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�^�Z�x�l �\�Z�j�b�Z�l�b�\�g�h�_ �\�j�_�f�y �j�Z�k�q�_�l�Z �b �a�Z�l�j�m�^�g�y�x�l �i�j�y�f�h�_ �a�Z�^�Z�g�b�_ �h�]�j�Z�g�b�q�_�g�b�c �g�Z

�^�b�g�Z�f�b�q�_�k�d�b�_ �i�Z�j�Z�f�_�l�j�u �^�\�b�`�_�g�b�y��

�‡�G�_�e�b�g�_�c�g�Z�y �h�i�l�b�f�b�a�Z�p�b�y �h�[�s�_�]�h �\�b�^�Z���h�[�_�k�i�_�q�b�\�Z�_�l �\�u�k�h�d�b�c �m�j�h�\�_�g�v

�^�_�l�Z�e�b�a�Z�p�b�b �f�h�^�_�e�b�� �g�h �f�h�`�_�l �[�u�l�v �\�u�q�b�k�e�b�l�_�e�v�g�h �l�y�`�_�e�h�c �b �q�m�\�k�l�\�b�l�_�e�v�g�h�c �d

�g�Z�q�Z�e�v�g�h�f�m �i�j�b�[�e�b�`�_�g�b�x�� �q�l�h �m�k�e�h�`�g�y�_�l �i�j�b�f�_�g�_�g�b�_ �\ �`�_�k�l�d�h�f �p�b�d�e�_ �j�_�Z�e�v�g�h�]�h

�\�j�_�f�_�g�b��

�‡�I�j�_�^�e�Z�]�Z�_�f�u�c �4�3���i�h�^�o�h�^ �\ �d�h�h�j�^�b�g�Z�l�Z�o �N�j�_�g�_���h�[�_�k�i�_�q�b�\�Z�_�l

�n�h�j�f�Z�e�b�a�m�_�f�u�c �m�q�_�l �h�]�j�Z�g�b�q�_�g�b�c �b �i�j�_�^�k�d�Z�a�m�_�f�h�_ �\�j�_�f�y �j�_�r�_�g�b�y�� �g�h �l�j�_�[�m�_�l

�d�h�j�j�_�d�l�g�h�c �e�h�d�Z�e�b�a�Z�p�b�b�� �^�h�k�l�h�\�_�j�g�h�c �]�_�h�f�_�l�j�b�b �^�h�j�h�`�g�h�]�h �d�h�j�b�^�h�j�Z �b

�k�h�[�e�x�^�_�g�b�y �h�[�e�Z�k�l�b �i�j�b�f�_�g�b�f�h�k�l�b �e�b�g�_�Z�j�b�a�h�\�Z�g�g�h�c �f�h�^�_�e�b ���[�_�a �j�_�`�b�f�h�\

�b�g�l�_�g�k�b�\�g�h�]�h �[�h�d�h�\�h�]�h �k�d�h�e�v�`�_�g�b�y �b �k�j�u�\�Z �k�p�_�i�e�_�g�b�y����

�K�e�_�^�h�\�Z�l�_�e�v�g�h�� �i�j�_�^�e�Z�]�Z�_�f�u�c �i�h�^�o�h�^ �g�_ �m�k�l�j�Z�g�y�_�l �i�h�e�g�h�k�l�v�x

�b�g�`�_�g�_�j�g�u�_ �j�b�k�d�b�� �g�h �h�[�_�k�i�_�q�b�\�Z�_�l �[�h�e�_�_ �m�i�j�Z�\�e�y�_�f�u�c �d�h�f�i�j�h�f�b�k�k �f�_�`�^�m

�d�Z�q�_�k�l�\�h�f �l�j�Z�_�d�l�h�j�b�b�� �[�_�a�h�i�Z�k�g�h�k�l�v�x �b �\�u�q�b�k�e�b�l�_�e�v�g�h�c �j�_�Z�e�b�a�m�_�f�h�k�l�v�x �g�Z

�p�_�e�_�\�h�c �Z�i�i�Z�j�Z�l�m�j�_��

�L�Z�d�b�f �h�[�j�Z�a�h�f�� �i�j�b�f�_�g�_�g�b�_ �\�u�i�m�d�e�h�c �d�\�Z�^�j�Z�l�b�q�g�h�c �h�i�l�b�f�b�a�Z�p�b�b

�p�_�e�_�k�h�h�[�j�Z�a�g�h �j�Z�k�k�f�Z�l�j�b�\�Z�l�v �d�Z�d �\�u�q�b�k�e�b�l�_�e�v�g�h �j�_�Z�e�b�a�m�_�f�m�x �h�k�g�h�\�m �g�Z �w�l�Z�i�_

�n�h�j�f�b�j�h�\�Z�g�b�y �b �k�]�e�Z�`�b�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b �i�j�b �g�Z�e�b�q�b�b �h�]�j�Z�g�b�q�_�g�b�c �^�h�j�h�`�g�h�c

�k�j�_�^�u�� �G�Z �k�e�_�^�m�x�s�b�o �w�l�Z�i�Z�o �j�Z�a�j�Z�[�h�l�d�b �l�j�Z�_�d�l�h�j�b�y �b �h�]�j�Z�g�b�q�_�g�b�y �[�m�^�m�l

�i�j�b�\�h�^�b�l�v�k�y �d �_�^�b�g�h�c �d�Z�g�h�g�b�q�_�k�d�h�c �i�h�k�l�Z�g�h�\�d�_ �d�\�Z�^�j�Z�l�b�q�g�h�]�h

�i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y�� �\ �d�h�l�h�j�h�c �l�j�_�[�h�\�Z�g�b�y �d �d�Z�q�_�k�l�\�m �^�\�b�`�_�g�b�y ���]�e�Z�^�d�h�k�l�v��

�[�e�b�a�h�k�l�v �d �j�_�n�_�j�_�g�k�m�� �h�]�j�Z�g�b�q�_�g�b�y �i�h �m�i�j�Z�\�e�_�g�b�x�� �a�Z�^�Z�x�l�k�y �d�\�Z�^�j�Z�l�b�q�g�h�c

�p�_�e�_�\�h�c �n�m�g�d�p�b�_�c�� �Z �h�]�j�Z�g�b�q�_�g�b�y �k�j�_�^�u �b �j�_�Z�e�b�a�m�_�f�h�k�l�b �² �k�b�k�l�_�f�h�c �e�b�g�_�c�g�u�o

�h�]�j�Z�g�b�q�_�g�b�c�� �>�Z�e�_�_ ���i�� �������� �i�j�b�\�_�^�_�g�Z �h�[�s�Z�y �f�Z�l�_�f�Z�l�b�q�_�k�d�Z�y �n�h�j�f�Z �a�Z�^�Z�q�b �4�3��

�b�k�i�h�e�v�a�m�_�f�Z�y �\ �j�Z�[�h�l�_��



����

������ �N�h�j�f�m�e�b�j�h�\�d�Z �a�Z�^�Z�q�b �d�\�Z�^�j�Z�l�b�q�g�h�]�h �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y �\ �h�[�s�_�f

�\�b�^�_

�< �^�Z�g�g�h�c �j�Z�[�h�l�_ �a�Z�^�Z�q�b �n�h�j�f�b�j�h�\�Z�g�b�y���k�]�e�Z�`�b�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b

�i�j�b�\�h�^�y�l�k�y �d �\�u�i�m�d�e�h�c �a�Z�^�Z�q�_ �d�\�Z�^�j�Z�l�b�q�g�h�]�h �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y ���4�3�� �\

�d�Z�g�h�g�b�q�_�k�d�h�c �n�h�j�f�_�� �m�^�h�[�g�h�c �^�e�y �q�b�k�e�_�g�g�h�]�h �j�_�r�_�g�b�y �\ �j�_�Z�e�v�g�h�f �\�j�_�f�_�g�b�� �<

�h�[�s�_�f �\�b�^�_ �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �a�Z�^�Z�q�Z

�P�L�Q
x! Rn

1
2

x �hPx + q�hx,

�V���W��l " Ax " u,
����������

�]�^�_x ! Rn �² �\�_�d�l�h�j �h�i�l�b�f�b�a�b�j�m�_�f�u�o �i�_�j�_�f�_�g�g�u�o��P ! Rn# n �²

�k�b�f�f�_�l�j�b�q�g�Z�y �f�Z�l�j�b�p�Z �d�\�Z�^�j�Z�l�b�q�g�u�o �d�h�w�n�n�b�p�b�_�g�l�h�\��P = P �h��q ! Rn �² �\�_�d�l�h�j

�e�b�g�_�c�g�u�o �d�h�w�n�n�b�p�b�_�g�l�h�\��A ! Rm# n �² �f�Z�l�j�b�p�Z �e�b�g�_�c�g�u�o �h�]�j�Z�g�b�q�_�g�b�c��

l, u ! (R $ { %& , + & } )m �² �g�b�`�g�b�_ �b �\�_�j�o�g�b�_ �]�j�Z�g�b�p�u �g�Z �e�_�\�m�x �q�Z�k�l�v

�h�]�j�Z�g�b�q�_�g�b�c��

�I�h�k�l�Z�g�h�\�d�Z ���������� �y�\�e�y�_�l�k�y �\�u�i�m�d�e�h�c �i�j�b �m�k�e�h�\�b�bP ' 0 ���i�h�e�h�`�b�l�_�e�v�g�h�c

�i�h�e�m�h�i�j�_�^�_�e�_�g�g�h�k�l�b���� �q�l�h �b�k�d�e�x�q�Z�_�l �e�h�d�Z�e�v�g�u�_ �f�b�g�b�f�m�f�u�� �h�l�e�b�q�g�u�_ �h�l

�]�e�h�[�Z�e�v�g�h�]�h�� �J�Z�\�_�g�k�l�\�Z �b �g�_�j�Z�\�_�g�k�l�\�Z �a�Z�^�Z�x�l�k�y �_�^�b�g�h�h�[�j�Z�a�g�h �q�_�j�_�a �]�j�Z�g�b�p�u��

�j�Z�\�_�g�k�l�\�h �k�h�h�l�\�_�l�k�l�\�m�_�ll i = ui �� �h�^�g�h�k�l�h�j�h�g�g�_�_ �g�_�j�Z�\�_�g�k�l�\�h �j�_�Z�e�b�a�m�_�l�k�y

�m�k�l�Z�g�h�\�d�h�c �h�^�g�h�c �b�a �]�j�Z�g�b�p �j�Z�\�g�h�c± & �� �L�Z�d�Z�y �a�Z�i�b�k�v �m�^�h�[�g�Z �^�e�y �d�h�f�i�Z�d�l�g�h�]�h

�i�j�_�^�k�l�Z�\�e�_�g�b�y �h�]�j�Z�g�b�q�_�g�b�c �^�h�j�h�`�g�h�]�h �d�h�j�b�^�h�j�Z�� �i�j�_�^�_�e�v�g�u�o �a�g�Z�q�_�g�b�c

�m�i�j�Z�\�e�y�x�s�b�o �\�h�a�^�_�c�k�l�\�b�c�� �Z �l�Z�d�`�_ �e�b�g�_�c�g�u�o �Z�i�i�j�h�d�k�b�f�Z�p�b�c �g�_�e�b�g�_�c�g�u�o

�h�]�j�Z�g�b�q�_�g�b�c��

�>�e�y �j�_�r�_�g�b�y �a�Z�^�Z�q �\�b�^�Z ���������� �\ �j�Z�[�h�l�_ �b�k�i�h�e�v�a�m�_�l�k�y �j�_�r�Z�l�_�e�v �2�6�4�3

���2�S�H�U�D�W�R�U �6�S�O�L�W�W�L�Q�J �4�X�D�G�U�D�W�L�F �3�U�R�J�U�D�P�� �>�����@�� �>�Z�g�g�u�c �j�_�r�Z�l�_�e�v �h�j�b�_�g�l�b�j�h�\�Z�g �g�Z

�[�h�e�v�r�b�_ �j�Z�a�j�_�`�_�g�g�u�_ �4�3���a�Z�^�Z�q�b �k �e�b�g�_�c�g�u�f�b �h�]�j�Z�g�b�q�_�g�b�y�f�b �b �^�h�i�m�k�d�Z�_�l

�w�n�n�_�d�l�b�\�g�h�_ �h�[�g�h�\�e�_�g�b�_ �i�Z�j�Z�f�_�l�j�h�\ �i�h�k�l�Z�g�h�\�d�b ���\�_�d�l�h�j�h�\q, l, u�� �i�j�b

�n�b�d�k�b�j�h�\�Z�g�g�h�c �k�l�j�m�d�l�m�j�_ �f�Z�l�j�b�pP �b A�� �q�l�h �y�\�e�y�_�l�k�y �i�j�b�g�p�b�i�b�Z�e�v�g�u�f �^�e�y

�i�j�b�f�_�g�_�g�b�y �\ �a�Z�^�Z�q�Z�o �j�_�Z�e�v�g�h�]�h �\�j�_�f�_�g�b��

�>�Z�e�_�_ ���i�� �������� �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �i�Z�j�Z�f�_�l�j�b�a�Z�p�b�y �l�j�Z�_�d�l�h�j�b�b �\ �d�h�h�j�^�b�g�Z�l�Z�o

�N�j�_�g�_�� �i�h�a�\�h�e�y�x�s�Z�y �_�k�l�_�k�l�\�_�g�g�u�f �h�[�j�Z�a�h�f �k�n�h�j�f�b�j�h�\�Z�l�v �p�_�e�_�\�m�x �n�m�g�d�p�b�x �b

�h�]�j�Z�g�b�q�_�g�b�y �a�Z�^�Z�q�b ���������� �k �m�q�_�l�h�f �]�_�h�f�_�l�j�b�b �^�h�j�h�]�b �b �]�j�Z�g�b�p �i�j�h�o�h�^�b�f�h�]�h

�d�h�j�b�^�h�j�Z��



����

������ �B�k�i�h�e�v�a�h�\�Z�g�b�_ �d�h�h�j�^�b�g�Z�l �N�j�_�g�_

�>�e�y �n�h�j�f�Z�e�b�a�Z�p�b�b �a�Z�^�Z�q�b �i�e�Z�g�b�j�h�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b �\ �^�h�j�h�`�g�h�c �k�j�_�^�_

�p�_�e�_�k�h�h�[�j�Z�a�g�h �b�k�i�h�e�v�a�h�\�Z�l�v �k�b�k�l�_�f�m �d�h�h�j�^�b�g�Z�l �N�j�_�g�_�� �a�Z�^�Z�\�Z�_�f�m�x

�h�l�g�h�k�b�l�_�e�v�g�h �]�e�Z�^�d�h�c �h�i�h�j�g�h�c ���j�_�n�_�j�_�g�k�g�h�c�� �l�j�Z�_�d�l�h�j�b�b

C : s ()
!
xr (s), yr (s), ! r (s)

"
,

�i�Z�j�Z�f�_�l�j�b�a�h�\�Z�g�g�h�c �^�e�b�g�h�c �^�m�]�bs�� �L�Z�d�Z�y �i�Z�j�Z�f�_�l�j�b�a�Z�p�b�y �i�h�a�\�h�e�y�_�l �h�i�b�k�u�\�Z�l�v

�i�h�e�h�`�_�g�b�_ �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z �g�_ �\ �Z�[�k�h�e�x�l�g�h�c �^�_�d�Z�j�l�h�\�h�c �k�b�k�l�_�f�_(x, y)� � � Z � \

�d�h�h�j�^�b�g�Z�l�Z�o �^�h�j�h�]�b�� �q�l�h �m�i�j�h�s�Z�_�l �i�h�k�l�Z�g�h�\�d�m �h�]�j�Z�g�b�q�_�g�b�c �b �d�j�b�l�_�j�b�_�\ �d�Z�q�_�k�l�\�Z��

�< �k�b�k�l�_�f�_ �N�j�_�g�_ �k�h�k�l�h�y�g�b�_ �i�j�_�^�k�l�Z�\�e�y�_�l�k�y �q�_�j�_�a �i�j�h�^�h�e�v�g�m�x �d�h�h�j�^�b�g�Z�l�m

s �� �i�j�h�c�^�_�g�g�h�_ �j�Z�k�k�l�h�y�g�b�_ �\�^�h�e�v �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b�� �b �i�h�i�_�j�_�q�g�h�_ �h�l�d�e�h�g�_�g�b�_

d �² �a�g�Z�d�h�\�h�_ �j�Z�k�k�l�h�y�g�b�_ �h�l �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b �i�h �g�h�j�f�Z�e�b ���i�h �i�j�b�g�y�l�h�f�m

�k�h�]�e�Z�r�_�g�b�xd < 0 �k�h�h�l�\�_�l�k�l�\�m�_�l �k�f�_�s�_�g�b�x �\�e�_�\�h��d > 0 �² �\�i�j�Z�\�h���� �>�e�y

�h�i�b�k�Z�g�b�y �h�j�b�_�g�l�Z�p�b�b �\�\�h�^�b�l�k�y �m�]�e�h�\�Z�y �h�r�b�[�d�Ze! �� �h�i�j�_�^�_�e�y�_�f�Z�y �d�Z�d �j�Z�a�g�h�k�l�v

�f�_�`�^�m �l�_�d�m�s�b�f �d�m�j�k�h�f �Z�\�l�h�f�h�[�b�e�y �b �g�Z�i�j�Z�\�e�_�g�b�_�f �d�Z�k�Z�l�_�e�v�g�h�c �d �h�i�h�j�g�h�c

�l�j�Z�_�d�l�h�j�b�b �\ �l�h�q�d�_ �i�j�h�_�d�p�b�b�� �=�_�h�f�_�l�j�b�y �^�\�b�`�_�g�b�y �^�h�i�h�e�g�b�l�_�e�v�g�h

�o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y �d�j�b�\�b�a�g�h�c" �l�j�Z�_�d�l�h�j�b�b �h�[�t�_�d�l�Z��

�G�Z �j�b�k�m�g�d�_ ������ �i�j�b�\�_�^�_�g�h �k�h�i�h�k�l�Z�\�e�_�g�b�_ �^�_�d�Z�j�l�h�\�h�c �k�b�k�l�_�f�u �d�h�h�j�^�b�g�Z�l �b

�k�b�k�l�_�f�u �d�h�h�j�^�b�g�Z�l �N�j�_�g�_�� �< �^�_�d�Z�j�l�h�\�u�o �d�h�h�j�^�b�g�Z�l�Z�o �^�\�b�`�_�g�b�_ �\�^�h�e�v

�d�j�b�\�h�e�b�g�_�c�g�h�c �^�h�j�h�]�b �l�j�_�[�m�_�l �k�h�\�f�_�k�l�g�h�]�h �h�i�b�k�Z�g�b�yx(t) �b y(t)�� �l�h�]�^�Z �d�Z�d �\

�k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l �N�j�_�g�_ �^�b�g�Z�f�b�d�Z �\ �h�d�j�_�k�l�g�h�k�l�b �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b �k�\�h�^�b�l�k�y

�d �m�i�j�Z�\�e�_�g�b�x �f�Z�e�u�f�b �h�l�d�e�h�g�_�g�b�y�f�bd(t) �be! (t)��



����

�J�b�k�m�g�h�d ������ �± �K�j�Z�\�g�_�g�b�_ �^�_�d�Z�j�l�h�\�Z �i�j�h�k�l�j�Z�g�k�l�\�Z �b �k�b�k�l�_�f�u �h�l�k�q�_�l�Z �N�j�_�g�_ �>�����@

�K�\�y�a�v �f�_�`�^�m �^�_�d�Z�j�l�h�\�u�f�b �d�h�h�j�^�b�g�Z�l�Z�f�b �l�h�q�d�b(x, y) �b �i�Z�j�Z�f�_�l�j�b�a�Z�p�b�_�c

�N�j�_�g�_(s, d, e! , " ) �a�Z�^�Z�z�l�k�y �q�_�j�_�a �]�_�h�f�_�l�j�b�x �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b��

x = xr (s) %d�V�L�Q! r (s), ����������

y = yr (s) + d �F�R�V! r (s), ����������

! = ! r (s) + e! , ����������

" =
" r (s) + úe! / ús
1 %" r (s) d

, ����������

�]�^�_" r (s) �² �d�j�b�\�b�a�g�Z �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b��ú(á) �² �i�j�h�b�a�\�h�^�g�Z�y �i�h �\�j�_�f�_�g�b��

�B�a ���������� �k�e�_�^�m�_�l�� �q�l�h �d�h�j�j�_�d�l�g�h�k�l�v �i�j�_�h�[�j�Z�a�h�\�Z�g�b�y �l�j�_�[�m�_�l �\�u�i�h�e�g�_�g�b�y �m�k�e�h�\�b�y

|" r (s) d| < 1�� �d�h�l�h�j�h�_ �g�Z �i�j�Z�d�l�b�d�_ �h�[�_�k�i�_�q�b�\�Z�_�l�k�y �^�\�b�`�_�g�b�_�f �\ �i�j�_�^�_�e�Z�o

�^�h�j�h�`�g�h�]�h �d�h�j�b�^�h�j�Z ���\ �h�d�j�_�k�l�g�h�k�l�b �h�k�_�\�h�c �e�b�g�b�b����

�<�Z�`�g�h�_ �i�j�_�b�f�m�s�_�k�l�\�h �n�j�_�c�f�Z �N�j�_�g�_ �^�e�y �a�Z�^�Z�q �Z�\�l�h�g�h�f�g�h�]�h �\�h�`�^�_�g�b�y



����

�k�h�k�l�h�b�l �\ �l�h�f�� �q�l�h �h�]�j�Z�g�b�q�_�g�b�y �^�h�j�h�`�g�h�c �b�g�n�j�Z�k�l�j�m�d�l�m�j�u �_�k�l�_�k�l�\�_�g�g�u�f

�h�[�j�Z�a�h�f �\�u�j�Z�`�Z�x�l�k�y �d�Z�d �h�]�j�Z�g�b�q�_�g�b�y �g�Z �i�h�i�_�j�_�q�g�h�_ �i�h�e�h�`�_�g�b�_��

d�P�L�Q(s) " d(s) " d�P�D�[(s),

�Z �l�j�_�[�h�\�Z�g�b�y �d �i�e�Z�\�g�h�k�l�b �b �m�i�j�Z�\�e�y�_�f�h�k�l�b �l�j�Z�_�d�l�h�j�b�b �² �d�Z�d �r�l�j�Z�n�u �b���b�e�b

�h�]�j�Z�g�b�q�_�g�b�y �g�Zd�� e! �b " �� �L�_�f �k�Z�f�u�f �\�\�h�^ �d�h�h�j�^�b�g�Z�l �N�j�_�g�_ �h�[�_�k�i�_�q�b�\�Z�_�l

�i�_�j�_�o�h�^ �h�l �]�_�h�f�_�l�j�b�q�_�k�d�b �k�e�h�`�g�u�o �h�]�j�Z�g�b�q�_�g�b�c �\(x, y) �d �i�j�h�k�l�u�f

�e�b�g�_�c�g�u�f���d�\�Z�a�b�e�b�g�_�c�g�u�f �m�k�e�h�\�b�y�f �\ �©�d�h�h�j�^�b�g�Z�l�Z�o �^�h�j�h�]�b�ª�� �q�l�h

�g�_�i�h�k�j�_�^�k�l�\�_�g�g�h �k�h�]�e�Z�k�m�_�l�k�y �k �i�h�k�l�Z�g�h�\�d�h�c �a�Z�^�Z�q �\ �\�b�^�_ �d�\�Z�^�j�Z�l�b�q�g�h�]�h

�i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y�� �\�\�_�^�z�g�g�h�c �\ �i�� ��������

�L�Z�d�b�f �h�[�j�Z�a�h�f�� �i�_�j�_�o�h�^ �\ �d�h�h�j�^�b�g�Z�l�u �N�j�_�g�_ �i�h�a�\�h�e�y�_�l �k�\�_�k�l�b �a�Z�^�Z�q�m

�^�\�b�`�_�g�b�y �\�^�h�e�v �i�j�h�b�a�\�h�e�v�g�h�c �d�j�b�\�h�e�b�g�_�c�g�h�c �^�h�j�h�]�b �d �m�i�j�Z�\�e�_�g�b�x

�h�l�d�e�h�g�_�g�b�y�f�b �Z�\�l�h�f�h�[�b�e�y �h�l�g�h�k�b�l�_�e�v�g�h �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b�� �W�l�h �m�i�j�h�s�Z�_�l �d�Z�d

�a�Z�^�Z�g�b�_ �^�h�j�h�`�g�u�o �h�]�j�Z�g�b�q�_�g�b�c ���]�j�Z�g�b�p�u �i�h�e�h�k�u �^�\�b�`�_�g�b�y�� �^�h�i�m�k�l�b�f�u�c

