




�D�I� �N� �K� �E� �L� �e�t� �a�l�.� �:� � � �D�I� �R� �E� �C� �T� � � �M� �U� �L� �T�I� �V� �A� �R�I� �A� �B� �L� �E� � � �C� �O� �N� �T� �R� �O� �L� � �F� �O� �R� � � �M� �O� �D� �U� �L� �A� �R� � � �M� �U� �L� �T�I� �L� �E� �V� �E� �L� � � �C� �O� �N� �V� �E� �R� �T� �E� �R� �S�7� �8� �3� �1

�F�i� �g�.� � �1� �8�.� � � �C� �u�r�r� �e� �n�t� � �e�r�r� �o�r�s� �(� �d� �c�,� � �c� �c�,� � �a� �n� �d� � �a� �c�)� � � �w�i�t� �h� "�� �4� �0� �%� �(�l� �e�f�t�)� � �a� �n� �d� �+� �4� �0� �%� �(�r�i� �g� �h�t�)
�m�i �s�t� �u� �n� �e� �d� �i� �n� �d� �u� �c�t� �a� �n� �c� �e�s� �a�t� �t� �h� �e� �d� �c�- �s�i� �d� �e�.

�F�i� �g�.� � �1� �9�.� � � �C� �u�r�r� �e� �n�t� � �e�r�r� �o�r�s� �(� �d� �c�,� � �c� �c�,� � �a� �n� �d� � �a� �c�)� � � �w�i�t� �h� "�� �4� �0� �%� �(�l� �e�f�t�)� � �a� �n� �d� �+� �4� �0� �%� �(�r�i� �g� �h�t�)
�m�i �s�t� �u� �n� �e� �d� �i� �n� �d� �u� �c�t� �a� �n� �c� �e�s� �a�t� �t� �h� �e� �a� �c�- �s�i� �d� �e�.

�a� � � �m� �e� �a�s� �u�r� �e� �f� �o�r� �s� �e� �m�i� �c� �o� �n� �d� �u� �c�t� �o�r� �s� �w�i�t� �c� �h�i� �n� �g� �l� �o�s�s� �e�s�)� �i �s� �c� �a�l� �c� �u�l� �a�t� �e� �d� �a�s

�f�s� �w�=� �(� �1� �p�S� �S� �O�+� �2� �p�D� �S� �O�+� �3� �p�T� �S� �O�)
�f�M� �V� �C

�n�s� �c
�(� �1� �5�)

�w� �h� �e�r� �e
�p�S� �S� �O�s� �h� �a�r� �e� �o�f� � �S� �S� �O�s� �i� �n� �f�M� �V� �C�;
�p�D� �S� �O�s� �h� �a�r� �e� �o�f� � � �D� �S� �O�s� �i� �n� �f�M� �V� �C�;
�p�T� �S� �O�s� �h� �a�r� �e� �o�f� � � �T� �S� �O�s� �i� �n� �f�M� �V� �C�;
�f�M� �V� �C�= �1

�T�v
�,� � � �w�i�t� �h� �T�v �b� �e�i� �n� �g� �t� �h� �e� �a� �v� �e�r� �a� �g� �e� �t�i� �m� �e� �d� �u�r� �a�t�i� �o� �n

�b� �e�t� �w� �e� �e� �n� �s� �w�i�t� �c� �h�i� �n� �g� �i� �n�t� �e�r� �v� �e� �n�t�i� �o� �n�s� � �o�f� �t� �h� �e� � � �M� �V� �C�;
�n�s� �c �n� �u� �m� �b� �e�r� � �o�f� �s� �e� �m�i� �c� �o� �n� �d� �u� �c�t� �o�r� �s� �w�i�t� �c� �h� �e�s� �i� �n� �t� �h� �e� � � �M� �M� �C�.

�D� �e� �c�r� �e� �a�s�i� �n� �g� �t� �h� �e� �r� �e� �a�l� �i� �n� �d� �u� �c�t� �a� �n� �c� �e�s� �L�d�a� �n� �d� �L�a �e� �n�f� �o�r� �c� �e�s� �t� �h� �e� � � �M� �V� �C
�t� �o� � � �m� �o� �d� �e�r� �a�t� �e�l� �y� �i� �n� �c�r� �e� �a�s� �e� �f�M� �V� �C�a� �n� �d� �f�s� �w�.� � � �T� �h� �e� �p� �h� �y�s�i� �c� �a�l� �e� �x� �p�l� �a� �n� �a�t�i� �o� �n
�i �s� �t� �h� �a�t� �a� � � �m� �o�r� �e� �a� �c� �c� �u�r� �a�t� �e� �a� �n� �d� �t�i� �g� �h�t� �c� �o� �n�t�r� �o�l� �o�f� �v� �o�l�t� �a� �g� �e�  ��t�i� �m� �e�-� �a�r� �e� �a�s� �i �s
�r� �e� �q� �u�i�r� �e� �d� �t� �o� � � �m� �e� �e�t� �t� �h� �e� �c� �u�r�r� �e� �n�t� �t� �o�l� �e�r� �a� �n� �c� �e� �b� �a� �n� �d�.� � �L� �o� �o� �k�i� �n� �g� �i� �n�t� �o� �t� �h� �e� �d� �e�-
�t� �a�i�l �s�,� �i�t� �b� �e� �c� �o� �m� �e�s� �e� �v�i� �d� �e� �n�t� �t� �h� �a�t� �d� �e� �c�r� �e� �a�s�i� �n� �g� �L�d �l� �e� �a� �d�s� �t� �o� �a� �n� �i� �n� �c�r� �e� �a�s� �e
�i� �n� � � �T� �S� �O�s�,� � � �w� �h�i�l� �e� �t� �h� �e� �n� �u� �m� �b� �e�r� �o�f� � �S� �S� �O� �p�l� �u�s� � � �D� �S� �O� �r� �e� �m� �a�i� �n� �n� �e� �a�r�l� �y� �t� �h� �e
�s� �a� �m� �e�.� � � �D� �e� �c�r� �e� �a�s�i� �n� �g� �L�a �l� �e� �a� �d�s� �t� �o� � �a� �n� �i� �n� �c�r� �e� �a�s� �e� � �o�f� � �S� �S� �O�s�,� � � �w� �h�i�l� �e� �t� �h� �e
�a� �b�s� �o�l� �u�t� �e� � �n� �u� �m� �b� �e�r� � �o�f� � � �D� �S� �O�s� �a� �n� �d� � � �T� �S� �O�s� �a� �p� �p�r� �o� �x�i� �m� �a�t� �e�l� �y� �r� �e� �m� �a�i� �n� �t� �h� �e
�s� �a� �m� �e�.� � � �A�s� �s� �h� �o� �w� �n� �i� �n� � �F�i� �g�s�.� � �1� �8� � �a� �n� �d� � �1� �9�,� � �e� �v� �e� �n� � � �w� �h� �e� �n� � �o� �p� �e�r� �a�t�i� �n� �g� � � �w�i�t� �h
�s�t�r� �o� �n� �g�l� �y� �i� �n� �a� �c� �c� �u�r� �a�t� �e� �v� �a�l� �u� �e�s� �o�f� �t� �h� �e� �e� �q� �u�i� �v� �a�l� �e� �n�t� �i� �n� �d� �u� �c�t� �a� �n� �c� �e�s� �L�d �a� �n� �d
�L�a�,� �t� �h� �e� � � �M� �V� �C� � � �m� �a� �n� �a� �g� �e�s� �t� �o� �p�r� �e� �c�i �s� �e�l� �y� �k� �e� �e� �p� �a�l�l� �c� �u�r�r� �e� �n�t �s� � � �w�i�t� �h�i� �n� �t� �h� �e�i�r
�t� �o�l� �e�r� �a� �n� �c� �e� � �b� �a� �n� �d�s�.

