŽǀĂƌƌŽĂďĞĞ͘KƚŚĞƌŵĞƚŚŽĚƐ
ŝŶĐůƵĚĞ ƚŚĞ ŵĞƚŚŽĚƐ ŽĨ ƚŚĞ ƌĞůĂƚŝŽŶĂů ĚĂƚĂďĂƐĞ ƚĞĐŚŶŽůŽŐǇ͕ ŝŶ ƉĂƌƚŝĐƵůĂƌ
ŵĞƚŚŽĚƐŽĨĚĂƚĂŝŶƚĞŐƌŝƚǇ͘WŝǀŽƚĂůŝŶƚŚŝƐƉƌŽĐĞĚƵƌĞĂƌĞƚŚĞĨŽůůŽǁŝŶŐŝƐƐƵĞƐ͗
ĂƵƚŚĞŶƚŝĐĂƚŝŽŶ͕ĂŶŽŶǇŵŝǌĂƚŝŽŶ͕ŝŶƚĞŐƌĂƚŝŽŶĂŶĚĂŐŐƌĞŐĂƚŝŽŶ͘sĞƌǇŝŵƉŽƌƚĂŶƚ
ĨĞĂƚƵƌĞ ŝŶ ƚŚŝƐ ƉƌŽĐĞĚƵƌĞ ŝƐ ƚŚĞ ĂŶŽŶǇŵŝƚǇ ŽĨ ƚŚĞƐĞ K͘ dŚĞ ƉƌŽĐĞĚƵƌĞ ŝŶͲ
ǀŽůǀĞƐƉƌĂĐƚŝĐĂůƵƐĞŽĨƚŚĞƌĞƐƵůƚĂŶƚĚĂƚĂŝŶƐƚƌĂƚĞŐŝĐĂŶĚƚĂĐƚŝĐĂůĚĞĐŝƐŝŽŶƐďǇ
ďĞĞŬĞĞƉĞƌƐ͘ƐĂŶĞǆĂŵƉůĞǁĞĐĂŶƵƐĞƚŚĞƐŽůƵƚŝŽŶƚŽƚŚĞĨŽůůŽǁŝŶŐĚŝůĞŵͲ
ŵĂ͗ dŚĞ ďĞĞŬĞĞƉĞƌ ĚĞĐŝĚĞƐ ǁŚĞƚŚĞƌ ŝƚ ŝƐ ĂƉƉƌŽƉƌŝĂƚĞ ƚŽ ƐƚĂƌƚ ŬĞĞƉŝŶŐ ďĞĞƐ
ŽŶĂůĂƌŐĞƌƐĐĂůĞŝŶƚŚĞǀŝůůĂŐĞŽĨKƉŽēŶŽ͘ƐŽůƵƚŝŽŶƚŽƚŚŝƐƉƌŽďůĞŵĐĂŶďĞ
ĨŽƵŶĚƵƐŝŶŐƚŚĞŐŝǀĞŶ^Y>ƐƚĂƚĞŵĞŶƚ͗
SELECT Vill,NumbvarDistr,AvervarDistr,NumbPlague, NumbNosema FROM
risk_of_beekeeping WHERE Vill=’Opoþno’;
Vill
NumbvarDistr
AvervarDistr
NumbPlague
NumbNosema
Opoþno
24
45
0
strong incidence

dŚĞŽďƚĂŝŶĞĚĚĂƚĂĐĂŶďĞƚƌĂŶƐĨŽƌŵĞĚŝŶƚŽƚŚĞĨŽůůŽǁŝŶŐƌĞĐŽŵŵĞŶĚĂƚŝŽŶƐ͗
/ŶƚŚĞŵŽŶŝƚŽƌĞĚĂƌĞĂŝƚŝƐŶŽƚĂƉƉƌŽƉƌŝĂƚĞƚŽŽƉĞƌĂƚĞĂďĞĞŬĞĞƉŝŶŐďƵƐŝŶĞƐƐ
ŽŶ Ă ůĂƌŐĞƌ ƐĐĂůĞ͘ dŚŝƐ ĂƌĞĂ ŝƐ ĚĞƚĞƌŵŝŶĞĚ ďǇ Ă ŚŝŐŚĞƌ ůĞǀĞů ŽĨ ŝŶĨĞĐƚŝŽŶ ŽĨ
ďĞĞƐ͕ǁŚŝĐŚĐĂŶďĞƚŚĞĐĂƵƐĞŽĨůŽǁĞƌĞĨĨŝĐŝĞŶĐǇŽĨƚŚŝƐĂĐƚŝǀŝƚǇ͘ƵƌƌĞŶƚK
ĐĂŶďĞƵƐĞĚŵŽƌĞĞĨĨĞĐƚŝǀĞůǇĚƵƌŝŶŐƚŚĞĚĞĐŝƐŝŽŶŵĂŬŝŶŐƉƌŽĐĞƐƐĞƐ͘dŚĞŬĞǇ
ŝŶĚŝĐĂƚŽƌƐĐĂŶďĞĂŶĂůǇƐĞĚĨƌŽŵĚŝĨĨĞƌĞŶƚƉŽŝŶƚƐŽĨǀŝĞǁŽĨĂŐŐƌĞŐĂƚŝŽŶ;ƚŚĞ
ŶƵŵďĞƌƐ Žƌ ĂǀĞƌĂŐĞƐ ĨŽƌ ĚŝƐƚƌŝĐƚƐ͕ ĨŽƌ ƌĞŐŝŽŶƐ͕ ǇĞĂƌƐ ĞƚĐ͘Ϳ͘ dŚĞ ƌĞƐƵůƚƐ ĂŶĚ
ŬŶŽǁůĞĚŐĞ ŝŶĐůƵĚĞĚ ŚĞƌĞŝŶ ŚĂǀĞ ďĞĞŶ ŽďƚĂŝŶĞĚ ŽǁŝŶŐ ƚŽ ƐƵƉƉŽƌƚ ĨƌŽŵ ƚŚĞ
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ŐƌŝĐƵůƚƵƌĂůĞ'ŽǀĞƌŶŵĞŶƚ͚͕'Z/^ŽŶͲůŝŶĞWĂƉĞƌƐŝŶĐŽŶŽŵŝĐƐĂŶĚ/ŶĨŽƌŵĂƚŝĐƐ͕ǀŽů͘ϳ͕ŶŽ͘
Ϯ͕ƉƉ͘ϭϬϯͲϭϭϯ͕/^^EϭϴϬϰͲϭϵϯϬ
Ϯ͘ <ƵēĞƌĂ͕:͕͘ŚůĂƉĞŬ͕͘ĞŶĞĨŝƚƐĂŶĚZŝƐŬƐŽĨKƉĞŶ'ŽǀĞƌŶŵĞŶƚĂƚĂ͘:ŽƵƌŶĂůŽĨ^ǇƐƚĞŵƐ
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Dynamical Feedforward Control of Three-Tank
System
Pavol Bisták
Slovak University of Technology in Bratislava
Ilkovičova 3, 812 19 Bratislava, Slovakia
Pavol.Bistak@stuba.sk,
WWW: http://uamt.fei.stuba.sk 

Abstract. This paper deals with a new approach to the control design
for a third-order nonlinear plant with time-delays. Starting from a poleassignment proportional-derivative controller for the triple-integrator plant
generalized for a constrained control and equiped by a gain scheduling to respect the nonlinear plant dynamics, its structure is used for a
dynamical feedforward control that is extended by a nonlinear disturbance observer taking into account ﬁltration of noisy signals and the
non-modelled time-delays always present in control circuits. By using an
example of a three-tank liquid level control in a hydraulic plant, performance of the resulting two-degree-of-freedom model reference control of
nonlinear time-delayed systems with an integral action will be evaluated
by standard criterions.
Keywords: dynamical feedforward, model reference control, input constraints, nonlinear system, time-delay, nonlinear disturbance observer

1

Summary

Although the today’s control theory oﬀers numerous sophisticated control approaches that are suitable for complex control tasks, especially in applications to
simple control loops one may still ﬁnd new solutions improving signiﬁcantly the
control performance [3]. Since such simple plants represent a high percentage of
all practical applications [1], there still exists a potential for a new research. Especially when considering nonlinear systems we are used to deal with diﬀerent
linearization techniques to deploy linear control system design (the exact linearization method based on a diﬀerential geometry [4], e.g.). However, the eﬀect
of the nonlinear dynamics typically occurs only at suﬃciently rapid transitions
appearing under suﬃciently strong control actions leading to another typically
nonlinear issue - to a control signal saturation. Furthermore, the rapid changes
exhibit eﬀect of a nonmodelled dynamics. Its identiﬁcation and consideration
requires usually approaches diﬀerent from the identiﬁcation and control design


This work has been partially supported by the grants VEGA 1/0937/14 and APVV0343-12 .
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approaches dealing with the dominant dynamics. Thus, for a succesfull design of
nonlinear control loop it is usually not enough to focuss on a single traditional
method built on a rigorous mathematical framework, but one needs a modular approach integrating several such approaches, each of them specialized in a
closer set of problems to be solved.
The proposed work is built on integration of several basic approaches to cover
all main issues of a control design: consideration of the control constraints that
exhibit the nonlinear plant dynamics and use of the disturbance observer based
PI and PID control [3] oﬀering an increased robustness that is ﬁnally extended by
the two-degree-of-freedom model reference control. The paper will ﬁrstly review
a constrained PD controller design for a nonlinear system transformed under a
modiﬁed exact linearization to a triple integrator [2]. This primary control loop
will be later considered as a ”master” producing an ideal control input, as well
as an ideal plant output for the model reference control structure. It fulﬁlls the
task of a dynamical feedforward control that is later governed by the second
control loop ensuring the plant stabilization and compensation of the model
imperfections. The established two-degree-of-freedom model reference control
structure is ﬁnally completed by an integral action produced by a nonlinear
disturbance observer with an inverse plant dynamics (Fig. 1). At the end the
inﬂuence of the allways present non-modelled time-delays is evaluated.

r
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Fig. 1. Model reference control block diagram - model control (MC), stabilizing controller (SC), saturation (SAT), disturbance observer (DO), controlled system (CS)
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A Computer Vision System for Classifying and Counting
Lego Pieces
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Extended abstract
We introduce a prototype of an artificial vision system that leads to a first step for
automating the classification and counting of Lego kits from the MindStorm series.
For an human operator, it is a slow, tedious task that can be misleading because of the
repetitive nature of the activity and the high number of pieces and the similarities
between them. This necessity appeared during the logistic preparations of Ciberlandia
Educational Project [1] workshops. These activities include a robot-building phase
that requires the perfect inventory of the materials. Consequently, the frequency of
the inventories is determined by the schedule of workshops, which can be daily, or
even more often.
The prototype consists of the following modules:
• Image acquisition module. It takes or captures images containing Lego pieces in a
background and light-controlled environment. There are some requirements for the
scenes. The objects to be treated are Lego pieces. There must be no occlusion
between pieces. Pieces must not be in contact with each other. There must be an
appropriate contrast between the background and pieces.
• Detection and segmentation module. Preprocessing, detection, segmentation and
normalization of captured images. During the image preprocessing, color conversion,
equalization, morphological and threshold operations have been used in order to adapt
these images to the requirements of the detection and segmentation phases. During the
detection and segmentation phase, the Watershed segmentation algorithm [2] was
used. Due to its impact regarding performance terms in the classification and counting
module, a standardization process was added. That is, all abstracted pieces must have
the same size and maintain their original aspect.
• Classification and counting module. As many Support Vector Machines (SVM) [3]
as categories of the kit were used. An innovative aspect is the procedure used to
obtain the feature vectors that feed the SVM. Two approaches were used:
 a 'Naïve' approach, proposed by the authors, in which the feature vector is obtained
from a cluster. This approach offers greater simplicity and shorter training and
classification time, as shown by the results.
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 a standard approach, using the Bag of Words (BOW) model [4]. Utilizing a word
dictionary enables greater normalization of the results, as well as less redundancy in
the training data.
In both approaches, and due to the need for invariability against rotations (pieces
are scattered), Dense SIFT, SURF Dense, SURF and Hu’s Moments image
descriptors were used. Additionally, KAZE [5] and 'AKAZE' [6] binary descriptors
were also used, which required the implementation of a binary clustering technique.
Regarding the counting phase, from each classifier by category is immediate.
The objective of the prototype is to lay the groundwork for the future classification
and counting tool for Lego pieces. In order to do so, a wide battery of combination
methods (procedure used to obtain the feature vector, image descriptor) and
configuration tests (cluster size, type of SVM nucleus) were made. The purpose was
to measure its reliability, this is, the number of correctly identified pieces, as well as
time costs associated with the training and classification stages.
Regarding this aspect, a maximum success rate of 98% was obtained with the
BOW approach configuration, cluster size of 500 and KAZE binary image descriptor.
As it was expected, the “Naïve” approach obtained an average of 31,25% and
25,04%, lower rates comparing the BOW approach in training and classification
times.
It is observed that, in spite of its simplicity, the average reliability of the ‘Naïve’
approach is 3,74% lower comparing to the 'BOW' approach.
Regarding our main contributions, it is necessary to emphasize the ‘Naïve‘
approach, as it contributes to use, improve and disseminate the new KAZE and
AKAZE binary image descriptors, the implementation and use of a binary clustering
technique and the set of tests itself.
As a future work, it is aimed to make the system tolerant to the physical contacts
between pieces in the scene, to introduce color as an element of classification, and to
explore new, not considered classification paradigms.
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6WHQRJUDSKLF'DWD+HULWDJH3UHVHUYDWLRQ8VLQJ6KDULQJ
,PDJHV$SS


=HQRQ&KDF]NR5DQL\DK:D]LUDOL/XFLD&DUULRQ*RUGRQDQG
:RMFLHFK%R]HMNR
8QLYHUVLW\RIWHFKQRORJ\6\GQH\$XVWUDOLD6\GQH\
,QVWLWXWHRI&RPSXWHU(QJLQHHULQJ&RQWURODQG5RERWLFV
=HQRQ&KDF]NR#XWVHGXDX/XFLD&DUULRQ*RUGRQ#XWVHGXDX
5DQL\DKZD]LUDOL#XWVHGXDX:RMFLHFK%R]HMNR#SZUZURFSO

$EVWUDFW:LWKWKHDGYHQWRIVPDUWSKRQHVZHKDYHWKHDELOLW\WRWDNHDSKRWRDQG
XSORDGLWWRWKHLQWHUQHWZKHQHYHUZHGHVLUH+HQFHLWPD\EHRINH\LPSRUWDQFHWR
LQFOXGH PHWDGDWD RI WKH LPDJH IRU KHULWDJH SUHVHUYDWLRQ 7KLV SURMHFW IRFXVHV RQ
KHULWDJH FRQFHSWV DQG WKHLU LPSRUWDQFH LQ HYHU\ HYROYLQJ DQG FKDQJLQJ GLJLWDO
GRPDLQ ZKHUH V\VWHP VROXWLRQV KDYH WR EH VXVWDLQDEOH VKDUDEOH HIILFLHQW DQG
VXLWDEOH WR WKH EDVLF XVHU QHHGV 6WHJDQRJUDSK\ SURYLGHV D IHDVLEOH DQG YLDEOH
VROXWLRQ WR HQVXUH VHFXUH KHULWDJH SUHVHUYDWLRQ RI WKH PXOWLPHGLD FRQWHQW %\
HPEHGGLQJ LQIRUPDWLRQ GLUHFWO\ LQWRWKH LPDJH WKH LQIRUPDWLRQDERXW WKH LPDJH
ZLOOQHYHU EHORVWDVLWLVQRWVHSDUDWHGIURPLWVRULJLQDOVRXUFH7KHDLPRIWKH
SDSHULVWRGHPRQVWUDWHWKLVDVSHFWYLDDQLPDJHVKDULQJDSSWKDWDOORZVXVHUVWR
H[FKDQJH PHVVDJHV DQG SHUVRQDOL]HG LQIRUPDWLRQ WKDW LV HPEHGGHG LQ WKH LPDJH
VXFKWKDWLWLVLQDFFHVVLEOHZLWKRXWNQRZLQJWKHLUNH\V
.H\ZRUGV6WHJDQRJUDSK\'LJLWDO+HULWDJH3UHVHUYDWLRQ2QWRORJ\,PDJH6KDULQJ

 ,QWURGXFWLRQ

&UHDWLQJ LPDJHV DQG XSORDGLQJ WKHP KDV EHFRPH HDV\ ZLWK WKH LQWURGXFWLRQ RI VPDUW
SKRQHV %DVLF PHWDGDWD RI DQ LPDJH FRXOG EH FRQVLGHUHG XQVXLWDEOH IRU WKH SXUSRVH RI
SHUVRQDOLQIRUPDWLRQGXHWRLWVHDV\DFFHVVWKURXJKZHEVLWHVDQGRWKHUDSSOLFDWLRQVWKDW
FDQH[WUDFWPHWDGDWDIURPDQLPDJH7KHKHULWDJHWHUPLVGHILQLQJDVWKHFUXFLDODQGFHQWUDO
SDUWRIWKHUHVHDUFKZHFDQUHIHULWWR KHULWDJHLVWKRVHLWHPVDQGSODFHVWKDWDUHYDOXHG
E\WKHFRPPXQLW\DQGLVFRQVHUYHGDQGSUHVHUYHGIRUIXWXUHJHQHUDWLRQV>@7KHGDWDLV
RIWHQLQLVRODWLRQ+RZHYHUWKHGDWDQHHGVWREHZLWKWKHFRQQHFWLRQVDQGUHODWLRQVKLSV,W
JLYHVWKHPHDQLQJRIWKHLQIRUPDWLRQ,IWKDWKHULWDJHLVQRWSUHVHUYHGWKHLQIRUPDWLRQFDQ
EHORVWIRUHYHU7KHDLPRIWKLVUHVHDUFKSDSHUGHPRQVWUDWHVKRZVWHJDQRJUDSK\FDQEH
XVHG IRU HPEHGGLQJ FULWLFDO GDWD LQWR WKH LPDJH WKDW LV UHDGDEOH YLD D GHGLFDWHG
YLVXDOL]DWLRQWRROV>@>@


$Q2YHUYLHZRI6WHQRJUDSKLF6KDULQJ
7KH GHYHORSPHQW RI WKH SUHVHUYDWLRQ PRGHO LV UHODWHG ZLWK WKH YDOXH RI LQIRUPDWLRQ
6WHJDQRJUDSK\ LV WKH SUDFWLFH RI FRQFHDOLQJ LQIRUPDWLRQ ZLWKLQ DQRWKHU SLHFH RI
LQIRUPDWLRQ7KLVLQIRUPDWLRQFDQODWHUEHUHWULHYHGE\VRPHRQHZLWKWKHULJKWNH\7KH
PRVWFRPPRQZD\RIKLGLQJLQIRUPDWLRQZLWKLQLPDJHVLVE\VHOHFWLQJDQDUHDXVLQJDNH\
SURYLGHGE\WKHXVHUDQGWKHQFKDQJLQJWKHOHDVWVLJQLILFDQWELWVRIWKHFRORURIWKHSL[HOV
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)LJXUH6'+3:RUNIORZ0RGHO

LQ WKDW DUHD WR WKDW RI WKH ELWV RI LQIRUPDWLRQ WKH XVHU ZDQWV WR KLGH 7KLV PHWKRG LV
XQGHWHFWDEOHWRWKHQDNHGH\HDQGFDQEHGLIILFXOWWRGLVFRYHUHYHQSURJUDPPDWLFDOO\
7KHLPDJHVSURGXFHGE\WKH 3KRWR$SSZLOOKDYH PHVVDJHVHPEHGGHGLQWKHPVRLW¶V
VRPHZKDW LUUHOHYDQW LQ WKH FRQWH[W RI DQ LPDJH VKDULQJ DSS +XPDQ FXOWXUDO KHULWDJH
GRFXPHQWVDQGDUWLIDFWVLQFUHDVHUHJXODUO\DQGSODFH'DWD0DQDJHPHQWDVDFUXFLDOLVVXH
)LJXUHVKRZVWKH6WHJDQRJUDSKLF'DWD+HULWDJH3UHVHUYDWLRQ 6'+3 ZRUNIORZPRGHO
7KHILUVWVWDJHLQYROYHVH[SORUDWLRQDQGDSSURDFKHVEDVHGRQUHYLHZRIUHFHQWDGYDQFHV
7KH VHFRQG VWDJH LQYROYHV DGDSWDWLRQ RI DUFKLWHFWXUDO IUDPHZRUN DQG GHYHORSPHQW RI
VRIWZDUHV\VWHPDUFKLWHFWXUHLQRUGHUWREXLOGWKHV\VWHPSURWRW\SH,QFUHDVLQJUHJXODWRU\
FRPSOLDQFH PDQGDWHV DUH IRUFLQJ HQWHUSULVHV WR VHHN QHZ DSSURDFKHV WR PDQDJLQJ
UHIHUHQFHGDWD7KHDSSURDFKRIWUDFNLQJUHIHUHQFHGDWDLQVSUHDGVKHHWVDQGGRLQJPDQXDO
UHFRQFLOLDWLRQFDQEHWLPHFRQVXPLQJDQGHUURUSURQH$VYDULRXVRUJDQL]DWLRQVPHUJHDQG
EXVLQHVVHVHYROYHUHIHUHQFHGDWDPXVWEHFRQWLQXDOO\PDSSHGDQGPHUJHGDVDSSOLFDWLRQV
DUH OLQNHG DQG LQWHJUDWHG DFFXUDF\ DQG FRQVLVWHQF\ UHDOL]H LPSURYHG GDWD TXDOLW\
VWUDWHJ\OHWVRUJDQL]DWLRQVDGDSWUHIHUHQFHGDWDDVWKHEXVLQHVVHYROYHV,WLVLPSRUWDQWWR
KLJKOLJKWWKHW\SHDQGVWUXFWXUHRIGDWD7KURXJKWKHWLPHSUHVHUYLQJGLJLWDOLQIRUPDWLRQ
KDVDSURFHVVIRUGHVLJQLQJDSUDFWLFDOV\VWHPIRUPDQDJLQJPDVVLYHDPRXQWVRIFULWLFDO
GDWD7KHZD\WRLPSURYHWKHXQGHUVWDQGLQJRIWKHPHWKRGRORJ\WKHLQIRUPDWLRQKDVWR
FRQVLGHUWZRGLPHQVLRQVDFFHVVGLPHQVLRQDQGFRJQLWLYHGLPHQVLRQ%RWKRIWKHPKDYH
WKH OHYHO RI LPSRUWDQFH LQ WHUPV RI WKH UHVXOWV $V D PHWKRGRORJ\ RI WUHDWPHQW GLJLWDO
SUHVHUYDWLRQLWFRXOGEHULVN\HYHQZKHQWKHVWUDWHJ\FRXOGGHYHORSDFOHDULGHDRIGLJLWDO
UHVRXUFHVDQGGLJLWDODUWLIDFWV6WHJDQRJUDSK\LVDSRZHUIXODQGHIIHFWLYHPXOWLPHGLDWRRO
IRUWKH'LJLWDO+HULWDJH3UHVHUYDWLRQ7KLVFDQEHFOHDUO\VKRZQLQWKHSUHVHQWHGFDVHVWXG\
RIDVXFFHVVIXOLPSOHPHQWDWLRQRIVWHJDQRJUDSK\WHFKQLTXHLQWKH3KRWR$SSWKDWDOORZV
HGLWLQJ SKRWRV DGGLQJ PHVVDJHV DQG XSORDGLQJ WKH JDOOHU\ IRU YLHZLQJ H[FKDQJLQJ
PHVVDJHVDQGVHDUFKLQJIRULPDJHVE\RWKHUXVHUV


5HIHUHQFHV
>@ 81(6&2 ³,QIRUPDWLRQ 'RFXPHQW *ORVVDU\ RI :RUOG +HULWDJH 7HUPV -XQH  ´
KWWSZKFXQHVFRRUJDUFKLYHJORVVKWP
>@55:D]LUDOL=&KDF]NRDQG$.DOH³'LJLWDO0XOWLPHGLD$UFKLYLQJ%DVHGRQ
2SWLPL]DWLRQ6WHJDQRJUDSK\6\VWHP´$VLD3DFLILF&RQIHUHQFHRQ&RPSXWHU$LGHG6\VWHP
(QJLQHHULQJ $3&$6( ,(((
>@1)-RKQVRQDQG6-DMRGLD([SORULQJVWHJDQRJUDSK\6HHLQJWKHXQVHHQ&RPSXWHUYRO
QRSS$Ü6
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An Automatic and Human Assisted Stereoscopic
Rectiﬁcation Method for Practical Film
Production Environments
Roman Dudek, Carmelo Cuenca, and Francisca Quintana
Universidad de Las Palmas de Gran Canaria,
Juan de Quesada 30, 35001 Las Palmas de Gran Canaria, Spain
romandudek@gmail.com,carmelo.cuenca@ulpgc.es,francisca.quintana@ulpgc.es
http://www.ulpgc.es/

Abstract. We propose, test and deploy a production grade system for
the alignment of ﬁlm scenes shot using a stereoscopic pair of ﬁlm cameras. To guarantee that every scene can be aligned, the system oﬀers a
hierarchy of approaches: Fully automatic optical ﬂow based alignment
method, Semi automatic computer assisted method and ﬁnally an intuitive manual method. Diﬀerent visualization methods are explored to
assist the alignment quality control, and allow interactive correction if
automatic results were unsatisfactory.
Keywords: stereoscopy, rectiﬁcation, alignment, interactive, application, optical ﬂow, GUI

1

Summary

While stereoscopic movies were shot as early as 1910 [1], they always were considered a specialty until the James Cameron’s Avatar movie was released in
2009. Many other high level productions followed the lead, thus arising a need
for stereoscopic tools for professional ﬁlm post-production. The work described
in this article was researched and developed for such a software tool.
Films shot natively for 3D use a rig consisting of a stereoscopic pair of professional ﬁlm cameras, mounted in either parallel or mirror conﬁguration. The
camera pair and their lenses are mechanically aligned. However there is a limit
to the precision of the alignment, thus requiring further image alignment in the
post-production stage to avoid viewer discomfort.
Many works on stereoscopic alignment have been published, so the mathematical model is already developed and it can be found in works like [2]. The
stereoscopic alignment methods eventually result in a 3x3 matrix describing the
homography relation between the image pair [3], allowing the image pair to be
rectiﬁed. However, if the automated process fails for a diﬃcult image pair, it
would be very hard to align the images manually, as the numbers forming the
matrix have no obvious user interpretation in terms like “scale” or “rotation”.
As a diﬀerent approximation, in this work we describe the homography
transformation by a set of human intuitive parameters: Scale, Rotation, Oﬀset,
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Keysotne and Shear. Then, we use an iterative Optical Flow based algorithm to
calculate these parameters. After that we deﬁne the homography matrix combining the matrices corresponding to the above mentioned parameters, in the order
of application as usual in 3D modeling software, for better user understanding:
H = Hkeystone ∗ Hshear ∗ Hrotate ∗ Hscale ∗ Hof f set

(1)

In case the automated result is not satisfactory, the user can manually select reference points with certain properties to ﬁx individual parameters. For
example, two points on an approximately vertical line could be chosen to deﬁne
the scale rectiﬁcation. Optical Flow would be still used to calculate the actual
feature match at these points. If the Optical Flow fails even at these well chosen
points, the system allows to manually match the image features and derive the
values of individual parameters of the homography.
As an example of our results, compare ﬁgures 1 and 2 to see the geometric
alignment of the scenes. Each image is a checkerboard combination of the left
and right view, making any diﬀerence easy to spot on the square boundaries.
Observe that before the alignment almost all objects are both horizontally and
vertically unaligned, seen as jagged edges on the checkerboard square boundaries.
After the geometry alignment, the only jagged edges are observable on the near
seagulls wings, due to their inter-ocular parallax.

Fig. 1. Non-rectiﬁed sample.

Fig. 2. Rectiﬁed sample.
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Extended Abstract
This paper oﬀers a novel solution to face one of the most controversial issues
in the world in the last years: immigration. More than four million of Syrians
have been forced to ﬂee their country since the Bashar al-Assad regime began
in 2011 [1]. Between 2015 and 2016 more than 850.000 people sought refuge
in Europe [2], and most of them (220.000 approximately) crossed the frontiers
illegally across the Mediterranean, according to the European External Borders
Agency, Frontex [3]. Apart of Syria’s conﬂict, a lot of people from Africa each day
tries to cross the frontier to look for a better life in the Canary Islands or in the
mainland [4] [5]. The most used method to try to reach the Canary Islands coast
is with large ﬁshing boats (known as pateras). The number of migrations using
boats increases each year in comparison with the number of people that cross the
frontiers walking [6]. Throughout the years many ship detection proposals have
been presented based on the use of image processing combined with diﬀerent
strategies such as multiscale techniques [7], photogrammetric analysis of images
acquired by UAV [8], fuzzy logic [9], optical satellite images [10], etc. These works
show diﬀerent situations where image processing and drones or Unmanned Aerial
Vehicles (UAVs) can be helpful to detect small ships by combining diﬀerent
technologies. In order to propose a solution to the problem, here we deﬁne a
new system that combines real-time image processing to detect patterns in sea,
and UAVs. On the one hand, image processing is a methodology based on some
open libraries of Artiﬁcial Intelligence and Mathematics to apply various ﬁlters
to images, OpenCV and Numpy. On the other hand, UAVs are aircraft vehicles
controlled either remotely by pilots or autonomously by on-board computers.
The image processing libraries are used for the management of images and the
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application of ﬁlters to acquire a ﬁnal matrix that represents some possible
pateras in the image. Besides, the described system is combined with a real-time
marine traﬃc database that let us know the actual GPS positions of registered
ships. The developed system has been designed to ﬁlter unregistered objects,
based on the object size estimated using trigonometric operations on the altitude
and drone’s camera meta-data like focal and camera angle. After applying various
OpenCV ﬁlters and discarding small-sized objects to each frame, we can get a
detection rate of match of real pateras of 84% in the worst case and 100% in the
best case. In comparison with other systems, we use the image processing process
in a computer to take advantage of the computing capacity instead of using the
smartphone’s CPU. Also, as aforementioned, in order to discard false-positive
cases we use a ship GPS position database to compare all the GPS positions
of registered ships in the area, with the GPS position given by the drone after
a detection of a suspicious ship. The drone takes pictures each 3 seconds and
sends it using a three-way security channel. The ﬁrst security level applied in our
system is provided by the LTE connection that uses the SNOW 3G algorithm
for the integrity protection and stream cipher of the UMTS technology [11]. The
second one is given by the secure HTTPs server’s connection. Finally, the third
one is a pre-shared AES256 CBC key to encrypt the communications between
the drone and the server.
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&RPSHWLWLRQVDVD9HKLFOHWR6WUHQJWKHQ
/HDUQLQJ([SHULHQFH
6WHIDQ+RHUPDQQ0DWWKLDV)ULHGULFKVHQ
$DOHQ8QLYHUVLW\%HHWKRYHQVWUDH$DOHQ*HUPDQ\

$EVWUDFW,QWKLVSDSHUZHGLVFXVVWKHHGXFDWLRQDOEHQHILWRIVWXGHQWFRPSHWL
WLRQVLQWKHDUHDRIPRELOHURERWLFV\VWHPV6SHFLILFDOO\ZHFDQFRQILUPDQHG
XFDWLRQDOEHQHILWRIFRPSHWLWLRQVIRUVHOIGULYLQJFDUVZLWKVLPSOLILHGHQYLURQ
PHQWDOUHTXLUHPHQWVLQFRQMXQFWLRQZLWKFRQVWUDLQWV
.H\ZRUGV0RELOHURERWV\VWHPVVHOIGULYLQJFDUVPDFKLQHYLVLRQHGXFDWLRQ



0RWLYDWLRQ

7KHUHDUHQXPHURXVH[DPSOHVRISURGXFWVDYDLODEOHZKHUHPRELOHURERWV\VWHPVVWHS
LQWRRXUSULYDWHOLYH5RERWYDFXXPFOHDQHUVDQGODZQPRZHUVZHUHWKHILUVWGHYLFHV
RIWKLVFODVVHQWHULQJRXUGRPHVWLFKRPHV$VDQH[WVWHSRXUSDVVHQJHUYHKLFOHVZLOO
EHHTXLSSHGWRGULYHDXWRQRPRXV$OPRVWDOOFDUPDQXIDFWXUHUVSURYLGHDWOHDVWHOHF
WURQLF DVVLVWDQFH V\VWHPV WKDW FDQ EH XQGHUVWRRG DV D VWDUWLQJ SRLQW WRZDUGV VHOI
GULYLQJFDUWHFKQRORJ\,IWKLVLVQRWHQRXJKUHVHDUFKHUVDUHZRUNLQJRQWKHQH[WJHQ
HUDWLRQ RI URERW V\VWHPV PDNLQJ RXU OLIH PRUH HDV\ DQG FRPIRUWDEOH 7KH UDQJH RI
V\VWHPVUHDFKIURPPDLOGHOLYHU\V\VWHPV>@WRURERWLFV\VWHPVVXSSRUWLQJXVGRLQJ
WKHODXQGU\>@DQGKRXVHNHHSLQJ
,VWKLVQHZWHFKQRORJ\UHDG\WREHXVHGLQODUJHVFDOH"3DUWLDOO\\HVKRZHYHUWKHUH
LVPRUHHIIRUWUHTXLUHGWREHFDUULHGRXWWRLPSURYHFXUUHQWURERWLFV\VWHPV-XVWWKLQN
DERXWWKRXVDQGVRI YDFXXPURERWV ZDQGHULQJLQUDQGRPSDWWHUQV WKURXJKRXUOLYLQJ
URRPV /XFNLO\ WKH URERW YDFXXP FOHDQHU QDYLJDWLRQ SUREOHP VHHPV WR EH VROYHG
%XWDUHVHOIGULYLQJFDUVDOUHDG\VPDUWHQRXJKWRWDNHRYHUWKHVWHHULQJZKHHOLQDOO
VLWXDWLRQV" 7KH QXPEHU RI MRE DGYHUWLVHPHQWV LQ WKH DUHD RI PRELOH URERW V\VWHPV
DQVZHUWKLVTXHVWLRQ<RXQJHQJLQHHUVDUHZDQWHGIRUIXUWKHUGHYHORSPHQW



$SSOLFDWLRQ([DPSOH

7KHJRDORIURERWLFFRPSHWLWLRQHYHQWVLVWRPRWLYDWH\RXQJVWXGHQWVDQGUHVHDUFK
HUWRZRUNLQWKHDUHDRIPRELOHURERWV\VWHPV,QWKHDUHDRIVHOIGULYLQJFDUVWKHUH
DUHVHYHUDOFRPSHWLWLRQVDYDLODEOH7ZRRIWKHVHDUHWKH&DUROR&XS>@DQGWKH$XGL
$XWRQRPRXV 'ULYLQJ &XS >@ ZKHUH VHOIGULYLQJ FDUV LQ  VFDOH QHHG WR VROYH
UHDOLVWLFGULYLQJPDQHXYHUV+RZHYHUWKHHQYLURQPHQWLQWKHVHFRPSHWLWLRQVLVEHLQJ
NHSWYHU\VLPSOHZLWKHJZKLWHURDGPDUNLQJVRQEODFNIORRU,QFRPSDULVRQWRWKLV
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WKHIDPRXV)RUPXOD6WXGHQWHQJLQHHULQJGHVLJQFRPSHWLWLRQVWDUWVZLWKWKHQHZGULY
HUOHVVGLVFLSOLQHLQ>@ZKHUHPRUHUHDOLVWLFVLWXDWLRQVPD\EHVROYHG
,Q WKLV SDSHU WKH HGXFDWLRQDO EHQHILW RI VLPSOLILHG HQYLURQPHQWDO UHTXLUHPHQWV LQ
VHOIGULYLQJFDUFRPSHWLWLRQVLVEHLQJDQDO\]HG7KHGHWHFWLRQDQGUHFRJQLWLRQRIVLP
SOHURDGPDUNLQJVDVWKH\DUHGHILQHGLQWKHUXOHVRIWKH&DUROR&XSFRPSHWLWLRQZLOO
EHWDNHQDVDQH[DPSOHDSSOLFDWLRQ$VHGXFDWLRQDOEHQHILWWKHSRVVLELOLW\RIDSSOLFD
WLRQ RI EDVLF DOJRULWKPV DQG UHTXLUHPHQW RI DGDSWDWLRQ RI WKHVH DOJRULWKPV WR PHHW
FHUWDLQFRQGLWLRQVZLOOEHWKHPHDVXUH7KHILUVWZLOOSURYLGHDORZHQWU\OHYHOE\MXVW
DSSO\LQJ NQRZOHGJH ZKLOH WKH ODWWHU FUHDWHV GHHSHU XQGHUVWDQGLQJ E\ WUDQVIRUPLQJ
DOJRULWKPV



5HVXOWVDQG)XWXUH:RUN

$W$DOHQ8QLYHUVLW\WKHUHLVDWHDPRIVWXGHQWVSUHSDULQJWKHLUFDUIRUWKH&DUROR
&XSFRPSHWLWLRQ7KUHHG\QDPLFGLVFLSOLQHVKDYHWREHVROYHGIROORZLQJWKHFRXUVH
RIWKHURDGZLWKDQGZLWKRXWREVWDFOHVDQGSDUDOOHOSDUNLQJ
7KH WHDP FRXOG DFKLHYH WKH GHWHFWLRQ DQG UHFRJQLWLRQ RI WKH LGHDO URDG PDUNLQJV
ZLWKZKLWHWDSHRQEODFNJURXQGZLWKDVHWRIEDVLFDOJRULWKPV,QWKLVVWHSWKHWUDQVIHU
RIWKHOHFWXUHZDVWKHDSSOLFDWLRQDQGFRPELQDWLRQRILPDJHSURFHVVLQJDQGQXPHULF
DOJRULWKPV([LVWLQJLPSOHPHQWDWLRQVZHUHEHXVHGWRNHHSWKHHQWU\OHYHOORZ+RZ
HYHUWKHILUVWLPSOHPHQWDWLRQUHTXLUHGWRRPXFKFRPSXWDWLRQDOSRZHUZKLFKLVW\SL
FDOO\ QRW DYDLODEOH RQ OLJKWZHLJKW FRPSHWLWLRQ FDUV ,Q D VHFRQG VWHS WKH DOJRULWKPV
ZHUHLQGLYLGXDOO\RSWLPL]HGWRPHHWWKHFRPSXWDWLRQDOSRZHURID5DVSEHUU\3LFRP
SXWHU7KLVVWHSUHTXLUHVDQGERRVWVDGHHSXQGHUVWDQGLQJRIWKHDOJRULWKPV7KH&DUR
OR&XSFRPSHWLWLRQPRWLYDWHGWKHWHDPWRWDNHWKLVKXUGOH
:HFDQVKRZWKDWDFRPSHWLWLRQVHWXSZLWKVLPSOLILHGHQYLURQPHQWLQWKHDUHDRI
VHOIGULYLQJFDUVSURYLGHDYHU\JRRGOHDUQLQJVFHQDULR7KHEHJLQQLQJLVPRWLYDWLQJ
GXHWRORZHQWU\OHYHOEXWFRQVWUDLQWVUHTXLUHIXUWKHUHQJLQHHULQJRIEDVLFDOJRULWKPV
$FRPSDULVRQEHWZHHQH[SHULHQFHVRIWKH$DOHQ&DUROR&XSDQG)RUPXOD6WXGHQW
'ULYHUOHVVWHDPVZLOOSURYLGHPRUHHYLGHQFH
5HIHUHQFHV
 &KULVWLDQ%HUVFKDQG%HQMDPLQ3LW]HUDQG6|UHQ.DPPHO%LPDQXDOURERWLFFORWKPDQLSX
ODWLRQIRUODXQGU\IROGLQJLQ,(((56-,QWHUQDWLRQDO&RQIHUHQFHRQ,QWHOOLJHQW5RERWVDQG
6\VWHPV ,526 SDJHV±
 6HOI'ULYLQJ 5RERWV :LOO 6RRQ 'HOLYHU 7KH 0DLO ,Q 6ZLW]HUODQG
KWWSZZZIRUEHVFRPVLWHVIHGHULFRJXHUULQLZLOODXWRPDWLRQVSHOOWKHHQG
RIWKHPDLOPDQGHOLYHU\URERWVVRRQWRDSSHDURQVZLVVVWUHHWVEFIGE >YHULILHG
@
 &DUROR&XSKWWSVZLNLLIULQJWXEVGHFDURORFXSQHZV>YHULILHG@
 $XGL$XWRQRPRXV'ULYLQJ&XSKWWSVZZZDXGLDXWRQRPRXVGULYLQJFXSFRP>YHULILHG
@
 )RUPXOD 6WXGHQW 'ULYHUOHVV KWWSVZZZIRUPXODVWXGHQWGHSUHVVSUQHZVQHZV
GHWDLOVDUWLFOHDXWRQRPRXVGULYLQJDWIRUPXODVWXGHQWJHUPDQ\
>YHULILHG
@
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Modiﬁcations of Model Free Control to FOTD
Plants
Mikuláš Huba and Tomáš Huba
Slovak University of Technology in Bratislava
Ilkovičova 3, 812 19 Bratislava, Slovakia
mikulas.huba, tomas.huba@stuba.sk,
WWW: http://uamt.fei.stuba.sk

Abstract. Model free control (MFC) represents one of possible alternatives to traditional approaches as PID control, disturbance observer
based control (DOBC), internal model control (IMC), etc. As one of its
central features one could mention use of ﬁnite-impulse-response (FIR)
ﬁlters in input disturbance reconstruction. The paper deals with characterizing links of MFC to these approaches and proposing simple procedures for tuning of such controllers for the plants approximated by the
ﬁrst order time delayed models.
Keywords: Model free control, PID control, disturbance observer based
control, internal model control

1

Summary

Model free control (MFC) [1] oﬀering as its product “intelligent” PID control
represents one of popular alternatives to such approaches as PID control [2],
disturbance observer based control (DOBC) [3], internal model control (IMC)
[4], advanced disturbance rejection control (ADRC) [5–8].
Based on mathematically complex approaches of functional analysis and differential algebra it has been formulated within the so called ﬂatness-based control. In order to bring the complex theory as close as possible to practice, proposed intelligent PID controllers oﬀer great simplicity for their application and
tuning. The simplest solution, the intelligent proportional (iP) “model free” controller [1] is based on an “ultra local” integral model written usually as
ẏ = F + αu

(1)

Thereby, α ∈ R is considered to be (in general) a non-physical constant parameter that may be interpreted as a gain with an estimate α. F is representing an
equivalent disturbance acting on the integrator input. It is approximated by a
piecewise constant parameter φ that may be determined from measured ẏm as
φ = ẏm − αu

(2)

In calculating a mean value of this parameter by its integration over a time
interval L, the integration may be accomplished by a transfer function Qc (s) =
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(1 − e−sL )/(Ls). However, since it is just marginally stable, it is preferably
accomplished in a discrete-time form by a FIR ﬁlter
N
1  −i
L
z ; N = IP ( )
Qd (z) =
N 1
Ts

(3)

where Ts < L is the sampling period, z −1 the shift operator and IP represents
an integer part.
Let us specify a required output reference trajectory by y ∗ , ẏ ∗ and the tracking error trajectory as e = y − y ∗ , ė = ẏ − ẏ ∗ . The iP control algorithm may
ﬁnally be written in the form
u=

ẏ ∗ − K P e − φ
α

(4)

where K P is a chosen proportional gain.
It will be shown in the paper that the reference trajectory y ∗ , the controller
gain K P and the length of the FIR ﬁlter N (together with the sampling period
Ts ) play the key roles in implementation of the iP control. Simple recommendations for their choice based on the integral plus dead time (IPDT) and ﬁrst
order time delayed (FOTD) plant models will be given.
Together with other alternatives, the iP controller will be represented in an
integrating context and it will be explained, why such a solutions may not be
based on an output disturbance reconstruction and compensation.
An experimental comparison in a real time control of a noisy nonlinear thermal system will be given.
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3,5;'±3LORWOHVVUHFRQILJXUDEOHH[SHULPHQWDO8$9
-HQV$OWHQEXUJ&KULVWRSKHU+LOJHUW-RKDQQHVYRQ(LFKHO6WUHLEHU
8QLYHUVLW\RI$SSOLHG6FLHQFH%LQJHQDP5KHLQ*HUPDQ\
j.altenburg@th-bingen.de, c.hilgert@th-bingen.de,
j.voneichelstreiber@th-bingen.de

$EVWUDFW 7KH FRPELQDWLRQ RI VPDUW FRQWURO DOJRULWKPV PLQLDWXUL]HG DYLRQLFV
DQG RSWLPL]HG ' SULQWLQJ WHFKQRORJ\ LV WKH EDVH RI D SRZHUIXO 8$9 7KH
PHFKDQLFDO FRQVWUXFWLRQ RI WKH VHQVRU SD\ORDG DQG GULYLQJ PRGXOH DOORZV DQ
LGHDO DGMXVWPHQW WRGLIIHUHQW PLVVLRQ VFHQDULRV 8VLQJ D WHVW HQYLURQPHQW RI D
IOLJKWVLPXODWRUDQG DQH[WHUQDOPRWLRQSODWIRUPDOORZVWHVWLQJRI3,'FRQWURO
DOJRULWKPV LQ WKH ODERUDWRU\ XQGHU UHDOLVWLF FRQGLWLRQV 7KH LPSOHPHQWDWLRQRI
WKH UHVXOWV LV FDUULHG RXW RQ DQ $50 &RUWH[0 PLFURFRQWUROOHU :LWKLQ WKH
8$9 WKH GDWD DUH H[FKDQJHG XQGHU KDUG UHDOWLPH FRQGLWLRQV RQ WKH )XWDED
6%86EXVV\VWHP$OOPHFKDQLFDOPRGXOHVKDYHWKHLURZQFRQWUROSURFHVVRU
)RUDQLGHDODGDSWDWLRQWRWKHDHURG\QDPLFVFRPSRQHQWVRIWKHDLUIUDPHZLOOEH
PDQXIDFWXUHGE\'SULQWHUV
.H\ZRUGV8$9)OLJKW6LPXODWRU3,''3ULQWHU+DUGZDUHLQWKHORRS
$50&RUWH[0'LUHFW0HPRU\$FFHVV '0$ )XWDED6%865HDOWLPH
2SHUDWLRQ6\VWHPFRRSHUDWLYH0XOWLWDVNLQJ



3UHIDFH

5DGLRFRQWUROOHGDLUFUDIWVRUXQPDQQHGDHULDOYHKLFOHVKDYHDORQJKLVWRU\HVSHFLDOO\
LQ PLOLWDU\ 7KH\ ZHUH HTXLSSHG ZLWK KLJK SUHFLVLRQ HOHFWURPHFKDQLFDO DXWRSLORWV
:LWK QRZDGD\V FRPSRQHQWV LH 0(06 PLFURFRQWUROOHUV DQG KLJK SHUIRUPDQFH
EUXVKOHVV PRWRUV LW VKRXOG EH SRVVLEOH WR GHVLJQ EHWWHU DW OHDVW HTXDO  DQG PXFK
FKHDSHUFRQWUROV\VWHPVVKRXOGQ WLW"
7KH 8$9 FRQVLVWV RI WKUHH HOHFWURQLF EORFNV WKH RQERDUG FRPSXWHU WKH SD\ORDG
FRPSXWHUDQGWKH GULYH FRQWURO7KH RQERDUGFRPSXWHULV WKH FHQWUDOSDUWRIWKHRQ
ERDUG HOHFWURQLFV 6LWXDWLRQDO DZDUHQHVV WKH IOLJKW FRQWURO DOJRULWKPV DQG WKH
WHOHPHWU\DUHFRQFHQWUDWHGLQLW
$VORQJDVQR IO\LQJ KDUGZDUHH[LVWVQRUHDOVHQVRUYDOXHVDUHJLYHQ:LWKRXWGDWD
QRDOJRULWKPVFDQEHYDOLGDWHGDQGWHVWHG$IOLJKWVLPXODWRUIRUPRGHODLUFUDIWVZLOO
EHYHU\KHOSIXO
7RJHWGDWDDVUHDODVSRVVLEOHWKHVLPXODWHGGDWDVWUHDPLVQRWXVHGDVDGLUHFWLQSXW
WR WKH IOLJKW FRQWUROOHU 7KH VLPXODWRU KDV EHHQ H[SDQGHG ZLWK DQ H[WHUQDO PRYLQJ
SODWIRUP&RQWUROOHGE\WZRVHUYRVWZRJ\URD[HVFDQEHPRYHGVLPXOWDQHRXVO\E\
WKHVLPXODWHGPRGHODLUFUDIWRQWKH3&,QIDFWLWLVQRWDSLHFHRIUHDOLW\EXWQRWVR
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IDU DZD\ IURP LW ,Q WKH ILUVW VWHS LW LV SRVVLEOH WR UHGXFH WKH FRPSOH[QHVV RI WKH
RQERDUG FRPSXWHU E\ XVLQJ RQO\ IRXU LQSXW VRXUFHV IOLJKW FRXUVH IO\LQJ DOWLWXGH
ODWHUDOFRQWURODQGSLWFKD[LV(YHU\LQSXWFKDQQHOKDVLWVRZQ3,'FRQWUROOHU
,VVXHV RI WUDQVSRUW DQG VHWXS WLPH SOD\ DQ LPSRUWDQW UROH IRU WKH SUDFWLFDO XVH
7KHUHIRUH WKH DLUIUDPH LV FRQVWUXFWHG RI WKUHH PHFKDQLFDO SDUWV 7KH VHQVRU PRGXOH
FRQWDLQV WKH RQERDUG FRPSXWHU LQFOXGLQJ WKH SRVLWLRQ GHWHFWRUV WKH EDURPHWHU WKH
SLWRW WXEH *36 WHOHPHWU\ DQG UHPRWH FRQWURO UHFHLYHU DV ZHOO DV WKH RSWLRQDO UDGDU
HTXLSPHQW
7KH LQFOXVLRQ RI ' SULQWHUV LQ WKH SURWRW\SH ZDV QRW LQLWLDOO\ SURYLGHG ,W ZDV QRW
XQWLO DIWHU WKH ILUVW VXFFHVVIXO  WHVW IOLJKWV ORRPHG WKH OLPLWV RI WKH XVH RI IRDP
PDWHULDOVWKDWWKHVWHSKDVYHQWXUHGWRUHGHVLJQ


'

)LJ7KHILUVWSURWRW\SHRIWKH8$93,5; PDQXIDFWXUHGIURP'SULQWHGSDUWV



/LWHUDWXUH

>@

$OWHQEXUJ - $21(  $ KLJKO\ VRSKLVWLFDWHG WHVW EHQFK IRU )OLJKW &RQWURO
6\VWHPV 6FLHQWLILF 5HSRUWV  VW ,QWHUQDWLRQDO 6FLHQWLILF &RQIHUHQFH
0LWWZHLGD 2FWREHU ,6611U
KWWSZZZIXWDEDUFFRPVEXVLQGH[KWPO
YRQ (LFKHO6WUHLEHU -RKDQQHV ³(QWZLFNOXQJ XQG ,QEHWULHEQDKPH HLQHU
HLQJHEHWWHWHQ 0HKUDFKV5HJHOXQJ ]XU )OXJVWDELOLVLHUXQJ HLQHV 8$9³ 0DVWHU
7KHVLV7+%LQJHQ
+LOJHUW &KULVWRSKHU ³(QWZXUIXQG5HDOLVLHUXQJHLQHV%RUGFRPSXWHUV IUHLQ
8$9´%DFKHORU7KHVLV)+%LQJHQ
+LOJHUW &KULVWRSKHU³6SH]LIL]LHUXQJ XQG $QDO\VH YRQ 5DGDUVHQVRUHQ ]XU
1XW]XQJLQXQEHPDQQWHQ)OXJV\VWHPHQ³0DVWHU7KHVLV7+%LQJHQ
6WZH%RWKR Ä3HHQHPQGH:HVW  'LH (USUREXQJVVWHOOH GHU /XIWZDIIH
%HFKWOH9HUODJ(VVOLQJHQ6HLWHII
)UDQNH +DQV0DUWLQL Ä)OXJUHJOHU6\VWHPH 2OGHQEXUJ 9HUODJ 0QFKHQ
:LHQ
$OWHQEXUJ - ,1(6 ± ,QWHOOLJHQWHV (OHNWURQLNV\VWHP IU )OXJGURKQHQ
6FLHQWLILF 5HSRUWV  VW ,QWHUQDWLRQDO 6FLHQWLILF &RQIHUHQFH 0LWWZHLGD
2FWREHU ,6611U

>@
>@

>@
>@
>@
>@
>@
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7KH0RGHOVWKDW&DQ%H0DWFKHGE\)HHGEDFN
9ODGLPtU.XþHUD
&]HFK,QVWLWXWHRI,QIRUPDWLFV5RERWLFVDQG&\EHUQHWLFV
&]HFK7HFKQLFDO8QLYHUVLW\3UDJXH&]HFK5HSXEOLF
YODGLPLUNXFHUD#FYXWF]

0RGHO PDWFKLQJ RU H[DFW PRGHO PDWFKLQJ  LV D SUREOHP RI JUHDW LQWHUHVW LQ V\V
WHPVWKHRU\DQGDSSOLFDWLRQV>@,WFRQVLVWVRIFRPSHQVDWLQJDJLYHQV\VWHPVRDVWR
DFKLHYHDVSHFLILHGWDUJHWWUDQVIHUIXQFWLRQPDWUL[
0RUHVSHFLILFDOO\JLYHQDOLQHDUWLPHLQYDULDQWV\VWHP ABCD ZLWKnVWDWHV
mLQSXWVDQGpRXWSXWVGHVFULEHGE\WKHHTXDWLRQV

x t = Ax t + Bu t  y t = Cx t + Du t
WKDWJLYHULVHWRWKH p × m WUDQVIHUIXQFWLRQPDWUL[
T s = C sI − A

−

B + D

ZHVHHNWRGHWHUPLQHDVWDWLFVWDWHIHHGEDFNODZ FG RIWKHIRUP

u t = Fx t + Gv t
ZLWKrH[WHUQDOLQSXWVVXFKWKDWWKHFORVHGORRSWUDQVIHUIXQFWLRQPDWUL[

TF G s = C + DF sI − A − BF

−

BG + DG

HTXDOVDVSHFLILHG p × r SURSHUUDWLRQDOPDWUL[Tm s 
7KHSUREOHPLVGLIILFXOWWRVROYHLQIXOOJHQHUDOLW\,QFDVH r = m DQGGLVVTXDUH
DQGQRQVLQJXODUWKHVWDWHIHHGEDFNODZLVVDLGWREHUHJXODUDQGWKHSUREOHPJUHDWO\
VLPSOLILHV>@
7KHVROYDELOLW\FRQGLWLRQVLQWKHJHQHUDOQRQUHJXODUFDVHDUHREWDLQHGDVIROORZV
/HWNs s D s EHULJKWFRSULPHSRO\QRPLDOPDWULFHVVXFKWKDW

sI − A

−

B = N s s D − s

DQGD s LVFROXPQUHGXFHGZLWKFROXPQGHJUHHVdddm'HQRWH

N s = CN s s + DD s 
VRWKDW
T s = N s D ± s 

/HWNm s Dm s EHULJKWFRSULPHSRO\QRPLDOPDWULFHVVXFKWKDW
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Tm s = N m s Dm− s 

Theorem 1>@7KHUHH[LVWV DVROXWLRQRIWKH PRGHO PDWFKLQJSUREOHPYLDVWDWLF
VWDWHIHHGEDFNLIDQGRQO\LI
D WKHHTXDWLRQ

N s U s = Nm s V s
DGPLWV D SRO\QRPLDO PDWUL[ VROXWLRQ SDLU U s  V s  VXFK WKDW V s  LV r × r  DQG
QRQVLQJXODU
E  WKHUH H[LVW D SRO\QRPLDO PDWUL[ H s  DQG D FRQVWDQW  PDWUL[ Z ZKHUH H s  LV

m × m DQGQRQVLQJXODUFROXPQUHGXFHGDQGZLWKFROXPQGHJUHHVdddmVXFK
WKDW
 H − s Z = U s [ Dm s V s

]

−

 Ƒ

7KHFRQGLWLRQVDUHUDWKHULPSOLFLW,WLVWKHUHIRUHRILQWHUHVWWRH[SOLFLWO\DQGPRUH
HIILFLHQWO\FKDUDFWHUL]HWKHPRGHOVWKDWFDQEHPDWFKHGE\FRPSHQVDWLQJDJLYHQV\V
WHP WKDW LV WR VD\ WR GHVFULEH WKH VHW RI WKH FORVHGORRS WUDQVIHU IXQFWLRQ PDWULFHV
TF,G s REWDLQDEOHE\IHHGEDFN
Theorem 27KHVHWRI PRGHOWUDQVIHU IXQFWLRQ PDWULFHVWKDW FDQEH PDWFKHGWRD
JLYHQV\VWHPE\IHHGEDFNLVJLYHQE\

Tm s = N s [ D s + Q s

]

−

G

ZKHUHQ s LVDQ\ m × m SRO\QRPLDOPDWUL[VXFKWKDWQ s D± s LVVWULFWO\SURSHUG
LVDQ\UHDOPDWUL[RIVL]H m × r  DQGrLVDQ\SRVLWLYHLQWHJHUƑ
7KHSURRILVEDVHGRQWKHIDFW>@WKDWWKHVHWXRImURZSRO\QRPLDOYHFWRUVw s 
VXFKWKDWw s D± s LVVWULFWO\SURSHULVDUHDOYHFWRUVSDFHRIGLPHQVLRQd dd
dmDQGWKHURZVRINs s IRUPDEDVLVIRUX
$FNQRZOHGJPHQW
7KLVZRUN ZDVVXSSRUWHGE\WKH7HFKQRORJ\ $JHQF\RIWKH&]HFK5HSXEOLFXQGHU3URMHFW
7(&HQWHUIRU$SSOLHG&\EHUQHWLFV

5HIHUHQFHV
 .XþHUD9&DVWDxHGD7ROHGR($UHYLHZRIVWDEOHH[DFWPRGHOPDWFKLQJE\VWDWHIHHG
EDFN ,Q Proc. 22nd Mediterranean Conference on Control and Automation 3DOHUPR
SS
 :RORYLFK:$7KHXVHRIVWDWHIHHGEDFNIRUH[DFWPRGHOPDWFKLQJSIAM J. Contr
  
 .XþHUD90RGHOPDWFKLQJE\QRQUHJXODUVWDWLFVWDWHIHHGEDFN,QProc. American Control Conference&KLFDJRSS
 +DXWXV0/-+H\PDQQ0/LQHDUIHHGEDFN±$QDOJHEUDLFDSSURDFKSIAM J. Contr.
Optimiz  
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An Underwater Gripper with Integrated Force/Torque Sensor for
Robotic Manipulation and Cooperation
G. Palli, L. Moriello, U. Scarcia and C. Melchiorri
DEI - Università di Bologna, Viale Risorgimento 2, Bologna, Italy
Abstract. In this paper, a robotic gripper designed for the Italian project MARIS is presented. The gripper is
characterized by modular actuation, cable-based transmission and a force/torque sensor integrated in the wrist
interface. The wrist force/torque sensor is based on optoelectronic technology for reducing the cost, simplify the
electronics and allowing a simple integration with the other part of the system.
This gripper has been mounted on the 7-dof manipulator of the MARIS robot and used for underwater manipulation activities. In particular, the force/torque sensor is necessary for allowing the collaboration between
multiple robots, as foreseen within the MARIS project activities.

1

Design of the MARIS Gripper

The gripper designed for the Italian project MARIS [2], shown in Fig. 1(a), can operate at a depth of 50 m
and can grasp cylindrical objects with diameter from 5 to 200 mm. Both precision, parallel and power grasps
can be performed. The gripper is equipped with irreversible actuators to allow maintaining the grasp without
consuming any power, and transmission system compliance is provided to adapt to object shape irregularities
and uncertain dimensions. Moreover, the gripper is equipped with a wrist force/torque sensor, as shown in detail
in Fig. 1(b). This gripper represent the evolution of previous devices developed by the same authors for previous
research projects [1,5]. It has three ﬁngers: one opposable thumb, and two identical ﬁngers (named right and left
ﬁnger respectively). The thumb has two links only: the proximal link, connected to the palm by a revolute joint
(proximal joint) with a rotational axes parallel to the palm plane, and a distal link connected to the proximal
link by a revolute joint (distal joint) whose rotational axes is also parallel to the palm plane. The right and left
ﬁngers diﬀer from the thumb by the connection of the ﬁnger to the palm: in this case, an additional joint (palm
joint) with rotational axis perpendicular to the palm plane is introduced between the palm and the proximal
link, allowing the rotation of the whole ﬁnger with respect to the palm perpendicular axis. This arrangement
allows performing both parallel grasps as well as precision grasps, by means of opposition of the ﬁngertips.
The gripper has 8 joints, each one driven by an independent closed-loop cable actuation. On the basis of an
analysis of the required gripper capabilities, and in order to reduce the overall weight, only 3 (identical) motors
are used for the actuation. Obviously, couplings among the joints is present: these couplings are implemented
in a very simple way by connecting in parallel the cable driving system of the three joint groups (i.e. distal,
proximal and palm joints) to the same motor.
The ﬁnger phalanges are manufactured in ABS plastic for reducing the weight and increasing the buoyancy,
whereas anodized aluminum has been adopted for the structural parts, such as the wrist ﬂange and the palm
structure. The gripper weight is about 4.5 daN in air, and about 1 daN in water. The gripper is also provided

Proximal
Link

Force/Torque
Sensor

Distal
Link

Palm Plane
with Camera
and LED Lights
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Reference Sensor

Actuator Shaft Acquisition
Connection
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(a) The gripper mounted on the reference sensor during
wrist force/torque sensor calibration.

O-ring
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Complaint Elements
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Fig. 1. Detailed view of the gripper and of the wrist force/torque sensor.
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(b)

Fig. 2. The MARIS UVMS during grasping operations in the underwater environment.

with a camera with a resolution of 1024x768 pixel and 30 fps. Moreover, a couple of high-power LED capable of
3000 lumens each have been integrated in the gripper palm to allow proper camera operation in the underwater
environment.
The gripper has been designed with a modular actuation approach, and is driven by three electric motors, the
Faulhaber EN 2250 BX4 CCD brushless DC motor with integrated motion controller and CAN interface, capable
of continuous power of 12 W and provided with a 14:1 gearbox, guaranteeing a maximum torque of 1 Nm in
continuous operation and of 1.54 Nm in intermittent operation. An additional worm gear 20:1 speed reducer is
connected to the motor output shaft in order to obtain a proper torque/speed ratio between the motor and the
load axis together with a more suitable arrangement of the motor for reducing the actuation encumbrance. The
actuator housing is designed to allows replacing the motor very rapidly in case of fault. Moreover, a reduction
ratio of 2.6:1 is achieved by means of the diﬀerent radii of the driving and the joint pulleys adopted in the cable
transmission. Considering a 20% torque loss due to friction along the cable transmission, the maximum normal
force applicable by each ﬁnger in continuous operation is about 150 N, which can be considered satisfactory for
the typical operations of the MARIS project.
The wrist force/torque sensor is implemented by means of optoelectronic components, and its working principle
is based on the modulation of the current ﬂowing through a PhotoDetector (PD) as a consequence of the
variation of the relative position of a infrared light source (LED), and in particular of the angle of view between
the optoelectronic components and the length of the optical path, the reader can refer to [3, 4] for a complete
analysis of the system. The sensor allows detecting the deformation of the gripper wrist mechanical structure
caused by the contact with the grasped objects or the environment, allowing the estimation of both the forces
and the torques applied to the gripper.
The gripper has been mounted on the 7-dof manipulator the MARIS Underwater Vehicle Manipulator Systems (UVMS) is provided with and has been successfully used during autonomous grasping and transportation
experiments, as show in Fig. 2.
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Konrad Zuse’s ﬁrst computing devices
Roland Vollmar
Karlsruhe Institute of Technology
Institute of Theoretical Informatics
D-76131 Karlsruhe
vollmar@ira.uka.de

After a short introduction to the history of mechanical computing the principles of Konrad Zuses (1910–1995) developments of the so-called Z1–Z4 will be
discussed.
Before the emerging of Zuse’s devices the (electro-)mechanical calculators
operated with gear wheels, sprocket wheels or step rolls on the decimal base. As
an employee of an aircraft company Konrad Zuse was bored by simple statical
calculations. Therefore in 1935 he began his considerations for automatic processing of the forms and at last he developed another type of calculator based
on the dual system with ﬂoating point numbers. The arithmetical unit and the
storage unit (with 64 words) of the Z1 were ingeniously built by metal plates
with cutouts (realized by hand with a jigsaw) which were arranged in several
layers and moved by vertical rods. The data were input as decimal numbers on a
console and the program by a punch tape. In principle the functioning was given
but with a very limited reliability. Nevertheless the soundness of the concept was
proved.
For his second machine (Z2) Zuse used electromechanical relais for the arithmetical unit but still a mechanical storage unit.
Of overwhelming interest is the Z3, the “ﬁrst fully automatic program controlled and freely programmable in a binary ﬂoating point working computing
device” (F.L. Bauer in [4]1 ) which Konrad Zuse completed in 1941. The following quotation [6] underlines the signiﬁcance of this machine: “. . . the Z3 was the
ﬁrst machine in the world that could be said to be a fully working calculator
with automatic control of its operations.”
During the war it has been destroyed by the bombing of Berlin.
The next machine Zuse built (Z4) had a relay arithmical unit but again a
mechanical storage because a realization with relays resulted in an inadequate
size and weight. He brought essential parts of the Z4 on an adventurous ﬂight
through Germany in the last weeks of the war into the Allgäu where he completed
it. It was rented to the ETH Zürich and worked there quite reliable during several
years.
The inﬂuence of Z22, a computer built in the company he founded, on the
establishing of Informatics at German universities will be described.
Zuse’s construction of control computer devices and his early idea of an array
computer will only be mentioned.
At last the question “Who constructed the ﬁrst computer ?” will be touched.
1

Translated by the author
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Corresponding to the title here we refrain from mention the scientiﬁc work
not directly connected to the development of computing devices.
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Institute for Communication and Psychology, Aalborg University
Aalborg, Denmark
thessa@hum.aau.dk
The Great Art of Ramon Llull — the Ars Magna — must be seen as one of
the basic philosophical approaches to formalisation of thought, language, and
knowledge; conceived and written in the late 13th century by a lay-monk
whose life alone would be worth a Hollywood movie.
In this paper I will take a brief look at Llull’s life and work, before explaining
the four main parts of his Ars Magna. Finally, I will try to give a new perspective on how the Ars Magna still might be a viable and valuable approach to
understand some of the challenges and possibilities found in computer science
and ethics.

 
Llull was born in 1232 in Palma de Mallorca, a melting pot for different cultures and religions at the time. Being educated at the king’s court, Llull
learned the trade of the troubadour as well as reading and writing in Catalan.
He became a devout Christian later in life only after he had married. Jesus
showed himself to Llull on several occasions, and eventually Llull resumed
his rather debauched life and decided to dedicate the rest of his life to three
purposes, which were to become a missionary and die for Christ, to develop
and write the Ars Magna, and to build monasteries which should teach various
languages [1,2].
The rest of his life, Llull spent travelling around the Mediterranean in an effort to convince Muslims, especially, of the truth of the Christian faith. He
soon discovered that the main challenge was to explain the divine Trinity to
non Christians. Furthermore, he realised that culture and language barriers
must be taken into account when he tried to explain the Christian faith. Instead of focussing on the differences, Llull sought out the similarities, going
as far as copying the worshipping style of Muslims.
Legend has it that Llull was stoned to death in the city of Tunis in 1316 by an
angry mob of Muslims, unable to dismantle his arguments for the primacy of
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the Christian faith. His dead body was brought back to Mallorca, and the people of Mallorca have since tried to have Llull canonised as a saint.



 

A few years before his death Llull began to write the most thorough and final
version of his Ars Magna, the Ars Generalis Ultima [3]. The books explain
the different figures of the Ars, its principles, questions, descriptions, and
combinations.
Figure A, which is the divine figure, contains the nine divine or basic principles. It is made up by two or three concentric circles on top of each other. The
inner circles contain the nine letters B to K (J is missing in the Latin alphabet
and the outer circle has the nine principles written on it. The combinations of
letters with principles are used to construct logical arguments and syllogisms.
The centre of the figure T is made up by three triangles on top of each other.
Each triangle points at three different letters in the inner circle around the
triangles. Each letter has a principle attached. The outer circle explains the
relative principles.
The third figure as well as the fourth figure are combinatoric figures, containing pairs of two letters (third figure) or possible pairs of three letters (fourth
figure, in which the different circles can be moved to find new combination of
the nine letters).
Finally, the alphabet of the Ars Magna together with an extensive list of possible combinations and their explanations are part of the Ars Generalis Ultima.
Llull saw his Ars as a tool for an amiable and logical discussion among peers.
The divine principles as well as the relative principles were common ground
for the theological and philosophical trained religious leaders. Through the
design of the different figures in his Ars, Llull allowed a discussion which
was removed from the holy scriptures and their interpretation, instead revolving around understanding the very nature of belief, life, and God as such.
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Llull was an inspiration for later scientists, most notably Giordano Bruno,
Athanasius Kirchner, Agrippa of Nettesheim and Gottfried Wilhelm Leibniz,
whose dissertation De Arte Combinatoria begins with a discussion of Llull’s
Ars Magna. Umberto Eco also mentioned Llull in his book The Search for the
Perfect Language in which Eco describes the quest for developing or discovering the most basic language which would enable people to understand or
translate everything easily into another language. The same quest can be
found in the work of artificial intelligence and knowledge representation,
which seeks to formalise language and knowledge in a way which can be
translated into a computer program.
And as Fidora’s and Sierra’s [4] anthology Ramon Llull: From the Ars Magna
to Artificial Intelligence shows, Llull’s influence and relevance is profound in
today’s work on topics ranging from conceptual graphs and logical analysis,
social choice theory and adaptive reasoning to Llull’s influence on Peirce’s
pragmatic thinking.
Llull is important, even now, on a whole other level. His ethical considerations when he wanted to convince people of the one true faith can be found in
modern philosophers like e.g. Knud E. Løgstrup and Zygmunt Bauman. By
using a list of commonly acknowledged principles and combinatoric rules,
Llull turns missionary persuasion into a Habermasian dream of communication among equals.
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The 19th-Century Crisis in Engineering
Hartmut Bremer
Institut für Robotik, Johannes Kepler Universität Linz
hartmut.bremer@jku.at

At the end of the 19th century, applied (or technical) mechanics, as one of
the basics of technical development, found itself a desolate state, due largely to
the refusal of its practitioners to recognize the inﬂuence of kinetics on (spatial)
motion. They had failed to keep up with developments in the science underlying
their craft and were unable to keep pace with the speeds of such systems as
the steam engine. On the other hand, theoretical (or rational) mechanics was
already well established, mainly (but not restrictively) in conservative astrodynamics. Into this critical situation, two scientists began to bild a bridge, from
two diﬀerent sides: August Föppl (1854-1924) and Felix Klein (1849-1925).
August Föppl represents Technical Mechanics. He had studied Civil Engineering and taught ﬁfteen years at the vocational school in Leipzig. In 1892
he attained a professorship for agricultural engineering in Leipzig. Two years
later he moved to Munich where he stayed until his death in 1924. It is remarkable that he already introduced vector analysis, and he was the ﬁrst one to give
an explanation to the word wide unbelieved gyro experimental results from Carl
Gustav de Laval (1845-1913) [1] (later also investigated by Jeﬀcott (1877-1937)).
The ﬁve years older Felix Klein was a mathematician with strong interests in
Rational Mechanics. He obtained his ﬁrst chair (geometry) in Erlangen, 23 years
old, from where he moved 1875 to Munich (analytical geometry), 1880 to Leipzig
(geometry) and 1886 to Göttingen (mathematics). Together with his assistant
Arnold Sommerfeld (1868-1951), he published a famous book on gyrodynamics
[2]. The Gyro is the typical representative for spatial dynamics.
Through Klein’s inﬂuence, Karl Heun (1859-1929) attained a professorship
in Karlsruhe 1902. Heun had studied mathematics in Halle and Göttingen and
earned his habilitation degree 1886 in Munich where he stayed for three years as
a private lecturer and then changed to Berlin as a senior teacher. There he met
a group of engineers whose problems had grown seemingly insurmountabe. Karl
Heun, with his paper from 1900 [3], set the course towards analytical mechanics.
In Karlsruhe, Georg Hamel (1877-1954) became Heun’s assistant, during which time period Hamel published his habilitation thesis [4]. Heun’s and
Hamel’s contributions were strongly based on Lagrangian mechanics. It was due
to Felix Klein that outstanding scientists like Heun and Hamel could eventually
bring engineering and natural science back together.
Over the centuries. In the middle of the 19th century, technical universities
had been founded all over europe, mainly based on the french école polytechnique
from 1794 where Joseph Louis de Lagrange (1736-1813) was teaching from 1797
on, after he had left Berlin ten years before (where he was Euler’s successor).
Already in 1764 he had won the french academy award [5]. In [5] he formulates
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for the ﬁrst time δrT (r̈dm − df ) = 0: the Lagrange-Principle (which up to the
time being has been confused with d’Alembert’s Principle [6] which has nothing
in common). This breakthrough is impressively demonstrated in his Analytical
Mechanics [7] where he calls it the “general formula of dynamics” being the basis
for his (so-called) analytical methods – but also for the later (so-called) synthetical method(s). No question: Lagrange’s Principle from 1764 is a milestone in
dynamics and represents the basis of mechanics as modern as can be.
“Practical application of mechanics at ﬁrst needs to understand its basics”
says Föppl 1899, [1], and needs adequate mathematical treatment. However,
as Heun puts it 1900, [3], “in view of complex kinetic problems, the intensive
knowledge of Lagrange [rational mechanics], Gauss [numerical integration] and
Riemann [projective geometry] will lead to success rather than the tedious search
in integral tables and engineer calendars. We should, however, not forget that
these ingenious mathematicians had been far away from technical applications;
the translation of their ideas into a “homespun” form which is needed here
[technical mechanics] is by no means an easy task”.
In 1905, Klein initiated the institute of applied mechanics in Göttingen. Its
directors became two of Föppl’s students, namely Ludwig Prandtl (1875-1953),
the famous ﬂuid dynamicist, followed by Max Schuler (1882-1972) who developed
the gyro compass. Under their guidance, Kurt Magnus (1912-2003) approved his
PhD (1937) and habilitation theses (1943). (After WWII, he was deported to
the USSR, more than seven years imprisoned and forced to do reseach on rocket
control). Magnus founded the second chair of mechanics in Munich (1966). His
book from 1971 [8] comprises the development up to that time, Gyrodynamics
representing spatial dynamics at its best. He underlines: “I abstain from specialized mathematical tools when the desired equilibrium between eﬀort and success
gets lost”. Clearly, things are going on and sometimes need special tools, but it
is not constructive to burden the whole consideration with side views. This goes
along with Klein’s statement at the very beginning [9]: “The exact university
sciences have lost contact with the living world in a threatening manner. They
look for fame in a self-chosen isolation”.
The circle is closed, the 19th century crisis in engineering is overcome. Let
us wait for the next.
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1. A. Föppl, Vorlesungen über Technische Mechanik (B.G.Teubner, Leipzig, 1899).
2. F. Klein, A. Sommerfeld, Theorie des Kreisels (B.G.Teubner, Leipzig, 1897).
3. K. Heun, Die kinetischen Probleme der wissenschaftlichen Technik, in: Jahresberichte der DMV, IX,2 (1900).
4. G. Hamel, Die Lagrange-Eulerschen Gleichungen der Mechanik, ZAMP, 1-57 (1904).
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Nicolas Rashevsky: Mathematical Biophysicist
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Nicolas Rashevsky was a pioneer in applying mathematics to biology. He is
perhaps best known for his creation of neural net models and his applications of
these models to a wide variety of problems in physiology and psychology.
His journal, the Bulletin of Mathematical Biophysics (renamed Bulletin of Mathematical Biology), and his two volume tome, Mathematical Biophysics (Dover,
1960), inspired others to use mathematical models in biology.
Here we give a brief description of Rashevsky’s career and discuss his lasting
(or not so lasting) inﬂuence.
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McCulloch’s Relation to Connectionism and A.I.
Roberto Moreno-Dı́az, Gabriel de Blasio
IUCTC - Universidad de Las Palmas de G.C.
rmoreno@iuctc.ulpgc.es
gabriel.deblasio@ulpgc.es

Abstract
It is normally accepted that the beginnings of modern computing connectionism can be traced to McCulloch’s and Pitt’s paper of 1943 [1]. The important
points of their historical contributions is however mislead by the drift that developments on theoretical computer architectures took after the 50’s. The so
called Artiﬁcial Neural Nets and subsequent connectionist philosophy were actually ﬁxed by Rosenblatt’s Perceptrons and his detractors, plus the more recent
adenda of multi-layer perceptrons and back propagation adjusting techniques.
They clearly used the basic idea of threshold logic and computation but evolved
away from McCulloch-Pitts proposals, towards and in a computer tool of many
times questionable power, just as parametric classiﬁers.
What is apparent, however, is that the Macy’s Foundation Meetings from
1943 to 1945 , started by Wiener and McCulloch, and all chaired by the late,
provided for the roots of many of present day concepts and ideas for the so called
Computational Neurosciences.
On an other side, A.I. appears in the 50’s by the hand of McCarthy and
Minsky, mostly inﬂuenced by mathematical and logician of the caliber of Gordon Pask, Von Neumann and Donald McKay. McCulloch, again, stood aside, in
spite of this strong friendship and relations to all of them, even helping seriously
in the creation of the MAC Project of Minsky and the A.I. laboratory of MIT
in Tech. Square. He always thought however that Good Old-Fashioned Artiﬁcial
Intelligence (GOFAI) and its successor, Knowledge Engineering contributed nothing to brain understanding, but rather were in most cases “toys or even little
monsters”.
By a quick reminder of McCulloch’s late years activity (1965-1969) we shall
try to show how the basic contributions to the computer-brain paradigm of
McCulloch came mostly from the two important early papers, the one in 1943
and “How We Know Universals” in 1947. We shall end by reminding some still
open questions since his last meetings in Europe (Lisbon, july 1968): on command and control, consciousness, intention, multi-functionality and reliability in
the nervous system.

