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Summary

Walking impairments are common in elderly people and its prevalence increases with age. Walking
impairments have devastating consequences and are associated with a loss of mobility, increased
institutionalization, increased fall risk and decreased quality of life. Numerous disorders of both the
central and peripheral nervous system can cause an impaired walking pattern. The objective quan-
tification of walking is therefore of high clinical interest for clinicians, researchers and neurological
patients.

Walking is made up from repetitive gait cycles, that can be divided in a stance phase, during which
the foot is in contact with the ground, and a swing phase, during which the same foot is swinging
forward. These phases are demarcated by gait events that are referred to as initial and final contact.
The robust and accurate detection of these gait events is critical for any clinical gait analysis. Recent
advances in wearable inertial sensor technology potentially allow the clinical gait analysis to shift to
long-term continuous monitoring in the habitual environment. However, to date, the algorithms to
extract gait events from inertial measurement unit (IMU) data have limited ecological validity as they
have been validated mainly in clinical research settings with straight-line walking trials.

In this thesis a deep learning (DL)-based network is developed to determine gait events from IMU
data from a shank- or foot-worn device. The DL network takes as input the raw IMU data predicts
for each time step the probability that it corresponds to an initial or final contact. The algorithm is
validated for walking at different self-selected speeds across multiple neurological diseases and both
in clinical research settings and the habitual environment. The algorithms shows a high detection
rate for initial and contacts, and a small time error when compared to reference events obtained with
an optical motion capture system or pressure insoles.

Based on the excellent performance, it is concluded that the DL algorithm is well suited for con-
tinuous long-term monitoring of gait in the habitual environment.
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Zusammenfassung

Gangstºrungen sind bei ªlteren Menschen weit verbreitet, und ihre Prªvalenz nimmt mit dem Alter
zu. Gangstºrungen haben weitgehende Folgen und gehen mit einem Verlust an Mobilitªt, einer
zunehmenden Institutionalisierung, einem erhºhten Sturzrisiko und einer verminderten Lebensqual-
itªt einher. Zahlreiche Stºrungen sowohl des zentralen als auch des peripheren Nervensystems kºn-
nen zu einer Beeintrªchtigung des Gehverhaltens f¿hren. Die objektive Quantifizierung des Gehens
ist daher von groÇem klinischen Interesse f¿r Kliniker, Forscher und neurologische Patienten.

Das Gehen besteht aus sich wiederholenden Gangzyklen, die in eine Standphase, in der der
FuÇ den Boden ber¿hrt, und eine Schwungphase, in der derselbe FuÇ vorwªrts schwingt, unterteilt
werden kºnnen. Diese Phasen werden durch Gangereignisse abgegrenzt, die als erster und letzter
FuÇkontakt bezeichnet werden. Die robuste und genaue Erkennung dieser Gangereignisse ist f¿r
jede klinische Ganganalyse von entscheidender Bedeutung. J¿ngste Fortschritte in der Technologie
der tragbaren Inertialsensoren ermºglichen es, die klinische Ganganalyse auf eine langfristige, kon-
tinuierliche ¦berwachung in der hauslichen Umgebung umzustellen. Bislang haben die Algorithmen
zur Extraktion von Gangereignissen aus Inertialmessdaten (Inertial Measurement Unit: IMU) jedoch
nur eine begrenzte ºkologische G¿ltigkeit, da sie hauptsªchlich in klinischen Forschungsumgebun-
gen mit geradlinigen Gehversuchen validiert wurden.