�V�.� � �C�O� �N� �C� �L� �U� �S�I� �O� �N

�F� �o�r� � �d� �e� �m� �a� �n� �d�i� �n� �g� � �f� �u�t� �u�r� �e� � �a� �p� �p�l�i� �c� �a�t�i� �o� �n�s� � �o�f� � � �M� �M� �C�,� � �i�.� �e�.�,� � � �m� �u�l�t�i�t� �e�r�-
�m�i� �n� �a�l� � �d� �c� � �g�r�i� �d�s�,� � �a� � �n� �o� �v� �e�l� � �c� �o� �n�t�r� �o�l� � �c� �o� �n� �c� �e� �p�t� �(� �M� �V� �C�)� � � �w� �a�s� � �p�r� �e�s� �e� �n�t� �e� �d�,
�e� �x� �p�l� �a�i� �n� �e� �d�,� �a� �n� �d� �t� �e�s�t� �e� �d�,� �u�s�i� �n� �g� �a� �d� �o� �w� �n�-�s� �c� �a�l� �e� �d� � � �M� �M� �C� � � �w�i�t� �h� �9� �6� � �S� �M�s�.

�T� �h� �e� � �e� �x� �p� �e�r�i� �m� �e� �n�t� �a�l� � �r� �e�s� �u�l�t �s� � �d� �e� �m� �o� �n�s�t�r� �a�t� �e� �d� � �t� �h� �a�t� � �t� �h� �e� � �d� �y� �n� �a� �m�i� �c� � �p� �e�r�-
�f� �o�r� �m� �a� �n� �c� �e� � �o�f� � �t� �h� �e� � �c� �o� �n�t�r� �o�l� � �s� �y�s�t� �e� �m� � � �w� �a�s� � �i� �m� �p�r� �o� �v� �e� �d� � �b� �y� � � �m� �o�r� �e� � �t� �h� �a� �n
�o� �n� �e� � �o�r� �d� �e�r� � �o�f� � � �m� �a� �g� �n�i�t� �u� �d� �e�  �� �c� �o� �m� �p� �a�r� �e� �d� � �t� �o� � �s�t� �a�t� �e�-� �o�f�-�t� �h� �e�-� �a�r�t� � � �M� �M� �C
�c� �o� �n�t�r� �o�l�.� � � �A� �d� �d�i�t�i� �o� �n� �a�l�l� �y�,� �i�t� �h� �a�s� �b� �e� �e� �n� �p�r� �o� �v� �e� �n� �t� �h� �a�t� �t� �h�i �s� � � �M� �V� �C� �c� �o� �n� �c� �e� �p�t
�e� �n� �a� �b�l� �e�s� �t� �o� � � �m� �e� �e�t� �i� �n� �d�i� �v�i� �d� �u� �a�l�l� �y� �s� �p� �e� �c�i� û�� �e� �d�,� �t�i� �g� �h�t� �t� �o�l� �e�r� �a� �n� �c� �e� �b� �a� �n� �d�s� �f� �o�r
�a�l�l� � �e�s�s� �e� �n�t�i� �a�l� � �v� �a�l� �u� �e�s� � �o�f� �t� �h� �e� � � �M� �M� �C� � �e� �v� �e� �n� � �u� �n� �d� �e�r� � �u� �n� �e� �x� �p� �e� �c�t� �e� �d� � �f� �a� �u�l�t
�c� �o� �n� �d�i�t�i� �o� �n�s�.� � � �T� �h� �e� � �n� �e� �w� � �c� �o� �n� �c� �e� �p�t� � �e� �n� �a� �b�l� �e�s� � �t� �o� � �o� �p� �e�r� �a�t� �e� � � �M� �M� �C�s� � � �w�i�t� �h
�l� �a�r� �g� �e� � �n� �u� �m� �b� �e�r�s� � �o�f� � �S� �M�s� �a� �n� �d� �t� �o� �e�s�s� �e� �n�t�i� �a�l�l� �y� �r� �e� �d� �u� �c� �e� � �S� �M� �c� �a� �p� �a� �c�i�t� �o�r�s
�a� �n� �d� �a�r� �m� �i� �n� �d� �u� �c�t� �a� �n� �c� �e�s�.