References
1. McCulloch WS, Pitts W (1945) A Logical Calculus of the Ideas Immanent in Nervous Activity. The Bulletin of Mathematical Biophysics 5(4):115–133
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Kurt Gödel: A Godfather of Computer Science
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Abstract
We argue that Kurt Gödel exercized a major inﬂuence on computer science.
Although not immediately involved in building computers, he was a pioneer in
deﬁning central concepts of computer theory. Gödel was the ﬁrst to show how
the precision of the formal language systems of Frege, Peano and Russell could
be put to work to prove important facts about those language systems themselves, with important consequences for mathematics. As Hilbert’s collaborator,
Paul Bernays put it, in his famous Incompleteness Proof Gödel did the “homework” that the people in Göttingen working on Hilbert’s Program to prove the
consistency of mathematics missed. (Hilbert’s Metamathematics assumed that
all mathematical proofs could be treated as coding problems, and enciphering is
applied arithmetic.) The core of Gödel’s Proof also gave exact deﬁnitions of the
central concept of arithmetic, namely of the recursion involved in mathematical
induction (with help from the great French logician Jacques Herbrand). This
immediately led to whirlwind developments in Göttingen, Cambridge and Princeton, the working headquarters of major researchers: Paul Bernays and John
von Neumann; Alan Turing; and Alonzo Church, respectively. Turing’s and von
Neumann’s ideas on computer architecture can be traced to Gödel’s Proof. Especially interesting is the fact that Church and his lambda calculus was the
main inﬂuence on John McCarthy’s LISP, which became the major language of
Artiﬁcial Intelligence.
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Nikola Tesla - A Tribute to his Inventions
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Nikola Tesla (1856 - 1943) can be considered as one of the most important inventors of the 19-th century. His contributions to the invention and development of electromagnetism and electrodynamics are outstanding. Tesla contributed by various patents to
other areas of engineering including telecommunications, remote control, and mechanic
engineering.
By his studies at the Technische Hochschule Graz, Austria, during 1875 - 1878, and
at the University of Prague in 1880, he got the necessary scientiﬁc knowledge for his
further work. Following his stay in Budapest and Strasbourg, he emigrated in 1884 to
the United States to make there his fortune as an engineer and inventor. After a short
sketch on Teslas life, the lecture focus on his contribution to AC-power engineering and
also to his invention and development of high frequency apparatus of different kind,
which today are considered as a part of radio engineering.
With the invention of the polyphase induction motor together with the related dynamos in 1888, Nikola Tesla gave an important contribution to the ﬁeld of AC-technology.
The Westinghouse Company bought from Tesla in 1889 the whole package of ACpatents and manufactured appropriate AC machines based on it. The installation of
Teslas polyphase induction dynamos at the Niagara hydro power plant in 1896, can be
considered as a highlight of success of AC-technology. The plates ﬁxed on the dynamos
showing thirteen patents altogether, contain nine which refer to patents of Nikola Tesla.
Tesla investigated different methods for the generation of high frequency electrical
currents. Already in 1890, he developed a high frequency alternator with a special kind
of armature which allowed AC generation up to 16 kHz. Later such dynamos came in
heavy use for transmitters of oversee-long wave transmitting stations. Another method
for the generation of high frequency currents, considered by Tesla, was the use of a
Hertzian spark-gap together with a resonance circuit and a ironless step-up transformer,
today considered as a ”Tesla coil”. Due to this invention, Tesla can be viewed as one
of the inventors of wireless transmitters and radio technology, together with Marconi,
Lodge, and Popov. However, Teslas interest was not the wireless transmission of information but that of electrical energy. However, his experiments in New York and
Colorado Springs toward that goal, brought no practical success. By lack of ﬁnancial
means, the Wardencliffe project at Long Island could not brought to an end and Tesla
had in 1905 to close his laboratory there. This was the end of Teslas plan to establish
a ”world system” for the wireless distribution of electric energy. It is important to notice that Tesla also developed, patented (Patent No. 68,809), and demonstrated publicly
in 1898, a multi-frequency radio-controlled boat that he called telautomaton due to a
wireless secure communication between transmitter and receiver.
The renowned Tesla expert, Professor Aleksandar Marinčić of the Faculty of Electrical Engineering, University of Belgrade, Serbia, wrote the following ”Nikola Tesla
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did not belong to the group of great theoreticians who develop new frontiers of science,
or to the class of great practitioners who invent many useful things for our lives. He
belonged to a group of pioneers who opened up new ﬁeld of technology”.

Recommended Reading
Margaret Cheney & Robert Uth, Tesla - Master of Lighting, Metro Books, New York,
2001.
Aleksander Marinčić, Nikola Tesla - The work of a genius, Gallery of Serbian Academy
of Sciences and Art, Belgrade, 2006.
Aleksander Marinčić, ”Nikola Tesla and his contribution to radio development”, in
Tapan K. Sakar et al. (eds.), History of Wireless, Wiley Interscience, Hoboken, N.J.
2006, Chapter 8, 267 - 289.
Mel Breuer, ”Tesla and AND gates”, IEEE Design & Test of Computers, Vol. 24, No.
6, November-December 2007, 624, DOI 10.1109/MDT.2007.206
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Pioneering Contributions in
Electrical Engineering
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c/o Institute of Digital Circuits
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telegraph.pichler@aon.at

Abstract
The development of electrical engineering, a century ago, can be considered as
one of the most interesting chapters of the history of technology in Europe and
North America. The inventors of this time, such as Edison, Tesla, Siemens, Marconi, Morse, Bell, Heaviside, Gramme, and others, are still of strong biographical
interest to us.
This lecture should bring the scientiﬁc work and the life of a man to our
rememberings, a man which is known in Europe only in special scientiﬁc circles:
Charles Proteus Steinmetz, as he called himself with his americanized ﬁrst name.
Steinmetz, born 1865 in Breslau (Germany), now Wroclaw(Poland), received his
fundamental scientiﬁc education in old Europe. However, the American continent
gave him the chance to apply his talents in full breath, not forcing him to a
certain personal life style. In contrary, he could fully keep his most interesting
individuality.
His work and inventions concerned the problems which had to be solved by
the advent of the practical use of alternating currents. In the construction of dynamos and motors it became necessary to ﬁght against eddy currents which caused
losses of power. Steinmetz with his early work on the hysteresis of iron cores of
such machines contributed to the solution.. Another important problem which
occurred in the use of alternating currents was the design of proper networks for
transmission. Steinmetz showed that the use of complex numbers allowed a new
characterization of resistors, inductances and capacitors for alternating current
circuits such that the Ohm’s law was still applicable.
In the history of the General Electric Company the time of 1902, where
General Electric was founded and Steinmetz joined the company, until the year
1923, the year in which Steinmetz died, has been called the “Steinmetz era”.
His inventions, his many books, written for his students at the Union College in
Schenectady give enough reasons to consider Charles Proteus Steinmetz as one
of the most important electrical engineers of the past.
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Important Papers Published by Steinmetz in Early Years
– Das Gesetz der magnetischen Hysteresis und verwandte Phnomene des magnetischen Kreislaufes. ETZ , XIII. Jahrgang, Berlin 1892.
– Die Anwendung komplexer Gren in der Elektrotechnik. ETZ XIV. Jahrgang,
Berlin 1893.

Monographies and Textbooks by Steinmetz
– Theory and Calculation of Alternating Current Phenomena, New York 1897.
– Theory and Calculation of Transient Electric Phenomena and Oscillations,
New York 1909.
– Radiation, Light and Illumination, New York 1909.
– Electric Discharges, Waves and Impulses, New York 1914.
– Theory and Calculation of Alternating Current Phenomena, New York 1916.
– Theory and Calculation of Electrical Circuits, New York 1917.
– Engineering Mathematics,New York 1917.
– Four Lectures on Relativity and Space, New York 1923.
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How Marconi and Gernsback
Sparked a Wireless Revolution
James and Felicia Kreuzer
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Abstract
This paper explores the contributions of Guglielmo Marconi and Hugo Gernsback
and shows how the interaction of their individual eﬀorts developed a revolutionary system that was to accelerate a ﬂow of information communications, forming a network which would ultimately lead to creating the current information
superhighway. In the early days of wireless, the world’s environment was primed
and ready for realization of the potential of wireless communications. Marconi
assembled a team of technology specialists, developing equipment which quickly
paved the way for strengthening the signal and propelling his vision of forming a
system of worldwide wireless to fruition. Gernsback provided equipment and the
“how to” expertise to the common man, and united experimenters and amateur
radio operators through his magazines, EI company oﬀerings, and establishment
of the Wireless Association of America and the Radio League of America. Together their eﬀorts, although their separate visions may have been driven by
self-serving ambitions, provided an altruistic system that was to create and unite
a network of wireless communication and operators ready for deployment when
needed during wartime and beyond.
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&RQWULEXWLRQVWR(OHFWURPDJQHWLF7KHRU\DQG
7HOHFRPPXQLFDWLRQVE\'U+HQQLQJ)+DUPXWK
.RQVWDQWLQ/XNLQ,((()HOORZ
/1'(6
8VLNRY,5(1$6RI8NUDLQH.KDUNLY8NUDLQH
/XNLQNRQVWDQWLQ#JPDLOFRP

([WHQGHGDEVWUDFW
'U+HQQLQJ)+DUPXWKKDVSURSRVHGVHYHUDOUHYROXWLRQDU\LGHDVLQHOHFWURPDJQHW
LFVUDGDUDQGFRPPXQLFDWLRQVFLHQFHV,QSDUWLFXODUKHVXJJHVWHGDSSOLFDWLRQRIRU
WKRJRQDO :DOVK IXQFWLRQV LQ 6SUHDG 6SHFWUXP &RPPXQLFDWLRQV 1RQVLQXVRLGDO RU
&DUULHUIUHHRU8:%VLJQDOVLQ5DGDU/DUJH&XUUHQW5DGLDWRUIRUHIILFLHQWUDGLDWLRQRI
VXFK VLJQDOV HWF ,Q DGGLWLRQ KH VXJJHVWHG PRGLILFDWLRQ RI 0D[ZHOO¶V HTXDWLRQ IRU
DGHTXDWH GHVFULSWLRQ RI HOHFWURPDJQHWLF (0  VLJQDOV VTXDUHG ZDYHIRUPV  WKURXJK
ORVV\PHGLD,QWURGXFWLRQRIYHFWRUSRWHQWLDODVVRFLDWHGZLWKPDJQHWGLSROHVDQGFXU
UHQWVLQWR+DPLOWRQLDQLQWKH(TXDWLRQRI4XDQWXP(OHFWURG\QDPLFVDOORZHGWRDYRLG
DGLYHUJHQFHLQWKHLUVROXWLRQV+HLQWURGXFHGDGLVFUHWHPRGHORIVSDFHWLPH ZKHQ
FRQVLGHUHGWKHEDVLFHTXDWLRQVRIFRQWHPSRUDU\SK\VLFV)LQDOO\KHVXJJHVWHGDSSOL
FDWLRQRILQIRUPDWLRQWKHRU\LQSK\VLFVDQGSXEOLVKHGWKHVHUHVXOWVLQ5XVVLDQILUVWDQG
LQ(QJOLVKODWHURQ
,Q WKH SDSHU , ZLOO VXPPDUL]H WKRVH FRQWULEXWLRQV GHVFULEH WKHLU VLJQLILFDQFH IRU
VFLHQFHDQGJLYHVRPHJHQHUDOL]DWLRQDQGSK\VLFDOH[SODQDWLRQVRI+DUPXWK¶VDQVDW]
$VZHNQRZWZRRI0D[ZHOO¶VHTXDWLRQV$PSHUH¶VODZPRGLILHGE\0D[ZHOODQG
)DUDGD\¶VODZRIHOHFWURPDJQHWLFLQGXFWLRQDUHDOZD\VYDOLGIRUDPHGLXPFRQWDLQLQJ
QR HOHFWULF DQG PDJQHWLF FKDUJHV HLWKHU IUHH RU ERXQG RQHV:KHQ FRQVLGHULQJ HOHF
WURPDJQHWLFILHOGVLQDPHGLXPRQHKDVWRDGGVRFDOOHGFRQVWLWXWLYHHTXDWLRQVZKLFK
HVWDEOLVKUHODWLRQVEHWZHHQWKHILHOGVDQGSDUDPHWHUVRIWKHPHGLXP,QWKLVZD\RQH
PD\FRQVLGHUPDQ\PRGLILFDWLRQVRIWKHRYHUDOOVHWRIWKHHTXDWLRQVJRYHUQLQJHOHF
WURPDJQHWLFILHOGVLQPHGLD7KLVLVWKHFRPPRQO\DFFHSWHGVWDQGSRLQWLQFRQWHPSR
UDU\HOHFWURG\QDPLFV,IRQHQHHGVWRFRQVLGHUEM signalSURSDJDWLRQWKURXJKDORVV\
PHGLXPVXFKDVDJDVVHDZDWHURUGLHOHFWULFVROLGVZLWKGLVVLSDWLRQRIWKHHQHUJ\RI
WKH electromagnetic ILHOG RQH ZLOO QHFHVVDULO\ QHHG WR GHVFULEH WKLV GLVVLSDWLRQ DQG
WKHVLPSOHVWZD\WRGRWKDWLVWRXVH2KP¶VODZFRQQHFWLQJHOHFWULFILHOGDQGHOHFWULF
FXUUHQWGHQVLW\DVVRFLDWHGZLWKWKHPRWLRQRIIUHHHOHFWURQVRULRQV7KLVPD\EHGRQH
EHFDXVHRIWKHH[LVWHQFHRIHOHFWURQVRUGLSROHVDVWKHFDUULHUVRIHOHFWULFFXUUHQWV$W
WKHVDPHWLPHQRERG\LQWURGXFHVDVLPLODUODZWRGHVFULEHORVVHVDVVRFLDWHGZLWKWKH
PDJQHWLF ILHOG EHFDXVH WKH H[LVWHQFH RI IUHH PDJQHWLF FKDUJHV KDV QRW EHHQ SURYHQ
EXWZHNQRZWKDWPDJQHWLFGLSROHVH[LVWMXVWDVHOHFWULFRQHV$WWKLVSRLQWLWLVZRUWK
WRQRWHWKDWWKHHOHFWURPDJQHWLFILHOGORVVHVGXHWRLQWHUDFWLRQZLWKERXQGHGFKDUJHV

52

Eurocast 2017, February 19-24, Las Palmas de Gran Canaria

Extended Abstracts

RUGLSROHVLQGLHOHFWULFDQGPDJQHWLFPDWHULDOVDUHXVXDOO\GHVFULEHGLQWHUPVRILP
DJLQDU\ SDUWV RI GLHOHFWULF SHUPLWWLYLW\ DQG SHUPHDELOLW\ DVVRFLDWHG ZLWK WKH HOHFWULF
DQG PDJQHWLFGLSROHVRIWKH PHGLXPUHVSHFWLYHO\&RQVLGHULQJSURSDJDWLRQRIHOHF
WURPDJQHWLFVLJQDOVLQWKHIRUPRIUHFWDQJXODUSXOVHVRUVWHSIXQFWLRQVWKURXJKDORVV\
PHGLXP'U+HQQLQJ)+DUPXWKIDFHGWKHSUREOHPRIVLQJXODULW\LQWKHH[SUHVVLRQ
IRU WKH PDJQHWLF ILHOG LI WKH SXOVH ZDV H[FLWHG E\ HOHFWULF H[FLWDWLRQ ,Q RUGHU WR JR
DURXQGWKLVSUREOHPKHVXJJHVWHGWRmodify0D[ZHOO¶VHTXDWLRQV>@YLDLQWURGXFWLRQ
LQWR )DUDGD\¶V ODZ D WHUP SURSRUWLRQDWH WR WKH PDJQHWLF ILHOG LH KH VXJJHVWHG WR
LQWURGXFHµ2KP¶VODZ¶IRUPDJQHWLFPRQRSROHRUGLSROHFXUUHQWGHQVLWLHV6XUSULVLQJ
O\WKLVVWHSHOLPLQDWHGWKHVLQJXODULW\PHQWLRQHGDERYHHYHQLIWKHPHGLXP¶VPDJQHW
LFFRQGXFWLYLW\ZLOOEHSXWWR]HUREXWLQWKHVROXWLRQREWDLQHG'U+HQQLQJ)+DU
PXWK FDOOHG WKH HTXDWLRQV REWDLQHG LQ WKLV ZD\ Modified Maxwell’s equations IRU
ORVV\PHGLD,KDYHVXJJHVWHGphysicalMXVWLILFDWLRQIRUWKDWPRGLILFDWLRQ>@ZKLFKLV
EULHIO\ H[SODLQHG EHORZ /HW¶V UHFDOO WKH PLFURVFRSLF SLFWXUH RI WKH HOHFWULF 2KP¶V
ODZ7KHFXUUHQWGHQVLW\LQDFRQGXFWLQJPHGLXPLVSURSRUWLRQDWHWRWKHHOHFWULFILHOG
VWUHQJWKEHFDXVHWKHHOHFWURQVEHLQJDFFHOHUDWHGE\WKHHOHFWULFILHOGH[SHULHQFHPXO
WLSOHLQHODVWLFFROOLVLRQVZLWKKHDY\DWRPVWUDQVIHUULQJSRUWLRQRIWKHLUNLQHWLFHQHUJ\
WRKHDWLQJRIWKHFU\VWDOODWWLFH7KLVKHDWLQJLVGXHWRDKXJHQXPEHURIHOHFWURQFROOL
VLRQVWUDQVIRUPLQJWKHHQHUJ\DQGFKDQJLQJWKHshapeRIQRQSRODUL]HGQHXWUDODWRPV
ZKLFKOHDGVWRvarying of their dipole momentum in time7KLVLPSOLHVWKHJHQHUDWLRQ
RIDGGLWLRQDOPLFURVFRSLFFXUUHQWVLQWKHORVV\PHGLXPDQGWKHPDJQHWLFFRPSRQHQW
RI WKH (0 ZDYHV ZLOO QHFHVVDULO\ WUDQVIHU SRUWLRQ RI LWV HQHUJ\ WR WKHVH FXUUHQWV
ZKLFKPD\EHLQWHUSUHWHGDQGGHVFULEHGDVµPDJQHWLF2KP¶VODZ¶VXJJHVWHGE\+DU
PXWK ,Q WKLV ZD\ WKH FRQYHQWLRQDO 2KP¶V ODZ LQ D ORVV\ PHGLXP LV WR EH DOZD\V
VXSSOHPHQWHGZLWKDPDJQHWLF2KP¶VODZ+HUHLVDQRWKHUUHDVRQDEOHSUREOHPKRZ
VWURQJ ZLOO EH WKLV DGGLWLRQDO FXUUHQW" 1RUPDOO\ WKH UHODWHG ORVVHV VKRXOG EH PXFK
OHVV FRPSDUHG WR WKH ORVVHV DVVRFLDWHG ZLWK WKH HOHFWULF 2KP¶VODZ DQG WKHUHIRUH LQ
PDQ\ FDVHV WKH\ PD\ EH LJQRUHG +RZHYHU WKLV LV QRW WKH FDVH ZKHQ VWXG\LQJ WKH
SURSDJDWLRQ RI VWHSOLNH VLJQDOV WKURXJK ORVV\ PHGLD LQ SDUWLFXODU RYHU H[WUHPHO\
ORQJ GLVWDQFHV VLQFH VPDOO HIIHFWV ZLOO EH DFFXPXODWHG GXULQJ WKH ORQJ GLVWDQFH RI
SURSDJDWLRQ HJLQWHUVWHOODUSURSDJDWLRQRI(0VLJQDOV>@ DQGVRRQHURUODWHUWKH\
ZLOOPDNHDQDSSUHFLDEOHFRQWULEXWLRQWRWKHVROXWLRQ

5HIHUHQFHV
+DUPXWK+)&RUUHFWLRQRI0D[ZHOO¶V(TXDWLRQVIRU6LJQDOV,,(((7UDQVDFWLRQ
RQ(OHFWURPDJQHWLF&RPSDWLELOLW\±1RY±9(0&±3±
 /XNLQ .$ 2Q WKH 'HVFULSWLRQ RI (OHFWURPDJQHWLF 6LJQDO 3URSDJDWLRQ WKURXJK
&RQGXFWLQJ0HGLD(OHFWURPDJQHWLF3KHQRPHQD9  SS
+DUPXWK+)DQG/XNLQ.$,QWHUVWHOODU3URSDJDWLRQRI(OHFWURPDJQHWLF6LJQDOV
±1<.OXZHU$FDGHPLF3OHQXP3XEOLVKHUV±
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Txdqwli|lqj wkh Vsuhdg ri dq Hslghplf zlwk
Odwhqf| Shulrg dqg Qrqolqhdu Lqflghqfh Udwh
P1M1 Orsh}0Khuuhur
Idfxow| ri Vwdwlvwlfdo Vwxglhv/ Frpsoxwhqvh Xqlyhuvlw| ri Pdgulg/ 5;373 Pdgulg
OkhuuhurCxfp1hv

Devwudfw1 Rxu lqwhuhvw lv wr txdqwli| wkh vsuhdg ri dq lqihfwlyh surfhvv
zlwk odwhqf| shulrg dqg jhqhulf lqflghqfh udwh wkdw wdnhv sodfh lq d
qlwh dqg krprjhqhrxv srsxodwlrq1 Zlwklq d vwrfkdvwlf iudphzrun/ wzr
udqgrp yduldeohv duh ghqhg wr ghvfuleh wkh yduldwlrqv ri wkh qxpehu ri
vhfrqgdu| fdvhv surgxfhg e| dq lqgh{ fdvh lqvlgh ri d forvhg srsxodwlrq1
Nh|zrugv= Qrqolqhdu Lqflghqfh Udwh/ Vwrfkdvwlf VHLU Hslghplf Prgho/
Lqgh{ Fdvh/ Vhfrqgdu| Fdvhv

4

Lqwurgxfwlrq

Hslghplf prghov duh zlgho| xvhg iru xqghuvwdqglqj wkh phfkdqlvp wkdw xqghu0
olhv wkh vsuhdg ri dq lqihfwlrxv glvhdvh1 D yhu| odujh qxpehu ri hslghplrorjlfdo
prghov lqyroyhv d frpsduwphqwdo glylvlrq ri lqglylgxdov1 Lw lv dovr frpprqo|
dvvxphg wkdw lqglylgxdov pdnh frqwdfwv dw udqgrp vkrzlqj qr suhihuhqfhv1 Wkh
ixqgdphqwdo frpsduwphqwdo prgho iru wkh vwxg| ri dq lqihfwlrxv glvhdvh wkdw
frqihuv lppxqlw| lv wkh VLU sursrvhg e| Nhupdfn ) PfNhqgulfn ^4`/ zkhuh
lqglylgxdov duh fodvvlhg dv vxvfhswleoh wr wkh lqihfwlrq/ odehohg V/ lqihfwhg e|
wkh sdwkrjhq/ L/ ru uhfryhuhg iurp wkh lqihfwlrq/ U1
Rqh gudzedfn ri wkh VLU prgho lv wkdw lw dvvxphv wkdw diwhu wkh wudqvplvvlrq
ri wkh glvhdvh wr d vxvfhswleoh lqglylgxdo/ wkh lqglylgxdo ehfrphv lpphgldwho| lq0
ihfwlyh1 Krzhyhu/ wkh surfhvv ri wudqvplvvlrq rffxuv lq prvw fdvhv zlwk dq lqlwldo
wudqvihu ri d yhu| vpdoo qxpehu ri edfwhuldo fhoov ru yluxvhv1 Gxulqj wklv shulrg
wkh lqglylgxdo lv lq vrph vhqvh lqihfwhg exw qrw |hw lqihfwlyh +odwhqw shulrg,1
Vxfk dq lqglylgxdo lv uhihuuhg wr dv h{srvhg +H,1 Wkh VHLU prgho kdv d vorzhu
jurzwk udwh/ vlqfh diwhu wkh sdwkrjhq lqydvlrq wkh vxvfhswleoh lqglylgxdov qhhg
wr sdvv wkurxjk wkh h{srvhg fodvv ehiruh wkh| fdq frqwulexwh wr wkh wudqvplvvlrq
surfhvv1
Wklv frppxqlfdwlrq irfxv rq wkh vwxg| ri wkh vsuhdg ri d frppxqlfdeoh
glvhdvh lqyroylqj odwhqf| shulrg dqg d jhqhudo prgh ri wudqvplvvlrq vr/ zh jhq0
hudol}h wkh fodvvlf VLU prgho lq wzr zd|v1 Iluvw zh ghdo zlwk dq VHLU prgho1
Vhfrqg/ zh frqvlghu d wudqvplvvlrq ri qrqolqhdu w|sh1
Wkh prgh ri wudqvplvvlrq ghwhuplqhv wkh srvvleoh uhvsrqvh ri wkh glvhdvh
xsrq vwxg|1 Lwv pdwkhpdwlfdo ghvfulswlrq lv edvhg lq d ixqfwlrq fdoohg irufh ri
lqihfwlrq ru lqflghqfh udwh1 Lq prvw prghov wudqvplvvlrq lv dvvxphg wr rffxu yld
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vr fdoohg pdvv dfwlrq ^5`/ lqyroylqj d elolqhdu ixqfwlrq ri V dqg L= Wklv sduwlfxodu
fkrlfh pdnhv wkdw wkhruhwlfdo prghov vkrz dq h{srqhqwldo jurzwk lq wkh hduo|
sduw ri wkh hslghplfv ^4/5`1
Phdvxulqj wkh wudqvplvvlrq srwhqwldo lq d srsxodwlrq lv wkh uroh ri U3 / wkh
edvlf uhsurgxfwlrq qxpehu +vhh ^6` dqg ^7`,1 Wklv lv wkh prvw zlgho| xvhg phdvxuh
ri glvhdvh vsuhdg lq hslghplrorj| dqg srsxodwlrq g|qdplfv1 U3 lv d wkuhvkrog
sdudphwhu zklfk wulhv wr phdvxuh wkh lqlwldo vsuhdg ri dq hslghplf surfhvv e|
hvwlpdwlqj wkh dyhudjh ri vhfrqgdu| fdvhv ri lqihfwlrq dulvlqj iurp dq lqgh{ fdvh
lq d ylujlq srsxodwlrq/ gxulqj lwv lqihfwlrxv shulrg1 Duwdohmr ) Orsh}0Khuuhur
lqfoxgh lq ^8` d vxppdu| ri uhpdundeoh ihdwxuhv dqg gudzedfnv ri U3 / zklfk lv
vxssruwhg e| dq lpsruwdqw vhw ri uhihuhqfhv1
Lq wkh vwrfkdvwlf iudphzrun lw lv iuhtxhqwo| dvvxphg d ydoxh iru U3 lqkhulwhg
iurp wkh ghwhuplqlvwlf frxqwhusduw1 Lq wkdw vhqvh/ iru rxu vwrfkdvwlf VHLU prgho
zlwk qrq0olqhdu lqflghqfh udwh/ zh fdoo edvlf uhsurgxfwlrq qxpehu wr wkh txdqwlw|
dsshdulqj dw h{suhvvlrq +61:, lq wkh sdshu e| Nrurehlqlnry ) Pdlql ^9`1 Zh
uhpdun wkdw/ iru d ghwhuplqlvwlf prgho zlwkrxw ylwdo g|qdplfv/ wkh h{suhvvlrq
iru U3 / lv wkh vdph lq VLU dqg VHLU prghov> vkrzlqj wkdw wkh dyhudjh qxpehu ri
lqglylgxdov lqihfwhg e| dq lqgh{ fdvh grhv qrw ghshqg rq wkh h{srvhg srsxodwlrq1
Dqg rqh zrqghuv li wklv frlqflghqfh lv qrw d frqvhtxhqfh ri hvwlpdwlqj dq dyhudjh
qxpehu lq d odujh srsxodwlrq1
Iru dq hslghplf surfhvv ghvfulehg e| d frqwlqxrxv wlph Pdunry fkdlq zh
txdqwli| wkh vwhdg|0vwdwh ehkdylru ri wkh hslghplf vsuhdg e| phdqv ri wzr udq0
grp yduldeohv1 Qdpho|/ Uh3 = wkh h{dfw uhsurgxfwlrq qxpehu dqg Us ru wkh srs0
xodwlrq wudqvplvvlrq qxpehu1 Wkh dlp ri wklv frppxqlfdwlrq lv wzr irog=
 Wr h{whqw wkh h{lvwlqj phwkrgrorj| wr d pruh lqyroyhg hslghplf prgho dqg
wr qg vwdeoh frpsxwdwlrqdo vfkhphv deoh wr kdqgoh wkh kljk glphqvlrqdolw|
ri wkh vwdwh vsdfhv dulvlqj zkhq dq dgglwlrqdo frpsrqhqw lv lqwurgxfhg lq
wkh Pdunryldq prgho uhsuhvhqwlqj wkh hslghplf hyroxwlrq1
 Wr vwxg| wkh lq xhqfh ri wkh odwhqf| sdudphwhu wr wkh hslghplf vsuhdg lq
dq VHLU prgho/ zkhq wudqvplvvlrq ghshqgv rq d jhqhudo qrqolqhdu lqflghqfh
ixqfwlrq1

Uhihuhqfhv
41 Nhupdfn/ Z1R1/ PfNhqgulfn/ D1J1= D frqwulexwlrq wr wkh pdwkhpdwlfdo wkhru| ri
hslghplfv1 Surf1 U1 Vrf1 Orqg1 D1 448/ :330:54 +4<5:,
51 Dqghuvrq/ U1P1/ Pd|/ U1P1= Lqihfwlrxv glvhdvhv ri kxpdqv= g|qdplfv dqg frqwuro1
R{irug Xqlyhuvlw| Suhvv/ R{irug> +4<<4,
61 Khhvwhuehhn/ M1D1S1/ Glhw}/ N1= Wkh frqfhsw ri Uf lq hslghplf wkhru|1 Vwdw1 Qhhuo1
83/ ;<0443 +4<<9,
71 Khwkfrwh/ K1Z1= Wkh pdwkhpdwlfv ri lqihfwlrxv glvhdvhv1 VLDP Uhylhz1 75/ 8<<0986
+5333,
81 Duwdohmr/ M1U1/ Orsh}0Khuuhur/ P1M1= Rq wkh h{dfw phdvxuh ri glvhdvh vsuhdg lq
vwrfkdvwlf hslghplf prghov1 Exoo1 Pdwk1 Elro1 :8/ 436404383 +5346,
91 Nrurehlqlnry/ D1/ Pdlql/ S1N1= Qrq0olqhdu lqflghqfh dqg vwdelolw| ri lqihfwlrxv glv0
hdvh prghov1 Pdwk1 Phg1 Elro1 55/ 446045; +5338,
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Coexistence of multiple infectious agents in
epidemic models and perturbation analysis of
related LD-QBD processes
A. Gómez-Corral
Instituto de Ciencias Matemáticas CSIC-UAM-UC3M-UCM,
Calle Nicolás Cabrera 13-15, 28049 Madrid, Spain
antonio.gomez@icmat.es
http://www.icmat.es/antonio.gomez-corral

Abstract. We adapt arguments from the paper by Caswell [1] to leveldependent quasi-birth-and-death (LD-QBD) processes, which constitute a
wide class of structured Markov chains. Speciﬁcally, we provide the perturbation analysis of various probabilistic characteristics of ﬁnite LDQBD processes, including ﬁrst-passage times and hitting probabilities,
the maximum level visited by the process, and the stationary distribution. We illustrate the approach by means of the multi-type versions of
SI and SIS epidemic models.
Keywords: epidemic model · hitting time · matrix calculus · perturbation analysis · QBD process

Recently, Caswell [1] uses matrix calculus to provide the sensitivities and elasticities of the dynamics of absorbing continuous-time Markov chains (CTMCs) to
arbitrary parameters, which may correspond to either the transition rates themselves or functions of these rates that have substantive meaning. More concretely,
Caswell [1] derives formulas for the sensitivity and elasticity of the moments of
the time to absorption, the time spent in each transient state, and the number of
visits to each transient state before absorption, being the resulting expressions
applied to a model for the progress of colorectal cancer. The results in [1] are
closely related to the investigation of absorbing Markov chains in discrete-time,
with applications to demographic and ecological problems in [2].
In this talk, the aim is to complement the general treatment of Caswell
[1, 2] by taking advantage of the sparsity of the underlying matrices arising
when analyzing a class of structured CTMCs. Speciﬁcally, the interest is in
level-dependent quasi-birth-and-death (LD-QBD) processes, which are CTMCs
in two-dimensions, the level and the phase, such that the process does not jump
across several levels in one transition. In analyzing LD-QBD processes, matrixanalytic methods [4, 6] are popular as modeling tools that allow us to construct
and study, under a uniﬁed and algorithmic tractable framework, a variety of
stochastic models, such as epidemic models, inventory problems, reliability systems, retrial queues and two-species competition processes, among others. The
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starting point in our analysis is the paper by Gaver et al. [3], where the emphasis
is upon obtaining numerical methods for evaluating stationary distributions and
moments of ﬁrst-passage times in ﬁnite LD-QBD processes.
The results to be presented here deal with perturbation analysis of ﬁnite LDQBD processes as an important tool for understanding how certain parameters
–inherently linked to the dynamics of the model– determine the properties of the
process, as well as in predicting how small changes in the environmental conditions will modify the outcome. We present an eﬃcient computational approach
to the perturbation analysis of ﬁnite LD-QBD processes in terms of
(i) First passage times to a certain level L(0) and related hitting probabilities;
(ii) The maximum level visited by the process before reaching states in level
L(0); and
(iii) Stationary measures.
Our results are motivated by, but not restricted to, epidemic models, whence
we include two examples describing the spread of two infectious agents among a
ﬁnite population of individuals, under the assumption that each infectious agent
confers immunity against the other agent. In the context of the resulting SI1 , I2
and SI1 , I2 S epidemic models analyzed by Saunders [7] and Kirupaharan et al.
[5], respectively, ﬁrst-passage times permit us to study the length of an outbreak, the stationary distribution is a long-run description of the epidemic, and
the maximum level visited by the LD-QBD process is seen as an important measure in studying infectious peaks during an outbreak. In terms of these random
indexes, the perturbation analysis allows us to quantify the eﬀects of changes in
the contact and recovery rates (or functions of these rates) on the spread of the
infectious disease.
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On Fractional Stochastic Modeling
of Correlated Neuronal Activity 
Enrica Pirozzi
Dipartimento di Matematica e Applicazioni, Università di Napoli FEDERICO II,
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Abstract
Features of the neuronal dynamics can be explained as consequences of several
correlated causes. For instance, spike-frequency adaptation is often explained as
a consequence of the dynamics of membrane neuronal gates or of the action of
ionic currents, as those related to voltage-dependent potassium channels ([6],[7]).
Moreover, the membrane voltage is aﬀected by dynamics evolving on diﬀerent
time scales, as, for instance, that of slow calcium dependent channels. Brieﬂy,
by considering all involving dynamics, the value of membrane voltage cannot be
represented by a Markovian process, but models with correlations are mandatory.
Recently, some models have been proposed to describe the no-memoryless neuronal voltage by using fractional derivatives. In ([10]), taking into account the
action of membrane conductances and in order to describe the timing adaptation,
the following fractional Leaky Integrate-and-Fire (LIF) model is proposed:
Cm

dα V
= −gL (V − VL ) + Iinj ,
dtα

if V > Vth , then V → Vreset

(1)

where V is the neuronal membrane potential, α is the order of the fractional
derivate (0 < α ≤ 1) and the injecting current Iinj includes a Gaussian white
noise. When V > Vth a spike is generated. The fractional stochastic approach
for neuronal modeling can be also found in ([1], [2], [9]) in which some memory
eﬀects and correlations are involved.
Alternatively, correlated inputs can be used to model the ﬁring activity embodying other evolving phenomena. The following neuronal stochastic model
with time correlated inputs is considered in ([8]):
θ

dV
= −V + η(t),
dt

(if V > Vth , then V → Vreset )

(2)

where the temporally correlated (colored) inputs η(t) is a Gaussian stochastic
process such that


1
|t − s|
.
E[η(t)] = 0, E[η(t)η(s)] =
exp −
2τ
τ
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Furthermore, in order to take into account the adaptation phenomenon due to
the eﬀect of variations in the calcium concentration, in [6] a time-inhomogeneous
LIF model is proposed for the neuronal activity, by using the following stochastic


diﬀerential equation:
V (t) − ρ(t)
dV (t) = −
− μ dt + σdW (t)
(3)
θ(t)
where ρ(t) and θ(t) are the time-dependent resting potential and decay time
and W (t) the standard Brownian motion. Even though uncorrelated inputs are
considered, time dependent functions are adopted to explain the action of multiple time-scale dynamics. In this case, the theory of Gauss-Markov and the First
Passage Time problem turned out especially useful (see [3]-[6]).
Due to the property to include diﬀerent scales and ranges of time, the fractional stochastic models seem to be more general and powerful than models
including colored noise and modiﬁed LIF models. Here, the models (1)-(3) are
studied and related results about ﬁring densities will be carried out by using
numerical procedures and simulations. Comparisons and suitable relationships
between the above models will be provided. The use of fractional Brownian motion W (t, α) (and fractional noise) in place of W (t) in LIF-type models (3) will
be investigate.
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Estimating the exceedance probability in
environmental data 
Giuseppina Albano, Michele La Rocca, Cira Perna
Dept. of Economics and Statistics, University of Salerno, Italy

Abstract
Potential health eﬀects of air pollution have been object of a deep study in
recent years. Exposure to pollutants such as airborne participate matter has
been associated with increases in mortality and in respiratory disease. These
eﬀects have been found in short and long term studies. In response, the European
Union has developed an extensive body of legislation which establishes health
based standards and objectives for a number of pollutants in air.
On the other hand, air quality data, such as all environmental data, are tipically characterized by some stylized facts, such as non-stationarity, non linearity,
seasonality, conditional heteroscedasticity and missing data. In particular, missing values make diﬃcult to determine whether the limits set by the European
Community on certain indicators of air quality are fulﬁlled or not. Indeed, due
to missing values, the number of exceedances per year of P M10 , that is particulate matter 10 micrometers or less in diameter, and other air quality indicators
is often heavily underestimated and no environmental policy is applied to protect citizen health. In this perspective it becomes fundamental to estimate the
probability that each indicator has to have exceeded the admitted limit.
In this paper we propose a procedure for estimating the probability of exceeding the legal limit for a certain air quality indicator. In particular we focus on the probability for P M10 at a certain day t to exceed the value of 50
micrograms/m3 .
The suggested procedure combines a local estimator for the trend-cycle and
a GARCH model with exogenous components as an estimator of the detrended
time series. The ﬁrst choice is justiﬁed in order to have ﬂexible local structures
which are not inﬂuenced by missing values outside the estimation window. The
latter choice appears to be necessary since the detrended time series might show
a non linear structure due both to the intrinsic characteristic of the data and
to the cycle-trend estimation step. Indeed, the diﬃcult task of selecting tuning
parameters in that step might possibly induce neglected nonlinearities in the
detrended series. Also, GARCH model is able to capture heteroschedasticity in
the data. Finally, we choose to include exogenous variables in the model in order
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to include the natural dependence from data of P M10 in near areas due to same
geographic and weather conditions.
Finally, a bootstrapping procedure is implemented in order to estimate the
probability to observe an exceedance of an established limit.
In order to validate the procedure a simulation study is performed. An application to real data is also presented and discussed.
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An Approach to Obtaining Sharp Bounds
on the Rate of Convergence for Finite
Continuous-time Markov Chains
Alexander Zeifman1 , Alexander Sipin2 , Victor Korolev3 , and Galina Shilova2
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We deal with sharp bounds of the rate of convergence for a wide class of
ﬁnite continuous-time Markov chains.
As it is known, the problem of ﬁnding sharp bounds of the rate of convergence
to the limiting characteristics for Markov chains is very important for a number
of reasons:
(i) it is easier to calculate the limit characteristics of a process than to ﬁnd the
exact distribution of state probabilities, (see, for instance [14]);
(ii) the best bounds of perturbations require the corresponding best bounds on
the rate of convergence, see [3, 5, 6, 13];
(iii) sharp bounds of the rate of convergence are required to obtain truncation
bounds which are uniform in time, see [11].
The general approach is closely connected with the notion of logarithmic
norm and the corresponding bounds for the Cauchy matrix. It was ﬁrst studied for birth-death processes (with possible catastrophes), see details and references in [1, 2, 10], and for Markovian queueing models with batch arrivals and
group service, see [12]. An essential part of this approach is the special transformations of the reduced intensity matrix. This transformation was proposed
in [8] and applied to general inhomogeneous birth-death models in [9]. Here we
apply this approach and the same transformation to two new classes of inhomogeneous continuous-time Markov chains describing combined queueing systems with state-dependent arrival intensity and batch service; and vice versa
for queueing system with batch arrivals and state-dependent service, see, for
instance, [7] and [4]. The ﬁrst study of the corresponding countable models was
carried out in [15]. The situation of ﬁnite state space provides a possibility of,
ﬁrst, to simplify the reasoning and, second, to obtain essentially more precise
bounds.
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A random tandem network with queues
modeled as Markov birth-death processes
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Abstract
Stochastic queueing networks are successfully used to describe a variety of different real systems, such as telecommunications systems, computer systems, call
centers and manufacturing systems (cf., for instance, [1]–[12]). In an open network, there is at least one node through which the customers enter the network
and at least one node through which the customers leave the network. To deﬁne
an open queueing network, must be speciﬁed the external arrival process, the
routing of customers among the diﬀerent queues in the network, the number
of serves at each queue, the service time distribution and the service discipline
at each queue. In particular, a tandem network consists of some ﬁnite number
of queueing systems in series. For instance, in manufacturing systems, a serial
production line consists of machines and buﬀers; between any two subsequent
machines there is a buﬀer and between any two subsequent buﬀers there is a
machine.
In this paper, we consider a tandem network consisting of an arbitrary but
ﬁnite number R of queueing systems, where R is a discrete random variable
that assume values 1, 2, . . . , m according suitable probability distributions. The
component Cj (j ≤ m) of the tandem network consists of an inﬁnite buﬀer space
to hold the customers waiting and of a service center with a single server and it is
modeled via a birth-death process. For ﬁxed R = r, the tandem network satisﬁes
the following assumptions: (i) there is only one job class in the network; (ii) the
overall number of jobs in the network is unlimited; (iii) the customers arrive
to the ﬁrst queueing system from an external source according to a Poisson
process of rate λ; (iv) the service discipline at all nodes is FCFS (ﬁrst-come,
ﬁrst-served) and there is a single server available to each node; (v) the service
times at Cj are exponentially distributed with mean [μj (nj )]−1 when there are
nj customers in Cj just before the departure of a customer. Figure 1 shows a
tandem network that consists of the components C1 , C2 , . . . , Cr (r ≤ m). The
individual components Cj can be modeled in a variety of diﬀerent ways and also
the network can be constituted by very diﬀerent type of systems to be mixed
together in the same tandem network.
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Fig. 1. Tandem queueing network with state dependent service rates.

The network in Figure 1 is an extension of the Jackson tandem network and
the system’s state probability distribution can be still expressed as a productform solution. Denoting by (N1 , N2 , . . . NR ) the vector that describes the state
of the tandem network in equilibrium regime, we analyze the distribution of the
total number of customers N = N1 + N2 + . . . + NR in the network both for
diﬀerent choices of the birth-death processes making up the network, that for
suitable probability distributions of the random variable R. Finally, performance
measures of the tandem networks are obtained and compared.
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Extended Abstract
Various extensions of Stochastic Petri Nets (SPNs), e.g. generalised SPNs [6],
have been introduced to model complex and concurrent systems in many areas of science. In biochemistry, quantitative models of genetic networks can
be expressed as SPNs [4]. In engineering, generalised SPNs are used to study
various reliability and performance aspects of manufacturing processes, computer networks and communication protocols [1, 2]. Assuming certain restrictions
on the structure of SPNs, their dynamics can be described using a ﬁnite-state
continuous-time Markov chains (CTMCs) [6]. This allows modellers and designers to perform quantitative analysis and veriﬁcation of SPSs using well-known
formal methods for CTMCs (see e.g. [5]).
Traditionally, formal analysis of SPNs assumes that transition rates are
known a priori. This is often not the case and one has to consider ranges of
parameter values instead, for example, when the parameters result from imprecise measurements, or when designers are interested in ﬁnding parameter values
such that the model fulﬁls a given speciﬁcation. In this paper, we tackle the
parameter synthesis problem for SPNs, described as follows:
“Given a time-bounded temporal property describing the required behaviour and a
parametric SPN (pSPN) whose transition rates are functions of the parameters,
automatically ﬁnd parameter values such that the satisfaction probability of the
formula meets a given threshold, is maximised, or minimised”.
Importantly, this problem requires eﬀective reasoning about uncountable sets
of SPNs, arising from the presence of continuous parameter ranges. In particular,
we focus on pSPNs representing uncountable sets of extended SPNs. We show
that, under this mild restriction, we can describe the dynamics of a pSPN by a
parametric CTMC (pCTMC) [3]. The parameter synthesis problem for pSPNs
can be then reduced to the equivalent problem for pCTMCs and thus, we can
employ existing synthesis algorithms that combine computation of probability
bounds for pCTMCs with iterative parameter space reﬁnement in order to provide arbitrarily precise answers. We further demonstrate that pSPNs provide
an adequate modelling formalism for designing complex systems where parameters of the environment (e.g., request inter-arrival times and component failure
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Fig. 1: Example of pSPN synthesis. Left: red boxes with question marks indicate parametric rates. Right: parameters satisfying the property (green), not satisfying (red),
and uncertain (yellow).

rates) and of implemented software (e.g. service rates) can be meaningfully expressed as intervals. We also show that sSPNs can be used for in silico analysis
of stochastic biochemical systems with uncertain kinetic parameters.
Figure 1 (left) illustrates a pSPN describing the model of Google File System [2] with parameters aﬀecting the failure rate of chunk servers and their
repair rate from a hardware failure. The right part illustrates the outcome of a
synthesis experiment, namely the parameter regions for which the probability of
reaching a certain service level within a given time interval is above 75%.
The main contribution of the paper can be summarised as follows:
– formulation of the parameter synthesis problem for SPNs using pSPNs
– automatic translation of pSPNs into pCTMCs allowing to exploit existing
synthesis algorithms
– two case studies from the biological and engineering domains, through which
we demonstrate the eﬀectiveness of parameter synthesis in the automated
design and parametric analysis of pSPNs.

References
1. Robert Y Al-Jaar and Alan A Desrochers. Performance evaluation of automated
manufacturing systems using generalized stochastic petri nets. IEEE Transactions
on Robotics and Automation, 6(6):621–639, 1990.
2. Christel Baier et al. Model checking for performability. Mathematical Structures in
Computer Science, 23(04):751–795, 2013.
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Abstract
Dynamic models to describe growth phenomena play an important role in several ﬁelds such as economy, biology, medicine, ecology. For this reason numerous eﬀorts are oriented to the development of progressively more sophisticated
mathematical models for the description of a particular type of behavior. In
this context, stochastic models seems to be able to provide realistic explanation
of biological variables. In particular, stochastic processes characterized by sigmoidal sample-paths capture main features of several growth phenomena such
as carrying capacity, i.e. the maximum population size of the species that the
environment can sustain indeﬁnitely.
We consider a diﬀusion model based on a Gompertz deterministic growth
characterized by a sigmoidal shape with a carrying capacity depending on the
initial size of the population. Speciﬁcally, let {X(t), t ≥ t0 } be a time nonhomogeneous diﬀusion process deﬁned in R+ characterized by the following
stochastic diﬀerential equation:
dX(t) = me−βt X(t)dt + σX(t)dW (t),

X(t0 ) = x0 a.s.,

(1)

where m, β are positive constants representing the natural growth parameters,
σ > 0 describing the width of random ﬂuctuations and W (t) is a standard
Wiener process.
In real-life situations, intrinsic growth rates of the population can be modify
by means of exogenous terms generally depending on time. Examples of such
situations could be therapeutic treatments in tumor growth (see for instance [4])
or suitable food treatments in growth of animals (see [2]). In order to model such
situations, we modify the drift of X(t) by introducing a time dependent function
C(t) to model the eﬀect of an exogenous factor (namely therapy), obtaining the
stochastic process X C (t) such that
dX C (t) = [m − C(t)]e−βt X(t)dt + σX(t)dW (t),
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Generally, in experimental studies the eﬀect of a new therapy has to be tested so
the term C(t) is usually unknown. Further, the knowledge of such functional form
is fundamental since it allows to introduce an external control to the system and
to explain how the therapy acts. Moreover, the study of some problems related
to the process X C (t), i.e. modeling and forecasting, requires the knowledge of
C(t). For these reasons, the functional form of C(t) has to be estimated.
In this paper, ﬁrstly we analyze some characteristics of the considered diffusion processes, X C (t) and X(t); secondly, we propose a two step estimation
procedure when data from a control group and from one or more treated groups
are available. In the ﬁrst step from the control group, modeled by means of (1),
the parameters m, β and σ are estimated by maximum likelihood method (see
[7] and [8]). In the second step the function C(t) is estimated making use of
some relations linking the process X(t) describing a control group (untreated)
and X C (t) modeling the treated group. The idea is to take the model X(t) as a
starting point and then to use the information provided by the treated group to
try approximate the function C(t). Therefore, after estimating the parameters of
X(t), C(t) is estimated by the trajectories of the treated groups and by suitable
relations between the two models.
Finally, in order to evaluate the goodness of the proposed procedure a simulation study is presented.

References
1. Albano G., Giorno V., Román-Román P., Torres-Ruiz F.: On the ﬁrst exit time
problem for a Gompertz diﬀusion. In Cybernetics and Systems 2010 (Trappl R.,
ed.). EMCSR 2010. Austrian Society for Cybernetics Studies, Vienna, 175-180, ISBN
978-3-85206-178-8 (2010)
2. Albano G., Giorno V., Román-Román P., Torres-Ruiz F.: On the therapy eﬀect for
a stochastic Gompertz-type model. Math. Biosci. 235, 148-160 (2012)
3. Albano G., Giorno V., Román-Román P., Torres-Ruiz F.: Inferring the eﬀect of
therapy on tumors showing stochastic Gompertzian growth. J. Theor. Biol. 276,
67-77 (2011)
4. Albano G., Giorno V., Román-Román P., Román-Román S., Torres-Ruiz F.: Estimating and determining the eﬀect of a therapy on tumor dynamics by means of a
modiﬁed Gompertz diﬀusion process. J. Theor. Biol. 364, 206-219 (2015)
5. Blasco A., Piles M., Varona L.: A Bayesian analysis of the eﬀect of selection for
growth rate on growth curves in rabbits. Genet. Select. Evol. 35, 21-41 (2003)
6. Di Crescenzo A., Spina S.: Analysis of a growth model inspired by Gompertz and
Korf laws, and an analogous birth-death process Math. Biosci. (to appear)
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VWRFKDVWLFSURFHVV7KLVLPSOLHVULVNQHXWUDOSUREDELOLWLHVDUHYLWDOLQWKLVIUDPHZRUN
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1R$ DQG.&:RQJ)XQGRI1LQJER8QLYHUVLW\
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Abstract
Stochastic processes with jumps play a relevant role in many ﬁelds of applications. For example, in [2] birth-and-death processes with jumps are analyzed as
queuing models with catastrophes, in [1], [5], [6], diﬀusion processes with jumps
are studied in order to model an intermittent treatment for tumor diseases, in
[3] a non-homogeneous Ornstein-Uhlenbeck with jumps is considered in relation
to neuronal activity. In these contexts, a jump is a random event that changes
the state of the process leading it to another random state from which the dynamics restarts with the same or diﬀerent law. We consider diﬀusion processes
and we assume that jumps occur at the random times chosen according a ﬁxed
probability density.
k (t), t ≥ t0 ≥ 0} (k = 0, 1, . . . ) be a diﬀusion stochastic process.
Let {X
According to [4], we construct the stochastic process with random jumps X(t)
as follows. Starting from the initial state ρ0 = x0 at time t0 , the process X(t)
0 (t) until a random jump occurs that shifts the
evolves according to the process X
1 (t) until
process to a random state ρ1 . From here, X(t) restarts according to X
another jump occurs resetting the process to ρ2 and so on. In general, the eﬀect
of the k-th jump (k = 1, 2, . . .) is to shift the state of X(t) in a certain level ρk ,
randomly chosen according to a probability density function (pdf) φk (·). Then,
k (t), until a new jump occurs.
the process evolves like X
X(t) consists of independent cycles I1 , I2 . . ., whose durations are independent random variables I1 , I2 , . . ., representing the time intervals between two
consecutive jumps. For k = 1, 2, . . ., the random variable Ik is distributed with
pdf ψk (·). We denote by Θ1 , Θ2 , . . . the times in which the jumps occur. We
set Θ0 = t0 that corresponds the initial time and for k = 1, 2, . . ., let γk (τ )
be the pdf of the random variable Θk . The variables Ik and Θk are related,
indeed Θ1 = I1 and for k > 1 it results: Θk = I1 + I2 + . . . Ik . Hence, the
pdf γk (·) of Θk and the pdf ψk (·) of Ik are related, indeed γ1 (t) = ψ1 (t) and
γk (t) = ψ1 (t) ∗ ψ2 (t) ∗ · · · ∗ ψk (t), where “∗” denotes the convolution operator.
Furthermore, ρ0 = x0 and ρk is the return state in correspondence of the k-th
jump, for k ≥ 1. In Fig. 1 a sample path of X(t) is shown.
In the paper we study X(t) by analyzing the transition pdf, its moments
and the ﬁrst passage time problem for X(t) through constant boundaries. We
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Fig. 1. A sample path of the diﬀusion process with jumps X(t).

consider some particular cases when the inter-jumps Ik are deterministic or
exponentially distributed. Moreover, the case of deterministic return states is
esaminated.
Finally, we apply the obtained results to diﬀusion processes of interest in the
applications.
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Some remarks on the mean of the running
maximum of integrated Gauss-Markov processes
and their ﬁrst-passage times.
Marco Abundo and Mario Abundo
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Abstract. For a continuous stochastic process X(t) with X(0) = 0, let
us consider the running maximum process S(t) := maxs∈[0,t] X(s); it was
found in [6] a connection between its mean a(t) = E[S(t)] and that of the
ﬁrst-passage time (FPT) τr of X through a threshold r > 0. Precisely,
assuming that a(t) is strictly increasing (i.e. the inverse a−1 exists), it
was shown that, for any non-decreasing function g : [0, +∞) −→ [0, +∞),
it results:
 1
E [g(τr )] ≥
g(a−1 (rt))dt,
(1)
0

and that this bound is sharp. Of course, while the right-hand side of (1)
is ﬁnite for any bounded and suﬃciently regular g, the left-hand side can
be inﬁnity. In particular, for any integer n, one gets:
 1
n
 −1
E [(τr )n ] ≥
(2)
a (rt) dt.
0

Notice that the exact calculation of the moments of the FPT is not always
possible, while the mean of the maximal process is available, or estimable
by empirical observations, in many cases (see e.g. the discussion in [6]);
thus, inequality (2) is very useful, since it provides lower bounds to the
moments of the FPT of X through the level boundary r > 0, in terms
of the mean of the running maximum process.
In this paper, motivated
by theresult of [6], we aim to calculate the func
tion a(t) = E maxs∈[0,t] X(s) for integrated Gauss-Markov processes,
in particular, for integrated Brownian motion and integrated OrnsteinUhlenbeck process. In the cases when it is possible to calculate exactly
E [(τr )n ] , we compare it with its lower bound given by (2).
Actually, the interest in the study of integrated Gauss-Markov processes
relies on the fact that they have many important applications in Biology (e.g. in the framework of diﬀusion models for neural activity), in
Queueing Theory, in Economy, Mathematical Finance, and other applied
sciences (see e.g. the discussion in [1], [2]).
Now, we recall the deﬁnition of Gauss-Markov process, and its integrated
process. Let m(t), h1 (t), h2 (t) be continuous functions of t ≥ 0, which
are C 1 in (0, +∞), and such that h2 (t) = 0 and ρ(t) = h1 (t)/h2 (t) is
a non-negative, diﬀerentiable and increasing function, with ρ(0) = 0. If
B(t) = Bt denotes standard Brownian motion (BM), then for t ≥ 0 :
Y (t) = m(t) + h2 (t)B(ρ(t)),
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is a continuous Gauss-Markov process with mean m(t) and covariance
c(s, t) = h1 (s)h2 (t), for 0 ≤ s ≤ t.
Besides BM, a noteworthy case of Gauss-Markov process is the OrnsteinUhlenbeck (OU) process, and in fact any continuous Gauss-Markov process can be represented in terms of a OU process (see e.g. [9]).
For a continuous Gauss-Markov process Y,
 tits integrated process, starting
from X(0) is deﬁned by X(t) = X(0) + 0 Y (s)ds.
In this paper, we make use of the results of [1], in which, assuming
Y (0) = 0, we have studied the distribution of the FPT of X through a
boundary r, with the conditions that X(0) = x, that is:
τr (x) := inf{t > 0 : X(t) = r|X(0) = x};

(4)

moreover, for r2 > r1 and x ∈ (r1 , r2 ), in [1] we have studied the distribution of the ﬁrst-exit time (FET) of X from the interval (r1 , r2 ), with
the conditions that X(0) = x, that is:
τr1 ,r2 (x) := inf{t > 0 : X(t) ∈
/ (r1 , r2 )|X(0) = x}.

(5)

Notice that the distribution of τr is related to that of the running maximum S(t) = maxs∈[0,t] X(s), since P (τr ≤ t) = P (S(t) ≥ r); as for the
distribution of τr1 ,r2 , one has τr1 ,r2 = min{τr1 , τr2 }, with P (τr2 ≤ t) =
P (S(t) ≥ r2 ) and P (τr1 ≤ t) = P (mins∈[0,t] X(s) ≤ r1 ).
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random variables
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A probabilistic generalization of the Taylor’s theorem was proposed and studied by Massey and Whitt [6] and Lin [5], showing that for a nonnegative random
variable X and a suitable function f one has
E[f (t + X)] =

n−1


E[X k ]

k=0

f (k) (t)
f (n) (t)
+ E[f (n) (t + Xe )]
,
k!
n!

where Xe is a random variable possessing the equilibrium distribution of X.
This result was employed by Di Crescenzo [2] in order to obtain the following
probabilistic mean value theorem:
E[g(Y )] − E[g(X)] = E[g  (Z)][E(Y ) − E(X)],
valid for nonnegative and stochastically ordered random variables Y and Y ,
where the random variable Z is a generalization of Xe , and has density function
P(Z ∈ dx)
P(Y > x) − P(X > x)
=
.
dx
E(Y ) − E(X)
Various related results have been exploited recently, such as the fractional
probabilistic Taylor’s and mean value theorems (see Di Crescenzo and Meoli
[4]), and a quantile-based version of the probabilistic mean value theorem (see
Di Crescenzo et al. [3]). The latter result involves a distribution that generalizes
the Lorenz curve, and allows the construction of new distributions with support
(0, 1). Speciﬁcally, let X be an absolutely continuous random variable with ﬁnite
non-zero mean, with distribution function F (x) = P(X ≤ x), with quantile
function given by Q(u) = inf{x ∈ R : F (x) ≥ u}, 0 < u < 1, such that Q(0) = 0,
and with quantile density q(u) = Q (u), 0 < u < 1. Then, if g : (0, 1) → R is
n-times diﬀerentiable and g (n) · Q is integrable on (0, 1) for any n ≥ 1, then

1  (k)
E g (U )(1 − U )k q(U )
k!
k=1


1
E g (n) (X L )(1 − X L )n−1 E[X],
+
(n − 1)!

E[{g(1) − g(U )} q(U )] =

n−1


where U is uniformly distributed in (0, 1), and where X L is a random variable
with probability density function P(X L ∈ du)/du = Q(u)/E[X], 0 < u < 1.
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Stimulated by the above mentioned results, we construct new relationships
for the comparison of means values of distorted random variables. For the role of
distortion functions in applied contexts involving risk theory and mathematical
economics, we recall for instance the recent contributions by Balbás et al. [1] and
Sordo et al. [7], [8]. Our results are based on the quantile-based version of the
probabilistic mean value theorem, and deserve interest in utility theory. They
can be applied also for assessing stochastic dominance among risks.
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Motivation and Literature Review. With the beginning of the fourth industrial revolution, also called industry 4.0, high adaptability and resource eﬃciency
of organizations are becoming increasingly important [3]. Within so-called smart
enterprises, which are a major reference point within industry 4.0, information
should be changed in real time and all involved agents should be connected [3].
Therefore, also in the ﬁeld of optimization in production and logistics, a combination of interrelated problem models is gaining growing importance [1]. With
the introduction of the simultaneous optimization of more than one production
and logistics optimization problem, the ability to react and respond quickly to
changing external and internal inﬂuences should be improved.
One already existing combination of two logistics optimization problems is
the so-called Location Routing Problem (LRP) [2, 4]. It consists of the Facility
Location Problem (FLP), which is a strategic logistics optimization problem, and
the Vehicle Routing Problem (VRP), an operational optimization problem. As
the determination of facility locations inﬂuences routing costs to other facilities
or customers, there is a codependence between the FLP and the VRP. Therefore, by combining these two optimization problems, potential synergies can be
exploited [2, 4]. In the surveys of [2] and [4] about the LRP, diﬀerent problem
model formulations and also solution methods already exist. Concerning heuristic solutions, [2] state that there have already been successful approaches by
splitting up the LRP into a FLP and a VRP, for example through the use of
population-based algorithms.
However, considering the idea of integrated solution approaches in the context
of industry 4.0, not only an interconnection should exist. There should rather be
a continous exchange of information between problem models. As for example
the utilization of production and also warehouse departments is becoming increasingly dynamic, organizations are expected to become more ﬂexible. Decision
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situations regarding the temporary rental of warehouses should be supported.
Therefore, a system which provides information for more than one problem instance and is supportive over time is needed. As a consequence, a methodology
considering the high adaptability requirements of smart factories is developed. It
is expected that limitations concerning solution quality and run time may occur.
Methodology. The approach of this paper is splitting the LRP into its basic
models and solving them with existing metaheuristics. Based on this, by introducing new combination strategies, the basic models should be united again.
– Model Splitting: The LRP is divided into the basic models FLP and VRP.
For both problem models, established solution approaches have to be found,
which are generically applicable to guarantee a decision support for various
problem instances appearing over time. IBM CPLEX Optimizer is used for
exactly solvable parts. Moreover, existing evolutionary algorithms which are
already implemented in the framework HeuristicLab [5], are applied.
– Solution Merging: Within a second stage, the two single solutions are merged
again. By having more than one optimization run, the result of the secondly
solved problem serves as an input for the ﬁrst problem model. Diﬀerent outcomes of both problem models are compared and the best ones are selected.
With this general approach, correlations between the splitted problems are
examined. The focus is set on dependencies between the solution qualities of
single problems. Inﬂuences of one result on the respective other one are analyzed.
Acknowledgments The work described in this paper was done within the
COMET Project Heuristic Optimization in Production and Logistics (HOPL),
#843532 funded by the Austrian Research Promotion Agency (FFG).
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The (r|p)-centroid problem is a competitive location problem where two players, the leader (ﬁrm A) and the follower (ﬁrm B), enter the market sequentially
and compete in providing goods or services to customers. The leader enters the
market ﬁrst with p facilities and seeks to minimize the maximum market share
captured by a future competitor. The follower opens r facilities at the locations
that maximize its market share. In this work goods are assumed to be essential, which implies that minimizing the maximum market share captured by
the follower is equivalent to maximize the leader market share. The choice rule
that represents the behaviour of the customers can be modeled using diﬀerent
functions [1]. We consider the use of a S-shaped function (see Figure 1).
The amount of demand at point ck captured by ﬁrm B is wkB = wk fk (δk )
where f is a customer choice function, wk is the demand of the customers at ck
and δk = dkA − dkB being dkA and dkB the distances from ck to ﬁrms A and B.
We consider the S-shaped choice functions given by:
⎧
0
if δ ≤ ak
⎪
⎪
2
⎪
⎪
δ−a
k
k
⎨2
if ak < δ ≤ ak +b
bk −ak
2
fk (δ) =
2
⎪
δ−b
k
⎪
if ak +b
< δ ≤ bk
⎪ 1 − 2 bk −akk
2
⎪
⎩
1
if δ > bk
being ak < bk two limit values corresponding to each customer point ck .
We consider the linear formulations of the leader and follower problems and
solve the leader-follower (or (r|p)-centroid) problem applying a similar scheme
to the one described in [2, 4] but replacing the exact solution algorithm for the
series of leader problems by a kernel search heuristic.
The proposed matheuristic algorithm to solve the given leader-follower problem includes the following steps:
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Fig. 1. A S-shape function for f (δ)

Step 1 Initialization.
1.1 Select s feasible leader’s solutions Xi , i = 1, ..., s. Solve the follower’s
problem for Xi (i.e.; the (r|Xi )-medianoid problem), i = 1, ..., s. An
upper bound of W ∗ is W = min S(Xi ), where S(X) is the optimal value.
i

1.2 Let F = {Yi }qi=1 be an initial family of good follower candidates.
Step 2 Iterations. Repeat, until a stop rule condition is satisﬁed:
2.1 Solve the leader’s problem using family F of solutions for the follower
applying the kernel search heuristic [3]. Let X be the solution obtained.
2.2 Solve the follower’s problem for X. If S(X) < W then set W = S(X)
and X ∗ = X. Set F = F ∪{Y (X)}, where Y (X) is the (r|X)-medianoid.
The leader’s problem is solved at step 2.1 using a kernel search procedure [3]:
1 Solve the LP-relaxation of the leader problem for family F.
2 Build the initial kernel as the set of the non-zero variables. Sort the other
variables and build a sequence of disjoint variable buckets with the same
ﬁxed length.
3 Solve a MILP problem on the initial kernel.
4 Repeat until a certain number of buckets have been analysed.
a) Solve a MILP problem on the current kernel plus a bucket.
b) Update the current kernel.
The computational results of the application of the algorithm to an example
is used to show the performance of the matheuristic.
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Over the last years the increased air pollution and the awareness for sustainability has lead to a steady growth of the market for privately owned electric
vehicles. While so far the high acquisition costs and the limited battery range of
these vehicles hinder the wide-spread use, car-sharing systems with electric cars
could potentially decrease the use for conventional vehicles in urban areas [5].
Such car-sharing systems oﬀer cars in a pre-deﬁned area which can be rented
by customers to perform their desired trips. Compared to systems using conventional cars, in electric car-sharing systems charging stations have to be available
within the operational area to recharge the battery of the vehicles. In this work,
we consider station-based (in contrast to free-ﬂoating) systems in which cars can
only be rented and returned at speciﬁc stations. The most important strategic
decisions when introducing such a system in a new area are where to place the
stations, how many charging slots to install, and how many electrical cars to
deploy. For being able to make a statement about the viability a demand model
is needed which gives a forecast of the customer requests, i.e., when the potential
customers want to use a shared car and where they want to go. As the customers
are usually willing to walk a short distance to or from a station which is close to
their desired starting or ending point, each customer request has a set of potential starting and ending stations. In this work, we model the strategic decisions
on the locations of stations, the number of charging slots per station, and the total number of deployed cars with respect to a limited budget as a combinatorial
optimization problem and solve it heuristically using a variable neighborhood
search. An overview of this and similar optimization problems arising in the
area of electric car sharing systems is given by Brandstätter et al. [3, 4].

Simulation-based Trip Acceptance
We approach this problem as a bi-level optimization problem, where we make
the strategic decisions on the upper level (using the aforementioned variable
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neighborhood search) and compute the set of customer requests which can be
accepted by the system based on the upper level solution in the lower level problem. As the problem of ﬁnding the set of acceptable requests maximizing the
proﬁt is itself a diﬃcult optimization problem, we developed several heuristics
based on a greedy criterion which are described in [1]. They all use a time discretization and generate a time-expanded location graph in which vehicle paths
through space and time are iteratively computed. All state-of-the-art approaches
(e.g., [2]) assume, however, a best-case scenario in which the customers behave
in such a way that the system’s proﬁt is maximized. This means that when there
are two requests at the same time at the same station, the more proﬁtable trip
would be chosen. In addition, if there are multiple possible stations where a trip
can end, the one which is most promising for following trips is selected. As these
assumptions are rather unrealistic we focus in this work on a more reasonable
computation of the proﬁt. Therefore, we assume that the choice of which trip out
of concurrent requests at a station is accepted by the operator and the ending
station of the trips are random variables. The proﬁt of the strategic decision
on the upper level then depends on the realization of these random variables
and we aim to maximize the expected proﬁt. We approximate this expected
proﬁt by Monte-Carlo simulations in which each random variable has a uniform
probability distribution over its possible realizations.
We tested our approach on real-world data from Vienna, Austria. OpenStreetMap data is used for the underlying road network and we assume potential locations for stations at, e.g., supermarkets. The customer demand model is
based on real taxi data. Computational results show that although the expected
proﬁt of the simulation-based strategy is lower than using the other strategy and
more time-consuming to compute, the price of a more realistic proﬁt estimation
is not too high and can pay oﬀ in a real-world scenario. For future work we plan
to also consider relocation of vehicles which can inﬂuence the strategic decisions
and is in many practical systems a major factor of the operational costs.
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Gabriel Kronberger1 , Bogdan Burlacu1,2 , Michael Kommenda1,2 , Stephan
Winkler1 , and Michael Aﬀenzeller1,2
1

Heuristic and Evolutionary Algorithms Laboratory
University of Applied Sciences Upper Austria, Softwarepark 11, 4232 Hagenberg
2

Institute for Formal Models and Veriﬁcation
Johannes Kepler University, Altenbergerstr. 69, 4040 Linz

Background and Motivation1 Variable interaction networks can be used to
describe dependencies between variables of a system [1], [2]. A variable interaction network is a directed graph where each observed variable of the system
is represented by a node and dependencies between variables are represented as
edges. Variable interaction networks are related to graphical models [3]; building
variable interaction networks based on data is therefore closely related to structure learning of graphical models. Variable interaction networks have so far been
used primarily for visualization with the aim to gain a better understanding of
complex systems (see e.g. [1], [2], [4], [5]). In these applications, statistical models (e.g. symbolic regression models) have been used to identify related variables
and to describe empirical dependencies.
Our aim is to use graphical models not only for visualization purposes but
also for estimation, simulation, or control in settings where the underlying system has multiple inputs and multiple dependent outputs as well as internal
state variables. Ideally, we would like to identify the network of dependencies
and derive the structure of the graphical model which can be used for above
mentioned purposes. For this we need to solve several problems, one of which is
the evaluation of alternative structures for graphical models especially for structure learning. In this contribution we answer the research question: How can we
quantify and compare the correctness of structures of graphical models composed
of multiple individual sub-models?

Methods First, we extend and formalize our deﬁnition of the speciﬁc type of
graphical model starting from the the concept of variable interaction networks.
Roughly speaking, the model distinguishes between independent and dependent
variables and consists of a set of functions – one for each dependent variable –
which are used to estimate dependent variables based on other independent and
1
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dependent variables. In the full paper we elaborate on the necessary preconditions concerning the underlying system, the observed data, and the modeling
algorithm to make structure learning feasible.
Assuming multiple diﬀerent methods for generating graphical models from
data, we want to determine which of those produces the best structure. This can
be calculated exactly only if the optimal system structure is known and therefore
the learned structures can be compared with the known system structure.
We assume that the modeling methods produce an ordered list of input variables for each dependent variable. For instance variables can be sorted by relevance, explained variance, or the probability that the variable is necessary for
explaining the dependent variable. We propose to use one of three indicators
to evaluate and compare these variable rankings: (1) Gini coeﬃcient [6], (2)
Spearman’s rank correlation, and (3) normalized discounted cumulative gain
(NDCG) [7]. The Gini coeﬃcient can be used to quantify the discrimination between necessary and unnecessary inputs (binary classiﬁcation) [6]. Spearman’s
rank correlation coeﬃcient and NDCG make it possible compare the estimated
ranking with the ideal ranking if this is known. The later puts more weight on
correctly ordering variables and is better suited.
Results We compared diﬀerent regression algorithms including linear regression
(LR), random forest regression (RF) and symbolic regression (SR). For our set of
non-linear synthetic systems with 10, 20, and 50 variables RF is the best method
to discriminate between relevant and irrelevant variables and outperforms the
other methods especially for the high-dimensional problems. RF also produced
the best variable rankings with highest NDCG values. The full results will be
given in the full paper.
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1

Introduction

Within this paper, we focus on the development of algorithms capable of providing route suggestions to multiple simultaneously traveling users such that the
(negative) impacts of the routes among each other are minimized. We refer to
this kind of routes as system-aware routes. E.g., if multiple travelers are concurrently following the same route in a street network, it is most likely that traﬃc
congestion occur. If the same set of travelers is, however, distributed over multiple roads/routes, the traﬃc ﬂow is maintained and negative eﬀects like increased
CO2 emissions are reduced.
Today’s routing and navigation devices are, in most cases, not connected
with each other, meaning that each user request is handled separately—even
if the routing requests are all processed on a centrally operated infrastructure.
However, dependent on the availability of traﬃc data, some devices adapt route
suggestions based on observed (or typical) traﬃc conditions. This behavior leads
to a so-called user equilibrium (UE) [5] where each traveler cannot reduce her
individual travel time choosing another route.
In contrast to an UE, a system optimum (SO) [5] consists of a traﬃc state
where the average travel time is minimized. Obviously, this statement is equivalent to the observation that in a SO the overall travel time, i.e. the sum of all
travel times, is minimized or the (overall) traﬃc ﬂow is maximize. Negative environmental impacts caused by traﬃc congestion are reduced as well. Reaching
a SO requires cooperative travelers as well as supporting technologies sharing—
among others—(traﬃc) information with each other.
First solutions to the basic underlying problem of ﬁnding a shortest route in
a given network reach back to the late 50ies [2]. There were signiﬁcant improvements in the last decade, especially with respect to speeding-up techniques via
pre-processing, cf. [3] or [1] for a more comprehensive survey,. There is, however,
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only one other work focusing on the system-optimal traﬃc assignment [4] and—
to the best of our knowledge—no other work focusing on the computation of a
system optimum with respect to individual routes.