�d�h�j�b�^�h�j���� �l�Z�d �b �i�h�k�l�j�h�_�g�b�_ �h�i�l�b�f�b�a�Z�p�b�h�g�g�u�o �i�h�k�l�Z�g�h�\�h�d�� �\ �d�h�l�h�j�u�o

�i�_�j�_�f�_�g�g�u�_ �h�[�e�Z�^�Z�x�l �g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�c �]�_�h�f�_�l�j�b�q�_�k�d�h�c �b�g�l�_�j�i�j�_�l�Z�p�b�_�c��

�I�Z�j�Z�f�_�l�j�b�a�Z�p�b�y �\ �d�h�h�j�^�b�g�Z�l�Z�o �N�j�_�g�_ �r�b�j�h�d�h �i�j�b�f�_�g�y�_�l�k�y �\ �a�Z�^�Z�q�Z�o

�i�e�Z�g�b�j�h�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b �b �m�i�j�Z�\�e�_�g�b�y �Z�\�l�h�g�h�f�g�u�f�b �l�j�Z�g�k�i�h�j�l�g�u�f�b

�k�j�_�^�k�l�\�Z�f�b�� �i�h�k�d�h�e�v�d�m �h�[�_�k�i�_�q�b�\�Z�_�l �_�k�l�_�k�l�\�_�g�g�m�x �n�h�j�f�Z�e�b�a�Z�p�b�x �h�]�j�Z�g�b�q�_�g�b�c

�b �d�j�b�l�_�j�b�_�\ �h�i�l�b�f�Z�e�v�g�h�k�l�b �\ �k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l �^�h�j�h�]�b �>������ �����@�� �>�Z�e�_�_ �g�Z �w�l�h�c

�h�k�g�h�\�_ �\�\�h�^�b�l�k�y �b�k�i�h�e�v�a�m�_�f�Z�y �\ �j�Z�[�h�l�_ �f�h�^�_�e�v �^�\�b�`�_�g�b�y �\ �n�j�_�c�f�_ �N�j�_�g�_ �b

�i�j�b�\�h�^�b�l�k�y �_�z �n�h�j�f�Z�� �i�j�b�]�h�^�g�Z�y �^�e�y �i�j�b�f�_�g�_�g�b�y �\ �Z�e�]�h�j�b�l�f�Z�o �]�_�g�_�j�Z�p�b�b

�l�j�Z�_�d�l�h�j�b�b��



����

������ �<�u�\�h�^�u

�< �j�_�a�m�e�v�l�Z�l�_ �\�u�i�h�e�g�_�g�b�y �h�[�a�h�j�g�h�]�h �Z�g�Z�e�b�a�Z �\ �]�e�Z�\�_ �� �k�^�_�e�Z�g�u �k�e�_�^�m�x�s�b�_

�\�u�\�h�^�u��

���� �<�u�i�h�e�g�_�g �Z�g�Z�e�b�a �h�l�_�q�_�k�l�\�_�g�g�u�o �b �a�Z�j�m�[�_�`�g�u�o �b�k�k�e�_�^�h�\�Z�g�b�c��

�i�h�k�\�y�s�z�g�g�u�o �f�_�l�h�^�Z�f �e�h�d�Z�e�v�g�h�]�h �i�e�Z�g�b�j�h�\�Z�g�b�y �b �]�_�g�_�j�Z�p�b�b �l�j�Z�_�d�l�h�j�b�b

�^�\�b�`�_�g�b�y �\�u�k�h�d�h�Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�u�o �b �[�_�k�i�b�e�h�l�g�u�o �l�j�Z�g�k�i�h�j�l�g�u�o

�k�j�_�^�k�l�\ �\ �m�k�e�h�\�b�y�o �]�h�j�h�^�k�d�h�c �^�h�j�h�`�g�h�c �k�j�_�^�u�� �Z �l�Z�d�`�_ �j�Z�k�k�f�h�l�j�_�g�u

�n�m�g�d�p�b�h�g�Z�e�v�g�u�_ �a�Z�^�Z�q�b�� �h�i�j�_�^�_�e�y�x�s�b�_ �l�j�_�[�h�\�Z�g�b�y �d �n�h�j�f�b�j�h�\�Z�g�b�x

�l�j�Z�_�d�l�h�j�b�b �i�j�b �g�Z�e�b�q�b�b �h�]�j�Z�g�b�q�_�g�b�c �^�h�j�h�`�g�h�c �b�g�n�j�Z�k�l�j�m�d�l�m�j�u �b

�h�d�j�m�`�Z�x�s�_�c �h�[�k�l�Z�g�h�\�d�b�� �I�h�d�Z�a�Z�g�h�� �q�l�h �i�j�Z�d�l�b�q�_�k�d�Z�y �a�g�Z�q�b�f�h�k�l�v

�j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�c �a�Z�^�Z�q�b �h�i�j�_�^�_�e�y�_�l�k�y �\�u�k�h�d�h�c �^�h�e�_�c �>�L�I�� �k�\�y�a�Z�g�g�u�o �k

�q�_�e�h�\�_�q�_�k�d�b�f �n�Z�d�l�h�j�h�f�� �h�d�h�e�h94�� �k�_�j�v�z�a�g�u�o �>�L�I �\ �K�R�: �b �h�d�h�e�h88��

�>�L�I �\ �J�h�k�k�b�c�k�d�h�c �N�_�^�_�j�Z�p�b�b �h�[�m�k�e�h�\�e�_�g�u �h�r�b�[�d�Z�f�b �\�h�^�b�l�_�e�_�c��

�>�h�i�h�e�g�b�l�_�e�v�g�h �m�k�l�Z�g�h�\�e�_�g�h�� �q�l�h �\ �m�k�e�h�\�b�y�o�� �o�Z�j�Z�d�l�_�j�g�u�o �^�e�y

�w�d�k�i�e�m�Z�l�Z�p�b�b �\ �J�h�k�k�b�c�k�d�h�c �N�_�^�_�j�Z�p�b�b�� �n�Z�d�l�b�q�_�k�d�Z�y �w�n�n�_�d�l�b�\�g�h�k�l�v

�k�_�j�b�c�g�u�o �k�b�k�l�_�f �Z�d�l�b�\�g�h�c �[�_�a�h�i�Z�k�g�h�k�l�b �k�h�k�l�Z�\�e�y�_�l �e�b�r�v �h�d�h�e�h57��

�i�j�_�^�h�l�\�j�Z�s�z�g�g�u�o �l�b�i�h�\�u�o �k�l�h�e�d�g�h�\�_�g�b�c �i�j�b �i�h�l�_�g�p�b�Z�e�v�g�h �^�h�k�l�b�`�b�f�h�f

�m�j�h�\�g�_ �i�h�j�y�^�d�Z97���� �q�l�h �m�d�Z�a�u�\�Z�_�l �g�Z �g�Z�e�b�q�b�_ �k�m�s�_�k�l�\�_�g�g�h�]�h �j�Z�a�j�u�\�Z

�f�_�`�^�m �l�j�_�[�m�_�f�h�c �b �^�h�k�l�b�]�Z�_�f�h�c �w�n�n�_�d�l�b�\�g�h�k�l�v�x��

���� �I�j�h�\�_�^�_�g�Z �d�e�Z�k�k�b�n�b�d�Z�p�b�y �h�k�g�h�\�g�u�o �i�h�^�o�h�^�h�\ �d �i�e�Z�g�b�j�h�\�Z�g�b�x

�l�j�Z�_�d�l�h�j�b�b ���^�b�k�d�j�_�l�g�h���]�j�Z�n�h�\�u�_ �f�_�l�h�^�u�� �f�_�l�h�^�u �i�h�l�_�g�p�b�Z�e�v�g�u�o �i�h�e�_�c��

�\�_�j�h�y�l�g�h�k�l�g�u�_ �f�_�l�h�^�u �\�u�[�h�j�d�b�� �i�h�^�o�h�^�u �h�i�l�b�f�Z�e�v�g�h�]�h �m�i�j�Z�\�e�_�g�b�y �b

�h�i�l�b�f�b�a�Z�p�b�h�g�g�u�_ �i�h�k�l�Z�g�h�\�d�b���� �I�h�d�Z�a�Z�g�h�� �q�l�h �i�j�b �i�j�Z�d�l�b�q�_�k�d�h�f

�i�j�b�f�_�g�_�g�b�b �k�m�s�_�k�l�\�_�g�g�Z�y �q�Z�k�l�v �b�a�\�_�k�l�g�u�o �j�_�r�_�g�b�c �b�k�i�u�l�u�\�Z�_�l

�h�]�j�Z�g�b�q�_�g�b�y �i�j�b �h�^�g�h�\�j�_�f�_�g�g�h�f �h�[�_�k�i�_�q�_�g�b�b �l�j�_�[�h�\�Z�g�b�c �j�_�Z�e�v�g�h�]�h

�\�j�_�f�_�g�b�� �y�\�g�h�]�h �m�q�z�l�Z �]�j�Z�g�b�p �i�h�e�h�k�u �^�\�b�`�_�g�b�y �b �i�j�_�i�y�l�k�l�\�b�c�� �Z �l�Z�d�`�_

�l�j�_�[�h�\�Z�g�b�c �d �]�e�Z�^�d�h�k�l�b �l�j�Z�_�d�l�h�j�b�b ���\�d�e�x�q�Z�y �h�]�j�Z�g�b�q�_�g�b�y �i�h �d�j�b�\�b�a�g�_ �b

�k�d�h�j�h�k�l�b �b�a�f�_�g�_�g�b�y �d�j�b�\�b�a�g�u���� �>�e�y �]�j�Z�n�h�\�u�o �b �j�_�r�z�l�h�q�g�u�o �f�_�l�h�^�h�\

�d�h�g�d�j�_�l�g�u�f�b �g�_�^�h�k�l�Z�l�d�Z�f�b �y�\�e�y�x�l�k�y �a�Z�\�b�k�b�f�h�k�l�v �d�Z�q�_�k�l�\�Z �j�_�r�_�g�b�y �h�l

�r�Z�]�Z �^�b�k�d�j�_�l�b�a�Z�p�b�b�� �d�m�k�h�q�g�h���e�b�g�_�c�g�u�c �o�Z�j�Z�d�l�_�j �l�j�Z�_�d�l�h�j�b�b �b

�g�_�h�[�o�h�^�b�f�h�k�l�v �i�h�k�e�_�^�m�x�s�_�]�h �k�]�e�Z�`�b�\�Z�g�b�y�� �^�e�y �i�h�e�b�g�h�f�b�Z�e�v�g�u�o �b

�k�i�e�Z�c�g�h�\�u�o �i�Z�j�Z�f�_�l�j�b�a�Z�p�b�c �² �d�h�k�\�_�g�g�u�c �d�h�g�l�j�h�e�v �d�j�b�\�b�a�g�u �b

�j�Z�k�k�l�h�y�g�b�y �^�h �]�j�Z�g�b�p �i�h�e�h�k�u�� �q�l�h �f�h�`�_�l �i�j�b�\�h�^�b�l�v �d �e�h�d�Z�e�v�g�u�f



����

�i�j�_�\�u�r�_�g�b�y�f �h�]�j�Z�g�b�q�_�g�b�c��

���� �M�k�l�Z�g�h�\�e�_�g�h�� �q�l�h �f�_�l�h�^�u �^�b�k�d�j�_�l�g�h�]�h �i�h�b�k�d�Z �b �\�_�j�h�y�l�g�h�k�l�g�h�c �\�u�[�h�j�d�b��
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���� �I�j�h�\�_�k�l�b �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_ �b�k�i�u�l�Z�g�b�y �j�Z�a�j�Z�[�h�l�Z�g�g�u�o �Z�e�]�h�j�b�l�f�h�\ �g�Z

�j�_�Z�e�v�g�h�f �Z�\�l�h�f�h�[�b�e�_ �^�e�y �h�p�_�g�d�b �^�b�g�Z�f�b�q�_�k�d�h�c �j�_�Z�e�b�a�m�_�f�h�k�l�b �l�j�Z�_�d�l�h�j�b�c��

�l�h�q�g�h�k�l�b �\�h�k�i�j�h�b�a�\�_�^�_�g�b�y �a�Z�^�Z�g�g�u�o �l�j�Z�_�d�l�h�j�b�c �b �i�h�^�l�\�_�j�`�^�_�g�b�y �i�j�b�]�h�^�g�h�k�l�b

�Z�e�]�h�j�b�l�f�h�\ �b �I�H �^�e�y �b�k�i�h�e�v�a�h�\�Z�g�b�y �\ �b�g�l�_�e�e�_�d�l�m�Z�e�v�g�u�o �l�j�Z�g�k�i�h�j�l�g�u�o

�k�b�k�l�_�f�Z�o��



����

�=�E�:�<�: ���� �F�Z�l�_�f�Z�l�b�q�_�k�d�Z�y �f�h�^�_�e�v �Z�\�l�h�f�h�[�b�e�y �b �Z�e�]�h�j�b�l�f�u

�k�e�_�^�h�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b

�>�Z�g�g�Z�y �]�e�Z�\�Z �i�h�k�\�y�s�_�g�Z �g�b�`�g�_�f�m �m�j�h�\�g�x �d�h�g�l�m�j�Z �m�i�j�Z�\�e�_�g�b�y �^�\�b�`�_�g�b�_�f��

�f�Z�l�_�f�Z�l�b�q�_�k�d�h�c �f�h�^�_�e�b �Z�\�l�h�f�h�[�b�e�y�� �i�h�k�l�j�h�_�g�b�x �h�r�b�[�h�d �k�e�_�`�_�g�b�y �b �k�b�g�l�_�a�m

�Z�e�]�h�j�b�l�f�h�\ �m�i�j�Z�\�e�_�g�b�y �l�j�Z�_�d�l�h�j�b�_�c�� �Z�e�]�h�j�b�l�f�Z �]�_�h�f�_�l�j�b�q�_�k�d�h�]�h �i�j�_�k�e�_�^�h�\�Z�g�b�y

�3�X�U�H �3�X�U�V�X�L�W ���3�3���� �e�b�g�_�c�g�h���d�\�Z�^�j�Z�l�b�q�g�h�]�h �j�_�]�m�e�y�l�h�j�Z ���/�4�5�� �b

�f�h�^�_�e�v�g�h���i�j�_�^�b�d�l�b�\�g�h�]�h �m�i�j�Z�\�e�_�g�b�y ���0�R�G�H�O �3�U�H�G�L�F�W�L�Y�H �&�R�Q�W�U�R�O�� �0�3�&���� �<�o�h�^�h�f

�^�e�y �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�u�o �\ �]�e�Z�\�_ �Z�e�]�h�j�b�l�f�h�\ �y�\�e�y�_�l�k�y �h�i�h�j�g�Z�y �l�j�Z�_�d�l�h�j�b�y��

�k�n�h�j�f�b�j�h�\�Z�g�g�Z�y �f�h�^�m�e�_�f �i�e�Z�g�b�j�h�\�Z�g�b�y�� �Z �\�u�o�h�^�h�f �² �m�i�j�Z�\�e�y�x�s�b�_

�\�h�a�^�_�c�k�l�\�b�y �g�Z �j�m�e�_�\�h�c �b �i�j�h�^�h�e�v�g�u�c �i�j�b�\�h�^�u��

�N�m�g�d�p�b�h�g�Z�e�v�g�Z�y �k�o�_�f�Z �k �m�d�Z�a�Z�g�b�_�f �f�_�k�l�Z �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�c �q�Z�k�l�b �\ �h�[�s�_�c

�Z�j�o�b�l�_�d�l�m�j�_ �:�K�M�> �i�h�d�Z�a�Z�g�Z �g�Z �j�b�k�m�g�d�_ ��������

�<�h�k�i�j�b�y�l�b�_
�b �d�Z�j�l�Z

�E�h�d�Z�e�b�a�Z�p�b�y �b
�k�h�k�l�h�y�g�b�_ �L�K

�E�h�d�Z�e�v�g�Z�y
�l�j�Z�_�d�l�h�j�b�y

�K�e�_�^�h�\�Z�g�b�_
�l�j�Z�_�d�l�h�j�b�b

�B�k�i�h�e�g�b�l�_�e�v�g�u�_
�f�_�o�Z�g�b�a�f�u

�h�i�h�j�g�Z�y
�l�j�Z�_�d�l�h�j�b�y #��a

�h�[�j�Z�l�g�Z�y �k�\�y�a�v �i�h �k�h�k�l�h�y�g�b�x �L�K

�J�b�k�m�g�h�d ������ �± �F�_�k�l�h �a�Z�^�Z�q �]�e�Z�\�u �� �\ �n�m�g�d�p�b�h�g�Z�e�v�g�h�c �Z�j�o�b�l�_�d�l�m�j�_ �:�K�M�>
���\�u�^�_�e�_�g�u �d�h�g�l�m�j�u�� �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�u�_ �\ �]�e�Z�\�_��

�< �j�Z�f�d�Z�o �]�e�Z�\�u �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h �j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y�� �i�j�_�^�k�l�Z�\�e�_�g�b�_ �f�h�^�_�e�b

�\ �i�j�h�k�l�j�Z�g�k�l�\�_ �k�h�k�l�h�y�g�b�c�� �e�b�g�_�Z�j�b�a�Z�p�b�y�� �n�h�j�f�b�j�h�\�Z�g�b�_ �f�h�^�_�e�_�c �\ �d�h�h�j�^�b�g�Z�l�Z�o

�h�r�b�[�h�d�� �k�b�g�l�_�a �b �k�j�Z�\�g�_�g�b�_ �Z�e�]�h�j�b�l�f�h�\ �k�e�_�^�h�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b�� �Z �l�Z�d�`�_

�\�h�k�i�j�h�b�a�\�h�^�b�f�u�c �\�u�q�b�k�e�b�l�_�e�v�g�u�c �w�d�k�i�_�j�b�f�_�g�l �^�e�y �\�u�[�h�j�Z �[�Z�a�h�\�h�]�h

�j�_�]�m�e�y�l�h�j�Z��



����

������ �F�h�^�_�e�v �Z�\�l�h�f�h�[�b�e�y �\ �i�j�h�k�l�j�Z�g�k�l�\�_ �k�h�k�l�h�y�g�b�c

�< �a�Z�^�Z�q�Z�o �m�i�j�Z�\�e�_�g�b�y �^�\�b�`�_�g�b�_�f �[�_�k�i�b�e�h�l�g�h�]�h �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z

�l�j�_�[�m�_�l�k�y �h�i�b�k�Z�g�b�_ �^�b�g�Z�f�b�d�b �h�[�t�_�d�l�Z �m�i�j�Z�\�e�_�g�b�y �\ �n�h�j�f�_�� �^�h�i�m�k�d�Z�x�s�_�c

�f�g�h�]�h�f�_�j�g�u�_ �\�o�h�^�u �b �\�u�o�h�^�u�� �y�\�g�u�c �m�q�z�l �h�]�j�Z�g�b�q�_�g�b�c �g�Z �k�h�k�l�h�y�g�b�y �b

�m�i�j�Z�\�e�y�x�s�b�_ �\�h�a�^�_�c�k�l�\�b�y�� �Z �l�Z�d�`�_ �i�h�k�e�_�^�m�x�s�_�_ �i�j�b�f�_�g�_�g�b�_ �f�_�l�h�^�h�\

�h�i�l�b�f�Z�e�v�g�h�]�h �b �f�h�^�_�e�v�g�h���i�j�_�^�b�d�l�b�\�g�h�]�h �m�i�j�Z�\�e�_�g�b�y�� �M�d�Z�a�Z�g�g�u�_ �l�j�_�[�h�\�Z�g�b�y

�_�k�l�_�k�l�\�_�g�g�u�f �h�[�j�Z�a�h�f �h�[�_�k�i�_�q�b�\�Z�x�l�k�y �i�j�_�^�k�l�Z�\�e�_�g�b�_�f �^�b�g�Z�f�b�d�b �\

�i�j�h�k�l�j�Z�g�k�l�\�_ �k�h�k�l�h�y�g�b�c�� �\ �d�h�l�h�j�h�f �k�b�k�l�_�f�Z �a�Z�^�Z�z�l�k�y �m�j�Z�\�g�_�g�b�y�f�b �i�_�j�\�h�]�h

�i�h�j�y�^�d�Z �h�l�g�h�k�b�l�_�e�v�g�h �\�_�d�l�h�j�Z �\�g�m�l�j�_�g�g�b�o �i�_�j�_�f�_�g�g�u�o ���i�_�j�_�f�_�g�g�u�o �k�h�k�l�h�y�g�b�y��

�b �Z�e�]�_�[�j�Z�b�q�_�k�d�b�f�b �k�h�h�l�g�h�r�_�g�b�y�f�b �^�e�y �\�u�o�h�^�g�u�o �i�_�j�_�f�_�g�g�u�o��

�I�h�g�y�l�b�_ �k�h�k�l�h�y�g�b�y �^�b�g�Z�f�b�q�_�k�d�h�c �k�b�k�l�_�f�u �h�l�g�h�k�b�l�k�y �d �f�b�g�b�f�Z�e�v�g�h�f�m

�g�Z�[�h�j�m �i�_�j�_�f�_�g�g�u�ox i (t)�� i = 1, . . . , n�� �a�g�Z�g�b�_ �d�h�l�h�j�u�o �\ �g�Z�q�Z�e�v�g�u�c �f�h�f�_�g�l

�\�j�_�f�_�g�bt0 �k�h�\�f�_�k�l�g�h �k �a�Z�^�Z�g�b�_�f �\�o�h�^�g�u�o �\�h�a�^�_�c�k�l�\�b�c �g�Z �b�g�l�_�j�\�Z�e�_t * t0

�^�h�k�l�Z�l�h�q�g�h �^�e�y �i�j�h�]�g�h�a�b�j�h�\�Z�g�b�y �[�m�^�m�s�_�]�h �k�h�k�l�h�y�g�b�y �b �\�u�o�h�^�g�u�o �i�_�j�_�f�_�g�g�u�o

�k�b�k�l�_�f�u �i�j�bt > t 0�� �Q�b�k�e�hn �h�i�j�_�^�_�e�y�_�l �i�h�j�y�^�h�d �k�b�k�l�_�f�u �>�����²�����@��

�< �k�l�Z�g�^�Z�j�l�g�h�c �n�h�j�f�_ �f�Z�l�_�f�Z�l�b�q�_�k�d�h�_ �h�i�b�k�Z�g�b�_ �k�b�k�l�_�f�u �\�u�j�Z�`�Z�_�l�k�y

�g�Z�[�h�j�h�f �b�an �k�\�y�a�Z�g�g�u�o �h�[�u�d�g�h�\�_�g�g�u�o �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�o �m�j�Z�\�g�_�g�b�c �i�_�j�\�h�]�h

�i�h�j�y�^�d�Z ���m�j�Z�\�g�_�g�b�c �k�h�k�l�h�y�g�b�y���� �\ �d�h�l�h�j�u�o �i�j�h�b�a�\�h�^�g�Z�y �i�h �\�j�_�f�_�g�b �d�Z�`�^�h�c

�i�_�j�_�f�_�g�g�h�c �k�h�k�l�h�y�g�b�y �\�u�j�Z�`�Z�_�l�k�y �q�_�j�_�a �i�_�j�_�f�_�g�g�u�_ �k�h�k�l�h�y�g�b�y �b �\�o�h�^�g�u�_

�\�h�a�^�_�c�k�l�\�b�yuj (t)�� j = 1, . . . , r �� �< �h�[�s�_�f �k�e�m�q�Z�_ �k�b�k�l�_�f�Z �m�j�Z�\�g�_�g�b�c �k�h�k�l�h�y�g�b�y

�b�f�_�_�l �\�b�^
úx1(t) = f 1(x, u, t ),

úx2(t) = f 2(x, u, t ),
������ = ������

úxn(t) = f n(x, u, t ),

����������

�]�^�_úx i = �Gx i / �Gt�� �Z �d�Z�`�^�Z�y �n�m�g�d�p�b�yf i (x, u, t )�� (i = 1, . . . , n)�� �\ �h�[�s�_�f �k�e�m�q�Z�_

�y�\�e�y�_�l�k�y �g�_�e�b�g�_�c�g�h�c �b �f�h�`�_�l �a�Z�\�b�k�_�l�v �h�l �\�j�_�f�_�g�b��

�M�j�Z�\�g�_�g�b�y ���������� �m�^�h�[�g�h �i�j�_�^�k�l�Z�\�e�y�l�v �\ �\�_�d�l�h�j�g�h�c �n�h�j�f�_�� �<�_�d�l�h�j

�k�h�k�l�h�y�g�b�y �h�i�j�_�^�_�e�y�_�l�k�y �d�Z�dx(t) = [ x1(t), x2(t), . . . , xn(t)]T �� �Z �\�_�d�l�h�j �\�o�h�^�h�\ �d�Z�d

u(t) = [ u1(t), u2(t), . . . , ur (t)]T �� �L�h�]�^�Z �k�b�k�l�_�f�Z �m�j�Z�\�g�_�g�b�c �k�h�k�l�h�y�g�b�y �a�Z�i�b�k�u�\�Z�_�l�k�y

�\ �\�b�^�_

úx = f (x, u, t ), ����������

�]�^�_f (x, u, t ) �² �\�_�d�l�h�j���n�m�g�d�p�b�y �kn �d�h�f�i�h�g�_�g�l�Z�f�b��



����

�>�e�y �e�b�g�_�c�g�h�c �k�l�Z�p�b�h�g�Z�j�g�h�c �k�b�k�l�_�f�u �i�h�j�y�^�d�Zn �k r �\�o�h�^�Z�f�b �m�j�Z�\�g�_�g�b�y

�k�h�k�l�h�y�g�b�y ���������� �i�j�b�\�h�^�y�l�k�y �d �e�b�g�_�c�g�h�c �n�h�j�f�_ �k �i�h�k�l�h�y�g�g�u�f�b �d�h�w�n�n�b�p�b�_�g�l�Z�f�b

úx i (t) =
n#

j =1

aij x j (t) +
r#

k=1

bik uk(t), i = 1, . . . , n, ����������

�q�l�h �\ �f�Z�l�j�b�q�g�h�c �a�Z�i�b�k�b �w�d�\�b�\�Z�e�_�g�l�g�h

úx(t) =

$
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&

úx1(t)

úx2(t)
������

úxn(t)

'
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)

=

$
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%
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%
&

a11 a12 . . . a1n

a21 a22 . . . a2n
������ ������ ������ ������

an1 an2 . . . ann

'
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&

x1(t)

x2(t)
������

xn(t)

'
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(
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(
)

+

$
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%
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%
&

b11 b12 . . . b1r

b21 b22 . . . b2r
������ ������ ������ ������

bn1 bn2 . . . bnr

'
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&

u1(t)

u2(t)
������

ur (t)

'

(
(
(
(
)

.