In dieser Arbeit wird ein Deep Learning (DL)-basiertes Netzwerk entwickelt, um Gangereignisse
aus IMU-Daten von einem Gerªt zu bestimmen, das am Schaft oder am FuÇ getragen wird. Das
DL-Netzwerk nimmt die IMU-Rohdaten als Eingabe und sagt f¿r jeden Zeitschritt die Wahrschein-
lichkeit voraus, dass es sich um einen ersten oder letzten Kontakt handelt. Der Algorithmus wurde
f¿r das Gehen bei verschiedenen selbstgewªhlten Geschwindigkeiten bei mehreren neurologischen
Erkrankungen und sowohl in klinischen Forschungsumgebungen als auch in der gewohnten Umge-
bung validiert. Der Algorithmus zeigt eine hohe Erkennungsrate f¿r erster und letzter FuÇkontakt
und einen geringen Zeitfehler im Vergleich zu Referenzereignissen, die mit einem optischen marker-
basierte System oder Druckeinlagen ermittelt wurden.

Aufgrund der ausgezeichneten Leistung wird der Schluss gezogen, dass sich der DL-Algorithmus
gut f¿r die kontinuierliche Langzeit¿berwachung des Gangs in der gewohnten Umgebung eignet.
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Figure 1: Schematic depiction of the thesis outline.

This thesis is divided into three main parts, and each part consists of one or more chapters
(Figure 1).

Part I is comprised of the Introduction and Background chapters. In chapter 1 the topic of gait
analysis and gait event detection is introduced. The importance of measuring gait is explained, which
gait parameters are derived, and the aim of the current thesis is stated. In chapter 2, the signals that
were used throughout this thesis are explained, and the signal processing methods are described.

Part II contains the contents from the works of the last years that have been published in, or
submitted to, peer-reviewed journals. In chapter 3 a conventional gait event detection algorithm
is validated for curved walking under single- and dual-task conditions. Then, in chapter 4 a deep
learning-based algorithm is developed, and validated for its performance across different walking
speeds and for different neurological and healthy cohorts. This deep learning algorithm is subse-
quently tested for its ecological validity across multiple mobility-limiting disease cohorts in real-life
walking bouts (Chapter 5).

In the last part (Part III) the overall findings are summarized, the results are discussed, and
suggestions are provided for further research.
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���������8�L�I �-�Q�T�S�V�X�E�R�G�I �S�J �1�I�E�W�Y�V�M�R�K �+�E�M�X
�:�D�O�N�L�Q�J �L�V �W�K�H �P�R�V�W �F�R�P�P�R�Q �D�Q�G �I�X�Q�F�W�L�R�Q�D�O�O�\ �U�H�O�H�Y�D�Q�W �D�V�S�H�F�W �R�I �P�R�E�L�O�L�W�\ �>�5�R�F�������@ �D�Q�G �I�R�U �V�K�R�U�W

�G�L�V�W�D�Q�F�H�V �L�W �L�V �D�O�V�R �W�K�H �P�R�V�W �F�R�Q�Y�H�Q�L�H�Q�W �P�H�D�Q�V �R�I �P�R�Y�L�Q�J �I�U�R�P �R�Q�H �O�R�F�D�W�L�R�Q �W�R �D�Q�R�W�K�H�U �>�3�%�����@�� �%�H�L�Q�J
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�)�L�U�V�W�� �G�D�W�D �I�U�R�P �E�R�W�K �P�D�U�N�H�U �D�Q�G �,�0�8 �V�\�V�W�H�P�V �Z�H�U�H �F�U�R�S�S�H�G �V�R �W�K�D�W �R�Q�O�\ �G�D�W�D �I�U�R�P �Z�L�W�K�L�Q �W�K�H �� �P

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

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

�V�L�[�W�K���R�U�G�H�U �%�X�W�W�H�U�Z�R�U�W�K �I�L�O�W�H�U �Z�L�W�K �D �F�X�W���R�I�I �I�U�H�T�X�H�Q�F�\ �R�I ���� �+�] �>�5�.���� �@�� �7�K�H �I�L�O�W�H�U �Z�D�V �D�S�S�O�L�H�G �W�Z�L�F�H �W�R

�W�K�H �L�Q�S�X�W �G�D�W�D �>�.�-���� �@�� �$�I�W�H�U �I�L�O�W�H�U�L�Q�J �L�Q �W�K�H �I�R�U�Z�D�U�G �G�L�U�H�F�W�L�R�Q�� �W�K�H �I�L�O�W�H�U�H�G �V�H�T�X�H�Q�F�H �Z�D�V �U�H�Y�H�U�V�H�G �D�Q�G