2

Computing System-Aware Routes

The basic problem of ﬁnding a route ri for user i ∈ U , with U denoting the set
of users, minimizing the (negative) impacts on all other users j ∈ U , j = i, can
be modeled by:

ei (rj )
(1)
min α · l(ri ) + β ·
j∈U \{i}

s.t. ri is a route from o(i) to d(i),

(2)

where function l denotes the length of a route, o(i) and d(i) denote the origin
and destination of traveler i and function ei estimates the delay of one route
due to another route, i.e. extra travel time due to congestion. Coeﬃcients α and
β can be used to (relatively) weight the actual route length to the eﬀects on
other routes. It is obvious that this formulation requires an iterative solution
procedure if all mutual impacts shall be minimized. Therefore, we suggest a
second, alternative formulation leading directly to a SO:

l(ri )
(3)
min
i∈U

s.t. ri is a route from o(i) to d(i), for all i ∈ U

(4)

In the presentation, we introduce two algorithmic approaches for solving the
two stated problem formulations where for the ﬁrst an iterated local search is applied and for the second a dynamic program is suggested. Experimental results—
including a comparison of the practicability of the approaches—conclude the
presentation.
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VLFDOPHWKRGV
0HWDKHXULVWLFVEDVHGRQWKHPHWKRGRIORFDOVHDUFKFDQEHSUHVHQWHGDVSUREOHPRI
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 %RĪHMNR:RMFLHFK3HPSHUD-DURVáDZ6PXWQLFNL&]HVáDZParallel simulated annealing for the job shop scheduling problem/HFWXUH1RWHVLQ&RPSXWHU6FLHQFH
  
 %RĪHMNR:RMFLHFK6PXWQLFNL&]HVáDZ8FKURĔVNL0DULXV]Parallel calculating of the
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1

Introduction

Logistics and transport management systems for perishable products have operational speciﬁcities associated with demands, handling, storage equipment and
transport infrastructure. Models to solve the problems of collecting, sharing and
distributing these products must adapt to new objectives and constraints. The
quality assurance of service and perishable products constitutes the main criterion for the optimization of supply and distribution chains of this kind of goods.
In this work we address speciﬁcally the problem of planning the collection of fresh
milk from local farms through a ﬂeet of refrigerated trucks. The scattered farms
of small-scale family type have limited isothermal facilities for storing milk. In
these circumstances the collection by the industry demands a precise temporal
organization to preserve the quality of the product [4]. The collection planning
is done in weekly periods [2]. The problem to determine the most appropriate
routes for collecting milk from a set of known farms in a given planning period of
several days, including a time window for each pick up, is modelled as Periodic
Vehicle Routing Problem with Time Windows (PVRPTW).

2

Periodic Vehicle Routing Problem with Time Windows

The PVRPTW, ﬁrst mentioned in [3], consists of generation of a limited number
of routes for each day over a given planning horizon with the aim to minimize
the total travel cost while satisfying the constraints on vehicle capacity, route
duration, customer service time windows, and customer visit requirements [5, 6].
With respect to our application in milk collection, we consider a special
version of the PVRPTW with an objective function focused on quality of service.
The quality of service is improved by reducing the time that farms have to wait
to be served within their time windows. This new objective is based on the
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variable sik , the time when vehicle k arrives at farm i, ei and li are respectively
the earliest start time of service and the latest start time of service at the farm
i, and n is the number of farms. The objective function is deﬁned as follows:
1   sik − ei
(1)
min
n
li − ei
The objective function formulation helps milk quality not to be reduced by
decreasing the collection milk time during the hours established by the farms.

3

Solution method

Since PVRPTW is an NP-hard problem and VRPs in general are known to
be also diﬃcult to solve in practice, metaheuristic methods are appropriated to
optimize our model for the milk collection problem and real-world process. We
propose a hybrid GRASP-VNS metaheuristics [1] to solve the proposed problem. This hybrid approach uses GRASP as outer framework for diversiﬁcation
and VNS for intensiﬁcation, i.e., for locally improving and post-processing constructed solutions. The construction phase mechanism of GRASP locates the
best position in which to insert a candidate for all routes, minimizing the objective function above, in order to generate the candidate list. Regarding VNS,
we use a composition of several neighborhood structures; 2-opt, k-swap chain,
k-move chain and change visit combination. In order to help the hybrid GRASPVNS ﬁnding high quality and feasible solutions, we consider infeasible solutions
during the search. Capacity, duration, and time window constraints may be
violated and are penalized accordingly. As a speciﬁc focus of our work, we experimentally compare diﬀerent kinds of penalty functions.
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Extended Abstract
Certain optimization problems are often the construct of multiple subproblems
being combined. Solving these subproblems instead of the actual ”master problem” can have some advantages. If the subproblems can be reduced to standard
problems, it is possible to use already existing solvers, whereas a specialized
solver would have to be implemented for the master problem. Also when using
multiple solvers, one solver can generate one part of the solution and thus is able
to reduce the problem for another cooperative solver.
The NP-hard Traveling Thief Problem (TTP) [1] is one example. The problem deﬁnition states that a thief wants to steal items that are stored at diﬀerent
locations. Each item has a certain value and consumes a certain amount of space
in the thief’s backpack, which has limited storage space. The thief must visit all
locations in a round-trip which starts and ends at his hideout. He has to be more
careful and thus must move slower the more items he carries and the longer he
is buccaneering, the more it costs. The goal is to steal those items in that roundtrip so that the overall proﬁt gets maximized. This problem can be divided into
a Traveling Salesman Problem (TSP) and a Knapsack Problem (KSP). The TSP
optimizer is used to generate proﬁtable tours, whereas the KSP optimizer is used
to yield good item selections. Both problems are then solved in collaboration [2].
To manage a collaborative optimization approach, the concept of ”orchestrators” is used, which can be seen in Figure 1. Orchestrators are entities that are
able to steer subproblem optimizers in two diﬀerent ways:
– They can recalculate actual solution qualities of subproblems.
– They can adapt the problem parameters to yield better solution qualities for
the original problem instances.
The authors gratefully acknowledge ﬁnancial support by the Austrian Research Promotion Agency (FFG) within the COMET Project Heuristic Optimization in Production and Logistics (HOPL), #843532.
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Fig. 1. The orchestrator steers the TSP and KSP optimizers. A meta optimizer is used
to optimize problem variegation parameters, e.g. KSP weights or TSP coordinates.

By changing a subproblem’s ﬁtness landscape, the respective optimizer converges to other areas of the search space that it would have ignored in the original
problem instance, because solutions in this area would be evaluated as weak right
away. Depending on the chosen orchestration strategy, the orchestrator will interact with the optimizers on a quality adaptation or problem variegation basis,
for which it is necessary to deﬁne according routines. These routines are problemspeciﬁc, therefore specialized orchestrators have to be provided for each problem
that will be divided into subproblems. We implement a specialized orchestrator
for the TTP to be used within the HeuristicLab optimization environment [3].
Connecting diﬀerent subproblem optimizers to orchestrators can be done using so called optimization networks. Such networks are composed of multiple
nodes that are able to communicate with each other. The goal is to design a
network node (i.e. ”orchestrator node”) as a generic approach to orchestration
in such optimization networks. At ﬁrst, a well-conceived architecture is created,
which makes it possible to implement problem-speciﬁc orchestrator nodes with
little eﬀort. A speciﬁc TTP orchestrator is then used to steer the overall optimization approach. We will experiment with both techniques and diﬀerent
orchestration routines. In the end we compare the achieved results and conclude
with possible future work on this matter.
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1

Introduction

Maritime container terminals are complex infrastructures to manage in transport industry due to their high degree of uncertainty arisen from the limited
and changing information. The containers in a maritime container terminal are
moved around the terminal by means of internal delivery vehicles, known as
automated guided vehicles, in short AGVs.
The main objective of this work is to optimize the usage of the available
AGVs in a maritime container terminal in terms of working time. This optimization is contextualized in scenarios that change dynamically and in which
synchronization is required.

2

Internal Delivery Vehicle Synchronization Problem

The Internal Delivery Vehicle Synchronization Problem, IDVSP, pursues to manage the available ﬂeet of AGVs eﬃciently in a maritime container terminal. Let
J be the set composed of jobs, which have to be performed by a ﬂeet of internal delivery vehicles, denoted as V . A job refers to the movement of a certain
container from some source position towards another target position, both positions are known in advance. Performing a job involves moving an AGV towards
its source position, picking up the relevant container, moving towards its target
position, and lastly delivering the container.
The feasible solutions of the IDVSP are composed of routes to be followed by
the internal delivery vehicles in V and with the aim of performing the existing
jobs, J. The route of a given internal delivery vehicle departs from a known initial
position on the yard and visits consecutively the source and target positions of
the subset of jobs assigned to it on a speciﬁc order. It is worth mentioning that
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all the jobs included in J must be performed by an internal delivery vehicle. In
this environment, the objective of the IDVSP is to minimize the time required
by the vehicles when performing the jobs. That is, minimizing the makespan of
the underlying schedule.
In contrast to the classic Vehicle Routing Problem (VRP) [2], the IDVSP
takes into account synchronization when picking up and dropping oﬀ containers.
In those cases in which several AGVs try to access simultaneously to a given
position, they are queued in such a way that only one of them can perform its
assigned job. In those scenarios in which synchronization is not required, the
IDVSP addressed in this work can be easily reduced to the VRP with pick-ups
and deliveries [1]. Thus, it can be claimed that it is also N P-hard.

3

Optimization Approach

In order to solve the IDVSP, an eﬃcient algorithmic technique based upon the
framework of the well-known Variable Neighbourhood Search [3], in short VNS,
is here proposed. The ﬁrst step of the algorithm is to build at each iteration an
initial solution by means of a constructive method. This assigns a similar number
of jobs to each vehicle randomly. Departing from this solution, the proposed
algorithm performs an exploration of its diﬀerent neighbourhoods, with the goal
of ﬁnding the best of its local optima.
Before exploring each neighbourhood, the solution applies a shaking process,
which generates a random neighbour of the solution using the current neighbourhood. This allows to start the local search to ﬁnd the local optima from diﬀerent
solutions at each iteration. Whenever the local optimum obtained improves the
best solution, the exploration of the neighbourhoods starts again. In other case,
the algorithm continues with the exploration of the next neighbourhood until all
available neighbourhoods have been examined. The neighbourhood structures
used in this work are Interchange, Reinsertion, and Two-opt.
In order to assess the suitability of our VNS, we have analysed its performance
in comparison with three algorithmic techniques: a local search, a random search
and a multi-start search with multiple environments. The experiments are done
in a wide range of realistic scenarios. The computational results indicate that
our approach returns high-quality solutions in all the scenarios by means of short
computational times.
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1

Introduction

Maritime terminals are highlighted infrastructures which are nowadays handling
about 10 billion tons of goods worldwide, according to the United Nations Conference on Trade And Development1 . They are aimed at enabling the transshipment of freights between diﬀerent transportation means. However, their main
objective is to serve the incoming container vessels, which arrive to the terminal
with the goal of loading and unloading containers eﬃciently.
This work presents a Variable Neighbourhood Search for the optimization of
the transshipment of containers at maritime container terminals. Its objectives
are to minimize (i) the departure times of the container vessels arrived to the
port and (ii) the costs derived from moving containers around the terminal.

2

Transshipment of Containers

The transshipment operations at maritime terminals refer to the movement of
containers carried out between the sea-side and the yard of the infrastructure
[2]. This way, every time a vessel arrives to port, a subset of its containers are
unloaded from it and later stored on the yard. Similarly, a set of containers is
loaded into the vessel to be transported to the next port along its shipping route.
In this work, we pursue to solve a variant of the Berth Allocation Problem
[4] in which the objective is to determine a berth for each incoming vessel that
satisﬁes its particular requirements (i.e., dimensions, time window, service constraints, etc.). In this environment, the container vessels arrived to the terminal
has to be assigned to a berth while their services have to be carried out within
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their time windows. Additionally, only one vessel can be served in a berth at
once. Lastly, it is required to determine an appropriate position on the yard
for the containers to unload. It is worth mentioning that the position of each
container to (un)load has a great impact on the service of the vessel due to the
growth of the times required to move the containers aroud the terminal [1].

3

Variable Neighbourhood Search

This work proposes an eﬃcient meta-heuristic approach based upon the wellknown framework of the Variable Neighbourhood Search [3] (VNS) with the aim
of solving the optimization problem introduced previously.
The proposed meta-heuristic approach generates solutions by means of a
greedy procedure. This is aimed at assigning a berth for each incoming vessel
according to its particular characteristics and the availability of the functional
areas of the terminal. Simultaneously, this procedure schedules the vessels into
each berth in such a way that their time windows are satisﬁed. Once the initial solution is obtained, this is improved by means of an adaptive exploration
scheme of its neighbourhood, which is deﬁned on the basis of three neighbourhood structures: (i) re-insertion of vessels, (ii) swap of vessels, and (iii) interchange of container destinations on the yard. In addition, an eﬀective shaking
scheme is proposed to diversify the search and reach promising regions of the
solution space.
The optimization approach proposed in this work has been coded in Java SE
8. It has been tuned and tested on a computer equipped with an Intel 3.16 GHz
and 4 GB of RAM. The test problem instances have been generated according to
realistic features of large maritime container terminals. In this regard, the computational experiments indicate that our approach is able to report high-quality
solutions in short computational times. The results show that the approach is
able converge to (near-)optimal solutions in a reduced number of iterations while
keeping a high level of diversiﬁcation. Finally, the results are robust when the
varying the characteristics of the problem instances to solve, which indicates
that the approach is suitable for being applied in realistic environments.
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R. Sharda, and S. Voβ, editors, Handbook of Terminal Planning, volume 49 of Operations Research/Computer Science Interfaces Series, pages 3–22. Springer, 2011.
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Extended abstract
Classically, designing electrical drives that are (simultaneously) optimal with
regard to given criteria – e.g., energy eﬃciency, costs, fault tolerance, etc. – is
a two step procedure. In the ﬁrst step, a domain expert deﬁnes the complete
geometric speciﬁcations of future designs. This means that the human expert
actually creates / chooses a parametric model that will act as a generic template
for any subsequent electrical drive that aims to solve the given task. In the
second step, a (usually multi-objective) optimization method is employed to ﬁnd
those sets of parameter combinations that, when applied on the chosen generic
template, produce (Pareto-)optimal design instances.
Even when carrying out the optimization part via state-of-the-art solvers, like
hybrid multi-objective evolutionary algorithms (MOEAs) [6] and particle swarm
optimization [1], one can easily argue that the truly creative part of the design
process remains with the domain expert. When the wrong parametric model for
the task at hand is chosen, no amount of optimization will be able to deliver
good results. Thus, by imposing hard constraints in variable space, a choice for
a parametric model actually entails restrictions on the shape of possible designs.
Direct topology optimization [3] is an alternative approach that, when applicable, seems better suited to fully beneﬁt from the explorative strength of
modern MOEAs and recent advances in simulation software and computation
power [4]. In this case, the domain expert only needs to deﬁne the boundaries of
the design region and to choose a discretization factor. This results in a grid in
which each cell can be parameterized from a limited set of values. The simplest
of such sets contains only two elements: iron and air. The task of the MOEA
is to ﬁnd those grid conﬁgurations (i.e., discrete matrices) that encode Paretooptimal solutions. All in all, since the optimization problem is formulated in a far
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less restrictive manner, the optimization algorithm also “becomes responsible”
for the more advanced / creative part of the design automation process.
In order to gain insight regarding the performance of MOEAs on direct topology optimization problems, we performed several experiments. Firstly, we applied classical MOEAs like NSGA-II [2] and SPEA2 [5] with basic genetic operators suitable for a discrete encoding: binary crossover and bit ﬂip mutation.
Interestingly, very good Pareto fronts and convergence behaviors were obtained
in a second series of tests when adopting a rather counter-intuitive real encoding
of the topology matrices that facilitates the use of more advanced optimization
methods that also integrate diﬀerential evolution operators and decompositionbased search space exploration strategies.
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1

Introduction

The Algorithm Selection Problem (ASP) is introduced in [5] seeking to answer
the question ”Which algorithm is the best option to solve my problem?” under those cases where the decision-maker or solver counts with more than one
algorithm for a given problem. Formally, the ASP can be deﬁned as follows:
having a problem instance x ∈ P , with given features f (x) ∈ F , the objective
is to perform a selection mapping S(f (x)) in the algorithms space A, with the
goal of selecting the algorithm α ∈ A that maximizes the performance mapping
y(α, x) ∈ Y such that y(α, x) ≥ y(a, x) , ∀a ∈ A. Thus, the principal components
of the algorithm selection model are: the problem space P , the feature space F ,
the selection mapping S of P on the algorithm space A and the performance
space Y . The importance of tackling this problem is provided by: (i) No Free
Lunch (NFL) theorem, (ii) the big number of available algorithms, and (iii) the
need of trying to obtain the best possible solution, and not only a correct one.
In the related literature, some systems have been proposed. The Machine
Learning Toolbox (MLT) project [2], continued in Statlog [3] and METAL [1],
aims to select the best algorithm for a given dataset. Furthermore, in [1] a helping system for aiding the selection of machine learning algorithms, according to
the dataset is proposed. They obtain meta-features that allow to compare diﬀerent datasets and, by means of that, obtain a reduced group of datasets similar to
the one at hand. Those reduced groups are later used to give a recommendation.
In [7] a multilayer perceptron network (MLP) is used to select the best optimization algorithm to solve the quadratic assignment problem. However, the above
mentioned contributions and systems are focused on recommending or choosing
algorithms for a particular problem. That is why a meta-learning ([4]) based
system may be appropriate and necessary for those scenarios where a ranking
of algorithms sorted according to a provided criterion for any supported input
problem is necessary. On the other hand, a drawback appearing in algorithm
selection systems is the so-called cold start (see [6]). It concerns the disadvantage that arises in those cases where the system involved in the selection of the
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algorithm for providing a solution has not enough information to give an appropriate recommendation or selection. An extreme case of this problem happens
when the system has not past information for comparing the input stream.

2

Contribution

Bearing the previous discussion in mind, the main goal of this work is two-fold.
On the one hand, a novel meta-learning-based approach that allows to select,
from a pool of algorithms, a suitable algorithm for solving a given logistic problem (e.g., vehicle routing problem, berth allocation problem, facility location,
etc.) is proposed. On the other hand, the proposed approach is enabled to work
within cold start situations where although the system do not have previous information of an introduced logistic problem, it may count with information from
a similar problem or from a generalization of it. In doing so, a tree structured
hierarchy that allows to compare diﬀerent metric dataset to identify a particular
problem or variation is presented.
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1

Motivation and Method

We present a new NP hard grouping problem derived from a real world problem
where transports lots have to be formed from various items. This problem is
challenging even for state of the art optimization algorithms, as we show by
attacking real world test instances using a variety of algorithms.
Both memetic algorithms (MA)[1] as well as estimation of distribution algorithms (EDA)[2] have attracted a signiﬁcant amount of research interest in recent years. To solve this problem eﬃciently we propose using a hybrid algorithm
that aims to combine these two approaches with an evolutionary algorithm. The
algorithm presented in this paper uses ﬁve main operations:
–
–
–
–
–

Creation heuristic
Selection, Crossover and Mutation
Sampling from a bivariate model
Path-relinking procedure
Local improvement procedure

The encoding used is the Linear-Linkage-Encoding [3] with the crossover and
mutation operators described in [4].
In order to ﬁnd a good hybridization we need to understand the role of
and the interplay between the diﬀerent heuristics. To that end we analyse the
inﬂuence of the diﬀerent operators on the results as well as on the characteristics
of optimization runs, by testing diﬀerent combinations and looking at the ﬁtness
and diversity of the population over time.

2

Problem

Given is a set of items that need to be assigned to an ordered set of groups. We
want to ﬁnd the assignment to the smallest number of groups with the lowest
total cost.
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I = {i}N
i=1
S = {s}S
s=1
Gp = (I, R)
Gd = (I, D)
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Set of items
Ordered set of transport lots
Weighted undirected graph of pairwise grouping costs
Directed graph of item dependencies

min |S| +



C(s)

(1)

s∈S

s.t. (a, b) ∈ R
S(a) ≤ S(b)

∀s∈S ∀a∈s,

b∈s

(2)

∀(a,b)∈D

(3)

The function C(S) → R calculates the costs of a group lot using the weights
on Gp . If a edge in Gp has a high weight placing the two items connected by
that edge in the same group is unfavourable. Two items that do not share an
edge in Gp must not be in the same group which is ensured by constraint 2.
Constraint 3 guarantees that every item that depends on another one is either
in the same group or in a group with a bigger index than the item it depends
on. The function S(I) → Z maps an item to the index of the group it belongs
to.
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1

Introduction

There are many diﬀerent kinds of cutting stock problems (CSPs) occurring in
practice and in theory having in common that they ask for a set of patterns,
where each pattern is a collection of elements, to satisfy given element demands
while minimizing the costs of the patterns. The classical CSP only considers
ﬁxed costs for each individual pattern, but in many practical applications an
additional cost factor are setup costs arising whenever the machine has to be set
up to cut a diﬀerent pattern. Thus, ﬁnding a solution involving a small number
of diﬀerent types of patterns is often preferred.
Most approaches to solve CSPs generate many candidate solutions yielding,
if collected, a large and diverse set of patterns. We formalize an extension of the
weighted set covering problem which exploits all these collected patterns by deriving an optimal combination of a subset of them resembling a feasible, possibly
new incumbent solution. Solving this subproblem can be seen as a kind of solution merging. It can be applied either as a post-processing or as an intermediate
step to also lead the pattern construction in a more promising direction. We
investigate this extension speciﬁcally on K-staged two-dimensional CSPs with
setup costs.
The merging problem is deﬁned as follows. Given is a set of elements E =
n
{1, . . . , n} with a demand vector (di )i=1 ∈ Nn and the set of collected patterns
P . The actual structure of the patterns is not relevant here, but each pattern
n
p ∈ P has an associated element vector (epi )i=1 ∈ Nn indicating how often an
element i ∈ E occurs in p. Every pattern p ∈ P has associated production costs
S
|P |
cP
such that
p and setup costs cp . The goal is to ﬁnd amounts a = (ap )p∈P ∈ N


cP
cSp
c(a) :=
p · ap +
p∈P

p∈P : ap >0

is a minimum and the demands are satisﬁed, i.e.

2



p∈P

epi · ap ≥ di , i = 1, . . . , n.

Related Work

In [1] a similar approach is considered for the one dimensional CSP, where each
pattern has the same production and setup costs. An integer linear programming
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(ILP) model is proposed and solved by CPLEX. In an older work Foerster and
Wascher [2] present a two phase approach with a pattern reduction in the second
phase. A more theoretical analysis of a general weighted set covering problem
is done in [3], where no concept like setup costs were considered. We use the
methods described in [4] as base algorithm yielding the collection of patterns.

3

Solution Approaches

Similarly as in [1], we can solve our problem directly with an ILP solver. Since
this exact approach does not scale very well we also consider a greedy heuristic.
This greedy approach starts with no selected patterns and selects promising
patterns until all demands are satisﬁed. To decide in a greedy manner which
n
pattern we choose next we keep track of the unsatisﬁed demands (ui )i=1 which
get initialized with ui = di . To rate the quality of a pattern we use a size value
vi ∈ R for each element i ∈ E. In the one-dimensional case this is the length, in
the two-dimensional case the area of the element. In each step, we select a best
pattern p together with an amount a according to the following rating
n
max (a · epi , ui ) · vi
r(p, a) := i=1
S
a · cP
p + c p · δp
where δp = 1 if pattern p is not already in the solution and δp = 0 if p was
already added in a previous step. We add a pattern p with a maximal rating
r(p, a) with amount a to our current solution and recalculate the ui values. We
stop when ui = 0 for all i.
We compare the greedy algorithm with the exact ILP approach on real-world
instances. Results indicate that the greedy approach is substantially faster, scales
much better, and nevertheless yields solutions of almost equal quality.
The greedy approach is further extended with the preferred iterative lookahead technique (PILOT) resulting in better solution qualities for some instances,
however, at the cost of longer running times. Furthermore some considered extensions are disallowing overproduction of elements, i.e. satisfying demands exactly, limiting the number of patterns for one setup, and limiting the amount of
diﬀerent sheet types.
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1

Introduction

In classical radiotherapy cancer treatments are provided by linear accelerators
that serve a dedicated treatment room exclusively. In contrast, particle therapy
uses beams that are produced by either cyclotrons or synchrotrons that can serve
up to ﬁve treatment rooms in an interleaved way. Several sequential activities
like stabilization not requiring the beam have to be performed in the treatment
room before and after each actual irradiation. Using several rooms and switching
the beam between the rooms thus allows an eﬀective utilization of the expensive
particle accelerator and increased throughput of the facility.
In a typical midterm planning scenario a schedule for performing the therapies over the next few months has to be determined. Midterm planning for classical radiotherapy has already attracted some research starting with the works
from Kapamara et al. [1] and Petrovic et al. [3]. Due to the one-to-one correspondence of treatment rooms and accelerators it suﬃces to consider a coarser
scheduling scenario in which treatments have to be assigned only to days but
do not have to be sequenced within the day. In a recent work [2] we studied a
simpliﬁed problem formulation addressing the midterm planning of the particle
therapy treatment center MedAustron in Wiener Neustadt, Austria, which offers three treatment rooms. Our approach consisted in decomposing the problem
into a day assignment and a sequencing part, and we provided a construction
heuristic, a GRASP, and an Iterated Greedy (IG) metaheuristic. The aim of the
current work is to extend the proposed model and to provide and utilize a mechanism that quickly predicts the behavior of the sequencing part with reasonable
precision, allowing in particular an improved day assignment.

2

Particle Therapy Patient Scheduling Problem

In the Particle Therapy Patient Scheduling Problem (PTPSP) therapies consisting of daily treatments (DTs) on 8 to 35 subsequent days have to be planned.
Each therapy has a window of days at which it is allowed to start. There is a
minimal and maximal number of DTs that have to be provided each week, a
lower and upper bound of days that are allowed to pass between two subsequent
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DTs, and a required break of at least two consecutive days each week. Moreover,
DTs should be provided roughly at the same time within each week. Each DT
consists of either ﬁve or seven consecutive activities having associated processing times and requiring individual resources such as the particle beam, room,
and anesthetist. Resources have each day a regular and an extended availability
period at which they can be used, where the use of the latter one results in
additional costs. The availability periods of resources can be further interrupted
by so-called unavailability periods.
A schedule assigns all DTs of a given set of therapies to days and determines
starting times for the associated activities considering all operational constraints.
The considered objective minimizes the use of extended availability periods, the
ﬁnishing day of the therapies, and the variation of the starting times of the DTs.

3

Solution Approach and Time Estimation

Our solution approach consists of decomposing PTPSP into the Day Assignment (DA) in which DTs are assigned to days and the Time Assignment (TA)
in which for each day starting times for the respective DTs activities are determined. Clearly, those two levels are dependent on a large degree. Determining
the usage of the resources’ availability periods for a given candidate set of DTs at
a speciﬁc day is of crucial interest in any method determining an optimized DA
as well as any constructive heuristic for the TA. Optimally solving the associated
subproblem, however, would in general require to completely solve the underlying scheduling problem, which is very time-expensive if practically possible at
all. Therefore, we investigate diﬀerent eﬃcient ways to estimate the use of the
resources’ availability periods with reasonable accuracy and study the impact
on the greedy heuristic, GRASP, and IG.
Furthermore, in [2] we did not yet regard the requirement that each therapy’s
DTs should be provided at roughly the same time. This allowed a more independent calculation of the TA for each day. We now extend our methods to also
address this soft-constraint. The main idea is that in the underlying construction heuristic the days are now considered sequentially and DTs are assigned
preferably to starting times that are close to starting times of previous DTs.
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The Radiotherapy Patient Scheduling Problem (RPSP) is concerned with
the assignment of irradiation treatment appointments to patients diagnosed with
cancer. A radiation therapy consists of a pre-treatment phase and the treatment
phase itself, which in turn consists of multiple daily treatments (DT) requiring
numerous resources as well as staﬀ capacity simultaneously. Some of those daily
treatments are followed by optional imaging activities or doctoral assignments.
Optimizing the associated irradiation appointments is crucial in order to treat as
many patients as possible during the restricted availability times of the resources,
where usually each resource has a maximum capacity of one patient at a time.
The outlined problem can in general be classiﬁed as a Job Shop Scheduling Problem. However, various of its characteristics require advanced scheduling
techniques: First, we consider multiple alternative (and preferred) resources with
multiple non-availability periods during the planning horizon. Second, we incorporate optional activities into the model. These activities need to take place,
e.g. once a week, with the exact day of execution to be optimized. Third, all
treatment activities of a patient are tied together using minimum and maximum
time lags, whose violation results in a penalty within the objective function.
Further, the starting times of the recurring irradiation treatments should remain relatively stable over all treatment days aiming at an increased degree of
convenience for the patients. Additionally, the irradiation treatments need to
take place a minimum and maximum number of times per week (i.e. not necessarily every day), which additionally adds to the problem complexity. Finally, we
aim at minimizing the idle times of the main resource – the particle accelerator
– while simultaneously minimizing time window violations.
The base problem of scheduling recurring radiotherapy treatment activities
has already been fairly studied in the literature. While some papers only focus on
the assignment of treatment days and neglect the scheduling of starting times on
each day (e.g. [5], [6]), others schedule the daily treatment activities to time slots
with a predeﬁned duration of e.g. 15 or 30 minutes (“block scheduling”, e.g. [1],
[2]). Lately, Maschler et al. have proposed a more detailed scheduling approach
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to solve the advanced radiotherapy scheduling problem arising in ion beam facilities using both a GRASP and an iterated greedy approach [3]. They incorporate
both a day and time assignment phase, but do not deal with alternative resources
or optional activities. Petrovic et al. [4] have ﬁrst used population-based metaheuristics to schedule exact starting times without considering continuity in the
daily start of the treatments for each patient.
The large variation in treatment durations and the strong competition for
the resources in our case highly suggests a detailed scheduling approach, yielding exact, “to-the-minute” treatment starting times. Therefore, we design two
construction heuristics that use classical priority rules known from the literature
as well as more speciﬁc rules tailored to the problem at hand: The ﬁrst heuristic
schedules activities chronologically, while the second heuristic allows to ﬁll availability gaps occurring from non-availability periods on the resources. In order to
reduce penalties from time window violations and thereby increase feasibility, we
further analyse repair strategies. Additionally, we develop a local search based
metaheuristic solution approach based on the constructive scheduling schemes.
Our main focus lies on the eﬃcient usage of the bottleneck resource – the particle
accelerator – while simultaneously minimizing the violation of soft time window
constraints. Finally, the underlying chronological scheduling approach necessitates the formulation of an LP model to evaluate stable time violation penalties
after the schedule construction has ﬁnished. First computational results on small
and medium sized real world inspired instances are promising.
Keywords: Radiotherapy Scheduling, Metaheuristics, List Scheduling, Optional Activities, Alternative Resources, Stable Activity Times and Time Windows
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We provide new results of theoretical as well as experimental investigations
of so called landscape of the discrete solution space for the job-shop scheduling
problem. The problem is the leading, strongly NP-hard case from the scheduling theory with many excellent practical applications, already for the makespan
criterion, not restricting our considerations to the mentioned one, [4]. The exceptional hardness of the problem can be justiﬁed by the well-known job-shop
benchmark ft10 stated in 1963, that has only (!) 10 machines and 100 operations,
and which had to wait 26 years to be solved by the branch-and-bound scheme.
That’s why, a huge number of job-shop approximate algorithms has been developed by years as a reasonable alternative for exact methods, expressing various
degrees of the success, [1]. In the job-shop literature one can ﬁnd many various
approaches, beginning from B&B schemes, through approximation schemes, up
to GA,TS, SA, and other straight and/or hybrid metaheuristic constructions.
In the nineties, Tabu Search (TS) approach made the breakthrough in thinking about eﬃcient approximate solution methods, [3]. The algorithm TSAB,
designed in 1993, [6] appeared among a few TS procedures dedicated for the
job-shop. Surprisingly, it found optimal solution of ft10 in a few seconds and
provided, for instances up to 2,000 operations, solutions of very high accuracy
in a time of minutes on a standard PC. TSAB has been developed creatively,
combining the block approach with other theoretical properties known in the
scheduling. After the primal and the most spectacular success of this TS implementation, there have been designed several further algorithms for the ﬂow-shop,
hybrid ﬂow-shop, and ﬂow-shop buﬀer-constrained problems. Amazing properties of these algorithms remained unexamined till now, although many authors
by brute force implemented these ideas without deeper analysis of their usefulness, [9]. Following the common usage the question “why TS is so good?” gets
the particular signiﬁcance. Capricious behaviour of approximate methods, already on standard benchmarks, incline scientists to deﬁne and identify factors of
the instance hardness, which allow one to diﬀerentiate hard cases from easy. Another research stream examines nature of the solution space and the landscape,
seeking properties responsible for the success/failure of an algorithm, [5]. We
hope, that understanding strange properties of the solution space may explain
the reasons of TS successes.
Theoretical research refers to various measures of the distance between solutions of the job-shop problem perceived as a composition of permutations.
They uses metrics based on Cayley, Ulam, Kendall, Hamming distances between
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component permutations and the relative error of the goal function value. Theoretical distribution of the measure is also shown. In the experimental research
we examine correlation between criterion value and the distance in the space and
distribution of local extremes located on search trajectories in case of various
solution algorithms. Roughness of the landscape has been deﬁned formally and
veriﬁed. Experimental distributions of relative distance to the optimal (best)
solution found for various strategies used in the approximation algorithms are
also provided by using common job-shop benchmarks. The interpretation of the
space throw new light on the process of solving hard combinatorial optimization
problems as well as on Tabu Search (TS) phenomenon. We hope that the study
not only will explain the path of TS towards the success in the considered case,
but also detect vital factors and provide insights for future designers of solution
algorithms for hard discrete optimization problems, [7].
In the research we analysed, among others, the structure of the job-shop
solution space in the context of new theoretical results as well as experimental
ﬁndings, especially for: various classes of the schedules, distance measure between solutions, solution feasibility ratio, modelling redundancy, distribution of
solutions in the space, distribution of local extrema, transformation of the space
with dimensions reduction, space landscape, space size, space simulation, trajectories going through the space. All considerations are legitimized by suitable
theoretical ﬁndings and illustrated by results of experimental numerical tests,
with the use of sequential/parallel computing environments, [2,8].
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This work proposes several variants of the Variable Neighborhood Search
metaheuristic [5] for solving a parallel machine scheduling problem with dependent setup times. In this problem there are n independent jobs to be processed
in m identical machines. Each job has an associated processing time pj and
each machine has associated setup times sij for processing job j after job i, with
sij = sji , in general. There is a setup time s0j for processing the ﬁrst job on each
machine. Each machine can process a job at a time and all machines have to be
used. The aim of the problem is to assign jobs to machines and to determine the
order in which jobs have to be processed on the machines in such a way that the
sum of the completion times is minimized. That is, the objective is to minimize
the Total Completion Time (TCT).
Little research has been done when parallel machines and dependent setups
are considered. Bettayeb et al. [3] minimize the weighted ﬂow time on a parallel
machine system with family set-up times. They obtain lower bounds for a B&B
algorithm. Nessah et al. [6] study a parallel machine scheduling problem with
sequence-dependent set-up times and precedence constraints with the objective
of minimizing the TCT. They solve small instances using a B&B algorithm, while
for larger instances use the limited discrepancy search heuristic. For a similar
problem, Gacias et al. [4] propose dominance conditions and deﬁne an exact
B&B procedure and a climbing discrepancy search heuristic.
To the best of our knowledge, Baez et al. [2] is the only published work
addressing the problem at hand. They proposed two mathematical formulations
for the problem which have a better performance than a classical formulation
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based on m-Travelling Salesman Problem, consuming less computational time
and solving to optimality instances up to 50 jobs.
The main contribution of this work is to propose the ﬁrst metaheuristic approach to solve the addressed problem, which will allow to solve larger instances
in short computational times. Particularly, we design and implement a General
Variable Neighborhood Search and a Random Variable Neighborhood Decent.
We use classical movements to deﬁne neighborhoods, such as inter and intra
machine movements of jobs. However, it should be remarked that when the
objective function is to minimize the total completion time, local movements
impact the completion time values of a large number of jobs, then the direct
evaluation of a simple movement is, in general, very time-consuming. For this
reason we develop eﬃcient strategies to explore the deﬁned neighborhoods.
In order to test our algorithms, we have considered two groups of instances
from the literature; the one proposed by Vallada and Ruiz [7] and the one generated by Avalos-Rosales [1], using the same procedure of the previous group.
Note that these instances were created for unrelated parallel machines. Given
the fact that we are working with identical machines, we have used the data of
the ﬁrst machine in each instance. We have compared the obtained results with
the bounds provided by the mathematical formulations developed by Baez el at
[2].
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Extended Abstract
Machine learning enables computers to learn from and make predictions on data.
A common task in machine learning is regression analysis where a model describing the relationship between several independent and one dependent variable is
built. Another important task is feature subset selection [1] that determines
which of the available independent variables should be used in the model. Both
problems are interrelated in the sense that only if the most appropriate feature
subset is selected, the resulting regression model achieves optimal prediction
accuracy.
Whenever multiple, interrelated and dependent machine learning problems
are considered in combination we use the term integrated machine learning.
Integrated machine learning problems, consisting of at least two interrelated
subproblems, can be solved using the concept of optimization networks.
Optimization networks are a general framework to solve interrelated problems
holistically [2]. This is enabled by combining the individual subproblems through
so-called orchestrators. Orchestrators deﬁne how individual subproblems interact and inﬂuence each other. Accordingly, an optimization network consists of
multiple nodes, each representing a subproblem and the corresponding solver,
that are connected by orchestrators.
An example for integrated machine learning is the problem of learning the
most accurate linear prediction model on data containing 10 independent variables and one dependent variable. In total it is possible to create 1024 (210 )
diﬀerent linear models, ranging from the most simplistic model without any
variables at all to the most complex one that contains all available input variables. In this example an exhaustive search of all possible feature subsets is still
feasible due to the low number of independent variables. However, in practice the
size of the data does not allow an exhaustive enumeration of all possible feature
The authors gratefully acknowledge ﬁnancial support by the Austrian Research Promotion Agency (FFG) within the COMET Project Heuristic Optimization in Production and Logistics (HOPL), #843532.
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subsets, as there are 2n possible combinations for a dataset with n independent
variables.
This integrated machine learning task can be represented as an optimization
network. The feature subset selection can be modeled as binary optimization
problem, where the binary vector encodes the selected feature subset. The regression problem of creating a linear model can be solved deterministically using
linear regression. The orchestrator passes the binary vector to the linear regression algorithm and triggers model creation. The prediction quality of the
resulting model is handed back to the selection problem and acts as a quality
indicator for the concrete subset. The depicted optimization network is solved
using a sequential optimization approach [3], where each selected feature subset
triggers the linear regression algorithm. However, depending on the relationship
between the subproblems other more collaborative approaches are suitable as
well.
A beneﬁt of using optimization networks to model integrated machine learning problems is that the solvers for the individual subproblems can be easily
exchanged. For example, the feature subset selection problem can be solved by
exhaustive search. If that becomes infeasible any optimization algorithm that
works with binary encodings can be used, such as local search, variable neighborhood search, or genetic algorithms. Furthermore, the composition of networks
consisting of individual subproblems enables the reuse of existing algorithms and
problems, thus reducing the formulation, deﬁnition, and implementation eﬀort.
Another important aspect is that certain combinations of subproblems can only
be solved in unison to achieve globally valid optimization results due to conﬂicting individual optimization objectives.
To the best of our knowledge optimization networks have only been applied
to combinatorial optimization problems, mostly in the context of production and
logistics [2]. In this contribution we demonstrate the suitability of optimization
networks for integrated machine learning problems on the basis of two case studies. In the ﬁrst case study, we use an optimization network that combines feature
selection, hyperparameter optimization, and regression analysis. The second case
study combines goal seeking and regression analysis, where optimal input parameter values have to be calculated to reach speciﬁed target goals.
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Over the last decade, the coinciding rise of three factors has led to revolution
in data analytics. These factors are the exponential growth of available data,
advances in machine learning algorithms, and ubiquitous and cheap computing
resources, either via cloud computing or GPU technology. While this revolution
has given rise to systems that rival human performance on auditory and visual
perception tasks [1], several of the underlying algorithms (most notably the
optimizers that implement the learning in the systems) are sequential in nature,
and thus form an inherent limitation to the speedups possible even with parallel
hardware.
While optimization methods traditionally employed in machine learning algorithms operate iteratively, performing several passes over the entire dataset,
this has become harder as increasing data volumes may not ﬁt into the limited
memories of special-purpose hardware, such as GPUs. This problem gave rise to
stochastic versions of algorithms (such as stochastic gradient descent), where updates are performed in a online manner for each data point, and to minibatches,
where limited portions of the entire dataset are processed sequentially.
The algorithmic task of training machine learning models on minibatches is
interesting and highly relevant in a related, but entirely diﬀerent setting: privacypreserving distributed machine learning [2]. In this ﬁeld, the research interest is
on building data models when the data cannot be pooled, mostly for security or
privacy reasons.
It is tempting to view model training on minibatches as a trivial way to parallelize and distribute machine learning algorithms: Train several (distributed)
models in parallel, each on their own minibatch, and then somehow combine
these models. It is exactly this model combination that is, theoretically, far
from trivial, as most parametrizations of trained machine learning models represent minima of error surfaces. It is initially not clear how the positions of
several minima, each corresponding to one minibatch model, can be combined
in a meaningful manner into a minimum corresponding to a better model of the
entire dataset.
Recently, substantial progress has been made on this problem, most notably
with a proof that minibatch models trained with stochastic gradient descent on
convex error surfaces can be combined merely by averaging their parametrizations [3]. The objective of this paper is to expand on this averaging idea by
iterating the process, and to evaluate its performance also on non-convex optimization problems trained with higher order methods, such as conjugate gradient
and quasi-Newton algorithms. The code in Algorithm 1 gives a top-level view of
this approach.
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Algorithm 1 Parallel (distributed) minibatch training
Split data into M minibatches patch1 ,. . . ,patchM
// omit in distributed setting
Randomly initialize θ (model parameters)
for k = 1 to N do
for j = 1 to M do in parallel
// obtain new parameters βj
βj = trainmodel(θ, patchj )
end parallel for
// communication overhead in distributed setting
θ =mean(β1 , . . . , βM )
end for

We investigate the eﬀect of parameter-averaging parallel minibatch training
on two standard machine learning tasks, one representing a convex optimization
problem relevant to privacy-preserving machine learning in medical contexts
(training a logistic regression model), and one representing a non-convex optimization problem relevant to large-scale parallel machine learning (training an
autoencoder).
Table 1 shows a performance summary of parallel minibatch training for a
sparse autoencoder [4] on a sample of 8 × 8 pixel patches taken the CIFAR-10
dataset. The total number of minimizer iterations was set to 400. Therefore,
every call to trainmodel in Algorithm 1 used 400/N minimizer iterations. One
can observe the viability of the proposed approach, as the average reconstruction
error (over all test patches) increases only slightly when combining minibatch
models.
Table 1. Mean reconstruction error of 5 000 test patches for an autoencoder trained
on 10 000 patches according to Algorithm 1, divided into M = 10 minibatches, for
varying number of outer loop iterations N . For comparison, the ﬁrst entry gives the
mean reconstruction error of a model trained on the full dataset.
full model
0.53378

N = 10
0.55822

N = 20
0.56016

N = 30
0.58246

N = 40
0.59408

The full paper will present the results of a more thorough investigation of
minibatch training for logistic regression and sparse autoencoder models.
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Surrogate models in the widest sense are (statistical) models used to approximate problems, that are expensive or diﬃcult to evaluate. These problems
include simulation code, physical experiments or problem functions with discontinuities, local optima or plateaus, that cause diﬃculties for optimization
algorithms [1]. An approximation of such expensive functions can serve multiple purposes. An easier to evaluate model can be used in optimization tasks in
order to decrease computational time and budget needed or to make optimization feasible at all in the ﬁrst place. Additionally the construction of a surrogate
model can create an improved understanding of the original problem and the
processes involved. This work will concern itself with the comparison of diﬀerent
surrogate models, sampling plans and modelling approaches which is of special
interest if surrogate models shall be used in combination with existing heuristic
optimization algorithms.
Widely used types of models are polynomial and linear response surfaces,
Gaussian process models [7] or Radial basis functions [4]. Additionally, function approximations via regression with artiﬁcial neural networks (ANNs) and
support vector machines (SVMs) have been proposed [2]. As a consequence a
more generalized form of regression (i.a. symbolic regression) could be used as
a surrogate model. These models vary not only in the type of regression function they are using, but also in whether they are used as global models where a
single model is created from all available data points or as local models which
only hold sway over speciﬁc areas [3] of the search space and use only subsets of
the previously sampled points. Another major diﬀerence in the use of surrogate
model assisted optimization lies in the selection of sampling points, where the
underlying expensive ﬁtness function is evaluated. Wang and Shan [8] identify
three main strategies. In the sequential approach, all sample points are evaluated
at the beginning, an optimization is performed on the surrogate and the best
found solution is evaluated to ensure validity. The adaptive approach, evaluates
new samples during the optimization process to continuously improve the model
and the direct sampling approach where additional information from the meta
model like the Expected Improvement [5] is used to select the next sample point.
Several authors [6] already gave comprehensive reviews about the uses and
approaches of surrogate modelling. Many papers presenting new strategies or
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algorithms tend to compare their new approach to a ”standard” one. Unfortunately these standard approaches are rarely, if ever, the same or based on
the same implementation. This work focuses on reimplementing the before mentioned surrogate functions, search space localities and sampling strategies within
a single optimization framework HeuristicLab in order to allow a fair and equal
comparison. Comparisons will be made on a set of widely used benchmark functions with variable dimensionality in order to assess the performance of diﬀerent
methods in high dimensional scenarios. The main focus lies on the compatibility of surrogate evaluation with existing gradient free optimization approaches
like genetic algorithms, evolutionary strategies, simulated annealing and particle
swarm optimization is explored.
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1

Introduction

Genetic and other population-based algorithms are implemented in procedural
programming language using mutable data structures. There are many dierent
types of algorithms where a population of individuals is repeatedly modied and
combined with each other to incrementally arrive at better solution candidates.
When it comes to the analysis of their progress however, typical approaches
quickly become unfeasible as the sheer amount of data grows very fast. In the
recent past however, new developments in the area of data structures have bestowed us with so called persistent or purely-functional data structures [4] and
allow a new paradigm of dealing with data.
At rst, these data structures seem counterintuitive as they are immutable.
Every change yields a whole new "copy", which seems wasteful and unsuitable for
population-based algorithms as all of the data has to be copied on modication.
In reality, however, typical implementations rely on the fact that these data
structures also harbor immutable data values. That entails, that copying is not
necessary as the contained data cannot change and therefore, the new "copy"
can share part of its structure with the original version.
Supercially, this barely brings them on par with mutable data structures.
The mutation operation entails approximately the same (or slightly more) work
than a modication of classical data structures. However, changes to data structures are now full snapshots, while the actual space cost is much less. This makes
it feasible to keep a history of all kinds of changes at a greatly reduced cost.
A simple example of structure sharing is shown in Figure 1, where an immutable list A can be prepended with an additional value. The resulting list is
now known as B and shares most of its structure with A.
2

Materials and Methods

Population-based algorithms usually work on vectors of individuals which in
turn are vectors. Immutable and structure-sharing vectors with near-constant
indexing and updating costs are available as e.g. Hash Array Mapped Tries
(HAMT) [1] and are the standard vector implementation of the Clojure Programming Language [3]. Recently, also support for practically constant-space
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Criteria in the Evaluation of Unsuccessful
Individuals
Michael Aﬀenzeller, Bogdan Burlacu, Stephan Winkler, Michael Kommenda,
Gabriel Kronberger, and Stefan Wagner
Heuristic and Evolutionary Algorithms Laboratory
School of Informatics, Communications and Media
University of Applied Sciences Upper Austria, Hagenberg Campus
Softwarepark 11, 4232 Hagenberg, Austria
michael.affenzeller@fh-hagenberg.at

1

Extended Abstract

Oﬀspring selection (OS) [1] is a generic extension to the general concept of a
genetic algorithm [2], [3] which includes an additional selection step after reproduction: The ﬁtness of an oﬀspring is compared to the ﬁtness values of its
own parents in order to decide whether or not a the oﬀspring solution candidate
should be accepted as a member of the next generation or not. The origins of
oﬀspring selection were laid in the SEGA algorithm [4] where a certain user
deﬁned birth surplus of individuals is generated in order to accept the best individuals as members of the next generations in a coarse grained parallel genetic
algorithm. In the successor of SEGA, the SASEGASA algorithm [5], oﬀspring selection was already inherently included as selection procedure in the algorithm’s
demes, which are called village populations within SASEGASA. The implementation of this selection procedure within a single population GA was published
as oﬀspring selection the ﬁrst time in 2005 [1].
Since then oﬀspring selection has been applied successfully for combinatorial optimization problems, simulation based optimization as well as in a lot
of symbolic regression and symbolic classiﬁcation applications when being combined with genetic programming. Summaries of oﬀspring selection applications
in various ﬁelds are given for example in [6], [7], and [8].
After a short summary of the the classical oﬀspring selection GA the full
paper will present an algorithmic extension that aims to improve the runtime
characteristics of the method signiﬁcantly without losses in terms of quality.
The eﬃciency gain of the method is achieved by the integration of early termination criteria in the evaluation of solution candidates that are expected to
fail the oﬀspring success criterion. This strategy is evaluated for symbolic regression and symbolic classiﬁcation using benchmark problems that are solved
using genetic programming with OS. For such data based modeling problems
the ratio of not successful solution candidates is usually very high, especially for
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large scaled data analysis problems where the runtime bottleneck is the evaluation function and the ratio of non-successful solution candidates is especially
high due to the application of strict oﬀspring selection [6]. As the focus of this
algorithmic extension is to improve runtime performance, this increase has to be
quantiﬁed. Computation time on a certain machine is a practical but often not
objective measure as the results depend on the concrete implementation and on
the framework and its overhead. Especially in the ﬁeld of stochastic optimization
where solution evaluation is often the most time consuming step, the eﬀort of
the algorithm is measured on the basis of solution evaluations. As the algorithmic enhancement proposed in this work aims to achieve savings in runtime by
partial solution evaluation, eﬀort will be measured as the fraction of training
data samples that are actually evaluated.
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Extended Abstract
Schema theorems provide a mathematical foundation for the ability of genetic
programming (GP) to ﬁnd good solutions to problems from many ﬁelds. A
schema represents a genotypic template that partitions the search space into
subspaces of programs, characterized by distinct structural properties. In this
paper we adopt the schema deﬁnition of Poli [1] with wildcards represented by
the symbols {=, #}, where ’=’ matches any internal node with the same arity
and ’#’ matches any valid subtree. For example, the schema (= x1 #) represents
the subspace of all programs that consist of a function of two arguments, where
the ﬁrst argument is x1 and the second argument can be any other subtree.
The main assumption is that GP solutions are formed from schemas with
above-average ﬁtness and low deﬁning length, denoted as building blocks. In
this context, genetic operators such as selection, crossover and mutation can be
analyzed in terms of their eﬀect on schema transmission probabilities from one
generation to the next. Exact schema theorems have led to important insights
such as new crossover operators for GP (one-point and uniform crossover), a size
evolution equation for controlling bloat, more suitable problem representations
or better population initialization methods [1]. However, schema theorems have
some practical limitations. In typical scenarios the complexity of the equations
makes it diﬃcult keep track of all quantities involved [2]. This paper works around
such limitations by using tree pattern matching to empirically measure schema
frequencies in GP populations.
The implementation poses two speciﬁc challenges: ﬁrstly, our tree matching
algorithm must support unordered trees with wildcards, in accordance to the
adopted schema deﬁnition, and must be fast enough to enable the analysis of
large GP populations. Secondly, we require a reliable method for ﬁnding relevant
schemas to be matched against the population.
The authors gratefully acknowledge ﬁnancial support by the Austrian Research
Promotion Agency (FFG) within the COMET Project Heuristic Optimization in
Production and Logistics (HOPL), #843532.
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We overcome the ﬁrst issue by implementing the bottom-up variant of the
algorithm for the tree homeomorphism decision problem by Götz et al. [3],
adjusted to enforce a stricter matching by requiring nodes to have the same
parent, the same children and be on the same level in the tree.
We approach the second issue starting from a basic assumption: trees of
common parents (ancestors) will share a common genetic template. We use
genealogy graphs to record hereditary relationships and positional information
about inherited subtrees [4]. In the case of crossover, two individuals with the
same root parent will inherit the same overall structure. Their genotypes will
diﬀer only in the positions given by the crossover cutpoints. We produce schemas
by replacing subtrees at cutpoint positions in the root parent with wildcards.
We tested the methodology using a standard benchmark problem1 and oﬀspring selection GP with a population of 500 individuals. Figure 1 shows the
frequency and structure (in polish notation) of the top schemas from generations
5, 10, 15, 20 (shown in the plot legend in this order from top to bottom). We
notice that schema frequency increases as the algorithm converges, and that the
schemas capture formula terms such as x1 x2 , x3 x4 , x5 x6 , x3 x6 x10 . Therefore
schemas identiﬁed by this method contain the relevant building blocks for the
problem. The approach may be used to analyze premature convergence and loss
of diversity, or to provide empirical validation of schema theoretic ﬁndings. A
complete analysis will be given in the full version of this paper.
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Fig. 1. Frequency of the most common schema at each generation.
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Extended Abstract
Evolutionary algorithms and in most cases metaheuristic optimization algorithms in general oﬀer several parameters which can be changed in order to
adapt an algorithm’s search behavior. For example, in a simple genetic algorithm the population size, the number of generations, the mutation rate, the
number of elite solutions, the selection scheme, and the crossover and mutation
operators can be conﬁgured. These parameters oﬀer a high degree of ﬂexibility
and make it possible to tune an algorithm according to a speciﬁc application
scenario. However it is also well-known that the performance of evolutionary
algorithms is very sensitive regarding these parameter values. Small changes of
parameters often result in drastic changes of an algorithm’s search characteristics. Additionally, many parameters strongly inﬂuence each other and therefore
cannot be treated independently. Appropriate parameter tuning consequently
is a non-trivial task and is of major importance when applying evolutionary
algorithms [1].
Nevertheless, it is a surprising fact that parameter tuning is often not suﬃciently considered. Many publications which describe the application of evolutionary algorithms on speciﬁc optimization problems do not provide any information about the way how the used parameter settings have been obtained. It
seems that many researchers and especially newcomers in the ﬁeld simply treat
evolutionary algorithms as black boxes and choose an algorithm’s parameter values rather unsystematically by trail and error. Thereby they miss the chance to
gain deeper insights into the complex interplay of parameter conﬁgurations and
The work described in this abstract is part of the COMET project Heuristic Optimization in Production and Logistics (HOPL) #843532, funded by the Austrian
Research Promotion Agency (FFG).
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algorithm behavior which would help to identify and explore promising parameter settings in a more eﬃcient way.
In order to improve this situation, a signiﬁcant research focus has been put
on automated parameter tuning and algorithm conﬁguration in the evolutionary
computation community within the last years. Methods such as the irace package [2] for example represent powerful algorithms to eﬃciently tune parameters
of optimization algorithms for diﬀerent problem instances or even problem types.
However, although automated parameter tuning techniques help to ﬁnd suitable
parameter conﬁgurations, they usually do not provide suitable feedback on the
interrelationship of parameter settings and algorithm behavior. Therefore, they
do not help users to gain a better understanding of the applied optimization
algorithm and of the impact of its parameters.
The goal of this contribution is to present an interactive analysis and visualization approach which helps users of evolutionary algorithms (especially
newcomers or students) in the exploration of diﬀerent parameter settings and in
understanding their inﬂuence on algorithm behavior. We will extend our heuristic
optimization environment HeuristicLab1 in such a way, that algorithm performance characteristics (i.e. obtained solution quality, variation of solution quality
and required eﬀort) can be easily computed for large numbers of test runs. Then
we will implement a new interactive run analysis chart in HeuristicLab, which
enables users to explore and compare diﬀerent parameter conﬁgurations regarding these performance values. Each parameter setting is thereby represented as a
single data point of its associated performance measurements and convenient ﬁltering and coloring makes it possible to analyze even a very large number of runs.
By this means users can for example easily identify clusters of parameter conﬁgurations which result in similar algorithm behavior. In order to demonstrate
the usability of our approach, we will also create and publish a large reference
data set of test runs obtained with a canonical genetic algorithm and with an
oﬀspring selection genetic algorithm [3] for diﬀerent instances of the traveling
salesman problem and will present a comprehensive analysis of the inﬂuence of
diﬀerent parameter conﬁgurations on the behavior of these algorithms.
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In the paper we present some methods of empirical research of optimization
problems’ solution space, for which solutions are represented by permutations.
Sampling the feasible solutions set we determine a histogram of frequency of
incidence of local minima measuring its distance to the neighborhood graph’s
center. On its basis we verify a statistical hypothesis on normal distribution
occurrence of local minima. Due to this research we can signiﬁcantly reduce the
area of the searching process during a local search metaheuristics work, focusing
the searching process on Big Valley. We propose an algorithm with changeable
diameter of the search.
In many good optimization algorithms, exact ones as well as approximate,
one take advantage of many, usually speciﬁc for the considered problem, properties of the cost function and the space of feasible solutions. Combinatorial
optimization problems have no classical analytical properties, such as convexity
or diﬀerentiability and they have a huge number of local extrema. Additionally, the size of the solution space grows very fast (relative to the size of the
data) which excludes the application of ’brute force’ methods. Therefore it is
necessary to research the landscape of the solution space (ﬁtness landscape)
– connections between values of the cost function and distances in the space.
There are several measures of distance for the permutations (Hamming, Spearman rank correlation, Kendall’s tau, Cayley, Ulam) and some of them have a
close relationship with moves usually used in the neighborhood generation inside
local search metaheuristics. Fitness landscape is deﬁned in the literature [3] as
a triple (S, F, d), where S is a solution space, F cost function, and d distance
measure between solutions. In addition, many advanced heuristic methods, e.g.
paths relinking [2], are used to evaluate the distance between solutions. Such
properties of ﬁtness landscapes, for some scheduling problems, were described
and applied in algorithms proposed in works of Smutnicki [4] and Bożejko [1].
The new knowledge about relationship between distances and cost function will
be used in the method which we propose here.
The idea of the proposed tool is narrowing the search area and the use of
this knowledge in the construction of neighborhood in the local search method,
i.e. tabu search or simulated annealing. Firstly, we need to sample the solution
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space until a number of local extrema is found (e.g. hundred). This sampling
can be done stochastically, or in a deterministic way during the ﬁrst phase of
the local search metaheuristic work – when the local search algorithm ﬁnds a
new best solution, it is added to the local extrema ’sample’ set. This is the ﬁrst
step. The second step determines the so-called central solution, a local extremum
which has the shortest distance to the farthest element of the local extrema set.
Then – the third step – we determine a histogram of frequency (distribution)
of distances measured from the central solution to each element of the local
extrema set. The distribution should be normal N (m, σ), and it can be checked
by applying statistical test (e.g. Kolmogorov - Smirnov). From this research we
have an average value m and standard deviation σ. So we can assume, that
approximately 99.97% of local extrema lies between m − 3σ and m + 3σ from
the central solution. The last step consists in researching, during the local search
metaheuristics, only this area.
Preliminary numerical experiments done on the job shop scheduling problem
conﬁrm that such a method executes less need less number of steps to achieve the
same quality of solutions, comparing to classical algorithm without the proposed
mechanism.
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Abstract
Type 1 Diabetes Mellitus is a chronic disease characterized by elevated blood
glucose due to a lack of insulin and, only in Spain, aﬀects over 600 thousand
people. Patients with this disease need lifelong, both measure their glucose and
insulin injected subcutaneously. In clinical practice, blood sugar can be measured by continuous glucose monitors and insulin is injected either manually
or by continuous subcutaneous infuser or insulin pump. On the other hand, a
completely autonomous glycemic control would require a predictive model to
estimate the future progress of blood glucose. With this information, a control
algorithm would determine the dose of insulin to be delivered by the insulin
pump. Current predictive models only consider measurements under controlled
conditions of patients, which in most cases do not reﬂect the real-life or the
patient characteristics. Glucose value prediction as a function of the insulin and
food intakes is a diﬃcult task that diabetics need to do everyday.
Evolutionary Computation (EC) and Machine Learning (ML) had shown
promising results in previous works [1]. In this work Grammatical Evolution
(GE) techniques are applied for the prediction of glucose using the values measured by Continuous Monitoring Glucose systems. We obtain more reliable and
individualized predictive models of the glucose regulatory system, eliminating
restrictions such as linearity or limitation on the input parameters.
Taking glycemia, food intakes, levels of fatigue, stress, etc. .. as inputs, we
can generate reliable predictive models of the levels of blood glucose. In the case
of modeling the glycemia of diabetic patients with GE, the phenotype of an
individual is the model expression for prognosis. We need to create a grammar
to guide the optimization process towards a model expression for prediction. We
apply a grammar which considers that the prediction for time t may depend
on the previous values of glucose, carbohydrates ingestion and insulin injection
following the work in [2]. We implemented the GE process in Java using the
ABSys JECO library (https://github.com/ABSysGroup/jeco) using compilable
phenotypes to speed up the evaluation of individuals.
Our goal is to identify models (predictors) for the following target variables
that describe the future glucose values after 30, 60 90 and 120 minutes.The
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Fig. 1. Clarke Error Grid Analysis Results for 60 (left) and 120 (right) minutes for
Patient 1

predictors were training and tested using real data of 10 patients from a Public
Hospital of Spain. We have analyzed experimental results in terms of Root Mean
Squared Error (RMSE) and Error Grid Analysis (EGA) for the eight in-silico
patients. EGA is commonly used in Endocrinology to test the clinical signiﬁcance
of diﬀerences between measurements and real value of blood glucose [3] and
uses a cartesian diagram to represent the values of the prediction versus the
reference (actual) values. The EGA graph is divided into ﬁve zones (A to E),
depending on the severity of the missprediction. The values included in zones
C to E are potentially dangerous, since the measure or prediction is far from
being acceptable and the indicated treatment will be diﬀerent from the correct.
Figure 1 represents the results for one of the patient for predictions of 60 and 120
minutes. Experimental results show that symbolic regression with GE combined
with a preproccesing of the Data make prediction of glucose with few values (less
than 3%) on the dangerous zones of the Clarke EGA chart. Results for other
patients are quite similar in quality.
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Fitness Landscape Analysis in the Optimization
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rafael.sendra@uah.es

In this work we deal with the following problem in constructive algebraic geometry: Parametric representations of geometric objects, as curves or surfaces,
may have unnecessarily huge integer coeﬃcients. Our goal is to search for an alternative parametric representation of the same object with signiﬁcantly smaller
integer coeﬃcients. We have developed and implemented an evolutionary algorithm that is able to ﬁnd solutions to this problem in an eﬃcient as well as
robust way, and we published that algorithm in [1]; in this paper we analyze the
ﬁtness landscapes associated with this evolutionary algorithm.
More precisely, we are given a (proper) parametrization of a curve, expressed
as


p1 (t)
pr (t)
P(t) =
(1)
,...,
q(t)
q(t)
with pi , q ∈ Z[t] coprimes. Our goal is to ﬁnd a, b, c, d ∈ Z, with ad − bc = 0, such
that we can substitute t by (at + b)/(ct + d) and the height (i.e., the maximum
coeﬃcient in absolute value) of


at + b
(2)
P
ct + d
is minimal. In [1] we presented an evolutionary algorithm that is able to solve
this problem. Roughly speaking, this algorithm works in two phases: First, partial solutions are identiﬁed and collected in the set Ωe . Each element o in Ωe is
deﬁned as o = (o1 , o2 ) ∈ Z2 with gcd(o1 , o2 ) = 1. Second, the best combinations
of elements in Ωe for composing the ﬁnal complete solution of the given problem
have to be found. Using (o1 , o2 ) ∈ Ωe × Ωe with o1 = (a, c), and o2 = (b, d),
the associated complete solution candidate is So1 ,o2 := (a, c, b, d). In order to
measure the quality of a complete solution candidate s := So1 ,o2 we use the
notion of complete quality as the height of the resulting parametrization after
substituting t by (at + b)/(ct + d). This second phase of the algorithm is implemented as an evolutionary algorithm that ﬁnds the best combination of partial
The authors gratefully acknowledge ﬁnancial support within the projects MTM2014-54141-P
(Ministerio de Economı́a y Competitividad and European Regional Development Fund ERDF)
and HOPL (Austrian Research Promotion Agency FFG, #843532).
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solutions. We here work on ordered copies of Ωe , denoted as Ωeord . As we use
an evolutionary process to ﬁnd optimal combinations of partial solutions, the
ﬁtness function that evaluates these partial solutions is of essential importance.
In this work we analyze the eﬀect of the use of various ﬁtness functions for
partial solutions. We can for example use the following ﬁtness function:
Qualityp (o, P) = gcd(P1 (o), . . . , Pr (o), Q(o)),

(3)

where Pi , Q are the homogenizations of pi , q, respectively. Figure 1 shows exemplary ﬁtness landscapes of combinations of elements in Ωe for a given problem
where partial solution candidates are unordered (shown left) or ordered by means
of their evaluation according to that function (shown right).

Fig. 1. Fitness landscape for combinations of elements of Ωe for a parametrization P(t)
deﬁned in [1]. Each cell (x, y) represents the ﬁtness of combination of x ∈ Ωe (right
x ∈ Ωeord ) and y ∈ Ωe (right y ∈ Ωeord ).

For analyzing the characteristics of the ﬁtness landscapes formed using ﬁtness
functions we use the metrics described in [2]. Concretely, we will use trajectory
based metrics (random walks, adaptive and up-down walks, and neutral walks),
use metrics describing the characteristics of the surface (e.g. the ruggedness),
and estimate the hardness of the resulting problem by measuring how hard it
becomes to solve the composed problem, i.e., how much eﬀort has to be done in
the second phase of the algorithm to ﬁnd (nearly) optimal solutions.
Using these metrics and measures we characterize the ﬁtness landscapes retrieved using diﬀerent partial ﬁtness functions for a series of benchmark problem
with varying size and hardness. Those partial ﬁtness functions that lead to better
ﬁtness functions will then be used instead of other ones that lead to suboptimal
orderings of the partial solution candidates that make it diﬃcult or impossible
for the evolutionary algorithm to ﬁnd optimal complete solutions.
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Motivation and Previous Work According to the No-Free-Lunch (NFL) theorem one heuristic may outperform all others only with respect to a certain subset of problems and instances [1]. To each problem instance there are associated
ﬁtness landscapes that can be used to characterize the instance through measuring certain properties. An often stated property of landscapes is its ruggedness
[2, 3] with several measures linked to it [4]. In exploratory landscape analysis
(ELA) [5] such measures are approximated involving sampling techniques such
as random, adaptive, up/down, or neutral walks [2]. The downside of some existing techniques is that they must be performed independently of each other
and require quite some time to compute. In an application it might not always
be possible to obtain a thorough analysis on the landscape beforehand. When a
solution needs to be given in short time, we would rather seek to gather landscape information within an algorithm run. In this work, we analyze how the
performance of heuristics or operators, as they come to application during the
optimization, may be used to characterize landscapes. By embedding this analysis in the optimization run, the metaheuristic will not only yield a good solution,
but also report useful data on the observed landscape features, which has the
potential to point the user at a more suitable method to apply next.
Method In this work we will focus on the well-known path-relinking (PR) [6]
heuristic as a basis for obtaining landscape information. PR can be said to perform a kind of directed walk in the landscape, computing a best-improvement
path between two known points. If the two points are randomly sampled and
of average quality, the path most likely follows a U-shaped pattern as shown
in Fig. 1 (assuming a minimization problem). We will describe several characteristics that can be computed from such results and which can be used to
discriminate problem instances. An algorithm instance that uses path relinking
could thus identify similarities to other problem instances while it is running,
and potentially reconﬁgure its parameters.
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Fig. 1. 50 diﬀerent directed walks between randomly sampled solutions on landscapes
of diﬀerent generators of the quadratic assignment problem.

Outlook We will describe several measures that can be obtained from directed
walks and put these into relation with measures from existing sampling techniques in the context of problem similarity and algorithm selection. We will
show how a performance observer can use previously recorded information in
order to detect the problem instance while an algorithm instance is running to
solve it. The study is performed for permutation-based combinatorial optimization problems.
Acknowledgments The work described in this paper was done within the
COMET Project Heuristic Optimization in Production and Logistics (HOPL),
#843532 funded by the Austrian Research Promotion Agency (FFG).
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Motivation In this work we will present a method for the classiﬁcation of system states in real-time by analyzing a continuous stream of data, which describes
a system’s behavior progressively. The motivation for such a method stems from
the idea of Predictive Maintenance (PdM), which aims for sophisticated scheduling of maintenance, mostly for production plants in the industrial area. Instead
of ﬁxed maintenance intervals, service actions are planned based upon previous
and current system states in order to predict and successively prevent outages
which leads to less redundant maintenance procedures and less necessary overhauls. As in [1], we assume that identiﬁed gradual shifts or more abrupt changes
in historic sensor time series, which are not directly derivable from input variables and therefore caused by hidden impacts, might link to defective system
behavior and therefore the need for maintenance. One major challenge regarding the observation of a continuous data stream, representing a system’s in and
output is the volume of time series data generated [2]. Furthermore, the necessity for maintenance can be raised by an previously unknown number of diﬀerent
kinds of misconducts which might occur.
Method In order to deal with the challenges stated above, we propose the
employment of the Genetic Programming (GP) based Sliding Window Symbolic Regression (SWSR) approach [1], which enables to learn prediction models
based on stream data partition-wise by moving a window over the data. Moreover, SWSR provides indicators for the detection of so-called regime changes
and shifts in system dynamics. However, for the eventual classiﬁcation of system
states this work proposes to shift the task of model building into an oﬄine phase,
during which several data streams, representing various possible system behaviors, are analyzed. The outcome of this phase are models, which consequently
The work described in this paper was done within the project “Smart Factory Lab”
which is funded by the European Fund for regional development (EFRE) as part of
the program “Investing in Growth and Jobs 2014-2020”.
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can be interpreted and classiﬁed as diﬀerent system states (e.g. class 1: neutral,
class 2: potentially defective, class 3: total outage, etc.) by domain experts. As
an additional or alternative system state classiﬁcation method, we introduced
an automatic state detection strategy which we will amplify in the full paper.
Subsequently, the classiﬁed models are pooled to an ensemble, which is capable
of making more robust and trustworthy predictions especially in case of volatile
environments [3, 4].
On top of the preparatory ensemble construction the actual online classiﬁcation method of data streams has been enabled. Therefore, we consider a stream
of previously unseen data, for which the following ensemble voting process aims
to determine the correct class:
1. Read data from stream and pass the system’s input parameters to each of
the learned regression models in the ensemble
2. Compare the predicted model outputs with the factual system output, read
from the stream; If the calculated squared Pearson correlation coeﬃcient R2
is above a certain user-deﬁned threshold, the model votes for the class it has
previously interpreted to
3. The class with the majority of votes is determined as winning, if a userdeﬁned threshold of clearness [4] is reached
The technique presented in this paper has been implemented using the opensource optimization environment HeuristicLab1 . In reference to an exemplary
real-world PdM scenario our approach has shown promising results when tested
with an adapted variant of the synthetic data set introduced in [1], which simulates a time-dependent process with multiple input variables, one output variable
and several hidden state changes, causing shifts and changes in data time series.
In the full paper we elaborate on the details of the training and ensemble voting
procedure as well as on our ﬁndings on the test data set.
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Networked embedded systems of diﬀerent forms and shapes are the building blocks for the Internet of Things (IoT). The security of these systems is
of paramount importance for the function of the Internet already. Despite the
constraints in memory, processing, and power, the network connectivity is often
more than ample. IoT devices often have network access interfaces of 100 Mbps
or even 1 Gbps. This combined with the exploding number of Internet-connected
devices gives rise to new forms of attacks.
The two most severe distributed denial of service (DDoS) attacks ever faced
on the Internet, with an aggregate traﬃc volume of more than 1.1 Tbps occurred
in 2016. These attacks became feasible due to the availability of numerous vulnerable and compromised IoT systems, including devices such as digital video
recorders (DVRs), IP cameras, and smart thermostats.
The resource constraints of these embedded systems make it diﬃcult to integrate network security mechanisms that are commonplace in enterprise IT
environments. Furthermore, the former are often part of smart homes and smart
environments. In these settings, the consumers opt for a set-and-forget approach.
Software updates and upgrades are in many cases impossible to realize.
In this modus operandi, it is crucial to engineer defenses that are preventive
in nature. Most of the IoT systems are, from a network perspective, “sitting
ducks”, i.e., they are easily accessible from the network and passively receive all
kind of attacks aiming to compromise them.
Moving-target defense (MTD) is an approach to improve the standing of defending information systems in general by breaking this attacker-defender asymmetry [3]. The key assumption for MTD is that the attackers will ﬁrst perform
a reconnaissance to identify possible targets. Then, at a next phase, they launch
their (targeted) attack. Under this assumption, MTD dictates to mobilize the
available resources, so that the attackers hit wrong or non-existent targets and
thus, succeed in defending the systems; collect evidence of their behavior; and
provide enough time to deploy network-wide defenses (e.g., honeypots) for further studying their practices and delaying further attacks [4].
While host- and application-level MTDs are hard to realize in embedded
systems, network-level ones (e.g., time-varying topology) are considered feasible [2]. IPv6 and IPv4 network address shuﬄing, i.e., periodically changing the
network addresses of the devices in a coordinated way, is an example networklevel MTD [1].
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In this paper, we augment existing literature by exploring the capability of
modern IoT systems to handle network address shuﬄing. More speciﬁcally, we
study the performance overhead and the impact of periodically changing network
addresses and ports in Linux-based IoT systems (namely, Raspberry Pi and
Carambola2) under diﬀerent probing and network scanning activity scenarios.

