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Preface 
 

Special Issue on Cognitive Mobility 
 

One of the cornerstones of 21st Century global society is our ever-expanding 
mobility. Its sustainability within the current framework is increasingly 
questionable. Rapid digital development is giving us new tools to reduce the 
environmental footprint of our mobility system by increasing its efficiency; it is 
called cognitive mobility. 

The articles of this special edition cover the most relevant areas of cognitive 
mobility. One of the pillars of understanding better mobility is the use of smarter 
sensors. The paper “Data acquisition as basic of cognitive approach” shows a 
tangible example. The measured and collected data is the basis of further 
evaluations; one is presented in the paper “Investigating the energetics of electric 
vehicles based on real measurements.” As one of the main aims of the cognitive 
mobility approach is to develop mobility to be more sustainable, the energy use of 
vehicles is a key topic. Engines will play a role in the next decades; papers deal 
with increased efficiency of engines, such as “Cost-efficient training method for 
artificial neural networks based on engine measurements” or “Research on the 
Quantification of Exhaust Emission Volumes in an Opted Road Section.”  
The main energy converter could be an electric “Competition vs. Cooperation: Do 
Subsidies with Government-Set Eligibility Threshold Values Behave as Focal 
Points on the Hungarian BEV Market?” or partially at least partially internal 
combustion engine with liquid fuel “Evaluation of an Oil Refining Tower by 
Numerical Simulation”. Using cognitive tools for improving the drivetrain is 
essential as well, as presented in “Integrated Torque Vectoring Control Using 
Vehicle Yaw Rate and Sideslip Angle for Improving Steering and Stability of All 
Off–Wheel–Motor Drive Electric Vehicles” or in Energy condition measurement 
of gear shifting under load in commercial vehicles. 

One of the rapidly developing areas of cognitive mobility is the safety and security 
of the system. Understanding the challenges and research for the solution is a key 
topic is in authentication “Investigating the safety effect of PKI authentication in 
automotive systems”, in environment perception “Neural network-based multi-
class traffic-sign classification with the German Traffic Sign Recognition 
Benchmark” and relation with vulnerable participants as well, like in 
“Assessability of road accidents – a methodology for exploring the effect of 
accident type and data recording technology“ 

Handling the more wider aspects with interdisciplinary approach is as well part of 
cognitive mobility. Sustainability across generations is represented in “Who 
should communicate to make the world a greener place?”. Environment and 
pollution questions are appearing in “Adapting to climate change in the digital era 
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– a new dimension of regional sustainability?” and “Eye tracking study of visual 
pollution”. Transport management and Covid 19 challenges are touched as well 
with the cognitive mobility aspect in “Prediction of transport performance 
development due to the impact of COVID-19 measures in the context of 
sustainable mobility in railway passenger transport”  

It is time to express our special gratitude to Anna Sudár, Marianna Márkus, and 
Janka Patkó for giving technical background for this special issue. We are grateful 
to all the writers and co-authors for their dedication to developing contributions 
for this special issue and sharing their findings with the journal. Last but not least, 
we would like to thank the editorial board of the journal Acta Polytechnica 
Hungarica, Ms. Anikó Szakál, Prof. Imre J. Rudas, and Prof. Levente Kovács, for 
their help in publishing this Special Issue. 
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Abstract: The air quality in the urban zone is influenced by many factors, of which transport 
plays a significant role. Air quality has an impact on the health of inhabitants, demographic, 
urbanization processes, as well as a whole mobility, and is currently one of the most 
important challenges faced by municipal authorities. The article focuses on analyzing the 
impact of exhaust gases and their emissions produced by motor vehicles on the environment 
�L�Q���W�K�H���R�S�W�H�G���W�H�U�U�L�W�R�U�\�����Q�D�P�H�O�\���+�D�V�L�þ�V�N�i���6�W�U�H�H�W���L�Q���W�K�H���F�L�W�\���R�I���7�U�H�Q�þ�t�Q�����6�O�R�Y�D�N�L�D�����,�Q�Y�H�V�W�L�J�D�W�H�G��
and quantified emissions in the context of vehicles' mobility comply with a number of vehicles 
�U�H�J�L�V�W�H�U�H�G�� �L�Q�� �6�O�R�Y�D�N�L�D�� �7�K�H�� �S�U�L�P�D�U�\�� �W�D�V�N�� �R�I�� �W�K�H�� �U�H�V�H�D�U�F�K�� �L�V�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �D�P�R�X�Q�W�� �R�I��
produced emissions in the researched area without the use of measuring �W�H�F�K�Q�R�O�R�J�\�����,�W���L�V���D��
process of modeling emission coefficients on the basis of which it is possible to reliably 
determine the level of pollution in the monitored area. The research per se is based upon a 
traf�I�L�F���V�X�U�Y�H�\���F�D�U�U�L�H�G���R�X�W���R�Y�H�U���W�K�H���S�H�U�L�R�G���6�H�S�W�H�P�E�H�U-October 2021. Following the analysis, 
obtained �Y�D�O�X�H�V���Z�H�U�H���F�O�D�V�V�L�I�L�H�G���L�Q�W�R���F�H�U�W�D�L�Q���Y�H�K�L�F�O�H���F�D�W�H�J�R�U�L�H�V���U�H�J�L�V�W�H�U�H�G���L�Q���6�O�R�Y�D�N�L�D���Z�K�L�O�H��
observing the relevant EU Regulations. The research involved measuring the volume of 
exhaust emissions produced by vehicles when in motion through the examined transport 
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section. We further compared the resulting exhaust emissions with emissions automatically 
recorded by the national weather station. The levels of individual harmful substances 
�U�H�J�L�V�W�H�U�H�G���E�\���W�K�H���6�O�R�Y�D�N���+�\�G�U�R�P�H�W�H�R�U�R�O�R�J�L�F�D�O���,�Q�V�W�L�W�X�W�H���Z�H�U�H���Q�D�W�X�U�D�O�O�\���K�L�J�K�H�U���W�K�Dn the values 
achieved by the survey itself, as the weather station records emissions from multiple mobility 
�D�F�W�L�Y�L�W�L�H�V���� �,�Q�� �U�H�J�D�U�G�� �W�R�� �H�P�L�V�V�L�R�Q�V�� �R�E�W�D�L�Q�H�G�� �E�\�� �W�K�H�� �V�X�U�Y�H�\���� �Z�H�� �D�F�K�L�H�Y�H�G�� �U�H�O�D�W�H�G�� �Y�D�O�X�H�V�� �R�I��
indicators as follows: CO, HC, NOx, and PM. The category of passenger cars topped the list, 
as automobiles produced 90.17% pollutants of all the recorded vehicles. Bus services capped 
NOx emission production. The highest emission rates were detected between 2 and 3 pm due 
to the p�H�D�N�� �W�U�D�I�I�L�F�� �L�Q�� �W�K�H�� �R�E�V�H�U�Y�H�G�� �V�H�Ftion. The analysis has proved significantly lower 
emission volumes produced by haulage compared to other vehicle categories. 

Keywords: road transport; mobility; exhaust emissions; exhaust gases; weather station 

1 Introduction  

�7�K�D�Q�N�V�� �W�R�� �L�W�V�� �I�O�H�[�L�E�L�O�L�W�\���� �U�R�D�G�� �W�U�D�I�I�L�F�� �L�V�� �W�K�H�� �P�R�V�W�� �Y�L�D�E�O�H�� �Z�D�\�� �R�I���S�H�R�S�O�H'���P�R�E�L�O�L�W�\����
�U�D�Q�J�L�Q�J���I�U�R�P���W�K�H���X�V�H���R�I���O�L�J�K�W���Y�H�K�L�F�O�H�V���W�R���K�H�D�Y�\���X�W�L�O�L�W�\���F�R�P�E�X�V�W�L�R�Q���H�Q�J�L�Q�H���P�D�F�K�L�Q�H�V����
�7�K�H�V�H���H�Q�J�L�Q�H�V���D�U�H���S�R�Z�H�U�H�G���E�\���I�R�V�V�L�O���I�X�H�O�V���H�P�L�W�W�L�Q�J���K�D�U�P�I�X�O���J�D�V���V�X�E�V�W�D�Q�F�H�V���D�Q�G���V�R�O�L�G��
�S�D�U�W�L�F�O�H�V���� �S�X�W�W�L�Q�J�� �W�K�H�� �U�R�D�G�� �W�U�D�Q�V�S�R�U�W�� �V�H�F�W�R�U�� �R�Q�� �W�K�H�� �W�R�S�� �R�I�� �W�K�H�� �O�L�V�W�� �R�I���J�O�R�E�D�O��
�H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �D�Q�G�� �K�H�D�O�W�K�� �W�K�U�H�D�W�V�� �>��-���@���� �$�S�D�U�W�� �I�U�R�P�� �J�U�H�H�Q�K�R�X�V�H�� �J�D�V�H�V���� �H�[�K�D�X�V�W��
�H�P�L�V�V�L�R�Q�V���L�Q�Y�R�O�Y�H���H�Y�D�S�R�U�D�W�L�Y�H���D�Q�G���R�G�R�U�R�X�V���H�P�L�V�V�L�R�Q�V�����W�K�H���O�D�W�W�H�U���V�W�H�P�P�L�Q�J���I�U�R�P���W�L�U�H����
�E�U�D�N�H�� �O�L�Q�L�Q�J���� �F�O�X�W�F�K���D�Q�G�� �U�R�D�G�Z�D�\�� �Z�H�D�U�R�I�I�� �R�U�� �Y�H�K�L�F�O�H�� �F�R�U�U�R�V�L�R�Q�� �>��-���@���� �$�� �U�H�F�H�Q�W��
�G�U�D�P�D�W�L�F�� �S�R�S�X�O�D�W�L�R�Q�� �J�U�R�Z�W�K�����U�D�S�L�G�� �H�F�R�Q�R�P�L�F�� �G�H�Y�H�O�R�S�P�H�Q�W���� �X�U�E�D�Q�L�]�D�W�L�R�Q�� �D�Q�G�� �W�K�H��
�U�H�V�X�O�W�L�Q�J�� �H�[�S�R�Q�H�Q�W�L�D�O�� �L�Q�F�U�H�D�V�H�� �L�Q�� �D�X�W�R�P�R�W�L�Y�H�� �S�U�R�G�X�F�W�L�R�Q�� �L�Q�F�X�U�U�H�G�� �S�U�R�S�R�U�W�L�R�Q�D�O��
�K�H�D�O�W�K�� �U�L�V�N�V�� �>��-�����@���� �,�W�� �L�V���H�[�S�H�F�W�H�G�� �W�K�D�W�� �E�\�� ������������ �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �D�X�W�R�P�R�E�L�O�H�V�� �Z�L�O�O��
�Q�H�D�U�O�\���K�D�Y�H���G�R�X�E�O�H�G���X�S���W�R�������E�L�O�����$�Q�R�W�K�H�U���S�U�R�J�Q�R�V�L�V���V�X�J�J�H�V�W�V���W�K�D�W���W�K�H���W�R�W�D�O���R�I���U�R�D�G��
�Y�H�K�L�F�O�H�V���Z�L�O�O���K�D�Y�H���U�H�D�F�K�H�G�������R�U�������E�L�O���E�\�������������>�����@�����,�W���L�V���S�U�H�G�L�F�W�H�G���W�K�D�W���W�K�H���P�D�M�R�U�L�W�\��
�R�I�� �W�K�L�V�� �P�D�V�V�L�Y�H�� �X�S�V�X�U�J�H�� �Z�L�O�O�� �W�D�N�H���S�O�D�F�H�� �L�Q�� �$�V�L�D�Q�� �F�R�X�Q�W�U�L�H�V���� �H�V�S�H�F�L�D�O�O�\�� �&�K�L�Q�D�� �D�Q�G��
�,�Q�G�L�D���� �J�L�Y�H�Q�� �W�R�� �W�K�H�� �U�D�S�L�G�� �H�F�R�Q�R�P�L�F�� �G�H�Y�H�O�R�S�P�H�Q�W���� �S�U�R�V�S�H�U�L�W�\�� �D�Q�G�� �W�U�H�P�H�Q�G�R�X�V��
�S�R�S�X�O�D�W�L�R�Q���J�U�R�Z�W�K�����$���F�R�Q�V�L�G�H�U�D�E�O�H���L�Q�F�U�H�D�V�H���L�Q���*�1�3���L�Q���W�K�H�V�H���U�H�J�L�R�Q�V���Z�L�O�O���E�R�R�V�W���W�K�H��
�G�H�P�D�Q�G�� �I�R�U�� �P�R�W�R�U�� �Y�H�K�L�F�O�H�V�� �L�Q�F�O�X�G�L�Q�J�� �W�K�R�V�H�� �I�U�R�P�� �W�K�H�� �³�O�X�[�X�U�L�R�X�V�´�� �V�H�F�W�L�R�Q���� �,�W�� �L�V��
�W�K�H�U�H�E�\���I�R�U�H�V�H�H�Q���W�K�D�W���H�P�L�V�V�L�R�Q���U�D�W�H�V���S�U�R�G�X�F�H�G���E�\���U�R�D�G���W�U�D�I�I�L�F���Z�L�O�O���E�H���U�L�V�L�Q�J���R�Q���W�K�H��
�J�O�R�E�D�O���V�F�D�O�H���W�K�U�R�X�J�K���W�K�H���I�R�O�O�R�Z�L�Q�J���\�H�D�U�V���>�����@����

�7�U�D�I�I�L�F���L�Q���J�H�Q�H�U�D�O���L�V���U�H�V�S�R�Q�V�L�E�O�H���I�R�U���P�R�U�H���W�K�D�Q�����������R�I���J�U�H�H�Q�K�R�X�V�H���H�P�L�V�V�L�R�Q�V���L�Q���W�K�H��
�H�Q�W�L�U�H�� �(�8���� �E�H�L�Q�J�� �W�K�H�� �O�D�U�J�H�V�W�� �F�R�Q�W�U�L�E�X�W�R�U�� �W�R�� �W�K�H�� �F�O�L�P�D�W�H�� �F�K�D�Q�J�H���� �&�X�W�W�L�Q�J�� �G�R�Z�Q�� �R�Q��
�Y�H�K�L�F�O�H�� �H�P�L�V�V�L�R�Q�V�� �L�V�� �W�K�H�U�H�E�\�� �Y�L�W�D�O�� �I�R�U�� �U�H�D�F�K�L�Q�J�� �]�H�U�R�� �H�[�K�D�X�V�W�� �I�X�P�H�V�� �E�\�� ������������ �D�V��
�V�W�L�S�X�O�D�W�H�G�� �L�Q�� �(�8�¶�V�� �O�R�Q�J-�W�H�U�P�� �V�W�U�D�W�H�J�L�H�V�� �>�����@���� �&�X�U�U�H�Q�W�O�\���� �V�R�I�W�Z�D�U�H�� �S�U�R�J�U�D�P�V�� �D�Q�G��
�P�R�G�H�O�V�� �D�U�H�� �X�V�H�G�� �Z�L�W�K�L�Q�� �O�D�U�J�H�� �F�L�W�L�H�V�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �P�D�J�Q�L�W�X�G�H�� �R�I�� �H�[�K�D�X�V�W�� �J�D�V��
�H�P�L�V�V�L�R�Q�V���� �(�V�W�L�P�D�W�H�G�� �O�H�Y�H�O�V�� �R�I�� �H�P�L�V�V�L�R�Q�V�� �I�U�R�P�� �U�R�D�G�� �W�U�D�Q�V�S�R�U�W�� �F�D�Q���E�H�� �K�H�O�S�I�X�O�� �L�Q��
�D�V�V�H�V�V�L�Q�J���W�K�H���R�Y�H�U�D�O�O���D�L�U���T�X�D�O�L�W�\���L�Q���X�U�E�D�Q���D�U�H�D�V�����$���O�R�W���R�I���X�U�E�D�Q���S�U�R�M�H�F�W�V���W�K�H�U�H�E�\���U�H�O�\��
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�I�R�U���S�U�H�Y�H�Q�W�L�Q�J���W�K�H���P�R�Y�H�P�H�Q�W���R�I���S�D�V�V�H�Q�J�H�U���W�U�D�I�I�L�F���L�Q���W�K�H���E�X�L�O�W�X�S���D�U�H�D���R�I���F�L�W�L�H�V�����7�R���D��
�O�D�U�J�H�� �H�[�W�H�Q�W���� �W�K�H�� �V�W�X�G�\�� �F�R�X�O�G�� �E�H�� �E�H�Q�H�I�L�F�L�D�O�� �L�Q�� �E�X�L�O�G�L�Q�J�� �D�� �J�U�H�H�Q�� �S�R�O�L�F�\�� �D�Q�G��
�S�H�U�P�D�Q�H�Q�W�O�\���U�H�G�X�F�L�Q�J���H�P�L�V�V�L�R�Q�V���G�X�H���W�R���W�U�D�I�I�L�F���Z�L�W�K�L�Q���F�L�W�L�H�V����

�7�K�H���P�H�D�V�X�U�H�G���G�D�W�D���Z�H�U�H���F�R�P�S�D�U�H�G���Z�L�W�K���W�K�H���U�H�V�X�O�W�V���R�I���W�K�H���P�R�Q�L�W�R�U�L�Q�J���V�W�D�W�L�R�Q���R�I���W�K�H��
�6�O�R�Y�D�N�� �+�\�G�U�R�P�H�W�H�R�U�R�O�R�J�L�F�D�O�� �,�Q�V�W�L�W�X�W�H���� �'�X�H�� �W�R�� �W�K�H�� �L�Q�V�X�I�I�L�F�L�H�Q�W�� �F�R�Y�H�U�D�J�H�� �R�I�� �W�K�H��
�W�H�U�U�L�W�R�U�\�����W�K�H���G�D�W�D���U�H�V�X�O�W�V���K�D�Y�H���R�Q�O�\���L�Q�I�R�U�P�D�W�L�Y�H���F�K�D�U�D�F�W�H�U�����%�D�V�H�G���R�Q���W�K�H���L�Q�I�R�U�P�D�W�L�R�Q��
�R�Q�� �D�L�U�� �T�X�D�O�L�W�\���� �L�W�� �L�V�� �Q�R�W�� �S�R�V�V�L�E�O�H�� �W�R�� �L�P�S�O�H�P�H�Q�W�� �D�Q�\�� �V�W�H�S�V�� �W�K�D�W�� �Z�R�X�O�G�� �O�H�D�G�� �W�R�� �W�K�H��
�L�P�S�U�R�Y�H�P�H�Q�W�� �R�I�� �W�K�H�� �F�X�U�U�H�Q�W���P�R�E�L�O�L�W�\�� �V�L�W�X�D�W�L�R�Q�� �L�Q�� �W�K�H�� �W�H�U�U�L�W�R�U�\�� �R�I�� �W�K�H�� �6�O�R�Y�D�N��
�5�H�S�X�E�O�L�F���� �7�K�H�� �U�H�V�H�D�U�F�K�� �U�H�V�X�O�W�V�� �U�H�S�U�H�V�H�Q�W�� �D�� �X�Q�L�Y�H�U�V�D�O�� �W�R�R�O�� �E�D�V�H�G�� �R�Q���Z�K�L�F�K�� �W�K�H��
�L�Q�W�H�Q�V�L�W�\�� �R�I�� �D�L�U�� �S�R�O�O�X�W�L�R�Q�� �F�D�Q�� �E�H�� �S�U�H�G�L�F�W�H�G�� �Z�L�W�K�R�X�W�� �W�K�H�� �Q�H�H�G���R�I�� �L�Q�V�W�D�O�O�L�Q�J���V�S�H�F�L�I�L�F��
�P�H�D�V�X�U�H�P�H�Q�W���G�H�Y�L�F�H�V�����7�K�H���U�H�V�H�D�U�F�K���F�R�Q�G�X�F�W�H�G���L�V���W�K�H���R�Q�O�\���R�Q�H���R�I���L�W�V���N�L�Q�G���W�K�D�W�����E�D�V�H�G��
�R�Q�� �W�K�H�� �P�H�W�K�R�G�R�O�R�J�\�� �F�U�H�D�W�H�G���� �F�D�Q�� �T�X�D�Q�W�L�I�\���W�K�H�� �D�P�R�X�Q�W�� �R�I�� �D�L�U�� �S�R�O�O�X�W�L�R�Q�� �L�Q�� �D�� �J�L�Y�H�Q��
�D�U�H�D�����&�R�P�S�D�U�H�G���W�R���D�Q���D�L�U���T�X�D�O�L�W�\���P�H�D�V�X�U�L�Q�J���V�W�D�W�L�R�Q�����L�W���F�D�Q���S�U�R�Y�L�G�H���D�Q���D�S�S�U�R�D�F�K���I�R�U��
�L�P�S�U�R�Y�L�Q�J���D�L�U���T�X�D�O�L�W�\���Z�K�H�U�H�Y�H�U���L�W���L�V���S�O�D�F�H�G����

2 Data and Methods 

�7�K�H�� �S�U�H�U�H�T�X�L�V�L�W�H�� �I�R�U�� �W�K�H�� �F�R�U�U�H�F�W�� �F�D�O�F�X�O�D�W�L�R�Q�� �R�I�� �H�[�K�D�X�V�W�� �J�D�V�� �H�P�L�V�V�L�R�Q�V�� �Z�D�V�� �W�K�H��
�L�G�H�Q�W�L�I�L�F�D�W�L�R�Q�� �R�I�� �W�K�H�� �Q�X�P�E�H�U�� �D�Q�G�� �F�D�W�H�J�R�U�\�� �R�I�� �Y�H�K�L�F�O�H�V�� �R�Q�� �W�K�H�� �V�H�O�H�F�W�H�G�� �V�H�F�W�L�R�Q������
�7�R���R�E�W�D�L�Q���G�D�W�D���I�U�R�P���D���V�S�H�F�L�I�L�F���D�U�H�D�����D���W�U�D�I�I�L�F���V�X�U�Y�H�\���Z�D�V���F�D�U�U�L�H�G���R�X�W���R�Q���W�K�H����st���F�O�D�V�V��
�U�R�D�G�� �Q�R���� �������� �+�D�V�L�þ�V�N�i�� �6�W�U�H�H�W�� �L�Q�� �7�U�H�Q�þ�t�Q���� �6�O�R�Y�D�N�� �5�H�S�X�E�O�L�F���� �7�K�H�� �F�R�Q�G�X�F�W�H�G�� �W�U�D�I�I�L�F��
�V�X�U�Y�H�\�� �V�H�U�Y�H�V�� �D�V�� �W�K�H�� �S�U�L�P�D�U�\�� �V�R�X�U�F�H�� �R�I�� �G�D�W�D���� �E�D�V�H�G�� �R�Q�� �Z�K�L�F�K�� �W�K�H�� �S�U�R�G�X�F�W�L�R�Q�� �R�I��
�H�[�K�D�X�V�W�� �J�D�V�� �H�P�L�V�V�L�R�Q�V�� �I�U�R�P�� �W�U�D�I�I�L�F�� �D�F�W�L�Y�L�W�\�� �Z�D�V�� �F�D�O�F�X�O�D�W�H�G���� �7�K�H�� �V�X�U�Y�H�\�� �Z�D�V��
�F�R�Q�G�X�F�W�H�G�� �W�R�� �F�R�X�Q�W�� �Y�H�K�L�F�O�H�V�� �L�Q�� �E�R�W�K�� �W�U�D�I�I�L�F�� �G�L�U�H�F�W�L�R�Q�V���� �7�K�H�� �U�H�V�X�O�W�V�� �R�I�� �W�K�H�� �W�U�D�I�I�L�F��
�V�X�U�Y�H�\���F�D�Q���E�H���V�H�H�Q���L�Q���)�L�J�X�U�H��������

�7�K�H���V�X�U�Y�H�\���U�H�V�X�O�W�V�����)�L�J�X�U�H���������L�Q�G�L�F�D�W�H���F�D�W�H�J�R�U�L�H�V���D�Q�G���Q�X�P�E�H�U�V���R�I���Y�H�K�L�F�O�H�V���S�D�V�V�L�Q�J��
�W�K�U�R�X�J�K�� �W�K�H�� �P�R�Q�L�W�R�U�H�G�� �V�H�F�W�L�R�Q���� �7�K�H�� �G�L�D�J�U�D�P�� �V�X�J�J�H�V�W�V�� �S�D�V�V�H�Q�J�H�U�� �F�D�U�V�� �F�R�Q�V�W�L�W�X�W�L�Q�J��
�W�K�H�� �O�D�U�J�H�V�W�� �Q�X�P�E�H�U��-���������������� �Y�H�K�L�F�O�H�V���� �Z�K�L�O�H�� �1���� �³�/�2�5�5�<�´�� �W�U�X�F�N�V���F�R�P�S�U�L�V�H�G�� �W�K�H��
�V�P�D�O�O�H�V�W���D�P�R�X�Q�W��-�����������Y�H�K�L�F�O�H�V�����7�K�H���W�R�W�D�O���F�R�Q�W�U�L�E�X�W�L�R�Q���R�I���S�D�V�V�H�Q�J�H�U���F�D�U�V���W�R���U�H�O�H�D�V�H�G��
�S�R�O�O�X�W�D�Q�W�V���D�P�R�X�Q�W�V�������������������7�K�H���G�L�D�J�U�D�P�����U�H�G���F�X�U�Y�H�����V�K�R�Z�V���W�K�D�W���W�K�H���K�L�J�K�H�V�W���Q�X�P�E�H�U��
�R�I���Y�H�K�L�F�O�H�V�����L���H�������W�K�H���K�H�D�Y�L�H�V�W���U�R�D�G���O�R�D�G�����J�R�H�V���W�K�U�R�X�J�K���W�K�H���V�H�F�W�L�R�Q���E�H�W�Z�H�H�Q�������D�Q�G������
�S�P���� �I�R�O�O�R�Z�H�G���E�\�� ���� �D�Q�G�� ���� �D�P���� �Z�K�L�F�K�� �L�V�� �R�E�Y�L�R�X�V�O�\�� �U�H�O�D�W�H�G�� �W�R�� �W�K�H�� �U�X�V�K�� �K�R�X�U�� �L�Q�� �W�K�L�V��
�O�R�F�D�O�L�W�\����
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�)�L�J�X�U�H������

�1�X�P�E�H�U���R�I���Y�H�K�L�F�O�H�V���L�Q���W�K�H���P�R�Q�L�W�R�U�H�G���V�H�F�W�L�R�Q���>�D�X�W�K�R�Us���E�D�V�H�G���R�Q���D���W�U�D�I�I�L�F���V�X�U�Y�H�\�@��

�2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����W�K�H���I�L�J�X�U�H�V���I�H�O�O���W�R���D���W�U�R�X�J�K���E�H�W�Z�H�H�Q�������D�Q�G���������D�P���D�Q�G���Z�H�U�H���R�Q���D��
�V�O�L�G�H���D�J�D�L�Q���D�V���R�I�������S�P�����:�H���F�D�Q���W�K�H�U�H�E�\���S�U�H�G�L�F�W���W�K�D�W���W�K�H���P�R�Q�L�W�R�U�H�G���V�H�F�W�L�R�Q���Z�L�O�O���V�H�H��
�L�Q�F�U�H�D�V�H�G���H�[�K�D�X�V�W���H�P�L�V�V�L�R�Q���U�D�W�H�V���G�X�U�L�Q�J���W�K�H���U�X�V�K���K�R�X�U����

�,�Q�� �W�K�H�� �Y�L�F�L�Q�L�W�\�� �R�I�� �W�K�H�� �H�[�D�P�L�Q�H�G�� �V�H�F�W�L�R�Q���� �L�W�� �F�D�Q�� �I�L�Q�G�� �W�K�H�� �D�I�R�U�H�P�H�Q�W�L�R�Q�H�G�� �Z�H�D�W�K�H�U��
�V�W�D�W�L�R�Q�� ���)�L�J�X�U�H�� ������ �>�����@���� �%�D�V�H�G�� �R�Q�� �W�K�H�� �G�D�W�D�� �R�Q�� �W�K�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �D�L�U���S�R�O�O�X�W�D�Q�W�V��
�U�H�F�H�L�Y�H�G���I�U�R�P���W�K�H���K�\�G�U�R�P�H�W�H�R�U�R�O�R�J�L�F�D�O���L�Q�V�W�L�W�X�W�H���D�Q�G���I�L�J�X�U�H�V���R�E�W�D�L�Q�H�G���E�\���W�K�H���V�X�U�Y�H�\����
�Z�H���F�D�Q���H�[�S�O�R�U�H���W�K�H���H�[�W�H�Q�W���W�R���Z�K�L�F�K���U�R�D�G���W�U�D�I�I�L�F���L�V���U�H�V�S�R�Q�V�L�E�O�H���I�R�U���D�L�U���S�R�O�O�X�W�L�R�Q���Z�L�W�K�L�Q��
�W�K�H���V�S�H�F�L�I�L�F���U�R�D�G���V�H�F�W�L�R�Q����

�7�K�H���V�X�U�Y�H�\���W�R�R�N���S�O�D�F�H���L�Q���W�K�H���W�L�P�H���L�Q�W�H�U�Y�D�O���R�I���������K�R�X�U�V���R�Q�������������������������I�U�R�P�����D�P���W�R��
���S�P���R�Q���Y�H�K�L�F�O�H���F�D�W�H�J�R�U�L�H�V���D�V���I�R�O�O�R�Z�V����

-���S�D�V�V�H�Q�J�H�U���F�D�U�V����

-���1�����F�D�W�H�J�R�U�\���Z�L�W�K���W�K�H���P�D�[�L�P�X�P���S�H�U�P�L�V�V�L�E�O�H���O�R�D�G���Q�R�W���H�[�F�H�H�G�L�Q�J�����������W�����9�D�Q������

-���1�����F�D�W�H�J�R�U�\���Z�L�W�K���W�K�H���P�D�[�L�P�X�P���S�H�U�P�L�V�V�L�E�O�H���O�R�D�G���I�U�R�P�����������X�S���W�R���������W�����/�R�U�U�\������

-���1�����F�D�W�H�J�R�U�\���Z�L�W�K���W�K�H���P�D�[�L�P�X�P���S�H�U�P�L�V�V�L�E�O�H���O�R�D�G���H�[�F�H�H�G�L�Q�J���������W�����6�H�P�L���7�U�D�L�O�H�U������

-���E�X�V�H�V����

�0�H�D�V�X�U�H�G���H�P�L�V�V�L�R�Q�V���Z�H�U�H���V�X�E�V�H�T�X�H�Q�W�O�\���H�Y�D�O�X�D�W�H�G���D�Q�G���F�R�P�S�D�U�H�G���W�R���Y�D�O�X�H�V���I�U�R�P���W�K�H��
�Z�H�D�W�K�H�U���V�W�D�W�L�R�Q���� �7�K�H�� �V�X�U�Y�H�\�� �F�R�Y�H�U�H�G�� �S�R�O�O�X�W�D�Q�W�V���� �&�2���� �+�&���� �1�2�[���D�Q�G�� �3�0���� �7�K�H�V�H��
�K�D�U�P�I�X�O�� �V�X�E�V�W�D�Q�F�H�V�� �Z�H�U�H�� �H�P�L�W�W�H�G�� �I�U�R�P�� �D�O�O�� �W�K�H�� �P�R�Q�L�W�R�U�H�G�� �Y�H�K�L�F�O�H�� �F�D�W�H�J�R�U�L�H�V����
�D�O�O�R�Z�L�Q�J���X�V���W�R���G�U�D�Z���D���F�O�R�V�H���F�R�P�S�D�U�L�V�R�Q����
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�)�L�J�X�U�H������

�0�H�D�V�X�U�H�G���V�H�F�W�L�R�Q���D�Q�G���O�R�F�D�W�L�R�Q���R�I���W�K�H���Z�H�D�W�K�H�U���V�W�D�W�L�R�Q�����D�X�W�K�R�U�V���D�F�F�R�U�G�L�Q�J���W�R���Z�Z�Z���P�D�S�\���F�]����

�3�D�V�V�H�Q�J�H�U�� �F�D�U�� �F�D�W�H�J�R�U�\�� �L�Q�F�O�X�G�H�G���Y�H�K�L�F�O�H�V�� �U�H�J�L�V�W�H�U�H�G���L�Q���W�K�H�� �W�H�U�U�L�W�R�U�\�� �R�I�� �W�K�H�� �6�O�R�Y�D�N��
�5�H�S�X�E�O�L�F�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �L�Q�W�H�U�Q�D�O�� �G�D�W�D�E�D�V�H�� �R�I�� �W�K�H�� �0�L�Q�L�V�W�U�\�� �R�I���W�K�H�� �,�Q�W�H�U�L�R�U���� �:�H��
�I�X�U�W�K�H�U�� �F�O�D�V�V�L�I�L�H�G�� �W�K�H�� �Y�H�K�L�F�O�H�V�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �W�\�S�H�� �R�I�� �I�X�H�O���� �F�R�P�S�U�L�V�L�Q�J�� �W�Z�R��
�F�D�W�H�J�R�U�L�H�V����

•�� �S�H�W�U�R�O-�S�R�Z�H�U�H�G���Y�H�K�L�F�O�H�V�����U�H�S�U�H�V�H�Q�W�L�Q�J�����������R�I���D�O�O���U�H�J�L�V�W�H�U�H�G���Y�H�K�L�F�O�H�V����

•�� �G�L�H�V�H�O-�S�R�Z�H�U�H�G���Y�H�K�L�F�O�H�V�����U�H�S�U�H�V�H�Q�W�L�Q�J�����������R�I���D�O�O���U�H�J�L�V�W�H�U�H�G���Y�H�K�L�F�O�H�V����

�7�K�H�� �Q�H�[�W�� �V�W�H�S�� �L�Q�Y�R�O�Y�H�G�� �W�K�H�� �D�Q�D�O�\�V�L�V�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �F�D�W�H�J�R�U�L�H�V���� �I�R�O�O�R�Z�H�G�� �E�\�� �D��
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Assessability of Road Accidents – a 
Methodology for Exploring the Effect of 
Accident Type and Data Recording Technology 

Vida Gábor1, Wenszky Nóra2, Török Árpád 1��

1���'�H�S�D�U�W�P�H�Q�W���R�I���$�X�W�R�P�R�W�L�Y�H���7�H�F�K�Q�R�O�R�J�L�H�V�����)�D�F�X�O�W�\���R�I���7�U�D�Q�V�S�R�U�W�D�W�L�R�Q���(�Q�J�L�Q�H�H�U�L�Q�J��
�D�Q�G���9�H�K�L�F�O�H���(�Q�J�L�Q�H�H�U�L�Q�J�����%�X�G�D�S�H�V�W���8�Q�L�Y�H�U�V�L�W�\���R�I���7�H�F�K�Q�R�O�R�J�\���D�Q�G���(�F�R�Q�R�P�L�F�V��
�6�W�R�F�]�H�N���X�W�F�D�������������������%�X�G�D�S�H�V�W�����+�X�Q�J�D�U�\��
e-�P�D�L�O�����Y�L�G�D���J�D�E�R�U�#�N�M�N���E�P�H���K�X�����W�R�U�R�N���D�U�S�D�G�#�N�M�N���E�P�H���K�X��
2���&�H�Q�W�U�H���R�I���0�R�G�H�U�Q���/�D�Q�J�X�D�J�H�V�����)�D�F�X�O�W�\���R�I���(�F�R�Q�R�P�L�F���D�Q�G���6�R�F�L�D�O���6�F�L�H�Q�F�H�V����
�%�X�G�D�S�H�V�W���8�Q�L�Y�H�U�V�L�W�\���R�I���7�H�F�K�Q�R�O�R�J�\���D�Q�G���(�F�R�Q�R�P�L�F�V��
�(�J�U�\���-�y�]�V�H�I���X�W�F�D�������������������%�X�G�D�S�H�V�W�����+�X�Q�J�D�U�\��
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Abstract: Road accidents are reconstructed by forensic experts to reveal the causes of 
accidents and help authorities determine liability. However, how well an accident is 
assessable depends on various factors. The database-independent methodology proposed 
here makes it possible to explore the relationship between assessability, accident type and 
data recording technology. A combination of statistical tests (Mann–Whitney U Test, 
Wilcoxon Signed-rank Test, Kruskal–Wallis Test with Bonferroni Correction) are to be 
applied to a database of road accidents. As a result of these tests, it can be determined how 
the assessability of various accident types can be improved by the development in data 
recording technologies. This widely applicable, novel tool of the Cognitive Mobility realm is 
in practice a methodology for exploring the assessability of various types of road accidents. 
It can help decision-makers determine the development directions of new technologies. 

Keywords: accident reconstruction; assessability; statistical methods; data recording 
technology; forensic expert 

1 Introduction  
�5�R�D�G�� �D�F�F�L�G�H�Q�W�� �U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���� �D�V�� �L�W�V�� �Q�D�P�H�� �L�P�S�O�L�H�V���� �L�V�� �D�� �S�U�R�F�H�V�V�� �W�K�D�W�� �J�R�H�V�� �L�Q�� �W�K�H��
�R�S�S�R�V�L�W�H�� �G�L�U�H�F�W�L�R�Q�� �D�V�� �G�H�V�L�J�Q�L�Q�J�� �D�Q�G�� �F�R�Q�V�W�U�X�F�W�L�R�Q���� �:�K�L�O�H�� �G�H�V�L�J�Q�H�U�V�� �F�D�O�F�X�O�D�W�H�� �Z�K�D�W��
�F�R�X�O�G�� �K�D�S�S�H�Q�� �L�I�� �I�R�U�F�H�V�� �D�U�H�� �H�[�H�U�W�H�G�� �R�Q�� �D�� �V�W�U�X�F�W�X�U�H�� �E�X�L�O�W�� �I�U�R�P�� �W�K�H���J�L�Y�H�Q�� �P�D�W�H�U�L�D�O�V����
�I�R�U�H�Q�V�L�F���H�[�S�H�U�W�V���G�H�W�H�U�P�L�Q�H���Z�K�D�W���S�U�R�F�H�V�V�H�V���P�D�\���K�D�Y�H���W�D�N�H�Q���S�O�D�F�H�����Z�K�D�W���I�R�U�F�H�V���P�D�\��
�K�D�Y�H���E�H�H�Q���H�[�H�U�W�H�G���L�I���W�K�H���J�L�Y�H�Q���D�F�F�L�G�H�Q�W���K�D�S�S�H�Q�H�G�����,�Q���R�U�G�H�U���W�R���E�H���D�E�O�H���W�R���U�H�F�R�Q�V�W�U�X�F�W��
�D�Q���D�F�F�L�G�H�Q�W�����D�Q�G���W�K�X�V���G�H�W�H�U�P�L�Q�H���F�D�X�V�H�V���D�Q�G���O�L�D�E�L�O�L�W�\�����E�D�V�L�F�D�O�O�\���D�V���P�X�F�K���G�D�W�D���V�K�R�X�O�G��
�E�H���R�E�W�D�L�Q�H�G���D�E�R�X�W���W�K�H���F�D�V�H���D�V���S�R�V�V�L�E�O�H�����7�K�H���U�D�Q�J�H���R�I���G�D�W�D���X�V�H�G���I�R�U���W�K�H���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q��
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�S�U�R�F�H�V�V���L�V���Z�L�G�H�����%�H�L�Q�J���V�W�D�W�L�F�����V�R�P�H���G�D�W�D���D�U�H���H�D�V�\���W�R���R�E�W�D�L�Q�����V�X�F�K���D�V���L�Q�I�R�U�P�D�W�L�R�Q���R�Q��
�W�K�H���W�H�U�U�D�L�Q���R�I���W�K�H���D�F�F�L�G�H�Q�W���V�L�W�H�����W�K�H���P�D�N�H���R�I���W�K�H���Y�H�K�L�F�O�H�V���L�Q�F�O�X�G�H�G���R�U���W�K�H���W�U�D�I�I�L�F���U�X�O�H�V��
�Y�D�O�L�G���D�W���W�K�H���J�L�Y�H�Q���V�H�F�W�L�R�Q���R�I���W�K�H���U�R�D�G�����2�W�K�H�U���G�D�W�D���P�X�V�W���E�H���U�H�F�R�U�G�H�G���D�I�W�H�U���W�K�H���Z�K�R�O�H��
�S�U�R�F�H�V�V���� �H���J���� �W�K�H�� �S�R�V�L�W�L�R�Q�� �R�I�� �W�K�H�� �Y�H�K�L�F�O�H�V���� �V�N�L�G�� �P�D�U�N�V���� �L�Q�M�X�U�L�H�V�� �D�Q�G���W�K�H�� �G�D�P�D�J�H��
�F�D�X�V�H�G����

�+�R�Z�H�Y�H�U���� �W�K�H�� �V�X�F�F�H�V�V�� �R�I�� �D�F�F�L�G�H�Q�W�� �U�H�F�R�Q�V�W�U�X�F�W�L�R�Q�� �G�R�H�V�� �Q�R�W�� �V�R�O�H�O�\�� �G�H�S�H�Q�G�� �R�Q�� �W�K�H��
�D�P�R�X�Q�W���R�I���G�D�W�D���F�R�O�O�H�F�W�H�G�����7�K�H���D�V�V�H�V�V�D�E�L�O�L�W�\���R�I���D�Q���D�F�F�L�G�H�Q�W�����L���H�����K�R�Z���Z�H�O�O���W�K�H���S�U�R�F�H�V�V��
�F�D�Q���E�H���U�H�F�R�Q�V�W�U�X�F�W�H�G���D�Q�G���K�R�Z���P�X�F�K���O�L�D�E�L�O�L�W�\���F�D�Q���E�H���G�H�W�H�U�P�L�Q�H�G�����G�H�S�H�Q�G�V���R�Q���Y�D�U�L�R�X�V��
�R�W�K�H�U���I�D�F�W�R�U�V���D�V���Z�H�O�O�����L�Q�F�O�X�G�L�Q�J���D�F�F�L�G�H�Q�W���W�\�S�H�����H���J�����K�H�D�G-�R�Q���F�R�O�O�L�V�L�R�Q���Y�V�����O�H�D�Y�L�Q�J���W�K�H��
�W�U�D�F�N�������G�D�W�D���T�X�D�O�L�W�\�����H���J�����D�F�F�X�U�D�F�\�����D�Q�G���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�\�����H���J�����\�D�Z���P�D�U�N�V��
�S�K�R�W�R�J�U�D�S�K�H�G���Y�V�����V�S�H�H�G���G�D�W�D���U�H�F�R�U�G�H�G���E�\���W�K�H���Y�H�K�L�F�O�H�¶�V���W�D�F�K�R�J�U�D�S�K�������,�I���L�W���L�V���N�Q�R�Z�Q��
�K�R�Z���W�K�H�V�H���G�L�I�I�H�U�H�Q�W���I�D�F�W�R�U�V���D�I�I�H�F�W���O�H�Y�H�O���R�I���D�V�V�H�V�V�D�E�L�O�L�W�\�����G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�L�H�V��
�F�D�Q���E�H���G�H�Y�H�O�R�S�H�G���L�Q�� �D�� �Z�D�\�� �W�K�D�W���F�R�X�O�G���P�D�N�H�� �D�F�F�L�G�H�Q�W���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���P�R�U�H�� �S�U�H�F�L�V�H��
�Q�R�W�� �R�Q�O�\�� �I�R�U�� �D�O�O�� �D�F�F�L�G�H�Q�W�� �W�\�S�H�V���� �E�X�W�� �I�R�U�� �D�� �V�S�H�F�L�I�L�F�� �D�F�F�L�G�H�Q�W�� �W�\�S�H���L�I�� �Q�H�F�H�V�V�D�U�\����
�0�R�U�H�R�Y�H�U�����E�D�V�H�G���R�Q���V�X�F�K���D���T�X�D�Q�W�L�I�L�F�D�W�L�R�Q���P�H�W�K�R�G�R�O�R�J�\�����L�W���P�D�\���E�H���G�H�W�H�U�P�L�Q�H�G���Z�K�D�W��
�G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�\���L�V���U�H�T�X�L�U�H�G���I�R�U���D���F�H�U�W�D�L�Q���D�F�F�L�G�H�Q�W���W�\�S�H���W�R���E�H���D�V�V�H�V�V�H�G���D�W��
�W�K�H�� �K�L�J�K�H�V�W�� �S�R�V�V�L�E�O�H�� �O�H�Y�H�O���� �&�R�Q�Y�H�U�V�H�O�\���� �L�I�� �Z�H�� �N�Q�R�Z�� �W�K�H�� �D�S�S�O�L�H�G�� �G�D�W�D�� �U�H�F�R�U�G�L�Q�J��
�W�H�F�K�Q�R�O�R�J�\�����Z�H���F�D�Q���S�U�H�G�L�F�W���W�K�H���O�H�Y�H�O���R�I���D�V�V�H�V�V�D�E�L�O�L�W�\���I�R�U���H�D�F�K���D�F�F�L�G�H�Q�W���W�\�S�H����

�:�L�W�K�� �W�K�H�� �H�P�H�U�J�H�Q�F�H�� �R�I�� �K�L�J�K�O�\�� �R�U�� �I�X�O�O�\�� �D�X�W�R�P�D�W�H�G�� �Y�H�K�L�F�O�H�V�����L���H���� �D�� �F�R�J�Q�L�W�L�Y�H��
�P�X�O�W�L�P�Rd�D�O���W�U�D�Q�V�S�R�U�W���V�\�V�W�H�P���>���@�����Q�H�Z���W�\�S�H�V���R�I���D�F�F�L�G�H�Q�W�V���D�U�H���H�[�S�H�F�W�H�G���W�R���R�F�F�X�U�����,�Q��
�R�U�G�H�U�� �W�R�� �E�H�� �D�E�O�H�� �W�R�� �U�H�F�R�Q�V�W�U�X�F�W�� �D�Q�G�� �D�V�V�H�V�V�� �W�K�H�V�H�� �\�H�W�� �X�Q�N�Q�R�Z�Q�� �D�F�F�L�G�H�Q�W�� �W�\�S�H�V����
�S�U�R�E�D�E�O�\�� �Q�H�Z�� �G�D�W�D�� �U�H�F�R�U�G�L�Q�J�� �W�H�F�K�Q�R�O�R�J�L�H�V�� �Q�H�H�G�� �W�R�� �E�H�� �G�H�Y�H�O�R�S�H�G���� �7�K�H�� �P�R�G�H�O��
�S�U�H�V�H�Q�W�H�G���K�H�U�H���L�V���I�U�H�H�O�\���H�[�S�D�Q�G�D�E�O�H�����L���H�����H�P�H�U�J�L�Q�J���D�F�F�L�G�H�Q�W���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�L�H�V��
�D�Q�G���D�F�F�L�G�H�Q�W���W�\�S�H�V���F�D�Q���D�O�V�R���E�H���D�G�G�H�G���W�R���L�W�����7�K�L�V���Z�D�\�����W�K�H���H�I�I�H�F�W�L�Y�H�Q�H�V�V���R�I���W�K�H���Q�H�Z��
�W�H�F�K�Q�R�O�R�J�L�H�V���F�D�Q���D�O�V�R���E�H���P�H�D�V�X�U�H�G�����$�O�V�R�����W�K�H���P�H�W�K�R�G�R�O�R�J�\���F�D�Q���E�H���F�X�V�W�R�P�L�]�H�G���W�R���W�K�H��
�Q�H�H�G�V���R�I���X�V�H�U�V��–���P�D�\�E�H���I�R�U���D���F�H�U�W�D�L�Q���G�D�W�D�E�D�V�H�����P�R�U�H���D�F�F�L�G�H�Q�W���F�D�W�H�J�R�U�L�H�V���V�K�R�X�O�G���E�H��
�H�V�W�D�E�O�L�V�K�H�G���R�U���P�R�U�H���O�H�Y�H�O�V���R�I���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�L�H�V���D�U�H���W�R���E�H���H�[�S�O�R�U�H�G����

�,�Q�� �R�U�G�H�U�� �W�R�� �E�H�� �D�E�O�H�� �W�R�� �G�H�Y�H�O�R�S�� �D�Q�G�� �R�S�H�U�D�W�H�� �H�I�I�L�F�L�H�Q�W���� �V�D�I�H�� �D�Q�G�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�O�\��
�I�U�L�H�Q�G�O�\���P�R�E�L�O�L�W�\���V�\�V�W�H�P�V���D�Q�G���Y�H�K�L�F�O�H���Q�H�W�Z�R�U�N�V�����L�W���L�V���L�Q�G�L�V�S�H�Q�V�D�E�O�H���W�R���L�G�H�Q�W�L�I�\���W�K�H��
�I�D�F�W�R�U�V���W�K�D�W���L�Q�I�O�X�H�Q�F�H���W�K�H���R�S�H�U�D�W�L�R�Q���R�I���W�K�H���Y�D�U�L�R�X�V���Q�H�W�Z�R�U�N�V�����$�V���D���U�H�V�X�O�W�����W�K�H���U�R�O�H���R�I��
�X�Q�F�R�Q�V�F�L�R�X�V�����L�U�U�D�W�L�R�Q�D�O�� �I�D�F�W�R�U�V�� �L�Q�� �W�K�H�� �G�H�F�L�V�L�R�Q���P�D�N�L�Q�J�� �S�U�R�F�H�V�V�� �D�E�R�X�W�� �P�R�E�L�O�L�W�\��
�Q�H�W�Z�R�U�N�V���P�D�\���E�H���P�L�Q�L�P�L�]�H�G�����7�K�H���D�L�P���R�I���W�K�L�V���D�U�W�L�F�O�H���L�V���W�R���V�K�R�Z���K�R�Z���L�W���L�V���S�R�V�V�L�E�O�H���W�R��
�L�G�H�Q�W�L�I�\���W�K�H���G�D�W�D���W�K�D�W���V�K�R�X�O�G���E�H���F�R�O�O�H�F�W�H�G���W�R���K�H�O�S���L�G�H�Q�W�L�I�\���W�K�H���F�D�X�V�D�O���O�L�Q�N�V���W�K�D�W���O�H�D�G��
�W�R���D�F�F�L�G�H�Q�W�V���L�Q���W�K�H���E�H�V�W���Z�D�\����

�7�K�L�V���V�W�X�G�\���S�U�H�V�H�Q�W�V���D���Q�R�Y�H�O���P�H�W�K�R�G�R�O�R�J�\���E�D�V�H�G���R�Q���Y�D�U�L�R�X�V���V�W�D�W�L�V�W�L�F�D�O���P�H�W�K�R�G�V���I�R�U��
�T�X�D�Q�W�L�I�\�L�Q�J�� �K�R�Z�� �D�F�F�L�G�H�Q�W�� �W�\�S�H�� �D�Q�G�� �G�D�W�D�� �U�H�F�R�U�G�L�Q�J�� �W�H�F�K�Q�R�O�R�J�\�� �D�I�I�H�F�W�� �W�K�H��
�D�V�V�H�V�V�D�E�L�O�L�W�\���R�I���U�R�D�G���D�F�F�L�G�H�Q�W�V�����6�H�F�W�L�R�Q�������F�O�D�U�L�I�L�H�V���E�D�V�L�F���F�R�Q�F�H�S�W�V���D�Q�G���U�H�Y�L�H�Z�V���W�K�H��
�U�H�O�H�Y�D�Q�W���O�L�W�H�U�D�W�X�U�H�����,�Q���6�H�F�W�L�R�Q���������W�K�H���P�H�W�K�R�G�R�O�R�J�L�F�D�O���V�W�H�S�V���D�U�H���G�H�V�F�U�L�E�H�G���L�Q���G�H�W�D�L�O�����W�K�H��
�V�W�D�W�L�V�W�L�F�D�O���P�H�W�K�R�G�V���W�R���H�[�S�O�R�U�H���W�K�H���S�R�V�V�L�E�O�H���G�L�I�I�H�U�H�Q�F�H�V���E�H�W�Z�H�H�Q���D�F�F�L�G�H�Q�W���W�\�S�H�V���D�Q�G��
�G�D�W�D�� �U�H�F�R�U�G�L�Q�J�� �W�H�F�K�Q�R�O�R�J�L�H�V�� �D�U�H�� �S�U�H�V�H�Q�W�H�G���� �6�H�F�W�L�R�Q�� ���� �F�R�Q�F�O�X�G�H�V�� �W�K�H�� �D�U�W�L�F�O�H������
�7�K�H���P�H�W�K�R�G�R�O�R�J�\���S�U�H�V�H�Q�W�H�G���K�H�U�H���Z�D�V���G�H�Y�H�O�R�S�H�G���E�D�V�H�G���R�Q���D���G�D�W�D�E�D�V�H���R�I���U�H�D�O���U�R�D�G��
�D�F�F�L�G�H�Q�W�V���>2�@����
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2 Background 
�7�K�H���E�D�V�L�F���F�R�Q�F�H�S�W�V���X�V�H�G���L�Q���W�K�L�V���V�W�X�G�\���D�U�H���G�H�I�L�Q�H�G���D�V���I�R�O�O�R�Z�V����

�x �7�K�H��assessability of an accident���L�V���W�K�H���G�H�J�U�H�H���W�R���Z�K�L�F�K���W�K�H���F�D�X�V�H�V���R�I���W�K�H��
�D�F�F�L�G�H�Q�W���D�Q�G���O�L�D�E�L�O�L�W�\���F�D�Q���E�H���G�H�W�H�U�P�L�Q�H�G���E�D�V�H�G���R�Q���W�K�H���D�Y�D�L�O�D�E�O�H���G�D�W�D�����)�R�X�U��
�F�D�W�H�J�R�U�L�H�V���R�I���D�V�V�H�V�V�D�E�L�O�L�W�\���D�U�H���V�H�W���X�S���K�H�U�H�����7�D�E�O�H����������

�7�D�E�O�H������

�$�F�F�L�G�H�Q�W���D�V�V�H�V�V�D�E�L�O�L�W�\���O�H�Y�H�O�V��

���������� ��

�x Traditional data recording technology�����70���� �L�V�� �W�K�H�� �W�H�F�K�Q�R�O�R�J�\�� �W�R�� �E�H��
�D�S�S�O�L�H�G���E�\���W�K�H���S�R�O�L�F�H���L�Q���W�K�H���F�D�V�H���R�I���D���U�R�D�G���D�F�F�L�G�H�Q�W���R�U���D���W�U�D�I�I�L�F���F�U�L�P�H�����)�R�U��
�H�[�D�P�S�O�H���� �L�Q�� �+�X�Q�J�D�U�\�� �W�K�H�� �W�H�F�K�Q�R�O�R�J�\�� �L�V�� �G�H�I�L�Q�H�G�� �E�\�� �W�K�H�� �U�H�O�H�Y�D�Q�W�� �3�R�O�L�F�H��
�'�H�F�U�H�H���>���@���� 

�x EDR data recording technology�����71���� �L�V�� �G�H�I�L�Q�H�G�� �D�V�� �W�U�D�G�L�W�L�R�Q�D�O�� �G�D�W�D��
�U�H�F�R�U�G�L�Q�J�� �W�H�F�K�Q�R�O�R�J�\�� �F�R�P�S�O�H�P�H�Q�W�H�G�� �E�\�� �D�F�F�L�G�H�Q�W�� �G�D�W�D�� �U�H�F�R�U�G�H�G�� �L�Q�� �W�K�H��
�(�Y�H�Q�W�� �'�D�W�D�� �5�H�F�R�U�G�H�U�� �P�R�G�X�O�H�V�� �R�I�� �W�K�H�� �Y�H�K�L�F�O�H�V�� �S�D�U�W�L�F�L�S�D�W�L�Q�J�� �L�Q�� �W�K�H�� �J�L�Y�H�Q��
�D�F�F�L�G�H�Q�W�����D�V���G�H�I�L�Q�H�G���E�\���W�K�H���U�H�J�X�O�D�W�R�U�\���I�U�D�P�H�Z�R�U�N���>���@�� 

�x EDR+ data recording technology ���72�� �L�V���G�H�I�L�Q�H�G���D�V���(�'�5���G�D�W�D���U�H�F�R�U�G�L�Q�J��
�W�H�F�K�Q�R�O�R�J�\���F�R�P�S�O�H�P�H�Q�W�H�G���E�\���G�D�W�D���U�H�F�R�U�G�H�G���L�Q���K�L�J�K�O�\���D�X�W�R�P�D�W�H�G���R�U���I�X�O�O�\��
�D�X�W�R�P�D�W�H�G���Y�H�K�L�F�O�H�V�����7�K�H�V�H���H�[�W�U�D���G�D�W�D���P�D�\���L�Q�F�O�X�G�H���*�3�6���F�R�R�U�G�L�Q�D�W�H�V�����*�3�6��
�W�L�P�H���� �Y�L�G�H�R�� �U�H�F�R�U�G�L�Q�J�V�� �R�I�� �W�K�H�� �D�F�F�L�G�H�Q�W�� �H�Q�Y�L�U�R�Q�P�H�Q�W���� �H�O�H�P�H�Q�W�V���R�E�M�H�F�W�V�� �L�Q��
�W�K�H���W�U�D�I�I�L�F���H�Q�Y�L�U�R�Q�P�H�Q�W���D�Q�G���W�K�H�L�U���G�L�V�W�D�Q�F�H���I�U�R�P���W�K�H���H�J�R���Y�H�K�L�F�O�H�����)�L�J�X�U�H�������� 

�x Accident type �L�V���W�K�H���F�D�W�H�J�R�U�\���R�I���D���J�L�Y�H�Q���D�F�F�L�G�H�Q�W���S�U�R�F�H�V�V�����G�H�W�H�U�P�L�Q�H�G���E�\��
�W�K�H���P�R�V�W���S�U�R�P�L�Q�H�Q�W���S�U�R�S�H�U�W�\���R�I���W�K�H���D�F�F�L�G�H�Q�W���Z�L�W�K���U�H�J�D�U�G���W�R���D�F�F�L�G�H�Q�W���F�D�X�V�H�V��
�D�Q�G���O�L�D�E�L�O�L�W�\�����7�K�H���V�H�Y�H�Q���F�D�W�H�J�R�U�L�H�V�����G�H�Q�R�W�H�G���$1–�$7�����X�V�H�G���L�Q���W�K�L�V���V�W�X�G�\���Z�H�U�H��
�V�H�W���X�S���E�D�V�H�G���R�Q���W�K�H���I�R�O�O�R�Z�L�Q�J���S�U�R�S�H�U�W�L�H�V�����U�H�O�D�W�L�Y�H���S�R�V�L�W�L�R�Q���R�I���W�K�H���F�R�O�O�L�G�H�G��
�Y�H�K�L�F�O�H�V�� ���H���J������rear-�H�Q�G���� �R�U�� �W�K�H�� �F�R�Q�I�O�L�F�W�� �W�\�S�H�� ���H���J�������O�D�Q�H�� �F�K�D�Q�J�L�Q�J���� �R�U�� �W�K�H��
�W�U�D�I�I�L�F���H�Q�Y�L�U�R�Q�P�H�Q�W�����H���J�������D�W���W�U�D�I�I�L�F���O�L�J�K�W�V�����>2�@�� 
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�F�D�O�F�X�O�D�W�L�R�Q�V���D�U�H���W�R���E�H���F�D�U�U�L�H�G���R�X�W���R�Q���W�K�L�V���G�D�W�D�E�D�V�H�����Z�K�L�F�K���L�V���L�O�O�X�V�W�U�D�W�H�G���L�Q���7�D�E�O�H��������
�&�R�O�X�P�Q�������L�V���W�K�H���U�H�J�L�V�W�U�\���Q�X�P�E�H�U���R�I���W�K�H���D�F�F�L�G�H�Q�W;���&�R�O�X�P�Q�������H�Q�F�R�G�H�V���W�K�H���D�F�F�L�G�H�Q�W��
�W�\�S�H���� �&�R�O�X�P�Q�V�� ��-���� �V�K�R�Z�� �D�V�V�H�V�V�D�E�L�O�L�W�\�� �O�H�Y�H�O�V�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �7�D�E�O�H�� ���� �D�E�R�Y�H������
�7�K�H���P�H�W�K�R�G�R�O�R�J�\���S�U�H�V�H�Q�W�H�G���E�H�O�R�Z���Z�D�V���W�H�V�W�H�G���D�J�D�L�Q�V�W���D���S�X�E�O�L�F���G�D�W�D�E�D�V�H���R�I���U�H�D�O-�O�L�I�H��
�U�R�D�G���D�F�F�L�G�H�Q�W�V���>2�@�����$�V���W�K�H���R�Y�H�U�Z�K�H�O�P�L�Q�J���P�D�M�R�U�L�W�\���R�I���W�K�H�V�H���D�F�F�L�G�H�Q�W�V���Z�H�U�H���U�H�F�R�U�G�H�G��
�E�\���W�U�D�G�L�W�L�R�Q�D�O���P�H�W�K�R�G�V�����D�Q�G���(�'�5���G�D�W�D���Z�H�U�H���R�Q�O�\���D�Y�D�L�O�D�E�O�H���L�Q���D���O�R�Z���Q�X�P�E�H�U���R�I���F�D�V�H�V����
�&�R�O�X�P�Q�V�������D�Q�G�������J�L�Y�H���W�K�H���D�V�V�H�V�V�D�E�L�O�L�W�\���I�R�U���W�K�H���F�D�V�H���L�I���G�D�W�D���S�U�R�Y�L�G�H�G���E�\���W�K�H���U�H�O�H�Y�D�Q�W��
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�E�H�W�Z�H�H�Q�� �W�K�H�� �J�H�Q�G�H�U�� �R�I�� �D�F�F�L�G�H�Q�W�� �S�D�U�W�L�F�L�S�D�Q�W�V�� �D�Q�G�� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �V�H�U�L�R�X�V�� �R�U�� �I�D�W�D�O��
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�S�K�\�V�L�F�D�O���S�D�U�D�P�H�W�H�U�V���R�I���U�R�D�G���D�F�F�L�G�H�Q�W�V�����7�K�H���0�D�Q�Q–�:�K�L�W�Q�H�\���7�H�V�W���D�Q�G���W�K�H���&�K�L-�V�T�X�D�U�H��
�7�H�V�W���Z�D�V���D�S�S�O�L�H�G���E�\���%�D�N�H�U���>���@���L�Q���D�Q���D�Q�D�O�\�V�L�V���R�I���F�R�U�U�H�O�D�W�L�R�Q�V���E�H�W�Z�H�H�Q���W�K�H���G�\�Q�D�P�L�F�V��
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�D�V�V�H�V�V�D�E�L�O�L�W�\�� �F�D�Q���E�H�� �U�H�D�F�K�H�G�����+�R�Z�H�Y�H�U���� �D�F�F�R�U�G�L�Q�J�� �W�R���R�X�U�� �K�\�S�R�W�K�H�V�L�V���� �D�V�V�H�V�V�D�E�L�O�L�W�\��
�O�H�Y�H�O�V���D�O�V�R���G�H�S�H�Q�G���R�Q���D�F�F�L�G�H�Q�W���W�\�S�H���D�Q�G���W�K�H���D�S�S�O�L�H�G���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�\�����,�Q��
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�J�L�Y�H�Q���D�F�F�L�G�H�Q�W���W�\�S�H�����6�D�P�S�O�H���������D�U�H���F�R�P�S�D�U�H�G���W�R���V�X�F�K���Y�D�O�X�H�V���R�I���W�K�H���F�R�P�S�O�H�P�H�Q�W�D�U�\��
�V�H�W�����7�K�H���D�L�P���R�I���W�K�L�V���L�V���W�R���V�H�H���Z�K�H�W�K�H�U���W�K�H���O�H�Y�H�O���R�I���D�V�V�H�V�V�D�E�L�O�L�W�\���R�I���W�K�H���W�H�V�W�H�G���D�F�F�L�G�H�Q�W��
t�\�S�H�� �L�V�� �G�L�I�I�H�U�H�Q�W�� �I�U�R�P�� �W�K�D�W�� �R�I�� �W�K�H�� �R�W�K�H�U�� �W�\�S�H�V���� �,�Q�� �W�K�H�� �V�H�F�R�Q�G�� �U�X�Q���� �6�D�P�S�O�H�� ���� �L�V��
�F�R�P�S�D�U�H�G���W�R���W�K�H���W�R�W�D�O���V�H�W����

3.1.1 Test 1 – Baseline 

�7�K�H�� �D�L�P�� �R�I�� �W�K�H�� �I�L�U�V�W�� �W�H�V�W�� �L�V�� �W�R�� �V�H�H�� �I�R�U�� �H�D�F�K�� �D�F�F�L�G�H�Q�W�� �F�D�W�H�J�R�U�\�� �Z�K�H�W�K�H�U�� �W�K�H�U�H�� �L�V�� �D��
�V�L�J�Q�L�I�L�F�D�Q�W�� �G�L�I�I�H�U�H�Q�F�H�� �L�Q�� �D�V�V�H�V�V�D�E�L�O�L�W�\�� �O�H�Y�H�O�V�� �F�R�P�S�D�U�H�G�� �W�R�� �D�O�O�� �R�W�K�H�U�� �D�F�F�L�G�H�Q�W��
�F�D�W�H�J�R�U�L�H�V���D�Q�G���W�R���W�K�H���D�Y�H�U�D�J�H���R�I���W�K�H���W�R�W�D�O���V�D�P�S�O�H�����Z�L�W�K���G�D�W�D���U�H�F�R�U�G�L�Q�J���70����

�,�Q���W�K�L�V���W�H�V�W�����6�D�P�S�O�H�������L�V���F�R�P�S�R�V�H�G���R�I���W�K�H���D�V�V�H�V�V�D�E�L�O�L�W�\���Y�D�O�X�H�V���I�R�U���D���J�L�Y�H�Q���D�F�F�L�G�H�Q�W��
�W�\�S�H�����)�L�J�X�U�H�����������I�R�U���H�[�D�P�S�O�H���$1�����,�Q���W�K�H���I�L�U�V�W���U�X�Q�����W�K�H���D�V�V�H�V�V�D�E�L�O�L�W�\���Y�D�O�X�H�V���R�I���W�K�H���J�L�Y�H�Q��
�D�F�F�L�G�H�Q�W�� �W�\�S�H�� �D�U�H�� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� �D�V�V�H�V�V�D�E�L�O�L�W�\�� �Y�D�O�X�H�V�� �R�I�� �W�K�H�� �F�R�P�S�O�H�P�H�Q�W�D�U�\�� �V�H�W��
���6�D�P�S�O�H�� �������� �L���H�������W�K�R�V�H�� �R�I�� �D�O�O���W�K�H�� �R�W�K�H�U�� �D�F�F�L�G�H�Q�W���W�\�S�H�V�� ���L�Q�� �R�X�U�� �F�D�V�H���� �$2–�$7������ �,�Q�� �W�K�H��
�Q�H�[�W���U�X�Q�����6�D�P�S�O�H�������L�V���O�D�U�J�H�U���W�K�D�Q���L�Q���W�K�H���I�L�U�V�W���U�X�Q�����L�W���L�V���W�K�H���W�R�W�D�O�����X�Q�L�I�L�H�G���V�H�W�����L�H�������L�Q���R�X�U��
�F�D�V�H���D�V�V�H�V�V�D�E�L�O�L�W�\���Y�D�O�X�H�V���I�R�U���D�O�O���D�F�F�L�G�H�Q�W���W�\�S�H�V�����$1–�$7������
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3.1.2 Test 2 – Higher Level Data Recording (T1) 

�7�H�V�W�������D�L�P�V���W�R���U�H�Y�H�D�O���Z�K�H�W�K�H�U���W�K�H�U�H���L�V���D���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H���L�Q���D�V�V�H�V�V�D�E�L�O�L�W�\���I�R�U���D��
�J�L�Y�H�Q���D�F�F�L�G�H�Q�W���F�D�W�H�J�R�U�\���Z�L�W�K���G�D�W�D���U�H�F�R�U�G�H�G���E�\���D���K�L�J�K�H�U-�O�H�Y�H�O���W�H�F�K�Q�R�O�R�J�\�����Q�D�P�H�O�\���71��
�F�R�P�S�D�U�H�G���W�R���R�W�K�H�U���D�F�F�L�G�H�Q�W���W�\�S�H�V�����)�L�J�X�U�H�����������7�K�H�U�H�I�R�U�H�����6�D�P�S�O�H�������L�V���W�K�H���D�V�V�H�V�V�D�E�L�O�L�W�\��
�R�I�� �D�� �J�L�Y�H�Q�� �D�F�F�L�G�H�Q�W�� �W�\�S�H�� �Z�L�W�K�� �7�����G�D�W�D�� �U�H�F�R�U�G�L�Q�J���� �5�H�V�X�O�W�V�� �D�U�H�� �F�D�O�F�X�O�D�W�H�G�� �I�R�U�� �D��
�F�R�P�S�D�U�L�V�R�Q�� �Z�L�W�K�� �W�K�H�� �E�D�V�H�O�L�Q�H�� �F�D�W�H�J�R�U�\�� �D�Q�G�� �D�O�V�R�� �I�R�U�� �W�K�H�� �V�D�P�H�� �G�D�W�D�� �U�H�F�R�U�G�L�Q�J��
�F�D�W�H�J�R�U�\����

�&�R�Q�V�H�T�X�H�Q�W�O�\���� �L�Q�� �7�H�V�W�� ���D���� �D�V�V�H�V�V�D�E�L�O�L�W�\�� �Y�D�O�X�H�V�� �L�Q�� �6�D�P�S�O�H�� ���� �D�U�H�� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�H��
�D�Y�H�U�D�J�H���D�V�V�H�V�V�D�E�L�O�L�W�\���R�I���W�K�H���F�R�P�S�O�H�P�H�Q�W�D�U�\���V�H�W���D�Q�G���W�K�H���W�R�W�D�O���V�H�W���Z�L�W�K���W�K�H���E�D�V�H�O�L�Q�H��
�O�H�Y�H�O�� �G�D�W�D�� �U�H�F�R�U�G�L�Q�J�� �W�H�F�K�Q�R�O�R�J�\�� �70���� �,�Q�� �7�H�V�W�� ���E���� �K�R�Z�H�Y�H�U���� �Y�D�O�X�H�V�� �L�Q�� �6�D�P�S�O�H�� ���� �D�U�H��
�F�R�P�S�D�U�H�G���W�R���Y�D�O�X�H�V���L�Q���W�K�H���F�R�P�S�O�H�P�H�Q�W�D�U�\���D�Q�G���W�K�H���W�R�W�D�O���V�H�W���L�I���G�D�W�D���D�U�H���U�H�F�R�U�G�H�G���E�\��
�71����
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3.1.3 Test 3 – Highest Level Data Recording (T2) 

�6�L�P�L�O�D�U�O�\�����W�R�� �7�H�V�W�� ������ �W�K�H�� �D�L�P�� �R�I�� �7�H�V�W�� ���� �L�V�� �W�R�� �U�H�Y�H�D�O�� �Z�K�H�W�K�H�U�� �W�K�H�U�H�� �L�V�� �D���V�L�J�Q�L�I�L�F�D�Q�W��
�G�L�I�I�H�U�H�Q�F�H���L�Q���D�V�V�H�V�V�D�E�L�O�L�W�\���I�R�U���D���J�L�Y�H�Q���D�F�F�L�G�H�Q�W���F�D�W�H�J�R�U�\���Z�L�W�K���G�D�W�D���U�H�F�R�U�G�H�G���E�\���W�K�H��
�K�L�J�K�H�V�W-�O�H�Y�H�O���W�H�F�K�Q�R�O�R�J�\�����Q�D�P�H�O�\���72�����F�R�P�S�D�U�H�G���W�R���R�W�K�H�U���D�F�F�L�G�H�Q�W���W�\�S�H�V�����)�L�J�X�U�H����������
�7�K�H�U�H�I�R�U�H���� �6�D�P�S�O�H�� ���� �L�V�� �W�K�H�� �D�V�V�H�V�V�D�E�L�O�L�W�\�� �R�I�� �D�� �J�L�Y�H�Q�� �D�F�F�L�G�H�Q�W�� �W�\�S�H���Z�L�W�K�� �7�����G�D�W�D��
�U�H�F�R�U�G�L�Q�J�����5�H�V�X�O�W�V���D�U�H���F�D�O�F�X�O�D�W�H�G���I�R�U���D���F�R�P�S�D�U�L�V�R�Q���Z�L�W�K���W�K�H���E�D�V�H�O�L�Q�H���F�D�W�H�J�R�U�\���7�����D�Q�G��
�D�O�V�R���I�R�U���W�K�H���V�D�P�H���G�D�W�D���U�H�F�R�U�G�L�Q�J���F�D�W�H�J�R�U�\�����72����
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�$�V���D���U�H�V�X�O�W���R�I�����7�H�V�W�V����-�������L�W���F�D�Q���E�H���V�H�H�Q���Z�K�L�F�K���D�F�F�L�G�H�Q�W���W�\�S�H�V���K�D�Y�H���D���V�L�J�Q�L�I�L�F�D�Q�W�O�\��
�O�R�Z�H�U���D�V�V�H�V�V�D�E�L�O�L�W�\���W�K�D�Q���W�K�H���R�W�K�H�U�V���I�R�U���H�D�F�K���G�D�W�D���U�H�F�R�U�G�L�Q�J���F�D�W�H�J�R�U�\�� 

3.2 Comparison of Data Recording Technologies 

�7�K�H���V�H�F�R�Q�G���U�R�X�Q�G���R�I���D�Q�D�O�\�V�H�V���I�R�F�X�V�H�V���R�Q���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�L�H�V�����7�K�H���D�L�P���L�V���W�R��
�W�H�V�W�� �Z�K�H�W�K�H�U�� �W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �G�D�W�D�� �U�H�F�R�U�G�L�Q�J�� �W�H�F�K�Q�R�O�R�J�L�H�V�� ���I�U�R�P�� �70���W�R�� �72�����F�D�Q��
�D�F�W�X�D�O�O�\���L�P�S�U�R�Y�H���W�K�H���D�V�V�H�V�V�D�E�L�O�L�W�\���R�I���W�K�H���G�L�I�I�H�U�H�Q�W���D�F�F�L�G�H�Q�W���J�U�R�X�S�V�����7�R���V�H�H���W�K�L�V�����W�K�H��
�D�V�V�H�V�V�D�E�L�O�L�W�\���O�H�Y�H�O�V���D�F�F�R�U�G�L�Q�J���W�R���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�\���Z�L�W�K�L�Q���D�Q���D�F�F�L�G�H�Q�W���W�\�S�H��
�Z�H�U�H���F�R�P�S�D�U�H�G�����)�L�J�X�U�H����������

�7�K�H���:�L�O�F�R�[�R�Q���6�L�J�Q�H�G-�U�D�Q�N���7�H�V�W���>�����@���Z�D�V���D�S�S�O�L�H�G���W�R���F�R�P�S�D�U�H���W�K�H���F�R�Q�Q�H�F�W�H�G���J�U�R�X�S�V��
�Z�K�L�F�K���K�D�G���D���Q�R�Q-�Q�R�U�P�D�O���G�L�V�W�U�L�E�X�W�L�R�Q�����,�Q���H�D�F�K���J�U�R�X�S�����W�K�H���D�F�F�L�G�H�Q�W�V���Z�H�U�H���W�K�H���V�D�P�H����
�D�Q�G���D�Q���D�V�V�H�V�V�D�E�L�O�L�W�\���Y�D�O�X�H���Z�D�V���D�V�V�L�J�Q�H�G���W�R���H�D�F�K���D�F�F�L�G�H�Q�W���D�F�F�R�U�G�L�Q�J���W�R���G�D�W�D���U�H�F�R�U�G�L�Q�J��
�W�H�F�K�Q�R�O�R�J�\�����7�K�H���W�H�V�W�H�G���K�\�S�R�W�K�H�V�H�V���D�U�H���D�V���I�R�O�O�R�Z�V����

�+�������7�K�H���P�H�G�L�D�Q���G�L�I�I�H�U�H�Q�F�H���L�V���]�H�U�R����

�+�������7�K�H���P�H�G�L�D�Q���G�L�I�I�H�U�H�Q�F�H���L�V���Q�R�W���]�H�U�R�����.��� ��������������
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�D�Q�G���U�D�Q�N�V���D�U�H���D�V�V�L�J�Q�H�G�����,�Q���W�K�H���Q�H�[�W���V�W�H�S�����S�R�V�L�W�L�Y�H���R�U���Q�H�J�D�W�L�Y�H���V�L�J�Q�V���D�U�H���D�V�V�L�J�Q�H�G���W�R��
�W�K�H�V�H���U�D�Q�N�V�����G�H�S�H�Q�G�L�Q�J���R�Q���Z�K�H�W�K�H�U���W�K�H���R�U�L�J�L�Q�D�O���G�L�I�I�H�U�H�Q�F�H���Z�D�V���S�R�V�L�W�L�Y�H���R�U���Q�H�J�D�W�L�Y�H������
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depen�G�L�Q�J���R�Q���V�D�P�S�O�H���V�L�]�H���D�Q�G���V�L�J�Q�L�I�L�F�D�Q�F�H���O�H�Y�H�O����

��

�)�L�J�X�U�H������

�$�V�V�H�V�V�D�E�L�O�L�W�\���R�I���D���J�L�Y�H�Q���D�F�F�L�G�H�Q�W���J�U�R�X�S�����6�D�P�S�O�H���������U�H�G�����70�����D�F�F�R�U�G�L�Q�J���W�R���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�\����

�7�H�V�W���������O�H�I�W����–���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�\���71�����J�U�H�H�Q�������7�H�V�W���������U�L�J�K�W����–���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�\���72��

���E�O�X�H����

3.2.1 Test 4 – Baseline (T0) vs. T1 

�,�Q�� �W�K�L�V�� �W�H�V�W���� �I�R�U�� �H�D�F�K�� �G�D�W�D�� �U�H�F�R�U�G�L�Q�J�� �W�H�F�K�Q�R�O�R�J�\���� �D�V�V�H�V�V�D�E�L�O�L�W�\�� �Y�D�O�X�H�V�� �I�R�U�� �H�D�F�K��
�D�F�F�L�G�H�Q�W���D�U�H���F�R�P�S�D�U�H�G�����6�D�P�S�O�H�������F�R�U�U�H�V�S�R�Q�G�V���W�R���Y�D�O�X�H�V���D�V�V�L�J�Q�H�G���I�R�U���70���D�Q�G���6�D�P�S�O�H��
���� �W�R�� �71���G�D�W�D���U�H�F�R�U�G�L�Q�J�� �W�H�F�K�Q�R�O�R�J�\���� �7�K�H�� �W�H�V�W���U�H�Y�H�D�O�V�� �Z�K�H�W�K�H�U�� �W�K�H�U�H�� �L�V�� �D�� �V�L�J�Q�L�I�L�F�D�Q�W��
�F�K�D�Q�J�H���L�Q���D�V�V�H�V�V�D�E�L�O�L�W�\���Z�L�W�K���W�K�H���L�Q�W�U�R�G�X�F�W�L�R�Q���R�I���71���W�H�F�K�Q�R�O�R�J�\���I�R�U���W�K�H���J�L�Y�H�Q���D�F�F�L�G�H�Q�W��
�W�\�S�H����

3.2.2 Test 5 – Baseline (T0) vs. T2 

�7�K�H�� �D�L�P�� �R�I�� �W�K�L�V�� �W�H�V�W���L�V�� �W�R�� �U�H�Y�H�D�O���K�R�Z�� �W�K�H�� �L�Q�W�U�R�G�X�F�W�L�R�Q���R�I�� �W�K�H�� �K�L�J�K�H�V�W���O�H�Y�H�O���R�I�� �G�D�W�D��
�U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�L�H�V���D�I�I�H�F�W���D�V�V�H�V�V�D�E�L�O�L�W�\���F�R�P�S�D�U�H�G���W�R���W�K�H���E�D�V�H�O�L�Q�H�����7�K�X�V�����I�R�U���H�D�F�K��
�G�D�W�D�� �U�H�F�R�U�G�L�Q�J�� �W�H�F�K�Q�R�O�R�J�\���� �D�V�V�H�V�V�D�E�L�O�L�W�\�� �Y�D�O�X�H�V�� �I�R�U�� �H�D�F�K�� �D�F�F�L�G�H�Q�W�� �D�U�H���F�R�P�S�D�U�H�G����
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�6�D�P�S�O�H�������F�R�U�U�H�V�S�R�Q�G�V���W�R���Y�D�O�X�H�V���D�V�V�L�J�Q�H�G���I�R�U���70���D�Q�G���6�D�P�S�O�H�������W�R���72���G�D�W�D���U�H�F�R�U�G�L�Q�J��
�W�H�F�K�Q�R�O�R�J�\����

3.3 Ranking by Assessability 

�7�K�H���S�U�H�Y�L�R�X�V���W�H�V�W�V���F�D�Q���S�U�R�Y�H���Z�K�H�W�K�H�U���W�K�H�U�H���L�V���D���G�L�I�I�H�U�H�Q�F�H���L�Q���D�V�V�H�V�V�D�E�L�O�L�W�\���O�H�Y�H�O�V���I�R�U��
�G�L�I�I�H�U�H�Q�W�� �D�F�F�L�G�H�Q�W�� �W�\�S�H�V�� �Z�L�W�K�� �G�L�I�I�H�U�H�Q�W���G�D�W�D�� �U�H�F�R�U�G�L�Q�J�� �W�H�F�K�Q�R�O�R�J�L�H�V���� �+�R�Z�H�Y�H�U���� �W�K�H��
�D�E�R�Y�H���W�H�V�W�V���F�D�Q�Q�R�W���U�D�Q�N���W�K�H���D�F�F�L�G�H�Q�W���W�\�S�H�V���D�F�F�R�U�G�L�Q�J���W�R���D�V�V�H�V�V�D�E�L�O�L�W�\�����7�R���U�H�Y�H�D�O���W�K�H��
�U�D�Q�N�L�Q�J�� �E�H�W�Z�H�H�Q�� �D�F�F�L�G�H�Q�W�� �W�\�S�H�V���� �D�V�V�H�V�V�D�E�L�O�L�W�\�� �O�H�Y�H�O�V�� �I�R�U�� �G�L�I�I�H�U�H�Q�W�� �D�F�F�L�G�H�Q�W�� �W�\�S�H�V��
�Z�H�U�H���F�R�P�S�D�U�H�G���Z�L�W�K�L�Q���H�D�F�K���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�\�����)�R�U���W�K�L�V�����D����-�V�W�H�S���D�Q�D�O�\�V�L�V��
�Z�D�V���F�D�U�U�L�H�G���R�X�W�����,�Q���7�H�V�W���������W�K�H���.�U�X�V�N�D�O–�:�D�O�O�L�V���7�H�V�W���Z�L�W�K���%�R�Q�I�H�U�U�R�Q�L���&�R�U�U�H�F�W�L�R�Q���Z�D�V��
�D�S�S�O�L�H�G�� �W�R�� �F�R�P�S�D�U�H�� �P�X�O�W�L�S�O�H�� �L�Q�G�H�S�H�Q�G�H�Q�W�� �J�U�R�X�S�V�� ���L���H�������D�V�V�H�V�V�D�E�L�O�L�W�\�� �O�H�Y�H�O�V�� �I�R�U��
�D�F�F�L�G�H�Q�W���W�\�S�H�V���$1–�$7���Z�L�W�K�L�Q���F�D�W�H�J�R�U�L�H�V���70�����71���D�Q�G���72�������,�Q���7�H�V�W���������W�K�R�V�H���S�D�L�U�V���L�Q���Z�K�L�F�K��
�V�W�R�F�K�D�V�W�L�F���G�R�P�L�Q�D�Q�F�H���L�V���S�U�R�Y�H�Q���E�\���7�H�V�W�������Z�H�U�H���F�R�P�S�D�U�H�G���Z�L�W�K���W�K�H���0�D�Q�Q–�:�K�L�W�Q�H�\��
�7�H�V�W����

3.3.1 Test 6 – Comparison of All Possible Pairs 

�,�Q���W�K�L�V���W�H�V�W�����6�D�P�S�O�H�������L�V���P�D�G�H���X�S���R�I���W�K�H���Y�D�O�X�H�V���I�R�U���D�V�V�H�V�V�D�E�L�O�L�W�\���I�R�U���D���J�L�Y�H�Q���D�F�F�L�G�H�Q�W��
�W�\�S�H�����I�R�U���D���F�H�U�W�D�L�Q���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�\�����H���J�������$2�����71�������6�D�P�S�O�H�������L�V���F�R�P�S�R�V�H�G��
�R�I�� �Y�D�O�X�H�V�� �I�R�U�� �D�V�V�H�V�V�D�E�L�O�L�W�\�� �I�R�U�� �D�Q�R�W�K�H�U�� �D�F�F�L�G�H�Q�W�� �W�\�S�H���� �I�R�U�� �W�K�H�� �V�D�P�H�� �G�D�W�D�� �U�H�F�R�U�G�L�Q�J��
�W�H�F�K�Q�R�O�R�J�\�� ���H���J������ �$������ �71������ �$�O�O�� �S�R�V�V�L�E�O�H�� �S�D�L�U�V�� �D�U�H�� �W�H�V�W�H�G�� �I�R�U�� �H�D�F�K�� �G�D�W�D�� �U�H�F�R�U�G�L�Q�J��
�W�H�F�K�Q�R�O�R�J�\�� ���I�R�U�� �70���� �71���� �D�Q�G�� �72���� �U�H�V�S�H�F�W�L�Y�H�O�\���� �V�H�H�� �)�L�J�X�U�H�� �������� �7�K�X�V�����Q�R�Q-�Q�R�U�P�D�O�O�\��
�G�L�V�W�U�L�E�X�W�H�G���L�Q�G�H�S�H�Q�G�H�Q�W���J�U�R�X�S���V�D�P�S�O�H�V���D�U�H���F�R�P�S�D�U�H�G���X�V�L�Q�J���W�K�H���.�U�X�V�N�D�O–�:�D�O�O�L�V���7�H�V�W��
�>�����@����

��

�)�L�J�X�U�H������

�7�H�V�W���������D�V�V�H�V�V�D�E�L�O�L�W�\���R�I���D�F�F�L�G�H�Q�W���J�U�R�X�S�V���D�F�F�R�U�G�L�Q�J���W�R���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�\�����7�H�V�W�����D�����7�������\�H�O�O�R�Z������

�7�H�V�W�����E�����71�����J�U�H�H�Q�������7�H�V�W�����F�����72�����E�O�X�H����

�)�R�U���W�K�L�V���W�H�V�W�����W�K�H���I�R�O�O�R�Z�L�Q�J���K�\�S�R�W�K�H�V�H�V���D�U�H���I�R�U�P�H�G����

�+�������W�K�H���P�H�G�L�D�Q�V���R�I���6�D�P�S�O�H�V���D�U�H���H�T�X�D�O��

�+�������V�R�P�H���R�I���W�K�H���P�H�G�L�D�Q�V���R�I���W�K�H���6�D�P�S�O�H�V���D�U�H���Q�R�W���H�T�X�D�O��

�7�K�H���I�R�O�O�R�Z�L�Q�J���I�R�U�P�X�O�D���L�V���X�V�H�G���I�R�U���F�D�O�F�X�O�D�W�L�Q�J���W�K�H���V�W�D�W�L�V�W�L�F�D�O���W�H�V�W���U�H�V�X�O�W�V����
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�Z�K�H�U�H��
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�N�§�Ü.��–���L�V���W�K�H���D�Y�H�U�D�J�H���U�D�Q�N���R�I���W�K�H��i �W�K���V�D�P�S�O�H����
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�C����–���L�V���W�K�H���Q�X�P�E�H�U���R�I���V�D�P�S�O�H�V����

�,�Q���R�U�G�H�U���W�R���P�L�Q�L�P�L�]�H���7�\�S�H���,���(�U�U�R�U�����L���H�����U�H�M�H�F�W�L�Q�J���W�K�H���Q�X�O�O���K�\�S�R�W�K�H�V�L�V���D�O�W�K�R�X�J�K���L�W���L�V��
�D�F�W�X�D�O�O�\���W�U�X�H�����W�K�H���%�R�Q�I�H�U�U�R�Q�L���&�R�U�U�H�F�W�L�R�Q���Z�D�V���D�S�S�O�L�H�G�����7�K�H���D�L�P���R�I���W�K�L�V���F�R�U�U�H�F�W�L�R�Q���L�V��
�W�R�� �G�L�P�L�Q�L�V�K�� �W�K�H�� �X�Q�I�D�Y�R�U�D�E�O�H�� �H�I�I�H�F�W�� �R�I�� �W�K�H�� �7�\�S�H�� �,���(�U�U�R�U���� �Z�K�L�F�K�� �L�Q�F�U�H�D�V�H�V�� �Z�K�H�Q��
�F�R�P�S�D�U�L�Q�J�� �J�U�R�X�S�V�� �>��5�@���� �7�K�H�� �E�D�V�L�F�� �S�U�L�Q�F�L�S�O�H�� �L�V�� �W�K�D�W�� �W�K�H�� �V�L�J�Q�L�I�L�F�D�Q�F�H�� �O�H�Y�H�O�����.�����L�V��
�O�R�Z�H�U�H�G�� �S�U�R�S�R�U�W�L�R�Q�D�O�O�\�� �W�R�� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �K�\�S�R�W�K�H�V�L�V�� �W�H�V�W�V��(m)���� �&�R�Q�V�H�T�X�H�Q�W�O�\���� �W�K�H��
�Q�X�O�O���K�\�S�R�W�K�H�V�L�V���L�V���G�U�R�S�S�H�G���L�I���I�R�U���W�K�H���Y�D�O�X�H��pi���R�I �W�K�H��i �W�K���K�\�S�R�W�K�H�V�L�V���W�H�V�W���S�U�R�Y�H�V���W�R���E�H��
�W�U�X�H����
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�7�H�V�W�� ���� �V�K�R�Z�V�� �I�R�U�� �Z�K�L�F�K�� �S�D�L�U�V�� �W�K�H�� �D�V�V�H�V�V�D�E�L�O�L�W�\�� �G�L�I�I�H�U�H�Q�F�H�� �F�D�Q�� �E�H���U�H�J�D�U�G�H�G�� �D�V��
�V�W�R�F�K�D�V�W�L�F�D�O�O�\�� �G�R�P�L�Q�D�Q�W�� �Z�L�W�K�L�Q�� �D�� �J�L�Y�H�Q��data���U�H�F�R�U�G�L�Q�J�� �W�H�F�K�Q�R�O�R�J�\�� �J�U�R�X�S���� �)�R�U��
�H�[�D�P�S�O�H���� �L�I�� �I�R�U�� �W�K�H�� �D�F�F�L�G�H�Q�W�� �W�\�S�H�� �S�D�L�U�� �$��–�$5���W�K�H�� �.�U�X�V�N�D�O–�:�D�O�O�L�V�� �7�H�V�W�� �K�D�V�� �D��
�V�L�J�Q�L�I�L�F�D�Q�W��p-�Y�D�O�X�H���I�R�U���W�K�H���71���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�\�����L�W���P�H�D�Q�V���W�K�D�W���W�K�H���O�H�Y�H�O���R�I��
�D�V�V�H�V�V�D�E�L�O�L�W�\���I�R�U���H�L�W�K�H�U���$�����R�U���$5���L�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���K�L�J�K�H�U���W�K�D�Q���I�R�U���W�K�H���R�W�K�H�U���P�H�P�E�H�U���R�I��
�W�K�H�� �S�D�L�U���� �+�R�Z�H�Y�H�U���� �W�K�L�V�� �W�H�V�W�� �G�R�H�V�� �Q�R�W�� �G�H�W�H�U�P�L�Q�H�� �I�R�U�� �Z�K�L�F�K�� �J�U�R�X�S�� �W�K�H�� �Y�D�O�X�H�V�� �D�U�H��
�K�L�J�K�H�U����

3.3.2 Test 7 – Pairwise Comparison 

�7�R�� �G�H�W�H�U�P�L�Q�H�� �I�R�U�� �Z�K�L�F�K�� �P�H�P�E�H�U�� �R�I�� �W�K�H�� �S�D�L�U�� �W�K�H�� �D�V�V�H�V�V�D�E�L�O�L�W�\�� �F�K�D�Q�J�H�� �L�V�� �P�R�U�H��
�V�L�J�Q�L�I�L�F�D�Q�W�����D���S�D�L�U�Z�L�V�H���F�R�P�S�D�U�L�V�R�Q���L�V���U�H�T�X�L�U�H�G�����7�K�H���F�R�P�S�D�U�L�V�R�Q���L�V���W�R���E�H���P�D�G�H���E�\���W�K�H��
�0�D�Q�Q–�:�K�L�W�Q�H�\���8���7�H�V�W���I�R�U���H�D�F�K���S�D�L�U�����F���I�����6�H�F�W�L�R�Q�������������7�H�V�W�V����-���������2�Q�O�\���W�K�R�V�H���S�D�L�U�V��
�D�U�H���W�R���E�H���W�H�V�W�H�G�����L�Q���Z�K�L�F�K���W�K�H���7�H�V�W�������L�Q�G�L�F�D�W�H�G���V�W�R�F�K�D�V�W�L�F���G�R�P�L�Q�D�Q�F�H�����)�L�J�X�U�H����������
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�71�����J�U�H�H�Q�������7�H�V�W�����F�����72�����E�O�X�H����

�,�Q���W�K�L�V���W�H�V�W�����6�D�P�S�O�H�������L�V���F�R�P�S�R�V�H�G���R�I���W�K�H���D�V�V�H�V�V�D�E�L�O�L�W�\���Y�D�O�X�H�V���I�R�U���D���J�L�Y�H�Q���D�F�F�L�G�H�Q�W��
�W�\�S�H���I�R�U���D���J�L�Y�H�Q���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�\�����I�R�U���H�[�D�P�S�O�H���$1�����71�������6�D�P�S�O�H�������L�V���W�K�H���V�H�W��
�R�I�� �D�V�V�H�V�V�D�E�L�O�L�W�\�� �Y�D�O�X�H�V�� �I�R�U�� �D�Q�R�W�K�H�U�� �D�F�F�L�G�H�Q�W�� �W�\�S�H�� �I�R�U�� �W�K�H�� �V�D�P�H�� �G�D�W�D�� �U�H�F�R�U�G�L�Q�J��
�W�H�F�K�Q�R�O�R�J�\�����I�R�U���H�[�D�P�S�O�H���$�������71������

�$�V���D���U�H�V�X�O�W���R�I�����7�H�V�W�V�������D�Q�G���������L�W���F�D�Q���E�H���G�H�W�H�U�P�L�Q�H�G���I�R�U���W�K�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���G�L�I�I�H�U�L�Q�J���S�D�L�U�V��
�Z�K�L�F�K���R�Q�H���K�D�V���D���V�L�J�Q�L�I�L�F�D�Q�W�O�\���K�L�J�K�H�U���D�V�V�H�V�V�D�E�L�O�L�W�\���Y�D�O�X�H���W�K�D�Q���W�K�H���R�W�K�H�U���P�H�P�E�H�U���R�I��
�W�K�H���S�D�L�U�����7�K�X�V�����D���S�D�U�W�L�D�O���R�U�G�H�U�L�Q�J���F�D�Q���E�H���V�H�W���X�S����

3.4 Change in Assessability 

�,�Q���R�U�G�H�U���W�R���V�H�H���W�R���Z�K�D�W���H�[�W�H�Q�W���D�V�V�H�V�V�D�E�L�O�L�W�\���F�K�D�Q�J�H�V���Z�L�W�K���W�K�H���L�Q�W�U�R�G�X�F�W�L�R�Q���R�I���P�R�U�H��
�D�Q�G���P�R�U�H���G�H�Y�H�O�R�S�H�G���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�L�H�V�����W�K�H���Y�D�O�X�H�V���I�R�U���D�V�V�H�V�V�D�E�L�O�L�W�\���F�K�D�Q�J�H��
�I�R�U���H�D�F�K���D�F�F�L�G�H�Q�W���W�\�S�H�����$1–�$7�����D�U�H���W�R���E�H���F�R�P�S�D�U�H�G���W�R���W�K�R�V�H���R�I���H�D�F�K���R�W�K�H�U���J�U�R�X�S���Z�L�W�K��
�W�K�H���V�D�P�H���P�H�W�K�R�G���W�K�D�W���L�V���I�R�O�O�R�Z�H�G���E�\���7�H�V�W�V�������D�Q�G���������7�K�H���R�Q�O�\���G�L�I�I�H�U�H�Q�F�H���L�V���W�K�D�W���W�K�H��
�G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H���L�V���W�K�H���F�K�D�Q�J�H���L�Q���D�V�V�H�V�V�D�E�L�O�L�W�\���I�R�U���D���J�L�Y�H�Q���D�F�F�L�G�H�Q�W���W�\�S�H���E�H�W�Z�H�H�Q��
�W�Z�R���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�L�H�V����

3.4.1 Test 8 – Comparison of All Possible Pairs 

�,�Q���W�K�L�V���W�H�V�W�����6�D�P�S�O�H�������L�V���P�D�G�H���X�S���R�I���W�K�H���Y�D�O�X�H�V���I�R�U���D�V�V�H�V�V�D�E�L�O�L�W�\���F�K�D�Q�J�H���I�R�U���D���J�L�Y�H�Q��
�D�F�F�L�G�H�Q�W�� �W�\�S�H���� �I�R�U�� �D�� �F�H�U�W�D�L�Q�� �G�H�Y�H�O�R�S�P�H�Q�W�� �L�Q�� �G�D�W�D�� �U�H�F�R�U�G�L�Q�J�� �W�H�F�K�Q�R�O�R�J�\�����H���J���� �$2����
�G�H�Y�H�O�R�S�P�H�Q�W���70–�71�������6�D�P�S�O�H�������L�V���F�R�P�S�R�V�H�G���R�I���Y�D�O�X�H�V���I�R�U���D�V�V�H�V�V�D�E�L�O�L�W�\���F�K�D�Q�J�H���I�R�U��
�D�Q�R�W�K�H�U���D�F�F�L�G�H�Q�W���W�\�S�H�����I�R�U���W�K�H���V�D�P�H���G�H�Y�H�O�R�S�P�H�Q�W���L�Q���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�\�����H���J������
�$�������G�H�Y�H�O�R�S�P�H�Q�W���70–�71�������$�O�O���S�R�V�V�L�E�O�H���S�D�L�U�V���D�U�H���W�H�V�W�H�G���I�R�U���H�D�F�K���W�\�S�H���R�I���G�H�Y�H�O�R�S�P�H�Q�W��
���L���H�������70��–���71�����70��–���72�����71��–���72�����V�H�H���)�L�J�X�U�H�����������$�V���W�K�H�U�H���D�U�H���I�R�X�U���D�V�V�H�V�V�D�E�L�O�L�W�\���O�H�Y�H�O�V��
����-���������W�K�H���Y�D�O�X�H�V���H�[�D�P�L�Q�H�G���K�H�U�H���U�D�Q�J�H���I�U�R�P���������Q�R���F�K�D�Q�J�H�����W�R���������P�D�[�L�P�X�P���F�K�D�Q�J�H��
�I�U�R�P�������W�R����������
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�E�O�X�H�������7�H�V�W�����F�����71–�72�����J�U�H�H�Q–�E�O�X�H����

�7�H�V�W�� ���� �V�K�R�Z�V�� �I�R�U�� �Z�K�L�F�K�� �S�D�L�U�V�� �W�K�H�� �D�V�V�H�V�V�D�E�L�O�L�W�\�� �F�K�D�Q�J�H�� �F�D�Q�� �E�H�� �U�H�J�D�U�G�H�G�� �D�V��
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���L���H�������D�����70��–���71�����E�����70��–���72���R�U���F�����71��–���72�������)�R�U���H�[�D�P�S�O�H�����L�I���I�R�U���W�K�H���D�F�F�L�G�H�Q�W���W�\�S�H���S�D�L�U��
�$��–�$���� �W�K�H�� �7�H�V�W�� ���� �K�D�V�� �D�� �V�L�J�Q�L�I�L�F�D�Q�W��p-�Y�D�O�X�H�� �I�R�U�� �W�K�H�� �71��–�� �72���G�H�Y�H�O�R�S�P�H�Q�W�� �L�Q�� �G�D�W�D��
�U�H�F�R�U�G�L�Q�J�����L�W���L�P�S�O�L�H�V���W�K�D�W���W�K�H���D�V�V�H�V�V�D�E�L�O�L�W�\���F�K�D�Q�J�H���I�R�U���H�L�W�K�H�U���$�����R�U���$5���L�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\��
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�I�R�U���Z�K�L�F�K���J�U�R�X�S���W�K�H���Y�D�O�X�H�V���D�U�H���K�L�J�K�H�U����

3.4.2 Test 9 – Pairwise Comparison 

�7�R�� �G�H�W�H�U�P�L�Q�H�� �I�R�U�� �Z�K�L�F�K�� �P�H�P�E�H�U�� �R�I�� �W�K�H�� �S�D�L�U�� �W�K�H�� �D�V�V�H�V�V�D�E�L�O�L�W�\�� �F�K�D�Q�J�H�� �L�V�� �P�R�U�H��
�V�L�J�Q�L�I�L�F�D�Q�W�����D���S�D�L�U�Z�L�V�H���F�R�P�S�D�U�L�V�R�Q���L�V���U�H�T�X�L�U�H�G�����7�K�H���F�R�P�S�D�U�L�V�R�Q���L�V���W�R���E�H���P�D�G�H���E�\���W�K�H��
�0�D�Q�Q–�:�K�L�W�Q�H�\���8���7�H�V�W���I�R�U���H�D�F�K���S�D�L�U�����F���I�����6�H�F�W�L�R�Q�������������7�H�V�W�V����-���������2�Q�O�\���W�K�R�V�H���S�D�L�U�V��
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Conclusions 

�7�K�L�V���V�W�X�G�\���S�U�H�V�H�Q�W�H�G���D���G�H�W�D�L�O�H�G���P�H�W�K�R�G�R�O�R�J�\���F�R�P�S�R�V�H�G���R�I���Y�D�U�L�R�X�V���V�W�D�W�L�V�W�L�F�D�O���W�H�V�W�V��
�I�R�U���H�[�S�O�R�U�L�Q�J���K�R�Z���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���G�D�W�D���U�H�F�R�U�G�L�Q�J���W�H�F�K�Q�R�O�R�J�L�H�V���D�Q�G���D�F�F�L�G�H�Q�W���W�\�S�H��
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�D�S�S�O�L�H�G�� �W�R�� �V�D�P�S�O�H�V�� �Z�L�W�K�� �Q�R�Q-�Q�R�U�P�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���� �W�K�H�� �0�D�Q�Q–�:�K�L�W�Q�H�\�� �8�� �7�H�V�W���� �W�K�H��
�:�L�O�F�R�[�R�Q�� �6�L�J�Q�H�G-�U�D�Q�N�� �7�H�V�W�� �D�Q�G�� �W�K�H�� �.�U�X�V�N�D�O–�:�D�O�O�L�V�� �7�H�V�W�� �Z�L�W�K�� �%�R�Q�I�H�U�U�R�Q�L��
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�3�X�E�E�O�L�F�D�]�L�R�Q�L���G�H�O���5�����,�V�W�L�W�X�W�R���V�X�S�H�U�L�R�U�H���G�L���V�F�L�H�Q�]�H���H�F�R�Q�R�P�L�F�K�H���H���F�R�P�P�H�U�F�L�D�O�L��
�G�L�� �)�L�U�H�Q�]�H���� �)�O�R�U�H�Q�F�H�� �5���� �,�V�W�L�W�X�W�R�� �V�X�S�H�U�L�R�U�H�� �G�L�� �V�F�L�H�Q�]�H�� �H�F�R�Q�R�P�L�F�K�H�� �H��
�F�R�P�P�H�U�F�L�D�O�L�����6�H�H�E�H�U�����)�L�U�H�Q�]�H��������������
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Abstract: �7�K�L�V�� �S�D�S�H�U�� �H�[�D�P�L�Q�H�V�� �W�K�H�� �L�V�V�X�H�� �R�I�� �Y�L�V�X�D�O�� �S�R�O�O�X�W�L�R�Q�� �L�Q�� �W�K�H�� �F�L�W�\�� �R�I�� �ä�L�O�L�Q�D���� �I�R�F�X�V�L�Q�J��
�V�S�H�F�L�I�L�F�D�O�O�\�� �R�Q�� �R�X�W�G�R�R�U�� �D�G�Y�H�U�W�L�V�L�Q�J���� �$�� �T�X�D�Q�W�L�W�D�W�L�Y�H�� �V�W�X�G�\�� �Z�D�V�� �F�R�Q�G�X�F�W�H�G�� �W�R�� �L�Q�Y�H�V�W�L�J�D�W�H�� �W�K�H��
�G�H�Q�V�L�W�\�� �R�I�� �R�X�W�G�R�R�U�� �D�G�Y�H�U�W�L�V�L�Q�J�� �R�Q�� �P�D�M�R�U�� �U�R�D�G�V�� �L�Q�� �W�K�H�� �W�R�Z�Q���� �D�V�� �Z�H�O�O�� �D�V�� �W�K�H�� �W�R�S�L�F�V�� �R�I the 
�D�G�Y�H�U�W�L�V�H�P�H�Q�W�V�����7�K�H���U�H�V�H�D�U�F�K���G�D�W�D���F�R�O�O�H�F�W�H�G���S�U�R�Y�L�G�Hs pertinent information for policymakers 
�D�Q�G�� �P�D�U�N�H�W�L�Q�J�� �I�L�U�P�V�� �W�R�� �F�R�Q�V�L�G�H�U�� �Z�K�H�Q�� �I�R�U�P�L�Q�J�� �S�R�O�L�F�L�H�V�� �F�R�Q�F�H�U�Q�L�Q�J�� �W�U�D�Q�V�S�R�U�W�D�W�L�R�Q���� �W�K�H��
�H�Q�Y�L�U�R�Q�P�H�Q�W�����D�Q�G���R�X�W�G�R�R�U���D�G�Y�H�U�W�L�V�L�Q�J���� �7�K�L�V���V�W�X�G�\�� �L�V���H�V�V�H�Q�W�L�D�O���W�R���F�R�P�S�U�H�K�H�Q�G���W�K�H���H�I�I�H�F�W�V���R�I��
�Y�L�V�X�D�O���S�R�O�O�X�W�L�R�Q���R�Q���W�K�H���F�R�J�Q�L�W�L�Y�H���P�R�E�L�O�L�W�\���R�I���G�U�L�Y�H�U�V���Q�D�Y�L�J�D�W�L�Q�J�� �F�L�W�\���U�R�D�G�V�����7�K�H���I�L�Q�G�L�Q�J�V���R�I��
�W�K�L�V�� �V�W�X�G�\�� �V�X�J�J�H�V�W�� �W�K�D�W�� �R�X�W�G�R�R�U�� �D�G�Y�H�U�W�L�V�L�Q�J�� �K�D�V�� �D�� �S�U�H�W�W�\�� �O�L�P�L�W�H�G�� �L�P�S�D�F�W�� �R�Q�� �K�R�Z�� �G�U�L�Y�H�U�V��
�S�H�U�F�H�L�Y�H���W�K�H�L�U���H�Q�Y�L�U�R�Q�P�H�Q�W���D�Q�G���L�Q�W�H�U�D�F�W���Z�L�W�K���L�W�����&�R�Q�V�H�T�X�H�Q�W�O�\�����W�K�H���U�H�V�X�O�W�V���R�I���W�K�L�V���U�H�V�H�D�U�F�K���F�D�Q��
be used to create mo�U�H���H�I�I�H�F�W�L�Y�H���S�R�O�L�F�L�H�V���U�H�O�D�W�H�G���W�R���R�X�W�G�R�R�U���D�G�Y�H�U�W�L�V�L�Q�J���D�Q�G���W�U�D�I�I�L�F���V�D�I�H�W�\�� 

�.�H�\�Zords: visual pollution; eye �W�U�D�F�N�L�Q�J���V�W�X�G�\; �R�X�W�G�R�R�U���D�G�Y�H�U�W�L�V�L�Q�J; road safety 

1 Intr oduction 

�7�K�H���W�X�U�Q���R�I���W�K�H���W�K�L�U�G���P�L�O�O�H�Q�Q�L�X�P���K�D�V���V�H�H�Q���P�R�E�L�O�L�W�\���E�H�F�R�P�H���D���I�X�Q�G�D�P�H�Q�W�D�O���S�L�O�O�D�U���R�I��
�R�X�U���V�R�F�L�H�W�\�����7�K�H���U�D�S�L�G���D�G�Y�D�Q�F�H�P�H�Q�W�V���L�Q���W�H�F�K�Q�R�O�R�J�\���K�D�Y�H���H�Q�D�E�O�H�G���X�V���W�R���H�Q�K�D�Q�F�H���R�X�U��
�F�R�J�Q�L�W�L�Y�H���F�D�S�D�F�L�W�\���L�Q���D���Y�D�U�L�H�W�\���R�I���I�L�H�O�G�V�����P�R�E�L�O�L�W�\���L�V���R�Q�H���R�I���W�K�H���P�R�V�W���V�L�J�Q�L�I�L�F�D�Q�W�O�\��
�L�P�S�D�F�W�H�G���� �0�R�E�L�O�L�W�\�� �K�D�V�� �E�H�F�R�P�H�� �D�� �P�X�O�W�L�I�D�F�H�W�H�G�� �F�R�Q�F�H�S�W�� �L�Q�� �R�X�U�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�����L�W�V��
�U�H�O�H�Y�D�Q�F�H���L�Q���W�U�D�Q�V�S�R�U�W�D�W�L�R�Q���K�D�V���D�O�V�R���P�D�Q�L�I�H�V�W�H�G���L�Q���W�K�H���G�L�J�L�W�D�O���U�H�D�O�P���D�Q�G���R�W�K�H�U���D�U�H�D�V����
�&�R�Q�V�H�T�X�H�Q�W�O�\�����W�K�H���S�R�W�H�Q�W�L�D�O���R�I���P�R�E�L�O�L�W�\���K�D�V���E�H�F�R�P�H���L�Q�F�U�H�D�V�L�Q�J�O�\���Y�L�V�L�E�O�H���L�Q���L�W�V���D�E�L�O�L�W�\��
�W�R���E�U�L�Q�J���D�E�R�X�W���S�R�V�L�W�L�Y�H���F�K�D�Q�J�H�V���L�Q���R�X�U���V�R�F�L�H�W�\�����D�V���K�L�J�K�O�L�J�K�W�H�G���E�\���>���@����

�7�K�H�� �F�R�Q�F�H�S�W�� �R�I�� �P�R�E�L�O�L�W�\�� �L�V�� �L�Q�K�H�U�H�Q�W�O�\�� �U�H�O�D�W�H�G�� �W�R�� �W�K�H�� �Q�R�W�L�R�Q�� �R�I�� �W�D�N�L�Q�J�� �L�Q�L�W�L�D�W�L�Y�H����
�'�H�F�L�V�L�R�Q�V���D�U�H���L�Q�W�H�J�U�D�O���W�R���P�R�E�L�O�L�W�\�����D�V���W�K�H�\���G�H�W�H�U�P�L�Q�H���Z�K�H�W�K�H�U���D�Q���D�F�W�L�Y�L�W�\���L�V���P�R�E�L�O�H��
�R�U���Q�R�W���D�Q�G���F�D�Q���E�H���W�D�N�H�Q���P�X�O�W�L�S�O�H���W�L�P�H�V���W�K�U�R�X�J�K�R�X�W�����7�K�H���W�\�S�H���R�I���G�H�Y�L�F�H���R�U���Y�H�K�L�F�O�H��
�X�V�H�G���� �D�Q�G�� �W�K�H�� �T�X�D�O�L�W�\�� �R�I�� �V�X�F�K���� �K�H�D�Y�L�O�\�� �L�Q�I�O�X�H�Q�F�H�V�� �W�K�H�� �G�H�F�L�V�L�R�Q���P�D�N�L�Q�J�� �S�U�R�F�H�V�V����
�U�H�V�R�X�U�F�H�� �U�H�T�X�L�U�H�P�H�Q�W�V���� �D�Q�G�� �X�O�W�L�P�D�W�H�� �R�X�W�F�R�P�H�� �R�I�� �W�K�H�� �P�R�E�L�O�L�W�\���� �)�X�U�W�K�H�U�P�R�U�H���� �L�Q��
�D�G�G�L�W�L�R�Q�� �W�R�� �W�K�H�� �L�Q�I�U�D�V�W�U�X�F�W�X�U�H�� �Q�H�H�G�H�G���� �P�R�E�L�O�L�W�\�� �D�O�V�R�� �Q�H�F�H�V�V�L�W�D�W�H�V�� �D���Y�D�U�L�H�W�\�� �R�I��
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�U�H�V�R�X�U�F�H�V���V�X�F�K���D�V���P�R�Q�H�\�����W�L�P�H�����D�Q�G���H�Q�H�U�J�\�����7�K�H���K�X�P�D�Q-�P�D�F�K�L�Q�H���L�Q�W�H�U�I�D�F�H���S�O�D�\�V���D��
�Y�L�W�D�O�� �U�R�O�H�� �D�Q�G�� �R�I�I�H�U�V�� �D�� �E�U�R�D�G�� �V�S�H�F�W�U�X�P�� �R�I�� �R�S�W�L�R�Q�V���� �L�Q�F�O�X�G�L�Q�J�� �V�P�D�U�W�S�K�R�Q�H�V���� �V�P�D�U�W��
�P�D�S�V�����Z�H�E-�W�U�D�F�N�L�Q�J���L�Q�W�H�U�I�D�F�H�V�����D�Q�G���V�L�P�X�O�D�W�L�R�Q���V�R�I�W�Z�D�U�H�����D�V���Q�R�W�H�G���E�\���>���@����

�'�H�F�L�V�L�R�Q���P�D�N�L�Q�J�� �L�V�� �H�[�W�U�H�P�H�O�\�� �L�P�S�R�U�W�D�Q�W�� �Q�R�W�� �R�Q�O�\�� �I�R�U�� �L�Q�F�U�H�D�V�L�Q�J�O�\�� �D�X�W�R�P�D�W�H�G��
�Y�H�K�L�F�O�H�V�����E�X�W���D�O�V�R���I�R�U���G�U�L�Y�H�U���V�X�S�S�R�U�W�����,�Q�W�H�Q�V�L�Y�H���U�H�V�H�D�U�F�K���L�V���X�Q�G�H�U���Z�D�\���L�Q���W�K�L�V���D�U�H�D���W�R��
�L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���L�P�S�O�L�F�D�W�L�R�Q�V���R�I���F�R�J�Q�L�W�L�Y�H���P�H�P�R�U�\���I�R�U���G�H�F�L�V�L�R�Q���P�D�N�L�Q�J���L�Q���W�U�D�I�I�L�F�����2�Q�H��
�H�[�F�H�O�O�H�Q�W���H�[�D�P�S�O�H���L�V���F�R�Q�W�L�Q�X�R�X�V�����G�\�Q�D�P�L�F���U�R�X�W�H���U�H-�G�H�V�L�J�Q���W�K�U�R�X�J�K���W�K�H���L�Q�F�O�X�V�L�R�Q���R�I��
�F�R�J�Q�L�W�L�Y�H���Y�D�U�L�D�E�O�H�V�����Z�K�L�F�K���K�D�V���E�H�H�Q���I�R�X�Q�G���W�R���V�L�J�Q�L�I�L�F�D�Q�W�O�\���U�H�G�X�F�H���H�U�U�R�U���U�D�W�H�V�����7�K�L�V��
�V�X�J�J�H�V�W�V���W�K�D�W���Y�H�K�L�F�O�H�V���D�U�H���F�D�S�D�E�O�H���R�I���O�H�D�U�Q�L�Q�J���I�U�R�P���F�R�J�Q�L�W�L�Y�H���Y�D�U�L�D�E�O�H�V�����R�S�H�Q�L�Q�J���W�K�H��
�S�R�V�V�L�E�L�O�L�W�\���R�I���X�Q�V�X�S�H�U�Y�L�V�H�G���O�H�D�U�Q�L�Q�J���W�R���P�D�N�H���V�H�Q�V�L�E�O�H���W�U�D�I�I�L�F���G�H�F�L�V�L�R�Q�V�����$�F�F�R�U�G�L�Q�J��
�W�R���>���@�����L�W���L�V���Z�R�U�W�K���P�H�Q�W�L�R�Q�L�Q�J���W�K�D�W���W�K�H���F�R�J�Q�L�W�L�Y�H���S�U�R�F�H�V�V���L�Q�Y�R�O�Y�H�G���L�Q���Y�H�K�L�F�O�H-�U�H�O�D�W�H�G��
�G�H�F�L�V�L�R�Q�� �P�D�N�L�Q�J�� �E�H�D�U�V�� �U�H�V�H�P�E�O�D�Q�F�H�� �W�R�� �W�K�D�W�� �R�I�� �W�K�H�� �K�X�P�D�Q�� �P�L�Q�G���� �Z�K�H�U�H�� �H�Y�H�Q�W��
�F�O�D�V�V�L�I�L�F�D�W�L�R�Q���L�V���O�L�Q�N�H�G���W�R���S�D�W�W�H�U�Q�V���W�K�D�W���K�D�Y�H���E�H�H�Q���S�U�H�Y�L�R�X�V�O�\���S�U�R�F�H�V�V�H�G����

�7�K�H���G�H�F�L�V�L�R�Q���P�D�N�L�Q�J���R�I���G�U�L�Y�H�U�V���L�Q���U�H�D�O-�Z�R�U�O�G���F�R�Q�G�L�W�L�R�Q�V���L�V���R�I�W�H�Q���L�P�S�D�F�W�H�G���E�\���D���U�D�Q�J�H��
�R�I�� �H�[�W�H�U�Q�D�O�� �V�W�L�P�X�O�L���� �7�K�H�V�H�� �F�D�Q�� �L�Q�F�O�X�G�H�� �W�K�H�� �S�K�\�V�L�F�D�O�� �H�Q�Y�L�U�R�Q�P�H�Q�W�� �D�Q�G�� �W�K�H�� �R�E�M�H�F�W�V��
�Z�K�L�F�K�� �S�R�S�X�O�D�W�H���L�W�����$�F�F�R�U�G�L�Q�J���W�R�� �U�H�V�H�D�U�F�K���>���@���� �D�Q�D�O�\�]�L�Q�J�� �D�Q�G���G�H�W�H�F�W�L�Q�J�� �S�D�W�W�H�U�Q�V�� �R�I��
�G�U�L�Y�H�U�� �E�H�K�D�Y�L�R�U�� �X�Q�G�H�U�� �U�H�D�O-�Z�R�U�O�G�� �F�R�Q�G�L�W�L�R�Q�V�� �F�D�Q�� �S�U�R�Y�L�G�H�� �Y�D�O�X�D�E�O�H�� �G�D�W�D�� �I�R�U��
�D�X�W�R�Q�R�P�R�X�V�� �Y�H�K�L�F�O�H�� �G�H�F�L�V�L�R�Q���P�D�N�L�Q�J���� �E�\�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �W�K�H�� �L�Q�W�H�U�S�O�D�\�� �E�H�W�Z�H�H�Q��
�K�X�P�D�Q�V�����P�D�F�K�L�Q�H�V�����D�Q�G���W�K�H���H�Q�Y�L�U�R�Q�P�H�Q�W����

�$�� �V�S�H�F�L�I�L�F�� �H�[�D�P�S�O�H�� �R�I�� �R�E�M�H�F�W�V�� �I�R�X�Q�G�� �L�Q�� �W�K�H�� �Y�L�F�L�Q�L�W�\�� �R�I�� �W�K�H�� �Y�H�K�L�F�O�H�� �D�U�H�� �R�X�W�G�R�R�U��
�D�G�Y�H�U�W�L�V�L�Q�J�� �R�E�M�H�F�W�V���� �7�K�L�V�� �L�O�O�X�V�W�U�D�W�H�V�� �W�K�H�� �L�P�S�R�U�W�D�Q�F�H�� �R�I�� �H�[�W�H�U�Q�D�O�� �V�W�L�P�X�O�L�� �Z�K�H�Q��
�G�H�W�H�U�P�L�Q�L�Q�J���G�U�L�Y�H�U���E�H�K�D�Y�L�R�U���D�Q�G���F�R�X�O�G���K�D�Y�H���L�P�S�R�U�W�D�Q�W���L�P�S�O�L�F�D�W�L�R�Q�V���I�R�U���D�X�W�R�Q�R�P�R�X�V��
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�F�L�W�\�� �O�L�P�L�W�V�� �R�I�� �ä�L�O�L�Q�D�� �Z�H�U�H�� �V�H�O�H�F�W�H�G���I�R�U�� �D�Q�� �H�P�S�L�U�L�F�D�O���D�Q�D�O�\�V�L�V���� �7�K�H�� �V�W�X�G�\�� �D�G�R�S�W�H�G���D��
�V�F�L�H�Q�W�L�I�L�F�� �D�S�S�U�R�D�F�K���� �X�W�L�O�L�]�L�Q�J�� �H�\�H-�W�U�D�F�N�L�Q�J�� �W�H�F�K�Q�R�O�R�J�\�� �W�R�� �P�H�D�V�X�U�H�� �W�K�H�� �H�I�I�H�F�W�V�� �R�I��
�Y�L�V�X�D�O���V�P�R�J���R�Q���G�U�L�Y�H�U�V�����7�K�H���U�H�V�X�O�W�V���R�I���W�K�H���V�W�X�G�\���D�U�H���H�[�S�H�F�W�H�G���W�R���S�U�R�Y�L�G�H���Y�D�O�X�D�E�O�H��
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�P�H�W�L�F�X�O�R�X�V�O�\���S�U�R�F�H�V�V�H�G���D�Q�G���U�H�J�L�V�W�H�U�H�G���L�Q���W�K�H���G�H�Y�H�O�R�S�H�G���*�R�R�J�O�H���0�D�S�V���D�S�S�O�L�F�D�W�L�R�Q��
���V�H�H�� �)�L�J�X�U�H�� �������� �7�K�L�V�� �L�Q�W�H�U�D�F�W�L�Y�H�� �P�D�S�S�L�Q�J�� �D�S�S�O�L�F�D�W�L�R�Q�� �V�H�U�Y�H�V�� �D�V�� �D�� �F�R�P�S�U�H�K�H�Q�V�L�Y�H��
�U�H�S�R�V�L�W�R�U�\�� �R�I�� �D�O�O�� �U�H�J�L�V�W�H�U�H�G�� �D�G�Y�H�U�W�L�V�H�P�H�Q�W�V���� �L�Q�F�O�X�G�L�Q�J�� �W�K�H�L�U�� �J�H�R�J�U�D�S�K�L�F�� �O�R�F�D�W�L�R�Q����
�G�L�V�W�U�L�E�X�W�L�R�Q�����D�Q�G�� �R�W�K�H�U�� �S�H�U�W�L�Q�H�Q�W�� �L�Q�G�L�F�D�W�R�U�V���� �7�K�H�� �F�R�O�O�H�F�W�H�G�� �G�D�W�D�� �H�Q�F�R�P�S�D�V�Ves���W�K�H��
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�D�G�Y�H�U�W�L�V�H�P�H�Q�W���� �)�R�U�� �O�D�U�J�H-�V�F�D�O�H�� �D�G�Y�H�U�W�L�V�L�Q�J���� �W�K�H�� �G�D�W�D�� �U�H�F�R�U�G�H�G�� �D�O�V�R�� �L�Q�F�O�X�G�Hs���W�K�H��
�D�G�Y�H�U�W�L�V�H�U���� �W�K�H�� �S�U�H�F�L�V�H�� �D�G�Y�H�U�W�L�V�H�P�H�Q�W�� ���H���J�������O�R�J�R���� �S�U�R�G�X�F�W���� �V�H�U�Y�L�F�H���� �D�Q�G�� �D�� �Y�L�V�X�D�O��
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�G�U�L�Y�H�U�V���Z�D�V���P�H�D�V�X�U�H�G���X�V�L�Q�J���+�0�,���H�T�X�L�S�P�H�Q�W��-���6�0�,�
�V���H�\�H-�W�U�D�F�N�L�Q�J���J�O�D�V�V�H�V�����7�K�H���V�D�P�H��
�W�\�S�H�� �R�I�� �H�T�X�L�S�P�H�Q�W�� �Z�D�V�� �X�V�H�G�� �L�Q�� �D�� �V�W�X�G�\�� �E�\�� �3�D�Y�O�H�Q�N�R�� �D�Q�G�� �6�K�D�P�D�Q�L�Q�D���>�����@���R�Q�� �H�\�H��
�W�U�D�F�N�L�Q�J�� �L�Q�� �W�K�H�� �V�W�X�G�\�� �R�I�� �F�R�J�Q�L�W�L�Y�H�� �S�U�R�F�H�V�V�H�V���� �7�K�L�V�� �W�H�F�K�Q�R�O�R�J�\�� �D�O�O�R�Z�H�G�� �I�R�U�� �W�K�H��
�T�X�D�Q�W�L�I�L�F�D�W�L�R�Q�� �R�I�� �W�K�H�� �H�I�I�H�F�W�V�� �R�I�� �R�X�W�G�R�R�U�� �D�G�Y�H�U�W�L�V�L�Q�J�� �R�Q�� �F�D�U�� �G�U�L�Y�H�U�� �E�H�K�D�Y�L�R�U�� �D�V��
�G�H�P�R�Q�V�W�U�D�W�H�G�� �L�Q�� �W�K�H�� �V�W�X�G�\�� �F�R�Q�G�X�F�W�H�G�� �E�\�� �%�R�]�R�P�L�W�X���� �3���V���U�L�F������ �7���U�Q�L�F�H�U�L�X���� �D�Q�G��
�5�R�W�D�U�L�X���>�����@���L�Q���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���D�Q���H�\�H���W�U�D�F�N�L�Q�J-�E�D�V�H�G���K�X�P�D�Q-�F�R�P�S�X�W�H�U���L�Q�W�H�U�I�D�F�H��
�I�R�U���U�H�D�O-�W�L�P�H���D�S�S�O�L�F�D�W�L�R�Q�V����

�7�K�H�� �6�0�,�� �(�7�*�� ���:�� �K�H�D�G-�P�R�X�Q�W�H�G�� �H�\�H-�W�U�D�F�N�L�Q�J�� �J�O�D�V�V�H�V���� �L�Q�� �F�R�Q�M�X�Q�F�W�L�R�Q�� �Z�L�W�K�� �W�K�H��
�L�9�L�H�Z�(�7�*�� �Y�H�U�V�L�R�Q�� �������� �V�R�I�W�Z�D�U�H���� �Z�H�U�H�� �F�K�R�V�H�Q�� �D�V�� �W�K�H�� �S�U�L�P�D�U�\�� �W�R�R�O�� �I�R�U�� �G�D�W�D��
�D�F�T�X�L�V�L�W�L�R�Q���� �7�K�L�V�� �V�S�H�F�L�I�L�F�� �G�H�Y�L�F�H�� �Z�D�V�� �G�H�V�L�J�Q�H�G�� �W�R�� �P�R�Q�L�W�R�U�� �W�K�H�� �U�H�D�O-�W�L�P�H�� �Y�L�V�X�D�O��
�E�H�K�D�Y�L�R�U�� �R�I�� �V�X�E�M�H�F�W�V�� �D�Q�G�� �F�D�S�W�X�U�H�� �U�H�O�H�Y�D�Q�W�� �G�D�W�D�����,�W�� �F�R�Q�V�L�V�W�V�� �R�I�� �W�K�U�H�H�� �K�L�J�K-�V�S�H�H�G��
�F�D�P�H�U�D�V���� �W�Z�R�� �R�I�� �Z�K�L�F�K�� �D�U�H�� �L�Q�I�U�D�U�H�G�� �F�D�P�H�U�D�V�� �X�W�L�O�L�]�H�G�� �W�R�� �W�U�D�F�N�� �D�Q�G�� �U�H�F�R�U�G�� �W�K�H��
�P�R�Y�H�P�H�Q�W���D�Q�G���S�R�V�L�W�L�R�Q�L�Q�J���R�I���W�K�H���V�X�E�M�H�F�W�V�
���S�X�S�L�O�V���L�Q���E�R�W�K���H�\�H�V����
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�S�U�R�Y�L�G�H�G���X�V�� �Z�L�W�K�� �D�� �F�R�P�S�U�H�K�H�Q�V�L�Y�H�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �R�I�� �K�R�Z�� �F�R�J�Q�L�W�L�Y�H�� �S�U�R�F�H�V�V�H�V�� �D�U�H��
�X�V�H�G���E�\���G�U�L�Y�H�U�V���Z�K�L�O�H���W�K�H�\���D�U�H���E�H�K�L�Q�G���W�K�H���Z�K�H�H�O�����$�G�G�L�W�L�R�Q�D�O�O�\�����W�K�L�V���V�W�X�G�\���D�O�V�R���V�R�X�J�K�W��
�W�R���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���D�E�L�O�L�W�\���R�I���G�U�L�Y�H�U�V���W�R���Q�R�W�L�F�H���D�Q���D�G�Y�H�U�W�L�V�L�Q�J���D�U�H�D���F�O�R�V�H���W�R���W�K�H���U�R�D�G���L�Q��
�R�U�G�H�U���W�R���G�L�V�F�R�Y�H�U���W�K�H���H�I�I�H�F�W�V���R�I���Y�L�V�X�D�O���V�P�R�J���R�Q���W�K�H�L�U���D�W�W�H�Q�W�L�R�Q���D�V���L�W���Z�D�V���P�H�Q�W�L�R�Q�H�G��
�L�Q���W�K�H���V�W�X�G�\���.�D�L�Q�]���H�W���D�O�����>��7�@�����7�K�H���W�H�U�P���
�V�D�F�F�D�G�H�
�����G�H�U�L�Y�H�G���I�U�R�P���W�K�H���)�U�H�Q�F�K���Y�H�U�E���I�R�U��
�
�M�H�U�N�
�����Z�D�V���X�V�H�G���I�R�U���W�K�H���I�L�U�V�W���W�L�P�H���W�R���G�H�V�F�U�L�E�H���H�\�H���P�R�Y�H�P�H�Q�W�V���E�\���-�D�Y�D�O���L�Q���W�K�H�����������V����
�,�W�� �L�V�� �X�V�H�G�� �W�R�� �G�H�V�L�J�Q�D�W�H�� �W�K�H�� �U�D�S�L�G���� �F�R�Q�M�X�J�D�W�H�� ���Z�L�W�K�� �E�R�W�K�� �H�\�H�V�� �S�H�U�I�R�U�P�L�Q�J�� �W�K�H�� �V�D�P�H��
�D�F�W�L�R�Q�����P�R�Y�H�P�H�Q�W�V���Z�H���P�D�N�H���Z�K�H�Q���U�H-�R�U�L�H�Q�W�L�Q�J���R�X�U���I�R�Y�H�D�O���U�H�J�L�R�Q���W�R���D���Q�H�Z���V�S�D�W�L�D�O��
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�O�R�F�D�W�L�R�Q���� �W�K�H�� �D�Y�H�U�D�J�H�� �U�D�W�H���R�I�� �V�D�F�F�D�G�H�V�� �L�V�� �W�K�U�H�H�� �S�H�U�� �V�H�F�R�Q�G�����6�D�F�F�D�G�H�V�� �D�U�H�� �Q�R�U�P�D�O�O�\��
�L�G�H�Q�W�L�I�L�H�G�� �D�V�� �
�E�D�O�O�L�V�W�L�F�
�� �P�R�Y�H�P�H�Q�W�V���� �L�P�S�O�\�L�Q�J�� �W�K�D�W�� �W�K�H�� �W�U�D�M�H�F�W�R�U�\�� �F�D�Q�Q�R�W�� �E�H�� �D�O�W�H�U�H�G��
�R�Q�F�H�� �L�Q�L�W�L�D�W�H�G���� �$�G�G�L�W�L�R�Q�D�O�O�\���� �L�W�� �L�V�� �R�I�W�H�Q�� �D�V�V�H�U�W�H�G�� �W�K�D�W�� �G�X�U�L�Q�J�� �V�D�F�F�D�G�H�V���� �Z�H�� �E�H�F�R�P�H��
�
�H�I�I�H�F�W�L�Y�H�O�\���E�O�L�Q�G�
�����6�D�F�F�D�G�H�V�����F�K�D�U�D�F�W�H�U�L�]�H�G���E�\���U�D�S�L�G���H�\�H���P�R�Y�H�P�H�Q�W�V�����D�U�H���F�R�P�P�R�Q�O�\��
�S�U�H�F�H�G�H�G�� �D�Q�G�� �I�R�O�O�R�Z�H�G�� �E�\�� �I�L�[�D�W�L�R�Q�V���� �Z�K�L�F�K�� �U�H�S�U�H�V�H�Q�W�� �S�H�U�L�R�G�V�� �R�I�� �U�H�O�D�W�L�Y�H�� �V�W�L�O�O�Q�H�V�V��
�G�X�U�L�Q�J���Z�K�L�F�K���Y�L�V�X�D�O���L�Q�I�R�U�P�D�W�L�R�Q���L�V���S�U�R�F�H�V�V�H�G�����7�K�H���G�L�I�I�H�U�H�Q�W�L�D�W�L�R�Q���E�H�W�Z�H�H�Q���I�L�[�D�W�L�R�Q�V��
�D�Q�G���V�D�F�F�D�G�H�V���L�Q�Y�R�O�Y�H�V���F�R�P�S�O�H�[���U�X�O�H�V���D�Q�G���D�O�J�R�U�L�W�K�P�V���H�P�S�O�R�\�H�G���E�\���U�H�V�H�D�U�F�K�H�U�V���D�Q�G��
eye-�W�U�D�F�N�L�Q�J�� �V�R�I�W�Z�D�U�H�� ���)�H�Q�J���H�W�� �D�O�����>�����@���� �+�X���H�W�� �D�O�����>�����@�� �D�Q�G���;�X�J�X�D�Q�J�� �	�� �-�L�D�Q�S�L�Q�J����
�>�����@�������7�K�H���G�X�U�D�W�L�R�Q���R�I���I�L�[�D�W�L�R�Q�V���X�V�X�D�O�O�\���U�D�Q�J�H�V���I�U�R�P�����������W�R�����������P�L�O�O�L�V�H�F�R�Q�G�V���E�X�W���F�D�Q��
�E�H���H�L�W�K�H�U���V�K�R�U�W�H�U���R�U���O�R�Q�J�H�U�����$�G�G�L�W�L�R�Q�D�O�O�\�����W�K�H���D�Y�H�U�D�J�H���I�L�[�D�W�L�R�Q���G�X�U�D�W�L�R�Q���L�V���F�R�Q�W�L�Q�J�H�Q�W��
�X�S�R�Q���W�K�H���F�R�Q�W�H�[�W���L�Q���Z�K�L�F�K���L�W���L�V���R�E�V�H�U�Y�H�G�����I�R�U���H�[�D�P�S�O�H�����I�L�[�D�W�L�R�Q�V���W�H�Q�G���W�R���E�H���R�I���V�K�R�U�W�H�U��
�G�X�U�D�W�L�R�Q�� �Z�K�H�Q�� �U�H�D�G�L�Q�J�� �W�K�D�Q�� �Z�K�H�Q�� �Y�L�H�Z�L�Q�J�� �V�F�H�Q�H�V���� �'�X�U�L�Q�J�� �W�K�H�� �D�Q�D�O�\�V�L�V�� �V�W�D�J�H����
�I�L�[�D�W�L�R�Q�V���D�U�H���R�I���S�D�U�W�L�F�X�O�D�U���L�Q�W�H�U�H�V�W���W�R���U�H�V�H�D�U�F�K�H�U�V�����H�V�S�H�F�L�D�O�O�\���L�I���J�D�]�H���L�V���E�H�L�Q�J���X�V�H�G���D�V��
�D���S�U�R�[�\���I�R�U���µ�D�W�W�H�Q�W�L�R�Q�¶����

�%�O�L�Q�N�V���� �D�O�W�K�R�X�J�K�� �Q�R�W�� �D�F�W�X�D�O�� �P�R�Y�H�P�H�Q�W�V�� �R�I�� �W�K�H�� �H�\�H�� �L�W�V�H�O�I���� �S�O�D�\�� �D�� �F�U�X�F�L�D�O�� �U�R�O�H�� �L�Q��
�H�I�I�H�F�W�L�Y�H���H�\�H���W�U�D�F�N�L�Q�J���G�X�H���W�R���V�H�Y�H�U�D�O���U�H�D�V�R�Q�V�����2�Q�H���R�I���W�K�H�V�H���U�H�D�V�R�Q�V�����D�V���P�H�Q�W�L�R�Q�H�G���L�Q��
�W�K�H���V�W�X�G�\���E�\���6�Q�H�J�L�U�H�Y�D���H�W���D�O�������>�����@�����L�V���W�K�D�W���J�D�]�H���F�D�Q�Q�R�W���E�H���P�R�Q�L�W�R�U�H�G���L�I���W�K�H���H�\�H���L�V���Q�R�W��
�Y�L�V�L�E�O�H�����,�Q���W�K�H�L�U���Y�D�O�L�G�L�W�\���V�W�X�G�\���X�W�L�O�L�]�L�Q�J���H�\�H���W�U�D�F�N�L�Q�J���L�Q���P�D�O�H���\�R�X�W�K���D�Q�G���D�G�X�O�W���D�W�K�O�H�W�H�V��
�R�I�� �V�H�O�H�F�W�H�G�� �F�R�Q�W�D�F�W�� �V�S�R�U�W�V���� �W�K�H�� �D�X�W�K�R�U�V�� �I�R�X�Q�G�� �W�K�D�W�� �E�O�L�Q�N�� �G�X�U�D�W�L�R�Q�� �L�V�� �L�Q�F�U�H�D�V�H�G�� �L�Q��
�F�R�Q�F�X�V�V�H�G���\�R�X�W�K���D�W�K�O�H�W�H�V�����%�O�L�Q�N�V���F�D�Q���G�L�V�U�X�S�W���I�L�[�D�W�L�R�Q�V�����O�H�D�G�L�Q�J���W�R���W�K�H���D�S�S�H�D�U�D�Q�F�H���R�I��
�W�Z�R���V�H�S�D�U�D�W�H���I�L�[�D�W�L�R�Q�V���Z�L�W�K�L�Q���W�K�H���V�D�P�H���D�U�H�D���L�Q���W�K�H���H�\�H-�W�U�D�F�N�L�Q�J���G�D�W�D�����$�O�W�K�R�X�J�K���W�K�L�V��
�P�D�\���Q�R�W���S�R�V�H���D���V�L�J�Q�L�I�L�F�D�Q�W���L�V�V�X�H���L�Q���P�D�Q�\���V�F�H�Q�D�U�L�R�V�����W�K�H���O�H�Q�J�W�K���D�Q�G���S�R�V�L�W�L�R�Q���R�I���W�K�H��
�I�L�[�D�W�L�R�Q�V���D�U�H���F�U�X�F�L�D�O���I�D�F�W�R�U�V���W�R���F�R�Q�V�L�G�H�U����

3.1 Route 1 – Inner Circle 

�5�R�X�W�H�������R�I���W�K�H���F�L�W�\���R�I���ä�L�O�L�Q�D���L�V���D�Q���L�G�H�D�O���F�K�R�L�F�H���W�R���F�R�Q�G�X�F�W���D�Q�D�O�\�V�L�V���G�X�H���W�R���L�W�V���O�R�F�D�W�L�R�Q��
�L�Q���W�K�H���F�H�Q�W�H�U���R�I���W�K�H���F�L�W�\���D�Q�G���L�W�V���O�H�Q�J�W�K���R�I���D�S�S�U�R�[�L�P�D�W�H�O�\���������������P�H�W�H�U�V�����7�K�H���U�R�X�W�H���L�V��
�N�Q�R�Z�Q�� �W�R�� �H�[�S�H�U�L�H�Q�F�H�� �K�H�D�Y�\�� �W�U�D�I�I�L�F�� �G�X�U�L�Q�J�� �S�H�D�N�� �K�R�X�U�V���� �V�X�F�K�� �D�V�� �W�K�H�� �P�R�U�Q�L�Q�J�� �D�Q�G��
�D�I�W�H�U�Q�R�R�Q�� �U�X�V�K�� �K�R�X�U�V���� �)�X�U�W�K�H�U�P�R�U�H���� �W�K�U�H�H�� �I�O�D�W�� �V�H�F�W�L�R�Q�V�� �H�[�L�V�W�� �D�O�R�Q�J���W�K�H�� �U�R�X�W�H����
�S�U�R�Y�L�G�L�Q�J���D�G�H�T�X�D�W�H���Y�L�V�L�E�L�O�L�W�\���I�R�U���G�U�L�Y�H�U�V�����1�R�W���R�Q�O�\���W�K�L�V�����E�X�W���W�K�H�U�H���L�V���Q�R���Q�H�H�G���W�R���E�H��
�Y�L�J�L�O�D�Q�W���R�I���L�Q�W�H�U�V�H�F�W�L�R�Q�V���Z�L�W�K�R�X�W���W�U�D�I�I�L�F���V�L�J�Q�D�O�V���D�V���W�K�H���U�R�X�W�H���I�R�O�O�R�Z�V���W�K�H���P�D�L�Q���U�R�D�G����
�,�Q���W�R�W�D�O�����V�H�Y�H�Q���W�U�D�I�I�L�F���O�L�J�K�W�V���F�D�Q���E�H���I�R�X�Q�G���D�O�R�Q�J���W�K�L�V���U�R�X�W�H����

�)�U�R�P���W�K�H���S�H�U�V�S�H�F�W�L�Y�H���R�I���W�K�H���G�U�L�Y�H�U�����L�W���L�V���L�P�S�H�U�D�W�L�Y�H���W�R���H�[�H�U�F�L�V�H���K�H�L�J�K�W�H�Q�H�G���F�D�X�W�L�R�Q��
�Z�K�H�Q�� �W�U�D�Y�H�U�V�L�Q�J�� �5�R�X�W�H�� ������ �G�X�H�� �W�R�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �Y�D�U�L�R�X�V�� �L�Q�W�H�U�V�H�F�W�L�R�Q�V�����F�U�R�V�V�L�Q�J�V����
�D�Q�G�� �E�X�V�� �V�W�R�S�V�� �W�K�D�W�� �F�D�Q�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �L�P�S�H�G�H�� �W�K�H�� �I�O�R�Z�� �R�I�� �W�U�D�I�I�L�F���� �0�R�U�H�R�Y�H�U���� �W�K�H��
�F�R�Q�G�L�W�L�R�Q�V���R�I���5�R�X�W�H�������Y�D�U�\���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���G�D�\���R�I���W�K�H���Z�H�H�N���D�Q�G���W�L�P�H���R�I���G�D�\�����W�K�X�V����
�W�K�H���G�U�L�Y�H�U���P�X�V�W���E�H���S�U�H�S�D�U�H�G���W�R���D�G�M�X�V�W���W�R���W�K�H���F�R�Q�G�L�W�L�R�Q�V���D�F�F�R�U�G�L�Q�J�O�\�����$�O�O���L�Q���D�O�O�����5�R�X�W�H��
�����V�H�U�Y�H�V���D�V���D���S�R�W�H�Q�W�L�D�O���G�U�L�Y�L�Q�J���U�R�X�W�H���W�K�D�W���U�H�T�X�L�U�H�V���R�Q�H���W�R���E�H���F�R�Q�V�W�D�Q�W�O�\���D�G�M�X�V�W�L�Q�J���W�R��
�F�K�D�Q�J�L�Q�J���F�R�Q�G�L�W�L�R�Q�V����

�7�K�H�� �P�D�L�Q�� �W�K�R�U�R�X�J�K�I�D�U�H�� �R�I�� �5�R�X�W�H�� ���� �E�R�D�V�W�V�� �D�� �W�R�W�D�O�� �R�I�� �R�Q�H�� �K�X�Q�G�U�H�G�� �D�Q�G�� �W�K�L�U�W�\-�Q�L�Q�H��
�D�G�Y�H�U�W�L�V�L�Q�J�� �G�L�V�S�O�D�\�V�� �W�K�D�W�� �D�U�H�� �Y�L�V�L�E�O�H�� �W�R�� �P�R�W�R�U�L�V�W�V���� �7�K�H�� �V�W�U�D�W�H�J�L�F�� �S�R�V�L�W�L�R�Q�L�Q�J�� �R�I�� �W�K�H��
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�D�G�Y�H�U�W�L�V�L�Q�J�� �F�D�U�U�L�H�U�V�� �D�O�R�Q�J�� �W�K�L�V�� �U�R�X�W�H�� �L�V�� �E�H�Q�H�I�L�F�L�D�O�� �W�R�� �E�R�W�K�� �W�K�H�� �S�U�R�S�U�L�H�W�R�U�V�� �R�I�� �W�K�H��
�F�D�U�U�L�H�U�V���D�Q�G���W�K�H���F�R�P�S�D�Q�L�H�V���D�G�Y�H�U�W�L�V�L�Q�J���W�K�H�L�U���Z�D�U�H�V�����D�V���D���V�L�J�Q�L�I�L�F�D�Q�W���Q�X�P�E�H�U���R�I���F�D�U�V����
�S�H�G�H�V�W�U�L�D�Q�V���D�Q�G���F�\�F�O�L�V�W�V���W�U�D�Y�H�U�V�H���W�K�H���U�R�X�W�H���R�Q���D���G�D�L�O�\���E�D�V�L�V����

�'�H�V�S�L�W�H���E�H�L�Q�J���O�R�F�D�W�H�G���L�Q���D���K�L�J�K�O�\���S�R�S�X�O�D�W�H�G���X�U�E�D�Q���D�U�H�D�����5�R�X�W�H�������K�D�V���E�H�H�Q���I�R�X�Q�G���W�R��
�K�D�Y�H���D���V�L�J�Q�L�I�L�F�D�Q�W�O�\���K�L�J�K�H�U���W�K�D�Q���D�Y�H�U�D�J�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���E�L�O�O�E�R�D�U�G�V���D�Q�G���E�L�J�E�R�D�U�G�V����
�7�K�L�V���L�V���H�V�S�H�F�L�D�O�O�\���H�Y�L�G�H�Q�W���Z�K�H�Q���V�X�U�Y�H�\�L�Q�J���V�W�U�D�W�H�J�L�F���O�R�F�D�W�L�R�Q�V���V�X�F�K���D�V���E�X�L�O�G�L�Q�J�V���D�Q�G��
inters�H�F�W�L�R�Q�V�����Z�K�H�U�H���G�U�L�Y�H�U�V���F�D�Q���P�R�U�H���H�D�V�L�O�\���S�H�U�F�H�L�Y�H���W�K�H���D�G�Y�H�U�W�L�V�H�P�H�Q�W�V���G�X�H���W�R���W�K�H�L�U��
�F�R�Q�V�S�L�F�X�R�X�V���S�O�D�F�H�P�H�Q�W�����$�V���P�X�F�K���D�V�����������R�I���D�O�O���W�K�H���D�G�Y�H�U�W�L�V�H�P�H�Q�W�V���U�H�F�R�U�G�H�G���L�Q���W�K�L�V��
�D�U�H�D���D�U�H���L�Q���W�K�H���I�R�U�P���R�I���E�L�O�O�E�R�D�U�G�V���D�Q�G���E�L�J�E�R�D�U�G�V����

�7�D�E�O�H������
�5�R�X�W�H������–���3�K�\�V�L�R�O�R�J�L�F�D�O���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���W�K�H���G�U�L�Y�H�U�V��

�� �1�X�P�E�H�U���R�I���I�L�[�D�W�L�R�Q�V����
�>�S�H�U���P�L�Q�X�W�H�@��

�1�X�P�E�H�U���R�I���V�D�F�F�D�G�H�V����
�>�S�H�U���P�L�Q�X�W�H�@��

�1�X�P�E�H�U���R�I���E�O�L�Q�N�V����
�>�S�H�U���P�L�Q�X�W�H�@��

�'�U�L�Y�H���G�X�U�D�W�L�R�Q�V��
�>�P�L�Q���@��

�'�U�L�Y�H�U������ 171�� �������� ������ ����������
�'�U�L�Y�H�U������ 82�� ������ 7�� ����������
�'�U�L�Y�H�U������ ������ 88�� 5�� ������������
�'�U�L�Y�H�U������ �������� �������� 15�� ����������
�'�U�L�Y�H�U������ �������� �������� ���� ����������
�$�Y�H�U�D�J�H���� ������������ �������� �������� ����������

�'�D�W�D�� �L�Q�� �W�K�H�� �W�D�E�O�H�� �U�H�S�U�H�V�H�Q�Ws���D�� �F�R�P�S�D�U�L�V�R�Q���R�I�� �G�U�L�Y�L�Q�J�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �E�H�W�Z�H�H�Q�� �I�L�Y�H��
�G�L�I�I�H�U�H�Q�W���G�U�L�Y�H�U�V���R�Q���W�K�H���U�R�X�W�H�������� �'�U�L�Y�H�U�������K�D�V���W�K�H���K�L�J�K�H�V�W���Q�X�P�E�H�U���R�I���I�L�[�D�W�L�R�Q�V���D�Q�G��
�V�D�F�F�D�G�L�F���P�R�Y�H�P�H�Q�W�V�����D�Q�G���W�K�H���K�L�J�K�H�V�W���Q�X�P�E�H�U���R�I���E�O�L�Q�N�V���S�H�U���P�L�Q�X�W�H�����'�U�L�Y�H�U�������K�D�V���W�K�H��
�O�R�Z�H�V�W�� �Q�X�P�E�H�U�� �R�I�� �I�L�[�D�W�L�R�Q�V�� �D�Q�G�� �V�D�F�F�D�G�L�F�� �P�R�Y�H�P�H�Q�W�V���� �D�Q�G�� �W�K�H�� �O�R�Z�H�V�W�� �Q�X�P�E�H�U�� �R�I��
�E�O�L�Q�N�V�� �S�H�U�� �P�L�Q�X�W�H���� �'�U�L�Y�H�U�� ���� �D�Q�G�� �'�U�L�Y�H�U�� ���� �K�D�Y�H�� �V�L�P�L�O�D�U�� �Q�X�P�E�H�U�V�� �R�I�� �I�L�[�D�W�L�R�Q�V�� �D�Q�G��
�V�D�F�F�D�G�L�F���P�R�Y�H�P�H�Q�W�V�����E�X�W���'�U�L�Y�H�U�������K�D�V���I�H�Z�H�U���E�O�L�Q�N�V�����'�U�L�Y�H�U�������K�D�V���W�K�H���V�H�F�R�Q�G���K�L�J�K�H�V�W��
�Q�X�P�E�H�U�V���R�I���I�L�[�D�W�L�R�Q�V���D�Q�G���V�D�F�F�D�G�L�F���P�R�Y�H�P�H�Q�W�V�����D�Q�G���W�K�H���V�H�F�R�Q�G���K�L�J�K�H�V�W���Q�X�P�E�H�U���R�I��
�E�O�L�Q�N�V�����$�O�O���I�L�Y�H���G�U�L�Y�H�U�V���K�D�Y�H���V�L�P�L�O�D�U���G�U�L�Y�L�Q�J���G�X�U�D�W�L�R�Q�V����

�&�R�Q�F�H�S�W�X�D�O�O�\�����'�U�L�Y�H�U�������R�E�W�D�L�Q�H�G���W�K�H���P�R�V�W���E�H�Q�H�I�L�F�L�D�O���R�X�W�F�R�P�H�V�����1�H�Y�H�U�W�K�H�O�H�V�V�����L�W���L�V��
�H�V�V�H�Q�W�L�D�O���W�R���E�H���D�Z�D�U�H���W�K�D�W���D�Q���H�[�F�H�V�V�L�Y�H���D�P�R�X�Q�W���R�I���I�L�[�D�W�L�R�Q�V���R�U���V�D�F�F�D�G�H�V���F�D�Q���L�Q�G�X�F�H��
�I�H�H�O�L�Q�J�V���R�I���D�Q�[�L�H�W�\���R�U���X�Q�H�D�V�H���Z�K�L�O�V�W���G�U�L�Y�L�Q�J�����7�K�H���D�Y�H�U�D�J�H���Q�X�P�E�H�U���R�I���I�L�[�D�W�L�R�Q�V���S�H�U��
�P�L�Q�X�W�H���I�R�U���W�K�H���G�U�L�Y�H�U�V���W�K�D�W���W�R�R�N���S�D�U�W���L�Q���W�K�H���V�W�X�G�\���Z�D�V�����������������Z�L�W�K���W�K�H���D�Y�H�U�D�J�H���Y�D�O�X�H��
�R�I���V�D�F�F�D�G�H�V���E�H�L�Q�J�������������H�T�X�D�O�L�Q�J���D�S�S�U�R�[�L�P�D�W�H�O�\���W�Z�R���I�L�[�D�W�L�R�Q�V���D�Q�G���V�D�F�F�D�G�H�V���I�R�U���H�D�F�K��
�G�U�L�Y�H�U���S�H�U���V�H�F�R�Q�G����

3.2 Route 2 – Outer Bypass 

�5�R�X�W�H�������Z�D�V���W�K�H���V�H�F�R�Q�G���U�R�X�W�H���X�Q�G�H�U���F�R�Q�V�L�G�H�U�D�W�L�R�Q���I�R�U���D�Q�D�O�\�V�L�V�����7�K�H���R�X�W�H�U���O�R�R�S���U�R�X�W�H��
�Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �W�R�� �E�H�� �P�R�U�H�� �D�G�Y�D�Q�W�D�J�H�R�X�V�� �D�V�� �L�W�� �S�U�R�Y�L�G�H�G�� �O�R�Q�J�H�U�� �D�Q�G�� �P�R�U�H�� �H�Y�H�Q��
�V�W�U�H�W�F�K�H�V�� �R�I�� �U�R�D�G�Z�D�\���� �I�U�H�T�X�H�Q�W�O�\�� �Z�L�W�K�� �W�Z�R�� �O�D�Q�H�V�� �L�Q�� �H�D�F�K�� �G�L�U�H�F�W�L�R�Q�����0�R�U�H�R�Y�H�U���� �W�K�H��
�U�R�X�W�H�� �Z�D�V�� �F�R�P�S�R�V�H�G���R�I�� �W�K�U�H�H�� �H�[�W�H�Q�G�H�G�� �V�W�U�D�L�J�K�W�� �V�W�U�H�W�F�K�H�V���� �Z�K�L�F�K�� �F�X�P�X�O�D�W�L�Y�H�O�\��
�D�F�F�R�X�Q�W�H�G���I�R�U���D�S�S�U�R�[�L�P�D�W�H�O�\�������������R�I���W�K�H���W�R�W�D�O���O�H�Q�J�W�K���R�I���W�K�H���U�R�X�W�H����
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�)�U�R�P���W�K�H���G�U�L�Y�H�U�
�V���S�R�L�Q�W���R�I���Y�L�H�Z�����W�K�H���Q�X�P�E�H�U���R�I���S�H�G�H�V�W�U�L�D�Q���F�U�R�V�V�L�Q�J�V���D�Q�G���L�Q�W�H�U�V�H�F�W�L�R�Q�V��
�L�V���U�R�X�J�K�O�\���W�K�H���V�D�P�H�����,�Q���F�R�P�S�D�U�L�V�R�Q���W�R���5�R�X�W�H���������W�K�H���G�U�L�Y�H�U���L�V���Q�R�W���U�H�T�X�L�U�H�G���W�R���S�D�\���D�V��
�P�X�F�K���D�W�W�H�Q�W�L�R�Q���Z�K�L�O�H���G�U�L�Y�L�Q�J�����2�Q���5�R�X�W�H���������W�K�H���P�R�V�W���L�P�S�R�U�W�D�Q�W���S�R�L�Q�W�V���D�U�H���Z�K�H�U�H���W�K�H��
�O�D�Q�H�V���G�L�Y�H�U�J�H���R�U���F�R�Q�Y�H�U�J�H���L�Q�W�R���R�Q�H�����7�K�H�U�H���D�U�H���O�R�Q�J���V�W�U�H�W�F�K�H�V���R�I���I�O�D�W���U�R�D�G���Z�K�L�F�K���J�L�Y�H��
�W�K�H���G�U�L�Y�H�U���W�K�H���R�S�S�R�U�W�X�Q�L�W�\���W�R���G�U�L�Y�H���L�Q���D���P�R�U�H���O�H�L�V�X�U�H�O�\���P�D�Q�Q�H�U�����7�K�H���S�R�V�L�W�L�R�Q�L�Q�J���R�I��
�W�K�H���E�L�O�O�E�R�D�U�G�V���L�V���V�W�U�D�W�H�J�L�F�D�O�O�\���D�G�Y�D�Q�W�D�J�H�R�X�V�����D�Q�G���Z�L�W�K���R�Q�O�\���D���I�H�Z���H�[�F�H�S�W�L�R�Q�V�����W�K�H�\��
�D�U�H���F�O�H�D�U�O�\���Y�L�V�L�E�O�H�����'�U�L�Y�H�U�V���Z�K�R���H�Q�F�R�X�Q�W�H�U���E�L�O�O�E�R�D�U�G�V���O�R�F�D�W�H�G���R�Q���W�K�H���R�S�S�R�V�L�W�H���V�L�G�H���R�I��
�W�K�H���U�R�D�G���P�D�\�����K�R�Z�H�Y�H�U�����H�[�S�H�U�L�H�Q�F�H���D���V�O�L�J�K�W���G�H�F�U�H�D�V�H���L�Q���Y�L�V�L�E�L�O�L�W�\����

�$�Q�D�O�\�V�L�V���R�I���5�R�X�W�H�������\�L�H�O�G�H�G���W�K�H���K�L�J�K�H�V�W���Q�X�P�E�H�U���R�I���D�G�Y�H�U�W�L�V�H�P�H�Q�W�V���R�I���W�K�H���I�R�X�U���U�R�X�W�H�V��
�V�W�X�G�L�H�G�����W�R�W�D�O�L�Q�J���X�S���W�R�������������7�K�H���P�D�M�R�U�L�W�\���R�I���W�K�H�V�H���D�G�Y�H�U�W�L�V�H�P�H�Q�W�V���Z�H�U�H���E�U�D�Q�G-�U�H�O�D�W�H�G����
�Z�L�W�K�� �E�L�O�O�E�R�D�U�G�V�� �D�Q�G�� �E�L�J�E�R�D�U�G�V�� �P�D�N�L�Q�J�� �X�S�� �W�K�H�� �V�H�F�R�Q�G�� �D�Q�G�� �W�K�L�U�G-�P�R�V�W�� �Q�X�P�H�U�R�X�V��
�F�D�W�H�J�R�U�L�H�V�����U�H�V�S�H�F�W�L�Y�H�O�\����

�'�U�L�Y�H�U�������K�D�V���W�K�H���K�L�J�K�H�V�W���Q�X�P�E�H�U���R�I���I�L�[�D�W�L�R�Q�V�������������S�H�U���P�L�Q�X�W�H�������W�K�H���V�H�F�R�Q�G���K�L�J�K�H�V�W��
�Q�X�P�E�H�U���R�I���V�D�F�F�D�G�L�F���P�R�Y�H�P�H�Q�W�V�������������S�H�U���P�L�Q�X�W�H�����D�Q�G���W�K�H���V�H�F�R�Q�G���O�R�Z�H�V�W���Q�X�P�E�H�U���R�I��
�E�O�L�Q�N�V�����������S�H�U���P�L�Q�X�W�H�������'�U�L�Y�H�U�������K�D�V���W�K�H���V�H�F�R�Q�G���O�R�Z�H�V�W���Q�X�P�E�H�U���R�I���I�L�[�D�W�L�R�Q�V�������������S�H�U��
�P�L�Q�X�W�H������ �W�K�H���V�H�F�R�Q�G���O�R�Z�H�V�W���Q�X�P�E�H�U�� �R�I�� �V�D�F�F�D�G�L�F�� �P�R�Y�H�P�H�Q�W�V�� ���������� �S�H�U�� �P�L�Q�X�W�H���� �D�Q�G��
�W�K�H���K�L�J�K�H�V�W���Q�X�P�E�H�U���R�I���E�O�L�Q�N�V�����������S�H�U���P�L�Q�X�W�H�������'�U�L�Y�H�U�������K�D�V���W�K�H���W�K�L�U�G���K�L�J�K�H�V�W���Q�X�P�E�H�U��
�R�I���I�L�[�D�W�L�R�Q�V�������������S�H�U���P�L�Q�X�W�H�������W�K�H���W�K�L�U�G���K�L�J�K�H�V�W���Q�X�P�E�H�U���R�I���V�D�F�F�D�G�L�F���P�R�Y�H�P�H�Q�W�V������������
�S�H�U���P�L�Q�X�W�H�����D�Q�G���W�K�H���V�H�F�R�Q�G���K�L�J�K�H�V�W���Q�X�P�E�H�U���R�I���E�O�L�Q�N�V�����������S�H�U���P�L�Q�X�W�H�������'�U�L�Y�H�U�������K�D�V��
�W�K�H���V�H�F�R�Q�G���K�L�J�K�H�V�W���Q�X�P�E�H�U���R�I���I�L�[�D�W�L�R�Q�V�������������S�H�U���P�L�Q�X�W�H�������W�K�H���I�R�X�U�W�K���K�L�J�K�H�V�W���Q�X�P�E�H�U��
�R�I���V�D�F�F�D�G�L�F���P�R�Y�H�P�H�Q�W�V�������������S�H�U���P�L�Q�X�W�H�����D�Q�G���W�K�H���W�K�L�U�G���K�L�J�K�H�V�W���Q�X�P�E�H�U���R�I���E�O�L�Q�N�V����������
�S�H�U���P�L�Q�X�W�H�������'�U�L�Y�H�U�������K�D�V���W�K�H���I�R�X�U�W�K���K�L�J�K�H�V�W���Q�X�P�E�H�U���R�I���I�L�[�D�W�L�R�Q�V�������������S�H�U���P�L�Q�X�W�H������
�W�K�H�� �I�L�I�W�K�� �K�L�J�K�H�V�W�� �Q�X�P�E�H�U�� �R�I�� �V�D�F�F�D�G�L�F�� �P�R�Y�H�P�H�Q�W�V�� ���������� �S�H�U�� �P�L�Q�X�W�H���� �D�Q�G�� �W�K�H�� �I�R�X�U�W�K��
�K�L�J�K�H�V�W�� �Q�X�P�E�H�U�� �R�I�� �E�O�L�Q�N�V�� �������� �S�H�U�� �P�L�Q�X�W�H������ �'�U�L�Y�H�U�� ���� �K�D�V�� �W�K�H�� �O�R�Z�H�V�W�� �Q�X�P�E�H�U�� �R�I��
�I�L�[�D�W�L�R�Q�V�� ���������� �S�H�U�� �P�L�Q�X�W�H������ �W�K�H�� �O�R�Z�H�V�W�� �Q�X�P�E�H�U�� �R�I�� �V�D�F�F�D�G�L�F�� �P�R�Y�H�P�H�Q�W�V�� ���������� �S�H�U��
�P�L�Q�X�W�H�����D�Q�G���W�K�H���V�H�F�R�Q�G���O�R�Z�H�V�W���Q�X�P�E�H�U���R�I���E�O�L�Q�N�V�����������S�H�U���P�L�Q�X�W�H������

�7�D�E�O�H������
�5�R�X�W�H������–���3�K�\�V�L�R�O�R�J�L�F�D�O���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���W�K�H���G�U�L�Y�H�U�V��

�� �1�X�P�E�H�U���R�I���I�L�[�D�W�L�R�Q�V����
�>�S�H�U���P�L�Q�X�W�H�@��

�1�X�P�E�H�U���R�I���V�D�F�F�D�G�H�V����
�>�S�H�U���P�L�Q�X�W�H�@��

�1�X�P�E�H�U���R�I���E�O�L�Q�N�V����
�>�S�H�U���P�L�Q�X�W�H�@��

�'�U�L�Y�H���G�X�U�D�W�L�R�Q�V��
�>�P�L�Q���@��

�'�U�L�Y�H�U������ �������� �������� 15�� ������������
�'�U�L�Y�H�U������ �������� 115�� 21�� ������������
�'�U�L�Y�H�U������ �������� 128�� 21�� ������������
�'�U�L�Y�H�U������ 178�� 155�� 22�� ������������
�'�U�L�Y�H�U������ �������� �������� ������ ������������
�'�U�L�Y�H�U������ �������� �������� 18�� ������������
�$�Y�H�U�D�J�H���� ������������ �������� ������ ������������

�'�U�L�Y�H�U�������G�H�P�R�Q�V�W�U�D�W�H�G���W�K�H���P�R�V�W���Q�R�W�H�Z�R�U�W�K�\���U�H�V�X�O�W�V���R�Q���W�K�H���V�X�E�V�H�T�X�H�Q�W���F�R�X�U�V�H�����\�H�W��
�W�K�L�V���P�D�\���E�H���D�Q���L�Q�G�L�F�D�W�L�R�Q���R�I���K�L�V���X�Q�H�D�V�L�Q�H�V�V���G�X�U�L�Q�J���W�K�H���U�X�Q�����2�Q���D�Y�H�U�D�J�H�����W�K�H���P�H�P�E�H�U�V��
�R�I�� �W�K�H�� �G�U�L�Y�L�Q�J�� �J�U�R�X�S�� �H�[�K�L�E�L�W�H�G�� ������������ �I�L�[�D�W�L�R�Q�V�� �S�H�U�� �P�L�Q�X�W�H�� �D�Q�G�� �������� �V�D�F�F�D�G�L�F��
�P�R�Y�H�P�H�Q�W�V�����7�K�L�V���\�L�H�O�G�V���W�R���D���J�U�H�D�W�H�U���P�H�D�Q���R�I���I�L�[�D�W�L�R�Q�V���D�Q�G���V�D�F�F�D�G�L�F���P�R�Y�H�P�H�Q�W�V���S�H�U��
�V�H�F�R�Q�G���R�I���W�K�H���G�U�L�Y�H�U�V���G�X�U�L�Q�J���W�K�H���F�R�X�U�V�H���L�Q���F�R�P�S�D�U�L�V�R�Q���W�R���U�R�X�W�H��������
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3.3 Visibility of Outdoor Advertising by Driver  

�7�K�H���P�R�V�W���H�V�V�H�Q�W�L�D�O���L�Q�I�R�U�P�D�W�L�R�Q���R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���P�H�D�V�X�U�H�P�H�Q�W���Z�D�V���W�K�H���I�L�[�D�W�L�R�Q���R�I��
�G�U�L�Y�H�U�V�
���H�\�H�V���R�Q���W�K�H���H�[�W�H�U�Q�D�O���D�G�V�����V�H�H���)�L�J�������������$�Q���H�\�H-�W�U�D�F�N�H�U���Z�D�V���X�W�L�O�L�]�H�G���W�R���D�V�V�H�V�V��
�J�D�]�H�V�� �G�L�U�H�F�W�H�G�� �D�W�� �O�D�U�J�H-�I�R�U�P�D�W�� �S�U�R�P�R�W�L�R�Q�D�O�� �V�X�U�I�D�F�H�V�� �O�R�F�D�W�H�G�� �Z�L�W�K�L�Q�� �W�K�H���G�U�L�Y�H�U�
�V��
�Y�L�V�X�D�O���U�D�Q�J�H����

��

�)�L�J�X�U�H������

�'�U�L�Y�H�U���I�L�[�D�W�L�R�Q���I�R�U���O�D�U�J�H���I�R�U�P�D�W���D�G�Y�H�U�W�L�V�L�Q�J���R�Q���5�R�X�W�H������

�7�D�E�O�H������

�5�R�X�W�H������–���9�L�V�L�E�L�O�L�W�\���R�I���2�X�W�G�R�R�U���D�G�V���I�R�U�P�D�W�V���E�\���G�U�L�Y�H�U�V��

�5�R�X�W�H������ �1�X�P�E�H�U���R�I���2�X�W�G�R�R�U���D�G�V�� �2�X�W�G�R�R�U���D�G�V���V�H�H�Q�� �$�G�V���V�H�H�Q���W�R���W�R�W�D�O���D�G�V���U�D�W�L�R��

�'�U�L�Y�H�U������ 25�� ���� 12%��

�'�U�L�Y�H�U������ 25�� ���� ���� ��

�'�U�L�Y�H�U������ 25�� 2�� 8%��

�'�U�L�Y�H�U������ 25�� ���� ���� ��

�'�U�L�Y�H�U������ 25�� 1�� ���� ��

�$�Q���D�J�J�U�H�J�D�W�H���R�I���������O�D�U�J�H-�I�R�U�P�D�W���D�G�Y�H�U�W�L�V�H�P�H�Q�W�V���Z�H�U�H���H�Y�D�O�X�D�W�H�G���R�Q���5�R�X�W�H�������D�Q�G����������
�R�Q���5�R�X�W�H�������� �'�U�L�Y�H�U�V���R�Q���W�K�H�V�H���W�Z�R���U�R�X�W�H�V���U�D�U�H�O�\���I�R�F�X�V�H�G���W�K�H�L�U���D�W�W�H�Q�W�L�R�Q���R�Q���W�K�H���D�G�V����
�5�R�X�W�H�������K�D�G���R�Q�O�\�������I�L�[�D�W�L�R�Q�V���L�Q���W�R�W�D�O�����H�T�X�D�W�L�Q�J���W�R���������R�I���W�K�H���W�R�W�D�O���S�R�V�V�L�E�O�H���D�G���Y�L�H�Z�V��
���6�H�H���7�D�E�O�H�����������5�R�X�W�H�������Z�D�V���P�R�U�H���F�R�P�S�H�O�O�L�Q�J�����Z�L�W�K�����������I�L�[�D�W�L�R�Q�V���R�E�V�H�U�Y�H�G�����P�D�N�L�Q�J��
�X�S�����������R�I���W�K�H���R�Y�H�U�D�O�O���D�G���Y�L�H�Z�V�����V�H�H���7�D�E�O�H����������

�7�K�H���I�L�Q�D�O���V�W�D�J�H���R�I���W�K�H���U�H�V�H�D�U�F�K���V�R�X�J�K�W���W�R���D�V�F�H�U�W�D�L�Q���Z�K�H�W�K�H�U���G�U�L�Y�H�U�V���D�U�H���F�R�Q�V�F�L�R�X�V�O�\��
�D�Z�D�U�H�� �R�I�� �Y�L�V�X�D�O�� �V�P�R�J�� ���R�X�W�G�R�R�U�� �D�G�Y�H�U�W�L�V�L�Q�J���� �Z�K�L�O�H�� �G�U�L�Y�L�Q�J���� �7�K�H�� �R�E�M�H�F�W�L�Y�H�� �Z�D�V�� �W�R��
�G�H�W�H�U�P�L�Q�H���Z�K�H�W�K�H�U���G�U�L�Y�H�U�V���S�H�U�F�H�L�Y�H���R�X�W�G�R�R�U���D�G�Y�H�U�W�L�V�L�Q�J���Z�K�L�O�H���G�U�L�Y�L�Q�J����
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�7�D�E�O�H������

�5�R�X�W�H������–���9�L�V�L�E�L�O�L�W�\���R�I���2�X�W�G�R�R�U���D�G�V���I�R�U�P�D�W�V���E�\���G�U�L�Y�H�U�V��

�5�R�X�W�H������ �1�X�P�E�H�U���R�I���2�X�W�G�R�R�U���D�G�V�� �2�X�W�G�R�R�U���D�G�V���V�H�H�Q�� �$�G�V���V�H�H�Q���W�R���W�R�W�D�O���D�G�V���U�D�W�L�R��

�'�U�L�Y�H�U������ �������� ������ 18%��

�'�U�L�Y�H�U������ �������� ���� 7%��

�'�U�L�Y�H�U������ �������� 7�� 5%��

�'�U�L�Y�H�U������ �������� 22�� ������ ��

�'�U�L�Y�H�U������ �������� ������ ������ ��

�'�U�L�Y�H�U������ �������� ������ 15%��

�$�G�Y�H�U�W�L�V�L�Q�J���V�S�D�F�H�V���L�Q�F�O�X�G�H�G���E�L�O�O�E�R�D�U�G�V���D�Q�G���E�L�J�E�R�D�U�G�V�����E�X�W���D�O�V�R���E�D�Q�Q�H�U�V�����W�D�U�S�D�X�O�L�Q�V��
�D�Q�G���R�W�K�H�U���V�L�J�Q�V���O�R�F�D�W�H�G���Q�H�D�U���W�K�H���U�R�D�G�����2�X�W���R�I���W�K�H���H�O�H�Y�H�Q���S�D�U�W�L�F�L�S�D�Q�W�V���L�Q���W�K�H���V�X�U�Y�H�\����
�Q�L�Q�H���U�H�S�R�U�W�H�G���E�H�L�Q�J���D�Z�D�U�H���R�I���Y�D�U�L�R�X�V���I�R�U�P�V���R�I���Y�L�V�X�D�O���V�P�R�J���Z�K�L�O�H���G�U�L�Y�L�Q�J�����L�Q�G�L�F�D�W�L�Q�J��
�W�K�D�W���X�S�� �W�R�� �������� �R�I�� �U�H�V�S�R�Q�G�H�Q�W�V�� �D�U�H�� �F�R�Q�V�F�L�R�X�V�O�\�� �D�Z�D�U�H�� �R�I�� �R�X�W�G�R�R�U�� �D�G�Y�H�U�W�L�V�L�Q�J�����V�H�H��
�)�L�J������������

�7�K�L�V�� �I�L�Q�G�L�Q�J�� �L�V�� �L�Q�� �F�R�Q�W�U�D�V�W���Z�L�W�K�� �W�K�H�� �U�H�V�X�O�W�V�� �R�I�� �W�K�H�� �H�\�H-�W�U�D�F�N�L�Q�J�� �H�[�S�H�U�L�P�H�Q�W���� �Z�K�L�F�K��
�G�H�P�R�Q�V�W�U�D�W�H�G�� �W�K�D�W�� �R�X�W�� �R�I�� �������� �R�X�W�G�R�R�U�� �D�G�Y�H�U�W�L�V�L�Q�J�� �V�S�D�F�H�V���� �R�Q�O�\�� �������� ���������������� �Z�H�U�H��
�R�E�V�H�U�Y�H�G�� �E�\�� �G�U�L�Y�H�U�V���� �7�K�L�V�� �G�L�V�F�U�H�S�D�Q�F�\�� �E�H�W�Z�H�H�Q�� �W�K�H�� �F�R�Q�V�F�L�R�X�V�� �D�Q�G�� �V�X�E�F�R�Q�V�F�L�R�X�V��
�S�H�U�F�H�S�W�L�R�Q�V���R�I���R�X�W�G�R�R�U���D�G�Y�H�U�W�L�V�L�Q�J���V�S�D�F�H�V���Q�H�D�U���W�K�H���U�R�D�G���L�V���Q�R�W�H�Z�R�U�W�K�\�����,�Q���W�K�L�V���F�D�V�H����
�F�R�Q�V�F�L�R�X�V���S�H�U�F�H�S�W�L�R�Q���L�V���E�D�V�H�G���R�Q���W�K�H���U�H�V�S�R�Q�V�H�V���I�U�R�P���W�K�H���T�X�H�V�W�L�R�Q�Q�D�L�U�H���V�X�U�Y�H�\�����Z�K�L�O�H��
�V�X�E�F�R�Q�V�F�L�R�X�V���S�H�U�F�H�S�W�L�R�Q���L�V���L�Q�I�H�U�U�H�G���I�U�R�P���W�K�H���H�\�H-�W�U�D�F�N�L�Q�J���G�D�W�D����

�,�W���L�V���L�P�S�R�U�W�D�Q�W���W�R���Q�R�W�H���W�K�D�W���W�K�H���R�X�W�F�R�P�H���R�I���W�K�H���H�[�S�H�U�L�P�H�Q�W���F�R�X�O�G���E�H���D�I�I�H�F�W�H�G���E�\���W�K�H��
�D�P�R�X�Q�W���R�I���W�U�D�I�I�L�F���G�X�U�L�Q�J���W�K�H���P�H�D�V�X�U�H�P�H�Q�W�����D�V���Z�H�O�O���D�V���E�\���W�K�H���J�H�Q�H�U�D�O���F�R�Q�G�L�W�L�R�Q�V���R�I��
�W�K�H���U�R�D�G���L�Q���T�X�H�V�W�L�R�Q����

��

�)�L�J�X�U�H������

�2�Y�H�U�D�O�O���S�H�U�F�H�S�W�L�R�Q���R�I���R�X�W�G�R�R�U���D�G�Y�H�U�W�L�V�L�Q�J���G�X�U�L�Q�J���W�K�H���G�U�L�Y�L�Q�J��

�7�K�H���I�L�Q�G�L�Q�J�V���R�I���W�K�L�V���U�H�V�H�D�U�F�K���K�D�Y�H���I�D�U-�U�H�D�F�K�L�Q�J���L�P�S�O�L�F�D�W�L�R�Q�V���I�R�U���W�K�H���H�I�I�H�F�W�L�Y�H�Q�H�V�V���R�I��
�R�X�W�G�R�R�U�� �D�G�Y�H�U�W�L�V�L�Q�J���� �,�W���F�D�Q���E�H�� �D�U�J�X�H�G���W�K�D�W���W�K�H�� �G�L�V�F�U�H�S�D�Q�F�\���E�H�W�Z�H�H�Q���W�K�H�� �F�R�Q�V�F�L�R�X�V��
�D�Q�G���V�X�E�F�R�Q�V�F�L�R�X�V���S�H�U�F�H�S�W�L�R�Q���R�I���R�X�W�G�R�R�U���D�G�Y�H�U�W�L�V�L�Q�J���V�S�D�F�H�V���Q�H�D�U���W�K�H���U�R�D�G���F�R�X�O�G���E�H��
�G�X�H���W�R���W�K�H���I�D�F�W���W�K�D�W���G�U�L�Y�H�U�V���D�U�H���R�I�W�H�Q���S�U�H�R�F�F�X�S�L�H�G���Z�L�W�K���R�W�K�H�U���W�D�V�N�V���D�Q�G���P�D�\���Q�R�W���E�H��
�D�E�O�H�� �W�R�� �G�H�Y�R�W�H���W�K�H�L�U���I�X�O�O���D�W�W�H�Q�W�L�R�Q���W�R�� �R�X�W�G�R�R�U�� �D�G�Y�H�U�W�L�V�L�Q�J���� �7�K�H�U�H�I�R�U�H���� �L�W���L�V�� �S�R�V�V�L�E�O�H��
�W�K�D�W���R�X�W�G�R�R�U���D�G�Y�H�U�W�L�V�L�Q�J���Q�H�H�G�V���W�R���E�H���P�R�U�H���H�\�H-�F�D�W�F�K�L�Q�J�����R�U���S�O�D�F�H�G���L�Q���P�R�U�H���Y�L�V�L�E�O�H��
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�O�R�F�D�W�L�R�Q�V���� �L�Q�� �R�U�G�H�U�� �W�R�� �E�H�� �P�R�U�H�� �H�I�I�H�F�W�L�Y�H���� �$�G�G�L�W�L�R�Q�D�O�O�\���� �I�X�U�W�K�H�U�� �U�H�V�H�D�U�F�K�� �V�K�R�X�O�G�� �E�H��
�F�R�Q�G�X�F�W�H�G���W�R���G�H�W�H�U�P�L�Q�H���Z�K�H�W�K�H�U���W�K�H���F�R�Q�V�F�L�R�X�V���S�H�U�F�H�S�W�L�R�Q���R�I���Y�L�V�X�D�O���V�P�R�J���L�V���D�I�I�H�F�W�H�G��
�E�\���I�D�F�W�R�U�V���V�X�F�K���D�V���W�K�H���G�U�L�Y�H�U�
�V���D�J�H���R�U���W�K�H���W�\�S�H���R�I���Y�H�K�L�F�O�H���E�H�L�Q�J���G�U�L�Y�H�Q�����%�\���G�R�L�Q�J���V�R����
�L�W�� �P�D�\�� �E�H�� �S�R�V�V�L�E�O�H�� �W�R�� �G�H�Y�H�O�R�S�� �P�R�U�H�� �H�I�I�H�F�W�L�Y�H�� �V�W�U�D�W�H�J�L�H�V�� �I�R�U�� �W�D�U�J�H�W�L�Q�J�� �R�X�W�G�R�R�U��
�D�G�Y�H�U�W�L�V�L�Q�J����

Discussion 

�7�K�H���V�W�X�G�\���D�L�P�H�G���W�R���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���L�Q�I�O�X�H�Q�F�H���R�I���Y�L�V�X�D�O���V�P�R�J�����V�S�H�F�L�I�L�F�D�O�O�\���R�X�W�G�R�R�U��
�D�G�Y�H�U�W�L�V�L�Q�J�����R�Q���W�K�H���D�W�W�H�Q�W�L�R�Q�D�O���S�U�R�F�H�V�V�H�V���R�I���P�R�W�R�U���Y�H�K�L�F�O�H���G�U�L�Y�H�U�V�����Z�L�W�K���D���I�R�F�X�V���R�Q��
�W�K�H�� �U�R�O�H�� �R�I�� �F�R�J�Q�L�W�L�Y�H�� �P�R�E�L�O�L�W�\���� �&�R�J�Q�L�W�L�Y�H�� �0�R�E�L�O�L�W�\�� �L�V�� �D�Q�� �L�Q�F�O�X�V�L�Y�H�� �D�S�S�U�R�D�F�K�� �W�K�D�W��
�F�R�Q�V�L�G�H�U�V���E�R�W�K���D�U�W�L�I�L�F�L�D�O���D�Q�G���Q�D�W�X�U�D�O���F�R�J�Q�L�W�L�Y�H���I�H�D�W�X�U�H�V���R�I���W�K�H���G�U�L�Y�H�U���L�Q���X�Q�G�H�U�V�W�D�Q�G�L�Q�J��
�P�R�E�L�O�L�W�\�� �F�R�P�S�U�H�K�H�Q�V�L�Y�H�O�\���� �,�Q�� �R�U�G�H�U�� �W�R�� �D�V�V�H�V�V�� �W�K�L�V�� �L�Q�I�O�X�H�Q�F�H���� �W�K�H�� �U�H�V�H�D�U�F�K�H�U�V��
�D�Q�D�O�\�]�H�G�� �S�K�\�V�L�R�O�R�J�L�F�D�O�� �Y�D�U�L�D�E�O�H�V�� �V�X�F�K�� �D�V�� �I�L�[�D�W�L�R�Q�V���� �V�D�F�F�D�G�H�V���� �D�Q�G�� �E�O�L�Q�N�V�� �W�R��
�X�Q�G�H�U�V�W�D�Q�G���K�R�Z���G�U�L�Y�H�U�V���D�O�O�R�F�D�W�H���W�K�H�L�U���D�W�W�H�Q�W�L�R�Q���Z�K�L�O�H���G�U�L�Y�L�Q�J����

�7�R���F�R�Q�G�X�F�W���W�K�H���L�Q�Y�H�V�W�L�J�D�W�L�R�Q�����H�\�H-�W�U�D�F�N�L�Q�J���U�H�V�H�D�U�F�K���Z�D�V���S�H�U�I�R�U�P�H�G���R�Q���W�Z�R���U�R�X�W�H�V����
�5�R�X�W�H�� ���� �D�Q�G�� �5�R�X�W�H�� ������ �W�R�� �H�[�D�P�L�Q�H�� �W�K�H�� �G�U�L�Y�H�U�V�
�� �S�H�U�F�H�S�W�L�R�Q�� �R�I�� �R�X�W�G�R�R�U�� �D�G�Y�H�U�W�L�V�L�Q�J����
�5�R�X�W�H���������V�L�W�X�D�W�H�G���L�Q���W�K�H���F�L�W�\���F�H�Q�W�H�U���Z�L�W�K���K�H�D�Y�\���W�U�D�I�I�L�F���D�Q�G���Q�X�P�H�U�R�X�V���L�Q�W�H�U�V�H�F�W�L�R�Q�V����
�H�[�K�L�E�L�W�H�G���D���K�L�J�K�H�U���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���E�L�O�O�E�R�D�U�G�V���D�Q�G���E�L�J�E�R�D�U�G�V���F�R�P�S�D�U�H�G���W�R���5�R�X�W�H��������
�Z�K�L�F�K���R�I�I�H�U�H�G���O�R�Q�J�H�U���D�Q�G���P�R�U�H���H�Y�H�Q�O�\���G�L�V�W�U�L�E�X�W�H�G���V�W�U�H�W�F�K�H�V���R�I���U�R�D�G�Z�D�\�����$�P�R�Q�J���D�O�O��
�W�K�H���G�U�L�Y�H�U�V�����Grivers���R�Q���5�R�X�W�H�������G�L�V�S�O�D�\�H�G���W�K�H���K�L�J�K�H�V�W���Q�X�P�E�H�U���R�I���I�L�[�D�W�L�R�Q�V�����V�D�F�F�D�G�H�V����
�D�Q�G���E�O�L�Q�N�V���S�H�U���P�L�Q�X�W�H�����L�Q�G�L�F�D�W�L�Q�J���K�H�L�J�K�W�H�Q�H�G���F�R�J�Q�L�W�L�Y�H���S�U�R�F�H�V�V�L�Q�J�����,�W���L�V���Z�R�U�W�K���Q�R�W�L�Q�J��
�W�K�D�W���H�[�F�H�V�V�L�Y�H���I�L�[�D�W�L�R�Q�V���D�Q�G���V�D�F�F�D�G�H�V���P�D�\���L�Q�G�X�F�H���I�H�H�O�L�Q�J�V���R�I���D�Q�[�L�H�W�\���R�U���X�Q�H�D�V�H���Z�K�L�O�H��
�G�U�L�Y�L�Q�J�����2�Q���5�R�X�W�H���������G�U�L�Y�H�U�V���H�[�K�L�E�L�W�H�G���D���K�L�J�K�H�U���P�H�D�Q���R�I���I�L�[�D�W�L�R�Q�V���D�Q�G���V�D�F�F�D�G�H�V���S�H�U��
�V�H�F�R�Q�G�� �L�Q�� �F�R�P�S�D�U�L�V�R�Q�� �W�R�� �5�R�X�W�H�� ������ �7�K�L�V�� �U�R�X�W�H�� �K�D�G�� �D�� �J�U�H�D�W�H�U�� �Q�X�P�E�H�U�� �R�I��
�D�G�Y�H�U�W�L�V�H�P�H�Q�W�V�����D�Q�G���G�U�L�Y�H�U�V���G�H�P�R�Q�V�W�U�D�W�H�G���K�L�J�K�H�U���I�L�[�D�W�L�R�Q���U�D�W�H�V���R�Q���W�K�H���D�G�V���F�R�P�S�D�U�H�G��
�W�R�� �5�R�X�W�H�� ������T�K�H�� �R�Y�H�U�D�O�O�� �I�L�[�D�W�L�R�Q�� �U�D�W�H�V�� �R�Q�� �R�X�W�G�R�R�U�� �D�G�V�� �U�H�P�D�L�Q�H�G�� �U�H�O�D�W�L�Y�H�O�\�� �O�R�Z�� �R�Q��
�E�R�W�K���U�R�X�W�H�V�����,�Q�W�H�U�H�V�W�L�Q�J�O�\�����D���G�L�V�F�U�H�S�D�Q�F�\���H�P�H�U�J�H�G���E�H�W�Z�H�H�Q���F�R�Q�V�F�L�R�X�V���S�H�U�F�H�S�W�L�R�Q�����D�V��
�U�H�S�R�U�W�H�G���E�\���U�H�V�S�R�Q�G�H�Q�W�V�����D�Q�G���V�X�E�F�R�Q�V�F�L�R�X�V���S�H�U�F�H�S�W�L�R�Q�����D�V���L�Q�G�L�F�D�W�H�G���E�\���H�\�H-�W�U�D�F�N�L�Q�J��
�G�D�W�D�����R�I���R�X�W�G�R�R�U���D�G�Y�H�U�W�L�V�L�Q�J�����:�K�L�O�H�����������R�I���W�K�H���U�H�V�S�R�Q�G�H�Q�W�V���U�H�S�R�U�W�H�G���E�H�L�Q�J���D�Z�D�U�H���R�I��
�Y�L�V�X�D�O�� �V�P�R�J���� �W�K�H�� �H�\�H-�W�U�D�F�N�L�Q�J�� �H�[�S�H�U�L�P�H�Q�W�� �U�H�Y�H�D�O�H�G�� �W�K�D�W�� �R�Q�O�\�� ������������ �R�I�� �R�X�W�G�R�R�U��
�D�G�Y�H�U�W�L�V�L�Q�J���V�S�D�F�H�V���Z�H�U�H���R�E�V�H�U�Y�H�G���E�\���G�U�L�Y�H�U�V�����7�K�L�V���I�L�Q�G�L�Q�J���V�X�J�J�H�V�W�V���W�K�D�W���G�U�L�Y�H�U�V���P�D�\��
�Q�R�W�� �I�X�O�O�\�� �D�W�W�H�Q�G�� �W�R�� �R�X�W�G�R�R�U�� �D�G�Y�H�U�W�L�V�L�Q�J�� �G�X�H�� �W�R�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �R�W�K�H�U�� �W�D�V�N�V���D�Q�G��
�G�L�V�W�U�D�F�W�L�R�Q�V���Z�K�L�O�H���G�U�L�Y�L�Q�J����

�7�K�H�� �U�H�V�X�O�W�V�� �L�P�S�O�\�� �W�K�D�W�� �R�X�W�G�R�R�U�� �D�G�Y�H�U�W�L�V�L�Q�J�� �P�D�\�� �Q�H�H�G�� �W�R�� �E�H�� �P�R�U�H�� �H�\�H-�F�D�W�F�K�L�Q�J�� �R�U��
�S�R�V�L�W�L�R�Q�H�G���L�Q���P�R�U�H���Y�L�V�L�E�O�H���O�R�F�D�W�L�R�Q�V���W�R���E�H���H�I�I�H�F�W�L�Y�H�����,�W���L�V���F�U�X�F�L�D�O���W�R���F�R�Q�V�L�G�H�U���I�D�F�W�R�U�V��
�V�X�F�K�� �D�V�� �G�U�L�Y�H�U�� �D�J�H�� �D�Q�G���Y�H�K�L�F�O�H�� �W�\�S�H�� �L�Q�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �W�K�H�� �F�R�Q�V�F�L�R�X�V�� �S�H�U�F�H�S�W�L�R�Q���R�I��
�Y�L�V�X�D�O�� �V�P�R�J���� �%�D�V�H�G�� �R�Q�� �W�K�H�� �U�H�V�X�O�W�V�� �R�I�� �W�K�L�V�� �V�W�X�G�\���� �W�K�H�U�H�� �L�V�� �D�� �Q�H�H�G�� �W�R�� �G�H�Y�H�O�R�S�� �E�D�V�L�F��
�U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V���I�R�U���G�H�F�L�V�L�R�Q-�P�D�N�H�U�V���R�Q���W�K�H���S�O�D�F�H�P�H�Q�W���R�I���D�G�Y�H�U�W�L�V�H�P�H�Q�W�V���Z�L�W�K���D��
�I�R�F�X�V���R�Q���H�Q�V�X�U�L�Q�J���W�K�H���V�D�I�H�W�\���R�I���E�R�W�K���G�U�L�Y�H�U�V���D�Q�G���S�H�G�H�V�W�U�L�D�Q�V���R�Q���W�K�H���U�R�D�G�V�����Z�K�L�F�K���Z�L�O�O��
�E�H�� �W�K�H�� �V�X�E�M�H�F�W�� �R�I���R�X�U�� �I�X�U�W�K�H�U�� �U�H�V�H�D�U�F�K�����$�G�G�L�W�L�R�Q�D�O�O�\���� �I�X�W�X�U�H�� �U�H�V�H�D�U�F�K�� �V�K�R�X�O�G���G�H�O�Y�H��
�L�Q�W�R�� �W�K�H�V�H�� �I�D�F�W�R�U�V�� �D�Q�G�� �G�H�Y�H�O�R�S�� �P�R�U�H���H�I�I�H�F�W�L�Y�H�� �V�W�U�D�W�H�J�L�H�V�� �I�R�U�� �W�D�U�J�H�W�L�Q�J�� �R�X�W�G�R�R�U��
�D�G�Y�H�U�W�L�V�L�Q�J����

��



Acta Polytechnica Hungarica Vol. 21, No. 7, 2024 

�Å��63 �Å��

Conclusions 

�,�Q�� �F�R�Q�F�O�X�V�L�R�Q���� �W�K�L�V�� �V�W�X�G�\�� �K�L�J�K�O�L�J�K�W�V�� �W�K�H�� �L�Q�H�I�I�H�F�W�L�Y�H�Q�H�V�V�� �R�I�� �S�O�D�F�L�Q�J�� �R�X�W�G�R�R�U��
�D�G�Y�H�U�W�L�V�L�Q�J�����D�O�V�R���N�Q�R�Z�Q���D�V���Y�L�V�X�D�O���V�P�R�J�����L�Q���G�R�Z�Q�W�R�Z�Q���D�U�H�D�V���I�R�U���W�D�U�J�H�W�L�Q�J���P�R�W�R�U�L�V�W�V����
�(�P�S�L�U�L�F�D�O���H�Y�L�G�H�Q�F�H���L�Q�G�L�F�D�W�H�V���W�K�D�W���W�K�H�V�H���D�G�Y�H�U�W�L�V�H�P�H�Q�W�V���K�D�Y�H���D�Q���L�Q�V�L�J�Q�L�I�L�F�D�Q�W���L�P�S�D�F�W��
�R�Q�� �W�K�H�L�U�� �W�D�U�J�H�W�� �D�X�G�L�H�Q�F�H���� �S�U�R�Y�L�G�L�Q�J�� �D�� �U�D�W�L�R�Q�D�O�� �E�D�V�L�V�� �I�R�U�� �D�G�Y�H�U�W�L�V�L�Q�J�� �D�J�H�Q�F�L�H�V�� �W�R��
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Abstract: In the fight against global warming, all increase in energy efficiency contributes 
to reaching the target numbers. This is especially true for agriculture, where a huge number 
of large vehicles work. Currently, used modern tractors are equipped with powershift 
transmissions, which allow for shifting underload. In the case of tractors, owing to the large 
traction force and low speed of tractors, kinetic energy loss during shifting is high, which 
reduces efficiency. The traction test presented here aimed to analyse the shifting process of 
a tractor from an energetic perspective. It was a challenging task to select the appropriate 
measuring devices and to create a measurement system for this purpose, due to the extremely 
short (0.3-0.5 s) shifting time. In order to be able to analyse the parameter changes and the 
cause-and-effect relationships between speed and engine revolution, and between traction 
force and slip in the shifting process. Two scenarios were examined: fixed speed and fixed 
traction force. Data characterizing shifting while high traction force is exerted was analysed 
by methods of mathematical statistics. The unit changes of traction force and slip and the 
required time were analysed. Traction force increased after shifting (+ 5 kN), which 
indicates that extra traction force is needed to make up for speed lost during shifting, and 
because of which slip is considerably increased, typically by more than 10%. After shifting, 
traction force vacillates at a frequency around 2 Hz, similarly to the vacillation of engine 
revolution. When changing down, the process starts with a decrease in slip. After almost 0.15 
s, traction force plummets by 15 kN at the beginning of shifting. At the same time, slip also 
decreases, for a short time it can also exhibit negative values. The analysis proved that slip 
continuously causes considerable losses to various degrees during shifting. In order to 
minimize these losses, recommendations are given both for driving technique and for the 
parameter settings of the controlling software. 

Keywords: transmission; gear shifting; agricultural vehicles 
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1 Introduction  

�(�I�I�L�F�L�H�Q�W���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���L�V���D���F�U�X�F�L�D�O���I�D�F�W�R�U���L�Q���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���D�Q�G���R�S�H�U�D�W�L�R�Q��
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�F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���G�X�U�L�Q�J���V�K�L�I�W�L�Q�J���D�Q�G���H�[�S�O�R�U�H�V���W�K�H���F�R�Q�Q�H�F�W�L�R�Q�V���E�H�W�Z�H�H�Q���W�K�H���L�Q�I�O�X�H�Q�F�L�Q�J��
�I�D�F�W�R�U�V���� �7�K�H�� �D�E�R�Y�H�� �U�H�I�H�U�H�Q�F�H�V�� �S�U�R�Y�H�G�� �W�K�D�W�� �I�R�U�� �V�O�R�Z�� �H�Q�H�U�J�\-�F�R�Q�V�X�P�L�Q�J�� �S�U�R�F�H�V�V�H�V��
�Z�L�W�K���K�L�J�K���W�U�D�F�W�L�R�Q���S�R�Z�H�U�����W�K�H���W�U�D�G�L�W�L�R�Q�D�O���F�K�R�R�V�L�Q�J���R�I���R�S�W�L�P�D�O���Z�R�U�N���V�S�H�H�G���F�D�Q���R�Q�O�\��
�U�D�U�H�O�\���E�H���D�F�K�L�H�Y�H�G�����:�K�H�Q���W�K�H���P�D�F�K�L�Q�H���J�U�R�X�S���V�O�R�Z�V���G�R�Z�Q���G�X�U�L�Q�J���J�H�D�U���V�K�L�I�W�L�Q�J�����W�K�H��
�D�U�L�V�L�Q�J���H�Q�H�U�J�\���O�R�V�V���P�X�V�W���E�H���F�R�P�S�H�Q�V�D�W�H�G���I�R�U�����Z�K�L�F�K���L�Q�F�U�H�D�V�H�V���W�K�H���X�Q�L�W���H�Q�H�U�J�\���Q�H�H�G��
�R�I���W�K�H���Z�R�U�N���S�U�R�F�H�V�V�����7�K�L�V���V�W�X�G�\���H�[�S�O�R�U�H�V���K�R�Z���P�X�F�K���H�Q�H�U�J�\���O�R�V�V���D�U�L�V�H�V���L�Q���W�K�H���F�D�V�H���R�I��
�S�R�Z�H�U�V�K�L�I�W���W�U�D�Q�V�P�L�V�V�L�R�Q�V���Z�K�L�F�K���F�D�Q���E�H���R�S�H�U�D�W�H�G���X�Q�G�H�U�O�R�D�G�����7�K�H���K�\�G�U�D�X�O�L�F���F�R�Q�W�U�R�O��
�R�I���W�K�H���W�U�D�Q�V�P�L�V�V�L�R�Q���R�I���W�K�H���H�[�D�P�L�Q�H�G���F�X�U�U�H�Q�W���W�U�D�F�W�R�U���Z�R�U�N�V���Z�L�W�K���F�R�Q�V�W�D�Q�W���G�X�U�D�W�L�R�Q�V����
�D�Q�G���F�R�Q�V�W�D�Q�W���S�U�H-�F�D�O�L�E�U�D�W�H�G���F�U�R�V�V-�V�H�F�W�L�R�Q���W�K�U�R�X�J�K���D���S�X�O�V�H-�Z�L�G�W�K���P�R�G�X�O�D�W�L�R�Q�����3�:�0����
�G�L�U�H�F�W�L�R�Q�D�O���F�R�Q�W�U�R�O���Y�D�O�Y�H�����'�&�9�������7�K�H���D�L�P���R�I���W�K�H���U�H�V�H�D�U�F�K���L�V���W�R���H�[�S�O�R�U�H���K�R�Z���R�S�W�L�P�D�O��
�W�K�H�V�H�� �S�D�U�D�P�H�W�H�U�V�� �D�U�H�� �Z�K�L�O�H�� �F�K�D�Q�J�L�Q�J�� �W�K�H�� �W�U�D�F�W�L�R�Q���I�R�U�F�H�� �O�R�D�G�� �D�Q�G�� �W�K�H�� �Z�R�U�N�� �V�S�H�H�G������
�7�K�H�� �S�U�H�V�H�Q�W�� �D�U�W�L�F�O�H�� �G�L�V�F�X�V�V�H�V�� �W�K�H�� �I�L�H�O�G�� �W�U�D�F�W�L�R�Q�� �W�H�V�W�V�� �R�I�� �W�U�D�F�W�R�U�V���� �L�Q�F�O�X�G�L�Q�J�� �W�K�H��
�P�H�D�V�X�U�H�P�H�Q�W���W�H�F�K�Q�L�T�X�H�V�����W�K�H���W�H�V�W���U�H�V�X�O�W�V���D�Q�G���W�K�H�L�U���D�Q�D�O�\�V�L�V����



Acta Polytechnica Hungarica Vol. 21, No. 7, 2024 

�Å��71 �Å��

2 Materials and Methods 
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2.1 Tractor Characteristics 

�$�� �&�/�$�$�6�� �$�5�,�2�1�� �������� �W�U�D�F�W�R�U�� �Z�D�V�� �X�V�H�G�� �L�Q�� �W�K�H�� �H�[�S�H�U�L�P�H�Q�W���� �,�W�� �K�D�G�� �D���S�R�Z�H�U�V�K�L�I�W��
�W�U�D�Q�V�P�L�V�V�L�R�Q���V�\�V�W�H�P���Z�L�W�K���������J�H�D�U�V�����Z�L�W�K�������S�R�Z�H�U���V�K�L�I�W���J�H�D�U�V������–��–��–�������L�Q�������S�R�Z�H�U��
�V�K�L�I�W�� �U�D�Q�J�H�V�� ���$–�%–C–�'������ �6�K�L�I�W�L�Q�J���E�H�W�Z�H�H�Q���U�D�Q�J�H�V�� ���$–�%–C–�'���� �L�V�� �R�Q�O�\�� �S�R�V�V�L�E�O�H��
�Z�K�H�Q���X�Q�O�R�D�G�H�G�����Z�K�L�O�H���J�H�D�U���V�K�L�I�W�L�Q�J������–��–��–�������L�V���S�R�V�V�L�E�O�H���Z�K�H�Q���O�R�D�G�H�G�����7�K�H���W�U�D�F�W�L�R�Q��
�I�R�U�F�H���R�I���W�K�H���W�H�V�W�H�G���W�U�D�F�W�R�U���U�X�Q�Q�L�Q�J���L�Q���W�K�H���I�L�H�O�G���U�D�Q�J�H�G���I�U�R�P���������W�R���������N�1���L�Q���W�K�H�������W�R��
�������N�P���K���V�S�H�H�G���U�D�Q�J�H����
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Integrated Torque Vectoring Control Using 
Vehicle Yaw Rate and Sideslip Angle for 
Improving Steering and Stability of All Off -
Wheel-Motor Drive Electric Vehicles 

Mahmoud Said Jneid, Péter Harth 

�%�X�G�D�S�H�V�W���8�Q�L�Y�H�U�V�L�W�\���R�I���7�H�F�K�Q�R�O�R�J�L�H�V���D�Q�G���(�F�R�Q�R�P�L�F�V�����'�H�S�D�U�W�P�H�Q�W���R�I���$�X�W�R�P�R�W�L�Y�H��
�7�H�F�K�Q�R�O�R�J�L�H�V���������������%�X�G�D�S�H�V�W�����+�X�Q�J�D�U�\��
�(-�P�D�L�O�V�����P�D�K���M�Q�H�L�G�#�H�G�X���E�P�H���K�X�����K�D�U�W�K���S�H�W�H�U�#�N�M�N���E�P�H���K�X����

Abstract: Recently electric vehicles with independent wheel-motor-drive showed great 
potential for advanced chassis active control integration leading to high driving 
performance, ensured safety, and compact packaging. Advanced motor drives and powerful 
power electronics enable highly sophisticated vehicle control systems to be applied and 
integrated using minimum hardware. This paper proposes an integrated torque vectoring 
control using vehicle yaw rate and sideslip angle to correct steering and improve stability of 
all off-wheel-motor drive electric vehicles. The control system is suggested with three control 
layers: the higher, medium, and lower. The main contribution of this work is implementing 
torque vectoring based on regenerative braking on the wheels allocated to develop braking 
force. The proposed torque vectoring control is implemented on a 7-DOF electric vehicle 
model in MATLAB/Simulink and verified by a double-lane change manoeuvre. Simulation 
results show explicit improvement in vehicle heading and stability. 

Keywords: integrated torque vectoring; yaw rate; sideslip angle; electric vehicles; off-wheel-
motor; regenerative braking; vehicle stability; steering correction 

1 Introduction  

�(�O�H�F�W�U�L�F���Y�H�K�L�F�O�H�V�����(�9�V�����K�D�Y�H���P�D�Q�\���D�G�Y�D�Q�W�D�J�H�V���F�R�P�S�D�U�H�G���W�R���F�R�Q�Y�H�Q�W�L�R�Q�D�O���L�Q�W�H�U�Q�D�O��
�F�R�P�E�X�V�W�L�R�Q�� �H�Q�J�L�Q�H�� ���,�&�(���� �Y�H�K�L�F�O�H�V�� �V�X�F�K�� �D�V�� �E�H�L�Q�J�� �H�Q�Y�L�U�R�Q�P�H�Q�W-�I�U�L�H�Q�G�O�\���� �K�L�J�K��
�H�I�I�L�F�L�H�Q�F�\�����K�D�Y�L�Q�J�� �D�� �V�L�P�S�O�H�� �O�D�\�R�X�W���� �P�L�Q�L�P�L�]�H�G�� �G�U�L�Y�H�W�U�D�L�Q�� �H�O�H�P�H�Q�W�V���� �H�D�V�\��
�P�D�L�Q�W�H�Q�D�Q�F�H���� �L�P�S�U�R�Y�H�G�� �S�D�F�N�D�J�L�Q�J���� �D�Q�G���F�R�P�S�D�F�W�Q�H�V�V�����7�K�H�� �S�U�H�V�H�Q�W�� �W�U�H�Q�G�V�� �L�Q�� �W�K�H��
�W�U�D�Q�V�S�R�U�W�D�W�L�R�Q���V�H�F�W�R�U���V�X�J�J�H�V�W���W�K�D�W���(�9�V���U�H�S�O�D�F�H���,�&�(���Y�H�K�L�F�O�H�V���V�K�R�U�W�O�\���>���@�����,�Q���D�O�O-�Z�K�H�H�O-
�P�R�W�R�U�� �G�U�L�Y�H�� ���$�:�0���� �(�9�V�����W�K�H���H�O�H�F�W�U�L�F�� �P�R�W�R�U�� �F�D�Q���E�H�� �L�Q�V�W�D�O�O�H�G���L�Q�V�L�G�H�� �W�K�H�� �Z�K�H�H�O���V�R��
�N�Q�R�Z�Q���D�V���L�Q-�Z�K�H�H�O-�P�R�W�R�U�����,�:�0�����R�U���R�I�I�V�L�G�H���W�K�H���Z�K�H�H�O���D�V���L�V���F�R�Q�Y�H�Q�W�H�G���L�Q���W�K�L�V���S�D�S�H�U��
�E�\���R�I�I-�Z�K�H�H�O-�P�R�W�R�U�����2�:�0�������:�L�W�K���I�R�X�U���H�O�H�F�W�U�L�F���P�R�W�R�U�V�����W�K�H���Z�K�H�H�O�V’ ���W�R�U�T�X�H���F�D�Q���E�H��
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�S�U�H�F�L�V�H�O�\���F�R�Q�W�U�R�O�O�H�G���D�O�O�R�Z�L�Q�J���I�R�U���W�K�H���D�S�S�O�L�F�D�W�L�R�Q���R�I���D���Z�L�G�H���U�D�Q�J�H���R�I���D�G�Y�D�Q�F�H�G���F�K�D�V�V�L�V��
�D�V�V�L�V�W�D�Q�F�H�� �V�\�V�W�H�P�V�� ���$�&�$�6���� �D�Q�G�� �D�G�Y�D�Q�F�H�G�� �G�U�L�Y�H�U�� �D�V�V�L�V�W�D�Q�F�H�� �V�\�V�W�H�P�V�� ���$�'�$�6�����D�V��
�K�R�O�L�V�W�L�F���L�Q�W�H�J�U�D�W�H�G���V�\�V�W�H�P�V���>���@����

�7�K�D�Q�N�V���W�R���H�O�H�F�W�U�L�F���P�R�W�R�U�V���D�Q�G���W�K�H�L�U���V�R�S�K�L�V�W�L�F�D�W�H�G���F�R�Q�W�U�R�O���D�O�J�R�U�L�W�K�P�V�����W�K�H�V�H���V�\�V�W�H�P�V��
�F�D�Q���E�H���L�P�S�O�H�P�H�Q�W�H�G���D�V���D�Q���H�O�H�F�W�U�R�Q�L�F���Y�H�U�V�L�R�Q���R�I���W�K�H��e-�V�\�V�W�H�P���D�F�K�L�H�Y�L�Q�J���U�H�D�O���G�U�L�Y�H-
�E�\-�Z�L�U�H�� ���'�%�:���� �D�Q�G�� �E�U�D�N�H-�E�\-�Z�L�U�H�� ���%�%�:���� �F�R�Q�W�U�R�O�� �>���@���� �>���@�����7�K�H��e-�V�\�V�W�H�P���O�L�V�W��
�L�Q�F�O�X�G�H�V�� �D�Q��e-�D�Q�W�L-�O�R�F�N�� �E�U�D�N�L�Q�J�� �V�\�V�W�H�P�� ��e�$�%�6�������D�Q��e-�H�O�H�F�W�U�R�Q�L�F�� �V�W�D�E�L�O�L�W�\�� �S�U�R�J�U�D�P��
���H�(�6�3�������D�Q��e-�O�L�P�L�W�H�G���V�O�L�S���G�L�I�I�H�U�H�Q�W�L�D�O�����H�/�6�'�������D�Q�G��e-�W�R�U�T�X�H���Y�H�F�W�R�U�L�Q�J����e�7�9�����>���@�����>���@����
�&�X�U�U�H�Q�W�O�\�����7�9���L�V���D���K�R�W���U�H�V�H�D�U�F�K���W�R�S�L�F���D�Q�G���D�W�W�U�D�F�W�V���P�D�Q�\���U�H�V�H�D�U�F�K�H�U�V’ ���D�W�W�H�Q�W�L�R�Q���D�Q�G��
�F�R�P�S�D�Q�L�H�V’ ���L�Q�W�H�U�H�V�W�V���Z�R�U�N�L�Q�J���L�Q���W�K�H���G�R�P�D�L�Q���R�I���H�O�H�F�W�U�L�I�L�H�G���Y�H�K�L�F�O�H�V����

�7�K�H�� �S�U�L�Q�F�L�S�D�O�� �E�H�K�L�Q�G�� �W�K�H�� �7�9�� �L�V�� �W�R�� �J�H�Q�H�U�D�W�H�� �D�� �F�R�U�U�H�F�W�L�Y�H���\�D�Z�� �P�R�P�H�Q�W�� �D�U�R�X�Q�G�� �W�K�H��
�Y�H�K�L�F�O�H’ �V���Y�H�U�W�L�F�D�O���D�[�L�V���W�R���F�R�U�U�H�F�W���W�K�H���Y�H�K�L�F�O�H���K�H�D�G�L�Q�J���G�X�U�L�Q�J���W�X�U�Q�L�Q�J���D�Q�G���F�R�U�Q�H�U�L�Q�J��
�P�D�Q�R�H�X�Y�U�H�V���O�H�D�G�L�Q�J�� �W�R�� �L�P�S�U�R�Y�H�G�� �Y�H�K�L�F�O�H�� �V�W�D�E�L�O�L�W�\�� �D�Q�G�� �V�W�H�H�U�L�Q�J���>���@�����7�K�H�� �S�U�H�F�L�V�H��
�W�R�U�T�X�H���F�R�Q�W�U�R�O���R�I���H�O�H�F�W�U�L�F���P�R�W�R�U�V�����(�0�V�����R�Y�H�U���D���Z�L�G�H���U�D�Q�J�H���R�I���V�S�H�H�G�V���L�Q���E�R�W�K���W�U�D�F�W�L�R�Q��
�D�Q�G���E�U�D�N�L�Q�J���G�L�U�H�F�W�L�R�Q�V���D�O�O�R�Z�V���W�K�H���J�H�Q�H�U�D�W�L�R�Q���R�I���X�Q�O�L�P�L�W�H�G���F�R�P�E�L�Q�D�W�L�R�Q�V���R�I���G�U�L�Y�L�Q�J��
�D�Q�G�� �E�U�D�N�L�Q�J�� �G�L�I�I�H�U�H�Q�W�L�D�O�� �I�R�U�F�H�� �F�R�X�S�O�H�V�� �Z�K�L�F�K�� �F�D�Q�� �K�D�Q�G�O�H�� �Y�H�K�L�F�O�H�� �K�H�D�G�L�Q�J���D�Q�G��
�V�W�D�E�L�O�L�W�\���X�Q�G�H�U���Y�D�U�L�R�X�V���F�R�Q�G�L�W�L�R�Q�V����

�:�L�W�K���7�9�����W�K�H���Y�H�K�L�F�O�H���E�H�K�D�Y�L�R�X�U���L�V���H�Q�V�X�U�H�G���O�L�Q�H�D�U���L�I���W�K�H���G�H�V�L�U�H�G���\�D�Z���U�D�W�H���U�H�I�H�U�H�Q�F�H��
�L�V�� �J�H�Q�H�U�D�W�H�G�� �D�F�F�R�U�G�L�Q�J�� �W�R���W�K�H�� �E�L�F�\�F�O�H�� �Y�H�K�L�F�O�H�� �P�R�G�H�O�����$�W�� �V�R�P�H�� �F�U�L�W�L�F�D�O�� �V�D�I�H�W�\��
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1.2 Tyre Model 
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3 Integrated Torque Vectoring Control  ITV  
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Abstract: This article aims to investigate the socio-economic nature of car brand loyalty. 
The hypothesis is that brand loyalty is a complex structure with a complicated socio-
economic background. Nowadays, massive research is focused mainly on the 
psychographic background of the brand loyalty phenomenon. However, a socio-economic 
aspect of consumers is also entering into brand loyalty creation. It is supposed that brands 
with loyal consumers have more educative strength than brands where brand loyalty is 
missing. As it is challenging to identify consumers with a psychographic profile suitable for 
loyal brands, the changes in consumer behaviour are hard to reach. However, if the socio-
economic profile of loyal consumers is detected, environmental education can be focused 
precisely and with higher effectiveness. Some preliminary data have been collected in 
Slovakia to investigate the socio-economic background of car brand loyalty. To collect 
these data, a questionnaire survey has been used. It was realised in the last quarter of the 
year 2021 on the sample of 2035 Slovak inhabitants older than 15 years. Statistical 
analysis has been provided via a decision tree approach. It has been found that two 
relevant factors significantly influence brand loyalty - respondents' age and income. Based 
on these findings, it can be stated that, in general, brands with the higher pro-
environmental communication potential in the case of the Slovak Republic are Škoda, Audi 
and BMW. An approach that includes the strength of pro-environmental orientation of 
consumers (focusing on age categories) confirms this order. However, in the case of the 
income perspective, Peugeot's list of car brands should be extended, which has been 
surprisingly identified as a car brand with the potential to be used widely in the scope of 
pro-environmental education in specific area’s conditions in the Slovak Republic. 
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1 Introduction 

The need for sustainable development should be the imperative of corporate 
existence in contemporary markets [1]. Corporate mature sustainable activity has a 
positive effect on resilience or financial performance and ensures protection 
against economic downturns caused by various types of crises [2]. Among other 
things, even future industry 6.0 focuses on sustainability [3]. Thus, even though 
many companies who own reputable brands across a variety of sectors invest 
much money to the socially responsible projects focused on changing the 
consumer behaviour in favour of green products and pro-environmentally oriented 
technologies, the situation worldwide remains without any significant change if 
the legislative stimulus for such behaviour is not applied [4]. 

Although the perspective of sustainable activity of enterprises is not as pessimistic 
it has used to be [5], the shift in pro-environmental orientation is still more formal 
than real [6]. It means that, despite the corporate effort (corporate social 
responsibility) and changes in consumer behaviour (personal social responsibility) 
the real effect is still low – or at least slower in progress than it would be required 
[7, 8]. 

One of the possible reasons for such a situation can be the absence of connection 
and relationship between sender and relevant receiver of the message. In detail, 
even if the message is well formulated, the communication with educational 
background is not effective if the receiver of the message is not perceptive to the 
message. One of the factors which can positively affect the perceptiveness of the 
receiver of the message is brand loyalty [9]. There are two fundamental 
dimensions of the relationship between the sender and the receiver of educational 
messages: 1) receivers are willing to be influenced by the brands to which they are 
loyal, and 2) only brands with loyal consumers are prospective efficient message 
senders. Thus, there is a close relationship between the brand and its loyal 
consumer in positions of educator and educated. Although contemporary scientific 
literature states this relationship, the more profound analysis of relevant brand 
educators with a significant impact on consumer buying behaviour in 
environmentally harmful sectors is missing [10]. Individual transport belongs to 
the category of environmentally most harmful sectors [11] due the fact that the 
transportation sector is one of the largest emitters of CO2 [12] and is growing 
steadily [13]. 

There are two main ideological flows focused on the environmental harming 
effect of passenger car usage: 1) emissions and 2) urban factors. While the second 
focuses on excluding individual passenger cars from the city centres, the first one 
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has a less ambitious goal – if the left of car usage is impossible, then at least less 
harmful fuel technologies should be used [14]. 

Although consumers are aware of the pro-environmental benefits of abandoning 
traditional combustion fuels and preferring public transport, respectively, car-
sharing, their real buying decisions still dominate existing patterns, and new fuel 
technologies are accepted with suspicion [15]. Sustainable buying behaviour is 
traditionally discussed in the scope of 1) food consumption and 2) package and 
recycling [16, 17]. 

The situation is that while many types of research focus on the psychological 
background of the buying behaviour (trying to analyse pro-environmental buying 
decisions ex-post) [18], the ex-ante analysis would be much highly appreciated to 
predict the buying behaviour and to create a more effective platform to influence it 
in the required way. As a consequence of this need, the profile of green consumers 
is analysed. Contemporary, mainly: 1) generational and 2) national approaches are 
used [19, 20]. However, the sector analysis is quite fragmented – luxury goods, 
services and physical products [21-24]. Surprisingly, such an approach is not 
massively used in the most polluting sectors [25]. 

Most of these analyses apply the psychographic approach [26]. On the one hand, 
such a fact is entirely understandable as the motivation to pro-environmental 
behaviour is more behavioural than cognitive, on the other hand, the strong 
potential of the socio-economic perspective is missing. Thus, the phenomenon of 
green persona is mainly connected with psychographic characteristics, which are 
problematic to be detected when any communication activity with educational 
potential is planned [27]. 

Many car brands focus their innovative activities on achieving sustainable goals 
and being environmentally oriented [28, 29]. Although many car producers are 
aware of the need to act pro-environmentally as a sign of their corporate 
citizenship, their effort is enormous, and their investments are not turning back. 
The reason is that consumers are sceptic, and they are still preferring traditional 
technological solutions. In this situation, car producers' intrinsic and extrinsic 
motivation decreases, and their effort is stimulated mainly by national 
governments and international pro-environmental legislation. Thus, a shift in 
buying behaviour patterns is required. It has been highlighted that a possible way 
to reach goals set on the platform of sustainable development is systematic 
education of consumers and legal stimulation of companies [30-32]. Thus, the 
only possible way to reach this status is to educate the consumers and act 
strategically. However, this education should not lie on the shoulders of the 
educational systems, and there should be an active, practical approach to the 
corporate sphere itself [33-35]. 

The strong educative potential of valuable brands has been already detected [36-
37]. On the other hand, the educative potential of brands with loyal consumer 
platforms has been just slightly indicated [38]. Traditionally, brand loyalty is 
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discussed in the scope of its individual value sources – mainly relevant factors of 
brand attributes, attitudes, benefits and imageries [39]. The socio-economic 
analysis of the profile of loyal consumers is rather exceptional. Thus, it is not 
essential to identify brand loyalty sources (in the case of branding, yes, it is), but 
the socio-economic profile of loyal consumers. And not only this. Also, the status 
of the brand has loyal consumers. Unfortunately, not each brand considered 
valuable also has a reliable consumer platform. This explains shifts in brand value 
ranking and its sensitivity to changes in the macro-environment. 

Therefore, the study presented in this paper aims to investigate the socio-
economic nature of car brand loyalty. Thus, significant educators and educated 
can be determined to achieve higher environmental engagement of consumers. 
The article is structured as follows: the methodology is described after the 
introduction and literature review that forms the research question. In the 
methodology section, the detailed statistical tools of survey assessment are 
written. The results are being analysed and compared with contemporary scientific 
literature in the results and discussion part. Finally, the conclusion is drawn where 
the managerial implications, limits and barriers of the research and possible future 
research directions in this area are highlighted. 

2 Methodology 

The questionnaire survey, which is the elementary data source for the own 
analysis has been realised via the CAWI method in the last quarter of the year 
2021 on the sample of 2035 respondents – Slovak inhabitants older than 15 years. 
Such an age limit has been set because the survey has been widely focused on four 
specific product categories, which represent quadratic concepts of buying 
behaviour patterns (complex buying behaviour, dissonance-reducing buying 
behaviour, habitual buying behaviour and variety-seeking behaviour). The basic 
presumption for statistic sample creation was the autonomous buying behaviour of 
respondents. This can be assumed from 15 years of age in the Slovak Republic as 
this is the legal limit for entering into labour law relations. Car brands have been 
chosen as adequate representatives for complex buying behaviour where the 
consumer's involvement is high and the differences between brands are low. For 
such a large sample size, sample distribution approximates a normal distribution, 
which a central limit theorem can prove. The questionnaire has been composed of 
two parts: (1) socio-demographic profile of respondents and (2) individual brand 
value sources perception in selected categories of representatives of buying 
behaviour patterns. 

Statistical analysis has been provided via a decision tree approach. Decision trees 
are widely used machine learning methods that find their application in 
classification and regression tasks. In principle, it is a hierarchical, multi-stage 
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binary decision making system in which the fulfilment / non-fulfilm ent (if / else) 
of decision criteria or conditions is gradually evaluated until it is reached an 
accepted class or solution. The decision making process proceeds from the tree's 
root gradually through the individual nodes, which form branches with leaves. 
Although there are several different types of decision trees, the creation of tree 
structures is mainly governed by the fact that the decision criteria in the individual 
nodes are arranged according to information importance. The flag or criterion that 
has the most weight and allows you to best separate the input data into two binary 
classes (yes / no) becomes the root of the tree. The other nodes are gradually made 
up of the remaining criteria with less weight, with each node creating two binary 
descendants. The decision making process follows the individual branches of the 
tree until we reach the required class or solution (leaf). 

The decision tree is a structure used to divide a large set of cases (cases are 
statistical units, in our consumer analysis) in a database into smaller sets of cases 
with the gradual application of simple decision rules. The decision tree consists of 
rules - rules (rules are relationships between variables) to divide a large 
heterogeneous population into smaller, more homogeneous groups (a group of 
cases is called a node) concerning the relevant output variable. When creating a 
decision tree, the criteria divided into individual nodes are critical. The criterion 
based on which the variable to be used at the appropriate branch level is selected 
depends on the nature of the output variable. The basic idea of tree growth is 
related to the theory of data purity. The criterion for selecting a branch is to 
increase the purity of the child nodes (a net node is considered to contain only 
cases of one class of output character). 

Decision trees are used to identify groups discover relationships between them.  
It features visual classification to categorise the results and more clearly explain 
the analysis. Create classification models for segmentation, stratification, data 
reduction and variable screening. In this case, an ordinary top-down auto-scale 
decision tree was used, where the decision parameters were sex, age category, 
education level, size of the city, number of members of the household, and the 
dependent variable was car brand. A statistical multi-way tree algorithm was used 
to ensure that every combination of predictor variables was investigated and only 
the effective combination was visualised. The CHAID (Chi-Square Automatic 
Interaction Detection) algorithm checked the cross-correlation between predictor 
variables to examine all possible splits for each predictor (independent) variable 
category. CHAID creates all possible cross-tabulations for each categorical 
predictor until the best outcome is achieved, and no further splitting can be 
performed. 

We used entropy as a branching criterion in the case of decision trees, which we 
created on data sets from market research. The entropy concept is often applied 
objective weighting method, which works based on recognising the best splitting 
attribute [40-42]. The entropy model is often used as a typical method of 
quantifying contamination while the randomness or impurity of data sets is 
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qualified by the decision tree [43]. When defining entropy, we consider a training 
set of n cases. The value of input character A describes each case, and the value 
output character Y. Let the input character take the values ai (i=1,2,…k) and let the 
output character m have different values - classes yj (j=1,2,…m). Let the 
probabilities of occurrence of the class yj (j=1,2,…m) of the output character Y 
denote pj (j=1,2,…m). The entropy of the output character Y can be expressed in 
the Equation (1): 

 (1) 

where pj is the probability of occurrence of class j of the output character.  

The probabilities pj can be estimated using relative abundances: , where nj is the 
absolute abundance of class yj (j=1,2,…m) in a set of training cases. We then 
adjust Equation 1 to Equation (2): 

 (2) 

Entropy is measured between 0 and 1. Entropy is a measure of disorder or 
uncertainty. When branching, the variable with the lowest entropy value (attribute 
information value rate) is used; therefore, finally, the combination of the lowest 
entropy variables leads to the lowest entropy model. Because if it is known how to 
measure disorder, it was evident that the reduction of disorder (RD) in our 
dependent variable due to the additional information (independent variable) can 
also be measured see Equation (3): 

 (3) 

This can be easily derived from Chi-Square Automatic Interaction Detection. 

3 Results and Discussion 

In the questionnaire, there were 2035 respondents country-wide. Of all the 
respondents, 49,9 % were male, and 50,1% were female. Their age distribution is 
shown in Figure 1. 

Detailed analysis of the questionnaire showed a significant spatial difference in 
passenger car brand preference, but choosing no car was insignificant that 
strengthened the status symbol idea. The detailed systematic analysis showed that 
spatial-socio-economic parameters have a significant effect on the chosen brand of 
passenger cars (Figure 2). 
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Figure 1 

Age distribution in survey 

Based on the decision tree analysis, two significant factors could be determined: 
the respondent's age and income could significantly influence brand loyalty.  
The Pareto solution of the decision tree can be seen in Figure 3. 

Based on the research results, age and income are significant parameters of brand 
value recognition in the case of Slovak consumers. Thus, the educational activity 
of car brands should be realised following the finding that the brand loyalty 
phenomenon in the case of consumers under 35 years are influenced simply by 
this characteristic. In comparison, income is another relevant characteristic in the 
case of consumers above 35 years. In other words, in the case of younger 
consumers, their loyalty is not connected with their financial status. This fact is 
significant in the case of prospective pro-environmental orientation studying. As it 
has been already stated that typical green consumer is from Generation Z (those 
born since 1997) or from the generation of so-called Millennials (those born 
between 1981 and 1996), the future of pro-environmental orientation of passenger 
car consumers is green [36]. It declares the generational approach of Moslehpour 
et al. [19]. Consumers are not influenced by their income when considering brand 
loyalty. It means that: 1) their price sensitivity is less and 2) if there is no 
disposable income, the branded product would not be purchased, but the consumer 
would remain still loyal. From the point of view of the passenger car brands (and 
their sales goals), where higher prices manifest the pro-environmental innovations, 
the income parameter is still crucial, while from the point of view of general pro-
environmental attitude, this situation is beneficiary. In this aspect, Silvestre & 
Tirca theory has been verified [28]. They have stated that many car brands focus 
their innovative activities on achieving sustainable goals and being 
environmentally oriented. 
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Figure 2 

Visualisation of decision tree 
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 General order in Slovakia 

Škoda 21,5% 

Audi  10,1% 

BMW  10,1% 

Volkswagen 7,8% 

Kia 7,1% 

Mercedes 5,4% 

Opel 3,9% 

I do not know 3,7% 

Ford 3,5% 

Peugeot 3,4% 

Toyota 2,7% 

Renault 2,4% 
 

 

Most favourable brand in 
age 15-24 

Audi  14,9% 

BMW  14,7% 

Škoda 14,1% 

Kia 8,6% 

Volkswagen 7,5% 

Mercedes 6,9% 

I do not know 5,2% 

Ford 3,2% 

Peugeot 2,9% 

Tesla 2,6% 
 

Most favourable brand in 
age 25-34 

Škoda 19,3% 

Audi  12,5% 

BMW  11,2% 

Volkswagen 7,2% 

Kia 6,6% 

Mercedes 4,8% 

I do not know 4,4% 

Peugeot 4,2% 

Ford 3,7% 

Opel 3,5% 
 

Most favourable brand in age 
35-unlimited 

Škoda 24,4% 

BMW  8,4% 

Volkswagen 8,0% 

Audi 7,9% 

Kia 6,9% 

Mercedes 5,2% 

Opel 4,7% 

Ford 3,5% 

Peugeot 3,3% 

Toyota 3,2% 
 

The most favourable brand 
with low income in age 35+ 

Škoda 23,5% 

Peugeot 8,9% 

Audi  6,7% 

BMW 6,7% 

Volkswagen 6,7% 

Opel 6,7% 

Kia 5,6% 

I do not know 5,0% 

Ford 4,5% 

Volvo 3,4% 
 

The most favourable brand 
with mid-income in age 35+ 

Škoda 22,2% 

Peugeot 8,9% 

Audi  5,9% 

BMW 9,0% 

Volkswagen 9,0% 

Opel 5,4% 

Kia 3,2% 

I do not know 1,4% 

Ford 5,0% 

Volvo ,9% 
 

The most favourable brand with 
high income in age 35+ 
Škoda 25,2% 

Audi  8,7% 

BMW  8,6% 

Kia 8,2% 

Volkswagen 8,1% 

Mercedes 5,9% 

Opel 4,1% 

I do not know 3,1% 

Toyota 3,0% 

Ford 2,9% 
 

 
 

Figure 3 

Node components of decision tree based on survey results 
*Please note that as Pareto solution, only 80% of cumulative relative frequency were shown 

Consumers from younger generations (Generation Z and Millennials under 35 
years) are surprisingly loyal to brands sold for prices above their disposable.  
It means that even though the purchasing experience of such consumers is missing 
in many cases, the brands are detected as highly valuable from the point of view 
of this category of consumers. Thus, a simultaneous special effect could be 
observed – as these consumers are not loyal based on their previous purchasing 
experience, a possible source of loyalty lies in the convergence of the pro-
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environmental orientation of these brands and the generational green orientation. 
Such loyalty can be considered a special symbolic relationship between consumer 
and brand. From this point of view, Audi, BMW and Škoda are socially beneficial 
as they have solid educative potential towards consumers under 35 years and can 
be considered attitude makers in the broader perspective. That means that the 
trends they set are accepted by loyal consumers and transmitted to their consumer 
behaviour in the scope of other product categories. However, the environmental 
load of passenger car usage is not solved in such a case. At least not by switching 
to the usage of environmentally innovative cars produced by these brands. 

On the other hand, possible side-  effects can increase car sharing or public 
transport usage. While the situation in case of consumers under 35 years is quite 
clear – this category of consumers tends to pro-environmental purchasing 
behaviour and car brands with whose they are loyal to, strengthen this attitude 
generally (regardless of real purchasing decisions in favour of these brands), in 
case of age category above 35, the situation is different. Here, income is also a 
significant phenomenon of brand loyalty, and thus, the spectrum of car brands 
where consumer loyalty could be detected is broader. Therefore, if the consumer 
is above 35, also the income matters and instead of BMW, for this category of 
consumers from low or middle-income class, Peugeot is a car brand with a 
significant prospective impact on the pro-environmental purchasing and consumer 
attitudes. This potential has not been significantly recognised and used so far. 
Thus, the Peugeot car brand could solve environmental damages caused by 
traditional combustion engine passenger car usage by focusing more on eco-
innovations and educating loyal consumers in favour of higher environmental 
engagement of their purchasing behaviour. Summarising the above-mentioned, for 
the consumers under 35 years, the most relevant car brands with educative 
potential are Audi, BMW and Škoda regardless of their income categories, while 
for the consumers above 35 years, the income category is relevant. Thus, the 
identified loyal car brands Audi, BMW and Škoda are capable of influencing the 
pro-environmental purchasing behaviour of a high-income category of consumers, 
while in the case of low and middle-income categories, BMW is replaced in the 
scope of loyalty ranking by Peugeot. In this aspect, the importance of Peugeot is 
even more remarkable because this category of consumers does not belong to the 
category of green consumers and thus, as Peugeot is considered a valuable brand, 
its loyal consumers are willing to buy it regardless of its eco orientation. Thus, it 
has been extended the theory of Xiao et al. has just slightly indicated the educative 
potential of brands with reliable consumer platforms [38]. 

While the managerial implications are apparent, some limitations should be 
accepted. Thus, the results are not generally applicable without reconsidering the 
specifics of the national environment. Even though it has been detected that 
psychographic specifics are not taken into account, instead of them, attention is 
paid to the socio-economic nature of brand loyalty, the psychographic nature of 
the market cannot be abandoned, primarily because of different levels of eco-
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awareness and distribution of capital in the society. In other words, the research 
results should be revised before applying them in specific national market 
conditions. In this aspect, tradition and the brand's long-term image in society can 
be considered an essential pillar of brand loyalty. In the case of, the Slovak 
Republic, it is visible in the case of the Škoda car brand, which is still considered 
a former national brand due to the common socio-political development of the 
Czech and Slovak Republic during the 20th Century. 

Similarly, from the psychographic point of view, this brand has a robust love 
brand status because of the very dominant position of this car brand in Slovak 
families in the past. However, this phenomenon is evident mainly in the case of 
older consumers (35 years and more). In the future, the aim of the study could be 
extended, and a deeper analysis of car brand innovation and educational activities 
should be realised. In such a case, it would be confirmed whether the innovative 
and educational activities are homogeneous across the age and impact categories 
as in the case of Audi, BMW and Škoda for consumers under 35 or Audi, Peugeot 
and Škoda for low and middle-income consumers above 35. If not, it would be 
helpful to be detected because of the theory and practice of eco-educational 
activities oriented to consumers. So far, it has been mainly stated the non-
effectiveness of certain eco-education in general and not in a broader perspective 
that should explain the internal variability of eco-educational activities. 

Conclusions 

This paper aimed to investigate the socio-economic nature of car brand loyalty.  
It has been supposed that brands with loyal consumers have more considerable 
educative strength than brands lacking brand loyalty. The data for the research has 
been collected in Slovakia to investigate the socio-economic background of car 
brand loyalty. To collect these data, a questionnaire survey has been used. It was 
realised in the last quarter of the year 2021 on the sample of 2035 Slovak 
inhabitants older than 15 years. Statistical analysis has been provided via a 
decision tree approach. It has been detected two significant parameters – age and 
income. 

Based on these findings, it can be stated that for the consumers under 35 years, the 
most relevant car brands with educative potential are Audi, BMW and Škoda 
regardless of their income categories, while for the consumers above 35 years, the 
income category is relevant. Thus, the identified loyal car brands Audi, BMW and 
Škoda can influence only the pro-environmental purchasing behaviour of the high-
income category of consumers. In contrast, in the case of low and middle-income 
categories, BMW is replaced in the scope of consumer loyalty ranking by 
Peugeot. In the scope of the above-mentioned, Audi, BMW, and Škoda are 
socially beneficial as they have solid educative potential towards consumers under 
35 years and can be considered attitude makers in the broader perspective. That 
means that the trends they set are accepted by the platform of loyal consumers and 
transmitted by them to their consumer behaviour also in the scope of other product 
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categories. On the other hand, the importance of Peugeot is even more significant 
because consumers over 35 years do not belong to the category of green 
consumers, and thus, as Peugeot is considered a valuable brand, its loyal 
consumers are willing to buy it regardless of its eco orientation. Here, not only the 
educative but eco-innovative potential is equally important. 
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The artificial intelligence is an accurate predictive tool for different kinds of internal 
combustion engine (ICE) applications. However, the training process can be expensive due 
to the high computational and measurement costs. This work aims to describe a general 
methodology that can be applied to cost-efficiently train multilayer perceptron type 
artificial neural networks with measurement data from ICEs. The created methodology is 
based on analyses of a high-resolution dataset measured on a commercial diesel engine. 
Different methods and recommendations are presented for the model creation, evaluation, 
training method selection, input feature selection and architecture selection. In addition, a 
method is described in order to select the appropriate measurement resolution that 
provides proper information for training with minimal fuel consumption. The investigation 
showed that the presented workflow can reduce calculation time and fuel consumption, 
while maintaining good model accuracy. The method can be applied for any ICE related 
artificial neural network problems, but it can also be an aide for other research fields. 

Keywords: Artificial Neural Networks; Internal Combustion Engines; Methodology; Cost 
Reducing 

1 Introduction  

The ambitious goals of the Paris Agreement has a major effect on the climate 
policy of the European Union (EU). In order to keep the global warming well 
below 2°C, the EU is devoted to achieve climate neutrality by 2050 [1]. The Fit 
for 55 package is a set of proposals that is dedicated to cut greenhouse-gas 
emissions until 2030 by at least 55% compared to the 1990 level [2, 3, 4]. To meet 
these climate targets, tremendous efforts and investments are required in many 
sectors, including the transport sector. The first provisional agreement of the Fit 
for 55 package was made in 2022. This indicates carbon neutrality for the new 
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passenger cars and light commercial vehicles by 2035. The original proposal 
considers tailpipe CO2 emissions only, thus this can be considered a ban for 
internal combustion engines (ICE) for these vehicle types [5]. This proposal set 
off many arguments, since a more holistic view is required to properly define 
carbon neutrality [6]. Besides the local CO2 emission, the CO2 emission of the full 
lifecycle and the Well-to-Wheel (WTW) CO2 emission also has to be considered, 
which means that the internal combustion engines operated with e-fuels can also 
be climate neutral. Currently the political situation changes dynamically. At this 
point, the EU decided to permit the registration of new ICE cars after 2035 if they 
are operated with e-fuels. 

From a technical point of view, the electrification is the best solution for 
applications, where the local pollutant emission has to be minimal. Therefore, the 
rapid electrification is a good solution for most of the passenger car use cases [7]. 
Since people have most of their personal experience with passenger cars, the 
simplest political message for campaigning is to provoke electrification in all 
segments of transportation. From engineering perspective this is an inadequate 
solution to achieve climate neutral transportation because there are many 
segments where the current maturity of the battery technology is insufficient [8]. 
Among other technologies, the sustainable advanced fuels are crucial to achieve 
true carbon neutral mobility. For applications, where the mass and volume of the 
energy storage system is critical, the low energy density of the batteries is 
problematic. This means that e-fuels can be the best short and medium-term 
solution for aviation, heavy-duty vehicles and road public transport. For 
applications where high amount of stored energy is required, such as sailing, the 
high demand for lithium and other expensive rare materials also limits the 
usability of batteries. The full elimination of ICE from passenger cars will also be 
a slow process, especially if the entire world’s vehicle fleet is considered.  
The advanced fuels can help to achieve climate neutrality of passenger cars in this 
transition period, and they can also reduce the pollutant emission by realizing 
cleaner combustion. 

The aspects described above support the urgent need to develop cheap and 
sustainable advanced fuels [9]. However, it is challenging to creating new 
advanced fuel compositions [10, 11]. Usually , time-consuming and complex 
simulations are necessary to model the fuels’ effect on the combustion and 
emission. The applied tools are expensive and deep knowledge – therefore 
expensive labor is necessary to build and use the simulation models [9].  
The artificial intelligence (AI)  could provide an alternative approach to efficiently 
develop new climate neutral fuels. The AI does not require any knowledge on the 
real physical or chemical processes due to its empirical nature. Once a 
representative training dataset is available with the proper input and output 
features, the AI can learn the processes. Then, it can accurately predict the 
behavior of the investigated system. 
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The artific ial neural networks (ANN) are among the most common AI methods. 
The structure of this algorithm is similar to the human brain. The inputs of the 
biological neurons are the dendrites and the output of them is the axon. Once the 
sum of the incoming electric signals from other neurons reach a certain threshold, 
the neuron discharges through its axon towards other neurons. The behavior of a 
neuron can be modelled with a weighted adder. Each connection between artificial 
neurons has a weight, and a neuron calculates the weighted sum of the incoming 
signals. Then, the output of a neuron will be modified by an activation function, 
and the next neuron will get this activation as its input. ANNs are trained with 
back propagation (BP) algorithms. These are iterative methods that modify the 
weights (and biases) of the network in order to reduce the error between the 
desired and actual output values. The most conventional ANN type for ICE related 
tasks is the multilayer perceptron (MLP) type neural network. This network has an 
input layer with the defined input features, and an output layer with neurons that 
calculate the final values of the output features. Between the input and output 
layer there is at least one hidden layer with a certain number of neurons. Every 
neuron of a layer is connected to all of the neurons of the next layer. An MLP 
network with at least one hidden layer is a universal approximator, thus it can be 
applied to nonlinear problems as well.  

Many articles demonstrated the high accuracy of MLP networks for ICE 
parameter predictions. [12] successfully used an ANN model to accurately 
estimate soot concentrations in laminar diffusion flames. Authors of [13] trained a 
MLP network with steady-state NOx emission measurements and then they 
validated it with transient data. The created model performed extremely well on 
the steady-state dataset with a correlation coefficient (R) above 0.99. The overall 
R values of the network with the transient NOx data were 0.93 and 0.88 in two 
different operating points, which is a moderate accuracy. However, it is still a 
good result considering that the transient data lies far from the range of the steady 
state measurement points. In [14] ANN models were used to predict the ignition 
delay (ID) while different n-heptane, iso-octane and toluene mixtures were used. 
The ID could be predicted from the ambient conditions and the molar fraction of 
the components with a correlation coefficient above 0.99. The authors could also 
accurately predict the research octane number and motor octane number of the 
mixtures. 

The development of a predictive tool that is able to estimate different engine 
parameters accurately in a wide range of operating points with different fuels 
requires a proper training dataset. However, the creation of high-resolution 
datasets is costly, especially with special fuels and expensive compounds.  
The ANN creation method also have to be effective in order to increase accuracy 
and reduce training time and computing costs. This means that a proper 
methodology is required to reduce costs and ensure high accuracy. As a first step 
of the methodology creation, a high-resolution dataset is needed that can be used 
in different analyses and optimization processes. In our previous study [15] we 
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created such a dataset with 6277 samples that covered most of the engine’s useful 
operating range. We were able to accurately predict 10 different emission and 
combustion related parameters from the engine speed, torque and exhaust gas 
recirculation (EGR) valve position. Now this high-resolution dataset can be used 
to establish a methodology for cost efficient training of ANNs with ICE 
measurement data. 

This paper presents a workflow that can be applied for the ANN model creation 
process of ICE related problems. Several investigation is presented to select good 
methods for the different ANN creation steps. A measurement grid resolution 
selection technique is also described to minimize fuel costs of measurements 
while maintaining good model accuracy. Section 3.2 – 3.6 presents the 
investigations related to efficient ANN creation. Section 3.7 describes the 
measurement resolution selection method. The full  workflow is summarized in the 
conclusion section. 

2 Experimental Apparatus and Methods 

2.1 Measurement System and Dataset Creation 

The high-resolution dataset was measured on a Cummins ISBe 170 30 
turbocharged, medium-duty commercial diesel engine. This article builds on our 
previous work [15], therefore, the precise description of the measurement system, 
the calculation methods, and the process of high-resolution dataset creation can be 
found there. This section only describes methods related to the current study. 

2.2 General Methodology of the Investigations 

The aim is to create a methodology that provides accurate models fast. The speed 
of the methods is described by the calculation times. The algorithms run in 
standardized conditions, where the only load of the computer is the investigated 
algorithm, thus the calculation times can be compared. To simplify the 
investigation, the model accuracy is only described with the determination 
coefficient (R2) of the models since this is one of the most illustrative indicators. 
A train (70%), a validation (20%) and a test (10%) dataset is used for the analyses. 
Usually, the validation R2 is used to describe the model performance. However, 
there are some analyses where the validation data also influence the created ANN 
models. An example for this is the architecture selection, where the final topology 
of the network is selected by investigating the validation R2. In these cases, the 
validation R2 cannot be used for the final evaluation of the performance, so the 
test R2 is reported. 
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Most of the investigations use 3 ANN models that were created in our previous 
study [15]. The Indicated Mean Effective Pressure (IMEP) model had the highest 
accuracy in that work, so this is used as the representation of excellent models. 
The Particulate Matter (PM) emission had an average performance, so this 
represents models with average accuracy, and the Ignition Delay (ID) model was 
highly inaccurate, so this demonstrates models with bad performance. Therefore, 
the evaluation of the methods become more realistic. Most investigations use the 
same topology and input features that were used in [15]. If there is a difference, it 
is described in the given section. 

3 Establishing Best Practices to Efficiently Train  
ANNs with ICE Measurement Data 

3.1 Identifying Parameters of Interest for  Optimi zations 

Every problem that can be solved with an MLP network is different in many 
aspects, and there is a lot of ways to achieve a satisfying solution to each problem. 
The experience of the AI researchers shows that there is no general best practice 
for ANN model creation and the best possible solution can never be discovered. 
However, many good solutions can be found and researchers can create guidelines 
for specific problems to identify these easier. The goal of the presented work is to 
establish such a guideline to reduce computing efforts and measurement cost in 
case of ANN developments that focus on a wide ICE operation range. 

The output of a MLP network depends on many parameters, such as the 
architecture and the used calculation methods. The necessary input features have 
to be selected to have the proper information to accurately calculate the output 
features. Then, this information has to go through the network that need to have 
the proper number of hidden layers and number of neurons inside the layers.  
The neurons need to have an appropriate activation function and initializing 
methods. Then, the created network has to be trained with one of the many 
existing training methods. Once the network is trained, its performance is needed 
to be evaluated with data that was not present in the training process. Although 
this is not a trivial task since the calculation depends on random factors as well. 

In the following subsections, some general good practices will be presented on the 
selection of activation functions and initializing methods. Then, the 2 most 
common evaluation method will be analyzed. After this, the performance of 6 
commonly used training algorithm will be compared. Thenceforth, the input 
feature selection and architecture selection methods will be discussed. Finally, a 
new method is described to identify the necessary resolution of a measurement 
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grid to achieve good accuracy with minimal fuel consumption during the 
measurement. The workflow is summarized in the conclusions section. 

3.2 Activation Functions and Initializatio n 

The activation function is a vital element of neural networks since it brings 
nonlinearity in the equations. Without this nonlinearity, a single layer could 
represent the whole network, and the representation of more complex functions 
would not be possible. Originally the sigmoid function was the most common 
activation function for hidden layers. Later the tangent hyperbolic activation 
function also become common, as it provided easier training and better predictive 
ability. However, both of these functions have a problem: the saturation. When the 
weighted sum is too high, the gradient of these activation functions converge to 
zero, which leads to the so-called vanishing gradients problem. Nowadays, the 
rectified linear unit (ReLU) is the state-of-art activation function. The ReLU is a 
piecewise linear function that gives a constant gradient for positive weighted 
sums. This activation function solves the vanishing gradient problem, thus its 
usage in the hidden layers is a good practice for MLP networks. For the output 
layer, a pure linear activation function has to be used since the current 
mathematical problem is a regression. [16] 

Besides the activation functions, the initial value of the network’s weight also 
needs to be determined in order to start the calculations. The weights are 
initialized to small random numbers, and the initialization method depends on the 
used activation functions. For sigmoid, tangent hyperbolic and pure linear 
activation functions usually Xavier initialization is used [17]. This method is not 
ideal for ReLU activation function, so He initialization is used for that [18].  
The networks not only have weights, but biases as well. These also have to be 
initialized, but usually it is a good practice to set their initial values to zero. 

The training of the ANN can start after the initializations. During this process, a 
loss function that represent the network’s error is minimized. For regression 
problems the mean squared error (MSE), mean squared logarithmic error (MSLE) 
and the mean absolute error (MAE) can be used as a loss function. The MSLE is 
usually used when the output values can be really high, and the MAE is usually 
used when extreme outliers are expected. Generally, the use of MSE is the best 
practice for scaled data, therefore, this is used in our methodology. 

3.3 Performance Evaluation 

The performance of the ANNs have to be evaluated in order to demonstrate their 
predictive ability. The output features have a random nature due to the applied 
random factors during calculation. This randomness has to be treated for proper 
and consistent results. The 2 most common methods for this are the repeated 
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evaluation and the k-fold cross-validation. The repeatability of the results and the 
evaluation time highly depends on the used techniques. This step affects all later 
analyses of this work; hence the performance evaluation method is studied first. 

During repeated training, the network is trained with the training dataset and 
evaluated with the validation dataset for multiple times. Then, the reported results 
are the average of each training-evaluation pairs. Here, the parameter of the 
method is the number of evaluations (neval). The other method is the k-fold cross-
validation. This technique divides the full dataset into k folds. The network is 
trained and evaluated for k times, and a different fold is chosen as a validation 
hold-out dataset for each training and evaluation pairs. Thus the network is always 
validated with a different fold, and the remaining k-1 folds are used to train the 
network. The final result is the average of the k evaluation. The parameter of this 
method is the k number of folds. This section compares these methods with 
different settings. 

 

Figure 1 
Standard deviations of R2’s with repeated evaluation and k-fold cross-validation 

The standard deviation (STD) of the R2 shows a decreasing tendency for 
increasing neval and k values, but the evaluation time increases. The goal is to 
identify the method that can achieve smaller STD (thus better repeatability) within 
the same calculation time. This analysis investigates the neval between 1 and 20 
and the k between 2 and 10. The evaluation with each neval and k value is repeated 
15 times to get the STD of the validation R2 and the mean evaluation time of 
them. The investigation is done with the IMEP, PM and ID models to investigate 
the effect of different accuracies. 
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Figure 2 
Comparing the standard deviations of R2’s with the 25% limit 

The results are presented on Figure 1. In case of the IMEP model, the repeated 
evaluation shows a nearly constant STD as a function of calculation time. The k-
fold cross validation has a much higher STD until 400 seconds, then it has nearly 
the same STD. Therefore. in case of accurate models, the repeated evaluation is 
better, however. the magnitude of STD is really small  for both methods. On the 
PM model, it is discernible that the STD with the k-fold cross-validation is higher 
for most of the calculation times. This means that the repeated evaluation is also 
the better method in case of average accuracy models, however, the difference is 
not marginable. For the ID model, the two method has a similar performance.  
The cross-validation becomes slightly better between 400 and 750 seconds. 
Overall, there is not much difference between the two method’s performance at 
any model accuracy levels, although the repeated evaluation appears to be slightly 
better. The implementation of this method is also simpler, so this is selected for 
the workflow. 

Next, the optimal number of evaluations have to be determined. On Figure 2, the 
STD of R2’s are presented as a function of neval. A moving average was applied to 
the curves with a window of 3 to smooth their characteristics. The value of STD is 
accepted after it reaches the 25% of the difference between the maximal and 
minimal STD value. The STD reaches this limit after 15 evaluation repeat for the 
IMEP model, 6 in case of the PM model, and 7 in case of the ID model. The STD 
is really low in case of the highly accurate models, thus the 15 repeating is 
unnecessary. The results show that 8 repeating ensures a good repeatability even 
for inaccurate models, thus this value is chosen for neval. 
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3.4 Training Alg orit hm 

As the next step of the general workflow creation, a training algorithm has to be 
selected. During training, the weights and biases of the network are modified in 
order to minimize the error between the desired and actual outputs. The most 
common training method is the stochastic gradient descent (SGD) [16]. This 
algorithm is used to find a set of input parameters that results in a minimum of a 
target function. In case of neural network trainings, the input variables of the SGD 
are the weights and biases, and the target function is the loss function that 
describes the average prediction error for a subset (batch) of the training dataset. 
The SGD iteration follows the negative gradients of the loss function in order to 
find the minimum. The gradients are calculated with the back propagation 
algorithm. The degree of the change in the direction of the gradient is described by 
the step size (or learning rate). However, the selection of this hyperparameter is 
difficult  because too large values result oscillations and the minimum cannot be 
found, while too low values cause slow convergence. In addition, the learning rate 
should be modified during the optimization because the step size should decrease 
as the minimum is approached. Therefore, the best practice is to use adaptive 
techniques that automatically change this hyperparameter during training. 

In this section, six different adaptive training methods are investigated: the 
AdaGrad, RMSprop, Adadelta, Adam, Adamax and Nadam algorithms.  
The Adaptive Gradients (AdaGrad) algorithm is a simple SGD based method that 
uses an adaptive learning rate with respect to previous gradients [19].  
The AdaGrad needs an initial learning rate, and later it calculates a step size for 
each dimension in the search space. The method is not that sensitive to the initial 
learning rate, thus 0.001 is used in this paper, which is a common default value. 
The Root Mean Squared Propagation (RMSprop) algorithm is based on the 
AdaGrad algorithm [20]. The problem of AdaGrad is that it can result too small 
step sizes at the end of the training. The RMSprop also calculates the step size 
from the previous gradients, but it uses a decaying average in order to eliminate 
the effects of early gradients, so the learning rate is mostly influenced by recent 
gradients. A gradient moving average decay factor (�/) with a value between 0 and 
1 is required to determine the extent of the decay. Experience of researchers 
shows that the RMSprop is very efficient, and this is one of the best training 
algorithms for deep neural networks [16]. The Adadelta algorithm is based on the 
AdaGrad and RMSprop algorithms [21]. It also uses a gradient moving average 
decay factor to improve the influence of the recent gradients compared to the early 
ones like the RMSprop, but the step size is calculated differently. Another 
difference is that this method does not require an initial learning rate.  
The Adaptive Movement Estimation (Adam) algorithm is also a successor of 
AdaGrad and RMSprop [22]. This method uses a second decay factor; thus it has 
three hyperparameters. The commonly used default values (initial learning rate: 
0.001; decay factor for first momentum: 0.9; decay factor for infinity norm: 0.999) 
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usually provide good results, thus this work operates with these. The Adam is a 
widely used ANN training method due to its good performance. In Adam, the 
weights are updated with the squared norm of past gradients. The AdaMax 
algorithm which is based on Adam, provides a more generalized approach as it 
uses the infinite norm of past gradients. The Nesterov-accelerated Adaptive 
Moment Estimation (Nadam) is another method based on Adam [23]. The main 
difference between the two algorithms, is that Nadam uses Nesterov’s Accelerated 
Gradient for the calculations. This means that the weight updates are performed 
with the gradient of the projected update instead of the actual gradient. The default 
hyperparameter values also provide good results for Adamax and Nadam. 

Similarly, to the previous section, the performance of the training algorithms will 
be represented by the validation R2 of the IMEP, PM and ID models. A repeated 
evaluation is used with 8 neval and the full evaluation time is recorded. Firstly, a 
good value for the �/ of RMSprop and Adadelta is selected. Figure 3 presents the 
validation R2 for RMSprop and Adadelta with 9 different �/ values. The decay 
factor of 0.95 shows a good compromise between the calculation time and the 
accuracy for both algorithms for all models, thus this is selected. 

Now the performance of the six algorithms can be compared with each other at 
Figure 4. It is discernible that the fastest and most accurate methods are the Adam 
and the RMSprop for all models. The Nadam and Adamax models also have a 
good performance, but they are a bit slower. The investigated models have the 
same architecture for all six methods. The architecture can also have influences on 
the performance of the different methods thus this also has to be considered. 
However, this investigation demonstrated the superiority of Adam and RMSprop, 
hence only these methods are investigated next. 

To study the performance of the Adam and RMSprop on different architectures, 
90 models were analyzed with 1 and 2 hidden layers. The number of neurons in 
the layers was varied between 40 and 80, with a 5 neuron step, and each 
combination was evaluated with repeated evaluation. The average calculation time 
and validation R2 of both methods are presented at Table 1. The average 
calculation time decreased by 29.7% with the RMSprop method, while the 
accuracy remained the same. The PM model could be calculated 15.4% faster with 
the RMSprop, but the average validation R2 dropped by 0.6%. For the ID model, 
the achieved calculation time improvement with the RMSprop was 22.3%, and the 
accuracy decrease was 4.5%. Overall, the RMSprop can notably accelerate the 
training for the cost of a small drop in accuracy. Since multiple iterations are 
necessary to produce the final ANN model, the RMSprop is a better choice 
because it is also accurate enough. However, the Adam can also be used when the 
calculation time is not a limiting factor. 
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Figure 3 

Performance of RMSprop and Adadelta with different moving average decay factors 

 

Table 1 

Average time and accuracy results for Adam and RMSprop algorithms 

 
Adam avg. 
calc. time 

[sec] 

RMSprop 
avg. calc. 
time [sec] 

Adam avg. 
val. R2 [-] 

RMSprop avg. 
val. R2 [-] 

IMEP  506.36 390.46 0.999 0.999 
PM 690.20 598.13 0.980 0.974 
ID 890.92 728.66 0.796 0.762 
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Figure 4 
Comparison of the performance of six adaptive training methods 

The training is an iterative method, where the samples of the training dataset are 
going through the network and the error of the result is used to update the weights 
of the model. The period when all samples participated in the weight update is 
called an epoch. Multiple epochs are necessary to create accurate ANN models, 
thus this is also a hyperparameter that has to be considered. If the number of 
epochs is small, the model will not be accurate enough (underfit). More epochs 
lead to more accurate models; however, overfitting can occur if this 
hyperparameter is too high. An overfitted model performs well in the training 
dataset, but it has a bad performance on the validation dataset. Moreover, the 
increased number of epochs leads to longer training time, so a good compromise 
has to be found. The early stopping method provides a good approach to use the 
proper number of epochs during training. A maximum epoch number is defined 
and when this is reached, the training stops. The training also stops if the 
validation MSE starts to increase. The stopping is not necessarily immediate: a 
patience parameter can be used, and the training only stops if the validation MSE 
increases continuously for a predefined number of epochs. This method avoids 
overfitting and reduces the training time. In this section, the optimal maximum 
number of epochs (�0max) and the patience (p) hyperparameter is also investigated.  
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Figure 5 

Performance of Adam and RMSprop with different patience values (max. number of epochs: 500) 

The combination of 8 different p and 13 �0max hyperparameters are investigated. 
First, a good p is selected. Higher patience results longer calculation time. 
However, the increase of accuracy stops when the ANN reaches a good fit. 
Therefore, the validation R2 converges to a certain level at each diagram of Figure 
5. This figure shows that p=50 is a good choice for both Adam and RMSprop: this 
value usually provides the fastest training to reach the converged maximal 
accuracy level. There are some cases where lower p could be enough, but these 
lower values cannot provide good results for all models. Note that Figure 5 only 
presents the results with �0max=500, which will be later chosen as the best �0max 
value. All 13 �0max was investigated and the results were similar for each: p=50 
showed the best compromise, thus only one �0max is presented here. 

Next, the necessary �0max is determined. The training can be stopped by two 
criteria: accuracy drop and reaching of �0max. Usually, the best case if the training is 
stopped by the accuracy drop, because this means that a good fit was found and 
further training leads to overfitting. However, there can be some models that has 
too slow convergence, thus the training has to be stopped before reaching the best 
fit to reduce calculation time. 
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Figure 6 

Performance of Adam and RMSprop with different maximum number of epochs (patience: 50 epochs) 

Here, the aim is to find the lowest value for �0max that provides enough epochs to 
develop good fit models for most cases. Figure 6 investigates the validation 
accuracy of the IMEP, PM and ID models when the patience is set to 50 epochs. 
The result of each diagram shows separate clusters with similar accuracies and 
training times. In these clusters, a good fit model was reached and the training was 
stopped by the accuracy drop. From here on, the �0max has no influence on the 
calculation time and accuracy and the differences come from the randomness of 
the process. Note that the clusters of Adam algorithm are smaller, thus its results 
are more stable than the RMSprop. The best �0max value is 500 epochs because this 
is the lowest that is present in all clusters. 

To sum up the outcomes of this section, the RMSprop algorithm is the best from 
the investigated methods, if  the training time is the bottleneck. Adam algorithm 
can also be used, when a little longer calculation time is acceptable and further 



Acta Polytechnica Hungarica Vol. 21, No. 7, 2024 

 – 137 – 

increase in accuracy is required. It is recommended to set the Adam algorithm’s 
hyperparameters to their default values, and the �/ of RMSprop to 0.95. Regarding 
early stopping, the 500 epoch �0max and the 50 epoch p is suitable for both methods. 

3.5 Input Feature Selection 

Another important aspect of the ANN model creation is the selection of proper 
input features. Sufficient input information is needed to map a systems behavior. 
However, too much information can also worsen the accuracy since irrelevant data 
can lead the training into false paths. The two main approach for input feature 
selection are the supervised and unsupervised selection methods.  
The unsupervised methods ignore the outcome of the model, while the supervised 
methods use target variables to remove unnecessary features [24]. Supervised 
methods such as wrapper, filter or intrinsic methods usually provide better results. 
Wrapper methods create multiple models with different input features and select 
the useful ones. This provides really good results, but the computational costs can 
rise. Filter methods chose the important inputs with statistical scores between the 
input and output features. Intrinsic methods are built-in feature selection methods 
of some training algorithms. From these possibilities, the wrapper methods fit the 
best for our purpose, since high accuracy is required and the computational costs 
remain low due to the low number of available input features. 

The recommended workflow is as follows. First, the possible influencing 
parameters have to be identified manually, based on the available information of 
the system. Then the quasi-constant features have to be removed, because these 
have no relevant data for the training. Then the redundant features also needed to 
be eliminated. Here, the priority of each feature can be predefined manually, and 
the higher priority can be held in the inputs. Next a wrapper method have to be 
performed. The recursive feature elimination (RFE) is such a method, where at 
first a machine learning algorithm creates models with all input features, and then 
the method starts to remove them. In this paper, such an RFE method is 
implemented to select the necessary input features from the preselected ones.  
The RFE also creates ANNs to select input features, thus the results include 
randomness. Therefore, the RFE process is also repeated 8 times, and the inputs 
that were among the results at least 50% of the repetitions are selected. 

This workflow was implemented for the IMEP, PM and ID models. Since a new 
input feature set generates a modified behavior, a new architecture was selected 
using a grid search algorithm with the settings described in [15]. The investigated 
output features are combustion and emission relevant parameters. Therefore, the 
two main set of manually selected input features for the RFE are: 

�x the measured inlet properties: pressure, temperature, mass flow rate 
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�x  the measured mixture composition and formation relevant parameters: 
EGR valve position, engine speed, air-fuel equivalence ratio, inlet and 
outlet oxygen concentration, fuel dose, start of injection, number of 
injections, ratio of main injection compared to pre-injection 

The RFE algorithm selected 4, 6, and 8 input features for the new IMEP, PM and 
ID models respectively. This behavior is logical because the harder the modelled 
problem, the more information is needed to properly map the system. Table 2 
compares the test R2 and the test root mean square error (RMSE) of the new 
models with the original ones. The IMEP shows a decrease in accuracy, but it still 
has an excellent performance. The PM model has slightly better performance with 
the new input set. The ID model shows a drastic improvement. The original model 
was unacceptably inaccurate, but the new input features developed it into a well 
performing one. Overall, the used input feature selection method performed well, 
and can be included in our workflow. 

Table 2 

Comparing the performance of the IMEP, PM and ID models with the original and new input features 

 IMEP  PM ID 

 Original  
inputs 

New 
inputs 

Original  
inputs 

New 
inputs 

Original  
inputs 

New 
inputs 

R2test 0.9995 0.9929 0.9874 0.9882 0.8303 0.9782 

RMSEtest 
0.078 
bar 

0.303 
bar 

0.130 
g/kWh 

0.120 
g/kWh 

1.103 
°CA 

0.413 
°CA 

3.6 Architecture Selection 

The architecture of an ANN highly affects its performance. The capacity of a 
network describes the ability of learning complex problems. Generally, the more 
neurons and layers the network has, the higher its capacity. Too low capacities 
result underfit while too high capacities lead to overfit, hence a good architecture 
have to be identified. The grid-search algorithm is a common architecture 
selection method, where a lower and a higher boundary for the number of layers, 
and for the number of neurons in a layer is selected. Then all possible 
combinations are investigated between these boundaries with a certain step size 
and the architecture with the best accuracy is selected. This method is popular 
because of its simplicity  and accuracy; however, the calculation time can be too 
high. We used this method in our previous research, but now faster have to be 
found due to its slow speed. The constructive architecture selection is a common 
technique to identify a good network topology [25]. This method uses an initial 
architecture that definitely provides too small capacity for the problem. Then, it 
adds new neurons and layers to the network to achieve a good fit. Such a simple 
constructive method was created in this work to replace the previous technique. 
First, it generates a model with a single layer that has an initial neuron number. 
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Then, it starts to increase this number with a defined step until it reaches an upper 
boundary. Next, it creates a new layer with an number of neurons corresponding 
to the step size, and it continues to increase this layer. The iteration stops when the 
defined maximal number of layers reached. However, the iteration usually does 
not last this long since it has an accuracy criterium that stops the process when 
fulfilled . This criterium investigates the validation R2, and when it reaches 0.98, 
the model is considered accurate enough [26]. If this accuracy cannot be reached 
with the defined topological boundaries, then the most accurate model is selected. 