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

�W�L�P�L�Q�J�V �R�I �,�&�V �D�Q�G �)�&�V �Z�H�U�H �G�H�W�H�U�P�L�Q�H�G �I�U�R�P �O�R�F�D�O �P�D�[�L�P�D �D�Q�G �P�L�Q�L�P�D �L�Q �W�K�H �K�H�H�O �D�Q�G �W�R�H �Y�H�U�W�L�F�D�O

�Y�H�O�R�F�L�W�\ �V�L�J�Q�D�O�V �>�3�%�Y������ �2�&�R�������@�� �$�O�O �L�G�H�Q�W�L�I�L�H�G �,�&�V �D�Q�G �)�&�V �Z�H�U�H �P�D�Q�X�D�O�O�\ �F�K�H�F�N�H�G �X�V�L�Q�J �4�X�D�O��

�L�V�\�V �7�U�D�F�N �0�D�Q�D�J�H�U ������������ �V�R�I�W�Z�D�U�H ���4�X�D�O�L�V�\�V �$�%�� �*�|�W�H�E�R�U�J�� �6�Z�H�G�H�Q�� �D�Q�G �F�R�U�U�H�F�W�H�G �L�I �Q�H�F�H�V�V�D�U�\

�>�5�R�P�������� �&�D�U�������@�� �7�K�H �U�H�V�X�O�W�L�Q�J �D�Q�Q�R�W�D�W�H�G �,�&�V �D�Q�G �)�&�V �Z�H�U�H �F�R�Q�V�L�G�H�U�H�G �W�K�H �W�U�X�H �H�Y�H�Q�W�V ���D�O�V�R
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�O�D�E�H�O�V �R�U �W�D�U�J�H�W�V���� �D�Q�G �Z�H�U�H �X�V�H�G �D�V �U�H�I�H�U�H�Q�F�H �W�L�P�L�Q�J�V �W�R �G�H�U�L�Y�H �V�W�U�L�G�H���V�S�H�F�L�I�L�F �J�D�L�W �S�D�U�D�P�H�W�H�U�V��

�-�1�9 �(�E�X�E

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

�O�L�K�R�R�G �R�I �D�Q �,�& �D�Q�G �)�&�� �J�L�Y�H�Q �D�F�F�H�O�H�U�R�P�H�W�H�U �D�Q�G �J�\�U�R�V�F�R�S�H �G�D�W�D �I�U�R�P �D �V�L�Q�J�O�H �,�0�8�� �7�K�H �G�D�W�D

�I�U�R�P �D �V�L�Q�J�O�H �V�H�Q�V�R�U �F�K�D�Q�Q�H�O�� �H���J���� �W�K�H �D�F�F�H�O�H�U�D�W�L�R�Q �L�Q �I�R�U�Z�D�U�G �G�L�U�H�F�W�L�R�Q�� �Z�H�U�H �G�H�Q�R�W�H�G �E�\�[d =h
xd[1] xd[2] � � � xd[N ]

i �7
�� �Z�L�W�Kd �U�H�I�H�U�U�L�Q�J �W�R �W�K�Hd�W�K �V�H�Q�V�R�U �F�K�D�Q�Q�H�O ���L���H����d = 1 ; 2; � � � ; D �� �D�Q�Gn

�U�H�I�H�U�U�L�Q�J �W�R �W�K�Hn�W�K�H �V�D�P�S�O�H �R�U �W�L�P�H �V�W�H�S ���L���H����n = 1 ; 2; � � � ; N ���� �6�L�P�L�O�D�U�O�\�� �W�K�H �G�D�W�D �I�U�R�P �D�O�OD �V�H�Q�V�R�U