Fig. 1. Address change operations per second and device

Fig. 2. Total number of IP addresses

Our ﬁndings indicate that network address shuﬄing is feasible in IoT environments. However, special care must be taken when implementing such techniques.
The number of possible IP address changes per second varies signiﬁcantly per
device, as depicted in Figure 1. The simultaneous use of multiple IP addresses
has an impact in the performance, especially in the case of IPv6, as depicted
in Figure 2: the more addresses already in use, the more time to add new ones.
Interestingly enough, Carambola2, running OpenWRT with a clock rate of 400
MHz clearly outperforms the stronger Raspberry Pi B+ clocked at 700 MHz,
reaching the ﬁgures of Raspberry Pi 2, which is clocked at 900 MHz and has
four cores.
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Abstract. Biometrics have become important for authentication on modern mobile devices. Thereby, diﬀerent biometrics are diﬀerently hard to
observe by attackers: for example, veins used in vein pattern authentication remain hidden when not using specialized hardware. In this paper we
propose a low cost mobile vein authentication system based on SIFT features. We implement our approach as vein recording and authentication
prototype, evaluate it using a self recorded vein database, and compare
results to other vein recognition approaches applied on the same data.
Keywords: mobile authentication, NIR, SIFT features, wrist veins

1

Introduction

Modern mobile devices have access to, store, and process much private information, such as with messaging (email, SMS), contacts, access to private networks
(VPN, WiFi), or even mobile banking. Thus, most mobile devices provide local
access protection mechanisms, such as PIN, password, or ﬁngerprint authentication. The used authentication information could thereby be observed and used
in replay attacks by attackers. However, some biometrics are more diﬃcult to
observe by attackers, as they remain hidden without special sensing technology.
Vein pattern authentication has gained popularity for being contactless, while
users’ veins largely remain hidden within the visible spectrum of light. To discover vein patterns, near infrared (NIR) light and cameras with an optical NIR
bandpass ﬁlter are usually used [2, 6]. As NIR light is not visible to neither
humans nor regular cameras, capturing vein patterns is more diﬃcult for attackers than e.g. observing face information used for face authentication. Most
vein capturing approaches use ﬁnger, hand dorsal, palm, or wrist veins [1, 7].
For mobile users, wrist veins have the advantage of being easily accessible: in
the future, wrist vein authentication could be done e.g. by smartwatches, which
would not require any eﬀort and/or changes in behavior for the user. Existing
vein recognition approaches use e.g. fast spatial or 2D correlation [5, 3], or spectral minutiae [1]. In this paper we present another approach: we combine low
cost mobile wrist vein recording with SIFT features for vein authentication.
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Mobile Wrist Vein Authentication With SIFT Features

The aim of this paper is to advance mobile vein authentication by combining
low cost mobile vein recording with SIFT features for authentication [4]. We
record vein images from a NIR sensitive camera with NIR LEDs, then apply
image ﬁltering and segmentation with local thresholding to obtain vein pattern
images. From obtained vein patterns we derive SIFT descriptors as reliable vein
pattern keypoints. For two given vein patterns, those can be compared to decide
if both patterns have been originated by the same person, which thereby enables
vein authentication. We evaluate our approach using a self recorded wrist vein
image database and compare it to other approaches, such as vein pattern image
correlation.

3

Current Results

We have implemented a mobile vein pattern recording and authentication prototype using an external NIR sensitive USB camera with 24 NIR LEDs. Currently,
the thereby recorded mobile wrist vein database contains 10 individuals, which
we plan on extending to more than 30 individuals. First experimental results
show a reliable recognition of individuals with well visible veins. From extracted
SIFT features of two vein patters, we currently use the mean of the closest features across both patterns a basis for the authentication decision. Our approach
thereby seems to only require 4 images per individual to correctly distinguish
between vein pattern images originated by the same person and those originated
by diﬀerent people. Applying vein pattern 2D image correlation on the same
dataset seem to lead to slightly worse results, thereby would be in favor of using
SIFT features.
We plan on further improving and ﬁne tuning our vein authentication, as
well as deepening the underlying evaluation to obtain a more broad and representative basis for conclusions.
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Abstract. The paper deals with the altitude control of a laboratory
model of an unmanned aerial vehicle. Ultra local models are used for the
system approximation. Several kinds of ﬁlters are used in the closed loop
for measurement noise reduction and control signal oscillation mitigation.
Several variations of PD and PID controllers are used to control the
altitude of the model. The results of the real experiments are evaluated
by integral criteria to analyze power eﬃciency.
Keywords: UAV, altitude control, ultra local model

1

Introduction

The unmanned aerial vehicles (UAV) have been very popular for several years
already. It is very common practice to use PD controllers for attitude stabilization and altitude control. In this paper, the control of very simpliﬁed laboratory
model of an UAV consisting of a platform with only one propeller is presented.
The plant construction was inspired by papers [3],[1]. The altitude of the platform is measured by an ultrasonic sensor. Since the most popular UAVs, multicopters, do spend a lot of time in hover mode while performing their tasks, the
altitude control of this vehicle ranks among the tasks requiring special attention.
The altitude control algorithms presented in this paper use ultra local models
(see e.g.[2]) of the plant for tuning. The least squares method was employed in
identiﬁcation process. The controller performance has been evaluated taking into
account the total variance of control signal, in other words the sum of all control
signal changes which gives the reader nice overview on power consumption. The
ﬁnite impulse response ﬁlter, binomial ﬁlter of second, third and fourth order
have been applied to the process variable measurement to reduce measurement
noise and enhance power eﬃciency.

2

Plant parts

The parts which the model consists of were chosen to be the same as can be
used on a real multicopter. However, the cheap ones were used, because there
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was no need to lift a lot of payload. The BLDC motor A2212 was used for the
copter propulsion. The motor came with the electronic speed controller (ESC)
and a pair of propellers. To measure the platform altitude the SR04 ultrasonic
sensor was bought. When seeing the components above, it is not a surprise that
the Arduino UNO R3 microcontroller is used to control the monocopter.

3

Real time control and measurement

The sampling time was chosen to be 20ms as it is the sampling time of the motor’s
ESC and it is suﬃcient to measure the platform altitude by the ultra sonic
sensor up to 1m. However this has brought diﬃculties in measurement ﬁltering
especially when applying ﬁlters of higher orders with small time constants.

4

Conclusion

The carried out experiments show that the developed identiﬁcation method
yields results applicable in control of a broad range of UAVs. The parameters of
ultra local models were easy to ﬁnd and yielded suﬃcient approximation for the
appropriate control loop design.
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Prediction of Coverage of Expensive Concurrency
Metrics Using Cheaper Metrics
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IT4Innovations Centre of Excellence, FIT, Brno University of Technology, Czech Republic
{krena, ipluhackova, vojnar}@fit.vutbr.cz
shmuel.ur@gmail.com

With the current massive use of multicore processors, concurrent programming has
become widespread. Such programming is, however, far more challenging since apart
from errors that one can cause in sequential code, various synchronization-related errors
speciﬁc for concurrent code can appear too. What is worse, such bugs are common but
difﬁcult to ﬁnd since they often manifest under some very speciﬁc conditions only.
Therefore, advanced approaches for ﬁnding such errors are highly needed.
A traditional, yet still dominating approach to ﬁnding errors is testing. However, for
testing to be effective even in the context of concurrent code, special care must be taken
to cope well with the nondeterminism of thread scheduling. First, to steer the testing
process, various coverage metrics are often used. In the case of testing of concurrent
code, traditional coverage metrics (such as statement coverage) are not sufﬁcient since
they do not reﬂect how well the concurrent behaviour has been exercised. Instead, one
needs to use specialised metrics, such as coverage of concurrently executing instructions, synchronisation coverage, or coverage of internal states of dynamic analysers
while chasing for various concurrency-related bugs [4].
In order to maximize coverage under a suitable concurrency coverage metric, one
has to cope with the nondeterminism of thread scheduling. For that, simple repetitive
execution of the same tests in the same environment does not help much [3]. Indeed,
despite the scheduling is nondeterministic, some schedules may occur only rarely for
the given conﬁguration. One way to resolve this problem is to use the approach of noise
injection [2, 3] which inﬂuences the thread scheduling by injecting different kinds of
noise (e.g., context switches or delays) into the execution of a concurrent program.
However, there are many heuristics for generating noise and for deciding where to place
it, which are, moreover, heavily parametrised. Finding the right values of the parameters
of noise generation together with the right test cases and suitable values of their possible
parameters forms the so called test and noise conﬁguration setting problem (TNCS
problem).
If the TNCS problem is not solved properly, the use of noise can even decrease
the obtained coverage [3]. However, solving the TNCS problem is not an easy task
either. Sometimes, its solution is not even attempted, and purely random noise generation is used. Alternatively, one can use genetic algorithms or data mining [3, 1]. These
approaches can outperform the purely random approach, but ﬁnding suitable test and
noise settings can be quite costly. The aim of this paper is to make the cost of ﬁnding
a suitable test and noise setting lower.
The approach which we propose is based on the facts that (1) maximizing coverage
under different metrics may have different costs, and (2) there may exist correlations
between test and noise settings suitable for maximizing coverage under different met-

144

Eurocast 2017, February 19-24, Las Palmas de Gran Canaria
,

,

,

j

Extended Abstracts

rics. Moreover, these correlations may exist even between metrics for which the process
of maximizing coverage is expensive but which are highly informative for steering the
testing process, and metrics for which the process of maximizing coverage is cheaper
but which are less efﬁcient when used alone for steering the testing process.
We suggest to optimize the testing process in the following way. Given some expensive but informative metrics, one may ﬁnd suitable values of test and noise parameters
for maximizing coverage under these metrics by experimenting with coverage under
some cheap metric (or a combination of such metrics) and then use this setting for testing with the expensive metrics. We show on a set of experiments that this approach can
indeed increase the efﬁciency of noise-based testing.
Our contribution is thus threefold: (1) An experimental assessment of the costs of
maximizing coverage under different concurrency metrics. (2) The observation that test
and noise settings suitable for testing under cheap and more expensive metrics may correlate and its experimental conﬁrmation. (3) The idea of how to exploit such correlations
for more efﬁcient noise-based testing, together with its experimental evaluation.
We have performed our experiments on a set of multi-threaded benchmark programs whose size ranges from 0.3 kLOC to 12.7 kLOC. The experiments include the
following steps. First, we evaluate the cost of maximizing the coverage under different
metrics and classify them as cheap or expensive. Then, we derive a predictive model to
predict settings suitable for maximizing combined coverage under three expensive metrics based on two cheap ones (such combinations are a natural answer to the fact that
no coverage is the best of all). Finally, we show that this approach can indeed improve
the efﬁciency of the noise-based testing process.
To create the above mentioned predictive model, we use the common lasso algorithm. The model has (roughly) a 0.8 correlation rate with a ﬁtness function summarizing coverage under the three expensive metrics (each normalized wrt the maximum
coverage obtained under the respective metric). We show that, on average, ﬁnding a suitable TNCS solution this way speeds up the testing process by about one third and makes
the results twice more stable compared with random noise-based testing. Moreover, we
achieve slightly better results in coverage of the expensive metrics too. The methodology used in this paper has many applications, not only in the concurrent domain.
Acknowledgement. Supported by the Czech Science Foundation (project 17-12465S)
and the IT4IXS: IT4Innovations Excellence in Science project (project LQ1602).
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In this work, we explore a possibility of improving existing methods for veriﬁcation of parallel programs. We particularly concentrate on safety properties
of well-structured transition systems (WSTS), a general class of systems which
include for instance Petri nets, lossy channel systems, or various broadcast and
mutual exclusion protocols. Our work has relevance mainly to recent methods
originating from the backward reachability analysis [1] such as [5, 4, 2], that are
based on ﬁnding an inductive invariant of the system. A safe inductive invariant is a set of conﬁgurations of the system with the three following properties:
(a) contains its initial conﬁgurations; (b) does not intersect with the undesired
conﬁgurations; and (c) is closed under the transition relation. The properties
together are an inductive proof of safety of the system.
The algorithms of [5, 4, 2] all learn an invariant of the same form: as the
complement of an upward-closed set representing a set of undesirable conﬁgurations. They build-up the invariant by iterative steps, adding parts to the current
invariant approximation in order to satisfy inductiveness. To accelerate the process, they overapproximate the so far constructed part of the invariant using
abstraction. The abstraction is regulated by variations of counterexample-guided
reﬁnement (CEGAR). The basic variant of CEGAR runs the program within
the abstract domain and in the case of reaching an error conﬁguration, the error
path, so called counterexample, is analyzed. If there is a corresponding real run
in a system then they found an error. Otherwise, the error path is spurious and
we have to ﬁnd a way how to reﬁne the abstraction to prevent it from generating the error path again. The abstraction reﬁnement here corresponds to a
reﬁnement of the current overapproximation of the so far constructed part of
the invariant.
We conjecture that heuristics for ﬁnding more succinct invariants would help
to improve the overall performance of the discussed methods [5, 4, 2], for the
following reasons: the invariant approximations are the most costly data that
the methods work with, and so the price of the analysis depends directly on the
size of the invariant representation. Moreover, the more succinct invariants can
be usually found by less invariant building steps. The methods [5, 4] attempt to
guess succinct invariants in a certain way. However, the search for the components of an invariant and the choice of overapproximation are to a large degree
greedy and uninformed. Therefore, the inferred invariants are far from optimal
and contain much more information that is needed to prove inductiveness.
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To show that there is a possibility to ﬁnd more succinct invariants we have
experimented with the method presented in the article [2](GBR). It uses backward analysis to explore the state space of the counterexample abstract runs. It
iterates operation pre starting from the set of concrete error conﬁgurations. It
uses uninformed greedy breadth-ﬁrst search strategy which leads to unnecessarily verbose invariants.
We have modiﬁed GBR in such way that it analyzes spurious counterexamples in a rather depth-ﬁrst manner. In order to decide which parts should be
added to the invariant and how to overapproximate them, we analyze complete
abstract paths leading to error conﬁgurations, so called minimal counterexample
runs. We then hope to determine a minimal (most succinct and the most general) reason that the run is spurious. The minimal reason has a potential to be
a part of the minimal inductive invariant since 1) it is necessary to refute the
examined spurious counterexample run and 2) it is a “minimal” such “reason”
(we note that the minimal reasons are in the essence inductive interpolants). In
contrast to the breadth-ﬁrst greedy strategy, many useless candidates for parts
of the invariant and unsafe overapproximations can be this way avoided.
We so far propose only a naive method for the analysis of minimal runs.
It is suﬃcient to generate more succinct invariants, but it is not yet optimized
for overall eﬃciency: From each minimal run, we randomly select a subset of
components of transition preconditions appearing in it and use it to extend the
invariant.
We have implemented this method in a prototype tool in Python. We have
implemented also the original algorithm GRB and compared the size of generated
invariants on several veriﬁcation tasks from the benchmark of MIST2 [3] (safety
properties of parameterized programs communicating via shared variables and
mutexes). Since our method chooses invariant candidates randomly, we used the
most succinct invariant generated in a large number of executions. This was
much more time consuming than running GBR. We have however succeeded
in generating signiﬁcantly more succinct invariants than GRB. It conﬁrms that
with an eﬃcient analysis of the minimal counterexample runs, our approach has
a potential to be more eﬃcient than GBR. Our future research will therefore
focus on eﬃcient analysis of minimal counterexample runs.
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1

Introduction

A key task in robotics is to determine singular conﬁgurations of a manipulator
(at those conﬁgurations the Newton algorithm of inverse kinematics [5], is illconditioned). It appears that some characteristics of robots (e.g. singularities)
do not depend on the ﬁrst coordinate of the conﬁguration vector. This useful
observation is not pointed out in textbooks [3–5] although Kircansky [2], searching for isotropic conﬁgurations of a planar pendulum, noticed that Jacobian
matrices are particularly simple at some coordinate frames. To popularize this
fact, we will show its theoretical background and original practical implications
signiﬁcantly simplifying computations of singular conﬁgurations.
Forward kinematics is a mapping
 n n 
n
R0 T 0
n
Aii−1 (qi ) ∈ X ⊂ SE(3),
q
x
K
q
A
(1)
Q  → = (q ) = 0 (q) =
=
0 3,1 1
i=1

where Q  q is a conﬁguration space, X is a taskspace being a subspace of the
special Euclidean group SE(3)  x , 0 3,1 is a (3×1) matrix of zeroes, A ii−1 ∈ SE(3)
is a transformation between the (i − 1)st and the ith coordinate frames (0-th
frame is the base (global) one, the n-th frame is ﬁxed at the end-eﬀector).
K (qq )/∂qq . looses it’s
At singular conﬁgurations the Jacobian matrix J (qq ) = ∂K
maximal possible rank. In this report, based on properties of derive operators
[1] and some facts from the theory of matrices, three facts were put forward,
proved and illustrated:
Fact 1: The Jacobian matrix does not depend on q1 coordinate at any frame
1, . . . , n, following the frame of motion of the ﬁrst joint.
Fact 2: Singular conﬁgurations do not depend on q1 coordinate.
Fact 3: While computing singularities, any value (denoted as ∗) can be assigned
to the coordinate q1
J (qq ) = J ((∗, q2 , . . . , qn )).
(2)
The selected value of q1 should simplify computations of the Jacobian and singularities as well. Notice that computations are performed in the global frame
(excluded in Fact 1). The original Fact 3 is very useful and practical one.
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Illustrating examples

Exemplary calculations were performed on models of n = 2, 3 dofs planar pendula with positional kinematics (x, y) = (a1 c1 + a2 c12 , a1 s1 + a2 s12 ), q = (q1 , q2 ),
ai - lengths of links c12 = cos(q1 + q2 ) Jacobians in the global frame J 0 and in
the 2nd frame J 2 follows




0
−(a1 s1 + a2 s12 ) −a2 s12
a1 s 2
0
2
J =
, J =
,
(3)
(a1 c2 + a2 ) a2
a1 c1 + a2 c12
a2 c12
J 2 does not dependent on q1 and Fact 1 is conﬁrmed. To show simpliﬁcations in
computing singularities Fact 3 is applied to J 0 setting q1 = 0.




0
−a2 s2 −a2 s2
−a2 s2
= rank
.
(4)
rank(J(qq |q1 = 0)) = rank
a 1 + a2 c 2 a2 c 2
a1 + a2 c2 −a1
From (4), it is easy to get the condition a1 a2 s2 = 0 to determine singular conﬁgurations. They are met for q2 = kπ/2, k ∈ Z and any value of q1 .

3

Conclusions

In this paper a method to simply computations of singular conﬁgurations of redundant and nonredundant manipulators was presented. Possible practical applications are based on speeding-up on-line computations of the characteristics
and can be exploited either within a computer software or by lecturers of robotics
at classes. The reasoning presented in this paper is heavily based on a geometric
structure of SE(3), therefore it can not be applied to other concepts of kinematics (like endogeneous kinematics of nonholonomic robots [6]). The method can
be also applied to simplify computations of manipulators’ dynamics.
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Information and communication technology (ICT) is widely used for travel
and tourists get not only maps but also enough information of shops, accommodations, museums, events etc. A large amount of information is not always
appealing to tourists. While the provision of information may lessen the anxiety
experienced by tourists, the promise of the unexpected is one of the things that
make travel attractive. Since 2014, we have been developing a new sightseeing
support application for Nikko, a world cultural heritage site in Japan, using
Bluetooth Low Energy (BLE) [1] beacons that not only provides a guide to a
speciﬁc location but also introduces the traditional customs and history of the
area to visitors [2] . This is one of the research themes of SCOPE [3] funded by
the Ministry of Internal Aﬀairs and Communications of Japan.
In this presentation, we mainly discuss on the development process of our
sightseeing support system and result of experiment. We designed the development process that is suitable for a service that uses devices embedded in environment. One of the key parts of this system is beacon . The balance between
devices (beacon) and software (smartphone application) is very important. We
deﬁne the design process described in Figure 1.
We ﬁrstly analyzed requirements (STEP1). Then deﬁned service model (STEP2).
After that step, we deﬁned environments such as devices in the environment and
how the devices and smartphones should be connected to networks. Then we deﬁned system architecture. After this point, in the middle of Figure 1, there are
two paths. One is design of devices and another is that of software. We developed
them in parallel. This point is a peculiarity of this model.
In the path of develop devices (STEP5-1 to 5-5), we ﬁrstly designed concept
of devices based on the requirements in STEP1. Next, we deﬁned requirements
of devices and environment where the devices were used. After that, we selected
parts to meet requirements and developed the devices.
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In the path of develop software
(STEP6-1 to 6-5), we ﬁrstly designed concept of software from the requirements in
STEP1.
Then we deﬁned requirements for the
software. After this step, we collected contents and data that could satisfy users
of this system. Then we designed software and developed it. After developed
both devices and software, we ﬁrstly performed integration test in the laboratories
(STEP7).
Next, we installed devices in the real
environment and performed system test
by students of our universities and visitors of Nikko (STEP 8). After ﬁnishing
the system test, we received test by application market operator. Then we registered our software in the application market and opened it to the public (STEP9).
In the remaining part of this presentation, we will mention the result of trials in
Nikko. The result demonstrated the eﬀectiveness of the BLE beacon for sightseeing
on foot. The application made tourists notice new points on the route. Owners of
shops en route to the main shrine cooperated by providing information regarding
their goods and information on local traFig. 1. Design Process.
ditions.
We expect that our system could enhance the tourist experience of a traditional cultural city, especially for foreign visitors and young Japanese.
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,WPD\EHGLIILFXOWWRGHFLGHWKHPRVWDSSURSULDWHSRLQWWRVHQGDQDGYHUWLVHPHQW2XUV\VWHPFDQ
VXSSRUWVXFKGHFLVLRQ
,QWKLVUHVHDUFKZHGHFLGHGWRGHILQHWKHIROORZLQJSUREOHP+RZWRFDOFXODWHFRYHUVLRQUDWH
RIHDFKEHDFRQVLQDQHWZRUN&RQYHUVLRQUDWHPHDQVWKHSRVVLELOLW\WRSHUVXDGHDXVHUWRYLVLW



)LJXUH%HDFRQ1HWZRUN
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WKHGHVWLQDWLRQ FRQYHUVLRQEHDFRQ $VGHVFULEHGLQ)LJXUHHDFKEHDFRQKDVFRQYHUVLRQUDWH
Cbi 
&RQYHUVLRQUDWHLVWKHWUDQVLWLRQSUREDELOLW\EHWZHHQWZREHDFRQV7KLVSUREDELOLW\LVFDOFXODWHG
EDVHGRQWKHVHWRIXVHUORJ
)LJXUHVKRZVWKHRXWOLQHRIGHFLVLRQSURFHVVWRGHFLGHWKHPHVVDJHGHOLYHU\SRLQWWKDWLVFDOOHG
³FRQYHUVLRQSRLQW´
6WHS)LUVWZHFDOFXODWHFRQYHUVLRQUDWH ൌ^Cbi`EDVHGRQXVHUORJ
6WHS7KHQZHGHFLGHWKHURXWHR ZKHUHDXVHULVZDONLQJEDVHGRQXVHUORJ
6WHS$WODVWZHFDQGHFLGHWKHFRQYHUVLRQSRLQWDVPD[LPXPCbi RQR WKDWLVGHFLGHGLQ6WHS






)LJXUH2XWOLQHRIFDOFXODWLQJFRQYHUVLRQUDWHLQDEHDFRQQHWZRUN


,QWKHUHPDLQLQJSDUWRIWKLVSDSHUZHZLOOH[SODLQWKHUHVXOWRIRXUH[SHULPHQW:HLQVWDOOHG
DERXWEHDFRQVLQWKHEXLOGLQJRILQIRUPDWLRQVFLHQFHGHSDUWPHQWDQGGHYHORSHGDQDSSOLFDWLRQ
WRQDYLJDWHWKHPLQWKHEXLOGLQJIRUYLVLWRUVZKRYLVLWHGRXWXQLYHUVLW\WRDWWHQGVFKRROIHVWLYDO
WKDWZDVKHOGLQWKHODVW-XO\7KHDSSOLFDWLRQKDVDIXQFWLRQWRVHQGDPHVVDJHWRXVHUVWRUHFRP
PHQGWRYLVLWDVSHFLILFODERUDWRU\:LWKWKHDELOLW\WRVHQGDPHVVDJHZKHQWRVHQGDPHVVDJH
ZDVYHULILHG
:HWHVWHGWKHDSSURSULDWHWLPLQJWRVHQGPHVVDJHWRSHUVXDGHYLVLWRUVWRJXLGHWRWKHVSHFLILF
URRP:HVHWWZRWLPLQJWRVHQGPHVVDJH  RQHLVMXVWDIWHUVWDUWLQJWRXUWRYLVLWODERUDWRULHV
 DQRWKHULVQHDUWKHURRPWRYLVLWSHRSOHPDLQO\KLJKVFKRROVWXGHQWVSDUWLFLSDWHGWKLVWHVW
,QWKLVFDVHWKHWLPLQJ  LVPRUHHIIHFWLYHWKDQ  
7KHGHWDLORIWKHUHVXOWZLOOEHGHVFULEHGLQWKHILQDOSDSHU

5HIHUHQFHV
>@KWWSEORJEOXHWRRWKFRPEOXHWRRWKVLJLQWURGXFHVQHZEOXHWRRWKVSHFLILFDWLRQ
>@KWWSVEHDFRQEDQNMS
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Tomáš Richta1 , Hao Wang2 , Ottar Osen2 , Arne Styve2 , and Vladimı́r
Janoušek1
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Abstract
In this paper, we aim to describe the decision support system for maritime
traﬃc and operations, based on the formal models and driven by data from the
environment. An expert system is based on knowledge of experts from a speciﬁc
domain in order to assist in the decision making process. Production rules could
form the pieces of the knowledge represented under a condition-action format [4].
In this paper we focus on the maritime domain and therefore the speciﬁc impact
of this domain on the language used for deﬁnition of rules will be discussed.
Some of these ideas were already addressed, e.g. by Ludwig Ostermayer and his
colleagues [3]. To handle the complexity of the system description, we work with
the decomposition of the domain to a set of abstraction levels by which speciﬁc
views of the system could be separated. At each level, there is a speciﬁc domain
language for rules expression. These ideas could be found also in some literature
about expert systems like e.g. [2].
The most abstract point of view is the aquaculture management. On the
other hand, from the ship engineering point of view, the whole process consists of
many devices, that should be controlled and maintained by the people. Software
engineering point of view operates over operations like reading and converting
bytes of data, storing them into variables, arrays, collections, databases, etc.
Therefore for the purposes of complex trading processes management we need
to cover all levels of abstraction by some means suitable to model and automate
the operations on each particular level.
We use salmon farming in Norway as the case study. Aquaculture is a profitable business dominated by big companies. In order to maximise the proﬁt
there are continuous eﬀorts put on optimising the process. Examples include the
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optimisation of: time at sea (fast growth), fodder, produced biomass vs fodder
volume, harvesting time, medicine, O2 usage and ﬁsh quality. In order to succeed, a close control of biomass production at every step in the process is vital.
All the involved devices are sources of data for the decision support system.
Recently, vessel builders started to adopt new sensor technology by installing
diﬀerent sensors for diﬀerent components on board a vehicle and transmit data
using satellite communications to land-based service centres, e.g., HEalth MOnitoring System (HEMOS) by Rolls-Royce Marine AS. These systems provide
more accurate and timely operational data, but they also introduce new danger to the operations: information overload problem (IOP) [1],[6],[7] – the crew
members receive a large volume of monitoring information and alert messages
that s/he can easily overlook important/vital ones. One of the main issues is
then an eﬀective reduction of data volume.
In this paper, we focus on the deﬁnition of data propagation rules used for the
system speciﬁcation, which are modeled as Reference Petri nets and interpreted
by the PNOS [5] engine. This approach brings formal foundations to the system
deﬁnition as well as dynamic reconﬁgurability to its runtime and operation.
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7KHQHXUDOV\VWHPRIPRQLWRULQJDQGHYDOXDWLQJ
WKHSDUDPHWHUVRIWKHHOHPHQWVRIDQLQWHOOLJHQWEXLOGLQJ

([WHQGHG$EVWUDFW



$QGU]HM6WDFKQR


'HSDUWPHQWRI&RQWURO6\VWHPVDQG0HFKDWURQLFV
:URFODZ8QLYHUVLW\RI6FLHQFHDQG7HFKQRORJ\:URFODZ3RODQG
^DQGU]HMVWDFKQR#SZUHGXSO`




.H\ZRUGV$UWLILFLDO1HXURQ1HWZRUNV ))7)RUHFDVWLQJ 6XFFHVVLYH9DOXHV
RID7LPH6HULHV(QYLURQPHQWDO0HDVXUHPHQWVLQDQ,QWHOOLJHQW%XLOGLQJ

([WHQGHG$EVWUDFW
,Q WKH LQWHOOLJHQW EXLOGLQJV PRUH DQG PRUH IHDWXUHV DUH GHSHQGHQW RQ WKH SURSHU
RSHUDWLRQ RI HTXLSPHQW SRZHUHG E\ HOHFWULFLW\ 7KHVH GHYLFHV DUH QHFHVVDU\ WR
PDLQWDLQWKHUPDOFRPIRUWPDLQWDLQLQJFRQVWDQWOLJKWHQVXULQJWKHVDIHW\RIEXLOGLQJ
RFFXSDQWVDQGWKH VDIHW\RIWKH WHFKQLFDO EXLOGLQJDQGRWKHUIXQFWLRQVSHUIRUPHGE\
WKHDXWRPDWLRQV\VWHP>@$OOFRQWUROIXQFWLRQVRIWKHEXLOGLQJDXWRPDWLRQDUHQRZ
GHSHQGHQW RQ WKH SURSHU RSHUDWLRQ RI HOHFWULFDO HTXLSPHQW $Q\ GDPDJH WR WKHVH
GHYLFHV LPSDFW YHU\ QHJDWLYHO\ RQ WKH IXQFWLRQLQJ RI WKH EXLOGLQJ LV QHHGHG IRU
LPPHGLDWH UHSDLU RU UHSODFHPHQW ,Q PDQ\ FDVHV WKH IDLOXUH SUHYHQWV WKH XVH RI WKH
EXLOGLQJ (J +HDWLQJ IDLOXUH DFFHVV FRQWURO V\VWHP RU OLJKWLQJ V\VWHP $VVRFLDWHG
ZLWKWKHODUJHILQDQFLDOORVVHV3RVVLEOHHTXLSPHQWIDLOXUHVFDQKRZHYHUSURYLGHDQ
DQDO\VLVRIKRZWKH\RSHUDWH0RQLWRULQJDQGDQDO\VLVRIWKHSDUDPHWHUVRIWKHSRZHU
RILQGLYLGXDOHOHFWULFDOGHYLFHVDOORZ\RXWRLVRODWHVSHFLILFWRHDFKUHFHLYHUHOHFWULFDO
SHUIRUPDQFH$Q\GHYLDWLRQVIURPWKHVWDEOHZRUNLQJFRQGLWLRQVFDQEHUHFRUGHGE\
WKHQHXUDOV\VWHPRIPRQLWRULQJDQGHYDOXDWLQJWKHRSHUDWLQJSDUDPHWHUV 160(23 
7KHV\VWHPLQFOXGHV
DQDO\]HUVRSHUDWLQJSDUDPHWHUV
DGDSWLYHPHDVXULQJV\VWHP
QHXUDOGHFLVLRQDOJRULWKP
$QDO\VLVRIDQRPDOLHVSDUDPHWHUVRIWKHSRZHURIWKHVHGHYLFHVWKHLUSURGXFWLYLW\
DQGHIILFLHQF\DOORZVWRSUHGLFWKRZ WKHLUIXWXUH ZRUN 'XH WRWKHODUJHQXPEHURI
VXFK GHYLFHV LW LV QHFHVVDU\ WR DXWRPDWH WKH IXQFWLRQ DQG IRUHFDVWLQJ $GGLWLRQDO
FKDQJLQJ ZRUNLQJ FRQGLWLRQV IRU EXLOGLQJ V\VWHPV GHSHQGLQJ RQ WKH LQWHUQDO DQG
H[WHUQDO HQYLURQPHQWDO SDUDPHWHUV VXFK DV WHPSHUDWXUH H[WHUQDO LQWHUQDO KXPLGLW\
FDUERQ GLR[LGH FRQFHQWUDWLRQ WKH FXUUHQW SRZHU FRQVXPSWLRQ DQG GLVWRUWLRQ SRZHU
JHQHUDWHGE\WKHXQLWRSHUDWHGLQWKHEXLOGLQJ0HFKDQLVPIRUVXFKDQDQDO\VLVLVWKH
LPSOHPHQWDWLRQ RI DQ DGDSWLYH SUHGLFWLRQ DOJRULWKP XVLQJ DUWLILFLDO QHXUDO QHWZRUNV
>@ 7KLV PHWKRG DOORZV WKH DGDSWDWLRQ RI WKH GHFLVLRQPDNLQJ PHFKDQLVP WR WKH
FXUUHQW RSHUDWLQJ FRQGLWLRQV RI FRQWUROOHG GHYLFHV 7KH WHVW SDUDPHWHUV LQFOXGH
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PHDVXUHPHQWV RI SK\VLFDO TXDQWLWLHV VKRZLQJ WKH RSHUDWLRQ RI WKH GHYLFH )RU
H[DPSOHWKHVWXGLHGSDUDPHWHUVFHQWUDODLUFRQGLWLRQLQJDQGYHQWLODWLRQDUH FKDUJHG
HOHFWULFLW\ IRUFLQJ WKH DLU IORZ DQG WKH VDPH DLU IORZ %DVHG RQ WKH DQDO\VLV RI
FKDQJHVLQWKHVHYDOXHVDQGSURYLGLQJWKHPZLWKWLPHVHULHV>@>@LWLVSRVVLEOHWR
GHVLJQDWH WLPH ZHDU DQG WHDU FRQVXPDEOHV HJ $LU ILOWHUV  DQG PHFKDQLFDO HJ
%HDULQJIDQ >@$QDGGLWLRQDODGYDQWDJHRIWKHSRZHUDQDO\VLVLVWRLGHQWLI\W\SLFDO
SUREOHPV DQG FRUUHVSRQGLQJ GHIRUPDWLRQ SDUDPHWHUV RI SRZHU %DVHG RQ WKH
SUHYLRXVO\SUHSDUHG WHPSODWHWKH DUWLILFLDOQHXUDOQHWZRUN WRLGHQWLI\GDPDJH WRWKH
FRPSRQHQW RU GHVLJQDWH RQ WKH EDVLV RI WKH IRUHFDVW XVLQJ WKH 0:) >@ SURMHFWHG D
FULWLFDOWLPHHOHPHQWGDPDJHRUVXEV\VWHPFRQWURO(DUO\SUHGLFWLRQRIDVLWXDWLRQRI
IDLOXUH FRQWULEXWHV VLJQLILFDQWO\ WR WKH FRPIRUW DQG VDIHW\ RI XVHUV RI LQWHOOLJHQW
EXLOGLQJ




5HIHUHQFHV

 6WDQOH\1(XJHQH+$Q,QWURGXFWLRQWR(FRQRSK\VLFV&RUUHODWLRQVDQG&RPSOH[LW\LQ
)LQDQFH3:1
 3HLWJHQ+2-XUJHQV+6DXSH',QWURGXFWLRQWR)UDFWDOVDQG&KDRV3:1
 7HFKQLFDO$QDO\VLVRIWKH)LQDQFLDO0DUNHWV:,*35(66
 -DEáRĔVNL $ ,QWHOOLJHQW EXLOGLQJV DV GLVWULEXWHG LQIRUPDWLRQ V\VWHPV &$6<6
,QWHUQDWLRQDO-RXUQDORI&RPSXWLQJ$QWLFLSDWRU\6\VWHPVYROV/LHJH
 6WDFKQR $QGU]HM -DEáRĔVNL $QGU]HM +\EULG PHWKRG IRU IRUHFDVWLQJ QH[W YDOXHV RI WLPH
VHULHVIRULQWHOOLJHQWEXLOGLQJFRQWURO$QGU]HM6WDFKQRDQG$QGU]HM-DEáRQVNL>LLQ@:
&RPSXWHUDLGHGV\VWHPVWKHRU\(852&$67WK,QWHUQDWLRQDO&RQIHUHQFH/DV
3DOPDV GH *UDQ &DQDULD 6SDLQ )HEUXDU\    UHYLVHG VHOHFWHG SDSHUV 3W  
5REHUWR 0RUHQR'tD] )UDQ] 3LFKOHU $OH[LV 4XHVDGD$UHQFLELD HGV  %HUOLQ
+HLGHOEHUJ6SULQJHUFRSV
/HFWXUH1RWHVLQ&RPSXWHU6FLHQFH,661YRO 


157

Eurocast 2017, February 19-24, Las Palmas de Gran Canaria

Extended Abstracts

Cloud Computing in Education at the Wroclaw
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Extended abstract
1

Academic Secondary School at WRUST

The oﬀer of the Complex of Academic Secondary Schools of Wrocaw Uni-versity
of Science and Technology is aimed at pupils across Poland who are interested
in the development of their knowledge and skills related to exact and technical
sciences. The complex is a state school and there is no tuition fee.
The Complex:
– pursues the goal of preparing students to creative and responsible life by
shaping childrens minds and characters so as young people could combine
re-spect for universal values with the challenges of the modern world;
– wants to form people who are open-minded and inquisitive, it would like to
inspire them and help to pose clever questions and to search for the answers;
– would like its students to seek knowledge and wisdom with passion and to
be ready for education as well as social challenges all their lives.
In its service to the society, the school conducts its mission by oﬀering high
quality education and responsible upbringing. Its goal is formation of creative
and inquisitive minds, presenting models of professional and civic behaviour,
helping its alumni achieve goals. All employees of the Complex of Academic
Schools of WrUST work reliably in the atmosphere of cooperation and mutual
kindness, observing moral and ethical standards, they respect for legal regulations and the school statute. At WRUST we show due respect to our Almae
Matris.
Learning facilities
The Complex of Academic Schools WRUST is located in building C-13, at
Wybrzee Wyspiaskiego St. A special feature of this building are round, irregularly distributed windows (the design authors were inspired by a punched tape).
The building was awarded a special prize in the Lower Silesian Province Competition. Schools are located on the 3rd and 4th ﬂoors of C-13. All classrooms
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are equipped with computers and multimedia projectors thanks to which our
teachers can used modern teaching materials, such as CD-ROMs, multimedia
boards or e-course books. The school has high class equipment for robotics and
electronic systems construction classes (for secondary school students) with elements of programming (for junior secondary school students). All students have
access to specialist equipment the same which is used by university students.
This allows them such subjects as physics, chemistry or technology.
Wrocaw University of Science and Technology aims at making an e-learning
platform available to students. There would be teaching materials developed by
teachers, mock tests as well as some space for students to exchange views and
experience related to studying. The building is adapted for the needs of the
disabled.
The teachers employed at the Complex of Academic Schools of WrUST have
work experience with youth. Earlier many of them worked in the best junior
secondary and secondary schools in Wroclaw.

Academy of Young Discoverers
The Academy of Young Discoverers is a cycle of popular science lectures for
children. The participants are children from 7 to 14 years of age.
During these meetings children learn about various issues related to physics,
mathematics, technology, etc. To make the meetings more interesting a lot of
pic-tures and photos as well as short ﬁlms are used during these meetings. At the
end of the semester or school year each participant receives a graduate diploma
of the Academy of Young Discoverers. There is no tuition for any classes. The
project is ﬁnanced by the University and the Boeing Company. On 25 October
2008 the of-ﬁcial opening ceremony of the of the Academy of Young Discoverers
took place in the main assembly hall of WRUST.

Childrens University
In Wrocaw children of 6 to 13 years of age learn the same subjects as stu-dents.
Moreover, they study in the same classrooms and have student records. All this
takes place at the Childrens University. The idea was developed by a foundation
of the same name. Last year there were one thousand students in Lower Silesia.
Lecturers use special methods to transfer diﬃcult knowledge in an accessible way.
Currently negotiations related to abolishing the tuition fee are held at WrUST.
Pursuant to the university mission studying should be oﬀered free of charge and
unfortunately at the moment this is not the case.

References
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A study of Precedent Retrieval System for Civil Trial
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Recently, ICT(Information and Communication Technology) has been adopted for use by the
judiciaries in many countries such as Singapore and a specialized paperless Cybercrime court in
India, in response to the global changes in the economy and politics. Due to politics typified by
the TPP (Trans-Pacific Partnership), the progress of globalization of the economy, an increase
in commerce individuals do with overseas through the Internet, even in Japan, legal issues
which also includes international and personal level is expected to be increase future. It is
urgently necessary for Japanese judiciary to adopt ICT to catch up with the global trend.
In Japan, “Judicial Reform Promotion Plan” was decided in 2002[1] to realize “ubiquitous
access” for justice. The purpose of this plan is to prepare environment to use judicial system by
ordinary people subjectively and autonomously. The idea has not enough realized yet. For example, judicial records are not yet fully opened and only some decisions are opened. Also, the
retrieval tool is not well designed for ordinary people.
In a civil action, in order to obtain a profitable legal effect, it is necessary for parties to find
sentences in law, as a weapon to win, and provide presupposed ultimate facts to satisfy each
law. When we take an action, we must describe a cause of the demand in accordance with these
presupposed ultimate facts. It is too difficult for ordinary people to search and decide it, since
they don’t have legal knowledge.

Figure 1 Structure of proposed system
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Therefore, this paper describes what institutions of lawsuit require and it is too difficult for
except judicial officer to do it. To solve this problem, we propose a system (Figure 1) which
uses ontology for writing and reading legal documents (Proposed system is based on a system
based on ontology that we suggested before [2]). Moreover, we use OWL and SPARQL as
ontology language and query language.
In addition, we usually assume that there is reference relations between a precedent (records of
a lawsuit) and a law (a set of presupposed ultimate facts and law effect). We need meta data to
make such reference, however, they are not added to an exhibited precedent at the present. The
study of the reference method identification to parse precedent to plain sentence is conducted
now, but the precision is not satisfactory. It is necessary to prepare for reference relations manually when we start to use this system. Once this system is started, reference relations can be
added automatically, because if a law suggested on proposed system is used, then records of a
lawsuit is generated automatically. It is clear that high quality data can be generated in this
sequence, once this flow is invoked.
The rough structure of proposed system is as follows: (1) throwing " claim and "the situation"
as a query, (2) searching law effects that can demand claim matching with the claim in the
query, (3) taking precedents that have high similarity between itself and “situation” in the query
as natural language expression, (4) outputting information gained in (1) - (3) and reasoned form
this.
In proposed system, we use ontology we defined newly. We call it “ontology for interaction
between fact and law”. We can inference “major difference in requirements of each law” and
“laws that have same effects and fact” with it. This ontology is composed of two ontologies that
are “Law term ontology” and “Requirement and Effect ontology”. If the system search “major
difference in requirements of each law” and display them, users can choose suitable information
easily without reading every proposed presupposed ultimate facts. Also, if users who are plaintiffs can find “laws that have same effects and fact”, it is profitable for plaintiffs to use them
since defendants lose a suit if they cannot reject all claims. Japanese examples of famous rights
of conflict to claim are as follows: “Debt default and Tort”, “Right stemming from title and
Right to claim in the contract”, “Tort and Un-just enrichment claim” and “Right stemming from
title and Unjust enrichment claim”.
This system allows users to find laws they want and precedents that are similar to situation they
suppose. However, it is difficult for the system to recognize the situation enough because the
proposed system simply searches similar precedents by natural language processing from the
sentence that described the situation users consider. Therefore, there is a way that we make
ontology that expresses the “situation” as the next step and manage it, but we cannot expect that
general users have knowledge of the ontology description. As the system that users can describe
ontology easily, we are going to examine following two ways in future. (1) Converting a sentence to express the situation users describe into the ontology form. (2) To allow users describe
ontology graphically described. In the former case, a sentence whose grammar is error cause
problems since input sentence is used for natural language processing. Therefore, it is difficult
to expect precision in any case. In the latter case, a good tool of the user-friendliness is demanded.
References
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&RRSHUDWLQJRQLQQRYDWLRQWRPDNH&(175$/(8523(
PRUHFRPSHWLWLYH
0DQXHO%UXQQHU%HUQG6SLHJHOEHUJHU
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+DIHQVWUDH/LQ]$XVWULD
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3DUNULQJ*DUFKLQJE0QFKHQ*HUPDQ\
VSLHJHOEHUJHU#LWTGH

0RWLYDWLRQ
&HQWUDO(XURSHDUHDLVWKHEDFNERQHRI(8 DGYDQFHGPDQXIDFWXULQJLQGXVWU\5H
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PHQW,QWKHVH5HJLRQVWKHDGYDQFHGPDQXIDFWXULQJVHFWRUVXFKDVDXWRPRWLYHDXWR
PDWLRQRU,7LVFKDUDFWHUL]HGE\VWURQJLQWHUFRQWLQHQWDOEXVLQHVVUHODWLRQVKLS
$WWKHVDPHWLPHWKLVG\QDPLFEXVLQHVVHQYLURQPHQWDQGWKHORFDOEDVHGOLQNDJHV
RIXQLYHUVLWLHVDQGFRPSDQLHVKDYHHQFRXUDJHG5 'LQYHVWPHQWVLQSXEOLF SULYDWH
VHFWRUPDNLQJWKHVHWHUULWRULHVRXWVWDQGLQJ5 'SROHVLQWKHQHZWHFKVIRUPHFKDWURQ
LFVLQ&(DQG(8VSDFH
+RZHYHULQWKHVDPH18&/(,>@UHJLRQVLQQRYDWLRQVXSSRUWVHUYLFHVDUHOLPLWHG
LQWKHVFRSHDVWKH\DUHPDLQO\IRFXVHGRQGRLQJEURNHUDJHDQGWHFKWUDQVIHUZLWKLQD
JLYHQWHUULWRULDOGRPDLQ(VSHFLDOO\WKHWUDQVQDWLRQDOFRRSHUDWLRQLVSRRU7KLVWUDGL
WLRQDO³ORFDOEDVHG´DSSURDFKWRWHFKWUDQVIHULVFXUUHQWO\DOLPLW,WGRHVQ WKHOSUDSLG
WUDQVIHURIQHZFRQFHSWVLQWRLQGXVWULDOH[SORLWDWLRQHVSHFLDOO\IRU60(VZKLOH5 '
SHUIRUPHUVIURPGLIIHUHQWUHJLRQVDUHSRRUO\FRQQHFWHGZLWKHDFKRWKHU
6R LQQRYDWLRQ VXSSRUW VHUYLFHV FRPPLVVLRQHG E\ FRPSDQLHV DUH LQHIILFLHQW RIWHQ
GXSOLFDWHHIIRUWVDQGDUHQRWDOZD\VUHVSRQGLQJWRWKHWLPHWRPDUNHWUHTXLUHPHQWV,Q
VKRUWWKHWUDGLWLRQDOLQQRYDWLRQPDQDJHPHQWVHUYLFHLVREVROHWH

2EMHFWLYH
0DLQREMHFWLYHRI18&/(,LVWRFKDQJHWKHWUDGLWLRQDOLQQRYDWLRQPDQDJHPHQWVHU
YLFHVIRU&(DGYDQFHGPDQXIDFWXULQJLQGXVWULHVIURPD³ORFDOEDVHG´VXSSRUWDSSURDFK
WRDWUDQVQDWLRQDOSRRORINQRZOHGJHVXSSRUWLQJLQQRYDWLRQLQEXVLQHVVHVEH\RQGRZQ
UHJLRQDOERUGHUV18&/(,FRQWULEXWHVWR&(JRDOVE\HQKDQFLQJHFRQRPLF WHFKQR
ORJLFDOLQWHUGHSHQGHQFHVDPRQJVHYHQ6PDQXIDFWXULQJ&(5HJLRQVDQGHQFRXUDJHV
PRUHHIIHFWLYHWUDQVQDWLRQDOOLQNDJHVLQDXWRPRWLYHDXWRPDWLRQDQG,70DLQEHQHIL
FLDULHVDUHWKH&(PDQXIDFWXULQJFRPSDQLHVDQGLQGLUHFWO\WKH&(SXEOLFDQGSULYDWH
ODEV3URMHFWUHVXOWVHQGXSZLWKDQDXJPHQWDWLRQRI5 'H[SHQGLWXUHLQWKHLQGXVWULDO
VXSSO\FKDLQDQGKLJKHUQXPEHURI60(VLQWURGXFLQJSURGXFWRUSURFHVVLQQRYDWLRQ
IDFLOLWDWHGE\18&/(,RSHQLQQRYDWLRQHQYLURQPHQW$OOWKHVHPHDVXUHVWRJHWKHUZLOO
DFFHOHUDWHWKHLQQRYDWLRQSURFHVVDQGDQLQYHQWLRQVWLPHWRPDUNHW
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18&/(,IHGHUDWHVLQRQHV\VWHPYDULRXVDQGWRSLQGXVWULDOFRPSHWHQFHVDQGOHDGV
WREHWWHUPDWFKLQJFRQFHSWVIRUNH\HQDEOLQJWHFKQRORJLHVZLWKFRPSDQLHV¶GHPDQGV
$VDUHVXOWDQLQFUHDVHRIFRPPHUFLDOH[SORLWDWLRQRI5 'E\&(ODEVDQGIRVWHUHG
OLQNDJHVDQGEXVLQHVVGHDOVDPRQJLQQRYDWLRQSOD\HUV FOXVWHUVLQQRYDWLRQFHQWHUVSUL
YDWH SXEOLFUHVHDUFKLQVWLWXWHVHWF DUHH[SHFWHG

18&/(,$SSURDFK
2EVROHVFHQFHRIWUDGLWLRQDOLQQRYDWLRQPDQDJHPHQWEXVLQHVVPRGHOLVZLGHO\UHF
RJQL]HGE\LQGXVWULDOSOD\HUVHVSHFLDOO\LIFRPSDUHGZLWKWKHWKUHHPDLQIDFWRUVWKDW
DUHFKDOOHQJLQJWKLVVHFWRU
x *DLQRIPDUNHWVHJPHQWVE\WUDGLWLRQDO(8PDQXIDFWXULQJFRPSHWLWRUVVXFKDV86
,VUDHORU6.RUHD1HZRQHVLQ6RXWK$PHULFDDQG$IULFDDVZHOODVWKHLQIOXHQFHRI
ORZFRVWSURGXFWVIURP$VLD
x ,QFUHDVLQJ QHHG IRU IOH[LEOH UDSLG DQG FXVWRPL]HG VROXWLRQV E\ WKH PHFKDWURQLFV
LQGXVWULHVGXHWRWKHLQFUHDVHRIFRPSOH[LW\RIWKHHQJLQHHULQJSURFHVVHVDQGQHFHV
VDU\LQWHUGLVFLSOLQDU\FROODERUDWLRQ
x 1HHGIRUVWDQGDUGL]HGWHFKQLFDOUHJXODWLRQVDQGLQWHUQDOPDUNHWUXOHV
8SRQWKHVHFRPPRQFKDOOHQJHDQGXSFRPLQJWUHQGVOLNHWKHGLJLWDOL]DWLRQRIWKH
VXSSO\FKDLQDQGWKHSURGXFWOLIHF\FOHLQ18&/(,DUHDVWKHFRPSDQLHVFODLPIRULQ
WURGXFLQJQHZSUDFWLFHVFRPSDUHGWRWKHWUDGLWLRQDOWHFKWUDQVIHU WHFKGLDJQRVWLFLQ
XVHE\HDFKLQGXVWULDOSROH7KHPRGLILFDWLRQRILQQRYDWLRQPDQDJHPHQWVHUYLFHVPXVW
HYROYHWRDFORVHUFRRSHUDWLRQDPRQJWKH&(H[FHOOHQFHQRGHVVXFKDVIDFWRULHVFOXV
WHUVLQQRYDWLRQFHQWHUVSULYDWHDQGSXEOLFUHVHDUFKLQVWLWXWHVDQGRWKHUVDVZD\WRZDUGV
DUHDOWUDQVQDWLRQDOYDOXHVXSSO\FKDLQRIPHFKDWURQLFFRPSRQHQWVDXWRPDWLRQ UR
ERWLFWHFKQRORJ\DQGQHZPDWHULDOV%HVLGHWKHQHZSUDFWLFHVFRPSDQLHVDVZHOODVWKH
RWKHUPHQWLRQHGSDUWQHUVDOVRUHTXLUHDXQLTXHDSSURDFKIRUKDQGOLQJWKHLQWURGXFWLRQ
RIQHZPHDVXUHV
7KUHHSUDFWLFHVDUHLQWURGXFHGE\18&/(,WRVSDUNLQQRYDWLRQFRPSDUHGWRWKHFXU
UHQWVWDWHRIDUW
$ MRLQW GDWDEDVH FORXG WR PDNH D TXLFN LQGXVWULDORULHQWHG VFUHHQLQJ RI WKH PRVW
SURPLVLQJ5 'UHVXOWVERUQHLQ&(ODEVIRUWKH&(DGYDQFHGPDQXIDFWXULQJVHFWRU
7KUHHSLORWDFWLRQVRIIHULQJDEURDGFROODERUDWLYHHQYLURQPHQWWRPDWFKPDNHFRP
SDQLHV5 'UHTXLUHPHQWVZLWKWKHH[FHOOHQFHQRGHV
D $FWLRQ6WDQGDUGL]DWLRQRIHQHUJ\FODVVRILQGXVWULDOSODQWPDFKLQHULHV
E $FWLRQ'UDIWIRUDVWDQGDUGL]HG,27LQWHUIDFHIRUSURGXFWLRQSODQWV
F $FWLRQ$QDO\VLVRIGDWDVHFXULW\VWDQGDUGVIRUFORXGSODWIRUPV
7DLORUPDGHDFWLRQSODQVIRUWKHH[SDQVLRQRIWKH18&/(,LVHUYLFHVZLWKLQHDFK
UHJLRQ

5HIHUHQFHV


&( ± ,QWHUUHJ &(175$/ (8523(  &DOO    3URMHFW 7LWOH
³1HWZRUNRI7HFKQRORJ\7UDQVIHU1RGHVIRU(QKDQFHGRSHQ,QQRYDWLRQ
LQWKH&HQWUDO(XURSHDQDGYDQFHGPDQXIDFWXULQJDQGSURFHVVLQJLQGXVWU\
18&/(,´
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(GXFDWLRQDVD.H\LQ0HFKDWURQLF(QJLQHHULQJ
'U,QJ5DLQHU6WHWWHU
,74*PE+*DUFKLQJEHL0QFKHQ*HUPDQ\

$EVWUDFW'XHWRDQLQFUHDVLQJFRPSOH[LW\LQPHFKDWURQLFDOGHYHORSPHQWSUR
MHFWVDQGWKXVUHTXLUHGLQWHUGLVFLSOLQDU\FRRSHUDWLRQRIGRPDLQHQJLQHHUVKLJKO\
LQWHJUDWHGEXWVWLOOHDV\WRXVHGHYHORSPHQWPHWKRGVKDYHWREHHVWDEOLVKHG7KH
XVHRIDJLOHFRQFHSWVSURPLVHLPSURYHGSURGXFWTXDOLW\E\DGYDQFHGFROODERUD
WLRQWHFKQLTXHVZKLFKFRPELQHGZLWKPHFKDWURQLFDOVLPXODWLRQWKURXJKRXWWKH
HQWLUHGHYHORSPHQWSURFHVVHODERUDWHWKHILQDOUHVXOWV7KLVLVVKRZQE\DQLQWHU
GLVFLSOLQDU\DQGLQWHUQDWLRQDOVWXGHQWWHDPIRUWKHGHYHORSPHQWRIDPRGXODUSUR
GXFWLRQOLQH
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,QWURGXFWLRQ

7KHFXUUHQWVLWXDWLRQLQWKHILHOGRIPHFKDQLFDODQGSODQWHQJLQHHULQJLVFKDUDFWHU
L]HGE\VKRUWGHYHORSPHQWF\FOHVDKLJKGHPDQGIRUGLYHUVHDQGLQGLYLGXDOSURGXFWV
0DQXIDFWXUHVUHDFWWRWKLVVLWXDWLRQZLWKDGHHSLQWHJUDWLRQRIVRIWZDUHLQWRWKHLUSURG
XFWV7KLVLVERWKDFKDQFHDQGDWKUHDWVLQFHWKHGHSHQGHQFLHVRIWKHLQYROYHGGLVFL
SOLQHVDUHGUDPDWLFDOO\LQFUHDVHGZKLFKUHVXOWVLQDKLJKHUSURGXFWFRPSOH[LW\GHPDQG
LQJDV\VWHPDWLFDSSURDFKRIWKHVRIWZDUHGHYHORSPHQWSURFHVV(GXFDWLRQWDNHVLQD
FHQWUDOUROHLQRUGHUWRFRSHZLWKXSFRPLQJFKDOOHQJHV6FHQDULREDVHGOHDUQLQJ KDQGV
RQ KHOSVWRXQGHUVWDQGWKHLQQHUFRKHUHQFHRIFRPSOH[V\VWHPV>06@,QPHFKDWURQ
LFVZKHUHPXOWLSOHGLVFLSOLQHVQHHGWRILQGFRPPRQJURXQGSUDFWLFDOH[SHULHQFHLVHV
VHQWLDO6XFKOHDUQLQJWHFKQLTXHVLPSURYHWKHOHDUQLQJSURFHVVSRVLWLYHO\>6&@



0LDV7HFKQLFDO%DVLVIRU(GXFDWLRQDQG$ZDUHQHVV

7KHFKDOOHQJHRIFRPSDQLHVLVPDVWHULQJWKHSURGXFWLYLW\LQSURGXFWLRQDQGHQJL
QHHULQJ7KHGHYHORSPHQWRIPHFKDWURQLFSURGXFWVPXVWWDNHSODFHIDVWHUDQGDWKLJKHU
TXDOLW\LQRUGHUWREHVXFFHVVIXOZLWKDQLQFUHDVLQJLQQRYDWLRQDQGFRVWSUHVVXUH,74
LQLWLDWHGWKHSURMHFW6KRZFDVH0LZLWKSDUWQHUVIURPLQGXVWU\UHVHDUFKDQGHGXFDWLRQ
>0,@ 0L VWDQGV IRU LGHDO W\SH RI 0HFKDWURQLFDO (QJLQHHULQJ ZKHUH WKH ILYH LV
VWDQGIRULQQRYDWLYHLQWHUGLVFLSOLQDU\LQWHUQDWLRQDOLQFUHPHQWDOLWHUDWLYH$JURXSRI
PRUH WKDQ  LQWHUGLVFLSOLQDU\ DQG LQWHUQDWLRQDO VWXGHQWV GHYHORSHG D PRGXODU DQG
VPDUWSURGXFWLRQOLQHIRUWKHIDEULFDWLRQRIGLIIHUHQWFRPHVWLEOHJRRGVVHH)LJ7KH
XVHGGHYHORSPHQWSURFHVVLOOXVWUDWHVWKHDSSOLFDWLRQDQGDGYDQFHPHQWVRIGHYHORSPHQW
PHWKRGRORJLHVLQDKLJKO\LQWHUGLVFLSOLQDU\HQYLURQPHQW


7RXFKDEOH(QJLQHHULQJ

7KH0LWHDPPDNHVPRGHUQHQJLQHHULQJWRXFKDEOH'HYHORSPHQWHIIRUWLQFUHDVHV
GXHWRFRPSOH[WHFKQLFDOUHTXLUHPHQWV,QRUGHUWRFRSHZLWKWKDWFRPSOH[LW\ DQHQ
KDQFHPHQWRIGHYHORSPHQWPHWKRGRORJLHVLVQHFHVVDU\7KLVSURFHVVLVYLVXDOL]HGE\
WKHGHYHORSPHQWSURMHFW0LZKLFKUHSUHVHQWVDSURGXFWLRQOLQHFORVHWRUHDOLW\$OO
FRPSRQHQWVDQGGHYHORSPHQWVWHSVVDWLVI\WKHUHTXLUHPHQWVRIPRGHUQLQGXVWULDOSUR
GXFWLRQSURFHVVHVKHQFHLWFDQEHVHHQDVVFKHPHIRUPHFKDWURQLFGHYHORSPHQW
,QWKHGHPRSODQWWKHUHDUHFRPPXQLFDWLRQDQGPDQXIDFWXULQJWHFKQRORJLHVRIDXWRPD
WLRQVXSSOLHUVLQXVHZLWKRXWDQ\H[FHSWLRQ7KLVZD\LVVKRZQKRZWKHLGHDRI,QGXVWU\
FDQEHUHDOL]HGE\DFRPELQDWLRQRIFXUUHQWVWDQGDUGV
6HYHUDODSSURDFKHVRIPHFKDWURQLFGHYHORSPHQWPHWKRGRORJLHVZHUHFRPELQHGZLWK
PHWKRGVRISURMHFWRUJDQL]DWLRQGXULQJHQJLQHHULQJRI0L2QWKHRQHKDQGWKHFODV
VLFDOPHWKRGRORJ\4XDOLW\*DWH0RGHOZDVXVHGIRUFURVVSURMHFWRUJDQL]DWLRQZKHUH
RQWKHRWKHUKDQGDJLOHPHWKRGVNQRZQIURPVRIWZDUHHQJLQHHULQJZHUHDSSOLHG7KH
SURFHVVRIDKRPRJHQHRXVPHFKDWURQLFGHYHORSPHQWZDVUXQWKURXJKVWHSE\VWHS$OO
JDLQHGH[SHULHQFHVZHUHIHGEDFNLQWRWKHFRQWLQXRXVRSWLPL]DWLRQRIWKHSURFHVV7KLV
RQJRLQJSURFHVVRIDGDSWDWLRQDGYDQFHGLWHUDWLYHO\RYHUDOO0LSURMHFWSKDVHV
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(QJLQHHULQJDQG7HFKQLFDO'HVLJQ

0DFKLQHWLPHGXULQJHQJLQHHULQJZLOOEHEHFRPHVPDOOHUDQGVPDOOHUVLQFHWLPHWR
PDUNHWFRQVWDQWO\GHFUHDVHV7KH0LGHPRSODQWZDVEXLOWZLWKLQPRQWKVIURPLGHD
WR SURGXFW 7KH WHFKQLFDO FRPSRQHQWV ZHUH GHOLYHUHG  GD\V EHIRUH WKH WUDGH IDLU
636,3&'ULYHV7KHDVVHPEO\RIWKHV\VWHPZDVGRQHZLWKLQGD\VLQWHJUDWLRQ
DQGV\VWHPVWDUWFRXOGEHGRQHZLWKLQRQO\DIHZKRXUV7KLVEHFDPHSRVVLEOHE\WKH
H[WHQVLYHXVHRIVLPXODWLRQGXULQJGHYHORSPHQW7KHVLPXODWLRQPRGHOKDVWKHH[DFW
EHKDYLRURIWKHUHDOSODQWDQGZDVXVHGIRUUHDOWLPHVLPXODWLRQRIWKHSURGXFWLRQSUR
FHVVIRULPSOHPHQWDWLRQDQGRSWLPL]DWLRQRILQLWLDOL]DWLRQURXWLQHVSURFHVVDQGUHFLSH
KDQGOLQJDVZHOODVDYLVXDOL]DWLRQRIWKHSODQWVWDWXV6RIWZDUHGHYHORSPHQWRIDOOPRG
XOHVFRXOGEHSHUIRUPHGRQWKLV+DUGZDUHLQWKH/RRS +L/ WHVWHQYLURQPHQW
$OOPRGXOHVFRPPXQLFDWHDPRQJHDFKRWKHURYHUDFHQWUDO23&8$VHUYHU0RGXOHV
FDQUHJLVWHUDQGGHUHJLVWHURQWKHVHUYHUZKLFKHQDEOHVPRGXODUUHFRQILJXUDWLRQGXULQJ
SURGXFWLRQSURFHVV7KHFRQWUROLVGRQHE\DVRFDOOHGSURFHVVWRROZKLFKKDVWKHDELOLW\
WRDXWRPDWLFDOO\LGHQWLI\DOODYDLODEOHPRGXOHVDQGLQWHJUDWHVWKHPWKHSURGXFWLRQSUR
FHVV7KHGHPRSODQWFRQVLVWVRXWRIGLIIHUHQWPRGXOHVZKLFKSURGXFHFRFNWDLOV IOXLGV 
DQGFRRNLHEXUJHUV VROLG ILOOHGZLWKFUHDP YLVFRVH LQPRGXODUO\FRPELQDEOHSURFHVV
VWHSV)RUWUDQVSRUWDWLRQWKHH;WHQGHG7UDQVSRUW6\VWHP ;76 IURP%HFNKRII$XWR
PDWLRQ LV XVHG ,W FDQ SRVLWLRQ PRYHUV LQGLYLGXDOO\ RQ D FLUFXODU SDWK $GDSWHUV DUH
PRXQWHGRQWKHPRYHUVZKLFKFDQVXSSRUWWKHSURGXFWLRQSURFHVVE\YHUWLFDOPRYH
PHQWV


0L[HG5HDOLW\6FHQDULRIRU'HYHORSPHQWDQG5XQWLPH

7KHFRQFHSWRI0LLVODLGRXWVXFKWKDWWKHV\VWHPFDQEHUXQFRPSOHWHO\LQUHDOLW\
EXWLWDOVREHVLPXODWHGFRPSOHWHO\%RWKV\VWHPV UHDODQGYLUWXDO FDQEHH[HFXWHGLQ
SDUDOOHO 7KH PDLQ FOXH LV V\VWHP H[HFXWLRQ LQ PL[HG UHDOLW\ PRGH VHH )LJ  (DFK
PRGXOHRI0LFDQEHXVHGIRUSURGXFWLRQLQUHDORUYLUWXDOPRGHEDVHGRQWKHXQLTXH
5HSUHVHQWDWLRQDO6WDWH7UDQVIHU 5(67 LQWHUIDFH$ELJSURRIWKDWV\VWHPDUFKLWHFWXUH
DQGGHVLJQIRUGHYHORSPHQWLQPDFKLQHDQGSODQWDXWRPDWLRQLVWKHLQGHSHQGHQFHIURP
VWHHODQGLURQ7KLVHQDEOHVHDUO\DQGGLVWULEXWHG ORFDWLRQVXSSOLHU GHYHORSPHQWRI
V\VWHPIXQFWLRQDOLW\



6XPPDU\DQG2XWORRN

0L LV D FRQVWDQWO\ JURZLQJ HGXFDWLRQ SURMHFW ZKHUH VWXGHQWV HQJLQHHUV DQG UH
VHDUFKHVFDQH[SORLWVWDWHRIWKHDUWWRSLFVLQPHFKDWURQLFDQGHVSHFLDOO\VRIWZDUHHQJL
QHHULQJ,QFRRSHUDWLRQZLWKWKHFRPSDQ\³'U6WHWWHU,74´WKHSURMHFW0LH[SDQGHG
WR*UDQ&DQDULD7KHLQQRYDWLRQODEHVWDEOLVKHGWKHUHLVIRFXVLQJRQUHVHDUFKRQSURP
LVLQJWRSLFVVXFKDV*UHHQ(QHUJ\6PDUW+RPHV6PDUW)DUPLQJ6PDUW0RELOLW\DQG
$XWRQRPRXV'ULYLQJ,QGRLQJVRPDNHDWKRQVDUHRQHNH\HQDEOHUDVZHOOIRUWKHGH
YHORSPHQWRILQQRYDWLYHLGHDVDVIRUDPRGHUQHGXFDWLRQ6RDPDNHDWKRQLQ6HSWHPEHU
JDYHILUVWDQVZHUVWRWKHTXHVWLRQ³+RZFDQGLJLWDOWHFKQRORJ\DQGFRQQHFWHG
GHYLFHVKHOSWREXLOGDVPDUWDQGJUHHQLVODQG"´
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x >0,@0L,74*PE+2QOLQHGRFXPHQWDWLRQRIWKH0LWHDPSURMHFWDQGGHYHO
RSPHQWPHWKRGRORJ\KWWSZZZSURMHFWPLFRP  
x >06@0DULDSSDQ-6KLK$DQG6FKUDGHU38VHRI6FHQDULR%DVHG/HDUQLQJ
$SSURDFKLQ7HDFKLQJ6WDWLFV3URFHHGLQJVRIWKH$6((&RQIHUHQFH  
x >6&@6FKXPP06RVND$-RVHSK65HVFKNH00RWWRN-1LHPHW]0
6FKUROO'HFNHU,&RPSDULVRQRI IURQWDOOHFWXUHDQG ZRUNVKRSOHDUQLQJDUUDQJH
PHQWVLQDVRIWZDUHHQJLQHHULQJHGXFDWLRQSURMHFW(&8&21  

x

x )LJ2YHUYLHZRIWKH0LGHPRQVWUDWRUVKRZQDWVHYHUDOWUDGHIDLUV

x

x )LJ0L[HGUHDOLW\UHDOLW\DQGVLPXODWLRQUXQFRQFXUUHQWO\
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1

Introduction

This paper describes two projects of a student group at the University of Los
Andes. These projects have the task of providing students the chance to make
practical experiences in topics of industrial interest. Moreover, modern tools will
be investigated for the developing of interdisciplinary / mechatronic approaches.
The projects can be positioned into two research areas:
– Design for Reuse: reduce costs and time for the development of production
systems through the reuse of already designed mechatronic modules;
– Smart Farming: utilize modern Information and Communication Technologies (ICTs) for industrializing and automatizing agriculture operations.
1.1

Modular machine for processing coﬀee beans

Production systems have shifted from mainly mechanical-based systems to aggregations of cyber-physical systems. Traditionally, a ”design-by-discipline” approach was adopted in which every discipline was developed independently and
then integrated to generate the ﬁnal solution. Veriﬁcation phase was the ﬁnal
activity of the design process leading to high-cost for errors due to their late
detection. Cyber-physical design methodologies must be investigated in order to
reach: (1) concurrent development of the involved disciplines; (2) continuous veriﬁcation of the solution for an early detection of errors.
Moreover, from one hand complexity of production systems is growing because
increasing functionality, ﬂexibility and performance are required. From the other
hand, low costs and short time-to-market must be achieved. These requirements
can be fulﬁlled with the realization of reusable mechatronic modules.
Modularity is inversely proportional to the number of sensors and actuators,
and to the time necessary for modularizing the solution. In fact, the operation
of designing a reusable module involves among the others: deﬁne modular control
code, assure correct functionality for diﬀerent environments, and deﬁne variation
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range for module parameters and operational modes. All these activities increase
developing time with respect to the realization of ”ad-hoc” solutions. However,
once a library of modules has been realized, development time and costs are reduced since design activity is limited to the assembly of already tested modules
and the veriﬁcation that the generated system fulﬁlls stakeholder requirements.
Authors think that before identifying an optimal point among level of modularity and system developing time and costs, methodologies for reaching modularity
must be investigated. A scaled modular production system for processing coﬀee
beans will be built. The machine will consist of three modules performing toasting, grinding and packaging. The objective of the project will be to investigate:
– Cyber-physical approaches for the development of mechatronic modules;
– Methodologies for realizing a ”plug-and-play” design of production systems
starting from the assembly of existing mechatronic modules.
1.2

Automatic sensing of ﬁeld properties

The increasing utilization of sensors due to the reduction of the cost of electronics, along with the innovations in ICT supporting record and integration
of values coming from diﬀerent sensors through standardized protocols, have
brought new opportunities in diﬀerent domains. Among these, the utilization of
Internet of Thing approaches in agriculture can be cited.
Authors have investigated at Colombia situation. The recent peace agreement
proposal between the government and the FARC organization contains a large
section about the goal of industrializing agriculture. Even if the agreement was
not successful, this witnesses the interest of Colombian government for the topic.
Authors decided to start focusing on coﬀee production but the involved concepts can be extended to any cultivation. A long-term project aims to reach an
automatic ”digitalization” of the properties of a coﬀee ﬁeld. Project consists on:
– Field properties: consult specialists for identifying which properties, indexes,
target values and acceptable boundaries are important for characterizing
the status of a coﬀee ﬁeld; e.g. soil pH, humidity and chemical composition,
localization of coﬀee beans ready to be harvested and sick plants, etc.;
– Collection: identify sensors, algorithms and processing units for collecting
all the relevant ﬁeld properties;
– Digitalization: generation of topology maps for visualizing collected data and
for deriving overall ﬁeld properties; e.g. most productive areas;
– Automation: realization of prototypes able to automatically collect ﬁeld
properties. Ground and ﬂight vehicles will be investigated as mobile robots
and drones. Moreover, ICT technologies will be studied for implementing the
communication among a central station and the collecting units.
The digitalization of the ﬁeld information will allow understanding issues related
to coﬀee production. As future work, improvement areas will be investigated and
solutions will be proposed.
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0RGXODU'SULQWHG5RERWVIRU(GXFDWLRQDQG7UDLQLQJ
IRU,QGXVWULH
'LUN-DFRE3DWULFN+DEHUVWURK'RPLQLN1HLGKDUGW%HQQR7LPPHUPDQQ
)DFXOW\RI(OHFWULFDO(QJLQHHULQJ8QLYHUVLW\RI$SSOLHG6FLHQFHV.HPSWHQ*HUPDQ\
%

GLUNMDFRE#KVNHPSWHQGH
5,QGXVWULH(OHNWURQLN*PE+%DG+RPEXUJ*HUPDQ\
SDWULFNKDEHUVWURK#EUDXWRPDWLRQFRP

$EVWUDFW 5RERWLFV DV RQH RI WKH PDLQ FRPSRQHQWV RI ,QGXVWULH  KDV WR EH
LQWHJUDWHGLQWRGD\¶VWHDFKLQJV7RSURYLGHHGXFDWLRQDOLQVWLWXWLRQVDORZFRVWEXW
LQGXVWU\RULHQWHG URERW V\VWHP D PRGXODU ' SULQWHG URERW NLW LV GHYHORSHG
ZKLFKFDQEHFRQWUROOHGE\DQLQGXVWULDOFRQWUROOHURUDORZFRVW3&ERDUG
.H\ZRUGV5RERWLFV'SULQWLQJWHDFKLQJ