�A�P� �P� �E� �N� �D�I� �X

�T�r� �a� �n�s� �d� �u� �c� �e�r�s� � �a� �n� �d� � � �P�r� �o� �c� �e�s�s�i� �n� �g� �o�f� � � �M� �e� �a�s� �u�r� �e� �d� � � �V�a�l� �u� �e�s

�W� �h� �e� �n� �i� �n� �c�r� �e� �a�s�i� �n� �g� �t� �h� �e� �b� �a� �n� �d� �w�i� �d�t� �h� �o�f� �c� �o� �n�t�r� �o�l� � � �m� �o�r� �e� �t� �h� �a� �n� �o� �n� �e� �o�r� �d� �e�r
�o�f� � � �m� �a� �g� �n�i�t� �u� �d� �e�  �� �c� �o� �m� �p� �a�r� �e� �d� �t� �o� �t� �h� �e� �s�t� �a�t� �e� �o�f� �t� �h� �e� �a�r�t�  ��t� �h� �e� �b� �a� �n� �d� �w�i� �d�t� �h
�a� �n� �d� �t� �h� �e� �r� �e� �a�l� � �p� �e�r�f� �o�r� �m� �a� �n� �c� �e� � �o�f� �t� �h� �e� �r� �e� �q� �u�i�r� �e� �d� �t�r� �a� �n�s� �d� �u� �c� �e�r�s� � �h� �a�s� �t� �o� � �b� �e
�c� �o� �n�s�i� �d� �e�r� �e� �d�.� � � �B� �e� �c� �a� �u�s� �e� � �s� �o� �m� �e� � �o�f� � �t� �h� �e� � � �m� �e� �a�s� �u�r� �e� �m� �e� �n�t� � �v� �a�l� �u� �e�s� � �c� �a� �n� � �b� �e
�r� �e� �p�l� �a� �c� �e� �d� � �b� �y� � �o� �n�l�i� �n� �e� � � �m� �o� �d� �e�l �s�,� �t� �h� �e� �f� �o� �c� �u�s� � � �m� �u�s�t� � �b� �e� � �d�i�r� �e� �c�t� �e� �d� � �o� �n� �t� �h� �o�s� �e
�v� �a�l� �u� �e�s�,� � � �w� �h� �e�r� �e� �h�i� �g� �h� �b� �a� �n� �d� �w�i� �d�t� �h� �i �s� � � �m� �a� �n� �d� �a�t� �o�r� �y�.

�A�t� û��r �s�t� �g�l� �a� �n� �c� �e�,� �a� �c� �o� �n� �c� �e� �p�t� �r� �e�l� �y�i� �n� �g� �o� �n� �f� �a�s�t� �v� �o�l�t� �a� �g� �e� � � �m� �e� �a�s� �u�r� �e� �m� �e� �n�t �s
�s� �e� �e� �m�s� � �t� �o� � �b� �e� � �f� �a� �v� �o�r� �a� �b�l� �e� � �a� �n� �d� � �e� �a�s� �y� � �t� �o� � �i� �m� �p�l� �e� �m� �e� �n�t�.� � � �Y�e�t�,� � �v� �o�l�t� �a� �g� �e
�m� �e� �a�s� �u�r� �e� �m� �e� �n�t �s� � � �w�i�t� �h� � �r� �e�s� �p� �e� �c�t� � �t� �o� � �b� �a� �n� �d� �w�i� �d�t� �h� � �a�r� �e� � �s� �u�f�f� �e�r�i� �n� �g� � �f�r� �o� �m
�b� �a�s�i� �c� �l�i� �m�i�t� �a�t�i� �o� �n�s� �i� �n� �t� �h� �e�s� �e� �a� �p� �p�l�i� �c� �a�t�i� �o� �n�s�.� �(� �T� �h�i �s� �r� �e� �p�r� �e�s� �e� �n�t �s� �a� �n� �o�t� �h� �e�r
�d�i�f� û�� �c� �u�l�t� �y� �f� �o�r� �g�r� �o� �u� �p� � � �A� �o�r� � � �B� �c� �o� �n�t�r� �o�l� � � �m� �e�t� �h� �o� �d�s�,� �r� �e�l� �y�i� �n� �g� �o� �n� �f� �a�s�t� �v� �o�l�t�-
�a� �g� �e� � � �m� �e� �a�s� �u�r� �e� �m� �e� �n�t �s�.�)� � � �O� �n� �t� �h� �e� � �o�t� �h� �e�r� � �h� �a� �n� �d�,� � �c� �u�r�r� �e� �n�t� � � �m� �e� �a�s� �u�r� �e� �m� �e� �n�t �s
�d� �o� � �n� �o�t� � �s� �u�f�f� �e�r� �f�r� �o� �m� �t� �h� �e�s� �e� � �b� �a�s�i� �c� �l�i� �m�i�t� �a�t�i� �o� �n�s�.� �I� �n� � �a� �d� �d�i�t�i� �o� �n�,� � �c� �u�r�r� �e� �n�t
�m� �e� �a�s� �u�r� �e� �m� �e� �n�t� �i �s� �l� �o� �c� �a�l� �a� �n� �d� �i�t �s� �i� �m� �p� �e�r�f� �e� �c�t�i� �o� �n�s� �d� �o� �n� �o�t� �i� �n� �c�r� �e� �a�s� �e� � � �w� �h� �e� �n
�i� �n� �c�r� �e� �a�s�i� �n� �g� �t� �h� �e� �p� �h� �y�s�i� �c� �a�l� �s�i� �z� �e� �o�f� �t� �h� �e� �c� �o� �n� �v� �e�r�t� �e�r� �a� �n� �d� �t� �h� �e� �v� �o�l�t� �a� �g� �e�s� �o�f
�t� �h� �e� �r� �e�l� �a�t� �e� �d� �s� �y�s�t� �e� �m�.� �P�r� �e� �c�i �s�i� �o� �n� �a� �n� �d� �b� �a� �n� �d� �w�i� �d�t� �h� �o�f� �c� �u�r�r� �e� �n�t� � � �m� �e� �a�s� �u�r� �e�-
�m� �e� �n�t �s� � �a�r� �e� � � �m� �a�i� �n�l� �y� � �a� �n� �i �s�s� �u� �e� � �o�f� � �a� �d� �v� �a� �n� �c� �e� �d� �t�r� �a� �n�s� �d� �u� �c� �e�r� �t� �e� �c� �h� �n� �o�l� �o� �g� �y�.
�F� �o�r� �t� �h� �e� � �p�r� �e�s� �e� �n�t� � �a� �p� �p�l�i� �c� �a�t�i� �o� �n�s�,� � �c� �u�r�r� �e� �n�t� � �s� �e� �n�s� �o�r�s� � �b� �a�s� �e� �d� � �o� �n� �t� �h� �e� û�� �u� �x
�g� �a�t� �e� � �c� �o� �n� �c� �e� �p�t� �h� �a� �v� �e� �r� �e� �a� �c� �h� �e� �d� � �o� �u�t �s�t� �a� �n� �d�i� �n� �g� � �p� �e�r�f� �o�r� �m� �a� �n� �c� �e� �i� �n� �t� �h� �e� �l� �a�s�t
�y� �e� �a�r�s� �[� �4� �2�]�,� �[� �4� �3�]�.