�F�K�D�Q�Q�H�O�V �D�W �D �J�L�Y�H�Q �W�L�P�H �V�W�H�Sn �Z�H�U�H �G�H�Q�R�W�H�G �E�\�[[n] =
h
x1[n] x2[n] � � � xD [n]

i �7
�� �'�D�W�D �I�U�R�P �D�O�O
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�7�K�H �P�R�G�H�O �Z�D�V �L�W�H�U�D�W�L�Y�H�O�\ �W�U�D�L�Q�H�G �W�R �O�H�D�U�Q �D �P�D�S�S�L�Q�Jh� (�; ) : �; ! �\�� �Z�K�H�U�Hh� �Z�D�V �D�O�V�R �U�H�I�H�U�U�H�G

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

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

�O�R�F�D�W�L�R�Q��

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

�W�L�R�Q �V�H�W�� �D�Q�G �D �W�H�V�W �V�H�W�� �(�D�F�K �V�H�W �F�R�Q�W�D�L�Q�H�G �G�D�W�D �I�U�R�P �D�S�S�U�R�[�L�P�D�W�H�O�\ �R�Q�H���W�K�L�U�G �R�I �W�K�H �S�D�U�W�L�F�L�S�D�Q�W�V��

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

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

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

�R�Q �W�K�H �P�R�G�H�O�¶�V �S�H�U�I�R�U�P�D�Q�F�H �Z�H�U�H �R�Q�O�\ �E�D�V�H�G �R�Q �W�K�H �W�H�V�W �V�H�W�� �D�Q�G �W�K�H�U�H�I�R�U�H �U�H�I�O�H�F�W�H�G �K�R�Z �J�R�R�G �W�K�H

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

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

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

�'�D�W�D�V�H�W �1�X�P�� �R�I �1�X�P�� �R�I �1�X�P�� �R�I

�S�D�U�W�L�F�L�S�D�Q�W�V �W�U�L�D�O�V�L�Q�V�W�D�Q�F�H�V

�W�U�D�L�Q ���� ������ ��������

�Y�D�O�L�G�D�W�L�R�Q ���� ������ ��������

�W�H�V�W ���� ������ ������

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

�G�L�Y�L�G�L�Q�J �E�\ �W�K�H �F�K�D�Q�Q�H�O���Z�L�V�H �V�W�D�Q�G�D�U�G �G�H�Y�L�D�W�L�R�Q�� �)�R�U �W�K�H �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�� �W�K�H �G�D�W�D

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

50�� �E�H�W�Z�H�H�Q �V�X�F�F�H�V�V�L�Y�H �Z�L�Q�G�R�Z�V ���F�R�U�U�H�V�S�R�Q�G�L�Q�J �W�R2�V �Z�L�Q�G�R�Z�V�� �D�Q�G1�V �R�Y�H�U�O�D�S�� �U�H�V�S�H�F�W�L�Y�H�O�\����

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

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

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

�Z�R�U�N ���7�&�1�� �>�)�L�O�������� �5�p�P������ �%�.�.�����@�� �7�K�H �7�&�1 �F�R�Q�V�L�V�W�H�G �R�I �D �V�H�T�X�H�Q�F�H �R�I �U�H�V�L�G�X�D�O �E�O�R�F�N�V �Z�L�W�K

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

�T�X�H�Q�F�H�V �R�I �D �G�L�O�D�W�H�G �F�R�Q�Y�R�O�X�W�L�R�Q�D�O �O�D�\�H�U �>�<�.���� �@�� �D �E�D�W�F�K �Q�R�U�P�D�O�L�]�D�W�L�R�Q �O�D�\�H�U �>�,�6�����@�� �D �U�H�F�W�L�I�L�H�G �O�L�Q�H�D�U

�X�Q�L�W ���5�H�/�8�� �D�F�W�L�Y�D�W�L�R�Q �O�D�\�H�U�� �D�Q�G �D �G�U�R�S�R�X�W �O�D�\�H�U �>�6�U�L�������@ ���)�L�J�X�U�H���������� �7�K�H �P�R�G�H�O �Z�D�V �E�X�L�O�W �L�Q �3�\�W�K�R�Q