&RQFHSWRI5RERWLF7UDLQLQJ.LW

5RERWLFVLVRQHRIWKHPDMRUFRPSRQHQWVRIDXWRPDWLRQWHFKQRORJLHVZLWKLQWKHIUDPH
ZRUNRI,QGXVWULH>@$VURERWDUHSURJUDPPDEOH KDQGOLQJ V\VWHPV WKH\DUHLQ
SULQFLSOHDEOHWRDGDSWWRFKDQJHVRIWKHSRVLWLRQVUHVXOWLQJIURPIOH[LEOHSURGXFWLRQWDVNV
>@,QRUGHUWREHDEOHWRWUDLQIXWXUHHQJLQHHUVRQDKLJKOHYHODSSURSULDWHOHDUQLQJHQ
YLURQPHQWVDUHUHTXLUHG7KHSUREOHPLVRIWHQWKDWURERWVRQWKHRQHKDQGDUHYHU\FRVW
LQWHQVLYHIRUWKHSURFXUHPHQWRIHGXFDWLRQDOLQVWLWXWLRQVVXFKDVSURIHVVLRQDOVFKRROVRU
VFKRROVIRUWHFKQLFLDQVRUXQLYHUVLWLHV2QWKHRWKHUKDQGWKHUHLVRIWHQQRWHQRXJKURRP
LQWKHIDFLOLWLHVWREHDEOHWRRSHUDWHVHYHUDOURERWLFV\VWHPVLQSDUDOOHO
%DVHGRQWKHVHOLPLWDWLRQVWUDLQLQJDQGSUDFWLFDOWUDLQLQJKRXUVLQURERWLFVIRUVWX
GHQWVDUHRIWHQOLPLWHGWRDYHU\VKRUWSHULRGRIWLPHVRWKDWWUDLQLQJWLPHIRUWKLVNH\
WHFKQRORJ\LVWRRVKRUW6PDOOFRVWHIIHFWLYHURERWPRGHOVIRUWUDLQLQJFDQEHXVHGDVD
FRPSURPLVHEXWWKH\GRQRWKDYHDFRQWUROOHUDWLQGXVWU\OHYHO7KXVWKHWUDLQHULVDEOH
WRWUDLQD ODUJHU QXPEHURI VWXGHQWVEXWWKHVWXGHQWV QHHGFRPSOHWHO\GLIIHUHQWSUR
JUDPPLQJHQYLURQPHQWVDQGVWDQGDUGVLQWKHLUSURIHVVLRQDOOLIH
$VDVROXWLRQWRWKLVGLOHPPDDPRGXODUFRQVWUXFWLRQNLWKDVEHHQGHYHORSHGZKLFK
FDQEHXVHGWRLPSOHPHQWGLIIHUHQWURERWLFNLQHPDWLFVDWORZFRVW7KH LPSOHPHQWHG
GULYHWHFKQRORJ\DOORZVWKHFRQWUROSURJUDPPLQJDQGRSHUDWLRQRIWKHURERWPRGHOV
E\DQLQGXVWULDOFRQWUROOHU
:LWKWKHDLGRIWKHGHYHORSHGNLQHPDWLF NLWLWLVSRVVLEOHWREXLOGGLIIHUHQWURERW
NLQHPDWLFVIURPVLPSOHRUD[LVPRGHOVWRPRUHFRPSOH[D[LVDUWLFXODWHGURERW
DUPV,QDGGLWLRQWRWKHVWDQGDUGDUWLFXODWHGNLQHPDWLFVWKHVHWXSRID6&$5$URERW
DVZHOODVDNLQHPDWLFVRIDSDOOHWL]LQJURERWZLWKGHJUHHVRIIUHHGRPLVSRVVLEOHWRR
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7KHLQGLYLGXDOSDUWVRIWKHNLQHPDWLFVDUHGHVLJQHGLQVXFKDZD\WKDWWKH\FDQEH
SURGXFHGZLWK'SULQWHUVZKLFKDUHXVXDOO\DYDLODEOHDWHGXFDWLRQDOLQVWLWXWLRQV7KH
GULYHWHFKQRORJ\FRQVLVWVRIVWHSSLQJPRWRUVLQWKUHHGLIIHUHQWSHUIRUPDQFHOHYHOVDQG
GHVLJQVL]HV(DFKPRWRULVVXSSOHPHQWHGE\DJHDUER[WRLQFUHDVHWKHDYDLODEOHWRUTXH
DWWKHRXWSXWVKDIW7KHLQGLYLGXDOFRPSRQHQWVRIWKHNLQHPDWLFVDUHFRQQHFWHGWRRQH
DQRWKHUE\WKHGULYHXQLWVWKXVFRPSOHWLQJWKHRYHUDOONLQHPDWLFV)RUWKHFDEOHJXLG
DQFHFRUUHVSRQGLQJJXLGLQJFKDQQHOVDUHSURYLGHGLQWKH'SULQWLQJSDUWV7KHOHQJWK
RIWKHLQGLYLGXDOFRPSRQHQWVLVLQSULQFLSOHYDULDEOH7KHVWDQGDUGOHQJWKRIWKHSDUWV
LVDSSPPLQRUGHUWREHDEOHWREHSURGXFHGLQFXVWRPDU\'SULQWHUV+RZHYHU
WKH&$'PRGHOVRIWKHSDUWVDUHGHVLJQHGLQVXFKDZD\WKDWWKHFRPSRQHQWOHQJWKVRI
WKHLQGLYLGXDONLQHPDWLFFRPSRQHQWVFDQDOVREHDGDSWHGWRLQGLYLGXDOUHTXLUHPHQWV
$QLQGXVWULDOFRQWUROOHUIURP%HUQHFNHU5DLQHU,QGXVWULH(OHNWURQLN*HVPE+LV
XVHGWRFRQWUROWKHURERWPRGHOV% 5¶V6RIWZDUH³$XWRPDWLRQ6WXGLR´LVXVHGDV
SURJUDPPLQJHQYLURQPHQW7KLVXVHVDVRFDOOHGPDSS7HFKQRORJ\WREHDEOHWRSUR
JUDP DQG FRQWURO GLIIHUHQW PRGXODU DXWRPDWLRQ V\VWHPV 6SHFLILFDOO\ PDSS5RERW
LFVDVXEGRPDLQRI³PDSS7HFKQRORJ\LVXVHG,WLVDVRIWZDUHWKDWSURYLGHVPRGXODU
IXQFWLRQ EORFNV DQG GDWD VWUXFWXUHV IRU URERW SURJUDPPLQJ 8QGHU PDSS5RERWLFV
GLIIHUHQWSUHGHILQHGNLQHPDWLFVPRGHOVDUHDYDLODEOHDVFHQWUDOREMHFWVZKLFKFRQWDLQ
DOOQHFHVVDU\LQIRUPDWLRQIRUWKHHDFKRSHUDWHGNLQHPDWLFV7KHVHFHQWUDOREMHFWVFRP
PDQGWKHEDVLFWDVNVIRUURERWPHFKDQLFVVXFKDVWKHVZLWFKLQJRQRIWKHDUPSRZHURU
UHIHUHQFLQJRIWKHD[HV)RUVWDQGDUGPRGHOVRIWKHNLWSUHGHILQHGFRQILJXUDWLRQVDUH
DYDLODEOHZLWKWKHUHVSHFWLYHNLQHPDWLFVDQGGULYHV7KXVWKHURERWPRGHOVFDQEHFRP
PLVVLRQHGDQGSURJUDPPHGZLWKRXWJUHDWHIIRUW)RULQGLYLGXDOL]DWLRQRIWKHFRQILJX
UDWLRQFRUUHVSRQGLQJSDUDPHWHUOLVWVDQGLQSXWDLGVDUHDYDLODEOHLQ$XWRPDWLRQ6WXGLR



&RQFOXVLRQ

7KHPRGXODUURERWLFNLWPDNHVLWSRVVLEOHWRPDQXIDFWXUHFRVWHIIHFWLYHURERWLFPD
FKLQHVLQGLYLGXDOO\DVSULQWHG PRGHOVDQGWRRSHUDWH WKHP ZLWKDQLQGXVWULDOFRQWURO
V\VWHP7KHPRGXODUGHVLJQRIWKHGHYHORSPHQWHQYLURQPHQWRIWKHLQGXVWULDOFRQWURO
V\VWHPDOVRDOORZVWKHFRQWUROSDUDPHWHUVWREHDGDSWHGWRLQGLYLGXDOURERWFRQILJXUD
WLRQV,QDGGLWLRQWKHURERWPRGHOVFDQEHFRQWUROOHGZLWKDYDLODEOHFRQWUROVROXWLRQV
VXFKDV5DVSEHUU\3LWREHLQGLYLGXDOO\RSHUDWHG7KLVSURYLGHVDYDULHW\RISRVVLELOLWLHV
IRUWUDLQLQJDQGWHDFKLQJLQRUGHUWREHDEOHWRLQWHJUDWHURERWVDVRQHRIWKHFRUHFRP
SRQHQWVRI,QGXVWULHLQWHQVLYHO\LQWRGD\¶VXQLYHUVLWLHVDQGVFKRROV



5HIHUHQFHV

 +XEHU:  ,QGXVWULHLQGHU$XWRPRELOSURGXNWLRQ(LQ3UD[LVEXFKS6SULQJHU
)DFKPHGLHQ:LHVEDGHQ:LHVEDGHQ
 *LOFKULVW$  ,QGXVWU\7KH,QGXVWULDO,QWHUQHWRI7KLQJVS$SUHVV1HZ<RUN
 %DXHUQKDQVO7+RPSHO0WHQ9RJHO+HXVHU% +UVJ   ,QGXVWULHLQ3URGXNWLRQ
$XWRPDWLVLHUXQJXQG/RJLVWLN$QZHQGXQJ7HFKQRORJLHQ0LJUDWLRQS6SULQJHU/LQN
6SULQJHU9LHZHJ:LHVEDGHQ
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7DVNRULHQWHG3URJUDPPLQJRI$VVHPEO\6\VWHPVEDVHG
RQVHOIGHVFULELQJ&RPSRQHQWV
+RZWR&UHDWH&\EHU3K\VLFDO)LHOG'HYLFHV
9HLW+DPPHUVWLQJODQG*XQWKHU5HLQKDUW
,QVWLWXWHIRU0DFKLQH7RROVDQG,QGXVWULDO0DQDJHPHQW LZE 7HFKQLFDO8QLYHUVLW\RI0XQLFK
%ROW]PDQQVWU'*DUFKLQJ*HUPDQ\
Veit.Hammerstingl@tum.de

$EVWUDFW,QRUGHUWREHDEOHWRUHDFWHIILFLHQWO\WRFKDQJLQJFXVWRPHUUHTXLUH
PHQWVWKHORZFRVWDGDSWDWLRQRISURGXFWLRQIDFLOLWLHVDQGWKHLUDXWRPDWLRQFRP
SRQHQWVLVDQLQFUHDVLQJO\LPSRUWDQWFRPSHWLWLYHIDFWRUIRUFRPSDQLHV&\EHU
3K\VLFDO6\VWHPVFRXOGUHVROYHWKLVSUREOHPDVWKH\RIIHUDGKRFFRQQHFWLYLW\
DQG±SURJUDPPDELOLW\DQGWKHUHIRUHUHGXFHQHFHVVDU\FKDQJHDELOLW\HIIRUWV7KLV
SDSHUJLYHVDQRYHUYLHZRIWKHGHYHORSHGFRQFHSWVRQKRZWRDXWRPDWLFDOO\FUH
DWH 'LJLWDO )DFWRU\ 7ZLQV EDVHG RQ H[LVWLQJSURGXFWLRQ FHOOV )XUWKHUPRUH WKH
IDFLOLWDWLRQRIWKHVHWZLQVLVGHVFULEHGLQWHUPVRIDQDXWRPDWHGPDWFKLQJEHWZHHQ
UHTXLUHGSURGXFWLRQWDVNVDQGDYDLODEOHGHYLFHVNLOOV
.H\ZRUGV3OXJ 3URGXFH,,R7&366NLOOV'LJLWDO7ZLQ



3UREOHPVHWWLQJDQG6FRSHRI:RUN

,QWKHHUDRIPDVVFXVWRPL]DWLRQFRPSDQLHVKDYHWRFRSHZLWKPRUHIUHTXHQWFKDQJHV
WRWKHLUPHDQVRISURGXFWLRQ>@7KLVQHHGIRUUHFRQILJXUDWLRQLVLQFRQWUDVWWRWKHFXU
UHQWO\ORQJGRZQWLPHVDQGKLJKLQWHJUDWLRQHIIRUWVRISURGXFWLRQHTXLSPHQW>@,QSDU
WLFXODUPRVWRIWKHHIIRUWVDUHJHQHUDWHGLQWKHVRIWZDUHDQG,7EDVHGLQWHJUDWLRQVWHSV
RIDXWRPDWLRQHTXLSPHQW>@7KLVLVGXHWRDIUDJPHQWHGPDUNHWZLWKKHWHURJHQHRXV
WHFKQRORJLHVUHJDUGLQJSURWRFROVLQWHUIDFHVSURJUDPPLQJODQJXDJHVDQGYHQGRUVSH
FLILF WRROV $OVR HDFK UHFRQILJXUDWLRQ LQ SURGXFWLRQ UHIOHFWV QRW RQO\ LQ D FKDQJH RI
KDUGZDUH EXW DOVR LQ DQ DGDSWDWLRQ RI WKH RYHUDOO SURGXFWLRQ SURFHVV LWV FRQWUROOLQJ
VRIWZDUHDQGLWVSDUDPHWHUV

7KHUHIRUHDUHVHDUFKQHFHVVLW\WRUHGXFHWKHRYHUDOO,7LQWHJUDWLRQHIIRUWVRIDXWRPD
WLRQ HTXLSPHQW H[LVWV 2QH DSSURDFK LV WKH GHYHORSPHQW RI &\EHU3K\VLFDO 6\VWHPV
&36 ZKLFKFDQDXWRPDWLFDOO\VHWXSWKHLUFRPPXQLFDWLRQGHVFULEHWKHLUFDSDELOLWLHV
DQGUHTXLUHPHQWVWRRWKHUV\VWHPVDVZHOODVDXWRPDWLFDOO\DGDSWWRFKDQJLQJHQYLURQ
PHQWDOFRQGLWLRQV7KHZRUNVKRSSUHVHQWVDQRYHUYLHZRQKRZWRDFKLHYHWKHVHFRQ
FHSWVZLWKVWDQGDUGDXWRPDWLRQGHYLFHVDQGKRZWKHVHFRQFHSWVFDQEHXVHGWRSURJUDP
SURGXFWLRQSURFHVVHVLQDKDUGZDUHQHXWUDOPDQQHU
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$XWRPDWLF,QWHJUDWLRQDQG6HOI'HVFULSWLRQRI)LHOG'HYLFHV

%DVHGRQDSURGXFWLRQFHOOIRUWKHDVVHPEO\RI/('ODPSVDUHFXUVLYHVHDUFKDOJRULWKP
ZDVGHYHORSHGZKLFKLGHQWLILHVGHYLFHVLQKHWHURJHQHRXVQHWZRUNV6LQFHPRVWFXUUHQW
VHQVRUVDQGDFWXDWRUVDUHSULPLWLYHLHWKH\GRQ¶WRIIHUDFRPSUHKHQVLYHVHOIGHVFULS
WLRQRUVWDQGDUGLVHGDFFHVVDGULYHUEDVHGDSSURDFKLVXVHG,QWKHILUVWVWHSGHYLFHVDUH
LGHQWLILHGLQDQHWZRUNGXHWRWKHLUXQLTXHIHDWXUHV HJ0$&DGGUHVV 1H[WWKHLUFRU
UHVSRQGLQJDFFHVVGULYHULVORDGHGZKLFKHQFDSVXODWHVWKHWHFKQRORJ\VSHFLILFFDOOVDQG
RIIHUVDXQLILHGDFFHVVIRUVXSHULRUVRIWZDUH9LDWKLVGULYHUHDFKGHYLFHLVDVNHGLILW
RIIHUVXQGHUO\LQJVXEQHWZRUNV OLNHLQWKHFDVHRID3/&RUURERW ,QWKDWFDVHDUH
ODWHGSURWRFROGULYHULVORDGHGZKLFKDEVWUDFWVWKHVSHFLILFSURWRFROFRPPDQGVDQGRI
IHUVXQLILHGDFFHVVWRWKHQHWZRUN(DFKIRXQGGHYLFHLVLQWHJUDWHGLQLWVVXSHULRUFRQ
WUROOHUV\VWHP$OVRIRUHDFKGHYLFHWKHDVVRFLDWHG'LJLWDO7ZLQLVORDGHGIURPDGDWD
EDVHDQGPDGHSXEOLFDOO\DFFHVVLEOHYLD23&8$>@
7KH'LJLWDO7ZLQLVDVWDQGDUGLVHGLQIRUPDWLRQPRGHOZKLFKGHVFULEHVWKHSURSHUWLHV
DQGFDSDELOLWLHVRIDSURGXFWLRQFRPSRQHQW (VSHFLDOO\WKHVWUXFWXUDODQGVHPDQWLFDO
GHILQLWLRQRISURGXFWLRQFDSDELOLWLHV DOVR³VNLOOV´ ZHUHSDUWRIWKHUHVHDUFK:LWKWKHVH
WZRFRQFHSWVDOOGHYLFHVFDQQRZEHDFFHVVHGLQDVWDQGDUGL]HGPDQQHUDQGWKHDJJUH
JDWLRQRIDOODFFHVVLEOHVHUYHUVRIIHUVDXQLILHG'LJLWDO)DFWRU\7ZLQ



7DVN2ULHQWHG3URJUDPPLQJEDVHGRQ$XWRPDWLF)LHOG
'HYLFH2UFKHVWUDWLRQ

,QDIROORZLQJVWHSDVRIWZDUHWRROZDVGHYHORSHGZKHUHXVHUFRXOGPDQXDOO\VSHFLI\
SURGXFWLRQ SURFHVVHV EDVHG RQ IXQFWLRQDO SULPLWLYHV HJ ³0RYH SDUW´ ³'HWHFW FRO
RXU´ 7KHVHSURFHVVVWHSVFDQEHDXWRPDWLFDOO\PDWFKHGZLWKWKHGHYLFHFDSDELOLWLHVRI
WKHIRUPHUO\FUHDWHG'LJLWDO)DFWRU\7ZLQ7KLVDOORZVDQDXWRPDWLFJHQHUDWLRQRIWKH
RYHUDOO SURGXFWLRQ VRIWZDUH 6LQFH WKH SURGXFWLRQ VHTXHQFH LV GHVFULEHG WHFKQRORJL
FDOO\ LQGHSHQGHQW VHYHUDO GLIIHUHQW FRPSDULVRQ W\SHV KDYH WR EH WDNHQ LQWR DFFRXQW
HJVHPDQWLFDOWHFKQRORJLFDOJHRPHWULFDO WRGHWHUPLQHLIDGHYLFHLVVXLWDEOHIRUWKH
GHVLUHGSURGXFWLRQVWHS

5HIHUHQFHV
 ($EHOHDQG*5HLQKDUW=XNXQIWGHU3URGXNWLRQ+HUDXVIRUGHUXQJHQ)RUVFKXQJVIHOGHU
&KDQFHQ0QFKHQ+DQVHU
 *5HLQKDUWDQG6.UXJ³&XUUHQWVWDWHPRGHOIRUHDV\UHFRQILJXUDWLRQRIURERWV\VWHPVDQG
RIIOLQHSURJUDPPLQJHQYLURQPHQWV´ LQ 5RERWLFV ,65   VW ,QWHUQDWLRQDO 6\PSR
VLXPRQDQGWK*HUPDQ&RQIHUHQFHRQ5RERWLFV 52%27,. 
 +DPPHUVWLQJO9HLW5HLQKDUW*XQWKHU³8QLILHG3OXJDQG3URGXFH$UFKLWHFWXUHLQ,QGXV
WULDO(QYLURQPHQWV´,Q,(((,QWHUQDWLRQDO&RQIHUHQFHRQ,QGXVWULDO7HFKQRORJ\
6HYLOOH6SDLQ



173

Eurocast 2017, February 19-24, Las Palmas de Gran Canaria

Extended Abstracts

6HOHFWLRQRI$SSURSULDWH,QWHUDFWLRQ7HFKQRORJLHVIRU
,QGXVWULDO$SSOLFDWLRQV
&KULVWRSK5LFKWHUDQG*XQWKHU5HLQKDUW
)UDXQKRIHU5HVHDUFK,QVWLWXWLRQIRU&DVWLQJ&RPSRVLWHDQG3URFHVVLQJ7HFKQRORJ\
$XJVEXUJ*HUPDQ\
christoph.richter@igcv.fraunhofer.de



([WHQGHG$EVWUDFW

'XHWRFXUUHQWWUHQGVLQPDFKLQHU\DQGSODQWHQJLQHHULQJOLNHIRUH[DPSOHLQFUHDV
LQJSURGXFWLQGLYLGXDOLW\HQWHUSULVHVQHHGWREHLQQRYDWLYHHYHQLQVHFWRUVWKDWGRQRW
ILWWRWKHLUDFWXDOFRUHFRPSHWHQFLHV>@7KHDSSOLFDWLRQRILQWXLWLYHXVHULQWHUIDFHVLV
RQHUHFHQWH[DPSOHZLWKDQHQRUPRXVLQQRYDWLRQSRWHQWLDOVLQFHWKHXVHULQWHUIDFHLVD
FHQWUDOLQWHUDFWLRQSRLQWIRUWKHFXVWRPHURIDFHUWDLQPDFKLQHRUSODQW)RUWKLVUHD
VRQPDQ\HQWHUSULVHVDUHVWULYLQJWRDSSO\LQQRYDWLYHLQWHUDFWLRQWHFKQRORJLHVLQRU
GHU WR GLVWLQJXLVK WKHPVHOYHV IURP FRPSHWLWRUV >@ ,Q SDUWLFXODU QHZ LQWHUDFWLRQ
WHFKQRORJLHVZKLFKHVWDEOLVKHGWKHPVHOYHVLQWKHFRQVXPHUJRRGVDUHDRYHUWKHODVW
\HDUV IRUH[DPSOHPRELOHPXOWLWRXFKGHYLFHV EHFRPHPRUHDQGPRUHLPSRUWDQWLQ
LQGXVWULDO HQYLURQPHQWV QRZDGD\V %XW GXH WR GLIIHUHQW FLUFXPVWDQFHV ZLWKLQ WKHVH
WZRDUHDV IRUH[DPSOHLQUHJDUGRIUREXVWQHVV DGLUHFWXVDJHRIFRQVXPHUJRRGWHFK
QRORJLHVZLWKLQLQGXVWULDOXVHFDVHVFDQEDUHO\EHUHDOL]HG7KHGHFLVLRQRIFKRRVLQJ
DQDSSURSULDWHLQWHUDFWLRQWHFKQRORJ\GHSHQGVRQPDQ\GLIIHUHQWIDFWRUVZKLFKUHDFK
IURP WKH SURGXFWLRQ SURFHVV LWVHOI WR WKH HQWLUH FRPSDQ\ VWUDWHJ\ )RU WKLV UHDVRQ D
QRYHODSSURDFKWRVHOHFWDQDSSURSULDWHLQWHUDFWLRQWHFKQRORJ\IRUDVSHFLILFPDFKLQH
RUSODQWLVSUHVHQWHGZLWKLQWKLVSDSHU

:KLOVW SUHYLRXV DSSURDFKHV LQ WKLV ILHOG HJ >@  MXVW DGGUHVV D FROOHFWLRQ RI
SRVVLEOH VHOHFWLRQ FULWHULD RU D FODVVLILFDWLRQ RI H[LVWLQJ LQWHUDFWLRQ WHFKQRORJLHV WKH
FHQWUDOHOHPHQWRIWKLVDSSURDFKLVDQLQIOXHQFHPDWUL[ZKHUHLQIRUPDOL]HGVHOHFWLRQ
FULWHULD RI GLIIHUHQW VWDNHKROGHUV DUH RSSRVHG WR IRUPDOL]HG FODVVLILFDWLRQ FULWHULD RI
LQWHUDFWLRQ WHFKQRORJLHV )RU WKH DFWXDO DSSOLFDWLRQ RI WKLV PDWUL[ XVHUV FKDUDFWHUL]H
WKHLULQGXVWULDODSSOLFDWLRQVFHQDULRXVLQJWKHIRUPDOL]HGVHOHFWLRQFULWHULDDQGJHWNH\
IHDWXUHV IRU DQ DSSURSULDWH LQWHUDFWLRQ WHFKQRORJ\ DV D UHVXOW $IWHUZDUGV WKHVH NH\
IHDWXUHV DUH PDWFKHG WR DFWXDO LQWHUDFWLRQ WHFKQRORJLHV LQ RUGHU WR GHWHUPLQH ZKLFK
WHFKQRORJ\ILWVWRWKHUHVSHFWLYHLQGXVWULDODSSOLFDWLRQVFHQDULR

7KHDSSURDFKRXWOLQHGLQWKHODVWSDUDJUDSKZDVHODERUDWHGZLWKLQ DSDUWLFXODUUH
VHDUFKSURMHFWZKHUHFRPSDQLHVIURPGLIIHUHQWLQGXVWULHV PDFKLQHU\DQGSODQWVRIW
ZDUHDQGXVDELOLW\HQJLQHHULQJ IRFXVHGRQVHYHUDOWRSLFVLQRUGHUWRLQWURGXFHLQWXL
WLYH DQG LQQRYDWLYH XVHU LQWHUIDFHV LQ WKH DUHD RI PDFKLQHU\ DQG SODQW HQJLQHHULQJ
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+HQFHWKHHODERUDWHGLQIOXHQFHPDWUL[ZLWKLWVIRUPDOL]HGVHOHFWLRQDQGFODVVLILFDWLRQ
FULWHULD ZDVFRQWLQXRXVO\GLVFXVVHG ZLWKH[SHUWVLQRUGHUWRHQVXUHDQGRSWLPL]H WKH
VLJQLILFDQFH IRU UHDO LQGXVWULDO DSSOLFDWLRQ VFHQDULRV ,Q DGGLWLRQ WKH DSSURDFK ZDV
HYDOXDWHGXVLQJWKHVFHQDULRRIDQLQGXVWULDOFORVHPDWHULDOWUDQVSRUWDWLRQDQGVWDPS
LQJXQLW7KHPDLQUHVXOWVRIWKLVHYDOXDWLRQDUHDOVRSUHVHQWHGZLWKLQWKLVSDSHU)L
QDOO\ WKH HQWLUH DSSURDFK LV FULWLFDOO\ GLVFXVVHG LQ UHJDUG RI VWUHQJWKV DQG SRVVLEOH
GUDZEDFNVDQGDQRXWORRNWRIXWXUHHQKDQFHPHQWVLVJLYHQ



$FNQRZOHGJHPHQW

7KH DXWKRUV ZRXOG OLNH WR WKDQN WKH *HUPDQ )HGHUDO 0LQLVWU\ RI (GXFDWLRQ DQG
5HVHDUFK %0%) IRUWKHVSRQVRULQJRIWKHUHVHDUFKSURMHFW3(%H0$ )XQGLQJFRGH
,6& 



5HIHUHQFHV

0 *DUHWWL DQG 0 7DLVFK ³6XVWDLQDEOH PDQXIDFWXULQJ WUHQGV DQG UHVHDUFK FKDO
OHQJHV´3URGXFWLRQ3ODQQLQJ &RQWUROYROQRSS±
'6SDWKHWDOÄ3RWHQ]LDOHGHU0HQVFK7HFKQLN,QWHUDNWLRQIUGLHHIIL]LHQWHXQG
YHUQHW]WH3URGXNWLRQYRQPRUJHQ³6WXGLHGHV)UDXQKRIHU,$2)UDXQKRIHU9HUODJ

,62Ä(UJRQRPLFVRIKXPDQV\VWHPLQWHUDFWLRQ3DUW6HOHFWLRQRI
SK\VLFDOLQSXWGHYLFHV´
' =KONH Ä1XW]HUJHUHFKWH (QWZLFNOXQJ YRQ 0HQVFK0DVFKLQH6\VWHPHQ ±
8VHZDUH(QWZLFNOXQJIUWHFKQLVFKH6\VWHPH³6SULQJHU
/ .UDXVV Ä(QWZLFNOXQJ XQG (YDOXDWLRQ HLQHU 0HWKRGLN ]XU 8QWHUVXFKXQJ YRQ
,QWHUDNWLRQVJHUlWHQ IU 0DVFKLQHQ XQG 3UR]HVVEHGLHQV\VWHPH PLW JUDILVFKHQ
%HQXWXQJVREHUIOlFKHQ³)RUWVFKULWW%HULFKWSDN%G.DLVHUVODXWHUQ
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9LUWXDOFRPPLVVLRQLQJRIF\EHUSK\VLFDOV\VWHPV
± DFDVHVWXG\
3HWHU(LFKLQJHU%HUQKDUG+|ILJ$OH[DQGHU6FKPLGW
+RFKVFKXOH$DOHQ 7HFKQLNXQG:LUWVFKDIW
%HHWKRYHQVWUDH
$DOHQ
*HUPDQ\

$EVWUDFW ,QWKLVSDSHUZHGLVFXVVWKHFRQFHSWIRU YLUWXDOFRPPLVVLRQLQJRID
SURGXFWLRQ V\VWHP %DVHG RQ PRGXOHV RI WKH F\EHU SK\VLFDO IDFWRU\ RI )HVWR
*PE+ WKH SURFHVV VLPXODWLRQ LV EXLOW XS XVLQJ WKH 0HFKDWURQLF &RQFHSW 'H
VLJQHU RI6,(0(163/0,WLVVKRZQKRZGLIIHUHQWVLPXODWLRQDSSURDFKHVFDQ
VXSSRUWWKHGHVLJQDQGGHYHORSPHQWSURFHVVERWKIRUPHFKDQLFDOKDUGZDUHDQG
SURFHVVFRQWUROVRIWZDUH 7KHPRGHORIWKHV\VWHPFDQEHXVHGIRUHIILFLHQWWHVW
LQJ DQG RSWLPL]DWLRQ RI WKH DXWRPDWLRQ FRGH DQG KHOSV WR UHGXFHWKH WLPH IRU
FRPPLVVLRQLQJ
.H\ZRUGV YLUWXDOFRPPLVVLRQLQJGLJLWDOWZLQSURFHVVFRQWUROVLPXODWLRQ



0RWLYDWLRQ

7KH G\QDPLF FKDQJHV ZKLFK WDNHV SODFH LQ WKH ILHOG RI ,R7 DQG DXWRPDWLRQ RSHQV
QHZZD\VIRUWKHGHYHORSPHQWDQGFRPPLVVLRQLQJRISURGXFWLRQV\VWHPVDQGIDFWR
ULHV ,QRUGHUWRIDFHWKHFKDOOHQJHVRIDKLJKO\IOH[LEOHSURGXFWLRQIRULQGLYLGXDOL]HG
SURGXFWVGRZQWRORWVL]HRQHDQGVKRUWHUSURGXFWOLIHF\FOHVZHQHHGWRGHYHORSDQG
LPSOHPHQW QHZGHYHORSPHQW SURFHVVHVEDVHGRQ PRGHUQVLPXODWLRQWHFKQLTXHV )RU
WKHGHVLJQRIFRPSOH[F\EHUSK\VLFDOV\VWHPVWKHYLUWXDOUHSUHVHQWDWLRQRIWHQFDOOHG
DV ³'LJLWDO 7ZLQ´ LV DQ HVVHQWLDO FRUQHUVWRQH LQ RUGHU WR VHWXS D WHFKQLFDOO\ PDWXUH
SURGXFWLRQV\VWHP
7KHXOWLPDWH JRDOLVWREXLOGDGLJLWDOWZLQZKLFKEHKDYHVOLNHWKHUHDOREMHFWDQG
ZKLFK FDQ EH WHVWHG DQG RSWLPL]HG LQ DQ HDUO\ VWDJH RI WKH GHYHORSPHQW SURFHVV ,Q
WKLVSDSHUZHZLOOGLVFXVVVRPHDVSHFWVDQGFRQFHSWVIRUWKHVHWXSRIDGLJLWDOWZLQ
EDVHGRQPRGXOHVRIWKHF\EHUSK\VLFDOIDFWRU\E\)HVWR'LGDFWLF*PE+ &R.*
:HZLOOVKRZ KRZDYLUWXDOUHSUHVHQWDWLRQ RIWKLVV\VWHP FDQEHXVHGWRGHVLJQDQG
RSWLPL]HWKHFRQWUROV\VWHPIRUWKHSURGXFWLRQSURFHVVDQGKHOSVWRUHGXFHGHYHORS
PHQWWLPHDQGHUURUVLQWKHFRPPLVVLRQLQJSURFHVV
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$SSOLFDWLRQ([DPSOH

7KHF\EHU SK\VLFDOIDFWRU\ &3)DFWRU\ E\)HVWR'LGDFWLF*PE+ &R.*LVD
FRPSUHKHQVLYHPRGXODUDQGH[SDQGDEOHIDFWRU\PRGHOIRU,QGXVWU\WKDWGHPRQ
VWUDWHV GLJLWDO SURGXFWLRQ ,W LV GHVLJQHG DV WHDFKLQJ HQYLURQPHQW IRU WKH YRFDWLRQDO
WUDLQLQJDQGVKRZVWKHLQWHUDFWLRQ RISURGXFWLRQOLQH KXPDQDQGSURGXFW :LWKWKLV
VHWXSVWXGHQWVDQGWHDFKHUVFDQWUDLQWKHEDVLFFRQFHSWVDQGWRROVIRUDPRGHUQSODQW
VHWXSLQWKHFRQWH[WRI,R7DQG,QGXVWU\ >@
$W WKH XQLYHUVLW\ RI $DOHQ ZH KDYH D VKRZURRP IRU ,QGXVWU\  ZKHUH ZH FDQ
XVH VRPH PRGXOHV RI )HVWR¶V &3 )DFWRU\ 7KH DSSOLFDWLRQ VKRZV WKH SURFHVV IRU
ZRUNSLHFHV ZKLFK DUH VWRUHG LQ NLQG RI VKHOOV DQG DUH WUDQVSRUWHG RQ D ZRUNSLHFH
KROGHU 7KH\ FDQ EH RUGHUHG LQGLYLGXDOO\ DW D +0,WHUPLQDO 7KUHH PRGXOHV LQ WKH
IRUPRID PDJD]LQD GULOOLQJVWDWLRQDQGD WXUQLQJVWDWLRQ SURFHVVWKHRUGHU



5HVXOWVDQG)XWXUH:RUN

7KHGLJLWDOWZLQKDVEHHQLPSOHPHQWHGZLWK6LHPHQV1;VRIWZDUHHVSHFLDOO\WKH
DSSOLFDWLRQ0HFKDWURQLFV&RQFHSW'HVLJQHU0&' >@ 7KHVLPXODWLRQHQYLURQPHQWRI
WKH0&'LVEDVHGRQDQ$0'EXOOHWSK\VLFVHQJLQH
7KH ' &$' DVVHPEO\ LV ORDGHG WR 0&' DQG DOO UHOHYDQW SDUWV DUH VHW DV ULJLG
ERGLHV6XUIDFHVRISDUWV WKDWWKHRUHWLFDOO\ FDQKLWRWKHUSDUWVDUHVSHFLILHGDVFROOLVLRQ
ERGLHV ,Q FDVH RI D FROOLVLRQ D FRQWDFW IRUFH LV FDOFXODWHG E\ WKH SK\VLFV HQJLQH VR
WKDWWKHVHWZRERGLHVDIIHFWHDFKRWKHULQWKHLUPRYHPHQWV1HDUO\DOOPRYHPHQWVDUH
EDVHGRQMRLQWV GULYHQE\DFWRUVLQNLQGRIVRFDOOHGÄ6SHHG&RQWUROV³DQGÄ3RVLWLRQ
&RQWUROV³ 6HYHUDOVHQVRUVFRPSOHWHWKH DXWRPDWLRQ7KH\FKHFNWKHHQGSRVLWLRQVRI
HDFKMRLQWDQGDFWRURUVXUYH\WKHZRUNSLHFH
$OOPRWLRQVHTXHQFHVRIWKHV\VWHPDUHWHVWHGDQGYDOLGDWHGLQD WLPH DQGHYHQW
EDVHGVHTXHQFHGLDJUDP 7KLVILUVWVNHOHWDOVWUXFWXUHDOORZVDILUVWYLVXDOLOOXVWUDWLRQ
RI WKH GLJLWDO WZLQ &ROOLVLRQV GXULQJ PRWLRQV FDQ EH GHWHFWHG HDV\ DQG HDUO\ LQ WKH
HQJLQHHULQJSURFHVVZLWKRXWDQHHGRIDUHDOSURWRW\SH
7KHIXWXUH ZRUN LVWREXLOG XSDFRQQHFWLRQWRDUHDORUVLPXODWHGSURJUDPPDEOH
ORJLFFRQWUROOHU 3/&  7KHJRDOLVWRVLPXODWHWKHEHKDYLRURIDFWRUVDQGVHQVRUVDQG
WKHLU LQWHUDFWLRQ ZLWK D 3/& 7KLV VWHS FRPSOHWHV WKH YLUWXDO FRPPLVVLRQLQJ RI WKH
&3)DFWRU\ ,W HQDEOHV YLUWXDO DFFHSWDQFH WHVWV RI WKH UHDO FRQWURO V\VWHP XVLQJ WKH
VLPXODWHG&3)DFWRU\XQGHUYDULRXV VFHQDULRV
,QVXPPDU\ WKHHDUO\GHYHORSPHQWRIDPDFKLQHRUSURGXFWLRQV\VWHPFDQEHVXS
SRUWHG E\ YDULRXV WHVWV RI WKH FRGH RQ D UHDO 3/& ZLWKRXW DQ\ GDQJHU RI GDPDJLQJ
KXPDQVRUWKHUHDOPDFKLQHE\LQFRUUHFWLPSOHPHQWDWLRQ
5HIHUHQFHV
 /HUQIDEULN  4XDOLILNDWLRQ IU GLH 3URGXNWLRQ GHU =XNXQIW )HVWR 'LDGDFWLF
KWWSZZZIHVWRGLGDFWLFFRPRYPHGLDFXVWRPHUVGVLBOHUQIDEULNBBSGI >=XJULII
DP@
 6,(0(16 3/0 0HFKDWURQLFV 'HVLJQ KWWSVZZZSOPDXWRPDWLRQVLHPHQVFRP
HQBXVSURGXFWVQ[IRUGHVLJQPHFKDWURQLFVGHVLJQ >=XJULIIDP@
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$+ROLVWLF0RGHO%DVHG6\VWHP(QJLQHHULQJ$SSURDFKE\
+RUL]RQWDOO\,QWHJUDWHG'RPDLQ6SHFLILF0RGHOV
$QGUHDV*DOODVFK
6RIWZDUH)DFWRU\3DUNULQJ*DUFKLQJQ0XQLFK
gallasch@sf.com

$EVWUDFW$QLQFUHDVLQJXVDJHRIVRIWZDUHLQPDQXIDFWXULQJV\VWHPVRIIHUVQHZ
RSSRUWXQLWLHVIRUEXLOGLQJFORVHGORRSFRQWUROPHFKDQLVPV7KHVHFRXOGEHKX
PDQFHQWULFDVZHOODVIXOO\DXWRPDWHG)RUERWKDVLJQLILFDQWPRUHLQVRIWZDUHLV
UHTXLUHG7KHPDLQFKDOOHQJHLQXVLQJPRUHVRIWZDUHLVWKHJURZWKLQFRPSOH[LW\
%HVLGH VWUXFWXUDO PHDVXUHV OLNH PRGXODUL]DWLRQ DQG VWDQGDUGL]DWLRQ QHZ DS
SURDFKHVEDVHGRQVLPXOWDQHRXVDQGFROODERUDWLYHHQJLQHHULQJFRXOGKHOSPDQ
DJLQJ WKLVFRPSOH[LW\ 7RGD\¶VWRROLQIUDVWUXFWXUHLVW\SLFDOO\RSWLPL]HG DORQJ
HQWHUSULVHIXQFWLRQDOLWLHV$QLQFUHDVHLQFROODERUDWLRQDQGXVDJHRIHQJLQHHULQJ
LQIRUPDWLRQ RI GLIIHUHQW GRPDLQV QHHG D KRUL]RQWDOO\ LQWHJUDWHG LQIUDVWUXFWXUH
EDVHGRQYHUWLFDOO\LQWHJUDWHGGRPDLQVSHFLILFPRGHOV7KLVDUWLFOHJLYHVDQRYHU
YLHZIURPKLJKOHYHO0RGHO%DVHG6\VWHPV(QJLQHHULQJRYHUVSHFLILF&$'DQG
VRIWZDUHPRGHOVGRZQWRYHULILFDWLRQDQGYDOLGDWLRQRQV\VWHPOHYHO
.H\ZRUGV0RGHO%DVHG6\VWHPV(QJLQHHULQJā5HTXLUHPHQWV(QJLQHHULQJā
7HVW0DQDJHPHQWā3URGXFW6WUXFWXUH0DQDJHPHQWā0RGHO%DVHG'HILQLWLRQā
0RGHO%DVHG6RIWZDUH'HVLJQā,R73ODWIRUPVā6\VWHP/HYHO6LPXODWLRQā0D
FKLQH/HDUQLQJ



,QWURGXFWLRQ

*HUPDQHQJLQHHULQJDQGSODQWFRQVWUXFWLRQVWLOOKDVDVWURQJSRVLWLRQLQWKHZRUOG
PDUNHW,QRUGHUWRPDLQWDLQDQGVWUHQJWKHQWKLVSRVLWLRQLQWKHIDFHRIHPHUJLQJFRP
SHWLWRUV FRPSDQLHV DUH LQFUHDVLQJO\ GHPDQGLQJ WR FRQWLQXDOO\ GHYHORS WKHLU SURGXFW
SRUWIROLRWKURXJKLQQRYDWLRQ>@7RGD\SURGXFWFUHDWLRQSURFHVVHVDUHJHQHUDOO\EDVHG
RQGRFXPHQWV6XFKDGRFXPHQWRULHQWHGDSSURDFKRIIHUVWKHDGYDQWDJHVRIDV\QFKUR
QL]HGVWHSE\VWHSGHYHORSPHQW$FROODERUDWLYHDSSURDFKEDVHGRQDVLQJOHVRXUFHRI
LQIRUPDWLRQZLWKPRUHDJLOLW\FDQQRWEHUHDOL]HGRQVXFKDEDVLV,QQRYDWLYHRUJDQL]D
WLRQDOIRUPVSURFHVVHVPHWKRGVDQG,7VROXWLRQVDUHUHTXLUHGWKDWDOORZDPRGHOEDVHG
DSSURDFK>@



+RUL]RQWDOO\,QWHJUDWHG'RPDLQ0RGHOV

$FRPELQHGFRQFHSWIURP0RGHO%DVHG6\VWHPV(QJLQHHULQJH[WHQGHGE\3URGXFW
/LQH(QJLQHHULQJIRUPRGHOOLQJYDULDELOLW\>@>@SURGXFWOLIHF\FOHPDQDJHPHQWDQG
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DSSOLFDWLRQOLIHF\FOHPDQDJHPHQW>@ )LJ LQDGGLWLRQZLWK0RGHO%DVHG6RIWZDUH
'HVLJQDQG6\VWHP/HYHO6LPXODWLRQRIIHUVWKHSRVVLELOLW\RIVXFKDFROODERUDWLYHDS
SURDFK 0RGHO %DVHG 6\VWHPV (QJLQHHULQJ 0%6(  LV D PXOWLGLVFLSOLQDU\ DSSURDFK
GHVLJQHGWRGHYHORSDEDODQFHGV\VWHPVROXWLRQLQUHVSRQVHWRGLYHUVHVWDNHKROGHUQHHGV
>@7KHIXQFWLRQDOGHVLJQLVFKRVHQDVWKHFRPPRQEDVLVIRUWKHPRGHOLQJ7KH GH
VFULSWLRQODQJXDJHLV6\V0/ZLWKWKHSURILOH6\V0/0HFKDWURQLFV>@,WSURYLGHVD
UHODWLYHO\HDV\WRXQGHUVWDQGDQGHDV\WRFDUU\GLVSOD\PRGH>@>@
)LJ+RUL]RQWDOO\,QWHJUDWHG'RPDLQ0RGHOV



5HIHUHQFHV
 'UHVFKHU%.OHLQ7K6WLFK35HLQKDUW*.RQWH[WVSH]LILVFKH$XVZDKOXQG$GDSWLRQ
YRQ(QWZLFNOXQJVYRUJHKHQ]XU(IIL]LHQ]VWHLJHUXQJLP0DVFKLQHQXQG$QODJHQEDX : LQ
0DXUHU 0 XQG 6FKXO]H 62 +UVJ  7DJ GHV 6\VWHPV (QJLQHHULQJ =XVDPPHQKlQJH
HUNHQQHQXQGJHVWDOWHQ6&DUO+DQVHU9HUODJ0QFKHQ  
 $QGHUO 5 (LJQHU 0 6HQGOHU 8 6WDUN 5 6PDUW (QJLQHHULQJ ± ,QWHUGLV]LSOLQlUH
3URGXNWHQWVWHKXQJLQDFDWHFK',6.866,216SULQJHU9HUODJ+HLGHOEHUJ  
 .RUI$,PSOHPHQWLQJ,620RGHO%DVHGLQ&RPSOH[6\VWHPV'HVLJQ 0DQ
DJHPHQW3URFHHGLQJVRIWKH)LIWK,QWHUQDWLRQDO&RQIHUHQFHRQ&RPSOH[6\VWHPV'HVLJQ 
0DQDJHPHQW&6' 06SULQJHU9HUODJ0QFKHQ  
 *DOODVFK$6FKPLGW5/HLSUHFKW-0OOHU70RGHO%DVHG6\VWHPV(QJLQHHULQJXQG
3/0 ZDUXP XQG ZLH GLHV EHL GHU (QWZLFNOXQJ YRQ 0DVFKLQHQ ]XVDPPHQJHK|UW LQ
6FKXO]H620XJJHR& +UVJ 7DJGHV6\VWHPV(QJLQHHULQJ6&DUO+DQVHU
9HUODJ0QFKHQ  
 )ULHGHQWKDO66WHLQHU50RRUH$$3UDFWLFDO*XLGHWR6\V0/7KH6\VWHPV0RGHOLQJ
/DQJXDJH0RUJDQ.DXIPDQQ3XE6DQ)UDQFLVFR  
 'HOOLJDWWL/6\V0/'LVWLOOHGDEULHIJXLGHWRWKHV\VWHPVQRGHOLQJODQJXDJH$GGLVRQ
:HVOH\8SSHU6DGGOH5LYHU1-/  
 $OW 2 0RGHOOEDVLHUWH 6\VWHPHQWZLFNOXQJ PLW 6\V0/ &DUO+DQVHU9HUODJ 0QFKHQ
 
 3RKO.%|FNOH*YDQGHU/LQGHQ)-6RIWZDUHSURGXFWOLQHHQJLQHHULQJIRXQGDWLRQV
SULQFLSOHVDQGWHFKQLTXHV6SULQJHU9HUODJ%HUOLQ+HLGHOEHUJ  
 .HUQVFKPLGW.9RJHO+HXVHU%$QLQWHUGLVFLSOLQDU\6\V0/EDVHGPRGHOOLQJDSSURDFK
IRU DQDO\VLQJ FKDQJH LQIOXHQFHV LQ SURGXFWLRQ SODQWV WR VXSSRUW WKH HQJLQHHULQJ ,Q
,(((,QWHUQDWLRQDO&RQIHUHQFHRQ$XWRPDWLRQ6FLHQFHDQG(QJLQHHULQJ &$6( 6
GRL&R$6(  
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6PDUW0DQXIDFWXULQJLQWKH'LJLWDO)DFWRU\±D
3UDFWLFDO&DVH6WXG\RIDQ,QGXVWULH,PSOHPHQWDWLRQ
&RULQQD(QJHOKDUGW1RZLW]NL0RKDPHG$EXUDLDDQG(ULFK0DUNO


8$67HFKQLNXP:LHQ'HSDUWPHQWRI$GYDQFHG(QJLQHHULQJ7HFKQRORJLHV
+|FKVWlGWSODW]9LHQQD$XVWULD
^&RULQQD(QJHOKDUGW0RKDPHG$EXUDLD(ULFK0DUNO`#WHFKQLNXPZLHQDW

$EVWUDFW,QWKHFRXUVHRISURFHHGLQJIDFWRU\GLJLWL]DWLRQLQGXVWULDODXWRPDWLRQ
DQG URERWLFV DUH VXEMHFW WR HQRUPRXV PDLQO\ VRIWZDUHGULYHQ FKDQJHV +LJK
FRPSHWLWLYH SUHVVXUH HQIRUFHV H[WHQVLYH PDQXIDFWXULQJ IOH[LELOLW\ +HQFH
DGYDQFHG DXWRPDWLRQ FRQFHSWV DQG VRIWZDUH DUFKLWHFWXUHV DUH WR DFKLHYH DQ
LQWHJUDWHGGDWDIORZEHWZHHQKHWHURJHQHRXV SURGXFWLRQPDFKLQHU\7KHDLPLV
WR LPSOHPHQW D VHDPOHVV SURGXFWLRQ ZRUNIORZ WKDW LV UHOLDEOH IDVW FRVW
HIILFLHQWDQGIOH[LEOHDWWKHVDPHWLPH$W(XURFDVWDSLORWIDFWRU\ZLOOEH
SUHVHQWHG WKDW KDV LPSOHPHQWHG UHVSHFWLYH WHFKQRORJLF FRQFHSWV LQ D UHDOLVWLF
SURGXFWLRQ VHWXS DW WKH 8$6 7HFKQLNXP :LHQ ³'LJLWDO )DFWRU\´ 6HYHUDO
URERWLF V\VWHPV IURP GLIIHUHQW PDQXIDFWXUHUV ZLWK YDULDEOH NLQHPDWLF
PHFKDQLVPV GLYHUVH FRQWURO VWUXFWXUHV DQG IURP PXOWLSOH WHFKQRORJ\
JHQHUDWLRQVFRPSLOHDIDFWRU\ZRUNIORZEDVHGRQ,R7DSSURDFKHV

7KH8$67HFKQLNXP:LHQ³'LJLWDO)DFWRU\´
5HFHQWDGYDQFHVLQDXWRPDWLRQDQGURERWLFVDUH KLJKO\LQIOXHQFLQJ WKHGHYHORSPHQW
RI HIILFLHQW UHVRXUFHFRQVHUYLQJ DQG YHUVDWLOH SURGXFWLRQ V\VWHPV 'ULYLQJ SRZHU LV
WKHGHPDQGIRUXVHUIULHQGO\HQYLURQPHQWDOO\FRPSDWLEOHDWWKHVDPHWLPHSRZHUIXO
DQG UREXVW IOH[LEOH DQG DGDSWLYH EXW \HW FRVWHIILFLHQW PDQXIDFWXULQJ V\VWHPV ,Q
FORVHFRRSHUDWLRQZLWKOHDGLQJLQWHUQDWLRQDOWHFKQRORJ\PDQXIDFWXUHUVLQWKHILHOGRI
LQGXVWULDO DXWRPDWLRQ DQG URERWLFV WKH 8QLYHUVLW\ RI $SSOLHG 6FLHQFHV 8$6 
7HFKQLNXP :LHQ KDV GHYHORSHG D XQLTXH WHDFKLQJ DQG UHVHDUFK ODQGVFDSH IRU
LQGXVWU\  ± UHIHUUHG WR DV ³'LJLWDO )DFWRU\´ ')  7KH PDMRU HQDEOHU IRU WKLV
LQQRYDWLYH PDQXIDFWXULQJ HQYLURQPHQW LV WKH GLJLWL]DWLRQ RI SODQWV PDFKLQHV WRROV
ZRUNSLHFHV SURGXFWV DQG SURGXFW FRPSRQHQWV 2Q WKH RQH KDQG LQQRYDWLYH
DXWRPDWLRQ DQG URERWLFV VROXWLRQV FRPELQH PHFKDQLFDO HQJLQHHULQJ H[SHUWLVH ZLWK
KLJKO\GHYHORSHGVHQVRUFRQFHSWVDQGSRZHUIXODOJRULWKPV (JWUDQVSRUWDWLRQWDVNV
DUHH[HFXWHGE\PRELOHURERWV\VWHPVWKDWDXWRQRPRXVO\QDYLJDWHZLWKLQWKHIDFWRU\
DUHD 2Q WKH RWKHU KDQG DOVR OHVV XSWRGDWH URERWV DQG SURJUDPPDEOH FRQWUROOHUV
KDYH EHHQ LQWHJUDWHG LQWR WKH 'LJLWDO )DFWRU\ 7KLV UHSUHVHQWV D UHDOLVWLF SURGXFWLRQ
V\VWHP DV LW FRXOG EH IRXQG LQ D W\SLFDO $XVWULDQ FRPSDQ\ LQ SDUWLFXODU VPDOO RU
PHGLXP HQWHUSULVHV 60(  7KH QHWZRUNLQJ DQG FRPPXQLFDWLRQ RI WKH ') V\VWHP
HOHPHQWV LV EDVHG RQ D EURDG YDULHW\ RI VHQVRUV EHLQJ LQWHJUDWHG WKURXJK LQWHUQHW
FRPPXQLFDWLRQ DQG WKH VXEVHTXHQW H[SORLWDWLRQ RI WKH GDWD WKXV REWDLQHG 7KHUHE\
WKH'LJLWDO)DFWRU\HQDEOHVDZLGHUDQJHRIWHFKQLFDOFRQFHSWVDQGEXVLQHVVPRGHOV
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3URGXFW&RQFHSWDQG3URGXFWLRQ:RUNIORZ
7KH WHFKQLFDO VHWWLQJ LQFOXGHV HLJKW LQGXVWULDO URERWV DQG WKUHH PRELOH URERWV
LQWHJUDWLQJHLJKWGLIIHUHQWPDQXIDFWXUHUV7KHH[HPSODU\SURGXFWWREHPDQXIDFWXUHG
LV DQ D[OHEHDULQJ HQG FROODU 7KH ZRUNIORZ LV GHVLJQHG ORJLVWLFDOO\ VXERSWLPDO WR
UHSUHVHQWW\SLFDOLQGXVWU\ VHWWLQJV(DFKURERWFDUULHVRXWDVSHFLILFSURGXFWLRQWDVN
DQGFDQEHDGMXVWHGWRH[HFXWHGLIIHUHQWWDVNVWKURXJKUDSLGWRROFKDQJH$XWRQRPRXV
WUDQVSRUW YHKLFOHV DUH XVLQJ D ZLGH UDQJH RI PHWKRGV HJ KRGRPHWU\ LQGRRU*36
QDYLJDWLRQ WRSHUIRUPPDNHWRVWRFNPDNHWRRUGHU HWF VWUDWHJLHV

,PSOHPHQWLQJ,QGXVWULHE\0HDQVRI$GYDQFHG$XWRPDWLRQ
7KH 8$6 7HFKQLNXP :LHQ 'LJLWDO )DFWRU\ H[HPSOLILHV VHYHUDO W\SLFDO ,QGXVWU\ 
VHWWLQJV LQ SDUWLFXODU LQWHUURERW FRPPXQLFDWLRQ HJ 60& DVVHPEO\ VWDWLRQ EHLQJ
ORDGHG E\ D :LWWPDQ JDQWU\ URERW DQG EHLQJ VHUYHG E\ D )HVWR PRELOH URERW 
LQWHOOLJHQWURXWLQJ HJGHFLGLQJEHWZHHQWZRPROGLQJVWDWLRQV DQGWKHLQWHJUDWLRQ
RIDGGLWLYHPDQXIDFWXULQJWHFKQLTXHV7KH')LVXVHGDVDWUDLQLQJODEZLWKLQVHYHUDO
PDVWHU DQG EDFKHORU SURJUDPV HJ IRU VHPHVWHU SURMHFWV ODE VHVVLRQV XQG GHJUHH
WKHVLVSUHSDUDWLRQ5HVHDUFKSURMHFWVFRYHUWRSLFVVXFKDVLQWHJUDWHGPDFKLQHVDIHW\
DQG,7VHFXULW\RUFROODERUDWLYHURERWLFVEDVHGLQYLVLRQWHFKQLTXHVDQGVHQVRUIXVLRQ
,QQRYDWLRQPDWWHUVDUHHVSHFLDOO\
 $GYDQFHG $XWRPDWLRQ 6PDUW 0DQXIDFWXULQJ LQ WKH GLJLWDO IDFWRU\ FRQWURO DQG
UHJXODWLRQRIPHFKDWURQLFV\VWHPV
 ,QQRYDWLYH VHQVRU FRQFHSWV LPDJLQJ VHQVRUV LQWHOOLJHQW VHQVRUV PXOWLPRGDO
VHQVRUQHWZRUNVDQGVHQVRUIXVLRQ
 5RERWLFV 6HOHFWHG TXHVWLRQV RI LQGXVWULDO PRELOH DQG VHUYLFH URERWLFV
&ROODERUDWLYH 5RERWLFV ,QWHOOLJHQW ,QGXVWULDO :RUN $VVLVWDQWV &RJQLWLYH
5RERWLFVDQG+XPDQ0DFKLQH,QWHUIDFH
 ,QGXVWULDO2SHUDWLRQV0DQDJHPHQWEXVLQHVVPRGHOVRQWRORJLHVDQGDUFKLWHFWXUDO
PRGHOVIRUWKH')LQWHJUDWHGVLPXODWLRQFRQWURODQGRSWLPL]DWLRQRISURFHVVHV

$FNQRZOHGJPHQWV :H WKDQN RXU VSRQVRUV IRU WKHLU VXSSRUW LQ SDUWLFXODU $%%
)HVWR.XND6LHPHQV60&DQG:LWWPDQQ

5HIHUHQFHV
%UHWWHO0.OHLQ0)ULHGHULFKVHQ17KH5HOHYDQFHRI0DQXIDFWXULQJ)OH[LELOLW\LQWKH
&RQWH[WRI,QGXVWULH,Q3URFHGLD&,53  
6KDULDW]DGHK1/XQGKROP7/LQGEHUJ/6LYDUG*,QWHJUDWLRQRI'LJLWDO)DFWRU\ZLWK
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Extended Abstract
Many systems of diﬀerent scientiﬁc areas are described through a statistical
model that relates observed data to an unobserved state that evolves over the
time. The interest is usually in learning sequentially about the unknown state
from the observed data. Bayesian inference is a generic statistical framework
that allows for dealing with uncertainty in a systematic way. In the sequential
Bayesian inference problem, the data are processed to provide a probabilistic
inference of the current hidden state, instead of just a pointwise estimation.
Therefore, the interest is in computing the posterior distribution of the current
state xt at time t, conditioned to all the observed data y1:t ≡ {y1 , y2 , ..., yt },
i.e. obtaining the ﬁltering distribution p(xt |y1:t ). Unfortunately, exact inference
is only possible in a small number of simplistic models, e.g. the linear Gaussian
state-space model where p(xt |y1:t ) is computed using the Kalman ﬁlter [1].
Sequential Monte Carlo (SMC) methods, also known as particle ﬁlters (PFs),
allow for the approximation of the ﬁltering distribution p(xt |y1:t ) with the random measure p̂N (xt |y1:t ), i.e.
N

(n)
p(xt |y1:t ) ≈ p̂N (xt |y1:t ) =
w̄n xt ,
n=1

{w̄ }N is
where {xt }N
n=1 is the set of N particles (or random samples) and
N n n=1
the set of associated weights [2]. The weights are normalized, i.e. j=1 w̄j = 1.
The rate of convergence of the approximate √
probability distribution towards
the true posterior is inversely proportional to N [3], i.e., the ﬁlter “perfectly”
approximates the posterior distribution when the number of particles tends to
inﬁnity. However, the computational load of the particle ﬁlter grows with the
number of particles. Hence, practitioners must choose a speciﬁc N in the design of their ﬁlters. In practice, N is usually chosen heuristically according to
the experience of the practitioner. The choice of the number of particles is a
delicate subject because the mismatch between p(xt |y1:t ) and the approximation p̂N (xt |y1:t ) is model-dependent and obviously also unknown. Then, there is
a clear trade-oﬀ between performance and computational complexity, but this
(n)

182

Eurocast 2017, February 19-24, Las Palmas de Gran Canaria

Extended Abstracts

relation is not straightforward; e.g. increasing N over a certain value may not signiﬁcantly reduce the mismatch of the approximation, while decreasing N below
some other value can dramatically aﬀect the performance of the ﬁlter.
In this paper, we present an overview of recent advances in SMC methods for
adapting the number of particles in a dynamic way, and we propose a framework
that allows for creating novel algorithms that are more eﬃcient. The adaptation
of the number of particles is closely related to the problem of online assessment
of the ﬁlter convergence. In the wide literature, few works have addressed this
topic, and most of them rely on heuristic rules or unrealistic assumptions. In
[4], the number of particles is selected so that a bound on the approximation
error does not exceed a threshold with certain probability. In [5], an adaptation
of the number of particles is proposed, based on the KLD approach of [4]. In
[6], the adaptation of the number of particles is based on the eﬀective sample
size, which has been recently shown to be a poor measure [7]. In other scenarios, several candidate models are possible, and diﬀerent inference methods can
be used for allocating the number of particles in diﬀerent parallel ﬁlters [8, 9].
Recently, we have proposed a methodology for assessing the convergence of the
PF and consequently adapting the number of samples [10]. This methodology
is supported with a solid theory, and diﬀerent algorithms have been recently
proposed [10][11]. All these algorithms allow for an automatic selection of the
number of particles, at the price of having to pre-select few new parameters.
These parameters have physical meaning and allow the practitioner to select the
desired operation point by considering performance-computational cost tradeoﬀs. In this paper, we investigate an appropriate choice of the parameters of
the diﬀerent algorithms in a new framework, and we propose a novel technique
for adapting the parameters of the algorithms in an online manner. We provide numerical simulations in non-linear state-space models, and we compare
the diﬀerent algorithms.
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Direction of Arrival Estimation using Compressed
Sensing
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Abstract. A localization method for moving RFID readers via passive RFID-tags was
1

investigated. Within this publication the subproblem of estimating the direction of arrival
(DOA) of backscattered electromagnetic waves is worked out. Therefore, a method called
compressive beamforming is compared to the wellknown Multiple Signal Classication
(MUSIC) algorithm. It was shown that this method is suitable for direction of arrival estimation.
As it can utilize singlesnapshots to estimate DOA it is assumed that it might be better suitable
in real time applications than the MUSICalgorithm.
keywords: direction of arrival estimation, RFID, compressed sensing, MUSIC, compressive
beamforming

1. Problem Denition and Results

In my work possible ways for estimating the timesequence of positions, or trajectory, of a moving
RFIDreader using passive RFIDtags positioned at known locations in space as waypoints was
investigated.

Such systems are mainly used for indoor environments where devices that rely

on the availability of the Global Positioning System (GPS) do not work properly.

Possible

applications that demand for indoor positioning systems are for example the tracking of mobile
robots or humans or automatic transport systems in the logistics chain of a production line.
In this contribution the subproblem of estimating the direction of arrival (DOA) of the
backscattered electromagnetic waves from the passive RFIDtags is considered. Therefore, compressive beamforming [1] is compared to the wellknown method of Multiple Signal Classication
(MUSIC) algorithm.
The idea conveyed in this paper is to apply a socalled compressed sensing method to
the DOAestimation problem by utilizing the sparse nature of the directions of arrival of
2
the backscattered electromagnetic waves. This leads to a nonconvex minimization problem

minz z 0 subject to y = Acz which can be approximated to nd out the true DOA [1]. The
minimization problem is analyzed and it is suggested a way to approximate it by introducing
a combined meritfunction as it is used in the socalled least absolute shrinkage and selection
1
2

radio frequency identication
·0 is the operator which gives back the number of nonzero components of the vector it is operating on.
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Figure 1: Result of the estimation of the three directions of arrival (ϕi , θi ) with i ∈ {1, 2, 3}.
operator (LASSO)algorithm, mainly applied in regression analysis. Figure 1 shows an example
of a successful DOAestimation by applying this method. In the full paper a closer look is
taken at the socalled dictionary matrix Ac and it is shown how its column vectors inuence
the DOA estimation quality. The LASSOalgorithm is compared to the estimation using the
MUSICalgorithm and the computational complexity of those algorithms is briey discussed.
2. References
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Investigations on Sparse System Identiﬁcation
with l0 -LMS, Zero-Attracting LMS and
Linearized Bregman Iterations
Andreas Gebhard, Michael Lunglmayr, and Mario Huemer
Johannes Kepler University Linz, Institute of Signal Processing,
Altenberger Strasse. 69, 4040 Linz, Austria
{andreas.gebhard, michael.lunglmayr, mario.huemer}@jku.at

In many applications such as interference cancellation or system identiﬁcation, the underlying system impulse response is of sparse nature. In the presence
of noise, the zero-elements cannot exactly be identiﬁed by a minimization of the
l2 -norm or related algorithms such as the traditional least-mean-square (LMS)
algorithm. Extensions to the LMS algorithm such as the Zero-Attracting LeastMean Square (ZA-LMS), l0 -Least-Mean Square (l0 -LMS) or the recently proposed Fast Linearized Bregman (FLB) algorithm all show signiﬁcantly better
performance in terms of steady state mean-square-error (MSE). The ZA-LMS
and l0 -LMS comprise a zero-point attracting function in the coeﬃcient update
which causes a biased estimation [2, 3]. This can e.g. be seen in the coeﬃcient
update of the ZA-LMS:
eZA [n] = d[n] − x[n]T ŵZA [n]

(1)

ŵZA [n + 1] = ŵZA [n] + μeZA [n]x[n] − λZA sign(ŵZA [n])

(2)

where d[n] is the desired signal, x[n] the training signal, and ŵZA [n] the coeﬃcient estimate.
In the FLB algorithm [2, 4]:


(3)
u[n] = ui [n] i with ui [n] = max (|ŵFLB,i | − λFLB , 0) sign (ŵFLB,i )
eFLB [n] = d[n] − x[n]T u[n]

(4)

ŵFLB [n + 1] = ŵFLB [n] + μeFLB [n]x[n]

(5)

a sparsity promoting regularizer is used as described by (3), which maintains
the unbiasedness of the estimate [2]. The threshold parameter λFLB is a tradeoﬀ
between achieving sparse solutions and fast convergence of the adaptive ﬁlter.
Choosing a small value results in a fast convergence but also leads to more
non-zero elements in the solution and vice versa.
In this contribution we compare the mentioned algorithms in terms of transient and steady-state performance for diﬀerent signal-to-noise ratio (SNR) scenarios. We will discuss the tradeoﬀ between a fast convergence and a high sparsity in the result. We will show performance results and present improvement
strategies for the FLB based algorithms incorporating fast convergence as well
as high sparsity of the result. An exemplary result, evaluating the sparsity in
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terms of the number of non-zero elements is shown in Fig. 1. It demonstrates a
drawback of the l0 -LMS as well as the ZA-LMS: the elements of the estimated
vectors never become exactly zero, while the sparsity promoting regularizer of
the FLB based algorithms set elements exactly to zero. We furthermore investigate the behavior of the algorithms in case a fractional delay is introduced
between the desired signal d[n] and the training signal x[n].

10

Non-zero
elements

8
6
4
2
0
−40

ZA-LMS
FLB

−20
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FLB + Kicking

0

20

40

60

SNR [dB]
Fig. 1. Number of non-zero elements in ŵ after 1000 iterations. The true impulse
response has 3 non-zero elements.
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Investigation of Finger Gesture Recognition
Algorithms for Capacitive Proximity Sensing
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Abstract. This contribution presents a comparison of diﬀerent algorithms for ﬁnger gesture recognition in the context of capacitive proximity sensing. The processing of the measured data for gesture interpretation can be done directly with the capacitance values or via a preprocessing step to get more meaningful parameters like position and velocity.
For this signal processing application a newly developed measurement
hardware is used.
Keywords: capacitive proximity sensing, 3D position estimation, humanmachine interaction, machine learning strategies

1

Introduction

The target of this work is the investigation of diﬀerent algorithms for ﬁnger
gesture recognition in the context of capacitive proximity sensing. Here, wipe
gestures (e. g., up and down, left and right, circular forms, etc.) as known from
interaction with smartphones are recognized as user intentions. Figure 1 shows
a schematic of the measurement set-up with a sensing and a shielding electrode
as well as an interacting human ﬁnger, where the coordinates xm , ym and zm
describe the center position of its tip. The output signal of an astable multivibrator whos frequency determining capacity is C3D excites the sensing electrode.
With a guard ampliﬁer the shielding electrode is applied to the same potential
as the sensing electrode. Thereby, the eﬀect or inﬂuence of parasitic capacitances
is minimized. The touchless user interface used is a newly developed hardware
with eight capacitance measurement channels each connected to an electrode
which is part of an array. The concept for this measurement hardware is based
on [1] where the multi-electrode structure can be seen as a superposition of the
set-up in Fig 1.

2

Methods

The processing of the measured data for gesture interpretation can be done
directly with the capacitance values or via a preprocessing step to get more
meaningful parameters like position and velocity. In the direct processing case
a higher temporal resolution of the measurement system is necessary as when
resorting to a preprocessing step. Here, rapid changes of the signal must be
recorded in detail because mainly statistical methods are used to recognize and
distinguish diﬀerent gestures. Another approach is a two step gesture recognition. In a ﬁrst step with a spatially dependent capacitance model for C3D (see
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[2]) the ﬁnger position is estimated through a nonlinear optimization problem
in [3]. The challenge is to execute all calculations within the time needed to
measure capacitance. The trajectory and the velocity for recorded ﬁnger motions are illustrated in Fig. 2. With this data it is easier to ﬁnd features for the
characterisation of ﬁnger gestures. Furthermore, predictions for future positions
are possible, and thus less temporal resolution is shown to be suﬃcient for the
capacitance measurement concerning gesture recognition.

3

Conclusion

For both the presented signal processing concepts machine learning algorithms
(e. g., support vector machines) can be utilised. In the context of direct processing, a rapid measurement and evaluation scheme is required, and therefore only
moderate results were obtained in initial tests. Proof of concept studies showed
that a cascade structure, which includes a preprocessing step for data preparation, is a more promising method. Here, machine learning algorithms were used
in a second stage to recognize ﬁnger gestures. Instead of these algorithms Fourier
descriptors and shape numbers known from image processing [4] can be potential
candidates for gesture recognition in further studies.

Fig. 2. Recorded ﬁnger motions.
Fig. 1. Schematic of the set-up.
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1

Introduction

We report on the signal processing of line-scan data associated with a Faraday—
magnetometer to evaluate the production quality of magnetic coatings in a continuous roll–to–roll coating process of polyethylene foil. In order to accommodate
a suﬃcient scan density the scan rate of the employed line–scan camera (Hamamatsu 128 pixel camera) needs to be in excess of 60 k line/s with a lateral
resolution of the optical set–up being equal to the camera’s resolution of 60μm
per pixel (micro–optics with 1:1 magniﬁcation).
The sensing eﬀect is the magneto–optical Faraday–eﬀect [1] which rotates the
polarization angle of incident linearly polarized light depending on the magnetic
ﬂux density along the path of light within a Faraday–crystal and is evaluated by
an analyzing polarizer and projected onto the camera’s face plate.
For certain processes subject to an obligate documentation all the measured
data needs to be stored permanently and reliably in addition to being analyzed
in real–time to quickly capture failures.
In this particular application, we report on the to be designed system needs
to be able to stream continuously at a raw data rate of 8.192 MB per second
for at least four hours a piece. On top of that the real–time signal processing
algorithm needs to determine with very little delay a ﬁgure of merit of the current
magnetic coating quality.
We deﬁne the coating quality as the mean squared deviation (Eqn. 1) from
the mean (Eqn. 2) to be determined per scan line and stored in the data stream,
too.

σ2 =

I=

N −1
2
1 
I(n) − I
N − 1 n=0

(1)

N −1
1 
I(n)
N n=0

(2)

We report on the hardware and software aspects of the system (depicted in
Fig. 1 (left)) that is able to accommodate the sought after speed in processing
the discretized data stream and show ﬁrst results (depicted in Fig. 1 (right)).
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Fig. 1. Optical set–up of Faraday–System (left) and ﬁrst scan results showing a magnetic pattern on a PET foil (right)

2

Signal Processing Schematic

We utilize a Hamamatsu camera (type S11106-10) with 128 square pixel. All
control signals are provided by a CPLD (XC9572XL). To buﬀer the synchronized
video signal to the asynchronous processing a 32 kB asynchronous FIFO (type
IDT7207) is used. This FIFO is connected to a Raspberry Pi (1.2 GHz 64-bit
quad-core ARMv8) CPU. The OS runs on 4.4.6 PREEMPT kernel. The overall
schematic of the storage system can be seen in Fig. 2.
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Fig. 2. Schematic of the control ﬂow to store the data
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1

Introduction

To solve least squares problems a large variety of methods exist. One adaptive
approach is the recursive least squares algorithm (RLS), or the QR decomposition based RLS (QR-RLS) which oﬀers, a better numerical stability and an
eﬃcient implementation using a systolic array [1]. A major drawback however
is the need for calculating multiple division and square roots for each update of
the signal correlation matrix. Thus an optimized algorithm needs to overcome
these problems in order to be hardware and energy eﬃcient. One application for
our new algorithm is digital predistortion in mobile devices.
In [2] a method for real valued signals omitting the division and square root
operation was presented. However, to the best of our knowledge, no work on the
extension to complex signals exists and even no systolic array implementation
was proposed so far. In [3] we show a square root and division free QR-RLS
including a systolic array implementation for complex signals. In the paper we
expand the QR-RLS algorithm by introducing a back substitution algorithm
that ﬁts to the made modiﬁcations. The presented algorithm allows a chip space
and energy eﬃcient recursive lease squares solver in the form of an systolic array.

2

Implementation

The input of the QR-RLS algorithm are input samples x[n] and output samples
y[n] of the system to be identiﬁed. The output are the model coeﬃcients (w[n])
of the identiﬁed model. Our algorithm is a two stage process, in the ﬁrst stage
we introduce the input samples into the triangular signal correlation matrix φ
and the vector pH . In the second stage we calculate our model coeﬃcients (w[n])
using the triangular matrix φ and pH .
w [n] = pH [n] φ−1 [n]

(1)
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In the ﬁrst part, introducing input samples into φ and pH is done by using a
φ
series of Givens rotations. For this we need to calculate a sequence of √ 2 i,i 2
x +|φi,i |

with every new sample. As shown in [2] the square root and division calculation
needed in this rotation part can be bypassed by separating the values to rotate
r
by: φi,j = √i,j
. Here i denotes the column and j the row, it is noteworthy that
Zi
there is only one Zi for each column. For choosing ri,j and Zi we have to consider
the number format and bit width available in the hardware. In [3] we show the
algorithm and a systolic array implementation for complex signals using the
separation of φi,j into ri,j and Zi . The output of this ﬁrst stage is the triangular
matrix φ an the vector pH which contain all the new information retrieved from
r
.
the input signals (x[n], y[n]). Additionally each element has the form √i,j
Zi
In the second step, we calculate the model coeﬃcients by back substitution.
r
before the back substiOrdinarily it would be necessary to calculate φi,j = √i,j
Zi
tution. But considering the the separation into ri,j and Zi , it can be shown that
due to the choice of Zi applying to each column of the matrix φ it cancels out
in the back substitution. This results in only the ri,j part, which eliminates the
r
. As a major advantage of our algorithm the division
need to calculate φi,j = √i,j
Zi
and square root calculation is removed in the back substitution algorithm. As
an example, equation (1) is shown here for a model with two coeﬃcients.




w1 w 2 =

r

pH
1

√

Z1

rpH 
√2
Z2

For example, calculating w2 shows how
w2 =

√

rpH
√2
Z2
rφ2,2
√
Z2

 rφ
·

√ 11
0
Z
rφ211 rφ22
√
√
Z1
Z2

−1
(2)

Z2 is canceled out:

=

rpH
2
rφ2,2

(3)

In the ﬁnal paper we will expand on the mathematical background and
present the systolic array implementation for the back substitution part. Additionally we show the hardware eﬃcient structure and explain the ﬂow of the
data from the triangular matrix φ an the vector pH to the back substitution
stage.
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Inﬂuence of MEMS Microphones Imperfections
on the Performance of First-Order Adaptive
Diﬀerential Microphone Arrays
A. Gaich and M. Huemer
Institute of Signal Processing, Johannes Kepler University Linz.
andreas.gaich@jku.at

The performance of an acoustic beamformer is dependent upon a number of
factors. Major issues are the number of microphones used, the target localization
error, the microphone position error in the array and the microphone’s amplitude and phase mismatch, denoted as microphone mismatch in the following, to
all other microphones in the array. With regard to the last point, for an optimal
performance the microphones used in the array have to be perfectly matched.
Micro-electro-mechanical systems (MEMS) microphones oﬀer the advantage
to be fabricated simultaneously as a single die providing a much better frequency
response matching than conventional electret condenser microphones. Still, there
is potential for further improvement for matching the MEMS microphones. The
inﬂuence of the microphone mismatch is highly dependent on the used beamforming algorithm. A diﬀerential micophone array (DMA) enables a frequency
independent beam pattern for small microphone array conﬁgurations with the
drawback of an increased white noise gain (WNG). The WNG is a measure of
the ampliﬁcation of uncorrelated noise, i.e. sensor noise, thus indicating the robustness of a beamformer to microphone imperfections. To mitigate the WNG
in DMAs the minimum-norm solution was proposed in [1].
In this work the performance of a ﬁrst-order adaptive diﬀerential microphone
array (FOADMA) is analyzed, when used in a speech enhancement application.
Speciﬁcally, we investigate the impact of the number of used microphones, the
microphone spacing, the microphone signal-to-noise ratio (SNR) and the microphone mismatch. An eﬃcient implementation of the FOADMA, which is used
in this work, was proposed in [2]. There the overall beamformer consists of two
ﬁxed beamformers realized as individual DMAs forming the so-called forwardfacing cardioid Cf (ω, θ) and the backward-facing cardioid Cb (ω, θ). The outputs
of these two are combined to obtain the overall output Y (ω, θ), given in the
frequency domain as
Y (ω, θ) = [Cf (ω, θ) − βCb (ω, θ)] HL (ω),

(1)

where β is a real constant and HL (ω) is the compensation ﬁlter.
Figure 1 shows the simulation results of the speech enhancement performance of a two-element FOADMA utilizing measured frequency responses of
state-of-the-art MEMS microphones. A target speaker is simulated in front of
the microphone array at 1m distance within a diﬀuse babble noise ﬁeld with
a signal-to-interference ratio of 3 dB. All results are averaged over 40 speakers

195

Eurocast 2017, February 19-24, Las Palmas de Gran Canaria

Extended Abstracts

from the GRID Corpus [3], and are depicted in terms of perceptual evaluation of
speech quality (PESQ), an ITU recommendation for speech quality estimation,
in dependence of the microphone SNR. Results are shown for perfect microphone
matching on the left side, and for microphone mismatch on the right side. Details
about the characterization of the mismatch will be provided in the long version of
the paper. The unprocessed signal (UP) is the recording of just one microphone
in the array and determines the baseline of the enhancement performance. The
other curves show the results of the FOADMA for diﬀerent microphone spacings. It can be clearly seen that the microphone mismatch degrades the speech
enhancement performance. This eﬀect is more distinct for smaller microphone
spacing. In case of perfect matching and a spacing of d = 1mm a performance
gain is achieved for microphone SNRs greater than 69 dB while larger spacings
lead to a performance improvement over the entire investigated SNR range.
Contrary, for the simulated microphone mismatch a performance gain is only
obtained for a microphone spacing larger than or equal to 10 mm.
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Fig. 1. Speech enhancement performance of FOADMAs for perfect microphone matching (left) and microphone mismatch (right).