����������

�H�[�h�[�s�z�g�g�Z�y �a�Z�i�b�k�v ���������� �b�f�_�_�l �\�b�^

úx = Ax + Bu, ������������

�]�^�_x ! Rn��u ! Rr ��A ! Rn# n��B ! Rn# r ��

�<�u�o�h�^�g�u�f�b �i�_�j�_�f�_�g�g�u�f�b �k�b�k�l�_�f�u �k�q�b�l�Z�x�l�k�y �\�_�e�b�q�b�g�u�� �i�j�_�^�k�l�Z�\�e�y�x�s�b�_

�b�g�l�_�j�_�k �\ �d�h�g�l�_�d�k�l�_ �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�c �a�Z�^�Z�q�b �m�i�j�Z�\�e�_�g�b�y�� �H�i�b�k�Z�g�b�_ �n�b�a�b�q�_�k�d�h�c

�k�b�k�l�_�f�u �\ �l�_�j�f�b�g�Z�o �g�Z�[�h�j�Z �i�_�j�_�f�_�g�g�u�o �k�h�k�l�h�y�g�b�y �g�_ �h�[�y�a�Z�l�_�e�v�g�h �\�d�e�x�q�Z�_�l �\�k�_

�\�_�e�b�q�b�g�u�� �i�j�_�^�k�l�Z�\�e�y�x�s�b�_ �g�_�i�h�k�j�_�^�k�l�\�_�g�g�u�c �b�g�`�_�g�_�j�g�u�c �b�g�l�_�j�_�k�� �>�e�y

�e�b�g�_�c�g�h�c �k�b�k�l�_�f�u �i�j�h�b�a�\�h�e�v�g�Z�y �\�u�o�h�^�g�Z�y �i�_�j�_�f�_�g�g�Z�y �f�h�`�_�l �[�u�l�v

�i�j�_�^�k�l�Z�\�e�_�g�Z �e�b�g�_�c�g�h�c �d�h�f�[�b�g�Z�p�b�_�c �i�_�j�_�f�_�g�g�u�o �k�h�k�l�h�y�g�b�y �b �\�o�h�^�g�u�o

�\�h�a�^�_�c�k�l�\�b�c

y(t) =
n#

j =1

cj x j (t) +
r#

k=1

dk uk(t), ������������

�]�^�_cj �bdk �² �i�h�k�l�h�y�g�g�u�_ �d�h�w�n�n�b�p�b�_�g�l�u�� �?�k�e�b �a�Z�^�Z�g�hm �\�u�o�h�^�g�u�o �i�_�j�_�f�_�g�g�u�o��

�l�h �m�j�Z�\�g�_�g�b�y �\�u�o�h�^�h�\ �a�Z�i�b�k�u�\�Z�x�l�k�y �\ �\�b�^�_

$

%
%
%
%
&

y1(t)

y2(t)
������

ym(t)

'

(
(
(
(
)

=

$

%
%
%
%
&

c11 c12 . . . c1n

c21 c22 . . . c2n
������ ������ ������ ������

cm1 cm2 . . . cmn

'

(
(
(
(
)

$

%
%
%
%
&

x1(t)

x2(t)
������

xn(t)

'

(
(
(
(
)

+

$

%
%
%
%
&

d11 d12 . . . d1r

d21 d22 . . . d2r
������ ������ ������ ������

dm1 dm2 . . . dmr

'

(
(
(
(
)

$

%
%
%
%
&

u1(t)

u2(t)
������

ur (t)

'

(
(
(
(
)

.

������������



����

�< �d�h�f�i�Z�d�l�g�h�c �n�h�j�f�_ ������������ �a�Z�i�b�k�u�\�Z�_�l�k�y �d�Z�d

y = Cx + Du, ������������

�]�^�_y ! Rm��C ! Rm# n��D ! Rm# r �� �>�e�y �f�g�h�]�b�o �n�b�a�b�q�_�k�d�b�o �k�b�k�l�_�f �f�Z�l�j�b�p�ZD

�y�\�e�y�_�l�k�y �g�m�e�_�\�h�c�� �b �l�h�]�^�Z ������������ �m�i�j�h�s�Z�_�l�k�y �^�h

y = Cx. ������������

�I�h�e�g�Z�y �f�h�^�_�e�v �e�b�g�_�c�g�h�c �k�l�Z�p�b�h�g�Z�j�g�h�c �k�b�k�l�_�f�u �a�Z�^�Z�z�l�k�y �m�j�Z�\�g�_�g�b�y�f�b

�k�h�k�l�h�y�g�b�y ������������ �b �m�j�Z�\�g�_�g�b�y�f�b �\�u�o�h�^�h�\ ������������

úx = Ax + Bu, ������������

y = Cx + Du. ������������

�F�Z�l�j�b�p�uA �b B �h�i�j�_�^�_�e�y�x�l�k�y �k�l�j�m�d�l�m�j�h�c �h�[�t�_�d�l�Z �m�i�j�Z�\�e�_�g�b�y �b �_�]�h

�i�Z�j�Z�f�_�l�j�Z�f�b�� �l�h�]�^�Z �d�Z�d �f�Z�l�j�b�p�uC �b D �h�i�j�_�^�_�e�y�x�l�k�y �\�u�[�h�j�h�f �\�u�o�h�^�g�u�o

�i�_�j�_�f�_�g�g�u�o �\ �k�h�h�l�\�_�l�k�l�\�b�b �k �i�h�k�l�Z�g�h�\�d�h�c �a�Z�^�Z�q�b�� �< �^�Z�e�v�g�_�c�r�b�o �j�Z�a�^�_�e�Z�o

�^�Z�g�g�h�_ �i�j�_�^�k�l�Z�\�e�_�g�b�_ �b�k�i�h�e�v�a�m�_�l�k�y �i�j�b �\�u�\�h�^�_ �b �e�b�g�_�Z�j�b�a�Z�p�b�b �f�h�^�_�e�_�c

�^�\�b�`�_�g�b�y �Z�\�l�h�f�h�[�b�e�y �b �i�j�b �k�b�g�l�_�a�_ �Z�e�]�h�j�b�l�f�h�\ �k�e�_�^�h�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b��

������ �E�b�g�_�Z�j�b�a�Z�p�b�y �k �i�h�f�h�s�v�x �j�y�^�Z �L�_�c�e�h�j�Z

�E�b�g�_�Z�j�b�a�Z�p�b�y �i�j�b�f�_�g�y�_�l�k�y �^�e�y �i�h�e�m�q�_�g�b�y �e�h�d�Z�e�v�g�h���e�b�g�_�c�g�h�]�h

�i�j�b�[�e�b�`�_�g�b�y �g�_�e�b�g�_�c�g�h�c �f�h�^�_�e�b �\ �h�d�j�_�k�l�g�h�k�l�b �\�u�[�j�Z�g�g�h�c �j�Z�[�h�q�_�c �l�h�q�d�b �b�e�b

�h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b�� �L�Z�d�h�c �i�_�j�_�o�h�^ �b�k�i�h�e�v�a�m�_�l�k�y �^�e�y �m�i�j�h�s�_�g�b�y �Z�g�Z�e�b�a�Z �b �^�e�y

�i�j�b�f�_�g�_�g�b�y �f�_�l�h�^�h�\ �e�b�g�_�c�g�h�c �l�_�h�j�b�b �m�i�j�Z�\�e�_�g�b�y�� �Z �l�Z�d�`�_ �i�j�b �i�h�k�l�j�h�_�g�b�b

�e�h�d�Z�e�v�g�u�o �f�h�^�_�e�_�c �\ �a�Z�^�Z�q�Z�o �f�h�^�_�e�v�g�h���i�j�_�^�b�d�l�b�\�g�h�]�h �m�i�j�Z�\�e�_�g�b�y �>�����²�����@��

�J�Z�k�k�f�h�l�j�b�f �g�_�e�b�g�_�c�g�m�x �^�b�g�Z�f�b�q�_�k�d�m�x �k�b�k�l�_�f�m�� �a�Z�^�Z�g�g�m�x �\ �i�j�h�k�l�j�Z�g�k�l�\�_

�k�h�k�l�h�y�g�b�c��

úx = f (x, u, t ), ������������

�]�^�_x(t) ! Rn �² �\�_�d�l�h�j �k�h�k�l�h�y�g�b�y��u(t) ! Rr �² �\�_�d�l�h�j �m�i�j�Z�\�e�_�g�b�y��f (á) �²

�\�_�d�l�h�j���n�m�g�d�p�b�y�� �\ �h�[�s�_�f �k�e�m�q�Z�_ �g�_�e�b�g�_�c�g�Z�y �b �a�Z�\�b�k�y�s�Z�y �h�l �\�j�_�f�_�g�b�� �I�j�b



����

�g�_�h�[�o�h�^�b�f�h�k�l�b �^�h�i�h�e�g�b�l�_�e�v�g�h �\�\�h�^�b�l�k�y �\�u�o�h�^�g�h�_ �m�j�Z�\�g�_�g�b�_��

y = g(x, u, t ), ������������

�]�^�_y(t) ! Rm �² �\�_�d�l�h�j �\�u�o�h�^�g�u�o �\�_�e�b�q�b�g��

�I�m�k�l�v �a�Z�^�Z�g�Z �j�Z�[�h�q�Z�y �l�h�q�d�Z ���l�h�q�d�Z �j�Z�a�e�h�`�_�g�b�y��(x+, u+)�� �k�h�h�l�\�_�l�k�l�\�m�x�s�Z�y

�n�b�d�k�b�j�h�\�Z�g�g�h�f�m �j�_�`�b�f�m �^�\�b�`�_�g�b�y�� �e�b�[�h �h�i�h�j�g�Z�y �l�j�Z�_�d�l�h�j�b�y(x �U�H�I(t), u�U�H�I(t)) ��

�a�Z�^�Z�x�s�Z�y �l�j�_�[�m�_�f�h�_ �^�\�b�`�_�g�b�_�� �<�\�_�^�z�f �h�l�d�e�h�g�_�g�b�y

#x = x %x+, #u = u %u+, ������������

�b�e�b�� �\ �k�e�m�q�Z�_ �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b��

#x = x %x �U�H�I(t), #u = u %u�U�H�I(t). ������������

�J�Z�a�e�h�`�_�g�b�_ �i�j�Z�\�h�c �q�Z�k�l�b ������������ �\ �j�y�^ �L�_�c�e�h�j�Z �i�h �i�_�j�_�f�_�g�g�u�f(x, u) �k

�m�^�_�j�`�Z�g�b�_�f �q�e�_�g�h�\ �i�_�j�\�h�]�h �i�h�j�y�^�d�Z �i�j�b�\�h�^�b�l �d �e�h�d�Z�e�v�g�h�f�m �i�j�b�[�e�b�`�_�g�b�x��

f (x, u, t ) , f (x+, u+, t) + A(t) #x + B(t) #u, ������������

�]�^�_ �f�Z�l�j�b�p�uA(t) �bB(t) �h�i�j�_�^�_�e�y�x�l�k�y �y�d�h�[�b�Z�g�Z�f�b��

A(t) =
$f
$x

*
*
*
*
x= x ! , u= u!

, B (t) =
$f
$u

*
*
*
*
x= x ! , u= u!

. ������������

�:�g�Z�e�h�]�b�q�g�h �^�e�y �\�u�o�h�^�g�h�]�h �m�j�Z�\�g�_�g�b�y ��������������

g(x, u, t ) , g(x+, u+, t) + C(t) #x + D(t) #u, ������������

�]�^�_

C(t) =
$g
$x

*
*
*
*
x= x ! , u= u!

, D(t) =
$g
$u

*
*
*
*
x= x ! , u= u!

. ������������

�< �y�\�g�h�f �\�b�^�_ �f�Z�l�j�b�p�Z �Y�d�h�[�b �i�h �k�h�k�l�h�y�g�b�x �^�e�y �\�_�d�l�h�j���n�m�g�d�p�b�b



����

f = [ f 1, . . . , f n]T �b�f�_�_�l �\�b�^

$f
$x

=

$

%
%
%
%
&

" f 1
" x1

" f 1
" x2

. . . " f 1
" xn

" f 2
" x1

" f 2
" x2

. . . " f 2
" xn������ ������ ������ ������

" f n
" x1

" f n
" x2

. . . " f n
" xn

'

(
(
(
(
)

. ������������

�I�h�^�k�l�Z�g�h�\�d�Z ������������ �\ ������������ �^�Z�z�l �Z�n�n�b�g�g�m�x �e�h�d�Z�e�v�g�h���e�b�g�_�c�g�m�x �f�h�^�_�e�v�� �<

�l�_�j�f�b�g�Z�o �h�l�d�e�h�g�_�g�b�c �h�g�Z �f�h�`�_�l �[�u�l�v �a�Z�i�b�k�Z�g�Z �d�Z�d

#úx , A(t) #x + B(t) #u + w(t), ������������

�]�^�_

w(t) = f (x+, u+, t) % úx+. ������������

�?�k�e�b(x+, u+) �k�h�h�l�\�_�l�k�l�\�m�_�l �j�Z�\�g�h�\�_�k�b�x�� �l�húx+ = 0�� �Z �i�j�b �\�u�[�h�j�_ �h�i�h�j�g�h�c

�l�j�Z�_�d�l�h�j�b�b�� �k�h�]�e�Z�k�h�\�Z�g�g�h�c �k �b�k�o�h�^�g�h�c �f�h�^�_�e�v�x�� �\�u�i�h�e�g�y�_�l�k�y

úx �U�H�I(t) = f (x �U�H�I(t), u�U�H�I(t), t) �b �^�h�[�Z�\�d�Zw(t) �h�[�j�Z�s�Z�_�l�k�y �\ �g�m�e�v�� �< �w�l�h�f �k�e�m�q�Z�_

�i�h�e�m�q�Z�_�f �k�l�Z�g�^�Z�j�l�g�m�x �e�b�g�_�c�g�m�x �f�h�^�_�e�v �\ �h�l�d�e�h�g�_�g�b�y�o��

#úx , A(t) #x + B(t) #u, ������������

�Z �^�e�y �\�u�o�h�^�h�\

#y , C(t) #x + D(t) #u. ������������

�E�b�g�_�c�g�h�_ �i�j�b�[�e�b�`�_�g�b�_ �������������±������������ �d�h�j�j�_�d�l�g�h �h�i�b�k�u�\�Z�_�l �^�b�g�Z�f�b�d�m �\

�h�d�j�_�k�l�g�h�k�l�b �j�Z�[�h�q�_�c �l�h�q�d�b�� �i�h�]�j�_�r�g�h�k�l�v �Z�i�i�j�h�d�k�b�f�Z�p�b�b �y�\�e�y�_�l�k�y �\�_�e�b�q�b�g�h�c

�\�l�h�j�h�]�h �b �[�h�e�_�_ �\�u�k�h�d�b�o �i�h�j�y�^�d�h�\ �i�h �g�h�j�f�_ �h�l�d�e�h�g�_�g�b�c- #x- �b - #u- �� �I�j�b

�k�m�s�_�k�l�\�_�g�g�h�f �m�^�Z�e�_�g�b�b �h�l �l�h�q�d�b �j�Z�a�e�h�`�_�g�b�y �l�h�q�g�h�k�l�v �f�h�^�_�e�b �m�o�m�^�r�Z�_�l�k�y�� �q�l�h

�l�j�_�[�m�_�l �e�b�[�h �i�j�b�f�_�g�_�g�b�y �g�_�e�b�g�_�c�g�u�o �f�_�l�h�^�h�\ �m�i�j�Z�\�e�_�g�b�y�� �e�b�[�h �j�_�d�m�j�k�b�\�g�h�]�h

�h�[�g�h�\�e�_�g�b�y �j�Z�[�h�q�_�c �l�h�q�d�b �b �f�Z�l�j�b�p �Y�d�h�[�b�� �I�h�^�o�h�^ �k �h�[�g�h�\�e�_�g�b�_�f �e�b�g�_�c�g�h�c

�f�h�^�_�e�b �g�Z �d�Z�`�^�h�f �r�Z�]�_ �o�Z�j�Z�d�l�_�j�_�g �^�e�y �Z�e�]�h�j�b�l�f�h�\ �f�h�^�_�e�v�g�h���i�j�_�^�b�d�l�b�\�g�h�]�h

�m�i�j�Z�\�e�_�g�b�y �b �^�e�y �j�Z�k�r�b�j�_�g�g�h�]�h �n�b�e�v�l�j�Z �D�Z�e�f�Z�g�Z �>������ �����@��

�=�_�h�f�_�l�j�b�q�_�k�d�Z�y �b�g�l�_�j�i�j�_�l�Z�p�b�y �e�b�g�_�Z�j�b�a�Z�p�b�b �h�^�g�h�f�_�j�g�h�c �n�m�g�d�p�b�b �\

�h�d�j�_�k�l�g�h�k�l�b �l�h�q�d�b �j�Z�a�e�h�`�_�g�b�y �b�e�e�x�k�l�j�b�j�m�_�l�k�y �g�Z �j�b�k�m�g�d�_ �������� �K�b�g�b�c �]�j�Z�n�b�d

�k�h�h�l�\�_�l�k�l�\�m�_�l �b�k�o�h�^�g�h�c �n�m�g�d�p�b�b�� �h�j�Z�g�`�_�\�u�c �]�j�Z�n�b�d �k�h�h�l�\�_�l�k�l�\�m�_�l �_�z �e�b�g�_�c�g�h�c

�Z�i�i�j�h�d�k�b�f�Z�p�b�b �\ �h�d�j�_�k�l�g�h�k�l�b �l�h�q�d�bx+��



����

�J�b�k�m�g�h�d ������ �± �E�b�g�_�Z�j�b�a�Z�p�b�y �k �i�h�f�h�s�v�x �j�y�^�Z �L�_�c�e�h�j�Z �\ �h�d�j�_�k�l�g�h�k�l�b �l�h�q�d�b
�j�Z�a�e�h�`�_�g�b�y�� �K�b�g�b�c �]�j�Z�n�b�d �² �b�k�o�h�^�g�Z�y �n�m�g�d�p�b�y�� �H�j�Z�g�`�_�\�u�c �]�j�Z�n�b�d �²

�e�b�g�_�c�g�Z�y �Z�i�i�j�h�d�k�b�f�Z�p�b�y��x+ �² �l�h�q�d�Z �j�Z�a�e�h�`�_�g�b�y��

�I�h�e�m�q�_�g�g�Z�y �e�h�d�Z�e�v�g�h���e�b�g�_�c�g�Z�y �f�h�^�_�e�v �b�k�i�h�e�v�a�m�_�l�k�y �\ �g�Z�k�l�h�y�s�_�c �j�Z�[�h�l�_

�i�j�b �\�u�\�h�^�_ �b �Z�g�Z�e�b�a�_ �f�h�^�_�e�_�c �^�\�b�`�_�g�b�y �Z�\�l�h�f�h�[�b�e�y�� �Z �l�Z�d�`�_ �i�j�b �i�h�k�l�j�h�_�g�b�b

�j�_�]�m�e�y�l�h�j�h�\ �b �h�i�l�b�f�b�a�Z�p�b�h�g�g�u�o �i�h�k�l�Z�g�h�\�h�d�� �\ �d�h�l�h�j�u�o �l�j�_�[�m�_�l�k�y �y�\�g�Z�y

�f�Z�l�j�b�q�g�Z�y �n�h�j�f�Z �m�j�Z�\�g�_�g�b�c �k�h�k�l�h�y�g�b�y �b �\�h�a�f�h�`�g�h�k�l�v �m�q�z�l�Z �h�]�j�Z�g�b�q�_�g�b�c �>������

�����@��

������ �F�Z�l�_�f�Z�l�b�q�_�k�d�b�_ �f�h�^�_�e�b �Z�\�l�h�f�h�[�b�e�y

���������� �D�b�g�_�f�Z�l�b�q�_�k�d�Z�y �\�_�e�h�k�b�i�_�^�g�Z�y �f�h�^�_�e�v

�K�h�k�l�h�y�g�b�_ �b �m�i�j�Z�\�e�_�g�b�_ �a�Z�^�Z�^�b�f �\ �\�b�^�_

�[ =

$

%
%
%
%
&

x

y

!

v

'

(
(
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(
)

, �X=

+
a

#

,

, ������������

�]�^�_(x, y) �² �d�h�h�j�^�b�g�Z�l�u �p�_�g�l�j�Z �f�Z�k�k �\ �]�e�h�[�Z�e�v�g�h�c �k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l��! �² �m�]�h�e

�j�u�k�d�Z�g�v�y��v �² �i�j�h�^�h�e�v�g�Z�y �k�d�h�j�h�k�l�v��a �² �i�j�h�^�h�e�v�g�h�_ �m�k�d�h�j�_�g�b�_��# �² �m�]�h�e

�i�h�\�h�j�h�l�Z �m�i�j�Z�\�e�y�_�f�u�o �d�h�e�z�k�� �D�h�e�z�k�g�Z�y �[�Z�a�Z �h�[�h�a�g�Z�q�Z�_�l�k�yL = L �I + L �U��



����

�M�j�Z�\�g�_�g�b�y �^�\�b�`�_�g�b�y �\ �g�_�i�j�_�j�u�\�g�h�c �n�h�j�f�_ �b�f�_�x�l �\�b�^

úx = v �F�R�V! ,

úy = v �V�L�Q! ,

ú! =
v
L

�W�D�Q#,

úv = a.