�>�9�'���� �@ �X�V�L�Q�J �W�K�H �K�L�J�K���O�H�Y�H�O �7�H�Q�V�R�U�)�O�R�Z �$�3�, �.�H�U�D�V �>�&�K�R���������5�p�P�����@��

�)�R�U �W�K�H �F�X�U�U�H�Q�W �D�Q�D�O�\�V�L�V�� �R�Q�O�\ �F�R�Q�Y�R�O�X�W�L�R�Q�V �R�I �W�K�H �³�V�D�P�H�´ �W�\�S�H �Z�H�U�H �F�R�Q�V�L�G�H�U�H�G �>�5�p�P�����@���L���H���� �W�K�H

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

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

�D �K�L�J�K �U�H�F�D�O�O ��� 95������ �K�L�J�K �S�U�H�F�L�V�L�R�Q ��� 95������ �D�Q�G �K�L�J�K �)�� �V�F�R�U�H ��� 94���� �Z�H�U�H �R�E�V�H�U�Y�H�G�� �P�H�D�Q�L�Q�J

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

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

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

�S�U�H�F�L�V�L�R�Q�� �D�Q�G �)�� �V�F�R�U�H �D�U�H �F�R�P�S�D�U�D�E�O�H �W�R �U�H�F�D�O�O ��� 85������ �S�U�H�F�L�V�L�R�Q ��� 95������ �)�� �V�F�R�U�H ��� 91���� �I�U�R�P

�V�W�X�G�L�H�V �W�K�D�W �G�H�W�H�F�W�H�G �J�D�L�W �H�Y�H�Q�W�V �L�Q �2�$�� �S�H�R�S�O�H �Z�L�W�K �3�'�� �D�Q�G �S�H�R�S�O�H �Z�L�W�K �0�6 �>�5�R�P�������@ �R�U �D�G�X�O�W�V �D�Q�G

�K�H�P�L�S�O�H�J�L�F �S�D�W�L�H�Q�W�V �>�-�L�������@��

�1�H�[�W�� �W�K�H �W�L�P�H �H�U�U�R�U�� �W�K�D�W �L�V�� �W�K�H �G�L�I�I�H�U�H�Q�F�H �E�H�W�Z�H�H�Q �W�K�H �D�Q�Q�R�W�D�W�H�G �H�Y�H�Q�W �D�Q�G �W�K�H �G�H�W�H�F�W�H�G �H�Y�H�Q�W��

�Z�D�V �R�I �L�Q�W�H�U�H�V�W�� �)�R�U �E�R�W�K �,�&�V �D�Q�G �)�&�V�� �D�Q�G �I�R�U �D�O�O �V�H�Q�V�R�U �O�R�F�D�W�L�R�Q�V�� �W�K�H �R�E�V�H�U�Y�H�G �W�L�P�H �H�U�U�R�U �Z�D�V

�V�P�D�O�O�� �D�Q�G �W�K�H �P�L�G�G�O�H50�� �R�I �W�K�H �W�L�P�H �H�U�U�R�U�V �Z�H�U�H �Z�L�W�K�L�Q �D �U�D�Q�J�H �R�I[� 0:015; 0:010] �V ���7�D�E�O�H��������

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

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

�W�K�D�W �X�V�H�G �D �K�H�X�U�L�V�W�L�F�V���E�D�V�H�G �D�S�S�U�R�D�F�K �>�6�D�O�������@�� �7�K�H �K�H�X�U�L�V�W�L�F�V���E�D�V�H�G �D�S�S�U�R�D�F�K �G�H�W�H�U�P�L�Q�H�G �,�&�V

�D�Q�G �)�&�V �D�V �O�R�F�D�O �P�L�Q�L�P�D �L�Q �W�K�H �P�H�G�L�R���O�D�W�H�U�D�O �D�Q�J�X�O�D�U �Y�H�O�R�F�L�W�\ �>�6�D�O�������@�� �D�Q�G �L�W �F�R�X�O�G �E�H �W�K�D�W �W�K�H�V�H

