
 

PROCEEDINGS OF 

The 9th EUROSIM Congress 
on Modelling and Simulation 

EUROSIM 2016 
 

The 57th SIMS Conference 
on Simulation and Modelling 

SIMS 2016 

 

Editors: Esko Juuso, Erik Dahlquist, and Kauko Leiviskª  

Organized by Scandinavian simulation society (SIMS), 
Finnish Society 

of Automation (FSA), 
Finnish Simulation Forum (FinSim), 

University of Oulu 
and  

Finnish Automation Support Ltd.   

EUROSIM 2016 & SIMS 2016

DOI: 10.3384/ecp17142



 

Proceedings of 
The 9th EUROSIM Congress on Modelling and Simulation  

EUROSIM 2016 
and 

The 57th SIMS Conference on Simulation and Modelling  
SIMS 2016 

 
 

Editors: 
Esko Juuso, Erik Dahlquist and Kauko Leiviskª 

Published by: 
Scandinavian Simulation Society and Linkºping University Electronic Press 
ISBN: 978-91-7685-399-3 
Series: Linkºping Electronic Conference Proceedings, No. 142 
ISSN:   1650-3686 
eISSN: 1650-3740 
DOI:  10.3384/ecp17142 

Organized by: 
Scandinavian simulation society (SIMS), 
Finnish Society of Automation (FSA), 
Finnish Simulation Forum (FinSim), 
University of Oulu 
and Finnish Automation Support Ltd. 

Technically co-sponsored by: 
IEEE Finland Section, 
IEEE Computer Society, 
International Federation of Automatic Control Technical Committees 

Scandinavian Simulation Society 
c/o Esko Juuso, Control Engineering, Faculty of Technology 
P.O Box 4300 
FIN-90014 University of Oulu 
Finland 

Copyright É Scandinavian Simulation Society, 2018 

EUROSIM 2016 & SIMS 2016

DOI: 10.3384/ecp17142



Preface 
 
The 9th Eurosim Congress on Modelling and Simulation (Eurosim 2016) and the 57th SIMS conference on 
Simulation and Modelling (SIMS 2016) were held jointly in the City of Oulu, Finland. The Federation of 
European Simulation Societies (Eurosim) was set up in 1989. The purpose of EUROSIM is to provide a 
European forum for regional and national simulation societies to promote the advancement of modelling and 
simulation in industry, research and development. The program committee has organized an exciting and 
balanced program comprising presentations from distinguished experts in the field, and important and wide-
ranging contributions on state-of-the-art research that provide new insights into the latest innovations in the 
field of modelling and simulation. EUROSIM 2016 was organized by Scandinavian simulation society (SIMS), 
Finnish Society of Automation (FSA), Finnish Simulation Forum (FinSim), University of Oulu and Finnish 
Automation Support Ltd. SIMS was founded in 1959. The event was technically co-sponsored by IEEE Finland 
Section, IEEE Computer Society and International Federation of Automatic Control Technical Committees on  

¶ TC 3.2. Computational Intelligence in Control,  

¶ TC 6.1. Chemical Process Control, 

¶ TC 6.2. Mining, Mineral and Metal Processing, 

¶ TC 6.3. Power and Energy Systems, and  

¶ TC 6.4. Fault Detection, Supervision & Safety of Technical Processes-SAFEPROCESS. 

Networking events were organized on three levels: Federation of European Simulation Societies (Eurosim) 
had Executive Board and Board meetings; Scandinavian simulation society (SIMS) had Board and Annual 
Meetings and Finnish Simulation Forum (FinSim), founded in 2001, had Board and Annual Meetings. 
 
The overall management was done by the Eurosim Board, consisting of representatives of 17 European 
Simulation Societies lead by the Eurosim President Dr. Esko Juuso. The NOC was chaired by Prof. Kauko 
Leiviskª with Co-Chair Dr. Esko Juuso and Vice-Chair Industry Dr. Timo Ahola (FinSim). The IPC Chair 
Prof. Erik Dahlquist (SIMS), Co-Chair Prof. Bernt Lie (SIMS) and Vice-Chair Industry Dr. Lasse Eriksson 
were leading the IPC which consisted of 49 scientists. The Publication committee was chaired by Dr. Peter 
Yl®n with C-Chairs Prof. Lars Eriksson and Prof. David Al-Dabass. Industry-based people participated in the 
congress committees. Eurosim and SIMS Boards were in the IPC. Eurosim members participated actively: 20 
Eurosim countries from 14 member societies participated in the congress. 
 
EUROSIM 2016 proved to be very popular and received submissions with authors from more than 40 countries. 
The conference program committee had a very challenging task of choosing high quality submissions. Each 
paper was peer reviewed by several independent referees of the program committee and, based on the 
recommendation of the reviewers, 184 regular papers were accepted for presentation. The papers offer 
stimulating insights into emerging modelling and simulation techniques and their applications in a wide variety 
of fields within science, technology, business, management and industry. Contributions are structured by 
- Application domains, including Bio- and ecological systems, Building and construction, Economic and 
social systems, Energy, Industrial processes, Security and military, Transportation and vehicle systems, 
Water and wastewater, Weather and climate; 

- Functionalities, including Control and optimization, Communication and security, Education and training, 
e-Learning, Fault detection & fault tolerant systems, Human-Machine interaction, Mechatronics and 
robotics, Planning and scheduling, Sensing, Virtual reality and visualization; 

- Methodologies, including Computational intelligence, Conceptual modelling, Complex systems, Data 
analysis, Discrete event simulation, Distributed parameter systems, Parallel and distributed interactive 
systems, Simulation tools and platforms. 

- Minisymposia integrate these areas in Control education, Wastewater, Applied energy, Solar thermal 
power plants, Complex dynamic systems, Chemical processes, Big data analysis and Soft computing, 
Innovative technology and Cooperative automation. 
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Panel discussions were organised for three topics: Modelling and Simulation in Processes and Cleantech, 
Future energy systems and Intelligent Systems and IoT in Future Automation. Three technical tours covered 
energy production, radio technology, printed electronics and mining. Tutorials were arranged on simulation 
tools and platforms. 
 
The congress was very international: there were 181 participants from 33 countries. There were participants 
from all the continents, except Africa, but there were co-authors also from Africa. The program included 6 
plenaries, 175 regular oral and 7 poster presentations. The focus was in Europe: 1/4 from Finland, 1/5 from 
other Nordic countries and 1/3 from other European countries. Far East was active: 26 participants, where 18 
from Japan. In addition, there were 13 participants from other areas (Middle East, Americas and Australia). In 
total 22% of the participants were from outside Europe, almost as many as from Finland. The Proceedings 
includes includes 165 selected and revised papers.  
 
Education for students was covered by the Control Education minisymposium organized The Education 
Committee of The Finnish Society of Automation and extended with papers from Education and Training, e-
Learning track. IEEE Finland Section organized a workshop for early career development in the world of 
technology for young professionals. High school students visited some sessions. 
 
We would like to express our sincere thanks to the plenary speakers, authors, session chairs, members of the 
program committee and additional reviewers who made this conference such an outstanding success. Finally, 
we hope that you will find the proceedings to be a valuable resource in your professional, research, and 
educational activities whether you are a student, academic, researcher, or a practicing professional.  
 
Esko Juuso, Erik Dahlquist and Kauko Leiviskª 
 

EUROSIM 2016 & SIMS 2016

DOI: 10.3384/ecp17142 Proceedings of the 9th EUROSIM & the 57th SIMS
September 12th-16th, 2016, Oulu, Finland

II



 
 

Table of Contents 
 
Preface ........................................................................................................................................ I 
Program .................................................................................................................................... IV 
Organization ............................................................................................................................. VI 
EUROSIM Board members................................................................................................ VII 
National Organizing Committee (NOC)  ............................................................................. VII 
International Program Committee ..................................................................................... VIII 
International reviewers ........................................................................................................ IX 
Publication Committee ........................................................................................................ XI 
Exhibition Committee .......................................................................................................... XI 

Plenary abstracts ...................................................................................................................... XI 
Contents of selected and revised papers ................................................................................. XX 
Panel discussions ................................................................................................................. XXXI 
Author index ....................................................................................................................... XXXIV 
Selected and revised papers .............................................................................................. 1-1128 
 
 

 
  

DOI: 10.3384/ecp17142 Proceedings of the 9th EUROSIM & the 57th SIMS
September 12th-16th, 2016, Oulu, Finland

III



Congress location   
 
The main venue and the exhibition site was the Oulu City Theatre in the City of Oulu, Capital of Northern 
Scandinavia.   

Opening session, 13 September 2016 
The Vice Rector for Cooperation affairs, Dr. Matti Sar®n, University of Oulu, Finland 
President of EUROSIM, Dr. Esko Juuso, University of Oulu, Finland 
President of SIMS, Prof. Erik Dahlquist, Mªlardalen University, Sweden 
Congress Chair, Prof. Kauko Leiviskª, University of Oulu, Finland 

Plenary presentations, 13 - 15 September 2016 
Thermal Management Simulations within Power Engineering at ABB      
Prof. Rebei Bel Fdhila, ABB Corporate Research, Sweden 

Modelling and Simulation of the Electric Arc Furnace Processes 
Assistant Professor Vito Logar, Laboratory of Modelling, Simulation and Control,  
Faculty of Electrical Engineering, University of Ljubjana, Slovenia 

Part 1: Autonomous Driving and Levels of Automation, 
Part 2: Situation Awareness and Early Recognition of Traffic Maneuvers 
Dr Galia Weidl, Daimler AG, Germany 

Simulating the Composition of the Atmosphere 
Adjunct Professor Harri Kokkola, Atmospheric Research Centre of Eastern Finland, Finnish 
Meteorological Institute, Finland. 

 
Using the Power of Simulation to bring Bottom Line Benefits to the Mining, Minerals and Metals Operations 
Roy Calder, Director, Technical Sales, Global Solutions SimSci by Schneider Electric, Warrington, 
United Kingdom 

Online Simulation Platform for Biophotonic Applications 
Dr Alexey Popov, Optoelectronics and Measurement Techniques Laboratory, University of Oulu, Oulu, 
Finland   

Congress topics, 13 - 15 September 2016 

Application domains (pp. 19-340) 
Functionalities (pp. 321-502) 
Modelling and simulation methodologies (pp. 505-811) 

Minisymposia, 13 - 15 September 2016 (pp. 812-1128) 
Best practices and new trends in control education 
Organizer: Finnish Society of Automation, Education Committee, Chair: Dr. Kai Zenger, Aalto University, 
Espoo, Finland 

Modelling and control aspects in wastewater treatment processes 
Organizer: Dr. Jesus Zambrano, Mªlardalen University, Vªster¬s, Sweden 

Modelling and simulation in applied energy 
Organizer: Prof. Erik Dahlquist, Malardalen University, Sweden 

Modelling and simulation in solar thermal power plants 
Organizer: Dr. Luis J. Yebra, CIEMAT, Plataforma Solar de Almer²a, Spain 

Object-Oriented technologies of computer modelling and simulation of complex dynamical systems 
Organizer: Russian Federation the National Simulation Society, Chair: Prof. Yuri Senichenkov 
St. Petersburg Polytechnic University, Russia 

Chemical Process Systems Simulation  
Organizer: Dr. Esko Juuso, University of Oulu, Finland 
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Industrial Optimization Based on Big Data Technology and Soft Computing 
Organizers: Prof. Yukinori Suzuki, Muroran Institute of Technology, Japan,  
and Dr. Kai Zenger, Aalto University, Espoo, Finland 

Simulation as Enabler for Innovative Technology 
Organizer: Prof. Agostino G. Bruzzone, Genoa University, Italy 

Cooperative Automation 
Organizer: Dr. Esko Juuso, University of Oulu, Finland 

Panel discussions, 13 - 15 September 2016 
Modelling and Simulation in Cleantech 
Chairs: Bernt Lie, University College of Southeast Norway, Norway 

Jes¼s Zambrano, Mªlardalen University, Sweden 
Future Energy Systems 
Chairs: Erik Dahlquist, Mªlardalen University, Sweden,  

Cristian Nichita. University of Le Havre, France 
Intelligent Systems and IoT in Future Automation 
Chairs: Esko K. Juuso, University of Oulu, Finland,  

Lars Eriksson, Linkºping University, Sweden 

Workshops and tutorials 
Career development in the world of technology and Young Professionals Meetup event  
Chair: Rafal Sliz, University of Oulu, IEEE Finland Section 

The basis of object-oriented modelling with Rand Model Designer 
Prof. Yuri Senichenkov, St. Petersburg Polytechnic University, Russia 

Introduction to modeling and simulation with Modelica using OpenModelica 
Dr. Adrian Pop, Linkºping University, Sweden 

Closing session, 15 September 2016  
Final Proceedings and Publication of revised papers 
President of EUROSIM 2013-2016, Dr. Esko Juuso, University of Oulu, Finland 

The Presidency period 2016 ï 2019, EUROSIM 2019 Congress & Venue 
President of EUROSIM 2016-2019, Prof. Emilio Jim®nez Mac²as, CEA-SMSG, Spain 

Technical tours, 16 September 2016  
Tour I: Energia  
Oulun Energia is the leading energy company in Northern Finland. Two power plants are visited:  
¶ Laanila Eco Power Plant, 50 MW Waste to Energy Plant, uses municipal solid waste as a fuel.  
¶ Toppila CHP Power Plants, 267 MW and 315 MW units, uses peat and wood as a fuel. 

Tour II: Radio Technology and Printed Intelligence  
¶ Factory tour at Nokia's Radio Technology Center Site. 
¶ VTT, PrintoCent Pilot Factories, including the new 5G Test Environment and Maxi IoT pilot line 

Tour III: Mining Engineering 
Oulu Mining School (OMS) integrates scientific disciplines along the value chain from exploration to mining 
and mineral processing. OMS has a unique continuous and automated concentrator minipilot facility. 

Social program  
Welcoming reception, The Oulu City Theatre, 12 September 2016. 
The City-Reception, Oulu City Hall, 13 September 2016. 
Banquet, Hotel Radisson Blu Oulu, 14 September 2016 
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Congress Chair 
Prof. Kauko Leiviskª, University of Oulu, Finland 

 
Congress Vice-Chair, Industry 
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Dr. Jari Ruuska, FinSim, Finland 
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Dr. Luis J. Yebra, Spain 

Dr. Peter Yl®n, FSA, Finland 
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Title Givenname Surname Affiliation Country 
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Ghulam 
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GIK Institute of Engineering Sciences & 
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Pakistan 
 

Ms. Azian Azamimi Abdullah Nara Institute of Science and Technology Japan 
Prof. Majida Alasady University of Tikrit Iraq 
Mr. Boon Chong Ang Intel Malaysia 
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Technical and Vocational University - 
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Iran 
 

Prof. 
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Dr. Dayang Jawawi Universiti Teknologi Malaysia Malaysia 
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Jerry 
 

Kwame Nkrumah University of Science and 
Technology 
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Prof. Rihard Karba University of Ljubljana Slovenia 
Prof. Tommi Karhela Aalto University Finland 
Mr. Konsta Karioja University of Oulu Finland 
Prof. S. D. Katebi Shiraz University, Shiraz Iran 
Prof. Dong-hwa Kim Hanbat National University Korea 
Prof. Miroljub Kljajic University of Maribor Slovenia 
Mr. Antti Koistinen University of Oulu Finland 
Dr. J. Mailen Kootsey Simulation Resources, Inc. USA 
Dr. 
 

Binod 
 

Kumar 
 

JSPM's Jayawant Institute of Computer 
Applications, Pune 

India 
 

Mr. Jouni Laurila University of Oulu Finland 
Dr. Toni Liedes University of Oulu Finland 
Mr. Solomon Mangeni Swansea University United Kingdom 
Prof. Rashid Mehmood King AbdulAziz University Saudi Arabia 
Prof. Gasper Music University of Ljubljana Slovenia 
Prof. Britt Moldestad University of South-Eastern University Norway 
Ms. Outi Mªyrª University of Oulu Finland 
Dr. Raza Naqvi Mªlardalen University Sweden 
Dr. Sophan W. Nawawi Universiti Teknologi Malaysia Malaysia 
Mr. Riku-Pekka Nikula University of Oulu Finland 
Dr. Kenneth Nwizege Ken Saro-Wiwa Polytechnic, Bori Nigeria 
Dr. Markku Ohenoja University of Oulu Finland 
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Plenary  1 
 
 

Thermal Management Simulations within Power Engineering at ABB 
 

Prof. Rebei Bel Fdhila 
   

ABB Corporate Research 
Sweden 

Email: rebei.bel_fdhila@se.abb.com 
 

The area of thermal management is driven by miniaturization in industry e.g. power electronics, 
motors or transformers. It is a natural response to size restrictions as in automotive and robotics, to 
space excessive costs e.g. offshore applications or simply to industrial or comfort requirements. 
Besides that, unceasing market and technology demand for higher currents, higher voltages or higher 
power is inevitably leading to a substantial power density increase justifying large losses and 
generating important amounts of heat. Confined electrical systems, enclosures containing electrical 
components and other apparatus and devices can generate a lot of heat able to significantly reduce 
the life time of an installation if no appropriate thermal solutions were adopted. Cooling is also needed 
to provide the appropriate process or product quality with minimizing energy consumption and 
environmental impact. An ever-increasing power density drives the need for more effective thermal 
management solutions where several phenomena e.g. electromagnetic, thermal and/or mechanical can 
be simultaneously taken into account. ABB is a leading company within power and automation 
technologies and to maintain its product quality and market penetration has always invested in 
acquiring state-of-the-art hardware and software tools to cope with its technology needs and 
ambitions. We are also building our own integrated multiphysics simulation methods able to develop 
accurate thermal solutions that account for the major interacting physical phenomena. This 
presentation can introduce you to our know-how in terms of numerical predictions of coupled systems 
and will also provide you with several examples of solutions where advanced simulations have been 
used.  
 
Biography 
 
Rebei Bel Fdhila (male), Adjunct Professor in Process Modelling and 
Computational Fluid Dynamics at Mªlardalen University since 2006. Got a PhD 
in 1991 from the National Polytechnic Institute of Toulouse, France ñINP 
Toulouse/ENSEEIHTò within multiphase flows and worked as a post-doc with 
EDF and CNRS in France followed by Twenty University in Holland. Since 1995 
he joined ABB Corporate Research in Sweden first as a researcher and today 
acting in his global role as a Corporate Research Fellow in Thermal Management. 
He has a large experience within the advanced modeling and simulation world. 
30+ publications and 9 active patent families. 

 
 

 
  

EUROSIM 2016 & SIMS 2016

DOI: 10.3384/ecp17142 Proceedings of the 9th EUROSIM & the 57th SIMS
September 12th-16th, 2016, Oulu, Finland

XII



 

Plenary  2 
 

Modelling and Simulation of the Electric Arc Furnace Processes 
 

Assistant Professor Vito Logar 
 

Laboratory of Modelling, Simulation and Control,  
Faculty of Electrical Engineering, University of Ljubjana, Slovenia 

 
Email: vito.logar@fe.uni-lj.si 

 
 
Current market demands on steel quality, price and production times dictate the introduction of 
several technological innovations regarding the electric arc furnace (EAF) steelmaking. One of the 
fields, which is rapidly developing and has significant potential is related to the advanced software 
support of the EAF operation, which combines data acquisition, advanced monitoring and proper 
control of the EAF. This paper briefly presents the idea and development of all key EAF-process 
models, which are together with measured EAF data used to estimate the unmeasured process values. 
The models are based on fundamental physical laws and are implemented mainly using nonlinear, 
time-variant ordinary differential equations. The validation results that were performed using 
operational EAF measurements indicate high levels of estimation accuracy and the final outcome of 
the study results in a fully operational EAF model, describing all crucial steel-recycling processes. 
The accuracy of the presented models is in the range of +/- 15 K for steel temperature and +/-10 % 
for steel composition. Therefore, the versatility and accuracy of the models allows the usage of the 
models in broader software environments in a form of soft sensors for process monitoring, process 
optimization and operator decision support.  
 
Biography  
 
Vito Logar is an Assistant Professor at the Faculty of Electrical Engineering, 
Univ. of Ljubljana. He is working on the described area for many years in 
several projects. So his research interests include modelling and optimization 
techniques regarding the electric arc furnace steel recycling processes. In 2013 
he received the award for outstanding scientific achievement for the year 2011 
from the Slovenian Research Agency (ARRS). In 2014 he received the award 
for outstanding scientific and pedagogic achievements from the University of 
Ljubljana. He is currently also the president of the Slovenian society for 
modelling and simulation SLOSIM.  
 
More info on EAF modelling and simulation: EAF Simulator: http://msc.fe.uni-lj.si/eaf.asp  
More info on the research: ResearchGate: https://www.researchgate.net/profile/Vito_Logar  
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Plenary 3 
 

Situation Awareness and Early Recognition of Traffic Maneuvers 
 

Dr Galia Weidl 
 

Daimler AG, Germany 
 

Email: galia_weidl@hotmail.com; galia.weidl@daimler.com 
 

 
We outline the challenges of situation awareness with the early and accurate recognition of traffic 
maneuvers and how to assess them. This includes also an overview of the available data and derived 
situation features, handling of data uncertainties, modelling and the approach for maneuver 
recognition. An efficient and effective solution, meeting the automotive requirements, is successfully 
deployed and tested on a prototype car. Test driving results show that earlier recognition of intended 
maneuver is feasible on average 1 second (and up to 6.72 s) before the actual lane marking crossing. 
The even earlier maneuver recognition is dependent on the earlier recognition of surrounding vehicles. 
 
Keywords ï bayesian networks, massive data streams 
 
Biography 
 
Galia Weidl obtained the MSc.degree in physics and mathematics from 
St.Petersburg State University, Russia, in 1993, and Fil.Lic. degree in 
theoretical physics from the University of Stockholm, Sweden, in 1996, and 
a Tekn.Dr. doctoral degree in process engineering from Mªlardalen 
University, Sweden in 2002. Until 2006 she held a postdoctoral appointment 
at Stuttgart University, Germany. She has held appointments with the 
research teams at ABB Sweden (1997-2002), Bosch (2006-2008) and 
Daimler (since 2008). Her current research topic focuses on Bayesian 
networks in the area of autonomous driving. Galia Weidl was appointed in 
June 2015 by the European Commission as invited independent expert for 
Horizon2020. 
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Plenary  4 
 

Simulating the Composition of the Atmosphere 
 

Adjunct Professor Harri Kokkola 
 

Atmospheric Research Centre of Eastern, Finland 
Finnish Meteorological Institute, Finland. 

 
Email: harri.kokkola@fmi.fi  

 
 
Climate models are an essential tool when estimating how climate will change in the future. The 
atmospheric core of these models simulates the circulation of the atmosphere by solving fundamental 
physical equations of conservation of motion, mass, and energy as well as the equation of state. 
However, climate is affected also by several other processes than the atmospheric circulation and to 
get an accurate projection of future climate, it is necessary to incorporate all these processes in the 
model. Such processes include cloud formation (warm clouds, ice clouds), cryosphere (ice/snow), 
land surface (soil, reflectance), biosphere (ecosystems, agriculture), ocean (heat transport). These 
processes are calculated with individual submodels which are coupled to the core atmospheric model 
and they are also coupled to each other so that they interact. However, machine learning methods and 
emulator techniques are emerging in the climate science. We have investigated the potential of these 
methods to decrease the error coming from simplifications of aerosol processes in global aerosol 
models. Our results show that machine learning methods can significantly increase the accuracy of 
coarse aerosol models without significantly increasing their computational burden.  
 
Biography 
 
Harri Kokkola is the group leader of Atmospheric Modeling group at the 
Research Centre of Eastern Finland, Finnish Meteorological Institute. He is 
working on atmospheric modeling and aerosol-cloud interactions. The main 
focus in his research is global scale aerosol-climate modeling and has been 
one of the main developers of the aerosol-chemistry-climate model 
ECHAMHAMMOZ. His research group has developed an aerosol 
microphysics module SALSA which has been implemented in a cloud scale 
model, an air quality model as well as regional and global climate models. 
They are also actively involved in AeroCom project which is an open 
international initiative of scientists interested in the advancement of the 
understanding of the global aerosol and its impact on climate. 
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Plenary 5 
 

Using the Power of Simulation to bring Bottom Line Benefits to the Mining, 
Minerals and Metals Operations 

 
Roy Calder 

 
Director, Technical Sales, Global Solutions 

SimSci by Schneider Electric, Warrington, United Kingdom 
 

Email: roy.calder@schneider-electric.com 
 

While todayôs economic climate for the Mining, Metals and Minerals (MMM) industries may not be at 
its best; the industry is still faced with the need to deliver products cost effectively, at the correct 
specification, while maintaining a high level of safety for the plant and the personnel. For many years the 
MMM industry has lagged behind the Hydrocarbon Processing Industry (HPI) with regard the use of 
Simulation, however as the level of investment has grown over the years the need to ensure cost effective 
design, allied to improvements in delivery time the use of Simulation has become an integral part of the 
design, construction and commissioning of new plants across the globe. One area Simulation applications 
are proving themselves is in the area of Operational Safety. The HPI has long used Simulation based 
Operator Training Simulators to ensure safe operations and this is being carried over with increasing 
uptake happening in the MMM industry. In the future as the MMM industry becomes increasingly 
sophisticated at the same time facing the difficulties of shrinking bottom lines it is clear that Simulation 
will become fundamental in delivering the tools and solutions that will enable the industry to ensure 
growth in its bottom line in years to come. Schneider-Electric has had a long history in the MMM industry 
and this paper will highlight how the acquisition of Invensys has brought a completely new perspective 
to the industry and, most importantly, allows MMM companies to grow their Bottom Line. 
 
Biography  
 
BSc in Chemical Engineering, 1984, University of Strathclyde, Glasgow, then 
wide ranging industrial experience as: 1) in South Africa as a Metallurgist on 
Westonaria Gold mine, 2) SASOL in Rosebank as a Process Engineer, 3) LôAir 
Liquide, 4) INHER SA as Divisional Head, Process Engineering in 1991, where 
he managed the SULZER Chemtech Agency delivering process plant in multiple 
industries, 5) Process Sales Director, BHR, UK, 6) SimSci Division of 
INVENSYS, now Schneider-Electric. Currently Director of Technical Sales,  
SimSci regional team, 80 strong, on Simulation in engineering and operations 
community of industries as varied as Oil Production, gold and coal mining and the 
power industry. The team directly serve the EURA (Europe, Russia and Africa) 
activities of SimSci. Written numerous papers and presented at World Petroleum Congress, ERTC, 
SAICHE, AICHE, IChemE & DECHEMA events as well as numerous industrial symposiums. He is joint 
holder of a patent on the application of Structured Packing in Wax Separation.  
He is devoted to Rugby, though no longer playing, and heads the Mini and Junior Section of his local club 
of some 300 budding young players. 
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Plenary 6 
 

Online Simulation Platform for Biophotonic Applications 
 

Alexey Popov 1 , Alexander Bykov 1 , Alexander Doronin 2 , Hannu Sorvoja, and Igor Meglinski 1  
 

1 Optoelectronics and Measurement Techniques Laboratory, University of Oulu, Oulu, Finland 
2 Computer Graphics Group, Department of Computer Science, Yale University, New Haven, USA 

 
Email: popov@ee.oulu.fi 

 
Currently optical methods are gaining ground for biomedical applications such as cancer and cardiovascular 

diagnostics, dermatology, ophthalmology, pharmaceutical research, cosmetics and healthcare industry. 
Benefits of optical techniques are their non-invasiveness, ability for remote monitoring and access to biological 
objects from cell to body level, to name a few.  
The light irradiation dose, measurement volume, sensitivity of optical modalities are of crucial importance 

in biomedical diagnostics before implementing the developed techniques in in vivo research and clinical trials. 
An essential part of the preliminary studies is the use of phantoms and simulations for the optimal configuration 
of the setup and refining the measurement procedure. Up to now, such simulations were performed in every 
lab using own codes and local resources.  
We report about the next step in the computational diagnostics, an online computational platform for the 

needs of biomedical optics and biophotonics. The platform serves as a tool for calculation of a sampling 
volume, fluence rate, skin spectrum, skin colour, and a number of optical techniques including optical 
coherence tomography, polarization, coherent backscattering, pulse oxymetry, confocal microscopy, 
fluorescence, and diffuse wave spectroscopy.  
We used the inheritance feature of Object-oriented programming (OOP) to create a ósmartô hierarchical 

structure of the Monte Carlo (MC) code to avoid having multiple classes for similar tasks. The hierarchy allows 
óalliedô objects to share variables and members, significantly reducing the amount of source code and paving 
the way to extend and generalize the MC. Depending on the application, objects can be tuned to an appropriate 
state of light-tissue interaction and to a particular optical diagnostic technique.  
To achieve optical simulation performance, we employed a developed parallel computing framework 

known as Compute Unified Device Architecture (CUDA), introduced by the NVIDIA Corporation. Specially 
designed for professional 3D graphics applications, this technology allows each graphic chip to be logically 
divided into hundreds of cores, turning the graphics processing unit into a massive co-processor for parallel 
computations. This capability enables the simulation of thousands of objects, i.e. the simultaneous propagation 
of photons in the medium - that speeds the process of simulation up to 103 times.  
The computational solution utilizes recent developments in HyperText Markup Language (HTML) 5, 

accelerated by the graphics processing units (GPUs), and therefore is convenient for the practical use at the 
most of modern computer-based devices and operating systems. Figure 1 shows the interactive user interface 
for selecting a particular MC application. The results of imitation of human skin reflectance spectra and the 
corresponding skin colors are presented in Figure 2.  
The platform can ease research in a number of areas and can be used for professional and educational 

purposes. 
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Figure 1. A variety of options offered by the online platform (www.biophotonics.fi). 

 

   
 

Figure 2. Results of MC simulations of human skin spectra and corresponsing colors while varying the melanin content 
in living epidermis (left): (1) ï 0%, (2) ï 2%, (3) ï 5%, (4) ï 10%, (5) ï 20%, (6) ï 35%, (7) ï 45%; and while varying 
the blood concentration (right) in the layers from papillary dermis to subcutaneousl tissue: (1) ï 0%, (2) ï 2%, (3) ï 5%, 
(4) ï 10%, (5) ï 20%, (6) ï 35%, (7) ï 45%, respectively. 
 

References: 
 

1. A. Doronin and I. Meglinski. Online object oriented Monte Carlo computational tool for the needs of biomedical 
optics, Biomed. Opt. Express 2(9): 2461-2469, 2011.  

2. A. Doronin, H. Rushmeier, I. Meglinski, and A. Bykov. Cloud-based Monte Carlo modelling BSSRDF for the 
rendering of human skin appearance. In Proc. SPIE 9719, Biophysics, Biology, and Biophotonics: the Crossroads, 
97190F, 2016. doi:10.1117/12.2214512. 
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Track A04. Energy Systems: Electricity/Heat/Gas Networks, Geothermal, Hydropower,
Plants, Smart Grids for Heat/Electricity, Solar, Wind

wƛǎŜǊ ƻŦ 5ǳŀƭ CƭǳƛŘƛȊŜŘ .ŜŘ DŀǎƛŬŎŀǘƛƻƴ wŜŀŎǘƻǊΥ LƴǾŜǎǘƛƎŀǘƛƻƴ ƻŦ /ƻƳōǳǎǘƛƻƴ wŜŀŎǘƛƻƴǎ фн
wŀƧŀƴ YǳƳŀǊ ¢ƘŀǇŀ ŀƴŘ .Ǌƛǘǘ aΦ 9Φ aƻƭŘŜǎǘŀŘ

tŜŀƪ [ƻŀŘ /ǳǘǘƛƴƎ ƛƴ 5ƛǎǘǊƛŎǘ IŜŀǘƛƴƎ bŜǘǿƻǊƪ фф
tŜǘǊƛ IƛŜǘŀƘŀǊƧǳ ŀƴŘ aƛƪŀ wǳǳǎǳƴŜƴ

{ŎǊŜŜƴƛƴƎ ƻŦ YƛƴŜǘƛŎ wŀǘŜ 9ǉǳŀǘƛƻƴǎ ŦƻǊ DŀǎƛŦƛŎŀǘƛƻƴ {ƛƳǳƭŀǘƛƻƴ aƻŘŜƭǎ млр
YƧŜƭƭπ!ǊƴŜ {ƻƭƭƛΣ wŀƧŀƴ YǳƳŀǊ ¢ƘŀǇŀΣ ŀƴŘ .Ǌƛǘǘ aΦ 9Φ aƻƭŘŜǎǘŀŘ

aƻŘŜƭ tǊŜŘƛŎǘƛǾŜ /ƻƴǘǊƻƭ ŦƻǊ CƛŜƭŘ 9ȄŎƛǘŀǘƛƻƴ ƻŦ {ȅƴŎƘǊƻƴƻǳǎ DŜƴŜǊŀǘƻǊǎ ммо
¢ƘƻƳŀǎ qȅǾŀƴƎΣ .ŜǊƴǘ [ƛŜΣ ŀƴŘ DǳƴƴŜ WƻƘƴ IŜƎƎƭƛŘ

aƻŘŜƭƭƛƴƎ ŀƴŘ 5ȅƴŀƳƛŎ {ƛƳǳƭŀǘƛƻƴ ƻŦ /ȅŎƭƛŎŀƭƭȅ hǇŜǊŀǘŜŘ tǳƭǾŜǊƛȊŜŘ /ƻŀƭπCƛǊŜŘ tƻǿŜǊ tƭŀƴǘ мнн
WǳƘŀ YǳǊƻƴŜƴΣ aƛƛƪŀ IƻǘǘƛΣ ŀƴŘ {ŀƳƛ ¢ǳǳǊƛ

IŀǊŘǿŀǊŜπƛƴπǘƘŜπ[ƻƻǇ 9Ƴǳƭŀǘƛƻƴ ƻŦ ¢ƘǊŜŜπtƘŀǎŜ DǊƛŘ LƳǇŜŘŀƴŎŜ ŦƻǊ ŎƘŀǊŀŎǘŜǊƛȊƛƴƎ LƳǇŜŘŀƴŎŜπ
.ŀǎŜŘ Lƴǎǘŀōƛƭƛǘȅ

мнф

¢ǳƻƳŀǎ aŜǎǎƻΣ Wǳǎǎƛ {ƛƘǾƻΣ ¢ƻƳƛ wƻƛƴƛƭŀΣ ¢ƻƳƳƛ wŜƛƴƛƪƪŀΣ ŀƴŘ wƻƴƛ [ǳƘǘŀƭŀ
tŀǊŀƳŜǘǊƛŎ /C5 !ƴŀƭȅǎƛǎ ǘƻ ǎǘǳŘȅ ǘƘŜ LƴŦƭǳŜƴŎŜ ƻŦ Cƛƴ DŜƻƳŜǘǊȅ ƻƴ ǘƘŜ tŜǊŦƻǊƳŀƴŎŜ ƻŦ ŀ Cƛƴ
ŀƴŘ ¢ǳōŜ IŜŀǘ 9ȄŎƘŀƴƎŜǊ

мор

{ƘƻōƘŀƴŀ {ƛƴƎƘΣ YƛƳ {ǄǊŜƴǎŜƴΣ ŀƴŘ ¢ƘƻƳŀǎ WΦ /ƻƴŘǊŀ
±ƻƭǘŀƎŜ {ǘŀōƛƭƛǘȅ !ǎǎŜǎǎƳŜƴǘ ƻŦ ǘƘŜ tƻƭƛǎƘ tƻǿŜǊ ¢ǊŀƴǎƳƛǎǎƛƻƴ {ȅǎǘŜƳ мпн
wƻōŜǊǘ [ƛǎ

!ƎƎƭƻƳŜǊŀǘƛƻƴ 5ŜǘŜŎǘƛƻƴ ƛƴ /ƛǊŎǳƭŀǘƛƴƎ CƭǳƛŘƛȊŜŘ .ŜŘ .ƻƛƭŜǊǎ ǳǎƛƴƎ wŜŦǳǎŜ 5ŜǊƛǾŜŘ CǳŜƭǎ мпу
bŀǘƘŀƴ ½ƛƳƳŜǊƳŀƴΣ Yƻƴǎǘŀƴǘƛƴƻǎ YȅǇǊƛŀƴƛŘƛǎΣ ŀƴŘ /ŀǊƭπCǊŜŘǊƛƪ [ƛƴŘōŜǊƎ

Ř{t!/9 LƳǇƭŜƳŜƴǘŀǘƛƻƴ ŦƻǊ wŜŀƭπ¢ƛƳŜ {ǘŀōƛƭƛǘȅ !ƴŀƭȅǎƛǎ ƻŦ ¢ƘǊŜŜπtƘŀǎŜ DǊƛŘπ/ƻƴƴŜŎǘŜŘ
{ȅǎǘŜƳǎ !ǇǇƭȅƛƴƎ a[.{ LƴƧŜŎǘƛƻƴ

мрр

¢ƻƳƛ wƻƛƴƛƭŀΣ wƻƴƛ [ǳƘǘŀƭŀΣ ¢ƻƳƳƛ wŜƛƴƛƪƪŀΣ ¢ǳƻƳŀǎ aŜǎǎƻΣ !ŀǇƻ !ŀǇǊƻΣ ŀƴŘ Wǳǎǎƛ {ƛƘǾƻ

{ŜƳƛπ5ƛǎŎǊŜǘŜ {ŎƘŜƳŜ ŦƻǊ ǘƘŜ {ƻƭǳǘƛƻƴ ƻŦ Cƭƻǿ ƛƴ wƛǾŜǊ ¢ƛƴƴŜƭǾŀ мсм
{ǳǎŀƴǘƘŀ 5ƛǎǎŀƴŀȅŀƪŜΣ wƻǎƘŀƴ {ƘŀǊƳŀΣ ŀƴŘ .ŜǊƴǘ [ƛŜ

Track A05. Industrial Processes: Chemical, Forest, Manufacturing, Metal, Mining/Mineral
Processing, Pharmaceutical Industry

{ƛƳǳƭŀǘƛƻƴ ƻŦ DƭȅŎƻƭ tǊƻŎŜǎǎŜǎ ŦƻǊ /hн 5ŜƘȅŘǊŀǘƛƻƴ мсу
[ŀǊǎ 9Ǌƛƪ qƛ ŀƴŘ .ƛǊŜƴŘǊŀ wŀƛ

aƛȄƛƴƎ ŀƴŘ {ŜƎǊŜƎŀǘƛƻƴ ƻŦ ǘǿƻ tŀǊǘƛŎǳƭŀǘŜ {ƻƭƛŘǎ ƛƴ ǘƘŜ ¢ǊŀƴǎǾŜǊǎŜ tƭŀƴŜ ƻŦ ŀ wƻǘŀǊȅ Yƛƭƴ мтп
{ǳƳǳŘǳ YŀǊǳƴŀǊŀǘƘƴŜΣ /ƘŀƳŜŜǊŀ WŀȅŀǊŀǘƘƴŀΣ ŀƴŘ [ŀǊǎπ!ƴŘǊŜ ¢ƻƪƘŜƛƳ

LƴǘŜǊŀŎǘƛǾŜ ±ƛǎǳŀƭ !ƴŀƭȅǘƛŎǎ ƻŦ tǊƻŘǳŎǘƛƻƴ 5ŀǘŀ π tǊŜŘƛŎǘƛǾŜ aŀƴǳŦŀŎǘǳǊƛƴƎ  мум
WǳƘŀƴƛ IŜƛƭŀƭŀΣ tŀǳƭŀ WŅǊǾƛƴŜƴΣ tŜƪƪŀ {ƛƭǘŀƴŜƴΣ WŀǊƛ aƻƴǘƻƴŜƴΣ aŀǊƪƪǳ IŜƴǘǳƭŀΣ
ŀƴŘ aƛƪŀŜƭ IŀŀƎ

 