������������

�<�_�d�l�h�j�g�Z�y �n�h�j�f�Z ��������������

f (�[, �X) =

$

%
%
%
%
&

v �F�R�V!

v �V�L�Q!
v
L �W�D�Q#

a

'

(
(
(
(
)

. ������������

�E�b�g�_�Z�j�b�a�m�_�f ������������ �\ �h�d�j�_�k�l�g�h�k�l�b �h�i�h�j�g�u�o �a�g�Z�q�_�g�b�c(�[�U�H�I, �X�U�H�I)�� �\�\�h�^�y

�h�l�d�e�h�g�_�g�b�y

#�[ = �[ %�[�U�H�I, #�X= �X%�X�U�H�I. ������������

�F�Z�l�j�b�p�u �Y�d�h�[�b �j�Z�\�g�u

A =
$f
$�[

*
*
*
*
(�[�U�H�I,�X�U�H�I)

, B =
$f
$�X

*
*
*
*
(�[�U�H�I,�X�U�H�I)

, ������������

�b �\ �y�\�g�h�f �\�b�^�_ �a�Z�i�b�k�u�\�Z�x�l�k�y �d�Z�d

A =

$

%
%
%
%
&

0 0 %v�U�H�I�V�L�Q! �U�H�I�F�R�V! �U�H�I

0 0 v�U�H�I�F�R�V! �U�H�I �V�L�Q! �U�H�I

0 0 0 1
L �W�D�Q#�U�H�I

0 0 0 0

'

(
(
(
(
)

, B =

$

%
%
%
%
&

0 0

0 0

0 v�U�H�I
L �F�R�V2 #�U�H�I

1 0

'

(
(
(
(
)

. ������������

�L�h�]�^�Z �e�h�d�Z�e�v�g�h���e�b�g�_�c�g�Z�y �f�h�^�_�e�v �\ �h�l�d�e�h�g�_�g�b�y�o �i�j�b�g�b�f�Z�_�l �\�b�^

#ú�[ = A #�[ + B #�X. ������������



����

�>�e�y �f�Z�e�u�o �m�]�e�h�\! �U�H�I, 0��#�U�H�I, 0 �\�u�j�Z�`�_�g�b�y ������������ �m�i�j�h�s�Z�x�l�k�y �^�h

A ,

$

%
%
%
%
&

0 0 0 1

0 0 v�U�H�I0

0 0 0 0

0 0 0 0

'

(
(
(
(
)

, B ,

$

%
%
%
%
&

0 0

0 0

0 v�U�H�I
L

1 0

'

(
(
(
(
)

. ������������

���������� �>�b�g�Z�f�b�q�_�k�d�Z�y �\�_�e�h�k�b�i�_�^�g�Z�y �f�h�^�_�e�v

�=�e�Z�\�g�h�_ �h�l�e�b�q�b�_ �^�b�g�Z�f�b�q�_�k�d�h�c �\�_�e�h�k�b�i�_�^�g�h�c �f�h�^�_�e�b �h�l �d�b�g�_�f�Z�l�b�q�_�k�d�h�c ��

�m�q�_�l �m�\�h�^�Z �d�h�e�_�k��

�K�h�k�l�h�y�g�b�_ �b �\�o�h�^�u �h�i�b�k�u�\�Z�x�l�k�y �d�Z�d

�[ =

$

%
%
%
%
&

vx

vy

!

r

'

(
(
(
(
)

, �X=

+
ax

#

,

. ������������

�E�b�g�_�c�g�Z�y �f�h�^�_�e�v �k�b�e �r�b�g��

F�I = C$�I

-
#%%% L �Ir

vx

.
,

F�U= C$�U

-
%%+ L �Ur

vx

.
,

%= �D�U�F�W�D�Q
-

vy

vx

.
.

������������

�M�j�Z�\�g�_�g�b�y �^�\�b�`�_�g�b�y ���i�e�h�k�d�Z�y �^�b�g�Z�f�b�d�Z �G�v�x�l�h�g�Z�±�W�c�e�_�j�Z����

úvx = ax + vyr,

úvy =
1
m

!
F�I�F�R�V#+ F�U

"
%vxr,

úr =
1
I z

!
L �IF�I�F�R�V#%L �UF�U

"
,

ú! = r.

������������

���������� �E�b�g�_�Z�j�b�a�h�\�Z�g�g�Z�y �f�h�^�_�e�v �i�h�i�_�j�_�q�g�h�c �^�b�g�Z�f�b�d�b �b �h�r�b�[�h�d �k�e�_�`�_�g�b�y

�>�e�y �k�b�g�l�_�a�Z �e�b�g�_�c�g�u�o �j�_�]�m�e�y�l�h�j�h�\ �i�h�i�_�j�_�q�g�h�]�h �m�i�j�Z�\�e�_�g�b�y �b�k�i�h�e�v�a�m�_�f

�e�b�g�_�Z�j�b�a�h�\�Z�g�g�m�x �\�_�e�h�k�b�i�_�^�g�m�x �f�h�^�_�e�v �\ �i�j�_�^�i�h�e�h�`�_�g�b�y�o �i�h�k�l�h�y�g�g�h�c

�i�j�h�^�h�e�v�g�h�c �k�d�h�j�h�k�l�bvx �� �f�Z�e�u�o �m�]�e�h�\ �i�h�\�h�j�h�l�Z �d�h�e�z�k �b �f�Z�e�u�o �m�]�e�h�\ �m�\�h�^�Z�� �<



����

�d�Z�q�_�k�l�\�_ �i�_�j�_�f�_�g�g�u�o �k�h�k�l�h�y�g�b�y �j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y �i�h�i�_�j�_�q�g�Z�y �h�r�b�[�d�Zey�� �h�r�b�[�d�Z

�h�j�b�_�g�l�Z�p�b�be%�� �[�h�d�h�\�Z�y �k�d�h�j�h�k�l�vvy �p�_�g�l�j�Z �f�Z�k�k �b �m�]�e�h�\�Z�y �k�d�h�j�h�k�l�v �j�u�k�d�Z�g�v�y

r = ú! �� �M�i�j�Z�\�e�y�x�s�_�_ �\�h�a�^�_�c�k�l�\�b�_ �a�Z�^�Z�z�l�k�y �m�]�e�h�f �i�h�\�h�j�h�l�Z �i�_�j�_�^�g�b�o �d�h�e�z�k#��

x =

$

%
%
%
%
&

ey

e%

vy

r

'

(
(
(
(
)

, u = #. ������������

�D�b�g�_�f�Z�l�b�q�_�k�d�b�_ �k�\�y�a�b �^�e�y �h�r�b�[�h�d �k�e�_�`�_�g�b�y �b�f�_�x�l �\�b�^

úey = vxe%+ vy, úe% = r %vx " (t), ������������

�]�^�_" (t) �² �d�j�b�\�b�a�g�Z �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b �\ �l�_�d�m�s�_�c �l�h�q�d�_��

�B�k�i�h�e�v�a�m�y �e�b�g�_�c�g�m�x �f�h�^�_�e�v �r�b�g �k �[�h�d�h�\�u�f�b �`�z�k�l�d�h�k�l�y�f�bCf �b Cr ��

�i�h�e�m�q�Z�_�f �m�j�Z�\�g�_�g�b�y �i�h�i�_�j�_�q�g�h�c �b �j�u�k�d�Z�l�_�e�v�g�h�c �^�b�g�Z�f�b�d�b

m( úvy + vxr ) = Cf #%Cf
vy + l f r

vx
%Cr

vy %l r r
vx

,

I z úr = l f Cf #%l f Cf
vy + l f r

vx
+ l r Cr

vy %l r r
vx

,
������������

�]�^�_m �² �f�Z�k�k�Z �Z�\�l�h�f�h�[�b�e�y��I z �² �f�h�f�_�g�l �b�g�_�j�p�b�b �h�l�g�h�k�b�l�_�e�v�g�h �\�_�j�l�b�d�Z�e�v�g�h�c

�h�k�b��l f �b l r �² �j�Z�k�k�l�h�y�g�b�y �h�l �p�_�g�l�j�Z �f�Z�k�k �^�h �i�_�j�_�^�g�_�c �b �a�Z�^�g�_�c �h�k�_�c

�k�h�h�l�\�_�l�k�l�\�_�g�g�h��

�M�j�Z�\�g�_�g�b�y ������������ �i�j�b�\�h�^�y�l�k�y �d �\�b�^�m �i�j�h�k�l�j�Z�g�k�l�\�Z �k�h�k�l�h�y�g�b�c��

+
úvy

úr

,

= Avr

+
vy

r

,

+ Bvr #, ������������

�]�^�_

Avr =

+
%Cf + Cr

m vx

Cr l r %Cf l f
m vx

%vx
Cr l r %Cf l f

I z vx
%

Cf l2
f + Cr l2

r

I z vx

,

, Bvr =

+
Cf

m
Cf l f

I z

,

. ������������

�H�[�t�_�^�b�g�y�y ������������ �b �������������� �i�h�e�m�q�Z�_�f �e�b�g�_�c�g�m�x �f�h�^�_�e�v �h�r�b�[�h�d �k�e�_�`�_�g�b�y

úx(t) = A x(t) + B u(t) + E w(t), ������������



����

�]�^�_w(t) = vx" (t)�� �Z �f�Z�l�j�b�p�u �b�f�_�x�l �\�b�^

A =

/

0
0
0
0
1

0 vx 1 0

0 0 0 1

0 0 %Cf + Cr

m vx

Cr l r %Cf l f
m vx

%vx

0 0 Cr l r %Cf l f
I z vx

%
Cf l2

f + Cr l2
r

I z vx

2

3
3
3
3
4

, B =

/

0
0
0
0
1

0

0
Cf

m
Cf l f

I z

2

3
3
3
3
4

, E =

/

0
0
0
0
1

0

%1

0

0

2

3
3
3
3
4

.

������������

�F�h�^�_�e�v ������������ �d�h�j�j�_�d�l�g�Z �\ �h�[�e�Z�k�l�b �f�Z�e�u�o �h�r�b�[�h�d �b �i�j�b �m�f�_�j�_�g�g�u�o �j�_�`�b�f�Z�o

�^�\�b�`�_�g�b�y�� �i�j�b �k�m�s�_�k�l�\�_�g�g�u�o �b�a�f�_�g�_�g�b�y�ovx �p�_�e�_�k�h�h�[�j�Z�a�g�h �i�j�b�f�_�g�y�l�v

�i�_�j�_�g�Z�k�l�j�h�c�d�m �d�h�w�n�n�b�p�b�_�g�l�h�\ �j�_�]�m�e�y�l�h�j�Z �\ �a�Z�\�b�k�b�f�h�k�l�b �h�l �k�d�h�j�h�k�l�b��

���������� �D�b�g�_�f�Z�l�b�q�_�k�d�Z�y �\�_�e�h�k�b�i�_�^�g�Z�y �f�h�^�_�e�v �\ �n�j�_�c�f�_ �N�j�_�g�_

�>�e�y �h�i�b�k�Z�g�b�y �i�h�i�_�j�_�q�g�h�c �^�b�g�Z�f�b�d�b �h�l�g�h�k�b�l�_�e�v�g�h �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�bC

�b�k�i�h�e�v�a�m�_�f �d�b�g�_�f�Z�l�b�q�_�k�d�m�x �f�h�^�_�e�v �\�_�e�h�k�b�i�_�^�Z�� �a�Z�i�b�k�Z�g�g�m�x �\ �d�j�b�\�h�e�b�g�_�c�g�u�o

�d�h�h�j�^�b�g�Z�l�Z�o �N�j�_�g�_ �>������ �����@��

�>�Z�e�_�_ �k�q�b�l�Z�_�f�� �q�l�h(á). = d(á)
ds �² �i�j�h�b�a�\�h�^�g�Z�y �i�h �i�j�h�^�h�e�v�g�h�c �d�h�h�j�^�b�g�Z�l�_s

���i�h �^�m�]�h�\�h�c �^�e�b�g�_ �j�_�n�_�j�_�g�k�g�h�c �d�j�b�\�h�c����

�K�\�y�a�v �f�_�`�^�m �i�j�h�b�a�\�h�^�g�h�c �i�h �\�j�_�f�_�g�b �b �i�j�h�b�a�\�h�^�g�h�c �i�h �^�m�]�h�\�h�c �d�h�h�j�^�b�g�Z�l�_

�a�Z�^�Z�z�l�k�y �k�h�h�l�g�h�r�_�g�b�_�fúz = z. ús�� �>�e�y �d�b�g�_�f�Z�l�b�q�_�k�d�h�c �f�h�^�_�e�b �k�i�j�Z�\�_�^�e�b�\�h

ús =
v �F�R�V(e&)

1 %k�U�H�I(s) d
, ������������

�q�l�h �i�h�a�\�h�e�y�_�l �i�j�b �g�_�h�[�o�h�^�b�f�h�k�l�b �i�_�j�_�o�h�^�b�l�v �h�l �f�h�^�_�e�b �i�hs �d �f�h�^�_�e�b �i�h �\�j�_�f�_�g�b

�i�j�b �^�b�k�d�j�_�l�b�a�Z�p�b�b �b �j�_�Z�e�b�a�Z�p�b�b �\ �d�h�g�l�m�j�_ �m�i�j�Z�\�e�_�g�b�y��

�<�\�_�^�z�f �\�_�d�l�h�j �k�h�k�l�h�y�g�b�y

z =
5
d e& k

6T
, ������������

�]�^�_d �² �i�h�i�_�j�_�q�g�h�_ �k�f�_�s�_�g�b�_ ���e�Z�l�_�j�Z�e�v�g�Z�y �h�r�b�[�d�Z����e& �² �m�]�e�h�\�Z�y �h�r�b�[�d�Z

���j�Z�a�g�h�k�l�v �f�_�`�^�m �n�Z�d�l�b�q�_�k�d�b�f �m�]�e�h�f �d�m�j�k�Z �b �g�Z�i�j�Z�\�e�_�g�b�_�f �d�Z�k�Z�l�_�e�v�g�h�c �d

�h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b����k �² �d�j�b�\�b�a�g�Z �l�j�Z�_�d�l�h�j�b�b �^�\�b�`�_�g�b�y �l�j�Z�g�k�i�h�j�l�g�h�]�h

�k�j�_�^�k�l�\�Z�� �Zkref (s) �² �d�j�b�\�b�a�g�Z �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b��

�< �d�Z�q�_�k�l�\�_ �m�i�j�Z�\�e�_�g�b�y �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �k�d�h�j�h�k�l�v �b�a�f�_�g�_�g�b�y �d�j�b�\�b�a�g�u �i�hs��

u = k.��



����

�L�h�]�^�Z �i�h�i�_�j�_�q�g�Z�y �d�b�g�_�f�Z�l�b�q�_�k�d�Z�y �f�h�^�_�e�v �\�h �n�j�_�c�f�_ �N�j�_�g�_ �b�f�_�_�l �\�b�^

z. =

$

%
&

d.

e.
&

k.

'

(
) =

$

%
%
%
&

(1 %kref d) �W�D�Q(e&)
(1 %kref d)k

�F�R�V(e&)
%kref

u

'

(
(
(
)

. ������������

�E�b�g�_�Z�j�b�a�m�_�f ������������ �\ �h�d�j�_�k�l�g�h�k�l�b �j�_�n�_�j�_�g�k�g�h�]�h �k�h�k�l�h�y�g�b�y

d = 0, e& = 0, k = kref (s), ������������

�b �j�_�n�_�j�_�g�k�g�h�]�h �m�i�j�Z�\�e�_�g�b�yuref = k.
ref (s)�� �<�\�_�^�z�f �h�l�d�e�h�g�_�g�b�y

÷z =
5
d e&

÷k
6T

, ÷k = k %kref , ÷u = u %k.
ref . ������������

�I�j�b �f�Z�e�u�o �h�r�b�[�d�Z�o ���W�D�Qe& , e&�� �F�R�Ve& , 1�� �i�h�e�m�q�Z�_�f �Z�n�n�b�g�g�m�x �e�b�g�_�c�g�m�x

�f�h�^�_�e�v

÷z. =

$

%
&

0 1 0

%k2
ref 0 1

0 0 0

'

(
)

7 89 :
A(s)

÷z +

$

%
&

0

0

1

'

(
)

789:
B

÷u, ������������

�]�^�_kref = kref (s) �\�u�q�b�k�e�y�_�l�k�y �\ �k�h�h�l�\�_�l�k�l�\�m�x�s�_�c �j�_�n�_�j�_�g�k�g�h�c �l�h�q�d�_��

�F�h�^�_�e�v ������������ �b�k�i�h�e�v�a�m�_�l�k�y �^�Z�e�_�_ �d�Z�d �i�j�_�^�k�d�Z�a�Z�l�_�e�v�g�Z�y ���S�U�H�G�L�F�W�L�R�Q �P�R�G�H�O��

�i�j�b �i�h�k�l�Z�g�h�\�d�_ �a�Z�^�Z�q�b �h�i�l�b�f�b�a�Z�p�b�b �l�j�Z�_�d�l�h�j�b�b��

�>�e�y �h�[�_�k�i�_�q�_�g�b�y �j�_�Z�e�b�a�m�_�f�h�k�l�b �l�j�Z�_�d�l�h�j�b�b �\�\�h�^�y�l�k�y �h�]�j�Z�g�b�q�_�g�b�y �g�Zk �b

u = k.��

�G�Z �g�b�a�d�b�o �k�d�h�j�h�k�l�y�o �h�]�j�Z�g�b�q�b�\�Z�x�s�b�f �n�Z�d�l�h�j�h�f �y�\�e�y�_�l�k�y �d�b�g�_�f�Z�l�b�d�Z

�j�m�e�_�\�h�]�h �m�i�j�Z�\�e�_�g�b�y�� �f�Z�d�k�b�f�Z�e�v�g�u�c �m�]�h�e �i�h�\�h�j�h�l�Z �m�i�j�Z�\�e�y�_�f�u�o �d�h�e�z�k#max �>������

�����@ �a�Z�^�Z�z�l �i�j�_�^�_�e �d�j�b�\�b�a�g�u

|k| " k�J�H�R�P=
�W�D�Q(#max)

L
, ������������

�]�^�_L �² �d�h�e�z�k�g�Z�y �[�Z�a�Z��

�G�Z �\�u�k�h�d�b�o �k�d�h�j�h�k�l�y�o �^�h�f�b�g�b�j�m�x�l �^�b�g�Z�f�b�q�_�k�d�b�_ �h�]�j�Z�g�b�q�_�g�b�y �i�h �[�h�d�h�\�h�f�m

�m�k�d�h�j�_�g�b�x �>�����²�����@��
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|ay| = v2|k| " ay,�P�D�[, ay,�P�D�[, µg, ������������

�h�l�d�m�^�Z

|k| " k�G�\�Q=
µg
v2 . ������������

�L�b�i�b�q�g�u�_ �^�b�Z�i�Z�a�h�g�u �d�h�w�n�n�b�p�b�_�g�l�Z �k�p�_�i�e�_�g�b�y �r�b�g �k �i�h�d�j�u�l�b�_�f �^�e�y

�Z�k�n�Z�e�v�l�Z �k�h�k�l�Z�\�e�y�x�l �i�h�j�y�^�d�Zµ , 0.8�±0.9 ���k�m�o�h�_ �i�h�d�j�u�l�b�_�� �bµ , 0.5�±0.7

���\�e�Z�`�g�h�_ �i�h�d�j�u�l�b�_���� �i�h�w�l�h�f�m �\ �a�Z�^�Z�q�Z�o �i�e�Z�g�b�j�h�\�Z�g�b�y �p�_�e�_�k�h�h�[�j�Z�a�g�h �\�u�[�b�j�Z�l�v

�d�h�g�k�_�j�\�Z�l�b�\�g�u�_ �a�g�Z�q�_�g�b�yµ �\ �a�Z�\�b�k�b�f�h�k�l�b �h�l �m�k�e�h�\�b�c �^�\�b�`�_�g�b�y��

�B�l�h�]�h�\�h�_ �h�]�j�Z�g�b�q�_�g�b�_ �g�Z �d�j�b�\�b�a�g�m �m�^�h�[�g�h �a�Z�^�Z�\�Z�l�v �\ �\�b�^�_ �^�\�m�o�j�_�`�b�f�g�h�c

���k�d�h�j�h�k�l�_�a�Z�\�b�k�b�f�h�c�� �]�j�Z�g�b�p�u��

|k| " k�P�D�[(v) = �P�L�Q
;

�W�D�Q(#max)
L

,
µg
v2

<
. ������������

�>�h�i�h�e�g�b�l�_�e�v�g�h �h�]�j�Z�g�b�q�b�f �k�d�h�j�h�k�l�v �b�a�f�_�g�_�g�b�y �d�j�b�\�b�a�g�u

|u| = |k.| " u�P�D�[, ������������

�q�l�h �h�[�_�k�i�_�q�b�\�Z�_�l �h�]�j�Z�g�b�q�_�g�b�_ �g�Z �j�_�a�d�h�k�l�v �f�Z�g�z�\�j�Z �b �m�e�m�q�r�Z�_�l

�h�l�k�e�_�`�b�\�Z�_�f�h�k�l�v �l�j�Z�_�d�l�h�j�b�b �j�_�]�m�e�y�l�h�j�h�f ���\ �q�Z�k�l�g�h�k�l�b�� �k�g�b�`�Z�_�l �l�j�_�[�h�\�Z�g�b�y �d

�k�d�h�j�h�k�l�b �j�m�e�_�\�h�]�h �i�j�b�\�h�^�Z����

�L�Z�d�b�f �h�[�j�Z�a�h�f�� �d�b�g�_�f�Z�l�b�q�_�k�d�Z�y �f�h�^�_�e�v �\ �d�h�h�j�^�b�g�Z�l�Z�o �N�j�_�g�_ �b �\�\�_�^�z�g�g�u�_

�h�]�j�Z�g�b�q�_�g�b�y �i�h�a�\�h�e�y�x�l �n�h�j�f�Z�e�b�a�h�\�Z�l�v �a�Z�^�Z�q�m �]�_�g�_�j�Z�p�b�b �l�j�Z�_�d�l�h�j�b�b �d�Z�d �a�Z�^�Z�q�m

�h�i�l�b�f�b�a�Z�p�b�b �k �e�b�g�_�c�g�h�c �^�b�g�Z�f�b�d�h�c ���i�h�k�e�_ �e�b�g�_�Z�j�b�a�Z�p�b�b�� �b �i�j�h�k�l�u�f�b

�h�]�j�Z�g�b�q�_�g�b�y�f�b �g�Z �k�h�k�l�h�y�g�b�_ �b �m�i�j�Z�\�e�_�g�b�_��

�>�Z�e�v�g�_�c�r�_�_ �j�Z�k�k�f�h�l�j�_�g�b�_ �h�]�j�Z�g�b�q�_�g�h �j�_�`�b�f�Z�f�b�� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�f�b

�r�l�Z�l�g�h�f�m �]�h�j�h�^�k�d�h�f�m �^�\�b�`�_�g�b�x�� �f�Z�e�u�_ �m�]�e�u �m�\�h�^�Z�� �h�l�k�m�l�k�l�\�b�_ �k�j�u�\�Z

�k�p�_�i�e�_�g�b�y�� �h�l�k�m�l�k�l�\�b�_ �d�h�f�[�b�g�b�j�h�\�Z�g�g�h�]�h �k�d�h�e�v�`�_�g�b�y �b �w�d�k�l�j�_�f�Z�e�v�g�u�o

�f�Z�g�_�\�j�h�\�� �F�h�^�_�e�b�j�h�\�Z�g�b�_ �a�Z�g�h�k�Z���^�j�b�n�l�Z �b �i�j�_�^�_�e�v�g�h�c �g�_�e�b�g�_�c�g�h�k�l�b �r�b�g

�l�j�_�[�m�_�l �b�k�i�h�e�v�a�h�\�Z�g�b�y �g�_�e�b�g�_�c�g�u�o �f�h�^�_�e�_�c �r�b�g �b �j�Z�k�r�b�j�_�g�g�u�o �f�h�^�_�e�_�c

�^�b�g�Z�f�b�d�b�� �q�l�h �\�u�o�h�^�b�l �a�Z �j�Z�f�d�b �p�_�e�_�c �g�Z�k�l�h�y�s�_�c �j�Z�[�h�l�u��

������ �:�i�i�j�h�d�k�b�f�Z�p�b�y �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b �d�m�[�b�q�_�k�d�b�f �%���k�i�e�Z�c�g�h�f

�>�e�y �n�h�j�f�b�j�h�\�Z�g�b�y �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b�� �i�j�b�]�h�^�g�h�c �^�e�y �b�k�i�h�e�g�_�g�b�y �\

�d�h�g�l�m�j�_ �m�i�j�Z�\�e�_�g�b�y�� �l�j�_�[�m�_�l�k�y �g�_�i�j�_�j�u�\�g�Z�y �d�j�b�\�b�a�g�Z�� �< �g�Z�k�l�h�y�s�_�c �j�Z�[�h�l�_



����

�h�i�h�j�g�u�c �i�m�l�v �Z�i�i�j�h�d�k�b�f�b�j�m�_�l�k�y �d�m�[�b�q�_�k�d�b�f �%���k�i�e�Z�c�g�h�f�� �q�l�h �h�[�_�k�i�_�q�b�\�Z�_�l

C2���g�_�i�j�_�j�u�\�g�h�k�l�v �b �i�h�a�\�h�e�y�_�l �Z�g�Z�e�b�l�b�q�_�k�d�b �\�u�q�b�k�e�y�l�v �d�j�b�\�b�a�g�m" �b�� �i�j�b

�g�_�h�[�o�h�^�b�f�h�k�l�b�� �_�z �i�j�h�b�a�\�h�^�g�m�x��

�I�m�k�l�vPi �² �d�h�g�l�j�h�e�v�g�u�_ �l�h�q�d�b�� �Z �i�Z�j�Z�f�_�l�jt ! [0, 1] �a�Z�^�Z�z�l �i�h�e�h�`�_�g�b�_