In the ﬁnal version of the paper the algorithm description, the simulation
framework and the experimental setup will be described in detail. Furthermore,
we will show much more results and will discuss them in great detail. Speciﬁcally
other noise scenarios, such as low ambient noise and room reverberation will be
treated. As an important outcome we will show that by the use of more than two
microphones the speech enhancement performance becomes almost independent
of the microphone mismatch.
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Global Decision Making for
Wavelet Based ECG Segmentation
Carl Böck1 , Michael Lunglmayr1 , Christoph Mahringer1 ,
Jens Meier2 , and Mario Huemer1
1

Institute of Signal Processing, Johannes Kepler University Linz.
{carl.boeck}@jku.at
2
Department of Anesthesiology and Critical Care Medicine,
Kepler University Hospital Linz.

The electrocardiogram (ECG) is a well-established and easy to obtain physiological signal of remarkable diagnostic power. It is composed of the concatenation
of single ECG beats, which themselves can be split into single waves (P,Q,R,S,T
wave). Most of its clinically useful information is given by the amplitudes and
durations of the single waves as well as the time intervals between them. Thus,
automated ECG beat detection and the subsequent segmentation into the beats’
waves has been an important subject of research during the past decades. Algorithms have to be capable of dealing with inter-individual morphology as well
as common artifacts, characteristic for ECG recordings. Consequently, there exist many approaches for ECG beat segmentation. One of the most promising
algorithms is based on the wavelet transform (WT) and was suggested by [1].
The method uses the stationary discrete wavelet transform (SDWT), and it can
be decomposed into the steps shown in Figure 1. In this work we introduce an
improvement of this approach, leading to an algorithm which is especially suited
to detect minimal changes of the characteristic intervals and amplitudes in a
patient’s ECG over time.
As suggested in [1], ﬁrst the SDWT for scales1 d1 − d4 of the raw ECG is deter
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Fig. 1. Method used for extraction of ECG characteristic points.

mined, which enables to identify characteristic rising and falling edges as well as
local extremes of the single ECG beats (Figure 2a). Based on this information,
diﬀerent valid morphologies can be distinguished, and subsequently onset, peak
and end of the speciﬁc waves can be detected. Depending on which wave one
is looking for, the information of the according scales d1 − d4 can be exploited,
since the P and T waves have signiﬁcant energy components in scales 3 and
4 (lower frequencies) while the Q and the S wave are mainly associated with
scale 1 and 2 (higher frequencies). The R wave usually inﬂuences all scales. A
crucial step for the detection of the correct onset, peak and end of a wave, is
1

Scales of the WT correspond to frequency bands, whereby low scales represent high
frequencies and high scales represent low frequencies.
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the selection of the right signiﬁcant minima and maxima of the according scales
out of several potential candidates. As shown for the P wave in Figure 2b, there
usually exist several maxima / minima (MM) candidates within a speciﬁc search
window due to noise or other inﬂuences. In the work of [1] the decision which of
the MM to select, is based on local amplitude criteria only, without performing
any regularity analysis. That means, the selection of the MM only depends on
the currently segmented beat. As shown in Figure 2b this may lead to a wrong
detection of ECG characteristic points for the second and third beat.
In the ﬁnal paper we suggest a method based on using global information rather
than only local information for decision making. For that reason we introduce
a reference beat which is determined by calculating the mean beat of the ECG
recording. Subsequently, the simililarity between the MM of the reference beat
and each possible MM combination of a single beat is computed by evaluating
a speciﬁc cost function. This cost function basically considers the distance to
the according R peak, the distance between the MM, and the signiﬁcance of the
detected MM. Logically, for a speciﬁc beat, the MM combination with the lowest
cost is selected. Comparing Figure 2b and 2c illustrates that this novel strategy
signiﬁcantly improves the P wave segmentation for the second and third beat.
In the ﬁnal paper the proposed approach will be evaluated on the QT database
[2], a standard database for testing segmentation algorithms, by comparing our
results to those of the algorithm originally proposed in [1].
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Fig. 2. (a) SDWT for scales d1 − d4 of diﬀerent ECG beat morphologies and additional
noise, (b) P wave segmentation result for approach proposed in [1] and (c) for approach
proposed in this work.
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Heartbeat Classiﬁcation of ECG Signals Using
Rational Function Systems
Gergő Bognár and Sándor Fridli
Department of Numerical Analysis, Faculty of Informatics, Eötvös L. University,
Pázmány P. sétány 1/C, Budapest, H-1117 Hungary
bognargergo@caesar.elte.hu,fridli@inf.elte.hu

The importance of automatic electrocardiogram (ECG) analysis is reﬂected
in the intense research activity in this area. Reliable computer-assisted cardiac
disorder detection can eﬃciently contribute the management of clinical situations. There are certain cases, like long-term monitoring, where the timely detection of abnormal heart conditions is a key issue but human-based examination
is extremely time-consuming. Automatic heartbeat analysis can assists medical
doctors in making a diagnosis of cardiac disorders. Cardiac arrhythmia is a group
of conditions in which the heart shows abnormal behaviours or activities. The
usual way to categorize the arrhythmia types is the classiﬁcation of heartbeats
into one of the 5 or 16 predeﬁned classes. There have several methods been
published using diﬀerent kind of feature extraction methods and classiﬁcation
algorithms [7, 9, 10]. A common approach is to apply a proper transformation to
extract morphological and dynamic features of each heartbeat and use a machine
learning classiﬁcation algorithm [8]. The validation of the methods is performed
by using the standard MIT-BIH arrhythmia database (distributed by the Massachusetts Institute of Technology and the Boston’s Beth Isreal Hospital) [11]
that consists of more than 100 000 heartbeats of 48 signals providing reference
annotations for each heartbeat, including the location of the QRS complex and
the manually speciﬁed class of the heartbeat.
Orthogonal transformations, like the classical trigonometric, wavelet etc. are
popular in signal processing with a long history. Yet we propose adaptive rational
function systems [1, 2] for heartbeat classiﬁcation. The so called poles are the
parameters of the system that can be adaptively adjusted to the individual
signal. Besides its adaptivity another reason why rational function systems are
so eﬃcient in ECG processing is that with proper choice of poles, the shapes
of the corresponding elements of the rational function system follow the shapes
of the segments, i.e. the P and T waves and the QRS complex of heartbeats.
Therefore there is a strong connection between the shape of the ECG curve and
the poles and coeﬃcients of the rational system. The rational transformation
gives a simple analytic representation of the curve with good approximation
properties and good compression ratio. In recent years, several applications of
rational transforms on ECG signals [1–6] have been published.
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The rational transform applied to the ECG signal provide the coeﬃcients and
the poles which together can serve as morphological features. In addition, four
common RR interval parameters as dynamic features are included. A support
vector machine classiﬁer is utilized for the classiﬁcation of heartbeats into one
of the 16 classes, independently for two leads of ECG. The fusion of the two
decisions gives the ﬁnal classiﬁcation result. We validated our method on the
MIT-BIH arrhythmia database, where we got an overall accuracy of 99.43%
(99.64% with 1%, 99.8% with 1.65% rejection) in the ’class-oriented’ evaluation
scheme. We note that several issues had to be considered in every phase of the
process. For instance in order to get an appropriate rational system to perform
the transform one needs to ﬁnd out the optimal number and multiplicities of the
poles along with their locations. On the other hand in the construction of the
feature vector a proper balance between local, and global morphological, and
dynamic features should be taken care of. Finally, also the design of an eﬀective
classiﬁcation algorithm raised several questions.
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6. Gilián, Z., Kovács, P., Samiee, K.: Rhythm-based accuracy improvement of heart
beat detection algorithms. In: Computing in Cardiology Conference, pp. 269-272.
(2014)
7. Addison, P.S.: Wavelet transforms and the ECG: a review. Physiol. Meas. 26,
R155– 99 (2005)
8. Ye, C., Kumar, B.V., Coimbra, M.T.: Heartbeat classiﬁcation using morphological
and dynamic features of ECG signals. IEEE Transactions on Biomedical Engineering, 59, 2930–2941 (2012)
9. Sansone, M., Fusco, R., Pepino, A., Sansone, C.: Electrocardiogram Pattern Recognition and Analysis Based on Artiﬁcial Neural Networks and Support Vector Machines: A Review. Journal of Healthcare Engineering, 4, 465–504 (2013)
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Rational Variable Projection Methods in Signal
Processing
Péter Kovács
Department of Numerical Analysis, Eötvös L. University,
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Certain problems in signal processing like compression, feature extraction,
etc., can be interpreted as approximation and optimization problems. To this
end, an appropriate function space H is chosen ﬁrst to the given problem and
the signals are considered as the members of this space. In order to simplify the
representation, linear models are preferred. Then, the signals f ∈ H are usually
modeled by ﬁnite linear combinations of the elements of a speciﬁc function system {Φk | 0 ≤ k < n} in such a way that the approximation error is minimized:
dist(f, S) := min f − g = f − f
g∈S

(S ⊂ H) .

(1)

For instance, in [1] and [2], the electrocardiographic (ECG) signals were considered as elements of H = H 2 (D) the Hardy space on the open unit disk D, while
the function system was the so-called Malmquist–Takenaka (MT) system:

2
 z−a
1 − |ak | k−1
(z ∈ D , 0 ≤ k < n) ,
Φk (a; z) =
1 − ak z j=0 1 − az
where a := (a0 , a1 , . . . , an−1 ) ∈ Dn denotes the inverse pole vector of these
rational functions. One can show that for any f ∈ H 2 (D) the radial limit function
f (eit ) := limr→1−0 f (reit ) also exists, which belongs to L2 (T) (see e.g., [3]). In
this case the norm in Eq (1) can be written as f = f L2 (T) , where T denotes
the torus and . Lp (T) is the usual Lebesgue norm. Therefore one can deﬁne a
scalar product in H 2 (D) by
 π
1
f (eit )g(eit ) dt
(f, g ∈ H 2 (D)) .
f, g :=
2π −π
The MT system is an orthonormal function system with respect to this scalar
product, hence Φi (a; ·), Φj (a; ·) = δij (0 ≤ i, j < n) for any a ∈ Dn . Thanks to
this property and the fact that (H 2 (D), ·, · ) is a Hilbert space, the orthogonal
projection to S(a) := span {Φk (a; ·) | 0 ≤ k < n} gives the solution to the minimization problem in Eq. (1). The orthogonal projection can be easily calculated
as
n−1


S(a)  f (a; z) :=
f (·), Φk (a; ·) Φk (a; z) ,
k=0
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where a ∈ Dn is a given inverse pole vector. Note that the subspace S(a) depends
on the parameter vector a (cf. Eq. (1)), thus the rational approximation f(a; z)
is an adaptive signal model.
Proper selection of the features is of key importance in data reduction problems such as signal compression, smoothing and classiﬁcation. Hence the parameter vector a must be adequately chosen. To this end the following optimization
problem is considered:
min r2 (a) := minn f (·) − f(a; ·)

a∈Dn

a∈D

L2 (T)

,

where r2 (a) is the so-called variable projection functional [4].
In this work, we will construct a compact signal model for f ∈ H 2 (D) by
ﬁnding the optimal inverse pole vector a ∈ Dn , which minimizes r2 (a). In order
to avoid getting stuck in local minima, we will use global optimization techniques
such as the hyperbolic variation of the particle swarm optimization HPSO algorithm [5]. Local optimizations like Gauss–Newton type methods can also be used
to improve the results of HPSO. We will recall these algorithms and demonstrate
their performance on real ECG signals of the PhysioNet MIT-BIH database [6].
Although our case study includes only ECG signals, the proposed algorithm can
be applied to other signals as well (see e.g., [7] and [8]).
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From Heart Rate Variability to Autonomic
Nervous System - Poincaré plot vs. Spectral
Analysis
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The heart rate variability (HRV) is a measure that plots the instant interval
between two consecutive heartbeats (R-peaks) over time. The interval is measured from one ventricle contraction of heartbeat n − 1 to the next contraction
of heartbeat n. Since heart frequency changes the HRV R[n] represents a nonequidistant sequence. This sequence contains fundamental information about the
condition of the individual heart and the cardiovascular regulatory mechanisms
of the autonomic nervous system (ANS) [1].
A common method of visualization of HRV
SD2
data is the Poincaré plot (Fig. 1), a scatterplot showing R[n + 1] over R[n], which is used
SD1
to categorize data into functional classes, indicating the integrity of the heart and possible heart failures [2]. For assessing information
about the ANS two parameters of the Poincaré
plot are frequently used. The parameter SD1
contains information about vagal eﬀerent activity (parasympathetic tone) and SD2, is a
measure for the combination of sympathetic
and parasympathetic tone [3]. Fig. 1 shows a
R[n]
Poincaré-plot of a patient without autonomic
dysfunction in supine position. Another way
Fig. 1. Scatterplot with SD1 and
to evaluate the two branches of the ANS has SD2 (in grey)
been shown in [4]. There, spectral analysis of
the HRV by a continuous wavelet transformation (CWT) with a non-analytical
Morlet wavelet has been applied to conﬁrm the presence of an autonomic dysfunction in demented patients. The change from time-domain analysis to timefrequency analysis appears to be a paradigm change in the medical society, which
should be evaluated for validity also from a technical point of view. Therefore
we compared the scatterplot dependent ANS evaluation results with the performance of the CWT using the same dataset we presented in [4]. Furthermore, we
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modiﬁed the scatterplot metric to improve its application for ANS evaluation in
demented patients.
Patients without autonomic Patients with autonomic
dysfunction
dysfunction
x
x̃HU T − x̃SU P IN E p-value [%] x̃HU T − x̃SU P IN E p-value [%]
SD1[μs]
-3.8
11.9
-1.3
19
SD2[μs]
2.7
84.2
-5.9
39.5
PLF [%][4]
6.5†
3.5
2.3
39.5
PHF [%][4]
-6.5†
3.5
-2.3
39.5
modiﬁed Scatterplot metric
SD1[%]
-4.3†
4.23
-0.3
83.6
SD2[%]
4.3†
4.23
0.3
83.6
Table 1. Diﬀerence in median values of characteristic parameters x extracted from the
HRV according to postural challenge (x̃HU T − x̃SU P IN E ) within each patient group
with corresponding p-values. († · · · signiﬁcant at level 0.05)

In [4] we showed that for demented patients without autonomic dysfunction a signiﬁcant modulation of autonomic activity occurs in the low-frequency
(LF) band during postural challenge. This allows to distinguish this group from
the patient group with autonomic dysfunction where no signiﬁcant autonomic
modulation was detectable in the LF band. Table 1 shows exemplary results of
the Wilcoxon rank sum test for equality of the medians of CWT and scatterplot parameters comparing the supine and the Head Up Tilt (HUT) position
of each patient group. Only the normalized power (PLF , PHF ) (already used in
[4]) and the modiﬁed scatterplot parameters have been able to reﬂect autonomic
modulation in patients without autonomic dysfunction thus distinguishing the
two patient groups and therefore being possibly helpful in diagnosing hampered
autonomic modulation. However, calculating the CWT is much more complex
than calculating the scatter plot based metrics. Especially when thinking about
implementing such detection algorithms in battery powered devices this presents
a huge disadvantage. In this work we present strategies to improve the detection quality of the scatter plot based metrics SD1 and SD2 that ﬁnally show a
similar detection quality as the CWT based approach.
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1

Introduction

Droplet-based microﬂuidic systems refer to systems, where tiny volumes of ﬂuids, so-called droplets, ﬂow in channels of micrometer scale [1]. Typically, the
droplets are generated using a T-junction, where a ﬂuid (dispersed phase) in
form of droplets is dispersed into another immiscible ﬂuid (continuous phase),
acting as carrier ﬂuid. Initially, droplet-based microﬂuidic systems were introduced approximately one decade ago, as a promising platform for advanced diagnostics and therapeutics [2]. However, recently droplet-based microﬂuidics have
been used for information transmission and simple computing. In [3], for the ﬁrst
time, a simple droplet-based communication system was proposed. The idea of
information transmission was extended in [4], by introducing diﬀerent methodologies for information encoding using droplets, e.g., the presence/absence of
droplets or the distance between two consecutive droplets. A ﬁrst step towards
computing in microﬂuidic systems was made in [5, 6], by implementing Boolean
functions (e.g., AND gate) in the microﬂuidic domain. However, to the best of
our knowledge, no work has been devoted to enabling arithmetic operations in
droplet-based microﬂuidic systems.

2

Droplet-Based Computation

To enable arithmetic operations in droplet-based microﬂuidic systems, we adapt
the concept of stochastic computation (SC) [7] for the microﬂuidic domain.
In conventional stochastic computation a fractional number between 0 and 1
is represented by a serial stochastic bit stream. The occurrence of 1’s in a bit
stream relative to the stream length describes the desired number. For example,
a bit stream of length 10 including 5 1’s, represents the number 5/10. It is important to note that the position of 1’s in the stream is not prescribed and, thus,
diﬀerent streams exists for the same number. In SC arithmetic operations are
performed using simple logic circuits, e.g., a multiplication can be implemented
using an AND gate. Thus, the beneﬁts of SC are twofold. First, since the information lies in the stream and not in the individual bits, SC has an inherent
fault tolerance1 and requires no synchronization among the streams. Second, SC
1

A bit ﬂip in a serial stochastic stream does not signiﬁcantly change the represented
number. In conventional binary radix encoding a bit ﬂip may cause huge errors,
depending on the location of the ﬂipped bit.
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Fig. 1. Droplet stream representing the number 5/10 = 0.5.

allows to implement arithmetic operations using low-complexity logic circuits.
However, a drawback of SC is the long computation time, since a high-precise
number representation requires long streams. Thus, SC is especially suitable for
low-precision applications, e.g., decoding of low-density parity-check codes [8].
Obviously, a droplet stream can realize a serial stochastic bit stream, as required for SC. Therefore, the droplet transmission is divided into time slots and
a droplet is generated for a 1 and no droplet for 0. A droplet stream representing
the number 0.5 is shown in Fig. 1. Thus, applying droplets streams to the microﬂuidic logic gates proposed in [5,6] enables droplet-based microﬂuidic systems
to perform arithmetic operations.
In this paper we introduce the adaption of the stochastic computation concept
for the microﬂuidic domain. Furthermore, we present the implementation of
arithmetic operations based on microﬂuidic logic circuits and ﬁnally, we validate
our approach through computer simulations and discuss the constraints of our
approach in real-life applications.
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1

Introduction

Flyback converters are commonly used in switching mode power supplies. An
essential component of a ﬂyback converter is the high-frequency transformer. In
order to ensure a faultless operation of the converter even at high operating frequencies, the parasitic capacitive eﬀects in the transformer have to be considered
during the engineering process. The negative eﬀects of the parasitic capacitances
on the currents in the converter windings increase with rising operation frequency
[1]. The aim of this paper is to draw a comparison between analytic calculation
methods and FEM simulations by means of a sample transformer model. Additionally the eﬀects of the parasitic capacitances on the converter currents are
presented.

2

Methods of Calculation

There are two diﬀerent approaches for the calculation of parasitic capacitances
in transformers. The ﬁrst one is based on easy to use equations which depend on
a strong simpliﬁcation of the complex task. The second one applies the ﬁnite element method to calculate a matrix of parasitic capacitances. The computational
cost of the second approach is signiﬁcantly higher [2]. Hence it is evaluated if
the analytic approach is applicable for an automated calculation of the parasitic
capacitances or if the ﬁnite element method has to be used. It is also veriﬁed that
the dynamic component of the electric ﬁeld can be neglected for the calculation
of the parasitic capacitances for frequencies up to a few hundred kilohertz.
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Comparison of Results

Calculation and simulation of the turn-to-turn and layer-to-layer capacitances
are conducted by use of simple coil models. The capacitances are calculated using
analytical equations in Wolfram Mathematica and are compared to simulations
R
performed in Comsol Multiphysics 
.

4

Eﬀects of the parasitic Capacitances

To demonstrate the impact of parasitic capacitances on the currents of a ﬂyback
converter, a SPICE simulation is implemented. The simulation is conducted with
and without the prior determined parasitic capacitances. The parasitic capacitances are modelled as lumped capacitors in the simulation. The simulation
results are compared with measurement results. It becomes apparent that the
parasitic capacitances have an signiﬁcant inﬂuence on the converters primary
and secondary current.

5

Conclusion and future prospects

The parasitic turn-to-turn capacitance is calculated with two diﬀerent equations
[1]. The ﬁrst one is valid for conductors which are in contact at the insulation surface. The calculated capacitance is 2.63 pF and the equivalent simulation result
is 2.66 pF. If the distance between the conductors is increased, another equation
has to be used and the conformity is not so good anymore. The diﬀerence is
about 30% and can be explained by the limited range of validity for the input
parameters of the analytic equations. The layer-to-layer capacitance is calculated by use of the cylindrical capacitor model [3]. The result is 14.93 pF and is
therefore underestimating the simulation result by 12%. Analytic equations are
suitable to estimate the parasitic capacitances of a speciﬁc transformer but they
are not suitable for an automated calculation of them. The reason for this is that
there are numerous analytic equations for diﬀerent use cases and each equation
is only valid for a speciﬁc range of input parameters. A FEM-based approch
is prefered for the automated calculation of parasitic capacitances. Future steps
will be to conduct a 3D simulation in the software ANSYS Maxwell to determine
the inﬂuence of edge eﬀects which are neglegted in the 2D simulation.
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Partial Discharge (PD) is a common reason for failures in power stations
[1]. Various kinds of PD sources have been discovered and characterized in the
past, which are more or less malicious for the overall system. Additionally, each
type of PD has its speciﬁc ﬁngerprint within possible signal representations of
the latter’s occurrence. While many diﬀerent physical layers of representation of
PD pulses may be thought of [2], in very recent years one method gained high
interest among researchers and also power plant operators, which explores the
ultra high frequency (UHF) components contained in the electromagnetic signal
generated by PD events [1, 2].
A crucial point towards implementing such an installation is the possibility,
to extract the UHF signal and its parameters of interest from a received signal
containing both multiple signals caused by PD sources and noise. As there is comparably little knowledge about real systems, currently plenty of diﬀerent signal
processing approaches can be observed in the community. For instance, a method
for UHF PD source detection has been proposed, which is based on energy estimations along four diﬀerent frequency ranges in the analog domain [3]. Based
on the spectrum estimation for these ranges a classiﬁcation and characterization
of the PD pulse can be done. Diﬀerent approaches use averaging of consecutive
sample data sets for extracting the wanted signal from the noisy background [4]
and/or discrete wavelet implementations, which are very well suited for extracting characteristic features from the underlying signal [4, 5]. Further methods are
based on Empirical Mode Decomposition (EMD) [6] or foster investigations towards using Neural Networks (NN) [7] or Support Vector Machines (SVM) [5,
8]. Those are suited for discovering properties of non-stationary signals in the
time domain (EMD), optimized classiﬁcation of data sets generating an optimal
decision corridor between adjacent classes (SVM), and introducing advanced
machine learning algorithms into the ﬁeld of PD detection (NN). Alternative
approaches can be found using the Cumulative Energy Function [9], allowing a
data compression in frequency and time domain in parallel, Mathematical Morphology Gradient Implementations [6, 9], exploring virtual geometric structures
contained in the PD data, and Generalized S-Transform and Module TimeFrequency Matrix [10], which also allows analyzing the underlying data in both
the frequency and time domain. Finally, one more method has to be mentioned,
which is based on Spatial Clustering and allows to reduce the input sampling
rate of the UHF receiver, which is an important property for low power sensor
nodes [11].
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Currently, plenty of concurrent methods on PD evaluation in the UHF range
are under investigation. Real world ﬁeld tests will show, which method or combination of methods will be the most suitable. As a follow-up of the research
presented in this paper, this aspect will be covered in a deeper sense.
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The Walsh dyadic analysis emerged in late sixties and early seventies as a mathematical discipline aimed at providing a form of spectral Fourier-like analysis tailored for
signals modeled by two-level piecewise constant functions and, therefore, making them
compatible with digital computing devices based on elements with two sable states. At
the same time, the dyadic analysis provided an answer to demands for a spectral analysis with simpliﬁed computations because the limited computing power of computing
devices at that time.
The relentless complexity of contemporary and future digital systems, regains a new
interest to Walsh dyadic analysis. Being primarily intended as a mathematical support
in solving various signal processing and system design tasks, the dyadic analysis immediately required the concept of a derivative that will enable differentiation of piecewise
constant functions.
The answer was provided by James Edmund Gibbs who introduced the concept that
is now called the Gibbs dyadic derivative as follows [4].
Consider the group Gn whose elements are the n-tuples x = (x0 , x1 , . . . , xn−1 )
with xi ∈ {0, 1}, and the group operation is coordinatewise addition modulo 2 denoted
by ⊕. For each function f in the space Ln of all bounded complex-valued function on
Gn , the Gibbs dyadic derivative is a function f [1] ∈ L deﬁned by
f

[1]

n−1
1
(x) = −
(f (x ⊕ 2r ) − f (x))2r .
2 r=0

In a report from April 1970, in Section 4.1 entitled Dyadic differentiation, F. Pichler extended this deﬁnition to real valued functions of a continuous nonnegative real
variable by attaching, if possible, to each function another function [7]
f

[1]

(x) =

∞


(f (t) − f (t ⊕ 2−k ))2k−2 ,

k=−∞

called the ﬁrst dyadic derivative.
Two papers [1] and [3], introducing the concept of the Butzer-Wagner derivative,
which can be viewed as the extension of the concept of the dyadic differentiation to
inﬁnite dyadic group, alternatively the interval [0, 1), were completed in preprint form in
the autumn of 1971. See, also [2]. The Butzer-Wagner derivative is deﬁned for x ∈ [0, 1)
as
∞
1  −j
f [1] (x) =
2 (f (x) − f (x ⊕ 2−j )),
2 j=1
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∞
∞
−j
−j
where x =
,y =
, for xj , yj ∈ [0, 1), and the addition is
j2
j=1 x
j=1 yj 2
∞
deﬁned as x ⊕ y = j=1 |xj − yj |2−j .
Since starting from the initial deﬁnitions, these operators were viewed as differential
operators for functions on groups, the same line of thinking was continued by J.E. Gibbs
and his associates [5], [6], and have also been accepted by several other authors [11].
The scope of the deﬁnition was extended and generalized to various Abelian and ﬁnite
and compact non-Abelian groups [8], [9], [10] including also differentiation of different
classes of signals and two-dimensional signals [12].
In this paper, we discuss evolution of the concept of the Gibbs dyadic differentiation
and provide a classiﬁcation of these differential operators on groups. We also point the
ﬁelds of applications of these differential operators.
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Abstract. The utilization of lattices of Boolean functions for the synthesis of circuits combines the beneﬁts of more freedom for optimization
with limited calculations on mark functions. We extend the known hierarchy of lattices by a third level.

1

Introduction

Boolean functions specify the output values for all input combinations. Very
often not all combinations are needed. Functions for which not all output values
are speciﬁed are called incompletely speciﬁed functions (ISF). ISFs play a central
role in the optimization of logic circuits as they represent the degrees of freedom
for the assignment of a circuit structure [1].
From another point of view an ISF represents a set of Boolean functions from
which an arbitrary one can be selected and realized in a circuit. An ISF with
|fϕ | don’t cares speciﬁes a set of 2|fϕ | completely speciﬁed Boolean functions.
This set of functions satisﬁes the rules of a Boolean lattice.

2

Three Mark Functions of a First-Level Lattice

A beneﬁt of a lattice is that an exponential number of Boolean functions can be
described by two of the three mark functions fq (x), fr (x), and fϕ (x). The set of
all 2n input patterns x = (x1 , x2 , . . . , xn ) of an incompletely speciﬁed function
can be divided into three disjoint sets:
– x ∈ don’t-care-set
– x ∈ ON-set
– x ∈ OFF-set

⇔ fϕ (x1 , . . . , xn ) = 1
⇔ it is allowed to choose the function value of f
without any restrictions,
⇔ fq (x1 , . . . , xn ) = 1
⇔ (fϕ (x1 , . . . , xn ) = 0) ∧ (f (x1 , . . . , xn ) = 1) ,
⇔ fr (x1 , . . . , xn ) = 1
⇔ (fϕ (x1 , . . . , xn ) = 0) ∧ (f (x1 , . . . , xn ) = 0) .

A function f (x) belongs to a ﬁrst-level lattice L1 fq (x), fr (x) if it satisﬁes the
condition:
f (x) ∧ fq (x) ∨ f (x) ∧ fr (x) = 0 .
(1)
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Second-Level Lattices of Boolean Functions

Derivative operations of the Boolean Diﬀerential calculus are very useful for the
synthesis of circuits [2]. Such operations can be executed for lattices of Boolean
function based on their mark functions. The results of vectorial derivative operations are lattices that can not
 expressed by (1). A more general deﬁnition for
such second-level lattices L2 fq (x), fr (x), f id2 (x) was published in [3, 4, 5]:
f (x) ∧ fq (x) ∨ f (x) ∧ fr (x) ∨

k

∂f (x)
=0,
∂x
0i
i=1

(2)

where f id2 (x) (the independency function of the level 2) is the disjunction of
certain vectorial derivatives as shown as last term in (2).

4

Third Level in the Hierarchy of Lattices

A lattice L2 as described in (2) can be the result of a vectorial derivative of a
lattice L1 . Lattices L2 have the beneﬁt that they describe only functions that are
independent of certain directions of change. However, there are lattices which
do not satisfy this strong requirement for the whole Boolean space, but
 for the
3
id2
id3
region of the don’t-care-set. Lattices L fq (x), fr (x), f (x), f (x) of this
new third level in the hierarchy of lattices are deﬁned by:
⎞
⎛
k
l


∂f (x)
∂f (x) ⎠
= 0 , (3)
f (x) ∧ fq (x) ∨ f (x) ∧ fr (x) ∨
∨ fϕ (x) ∧ ⎝
∂x
∂x0j
0i
i=1
j=1
where f id3 (x) (the independency function of the level 3) is the disjunction of
certain vectorial derivatives restricted to fϕ (x) = 1 as shown as last term in (3).
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Wavelet analysis has established itself in the last 20-30 years as a fertile
branch of analysis, and has a lot of links to real world applications, e.g. to image
and signal analysis and to storage of ﬁngerprints. There are many interesting
books in this area, e.g. Daubechies [2], Hernandez and Weiss [6], Walnut [10],
moreover several papers have appeared ([1, 7–9, 13–15]). The continuous wavelet
transform of f with respect to a wavelet g is deﬁned by
Wg f (x, s) = f, Tx Ds g

(x ∈ R, s ∈ R, s = 0),

where Ds is the dilation operator and Tx the translation operator. Under some
conditions on g and γ the inversion formula holds for all f ∈ L2 (R):
 
dxds
Wg f (x, s)Tx Ds γ 2 = Cg,γ f,
s
R R
where the equality is understood in a vector-valued weak sense (see Daubechies
[2] and Gröchenig [5]). The convergence of this integral is an important problem.
In fact, there are several results on the convergence of the inverse continuous
or discrete wavelet transform (see e.g. [1, 7–9, 13–15, 11, 12]). In this paper we
summarize the results about the convergence of


dxds
lim
Wg f (x, s)Tx Ds γ 2
S→0,T →∞ S≤|s|≤T R
s
including the case when T = ∞.
In the proof of these results, we use summability theory, more exactly, a
general method of summation, the so called θ-summation method, which is generated by a single function θ. The means generated by the θ-summation are
deﬁned by
  
−t  2πıxt
θ
σT f (x) :=
f (t)e
θ
dt.
T
R
In Feichtinger and Weisz [3, 4] we have proved that under some conditions of the
Fourier transform of θ, the θ-means σTθ f converge to f almost everywhere or at
Lebesgue points and in norm as T → ∞, whenever f is in the Lp (R) space or in
a Wiener amalgam space.
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Extended Abstract
Let Γ be a ﬁnite ordered set of colors with cardinality p, and Zp the ring of integers
modulo p, (Zp , ⊕, ·). Let β : Γ → Zp be a bijection assigning an element of Zp to each
color in such a way that the ordering of the colors is preserved. Pixels are atoms of a
picture and carry a single color. (The size of a pixel is deﬁned according to requirements
of geometric and chromatic resolution for a picture under consideration.) A pattern is
an array of pixels. In this paper, a pattern is also a matrix with entries from Zp obtained
by applying β to every pixel of a picture. Operations among patterns are conducted on
the corresponding matrices. Pattern attributes associated to a matrix are understood as
attributes of the pattern represented by such a matrix.
In what follows, some properties of patterns will be studied in a transform domain.
In this paper, we select the Reed-Muller-Fourier (RMF) transform [1], [2]. It is known
that this transform matrix is lower triangular, self-inverse and has a Kronecker product
structure [3]. Moreover, this transform is based on the Gibbs convolutional product [4].
Fig. 1 shows the basic transform matrices for p = 3, 4, and 5 as will be used in this
paper.
⎡
⎤
⎡
⎤
10000


1000
⎢1 4 0 0 0⎥
100
⎢
⎥
⎢1 3 0 0⎥
R3 (1) = 1 2 0
R4 (1) = ⎣
R
(1)
=
⎢1 3 1 0 0⎥
5
1 2 1 0⎦
⎣
111
1 2 3 4 0⎦
1133

11111

Fig. 1. RMF transform matrices for p = 3, 4, and 5.

The following notation will be used in the rest of the paper: A(n) will denote a
(p × pn ) matrix (and pattern). A(n, m) will denote a (pn × pm ) matrix (and pattern).
For the RMF-transform matrix, the notation R(n) will be used. Ones(n) represents a
matrix with all entries equal to 1. Zeroes(n) is a matrix with all entries equal to 0.
Single(n) represents a matrix with all entries equal to 0, except for the element at the
left upper corner, which is equal to 1. For the analysis of patterns, a two-sided RMFtransform will be used (see deﬁnition below), the transformed pattern will be called
”spectrum” and will be identiﬁed by Σ. Unless otherwise speciﬁed, all operations will
be done in the ring (Zp , ⊕, ·).
n
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Deﬁnition 1 Given a pattern A(n, m), its spectrum ΣA (n, m), is calculated as
ΣA (n, m) = R(n) · A(n, m) · (R(m))T ,
and
A(n, m) = R(n) · ΣA (n, m) · (R(m))T ,
where T denotes the matrix transpose.
Lemma 1 (Proofs will be given in the full paper)
If C(n, m) = A(n, m) ⊕ B(n, m) then ΣC (n, m) = ΣA (n, m) ⊕ ΣB (n, m).
Lemma 2 If C(n + r, m + s) = A(n, m) ⊗ B(r, s) then ΣC (n + r, m + s) =
ΣA (n, m) ⊗ ΣB (r, s).
Lemma 3 ΣOnes (n, m) = Single(n, m) and ΣSingle (n, m) = Ones(n, m).
Remark 1 The Lemma 3 is a two-dimensional extension of the Fourier transform of
an impulse. This property is not preserved if a number theoretic transform based on
Fermat primes is used [5].
Lemma 4 Let J(n) denote the pattern with 1s along the diagonal with positive slope
and all other entries are equal to 0. If p is a prime, then this pattern is a ﬁxpoint of the
transform, i.e., ΣJ (n) = J(n).
Deﬁnition 2 A mosaic is the Kronecker product of Ones(n, m) and a seed D(r, s).
Example 1 Let M denote a mosaic M(2 + r, 3 + s) = Ones(2, 3) ⊗ D(r, s). From
lemmas 2 and 3 given above,
ΣM = ΣOnes (2, 3) ⊗ ΣD (r, s) = Single(2, 3) ⊗ ΣD (r, s).
It follows that ΣM is a (p2+r × p3+s ) block matrix, where the left upper block
represents the spectrum of the seed D, and all other blocks are Zeroes(r, s) matrices.
It is simple to see that if the original mosaic becomes a single noisy pixel, it will
no longer be a proper mosaic and several, if not all, original Zeroes matrices will be
contaminated. The effect of noise will be detected. Other properties of patterns, such as
symmetry, chroma-shifting, folding and mirroring will be studied in the full paper.
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Bent functions are a particular class Boolean functions with applications in
coding theory, cryptography, spread spectrum communications, and some other
areas [1]. They are deﬁned as functions satisfying the perfect nonlinearity criterion, which in the spectral domain can be expressed as the requirement for the
ﬂat Walsh spectrum in (0, 1) → (1, −1) encoding. The term ﬂat means that for
a given function f all its Walsh spectral coeﬃcients Sf have the same absolute
value equal to 2n/2 . In the considered encoding, Walsh spectra of Boolean functions must have the sum of Walsh coeﬃcients equal ±2n . For bent functions, this
requirement implies a restriction to the number of positive and negative values
in the functions vector. For example, for n = 4, the number of negative values
in the function and the Walsh spectrum can be either 6 or 10. This property is
related to the characterization of bent functions in terms of the Gibbs dyadic
derivatives [4] that is considered in the present paper.
The Gibbs dyadic derivative is deﬁned as an operator sharing many of properties of the Newton-Leibniz derivative but acting on functions in binary (logic)
variables [2]. It is deﬁned as an operator having the discrete Walsh functions
as eigenfunctions and elements of the sequence G = {0, 1, . . . , 2n − 1}, n is the
number of binary variables, as eigenvalues [2]. For a Boolean function f , the
Gibbs dyadic derivative can be expressed as a vector Df of integer values whose
elements di , i = 0, 1, . . . , 2n − 1, are called the Gibbs coeﬃcients.
In the Gibbs derivative of a bent function, the coeﬃcients with the negative
values appear at the same positions as the negative values in the function vector.
Therefore, the number of negative values in the function is the same as in the
Gibbs derivative, which is not necessarily the case in the Walsh spectrum.
For bent functions, the Gibbs coeﬃcients are mutually diﬀerent and their
absolute values are equal to the eigenvalues of the Gibbs derivative. It is important to notice that for a bent function all the eigenvalues should appear as its
Gibbs coeﬃcients. For other Boolean functions this is not the case. Therefore,
for two bent functions, the Gibbs dyadic derivative diﬀer just in the order of
Gibbs coeﬃcients.
Example 1 Consider the bent function speciﬁed by the function vector in (0, 1) →
(1, −1) encoding as F = [−1, 1, 1, 1, 1, 1, 1, −1, −1, 1, −1, −1, 1, 1, −1, 1]T . The
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Walsh spectrum Sf = [4, −4, 4, −4, −4, −4, −4, −4, 4, 4, −4, −4, 4, −4, −4, 4]T is
ﬂat, and its Gibbs derivative takes all eigenvalues with 6 negative Gibbs coeﬃcients at the same positions as negative function values in the function vector
Df = [−7, 1, 10, 12, 4, 2, 9, −15, −5, 3, −8, −14, 6, 0, −11, 13]T , and 10 negative
values in the Walsh spectrum at diﬀerent positions. The sum of absolute values
is equal 60 for both positive and negative Gibbs coeﬃcients.
There cannot be bent functions with the same order of absolute values of
Gibbs coeﬃcients except the function f and its logic complement f = f ⊕ 1. The
pairs of bent functions (f, f ) share the Gibbs derivative with the same order of
Gibbs coeﬃcients, but with opposite signs.
Remark 1 Bent functions are uniquely characterized, up to their logic complements, by the permutations of their Gibbs coeﬃcients.
The permutations are not arbitrary, the structure of the permutation matrices P = [pi,j ] assigned to the Gibbs derivatives of bent function reﬂects the
structure of the Gibbs matrix that deﬁnes the Gibbs diﬀerentiator as a linear,
singular, but invertible operator [2], [3], [5]. The appearance of non-zero values
in P is determined in terms of the values of Gibbs coeﬃcients and the cyclic shift
of the function δ = [1, 0, . . . , 0]T . Another condition comes from the assignment
of positive and negative signs to the Gibbs coeﬃcients. It is required that the
Gibbs coeﬃcients can be permuted in such a way that the absolute values of the
sums of Gibbs coeﬃcients with positive and negative values have to be exactly
2(n−2) · 2n − 1. This does not hold for functions that are not bent. From these
requirements it follows a speciﬁc block structure of permutation matrices appearing in Gibbs characterization of bent functions that is the subject of study
in the present paper. The considerations are restricted on an analysis of all 896
bent functions of four variables and subsets of bent functions for n = 6 and
n = 8.
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It has long been known that some transformations of a binary function has
the eﬀect of only a permutation of some coeﬃcients in the Walsh-Hadamard
spectrum or just change the sign of some coeﬃcients. Those operations are known
as invariant operations in the Walsh-Hadamard domain, [2]. We ﬁrst present the
deﬁnition of the Walsh-Hadamard spectrum, [3].
Deﬁnition 1 Walsh spectrum
The Walsh Hadamard spectrum Sf (n) of the binary function f (x1 , x2 , · · · , xn )
of n variables is deﬁned as:

where W(1) =

1 1
1 −1



Sf (n) = W(1)⊗n F(n)

(1)

and F(n) is the truth vector of the function f in (1, −1)

coding.
Sf (n) is a vector of 2n coeﬃcients. Here we will use a notation of the coeﬃcients in the spectrum with a binary subscripts Sb1 ,b2 ,···,bn where bi ∈ (0, 1), i =
1, 2, · · · , n: Sf (n) = [S00...0 , S00...1 , · · · , S11...1 ].
There are ﬁve invariant operations in the Walsh-Hadamard domain known
as: complement of the function, complement of the input variable, permutation
of two input variables, linear translation and disjoint linear translation. Those
operations have beed used for spectral classiﬁcation and carracterisation of some
classe sof Boolean functions, [2], [1]. Here will be shown some new operations
deﬁned for the functions with n ≥ 5 variables, which have disjoint products
of two variables in their polynomial forms. As result of these new operations
only the values of some spectral coeﬃcients will by permuted, like in case of the
known invariant operations.
Theorem 1 Modiﬁcation of a binary function f with an odd number of input
variables n = 2 ∗ k + 1 (k ≥ 2), witch has a sum of disjoint products of two
variables in its polynomial form:
f (x1 , x2 , · · · , xn ) = xi1 xi2 ⊕ xi3 xi4 ,
where (i1 , i2 ) ∩ (i3 , i4 ) = φ, into a function g = f ⊕ xj1 xj2 xj3 where j1 ∈ (i1 , i2 ),
/ (i1 , i2 , i3 , i4 ) results in the permiutation of the following
j2 ∈ (i3 , i4 ) and j3 ∈
pairs of spectral coeﬃcients:
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4

=1,bj5 =1,bj3 =1,···,bn

where j4 = {i1 , i2 } \ j1 and j5 = {i3 , i4 } \ j2
All coeﬃcients with bj4 = bj5 = 1, and bj3 = 0 in the subscripts will be
permuted with the coeﬃcients with bj4 = bj5 = 1, and bj3 = 1 in the subscripts.
Proof of the Theorem 1 will be given in the full paper.
Example 1 The function f (x1 , x2 , · · · , , x5 ) = x1 x2 ⊕ x3 x4 has the spectrum
Sf = [8, 0, 8, 0, 8, 0, −8, 0, 8, 0, 8, 0, 8, 0, −8, 0, 8, 0, 8, 0, 8, 0, −8, 0, −8, 0, −8, 0,
−8, 0, 8, 0]T , while the function g(x1 , x2 , · · · , x5 ) = f ⊕x1 x3 x5 the spectrum Sg =
[8, 0, 8, 0, 8, 0, −8, 0, 8, 0, 0, 8, 8, 0, 0, −8, 8, 0, 8, 0, 8, 0, −8, 0, −8, 0, 0, −8, −8, 0, 0, 8]T .
In this case the following pairs of coeﬃcients are permuted:
Sg b1 ,b2 =1,b3 ,b4 =1,b5 =0 ↔ Sf b1 ,b2 =1,b3 ,b4 =1,b5 =1
for b1 , b3 ∈ (0, 1),
Theorem 2 Modiﬁcation of a binary function f (x1 , x2 , · · · , xn ) with an even
number of input variables n = 2 ∗ k (k ≥ 3), witch has a sum of disjoint
products of two variables in its polynomial expression: f (x1 , x2 , · · · , x2∗k ) =
xi1 xi2 ⊕ xi3 xi4 ⊕ xi5 xi6 , where (i1 , i2 ) ∩ (i3 , i4 ) ∩ (i5 , i6 ) = φ, into a function g(x1 , x2 , · · · , xn ) = f ⊕ xj1 xj2 xj3 where j1 ∈ (i1 , i2 ), j2 ∈ (i3 , i4 ) and
j3 ∈ (i5 , i6 , ); this operation results in the interchange of the following pairs
of spectral coeﬃcients:
Sg ···,bj

4 =1,bj5 =1,bj3 =1,···

↔ Sf ···,bj

4 =1,bj5 =1,bj3 =0,···

.

Proof of the Theorem 2 will be given in the full paper.
Example 2 Consider the function f (x1 , x2 , · · · , x6 ) = x1 x2 ⊕ x3 x4 ⊕ x5 x6 and
the function g(x1 , x2 , · · · , x6 ) = f ⊕ x1 x3 x5 . In this case the following pairs of
spectral coeﬃcients will be permuted: Sg 20 ↔ Sf 22 , Sg 21 ↔ Sf 23 , Sg 28 ↔ Sf 30 ,
Sg 29 ↔ Sf 31 , Sg 52 ↔ Sf 54 , Sg 53 ↔ Sf 55 , Sg 60 ↔ Sf 62 , and Sg 61 ↔ Sf 63 .
Invariant operations, which introduce the possibility to add a lager product
to the sum of disjoint products of two variables are important in the context of
carracterisation of bent functions, [4].
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Extended abstract

Object detection algorithms are applied in diverse computer vision applications;
for instance, surveillance, traﬃc monitoring or melanoma detection. Recent advances in this area have been leaded by the availability of open-source datasets
(e.g. the PASCAL VOC 2012 [1], the MS COCO datasets [2], or the ILSVRC
competition [3]) and the application of deep learning techniques [5].
In order to evaluate the quality of object detection algorithms, the regions
of interest (ROIs) located by such algorithms are compared against the regions
manually annotated by experts (such regions are known as the gold standard
or ground truth) using diﬀerent metrics. Some of the most widely employed
measures in this context are the area of intersection-over-union between two
detections [1], and pixel-level speciﬁcity, precision, and recall [7].
Since the task of comparing the detected regions against a gold standard is
necessary to measure the quality of object detection algorithms, we have developed a tool, called DetectionEvaluationJ, that facilitates such a process and
avoids reinventing the wheel. DetectionEvaluationJ is an ImageJ plugin [4] that
has been designed to evaluate the goodness of object detection algorithms using
several metrics. DetectionEvaluationJ takes as input a set of images, the gold
standard associated with such images, and the detected regions obtained by the
detection algorithm; and, it generates as output a report that summarises the
quality of the detection algorithm based on the available measures. This workﬂow is depicted in Figure 1.
DetectionEvaluationJ can handle diﬀerent kinds of regions (including rectangles, circles, polygons, points, and other geometrical ﬁgures) both for the gold
standard and the detected regions. Such regions can be loaded in DetectionEvaluationJ using either the internal representation employed in ImageJ or a new
format called ROIXML. The ROIXML format is based on the XML format and
is therefore independent of any particular computer system and extensible for
future needs. The structure of XML ﬁles following the ROIXML format is ﬁxed
by an XML schema, that not only determines the structure of XML ﬁles but
also speciﬁes and restricts the content of their elements. This schema has been
developed taking into account the information that is needed to encode diﬀerent
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kinds of ROIs. The ROIXML format simpliﬁes interoperability since it allows
users from systems like OpenCV or Matlab to generate ﬁles that can be read by
DetectionEvaluationJ.
Once the gold standard and the detected regions are loaded in DetectionEvaluationJ, the user can measure how good are the detected regions using the following pixel-level metrics: area of intersection-over-union, accuracy, precision,
recall, fallout, sensitivity, speciﬁcity, negative predictive value, false discovery
rate, false negative rate, LR+, LR-, and F-measure (α = 0.5, 1 and 2). In addition, the user can load the output of several detection algorithms and compare
their quality using the aforementioned metrics and the ROC space. Analogously,
this plugin can also be applied to study inter-rater agreement among experts [6].

Fig. 1. Workﬂow of DetectionEvaluationJ

DetectionEvaluationJ is available at joheras.github.io/DetectionEvaluationJ/
together with the installation instructions and usage examples.
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Extended abstract for initial submission
Image-based localization is the task of recovering the pose (position and orientation) of a camera. It is of great interest in applications where GPS is unavailable or
imprecise, such as in urban environments or indoor settings. This task is often regarded
as a nearest-neighbor search, also known as place recognition, where the pose space
is represented by a set of discrete locations. Although efﬁcient solutions exist for this
discretization, the general case of localizing in continuous space without the use of
local keypoints remains a challenge. Describing images using holistic (whole-image)
descriptors is the standard practise for topological localization (“in which place is the
image?”). However, holistic descriptors can also be used for metric localization (“what
is the pose where the image has been taken from?”).

Fig. 1. The appearance of the query image suggests that it is located somewhere between images
A and B. State of the art holistic descriptors present smooth changes in their values with changes
in camera pose and can be used to localize on a ﬁner grain than nearest-neighbor approaches.

We study the general case of metric localization (ﬁg. 1), in which there are no restrictions on the position of the camera. Instead of selecting the best location from a
grid, graph or collection of known images, any point in the pose space can be selected
as the estimate.
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Performing continuous metric localization without local keypoints is challenging,
however, it has shown promising results in previous work: in [1], the authors use global
Fourier descriptors on omnidirectional images, performing regression through a Gaussian process and representing the location of the camera by a particle ﬁlter. Recently,
we [2] performed localization through appearance regression, using a convolutional
neural network-based descriptor trained for place recognition as the image representation. These results indicate that metric localization through appearance regression is
feasible and merits further research.
In this paper, we analyze the current state of the art in convolutional neural networkbased holistic descriptors with respect to their applicability for metric localization through
appearance regression and discuss the desired characteristics of a whole-image descriptor for their use in such systems. First, we will describe the components of such a localization system in order to establish a framework. We then examine the behaviour
of several state-of-the-art convolutional neural network-based holistic descriptors in
search for proportionality and smoothness in the change of their values with respect
to camera motion, and compare them according to their behaviour and their use of
computational resources.

Fig. 2. Original (left) and synthesized images yielding similar descriptors.

Finally, we leverage recent advances in image synthesis to invert the representations
extracted using these descriptors, in order to understand what visual characteristics are
being modelled by them (ﬁg. 2). Speciﬁcally, we generate images using a generative
adversarial network as shown in [3]. Our ﬁndings indicate that descriptors trained to
perform place recognition through weakly supervised approaches are better suited for
this task than generic internal representations of networks trained to perform object
recognition, while also being much less demanding on memory and compute time.
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Filtering and Segmentation of Retinal OCT
Images
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Extended Abstract
OCT (Optical Coherence Tomography) is an image modality that has important applications in several medical ﬁelds, such as ophthalmology, dermatology or
cardiology. In this work, we focus on retinal OCT, which provides cross-sectional
images of the retina and is widely used for the diagnosis and monitoring of different pathologies. Most OCT units provide some automatic processing of the
acquired images. However, the high rate of noise and the heterogeneity of the
retinal layers limit the possibilities of an automatic or semi-automatic analysis
of the images.
In this work, we propose a method to ﬁlter the images and obtain welldeﬁned regions in the retinal OCT slices, as illustrated in Fig. 1. An initial
noise-reduction stage consists in the application of an anisotropic ﬁlter based on
[1], in which diﬀusion is not homogeneously performed in order to preserve the
boundaries of the regions. When the layers in the tomography are close enough,
this ﬁlter can be extended to three dimensions by considering the neighbors in
the previous and following layers.
Once the images have been ﬁltered, the region of interest is delimited by
extracting the upper and lower limits of the retina in each slice. Afterward, the
selected region in each cross-sectional image is quantized by concentrating the
intensity values around those reference values that best represent the diﬀerent
layers. A variation of the heat equation using an external term is applied in order
to homogenize the regions while the diﬀerent pixels converge to their corresponding representatives [2]. This requires ﬁxing a series of concentration values (ﬁnal
values in the image) and their corresponding attraction ranges (intervals that
converge toward those values). These values are obtained from the histogram
of the image. Finally, a statistical process is performed to reﬁne the result by
considering the neighborhood of each pixel.
From the contours of the regions that have been extracted in the diﬀerent
slices of the tomography, a three-dimensional reconstruction of the retina can
be obtained, so that it is possible to study its shape, extract measurements or
perform any other further analysis.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 1. Stages of the segmentation: (a) Original image, (b) Filtered image using
anisotropic diﬀusion, (c) Extraction of the region of interest, (d) Limits of the retina,
(e) Image quantization, and (f) Region labeling.
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Towards Egocentric Sentiment Analysis
Estefania Talavera, Petia Radeva, and Nicolai Petkov
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Abstract. Nowadays, the use and availability of egocentric data are
fastly increasing due to the growing use of wearable cameras. Given egocentric photo streams capturing the wearer’s days, we propose a method
that aims to assign sentiment to events extracted from egocentric images.
Such moments could be used in several ways as for example, being candidates to be worth to retrieve according to their possibility of representing
a positive experience for the camera wearer.
Keywords: egocentric images, moment retrieval, sentiment analysis

1

Introduction

Life-logging describes an ego-centric vision of the experiences of a person. This
work is a preliminary study towards assignment of sentiment analysis to lifelogging photo streams. We want to predict what a sentiment an observer would
assign to an egocentric event. The aim is to seek the comforting moments with
high possibility of retrieving a memorable-positive feeling to the user. To the best
of our knowledge none of the previous approaches has dealt with this problem.

2

Approach

Given a photo stream, we apply a temporal
segmentation based on the work presented in
[1]. We consider an event as a group of images
representing the same scene. We rely on semantic information extracted from the images
for the classiﬁcation. For that purpose, we use
the DeepSenti Network[2], which is based on
the Visual Sentiment Ontology (VSO)[3]. The
network extracts semantic concepts called Adjective Noun Pairs (ANP), which are com- Fig. 1. Images labelled as Positive
posed by a pair of a noun and an adjective (green), Neutral (yellow) and Negwith a given sentiment value in the range of ative (red).
[-2 : 2]. The fact that the ANPs are classiﬁed
strictly into Negative or Positive concepts could be a limitation when aiming to
recognize sentiments from daily moments, since most of them used to be neutral.
We propose a method that takes into account the sentiment associated to the
ANPs describing the images, and the sentiment associated to the nouns that
compose those concepts. To ﬁnd the relevant ANPs for an event we propose a
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new method of ﬁltering based on conceptual concepts. To do so, we used the
wordNet tool (http://wordnet.princeton.edu) to extract the semantic similarity
between concepts. Then we use that information to cluster them. As further step,
following what would be considered as similar from an ego-centric point of view,
we manually reﬁne the resulted clusters into 44 categories. We label the clusters
as Positive, Neutral or Negative. First, we extract the ANPs of each event frame
and rank them by their probability (P robAN Pj ) of describing an image and select
the top-5 ANPs. Then, we cluster them based on their Wordnet-based nouns semantic distance. For the event sentiment computation (Sevent ), we focus on the
largest cluster. We fuse the contribution of the ANPs and the nouns extracted
following the eq. 1. We take into account the probability associated to the ANPs
aiming to penalize the ANPs
with low relation to the image content:

(α ∗ SAN Pj + β ∗ SN ounj ), j = 1 : NAN P ,

Sevent =

(1)

j

V SO
V SO
where SAN Pj = (SAN
Pj ∗ P robAN Pj ), SAN Pj is the ANP’s sentiment given by
the VSO and SN oun is the label of the noun, α and β are the contributions (%)
of the ANPs and the nouns.

3

Validation

Data set: We created the UBRUG-Senti dataset, which is composed by 4495
ego-centric photos recorded with a Narrative Clip camera, with a frequency of
2fpm (http://getnarrative.com/). These photos compound 98 events that were
manually labelled as Positive (36), Neutral (43) and Negative (19) events.
Results: We run experiments with diﬀerent combinations of α and β values.
We performed a balanced 5-fold cross validation. We achieved an average training accuracy of 73±3.8% and F-score of 59±5.4% and test accuracy of 75±8.2%
and F-score of 61±13.2%, when α = 0.8 and β = 0.2, i.e. when the ANP information is considered but the major contribution comes from the noun sentiment
associated. As expected, neutral events are the most challenging ones to classify.

4

Conclusions

We proposed a novel prediction tool for events sentiment assignment based on
new semantic distance of ANPs and fusion of ANPs and nouns sentiments extracted from ego-centric photostreams. We introduced a new labelled dataset
composed by 98 events. The proposed approach obtained a classiﬁcation accuracy of 75% on the test set, with deviation of 8%.
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Interactive Three-Dimensional Visualization
System of the Vascular Structure in OCT
Retinal Images
Joaquim de Moura1 , Jorge Novo1 , Marcos Ortega1 , Noelia Barreira1 , and
Manuel G. Penedo1
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Abstract. This paper proposes an automated tool for the 3D visualization of the retinal arterio-venular tree using Optical Coherence Tomography (OCT) images. The system provides useful information to the
doctors that can be of a great utility to obtain accurate diagnosis in a
large variability of pathologies.
Keywords: computer-aided diagnosis, retinal imaging, OCT, vessel tree

1

Introduction

Computer-aided diagnosis (CAD) has become one of the major research subjects
in medical imaging. OCT is a standard imaging technique in the ophthalmologic
ﬁeld because can provide non-invasive diagnostic images. This tomograph provides two types of images: a near infrarred reﬂectance retinography and histological sections image of ocular tissues, as shown in Figure 1. Ophthalmologists
use OCT retinal images for the analysis of the vascular tree and produce a diagnosis in diﬀerent diseases. Therefore, the use of an automatic system for the
3D visualization of the vessel tree is relevant to facilitate the specialists work,
increasing their productivity and helping to establish preventive and therapeutic
strategies.

Fig. 1. Near infrared reﬂectance retinography and histological section example.

2

Methodology

The methodology takes advantage of diﬀerent image analysis techniques to initially segment the vessel tree and estimate its calibers along it [1]. Then, the
corresponding depth for the entire vessel tree is obtained [2]. Finally, with all
this information, the 3D reconstruction of the vessel tree is achieved, interpolating with splines all the segments to obtain a smoother representation. Figures
2 (a), (b) and (c) illustrates this 3D representation process over a curve. This
model allows the visualization and manipulation of the 3D vessel tree by means
of graphical transformations including translation, scaling and rotation.
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(a)
(b)
(c)
Fig. 2. Example of 3D representation process. (a) Set of points (x, y, z) of the plane.
(b) Interpolation with splines between points. (c) 3D tube along a spline.

3

Results and Conclusions

This automated tool for 3D visualization of the retinal arterio-venular tree has
been evaluated by an expert who has validated the functionality of the system. The methodology showed promising results, providing a coherent 3D vessel
tree visualization that can be posteriorly used in diﬀerent medical diagnostic
processes of many diseases as, for example, hypertension or diabetes. Figure 3
illustrates with an example the result of the methodology.

(a)
(b)
(c)
(d)
Fig. 3. Example of interactive 3D visualization of the vessel tree. (a) Input Near infrared reﬂectance retinography. (b) 3D Visualization of the vessel tree. (c) Rotation of
the vessel tree. (d) Scaling of the vessel tree.
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$FRQWRXUIHDWXUHRULHQWHGV\VWHPIRU:ULWHU5HFRJQLWLRQ
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,QVWLWXWHIRU7HFKQRORJLFDO'HYHORSPHQWDQG,QQRYDWLRQLQ&RPPXQLFDWLRQV6LJQDOVDQG

&RPPXQLFDWLRQV'HSDUWPHQW,'(7,&8/3*&8QLYHUVLW\RI/DV3DOPDVGH*UDQ&DQDULD
/DV3DOPDVGH*UDQ&DQDULD63$,1
^FDUORVWUDYLHVRMHVXVDORQVR`#XOSJFHV

.H\ZRUGV+DQGZULWWHQEDVHGELRPHWULF:ULWHU5HFRJQLWLRQ:ULWHU9HULILFD
WLRQ+00690

([WHQGHG$EVWUDFW
1RZDGD\VDXWRPDWLFELRPHWULFV\VWHPVWU\WRLGHQWLI\DSHUVRQE\WKHLULQWULQVLF
FKDUDFWHULVWLFV ERWK SK\VLFDO DQG EHKDYLRUDO %LRPHWULFV WHFKQRORJ\ KDV VHYHUDO DG
YDQWDJHV RYHU RWKHUV LGHQWLILFDWLRQ PHWKRGV DQG KDV EHHQ VXFFHVVIXOO\ SURYHG LQ D
ZLGHYDULHW\RIDSSOLFDWLRQVZKHUHVHFXULW\LVSUREDEO\RQHRIWKHPRVWUHOHYDQW
+DQGZULWLQJ LV D EHKDYLRUDO ELRPHWULF FKDUDFWHULVWLF ZKLFK FDQ EH DSSOLHG LQ GLI
IHUHQWGRPDLQVVXFKDVVHFXULW\ILQDQFLDODFWLYLW\IRUHQVLFDFFHVVFRQWURODQGRWKHUV
3DUWLFXODUO\ WKH RIIOLQH WHFKQLTXHV DUH VWLOO YDOLG DQG ZLGHO\ VWXGLHG >@ >@  )RU
H[DPSOH LQ OHJDO PDWWHUV LW LV LPSRUWDQW WR LGHQWLI\ RU YHULI\ LQGLYLGXDOV EDVHG RQ
WKHLUZULWLQJ7KHDFWRIZULWLQJLVDFRPSOH[SKHQRPHQRQLQYROYLQJPXOWLSOHSHUVRQ
DO IDFWRUV  ,Q WKH VDPH ZD\ WKDW D SHUVRQ FDQ EH LGHQWLILHG E\ LWV SHFXOLDU IRUP RI
ODXJKLQJJHVWXULQJZDONLQJHWFZULWLQJLVGHWHUPLQHGE\WKHSHUVRQDOLW\RILWVDX
WKRUDQGWKHUHIRUHLWKDVLGHQWLILHUFDSDELOLW\>@
'HVSLWHWKHGLIIHUHQWFKDOOHQJHVIDFLQJWKHDQDO\VLVRIKDQGZULWLQJDXWRPDWLFSUR
FHVVLQJKDVKDGDJUHDWGHYHORSPHQWLQUHFHQW\HDUV>@>@7KLVZRUNLVSDUWRIWKH
SHUVRQUHFRJQLWLRQPDWWHUIURPLWVZULWLQJFKDUDFWHULVWLFV,QSDUWLFXODUZHKDYHGH
VLJQHG DQG LPSOHPHQWHG D V\VWHP IRU RIIOLQH ZULWHU LGHQWLILFDWLRQ DQG YHULILFDWLRQ
ZKLFKLVEDVHGRQZRUGFRQWRXUIHDWXUH7KHV\VWHPXVHVDJHQHUDODQJXODUIRUPSD
UDPHWHUL]DWLRQIRULQLWLDOLQSXW>@DQGDFODVVLILFDWLRQV\VWHPEDVHGRQDQ+00FRG
LQJ DQG D PXOWLGLPHQVLRQDO FODVVLILHU PRGHO 7KH UHVXOWV KHUH H[SRVHG KDG EHHQ RE
WDLQHGIURPRZQGDWDEDVH '% FRPSRVHGE\XVHUVZLWKVDPSOHVSHUHDFKRQH
7KH'%XVHGLQWKLVZRUNZDVFUHDWHGDWWKH8QLYHUVLW\RI/DV3DOPDVGH*UDQ&D
QDULDFXUUHQWO\FRQVLVWLQJRIGLIIHUHQW ZULWHUV ZLWKVDPSOHVSHU ZULWHUHDFK
VDPSOH LV D WH[W LQ 6SDQLVK ODQJXDJH )URP HDFK WH[W ZHUH H[WUDFWHG WKH VDPH 
ZRUGVWKH'%FRQWDLQRQHLPDJHSHUZRUGIRUDWRWDOLPDJHV
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(DFK ZRUG ZHUH SURFHVVHG WR FRUUHFW VNHZ DQG ELQDUL]HG E\ WKH PHWKRG RI 2WVX
DIWHUWKDWZHDSSO\DQDOJRULWKPWRGHILQHWKHFRQWRXUZRUG%RUGHUGHWHUPLQDWLRQDV
[\ SRVLWLRQLQJSHULPHWHUSL[HOVRIEODFNLQWHQVLW\KDVEHHQDFKLHYHGE\SURFHVVHV
RI VKDGRZLQJ ZKLWH VKDSH RYHU EODFN EDFNJURXQG  ILOWHULQJ RI LVRODWHG SRLQWV DQG
ILQDOO\ DXWRPDWLF SHULPHWHU SRLQWV ORFDWLRQ [ FROXPQ \ URZ FRGLQJ ZLWK D IROORZ
SURFHGXUH SRLQW E\ SRLQW )LQDOO\ ZH KDYH D SHULPHWHU GHVFULSWLRQ RI ^ [L \L  _ L 
Q`SRLQWVORFDWLRQGHVFULSWLRQUHSUHVHQWLQJWKHFORVHGERUGHURIDKDQGHGJHZLWK
RQHSL[HORIZLGHVWURNH
'DWDFRPSUHVVLRQVL]HUHJXODUL]DWLRQDQGFULWLFDOFRQWUROSRLQWVHOHFWLRQRISHULPH
WHUVGHVFULSWLRQDUHDFKLHYHG E\ D VWUXFWXULQJSURFHGXUH7KLVSURFHGXUHLVEDVHGRQ
WKH LGHD WKDW D RQH SL[HO VWURNH RQ D EODFN DQG ZKLWH LPDJH PD\ EH GHVFULEHG DV D
JUDSK*IRIDRQHGLPHQVLRQDOWUDMHFWRU\DSSOLFDWLRQ ILI ZH KDYH SUHVHUYDWLRQRID
FRUUHFWVHTXHQFLQJGHILQLWLRQRUPRQRWRQLFEHKDYLRURQWKH[RUGLQDWH
&DUWHVLDQVGHVFULSWLRQVDUHWUDQVIRUPHGLQDQJXODUGHVFULSWLRQXVLQJWKHLUVFHQWUDO
SRLQW DV UHIHUHQFH 6XFK GHVFULSWLRQ WDNHV LQWR DFFRXQW YDULDWLRQ GHSHQGHQFLHV RQ
VHTXHQWLDOGHVFULSWLRQVDQGWKH\DUHVL]HDQGURWDWLRQDOLQGHSHQGHQW DXVHIXODWWULEXWH
RQLPDJHVGHVFULSWLRQ 6XFKGHVFULSWLRQVDUHFRKHUHQWZLWK0DUNRYLDQFKDLQGHVFULS
WLRQV
)LQDOO\ WDNHQ LQWR DFFRXQW WKH +00 FRPSRQHQW GHVFULSWLRQ ZH FDQ GHILQH WKH
+00NHUQHO +00. DV

[ x q
 G
ORJ P x q O
x  [ q :KHUH [ DUH+00GHVFULSWRUV  
G P x q
bq

,Q RUGHU WR LPSOHPHQW D FODVVLILFDWLRQ V\VWHP EDVHG RQ D +LGGHQ 0DUNRY 0RGHO
+00  IURP HGJH GDWD WKHUH LV WR IROORZ WKUHH VWHSV WKH ILUVW RQH REWDLQ DQ HGJH
GHVFULSWLRQ WKH VHFRQG RQH LV WKH WUDQVIRUPDWLRQ RI GDWD ZLWK D +00 FRGLQJ DQG
ILQDOO\WKH XVHRID6XSSRUW9HFWRU0DFKLQH 690 >@DVDFODVVLILHU IRUHDFKGDWD
FROOHFWLRQ
7KLVV\VWHPJHWVDYHU\JRRGUHVXOWVWKH7DEOHVKRZVWKHVXFFHVVUDWHIRULGHQWLILFD
WLRQRIWKHZULWHUV8VLQJLQGLYLGXDOZRUGVZHREWDLQDPD[LPXPVXFFHVVUDWHRI
 DQG D PLQLPXP RI  $GGLWLRQDOO\ WKH WDEOH  VKRZV WKH UHVXOWV XVLQJ
VRPH FRPELQDWLRQV RI ZRUGV ,PSRUWDQWO\ DQ\ FRPELQDWLRQ RI IRXU ZRUGV DFKLHYHG
WKHVXFFHVVUDWHZDV
7DEOH6XFFHVVUDWHIRUZULWHULGHQWLILFDWLRQXVLQJZRUGVFRPELQDWLRQV690 5%) RI
WUDLQLQJSHUFHQWDJHJ 
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)RU YHULILFDWLRQ WKH V\VWHP DOVR SURGXFHV JRRG UHVXOWV 7KH 7DEOH  VKRZV WKH
(55LQGH[XVLQJGLIIHUHQWFRPELQDWLRQVRIZRUGV
7DEOH(55IRUZULWHUYHULILFDWLRQXVLQJZRUGVFRPELQDWLRQV690 5%) RIWUDLQLQJ
SHUFHQWDJHJ 
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Extended Abstract
1

Deep Reinforcement Learning in Serious Games:
Introduction and Motivation

Serious Games (SG) belong to the most important future e-learning trends; they
attain enhanced public acceptance and importance [1]. Although more frequently
used in recruitment and training, their production is still eﬀortful and expensive.
The generation of human behaviour and general game playing remain prevalent
trends and challenges [2]. Serious games can proﬁt from diverse behaviour to
increase learning eﬀectiveness and from general AI methods for easy adaption
to diﬀerent games. Deep reinforcement learning (DRL) oﬀers an opportunity for
application because it has shown considerable results and is widely applicable
as a general method. DRL means the combination of reinforcement learning (cf.
[3]) and deep learning methods (cf. [4]). A famous example is deep Q-learning for
learning to play Atari games, where a convolutional neural network was trained
with a variant of Q-learning on diﬀerent Atari games and partially outperformed
human game players [5].
We aim to expand and improve the application of DRL in SG through oﬀering a novel framework, including partially automated adaption and interactive
learning. An overview of the framework and its interactive learning component is
described in [6]. In this paper, we will deﬁne the meaning of DRL architectures,
examine promising examples and derive implications for concrete applications
in SG. We will identify important factors, characteristics and dependencies for
usage of DRL in SG through conceptual conclusions and experimental analyses
on exemplary games. Our research is co-funded by the Federal Armed Forces of
Germany within a project called Santrain. The goal of this project is the development of a serious game for ﬁrst aid on the battleﬁeld (“TCCC training”). DRL
seems to be a promising way to generate adaptive behaviour for the opposing
forces, which is considered to be vital for realistic learning.
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Designing Architectures for Deep Reinforcement
Learning in Serious Games

In this work, “architecture” denotes all characteristics that deﬁne the structure
of the deep neural network component in DRL; including the general structure,
types of layers (e.g. convolution, pooling) and connections, topology of diﬀerent
layers, weights and activation functions, etc. Although the problem is related to
hyperparameter optimization, we mean to avoid the need for extensive optimization methods but rather assume that we can derive general recommendations for
using DRL in SG. Our methodical approach comprises three stages:
Analysis of exemplary architectures Successful architectures (as described
in [5]) are investigated. Several related domains and applications are considered, e.g. convolutional neural network architectures from image recognition
and evolved architectures on computer games.
Conceptual design conclusions Considering the ﬁndings of our analysis, conceptual proposals for the network architecture are derived. We expect that
structured requirements can be concluded and speciﬁed to deﬁne suitability
of architectures for diﬀerent application scenarios in SG.
Experimental investigation First experiments are conducted for examining
selected architecture characteristics on exemplary games.

3

Conclusions and Future Work

We assume that, by utilizing speciﬁc DRL architectures, the usability of DRL
in SG can be increased and that general criteria for such architectures can be
derived. To the best of our knowledge, this paper will oﬀer the ﬁrst particular
overview and analysis of DRL architectures with regard to applications in SG.
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Extended abstract

Speaker Diarization deals with annotating who and when a speaker is talking,
it represents a challenge for scientiﬁc community [1]. This problem can be tackled from a point of view of a re-identiﬁcation process, detecting a speaker and
checking whether he/she appears again.
Several approaches have been proposed to solve the diarization problem.
They have been based on audio, video and a combination of both. Intensity
Channel Contribution (ICC) [1], bottom-up hierarchical agglomerative clustering of Mel Frequency Cepstral Coeﬃcients (MFCC) are used for audio. In video
diarization, lips movement or face centered is used. Finally, as dual solution, audio and video descriptors are used, both descriptors have to keep the coherence.
In this paper, we are interested in diarization of parliamentary debates sessions based only on video. The scenario is composed of a presidential table, platform and seats, from deputies could intervene. Theses interventions are recorded
by a network of cameras distributed in the Parliament, which can do pan, tilt
and zoom.
To extract features, ﬁrst the face is obtained as region of interest (ROI)
and then local descriptors are extracted because they have demonstrated good
performance in facial analysis [2]. After the speaker face is modeled, a matching
stage is carried out by comparing the extracted features against the database
models.
The experiments have been realized using 29 videos. Those videos variate
in number of frames, shots and speakers. As features we have considered in
the comparison the following ones: Histogram of Oriented Gradients (HOG),
Local Binary Patterns (LBP), LBP Uniform (LBPu2), Intesity based LBP (NILBP), Local Gradient Patterns (LGP), Local Phase Quantization (LPQ), Local Salient Patterns (LSP0), Local Ternary Patterns (LTP), LTP high (LTPh),
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LTP low (LTPl), Weber Local Descriptor (WLD) and Local Oriented Statistics
Information Booster (LOSIB). They are calculated in the ROI using a 5 × 5
grid. At the time, the comparison of the models were calculated with Canberra,
Chebyshev, Cosine, Euclidean and kullback–Leibler (KL) divergence histogram
measures. Getting an idea of the number of experiments executed, 29 videos
with 12 local descriptors with ﬁve diﬀerent measures were processed, a total of
1740 experiments. Moreover, those experiments were validated by ﬁve diarization approximations, obtaining a total of 8700 experiments. Those diarization
approximations are methods to evaluate the performance of the local descriptors under consideration, True Re-identiﬁcation Rate (TRR) and True Distinction Rate (TDR) are used as measures [3]. Besides, for a speciﬁc speaker audio
annotation, audio fragment, could appear diﬀerent deputies shots in the video
sequences. For this reason, we propose the following four approaches:
– First Appearance (FA): The person of the ﬁrst shot detected by the system
in the audio fragment is taken as representative speaker shot.
– Most Frequent (MF): The person that the system detect as greater number
of occurrences in the audio fragment is taken as representative speaker shot.
– Greater Length (GL): The person that the system detect as higher duration
shot in the audio fragment is taken as representative speaker shot.
– Greater Total Length (GTL): The person that the system detect as higher
duration in the audio fragment is taken as representative speaker shot.
Considering the mean TRR and TDR, the best local descriptors are WLD
(45.04%, 78,91%) and NILBP (44.97%, 77.15%), that behave better in this scenario. Then, if we focus on the descriptors comparison measures, the two higher
are KL (49.47%, 70.98%) and Cosine distance (43.21%, 79.81%). Ultimately,
comparing the employed approaches to evaluate the performance, MF and GTL
achieve highest values.
To summarize this paper, four approaches to measure the performance of
diarization problems have been proposed. Moreover, diﬀerent local descriptors
were compared, obtaining a general idea of their behavior. Finally, multiple
histograms measures to matching have been compared, allowing us to know
what conﬁguration give us greater results for upcoming test.

References
1. R. Barra-Chicote, J. M. Pardo, J. Ferreiros, and J. M. Montero. Speaker diarization
based on intensity channel contribution. IEEE Transactions on Audio, Speech &
Language Processing, 19(4):754–761, 2011.
2. Castrillón-Santana, M., Lorenzo-Navarro, J., Ramón-Balmaseda, E.: Multi-scale
score level fusion of local descriptors for gender classiﬁcation in the wild. Multimedia Tools and Applications (in press) (2016), http://dx.doi.org/10.1007/
s11042-016-3653-2
3. D.-N. T. Cong, L. Khoudour, C. Achard, C. Meurie, and O. Lezoray. People reidentiﬁcation by spectral classiﬁcation of silhouettes. Signal Processing, 90(8):2362 –
2374, 2010. Special Section on Processing and Analysis of High-Dimensional Masses
of Image and Signal Data.