/ƻǎǘ hǇǘƛƳƛȊŀǘƛƻƴ ƻŦ !ōǎƻǊǇǘƛƻƴ /ŀǇǘǳǊŜ tǊƻŎŜǎǎ мут 
/ŜƳƛƭ {ŀƘƛƴ ŀƴŘ [ŀǊǎ 9Ǌƛƪ qƛ  

CǳȊȊȅ aƻŘŜƭƭƛƴƎ ƻŦ !ƛǊ tǊŜǇŀǊŀǘƛƻƴ {ǘŀƎŜ ƛƴ ŀƴ LƴŘǳǎǘǊƛŀƭ 9ȄƘŀǳǎǘ !ƛǊ ¢ǊŜŀǘƳŜƴǘ tǊƻŎŜǎǎ мфп 
!ƭŜǑ ~ƛƴƪ ŀƴŘ DŀǑǇŜǊ aǳǑƛő  

CǊƻƳ LǘŜǊŀǘƛǾŜ .ŀƭŀƴŎŜ aƻŘŜƭǎ ǘƻ 5ƛǊŜŎǘƭȅ /ŀƭŎǳƭŀǘƛƴƎ 9ȄǇƭƛŎƛǘ aƻŘŜƭǎ ŦƻǊ wŜŀƭπǘƛƳŜ tǊƻŎŜǎǎ 
hǇǘƛƳƛȊŀǘƛƻƴ ŀƴŘ {ŎƘŜŘǳƭƛƴƎ 

нлм 

¢ƻƳŀǎ .ƧǀǊƪǉǾƛǎǘΣ hƭƭƛ {ǳƻƳƛƴŜƴΣ aŀǘǘƛ ±ƛƭƪƪƻΣ ŀƴŘ aƛƪƪƻ YƻǊǇƛ  
tǊƛƴŎƛǇŀƭ /ƻƳǇƻƴŜƴǘ !ƴŀƭȅǎƛǎ !ǇǇƭƛŜŘ ǘƻ /hн !ōǎƻǊǇǘƛƻƴ ōȅ tǊƻǇȅƭŜƴŜ hȄƛŘŜ ŀƴŘ !ƳƛƴŜǎ нлт 
²ŀǘƘǎŀƭŀ WƛƴŀŘŀǎŀΣ YƭŀǳǎπWΦ WŜƴǎΣ /ŀǊƭƻǎ CΦ tŦŜƛŦŦŜǊΣ {ŀǊŀ wƻƴŀǎƛΣ /ŀǊƭƻǎ .ŀǊǊŜǘƻ {ƻƭŜǊΣ  ŀƴŘ 
aŀǘƘǎ IŀƭǎǘŜƴǎŜƴ 
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aƻŘŜƭƛƴƎ ŀƴŘ tƻǊǘŦƻƭƛƻ hǇǘƛƳƛȊŀǘƛƻƴ ƻŦ {ǘƻŎƘŀǎǘƛŎ 5ƛǎŎǊŜǘŜπ9ǾŜƴǘ {ȅǎǘŜƳ ǘƘǊƻǳƎƘ aŀǊƪƻǾƛŀƴ
!ǇǇǊƻȄƛƳŀǘƛƻƴΥ ŀƴ hǇŜƴπtƛǘ aƛƴŜ {ǘǳŘȅ

нмп 

wƻōŜǊǘƻ DΦ wƛōŜƛǊƻΣ wƻŘƴŜȅ wΦ {ŀƭŘŀƴƘŀΣ ŀƴŘ /ŀǊƭƻǎ !Φ aŀƛŀ  

Track A06. Security and Military 

{ƛƳǳƭŀǘƛƴƎ ǘƘŜ 9ŦŦŜŎǘ ƻŦ ŀ /ƭŀǎǎ ƻŦ {ŜƴǎƻǊ CǳȊŜŘ aǳƴƛǘƛƻƴǎ ŦƻǊ !ǊǘƛƭƭŜǊȅ ƻƴ ŀ aǳƭǘƛǇƭŜ ¢ŀǊƎŜǘ 
9ƭŜƳŜƴǘ {ȅǎǘŜƳ 

ннм 

IŜƴǊƛ YǳƳǇǳƭŀƛƴŜƴ ŀƴŘ .ŜǊƴǘ aΦ )ƪŜǎǎƻƴ  

Track A07. Transportation/Vehicle Systems, Aerospace/Automotive Applications, 
Autonomous Systems/Vehicles, Harbour/Shipping/Marine,Logistics, Vehicle Systems 
{ƛƳǳƭŀǘƛƻƴ 9ƴǾƛǊƻƴƳŜƴǘ ŦƻǊ 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ¦ƴƳŀƴƴŜŘ IŜƭƛŎƻǇǘŜǊ !ǳǘƻƳŀǘƛŎ ¢ŀƪŜπƻŦŦ ŀƴŘ 
[ŀƴŘƛƴƎ ƻƴ {ƘƛǇ 5ŜŎƪ  

нну 

!ƴǘƻƴƛƻ ±ƛǘŀƭŜΣ 5ŀǾƛŘŜ .ƛŀƴŎƻΣ DƛŀƴƭǳŎŀ /ƻǊǊŀǊƻΣ !ƴƎŜƭƻ aŀǊǘƻƴŜΣ CŜŘŜǊƛŎƻ /ƻǊǊŀǊƻΣ 
!ƭŦǊŜŘƻ DƛǳƭƛŀƴƻΣ ŀƴŘ !ŘǊƛŀƴƻ !ǊŎŀŘƛǇŀƴŜ   

 

{ƛƳǳƭŀǘƛƻƴ aƻŘŜƭ ƻŦ ŀ tƛǎǘƻƴ ¢ȅǇŜ IȅŘǊƻπtƴŜǳƳŀǘƛŎ !ŎŎǳƳǳƭŀǘƻǊ нор 
WǳƘƻ !ƭŀǘŀƭƻΣ ¢ƻƴƛ [ƛŜŘŜǎΣ ŀƴŘ aƛƪŀ tȅƭǾŅƴŅƛƴŜƴ  

/ƻƴǘǊƻƭƭƛƴƎ 9ƳŜǊƎŜƴŎȅ ±ŜƘƛŎƭŜǎ ƛƴ ¦Ǌōŀƴ ¢ǊŀŦŦƛŎ ǿƛǘƘ DŜƴŜǘƛŎ !ƭƎƻǊƛǘƘƳǎ нпо 
aƻƴƛŎŀ tŀǘǊŀǎŎǳΣ ±ƭŀŘ /ƻƴǎǘŀƴǘƛƴŜǎŎǳΣ ŀƴŘ !ƴŘǊŜŜŀ Lƻƴ  

¢ƘŜ 9ŦŦŜŎǘ ƻŦ tǊŜǎǎǳǊŜ [ƻǎǎŜǎ ƻƴ aŜŀǎǳǊŜŘ /ƻƳǇǊŜǎǎƻǊ 9ŦŬŎƛŜƴŎȅ нрм 
YǊƛǎǘƻŦŦŜǊ 9ƪōŜǊƎ ŀƴŘ [ŀǊǎ 9Ǌƛƪǎǎƻƴ  

LƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ŀƴ hǇǘƛƳƛȊŀǘƛƻƴ ŀƴŘ {ƛƳǳƭŀǘƛƻƴπ.ŀǎŜŘ !ǇǇǊƻŀŎƘ ŦƻǊ 5ŜǘŜŎǘƛƴƎ ŀƴŘ 
wŜǎƻƭǾƛƴƎ /ƻƴŦƭƛŎǘǎ ŀǘ !ƛǊǇƻǊǘǎ 

нру 

tŀƻƭƻ {ŎŀƭŀΣ aƛƎǳŜƭ aǳƧƛŎŀ aƻǘŀΣ ŀƴŘ 5ŀƴƛŜƭ 5ŜƭŀƘŀȅŜ  
tŜǊŦƻǊƳŀƴŎŜ 9Ǿŀƭǳŀǘƛƻƴ ƻŦ !ƭǘŜǊƴŀǘƛǾŜ ¢ǊŀŦŬŎ {ƛƎƴŀƭ /ƻƴǘǊƻƭ {ŎƘŜƳŜǎ ŦƻǊ ŀƴ !ǊǘŜǊƛŀƭ bŜǘǿƻǊƪ 
ōȅ 59{ !ǇǇǊƻŀŎƘπhǾŜǊǾƛŜǿ 

нср 

WŜƴƴƛŜ [ƛƻǊƛǎΣ tǊŀǾƛƴ ±ŀǊŀƛȅŀΣ ŀƴŘ !ƭŜȄŀƴŘŜǊ YǳǊȊƘŀƴǎƪƛȅ  
CƻǊƳŀƭ ±ŜǊƛŬŎŀǘƛƻƴ ƻŦ aǳƭǘƛŦǳƴŎǘƛƻƴ ±ŜƘƛŎƭŜ .ǳǎ нто 
[ƛŀƴȅƛ ½ƘŀƴƎΣ 5ǳȊƘŜƴƎ vƛƴƎΣ [ƛȄƛƴ ¸ǳΣ aƻ ·ƛŀΣ Iŀƴ ½ƘŀƴƎΣ ŀƴŘ ½ƘƛǇƛƴƎ [ƛ  

! aƻŘŜƭ ƻŦ ŀ aŀǊƛƴŜ ¢ǿƻπ{ǘǊƻƪŜ 5ƛŜǎŜƭ 9ƴƎƛƴŜ ǿƛǘƘ 9Dw ŦƻǊ [ƻǿ [ƻŀŘ {ƛƳǳƭŀǘƛƻƴ нул 
·ŀǾƛŜǊ [ƭŀƳŀǎ ŀƴŘ [ŀǊǎ 9Ǌƛƪǎǎƻƴ  

{ŀŦŜ !ŎǘƛǾŜ [ŜŀǊƴƛƴƎ ƻŦ ŀ IƛƎƘ tǊŜǎǎǳǊŜ CǳŜƭ {ǳǇǇƭȅ {ȅǎǘŜƳ нус 
aŀǊƪ {ŎƘƛƭƭƛƴƎŜǊΣ .ŜƴŜŘƛƪǘ hǊǘŜƭǘΣ .ŜƴƧŀƳƛƴ IŀǊǘƳŀƴƴΣ WŜƴǎ {ŎƘǊŜƛǘŜǊΣ aƻƴŀ aŜƛǎǘŜǊΣ 5ǳȅ 
bƎǳȅŜƴπ¢ǳƻƴƎΣ ŀƴŘ hƭƛǾŜǊ bŜƭƭŜǎ 

 

aŀƪŜ {ǇŀŎŜΗΥ 5ƛǎǊǳǇǘƛƻƴ !ƴŀƭȅǎƛǎ ƻŦ ǘƘŜ !оул hǇŜǊŀǘƛƻƴ ƛƴ aŜȄƛŎƻ /ƛǘȅ !ƛǊǇƻǊǘ нфо
aƛƎǳŜƭ aǳƧƛŎŀ aƻǘŀΣ /ŀǘȅŀ ½ǳƴƛƎŀΣ ŀƴŘ DŜŜǊǘ .ƻƻǎǘŜƴ

! /ŀǳǎŀƭ aƻŘŜƭ ŦƻǊ !ƛǊ ¢ǊŀŦŦƛŎ !ƴŀƭȅǎƛǎ /ƻƴǎƛŘŜǊƛƴƎ LƴŘǳŎŜŘ /ƻƭƭƛǎƛƻƴ {ŎŜƴŀǊƛƻǎ нфф
aŀǊƪƻ wŀŘŀƴƻǾƛŎ ŀƴŘ aƛǉǳŜƭ !ƴƎŜƭ tƛŜǊŀ 9ǊƻƭŜǎ

aǳƭǘƛπ{ƻǳǊŎƛƴƎ ŀƴŘ vǳŀƴǘƛǘȅ !ƭƭƻŎŀǘƛƻƴ ǳƴŘŜǊ ¢ǊŀƴǎǇƻǊǘŀǘƛƻƴ tƻƭƛŎƛŜǎ олу
!ƛŎƘŀ !ƎǳŜȊȊƻǳƭ

Track A08. Water/Waste-water: Treatment Plants and Networks

! ±ŀǊƛƻƎǊŀƳπ.ŀǎŜŘ ¢ƻƻƭ ŦƻǊ ±ŀǊƛŀōƭŜ {ŜƭŜŎǘƛƻƴ ƛƴ ŀ ²ŀǎǘŜǿŀǘŜǊ ¢ǊŜŀǘƳŜƴǘ 9ŦŦƭǳŜƴǘ tǊŜŘƛŎǘƛƻƴ омн
aŀǊƪƪǳ hƘŜƴƻƧŀ ŀƴŘ Wŀƴƛ ¢ƻƳǇŜǊƛ

²ŀǘŜǊ /ƻƴǘŜƴǘ !ƴŀƭȅǎƛǎ ƻŦ {ƭǳŘƎŜ ǳǎƛƴƎ baw wŜƭŀȄŀǘƛƻƴ 5ŀǘŀ ŀƴŘ LƴŘŜǇŜƴŘŜƴǘ /ƻƳǇƻƴŜƴǘ
!ƴŀƭȅǎƛǎ

омт 

aƛƪŀ [ƛǳƪƪƻƴŜƴΣ 9ƪŀǘŜǊƛƴŀ bƛƪƻƭǎƪŀȅŀΣ Wǳƪƪŀ {ŜƭƛƴΣ ŀƴŘ ¸ǊƧǀ IƛƭǘǳƴŜƴ  
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Track A09. Other Application Domains 

CƛǊƛƴƎ !ŎŎǳǊŀŎȅ !ƴŀƭȅǎƛǎ ƻŦ 9ƭŜŎǘǊƻƳŀƎƴŜǘƛŎ wŀƛƭƎǳƴ 9ȄǘŜǊƛƻǊ ¢ǊŀƧŜŎǘƻǊȅ .ŀǎŜŘ ƻƴ {ƻōƻƭΩǎ 
aŜǘƘƻŘ  

онм

5ƻƴƎȄƛƴƎ vƛΣ tƛƴƎ aŀΣ ŀƴŘ ¸ǳŎƘŜƴ ½Ƙƻǳ
aƻŘŜƭƭƛƴƎ ŀƴŘ {ƛƳǳƭŀǘƛƻƴ ƻŦ ŀ tŀǊŀƎƭƛŘŜǊ CƭƛƎƘǘ онт

aŀǊŎŜƭ aǸƭƭŜǊΣ !ōƛŘ !ƭƛΣ ŀƴŘ !ƭŦǊŜŘ ¢ŀǊŜƛƭǳǎ
aƻŘŜƭƭƛƴƎ ƻŦ ŀ bŜǿ /ƻƳǇǘƻƴ LƳŀƎƛƴƎ aƻŘŀƭƛǘȅ ŦƻǊ ŀƴ Lƴπ5ŜǇǘƘ /ƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ  
ƻŦ Cƭŀǘ IŜǊƛǘŀƎŜ hōƧŜŎǘǎ                 ооп
tŀǘǊƛŎƛƻ DǳŜǊǊŜǊƻΣ aŀƛ YΦ bƎǳȅŜƴΣ [ŀǳǊŜƴǘ 5ǳƳŀǎΣ ŀƴŘ {ŜǊƎŜ ·Φ /ƻƘŜƴ

Track F01. Control and Optimization: Computers in Control, Adaptation, Intelligent
Analyzers, Model-based Control

!ƴŀƭȅǎƛǎ ƻŦ hǇǘƛƳŀƭ 5ƛŜǎŜƭπŜƭŜŎǘǊƛŎ tƻǿŜǊǘǊŀƛƴ ¢ǊŀƴǎƛŜƴǘǎ ŘǳǊƛƴƎ ŀ ¢ƛǇπƛƴ aŀƴŜǳǾŜǊ опм
±ŀƘŜŜŘ bŜȊƘŀŘŀƭƛ ŀƴŘ [ŀǊǎ 9Ǌƛƪǎǎƻƴ

bǳƳŜǊƛŎŀƭ 9ŦŦƛŎƛŜƴŎȅ ƻŦ LƴǾŜǊǎŜ {ƛƳǳƭŀǘƛƻƴ aŜǘƘƻŘǎ ŀǇǇƭƛŜŘ ǘƻ ŀ ²ƘŜŜƭŜŘ wƻǾŜǊ опу
¢ƘŀƭŜƛŀ CƭŜǎǎŀΣ 9ǳŀƴ aŎDƻƻƪƛƴΣ 5ƻǳƎƭŀǎ ¢ƘƻƳǎƻƴΣ ŀƴŘ YŜǾƛƴ ²ƻǊǊŀƭƭ

!ƴ LƳǇǊƻǾŜŘ YǊƛƎƛƴƎ aƻŘŜƭ ōŀǎŜŘ ƻƴ 5ƛŦŦŜǊŜƴǘƛŀƭ 9Ǿƻƭǳǘƛƻƴ орс
·ƛŀƻōƛƴƎ {ƘŀƴƎΣ tƛƴƎ aŀΣ ŀƴŘ aƛƴƎ ¸ŀƴƎ

{ƛƳǳƭŀǘƛƻƴ ƻŦ /ƻƴǘǊƻƭ {ǘǊǳŎǘǳǊŜǎ ŦƻǊ {ƭǳƎ Cƭƻǿ ƛƴ wƛǎŜǊ ŘǳǊƛƴƎ hƛƭ tǊƻŘǳŎǘƛƻƴ осн
hƭŜ aŀƎƴǳǎ .ǊŀǎǘŜƛƴ ŀƴŘ wƻǎƘŀƴ {ƘŀǊƳŀ

Track F02. Communication and Security: Internet/Cloud Computing, Wireless, Security

{ŜŎǳǊƛǘȅ ¢ƘǊŜŀǘǎ ŀƴŘ wŜŎƻƳƳŜƴŘŀǘƛƻƴ ƛƴ Lƻ¢ IŜŀƭǘƘŎŀǊŜ осф
/ŀƴǎǳ 9ƪŜƴ ŀƴŘ IŀƴƤƳ 9ƪŜƴ

{ƛƳǳƭŀǘƛƻƴ ƻŦ 5ŀǘŀ /ƻƳƳǳƴƛŎŀǘƛƻƴ {ȅǎǘŜƳ ǘŀƪƛƴƎ ƛƴǘƻ !ŎŎƻǳƴǘ 5ȅƴŀƳƛŎ tǊƻǇŜǊǘƛŜǎ отр
Dŀƭƛƴŀ aΦ !ƴǘƻƴƻǾŀ ŀƴŘ ±ŀŘƛƳ ±Φ aŀƪŀǊƻǾ

{ƛƳǳƭŀǘƛƻƴ ƻŦ I¢¢tπōŀǎŜŘ {ŜǊǾƛŎŜǎ hǾŜǊ [¢9 ŦƻǊ vƻ9 9ǎǘƛƳŀǘƛƻƴ оум
!ƭŜǎǎŀƴŘǊƻ ±ƛȊȊŀǊǊƛ ŀƴŘ CŀōǊƛȊƛƻ 5ŀǾƛŘŜ

{ƛƳǳƭŀǘƛƻƴ ƻŦ ±ƻ[¢9 {ŜǊǾƛŎŜǎ ŦƻǊ vƻ9 9ǎǘƛƳŀǘƛƻƴ оуу
!ƭŜǎǎŀƴŘǊƻ ±ƛȊȊŀǊǊƛ ŀƴŘ CŀōǊƛȊƛƻ 5ŀǾƛŘŜ

Track F03. Education and Training, e-Learning

/ƻƴǎǘǊǳŎǘƛǾŜ !ǎǎŜǎǎƳŜƴǘ aŜǘƘƻŘ ŦƻǊ {ƛƳǳƭŀǘƻǊ ¢ǊŀƛƴƛƴƎ офр
[ŀǳǊŀ aŀǊŎŀƴƻ ŀƴŘ ¢ƛƛƴŀ YƻƳǳƭŀƛƴŜƴ

[ŜŀǊƴƛƴƎ IŜŀǘ 5ȅƴŀƳƛŎǎ ǳǎƛƴƎ aƻŘŜƭƭƛƴƎ ŀƴŘ {ƛƳǳƭŀǘƛƻƴ пло
aŜǊƧŀ aŅƪŜƭŅΣ Iŀƴƴǳ {ŀǊǾŜƭŀƛƴŜƴΣ ŀƴŘ ¢ƛƳƻ [ȅȅǘƛƪŅƛƴŜƴ

hh aƻŘŜƭƭƛƴƎ ŀƴŘ /ƻƴǘǊƻƭ ƻŦ ŀ [ŀōƻǊŀǘƻǊȅ /ǊŀƴŜ ŦƻǊ ǘƘŜ tǳǊǇƻǎŜ ƻŦ /ƻƴǘǊƻƭ 9ŘǳŎŀǘƛƻƴ плф
.ƻǊǳǘ ½ǳǇŀƴőƛő ŀƴŘ tǊƛƳƻȌ ±ƛƴǘŀǊ

! bŜǿ !ǇǇǊƻŀŎƘ ¢ŜŀŎƘƛƴƎ aŀǘƘŜƳŀǘƛŎǎΣ aƻŘŜƭƭƛƴƎ ŀƴŘ {ƛƳǳƭŀǘƛƻƴ пмс
{ǘŜŦŀƴƛŜ ²ƛƴƪƭŜǊΣ !ƴŘǊŜŀǎ YǀǊƴŜǊΣ ŀƴŘ CŜƭƛȄ .ǊŜƛǘŜƴŜŎƪŜǊ

Track F04. Fault Detection & Fault Tolerant Systems: Condition Monitoring, Maintenance

9ȄǘǊŀŎǘƛƴƎ ±ƛōǊŀǘƛƻƴ {ŜǾŜǊƛǘȅ ¢ƛƳŜ IƛǎǘƻǊƛŜǎ ŦǊƻƳ 9ǇƛŎȅŎƭƛŎ DŜŀǊōƻȄŜǎ пнн
WǳƘŀƴƛ bƛǎǎƛƭŅ ŀƴŘ 9ǎƪƻ Wǳǳǎƻ

¢ƘŜ 9ŦŦŜŎǘ ƻŦ {ǘŜŜƭ [ŜǾŜƭŜǊ tŀǊŀƳŜǘŜǊǎ ƻƴ ±ƛōǊŀǘƛƻƴ CŜŀǘǳǊŜ поо
wƛƪǳπtŜƪƪŀ bƛƪǳƭŀ ŀƴŘ Yƻƴǎǘŀ YŀǊƛƻƧŀ
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Track F05. Mechatronics and Robotics

{ǇƭƛƴŜ ¢ǊŀƧŜŎǘƻǊȅ tƭŀƴƴƛƴƎ ŦƻǊ tŀǘƘ ǿƛǘƘ tƛŜŎŜǿƛǎŜ [ƛƴŜŀǊ .ƻǳƴŘŀǊƛŜǎ поф
IƛǊƻȅǳƪƛ Yŀƴƻ ŀƴŘ IƛǊƻȅǳƪƛ CǳƧƛƻƪŀ

! IŀǊǾŜǎǘ ±ŜƘƛŎƭŜ ǿƛǘƘ tƴŜǳƳŀǘƛŎ {ŜǊǾƻ {ȅǎǘŜƳ ŦƻǊ ƎŀǘƘŜǊƛƴƎ ŀ IŀǊǾŜǎǘ ŀƴŘ ƛǘǎ {ƛƳǳƭŀǘƛƻƴ
{ǘǳŘȅ

ппс

YŀǘǎǳƳƛ aƻǊƛǿŀƪƛ

Track F06. Planning and Scheduling

/ǊŜŀǘƛƴƎ {ƻŎƛŀƭπŀǿŀǊŜ 9ǾŀŎǳŀǘƛƻƴ tƭŀƴǎ ōŀǎŜŘ ƻƴ ŀ DL{πŜƴŀōƭŜ !ƎŜƴǘπōŀǎŜŘ {ƛƳǳƭŀǘƛƻƴ прн
YŀǎŜƳǎŀƪ tŀŘǳƴƎǇƛŜƴ ŀƴŘ ²ƻǊŀǿŀƴ aŀǊǳǊƴƎǎƛǘƘ

! {ƛƳǳƭŀǘƛƻƴ aƻŘŜƭ ŦƻǊ ǘƘŜ /ƭƻǎŜŘπ[ƻƻǇ /ƻƴǘǊƻƭ ƻŦ ŀ aǳƭǘƛπ²ƻǊƪǎǘŀǘƛƻƴ tǊƻŘǳŎǘƛƻƴ {ȅǎǘŜƳ прф
Wǳƭƛŀƴŀ YŜƛƪƻ {ŀƎŀǿŀ ŀƴŘ aƛŎƘŀŜƭ CǊŜƛǘŀƎ

Track F07. Sensing: Image, Speech and Signal Processing. Circuits, Sensors and Devices

¢ǊŀƴǎƳƛǎǎƛƻƴ ƻŦ aŜŘƛŎŀƭ LƳŀƎŜǎ ƻǾŜǊ aǳƭǘƛπ/ƻǊŜ hǇǘƛŎŀƭ CƛōŜǊ ǳǎƛƴƎ /5a!Υ 9ŦŦŜŎǘ ƻŦ {Ǉŀǘƛŀƭ
{ƛƎƴŀǘǳǊŜ tŀǘǘŜǊƴǎ

псс 

!ƴǘƻƛƴŜ !ōŎƘŜΣ .ƻǳǘǊƻǎ Yŀǎǎ IŀƴƴŀΣ [Ŝƴŀ ¸ƻǳƴŜǎΣ bƻǳǊ IƛƧŀȊƛΣ 9ƭƛŜ LƴŀǘȅΣ ŀƴŘ 9ƭƛŜ YŀǊŀƳ  
{ŜƳŀƴǘƛŎ .ŀǎŜŘ LƳŀƎŜ wŜǘǊƛŜǾŀƭ ¢ƘǊƻǳƎƘ /ƻƳōƛƴŜŘ /ƭŀǎǎƛŬŜǊǎ ƻŦ 5ŜŜǇ bŜǳǊŀƭ bŜǘǿƻǊƪ ŀƴŘ 
²ŀǾŜƭŜǘ 5ŜŎƻƳǇƻǎƛǘƛƻƴ ƻŦ LƳŀƎŜ {ƛƎƴŀƭ 

пто 

bŀŘŜŜƳ vŀȊƛ ŀƴŘ .Φ[Φ²ƭƭƛŀƳ ²ƻƴƎ  
! aŜǘƘƻŘ ŦƻǊ aƻŘŜƭƭƛƴƎ ŀƴŘ {ƛƳǳƭŀǘƛƻƴ ǘƘŜ /ƘŀƴƎŜǎ ¢ǊŜƴŘ ƻŦ 9Ƴƻǘƛƻƴǎ ƛƴ IǳƳŀƴ {ǇŜŜŎƘ птф 
wŜȊŀ !ǎƘǊŀŦƛŘƻƻǎǘ ŀƴŘ {ŀŜŜŘ {ŜǘŀȅŜǎƘƛ  

Track F08. Virtual Reality and Visualization, Computer Art, Serious Games, Visualization 

о5 ±ƛǊǘǳŀƭ CƛǎƘ tƻǇǳƭŀǘƛƻƴ ²ƻǊƭŘ ŦƻǊ [ŜŀǊƴƛƴƎ ŀƴŘ ¢ǊŀƛƴƛƴƎ tǳǊǇƻǎŜǎ пут 
.ƛƪǊŀƳ Yŀǿŀƴ ŀƴŘ {ŀƭŜƘ !ƭŀƭƛȅŀǘ  

±ƛǊǘǳŀƭ wŜŀƭƛǘȅ {ƛƳǳƭŀǘƻǊǎ ƛƴ ǘƘŜ tǊƻŎŜǎǎ LƴŘǳǎǘǊȅΥ ! wŜǾƛŜǿ ƻŦ 9ȄƛǎǘƛƴƎ {ȅǎǘŜƳǎ ŀƴŘ ǘƘŜ ²ŀȅ 
¢ƻǿŀǊŘǎ 9¢{  

пфр

WŀǊƻǎƭŀǾ /ƛōǳƭƪŀΣ tŜȅƳŀƴ aƛǊǘŀƘŜǊƛΣ {ŀƭƳŀƴ bŀȊƛǊΣ 5ŀǾƛŘŜ aŀƴŎŀ ŀƴŘ ¢ƛƛƴŀ aΦ YƻƳǳƭŀƛƴŜƴ

Track M01. Computational Intelligence: Evolutionary, Fuzzy, Knowledge, Natural Language,
Nature Inspired, Neural/Neuro-fuzzy, Patterns/Machine Intelligence

wŜŎƻƎƴƛȊƛƴƎ {ǘŜŜƭ tƭŀǘŜ {ƛŘŜ 9ŘƎŜ {ƘŀǇŜ ŀǳǘƻƳŀǘƛŎŀƭƭȅ ǳǎƛƴƎ /ƭŀǎǎƛŬŎŀǘƛƻƴ ŀƴŘ wŜƎǊŜǎǎƛƻƴ
aƻŘŜƭǎ

рло 

tŜƪƪŀ {ƛƛǊǘƻƭŀΣ {ŀǘǳ ¢ŀƳƳƛƴŜƴΣ 9ƛƧŀ CŜǊǊŜƛǊŀΣ IŜƴƴŀ ¢ƛŜƴǎǳǳΣ 9ƭƛƴŀ tǊƻƪƪƻƭŀΣ ŀƴŘ WǳƘŀ 
wǀƴƛƴƎ 

 

/ƻƳǇŀǊƛǎƻƴ ƻŦ 5ƛŦŦŜǊŜƴǘ aƻŘŜƭǎ ŦƻǊ wŜǎƛŘǳŀǊȅ wŜǎƛǎǘŀƴŎŜ tǊŜŘƛŎǘƛƻƴ рмм
9ƭƛȊŀōŜǘŀ [ŀȊŀǊŜǾǎƪŀ

Cƭŀǘ tŀǘǘŜǊƴǎ 9ȄǘǊŀŎǘƛƻƴ ǿƛǘƘ /ƻƭƭƛƴŜŀǊƛǘȅ aƻŘŜƭǎ рму
[Ŝƻƴ .ƻōǊƻǿǎƪƛ ŀƴŘ tŀǿŜƱ ½ŀōƛŜƭǎƪƛ

{ƛƳǳƭŀǘƛƴƎ ǘƘŜ 9ŦŦŜŎǘ ƻŦ !ŘŀǇǘƛǾƛǘȅ ƻƴ wŀƴŘƻƳƛȊŀǘƛƻƴ рнр
!ŘŀƳ ±ƛƪǘƻǊƛƴΣ wƻƳŀƴ {ŜƴƪŜǊƛƪΣ ŀƴŘ aƛŎƘŀƭ tƭǳƘŀŎŜƪ

{ŜƭŦπŀŘŀǇǘƛǾŜ ƻŦ 5ƛŦŦŜǊŜƴǘƛŀƭ 9Ǿƻƭǳǘƛƻƴ ǳǎƛƴƎ bŜǳǊŀƭ bŜǘǿƻǊƪ ǿƛǘƘ LǎƭŀƴŘ aƻŘŜƭ ƻŦ DŜƴŜǘƛŎ
!ƭƎƻǊƛǘƘƳ

роо 

[ƛƴƘ ¢ŀƻΣ IƛŜǳ tƘŀƳΣ ŀƴŘ IƛǊƻǎƘƛ IŀǎŜƎŀǿŀ  
5ŜǾŜƭƻǇƛƴƎ bŜǿ {ƻƭǳǘƛƻƴǎ ŦƻǊ ŀ wŜŎƻƴŦƛƎǳǊŀōƭŜ aƛŎǊƻǎǘǊƛǇ tŀǘŎƘ !ƴǘŜƴƴŀ ōȅ LƴǾŜǊǎŜ !ǊǘƛŦƛŎƛŀƭ 
bŜǳǊŀƭ bŜǘǿƻǊƪǎ 

рпл 

!ǎƘǊŦ !ƻŀŘ ŀƴŘ aǳǊŀǘ {ƛƳǎŜƪ  
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²ƛƴŘ {ǇŜŜŘ tǊŜŘƛŎǘƛƻƴ ōŀǎŜŘ ƻƴ LƴŎǊŜƳŜƴǘŀƭ 9ȄǘǊŜƳŜ [ŜŀǊƴƛƴƎ aŀŎƘƛƴŜ рпп 
9ƭƛȊŀōŜǘŀ [ŀȊŀǊŜǾǎƪŀ  

CǳȊȊȅ /ƭǳǎǘŜǊƛƴƎ !ƭƎƻǊƛǘƘƳ !ǇǇƭƛŜŘ ǘƻ ǘƘŜ wŀŘƛƻ CǊŜǉǳŜƴŎȅ {ƛƎƴŀƭǎ tǊŜŘƛŎǘƛƻƴ ррм 
tŀǳƭƻ ¢ƛōǵǊŎƛƻ tŜǊŜƛǊŀ ŀƴŘ DƭŀǳŎƛƻ [ƻǇŜǎ wŀƳƻǎ  

{ƛƴƎƭŜ {ǿŀǊƳ ŀƴŘ {ƛƳǇƭŜ aǳƭǘƛπ{ǿŀǊƳ t{h /ƻƳǇŀǊƛǎƻƴ ррс 
aƛŎƘŀƭ tƭǳƘŀŎŜƪΣ wƻƳŀƴ {ŜƴƪŜǊƛƪΣ !ŘŀƳ ±ƛƪǘƻǊƛƴΣ ŀƴŘ LǾŀƴ ½Ŝƭƛƴƪŀ  

Cƭƻǿ wŀǘŜ 9ǎǘƛƳŀǘƛƻƴ ǳǎƛƴƎ 5ȅƴŀƳƛŎ !ǊǘƛŬŎƛŀƭ bŜǳǊŀƭ bŜǘǿƻǊƪǎ ǿƛǘƘ ¦ƭǘǊŀǎƻƴƛŎ [ŜǾŜƭ 
aŜŀǎǳǊŜƳŜƴǘǎ 

рсм 

YƘƛƳ /ƘƘŀƴǘȅŀƭΣ aƛƴƘ IƻŀƴƎΣ Iňƪƻƴ ±ƛǳƳŘŀƭΣ ŀƴŘ {ŀōŀ aȅƭǾŀƎŀƴŀƳ  
5ȅƴŀƳƛŎ !ǊǘƛŬŎƛŀƭ bŜǳǊŀƭ bŜǘǿƻǊƪ ό5!bbύ a!¢[!. ¢ƻƻƭōƻȄ ŦƻǊ ¢ƛƳŜ {ŜǊƛŜǎ !ƴŀƭȅǎƛǎ ŀƴŘ 
tǊŜŘƛŎǘƛƻƴ 

рсу

YƘƛƳ /ƘƘŀƴǘȅŀƭΣ aƛƴƘ IƻŀƴƎΣ Iňƪƻƴ ±ƛǳƳŘŀƭΣ ŀƴŘ {ŀōŀ aȅƭǾŀƎŀƴŀƳ

Track M02. Conceptual Modelling

{ƛƳǳƭŀǘƛƻƴ ƻŦ .ǳōōƭƛƴƎ CƭǳƛŘƛȊŜŘ .ŜŘ ǳǎƛƴƎ ŀ hƴŜπ5ƛƳŜƴǎƛƻƴŀƭ aƻŘŜƭ .ŀǎŜŘ ƻƴ ǘƘŜ 9ǳƭŜǊπ9ǳƭŜǊ
aŜǘƘƻŘ

ртр 

/ƻǊƴŜƭƛǳǎ !ƎǳΣ aŀǊƛŀƴƴŜ 9ƛƪŜƭŀƴŘΣ [ŀǊǎ ¢ƻƪƘŜƛƳΣ ŀƴŘ .Ǌƛǘǘ aΦ 9Φ aƻƭŘŜǎǘŀŘ  

! bŜǿ /ƻƴŎŜǇǘ ƻŦ CǳƴŎǘƛƻƴŀƭ 9ƴŜǊƎŜǘƛŎ aƻŘŜƭƭƛƴƎ ŀƴŘ {ƛƳǳƭŀǘƛƻƴ рун 

aŜǊǘ aƻƪǳƪŎǳΣ tƘƛƭƛǇǇŜ CƛŀƴƛΣ {ȅƭǾŀƛƴ /ƘŀǾŀƴƴŜΣ [ŀƘǎŜƴ !ƛǘ ¢ŀƭŜōΣ /Ǌƛǎǘƛƴŀ ±ƭŀŘΣ 
9ƳƳŀƴǳŜƭ DƻŘƻȅΣ ŀƴŘ /ƭŞƳŜƴǘ CŀǳǾŜƭ 

 

¢ŀƪƛƴƎ Lƴǘƻ !ŎŎƻǳƴǘ ²ƻǊƪŜǊǎΩ CŀǘƛƎǳŜ ƛƴ tǊƻŘǳŎǘƛƻƴ ¢ŀǎƪǎΥ ! /ƻƳōƛƴŜŘ {ƛƳǳƭŀǘƛƻƴ CǊŀƳŜǿƻǊƪ рфл 
!ƛŎƘŀ CŜǊƧŀƴƛΣ IŜƴǊƛ tƛŜǊǊŜǾŀƭΣ 5Ŝƴƛǎ DƛŜƴΣ ŀƴŘ {ŀōŜǳǊ 9ƭƪƻǎŀƴǘƛƴƛ  

  

Track M03. Complex Systems 

aŜǘƘƻŘƻƭƻƎȅ ŀƴŘ LƴŦƻǊƳŀǘƛƻƴ ¢ŜŎƘƴƻƭƻƎȅ ƻŦ /ȅōŜǊπtƘȅǎƛŎŀƭπ{ƻŎƛƻ {ȅǎǘŜƳǎ LƴǘŜƎǊŀǘŜŘ 
aƻŘŜƭƭƛƴƎ ŀƴŘ {ƛƳǳƭŀǘƛƻƴ 

рфт

.ƻǊƛǎ {ƻƪƻƭƻǾΣ aƛƪƘŀƛƭ .Φ LƎƴŀǘȅŜǾΣ YŀǊƛƳ .ŜƴȅŀƳƴŀΣ 5ƳƛǘǊƛ LǾŀƴƻǾΣ ŀƴŘ 9ƪŀǘŜǊƛƴŀ wƻǎǘƻǾŀ

Track M04. Data Analysis: Fractional Differentiation, Reinforcement Learning, Semantic
Mining, Statistical Analysis

wŜƭƛŀōƭŜ 5ŜǘŜŎǘƛƻƴ ƻŦ ŀ ±ŀǊƛŀƴŎŜ LƴŎǊŜŀǎŜ ƛƴ ŀ /ǊƛǘƛŎŀƭ tǊƻŎŜǎǎ ±ŀǊƛŀōƭŜ слр
aƛƪŀ tȅƭǾŅƴŅƛƴŜƴ ŀƴŘ ¢ƻƴƛ [ƛŜŘŜǎ

Track M05. Discrete Event Simulation

aƻŘŜƭƛƴƎ ŀƴŘ {ƛƳǳƭŀǘƛƻƴ ƻŦ ¢Ǌŀƛƴ bŜǘǿƻǊƪǎ ǳǎƛƴƎ aŀȄπtƭǳǎ !ƭƎŜōǊŀ смн
IŀȊŜƳ !ƭπ.ŜǊƳŀƴŜƛΣ WŀǊƛ aΦ .ǀƭƛƴƎΣ ŀƴŘ DǀǊŀƴ IǀƎƴŅǎ

{ƛƳǳƭŀǘƛƻƴ aŜǘŀƳƻŘŜƭƛƴƎ ǳǎƛƴƎ 5ȅƴŀƳƛŎ .ŀȅŜǎƛŀƴ bŜǘǿƻǊƪǎ ǿƛǘƘ aǳƭǘƛǇƭŜ ¢ƛƳŜ {ŎŀƭŜǎ смф
aƛƪƪƻ IŀǊƧǳΣ Yŀƛ ±ƛǊǘŀƴŜƴΣ ŀƴŘ WƛǊƪŀ tƻǊƻǇǳŘŀǎ