�\�g�m�l�j�b �k�i�e�Z�c�g�h�\�h�]�h �k�_�]�f�_�g�l�Z�� �L�h�]�^�Z �l�h�q�d�Z �g�Z �d�m�[�b�q�_�k�d�h�f �%���k�i�e�Z�c�g�_ �\�u�j�Z�`�Z�_�l�k�y
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�D�j�b�\�b�a�g�Z �i�e�h�k�d�h�c �i�Z�j�Z�f�_�l�j�b�q�_�k�d�h�c �d�j�b�\�h�cP(t) = ( Px(t), Py(t))

�\�u�q�b�k�e�y�_�l�k�y �i�h �n�h�j�f�m�e�_

" (t) =

*
*
*
*
*
P .

x(t) P ..
x (t)

P .
y(t) P ..

y (t)

*
*
*
*
*

- P .(t)- 3 , ������������

�]�^�_ �r�l�j�b�o �h�[�h�a�g�Z�q�Z�_�l �i�j�h�b�a�\�h�^�g�m�x �i�h �i�Z�j�Z�f�_�l�j�mt�� �A�g�Z�q�_�g�b�y" �^�Z�e�_�_

�b�k�i�h�e�v�a�m�x�l�k�y �d�Z�d" �U�H�I�i�j�b �a�Z�i�b�k�b �f�h�^�_�e�b �\�h �n�j�_�c�f�_ �N�j�_�g�_ �b �i�j�b �n�h�j�f�b�j�h�\�Z�g�b�b

�h�i�_�j�_�`�Z�x�s�_�]�h �m�i�j�Z�\�e�y�x�s�_�]�h �\�h�a�^�_�c�k�l�\�b�y �\ �i�h�i�_�j�_�q�g�h�f �d�h�g�l�m�j�_��
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�J�b�k�m�g�h�d ������ �± �I�j�b�f�_�j �d�m�[�b�q�_�k�d�h�]�h �%���k�i�e�Z�c�g�Z �b �j�Z�k�i�j�_�^�_�e�_�g�b�_ �d�j�b�\�b�a�g�u

�< �^�Z�e�v�g�_�c�r�b�o �]�e�Z�\�Z�o �w�l�h �i�j�_�^�k�l�Z�\�e�_�g�b�_ �[�m�^�_�l �b�k�i�h�e�v�a�h�\�Z�g�h �^�e�y

�h�i�l�b�f�b�a�Z�p�b�b �i�Z�j�Z�f�_�l�j�h�\ �l�j�Z�_�d�l�h�j�b�b �k �m�q�z�l�h�f �^�b�g�Z�f�b�d�b �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z

�b �i�h�k�l�j�h�_�g�b�y �Z�^�Z�i�l�b�\�g�h�]�h �j�_�]�m�e�y�l�h�j�Z�� �k�i�h�k�h�[�g�h�]�h �j�Z�[�h�l�Z�l�v �\ �j�_�Z�e�v�g�h�f �\�j�_�f�_�g�b��

������ �:�e�]�h�j�b�l�f�u �k�e�_�^�h�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b

�K�j�_�^�b �j�Z�a�e�b�q�g�u�o �f�_�l�h�^�h�\ �m�i�j�Z�\�e�_�g�b�y�� �f�h�^�_�e�v�g�h�_ �i�j�h�]�g�h�a�b�j�m�x�s�_�_

�m�i�j�Z�\�e�_�g�b�_ ���0�3�&���� �e�b�g�_�c�g�h���d�\�Z�^�j�Z�l�b�q�g�u�c �j�_�]�m�e�y�l�h�j ���/�4�5�� �b �3�X�U�H �3�X�U�V�X�L�W �k�l�Z�e�b

�i�h�i�m�e�y�j�g�u�f�b �i�h�^�o�h�^�Z�f�b �b�a���a�Z �b�o �h�l�e�b�q�g�u�o �o�Z�j�Z�d�l�_�j�b�k�l�b�d �b �h�[�e�Z�k�l�_�c

�i�j�b�f�_�g�_�g�b�y��

�0�3�& �r�b�j�h�d�h �b�a�\�_�k�l�_�g �k�\�h�_�c �k�i�h�k�h�[�g�h�k�l�v�x �h�i�l�b�f�b�a�b�j�h�\�Z�l�v �m�i�j�Z�\�e�y�x�s�b�_

�^�_�c�k�l�\�b�y �k �m�q�_�l�h�f �h�]�j�Z�g�b�q�_�g�b�c �k�b�k�l�_�f�u �b �[�m�^�m�s�b�o �k�h�k�l�h�y�g�b�c�� �W�l�h �^�_�e�Z�_�l �_�]�h

�b�^�_�Z�e�v�g�u�f �^�e�y �m�i�j�Z�\�e�_�g�b�y �k�e�h�`�g�h�c �^�b�g�Z�f�b�d�h�c �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z��

�g�Z�i�j�b�f�_�j�� �i�j�b �i�e�Z�g�b�j�h�\�Z�g�b�b �f�Z�j�r�j�m�l�Z �b �h�[�t�_�a�^�_ �i�j�_�i�y�l�k�l�\�b�c�� �?�]�h �j�_�Z�e�b�a�Z�p�b�y

�h�k�g�h�\�Z�g�Z �g�Z �^�b�g�Z�f�b�q�_�k�d�h�c �e�b�g�_�c�g�h�c �f�h�^�_�e�b �i�j�h�p�_�k�k�Z�� �< �d�h�g�l�j�h�e�v�g�h�c

�\�j�_�f�_�g�g�h�c �h�[�e�Z�k�l�b �0�3�& �\ �h�k�g�h�\�g�h�f �h�i�l�b�f�b�a�b�j�m�_�l �l�_�d�m�s�b�c �f�h�f�_�g�l�� �g�h �l�Z�d�`�_

�m�q�b�l�u�\�Z�_�l �[�m�^�m�s�b�_ �f�h�f�_�g�l�u �^�e�y �i�h�e�m�q�_�g�b�y �h�i�l�b�f�Z�e�v�g�h�]�h �j�_�r�_�g�b�y �\ �l�_�d�m�s�b�c

�f�h�f�_�g�l�� �Z �a�Z�l�_�f �f�g�h�]�h�d�j�Z�l�g�h �h�i�l�b�f�b�a�b�j�m�_�l �^�e�y �^�h�k�l�b�`�_�g�b�y �h�i�l�b�f�Z�e�v�g�u�o

�j�_�r�_�g�b�c �\�h �\�k�_�c �\�j�_�f�_�g�g�h�c �h�[�e�Z�k�l�b��

�K �^�j�m�]�h�c �k�l�h�j�h�g�u�� �/�4�5 �� �w�l�h �o�h�j�h�r�h �a�Z�j�_�d�h�f�_�g�^�h�\�Z�\�r�b�c �k�_�[�y �f�_�l�h�^

�m�i�j�Z�\�e�_�g�b�y�� �b�a�\�_�k�l�g�u�c �k�\�h�_�c �i�j�h�k�l�h�l�h�c �b �\�u�q�b�k�e�b�l�_�e�v�g�h�c �w�n�n�_�d�l�b�\�g�h�k�l�v�x��
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�h�[�_�k�i�_�q�b�\�Z�x�s�b�c �h�i�l�b�f�Z�e�v�g�u�_ �j�_�r�_�g�b�y �^�e�y �e�b�g�_�c�g�u�o �k�b�k�l�_�f �[�_�a �h�]�j�Z�g�b�q�_�g�b�c��

�/�4�5 ���e�b�g�_�c�g�u�c �d�\�Z�^�j�Z�l�b�q�g�u�c �j�_�]�m�e�y�l�h�j�� �� �w�l�h �f�_�l�h�^ �i�j�h�_�d�l�b�j�h�\�Z�g�b�y

�i�j�h�k�l�j�Z�g�k�l�\�Z �k�h�k�l�h�y�g�b�c�� �d�h�l�h�j�u�c �y�\�e�y�_�l�k�y �h�q�_�g�v �j�Z�a�\�b�l�u�f �\ �k�h�\�j�_�f�_�g�g�h�c

�l�_�h�j�b�b �m�i�j�Z�\�e�_�g�b�y�� �:�e�]�h�j�b�l�f �/�4�5 �i�h�a�\�h�e�y�_�l �i�h�e�m�q�b�l�v �a�Z�d�h�g �h�i�l�b�f�Z�e�v�g�h�]�h

�m�i�j�Z�\�e�_�g�b�y �k �e�b�g�_�c�g�h�c �h�[�j�Z�l�g�h�c �k�\�y�a�v�x �i�h �k�h�k�l�h�y�g�b�x �b �e�_�]�d�h �n�h�j�f�b�j�m�_�l

�h�i�l�b�f�Z�e�v�g�h�_ �m�i�j�Z�\�e�_�g�b�_ �k �a�Z�f�d�g�m�l�u�f �d�h�g�l�m�j�h�f�� �H�i�l�b�f�Z�e�v�g�Z�y �d�h�g�k�l�j�m�d�p�b�y

�/�4�5 �h�a�g�Z�q�Z�_�l�� �q�l�h �j�Z�a�j�Z�[�h�l�Z�g�g�h�_ �m�k�l�j�h�c�k�l�\�h �h�[�j�Z�l�g�h�c �k�\�y�a�b �i�h �k�h�k�l�h�y�g�b�x �.
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�i�j�h�]�g�h�a�b�j�h�\�Z�g�b�y�� �n�h�j�f�b�j�m�_�l�k�y �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�v �m�i�j�Z�\�e�y�x�s�b�o �\�h�a�^�_�c�k�l�\�b�c��

�i�h�k�e�_ �q�_�]�h �\ �h�[�t�_�d�l �m�i�j�Z�\�e�_�g�b�y �i�h�^�Z�_�l�k�y �l�h�e�v�d�h �i�_�j�\�h�_ �a�g�Z�q�_�g�b�_ �g�Z�c�^�_�g�g�h�c

�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�b�� �G�Z �k�e�_�^�m�x�s�_�f �l�Z�d�l�_ �k�h�k�l�h�y�g�b�_ �b�a�f�_�j�y�_�l�k�y �i�h�\�l�h�j�g�h��



����

�]�h�j�b�a�h�g�l �i�j�h�]�g�h�a�b�j�h�\�Z�g�b�y �k�^�\�b�]�Z�_�l�k�y �g�Z �h�^�b�g �r�Z�]�� �b �a�Z�^�Z�q�Z �h�i�l�b�f�b�a�Z�p�b�b

�j�_�r�Z�_�l�k�y �a�Z�g�h�\�h�� �q�l�h �h�[�_�k�i�_�q�b�\�Z�_�l �\�k�l�j�h�_�g�g�m�x �h�[�j�Z�l�g�m�x �k�\�y�a�v �b �d�h�f�i�_�g�k�Z�p�b�x

�\�h�a�f�m�s�_�g�b�c��

�;�e�h�d���k�o�_�f�Z �Z�e�]�h�j�b�l�f�Z �i�j�_�^�k�l�Z�\�e�_�g�Z �g�Z �j�b�k�m�g�d�_ ����������

�J�b�k�m�g�h�d �������� �± �;�e�h�d���k�o�_�f�Z �i�h�k�l�j�h�_�g�b�y �Z�e�]�h�j�b�l�f�Z �k�e�_�`�_�g�b�y �a�Z �l�j�Z�_�d�l�h�j�b�_�c �g�Z
�h�k�g�h�\�_ �0�3�&

�< �g�Z�k�l�h�y�s�_�c �j�Z�[�h�l�_ �0�3�& �b�k�i�h�e�v�a�m�_�l�k�y �d�Z�d �j�_�]�m�e�y�l�h�j �i�h�i�_�j�_�q�g�h�]�h

�k�e�_�`�_�g�b�y �a�Z �a�Z�j�Z�g�_�_ �k�]�_�g�_�j�b�j�h�\�Z�g�g�h�c �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�_�c�� �=�_�h�f�_�l�j�b�q�_�k�d�b�_

�h�]�j�Z�g�b�q�_�g�b�y �^�h�j�h�`�g�h�]�h �d�h�j�b�^�h�j�Z ���]�j�Z�g�b�p�u �i�h�e�h�k�u�� �i�j�h�_�a�`�_�c �q�Z�k�l�b �b �l���i����

�m�q�b�l�u�\�Z�x�l�k�y �g�Z �w�l�Z�i�_ �i�e�Z�g�b�j�h�\�Z�g�b�y �b �n�h�j�f�b�j�h�\�Z�g�b�y �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b ���k�f��

�]�e�Z�\�m ������ �L�Z�d�b�f �h�[�j�Z�a�h�f�� �\ �i�h�k�l�Z�g�h�\�d�_ �0�3�& �i�j�_�^�i�h�e�Z�]�Z�_�l�k�y�� �q�l�h �h�i�h�j�g�Z�y

�l�j�Z�_�d�l�h�j�b�y �y�\�e�y�_�l�k�y �^�h�i�m�k�l�b�f�h�c �i�h �^�h�j�h�`�g�h�c �]�_�h�f�_�l�j�b�b�� �Z �a�Z�^�Z�q�Z �0�3�&

�a�Z�d�e�x�q�Z�_�l�k�y �\ �f�b�g�b�f�b�a�Z�p�b�b �h�r�b�[�h�d �k�e�_�`�_�g�b�y �i�j�b �k�h�[�e�x�^�_�g�b�b �h�]�j�Z�g�b�q�_�g�b�c

�j�m�e�_�\�h�]�h �i�j�b�\�h�^�Z �b �l�j�_�[�h�\�Z�g�b�c �i�h �^�b�g�Z�f�b�d�_ �[�h�d�h�\�h�]�h �^�\�b�`�_�g�b�y��

�B�a�f�_�j�y�_�f�h�_ �k�h�k�l�h�y�g�b�_ �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z �a�Z�^�Z�_�l�k�y �\ �^�_�d�Z�j�l�h�\�h�c

�k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l(x, y, ! , v)�� �h�^�g�Z�d�h �\�_�d�l�h�j �k�h�k�l�h�y�g�b�y �0�3�& �n�h�j�f�b�j�m�_�l�k�y �\

�\�b�^�_ �h�r�b�[�h�d �h�l�g�h�k�b�l�_�e�v�g�h �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b�� �a�Z�^�Z�g�g�h�c �h�i�h�j�g�h�c �l�h�q�d�h�c



����

(x �U�H�I, y�U�H�I, ! �U�H�I, " �U�H�I, v�U�H�I)�� �< �j�Z�f�d�Z�o �i�j�b�g�y�l�h�]�h �i�j�_�h�[�j�Z�a�h�\�Z�g�b�y �d�h�h�j�^�b�g�Z�l ���k�f��

�������������� �\�\�h�^�y�l�k�y �i�h�i�_�j�_�q�g�Z�y �h�r�b�[�d�Zey �b �h�r�b�[�d�Z �d�m�j�k�Ze%�� �Z �l�Z�d�`�_ �b�o

�i�j�h�b�a�\�h�^�g�u�_�� �<�_�d�l�h�j �k�h�k�l�h�y�g�b�y �\�u�[�b�j�Z�_�l�k�y �\ �\�b�^�_

�[k =

$

%
%
%
%
&

ey,k

úey,k

e%,k

úe%,k

'

(
(
(
(
)

, ������������

�]�^�_ey �² �i�h�i�_�j�_�q�g�Z�y �h�r�b�[�d�Z��e% �² �h�r�b�[�d�Z �d�m�j�k�Z��úey �búe% �² �k�d�h�j�h�k�l�b �b�a�f�_�g�_�g�b�y

�k�h�h�l�\�_�l�k�l�\�m�x�s�b�o �h�r�b�[�h�d�� �M�i�j�Z�\�e�y�x�s�_�_ �\�h�a�^�_�c�k�l�\�b�_ �a�Z�^�Z�_�l�k�y �m�]�e�h�f �i�h�\�h�j�h�l�Z

�m�i�j�Z�\�e�y�_�f�u�o �d�h�e�_�k

uk = #k, ������������

�Z �^�e�y �m�q�_�l�Z �i�e�Z�\�g�h�k�l�b �m�i�j�Z�\�e�_�g�b�y �b�k�i�h�e�v�a�m�_�l�k�y �i�j�b�j�Z�s�_�g�b�_

! #k = #k %#k%1. ������������

�F�Z�l�j�b�p�uA(v)�� B (v) �bC(v)�� �b�k�i�h�e�v�a�m�_�f�u�_ �\ �0�3�&�� �i�h�e�m�q�_�g�u �g�Z �h�k�g�h�\�_

�e�b�g�_�c�g�h�c �^�b�g�Z�f�b�q�_�k�d�h�c �©�\�_�e�h�k�b�i�_�^�g�h�c�ª �f�h�^�_�e�b �[�h�d�h�\�h�]�h �^�\�b�`�_�g�b�y �Z�\�l�h�f�h�[�b�e�y

�k �e�b�g�_�c�g�h�c �Z�i�i�j�h�d�k�b�f�Z�p�b�_�c �[�h�d�h�\�u�o �k�b�e �r�b�g ���k�f�� �j�Z�a�^�_�e ���������� �B�k�o�h�^�g�Z�y �f�h�^�_�e�v

�\ �i�_�j�_�f�_�g�g�u�o �[�h�d�h�\�h�c �k�d�h�j�h�k�l�bvy �b �m�]�e�h�\�h�c �k�d�h�j�h�k�l�b �j�u�k�d�Z�g�b�yr �a�Z�i�b�k�u�\�Z�_�l�k�y

�\ �\�b�^�_

m
!

úvy + vr
"

= Fyf + Fyr , I z úr = l f Fyf %l r Fyr , ������������

�]�^�_v �² �i�j�h�^�h�e�v�g�Z�y �k�d�h�j�h�k�l�v��m �² �f�Z�k�k�Z �Z�\�l�h�f�h�[�b�e�y��I z �² �f�h�f�_�g�l �b�g�_�j�p�b�b

�h�l�g�h�k�b�l�_�e�v�g�h �\�_�j�l�b�d�Z�e�v�g�h�c �h�k�b��l f �b l r �² �j�Z�k�k�l�h�y�g�b�y �h�l �p�_�g�l�j�Z �f�Z�k�k �^�h

�i�_�j�_�^�g�_�c �b �a�Z�^�g�_�c �h�k�_�c�� �I�j�b �f�Z�e�u�o �m�]�e�Z�o �k�d�h�e�v�`�_�g�b�y �b �e�b�g�_�c�g�u�o

�o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�o �[�h�d�h�\�h�]�h �k�p�_�i�e�_�g�b�y �[�h�d�h�\�u�_ �k�b�e�u �i�j�b�[�e�b�`�_�g�g�h �a�Z�^�Z�x�l�k�y �d�Z�d

Fyf = 2cf

;
#%

vy + l f r
v

<
, Fyr = 2cr

;
%

vy %l r r
v

<
, ������������

�]�^�_cf �bcr �² �d�h�w�n�n�b�p�b�_�g�l�u �[�h�d�h�\�h�c �`�_�k�l�d�h�k�l�b �r�b�g ���\ �i�j�b�g�y�l�h�c �g�h�j�f�b�j�h�\�d�_����#

�² �m�]�h�e �i�h�\�h�j�h�l�Z �m�i�j�Z�\�e�y�_�f�u�o �d�h�e�_�k��

�>�e�y �i�h�k�l�Z�g�h�\�d�b �a�Z�^�Z�q�b �k�e�_�`�_�g�b�y �\�\�h�^�y�l�k�y �k�h�h�l�g�h�r�_�g�b�y �^�e�y �h�r�b�[�h�d



����

�h�l�g�h�k�b�l�_�e�v�g�h �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b�� �< �q�Z�k�l�g�h�k�l�b�� �b�k�i�h�e�v�a�m�x�l�k�y �i�j�b�[�e�b�`�_�g�b�y

úey = vy + v e%, ������������

úe% = r %r �U�H�I, r �U�H�I= v�U�H�I" �U�H�I, ������������

�]�^�_r �U�H�I�² �l�j�_�[�m�_�f�Z�y �m�]�e�h�\�Z�y �k�d�h�j�h�k�l�v �j�u�k�d�Z�g�b�y �g�Z �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b�� �I�h�k�e�_

�e�b�g�_�Z�j�b�a�Z�p�b�b �\ �h�d�j�_�k�l�g�h�k�l�b �f�Z�e�u�o �h�r�b�[�h�d �k�b�k�l�_�f�Z �������������±������������ �i�j�b�\�h�^�b�l�k�y �d

�k�l�Z�g�^�Z�j�l�g�h�c �n�h�j�f�_ �\ �d�h�h�j�^�b�g�Z�l�Z�o �h�r�b�[�h�d

ú�[(t) = A(v(t)) �[(t) + B(v(t)) #(t) + C(v(t)) r �U�H�I(t), ������������

�]�^�_ �q�e�_�gC(v)r �U�H�I�h�[�m�k�e�h�\�e�_�g �m�q�_�l�h�f �h�i�h�j�g�h�c �d�j�b�\�b�a�g�u �l�j�Z�_�d�l�h�j�b�b �q�_�j�_�a

�k�h�h�l�g�h�r�_�g�b�_úe% = r % r �U�H�I�b �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �d�Z�d �b�a�\�_�k�l�g�h�_ �k�f�_�s�_�g�b�_ �g�Z

�]�h�j�b�a�h�g�l�_ �i�j�h�]�g�h�a�b�j�h�\�Z�g�b�y�� �>�e�y �n�b�d�k�b�j�h�\�Z�g�g�h�c �k�d�h�j�h�k�l�bv �w�e�_�f�_�g�l�u �f�Z�l�j�b�p

�b�f�_�x�l �\�b�^

A(v) =

$

%
%
%
%
%
%
&

0 1 0 0

0 %
2cf + 2cr

mv
2cf + 2cr

m
%

2cf l f %2cr l r
mv

%v

0 0 0 1

0 %
2cf l f %2cr l r

I zv
2cf l f %2cr l r

I z
%

2cf l2
f + 2cr l2

r

I zv

'
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(
(
(
(
(
)

, ������������

B (v) =

$

%
%
%
%
%
%
&

0
2cf

m
0

2cf l f
I z

'

(
(
(
(
(
(
)

, C(v) =

$

%
%
%
%
%
%
&

0
l r cr %l f cf

mv
%v

0

%
l2
f cf + l2

r cr

I zv

'
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. ������������

�>�b�k�d�j�_�l�b�a�Z�p�b�y �i�h �\�j�_�f�_�g�b �\�u�i�h�e�g�y�_�l�k�y �k �r�Z�]�h�fTs �b �]�h�j�b�a�h�g�l�h�f

�i�j�h�]�g�h�a�b�j�h�\�Z�g�b�yNp�� �< �j�_�Z�e�b�a�h�\�Z�g�g�h�c �k�o�_�f�_ �b�k�i�h�e�v�a�m�_�l�k�yTs = ! t �bNp = 35��

�q�l�h �k�h�h�l�\�_�l�k�l�\�m�_�l �^�e�b�l�_�e�v�g�h�k�l�b �i�j�h�]�g�h�a�b�j�h�\�Z�g�b�yTh = NpTs�� �<�u�[�h�j �]�h�j�b�a�h�g�l�Z

�i�j�h�]�g�h�a�b�j�h�\�Z�g�b�yNp = 35 �h�[�m�k�e�h�\�e�_�g �g�_�h�[�o�h�^�b�f�h�k�l�v�x �h�[�_�k�i�_�q�b�l�v �^�h�k�l�Z�l�h�q�g�m�x

�]�e�m�[�b�g�m �i�j�_�^�k�d�Z�a�Z�g�b�y �i�j�b �k�h�o�j�Z�g�_�g�b�b �\�u�q�b�k�e�b�l�_�e�v�g�h�c �j�_�Z�e�b�a�m�_�f�h�k�l�b

�Z�e�]�h�j�b�l�f�Z �\ �j�_�`�b�f�_ �j�_�Z�e�v�g�h�]�h �\�j�_�f�_�g�b�� �I�j�b �i�j�b�g�y�l�h�f �r�Z�]�_ �^�b�k�d�j�_�l�b�a�Z�p�b�b

Ts = 0.1 �k �^�e�b�l�_�e�v�g�h�k�l�v �]�h�j�b�a�h�g�l�Z �k�h�k�l�Z�\�e�y�_�lTh = NpTs = 3.5 �k�� �L�Z�d�h�c �]�h�j�b�a�h�g�l

�i�h�a�\�h�e�y�_�l �m�q�b�l�u�\�Z�l�v �g�_ �l�h�e�v�d�h �l�_�d�m�s�_�_ �k�h�k�l�h�y�g�b�_ �h�[�t�_�d�l�Z �m�i�j�Z�\�e�_�g�b�y�� �g�h �b



����

�i�j�_�^�k�l�h�y�s�b�_ �b�a�f�_�g�_�g�b�y �]�_�h�f�_�l�j�b�b �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b �g�Z �^�h�k�l�Z�l�h�q�g�h