�P�L�Q�L�P�D �G�R �Q�R�W �H�[�D�F�W�O�\ �F�R�L�Q�F�L�G�H �Z�L�W�K �W�K�H �U�H�I�H�U�H�Q�F�H �H�Y�H�Q�W �W�L�P�L�Q�J �D�V �G�H�W�H�U�P�L�Q�H�G �I�U�R�P �W�K�H �2�0�& �V�\�V�W�H�P�V��

�3�U�H�Y�L�R�X�V �V�W�X�G�L�H�V �W�K�D�W �L�Q�Y�H�V�W�L�J�D�W�H�G �W�K�H �W�L�P�H �H�U�U�R�U �R�I �,�0�8���E�D�V�H�G �J�D�L�W �H�Y�H�Q�W �G�H�W�H�F�W�L�R�Q �U�H�S�R�U�W�H�G �D95��

�F�R�Q�I�L�G�H�Q�F�H �L�Q�W�H�U�Y�D�O �R�I[0:007; 0:013] �V �I�R�U �,�&�� �D�Q�G[�í0:005; 0:004] �V �I�R�U �)�& �I�R�U �\�R�X�Q�J �D�Q�G �R�O�G�H�U �D�G�X�O�W�V

�L�Q �W�U�H�D�G�P�L�O�O �D�Q�G �R�Y�H�U�J�U�R�X�Q�G �Z�D�O�N�L�Q�J �>�$�P�L�������@�� �R�U[�í0:016; 0:001] �V �I�R�U �,�& �R�U[0:037; 0:063] �V �I�R�U �)�&

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

�W�L�P�H �H�U�U�R�U �L�Q �K�H�D�O�W�K�\ �H�O�G�H�U�O�\ �V�X�E�M�H�F�W�V�� �V�X�E�M�H�F�W�V �Z�L�W�K �3�'�� �V�X�E�M�H�F�W�V �Z�L�W�K �F�K�R�U�H�D�W�L�F �P�R�Y�H�P�H�Q�W �G�L�V�R�U�G�H�U��

�D�Q�G �K�H�P�L�S�D�U�H�W�L�F �V�X�E�M�H�F�W�V�� �D�Q�G �I�R�X�Q�G �D �P�D�[�L�P�X�P �P�H�D�Q �H�U�U�R�U �R�I0:011�V �D�W �Q�R�U�P�D�O �Z�D�O�N�L�Q�J �V�S�H�H�G��

�D�Q�G0:022�V �D�W �I�D�V�W�H�U �V�S�H�H�G �>�7�U�R�������@�� �6�L�P�L�O�D�U�O�\�� �I�R�U �K�H�D�O�W�K�\ �V�X�E�M�H�F�W�V�� �D �P�H�D�Q �H�U�U�R�U �R�I0:017�V �I�R�U �,�&�V

�D�Q�G� 0:016�V �I�R�U �)�&�V �Z�H�U�H �U�H�S�R�U�W�H�G�� �Z�K�H�U�H�D�V �I�R�U �D �V�L�Q�J�O�H �W�U�D�Q�V�I�H�P�R�U�D�O �D�P�S�X�W�H�H �W�K�H �P�H�D�Q �H�U�U�R�U �Z�D�V

0:012�V �I�R�U �,�&�V �D�Q�G� 0:024�V �I�R�U �)�&�V �I�R�U �W�K�H �L�Q�W�D�F�W �O�L�P�E �>�0�D�T�������@�� �7�K�H �P�H�G�L�D�Q �D�Q�G �,�4�5 �R�I �W�K�H �W�L�P�H