{ƛȊŜ wŀǘŜ ƻŦ ŀƴ !ƭǘŜǊƴŀǘƛǾŜǎ !ƎƎǊŜƎŀǘƛƻƴ tŜǘǊƛ ƴŜǘ ŘŜǾŜƭƻǇŜŘ ǳƴŘŜǊ ŀ aƻŘǳƭŀǊ !ǇǇǊƻŀŎƘ 
снсWǳŀƴπLƎƴŀŎƛƻ [ŀǘƻǊǊŜπ.ƛŜƭΣ 9Ƴƛƭƛƻ WƛƳŞƴŜȊπaŀŎƝŀǎΣ Wǳƭƛƻ .ƭŀƴŎƻΣ ŀƴŘ aŜǊŎŜŘŜǎ tŜǊŜȊ

¢ǊŀƴǎŦƻǊƳŀǘƛƻƴ ƻŦ tŜǘǊƛ ƴŜǘ ƳƻŘŜƭǎ ōȅ ƳŀǘǊƛȄ ƻǇŜǊŀǘƛƻƴǎ сон
WǳŀƴπLƎƴŀŎƛƻ [ŀǘƻǊǊŜπ.ƛŜƭΣ 9Ƴƛƭƛƻ WƛƳŞƴŜȊπaŀŎƝŀǎΣ Wǳŀƴ /ŀǊƭƻǎ {łŜƴȊπ5ƝŜȊΣ ŀƴŘ 9ŘǳŀǊŘƻ
aŀǊǘƛƴŜȊπ/łƳŀǊŀ
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Track M06. Distributed Parameter Systems: Computational Fluid Dynamics, Partial
Differential Equations, Stochastic Systems

tǊŜŘƛŎǘƛƻƴ ƻŦ 5ƛƭǳǘŜ tƘŀǎŜ tƴŜǳƳŀǘƛŎ /ƻƴǾŜȅƛƴƎ /ƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ǳǎƛƴƎ atπtL/ aŜǘƘƻŘ соф
YΦ !Ƴƛƭŀ /ƘŀƴŘǊŀΣ ²ΦYΦ IƛǊƻƳƛ !ǊƛȅŀǊŀǘƴŜΣ ŀƴŘ aƻǊǘŜƴ /Φ aŜƭŀŀŜƴ

{ƛƳǳƭŀǘƛƻƴ ƻŦ CƭŀƳŜ !ŎŎŜƭŜǊŀǘƛƻƴ ŀƴŘ 55¢  спс
Yƴǳǘ ±ŀŀƎǎŀŜǘƘŜǊ

aƻŘŜƭƭƛƴƎ ŀƴŘ {ƛƳǳƭŀǘƛƻƴ ƻŦ tƘŀǎŜ ¢Ǌŀƴǎƛǘƛƻƴ ƛƴ /ƻƳǇǊŜǎǎŜŘ [ƛǉǳŜŬŜŘ /hн сро
{ƛƴŘǊŜ ¢ƻǎǎŜΣ tŜǊ aƻǊǘŜƴ IŀƴǎŜƴΣ ŀƴŘ Yƴǳǘ ±ŀŀƎǎŀŜǘƘŜǊ

tŀǊŀƭƭŜƭ {ƛƳǳƭŀǘƛƻƴ ƻŦ t59πōŀǎŜŘ aƻŘŜƭƛŎŀ aƻŘŜƭǎ ǳǎƛƴƎ tŀǊaƻŘŜƭƛŎŀ ссл
DǳǎǘŀŦ ¢ƘƻǊǎƭǳƴŘΣ aŀƘŘŜǊ DŜōǊŜƳŜŘƘƛƴΣ tŜǘŜǊ CǊƛǘȊǎƻƴΣ ŀƴŘ !ŘǊƛŀƴ tƻǇ

.ƭƻƻŘ Cƭƻǿ ƛƴ ǘƘŜ !ōŘƻƳƛƴŀƭ !ƻǊǘŀ tƻǎǘ ϥ/ƘƛƳƴŜȅϥ 9ƴŘƻǾŀǎŎǳƭŀǊ !ƴŜǳǊȅǎƳ wŜǇŀƛǊ  сст
Iƛƭŀ .Ŝƴ DǳǊΣ aƻǎƘŜ IŀƭŀƪΣ ŀƴŘ aƻǎƘŜ .ǊŀƴŘ

Track M07. Parallel and Distributed Interactive Systems

[ƻŀŘōŀƭŀƴŎƛƴƎ ƻƴ tŀǊŀƭƭŜƭ IŜǘŜǊƻƎŜƴŜƻǳǎ !ǊŎƘƛǘŜŎǘǳǊŜǎΥ {ǇƛƴπƛƳŀƎŜ !ƭƎƻǊƛǘƘƳ ƻƴ /t¦ ŀƴŘ
aL/

сто

!ƘƳŜŘ 9ƭŜƭƛŜƳȅΣ aŀƘƳƻǳŘ CŀȅȊŜΣ wŀǎƘƛŘ aŜƘƳƻƻŘΣ LȅŀŘ YŀǘƛōΣ ŀƴŘ bŀƛŦ !ƭƧƻƘŀƴƛ

Track M08. Simulation Tools/Platforms: Domain-Specific Tools, Simulation Software,
Hardware in the Loop, Verification and Validation

/C5 !ǇǇǊƻŀŎƘŜǎ ŦƻǊ aƻŘŜƭƛƴƎ Dŀǎπ{ƻƭƛŘǎ aǳƭǘƛǇƘŀǎŜ Cƭƻǿǎ ς ! wŜǾƛŜǿ сул
²ΦYΦ IƛǊƻƳƛ !ǊƛȅŀǊŀǘƴŜΣ 9Φ±ΦtΦWΦ aŀƴƧǳƭŀΣ /ƘŀƴŘŀƴŀ wŀǘƴŀȅŀƪŜΣ ŀƴŘ aƻǊǘŜƴ /Φ aŜƭŀŀŜƴ

! {ƛƳǳƭŀǘƛƻƴ aƻŘŜƭ ±ŀƭƛŘŀǘƛƻƴ ŀƴŘ /ŀƭƛōǊŀǘƛƻƴ tƭŀǘŦƻǊƳ сут
{ƘŜƴƎƭƛƴ [ƛƴΣ ²Ŝƛ [ƛΣ ·ƛŀƻŎƘŀƻ vƛŀƴΣ tƛƴƎ aŀΣ ŀƴŘ aƛƴƎ ¸ŀƴƎ

¢ƘŜ !ǇǇƭƛŎŀǘƛƻƴ ƻŦ LƴŦƭƻǿ /ƻƴǘǊƻƭ 5ŜǾƛŎŜ ŦƻǊ ŀƴ LƳǇǊƻǾŜŘ hƛƭ wŜŎƻǾŜǊȅ ǳǎƛƴƎ 9/[Lt{9 сфп
!ƳōǊƻǎŜ !Φ ¦ƎǿǳΣ ŀƴŘ .Ǌƛǘǘ aΦ9 aƻƭŘŜǎǘŀŘ

5ƻƳŀƛƴπ{ǇŜŎƛŦƛŎ aƻŘŜƭƭƛƴƎ ƻŦ aƛŎǊƻ aŀƴǳŦŀŎǘǳǊƛƴƎ tǊƻŎŜǎǎŜǎ ŦƻǊ ǘƘŜ 5ŜǎƛƎƴ ƻŦ !ƭǘŜǊƴŀǘƛǾŜ
tǊƻŎŜǎǎ /Ƙŀƛƴ

тлл

5ŀƴƛŜƭ wƛǇǇŜƭΣ aƛŎƘŀŜƭ [ǸǘƧŜƴΣ ŀƴŘ aƛŎƘŀŜƭ CǊŜƛǘŀƎ
!tL ŦƻǊ !ŎŎŜǎǎƛƴƎ hǇŜƴaƻŘŜƭƛŎŀ aƻŘŜƭǎ ŦǊƻƳ tȅǘƘƻƴ тлт
.ŜǊƴǘ [ƛŜΣ {ǳŘŜŜǇ .ŀƧǊŀŎƘŀǊȅŀΣ !ƭŀŎƘŜǿ aŜƴƎƛǎǘΣ [Ŝƴŀ .ǳŦŦƻƴƛΣ !Ǌǳƴ YǳƳŀǊΣ
aŀǊǘƛƴ {ƧǀƭǳƴŘΣ !ŘŜŜƭ !ǎƎƘŀǊΣ !ŘǊƛŀƴ tƻǇΣ ŀƴŘ tŜǘŜǊ CǊƛǘȊǎƻƴ

 

IŀǊŘǿŀǊŜπƛƴπǘƘŜπ[ƻƻǇ {ƛƳǳƭŀǘƛƻƴ ŦƻǊ aŀŎƘƛƴŜǎ ōŀǎŜŘ ƻƴ ŀ aǳƭǘƛπwŀǘŜ !ǇǇǊƻŀŎƘ тмр
/ƘǊƛǎǘƛŀƴ {ŎƘŜƛŦŜƭŜ ŀƴŘ !ƭŜȄŀƴŘŜǊ ±ŜǊƭ

tƻǿŜǊǘǊŀƛƴ aƻŘŜƭ !ǎǎŜǎǎƳŜƴǘ ŦƻǊ 5ƛŦŦŜǊŜƴǘ 5ǊƛǾƛƴƎ ¢ŀǎƪǎ ǘƘǊƻǳƎƘ wŜǉǳƛǊŜƳŜƴǘ ±ŜǊƛŦƛŎŀǘƛƻƴ тнм
!ƴŘŜǊǎ !ƴŘŜǊǎǎƻƴ ŀƴŘ [Ŝƴŀ .ǳŦŦƻƴƛ

!ƴŀƭȅǘƛŎŀƭ !ǇǇǊƻȄƛƳŀǘƛƻƴǎ ŀƴŘ {ƛƳǳƭŀǘƛƻƴ ¢ƻƻƭǎ ŦƻǊ ²ŀǘŜǊ /ƻƻƭƛƴƎ ƻŦ Iƻǘ wƻƭƭŜŘ {ǘŜŜƭ {ǘǊƛǇ тну
!ŀǊƴŜ tƻƘƧƻƴŜƴΣ ±Ŝǎŀ YȅƭƭǀƴŜƴΣ ŀƴŘ Wƻƴƛ tŀŀƴŀƴŜƴ

{ƛƳǳƭŀǘƛƻƴ ƻŦ IƻǊƛȊƻƴǘŀƭ ŀƴŘ ±ŜǊǘƛŎŀƭ ²ŀǘŜǊŦƭƻƻŘƛƴƎ ƛƴ ŀ IƻƳƻƎŜƴŜƻǳǎ wŜǎŜǊǾƻƛǊ ǳǎƛƴƎ
9/[Lt{9

тор 

!ƳōǊƻǎŜ !Φ ¦Ǝǿǳ ŀƴŘ .Ǌƛǘǘ aΦ9 aƻƭŘŜǎǘŀŘ  

{ƛƳǳƭŀǘƻǊ /ƻǳǇƭƛƴƎ ŦƻǊ bŜǘǿƻǊƪ Cŀǳƭǘ LƴƧŜŎǘƛƻƴ ¢ŜǎǘƛƴƎ тпн 
9Ƴƛƭƛŀ /ƛƻǊƻŀƛŎŀ ŀƴŘ ¢ƘƻƳŀǎ YǳƘƴ  

±ŀƭƛŘŀǘƛƻƴ aŜǘƘƻŘ ŦƻǊ IŀǊŘǿŀǊŜπƛƴπǘƘŜπ[ƻƻǇ {ƛƳǳƭŀǘƛƻƴ aƻŘŜƭǎ тпф 
¢ŀƳłǎ YǀƪŞƴȅŜǎƛ ŀƴŘ LǎǘǾłƴ ±ŀǊƧŀǎƛ  

9ƳōŜŘŘŜŘ {ƛƳǳƭŀǘƛƻƴǎ ƛƴ wŜŀƭ wŜƳƻǘŜ 9ȄǇŜǊƛƳŜƴǘǎ ŦƻǊ L{9{ Ŝπ[ŀōƻǊŀǘƻǊȅ трр 
aƛŎƘŀƭ DŜǊȌŀΣ CǊŀƴǘƛǑŜƪ {ŎƘŀǳŜǊΣ ŀƴŘ tŜǘǊ 5ƻǎǘłƭ  
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5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀ IŀǊŘǿŀǊŜ Lƴ ǘƘŜ [ƻƻǇ {ŜǘǳǇ ǿƛǘƘ IƛƎƘ CƛŘŜƭƛǘȅ ±ŜƘƛŎƭŜ aƻŘŜƭ ŦƻǊ aǳƭǘƛ 
!ǘǘǊƛōǳǘŜ !ƴŀƭȅǎƛǎ 

тсн 

WŀŜ {ǳƴƎ .ŀƴƎΣ ¢ŀŜ {ƻƻ YƛƳΣ {ǳƪ Iǿŀƴ /ƘƻƛΣ wŀǇƘŀŜƭ wƘƻǘŜπ±ŀƴŜȅΣ  
ŀƴŘ IŀǊƛƪǊƛǎƘƴŀƴ wŀƧŜƴŘǊŀƴ tƛƭƭŀƛ 

 

CǊƻƳ [ƻǿπ/ƻǎǘ IƛƎƘπ{ǇŜŜŘ /ƘŀƴƴŜƭ 5ŜǎƛƎƴΣ {ƛƳǳƭŀǘƛƻƴΣ ǘƻ wŀǇƛŘ ¢ƛƳŜπǘƻπaŀǊƪŜǘ ттл 
bŀƴǎŜƴ /ƘŜƴ ŀƴŘ aƛȊŀǊ /ƘŀƴƎ  

!ǳǘƻƳŀǘƛŎ DŜƴŜǊŀǘƛƻƴ ƻŦ 5ȅƴŀƳƛŎ {ƛƳǳƭŀǘƛƻƴ aƻŘŜƭǎ .ŀǎŜŘ ƻƴ {ǘŀƴŘŀǊŘ 9ƴƎƛƴŜŜǊƛƴƎ 5ŀǘŀ ттс 
bƛƪƭŀǎ tŀƎŀƴǳǎΣ aŀǊƪƻ [ǳǳƪƪŀƛƴŜƴΣ YŀǊǊƛ IƻƴƪƻƛƭŀΣ ŀƴŘ ¢ƻƳƳƛ YŀǊƘŜƭŀ  

Track M09. Other Methodologies 

! bƻǾŜƭ /ǊŜŘƛōƛƭƛǘȅ vǳŀƴǘƛŦƛŎŀǘƛƻƴ aŜǘƘƻŘ ŦƻǊ ²ŜƭŎƘϥǎ tŜǊƛƻŘƻƎǊŀƳ !ƴŀƭȅǎƛǎ wŜǎǳƭǘ ƛƴ aƻŘŜƭ 
±ŀƭƛŘŀǘƛƻƴ 

 

туо

¸ǳŎƘŜƴ ½ƘƻǳΣ YŜ CŀƴƎΣ Yŀƛōƛƴ ½ƘŀƻΣ ŀƴŘ tƛƴƎ aŀ
LŘŜƴǘƛŦƛŎŀǘƛƻƴ {ŎƘŜƳŜ ŦƻǊ ǘƘŜ bƻƴƭƛƴŜŀǊ aƻŘŜƭ ƻŦ ŀƴ 9ƭŜŎǘǊƻπIȅŘǊŀǳƭƛŎ !ŎǘǳŀǘƻǊ туф
²Φ/Φ [ŜƛǘŜ CƛƭƘƻ ŀƴŘ WΦ DǳƛƳŀǊŀŜǎ

aŀǘƘŜƳŀǘƛŎŀƭ aƻŘŜƭ ƻŦ ǘƘŜ 5ƛǎǘǊƛōǳǘƛƻƴ ƻŦ [ŀǎŜǊ tǳƭǎŜ 9ƴŜǊƎȅ тфп
tŀǾŜƭǎ bŀǊƛŎŀΣ !Ǌǘƛǎ ¢ŜƛƭŀƴǎΣ [ȅǳōƻƳƛǊ [ŀȊƻǾΣ tŀǾŜƭǎ /ŀŎƛǾƪƛƴǎΣ ŀƴŘ 9ŘƳǳƴŘǎ ¢ŜƛǊǳƳƴƛŜƪǎ

aŀǘƘŜƳŀǘƛŎŀƭ aƻŘŜƭ ƻŦ CƻǊŜŎŀǎǘƛƴƎ [ŀǎŜǊ aŀǊƪƛƴƎ 9ȄǇŜǊƛƳŜƴǘ wŜǎǳƭǘǎ улл
tŀǾŜƭǎ bŀǊƛŎŀΣ !Ǌǘƛǎ ¢ŜƛƭŀƴǎΣ [ȅǳōƻƳƛǊ [ŀȊƻǾΣ tŀǾŜƭǎ /ŀŎƛǾƪƛƴǎΣ ŀƴŘ 9ŘƳǳƴŘǎ ¢ŜƛǊǳƳƴƛŜƪǎ

/ƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ hǇŜƴ/[ YŜǊƴŜƭǎ ŦƻǊ !ŎŎŜƭŜǊŀǘƛƴƎ WŀǾŀ aǳƭǘƛπŀƎŜƴǘ {ƛƳǳƭŀǘƛƻƴ улр
YŀǎŜƳǎŀƪ tŀŘǳƴƎǇƛŜƴ ŀƴŘ ²ƻǊŀǿŀƴ aŀǊǳǊƴƎǎƛǘƘ

Track S01. Best Practices and New Trends in Control Education

9ȄǇŜǊƛŜƴŎŜǎ ŀƴŘ ¢ǊŜƴŘǎ ƛƴ /ƻƴǘǊƻƭ 9ŘǳŎŀǘƛƻƴΥ ! Iƛh!κ¦{b tŜǊǎǇŜŎǘƛǾŜ умн
¢ƛƛƴŀ aΦ YƻƳǳƭŀƛƴŜƴΣ !ƭŜȄ !ƭŎƻŎŜǊΣ ŀƴŘ Cƛƴƴ !ŀƪǊŜ IŀǳƎŜƴ

/ƘŀƭƭŜƴƎŜǎ ŀƴŘ bŜǿ 5ƛǊŜŎǘƛƻƴǎ ƛƴ /ƻƴǘǊƻƭ 9ƴƎƛƴŜŜǊƛƴƎ 9ŘǳŎŀǘƛƻƴ умф
Yŀƛ ½ŜƴƎŜǊ

Track S02. Modelling and Control Aspects in Wastewater Treatment Processes

! {ƛƳǇƭƛŬŜŘ aƻŘŜƭ ƻŦ ŀƴ !ŎǘƛǾŀǘŜŘ {ƭǳŘƎŜ tǊƻŎŜǎǎ ǿƛǘƘ ŀ tƭǳƎπCƭƻǿ wŜŀŎǘƻǊ унп
WŜǎǵǎ ½ŀƳōǊŀƴƻΣ .ŜƴƎǘ /ŀǊƭǎǎƻƴΣ {ǘŜŦŀƴ 5ƛŜƘƭΣ ŀƴŘ 9ƳƳŀ bŜƘǊŜƴƘŜƛƳ

aƻƴƛǘƻǊƛƴƎ ŀ {ŜŎƻƴŘŀǊȅ {ŜǘǘƭŜǊ ǳǎƛƴƎ Dŀǳǎǎƛŀƴ aƛȄǘǳǊŜ aƻŘŜƭǎ уом
WŜǎǵǎ ½ŀƳōǊŀƴƻΣ hǎŎŀǊ {ŀƳǳŜƭǎǎƻƴΣ ŀƴŘ .ŜƴƎǘ /ŀǊƭǎǎƻƴ

LƴŘǳǎǘǊƛŀƭ aƻŘŜƭ ±ŀƭƛŘŀǘƛƻƴ ƻŦ ŀ ²²¢ .ǳōōƭƛƴƎ CƭǳƛŘƛȊŜŘ .ŜŘ LƴŎƛƴŜǊŀǘƻǊ уос
{ƻǳŀŘ wŀōŀƘΣ wƻŘǊƛƎƻ hΦ .ǊƻŎƘŀŘƻΣ IŜǊǾŞ /ƻǇǇƛŜǊΣ aƻƘŀƳƳŜŘ /ƘŀŘƭƛΣ bŜǎǊƛƴŜ ½ƻƎƘƭŀƳƛΣ

 

aƻƘŀƳŜŘ {ŀōŜǊ bŀŎŜǳǊΣ {ŀƳ !ȊƛƳƛΣ ŀƴŘ ±ƛƴŎŜƴǘ wƻŎƘŜǊ

 

Track S03. Modelling and Simulation in Applied Energy 
{ƛƳǳƭŀǘƛƻƴ ƻŦ hƛƭ tǊƻŘǳŎǘƛƻƴ ƛƴ ŀ CǊŀŎǘǳǊŜŘ /ŀǊōƻƴŀǘŜ wŜǎŜǊǾƻƛǊ упн 
bƻǊŀ /ŜŎƛƭƛŜ LǾŀǊǎŘŀǘǘŜǊ CǳǊǳǾƛƪΣ ŀƴŘ .Ǌƛǘǘ aΦ 9Φ aƻƭŘŜǎǘŀŘ  

tŜǊŦƻǊƳŀƴŎŜ ƻŦ 9ƭŜŎǘǊƛŎŀƭ tƻǿŜǊ bŜǘǿƻǊƪ ǿƛǘƘ ±ŀǊƛŀōƭŜ [ƻŀŘ {ƛƳǳƭŀǘƛƻƴ упф 
!ƘƳŜŘ !ƭ !ƳŜǊƛ ŀƴŘ /Ǌƛǎǘƛŀƴ bƛŎƘƛǘŀ  

{ƛƳǳƭŀǘƛƻƴ ƻŦ /hн ŦƻǊ 9ƴƘŀƴŎŜŘ hƛƭ wŜŎƻǾŜǊȅ уру 
[ǳŘƳƛƭŀ ±ŜǎƧƻƭŀƧŀΣ !ƳōǊƻǎŜ ¦ƎǿǳΣ !ǊŀǎƘ !ōōŀǎƛΣ 9ƳƳŀƴǳŜƭ hƪƻȅŜΣ ŀƴŘ .Ǌƛǘǘ aΦ 9Φ 
aƻƭŘŜǎǘŀŘ 

 

{ƛƳǳƭŀǘƛƻƴ ƻŦ IŜŀǾȅ hƛƭ tǊƻŘǳŎǘƛƻƴ ǳǎƛƴƎ LƴŦƭƻǿ /ƻƴǘǊƻƭ 5ŜǾƛŎŜǎ π ! /ƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ 
ǘƘŜbƻȊȊƭŜ LƴŦƭƻǿ /ƻƴǘǊƻƭ 5ŜǾƛŎŜ ŀƴŘ !ǳǘƻƴƻƳƻǳǎ LƴŦƭƻǿ /ƻƴǘǊƻƭ 5ŜǾƛŎŜ

уср 

9ƳƳŀƴǳŜƭ hƪƻȅŜ ŀƴŘ .Ǌƛǘǘ aΦ 9Φ aƻƭŘŜǎǘŀŘ  
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aƻŘŜƭƛƴƎ ƻŦ ²ƻƻŘ DŀǎƛŦƛŎŀǘƛƻƴ ƛƴ ŀƴ !ǘƳƻǎǇƘŜǊƛŎ /C. tƭŀƴǘ утн 
9Ǌƛƪ 5ŀƘƭǉǳƛǎǘΣ aǳƘŀƳƳŀŘ bŀǉǾƛΣ 9Ǿŀ ¢ƘƻǊƛƴΣ WƛƴȅǳŜ ¸ŀƴΣ Yƻƴǎǘŀƴǘƛƴƻǎ YȅǇǊƛŀƴƛŘƛǎΣ ŀƴŘ 
tƘƛƭƛǇ IŀǊǘǿŜƭƭ 

 

Lƴƛǘƛŀƭ wŜǎǳƭǘǎ ƻŦ !ŘƛŀōŀǘƛŎ /ƻƳǇǊŜǎǎŜŘ !ƛǊ 9ƴŜǊƎȅ {ǘƻǊŀƎŜ ό/!9{ύ 5ȅƴŀƳƛŎ tǊƻŎŜǎǎ aƻŘŜƭ уту 
¢ƻƳƛ ¢ƘƻƳŀǎǎƻƴ ŀƴŘ aŀǘǘƛ ¢ŅƘǘƛƴŜƴ  

aƻŘŜƭƛƴƎ ƻŦ .ƭŀŎƪ [ƛǉǳƻǊ DŀǎƛŦƛŎŀǘƛƻƴ уур 
9Ǌƛƪ 5ŀƘƭǉǳƛǎǘΣ aǳƘŀƳƳŀŘ bŀǉǾƛΣ 9Ǿŀ ¢ƘƻǊƛƴΣ WƛƴȅǳŜ ¸ŀƴΣ Yƻƴǎǘŀƴǘƛƴƻǎ YȅǇǊƛŀƴƛŘƛǎΣ ŀƴŘ 
tƘƛƭƛǇ IŀǊǘǿŜƭƭ 

 

/ŀǎŎŀŘŜ hǇǘƛƳƛȊŀǘƛƻƴ ǳǎƛƴƎ /ƻƴǘǊƻƭƭŜŘ wŀƴŘƻƳ {ŜŀǊŎƘ !ƭƎƻǊƛǘƘƳ ŀƴŘ /C5 ¢ŜŎƘƴƛǉǳŜǎ ŦƻǊ
hw/ !ǇǇƭƛŎŀǘƛƻƴ

уфл 

wŀƳƛǊƻ DΦ wŀƳƛǊŜȊ /ŀƳŀŎƘƻΣ 9Řƴŀ wΦ Řŀ {ƛƭǾŀΣ Yƻƴǎǘŀƴǘƛƴƻǎ DΦ YȅǇǊƛŀƴƛŘƛǎΣ ŀƴŘ hƭƛǾŜǊ 
±ƛǎŎƻƴǘƛ 

 

{ƛƳǳƭŀǘƛƻƴ ƻŦ [ƛƎƘǘ hƛƭ tǊƻŘǳŎǘƛƻƴ ŦǊƻƳ IŜǘŜǊƻƎŜƴŜƻǳǎ wŜǎŜǊǾƻƛǊǎ  π ²Ŝƭƭ /ƻƳǇƭŜǘƛƻƴ ǿƛǘƘ
LƴŦƭƻǿ /ƻƴǘǊƻƭ 5ŜǾƛŎŜǎ

уфу 

!ǊŀǎƘ  !ōōŀǎƛ ŀƴŘ .Ǌƛǘǘ aΦ 9Φ aƻƭŘŜǎǘŀŘ  
CǳƴŎǘƛƻƴŀƭƛǘȅ ¢ŜǎǘƛƴƎ ƻŦ ²ŀǘŜǊ tǊŜǎǎǳǊŜ ŀƴŘ Cƭƻǿ /ŀƭŎǳƭŀǘƛƻƴ ŦƻǊ 5ȅƴŀƳƛŎ tƻǿŜǊ tƭŀƴǘ 
aƻŘŜƭƭƛƴƎ 

флр 

¢ƛƳƻ ¸ƭƛπCƻǎǎƛ  

Track S04. Modelling and Simulation in Solar Thermal Power Plants 
aŀǘƘŜƳŀǘƛŎŀƭ aƻŘŜƭƛƴƎ ƻŦ ǘƘŜ tŀǊŀōƻƭƛŎ ¢ǊƻǳƎƘ /ƻƭƭŜŎǘƻǊ CƛŜƭŘ ƻŦ ǘƘŜ ¢/tπмлл wŜǎŜŀǊŎƘ tƭŀƴǘ фмн 
!ƴǘƻƴƛƻ WΦ DŀƭƭŜƎƻΣ [ǳƛǎ WΦ ¸ŜōǊŀΣ 9ŘǳŀǊŘƻ CΦ /ŀƳŀŎƘƻΣ ŀƴŘ !ŘƻƭŦƻ WΦ {łƴŎƘŜȊ  

aŀǘƘŜƳŀǘƛŎŀƭ /ƻƴŘƛǘƛƻƴǎ ƛƴ IŜƭƛƻǎǘŀǘ aƻŘŜƭǎ ŦƻǊ 5ŜǘŜǊƳƛƴƛǎǘƛŎ /ƻƳǇǳǘŀǘƛƻƴ ƻŦ {ŜǘǇƻƛƴǘǎ фмф 
aƻƛǎŞǎ ±ƛƭƭŜƎŀǎπ±ŀƭƭŜŎƛƭƭƻǎ ŀƴŘ [ǳƛǎ WΦ ¸ŜōǊŀ  

hōƧŜŎǘπhǊƛŜƴǘŜŘ 5ȅƴŀƳƛŎ aƻŘŜƭƭƛƴƎ ƻŦ Dŀǎ ¢ǳǊōƛƴŜǎ ŦƻǊ /{t IȅōǊƛŘƛǎŀǘƛƻƴ фнс 
[ǳƛǎ WΦ ¸ŜōǊŀΣ {Ŝōŀǎǘƛłƴ 5ƻǊƳƛŘƻΣ [ǳƛǎ 9Φ 5ƝŜȊΣ !ƭōŜǊǘƻ wΦ wƻŎƘŀΣ [ǳŎƝŀ DƻƴȊłƭŜȊΣ  
9ŘǳŀǊŘƻ /ŜǊǊŀƧŜǊƻΣ ŀƴŘ {ƛƭǾƛŀ tŀŘƛƭƭŀ 

 

hōƧŜŎǘπhǊƛŜƴǘŜŘ aƻŘŜƭƭƛƴƎ ŀƴŘ {ƛƳǳƭŀǘƛƻƴ ƻŦ ŀ aƻƭǘŜƴπ{ŀƭǘ hƴŎŜπ¢ƘǊƻǳƎƘ {ǘŜŀƳ DŜƴŜǊŀǘƻǊ
ŦƻǊ {ƻƭŀǊ !ǇǇƭƛŎŀǘƛƻƴǎ ǳǎƛƴƎ hǇŜƴπ{ƻǳǊŎŜ ¢ƻƻƭǎ

фоп

CǊŀƴŎŜǎŎƻ /ŀǎŜƭƭŀ ŀƴŘ {ǘŜŦŀƴƻ ¢ǊŀōǳŎŎƘƛ

Track S05. Object-Oriented Technologies of Computer Modelling and Simulation of Complex
Dynamical Systems
aŜǘƘƻŘ ǘƻ 5ŜǾŜƭƻǇ CǳƴŎǘƛƻƴŀƭ {ƻŦǘǿŀǊŜ ŦƻǊ btt !t/{ ǳǎƛƴƎ aƻŘŜƭπhǊƛŜƴǘŜŘ !ǇǇǊƻŀŎƘ ƛƴ
{ƛƳLƴ¢ŜŎƘ

фпн

!ΦaΦ {ƘŎƘŜƪŀǘǳǊƻǾΣ LΦwΦ YǳōŜƴǎƪƛȅΣ YΦ!Φ ¢ƛƳƻŦŜŜǾΣ ŀƴŘ bΦDΦ /ƘŜǊƴŜǘǎƻǾ
hōƧŜŎǘπhǊƛŜƴǘŜŘ aƻŘŜƭƛƴƎ ǿƛǘƘ wŀƴŘ aƻŘŜƭ 5ŜǎƛƎƴŜǊ фпт
¸ǳΦ .Φ YƻƭŜǎƻǾ ŀƴŘ ¸ǳΦ .Φ {ŜƴƛŎƘŜƴƪƻǾ

wŀƴŘ aƻŘŜƭ 5ŜǎƛƎƴŜǊΩǎ bǳƳŜǊƛŎŀƭ [ƛōǊŀǊȅ фро
!Φ !Φ LǎŀƪƻǾ ŀƴŘ ¸ǳΦ .Φ {ŜƴƛŎƘŜƴƪƻǾ

!ŘŀǇǘƛǾŜ wƻōǳǎǘ {±aπ.ŀǎŜŘ /ƭŀǎǎƛŬŎŀǘƛƻƴ !ƭƎƻǊƛǘƘƳǎ ŦƻǊ aǳƭǘƛπwƻōƻǘ {ȅǎǘŜƳǎ ǳǎƛƴƎ {Ŝǘǎ ƻŦ
²ŜƛƎƘǘǎ

фрф 

[ŜǾ ±Φ ¦ǘƪƛƴΣ ±ƭŀŘƛƳƛǊ {Φ ½ŀōƻǊƻǾǎƪȅΣ ŀƴŘ {ŜǊƎŜȅ DΦ tƻǇƻǾ  

bŜǘǿƻǊƪπ/ŜƴǘǊƛŎ /ƻƴǘǊƻƭ aŜǘƘƻŘǎ ŦƻǊ ŀ DǊƻǳǇ ƻŦ /ȅōŜǊπtƘȅǎƛŎŀƭ hōƧŜŎǘǎ фсс 
±ƭŀŘƛƳƛǊ aǳƭƛǳƪƘŀΣ !ƭŜȄŜȅ [ǳƪŀǎƘƛƴΣ !ƭŜȄŀƴŘŜǊ LƭȅŀǎƘŜƴƪƻΣ ŀƴŘ ±ƭŀŘƛƳƛǊ ½ŀōƻǊƻǾǎƪȅ  

{ƻƭǾƛƴƎ {ǘƛŦŦ {ȅǎǘŜƳǎ ƻŦ h59ǎ ōȅ 9ȄǇƭƛŎƛǘ aŜǘƘƻŘǎ ǿƛǘƘ /ƻƴŦƻǊƳŜŘ {ǘŀōƛƭƛǘȅ 5ƻƳŀƛƴǎ                    фто 
!ƴǘƻƴ 9Φ bƻǾƛƪƻǾΣ aƛƪƘŀƛƭ ±Φ wȅōƪƻǾΣ ¸ǳǊȅ ±Φ {ƘƻǊƴƛƪƻǾΣ ŀƴŘ [ȅǳŘƳƛƭŀ ±Φ Yƴŀǳō  

bǳƳŜǊƛŎŀƭ !ƭƎƻǊƛǘƘƳ ŦƻǊ 5ŜǎƛƎƴ ƻŦ {ǘŀōƛƭƛǘȅ tƻƭȅƴƻƳƛŀƭǎ ŦƻǊ ǘƘŜ CƛǊǎǘ hǊŘŜǊ aŜǘƘƻŘǎ фтф 
9ǳƎŜƴȅ !Φ bƻǾƛƪƻǾΣ aƛƪƘŀƛƭ ±Φ wȅōƪƻǾΣ ŀƴŘ !ƴǘƻƴ 9Φ bƻǾƛƪƻǾ  
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Track S06. Chemical Process Systems Simulation
aƻŘŜƭƭƛƴƎ ŀƴŘ {ƛƳǳƭŀǘƛƻƴ ƻŦ tǘD tƭŀƴǘ {ǘŀǊǘπ¦Ǉǎ ŀƴŘ {ƘǳǘŘƻǿƴǎ фуп
¢ŜŜƳǳ {ƛƘǾƻƴŜƴΣ Wƻǳƴƛ {ŀǾƻƭŀƛƴŜƴΣ ŀƴŘ aŀǘǘƛ ¢ŅƘǘƛƴŜƴ

{ƛƳǳƭŀǘƛƻƴ ƻŦ tŀǊǘƛŎƭŜ {ŜƎǊŜƎŀǘƛƻƴ ƛƴ CƭǳƛŘƛȊŜŘ .ŜŘǎ ффм
WŀƴƛǘƘŀ /Φ .ŀƴŘŀǊŀΣ wŀƧŀƴ YΦ ¢ƘŀǇŀΣ .Ǌƛǘǘ aΦ9Φ aƻƭŘŜǎǘŀŘΣ ŀƴŘ aŀǊƛŀƴƴŜ {Φ 9ƛƪŜƭŀƴŘ

5ȅƴŀƳƛŎ aƻŘŜƭ ƻŦ ŀƴ !ƳƳƻƴƛŀ {ȅƴǘƘŜǎƛǎ wŜŀŎǘƻǊ ōŀǎŜŘ ƻƴ hǇŜƴ LƴŦƻǊƳŀǘƛƻƴ ффу
!ǎŀƴǘƘƛ WƛƴŀǎŜƴŀΣ .ŜǊƴǘ [ƛŜΣ ŀƴŘ .ƧǄǊƴ DƭŜƳƳŜǎǘŀŘ

/ƻƳǇŀǊƛǎƻƴ ƻŦ hǇŜƴCh!a ŀƴŘ !b{¸{ CƭǳŜƴǘ мллр
tǊŀǎŀƴƴŀ ²ŜƭŀƘŜǘǘƛƎŜ ŀƴŘ Yƴǳǘ ±ŀŀƎǎŀŜǘƘŜǊ

LƳǇŀŎǘ ƻŦ tŀǊǘƛŎƭŜ 5ƛŀƳŜǘŜǊΣ tŀǊǘƛŎƭŜ 5Ŝƴǎƛǘȅ ŀƴŘ 5ŜƎǊŜŜ ƻŦ CƛƭƭƛƴƎ ƻƴ ǘƘŜ Cƭƻǿ .ŜƘŀǾƛƻǊ ƻŦ
{ƻƭƛŘ tŀǊǘƛŎƭŜ aƛȄǘǳǊŜǎ ƛƴ ŀ wƻǘŀǘƛƴƎ 5ǊǳƳ

млмо

{ǳƳǳŘǳ YŀǊǳƴŀǊŀǘƘƴŜΣ /ƘŀƳŜŜǊŀ WŀȅŀǊŀǘƘƴŀΣ ŀƴŘ [ŀǊǎπ!ƴŘǊŜ ¢ƻƪƘŜƛƳ

Track S07. Industrial Optimization Based on Big Data Technology and Soft Computing
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Track S08. Simulation as Enabler for Innovative Technology
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tǊƻƧŜŎǘǎ
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{5bƛȊƛƴƎ ǘƘŜ ²ƛǊŜƭŜǎǎ [!b π ! tǊŀŎǘƛŎŀƭ !ǇǇǊƻŀŎƘ мммс 
aŀƴȊƻƻǊ !Φ YƘŀƴΣ tŀǘǊƛŎƪ 9ƴƎŜƭƘŀǊŘΣ ŀƴŘ ¢ƻōƛŀǎ 5ǀǊǎŎƘ  

Track S09. Cooperative Automation 
LƴŦƻǊƳŀǘƛƻƴ ŦǊƻƳ /ŜƴǘǊŀƭƛȊŜŘ 5ŀǘŀōŀǎŜ ǘƻ {ǳǇǇƻǊǘ [ƻŎŀƭ /ŀƭŎǳƭŀǘƛƻƴǎ ƛƴ /ƻƴŘƛǘƛƻƴ aƻƴƛǘƻǊƛƴƎ ммнн 
!ƴǘǘƛ YƻƛǎǘƛƴŜƴ ŀƴŘ 9ǎƪƻ Wǳǳǎƻ  
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Panel discussions 
 

Panel 1: Modelling and Simulation in Cleantech 

Chairs:  
Bernt Lie, University College of Southeast Norway, Norway 
Jes¼s Zambrano, Mªlardalen University, Sweden  

Panelists:  
Luis J. Yebra, CIEMAT-Plataforma Solar de Almer²a, Spain 
Erik Dahlquist, Mªlardalen University, Sweden 
 
What is cleantech? Cleantech consists of products and services which are focused on the use of renewable 
natural resources and recycled materials in an energy-efficient way. Cleantech utilizes biological natural 
resources and turns them into food, energy, and other products and services. Cleantech uses clean technologies, 
which saves the environment by efficient recycling of materials. How? We have a broad range of technologies 
related to recycling, renewable energy, information technology, green transportation, electric motors, green 
chemistry, lighting, grey water, and more. Does this mean that cleantech is gradually introduced in all areas?  
 