�i�j�h�l�y�`�_�g�g�h�f �m�q�Z�k�l�d�_ �i�m�l�b�� �>�e�y �b�k�k�e�_�^�h�\�Z�g�g�u�o �k�d�h�j�h�k�l�_�c

v�U�H�I! { 3, 5, 10, 13.88} �f���k �w�l�h �k�h�h�l�\�_�l�k�l�\�m�_�l �i�j�h�k�l�j�Z�g�k�l�\�_�g�g�h�f�m �m�i�j�_�`�^�_�g�b�x

�i�h�j�y�^�d�Zv�U�H�ITh�� �l�h �_�k�l�v �i�j�b�[�e�b�a�b�l�_�e�v�g�h10.5��17.5��35.0 �b48.6 �f �k�h�h�l�\�_�l�k�l�\�_�g�g�h��

�K�e�_�^�h�\�Z�l�_�e�v�g�h�� �j�_�]�m�e�y�l�h�j �i�h�e�m�q�Z�_�l �\�h�a�f�h�`�g�h�k�l�v �a�Z�[�e�Z�]�h�\�j�_�f�_�g�g�h �n�h�j�f�b�j�h�\�Z�l�v

�m�i�j�Z�\�e�y�x�s�_�_ �\�h�a�^�_�c�k�l�\�b�_ �i�j�b �\�o�h�^�_ �g�Z �d�j�b�\�h�e�b�g�_�c�g�u�_ �m�q�Z�k�l�d�b �l�j�Z�_�d�l�h�j�b�b �b

�i�j�b �i�j�h�o�h�`�^�_�g�b�b �i�_�j�_�o�h�^�g�u�o �a�h�g��

�K �^�j�m�]�h�c �k�l�h�j�h�g�u�� �m�\�_�e�b�q�_�g�b�_Np �i�j�b�\�h�^�b�l �d �j�h�k�l�m �j�Z�a�f�_�j�g�h�k�l�b �a�Z�^�Z�q�b

�d�\�Z�^�j�Z�l�b�q�g�h�]�h �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y�� �i�h�k�d�h�e�v�d�m �^�e�b�g�Z �\�_�d�l�h�j�Z �h�i�l�b�f�b�a�b�j�m�_�f�u�o

�m�i�j�Z�\�e�_�g�b�c �j�Z�\�g�ZNp�� �Z �j�Z�a�f�_�j�g�h�k�l�v �k�l�_�d�Z �i�j�h�]�g�h�a�b�j�m�_�f�u�o �k�h�k�l�h�y�g�b�c

�k�h�k�l�Z�\�e�y�_�l4Np�� �I�j�bNp = 35 �m�d�Z�a�Z�g�g�u�_ �j�Z�a�f�_�j�g�h�k�l�b �h�k�l�Z�x�l�k�y �m�f�_�j�_�g�g�u�f�b�� �q�l�h

�h�[�_�k�i�_�q�b�\�Z�_�l �\�u�q�b�k�e�b�l�_�e�v�g�m�x �w�n�n�_�d�l�b�\�g�h�k�l�v �j�_�r�_�g�b�y�� �J�_�a�m�e�v�l�Z�l�u

�\�u�q�b�k�e�b�l�_�e�v�g�h�]�h �w�d�k�i�_�j�b�f�_�g�l�Z �i�h�d�Z�a�u�\�Z�x�l�� �q�l�h �i�j�b �l�Z�d�h�c �g�Z�k�l�j�h�c�d�_ �k�j�_�^�g�_�_

�\�j�_�f�y �j�Z�k�q�_�l�Z �m�i�j�Z�\�e�y�x�s�_�]�h �\�h�a�^�_�c�k�l�\�b�y �^�e�y �0�3�& �k�h�k�l�Z�\�e�y�_�l �h�d�h�e�h2.4%2.7 �f�k��

�Z ���������d�\�Z�g�l�b�e�v �g�_ �i�j�_�\�u�r�Z�_�l5.1 �f�k�� �q�l�h �a�g�Z�q�b�l�_�e�v�g�h �f�_�g�v�r�_ �i�_�j�b�h�^�Z

�^�b�k�d�j�_�l�b�a�Z�p�b�bTs = 100 �f�k�� �L�Z�d�b�f �h�[�j�Z�a�h�f�� �a�g�Z�q�_�g�b�_Np = 35 �\�u�[�j�Z�g�h �d�Z�d

�j�Z�p�b�h�g�Z�e�v�g�h�_�� �h�g�h �h�[�_�k�i�_�q�b�\�Z�_�l �^�h�k�l�Z�l�h�q�g�m�x �]�e�m�[�b�g�m �i�j�h�]�g�h�a�Z �^�e�y

�d�Z�q�_�k�l�\�_�g�g�h�]�h �i�h�i�_�j�_�q�g�h�]�h �k�e�_�`�_�g�b�y �b �h�^�g�h�\�j�_�f�_�g�g�h �k�h�o�j�Z�g�y�_�l �g�_�h�[�o�h�^�b�f�u�c

�a�Z�i�Z�k �i�h �\�j�_�f�_�g�b �^�e�y �j�_�Z�e�b�a�Z�p�b�b �Z�e�]�h�j�b�l�f�Z �\ �j�_�Z�e�v�g�h�f �\�j�_�f�_�g�b��

�>�b�k�d�j�_�l�g�Z�y �f�h�^�_�e�v �a�Z�i�b�k�u�\�Z�_�l�k�y �d�Z�d

�[k+1 = Ad,k �[k + Bd,k #k + Cd,k r �U�H�I,k, ������������

�]�^�_Ad,k �h�i�j�_�^�_�e�y�_�l�k�y �i�h �f�Z�l�j�b�p�_A(v�U�H�I,k)�� �Z �f�Z�l�j�b�p�uBd,k �bCd,k �i�j�b�[�e�b�`�_�g�g�h

�\�u�q�b�k�e�y�x�l�k�y �i�h �r�Z�]�mTs��

�P�_�e�_�\�Z�y �n�m�g�d�p�b�y �0�3�& �n�h�j�f�b�j�m�_�l�k�y �d�Z�d �d�\�Z�^�j�Z�l�b�q�g�u�c �n�m�g�d�p�b�h�g�Z�e��

�f�b�g�b�f�b�a�b�j�m�x�s�b�c �h�r�b�[�d�b �k�e�_�`�_�g�b�y�� �\�_�e�b�q�b�g�m �m�]�e�Z �i�h�\�h�j�h�l�Z �d�h�e�_�k �b �_�]�h

�i�j�b�j�Z�s�_�g�b�y��

J =
Np%1#

i =0

-
�[�hk+ i |kQ �[k+ i |k + #�h

k+ i |kR #k+ i |k + ! #�h
k+ i |kR! ! #k+ i |k

.
, ������������

�]�^�_Q ' 0�� R / 0�� R! ' 0 �² �\�_�k�h�\�u�_ �f�Z�l�j�b�p�u�� �< �\�u�q�b�k�e�b�l�_�e�v�g�u�o

�w�d�k�i�_�j�b�f�_�g�l�Z�o �b�k�i�h�e�v�a�m�x�l�k�y �^�b�Z�]�h�g�Z�e�v�g�u�_ �f�Z�l�j�b�p�u�� �k�h�]�e�Z�k�h�\�Z�g�g�u�_ �k

�g�Z�k�l�j�h�c�d�Z�f�b �j�_�]�m�e�y�l�h�j�Z �i�h�i�_�j�_�q�g�h�]�h �k�e�_�`�_�g�b�y�� �i�j�b �w�l�h�f �r�l�j�Z�n�h�\�Z�g�b�_! #



����

�h�[�_�k�i�_�q�b�\�Z�_�l �k�]�e�Z�`�b�\�Z�g�b�_ �m�i�j�Z�\�e�y�x�s�_�]�h �\�h�a�^�_�c�k�l�\�b�y��

�I�j�b �i�h�k�l�Z�g�h�\�d�_ �a�Z�^�Z�q�b �0�3�& �b�k�i�h�e�v�a�m�x�l�k�y �h�]�j�Z�g�b�q�_�g�b�y�� �h�[�_�k�i�_�q�b�\�Z�x�s�b�_

�n�b�a�b�q�_�k�d�m�x �j�_�Z�e�b�a�m�_�f�h�k�l�v �m�i�j�Z�\�e�_�g�b�y �j�m�e�_�\�u�f �i�j�b�\�h�^�h�f�� �H�]�j�Z�g�b�q�_�g�b�_ �i�h �m�]�e�m

�i�h�\�h�j�h�l�Z �m�i�j�Z�\�e�y�_�f�u�o �d�h�e�_�k �b�f�_�_�l �\�b�^

%#�P�D�[" #k+ i |k " #�P�D�[, i = 0, . . . , Np %1. ������������

�H�]�j�Z�g�b�q�_�g�b�_ �i�h �k�d�h�j�h�k�l�b �b�a�f�_�g�_�g�b�y �m�]�e�Z �i�h�\�h�j�h�l�Z �a�Z�^�Z�_�l�k�y �q�_�j�_�a �i�j�b�j�Z�s�_�g�b�y

%! #�P�D�[" ! #k+ i |k " ! #�P�D�[, ! #�P�D�[= ú#�P�D�[Ts. ������������

�>�h�i�h�e�g�b�l�_�e�v�g�h �\�\�h�^�b�l�k�y �h�]�j�Z�g�b�q�_�g�b�_ �i�h �i�h�i�_�j�_�q�g�h�f�m �m�k�d�h�j�_�g�b�x�� �K

�m�q�_�l�h�f �k�h�h�l�g�h�r�_�g�b�y

ay = v2" , ������������

�b �i�j�b�[�e�b�`�_�g�g�h�c �d�b�g�_�f�Z�l�b�q�_�k�d�h�c �k�\�y�a�b" , �W�D�Q(#)/ L ���f�h�^�_�e�v �©�\�_�e�h�k�b�i�_�^�ª��

�h�]�j�Z�g�b�q�_�g�b�_|ay| " ay,�P�D�[ �i�j�b�\�h�^�b�l �d �h�]�j�Z�g�b�q�_�g�b�x �g�Z �^�h�i�m�k�l�b�f�u�c �m�]�h�e

�i�h�\�h�j�h�l�Z �d�h�e�_�k�� �a�Z�\�b�k�y�s�b�c �h�l �k�d�h�j�h�k�l�b��

|#k+ i |k| " �D�U�F�W�D�Q

=
ay,�P�D�[L
v2

�U�H�I,k+ i

>

, i = 0, . . . , Np %1. ������������

�>�Z�g�g�h�_ �h�]�j�Z�g�b�q�_�g�b�_ �b�k�i�h�e�v�a�m�_�l�k�y �k�h�\�f�_�k�l�g�h �k �������������� �l�h �_�k�l�v �n�Z�d�l�b�q�_�k�d�b

�n�h�j�f�b�j�m�_�l �k�d�h�j�h�k�l�v���a�Z�\�b�k�b�f�m�x �^�h�i�m�k�l�b�f�m�x �h�[�e�Z�k�l�v# �g�Z �]�h�j�b�a�h�g�l�_

�i�j�h�]�g�h�a�b�j�h�\�Z�g�b�y��

�K �m�q�_�l�h�f �f�h�^�_�e�b �������������� �n�m�g�d�p�b�h�g�Z�e�Z ������������ �b �h�]�j�Z�g�b�q�_�g�b�c �������������±������������

�a�Z�^�Z�q�Z �0�3�& �i�j�b�\�h�^�b�l�k�y �d �a�Z�^�Z�q�_ �d�\�Z�^�j�Z�l�b�q�g�h�]�h �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y ���4�3�� �k

�e�b�g�_�c�g�u�f�b �h�]�j�Z�g�b�q�_�g�b�y�f�b�� �W�l�h �h�[�_�k�i�_�q�b�\�Z�_�l �\�h�a�f�h�`�g�h�k�l�v �j�_�r�_�g�b�y �a�Z�^�Z�q�b �\

�j�_�Z�e�v�g�h�f �\�j�_�f�_�g�b �k �i�j�b�f�_�g�_�g�b�_�f �k�i�_�p�b�Z�e�b�a�b�j�h�\�Z�g�g�u�o �q�b�k�e�_�g�g�u�o �j�_�r�Z�l�_�e�_�c��

�q�l�h �b�k�i�h�e�v�a�m�_�l�k�y �^�Z�e�_�_ �\ �i�h�^�j�Z�a�^�_�e�_ ������������

���������� �I�j�_�h�[�j�Z�a�h�\�Z�g�b�_ �a�Z�^�Z�q�b �0�3�& �d �a�Z�^�Z�q�_ �d�\�Z�^�j�Z�l�b�q�g�h�]�h

�i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y ���4�3��

�>�e�y �h�[�_�k�i�_�q�_�g�b�y �\�u�q�b�k�e�b�l�_�e�v�g�h�c �j�_�Z�e�b�a�m�_�f�h�k�l�b �Z�e�]�h�j�b�l�f�Z �\ �j�_�`�b�f�_

�j�_�Z�e�v�g�h�]�h �\�j�_�f�_�g�b �a�Z�^�Z�q�Z �0�3�& �\ �g�Z�k�l�h�y�s�_�c �j�Z�[�h�l�_ �i�j�b�\�h�^�b�l�k�y �d �a�Z�^�Z�q�_

�d�\�Z�^�j�Z�l�b�q�g�h�]�h �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y ���4�3�� �k �e�b�g�_�c�g�u�f�b �h�]�j�Z�g�b�q�_�g�b�y�f�b�� �< �d�Z�q�_�k�l�\�_



����

�i�_�j�_�f�_�g�g�h�c �h�i�l�b�f�b�a�Z�p�b�b �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�v �m�]�e�h�\ �i�h�\�h�j�h�l�Z

�m�i�j�Z�\�e�y�_�f�u�o �d�h�e�_�k �g�Z �]�h�j�b�a�h�g�l�_ �i�j�h�]�g�h�a�b�j�h�\�Z�g�b�yNp��

�8 =
5
#k|k #k+1 |k á á á#k+ Np%1|k

6�h
. ������������

�>�e�y �a�Z�i�b�k�b �i�j�h�]�g�h�a�Z �k�h�k�l�h�y�g�b�y �\�\�h�^�b�l�k�y �k�l�_�d �\�_�d�l�h�j�h�\ �k�h�k�l�h�y�g�b�c ���h�r�b�[�h�d

�k�e�_�`�_�g�b�y�� �g�Z �]�h�j�b�a�h�g�l�_��

�; =
5
�[�hk+1 |k �[�hk+2 |k á á á�[�hk+ Np|k

6�h
, ������������

�]�^�_�[k ! Rnx ��nx = 4 ���k�f�� ���������������� �Z#k ! R �y�\�e�y�_�l�k�y �k�d�Z�e�y�j�g�u�f �m�i�j�Z�\�e�_�g�b�_�f��

�>�b�k�d�j�_�l�g�Z�y �f�h�^�_�e�v �h�r�b�[�h�d �g�Z �d�Z�`�^�h�f �r�Z�]�_ �]�h�j�b�a�h�g�l�Z �b�f�_�_�l �\�b�^

�[k+ i+1 |k = Ad,k+ i �[k+ i |k + Bd,k+ i #k+ i |k + �Fk+ i , i = 0, . . . , Np %1, ������������

�]�^�_�Fk+ i = Cd,k+ i r �U�H�I,k+ i �y�\�e�y�_�l�k�y �b�a�\�_�k�l�g�u�f �k�f�_�s�_�g�b�_�f�� �a�Z�^�Z�\�Z�_�f�u�f �h�i�h�j�g�h�c

�l�j�Z�_�d�l�h�j�b�_�c ���k�f�� ����������������

�G�Z �h�k�g�h�\�_ ������������ �k�l�j�h�b�l�k�y �f�Z�l�j�b�q�g�h�_ �i�j�_�^�k�d�Z�a�Z�g�b�_ �g�Z �]�h�j�b�a�h�g�l�_ �\ �\�b�^�_

�; = Sx �[k + Su �8+ �6c, ������������

�]�^�_Sx ! R(Npnx )# nx �� Su ! R(Npnx )# Np �� �6c ! R(Npnx ) �² �f�Z�l�j�b�p�u �b �\�_�d�l�h�j

�i�j�_�^�k�d�Z�a�Z�g�b�y�� �h�^�g�h�a�g�Z�q�g�h �h�i�j�_�^�_�e�y�_�f�u�_ �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�y�f�bAd,k+ i �� Bd,k+ i ��

�Fk+ i �� �>�e�y �m�^�h�[�k�l�\�Z �^�Z�e�_�_ �\�\�h�^�b�l�k�y �Z�n�n�b�g�g�Z�y �k�h�k�l�Z�\�e�y�x�s�Z�y �i�j�h�]�g�h�a�Z

�; �D�I�I= Sx �[k + �6c, �; = �; �D�I�I+ Su �8. ������������

�:�n�n�b�g�g�Z�y �k�h�k�l�Z�\�e�y�x�s�Z�y �i�j�h�]�g�h�a�Z �i�j�_�^�k�l�Z�\�e�y�_�l �k�h�[�h�c �q�Z�k�l�v �\�_�d�l�h�j�Z

�i�j�_�^�k�d�Z�a�Z�g�g�u�o �k�h�k�l�h�y�g�b�c�� �h�i�j�_�^�_�e�y�_�f�m�x �l�_�d�m�s�b�f �k�h�k�l�h�y�g�b�_�f �k�b�k�l�_�f�u �b

�b�a�\�_�k�l�g�u�f�b �^�h�[�Z�\�h�q�g�u�f�b �q�e�_�g�Z�f�b �f�h�^�_�e�b �b �g�_ �a�Z�\�b�k�y�s�m�x �h�l �h�i�l�b�f�b�a�b�j�m�_�f�h�]�h

�\�_�d�l�h�j�Z �m�i�j�Z�\�e�y�x�s�b�o �\�h�a�^�_�c�k�l�\�b�c��

�I�h�k�d�h�e�v�d�m �\�_�d�l�h�j �k�h�k�l�h�y�g�b�y�[ �h�i�j�_�^�_�e�_�g �d�Z�d �\�_�d�l�h�j �h�r�b�[�h�d �k�e�_�`�_�g�b�y��

�p�_�e�_�\�h�_ �k�h�k�l�h�y�g�b�_ �k�h�h�l�\�_�l�k�l�\�m�_�l�[ = 0 �� �L�h�]�^�Z �d�\�Z�^�j�Z�l�b�q�g�u�c �n�m�g�d�p�b�h�g�Z�e

�d�Z�q�_�k�l�\�Z ������������ �g�Z �]�h�j�b�a�h�g�l�_ �a�Z�i�b�k�u�\�Z�_�l�k�y �\ �d�h�f�i�Z�d�l�g�h�c �n�h�j�f�_��

J = �; �h øQ �; + �8�h øR �8+ ( �(�8 %�Z)�h øR! (�(�8 %�Z), ������������



����

�]�^�_øQ = �E�O�N�G�L�D�J(Q, . . . , Q) ! R(Npnx )# (Npnx )�� øR = �E�O�N�G�L�D�J(R, . . . , R) ! RNp# Np ��
øR! = �E�O�N�G�L�D�J(R! , . . . , R! ) ! RNp# Np �� �F�Z�l�j�b�p�Z �j�Z�a�g�h�k�l�_�c�( ! RNp# Np �j�_�Z�e�b�a�m�_�l

�h�i�_�j�Z�l�h�j �i�j�b�j�Z�s�_�g�b�c! #��

! �8 =

$
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&

#k|k %#k%1

#k+1 |k %#k|k
������

#k+ Np%1|k %#k+ Np%2|k

'
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)

= �(�8 %�Z, ������������

�]�^�_
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$
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, �Z=
5
#k%1 0 á á á0

6�h
. ������������

�I�h�^�k�l�Z�\�e�y�y ������������ �\ ������������ �b �]�j�m�i�i�b�j�m�y �q�e�_�g�u �i�h�8�� �i�h�e�m�q�Z�_�f �d�\�Z�^�j�Z�l�b�q�g�m�x

�a�Z�^�Z�q�m �\�b�^�Z�� �i�j�b�g�y�l�h�]�h �\ �j�_�r�Z�l�_�e�_ �2�6�4�3��

�P�L�Q
�8

1
2

�8�hP �8+ �T�h�8, ��������������

�]�^�_ �f�Z�l�j�b�p�ZP ' 0 �b �\�_�d�l�h�j�T�h�i�j�_�^�_�e�y�x�l�k�y �k�e�_�^�m�x�s�b�f �h�[�j�Z�a�h�f��

P = 2
-

S�h
u

øQ Su + øR + �( �h øR! �(
.

, ��������������

�T= 2
-

S�h
u

øQ �; �D�I�I%�( �h øR! �Z
.

. ��������������

�I�h�k�l�h�y�g�g�u�_ �i�h�8 �k�e�Z�]�Z�_�f�u�_ �\ �n�m�g�d�p�b�h�g�Z�e�_J �g�Z �h�i�l�b�f�m�f �g�_ �\�e�b�y�x�l �b �\ ��������������

�g�_ �\�d�e�x�q�Z�x�l�k�y��

�H�]�j�Z�g�b�q�_�g�b�y �g�Z �m�i�j�Z�\�e�_�g�b�_ �n�h�j�f�b�j�m�x�l�k�y �\ �\�b�^�_ �e�b�g�_�c�g�u�o �^�\�m�k�l�h�j�h�g�g�b�o

�g�_�j�Z�\�_�g�k�l�\�O" A�8 " �X�� �]�^�_ �f�Z�l�j�b�p�Z �h�]�j�Z�g�b�q�_�g�b�c �k�l�j�h�b�l�k�y �i�m�l�_�f �\�_�j�l�b�d�Z�e�v�g�h�]�h

�h�[�t�_�^�b�g�_�g�b�y �h�]�j�Z�g�b�q�_�g�b�c �g�Z �m�]�h�e �i�h�\�h�j�h�l�Z �b �g�Z �_�]�h �i�j�b�j�Z�s�_�g�b�_��

A =

+
I

�(

,

, ��������������



����

�Z �\�_�d�l�h�j�u �g�b�`�g�b�o �b �\�_�j�o�g�b�o �]�j�Z�g�b�p �b�f�_�x�l �\�b�^

�O=

+
! �P�L�Q

%! #�P�D�[�� + �Z

,

, �X=

+
! �P�D�[

! #�P�D�[�� + �Z

,

. ��������������

�A�^�_�k�v! �P�L�Q! RNp �� ! �P�D�[ ! RNp �² �i�h�d�h�f�i�h�g�_�g�l�g�u�_ �]�j�Z�g�b�p�u �^�e�y#k+ i |k� � � <

�q�Z�k�l�g�h�k�l�b�� �k �m�q�_�l�h�f �h�]�j�Z�g�b�q�_�g�b�c �j�m�e�_�\�h�]�h �i�j�b�\�h�^�Z �b �h�]�j�Z�g�b�q�_�g�b�y �i�h

�i�h�i�_�j�_�q�g�h�f�m �m�k�d�h�j�_�g�b�x ������������ �\�_�j�o�g�y�y �]�j�Z�g�b�p�Z �g�Zi ���f �r�Z�]�_ �]�h�j�b�a�h�g�l�Z �a�Z�^�Z�_�l�k�y

�d�Z�d

#�P�D�[,k+ i = �P�L�Q

=

#�P�D�[, �D�U�F�W�D�Q

=
ay,�P�D�[L
v2

�U�H�I,k+ i

>>

, #�P�L�Q,k+ i = %#�P�D�[,k+ i . ��������������

�I�Z�j�Z�f�_�l�j! #�P�D�[= ú#�P�D�[Ts �k�h�h�l�\�_�l�k�l�\�m�_�l �h�]�j�Z�g�b�q�_�g�b�x �g�Z �k�d�h�j�h�k�l�v �b�a�f�_�g�_�g�b�y �m�]�e�Z

�i�h�\�h�j�h�l�Z ���k�f�� ������������������ �² �\�_�d�l�h�j �_�^�b�g�b�p �j�Z�a�f�_�j�g�h�k�l�bNp��

�L�Z�d�b�f �h�[�j�Z�a�h�f�� �a�Z�^�Z�q�Z �m�i�j�Z�\�e�_�g�b�y �g�Z �d�Z�`�^�h�f �l�Z�d�l�_ �k�\�h�^�b�l�k�y �d �j�_�r�_�g�b�x

�4�3 �������������� �i�j�b �h�]�j�Z�g�b�q�_�g�b�y�o ���������������±���������������� �I�h�e�m�q�_�g�g�Z�y �h�i�l�b�f�Z�e�v�g�Z�y

�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�v�8' �b�k�i�h�e�v�a�m�_�l�k�y �i�h �i�j�b�g�p�b�i�m �m�[�u�\�Z�x�s�_�]�h �]�h�j�b�a�h�g�l�Z�� �\