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

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

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

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



�������� �'�S�R�G�P�Y�W�M�S�R ����

���O�H�I�W �R�U �U�L�J�K�W �D�Q�N�O�H�� �R�U �V�K�D�Q�N�� �D�Q�G �V�H�Q�V�R�U �D�O�L�J�Q�P�H�Q�W��

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

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

�O�L�Q�N�H�G �G�L�U�H�F�W�O�\ �Z�L�W�K �G�L�V�H�D�V�H �R�Q�V�H�W �D�Q�G �S�U�R�J�U�H�V�V�L�R�Q �>�'�H�O�������� �.�|�Q�������� �%�H�U�������� �Y�R�Q�������� �0�R�K��������

�*�U�L�������� �)�O�D�������@�� �7�K�H�U�H�I�R�U�H�� �V�W�U�L�G�H �W�L�P�H�� �V�W�D�Q�F�H �W�L�P�H�� �D�Q�G �V�Z�L�Q�J �W�L�P�H �Z�H�U�H �F�D�O�F�X�O�D�W�H�G�� �D�Q�G �W�K�H �G�L�I��

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

�T�X�D�Q�W�L�I�L�H�G ���7�D�E�O�H�������� �)�L�J�X�U�H���������� �7�K�H �O�L�P�L�W�V �R�I �D�J�U�H�H�P�H�Q�W �I�R�U �D95�� �F�R�Q�I�L�G�H�Q�F�H �L�Q�W�H�U�Y�D�O �Z�H�U�H �F�D�O�F�X��

�O�D�W�H�G�� �D�Q�G �I�R�U �D�O�O �P�H�W�U�L�F�V �W�K�H �]�H�U�R���P�H�D�Q �G�L�I�I�H�U�H�Q�F�H �Z�D�V �H�Q�F�O�R�V�H�G �L�Q �W�K�H �O�L�P�L�W �R�I �D�J�U�H�H�P�H�Q�W�� �7�K�H�V�H �G�D�W�D

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

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

�E�D�V�H�G �V�W�U�L�G�H �S�D�U�D�P�H�W�H�U�V �Z�H�U�H �L�Q �D �V�L�P�L�O�D�U �U�D�Q�J�H �D�V �D �U�H�F�H�Q�W �V�W�X�G�\ �W�K�D�W �F�R�P�S�D�U�H�G �,�0�8���G�H�U�L�Y�H�G �V�W�U�L�G�H

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

�D�Q�G �Z�H�U�H �D�O�V�R �L�Q �W�K�H �V�D�P�H �U�D�Q�J�H �D�V �U�H�V�X�O�W�V �I�U�R�P �D �V�W�X�G�\ �W�K�D�W �F�R�P�S�D�U�H�G �,�0�8���G�H�U�L�Y�H�G �V�W�U�L�G�H �S�D�U�D�P�H��

�W�H�U�V �Z�L�W�K �V�W�U�L�G�H �S�D�U�D�P�H�W�H�U�V �R�E�W�D�L�Q�H�G �Z�L�W�K �D�Q �2�0�& �V�\�V�W�H�P�V �>�&�D�U�������@�� �7�K�H �P�H�D�Q �H�U�U�R�U �Z�D�V �O�R�Z�H�U �W�K�D�Q

�W�K�H �P�H�D�Q �H�U�U�R�U�V �U�H�S�R�U�W�H�G �I�R�U �V�W�D�Q�F�H �D�Q�G �V�Z�L�Q�J �W�L�P�H ��0:011�V �D�Q�G0:011�V�� �U�H�V�S�H�F�W�L�Y�H�O�\�� �D�F�U�R�V�V �H�O�G�H�U�O�\

�V�X�E�M�H�F�W�V�� �V�X�E�M�H�F�W�V �Z�L�W�K �3�'�� �V�X�E�M�H�F�W�V �Z�L�W�K �F�K�R�U�H�D�W�L�F �P�R�Y�H�P�H�Q�W �G�L�V�R�U�G�H�U�� �D�Q�G �K�H�P�L�S�D�U�H�W�L�F �V�X�E�M�H�F�W�V

�>�7�U�R�������@��

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

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