The environment is restored with pollution removal and avoidance. What can we do in practise? Air has been 
a focus area in industry, energy and traffic. Water treatment has been developed to remove undesirable 
chemicals, biological contaminants, suspended solids and gases from contaminated water. Where do we have 
the main risks? Availability of usable water may set constraints on operation. In industrial processes, closed 
water circulation is a goal which is beneficial for the environment. Wastewater treatment is needed for 
purifying contaminated water before returning it to the nature. Why are there difficulties in combining 
industrial and domestic wastewater treatment? Mining introduces many challenges for the environment. 
Renewable energy, including wind power, solar power, biomass, hydropower, biofuels etc., is an essential part 
in integrating cleantech with the energy production. Waste can be used as raw material or fuel in many ways. 
Power plants can use waste in energy production. What are the main challenges?  
 
A circular economy aims to close the loop to make economy more sustainable and competitive. This should 
be more than just recycling. What does this mean? Water and wastewater treatment are good examples. There 
are challenging tasks for Information technology, modelling, control and optimisation. How can we proceed? 
What kind of Modelling and Simulation is important in cleantech? How can we compare alternative solutions 
and build situation awareness? The problem solving in cleantech includes the smart integration of all the 
historical elements, earth, fire, water and air, with data. 
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Panel 2: Future Energy Systems 
 
Chairs:  
Erik Dahlquist, Mªlardalen University, Sweden,  
Cristian Nichita. University of Le Havre, France 

Panelists:  
Rebei Bel Fdhila, ABB Corporate Research, Sweden 
Luis J. Yebra, CIEMAT-Plataforma Solar de Almer²a, Spain Panelists:  

 
A thermal power station or a coal fired thermal power plant is by far, the most conventional method of 
generating electric power with reasonably high efficiency. Technology has reached very high levels and 
environment is in focus in many ways. Bioenergy takes an increasing portion of the production: a wide variety 
of materials are used as fuels. Oil and gas hold a very strong position in overall energy usage. Biofuels provide 
new competing alternatives. CO2 capture has taken a high role in research. Is it important also in practise? Are 
we going to bioeconomy? Is the thermal power a necessity in our energy balance? 
 

Sustainable or renewable energy is considered as a future source of energy, but it is already strong in many 
forms: water power is well integrated in the energy system; solar and wind are getting more popular; 
geothermal, wave and tide energy can be locally very important. Electricity is increasingly popular both in 
solar and wind power. To what level it is sufficient? Efficiency is not very high in solar panels. Wind power 
cannot reach sufficient operating hours.  We need storages but can we find practical solutions? Solar thermal 
power plants, especially concentrating technology, provide higher efficiency. There are many feasible 
solutions to thermal storage. What to use? How to design a system? What is needed in control? There are 
unavoidable disturbances. 
  

Where do we use energy? Industry needs high reliable levels. Is the nuclear power a solution? Adaptation is 
easier in domestic use, but how to do it? Heating and cooling take the highest part. Solar energy can help but 
needs storage. Geothermal can be used as storage. What is the potential of buildings as storages? Do we need 
small scale Combined Heat and Power (CHP)? District heating systems are good solutions to bring the thermal 
energy to buildings. Smart grids have studied mainly for electricity. What do we need for smart thermal grids? 
In northern areas, we have consumption peaks. Can we cut them with smart adaptation? Traffic is under change: 
electricity is gaining popularity; interesting biofuels have been introduced; fuel cells are considered as a future 
option in the way to the hydrogen economy. How to integrate these with sustainable energy? How to choose 
an operable portfolio from the increasing alternatives of energy production? 
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Panel 3: Intelligent Systems and IoT in Future Automation 
Chairs:  
Esko K. Juuso, University of Oulu, Finland  
Lars Eriksson, Linkºping University, Sweden 

Panelists:  
Roy Calder, Schneider Electric, United Kingdom 
Yukinori Suzuki, Muroran Institute of Technology, Japan 
Galia Weidl, Daimler AG, Germany 
 
In industry, intelligent systems have been developed for integrating data and expertise to develop smart 
adaptive applications. Recently, big data, cloud computing and data analysis has been presented as a solution 
for all kinds of problems. This provides feasible new things in global business and digitalisation in new 
applications. Can we take this as a general solution for automation? Are sensors only for collecting data to 
clouds? However, e.g. condition monitoring introduces huge volumes of data. Wireless solutions are 
improving fast: 3G, 4G, 5G. But can we transfer signals to clouds and store the data? Is this too much? Where 
is the expertise? Obviously, local calculations are needed. Are they based on intelligent systems? Also the 
security of the automation becomes increasingly important in distributed systems. 
 
Transport systems are analysed as discrete event systems to find bottlenecks and avoid risks. Urban traffic is 
becoming an important area. Autonomous driving is a hot topic. What is needed to embed this in the urban 
traffic? Are there analogies with industrial systems? Mechatronics is an essential part in machines and many 
process devices. IoT with sensor development and access to traffic information opens up many opportunities 
for planning and control of transport through optimization. 
 
What are the main differences between industrial systems and transport systems? Can we use similar control 
solutions? What can we learn from other areas? Can we find analogies? What is common? Where do we 
have differences? What kind of models do we need? What should the control 
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9ŘǳŀǊŘƻ CΦ /ŀƳŀŎƘƻ фмн 
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9ŘǳŀǊŘƻ aŀǊǘƝƴŜȊ ŘŜ tƛǎƽƴπ
!ǎŎŀŎƝōŀǊ 

тс 

9ŘǳŀǊŘƻ aŀǊǘƛƴŜȊπ/ŀƳŀǊŀ сон 
9ŜǊƻ !ƴǘƛƪŀƛƴŜƴ оу 
9ƛƧŀ CŜǊǊŜƛǊŀ рло 
9ƪŀǘŜǊƛƴŀ bƛƪƻƭǎƪŀȅŀ омт 
9ƪŀǘŜǊƛƴŀ wƻǎǘƻǾŀ рфт 
9ƭƛŀǎ IŀƪŀƭŜƘǘƻ оу 
9ƭƛŜ Lƴŀǘȅ псс 
9ƭƛŜ YŀǊŀƳ псс 
9ƭƛƴŀ tǊƻƪƪƻƭŀ рло 
9ƭƛȊŀōŜǘŀ [ŀȊŀǊŜǾǎƪŀ рммΣ рпп 
9Ƴƛƭƛŀ /ƛƻǊƻŀƛŎŀ тпн 
9Ƴƛƭƛƻ WƛƳŜƴŜȊπaŀŎƛŀǎ тсΣ снсΣ сон 
9ƳƳŀ bŜƘǊŜƴƘŜƛƳ унп 
9ƳƳŀƴǳŜƭ DƻŘƻȅ рун 
9ƳƳŀƴǳŜƭ hƪƻȅŜ уруΣ уср 
9ǊƛŎ IŀƭōŀŎƘ ммлн 
9Ǌƛƪ 5ŀƘƭǉǳƛǎǘ утнΣ уур 
9ǎƪƻ Wǳǳǎƻ мфΣ ррΣ пннΣ млроΣ 

ммнн 
9ǎǘŜōŀƴ CǊŀƛƭŜπDŀǊŎƛŀ тс 
9ǳŀƴ aŎDƻƻƪƛƴ опу 
9ǳƎŜƴȅ bƻǾƛƪƻǾ фтф 
9Ǿŀ ¢ƘƻǊƛƴ утнΣ уур 
CŀōǊƛȊƛƻ 5ŀǾƛŘŜ оумΣ оуу 
CŜŘŜǊƛŎƻ /ƻǊǊŀǊƻ нну 
CŜƭƛȄ .ǊŜƛǘŜƴŜŎƪŜǊ пмс 
CƛƭƛǇ CŜŘƻǊƛƪ тл 
Cƛƴƴ !ŀƪǊŜ IŀǳƎŜƴ умн 
CǊŀƴŎŜǎŎƻ /ŀǎŜƭƭŀ фоп 
CǊŀƴǘƛǑŜƪ {ŎƘŀǳŜǊ трр 
DŀƛπDŜ ²ŀƴƎ млнс 
Dŀƭƛŀ ²ŜƛŘƭ у 
Dŀƭƛƴŀ !ƴǘƻƴƻǾŀ отр 
DŀǎǇŜǊ aǳǎƛŎ мфп 
DŜŜǊǘ .ƻƻǎǘŜƴ нфо 
DŜƛǊ wƛǎǾƻƭƭ ом 
DƛŀƴƭǳŎŀ /ƻǊǊŀǊƻ нну 
DƛƻǾŀƴƴƛ [ǳŎŀ aŀƎƭƛƻƴŜ ммлф 
DƛǳǎŜǇǇƛƴŀ aǳǊƛƴƻ ммлф 
DƭŀǳŎƛƻ wŀƳƻǎ ррм 
DƻǊŀȊŘ YŀǊŜǊ пф 
DǳƴƴŜ WƻƘƴ IŜƎƎƭƛŘ ммо 
DǳǎǘŀŦ ¢ƘƻǊǎƭǳƴŘ ссл 
DǀǊŀƴ IǀƎƴŀǎ смн 
Iŀƴ ½ƘŀƴƎ нто 
IŀƴƛƳ 9ƪŜƴ осф 
Iŀƴƴǳ {ŀǊǾŜƭŀƛƴŜƴ пло 

IŀǊƛƪǊƛǎƘƴŀƴ wŀƧŜƴŘǊŀƴ 
tƛƭƭŀƛ тсн 
IŀȅŘŜǊ !ƭπIŀƪŜŜƳ млфр 
IŀȊŜƳ !ƭπ.ŜǊƳŀƴŜƛ смн 
IŜƴƴŀ ¢ƛŜƴǎǳǳ рло 
IŜƴǊƛ YǳƳǇǳƭŀƛƴŜƴ ннм 
IŜƴǊƛ tƛŜǊǊŜǾŀƭ рфл 
IŜǊǾŞ /ƻǇǇƛŜǊ уос 
IƛŘŜƪŀȊǳ YŀƧƛǿŀǊŀ млоп 
IƛŜǳ tƘŀƳ роо 
Iƛƭŀ .Ŝƴ DǳǊ сст 
IƛǊƻǎƘƛ IŀǎŜƎŀǿŀ роо 
IƛǊƻȅǳƪƛ CǳƧƛƻƪŀ поф 
IƛǊƻȅǳƪƛ Yŀƴƻ поф 
IƛǊƻȅǳƪƛ {ŀǘƻ млтп 
Iňƪƻƴ ±ƛǳƳŘŀƭ рсмΣ рсу 
Lƭȅŀ YǳōŜƴǎƪƛȅ фпн 
LǎǘǾłƴ ±ŀǊƧŀǎƛ тпф 
LǾŀƴ ½Ŝƭƛƴƪŀ ррс 
LȅŀŘ Yŀǘƛō сто 
WŀŜ {ǳƴƎ .ŀƴƎ тсн 
Wŀƴƛ ¢ƻƳǇŜǊƛ омн 
WŀƴƛǘƘŀ /Φ .ŀƴŘŀǊŀ ффм 
WŀǊƛ .ǀƭƛƴƎ смн 
WŀǊƛ YƻǎƪƛŀƘƻ мф 
WŀǊƛ aƻƴǘƻƴŜƴ мум 
WŀǊƳƻ !ƭŀƴŘŜǊ млфр 
WŀǊƻǎƭŀǾ /ƛōǳƭƪŀ пфр 
WŀǾƛŜǊ CŜǊǊŜƛǊƻπ/ŀōŜƭƭƻ тс 
WŜƴƴƛŜ [ƛƻǊƛǎ нср 
WŜƴǎ {ŎƘǊŜƛǘŜǊ нус 
WŜǎǵǎ ½ŀƳōǊŀƴƻ унпΣ уом 
WƛƴȅǳŜ ¸ŀƴ утнΣ уур 
WƛǊƪŀ tƻǊƻǇǳŘŀǎ смф 
Wƻƴƛ tŀŀƴŀƴŜƴ тну 
Wƻǳƴƛ {ŀǾƻƭŀƛƴŜƴ фуп 
Wǳŀƴ /ŀǊƭƻǎ {ŀŜƴȊπ5ƛŜȊ сон 
Wǳŀƴ LƎƴŀŎƛƻ [ŀǘƻǊǊŜπ.ƛŜƭ снсΣ сон 
WǳƘŀ YǳǊƻƴŜƴ мнн 
WǳƘŀ wǀƴƛƴƎ рло 
WǳƘŀƴƛ IŜƛƭŀƭŀ мум 
WǳƘŀƴƛ bƛǎǎƛƭŅ пнн 
WǳƘƻ !ƭŀǘŀƭƻ нор 
Wǳƪƪŀ {Ŝƭƛƴ омт 
Wǳƭƛŀ DǳƛƳŀǊŀŜǎ туф 
Wǳƭƛŀƴŀ YŜƛƪƻ {ŀƎŀǿŀ прф 
Wǳƭƛƻ .ƭŀƴŎƻ снс 
Wǳǎǎƛ {ƛƘǾƻ мнфΣ мрр 
YΦ !Ƴƛƭŀ /ƘŀƴŘǊŀ соф 
Yŀƛ ±ƛǊǘŀƴŜƴ смф 
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Yŀƛ ½ŜƴƎŜǊ умфΣ млнсΣ млслΣ 
млум 

Yŀƛōƛƴ ½Ƙŀƻ туо 
YŀǊƛƳ .ŜƴȅŀƳƴŀ рфт 
YŀǊǊƛ Iƻƴƪƻƛƭŀ ттс 
YŀǎŜƳǎŀƪ tŀŘǳƴƎǇƛŜƴ прн 
YŀǘǎǳƳƛ aƻǊƛǿŀƪƛ ппс 
YŀȊǳǘƻǎƘƛ {ŀƪŀƪƛōŀǊŀ млпн 
YŜ CŀƴƎ туо 
YŜƛƪƛ ¢ŀƪŀŘŀƳŀ млтп 
YŜǾƛƴ ²ƻǊǊŀƭƭ опу 
YƘƛƳ /ƘƘŀƴǘȅŀƭ рсмΣ рсу 
YƛƳ {ǄǊŜƴǎŜƴ мор 
YƧŜƭƭπ!ǊƴŜ {ƻƭƭƛ млр 
YƭŀǳǎπWƻŀŎƘƛƳ WŜƴǎ нлт 
Yƴǳǘ ±ňƎǎŋǘƘŜǊ спсΣ сроΣ мллр 
Yƻƴǎǘŀ YŀǊƛƻƧŀ поо 
Yƻƴǎǘŀƴǘƛƴ ¢ƛƳƻŦŜŜǾ фпн 
Yƻƴǎǘŀƴǘƛƴƻǎ DΦ YȅǇǊƛŀƴƛŘƛǎ мпуΣ утнΣ уурΣ уфл 
YǊƛǎǘƛŀƴ ¢ƘƻǊǎŜƴ ом 
YǊƛǎǘƻŦŦŜǊ 9ƪōŜǊƎ нрм 
[ŀƘǎŜƴ !ƛǘ ¢ŀƭŜō рун 
[ŀǊǎ 9Ǌƛƪǎǎƻƴ нрмΣ нулΣ опм 
[ŀǊǎ ¢ƻƪƘŜƛƳ ртр 
[ŀǊǎ qƛ мсуΣ мут 
[ŀǊǎπ!ƴŘǊŜ ¢ƻƪƘŜƛƳ мтпΣ млмо 
[ŀǳǊŀ aŀǊŎŀƴƻ офр 
[ŀǳǊŜƴǘ 5ǳƳŀǎ ооп 
[ŜŀƴŘǊƻ 5ƻǎ {Φ/ƻŜƭƘƻ млнс 
[Ŝƴŀ .ǳŦŦƻƴƛ тлтΣ тнм 
[Ŝƴŀ ¸ƻǳƴŜǎ псс 
[Ŝƻƴ .ƻōǊƻǿǎƪƛ рму 
[ŜǾ ¦ǘƪƛƴ фрф 
[ƛŀƴȅƛ ½ƘŀƴƎ нто 
[ƛƴƘ ¢ŀƻ роо 
[ƛȄƛƴ ¸ǳ нто 
[ǳŎƝŀ DƻƴȊłƭŜȊ фнс 
[ǳŘƳƛƭŀ ±ŜǎƧƻƭŀƧŀ уру 
[ǳƛǎ 9Φ 5ƝŜȊ фнс 
[ǳƛǎ WΦ ¸ŜōǊŀ фмнΣ фмфΣ фнс 
[ȅǳōƻƳƛǊ [ŀȊƻǾ тфпΣ улл 
[ȅǳŘƳƛƭŀ Yƴŀǳō фто 
aΦ /ƘŀŘƭƛ уос 
aŀƘŘŜǊ DŜōǊŜƳŜŘƘƛƴ ссл 
aŀƘƳƻǳŘ CŀȅȊŜ сто 
aŀƛ YΦ bƎǳȅŜƴ ооп 
aŀƛƧŀ hƧŀƴŜƴ мф 
aŀƴȊƻƻǊ !ƘƳŜŘ YƘŀƴ мммс 
aŀǊŎŜƭ aǳŜƭƭŜǊ онт 
aŀǊƛŀƴƴŜ {Φ 9ƛƪŜƭŀƴŘ ртрΣ ффм 

aŀǊƛƴŀ aŀǎǎŜƛ ммлф 
aŀǊƪ {ŎƘƛƭƭƛƴƎŜǊ нус 
aŀǊƪƪǳ IŜƴǘǳƭŀ мум 
aŀǊƪƪǳ hƘŜƴƻƧŀ мфΣ омн 
aŀǊƪƻ [ǳǳƪƪŀƛƴŜƴ ттс 
aŀǊƪƻ wŀŘŀƴƻǾƛŎ нфф 
aŀǊǘƛƴ YƻȊŜƪ сн 
aŀǊǘƛƴ {ƧǀƭǳƴŘ тлт 
aŀǊǘƛƴ {ǊŀƳƪŀ нр 
aŀǘƘǎ IŀƭǎǘŜƴǎŜƴ нлт 
aŀǘǘŜƻ !ƎǊŜǎǘŀ ммлф 
aŀǘǘƛ ¢ŅƘǘƛƴŜƴ утуΣ фуп 
aŀǘǘƛ ±ƛƭƪƪƻ нлм 
aŀǳƴƻ wǀƴƪƪǀ мф 
aŜǊŎŜŘŜǎ tŜǊŜȊ снс 
aŜǊƧŀ aŅƪŜƭŅ пло 
aŜǊǘ aǀƪǸƪŎǸ рун 
aƛŎƘŀŜƭ CǊŜƛǘŀƎ прфΣ тлл 
aƛŎƘŀŜƭ [ǸǘƧŜƴ тлл 
aƛŎƘŀŜƭŀ Yƛƭƭƛŀƴ сн 
aƛŎƘŀƭ DŜǊȌŀ трр 
aƛŎƘŀƭ tƭǳƘŀŎŜƪ рнрΣ ррс 
aƛƎǳŜƭ !ƴǘƻƴƛƻ aǳƧƛŎŀ нруΣ нфо 
aƛƛƪŀ Iƻǘǘƛ мнн 
aƛƪŀ [ƛǳƪƪƻƴŜƴ омт 
aƛƪŀ tȅƭǾŅƴŅƛƴŜƴ норΣ слр 
aƛƪŀ wǳǳǎǳƴŜƴ фф 
aƛƪŀŜƭ IŀŀƎ мум 
aƛƪƘŀƛƭ LƎƴŀǘƧŜǾ рфт 
aƛƪƘŀƛƭ wȅōƪƻǾ фтоΣ фтф 
aƛƪƪƻ IŀǊƧǳ смф 
aƛƪƪƻ YƻǊǇƛ нлм 
aƛƴŀƳƛ aƛȅŀƪŀǿŀ млтп 
aƛƴƎ ¸ŀƴƎ орсΣ сут 
aƛƴƘ IƻŀƴƎ рсмΣ рсу 
aƛƻ {ǳȊǳƪƛ млуу 
aƛǉǳŜƭ !ƴƎŜƭ tƛŜǊŀ 9ǊƻƭŜǎ нфф 
aƛȊŀǊ /ƘŀƴƎ ттл 
aƻ ·ƛŀ нто 
aƻƘŀƳƳŜŘ /ƘŀŘƭƛ уос 
aƻƘŀƳŜŘ {ŀōŜǊ bŀŎŜǳǊ уос 
aƻƛǎŞǎ ±ƛƭƭŜƎŀǎπ±ŀƭƭŜŎƛƭƭƻǎ фмф 
aƻƴŀ aŜƛǎǘŜǊ нус 
aƻƴƛŎŀ tŀǘǊŀǎŎǳ нпо 
aƻǊǘŜƴ /Φ aŜƭŀŀŜƴ софΣ сул 
aƻǎƘŜ .ǊŀƴŘ сст 
aƻǎƘŜ Iŀƭŀƪ сст 
aǳǊŀǘ {ƛƳǎŜƪ рпл 
bŀŘŜŜƳ vŀȊƛ пто 
bŀƛŦ !ƭƧƻƘŀƴƛ сто 
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bŀƴǎŜƴ /ƘŜƴ ттл 
bŀƻƘƛƪƻ IŀƴŀƧƛƳŀ млоп 
bŀǘƘŀƴ ½ƛƳƳŜǊƳŀƴ мпу 
bŜǎǊƛƴŜ ½ƻƎƘƭŀƳƛ уос 
bƛŎƘƛǘŀ /Ǌƛǎǘƛŀƴ упф 
bƛƛƴŀ YƻǘŀƳŅƪƛ мф 
bƛƪƛǘŀ /ƘŜǊƴŜǘǎƻǾ фпн 
bƛƪƭŀǎ tŀƎŀƴǳǎ ттс 
bƻǊŀ /Φ LΦ CǳǊǳǾƛƪ упн 
bƻǳǊ IƛƧŀȊƛ псс 
hƪƪƻ YŀǳƘŀƴŜƴ мф 
hƭŜ aŀƎƴǳǎ .ǊŀǎǘŜƛƴ осн 
hƭƛǾŜǊ bŜƭƭŜǎ нус 
hƭƛǾŜǊ ±ƛǎŎƻƴǘƛ уфл 
hƭƭƛ Yƛƭƪƪƛ млум 
hƭƭƛ {ǳƻƳƛƴŜƴ нлм 
hǎŎŀǊ {ŀƳǳŜƭǎǎƻƴ уом 
tŀƻƭƻ {Ŏŀƭŀ нру 
tŀǘǊƛŎƛƻ DǳŜǊǊŜǊƻ ооп 
tŀǘǊƛŎƪ 9ƴƎŜƭƘŀǊŘ мммс 
tŀǳƭŀ WŅǊǾƛƴŜƴ мум 
tŀǳƭƻ tŜǊŜƛǊŀ ррм 
tŀǿŜƱ ½ŀōƛŜƭǎƪƛ рму 
tŀǾŜƭǎ /ŀŎƛǾƪƛƴǎ тфпΣ улл 
tŀǾŜƭǎ bŀǊƛŎŀ тфпΣ улл 
tŜƪƪŀ {ƛƛǊǘƻƭŀ рло 
tŜƪƪŀ {ƛƭǘŀƴŜƴ мум 
tŜǊ aƻǊǘŜƴ IŀƴǎŜƴ сро 
tŜǘŜǊ CǊƛǘȊǎƻƴ сслΣ тлт 
tŜǘŜǊ wǳƻŦŦ ом 
tŜǘǊ 5ƻǎǘłƭ трр 
tŜǘǊƛ IŜƛƴƻƴŜƴ рр 
tŜǘǊƛ IƛŜǘŀƘŀǊƧǳ фф 
tŜǘǊƛ YƻǇƻƴŜƴ мф 
tŜȅƳŀƴ aƛǊǘŀƘŜǊƛ пфр 
tƘƛƭƛǇ IŀǊǘǿŜƭƭ утнΣ уур 
tƘƛƭƛǇǇŜ Cƛŀƴƛ рун 
tƛƴƎ aŀ онмΣ орсΣ сутΣ туо 
tƛǘƛǇŀǘ tŜƴōƘŀǊƪƪǳƭ улр 
tǊŀǎŀƴƴŀ ²ŜƭŀƘŜǘǘƛƎŜ мллр 
tǊŀǾƛƴ ±ŀǊŀƛȅŀ нср 
wŀƛƳƻ IŅƴƴƛƭŅ тл 
wŀƧŀƴ YǳƳŀǊ ¢ƘŀǇŀ фнΣ млрΣ ффм 
wŀƳƛǊƻ DΦ wŀƳƛǊŜȊ 
/ŀƳŀŎƘƻ уфл 
wŀǇƘŀŜƭ wƘƻǘŜπ±ŀƴŜȅ тсн 
wŀǎƘƛŘ aŜƘƳƻƻŘ сто 
wŜȊŀ !ǎƘǊŀŦƛŘƻƻǎǘ птф 
wƛŎŎŀǊŘƻ 5ƛ aŀǘǘŜƻ ммлф 
wƛƪǳπtŜƪƪŀ bƛƪǳƭŀ поо 

wƛǎǘƻ wƛǎǎŀƴŜƴ оу 
wƻōŜǊǘ [ƛǎ мпн 
wƻōŜǊǘƻ wƛōŜƛǊƻ нмп 
wƻŘƴŜȅ {ŀƭŘŀƴƘŀ нмп 
wƻŘǊƛƎƻ hΦ .ǊƻŎƘŀŘƻ уос 
wƻƳŀƴ {ŜƴƪŜǊƛƪ рнрΣ ррс 
wƻƴƛ [ǳƘǘŀƭŀ мнфΣ мрр 
wƻǎƘŀƴ {ƘŀǊƳŀ мсмΣ осн 
{ŀōŀ aȅƭǾŀƎŀƴŀƳ рсмΣ рсу 
{ŀōŜǳǊ 9ƭƪƻǎŀƴǘƛƴƛ рфл 
{ŀŜƛŘ {ŜǘŀȅŜǎƘƛ птф 
{ŀƭŜƘ !ƭŀƭƛȅŀǘ пут 
{ŀƭƳŀƴ bŀȊƛǊ пфр 
{ŀƳ !ȊƛƳƛ уос 
{ŀƳƛ ¢ǳǳǊƛ мнн 
{ŀǊŀ wƻƴŀǎƛ нлт 
{ŀǘǳ ¢ŀƳƳƛƴŜƴ рло 
{Ŝōŀǎǘƛłƴ 5ƻǊƳƛŘƻ фнс 
{ŜǊƎŜ /ƻƘŜƴ ооп 
{ŜǊƎŜȅ tƻǇƻǾ фрф 
{ƘŜƴƎƭƛƴ [ƛƴ сут 
{ƘƛƎŜȅƻǎƘƛ aƛȅŀƎŀǿŀ ум 
{Ƙƛƴȅŀ ²ŀǘŀƴŀōŜ млпн 
{ƘƻōƘŀƴŀ {ƛƴƎƘ мор 
{Ƙǳƴ IŀǘǘƻǊƛ млпу 
{ƛƭǾƛŀ tŀŘƛƭƭŀ фнс 
{ƛƴŘǊŜ ¢ƻǎǎŜ сро 
{ƻǳŀŘ wŀōŀƘ уос 
{ǘŜŦŀƴ 5ƛŜƘƭ унп 
{ǘŜŦŀƴƛŜ ²ƛƴƪƭŜǊ пмс 
{ǘŜŦŀƴƻ ¢ǊŀōǳŎŎƘƛ фоп 
{ǘŜǾŜƴǎ ²ŀƴƎ у 
{ǳŘŜŜǇ .ŀƧǊŀŎƘŀǊȅŀ тлт 
{ǳƪ Iǿŀƴ /Ƙƻƛ тсн 
{ǳƳǳŘǳ YŀǊǳƴŀǊŀǘƘƴŜ мтпΣ млмо 
{ǳǎŀƴǘƘŀ 5ƛǎǎŀƴŀȅŀƪŜ мсм 
{ǳǾƛ YŀǊƘǳ млфр 
{ȅŜŘ aǳƘŀƳƳŀŘ wŀȊŀ 
bŀǉǾƛ утнΣ уур 
{ȅƭǾŀƛƴ /ƘŀǾŀƴƴŜ рун 
¢ŀŜ {ƻƻ YƛƳ тсн 
¢ŀƛƪƛ YŀƴŜƪƻ млоп 
¢ŀƳłǎ YǀƪŞƴȅŜǎƛ тпф 
¢ŜŜƳǳ bŅȅƪƪƛ мф 
¢ŜŜƳǳ {ƛƘǾƻƴŜƴ фуп 
¢ŜǊƻ YǳƘƳƻƴŜƴ оу 
¢ŜǊƻ wŜƛƧƻƴŜƴ оу 
¢Ŝǘǎǳȅŀ {ŀǘƻ млпн 
¢ƘŀƭŜƛŀ CƭŜǎǎŀ опу 
¢ƘƻƳŀǎ /ƻƴŘǊŀ мор 
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¢ƘƻƳŀǎ YǳƘƴ тпн 
¢ƘƻƳŀǎ qȅǾŀƴƎ ммо 
¢ƛƛƴŀ YƻƳǳƭŀƛƴŜƴ офрΣ пфрΣ умн 
¢ƛƳƻ [ȅȅǘƛƪŅƛƴŜƴ пло 
¢ƛƳƻ ¸ƭƛπCƻǎǎƛ флр 
¢ƻōƛŀǎ 5ǀǊǎŎƘ мммс 
¢ƻƳŀǎ .ƧǀǊƪǉǾƛǎǘ нлм 
¢ƻƳƛ wƻƛƴƛƭŀ мнфΣ мрр 
¢ƻƳƛ ¢ƘƻƳŀǎǎƻƴ уту 
¢ƻƳƳƛ YŀǊƘŜƭŀ ттс 
¢ƻƳƳƛ wŜƛƴƛƪƪŀ мнфΣ мрр 
¢ƻƳƻƘƛǊƻ ¸ƻǎƘƛƪŀǿŀ млст 
¢ƻƴƛ [ƛŜŘŜǎ норΣ слр 
¢ƻǊƳƻŘ 5ǊŜƴƎǎǘƛƎ ом 
¢ǳƻƳŀǎ aŜǎǎƻ мнфΣ мрр 
²Φ/Φ [ŜƛǘŜ CƛƭƘƻ туф 
²ΦYΦ IƛǊƻƳƛ !ǊƛȅŀǊŀǘƴŜ софΣ сул 
±ŀŘƛƳ aŀƪŀǊƻǾ отр 
±ŀƘŜŜŘ bŜȊƘŀŘŀƭƛ опм 
²ŀǘƘǎŀƭŀ WƛƴŀŘŀǎŀ нлт 
²Ŝƛ [ƛ сут 
²Ŝƛ ½ƘŀƴƎ у 
±Ŝǎŀ YȅƭƭǀƴŜƴ тну 
±ƛŀŎƘŜǎƭŀǾ ¢ŜǊŜǎƘŎƘŜƴƪƻ у 
±ƛƭƭŜ YƻǘƻǾƛǊǘŀ мф 

±ƛƭƭŜ YȅǊƪƛ ммлн 
±ƛƴŎŜƴǘ wƻŎƘŜǊ уос 
±ƛƴǘŀǊ tǊƛƳƻȌ плф 
±ƛǘƻ [ƻƎŀǊ м 
±ƭŀŘ /ƻƴǎǘŀƴǘƛƴŜǎŎǳ нпо 
±ƭŀŘƛƳƛǊ aǳƭƛǳƪƘŀ фсс 
±ƭŀŘƛƳƛǊ ½ŀōƻǊƻǾǎƪȅ фрфΣ фсс 
²ƻǊŀǿŀƴ aŀǊǳǊƴƎǎƛǘƘ прнΣ улр 
·ŀǾƛŜǊ [ƭŀƳŀǎ нул 
·ƛŀƻōƛƴƎ {ƘŀƴƎ орс 
·ƛŀƻŎƘŀƻ vƛŀƴ сут 
·ƛŀƻπ½Ƙƛ Dŀƻ млнсΣ млсл 
¸ƻƧƛ aƻǊƛǘŀ ум 
¸ƻǎƘƛƴƻǊƛ CǳƧƛƘƛǊŀ млоп 
¸ǊƧǀ IƛƭǘǳƴŜƴ омт 
¸ǳŎƘŜƴ ½Ƙƻǳ онмΣ туо 
¸ǳƪƛƴƻǊƛ {ǳȊǳƪƛ млмф 
¸ǳǊƛ YƻƭŜǎƻǾ фпт 
¸ǳǊƛ {ŜƴƛŎƘŜƴƪƻǾ фптΣ фро 
¸ǳǊȅ {ƘƻǊƴƛƪƻǾ фто 
½ƘƛǇƛƴƎ [ƛ нто 
½ǳǇŀƴőƛő .ƻǊǳǘ плф 
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Abstract 
Market demands on steel quality, price and production 
times dictate an introduction of technological 
innovations regarding the electric arc furnace (EAF) 
steelmaking. A developing field with significant 
potential is related to the advanced software support of 
the EAF operation, combining monitoring and proper 
control of the EAF. Such systems include process 
models, capable of continuous estimation of the 
unmeasured process values, such as chemical 
compositions and temperatures of the steel, slag and gas. 
The paper briefly presents the features of all developed 
EAF models, which are used together with the measured 
EAF data to estimate the unmeasured process values. 
The models are mainly implemented using non-linear, 
time-variant ordinary differential equations. The 
parameterization of the models was performed using the 
available EAF data, such as temperatures, steel and slag 
compositions, melting programs etc. The validation 
results that were performed using measured EAF data 
indicate high levels of estimation accuracy of all crucial 
steel-recycling values and processes. The accuracy of 
the presented models is in the range of +/- 15 K for steel 
temperature and +/-10 % for steel composition. Thus, 
accuracy of the models allows them to be used in 
broader software environments, such as soft sensors for 
process monitoring, optimization and operator decision 
support.  
Keywords: electric arc furnace, EAF, modelling, 
simulation, validation 

1 Introduction  
Current market demands on steel quality, price and 
production times dictate an introduction of several 
technological innovations regarding the electric arc 
furnace (EAF) steelmaking. An emerging field with 
huge potential, but yet rather unexplored, is also 
advanced software support of the EAF operation. 
Running in parallel to the EAF process such systems 
allow online monitoring, fault detection and even 
model-based control of the process. Using such systems 
in parallel to the actual EAF process can have several 
advantages in comparison to the manual EAF operation, 
arising from the nature of the steel-melting process. As 
known, several crucial process values are hard to 
measure continuously, such as temperatures and 

chemical compositions of the steel, slag and gas etc. 
Using EAF process models, which integrate all 
significant EAF phenomena and use available EAF data 
to calculate the missing process values, results in a 
system, which is able to estimate the process values with 
sufficient accuracy. In this manner, better insight to the 
melting process can be established and consequently a 
more optimal operation of the EAF can be performed. 

The paper presents an overview of the proposed 
EAF model, including electrical, hydraulic, mass-
transfer, heat-transfer and chemical submodules in 
terms of modelling approach, modelling detail and 
schematic representations of the model structure. Since 
the mathematical models of the EAF have already been 
developed, validated and extensively described (Logar 
et al 2011, 2012) the paper presents only the key 
characteristics of each separate submodule and its 
importance for the overall accuracy of the calculations. 
Furthermore, the paper discusses possible and necessary 
upgrades of the models to implement them in process-
optimization and decision-support frameworks. The aim 
of those is to present an EAF operation-support tool, 
which will be running in parallel to the EAF process and 
will be used for enhancement of the operation, such as: 
a) EAF operation monitoring based on soft-sensing 
technology, allowing a better insight to the melting 
process and consequently more optimal control of the 
EAF; b) process-optimization based on process models, 
optimizing the melting programs, according to the 
current state in the EAF; c) operator decision support, 
combining the advantages of model-based soft sensors 
and process optimization in one solution, representing 
the highest level of EAF software support. 

2 Modelling of the EAF processes in 
general 

Section The literature review in the field of modelling, 
optimization and control of the electric arc furnaces 
shows that many different models and engineering 
approaches studying the EAF processes have been 
developed. Most of these are focused on particular 
processes of the EAF and were developed for the 
purpose of the field research or simulation of the EAF 
operation. A few models were designed especially for 
their implementation into industrial applications as an 
operator-support tool for monitoring of the recycling 
process and thus easier decision making and control of 
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tapping. Neither of these values is measured 
continuously during the EAF operation. 

Fig. 4 shows the comparison between measured and 
model simulated endpoint steel composition in a form of 
a mean value with standard deviation. 

 

 
Figure 4: comparison between measured and simulated 

endpoint chemical compositions of the steel 
 
As can be seen in Fig. 4, all measured and simulated 

values are similar, both in mean values and in standard 
deviations. The most important validation value from 
Fig. 4 is the carbon content in the steel, since carbon 
percentage is (among others) directly linked to different 
steel grades produced and has to be determined and 
contained in proper amount. Complete steel 
composition is determined at tapping and is otherwise 
not measured continuously. 

Fig. 5 shows the comparison between measured and 
model simulated endpoint slag composition in a form of 
a mean value with standard deviation. 

  
Figure 5: comparison between measured and simulated 

endpoint chemical compositions of the slag 
 
As can be seen in Fig. 5, all measured and simulated 

values are similar, both in mean values and in standard 
deviations. The most important validation value from 
Fig. 5 are FeO, SiO2, MnO, CaO and MgO contents in 

the slag, since these compounds define the properties of 
the slag, which are linked to its foaminess and protective 
characteristics. 

Fig. 6 shows the energy balance as calculated by the 
proposed model. 

 

 
Figure 6: energy balance of the EAF as obtained by the 

proposed model 
As can be seen in Fig. 6, total energy input required 

to produce 1 ton of steel is approximately 760 kWh. 
More than a half of this energy is represented by 
electrical energy, while other important sources of 
energy are oxygen burners and chemical reactions. 
Regarding the losses of energy, approximately 390 kWh 
of energy is held by steel enthalpy due to its high 
temperature. This energy is later lost to the environment 
as the steel cools down. Furthermore, off-gas extraction 
and cooling of the furnace vessel also represent an 
important sinks of energy. 

5 Practical applications of the model 
Due to the nature of the EAF steel-recycling process 
(high temperatures and electric currents), performance 
of the crucial process measurements is difficult. 
Consequently, monitoring and control of the melting 
process is performed using the operator's experience and 
is based on indirect measurements (e.g. power-on time, 
consumed energy, arc stability etc.) and not on the actual 
conditions in the EAF (e.g. stage of melting, bath 
composition, bath temperature), which leads to 
suboptimal operation, i.e. lower energy and raw material 
efficiency, increased off gas and CO2 emissions, 
decreased quality of the steel; and consequently higher 
operational costs.  

Furthermore, operational efficiency is influenced 
also by variable composition of the input materials (steel 
scrap, non-metallic additives). The fluctuations in EAF 
operation can be resolved using a combination of EAF 

EUROSIM 2016 & SIMS 2016

5DOI: 10.3384/ecp171421   Proceedings of the 9th EUROSIM & the 57th SIMS
September 12th-16th, 2016, Oulu, Finland





























Monitoring Suspended Solids and Total Phosphorus
in Finnish Rivers

Mauno Rönkkö and Okko Kauhanen1 Jari Koskiaho, Niina Kotamäki and Teemu Näykki2

Markku Ohenoja and Esko Juuso3 Maija Ojanen, Petri Koponen and Ville Kotovirta4

1Department of Environmental Science, University of Eastern Finland, Kuopio, Finland,
{mauno.ronkko,okko.kauhanen}@uef.fi,
2Finnish Environment Institute,Helsinki, Finland,

{jari.koskiaho,niina.kotamaki,teemu.naykki}@ymparisto.fi
3Control Engineering, Faculty of Technology, University of Oulu, Finland,

{markku.ohenoja,esko.juuso}@oulu.fi
4VTT Technical research Centre of Finland, VTT, Finland,

{maija.ojanen,petri.koponen,ville.kotovirta}@vtt.fi

Abstract
Monitoring of water quality should not be solely based on
laboratory samples. Such activity, although producing re-
liable results, cannot provide an accurate enough tempo-
ral coverage for water quality monitoring. The Finnish
Environment Institute, SYKE, has therefore established
numerous online water monitoring stations that continu-
ously monitor water quality. The problem with the au-
tomatic monitoring, however, is that the recorded values
are not reliable as such and need to be subject to quality
control and uncertainty estimation. Here, as the main con-
tribution, we present a computational service that we have
implemented to automate and integrate the water quality
monitoring process. We also present a case study regard-
ing the river Väänteenjoki and discuss the obtained uncer-
tainty results and their implication.
Keywords: environmental measurements, quality control,
uncertainty estimation, computational service, river

1 Introduction
The Finnish environmental authorities have regularly
monitored water quality variables such as total suspended
solids (TSS) and total phosphorus (TP) concentrations in
major Finnish rivers since 1960s. The aim is to get gen-
eral idea on the amounts of substances transported into
the Finnish lakes and coastal areas and to detect possi-
ble trends. Presently, water quality and �ow are moni-
tored at 29 downstream monitoring stations of Finland’s
major rivers discharging into the Baltic Sea. There are
also numerous inland river monitoring sites included, for
instance, in the Finnish Eurowaternet (Niemi and Raate-
land, 2007). Annually, 13 to 22 water samples are taken
and analyzed for TSS and TP (The Finnish Ministry of
Environment, 2014) in addition to other substances.