�h�[�t�_�d�l �m�i�j�Z�\�e�_�g�b�y �i�h�^�Z�_�l�k�y �l�h�e�v�d�h �i�_�j�\�h�_ �a�g�Z�q�_�g�b�_#'
k|k�� �i�h�k�e�_ �q�_�]�h �g�Z

�k�e�_�^�m�x�s�_�f �l�Z�d�l�_ �a�Z�^�Z�q�Z �n�h�j�f�b�j�m�_�l�k�y �b �j�_�r�Z�_�l�k�y �i�h�\�l�h�j�g�h �k �h�[�g�h�\�e�_�g�g�u�f�b�[k��

v�U�H�I,k+ i ��" �U�H�I,k+ i �b#k%1��

���������� �J�_�a�m�e�v�l�Z�l�u �f�h�^�_�e�b�j�h�\�Z�g�b�y �b �\�h�k�i�j�h�b�a�\�h�^�b�f�h�k�l�v �\�u�q�b�k�e�b�l�_�e�v�g�h�]�h

�w�d�k�i�_�j�b�f�_�g�l�Z

�P�_�e�v �\�u�q�b�k�e�b�l�_�e�v�g�h�]�h �w�d�k�i�_�j�b�f�_�g�l�Z �k�h�k�l�h�b�l �\ �k�h�i�h�k�l�Z�\�e�_�g�b�b �d�Z�q�_�k�l�\�Z

�i�h�i�_�j�_�q�g�h�]�h �k�e�_�`�_�g�b�y �b �\�u�q�b�k�e�b�l�_�e�v�g�u�o �a�Z�l�j�Z�l �^�e�y �l�j�z�o �Z�e�]�h�j�b�l�f�h�\

�m�i�j�Z�\�e�_�g�b�y�� �Z�e�]�h�j�b�l�f�Z �]�_�h�f�_�l�j�b�q�_�k�d�h�]�h �i�j�_�k�e�_�^�h�\�Z�g�b�y ���3�3����

�e�b�g�_�c�g�h���d�\�Z�^�j�Z�l�b�q�g�h�]�h �j�_�]�m�e�y�l�h�j�Z ���/�4�5�� �b �f�h�^�_�e�v�g�h���i�j�_�^�b�d�l�b�\�g�h�]�h

�m�i�j�Z�\�e�_�g�b�y ���0�3�&���� �>�e�y �m�k�l�j�Z�g�_�g�b�y �f�_�l�h�^�b�q�_�k�d�h�c �g�_�h�^�g�h�a�g�Z�q�g�h�k�l�b �^�Z�e�_�_

�j�Z�a�^�_�e�v�g�h �j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y �f�h�^�_�e�v �h�[�t�_�d�l�Z �m�i�j�Z�\�e�_�g�b�y�� �i�j�b�f�_�g�y�_�f�Z�y �^�e�y

�i�_�j�_�k�q�z�l�Z �k�h�k�l�h�y�g�b�y �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z �i�j�b �f�h�^�_�e�b�j�h�\�Z�g�b�b�� �b �j�Z�k�q�z�l�g�u�_

�f�h�^�_�e�b�� �b�k�i�h�e�v�a�m�_�f�u�_ �g�_�i�h�k�j�_�^�k�l�\�_�g�g�h �\ �Z�e�]�h�j�b�l�f�Z�o �m�i�j�Z�\�e�_�g�b�y��

�B�k�o�h�^�g�u�_ �^�Z�g�g�u�_ �b �m�k�e�h�\�b�y �\�u�q�b�k�e�b�l�_�e�v�g�h�]�h �w�d�k�i�_�j�b�f�_�g�l�Z���H�i�h�j�g�Z�y

�l�j�Z�_�d�l�h�j�b�y �a�Z�^�Z�z�l�k�y �^�b�k�d�j�_�l�g�u�f �g�Z�[�h�j�h�f �l�h�q�_�d{ x �U�H�I,i , y�U�H�I,i , ! �U�H�I,i , " �U�H�I,i , v�U�H�I,i } ��

�k�h�^�_�j�`�Z�s�b�f �d�Z�d �i�j�y�f�h�e�b�g�_�c�g�u�_�� �l�Z�d �b �d�j�b�\�h�e�b�g�_�c�g�u�_ �m�q�Z�k�l�d�b�� �R�Z�]



����

�^�b�k�d�j�_�l�b�a�Z�p�b�b �i�j�b �f�h�^�_�e�b�j�h�\�Z�g�b�b �b �\ �Z�e�]�h�j�b�l�f�Z�o �m�i�j�Z�\�e�_�g�b�y �i�j�b�g�y�l �j�Z�\�g�u�f

Ts = 0.1 �k�� �>�e�y �h�p�_�g�d�b �\�e�b�y�g�b�y �k�d�h�j�h�k�l�b �^�\�b�`�_�g�b�y �j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y �q�_�l�u�j�_

�j�_�`�b�f�Z��v�U�H�I! { 3, 5, 10, 13.88} �f���k�� �I�j�b �w�l�h�f �]�_�h�f�_�l�j�b�y �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b �\�h

�\�k�_�o �k�_�j�b�y�o �j�Z�k�q�z�l�h�\ �k�h�o�j�Z�g�y�_�l�k�y �g�_�b�a�f�_�g�g�h�c�� �G�Z�q�Z�e�v�g�h�_ �k�h�k�l�h�y�g�b�_

�i�j�b�g�b�f�Z�_�l�k�y �k�h�\�i�Z�^�Z�x�s�b�f �k �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�_�c�� �l�h �_�k�l�v �g�Z�q�Z�e�v�g�u�_ �h�r�b�[�d�b

�i�h �i�h�e�h�`�_�g�b�x �b �d�m�j�k�m �j�Z�\�g�u �g�m�e�x�� �W�l�h �i�h�a�\�h�e�y�_�l �b�k�d�e�x�q�b�l�v �\�e�b�y�g�b�_

�b�k�d�m�k�k�l�\�_�g�g�h �a�Z�^�Z�\�Z�_�f�h�]�h �g�Z�q�Z�e�v�g�h�]�h �j�Z�k�k�h�]�e�Z�k�h�\�Z�g�b�y �g�Z �j�_�a�m�e�v�l�Z�l�u

�k�h�i�h�k�l�Z�\�e�_�g�b�y �Z�e�]�h�j�b�l�f�h�\��

�I�h�k�l�j�h�_�g�b�_ �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b �^�e�y �l�_�k�l�b�j�h�\�Z�g�b�y �d�h�g�l�j�h�e�e�_�j�h�\���>�e�y

�\�h�k�i�j�h�b�a�\�h�^�b�f�h�k�l�b �k�j�Z�\�g�_�g�b�y �3�3�� �/�4�5 �b �0�3�& �h�i�h�j�g�Z�y �l�j�Z�_�d�l�h�j�b�y

�n�h�j�f�b�j�h�\�Z�e�Z�k�v �h�^�b�g�Z�d�h�\�u�f �k�i�h�k�h�[�h�f �\�h �\�k�_�o �k�_�j�b�y�o �w�d�k�i�_�j�b�f�_�g�l�Z��

���� �a�Z�^�Z�\�Z�e�k�y �g�Z�[�h�j �d�h�g�l�j�h�e�v�g�u�o �l�h�q�_�d �6�±�h�[�j�Z�a�g�h�c �l�j�Z�k�k�u ���l�Z�[�e�b�p�Z ����������

���� �i�h �d�h�g�l�j�h�e�v�g�u�f �l�h�q�d�Z�f �k�l�j�h�b�e�Z�k�v �]�e�Z�^�d�Z�y �d�j�b�\�Z�y �d�m�[�b�q�_�k�d�b�f

�%���k�i�e�Z�c�g�h�f��

���� �d�j�b�\�Z�y �i�Z�j�Z�f�_�l�j�b�a�h�\�Z�e�Z�k�v �^�e�b�g�h�c �^�m�]�b �b �j�Z�\�g�h�f�_�j�g�h

�i�_�j�_�k�w�f�i�e�b�j�h�\�Z�e�Z�k�v �k �r�Z�]�h�f! s = 0.5 �f��

���� �^�e�y �d�Z�`�^�h�c �^�b�k�d�j�_�l�g�h�c �l�h�q�d�b �\�u�q�b�k�e�y�e�b�k�v! �U�H�I,i �b " �U�H�I,i �� �i�h�k�e�_ �q�_�]�h

�a�Z�^�Z�\�Z�e�k�y �i�j�h�n�b�e�vv�U�H�I,i ���i�h�k�l�h�y�g�g�u�c �\ �j�Z�f�d�Z�o �d�Z�`�^�h�]�h �k�p�_�g�Z�j�b�y �k�d�h�j�h�k�l�b����

�L�Z�[�e�b�p�Z ������ �± �D�h�g�l�j�h�e�v�g�u�_ �l�h�q�d�b �6�±�h�[�j�Z�a�g�h�c �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b �\
�\�u�q�b�k�e�b�l�_�e�v�g�h�f �w�d�k�i�_�j�b�f�_�g�l�_

i x i � � � f yi � � � f
�� �� ������
�� ���� ������
�� ���� ������
�� ���� ������
�� ���� ������
�� ������ ��������
�� ������ ��������
�� ������ ������

�D�m�j�k�h�\�h�c �m�]�h�e �b �d�j�b�\�b�a�g�Z �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b �h�i�j�_�^�_�e�y�e�b�k�v �i�h

�^�b�k�d�j�_�l�g�u�f �i�j�h�b�a�\�h�^�g�u�f��

! �U�H�I,i = �D�W�D�Q��(y�U�H�I,i+1 %y�U�H�I,i , x�U�H�I,i+1 %x �U�H�I,i ) , " �U�H�I,i =
! �U�H�I,i+1 %! �U�H�I,i

si +1 %si
. ��������������



����

�L�Z�d�b�f �h�[�j�Z�a�h�f�� �\�k�_ �d�h�g�l�j�h�e�e�_�j�u �l�_�k�l�b�j�h�\�Z�e�b�k�v �g�Z �b�^�_�g�l�b�q�g�h�c �h�i�h�j�g�h�c

�]�_�h�f�_�l�j�b�b �b �j�Z�a�e�b�q�Z�e�b�k�v �l�h�e�v�d�h �a�Z�d�h�g�h�f �n�h�j�f�b�j�h�\�Z�g�b�y �m�i�j�Z�\�e�y�x�s�_�]�h

�\�h�a�^�_�c�k�l�\�b�y��

�F�h�^�_�e�v �h�[�t�_�d�l�Z �m�i�j�Z�\�e�_�g�b�y �\ �\�u�q�b�k�e�b�l�_�e�v�g�h�f �w�d�k�i�_�j�b�f�_�g�l�_���I�_�j�_�k�q�z�l

�k�h�k�l�h�y�g�b�y �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z �i�j�b �f�h�^�_�e�b�j�h�\�Z�g�b�b �\�u�i�h�e�g�y�_�l�k�y �g�Z �h�k�g�h�\�_

�d�b�g�_�f�Z�l�b�q�_�k�d�h�c �\�_�e�h�k�b�i�_�^�g�h�c �f�h�^�_�e�b �\ �^�_�d�Z�j�l�h�\�h�c �k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l

(x, y, ! , v)��
xk+1 = xk + vk �F�R�V! k Ts,

yk+1 = yk + vk �V�L�Q! k Ts,

! k+1 = ! k +
vk

L
�W�D�Q(#k) Ts,

vk+1 = vk + ak Ts,

��������������

�]�^�_L �² �d�h�e�z�k�g�Z�y �[�Z�a�Z��#k �² �m�]�h�e �i�h�\�h�j�h�l�Z �m�i�j�Z�\�e�y�_�f�u�o �d�h�e�z�k��ak �²

�i�j�h�^�h�e�v�g�h�_ �m�k�d�h�j�_�g�b�_�� �I�j�h�^�h�e�v�g�h�_ �^�\�b�`�_�g�b�_ �k�l�Z�[�b�e�b�a�b�j�m�_�l�k�y �i�j�h�k�l�u�f

�j�_�]�m�e�y�l�h�j�h�f �k�d�h�j�h�k�l�b��

ak = �V�D�W[a�P�L�Q, a�P�D�[]
!
K v (v�U�H�I,k %vk)

"
, ��������������

�]�^�_K v �² �d�h�w�n�n�b�p�b�_�g�l �m�k�b�e�_�g�b�y��a�P�L�Q�ba�P�D�[�² �h�]�j�Z�g�b�q�_�g�b�y �i�h �i�j�h�^�h�e�v�g�h�f�m

�m�k�d�h�j�_�g�b�x��

�J�Z�k�q�z�l�g�u�_ �f�h�^�_�e�b�� �b�k�i�h�e�v�a�m�_�f�u�_ �\ �Z�e�]�h�j�b�l�f�Z�o �m�i�j�Z�\�e�_�g�b�y���:�e�]�h�j�b�l�f�u

�3�3�� �/�4�5 �b �0�3�& �b�k�i�h�e�v�a�m�x�l �b�a�f�_�j�y�_�f�h�_ �k�h�k�l�h�y�g�b�_(x, y, ! , v) �^�e�y �\�u�q�b�k�e�_�g�b�y

�h�l�d�e�h�g�_�g�b�c �h�l�g�h�k�b�l�_�e�v�g�h �[�e�b�`�Z�c�r�_�c �l�h�q�d�b �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b

(x �U�H�I, y�U�H�I, ! �U�H�I, " �U�H�I, v�U�H�I)�� �< �d�Z�q�_�k�l�\�_ �h�k�g�h�\�g�u�o �i�_�j�_�f�_�g�g�u�o �h�r�b�[�d�b

�j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y �i�h�i�_�j�_�q�g�h�_ �h�l�d�e�h�g�_�g�b�_ey�� �h�r�b�[�d�Z �i�h �d�m�j�k�me% �b �b�o

�i�j�h�b�a�\�h�^�g�u�_�� �< �Z�e�]�h�j�b�l�f�Z�o �/�4�5 �b �0�3�& �i�j�h�]�g�h�a�b�j�h�\�Z�g�b�_ �b �k�b�g�l�_�a

�m�i�j�Z�\�e�y�x�s�_�]�h �\�h�a�^�_�c�k�l�\�b�y �\�u�i�h�e�g�y�x�l�k�y �g�Z �h�k�g�h�\�_ �e�b�g�_�Z�j�b�a�h�\�Z�g�g�h�c �f�h�^�_�e�b

�[�h�d�h�\�h�]�h �^�\�b�`�_�g�b�y �\�_�e�h�k�b�i�_�^�g�h�]�h �l�b�i�Z �\ �d�h�h�j�^�b�g�Z�l�Z�o �h�r�b�[�h�d�� �l�h�]�^�Z �d�Z�d �f�h�^�_�e�v

�h�[�t�_�d�l�Z �m�i�j�Z�\�e�_�g�b�y �\ �\�u�q�b�k�e�b�l�_�e�v�g�h�f �w�d�k�i�_�j�b�f�_�g�l�_ �h�k�l�Z�z�l�k�y �d�b�g�_�f�Z�l�b�q�_�k�d�h�c �\

�k�h�h�l�\�_�l�k�l�\�b�b �k ���������������� �L�Z�d�h�_ �j�Z�a�^�_�e�_�g�b�_ �y�\�e�y�_�l�k�y �^�h�i�m�k�l�b�f�u�f �b �h�l�j�Z�`�Z�_�l

�i�j�Z�d�l�b�q�_�k�d�b �\�Z�`�g�m�x �k�b�l�m�Z�p�b�x �g�_�k�h�\�i�Z�^�_�g�b�y �f�h�^�_�e�b �h�[�t�_�d�l�Z �b �f�h�^�_�e�b��

�b�k�i�h�e�v�a�m�_�f�h�c �i�j�b �n�h�j�f�b�j�h�\�Z�g�b�b �a�Z�d�h�g�Z �m�i�j�Z�\�e�_�g�b�y�� �I�h�w�l�h�f�m �^�Z�e�v�g�_�c�r�Z�y

�b�g�l�_�j�i�j�_�l�Z�p�b�y �j�_�a�m�e�v�l�Z�l�h�\ �h�k�m�s�_�k�l�\�e�y�_�l�k�y �d�Z�d �k�h�i�h�k�l�Z�\�e�_�g�b�_ �Z�e�]�h�j�b�l�f�h�\ �i�j�b



����

�n�b�d�k�b�j�h�\�Z�g�g�h�c �f�h�^�_�e�b �h�[�t�_�d�l�Z �m�i�j�Z�\�e�_�g�b�y �b �_�^�b�g�h�c �i�j�h�p�_�^�m�j�_ �\�u�q�b�k�e�_�g�b�y

�h�r�b�[�h�d��

�I�Z�j�Z�f�_�l�j�u �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z �b �h�]�j�Z�g�b�q�_�g�b�y���< �l�Z�[�e�b�p�_ ������

�i�j�b�\�_�^�_�g�u �i�Z�j�Z�f�_�l�j�u �f�h�^�_�e�b �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z�� �b�k�i�h�e�v�a�h�\�Z�g�g�u�_ �i�j�b

�f�h�^�_�e�b�j�h�\�Z�g�b�b�� �Z �l�Z�d�`�_ �i�j�b �i�h�k�l�j�h�_�g�b�b �j�Z�k�q�z�l�g�u�o �f�h�^�_�e�_�c �Z�e�]�h�j�b�l�f�h�\ �/�4�5 �b

�0�3�&�� �H�]�j�Z�g�b�q�_�g�b�y �j�m�e�_�\�h�]�h �m�i�j�Z�\�e�_�g�b�y �a�Z�^�Z�x�l�k�y �i�j�_�^�_�e�v�g�u�f�b �a�g�Z�q�_�g�b�y�f�b

�m�]�e�Z �i�h�\�h�j�h�l�Z#�P�D�[ �b �k�d�h�j�h�k�l�b �_�]�h �b�a�f�_�g�_�g�b�yú#�P�D�[�� �>�e�y �h�]�j�Z�g�b�q�_�g�b�y

�b�g�l�_�g�k�b�\�g�h�k�l�b �[�h�d�h�\�h�]�h �^�\�b�`�_�g�b�y �^�h�i�h�e�g�b�l�_�e�v�g�h �m�q�b�l�u�\�Z�_�l�k�y �i�j�_�^�_�e�v�g�h�_

�i�h�i�_�j�_�q�g�h�_ �m�k�d�h�j�_�g�b�_�� �h�i�j�_�^�_�e�y�_�f�h�_ �i�h �d�b�g�_�f�Z�l�b�q�_�k�d�h�f�m �k�h�h�l�g�h�r�_�g�b�x

ay , v2 �W�D�Q(#)/ L ��

�L�Z�[�e�b�p�Z ������ �± �I�Z�j�Z�f�_�l�j�u �f�h�^�_�e�b�j�m�_�f�h�]�h �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z

�M�k�e�h�\�g�h�_ �h�[�h�a�g�Z�q�_�g�b�_�G�Z�b�f�_�g�h�\�Z�g�b�_ �i�Z�j�Z�f�_�l�j�Z �A�g�Z�q�_�g�b�_
m �I�h�e�g�Z�y �f�Z�k�k�Z �l�j�Z�g�k�i�h�j�l�g�h�]�h

�k�j�_�^�k�l�\�Z
�������� �>�d�]�@

I z �F�h�f�_�g�l �b�g�_�j�p�b�b �h�l�g�h�k�b�l�_�e�v�g�h
�\�_�j�l�b�d�Z�e�v�g�h�c �h�k�b

�������� �>�d�]á�f2�@

V �K�d�h�j�h�k�l�v �^�\�b�`�_�g�b�y �\ �k�_�j�b�y�o
�\�u�q�b�k�e�b�l�_�e�v�g�h�]�h �w�d�k�i�_�j�b�f�_�g�l�Z

���� ���� ������ ���������� �>�f���k�@

l f �J�Z�k�k�l�h�y�g�b�_ �h�l �p�_�g�l�j�Z �f�Z�k�k �^�h
�i�_�j�_�^�g�_�c �h�k�b

�������� �>�f�@

l r �J�Z�k�k�l�h�y�g�b�_ �h�l �p�_�g�l�j�Z �f�Z�k�k �^�h �a�Z�^�g�_�c
�h�k�b

���������� �>�f�@

Cf �D�h�w�n�n�b�p�b�_�g�l �[�h�d�h�\�h�c �`�z�k�l�d�h�k�l�b
�i�_�j�_�^�g�_�c �h�k�b

���������� �>�G���j�Z�^�@

Cr �D�h�w�n�n�b�p�b�_�g�l �[�h�d�h�\�h�c �`�z�k�l�d�h�k�l�b
�a�Z�^�g�_�c �h�k�b

���������� �>�G���j�Z�^�@
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�I�Z�j�Z�f�_�l�j�u �Z�e�]�h�j�b�l�f�h�\ �m�i�j�Z�\�e�_�g�b�y���K �p�_�e�v�x �h�[�_�k�i�_�q�_�g�b�y

�\�h�k�i�j�h�b�a�\�h�^�b�f�h�k�l�b �\�u�q�b�k�e�b�l�_�e�v�g�h�]�h �w�d�k�i�_�j�b�f�_�g�l�Z �\ �l�Z�[�e�b�p�_ ������ �i�j�b�\�_�^�_�g�u

�b�k�i�h�e�v�a�m�_�f�u�_ �g�Z�k�l�j�h�c�d�b �Z�e�]�h�j�b�l�f�h�\ �3�3�� �/�4�5 �b �0�3�&�� �>�e�y �Z�e�]�h�j�b�l�f�Z �3�3

�i�j�b�f�_�g�y�_�l�k�y �i�j�Z�\�b�e�h �\�u�[�h�j�Z �^�Z�e�v�g�h�k�l�b �m�i�j�_�`�^�_�g�b�yld(v) �k�h�]�e�Z�k�g�h �������������� �\

�q�Z�k�l�g�h�f �k�e�m�q�Z�_ �^�h�i�m�k�d�Z�_�l�k�y �b�k�i�h�e�v�a�h�\�Z�g�b�_ �i�h�k�l�h�y�g�g�h�]�h �a�g�Z�q�_�g�b�yld = �F�R�Q�V�W��

�>�e�y �/�4�5 �m�d�Z�a�u�\�Z�x�l�k�y �\�_�k�h�\�u�_ �f�Z�l�j�b�p�uQ �bR�� �>�e�y �0�3�& �n�b�d�k�b�j�m�x�l�k�y �]�h�j�b�a�h�g�l

�i�j�h�]�g�h�a�b�j�h�\�Z�g�b�yNp�� �r�Z�] �^�b�k�d�j�_�l�b�a�Z�p�b�bTs�� �\�_�k�h�\�u�_ �d�h�w�n�n�b�p�b�_�g�l�u

�n�m�g�d�p�b�h�g�Z�e�Z �d�Z�q�_�k�l�\�Z �b �Z�d�l�b�\�g�u�_ �h�]�j�Z�g�b�q�_�g�b�y��

�L�Z�[�e�b�p�Z ������ �± �I�Z�j�Z�f�_�l�j�u �Z�e�]�h�j�b�l�f�h�\ �m�i�j�Z�\�e�_�g�b�y�� �b�k�i�h�e�v�a�h�\�Z�g�g�u�_ �i�j�b
�f�h�^�_�e�b�j�h�\�Z�g�b�b

�:�e�]�h�j�b�l�f �G�Z�k�l�j�h�c�d�b
�3�3 ld(v) = �V�D�W[l �P�L�Q,l �P�D�[](l0 + kvv)��

# �h�i�j�_�^�_�e�y�_�l�k�y �i�h ������������ �k �g�Z�k�u�s�_�g�b�_�f ��������������
�h�]�j�Z�g�b�q�_�g�b�_ �g�Z �k�d�h�j�h�k�l�v �b�a�f�_�g�_�g�b�y �m�]�e�Z �a�Z�^�Z�z�l�k�y �i�h ������������

�/�4�5 �[ = [ ey, úey, e! , úe! ]�h��
Q = �G�L�D�J(2.0, 0.5, 1.5, 0.2)��R = [1.0]

�0�3�& �[ = [ ey, úey, e! , úe! ]�h��
Np = 35��Ts = 0.1 �k��
Q = �G�L�D�J(6.0, 1.2, 8.0, 0.8)��R = [1.0]��R! = [0.4]��
�h�]�j�Z�g�b�q�_�g�b�y �������������±������������

�I�h�d�Z�a�Z�l�_�e�b �d�Z�q�_�k�l�\�Z �b �\�u�q�b�k�e�b�l�_�e�v�g�u�_ �a�Z�l�j�Z�l�u���D�Z�q�_�k�l�\�h �k�e�_�`�_�g�b�y

�h�p�_�g�b�\�Z�_�l�k�y �i�h �i�h�i�_�j�_�q�g�h�c �h�r�b�[�d�_ey �b�� �i�j�b �g�_�h�[�o�h�^�b�f�h�k�l�b�� �i�h �i�j�h�^�h�e�v�g�h�c