Table 3 

Comparing the performance of the constructive architecture selection and the grid-search algorithm 

 IMEP  PM ID 

 
Original  
method 

New 
method 

Original  
method 

New 
method 

Original  
method 

New 
method 

R2test [-] 0.998 0.998 0.977 0.980 0.759 0.740 
tarchOpt [h] 6.66 0.12 8.50 2.49 7.71 2.26 

Table 3 demonstrates the architecture selection’s calculation times (tarchOpt) and the 
achieved test R2 of the new constructive algorithm compared to the previous grid-
search algorithm. The new test R2s did not change notably compared to the old 
method, but the improvement in calculation times is immerse. The excellent 
models can fit really fast, so the necessary time for architecture selection becomes 
small. The average and bad models also show about 70% improvement in the 
calculation time, thus the new method contributes to lower computing costs. 

3.7 Measurement Grid Resolution Selection 

The experimental investigation of new advanced fuels is a major cost of 
development due to the high price of special compounds. This can also raise the 
expenses of ANN development since the dataset is created by measurements. To 
reduce these costs, a measurement grid resolution selection method is also created 
in this paper. The measurement grid needs high enough resolution to provide 
sufficient data for the ANN training, but unnecessarily dense measurements have 
to be avoided to reduce fuel costs. More complex problems require a denser 
measurement to properly map the system’s behavior. The correlation coefficient 
can describe the complexity of an input-output relationship. When R is close to 0 
the two parameters are not related, when it’s close to 1 the relationship is linear, 
while the intermediate values represent a nonlinear behavior. To identify the 
proper resolution, the R between the varied grid parameters and the target values 
of the investigation have to be determined and compared with the achievable 
accuracies of multiple models created with different resolution datasets. 
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To establish a best practice for resolution selection, the original high resolution 
dataset [15] is used that has 3 varied parameters in the measurement grid. This 
investigation examines the 10 target variable of [15] to identify optimal 
resolutions for dif ferent complexities. First, the complexity of the 30 input-output 
relationship is needed to be determined, and the correlation coefficient between 
these pairs will describe it (Rpair). This can be done with a parameter sensitivity 
measurement that requires a small amount of fuel to measure at least 10 sample 
per varied grid parameter. This 10 sample is recorded for each varied parameter in 
the predefined measurement range. The other varied parameters need to have a 
fixed value during the measurement to guarantee that the only influencer of the 
investigated outputs will be the investigated input feature. These fixed values are 
selected as the middle values in the range of the given input parameters. Then, the 
Rpairs can be calculated from the samples. This study calculated 30 Rpairs for the 
investigated 30 input-output relationships. Note, that the absolute values have to 
be used to describe the complexity of the relationships. Now, an optimal 
resolution has to be found for these |Rpair| values. 

In the next step, 72 datasets with different resolutions were created from the 
original high-resolution dataset. An ANN model was created with the workflow 
described in this paper for the 10 output feature with each dataset. Then a 
prediction was made with the created 720 ANN models for the 6618 samples of 
the original high-resolution dataset, thereby the performance of the models was 
explored with the most detailed information available on the system. The reported 
accuracy measure is the determination coefficient for the full dataset (R2full). After 
the calculations, there are 72 R2full values for the 10 output features and the best 
model have to be selected for each output. A model is considered acceptable if its 
R2full is at least 0.98. If there are multiple models for an output feature that 
satisfies this criterium, the one that was created with the smallest dataset is 
selected as the best, since this requires the least fuel. Now, the optimal resolution 
of the 3 varied parameter of the measurement grid is known for each output 
feature. However, only 6 models provided results with R2full above 0.98, so only 
18 data points can be used to describe the relationship between complexity and 
necessary resolution. 

Figure 7 shows the 18 optimal resolution – |Rpair| data points. Here, the resolution 
means the number of grid points in the measurement range of a varied parameter. 
Three main parts can be separated. If |Rpair| is lower than 0.4, then the 
investigated input feature does not have a significant effect on the investigated 
target variable, therefore, a lower resolution is enough. The average resolution in 
this area is 6.5, thus 7 equidistant value is enough for the varied parameter. 
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Figure 7 

The optimal resolution of input-output pairs of different complexity 

If |Rpair| is above 0.9, the correlation is strong between the varied parameter and 
the target variable, thus a higher resolution is needed to map the behaviour.  
The average is 10.625, so 11 variation is needed in this case. The in-between area 
needs an even higher resolution because here the relationship is highly nonlinear. 
The average resolution here is 12.87, so 13 equidistant value is necessary in the 
grid. This simple practice can create datasets with good resolutions to minimize 
fuel consumption while accurate models are provided. However, more 
investigation is needed to establish a more precise method for resolution selection. 

3.8 Summary of the Created Methodology 

The final workflow can be generated based on the previously presented 
investigations. Figure 8 summarizes the methods to efficiently create 
representative datasets from engine measurements, and to build accurate and fast 
ANN models from them. The upper part describes the methods related to the first 
goal. A proper measurement resolution can be designed that provides enough 
information to train the networks, while the fuel costs are minimized. This is 
based on a parameter sensitivity measurement, where the complexity of the 
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relationship between the varied grid parameters and the target variables are 
determined in order to select the proper measurement grid resolutions (Section 
3.7). After the measurement, the created dataset is used to create a MLP type 
ANN. The lower part of Figure 8 demonstrates the workflow for this task with the 
steps and methods described previously (Section 3.2 – 3.6). The investigations 
proved that this workflow is able to reduce calculation time, fuel costs and provide 
accurate results. 

 

Figure 8 

Final workflow to cost-efficiently create ANN models from engine measurements 

Conclusions 

This paper presented the investigations that led to the creation of a workflow for 
cost efficient ANN creation from engine measurements. A high resolution dataset 
was used to test multiple methods for the different steps of model generation.  
The results showed that the RFE method can be applied to select the necessary 
input features from a dataset and the constructive architecture selection is an 
efficient method to determine proper network structure. Regarding the training 
algorithms, the Adam and the RMSprop had the best performance from the 
investigated 6 method. The RMSprop is the recommended algorithm if the 
calculation time is the bottleneck. However, the Adam algorithm generates more 
accurate models. Therefore, this has to be applied if the speed of the training 
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process is not important. The random nature of the results has to be treated with 
repeated evaluation. The methodology also aids the determination of the proper 
measurement grid resolution. After a simple parameter sensitivity measurement, 
the complexity of the input-output relationships can be determined. Then, the 
resolution of the varied parameters can be selected. 

The methodology ensures the cost-efficient creation of representative datasets and 
accurate ANN models; therefore, it contributes to help the development of our AI 
based e-fuel designer tool. The achieved accurate results prove that the AI  is an 
important tool to enhance sustainable mobility. Besides our purposes, it can be 
applied to similar mathematical problems of different research fields as well. 
However, note that there is no general best practice for ANN creation, thus other 
researchers should consider the specialties of their mathematical problems. 
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Mean Absolute Error; MLP, Multilayer Perceptron; MSE, Mean Squared Error; 
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Moment Estimation; PM, Particulate Matter; ReLU, Rectified Linear Unit; RFE, 
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Mean Squared Propagation; SGD, Stochastic Gradient Descent; STD, Standard 
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Digitalization and Adaptation, from a Regional 
Perspective – a Hungarian Case Study 

Mária Szalmáné Csete 
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M�&�H�J�\�H�W�H�P���U�N�S.��������H-�����������%�X�G�D�S�H�V�W�����+�X�Q�J�D�U�\�����F�V�H�W�H���P�D�U�L�D�#�J�W�N���E�P�H���K�X��

Abstract: Currently, digital transition and innovation are significant dimensions of transition 
processes and development policies. These are becoming increasingly important as more 
diverse and complex social, economic and environmental problems and challenges emerge. 
The achievement of digital transition and the promotion of sustainable development are 
crucial elements of the European development policy. Digital transformation can bring new 
challenges and many new opportunities and solutions for individual stakeholders, 
companies, sectors, and regions. However, little is known about the interrelations between 
mobility, sustainability, digitalization and climate change, especially from a regional 
perspective. This research aims to explore ways to make the interrelations between 
sustainability, climate change and digitalization more tangible, measurable and traceable. 
To investigate this question, (i) the spatial interpretation of the interrelations between 
mobility, sustainability, digitalization and climate change was formulated, (ii) an indicator-
based database was developed, and (iii) a methodology for assessing the digitalization and 
adaptation by the regional level was formulated. The analysis exploring the correlations 
between digitalization and adaptation was carried out in 2021 and focused on the level of 
districts (LAU 1 level in Hungary). Based on the digitalization and adaptation parameters, 
the Spatial Digitalization Index and the Spatial Adaptation Index were conceptualized.  
The dynamic regression analysis proved that digitalization is increasing at the LAU 1 in 
Hungary, and digitalization can support and strengthen adaptation to an increasing degree 
in different sectors such as transportation enhancing sustainability. The findings highlight 
the important role of different stakeholders and the challenge-based regional or local 
planning perspectives. 

Keywords: digitalization; sustainability; adaptation; climate change; mobility 

1 Introduction  

�5�H�V�H�D�U�F�K�� �R�Q�� �W�K�H�� �L�Q�W�H�U�U�H�O�D�W�L�R�Q�V�� �E�H�W�Z�H�H�Q�� �V�X�V�W�D�L�Q�D�E�O�H�� �U�H�J�L�R�Q�D�O�� �G�H�Y�H�O�R�S�P�H�Q�W���Z�K�H�U�H��
�P�R�E�L�O�L�W�\���S�O�D�\�V���L�P�S�R�U�W�D�Q�W���U�R�O�H���D�Q�G���F�O�L�P�D�W�H���F�K�D�Q�J�H���S�U�R�P�R�W�H�V���K�R�O�L�V�W�L�F���D�S�S�U�R�D�F�K�H�V���D�Q�G��
�L�Q�W�H�J�U�D�W�H�G�� �V�R�O�X�W�L�R�Q�V�� �R�Z�L�Q�J�� �W�R�� �W�K�H�L�U�� �L�Q�W�H�U-���� �P�X�O�W�L-�� �D�Q�G�� �W�U�D�Q�V�G�L�V�F�L�S�O�L�Q�D�U�\��



M. Szalmáné Csete             Digitalization and Adaptation, from a Regional Perspective – a Hungarian Case Study 

�Å��148 �Å��

�F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�����&�R�Q�V�H�T�X�H�Q�W�O�\�����W�H�F�K�Q�L�F�D�O-�W�H�F�K�Q�R�O�R�J�L�F�D�O���D�Q�G���V�R�F�L�R-�H�F�R�Q�R�P�L�F���D�V�S�H�F�W�V��
�D�Q�G���Q�D�W�X�U�D�O-�H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���I�D�F�W�R�U�V���K�D�Y�H���F�R�P�H���W�R���W�K�H���I�R�U�H�I�U�R�Q�W���R�I���V�W�X�G�L�H�V�����7�K�H���U�H�V�X�O�W�V��
�R�I���D�Q�D�O�\�V�H�V���R�Q���F�R�Q�Q�H�F�W�L�R�Q�V���D�Q�G���L�Q�W�H�U�U�H�O�D�W�L�R�Q�V���E�H�W�Z�H�H�Q���V�X�V�W�D�L�Q�D�E�L�O�L�W�\���D�Q�G���D�G�D�S�W�D�W�L�R�Q��
�E�U�L�G�J�H���D���J�D�S���E�R�W�K���D�W���W�K�H���U�H�J�L�R�Q�D�O���D�Q�G���W�K�H���V�H�F�W�R�U�D�O���O�H�Y�H�O�����W�U�D�Q�V�S�R�U�W�D�W�L�R�Q���I�R�U���L�Q�V�W�D�Q�F�H������
�D�Q�G�� �W�K�H�\�� �L�P�S�U�R�Y�H�� �W�K�H�� �S�O�D�Q�Q�D�E�L�O�L�W�\�� �R�I�� �U�H�O�H�Y�D�Q�W�� �G�H�Y�H�O�R�S�P�H�Q�W�� �S�U�R�F�H�V�V�H�V���� �W�K�H�L�U��
�L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���D�Q�G���J�H�Q�H�U�D�O���O�L�Y�D�E�L�O�L�W�\����

�2�Q�H���R�I���W�K�H���P�R�V�W���V�L�J�Q�L�I�L�F�D�Q�W���D�Q�G���F�R�P�S�O�H�[���J�O�R�E�D�O���F�K�D�O�O�H�Q�J�H�V���R�I���R�X�U���W�L�P�H�����L�V���F�O�L�P�D�W�H��
�F�K�D�Q�J�H�����D�Q�G���R�X�U���N�Q�R�Z�O�H�G�J�H���D�E�R�X�W���L�W�V���S�R�V�V�L�E�O�H���H�I�I�H�F�W�V���D�Q�G���F�R�Q�V�H�T�X�H�Q�F�H�V���L�V���Z�L�G�H�Q�L�Q�J��
�G�D�L�O�\���>���@�����,�Q���D�G�G�L�W�L�R�Q���W�R���L�Q�W�H�U�Q�D�W�L�R�Q�D�O���D�J�U�H�H�P�H�Q�W�V���D�Q�G���W�U�H�D�W�L�H�V�����D���J�U�R�Z�L�Q�J���Q�X�P�E�H�U���R�I��
�S�U�R�I�H�V�V�L�R�Q�D�O�V���I�U�R�P���W�K�H���V�F�L�H�Q�W�L�I�L�F�����S�R�O�L�W�L�F�D�O���D�Q�G���V�R�F�L�D�O���F�L�U�F�O�H�V���G�U�D�Z���R�X�U���D�W�W�H�Q�W�L�R�Q���W�R��
�W�K�H���Y�D�U�L�R�X�V���S�U�H�S�D�U�D�W�R�U�\���D�Q�G���S�U�H�Y�H�Q�W�L�Y�H���P�H�D�V�X�U�H�V���W�K�D�W���F�R�X�O�G���P�L�W�L�J�D�W�H���W�K�H���H�I�I�H�F�W�V���R�I��
�W�K�L�V�� �S�K�H�Q�R�P�H�Q�R�Q���� �&�O�L�P�D�W�H�� �F�K�D�Q�J�H�� �L�V�� �D�O�V�R�� �J�D�L�Q�L�Q�J�� �I�R�F�X�V�� �L�Q�� �V�S�D�W�L�D�O�� �D�Q�G�� �U�H�J�L�R�Q�D�O��
�G�H�Y�H�O�R�S�P�H�Q�W�����7�K�H���D�U�L�V�L�Q�J���F�K�D�O�O�H�Q�J�H�V���P�D�\���E�H���U�H�J�D�U�G�H�G���D�V���S�R�W�H�Q�W�L�D�O�V���I�R�U���W�K�H���(�X�U�R�S�H�D�Q��
�U�H�J�L�R�Q�V���F�R�Q�F�H�U�Q�L�Q�J���H�P�S�O�R�\�P�H�Q�W���D�Q�G���L�Q�Q�R�Y�D�W�L�Y�H���F�D�S�D�F�L�W�L�H�V����

�7�K�H�� �I�X�W�X�U�H�� �S�K�H�Q�R�P�H�Q�D�� �D�Q�G�� �H�I�I�H�F�W�V�� �R�I�� �F�O�L�P�D�W�H�� �F�K�D�Q�J�H�� �D�U�H�� �G�L�I�I�L�F�X�O�W���W�R�� �S�U�H�G�L�F�W�� �Z�L�W�K��
�K�L�J�K���F�H�U�W�D�L�Q�W�\���>���@���>���@�����7�K�X�V�����F�K�D�O�O�H�Q�J�H�V���F�R�Q�F�H�U�Q�L�Q�J���H�F�R�O�R�J�L�F�D�O�����V�R�F�L�D�O�����H�F�R�Q�R�P�L�F���D�Q�G��
�W�U�D�Q�V�S�R�U�W�D�W�L�R�Q���V�\�V�W�H�P�V���D�Q�G���W�K�H�L�U���U�H�V�L�O�L�H�Q�F�H���D�Q�G���Z�L�O�O�L�Q�J�Q�H�V�V���W�R���D�G�D�S�W���D�U�H���H�[�S�H�F�W�H�G���W�R��
�E�H���H�Y�H�Q���P�R�U�H���V�L�J�Q�L�I�L�F�D�Q�W���>���@�����3�U�H�S�D�U�D�W�L�R�Q���I�R�U���D�Q�G���D�G�D�S�W�D�W�L�R�Q���W�R���W�K�H���H�[�S�H�F�W�H�G���H�I�I�H�F�W�V��
�R�I���F�O�L�P�D�W�H���F�K�D�Q�J�H���D�U�H���Q�R�W���L�V�R�O�D�W�H�G���W�D�V�N�V�����E�X�W���W�K�H�\���F�R�Q�V�W�L�W�X�W�H���D���S�O�D�Q�Q�D�E�O�H���S�U�R�F�H�V�V���W�K�D�W��
�U�H�T�X�L�U�H�V�� �F�R�R�S�H�U�D�W�L�R�Q�� �D�W�� �W�K�H�� �V�R�F�L�D�O���� �S�R�O�L�W�L�F�D�O���� �U�H�J�L�R�Q�D�O�� �D�Q�G�� �V�H�F�W�R�U�L�D�O�� �O�H�Y�H�O�V������
�7�K�H�� �S�U�L�P�D�U�\�� �D�L�P�� �R�I�� �S�U�H�S�D�U�D�W�L�R�Q�� �L�V�� �W�R�� �L�Q�F�U�H�D�V�H�� �W�K�H�� �U�H�V�L�O�L�H�Q�F�H�� �W�R���Y�D�U�L�R�X�V�� �H�[�S�H�F�W�H�G��
�H�I�I�H�F�W�V���D�Q�G���W�R���H�Q�K�D�Q�F�H���W�K�H���V�X�V�W�D�L�Q�D�E�L�O�L�W�\���R�I���U�H�J�L�R�Q�V���D�Q�G���F�K�D�U�D�F�W�H�U�L�V�W�L�F���V�H�F�W�R�U�V�����7�K�L�V��
�L�V���D�F�K�L�H�Y�H�G���E�\���V�K�L�I�W�L�Q�J���W�K�H���I�R�F�X�V���I�U�R�P���S�U�H�Y�H�Q�W�L�Y�H���P�H�D�V�X�U�H�V���D�Q�G���F�R�Q�W�U�R�O���W�R���W�K�H���D�E�L�O�L�W�\��
�W�R���O�L�Y�H�� �W�R�J�H�W�K�H�U�� �Z�L�W�K�� �W�K�H�� �F�R�Q�V�W�D�Q�W�O�\�� �F�K�D�Q�J�L�Q�J�� �D�Q�G�� �R�F�F�D�V�L�R�Q�D�O�O�\�� �G�D�Q�J�H�U�R�X�V��
�H�Q�Y�L�U�R�Q�P�H�Q�W�����$�G�D�S�W�D�W�L�R�Q���W�R���F�O�L�P�D�W�H���F�K�D�Q�J�H���F�D�Q���E�H���Y�H�U�\���Y�H�U�V�D�W�L�O�H�����D�Q�G���W�K�H���G�L�I�I�H�U�H�Q�W��
�P�H�W�K�R�G�V�� �U�H�T�X�L�U�H�� �G�L�I�I�H�U�H�Q�W�� �S�U�H�S�D�U�D�W�R�U�\�� �P�H�D�V�X�U�H�V���� �W�R�R�O�V�� �D�Q�G�� �P�H�W�K�R�G�V�� �H�V�S�H�F�L�D�O�O�\��
�F�R�Q�V�L�G�H�U�L�Q�J���U�H�J�L�R�Q�D�O���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���>���@���>���@�����6�R�F�L�R-�H�F�R�Q�R�P�L�F���S�U�R�F�H�V�V�H�V���W�D�N�H���S�O�D�F�H���L�Q��
�D�� �J�L�Y�H�Q�� �D�U�H�D�� �D�Q�G�� �L�Q�� �D�� �J�L�Y�H�Q�� �W�L�P�H���� �Z�K�L�F�K��–���Z�K�H�Q�� �V�S�H�D�N�L�Q�J�� �D�E�R�X�W�� �W�K�H�� �S�U�D�F�W�L�F�D�O��
�L�P�S�O�H�P�H�Q�W�D�W�L�R�Q�� �R�I�� �V�X�V�W�D�L�Q�D�E�L�O�L�W�\��–�� �D�U�H�� �F�R�P�S�O�H�P�H�Q�W�H�G�� �E�\�� �W�K�H�� �I�D�F�W�� �W�K�D�W�� �W�K�H�V�H��
�S�U�R�F�H�V�V�H�V�� �D�U�H�� �H�P�E�H�G�G�H�G�� �L�Q�� �W�K�H�� �Q�D�W�X�U�D�O�� �H�Q�Y�L�U�R�Q�P�H�Q�W�����L���H������ �W�K�H�� �E�L�R�V�S�K�H�U�H������
�7�K�H���D�G�D�S�W�D�W�L�R�Q���W�R���D�Q�G���S�U�H�S�D�U�D�W�L�R�Q���I�R�U���X�Q�D�Y�R�L�G�D�E�O�H���H�I�I�H�F�W�V���D�U�H���F�O�R�V�H�O�\���U�H�O�D�W�H�G���W�R���W�K�H��
�F�R�Q�F�H�S�W���R�I���V�X�V�W�D�L�Q�D�E�L�O�L�W�\�����&�R�Q�V�H�T�X�H�Q�W�O�\�����W�K�H���F�R�P�S�L�O�D�W�L�R�Q���D�Q�G���U�H�D�O�L�]�D�W�L�R�Q���R�I���V�S�D�W�L�D�O��
�D�Q�G���V�H�F�W�R�U�D�O�����O�R�F�D�O�����U�H�J�L�R�Q�D�O���D�Q�G���Q�D�W�L�R�Q�D�O���H�F�R�Q�R�P�L�F���V�W�U�D�W�H�J�L�H�V�����L�U�U�H�V�S�H�F�W�L�Y�H���R�I���E�H�L�Q�J��
s�X�V�W�D�L�Q�D�E�L�O�L�W�\�����F�O�L�P�D�W�H���R�U���D�G�D�S�W�D�W�L�R�Q���V�W�U�D�W�H�J�L�H�V�����F�D�Q���D�O�O���K�H�O�S���D�Y�R�L�G���H�[�S�H�F�W�H�G���H�I�I�H�F�W�V��
�D�Q�G���P�L�W�L�J�D�W�H���S�R�W�H�Q�W�L�D�O���G�D�P�D�J�H���>��-�����@�����&�R�Q�F�H�U�Q�L�Q�J���U�H�J�L�R�Q�D�O���O�L�Y�D�E�L�O�L�W�\�����U�H�V�H�D�U�F�K���W�R�G�D�\��
�W�H�Q�G�V���W�R���I�R�F�X�V���R�Q���P�H�D�V�X�U�D�E�L�O�L�W�\���L�Q���D�G�G�L�W�L�R�Q���W�R���W�K�H�R�U�H�W�L�F�D�O���H�[�S�O�D�Q�D�W�L�R�Q�V�����7�K�H�U�H�I�R�U�H�����L�W��
�L�V�� �V�K�R�Z�Q�� �K�R�Z���� �S�U�L�P�D�U�L�O�\�� �V�R�F�L�R-�H�F�R�Q�R�P�L�F�� �S�U�R�F�H�V�V�H�V�� �D�Q�G�� �L�Q�W�H�U�Y�H�Q�W�L�R�Q�V�� �O�H�D�G�� �W�R�� �W�K�H��
�G�H�W�H�U�L�R�U�D�W�L�R�Q�� �R�I�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �T�X�D�O�L�W�\���� �W�K�X�V���� �W�K�H�� �H�I�I�H�F�W�V�� �R�I�� �W�K�H�V�H���S�U�R�F�H�V�V�H�V�� �D�Q�G��
�F�O�L�P�D�W�H�� �F�K�D�Q�J�H�� �D�U�H�� �U�H�Y�H�D�O�H�G���� �W�R�J�H�W�K�H�U�� �Z�L�W�K�� �W�K�H�� �S�R�W�H�Q�W�L�D�O�� �H�I�I�H�F�W�V�� �R�Q�� �W�K�H�� �S�U�D�F�W�L�F�D�O��
�U�H�D�O�L�]�D�W�L�R�Q�� �R�I�� �V�X�V�W�D�L�Q�D�E�L�O�L�W�\�� �D�Q�G�� �W�K�H�L�U�� �H�I�I�H�F�W�� �R�Q�� �P�R�E�L�O�L�W�\�� �D�Q�G�� �G�D�L�O�\�� �O�L�I�H�� �>����-�����@������
�,�Q�� �U�H�O�D�W�L�R�Q�� �W�R�� �F�R�J�Q�L�W�L�Y�H�� �P�R�E�L�O�L�W�\�� �D�O�W�R�J�H�W�K�H�U�� �I�L�Y�H�� �N�H�\�� �D�U�H�D�V�� �F�D�Q�� �E�H�� �L�G�H�Q�W�L�I�L�H�G�� �>�����@��
�L�Q�F�O�X�G�L�Q�J�� �F�R�J�Q�L�W�L�Y�H�� �V�X�V�W�D�L�Q�D�E�L�O�L�W�\���� �W�K�D�W�� �F�D�Q�� �F�R�Q�W�U�L�E�X�W�H�� �W�R�� �D�Q�G�� �I�R�V�W�H�U���W�K�H��
�X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �R�I�� �P�R�E�L�O�L�W�\�� �D�Q�G�� �H�F�R�Q�R�P�L�F�� �S�U�R�F�H�V�V-�U�H�O�D�W�H�G�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �>�����@���>�����@����
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�)�U�R�P���W�K�L�V���S�H�U�V�S�H�F�W�L�Y�H�����L�W���L�V���Z�R�U�W�K���H�[�D�P�L�Q�L�Q�J���Z�K�H�W�K�H�U���G�L�J�L�W�D�O�L�]�D�W�L�R�Q���D�Q�G���D�G�D�S�W�D�W�L�R�Q��
�I�U�R�P���D���U�H�J�L�R�Q�D�O���S�H�U�V�S�H�F�W�L�Y�H���F�D�Q���W�X�U�Q���L�Q�W�R���D�Q���H�I�I�H�F�W�L�Y�H���W�R�R�O���W�R���S�U�R�P�R�W�H���V�X�V�W�D�L�Q�D�E�L�O�L�W�\����
�6�R�F�L�H�W�L�H�V���K�D�Y�H�� �D�O�Z�D�\�V�� �K�D�G�� �W�R�� �U�H�V�S�R�Q�G�� �W�R�� �F�O�L�P�D�W�H���Y�D�U�L�D�E�L�O�L�W�\�� �D�Q�G�� �H�[�W�U�H�P�H�� �Z�H�D�W�K�H�U��
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�L�Q�I�O�X�H�Q�F�H�� �W�K�H���P�R�W�L�Y�D�W�L�R�Q���I�R�U�� �W�X�U�Q�L�Q�J�� �W�R�� �V�X�V�W�D�L�Q�D�E�L�O�L�W�\�� �W�R�� �D�� �Y�D�U�L�D�E�O�H�� �G�H�J�U�H�H���� �$�V�� �W�K�H��
�F�R�Q�Q�H�F�W�L�R�Q�V���E�H�W�Z�H�H�Q���V�X�V�W�D�L�Q�D�E�L�O�L�W�\���D�Q�G���F�O�L�P�D�W�H���F�K�D�Q�J�H���S�U�R�Y�H�����F�O�L�P�D�W�H���F�K�D�Q�J�H���L�W�V�H�O�I��
�L�V�� �R�Q�H�� �R�I�� �W�K�H�� �P�R�V�W�� �V�L�J�Q�L�I�L�F�D�Q�W�� �K�L�Q�G�H�U�L�Q�J�� �I�D�F�W�R�U�V�� �R�Q�� �W�K�H�� �Z�D�\�� �W�R�� �V�X�V�W�D�L�Q�D�E�L�O�L�W�\������
�7�K�H�� �S�U�H�V�H�Q�W�� �V�W�X�G�\�� �G�L�V�F�X�V�V�H�V�� �W�K�H�� �S�R�V�V�L�E�O�H�� �O�R�F�D�O�� �L�Q�W�H�U�S�U�H�W�D�W�L�R�Q�V�� �R�I�� �W�K�H���F�R�Q�Q�H�F�W�L�R�Q�V��
�E�H�W�Z�H�H�Q�� �S�U�H�V�H�Q�W-�G�D�\�� �J�O�R�E�D�O�� �S�U�R�F�H�V�V�H�V���� �Z�L�W�K�� �D�� �V�S�H�F�L�D�O�� �I�R�F�X�V�� �R�Q�� �W�K�H�� �W�U�L�S�O�H�W�� �R�I��
�V�X�V�W�D�L�Q�D�E�L�O�L�W�\–�F�O�L�P�D�W�H�� �F�K�D�Q�J�H–�G�L�J�L�W�D�O�L�]�D�W�L�R�Q���� �&�R�Q�F�H�U�Q�L�Q�J�� �W�K�H�� �V�W�H�S�V�� �W�R�Z�D�U�G�V��
�V�X�V�W�D�L�Q�D�E�O�H���U�H�J�L�R�Q�D�O���G�H�Y�H�O�R�S�P�H�Q�W�����W�K�H���L�Q�Y�H�V�W�L�J�D�W�L�R�Q�V���S�U�H�V�H�Q�W�H�G���K�H�U�H���D�L�P���W�R���H�[�S�O�R�U�H��
�K�R�Z���W�K�H���F�R�Q�Q�H�F�W�L�R�Q�V���E�H�W�Z�H�H�Q���D�G�D�S�W�D�W�L�R�Q���D�Q�G���G�L�J�L�W�D�O���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���F�D�Q���E�H���U�H�D�O�L�]�H�G��
�D�W���W�K�H���O�R�F�D�O���O�H�Y�H�O����

1.1 Sustainable Regional Development and Adaptation 

�7�K�H���H�I�I�H�F�W�V���R�I���F�O�L�P�D�W�H���F�K�D�Q�J�H���F�D�Q���E�H���G�L�U�H�F�W�O�\���H�[�S�H�U�L�H�Q�F�H�G���D�O�U�H�D�G�\���W�R�G�D�\�����D�Q�G���W�K�L�V��
�W�U�H�Q�G���Z�L�O�O���Q�R�W���F�K�D�Q�J�H���� �&�R�Q�V�H�T�X�H�Q�W�O�\���� �H�[�S�H�F�W�H�G���L�P�S�D�F�W�V�� �Z�L�O�O���D�I�I�H�F�W���H�Y�H�U�\�R�Q�H�� �I�U�R�P��
�W�K�H���P�R�V�W���Y�X�O�Q�H�U�D�E�O�H���V�R�F�L�D�O���J�U�R�X�S�V�����V�H�F�W�R�U�V���D�Q�G���U�H�J�L�R�Q�V���W�R���W�K�H���P�R�V�W���U�H�V�L�O�L�H�Q�W���R�Q�H�V���>���@����
�>���@���� �7�K�H�� �(�X�U�R�S�H�D�Q�� �8�Q�L�R�Q�� �L�V�� �S�U�H�S�D�U�L�Q�J�� �I�R�U�� �W�K�H�� �H�[�S�H�F�W�H�G�� �H�I�I�H�F�W�V���� �H�V�S�H�F�L�D�O�O�\���I�R�U�� �W�K�H��
�J�U�R�Z�L�Q�J���I�U�H�T�X�H�Q�F�\���D�Q�G���L�Q�W�H�Q�V�L�W�\���R�I���H�[�W�U�H�P�H���Z�H�D�W�K�H�U���H�Y�H�Q�W�V�����S�U�L�P�D�U�L�O�\���L�Q�W�H�U�S�U�H�W�H�G��
�D�W�� �W�K�H�� �O�R�F�D�O�� �O�H�Y�H�O���� �$�W�� �W�K�L�V�� �O�H�Y�H�O���� �G�H�F�L�V�L�R�Q-�P�D�N�H�U�V�� �V�K�R�X�O�G�� �S�U�H�S�D�U�H�� �W�R�� �K�D�Q�G�O�H�� �V�X�F�K��
�S�U�R�E�O�H�P�V���� �L�Q�� �Z�K�L�F�K�� �W�K�H�� �V�X�E�V�L�G�L�D�U�L�W�\�� �S�U�L�Q�F�L�S�O�H�� �D�O�V�R�� �S�O�D�\�V�� �D�� �U�R�O�H���� �:�K�H�Q�� �V�H�W�W�L�Q�J�� �X�S��
�P�L�W�L�J�D�W�R�U�\�����S�U�H�S�D�U�D�W�R�U�\�����D�Q�G���D�G�D�S�W�L�Y�H���P�H�D�V�X�U�H�V�����S�U�R�J�U�D�P�V���D�Q�G���V�W�U�D�W�H�J�L�H�V���G�H�V�L�J�Q�H�G��
�L�Q���K�D�U�P�R�Q�\���Z�L�W�K���W�K�H���S�U�H�F�D�X�W�L�R�Q�D�U�\���S�U�L�Q�F�L�S�O�H�����L�W���L�V���D�O�V�R���D���F�K�D�O�O�H�Q�J�H���W�R���G�H�W�H�U�P�L�Q�H���W�K�H��
�H�[�W�H�Q�W���R�I���L�Q�W�H�U�Y�H�Q�W�L�R�Q���E�\���W�K�R�V�H���F�R�Q�F�H�U�Q�H�G�����I�R�U���Z�K�L�F�K���W�K�H���H�[�S�H�U�L�H�Q�F�H�V���J�D�L�Q�H�G���L�Q���W�K�H��
�S�D�V�W���\�H�D�U�V���R�U���G�H�F�D�G�H�V���V�K�R�X�O�G���E�H���X�V�H�G���D�V���J�X�L�G�H�O�L�Q�H�V�����7�R�G�D�\�����L�W���I�R�F�X�V�H�V���R�Q���K�R�Z���W�K�H��
�I�R�O�O�R�Z�L�Q�J�� �T�X�H�V�W�L�R�Q�V�� �P�D�\�� �E�H�� �D�Q�V�Z�H�U�H�G���>�����@���>��8�@���� �:�K�D�W���F�K�D�Q�J�H�V�� �D�U�H�� �H�[�S�H�F�W�H�G���L�Q�� �D��
�J�L�Y�H�Q�� �U�H�J�L�R�Q�� �R�U�� �V�H�F�W�R�U�"�� �:�L�O�O�� �W�K�H�� �S�O�D�Q�Q�H�G�� �O�H�Y�H�O�� �R�I�� �L�Q�W�H�U�Y�H�Q�W�L�R�Q�� �S�U�R�Y�H�� �W�R�� �E�H��
�V�D�W�L�V�I�D�F�W�R�U�\���L�Q���I�L�J�K�W�L�Q�J���R�I�I���W�K�H���H�[�S�H�F�W�H�G���F�K�D�O�O�H�Q�J�H�V�"��

�6�X�V�W�D�L�Q�D�E�L�O�L�W�\���D�Q�G���F�O�L�P�D�W�H���F�K�D�Q�J�H���D�U�H���L�Q���D���F�L�U�F�X�O�D�U���U�H�O�D�W�L�R�Q�V�K�L�S�����Z�K�L�F�K���L�V���U�H�I�O�H�F�W�H�G��
�L�Q�� �V�H�Y�H�U�D�O�� �U�H�V�H�D�U�F�K�� �U�H�V�X�O�W�V�� �>��9-�����@���� �7�K�H�� �H�[�S�H�F�W�H�G�� �G�L�U�H�F�W�L�R�Q�� �D�Q�G�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �R�I��
�G�H�Y�H�O�R�S�P�H�Q�W�� �F�D�Q�� �I�X�Q�G�D�P�H�Q�W�D�O�O�\�� �L�Q�I�O�X�H�Q�F�H�� �W�K�H�� �F�O�L�P�D�W�H�� �F�K�D�Q�J�H�� �S�U�R�F�H�V�V�����K�R�Z�H�Y�H�U����
�F�O�L�P�D�W�H���F�K�D�Q�J�H���D�O�V�R���D�I�I�H�F�W�V���W�K�H���F�K�D�Q�F�H�V���R�I���P�R�Y�L�Q�J���W�R�Z�D�U�G�V���V�X�V�W�D�L�Q�D�E�L�O�L�W�\�����E�R�W�K���I�U�R�P��
�D�� �P�L�W�L�J�D�W�R�U�\�� �D�Q�G�� �D�G�D�S�W�L�Y�H�� �S�H�U�V�S�H�F�W�L�Y�H���� �)�R�F�X�V�L�Q�J�� �R�Q�� �V�X�V�W�D�L�Q�D�E�O�H�� �U�H�J�L�R�Q�D�O��
�G�H�Y�H�O�R�S�P�H�Q�W���� �D�G�D�S�W�D�W�L�R�Q�� �W�R�� �F�O�L�P�D�W�H�� �F�K�D�Q�J�H�� �D�Q�G�� �V�X�V�W�D�L�Q�D�E�L�O�L�W�\�� �K�D�Y�H�� �J�D�L�Q�H�G�� �P�R�U�H��
�I�R�F�X�V���� �W�R�J�H�W�K�H�U�� �Z�L�W�K���D�Q�D�O�\�]�L�Q�J��sy�Q�H�U�J�L�F�� �H�I�I�H�F�W�V�� �D�P�R�Q�J�� �F�O�L�P�D�W�H-�I�U�L�H�Q�G�O�\�� �V�R�O�X�W�L�R�Q�V����
�W�R�R�O�V�����P�H�W�K�R�G�R�O�R�J�L�H�V���D�Q�G���S�R�O�L�F�L�H�V�����7�K�H���U�H�V�H�D�U�F�K���D�U�H�D���L�V���D���(�X�U�R�S�H�D�Q���L�Q�O�D�Q�G���W�H�U�U�L�W�R�U�\��
�O�R�F�D�W�H�G�� �L�Q�� �W�K�H�� �&�D�U�S�D�W�K�L�D�Q�� �E�D�V�L�Q���� �7�K�H�� �H�[�D�P�L�Q�H�G�� �&�H�Q�W�U�D�O�� �(�X�U�R�S�H�D�Q�� �F�R�X�Q�W�U�\�� �L�V��
�+�X�Q�J�D�U�\�����Z�K�H�U�H���W�K�H���U�D�W�L�R���R�I���U�X�U�D�O���D�U�H�D�V���L�V���V�W�L�O�O���E�H�\�R�Q�G���W�K�H���(�8���D�Y�H�U�D�J�H���>�����@�����Z�K�L�F�K��
�U�H�V�X�O�W�V�� �L�Q�� �K�L�J�K�H�U�� �H�[�S�R�V�X�U�H�� �D�Q�G�� �Y�X�O�Q�H�U�D�E�L�O�L�W�\���� �$�� �U�H�O�D�W�H�G�� �8�1�� �G�R�F�X�P�H�Q�W�� �L�P�S�O�L�H�G��
�+�X�Q�J�D�U�\�����D�V�� �R�Q�H�� �R�I�� �W�K�H�� �P�R�V�W�� �Y�X�O�Q�H�U�D�E�O�H�� �F�R�X�Q�W�U�L�H�V�� �L�Q�� �(�X�U�R�S�H�����F�R�Q�V�L�G�H�U�L�Q�J�� �W�K�H��
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�S�R�V�V�L�E�O�H�� �H�I�I�H�F�W�� �R�I�� �F�O�L�P�D�W�H�� �F�K�D�Q�J�H�� �R�Q�� �E�L�R�G�L�Y�H�U�V�L�W�\�� �>��3�@�����7�K�H�� �S�R�V�V�L�E�O�H�� �L�P�S�D�F�W�V�� �R�I��
�F�O�L�P�D�W�H�� �F�K�D�Q�J�H�� �R�Q�� �W�K�H�� �H�Q�Y�L�U�R�Q�P�H�Q�W�� �D�U�H�� �F�U�X�F�L�D�O�� �H�V�S�H�F�L�D�O�O�\�� �Z�K�H�Q�� �I�R�V�W�H�U�L�Q�J�� �G�L�J�L�W�D�O��
�W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�� �D�Q�G�� �V�X�V�W�D�L�Q�D�E�O�H�� �W�U�D�Q�V�L�W�L�R�Q�� �R�Q�� �U�H�J�L�R�Q�D�O���R�U�� �O�R�F�D�O�� �O�H�Y�H�O�� �D�Q�G�� �L�W�V�� �F�U�R�V�V-
�I�H�U�W�L�O�L�]�D�W�L�R�Q���H�I�I�H�F�W���R�Q���P�R�E�L�O�L�W�\���D�Q�G���W�U�D�Q�V�S�R�U�W�����,�Q���+�X�Q�J�D�U�\�����V�H�Y�H�U�D�O���U�H�V�H�D�U�F�K���U�H�S�R�U�W�V��
�D�Q�G���V�W�X�G�L�H�V���K�D�Y�H���S�X�E�O�L�V�K�H�G���S�U�R�J�Q�R�V�H�V���R�Q���W�K�H���H�[�S�H�F�W�H�G���H�I�I�H�F�W�V���R�I���F�O�L�P�D�W�H���F�K�D�Q�J�H���>��3�@��
�>�����@�����6�X�F�K���S�U�R�J�Q�R�V�H�V���D�U�H���E�H�F�R�P�L�Q�J���P�R�U�H���D�F�F�X�U�D�W�H���R�Y�H�U���W�L�P�H���U�H�J�D�U�G�L�Q�J���W�K�H���H�[�W�H�Q�W���R�I��
�W�K�H�� �H�I�I�H�F�W�� �D�Q�G�� �W�K�H�� �S�U�R�E�D�E�L�O�L�W�\�� �D�Q�G�� �U�L�V�N�V�� �R�I�� �L�W�V�� �R�F�F�X�U�U�H�Q�F�H���� �3�U�H�S�D�U�D�W�L�R�Q�� �I�R�U�� �D�Q�G��
�S�U�H�Y�H�Q�W�L�R�Q�� �R�I�� �H�[�S�H�F�W�H�G�� �H�I�I�H�F�W�V�� �D�Q�G�� �W�K�H�� �P�L�W�L�J�D�W�L�R�Q�� �R�I�� �W�K�H�� �F�R�Q�Q�H�F�W�H�G�� �U�L�V�N�V�� �D�U�H�� �W�K�H��
�I�X�Q�G�D�P�H�Q�W�D�O���L�Q�W�H�U�H�V�W���R�I���D�O�O���W�K�R�V�H���F�R�Q�F�H�U�Q�H�G���G�X�H���W�R���W�K�H���I�D�F�L�O�L�W�D�W�L�R�Q���R�I���U�H�V�L�O�L�H�Q�F�H���D�Q�G��
�W�K�H�� �I�D�F�W�� �W�K�D�W�� �W�K�L�V�� �U�H�V�L�O�L�H�Q�F�H�� �L�V�� �S�U�R�I�L�W�D�E�O�H�� �>�����@���>�����@���� �$�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �D�Y�D�L�O�D�E�O�H��
�N�Q�R�Z�O�H�G�J�H�� �D�Q�G�� �U�H�V�H�D�U�F�K�� �U�H�V�X�O�W�V���� �F�O�L�P�D�W�H�� �F�K�D�Q�J�H�� �D�I�I�H�F�W�V�� �+�X�Q�J�D�U�\�� �W�R�� �D�Q�� �H�[�W�U�H�P�H��
�G�H�J�U�H�H���� �E�R�W�K�� �R�Q�� �W�K�H�� �J�O�R�E�D�O�� �D�Q�G�� �W�K�H�� �(�X�U�R�S�H�D�Q�� �V�F�D�O�H���� �E�X�W�� �W�K�H�� �G�L�I�I�H�U�H�Q�W�� �S�D�U�W�V�� �R�I�� �W�K�H��
�F�R�X�Q�W�U�\���D�U�H���W�R���E�H���D�I�I�H�F�W�H�G���G�L�I�I�H�U�H�Q�W�O�\�����7�K�H�V�H���L�P�S�D�F�W�V���P�D�\���V�W�U�H�Q�J�W�K�H�Q���H�[�L�V�W�L�Q�J���V�R�F�L�R-
�H�F�R�Q�R�P�L�F���G�L�I�I�H�U�H�Q�F�H�V�����D�Q�G���U�H�J�L�R�Q�D�O���G�L�I�I�H�U�H�Q�W�L�D�W�L�R�Q���P�L�J�K�W���D�O�V�R���E�H���H�Q�K�D�Q�F�H�G�����O�H�D�G�L�Q�J��
�W�R�� �V�L�J�Q�L�I�L�F�D�Q�W���Q�R�Y�H�O���V�R�F�L�D�O���L�Q�H�T�X�D�O�L�W�L�H�V�� �>��3�@���>�����@�����&�O�L�P�D�W�H���F�K�D�Q�J�H�� �P�L�J�K�W���L�Q�I�O�X�H�Q�F�H��
�H�Y�H�U�\�� �G�L�P�H�Q�V�L�R�Q�� �R�I�� �V�X�V�W�D�L�Q�D�E�L�O�L�W�\���� �D�Q�G�� �L�W�� �I�X�Q�G�D�P�H�Q�W�D�O�O�\�� �D�I�I�H�F�W�V�� �U�H�J�L�R�Q�D�O�� �O�L�Y�L�Q�J��
�F�R�Q�G�L�W�L�R�Q�V���� �L�Q�F�R�P�H�V���� �K�H�D�O�W�K�� �V�W�D�W�X�V�� �H�W�F������ �Z�K�L�F�K�� �D�U�H�� �F�R�Q�V�L�G�H�U�H�G�� �W�K�H���F�R�U�Q�H�U�V�W�R�Q�H�V�� �R�I��
�V�X�V�W�D�L�Q�D�E�O�H���U�H�J�L�R�Q�D�O���G�H�Y�H�O�R�S�P�H�Q�W���>���@�����,�Q���R�U�G�H�U���W�R���S�U�H�V�H�U�Y�H���R�U���H�Q�K�D�Q�F�H���W�K�H���V�W�D�Q�G�D�U�G��
�R�I�� �O�L�Y�L�Q�J�� �D�Q�G�� �O�L�Y�D�E�L�O�L�W�\���� �L�W�� �L�V�� �D�G�Y�L�V�D�E�O�H�� �W�R�� �R�I�I�H�U�� �L�Q�F�H�Q�W�L�Y�H�V���� �7�K�H�� �E�H�V�W�� �P�H�D�V�X�U�H�V�� �D�U�H��
�F�R�V�W-�H�I�I�H�F�W�L�Y�H���D�Q�G���H�Q�Y�L�U�R�Q�P�H�Q�W-�I�U�L�H�Q�G�O�\�����D�V���I�X�U�W�K�H�U���S�R�V�L�W�L�Y�H���H�[�W�H�U�Q�D�O�L�W�L�H�V�����W�K�H�\���P�L�J�K�W��
�D�O�V�R���K�H�O�S���W�R���H�Q�K�D�Q�F�H���O�L�Y�L�Q�J���V�W�D�Q�G�D�U�G�V�����W�K�H���K�H�D�O�W�K���V�W�D�W�X�V���R�I���O�R�F�D�O���S�H�R�S�O�H�����H���J�������G�X�H���W�R��
�E�H�W�W�H�U���D�L�U���T�X�D�O�L�W�\�������P�L�J�K�W���S�U�R�Y�L�G�H���M�R�E�V���I�R�U���O�R�F�D�O���S�U�R�I�H�V�V�L�R�Q�D�O�V�����D�Q�G���D�F�W���D�V���D���G�U�L�Y�H�U���I�R�U��
�W�K�H���O�R�F�D�O���H�F�R�Q�R�P�\�����,�Q���R�U�G�H�U���W�R���F�U�H�D�W�H���D���V�R�O�L�G���E�D�V�L�V���I�R�U���W�K�H���S�U�H�S�D�U�D�W�L�R�Q���D�Q�G���D�G�D�S�W�D�W�L�R�Q��
�R�I���O�R�F�D�O���F�R�P�P�X�Q�L�W�L�H�V�����L�W���L�V���L�Q�G�L�V�S�H�Q�V�D�E�O�H���W�R���H�[�S�O�R�U�H���W�K�H���Q�H�H�G�V���D�Q�G���H�[�S�H�F�W�D�W�L�R�Q�V���I�R�U��
�I�R�U�P�L�Q�J���D���J�H�Q�H�U�D�O���F�R�Q�F�H�S�W�����,�Q���+�X�Q�J�D�U�\�����R�Q�H���R�I���W�K�H���P�D�L�Q���K�L�Q�G�H�U�L�Q�J���I�D�F�W�R�U�V�����I�R�U���O�R�F�D�O��
�D�P�E�L�W�L�R�Q�V�����U�H�P�D�L�Q�V�� �W�K�H�� �O�D�F�N�� �R�I�� �I�L�Q�D�Q�F�L�D�O���V�R�X�U�F�H�V���� �7�K�H�� �F�R�V�W-�H�I�I�H�F�W�L�Y�H�� �D�G�D�S�W�D�W�L�R�Q���W�R��
�F�O�L�P�D�W�H�� �F�K�D�Q�J�H�V�� �V�K�R�X�O�G�� �I�R�F�X�V�� �R�Q�� �U�H�D�O�L�]�L�Q�J�� �O�R�F�D�O�� �L�Q�L�W�L�D�W�L�Y�H�V�����L���H�������O�R�F�D�O�� �S�U�H�S�D�U�D�W�R�U�\��
�D�G�D�S�W�L�Y�H�� �P�H�D�V�X�U�H�V�� �V�K�R�X�O�G�� �E�H�� �H�F�R�Q�R�P�L�F�D�O�O�\�� �S�U�R�I�L�W�D�E�O�H�� �D�Q�G�� �V�H�U�Y�H�� �O�L�Y�D�E�L�O�L�W�\����
�F�R�Q�V�H�U�Y�D�W�L�R�Q���R�U���V�X�V�W�D�L�Q�D�E�L�O�L�W�\����

�7�K�H���U�H�J�L�R�Q�D�O���R�U���O�R�F�D�O���S�H�U�V�S�H�F�W�L�Y�H���L�V���R�I���X�W�P�R�V�W���L�P�S�R�U�W�D�Q�F�H���L�Q���D�Q�D�O�\�]�L�Q�J���F�R�Q�Q�H�F�W�L�R�Q�V��
�E�H�W�Z�H�H�Q���F�O�L�P�D�W�H���F�K�D�Q�J�H���D�Q�G���V�X�V�W�D�L�Q�D�E�L�O�L�W�\�����Z�L�W�K���V�S�H�F�L�D�O���H�P�S�K�D�V�L�V���R�Q���W�K�H���I�R�O�O�R�Z�L�Q�J��
�I�D�F�W�V����

�x �&�O�L�P�D�W�H�� �F�K�D�Q�J�H�� �L�V�� �J�H�Q�H�U�D�O�O�\�� �L�J�Q�R�U�H�G�� �L�Q�� �W�K�H�� �S�U�D�F�W�L�F�D�O�� �L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I��
�V�X�V�W�D�L�Q�D�E�L�O�L�W�\���P�H�D�V�X�U�H�V����

�x �7�K�H���H�[�S�O�R�U�D�W�L�R�Q���R�I���K�R�Z���O�R�F�D�O���V�X�V�W�D�L�Q�D�E�L�O�L�W�\-�U�H�O�D�W�H�G���L�Q�L�W�L�D�W�L�Y�H�V���D�Q�G���P�R�G�H�O�V���D�U�H��
�F�R�Q�Q�H�F�W�H�G���W�R���U�H�J�L�R�Q�D�O���V�W�U�D�W�H�J�L�H�V���L�V���W�\�S�L�F�D�O�O�\���P�L�V�V�L�Q�J���I�U�R�P���H�D�U�O�L�H�U���V�W�X�G�L�H�V����

�x �5�H�D�F�K�L�Q�J�� �V�X�V�W�D�L�Q�D�E�L�O�L�W�\�� �Z�K�L�O�H�� �F�R�Q�V�L�G�H�U�L�Q�J�� �F�O�L�P�D�W�H�� �F�K�D�Q�J�H�� �L�V�� �L�P�S�R�V�V�L�E�O�H��
�Z�L�W�K�R�X�W���H�[�S�O�R�U�L�Q�J���O�R�F�D�O���H�F�R�Q�R�P�L�F���D�F�W�L�Y�L�W�L�H�V���D�Q�G���V�H�F�W�R�U�V���D�Q�G���F�R�Q�V�L�G�H�U�L�Q�J���O�R�F�D�O��
�O�L�Y�L�Q�J���F�R�Q�G�L�W�L�R�Q�V���D�Q�G���L�Q�W�H�U�H�V�W�V����

�x �7�K�H�� �S�U�L�P�D�U�\�� �L�Q�F�R�P�H-�J�H�Q�H�U�D�W�L�Q�J�� �V�H�F�W�R�U�� �P�X�V�W�� �E�H���D�Q�D�O�\�]�H�G���� �I�R�F�X�V�L�Q�J�� �R�Q��
�F�O�L�P�D�W�H�� �F�K�D�Q�J�H�� �D�Q�G�� �O�R�F�D�O�� �D�G�D�S�W�L�Y�H�� �S�R�V�V�L�E�L�O�L�W�L�H�V���� �6�X�F�K�� �D�Q�D�O�\�V�H�V�� �D�U�H�� �O�D�F�N�L�Q�J��
�E�R�W�K���D�W���W�K�H���G�R�P�H�V�W�L�F���D�Q�G���W�K�H���L�Q�W�H�U�Q�D�W�L�R�Q�D�O���O�H�Y�H�O�V����
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�x �7�K�H�� �U�R�O�H�� �R�I�� �G�L�J�L�W�D�O�L�]�D�W�L�R�Q�� �L�Q�� �V�X�V�W�D�L�Q�D�E�O�H�� �U�H�J�L�R�Q�D�O�� �G�H�Y�H�O�R�S�P�H�Q�W�� �F�R�Q�V�L�G�H�U�L�Q�J��
�W�K�H���S�R�V�V�L�E�O�H���L�P�S�D�F�W�V���R�I���F�O�L�P�D�W�H���F�K�D�Q�J�H����

�:�K�L�O�H�� �H�[�S�O�R�U�L�Q�J�� �W�K�H�� �L�Q�W�H�U�F�R�Q�Q�H�F�W�L�R�Q�V�� �E�H�W�Z�H�H�Q�� �W�K�H�� �F�R�Q�F�H�S�W�V�� �R�I�� �V�X�V�W�D�L�Q�D�E�L�O�L�W�\�� �D�Q�G��
�D�G�D�S�W�D�W�L�R�Q���� �L�W�� �Z�D�V�� �S�U�R�Y�H�Q�� �W�K�D�W�� �H�Q�G�R�J�H�Q�R�X�V�� �I�D�F�W�R�U�V�� �S�O�D�\�� �D�� �N�H�\�� �U�R�O�H�� �L�Q�� �I�R�U�P�L�Q�J�� �W�K�H��
�P�D�L�Q�� �P�R�W�L�Y�D�W�L�Q�J�� �I�R�U�F�H�V�� �L�Q�� �W�K�H�� �W�U�D�Q�V�L�W�L�R�Q���W�R�Z�D�U�G�V�� �V�X�V�W�D�L�Q�D�E�L�O�L�W�\���� �,�W���Z�D�V�� �D�O�V�R�� �V�W�D�W�H�G��
�W�K�D�W�� �W�K�H�� �V�X�E�V�L�G�L�D�U�L�W�\�� �S�U�L�Q�F�L�S�O�H�� �S�O�D�\�V�� �D�� �U�R�O�H�� �L�Q�� �W�K�H�� �S�U�D�F�W�L�F�D�O�� �U�H�D�O�L�]�D�W�L�R�Q�� �R�I�� �W�K�L�V��
�W�U�D�Q�V�L�W�L�R�Q�����,�W���F�D�Q���E�H���V�W�D�W�H�G���W�K�D�W���F�O�L�P�D�W�H���F�K�D�Q�J�H���V�W�U�D�W�H�J�L�H�V�����P�L�W�L�J�D�W�L�R�Q���D�Q�G���D�G�D�S�W�D�W�L�R�Q��
�S�R�O�L�F�L�H�V�� �D�Q�G�� �S�R�O�L�W�L�F�D�O�� �G�H�F�L�V�L�R�Q�V�� �K�D�Y�H�� �F�R�P�S�O�H�[�� ���H�F�R�Q�R�P�L�F���� �V�R�F�L�D�O�� �D�Q�G�� �H�F�R�O�R�J�L�F�D�O����
�H�I�I�H�F�W�V���Z�L�W�K���U�H�V�S�H�F�W���W�R���V�X�V�W�D�L�Q�D�E�O�H���P�R�E�L�O�L�W�\�����,�Q���W�K�H���³�Q�R�U�P�D�O�´���E�X�V�L�Q�H�V�V���R�S�H�U�D�W�L�R�Q���R�I��
�W�K�H���P�D�U�N�H�W���H�F�R�Q�R�P�\���R�I���W�R�G�D�\���D�Q�G���W�K�H���Q�H�D�U���I�X�W�X�U�H�����G�H�F�L�V�L�R�Q�V���D�U�H���S�D�V�V�H�G���U�H�V�S�H�F�W�L�Q�J��
�V�X�V�W�D�L�Q�D�E�L�O�L�W�\���Y�D�O�X�H�V���R�Q�O�\���W�R���D���O�L�P�L�W�H�G���G�H�J�U�H�H�����D�O�W�K�R�X�J�K���Q�D�W�X�U�D�O���D�Q�G���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O��
�L�Q�W�H�U�H�V�W�V���F�D�Q���R�Q�O�\���E�H���W�D�N�H�Q���L�Q�W�R���F�R�Q�V�L�G�H�U�D�W�L�R�Q���V�X�F�F�H�V�V�I�X�O�O�\���L�I���W�K�H�\���D�U�H���L�Q���O�L�Q�H���Z�L�W�K��
�V�W�U�D�W�H�J�L�F�� �S�R�O�L�W�L�F�D�O�� �J�R�D�O�V�� �>�����@���� �>��8-31�@�����7�K�H�� �D�E�L�O�L�W�\�� �W�R�� �D�G�D�S�W�� �V�K�R�X�O�G�� �Q�R�W�� �R�Q�O�\�� �E�H��
�L�Q�W�H�U�S�U�H�W�H�G���D�V���U�H�V�L�V�W�D�Q�F�H���W�R���R�X�W�H�U���H�I�I�H�F�W�V�����U�H�V�L�O�L�H�Q�F�H�������E�X�W���W�K�H���D�E�L�O�L�W�\���R�I���W�K�H���V�\�V�W�H�P���W�R��
�D�G�D�S�W���I�O�H�[�L�E�O�\���W�R���W�K�H���F�K�D�Q�J�L�Q�J���F�R�Q�G�L�W�L�R�Q�V�����H�V�S�H�F�L�D�O�O�\���O�R�F�D�O���F�R�Q�G�L�W�L�R�Q�V�����V�K�R�X�O�G���D�O�V�R��
�E�H�� �L�Q�F�O�X�G�H�G�� �L�Q�� �W�K�L�V�� �F�R�Q�F�H�S�W���� �0�R�U�H�R�Y�H�U���� �E�D�V�H�G�� �R�Q�� �W�K�H�� �D�E�R�Y�H�� �F�O�D�L�P�V���� �W�K�H�� �W�U�D�Q�V�L�W�L�R�Q��
�W�R�Z�D�U�G�V�� �V�X�V�W�D�L�Q�D�E�L�O�L�W�\�� �D�Q�G���W�K�H�� �D�G�D�S�W�D�W�L�R�Q���W�R���J�O�R�E�D�O���� �U�H�J�L�R�Q�D�O���D�Q�G���O�R�F�D�O���F�K�D�O�O�H�Q�J�H�V��
�F�D�Q�� �E�H�� �P�R�V�W�� �H�I�I�H�F�W�L�Y�H�O�\�� �I�D�F�L�O�L�W�D�W�H�G�� �E�\�� �W�K�H�� �E�H�V�W�� �S�U�D�F�W�L�F�H�V�� �R�I�� �V�X�V�W�D�L�Q�D�E�O�H�� �U�H�J�L�R�Q�D�O��
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�L�Q�F�O�X�G�L�Q�J�� �V�S�D�W�L�D�O�� �D�Q�G�� �V�H�F�W�R�U�D�O�� �R�Q�H�V�� �D�Q�G�� �H�P�L�V�V�L�R�Q�� �U�H�G�X�F�W�L�R�Q�� �D�Q�G�� �D�G�D�S�W�D�W�L�R�Q��
�Y�L�H�Z�S�R�L�Q�W�V���>�����@���>�����@.��

�,�Q�� �R�U�G�H�U�� �W�R�� �L�Q�F�O�X�G�H�� �W�K�H�� �P�L�V�V�L�Q�J�� �U�H�J�L�R�Q�D�O���S�H�U�V�S�H�F�W�L�Y�H�V�� �D�Q�� �L�Q�G�L�F�D�W�R�U-�E�D�V�H�G�� �D�Q�D�O�\�V�L�V��
�Z�D�V���F�R�Q�G�X�F�W�H�G���W�R���H�[�D�P�L�Q�H���W�K�H���V�S�D�W�L�D�O���L�Q�W�H�U�G�H�S�H�Q�G�H�Q�F�L�H�V���E�H�W�Z�H�H�Q���G�L�J�L�W�D�O���W�U�D�Q�V�L�W�L�R�Q��
�D�Q�G���F�O�L�P�D�W�H���F�K�D�Q�J�H�����%�D�V�H�G���R�Q���W�K�H���L�Q�W�U�R�G�X�F�W�L�R�Q���W�K�H���U�H�V�H�D�U�F�K���T�X�H�V�W�L�R�Q���L�V���Z�K�H�W�K�H�U���W�K�H�U�H��
�L�V���D���F�R�U�U�H�O�D�W�L�R�Q���E�H�W�Z�H�H�Q���G�L�J�L�W�D�O�L�]�D�W�L�R�Q���D�Q�G���D�G�D�S�W�D�W�L�R�Q���R�Q���U�H�J�L�R�Q�D�O���O�H�Y�H�O����

2 Methodology 

�)�R�U�� �W�K�H�� �V�W�D�W�L�V�W�L�F�D�O�� �W�H�V�W�V�� �R�Q�� �G�L�J�L�W�D�O�L�]�D�W�L�R�Q���� ������ �S�D�U�D�P�H�W�H�U�V�� �Z�H�U�H�� �L�G�H�Q�W�L�I�L�H�G�� �I�U�R�P�� �W�K�H��
�D�Y�D�L�O�D�E�O�H���G�D�W�D�E�D�V�H�V�����'�L�I�I�H�U�H�Q�W���G�D�W�D�E�D�V�H�V���R�I���W�K�H���+�X�Q�J�D�U�L�D�Q���&�H�Q�W�U�D�O���6�W�D�W�L�V�W�L�F�D�O���2�I�I�L�F�H��
�Z�H�U�H�� �X�V�H�G���� �7�0�(�5���� �7�,�0�(�$���� �7�H�,�5���� ���7�D�E�O�H���������� �9�D�U�L�R�X�V�� �W�H�P�S�R�U�D�O�� �D�Q�G�� �V�S�D�W�L�D�O��
�G�L�V�W�U�L�E�X�W�L�R�Q�V�� �F�K�D�U�D�F�W�H�U�L�]�H�G�� �S�D�U�D�P�H�W�H�U�V���� �,�Q�� �+�X�Q�J�D�U�\�� �W�K�H�� �/�$�8�� ���� ���/�R�F�D�O��
�$�G�P�L�Q�L�V�W�U�D�W�L�R�Q���8�Q�L�W���������S�U�H�Y�L�R�X�V�O�\���1�8�7�6�������O�H�Y�H�O�����O�H�Y�H�O���L�V���W�K�H���V�R-�F�D�O�O�H�G�����G�L�V�W�U�L�F�W���O�H�Y�H�O��
���³�M�i�U�i�V�´���L�Q���+�X�Q�J�D�U�L�D�Q�������7�K�H���1�8�7�6���F�O�D�V�V�L�I�L�F�D�W�L�R�Q�����Q�R�P�H�Q�F�O�D�W�X�U�H���R�I���W�H�U�U�L�W�R�U�L�D�O���X�Q�L�W�V��
�I�R�U�� �V�W�D�W�L�V�W�L�F�V���� �L�V�� �D�� �V�S�D�W�L�D�O���K�L�H�U�D�U�F�K�L�F�D�O���V�\�V�W�H�P���R�I�� �W�K�H�� �(�X�U�R�S�H�D�Q���8�Q�L�R�Q�����7�K�H���F�X�U�U�H�Q�W��
�(�X�U�R�V�W�D�W���1�8�7�6���O�L�V�W�����Z�K�L�F�K���L�V���Y�D�O�L�G���I�U�R�P���������������F�R�Q�W�D�L�Q�V���������U�H�J�L�R�Q�V���D�W���1�8�7�6�������O�H�Y�H�O����
���������U�H�J�L�R�Q�V���I�R�U���1�8�7�6�������O�H�Y�H�O���D�Q�G�������������U�H�J�L�R�Q�V���L�Q���W�K�H���1�8�7�6�������O�H�Y�H�O.��

�2�Q�H���R�I���W�K�H���E�R�W�W�O�H�Q�H�F�N�V���R�I���W�K�H���D�Q�D�O�\�V�L�V���Z�D�V���W�K�D�W���G�L�V�W�U�L�F�W���O�H�Y�H�O���G�D�W�D���Z�H�U�H���Q�R�W���D�O�Z�D�\�V��
�D�Y�D�L�O�D�E�O�H���� �5�H�J�D�U�G�L�Q�J�� �W�K�H�� �G�D�W�D�� �R�Q�� �D�G�D�S�W�D�W�L�R�Q���� ������ �S�D�U�D�P�H�W�H�U�V�� �Z�H�U�H�� �L�G�H�Q�W�L�I�L�H�G���� �Z�L�W�K��
�Y�D�U�L�R�X�V�� �V�S�D�W�L�D�O�� �D�Q�G�� �W�H�P�S�R�U�D�O�� �G�L�V�W�U�L�E�X�W�L�R�Q�V�� ���7�0�(�5���� �7�,�0�(�$���� �7�H�,�5�������)�L�Q�D�O�O�\���� �W�K�H��
��������-���������� �S�H�U�L�R�G�� �Z�D�V�� �F�R�Q�V�L�G�H�U�H�G�� �I�R�U�� �E�R�W�K�� �G�L�V�W�U�L�F�W�� �O�H�Y�H�O�� �G�L�J�L�W�D�O�L�]�D�W�L�R�Q�� �D�Q�G��
�D�G�D�S�W�D�W�L�R�Q���S�D�U�D�P�H�W�H�U�V���� �&�R�Q�F�H�U�Q�L�Q�J�� �W�K�H�� �G�L�V�W�U�L�F�W�� �O�H�Y�H�O���G�L�J�L�W�D�O�L�]�D�W�L�R�Q�� �G�D�W�D���� �W�K�H�� �'�(�6�,��
�L�Q�G�H�[�����'�L�J�L�W�D�O���(�F�R�Q�R�P�\���D�Q�G���6�R�F�L�H�W�\���,�Q�G�H�[�����V�H�U�Y�H�G���D�V���D���V�W�D�U�W�L�Q�J���S�R�L�Q�W�����Z�K�L�O�H���I�R�U���W�K�H��
�F�R�O�O�H�F�W�L�R�Q���R�I���D�G�D�S�W�D�W�L�R�Q���G�D�W�D�����D�G�D�S�W�D�W�L�R�Q���F�D�S�D�F�L�W�\���P�R�G�H�O�V���>��8�@���>��9�@���Z�H�U�H���F�R�Q�V�L�G�H�U�H�G��
�D�V���W�K�H���P�H�W�K�R�G�R�O�R�J�L�F�D�O���E�D�V�L�V����

�,�Q���W�K�H���F�R�Q�W�H�[�W���R�I���W�K�L�V���U�H�V�H�D�U�F�K�����L�W���L�V���Q�H�F�H�V�V�D�U�\���W�R���D�V�V�H�V�V���+�X�Q�J�D�U�\�¶�V���G�L�J�L�W�D�O�L�]�D�W�L�R�Q���D�Q�G��
�F�O�L�P�D�W�H���F�K�D�Q�J�H���D�G�D�S�W�L�Y�H���F�D�S�D�F�L�W�\���R�Q���/�$�8�������O�H�Y�H�O�����1�R���V�X�F�K���F�R�K�H�U�H�Q�W���G�D�W�D�E�D�V�H���H�[�L�V�W�V��
�X�Q�W�L�O���Q�R�Z���R�Q���W�K�L�V���V�S�D�W�L�D�O���O�H�Y�H�O���I�R�U���+�X�Q�J�D�U�\�����$�X�W�K�R�U���K�D�V���H�V�W�D�E�O�L�V�K�H�G���G�D�W�D�E�D�V�H�����/�H�W���X�V��
�I�R�U�P�X�O�D�W�H���D���P�H�W�K�R�G�R�O�R�J�\���I�R�U���D�V�V�H�V�V�L�Q�J���W�K�H���G�L�J�L�W�D�O�L�]�D�W�L�R�Q���D�Q�G���D�G�D�S�W�L�Y�H���F�D�S�D�F�L�W�\���R�Q��
�/�$�8�� ���� �V�S�D�W�L�D�O�� �O�H�Y�H�O���� �7�K�H�� �S�X�U�S�R�V�H�� �R�I�� �W�K�L�V�� �W�H�F�K�Q�L�T�X�H�� �L�V�� �W�R�� �P�H�U�J�H���W�Z�R�� �F�R�P�S�O�H�[��
�H�V�W�L�P�D�W�H�V����
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�7�D�E�O�H��1��

�/�L�V�W���R�I���L�Q�G�L�F�D�W�R�U�V��
��

Name of indicator on LAU-1 level Dimension Start and end 
year 

�,�Q�W�H�U�Q�H�W���D�F�F�H�V�V���S�H�U���F�D�S�L�W�D�� �>�S�F�V�������������F�D�S�L�W�D�@�� ��������-����������
�1�X�P�E�H�U�� �R�I�� �R�I�I�L�F�L�D�O�� �S�O�D�F�H�V���Z�L�W�K��
�L�Q�W�H�U�Q�H�W�� �D�F�F�H�V�V�� �S�H�U�� ���������� �F�D�S�L�W�D�� �L�Q��
�S�X�E�O�L�F���H�G�X�F�D�W�L�R�Q�D�O���L�Q�V�W�L�W�X�W�L�R�Q�V��

�>�S�F�V�������������F�D�S�L�W�D�@�� ��������-����������

�1�X�P�E�H�U���R�I���L�Q�W�H�U�Q�H�W���D�F�F�H�V�V�� �>�S�F�V�@�� ��������-����������
�1�X�P�E�H�U�� �R�I�� �R�S�H�U�D�W�L�Q�J�� �H�Q�W�H�U�S�U�L�V�H�V�� �L�Q��
�W�K�H�� �L�Q�I�R�U�P�D�W�L�R�Q�� �D�Q�G�� �F�R�P�P�X�Q�L�F�D�W�L�R�Q��
�E�U�D�Q�F�K���R�I���W�K�H���Q�D�W�L�R�Q�D�O���H�F�R�Q�R�P�\��

�>�S�F�V�@�� ��������-����������

�1�X�P�E�H�U�� �R�I�� �R�S�H�U�D�W�L�Q�J�� �H�Q�W�H�U�S�U�L�V�H�V�� �S�H�U��
�W�K�R�X�V�D�Q�G���L�Q�K�D�E�L�W�D�Q�W�V�� �>�S�F�V�@�� ��������-����������

�3�U�R�S�R�U�W�L�R�Q�� �R�I�� �S�U�R�I�H�V�V�L�R�Q�D�O���� �V�F�L�H�Q�W�L�I�L�F��
�H�Q�W�H�U�S�U�L�V�H�V�� �Z�L�W�K�L�Q�� �W�K�H�� �R�S�H�U�D�W�L�Q�J��
�H�Q�W�H�U�S�U�L�V�H�V��

�>���@�� ��������-����������

�1�H�W���L�Q�F�R�P�H���S�H�U���F�D�S�L�W�D���� �>�+�8�)���F�D�S�L�W�D�@�� ��������-����������
�8�Q�H�P�S�O�R�\�P�H�Q�W���U�D�W�H�� �>���@�� ��������-����������
�3�R�S�X�O�D�W�L�R�Q���G�H�Q�V�L�W�\�����R�Q���������'�H�F�H�P�E�H�U�� �>�F�D�S�L�W�D���N�P���@�� ��������-����������
�3�R�S�X�O�D�W�L�R�Q�� �>�F�D�S�L�W�D�@�� ��������-����������
�3�D�V�V�H�Q�J�H�U���F�D�U�V�� �>�S�F�V�@�� ��������-����������
�$�Y�H�U�D�J�H���V�L�]�H���R�I���U�H�D�O���H�V�W�D�W�H�V�� �>�P�����U�H�D�O���H�V�W�D�W�H�@�� ��������-����������
�)�R�U�H�V�W���F�R�Y�H�U�H�G���D�U�H�D�� �>�N�P���@�� ��������-����������
�8�U�E�D�Q���J�U�H�H�Q���V�S�D�F�H�V�� �>�N�P���@�� ��������-����������
�(�O�H�F�W�U�L�F�L�W�\���F�R�Q�V�X�P�S�W�L�R�Q�� �>�����������N�:�K���F�D�S�L�W�D�@�� ��������-����������
�9�R�O�X�P�H���R�I���J�D�V���V�X�S�S�O�L�H�G���W�R���K�R�X�V�H�K�R�O�G�V��
�S�H�U���F�D�S�L�W�D������

�>�����������P3���F�D�S�L�W�D�@�� ��������-����������

�3�U�R�S�R�U�W�L�R�Q�� �R�I�� �U�H�D�O�� �H�V�W�D�W�H�V�� �F�R�Q�Q�H�F�W�H�G��
�W�R���D���S�X�E�O�L�F���V�H�Z�H�U���Q�H�W�Z�R�U�N�� �>���@�� ��������-����������

�3�U�R�S�R�U�W�L�R�Q�� �R�I�� �U�H�D�O�� �H�V�W�D�W�H�V�� �F�R�Q�Q�H�F�W�H�G��
�W�R���W�K�H���S�X�E�O�L�F���G�U�L�Q�N�L�Q�J���Z�D�W�H�U���Q�H�W�Z�R�U�N�� �>���@�� ��������-����������

�$�P�R�X�Q�W�� �R�I�� �W�R�W�D�O�� �P�X�Q�L�F�L�S�D�O�� �V�R�O�L�G��
�Z�D�V�W�H���W�U�D�Q�V�S�R�U�W�H�G��

�>�W�@�� ��������-����������

�1�X�P�E�H�U���R�I���J�U�D�Q�W�H�G���S�D�W�H�Q�W�V�� �>�S�F�V�@�� ��������-����������
�5�D�W�L�R���R�I�� �W�K�H���H�[�W�H�Q�W���R�I�� �W�R�W�D�O���S�U�R�W�H�F�W�H�G��
�Q�D�W�X�U�D�O���D�U�H�D�V���W�R���W�K�H���D�U�H�D���R�I���V�H�W�W�O�H�P�H�Q�W�V�� �>���@�� ��������-����������

�+�R�V�S�L�W�D�O���E�H�G�V���S�H�U���W�H�Q���W�K�R�X�V�D�Q�G���F�D�S�L�W�D�� �>�S�F�V�����������������F�D�S�L�W�D�@�� ��������-����������

��

�%�D�V�H�G�� �R�Q�� �W�K�H�� �D�E�R�Y�H�� �G�L�J�L�W�D�O�L�]�D�W�L�R�Q�� �D�Q�G�� �D�G�D�S�W�D�W�L�R�Q�� �S�D�U�D�P�H�W�H�U�V���� �W�K�H�� �6�S�D�W�L�D�O��
�'�L�J�L�W�D�O�L�]�D�W�L�R�Q���,�Q�G�H�[���D�Q�G���W�K�H���6�S�D�W�L�D�O���$�G�D�S�W�D�W�L�R�Q���,�Q�G�H�[���Z�H�U�H���F�R�Q�F�H�S�W�X�D�O�L�]�H�G�����)�L�J.��1������

��



M. Szalmáné Csete             Digitalization and Adaptation, from a Regional Perspective – a Hungarian Case Study 

�Å��156 �Å��

��

�)�L�J�X�U�H��1��

�&�R�Q�F�H�S�W�X�D�O���I�U�D�P�H�Z�R�U�N���R�I���D�V�V�H�V�V�P�H�Q�W 

�)�L�U�V�W�O�\���� �W�K�H�� �L�Q�G�H�[�� �F�R�P�S�R�Q�H�Q�W�V�� �Q�H�H�G�H�G���W�R���E�H�� �G�H�I�L�Q�H�G���W�K�H�U�H�I�R�U�H�� �F�R�U�U�H�O�D�W�L�R�Q���D�Q�D�O�\�V�L�V��
�Z�D�V���P�D�G�H���W�R���I�L�O�W�H�U���R�X�W���W�K�H���P�X�O�W�L�F�R�O�O�L�Q�H�D�U���S�D�U�D�P�H�W�H�U�V����������������������
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�0�X�O�W�L�F�R�O�O�L�Q�H�D�U�L�W�\�� �L�V�� �D�� �S�K�H�Q�R�P�H�Q�R�Q�� �L�Q�� �Z�K�L�F�K�� �R�Q�H�� �S�U�H�G�L�F�W�R�U�� �Y�D�U�L�D�E�O�H�� �L�Q�� �D�� �P�X�O�W�L�S�O�H��
�U�H�J�U�H�V�V�L�R�Q�� �P�R�G�H�O�� �F�D�Q�� �E�H�� �O�L�Q�H�D�U�O�\�� �S�U�H�G�L�F�W�H�G�� �I�U�R�P�� �W�K�H�� �R�W�K�H�U�V���� �,�Q�� �W�K�L�V�� �V�L�W�X�D�W�L�R�Q���� �W�K�H��
�F�R�H�I�I�L�F�L�H�Q�W���H�V�W�L�P�D�W�H�V���R�I���W�K�H���P�X�O�W�L�S�O�H���U�H�J�U�H�V�V�L�R�Q���P�D�\���F�K�D�Q�J�H���H�U�U�D�W�L�F�D�O�O�\���L�Q���U�H�V�S�R�Q�V�H��
�W�R�� �V�P�D�O�O���F�K�D�Q�J�H�V���� �2�U�G�L�Q�D�U�\�� �O�H�D�V�W�� �V�T�X�D�U�H�V�� �P�H�W�K�R�G�� �U�H�T�X�L�U�H�V�� �W�K�H�� �D�E�V�H�Q�F�H�� �R�I��
�P�X�O�W�L�F�R�O�O�L�Q�H�D�U�L�W�\�����7�K�H���U�H�P�D�L�Q�L�Q�J���S�D�U�D�P�H�W�H�U�V���Z�H�U�H���Q�R�U�P�D�O�L�]�H�G���W�R���W�K�H����–�����V�F�D�O�H����������
�D�Q�G������������

�&�*,�ç
â =
�½�Ô,�ß

�k�_�v {(�½�Ô,�ß)}
�� ��������
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�#�*,�ç
â =
�º�Ô,�ß

�k�_�v {(�º�Ô,�ß)
�� ��������

�: �K�H�U�H����

max {(�&�Ü,�ç)} ��–���P�D�[�L�P�X�P���R�I��Di �D�W���\�H�D�U t��

max {(�#�Ü,�ç)} -���P�D�[�L�P�X�P���R�I��Ai �D�W���\�H�D�U t��

�7�K�H�� �I�L�O�W�H�U�H�G�� �S�D�U�D�P�H�W�H�U�V�� �K�D�G�� �G�L�I�I�H�U�H�Q�W�� �Z�H�L�J�K�W�V���� �8�V�L�Q�J�� �W�K�L�V�� �Q�R�U�P�D�O�L�]�H�G�� �V�F�D�O�H���� �H�D�F�K��
�G�L�V�W�U�L�F�W���Z�D�V���D�V�V�L�J�Q�H�G���D���U�D�Q�N���I�U�R�P�������W�R�������I�R�U���H�D�F�K���\�H�D�U�����)�R�U���W�K�D�W���D�X�W�K�R�U���I�X�]�]�L�I�Led���W�K�H��
�S�U�R�E�O�H�P�� �D�Q�G�� �H�V�W�D�E�O�L�V�K�H�G�� �D�� �P�H�P�E�H�U�V�K�L�S�� �I�X�Q�F�W�L�R�Q�� �W�R�� �E�H�� �D�E�O�H�� �W�R�� �D�X�W�R�P�D�W�L�]�H�� �W�K�H��
�D�V�V�L�J�Q�P�H�Q�W�����7�K�H���P�H�P�E�H�U�V�K�L�S���I�X�Q�F�W�L�R�Q���Z�D�V���E�D�V�H�G���R�Q���W�K�H���P�D�[�L�P�X�P���D�Q�G���P�L�Q�L�P�X�P��
�Y�D�O�X�H���R�I���S�D�U�D�P�H�W�H�U�V���D�Q�G���D�X�W�R�P�D�W�L�F�D�O�O�\���F�D�O�F�X�O�D�W�H�G���I�L�Y�H���V�W�H�S�V��� �)�L�J�X�U�H����������

��

�9�L�V�X�D�O�L�]�D�W�L�R�Q���R�I���P�H�P�E�H�U�V�K�L�S���I�X�Q�F�W�L�R�Q�V��

�)�R�U���I�D�V�W�H�U���F�D�O�F�X�O�D�W�L�R�Q���F�R�U�H���R�I���P�H�P�E�H�U�V�K�L�S���I�X�Q�F�W�L�R�Q���Z�H�U�H���P�D�[�L�P�L�]�H�G���D�Q�G���E�R�X�Q�G�D�U�\��
�R�I���P�H�P�E�H�U�V�K�L�S���I�X�Q�F�W�L�R�Q���Z�H�U�H���P�L�Q�L�P�L�]�H�G�����)�L�J�X�U�H�����������7�K�H���Z�H�L�J�K�W�V���I�R�U���H�D�F�K���S�D�U�D�P�H�W�H�U��
�I�R�U�� �H�D�F�K�� �R�I�� �W�K�H�� �W�Z�R�� �L�Q�G�L�F�H�V�� �Z�H�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �E�\�� �W�K�H�� �6�3�6�6�� �S�U�R�J�U�D�P�����D�S�S�O�\�L�Q�J��
�S�U�L�Q�F�L�S�D�O���F�R�P�S�R�Q�H�Q�W���D�Q�D�O�\�V�L�V���W�R���W�K�H���Q�R�U�P�D�O�L�]�H�G�����W�L�P�H-�L�Q�G�H�S�H�Q�G�H�Q�W���G�D�W�D����

3 Results – Local Adaptation in the Digital Era 

�7�K�H���6�L�[�W�K���$�V�V�H�V�V�P�H�Q�W���5�H�S�R�U�W���R�Q���L�P�S�D�F�W�V�����D�G�D�S�W�D�W�L�R�Q���D�Q�G���Y�X�O�Q�H�U�D�E�L�O�L�W�\���R�I���W�K�H���,�3�&�&��
���,�Q�W�H�U�J�R�Y�H�U�Q�P�H�Q�W�D�O���3�D�Q�H�O���R�Q���&�O�L�P�D�W�H���&�K�D�Q�J�H�����Z�D�V���S�X�E�O�L�V�K�H�G���D�W���W�K�H���H�Q�G���R�I���)�H�E�U�X�D�U�\��
���������� �>���@���� �,�Q�� �D�G�G�L�W�L�R�Q�� �W�R�� �D�� �Z�L�G�H�� �U�D�Q�J�H�� �R�I�� �D�G�D�S�W�D�W�L�R�Q�� �S�R�V�V�L�E�L�O�L�W�L�H�V���� �Y�D�U�L�R�X�V�� �U�L�V�N�V����
�D�G�D�S�W�D�W�L�R�Q���W�\�S�H�V���D�Q�G���P�D�M�R�U���K�L�Q�G�H�U�L�Q�J���I�D�F�W�R�U�V���D�U�H���D�O�V�R���S�U�H�V�H�Q�W�H�G�����'�L�J�L�W�D�O���V�R�O�X�W�L�R�Q�V���D�V��
�P�H�D�Q�V���I�R�U���H�Q�K�D�Q�F�L�Q�J���W�K�H���H�I�I�L�F�L�H�Q�F�\���R�I���D�G�D�S�W�D�W�L�R�Q���D�S�S�H�D�U���L�Q���W�K�L�V���U�H�S�R�U�W���V�H�Y�H�U�D�O���W�L�P�H�V����
�L�U�U�H�V�S�H�F�W�L�Y�H���R�I���W�K�H���D�U�H�D���R�I���D�G�D�S�W�D�W�L�R�Q���R�U���W�K�H���W�R�S�L�F���R�I���G�L�V�F�X�V�V�L�R�Q�����2�Q�H���R�I���W�K�H���P�D�M�R�U��
�R�E�M�H�F�W�L�Y�H�V�� �R�I�� �W�K�H�� �Q�H�Z�� �$�G�D�S�W�D�W�L�R�Q�� �6�W�U�D�W�H�J�\�� �R�I�� �W�K�H�� �(�8�� �������������� �L�V�� �W�K�D�W�� �E�\�� ������������ �W�K�H��
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�8�Q�L�R�Q���V�K�R�X�O�G���E�H�F�R�P�H���D���V�R�F�L�H�W�\���U�H�V�L�O�L�H�Q�W���W�R���W�K�H���H�[�S�H�F�W�H�G���H�I�I�H�F�W�V���R�I���F�O�L�P�D�W�H���F�K�D�Q�J�H����
�L���H�������D�� �V�R�F�L�H�W�\�� �Z�K�L�F�K�� �L�V�� �F�D�S�D�E�O�H�� �R�I�� �S�U�R�Y�L�G�L�Q�J�� �L�Q�W�H�O�O�L�J�H�Q�W���� �G�\�Q�D�P�L�F�� �D�Q�G�� �V�\�V�W�H�P�D�W�L�F��
�D�Q�V�Z�H�U�V���D�Q�G���F�D�Q���F�D�U�U�\���R�X�W���W�K�H���U�H�T�X�L�U�H�G���V�W�H�S�V���>�����@�����7�K�H���T�X�H�V�W�L�R�Q���L�V���K�R�Z���W�R���L�Q�W�H�U�S�U�H�W��
�W�K�L�V���R�E�M�H�F�W�L�Y�H���L�Q���W�K�H���H�U�D���R�I���W�K�H���G�L�J�L�W�D�O���W�U�D�Q�V�L�W�L�R�Q�����7�K�H���H�I�I�H�F�W�V���R�I���F�O�L�P�D�W�H���F�K�D�Q�J�H���D�U�L�V�H��
�L�Q���G�L�I�I�H�U�H�Q�W���I�R�U�P�V���L�Q���Y�D�U�L�R�X�V���D�U�H�D�V�����7�K�X�V�����L�W���P�D�\���E�H���F�U�X�F�L�D�O���W�R���L�G�H�Q�W�L�I�\���D�Q�G���X�W�L�O�L�]�H���W�K�H��
�S�R�W�H�Q�W�L�D�O�V���D�W���Y�D�U�L�R�X�V���V�S�D�W�L�D�O���O�H�Y�H�O�V���L�Q���U�H�J�L�R�Q�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W���F�R�Q�G�L�W�L�R�Q�V�����7�K�L�V���V�H�F�W�L�R�Q��
�H�[�S�O�R�U�H�V�� �K�R�Z�� �W�K�H�� �F�R�U�U�H�O�D�W�L�R�Q�V�� �E�H�W�Z�H�H�Q�� �G�L�J�L�W�D�O�L�]�D�W�L�R�Q�� �D�Q�G�� �D�G�D�S�W�D�W�L�R�Q�� �F�D�Q���E�H��
�F�R�Q�V�L�G�H�U�H�G���D�W���W�K�H���O�R�F�D�O���O�H�Y�H�O���W�R���K�D�U�P�R�Q�L�]�H���U�H�J�L�R�Q�D�O���G�H�Y�H�O�R�S�P�H�Q�W���L�Q�L�W�L�D�W�L�Y�H�V���Z�L�W�K���W�K�H��
�G�L�J�L�W�D�O���W�U�D�Q�V�L�W�L�R�Q����

�7�K�H���S�U�H�P�L�V�H���R�I���W�K�H���D�Q�D�O�\�V�L�V���L�V���W�K�D�W���G�L�J�L�W�D�O�L�]�D�W�L�R�Q���D�Q�G���D�G�D�S�W�D�W�L�R�Q���D�U�H���F�R�U�U�H�O�D�W�H�G�����P�R�U�H��
�G�L�J�L�W�D�O�O�\�� �G�H�Y�H�O�R�S�H�G���U�H�J�L�R�Q�V�� �D�G�D�S�W���W�R�� �W�K�H�� �H�[�S�H�F�W�H�G���H�I�I�H�F�W�V�� �R�I�� �F�O�L�P�D�W�H���F�K�D�Q�J�H�� �P�R�U�H��
�T�X�L�F�N�O�\�����,�I���D���J�L�Y�H�Q���U�H�J�L�R�Q���K�D�V���Q�R���V�X�I�I�L�F�L�H�Q�W���D�G�D�S�W�L�Y�H���D�E�L�O�L�W�\�����L�W���E�H�F�R�P�H�V���Y�X�O�Q�H�U�D�E�O�H����
�U�H�V�X�O�W�L�Q�J���L�Q���U�H�G�X�F�H�G���O�L�Y�D�E�L�O�L�W�\���D�Q�G���D���G�L�P�L�Q�L�V�K�H�G���V�X�V�W�D�L�Q�D�E�O�H���U�H�J�L�R�Q�D�O���G�H�Y�H�O�R�S�P�H�Q�W��
�S�R�W�H�Q�W�L�D�O�����,�W���L�V���D���I�X�Q�G�D�P�H�Q�W�D�O���T�X�H�V�W�L�R�Q���Z�K�H�W�K�H�U���L�Q�L�W�L�D�W�L�Y�H�V���U�H�O�D�W�H�G���W�R���G�L�J�L�W�D�O���W�U�D�Q�V�L�W�L�R�Q��
�P�L�J�K�W���L�Q�I�O�X�H�Q�F�H���W�K�L�V���S�U�R�F�H�V�V�����D�Q�G���L�I���\�H�V�����W�R���Z�K�D�W���H�[�W�H�Q�W�����7�K�H���D�G�D�S�W�L�Y�H���D�E�L�O�L�W�\���R�I���D��
�J�L�Y�H�Q�� �U�H�J�L�R�Q�� �L�V�� �U�H�O�D�W�H�G�� �W�R�� �W�K�H�� �O�H�Y�H�O�� �R�I�� �O�L�Y�L�Q�J�� �V�W�D�Q�G�D�U�G�V�� �D�Q�G�� �G�H�Y�H�O�R�S�P�H�Q�W���� �%�R�W�K��
�D�G�D�S�W�D�W�L�R�Q���D�Q�G���G�L�J�L�W�D�O�L�]�D�W�L�R�Q���D�U�H���F�K�D�U�D�F�W�H�U�L�]�H�G���E�\���Y�H�U�V�D�W�L�O�L�W�\���F�R�Q�F�H�U�Q�L�Q�J���W�K�H�L�U���W�\�S�H�V��
�D�Q�G���P�H�D�V�X�U�D�E�L�O�L�W�\�����)�U�R�P���D�Q���H�F�R�O�R�J�L�F�D�O���H�F�R�Q�R�P�L�F�V���S�H�U�V�S�H�F�W�L�Y�H�����G�L�J�L�W�D�O�L�]�D�W�L�R�Q���F�D�Q���E�H��
�L�Q�W�H�U�S�U�H�W�H�G�� �D�V�� �D�� �W�R�R�O�� �I�R�U�� �F�O�R�V�L�Q�J�� �V�R�F�L�R-�H�F�R�Q�R�P�L�F�� �F�K�D�L�Q�V�� �D�Q�G���� �W�K�X�V���� �D�V�� �D�� �I�D�F�W�R�U��
�F�R�Q�W�U�L�E�X�W�L�Q�J���W�R���W�K�H���W�U�D�Q�V�L�W�L�R�Q���W�R�Z�D�U�G�V���V�X�V�W�D�L�Q�D�E�L�O�L�W�\�����)�L�Q�D�O�O�\�����W�K�H���G�L�V�W�U�L�F�W���O�H�Y�H�O���U�H�V�X�O�W�V��
�Z�H�U�H���Y�L�V�X�D�O�L�]�H�G���R�Q���P�D�S�V�����4�*�,�6������Figure 3.���V�K�R�Z�V���W�K�H���D�Y�H�U�D�J�H���Y�D�O�X�H�V���R�I���W�K�H���6�S�D�W�L�D�O��
�'�L�J�L�W�D�O�L�]�D�W�L�R�Q���,�Q�G�H�[�� �I�R�U�� �H�D�F�K�� �G�L�V�W�U�L�F�W�� �L�Q�� �+�X�Q�J�D�U�\���� �Z�K�L�O�H��Figure 4.���G�H�S�L�F�W�V�� �W�K�H��
�D�Y�H�U�D�J�H���G�L�V�W�U�L�F�W���O�H�Y�H�O���Y�D�O�X�H�V���R�I���W�K�H���6�S�D�W�L�D�O���$�G�D�S�W�D�W�L�R�Q���,�Q�G�H�[����

��

�)�L�J�X�U�H��3��

�9�L�V�X�D�O�L�]�D�W�L�R�Q���R�I���G�L�J�L�W�D�O�L�]�D�W�L�R�Q���S�D�U�D�P�H�W�H�U�V���E�D�V�H�G���R�Q���W�K�H���D�Y�H�U�D�J�H���R�I����������-����������

��
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�)�L�J�X�U�H������

�9�L�V�X�D�O�L�]�D�W�L�R�Q���R�I���D�G�D�S�W�D�W�L�R�Q���S�D�U�D�P�H�W�H�U�V���E�D�V�H�G���R�Q���W�K�H���D�Y�H�U�D�J�H���R�I����������-����������

4 Analysis 

�7�K�H�� �D�Q�D�O�\�V�L�V�� �H�[�S�O�R�U�L�Q�J�� �W�K�H�� �F�R�U�U�H�O�D�W�L�R�Q�V�� �R�I�� �G�L�J�L�W�D�O�L�]�D�W�L�R�Q���D�Q�G���D�G�D�S�W�D�W�L�R�Q���S�U�H�V�H�Q�W�H�G��
�K�H�U�H���Z�D�V���F�D�U�U�L�H�G���R�X�W���L�Q�������������D�Q�G���I�R�F�X�V�H�G���R�Q���W�K�H���O�H�Y�H�O���R�I���G�L�V�W�U�L�F�W�V�����1�8�7�6�������O�H�Y�H�O���L�Q��
�+�X�Q�J�D�U�\�������7�K�H���G�\�Q�D�P�L�F���U�H�J�U�H�V�V�L�R�Q���D�Q�D�O�\�V�L�V���S�U�R�Y�H�V���W�K�D�W���G�L�J�L�W�D�O�L�]�D�W�L�R�Q���L�V���L�Q�F�U�H�D�V�L�Q�J��
�D�W�� �W�K�H���G�L�V�W�U�L�F�W�� �O�H�Y�H�O�� �L�Q�� �+�X�Q�J�D�U�\�� �D�Q�G�� �G�L�J�L�W�D�O�L�]�D�W�L�R�Q�� �F�D�Q�� �V�X�S�S�R�U�W�� �D�Q�G�� �V�W�U�H�Q�J�W�K�H�Q��
�D�G�D�S�W�D�W�L�R�Q���W�R���D�Q���L�Q�F�U�H�D�V�L�Q�J���G�H�J�U�H�H����

�P�L�Q�^���Ht���`�: ���$t��=�ß�Â���'t��+���Ht���� �� �� �� �� �� ��������

�Z�K�H�U�H����

�$t���L�V���D�G�R�S�W�L�R�Q���U�D�Q�N���D�W���\�H�D�U��t��

�' t���L�V���G�L�J�L�W�D�O�L�]�D�W�L�R�Q���U�D�Q�N���D�W���\�H�D�U��t��

�D���L�V���V�O�R�S�H���R�I���O�L�Q�H�D�U���U�H�J�U�H�V�V�L�R�Q��
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Competition vs. Cooperation: Do Subsidies with 
Government-Set Eligibility Threshold Values 
Produce Lower Battery Electric Vehicle Prices? 