SYKE has published quality recommendations for lab-
oratories producing and delivering environmental mon-
itoring data for registers of water quality in Finland

Table 1. Recommended LOQ and MU (k=2) values for the mea-
surement of TSS, TP and turbidity in monitoring of natural wa-
ters in Finland (Näykki et al., 2013).

(Näykki et al., 2013). Examples of the recommended lim-
its of quanti�cation (LOQ) and expanded measurement
uncertainties (MU) are given in Table1. The challenge in
automating water quality monitoring is that the measure-
ment data have not only signi�cant seasonal variation but
also erroneous values. Thus, without proper quality con-
trol and reliable uncertainty estimation, the data has little
value. Thus far, this activity has been performed manually
by environmental researchers.

As a solution, we have implemented a computation ser-
vice based on an Enterprise Service Bus Architecture. The
service provides means for online quality control and in-
tegration of uncertainty estimation. It automates the se-
quence of operations performed earlier by the researchers;
thus, providing more reliable results in a scalable and ex-
tensible manner. The service also enables reliable moni-
toring of the changes in water quality and �ow over shorter
periods of time.

2 Materials and Methods
The river Väänteenjoki was used here as the measurement
site. A turbidity sensor was assembled at the Väänteenjoki
site in the Karjaanjoki River Basin (2046km2) in southern
Finland, shown in Figure1, as a part of the sensor network
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Figure 1. Location of the Väänteenjoki measurement site in the middle of the Karjaanjoki river basin.

established during the years 2007 and 2008 in the Soil-
Weather project (Kotamäki et al., 2009). The river basin is
mainly covered by forest (60%), the rest of the area being
agricultural land (13%), lakes and rivers (12%), and pop-
ulation centers (9%). The Väänteenjoki measurement site
is located between the two major lakes of the Karjaanjoki
basin. From the lake Hiidenvesi (area 29 km2, mean depth
6.7 m), waters �ow via the river Väänteenjoki into the lake
Lohjanjärvi (area 92 km2, mean depth 12.7 m).

The monitoring process of the Väänteenjoki site is de-
picted in Figure2. In the Väänteenjoki case, an OBS3+
sensor by Campbell Scienti�c was used. It emits a near-
infrared light into the water, measures the light that scat-
ters back from the suspended particles, and transforms this
information into turbidity values (in Nephelometric Tur-
bidity Units, NTU). The sensor collects and transmits the
data to a server as SMS messages. The received messages
are decoded as measurements with timestamps. The mea-
surements are stored into a HydroTempo database main-
tained by SYKE.

Laboratory samples are collected once in a month.
More frequent sampling can also be carried out during
the high water runoff seasons. Laboratory turbidity mea-
surement is carried out according to the international stan-
dard ISO 7027 (International Organization for Standard-
ization, 1999). Turbidity is measured nephelometrically;
the instrument measures the scattered light using the de-
tector angle of 90 degrees from incident light. Instrument

is calibrated with formazine standard solutions, and the
turbidity of the tested water sample is expressed in For-
mazine Nephelometric Units (FNU). Note that FNU equal
to NTU. TSS are determined at laboratory according to the
standard EN 872 (European Committee for Standardiza-
tion, 2005a), where water samples are �ltered with GF/C
glass �bre �lter and dried at 105oC. The mass of the
residue retained on the �lter is determined by weighing.
Measurement of TP is based on standard EN ISO 15681-
2 (European Committee for Standardization, 2005b) and
recommendations of the analyzer manufacturer. Phospho-
rus is converted to orthophosphate by an acid-persulfate
digestion prior measurement, where orthophosphate reacts
in an acid solution containing molybdate and antimony
forming an antimony phosphomolybdate complex. Re-
duction of the complex with ascorbic acid forms a strongly
coloured molybdenium blue complex which is measured
at the wavelength of 880 nm.

In a previous study (Koskiaho et al., 2015), turbidity
recorded by an OBS3+ sensor at the Väänteenjoki site
was calibrated against the turbidity determined from wa-
ter samples taken near the sensor. Calibration equation,
shown in Table2, was determined according to linear re-
gression between the values of the water samples and the
simultaneous values recorded by the sensor. Because tur-
bidity does not denote the content of substance in water, it
cannot be directly used in calculations of material �uxes.
Thus, correlations of turbidity with the concentrations of
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Figure 2. The monitoring process of the Väänteenjoki site.

TSS and TP were determined from the 2009�2012 wa-
ter sample data collected at Väänteenjoki to convert the
sensor-based, calibrated turbidity data to hourly concen-
trations of TSS and TP. The conversion equations based
are presented in Table2.

It should be noted that there may be events where tur-
bidity jumps into the maximum (e.g. 250 NTU) and stays
there for some hours. In some cases such events have
lasted a day or two. The events could be caused by a storm
followed by rapidly increasing water �ow. In a previous
study (Koskiaho et al., 2015), these events were manually
checked, removed, and replaced with interpolated values
before further processing. In (Koskiaho et al., 2015), how-
ever, measurement uncertainty was not estimated.

We have implemented a computational service that au-
tomates and integrates uncertainty estimation to the se-
quence of operations depicted earlier in Figure2. The
service architecture, shown in Figure3, uses an Enter-
prise Service Bus (ESB) to connect different subsystems
and to relay data between the subsystems. When the re-
searcher inquires TSS for a speci�c river, ESB is used to
acquire relevant measurement data and laboratory results.
That data is passed to an online computational subservice.
It computes TSS and TP for the river based on turbidity
measurements. It also computes (combined) measurement
uncertainty for the result.

In the computation, the calibration equation and related
conversion equations are used as discussed earlier in Table
2. The computation results obtained by using these linear
regression equations are then subjected to uncertainty es-
timation as discussed in (Ellison and Williams, 2012; Bar-

Figure 3. ESB based architecture implementing the service for
computing TSS and TP along with measurement uncertainty es-
timation.

wick, 2003). The results regarding the amount of TSS,
including the linear regression equations, are then deliv-
ered to the researcher along with the (total) measurement
uncertainty. The measurement uncertainty is a reliability
estimate and can be used to compare the measurement re-
sults among each other or with reference values (JCGM,
2008).

The combined measurement uncertainty includes con-
tribution from the laboratory reference measurement and
the performance of the measurement models, i.e. how well
the measured values �t in the model, and how repeatable
the online measurements are. The laboratory reference un-
certainty is estimated according to the Nordtest approach
(Magnusson et al., 2012) and ISO standard 11352 (Inter-
national Organization for Standardization, 1012), where
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Table 2. Calibration equations and coef�cients of determination (r2) derived from the relation between the sensor recordings and
water samples, and equations to convert the calibrated turbidity to TSS and TP concentrations.

Table 3. Uncertainty budget for the turbidity, TP and TSS con-
centration measurements.

combined standard uncertainty consists of two main com-
ponents: the within-laboratory reproducibility and the un-
certainty due to possible bias. The quality recommenda-
tion for reporting measurement results and uncertainties
does not include the uncertainty due to sampling (Näykki
et al., 2013). The uncertainty of the linear regression mea-
surement models,uc0 , is estimated with help of (Ellison
and Williams, 2012):

uc0 =
S
B1

s
1
p

+
1
n

+
(c0 � flc)2

Sxx
(1)

whereS is the residual standard deviation of the measure-
ment model,B1 is the slope of the measurement model,p
is the number of replicate measurements in the determina-
tion of the concentrationc0, n is the number of replicate
measurements in the determination of the mean calibra-
tion value flc, andSxx is the standard deviation of the mea-
sured values and the mean calibration value. The uncer-
tainty related to the repeatability of the measurements is
included in Equation (1).

3 Results and Discussion
Hourly time series of the calibrated turbidity measured by
sensors (curves) together with turbidity analyzed from wa-
ter samples (dots) are presented in Figure4. As suggested
by the equality of sampled and sensor-based values, cali-
bration of the sensors was successful.

The turbidity curve of the river Väänteenjoki, also
shown in Figure4, differed strongly from those of the

other measurement sites dealt with in (Koskiaho et al.,
2015), which showed clearly sharper general form and
higher peak values. The difference was claimed to be a
consequence of the retention effect of the lake Hiidenvesi
and the close proximity of the Väänteenjoki measurement
site to the lake. In other measurement sites, the distance
to the upstream lakes was much longer, or the lakes were
small.

The uncertainty components are listed in Table3. In
this example, a typical value for the turbidity is 25 FNU,
for the TP is 60mg/l, and for TSS is 20 mg/l. The standard
uncertainty (k=1) of the laboratory analysis is 10% for the
turbidity in the range> 1 FNU, and 7.5% for the TP and
TSS in the ranges of> 10 mg/l and> 3 mg/l, respectively.
Using Equation (1), we obtain the standard uncertainty es-
timates for the turbidity sensor calibration, 7.8%, and for
the TP and TSS measurement models, 7.7% and 12%, re-
spectively. The TP and TSS contents are determined based
on turbidity, so the calibration of the turbidity sensor must
be included. The combined standard uncertainty is cal-
culated as a square sum of the individual, uncorrelated
components (JCGM, 2008). Figure5 demonstrates the ex-
panded uncertainty (in content) as a function of measured
turbidity, TP and TSS. The measured values presented are
between the minimum and maximum values of the data
set of our example.

It can be seen that all the uncertainty components, labo-
ratory analysis and the measurement models, are of the or-
der of the same magnitude. The linear regression models
are based on the whole dataset 2009 � 2012. In this case,
there is no signi�cant difference in terms of uncertainty
whether the model is �tted based on the whole dataset or
on yearly basis.

Using the presented measurement models practically
doubles the measurement uncertainty as compared with
the laboratory analysis, but on the other hand the online
monitoring provides more representative and frequent in-
formation in the water quality. In Figure6, this is illus-
trated by presenting the relative standard error of the mean
for TP in different variation levels, calculated based on the
two different monitoring processes and their measurement
uncertainties presented in Table3.

The more frequent data of online monitoring (24 sam-
ples per day) enables following the trends in daily basis
with low estimation error, whereas infrequent laboratory
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Figure 4. Hourly time series of the corrected turbidity measured by sensors (NTU) together with turbidity analyzed from water
samples (FNU) in Väänteenjoki measurement site.

Figure 5. Expanded uncertainties of turbidity (FNU, solid line),
TP(mg/l, dashed line) and TSS (mg/l, dotted line) as a function
of content.

measurements (1 sample per month) is only suitable for
estimating yearly averages with a comparable estimation
error.

As compared with the quality recommendations in Ta-
ble 1, the uncertainty of the laboratory analysis is equal
to the recommendation for turbidity and TP. For TSS, the
quality recommendation is 20%, and in this case 15%.

For the measurement models, the total number of mea-
surement data points is 45 for turbidity and 46 for TP
and TSS. The coef�cients of determination for the mea-
surement model equations are 0.86, 0.82 and 0.74 for the
turbidity, TP and TSS measurement models, respectively.
The coef�cient of determination of 0.90 would result in
uncertainties of 6.5%, 6.0% and 7.7% for turbidity, TP,
and TSS, respectively. With the present laboratory anal-
ysis uncertainties, these uncertainties would produce re-
spective expanded uncertainties of 24%, 31% and 32%. If
the coef�cient of determination is 0.95, the turbidity sen-
sor measurement model would result in 4.5% standard un-
certainty. This would result in 22% expanded uncertainty
in turbidity, 29% in TP, and 31% in TSS measurement
model.

However, the coef�cient of determination of 0.90 would
be obtainable by using an outlier detection algorithm. This
would require removal of two most deviating points from
turbidity model, �ve from TP model and ten points from
the TSS model. Even the coef�cient of determination of
0.95 is obtainable, at least with turbidity measurement
model. This would require removing 11 most deviating
measurement points from the model. Reducing the size of
the data set down to 34 points does not increase the uncer-
tainty of the model signi�cantly.

4 Conclusions

A computational service for monitoring TSS and TP was
introduced in this study. The service also integrates mea-
surement uncertainty estimation and delivers monitoring
results with uncertainty information. The service was im-
plemented by using a scalable and extensible architecture
based on the use of an Enterprise Service Bus.

The monitoring results obtained for the river Väänteen-
joki were presented and discussed. The results indicate
that online monitoring does not fully �t within the rec-
ommended limits of quanti�cation. The advantage of on-
line monitoring, however, is that it is a continuous activity
and it supports monitoring of quick events and changes in
trends. This is something that would not be feasible by us-
ing laboratory sampling only. Thus, in together with lab-
oratory sampling online monitoring provides a more ac-
curate situation picture of the state and quality of Finnish
rivers.

Acknowledgements.

We thank the Finnish Funding Agency for Technology and
Innovation (TEKES) for funding this research. This work
has been carried out in TEKES funded CLEEN SHOK
programme "Measurement, Monitoring and Environmen-
tal Assessment".

EUROSIM 2016 & SIMS 2016

23DOI: 10.3384/ecp1714219         Proceedings of the 9th EUROSIM & the 57th SIMS
September 12th-16th, 2016, Oulu, Finland



Figure 6. Relative standard error of the mean (SE) with the different monitoring processes and different observation periods
calculated as(%) = 100
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Abstract
This article deals with intra-ocular lens (IOL) power cal-
culations during the cataract surgery. At present, IOL
power calculated by formulas is usually able to provide
acceptable results for the majority of the patients. The
problem appears when any of input parameters have the
value which is not normal in population distribution. Then
the patient post-operative refraction result can inconsider-
able deviate from intended target. This work describes
approach how to preoperatively indicate which samples
of a patient could be problematic in accurate IOL cal-
culations by classi�cation of Arti�cial Neural Networks
(ANN). Small and long eyes are used to test the ability
of ANN to classify input samples which are taken from
pre-operative measurements to several groups which rep-
resent probable post-operative result. In our experiment,
ANN classi�es samples into two groups. The �rst group is
for data samples with a probable result in positive ranges
of diopter and second group is for negative ranges. The
accuracy of ANN, in this case, is 94.1 %.
Keywords: intra-ocular lens (IOL) power calculation, ar-
ti�cial neural networks (ANN), cataract surgery, refrac-
tion result

1 Introduction
A cataract is present when the transparency of the eye
lens is reduced to the point that the patient’s vision is
impaired. According to the latest assessment of World
Health Organization, cataract is responsible for 51 % of
world blindness which represents about 20 million people
(2010). Fortunately, it can be surgically removed. Natu-
ral lens of the eye that has developed an opaci�cation is
replaced with an arti�cial IOL. Choosing the appropriate
IOL power is a major determinant of patient satisfaction
with cataract surgery. There are 3 main factors: accurate
measurements (biometry), selecting appropriate calcula-
tions (formulas), and assessing the patient’s needs and ex-
pectations to determine the postoperative refractive target
(clinical considerations) (Henderson et al., 2014).

When the human lens is replaced with an intra-ocular
lens, the optical status becomes a two-lens system (cornea
and intra-ocular lens) projecting an image onto the fovea.
The distance (X) between the two lenses affects the refrac-

tion as does the distance (Y) between the two-lens system
and the fovea. X is de�ned as the distance from the ante-
rior surface (vertex) of the cornea, which curvature is de-
scribed by keratometry (K), to the effective principle plane
of the intra-ocular lens in the visual axis. Y is de�ned as
the distance from the principal plane of the intra-ocular
lens to the photoreceptors of the fovea in the visual axis.
It is easy to see in Figure1 that X + Y is equal to the
visual axis, the axial length of the eye (AL). Therefore,
knowing X and A will allow the calculation of Y (Y =
AL - X). Also to calculate the intra-ocular lens power (P),
we must know the vergence of the light rays entering the
cornea (refractive error (R)). For emmetropia, R is zero.
The relationship of these factors (X, Y (AL-X), P, K, R) is
such that a formula can be written to describe it. Knowing
the values of any four of these variables will allow for the
calculation of the �fth (Roger and David, 2010).

1.1 Calculation formulas
For appropriate intra-ocular lens power selection, the
mathematical computing formulas are used. These formu-
las have been developed approximately from the sixties of
the last century (Kuchynka, 2007). Over time, some trends
have emerged regarding which formulas to use in general
categories of patients:

� < 22 mm: Hoffer Q

� 22-23 mm: Hoffer Q or Holladay 1

� 24-26 mm: Holladay 1

� > 26 mm: SRK/T or Holladay 2

Figure 1. Ocular dimesions.

EUROSIM 2016 & SIMS 2016

25DOI: 10.3384/ecp1714225         Proceedings of the 9th EUROSIM & the 57th SIMS
September 12th-16th, 2016, Oulu, Finland



It is essential to use the appropriate power calculation
constant (A constant, ACD-constant, surgeon factor) spec-
i�ed by the intra-ocular lens manufacturer for the spe-
ci�c formula, chosen intra-ocular lens style, and personal-
ized as warranted by the surgeon (Henderson et al., 2014).
These formulas usually work very well for the majority of
the patients, but the problem may appear if any of input
parameter has a value which is not normal in population
distribution.

1.2 Calculation of Intra-Ocular Lens for Non-
Normal Eyes

Many results and ways how to solve the problem of intra-
ocular lens power calculation can be found in the present
literature. The problem of accurate calculation is quite
complex and depending on many pre and post-operative
factors. Therefore needs to be divided into many parts.

One of many ways how to calculate intra-ocular lens
power can be seen in (Abula�a et al., 2015). The accu-
racy of Holladay 1, SRK/T, Hoffer Q, Haigis, Barrett Uni-
versal II, Holladay 2, and Olsen formulas for eyes axial
length longer than 26.0 mm is provided. SRK/T, Hoffer Q,
Haigis, Barrett Universal II, Holladay 2, and Olsen meth-
ods are having a prediction error of� 0.5 D in at least 71
% of eyes and� 1.0 D in 93 % of eyes.

A calculation for 53 eyes of 36 patients with axial
length more than 27.0 mm by the IOL Master is evalu-
ated in (Bang et al., 2011) for the Holladay 1, Holladay
2, SRK/T, Hoffer Q and Haigis formulas. For eyes longer
than 27.0 mm the Haigis formula is found to be most accu-
rate followed by SRK/T, Holladay 2, Holladay 1 and in the
last place Hoffer Q. All formulas predicted more myopic
outcome than was the real result of the surgery.

Refractive outcomes for small eyes and calculation with
Hoffer Q, Holladay 1, Holladay 2, Haigis, SRK-T, and
SRK-II are observed in (Cari� et al., 2015). The Hoffer Q
formula provides best refractive outcomes of which 39 %,
61 %, and 89 % of the eyes had a �nal refraction within
� 0.5 D, � 1.0 D, and� 2.0 D of the target, respectively.

The accuracy of Hoffer Q and Haigis formula accord-
ing to anterior chamber depth in small eyes is evaluated in
(Eom et al., 2014). 75 eyes of 75 patients with axial length
less than 22.0 mm is included in the study. The difference
between the predicted refractive errors of the Hoffer Q and
Haigis formula increased as ACD decreased in short eyes.
No signi�cant difference is found when anterior chamber
depth is longer than 2.4 mm.

Predictability of intra-ocular lens power calculation us-
ing Carl-Zeiss IOL Master and applanation ultrasound us-
ing SRK/T, SRK II, Holladay 1 and Haigis with an axial
length longer than 25.0 mm is evaluated in (Wang et al.,
2008). The mean axial length was signi�cantly longer
than in case of applanation ultrasound. The mean aver-
age errors calculated by the SRK/T, SRK II, and Holla-
day 1 formulas were comparable between both methods
of measurement. The best results were provided by the
IOL Master data in combination with the Haigis formula.

Refractive prediction of Holladay 1, Hoffer Q, Haigis
and SRK/T intraocular lens power calculation formulas
for eyes longer than 25.0 mm is evaluated and method
for axial length optimization is proposed in (Wang et al.,
2011). Refractive prediction errors with the Holladay 1,
Haigis, SRK/T, and Hoffer Q formulas were evaluated
in consecutive cases. Eyes were randomized to a group
used to develop the method of optimizing AL by back-
calculation or a group used for validation. Further valida-
tion was performed in two additional datasets. The pro-
posed method of optimizing AL signi�cantly reduced the
percentage of long eyes with a hyperopic outcome. Up-
dated optimizing AL formulas by combining all eyes from
the two study centers are proposed.

Refractive outcomes of Haigis�L formula for calcu-
lation intraocular lens power in Asian eyes with axial
lengths longer than 25.0 mm that had a previous myopic
laser in situ keratomileusis or photorefractive keratectomy
are evaluated in (Wong et al., 2015). The predictability of
being within � 0.5 D and� 1.0 D of the target was 35.7
% and 63.1 %, respectively. 31.6 % and 60.5 %, respec-
tively, in eyes with an AL less than 27.0 mm; and 39.1 %
and 65.2 %, respectively, in eyes with an AL of 27.0 mm
or longer.

Next interesting way how to calculate an intra-ocular
lens power is provided by (Clarke and Burmeister, 1997).
The accuracy of trained arti�cial neural network and Hol-
laday 1 formula is compared. In 72.5 % of cases for arti�-
cial neural network and in 50.0 % of cases for Holladay 1
formula an error of less than� 0.75 D is achieved.

2 Back ground of studies
As was described; many ways how to calculate intra-
ocular lens power is being used at present. Many algo-
rithms and calculation formulas have its own accuracy
limits for example in the calculation for the unusual cases
of eyes - eyes with long or short axial length or keratome-
try.

In the �eld of cataract surgery as well as in all health-
care related �elds patients demands and expectations to
provided care are continuously increasing. Together with
increasing prevalence of cataract surgery, this could be
one of the main motivating factors to provide best possible
postoperative refraction results to if possible the greatest
amount of patients. Another factor which is no less im-
portant could be the economic side of re-operation or fol-
lowing refractive correction of the patient which has im-
planted bad calculated intra-ocular lens.

As was written in the previous section of this article.
Our algorithm for intra-ocular lens power estimation is
based on Arti�cial Neural Networks which are used as a
classi�er.

3 Arti�cial Neural Network
Arti�cial Neural Networks dominate by ability in imme-
diate pattern recognition of input/output relations. This
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differs ANN from expert systems which achieve excel-
lent results in the sequence of logical operations and fuzzy
logic methods and are characterized by the ability repre-
sent knowledge (Tuckova, 2009).

Arti�cial Neural Networks are inspired by biological
neural networks. This property in some way determines
that the Arti�cial Neural Network should be capable to be-
have well or at least like their biological patterns. Knowl-
edge of Arti�cial Neural Network is stored in relations be-
tween neurons. These relations are strengthened during
the learning process or penalized when the learning does
not lead to better results. More about Arti�cal Neural Net-
works can be found in (Tuckova, 2009).

Our algorithm for intraocular lens power estimation is
based on Arti�cial Neural Network which is used as a
classi�er. The base principal of our access is following:

1. Multi-layer Arti�cial Neural Network classi�es input
matrix compound from pre-operatively measured K,
ACD and AL into several groups.

2. Each group has its own estimated post-operative re-
fraction outcome.

3. Intra-ocular lens power is calculated using standard
SRK/T formula.

4. Intra-ocular lens power calculated by SRK/T formula
can be corrected by surgeonâ�A ·Zs decision based on
refractive outcome estimated by classi�cation of Ar-
ti�cial Neural Network.

3.1 Real data

For the research purposes, speci�c patientâ�A ·Zs data had
to be collected from clinic database, then cleaned up and
preprocessed.

3.1.1 Collected Data

� Implanted IOL manufacturer and type

� Pre operative ï�n·Cat meridian of the cornea - K1 [D]

� Pre operative steep meridian of the cornea - K2 [D]

� Pre operative anterior chamber depth - ACD [mm]

� Pre operative axial length of the eye - AL [mm]

� Implanted IOL power - P [D]

� Implanted IOL A constant - A

� Subjective post operative sphere - SfS [D]

� Subjective post operative cylinder - CyS [D]

� Subjective post operative spherical equivalent - SfES
[D]

� Objective post operative sphere - SfO [D]

� Objective post operative cylinder - CyO [D]

� Objective post operative spherical equivalent - SfEO
[D]

� Eye

3.1.2 Speci�cation of Patients Data Selected for Col-
lection

� Patient undergoing cataract surgery

� Indicated for monofocal intra-ocular lens

� Data from beginning of January 2012 till end of July
2015

� Both eyes

� Calculated for emetropia

� Pre operative ï�n·Cat meridian of the cornea between
30 and 55 diopters

� Pre operative steep meridian of the cornea between
30 and 55 diopters

� Pre operative anterior chamber depth between 1 and
5 millimeters

� Axial length of the eye between 15 and 21 or between
25 to 35 millimeters

� Post operative sphere between -10 and 10 diopters

� Post operative cylinder between -10 and 10 diopters

� No cases with previous corneal refractive surgery

3.1.3 Speci�cation of Preprocessing Parameters

� SfCalc: post operative sphere calculated by SRK/T
from K1, K2, AL, P and A constant.

� RDS: difference between SfCalc and SfS.

RDS= S fCalc� S f S (1)

� RDO: difference between SfCalc and SfO.

RDO= S fCalc� S f O (2)

� K: mean keratometry calculated from K1 and K2.

K =
K1+ K2

2
(3)

� InputVector: matrix which is used as input for Ar-
ti�cial Neural Networks and is composed from AL,
ACD and K vectors, which are normalized between
0 and 1.

ALn=
AL � min(AL)

max(AL) � min(AL)
(4)
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ACDn=
ACD� min(ACD)

max(ACD) � min(ACD)
(5)

Kn =
K � min(K)

max(K) � min(K)
(6)

� TargetVector: this variable separates InputVector
into several groups and is used for Arti�cial Neural
Network training and testing. Ranges of these groups
are described in results section.

On the Figures2, 3, 4 there can be seen dependence of
RDS between AL, Kmean and ACD of tested data. Most
signi�cant dependency can be seen on Figure2 where
RDS grows with decreasing AL and conversely. Some
other trends can be also �nd in Figure3 or Figure4.

These multifactorial dependencies are the main reason
why we chose the Arti�cial Neural Networks as our main
decision algorithm for intra-ocular lens power estimation
improvement.

4 Results
We use the Feedforward-Pattern net with one hidden layer.
Input vector ( a compound from ACDn, ALn, Kn) con-
tains 114 data samples from biometry measurements. Pa-
tients with three different monofocal intra-ocular lenses
- BAUSCH & LOMB MI 60 (43 samples), CROMA
ACR6D SE (55 samples), EYEOL UK LW 5752R (16
samples) were chosen.

4.1 Objective
To estimate whether the post-operative refraction based on
ACD, AL and K values from preoperative biometry mea-
surements will be larger or smaller than 0 diopters.

4.2 ANN training
Data were randomly divided into the three subsets (train-
ing set, validation set, testing set). ANN was trained on 80
samples, validated on 17 samples and tested on 17 samples
causally chosen from InputVector with 114 samples.

ANN performance was calculated by cross-entropy
which lot penalizes extremely inaccurate outputs and leads
to good classi�ers (Młller , 1993). Cross-entropy chart can
be seen on Figure5.

As a learning algorithm scaled conjugate gradient back-
propagation was chosen. The data vector is fed to the input
of ANN. After passing through the network the output of
each neuron is calculated and the result is compared with
the desired value. Mean squared error is calculated and
previous layers and synaptic weights representing mem-
ory are corrected. This process repeats till minimum error
between the real value and the desired value is reached.
Scaled conjugate gradient backpropagation algorithm en-
sures rapid convergence of learning and using standard
numerical optimization methods. More about this ANN
learning algorithm can be found in (Tuckova, 2009; Pelusi,
2012).

Figure 2. Relation of AL between RDS (Sramka, 2015).

Figure 3. Relation of K between RDS (Sramka, 2015).

Figure 4. Relation of ACD between RDS (Sramka, 2015).

Algorithm for the best count of the hidden layer neu-
rons was constructed and the ANN was tested for 1 to 50
neurons in the hidden layer. As can be seen in Figure6
best performance was reached with 37 hidden layer neu-
rons.

4.3 ANN settings
Following ANN settings which can also be seen in Figure
7 were used:

� Input neurons: 3

� Hidden layer neurons: 37

� Hidden layer transfer function: Hyperbolic tangent
sigmoid

� Output layer neurons: 2

� Output layer transfer function: Soft max

� Number of training epochs: 16
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Figure 5. Relation between ANN performance and number of
hidden layer neurons

Figure 6. Relation between ANN performance and number of
hidden layer neurons

Figure 7. Scheme of Arti�cial Neural Network used in experi-
ment

4.4 Results
On the Figure 8 there can be found that the overall accu-
racy of the testing is 94.1 %. Ten samples which repre-
sent 58.8 % of the testing set were correctly classi�ed into
Group 1 (Table 1). Six samples which represent 35.3 % of
the testing set were correctly classi�ed into Group 2 (Ta-
ble 1). One sample which represents 5.9 % from Group 2
was incorrectly classi�ed into Group 1.

5 Conclusions
This work deals with IOL power calculations during the
cataract surgery. At present, intra-ocular lenses power is
mostly being calculated by calculation formulas SRK/T,
Holladay 1, Holladay 2, Haigis, Hoffer Q and others. All
of these formulas using data measured by ultrasound or
more often optical biometry and are able to provide ac-
ceptable results for the majority of the patients. This is
based on fact that these formulas using constants which

Table 1. Group 1: Samples with Subjective Post-operative Re-
fraction Larger than 0; Group 2: Samples with Subjective Post-
operative Refraction Smaller than 0

Group 1 Group 2
SfS> 0 SfS< 0

Figure 8. Test Confusion matrix. Green squares - samples cor-
rectly classi�ed. Red squares - samples misclassi�ed. Grey
squares - Accuracy of each group. Blue square - overall accu-
racy (Sramka, 2015).

was derived by regression analysis. In the moment when
any of input parameters has a value which is signi�cantly
unusual a problem can appear. In such a cases patient
post-operative refraction can signi�cantly deviate from in-
tended target.

This work describes approach how to preoperatively
compensate or indicate which samples of patients could
be problematic in accurate intraocular lens calculations by
classi�cation of Arti�cial Neural Networks. Small and
long eyes are used to test the ability of Arti�cial Neural
Networks to classify input samples which are taken from
pre-operative measurements to several groups which rep-
resent the probable post-operative result. In our exper-
iment, Arti�cial Neural Network classi�es samples into
two groups. The �rst group is for data samples with a
probable result in positive ranges of diopters and second
group is for negative ranges. The accuracy of Arti�cial
Neural Network, in this case, is 94.1 % and Arti�cial Neu-
ral Network seems like the instrument which has potential
to improve an intra-ocular lens power calculation accu-
racy.

Based on the experiment Arti�cial Neural Networks
seems to be the good solution for intra-ocular lens power
compensation for non-standard eyes.

6 Future work
We will focus how to reach better accuracy in compen-
sation inaccurate calculations by classi�cation to more
groups. Target is that each classi�cation group would have
an increment by 0.5 diopters, what is also a dioptric incre-
ment of IOL power usually given by manufacturers. Then
could be inaccurate calculation compensate very exactly.
Arti�cial Neural Network training could be tested for each
IOL type and surgeon. Arti�cial Neural Network formula
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selection could also be tested for the special cases. The
special algorithm for compensation calculations for the
patient with previous corneal refractive surgery could be
designed.
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Abstract
Genetic manipulation is increasingly used to �ne tune or-
ganisms like bacteria and yeast for production of chemi-
cal compounds such as biofuels and pharmaceuticals. The
process of creating the optimal organism is dif�cult as
manipulation may destroy adaptation and compensation
mechanisms that have been tuned by evolution to keep
the organisms �t. The continued progress in synthetic bi-
ology depends on our ability to understand, manipulate,
and tune these mechanisms. Concepts from control the-
ory and control engineering are very applicable to these
challenges. From a control theoretic viewpoint, distur-
bances rejection and set point tracking describe how adap-
tation mechanisms relate to perturbations and to signaling
events. In this paper we investigate a set regulatory mech-
anisms in the form of biochemical reaction schemes, so-
called controller motifs. We show how parameters related
to the molecular and kinetic mechanisms in�uence on the
dynamical behavior of disturbance rejection and set point
tracking of each controller motif. This gives insight into
how a molecular controller motif can be tuned to a speci-
�ed regulatory response.
Keywords: bioengineering, biological systems, adapta-
tion

1 Introduction
1.1 Homeostasis, Disturbance Rejection and

Set Point Tracking
Homeostasis is described as the mechanism behind the ob-
served adaptation of an organism in a changing environ-
ment (Cannon, 1929; Langley, 1973). From a control the-
oretic point of view homeostasis can be described by the
properties of disturbance rejection and set point tracking.

A physiological example of disturbance rejection is the
intravenous/oral glucose tolerance test (IVGTT/OGTT),
where the blood glucose concentration is measured at
regular intervals after injecting/eating large amounts of
glucose (Ackerman et al., 1964). If the blood glucose
level is above a prede�ned level after a certain amount
of time, the patient is often diagnosed as diabetic (Ame,
2014). Over the last half century, such disturbance re-
jection studies are reported in a vast number of publica-
tions, see e.g. (Larsen et al., 2003; Steele, 1959), and also
a large number of mathematical models are made with the

aim to capture the glucose and insulin dynamics, see e.g.
the comprehensive review of (Ajmera et al., 2013). Both
OGTT and IVGTT represent an impulse (or short time
pulse) disturbance perturbation, whereas the chronic in-
fusion of glucose (Topp et al., 2004) represent a stepwise
disturbance. Another physiological example of adaptation
to a stepwise perturbation change is the adaptation of light
sensitivity of the eye, which includes both a compensatory
change in pupillary size and an adaptation of the photo-
chemical system in the rods and cones (Guyton and Hall,
2006).

Physiological examples where set point tracking is
investigated are relatively rare, although set point de-
termining mechanisms with respect to body tempera-
ture and metabolism have beed discussed (Briese, 1998;
St Clair Gibson et al., 2005).

Regulatory mechanisms can today be synthetically
modi�ed or added to make organism better suitable
for a speci�c job. Still, engineering of biochemical
networks has not yet achieved the status and robust-
ness as engineering of electrical and mechanical sys-
tems (Ang et al., 2010). From a synthetic biology per-
spective (Ang and McMillen, 2013; Ang et al., 2013), it is
thus of vital importance to have insight into the biochemi-
cal mechanisms behind physiological regulatory systems.
One possible way to gain such insight is to analyze both
the disturbance rejection and set point tracking dynamics
of such systems in vivo, as well as doing in silico stud-
ies based on different model candidates. The latter ap-
proach is a well known technique used in control engineer-
ing. We will in this paper start with the simplest form of
biochemical networks with regulatory function and iden-
tify by model analysis and simulation how the dynamic
response of such networks can be tuned.

1.2 Controller Motifs
A biochemical network with regulatory properties must
in its simplest form include at least two components,
i.e., state variables, one controlled component and a con-
troller component. The controller component acts on
the controlled component in a way that compensates
for external disturbances. We have earlier presented
a collection of simple two-component regulatory net-
works (Drengstig et al., 2012; Thorsen et al., 2013), and
we have used the name controller motifs to describe them.
These motifs consist of two chemical species, A and E,
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both of them being formed and turned over. A may repre-
sent an intracellular compound which is subject to distur-
bances in the form of e.g. uncontrolled diffusive transport
of A in and out of the cell, and E may represent a mem-
brane bound compound such as a transporter protein as
shown in Figure 1. Like many cellular compounds which
is subject to strict regulation (due to e.g. toxicity if present
in large amount), the concentration of A should not exceed
or be less than some limits. By connecting the compounds
A and E through cellular signaling events such as activa-
tion and inhibition, species A becomes the controlled vari-
able, while species E becomes the manipulated variable.

Based on the direction of the E-mediated �ow, the
motifs fall into two categories termed in�ow and out-
�ow controllers. The complete set of possible in�ow
and out�ow controller motifs are shown in Figure 2, and
the steady state properties of these controllers were pre-
sented in (Drengstig et al., 2012). Based on the type of
E-mediated in�ow or out�ow, the controllers are further
divided into activating (in�ow 1/3 and out�ow 5/7) or in-
hibiting (in�ow 2/4 and out�ow 6/8) controller type, indi-
cated by grey and white background in Figure 2, respec-
tively.

In the following we will show how the parameters of the
controller motifs, i.e. rate constants, Michaelis-Menten
constants, activation constants and inhibition constants,
in�uence on the dynamic performance, and show how it
is possible to adjust the system’s response similar to the
tuning of industrial control systems.

2 Results
2.1 Dynamic Properties of Controller Motifs
The dynamic properties of a two component biochemical
system (second order system) can be described in terms
of the undamped natural frequency wn and the damping
ratio z . To illustrate how these two parameters relate to
the regulatory mechanisms in Figure 2, we use out�ow
controller 5 as an example. For unique identi�cation, we
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pert (thick green line), in A by removing excess of A through an
E-mediated out�ow (blue line).
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inhibiting controller types, respectively.

apply subscript 5 on the appropriate parameters and vari-
ables, and hence, the nonlinear rate equations for an out-
�ow controller 5 are given as (Drengstig et al., 2012):

�A = kin
pert � kout

pert �A�V Etr;5
max �A�

E5�
KE5

a + E5
� (1)

�E5 = kE5
s �A�

V Eset;5
max �E5�

KEset;5
M + E5

� (2)

As discussed in (Drengstig et al., 2012), the set point
Aout;5

set is found by assuming ideal (theoretical) conditions,

i.e. KEset;5
M =0 in (2), to give Aout;5

set =V
Eset;5
max

kE5
s

. Once the theo-
retical set point is established, we re-assume realistic con-
ditions and reorganize (2) into the integral control law
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equation �E5=Gi;5�(Aout;5
set �Ameas). This allows us to iden-

tify the integral controller gain Gi;5 and the measurement
signal Ameas as:

�E5 =�kE5
s �

E5

KEset;5
M + E5

�

| {z }

 
V Eset;5

max

kE5
s| {z }

�A�
KEset;5

M + E5

E5| {z }

!

Gi;5 Aout;5
set Ameas

Note that the measurement signal Ameas actually includes
information about the control signal E5 which is not com-
mon in industrial control engineering. Note also that as
long as KEset;5

M >0, the actual value of A will be less than
the theoretical set point Aout;5

set . Nevertheless, the set point
tracking properties are good since the control error e, cal-
culated as:

e=(Aout;5
set �Ameas) (3)

is zero. The difference between the actual level of
A and the theoretical set point Aset is termed inaccu-
racy (Thorsen, 2015). A general result valid for all con-
troller motifs is that both rate constants for synthesis and
degradation of E, i.e. kE

s and V Eset
max , are a part of the set

point Aset (Drengstig et al., 2012). At the same time, one
of these rate constants is also a part of the integral con-
troller gain Gi.