�I� �n� �c� �o� �n� �c�l� �u�s�i� �o� �n�,� �i�t� � � �w� �a�s� �d� �e� �c�i� �d� �e� �d� �t� �o� �b� �a�s� �e� �t� �h� �e� � � �M� �V� �C� �c� �o� �n� �c� �e� �p�t� �s� �o�l� �e�l� �y
�o� �n� �a�r� �m� �c� �u�r�r� �e� �n�t� � � �m� �e� �a�s� �u�r� �e� �m� �e� �n�t �s� �a� �n� �d� �t� �o� �a� �v� �o�i� �d� �d�i�r� �e� �c�t� � � �m� �e� �a�s� �u�r� �e� �m� �e� �n�t �s
�o�f� � �t� �h� �e� � �v� �o�l�t� �a� �g� �e� � �e�r�r� �o�r�s�,� � �b� �y� � �r� �e� �p�l� �a� �c�i� �n� �g� � �t� �h� �e� �m� � �b� �y� � �e�s�t�i� �m� �a�t� �e� �d� �d�i� �/� �d�t
�e�r�r� �o�r�s�,� � �a�s� � �d� �e�s� �c�r�i� �b� �e� �d�.� � � �A� �s� �a�t�i �s�f� �y�i� �n� �g� � �q� �u� �a�l�i�t� �y� � �o�f� �t� �h� �e�s� �e� � �e�r�r� �o�r� �s�i� �g� �n� �a�l �s
�c� �o� �u�l� �d� � �b� �e� � �a� �c� �h�i� �e� �v� �e� �d�,� � �b� �y� � �a� �p� �p�l� �y�i� �n� �g� � �a� � �d�i� �g�i�t� �a�l� � �F�I� �R�-� û��l�t� �e�r� � �o� �p� �e�r� �a�t�i� �n� �g
�w�i�t� �h� � �a� � �s� �a� �m� �p�l�i� �n� �g� � �f�r� �e� �q� �u� �e� �n� �c� �y� � �o�f� �f�s �=� �1� �0� � � �M� �H� �z� �,� � �r� �e� �a�l�i� �z� �e� �d� � �i� �n� � �t� �h� �e
�F� �P� �G� �A�.� � �T� �h� �e� �o�r� �d� �e�r� �o�f� �t� �h�i �s� �d�i� �g�i�t� �a�l� û��l�t� �e�r� �c� �a� �n� �b� �e� �f�r� �e� �e�l� �y� �c� �h� �o�s� �e� �n�.� �I� �n� �t� �h� �e
�p�r� �e�s� �e� �n�t� �s� �e�t� �u� �p�,� �t� �h� �e� �o�r� �d� �e�r� �n�o �=� �5� �0� �h� �a�s� �b� �e� �e� �n� �c� �h� �o�s� �e� �n� �a�s� �a� �r� �e� �a�s� �o� �n� �a� �b�l� �e
�c� �o� �m� �p�r� �o� �m�i �s� �e� �b� �e�t� �w� �e� �e� �n� �q� �u� �a�l�i�t� �y� �a� �n� �d� �s�i� �g� �n� �a�l� �d� �e�l� �a� �y�.� � �T� �h� �e� �e� �x� �p� �e�r�i� �m� �e� �n�t� �a�l
�r� �e�s� �u�l�t �s� �c�l� �e� �a�r�l� �y� �d� �e� �m� �o� �n�s�t�r� �a�t� �e� �t� �h� �a�t� �t� �h� �e� �q� �u� �a�l�i�t� �y� �o�f� �t� �h� �e� �g� �e� �n� �e�r� �a�t� �e� �d� �e�r�r� �o�r
�s�i� �g� �n� �a�l �s� �i �s� �f� �u�l�l� �y� �s� �u�f� û�� �c�i� �e� �n�t� �f� �o�r� �s�t� �a� �b�l� �e� � �o� �p� �e�r� �a�t�i� �o� �n� � �o�f� �t� �h� �e� � � �M� �M� �C� �(�i�.� �e�.�,
�F�i� �g�.� �1� �3�)�.