Wengritzky Zsuzsánna 

Faculty���R�I���(�F�R�Q�R�P�L�F�V���D�Q�G���%�X�V�L�Q�H�V�V���$�G�P�L�Q�L�V�W�U�D�W�L�R�Q�����%�D�E�H��–�%�R�O�\�D�L���8�Q�L�Y�H�U�V�L�W�\����
�7�H�R�G�R�U���0�L�K�D�O�L���6�W�U�H�H�W��58-���������5�2-�����������������&�O�X�M-�1�D�S�R�F�D�����5�R�P�D�Q�L�D����
�]�V�X�]�V�D�Q�Q�D���Z�H�Q�J�U�L�W�]�N�\�#�H�F�R�Q���X�E�E�F�O�X�M���U�R��

Abstract: The present work is related to a subsidy program, with government-set eligibility 
threshold values, for Battery Electric Vehicles (BEVs), based on the tender of the Hungarian 
Ministry of Economics and Technology related to the Climate Action plan. After describing 
the program, the Hungarian BEV market in this period is presented using aggregate 
registration data available from 2016 to 2021. The paper has a methodological contribution 
by showing the relevant breakpoints of illustrated profit functions with imposed threshold 
values for subsidy eligibility in a monopolistic frame. On this basis, the program’s effects on 
the prices’ behavior for three selected BEV models is analyzed and the extent to which the 
threshold values impact the firms’ cooperation in an oligopoly market is evaluated. Results 
show that the program was inefficient upon its launching since the threshold value was too 
high, and thus firms could partially capture benefits of the subsidy. On the other hand, it is 
shown in the third cycle of the program that a threshold value chosen from the optimal price 
interval gathers prices higher than the threshold to the focal point given by the threshold, 
and thus it has a price-decreasing effect. In the last cycle of the program, a lower threshold 
value could have been more effective; however, data on these models show that non-optimum 
thresholds create competition, and thus prices decrease until a certain level regardless. 

Keywords: BEV; battery electric vehicles; government subsidy; focal point; price control; 
equilibrium price 

1 Introduction  

�7�K�H�� �R�E�M�H�F�W�L�Y�H�� �R�I�� �W�K�H�� �S�U�H�V�H�Q�W�� �Z�R�U�N�� �L�V�� �W�R���D�Q�D�O�\�V�H�V���D�� �V�S�H�F�L�I�L�F�� �V�X�E�V�L�G�\�� �W�\�S�H�� �R�Q�� �W�K�H��
�+�X�Q�J�D�U�L�D�Q���E�D�W�W�H�U�\���H�O�H�F�W�U�L�F���D�X�W�R�P�R�W�L�Y�H���P�D�U�N�H�W�����Z�K�H�U�H���I�L�U�P�V���K�D�Y�H���W�R���V�H�W���W�K�H�L�U���S�U�L�F�H�V��
�E�H�O�R�Z�� �D�� �J�R�Y�H�U�Q�P�H�Q�W-�V�H�W�� �W�K�U�H�V�K�R�O�G�� �Y�D�O�X�H�� �L�Q�� �R�U�G�H�U�� �W�R�� �E�H�� �H�O�L�J�L�E�O�H�� �I�R�U�� �W�K�H�� �V�X�E�V�L�G�\������
�7�K�H���D�L�P���R�I���W�K�H���S�U�R�J�U�D�P���Z�D�V���W�R���V�S�U�H�D�G���W�K�H���V�W�U�L�F�W�O�\���H�O�H�F�W�U�L�F���Y�H�K�L�F�O�H�V���L�Q���W�K�H���F�R�X�Q�W�U�\���L�Q��
�W�K�H�� �W�L�P�H�� �S�H�U�L�R�G�� �R�I�� ���������� �D�Q�G�� ������������ �7�K�H�� �P�R�V�W�� �F�R�Q�V�W�U�D�L�Q�L�Q�J�� �F�U�L�W�H�U�L�D�� �R�I�� �S�U�R�G�X�F�W��
�H�O�L�J�L�E�L�O�L�W�\���Z�D�V���D���J�R�Y�H�U�Q�P�H�Q�W-�L�P�S�R�V�H�G���W�K�U�H�V�K�R�O�G���Y�D�O�X�H�����R�U���Y�D�O�X�H�V�������Z�K�L�F�K���D�F�W�V���D�V���D��
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�S�U�L�F�H���O�L�P�L�W�D�W�L�R�Q,���Y�H�U�\���V�L�P�L�O�D�U���W�R���D���S�U�L�F�H���F�H�L�O�L�Q�J�����H�[�F�H�S�W���W�K�D�W,���L�W���L�V���Q�R�W���F�R�P�S�X�O�V�R�U�\���I�R�U��
�I�L�U�P�V�� �W�R�� �S�U�L�F�H�� �W�K�H�L�U�� �S�U�R�G�X�F�W�V���E�H�O�R�Z�� �W�K�H�� �L�P�S�R�V�H�G���Y�D�O�X�H�����R�Q�O�\�� �L�I�� �W�K�H�\�� �Z�D�Q�W���W�K�H�P�� �W�R��
�J�D�L�Q���H�O�L�J�L�E�L�O�L�W�\�����7�K�X�V�����D�Q���H�[�S�H�F�W�H�G���H�I�I�H�F�W���R�I���W�K�H���W�K�U�H�V�K�R�O�G���L�V���W�K�H���U�H�V�W�U�X�F�W�X�U�L�Q�J���R�I���W�K�H��
�S�U�L�F�L�Q�J�� �V�\�V�W�H�P�� �R�Q�� �W�K�H�� �P�D�U�N�H�W���� �V�R�� �V�H�O�O�H�U�V�� �R�I�� �P�R�G�H�O�V�� �Z�L�W�K�� �S�U�L�F�H�V�� �H�[�F�H�H�G�L�Q�J�� �W�K�H��
�W�K�U�H�V�K�R�O�G���E�\���D���V�P�D�O�O���D�P�R�X�Q�W���Z�L�O�O���W�H�Q�G���W�R���U�H�G�X�F�H���W�K�H�L�U���V�D�O�H�V���S�U�L�F�H�V�����Z�K�L�O�H���W�K�R�V�H���X�Q�G�H�U��
�L�W���Z�L�O�O���W�H�Q�G���W�R���L�Q�F�U�H�D�V�H���W�K�H�P����

�7�K�H���I�L�U�V�W���D�V�V�X�P�S�W�L�R�Q���K�D�V���D�O�U�H�D�G�\���E�H�H�Q���F�R�Q�I�L�U�P�H�G�����D�V���S�U�L�F�H�V���I�R�U���V�H�Y�H�U�D�O���P�R�G�H�O�V���Z�H�U�H��
�U�H�G�X�F�H�G���X�S�R�Q���W�K�H���D�Q�Q�R�X�Q�F�H�P�H�Q�W���R�I���W�K�H���V�X�E�V�L�G�\���S�U�R�J�U�D�P�����)�R�U���L�Q�V�W�D�Q�F�H�����D�F�F�R�U�G�L�Q�J���W�R��
�W�K�H�� �3�R�U�W�I�R�O�L�R���K�X�� �R�Q�O�L�Q�H�� �+�X�Q�J�D�U�L�D�Q�� �P�D�J�D�]�L�Q�H���� �W�K�H�� �S�U�L�F�H�� �R�I�� �3�H�X�J�H�R�W�� �H-���������� �Z�D�V��
�U�H�G�X�F�H�G�� �V�O�L�J�K�W�O�\�� �E�H�O�R�Z�� �W�K�H�� �W�K�U�H�V�K�R�O�G�� �I�U�R�P�� �+�8�)�������������0�� �W�R�� �+�8�)�������������� �0����
�)�X�U�W�K�H�U�P�R�U�H���� �S�U�L�F�H�� �U�H�G�X�F�W�L�R�Q�V�� �K�D�Y�H�� �E�H�H�Q���L�P�S�O�H�P�H�Q�W�H�G���I�R�U�� �W�K�H�� �.�L�D�� �H-�1�L�U�R�� �D�Q�G���W�K�H��
�1�L�V�V�D�Q�� �/�H�D�I�� �P�R�G�H�O�V�� �D�V�� �Z�H�O�O���� �0�R�U�H�R�Y�H�U���� �E�D�V�H�G�� �R�Q�� �W�K�H�� �G�D�W�D���� �L�W�� �L�V���R�E�Y�L�R�X�V�� �W�K�D�W�� �W�K�H��
�S�U�L�F�H�V���R�I���V�H�Y�H�U�D�O���P�R�G�H�O�V�����V�X�F�K���D�V���+�\�X�Q�G�D�L���,�R�Q�L�T���D�Q�G���.�L�D���(�9��,���Z�H�U�H���V�H�W���M�X�V�W���E�H�O�R�Z��
�W�K�H�� �W�K�U�H�V�K�R�O�G�� �R�I�� �H�O�L�J�L�E�L�O�L�W�\���� �7�K�H�U�H�� �D�U�H�� �W�Z�R�� �L�Q�W�H�U�H�V�W�L�Q�J�� �T�X�H�V�W�L�R�Q�V�� �W�R�� �E�H�� �D�G�G�U�H�V�V�H�G����
�)�L�U�V�W�����W�R���Z�K�D�W���H�[�W�H�Q�W���G�R�H�V���W�K�H���Y�D�O�X�H���R�I���W�K�H���W�K�U�H�V�K�R�O�G���D�I�I�H�F�W���W�K�H���S�U�L�F�H�V���R�I���W�K�H���D�Q�D�O�\�]�H�G��
�P�R�G�H�O�V���L�Q���R�U�G�H�U���W�R���P�H�H�W���W�K�H���H�O�L�J�L�E�L�O�L�W�\���F�U�L�W�H�U�L�D�"���6�H�F�R�Q�G�����Z�L�O�O���W�K�U�H�V�K�R�O�G���Y�D�O�X�H�V���D�F�W���D�V��
�I�R�F�D�O�� �S�R�L�Q�W�V���� �R�U�� �Z�L�O�O�� �F�R�P�S�H�W�L�W�L�R�Q�� �I�R�U�F�H�� �I�L�U�P�V�� �W�R�� �G�H�F�U�H�D�V�H�� �W�K�H�L�U�� �S�U�L�F�H�V�� �H�Y�H�Q�� �P�R�U�H��
�E�H�O�R�Z���W�K�H���H�O�L�J�L�E�L�O�L�W�\���W�K�U�H�V�K�R�O�G�"��

�7�K�H���S�U�H�V�H�Q�W���S�D�S�H�U���X�V�H�V���D�J�J�U�H�J�D�W�H���G�D�W�D���R�Q���Q�H�Z���%�(�9���U�H�J�L�V�W�U�D�W�L�R�Q���L�Q���+�X�Q�J�D�U�\���I�U�R�P��
�����������W�R�������������D�Q�G���D�G�R�S�W�V���W�K�H���H�T�X�D�W�L�R�Q�V���L�Q�F�O�X�G�H�G���L�Q���W�K�H���P�H�W�K�R�G�R�O�R�J�\���V�X�J�J�H�V�W�H�G���E�\��
�%�H�U�U�\���� �/�H�Y�L�Q�V�R�K�Q���� �D�Q�G�� �3�D�N�H�V�� ��������������[3]���W�R�� �S�U�R�Y�L�G�H�� �D�� �J�U�D�S�K�L�F�D�O�� �L�O�O�X�V�W�U�D�W�L�R�Q�� �R�I�� �W�K�H��
�U�H�V�X�O�W�V�����(�[�S�U�H�V�V�L�R�Q�V�� �G�H�U�L�Y�H�G�� �I�U�R�P�� �W�K�H�� �G�H�P�D�Q�G�� �D�Q�G�� �V�X�S�S�O�\�� �W�K�H�R�U�\���D�U�H�� �X�V�H�G�� �W�R��
�L�O�O�X�V�W�U�D�W�H�� �S�U�R�I�L�W�� �I�X�Q�F�W�L�R�Q�V�� �Z�L�W�K�� �J�R�Y�H�U�Q�P�H�Q�W-�V�H�W�� �W�K�U�H�V�K�R�O�G�� �D�Q�G�� �V�X�E�V�L�G�\�� �Y�D�O�X�H�V����
�D�V�V�X�P�L�Q�J�� �W�K�H�� �F�R�R�U�G�L�Q�D�W�L�R�Q�� �R�I�� �I�L�U�P�V�� �L�Q�� �R�U�G�H�U�� �W�R���D�Q�D�O�\�V�H�V���W�K�H���E�H�K�D�Y�L�R�U���R�I�� �W�K�H�V�H��
�I�X�Q�F�W�L�R�Q�V�����7�K�H���D�V�V�X�P�S�W�L�R�Q���R�Q���W�K�H���F�R�R�U�G�L�Q�D�W�L�R�Q���R�I���I�L�U�P�V���L�V���U�D�W�K�H�U���K�D�U�V�K�����E�X�W���L�W���F�R�P�H�V��
�Z�L�W�K���D���J�U�H�D�W���D�G�Y�D�Q�W�D�J�H���V�L�Q�F�H���W�K�L�V���Z�D�\���D���P�R�Q�R�S�R�O�L�V�W�L�F���I�U�D�P�H���F�D�Q���E�H���L�O�O�X�V�W�U�D�W�H�G�����D�Q�G��
�W�K�X�V�� �W�K�H�� �W�R�R�O�V�� �I�R�U�� �D�S�S�U�R�D�F�K�L�Q�J�� �W�K�H�� �I�L�U�P�V�¶�� �S�U�R�I�L�W�� �I�X�Q�F�W�L�R�Q�V�� �D�U�H�� �J�L�Y�H�Q������
�7�K�H�� �P�H�W�K�R�G�R�O�R�J�\�� �Z�L�O�O�� �E�H�� �S�U�H�V�H�Q�W�H�G�� �L�Q�� �P�R�U�H�� �G�H�W�D�L�O�� �L�Q�� �V�X�E�V�H�F�W�L�R�Q�V�� �������� �D�Q�G������������
G�U�D�S�K�L�F�D�O���U�H�S�U�H�V�H�Q�W�D�W�L�R�Q�V���D�U�H���X�V�H�G���W�R���V�K�R�Z���W�K�U�R�X�J�K���W�K�D�W���W�K�H���S�U�R�I�L�W���I�X�Q�F�W�L�R�Q�V���D�U�H���Q�R�W��
�F�R�Q�W�L�Q�X�R�X�V���� �D�V�� �W�K�H�L�U�� �E�U�H�D�N�S�R�L�Q�W�� �O�R�F�D�W�L�R�Q�V�� �G�H�S�H�Q�G�� �R�Q�� �W�K�H�� �W�K�U�H�V�K�R�O�G�� �Y�D�O�X�H�V�� �D�Q�G�� �W�K�H��
�V�X�E�V�L�G�\���D�P�R�X�Q�W�V�����,�Q���W�K�H���H�P�S�L�U�L�F�D�O���D�Q�D�O�\�V�L�V�����W�K�U�H�H���%�(�9���P�R�G�H�O�V���D�U�H���V�H�O�H�F�W�H�G�����Q�D�P�H�O�\��
�W�K�H�� �.�L�D�� �H-�1�L�U�R���� �+�\�X�Q�G�D�L�� �.�R�Q�D���� �D�Q�G�� �+�R�Q�G�D-�H���� �,�Q�� �R�U�G�H�U�� �W�R�� �U�H�S�U�H�V�H�Q�W�� �W�K�H�L�U�� �S�U�R�I�L�W��
�I�X�Q�F�W�L�R�Q�V�����D���W�R�W�D�O���F�R�V�W���Y�D�O�X�H���L�V���D�V�V�X�P�H�G���E�D�V�H�G���R�Q���R�W�K�H�U���S�D�S�H�U�V�¶���H�V�W�L�P�D�W�L�R�Q�V��[1]��[8�@��
[13]�����D�Q�G���I�X�U�W�K�H�U���D�V�V�X�P�S�W�L�R�Q�V���D�U�H���P�D�G�H���R�Q���W�K�H���Y�D�O�X�H���R�I���S�U�R�G�X�F�W���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���D�Q�G��
�H�U�U�R�U���W�H�U�P�V����

�5�H�V�X�O�W�V�� �V�K�R�Z���W�K�D�W�� �W�K�H���S�U�R�J�U�D�P���Z�D�V�� �W�K�H�� �P�R�V�W�� �H�I�I�L�F�L�H�Q�W�� �L�Q�� �W�K�H�� �W�K�L�U�G�� �F�\�F�O�H���� �Z�K�H�Q��
�D�Q�D�O�\�]�H�G���I�L�U�P�V���S�U�L�F�H�G���W�K�H�L�U���S�U�R�G�X�F�W�V���D�W���W�K�H���I�R�F�D�O���S�R�L�Q�W���W�K�D�W���Z�D�V���V�O�L�J�K�W�O�\���E�H�O�R�Z���W�K�H��
�W�K�U�H�V�K�R�O�G���Y�D�O�X�H���� �,�Q�� �W�K�H���I�R�X�U�W�K�� �F�\�F�O�H�����G�X�H�� �W�R�� �W�K�H�� �K�L�J�K�H�U�� �W�K�U�H�V�K�R�O�G���� �F�R�P�S�H�W�L�W�L�R�Q���K�D�G��
�P�R�U�H�� �S�X�O�O�L�Q�J�� �S�R�Z�H�U�� �W�K�D�Q�� �F�R�R�S�H�U�D�W�L�R�Q���� �D�Q�G�� �W�K�X�V�� �W�K�H���D�Q�D�O�\�]�H�G���I�L�U�P�V�� �S�U�L�F�H�G�� �Z�L�W�K��
�U�R�X�J�K�O�\�� ������ �E�H�O�R�Z�� �W�K�H�� �W�K�U�H�V�K�R�O�G���� �7�K�L�V�� �U�H�Y�H�D�O�V�� �W�Z�R�� �D�V�S�H�F�W�V�� �U�H�J�D�U�G�L�Q�J�� �W�K�H�� �I�R�X�U�W�K��
�F�\�F�O�H�����Z�L�W�K���D���O�R�Z�H�U���W�K�U�H�V�K�R�O�G�����S�U�L�F�H�V���F�R�X�O�G���K�D�Y�H���E�H�H�Q���S�X�V�K�H�G���G�R�Z�Q�Z�D�U�G�V�����E�X�W���D�O�V�R����
�L�Q���D�Q���R�O�L�J�R�S�R�O�\�����Z�K�H�Q���W�K�H���W�K�U�H�V�K�R�O�G���L�V���V�O�L�J�K�W�O�\���K�L�J�K�H�U���W�K�D�Q���W�K�H���R�S�W�L�P�X�P�����F�R�P�S�H�W�L�W�L�R�Q��
�Z�L�O�O���G�H�F�U�H�D�V�H�� �S�U�L�F�H�V�� �X�Q�W�L�O�� �D�� �F�H�U�W�D�L�Q�� �O�H�Y�H�O���U�H�J�D�U�G�O�H�V�V���� �7�K�L�V�� �U�H�V�X�O�W���F�R�Q�W�U�L�E�X�W�H�V�� �W�R�� �W�K�H��
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�O�L�W�H�U�D�W�X�U�H���R�Q���I�R�F�D�O���S�R�L�Q�W�V���E�\���V�K�R�Z�L�Q�J���W�K�D�W���W�K�H���K�L�J�K�H�U���W�K�H���W�K�U�H�V�K�R�O�G���Y�D�O�X�H�����W�K�H���O�R�Z�H�U��
�W�K�H���S�U�R�E�D�E�L�O�L�W�\���R�I���W�D�F�L�W���F�R�O�O�X�V�L�R�Q���>��0�@���D�Q�G���W�K�H���O�H�V�V���O�L�N�H�O�\���L�V���W�K�H���I�R�F�D�O���S�R�L�Q�W���S�K�H�Q�R�P�H�Q�D��
�W�R�� �K�D�S�S�H�Q���� �7�K�H�� �V�H�F�R�Q�G���F�\�F�O�H���Z�D�V�� �T�X�L�W�H���L�Q�H�I�I�L�F�L�H�Q�W���G�X�H�� �W�R�� �W�K�H�� �Y�H�U�\�� �K�L�J�K�� �W�K�U�H�V�K�R�O�G��
�Y�D�O�X�H�����Z�K�L�F�K���S�U�R�E�D�E�O�\���K�D�G���D�Q���X�Q�G�H�V�L�U�H�G���H�I�I�H�F�W���R�Q���I�L�U�P�V�¶���S�U�L�F�L�Q�J���V�W�U�D�W�H�J�\����

�7�K�H���S�U�H�V�H�Q�W���H�Q�U�L�F�K�H�V���W�K�H���O�L�W�H�U�D�W�X�U�H���R�Q���I�X�H�O-�H�I�I�L�F�L�H�Q�W���Y�H�K�L�F�O�H�V���W�K�D�W���K�D�V���E�H�F�R�P�H���Y�H�U�\��
�U�L�F�K�� �L�Q�� �W�K�H�� �U�H�F�H�Q�W�� �G�H�F�D�G�H�V���� �P�R�V�W�O�\�� �G�X�H�� �W�R���W�K�H�� �L�Q�F�U�H�D�V�H�G���S�R�S�X�O�D�U�L�W�\�� �R�I�� �J�U�H�H�Q��
�W�U�D�Q�V�S�R�U�W�D�W�L�R�Q���D�Q�G�� �F�O�L�P�D�W�H�� �D�F�W�L�R�Q���S�U�R�J�U�D�P�V�����*�D�O�O�D�J�K�H�U�� �D�Q�G�� �0�X�H�K�O�H�J�J�H�U�¶�V�� ��������������
[14]���S�D�S�H�U���L�V���R�Q�H���R�I���W�K�H���H�D�U�O�L�H�V�W���Z�R�U�N�V���W�K�D�W���V�W�X�G�L�H�V���W�K�H���K�\�E�U�L�G-�H�O�H�F�W�U�L�F���D�X�W�R�P�R�E�L�O�H��
�P�D�U�N�H�W�� �L�Q�� �W�K�H�� �8�6���� �D�Q�G�� �L�W�� �F�R�Q�F�O�X�G�H�V�� �W�K�D�W�� �W�K�H�� �W�\�S�H�� �R�I�� �W�K�H�� �W�D�[�� �L�Q�F�H�Q�W�L�Y�H�� ���V�D�O�H�V�� �W�D�[����
�L�Q�F�R�P�H���W�D�[�����R�U���Q�R�Q-�W�D�[���L�Q�F�H�Q�W�L�Y�H�����K�D�V���W�K�H���V�D�P�H���L�P�S�R�U�W�D�Q�F�H���D�V���L�W�V���Y�D�O�X�H�����2�Q�H���\�H�D�U��
�O�D�W�H�U���� �'�L�D�P�R�Q�G�� ��������������[6�@��a�Q�D�O�\�V�H�V�� �W�K�H�� �L�P�S�D�F�W�� �R�I�� �J�R�Y�H�U�Q�P�H�Q�W�� �L�Q�F�H�Q�W�L�Y�H�V�� �R�Q�� �W�K�H��
�D�G�R�S�W�L�R�Q���R�I���W�K�U�H�H���V�H�O�H�F�W�H�G���+�(�9���P�R�G�H�O�V�����&�K�D�Q�G�U�D���H�W���D�O������������������[5]���D�Q�D�O�\�]�H�G���D���V�D�O�H�V��
�W�D�[���U�H�E�D�W�H���R�Q���+�(�9�V���L�Q���I�L�Y�H���S�U�R�Y�L�Q�F�H�V���L�Q���&�D�Q�D�G�D���D�Q�G���I�R�X�Q�G���W�K�D�W���D�����������������L�Q�F�U�H�D�V�H�G��
�L�Q���W�K�H���S�U�R�Y�L�Q�F�L�D�O���V�D�O�H�V���W�D�[���U�H�E�D�W�H���L�Q�F�U�H�D�V�H�V���W�K�H���P�D�U�N�H�W���V�K�D�U�H���R�I���K�\�E�U�L�G���Y�H�K�L�F�O�H�V���E�\��
31-�����������$�Q�D�O�\�]�L�Q�J���W�K�H�� �L�Q�F�L�G�H�Q�F�H�� �R�I�� �H�[�L�V�W�L�Q�J�� �V�X�E�V�L�G�L�H�V�� �I�R�U�� �7�R�\�R�W�D�� �3�U�L�X�V���� �6�D�O�O�H�H��
���������������>��3]���G�H�W�H�U�P�L�Q�H�G���W�K�H���E�H�Q�H�I�L�W�V���I�U�R�P���W�D�[���L�Q�F�H�Q�W�L�Y�H�V���I�R�U���K�\�E�U�L�G�V���D�Q�G���F�R�Q�F�O�X�G�H�G��
�W�K�D�W���F�R�Q�V�X�P�H�U�V���K�D�G���F�D�S�W�X�U�H�G���W�K�H���E�H�Q�H�I�L�W�V���R�I���W�K�H���V�X�E�V�L�G�\���H�Y�H�Q���W�K�R�X�J�K���W�K�H�\���K�D�G���K�D�G��
�W�R���I�D�F�H���O�R�Q�J���T�X�H�X�H�V���E�H�F�D�X�V�H���R�I���W�K�H���K�L�J�K���G�H�P�D�Q�G�����/�D�W�H�U�����%�H�U�H�V�W�H�D�Q�X���D�Q�G���/�L����������������
[���@���P�D�G�H���D�Q�R�W�K�H�U���F�R�Q�W�U�L�E�X�W�L�R�Q���W�R���W�K�H���O�L�W�H�U�D�W�X�U�H���E�\���D�G�R�S�W�L�Q�J���D���V�W�U�X�F�W�X�U�D�O���P�H�W�K�R�G���W�R��
�H�V�W�L�P�D�W�H���D�Q���H�T�X�L�O�L�E�U�L�X�P���P�R�G�H�O���I�R�U���W�K�H���H�Q�W�L�U�H���8�6���D�X�W�R�P�R�E�L�O�H���P�D�U�N�H�W�����Z�L�W�K���D���I�R�F�X�V���R�Q��
�J�D�V�R�O�L�Q�H���S�U�L�F�H�V���D�Q�G���+�(�9���D�G�R�S�W�L�R�Q�����-�H�Q�Q���H�W���D�O������������������[19�@���L�P�S�O�H�P�H�Q�W���D���P�R�G�H�O���W�K�D�W��
�L�V���D�E�O�H���W�R���Q�H�J�O�H�F�W���W�K�H���L�Q�F�U�H�D�V�H���L�Q���V�D�O�H�V���D�V���D���U�H�V�X�O�W���R�I���W�H�F�K�Q�R�O�R�J�\���D�G�R�S�W�L�R�Q���D�Q�G���Q�R�W���G�X�H��
�W�R�� �J�R�Y�H�U�Q�P�H�Q�W�� �L�Q�F�H�Q�W�L�Y�H�V���� �D�Q�G�� �W�K�X�V�� �L�W�� �R�E�W�D�L�Q�V�� �D�� �P�R�U�H�� �U�H�D�O�L�V�W�L�F�� �U�H�V�X�O�W�� �R�Q�� �W�K�H��
�H�I�I�H�F�W�L�Y�H�Q�H�V�V���R�I���W�K�H���S�U�R�J�U�D�P�V�����7�K�H���S�U�H�V�H�Q�W���Z�R�U�N���D�L�P�V���W�R���F�R�Q�W�U�L�E�X�W�H���W�R���W�K�H���S�U�H�V�H�Q�W�H�G��
�O�L�W�H�U�D�W�X�U�H���� �D�V�� �L�W�� �D�Q�D�O�\�V�H�V�� �W�K�H�� �S�U�L�F�L�Q�J�� �V�W�U�D�W�H�J�L�H�V�� �R�I���W�K�U�H�H���V�H�O�H�F�W�H�G���%�(�9�� �P�R�G�H�O�V�� �D�Q�G��
�I�L�Q�G�V�� �W�K�D�W�� �W�K�H�� �Y�D�O�X�H�� �R�I�� �W�K�H�� �H�O�L�J�L�E�L�O�L�W�\�� �W�K�U�H�V�K�R�O�G�� �L�V�� �H�[�W�U�H�P�H�O�\�� �L�P�S�R�U�W�D�Q�W�� �I�R�U�� �W�K�H��
�D�F�K�L�H�Y�H�P�H�Q�W���R�I���S�U�L�F�H���G�H�F�U�H�D�V�H�V���R�Q���W�K�H���W�D�U�J�H�W�H�G���%�(�9���P�D�U�N�H�W����

�)�X�U�W�K�H�U�����W�K�H���O�L�W�H�U�D�W�X�U�H���R�Q���W�K�H���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���I�R�F�D�O���S�R�L�Q�W���K�\�S�R�W�K�H�V�L�V���D�Q�G���R�Q���I�L�U�P�V�¶��
�F�R�R�S�H�U�D�W�L�R�Q���Y�V�����F�R�P�S�H�W�L�W�L�R�Q���S�U�L�F�L�Q�J���V�W�U�D�W�H�J�L�H�V���Z�K�H�Q���D���S�U�L�F�H���F�R�Q�W�U�R�O���R�I���V�R�P�H���Q�D�W�X�U�H��
�L�V���L�Q�W�U�R�G�X�F�H�G���E�\���W�K�H���J�R�Y�H�U�Q�P�H�Q�W���L�V���H�O�D�E�R�U�D�W�H�G�����,�W���L�V���N�Q�R�Z�Q���I�U�R�P���W�K�H���W�K�H�R�U�\���R�I���I�R�F�D�O��
�S�R�L�Q�W�V���W�K�D�W���W�K�H�U�H���H�[�L�V�W�V���V�R�P�H���N�L�Q�G���R�I���J�D�W�K�H�U�L�Q�J���R�I���S�U�L�F�H�V���D�U�R�X�Q�G���F�H�U�W�D�L�Q���Q�D�W�X�U�D�O���I�R�F�D�O��
�S�R�L�Q�W�V�����H���J���������������������������Z�K�L�F�K���P�D�\���O�H�D�G���W�R���W�D�F�L�W���F�R�O�O�X�V�L�R�Q���>��0]�����/�H�W���X�V���Q�R�Z���L�Q�W�U�R�G�X�F�H��
�D���J�R�Y�H�U�Q�P�H�Q�W-�V�H�W���S�U�L�F�H���F�H�L�O�L�Q�J�����,�W���L�V���H�[�S�H�F�W�H�G���W�K�D�W���S�U�L�F�H�V���Z�L�O�O���E�H���V�H�W���D�W���W�K�H���F�H�L�O�L�Q�J����
�D�Q�G�� �V�R�� �L�W�� �L�V�� �U�H�D�O�L�V�W�L�F�� �I�R�U�� �F�H�L�O�L�Q�J�� �Y�D�O�X�H�V�� �W�R�� �D�F�W�� �D�V�� �I�R�F�D�O�� �S�R�L�Q�W�V���Z�L�W�K�R�X�W�� �Q�H�F�H�V�V�D�U�L�O�\��
�L�Q�Y�R�O�Y�L�Q�J���W�D�F�L�W���F�R�O�O�X�V�L�R�Q���>��0]�����&�R�Q�I�L�U�P�L�Q�J���W�K�L�V���U�H�V�X�O�W�����U�H�V�X�O�W�V���R�I���W�K�H���S�D�S�H�U���D�W���K�D�Q�G��
�V�K�R�Z���W�K�D�W���L�Q���F�H�U�W�D�L�Q���F�\�F�O�H�V���R�I���W�K�H���D�Q�D�O�\�]�H�G���V�X�E�V�L�G�\,���I�L�U�P�V���G�H�F�U�H�D�V�H���W�K�H���S�U�L�F�H���R�I���W�K�H�L�U��
�S�U�R�G�X�F�W�V�� �W�R�� �W�K�H�� �I�R�F�D�O�� �S�R�L�Q�W�� �J�L�Y�H�Q�� �E�\�� �W�K�H�� �W�K�U�H�V�K�R�O�G�� �Y�D�O�X�H���� �Z�K�L�F�K�� �D�F�W�V�� �O�L�N�H�� �D�� �S�U�L�F�H��
�F�H�L�O�L�Q�J���L�Q���W�K�L�V���F�D�V�H�����$�Q�R�W�K�H�U���L�P�S�R�U�W�D�Q�W���D�V�S�H�F�W���R�I���W�K�H���I�R�F�D�O���S�R�L�Q�W���L�V���W�K�D�W�����D�O�O���H�O�V�H���E�H�L�Q�J��
�H�T�X�D�O���� �L�W�� �E�H�F�R�P�H�V�� �P�R�U�H�� �G�L�I�I�L�F�X�O�W�� �W�R�� �V�X�V�W�D�L�Q�� �W�D�F�L�W���F�R�O�O�X�V�L�R�Q�� �D�V�� �W�K�H�� �I�R�F�D�O�� �S�R�L�Q�W�� �U�L�V�H�V��
�>��0]�����7�K�H���X�Q�G�H�U�O�\�L�Q�J���O�R�J�L�F���L�V���V�W�U�D�L�J�K�W�I�R�U�Z�D�U�G�����W�K�H���K�L�J�K�H�U���W�K�H���J�D�S���E�H�W�Z�H�H�Q���W�K�H���I�R�F�D�O��
�S�R�L�Q�W���D�Q�G���W�K�H���H�T�X�L�O�L�E�U�L�X�P���S�R�L�Q�W�����W�K�H���K�L�J�K�H�U���W�K�H���S�O�D�F�H���I�R�U���F�R�P�S�H�W�L�W�L�R�Q���D�Q�G���W�K�H���P�R�U�H��
�Z�L�O�O���S�U�R�I�L�W�V���U�L�V�H���Z�L�W�K���O�R�Z�H�U���S�U�L�F�H�V���W�K�D�Q���Z�L�W�K���F�R�R�S�H�U�D�W�L�R�Q�����0�R�U�H�R�Y�H�U�����L�Q���W�K�L�V���S�D�S�H�U���L�W��
�L�V���F�R�Q�W�H�Q�G�H�G���W�K�D�W�� �W�K�H�� �K�L�J�K�H�U�� �W�K�H�� �W�K�U�H�V�K�R�O�G�� �Y�D�O�X�H���� �W�K�H�� �O�R�Z�H�U�� �W�K�H�� �S�U�R�E�D�E�L�O�L�W�\�� �R�I�� �W�K�H��
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�Å��172 �Å��

�I�R�F�D�O���S�R�L�Q�W���S�K�H�Q�R�P�H�Q�D���W�R���R�F�F�X�U�����7�K�L�V���D�I�I�L�U�P�V���W�K�H���H�[�S�H�F�W�D�W�L�R�Q�V���R�I���=�K�D�Q�J���H�W���D�O������������������
[����]�����Z�K�R���D�U�J�X�H���W�K�D�W���D���O�R�Z�H�U���S�U�L�F�H���F�H�L�O�L�Q�J���Z�R�X�O�G���U�H�V�X�O�W���L�Q���K�L�J�K�H�U���F�R�R�U�G�L�Q�D�W�L�R�Q�����Z�K�L�O�V�W��
�D���K�L�J�K�H�U���S�U�L�F�H���F�H�L�O�L�Q�J���Z�R�X�O�G���U�H�G�X�F�H���W�K�H���S�U�R�E�D�E�L�O�L�W�\���R�I���U�H�D�F�K�L�Q�J���D���F�R�P�P�R�Q���S�U�L�F�H���D�W��
�W�K�H�� �I�R�F�D�O�� �S�R�L�Q�W�� �R�Q�� �W�K�H�� �&�K�L�Q�H�V�H�� �J�D�V�R�O�L�Q�H�� �V�W�D�W�L�R�Q�� �P�D�U�N�H�W�����7�K�H�L�U�� �S�D�S�H�U�� �S�U�H�V�H�Q�W�V�� �D�Q��
�H�[�D�P�S�O�H���R�I���W�D�F�L�W���F�R�O�O�X�V�L�R�Q�����D�Q�D�O�\�]�L�Q�J���D���S�U�L�F�H���F�H�L�O�L�Q�J���R�Q���W�K�H���&�K�L�Q�H�V�H���J�D�V�R�O�L�Q�H���V�W�D�W�L�R�Q��
�P�D�U�N�H�W�� �D�Q�G�� �R�X�W�O�L�Q�L�Q�J�� �V�R�P�H�� �V�L�W�X�D�W�L�R�Q�V�� �L�Q�� �Z�K�L�F�K�� �V�W�D�W�L�R�Q�V�� �L�Q�F�U�H�D�V�H�� �S�U�L�F�H�V�� �D�Q�G��
�F�R�R�U�G�L�Q�D�W�H���W�R���W�K�H���I�R�F�D�O���S�R�L�Q�W���D�W���W�K�H���S�U�L�F�H���F�H�L�O�L�Q�J�����W�K�X�V���F�K�D�O�O�H�Q�J�L�Q�J���W�K�H���D�V�V�X�P�S�W�L�R�Q��
�W�K�D�W�� �S�U�L�F�H�� �F�H�L�O�L�Q�J�V�� �V�H�U�Y�H�� �W�K�H�� �S�X�U�S�R�V�H�� �R�I�� �S�U�H�Y�H�Q�W�L�Q�J�� �I�L�U�P�V�� �I�U�R�P�� �P�R�Q�R�S�R�O�L�]�L�Q�J��
�F�R�Q�V�X�P�H�U���V�X�U�S�O�X�V���>��4�@����

�7�K�H���S�D�S�H�U���V�L�J�Q�H�G���E�\���)�D�Q���D�Q�G���=�K�D�Q�J����������������[1��]���L�V���F�U�X�F�L�D�O���V�L�Q�F�H�����W�R���P�\���N�Q�R�Z�O�H�G�J�H����
�L�W���L�V���W�K�H���R�Q�O�\���Z�R�U�N���W�K�D�W���D�Q�D�O�\�V�H�V���D���V�X�E�V�L�G�\���S�U�R�J�U�D�P���Z�L�W�K���V�R�P�H���W�\�S�H���R�I���S�U�L�F�H���F�R�Q�W�U�R�O��
�V�H�W���E�\���W�K�H���J�R�Y�H�U�Q�P�H�Q�W�����7�K�H���D�Q�D�O�\�]�H�G���V�X�E�V�L�G�\���I�R�U�P���K�D�V���V�L�P�L�O�D�U���D�V�S�H�F�W�V���W�R���W�K�H���R�Q�H��
�H�[�D�P�L�Q�H�G���L�Q���W�K�L�V���S�D�S�H�U�����H�[�F�H�S�W���W�K�D�W���R�Q�F�H���D���I�L�U�P���K�D�G���J�D�L�Q�H�G���H�O�L�J�L�E�L�O�L�W�\���I�R�U���D���S�U�R�G�X�F�W����
�L�W���Z�D�V���F�R�Q�V�W�U�D�L�Q�H�G���W�R���S�U�L�F�H���L�W���E�H�O�R�Z���W�K�H���Z�L�Q�Q�L�Q�J���F�H�L�O�L�Q�J�����7�K�H�U�H�I�R�U�H�����F�R�P�S�H�W�L�W�L�R�Q���Z�D�V��
�U�H�T�X�L�U�H�G���I�R�U�� �H�O�L�J�L�E�L�O�L�W�\���� �D�Q�G���W�K�H�� �I�R�F�D�O���S�R�L�Q�W���W�K�H�R�U�\�� �F�R�X�O�G���Q�R�W���K�R�O�G���H�L�W�K�H�U�� �V�L�Q�F�H�� �W�K�H��
�F�H�L�O�L�Q�J���Y�D�O�X�H�V���G�L�I�I�H�U�H�G���E�R�W�K���R�Q���W�K�H���I�L�U�P���D�Q�G���S�U�R�G�X�F�W���O�H�Y�H�O�����7�K�H���S�D�S�H�U���D�W���K�D�Q�G���S�D�S�H�U��
�V�H�H�N�V���W�R���I�L�Q�G���D�Q�V�Z�H�U�V���W�R���W�K�H���V�D�P�H���I�X�Q�G�D�P�H�Q�W�D�O���T�X�H�V�W�L�R�Q�V���E�X�W���L�Q���D���V�O�L�J�K�W�O�\���G�L�I�I�H�U�H�Q�W��
�V�F�H�Q�D�U�L�R�����X�V�L�Q�J���D���G�L�I�I�H�U�H�Q�W���D�S�S�U�R�D�F�K�����Z�L�O�O���W�K�U�H�V�K�R�O�G���Y�D�O�X�H�V���D�F�W���D�V���I�R�F�D�O���S�R�L�Q�W�V���D�Q�G��
�U�H�V�X�O�W�� �L�Q�� �G�H�F�U�H�D�V�H�G�� �S�U�L�F�H�V�"�� �,�V�� �W�K�H�U�H�� �D�Q�� �R�S�W�L�P�D�O�� �W�K�U�H�V�K�R�O�G�� �Y�D�O�X�H�� �W�K�D�W�� �J�H�Q�H�U�D�W�H�V�� �W�K�H��
�O�R�Z�H�V�W���S�U�L�F�H�V���I�R�U���W�K�H���D�Q�D�O�\�]�H�G���%�(�9�V�����W�K�X�V���L�Q�F�U�H�D�V�L�Q�J���W�K�H���F�R�Q�V�X�P�H�U���V�X�U�S�O�X�V���D�Q�G���W�K�H��
�V�S�U�H�D�G���R�I���%�(�9�V���L�Q���W�K�H���F�R�X�Q�W�U�\�"��

2 Background and Data 

�7�K�H���+�X�Q�J�D�U�L�D�Q���0�L�Q�L�V�W�U�\���R�I���(�F�R�Q�R�P�L�F�V���D�Q�G���7�H�F�K�Q�R�O�R�J�\���D�Q�Q�R�X�Q�F�H�G���D���V�X�E�V�L�G�\���Z�L�W�K�L�Q��
�W�K�H�� �&�O�L�P�D�W�H�� �$�F�W�L�R�Q���S�U�R�J�U�D�P���W�K�D�W�� �D�L�P�V�� �W�R�� �V�W�L�P�X�O�D�W�H�� �W�K�H�� �S�X�U�F�K�D�V�H�� �R�I�� �I�X�O�O�\�� �H�O�H�F�W�U�L�F��
�Y�H�K�L�F�O�H�V�����7�K�H���S�U�R�J�U�D�P���V�W�D�U�W�H�G���L�Q���W�K�H���\�H�D�U�������������D�Q�G���W�K�H���O�D�V�W���D�S�S�O�L�F�D�W�L�R�Q���S�H�U�L�R�G���Z�D�V��
�L�Q���������������:�L�W�K�L�Q���W�K�L�V���W�L�P�H���I�U�D�P�H�����W�K�H�U�H���Z�H�U�H���I�R�X�U���G�L�I�I�H�U�H�Q�W���F�\�F�O�H�V���R�I���W�K�H���S�U�R�J�U�D�P�����D�O�O��
�K�D�Y�L�Q�J���W�K�H�L�U���V�S�H�F�L�I�L�F���V�X�E�V�L�G�\���E�H�Q�H�I�L�W�V���D�Q�G���H�O�L�J�L�E�L�O�L�W�\���U�H�T�X�L�U�H�P�H�Q�W�V���V�K�R�Z�Q���L�Q��Table 
1�����7�K�H�� �G�D�W�D���F�R�P�H�V�� �I�U�R�P�� �W�K�H�� �S�U�L�Y�D�W�H���F�R�P�S�D�Q�\���'�$�7�$�+�2�8�6�(���� �Z�K�L�F�K�� �F�R�O�O�H�F�W�V�� �D�Q�G��
�S�U�R�F�H�V�V�H�V���G�D�W�D���R�Q���Q�H�Z���F�D�U���U�H�J�L�V�W�U�D�W�L�R�Q���L�Q���+�X�Q�J�D�U�\�����7�K�H���S�U�R�Y�L�G�H�G���G�D�W�D�E�D�V�H���F�R�Q�W�D�L�Q�V��
�L�Q�I�R�U�P�D�W�L�R�Q�� �R�Q�� �L�P�S�R�U�W�H�G�� �D�Q�G�� �V�R�O�G���D�X�W�R�P�R�W�L�Y�H�� �Y�H�K�L�F�O�H�V�� �I�U�R�P�� ���������� �W�R�� ���������� �W�K�D�W��
�F�R�Y�H�U�V���D���Z�L�G�H���U�D�Q�J�H���R�I���S�U�R�G�X�F�W���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���D�Q�G���R�Q���Q�H�Z���%�(�9���U�H�J�L�V�W�U�D�W�L�R�Q�V���I�U�R�P��
�2�F�W�R�E�H�U�� ���������� �W�R�� �2�F�W�R�E�H�U�� �������������,�Q�� �W�K�L�V�� �S�H�U�L�R�G�� �D�� �W�R�W�D�O�� �R�I�����������������%�(�9�V�� �Z�H�U�H��
�U�H�J�L�V�W�H�U�H�G����

�8�Q�I�R�U�W�X�Q�D�W�H�O�\�����Z�H���G�R���Q�R�W���K�D�Y�H���S�U�L�F�H���G�D�W�D���R�Q���V�R�P�H���K�L�J�K-�H�Q�G���P�R�G�H�O�V���V�X�F�K���D�V���7�H�V�O�D����
�W�K�H�U�H�I�R�U�H���W�K�H�V�H���R�E�V�H�U�Y�D�W�L�R�Q�V���Z�H�U�H���U�H�P�R�Y�H�G���I�U�R�P���W�K�H���G�D�W�D�E�D�V�H�����D�Q�G���W�K�X�V���Z�H���H�Q�G���X�S��
�Z�L�W�K�����������������V�R�O�G��N�(�9�V���L�Q���W�K�L�V���S�H�U�L�R�G����
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�7�D�E�O�H������

�%�H�Q�H�I�L�W�V���D�Q�G���U�H�T�X�L�U�H�P�H�Q�W�V���R�I���W�K�H���J�R�Y�H�U�Q�P�H�Q�W���V�X�E�V�L�G�\���S�U�R�J�U�D�P���E�H�W�Z�H�H�Q�������������D�Q�G���������������S�U�L�F�H�V���D�Q�G��

�Y�D�O�X�H�V���L�Q���+�8�)����

�� I II  III  IV  
Application 

Period 
����������������—��

����������������
����������������—��

����������������
���������������������� ����������������

Value ������ ��
���P�D�[�������������0����

������ ��
���P�D�[�������������0����

���������0��/�����������0�� ���������0��/�����������0��

Threshold 15���0�� �������0�� 11���0�������������0�� �������0��/��15���0��
Budget ���������%�� �����%�� �����%�� �����%��

Table 2���S�U�H�V�H�Q�W�V���W�K�H���F�H�Q�W�U�D�O���W�H�Q�G�H�Q�F�\���D�Q�G���Y�D�U�L�D�E�L�O�L�W�\���P�H�D�V�X�U�H�V���R�I���W�K�H���J�U�R�V�V���S�U�L�F�H�V���R�I��
�U�H�J�L�V�W�H�U�H�G���%�(�9�V���Z�L�W�K���G�H�D�O�H�U���G�L�V�F�R�X�Q�W�V���R�W�K�H�U���W�K�D�Q���W�K�H���V�X�E�V�L�G�\���L�Q���H�D�F�K���F�\�F�O�H���R�I���W�K�H��
�S�U�R�J�U�D�P���� �1�R�W�H�� �W�K�D�W�� �G�X�H�� �W�R�� �V�O�R�Z�� �D�G�P�L�Q�L�V�W�U�D�W�L�Y�H�� �S�U�R�F�H�G�X�U�H�V�� �V�R�P�H�� �R�I�� �W�K�H���%�(�9�V��
�V�X�E�V�L�G�L�]�H�G���L�Q���W�K�H���I�L�U�V�W���F�\�F�O�H���Z�H�U�H���D�F�W�X�D�O�O�\���U�H�J�L�V�W�H�U�H�G���L�Q�������������D�Q�G���������������6�L�P�L�O�D�U�O�\����
�U�H�J�L�V�W�U�D�W�L�R�Q�V�� �I�U�R�P�� �W�K�H�� �V�H�F�R�Q�G�� �F�\�F�O�H�� �Z�H�U�H�� �G�U�D�J�J�H�G�� �R�Q�� �D�W�� �O�H�D�V�W�� �X�Q�W�L�O�� ������������ �+�D�Y�L�Q�J��
�L�Q�I�R�U�P�D�W�L�R�Q�� �R�Q�� �D�F�W�X�D�O�� �S�X�U�F�K�D�V�H�V�� �L�Q�� �D�O�P�R�V�W�� �H�D�F�K�� �\�H�D�U�� �I�U�R�P�� �R�I�I�L�F�L�D�O�� �V�W�D�W�H�P�H�Q�W�V���>���@��
[10]��[11]��[16-18]�����W�K�H���G�D�W�D���F�R�P�S�D�Q�\���G�H�O�L�P�L�W�H�G���W�K�H���F�\�F�O�H���S�H�U�L�R�G�V���Z�K�H�Q���%�(�9�V���Z�H�U�H��
�D�F�W�X�D�O�O�\�� �U�H�J�L�V�W�H�U�H�G���� �D�F�F�X�P�X�O�D�W�L�Q�J�� �O�L�Q�H�D�U�O�\�� �L�Q�� �W�L�P�H�� �W�K�H�� �V�X�E�V�L�G�L�]�H�G�� �U�H�J�L�V�W�U�D�W�L�R�Q�V�� �L�Q��
�H�D�F�K���F�\�F�O�H�����,�Q���W�K�L�V���V�H�Q�V�H�����W�K�H���I�L�U�V�W���F�\�F�O�H���L�Q�F�O�X�G�H�V���D�O�O���%�(�9���U�H�J�L�V�W�U�D�W�L�R�Q�V���I�U�R�P�������������W�R��
���������� �D�Q�G�� �W�K�H�� �U�H�P�D�L�Q�L�Q�J�� �V�X�E�V�L�G�L�]�H�G�� �U�H�J�L�V�W�U�D�W�L�R�Q�V�� �I�U�R�P�� �-�D�Q�X�D�U�\�� ���������� �D�Q�G�� ����������
�U�H�V�S�H�F�W�L�Y�H�O�\���� �7�K�H�� �V�H�F�R�Q�G���� �W�K�H�� �W�K�L�U�G���� �D�Q�G�� �W�K�H�� �I�R�X�U�W�K�� �F�\�F�O�H�� �L�Q�F�O�X�G�H�� �D�O�O�� �U�H�J�L�V�W�U�D�W�L�R�Q�V��
�I�U�R�P���)�H�E�U�X�D�U�\�������������W�R���0�D�\���������������I�U�R�P���-�X�Q�H�������������W�R���-�X�O�\���������������D�Q�G���I�U�R�P���$�X�J�X�V�W��
�����������W�R���2�F�W�R�E�H�U�������������U�H�V�S�H�F�W�L�Y�H�O�\����

�)�L�U�V�W�O�\���� �L�W�� �L�V�� �W�R�� �E�H�� �R�E�V�H�U�Y�H�G�� �W�K�D�W�� �F�R�Q�W�U�D�U�\�� �W�R�� �W�K�H�� �P�D�[�L�P�X�P�� �Y�D�O�X�H�V�����W�K�H�� �P�L�Q�L�P�X�P��
�Y�D�O�X�H�V���R�I���%�(�9�V���G�L�G���Q�R�W���L�Q�F�U�H�D�V�H���U�H�P�D�U�N�D�E�O�\�����W�K�H���P�R�V�W���H�[�S�H�Q�V�L�Y�H���H�O�H�F�W�U�L�F���Y�H�K�L�F�O�H���L�Q��
�W�K�H�� �O�D�V�W�� �F�\�F�O�H�� �E�H�L�Q�J�� �D�O�P�R�V�W�� ���� �W�L�P�H�V�� �K�L�J�K�H�U�� �W�K�D�Q�� �L�Q�� �W�K�H�� �I�L�U�V�W�� �R�Q�H�����7�K�L�V�� �L�Q�F�U�H�D�V�H�� �L�Q��
�S�U�L�F�H�V���R�Q���W�K�H���K�L�J�K-�H�Q�G���F�R�P�H�V���D�O�R�Q�J���Z�L�W�K���W�K�H���Z�R�U�O�G�Z�L�G�H���V�S�U�H�D�G���R�I���%�(�9�V���D�Q�G���W�K�X�V��
�W�K�H���D�S�S�H�D�U�D�Q�F�H���R�I���O�X�[�X�U�\���H�O�H�F�W�U�L�F���Y�H�K�L�F�O�H�V���W�K�D�W���D�U�H���X�V�X�D�O�O�\���6�8�9���P�R�G�H�O�V���D�Q�G���D�U�H���P�R�U�H��
�H�[�S�H�Q�V�L�Y�H���W�R���S�U�R�G�X�F�H�����)�R�U���L�Q�V�W�D�Q�F�H�����L�Q��Table 2�����W�K�H���P�D�[�L�P�X�P���Y�D�O�X�H�V���I�R�U�������������D�Q�G��
�����������F�R�U�U�H�V�S�R�Q�G���W�R���W�K�H���$�X�G�L���(-�W�U�R�Q���*�7���D�Q�G���0�H�U�F�H�G�H�V���(�4�6���V�S�R�U�W�V���F�D�U�V���U�H�V�S�H�F�W�L�Y�H�O�\����
�E�R�W�K���K�D�Y�L�Q�J���D���N�:���S�R�Z�H�U���Y�D�O�X�H���J�U�H�D�W�H�U���W�K�D�Q�������������,�W���L�V���L�Q�W�H�U�H�V�W�L�Q�J���W�R���Q�R�W�H���W�K�D�W���L�Q���W�K�H��
�I�L�U�V�W���F�\�F�O�H���H�Y�H�Q���W�K�H���S�U�L�F�H���R�I���W�K�H���P�R�V�W���H�[�S�H�Q�V�L�Y�H���F�D�U���Z�D�V���Q�R�Q-�E�L�Q�G�L�Q�J���D�Q�G���P�R�U�H���W�K�D�Q��
�W�K�D�W�����L�W���D�S�S�H�D�U�V���I�U�R�P���L�P�S�R�U�W���G�D�W�D���W�K�D�W�������������R�I���W�K�H���O�L�V�W���S�U�L�F�H�V���Z�H�U�H���Q�R�Q-�E�L�Q�G�L�Q�J���L�Q��
�W�K�H���V�H�F�R�Q�G���F�\�F�O�H���X�Q�W�L�O���W�K�H���H�Q�G���R�I���W�K�H���D�S�S�O�L�F�D�W�L�R�Q���S�H�U�L�R�G�����7�K�L�V���E�U�L�Q�J�V���X�S���D�Q���L�Q�W�H�U�H�V�W�L�Q�J��
�T�X�H�V�W�L�R�Q���D�E�R�X�W���W�K�H���P�H�D�Q�L�Q�J���R�I���W�K�H���W�K�U�H�V�K�R�O�G���Y�D�O�X�H���L�Q���W�K�H�V�H���\�H�D�U�V�����,�Q���W�K�H���W�K�L�U�G���F�\�F�O�H����
�W�K�H���P�R�G�H���Y�D�O�X�H���L�V���+�8�)���������������0�����Z�K�L�F�K���L�V���V�O�L�J�K�W�O�\���E�H�O�R�Z���W�K�H���H�O�L�J�L�E�L�O�L�W�\���W�K�U�H�V�K�R�O�G����
�7�K�L�V���V�X�J�J�H�V�W�V���W�K�D�W���W�K�H�U�H���P�L�J�K�W���E�H���D���J�D�W�K�H�U�L�Q�J���R�I���S�U�L�F�H�V���D�U�R�X�Q�G���D���I�R�F�D�O���S�R�L�Q�W���G�H�I�L�Q�H�G��
�E�\���W�K�H���W�K�U�H�V�K�R�O�G���Y�D�O�X�H���L�Q���W�K�H���W�K�L�U�G���F�\�F�O�H����

�7�K�H���P�H�G�L�D�Q���S�U�L�F�H���L�V���U�L�V�L�Q�J�����K�R�Z�H�Y�H�U���L�W�V���Y�D�O�X�H���L�Q���W�K�H���I�R�X�U�W�K���F�\�F�O�H���L�V���R�Q�O�\������43���W�L�P�H�V��
�D�V���K�L�J�K���D�V���L�Q���W�K�H���I�L�U�V�W���R�Q�H�����Z�K�L�O�H���W�K�H���P�D�[�L�P�X�P���S�U�L�F�H���L�Q�F�U�H�D�V�H�G��to���D��4,83���W�L�P�H�V���K�L�J�K�H�U��
�Y�D�O�X�H���L�Q���W�K�H���V�D�P�H���S�H�U�L�R�G����
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�7�D�E�O�H������
�'�H�V�F�U�L�S�W�L�Y�H���V�W�D�W�L�V�W�L�F�V���P�H�D�V�X�U�H�V���R�I���J�U�R�V�V���S�U�L�F�H�V���Z�L�W�K���G�H�D�O�H�U���G�L�V�F�R�X�Q�W�V���R�I���%�(�9�V���U�H�J�L�V�W�H�U�H�G���L�Q���+�X�Q�J�D�U�\��

�G�X�U�L�Q�J���W�K�H���I�R�X�U���F�\�F�O�H�V���R�I���W�K�H���D�Q�D�O�\�]�H�G���V�X�E�V�L�G�\���S�U�R�J�U�D�P�����S�U�L�F�H�V���L�Q���P�L�O�O�L�R�Q���+�8�)����

�� I. Cycle II. Cycle III. Cycle  IV. Cycle 
Total Obs. ���������� ���������� ���������� 5460��
Minimum  ���������� ���������� ���������� ����������
Maximum ������������ ������������ ������������ ������������
Mean ���������� ������������ ������������ ������������
Mode ���������� ������������ ������������ ����������
Median ���������� ������������ ������������ ������������
Std. dev. ���������� ���������� ���������� ����������

�)�X�U�W�K�H�U�����W�K�H�� �P�H�D�Q���S�U�L�F�H�� �L�Q�F�U�H�D�V�H�G�� �E�\�������� ���G�X�U�L�Q�J�� �W�K�H�� �I�R�X�U�� �F�\�F�O�H�V���� �Z�K�L�F�K�� �L�V�� �D�J�D�L�Q��
�K�L�J�K�H�U���W�K�D�Q���W�K�H���L�Q�F�U�H�D�V�H���R�I���W�K�H���P�H�G�L�D�Q���Y�D�O�X�H������������,���V�K�R�Z�L�Q�J���W�K�D�W���H�Y�H�Q���W�K�R�X�J�K���W�K�H��
�%�(�9�V�¶���V�F�D�O�H���R�I���G�L�Y�H�U�V�L�W�\���D�Q�G���S�U�L�F�H���Y�D�O�X�H���K�D�V���U�L�V�H�Q�����W�K�H���P�D�M�R�U�L�W�\���R�I���W�K�H���Y�H�K�L�F�O�H�V���D�U�H��
�S�U�L�F�H�G�� �O�R�Z�H�U�� �W�K�D�Q�� �W�K�H�� �D�Y�H�U�D�J�H�� �D�Q�G�� �S�U�R�E�D�E�O�\�� �W�D�U�J�H�W�� �W�K�H�� �O�R�Z-���D�Q�G�� �P�L�G�G�O�H-�F�O�D�V�V�� �R�I��
�F�R�Q�V�X�P�H�U�V���� �)�L�Q�D�O�O�\���� �W�K�H�� �V�W�D�Q�G�D�U�G�� �G�H�Y�L�D�W�L�R�Q���P�H�D�V�X�U�H�V�� �R�I�� �S�U�L�F�H�V�� �L�Q�F�U�H�D�V�H�G��
�V�L�J�Q�L�I�L�F�D�Q�W�O�\���� �Z�K�L�F�K���Z�D�V�� �H�[�S�H�F�W�H�G�� �W�D�N�L�Q�J�� �L�Q�W�R�� �D�F�F�R�X�Q�W�� �W�K�H�� �D�E�R�Y�H-�P�H�Q�W�L�R�Q�H�G��
�Z�L�G�H�Q�L�Q�J���R�I���W�K�H���S�U�L�F�H���U�D�Q�J�H����

3 Illustration of Profit Functions with Thresholds 
Required for Subsidy Eligibility Following a 
Cooperative Strategy 

�7�K�L�V���S�D�S�H�U���P�D�N�H�V���X�V�H���R�I���W�K�H���H�T�X�D�W�L�R�Q�V���I�U�R�P���W�K�H���P�H�Q�W�L�R�Q�H�G���%�/�3���D�S�S�U�R�D�F�K���W�K�D�W���E�X�L�O�G�V��
�R�Q�� �D�� �U�D�Q�G�R�P-�F�R�H�I�I�L�F�L�H�Q�W�V�� �O�R�J�L�W�� �P�R�G�H�O���� �$�I�W�H�U�� �V�K�R�U�W�O�\�� �S�U�H�V�H�Q�W�L�Q�J�� �W�K�H�� �G�H�P�D�Q�G�� �D�Q�G��
�V�X�S�S�O�\���V�L�G�H�V���R�I���W�K�L�V���P�R�G�H�O�����V�H�Y�H�U�D�O���V�F�H�Q�D�U�L�R�V���Z�L�O�O���E�H���S�U�H�V�H�Q�W�H�G���W�R���V�K�R�Z���W�K�H���S�R�W�H�Q�W�L�D�O��
�H�T�X�L�O�L�E�U�L�X�P�� �S�U�L�F�H�V�� �R�I�� �F�R�R�S�H�U�D�W�L�Q�J�� �I�L�U�P�V�� �F�R�Q�V�L�G�H�U�L�Q�J�� �D�� �V�X�E�V�L�G�\�� �Z�L�W�K�� �J�R�Y�H�U�Q�P�H�Q�W-
�L�P�S�R�V�H�G���W�K�U�H�V�K�R�O�G���Y�D�O�X�H�V���V�H�W���I�R�U���H�O�L�J�L�E�L�O�L�W�\�����$�V���L�W���L�V���D�V�V�X�P�H�G���W�K�D�W���I�L�U�P�V���F�R�R�S�H�U�D�W�H����
�Z�H�� �F�D�Q���L�P�S�O�H�P�H�Q�W���D�� �P�R�Q�R�S�R�O�\�� �P�D�U�N�H�W���W�K�D�W���V�L�P�S�O�L�I�L�H�V�� �W�K�H�� �P�R�G�H�O���W�K�D�W���L�P�S�O�H�P�H�Q�W�V��
�V�H�Y�H�U�D�O�� �D�G�Y�D�Q�W�D�J�H�V�� �W�R�� �E�H�� �S�U�H�V�H�Q�W�H�G�� �O�D�W�H�U�� �R�Q���� �7�K�H�� �D�V�V�X�P�S�W�L�R�Q�� �R�I�� �D�� �P�R�Q�R�S�R�O�L�V�W�L�F��
�P�D�U�N�H�W���V�W�U�X�F�W�X�U�H���P�D�\���V�H�H�P���K�D�U�V�K���D�W���I�L�U�V�W���V�L�J�K�W�����E�X�W���F�R�Q�V�L�G�H�U�L�Q�J���W�K�H���V�X�E�V�L�G�\���H�O�L�J�L�E�L�O�L�W�\��
�D�V���F�D�U�U�\�L�Q�J���D���K�L�J�K�H�U���P�D�U�N�H�W���S�R�Z�H�U���W�K�D�Q���F�R�P�S�H�W�L�W�L�R�Q�����W�K�X�V���H�Q�F�R�X�U�D�J�L�Q�J���I�L�U�P�V���W�R���V�H�W��
�S�U�L�F�H�V���D�W���W�K�H���I�R�F�D�O���S�R�L�Q�W�����W�K�H���P�R�Q�R�S�R�O�L�V�W�L�F���D�S�S�U�R�D�F�K���P�L�J�K�W���E�H���D���U�H�D�O�L�V�W�L�F���R�Q�H����

3.1 Demand 

�7�K�H���X�W�L�O�L�W�\���W�K�D�W���F�R�Q�V�X�P�H�U��i���R�E�W�D�L�Q�V���I�U�R�P���F�R�Q�V�X�P�L�Q�J���S�U�R�G�X�F�W��j �L�V���J�L�Y�H�Q���E�\���H�T�X�D�W�L�R�Q��
����������

�Q�Ü�Ý�à= �=�Ü�L�Ý�à+ �T�Ý�à�>�Ü+ �L�Ý�à+ �B�Ü�Ý�à�� ��1����
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�Z�K�H�U�H���=�Ü���L�V���W�K�H���L�Q�G�L�Y�L�G�X�D�O-�V�S�H�F�L�I�L�F���F�R�H�I�I�L�F�L�H�Q�W���R�I���S�U�L�F�H�����L�Ý�à�L�V���W�K�H���S�U�L�F�H���R�I���S�U�R�G�X�F�W��j 
�L�Q���P�D�U�N�H�W��m�����T�Ý�à���L�V���D���Y�H�F�W�R�U���R�I���Q�R�Q-�S�U�L�F�H���D�W�W�U�L�E�X�W�H�V���R�I���S�U�R�G�X�F�W��j �L�Q���P�D�U�N�H�W��m, �>�Ü���L�V��
�D�Q���L�Q�G�L�Y�L�G�X�D�O-�V�S�H�F�L�I�L�F���Y�H�F�W�R�U���R�I���W�K�H���F�R�H�I�I�L�F�L�H�Q�W�V�����L�Ý�à���L�V���W�K�H���S�U�R�G�X�F�W-�V�S�H�F�L�I�L�F���X�W�L�O�L�W�\��
�L�Q�� �P�D�U�N�H�W��m�� �W�K�D�W�� �L�V�� �X�Q�R�E�V�H�U�Y�H�G�� �E�\�� �W�K�H�� �U�H�V�H�D�U�F�K�H�U�� �D�Q�G�� �F�R�U�U�H�O�D�W�H�G�� �Z�L�W�K���L�Ý�à������
�7�K�H���S�U�R�G�X�F�W-���D�Q�G���L�Q�G�L�Y�L�G�X�D�O-�V�S�H�F�L�I�L�F���L�G�L�R�V�\�Q�F�U�D�W�L�F���H�U�U�R�U���W�H�U�P�����B�Ü�Ý�à���� �L�V���D�V�V�X�P�H�G���W�R��
�E�H���D�Q���L�L�G���W�\�S�H���,���H�[�W�U�H�P�H���Y�D�O�X�H���U�D�Q�G�R�P���Y�D�U�L�D�E�O�H����

�:�H�� �F�D�Q�� �G�H�F�R�P�S�R�V�H�� �W�K�H�� �W�H�U�P���=�Ü���I�U�R�P�� �H�T�X�D�W�L�R�Q�� ��1���� �D�V���=�g= �=+ �P�R�Ü�‘�Ô���U�D�Q�G�R�P��
�Y�D�U�L�D�E�O�H�����Z�L�W�K���W�K�H���H�[�S�H�F�W�H�G���Y�D�O�X�H���R�I���=���D�Q�G���Y�D�U�L�D�Q�F�H���P�����R�Ü�ý N(0,1)�����,�Q���W�K�L�V���P�R�G�H�O��
�V�S�H�F�L�I�L�F�D�W�L�R�Q�����W�K�H���S�U�R�E�D�E�L�O�L�W�\���W�K�D�W���D���U�D�Q�G�R�P�O�\���F�K�R�V�H�Q���F�R�Q�V�X�P�H�U���F�K�R�R�V�H�V���S�U�R�G�X�F�W��j���L�Q��
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3.2 Supply 
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�I�L�U�P�V�¶���S�U�R�G�X�F�W�V���E�\��p�?�d�k���D�Q�G���W�K�H���P�D�U�J�L�Q�D�O���F�R�V�W���R�I���S�U�R�G�X�F�W��j �L�Q���P�D�U�N�H�W��m �E�\��mc�h�k����
�:�H�� �G�H�Q�R�W�H�� �W�K�H�� �S�U�R�G�X�F�W�� �V�H�W�� �R�I�� �I�L�U�P��f �L�Q�� �P�D�U�N�H�W��m �E�\���ä�ù�þ���� �7�K�H�� �S�U�R�I�L�W�� �R�I�� �I�L�U�P��f �L�V��
�G�H�I�L�Q�H�G���D�V����

�+�d(p) = M �Ã 
kp�h�k
Fmc�h�k
os�h�k(p�d�k, p�?�d�k)�h�Ð�ä�ù�þ
��

�Z�K�H�U�H���L�Ý�à �L�V���W�K�H���Y�H�F�W�R�U���R�I���D�O�O���S�U�L�F�H�V���L�Q���P�D�U�N�H�W���I ���D�Q�G���/ ���L�V���W�K�H���Q�X�P�E�H�U���R�I���F�R�Q�V�X�P�H�U�V��
�L�Q���P�D�U�N�H�W���I .���)�R�U���Q�R�W�D�W�L�R�Q���S�X�U�S�R�V�H�V�����Z�H���G�H�Q�R�W�H���W�K�H���P�D�U�N�H�W���V�K�D�U�H���I�X�Q�F�W�L�R�Q���L�Q���H�T�X�D�W�L�R�Q��
�������� �D�V��s�h�k(p�d�k, p�?�d�k)���� �7�K�H�� �1�D�V�K�� �H�T�X�L�O�L�E�U�L�X�P�� �L�V�� �J�L�Y�H�Q���E�\�� �W�K�H�� �V�R�O�X�W�L�R�Q���R�I�� �W�K�H�� �Q�R�Q-
�O�L�Q�H�D�U���V�\�V�W�H�P���R�I���H�T�X�D�W�L�R�Q�V����

�¼�+�d�k

�¼p�h�k
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3.3 Illustration of Equilibrium Prices with Government-Set 
Threshold Values for Subsidy Eligibility in Cooperation 
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�N(p) = (p 
Fc)s(p 
Fq)��
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Figure 1���F�R�Q�W�D�L�Q�V�� �W�K�H�� �J�U�D�S�K�L�F�D�O�� �U�H�S�U�H�V�H�Q�W�D�W�L�R�Q�� �R�I�� �W�K�H�� �S�U�R�I�L�W�� �I�X�Q�F�W�L�R�Q�V�� �Z�L�W�K�� �D�Q�G��
�Z�L�W�K�R�X�W���V�X�E�V�L�G�\�����Z�K�L�F�K�����D�V���H�[�S�H�F�W�H�G�����D�U�H���F�R�Q�F�D�Y�H���D�Q�G���F�R�Q�W�L�Q�X�R�X�V���U�H�V�S�H�F�W�L�Y�H�O�\�� 



Acta Polytechnica Hungarica Vol. 21, No. 7, 2024 

�Å��177 �Å��

��

�3�U�R�I�L�W���I�X�Q�F�W�L�R�Q�V���I�R�U���P�R�Q�R�S�R�O�\���Z�L�W�K���D�Q�G���Z�L�W�K�R�X�W���V�X�E�V�L�G�\�����T��� �������������D�Q�G���Z�L�W�K�R�X�W���H�O�L�J�L�E�L�O�L�W�\���W�K�U�H�V�K�R�O�G��
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$���D�Q�G���O�H�W��p
$= 2 �����D�Q�G��
�W�K�X�V���W�K�H���S�U�R�I�L�W���I�X�Q�F�W�L�R�Q���W�D�N�H�V���W�K�H���I�R�O�O�R�Z�L�Q�J���I�R�U�P����
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�W�K�U�H�V�K�R�O�G�����,�Q�� �W�K�H�� �V�H�F�R�Q�G���F�D�V�H���� �W�K�H�� �W�K�U�H�V�K�R�O�G���Y�D�O�X�H�� �L�V�� �O�R�Z�H�U�����L�§= 1.8���� �D�Q�G���W�K�X�V�� �W�K�H��
�Y�D�O�X�H�� �R�I�� �S�U�R�I�L�W�� �D�W�� �W�K�H�� �S�U�R�I�L�W-�P�D�[�L�P�L�]�L�Q�J�� �S�U�L�F�H�� �Z�L�W�K�R�X�W�� �V�X�E�V�L�G�\�� �L�V�� �K�L�J�K�H�U�� �W�K�D�Q�� �D�Q�\��
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�W�K�H���G�L�I�I�H�U�H�Q�F�H���L�V���L�Q���W�K�H���V�X�E�V�L�G�\���D�P�R�X�Q�W�����Z�K�L�F�K���L�V���U�H�G�X�F�H�G���W�R���M
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�W�K�H�� �W�K�U�H�V�K�R�O�G���Y�D�O�X�H���� �/�D�V�W�O�\���� �L�Q�� �W�K�H�� �I�R�X�U�W�K�� �F�D�V�H���� �W�K�H�� �W�K�U�H�V�K�R�O�G���Y�D�O�X�H�� �L�V�� �L�Q�F�U�H�D�V�H�G���W�R��
�L�§= 3. �,�Q���W�K�L�V���F�D�V�H�����W�K�H�U�H���L�V���Q�R���S�R�L�Q�W���X�V�L�Q�J���W�K�H���W�K�U�H�V�K�R�O�G���Y�D�O�X�H���D�V���D���O�L�P�L�W�D�W�L�R�Q���V�L�Q�F�H��
�W�K�H���S�U�R�I�L�W-�P�D�[�L�P�L�]�L�Q�J���S�R�L�Q�W���L�V���E�H�O�R�Z���L�W�����7�R���F�R�Q�F�O�X�G�H�����W�K�H���V�H�F�R�Q�G���D�Q�G���W�K�H���W�K�L�U�G���F�D�V�H��
�L�V���W�K�H���V�D�P�H���D�V���L�I���W�K�H�U�H���K�D�G���Q�R�W���E�H�H�Q���D�Q�\���V�X�E�V�L�G�\���D�Y�D�L�O�D�E�O�H�����Z�K�L�O�H���W�K�H���I�R�X�U�W�K���F�D�V�H���L�V��
�D�V���L�I���W�K�H�U�H���K�D�G���Q�R�W���E�H�H�Q���D�Q�\���S�U�L�F�H���O�L�P�L�W�D�W�L�R�Q���I�R�U���H�O�L�J�L�E�L�O�L�W�\�����,�Q���W�K�L�V���V�H�Q�V�H�����W�K�H���P�R�V�W��
�H�I�I�L�F�L�H�Q�W���V�F�H�Q�D�U�L�R���L�V���W�K�H���I�L�U�V�W���R�Q�H�����Z�K�H�U�H���W�K�H���S�U�L�F�H���Z�D�V���U�H�G�X�F�H�G���F�R�P�S�D�U�H�G���W�R���W�K�H���R�Q�H��
�Z�L�W�K�R�X�W���V�X�E�V�L�G�\�����7�K�L�V���V�W�U�X�F�W�X�U�H���V�K�R�Z�V���W�K�D�W���L�I���W�K�H���S�U�L�F�H���F�K�R�V�H�Q���E�\���D���P�R�Q�R�S�R�O�L�V�W���L�V���Q�R�W��
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�W�K�H�� �I�L�U�P�� �L�V�� �S�D�U�W�L�D�O�O�\�� �E�H�Q�H�I�L�W�L�Q�J�� �I�U�R�P�� �W�K�H�� �V�X�E�V�L�G�\���� �D�Q�G�� �D�� �O�R�Z�H�U���W�K�U�H�V�K�R�O�G�� �Z�R�X�O�G��
�J�H�Q�H�U�D�W�H���D���O�R�Z�H�U���S�U�L�F�H����

4 Illustration of Profit Functions with Thresholds 
Required for Subsidy Eligibility following a 
Cooperative Strategy 
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�L�V���V�W�U�R�Q�J�H�U���W�K�D�Q���W�K�D�W���R�I���F�R�P�S�H�W�L�W�L�R�Q���D�P�R�Q�J���I�L�U�P�V����T�K�U�H�H���%�(�9���P�R�G�H�O�V���D�U�H���V�H�O�H�F�W�H�G����
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�S�U�L�F�H���G�H�F�U�H�D�V�H�V���P�D�G�H���L�Q���W�K�H���L�Q�W�H�U�H�V�W���R�I���V�X�E�V�L�G�\���H�O�L�J�L�E�L�O�L�W�\���I�R�U���H�D�F�K���Y�H�K�L�F�O�H���V�R�O�G�����7�K�L�V��
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4.1 Evolution of BEV Sales and Prices of the Analyzed Models 
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�� II. Cycle III. Cycle  IV. Cycle 
Sales Price �������������� �������������� 10,999�� 10,899�� 11,499��
Sold no. ���� ������ 150�� 3�� 151��
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�V�L�P�L�O�D�U���W�R���W�K�H���S�U�H�Y�L�R�X�V���R�Q�H���F�R�Q�V�L�G�H�U�L�Q�J���L�W�V���S�U�L�F�L�Q�J���V�W�U�D�W�H�J�\�����:�H���F�D�Q���F�D�O�F�X�O�D�W�H���I�U�R�P��
Table 4���W�K�D�W���������������� �R�I�� �W�K�H�� �W�R�W�D�O�� �V�D�O�H�V�� �I�R�U�� �W�K�L�V�� �P�R�G�H�O�� �Z�H�U�H�� �U�H�J�L�V�W�H�U�H�G���L�Q�� �W�K�H�� �W�K�L�U�G��
�F�\�F�O�H���D�Q�G���S�U�L�F�H�G���V�O�L�J�K�W�O�\���E�H�O�R�Z���W�K�H���W�K�U�H�V�K�R�O�G���R�I���+�8�)��11���0����

�7�D�E�O�H��4��

�3�U�L�F�H���D�Q�G���Q�X�P�E�H�U���R�I���+�\�X�Q�G�D�L���.�R�Q�D�������������N�:�����%�(�9�V���U�H�J�L�V�W�H�U�H�G���L�Q���+�X�Q�J�D�U�\�����S�U�L�F�H�V���L�Q���W�K�R�X�V�D�Q�G���+�8�)����

�� II. Cycle III. Cycle  IV. Cycle 
Sales Price �������������� 10,999�� �������������� 14,469�� 10,699��
Sold no. 15�� �������� 4�� 3�� 1��

�$�O�V�R�����Z�H���F�D�Q���V�H�H���W�K�D�W���Z�L�W�K�L�Q���W�K�L�V���F�\�F�O�H���S�H�U�L�R�G�������������R�I���W�K�H���%�(�9�V���Z�H�U�H���S�U�L�F�H�G���D�W���W�K�H��
�W�K�U�H�V�K�R�O�G�� �Y�D�O�X�H���� �1�R�W�H�� �W�K�D�W�� �L�Q�� �W�K�H�� �V�H�F�R�Q�G�� �F�\�F�O�H�� �W�K�H�� �S�U�L�F�H�� �R�I�� �W�K�L�V�� �P�R�G�H�O�� �L�V��
�D�S�S�U�R�[�L�P�D�W�H�O�\���+�8�)��1���0�������������������K�L�J�K�H�U���W�K�D�Q���L�Q���W�K�H���W�K�L�U�G���F�\�F�O�H�����$�O�V�R�����Q�R�W�H���W�K�D�W���L�Q��
�W�K�H���I�R�X�U�W�K���F�\�F�O�H���W�K�H���V�D�O�H�V���R�I���W�K�H�V�H���P�R�G�H�O�V���Z�H�U�H���U�H�O�D�W�L�Y�H�O�\���O�R�Z���D�Q�G���W�K�H���S�U�L�F�H�V���Z�H�U�H��
�D�E�R�Y�H�� �W�K�H�� �W�K�U�H�V�K�R�O�G�� �Y�D�O�X�H�� �W�K�D�W�� �L�Q�F�U�H�D�V�H�G�� �W�R�� �+�8�)���������0���� �+�R�Z�H�Y�H�U���� �L�W�� �L�V�� �W�R�� �E�H��
�P�H�Q�W�L�R�Q�H�G�� �W�K�D�W�� �W�K�H�V�H�� �P�R�G�H�O�V�� �Z�H�U�H�� �D�O�O�� �U�H�J�L�V�W�H�U�H�G�� �L�Q�� ������������ �D�Q�G�� �W�K�X�V�� �S�U�R�E�D�E�O�\�� �W�K�L�V��
�G�U�D�P�D�W�L�F���S�U�L�F�H���L�Q�F�U�H�D�V�H���L�V���Q�R�W���R�Q�O�\���G�X�H���W�R���W�K�H���I�D�F�W���W�K�D�W���W�K�H�U�H���Z�D�V���Q�R���V�X�E�V�L�G�\���L�Q������������
�E�X�W���D�O�V�R���W�R���L�Q�F�U�H�D�V�H�G���S�U�R�G�X�F�W�L�R�Q���F�R�V�W�V���F�D�X�V�H�G���E�\���W�K�H���K�L�J�K���L�Q�I�O�D�W�L�R�Q���L�Q���W�K�H���H�Q�H�U�J�\���D�Q�G��
�U�D�Z���P�D�W�H�U�L�D�O���V�H�F�W�R�U�V�����0�R�U�H���W�K�D�Q���W�K�D�W�����Z�H���N�Q�R�Z���I�U�R�P���W�K�H���L�P�S�R�U�W���G�D�W�D���W�K�D�W���W�K�H���R�U�L�J�L�Q�D�O��
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�Å��180 �Å��

�O�L�V�W���S�U�L�F�H���Y�D�O�X�H���I�R�U���V�L�[���R�I���W�K�H�V�H���P�R�G�H�O�V���Z�D�V���+�8�)��11,65�����.�����E�X�W���W�K�H�\���Z�H�U�H���H�Y�H�Q�W�X�D�O�O�\��
�V�R�O�G���I�R�U���D���K�L�J�K�H�U���S�U�L�F�H����

�7�K�H���W�K�L�U�G���D�Q�D�O�\�]�H�G���%�(�9���P�R�G�H�O�����W�K�H���+�R�Q�G�D-�H�����Z�D�V���Q�R�W���D���Y�H�U�\���S�R�S�X�O�D�U���F�K�R�L�F�H���D�P�R�Q�J��
�F�R�Q�V�X�P�H�U�V�����D�V���L�W���F�D�Q���E�H���V�H�H�Q���L�Q��Table 5���W�K�D�W���W�K�H���W�R�W�D�O���Q�X�P�E�H�U���R�I���U�H�J�L�V�W�H�U�H�G���P�R�G�H�O�V��
�Z�D�V����������

�7�D�E�O�H��5��

�3�U�L�F�H���D�Q�G���Q�X�P�E�H�U���R�I���+�R�Q�G�D-�H�������������N�:�����%�(�9�V���U�H�J�L�V�W�H�U�H�G���L�Q���+�X�Q�J�D�U�\�����S�U�L�F�H�V���L�Q���W�K�R�X�V�D�Q�G���+�8�)����

 II. Cycle III. Cycle  
Sales Price 10,999�� 11,555��
Sold no. 16�� 10��

�+�R�Z�H�Y�H�U�����U�H�J�D�U�G�L�Q�J���W�K�H���S�U�L�F�L�Q�J���V�W�U�D�W�H�J�\�����L�W���I�R�O�O�R�Z�V���W�K�H���S�D�W�K���R�I���W�K�H���.�L�D���H-�1�L�U�R�����D�Q�G��
�+�\�X�Q�G�D�L���.�R�Q�D���P�R�G�H�O�V���V�L�Q�F�H�������� �Y�H�K�L�F�O�H�V���Z�H�U�H���S�U�L�F�H�G���H�[�D�F�W�O�\���E�H�O�R�Z���W�K�H���W�K�U�H�V�K�R�O�G��
�Y�D�O�X�H���R�I���+�8�)��11���0���L�Q���W�K�H���W�K�L�U�G���F�\�F�O�H�����0�R�U�H�R�Y�H�U�����M�X�V�W���O�L�N�H���L�Q���W�K�H���F�D�V�H���R�I���W�K�H���S�U�H�Y�L�R�X�V��
�P�R�G�H�O�V�����W�K�H���S�U�L�F�H���L�V���V�H�W���Z�L�W�K���U�R�X�J�K�O�\���+�8�)��500���.���E�H�O�R�Z���W�K�H���W�K�U�H�V�K�R�O�G���R�I���+�8�)���������0��
�L�Q���W�K�H���I�R�X�U�W�K���F�\�F�O�H����

4.2 Assumption of BEV Production Total Cost and Consumer 
Valuation of Product Characteristics 

�,�Q�� �R�U�G�H�U�� �W�R�� �L�P�S�O�H�P�H�Q�W�� �W�K�H�� �W�K�H�R�U�\�� �S�U�H�V�H�Q�W�H�G�����W�K�H�� �Y�D�O�X�H�V�� �I�R�U�� �F�R�V�W�� �D�Q�G�� �S�U�R�G�X�F�W��
�F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���K�D�G���W�R���E�H���D�V�V�X�P�H�G�����7�K�H���F�R�V�W���R�I���S�U�R�G�X�F�L�Q�J���D���%�(�9���L�V���K�L�J�K�H�U���W�K�D�Q���I�R�U��
�D�Q�� �L�Q�W�H�U�Q�D�O�� �F�R�P�E�X�V�W�L�R�Q�� ���,�&���� �Y�H�K�L�F�O�H���� �P�D�L�Q�O�\�� �G�X�H�� �W�R�� �W�K�H�� �K�L�J�K�� �E�D�W�W�H�U�\���F�R�V�W�V��[���@�����,�Q��
�R�U�G�H�U���W�R���E�H�F�R�P�H���F�R�P�S�H�W�L�W�L�Y�H���Z�L�W�K���,�&���Y�H�K�L�F�O�H�V�����W�K�H���E�D�W�W�H�U�\���S�D�F�N���F�R�V�W���R�I���D���%�(�9���P�X�V�W��
�E�H�� �O�H�V�V�� �W�K�D�Q�� �U�R�X�J�K�O�\�� ���������� �S�H�U�� �N�:�K��[13�@�� �>�����@�����,�Q�� �W�K�H�� �V�D�P�H�� �S�D�S�H�U���� �W�K�H�� �D�X�W�K�R�U�V��
�F�D�O�F�X�O�D�W�H�� �Z�L�W�K�� �D�� �F�R�V�W�� �R�I�� �����������S�H�U���N�:�K�� �I�R�U�� �W�K�H�� �/�L-�L�R�Q�� �E�D�W�W�H�U�L�H�V�� �L�Q�� �W�K�H�� �R�S�W�L�P�X�P��
�V�F�H�Q�D�U�L�R��[13�@�����E�D�V�H�G���R�Q���W�K�L�V���S�D�S�H�U�����W�K�H���H�V�W�L�P�D�W�H�G���F�R�V�W���R�I���D���/�L-�L�R�Q���E�D�W�W�H�U�\���Z�H�L�J�K�W�L�Q�J��
���������N�J���L�V������������������[8�@�����+�R�Z�H�Y�H�U�����W�H�F�K�Q�R�O�R�J�\���K�D�V���D�G�Y�D�Q�F�H�G�����D�Q�G���W�K�X�V���W�K�H���F�R�V�W���R�I���/�L-
�L�R�Q�� �E�D�W�W�H�U�\�� �S�U�R�G�X�F�W�L�R�Q�� �K�D�V�� �G�H�F�U�H�D�V�H�G�� �V�L�Q�F�H�� �W�K�H�� �\�H�D�U�� ������������ �%�D�V�H�G�� �R�Q�� �R�W�K�H�U��
�S�X�E�O�L�F�D�W�L�R�Q�V���R�I���I�X�W�X�U�H���F�R�V�W���H�V�W�L�P�D�W�L�R�Q�V�����W�K�H���F�R�V�W���L�Q�������������L�V���H�[�S�H�F�W�H�G���W�R���U�H�D�F�K������������
�S�H�U���N�:�K�����7�K�L�V���L�V���L�Q���O�L�Q�H���Z�L�W�K���W�K�H���E�D�W�W�H�U�\���S�D�F�N���F�R�V�W���D�V�V�X�P�S�W�L�R�Q���R�I����������–���������� �S�H�U��
�N�:�K���P�D�G�H���L�Q������������[1�@�����E�X�W���L�W���L�V���V�W�L�O�O���K�L�J�K�H�U���W�K�D�Q���W�K�H���F�R�P�S�H�W�L�W�L�Y�H���S�U�L�F�H���H�V�W�L�P�D�W�H�G���E�\��
�>�����@�����&�D�O�F�X�O�D�W�L�Q�J���Z�L�W�K���D���S�U�L�F�H���R�I�������������S�H�U���N�:�K����Table 6 �V�K�R�Z�V���W�K�H���H�V�W�L�P�D�W�H�G���F�R�V�W�V��
�E�D�V�H�G���R�Q���W�K�H���E�D�W�W�H�U�\���W�\�S�H�V���R�I���W�K�H���D�Q�D�O�\�]�H�G���P�R�G�H�O�V���L�Q���W�K�H���\�H�D�U���������������7�K�H���F�R�V�W�V���D�U�H��
�F�R�Q�Y�H�U�W�H�G���W�R���+�8�)���R�Q���W�K�H���D�Y�H�U�D�J�H���H�[�F�K�D�Q�J�H���U�D�W�H���L�Q���������������Z�K�L�F�K���Z�D�V���+�8�)����������������������
��������

�7�D�E�O�H��6��

�(�V�W�L�P�D�W�H�G���E�D�W�W�H�U�\���F�R�V�W�V���R�I���W�K�H���D�Q�D�O�\�]�H�G���%�(�9�V���L�Q������������

Model Type Capacity (kWh) Cost (US$) Cost (HUF) 
�.�L�D���H-�1�L�U�R�����+�\�X�Q�G�D�L���.�R�Q�D�� �/�L-�3�R�O�\�� ������ 8,400�� ����������,��������
�+�R�Q�G�D-�H�� �/�L-�L�R�Q�� ���������� ������������ ����������,��������
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�.�Q�R�Z�L�Q�J�� �W�K�D�W�� �W�K�H�� �W�R�W�D�O�� �F�R�V�W�� �R�I�� �D�� �E�D�V�H�� �,�&�� �D�X�W�R�P�R�W�L�Y�H�� �Y�H�K�L�F�O�H�� �L�V�� �D�E�R�X�W�������������� �.����
�V�X�E�W�U�D�F�W�L�Q�J�� �W�K�H�� �,�&-�U�H�O�D�W�H�G�� �F�R�Q�W�H�Q�W�� �D�Q�G�� �D�G�G�L�Q�J�� �W�K�H���%�(�9-�U�H�O�D�W�H�G�� �F�R�Q�W�H�Q�W�� �E�X�W�� �W�K�H��
�E�D�W�W�H�U�\-�S�D�F�N�����W�K�H���W�R�W�D�O���F�R�V�W���R�I���D���E�D�V�H���%�(�9���L�V���������������.��[1�@�����$�G�G�L�Q�J���W�K�H���E�D�W�W�H�U�\���S�D�F�N��
�F�R�V�W�V�����Z�H���J�H�W���D���W�R�W�D�O���F�R�V�W���R�I���������������.���I�R�U���.�L�D���H-�1�L�U�R���D�Q�G���+�\�X�Q�G�D�L���.�R�Q�D�����Z�K�L�O�H���I�R�U��
�+�R�Q�G�D-�H���W�K�H���W�R�W�D�O���F�R�V�W���L�V���������������.�����&�R�Q�Y�H�U�W�L�Q�J���8�6�'���W�R���+�8�)�����Z�H���J�H�W���W�K�D�W���L�Q�������������W�K�H��
�H�V�W�L�P�D�W�H�G�� �W�R�W�D�O�� �F�R�V�W�� �R�I�� �.�L�D�� �H-�1�L�U�R�� �D�Q�G�� �+�\�X�Q�G�D�L�� �.�R�Q�D�� �L�V�� �+�8�)���������������������� �D�Q�G�� �I�R�U��
�+�R�Q�G�D-�H���L�V���+�8�)�������������������������7�K�X�V�����Z�H���D�V�V�X�P�H���W�K�H���F�R�V�W���S�D�U�D�P�H�W�H�U��c���I�U�R�P���H�T�X�D�W�L�R�Q��
��9�����W�R���E�H���+�8�)�����������0���D�Q�G���+�8�)�����������0���U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���F�R�Q�V�X�P�H�U���Y�D�O�X�D�W�L�R�Q���R�I���%�(�9�V��
�L�V���F�D�S�W�X�U�H�G���W�K�U�R�X�J�K���W�K�H���S�U�R�G�X�F�W���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���D�Q�G���X�Q�R�E�V�H�U�Y�H�G���W�H�U�P�V���P�H�D�V�X�U�H�G���E�\��
�S�D�U�D�P�H�W�H�U��d���I�U�R�P���H�T�X�D�W�L�R�Q������������ �)�R�U���D�O�O���D�Q�D�O�\�]�H�G���P�R�G�H�O�V�����H�[�F�H�S�W���I�R�U���+�R�Q�G�D-�H�����W�K�L�V��
�S�D�U�D�P�H�W�H�U���L�V���D�V�V�X�P�H�G���W�R���E�H���+�8�)���������0�����V�R���U�R�X�J�K�O�\���W�K�H���D�Y�H�U�D�J�H���E�H�W�Z�H�H�Q���W�K�H���D�P�R�X�Q�W�V��
�S�D�\�D�E�O�H���Z�L�W�K���D�Q�G���Z�L�W�K�R�X�W���V�X�E�V�L�G�\�����$�V���+�R�Q�G�D-�H���K�D�V���D���V�P�D�O�O�H�U���E�D�W�W�H�U�\���F�D�S�D�F�L�W�\���D�Q�G���D��
�V�P�D�O�O�H�U���V�L�]�H�����W�K�H���D�V�V�X�P�H�G���F�R�Q�V�X�P�H�U���Y�D�O�X�D�W�L�R�Q���R�I���W�K�H���S�U�R�G�X�F�W���Z�L�O�O���D�O�V�R���E�H���O�R�Z�H�U����

4.3 Simulation of the Profit Functions for the Analyzed 
Models 

�,�Q�� �W�K�H�� �V�H�F�R�Q�G�� �F�\�F�O�H�� �R�I�� �W�K�H�� �V�X�E�V�L�G�\���� �W�K�H�� �S�U�R�I�L�W�� �I�X�Q�F�W�L�R�Q�V�� �R�I�� �W�K�H�� �.�L�D�� �H-�1�L�U�R���D�Q�G��
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Abstract: Cognitive mobility framework has developed in the year 2022. The first 
international scientific congress (1st IEEE Cognitive Mobility at Bosch Budapest 
Innovation Center – CogMob Conference) was organised to create a space for sharing 
thoughts and starting conversations about the topic. This paper aims to summarise and 
evaluate the main tendencies of cognitive mobility. After reviewing the presented papers, 
there were evaluated according to essential elements of cognitive mobility, and statistical 
analysis was carried out to evaluate the papers. In our work, the five core topics of 
cognitive mobility in 2022 were defined and evaluated according to the essential elements. 
The similarity measure and proximity index-based evaluation of the abstracts and the 
keywords show that sustainability-related topics, energy sources, and their utilisation area 
are the most frequented. The tendency is expected to continue, but the international military 
situation could influence the weight of the topics. 

Keywords: cognitive mobility; elements of cogmob; statistical evaluation 

1 Introduction  

This paper aims to provide an overview of the actual focal points of cognitive 
mobility based on the CogMob Conference 2022 key topics and evaluate the 
interdependence scientifically. The conference's papers covered broad research 
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areas of mobility, from intelligent and sustainable mobility systems to the safety 
and security of ITS-related (ITS-Intelligent Transportation Systems) cognitive 
systems and advanced fuels and drivetrains. 

Mobility is a crucial dimension of our society. The efficiency and sustainability of 
our life are heavily dependent on mobility and similar factors. "Cognitive Mobility 
(CogMob) investigates the entangled combination of the research areas such as 
mobility, transportation, vehicle engineering, social sciences, artificial 
intelligence, and cognitive infocommunications. The key aim of CogMob is to 
provide a holistic view of how mobility, in a broader aspect, can be understood, 
described, and optimised as the blended combination of artificial and 
natural/human cognitive systems. It considers the whole combination as one 
inseparable CogMob system and investigates what kind of new cognitive 
capabilities of this CogMob system are emerging" [1]. Mobility as one of the most 
important pillars of our society has several dimensions. Developing transportation 
sectors are merging with the increasing cognitivity level [2, 3] and cognitive 
mobility can be an enabler to make our cities more sustainable [4, 5, 6]. Deeper 
understanding of mobility with the help of cognitive approach [7] is the way to 
reduce the overall impact of mobility on the environment [8, 9, 10]. 

Based on its nature, one of the CogMob focus areas is engineering applications in 
the mobility domain. 

This paper firstly summarises the relevant areas of cognitive mobility by analysing 
the papers presented at the conference. In the second part, these areas are related 
to the essential domains. The third chapter evaluates the fields of CogMob2022 in 
the elements of cognitive mobility and in the fourth part presents a statistical 
analysis to examine the interdependencies. 

2 Trends in CogMob Area Analysis 

The trends of cognitive mobility cover the connected cognitive vehicles, safety 
and security of ITS-relevant cognitive systems, cognitive aspects of orientation 
and navigation, advanced electric vehicles, and augmented conventional drives. 

2.1 Cognitive Connected Vehicles 

Raising the cognitive level of vehicles is one of the critical drivers of cognitive 
mobility. One direction is the development of methods to provide objective 
indicators for the complex tasks of road transport. One of the keys is to define an 
evaluation framework that can be applied in developing and evaluating new AI-
based models. The aim is to define the metrics used in the development process 
and to facilitate the qualitative evaluation and comparison of algorithms. One of 
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the proposed methods aims at broad applicability by choosing only metrics 
obtained from sensors already installed in vehicles [11]. 

With the proliferation of self-driving vehicles, motorcyclists, representing a 
vulnerable group of road users, require specific solutions. Their risk of severe 
injuries and fatalities is higher than the average and therefore requires the 
development of assistive systems to improve driving safety. Two promising 
methods are also being introduced, called sub-area and dynamic frame rate 
evaluation, to reduce the computational effort from raw video data to driver 
posture information [12]. 

One of the keys to the Traffic Sign Recognition and Detection System (TSDR) is 
its high-speed operation, which can be derived from the high-speed of vehicles. 
Through computer vision and human-machine communication, these systems help 
vehicles navigate. Improving and speeding up traffic sign recognition is one of the 
areas of development that will continue to drive future developments [13]. 

Demand Responsive Transport (DRT) services are gaining ground with the ability 
to configure mobility to individual needs. Alternatives to public transport systems 
and the increasingly popular shared mobility systems. Their development aims to 
improve their service quality further. One innovative form is the implementation 
of autonomous fleet systems. Research is investigating the challenges of 
deploying low-speed self-driving minibuses (tracking) in DRT and the primary 
tasks that must be carried out to prepare for the future introduction of such a 
service. A systematic process-oriented approach will be used to investigate the 
specific parameters, conditions and options for the vehicle and the operational 
options (for DRT). As a result, system interfaces will be identified, and the 
conditions for establishing such a service will be analysed [14]. 

Cognitive measures are increasingly necessary for all mobility modes, from 
motorbikes to urban buses. Different vehicle categories have different challenges, 
but using AI for prediction, environment perception data acquisition, improved 
human-machine interfaces, and system-level vehicle control offers cognitive 
mobility solutions [15]. 

2.2 Safety and Security of ITS-related Cognitive Systems 

The mobility system's growing autonomy increasingly requires system security 
and cybersecurity improvements. Software development for modern vehicles is 
increasingly based on a service-oriented approach. Building software systems 
from software components add specific capabilities to the system and allow fine-
tuning details. Methods are being developed to implement flexible software 
vehicle architectures based on adopting out-of-the-box software. One development 
direction follows the dynamic changes of the set parameters and provides easily 
extensible interfaces to new parameters or requirements. The concept further 
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introduces a priority metric that describes the impact of services in the system and 
models how this metric is inherited through dependencies [16]. 

One area of understanding vehicle behaviour is accident investigation, where 
vehicle data is downloaded using target hardware and expert forensic software. 
Research is investigating the process of analysing the extracted data and the 
conclusions drawn based on a growing database of modern cognitive vehicles 
[17]. 

The relationship between vehicles and infrastructure is also at the forefront of 
cognitive mobility security research. Its impact on vehicle safety has implications 
for the further development of V2X-based (vehicle-to-everything) design 
processes. The research presents a novel methodological background for 
characterising the safety impact of network performance metrics on V2X-based 
automotive applications. The results are used to identify the safe operating range 
of a given V2X-based application [18]. 

Cognitive mobili ty system components are also increasingly becoming victims of 
cyberattacks. The application and implementation of Attack Graph, a commonly 
used IT security tool, is under way in vehicles. Cognitive mobility systems are 
based on autonomous decision making by the participants. To trust vehicles to 
make the right decisions, we need to make them immune to failures and malicious 
manipulation. A general model is proposed to automate the generation and 
analysis of attack paths in TARA. Several use cases of the model are discussed, 
including the enumeration of possible attack paths, the automatic assessment of 
the feasibility and risk of each path, and the construction of a protection diagram 
to ensure system security [19]. 

The fusional handling of safety and security aspects is a typical example of 
emerging cognitive mobility. An increasing number of sensors and activators is 
followed by intensive communication that, on the one side, is an opportunity to 
increase safety but, on the other hand, is a threat to security risks. 

2.3 Cognitive Aspects of Orientat ion and Navigation 

In the area of human-machine communication, CogMob co-manages human and 
machine capabilities in mobility, and in this regard, it should aim to help humans 
to preserve their spatial ability even when providing navigational aid [20]. 

GPS is a key element of current mobility systems. It is a human-machine interface 
that is mainly used to provide turn-by-turn navigational aid to human drivers. 
From one perspective, the user could save cognitive capacity by relying on this 
turn-by-turn navigational assist. Thus, they can pay more attention to the driving 
itself. On the other hand, frequent use of GPS (Global Positioning System) can 
erode human navigational abilities [21]. That is an often overlooked but crucial 
human skill in everyday life and special areas. Researchers provide design 
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principles to support and not replace human cognitive skills. Such a method can 
raise awareness of the phenomenon [22], [23]. Another is to initiate active 
encoding as if the user has to deal with spatial information actively, it can achieve 
better knowledge [24]. A third possible way is to modify GPS software to 
encourage users to pay more attention to the environment by referring to 
landmarks in the instructions [25]. For more details, please be referred to [20]. 

2.4 Advanced Electric Vehicles 

Electric vehicles are characterised by excellent energy efficiency and local zero 
CO2 (carbon-dioxide) emissions, but overall it is necessary to assess production 
and reuse together with use. The growing amount of data that can be collected on 
vehicles will allow a more accurate understanding of the whole life cycle.  
A detailed analysis of these issues has been conducted to propose solutions to 
accelerate the path toward climate neutrality. Based on this extensive analysis, a 
forecast of future trends in electric vehicle technologies and beyond for other 
CO2-neutral solutions will be made [26]. 

One of the electric vehicle powertrain's fundamental dynamics and sustainability 
aspects is the analysis of inverters and their power transistors. There is an exciting 
transition in the type of circuit breakers used in inverters. In addition to technical 
and safety aspects, including lifetime, reliability and possible failure modes, other 
aspects, such as cost, market needs and availability, are also considered. [27] 

Accurate battery temperature prediction in electric vehicles is critical for efficient 
thermal management of the battery system. The research uses a nonlinear 
autoregressive exogenous network to model the complex thermal behaviour of the 
battery cell. Using conventional driving data, the model is trained, and its 
accuracy is proven over a wide temperature range, demonstrating the approach's 
simple, general and robust applicability. [28] 

Synchronous reluctance motors are becoming an increasingly important player in 
electric mobility due to the growing need to reduce the amount of rare-earth 
metals in electric vehicle components. Novel post-processing methods are being 
developed based on differential inductances of finite element analysis inductance 
tensor maps. A force method based on the number of rotor displacement rises 
coupled with the coefficient of coercivity determines the required inductance map 
resolution. Reduction of nonlinear effects by modifying the current profiles 
through motor control can only be achieved with a well-defined tensor mapping 
method. An adequately defined motor model, together with an appropriate control 
compensation method, can further improve the efficiency of synchronous 
reluctance motors and provide the required performance in the low speed and part 
load range where the real operating points of an average used vehicle are found 
[29]. 
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A critical dimension of e-mobility is the battery and its degradation during use. 
Considering the typical use of electric vehicles, a test track has been designed 
from which detailed data can be collected from highly sensorised vehicles. Results 
showed that batteries lose 4% of their capacity over 10 000 km and almost 14% 
over 45 000 km [30]. 

Hybrid propulsion technology is one of the most critical research areas today, as 
these technologies can improve fuel consumption through energy recovery. 
Laboratory measurements of the drives are carried out on test benches in the first 
development phase to keep the parameters constant. In addition to the 
conventional combustion engine-electric drive hybrid systems, other combined 
systems are also being developed, such as an electric motor and a hydraulic 
pump/motor unit (HPM). The experimental hybrid power source is designed to 
achieve the highest efficiency during vehicle starting, acceleration and 
regenerative braking [31]. 

Electric vehicles have different noise, vibration and harshness (NVH) 
characteristics than conventional powertrain vehicles. Increasingly accurate data 
collection and evaluation requiring high computational power allow complex 
tests. In a comparative study of electric drive cars, vibration and noise have been 
measured at different speeds at several locations on the driveline and in the 
passenger compartment. The results show that vibration intensity and noise 
primarily depend on vehicle speed [32]. During the acceleration phase, the gear 
shift commands dominating the vehicle exterior were almost inaudible [33]. 

The market launch of electric vehicles is one of the answers to the improved 
demand for sustainable mobility. Electric drives standalone, multiplied or used 
with a combination of internal combustion engines are more accessible to control 
and could enable a more complex optimisation field during the control. Its 
elements, such as the battery, inverters, and electric motors, are the developments' 
focus. Connected to this, the noise and vibration questions are also heavily 
investigated. 

2.5 Augmented Conventional Vehicle Drives 

The electrification of mobility is one of the significant trends, but the 
technological and supply constraints mean that conventional powertrains have a 
long future ahead of them. Extended conventional powertrains are and will be part 
of mobility in the coming decades. On the one hand, diesel powertrains are 
branded as the enemy of the environment, and on the other hand, there is still no 
alternative in some application areas. 

One of the main objectives of diesel engine development is to keep overall 
emissions and fuel consumption low. The complexity of turbocharged diesel 
engines with low and high-pressure exhaust gas recirculation poses a technical 
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control challenge, requiring multiple determinations of the recirculated exhaust 
gas mass flow. This is only possible through complex system monitoring, data 
collection and a complex control system. Experimental methods are being 
developed to estimate the recirculated exhaust mass flow in high and low-pressure 
systems [34]. 

Other research included a numerical study on integrating a gas-air mixer into the 
heating mantle housing to reduce fuel consumption. In this method, a heating 
mantle was fixed to the outer wall of the gas-air mixer. The gas-air mixture and 
the heating medium used a reverse flow method. Water at constant temperature 
and with different flow rates depending on the engine speed was used as the 
heating fluid. The results of the CFD analysis confirm a significant increase in the 
temperature of the gas-air mixture at the outlet of the mixer. Therefore, the new 
integrated preheater-mixer design can be used in internal combustion engines for 
gas-air mixture and temperature control [35]. 

The development of new advanced fuels requires more efficient cost-reduction 
methods. Artificial neural networks can be used in fuel design, but creating data 
sets can be costly. A new line of research aims to create high-precision, multi-
layer, perceptron-like artificial neural network models for predicting the 
combustion and emission characteristics of a medium-performance commercial 
diesel engine. It was found that the high-resolution dataset resulted in truly 
accurate models that can be used to pursue cost optimisation research [36]. 

Lubricants play a crucial role in the energy loss of an engine. Several technical 
solutions exist to reduce friction and wear losses caused by lubricants. With the 
proliferation of low-friction engine oils such as 0W-20 and below, the importance 
of tribological lubricant additives is increasing. This research investigates the 
tribological potential of selected nano-scale ceramic particles (zirconia, copper 
oxide and yttria) as lubricant additives and compares them in terms of their 
financial impact. The results show that additives with the best tribological 
properties are not always the best for mass-produced lubricants [37]. 

The physical and chemical condition of the lubricant also plays a crucial role in 
the long-term performance of engineering systems. Knowledge of the lubricant 
condition allows optimisation of condition-based oil changes, which can help 
reduce wastage by extending the life of engine oils. A study presents a 
methodology for processing FT-IR data that simplifies decision making on the 
extended shelf life of used engine oil. The presented methodology can be 
implemented as a planned maintenance step during scheduled service in the 
workshop and during regular inspections by fleet operators [38]. 
The cognitive mobility approach enables traditional drive developments, finer 
control, and more efficient utilisation. Developments like EGR control solutions 
or alternative fuels could support further diesel technology in areas where the 
current battery electric technology cannot offer real advantages. Research in the 
lubricant domain helps to decrease fuel consumption, i.e., overall energy demand. 
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3 Evaluation according to Cogmob's Basic Elements 

Basic elements of cognitive mobility were first described with the following five 
dimensions [15]: triggering necessity, decision, tool/vehicle/quality, 
infrastructure/resources and human-machine interface. This chapter evaluates the 
five CogMob areas according to these five dimensions. 

The "Cognitive connected vehicles" area involves nearly all the areas. Triggering 
the necessity of mobility is not a heavy aspect here, but the other four play a role 
with a centre of gravity in decision assistance and human-machine interfaces. 

Safety and security of ITS-related cognitive systems affect the tool/vehicle/quality 
dimension as the safety and security demand higher complexity of the systems. It 
is closely connected with triggering necessity, as safety aspects could increase 
entry limits, thus postponing or even canceling mobility. 

Cognitive aspects of orientation and navigation are heavily connected with 
decision and HMI, as they improve the environment perception capabilities. 

Advanced electric vehicles and augmented conventional vehicle drives focus on 
the vehicle itself, but secondarily, they affect the resources through fuel economy 
and alternative energy sources. 

Table 1 

Evaluation of 2022 key areas according to Cogmob basic elements 

 triggering 
necessity 

decision tool/vehicle/ 
quality 

infrastruct
ure/ 

resources 

human-
machine 
interface 

cognitive connected 
vehicles 

 focal area linked linked focal area 

Safety and security of 
ITS-related cognitive 
systems 

focal area  focal area   

cognitive aspects of 
orientation and 
navigation 

 focal area   focal area 

advanced electric 
vehicles 

  focal area linked  

augmented 
conventional vehicle 
drives 

  focal area linked  
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4 Statistical Evaluation 

The aim of the statistical evaluation of the presented papers of Cogmob2022 was 
to understand deeper the interdependencies between the domains. The analysis 
was carried out with the WosViewer software. VOSviewer uses a similarity 
measure known as association strength [39, 40]. This similarity measure is 
sometimes referred to as the proximity index [41] or the probabilistic affinity 
index [42]. Using the association strength, the similarity sij is calculated between 
two words i and j as (1): 

-1  (1) 

where cij denotes the number of co-occurrences of items i and j and where wi and 
wj denote either the total number of occurrences of items i and j or the total 
number of co-occurrences of these items. It can be shown that the similarity 
between items i and j calculated using (1) is proportional to the ratio between, on 
the one hand, the observed number of co-occurrences of words i and j and, on the 
other hand, the expected number of co-occurrences of words i and j under the 
assumption that occurrences of items i and j are statistically independent. 

The abstract analysis results are presented in Fig 1. It shows that energy sources, 
environmental effects, artificial intelligence, and ADAS elements are the primary 
nodes, and further peripheral areas are also linked. 

Figure 1 
Analysis of the abstracts of CogMob2022 
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Keywords analysis is presented in Fig. 2. According to this ecological footprint, 
electric vehicles, electric mobility, NVH, and e-drives are the most important 
intersection points. 

 
Figure 2 

Analysis of the keywords of CogMob2022 

If the two analysis results are compared, the outcomes are the following: 
sustainability aspects of mobility appear in both evaluations (environmental 
effects and ecological footprint). As this is one of the strongest driving force of 
mobility development nowadays, its shortage would have been unexpected.  
The elements of Fig 2. mainly could be incorporated into the energy sources node. 
The other nodes related to autonomous mobility do not appear within the keyword 
analysis's focal points. 

Conclusions 

Cognitive mobility is one of the emerging domains of the 21st Century. Analysing 
the themes, the following can be summarised: The topics of the papers cover five 
domains: connected cognitive vehicles, safety and security of ITS-related 
cognitive systems, cognitive aspects of orientation and navigation, advanced 
electric vehicles, and augmented conventional vehicle drives. Four elements of 
cognitive mobility are in the focal area, and the fifth is linked, as presented in 
Table 1. The similarity measure and proximity index-based evaluation of the 
abstracts and the keywords show that sustainability-related topics, energy sources, 
and their utilisation area are the most frequented. It is expected that it will be 
continued, and as a function of the military situation, the defence-related domain's 
role increase is expected. 
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Neural Network-based Multi-Class Traffic -Sign 
Classification with the German Traffic Sign 
Recognition Benchmark 

Csanád Ferencz, Máté Zöldy 

�'�H�S�D�U�W�P�H�Q�W���R�I���$�X�W�R�P�R�W�L�Y�H���7�H�F�K�Q�R�O�R�J�L�H�V�����)�D�F�X�O�W�\���R�I���7�U�D�Q�V�S�R�U�W�D�W�L�R�Q���D�Q�G���9�H�K�L�F�O�H��
�(�Q�J�L�Q�H�H�U�L�Q�J�����%�X�G�D�S�H�V�W���8�Q�L�Y�H�U�V�L�W�\���R�I���7�H�F�K�Q�R�O�R�J�\���D�Q�G���(�F�R�Q�R�P�L�F�V�����6�W�R�F�]�H�N������������������
�%�X�G�D�S�H�V�W�����+�X�Q�J�D�U�\;��E-�P�D�L�O�����F�V�D�Q�D�G�I�H�U�H�Q�F�]�#�H�G�X���E�P�H���K�X�����]�R�O�G�\���P�D�W�H�#�N�M�N���E�P�H���K�X��

Abstract: Traffic-sign detection has an essential role in the field of computer vision, having 
many real-world applications more and more object recognition and classification task is 
being solved by using Convolutional Neural Networks (CNNs or ConvNets), especially in the 
field of intelligent transportation. In the present article, we offer an implementation chosen 
from several CNN-based traffic-sign recognition and classification algorithm architectures, 
using a ConvNet classifying 43 different types of road traffic signs in the TensorFlow 
framework, as part of the German Traffic Sign Recognition Benchmark (GTSRB) 
competition. A Deep ConvNet was trained end-to-end, aiming to improve the prediction 
performance of a DCNN-based autonomous driving system equipped with a front-facing 
digital camera, with as input a sequence of images, as output directly the prediction results. 
The results obtained on held-out data demonstrated the high accuracy of the model, matching 
the state-of-the-art multi-class recognition and classification accuracies, as well as related 
human-level recognition performances. 

Keywords: convolutional neural networks; end-to-end classification model; German traffic-
sign recognition benchmark (GTSRB); traffic-sign recognition; cognitive mobility 

1 Introduction  

�$�V���D���U�H�V�X�O�W���R�I�����W�K�H�L�U���I�D�V�W���H�[�H�F�X�W�L�R�Q���D�Q�G���K�L�J�K���U�H�F�R�J�Q�L�W�L�R�Q���U�D�W�H�����'�H�H�S���&�R�Q�Y�R�O�X�W�L�R�Q�D�O��
�1�H�X�U�D�O���1�H�W�Z�R�U�N�V�����'�&�1�1-�V�����K�D�Y�H���E�H�H�Q���S�R�L�Q�W�H�G���R�X�W���L�Q���U�H�F�H�Q�W���\�H�D�U�V���W�R���R�I�I�H�U���V�W�D�W�H-�R�I-
�W�K�H-�D�U�W���W�U�D�I�I�L�F���V�L�J�Q���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���S�H�U�I�R�U�P�D�Q�F�H�����E�H�\�R�Q�G���Z�K�D�W���F�R�X�O�G���E�H���D�F�F�R�P�S�O�L�V�K�H�G��
�E�\���I�R�U�P�H�U���V�W�D�W�H-�R�I-�W�K�H-a�U�W���P�H�W�K�R�G�V����

�7�K�H���H�P�H�U�J�H�Q�F�H���R�I���P�R�G�H�U�Q���G�L�V�F�R�Y�H�U�L�H�V���D�Q�G���G�H�Y�H�O�R�S�P�H�Q�W�V���L�Q���G�H�H�S���O�H�D�U�Q�L�Q�J���J�D�Y�H���U�L�V�H��
�W�R���S�R�V�L�W�L�Y�H���V�W�D�W�H-�R�I-�W�K�H-�D�U�W���U�H�V�X�O�W�V���I�R�U���W�U�D�I�I�L�F���V�L�J�Q���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���D�Q�G���U�H�F�R�J�Q�L�W�L�R�Q�����Z�L�W�K��
�P�R�V�W���R�I�� �W�K�H�� �U�H�V�H�D�U�F�K�� �I�R�F�X�V�L�Q�J�� �R�Q�� �G�H�V�L�J�Q�L�Q�J�� �D�Q�G���G�H�Y�H�O�R�S�L�Q�J�� �F�R�J�Q�L�W�L�Y�H�� �W�H�F�K�Q�L�T�X�H�V����
�V�X�F�K�� �D�V���'�&�1�1-�V���I�R�U�� �H�Q�K�D�Q�F�H�G�� �U�H�F�R�J�Q�L�W�L�R�Q�� �D�F�F�X�U�D�F�\�����,�Q�� �W�K�H�� �U�H�D�O�P�� �R�I�� �P�R�E�L�O�L�W�\����
�F�R�J�Q�L�W�L�Y�H���P�H�W�K�R�G�V���F�D�Q���D�L�G���L�Q���P�D�N�L�Q�J���L�P�P�H�G�L�D�W�H���G�H�F�L�V�L�R�Q�����$�W���W�K�H���P�R�P�H�Q�W�����Q�H�D�U�O�\���D�O�O��
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�R�I���W�K�H���V�W�D�W�H-�R�I-�D�U�W���Q�H�W�Z�R�U�N���D�U�F�K�L�W�H�F�W�X�U�H�V���I�R�U���W�U�D�I�I�L�F-�V�L�J�Q���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���D�U�H���E�D�V�H�G���R�Q��
�&�R�Q�Y�R�O�X�W�L�R�Q�D�O���1�H�X�U�D�O���1�H�W�Z�R�U�N�V�����R�U���&�R�Q�Y�1�H�W�V����[14]�����>18]�����>�����@����

�,�Q�� �W�K�H�� �S�U�H�V�H�Q�W�� �D�U�W�L�F�O�H���� �W�K�H�� �D�X�W�K�R�U�V�� �L�Q�W�U�R�G�X�F�H�� �D�� �U�H�Y�L�V�H�G�� �H�Q�G-�W�R-�H�Q�G�� �W�U�D�I�I�L�F�� �V�L�J�Q��
�G�H�W�H�F�W�L�R�Q�� �D�Q�G�� �U�H�F�R�J�Q�L�W�L�R�Q�� �V�\�V�W�H�P���� �Z�K�L�O�H�� �W�K�R�U�R�X�J�K�O�\�� �G�H�V�F�U�L�E�L�Q�J�� �W�K�H�� �G�H�V�L�J�Q���D�Q�G��
�G�H�Y�H�O�R�S�P�H�Q�W���S�U�R�F�H�V�V�H�V���R�I���W�K�H���&�R�Q�Y�1�H�W���W�K�U�R�X�J�K���Z�K�L�F�K���W�K�H���U�H�D�O-�W�L�P�H���S�U�R�F�H�V�V�L�Q�J���R�I��
�L�P�D�J�H�V�����D�V���Z�H�O�O���D�V���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���R�I���O�R�F�D�O�L�]�H�G���R�E�M�H�F�W�V���D�U�H���L�P�S�O�H�P�H�Q�W�H�G���>20�@����

�7�K�H�� �S�U�H�V�H�Q�W�H�G�� �H�Q�G-�W�R-�H�Q�G�� �F�R�J�Q�L�W�L�Y�H�� �D�S�S�U�R�D�F�K���U�H�Y�H�D�O�H�G�� �D�� �V�X�E�V�W�D�Q�W�L�D�O�� �H�I�I�L�F�L�H�Q�F�\��
�G�H�F�U�H�D�V�H�� �G�X�U�L�Q�J�� �W�H�V�W�L�Q�J�� �D�Q�G���G�H�Y�H�O�R�S�P�H�Q�W���I�R�U�� �W�K�H���U�H�F�R�J�Q�L�W�L�R�Q���D�Q�G���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���R�I��
�U�R�D�G���V�L�J�Q�V���L�Q���U�H�D�O���F�R�Q�G�L�W�L�R�Q�V�����D���V�L�P�S�O�H���W�H�P�S�O�D�W�H���P�D�W�F�K�L�Q�J���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���D�O�J�R�U�L�W�K�P��
�Z�D�V�� �Q�R�W�� �D�E�O�H�� �W�R�� �D�F�K�L�H�Y�H�� �K�L�J�K-�T�X�D�O�L�W�\�� �U�H�F�R�J�Q�L�W�L�R�Q�� �U�H�V�X�O�W�V���G�X�H�� �W�R�� �O�L�P�L�W�H�G�� �V�H�W�� �R�I��
�S�U�H�G�H�I�L�Q�H�G���W�H�P�S�O�D�W�H�V�����D�Q�J�O�H���R�I���U�R�W�D�W�L�R�Q�����F�R�Q�W�U�D�V�W���L�Q���L�P�D�J�H�V���R�I���O�R�F�D�O�L�]�H�G���W�U�D�I�I�L�F���V�L�J�Q�V��
�R�U���W�R�R���L�Q�W�H�Q�V�H���Y�D�U�L�D�W�L�R�Q�V���L�Q���W�K�H���L�O�O�X�P�L�Q�D�W�L�R�Q�����7�R���L�P�S�U�R�Y�H���W�K�H���V�\�V�W�H�P�
�V���U�H�F�R�J�Q�L�W�L�R�Q��
�S�H�U�I�R�U�P�D�Q�F�H�����D���S�R�V�V�L�E�O�H���V�R�O�X�W�L�R�Q���P�L�J�K�W���E�H���W�K�D�W���W�K�H�V�H���Z�L�G�H�O�\���D�S�S�O�L�H�G���F�R�Q�Y�R�O�X�W�L�R�Q�D�O��
�Q�H�X�U�D�O���Q�H�W�Z�R�U�N�V���F�R�X�O�G���E�H���F�R�P�E�L�Q�H�G���Z�L�W�K���W�K�H���O�R�F�D�O�L�]�D�W�L�R�Q���D�O�J�R�U�L�W�K�P���W�K�D�W���K�D�V���V�K�R�Z�Q��
�J�R�R�G���U�H�V�X�O�W�V���>�����@�����>�����@�����>�����@����

�7�K�H�� �H�[�S�H�U�L�P�H�Q�W�V�� �F�R�Q�G�X�F�W�H�G�� �G�H�P�R�Q�V�W�U�D�W�H�� �W�K�D�W�� �W�K�H�� �S�H�U�F�H�S�W�L�R�Q�� �P�R�G�X�O�H�� �V�K�R�Z�V��
�S�U�R�P�L�V�L�Q�J���S�H�U�I�R�U�P�D�Q�F�H���U�H�V�X�O�W�V�����D�Q�G���W�K�H���F�O�D�V�V�L�I�L�H�U���L�V���F�D�S�D�E�O�H���R�I���G�H�W�H�F�W�L�Q�J���D�Q�G���V�R�U�W�L�Q�J��
�W�K�H�� �Y�D�U�L�R�X�V�� �V�L�J�Q�V�� �S�U�R�S�H�U�O�\�� �H�Q�R�X�J�K�� �U�H�J�D�U�G�O�H�V�V�� �R�I�� �T�X�D�O�L�W�\���� �R�U�L�H�Q�W�D�W�L�R�Q�� �R�U�� �V�L�]�H������
�7�K�H���Z�R�U�N���V�K�R�Z�V���S�U�R�P�L�V�L�Q�J���U�H�V�X�O�W�V���W�K�D�W���S�X�V�K���W�K�H���F�R�P�S�O�H�[�L�W�\���E�R�X�Q�G�D�U�L�H�V���U�H�J�D�U�G�L�Q�J��
�Q�D�Y�L�J�D�W�L�Q�J���V�H�O�I-�G�U�L�Y�L�Q�J���F�D�U�V���Z�L�W�K���D���F�R�J�Q�L�W�L�Y�H���W�R�R�O�E�R�[���W�K�U�R�X�J�K���W�R�Z�Q�V���>�����@�����>�����@����

�7�K�H���I�L�Q�D�O���P�R�G�H�O���Z�D�V���P�R�U�H���W�K�D�Q���F�D�S�D�E�O�H���R�I���D���V�P�R�R�W�K���G�H�W�H�F�W�L�R�Q���D�Q�G���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���R�I��
�D�� �V�L�J�Q�L�I�L�F�D�Q�W�� �Q�X�P�E�H�U�� �R�I�� �W�U�D�I�I�L�F�� �V�L�J�Q�V�� �R�Q�� �W�K�H�� �*�H�U�P�D�Q�� �7�U�D�I�I�L�F�� �6�L�J�Q�� �5�H�F�R�J�Q�L�W�L�R�Q��
�%�H�Q�F�K�P�D�U�N�� ���*�7�6�5�%���� �G�D�W�D�V�H�W���� �Z�L�W�K�� �D�Q�� �D�F�F�X�U�D�F�\�� �D�V�� �K�L�J�K�� �D�V�� ���������������� �H�Y�H�Q��
�D�S�S�U�R�D�F�K�L�Q�J�� �W�K�H�� �U�H�O�D�W�H�G�� �K�X�P�D�Q-�O�H�Y�H�O�� �U�H�F�R�J�Q�L�W�L�R�Q�� �S�H�U�I�R�U�P�D�Q�F�H�� �R�I�� ���������������� �,�W�� �L�V��
�L�Q�W�H�U�H�V�W�L�Q�J���W�R���Q�R�W�H���W�K�D�W���W�K�H���E�H�V�W���������Q�H�W�Z�R�U�N�V���V�X�E�P�L�W�W�H�G���I�R�U���W�K�H���*�7�6�5�%���F�R�P�S�H�W�L�W�L�R�Q��
�D�O�O�� �X�V�H�� �&�1�1�V�� �Z�L�W�K�� �D�� �F�O�D�V�V�L�I�L�F�D�W�L�R�Q�� �S�H�U�I�R�U�P�D�Q�F�H�� �R�I�� �D�W�� �O�H�D�V�W�� ���������������� �+�X�P�D�Q-�O�H�Y�H�O��
�D�F�F�X�U�D�F�\�� �L�V�� �R�X�W�S�H�U�I�R�U�P�H�G���E�\������ �R�I�� �W�K�H�V�H���� �L�Q�G�L�F�D�W�L�Q�J���R�Q�F�H�� �D�J�D�L�Q�� �Z�K�\�� �L�W���L�V�� �W�K�H�� �P�R�V�W��
�F�R�P�P�R�Q�O�\���X�V�H�G���V�W�D�W�H-�R�I-�W�K�H-�D�U�W���W�U�D�I�I�L�F-�V�L�J�Q���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���P�H�W�K�R�G���>�����@����
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�E�H�� �D�Y�D�L�O�D�E�O�H�� �D�V�� �Y�L�G�H�R�� �V�H�T�X�H�Q�F�H�V�����D�Q�G���W�H�P�S�R�U�D�O���L�Q�I�R�U�P�D�W�L�R�Q���Z�L�O�O���Q�R�W���E�H�� �L�Q�� �W�K�H�� �W�H�V�W��
�G�D�W�D�V�H�W���>���@�����>�����@�����>�����@�����>�����@�����0�R�U�H�R�Y�H�U�����Z�H���Z�L�O�O���S�R�S�X�O�D�W�H���D�Q�G���G�L�Y�H�U�V�L�I�\���W�K�H���R�U�L�J�L�Q�D�O��
�V�H�W���R�I���G�D�W�D���D�V���Z�H�O�O���Z�L�W�K���Y�D�U�L�R�X�V���L�P�D�J�H���P�R�G�L�I�\�L�Q�J���W�H�F�K�Q�L�T�X�H�V���V�X�F�K���D�V���U�R�W�D�W�L�R�Q�V�����F�R�O�R�U��
�G�L�V�W�R�U�W�L�R�Q�V���D�Q�G���E�O�X�U�U�L�Q�J���W�H�F�K�Q�L�T�X�H�V�����7�K�H�U�H�I�R�U�H�����D�W���W�K�L�V���V�W�D�J�H���Z�H���D�U�H���S�H�U�I�R�U�P�L�Q�J���G�D�W�D��
�D�X�J�P�H�Q�W�D�W�L�R�Q�����V�H�H��Figure 1������
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D�D�W�D���D�X�J�P�H�Q�W�D�W�L�R�Q���F�U�H�D�W�L�Q�J���P�R�G�L�I�L�H�G���L�Q�S�X�W���V�D�P�S�O�H���Y�H�U�V�L�R�Q�V��[��]��
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�/�D�E�H�O�H�G���L�Q�S�X�W���G�D�W�D�V�H�W���E�H�I�R�U�H���D�Q�G���D�I�W�H�U���D�X�J�P�H�Q�W�D�W�L�R�Q�����S�U�H-�S�U�R�F�H�V�V�L�Q�J���D�Q�G���Q�R�U�P�D�O�L�]�D�W�L�R�Q��[��]��

�:�L�W�K���W�K�L�V���V�R�O�X�W�L�R�Q���E�D�V�L�F�D�O�O�\���Z�H���D�U�H���D�G�G�L�Q�J���P�R�U�H���V�D�P�S�O�H���W�R���R�X�U���G�D�W�D�V�H�W�����E�X�W���Z�L�W�K�R�X�W��
�F�R�O�O�H�F�W�L�Q�J���D�Q�\���Q�H�Z���R�Q�H�����7�K�H���V�D�P�S�O�H�V���I�R�O�O�R�Z�L�Q�J���G�D�W�D���D�X�J�P�H�Q�W�D�W�L�R�Q�����S�U�H-�S�U�R�F�H�V�V�L�Q�J��
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�D�Q�G���Q�R�U�P�D�O�L�]�D�W�L�R�Q���Z�L�O�O���O�R�R�N���O�L�N�H���D�V���S�U�H�V�H�Q�W�H�G���L�Q��Figure 2�����$�O�O���R�I���W�K�H���G�D�W�D�V�H�W���L�P�D�J�H��
�V�D�P�S�O�H�V�� �Z�H�U�H�� �Q�R�U�P�D�O�L�]�H�G���� �L�Q�� �R�U�G�H�U�� �W�R�� �K�H�O�S�� �W�K�H�� �P�R�G�H�O�� �F�R�Q�Y�H�U�J�H�� �I�D�V�W�H�U���� �W�K�H�� �G�D�W�D��
�K�D�Y�L�Q�J���D���P�H�D�Q���R�I���]�H�U�R���D�Q�G���H�T�X�D�O���Y�D�U�L�D�Q�F�H����

�$�I�W�H�U���I�L�Q�G�L�Q�J���R�X�W���W�K�H���P�R�G�H�O�
�V���D�F�W�X�D�O���D�F�F�X�U�D�F�\���E�\���W�U�D�L�Q�L�Q�J���R�Q���W�K�H���R�U�L�J�L�Q�D�O���G�D�W�D�V�H�W�����L�Q��
�W�K�H���Q�H�[�W���V�W�H�S���E�\���D�G�G�L�Q�J���H�Y�H�Q���P�R�U�H���G�D�W�D���D�Q�G���H�Y�H�Q�L�Q�J���R�X�W���W�K�H���F�O�D�V�V�H�V���Z�H���Z�L�O�O���F�K�H�F�N��
�W�K�H�� �D�F�F�X�U�D�F�\�� �D�J�D�L�Q�� �>���@�����7�K�H�� �S�X�U�S�R�V�H�� �R�I�� �W�K�H�� �W�H�V�W�� �V�H�W�� �Z�R�X�O�G�� �E�H�� �W�R�� �G�H�W�H�F�W���� �G�X�U�L�Q�J��
�W�U�D�L�Q�L�Q�J�����W�K�D�W���W�K�H���P�R�G�H�O���K�D�V���R�Y�H�U�I�L�W�W�H�G���D�Q�G���W�R���L�P�S�O�H�P�H�Q�W�����H���J�����H�D�U�O�\���V�W�R�S�S�L�Q�J�����G�U�R�S�R�X�W��
�R�U�� �V�R�P�H�� �R�W�K�H�U�� �P�H�W�K�R�G�� �W�R�� �F�R�P�S�H�Q�V�D�W�H���� �2�Q�F�H�� �W�K�H�� �P�R�G�H�O�� �L�V�� �F�R�P�S�O�H�W�H�O�\�� �W�U�D�L�Q�H�G���� �W�K�H��
�Y�D�O�L�G�D�W�L�R�Q���V�H�W���Q�H�H�G�V���W�R���E�H���V�L�P�S�O�\���U�X�Q���W�K�U�R�X�J�K���W�K�H���P�R�G�H�O���D�Q�G���W�K�H���U�H�V�X�O�W�V���U�H�S�R�U�W�H�G�����,�Q��
�R�U�G�H�U���W�R���K�D�Y�H���G�L�Y�H�U�V�H���G�D�W�D�V�H�W�V���D�Q�G���K�L�J�K�H�U���S�U�H�G�L�F�W�L�R�Q���S�H�U�I�R�U�P�D�Q�F�H���R�Q���X�Q�V�H�H�Q���G�D�W�D����
�Z�H���Z�L�O�O���H�[�W�U�D�F�W���U�D�Q�G�R�P�O�\���R�Q�H���V�D�P�S�O�H���S�H�U���F�O�D�V�V���I�R�U���Y�D�O�L�G�D�W�L�R�Q�����L�Q�V�W�H�D�G���R�I���P�L�[�L�Q�J���D�O�O��
�L�P�D�J�H�V���U�D�Q�G�R�P�O�\���D�Q�G���V�H�S�D�U�D�W�L�Q�J���L�Q�W�R���V�L�P�L�O�D�U���W�U�D�L�Q�L�Q�J���D�Q�G���Y�D�O�L�G�D�W�L�R�Q���G�D�W�D�V�H�W�V���>�����@����

3 Network Layer Architecture 

�*�H�Q�H�U�D�O�O�\�� �V�S�H�D�N�L�Q�J���� �V�L�P�L�O�D�U�O�\�� �W�R�� �U�H�J�X�O�D�U�� �1�1���� �F�R�Q�Y�R�O�X�W�L�R�Q�D�O�� �Q�H�X�U�D�O�� �Q�H�W�Z�R�U�N�V�� �D�O�V�R��
�F�R�Q�V�L�V�W�V�� �R�I�� �Q�H�X�U�R�Q�V�� �K�D�Y�L�Q�J�� �O�H�D�U�Q�D�E�O�H�� �E�L�D�V�H�V�� �D�Q�G�� �Z�H�L�J�K�W�V���� �R�U�J�D�Q�L�]�H�G�� �L�Q�� �O�D�\�H�U�V����
�&�R�Q�W�U�D�U�\���W�R���U�H�J�X�O�D�U���Q�H�X�U�D�O���Q�H�W�Z�R�U�N�V�����K�R�Z�H�Y�H�U�����&�1�1�V���P�D�N�H���W�K�H���P�R�V�W���R�I���W�K�H���I�D�F�W���W�K�D�W��
�W�K�H�\���F�R�Q�V�W�U�D�L�Q���W�K�H���L�Q�S�X�W���D�U�F�K�L�W�H�F�W�X�U�H���F�R�P�S�R�V�H�G���R�I���L�P�D�J�H�V���L�Q���D���P�R�U�H���V�H�Q�V�L�E�O�H���Z�D�\����
�L�Q���S�D�U�W�L�F�X�O�D�U���K�D�Y�L�Q�J���O�D�\�H�U�V���Z�L�W�K���Q�H�X�U�R�Q�V���D�U�U�D�Q�J�H�G���L�Q���W�K�U�H�H���G�L�P�H�Q�V�L�R�Q�V���>�����@�����>�����@����

�+�R�Z�H�Y�H�U���� �D�� �&�R�Q�Y�1�H�W�� �Z�L�O�O�� �W�D�N�H�� �D�� �W�Z�R-�G�L�P�H�Q�V�L�R�Q�D�O�� �L�P�D�J�H�� �D�Q�G�� �S�U�R�J�U�H�V�V�L�Y�H�O�\�� �Z�L�O�O��
�S�U�R�F�H�V�V�� �L�W�� �Z�L�W�K�� �W�K�H�� �F�R�Q�Y�R�O�X�W�L�R�Q�D�O�� �O�D�\�H�U���� �,�Q�� �W�K�H�� �F�D�V�H�� �R�I�� �W�K�L�V�� �F�O�D�V�V�L�I�L�F�D�W�L�R�Q�� �W�D�V�N���� �W�K�H��
�L�Q�S�X�W���Y�R�O�X�P�H���V�D�P�S�O�H�V���R�I���D�F�W�L�Y�D�W�L�R�Q�V���K�D�Y�L�Q�J���W�K�H���V�L�]�H���R�I���������î���������î��������������-���Z�L�G�W�K����������
-���K�H�L�J�K�W���������F�R�O�R�U���F�K�D�Q�Q�H�O�V�������L�Q���W�K�H���I�L�U�V�W���K�L�G�G�H�Q���O�D�\�H�U���D���V�L�Q�J�O�H���I�X�O�O�\���F�R�Q�Q�H�F�W�H�G���Q�H�X�U�R�Q��
�Z�R�X�O�G�� �K�D�Y�H�� ������ �î�� ������ �î�� ���� � �� ������������ �Z�H�L�J�K�W�V���� �7�K�L�V�� �Y�R�O�X�P�H�� �V�W�L�O�O�� �O�R�R�N�V�� �F�R�P�S�X�W�D�E�O�H����
�K�R�Z�H�Y�H�U�����W�K�L�V���V�W�U�X�F�W�X�U�H���F�H�U�W�D�L�Q�O�\���Z�L�O�O���Q�R�W���V�F�D�O�H���W�R���O�D�U�J�H�U���L�P�D�J�H�V�����H���J�����V�L�]�H���R�I�����������î��
���������î���������L�Q���W�K�H���F�D�V�H���R�I���U�H�J�X�O�D�U���Q�H�X�U�D�O���Q�H�W�Z�R�U�N�V�����E�H�F�D�X�V�H���W�K�D�W���Z�R�X�O�G���O�H�D�G���W�R���Q�H�X�U�R�Q�V��
�W�K�D�W���K�D�Y�H�������������������Z�H�L�J�K�W�V�����D�Q�G���E�H�F�D�X�V�H���Z�H���J�H�Q�H�U�D�O�O�\���Z�D�Q�W���W�R���K�D�Y�H���P�R�U�H���W�K�D�Q���R�Q�H��
�R�I�� �W�K�H�V�H�� �Q�H�X�U�R�Q�V�� �W�K�H�� �S�D�U�D�P�H�W�H�U�V�� �Z�R�X�O�G�� �D�G�G�� �X�S�� �T�X�L�F�N�O�\�� �>�����@���� �,�W�� �L�V�� �F�O�H�D�U�� �W�K�D�W�� �I�X�O�O��
�F�R�Q�Q�H�F�W�L�Y�L�W�\���Z�R�X�O�G���Q�R�W���E�H���S�D�U�W�L�F�X�O�D�U�O�\���H�I�I�L�F�L�H�Q�W�����D�Q�G���W�K�H�V�H���F�R�Q�V�L�G�H�U�D�E�O�H���D�P�R�X�Q�W�V���R�I��
�S�D�U�D�P�H�W�H�U�V���Z�R�X�O�G���V�Z�L�I�W�O�\���J�L�Y�H���U�L�V�H���W�R���R�Y�H�U�I�L�W�W�L�Q�J����

�$�V��Figure 3���L�O�O�X�V�W�U�D�W�H�V���� �H�D�F�K�� �R�I�� �W�K�H�� �&�R�Q�Y�1�H�W�
�V�� �O�D�\�H�U�V�� �Z�L�O�O�� �W�U�D�Q�V�I�R�U�P�� �W�K�H�� �W�K�U�H�H-
�G�L�P�H�Q�V�L�R�Q�D�O�� �L�Q�S�X�W�� �Y�R�O�X�P�H�� �W�R�� �D�� �W�K�U�H�H-�G�L�P�H�Q�V�L�R�Q�D�O�� �R�X�W�S�X�W�� �Y�R�O�X�P�H�� �Z�L�W�K�� �Q�H�X�U�R�Q��
�D�F�W�L�Y�D�W�L�R�Q�V�����,�Q���W�K�H���F�D�V�H���R�I���W�K�H���O�H�I�W���H�[�D�P�S�O�H�����W�K�H���U�H�G���L�Q�S�X�W���O�D�\�H�U�
�V���K�H�L�J�K�W���D�Q�G���Z�L�G�W�K��
�Z�L�O�O���E�H���W�K�H���L�P�D�J�H���G�L�P�H�Q�V�L�R�Q�V�����Z�K�L�O�H���W�K�H���G�H�S�W�K���Z�L�O�O���F�R�U�U�H�V�S�R�Q�G���W�R���W�K�H���U�H�G�����J�U�H�H�Q�����D�Q�G��
�E�O�X�H���F�K�D�Q�Q�H�O�V�����7�K�H���U�L�J�K�W���I�L�J�X�U�H���L�O�O�X�V�W�U�D�W�H�V���D�Q���H�[�D�P�S�O�H���L�Q�S�X�W���Y�R�O�X�P�H���R�I���D�������[�����[����
�L�P�D�J�H���D�Q�G���W�K�H���Y�R�O�X�P�H���R�I���Q�H�X�U�R�Q�V���L�Q���W�K�H���I�L�U�V�W���F�R�Q�Y�R�O�X�W�L�R�Q�D�O���O�D�\�H�U�����,�Q���W�K�L�V���F�D�V�H�����W�K�H�U�H��
�D�U�H�� ���� �Q�H�X�U�R�Q�V�� �D�O�R�Q�J�� �W�K�H�� �G�H�S�W�K���� �F�R�Q�Q�H�F�W�H�G���W�R�� �R�U�� �O�R�R�N�L�Q�J�� �D�W���W�K�H�� �V�D�P�H�� �U�H�J�L�R�Q���R�I�� �W�K�H��
�L�Q�S�X�W�� �Y�R�O�X�P�H���� �7�K�H�V�H�� ���� �Q�H�X�U�R�Q�V�� �G�R�� �Q�R�W�� �U�H�S�U�H�V�H�Q�W�� �W�K�H�� �V�D�P�H�� �Z�H�L�J�K�W�V���� �W�K�H�\���D�U�H�� �R�Q�O�\��
�D�V�V�R�F�L�D�W�H�G���Z�L�W�K�������G�L�I�I�H�U�H�Q�W���I�L�O�W�H�U�V�����V�K�D�U�L�Q�J���W�K�H���V�D�P�H���U�H�F�H�S�W�L�Y�H���I�L�H�O�G���>�����@����
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W�K�H�Q���G�H�D�O�L�Q�J���Z�L�W�K���G�H�H�S���&�1�1�����Q�R�U�P�D�O���&�1�1�V���J�H�Q�H�U�D�O�O�\���K�D�Y�H���W�Z�R���R�U���W�K�U�H�H���O�D�\�H�U�V����
�E�X�W�� �G�H�H�S�� �&�1�1�V�� �Z�L�O�O�� �K�D�Y�H�� �P�X�O�W�L�S�O�H�� �K�L�G�G�H�Q�� �O�D�\�H�U�V�� �X�V�X�D�O�O�\�� �P�R�U�H�� �W�K�D�Q�������� �Z�K�L�F�K�� �D�U�H��
�X�V�H�G�� �W�R�� �H�[�W�U�D�F�W�� �P�R�U�H�� �I�H�D�W�X�U�H�V�� �D�Q�G�� �L�Q�F�U�H�D�V�H�� �W�K�H�� �D�F�F�X�U�D�F�\�� �R�I�� �W�K�H�� �U�H�F�R�J�Q�L�W�L�R�Q����
�7�K�H�U�H�I�R�U�H�����W�K�H���G�H�S�W�K���R�I���W�K�H���Q�H�W�Z�R�U�N���V�K�D�O�O���F�R�U�U�H�O�D�W�H���Z�L�W�K���W�K�H���D�P�R�X�Q�W���R�I���G�D�W�D�����D���G�H�H�S��
�Q�H�W�Z�R�U�N�� �Z�L�W�K�� �L�Q�V�X�I�I�L�F�L�H�Q�W���G�D�W�D���Z�L�O�O���S�U�R�G�X�F�H�� �D�Q�� �R�Y�H�U�I�L�W�W�H�G���P�R�G�H�O���� �Z�K�L�O�H�� �D�� �V�K�D�O�O�R�Z��
�Q�H�W�Z�R�U�N���Z�L�W�K���D���O�R�W���R�I���G�D�W�D���Z�L�O�O���Q�R�W���K�D�Y�H���D���K�L�J�K���D�F�F�X�U�D�F�\���>�����@�����0�R�Y�L�Q�J���I�U�R�P���O�D�\�H�U���W�R��
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�G�R�Z�Q�V�D�P�S�O�L�Q�J�� �H�Y�H�U�\�� �L�Q�S�X�W�� �G�H�S�W�K�� �V�O�L�F�H�� �Z�L�W�K�� �D�� �V�W�U�L�G�H�� �R�I�� ���� �D�F�U�R�V�V�� �E�R�W�K�� �K�H�L�J�K�W�� �D�Q�G��
�Z�L�G�W�K���� �G�L�V�F�D�U�G�L�Q�J�� �W�Z�R-�W�K�L�U�G�V�� �R�I�� �W�K�H�� �D�F�W�L�Y�D�W�L�R�Q�V���� �E�X�W�� �O�H�D�Y�L�Q�J�� �X�Q�F�K�D�Q�J�H�G�� �W�K�H�� �G�H�S�W�K��
�G�L�P�H�Q�V�L�R�Q���� �G�H�V�F�U�L�E�H�G�� �E�\�� ���������� �������� �D�Q�G�� ������������ �7�K�L�V�� �S�R�R�O�L�Q�J�� �O�D�\�H�U�� �U�H�T�X�L�U�H�V�� �W�Z�R��
�K�\�S�H�U�S�D�U�D�P�H�W�H�U�V�����W�K�H���5��-���V�W�U�L�G�H���D�Q�G���(��-���V�S�D�W�L�D�O���H�[�W�H�Q�W�����Z�K�L�O�H���D�F�F�H�S�W�L�Q�J���D���9 1���î���*1���î��
�&1���V�L�]�H�G���Y�R�O�X�P�H�����D�Q�G���S�U�R�G�X�F�L�Q�J���D���9 2���î���*2���î���&2���V�L�]�H�G���Y�R�O�X�P�H�����Z�K�H�U�H����

�9 2 =  
(�Ð�5�?�¿)

�Ì
+ 1  ������ 

�*2 =  
(�Á�5�?�¿)

�Ì
+ 1  ������ 

�&2 =  �&1 �������� 

�,�W���V�K�R�X�O�G���E�H���D�O�V�R���H�P�S�K�D�V�L�]�H�G���W�K�D�W���R�Q�O�\���W�Z�R���S�U�H�G�R�P�L�Q�D�Q�W�O�\���X�V�H�G���P�D�[���S�R�R�O�L�Q�J���O�D�\�H�U��
�Y�D�U�L�D�W�L�R�Q���L�V���I�R�X�Q�G���L�Q���S�U�D�F�W�L�F�H�����W�K�H���P�R�U�H���F�R�P�P�R�Q���R�Q�H���Z�L�W�K���5��� �������D�Q�G���(��� ���������E�X�W���D�O�V�R��
�D���F�R�Q�I�L�J�X�U�D�W�L�R�Q���R�I���5��� �������D�Q�G���(��� ���������R�U���W�K�H���V�R-�F�D�O�O�H�G���R�Y�H�U�O�D�S�S�L�Q�J���S�R�R�O�L�Q�J�����3�R�R�O�L�Q�J��
�V�L�]�H�V�� �Z�L�W�K�� �E�L�J�J�H�U�� �U�H�F�H�S�W�L�Y�H�� �I�L�H�O�G�V�� �F�R�X�O�G�� �E�H�� �W�R�R�� �G�H�W�U�L�P�H�Q�W�D�O�� �>���@���� �>���@����Figure 5 
�L�O�O�X�V�W�U�D�W�H�V���W�K�H���P�R�V�W���Z�L�G�H�O�\���X�V�H�G���P�D�[-�S�R�R�O�L�Q�J���G�R�Z�Q�V�D�P�S�O�L�Q�J���R�S�H�U�D�W�L�R�Q���Z�L�W�K���D���V�W�U�L�G�H��
�R�I���������7�K�H�����������î�����������î���������V�L�]�H�G���L�Q�S�X�W���Y�R�O�X�P�H���L�V���S�R�R�O�H�G���Z�L�W�K���V�W�U�L�G�H�������D�Q�G���I�L�O�W�H�U���V�L�]�H��
�����L�Q�W�R���D�����������î�����������î���������V�L�]�H�G���R�X�W�S�X�W���Y�R�O�X�P�H�����Z�K�L�O�H���W�K�H���Y�R�O�X�P�H���G�H�S�W�K���L�V���S�U�H�V�H�U�Y�H�G��
�>���@�����>�����@����

��
�)�L�J�X�U�H������

�,�O�O�X�V�W�U�D�W�L�R�Q���R�I���S�R�R�O�L�Q�J���O�D�\�H�U���G�R�Z�Q�V�D�P�S�O�L�Q�J���W�K�H���L�Q�S�X�W���Y�R�O�X�P�H���>�����@��

�,�Q���W�K�H���I�L�Q�D�O���I�R�X�U���O�D�\�H�U�V�����Z�H���Z�L�O�O���S�H�U�I�R�U�P���D���I�O�D�W�W�H�Q���R�S�H�U�D�W�L�R�Q���R�Q���W�K�H���O�D�V�W���F�R�Q�Y�R�O�X�W�L�R�Q�D�O��
�O�D�\�H�U�
�V�� �R�X�W�S�X�W���� �D�� �I�L�Q�D�O�� �E�D�W�F�K�� �Q�R�U�P�D�O�L�]�D�W�L�R�Q���� �D�V�� �Z�H�O�O�� �D�V�� �D�� �G�U�R�S�R�X�W�� �R�S�H�U�D�W�L�R�Q�� �Z�K�L�O�H��
�H�Q�W�H�U�L�Q�J���L�Q�W�R���W�K�H���O�D�V�W���R�X�W�S�X�W���G�H�Q�V�H���O�D�\�H�U��—���W�K�L�V���Z�L�O�O���E�H���W�K�H���V�D�P�H���D�V���W�K�H���Q�X�P�E�H�U���R�I��
�F�O�D�V�V�H�V�� �W�K�D�W���Z�H�� �K�D�Y�H���� �7�K�H���S�X�U�S�R�V�H�� �R�I�� �X�V�L�Q�J�� �G�U�R�S�R�X�W���L�V�� �W�R�� �D�Y�R�L�G���R�Y�H�U�I�L�W�W�L�Q�J�� �D�Q�G���W�R��
�J�H�Q�H�U�D�O�L�]�H�� �Z�K�L�O�H�� �D�O�V�R�� �L�P�S�U�R�Y�L�Q�J�� �U�H�O�L�D�E�L�O�L�W�\���� �1�H�X�U�R�Q�V�� �Z�L�W�K�� �S�U�R�E�D�E�L�O�L�W�\���L���R�I�� �W�K�H��
�F�X�U�U�H�Q�W���O�D�\�H�U���Z�L�O�O���G�L�V�F�R�Q�Q�H�F�W���U�D�Q�G�R�P�O�\���I�U�R�P���W�K�H���Q�H�[�W���O�D�\�H�U�
�V���Q�H�X�U�R�Q�V�����J�R�L�Q�J���W�K�U�R�X�J�K��
�W�K�H���G�H�S�W�K���R�I���W�K�H���Q�H�W�Z�R�U�N�����O�H�D�U�Q�L�Q�J���P�R�U�H���I�L�O�W�H�U�V���D�V���W�K�H���Q�H�W�Z�R�U�N���G�H�H�S�H�Q�V����



Acta Polytechnica Hungarica Vol. 21, No. 7, 2024 

�Å��211 �Å��

�7�U�D�L�Q�L�Q�J���G�H�H�S���Q�H�W�Z�R�U�N�V���X�V�L�Q�J���V�H�Y�H�U�D�O���O�D�\�H�U�V���Z�L�W�K��a���V�L�J�P�R�L�G���D�F�W�L�Y�D�W�L�R�Q���I�X�Q�F�W�L�R�Q���Z�L�O�O��
�E�H���F�R�P�S�O�L�F�D�W�H�G���E�H�F�D�X�V�H���R�I���W�K�H���Y�D�Q�L�V�K�L�Q�J���J�U�D�G�L�H�Q�W���L�V�V�X�H���>���@�����>�����@�����>�����@�����7�R���U�H�V�R�O�Y�H��
�W�K�L�V���G�L�I�I�L�F�X�O�W�\�����Z�H���Z�L�O�O���V�S�H�F�L�I�L�F�D�O�O�\���X�V�H���W�K�H���D�F�W�L�Y�D�W�L�R�Q��Rectified Linear Unit (ReLU)����
�Z�K�L�F�K�� �D�S�S�O�L�H�V���I�=�T(0,�T)�� �H�O�H�P�H�Q�W�Z�L�V�H�� �Q�R�Q-�O�L�Q�H�D�U�L�W�\�� �D�F�W�L�Y�D�W�L�R�Q�� �I�X�Q�F�W�L�R�Q��
�W�K�U�H�V�K�R�O�G�L�Q�J���D�W���]�H�U�R�����T���E�H�L�Q�J���W�K�H���L�Q�S�X�W���W�R���D���Q�H�X�U�R�Q�����S�U�H�V�H�Q�W�H�G���L�Q��������������

�B(�T) = �T�> = �I�=�T(0,�T)  �������� 

�8�V�L�Q�J���5�H�/�8�����F�R�P�S�D�U�H�G���Z�L�W�K���R�W�K�H�U���V�L�P�L�O�D�U���D�F�W�L�Y�D�W�L�R�Q���I�X�Q�F�W�L�R�Q�V���V�X�F�K���D�V���W�K�H���V�L�J�P�R�L�G��
�I�X�Q�F�W�L�R�Q�����H�Q�D�E�O�H�V���D���P�R�U�H���H�I�I�L�F�L�H�Q�W�����E�X�W���D�O�V�R���I�D�V�W�H�U���W�U�D�L�Q�L�Q�J���S�U�R�F�H�V�V���R�I���F�R�P�S�O�H�[���D�Q�G��
�O�D�U�J�H�� �G�D�W�D�V�H�W�V�� �D�W�W�U�L�E�X�W�H�G�� �W�R�� �G�H�H�S�� �Q�H�X�U�D�O�� �D�U�F�K�L�W�H�F�W�X�U�H�V���� �O�H�D�Y�L�Q�J�� �W�K�H���Y�R�O�X�P�H�� �V�L�]�H��
�X�Q�F�K�D�Q�J�H�G��[12]�����$��SoftMax���F�O�D�V�V�L�I�L�H�U���L�V���D�O�V�R���D�G�G�H�G���W�R���W�K�H���Q�H�W�Z�R�U�N���W�R���Q�R�U�P�D�O�L�]�H���W�K�H��
�R�X�W�S�X�W���R�I���W�K�H���S�U�H�Y�L�R�X�V���O�D�\�H�U�����V�R���W�K�H���R�X�W�S�X�W���R�I���W�K�L�V���Z�L�O�O���F�R�Q�W�D�L�Q���W�K�H���S�U�R�E�D�E�L�O�L�W�\���Y�D�O�X�H�V��
�R�I�� �E�H�O�R�Q�J�L�Q�J�� �W�R�� �D�� �U�H�F�R�J�Q�L�]�D�E�O�H�� �F�O�D�V�V�� ���W�K�H�� �O�D�\�H�U�
�V�� �R�X�W�S�X�W�� �E�D�V�L�F�D�O�O�\�� �Z�L�O�O�� �E�H�� �W�K�H��
�S�U�H�G�L�F�W�L�R�Q���Y�D�O�X�H�V�������7�K�H���V�W�D�Q�G�D�U�G�����X�Q�L�W�����6�R�I�W�0�D�[���I�X�Q�F�W�L�R�Q���P:  �9�Ä  �\  [0,1] �Ä���I�R�U���E =
 1, . . . ,�- ���U�H�V�S�H�F�W�L�Y�H�O�\�� �V= (�V�5, . . . ,�V�Þ) �Ð �9�Ä �L�V���G�H�I�L�Q�H�G���E�\��������������

�ê(�V) �Ü =  
�Ø�å�Ô

�Ã �Ø
�å�Õ�¼

�Õ�8�-
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�Z�K�H�U�H���ê��-���V�R�I�W�P�D�[�����V���L�Q�S�X�W�� �Y�H�F�W�R�U�����A�í�Ô��-�� �V�W�D�Q�G�D�U�G�� �H�[�S�R�Q�H�Q�W�L�D�O�� �I�X�Q�F�W�L�R�Q�� �I�R�U�� �L�Q�S�X�W��
�Y�H�F�W�R�U�����- ��-���Q�X�P�E�H�U���R�I���F�O�D�V�V�H�V���L�Q���W�K�H���P�X�O�W�L-�F�O�D�V�V���F�O�D�V�V�L�I�L�H�U�����A�í�Õ��-���V�W�D�Q�G�D�U�G���H�[�S�R�Q�H�Q�W�L�D�O��
�I�X�Q�F�W�L�R�Q���I�R�U���R�X�W�S�X�W���Y�H�F�W�R�U�����(�V�V�H�Q�W�L�D�O�O�\���Z�K�D�W���W�K�L�V���G�R�H�V���L�V���W�K�D�W���L�W���W�D�N�H�V���D���Y�H�F�W�R�U���V���D�V��
�L�Q�S�X�W���Z�L�W�K���- ���U�H�D�O���Q�X�P�E�H�U�V���D�Q�G���Q�R�U�P�D�O�L�]�H�V���L�W�����7�K�H���S�U�R�E�D�E�L�O�L�W�\���G�L�V�W�U�L�E�X�W�L�R�Q���F�R�Q�W�D�L�Q�L�Q�J��
�- ���S�U�R�E�D�E�L�O�L�W�L�H�V���Z�L�O�O���E�H���S�U�R�S�R�U�W�L�R�Q�D�O���W�R���W�K�H���L�Q�S�X�W���Q�X�P�E�H�U�V�
���H�[�S�R�Q�H�Q�W�L�D�O�V����

�$�W���W�K�H�� �H�Q�G���R�I�� �W�K�H���Q�H�W�Z�R�U�N�����Z�H�� �D�G�G���D�� �I�X�O�O�\�� �F�R�Q�Q�H�F�W�H�G���O�D�\�H�U���D�V�� �Z�H�O�O���� �W�K�X�V�� �U�H�D�O�L�]�L�Q�J��
�F�O�D�V�V���V�F�R�U�H���F�R�P�S�X�W�L�Q�J�����O�H�D�G�L�Q�J���W�R���Y�R�O�X�P�H�V���R�I���D�������î�������î���������V�L�]�H�����Z�K�H�U�H���Q�X�P�E�H�U�V���Z�L�O�O��
�E�H�� �P�D�W�F�K�H�G�� �W�R�� �R�Q�H�� �R�I�� �W�K�H�� ������ �F�O�D�V�V�� �F�D�W�H�J�R�U�\�� �V�F�R�U�H�V�� �R�I�� �W�K�H�� �*�7�6�5�%�� �G�D�W�D�V�H�W������
�7�K�H���Q�H�W�Z�R�U�N���Z�L�O�O���O�H�D�U�Q���I�L�O�W�H�U�V���W�K�D�W���D�F�W�L�Y�D�W�H���Z�K�H�Q���V�R�P�H���W�\�S�H���R�I���Y�L�V�X�D�O���I�H�D�W�X�U�H���F�D�Q���E�H��
�V�H�H�Q���R�Q���W�K�H���I�L�U�V�W���O�D�\�H�U�����H���J�����H�G�J�H���R�I���V�R�P�H���R�U�L�H�Q�W�D�W�L�R�Q�����D�Q�G���X�O�W�L�P�D�W�H�O�\���H�Q�W�L�U�H���S�D�W�W�H�U�Q�V��
�R�Q���W�K�H���Q�H�W�Z�R�U�N�
�V���K�L�J�K�H�U���O�D�\�H�U�V��[2��]����

4 Building and Training the Model 

�$�Q���L�O�O�X�V�W�U�D�W�L�R�Q���R�I���W�K�H���F�O�D�V�V�L�I�\�L�Q�J���S�U�R�F�H�V�V���L�V���S�U�H�V�H�Q�W�H�G���L�Q��Figure 6�����$�W���W�K�L�V���S�R�L�Q�W�����W�K�H��
�E�X�L�O�W�� �Q�H�W�Z�R�U�N�� �S�U�R�F�H�V�V�H�G�� �I�U�R�P�� �W�K�H�� �W�U�D�L�Q�L�Q�J�� �G�D�W�D�V�H�W�� �D�� ����-�L�P�D�J�H�� �E�D�W�F�K�� �R�Y�H�U�� �R�Q�H��
�L�W�H�U�D�W�L�R�Q�����7�K�H���V�R-�F�D�O�O�H�G���L�Q�W�H�U�P�H�G�L�D�W�H���D�F�F�X�U�D�F�\���Z�D�V���F�D�O�F�X�O�D�W�H�G���H�Y�H�U�\�����������L�W�H�U�D�W�L�R�Q�V����
�Z�L�W�K�� �D�� �E�D�W�F�K�� �R�I�� ������ �L�P�D�J�H�V�� �I�U�R�P�� �W�K�H�� �W�H�V�W�� �V�H�W���W�R�� �U�H�S�R�U�W�� �S�U�R�J�U�H�V�V���� �$�I�W�H�U�� �V�X�F�F�H�V�V�I�X�O��
�W�U�D�L�Q�L�Q�J�����W�K�H���D�F�F�X�U�D�F�\���L�V���F�D�O�F�X�O�D�W�H�G���D�J�D�L�Q�����X�V�L�Q�J���D�O�O���V�D�P�S�O�H�V���I�U�R�P���W�K�H���W�H�V�W���V�H�W����

�7�K�H���L�Q�S�X�W���L�P�D�J�H���R�I���������î���������î�������L�V���D���P�X�O�W�L-�G�L�P�H�Q�V�L�R�Q�D�O���P�D�W�U�L�[�����K�R�O�G�L�Q�J���U�D�Z���S�L�[�H�O��
�Y�D�O�X�H�V�����K�D�Y�L�Q�J�����M�X�V�W���O�L�N�H���D���W�U�D�G�L�W�L�R�Q�D�O���P�D�W�U�L�[�����D���Z�L�G�W�K���R�I�����������Q�X�P�E�H�U���R�I���F�R�O�X�P�Q�V�������D��
�K�H�L�J�K�W���R�I�����������Q�X�P�E�H�U���R�I���U�R�Z�V�������D�V���Z�H�O�O���D�V���D���G�H�S�W�K���R�I�������I�R�U���D���V�W�D�Q�G�D�U�G���5�*�%���L�P�D�J�H����
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�U�H�S�U�H�V�H�Q�W�L�Q�J�� �W�K�H�� �L�P�D�J�H�� �F�K�D�Q�Q�H�O�� �Q�X�P�E�H�U���� �3�O�R�W�W�L�Q�J�� �W�K�H�� �K�L�V�W�R�J�U�D�P�� �I�R�U�� �W�K�H���V�D�P�S�O�H��
�L�P�D�J�H�V���L�Q���R�X�U���G�D�W�D�V�H�W���I�R�U���G�L�I�I�H�U�H�Q�W���U�R�D�G���W�U�D�I�I�L�F���V�L�J�Q�V���Z�L�O�O���U�H�V�X�O�W���L�Q��Figure 7����
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�I�R�U�� �V�R�P�H�� �R�I�� �W�K�H�� �F�O�D�V�V�H�V�� �W�R�� �U�H�D�F�K�� �D�� �P�L�Q�L�P�X�P�� �R�I�� �������� �L�P�D�J�H�V�� �L�Q�� �H�D�F�K�� �F�O�D�V�V���� �Z�K�L�O�H��
�D�Y�R�L�G�L�Q�J���U�H�S�O�L�F�D�W�H�V���L�Q���W�K�H���L�Q�S�X�W���G�D�W�D�V�H�W���>���@�����>�����@����

�$�O�O���F�R�G�L�Q�J���R�I���G�D�W�D���D�U�J�X�P�H�Q�W�V���D�O�R�Q�J���Z�L�W�K���W�K�H���W�U�D�L�Q�L�Q�J���P�R�G�H�O���L�V���F�U�H�D�W�H�G���L�Q���W�K�H��Jupyter 
Notebook���H�Q�Y�L�U�R�Q�P�H�Q�W�����7�K�H���G�H�W�D�L�O�H�G���&�1�1���O�D�\�H�U���D�U�F�K�L�W�H�F�W�X�U�H���D�Q�G���V�S�H�F�L�I�L�F�D�W�L�R�Q���X�V�H�G����
�E�X�L�O�W���Z�L�W�K���>21�@���D�Q�G��[22]�����L�V���V�X�P�P�H�G���X�S���L�Q��Table 1�����U�H�V�S�H�F�W�L�Y�H�O�\���V�K�R�Z�Q���L�Q��Figure 8 
�D�Q�G��Figure 9���>���@�����$�P�R�Q�J���W�K�H���W�\�S�H�V���R�I���O�D�\�H�U�V���X�V�H�G���D�U�H���W�Z�R-�G�L�P�H�Q�V�L�R�Q�D�O���F�R�Q�Y�R�O�X�W�L�R�Q��
�O�D�\�H�U�V�� ���&�R�Q�Y���'������ �E�D�W�F�K�� �Q�R�U�P�D�O�L�]�D�W�L�R�Q���� �W�Z�R-�G�L�P�H�Q�V�L�R�Q�D�O�� �P�D�[�� �S�R�R�O�L�Q�J���� �I�O�D�W�W�H�Q����
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���������.��-���������*�%���5�$�0���������������*�+�]���S�U�R�F�H�V�V�R�U���D�Q�G���8�E�X�Q�W�X-�������E�L�W���R�S�H�U�D�W�L�Q�J���V�\�V�W�H�P���>���@����
�>���@���� �:�H�� �Z�L�O�O�� �E�H�� �X�V�L�Q�J��Python 3.x���Z�L�W�K��TensorFlow���� �W�K�H�� �V�F�U�L�S�W�V�� �R�Q�O�\�� �U�H�I�H�U�H�Q�F�H��
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�7�R�� �P�D�[�L�P�L�]�H�� �O�L�N�H�O�L�K�R�R�G�� ���0�/�(���� �Z�H�� �K�D�Y�H�� �W�R�� �P�L�Q�L�P�L�]�H�� �W�K�H�� �V�X�P���P�H�D�Q���U�R�R�W-mean-
�V�T�X�D�U�H�G���H�U�U�R�U�����6�6�(���0�6�(���5�0�6�(�����>���@�����>���@�����>���@�����&�R�Q�V�H�T�X�H�Q�W�O�\�����I�R�U���U�H�V�X�O�W���H�Y�D�O�X�D�W�L�R�Q��
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�H�D�F�K�� �O�D�\�H�U���� �L�Q�� �H�D�F�K�� �I�L�O�W�H�U�� �E�D�Q�N�� �L�Q�� �V�X�F�K�� �D�� �Z�D�\�� �W�K�D�W�� �L�W�� �P�L�Q�L�P�L�]�H�V�� �W�K�H���O�R�V�V�� �I�X�Q�F�W�L�R�Q����
�Z�K�L�O�H�� �W�K�H�� �O�D�V�W�� �V�W�D�J�H�
�V�� �R�X�W�S�X�W�� �L�V�� �I�H�G�� �W�R�� �D�� �F�O�D�V�V�L�I�L�H�U���� �,�Q�� �W�K�H�� �F�D�V�H�� �R�I�� �F�O�D�V�V�L�I�L�F�D�W�L�R�Q��
�S�U�R�E�O�H�P�V���� �Z�H�� �D�S�S�U�R�[�L�P�D�W�H���L(�; |�: )�� �N-�F�O�D�V�V�� �G�L�V�F�U�H�W�H�� �F�R�Q�G�L�W�L�R�Q�D�O�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �Z�L�W�K��
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�1�H�W�Z�R�U�N���O�D�\�H�U���D�U�F�K�L�W�H�F�W�X�U�H�����S�D�U�D�P�H�W�H�U�V���D�Q�G���V�L�]�H�V��

Layer type Filter 
nr. 