In order to identify the parameters wn;5 and z5, we once
again assume ideal conditions, i.e. KEset;5

M =0, and continue
by linearizing the model in (1) and (2) around an arbi-
trary working point Ass and E5;ss. Since the set point
consist of two individual parameters, i.e. kE

s and V Eset
max ,

we select V Eset
max to be our input. We then �nd the closed

looped transfer function from the Laplace transformed in-
put DV Eset;5

max (s) to the Laplace transformed output DA(s)
as:

M(s)=

��
kout

pert+V
Etr;5
max
�

�V
Eset;5
max �kin

pert �k
E5
s

�2

V
Eset;5
max �KE5

a �V
Etr;5
max �kE5

s

s2+ kin
pert �k

E5
s

V
Eset;5
max

�s+

��
kout

pert+V
Etr;5
max
�

�V
Eset;5
max �kin

pert �k
E5
s

�2

V
Eset;5
max �KE5

a �V
Etr;5
max

Using that V Eset;5
max =kE5

s �Aout;5
set , we �nd wn;5 and z5 as:

wn;5 =

q
kE5

s �
��

kout
pert +V Etr;5

max
�
�Aout;5

set � kin
pert

�

q
KE5

a �V Etr;5
max �Aout;5

set

(4)

z5 =
kin

pert

q
KE5

a �V Etr;5
max

2�
q

V Eset;5
max �

��
kout

pert+V Etr;5
max
�
�Aout;5

set � kin
pert

� (5)

From (4) and (5) we see that, depending on the per-
turbation levels (in�ow versus out�ow perturbations), it
is possible to obtain negative values for wn;5 and z5.

These negative values correspond to circumstances where
the perturbation levels are such that the controller breaks
down (Drengstig et al., 2012). Breakdown occurs when
the net in�ow perturbation is larger than the capacity of the
out�ow controller, i.e., greater than the maximum of the
compensatory �ow. In this case there is no stable equilib-
rium in the system and A integrates towards in�nity. Such
a state is unwanted and may very likely be toxic for the
cell. In this case the values of wn;5 and z5 are invalid and
have no physical meaning. Table 1 gives a summary of
wn and z for the four in�ow and four out�ow controllers,
together with the expression for each set point Aset .

Note that there is a close relationship between the ex-
pressions for z and wn for each controller, and thus, it is
not possible to specify both z and wn independently.

Since controller 5 is an out�ow controller, the in�ow
perturbation Dkin

pert(s) is considered the main disturbance,
and the transfer function characterizing the disturbance re-
jection properties is:

N(s)=
s

s2+ kin
pert �k

E5
s

V
Eset;5
max

�s+

��
kout

pert+V
Etr;5
max
�

�V
Eset;5
max �kin

pert �k
E5
s

�2

V
Eset;5
max �KE5

a �V
Etr;5
max

As expected, this transfer function has a zero in the ori-
gin, implicating homeostatic behavior and perfect adapta-
tion (Drengstig et al., 2008).

2.2 Tuning of Individual Controllers
As shown in (Drengstig et al., 2012), the steady state per-
formance of the individual controllers were found to be
identical, given a certain set of parameter values. A re-
lated issue is to determine whether it is possible to tune
the controllers to obtain identical dynamical performance
using the theoretical design parameters in Table 1. Such
tuning will be useful in synthetic biology. Also on a more
fundamental level, if such tuning is possible it implies that
it is impossible to infer the underlining network structure,
i.e., the particular controller motif, responsible for an ob-
served adaptive process by measuring the dynamical prop-
erties of the controlled variable alone.

We have selected to use the rate constants of the synthe-
sis and degradation of the controller species, kE

s and V Eset
max ,

together with the rate constant of the E-mediated com-
pensatory �ow V Etr

max, as our tunable parameters. These
parameters are relatively easy to tune from the perspec-
tive of synthetic biology and offer a greater tunable range
than the parameters associated with the nonlinearities in
the model (KE

a , KA
I , and KE

I ). To discuss one of the tun-
able parameters, the rate constant for synthesis of E, kE

s ,
can in practice be modi�ed by altering the promoter of the
gene coding for E. One way to do this is a �xed tuning of
the promoter itself, e.g. the Cu-dependent promoter of the
CUP1-gene of Saccharomyces Cerevisiae can be modi�ed
by mutations to show wide range of different induction ra-
tios (Thiele and Hamer, 1986). Another option is to use a
dual mode promoter, a type of promoter who’s regulation
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Table 1. The set point Aset , natural undamped frequency wn and damping ratio z for controller motifs 1-8 in Figure 2 under
theoretical conditions, i.e. KEset

M =0. For each controller we have added a subscript to the parameters for unique identi�cation.
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of protein production depends on two activators. One ac-
tivator would be the control variable A and another would
be a chemical compound that can be meticulously added to
the growth medium to achieve a certain level of gene tran-
scription and production of E, represented in the model as
the value of kE

s . One such promoter controlled by Testos-
terone and IPTG (isopropyl b -D-1-thiogalactopyranoside)
has recently been developed (Mazumder and McMillen,
2014).

In order to best tune the parameters we have to know
about the operational limits of the system. For this pur-
pose, we de�ne as in (Drengstig et al., 2012) an upper
limit for the maximum compensatory �ux, jA;max=10, cor-
responding to a maximum level of Emax=15 for the ac-
tivating controllers 1, 3, 5 and 7, and corresponding to
Emin=0 for the inhibiting controllers 2, 4, 6 and 8. We
assume further that the set point of A is Aset=1:0, the ex-
ternal concentration is Aext=2. The kinetic constants for
activation and inhibition are chosen to avoid saturation ef-
fects: KE

a =2, KA
I =0:1 and KE

I =1:0. Moreover, the work-
ing point of perturbations is speci�ed as kin

pert=2/kout
pert=5

for in�ow controllers and kin
pert=5/kout

pert=2 for out�ow
controllers. Given these overall system parameters, the
tuning procedure of each individual controller motif is

based on specifying z (or wn, but not both) in a similar
way as the pole placement method, and determine the last
three parameter values of each motif, i.e. V Etr

max, V Eset
max and

kE
s .

To illustrate, we specify two different dynamical re-
sponses in the concentration of A for a step in Aset , i.e. one
critically damped (z=1) and one underdamped (z=0:2
corresponding to 50% overshoot) response. A strongly
underdamped system overshoots when adapting a change
in set point, but shows considerably better disturbance re-
jection than a critically damped system. Thus, tuning for
the latter may be of interest in many biological systems.

We illustrate the procedure in detail by continuing on
the out�ow controller 5 example, and start by considering
the rate expression for the compensatory �ux, jA, from (1):

jA=V Etr;5
max �A�

E5�
KE5

a + E5
� (6)

By setting jA= jA;max=10 and inserting E5=E5;max=15,
A=Aout;5

set =1 and KE5
a =2 into (6), gives V Etr;5

max =11:33. Us-
ing the mathematical expressions for Aout;5

set and z5 tabu-
lated in Table 1, we �nd V Eset;5

max =2:04 and kE5
s =2:04 for
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z5=1 and V Eset;5
max =51:0 and kE5

s =51:0 for z5=0:2, see Ta-
ble 2.

Table 2. The parameters V Etr
max, V Eset

max , kE
s and the integral con-

troller gain Gi (in grey) for each controller motif speci�ed
for critical damped response z=1 and underdamped response
z=0:2. The other parameters are de�ned in the main text.

V Etr
max V Eset

max kE
s Gi

C
rit

ic
al

ly
da

m
pe

d,
z=

1

In�ow 1 5.67 2.04 2.04 2.04
In�ow 2 5.00 6.94 6.94 -6.94
In�ow 3 5.67 2.24 24.68 2.04
In�ow 4 5.00 84.03 7.64 -6.94

U
nd

er
-

da
m

pe
d,

z=
0:

2

In�ow 1 5.67 51.0 51.0 51.0
In�ow 2 5.00 173.6 173.6 -173.6
In�ow 3 5.67 56.1 617.1 51.0
In�ow 4 5.00 2100.7 191.0 -173.6

C
rit

ic
al

ly
da

m
pe

d,
z=

1

Out�ow 5 11.33 2.04 2.04 -2.04
Out�ow 6 10.00 6.94 6.94 6.94
Out�ow 7 11.33 24.68 2.24 -2.04
Out�ow 8 10.00 7.64 84.03 6.94

U
nd

er
-

da
m

pe
d,

z=
0:

2

Out�ow 5 11.33 51.0 51.0 -51.0
Out�ow 6 10.00 173.6 173.6 173.6
Out�ow 7 11.33 617.1 56.1 -51.0
Out�ow 8 10.00 191.0 2100.7 173.6

This corresponds to an integral controller gain of
Gi;5=�2:04 and Gi;5=�51:0, respectively, and a response
time of Tr�0:8 seconds (wn;5=2:5) and Tr�0:1 seconds
(wn;5=12:5). The simulation results shown as black
curves in panels c, and d in Figure 3, verify the tuning
speci�cations, both with respect to overshoot and response
time.

In order to compare the individual performance of each
controller, the above described tuning speci�cations are
applied for all controllers, and the results are shown in
Table 2 and veri�ed by simulation in Figure 3.

Note the identical values for Gi (greyed out in Table 2)
for all the activating (in�ow 1/3 and out�ow 5/7) and all
the inhibiting (in�ow 2/4 and out�ow 6/8) controllers, re-
spectively. Note also the opposite signs for activating
and inhibiting in�ow and out�ow controllers, respectively,
which is due to the combination of controller type (acti-
vating/inhibiting) and controller con�guration (in�ow/out-
�ow).

The responses in Figure 3 clusters into two groups,
where the �rst group is the E-activating in�ow controllers
1/3 (black and red curves in Figures 3a and 3b) and the E-
inhibiting out�ow controllers 6/8 (blue and green curves in
Figures 3c and 3d). The second group is the E-inhibiting
in�ow controllers 2/4 (blue and green curves in Figures 3a
and 3b) and the E-activating out�ow controllers 5/7 (black
and red curves in Figures 3c and 3d). The reason why
equally tuned controllers behaves slightly different is due
to the nonlinearity of each individual controller combined
with a relative large set point step change.
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Figure 3. Dynamic properties of in�ow and out�ow controllers
showing the response in concentration of species A. The color
codes for the different in�ow controller are: 1=black, 2=blue,
3=red and 4=green, and the color codes for the different out�ow
controllers are: 5=black, 6=blue, 7=red and 8=green. For the
set point tracking curves, the set point changes from Aset=1:0
to Aset=1:1 at t=0. For the disturbance rejection curves, the
disturbance is a unit step change from 5 to 6 at t=0 in kout

pert
for in�ow controllers and in kin

pert for out�ow controllers. Pan-
els a and b: Set point tracking (upper) and disturbance rejec-
tion (lower) responses for in�ow controllers tuned for critically
damped (z=1) and underdamped (z=0:2) responses, using the
parameters shown in Table 2. Panels c and d: Set point tracking
(upper) and disturbance rejection (lower) responses for out�ow
controllers tuned for critically damped (z=1) and underdamped
(z=0:2) responses, using the parameters shown in Table 2.

From Table 1 we see that the in�ow and out�ow pertur-
bations come into the expressions of wn and z in different
ways. To visualize the effect of varying level of pertur-
bation, Figure 4 shows dynamic responses of in�ow con-
troller 3 for kout

pert=f3;5;7g (Figure 4a) and out�ow con-
troller 6 for kin

pert=f5;7;9g (Figure 4b). The effect of in-
creased kout

pert for in�ow controller 3 is slower dynamics
with less damped response. On the other hand, out�ow
controller 6 shows faster dynamics together with more un-
derdamped response at increased kin

pert levels.
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Figure 4. Set point tracking (upper) and disturbance rejection
dynamics (lower) of species A using in�ow controller 3 (panel a)
and out�ow controller 6 (panel b) at different level of out�ow
and in�ow perturbations, respectively. The set point change is
a step from Aset=1:0 to Aset=1:1 at t=0 and the disturbance is
a step increase of 1 from original value at t=0. In panel a the
labeling on the curves corresponds to out�ow perturbations of
kout

pert2f3;5;7g. In panel b the labeling on the curves corresponds
to in�ow perturbation of kin

pert2f5;7;9g.

3 Conclusions
We have shown how a set of homeostatic controller motifs
can be tuned, in a similar way as in industrial control sys-
tems, to exhibit a speci�ed dynamic response with respect
to overshoot d and response time Tr. We have also shown
analytically and through simulations how i) the level of
in�ow/out�ow disturbances and ii) the values of different
rate constants in�uence on the set point tracking proper-
ties. The corresponding disturbance rejection properties
is also studied through simulations using a unit step input
signal in the disturbance.

An important implication of the fact that all controller
motifs can show identical dynamic responses is that one
cannot postulate a speci�c controller motif based on mea-
surement of disturbance rejection and/or set point tracking
alone. The motif type, i.e. in�ow or out�ow, activating or
inhibiting, rest on how the molecular mechanisms behind
the controller interact and not on the system’s ability to
show a speci�c response. The speci�c response of physio-
logical regulatory system is a result of tuning the system’s
kinetic parameters and the strength of the perturbation.

There is a great effort going on in both academia and
industry to genetically manipulate organisms to produce
useful bioproducts. One of the landmark studies published
in Science last year was the implementation of the com-
plete biosynthesis of opioids in yeast (Galanie et al., 2015;
Service, 2015). Opioids like morphine are the primary
drugs used for treatment of severe pain and pain manage-

ment, and production depends on the cultivation of opium
poppies. While the implementation of opioid biosynthe-
sis in yeast is a tremendous achievement, it still requires
an improvement in overall yield by a factor of 7 � 106 to
compete with poppies (Galanie et al., 2015). Great im-
provements are expected (Galanie et al., 2015), but this
will require an intricate tuning of the different parts of the
biosynthesis pathway.

From a synthetic biology point of view, the work in
this paper creates a basis one can use to identify which
and how properties of a reaction and participating protein-
s/enzymes contributes to the dynamical response. For in-
stance, the natural undamped frequency wn, which is im-
portant for the swiftness of a controller motif, will for out-
�ow controller 5 increase if we by some means manage to
increase the production of E (increase kE

s ) by e.g. increas-
ing the expression of mRNA coding for E (as shown in
Table 1, a change in kE

s will also change the set point). A
related example of such is reported in (Ang et al., 2010),
where a two promotor network system is constructed
in silico from realizable parts within the bacterium Es-
cherichia coli. The network includes both basal rates and
activated/repressed regulatory inputs, and hence, the net-
work share similarities with in�ow controller 2 in Fig-
ure 2. Two requirements were used as tuning criteria for
the network, i.e. z=1 (critically damped) and large wn in-
dicating a response time Tr as short as possible. In order
to obtain the necessary approximate zero order degrada-
tion of the repressor R (corresponding to our species E),
two effectors I1 and I2 are included in order to force the re-
pressor to work at saturated conditions, i.e. corresponding
to the theoretical conditions, KEset

M =0, used in this paper.
An alternative approach to tuning is given in (Ang et al.,

2013), where the tuning is related to the so-called response
curves. These are steady state relationships between an
input and an output variable, e.g. the molecular concentra-
tion of a transcription factor protein and the expressed pro-
tein, respectively, and not time dependent tuning as dis-
cussed in this paper. However, variations in kinetic param-
eter values results in different steady state relationships.
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Abstract
Total intravenous anaesthesia (TIVA) is an anaesthesi-
ologic technique, where substances are injected intra-
venously. The anaesthesiologist adjusts the injection of in-
travenous anaesthetic agents regarding the depth of anaes-
thesia. In the paper, we present a model of an anaesthetic
agent, namely propofol, in�uencing the depth of anaesthe-
sia. The in�uence of propofol is linked to the concentra-
tion of the drug in the appropriate compartment. First, the
modelling of pharmacokinetics of propofol is introduced.
The 3-compartmental model and the effect-site model are
presented, the relevant model parameters are given. Next,
the model is veri�ed by comparing the simulation results
to the data �le that was recorded by the Orchestra Base
Primea infusion workstation during a medical procedure,
which lasted about 40 minutes. The simulation results are
presented and the predictive quality of the model is evalu-
ated.

The presented model for Matlab-Simulink provides a
basic tool for further researching the dynamics of anaes-
thetic depth. Despite the fact that more data must be ob-
tained in order to properly validate the model, the pre-
sented model provides a basis for running simulations and
testing various scenarios of propofol administration and is
usable for developing and testing closed-loop control ap-
proaches for automatic control of depth of anaesthesia.
Keywords: target-controlled infusion, Propofol, depth-
of-anaesthesia, Matlab-Simulink

1 Introduction
To perform a general anaesthesia, it is necessary to use
substances, which enable deep unconsciousness, analge-
sia, amnesia and muscle relaxation, all required for per-
forming a surgery or a diagnostic procedure. General
anaesthesia and related dynamic activities in the human
body is a complicated process, which includes pharma-
cokinetic and pharmacodynamic mechanisms, which have
not been fully studied yet.

During the general anaesthesia, the anaesthesiologist
needs to monitor the patient’s vital functions and main-
tain the functions of vital organs. To achieve anaesthesia,
substances are introduced in different manners into the pa-
tient’s body. In clinical practice, the most commonly used
methods are the intravenous induction of an anaesthetic
agent, i.e., injection of the anaesthetic into a vein, and in-

halation induction of anaesthesia, whereby the patient in-
hales the substance from the breathing mixture. Total in-
travenous anaesthesia (TIVA) is an anaesthesiologic tech-
nique, where substances are injected intravenously.

The anaesthesiologist needs to adjust the dosage of
anaesthetic to maintain the appropriate depth of general
anaesthesia according to pharmacokinetics and pharma-
codynamics of the anaesthetic agent and considering the
type of procedure. Inadequate depth of anaesthesia is
manifested with the activation of sympathetic nerves or in
the most unlikely event with the patient awakening. Too
deep anaesthesia is manifested with a drop in blood pres-
sure level and heart rate frequency as well as slow post-
operative awakening of the patient from general anaes-
thesia. In modern clinical practice, the depth of anaes-
thesia is determined by assessing the relevant clinical
signs (iris, sweating, movements), by interpreting hemo-
dynamic measurements (Poto�cnik et al., 2011) and by es-
timating the depth of anaesthesia from EEG signals, for
which several established measurement systems already
exist, e.g. BIS index, Narcotrend, Scale Entropy and Re-
sponse Entropy. BIS index measurement is a non-invasive
method, where a BIS monitor is connected to electrodes
on the patient’s head. By measuring the EEG signals
the bispectral index is de�ned, representing the depth of
anaesthesia. The BIS monitor provides a single dimen-
sionless number, which ranges from 0 (equivalent to EEG
silence) to 100. A BIS value between 40 and 60 indicates
an appropriate level for general anaesthesia, whereas for
long-term sedation due to head injuries a value below 40
is appropriate. The reference can thus be set to the ap-
plicable value; the manner and speed of approaching the
reference value depend on the speci�c characteristics of
the procedure and the pharmacokinetics and pharmacody-
namics of the substance in the patient’s body.

The problem of modelling the effect of propofol is de-
scribed in literature in various ways. For such purposes,
pharmacokinetic and pharmacodynamic models have been
developed, such as in (Marsh et al., 1991; Schnider et al.,
1998, 1999; Kataria et al., 1994; Schüttler and Ihmsen,
2000; Kenny and White, 1990). The models typically de-
�ne the basic structure of the dynamic operating system
of propofol and the parameters depend on individual pa-
tients. The values of model’s parameters are affected by
the patient and his characteristics (weight, height, age, sex
etc.) as well as individual sensitivity to propofol and the
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ability to excrete propofol.
Several developed pharmacokinetic models are used

in certain infusion pumps for target controlled infusion
(TCI), where the pump sets the proper �ow of the med-
ication with regard to the model. The problem with these
models is that they often do not re�ect the real dynamics,
which also depends on individual sensitivity of the pa-
tients to the substance, therefore such approaches, based
on open-loop induction, often do not yield the best perfor-
mance.

In the paper, we present a dynamical model of propofol
in�uencing the depth of anaesthesia, which is connected
to the concentration of the drug in the appropriate com-
partments. The paper is organized as follows. First, mod-
elling of pharmacokinetics of propofol is introduced. The
3-compartmental model and the effect-site model are pre-
sented, the relevant model parameters are given. Next, the
model is veri�ed by comparing the simulation results to
the data �le of an actual anaesthetic application of target-
controlled infusion of intravenously administered propo-
fol, which was recorded by the Orchestra Base Primea in-
fusion workstation during a medical procedure that lasted
about 40 minutes. The simulation results are presented
and the predictive quality of the model is evaluated. Fi-
nally, we give some concluding remarks.

2 Modelling the pharmacokinetics of
propofol

2.1 The 3-compartmental model
The pharmacokinetics of the derived model is based on the
Marsh model (Marsh et al., 1991). The dynamic relations
are based on a well-established 3-compartmental model
structure, as shown in Figure1.
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Figure 1. The pharmacokinetics of the 3-compartmental model.

The 3-compartmental model can be described as fol-
lows:

� The drug (namelypropofol) is injected intravenously
into the central compartment (V1), representing the
blood (or plasma) in the body - contained primarily
in the arteries and veins and the directly in�uenced
tissues and organs, such as brain, heart, liver, kidney
etc.

� The second compartment (V2) represents the group
of tissues that are indirectly affected by the amount
of drug in the central compartment, i.e., mainly the
muscles. The exchange of the drug with the central
compartment is denoted byk12 andk21.

� The third compartment (V3) represents the group of
tissues that can store a certain amount of drug, but
the exchange with the central compartment is rather
slow, i.e., mainly the fat. However, the amount of
drug in these tissues in�uences the amount of the
drug in the central compartment in the long run. The
exchange of the drug with the central compartment
is denoted byk13 andk31.

� The drug is eliminated from the body with a rate de-
noted byk10.

The internal dynamics of the model can be formulated
by using

dx1

dt
= f � k12x1 � k13x1 � k10x1 + k21x2 + k31x3 (1)

dx2

dt
= � k21x2 + k12x1 (2)

dx3

dt
= � k31x3 + k13x1 (3)

where the variablesx1, x2, andx3 represent the amount of
the drug in compartmentV1, V2, andV3. respectively. The
infusion �ow rate is denoted asf . As noted above, the pa-
rametersk12, k21, k13, andk31, represent the partition co-
ef�cients that determine the speed at which the drug goes
from one particular compartment to another. Finally,k10
is the rate of elimination of the drug from the body.

Note that the concentration in the central compartment
is often referred to as plasmatic concentration.

2.2 Effect-site concentration model
The effect site for the drug propofol is basically the central
nervous system. The effect site is thus part of the central
compartment, but the effect of the drug is subject to some
dynamics with regard to the (theoretical) concentration in
the central compartment. This is mainly due to transporta-
tion delay as the drug concentration in the central com-
partment is not homogenous, which is evident especially
during the transient response, i.e., when the amount of
the drug in the central compartment is changing rapidly.
The effect-site concentration is therefore a representation
of a volumeless 4th compartment, where the drug is ac-
tive. This compartment is virtually linked to the central
compartment.

Therefore, a 1st order model has been used to describe
the effect-site concentration dynamics, as given in

dxe

dt
= � ke0xe+ ke0x1 (4)
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where the virtual link between the central and the effect-
site compartment is characterised by the coef�cientke0,
which is actually the inverse time constant of the dynamic
system describing the connection between the plasmatic
concentration and the effect-site concentrationxe0.

The schematics explaining the effect-site concentration
dynamics are presented in in Figure2.
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Figure 2. The effect-site concentration dynamics.

2.3 Model parameters
The parameters of the model are taken from (Marsh et al.,
1991) and (Orc). The values are given in Table1.

Table 1. Parameter values.

Parameter Value
Vc 0.228 l/kg
k10 0.119/min
k12 0.112/min
k13 0.0419/min
k21 0.055/min
k31 0.0033/min
ke0 1.21/min

When developing the model in Matlab-Simulink we
have to consider the units and the dilution factors of the
drug. For example, the parameters expressed inmin� 1

have to be converted tos� 1. Furthermore, the input �ow
of propofol is typically expressed inml=h, and the dilution
is 10mg=ml, i.e., 1%. The output concentration (plasmatic
and effect-site) are expressed inmg=ml.

3 Model veri�cation
The Marsh model is also used in the infusion worksta-
tion Orchestra Base Primea(produced byFresenius Kabi)
(Orc). We obtained a textual output data �le of an actual
anaesthetic application of target-controlled infusion of in-
travenously administered propofol, which was recorded

by the Orchestra Base Primea infusion workstation dur-
ing a medical procedure that lasted about 40 minutes. The
data recorded in the output �le are as follows:

� The infusion �ow of propofol.

� The predicted plasmatic concentration of propofol
cp.

� The predicted effect-site concentration of propofol
ce.

� Important events (alarms, occlusions, syringe
changes, target-value changes).

� Patient data:

� age (43 years),

� weight (78 kg),

� height (177 cm), and

� gender (male).

A Matlab-based parser was developed, which is able to
processes the textual output data �les recorded by the Or-
chestra Base Primea infusion workstation so as to obtain
suitably formatted time-stamped data arrays. In such a
manner, the obtained data arrays can easily be used in the
Matlab-Simulink environment.

4 Simulation results
4.1 Propofol in�ow
We used the presented model for simulating the system be-
haviour with regard to the response to the in�ow of propo-
fol in�uencing the depth of anaesthesia through plasmatic
concentration and effect-site concentration of propofol.
The simulated in�ow of propofol was adjusted according
to the data recorded by the Orchestra Base Primea infusion
workstation.

The in�ow-signal of propofolf propo f ol was parsed from
the recorded data and is shown in Figure3.

Note that �rst a bolus-dose is administered so as to
rapidly increase the concentration of propofol in the body.
This phase is called the induction of anaesthesia and re-
sults in the patient losing consciousness. Later, a suitable
dose of propofol is continuously administered in order to
keep the proper anaesthetic depth. A close-up of the sec-
ond transient phase is shown in Figure4.

The presented Matlab-Simulink model was fed the
propofol-in�ow signal f propo f ol and the resulting trajec-
tories of propofol concentration in the central compart-
ment and in the effect-site compartment (cp and ce, re-
spectively) were compared to the data recorded by the Or-
chestra Base Primea infusion workstation.
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Figure 3. The in�ow of propofol f propo f ol.
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Figure 4. The in�ow of propofol f propo f ol (close-up).

4.2 Plasmatic concentration
The simulated plasmatic concentration of propofolcp;sim
trajectory is shown in Figure5. The simulated results
are compared to the parsed data from the Orchestra Base
Primea infusion workstation data �lecp;data. A close-up
of the second transient phase is shown in Figure6.

4.3 Effect-site concentration
Similarly, the simulated effect-site concentration of propo-
fol ce;sim trajectory is shown in Figure7. The simulated
results are compared to the parsed data from the Orches-
tra Base Primea infusion workstation data �lece;data. A
close-up of the second transient phase is shown in Figure
8.

4.4 Evaluation of the predictive quality of the
model

In order to evaluate the predictive quality of the model,
the simulated results are compared to the parsed data
from the Orchestra Base Primea infusion workstation data
�le. Some established quantitative measures for predictive
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Figure 5. The simulated plasmatic concentration of propofol
cp;sim compared to the parsed datacp;data.
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Figure 6. The simulated plasmatic concentration of propofol
cp;sim compared to the parsed datacp;data (close-up).
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Figure 7. The simulated effect-site concentration of propofol
ce;sim compared to the parsed datace;data.
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Figure 8. The simulated effect-site concentration of propofol
ce;sim compared to the parsed datace;data (close-up).

quality areprediction mean square error(PMSE),median
performance error(MDPE), andmedian absolute perfor-
mance error(MDAPE) (Mertens et al., 2003). The afore-
mentioned measures are calculated as de�ned in

PMSEx =
1
N

N

å
i= 1

(xi;sim� xi;data)2 (5)

MDPEx = medianf
xi;data� xi;sim

xi;sim
� 100%gi= 1;:::;N (6)

MDAPEx = medianfj
xi;data� xi;sim

xi;sim
j � 100%gi= 1;:::;N (7)

wherexsim andxdata stand for the simulated and the "mea-
sured" data, respectively, andN is the number of data
points in the data set.

In our case, the values of the aforementioned measures
are presented in Table2.

Table 2. Predictive quality measures.

Signalx PMSEx MDPEx MDAPEx

Cp 2:21� 10� 3 � 1:67% 2:00%
Ce 1:62� 10� 3 � 2:35% 2:78%

As the Orchestra Base Primea infusion workstation suf-
fers from some error when logging the propofol-�ow data
f propo f ol, it is sensible to take into account the �nal cumu-
lative amount of the administered drug. In this case, the
total amount of propofol used was 25.5 ml, whereas the
simulated consumption was 26.2 ml. It is clear that the
simulated propofol concentration signals, both plasmatic
and effect-site, are in�uenced considerably by the afore-
mentioned error.

In general, the propofol-�owf propo f ol error is generally
not uniformly distributed. Nevertheless, the simulation re-
sults can be improved by simply pondering the simulated
propofol in�ow by a factor of25:5ml

26:2ml . The newly simulated

results are again compared to the parsed data from the Or-
chestra Base Primea infusion workstation data �le in Fig-
ures9 and10 for plasmatic and effect-site concentration
trajectories, respectively.
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Figure 9. The newly simulated plasmatic concentration of
propofolcp;sim compared to the parsed datacp;data.
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Figure 10. The newly simulated effect-site concentration of
propofolce;sim compared to the parsed datace;data.

In this manner, the predictive quality measures are im-
proved by a considerable amount, as shown in Table3.

Table 3. Predictive quality measures (modi�ed).

Signalx PMSEx MDPEx MDAPEx

Cp 0:65� 10� 3 1:16% 1:38%
Ce 0:32� 10� 3 0:324% 1:14%

5 Conclusions
The developed model for Matlab-Simulink provides a ba-
sic tool for further researching the dynamics of depth of
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anaesthesia. The model enables improvement and re�ne-
ment of model quality for propofol for assessment of the
dynamic properties of anaesthetic depth. However, more
data must be obtained in order to properly validate the
model. We will work with the anaesthesiologic team of
the University clinical centre in Ljubljana in order to reach
this goal. In addition, the measured data from real medi-
cal procedures will enable further re�nement of the model
parameters and possibly a structural improvement of the
considered dynamical relations.

That said, the presented model provides a basis for run-
ning simulations and testing various scenarios of propofol
administration that could lead to better administration pro-
tocols due to a deeper insight of the mechanisms of depth
of anaesthesia.

Finally, the model is usable for developing and testing
closed-loop control approaches for automatic control of
anaesthetic depth, which will be the main direction of our
joint future research in collaboration with the anaesthesi-
ologic team of the University clinical centre in Ljubljana.
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Abstract
Personalized easy to follow nutritional guidance is
getting more important, since lifestyle related health
problems are increasing.  To gain a healthy balanced diet
usually requires knowledge of a licensed nutritionist.
There is a Fuzzy Expert System (FES) which applies
knowledge of nutritionists, health data of an individual,
personalized nutritional recommendation, and a meal
diary with food composition data to balance a diet.  FES
generates a set of foods and beverages which should be
altered in the diet with information on the direction and
importance of the change. This paper presents a
selection and a development of an optimization
algorithm to be integrated with FES to provide easy to
follow nutritional guidance. The selection process is
carried out as a literature review. The development of
selected Genetic Algorithms (GA) is carried out as an
integrated part of Nutritional Guidance application,
Nutri-FlowÈ, since FES generates the search space, and
is an important part of a Fitness Function of the
optimization algorithm. The selection of the design
parameters, are described and the test results are
presented. Validation of the overall model is carried out
with an expert analysis and comparison of the nutrient
intake from the initial diet and recommended diet.
Keywords: genetic algorithms, optimization,nutritional
guidance

1 Introduction
Personal dietary guidance is an important tool for
achieving global and national targets of the battle on
non-communicable diseases caused by lifestyle habits
on diet and physical exercise (Heinonen, 2009).
Micronutrient malnutrition due to eating habits is
getting common while non-nutrient dense energy rich
foods are getting common in diets (IFPRI, 2016).
The Internet is filled with calorie calculators and

other similar applications which calculates energy and
nutrient intake levels according to a meal diary. Average
consumers cannot balance their diets by knowing which
micronutrients should be added to balance the diet.
Traditionally, a licensed nutritionist is needed to convert
the nutrient level information into foodstuff level
information as a meal plan. (Heinonen, 2009)

Nutri-FlowÈ Software gives personalized dietary 
guidance on the foodstuff level as foods and beverages 
by applying a national food composition database, 
national nutritional recommendations with personal 
health data and eating habits. Fuzzy logic handles the 
uncertainty and imprecise values, and the mapping from 
the nutrient level to foodstuff level is carried out with 
Fuzzy Expert System (FES), which contains licensed 
nutritionistsô knowledge in a rule base. (Heinonen et al., 
2009) 
Optimization in Nutri-FlowÈ Software is needed to 

find a level of change for a set of foodstuffs to reach a 
more balanced diet. A type of an optimization problem 
usually defines which optimization methods are 
applicable within the problem domain. (Heinonen, 
2009) 
Direct search is one approach to solve optimization 

problems which have non-differentiable or 
discontinuous objective functions. Most traditional 
optimization methods require gradient or higher 
derivatives from the objective function to work 
properly. (Kolda et al., 2003) 
Heuristic search is a set of optimization methods with 

rules to guide the optimization process towards to the 
global optimum. Genetic Algorithms (GAs) belongs to 
the heuristic search group. The theory was invented in 
1975 and GA implements the concept from Darwinian 
principle of natural selection (Darwin, 1859). The 
terminology in GA is closely adapted from natural 
genetics (Holland, 1975). A solution is called a 
chromosome, which has locus bind variables. The 
solution can be coded in a binary form, but with many 
real world problems high precision makes chromosomes 
very long, and it gets inefficient. (Davis, 1991) 
A set of solutions or a population is put in a 

competitive environment where each chromosome has a 
fitness value evaluated by an objective function 
(Holland, 1975), (DeJong, 1993). In every iteration 
round, GA operators are applied to the population. A 
crossover operator combines genetic materials of 
selected chromosomes creating a new population. 
Mutation operation makes random variation in the 
population to prevent the optimization process from 
stopping at local minimums. (Holland, 1975) Since the 
theory was published, several GA operators have been 
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developed with variations according to the current 
optimization problem (Goldberg, 1989a) 
This paper presents the GA optimization model 

developed for the Nutri-FlowÈ Software. 

2 Selecting an Optimization Method  
The type of optimization problem is the key to selecting 
an optimization method. In this study, the optimization 
problem has a large amount of variables and there are 
several solutions which are almost equally good. 
To form a mathematical function in this problem 

domain is challenging and time consuming. It is possible 
to calculate gradients at certain points, however the 
system is not continuous due to its nature. Based on this, 
traditional optimization methods are not selected for 
testing. 
Direct search can be used with an optimization 

problem domain where is no gradient or higher 
derivative available. It works also with non-continuous 
problem space. (Kolda et al., 2003)   In the optimization 
problem of this study, it might be possible to use direct 
search to find a single solution. This needs further 
testing. 
A real-coded GA has solutions available as a set of 

comparable solutions. After evolving a population - the 
set of solutions - the set of the best options is available 
in the solution domain already without a mapping 
function. (Man et al., 1999) 
The stochastic nature of GA with crossover, 

mutation, and elitism operators the optimization process 
is not easily stopped at local minimums. It is argued that 
real-coded GA does not always reach the best result. 
However, the real-coded GA is widely used with real 
word optimization problems. One example of this is 
represented in (Le and Kim, 2011). 
There are also other Evolutionary Programming 

algorithms, e.g. differential evolution, which could be 
used in the optimization problem domain of this study. 

3 Genetic Algorithms 
Genetic algorithms are based on processing of a 
population of coded solution alternatives. 

3.1 Chromosome Coding 
A chromosome in GA represents a possible solution for 
the optimization problem. The size of search domain 
and accuracy level of result are used when evaluating if 
the coding should be done in the binary or real-value 
domain. (Goldberg, 1989a) 
 Real-value coding is used widely with practical real 

world optimization where the search domain is usually 
large and required high accuracy, where the binary 
coding would be inefficient with extremely long 
chromosomes. The solution domain is applied in real-
value coding thus no result mapping is needed. It has 

been argued that the real-value coding does not always 
yield good results. (Man et al., 1999) 

3.2 Population 
A population is a term for a set of chromosomes. The 
best solution should be found by evolving the 
population by applying GA operators. In this process, 
the size of the population has an effect on convergence 
speed and reaching the global optimum. The population 
size can be fixed or it can vary throughout the 
optimization process. (Goldberg, 1989b) 
Too small a population does not have enough 

diversity to evolve towards the global optimum. Longer 
the chromosome, bigger the population should be. 
(Goldberg, 1989b) When the population size is too big, 
the evolving needs more iteration rounds to reach the 
best solution. This affects the computing time with a 
slow convergence rate. (Affenzeller et al., 2007) There 
are statistical methods for generating the initial 
population, however it is usually generated randomly 
(Reeves and Rowe, 2002). 

3.3 Crossover 
Crossover operators evolve population towards better 
solutions by distributing good genetic matter between 
generations. Crossover starts with selecting parents by 
using a selection method, usually by the roulette wheel 
selection method (Sorsa et al., 2008) or by the 
tournament selection method (Goldberg, 1990). 
Good genetic material is found into mating pool by 

selection methods since probability for selecting the 
fittest parents from the population is higher than for the 
worse ones. This is the basis how better solutions are 
found on every iteration round. (Sorsa et al., 2008) 
The tournament selection method is based on 

randomly selected chromosomes from the population, 
and the chromosome with the best fitness value is 
selected. The tournament size k defines how many 
chromosomes will be selected from the population. 
Typically, value for it is 2. (Goldberg, 1990)  
After a mating population is formed by a selection 

method, a crossover operator is applied. A design 
parameter for the crossover operator is crossover 
probability pc, which determines if the current parent 
chromosomes are combined with the crossover operator 
or if they are moved directly to the offspring population. 
(Man et al., 1999) 
With real-value coded chromosomes, uniform and 

non-uniform crossover operators can be applied. Where 
uniform operators act in the similar way in every 
generation, and non-uniform operators work depending 
on the age of the population. Two offspring from two 
parents are formed by an arithmetic operator as follows: 
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where Ŭi are uniform random numbers. Ŭ can vary in 
non-uniform crossovers, and is constant in uniform 
crossovers. (Sorsa et al., 2008). New crossover 
operators are developed actively (Geg¼ndez et al., 
2007). 

3.4 Mutation 
Mutation is a GA operator which creates a random 
variation in the population. It maintains the population 
diversity by generating new genetic material. With 
correct design parameters, mutation prevents GA from 
stopping at local minimums. (Sorsa et al., 2008) 
Uniform and non-uniform mutation operators can be 

used with real-coded chromosomes. The uniform 
mutation operator can be applied for each gene in a 
chromosome using the same mutation probability where 
initial population is ὼ ộὺȟȣȟὺỚ, after a mutation 
operation with 1Òn it becomes ὼ ộὺȟȣȟὺȟȣȟὺỚ. 
The random value for vôk is in a feasible range for the 
locus k. (Michalewicz, 1996) 
One of the most commonly used non-uniform 

mutation operator is the Michalewiczôs non-uniform 
mutation (Michalewicz, 1996), where the mutated 
element vôk is calculated by 
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Mutation probability pm controls the mutation 
operations. When using too big values for pm, good 
genetic material can be lost and the convergence rate 
slows down. With very low values, there is little or no 
effect on the population.  