�R�E� �F� �E� �R� �E� �N� �C� �E� �S

�[� �1�]� � � �R�.� � � �M� �a�r� �q� �u� �a�r� �d�t�,�  �� �M� �o� �d� �u�l� �a�r� � � �m� �u�l�t�i�l� �e� �v� �e�l� �c� �o� �n� �v� �e�r�t� �e�r�s�:� � �S�t� �a�t� �e� � �o�f� �t� �h� �e� �a�r�t� �a� �n� �d� �f� �u�t� �u�r� �e
�p�r� �o� �g�r� �e�s�s�, �� �I� �E� �E� �E� � �P� �o� �w� �e�r� � �E�l� �e� �c�t �r� �o� �n�.� � � �M� �a� �g�.�,� �v� �o�l�.� �5�,� �n� �o�.� �4�,� �p� �p�.� �2� �4�  �� �3� �1�,� � � �D� �e� �c�.� �2� �0� �1� �8�.

�[� �2�]� � � �M�.� � � �A�.� � �P� �e�r� �e� �z�,� � �S�.� � � �B� �e�r� �n� �e�t�,� � �J�.� � � �R� �o� �d�r�i� �g� �u� �e� �z�,� � �S�.� � � �K� �o� �u�r� �o�,� � �a� �n� �d� � � �R�.� � � �L�i� �z� �a� �n� �a�,� �  �� �C�i�r� �c� �u�i�t
�t� �o� �p� �o�l� �o� �g�i� �e�s�,� � � �m� �o� �d� �e�l�i� �n� �g�,� �c� �o� �n�t�r� �o�l� �s� �c� �h� �e� �m� �e�s�,� �a� �n� �d� �a� �p� �p�l�i� �c� �a�t�i� �o� �n�s� �o�f� � � �m� �o� �d� �u�l� �a�r� � � �m� �u�l�-
�t�i�l� �e� �v� �e�l� �c� �o� �n� �v� �e�r�t� �e�r�s�, �� �I� �E� �E� �E� � �T�r� �a� �n�s�.� � � �P� �o� �w� �e�r� � � �E�l� �e� �c�t �r� �o� �n�.�,� �v� �o�l�.� �3� �0�,� �n� �o�.� �1�,� �p� �p�.� �4�  �� �1� �7�,
�J� �a� �n�.� �2� �0� �1� �5�.

�[� �3�]� � �S�.� � � �R�i� �v� �e�r� �a�,� � � �B�.� � � �W� �u�,� � � �R�.� � � �L�i� �z� �a� �n� �a�,� � �S�.� � � �K� �o� �u�r� �o�,� � � �M�.� � �P� �e�r� �e� �z�,� � �a� �n� �d� � �J�.� � � �R� �o� �d�r�i� �g� �u� �e� �z�,
 �� �M� �o� �d� �u�l� �a�r� � � �m� �u�l�t�i�l� �e� �v� �e�l� � �c� �o� �n� �v� �e�r�t� �e�r� � �f� �o�r� � �l� �a�r� �g� �e�-�s� �c� �a�l� �e� � � �m� �u�l�t�i �s�t�r�i� �n� �g� � �p� �h� �o�t� �o� �v� �o�l�t� �a�i� �c
�e� �n� �e�r� �g� �y� �c� �o� �n� �v� �e�r�s�i� �o� �n� �s� �y�s�t� �e� �m�, �� �i� �n� �P�r� �o� �c�.� �I� �E� �E� �E� � � �E� �n� �e�r� �g� �y� � � �C� �o� �n� �v� �e�r�s�.� � � �C� �o� �n� �g�r�.� � � �E� �x� �p� �o�.� �,
�2� �0� �1� �3�,� �p� �p�.� �1� �9� �4� �1�  �� �1� �9� �4� �6�.
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f or   m o d ul ar   m ultil e v el c o n v ert ers,” I E E E  Tr a ns.   P o w er   El e ctr o n., v ol. 3 0,
n o. 4, p p. 1 8 3 6 – 1 8 4 2,   A pr. 2 0 1 5.

[ 1 7]   A.   H ass a n p o or,  L.   Ä n g q uist, S.   N orr g a,   K. Il v es, a n d   H.- P.   N e e, “ T ol er a n c e
b a n d   m o d ul ati o n   m et h o ds f or   m o d ul ar   m ultil e v el c o n v ert ers,” I E E E Tr a ns.
P o w er   El e ctr o n. , v ol. 3 0, n o. 1, p p. 3 1 1 – 3 2 6, J a n. 2 0 1 5.

[ 1 8]  S.   R o h n er,  S.   B er n et,   M.   Hill er,  a n d   R.  S o m m er,  “ M o d ul ati o n,  l oss es,
a n d s e mi c o n d u ct or r e q uir e m e nts of   m o d ul ar   m ultil e v el c o n v ert ers,” I E E E
Tr a ns. I n d.   El e ctr o n. , v ol. 5 7, n o. 8, p p. 2 6 3 3 – 2 6 4 2,   A u g. 2 0 1 0.

[ 1 9]   M.   H a gi w ar a  a n d   H.   A k a gi,  “ C o ntr ol  a n d  e x p eri m e nt  of  p uls e wi dt h-
m o d ul at e d   m o d ul ar   m ultil e v el c o n v ert ers,” I E E E  Tr a ns.   P o w er   El e ctr o n.,
v ol. 2 4, n o. 7, p p. 1 7 3 7 – 1 7 4 6, J a n. 2 0 0 9.

[ 2 0]   Y.   D e n g  a n d   R.   G.   H arl e y,  “ S p a c e- v e ct or  v ers us  n e ar est-l e v el  p uls e
wi dt h   m o d ul ati o n f or   m ultil e v el c o n v ert ers,” I E E E Tr a ns.  P o w er  El e ctr o n.,
v ol. 3 0, n o. 6, p p. 2 9 6 2 – 2 9 7 4, J u n. 2 0 1 5.

[ 2 1]   Y.   D e n g,   Y.   Wa n g,   K.   H.   Te o,   M.  S a e e dif ar d,  a n d   R.   G.   H arl e y,  “ O pti-
mi z e d  c o ntr ol  of t h e   m o d ul ar   m ultil e v el  c o n v ert er  b as e d  o n s p a c e  v e ct or
m o d ul ati o n,” I E E E Tr a ns.   P o w er   El e ctr o n., v ol. 3 3, n o. 7, p p. 5 6 9 7 – 5 7 1 1,
J ul. 2 0 1 8.