Kernel 
size 

Activ. 
fc. 

Output shape Param. 
nr. 

�&�R�Q�Y���� ������ ���[���� �5�(�/�8�� ���1�R�Q�H���������������������������� 1����������

�%�D�W�F�K�1�R�U�P�� -�� -�� -�� ���1�R�Q�H���������������������������� ��������

�&�R�Q�Y���� ������ ���[���� �5�(�/�8�� ���1�R�Q�H���������������������������� ��������������
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Layer type 
Filter 
nr. 

Kernel 
size 

Activ. 
fc. Output shape 

Param. 
nr. 

�%�D�W�F�K�1�R�U�P���� -�� -�� -�� ���1�R�Q�H���������������������������� ��������

�0�D�[�3�R�R�O�� -�� ���[���� -�� ���1�R�Q�H���������������������������� 0��

�&�R�Q�Y���� 128�� ���[���� �5�(�/�8�� ���1�R�Q�H������������������������������ ��������������

�%�D�W�F�K�1�R�U�P���� -�� -�� -�� ���1�R�Q�H������������������������������ ��������
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�)�O�D�W�W�H�Q�� -�� -�� -�� ���1�R�Q�H������������������ 0��

�'�H�Q�V�H�� �������� -�� �5�(�/�8�� ���1�R�Q�H�������������� 2��408����������

�%�D�W�F�K�1�R�U�P���� -�� -�� -�� ���1�R�Q�H�������������� 1����������

�'�U�R�S�R�X�W�� -�� -�� -�� ���1�R�Q�H�������������� 0��
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�F�U�R�V�V-�H�Q�W�U�R�S�\�� �I�R�U�P�X�O�D�� �L�V�� �J�L�Y�H�Q�� �L�Q�� �������������* (�L, �M)  
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�L�Q���������������&�Ä�Å(�L|| �M)  
R 0�����D�V�\�P�P�H�W�U�L�F����

�* (�L)  =  
F�Ã �L�Þ�H�J�L�Þ�Þ  �������� 

�* (�L, �M)  =  
F�Ã �L�Þ�H�J�M�Þ�Þ  �������� 

�&�Ä�Å(�L|| �M)  =  �* (�L, �M) 
F �*(�L)  ����������

�&�U�R�V�V-�H�Q�W�U�R�S�\�� �O�R�V�V�� �I�X�Q�F�W�L�R�Q�� �L�V�� �J�L�Y�H�Q�� �L�Q�� �����������D�Q�G�� ������������ �Z�K�H�U�H�� �Z�H�� �P�L�Q�L�P�L�]�H�� �W�K�H��
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�2�X�U���I�L�U�V�W���K�\�S�H�U�S�D�U�D�P�H�W�H�U�����V�H�H��Table 2�������W�K�H���Q�X�P�E�H�U���R�I���H�S�R�F�K�V�����L�Q�G�L�F�D�W�H�V���K�R�Z���P�D�Q�\��
�W�L�P�H�V���V�K�R�X�O�G���W�K�H���Q�H�W�Z�R�U�N���J�R���W�K�U�R�X�J�K���D���I�X�O�O���W�U�D�L�Q�L�Q�J���S�U�R�F�H�V�V�����,�Q���W�K�L�V���F�D�V�H�����W�K�H���Q�H�W�Z�R�U�N��
�Z�L�O�O���J�R���R�Y�H�U���D�O�O���W�K�H�����������������L�P�D�J�H�V�����D�V���Z�H�O�O���D�V���Y�D�O�L�G�D�W�H���L�W�V�H�O�I���Z�L�W�K�����������������W�H�V�W���L�P�D�J�H�V��
�H�[�D�F�W�O�\���������W�L�P�H�V�����7�K�H���Q�X�P�E�H�U���R�I���E�D�W�F�K�H�V���L�Q���H�S�R�F�K���L�V���W�K�H���W�U�D�L�Q�L�Q�J���V�H�W���V�L�]�H���R�Y�H�U���W�K�H��
�E�D�W�F�K���V�L�]�H�����,�Q���F�D�V�H���R�I���V�H�W�W�L�Q�J���W�K�L�V���E�D�W�F�K���V�L�]�H���W�R���D���O�D�U�J�H�U���Y�D�O�X�H�����W�K�H���T�X�D�O�L�W�\���R�I���R�X�U���P�R�G�H�O��
�F�R�X�O�G�� �G�H�W�H�U�L�R�U�D�W�H���� �H�Y�H�Q�W�X�D�O�O�\�� �O�H�D�G�L�Q�J�� �W�R�� �D�� �S�R�L�Q�W�� �Z�K�H�U�H�� �W�K�H�� �P�R�G�H�O�� �L�V�� �X�Q�D�E�O�H�� �W�R��
�J�H�Q�H�U�D�O�L�]�H���Z�H�O�O���R�Q���S�U�H�Y�L�R�X�V�O�\���X�Q�V�H�H�Q���G�D�W�D���>4�@����

�7�K�H�� �K�\�S�H�U�S�D�U�D�P�H�W�H�U�V�� �F�R�Q�W�U�R�O�O�L�Q�J�� �W�K�H�� �R�X�W�S�X�W�� �Y�R�O�X�P�H�
�V�� �V�L�]�H�� �D�U�H�� �W�K�H�� �V�W�U�L�G�H���� �]�H�U�R-
�S�D�G�G�L�Q�J���D�Q�G���G�H�S�W�K�����6�W�U�L�G�H���L�V���Z�K�H�U�H�Z�L�W�K���Z�H���V�O�L�G�H���W�K�H���I�L�O�W�H�U�����L�I���L�W���L�V���H�T�X�D�O���W�R���������Z�H���D�U�H��
�P�R�Y�L�Q�J�� �R�Q�H�� �S�L�[�H�O�� �D�W�� �D�� �W�L�P�H�� �I�R�U�� �H�Y�H�U�\�� �I�L�O�W�H�U���� �7�K�H�� �]�H�U�R-�S�D�G�G�L�Q�J�� �K�D�V�� �D�� �U�R�O�H�� �L�Q��
�F�R�Q�W�U�R�O�O�L�Q�J�� �V�S�D�W�L�D�O�� �V�L�]�H�V�� �R�I�� �R�X�W�S�X�W�� �Y�R�O�X�P�H�V���� �D�Q�G�� �W�K�H�� �R�X�W�S�X�W�� �Y�R�O�X�P�H�� �G�H�S�W�K�� �Z�L�O�O��
�F�R�U�U�H�V�S�R�Q�G�� �W�R�� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �I�L�O�W�H�U�V�� �Z�H�� �D�U�H�� �S�O�D�Q�Q�L�Q�J�� �W�R�� �X�V�H�� �>�����@�����$�Q�R�W�K�H�U�� �D�V�S�H�F�W��
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�Z�R�U�W�K�� �Q�R�W�L�Q�J�� �L�V�� �W�K�H�� �L�P�S�U�D�F�W�L�F�D�O�L�W�\�� �R�I�� �F�R�Q�Q�H�F�W�L�Q�J�� �Q�H�X�U�R�Q�V�� �W�R�� �D�O�O�� �S�U�H�Y�L�R�X�V�� �Y�R�O�X�P�H��
�Q�H�X�U�R�Q�V�����U�D�W�K�H�U���F�R�Q�Q�H�F�W�L�Q�J���H�D�F�K���Q�H�X�U�R�Q���W�R���R�Q�O�\���D���O�R�F�D�O���U�H�J�L�R�Q�����O�H�D�G�L�Q�J���W�R���W�K�H���V�S�D�W�L�D�O��
�H�[�W�H�Q�W���F�D�O�O�H�G���W�K�H���U�H�F�H�S�W�L�Y�H���I�L�H�O�G��—���R�U���R�W�K�H�U�Z�L�V�H���F�D�O�O�H�G���W�K�H���I�L�O�W�H�U���V�L�]�H�����V�X�P�P�D�U�L�]�H�G��
�I�R�U���H�D�F�K���V�S�H�F�L�I�L�F���O�D�\�H�U���L�Q��Table 1����

�7�K�H���O�H�D�U�Q�L�Q�J���U�D�W�H�����G�H�I�L�Q�H�G���E�H�W�Z�H�H�Q�������D�Q�G���������L�Q���W�K�L�V���F�D�V�H�����������������G�H�V�F�U�L�E�H�V���R�X�U���Z�H�L�J�K�W�V�
��
�X�S�G�D�W�H���U�D�W�H���� �%�H�F�D�X�V�H���F�\�F�O�L�Q�J�� �W�K�U�R�X�J�K�� �D�O�O���R�I�� �W�K�H�� �������������� �V�D�P�S�O�H�V�� �D�W�� �W�K�H�� �V�D�P�H�� �W�L�P�H��
�Z�R�X�O�G���Q�R�W���E�H�� �F�R�P�S�X�W�D�W�L�R�Q�D�O�O�\�� �I�H�D�V�L�E�O�H���� �W�K�H�� �E�D�W�F�K�� �V�L�]�H�� �Z�L�O�O���H�[�S�U�H�V�V�� �W�K�H���Q�X�P�E�H�U���R�I��
�L�P�D�J�H���V�D�P�S�O�H�V���R�X�U���Q�H�X�U�D�O���Q�H�W�Z�R�U�N���Z�L�O�O���F�\�F�O�H���W�K�U�R�X�J�K���D�W���R�Q�F�H�����2�X�U���R�S�W�L�P�L�]�H�U���Z�L�O�O���E�H��
�F�U�H�D�W�H�G���D�V���W�K�H���$�G�D�P���R�S�W�L�P�L�]�H�U���I�R�U���W�K�H���V�W�R�F�K�D�V�W�L�F���J�U�D�G�L�H�Q�W���V�R�O�Y�H�U�����Z�K�L�O�H���W�K�H���Z�H�L�J�K�W��
�G�H�F�D�\�L�Q�J���S�D�U�D�P�H�W�H�U���L�V���D�O�V�R���V�H�W���W�R��������������—���W�K�L�V���U�H�G�X�F�H�V���R�Y�H�U�I�L�W�W�L�Q�J��[2��]�����>�����@����

�7�D�E�O�H��2��

�7�U�D�L�Q�L�Q�J���W�K�H���Q�H�W�Z�R�U�N��-���K�\�S�H�U�S�D�U�D�P�H�W�H�U�V��

Parameter Value [-] 
�/�H�D�U�Q�L�Q�J���U�D�W�H�� ������������
�'�H�F�D�\�� ������������
�%�D�W�F�K���V�L�]�H�����7�U�D�L�Q�L�Q�J������������
�%�D�W�F�K���V�L�]�H�����9�D�O�L�G�D�W�L�R�Q���� ��������
�(�S�R�F�K�V�� 2��
�9�H�U�E�R�V�H�� 1��

�5�H�J�D�U�G�L�Q�J�� �E�D�W�F�K�� �V�L�]�H�V���� �H�D�F�K�� �E�D�W�F�K�� �V�L�]�H�� �L�V�� �F�R�P�S�R�V�H�G���R�I�� �������� �I�U�D�P�H�� �L�Q�S�X�W�V�� �I�R�U�� �W�K�H��
�W�U�D�L�Q�L�Q�J�����D�V���Z�H�O�O���D�V���L�Q���W�K�H���F�D�V�H���R�I���W�K�H���Y�D�O�L�G�D�W�L�R�Q���S�K�D�V�H�����(�D�F�K���E�D�W�F�K���W�U�D�L�Q�V���W�K�H���Q�H�W�Z�R�U�N��
�L�Q�� �V�X�F�F�H�V�V�L�Y�H�� �R�U�G�H�U���� �W�D�N�L�Q�J�� �L�Q�W�R�� �D�F�F�R�X�Q�W�� �W�K�H�� �X�S�G�D�W�H�G�� �Z�H�L�J�K�W�V�� �F�R�P�L�Q�J�� �I�U�R�P�� �W�K�H��
�D�S�S�O�L�D�Q�F�H���R�I���W�K�H���S�U�H�Y�L�R�X�V���E�D�W�F�K�����H�D�F�K���V�D�P�S�O�H���S�D�V�V�H�G���W�K�U�R�X�J�K���W�R���W�K�H���Q�H�W�Z�R�U�N���D�W���R�Q�H��
�W�L�P�H�����,�Q���W�K�H���F�D�V�H���R�I���W�K�H���K�\�S�H�U�S�D�U�D�P�H�W�H�U���E�D�W�F�K���V�L�]�H�����Z�H���K�D�Y�H���W�R���W�H�V�W���D�Q�G���D�G�M�X�V�W���L�W���D�V��
�S�H�U�� �K�R�Z�� �R�X�U�� �V�S�H�F�L�I�L�F�� �P�R�G�H�O�� �S�H�U�I�R�U�P�V�� �G�X�U�L�Q�J�� �W�U�D�L�Q�L�Q�J���� �7�K�L�V�� �K�\�S�H�U�S�D�U�D�P�H�W�H�U�� �D�O�V�R��
�P�X�V�W�� �E�H�� �W�H�V�W�H�G�� �F�R�Q�F�H�U�Q�L�Q�J�� �K�R�Z�� �R�X�U�� �P�D�F�K�L�Q�H�� �L�V�� �R�S�H�U�D�W�L�Q�J�� �L�Q�� �U�H�V�S�H�F�W�� �R�I�� �U�H�V�R�X�U�F�H��
�X�W�L�O�L�]�D�W�L�R�Q�� �>���@���� �6�H�W�W�L�Q�J�� �W�K�H�� �Y�H�U�E�R�V�H�� �W�R�� ���� �Z�L�O�O�� �P�H�D�Q�� �W�K�D�W�� �W�K�H�� �S�U�R�J�U�H�V�V�� �R�I�� �W�K�H�� �P�R�G�H�O��
�E�H�L�Q�J���W�U�D�L�Q�H�G���Z�L�O�O���E�H���V�K�R�Z�Q���G�X�U�L�Q�J���G�H�Y�H�O�R�S�P�H�Q�W���W�L�P�H����

5 Validation Results and Optimization 

�7�K�H�� �U�H�V�X�O�W�� �Y�D�O�L�G�D�W�L�R�Q�� �S�K�D�V�H�� �G�X�U�L�Q�J�� �G�H�Y�H�O�R�S�P�H�Q�W�� �J�L�Y�H�V�� �X�V�� �W�K�H�� �L�P�S�U�R�Y�H�P�H�Q�W��
�G�L�U�H�F�W�L�R�Q�V�� �R�Q�� �K�R�Z�� �W�K�H�� �S�U�H�F�L�V�L�R�Q�� �D�F�F�X�U�D�F�\�� �F�R�X�O�G�� �E�H�� �L�Q�F�U�H�D�V�H�G����Figure 10���S�U�H�V�H�Q�W�V��
�V�R�P�H���U�H�V�X�O�W�V���G�X�U�L�Q�J���R�S�W�L�P�L�]�D�W�L�R�Q���Z�L�W�K���H�U�U�R�Q�H�R�X�V���V�D�P�S�O�H���S�U�H�G�L�F�W�L�R�Q�V�����D�V���Z�H�O�O���D�V���W�K�H��
�D�F�F�X�U�D�F�\���O�R�V�V���Y�D�U�L�D�W�L�R�Q���R�I���W�K�H���P�R�G�H�O����

�,�Q�� �W�K�H�� �F�D�V�H�� �R�I�� �U�X�Q�Q�L�Q�J�� �W�K�H�� �Q�H�W�Z�R�U�N�� �Z�L�W�K�R�X�W�� �L�P�D�J�H�� �D�X�J�P�H�Q�W�D�W�L�R�Q���� �W�K�H�U�H�� �D�U�H��
�L�Q�G�L�F�D�W�L�R�Q�V�� �W�K�D�W�� �W�K�H�� �P�R�G�H�O�
�V�� �Y�D�O�L�G�D�W�L�R�Q�� �D�F�F�X�U�D�F�\�� �Z�D�V�� �U�D�W�K�H�U�� �K�L�J�K�� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�H��
�W�U�D�L�Q�L�Q�J�� �D�F�F�X�U�D�F�\���� �D�V��Figure 11���L�O�O�X�V�W�U�D�W�H�V���� �$�W�� �W�K�L�V�� �S�R�L�Q�W���� �Z�H�� �D�G�G�L�W�L�R�Q�D�O�O�\�� �G�H�I�L�Q�H�G��
�W�Z�R���O�H�Y�H�O�V���R�I���G�U�R�S�R�X�W�����R�Q�H���I�R�U���F�R�Q�Y�R�O�X�W�L�R�Q�D�O���O�D�\�H�U�V���Z�L�W�K���D���U�D�W�H���R�I�������������D�Q�G���R�Q�H���I�R�U��
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�I�X�O�O�\�� �F�R�Q�Q�H�F�W�H�G�� �O�D�\�H�U�V�� �Z�L�W�K�� ���������� �7�K�H�� �L�Q�L�W�L�D�O�� �F�R�Q�Y�R�O�X�W�L�R�Q�D�O�� �G�H�S�W�K�� �R�I�� ������ �Z�D�V���D�O�V�R��
�P�R�G�L�I�L�H�G���G�X�H���W�R���R�E�W�D�L�Q���E�H�W�W�H�U���U�H�V�X�O�W�V���Z�L�W�K���������>�����@�����$�G�G�L�W�L�R�Q�D�O�O�\�����W�K�H���U�L�J�K�W���L�P�D�J�H���L�Q��
Figure 11���S�U�H�V�H�Q�W�V�� �W�K�H�� �F�R�Q�Y�R�O�X�W�L�R�Q�D�O�� �Z�R�U�N�L�Q�J�� �S�U�R�F�H�V�V�� �R�Y�H�U�� �V�R�P�H�� �V�D�P�S�O�H�� �W�U�D�I�I�L�F��
�V�L�J�Q�V�����Y�L�V�X�D�O�O�\���U�H�Y�H�D�O�L�Q�J���W�K�H���Q�H�W�Z�R�U�N�
�V���U�H�F�R�J�Q�L�W�L�R�Q���S�U�L�Q�F�L�S�O�H����

��

��

��

��

�)�L�J�X�U�H��10��

�6�D�P�S�O�H�V���Z�L�W�K���H�U�U�R�Q�H�R�X�V���S�U�H�G�L�F�W�L�R�Q�V���D�Q�G���G�H�Y�H�O�R�S�P�H�Q�W���D�F�F�X�U�D�F�\���O�R�V�V���R�I���W�K�H���P�R�G�H�O�����2�Z�Q���Z�R�U�N����������������

�7�K�H���Y�D�O�X�H�V���R�I���E�R�W�K���O�R�V�V���I�X�Q�F�W�L�R�Q���D�Q�G���S�U�H�F�L�V�L�R�Q���D�F�F�X�U�D�F�\���Y�D�U�L�D�W�L�R�Q���I�R�U���R�X�U���P�R�G�H�O���I�R�U��
�������H�S�R�F�K�V���D�U�H���L�O�O�X�V�W�U�D�W�H�G���J�U�D�S�K�L�F�D�O�O�\���L�Q��Figure 12�����:�H���F�D�Q���R�E�V�H�U�Y�H���W�K�D�W���W�K�H���D�G�R�S�W�H�G��
�&�1�1���U�H�G�X�F�H�V���V�P�R�R�W�K�O�\���W�K�H���Y�D�O�X�H�V���R�I���W�K�H�V�H���S�H�U�I�R�U�P�D�Q�F�H���P�H�W�U�L�F�V���R�Y�H�U���W�K�H���H�S�R�F�K�V����
�W�K�H�U�H���L�V���D�Q���D�S�S�D�U�H�Q�W���H�I�I�L�F�L�H�Q�F�\���L�Q���W�K�H���O�H�D�U�Q�L�Q�J���S�U�R�F�H�V�V�����D�Q�G���W�K�H�V�H���Y�D�O�X�H�V���W�H�Q�G���W�R���E�H��
�I�O�D�W�� �D�Q�G�� �F�R�Q�Y�H�U�J�H�Q�W���� �X�O�W�L�P�D�W�H�O�\�� �D�S�S�U�R�D�F�K�L�Q�J�� �W�K�H�� �K�X�P�D�Q-�O�H�Y�H�O�� �U�H�F�R�J�Q�L�W�L�R�Q��
�S�H�U�I�R�U�P�D�Q�F�H�� �J�R�D�O�� �R�I�� �������������� �V�H�W�� �L�Q�� �W�K�H�� �I�L�U�V�W�� �S�O�D�F�H���� �Z�L�W�K�� �D�� �I�L�Q�D�O���U�H�F�R�J�Q�L�W�L�R�Q��
�S�H�U�I�R�U�P�D�Q�F�H���R�I���������������� ��
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�)�L�J�X�U�H����1��

�$�F�F�X�U�D�F�\���D�Q�G���O�R�V�V���E�H�I�R�U�H���R�S�W�L�P�L�]�D�W�L�R�Q�����D�Q�G���F�R�Q�Y�R�O�X�W�L�R�Q���Y�L�V�X�D�O�L�]�D�W�L�R�Q�����2�Z�Q���Z�R�U�N����������������

��

�)�L�J�X�U�H����2��

�)�L�Q�D�O���W�U�D�L�Q�L�Q�J���D�Q�G���Y�D�O�L�G�D�W�L�R�Q���D�F�F�X�U�D�F�\���R�I���W�K�H���P�R�G�H�O�����2�Z�Q���Z�R�U�N����������������

Conclusions 

�,�Q���W�K�L�V���S�D�S�H�U���W�K�H���D�X�W�K�R�U�V���S�U�H�V�H�Q�W�H�G���D���&�R�Q�Y�1�H�W���V�\�V�W�H�P���D�Q�G���L�W�V���D�U�F�K�L�W�H�F�W�X�U�H���Z�L�W�K���V�W�D�W�H-
�R�I-�W�K�H-�D�U�W�� �U�H�V�X�O�W�V�� �R�Q�� �W�K�H�� �*�7�6�5�%�� �G�D�W�D�V�H�W���� �L�Q�Y�H�V�W�L�J�D�W�H�G�� �D�� �U�H�D�O-�Z�R�U�O�G�� �W�U�D�I�I�L�F-�V�L�J�Q��
�U�H�F�R�J�Q�L�W�L�R�Q���D�Q�G���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���S�U�R�E�O�H�P�����E�X�L�O�W���D���K�L�J�K�O�\���F�R�Q�I�L�J�X�U�D�E�O�H���Q�H�W�Z�R�U�N�����D�V���Z�H�O�O��
�D�V�� �G�H�Y�H�O�R�S�H�G�� �D�� �I�O�H�[�L�E�O�H�� �P�H�W�K�R�G�� �W�R�� �D�V�V�H�V�V�� �P�X�O�W�L�S�O�H�� �D�U�F�K�L�W�H�F�W�X�U�H�V�����7�K�H�� �U�H�V�H�D�U�F�K��
�S�U�R�Y�L�G�H�V�� �H�Y�L�G�H�Q�F�H�� �R�I�� �S�U�D�F�W�L�F�D�O�L�W�\�� �R�I���W�K�H�� �S�U�H�V�H�Q�W�H�G���D�S�S�O�L�F�D�W�L�R�Q�V���� �K�L�J�K�O�L�J�K�W�L�Q�J�� �W�K�H��
�H�Q�K�D�Q�F�H�G���H�I�I�L�F�L�H�Q�F�\���E�U�R�X�J�K�W���E�\���W�K�H���F�R�J�Q�L�W�L�Y�H���P�H�W�K�R�G�V���>�����@����[����]�����>�����@����
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Abstract: Our study analyses the safety effects of Public Key Infrastructure (PKI), based 
authentication mated, related to certain wireless communication based automotive functions. 
The first part of the article focuses on quantifying the safety effect of quality of service (QoS) 
parameters in the case of wireless communication based automotive functions. Based on this 
concept, the paper discusses two scenarios: in the first case, there is no authentication 
process applied during the communication, and in the second case, the communication is 
secured by PKI authentication. This concept allows us to evaluate the safety effect of the 
security overhead caused by the additional computation demand related to the authentication 
process. Considering the results of our research, it becomes possible to define the 
requirements and expected conditions, regarding the operational circumstances. 

Keywords: automotive safety; public key infrastructure; safety risk; V2X; network 
performance 

1 Introduction  

�2�X�U���S�D�S�H�U���D�L�P�V���W�R���H�Y�D�O�X�D�W�H���K�R�Z���3�X�E�O�L�F���.�H�\���,�Q�I�U�D�V�W�U�X�F�W�X�U�H-�E�D�V�H�G���V�H�F�X�U�L�W�\���V�R�O�X�W�L�R�Q�V��
���3�.�,����affect���F�R�P�P�X�Q�L�F�D�W�L�R�Q���V�H�U�Y�L�F�H���T�X�D�O�L�W�\���D�Q�G�����W�K�X�V�����W�U�D�I�I�L�F���V�D�I�H�W�\�����7�K�H���U�H�D�V�R�Q���Z�K�\��
�Z�H�� �Q�H�H�G�� �W�R�� �D�Q�D�O�\�]�H���W�K�H�� �3�.�,�� �D�X�W�K�H�Q�W�L�F�D�W�L�R�Q�� �S�U�R�F�H�V�V�� �L�Q�� �G�H�W�D�L�O�� �L�V�� �W�K�H�� �I�D�F�W�� �W�K�D�W�� �W�K�H��
�D�Y�D�L�O�D�E�O�H���F�R�P�S�X�W�D�W�L�R�Q�D�O���U�H�V�R�X�U�F�H�V���R�I���W�K�H���D�X�W�R�P�R�W�L�Y�H���V�\�V�W�H�P�V���D�U�H���O�L�P�L�W�H�G����Therefore,��
�Z�H���Q�H�H�G���W�R���I�L�Q�G���D�Q���D�F�F�H�S�W�D�E�O�H���W�U�D�G�H-�R�I�I���E�H�W�Z�H�H�Q���D�O�O�R�F�D�W�L�Q�J���R�X�U���U�H�V�R�X�U�F�H�V���W�R���L�P�S�U�R�Y�H��
�W�K�H���I�X�Q�F�W�L�R�Q�D�O�L�W�\���D�Q�G���V�D�I�H�W�\���R�I���W�K�H���F�R�R�U�G�L�Q�D�W�H�G���D�X�W�R�P�R�W�L�Y�H���D�S�S�O�L�F�D�W�L�R�Q�V���R�U���L�Q�F�U�H�D�V�L�Q�J��
�W�K�H���V�H�F�X�U�L�W�\���R�I���R�X�U���V�\�V�W�H�P���>���@���>���@�����:�L�U�H�O�H�V�V���F�R�P�P�X�Q�L�F�D�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���F�R�P�S�R�Q�H�Q�W�V��
�R�I�� �W�K�H�� �W�U�D�Q�V�S�R�U�W�D�W�L�R�Q�� �V�\�V�W�H�P�� ���H���J������ �Y�H�K�L�F�O�H�V���� �S�H�G�H�V�W�U�L�D�Q�V���� �F�H�Q�W�U�D�O�� �P�D�Q�D�J�H�P�H�Q�W��
�V�\�V�W�H�P�����H�W�F�������F�D�Q���V�L�J�Q�L�I�L�F�D�Q�W�O�\���F�R�Q�W�U�L�E�X�W�H���W�R���L�P�S�U�R�Y�L�Q�J���V�D�I�H�W�\���>���@���>���@���V�L�Q�F�H���W�K�H���D�F�W�R�U�V��
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�R�I�� �W�K�H�� �F�R�R�S�H�U�D�W�L�Y�H�� �L�Q�W�H�O�O�L�J�H�Q�W�� �W�U�D�Q�V�S�R�U�W�D�W�L�R�Q�� �V�\�V�W�H�P�V�� ���&-�,�7�6���� �Z�L�O�O�� �E�H�� �D�E�O�H�� �W�R��
�H�[�F�K�D�Q�J�H�� �U�H�D�O-�W�L�P�H�� �L�Q�I�R�U�P�D�W�L�R�Q�� �R�Q�� �W�K�H�L�U�� �S�R�V�L�W�L�R�Q�V���� �Y�H�O�R�F�L�W�L�H�V���� �D�F�F�H�O�H�U�D�W�L�R�Q�V���� �D�Q�G��
�S�O�D�Q�Q�H�G���W�U�D�M�H�F�W�R�U�L�H�V�����,�Q���F�H�U�W�D�L�Q���F�D�V�H�V�����W�K�L�V���L�Q�I�R�U�P�D�W�L�R�Q���F�D�Q���E�H���D�Y�D�L�O�D�E�O�H���V�R�R�Q�H�U���W�K�D�Q��
�W�K�H���G�D�W�D���F�R�O�O�H�F�W�H�G���E�\��an���H�Q�Y�L�U�R�Q�P�H�Q�W���S�H�U�F�H�S�W�L�R�Q���P�R�G�X�O�H�����H�V�S�H�F�L�D�O�O�\���L�Q���W�K�H���F�D�V�H���R�I��
�V�R�P�H�� �Q�R�Q-�O�L�Q�H-of-�V�L�J�K�W�� �V�F�H�Q�D�U�L�R�V���� �Z�K�H�U�H�� �R�W�K�H�U�� �V�H�Q�V�R�U�� �V�\�V�W�H�P�V�� �F�D�Q�Q�R�W�� �G�H�W�H�F�W�� �W�K�H��
�R�W�K�H�U���D�F�W�R�U�V���L�Q���W�L�P�H����

�'�L�I�I�H�U�H�Q�W���W�\�S�H�V���R�I���P�H�V�V�D�J�H�V���H�[�L�V�W���L�Q���F�R�R�S�H�U�D�W�L�Y�H�����F�R�Q�Q�H�F�W�H�G���D�Q�G���D�X�W�R�P�D�W�H�G���P�R�E�L�O�L�W�\��
���&�&�$�0�����V�\�V�W�H�P�V���W�K�D�W���F�R�Q�W�D�L�Q���G�D�W�D���X�V�H�G���E�\���V�D�I�H�W�\-�U�H�O�D�W�H�G���D�S�S�O�L�F�D�W�L�R�Q�V�����&�R�R�S�H�U�D�W�L�Y�H��
�$�Z�D�U�H�Q�H�V�V�� �0�H�V�V�D�J�H�����&�$�0�����L�V�� �D�� �Z�L�G�H�O�\�� �X�V�H�G�� �P�D�V�V�D�J�H�� �W�\�S�H�� �W�K�D�W�� �F�R�Q�W�D�L�Q�V��
�L�Q�I�R�U�P�D�W�L�R�Q�� �R�Q�� �W�K�H�� �Y�H�K�L�F�O�H�
�V�� �S�R�V�L�W�L�R�Q�� �D�Q�G�� �G�\�Q�D�P�L�F�V�� �S�D�U�D�P�H�W�H�U�V�� �E�\�� �G�H�I�D�X�O�W����
�7�K�H�U�H�I�R�U�H�����L�W���L�V���Z�H�O�O���D�S�S�O�L�F�D�E�O�H���I�R�U���V�D�I�H�W�\-�U�H�O�D�W�H�G���S�X�U�S�R�V�H�V���>���@.��

�7�R���S�U�H�Y�H�Q�W���P�D�O�L�F�L�R�X�V�� �D�F�W�R�U�V���I�U�R�P�� �M�R�L�Q�L�Q�J���W�K�H�� �F�R�P�P�X�Q�L�F�D�W�L�R�Q�� �U�H�O�D�W�H�G�� �W�R�� �&�&�$�0��
�S�U�R�F�H�V�V�H�V���� �W�K�H�� �V�\�V�W�H�P�� �P�X�V�W���E�H�� �F�D�S�D�E�O�H�� �R�I�� �F�K�H�F�N�L�Q�J�� �W�K�H�� �D�X�W�K�R�U�L�]�D�W�L�R�Q�� �R�I�� �W�K�H��
�S�D�U�W�L�F�L�S�D�Q�W�V�����&�&�$�0���V�\�V�W�H�P�V���X�V�H���W�K�H���3�.�,���V�H�F�X�U�L�W�\���V�R�O�X�W�L�R�Q���W�R���H�Q�V�X�U�H���D�X�W�K�H�Q�W�L�F�D�W�H�G����
�U�H�O�L�D�E�O�H���F�R�P�P�X�Q�L�F�D�W�L�R�Q�����H�V�S�H�F�L�D�O�O�\���F�R�Q�V�L�G�H�U�L�Q�J���Q�R�Q-�U�H�S�X�G�L�D�W�L�R�Q�����L�Q�W�H�J�U�L�W�\�����D�Q�G���W�K�H��
�I�U�H�V�K�Q�H�V�V�� �R�I�� �W�K�H�� �P�H�V�V�D�J�H�V���� �;���������� �3�.�,�� �I�U�D�P�H�Z�R�U�N�V�� �D�S�S�O�\�� �G�L�J�L�W�D�O�� �V�L�J�Q�D�W�X�U�H�V����
�W�L�P�H�V�W�D�P�S�V,���K�D�V�K�� �I�X�Q�F�W�L�R�Q�V���D�Q�G�� �S�V�H�X�G�R�Q�\�P�� �F�H�U�W�L�I�L�F�D�W�H�V�� �W�R�� �V�L�J�Q�� �P�H�V�V�D�J�H�V.���7�K�L�V��
�S�U�R�Y�L�G�H�V���E�R�W�K���D�X�W�K�H�Q�W�L�F�L�W�\���I�R�U���&�$�0�V���D�Q�G���S�U�L�Y�D�F�\���I�R�U���W�K�H���X�V�H�U�V���V�L�Q�F�H���W�K�H���H�Q�G-�X�V�H�U��
�L�G�H�Q�W�L�W�L�H�V�� �G�R�� �Q�R�W�� �F�R�Q�W�D�L�Q�� �D�Q�\�� �L�G�H�Q�W�L�I�\�L�Q�J�� �G�D�W�D.�� �)�X�U�W�K�H�U�P�R�U�H���� �W�K�H�� �G�L�I�I�H�U�H�Q�W��
�D�X�W�K�R�U�L�]�D�W�L�R�Q���O�H�Y�H�O�V���R�I���&�&�$�0���V�\�V�W�H�P���D�F�W�R�U�V��(�V�X�F�K���D�V���S�R�O�L�F�H���R�U���Q�R�U�P�D�O���G�U�L�Y�H�U�����P�X�V�W��
�D�O�V�R�� �E�H�� �K�D�Q�G�O�H�G.���7�K�L�V���U�H�V�X�O�W�V�� �L�Q�� �I�X�U�W�K�H�U�� �F�R�P�S�X�W�D�W�L�R�Q�D�O�� �W�D�V�N�V���W�K�D�W�� �Q�H�H�G�� �W�R�� �E�H��
�S�H�U�I�R�U�P�H�G���E�H�\�R�Q�G���W�K�H���S�U�R�F�H�V�V�H�V���R�I���W�K�H���F�O�D�V�V�L�F�D�O���D�X�W�R�P�R�W�L�Y�H���I�X�Q�F�W�L�R�Q�V����

�,�I�� �L�W�� �L�V�� �Q�R�W�� �S�R�V�V�L�E�O�H�� �W�R�� �D�V�V�L�J�Q�� �D�G�G�L�W�L�R�Q�D�O�� �F�R�P�S�X�W�D�W�L�R�Q�D�O�� �F�D�S�D�F�L�W�\���� �W�K�H�� �3�.�,��
�D�X�W�K�H�Q�W�L�F�D�W�L�R�Q�� �S�U�R�F�H�V�V�� �F�D�Q�� �L�Q�F�U�H�D�V�H�� �W�K�H�� �G�H�O�D�\�� ���� �O�D�W�H�Q�F�\�� �R�I�� �W�K�H�� �P�H�V�V�D�J�H�� �W�U�D�Q�V�I�H�U��
�S�U�R�F�H�V�V�����,�Q���H�Y�H�U�\�G�D�\���W�U�D�I�I�L�F���V�F�H�Q�D�U�L�R�V,��t�K�H��extra���F�R�P�S�X�W�D�W�L�R�Q�D�O���G�H�P�D�Q�G���Q�H�H�G�H�G���I�R�U��
the���D�X�W�K�H�Q�W�L�F�D�W�L�R�Q���G�R�H�V���Q�R�W���F�D�X�V�H���D�Q�\���G�L�I�I�L�F�X�O�W�L�H�V���V�L�Q�F�H���H�I�I�L�F�L�H�Q�W���D�O�J�R�U�L�W�K�P�V�����V�X�F�K���D�V��
�(�&�&��–���(�O�O�L�S�W�L�F���&�X�U�Y�H���&�U�\�S�W�R�J�U�D�S�K�\�����D�Q�G���D�S�S�O�L�F�D�W�L�R�Q-�V�S�H�F�L�I�L�F���K�D�U�G�Z�D�U�H���F�R�P�S�R�Q�H�Q�W�V��
�V�X�S�S�R�U�W���W�K�H���S�U�R�F�H�G�X�U�H����

�+�R�Z�H�Y�H�U�����I�R�U���H�[�D�P�S�O�H���Ln���F�D�V�H���R�I���V�X�E-�R�S�W�L�P�D�O���Q�H�W�Z�R�U�N���S�H�U�I�R�U�P�D�Q�F�H���H�Y�H�Q���W�K�H���V�O�L�J�K�W��
�R�Y�H�U�K�H�D�G�� �L�Q�W�U�R�G�X�F�H�G�� �E�\�� �3�.�,�� �D�X�W�K�H�Q�W�L�F�D�W�L�R�Q���F�D�Q�� �D�I�I�H�F�W�� �W�K�H���V�\�V�W�H�P�¶�V���D�E�L�O�L�W�\�� �W�R��
�D�S�S�U�R�S�U�L�D�W�H�O�\���D�V�V�H�V�V���D���Va�I�H�W�\-�F�U�L�W�L�F�D�O���V�L�W�X�D�W�L�R�Q���D�Q�G��react���W�R���L�W���L�Q���W�L�Pe.��

�7�K�H�U�H�I�R�U�H���� �W�K�H���W�U�D�G�H-�R�I�I�� �P�X�V�W�� �E�H�� �F�R�Q�V�L�G�H�U�H�G�� �G�X�U�L�Q�J�� �W�K�H�� �D�X�W�R�P�R�W�L�Y�H�� �G�H�Y�H�O�R�S�P�H�Q�W��
�S�U�R�F�H�V�V�H�V���W�R���I�L�Q�G���D�Q���R�S�W�L�P�D�O���E�D�O�D�Q�F�H���E�H�W�Z�H�H�Q���V�D�I�H�W�\���D�Q�G���V�H�F�X�U�L�W�\���>���@���>���@�����H�V�S�H�F�L�D�O�O�\��
�F�R�Q�V�L�G�H�U�L�Q�J���D�X�W�R�P�R�W�L�Y�H���I�X�Q�F�W�L�R�Q�V���L�Q�I�O�X�H�Q�F�L�Q�J���K�L�J�K-�U�L�V�N���S�U�R�F�H�V�V�H�V���V�X�F�K���D�V���E�U�D�N�L�Q�J����
�V�W�H�H�U�L�Q�J�����H�W�F����

N�H�W�Z�R�U�N���S�H�U�I�R�U�P�D�Q�F�H���F�D�Q���E�H���D�I�I�H�F�W�H�G���E�\���V�H�Y�H�U�D�O���H�[�W�H�U�Q�D�O���D�Q�G���L�Q�W�H�U�Q�D�O���I�D�F�W�R�U�V�����V�X�F�K��
�D�V�� �E�X�L�O�G�L�Q�J�V���� �W�K�H�� �Z�H�D�W�K�H�U���� �V�S�H�H�G���F�R�Q�G�L�W�L�R�Q�V���� �W�K�H�� �Q�X�P�E�H�U���R�I���D�F�W�R�U�V�� �S�D�U�W�L�F�L�S�D�W�L�Q�J�� �L�Q��
�W�K�H���F�R�P�P�X�Q�L�F�D�W�L�R�Q���S�U�R�F�H�V�V�����R�U���W�K�H���D�S�S�O�L�H�G���V�H�F�X�U�L�W�\���V�R�O�X�W�L�R�Q�V�������2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����L�W��
�P�X�V�W�� �E�H�� �H�P�S�K�D�V�L�]�H�G�� �W�K�D�W�� �D�� �P�D�O�L�F�L�R�X�V�� �D�W�W�D�F�N�� �>���@�� �R�U�� �D�Q�� �X�Q�L�Q�W�H�Q�W�L�R�Q�D�O�� �H�U�U�R�U�� �F�D�Q��
�F�R�Q�V�L�G�H�U�D�E�O�\���G�H�F�U�H�D�V�H���Q�H�W�Z�R�U�N���V�H�U�Y�L�F�H���T�X�D�O�L�W�\����
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�1�R�W�H�� �W�K�D�W�� �3�X�E�O�L�F�� �.�H�\�� �,�Q�I�U�D�V�W�U�X�F�W�X�U�H�� �I�U�D�P�H�Z�R�U�N�V�� �D�U�H�� �D�O�V�R�� �Z�L�G�H�O�\�� �D�S�S�O�L�H�G�� �L�Q�� �R�W�K�H�U��
�G�R�P�D�L�Q�V���W�R���S�U�R�Y�L�G�H���D�Q���D�F�F�H�S�W�D�E�O�H���V�H�F�X�U�L�W�\���O�H�Y�H�O���R�I���W�K�H���V�\�V�W�H�P�V�����H���J�������W�K�H���H�Q�H�U�J�\���R�U��
�W�K�H���I�L�Q�D�Q�F�L�D�O���V�H�F�W�R�U�����>���@���>�����@�����0�D�Q�\���R�W�K�H�U���U�H�V�H�D�U�F�K���S�D�S�H�U�V���I�R�F�X�V�H�G���R�Q���W�K�H���L�P�S�D�F�W���R�I��
�D�X�W�K�H�Q�W�L�F�D�W�L�R�Q�� �R�Q�� �F�R�P�P�X�Q�L�F�D�W�L�R�Q�� �G�H�O�D�\�� �>�����@���� �W�K�H�� �H�I�I�H�F�W�L�Y�H�Q�H�V�V�� �R�I�� �&�U�H�G�H�Q�W�L�D�O��
�0�D�Q�D�J�H�P�H�Q�W�� �6�\�V�W�H�P�V�� �U�H�O�D�W�H�G�� �W�R�� �&�&�$�0�� �V�R�O�X�W�L�R�Q�V�� �>����-�����@���� �D�Q�G�� �W�K�H�� �V�H�F�X�U�L�W�\��
�R�Y�H�U�K�H�D�G���R�I���G�L�I�I�H�U�H�Q�W���F�R�G�L�Q�J���D�O�J�R�U�L�W�K�P�V���>�����@�����)�R�O�O�R�Z�L�Q�J���W�K�H���V�W�X�G�L�H�G���U�H�O�D�W�H�G���Z�R�U�N�V����
�Z�H���I�R�X�Q�G���W�K�D�W���3�.�,���D�X�W�K�H�Q�W�L�F�D�W�L�R�Q�¶�V���V�D�I�H�W�\���H�I�I�H�F�W���L�Q���D�X�W�R�P�R�W�L�Y�H���V�\�V�W�H�P�V���K�D�V���Q�R�W���\�H�W��
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�W�K�H���V�D�I�H���V�L�G�H�����$�F�F�R�U�G�L�Q�J�O�\�����L�I���W�K�H���T�X�D�O�L�W�\���R�I���V�H�U�Y�L�F�H�����4�R�6�����G�H�F�U�H�D�V�H�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\����
�H�L�W�K�H�U���E�H�F�D�X�V�H���R�I���D�Q���D�W�W�D�F�N���R�U���D�Q���H�U�U�R�U�����W�K�H���F�R�Q�W�U�R�O�O�D�E�O�H���L�Q�I�O�X�H�Q�F�L�Q�J���I�D�F�W�R�U�V���F�D�Q���E�H��
�P�R�G�L�I�L�H�G���W�R���G�U�L�Y�H���W�K�H���V�\�V�W�H�P���L�Q���D���V�D�I�H���V�W�D�W�H���>����-�����@.��

2 Methods 

�7�K�L�V���D�U�W�L�F�O�H���L�Q�Y�H�V�W�L�J�D�W�H�V���W�K�H���H�[�S�H�F�W�H�G���H�I�I�H�F�W�V���R�I���V�S�H�F�L�I�L�F���P�D�O�L�F�L�R�X�V���L�Q�W�H�U�Y�H�Q�W�L�R�Q�V���R�U��
�U�D�Q�G�R�P���H�U�U�R�U�V���U�H�O�D�W�H�G���W�R���Z�L�U�H�O�H�V�V���F�R�P�P�X�Q�L�F�D�W�L�R�Q���E�D�V�H�G���D�X�W�R�P�R�W�L�Y�H���I�X�Q�F�W�L�R�Q�V���W�D�N�L�Q�J��
�L�Q�W�R���D�F�F�R�X�Q�W���W�K�H���V�H�Y�H�U�L�W�\���D�Q�G���S�U�R�E�D�E�L�O�L�W�\���R�I���W�K�H���F�R�Q�V�L�G�H�U�H�G���X�Q�H�[�S�H�F�W�H�G���H�Y�H�Q�W�����%�D�V�H�G��
�R�Q�� �W�K�L�V���� �W�K�H�� �D�S�S�O�L�H�G�� �U�L�V�N�� �H�V�W�L�P�D�W�L�R�Q�� �F�R�Q�F�H�S�W�� �L�V�� �L�Q�W�U�R�G�X�F�H�G�� �L�Q�� �W�K�H�� �I�L�U�V�W�� �S�D�U�W�� �R�I�� �W�K�H��
�V�H�F�W�L�R�Q�����D�Q�G���L�Q���W�K�H���Q�H�[�W���V�W�H�S�����W�K�H���S�U�R�E�D�E�L�O�L�W�\���H�V�W�L�P�D�W�L�R�Q���P�R�G�H�O���L�V���G�H�V�F�U�L�E�H�G���>�����@.��

2.1 Investigation Concept 

�'�X�U�L�Q�J�� �W�K�H�� �H�Y�D�O�X�D�W�L�R�Q���� �Z�H�� �L�Q�Y�H�V�W�L�J�D�W�H�G���V�L�[�� �F�D�V�H�V�� �I�R�F�X�V�L�Q�J�� �R�Q�� �L�Q�W�H�U�V�H�F�W�L�Q�J�� �Y�H�K�L�F�O�H��
�P�R�Y�H�P�H�Q�W�V�� �>�����@�����$�O�O���L�Q�Y�H�V�W�L�J�D�W�H�G���F�D�V�H�V�� �L�Q�F�O�X�G�H�G���W�Z�R�� �F�D�U�V��(�7�D�U�J�H�W���9�H�K�L�F�O�H��–���7�9����
�6�X�E�M�H�F�W�� �9�H�K�L�F�O�H��–���6�9�����Z�K�H�U�H�� �W�K�H���Q�H�L�J�K�E�R�U�L�Q�J���O�H�J�V���R�I�� �W�K�H���M�X�Q�F�W�L�R�Q�� �P�H�H�W�� �D�W�� �D������-
�G�H�J�U�H�H��angle�����7�D�E�O�H�������L�Q�F�O�X�G�H�V���W�K�H���Y�H�O�R�F�L�W�L�H�V���R�I���W�K�H���Y�H�K�L�F�O�H�V.��

�7�D�E�O�H��1��

�,�Q�Y�H�V�W�L�J�D�W�H�G���F�D�V�H�V���D�Q�G���W�K�H���D�S�S�O�L�H�G���Y�H�O�R�F�L�W�L�H�V��

Test 
case TC1 TC2 TC3 TC4 TC5 TC6 

vT V 
[km/h]�� 20�� ������ 20�� ������ 20�� ������

vSV 
[km/h]��

������ ������ ������ 100�� 100�� ��������
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�,�Q�� �R�U�G�H�U�� �W�R�� �J�X�D�U�D�Q�W�H�H�� �W�K�D�W�� �W�K�H�� �W�Z�R�� �Y�H�K�L�F�O�H�V�� �D�U�H�� �R�Q�� �D�� �F�R�O�O�L�V�L�R�Q�� �F�R�X�U�V�H���� �W�K�H�� �V�W�D�U�W�L�Q�J��
�S�R�V�L�W�L�R�Q���R�I���E�R�W�K���Y�H�K�L�F�O�H�V���D�U�H���F�K�R�V�H�Q���D�F�F�R�U�G�L�Q�J�O�\�����7�K�H���W�H�V�W���V�F�H�Q�D�U�L�R�V���Z�H�U�H���E�X�L�O�W���X�V�L�Q�J��
�W�K�H�� �&�R�K�G�D���9�6�,�0���V�L�P�X�O�D�W�L�R�Q�� �I�U�D�P�H�Z�R�U�N���� �,�Q�� �W�K�H�� �W�H�V�W�� �V�H�W�X�S�� �W�Z�R�� �&�R�K�G�D�� �0�.���� �2�Q-
�%�R�D�U�G���8�Q�L�W�V�����2�%�8�V�����D�U�H���X�V�H�G���W�R���I�D�F�L�O�L�W�D�W�H���Z�L�U�H�O�H�V�V���F�R�P�P�X�Q�L�F�D�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���W�Z�R��
�Y�H�K�L�F�O�H�V�� �X�V�L�Q�J�� �&�$�0�� �P�H�V�V�D�J�H�V���� �7�K�H���9�6�,�0�� �V�R�I�W�Z�D�U�H�� �V�L�P�X�O�D�W�H�V�� �W�K�H�� �Y�H�K�L�F�O�H�V��
�I�R�O�O�R�Z�L�Q�J���W�K�H�L�U���U�H�V�S�H�F�W�L�Y�H���S�D�W�K�V���D�Q�G���J�H�Q�H�U�D�W�H�V���D���*�1�6�6�����*�O�R�E�D�O���1�D�Y�L�J�D�W�L�R�Q���6�D�W�H�O�O�L�W�H��
�6�\�V�W�H�P�����G�D�W�D���V�W�U�H�D�P���I�R�U���E�R�W�K�����7�K�L�V���G�D�W�D���V�W�U�H�D�P���L�V���W�K�H�Q���I�H�G���W�R���W�K�H�L�U���U�H�V�S�H�F�W�L�Y�H���2�%�8�V��
�Y�L�D�� �7�&�3���,�3�� (�7�U�D�Q�V�P�L�V�V�L�R�Q�� �&�R�Q�W�U�R�O�� �3�U�R�W�R�F�R�O���,�Q�W�H�U�Q�H�W�� �3�U�R�W�R�F�R�O���� �F�R�Q�Q�H�F�W�L�R�Q������
�7�K�H���D�U�F�K�L�W�H�F�W�X�U�H���R�I���W�K�H���W�H�V�W���V�\�V�W�H�P���L�V���V�K�R�Z�Q���R�Q���)�L�J�X�U�H��������

��
�)�L�J�X�U�H��1��

�7�H�V�W���V�\�V�W�H�P���D�U�F�K�L�W�H�F�W�X�U�H��

�7�K�H���W�H�V�W���F�D�V�H�V���Z�H�U�H���L�P�S�O�H�P�H�Q�W�H�G���L�Q���W�K�H���Y�L�U�W�X�D�O���P�R�G�H�O���R�I���W�K�H���=�D�O�D�=�2�1�(���W�H�V�W���I�L�H�O�G���W�R��
�S�U�R�Y�L�G�H���W�K�H���S�R�V�V�L�E�L�O�L�W�\���I�R�U���W�K�H���U�H�D�O���W�H�V�W-�E�D�V�H�G���Y�H�U�L�I�L�F�D�W�L�R�Q���R�I���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���U�H�V�X�O�W�V��
�>�����@�����7�K�H���E�H�O�R�Z���S�U�H�V�H�Q�W�H�G���O�D�E�R�U�D�W�R�U�\���V�H�W�X�S���Z�D�V���X�V�H�G���W�R���F�D�U�U�\���R�X�W���W�K�H���P�H�D�V�X�U�H�P�H�Q�W�V.��

��
�)�L�J�X�U�H��2��

�0�H�D�V�X�U�H�P�H�Q�W���O�D�E�R�U�D�W�R�U�\���V�H�W�X�S��
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2.2 Representing Safety Risk 

�7�K�H�� �E�H�O�R�Z-�S�U�H�V�H�Q�W�H�G�� �S�D�U�W�� �R�I�� �W�K�H�� �D�U�W�L�F�O�H�� �G�H�V�F�U�L�E�H�V�� �W�K�H�� �L�Q�G�L�F�D�W�R�U�� �D�S�S�O�L�H�G�� �W�R��
�F�K�D�U�D�F�W�H�U�L�]�H���V�D�I�H�W�\���U�L�V�N�����%�H�\�R�Q�G���W�K�H���Y�H�K�L�F�O�H���J�H�Q�H�U�D�O�O�\���D�S�S�O�L�H�G���G�\�Q�D�P�L�F�V���S�D�U�D�P�H�W�H�U�V����
�W�K�H���G�H�Y�H�O�R�S�H�G���6�D�I�H�W�\���5�L�V�N���,�Q�G�H�[�����6�5�,�����F�R�Q�V�L�G�H�U�V���W�K�H���U�H�O�H�Y�D�Q�W���4�R�6���S�D�U�D�P�H�W�H�U�V�����V�X�F�K��
�D�V���S�D�F�N�H�W���G�H�O�L�Y�H�U�\���U�D�W�L�R�����3�'�5�����R�U���H�Q�G-to-�H�Q�G���O�D�W�H�Q�F�\�����(���(�������'�X�U�L�Q�J���W�K�H���D�Q�D�O�\�V�L�V�����W�K�H��
�V�W�R�S�S�L�Q�J���G�L�V�W�D�Q�F�H�����G�H�Q�R�W�H�G���E�\���@�Ö�å�Ü�ç�����Z�D�V���H�Y�D�O�X�D�W�H�G���W�R���F�K�D�U�D�F�W�H�U�L�]�H���W�K�H���V�D�I�H�W�\���O�H�Y�H�O��
�R�I���D���V�S�H�F�L�I�L�F���V�F�H�Q�D�U�L�R����

�:�K�H�Q���&�$�0�V���G�R���Q�R�W���D�U�U�L�Y�H���E�H�I�R�U�H���W�K�H���I�R�O�O�R�Z�L�Q�J���Y�H�K�L�F�O�H���D�S�S�U�R�D�F�K�H�V���W�K�H��front���Y�H�K�L�F�O�H��
�W�R���W�K�H���V�W�R�S�S�L�Q�J���G�L�V�W�D�Q�F�H�����@�Ö�å�Ü�ç�������W�K�H���I�R�O�O�R�Z�L�Q�J���F�D�U���Z�L�O�O���Q�R�W���K�D�Y�H���H�Q�R�X�J�K���G�L�V�W�D�Q�F�H���W�R��
�G�H�F�H�O�H�U�D�W�H���W�R���D���V�D�I�H���V�S�H�H�G���D�Q�G���D�Y�R�L�G���W�K�H���D�F�F�L�G�H�Q�W����

�,�Q���O�L�J�K�W���R�I���W�K�H���D�E�R�Y�H�����L�I���D���&�$�0���D�U�U�L�Y�H�V���W�R���W�K�H���I�R�O�O�R�Z�L�Q�J���Y�H�K�L�F�O�H���E�H�I�R�U�H���W�K�H���F�U�L�W�L�F�D�O��
�S�R�L�Q�W�����W�K�H���F�D�U���F�D�Q���S�U�H�Y�H�Q�W���W�K�H���F�R�O�O�L�V�L�R�Q�����+�R�Z�H�Y�H�U�����Z�H���D�O�V�R���Q�H�H�G���W�R���H�P�S�K�D�V�L�]�H���W�K�D�W���L�W��
�L�V�� �Q�R�W�� �D�G�Y�D�Q�W�D�J�H�R�X�V�� �L�I�� �W�K�H�� �&�$�0�� �D�U�U�L�Y�H�V�� �W�R�R�� �H�D�U�O�\�� �V�L�Q�F�H�� �W�K�H�� �V�L�W�X�D�W�L�R�Q�� �Z�L�O�O�� �Q�R�W�� �E�H��
�F�O�D�V�V�L�I�L�H�G���D�V���D���K�D�]�D�U�G�R�X�V���H�Y�H�Q�W�����)�R�O�O�R�Z�L�Q�J���W�K�L�V�����Z�H���F�D�Q���L�G�H�Q�W�L�I�\���D���Z�D�U�Q�L�Q�J���S�H�U�L�R�G��
(�P�ê�Ô�å�á���� �L�Q���Z�K�L�F�K���W�K�H���&�$�0���V�K�R�X�O�G���D�U�U�L�Y�H�����,�I���W�K�H���V�S�H�H�G�V���R�I���W�K�H���F�D�U�V���D�U�H���K�L�J�K�H�U�����W�K�H��
�Z�D�U�Q�L�Q�J���S�H�U�L�R�G���K�D�V���W�R���E�H���O�R�Q�J�H�U����

�$�F�F�R�U�G�L�Q�J�O�\���� �L�Q�� �W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �S�U�R�F�H�G�X�U�H�� �R�I�� �$�'�$�6���$�'�6��(�$�G�Y�D�Q�F�H�G��D�U�L�Y�H�U-
�$�V�V�L�V�W�D�Q�F�H���6�\�V�W�H�P���$�X�W�R�P�D�W�H�G���'�U�L�Y�L�Q�J���6�\�V�W�H�P�����D�S�S�O�L�F�D�W�L�R�Q�V�����Z�H���P�X�V�W���F�R�Q�V�L�G�H�U���W�K�H��
�S�U�R�S�R�U�W�L�R�Q���R�I���W�K�H���Z�D�U�Q�L�Q�J���D�Q�G���W�K�H���F�U�L�W�L�F�D�O���S�H�U�L�R�G�����,�I���W�K�H���S�U�R�S�R�U�W�L�R�Q���L�V���V�P�D�O�O�H�U�����W�K�H��
�D�S�S�O�L�F�D�W�L�R�Q���Z�L�O�O���E�H�F�R�P�H���P�R�U�H���H�I�I�H�F�W�L�Y�H�����E�X�W���W�K�H���U�L�V�N���U�H�O�D�W�H�G���W�R���W�K�H���D�S�S�O�L�F�D�W�L�R�Q���Z�L�O�O��
�D�O�V�R���E�H���O�D�U�J�H�U����

�7�K�H�� �L�Q�G�L�F�D�W�R�U�� �G�H�V�F�U�L�E�L�Q�J�� �V�D�I�H�W�\�� �U�L�V�N�� �L�V�� �G�H�I�L�Q�H�G�� �E�\�� �P�X�O�W�L�S�O�\�L�Q�J�� �W�K�H�� �H�V�W�L�P�D�W�H�G��
�R�F�F�X�U�U�H�Q�F�H���D�Q�G���V�H�Y�H�U�L�W�\���Y�D�O�X�H�V���L�Q���W�K�H���F�D�V�H���R�I���V�S�H�F�L�I�L�F���V�F�H�Q�D�U�L�R�V���G�X�H���W�R���W�K�H���G�H�O�D�\�H�G��
�D�U�U�L�Y�D�O���R�I���F�R�R�S�H�U�D�W�L�Y�H���D�Z�D�U�H�Q�H�V�V���P�D�V�V�D�J�H�V����

�7�K�H�� �R�F�F�X�U�U�H�Q�F�H�� �Y�D�O�X�H�� �U�H�O�D�W�H�G�� �W�R�� �W�K�H�� �G�H�O�D�\�H�G�� �D�U�U�L�Y�D�O�� �R�I�� �F�R�R�S�H�U�D�W�L�Y�H�� �D�Z�D�U�H�Q�H�V�V��
�P�H�V�V�D�J�H�V���L�Q���D���V�S�H�F�L�I�L�F���V�F�H�Q�D�U�L�R���L�V���F�D�O�F�X�O�D�W�H�G���E�\���V�X�E�W�U�D�F�W�L�Q�J���W�K�H���D�U�U�L�Y�D�O���W�L�P�H�V�W�D�P�S��
(�P�Í�Ì �������I�U�R�P���W�K�H���F�H�Q�W�H�U���S�R�L�Q�W���R�I���W�K�H���Z�D�U�Q�L�Q�J���S�H�U�L�R�G��(�P�Í�Ì_�¼�¾�Ç�Í��.��

�$�F�F�R�U�G�L�Q�J�� �W�R���R�X�U�� �F�R�Q�F�H�S�W���� �Z�H�� �H�V�W�L�P�D�W�H���V�H�Y�H�U�L�W�\�� �E�D�V�H�G���R�Q���W�K�H�� �F�R�O�O�L�V�L�R�Q���H�Q�H�U�J�\���� �,�Q��
�O�L�J�K�W�� �R�I�� �W�K�L�V���� �L�W�� �F�D�Q�� �E�H�� �G�H�U�L�Y�H�G�� �I�U�R�P�� �W�K�H�� �N�L�Q�H�W�L�F�� �H�Q�H�U�J�\�� �R�I���W�K�H�� �F�R�O�O�L�G�L�Q�J�� �Y�H�K�L�F�O�H�V����
�)�R�O�O�R�Z�L�Q�J�� �W�K�H�V�H�� �D�V�V�X�P�S�W�L�R�Q�V���� �L�Q�� �W�K�H�� �F�D�V�H�� �R�I�� �D�� �O�R�Q�J�L�W�X�G�L�Q�D�O�� �V�F�H�Q�D�U�L�R�����V�H�Y�H�U�L�W�\�� �L�V��
�S�U�R�S�R�U�W�L�R�Q�D�O���W�R���W�K�H���G�L�If�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���V�T�X�D�U�H�V���R�I���Y�H�O�R�F�L�W�L�H�V�����,�Q���W�K�D�W���F�D�V�H�����U�L�V�N��
�F�D�Q���E�H���U�H�S�U�H�V�H�Q�W�H�G���E�\���W�K�H���I�R�O�O�R�Z�L�Q�J���I�R�U�P�X�O�D����

�5�4�+= 
k�P�Í�Ì 
F �P�Í�Ì_�¼�¾�Ç�Í
o �® �@�Ö�å�Ü�ç�� ��������
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�V�F�H�Q�D�U�L�R�V�����)�R�O�O�R�Z�L�Q�J���W�K�L�V�����L�W���E�H�F�D�P�H���S�R�V�V�L�E�O�H���W�R���L�G�H�Q�W�L�I�\��the���S�R�O�\�Q�R�P�L�D�O���U�H�J�U�H�V�V�L�R�Q��
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3 Results 

�7�K�L�V���V�H�F�W�L�R�Q���I�R�F�X�V�H�V���R�Q���W�K�H���R�X�W�F�R�P�H�V���R�I���W�K�H���H�[�H�F�X�W�H�G���P�H�D�V�X�U�H�P�H�Q�W�V����T�K�H���V�D�I�H�W�\���U�L�V�N��
�R�I�� �W�K�H�� �9���9�� �W�H�V�W�� �F�D�V�H�V�� �L�V���D�Q�D�O�\�]�H�G���E�\�� �D�S�S�O�\�L�Q�J�� �W�K�H�� �S�U�H�V�H�Q�W�H�G�� �V�D�I�H�W�\�� �U�L�V�N�� �L�Q�G�H�[������
�7�K�H�� �E�H�O�R�Z-�S�U�H�V�H�Q�W�H�G���I�L�J�X�U�H���S�D�L�U�V�� �F�R�P�S�D�U�H�� �W�K�H�� �U�L�V�N�� �I�X�Q�F�W�L�R�Q�V�����7�K�H�� �O�H�I�W���V�L�G�H�� �R�I� � �W�K�H��
�I�L�J�X�U�H�V���V�K�R�Z���D���O�R�Z-�O�D�W�H�Q�F�\���V�F�H�Q�D�U�L�R���Z�L�W�K���P�L�Q�L�P�D�O����~�����P�V�����(���(���O�D�W�H�Q�F�\�����W�K�H���U�L�J�K�W��
�V�L�G�H���V�K�R�Z�V���D���K�L�J�K-�O�D�W�H�Q�F�\���������������P�V�����V�F�H�Q�D�U�Lo.���(�D�F�K���I�L�J�X�U�H���F�R�Q�W�D�L�Q�V���W�K�H���U�H�V�X�O�W�V��of��
�W�Z�R���P�H�D�V�X�U�H�P�H�Q�W�V���� �R�Q�H�� �Z�L�W�K���3�.�,���D�X�W�K�H�Q�W�L�F�D�W�L�R�Q���W�X�U�Q�H�G���R�Q�����E�O�X�H�� �F�R�Q�W�L�Q�X�R�X�V�� �O�L�Q�H����
�D�Q�G�� �R�Q�H�� �Z�L�W�K�� �3�.�,�� �W�X�U�Q�H�G�� �R�I�I�� ���E�O�D�F�N�� �G�D�V�K�H�G�� �O�L�Q�H��.��D�X�H�� �W�R���D�S�S�O�\�L�Q�J�� �S�R�O�\�Q�R�P�L�D�O��
�U�H�J�U�H�V�V�L�R�Q�� �W�R�� �W�K�H�� �F�D�O�F�X�O�D�W�H�G�� �6�5�,�� �Y�D�O�X�H�V�� �W�K�H�� �U�H�V�X�O�W�D�Q�W�� �V�D�I�H�W�\�� �U�L�V�N�� �Y�D�O�X�H�V�� �D�U�H��
�Q�R�U�P�D�O�L�]�H�G.��

3.1 Test Case TC1 

�,�Q���W�K�H���I�L�U�V�W���W�H�V�W���F�D�V�H�����W�K�H���V�X�E�M�H�F�W���Y�H�K�L�F�O�H���P�R�Y�H�V���D�W���������N�P���K���Z�K�L�O�H���W�K�H���W�D�U�J�H�W���Y�H�K�L�F�O�H��
�P�R�Y�H�V�� �D�W��20���N�P���K���� �'�X�H�� �W�R�� �W�K�H�� �U�H�O�D�W�L�Y�H�O�\�� �O�R�Z���Y�H�O�R�F�L�W�L�H�V���� �W�K�H���H�[�S�H�F�W�H�G���U�L�V�N�� �O�H�Y�H�O���L�V��
�U�H�O�D�W�L�Y�H�O�\���O�R�Z�����,�Q���E�R�W�K���O�R�Z-���D�Q�G���K�L�J�K-�O�D�W�H�Q�F�\���F�D�V�H�V���W�K�H���U�L�V�N���I�X�Q�F�W�L�R�Q���L�V���V�W�H�H�S�H�U���Z�K�H�Q��
�W�K�H���3�.�,���D�X�W�K�H�Q�W�L�F�D�W�L�R�Q���L�V���V�Z�L�W�F�K�H�G���R�Q.��

��

��
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�7�D�E�O�H��2��

�6�D�I�H�W�\���5�L�V�N���Y�D�O�X�H�V���I�R�U��TC1���W�H�V�W���F�D�V�H��

PDR E2E Without PKI  With PKI  

10%��
0���P�V�� ������������ ������������

���������P�V�� ������������ ������������
1000���P�V�� ������������ ������������

50%��
0���P�V�� ������������ 0.121��

���������P�V�� ������������ ������������
1000���P�V�� ������������ ������������

100%��
0���P�V�� 0.022�� 0��

���������P�V�� ������������ ������������
1000���P�V�� ������������ 0.122��

3.2 Test Case TC2 

�,�Q���W�K�H���I�R�O�O�R�Z�L�Q�J���W�H�V�W���F�D�V�H�����W�K�H���V�X�E�M�H�F�W���Y�H�K�L�F�O�H���P�R�Y�H�V���D�W���������N�P���K,���Z�K�L�O�H���W�K�H��target��
�Y�H�K�L�F�O�H�� �P�R�Y�H�V�� �D�W�� ������ �N�P���K���� �:�H�� �F�D�Q�� �U�H�F�R�J�Q�L�]�H�� �W�K�D�W�� �W�K�H�� �V�D�I�H�W�\�� �L�P�S�D�F�W�� �R�I�� �W�K�H�� �3�.�,��
�D�X�W�K�H�Q�W�L�F�D�W�L�R�Q���S�U�R�F�H�V�V���L�V���Q�R�W���H�P�S�K�D�W�L�F�����R�Q�O�\���D���V�P�D�O�O���G�L�I�I�H�U�H�Q�F�H���F�D�Q���E�H���R�E�V�H�U�Y�H�G���D�W��
�H�[�W�U�H�P�H�O�\���O�R�Z���3�'�5���O�H�Y�H�O�V�����X�Q�G�H�U����������.��
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�7�D�E�O�H������

�6�D�I�H�W�\���5�L�V�N���Y�D�O�X�H�V���I�R�U��TC2���W�H�V�W���F�D�V�H��

PDR E2E Without PKI  With PKI  

10%��
0���P�V�� ������������ ������������

���������P�V�� ������������ ������������
1000���P�V�� ������������ ������������

50%��
0���P�V�� ������������ ������������

���������P�V�� ������������ ������������
1000���P�V�� ������������ ������������

100%��
0���P�V�� ������������ ������������

���������P�V�� ������������ ������������
1000���P�V�� ������������ ������������

3.3 Test Case TC3 

�,�Q���W�K�H���W�K�L�U�G���W�H�V�W���F�D�V�H�����W�K�H��target���Y�H�K�L�F�O�H���P�R�Y�H�V���D�W���������N�P���K���Z�K�L�O�H���W�K�H���V�X�E�M�H�F�W���Y�H�K�L�F�O�H��
�P�R�Y�H�V���D�W���������N�P���K�����'�X�H���W�R���W�K�H���P�R�U�H���F�R�Q�V�L�G�H�U�D�E�O�H���G�L�I�I�H�U�H�Q�F�H���L�Q���Y�H�O�R�F�L�W�L�H�V�����W�K�H���V�D�I�H�W�\��
�U�L�V�N�� �W�D�N�H�V�� �O�D�U�J�H�U�� �Y�D�O�X�H�V�� �Z�K�H�Q���W�K�H�� �T�X�D�O�L�W�\�� �R�I�� �V�H�U�Y�L�F�H�� �E�H�F�R�P�H�V�� �O�R�Z�H�U���� �2�Q�� �W�K�H�� �R�W�K�H�U��
�K�D�Q�G���� �Z�H�� �K�D�Y�H�� �W�R�� �H�P�S�K�D�V�L�]�H�� �W�K�D�W���W�K�H�� �S�D�F�N�H�W���G�H�O�L�Y�H�U�\�� �U�D�W�L�R���K�D�V�� �D�� �P�R�U�H�� �V�L�J�Q�L�I�L�F�D�Q�W��
�L�Q�I�O�X�H�Q�F�H�� �R�Q�� �W�K�H�� �V�D�I�H�W�\�� �U�L�V�N���� �&�R�P�S�D�U�L�Q�J�� �W�K�H�� �V�D�I�H�W�\�� �U�L�V�N�� �R�I�� �W�K�H�� �V�\�V�W�H�P�V�� �Z�L�W�K�� �D�Q�G��
�Z�L�W�K�R�X�W�� �3�.�,�� �D�X�W�K�H�Q�W�L�F�D�W�L�R�Q���� �W�K�H�� �P�D�[�L�P�X�P�� �Y�D�O�X�H�� �R�I�� �W�K�H�� �V�\�V�W�H�P�� �Z�L�W�K�� �3�.�,�� �L�V��~0.1��
�O�D�U�J�H�U���W�K�D�Q���W�K�D�W���R�I���W�K�H���V�\�V�W�H�P���Z�L�W�K�R�X�W���3�.�,����
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�7�D�E�O�H������

�6�D�I�H�W�\���5�L�V�N���Y�D�O�X�H�V���I�R�U���7�&�����W�H�V�W���F�D�V�H��

PDR E2E Without PKI  With PKI  

10%��
0���P�V�� ������������ ������������

���������P�V�� ���������� ������������
1000���P�V�� ������������ ������������

50%��
0���P�V�� ������������ ������������

���������P�V�� ������������ ����������
1000���P�V�� �������� ������������

100%��
0���P�V�� ������������ ������������

���������P�V�� ������������ ����������
1000���P�V�� ������������ ������������

3.4 Test Case TC4 

�5�H�J�D�U�G�L�Q�J���W�K�H���I�R�X�U�W�K���W�H�V�W���F�D�V�H�����W�K�H��target���Y�H�K�L�F�O�H���P�R�Y�H�V���D�W���������N�P���K���Z�K�L�O�H���W�K�H���V�X�E�M�H�F�W��
�P�R�Y�H�V���D�W�����������N�P���K�����6�L�P�L�O�D�U���W�R���W�K�H���S�U�H�Y�L�R�X�V���W�H�V�W���F�D�V�H�����W�K�H���P�R�U�H���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H��
�L�Q���W�K�H���Y�H�O�R�F�L�W�L�H�V���U�H�V�X�O�W�V���L�Q���O�D�U�J�H�U���V�D�I�H�W�\���U�L�V�N���Y�D�O�X�H�V���L�Q���W�K�H���F�D�V�H���R�I���O�R�Z�H�U���T�X�D�O�L�W�\���R�I��
�V�H�U�Y�L�F�H�� �O�H�Y�H�O�V���� �%�H�V�L�G�H�V�� �W�K�L�V���� �Z�H�� �F�D�Q�� �D�O�V�R�� �R�E�V�H�U�Y�H�� �W�K�D�W�� �W�K�H�� �S�D�F�N�H�W�� �G�H�O�L�Y�H�U�\�� �U�D�W�L�R��
�F�R�Q�V�L�G�H�U�D�E�O�\���L�P�S�D�F�W�V���W�K�H���V�D�I�H�W�\���U�L�V�N�����&�R�P�S�D�U�L�Q�J���W�K�H���V�D�I�H�W�\���U�L�V�N���R�I���W�K�H���V�\�V�W�H�P�V���Z�L�W�K��
�D�Q�G���Z�L�W�K�R�X�W���3�.�,���D�X�W�K�H�Q�W�L�F�D�W�L�R�Q�����W�K�H���P�D�[�L�P�X�P���Y�D�O�X�H���R�I���W�K�H���V�\�V�W�H�P���Z�L�W�K���3�.�,���L�V���D�E�R�X�W��
�W�K�H���V�D�P�H���D�V���W�K�H���V�\�V�W�H�P���Z�L�W�K�R�X�W���3�.�,����
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�7�D�E�O�H������

�6�D�I�H�W�\���5�L�V�N���Y�D�O�X�H�V���I�R�U���7�&�����W�H�V�W���F�D�V�H��

PDR E2E Without PKI  With PKI  

10%��
0���P�V�� ������������ ������������

���������P�V�� ������������ ������������
1000���P�V�� ������������ ������������

50%��
0���P�V�� ������������ 0.11��

���������P�V�� ������������ ������������
1000���P�V�� ������������ ������������

100%��
0���P�V�� ������������ ������������

���������P�V�� ������������ ������������
1000���P�V�� ������������ ������������

3.5 Test Case TC5 

�$�Q�D�O�\�]�L�Q�J���W�K�H��T�&�����W�H�V�W���F�D�V�H�����W�K�H��target���Y�H�K�L�F�O�H���P�R�Y�H�V���D�W���������N�P���K���Z�K�L�O�H���W�K�H���V�X�E�M�H�F�W��
�Y�H�K�L�F�O�H���P�R�Y�H�V�� �D�W�� �������� �N�P���K���� �,�Q�� �W�K�L�V�� �W�H�V�W�� �F�D�V�H���� �W�K�H�� �O�D�U�J�H�� �G�L�I�I�H�U�H�Q�F�H�� �E�H�W�Z�H�H�Q�� �W�K�H��
�Y�H�K�L�F�O�H�V�¶���Y�H�O�R�F�L�W�\���L�Q�F�U�H�D�V�H�V�� �W�K�H�� �V�D�I�H�W�\�� �U�L�V�N�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\���� �H�V�S�H�F�L�D�O�O�\�� �Z�K�H�Q�� �3�'�5�� �L�V��
�X�Q�G�H�U��~������ ���� �%�H�V�L�G�H�V���� �Z�H�� �F�D�Q�� �D�O�V�R�� �R�E�V�H�U�Y�H�� �W�K�D�W�� �W�K�H�� �S�D�F�N�H�W�� �G�H�O�L�Y�H�U�\�� �U�D�W�L�R��
�F�R�Q�V�L�G�H�U�D�E�O�\�� �L�P�S�D�F�W�V�� �W�K�H�� �V�D�I�H�W�\�� �U�L�V�N���� �7�K�H�� �P�D�[�L�P�X�P�� �V�D�I�H�W�\���U�L�V�N�� �L�Q���W�K�H�� �F�D�V�H�� �R�I�� �W�K�H��
�V�\�V�W�H�P���Z�L�W�K���3�.�,���D�S�S�U�R�D�F�K�H�V���W�K�H���Y�D�O�X�H���R�I�����������Z�K�H�Q���W�K�H���O�D�W�H�Q�F�\���L�V���U�H�O�D�W�L�Y�H�O�\���K�L�J�K.��
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�7�D�E�O�H������
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PDR E2E Without PKI  With PKI  
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3.6 Test Case TC6 
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�D�P�R�Q�J���W�K�H���H�[�D�P�L�Q�H�G���V�F�H�Q�D�U�L�R�V���L�Q���W�K�L�V���W�H�V�W���F�D�V�H�����:�H���F�D�Q���D�O�V�R���F�R�Q�F�O�X�G�H���W�K�D�W���W�K�H���V�D�I�H�W�\��
�U�L�V�N���I�X�Q�F�W�L�R�Q���F�K�D�Q�J�H�V���V�W�H�H�S�H�V�W���L�Q���W�K�L�V���W�H�V�W���F�D�V�H���D�V���D���I�X�Q�F�W�L�R�Q���R�I���W�K�H���S�D�F�N�H�W���G�H�O�L�Y�H�U�\��
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Conclusions 
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Investigating the Energetics of Electric Vehicles, 
based on Real Measurements 

Dávid Tollner and Máté Zöldy 

�'�H�S�D�U�W�P�H�Q�W���R�I���$�X�W�R�P�R�W�L�Y�H���7�H�F�K�Q�R�O�R�J�L�H�V�����%�X�G�D�S�H�V�W���8�Q�L�Y�H�U�V�L�W�\���R�I���7�H�F�K�Q�R�O�R�J�\���D�Q�G��
�(�F�R�Q�R�P�L�F�V�����6�W�R�F�]�H�N���-�y�]�V�H�I���X�����������+-�����������%�X�G�D�S�H�V�W�����+�X�Q�J�D�U�\����
�W�R�O�O�Q�H�U���G�D�Y�L�G�#�N�M�N���E�P�H���K�X�����]�R�O�G�\���P�D�W�H�#�N�M�N���E�P�H���K�X��

Abstract: Electric vehicles can offer a real alternative for mobility in the 21st Century, but 
the extent of their long-term wear and degradation is unknown. Obviously, both traffic and 
users have to adapt to the new types of drivetrains, as these cars can be driven optimally in 
a completely different style. A new measurement and evaluation methodology has been 
developed, and various tests have been defined to investigate the key questions of electric 
cars. We showed that energy consumption can be reduced by more than 1/3 at optimum 
ambient temperatures, compared to 0 °C. We examined the correlation between speed and 
energy consumption on highway, and found that reducing the average speed from 105 km/h 
to 85 km/h can increase the range by up to 40%. Finally, we calculated that at 50,000 km of 
mileage, the battery only degrades by 11%. 