239

Eurocast 2017, February 19-24, Las Palmas de Gran Canaria

Extended Abstracts

Detecting Hands in Egocentric Videos: Towards
Action Recognition
Alejandro Cartas1 , Mariella Dimiccoli1,2 , and Petia Radeva1,2
1

University of Barcelona,
Gran Via de les Corts Catalanes, 585, 08007 Barcelona, Spain
alejandro.cartas@ub.edu
2
Computer Vision Centre,
Campus UAB, 08193 Cerdanyola del Valls, Barcelona, Spain

Over the last six years, there has been a growing interest in analyzing human
daily activities from data collected by wearable cameras. Daily activities are
crucial to characterize human behavior, and enabling their automatic recognition
would pave the road to novel applications in the ﬁeld of Preventive Medicine.
The hands are involved in a wide variety of daily tasks, such as typing on a selfphone keyboard, drinking coﬀee or riding a bike. Along with the objects being
manipulated in a scene, the hands are often the main focus in the egocentric ﬁeld
of view. Consequently, their detection is a fundamental step towards egocentric
action recognition.
In this work, we propose a hand detector that exploits skin modeling for fast
hand proposal generation and Convolutional Neural Networks for hand recognition. Our hand detector consists in a three-task architecture outlined in Fig. 1.
We ﬁrst detect regions containing skin pixels. Later, we generate a set of hand
proposals using these regions. Finally, we classify the hand proposals using a
Convolutional Neural Network (CNN).
Skin detection. For this task, we use the pixel-level skin detection (PERPIX)
method [1]. We tested this method on the UNIGEN dataset [2], achieving truepositive and true-negative rates of 0.809 and 0.843, respectively. We showed that
the PERPIX method oﬀers competitive results using less than the 10 percent of
the training data used in [2].
Hand proposal generation. We ﬁrst determine if the estimated skin-region
contains two arms. A two-arms region is segmented into two by ﬁrst ﬁtting
the points from its medial-axis into two lines that should represent each arm. To
make a soft segmentation, we obtain small regions using the watershed algorithm.
Then, each small region is assigned to the closest line of the two (see Fig. 2c).
Finally, we separate the hands from each one-arm regions by ﬁtting a rectangular




    

  
   

    

Fig. 1: Outline of the proposed method for hand detection.
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Fig. 2: Example of a hand proposal generation over a skin region containing two
pixel-connected arms.

Precision

box from its contour. The side of the box closer to the center of the frame is
considered to be the nearest to the hand. Consequently, we obtain the hand
proposals by cutting the contour at diﬀerent ﬁxed distances from that side, see
Fig. 2d.
Hand recognition. To classify a hand
1.0
proposal we created a binary classiﬁer
by ﬁne-tuning the CaﬀeNet network.
0.9
Our training set was obtained by combining several datasets with bounding
0.8
boxes of hands to obtain positive examples, and ImageNet to obtain nega0.7
tive examples. The total number of images and bounding boxes is 761,946 and
0.6
872,414, respectively.
IoU at 0.1 AUC: 56.09, AP: 56.10
IoU at 0.2 AUC: 51.15, AP: 51.15
Experimental results. We eval0.5
IoU at 0.3 AUC: 41.67, AP: 41.68
uated our method over a subset of
IoU at 0.4 AUC: 31.88, AP: 31.90
IoU at 0.5 AUC: 21.56, AP: 21.60
2,000 images from the UNIGE-HANDS
0.4
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
dataset [2]. We manually annotated
Recall
hands to allow a numerical evaluation.
The number of images containing hands
were 1,000 and in total they were over Fig. 3: Detection results on the UNI1,739 hands. Fig. 3 shows precision- GEN test set for diﬀerent values of the
recall curves for four distinct values of intersection over union (IoU) ratios.
intersection over union. We obtain an
average precision (AP) of 0.216 when using the PASCAL VOC criteria.
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Abstract. Building an automatic system for dietary assessment would
allow a better estimate of caloric intake than traditional methods. The
computer vision community has focused its eﬀorts in areas as food detection, food recognition, portion estimation and calorie intake. For food
detection, the best results have been obtained using Convolutional Neural Networks (CNN). However, these results are obtained on diﬀerent
datasets and are not directly comparable. This article proposes an overview
of the last advances on food detection and an optimal model based on
CNN methods and an SVM that outperforms the state of the art.

1

Introduction

In the last decades, the amount of people with overweight and obesity is progressively increasing. Recently, the computer vision community has focused its
eﬀorts on developing automated systems for dietary assessment, which usually
involve a food detection system. In [5], the authors apply ﬁne-tuning on the
last two layers of a GoogLeNet obtaining high accuracy, but test their model
on only 5000 images. In [1], the authors propose an AlexNet model for food
detection, achieving a 4% higher accuracy with respect to the baseline, getting
a 93.8% on a dataset of 3,214 images acquired from social media. In [2], the
authors improve the accuracy on this dataset to 99.1% using a NIN model. In
addition, they evaluate their model on other datasets, IFD and FCD, obtaining
95% and 96% of accuracy. An evaluation of diﬀerent CNN models and settings
was proposed by [3] on a dataset, we call RagusaDS. The authors get the best
results using AlexNet (ﬁne-tuned) and Binary SVM. In terms of accuracy, they
achieved 94.86%. In this article, we propose a food detection model that provides
the best accuracy in the state of the art with respect to diﬀerent available food
datasets.

Fig. 1. Food (blue) and non-food (red) images from RagusaDS (left) and FCD (right)
datasets.

2

The food detection approach

We propose a methodology for food detection, which involves the use of the
GoogLeNet model for feature extraction and SVM for classiﬁcation. In our experiments, we pre-train the network on ImageNet images. Then, the GoogLeNet
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is ﬁne-tuned during 10 epochs, in the case of FCD dataset, and during 40 epochs
for RagusaDS, using the training set of the respective datasets. We evaluate the
accuracy on food detection on the validation set, and select the model that gets
the best accuracy. From this model, the image features are extracted for each
image contained in the training and validation sets. Then, we use it as a feature
vector to train a SVM classiﬁer using the GridSearchCV.
Table 1. State of the art food detection methods

[3]
Our
[2]
Our
Our

3

Algorithm
AlexNet + SVM
GoogLeNet + SVM
CNN-NIN
GoogLeNet + SVM
GoogLeNet + SVM

Dataset
RagusaDS
RagusaDS
FCD
FCD
FCD + RagusaDS

#Images
16,393
16,393
53,572
53,572
69,965

Accuracy
94.86%
95.62%
96%
98.22%
97.14%

Results and Conclusions

We evaluated the food detection using traditional GoogleNet with ﬁne-tuning,
and also GoogleNet with SVM. We used the following public datasets for food
detection, since they contain a signiﬁcant amount of images (more than 15,000):
a) RagusaDS from [3], that contains 16,393 images in total, selected from Flickr
of food and non-food and from UNICT-FD889 of food images, and b) FCD
that consists of 53,572 images in total, composed by food images from Food101
dataset [4] and by non-food images from Caltech256. The results show that better accuracy is achieved in both datasets when GoogleNet is used for feature
extraction and then SVM for classiﬁcation. As showed in Table 1, we obtained
the best accuracy with respect to the state of art on the datasets evaluated with
improvements of 2% and 1% over the models of [2] and [3], respectively. Combining both datasets, our model obtained 97,14% of accuracy. As a conclusion,
we explored the problem of food detection comparing the last works in the literature and proposed a model based on GoogLeNet and SVM, which provides
an improvement over the state of the art with respect to two public datasets.
Moreover, models based on GoogLeNet, independently of the settings, gave the
highest accuracy on the food detection problem.
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Extended Abstract
The ﬁeld of hand prostheses has seen a number of advances in recent years. Commercial oﬀ-the-shelf prostheses have gotten ever more sophisticated, introducing
new designs that allow the individual movement of ﬁngers. Similarly, research
prostheses got a lot of new functionality and articulation [1]. Unfortunately,
research prostheses are often custom-made (e.g. [2]) by the respective team, requiring a huge amount of eﬀort and development steps done over and over again.
Part of the problem is that commercially available prostheses are not designed
to be modiﬁed or re-used for research. Additionally, these still rely on an analogonly interface introduced decades ago. As such, the underlying control scheme is
very limited and can not be altered, making hand prostheses unsuitable to test
new algorithms and control schemes during research.
The system brought forward in this contribution alleviates this problem by
introducing an open replacement for the electronics of the commercial bebionic
hand prosthesis from Steeper Inc. (Leeds, UK). Having both a digital as well as
an analog interface it is backward compatible and allows for a larger number of
digital sensors to be connected to it.
Figure 1 shows the main data/control ﬂow of the prosthesis. Two or more
electromyographic (EMG) sensors sample the myoelectric signal present on the
surface of the patients skin. In case of an analog sensor, the ampliﬁed and
pre-conditioned signal is sampled using an on-board analog-to-digital converter
(ADC) subsequently processed by the main microcontroller unit (MCU).

Thumb
EMG
Sensors

ADC

Main
MCU

Finger
MCU

Finger

Fig. 1. Conceptual architecture of the data and control ﬂow of the prosthesis. The
ADC stage is optional when EMG sensors with a digital interface are used.
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For sensors with a digital interface (containing the ADC inside the sensor),
the ADC stage is skipped. Based on the incoming signal, the motor for each
ﬁnger is actuated. While the control from the index to the pinkie is oﬄoaded to
separate motor controller boards situated in each ﬁnger, the thumb is controlled
directly by the main MCU. This design was kept from the original electronics.
Figure 2 depicts the new electronics with the main controller board on the right
and the motor from the index ﬁnger on the left.
The ﬁrmware for the system is based on FreeRTOSTM and implements both
the classical control scheme as well as one based on multiple features and an LDA
classiﬁer. Digital ﬁlters provide for an alternative to the ﬁxed ﬁlters implemented
in hardware. This ﬂexibility allows to easily adapt the prosthesis to diﬀerent
situations, e.g., elimination of ripple voltage (50 Hz, 60 Hz or even 400 Hz in
avionic systems). When the prosthesis is in use, a logging subsystem records
the raw signals onto an SD-card, facilitating research with actual patient data
instead of those recorded from healthy subjects in a lab setting.
Current research targets to combine the digital and analog interface to improve interoperability with diﬀerent systems. Further, we anticipate to include
additional sensors such as inertial measurement units as integral parts of the
prostheses to detect/oﬀset motion artifacts.

Fig. 2. Image of our custom electronics of the motor controller for a single digit (left)
and of the mainboard (right), each with a one cent coin (Euro) for size comparison.
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Extended Abstract
Despite the signiﬁcant amount of academic research on pattern recognition for
hand prostheses, clinical application is still insuﬃcient. The underlying control
strategies of even modern myoelectric hand prostheses date back to the 1950s [1].
As a consequence, longterm acceptance by patients is signiﬁcantly reduced [2].
Among the reasons are restricted functionality of these devices as well as a lack
of clinical trials for classiﬁcation-based control [3], with the bulk of of existing
research relying on pre-recorded myoelectric signals [2]. A possible solution for
these problems is a system for testing classiﬁcation-based control systems in
real-time. Furthermore, the introduction of novel sensing technology like nearinfrared (NIR) spectroscopy can further improve classiﬁcation results [4].
In this paper we present a MATLAB tool for processing both EMG and
NIR sensor signals in real-time in order to provide a fully operational tool for
clinical testing. All steps of the multi-stage classiﬁcation process as proposed
by Englehart et al. [5], including feature extraction, classiﬁer training as well
as the operational classiﬁer phase for actuating the prosthesis, are provided.
The hardware setup consists of custom-built sensors with combined EMG and
NIR sensing capability connected to a PC equipped with a NI DAQ system
as shown in Figure 1. After a short training phase, the decision tree classiﬁer
produces output for actuating a Michelangelo hand by Ottobock Healthcare.
To validate the system design, it was tested with four probands performing
wrist ﬂexion, wrist extension and ﬁst hand movement patterns. After a training
phase, features were extracted in real-time from either the EMG or NIR sensor
data for classiﬁcation with the model created during the training phase. In this
setup, NIR sensor data alone proved to be suﬃcient for distinguishing three
hand movement patterns with two sensors. The classiﬁcation accuracy is equal
or better to standard EMG data recorded from the same sensor pick-up area on
the forearm. However, setting an appropriate signal strength threshold is equally
challenging for NIR sensor signals.
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Fig. 1. The hardware setup for acquiring NIR and EMG signals with the (1) Michelangelo hand for prosthesis actuation (2) the data acquisition system and (3) the combined
NIR-EMG sensors and ampliﬁer.

Future work will be focused on the simultaneous real-time classiﬁcation of
both NIR and EMG sensor data to improve the reliability of these patternrecognition-based control schemes. Furthermore, the approach should be extended with a higher number of tested grip patterns and diﬀerent feature extraction methods for the two sensing methods.
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,QWHOOLJHQW&RPSXWLQJ6ROXWLRQDQGE\&OLQLFLDQV $
3HUIRUPDQFH &RPSDULVRQ
Carmen Paz. Suárez-Araujo1, Norberto Rodríguez Espinosa2 Carlos Fernández
Viadero3and Patricio García Báez4


,QVWLWXWR8QLYHUVLWDULRGH &LHQFLDV\7HFQRORJtDV&LEHUQpWLFDV8QLYHUVLGDGGH
/DV3DOPDVGH*UDQ&DQDULD/DV3DOPDVGH*UDQ&DQDULD&DQDU\,VODQGV6SDLQ

8QLGDGGH1HXURORJtD&RQGXFWD\0HPRULD+RVSLWDO1XHVWUD6HxRUDGHOD
&DQGHODULD6DQWD&UX]GH7HQHULIH&DQDU\,VODQGV 6SDLQ

8QLGDGGH$WHQFLyQDOD'HSHQGHQFLDGH6DQWDQGHU6DQWDQGHU6SDLQ

'HSDUWDPHQWRGH,QJHQLHUtD,QIRUPiWLFD\GH6LVWHPDV8QLYHUVLGDGGH/D
/DJXQD/D/DJXQD&DQDU\,VODQGV6SDLQ
^FDUPHQSD]VXDUH]#XOSJFHVQURGHVS#XOOHVFIGH]YLDGHUR#RQRFRP
SJDUFLD#XOOHV`
.H\ZRUGV 0LOG &RJQLWLYH ,PSDLUPHQW &RXQWHUSURSDJDWLRQ 1HWZRUNV
'LDJQRVLV3ULPDU\&DUH3K\VLFLDQV1HXURORJLVW*HULDWULFLDQ

([WHQGHG$EVWUDFW
7KH0LOG&RJQLWLYH,PSDLUPHQW 0&, FRQFHSWZDVSURSRVHGWRJURXSSDWLHQWVWKDW
RQO\ GLVSOD\ DQ LQWHUPHGLDWH FRJQLWLYH GHILFLW EHWZHHQ WKH QRUPDO DJLQJ DQG WKH
GHPHQWLD VWDJH ZLWKRXW VLJQLILFDQW IXQFWLRQDO LPSDFW >@ 7KHVH SDWLHQWV SUHVHQW DQ
LQFUHDVHG ULVN RI FRQYHUVLRQ WR GHPHQWLD ZLWK DQQXDO UDWHV EHWZHHQ  DQG 
%HFDXVH RI WKLV HDUO\ GHWHFWLRQ RI 0&, LV LPSRUWDQW ,W LV DOVR FRQVLGHUHG WR EH
EHQHILFLDOEHFDXVHLW DOORZVWUHDWPHQWLQWKHLQLWLDOVWDJHVWREHJLQZKLFKFDQH[WHQG
WKH DXWRQRP\ RI WKH SDWLHQWV 'LDJQRVWLF SURFHGXUH IRU 0&, LV XVXDOO\ VWDUWHG E\
JHQHUDOSUDFWLWLRQHUV+RZHYHUWKHOHYHORIGHWHFWLRQDWWKLVVHWWLQJLVFRQVLVWHQWO\ORZ
DQG GLDJQRVLV PD\ EH GHOD\HG IRU PRQWKV WR \HDUV ,W LV D FRPSOH[ DQG XQFHUWDLQ
GLDJQRVLV ,QWHOOLJHQW FRPSXWLQJ PHWKRGV FDQ EH XVHIXO WR DLG LQ FOLQLFDO GHFLVLRQ
PDNLQJ>@ ,QWKLVSDSHUXVLQJDK\EULGQHXUDODUFKLWHFWXUHZHSURYLGHDGLDJQRVWLF
WRROWKDWIDFLOLWDWHV DUHOLDEOH0&,HVWLPDWH,WLVEDVHGLQEULHIDQGFRPPRQFOLQLFDO
DQGIXQFWLRQDOEDWWHULHVHDVLO\REWDLQHGLQSULPDU\FDUHDQGVRPHULVNIDFWRUVDVDJH
DQG HGXFDWLRQDO OHYHO 2XU PDLQ DLP ZDV WR H[SORUH WKH DELOLW\ RI WKLV LQWHOOLJHQW
V\VWHP WR GLIIHUHQWLDWH KHDOWK\ FRQWUROV DQG 0&, SDWLHQWV DQG WR FRPSDUH WKH
FRPSXWDWLRQDOVROXWLRQDQGFOLQLFDOSK\VLFLDQGLDJQRVWLFSHUIRUPDQFHV
7KHLQWHOOLJHQWV\VWHPIRU0&,GHWHFWLRQZDVDFKLHYHGE\MRLQLQJDK\EULGPRGXODU
QHXUDODUFKLWHFWXUH&RXQWHUSURSDJDWLRQQHWZRUN &31 ZLWKDZUDSSHUDSSURDFK IRU
IHDWXUHVHOHFWLRQXVLQJDEDFNZDUGHOLPLQDWLRQVHDUFKVWUDWHJ\
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$OO SDUWLFLSDQW GDWD ZHUH REWDLQHG IURP WKH $'1, GDWDEDVH
ZZZORQLXFODHGX$'1, $VLQSXWVZHUHVHOHFWHG006()XQFWLRQDO$VVHVVPHQW
4XHVWLRQQDLUH )$4  *HULDWULF 'HSUHVVLRQ 6FDOH *'6  \HDUV RI HGXFDWLRQ DQG
SDWLHQW¶V DJH >@ )RXU H[SHULHQFHG FOLQLFLDQV D JHULDWULFLDQ D QHXURORJLVW DQG WZR
IDPLO\ SK\VLFLDQV EOLQGHG WR RWKHU GLDJQRVWLF LQVWUXPHQW PHDVXUHV ZHUH DVNHG WR
FODVVLI\WKHVXEMHFWVDV0&,RUQRUPDOFRQWUROVEDVHGRQWKHVDPHFOLQLFDOPHDVXUHV
WKDW&31EDVHGV\VWHP GLG
7KH DFFXUDF\ $FF  VHQVLWLYLW\ 6H  VSHFLILFLW\ 6S DQG $8& YDOXHV ZHUH
GHWHUPLQHG WR FRPSDUH DQG UDQN WKH GLIIHUHQW GHYHORSHG &31EDVHG V\VWHPV 7KH\
ZHUH DOVR XVHGWRFRPSDUHWKHSHUIRUPDQFHRIWKH EHVW SURSRVHGLQWHOOLJHQWFRPSXWLQJ
VROXWLRQZLWKWKHGRFWRU¶VGLDJQRVLV7KH&OLQLFDO8WLOLW\,QGH[ZDVDOVRFDOFXODWHG
7KH RSWLPDO &31 FRQILJXUDWLRQ ZDV REWDLQHG ZLWK WKH 006( )$4 DQG DJH LQSXW
FRPELQDWLRQ UHDFKLQJ D  RI $8& 7KH &31 EDVHG V\VWHP ZDV VXSHULRU WR
FOLQLFLDQV SHUIRUPDQFH ,WV 6H ZDV  DQG $FF  ZKLOH RYHUDOO
FOLQLFLDQV6H DQG$FFV ZHUHORZHU DQG IRUQHXURORJLVW DQG
 RI JHULDWULFLDQ DQG DQG DQGRIWKHSULPDU\FDUH
SK\VLFLDQV 7KH RQO\ SHUIRUPDQFH PHDVXUHPHQW WKDW ZDV EHWWHU WKDQ &31EDVHG
V\VWHPLVWKH6S RIWKHJHULDWULFLDQDQGWKHWZRSULPDU\FDUHSK\VLFLDQV 7KHVHYDOXHV
UHYHDO D ODUJH GLVSDULW\ LQ WKH WUDGHRII EHWZHHQ VHQVLWLYLW\ DQG VSHFLILFLW\ IRU WKH
FOLQLFLDQ GLDJQRVLV$OOWKHSK\VLFLDQV&8,VZHUHDOVRZRUVHWKDQWKH&31V\VWHP
)URP WKHVH UHVXOWV ZH FDQ FRQFOXGH WKH SURSRVHG &31 EDVHG V\VWHP PD\ EH D
UHOLDEOHWRROIRU0&,GLDJQRVLVLQSULPDU\FDUHVHWWLQJ
:HFDQREVHUYHWKDWFOLQLFLDQ¶V GLDJQRVLVDFFXUDF\LW¶VLQWKHORZPHGLXPUDQJHDQG
YDULHVIURPRQHFOLQLFLDQWRRWKHU7KHGLIIHUHQWUHVXOWVEHWZHHQFOLQLFLDQVFRXOGEHE\
WKHLU GLIIHUHQW DSSURDFK WR SDWLHQWV DQG WKHLU GLVHDVHV 3UREDEO\ WKH FRJQLWLYH
FRPSRQHQWV DUH WKH PDLQ DVSHFW IRU WKH QHXURORJLVW IXQFWLRQDO FRPSRQHQWV IRU
JHULDWULFLDQDQGDKROLVWLFSRLQWRIYLHZE\WKHSULPDU\FDUHSK\VLFLDQV2XUSURSRVDO
DOORZVKRPRJHQL]LQJWKHGLDJQRVWLFSUREDELOLW\UHJDUGOHVVRISK\VLFLDQ¶VFDSDFLW\
)LQDOO\ WKLV VWXG\ UHYHDOV LQWHUHVWLQJ GLVFRYHULHV RQ GLDJQRVLV SURFHVV LQ GDLO\
FOLQLFDO ZKLFK FDQ EH PRGLILHG IROORZLQJ WKH DFKLHYHG UHVXOWV 2XU SURSRVDO FDQ
LPSURYHWKHHDUO\GLDJQRVWLFSHUIRUPDQFHRI0&,LQSULPDU\FDUHVHWWLQJDQGLWDOVR
FDQDGGUHVVIRUHOLPLQDWLQJWKHSRVVLEOHSDWLHQWVERWWOHQHFNDPRQJGLIIHUHQWFOLQLFDO
VHWWLQJV7KHODWWHULWLVD YHU\LPSRUWDQWDVSHFW EHFDXVHWKLVVROXWLRQSUHYHQWWKDW DQ\
VXEMHFWZLWK0&, GRHVQWDFFHVVWRVSHFLDOL]HGVHWWLQJ

5HIHUHQFHV
 3HWHUVHQ 5& 6PLWK *( :DULQJ 6& HW DO 0LOG FRJQLWLYH LPSDLUPHQW FOLQLFDO
FKDUDFWHUL]DWLRQDQGRXWFRPH$UFK1HXURO 0DU  
*DUFtD%iH]36XiUH]$UDXMR&3DQG0DUWLQH]*DUFtD-0$UWLILFLDO1HXUDO1HWZRUNV
LQ$O]KHLPHU V'LDJQRVLV$SHUVSHFWLYH$O]KHLPHU V'LVHDVH5HVHDUFK-RXUQDO9ROXPH
,VVXHSS
3*%iH]&)9LDGHUR15(VSLQRVD0$3pUH]GHO 3LQRDQG&36XiUH]$UDXMR
'HWHFWLRQRIPLOGFRJQLWLYHLPSDLUPHQWXVLQJDFRXQWHUSURSDJDWLRQQHWZRUNEDVHGV\VWHP
$QHKHDOWKVROXWLRQ(IWCIM), 2015 International Workshop on3UDJXHSS
GRL,:&,0

249

Eurocast 2017, February 19-24, Las Palmas de Gran Canaria

Extended Abstracts

7KH0HWDPRGHORI+HULWDJH3UHVHUYDWLRQIRU0HGLFDO%LJ
'DWD
=HQRQ&KDF]NR/XFLD&DUULRQ*RUGRQ:RMFLHFK%R]HMNR
8QLYHUVLW\RI7HFKQRORJ\6\GQH\$XVWUDOLD6\GQH\
,QVWLWXWHRI&RPSXWHU(QJLQHHULQJ&RQWURODQG5RERWLFV8QLYHUVLW\RI7HFKQRORJ\:URFODZ

3RODQG
=HQRQ&KDF]NR#XWVHGXDX/XFLD&DUULRQ*RUGRQ#XWVHGXDX
:RMFLHFK%R]HMNR#SZUZURFSO


$EVWUDFW$WSUHVHQWWKHUHDOFKDOOHQJHRI'LJLWDO'DWD3UHVHUYDWLRQFRQFHUQVPHWKRGVRI
NHHSLQJDOOLPSRUWDQWDWWULEXWHVRIWKHGDWDDQGSUHVHUYLQJWKHLURULJLQDOLW\7KHNH\LVWR
NHHSWKHOLYLQJSDUWRIWKHGDWD,WLVWKHHVVHQFHRIWKH+HULWDJHFRQFHSW7KH+HULWDJHLV
DERXW WKH FRQFUHWH GDWD WKH FRQFHSW JLYHV WKH LQWHUFRQQHFWLRQ WR RWKHU DVSHFWV RI WKH
UHDOLW\1RZDGD\VWKHSK\VLFDOYDOXHDQGWKHDVSHFWVRILWHPVFRPSOHWHWKHUHOHYDQFHRI
LQIRUPDWLRQ7KHTXHVWLRQRIZKDWLVWKHKHULWDJHDQGZKDWSDUDPHWHUVGHILQHWKHDUWLIDFWV¶
KHULWDJH"7KHFRQWH[WDQGWKHLQWHUSUHWDWLRQRI GDWDLVWKHDQVZHU7KHKHULWDJHWHUPLV
GHILQLQJ DV WKH FUXFLDO DQG FHQWUDO SDUWRI WKHSUHVHQWHGUHVHDUFK DQG ZH FDQ UHIHU WKH
KHULWDJH WHUP DV «WKRVH LWHPV DQG SODFHV WKDW DUH YDOXHG E\ WKH FRPPXQLW\ DQG LV
FRQVHUYHGDQGSUHVHUYHGIRUIXWXUHXVHRUUHIHUHQFHE\WKHIXWXUHJHQHUDWLRQV¶
.H\ZRUGV0HWDPRGHO3UHVHUYDWLRQ'LJLWDO+HULWDJH'+32QWRORJ\0DQDJHPHQW

 ,QWURGXFWLRQ
7KHUHDUHWZRWHQGHQFLHVDURXQGWKHXQGHUVWDQGLQJRIWKHPDQDJHPHQWRIWKHLGHDV7KH
RQWRORJ\DQGWKH(SLVWHPRORJ\RIWKLVVWXG\FHQWUDOL]HGWKHIXWXUHXVHDQGWKH6HUHQGLSLW\
WHQGHQF\RIWKHLWHP+RZHYHULQWKHSHUVSHFWLYHRIWKHQRQSK\VLFDOLWHPVWKHUHLVD:RUOG
RI3K\VLFDODQG/RJLFDODQGKRZWKH3UHVHUYDWLRQQHHGWRORRNLWHPVDQGKRZZLOOEHWKH
PDQLIHVWDWLRQ 'LJLWDO 3UHVHUYDWLRQ KDV HYROYHG LQWR D VSHFLDOL]HG LQWHUGLVFLSOLQDU\
UHVHDUFK7KURXJKWKHWLPHWKHFKDOOHQJHLQWRMRLQWO\GHYHORSVROXWLRQV$VWKHSDWWHUQV
DQG DOWHUQDWLYH VROXWLRQV WKHUH DUH ,QIRUPDWLRQ 5HWULHYDO DQG 0DFKLQH /HDUQLQJ RU
6RIWZDUH (QJLQHHULQJ 7KH 'LJLWDO 3UHVHUYDWLRQ >@ VKRZ XV WKH UHDOLW\ RI WKH
XQGHUVWDQGLQJRIWKH:RUOGDERXWWKHIDFLOLW\WRKDYHGLJLWDOH[SUHVVLRQVUDWKHUWKDQMXVW
SK\VLFDO7KH+HULWDJHRIWKHFROOHFWHGLQIRUPDWLRQGHILQHWKHTXDOLW\RIWKH'DWD7KLVLV
VSHFLILFDOO\LPSRUWDQWLQPHGLFDOILHOG$WWKLVVWDJHWKHGHILQLWLRQRI+HULWDJHLQYROYHG
WKHSUHVHQFHQRWRQO\WKHFRQWHQW,WLVWKHH[SUHVVE\LWVHOIWKHUHDOPHDQLQJRIWKHGDWD
7KHSHUFHSWLRQRIWKHLPSRUWDQFHDQGUHOHYDQFHRIWKHLQIRUPDWLRQLVPHDVXUHGWKURXJK
WKH GHILQLWLRQV DQG WKH SURSRVHG PHWDPRGHO 'LJLWDO 'DWD DQG +HULWDJH 3UHVHUYDWLRQ
FRQFHSWVDUHUHODWHGWRPHGLFDOGDWDPDQDJHPHQWFRQWH[WXDOL]DWLRQDQGVWRUDJH7KHUHDUH
PDQ\UHODWHGLVVXHV7KLVUHVHDUFKH[SORUHVWKHGHILQLWLRQFRQWH[WDQGWKHQHHGRISDWWHUQV
RIKHULWDJHVSHFLILFDOO\LQPHGLFLQH7KHUHODWLRQVLQWHUSUHWDWLRQDQGFRQWH[WJLYHXVWKH
DSSURSULDWHPHWKRGVWRNHHSLQIRUPDWLRQIRUDORQJWHUPXVH7KHPDQDJHPHQWRIPDVVLYH
DPRXQWVRIPHGLFDOGDWDLQYROYHVGHVLJQLQJPRGHOLQJDQGSURFHVVLQJ


 3DWWHUQVWKH0HWDPRGHODQGWKH2QWRORJ\RI'+3
7KH 0HWDGDWD 0RGHO H[SORUHV G\QDPLF GDWD UHSUHVHQWDWLRQV DQG VSHFLILFDOO\ WKH QHZ
UHODWLRQVWKHLURULJLQDQGWKHPHFKDQLVP V WKDWJHQHUDWHWKHVHUHODWLRQV7KHIRUPDWWLQJ
RILQIRUPDWLRQSURYLGHVWKHXQLTXHUHVXOWDVDGLJLWDODJHRIWKHLQIRUPDWLRQ
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)LJXUH'+33URFHVV
2WKHU REMHFWLYH LV WKH NQRZOHGJH PDQDJHPHQW DQG RQWRORJ\ > @ DV WHFKQLTXHV IRU
DQDO\]LQJLQIRUPDWLRQ2QHFRQFHUQRIGLJLWDOL]DWLRQZRXOGEHWKHIRUPDWWLQJVWDQGDUGV
DQGPLJUDWLRQRIWKHGDWD,WVKRXOGEHVROYHGZLWKWKHXVHRI$UFKLWHFWXUDO0HWKRGRORJ\
DQGZLWKWKHGHYHORSPHQWRIDIDVWSURWRW\SH7KLVUHTXLUHVWKHGHILQLWLRQRIWKHVHTXHQWLDO
SURFHVV)LUVWZHFRQVLGHUD)UDPHZRUNIURQWHQGDQGIRUUHFHSWLRQRIWKHLQIRUPDWLRQLQ
DEDVLFZD\8VLQJWKH2SHQ*URXS$UFKLWHFWXUDO)UDPHZRUNLVIRXQGWREHVXLWDEOHIRU
WKH GLVVHPLQDWLRQ RI WKH GDWD DV LW LV DVVRFLDWHG ZLWK DQ 2QWRORJ\ DQG .QRZOHGJH
0DQDJHPHQW WHUPV DQG WR EH PRUH VSHFLILF ZLWK D GHHSHU VHQVH RI WKH GHILQLWLRQ
6HFRQGO\WKH0HWKRGRORJ\ZLWKDQDUFKLWHFWXUDOYLVLRQXVLQJFRQFHSWVRI$UFKLWHFWXUDO
'HYHORSPHQW 0HWKRG ,W KDV EHHQ LGHQWLILHG LQ WHUPV RI HQWHUSULVH GHVFULSWLRQ IRU
YDOLGDWLQJLQIRUPDWLRQRIVHYHUDOW\SHVRIGDWD7KLUGO\WKHFRQFHSWXDOL]DWLRQRISDWWHUQV
IRUDFHQWUDOL]DWLRQRIWKHSUHVHUYDWLRQNQRZOHGJHSURYLGLQJDXQLTXHUHVXOWWKHGLJLWDO
DJHRIWKHGDWD7KHFRQQHFWLRQLVDOVRZLWKWKHDUWHIDFWVDQGWKHFRUUHFWXVHRIWKHP7KH
UHFRYHULQJRIWKHLQIRUPDWLRQLVDQRWKHULVVXHVKRXOGFRQVLGHUEHWZHHQWKHWHFKQLTXHVXVHG
IRUWKLVSXUSRVHOLNHPLJUDWLRQDQGHPXODWLRQ7KHFKDOOHQJHVDQGFRQVWUDLQWVVKRZQE\
WKHW\SHRIGDWDFODVVLILHGDVVWUXFWXUHGDQGXQVWUXFWXUHGLQIRUPDWLRQDUHUHIOHFWHGLQWKH
UHTXLUHPHQWVRIHDFKILHOG7KHHYDOXDWLRQLVEDVHGRQ35,67PRGHOGHILQLQJE\3ULYDF\
5LJKWV,QWHJULW\6HFXULW\DQG7UXVW 72*$)$'035,67 DFURVV3&FRQVLGHUDWLRQV
UHODWHG ZLWK 3K\VLFDO DQG &RJQLWLYH FKDUDFWHULVWLF RI GDWD >@ 7KH DXWKHQWLFLW\ RI WKH
LQIRUPDWLRQ DQG WKH UHOLDELOLW\ RI WKH VDPH LV WKH SULQFLSDO FKDOOHQJH RI WKH VWXG\ 7KH
FRQFHSWV RI HLQIUDVWUXFWXUH DUH XVHIXO IRU WKH HYDOXDWLRQ RI UHTXLUHPHQWV LQ VSHFLILF
FXOWXUDOPDWWHUVOLNH/LEUDULHV7KHSURSRVHGPHWDPRGHODLPVWRSURYLGHDQDOWHUQDWLYHIRU
WKH XQGHUVWDQGLQJ RI WKH +HULWDJH 3UHVHUYDWLRQ FRQFHSW WKDW UHODWHV WR LPSRUWDQW
GLPHQVLRQV DURXQG WKH SURFHVVHG GDWD DQG LWV RULJLQV 7KH GLIIHUHQW GLPHQVLRQV RI WKH
'LJLWDO+HULWDJH3UHVHUYDWLRQFDSWXUHWKHUHDOVLJQLILFDQFHRI'DWD+HULWDJH

 5HIHUHQFHV
>@ 6%HFNHU&1HXPD\HU5 5DXEHU$ +RZWRFKRRVHDGLJLWDOSUHVHUYDWLRQVWUDWHJ\HYDOXDWLQJ
D SUHVHUYDWLRQ SODQQLQJ SURFHGXUH  3URFHHGLQJV RI WKH WK $&0,(((&6 MRLQW FRQIHUHQFH RQ 'LJLWDO
OLEUDULHV9DQFRXYHU%&&DQDGD
>@ 6\HULQD $]OLQ 0G 1  1RRU 1/0  ,QWHJUDWLQJ RQWRORJ\EDVHG DSSURDFK LQ .QRZOHGJH
0DQDJHPHQW 6\VWHP .06  FRQVWUXFWLRQ RI %DWLN +HULWDJH 2QWRORJ\  6FLHQFH DQG 6RFLDO 5HVHDUFK
&665 O&RQIHUHQFHSS
>@ 7KDOPDQQ66HHEHU,0DLHU55HQ3HLQO3DZORZVNL-0+HWPDQN/.UXVH3 %LFN0
 2QWRORJ\EDVHG VWDQGDUGL]DWLRQ RQ NQRZOHGJH H[FKDQJH LQ VRFLDO NQRZOHGJH PDQDJHPHQW
HQYLURQPHQWV  3URFHHGLQJV RI WKH WK ,QWHUQDWLRQDO &RQIHUHQFH RQ .QRZOHGJH 0DQDJHPHQW DQG
.QRZOHGJH7HFKQRORJLHV*UD]$XVWULDSS±
>@ *RUGRQ /  &KDF]NR =  'LJLWDO 3DWWHUQV IRU +HULWDJH DQG 'DWD 3UHVHUYDWLRQ 6WDQGDUGV  LQ *
%RURZLN=&KDF]NR:-DFDN 7àXED HGV &RPSXWDWLRQDO,QWHOOLJHQFHDQG(IILFLHQF\LQ(QJLQHHULQJ
6\VWHPVYRO6SULQJHU,QWHUQDWLRQDO3XEOLVKLQJSS
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Extended Abstract
One of the areas of research during the period of last ten years in the ViMed
laboratory at Wroclaw University of Science and Technology is application of
virtual reality method for laparoscopic surgery training [2–5]. The number of
surgical advanced procedures using endoscopic techniques is growing steadily.
The endoscopic surgery requires special skills which are diﬃcult to acquire in
operating room [10, 11]. The simulation teaching performed on laboratory models oﬀers opportunity to provide hands on experience. Discusses the eﬀects of
reconstruction algorithms for 3D scene based on images from the camera for operational training [7]. A key element of the system is a new approach to training
[9], in which a 3D model of the operative ﬁeld is the basis of the interaction
between the trainees (vets and surgeons) a simulation system. Presents and discusses the outline of the 3D processing algorithm and the results of a test for
a group of 16 vets and 20 surgeons. The tests were conducted on simulators
LapSim (http://www.surgical-science.com/lapsim-the-proven-training-system/)
and eoSim SurgTrac (http://www.eosurgical.com/). The number of parameters
assessed were equal 22 and 21 respectively.
1. LapSim - 22 parameters : Start Time, Score, Status, Total Time (s), Left
and Right Instrument: Misses (%), Path Length (m), Angular Path (degrees),
Outside View (#, s); Tissue Damage (#), Maximum Damage (mm), Grasper
Collided with Left Box (#), Left Box Lifted (#), Left Box Min Exposure
Angle (degrees), Grasper Collided with Right Box (#), Right Box Lifted
(#), Right Box Min Expo-sure Angle (degrees)
2. eoSurgical – 21 parameters : time, left and right hand appliance of: distance between(cm), acceleration(mm/s2), distance(m), handedness(%), oﬀ
screen(%), smoothness(mm/s3), speed(mm/s)
To evaluate the quality of the training very fruitful was our experience in the
areas for performance assessment in computerized surgical training system[8]
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as well as an assessment of education process management [1, 6] .Also methods developed in other centers [12, 13]. Two laparoscopic simulators systems for
training surgeons and vets were tested using virtual reality. The eﬀects make a
very important contribution to the development of many ﬁelds such as: modeling,
identiﬁcation and medical diagnostics.
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/HDUQLQJEDVHG2EMHFW7UDFNLQJIRU7UDQVIHU7DVNVLQ
/DSDURVFRS\7UDLQLQJ
.XR6KLXDQ3HQJ0LQVLN+RQJ-HU]\5R]HQEOLW
(OHFWULFDODQG&RPSXWHU(QJLQHHULQJ7KH8QLYHUVLW\RI$UL]RQD7XFVRQ7KH8QLWHG6WDWH
^NVSHQJPVKRQJMHU]\U`#HPDLODUL]RQDHGX

$EVWUDFW$UHDOWLPHLPDJHEDVHGWUDLQLQJVFHQDULRFRPSUHKHQVLRQPHWKRGLV
SURSRVHGLQWKLVSDSHU7KLVPHWKRGLVEHLQJGHYHORSHGWRVXSSRUWDYLVXDODQG
KDSWLFJXLGDQFHV\VWHPIRUODSDURVFRSLFVXUJHU\VNLOOVWUDLQLQJ7KHWDUJHWWDVN
RIWKHSURSRVHGPHWKRGLVDVLPXODWLRQPRGHORIDSHJWUDQVIHUWDVNZKLFKLVRQH
RIWKHKDQGVRQH[DPWRSLFVLQWKH)XQGDPHQWDOVRI/DSDURVFRSLF6XUJHU\FHUWL
ILFDWLRQ$PDFKLQHOHDUQLQJEDVHGLPDJHXQGHUVWDQGLQJLVSURSRVHGWRJHQHUDWH
DV\VWHPREMHFWVWDWHRIWKHSHJWUDQVIHUWDVNWRVXSSRUWWKHJXLGDQFHV\VWHP$Q
$UWLILFLDO 1HXUDO 1HWZRUN $11  LV XVHG WR GLVFHUQ WKH REMHFW VWDWH E\ XVLQJ
ZLWKRXWWKHDLGRIDQ\REMHFWWHPSODWHRUPRGHO
.H\ZRUGV0HGLFDOVLPXODWLRQVLPXODWLRQEDVHGVXUJLFDOWUDLQLQJODSDURV
FRS\LPDJHXQGHUVWDQGLQJPDFKLQHOHDUQLQJ



,QWURGXFWLRQ

/DSDURVFRSLFVXUJHU\LVDSRSXODUWHFKQLTXHZKLFKEHQHILWVSDWLHQWVE\PLQLPDOLQYD
VLYHQHVVDQGIDVWUHFRYHU\WLPH+RZHYHUWREHDZHOOWUDLQHGVXUJHRQRQHQHHGVH[
WHQVLYHSUDFWLFHLQDVLPXODWHGHQYLURQPHQWEHIRUHRSHUDWLQJRQSDWLHQWV$VLPXODWLRQ
EDVHGWUDLQLQJGHYLFH&RPSXWHU$VVLVWHG6XUJLFDO7UDLQHU &$67 >@>@KDVEHHQ
GHVLJQHGIRUODSDURVFRSLFVXUJHU\VNLOOVWUDLQLQJ&$67LVDVLPXODWLRQEDVHGWUDLQLQJ
GHYLFHZLWKYLVXDODQGKDSWLFJXLGDQFHUHQGHUHGWRLWVXVHUV
7KH)XQGDPHQWDOVRI/DSDURVFRSLF6XUJHU\ )/6 >@SURJUDPZDVGHYHORSHGE\
WKH6RFLHW\RI$PHULFDQ*DVWURLQWHVWLQDODQG(QGRVFRSLF6XUJHRQV 6$*(6 7KLVSUR
JUDPKDVPXOWLSOHKDQGVRQH[DPVIRUWUDLQHHVWROHDUQWKHEDVLFODSDURVFRSLFVNLOOV
7KHILUVWKDQGVRQH[DPLQ)/6SURJUDPLVWKHSHJWUDQVIHUWDVN,QDVLPSOLILHGVFKHPH
WUDLQHHVQHHGWRPDQLSXODWHRQHLQVWUXPHQWWRJUDVSDUXEEHUULQJOLNHREMHFW WULDQJOH 
IURPDSHJFDUU\WKLVWULDQJOHLQPLGDLUDQGWKHQSODFHWKHWULDQJOHRQDGLIIHUHQWSHJ
RQWKHRWKHUVLGHRIWKHERDUG,QWKLVWDVN&$67SURYLGHVWUDLQHHVYLVXDODQGKDSWLF
JXLGDQFHEDVHGRQWKHV\VWHPREMHFW¶V VWDWHV>@holdmovegraspcarryputDQG
drop
,QWKHSHJWUDQVIHUWDVNWKHLQWXLWLYHZD\WRGHWHFWWKHVWDWHLVWRXVHLPDJHVIURPD
FDPHUD 7KLVSURFHVVLVRIWHQFDOOHGREMHFWWUDFNLQJ>@,QWKLVSDSHU ZHSURSRVHD
OHDUQLQJEDVHGREMHFWWUDFNLQJ /%27 PHWKRGZLWKRXWXVLQJDQ\REMHFWWHPSODWH>@
RUPRGHOWRGHWHFWWKHREMHFWVWDWHRIWKHWUDQVIHUWDVN
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'HVLJQFRQFHSWDQGDUFKLWHFWXUH

7KHGHVLJQFRQFHSWRI/%27LVGULYHQE\WKHQHHGWRVLPXODWHWKHV\VWHPREMHFWIRU
RXUSUREOHP7KHGHWHFWHGVWDWHLVWKHEDVLVRIWKHYLVXDODQGKDSWLFJXLGDQFHRIWKH
&$67V\VWHP/%27SURYLGHVUHDOWLPHLPSOHPHQWDWLRQRIWKHVWDWHGHWHFWLRQ
7KHV\VWHPLVFRPSRVHGRIWZRPDMRUSURFHVVHVD IHDWXUHH[WUDFWLRQDQGE FODVVLIL
FDWLRQ7KH V\VWHP LQSXWVDUH WZRFRQVHFXWLYH IUDPHVRIWKH VRXUFHYLGHRLPDJHVH
TXHQFHDQGWKHV\VWHPRXWSXWLVWKHREMHFWVWDWH,QWKHSURFHVVRIIHDWXUHH[WUDFWLRQ
WKHLQSXWLPDJHVDUHSURFHVVHGE\FRQVLGHULQJVHYHUDOIHDWXUHVVXFKDVOXPLQDQFHFRORU
DQGPRWLRQGLIIHUHQFH7KHVHIHDWXUHVDUHXWLOL]HGWRV\QWKHVL]HWKHIHDWXUHLPDJH7KH
VHFRQG SURFHVV LV FODVVLILFDWLRQ ZKLFK FRQYHUWV WKH IHDWXUH LPDJHV WR V\VWHP REMHFW
VWDWHE\XVLQJDQ$UWLILFLDO1HXUDO1HWZRUN $11 DOJRULWKP>@7KHSUHGHILQHGIHD
WXUHLPDJHDQGREMHFWVWDWHWUDLQLQJVHWVDUHIHGWRWKH$11ZKRVHNHUQHOLVJHQHUDWHG
LQDQRIIOLQHPDQQHU8VLQJWKLV$11NHUQHOWKHV\VWHPREMHFWVWDWHFDQEHFDOFXODWHG
IURPWKHLQSXWIHDWXUHLPDJHLQWKHRQOLQHUHDOWLPHPRGH



6XPPDU\

7KLVSDSHUSURSRVHVDQ/%27PHWKRGWRGHWHFWWKHV\VWHPREMHFWVWDWHRIWKHSHJWUDQV
IHUWDVNLQWKH)/6SURJUDP7KLVPHWKRGGHWHFWVWKHVWDWHEDVHGRQWKHLPDJHIHDWXUH
H[WUDFWLRQ DQG DQ $11 DOJRULWKP ZLWKRXW DQ\ REMHFW WHPSODWHV RU PRGHOV :H ZLOO
GHPRQVWUDWHLWVUREXVWQHVVDQGHIILFLHQF\WRPHHWUHTXLUHPHQWVRIUHDOWLPHDSSOLFDWLRQV
WUDLQLQJWDVNV LQWKH&$67V\VWHP$OWKRXJKWKH/%27PHWKRGLVFXUUHQWO\LPSOH
PHQWHGLQWKHVLPSOLILHGSHJWUDQVIHULWKDVDJUHDWSRWHQWLDOWREHH[WHQGHGWRWKHFRP
SOHWHSHJWUDQVIHUWDVNDQGRWKHUWDVNVRIWKH)/6SURJUDP

5HIHUHQFHV
 5R]HQEOLW-:HWDO7KH&RPSXWHU$VVLVWHG6XUJLFDO7UDLQHU'HVLJQ0RGHOVDQG,P
SOHPHQWDWLRQ3URFRIWKH6XPPHU6LPXODWLRQ&RQIHUHQFH0RGHOLQJDQG6LPXODWLRQ
LQ0HGLFLQHSS  
 1LNRGHP-:\W\F]DN3DUW\ND $DQG.OHPSRXV5$SSOLFDWLRQRI,PDJH3URFHVVLQJ
DQG9LUWXDO5HDOLW\7HFKQRORJLHVLQ6LPXODWLRQRI/DSDURVFRSLF3URFHGXUHV,Q,QWHUQDWLRQDO
&RQIHUHQFHRQ&RPSXWHU$LGHG6\VWHPV7KHRU\SS  
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Extended abstract
The contribution of this paper is to present a results of applications of cognitive
informatics in creating adaptive human computer interfaces (HCI) based on
visual communication and image processing. If we understand the principles of
visual perception, image processing and learning processes that occur in the
human brain, we can use this knowledge to improve HCI technology.
The integration of new modalities into HCI has been pursued by various
researchers [ , , , ]. In the paper we consider visual communication and focus
on face [ , , , ] and its elements like eyes, features, mimics and head movement.
We have investigated the human-like methods the mind uses to process information mainly for the purpose of dening assistive technology for people with
severe disabilities. Although this is not an easy task, several steps of progress
seem to be possible.
Firstly, the interface should be individualized. Each patient is dierent, moreover as a result of disease he can not adjust to a standard interface. Also dierent
diseases [ , , ] (aphasia, Duchenne, ALS) and their stage of progress causes another limitations of communication.
In addition, the role of HCI for handicapped people is not only to facilitate
communication, but also to rehabilitate. This leading to new channels/modalities
for communication and control. HCI should provide assistive procedures for people with severe disabilities. These procedures should be personalized by rehabilitation specialists who provide expert care to patients with a wide variety of
medical conditions, diseases or disabilities.
In both situations mentioned above, the interface should be adaptive. When
appropriate diagnosis and treatment oered by rehabilitation specialists have
improved the patient's condition, it is desirable to increase requirements for the
HCI. In the case of intensication of the disease, it is necessary to lower the
requirements for the HCI.
Our attempt to dealing with adaptive HCI based on visual communication,
has recently resulted in new methods used in modeling of such interface. We will
talk about some new propositions in this eld:

????
????

???
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striving for symmetry of the channel, the standard is that people adapt to
a computer but for disabled people it must be reversed,
how to alter the interface behavior (during its exploitation) to conform it to
the people who using it?
We present sketches of what we've been doing, and some, selected aspects

will be discussed on the conference.
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1

Introduction

The paper presents a methodology for using multi-objective diﬀerential evolutionary approach to optimize a cancer chemotherapeutic treatments. The Pareto
optimal set of solutions for multi-objective optimization problem with intricate
constraints was speciﬁed. The performance assessment of non-dominated solutions is discussed.
A chemotherapy is a treatment for a cancer tumor using set of toxic drugs.
In a cancer chemotherapy optimization problem schedules of medical treatments
were calculated based on a mathematical growth model for cancer tumor described by set of diﬀerential equations [1–6]. The minimization of tumor burden
at a ﬁxed period of time and the minimization of the toxicity of drug regimens
with constraints, which described an inﬂuence of anticancer drugs for the human body, have been considered. Mathematical, Gompertz model with a liner
cell-loss eﬀect, to deﬁne a tumor growth, was used [3, 7, 4, 6, 8, 9].
The non-dominated optimal solutions set is found using modiﬁed diﬀerential evolutionary search method for multi-objective optimization problem with
the help of standardization of constraints [8, 10, 11]. The drug doses should be
scheduled to ensure the patients will tolerate its toxic side eﬀects and their
survival time will be longer. The search of optimization result may be very
time-consuming taking under consideration the whole Pareto set of treatment
scenarios. It depends on patient medical parameters and the experience of physicians.
Therefore, in the paper we try to analyse the performance of the optimal
multi-objective strategies calculated as the set of non-dominated solutions, which
can explore the wide range of treatment scheduling strategies [12, 13].
The performance measures [14, 15] were devised, which can gauge the quality and diversity of non-dominated solutions. Providing diﬀerent drug schedules
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belonging to the Pareto optimal front, could be an advantage for decision-maker
using proposed measures to obtain the eﬀective chemotherapeutic treatment suggestions. A physician could assess the eﬀectiveness of proposed drugs schedules.
On the basis of assumptions concerning oncologists preferences knowledge about
non-dominated front helps the decision maker in choosing the best compromise
strategy for a cancer chemotherapy treatment.
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13. Fdez-Olivares, J., Castillo, L., Cózar, J.A., Pérez, O.G.: Supporting clinical processes and decisions by hierarchical planning and scheduling. Comput. Intelligence
27(1) (2011)
14. Ochoa, G., Villasana, M., Burke, E.K.: An evolutionary approach to cancer
chemotherapy scheduling. Genetic Programming and Evolvable Machines 8(4)
(2007) 301–318
15. Zitzler, E., Thiele, L., Laumanns, M., Fonseca, C.M., Da Fonseca, V.G.: Performance assessment of multiobjective optimizers: an analysis and review. IEEE
Trans. on Evolutionary Computation 7(2) (2003) 117–132

259

Eurocast 2017, February 19-24, Las Palmas de Gran Canaria

Extended Abstracts

Personalized healthcare by control engineering
approaches 
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Medical devices and computerized medical applications are exponentially increasing nowadays. This is actively supported by the EUs personalized healthcare
m-Health and e-Health research programs. The core of such researches is represented undoubtedly by the basic ﬁeld of biomedical engineering, the physiological
modeling, simulation and control topic.
In many biomedical systems external controllers provide biosignal input or
inject given speciﬁc dosage substituting the internal, physiological procedure
because patients body cannot ensure it or produce it. The outer control might
be partially or fully automated. The regulation has several strict requirements,
but once adequately established, it permits not only to facilitate the patients
life, but also to optimize (if necessary) the amount of the used dosage.
Individualized model-based control gains more and more importance in pathophysiological control. The investigated models are nonlinear and rather complex
by nature. Furthermore, the parameters of the patients slowly change over time.
However, despite the diﬃculties, the controllers have to ensure safety and stability under all circumstances. Hence, not only classical nominal control requirements, i.e. disturbance rejection, good command following and stability are required, but robust performance as well. Modern robust control methods endeavor
to provide this safety, and guarantee to handle even the worst case scenario by
taking neglected dynamics into account. This is done by exact mathematical
formulations, but also by empiricism gained from the medical expertise of the
corresponding control process. Although modern robust control theory represent linear control methods, their extension into nonlinear cases is an actively
researched case as well.
At the EUROCAST 2015 conference the newly formed Physiological Controls
(PhysCon) Group of the Óbuda University presented itself [1]. In the meantime,
based on the obtained results the Physcon group evolved as a research center
of the University Research and Innovation Center, and the current paper gives
an overview of last 2 years research activities. Our researches focused on four
physiological problems:
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– diabetes, the artiﬁcial pancreas problem: we have investigated novel double
diabetes model [2] and developed novel robust control solutions: LMI-based
control [3], Robust Fixed Point Transformation-based control [4] and Tensor
Product (TP)-based control algorithms [5];
– model-based cancer therapy: focusing on antiangiogenic targeted molecular
cancer therapy we have investigated new tumor growth model possibilities
[6], but discrete and nonlinear time control possibilities as well [7], [8]. Our
eﬀorts has been rewarded by an ERC Starting Grant, the most competitive
and prestigious individual research grant of the EU;
– hemodialysis: we have developed a real-time industrial controller [9] and
analyzed novel TP-based robust algorithms [10];
– biostatistics: we performed statistical investigations on diseases analyzing
correlation of their diﬀerent parameters [11]. The evidence-based medicine
problem gives in this way the possibility to model the medical problem by
retrospective data.
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4. Eigner, Gy, Tar, J., Kovács, L.: Fixed Point Transformation-based Adaptive Control
for Type 1 Diabetes Mellitus, T Aut Contr Comp Sci, 60(74)(1), 57-66 ( 2015)
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9. Klespitz, J., Takács, M., Rudas, I., Kovács, L.: Performance of soft computing controllers in hemodialysis machines, Int J Fuzzy Syst, 17(3), 414-422 (2015)
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SDWLHQWPRQLWRULQJKDVVHYHUDODGYDQWDJHSURSHUWLHVMXVWWRQDPHDIHZWKHSDWLHQWLV
PRQLWRUHG ORFDWLRQ LQGHSHQGHQWO\ PXOWLSOH PRGDOLWLHV FDQ EH XVHG IRU PRQLWRULQJ
SDWLHQWV FDQ EH PRQLWRUHG GXULQJ WKHLU HYHU\GD\ OLIH LQ WKHLU QRUPDO HQYLURQPHQW
'DWDDFTXLVLWLRQV\VWHPVFDQHIIHFWLYHO\FROOHFWWKHPRQLWRUHGVHQVRUGDWDDQGWUDQVIHU
WR UHPRWH ORFDWLRQV 6HQVRUV DUH SURYLGLQJ UDZ GDWD VR WKH SUHSURFHVVLQJ DQG GDWD
ILOWHULQJ DUH LPSRUWDQW VWHSV WR EXLOG XS WKH ',.: GDWDWRLQIRUPDWLRQWR
NQRZOHGJHWRZLVGRP  S\UDPLG 'DWD SURFHVVLQJ LV D NH\ SDUW RI DOO WKH PRQLWRULQJ
V\VWHPVWKXVDOOHYDOXDWLRQDQGNQRZOHGJHH[WUDFWLRQIXUWKHUPRUHWKHDODUPLQJVHU
YLFHV EDVHG RQ WKDW WRR /DUJH VFDOH VHQVRU QHWZRUNV DUH SURGXFLQJ YDVW DPRXQW RI
GDWDWKXVPXOWLOD\HUHGDSSURDFKHVQHHGHGIRUGDWDSURFHVVLQJ7KHILUVWOD\HURIGDWD
SURFHVVLQJ KDV PXOWLSOHVXEOD\HUVWKH EDVLFVXEOD\HUKDQGOHVVLQJOHVRXUFHSULPL
WLYH GDWD W\SHV LQWHJHUV IORDW GRXEOH HWF  DQG SURYLGHV UDQJH IRFXVHG HYDOXDWLRQ
WKH VHFRQG VXEOD\HU RI GDWD SURFHVVLQJ LV WDUJHWLQJ WKH FRPSOH[ GDWD W\SHV HJ
(&*((*FXUYHV ZKHUHFRPSOH[SDWWHUQVHDUFKLQJLVUHTXLUHG7KHVHFRQGOD\HURI
GDWD SURFHVVLQJ LV XVHG E\ WUHQG DQDO\VLV XVLQJ FDOFXODWLRQ RI GHULYDWLYHV LQ KLJKHU
GLPHQVLRQV 7KH QH[W OD\HU RI GDWD SURFHVVLQJ WDUJHWV PXOWLVRXUFH VHQVRU GDWD 2XU
QHZG\QDPLFSHUVRQDOKHDOWKVWDWHPRGHOLVDEOHWRFDSWXUHDQGLQFRUSRUDWHUHDOWLPH
ELRVLJQDOGDWDDFTXLUHGGXULQJUHPRWHSDWLHQWPRQLWRULQJ7KLVPRGHOEXLOGVXSIURP
D YDVW DPRXQW RI DFTXLUHGGLJLWDOL]HG GDWD GHILQHG DV D SDUDPHWHU YDOXH HJ ERG\
ZHLJKW EORRG JOXFRVH OHYHO RU SXOVH  7KH DFTXLUHG VHQVRU GDWD GHILQH WKH SDWLHQW V
VWDWH PRGHOGLPHQVLRQVLQWKHLQIRUPDWLRQVSDFH FDOOHGDV+0VSDFH >@$IWHUWKH
DFTXLUHGVHQVRUGDWDFRQYHUWHGWRWKH+0VSDFHLWVYLVXDOL]DWLRQDQGWUHQGDQDO\VLVLV
VWUDLJKWIRUZDUG7KHG\QDPLFSHUVRQDOKHDOWKVWDWHPRGHOGHILQHV+0VSDFHZKLFK
LVFOXVWHUHGWRPDMRU+0VHFWRUV7KHDFTXLUHGVHQVRUSDUDPHWHUVFDQEHDOORFDWHG
LQWR RQH RI WKH +0 VHFWRUV $QG WKH QXPHULFDO YDOXH RI WKH jWK +0 VHFWRU FDQ EH
FDOFXODWHGDVIROORZV
ܰ

ܭ
݈ܵ  ݈ݓ כ
 ݆ܯܪൌ σ݈ൌͳ



ܰܭ
ZKHUHσ݈ൌͳ
 ݈ݓൌ ͳ ሺʹሻ

ZKHUHNKLVWKHWRWDOQXPEHURIGLIIHUHQWSDUDPHWHUVHWVZLWKLQWKHjWKVHFWRU6OLV
WKHFDOFXODWHGKHDOWKVWDWHYDOXHDQGwlLVSUHGHILQHGZHLJKWIDFWRUEHORQJVWRWKHSl



3RSXODWLRQVFDOHKHDOWKVWDWHDVVHVVPHQWFDOFXODWLRQ

$IWHU WKH SDWLHQW OHYHO GDWD SURFHVVLQJ ILQLVKHG WKH DFTXLUHG GDWD FDQ EH DJJUH
JDWHG DQG DQDO\]HG DW SRSXODWLRQ VFDOH $ G\QDPLF SRSXODWLRQ VWDWH PRGHO FDQ EH
GHILQHGIURPWKHLQGLYLGXDOKHDOWKVWDWHPRGHOVDVIROORZV7KHDYHUDJHYDOXHRIWKH
SRSXODWLRQKHDOWKVWDWHSDUDPHWHUYDOXHPS*-AVGFDQEHGHILQHGDV
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ሺ͵ሻ

 ZKHUH Q*LVWKHVL]H RIWKH DQDO\]HG SRSXODWLRQ FDQ EHDVXEVHWRIWKH IXOO
SRSXODWLRQZKLFKLVILOWHUHGE\WKH SDUDPHWHU DQGSjLVWKHKHDOWKVWDWHSDUDPHWHU
YDOXHRIDQLQGLYLGXDOIURPWKHSRSXODWLRQ7KHPS*-AVGFDQEHXVHGWRYLVXDOL]HDVD
GLVWULEXWLRQFXUYH KRZWKHDQDO\]HGSRSXODWLRQDYHUDJHLVFKDQJLQJGXULQJWLPH2Q
WKHGLVWULEXWLRQFXUYHFDQEHHDVLO\FDSWXUHGKRZWKHKLJKOLJKWHGSDUDPHWHULVFKDQJ
LQJYHUVXVWLPHZLWKLQWKHDQDO\]HGSRSXODWLRQ FDQEHXVHGDVLQGLFDWRUWRWUDFNKRZ
WKHKHDOWK\DQGQRQKHDOWK\FDWHJRULHVHYROYLQJ 7KLVGLVWULEXWLRQFXUYHFDQEHHIIHF
WLYHO\ XVHG IRU SUHYHQWLRQ VWDWLVWLFV DQG IRU KHDOWK FDUH VHUYLFH SODQQLQJ RU KHDOWK
FDUHUHVRXUFHDOORFDWLRQ
6LPLODUZD\FDQEHFDOFXODWHGWKHILUVWTXDUWLOHDQGWKHWKLUGTXDUWLOHRIWKHSRSXOD
WLRQKHDOWKVWDWHSDUDPHWHUYDOXHVHW)XUWKHUPRUHWKHj3RSXODWLRQ+0VSDFH 3+0 
VSDFHVHJPHQWRIDWDUJHWHG SRSXODWLRQFDQEHGHILQHGDVIROORZV

7KHWRWDOVXPRIj.+0VSDFHVHJPHQWRIHDFKLQGLYLGXDOVIURPWKHSRSXODWLRQQRUPD
OL]HGE\Q*WKHVL]HRIWKHSRSXODWLRQ
ܲ כ ݆ܯܪൌ

σܳכ
σܳ כሺσܰ ݈ݓ כ ݈ܵ ܭሻ
݅ൌͳ ݆݅ܯܪ
ൌ ݅ൌͳ ݈ൌͳ
ሺͶሻ
ܳכ
ܳכ

7KHKHDOWKVWDWHSDUDPHWHUYDOXHRIDQLQGLYLGXDOFDQEHFRPSDUHG WRWKHSRSXODWLRQ
OHYHO KHDOWK VWDWH SDUDPHWHU YDOXH 7R KDYH PHDQLQJIXO FRPSDULVRQ XVXDOO\ RQO\ D
VXEVHWRIWKHSRSXODWLRQLVXVHG DVDQH[DPSOH\HDUVROGPDOHSRSXODWLRQ
ܲܵͶͲܯെ ܩܸܣൌ

ͶͲܯ
σ݆ܳ ൌͳ
݆ܵ

ܳͶͲܯ

ሺͷሻ

6LPLODUZD\WKHDJJUHJDWHGLQGLYLGXDO+0VSDFHVHFWRUYDOXHVFDQEHFRPSDUHGZLWK
WKH 3+0 3RSXODWLRQ +0  VSDFH YDOXH 7KXV WKH GLVWDQFH EHWZHHQ WKH LQGLYLGXDO
YDOXHVDQGWKHSRSXODWLRQVFDOHDYHUDJHYDOXHVFDQHDVLO\FDOFXODWHGDQGDVVHVVHG
ǻSO 6O36O

$9*

ǻHMM +0M3+0M

$9*




7KHG\QDPLFFKDQJHUDWHRISlFDQLQGLFDWHKRZEDODQFHGWKHSHUVRQ VKHDOWKVWDWHLV
DQGWKHGLUHFWLRQRIWKHFKDQJHFDQEHDOVRHDVLO\PRQLWRUHG$WSRSXODWLRQOHYHOWKH
XVDJHRI+0VSDFHHQDEOHVPRUHDFFXUDWHSRSXODWLRQVFDOHKHDOWKVWDWHDVVHVVPHQW



9LVXDOL]DWLRQRIWKHSRSXODWLRQ VKHDOWKVWDWHVWUXFWXUH

+HDOWKVWDWHVWUXFWXUHRIWKHSRSXODWLRQUHIHUVWRWKHDJHDQGKHDOWKVWDWXVRIDSRSXOD
WLRQ7KHKHDOWKVWDWXVYDOXHVFDQEHFRPELQHGZLWKSRSXODWLRQS\UDPLGVWRFUHDWHD
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SRSXODWLRQKHDOWKS\UDPLGZKLFKLVDJUDSKLFDOLOOXVWUDWLRQWKDWVKRZVWKHGLVWULEXWLRQ
RI KHDOWK VWDWH RI YDULRXV DJH JURXSV LQ D SRSXODWLRQ W\SLFDOO\ WKDW RI D FRXQWU\ RU
UHJLRQ RI WKH ZRUOG  7KXV FDQ DOVR XVHG WR GHWHUPLQH DQG JUDSKLFDOO\ YLVXDOL]H WKH
RYHUDOOKHDOWKVWDWHGLVWULEXWLRQRIDSRSXODWLRQ



5HIHUHQFHV

 .R]ORYV]N\0%DUWDOLV/-RNDL%)HUHQF]L-%RJGDQRY30HL[QHU=V1HPHWK
/.DURF]NDL.3HUVRQDOKHDOWKPRQLWRULQJZLWK$QGURLGEDVHGPRELOHGHYLFHV,QIRU
PDWLRQDQG&RPPXQLFDWLRQ7HFKQRORJ\(OHFWURQLFVDQG0LFURHOHFWURQLFV 0,352 
WK,QWHUQDWLRQDO&RQYHQWLRQRQYROQRSS0D\
 0DOFROP(OOLRWWDQG$O\VLD&RYHQWU\&ULWLFDOFDUHWKHHLJKWYLWDOVLJQVRISDWLHQWPRQLWRU
LQJ&5,7,&$/&$5(%ULWLVK-RXUQDORI1XUVLQJ9RO1RSS
 0.R]ORYV]N\-6LF]0HV]LDU-)HUHQF]L-0DUWRQ*:LQGLVFK9.R]ORYV]N\3
.RWFDXHU$%RUX]V3%RJGDQRY=V0HL[QHU..DURF]NDL6$FV&RPELQHG+HDOWK
0RQLWRULQJ DQG (PHUJHQF\ 0DQDJHPHQW WKURXJK $QGURLG %DVHG 0RELOH 'HYLFH IRU (O
GHUO\3HRSOH.61LNLWDHWDO (GV 0REL+HDOWK/1,&67SS
,QVWLWXWHIRU&RPSXWHU6FLHQFHV6RFLDO,QIRUPDWLFVDQG7HOHFRPPXQLFDWLRQV(QJLQHHULQJ

 0 .R]ORYV]N\ 0XOWLSDUDPHWHU KHDOWK VWDWH DVVHVVPHQW %LRLQVSLUHG ,QWHOOLJHQFH
,:2%, WK,QWHUQDWLRQDO:RUN&RQIHUHQFHRQ6DQ6HEDVWLDQSS
GRL,:2%,
 0.R]ORYV]N\/.RYDFV..DURF]NDL&DUGLRYDVFXODUDQGGLDEHWHVIRFXVHGUHPRWHSD
WLHQWPRQLWRULQJ9, /DWLQ$PHULFDQ&RQJUHVVRQ%LRPHGLFDO(QJLQHHULQJ&/$,%
3DUDQD $UJHQWLQD    2FWREHU  9RO  ,)0%( 3URFHHGLQJV %UDLGRW $ULHO
+DGDG $OHMDQGUR 6SULQJHU ,QWHUQDWLRQDO 3XEOLVKLQJ ,6%1  '2,
SS
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(QDEOLQJ'HVLJQRI%LRPLPHWLF0LGGOHZDUHIRU/DUJH6FDOH
,27EDVHG&\EHU0HGLFDO6\VWHPV





=HQRQ&KDF]NR 5\V]DUG.OHPSRXV/XFLD&DUULRQ*RUGRQ


)DFXOW\RI(QJLQHHULQJDQG,QIRUPDWLRQ7HFKQRORJ\
8QLYHUVLW\RI7HFKQRORJ\6\GQH\16:$XVWUDOLD

)DFXOW\RI(OHFWURQLFV:URFODZ8QLYHUVLW\RI7HFKQRORJ\:URFODZ3RODQG
^]HQRQFKDF]NR#XWVHGXDXU\V]DUGNOHPSRXV#SZUZURFSOOXFLDFDUULRQ#XWVHGXDX`


$EVWUDFW,QUHFHQW\HDUVWKH,QWHUQHWRI7KLQJV ,R7 WHFKQRORJ\KDVPDWXUHG
WR D SRLQW ZKHUH LW LV IHDVLEOH WR GLVFRYHU ORFDWH DQG LGHQWLI\ YDULRXV VPDUW
VHQVRUV DQG GHYLFHV EDVHG RQ WKH FRQWH[W VLWXDWLRQ WKHLU FKDUDFWHULVWLFV DQG
UHOHYDQF\LQRUGHUWRTXHU\IRUWKHLUGDWDRUFRQWURODFWLRQV7DNLQJWKLQJVDVWHS
IXUWKHU ZKHQ GHYHORSLQJ /DUJH 6FDOH $SSOLFDWLRQV UHTXLUHV WR RYHUFRPH WZR
VHULRXVLVVXHV7KHILUVWLVVXHLVILQGDVROXWLRQIRUGDWDVHQVLQJDQGFROOHFWLRQ
IURPDODUJHQXPEHURIYDULRXVXELTXLWRXVGHYLFHVZKHQFRQYHUJLQJWKHVHLQWR
WKH QH[W JHQHUDWLRQ QHWZRUNV 7KH VHFRQG LPSRUWDQW LVVXH LV WR GHDO ZLWK WKH
³%LJ 'DWD´ WKDW DUULYH IURP D YHU\ ODUJH QXPEHU RI VRXUFHV 7KLV UHVHDUFK
HPSKDVL]HVWKHQHHGIRUILQGLQJDVROXWLRQIRUDPDVVLYHVFDOHGDWDDJJUHJDWLRQ
DQG GHOLYHU\ 7KH SDSHU LQWURGXFHV ELRPLPHWLF GHVLJQ PHWKRGV IRU GDWD
DJJUHJDWLRQLQWKHFRQWH[WRIODUJHVFDOH,R7EDVHG&\EHU0HGLFDODSSOLFDWLRQV
.H\ZRUGV %LRPLPHWLFV 0LGGOHZDUH IRU 8ELTXLWRXV 6\VWHPV WKH ,QWHUQHW RI
7KLQJV&\EHU0HGLFDO6\VWHPV

 $Q2YHUYLHZRI,27&RQFHSWV
7KH ,27 GRPDLQ UHSUHVHQWV VRPH RI WKH JUHDWHVW UHVHDUFK FKDOOHQJHV DQG
RSSRUWXQLWLHVWKDWKDYHDSSHDUHGLQUHFHQW\HDUV1HZHPHUJLQJWHFKQRORJLHVUHODWHG
WR WKH ZLUHOHVV VPDUW VHQVRU DQG DFWXDWRUV DXWRQRPLF FRPSXWLQJ >@ $UWLILFLDO
,QWHOOLJHQFH $, PLGGOHZDUH>@FRPPXQLFDWLRQV\VWHPVDQGSURWRFROVHQJLQHHULQJ
VWDQGDUGV DQG WKH QH[W JHQHUDWLRQ QHWZRUNV DUH OHDGLQJ WR D QHZ SDUDGLJP ZKHUH
VHQVRUV DQG DFWXDWRUV FDQ EH WUHDWHG DV D FRPPRQ LQIUDVWUXFWXUH ZLWK DQ DELOLW\ WR
SURYLGH PXOWLSOH DQG FRQFXUUHQW VHUYLFHV VPDUW GDWD DJJUHJDWLRQ WR YDULHW\ RI HQG
XVHUV >@ 7KLV DSSURDFK GLIIHUV ZLWK WKH FRQFHSW RI GHGLFDWHG GHYLFHV EHLQJ
SK\VLFDOO\DQGORJLFDOO\IL[HGZLWKLQWKHGHGLFDWHGFRPSXWLQJDQGWHOHFRPPXQLFDWLRQ
LQIUDVWUXFWXUH 6LJQLILFDQW UHVHDUFK ZRUN VWLOO QHHGV WR EH GRQH WR DGDSW PRGHUQ
PLGGOHZDUH PRGHOV SURWRFROV DQG VWDQGDUGV GDWD DJJUHJDWLRQ DQG VHQVRU IXVLRQ
PHWKRGV DV ZHOO DV WKH GDWD GHOLYHU\ PHFKDQLVPV LQ RUGHU WR PRGLI\ WKH ZD\ ,27
GHYLFHVFRXOGEHFRPHDQLQWHJUDOSDUWRIDFRPPRQSXEOLFLQIUDVWUXFWXUH2QHRIWKH
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NH\ LVVXHV WR EH VROYHG LQ WKH SUHVHQWHG ZRUN LV WR SURYLGH D IHDVLEOH DUFKLWHFWXUDO
PRGHOIRUGHVLJQDQGLPSOHPHQWDWLRQRIDQHZW\SHRIVRIWZDUHLQIUDVWUXFWXUHWKDWLV
UHIHUUHGWRDVDELRPLPHWLFPRGHORIPLGGOHZDUH %00 >@$W\SLFDOWRSRORJ\DQG
ORFDOLVDWLRQRIPLGGOHZDUHFRPSRQHQWVLQ,R7EDVHGVRIWZDUHDSSOLFDWLRQLVGHSLFWHG
LQ)LJ,Q,R7VWKH0RWH$FFHVV3RLQWGHYLFHVFDQSOD\GXDOUROHVWKHVHGHYLFHVDUH
GDWDVLQNVIRUVHQVRUVDQGDFRQWUROVLQNVIRUDFWXDWRUVWKDWIRUPVHJPHQWVRIWKH,R7
0$3 GHYLFHV UHSUHVHQW LQWHOOLJHQW JDWHZD\V WKDW KRVW FRQWH[WXDOVLWXDWLRQ GDWD
SURFHVVRUVSDUVHUVDWWKHERXQGDU\RIVHQVRUFRQWURORI,R7V
,Q WKLV UHVHDUFK D QHZ SDUDGLJP RI ELRPLPHWLF PLGGOHZDUH IRU ,R7EDVHG
V\VWHPVLVLQWURGXFHGWRJHWKHUZLWKWKHVXSSRUWLQJDGDSWLYHGDWDDJJUHJDWLRQPRGHOV
7KHELRPLPHWLFPLGGOHZDUHDOORZVDQHZJHQHUDWLRQRIPXOWLSXUSRVHVHQVRUDFWXDWRU
QHWZRUNV DQG VHUYLFHV WR EHFRPH D YLDEOH VROXWLRQ 7KLV UHVHDUFK ZRUN GLVFXVVHV
YDULRXV FKDOOHQJHV IRU ,R7 PLGGOHZDUH ,QQRYDWLRQV LQYROYH WKH YLVLRQ IRU WKH
DGYDQFHG RI ODUJH VFDOH VRIWZDUH LQWHQVLYH KHDOWK FDUH V\VWHPV 7KLV ZRUN LV
RUJDQL]HG LQWR  VHFWLRQV $IWHU WKH LQWURGXFWLRQ VHFWLRQ  GHVFULEHV D QHZ
ELRPLPHWLF PRGHO RI PLGGOHZDUH %00  DQG UHYLHZV DGDSWLYH GDWD DJJUHJDWLRQ
WHFKQLTXHV6HFWLRQGHVFULEHVGHVLJQDVSHFWVRIELRPLPHWLFPLGGOHZDUHVROXWLRQWKDW
FDQHQDEOHWKHGHYHORSPHQWDQGGHSOR\PHQWRIVHFXUHFRQWH[WDZDUHKHWHURJHQHRXV
IOH[LEOH DQG ODUJHVFDOH DSSOLFDWLRQV 6HFWLRQ  LOOXVWUDWHV WKH IHDVLELOLW\ RI
LPSOHPHQWLQJDELRPLPHWLFPLGGOHZDUHIRUDODUJHVFDOH,27EDVHGV\VWHP