[ 2 2]   A.   D e k k a,   B.   W u,   N.   R.   Z ar g ari,  a n d   R.   L.  F u e nt es,  “ A  s p a c e- v e ct or
P W M- b as e d v olt a g e- b al a n ci n g a p pr o a c h   wit h r e d u c e d c urr e nt s e ns ors f or
m o d ul ar   m ultil e v el c o n v ert er,” I E E E  Tr a ns. I n d.   El e ctr o n.,  v ol.  6 3,  n o.  5,
p p. 2 7 3 4 – 2 7 4 5,   M a y 2 0 1 6.

[ 2 3]   A.   H ass a n p o or,  S.   N orr g a,   H.   N e e,  a n d   L.   Ä n g q uist,  “ E v al u ati o n  of
diff er e nt  c arri er- b as e d  P W M   m et h o ds f or   m o d ul ar   m ultil e v el  c o n v ert ers
f or   H V D C  a p pli c ati o n,” i n Pr o c.  3 8t h   A n n u.   C o nf.  I E E E  I n d.   El e ctr o n.
S o c. , 2 0 1 2, p p. 3 8 8 – 3 9 3.

[ 2 4]   B.   Li,   R.   Ya n g,   D.   X u,   G.   Wa n g,   W.   Wa n g,  a n d   D.   X u,  “ A n al ysis  of t h e
p h as e-s hift e d c arri er   m o d ul ati o n f or   m o d ul ar   m ultil e v el c o n v ert ers,” I E E E
Tr a ns.   P o w er   El e ctr o n. , v ol. 3 0, n o. 1, p p. 2 9 7 – 3 1 0, J a n. 2 0 1 5.

[ 2 5]   K. Il v es,   L.   H ar n ef ors,  S.   N orr g a,  a n d   H.   N e e,  “ A n al ysis  a n d  o p er ati o n
of   m o d ul ar   m ultil e v el c o n v ert ers   wit h  p h as e-s hift e d c arri er  P W M,” I E E E
Tr a ns.   P o w er   El e ctr o n. , v ol. 3 0, n o. 1, p p. 2 6 8 – 2 8 3, J a n. 2 0 1 5.

[ 2 6]   R.   D ar us,   G.   K o nst a nti n o u, J. P o u, S.   C e b all os, a n d   V.   G.   A g eli dis, “ C o m-
p aris o n of p h as e-s hift e d a n d l e v el-s hift e d P W M i n t h e   m o d ul ar   m ultil e v el
c o n v ert er,” i n Pr o c. I nt.   P o w er   El e ctr o n.   C o nf. , 2 0 1 4, p p. 3 7 6 4 – 3 7 7 0.

[ 2 7]   A.   D e k k a,   B.   W u,   V.   Yar a m as u,   R.   L.  F u e nt es,  a n d   N.   R.   Z ar g ari,
“ M o d el pr e di cti v e c o ntr ol of hi g h- p o w er   m o d ul ar   m ultil e v el c o n v ert ers- a n
o v er vi e w,” I E E E  Tr a ns.   E m er g. S el.  T o pi cs   P o w er   El e ctr o n., v ol. 7, n o. 1,
p p. 1 6 8 – 1 8 3,   M ar. 2 0 1 9.

[ 2 8]   Z.   G o n g,  P.   D ai,   X.   Yu a n,   X.   W u, a n d   G.   G u o, “ D esi g n a n d e x p eri m e nt al
e v al u ati o n of f ast   m o d el pr e di cti v e c o ntr ol f or   m o d ul ar   m ultil e v el c o n v ert-
ers,” I E E E Tr a ns. I n d.   El e ctr o n., v ol. 6 3, n o. 6, p p. 3 8 4 5 – 3 8 5 6, J u n. 2 0 1 6.

[ 2 9]  J.   B ö c k er,   B.  Fr e u d e n b er g,   A.   T h e,  a n d  S.   Di e c k er h off,  “ E x p eri m e nt al
c o m p aris o n  of   m o d el  pr e di cti v e  c o ntr ol  a n d  c as c a d e d  c o ntr ol  of  t h e
m o d ul ar   m ultil e v el c o n v ert er,” I E E E Tr a ns.  P o w er  El e ctr o n., v ol. 3 0, n o. 1,
p p. 4 2 2 – 4 3 0, J a n. 2 0 1 5.

[ 3 0]   B.  S.   Ri ar,   T.   G e y er,  a n d   U.   K.   M a d a w al a,  “ M o d el  pr e di cti v e  dir e ct
c urr e nt c o ntr ol of   m o d ul ar   m ultil e v el c o n v ert ers:   M o d eli n g, a n al ysis, a n d
e x p eri m e nt al  e v al u ati o n,” I E E E  Tr a ns.   P o w er   El e ctr o n.,  v ol.  3 0,  n o.  1,
p p. 4 3 1 – 4 3 9, J a n. 2 0 1 5.

[ 3 1]   D.   Z h o u,  S.   Ya n g,  a n d   Y.   Ta n g,  “ M o d el- pr e di cti v e  c urr e nt  c o ntr ol  of
m o d ul ar   m ultil e v el c o n v ert ers   wit h p h as e-s hift e d p uls e wi dt h   m o d ul ati o n,”
I E E E  Tr a ns. I n d.   El e ctr o n., v ol. 6 6, n o. 6, p p. 4 3 6 8 – 4 3 7 8, J u n. 2 0 1 9.

[ 3 2]   X.   G a o,   W.   Ti a n,   Y.  P a n g,  a n d   R.   K e n n el,  “ M o d el  pr e di cti v e  c o ntr ol
f or   m o d ul ar   m ultil e v el  c o n v ert ers  o p er ati n g  at   wi d e  fr e q u e n c y  r a n g e
wit h  a  n o v el  c ost  f u n cti o n,” I E E E  Tr a ns.  I n d.   El e ctr o n.,  v ol.  6 9,  n o.  6,
p p. 5 5 6 9 – 5 5 8 0, J u n. 2 0 2 2.