Keywords: sustainable mobility; electric vehicles; range; consumption; battery degradation 

1 Introduction  

�0�R�G�H�U�Q�� �P�R�E�L�O�L�W�\�� �L�V�� �Q�R�W�� �V�X�V�W�D�L�Q�D�E�O�H�� �L�Q�� �L�W�V�� �F�X�U�U�H�Q�W�� �I�R�U�P�� �>���@���� �W�K�H�U�H�I�R�U�H,���D�O�W�H�U�Q�D�W�L�Y�H��
�V�R�O�X�W�L�R�Q�V���Q�H�H�G���W�R���E�H���H�[�S�O�R�U�H�G�����,�Q�F�U�H�D�V�L�Q�J���U�H�F�R�J�Q�L�W�L�R�Q���R�I���D���O�R�Q�J-�W�H�U�P���S�H�U�V�S�H�F�W�L�Y�H���>���@,��
�F�D�Q�� �E�H�� �D�Q�� �H�V�V�H�Q�W�L�D�O�� �W�R�R�O�� �I�R�U�� �P�R�E�L�O�L�W�\���� �7�K�H�� �L�Q�W�H�U�Q�D�W�L�R�Q�D�O�� �F�R�P�P�X�Q�L�W�\�� �P�D�G�H�� �V�H�Y�H�U�D�O��
�F�R�P�P�L�W�P�H�Q�W�V�� �U�H�O�D�W�H�G�� �W�R�� �W�U�D�Q�V�S�R�U�W���� �E�X�W�� �P�R�V�W�� �I�R�F�X�V�� �R�Q�O�\�� �R�Q�� �U�R�D�G�� �V�D�I�H�W�\���R�U�� �F�D�U�E�R�Q��
�H�P�L�V�V�L�R�Q�V���V�S�H�F�L�I�L�F�D�O�O�\����

�5�H�V�H�D�U�F�K���I�R�U���D�O�W�H�U�Q�D�W�L�Y�H���V�R�O�X�W�L�R�Q�V���K�D�V���E�H�H�Q���D���S�R�S�X�O�D�U���W�R�S�L�F���R�Y�H�U���W�K�H���S�D�V�W���G�H�F�D�G�H�V����
�E�X�W���W�K�H���J�O�R�E�D�O���J�R�D�O���K�D�V���Q�R�W���E�H�H�Q���D�F�K�L�H�Y�H�G�����)�L�U�V�W���D�W�W�H�P�S�W�V���Z�H�U�H���P�D�G�H���W�R���G�H�Y�H�O�R�S���P�R�U�H��
�H�Q�Y�L�U�R�Q�P�H�Q�W-�I�U�L�H�Q�G�O�\���I�X�H�O�V���E�\���U�H�G�X�F�L�Q�J���W�K�H���V�X�O�I�X�U���D�Q�G���O�H�D�G���F�R�Q�W�H�Q�W���>���@���>�������@�����)�X�Ut�K�H�U��
�V�W�X�G�L�H�V���K�D�Y�H���E�H�H�Q�� �G�R�Q�H�� �R�Q�� �W�K�H�� �S�R�V�V�L�E�L�O�L�W�\�� �R�I�� �I�R�V�V�L�O�� �I�X�H�O�� �E�O�H�Q�G�L�Q�J�� �Z�L�W�K�� �G�L�I�I�H�U�H�Q�W��
�D�O�F�R�K�R�O�V���>��-���@���� �Y�H�J�H�W�D�E�O�H�� �R�L�O-�E�D�V�H�G�� �S�U�R�G�X�F�W�V�� �>��-�����@,���R�U�� �Z�L�W�K�� �U�D�U�H�� �V�S�H�F�L�D�O�� �E�O�H�Q�G�L�Q�J��
�P�D�W�H�U�L�D�O�V���>����-�����@�����2�Q���W�K�H���W�H�F�K�Q�L�F�D�O���V�L�G�H�����W�K�H���G�R�Z�Q�V�L�]�L�Q�J���R�I���S�H�W�U�R�O���H�Q�J�L�Q�H�V���K�D�V���V�W�D�U�W�H�G��
�>�����@�� �>�����@,���D�Q�G�� �I�R�U�� �G�L�H�V�H�O�� �H�Q�J�L�Q�H�V���� �F�R�P�E�X�V�W�L�R�Q�� �D�Q�G�� �H�[�K�D�X�V�W�� �J�D�V�� �W�H�F�K�Q�R�O�R�J�L�H�V�� �K�D�Y�H��
�E�H�H�Q���L�P�S�U�R�Y�H�G���>����-�����@�����$�W���W�K�H���V�D�P�H���W�L�P�H�����K�\�E�U�L�G�L�]�D�W�L�R�Q���Z�D�V���D�O�V�R���G�H�Y�H�O�R�S�H�G,���Z�K�L�F�K��
�K�D�G���S�U�R�P�L�V�L�Q�J���U�H�V�X�O�W�V�����I�R�U���I�X�U�W�K�H�U���I�X�H�O���F�R�Q�V�X�P�S�W�L�R�Q���U�H�G�X�F�W�L�R�Q�V���>�����@���>�����@����
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�5�H�J�D�U�G�O�H�V�V���R�I���W�K�H���S�R�Z�H�U�W�U�D�L�Q���W�\�S�H�����W�K�H���U�R�O�H���R�I���H�O�H�F�W�U�L�F�L�W�\���K�D�V���L�Q�F�U�H�D�V�H�G���L�Q���Y�H�K�L�F�O�H�V����
�D���P�R�G�H�U�Q���F�D�U���L�Q�F�O�X�G�L�Q�J���X�S���W�R�����������H�O�H�F�W�U�L�F���P�R�W�R�U�V���D�Q�G���V�H�Q�V�R�U�V���>�����@�����7�K�L�V���L�V���Q�H�F�H�V�V�D�U�\��
�E�H�F�D�X�V�H�� �R�I�� �W�K�H�� �F�R�P�S�O�H�[�L�W�\�� �R�I�� �G�U�L�Y�H�W�U�D�L�Q�V�� �D�Q�G�� �W�K�H�� �U�H�T�X�L�U�H�P�H�Q�W�� �W�R�� �F�R�P�S�O�\���Z�L�W�K��
�V�W�D�Q�G�D�U�G�V�����:�L�W�K���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���V�D�I�H�W�\���V�\�V�W�H�P�V�����W�K�H���Y�H�K�L�F�O�H���D�F�T�X�L�U�H�V���P�R�U�H���D�Q�G��
�P�R�U�H�� �G�D�W�D�� �D�E�R�X�W�� �L�W�V�� �H�Q�Y�L�U�R�Q�P�H�Q�W�� �>�����@���� �Z�K�L�F�K���U�H�T�X�L�U�H�V�� �K�L�J�K-�O�H�Y�H�O�� �G�D�W�D�� �S�U�R�F�H�V�V�L�Q�J��
�>�����@���� �D�U�W�L�I�L�F�L�D�O�� �L�Q�W�H�O�O�L�J�H�Q�F�H,���D�Q�G�� �I�X�]�]�\�� �V�W�U�X�F�W�X�U�H�V�� �>�����@�� �E�D�V�H�G�� �G�H�F�L�V�L�R�Q-�P�D�N�L�Q�J�� �L�Q��
�F�R�J�Q�L�W�L�Y�H���P�R�E�L�O�L�W�\����

�(�O�H�F�W�U�L�F���Y�H�K�L�F�O�H�V��(EV�V�����K�D�Y�H���E�H�H�Q���D���U�H�D�O���D�O�W�H�U�Q�D�W�L�Y�H���V�L�Q�F�H���W�K�H���V�W�D�U�W���R�I���P�R�W�R�U�L�]�D�W�L�R�Q����
�+�R�Z�H�Y�H�U�����W�K�H���H�D�U�O�\���Y�H�U�V�L�R�Q�V���Z�H�U�H���S�R�Z�H�U�H�G���E�\���Q�R�Q-�U�H�F�K�D�U�J�H�D�E�O�H���S�U�L�P�D�U�\���F�H�O�O�V�����2�Y�H�U��
�W�K�H�� �O�D�V�W�� �������� �\�H�D�U�V���� �W�K�H�� �H�Y�R�O�X�W�L�R�Q�� �R�I�� �H�'�U�L�Y�H�V�� �K�D�V�� �E�H�H�Q�� �R�Y�H�U�V�K�D�G�R�Z�H�G�� �E�\�� �W�K�H��
�G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �L�Q�W�H�U�Q�D�O�� �F�R�P�E�X�V�W�L�R�Q�� �H�Q�J�L�Q�H�V�� �>�����@���� �7�K�H�� �G�L�H�V�H�O�� �J�D�W�H�� �D�Q�G�� �W�K�H��
�L�Q�Q�R�Y�D�W�L�R�Q�V���L�Q���E�D�W�W�H�U�\���W�H�F�K�Q�R�O�R�J�\���K�H�O�S�H�G���V�W�D�U�W���D���Q�H�Z���H�U�D���R�I���H-�P�R�E�L�O�L�W�\�����7�K�H���H�O�H�F�W�U�L�F��
�G�U�L�Y�H�W�U�D�L�Q�� �K�D�V��three���P�D�L�Q�� �F�R�P�S�R�Q�H�Q�W�V���� �W�K�H�� �E�D�W�W�H�U�\���� �W�K�H�� �H�O�H�F�W�U�L�F�� �P�R�W�R�U,���D�Q�G�� �W�K�H��
�L�Q�Y�H�U�W�H�U����

�7�K�H���K�L�J�K-�Y�R�O�W�D�J�H���E�D�W�W�H�U�\�����D�Q�G���L�W�V���D�V�V�R�F�L�D�W�H�G���D�X�[�L�O�L�D�U�L�H�V�����L�V���R�Q�H���R�I���W�K�H���F�R�P�S�R�Q�H�Q�W�V��
�R�I���(�9�V���W�K�D�W���L�V���P�X�F�K���P�R�U�H���F�R�P�S�O�H�[���W�K�D�Q���L�Q���L�Q�W�H�U�Q�D�O���F�R�P�E�X�V�W�L�R�Q���H�Q�J�L�Q�H�����,�&�(�����F�D�U�V����
�7�K�H�� �F�U�L�W�L�F�D�O�� �G�L�P�H�Q�V�L�R�Q�V�� �R�I�� �E�D�W�W�H�U�L�H�V�� �D�U�H���� �F�D�W�K�R�G�H�� �P�D�W�H�U�L�D�O�V�� ���O�D�\�H�U�H�G�� �F�R�P�S�R�X�Q�G�V����
�V�S�L�Q�H�O�� �D�Q�G�� �R�O�L�Y�L�Q�H������ �D�Q�R�G�H�� �P�D�W�H�U�L�D�O�V�� ���J�U�D�S�K�L�W�H�� �D�Q�G�� �O�L�W�K�L�X�P�� �W�L�W�D�Q�D�W�H������ �H�O�H�F�W�U�R�O�\�W�H�V����
�O�L�W�K�L�X�P�� �V�D�O�W�V���� �D�Q�G�� �V�H�S�D�U�D�W�R�U�V�� �>�����@���� �'�X�U�L�Q�J�� �W�K�H�� �O�L�I�H�W�L�P�H�� �R�I�� �D�� �E�D�W�W�H�U�\���� �F�K�H�P�L�F�D�O��
�U�H�D�F�W�L�R�Q�V���R�F�F�X�U���W�K�D�W���F�D�X�V�H���L�W���W�R���D�J�H�����W�K�L�V���L�V���W�K�H���E�D�W�W�H�U�\���G�H�J�U�D�G�D�W�L�R�Q�����'�H�J�U�D�G�D�W�L�R�Q���L�V���D��
�P�D�M�R�U���D�U�H�D���R�I���U�H�V�H�D�U�F�K���L�Q���O�L�W�K�L�X�P-�S�R�O�\�P�H�U���E�D�W�W�H�U�L�H�V���>�����@����

�6�H�Y�H�U�D�O���W�\�S�H�V���R�I���H�O�H�F�W�U�L�F���P�R�W�R�U�V���D�U�H���X�V�H�G���L�Q���(�9�V�����7�K�H���S�U�R�S�H�U���H-�P�R�W�R�U���V�H�O�H�F�W�L�R�Q���K�D�V��
�D���V�L�J�Q�L�I�L�F�D�Q�W���L�Q�I�O�X�H�Q�F�H���R�Q���W�K�H���Y�H�K�L�F�O�H�¶�V���H�I�I�L�F�L�H�Q�F�\���D�Q�G���V�W�D�E�L�O�L�W�\���>�����@�����2�Qe���R�I���W�K�H���P�R�V�W��
�S�U�H�I�H�U�U�H�G���R�S�W�L�R�Q�V���L�V���W�K�H���,�Q�W�H�U�L�R�U���3�H�U�P�D�Q�H�Q�W���0�D�J�Q�H�W���6�\�Q�F�K�U�R�Q�R�X�V���0�R�W�R�U�����,�3�0�6�0������
�7�K�H���U�H�V�H�D�U�F�K�H�U�V���I�R�F�X�V���R�Q���W�K�H���H�I�I�H�F�W�V���R�I���W�K�H���V�L�]�H���D�Q�G���S�O�D�F�H�P�H�Q�W���R�I���P�D�J�Q�H�W�V���>�����@����

�)�R�U�� �W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �L�Q�Y�H�U�W�H�U�V���� �W�K�H�� �+�D�U�G�Z�D�U�H-�,�Q-the-�/�R�R�S�� ���+�,�/���� �F�R�Q�F�H�S�W�� �L�V��
�P�D�L�Q�O�\���X�V�H�G�����7�K�L�V���K�H�O�S�V���V�S�H�H�G���X�S���W�K�H���W�H�V�W�L�Q�J���S�U�R�F�H�V�V���W�R���V�H�O�H�F�W���W�K�H���U�L�J�K�W���S�H�U�I�R�U�P�D�Q�F�H��
�D�Q�G���G�X�U�D�E�L�O�L�W�\�����1�H�Z�� �U�H�V�H�D�U�F�K���X�V�H�V�� �W�K�H�� �3�R�Z�H�U-�+�,�/�� �V�L�P�X�O�D�W�L�R�Q���� �Z�K�L�F�K�� �F�D�Q���H�P�X�O�D�W�H��
�3�0�6�0���P�D�F�K�L�Q�H�V���>�����@����

�6�X�P�P�D�U�L�]�H�G���W�K�H���O�L�W�H�U�D�W�X�U�H���U�H�Y�L�H�Z�����H�O�H�F�W�U�L�F���Y�H�K�L�F�O�H�V���F�D�Q���E�H���U�H�D�O���D�O�W�H�U�Q�D�W�L�Y�H�V���I�R�U���I�X�W�X�U�H��
�P�R�E�L�O�L�W�\�����Z�K�L�F�K���D�U�H���D�O�U�H�D�G�\���S�D�U�W���R�I���W�K�H���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���Q�R�Z�D�G�D�\�V�����$�V���H-�P�R�E�L�O�L�W�\���L�V���D��
�U�H�O�D�W�L�Y�H�O�\���Q�H�Z���U�H�V�H�D�U�F�K���D�U�H�D�����W�K�H�U�H���D�U�H���P�D�Q�\���R�S�H�Q���S�R�L�Q�W�V���D�Q�G���U�H�V�H�D�U�F�K���R�U�L�H�Q�W�D�W�L�R�Q�V����
�:�L�W�K�� �E�D�W�W�H�U�L�H�V�� �D�Q�G�� �F�K�D�U�J�L�Q�J�� �H�T�X�L�S�P�H�Q�W�� �P�R�U�H�� �U�H�O�L�D�E�O�H�� �D�Q�G�� �D�F�F�H�V�V�L�E�O�H�� �W�K�D�Q�� �H�Y�H�U����
�D�G�R�S�W�L�R�Q�� �V�W�L�O�O�� �G�H�S�H�Q�G�V�� �R�Q�� �W�D�[�� �L�Q�F�H�Q�W�L�Y�H�V�� �D�Q�G�� �L�Q�I�U�D�V�W�U�X�F�W�X�U�H�� �G�H�S�O�R�\�P�H�Q�W���� �0�R�G�H�U�Q����
�I�L�U�V�W-�J�H�Q�H�U�D�W�L�R�Q�� �H�O�H�F�W�U�L�F�� �F�D�U�V�� �D�U�H�� �Q�R�Z�� �U�H�D�F�K�L�Q�J�� �W�K�H�� �D�Y�H�U�D�J�H�� �D�J�H�� �R�I�� �Y�H�K�L�F�O�H�V�� �L�Q��
�+�X�Q�J�D�U�\�����Z�K�L�F�K���L�V���D�S�S�U�R�[�L�P�D�W�H�O�\���������\�H�D�U�V�����8�W�L�O�L�]�D�W�L�R�Q���S�R�L�Q�W���R�I���Y�L�H�Z,���L�W���L�V���H�V�V�H�Q�W�L�D�O��
�W�R���E�H���D�E�O�H���W�R���S�U�H�G�L�F�W���E�D�W�W�H�U�\���G�H�J�U�D�G�D�W�L�R�Q�����2�X�U���U�H�V�H�D�U�F�K���I�R�F�X�V�H�V���R�Q���W�K�H���S�U�H�G�L�F�W�D�E�L�O�L�W�\��
�R�I���W�K�H���G�H�J�U�D�G�D�W�L�R�Q���R�I���H�O�H�F�W�U�L�F���Y�H�K�L�F�O�H���E�D�W�W�H�U�L�H�V���E�D�V�H�G���R�Q���I�L�H�O�G���G�D�W�D����

�7�K�H���7�H�V�W���D�Q�G���P�H�W�K�R�G�V���V�H�F�W�L�R�Q���F�R�Q�W�D�L�Q�V���D���U�H�S�R�U�W���R�Q���W�K�H���W�H�V�W�V���S�H�U�I�R�U�P�H�G�����D���G�H�V�F�U�L�S�W�L�R�Q��
�R�I���W�K�H���W�H�V�W���Y�H�K�L�F�O�H,���D�Q�G���W�K�H���G�D�W�D���O�R�J�J�L�Q�J���S�U�R�F�H�V�V�����7�K�H���5�H�V�X�O�W�V���D�Q�G���G�L�V�F�X�V�V�L�R�Q���V�H�F�W�L�R�Q��
�V�K�R�Z�V�� �W�K�H�� �E�D�F�N�J�U�R�X�Q�G�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �I�R�U�� �H�Q�H�U�J�\�� �F�R�Q�V�X�P�S�W�L�R�Q���� �U�D�Q�J�H,���D�Q�G�� �E�D�W�W�H�U�\��
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�G�H�J�U�D�G�D�W�L�R�Q�����$�O�V�R,���W�K�L�V���F�K�D�S�W�H�U���L�Q�F�O�X�G�H�V���W�K�H���I�L�Q�D�O���R�X�W�F�R�P�H���R�I���W�K�H���F�D�O�F�X�O�D�W�L�R�Q�V���D�Q�G��
�S�R�V�V�L�E�L�O�L�W�L�H�V���I�R�U���I�X�U�W�K�H�U���L�P�S�U�R�Y�H�P�H�Q�W�V�����7�K�H���U�H�V�X�O�W�V���D�U�H���V�X�P�P�D�U�L�]�H�G���L�Q���W�K�H���F�R�Q�F�O�X�V�L�R�Q��
�V�H�F�W�L�R�Q����

2 Tests and Methods 

�7�K�L�V�� �D�U�W�L�F�O�H���V�X�P�P�D�U�L�]�H�V���W�K�H�� �U�H�V�X�O�W�V�� �R�I�� ���� �P�H�D�V�X�U�H�P�H�Q�W�V�� ���7�D�E�O�H�� �������� �Z�K�L�F�K�� �D�U�H��
�F�R�Q�V�L�V�W�H�Q�W�O�\���U�H�I�H�U�U�H�G���W�R���D�V���I�R�O�O�R�Z�V�����1�R�U�P�D�I�D���Z�L�Q�W�H�U�����1�R�U�P�D�I�D���V�X�P�P�H�U,���D�Q�G���%�D�O�D�W�R�Q��
�F�K�D�O�O�H�Q�J�H���� �7�K�H�� ���� �1�R�U�P�D�I�D�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �F�R�P�S�D�U�H�� �Z�L�Q�W�H�U�� �D�Q�G�� �V�X�P�P�H�U�� �H�Q�H�U�J�\��
�F�R�Q�V�X�P�S�W�L�R�Q�� �R�Q�� �W�K�H�� �V�D�P�H�� �U�R�X�W�H���� �Z�K�L�O�H�� �W�K�H�� �I�R�F�X�V�� �L�V�� �R�Q���W�K�H���U�D�Q�J�H�� �I�R�U�� �W�K�H�� �%�D�O�D�W�R�Q��
�F�K�D�O�O�H�Q�J�H�����)�X�U�W�K�H�U�P�R�U�H�����W�K�H���E�D�W�W�H�U�\���G�H�J�U�D�G�D�W�L�R�Q���Z�D�V���G�H�W�H�U�P�L�Q�H�G���I�U�R�P���W�K�H���D�Y�H�U�D�J�H��
�R�I���W�K�H��three���P�H�D�V�X�U�H�P�H�Q�W�V����

�7�D�E�O�H������
�7�K�H���W�H�V�W�V���S�H�U�I�R�U�P�H�G���D�Q�G���W�K�H���V�S�H�F�L�I�L�F�D�W�L�R�Q�V��

Test Date Road type Temperature Repetition Focus 
�1�R�U�P�D�I�D��
�Z�L�Q�W�H�U�� ���������������������� �&�L�W�\���5�X�U�D�O��-5���� �������ƒ�&�� ���� �&�R�Q�V�X�P�S�W�L�R�Q��

�%�D�O�D�W�R�Q��
�F�K�D�O�O�H�Q�J�H��

���������������������� �+�L�J�K�Z�D�\-�� �����������������ƒ�&�� 1�� �5�D�Q�J�H��

�1�R�U�P�D�I�D��
�V�X�P�P�H�U�� ���������������������� �&�L�W�\���5�X�U�D�O�������������������ƒ�&�� ���� �&�R�Q�V�X�P�S�W�L�R�Q��

2.1 Test Vehicles 

�6�L�[���H�O�H�F�W�U�L�F�� �Y�H�K�L�F�O�H�V�� �Z�H�U�H�� �X�V�H�G�� �I�R�U�� �W�K�H�� �E�D�W�W�H�U�\�� �G�H�J�U�D�G�D�W�L�R�Q�� �W�H�V�W�� �R�Y�H�U�� �O�L�I�H�W�L�P�H����
�7�K�H�U�H�I�R�U�H�����Y�H�K�L�F�O�H�V���Z�H�U�H���F�K�R�V�H�Q���Z�L�W�K���O�R�Z�H�U�����a���������������N�P�����D�Q�G���K�L�J�K�H�U�������������������N�P����
�P�L�O�H�D�J�H�����Z�K�L�F�K���Z�H�U�H�������D�Q�G�������\�H�D�U�V���R�O�G��(th�H�V�H���Y�D�O�X�H�V���U�H�I�H�U���W�R���W�K�H���I�L�U�V�W���W�H�V�W�������7�K�H�U�H��
�Z�D�V�� �D�� ��-�P�R�Q�W�K�� �J�D�S�� �E�H�W�Z�H�H�Q�� �W�K�H�� �Z�L�Q�W�H�U�� �D�Q�G�� �V�X�P�P�H�U�� �W�H�V�W�V���� �V�R�� �W�K�H�� �P�L�O�H�D�J�H�� �L�Q�� �W�K�H��
�V�X�P�P�H�U���W�H�V�W���Z�D�V���D�O�U�H�D�G�\���D�U�R�X�Q�G���������������N�P���K�L�J�K�H�U���I�R�U���D�O�O���F�D�U�V�����7�K�H�V�H���Y�H�K�L�F�O�H�V���Z�H�U�H��
�U�H�Q�W�H�G���I�U�R�P���D���F�D�U-�V�K�D�U�L�Q�J���F�R�P�S�D�Q�\�����G�U�L�Y�H�Q���E�\���S�H�R�S�O�H���Z�L�W�K���G�L�I�I�H�U�H�Q�W���H�[�S�H�U�L�H�Q�F�H�V���D�Q�G��
�G�U�L�Y�L�Q�J���K�D�E�L�W�V�����D�Q�G���R�I�W�H�Q���F�K�D�U�J�H�G���R�Q���D���I�D�V�W���F�K�D�U�J�H�U�����7�K�H���F�R�Q�G�L�W�L�R�Q���R�I���W�K�H���E�D�W�W�H�U�L�H�V��
�Z�D�V���Q�R�W���P�H�D�V�X�U�H�G���S�U�H�Y�L�R�X�V�O�\�����W�K�H�U�H�I�R�U�H,���L�W���Z�D�V���L�P�S�R�U�W�D�Q�W���W�R���W�H�V�W���Z�L�W�K���P�R�U�H���Y�H�K�L�F�O�H�V����

�)�L�U�V�W�� �J�H�Q�H�U�D�W�L�R�Q�� �9�R�O�N�V�Z�D�J�H�Q��e-�X�S�����Z�H�U�H�� �X�V�H�G�� �L�Q�� �W�K�H�� �W�H�V�W�V���� �7�K�H�V�H�� �F�D�U�V�� �D�U�H�� �Q�R�W��
�V�S�H�F�L�I�L�F�D�O�O�\���G�H�V�L�J�Q�H�G���Z�L�W�K���H�O�H�F�W�U�L�F���S�O�D�W�I�R�U�P�V�����D�V���W�K�H�U�H���D�U�H���D�O�V�R���Y�H�U�V�L�R�Q�V���Z�L�W�K���L�Q�W�H�U�Q�D�O��
�F�R�P�E�X�V�W�L�R�Q���H�Q�J�L�Q�H�V�����7�K�H���P�D�L�Q���G�H�W�D�L�O�V���R�I���W�K�H���Y�H�K�L�F�O�H�V���D�U�H���J�L�Y�H�Q���L�Q���7�D�E�O�H��������

�)�R�U�� �W�K�H��e-�X�S�������W�K�H�U�H�� �D�U�H���W�Z�R���G�U�L�Y�H�� �P�R�G�H�V����“D” ���D�Q�G��“ �%” ���� �Z�K�H�U�H�� �W�K�H�� �G�L�I�I�H�U�H�Q�F�H��
�E�H�W�Z�H�H�Q�� �W�K�H�� �W�Z�R�� �P�R�G�H�V�� �L�V�� �W�K�H�� �U�H�J�H�Q�H�U�D�W�L�Y�H�� �E�U�D�N�L�Q�J�� �S�R�Z�H�U���� �,�Q�� �P�R�G�H�� �³�'�´���� �W�K�H��
�U�H�F�X�S�H�U�D�W�L�R�Q���L�V�� �P�D�Q�X�D�O�O�\�� �D�G�M�X�V�W�D�E�O�H�� �I�U�R�P�� �O�H�Y�H�O������ �W�R�� �O�H�Y�H�O�������� �L�Q���O�H�Y�H�O������ �W�K�H�U�H�� �L�V���Q�R��
�H�Q�H�U�J�\�� �U�H�F�X�S�H�U�D�W�L�R�Q���� �,�Q�� �³�%�´���� �W�K�H�� �V�W�U�H�Q�J�W�K�� �R�I�� �U�H�F�X�S�H�U�D�W�L�R�Q�� �L�V�� �I�L�[�H�G�� �D�W�� �O�H�Y�H�O��������
�F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���a�������1�P���R�I���G�H�F�H�O�H�U�D�W�L�R�Q���W�R�U�T�X�H���E�D�V�H�G���R�Q���P�H�D�V�X�U�H�P�H�Q�W�V����
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�7�D�E�O�H������

�7�H�V�W���Y�H�K�L�F�O�H���V�S�H�F�L�I�L�F�D�W�L�R�Q�V���>�����@�����>�����@��

Parameter Value 
�&�X�U�E���Z�H�L�J�K�W�� �������������N�J��
�3�R�Z�H�U�������7�R�U�T�X�H�� �������N�:���������������1�P��
�1�R�P�L�Q�D�O���H�Q�H�U�J�\�� �����������N�:�K��
�1�R�P�L�Q�D�O���Y�R�O�W�D�J�H�� ���������9��
�%�D�W�W�H�U�\���F�D�S�D�F�L�W�\�� �������$�K��
�%�D�W�W�H�U�\���F�H�O�O���F�K�H�P�L�V�W�U�\�� �/�L�W�K�L�X�P���Q�L�F�N�H�O���P�D�Q�J�D�Q�H�V�H���F�R�E�D�O�W���R�[�L�G�H�V��
�&�R�P�E�L�Q�H�G���(�Q�H�U�J�\���&�R�Q�V�X�P�S�W�L�R�Q�� 1�����N�:�K�����������N�P��
�5�D�Q�J�H�����:�/�7�3���� ���������N�P��

The���Y�H�K�L�F�O�H�� �K�D�V��three���P�D�Q�X�D�O�O�\�� �V�Z�L�W�F�K�D�E�O�H�� �G�U�L�Y�L�Q�J�� �S�U�R�I�L�O�H�V���� �1�R�U�P�D�O���� �(�&�2,���D�Q�G��
�(�&�2�������,�Q���W�K�H�V�H���P�R�G�H�V�����I�X�Q�F�W�L�R�Q�V���D�U�H���O�L�P�L�W�H�G���L�Q���D�G�G�L�W�L�R�Q���W�R���S�H�U�I�R�U�P�D�Q�F�H���W�R���H�Q�V�X�U�H��
�R�S�W�L�P�D�O���H�Q�H�U�J�\���X�V�H�����7�D�E�O�H����������

�7�D�E�O�H������

�7�K�H���L�P�S�D�F�W���R�I��e-�X�S�����R�S�H�U�D�W�L�Q�J���P�R�G�H�V���R�Q���S�H�U�I�R�U�P�D�Q�F�H���D�Q�G���I�X�Q�F�W�L�R�Q�V���>�����@��

System/Driving profile Normal ECO ECO+ 
�6�S�H�H�G���O�L�P�L�W�� ���������N�P���K�� ���������N�P���K�� �������N�P���K��
M�D�[��t�R�U�T�X�H�� ���������1�P�� ���������1�P�� ���������1�P��
�3�H�D�N���S�R�Z�H�U�� �������N�:�� �������N�:�� �������N�:��
�$�F�F�H�O�H�U�D�W�L�R�Q������-�������N�P���K���� �����������V�� �����������V�� -��
�$�F�F�H�O�H�U�D�W�R�U���S�H�G�D�O���F�K�D�U�D�F�W�H�U�L�V�W�L�F�� �1�R�U�P�D�O�� �5�H�G�X�F�H�G�� �)�O�D�W��
�$�L�U���F�R�Q�G�L�W�L�R�Q�L�Q�J�� �1�R�U�P�D�O�� �5�H�G�X�F�H�G�� �'�H�D�F�W�L�Y�D�W�H�G��

2.2 Data Logging 

�7�K�H�U�H���D�U�H���W�Z�R���R�S�W�L�R�Q�V���I�R�U���G�D�W�D���O�R�J�J�L�Q�J�����X�V�H���W�K�H���E�X�L�O�W-�L�Q���V�H�Q�V�R�U�V���L�Q���W�K�H���Y�H�K�L�F�O�H�V���R�U��
�L�Q�V�W�D�O�O���V�H�Q�V�R�U�V���� �0�R�G�H�U�Q���Y�H�K�L�F�O�H�V�� �D�U�H�� �H�T�X�L�S�S�H�G���Z�L�W�K�� �F�R�P�S�O�H�[�� �R�Q-�E�R�D�U�G���H�O�H�F�W�U�R�Q�L�F�V��
�I�R�U���F�R�P�I�R�U�W�����V�D�I�H�W�\,���D�Q�G���R�S�W�L�P�D�O���R�S�H�U�D�W�L�R�Q�����)�R�U���W�K�L�V���U�H�D�V�R�Q�����Z�H���F�K�R�V�H���W�K�H���I�L�U�V�W���R�S�W�L�R�Q����
�D�V���L�W���D�Y�R�L�G�V���G�L�V�D�V�V�H�P�E�O�L�Q�J���W�K�H���Y�H�K�L�F�O�H���D�Q�G���F�D�O�L�E�U�D�W�L�Q�J���W�K�H���V�H�Q�V�R�U�V����

�(�O�H�F�W�U�L�F���Y�H�K�L�F�O�H�V���D�U�H���F�R�P�S�O�H�W�H�O�\���G�L�I�I�H�U�H�Q�W���I�U�R�P���L�Q�W�H�U�Q�D�O���F�R�P�E�X�V�W�L�R�Q���H�Q�J�L�Q�H���Y�H�K�L�F�O�H�V��
�L�Q���W�K�H�L�U���S�R�Z�H�U�W�U�D�L�Q�V�����E�X�W���W�K�H�L�U���O�R�Z-�Y�R�O�W�D�J�H���V�\�V�W�H�P�V���D�U�H���Q�H�D�U�O�\���W�K�H���V�D�P�H�����7�K�H�U�H���D�U�H��
�V�H�Y�H�U�D�O���&�$�1���E�X�V�H�V���L�Q���(�9�V���I�R�U���G�L�I�I�H�U�H�Q�W���I�X�Q�F�W�L�R�Q�V�����Z�K�L�F�K���D�U�H���X�V�X�D�O�O�\���F�R�Q�Q�H�F�W�H�G���L�Q���D��
�*�D�W�H�Z�D�\���� �'�L�D�J�Q�R�V�W�L�F�� �&�$�1,���P�D�\���E�H�� �X�V�H�G�� �W�R�� �D�F�F�H�V�V�� �W�K�H�� �*�D�W�H�Z�D�\�� �Y�L�D�� �W�K�H�� �2�%�'�� �,�,��
�F�R�Q�Q�H�F�W�R�U����

�7�K�H�� �8�Q�L�I�L�H�G�� �'�L�D�J�Q�R�V�W�L�F�� �6�H�U�Y�L�F�H�V�� ���8�'�6���� �>��5�@�� �F�R�P�P�X�Q�L�F�D�W�L�R�Q�� �S�U�R�W�R�F�R�O�� �K�D�V�� �E�H�H�Q��
�L�P�S�O�H�P�H�Q�W�H�G���I�R�U���G�D�W�D���H�[�W�U�D�F�W�L�R�Q�����7�K�H���S�U�R�W�R�F�R�O���V�W�D�Q�G�D�U�G�L�]�H�V���W�K�H���F�R�P�P�X�Q�L�F�D�W�L�R�Q���D�Q�G��
�W�K�H���P�H�V�V�D�J�H���I�R�U�P�D�W�V�����E�X�W���W�K�H���F�R�Q�W�H�Q�W���R�I���W�K�H���P�H�V�V�D�J�H�V���L�V���G�L�I�I�H�U�H�Q�W���I�R�U���H�D�F�K���Y�H�K�L�F�O�H����
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�:�H���W�H�V�W�H�G���V�H�Y�H�U�D�O���W�\�S�H�V���R�I���K�D�U�G�Z�D�U�H�����E�X�W���I�L�Q�D�O�O�\,���,�Q�Y�H�Q�W�X�U�H�
�V���V�H�O�I-�P�D�G�H���G�D�W�D���O�R�J�J�H�U�V��
�Z�H�U�H���F�K�R�V�H�Q���E�H�F�D�X�V�H���R�I���W�K�H�L�U���V�W�D�E�O�H���R�S�H�U�D�W�L�R�Q����

�7�K�H���S�D�U�D�P�H�W�H�U�V���Z�H���K�D�Y�H���D�Q�D�O�\�]�H�G���D�U�H���V�K�R�Z�Q���L�Q���7�D�E�O�H���������7�R���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���Y�H�K�L�F�O�H�
�V��
�H�Q�H�U�J�H�W�L�F�V���� �L�W�� �Z�R�X�O�G�� �E�H�� �V�X�I�I�L�F�L�H�Q�W�� �W�R�� �P�R�Q�L�W�R�U�� �R�Q�O�\�� �W�K�H���H�Q�H�U�J�\�� �F�R�Q�V�X�P�S�W�L�R�Q��
���H�&�R�Q�V�X�P�S�W�L�R�Q)���S�D�U�D�P�H�W�H�U�V���� �E�X�W�� �W�K�H�� �H�Q�H�U�J�\�� �F�R�Q�V�X�P�S�W�L�R�Q�� �G�H�S�H�Q�G�V�� �R�Q�� �W�K�H�� �G�U�L�Y�L�Q�J��
�V�W�\�O�H�����7�K�H�� �F�R�Q�V�X�P�S�W�L�R�Q�� �D�O�V�R�� �G�H�S�H�Q�G�V�� �R�Q�� �W�K�H�� �U�R�X�W�H�� ���H���J��,���U�R�D�G�� �V�X�U�I�D�F�H���� �V�O�R�S�H������ �E�X�W��
�W�K�H�V�H�� �D�U�H�� �L�Q�G�L�U�H�F�W�O�\�� �L�Q�F�O�X�G�H�G�� �L�Q�� �W�K�H�� �G�U�L�Y�L�Q�J�� �V�W�\�O�H�� �S�D�U�D�P�H�W�H�U�V�����7�K�H�� �S�X�U�S�R�V�H�� �R�I��
�F�R�O�O�H�F�W�L�Q�J���O�R�Q�J�L�W�X�G�L�Q�D�O���G�\�Q�D�P�L�F���G�D�W�D���L�V���W�R���Y�D�O�L�G�D�W�H���W�K�D�W��the���G�U�L�Y�H�V���Zere���G�R�Q�H���L�Q���W�K�H��
�V�D�P�H���V�W�\�O�H�V�����2�W�K�H�U���G�D�W�D���Z�H�U�H���D�O�V�R���H�[�D�P�L�Q�H�G���I�R�U���I�X�W�X�U�H���H�Y�D�O�X�D�W�L�R�Q�V���D�Q�G���W�R���L�G�H�Q�W�L�I�\��
�S�R�W�H�Q�W�L�D�O�� �S�U�R�E�O�H�P�V���� �E�X�W�� �W�K�H�� �D�Q�D�O�\�V�L�V���R�I�� �W�K�H�V�H�� �G�D�W�D�� �L�V�� �R�X�W�V�L�G�H�� �R�I�� �W�K�H�� �V�F�R�S�H�� �R�I�� �W�K�L�V��
�D�U�W�L�F�O�H����

�7�D�E�O�H������

�/�L�V�W���R�I���S�D�U�D�P�H�W�H�U�V���F�R�O�O�H�F�W�H�G���I�U�R�P���W�K�H���&�$�1���E�X�V��

Group Parameter Unit  

�H�&�R�Q�V�X�P�S�W�L�R�Q��
�%�D�W�W�H�U�\���Y�R�O�W�D�J�H�� �>V�@��
�%�D�W�W�H�U�\���F�X�U�U�H�Q�W�� �>�$�@��
�6�W�D�W�H-�R�I-�F�K�D�U�J�H�� �>%�@��

�'�U�L�Y�L�Q�J���V�W�\�O�H��

�6�S�H�H�G�� �>�N�P���K�@��
�0�R�W�R�U���U�R�W�D�W�L�R�Q�� �>�5�3�0�@��
�7�R�U�T�X�H�� �>Nm�@��
�%�U�D�N�H���V�\�V�W�H�P���S�U�H�V�V�X�U�H�� �>�%�D�U�@��
�$�F�F�H�O�H�U�D�W�R�U���3�H�G�D�O���3�R�V�L�W�L�R�Q�� �>%�@��

�2�W�K�H�U�V��
�$�P�E�L�H�Q�W���W�H�P�S�H�U�D�W�X�U�H�� �>�ƒ�&�@��
�$�G�D�S�W�L�Y�H���&�U�X�L�V�H���&�R�Q�W�U�R�O�����$�&�&�����>�2�I�I�������2�Q�@��
�$�L�U���F�R�Q�G�L�W�L�R�Q�L�Q�J�����$���&���� �>�2�I�I�������2�Q�@��

2.3 Test Routes, Measurement Setup 

�,�Q�� �Y�H�K�L�F�O�H�� �O�L�I�H�� �F�\�F�O�H�� �D�Q�D�O�\�V�L�V���� �G�U�L�Y�L�Q�J�� �F�\�F�O�H�V�� �D�U�H�� �X�V�X�D�O�O�\�� �G�L�Y�L�G�H�G�� �L�Q�W�R��three���P�D�L�Q��
�J�U�R�X�S�V�����F�L�W�\�����U�X�U�D�O,���D�Q�G���K�L�J�K�Z�D�\�����(�D�F�K���W�\�S�H���K�D�V���G�L�I�I�H�U�H�Q�W���W�\�S�L�F�D�O���V�S�H�H�G���D�Q�G���W�R�U�T�X�H��
�Y�D�O�X�H�V�����D�Q�G���L�Q���D�G�G�L�W�L�R�Q�����G�L�I�I�H�U�H�Q�W���V�S�H�F�L�I�L�F���X�V�H���F�D�V�H�V���F�D�Q���E�H���G�H�I�L�Q�H�G�����H���J��,���S�D�U�N�L�Q�J���L�Q��
�F�L�W�\�����R�Y�H�U�W�D�N�L�Q�J���L�Q���U�X�U�D�O�����D�Q�G���H�P�H�U�J�H�Q�F�\���V�W�R�S�S�L�Q�J���R�Q���K�L�J�K�Z�D�\�V����

�7�K�H���H�Q�H�U�J�H�W�L�F�V���R�I���H�O�H�F�W�U�L�F���F�D�U�V���D�U�H���P�R�V�W���L�Q�I�O�X�H�Q�F�H�G���E�\���W�Z�R���L�P�S�R�U�W�D�Q�W���I�D�F�W�R�U�V���U�H�O�D�W�H�G��
�W�R���W�K�H���U�R�X�W�H�����W�K�H���V�O�R�S�H���D�Q�G���W�K�H���P�D�[�L�P�X�P���V�S�H�H�G���D�O�O�R�Z�H�G�����7�K�H�U�H�I�R�U�H�����D�Q���X�U�E�D�Q���V�H�F�W�L�R�Q��
�Z�L�W�K���Y�D�U�L�H�G���W�R�S�R�J�U�D�S�K�\���D�Q�G���D���K�L�J�K-�V�S�H�H�G���K�L�J�K�Z�D�\���V�H�F�W�L�R�Q���Z�H�U�H���V�H�O�H�F�W�H�G����

2.3.1 Normafa Winter and Summer 

�7�K�H���F�L�W�\���U�R�X�W�H���Z�D�V���V�H�O�H�F�W�H�G���L�Q���%�X�G�D�S�H�V�W���I�U�R�P���0�y�U�L�F�]���=�V�L�J�P�R�Q�G���V�T�X�D�U�H���W�R���1�R�U�P�D�I�D��
�K�L�O�O���D�Q�G���E�D�F�N���W�R���0�y�U�L�F�]���=�V�L�J�P�R�Q�G���V�T�X�D�U�H�����7�K�H���W�R�W�D�O���O�H�Q�J�W�K���R�I���W�K�H���U�R�X�W�H���L�V�������������N�P����
�Z�L�W�K���D�Q���H�O�H�Y�D�W�L�R�Q���J�D�L�Q���R�I�����������P�H�W�H�U�V���E�H�W�Z�H�H�Q���W�K�H���O�R�Z�H�V�W���D�Q�G���K�L�J�K�H�V�W���S�R�L�Q�W�V�����)�L�J������������
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�$�V���W�K�H���H�Q�W�L�U�H���U�R�X�W�H���Z�D�V���L�Q�V�L�G�H���W�K�H���F�L�W�\�����W�K�H���P�D�[�L�P�X�P���V�S�H�H�G���O�L�P�L�W���Z�D�V���������N�P���K�����L�Q��
�V�R�P�H���S�O�D�F�H�V,���L�W���Z�D�V���O�L�P�L�W�H�G���W�R���������N�P���K������

��

�)�L�J�X�U�H������

�(�O�H�Y�D�W�L�R�Q���S�U�R�I�L�O�H���R�I���W�K�H���1�R�U�P�D�I�D���U�H�V�W���U�R�X�W�H��

�7�K�H���W�H�V�W�V���Z�H�U�H���G�R�Q�H���R�Q���W�K�H���V�D�P�H���U�R�X�W�H���L�Q���Z�L�Q�W�H�U���D�Q�G���V�X�P�P�H�U���W�R���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���H�I�I�H�F�W��
�R�I�� �W�H�P�S�H�U�D�W�X�U�H�� �R�Q�� �H�Q�H�U�J�\�� �F�R�Q�V�X�P�S�W�L�R�Q���� �,�Q�� �W�K�H�� �1�R�U�P�D�I�D�� �Z�L�Q�W�H�U�� �W�H�V�W���� �W�K�H�� �R�X�W�V�L�G�H��
�W�H�P�S�H�U�D�W�X�U�H�� �Z�D�V�� ���� �ƒ�&���� �Z�K�L�O�H�� �L�Q�� �V�X�P�P�H�U,��� L� W� � � Z� D� V� � � �� �� � � ƒ� &� �� � � Z� K� L� F� K� � � L� V� ��W�K�H�� �R�S�W�L�P�D�O��
�W�H�P�S�H�U�D�W�X�U�H���I�R�U���W�K�H���E�D�W�W�H�U�\�����7�D�E�O�H���������� �7�K�H���Y�H�K�L�F�O�H�V���Z�H�U�H���V�W�R�U�H�G���L�Q���D�Q���R�X�W�G�R�R�U���F�D�U��
�S�D�U�N���E�H�I�R�U�H���W�K�H���W�H�V�W�V�����V�R���W�K�H���L�Q�L�W�L�D�O���W�H�P�S�H�U�D�W�X�U�H�V���R�I���H�D�F�K���F�R�P�S�R�Q�H�Q�W���Z�H�U�H���Q�H�D�U�O�\���W�K�H��
�V�D�P�H���D�V���W�K�H���D�P�E�L�H�Q�W���W�H�P�S�H�U�D�W�X�U�H����

�: �H���G�U�R�Y�H���L�Q���D���F�R�Q�Y�R�\���G�X�U�L�Q�J���W�K�H���W�H�V�W�V���W�R���H�Q�V�X�U�H���V�L�P�L�O�D�U���G�U�L�Y�L�Q�J���S�U�R�I�L�O�H�V�����7�K�H���W�H�V�W�V��
�Z�H�U�H�� �S�H�U�I�R�U�P�H�G���L�Q�� �U�H�D�O���W�U�D�I�I�L�F���� �V�R�� �W�K�H�U�H�� �Z�H�U�H�� �G�L�I�I�H�U�H�Q�F�H�V�� �L�Q�� �G�U�L�Y�L�Q�J���� �7�R�� �P�L�Q�L�P�L�]�H��
�W�K�L�V���H�I�I�H�F�W�����W�K�H���W�H�V�W�V���Z�H�U�H���G�R�Q�H���D�W���Q�L�J�K�W,���D�Q�G���E�R�W�K���W�H�V�W�V���Z�H�U�H���U�H�S�H�D�W�H�G��three���W�L�P�H�V���L�Q��
�D���U�R�Z����

�'�U�L�Y�H���P�R�G�H��“ �%” ���Z�D�V���X�V�H�G���I�R�U���W�K�H���P�H�D�V�X�U�H�P�H�Q�W�V���W�R���P�D�[�L�P�L�]�H���H�Q�H�U�J�\���U�H�F�R�Y�H�U�\�����:�H��
�F�K�R�V�H�� �W�K�H�� �1�R�U�P�D�O���R�S�H�U�D�W�L�Q�J���P�R�G�H�� �E�H�F�D�X�V�H�� �Z�H�� �Q�H�H�G�H�G���I�X�O�O���S�R�Z�H�U���G�X�H�� �W�R�� �W�K�H���K�L�J�K��
�J�U�D�G�L�H�Q�W�����7�K�H���$�L�U���&�R�Q�G�L�W�L�R�Q�L�Q�J�����$�&�����Z�D�V���Q�R�W���X�V�H�G,���D�Q�G���W�K�H���3�R�V�L�W�L�Y�H���7�H�P�S�H�U�D�W�X�U�H��
�&�R�H�I�I�L�F�L�H�Q�W�����3�7�&�����E�D�W�W�H�U�\���K�H�D�W�H�U���L�V���Q�R�W���P�D�Q�X�D�O�O�\���D�G�M�X�V�W�D�E�O�H����

2.3.2 Balaton Challenge 

�7�K�H�� �0���� �K�L�J�K�Z�D�\�� �Z�D�V�� �F�K�R�V�H�Q�� �W�R�� �W�H�V�W�� �W�K�H�� �U�D�Q�J�H���� �D�V�� �Z�H�� �W�K�R�X�J�K�W�� �W�K�D�W�� �D�Q�� �L�P�S�R�U�W�D�Q�W��
�D�V�S�H�F�W���R�I�� �W�H�V�W�L�Q�J�� �H�O�H�F�W�U�L�F�� �F�D�U�V�� �Z�R�X�O�G���E�H�� �Z�K�H�W�K�H�U�� �W�K�H�\�� �F�R�X�O�G���J�H�W���I�U�R�P�� �%�X�G�D�S�H�V�W���W�R��
�/�D�N�H�� �%�D�O�D�W�R�Q�� �Z�L�W�K�R�X�W�� �F�K�D�U�J�L�Q�J���� �7�K�H�� �W�H�V�W�� �U�R�X�W�H�� �L�V�� �Q�R�W�� �F�R�P�S�O�H�W�H�O�\�� �I�O�D�W�� �G�X�H�� �W�R�� �W�K�H��
�H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���F�R�Q�G�L�W�L�R�Q�V�����E�X�W���W�K�H���V�O�R�S�H���L�V���Q�H�J�O�L�J�L�E�O�H��(�W�K�H���P�D�[�L�P�X�P���G�L�I�I�H�U�H�Q�F�H���L�Q��
�D�O�W�L�W�X�G�H���Z�D�V�����������P�H�We�U�V���R�Q���W�K�H�����������N�P���V�H�F�W�L�R�Q)�����7�K�H���I�L�U�V�W���������N�P���R�I���W�K�H���U�R�X�W�H���Z�D�V���L�Q��



Acta Polytechnica Hungarica Vol. 21, No. 7, 2024 

�Å��241 �Å��

�W�K�H���F�L�W�\�����Z�L�W�K���V�S�H�H�G���O�L�P�L�W�V���R�I���������N�P���K�����������N�P���K,���D�Q�G�����������N�P���K�����7�K�H���I�R�F�X�V���Z�D�V���R�Q��
�F�R�P�S�D�U�L�Q�J���G�L�I�I�H�U�H�Q�W���R�S�H�U�D�W�L�Q�J���P�R�G�H�V����

�,�Q�� �W�K�H�� �P�H�D�V�X�U�H�P�H�Q�W,���Z�H�� �Y�D�U�L�H�G���V�H�Y�H�U�D�O���S�D�U�D�P�H�W�H�U�V�� �E�H�W�Z�H�H�Q���Y�H�K�L�F�O�H�V�� �W�K�D�W���K�D�Y�H�� �D�Q��
�H�I�I�H�F�W�� �R�Q�� �F�R�Q�V�X�P�S�W�L�R�Q���� �V�X�F�K�� �D�V�� �V�S�H�H�G�� �D�Q�G�� �$�&�� ���7�D�E�O�H�� �������� �7�K�H�� �W�D�U�J�H�W�� �V�S�H�H�G�V�� �Z�H�U�H��
�F�K�R�V�H�Q���W�R���E�H���W�K�H���K�L�J�K�H�V�W���V�S�H�H�G�V���D�F�K�L�H�Y�D�E�O�H���L�Q���W�K�H���J�L�Y�H�Q���R�S�H�U�D�W�L�Q�J���P�R�G�H�V�����7�K�L�V���Z�D�V��
�F�R�P�S�O�H�P�H�Q�W�H�G�� �E�\�� �D�F�W�L�Y�D�W�L�Q�J�� �$�G�D�S�W�L�Y�H�� �&�U�X�L�V�H�� �&�R�Q�W�U�R�O�� ���$�&�&���� �L�Q�� �H�Y�H�U�\���V�H�F�R�Q�G��
�Y�H�K�L�F�O�H����

�7�D�E�O�H��5��

�7�K�H���V�H�W�W�L�Q�J�V���X�V�H�G���L�Q���W�K�H���W�H�V�W���Y�H�K�L�F�O�H�V��

�� Mode Speed limit AC ACC 
Vehicle 1 �(�&�2�� ���������N�P���K�� �2�I�I�� �2�I�I��
Vehicle 2 �1�R�U�P�D�O�� ���������N�P���K�� �2�I�I�� On��
Vehicle 3 �(�&�2���� �������N�P���K�� �2�I�I�� On��
Vehicle 4 �1�R�U�P�D�O�� ���������N�P���K�� On�� �2�I�I��
Vehicle 5 �(�&�2���� �������N�P���K�� On�� �2�I�I��
Vehicle 6 �(�&�2�� ���������N�P���K�� On�� On��

�7�K�H���P�H�D�V�X�U�H�P�H�Q�W���Z�D�V���S�H�U�I�R�U�P�H�G���R�Q�O�\���R�Q�F�H���L�Q���W�K�L�V���W�H�V�W���D�W���D�Q���R�X�W�V�L�G�H���W�H�P�S�H�U�D�W�X�U�H���R�I��
�������ƒ�&�����$�&���Z�D�V���P�D�Q�X�D�O�O�\���V�H�W���W�R���D�X�W�R�P�D�W�L�F���F�R�Q�W�U�R�O���D�Q�G���������ƒ�&���L�Q���H�Y�H�U�\���V�H�F�R�Q�G���F�D�U����
�E�X�W�� �W�K�H�� �Y�H�K�L�F�O�H�� �F�D�Q�� �R�Y�H�U�U�L�G�H�� �W�K�H�� �$�&�� �F�R�P�S�U�H�V�V�R�U�� �S�R�Z�H�U�� �E�D�V�H�G�� �R�Q�� �7�D�E�O�H����������
�7�K�H���Z�L�Q�G�R�Z�V���Z�H�U�H���U�R�O�O�H�G���X�S���L�Q���D�O�O���Y�H�K�L�F�O�H�V�����D�V���W�K�L�V���K�D�V���D���V�L�J�Q�L�I�L�F�D�Q�W���H�I�I�H�F�W���R�Q���D�L�U��
�U�H�V�L�V�W�D�Q�F�H�����'�X�U�L�Q�J���W�K�H���P�H�D�V�X�U�H�P�H�Q�W�����G�U�L�Y�H���P�R�G�H���³�'�´���Z�L�W�K���O�H�Y�H�O�������U�H�F�X�S�H�U�D�W�L�R�Q���Z�D�V��
�X�V�H�G���L�Q���D�O�O���F�D�U�V���W�R���P�D�L�Q�W�D�L�Q���W�K�H���W�D�U�J�H�W���V�S�H�H�G�V���P�R�U�H���X�Q�L�I�R�U�P�O�\����

�9�H�K�L�F�O�H�� �E�D�W�W�H�U�L�H�V�� �F�R�X�O�G�� �Q�R�W�� �E�H�� �G�L�V�F�K�D�U�J�H�G�� �W�R�� ������ �I�R�U�� �W�K�H�� �I�R�O�O�R�Z�L�Q�J�� �W�Z�R���U�H�D�V�R�Q�V������
�,�Q�� �W�K�H�� �I�L�U�V�W�� �S�O�D�F�H���� �D�� �Y�H�K�L�F�O�H�� �S�X�O�O�L�Q�J�� �R�Y�H�U�� �R�Q�� �W�K�H�� �K�L�J�K�Z�D�\�� �F�D�Q�� �F�U�H�D�W�H�� �D�� �G�D�Q�J�H�U�R�X�V��
�W�U�D�I�I�L�F�� �V�L�W�X�D�W�L�R�Q���� �6�H�F�R�Q�G���� �W�K�H�� �Y�H�K�L�F�O�H�� �D�X�W�R�P�D�W�L�F�D�O�O�\�� �V�Z�L�W�F�K�H�V�� �W�R�� �D�Q�R�W�K�H�U�� �P�R�G�H���W�R��
�L�Q�F�U�H�D�V�H�� �W�K�H�� �U�D�Q�J�H�����$�W�� ���������6�W�D�W�H�� �R�I�� �&�K�D�U�J�H�� ���6�R�&)���� �W�K�H�� �Y�H�K�L�F�O�H�� �V�Z�L�W�F�K�H�V�� �W�R�� �(�&�2��
�P�R�G�H���� �Z�K�L�F�K�� �F�D�Q�� �E�H�� �P�D�Q�X�D�O�O�\�� �V�Z�L�W�F�K�H�G�� �E�D�F�N�� �W�R�� �1�R�P�L�Q�D�O�� �P�R�G�H���� �$�W�� �������� �6�R�&���� �L�W��
�V�Z�L�W�F�K�H�V���W�R���(�&�2���P�R�G�H���L�Q���D���Q�R�Q-�R�Y�H�U�U�L�G�H�D�E�O�H���Z�D�\�����D�Q�G���D�W���������W�R���(�&�2�����P�R�G�H����

3 Results and Discussion 

�,�Q�� �W�K�H�� �P�H�D�V�X�U�H�P�H�Q�W�V���� �Y�H�K�L�F�O�H�V�� �Z�L�W�K�� �O�R�Z�� �P�L�O�H�D�J�H�� �Z�H�U�H�� �F�R�Q�V�L�V�W�H�Q�W�O�\�� �P�D�U�N�H�G�� �Z�L�W�K��
�9�H�K�L�F�O�H�V�� ��-������ �Z�K�L�O�H�� �Y�H�K�L�F�O�H�V�� �Z�L�W�K�� �K�L�J�K�� �P�L�O�H�D�J�H�� �Z�H�U�H�� �P�D�U�N�H�G�� �Z�L�W�K�� �9�H�K�L�F�O�H�V�� ��-������
�7�K�H�V�H���Q�X�P�E�H�U�V���D�O�V�R���L�Q�G�L�F�D�W�H���W�K�H���S�R�V�L�W�L�R�Q���L�Q���W�U�D�I�I�L�F�����7�K�L�V���L�V���U�H�O�H�Y�D�Q�W���I�R�U���W�K�H���1�R�U�P�D�I�D��
�P�H�D�V�X�U�H�P�H�Q�W�V�����D�V���Z�H���Z�H�U�H���G�U�L�Y�L�Q�J���L�Q���D���F�R�Q�Y�R�\���W�K�H�U�H�����7�K�H�U�H�I�R�U�H�����W�K�H���I�X�U�W�K�H�U���E�D�F�N���D��
�Y�H�K�L�F�O�H�� �Z�D�V�� �L�Q�� �W�K�H�� �F�R�Q�Y�R�\���� �W�K�H�� �O�R�Q�J�H�U�� �L�W�V�� �G�U�L�Y�L�Q�J�� �W�L�P�H�� �Z�D�V���� �7�K�L�V�� �P�D�\�� �V�O�L�J�K�W�O�\��
�L�Q�F�U�H�D�V�H��the���F�R�Q�V�X�P�S�W�L�R�Q����
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3.1 Driving Profiles 

�7�K�H���F�R�P�S�D�U�L�V�R�Q���R�I���G�U�L�Y�H�U�V���L�V���R�Q�O�\���U�H�O�H�Y�D�Q�W���I�R�U���W�K�H���1�R�U�P�D�I�D���P�H�D�V�X�U�H�P�H�Q�W�V�����Z�K�H�U�H��
�W�K�H���V�D�P�H���G�U�L�Y�L�Q�J���V�W�\�O�H���K�D�G���W�R���E�H���X�V�H�G�����'�X�H���W�R���W�K�H���V�L�P�L�O�D�U���U�R�X�W�H�����R�Q�O�\���W�K�H���O�R�Q�J�L�W�X�G�L�Q�D�O��
�G�\�Q�D�P�L�F�V�� �Z�H�U�H�� �L�Q�Y�H�V�W�L�J�D�W�H�G���� �Z�K�L�F�K�� �L�V�� �Z�H�O�O�� �F�K�D�U�D�F�W�H�U�L�]�H�G�� �E�\�� �V�S�H�H�G���� �P�R�W�R�U�� �W�R�U�T�X�H,��
�D�Q�G���W�K�U�R�W�W�O�H���S�R�V�L�W�L�R�Q�����7�K�H���G�U�L�Y�H�U���F�D�Q���D�O�V�R���F�R�Q�W�U�R�O���K�L�V���V�S�H�H�G���Z�L�W�K���W�K�H���E�U�D�N�H���S�H�G�D�O�����E�X�W��
�W�K�L�V���L�V���Q�R�W���L�Q�F�O�X�G�H�G���L�Q���W�K�H���H�Y�D�O�X�D�W�L�R�Q���G�X�H���W�R���G�U�L�Y�H���P�R�G�H���³�%�´�����%�H�F�D�X�V�H���R�I���W�K�H���K�L�J�K��
�U�H�F�X�S�H�U�D�W�L�R�Q���O�H�Y�H�O�����W�K�H���E�U�D�N�H���S�H�G�D�O���K�D�G���W�R���E�H���X�V�H�G���R�Q�O�\���I�R�U���V�W�R�S�V�����Z�K�L�F�K���Z�H�U�H���R�Q�O�\��
5-�����S�H�U���P�H�D�V�X�U�H�P�H�Q�W�����:�K�H�Q���F�D�O�F�X�O�D�W�L�Q�J���D�Y�H�U�D�J�H�V�����R�Q�O�\���Y�D�O�X�H�V���Z�K�H�U�H���W�K�H���V�S�H�H�G���Z�D�V��
�J�U�H�D�W�H�U���W�K�D�Q�������Z�H�U�H���F�R�Q�V�L�G�H�U�H�G����

�)�L�J�X�U�H�������V�K�R�Z�V���W�K�H���F�R�P�S�D�U�L�V�R�Q���R�I���G�U�L�Y�H�U�V���I�R�U���1�R�U�P�D�I�D���Z�L�Q�W�H�U���D�Q�G���1�R�U�P�D�I�D���V�X�P�P�H�U����
�,�W�� �F�D�Q�� �E�H�� �V�H�H�Q�� �W�K�D�W�� �W�K�H�� �D�Y�H�U�D�J�H�� �V�S�H�H�G�V�� �Z�H�U�H�� �D�S�S�U�R�[�L�P�D�W�H�O�\�� �W�K�H�� �V�D�P�H�� �I�R�U�� �E�R�W�K��
�P�H�D�V�X�U�H�P�H�Q�W�V�����Z�L�W�K���D���P�D�[�L�P�X�P���G�L�I�I�H�U�H�Q�F�H���R�I�����������N�P���K����

�,�Q���W�K�H���F�D�V�H���R�I���1�R�U�P�D�I�D���Z�L�Q�W�H�U�����W�K�H���D�Y�H�U�D�J�H���W�R�U�T�X�H���R�I���9�H�K�L�F�O�H�������L�V���V�O�L�J�K�W�O�\���K�L�J�K�H�U����
�E�X�W���L�W���L�V���R�Q�O�\�������1�P���K�L�J�K�H�U���W�K�D�Q���W�K�H���W�R�U�T�X�H���R�I���9�H�K�L�F�O�H���������)�R�U���W�K�H���1�R�U�P�D�I�D���V�X�P�P�H�U�����D��
�P�D�U�J�L�Q�D�O�O�\���O�D�U�J�H�U���Y�D�U�L�D�Q�F�H���L�V���V�H�H�Q���I�R�U���W�K�H���D�Y�H�U�D�J�H���D�F�F�H�O�H�U�D�W�R�U���S�H�G�D�O���S�R�V�L�W�L�R�Q�V�����E�X�W��
�W�K�L�V���P�D�\���E�H���G�X�H���W�R���G�L�I�I�H�U�H�Q�W���G�H�F�H�O�H�U�D�W�L�R�Q���V�W�U�D�W�H�J�L�H�V�����$�V���Q�R���R�X�W�O�L�H�U�V���Z�H�U�H���R�E�V�H�U�Y�H�G��
�I�R�U���D�Q�\���R�I���W�K�H���S�D�U�D�P�H�W�H�U�V�����W�K�H���G�U�L�Y�H�V���Z�H�U�H���F�R�Q�V�L�G�H�U�H�G���V�L�P�L�O�D�U����

��
�)�L�J�X�U�H������

�&�R�P�S�D�U�L�V�R�Q���R�I���G�U�L�Y�L�Q�J���V�W�\�O�H�V���L�Q���1�R�U�P�D�I�D���V�X�P�P�H�U���D�Q�G���Z�L�Q�W�H�U���W�H�V�W�V��

3.2 Energy Consumption 

�7�K�H�� �Y�H�K�L�F�O�H�
�V�� �H�Q�H�U�J�\�� �F�R�Q�V�X�P�S�W�L�R�Q�� �L�V�� �W�K�H�� �D�P�R�X�Q�W�� �R�I�� �H�Q�H�U�J�\�� �H�[�W�U�D�F�W�H�G�� �I�U�R�P�� �W�K�H��
�E�D�W�W�H�U�\���� �6�R�P�H�� �H�Q�H�U�J�\�� �L�V�� �X�V�H�G�� �I�R�U�� �W�K�H�� �G�U�L�Y�H,���D�Q�G�� �V�R�P�H�� �I�R�U�� �W�K�H�� �S�R�Z�H�U�� �R�I�� �R�W�K�H�U��
�F�R�Q�V�X�P�H�U�V�����7�K�H���D�P�R�X�Q�W���R�I���H�Q�H�U�J�\���F�R�Q�V�X�P�H�G���Z�L�W�K���W�K�H���P�H�D�V�X�U�H�G���Y�D�O�X�H�V���F�D�Q���E�H���J�L�Y�H�Q��
�E�\���W�K�H���I�R�O�O�R�Z�L�Q�J���H�T�X�D�W�L�R�Q�����(�T������������
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�A�%�K�J�O�Q�I�L�P�E�K�J=  �ì �9 (�P) �@�P= �ì �+(�P) �Û �7(�P) �@�P�� (1)��

�: here,��W���L�V�� �W�K�H�� �L�Q�V�W�D�Q�W�D�Q�H�R�X�V�� �G�H�O�L�Y�H�U�H�G�� �S�R�Z�H�U����I���L�V�� �W�K�H�� �F�X�U�U�H�Q�W����U���L�V�� �W�K�H�� �E�D�W�W�H�U�\��
�Y�R�O�W�D�J�H�����D�Q�G��t���L�V���W�K�H���W�L�P�H����

�7�K�H���D�P�R�X�Q�W���R�I���H�Q�H�U�J�\���X�V�H�G���S�H�U���W�H�V�W���F�D�O�F�X�O�D�W�H�G���I�U�R�P���H�T�X�D�W�L�R�Q�����������L�V���V�K�R�Z�Q���L�Q���)�L�J����������
�7�K�H���J�U�D�S�K���F�O�H�D�U�O�\���V�K�R�Z�V���W�K�D�W���Z�K�L�O�H���H�&�R�Q�V�X�Pp�W�L�R�Q���Z�D�V���D�S�S�U�R�[�L�P�D�W�H�O�\���V�L�P�L�O�D�U���L�Q���W�K�H��
�V�D�P�H���W�H�V�W�V�����F�R�Q�V�X�P�S�W�L�R�Q���G�H�F�U�H�D�V�H�G���V�L�J�Q�L�I�L�F�D�Q�W�O�\���L�Q���W�K�H���V�X�P�P�H�U����

��

�7�K�H���D�P�R�X�Q�W���R�I���H�Q�H�U�J�\���X�V�H�G���L�Q���W�K�H���W�H�V�W�V���S�H�U���Y�H�K�L�F�O�H����

�,�W���F�D�Q���E�H���V�H�H�Q���W�K�D�W���W�K�H�U�H���L�V���Q�R���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H���L�Q���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���E�H�W�Z�H�H�Q��
�F�D�U�V���Z�L�W�K���O�R�Z���D�Q�G���K�L�J�K���P�L�O�H�D�J�H�����7�K�H�U�H���L�V���D���P�L�Q�L�P�D�O���G�L�I�I�H�U�H�Q�F�H���L�Q���W�K�H���P�H�D�V�X�U�H�P�H�Q�W��
�R�I���1�R�U�P�D�I�D���Z�L�Q�W�H�U���������E�X�W���W�K�L�V���P�D�\���E�H���G�X�H���W�R���F�D�O�F�X�O�D�W�L�R�Q���L�Q�D�F�F�X�U�D�F�L�H�V����

�)�R�U���W�K�H���D�Q�D�O�\�V�L�V���R�I���W�K�H���U�H�V�X�O�W�V,���L�W���L�V���L�P�S�R�U�W�D�Q�W���W�R���Q�R�W�H���W�K�D�W���W�K�H���Y�R�O�W�D�J�H���D�Q�G���F�X�U�U�H�Q�W��
�Y�D�O�X�H�V���Z�H�U�H���U�H�F�R�U�G�H�G���Z�L�W�K���G�L�I�I�H�U�H�Q�W���W�L�P�H���V�W�D�P�S�V���G�X�H���W�R���W�K�H���&�$�1���E�X�V���V�H�U�L�D�O���P�H�V�V�D�J�H��
�W�U�D�Q�V�P�L�V�V�L�R�Q���� �/�L�Q�H�D�U���L�Q�W�H�U�S�R�O�D�W�L�R�Q�� �Z�D�V�� �D�S�S�O�L�H�G���W�R�� �D�Y�R�L�G�� �W�K�L�V���� �Z�K�L�F�K�� �P�D�\�� �U�H�V�X�O�W�� �L�Q��
�V�R�P�H���L�Q�D�F�F�X�U�D�F�\����

�7�K�H���D�Y�H�U�D�J�H�V���R�I���W�K�H��three���P�H�D�V�X�U�H�P�H�Q�W�V���I�R�U���Z�L�Q�W�H�U���D�Q�G���V�X�P�P�H�U���D�U�H���V�K�R�Z�Q���L�Q���7�D�E�O�H��
�������'�X�U�L�Q�J���W�K�H���Z�L�Q�W�H�U���W�H�V�W�����W�K�H���D�Y�H�U�D�J�H���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���Z�D�V�������������:�K�����F�R�P�S�D�U�H�G��
�W�R�������������:�K���I�R�U���W�K�H���V�D�P�H���U�R�X�W�H���L�Q���V�X�P�P�H�U�����7�K�L�V���U�H�V�X�O�W�V���L�Q���D���G�L�I�I�H�U�H�Q�F�H���R�I�����������:�K�����D��
�������������G�H�F�U�H�D�V�H���L�Q���F�R�Q�V�X�P�S�W�L�R�Q���L�Q���V�X�P�P�H�U���Z�K�H�Q���W�H�P�S�H�U�D�W�X�U�H�V���D�U�H���R�S�W�L�P�D�O����

�,�Q���1�R�U�P�D�I�D���Z�L�Q�W�H�U�����F�D�U�V���Z�L�W�K���O�R�Z���P�L�O�H�D�J�H���F�R�Q�V�X�P�H�G���R�Q���D�Y�H�U�D�J�H���������:�K���O�H�V�V���H�Q�H�U�J�\����
�,�Q���W�K�H���F�D�V�H���R�I���W�K�H���1�R�U�P�D�I�D���V�X�P�P�H�U�����F�D�U�V���Z�L�W�K���P�R�U�H���P�L�O�H�D�J�H���F�R�Q�V�X�P�H�G���������:�K���O�H�V�V��
�H�Q�H�U�J�\���� �7�K�H�V�H�� �U�H�V�X�O�W�V�� �L�P�S�O�\�� �W�K�D�W�� �P�L�O�H�D�J�H�� �G�R�H�V�� �Q�R�W�� �D�I�I�H�F�W�� �W�K�H�� �F�R�Q�V�X�P�S�W�L�R�Q�� �R�I��
�Y�H�K�L�F�O�H�V����

��
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�7�D�E�O�H������

�$�Y�H�U�D�J�H���H�&�R�Q�V�X�P�S�W�L�R�Q���D�Q�G���G�L�I�I�H�U�H�Q�F�H�V���E�H�W�Z�H�H�Q���W�K�H���1�R�U�P�D�I�D���Z�L�Q�W�H�U���D�Q�G���V�X�P�P�H�U���W�H�V�W�V��

�� Normafa winter Normafa summer Difference 
Vehicle 1 ��,���������:�K�� 1,���������:�K�� ���������:�K��
Vehicle 2 ��,���������:�K�� 1,���������:�K�� ���������:�K��
Vehicle 3 ��,���������:�K�� 1,���������:�K�� ���������:�K��
Vehicle 4 ��,���������:�K�� 1,���������:�K�� ���������:�K��
Vehicle 5 ��,���������:�K�� 1,���������:�K�� ���������:�K��
Vehicle 6 ��,���������:�K�� 1,���������:�K�� ���������:�K��
Average ��,���������:�K�� 1,���������:�K�� ���������:�K��

�7�K�H�� �W�R�W�D�O�� �O�H�Q�J�W�K�� �R�I�� �W�K�H�� �U�R�X�W�H�� �Z�D�V�� ���������� �N�P���� �I�U�R�P�� �Z�K�L�F�K�� �W�K�H�� �D�Y�H�U�D�J�H�� �F�L�W�\���U�X�U�D�O��
�F�R�Q�V�X�P�S�W�L�R�Q���R�I���W�K�H���Y�H�K�L�F�O�H�V���F�D�Q���E�H���F�D�O�F�X�O�D�W�H�G�����������N�:�K�����������N�P���L�Q���Z�L�Q�W�H�U���D�Q�G����������
�N�:�K���������� �N�P�� �L�Q�� �V�X�P�P�H�U���� �7�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�
�V�� �V�S�H�F�L�I�L�H�G�� �F�R�P�E�L�Q�H�G�� �H�Q�H�U�J�\��
�F�R�Q�V�X�P�S�W�L�R�Q���L�V���������N�:�K�����������N�P�����Z�K�L�F�K���L�Q�F�O�X�G�H�V���K�L�J�K�Z�D�\���G�U�L�Y�L�Q�J����Th�H���D�L�U���U�H�V�L�V�W�D�Q�F�H��
�L�V�� �S�U�R�S�R�U�W�L�R�Q�D�O�� �W�R�� �W�K�H�� �V�T�X�D�U�H�� �R�I�� �W�K�H�� �V�S�H�H�G�����W�K�H�� �U�H�T�X�L�U�H�G���S�R�Z�H�U���H�T�X�D�O�V���W�K�H�� �V�S�H�H�G��
�P�X�O�W�L�S�O�L�H�G���E�\��the���G�U�D�J���I�R�U�F�H�����V�R���W�K�H���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���L�V���S�U�R�S�R�U�W�L�R�Q�D�O���W�R���W�K�H���W�K�L�U�G��
�S�R�Z�H�U�� �R�I�� �W�K�H�� �Y�H�K�L�F�O�H�� �V�S�H�H�G�����W�K�H�U�H�I�R�U�H,���K�L�J�K�Z�D�\�� �V�H�F�W�L�R�Q�V���L�Q�F�U�H�D�V�H�� �F�R�Q�V�X�P�S�W�L�R�Q��
�V�L�J�Q�L�I�L�F�D�Q�W�O�\�����7�K�H���F�R�Q�G�L�W�L�R�Q�V���R�I���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�
�V���P�H�D�V�X�U�H�P�H�Q�W���D�U�H���X�Q�N�Q�R�Z�Q�����E�X�W��
�L�W���L�V���Z�L�W�K�L�Q���R�X�U���P�H�D�V�X�U�H�P�H�Q�W���Y�D�O�X�H�V���D�Q�G���L�V���W�K�H�U�H�I�R�U�H���F�R�Q�V�L�G�H�U�H�G���D�F�F�H�S�W�D�E�O�H����

3.3 Range 

�'�X�U�L�Q�J���W�K�H���%�D�O�D�W�R�Q���F�K�D�O�O�H�Q�J�H���W�H�V�W�����Z�H���U�D�Q���L�Q�W�R���W�U�D�I�I�L�F���M�D�P�V�� �R�Q���E�R�W�K���W�K�H������-������ �N�P��
�D�Q�G�� �W�K�H�� ����-������ �N�P�� �V�H�F�W�L�R�Q�V���� �Z�K�L�F�K�� �P�D�G�H�� �L�W�� �L�P�S�R�V�V�L�E�O�H�� �W�R�� �N�H�H�S�� �W�K�H�� �W�D�U�J�H�W�� �V�S�H�H�G�V��
���)�L�J�X�U�H�� �������� �7�K�H�� �U�H�D�O�� �K�L�J�K�Z�D�\�� �V�S�H�H�G�� �Z�D�V�� �R�Q�O�\�� �S�R�V�V�L�E�O�H�� �R�Q�� �W�K�H�� ����-������ �N�P�� �V�H�F�W�L�R�Q����
�7�K�H�U�H�� �L�V�� �D�O�V�R�� �D�� �G�U�R�S�� �L�Q�� �V�S�H�H�G�� �D�U�R�X�Q�G�� �W�K�H�� ������ �N�P�� �S�R�L�Q�W���� �E�X�W�� �W�K�L�V�� �L�V�� �D�Q�� �D�E�V�R�O�X�W�H�O�\��
�U�H�D�O�L�V�W�L�F���W�U�D�I�I�L�F���V�L�W�X�D�W�L�R�Q�����V�R���Z�H���G�L�G���Q�R�W���Z�D�Q�W���W�R���U�H�P�R�Y�H���L�W���I�U�R�P���W�K�H���U�H�V�X�O�W�V����

��
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��

�)�L�J�X�U�H������

�6�S�H�H�G���S�U�R�I�L�O�H�V���D�W���W�K�H���%�D�O�D�W�R�Q���F�K�D�O�O�H�Q�J�H���P�H�D�V�X�U�H�P�H�Q�W����

�&�R�O�X�P�Q�V�� ���� �D�Q�G������ �R�I�� �7�D�E�O�H�� ���� �V�K�R�Z�� �W�K�H�� �D�Y�H�U�D�J�H�� �V�S�H�H�G�V�� �I�R�U�� �W�K�H�� �W�R�W�D�O�� �U�R�X�W�H�� �D�Q�G�� �W�K�H��
�K�L�J�K-�V�S�H�H�G���V�H�F�W�L�R�Q���� �U�H�V�S�H�F�W�L�Y�H�O�\���� �)�R�U�� �E�R�W�K�� �1�R�U�P�D�O���D�Q�G���(�&�2���� �P�R�G�H�V���� �L�W���L�V�� �Y�L�V�L�E�O�H��
�W�K�D�W���W�K�H���D�Y�H�U�D�J�H���V�S�H�H�G���L�V���K�L�J�K�H�U���Z�L�W�K���$�&���R�Q���W�K�H���W�R�W�D�O���U�R�X�W�H�����Z�K�L�O�H���W�K�H���D�Y�H�U�D�J�H���V�S�H�H�G��
�L�V�� �K�L�J�K�H�U�� �Z�L�W�K�R�X�W�� �$�&�� �R�Q�� �W�K�H�� �K�L�J�K-�V�S�H�H�G�� �V�H�F�W�L�R�Q���� �)�U�R�P�� �W�K�H�� �S�H�U�V�S�H�F�W�L�Y�H�� �R�I�� �H�Q�H�U�J�\��
�F�R�Q�V�X�P�S�W�L�R�Q�� �D�Q�G�� �U�D�Q�J�H���� �W�K�H�� �V�H�F�R�Q�G�� �Z�D�V�� �U�H�O�H�Y�D�Q�W�� �I�R�U�� �W�K�L�V�� �P�H�D�V�X�U�H�P�H�Q�W���� �V�R�� �L�Q�� �W�K�H��
�I�X�U�W�K�H�U���H�Y�D�O�X�D�W�L�R�Q���Z�H���O�L�P�L�W���W�K�H���U�R�X�W�H���W�R���W�K�L�V���������N�P���V�H�F�W�L�R�Q����

�7�D�E�O�H������

�7�K�H���U�H�V�X�O�W���R�I���V�S�H�H�G���D�Q�G���F�R�Q�V�X�P�S�W�L�R�Q���L�Q���G�L�I�I�H�U�H�Q�W���P�R�G�H�V��

�� Avg. 
speed 

Avg. speed 
(high-speed) 

Standard deviation 
of speed (high-speed) 

eConsumption 
(high-speed) 

Normal �����������N�P���K�� �������������N�P���K�� �����������N�P���K�� �������������:�K��
Normal (AC) �����������N�P���K�� ���������N�P���K�� �������N�P���K�� �������������:�K��
ECO �����������N�P���K�� �������������N�P���K�� �����������N�P���K�� �������������:�K��
ECO (AC) �����������N�P���K�� �������������N�P���K�� �����������N�P���K�� �������������:�K��
ECO+ �������N�P���K�� �����������N�P���K�� �����������N�P���K�� �������������:�K��
ECO+ (AC) �����������N�P���K�� �����������N�P���K�� ���������N�P���K�� �������������:�K��

�)�L�J�X�U�H�� ���� �V�K�R�Z�V�� �W�K�H�� �F�R�Q�V�X�P�S�W�L�R�Q�� �W�U�H�Q�G�� �R�Q�� �W�K�H�� �K�L�J�K-�V�S�H�H�G�� �V�H�F�W�L�R�Q�����7�K�H�� �U�H�V�X�O�W�V��
�L�Q�G�L�F�D�W�H���W�K�D�W���W�K�H�� �F�R�Q�V�X�P�S�W�L�R�Q���R�I������ �Y�H�K�L�F�O�H�V�� �L�Q�� �(�&�2���� �P�R�G�H�� �L�V�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �O�R�Z�H�U��
�W�K�D�Q�� �W�K�H�� �R�W�K�H�U���I�R�X�U���Y�H�K�L�F�O�H�V���� �&�R�Q�V�X�P�S�W�L�R�Q�� �L�V�� �O�R�Z�H�U�� �Z�L�W�K�� �D�L�U�� �F�R�Q�G�L�W�L�R�Q�L�Q�J�� �G�X�H�� �W�R��
�O�R�Z�H�U���D�Y�H�U�D�J�H���V�S�H�H�G���D�Q�G���O�R�Z�H�U���G�H�Y�L�D�W�L�R�Q�����7�D�E�O�H����������

��

��
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�)�L�J�X�U�H������

�&�R�Q�V�X�P�S�W�L�R�Q���W�U�H�Q�G�V���D�V���D���I�X�Q�F�W�L�R�Q���R�I���G�L�V�W�D�Q�F�H���W�U�D�Y�H�O�O�H�G��

�7�K�H���F�R�Q�V�X�P�S�W�L�R�Q���R�I���1�R�U�P�D�O���D�Q�G���(�&�2���P�R�G�H���Y�H�K�L�F�O�H�V���Z�D�V���D�S�S�U�R�[�L�P�D�W�H�O�\���W�K�H���V�D�P�H����
�D�O�W�K�R�X�J�K�� �W�K�H�� �D�Y�H�U�D�J�H�� �V�S�H�H�G�� �G�L�I�I�H�U�H�Q�F�H�� �Z�D�V�� �a���� �N�P���K���� �9�H�K�L�F�O�H�V�� �L�Q�� �(�&�2�� �P�R�G�H�� �K�D�G��
�V�L�J�Q�L�I�L�F�D�Q�W�O�\���J�U�H�D�W�H�U���G�H�Y�L�D�W�L�R�Q���L�Q���V�S�H�H�G�����V�R���W�K�H�\���V�O�R�Z�H�G���G�R�Z�Q���D�Q�G���D�F�F�H�O�H�U�D�W�H�G���P�R�U�H��
�I�U�H�T�X�H�Q�W�O�\�����Z�K�L�F�K���L�Q�F�U�H�D�V�H�G���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q����

�7�K�H���U�H�V�X�O�W�V���V�K�R�Z���W�K�D�W���W�K�H���D�Y�H�U�D�J�H���V�S�H�H�G���D�Q�G���G�H�Y�L�D�W�L�R�Q���R�I���V�S�H�H�G���K�D�Y�H���D���O�D�U�J�H���H�I�I�H�F�W��
�R�Q���H�&�R�Q�V�X�P�S�W�L�R�Q�����Z�K�L�O�H���W�K�H���X�V�H���R�I���D�L�U���F�R�Q�G�L�W�L�R�Q�L�Q�J���L�V���D�O�P�R�V�W���Q�H�J�O�L�J�L�E�O�H�����'�X�U�L�Q�J���W�K�H��
�W�H�V�W,���L�W���Z�D�V���Q�R�W���S�R�V�V�L�E�O�H���W�R���S�U�R�G�X�F�H���W�K�H���V�D�P�H���Y�D�O�X�H�V���G�X�H���W�R���W�U�D�I�I�L�F�����7�K�H���U�D�Q�J�H���R�Q���W�K�H��
�K�L�J�K-�V�S�H�H�G���V�H�F�W�L�R�Q���F�D�Q���E�H���F�D�O�F�X�O�D�W�H�G���I�U�R�P���W�K�H���G�H�F�U�H�D�V�H���L�Q���F�K�D�U�J�H�����D�V�V�X�P�L�Q�J���W�K�D�W���W�K�H��
�U�H�P�D�L�Q�L�Q�J���F�K�D�U�J�H���Z�R�X�O�G���G�H�F�U�H�D�V�H���D�W���W�K�H���V�D�P�H���U�D�W�H�����7�D�E�O�H����������

�7�D�E�O�H������

�7�K�H���U�H�O�D�W�L�R�Q�V�K�L�S���E�H�W�Z�H�H�Q���F�D�O�F�X�O�D�W�H�G���U�D�Q�J�H�V���D�Q�G���W�K�H���R�G�R�P�H�W�H�U��

�� Odometer �­ SoC Calculated range 
Normal ���������������N�P�� �������������� ���������N�P��
Normal (AC) ���������������N�P�� �������������� ���������N�P��
ECO ���������������N�P�� ���������������� ���������N�P��
ECO (AC) ���������������N�P�� ���������������� ���������N�P��
ECO+ ���������������N�P�� ���������������� ���������N�P��
ECO+ (AC) ���������������N�P�� ���������������� ���������N�P��

�,�Q�� �D�O�O��three���P�R�G�H�V���� �Z�H�� �R�E�W�D�L�Q�H�G���V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �O�R�Q�J�H�U���U�D�Q�J�H�V�� �I�R�U�� �Y�H�K�L�F�O�H�V�� �Z�L�W�K�� �O�R�Z��
�P�L�O�H�D�J�H���W�K�D�Q���I�R�U���W�K�R�V�H���Z�L�W�K���K�L�J�K���P�L�O�H�D�J�H�����E�\���D�Q���D�Y�H�U�D�J�H���R�I���������N�P�����7�K�L�V���P�D�\���L�Q�G�L�F�D�W�H��
�W�K�H���G�H�J�U�D�G�D�W�L�R�Q���R�I���W�K�H���E�D�W�W�H�U�L�H�V�����)�X�U�W�K�H�U�P�R�U�H�����L�I���W�K�H���D�Y�H�U�D�J�H���V�S�H�H�G���R�I�����������N�P���K���L�V��
�U�H�G�X�F�H�G���W�R���������N�P���K�����W�K�H���U�D�Q�J�H���F�D�Q���E�H���L�Q�F�U�H�D�V�H�G���E�\������-����������
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3.4 Battery Degradation 

�7�R���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���G�H�J�U�D�G�D�W�L�R�Q���R�I���W�K�H���E�D�W�W�H�U�\�����W�K�H���F�X�U�U�H�Q�W���F�D�S�D�F�L�W�\���R�I���W�K�H���E�D�W�W�H�U�\���F�D�Q��
�E�H�� �F�D�O�F�X�O�D�W�H�G���I�U�R�P�� �W�K�H�� �P�H�D�V�X�U�H�G���F�R�Q�V�X�P�S�W�L�R�Q���D�Q�G���W�K�H�� �F�K�D�Q�J�H�� �L�Q�� �6�W�D�W�H-�R�I-�&�K�D�U�J�H��
�X�V�L�Q�J���W�K�H���I�R�O�O�R�Z�L�Q�J���I�R�U�P�X�O�D�����(�T������������

�%�=�L�=�?�E�P�U=
�5�4�4

�¿�Ì�â�¼
�Û �A�%�K�J�O�Q�I�L�P�E�K�J �� ��������

�7�K�H�� �D�Y�H�U�D�J�H�� �F�R�Q�V�X�P�S�W�L�R�Q�� �D�Q�G�� �D�Y�H�U�D�J�H���­ �6�R�&�� �Z�H�U�H�� �X�V�H�G�� �I�R�U�� �W�K�H�� �1�R�U�P�D�I�D��
�P�H�D�V�X�U�H�P�H�Q�W�V�����7�K�H���Y�H�K�L�F�O�H�V���Z�H�U�H���Q�R�W���V�W�R�S�S�H�G���E�H�W�Z�H�H�Q���W�K�H���P�H�D�V�X�U�H�P�H�Q�W�V�����E�X�W���W�K�H��
�F�X�U�U�H�Q�W�� �Y�D�O�X�H�V�� �Z�H�U�H�� �F�O�R�V�H�� �W�R�� �����$���� �Z�K�L�F�K�� �Z�R�X�O�G�� �G�L�V�W�R�U�W�� �W�K�H�� �F�R�Q�V�X�P�S�W�L�R�Q���� �)�R�U�� �W�K�H��
�%�D�O�D�W�R�Q���&�K�D�O�O�H�Q�J�H���W�H�V�W�����W�K�H���U�H�V�X�O�W�V���Z�H�U�H���O�L�P�L�W�H�G���W�R���W�K�H���K�L�J�K-�V�S�H�H�G���V�H�F�W�L�R�Q����

�)�L�J�X�U�H�� ���� �V�K�R�Z�V�� �W�K�H�� �Y�D�O�X�H�V�� �R�I�� �W�K�H�� �F�D�O�F�X�O�D�W�H�G�� �F�D�S�D�F�L�W�L�H�V�� �I�R�U�� �W�K�H��three���W�H�V�W�V�� �D�Q�G�� �W�K�H��
�D�Y�H�U�D�J�H�� �R�I�� �W�K�H�V�H�� �Y�D�O�X�H�V���� �Z�L�W�K�� �D�� �E�O�D�F�N�� �G�D�V�K�H�G�� �O�L�Q�H���� �7�K�H�� �U�H�V�X�O�W�V�� �R�I�� �W�K�H�� �%�D�O�D�W�R�Q��
�&�K�D�O�O�H�Q�J�H���P�H�D�V�X�U�H�P�H�Q�W���D�U�H���W�K�H���F�O�R�V�H�V�W���W�R���W�K�H���D�Y�H�U�D�J�H���F�D�S�D�F�L�W�L�H�V�����D�V���H�[�S�H�F�W�H�G�����D�V���Z�H��
�F�R�X�O�G���G�L�V�F�K�D�U�J�H���W�K�H���E�D�W�W�H�U�L�H�V���D�O�P�R�V�W���F�R�P�S�O�H�W�H�O�\�����,�W���F�D�Q���E�H���R�E�V�H�U�Y�H�G���W�K�D�W���Z�K�L�O�H���W�K�H��
�D�Y�H�U�D�J�H���I�R�U���W�K�H���I�L�U�V�W��three���F�D�U�V���Z�L�W�K���O�R�Z���P�L�O�H�D�J�H���L�V���D�E�R�X�W���W�K�H���V�D�P�H���D�V���W�K�H���%�D�O�D�W�R�Q��
�&�K�D�O�O�H�Q�J�H���U�H�V�X�O�W�V�����W�K�H���D�Y�H�U�D�J�H���I�R�U���W�K�H���F�D�U�V���Z�L�W�K���K�L�J�K���P�L�O�H�D�J�H���L�V���V�O�L�J�K�W�O�\���O�R�Z�H�U���I�R�U���D�O�O��
three���F�D�U�V���� �2�Q�H�� �R�I�� �W�K�H�� �U�H�D�V�R�Q�V�� �I�R�U�� �W�K�L�V�� �F�R�X�O�G�� �E�H�� �W�K�H�� �D�L�U-�F�R�Q�G�L�W�L�R�Q�L�Q�J���� �D�V�� �L�W�� �Z�D�V��
�V�Z�L�W�F�K�H�G�� �R�Q�� �I�R�U�� �W�K�H�V�H��three�� �Y�H�K�L�F�O�H�V���� �7�K�H��e-�X�S���V�� �K�D�Y�H�� �D�� �K�L�J�K-�Y�R�O�W�D�J�H�� �$�&��
�F�R�P�S�U�H�V�V�R�U,���D�Q�G���L�W�V���H�O�H�F�W�U�L�F�D�O���P�D�Q�D�J�H�P�H�Q�W���L�V���Q�R�W���N�Q�R�Z�Q�����$�Q�R�W�K�H�U���L�Q�W�H�U�H�V�W�L�Q�J���U�H�V�X�O�W��
�L�V���W�K�D�W���Z�H���J�R�W���K�L�J�K�H�U���E�D�W�W�H�U�\���F�D�S�D�F�L�W�L�H�V���L�Q���V�X�P�P�H�U���I�R�U���I�L�Y�H���F�D�U�V�����,�Q���W�K�L�V���P�H�D�V�X�U�H�P�H�Q�W����
�W�K�H���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���Z�D�V���P�X�F�K���O�R�Z�H�U�����D�Q�G���W�K�H���6�R�&���Y�D�O�X�H���G�H�F�U�H�D�V�H�G���O�H�V�V�����E�X�W���Q�R�W��
at���W�K�H���V�D�P�H���U�D�W�H����

��

�)�L�J�X�U�H������

�&�D�O�F�X�O�D�W�H�G���E�D�W�W�H�U�\���F�D�S�D�F�L�W�L�H�V���I�U�R�P���P�H�D�V�X�U�H�P�H�Q�W�V��
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�&�R�O�X�P�Q�������R�I���7�D�E�O�H�������V�K�R�Z�V���W�K�H���D�Y�H�U�D�J�H���E�D�W�W�H�U�\���F�D�S�D�F�L�W�\���Y�D�O�X�H�V�����F�R�O�X�P�Q�������V�K�R�Z�V��
�W�K�H���2�G�R�P�H�W�H�U���Y�D�O�X�H�V���D�I�W�H�U���W�K�H���W�K�L�U�G���P�H�D�V�X�U�H�P�H�Q�W�����)�R�U��e-�X�S�������W�K�H���X�V�D�E�O�H���F�D�S�D�F�L�W�\���R�I��
�W�K�H�� �E�D�W�W�H�U�\�� �L�V�� �Q�R�W�� �N�Q�R�Z�Q���� �Z�K�L�F�K�� �L�V�� �X�V�X�D�O�O�\�� �a�������� �R�I���W�K�H���Q�R�P�L�Q�D�O�� �F�D�S�D�F�L�W�\������
�$�Q�� �D�S�S�U�R�[�L�P�D�W�H�� �Y�D�O�X�H�� �F�D�Q�� �E�H�� �F�D�O�F�X�O�D�W�H�G�� �I�U�R�P�� �7�D�E�O�H�� ������ �W�K�H�� �&�R�P�E�L�Q�H�G�� �(�Q�H�U�J�\��
�&�R�Q�V�X�P�S�W�L�R�Q���L�V���������N�:�K�����������N�P�����Z�K�L�O�H���W�K�H���:�/�7�3���U�D�Q�J�H���L�V�����������N�P�����J�L�Y�L�Q�J���D���X�V�D�E�O�H��
�F�D�S�D�F�L�W�\���R�I���������������N�:�K�����7�K�H���G�H�J�U�D�G�D�W�L�R�Q���L�V���W�K�H���U�D�W�L�R���R�I���W�K�H���D�Y�H�U�D�J�H���E�D�W�W�H�U�\���F�D�S�D�F�L�W�\��
�W�R���W�K�H���S�U�H�Y�L�R�X�V���Y�D�O�X�H���H�[�S�U�H�V�V�H�G���D�V���S�H�U�F�H�Q�W�D�J�H�V����

�7�D�E�O�H������

�7�K�H���F�D�O�F�X�O�D�W�H�G���G�H�J�U�D�G�D�W�L�R�Q���Y�D�O�X�H�V���I�R�U���W�K�H���W�H�V�W���Y�H�K�L�F�O�H�V��

�� Average Odometer Degradation 
Vehicle 1 �������������N�:�K�� ���������������N�P�� ��������������
Vehicle 2 �������������N�:�K�� ���������������N�P�� ��������������
Vehicle 3 �������������N�:�K�� ���������������N�P�� ��������������
Vehicle 4 �������������N�:�K�� ���������������N�P�� ����������������
Vehicle 5 �������������N�:�K�� ���������������N�P�� ��������������
Vehicle 6 �������������N�:�K�� ���������������N�P�� ����������������

�$���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H���L�Q���W�K�H���G�H�J�U�D�G�D�W�L�R�Q���F�D�Q���E�H���R�E�V�H�U�Y�H�G���D�V���D���I�X�Q�F�W�L�R�Q���R�I���P�L�O�H�D�J�H����
�7�K�H���D�Y�H�U�D�J�H���G�H�J�U�D�G�D�W�L�R�Q���I�R�U���Y�H�K�L�F�O�H�V���Z�L�W�K���a���������������N�P���L�V�����������������Z�K�L�O�H���I�R�U���Y�H�K�L�F�O�H�V��
�Z�L�W�K�����������������N�P���L�W���L�V�����������������)�R�U���W�K�H���I�L�U�V�W�����W�K�H���E�D�W�W�H�U�\���G�H�J�U�D�G�D�W�L�R�Q���F�D�O�F�X�O�D�W�H�G���I�R�U���W�K�H��
�V�H�F�R�Q�G���Y�H�K�L�F�O�H���K�L�J�K�O�\���L�Q�F�U�H�D�V�H�V���W�K�H���D�Y�H�U�D�J�H�����'�X�H���W�R���W�K�H���V�P�D�O�O���Q�X�P�E�H�U���R�I���F�D�U�V�����L�W���L�V��
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