5HIHUHQFHV








%DQW] ' ) HW DO   $XWRQRPLF SHUVRQDO FRPSXWLQJ $XWRQRPLF &RPSXWLQJ 9RO
1XPEHU
%ULWWRQ & %\H 3   ³,7 $UFKLWHFWXUHV DQG 0LGGOHZDUH 6WUDWHJLHV IRU %XLOGLQJ
/DUJH,QWHJUDWHG6\VWHPV´$GGLVRQ:HVOH\3URIHVVLRQDO
&KDF]NR = &KLX & $VODQ]DGHK 6 'XQH 7   6RIWZDUH ,QIUDVWUXFWXUH IRU
:LUHOHVV6HQVRUDQG$FWXDWRU1HWZRUNV3URFHHGLQJVRIVW,QWHUQDWLRQDO&RQIHUHQFHRQ
6\VWHPV(QJLQHHULQJ,&6(QJ/DV9HJDVSS±
&KDF]NR =&  $VODQ]DGHK 6   &(1 $QLVRWURSLF 0RGHO RI &ORXG
&RPSXWLQJ  ,QWHUQDWLRQDO &RQIHUHQFH RQ 6\VWHPV (QJLQHHULQJ 3URFHHGLQJV RI VW ,QWO
&RQIHUHQFHRQ6\VWHPV(QJLQHHULQJ,&6(QJ/DV9HJDV86$SS
&KDF]NR=  ³7RZDUGV(SLVWHPLF$XWRQRP\LQ$GDSWLYH%LRPLPHWLF0LGGOHZDUH
IRU &RRSHUDWLYH 6HQVRUQHWV´ 3K' WKHVLV 8QLYHUVLW\ RI 7HFKQRORJ\ 6\GQH\ $XVWUDOLD
-XO\
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$QWLFLSDWLQJWKH8QH[SHFWHG
6LPXODWLQJD+HDOWK&DUH6\VWHP6KRZLQJ&RXQWHULQWXLWLYH
%HKDYLRU


0DUNXV6FKZDQLQJHU8QLYHUVLW\RI6W*DOOHQ6ZLW]HUODQG 
'XIRXUVWUDVVHD6W*DOOHQ6ZLW]HUODQG
PDUNXVVFKZDQLQJHU#XQLVJFK




([WHQGHG$EVWUDFW
7KHEHKDYLRURIFRPSOH[V\VWHPVLVRIWHQFRXQWHULQWXLWLYH7KHLGHDRIDQWLFLSDWLQJ
WKH XQH[SHFWHG FKDOOHQJHV FRPPRQVHQVH 7KH SXUSRVH RI WKLV FRQWULEXWLRQ LV WR
GHPRQVWUDWH WKH SRZHU RI PRGHOLQJ DQG VLPXODWLRQ LQ GLVFRYHULQJ WKH VWUXFWXUHV
ZKLFK JHQHUDWH FRXQWHULQWXLWLYH EHKDYLRU )RUUHVWHU   LQ RUJDQL]DWLRQV 7KH
UHVHDUFK TXHVWLRQ KHUH LV LI DQG KRZ WKLV NLQG RI LQVLJKW LQ WKH JHQHUDWLYH
³PHFKDQLVPV´RIXQH[SHFWHGEHKDYLRUFDQEHDFKLHYHG,ILWFDQEHREWDLQHGWKHQ
XQH[SHFWHG HYHQWV EHFRPH DPHQDEOH WR EHLQJ DQWLFLSDWHG LQ WKH VHQVH RI
FRQWLQJHQFLHV7RDQVZHURXUUHVHDUFKTXHVWLRQZHUHYHUWWRDFDVHVWXG\RIDKHDOWK
FDUHV\VWHPVKRZLQJXQH[SHFWHGEHKDYLRU
,QRUJDQL]DWLRQVXQH[SHFWHGWKLQJVKDSSHQDOOWKHWLPH,WVHHPVSDUDGR[LFDOWRFODLP
WKDWRQHFDQDQWLFLSDWHWKHXQH[SHFWHG2QHFDQQRWDQWLFLSDWHVRPHWKLQJXQH[SHFWHG
6RPXFKIRUWKHFRPPRQVHQVHXQGHUVWDQGLQJ
2XUFODLPLVWKDWXQH[SHFWHGEHKDYLRUFDQEHDQWLFLSDWHGE\JRRGPRGHOVZLWKWKH
KHOS RI VLPXODWLRQ 2XU DUJXPHQW LV EDVHG RQ WZR SKDVHV RI PRGHOLQJ ILUVW
FRQFHSWXDOTXDOLWDWLYH DQG WKHQ PDWKHPDWLFDOTXDQWLWDWLYH :H DSSO\ 6\VWHP
'\QDPLFVDZLGHO\XVHGPHWKRGRORJ\IRUWKHPRGHOLQJDQGVLPXODWLRQRIFRPSOH[
G\QDPLFV\VWHPV
$FDVHVWXG\LVXVHGWRXQGHUSLQRXUFODLP7KHVWXG\ZDVUHDOL]HGLQWKHKHDOWKFDUH
V\VWHP RI &DULQWKLD D QDWLRQVWDWH RI WKH 5HSXEOLF RI $XVWULD 7KH IXOO FDVH VWXG\
FRYHULQJ\HDUVLVGRFXPHQWHGHOVHZKHUH 6FKZDQLQJHU .ORFNHU ,QWKLV
SLHFHZHFRQFHQWUDWHRQWKHODVWSKDVHRIWKHFDVHVWXG\  DQGHODERUDWH
RQ DVSHFWV SHUWLQHQW WR WKH SXUSRVH RI WKLV FRQWULEXWLRQ WR XVH PRGHOLQJ DQG
VLPXODWLRQIRUWKHDQWLFLSDWLRQRIXQH[SHFWHGEHKDYLRURIFRPSOH[V\VWHPV:HDUH
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IRFXVLQJRQRUJDQL]DWLRQVEXWLQSULQFLSOHRXUVWXG\LVUHOHYDQWIRUDQ\NLQGRIVRFLDO
V\VWHP
Case Study
7KHVFHQHU\RIRXUFDVHVWXG\LVWKH2QFRORJLFDO&DUH6\VWHP 2&6 RI&DULQWKLD
ZLWKLWVKXEDWWKHFHQWUDOKRVSLWDORI.ODJHQIXUWWKHFDSLWDO7KLVLVDQHIILFLHQWXQLW
7KHHPSOR\VDURXQGSHUVRQVZKRSURFHVVDERXW¶FDVHVD\HDU,QWKH
2&6VKRZHGDUHFRUGRIFRQWLQXDOVXFFHVVHVZKLFKKDGEHHQDFKLHYHGLQLWVKLVWRU\
VLQFH  +RZHYHU  \HDUV DIWHU WKH IRXQGDWLRQ RI WKH XQLW LQ  WKH
DGPLQLVWUDWLRQRIWKHFHQWUDOKRVSLWDODQQRXQFHGWKDWLWZRXOGFXWWKHEXGJHWVRIDOO
GHSDUWPHQWV³«WRLPSURYHWKHHFRQRPLFVLWXDWLRQ´7KHOHDGHUVRIWKH2&6PDGH
DURXJKHVWLPDWHVXFKDFXWZRXOGUHGXFHWKHLUILQDQFLDOUHVRXUFHVDYDLODEOHVHYHUHO\
7RDQDO\]HWKHVLWXDWLRQPRUHFORVHO\DVLPXODWLRQPRGHOZDVEXLOWFRRSHUDWLYHO\
WKHRQFRORJLVWVFRQWULEXWHGWKHVXEVWDQWLYHNQRZOHGJHDERXWWKHLVVXHVXQGHUVWXG\
ZKLOHWKHDXWKRU 06 IXUQLVKHGPRGHOLQJDQGVLPXODWLRQNQRZKRZ7KHSXUSRVHRI
WKHPRGHOZDVWRDQWLFLSDWHZKDWWKHLPSOLFDWLRQVRIWKHDQQRXQFHGFXWLQWKHEXGJHW
ZRXOGEH,QDILUVWSKDVHDTXDOLWDWLYHDQDO\VLVE\PHDQVRIFDXVDOORRSGLDJUDPV
ZDVFDUULHGRXW,QWKHVHFRQGSKDVHDTXDQWLWDWLYHVLPXODWLRQRQWKHEDVLVRI6\VWHP
'\QDPLFVZDVEXLOWDQGYDOLGDWHG,QWKHWKLUGSKDVHVFHQDULRVZHUHDFFRPSOLVKHG
DQGSROLFLHVZHUHWHVWHG:HDQDO\]HWKHSURFHGXUHVRIDOOWKUHHSKDVHV)LQDOO\WKH
UHVXOWVRIWKHVLPXODWLRQVDUHFRPSDUHGZLWKGDWDRIWKH³UHDOZRUOG´
Results
7KHUHVXOWVRIWKHVLPXODWLRQVXQYHLOHGFOHDUSDWWHUQVRIWKH2&6¶VEHKDYLRUVRPHRI
ZKLFKZHUHXQH[SHFWHG7KHVLPXODWLRQPRGHOLVDKROLVWLFUHSUHVHQWDWLRQRIWKHLVVXH
XQGHUVWXG\DQGWKHUHVXOWVFRQYH\WKHFRQVHTXHQFHVSURGXFHGE\WKDWLVVXH0RGHO
DQDO\VLV WKHQ XQFRYHUV WKH JHQHUDWLYH ³PHFKDQLVPV´ VWUXFWXUHV WKDW EULQJ IRUWK
VSHFLILFNLQGVRIEHKDYLRUSDWWHUQV
,Q WKLV FRQWULEXWLRQ G\QDPLF VLPXODWLRQ KDV EHHQ H[SORUHG DV DQ LQVWUXPHQW E\
PHDQV RI ZKLFK WKH FRXQWHULQWXLWLYH XQH[SHFWHG RXWFRPHV RI FHUWDLQ SROLFLHV RU
LQWHUYHQWLRQVFDQEHDQWLFLSDWHG7KHVWUXFWXUDOIHDWXUHVRIRXUPRGHODUHRIDJHQHULF
W\SH,QRWKHUZRUGVWKH\DUHDSSOLFDEOHWRPXOWLSOHFRQWH[WVUHSUHVHQWLQJD³ZLGHU
FODVV´RIUHDOZRUOGVLWXDWLRQV )RUUHVWHU +HQFHWKHLUDSSOLFDELOLW\LVQRW
OLPLWHGWRSXEOLFRUJDQL]DWLRQVEXWLWDOVRFRYHUVSULYDWHILUPV
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Inscrutable Decision Makers: Knightian
Uncertainty in Machine Learning
Rick Hangartner and Paul Cull
Computer Science
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DATA, DATA, DATA!
Big data and machine learning will solve our problems,
Or Will It?
Machine learning (ML) practitioners use data to build statistical models which
they hope will allow them to make predictions about the properties of unobserved
individuals (or missing attributes of observed individuals) who are assumed to
be from the same population that generated the data. Econometricians, on the
other hand, use data to build causal models. They hope to predict the change,
usually averaged over the population, in the outcome variable due to a change
in the causal variable. Both communities have to deal with both quantiﬁable uncertainty (risk), and unquantiﬁable Knightian uncertainty (ambiguity).[5] Thirty
years ago Leamer [6] brought this distinction to the attention of economists. Recent claims by Angrist and Pischke’s [4] for the vast improvements in causal models due to advances in modeling and BIG data/ML work techniques has again
raised the issue that these techniques do not deal meaningfully with Knightian
uncertainty (ambiguity) [7].
In this paper we present a data model we dub the Inscrutable Decision
Maker (IDM) that postulates observed data arises as a unquantiﬁable choice
from amongst multiple unobservable probabilistic data generating sources. Our
motivating contention is that while one can statistically model the observed data
ex post, any ex ante forecasting model must acknowledge non-probabilistic ambiguity in some fashion. From our perspective, both econometricians and ML
practitioners face the twin tasks of identifying the multiple unobservable data
models and the ambiguity in the observable data.
We derive our data model from the Anscombe-Aumann model of subjective
utility [1], [3]. Using a formalism for ambiguity abstracted from Ellsberg’s Paradoxes [2], we construct a compact description for non-deterministic decisions
and the resulting ambiguous data that combines the individual probabilities of
unambiguous alternatives with the total probability of ambiguous alternatives.
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We then relate our data model to marginal models for populations by averaging out ambiguity and to conditional models using ambiguity to diﬀerentiate
individuals. Finally we present an example computational algorithm for logistic
regression models.
Production Item
xn+1

Classication
Pr( yn+1 )

...

Uncertainty Urn

Ambiguity Analysis
(Implicit Clustering)

Urn Factory

...

Training Items
(observed,T/F)
d = [(x1, y1),
(x2, y2),
…
(xn, yn)]

Random Urns

Fig. 1. The Inscrutable Decision Maker Model

References
1. Anscombe, F.J., Aumann, R.J.: A Deﬁnition of Subjective Probability. The Annals of Mathematical Statistics 34(1), 199–205 (1963),
https://dx.doi.org/10.1214/aoms/1177704255
2. Ellsberg, D.: Risk, Ambiguity, and the Savage Axioms. Quarterly Jour. of Economics
75(4), 643–669 (1961), https://dx.doi.org/10.2307/1884324
3. Gilboa, I., Marinacci, M.: Ambiguity and the Bayesian Paradigm. In: Arló-Costa,
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The Computer and the Calculator
Paul Cull
Computer Science
Kelley Engineering Center
Oregon State University
Corvallis, OR
97331, USA
pc@cs.orst.edu

Some recent discussions have suggested that the the concept of universal
stored program computer is not useful in understanding the history of computing. In particular, there is the suggestion that this idea was so well known that
all of the early computing devices already incorporated this concept. We review
the design of several early machines. We argue that all or almost all of the early
digital machines were based on the idea of a calculator and that the computer
was a real and signiﬁcant new concept. We attempt to explain the diﬀerences
between calculator and the computer, and try to show that our contemporary
computing is based on the computer rather than the calculator, and that the
calculator model is inadequate to describe our current notions of computing.
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Extended Abstract
The socio-economic aspects of Instant Messaging (IM) (WhatsApp, Windows Live
Messenger...), Short Messaging Service (SMS) and social media (e.g. Facebook,
Twitter, etc) have been severely aﬀected by spams received through them. Indeed,
they have become a serious security risk, especially for embedded systems.
Electronic spam, or unsolicited messages sent massively, is one of the threats
that aﬀects email and other media [2]. Several terms have been coined for these
non-email spams: “instant spam” or “spim” refers to spam via IM, “mobile spam”
for SMS spam, and “social spam” if received through social media. During the last
four decades its high volume, especially of email spam, have produced exorbitant
economic and time losses. For this reason, many diverse anti-spam techniques
have been deployed, which ﬁlter distinct characteristics of spam, working at
diﬀerent levels and based on a number of procedures. The appearance of newer
ﬁlters stimulated the adaptation of both spams and spamming strategies, and vice
versa. This never-ending process has been called “spam arms race”, and considered
an example of coevolution or reactive adversarial Machine Learning (ML).
The eﬃcacy and complexity level of anti-spam ﬁlters have been high enough to
stop most unwanted messages and to slow down spammers’ counterattacks. Due
to this, the overall spam volume has decreased from 92.6% in 2008 [6] to around
50% as of June 2016. Moreover, the Global Financial Crisis of 2007-2009, the
takedowns of many spamming botnets, and the migration of the spam business to
other more proﬁtable and less monitored techniques (e.g. ransomware, phishing...)
or electronic media explain this drop too.
Related with the latter, although the quantity and proportion of non-email
spams are still not as massive as those of email ones, they are constantly growing:
500 million instant spams in 2002-2003 [5]; during 2011 up to 30% of all SMS
traﬃc in China and India was mobile spam [3]; and Facebook blocked daily 200
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million harmful activities and hosted 14.3 million undesirable and potentially
dangerous fake accounts in August 2012 [4].
Initially, non-email spam ﬁlters lacked technological complexity, being limited
to prevention, technological education of users, legislation and law enforcement
agencies. They are still the most recommended due to their eﬀectiveness. Later
on, some ﬁlters adapted from email spam ones appeared, even though these media
are based on dissimilar technologies and fulﬁll even antagonistic requirements.
At ﬁrst, collaborative and less automatic techniques were adapted, such as user
feedbacks, challenge-response, whitelists and blacklists. More recently, approaches
based on ML began to be implemented, being the most used Bayesian methods,
focusing in Naïve Bayes-based ﬁlters; Support Vector Machines; Artiﬁcial Neural
Networks, from paradigmatic neural architectures to deep learning schemes; and
decision trees. These three groups are usually combined in order to overcome some
non-email spam ﬁltering diﬃculties: usage of Internet slang or SMS language,
which likely requires anti-obfuscation methods [1]; small-sized messages... On
the other hand, so far not as many ﬁlters not adapted from email ones exist.
In this paper the characteristics of non-email spam - focusing on IM, SMS and
social media - are described and compared with those of email spam. Additionally,
the trends in non-email spam that have appeared in the last decade and the
spammers’ countermeasures to the preceding ﬁlters, if any, are introduced. After
that, an overview of the state-of-the-art ﬁlters for non-email spam is presented.
Among them, our proposal of a hybrid anti-email-spam, which can be adapted
to ﬁlter non-emails, is explained [1]. It is based on Self-Organizing Maps, an
unsupervised neural architecture, and thematic categories, and it includes an
important anti-obfuscation feature.
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8VLQJ6\VWHP'\QDPLFVDQG1HWZRUN&RQWUROODELOLW\


/XNDV6FKRHQHQEHUJHU5DGX7DQDVH$QGUHD6FKHQNHU:LFNL


)DFXOW\RI%XVLQHVVDQG(FRQRPLFV8QLYHUVLW\RI%DVHO6ZLW]HUODQG
OXNDVVFKRHQHQEHUJHU#XQLEDVFK


85336RFLDO1HWZRUNV8QLYHUVLW\RI=XULFK6ZLW]HUODQG
UDGXWDQDVH#EXVLQHVVX]KFK



([WHQGHG$EVWUDFW
6\VWHP G\QDPLFV 6'  DQ DSSURDFK WR PRGHOLQJ DQG VLPXODWLQJ FRPSOH[ V\VWHPV KDV
UHSHDWHGO\ GHPRQVWUDWHG LWV YDOXH LQ FRQWULEXWLQJ WR WKH XQGHUVWDQGLQJ DQG VROXWLRQ RI
FRPSOH[ SROLF\ SUREOHPVʊPRVW QRWDEO\ LQ DUHDV VXFK DV SXEOLF KHDOWK HQHUJ\ DQG WKH
HQYLURQPHQW VRFLDO ZHOIDUH VXVWDLQDEOH GHYHORSPHQW DQG VHFXULW\ > @ 2QH RI WKH PDLQ
FKDOOHQJHVLQV\VWHPG\QDPLFVLVWKDWGXHWRDKLJKGHJUHHRILQWHUGHSHQGHQWPRGHOYDULDEOHV
DQGQRQOLQHDUUHODWLRQVKLSVWKHGHWHFWLRQRIPRGHOOHYHUVLHYDULDEOHVFDSDEOHRIHIIHFWLYHO\
DQG HIILFLHQWO\ FRQWUROOLQJ FRPSOH[ SROLF\ SUREOHPV LV H[FHHGLQJO\ GHPDQGLQJ 6R
QRWZLWKVWDQGLQJ WKH XVHIXOQHVV RI V\VWHP G\QDPLFV LQ WKH DQDO\VLV RI WKHVH SUREOHPV WKH
VROXWLRQ LGHQWLILFDWLRQ SURFHVV LV IDU IURP VWUDLJKWIRUZDUG DQG LQ PRVW FDVHV WULDODQGHUURU
GULYHQ > @ 7R DGGUHVV WKLV FKDOOHQJH ZH SURSRVH WR FRPELQH V\VWHP G\QDPLFV ZLWK
QHWZRUN FRQWUROODELOLW\ WR IDFLOLWDWH WKH GHWHFWLRQ RI PRGHO OHYHUV 1HWZRUN FRQWUROODELOLW\
HPHUJHGRQO\UHFHQWO\LQWKHZLGHUILHOGRIQHWZRUNVFLHQFHWKDWLVFXUUHQWO\GRPLQDWLQJWKH
DQDO\VLVRIFRPSOH[V\VWHPV1HWZRUNFRQWUROODELOLW\VSHFLILHVRXUDELOLW\WRVWHHUDG\QDPLFDO
V\VWHPIURPDQ\LQLWLDOVWDWHWRDQ\GHVLUHGILQDOVWDWHLQILQLWHWLPHXVLQJDSSURSULDWHLQSXWV
>@6RKRZFDQV\VWHPG\QDPLFVEHPHUJHGZLWKQHWZRUNFRQWUROODELOLW\"
,QHVVHQFHDV\VWHPG\QDPLFVPRGHOFDQEHWKRXJKWRIDZHERILQWHUUHODWHGFDXVDO IDFWRUV
WKDW DUH DVVXPHG JLYLQJ ULVH WR WKH FRPSOH[ SROLF\ SUREOHP XQGHU VWXG\ 'XH WR LWV ZHE
VLPLODULW\WKHVWUXFWXUHRIDV\VWHPG\QDPLFVPRGHOFDQEHDFFXUDWHO\GHVFULEHGDVDGLUHFWHG
ZHLJKWHG QHWZRUN PDNLQJ LW DFFHVVLEOH WR DOJRULWKPLF H[SORUDWLRQ XVLQJ FRQFHSWV IURP WKH
ILHOGV RI JUDSK WKHRU\ DQG QHWZRUN VFLHQFH >±@ 5HIHUULQJ WR UHFHQW UHVHDUFK RQ FRQWURO
SULQFLSOHV RI FRPSOH[ QHWZRUNV PRGHO OHYHUV DUH IRXQG ILUVW E\ FDOFXODWLQJ WKH VL]H RI WKH
PLQLPXP GULYHU VHW RI WKH V\VWHP G\QDPLFV PRGHO QHWZRUN  VHFRQG E\ FRPSXWLQJ DOO
H[LVWLQJPLQLPXPGULYHUVHWVDQGWKLUGE\UDQNLQJPLQLPXPGULYHUVHWYDULDEOHVDFFRUGLQJWR
WKHLU FRQWURO FHQWUDOLW\ >@ 9DULDEOHV ZLWK D KLJK FRQWURO FHQWUDOLW\ VKRXOG EH RI SULPDU\
LQWHUHVW WR SROLF\PDNHUV ZKHQ GHVLJQLQJ QHZ VROXWLRQV WR FRPSOH[ SROLF\ SUREOHPV :H
GHPRQVWUDWHWKHSURSRVHGPXOWLPHWKRGRORJLFDODSSURDFKRQWKHEDVLVRIWKH:RUOG'\QDPLFV
PRGHODFODVVLFH[DPSOHIURPWKHV\VWHPG\QDPLFVOLWHUDWXUH>@
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 *KDIIDU]DGHJDQ1/\QHLV-5LFKDUGVRQ*3+RZVPDOOV\VWHPG\QDPLFVPRGHOVFDQ
KHOSWKHSXEOLFSROLF\SURFHVV6\VW'\Q5HYQDQD  
 6WHUPDQ-'%XVLQHVV'\QDPLFV6\VWHPV7KLQNLQJDQG0RGHOLQJIRUD&RPSOH[
:RUOG0F*UDZ+LOO+LJKHU(GXFDWLRQ%RVWRQ0$  
 2OLYD56WUXFWXUDOGRPLQDQFHDQDO\VLVRIODUJHDQGVWRFKDVWLFPRGHOV6\VW'\Q5HY
±  
 )RUUHVWHU-:6\VWHPG\QDPLFVV\VWHPVWKLQNLQJDQGVRIW256\VW'\Q5HY
±  
 /LX<<6ORWLQH--%DUDEDVL$/&RQWUROODELOLW\RIFRPSOH[QHWZRUNV1DWXUH
±  
 6FKRHQHQEHUJHU/6FKPLG$6FKZDQLQJHU07RZDUGVWKHDOJRULWKPLFGHWHFWLRQRI
DUFKHW\SDOVWUXFWXUHVLQV\VWHPG\QDPLFV6\VW'\Q5HY±  
 2OLYD50RGHOVWUXFWXUHDQDO\VLVWKURXJKJUDSKWKHRU\3DUWLWLRQKHXULVWLFVDQGIHHGEDFN
VWUXFWXUHGHFRPSRVLWLRQ6\VW'\Q5HY±  
 .DPSPDQQ&()HHGEDFNORRSJDLQVDQGV\VWHPEHKDYLRU  6\VW'\Q5HY
±  
 /LX<<6ORWLQH--%DUDEDVL$/&RQWUROFHQWUDOLW\DQGKLHUDUFKLFDOVWUXFWXUHLQ
FRPSOH[QHWZRUNV3OR6RQHH  
)RUUHVWHU-::RUOG'\QDPLFV:ULJKW$OOHQ3UHVV&DPEULGJH0DVVDFKXVHWWV  
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Telematics Solution for Optimal Passenger Distribution at
Metro Stations
Jusuf Çapalar, Aleksander Nemec, Christoph Zahradnik
and Cristina Olaverri-Monreal
University of Applied Sciences Technikum Wien, Department of Information
Engineering and Security, Höchstädtplatz 6, 1200 Vienna, Austria
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Abstract. To alleviate overcrowding on the most popular subway lines and
specific trains, especially during rush hours, we propose a system to optimize
passenger distribution. Through visual cues directly displayed on the waiting
platform, travelers are informed about the occupation rate in carriages so that
they can make a decision about which to use before the train arrives. The system evaluation indicated the relevance of the implementation for both travelers satisfaction as well as for train operators.
Keywords: Metro Stations, Passenger Distribution

1

Introduction

The trend of population growth in cities demands consideration of more efficient subway management systems that alleviate overcrowding on popular
trains and subway lines, especially during the busiest travel times. Several
works have shown that the position and number of platform exits/entrances
has a significant influence on passenger distribution [1], [2]. As stated in [3],
a station with several platform entrances resulted in a more balanced passenger distribution. Uneven distribution causes delays for trains when the
operator needs to allow extra time for boarding, resulting in longer waiting
times for passengers. In order to alleviate this situation, passengers waiting
on the train platform should be directed to doors where there are less people waiting to board, thereby orienting themselves better before the train
arrives.
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Technical Implementation

We propose in this paper a system that displays the available places at each
carriage before the train arrives. We implied the number of passengers calculating the weight of each carriage via a control system before the train
leaved the previous station. This number was then broadcast to the next
station. A model was then built in order to calculate the passenger distribution in one carriage in real time. For the remaining set of carriages we implemented a software system that generated a random distribution. An ultrasonic sensor acquires the real time data from the center-line distances to
determine the carriage load through an Arduino UNO board that was connected to a laptop. In addition, a Java program was developed to evaluate
the measured values. The program graphically simulated a subway station
and showed the optimum distribution of passengers through the control
system indicating entrances with less occupancy rate determining the distance between the undercarriage of the subway train and its axis. From the
measured distance we could infer the degree of capacity utilization of the
carriage. The measuring time corresponds to the period of time before the
departure during which the passengers are aboard and the door of the train
closed.

3

Results

The control system with maximum ease of use was determined by a survey.
The participants had to answer relevant questions and choose between four
different graphic control systems. According to the results 75% of the respondents would use a similar control system to that proposed in this paper.
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Online Traffic Management System (OTMS): Vehicle
Counting via Computer Vision
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Abstract. Technology based on sensors or cameras that is related to the field
of Intelligent Transportation Systems (ITS) can help to alleviate road congestion problems by collecting and evaluating real time traffic data. In this paper,
we present an approach to counting vehicles in target roads that are equipped
with cameras. The implemented software is capable of working in different
streets and makes later statistical analysis of the data possible.
Keywords: Vehicle Counting, Computer Vision

1

Introduction

Technology based on sensors or cameras that is related to the field of Intelligent Transportation Systems (ITS) can help to alleviate road congestion problems by collecting and evaluating real time traffic data [1, 2]. In this paper,
we present an approach to counting vehicles in target roads that are
equipped with cameras. Relying on the EmguCV library for image processing
and .NET technologies information, image and time data is collected and sent
to a server. This approach makes later statistical analysis of the data possible.

2

Technical Implementation

The implemented software is capable of working in different streets but the
camera angle is important for accurate detection of moving vehicles. A camera for each side of the street was required, regardless of the number of
lanes. We processed the images in as follows:

280

Eurocast 2017, February 19-24, Las Palmas de Gran Canaria

Extended Abstracts

The implemented system started to receive a video stream provided by either alive camera or by a recorded video (e.g. by CCTV). For cost-saving and
performance reasons, all the frames were in gray scale. After receiving the
data, image processing was initiated. This phase consisted of the following
three blocks:
x Background building. The background was determined by comparing sequential series of frames and averaging them by OpenCV functions to create a scene with no vehicle.
x Filtering and comparison of two sequential frames. Comparison points for
two sequenced frames were determined and a threshold was calculated
that enabled the detection of such a frame with distinct black/white contrast. The resulting image noises from this operation were then reduced
by using Gaussian Blur noise filters.
x Movement detection. Having subtracted the background from the threshold frame, we obtained a new frame that was composed of moving contours. We then determined the contours that shaped the vehicle.
After having obtained the information related to the time stamp, scene image, and plate number we stored it in a database and repeated all the above
mentioned steps until having received the stop command.

3

Evaluation

We evaluated the implemented system by examining the received video
stream provided by a recorded video file [3] under daylight conditions. After
solving problems related to the duplicated detection of the same vehicle in
two different scenes a rate of 90% detections in a short period of time could
be established.
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Approaching Emergency Vehicle Warning (AEVW)
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Abstract. Intelligent Transport System applications are supported by systems
relying on Dedicated Short-Range Communications (DSRC). This paper presents the implementation steps for a vehicle to vehicle (V2V) communication
system that intends to increase driver awareness of the surroundings in an
emergency situation. Particularly, the system broadcasts basic safety warning
messages between an emergency vehicle and other vehicles in the vicinity.
Keywords: Vehicle-to-Vehicle communication, Emergency

Warrning System, DSRC

1

Introduction

Cooperative Intelligent Transport Systems and Services (C-ITS) enable wireless communication between vehicles and/or traffic infrastructure using a
standardized set of messages that are based in the transfer of data in realtime. Intelligent Transport System applications are supported by systems
relying on Dedicated Short-Range Communications (DSRC) that consist of
Road Side Units (RSUs) and On Board Units (OBUs) with transceivers and
transponders [1]. V2V communication uses IEEE 802.11 or ITS-G5A/B/D
standards which operates in 5.9GHz with a bandwidth on 75MHz and a range
of 1000m [2]. This paper presents the implementation steps for a vehicle to
vehicle (V2V) communication system that intends to increase driver awareness of the surroundings in an emergency situation. Particularly, the system
broadcasts basic safety warning messages between an emergency vehicle
and other vehicles in the vicinity.
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Technical Implementation

Relying on [3] we implemented a Basic Safety Message (BSM) that is used to
exchange safety data regarding vehicle state. The message was broadcast
routinely to surrounding vehicles and contained information regarding longitude, latitude and vehicle identity. In order to locate the vehicles we used an
``Adafruit ultime’’ GPS antenna. Once their position was known, a raspberry
pi 2 computer processing unit combined the coordinates with other onboard
sensors (e.g., speed, heading, acceleration) to generate the required BSM
data string. Once the BSM was generated, the message was wirelessly
transmitted to another vehicle by using the NRF24l01 LNA wireless module.
In order to make sure that the broadcast BSM was properly obtained, we
relied on a receiver with Dedicated Short Range Radio Communication
(DSRC). The system also included a computer processing unit that was able
to decode the BSM properly and a GPS antenna to verify the relative distance
between the sending and the receiving device. In order to convey the message to the driver in an adequate way, we developed an in-vehicle interface
to display the warning through a 12*2 LCD display.

3

Prototype Evaluation

The prototype was tested under both lab and real-life conditions. Under lab
conditions the devices were able to show the intended emergency message.
During the field test one device was positioned in a vehicle that was marked
as an emergency car. The second one was located in a different vehicle. Both
devices were capable of sending a message within a range of 20 meters. Furthermore, the range could be increased by adding a third device and using it
to resend the message.
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Smartphone-Based Traffic Sign Detection Using OpenCV
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Abstract. Neglect of the instructions of road traffic signs is one of the main
contributing factors in road accidents. This paper shows the development of a
TSD (Traffic Sign Detection) application for traffic signs that contain the red
color on an Android platform using image processing techniques. The application displays detected traffic signs and assists the driver in not missing important traffic information.
Keywords: Traffic Sign Recognition, Advanced Driver Assitance Systems, Traffic
Safety, Computer Vision

1

Introduction

Traffic accidents are among the leading causes of fatalities and injuries
worldwide. Studies have shown that more than 90% of vehicle accidents are
caused due to driver error. Neglect of the instructions of road traffic signs is
one of the main contributing factors in road accidents. Advanced Driver Assistance Systems (ADAS) refer to those systems which support the driver in
performing various driving tasks safely. Among them, Traffic Sign Recognition
(TSR) systems offer significant information to the driver about the road restrictions and surrounding environment by detecting and recognizing the
traffic signs along the way [1]. The prevalence of smartphones and the recent
advances in their computational power and camera quality has provided a
new platform for developing low cost ADAS applications. We present in this
paper the development of a TSD (Traffic Sign Detection) application for traffic signs that contain the red color (mostly regulatory signs for “no entry”
“stop” and “yield”) on an Android platform using image processing tech-
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niques. The application displays detected traffic signs and assists the driver
in not missing important traffic information.

2

Technical Implementation

In order to develop the smartphone application for real time detection of
specific traffic signs, we reviewed the recent research performed on TSR and
the required theory for traffic sign detection. Based on the analysis, we
adopted the most effective approach relying on the OpenCV computer vision
library. Color-based methods rely on exclusive color specification of traffic
signs, while shape-based methods take advantage of defined shapes of traffic sings [2]. However, much research combines both of the mentioned techniques to achieve higher precision in detection. The main steps involved in
implementing the code for image processing consisted of image acquisition,
region of interest calculation, segmentation, color detection, shape classification and sign detection [3]. A graphical user interface that included checkboxes and push-buttons completed the proposed application.

3

Results

In this paper, we proposed an application to monitor the road for traffic sign
detection using mobile smart devices. Evaluation results showed a high object detection rate (84 %) within a few milliseconds of time. The detection
time differed depending on the resolution of the device used. A higher resolution needed more time to process the higher number of pixels, but the
detection was more precise. The number of false detections could be reduced by improving the app in future work.
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Optimization-based Approach for Cooperation
and Coordination of Multi-autonomous Vehicles
Submitted to ”Intelligent Transportation Systems and
Smart Mobility” Workshop
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Abstract. This abstract paper introduces a hybrid optimization-based
approach to solve the Multi-Robot Task Allocation (MRTA) problem.
This approach can coordinate among several intelligent vehicles and aid
in the cooperation for better overall performance. The algorithm is to
be implemented on autonomous golf-carts and tested in oﬀ-road environments within real-life scenarios. Several experiments are to be carried out
and compared against another approaches, this is to ensure the credibility and the eﬃciency of the proposed approach.

1

Introduction

According to the World Health Organization (WHO), road traﬃc accidents are
ranked number one as the main cause of death among young people [1]. The
majority of these accidents are caused because of the human-error, due to the
many distractions surrounding the drivers and pedestrians as well. Many solutions are proposed to reduce the number of accidents on the road, and one
of these leading solutions is having self-driving vehicles [2]. Nowadays several
car manufactures introduce their intelligent vehicles to the roads for public use.
However, the more intelligent vehicles are on the road, the more cooperation and
coordination among them are required.
In reference to the results from the current literature review, the coordination and cooperation among mult-agent systems can be modeled as Multi-Robot
Task Allocation (MRTA) problem. MRTA problem is NP-hard, accordingly using an optimization-based approach to solve it is recommended [3]. This paper
discusses the advantage of applying a hybrid meta-heuristic optimization algorithm to solve MRTA problem, and the following section 2 describes the proposed
optimization-based approach to solve MRTA problem.

2

Proposed Approach

MRTA problem is one of the challenging problems in multi-robot systems, it can
be seen as an optimal assignment problem. At which the goal is to ﬁnd the best
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assignment for a set of robots to a set of tasks in such a way that optimizes
the overall system performance, subjected to a set of constraints. The problem
is modeled as multi-Traveling Salesmen Problem (mTSP), where the robots are
considered as salesmen and the tasks are the same as cities. The formulation
scheme is set to single-task robots, multi-robots tasks and time-extended tasks
in a decentralized paradigm. From the current state-of-the-art, it was found
that various optimization techniques have been used to solve the general task
allocation problems and MRTA problem as well.
Two main optimization approaches obtained the best results in term of computational time and ﬁnal assignment solution cost, they are the Simulated Annealing (SA) and the Genetic Algorithm (GA) approaches. However, each algorithm have a disadvantage, thus a combined hybrid approach is proposed to
overcome these disadvantages, and accordingly it enhances the overall process.
The proposed approach is to be implemented in multiple autonomous golfcarts, which are equipped with the necessary sensors and actuators to navigate
without any human intervention from one point to another. The vehicles are part
of the Intelligent Campus Automobile (iCab) project [4]. Several experiments are
to take place in an oﬀ-road environment, simulating various real-life scenarios.
Moreover, in order to proof the credibility of the proposed approach, it will be
tested on a well-known TSP test-bench and compared against other approaches
under the same conditions.
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Stereo Vision-Based Convolutional Networks for
Object Detection in Driving Environments
Carlos Guindel, David Martı́n, and José Marı́a Armingol
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Abstract. Advanced driver assistance systems (ADAS), as well as autonomous vehicles, rely on object detection algorithms to enable a full
understanding of the traﬃc scene. This work proposes a vision-based
approach for on-road object detection which incorporates stereo information, frequently available in ADAS, within the framework provided
by a state-of-art deep learning algorithm.
Keywords: deep learning, stereo vision, object detection

1

Introduction

Deep learning has become ubiquitous in almost every application involving object recognition in the past few years, intelligent transportation systems being
no exception. Thereby, a variety of applications have been lately approached
through Convolutional Neural Networks (CNNs) and other similar techniques.
The hierarchical feature learning performed in the CNNs is frequently focused on the three color channels of the image, while additional information is
not exploited. Nevertheless, stereo vision systems have proven to be a satisfactory alternative for obtaining useful depth information in driving environments
over the past decades. Obstacle detection is particularly beneﬁted by the spatial
reasoning provided by the stereo systems [1].
While CNNs are ideally suited to object classiﬁcation, ﬁtting them in a complete object detection scheme remains a very active research ﬁeld. Lately, designs
based on “attention” mechanisms are becoming popular. Faster R-CNN [3], a
natural evolution of the previous R-CNN approach, is one of the most notorious.
It provides an end-to-end framework whose results are comparable with more
complex approaches. However, hypothesis generation remains a strong limiting
factor in performance, particularly when a high overlapping is required.
We aim to enhance the state-of-the-art detection and classiﬁcation framework provided by Faster R-CNN by leveraging depth information in a simple,
straightforward way. Our proposed approach is shown in Fig. 1.
Depth information is appended to the RGB image as a fourth channel, in
which each pixel is given a value proportional to its estimated disparity value.
Stereo matching is performed through the widely known SGBM method. In order
to avoid spurious errors introduced by non-deﬁned values, a simple background
interpolation is applied beforehand.
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Fig. 1. Proposed object detection system.

We adopt VGG-16 as the CNN architecture. Experiments are performed on
the KITTI dataset. To this end, the publicly available training set was conveniently divided into two splits, for training and evaluation. Table 1 compares our
approach against the vanilla Faster R-CNN approach.
Table 1. Detection mAP (%) obtained on the KITTI validation set.
Input image

Easy

Medium

Hard

RGB
RGB+Disp.
ΔmAP

79.98
80.84
+0.86

66.46
66.64
+0.18

57.53
58.03
+0.50

This work is intended to be the ﬁrst step towards a full scene understanding
system based on the information given by the detected traﬃc participants, aimed
to be integrated into the IVVI 2.0 [2] intelligent vehicle.
Acknowledgments Research supported by the Spanish Government through
the CICYT projects (TRA2015-63708-R and TRA2013-48314-C3-1-R), and the
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One of the most important elements regarding urban mobility is traﬃc management. Mobility has a great inﬂuence in citizens lives for many reasons. To
name a few, it aﬀects security, eﬃciency, sustainability and environmental impact. Thus, it is required to equip mobility managers with proper tools to get
a precise idea about the current traﬃc situation and also to estimate its future
state. These tools essential to facilitate their decision-making process.
The aim of this work is at creating a congestion prediction model for the
Portuguese city of Porto based on FCD. To obtain such traﬃc model it has been
applied the Knowledge Discovery in Databases (KDD) process, which comprises
the following phases: data pre-processing, data mining and interpretation and
model evaluation.
In the ﬁrst step of the KDD process we selected the most suitable attributes.
Also, samples with missing and/or erroneous values were ﬁltered. After that,
we did a transformation of that dataset using a grid in order to discretize the
spatial coordinates using a well-known preprocessing tool: grid decomposition
([1]). Each cell consisted on a max and min lattitude and longitude selection,
also sampling by the hour of the day and the day of the week. After that we split
the original dataset into N dataset spatio-temporal 3D datasets, assigninig all
GPS samples to each one of the aforementioned cells. Moreover, a few statistics
were obtained for each cell, regarding occupancy, inﬂow and outﬂow of vehicles.
As a ﬁnal task in this preprocessing stage we tagged each cell. We assigned
each cell one of the three possible congestion states, namely Free, Synchronized
and Congested. We did that using an analogy to the fundamental diagram of
traﬃc ﬂow (1). In that diagrams there is the so called critical point. It means
a density value corresponding to the maximum traﬃc ﬂow value. That point is
commonly used as marker for determining when a traﬃc network is considered
to be congested (beyond that density value). We made an analogy to label our
cells in a similar way.
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Fig. 1. Fundamental diagram of traﬃc ﬂow.

After the preprocessing, we worked to obtain a classiﬁcation model for each
one of that cells in order of using it as a predictor of future congestion all
around Porto city. We performed a set of experiments to evaluate a number of
classiﬁcation and evaluation algorithms, always using 10-folded crossvalidation
because of the limited number of samples per cell.
The best model was obtained when we only adjust the parameters of the
classiﬁer Bagging + C.4.5. We also evaluated other metrics like the model consistency (variance reduction) and Multiclass Area Under the Curve metric ([3]).
Finally, in the last stage of the Knowledge Discovery in Databases process
we made a simple interface to visually inspect the resulting predictions.
The dataset used for this work is the same published here ([2]) and was built
by capturing GPS positions from 442 taxis, acting as probe vehicles for this
purpose. Every 15 seconds a GPS sample was stored, every time a passenger
hired a ride to some place in that city. Results obtained were encouraging: A
classiﬁcation accuracy of 82.5%.
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Mobility is an essential part of modern societies. Urban mobility has three
important goals, namely Safety, Eﬃciency and Sustainability. Modern cities have
a number of challenges ahead. To name a few, population levels are increasing
together with increments in pullution, energy demand and environmental impact.
A very important element within urban mobility is Traﬃc Simulation[4].
There is no doubt about the importance of the development of accurate traﬃc
simulations in particular for an eﬃcient traﬃc management and planning. In that
context, there is an outstanding tool, SUMO (Simulation Urban Mobility)[3][1],
which is not only a complete and customizable microsimulation platform. It is
also changing the game rules with its open software approach. Its community of
developers is very alive and growing every month, likewise the number of research
groups that embrace this tool as main technology for their research plans.
However, SUMO still lacks of something that will be clearly a deal breaker
for local administrations regarding other tools and platforms [3][1]. That is performance. Traﬃc networks are generally very big and computationally expensive
to simulate. Realtime performance levels are needed for on-line use.
In our lab we are aiming at the parallelization of SUMO, but before of that
move, we are evaluation the performance improvement through shifting from
Python to ANSI C as programming language.
We have studied how SUMO works. SUMO makes its calculations in Phyton[2]. Phyton is a high level multi-platform programming languaje. Its object
oriented approach and its portability may yield an inncecessary headover regarding SUMO performance.
We use python because the SUMO engine is implemented in that language,
and researchers when want to communicate with SUMO through TraCI use that
high level language. However, here we present some promissing results using C
for several modules. In this work we compare two versions of SUMO, the outof-the-box based on Python and a second one, developed in our lab with some
modules in C instead. We present a performance comparison study, using that
two versions of SUMO.
For our experiments we have used a simple network, consisting of in a two
lanes motorway. We simulated a vehicle ﬂow, between ﬁfty and one hundred cars
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driving along that motorway during ﬁve seconds. That vehicles drive along the
motorway in a constant speed and don’t have to take any decision along the way.
Results are encouraging. We have evaluated the application speed-up by doing an arithmetic average of thirty simulations in both SUMO versions, varying
the number of vehicles.

Fig. 1. C vs Python

In ﬁgure 1 we represent the number of simulated vehicles in the horizontal
axis. In the vertical axis we see the averaged execution time in miliseconds. As
we can see, C has a clearly better response, and at lease in this range, there
seems to be a clearly linear relationship between both variables. For every test,
C is faster than Python.
As a future plan, we are preparing more extensive experiments, varying the
type of vehicles, number of lanes, streets, highways, to see if in harder conditions we get consistent results regarding both versions of SUMO. Also, we plan
to translate some more modules and funcionalities from Python to SUMO before the parallelization of that platform. We have already designed the parallel
architecture and we will share the main elements it will include.
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Abstract. This paper proposes a scalable traﬃc responsive hierarchical control system for optimizing the ﬂow of vehicles through a large
urban network. The network is partitioned into several regions, in order to reduce the computational complexity of the design and of the
implementation of the coordinated feedback controller. Coordination between regions is realized at a slow time scale through perimeter control,
preventing congestion and performance collapse by keeping the number of vehicles in each region below the maximum ﬂow density in the
macroscopic fundamental diagram (MFD) for that region. At a fast time
scale a cell transmission (CTM) urban traﬃc model is used for designing
a strategy coordinating local feedback controllers (e.g. classical traﬃc
lights, but the method can be applied also for controllers using I2V communication, or for autonomous vehicles) in each region. It is shown that
these controllers can adjust the the macroscopic fundamental diagram
(MFD) for the region, improving the performance of perimeter control.

Keywords: urban traﬃc control, hierarchical control, coordinated control, cell
transmission model, perimeter control

1

Description of proposed methodology

*
Consider a large urban area U = i=1...I Regi where the conﬂicts between the
interacting traﬃc streams are resolved by traﬃc responsive control actions. In
order to allow computationally eﬃcient design of the control strategies hierarchical decomposition of the problem can be used [?]. In line with this approach
we propose using perimeter control controlling the ﬂow entering Regi through
its boundaries with neighbouring regions in order to avoid congestion in Regi .
Coordinated local feedback control optimizes traﬃc ﬂow inside each Regi at a
faster time scale. Currently traﬃc lights are used as actuators, using information from loop detectors, video cameras and radars to select red/green switching
times. But in the future additional communication via I2V and V2I infrastructures will enable more sophisticated strategies, like advisory speeds, or even fully
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controlled speed for autonomous vehicles. In order to simplify the presentation
we discuss our control design paradigm below assuming traﬃc lights are used,
but the extension to other control actuators is obvious. The goal of the feedback
strategies is to reliably and robustly minimize average delay for all participants
in the traﬃc. The proposed method allows distinction between diﬀerent modes
of traﬃc, e.g. in order to give priority to emergency vehicles and to public transportation, and leads to smooth traﬃc behaviour, improving safety and reducing
pollution.
Perimetercontrol[],[]avoidstheunstablerightbranchoftheMFDiofRegi
byreducingtheinﬂowtoRegiwhenthenumberofvehiclesinRegiapproachesthe
maximum of MFDi. In [] distributed feedback control laws select the inﬂow to
Regi as functions of the number of vehicles in Regi and in its neighbours. The
choiceofthestableoperatingpoint,achievinglowdelay,dependsontheshapeof
theMFD[].MFDswithahighmaximum,forashighatraﬃcdensityaspossible,
improvethesystemperformance.In[]aselectionofanappropriatememberofa
libraryofpreplannedsettingsofthetraﬃclightsisusedforthispurpose.
ImprovingM F Di requiresacombinationoftheeﬃciencyofpretimedgreen
waves and of the robustness and responsiveness of feedback controllers.We propose(formoredetailssee[1])thatcoordinatedMPCcontrollersoftheswitching
timesofthetraﬃclightsinsideRegi canimprovetheshapeofM F Di .OurMPC
approach uses predictions of traﬃc arriving at the intersections in Regi over a
horizon of a few cycles of the traﬃc light, and selects the switching times of
the traﬃc lights that minimize the waste of capacity. These predictions at each
intersection depend on planned control actions at neighbouring intersections,
thusensuringpropercoordination.Thepredictionsuseanovelcomputationally
simpleCTM(celltransmission)modelforurbantraﬃc,includingupstreamand
downstream eﬀects as in classical CTM, as well as queue discharge delay and
eﬀectsofredlights.In[]weshowthat,evenforrathersimplecaseswithlimited
scope for improvement, these strategies can speed up the ﬂow of vehicles out of
the region
leading to improved MFDs. The proposed decomposition partitioning
*
U = i=1,...,I Regi into I regions Regi renders the design tool scalable.
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1

Introduction

Emergency logistics refers to systems and procedures devoted to manage the
distribution of aid by means of resources and specialists to areas aﬀected by a
man-made or natural disaster. The main aim in those situations if to provide an
urgent relief. In this work the Ambulance Routing Problem (ARP) proposed by
Talarico et al. [2] that arises in a disaster response scenario is addressed. This
problem considers a set of equal ambulances, K, a set of patients, P , which is
divided into a subset of red code patients, R, and a subset of green code patients,
G, such that P = R ∪ G, and a set of hospitals,
 H. Each hospital h ∈ H counts
with a number of ambulances Kh such that h∈H Kh = |K|. Moreover, in order
to provide an appropriate aid to the injured persons diﬀerent type of actions
have to be performed. Namely, depending on the severity of the injury, diﬀerent
types of patients arise:
– Set of red code patients (R): It is composed by those patients that are
seriously injured and need to be brought to a hospital by an ambulance.
– Set of green code patients (G): It is composed by those patients that are
slightly injured and can be helped directly in the ﬁeld for a given amount of
time di , i ∈ G.
Therefore, according to the previous classiﬁcation, ambulances have to perform
diﬀerent actions. Namely, in the case of a red code patient the ambulance has to
depart either from a hospital or from its current position in the given scenario and
bring him/her to a hospital. On the other hand, in the case of green code patients
the ambulance has to reach that injured person and provide an assistance for a
given time di without needing to return to the hospital.
As can be noticed, a wealth of combinations of actions to be performed by
the ambulances emerges in order to minimize a given objective function. In this
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regard, the quality of a solution for the ARP is evaluated by means of the weight
service completion time for all red code patients and the latest service completion
time among all green code patients.

2

Dynamism in the Ambulance Routing Problem

The static problem (i.e. the problem not considering any changes or additional
events besides the initial data) has been solved in the literature using a Large
Neighborhood Search (LNS) [2]. Nevertheless, the ambulance routing problem
appears in a context with a particular tendency to dynamism, since patients
could change their condition or new patients could appear meanwhile ambulances
are developing their routes. Following the nomenclature given in [2], the patients
who can be assisted directly in the ﬁeld are green code patients, and those who
need to be brought to hospitals are red code patients. Thus, we can deﬁne three
diﬀerent kinds of dynamic events that could come up over the time horizon:
– Either new green or red patients appear along the execution of a given response plan and have to be incorporated in the solution that are working.
– A green patient becomes a red patient due to unforeseen diﬃculties, this
leads to changes in the assistance and service provided by the ambulances.
For instance, a green patient converted to red would make the ambulance to
return to the hospital.
– Either a green or red patient deactivates due to other sources of assistance.
These three kinds of dynamism have to be taken into account in order to
properly oﬀer medical aid while improving the quality of the assistance and
schedules provided. In this sense, to the best of our knowledge, this problem
with this special casuistry has not been tackled in the literature. For this reason,
the goal of this work is two-fold. On the one hand, a particular implementation of
a Variable Neighborhood Search (VNS, Hansen and Mladenovic [1]) is proposed
to solve the initial static problem and, on the other hand, the dynamic version
of the problem is dealt extending the above-mentioned VNS implementation.
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Extended abstract
Nowadays, the idea of a completely interconnected city with infrastructure, vehicles and even the humans on a connectivity loop is a reality. They are commonly
found on the people’s everyday life. For instances, smart phones applications are
capable to interact with the some city devices, and even with automated driving
functions. All these characteristic have been well-received by users around the
world, even the idea of automated vehicles. Some studies shows than 55 percent
of the population would like to take rides on automated vehicles and even more
than 65 percent on a partly automated vehicle [1].
With the evolution of the Intelligent Transportation Systems (ITS) in the
last decade, a great variety of ADAS systems have been tested accomplishing the
deployment of them in commercial vehicles as: lane departure warning and assistance, automatic parking, blind spot monitoring, among others. Most of them
are based on on-board sensors as radars, LiDAR, cameras, ultrasonic sensors
and communication V2X [2]. But in the case of a complete automated driving
there are still a great variety of diﬀerent scenarios to be tested to accomplish
the commercial deployment of a SAE level 4 and 5 of automation [5].
Great varieties of tests related have been performed on highways. However,
planning constrains and control techniques have been implemented but not in an
extensive way as the ﬁrst two cases [3]. One of the big and interesting challenging
scenarios is the lane change maneuver. This scenario is deﬁned by a series of
constrains and conditions given by the perception systems, as detection of the
environment and obstacles, and others of control part, as speed considerations
and even communication with another vehicles.
On the current paper, the control architecture implemented was made based
on [4] and the approaches are related with the behavioral planner on the decision block for the Lane Change maneuver on Highways. We are considering the
information obtained from the sensors as frontal LiDAR and cameras to detect
obstacles on the road, and communication with other vehicles to coordinate in
a cooperative way the maneuver.
Three possible stages were established to validate the maneuver. The ﬁrst is
the generation of a parametric (continuous) curve to change the lane, considering
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Fig. 1. Control architecture in detail with obstacle avoidance.

the possibilities that a vehicle could come on the opposite direction and the total
time to recreate the maneuver. The second stage is to overtake the other vehicle
in the opposite lane (adding a secure distance in front of the overtaken vehicle)
and the third stage is the return of the vehicle to the lane.
The implementation of these algorithms and the control architecture was performed in a simulator based on simulink, and with the capabilities of simulated
the dynamics of the vehicle, called Dynacar [6].
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1

Introduction

Beyond doubt, behaviour of drivers has a strong impact on vehicular traﬃc ﬂow.
In order to investigate those eﬀects, i.e. gains and losses resulting from more or
less cooperative behaviour, simulations are an expedient to quantify those eﬀects
in numbers. Comprehensive simulations include road networks containing roads
with multiple lanes. The discrete decision making of single vehicles whether or not
to change their lane is inﬂuenced by multiple factors, and often controlled by lanechange models of diﬀerent types. Obviously, the decision is depending not only on
the demand to stick to traﬃc rules, but also to follow the own route and gain speed
advantage by overtaking others. Additionally, the reaction to other, neighbored
vehicles’ requirements may trigger the consideration of lange changes. To do so,
inﬂuence on the current speed and acceleration may be necessary to execute the
lane-change. A cooperative lane-change model considering the discussed issues
is presented in [1]. It acts as extension to both lane-change (e.g. MOBIL [2])
and longitudinal models and especially provides solutions for situations where
cooperation between vehicles is necessary. However, it does not present and
quantify potential gains and advantages resulting from cooperative behaviour
compared to egoistic lane-change models. This paper presents simulation results,
which show in which situations cooperation is beneﬁcial and how much resources
can be saved as a consequence. It reveals beneﬁts when using cooperative lanechange behaviour, especially in terms of average time consumption of vehicles
to get from source to destination. Additionally, another unrealistic eﬀect of
non-cooperative models can be counteracted, that is not visible when averaging
time and fuel consumption: Single vehicles are convicted to wait for a very long
time, because it is impossible to change to the target lane in dense traﬃc. If
the blocking vehicle on the target lane considers also its neighbors, the neighbor
vehicle can change lane after a short waiting time and continue its ride, what
moves simulation results closer to reality.
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Investigation and Simulation Results

The simulations were carried out using diﬀerent scenarios, conﬁgured within the
microscopic traﬃc simulator TraﬀSim [3]. Within the scope of this investigation,
multiple situations where cooperative behaviour is essential were set up, like an
overloaded highway exit or intersections with turn lanes. The simulation results
show that cooperative behaviour leads to reduction of average travel time and
fuel consumption in all investigated situations. For this abstract, representative
results were picked to demonstrate the performance improvements. The scenario
consists of a traﬃc light with four connected road segments and multiple lanes,
including turn restrictions and therefore necessity of lane-changes for some of the
vehicles to reach the desired destination. Results reveal improvements of 1.54 %
average fuel consumption over all vehicles and 1 % less average time consumption
for this example scenario. These improvements can completely be associated with
the cooperative lane-change behaviour, and less waiting times after standstill
due to consideration of neighbor vehicles’ needs.
Additionally, the travel time distribution is more balanced, due to avoidance
of very long waiting times for single vehicles due to blocked highway exit lanes,
which is revealed in histograms over travel time in ﬁgure 1.
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Fig. 1. Travel time distribution with diﬀerent behaviour settings
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&RPSDUDWLYH3HUIRUPDQFH$QDO\VLVRI9DULDEOH6SHHG
/LPLW6\VWHPV&RQWURO0HWKRGV8VLQJ0LFUR6LPXODWLRQ
$&DVH6WXG\RQ')UHHZD\,VWDQEXO
0RKG6DGDW,VPDLO0$EXDPHU0HKPHW$OL6LOJXDQG+LOPL%HUN&HOLNRJOX
'HSDUWPHQWRI&LYLO(QJLQHHULQJDW7HFKQLFDO8QLYHUVLW\RI,VWDQEXO ,78 ,VWDQEXO7XUNH\
{sadatm, ismailmaabuamer, msilgu,celikoglu}@itu.edu.tr

$EVWUDFW,QWKLVSDSHUZHLPSOHPHQWWZR9DULDEOH6SHHG/LPLWV 96/ FRQ
WURO VWUDWHJLHV DW D ERWWOHQHFN RQ ' IUHHZD\ LQ PLFURVLPXODWLRQ HQYLURQ
PHQW RI 966,0 ZKLFK LV FDOLEUDWHG ZLWK ILHOG GDWD :H FRPSDUH WKH SHUIRU
PDQFHRIERWKWKHVWUDWHJLHVZLWKQRFRQWUROFDVH

.H\ZRUGV 9DULDEOH 6SHHG /LPLWV &RQJHVWLRQ 0LFURVFRSLF 7UDIILF 6LPXOD
WLRQ



,QWURGXFWLRQ

*URZLQJWUDIILFRQIUHHZD\VKDVFUHDWHGGHPDQGIRUWUDIILFFRQWUROV\VWHPVWKDWFDQ
PDQDJH LW HIILFLHQWO\ ZLWKRXW WKH QHHG RI H[SDQGLQJ WKH LQIUDVWUXFWXUH ,QWHOOLJHQW
7UDQVSRUWDWLRQ6\VWHPWHFKQLTXHVOLNH5DPS0HWHULQJ5RXWH*XLGDQFHDQG9DULDEOH
6SHHG/LPLWV 96/ FDQKHOSLQHDVLQJRXWFRQJHVWLRQRQIUHHZD\V:KLOHUDPSPH
WHULQJDQGURXWHJXLGDQFHV\VWHPKDYHOLPLWHGVFRSHRIDSSOLFDWLRQ >@ 96/VFDQEH
XVHGIRUSUHYHQWLQJWUDIILFEUHDNGRZQE\UHJXODWLQJIORZXSVWUHDPRIDFRQJHVWLRQ
6WXGLHVZLWKWKHDLPRILPSURYLQJWKHKRPRJHQHLW\RIIORZKDYHEHHQGRQHZKLFK
UHVXOWVLQEHWWHUVDIHW\ >@ EXWOLPLWHGLPSURYHPHQWLQIUHHZD\SHUIRUPDQFH0RGHO
SUHGLFWLYH FRQWURO ZDV XVHG LQ >@ H[WHQGLQJ WKH 0(7$1(7 PRGHO WR LQFRUSRUDWH
VSHHG OLPLWV ZLWK DLP RI SUHYHQWLQJ WKH EUHDNGRZQ RI WUDIILF IORZ 7KH 96/V ZHUH
XVHGDVWKHIXQFWLRQRIGHQVLW\LQ>@6LPLODUO\DIHHGEDFNFRQWUROPRGHOIRUDVLQJOH
ERWWOHQHFNXVLQJ96/VDVIXQFWLRQRIRFFXSDQF\LQPLFURVLPXODWLRQHQYLURQPHQWLV
GHYHORSHGLQ>@&RQWUROPRGHOEDVHGRQIORZRFFXSDQF\DQGVSHHGZDVVLPXODWHG
LQ>@XVLQJDPLFURVLPXODWLRQHQYLURQPHQW0RVWRIWKHVWXGLHVKDYHEHHQFRQGXFWHG
XVLQJ PDFURVLPXODWLRQ >@  DQG PLFURVLPXODWLRQ HQYLURQPHQW >  @  )L[HG
FRQWURO DSSURDFKHV EDVHG RQ RFFXSDQF\ LPSOHPHQWHG RQ , 2UODQGR )ORULGD DQG
IORZLPSOHPHQWHGRQ0(QJODQGKDYHEHHQXWLOL]HGLQSDVW6WXGLHVKDYHUHSRUW
HGLPSURYHGSHUIRUPDQFHZLWKEHWWHUFRQWUROVWUDWHJLHVKRZHYHUPRVWO\LQK\SRWKHW
LFDOWHVWVFHQDULRV$IRUHPHQWLRQHGILHOGLPSOHPHQWDWLRQDOVRXVHGVLPSOHDOJRULWKPV
7KXVWKLVVWXG\SUHVHQWVDFRPSDUDWLYHSHUIRUPDQFHHYDOXDWLRQRIWZRFRQWUROPHWK
RGV LQ 96/V LPSOHPHQWDWLRQ 2QH RI WKH FRQWURO PHDVXUH LV DGDSWHG DQG PRGLILHG
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IURP >@ ZKLFK LV EDVHG RQ IORZ RFFXSDQF\ DQG VSHHG ZKLOH RWKHU RQH LV DGDSWHG
IURP>@EDVHGRQIHHGEDFNFRQWUROEDVHGRQRFFXSDQF\WRFDOFXODWH96/V
0DQ\VHJPHQWVRI'IUHHZD\RI,VWDQEXOH[SHULHQFHUHFXUUHQWFRQJHVWLRQ >@ 
$VHFWLRQRI'IUHHZD\WKDWKDVKHDY\FRQJHVWLRQGXHWRPHUJLQJWUDIILFIURPRQ
UDPSVLVFKRVHQDFFRUGLQJO\DVWKHFDVHWRDQDO\]HLQWKLVVWXG\0LFURVFRSLFWUDIILF
VLPXODWLRQVRIWZDUH9,66,0LVXVHGIRUPRGHOLQJDQGVLPXODWLQJWKHWUDIILF&DOLEUD
WLRQRI9,66,0LV VRXJKWXVLQJ5HPRWH7UDIILF0LFURZDYH6HQVRUGDWDSURYLGHGE\
,VWDQEXO 0XQLFLSDOLW\ 3DUDPHWHUV LQFOXGLQJ FDU IROORZLQJ EHKDYLRXU KHDGZD\ DQG
ODQH FKDQJLQJ GLVWDQFHV DQG ODQH FKDQJLQJ EHKDYLRXU >@  DUH WXQHG XQWLO UHDO DQG
VLPXODWHG VSHHG SURILOHV PDWFK *(+ WHVW LV SHUIRUPHG WR YDOLGDWH WKH FDOLEUDWLRQ
9,66,0LVLQWHJUDWHGZLWK0$7/$%YLD&RPSRQHQW2EMHFW0RGHOLQWHUIDFH9DOXHV
RI IORZ GHQVLW\ DQG YROXPH DUH UHWULHYHG IURP 9,66,0 E\ 0$7/$% LQ UHDO WLPH
7KHVHYDOXHVDUHXVHGWRGHWHUPLQHWKH96/VE\UXQQLQJWKHFRQWURODOJRULWKPVDQG
DUHIHGEDFNWR9,66,096/VDUHDSSOLHGDVSRLQWDQGDUHDDSSOLFDWLRQ:KLOHSRLQW
DSSOLFDWLRQRI96/UHSUHVHQWVSUHVHQWGD\DSSOLFDWLRQPHWKRGVDUHDDSSOLFDWLRQUHS
UHVHQWVFHQDULRZKHQWKHUHLVIXOO,QIUDVWUXFWXUHWR9HKLFOH ,9 FRQQHFWLYLW\
7KH SUHVHQW VWXG\ VKRZV WKDW ERWK FRQWURO PHWKRGV UHSRUWHG EHWWHU UHVXOWV ZKHQ
FRPSDUHGQRFRQWUROFDVHLQWHUPVRIIORZRFFXSDQF\VSHHGDQG7RWDO7UDYHO7LPH
WKURXJKWKHVHOHFWHGQHWZRUN(QYLURQPHQWDOLPSDFWVRIWKHVLPXODWHGWUDIILFLQWHUPV
RIHPLVVLRQVDUHDOVRIRXQGWREHUHGXFHG7KHIHHGEDFNFRQWUROVWUDWHJ\SHUIRUPHG
UHODWLYHO\ EHWWHU $OVR WKH VSHHG SURILOH DFKLHYHG ZLWK IHHGEDFN FRQWURO LV PRUH KR
PRJHQL]HGZKHQFRPSDUHGWR UHVXOWDQWVSHHGSURILOHV IURPWKHUXQRIWKH DOJRULWKP
XVHGLQ>@,WFDQDOVREHFRQFOXGHGWKDWDSSOLFDWLRQDUHDRI96/W\SHRI96/DSSOL
FDWLRQSRVLWLRQRIVLJQVDQGGHWHFWRUVDIIHFWWKHSHUIRUPDQFHRI96/FRQWUROV\VWHPV


5HIHUHQFHV
 3DSDPLFKDLO,.RWVLDORV$0DUJRQLV,3DSDJHRUJLRX0&RRUGLQDWHGUDPSPHWHULQJ
IRUIUHHZD\QHWZRUNV±$PRGHOSUHGLFWLYHKLHUDUFKLFDOFRQWURODSSURDFK7UDQVSRUWD
WLRQ5HVHDUFK3DUW&(PHUJLQJ7HFKQRORJLHV   -XQH 
 <X 5 $EGHO$W\ 0 $Q RSWLPDO YDULDEOH VSHHG OLPLWV V\VWHP WR DPHOLRUDWH WUDIILF
VDIHW\ ULVN 7UDQVSRUWDWLRQ 5HVHDUFK 3DUW & HPHUJLQJ WHFKQRORJLHV  
6HS 
 +HJ\L$'H6FKXWWHU%+HOOHQGRRUQ+0RGHOSUHGLFWLYHFRQWUROIRURSWLPDOFRRU
GLQDWLRQRIUDPSPHWHULQJDQGYDULDEOHVSHHGOLPLWV7UDQVSRUWDWLRQ5HVHDUFK3DUW&
(PHUJLQJ7HFKQRORJLHV   -XQ 
 0OOHU (5 &DUOVRQ 5& .UDXV : 3DSDJHRUJLRX 0 0LFURVLPXODWLRQ DQDO\VLV RI
SUDFWLFDO DVSHFWV RI WUDIILF FRQWURO ZLWK YDULDEOH VSHHG OLPLWV ,((( 7UDQVDFWLRQV RQ
,QWHOOLJHQW7UDQVSRUWDWLRQ6\VWHPV   )HE 
 $OODE\3+HOOLQJD%%XOORFN09DULDEOHVSHHGOLPLWV6DIHW\DQGRSHUDWLRQDOLP
SDFWVRIDFDQGLGDWHFRQWUROVWUDWHJ\IRUIUHHZD\DSSOLFDWLRQV,(((7UDQVDFWLRQVRQ
,QWHOOLJHQW7UDQVSRUWDWLRQ6\VWHPV   'HF 
 &HOLNRJOX+%6LOJX0$([WHQVLRQRI7UDIILF)ORZ3DWWHUQ'\QDPLF&ODVVLILFDWLRQ
E\ D 0DFURVFRSLF 0RGHO 8VLQJ 0XOWLYDULDWH &OXVWHULQJ 7UDQVSRUWDWLRQ 6FLHQFH
  )HE 
 379$9,66,0XVHUPDQXDO.DUOVUXKH*HUPDQ\  
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Extended abstract
A probabilistic safety analysis methodology based on Bayesian networks models for the probabilistic safety assessment (PSA) of highway and roads is presented. The main idea consists of (a) identifying all the elements encountered
when travelling the road, such as light or speed limit signs, infrastructure, terrain, intersections, tunnels, viaducts, roundabouts, curves and any safety relevant elements, (b) reproducing these elements by sets of variables, such as, speed,
weather conditions, visibility, vehicle types, driver’s experience, etc., (c) identifying the direct dependencies among variables, (d) building a directed acyclic
graph to reproduce the qualitative structure of the Bayesian network, and (e)
building the conditional probability tables for each variable conditioned on its
parent nodes.
Since human error is the most important cause of accidents, driver’s tiredness
and attention are used to model how the driver’s behaviour evolves with driving
and how it is aﬀected by the environment, signs and other factors. In addition,
in the model we have considered the following variables: driver’s speed decision,
driver’s type, traﬃc intensity, vehicle type, speed, vehicle and pavement failures,
collision, weather, signal state, driver’s decisions, technical failures and incidents.
After establishing the dependencies among the variables, the conditional probability tables are built to quantify the Bayesian network and to obtain the joint
probability of all variables. Closed formulas for these tables are derived, which
allow us to implement the model and to identify the particular contribution of
each variable in a sensitivity analysis. A computer program developed in Matlab
implements the Bayesian network model from the list of road items and a set
of parameter values given by a group of experts. In this way, the most critical
elements can be identiﬁed and sorted by importance, so that an improvement of
the global safety of the road can be done savings time and money. Any maintenance program based on this set leads to an important saving of resources. Real
examples of a Spanish highway and a conventional road illustrate the proposed
methodology and show its main advantages with respect to alternative methods.
One of these examples can be seen in Figure 1 illustrating the plots and graphical
information provided by the program.
Among the original contributions of the paper we include: (a) a systematic
and natural methodology presented for the PSA of highways in which the contribution of each element to safety is identiﬁed, (b) eﬃcient closed formulas of the
conditional probability tables, (c) a computer program to automatically built
the Bayesian network based on a video of the road and an extra lab work where
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the items are identiﬁed, (d) a report including plots of the acyclic graph, a plot
of the elements, a graphical representation of the cumulative expected number
of severe incidents and a table with the risk associated with each item given to
identify the most risky items, (e) a partitioning technique to reduce the complexity from non-linear to linear in the number of items or road length, and (f)
some applications to real cases of roads and highways.
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Figure 1.- Example of the information supplied by the computer program.
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$EVWUDFW,QWKLVSDSHUZHDGRSWDQHQYLURQPHQWDOLPSDFWDVVHVVPHQWLQGLFDWRU
WR VSHFLI\ WKH HPLVVLRQEDVHG HQYLURQPHQWDO LPSDFWV RI WKH YHKLFXODU WUDIILF
GHJUDGDWLRQRQDQHWZRUN VOLQNFDSDFLWLHVWRGLVFXVVWKHFDPSXVOHYHOPRELOLW\
SDWWHUQV
.H\ZRUGV PRELOLW\ HQYLURQPHQWDO DVVHVVPHQW QHWZRUN UREXVWQHVV V\VWHP
RSWLPL]DWLRQXVHURSWLPL]DWLRQ



,QWURGXFWLRQ

,QWKLVSDSHUZHDGRSWDQHQYLURQPHQWDOLPSDFWDVVHVVPHQWLQGLFDWRU >@ LQRUGHU
WRVSHFLI\WKHHPLVVLRQEDVHGHQYLURQPHQWDOLPSDFWVRIWKHYHKLFXODUWUDIILFGHJUDGD
WLRQRQDQHWZRUN VOLQNFDSDFLWLHVE\HYDOXDWLQJFRPSDUDWLYHO\WKHXVHURSWLPDODQG
V\VWHPRSWLPDODVVLJQPHQWSULQFLSOHV >@ ,QLWLDOQXPHULFDODQDO\VHVDUHFRQGXFWHG
FRQVLGHULQJDQXPEHURIVDPSOHQHWZRUNWRSRORJLHVLQFOXGLQJWKH6LRX[)DOOVQHWZRUN
>@ DVZHOODQXPEHURIGHPDQGSURILOHV7KHHPLVVLRQEDVHGHQYLURQPHQWDOLPSDFW
DVVHVVPHQW LV WKHQ H[WHQGHG WR D UHDO FDVH VWXG\ RYHU WKH QHWZRUN RI WKH 7HFKQLFDO
8QLYHUVLW\RI,VWDQEXO$\D]DJD&DPSXV,QRUGHUWRGLVFXVVWKHFDPSXVOHYHOPRELOLW\
SDWWHUQVLQWHUPVRILFRQJHVWLRQGXHWRRQURDGSDUNLQJVDQGLLSHGHVWULDQL]DWLRQD
QXPEHUQHWZRUNHIILFLHQF\PHDVXUHV >@ VSHFLILFDOO\WRLQGLFDWHOLQNSHUIRUPDQFHV
DUHXWLOL]HG&RQVLGHULQJWKHZLWKLQGD\YDULDWLRQRIFDPSXVGHPDQGWKHXVHUHTXLOLE
ULXPDQGWKHV\VWHPRSWLPDOG\QDPLFWUDIILFDVVLJQPHQWVDUHVRXJKWRYHUDVLPXODWLRQ
HQYLURQPHQW'HJUDGDWLRQVRQOLQNFDSDFLWLHVDQGOLQNLPSRUWDQFHUDQNLQJVDUHXVHG
WR VLJQLI\ WKH SUREDEOH RXWFRPHV RI WKH FDPSXV WUDIILF PDQDJHPHQW SROLFLHV DV VFH
QDULRV
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