[ 3 3]   D.   Di n k el,   C.   Hill er m ei er, a n d   R.   M ar q u ar dt, “ Dir e ct   m ulti v ari a bl e c o ntr ol
of   m o d ul ar   m ultil e v el c o n v ert ers,” i n Pr o c. 2 0t h  E ur.  C o nf.  P o w er  El e ctr o n.
A p pl. , 2 0 1 8, p p.  P. 1 – P. 1 0.

[ 3 4]   D.   Di n k el,   C.   Hill er m ei er, a n d   R.   M ar q u ar dt, “ Dir e ct   m ulti v ari a bl e c o ntr ol
of   M M C  u n d er  tr a nsi e nt  c o n diti o ns,”  i n Pr o c.  2 1st   E ur.   C o nf.   P o w er
El e ctr o n.   A p pl. , 2 0 1 9, p p.  P. 1 – P. 1 0.

[ 3 5]   D.   Di n k el,   C.   Hill er m ei er, a n d   R.   M ar q u ar dt, “ Dir e ct   m ulti v ari a bl e c o ntr ol
f or   M M C:   Di git al  si g n al  pr o c essi n g  a n d  e x p eri m e nt al  r es ults,” i n Pr o c.
2 2 n d   E ur.   C o nf.   P o w er   El e ctr o n.   A p pl. , 2 0 2 0, p p. 1 – 9.

[ 3 6]   D.  S c hr ö d er, L eist u n gs el e ktr o nis c h e  S c h alt u n g e n .   B erli n,   G er m a n y:
S pri n g er, 2 0 1 2.

[ 3 7]   T.   D h a e n e  a n d   D.  d e   Z utt er,  “ S el e cti o n  of  l u m p e d  el e m e nt   m o d els  f or
c o u pl e d l oss y tr a ns missi o n li n es,” I E E E Tr a ns.  C o m p ut.- Ai d e d   D es. I nt e gr.
Cir c uits S yst. , v ol. 1 1, n o. 7, p p. 8 0 5 – 8 1 5, J ul. 1 9 9 2.

[ 3 8]   K. Il v es,   L.   B ess e g at o,   L.   H ar n ef ors,  S.   N orr g a,  a n d   H.   N e e,  “ S e mi-f ull-
bri d g e  s u b m o d ul e  f or   m o d ul ar   m ultil e v el  c o n v ert ers,”  i n Pr o c.  9t h  I nt.
C o nf.   P o w er   El e ctr o n.   E C C E   Asi a , 2 0 1 5, p p. 1 0 6 7 – 1 0 7 4.

[ 3 9]   C.   D a h m e n,  F.   K a p a u n,  a n d   R.   M ar q u ar dt,  “ A n al yti c al i n v esti g ati o n  of
ef fi ci e n c y a n d o p er ati n g r a n g e of diff er e nt   m o d ul ar   m ultil e v el c o n v ert ers,”
i n Pr o c. I E E E 1 2t h I nt.   C o nf.   P o w er   El e ctr o n.   Dri v e S yst. , 2 0 1 7, p p. 3 3 6 –
3 4 2.

[ 4 0]   M.   G al e k,  “ M 2 C- c o n v ert er  a uf  b asis  v o n   M O S-tr a nsist or e n  f ür   Ni e d er-
s p a n n u n gs n et z w er k e,”  P h. D. diss ert ati o n,   D e pt.   El e ct.   E n g. I nf.   Te c h n ol.,
U ni v.   B u n d es w e hr   M u ni c h,   N e u bi b er g,   G er m a n y, 2 0 1 6.

[ 4 1]  J.   K ol b,  F.   K a m m er er, a n d   M.   Br a u n, “ Str ai g ht f or w ar d  v e ct or c o ntr ol  of
t h e   m o d ul ar   m ultil e v el  c o n v ert er f or f e e di n g t hr e e- p h as e   m a c hi n es  o v er
t h eir  c o m pl et e  fr e q u e n c y  r a n g e,”  i n Pr o c.  3 7t h   A n n u.   C o nf.  I E E E  I n d.
El e ctr o n. S o c. , 2 0 1 1, p p. 1 5 9 6 – 1 6 0 1.

[ 4 2] Pr o d u ct   M a n u al:   Ultr a- St a bl e   Hi g h   Pr e cisi o n   C urr e nt  Tr a ns d u c ers , v er-
si o n 1. 2,   D a nis e ns e,   Ta astr u p,   D e n m ar k.

[ 4 3]   L E M I nt er n ati o n al  S A,  “ Hi g h  Pr e cisi o n   C urr e nt   Tr a ns d u c ers   C at al o g u e,
P u bli c ati o n   C A E 1 1 0 9 0 1/ 0,”   L E M I nt.  S A,   G e n e v a,  S wit z erl a n d.

D a ni el   Di n k el ( M e m b er,  I E E E)  r e c ei v e d  t h e   B. S c.
a n d   M. S c.  d e gr e es i n  el e ctri c al  e n gi n e eri n g  a n d i n-
f or m ati o n t e c h n ol o g y fr o m t h e   U ni v ersit y of t h e   B u n-
d es w e hr   M u ni c h,   N e u bi b er g,   G er m a n y, i n  2 0 1 3  a n d
2 0 1 5, r es p e cti v el y.