3.5 Elitism 
When altering the genetic pool of a population with GA 
operators, there is a possibility to lose the best solution 
of an iteration round. The elitism operator is designed to 
save the best chromosome and transfer it to the next 
generation. This is done usually by replacing the worst 
chromosome from the new population with the best 
chromosome from previous population. (Man et al., 
1999) 

4 Genetic Algorithms in Domain of 
Dietary Optimization 

In this study, the GA optimization is an interconnected 
module in Nutri-FlowÈ Software as represented in 
Figure 1. Nutri-FlowÈ Software has a database where 

personal dietary habits and personal health data are 
stored when filled in. A nutritional state of a diet is 
assessed and the guidance is mapped to foodstuff level, 
e.g. as foods and beverages. (Heinonen et al., 2009) 
FES has two hierarchical levels representing main 

and sub-groups in the classification of foodstuffs in 
Nutri-FlowÈ Software database. The input consists of 30 
nutrient variables and the output of FES has 129 
variables, including 87 sub-groups of foodstuff 
classification and 42 foodstuff variables. The rule base 
in FES has 590 rules on the first hierarchical level, and 
400 rules on the second level. (Heinonen, 2009) The 
expertise is introduced with the rules. Development of 
FES is presented more detailed in (Heinonen, 2009; 
Heinonen et al., 2009). 

               
Figure 1. Schematic model of Nutri-FlowÈ software 
(Heinonen, 2009). 
The output of FES is used to form a search space for 

GA. An initial population is generated randomly using 
the search space. A gene in a chromosome represents a 
foodstuff with recommended daily intake level. A 
chromosome represents a dietary recommendation in 
foods and beverages with their recommended daily 
intake levels. 
An objective function is formed to analyze the fitness 

of the chromosomes. The recommendation takes into 
account also personal taste and allergies with the 
nutritional status. 
A diagram of the GA optimization process is 

presented in Figure 2. Because the initial population is a 
random set, it is recommended to run GA optimization 
several times with a new initial population. GA in the 
Nutri-FlowÈ software is set to run 10 re-runs with a new 
initial population each time. All the best solutions of the 
last population of each GA re-run are stored, and the 
best of the best is used to form the dietary guidance. The 
selection of GA re-runs and other GA design parameters 
are described later on this paper. 
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Figure 2. The GA Optimization process.    

5 Developed Model 
5.1 Search Space 
The search space is formed according to the output of 
FES. The output stores the information about the foods 
to be added or reduced with the importance of the 
change. There are three different sets of foodstuffs in the 
output: ñreduceò, òno changeò and ñaddò. 
There is a need to assess feasible ranges of daily 

intake levels for the foods, because the initial population 
is generated randomly within the given intake range for 
each food. The intake range for foods to be reduced is 
formed as [0, i], where i is the initial intake level. The 
foods, which have no need to be changed, will be kept 
at the original intake level, i. Foods to be added have a 
range with [i, m], where m represents a recommended 
maximum intake level, defined by licensed nutritionists. 
If no preset for maximum intake is present, the 
maximum value is evaluated from the initial intake 
level.  
The search space has an effect on performance and 

calculation time of Nutri-FlowÈ software. If the initial 
population is biased due to infeasible range of intake 
levels of foods, is the convergence of the fitness value 
slow, and the global optimum might never be reached. 

5.2 Objective Function 
In this study, the objective is to minimize the fitness 
value. The objective function uses FES to determine the 
nutritional status of a solution. FES fuzzifies the nutrient 
and gives membership grades for each fuzzy 
membership function. The goal is to minimize ñtoo 
littleò and ñtoo muchò membership grades Õ. The FES 
membership functions are represented in Figure 3. 

Personal nutritional recommendations for 30 
nutrients are used to tune the membership functions, 
data points A, B and C presented in Figure 3. The data 
points A, B and C represent Lower Intake level (LI), 
Recommended Intake level (RI), and Upper Intake level 
(UL), respectively (Heinonen, 2009). 
There is no need to use normalizing function for each 

nutrient input levels since membership grades are 
already normalized to [0,1]. 

 
Figure 3. FES Input Membership Functions (Heinonen, 
2009). 
There are also other objectives to be minimized 

which are represented in the objective function as 
follows: 
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where a is weighting coefficient for nutrition status 
ln is weighting coefficient for importance of 
nutrient n at ñtoo littleò condition, 
Õl,n  is membership grade for ñtoo littleò 
membership function for nutrient n, 
un is weighting coefficient for importance of 
nutrient n at ñtoo muchò condition, 
Õu,n is membership grade for ñtoo muchò 
membership function for nutrient n, 
b is weighting coefficient for level of change 

 dm is distance from current diet for foodstuff m 
c is weighting coefficient for importance level 
of other variables 

 kp is other diet related variables. 
 
The first term represents the difference between the 

recommended nutrient intake level and the current 
intake level in the fuzzy domain. According to licensed 
nutritionists, some nutrients are more important in 
keeping close to the recommendation level than others. 
The weighting factors ln and un are used to emphasize 
the importance of the nutrient according to intake level. 
The weighting factors are tuned by licensed 
nutritionists. In this study, 30 nutrients are taken into 
account when assessing the individual nutritional state. 
Smaller steps are usually easier to follow when 

changing eating habits. The second term is a measure 
how much a chromosome would change the initial diet. 
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It measures an amount of foodstuffs to be changed and 
the magnitude of the change. The weighting factor b is 
used to tune the level of change, and can be altered by a 
user through the user interface. If the value is set to 0, 
the magnitude of change is not taken into account. 
The third term contains other measurable variables 

needed in dietary guidance, such as vegetable intake 
level and energy intake level. Other non-nutritional 
variables can be used too when these are used to fine-
tune the recommendation. These should not have an 
advert effect on the nutritional status of the diet. 

5.3 Coding 
It was found out already in (Heinonen, 2009) that binary 
coding is not a good option to perform GA in this 
problem and solution domain, therefore the real-valued 
coding was selected. With real-valued coding, a gene 
stores a name of a foodstuff with a daily intake level: ña 
slice of rye breadò, ñ20 gò. The length of a chromosome 
depends on the variation of food beverage items in the 
meal diary during the period to be evaluated, therefore 
the length of the chromosomes is not fixed. 
According to licensed nutritionists, with a 

recommended three to seven day period of meal 
tracking, there are average 20 different food items. 
Similar foods are combined when assessing daily intake 
levels. To confirm this, there is a need to do statistical 
evaluation on the meal diary database. 

5.4 Population Size 
While the chromosome size is not constant, the 
population size can vary throughout the different 
optimization run. In this study, the population size is 
kept constant at 100. 
Population size has a strong effect on computing time 

when the size is too big as shown in (Heinonen, 2009). 
The effect on varying population size can be monitored 
through computing time, convergence rate, and the final 
result. 

5.5 Crossover 
Arithmetic crossover and tournament selection are used 
in this study. The design parameters for tournament 
selection are crossover probability pc and tournament 
population size ps. The selected arithmetic crossover is 
uniform. 
Different values for pc and ps are tested while other 

GA design parameters kept fixed. The performance of 
the overall system is monitored via test parameters such 
as the convergence rate of the best and average solution, 
and fitness of the best solution. 

5.6 Mutation and Elitism 
The mutation and elitism operators are applied in this 
study to prevent the optimization process from stopping 
any local minimum. Elitism is used to prevent of loss 
the best solution during evolving the population. 

Mutation probability mp is evaluated with different 
value ranges while other parameters kept fixed. The 
overall system is monitored with the same parameters as 
crossover, the convergence rate of the best and average 
solution, and the fitness of the best solution. 
Elitism is set to keep the best solution of the current 

population and replace the worst solution from the 
offspring population. In this study, the elitism operator 
replaces only one chromosome in the offspring 
population. 

5.7 Additional Parameters 
Each diet and goal are different when assessing personal 
dietary guidance. There is no way to set a global fitness 
value when the optimization process should be exited. 
The guidance should be able to follow without too 
drastic changes in the diet. Therefore, there are 
additional parameters in the objective function to make 
the guidance easier to follow. 
There should be a certain exit point for the 

optimization process, which is executed using a counter 
for iterations. Too small a value for the counter would 
stop the optimization process too early with a poor 
result, and a too large number would just waste 
computing time. The optimum value for iterations can 
be found when the main design parameters are tuned 
first. The optimization process can be stopped when the 
best possible solution is not changing with a certain 
amount of iterations, but the average fitness value still 
evolves. In this study, the exit point for iterations is a 
fixed number, but in the future, the algorithm could 
analyze the convergence speed of the best solution vs. 
average solution and stop it when evolving for the best 
solution is not detected. 
The initial population of GA is random. There is a 

possibility that the solution set has very bad fitness 
values or has too low a variation between the solutions. 
This could prevent GA to find the global optimum and 
cause a stop at a local minimum. This can be prevented 
to re-run GA with new initial population as presented in 
Figure 2. The rate of GA re-run should be set high 
enough. This multiplies the amount of iterations, thus 
has a direct effect on the computing time. A fixed value 
for the re-run rate is used in Nutri-FlowÈ software. The 
testing of the effect of rate on the re-runs requires a big 
set of meal diaries, hence it will be done later. 

5.8 Java Genetic Algorithm Package 
Nutri-FlowÈ software is currently written in Java and it 
applies JGAP ï Java Genetic Algorithm Package library 
which provides the GA operators with all necessary 
design parameters. 
Validating Nutri-FlowÈ software is done with data 

sets run in Nutri-FlowÈ, and in MatlabÈ model. The 
Nutri-FlowÈ software is working correctly if the same 
input generates the same output. GA needs a special 
focus, since optimization results with one input could 
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create several different outputs. Generally, there are 
several different ways to alter initial diet to achieve a 
certain balanced diet. Validation of GA module requires 
a large set of test runs with the statistical and nutritional 
analysis of the result set. 

5.9 Data Acquisition 
To keep the results comparable throughout the 
development work of Nutri-FlowÈ software, there is a 
set of individuals and data of their dietary habits. The 
test data represents different average dietary habits from 
fast food diet to vegan diet. The set of individuals 
contains male and female persons with different health 
profiles from athlete to pregnant women, and slim to fat 
inactive persons. 
The used test data is suitable for testing GA 

optimization performance on the current problem 
domain. Data acquisition is done using Nutri-FlowÈ 
software. All the test variables of GA optimization 
process are saved to a text file and all the numerical data 
is analyzed with Excel or MatlabÈ which also provides 
a good platform for testing new calculation ideas. 

6 Results and Discussion 
6.1 Overall Performance of Nutri-FlowÈ 

software 
Nutri-FlowÈ software provides the output as dietary 
guidance. Also the performance of GA is recorded 
separately to provide numerical data for analysis. The 
overall performance of the system is analyzed by 
licensed nutritionists. 
When a person applies the recommended actions to 

the initial diet, the result must lead to a better state of 
nutrition. This can be analyzed numerically by 
comparing personal recommendations with the 
nutritional state of the recommended diet. The 
comparison should be done also in the fuzzy domain, 
since the values include uncertainty and imprecision. 
The formed dietary recommendation should be also 
feasible with recommended foods and their portion sizes 
and with level of change. For example, nobody would 
like to eat three tablespoons of cinnamon. 
Results of the overall performance are promising. All 

the requirements are met numerically evaluated. 
However some of the recommended changes in diet 
were controversial, since there are expectations that 
some foods are healthier than others. Some healthy 
considered foods were recommended to reduce while 
some other foods were recommended to increase. After 
a review of licensed nutritionists, also the controversial 
guidance has been accepted, since the healthiness of a 
single foodstuff depends on the individual overall diet, 
not on the health claims on single food. 
The tests revealed that, there are cases when GA is 

not working. Optimization with very limited diets with 
strong dietary limitations did not lead to any result. The 

reason is that, there was not enough variation in the 
population to find a feasible result. Other case was with 
very balanced diets. The initial diet was already so close 
to the recommendations that GA did not always find any 
better solution. 
A statistical approach with a large set of individuals 

and meal diaries is needed to get more comprehensive 
data to analyze the performance of the overall system 
generally. 

6.2 Population Size 
According to previous contextual testing, the population 
size was set a fixed value, 100 individuals. There is a 
need to carry out more tests to show that selected 
population size is adequate for varying chromosome 
size. This could be done with the planned statistical 
testing for the overall system. 
However, a population size more than 1000 will lead 

to longer computational time, which might affect the 
usability of the service. With current test data, global 
optimum is reached with current design parameters with 
all test cases. 

6.3 Crossover 
In this study, only uniform arithmetic crossover with the 
tournament selection method was analyzed. Parameters 
crossover probability pc and tournament population size 
ps are tested with population size 100. The best working 
values for the parameters are 0.8 and 2 for pc and ps, 
respectively. The test was run with the same data set as 
with the population test. 

6.4 Mutation and Elitism 
The same initial test data was applied also with testing 
mutation and elitism. The population size with this test 
was kept fixed at 100, and pc and ps to 0.8 and 2, 
respectively. Too big a value for mutation probability mp 
slows the convergence rate as it affects the better genetic 
material more probably. The value 0.02 was selected. 
According to the data, the best value for mp was 0.02. 
Test runs show that running GA operators without 

elitism will lead us to lose some of the best solutions 
during the evolving of the population. This can be seen 
in Figure 4 where the trend line has peaks for both, the 
average fitness value and for the best fitness value. 

 
Figure 4. GA optimization without elitism operator. 
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6.5 Additional Parameters 
According to the overall assessment with the numerical 
data of iterations, the best solution was reached with 
most of the test data within 100 iteration rounds. It is 
possible to create a self-monitoring feature to stop 
iterations when no better solutions are not found after a 
certain amount of iterations. 
The initial population is created with random values 

within the given range. Sometimes it leads to a bad 
population which does not lead to the global optimum. 
GA should be run several times to find the global 
optimum. In Nutri-FlowÈ Software GA is run 10 times 
at the moment. This needs also further testing with a 
larger test set. 

7 Conclusions 
The nutritional guidance tool combines expertise with 
extensive food composition data through optimization. 
According to the overall assessment, the results are 
promising. All the requirements were met except two 
cases where no result was found at all. The real-coded 
chromosomes with GA operators such as crossover, 
mutation, and elitism can be used in the domain of 
dietary guidance when the search space is formed by 
FES. The objective function is crucial in comparing the 
results. When nutrient intake levels are handled in the 
Fuzzy domain, the imprecision and uncertainty can be 
taken into account, too. 
The feasible result and a short computation time are 

essentials to make the Nutri-FlowÈ software usable. The 
validation of the system was carried out with expert 
knowledge, comparisons of nutritional status, and 
monitoring the key features of GA performance. There 
is a need to carry out more intensive testing with a large 
test data set. Also other optimization methods suitable 
for this problem domain will be tested. 
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Abstract
The management of modern large buildings’ energy sup-
ply systems (ESS) demands the maximal usage of renew-
able energy sources at minimum energy costs while meet-
ing the energy demand of the consumption zone. Build-
ing ESS for heating and cooling usually consist of various
supply circuits with several energy sources and different
physical characteristics, possibly incorporating switching
aggregates (heat pump, chiller) with latency times and s-
trati�ed storage which change their operating state in a
discontinuous fashion. Hence, these circuits can be seen
as hybrid systems whose modelling as well as optimi-
sation are demanding. Model predictive controllers (M-
PC) are an effective means for the optimisation of such
problem formulations with divergent goals. The proposed
modular predictive control concept (MPCC) is designed
for a �exible usage in ESS building automation adding
one appropriate MPC for each supply circuit including
mixed-integer MPCs to the individual building’s control
structure. The resulting MPCC is capable of maximising
the usage of renewable energy sources at minimum cost
as well as ef�ciently managing switching aggregates with
active storage. Suitable modelling of the linear and hybrid
systems is demonstrated and validated on the example of
a large of�ce building in Austria. Furthermore, a simu-
lation study shows the performance of the resulting MPC
concept compared to a rule-based controller.
Keywords: building energy supply system, model predic-
tive control

1 Introduction
Building control has become an important �eld since
the building sector is responsible for about 40% of
the total energy consumption in developed countries,
(PØrez-Lombard et al., 2008). Therefore, an increasing
effort has been put both on the development of energy
saving building physical structure such as passive heating
and cooling systems and on energy ef�cient building op-
eration techniques. Model predictive control (MPC) has
been proven as a promising technology for such building
systems in recent years, (�irok �y et al., 2011), with the a-
bility of incorporating most in�uential quantities such as
weather forecasts, (Oldewurtel et al., 2012), or occupancy

information as well as technical constraints into the pre-
diction. Moreover, the controller’s optimisation target can
include con�icting objectives expressed in thermal com-
fort and economic trade off. However, modelling of build-
ing systems is a crucial part for predictive building control,
(Privara et al., 2013).

The ef�cient operation of large buildings’ energy sup-
ply systems (ESS) aims at a maximal usage of renewable
energy sources at minimum energy costs. Energy supply
systems (ESS) of large buildings usually consist of var-
ious supply circuits of different physical characteristics,
including heat exchangers and continuous pumps or ad-
ditionally switching aggregates such as chillers or heat
pumps with successive active energy storage, e.g. strat-
i�ed storage tanks. Obtaining accurate models of latter
systems is dif�cult, ( Liu and Henze, 2004), since strati�ed
storage is operated in either charging or discharging mode
which is directly in�uenced by the state of the aggregate
and its limitation of minimal up and down times. Due
to the mixture of continuous and discrete variables hybrid
models are suitable to approximate those systems. The ef-
�cient control of hybrid systems is challenging. For the
optimisation within a predicitve controller with quadratic
target this leads to a constrained mixed-integer quadrat-
ic problem (MIQP) at each time step. This can either be
solved by a dual stage procedure where the storage tank
operation mode pro�le is �rstly �xed and the remaining
QP solved in a second step, (Ma et al., 2009), or in a s-
ingle step e.g. by using a branch and bound algorithm,
(Mayer et al., 2016).

The classic approach to controlling buildings, especial-
ly ESS, is rule based control (RBC) due to its simplici-
ty. However, RBC does not allow advanced management
of e.g. active storage. Advanced control approaches of
the recent years propose one single MPC controlling the
entire building comprising the buildings’ zone control as
well as the energy supply optimisation, (Oldewurtel et al.,
2012; Privara et al., 2013). While the operation with one
global MPC would guarantee optimality, it is too rigid for
application in industrial building automation.

This work introduces a modular predictive control con-
cept (MPCC) for the energy supply level using ded-
icated predictive controllers for the respective circuit-
s’ physical characteristics. Basic circuits with heat
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exchangers and continuous pumps can be approximat-
ed by linear state space systems, whereas the hybrid
models are represented by piecewise af�ne (PWA) sys-
tems. All models are analytically derived based on
thermodynamic principles and energy balance equation-
s, (Berkenkamp and Gwerder, 2014; Mayer et al., 2015).
The overall structure is capable of optimising heating and
cooling supply at minimum cost and maximal usage of
renewable energy sources. Furthermore, an ef�cient man-
agement of the active storage connected with the switch-
ing aggregate is guaranteed due to the application of a ded-
icated mixed-integer MPC (MI-MPC). The MPCC is de-
signed to be embedded into a hierarchical building control
structure, decoupling the energy consuming of�ce level
(OL) from the energy supply system level. In the OL a
predictive controller is assumed to maximise user com-
fort while minimising the supply energy respecting distur-
bances, e.g. (Killian et al., 2015). It thus provides the ref-
erence trajectory for heating and cooling power for the M-
PCC. The modularity of the MPCC enables a �exible ap-
plication in industrial building automation using dedicated
models and MPCs allowing separate implementation and
tuning. The main contributions of the paper therefore are:

� A modular predictive control concept (MPCC) for
building energy supply systems (ESS) maximising
the usage of renewable energy sources at minimum
cost.

� Supply circuits with switching aggregates and strati-
�ed storage are modelled as hybrid systems and con-
trolled by MI-MPCs aiming at an ef�cient manage-
ment of aggregates and storage.

� Flexible application in industrial building automa-
tion leading to an application speci�c control archi-
tecture.

� A simulation study showing the performance of the
proposed MPCC compared to a rule-based controller
applied to a demonstration building in Austria.

The remainder of this paper is structured as follows: In
Section 2 the demonstration building setup as well as the
overall control structure is given. The building models for
the ESS dedicated for the different MPCs are explained
in Section 3, whereas the predictive controllers are intro-
duced in Section 4. The simulation results for the demon-
stration building are shown in Section 5 and �nally, a con-
clusion is drawn in Section 6.

2 Modular Model Predictive Control
Concept

Within this Section the building setup and the overall M-
PCC for the demonstration building is given.

2.1 Building Setup

The building which is presented in this work is a 27.000m2

University building in the center of Salzburg, Austria.
It has �ve �oors above ground containing several large
and numerous smaller meeting rooms, of�ces and lec-
ture rooms. For this work focus is put on the second and
third �oor, which comprise of about 500 rooms of some
13.000m2, almost all used as of�ces. Both �oors are sup-
plied by Fan Coils (FC) and a Thermal Activated Build-
ings System (TABS). The ESS of this building consists of
heating and cooling supply circuits for FC and TABS, see
Figure 1. The FC supply is split into cooling supply based

�mCT

�mCH �mSTc

�m-
FC

�m+
FC

�mDH

Chiller

Cooling-
Tower

Storage
FC cooling

FC heating

District heat

Heat Exchanger

Heat Exchanger

(a) FC circuits including free cooling, the chiller, and district heat.

�mG

�mHP

�mTABS

�mSTh

Heat Pump

TABS

Storage

Geo-
thermal

Heat ExchangerHeat Exchanger

(b) TABS circuits including geothermal source and the heat pump.

Figure 1. Energy supply circuits for cooling and heating of the
University building in Salzburg, Austria.

on free cooling and chiller circuit and heating supply from
the district heat. TABS has only one piping system sup-
plied by the geothermal source and is routed via the heat
pump circuit in case of heating.

2.2 Modular Predictive Control Concept

The modular predictive control concept (MPCC) general-
ly consists of independently acting MPCs with the same
target - one MPC for each supply circuit comprising the
corresponding energy source as well as the supply sys-
tem of the building. Basic circuits consisting of heat ex-
changers and continuous pumps can be approximated by
linear models. Consequently, linear MPCs (LMPC) are
applicable in this case. However, if switching aggregates
have to be considered, the predicitve controller not only
has to optimise the continuous manipulated variables but
also the discrete aggregate’s switching state. Moreover,
the coupled active storage changes its operating mode in
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a discontinuous fashion depending on the switching in-
stance. Therefore, a dedicated mixed-integer MPC (MI-
MPC) is applied optimising latter circuits considered as
hybrid systems. The control structure for the proposed
ESS, see Figure 2, is designed according to the available
energy sources and aggregates shown in Figure 1(a) and
Figure 1(b) which distinguishes between FC and TAB-
S heating and cooling supply. For the FC cooling sys-
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Figure 2. Control structure for cooling and heating circuits for
FC and TABS embedded into a hierarchical building control
structure.

tem an LMPC controls the free cooling circuit, whereas
an MI-MPC manages the cooling supply from the chiller
including a strati�ed storage tank. The FC heating sup-
ply is sourced by the district heat and controlled by the
second LMPC. The TABS is supplied by the geothermal
source either used directly in the case of cooling or routed
via the heat pump and subsequent strati�ed storage tank if
heating is required. Hence, an LMPC is active for cool-
ing and an MI-MPC for heating. Furthermore, the ESS
control structure is embedded into an overall hierarchic
building control structure with a predicitve controller for
the OL, e.g. (Killian et al., 2015), which is responsible for
providing a prediction of the required heating and cooling
power, �Qref,+

FC respectively �Qref,-
FC , for each energy supply

system. All variables and parameters used are listed in Ta-
ble 1 and the two types of MPCs are formally described in
Section 4.

3 Energy Supply Level - ESS - Models
In this Section the modelling strategy and structure for the
circuits of the ESS shown in Figure 1 is given. Each circuit
is modelled individually.

3.1 Linear Models
For building control aspects the achievable heating or
cooling power, �Q, of each supply circuit is relevant, which
can be approximated by simpli�ed energy balance equa-
tions: �Q = �m � ∆T � cp, where �m denotes the mass �ow,
∆T the difference of supply and return water tempera-
ture, and cp the speci�c heat capacity of water. Heat ex-

Table 1. Nomenclature.

Variable Description Unit
�mCT mass �ow from cooling tower [kg/s]
fCT fan speed of cooling tower [m/s]
Tamb ambient temperature [�C]
T -

FCr return temperature for FC cooling [�C]
TCH supply temperature of chiller [�C]
�mCH mass �ow from chiller to storage [kg/s]
�mSTc mass �ow from storage of cooling circuit [kg/s]
TDH supply temperature of district heat [�C]
�mDH mass �ow from district heat [kg/s]
T +

FCr return temperature for FC heating [�C]
THP supply temperature of heat pump [�C]
�mHP mass �ow from heat pump to storage [kg/s]
�mSTh mass �ow from storage of heating circuit [kg/s]
�mG mass �ow from geothermal source [kg/s]
ϑG difference geothermal supply, return temp. [�C]
�Qref,+

j reference heat �ow for supply j heating [kW]
�Qref,-

j reference heat �ow for supply j cooling [kW]
�Qact,+

j actual heat �ow for supply j heating [kW]
�Qact,-

j actual heat �ow for supply j cooling [kW]
j supply: TABS or FC

changers and continuous pumps preferably work around a
certain operating point. For the geothermal and the dis-
trict heat supply two linearised static models based on
those thermodynamic principles are analytically derived.
The geothermal model contains one manipulated variable,
�mG, one disturbance, ϑG, and the output �Q-

TABS. The ∆-
variables denote the deviation of the variables to the op-
erating point and COPG the coef�cient of the geothermal
performance:

∆ �Q-
TABS = COPG � cp| {z }

const:

�[ �mGjo � ∆ϑG + ϑGjo � ∆ �mG]: (1)

The district heat model is derived in the same way and
contains two manipulated variables, TDH and �mDH, one
disturbance, T +

FCr, and the output �Q+
FC:

∆ �Q+
FC = COPDH � cp| {z }

const:

�[ �mDHjo � (∆TDH � ∆T +
FCr)

+(TDHjo � T +
FCr

��
o) � ∆ �mDH]: (2)

As depicted in Figure 1(a) free cooling is based on
the cooling tower. Free cooling is exclusively used if
the chiller is inactive. The ambient temperature, Tamb,
constrains the cooling tower’s operation for free cooling
which is also a main disturbance next to the return water
temperature T -

FCr. Modelling cooling towers analytically
aims at detailed complex models with non-linear dynam-
ics of high order which are not suitable for the usage with-
in MPCs. Hence, black-box identi�cation is expedient if
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historic data of the cooling tower in operation is available.
Since the cooling tower can be operated at two fan speeds
i 2 f1;2g, the system can be approximated by two linear
static models:

�Q-
FC(i) = ci;1 � Tamb + ci;2 � T -

FCr + ci;3 � �mCT + ci;4; (3)

where the corresponding coef�cients ci;k have to be es-
timated within the black-box identi�cation routine using
historic data of the free cooling system. Note that the
model in Eq. (3) is linear in the parameters ci; j, thus least
squares methods can be employed for optimal parameter
estimation, (Ljung, 1999).

3.2 Hybrid Models
The chiller and the heat pump are switching aggregates
with latency times, such that minimum up and down times
have to be respected, e.g. after switching on the aggre-
gate it must operate for a minimum up time until it can be
shut off again and vice versa. Furthermore, the strati�ed
storage tanks can operate in two basic modes: charging
and discharging. Each mode is represented by a dedicated
model with continuous variables. The discrete switching
state of the aggregate (on/off), lon, speci�es which mode
is exclusively active at each time. These operation modes
further depend on the difference of the mass �ows to, �ml ,
and from, �mSTk, the storage tank where l = fCH,HPg de-
notes the aggregate and k = fc,hg the cooling or heating
circuit, (Mayer et al., 2015). The hybrid dynamic models
contain three continuous states, x(t), namely the thermo-
cline of the storage zk(t), the temperature of the cold re-
spective hot water Tk(t), and the cooling respective heating
power �Q j(t). The three continuous manipulated variables,
u(t), are the supply temperature of the aggregate Tl(t), the
mass �ow from the aggregate to the storage �ml(t), and
the mass �ow from the storage to the TABS or FC supply
�mSTk(t). lon(t) is the discrete manipulated variable rep-

resenting the switching state of the corresponding aggre-
gate l for each time t. The continuous output y(t) = �Q j(t)
denotes the cooling respective heating power for the sup-
ply j to the building. For each operating mode a model
is �rstly analytically derived through �rst order differen -
tial equations and secondly linearised at a �xed operating
point. The non-linear dynamics can then be approximated
by a hybrid system state-space formulation with discrete
as well as continuous inputs represented by a piecewise
af�ne (PWA) system:

x(t + 1) = Ahx(t) + Bhu(t); if δh(t) = 1; (4a)

y(t + 1) = Cx(t); (4b)

where the binary variables δh(t) 2 f0;1g, 8h = 1; ::;3, are
introduced to denote the status of the operation mode h
and the system matrices are Ah 2 R3�3 and Bh 2 R3�4.
C =

�
0 0 1

�
for all three modes since the third state is

equal to the output. The explicit matrices for the chiller
circuit model are given in (Mayer et al., 2016), whereas
for the modelling of the heat pump circuit the reader is
referred to (Mayer et al., 2015).

4 Model Predictive Controllers
The formal description of the two MPC types used within
the MPCC and their common objective are given in this
Section.

4.1 Objective Function
The predictive controller for the OL, e.g. (Killian et al.,
2015), is responsible to guarantee user comfort by keep-
ing the indoor temperature within a certain tolerance at
minimum energy demand. The objective for the ESS on
the other hand is to minimise the deviation to the required
power and the energy costs.

For all MPC implementations a quadratic optimisation
target is used, where the deviation to the reference trajec-
tory of the cooling respective heating power is penalised
with factor Qy. Furthermore, the energy costs represent-
ed by Qu caused by the manipulated variables are taken
into account. Both additive terms are considered for each
time step t over the whole prediction horizon N p. The ∆-
variables again denote the deviation from the correspond-
ing operating point. The formal description of the objec-
tive is given by:

J? = min
∆u2U

Np�1

∑
t=0



∆ �Qref
j � ∆ �Qact

j



2

Qy
+ k∆u(t)k2

Qu
; (5)

4.2 LMPC
The three LMPCs for this work have a quadratic optimi-
sation target as presented in Eq. (5). They only differ in
the model they rely on. The FC model for free cooling us-
es a linear model with absolute inputs, whereas the TAB-
S geothermal model and the FC district heat model are a
linearised model with ∆- variables which denote the de-
viation from the corresponding operating point. All three
LMPCs are implemented according to the receding hori-
zon strategy, (Camacho and Alba, 2013).

4.3 MI-MPC
In Section 3 the hybrid models for the chiller and the heat
pump circuits are motivated. The objective is given in Sec-
tion 4.1. The corresponding constraints are:

PWA model as given in Eq. (4);
δh(t) 2 f0;1g ; (6a)

∑
h

δh(t) = 1; (6b)

umin � u(t) � umax; (6c)

xmin � x(t) � xmax; (6d)

lon(t) � lon(t � 1) � lon(ωup); (Off/On switch) (6e)

lon(t � 1) � lon(t) � 1 � lon(ωdown); (On/Off switch) (6f)

8 j 2 fTABS,FCg and l 2 fCH,HPg, where umin and umax,
respectively xmin and xmax, denote the the capacity lim-
its of the manipulated variables and the physical bounds
of the strati�ed storage. The constraints on latency times
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with minimum up and down times are given in Eq. (6e)
and Eq. (6f) with ωup = t; t +1; :::;min(t +N p; t +T up

l �1)
if we consider the minimum up time and ωdown = t; t +
1; :::;min(t +N p; t +T down

l �1) in the other case. Eq. (6b)
denotes that at each time only one hybrid mode can be
active. Since the objective given in Eq. (5) is quadrat-
ic the resulting optimisation problem is a mixed-integer
quadratic problem (MIQP) to be solved each time step
t = 0; � � � ;N p � 1. For this work a branch and bound al-
gorithm is applied, (Mayer et al., 2016), which relaxes the
original problem by replacing integrality constraints, (6a),
i.e. integer and particularly binary variables are allowed to
span over the whole continuous interval, aiming at solving
many QPs and searching for the best solution.

5 Simulation Results
In this Section the simulation setup is given. Furthermore,
simulation results showing the performance of the MPC-
C are discussed and the comparison results to a simuated
rule-based controller (RBC) are given.

5.1 Simulation Setup

The simulation for the demonstration building described
in Section 2.1 is based on a snapshot of historic data of
the implemented automation system for the disturbances
ambient temperature and ϑG. The simulation is shown
from the beginning of September until the end of Novem-
ber 2014. The comparison between MPCC and RBC is
given for all seasons 2014. The prediction horizon N p for
all predictive controllers is 12 hours and the sampling time
is one hour. The return water temperature for the cooling
FC circuit, T -

FCr, is 20�C, whereas for the heating circuit
the return water temperature, T +

FCr, is 24�C. The two strat-
i�ed storage tanks have a volume of almost 16 m3 each.

5.2 Demonstration of MPCC Performance

The simulation study shows the performance of the pro-
posed modular MPC concept for the demonstration build-
ing. For this work, the power demand trajectories
are given by the OL predictive controller introduced in
(Killian et al., 2015) for both TABS and FC supply. S-
ince there is only one piping system for TABS, the pre-
dicted power is split into a negative cooling, �Qref,-

TABS =
min( �Qref

TABS;0), and a positive heating trajectory, �Qref,+
TABS =

max( �Qref
TABS;0). For the FC system the reference trajecto-

ries are already split by the OL controller. The simulation
for all MPCs, the LMPCs as well as the MI-MPCs, is run
simultaneously. However, for the FC cooling supply two
circuits are implemented but only one can be active at a
time (either chiller or free cooling). Therefore, an addi-
tional rule is applied which prefers the usage of the re-
newable energy source respectively of the corresponding
LMPC if the ambient temperature does not exceed 18�C.

Figure 3 shows the ambient temperature pro�le for the
simulation period from September to November 2014.
One can see a drop of the mean temperature after hour

1200 by about 7�C. The green line depicts the technical
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Figure 3. Ambient temperature pro�le starting with 1st Sept.
2014.

limit for the usage of the free cooling circuit.
Figure 4 shows the simulation results for the TABS cir-

cuits, where according to the ambient temperature pro�le
in the �rst half of the simulation period cooling is request-
ed by the OL, represented by �Qref,-

TABS. The temperature
spread of ϑG is suf�cient to provide the required cooling
energy only from the geothermal source, the manipulated
variable �mG for the supply of �QTABS is given in the second
subplot. The heat pump is inactive over large parts of this
�rst simulation period which can be seen at the red line in
the last subplot. From hour 1200 onwards heating is re-
quested by the OL, �Qref,+

TABS, and supplied by the heat pump
circuit with perfect �t. The temperature of the water sup-
ply from the heat pump as well as the pumps of the heat
pump circuit are presented in the second subplot.

Figure 5 shows the simulation results for the FC circuit-
s. The references for cooling, �Qref,-

FC , and heating, �Qref,+
FC ,

are computed by the OL controller. The �rst subplot
shows the performance of the MI-MPC and LMPCs for
the FC circuits. In the second and third subplot the ma-
nipulated variables are presented. The red lines denote
the contributions to FC heating supply of the district heat
circuit, whereas the blue and grey lines show the temper-
ature and mass �ows for the chiller circuit. The green
line in subplot three depicts the mass �ow of the pump
from the cooling tower of the free cooling circuit. The last
subplot indicates which cooling circuit is active. Note,
that free cooling is always active if the technical condition
Tamb � 18�C is ful�lled. Since the energy demand for the
cooling FC circuit is low, the chiller is not regularly active,
even if free cooling cannot be activated. Due to the specif-
ic hydraulic architecture of the demonstration building the
pump supplying the cold water from the strati�ed storage
tank has to be activated if free cooling is not active. Thus,
a minimal deviation to �Qref,-

FC has systematically be taken
into account in these periods (see blue line in �rst subplot
in Figure 5).

5.3 Comparison between MPCC and RBC
ESS are conventionally controlled by rule-based con-
trollers (RBC). The RBC of the demonstration building
is also simulated for comparison: Free cooling is also pre-
ferred but it may only be active if ambient temperature has
been below 18�C for the past three hours. The chiller has
to be switched on if the low storage temperature is higher
than 12�C and switched off if it is lower than 7�C.
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Figure 4. Simulation results for the TABS circuits starting with 1st Sept. 2014.

200 400 600 800 1000 1200 1400 1600 1800 2000 2200

0

1000

2000

 

 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
0

20

40

60

80

 

 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

0

20

40

 

 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

0

1

 

 

output FC

temperatures

mass �ows

free cooling and chiller

[k
W

]
[k

g/
s]

[� C
]

time in hours

�Q+
FC

�Qref,+
FC

�Q-
FC

�Qref,-
FC

TCH

TDH

�mCT

�mCH

�mSTc

�mDH

f con

CHon

Figure 5. Simulation results for the FC circuits starting with 1st Sept. 2014.
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Compared to this RBC the proposed MPCC achieves
an increase of free cooling hours of almost 5% in winter
(January-March and December 2014) up to over 30% in
summer (June-August 2014). About 30% to 40% more
cooling power �Q- is supplied via free cooling using the
MPCC. The number of transitions of the chiller from state
off to on can be reduced by around 15% in summer up
to 60% in transition period (April-May and September-
November 2014), which is equivalent to a signi�cant re-
duction for maintenance cost for the aggregate. Table 2
shows the precise �gures of the MPCC in percentage of
the RBC. Simulation results show the best results for the

Table 2. Performance of the MPCC compared to the RBC in
percentage according to the seasons.

season fc hours �Q- via fc chiller state trans.
winter 104.7 130.5 0.0
transition 108.4 134.9 39.1
summer 132.6 141.2 84.8

MPCC cooling supply during summer, where the predic-
tive character of the control concept is most effective com-
pared to the conventional controller.

Relaxing the upper limit of Tamb � 18�C for the extend-
ed usage of free cooling leads to an average increase of
mass �ow of the cooling tower �mCT at lower variance. Ta-
ble 3 lists the simulation results for the upper limit vary-
ing from 18�C to 22�C for autumn 2014. The number of
free cooling hours is given in percentage of the simulation
hours.

Table 3. Effect of a relaxation of the upper limit Tamb on �mCT.

upper limit fc hours [%] mean �mCT std. dev. �mCT

18�C 89.1 21.8 8.2
20�C 96.2 23.4 5.6
22�C 99.5 24.0 3.6

The proposed MPCC allows to pursue different strate-
gies for heating and cooling control, depending on the
parametrisation of the weighting factors of the optimisa-
tion targets. For this work emphasis was put on the max-
imal usage of renewable energy sources with minimum
cost while assuring minimal deviation of the delivered
cooling and heating power for the supply systems in or-
der to maximise the user comfort in the OL. The simula-
tion results show, that the proposed MPCC is able to meet
the requirements of the OL predictive controller almost
perfectly and to maximise the usage of renewable energy
sources such as free cooling. Furthermore, maintenance
cost can be reduced due to a reduction of state transitions
of the switching aggregates.

6 Conclusions
This paper introduces a modular predictive control con-
cept (MPCC) for modern energy supply systems (ESS)
of large buildings with several energy sources and sup-
ply circuits. Due to its modularity the concept is �exibly
applicable for industrial building’s ESS control, which is
shown on a demonstration building in Austria. The result-
ing MPCC includes linear MPCs as well as mixed-integer
MPCs (MI-MPC) dedicated for the ef�cient control of ba-
sic circuits respectively those with switching aggregates
such as chillers with active storage. The simulation study
shows that the proposed MPCC is able to accurately deliv-
er a prescribed cooling respective heating power trajectory
at minimum cost and a maximal usage of renewable ener-
gy sources. The MPCC is capable to maximise the usage
of free cooling and - due to the MI-MPC - to ef�cient-
ly manage the switching aggregates: compared to a RBC
simulation results show an increase of free cooling hours
of up to 30% and a reduction of the chiller’s transitions
from state off to on by up to 60% aiming at a consequent
decrease of maintenance cost depending on the respective
season of the year. Simulation results of the MPCC are
therefore very promising for the future implementation in
the demonstration building.
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Abstract 
The present paper deals with a study of different climate 
effects and defining boundary conditions on mould 
growth risk inside building envelope. The case structure 
represents a common envelope of timber-framed single-
family house. Weather conditions from Utsjoki, Oulu 
and Joensuu are considered in the analysis representing 
climate gradients wet and dry, coastal and inland 
conditions during a period of 6 years.  