H e is c urr e ntl y a S ci e nti fi c   Assist a nt   wit h t h e   C h air
of   A ut o m ati o n  a n d   C o ntr ol   E n gi n e eri n g,   U ni v ersit y
of  t h e   B u n d es w e hr   M u ni c h.   His  r es e ar c h  i nt er ests
i n cl u d e   m o d ul ar   m ultil e v el  c o n v ert ers ( M M Cs)  a n d
d c/ a c  gri ds,   wit h a f o c us  o n a d v a n c e d c o ntr ol str at e-
gi es a n d d e v el o p m e nt of h ar d w ar e pr ot ot y p es.
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Cl a us   Hill e r m ei e r r e c ei v e d  t h e   M. S c.  a n d  P h. D.
d e gr e es  i n  p h ysi cs  fr o m  t h e   L u d wi g   M a xi mili a ns
U ni v ersit ät,   M u ni c h,   G er m a n y,  i n  1 9 8 7  a n d  1 9 9 2,
r es p e cti v el y,  a n d  t h e   H a bilit ati o n  d e gr e e  i n   m at h e-
m ati cs   wit h a tr e atis e o n n o nli n e ar   m ulti o bj e cti v e o p-
ti mi z ati o n fr o m t h e   Te c h ni c al   U ni v ersit y  of   M u ni c h,
M u ni c h,   G er m a n y, i n 1 9 9 9.

Fr o m  1 9 9 2  t o  1 9 9 4,  h e   w or k e d  i n  a  pr oj e ct  i n-
v esti g ati n g s p e e c h r e c o g niti o n   wit h n e ur al n et w or ks,
b ef or e j oi ni n g, i n 1 9 9 5, t h e   C e ntr al   R es e ar c h   D e p art-
m e nt  of  Si e m e ns   C o m p a n y,   w h er e  h e   w as  a  pr oj e ct

S ci e ntist,  a n d l at er  o n,  a  pr oj e ct   L e a d er  a n d  Pri n ci p al   R es e ar c h  S ci e ntist  e n-
g a g e d  i n   m o d eli n g,  o pti mi z ati o n,  a n d  c o ntr ol  of  t e c h ni c al  s yst e ms.  I n  2 0 0 2,
h e   w as  a p p oi nt e d  as  a  Pr of ess or  of  a ut o m ati o n  a n d  c o ntr ol  e n gi n e eri n g   wit h
t h e   U ni v ersit y  of t h e   B u n d es w e hr,   M u ni c h,   G er m a n y.  Fr o m  2 0 0 3 t o  2 0 1 5,  h e
w as o n e of t h e f o u n di n g e dit ors of t h e b o o k s eri es M at h e m ati c al  E n gi n e eri n g b y
S pri n g er I nt er n ati o n al P u blis hi n g   A G.   His r es e ar c h i nt er ests i n cl u d e   m et h o ds f or
n o nli n e ar c o ntr ol, o pti mi z ati o n a n d   m o d el- b as e d di a g n osis as   w ell as   m o d eli n g,
a n d c o ntr ol of p o w er el e ctr o ni c s yst e ms.

R ai n e r   M a r q u a r dt ( M e m b er,  I E E E)  r e c ei v e d  t h e
M. S c.  a n d  P h. D.  d e gr e es i n  el e ctr o ni c  c o m m u ni c a-
ti o n  a n d  p o w er  el e ctr o ni cs  fr o m  t h e   U ni v ersit y  of
H a n n o v er,   H a n o v er,   G er m a n y,  i n  1 9 7 8  a n d  1 9 8 2,
r es p e cti v el y.

U ntil   O ct o b er  1 9 8 3,  h e   w as  a   R es e ar c h  S ci e ntist
wit h t h e  I nstit ut e  f or  P o w er   El e ctr o ni cs,   U ni v ersit y
of   H a n n o v er, u n d er t h e s u p er visi o n of  Pr of.   Kl e m e ns
H e u m a n n.   H e  t h e n  j oi n e d  Si e m e ns   A G,   Erl a n g e n,
as  a n   R & D   E n gi n e er  a n d  als o  a   L e a d er  of  p o w er
el e ctr o ni cs  d e v el o p m e nt  of  tr a cti o n  a n d  i n n o v ati o n

f or  p o w er  el e ctr o ni cs.   H e is  c urr e ntl y  a n  “ E x c ell e nt   E m erit us ”   wit h t h e   U ni-
v ersit y  of t h e   B u n d es w e hr   M u ni c h,   B a v ari a,   G er m a n y,  a n d t h e   Dir e ct or  of t h e
ass o ci at e d   R es e ar c h I nstit ut e I TI S.   H e p erf or m e d n u m er o us i n d ustri al r es e ar c h
a n d  d e v el o p m e nt  pr oj e cts  f or  hi g h- p o w er  a p pli c ati o ns i n  p o w er tr a ns missi o n
a n d a d v a n c e d a c- dri v e s yst e ms f or tr a cti o n a p pli c ati o ns.   H e h as  fil e d   m or e t h a n
5 0  p at e nts i n t h es e  ar e as.   His i n v e nti o ns i n cl u d e l o w-l oss  s n u b b er  cir c uits f or
g at e t ur n  off  p o w er  s e mi c o n d u ct ors — first  a p pli e d i n  hi g h-s p e e d tr ai ns  (I C E,
G er m a n y) a n d   m o d ul ar   m ultil e v el c o n v ert ers f or hi g h- p erf or m a n c e/ hi g h- p o w er
V S C — first a p pli e d i n   H V D C-tr a ns missi o n ( S a n  Fr a n cis c o   B a y).

Dr.   M ar q u ar dt   w as t h e r e ci pi e nt of t h e   Hi g h est   A w ar d “ Ri n g of   H o n or ” fr o m
t h e  I nstit uti o n  of   G er m a n   El e ctri c al   E n gi n e ers  ( V D E  2 0 1 2), t h e   O utst a n di n g
A c hi e v e m e nt   A w ar d  fr o m t h e   E ur o p e a n  P o w er   El e ctr o ni cs   Ass o ci ati o n  ( E P E
2 0 1 5), t h e   U n o  L a m m   H V D C   A w ar d fr o m t h e I E E E ( P E S 2 0 1 5), a n d t h e   Willi a m
E.   N e w ell   A w ar d fr o m t h e I E E E ( P E S 2 0 1 8).