Mould growth initiation and progression require a 
sufficiently high humidity at suitable temperature range. 
Coastal regions characteristically have humid and warm 
climate that causes higher risk for mould growth than 
the more dry inland locations. The most unfavorable 
conditions for mould growth were seen in the coldest 
and the northernmost location. Hygro-thermal 
simulation also presented significant differences in key 
interior boundary conditions that, considering standard 
approach, may be interpreted as potential structural 
health issues. 
Keywords: hygro-thermal simulation, mould growth 
risk assessment, climate effect, structural health 

 Introduction  
The recent studies in sustainability, energy use and 

health of buildings show a trend towards low-energy 
housing solutions and material development that 
supports energy conservation. The industry tries to 
create a space for the creativity of designers in designs 
while ensuring low total energy use, energy harvesting 
options and low level of heating energy losses. Although 
indoor designs and visible surfaces are often highlighted 
in house designs, characteristics of climate conditions 
inside the structural elements should not be forgotten, 
even if they are hidden from the residents.  

Current structures tend to be highly insulated causing 
a significant gradient in the hygro-thermal conditions 
inside the multi-layer building components (Fedorik et 
al, 2015). A certain combination of temperature and 
humidity exposure leads to favorable conditions for 
mould growth (Hukka et al, 1999; Viitanen et al, 2007; 
Viitanen et al, 2010) and the existence of mould spores 

may cause allergic reactions (Mundarri and Fisk, 2007). 
The presence of mould and fungi significantly influence 
material properties and in long run may cause structural 
deterioration and costly rebuilds. This is a problem 
especially in cases when moisture is enclosed to 
envelope in building stages and the insulated wall is 
unable to balance it with outdoor or indoor conditions. 

The presence and impact of e.g. moulds in 
workplaces, schools and houses has become a widely 
discussed issue during the recent decades. The mould 
issue in this context was initially found in historic 
buildings, where indoor ventilation was not provided or 
it was very inefficient (Pirinen 2011). While improved 
ventilation and air-exchange may indeed significantly 
affect the indoor conditions and protect interior wall-
surfaces from the mould growth, the multi-layered 
envelope and/or foundation and roofs may still be under 
a risk of mould growth. Insufficient knowledge of 
designers and house owners further increase the risk of 
unsuitable design and maintenance issues.  

There are three ways to analyses house designs for 
their hygro-thermal properties prior to the build-up 
stage: lab-tests, on-site measurements and numerical 
simulation. Although numerical simulation is not as 
accurate as the other methods, its advantage consists 
especially of timesaving and low expenses. If suitable 
verification is done, simulation is helpful in predicting 
the risk factors against moulds (Woloszyn and Rode, 
2008). 

 Objectives 
The aim of the this study consists of finding the 
differences in hygro-thermal conditions inside an 
envelope element and defining key differences in mould 
index (mould growth probability indicator) depending 
on the defined outdoor and indoor climate conditions. 
Data defining outdoor boundary conditions were 
obtained from official weather stations located in 
Joensuu, Utsjoki and Oulu for a 6-year period (2009-
2015, see Figure 1). The indoor boundary conditions 
were taken as multiplication of 1-year data measured in 
a corresponding family house and, for comparison, data 
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according EN ISO 13788:2012 dependent on actual 
exterior conditions. 

 
Figure 1. Localization of analyzed weather stations. 
 

 Applied Methodology 
Temperature and humidity during the exposure time are 
the major factors driving the mould growth. Mould 
growth risk simulation is based on the model developed 
by the Tampere University of Technology and 
Technical Research Centre of Finland (VTT). RHcrit 
determines the limits between favorable and 
unfavorable conditions, in temperature range from 0 to 
50 °C. The minimum humidity for a mould spore to start 
growing depends on material sensitivity, being here 80 
or 85% (Ojanen et al, 2011). In the case the hygro-
thermal conditions are favorable, the mould growth risk 
increases. Otherwise, if the conditions are unfavorable 
for mould growth initiation, the risk decreases 
depending on the exposed time for unfavorable 
conditions. 

The risk of mould growth is analyzed using a mould 
index value (MI, Mindex), which is expressed by an 
empirical model that is based on the variables of 
temperature, relative humidity and exposure time, as 
shown in our recent study (Fedorik et al, 2015). A 
border between favorable and unfavorable conditions 
for mould-growth initiation is defined by critical relative 
humidity (RHcrit). 

The RHcrit varies with regard to the sensitivity of 
material (Ojanen et al, 2011), where examples and 
classification of materials applied in the research is 

specified in Table 1. The equation is valid for material 
sensitivity classes 1 and 2. In the case of classes 3 and 
4, the minimal RHcrit must be at least 85%, which is the 
degree of humidity required for initiation of mould 
growth on a surface of this type of material. 

The numerical hygro-thermal simulation was 
performed by Wufi®2D (Sedlbauer et al, 2001; Künzel, 
1995), where two-dimensional model of the presented 
wall-envelope was created. Wufi applies two-
dimensional heat and moisture transfer by the governing 
transport equations, while drivers for the heat and 
moisture transfer are vapor pressure and moisture 
content. 

 Analyzed Structure 
The studied structure represents a common Finnish 
single-family timber-framed wall element. The 
geometry consists in gypsum board layer installed on 
the interior surface, 50 mm continuous mineral wool, 
200 mm mineral wool filling the timber-frame, wind-
proof board, 32 mm air-gap and 23 mm exterior 
cladding made of painted wood panels (Figure 2).    

 
Figure 2. Schematic of the studied wall element structure. 

The numerical model represents a horizontal cut-off 
plane of the structure (Figure 3). The hygro-thermal data 
was collected from 9 points (in red) considered as the 
most important, where humidity can creep into the 
structure. The geometry of the numerical model and 
localization of the analyzed points are given in the 
Figure 3. Material properties of each element are 
considered as they are defined in Wufi®2D material 
library.  

 
Figure 3. Analyzed points 1-9 within the wall structure. 

EUROSIM 2016 & SIMS 2016

71DOI: 10.3384/ecp1714270         Proceedings of the 9th EUROSIM & the 57th SIMS
September 12th-16th, 2016, Oulu, Finland





The evaluated mould index achieves quite low 
values, representing no or very subtle mould existence 
according to (Ojanen et al, 2011). On the other hand, 
significant differences were achieved in number of 
favorable conditions between the analyzed cities. The 
favorable conditions behind a possibility of mould 
growth initiation should be considered in house design.  

Graphical illustration of favorable and unfavorable 
conditions for mould growth obtained at point 5, located 
between insulation and wind-proof board near the 
exterior wall-surface, are shown in Figures 6 to 8. The 
dots in the figures represent conditions of temperature 
and humidity achieved at each time-step of the solution, 
where the red dots represent conditions favorable for 
mould growth and blue unfavorable. It must be noted 
that the red dots do not mean initiation of mould, but 
they indicate the favorable conditions where growth can 
take place. Important part for mould starting to grow is 
the exposure time. 

Figure 6. Favorable conditions for mould growth at 
exterior corner of timber-stud (point 5 in Figure 3) in 
Utsjoki. 

Figure 7. Favorable conditions for mould growth at 
exterior corner of timber-stud (point 5 in Figure 3) in 
Joensuu. 

Figure 8. Favorable conditions for mould growth at 
exterior corner of timber-stud (point 5 in Figure 3) in Oulu. 

It can be seen that the weather conditions in Utsjoki 
cause only briefly the conditions for favorable 
environment for mould growth compared to conditions 
in Joensuu and especially in Oulu. The evaluated 
maximum mould index achieved and percentage period 
when the structure is exposed to favorable conditions for 
mould growth at each of the analyzed points considering 
measured interior boundary conditions are summarized 
in the Table 1, where points 1 to 3 are not included as 
far as the mould index was always 0.  
Table 1. M index and Favourable Conditions Considering 
the Measured Interior Conditions. 

Analysi
s point Joensuu Oulu Utsjoki  

 

max 
M inde

x 

Fcond 

[%] 

max 
M inde

x 

Fcond 

[%] 

max 
M inde

x 

Fcond 

[%] 

4 0.01 6.16 0.01 6.70 0.01 1.93 

5 0.14 4.35 0.18 5.49 0.02 0.58 

6 0.01 6.76 0.02 7.44 0.01 2.23 

7 0.16 4.77 0.17 6.06 0.02 0.91 

8 0.40 15.34 0.67 18.24 0.14 7.14 

9 5.96 26.42 5.99 29.99 5.59 16.67 

 
In the case of applying interior boundary conditions 

according to EN ISO 13788:2012, the favorable 
environment for mould growth and evaluated mould 
growth risk values are slightly bigger. It means that 
according to presented study, the applied measured 
interior conditions ensure healthier conditions for the 
structure although in both cases the mould index 
represents no mould growth during the analyzed period 
at all inner points. The summary of the favorable 
conditions and maximal value of mould growth risk 
achieved during the analyzed period is given in the 
Table 2.  
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Abstract
FRB adopted �quantitative monetary easing� three times
as QE1 (2008m11,2010m06), QE2 (2010m11,2011m06)
and QE3 (2012m09,2014m12). In this paper, we showed
that �Reserve at the FRB� is effective to the economy
through a transmission path of a stock market in QE1, ef-
fective through housing price channel in QE2 and QE3,
and effective through an exchange rate channel in QE3,
where impulse responses in VAR model are calculated
with �reserve, stock prices, exchange rate, industrial pro-
duction, and cpi_core (or housing price)� in monthly data
of USA.

Furthermore, we investigated behaviors of M2 money
in QEs periods. Decomposing M2 into transaction money
demand and precautionary one, we estimated precaution-
ary money demand as a function of industrial production,
business condition denoted by napm and reserve at the
FRB. We showed that increasing �Reserve at the FRB�
is comparatively effective in QE1 rather than in QE2 and
QE3 through the behavior of napm.
Keywords; QE1, QE2, QE3, nontraditional monetary
policies

1 Introduction
The subprime problem in 2007 and Lehman crisis in 2008
caused serious depressions in the world economy. Many
central banks set interest rates around zero, and carried out
�nontraditional monetary policies� in large scales. Gener-
ally speaking, operation of short term interest rates based
on for example Taylor rule is called �traditional monetary
policy�, while in �nancial crisis of these days a traditional
monetary policy has no room to operate around zero in-
terest rates, and hence, many central banks were forced
to adopt nontraditional monetary policies. There are three
kinds of nontraditional monetary easing in USA.

Federal Reserve Board (FRB) decreased FF rate from
2 % at Lehman crisis (2008m09) to 0-0.25 % (2008m12).
Furthermore, additional easing policies were done by op-
erations of buying long term government bond, Resi-
dential Mortgage-Backed Securities (RMBS) and agency
debt. FRB called these policies as �Credit Easing� in the
interval (2008m11,2010m06). We denote these monetary
easing in this period as QE1. FRB carried out QE2 during
(2010m11,2011m06), where long term government bonds
of 600 billion dollars were purchased. QE3 was operated

during (2012m09,2014m10), where FOMC decided on
2012m12 to buy MBS of 40 billion dollars and long term
government bonds of 45 billion dollars per month. How-
ever, from 2014m01, FRB gradually decreased buying op-
erations every month and stopped QE3 on 2014m10.

(Bernanke, 2009) said that the essence of QE1 is �credit
easing�, that is, reducing the cost of private brrowing by
direct purchases of privately issued debt instead of gov-
ernment debt. (Gagnon et al., 2011) reported that large-
scale asset purchases in QE1 have been successful in
doing lower longer term private borrowing rates, which
should stimulate economic activity. (Fratzscher et al.,
2013) showed highly effectiveness of QE1 compared with
QE2 and analysed the global spillovers of the FRB’s QE.
International spillover effects of US QE were investigated
by (Bhattarai et al., 2015). (Wen, 2014) studied the likely
impact of QE and its exit strategy with three aspects; (i)the
timing of the exit, (ii)the pace of the exit and (iii)the pri-
vate sector’s expectations of when and how the FRB will
exit. (Engen and Reifschneider, 2015) showed that by the
unconventional monetary policies in USA the peak unem-
ployment effect does not occur until early 2015, while the
peak in�ation effect is not anticipated until early 2016.

(Hall et al., 2012) analyzed European economy includ-
ing �nancial crises 2007 and 2008, focusing on the sta-
bility of M3 money demand function through a general-
ized cointegration concept �TVC�. (Fawley and Neely,
2013) described the circumstances of and motivations for
the quantitative easing programs of the FRB, Bank of Eng-
land, European Central Bank, and Bank of Japan during
the recent �nancial crisis and recovery.

Ef�ciency of QE in Japan during (2001,2006) was
shown by (Honda et al., 2007) through transmission paths
of both stock market and exchange rate. They used SVAR
model. (Sawada, 2014) applied Honda’s method to USA
case and showed that base money operated at QEs are ef-
�cient to the economic activity.

First, in this paper, following (Honda et al., 2007) and
(Sawada, 2014), we construct VAR models with 5 vari-
ables (reserves, stock prices, exchange rate, industrial
production, cpi) in QE1, QE2 and QE3, and investigate
the ef�ciency from �reserves� to �industrial productions�
through transmission paths of stock market, exchange rate
and/or housing price in each of QEs.

Secondly, focusing our attention on money demand
function of �M2�, we decompose �M2� into precautionary
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Figure 1. f ed f unds(t) andad jressl(t), indpro(t) andm2sl(t), sp500(t), twexmmth(t), cpil f esl(t) andcpihossl(t), andu(t) in
(1975m10, 2016m03)

and transaction money demands and estimate precaution-
ary one as a function of economic activity, reserves and
business condition during (1975m10,2016m03). Thus, we
can investigate behavior of M2 money in QEs. Since
(Morita and Miyagawa, 2016) estimated precautionary
money demand and analyzed QE monetary policy in Japan
with quarterly data, we apply this method to the analysis
of US data.

2 Data Properties
Monthly data through (1975m10, 2016m03) are obtained
from FRED. Variables and symbolic notations are given
in Table 1. See Figure1 for behavior of each variable.

Two kinds of unit root tests are carried out; DF-GLS
(ERS) test with unit root as the null hypothesis and KPSS
test with stationarity as the null hypothesis. The results

Table 1. List of variables

ad jressl(t) = St.Louis adjusted reserves
f ed f unds(t) = federal funds rate
m2sl(t) = M2 money stock
indpro(t) = industrial production index
cpil f esl(t) = consumer price index, less food & energy
cpihossl(t) = consumer price index, housing
sp500(t) = S&P500 index
twexmmth(t) = trade weighted exchange index
napm(t) = ISM manufacturing, PMI composite index
u(t) = napm(t) � 50
u� (t) = minf u(t);0g u+ (t) = maxf u(t);0g

are shown in Table 2. Every variable exceptu(t) is shown
to be nonstationary. Hereafter, we treat these variables in
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Table 2. Unit Root Test in(1975m10;2016m03)

var. ERS lag KPSS trend
ln(m2sl=p) 4.98 2 2:51� const.
ln(indpro) 1.52 3 2:72� const.
ln(sp500=p) -2.02 1 0:29� trend.
ln(twexmmth) -1.32 1 1:47� const.
u � 4:33� 2 0.01 const.
ln(ad jressl=p) 0.92 2 1:66� const.
ln(p) 0.24 9 2:61� const.
ln(cpihossl) 0.61 9 2:62� const.
� denotes 1% signi�cance level andp = cpil f esl.

levels in order to avoid cointegration analysis.
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Figure 2. Impulse responses of the system withx = ( x1;x2;x3;x4;x5) ‘ , where in the �gure we denotex1 = ln(ad jressl=p);
x2 = ln(sp500=p);x3 = ln(twexmmth);x4 = ln(indpro);x5 = ln(p) in QE1=(2008m11,2011m06).

3 Macro Money Systems in QEs
Letting x = ( ln(ad jressl) � ln(p); ln(sp500) � ln(p);
ln(twexmmth); ln(indpro); ln(p))0, we consider VAR
model of the form with the lag orderi given by AIC,

x(t) = A0 + A1x(t � 1) + � � � + Aix(t � i) + e(t); : (1)

3.1 Behavior in QE1=(2008m11,2010m06)
Setting sampling interval as QE1, impulse responses of (1)
are depicted in Figure 2, where a solid line implies a cal-
culated impulse response and two dotted lines show 95 %
con�dence intervals. For economy of space, we only show
responses of 5 variables corresponding to three kinds of
impulse shocks; �reserves�, �sp500� and �exchange rate
(twexmmth)�.

EUROSIM 2016 & SIMS 2016

83DOI: 10.3384/ecp1714281         Proceedings of the 9th EUROSIM & the 57th SIMS
September 12th-16th, 2016, Oulu, Finland



Hereafter, if necessary, we abbreviatereservesand
twexmmthby rsrvsandrex respectively.

1st: rsrvs(" ) =) rsrvs(" ) stock(� � � " )
rex(#) indpro(� � � " ) p(" )

2nd: stock(" ) =) rsrvs(� � � ) stock(" )
rex(� � � ) indpro(" ) p(� � � )

3rd: rex(" ) =) rsrvs(� � � ) stock(� � � )
rex(" ) indpro(" ) p(" )

whererex = twexmmth(" ) implies �high appreciation of
dollar�, and where(� � � ) and(� � � " ) mean �statistically not
signi�ccant� and �at �rst not signi�cant but after several
months signi�cantly" � respectively.

We can see thatreserves(" ) ! indpro(" ) on the 1st
column, and thatreserves(" ) ! stock(" ) ! indpro(" ) on
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Figure 3. Impulse responses of the system withx = ( x1;x2;x3;x4;x5) ‘ , where in the �gure we denotex1 = ln(ad jressl=p);
x2 = ln(sp500=p);x3 = ln(twexmmth);x4 = ln(indpro);x5 = ln(p) in QE2+ a = ( 2010m10;2012m08):

the 1st and 2nd columns. It should be noticed, however,
that reserves(" ) ! rex(#) 6! indpro(" ) on the 1st and
3rd columns. Therefore, we can conclde that there is a
transmission path in QE1 through a stock market, but not
through exchange rate.

3.2 Behavior in QE2+a =(2010m11,2012m08)
Since QE2 is too small to construct VAR model,
we extend the sampling interval QE2 toQE2 + a =
(2010m11;2011m06) + ( 2011m07;2012m08) just before
starting QE3.

Impulse responses of (1) are depicted in Figure 3, where
a solid line implies a calculated impulse response and two
dotted lines show 95 % con�dence intervals.
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Responses of 5 variables are shown, corresponding to
three kinds of impulse shocks; �reserves�, �sp500� and
�exchange rate (twexmmth)�.

1st: rsrvs(" ) =) rsrvs(" ) stock(� � � #)
rex(#) indpro(� � � #) p(� � � )

2nd: stock(" ) =) rsrvs(� � � ) stock(" )
rex(� � � ) indpro(� � � ) p(#)

3rd: rex(" ) =) rsrvs(� � � ) stock(" )
rex(" ) indpro(� � � ) p(� � � )

In this period of QE2, we cannot say any transmission
path fromreserves(" ) to indpro(" ).
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Figure 4. Impulse responses of the system withx = ( x1;x2;x3;x4;x5) ‘ , where in the �gure we denotex1 = ln(ad jressl=p);
x2 = ln(sp500=p);x3 = ln(twexmmth);x4 = ln(indpro);x5 = ln(p) in QE3=(2012m09,2014m10).

3.3 Behavior in QE3=(2012m09,2014m10)
Setting sampling interval as QE3, impulse responses of
(1) are depicted in Figure.4, where a solid line implies a
calculated impulse response and two dotted lines show 95
% con�dence intervals. For economy of space, we only
show 5 variables responses corresponding to three kinds
of impulse shocks; �reserves�, �sp500� and �exchange
rate (twexmmth)�.

1st: rsrvs(" ) =) rsrvs(" ) stock(" )
rex(#) indpro(� � � ) p(� � � )

2nd: stock(" ) =) rsrvs(� � � ) stock(" )
rex(� � � ) indpro(#) p(� � � )

3rd: rex(" ) =) rsrvs(� � � ) stock(� � � )
rex(" ) indpro(#) p(#)
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We can see thatreserves(" ) ! rex(#) ! indpro(" ) on
the 1st and 3rd columns, while we can see thatreserves(" )
! stock(" ) 6! indpro(" ) on the 1st and 2nd columns.

Therefore, we can conclude that there is a transmission
path in QE3 through exchange rate, but not through a stock
market.

4 Transmission Path of Housing Price
from Reserve to Economic Activity

In this section, we consider the in�uence of hous-
ing price to the economy. De�ning, in (1), x =
(ln(ad jressl=p); ln(indpro); ln(cpihossl))0 and estimat-
ing VAR model, we can obtain impulse responses cor-
responding to the sampling intervalsQE1, QE2+ a and
QE3. Remark that 5 variables VAR model with lncpil f esl
replaced by lncpihosslin the preceding section gives us a
similar result as in this section with 3 variables. For econ-
omy of space, we only show the results without �gures of
impulse responses.

We can see that
(QE1)reserve(" ) 6! cpihossl(" ),
(QE2+ a ) reserve(" ) ! cpihossl(" ) ! indpro(" ),
(QE3)reserve(" ) ! cpihossl(" ) ! indpro(" ).

So, we can conclude that there is a transmission path
through housing price in QE2 and QE3, not in QE1.

5 Decomposition ofM2 into Transac-
tion and Precautionary Money De-
mands in (1975m10, 2016m03)

In this section, we statistically quantify how much money
contributed to the recovery of the economy when the FRB
increased reserves. We would decompose the money stock
denoted bym2sl(t) into the transaction money and the pre-
cautionary money demands.

5.1 Estimation of Precautionary Money De-
mand

Precautionary money demand will increase when the liq-
uidity concern among the private sector intensify in the de-
pression, while its demand will decrease when the concern
dispels in the boom. We use here theu(t) = napm(t) � 50,
wherenapm(t) implies �ISM manufacturing: PMI com-
posite index� in order to qualify the unobservable variable,
which would affect the precautionary money demand.

Properties of precautionary money demand can be
listed as follows:
[Properties of prec. money demand]

� indpro(" ) =) prec: money demand(" ) as Keynes
said.

� prec: money demand(" ) for future anxiety when
economy is in depression.

� prec. money demand is affected by reserves in
QEMP.

[Assumption of prec. money demand]

prec: money demand(t)
= c1 � indpro(t) � cpil f esl(t)=1000

+ ( c2 � un(t) + c3 � up(t)) �
m2sl(t)
1000

+ c4 � ad jressl(t) � dummyad jressl(t)
(2)

In the above assumption, the 2nd term on the RHS
means that the precautionary money demand is a func-
tion of napm, because people try to hold more money
when �nancial anxiety rises, and that the demand may
depend on the level of M2. The 3rd term represents
effect of the FRB’s monetary policies. We take into
consideration the policy change by adding the dummy
variable. The reserves began to be increased by FRB
from September 2008. We have set both off f rate
and ad jressl as monetary policies, butf f rate was not
signi�cant, and was deleted in (2). Dummy variable
denoted bydummyad jressl(t) in (2) takes value 1 for
t = ( 2008m09;2016m03) and takes value 0 otherwise.

[Log-likelihood function] The growth rate model of
indpro(t) is taken into consideration, and the log-
likelihood function of Dln (indpro) should be max-
imized with respect to every parameter containing
prec. money demand, where in the following
equation �prec: money demand(t)� is abbreviated by
� prc: mny(t)�.

Dln(indpro(t)) = d1 � Dln(indpro(t � 1))

+ d2 � Dln(indpro(t � 2)) + d3 � Dln(indpro(t � 3))

+ d4 � Dln((m2sl(t � 1) � prc:mny(t � 1))=p(t � 1))

+ d5 � Dln((m2sl(t � 2) � prc:mny(t � 2))=p(t � 2))

(3)

Table 3 shows estimation results in (2) and (3) .

Table 3. Estimation results of (2) and (3) in
(1975m10;2016m03)

coef�cients std.error z-statistics prob.
c1 143.46 140.57 1.021 0.3074
c2 -11.82 4.905 -2.410 0.0160
c3 -4.847 3.256 -1.489 0.1365
c4 1.003 0.345 2.907 0.0036
d1 0.118 0.048 2.450 0.0143
d2 0.176 0.0518 3.399 0.0007
d3 0.247 0.0389 6.355 0.0000
d4 0.0425 0.0290 1.468 0.1422
d5 0.0340 0.0255 1.335 0.1819
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Figure 5 shows the nominal money stockm2sl and
the trans. money demand. The difference �m2sl �
trans: money demand� measures the prec. money de-
mand. We �nd that the difference begins to expand rapidly
around 1995, 2000 and 2008.

Figure 6 depicts the comparison of trans. money de-
mand with prec. one in (2008m09, 2016m03) including
QE1,QE2 and QE3. In this �gure during the QEMP pe-
riod, prec. money demand as well as trans. money de-
mand gradually increases except for the beginning of QE1.
In the zero interest rates period, there may exist the phe-
nomena of �Liquidity trap� such that easing money by the
central bank is only saved without consumption. However,
in our estimation, prec. money demand increases while
trans. money demand is also increasing. We may insist
that the �Liquidity trap� does not exist in QEMP period.
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Figure 6. Estimation results oftrans: money demandand
prec: money demandin (2008m09, 2016m03)

5.2 The Role of Business Conditionu(t) =
napm� 50 in Transmission Mechanism of
QEMP during QE1;QE2+ a and QE3

We estimate VAR model ofy = ( ln(ad jl f esl(t)) , u(t),
ln(trns: mny dmnd(t)) , ln(prc: mny dmnd(t)) ‘ with x re-
placed byy in Eq.(1) . We focus on the role ofu(t) in
the transmission mechanism of easing monetary policy.
Figures 7, 8 and 9 show impulse responses to a one stan-
dard deviation shock to four variables in periods of QE1,
QE2+ a and EQ3 respectively.

In QE1, we can see the following behavior:

1st: ln(ad jressl)( " ) =) ad jressl(" )
u(� � � " ) trns:mny(#")
prc:mny(" )

2nd: u(" ) =) ln(ad jressl)( � � � )
u(" ) ln(trns:mny)( " )
ln(prc:mny)(#)

3rd: ln(trns:mny)( " ) =) ln(ad jressl)(#)
u(" ) ln(trns:mny)( " )
ln(prc:mny)(#)

4th: ln(prc:mny)( " ) =) ad jressl(" )
u(� � � " ) trns:mny(� � � " )
prc:mny(" )

Summarizing the behavior in QE1, we can say that
a quantitative monetary easing has a positive effect on
USA’s economy. On the 1st column of Figure 7, we can
see �rstreserve(" ) ! prec:demand(" ): At the same time,
trans:demandchanges from downward to upward during
several months: trans:demand(# � � � " ): u rises along
with trans:demandon the 1st column, while on the 2nd
column,u(" ) ! trans:demand(" ):

In QE2 + a , we can’t see the path from reserve to
trans. demand in Figure 8.

In QE3, on the 1st and 2nd columns of Figure 9, we can
see
reserve(" ) 6! trans:demand(" );
reserve(" ) ! u(" );
u(" ) ! trans:demand(" ):
Thus, we can say that ef�cency of QEs is, in order, given
by QE1 > QE3 > QE2.
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Figure 7. Impulse responses of the system withy = ( y1;y2;y3;y4; ) ‘ , where in the �gure we denotey1 = ln(ad jressl=p);y2 = u(t);
y3 = ln(trans: money demand(t)) ;y4 = ln(prec: money demand(t)) in QE1.
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Figure 8. Impulse responses of the system withy = ( y1;y2;y3;y4; ) ‘ , where in the �gure we denotey1 = ln(ad jressl=p);y2 = u(t);
y3 = ln(trans: money demand(t)) ;y4 = ln(prec: money demand(t)) in QE2+ a .
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Figure 9. Impulse responses of the system withy = ( y1;y2;y3;y4; ) ‘ , where in the �gure we denotey1 = ln(ad jressl=p);y2 = u(t);
y3 = ln(trans: money demand(t)) ;y4 = ln(prec: money demand(t)) in QE3.
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6 Conclusions
We investigated ef�ciency of QE1, QE2 and QE3 in USA
in two ways. First, usual VAR models were constructed
and we can see that QE1 is effective through a trans-
mission path of a stock market, QE2 and QE3 are effec-
tive through housing price path, and that QE3 is effective
through an exchange rate path. Secondly, decomposing
M2 into precautionary and transaction money demands,
we can estimate precautionary money demand as a func-
tion on �industrial production�, business condition and
reserves. By investigating relationship among reserves,
business condition, transaction and money demands, we
see that QE1 is most effective and that QE3 is effective
and that QE2 is not so effective. .
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Abstract
The riser of a dual �uidized bed gasi�cation reactor heats
bed materials by burning residual char particles coming
from gasi�cation part of the reactor. A validated Compu-
tational Particle Fluid Dynamic (CPFD) model is applied
to simulate combustion of char particles in a riser of dual
�uidized bed gasi�cation reactor in a demonstration plant
with 8 MW fuel capacity. The plant is located in Güssing,
Austria. The three-dimensional model is used investigate
combustion reaction as a function of the bottom, primary
and secondary air feed rates. The results show there is a
still possibility to improve combustion reaction by opti-
mizing air feed rates, which can maximize the bed mate-
rial temperature without increasing additional char parti-
cles feed.
Keywords: dual �uidized bed, gasi�cation, biomass, com-
bustion, riser

1 Introduction
Biomass gasi�cation is one of the promising technolo-
gies for combined heat and power production and synthe-
sis processes leading to the production of liquid biofuels.
Biomass has two major advantages: it is carbon dioxide
neutral and homogeneously and locally available all over
the world (Asadullah, 2014). There are various types of
gasi�cation technologies such as �x bed, moving the bed
and �uidized bed (Basu, 2013). Dual �uidized bed steam
gasi�cation is one of the latest technologies among them
(Göransson et al., 2011; Hofbauer et al., 2001).

Steam gasi�cation in a dual �uidized bed reactor is
a complex thermochemical process by which biomass
is converted to a mixture of combustible and non-
combustible gasses and other minor components. The
combustible gasses are called producer gas. The major
components of the producer gas are carbon monoxide, hy-
drogen, and methane. The non-combustible gasses are
carbon dioxide and water vapor (Hofbauer et al., 1997,
2002a,b). The principle of the dual �uidized bed gasi-
�cation reactor is shown in Figure 1. The reactor con-
sists of two parts where one is a bubbling �uidized bed
gasi�cation reactor, and the other is a circulating �uidized
bed combustion reactor. The gasi�cation reactions are en-
dothermic, and heat required for the reactions is supplied

by circulating hot bed materials from the combustion re-
actor (Kern et al., 2013). The bed material can be sand
or olivine particles. The primary purpose of the bed ma-
terial is to transfer heat from the combustion reactor to
the gasi�cation reactor. The bed material is heated in the
combustion reactor by burning char particles. The char
particles, are residual char after the gasi�cation process,
which is transported from the gasi�cation reactor to the
combustion reactor along with the bed materials.

Figure 1. Principle of dual �uidized bed gasi�cation system.

To optimize the performance of the reactor, gas-particle
�ow and combustion reaction should be optimized. It
means that the reactor should have a minimum �uctua-
tion of bed material temperature, steady transport of hot
bed material to the gasi�cation reactor and optimum gas
�ow rates (Snider and Banerjee, 2010). The temperature
of bed material depends on the combustion reaction. The
combustion reactions are dependent on the amount of oxy-
gen supply. In the combustion reactor, the oxygen for the
combustion reaction is provided from the air which is fed
to the reactor from three position as the bottom, primary
and secondary air.

The temperature of the bed material is self-controlled
by the reactor as a whole. If the temperature of circu-
lated bed material is low, the gasi�cation reaction rates
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become slower leaving more unreacted residual char par-
ticles to circulate to the combustion reactor. The more char
particles circulated to the combustion reactor, the more
the temperature of the bed materials is increased and vice
versa (Pfeifer et al., 2011; Wang and Chen, 2013). The
self-stabilization process requires two essential conditions
to be ful�lled. Firstly, the initial temperature of the bed
materials should be maintained near to the reaction tem-
perature (about 850� C) which is achieved by burning a
part of the producer gas to start up the reactor. Secondly,
it is important to maintain constant bed material circula-
tion rate which depends on the air feed rates and air feed
positions in the reactor. Previous studies performed by the
authors showed that the optimum ratio of bed materials to
biomass feed rate was 25-30 for Güssing plant (Thapa and
Halvorsen, 2014).

Preheated air is fed to the combustion reactor from the
bottom and two positions along the height of the reactor
as primary and secondary air. The air supplies neces-
sary oxygen for combustion reaction and simultaneously
serves as �uidizing gas to transport heated bed materials
to the gasi�cation reactor. The feed air is preheated to
achieve better combustion of char in the reactor.

It is not well understood, whether all residual char parti-
cles coming from the gasi�cation reactors are totally com-
busted during the �ow along the riser of the combustion
reactor. It is because the gas velocity in the combustion
reactor is high and the residence time may not be long
enough for all char particles to undergo complete com-
bustion. Moreover, the air feed should ensure suf�cient
oxygen to burn all char particles.

The �uid dynamics of the combustion reactor requires
the lower part of the reactor to be in bubbling �uidiza-
tion regime, which means that the bottom air feed velocity
should be lower. If the velocity is very high, a part of �ue
gas can pass to the gasi�cation reactor making the prod-
uct gas diluted by nitrogen and carbon dioxide contained
in the �ue gas, which is undesirable. The middle and up-
per parts are in the fast �uidization regime (Kaushal et al.,
2008a). Moreover, the �ow properties in the reactor vary
with height because of the three different feed position of
the bottom, primary and secondary air. The �ow param-
eters are different at different temperature due to density
and viscosity variation of the �uidizing gas.

A three-dimensional CPFD model is developed to study
and optimize �uid dynamic properties and reaction kinet-
ics in the combustion reactor. The gas-particle �ow is in-
vestigated in high-temperature �uid �ow with char com-
bustion. The model is simulated using the commercial
Computational Particle Fluid Dynamic (CPFD) software
Barracuda VR. 15. The effect of char combustion is stud-
ied with varying �ow rates of the bottom, primary and
secondary air�ow rates. The aim of the series of simu-
lation is to investigate char combustion in the reactor and
�ow rates of the bottom, primary and secondary air�ow
rates. All parameters used in the simulations are based on
the combustion riser in the biomass gasi�cation plant in

Güssing, Austria.

2 Mathematical Model
In this work, a Computational Particle Fluid Dynamic
(CPFD) model is applied to simulate the gas-solid �ow
with heat transfer and chemical reactions. The CPFD nu-
merical methodology incorporates multi-phase-particle-
in-cell (MP-PIC) method (Andrews and O'Rourke, 1996;
Snider, 2001). The gas phase is solved using Eulerian
grid and the particles are modeled as Lagrangian computa-
tional particles. Gas and particle momentum equations are
solved in three dimensions. The �uid is described by the
Navier-Stokes equation with strong coupling to the dis-
crete particles. The particle momentum follows the MP-
PIC description which is a Lagrangian description of par-
ticle motions described by ordinary differential equations
coupling with the �uid (Snider and Banerjee, 2010).

In the CPFD numerical method, actual particles are
grouped into computational particles, each containing a
number of particles with identical densities, volume and
velocities located at a speci�c position. The computa-
tional particle is a numerical approximation similar to the
numerical control volume where a spatial region has a sin-
gle property for the �uid. With these computational parti-
cles, large commercial systems containing billions of par-
ticles can be simulated using millions of computational
particles. This possibility of the CPFD numerical method
is used in this work to simulate the riser part of the large
scale dual �uidized bed steam gasi�cation plant.

Governing equations
The volume averaged �uid mass and momentum equa-
tions are:

¶(egr gug)
¶t

+ Ñ(egr gugug) = egÑp� F+ egr gg+ egt g (1)

whereeg, r g, andug are gas volume fraction, density and
velocity respectively, p is gas pressure,g is the accelera-
tion due to gravity,F is the rate of momentum exchange
per unit volume between the gas and solid phase andt g is
stress tensor which can be expressed in index notation as:

t g;i j = m
�

¶ui

¶x j
+

¶u j

¶xi

�
�

2
3

mdi j
¶uk

¶xk
(2)

wheremis shear viscosity. The shear viscosity is the sum
of laminar shear viscosity and turbulence viscosity based
on the Smagorinsky turbulence model. In the model, large
eddies are directly calculated. The unresolved sub-grid
turbulence is modeled by using eddy viscosity. The turbu-
lence viscosity is given as:

mt = Cr gD2

s �
¶ui

¶x j
+

¶u j

¶xi

� 2

(3)

where C is sub-grid eddy coef�cient and known as
Smagorinsky coef�cient.
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MP-PIC method calculates the particle phase dynamics
using the particle distribution function (PDF),fp. A trans-
port equation is solved for the PDF. The transport equation
for fp is given by [14] and is expressed as:

dfp

dt
+

¶( fpup)
dx

+
¶( fpAp)

du
=

fD � fp

t D
(4)

whereup is particle velocity, fD is the particle distribu-
tion function for the local mass averaged particle velocity
and t D is the collision damping time.Ap is the particle
acceleration which is given by:

Ap =
¶up

dt
= Dp (ug � up) �

1
r p

Ñpg+ g�
1

epr p
Ñt g+ g+ Fp

(5)
In the equation above,ep is particle volume fraction,r p
is particle density,pg is gas pressure,t p is contact nor-
mal stress. More details about thet p can be found in
(O'Rourke and Snider, 2010). Fp is the particle fric-
tion per unit mass, related to the relative particle motion
and becomes important at very low particle �ow at near
closed packed bed (Snider, 2007) andDp is the drag func-
tion. The Wen-Yu drag model is implemented in this work
(Wen, 1966).

Dp = CD
3
8

r g

r p

jug � upje� 2:65
g

rp
(6)

where

Dp = CD

(
24
Re

�
1+ 0:15Re0:678

�
; Re< 1000

0:44; Re� 1000
(7)

Re= r g
jug � upjrp

mg
and rp =

 
m

4
3pr p

! ( 1
3 )

(8)

3 Model Parameters and Geometry
The dimensions of the reactor are the same as the combus-
tion reactor in the biomass gasi�cation plant in Güssing,
Austria. The basic dimensions of the combustion part of
the reactor are shown in Table 1.

Table 1. Reactor Dimensions.

Dimensions Units Value

Diameter m 0.66
Height m 12
Primary air inlet m 1.5
Secondary air inlet m 3.5

In the plant, the gasi�cation and combustion occur si-
multaneously in the bubbling �uidized bed gasi�cation re-
actor and in circulating �uidized bed combustion reactor.
The whole reactor is a combination of these two. How-
ever, the aim of current study is only the combustion part

of the reactor. Therefore, the combustion part of the reac-
tor is separated in the model replacing circulation of the
bed materials by the inlet and outlet boundaries. Dotted
lines in Figure 2 show the control volume of model geom-
etry.

Figure 2. Control volume of model geometry.

In the CPFD computational model, grid generating and
solving �ow and reactions in a rectangular geometry is
better than in a circular geometry. For this reason, the cir-
cular diameter of the geometry is converted into rectangu-
lar with the equivalent cross-sectional area. The geometry
used in the CPFD model with all boundary conditions and
grids are shown in Figure 3.

Figure 3. Grid and boundary conditions of the riser.

The combustion reactor uses air as a �uidizing agent
as well as an oxidizing agent. The gas-particle �ow in-
volves a complex mixture of air, �ue gas, olivine particles
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