�h�r�b�[�d�_es�� �\�u�q�b�k�e�y�_�f�u�f �h�l�g�h�k�b�l�_�e�v�g�h �[�e�b�`�Z�c�r�_�c �l�h�q�d�b �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b��

ey = %�V�L�Q(! �U�H�I) (x %x �U�H�I) + �F�R�V(! �U�H�I) (y %y�U�H�I),

es = %�F�R�V(! �U�H�I) (x %x �U�H�I) %�V�L�Q(! �U�H�I) (y %y�U�H�I).
��������������

�>�e�y �d�Z�`�^�h�c �f�_�l�j�b�d�bz ! {| ey|, |es|} �h�i�j�_�^�_�e�y�x�l�k�y �k�j�_�^�g�_�d�\�Z�^�j�Z�l�b�q�g�Z�y �h�r�b�[�d�Z��

�f�Z�d�k�b�f�Z�e�v�g�h�_ �a�g�Z�q�_�g�b�_ �b95�����d�\�Z�g�l�b�e�v�� �>�e�y �m�i�j�Z�\�e�y�x�s�_�]�h �\�h�a�^�_�c�k�l�\�b�y

�^�h�i�h�e�g�b�l�_�e�v�g�h �h�p�_�g�b�\�Z�x�l�k�y �\�_�e�b�q�b�g�u �P�D�[|#| �b �6�7�'(#)�� �<�u�q�b�k�e�b�l�_�e�v�g�u�_

�a�Z�l�j�Z�l�u �o�Z�j�Z�d�l�_�j�b�a�m�x�l�k�y �\�j�_�f�_�g�_�f �n�h�j�f�b�j�h�\�Z�g�b�y �m�i�j�Z�\�e�y�x�s�_�]�h �\�h�a�^�_�c�k�l�\�b�y

�g�Z �h�^�g�h�f �l�Z�d�l�_��

tk = ( t �H�Q�G
k %t �V�W�D�U�W

k ) á103 [�f�k], ��������������

�i�h�k�e�_ �q�_�]�h �h�i�j�_�^�_�e�y�x�l�k�y �k�j�_�^�g�_�_ �a�g�Z�q�_�g�b�_t �b95�����d�\�Z�g�l�b�e�vq0.95(t)�� �B�a�f�_�j�_�g�b�_

�\�j�_�f�_�g�b �\�u�i�h�e�g�y�_�l�k�y �k �b�k�i�h�e�v�a�h�\�Z�g�b�_�f �\�u�k�h�d�h�l�h�q�g�h�]�h �f�h�g�h�l�h�g�g�h�]�h �l�Z�c�f�_�j�Z



����

�T�2�`�7�n�+�Q�m�M�i�2�`�� �< �m�d�Z�a�Z�g�g�m�x �\�_�e�b�q�b�g�m �\�d�e�x�q�Z�_�l�k�y �l�h�e�v�d�h �\�u�q�b�k�e�_�g�b�_

�m�i�j�Z�\�e�y�x�s�_�]�h �\�h�a�^�_�c�k�l�\�b�y�� �\ �l�h�f �q�b�k�e�_ �j�_�r�_�g�b�_ �a�Z�^�Z�q�b �d�\�Z�^�j�Z�l�b�q�g�h�]�h

�i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y �^�e�y �0�3�&�� �i�_�j�_�k�q�z�l �k�h�k�l�h�y�g�b�y �h�[�t�_�d�l�Z �m�i�j�Z�\�e�_�g�b�y �i�h ��������������

�b �]�j�Z�n�b�q�_�k�d�h�_ �h�l�h�[�j�Z�`�_�g�b�_ �j�_�a�m�e�v�l�Z�l�h�\ �\ �w�l�m �h�p�_�g�d�m �g�_ �\�d�e�x�q�Z�x�l�k�y��

�<�u�q�b�k�e�b�l�_�e�v�g�Z�y �i�e�Z�l�n�h�j�f�Z���>�e�y �h�[�_�k�i�_�q�_�g�b�y �\�h�k�i�j�h�b�a�\�h�^�b�f�h�k�l�b

�j�_�a�m�e�v�l�Z�l�h�\ �^�h�e�`�g�u �[�u�l�v �m�d�Z�a�Z�g�u �h�k�g�h�\�g�u�_ �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b �\�u�q�b�k�e�b�l�_�e�v�g�h�c

�i�e�Z�l�n�h�j�f�u�� �f�h�^�_�e�v �i�j�h�p�_�k�k�h�j�Z�� �h�[�t�z�f �h�i�_�j�Z�l�b�\�g�h�c �i�Z�f�y�l�b�� �h�i�_�j�Z�p�b�h�g�g�Z�y

�k�b�k�l�_�f�Z�� �\�_�j�k�b�y �k�j�_�^�u �\�u�i�h�e�g�_�g�b�y �i�j�h�]�j�Z�f�f�� �Z �l�Z�d�`�_ �\�_�j�k�b�b �b�k�i�h�e�v�a�m�_�f�u�o

�[�b�[�e�b�h�l�_�d �q�b�k�e�_�g�g�h�c �h�i�l�b�f�b�a�Z�p�b�b�� �J�_�d�h�f�_�g�^�m�_�f�u�c �n�h�j�f�Z�l �i�j�_�^�k�l�Z�\�e�_�g�b�y

�l�Z�d�b�o �k�\�_�^�_�g�b�c �i�j�b�\�_�^�z�g �\ �l�Z�[�e�b�p�_ ��������

�L�Z�[�e�b�p�Z ������ �± �O�Z�j�Z�d�l�_�j�b�k�l�b�d�b �\�u�q�b�k�e�b�l�_�e�v�g�h�c �i�e�Z�l�n�h�j�f�u

�I�Z�j�Z�f�_�l�j �A�g�Z�q�_�g�b�_
�I�j�h�p�_�k�k�h�j �A�M�i�2�H �*�Q�`�2 �B�8�@�R�y�9�y�y�6
�H�i�_�j�Z�l�b�\�g�Z�y �i�Z�f�y�l�v �j�k ����
�H�i�_�j�Z�p�b�h�g�g�Z�y �k�b�k�l�_�f�Z�l�#�m�M�i�m �k�9�X�y�9
�K�j�_�^�Z �\�u�i�h�e�g�_�g�b�y �i�j�h�]�j�Z�f�f�S�v�i�?�Q�M �j�X�R�k

�K�\�h�^�g�u�_ �j�_�a�m�e�v�l�Z�l�u���B�l�h�]�h�\�u�_ �\�u�\�h�^�u �n�h�j�f�b�j�m�x�l�k�y �g�Z �h�k�g�h�\�_ �_�^�b�g�h�c

�k�\�h�^�g�h�c �l�Z�[�e�b�p�u �f�_�l�j�b�d �i�h �k�d�h�j�h�k�l�y�f�� �L�Z�[�e�b�p�u ������ �b �������� �Z �l�Z�d�`�_

�j�b�k�m�g�d�b ������������������ �k�h�^�_�j�`�Z�l �j�_�a�m�e�v�l�Z�l�u �^�e�yv�U�H�I! { 3, 5, 10, 13.88} �f���k��



����

�J�b�k�m�g�h�d �������� �± �K�j�Z�\�g�_�g�b�_ �Z�e�]�h�j�b�l�f�h�\ �3�3�� �/�4�5 �b �0�3�& �i�j�b �k�d�h�j�h�k�l�b �� �f���k



����

�J�b�k�m�g�h�d �������� �± �K�j�Z�\�g�_�g�b�_ �Z�e�]�h�j�b�l�f�h�\ �3�3�� �/�4�5 �b �0�3�& �i�j�b �k�d�h�j�h�k�l�b �� �f���k



����

�J�b�k�m�g�h�d �������� �± �K�j�Z�\�g�_�g�b�_ �Z�e�]�h�j�b�l�f�h�\ �3�3�� �/�4�5 �b �0�3�& �i�j�b �k�d�h�j�h�k�l�b ���� �f���k



����

�J�b�k�m�g�h�d �������� �± �K�j�Z�\�g�_�g�b�_ �Z�e�]�h�j�b�l�f�h�\ �3�3�� �/�4�5 �b �0�3�& �i�j�b �k�d�h�j�h�k�l�b ���������� �f���k



����

�L�Z�[�e�b�p�Z ������ �± �K�\�h�^�g�u�_ �f�_�l�j�b�d�b �k�e�_�`�_�g�b�y �b �\�u�q�b�k�e�b�l�_�e�v�g�h�c �k�e�h�`�g�h�k�l�b

v�U�H�I�� �f���k �J�_�]�m�e�y�l�h�j�5�0�6�((ey )� � � f �P�D�[|ey |� � � f q0.95 (|ey |)� � � f �5�0�6�((es )� � � f �P�D�[|es |� � � f q0.95 (|es |)� � � f �P�D�[|" |�� �]�j�Z�^ �6�7�'(" )�� �]�j�Z�^
�������� �3�3 ���������� ���������� ���������� ���������� ���������� ���������� ���������� ����������
�������� �/�4�5 ���������� ���������� ���������� ���������� ���������� ���������� ������������ ����������
�������� �0�3�& ���������� ���������� ���������� ���������� ���������� ���������� ������������ ����������
�������� �3�3 ���������� ���������� ���������� ���������� ���������� ���������� ���������� ����������
�������� �/�4�5 ���������� ���������� ���������� ���������� ���������� ���������� ���������� ����������
�������� �0�3�& ���������� ���������� ���������� ���������� ���������� ���������� ���������� ����������
���������� �3�3 ���������� ���������� ���������� ���������� ���������� ���������� ���������� ����������
���������� �/�4�5 ���������� ���������� ���������� ���������� ���������� ���������� ���������� ����������
���������� �0�3�& ���������� ���������� ���������� ���������� ���������� ���������� ���������� ����������
���������� �3�3 ���������� ���������� ���������� ���������� ���������� ���������� ���������� ����������
���������� �/�4�5 ���������� ���������� ���������� ���������� ���������� ���������� ���������� ����������
���������� �0�3�& ���������� ���������� ���������� ���������� ���������� ���������� ���������� ����������

�L�Z�[�e�b�p�Z ������ �± �<�u�q�b�k�e�b�l�_�e�v�g�u�_ �a�Z�l�j�Z�l�u �j�_�]�m�e�y�l�h�j�h�\�� �k�j�_�^�g�_�_ �b ���������d�\�Z�g�l�b�e�v
�\�j�_�f�_�g�b �j�Z�k�q�z�l�Z �m�i�j�Z�\�e�_�g�b�y

v�U�H�I�� �f���k �J�_�]�m�e�y�l�h�jt �� �f�k q0.95 (t )�� �f�k
�������� �3�3 ���������� ����������
�������� �/�4�5 ���������� ����������
�������� �0�3�& ���������� ����������
�������� �3�3 ���������� ����������
�������� �/�4�5 ���������� ����������
�������� �0�3�& ���������� ����������
���������� �3�3 ���������� ����������
���������� �/�4�5 ���������� ����������
���������� �0�3�& ���������� ����������
���������� �3�3 ���������� ����������
���������� �/�4�5 ���������� ����������
���������� �0�3�& ���������� ����������

�;�u�e�b �a�Z�^�Z�g�u�� �i�Z�j�Z�f�_�l�j�u �j�_�]�m�e�y�l�h�j�h�\�� �f�h�^�_�e�b �h�[�t�_�d�l�Z �m�i�j�Z�\�e�_�g�b�y��

�n�h�j�f�m�e�Z ���������������� �\�g�m�l�j�_�g�g�b�o �f�h�^�_�e�_�c �j�_�]�m�e�y�l�h�j�h�\�� �g�Z�[�h�j�Z �f�_�l�j�b�d��

�n�h�j�f�m�e�Z �������������� �b �f�_�l�h�^�b�d�b �b�a�f�_�j�_�g�b�y �\�j�_�f�_�g�b�� �n�h�j�f�m�e�Z ����������������

�:�g�Z�e�b�a �j�_�a�m�e�v�l�Z�l�h�\

�J�_�a�m�e�v�l�Z�l�u �\�u�q�b�k�e�b�l�_�e�v�g�u�o �w�d�k�i�_�j�b�f�_�g�l�h�\ �g�Z �6�±�h�[�j�Z�a�g�h�c �l�j�Z�k�k�_ �i�j�b

v�U�H�I! { 3, 5, 10, 13.88} �f���k �i�h�a�\�h�e�y�x�l �k�h�i�h�k�l�Z�\�b�l�v �j�_�]�m�e�y�l�h�j�u �3�3�� �/�4�5 �b �0�3�&

�i�h �l�h�q�g�h�k�l�b �i�h�i�_�j�_�q�g�h�]�h �k�e�_�`�_�g�b�y�� �o�Z�j�Z�d�l�_�j�m �m�i�j�Z�\�e�y�x�s�_�]�h �\�h�a�^�_�c�k�l�\�b�y �b

�\�u�q�b�k�e�b�l�_�e�v�g�u�f �a�Z�l�j�Z�l�Z�f ���j�b�k�� ���������±���������� �l�Z�[�e�� �������� ����������

�I�h �l�h�q�g�h�k�l�b �i�h�i�_�j�_�q�g�h�]�h �k�e�_�`�_�g�b�y �g�_ �\�u�y�\�e�y�_�l�k�y �j�_�]�m�e�y�l�h�j��

�h�[�_�k�i�_�q�b�\�Z�x�s�b�c �g�Z�b�e�m�q�r�b�c �j�_�a�m�e�v�l�Z�l �g�Z �\�k�_�o �b�k�k�e�_�^�h�\�Z�g�g�u�o �k�d�h�j�h�k�l�y�o�� �I�j�b

v�U�H�I= 3 �f���k �g�Z�b�f�_�g�v�r�_�_ �a�g�Z�q�_�g�b�_ �5�0�6�((ey) = 0 .032�f �i�h�e�m�q�_�g�h �^�e�y �/�4�5�� �l�h�]�^�Z

�d�Z�d �^�e�y �0�3�& �b �3�3 �h�g�h �k�h�k�l�Z�\�e�y�_�l �k�h�h�l�\�_�l�k�l�\�_�g�g�h0.086 � f � b0.199 �f�� �I�j�b

v�U�H�I= 5 �f���k �g�Z�b�f�_�g�v�r�_�_ �a�g�Z�q�_�g�b�_ �5�0�6�((ey) = 0 .081 �f �l�Z�d�`�_ �h�[�_�k�i�_�q�b�\�Z�_�l�k�y

�/�4�5�� �^�e�y �3�3 �i�h�e�m�q�_�g�h0.108�f�� �^�e�y �0�3�& �²0.116�f�� �I�j�bv�U�H�I= 10 �f���k �g�Z�b�e�m�q�r�b�c

�j�_�a�m�e�v�l�Z�l �i�h�d�Z�a�u�\�Z�_�l �3�3�� �5�0�6�((ey) = 0 .015�f�� �^�e�y �0�3�& �i�h�e�m�q�_�g�h0.038�f�� �^�e�y

�/�4�5 �² 0.248�f�� �I�j�bv�U�H�I= 13.88 �f���k �j�Z�a�e�b�q�b�y �f�_�`�^�m �Z�e�]�h�j�b�l�f�Z�f�b �f�b�g�b�f�Z�e�v�g�u��



����

�g�Z�b�f�_�g�v�r�_�_ �a�g�Z�q�_�g�b�_ �5�0�6�((ey) = 0 .002 �f �i�h�e�m�q�_�g�h �^�e�y �/�4�5�� �^�e�y �3�3 �²

0.003 �f�� �^�e�y �0�3�& �²0.006 �f�� �K�e�_�^�h�\�Z�l�_�e�v�g�h�� �/�4�5 �h�[�_�k�i�_�q�b�\�Z�_�l �g�Z�b�f�_�g�v�r�m�x

�k�j�_�^�g�_�d�\�Z�^�j�Z�l�b�q�_�k�d�m�x �i�h�i�_�j�_�q�g�m�x �h�r�b�[�d�m �\ �l�j�z�o �b�a �q�_�l�u�j�z�o �b�k�k�e�_�^�h�\�Z�g�g�u�o

�j�_�`�b�f�h�\�� �3�3 �i�h�d�Z�a�u�\�Z�_�l �e�m�q�r�b�c �j�_�a�m�e�v�l�Z�l �i�j�bv�U�H�I= 10 �f���k�� �Z �0�3�& �k�h�o�j�Z�g�y�_�l

�i�j�b�_�f�e�_�f�m�x �l�h�q�g�h�k�l�v �k�e�_�`�_�g�b�y �g�Z �\�k�_�o �k�d�h�j�h�k�l�y�o �b �i�j�bv�U�H�I = 10 �f���k

�k�m�s�_�k�l�\�_�g�g�h �i�j�_�\�h�k�o�h�^�b�l �/�4�5��

�:�g�Z�e�b�a ���������d�\�Z�g�l�b�e�y �i�h�i�_�j�_�q�g�h�c �h�r�b�[�d�bq0.95(|ey|) �i�h�^�l�\�_�j�`�^�Z�_�l

�m�d�Z�a�Z�g�g�m�x �a�Z�d�h�g�h�f�_�j�g�h�k�l�v�� �I�j�bv�U�H�I = 3 �f���k �g�Z�b�f�_�g�v�r�_�_ �a�g�Z�q�_�g�b�_

q0.95(|ey|) = 0 .079 �f �i�h�e�m�q�_�g�h �^�e�y �/�4�5�� �i�j�bv�U�H�I = 5 �f���k �² �^�e�y �3�3

��q0.95(|ey|) = 0 .191 �f���� �i�j�bv�U�H�I= 10 �f���k �² �l�Z�d�`�_ �^�e�y �3�3 ��0.028 �f���� �i�j�b

v�U�H�I= 13.88 �f���k �² �^�e�y �/�4�5 ��0.003 �f���� �0�3�& �i�h �^�Z�g�g�h�c �f�_�l�j�b�d�_ �g�_ �a�Z�g�b�f�Z�_�l

�i�_�j�\�h�]�h �f�_�k�l�Z�� �g�h �i�j�bv�U�H�I= 10 �f���k �i�h�d�Z�a�u�\�Z�_�l �a�g�Z�q�b�l�_�e�v�g�h �e�m�q�r�b�c �j�_�a�m�e�v�l�Z�l��

�q�_�f �/�4�5 ��0.105�f �i�j�h�l�b�\0.678�f���� �I�h�e�m�q�_�g�g�u�_ �^�Z�g�g�u�_ �k�\�b�^�_�l�_�e�v�k�l�\�m�x�l �h �l�h�f��

�q�l�h �\ �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�c �i�h�k�l�Z�g�h�\�d�_ �0�3�& �g�_ �h�[�_�k�i�_�q�b�\�Z�_�l �f�b�g�b�f�Z�e�v�g�m�x

�i�h�i�_�j�_�q�g�m�x �h�r�b�[�d�m�� �g�h �b �g�_ �^�_�f�h�g�k�l�j�b�j�m�_�l �d�j�b�l�b�q�_�k�d�h�]�h �m�o�m�^�r�_�g�b�y �d�Z�q�_�k�l�\�Z

�k�e�_�`�_�g�b�y �h�l�g�h�k�b�l�_�e�v�g�h �e�m�q�r�b�o �j�_�a�m�e�v�l�Z�l�h�\ �g�Z �l�j�Z�k�k�_��

�I�h �i�j�h�^�h�e�v�g�h�c �h�r�b�[�d�_es �j�Z�a�e�b�q�b�y �f�_�`�^�m �Z�e�]�h�j�b�l�f�Z�f�b �\�u�j�Z�`�_�g�u �k�e�Z�[�h��

�>�e�y �d�Z�`�^�h�c �n�b�d�k�b�j�h�\�Z�g�g�h�c �k�d�h�j�h�k�l�b �a�g�Z�q�_�g�b�y �5�0�6�((es) �b q0.95(|es|)

�i�j�Z�d�l�b�q�_�k�d�b �k�h�\�i�Z�^�Z�x�l �^�e�y �\�k�_�o �l�j�z�o �j�_�]�m�e�y�l�h�j�h�\�� �i�j�bv�U�H�I = 3 �f���k

�5�0�6�((es) , 0.150 �f�� �i�j�bv�U�H�I= 5 �f���k �² �h�d�h�e�h0.25 �f�� �i�j�bv�U�H�I= 10 �f���k �²

0.503�f�� �i�j�bv�U�H�I= 13.88 �f���k �² 0.696�f�� �W�l�h �m�d�Z�a�u�\�Z�_�l �g�Z �l�h�� �q�l�h �\ �^�Z�g�g�h�c �k�_�j�b�b

�w�d�k�i�_�j�b�f�_�g�l�h�\ �j�Z�a�e�b�q�b�y �f�_�`�^�m �j�_�]�m�e�y�l�h�j�Z�f�b �h�i�j�_�^�_�e�y�x�l�k�y �i�j�_�`�^�_ �\�k�_�]�h

�d�Z�q�_�k�l�\�h�f �i�h�i�_�j�_�q�g�h�]�h �m�i�j�Z�\�e�_�g�b�y�� �l�h�]�^�Z �d�Z�d �i�j�h�^�h�e�v�g�Z�y �h�r�b�[�d�Z �\ �[�h�e�v�r�_�c

�k�l�_�i�_�g�b �a�Z�^�Z�z�l�k�y �h�i�h�j�g�u�f �i�j�h�n�b�e�_�f �k�d�h�j�h�k�l�b �b �i�j�b�g�y�l�h�c �i�j�h�p�_�^�m�j�h�c

�\�u�q�b�k�e�_�g�b�y �f�_�l�j�b�d��

�O�Z�j�Z�d�l�_�j �m�i�j�Z�\�e�y�x�s�_�]�h �\�h�a�^�_�c�k�l�\�b�y �j�Z�a�e�b�q�Z�_�l�k�y �[�h�e�_�_ �h�l�q�z�l�e�b�\�h�� �I�h

�f�Z�d�k�b�f�Z�e�v�g�h�f�m �m�]�e�m �i�h�\�h�j�h�l�Z �j�m�e�_�\�h�]�h �d�h�e�_�k�Z �P�D�[|#| �g�Z �\�k�_�o �b�k�k�e�_�^�h�\�Z�g�g�u�o

�k�d�h�j�h�k�l�y�o �g�Z�b�f�_�g�v�r�b�_ �a�g�Z�q�_�g�b�y �h�[�_�k�i�_�q�b�\�Z�_�l �3�3��9.2150 �i�j�b 3 �f���k��5.8450 �i�j�b

5 �f���k��1.3670 �i�j�b10 �f���k �b0.3220 �i�j�b13.88 �f���k�� �>�e�y �/�4�5 �b �0�3�& �a�g�Z�q�_�g�b�y �P�D�[|#|

�\�u�r�_�� �i�j�b�q�z�f �g�Z �f�Z�e�u�o �k�d�h�j�h�k�l�y�o �g�Z�b�[�h�e�_�_ �Z�d�l�b�\�g�h�_ �m�i�j�Z�\�e�_�g�b�_ �n�h�j�f�b�j�m�_�l

�0�3�& ��13.7670 �i�j�b 3 �f���k �b8.4310 �i�j�b 5 �f���k���� �:�g�Z�e�h�]�b�q�g�Z�y �a�Z�d�h�g�h�f�_�j�g�h�k�l�v

�g�Z�[�e�x�^�Z�_�l�k�y �b �i�h �f�_�l�j�b�d�_ �6�7�'(#)�� �g�Z �\�k�_�o �k�d�h�j�h�k�l�y�o �g�Z�b�f�_�g�v�r�b�c �j�Z�a�[�j�h�k

�m�i�j�Z�\�e�y�x�s�_�]�h �\�h�a�^�_�c�k�l�\�b�y �k�h�h�l�\�_�l�k�l�\�m�_�l �3�3�� �l�h�]�^�Z �d�Z�d �/�4�5 �b �0�3�& �n�h�j�f�b�j�m�x�l

�[�h�e�_�_ �\�Z�j�b�Z�l�b�\�g�h�_ �m�i�j�Z�\�e�_�g�b�_�� �I�j�bv�U�H�I= 10 �f���k �0�3�& �h�[�_�k�i�_�q�b�\�Z�_�l �a�Z�f�_�l�g�h
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�Z�\�l�h�f�h�[�b�e�y �k �m�q�_�l�h�f �^�h�j�h�`�g�u�o �h�]�j�Z�g�b�q�_�g�b�c �i�h �f�Z�j�r�j�m�l�m �^�\�b�`�_�g�b�y

�i�j�_�^�k�l�Z�\�e�_�g�Z �g�Z �j�b�k�m�g�d�_ ����������

�J�b�k�m�g�h�d �������� �± �;�e�h�d���k�o�_�f�Z �Z�e�]�h�j�b�l�f�Z �]�_�g�_�j�Z�p�b�b �e�h�d�Z�e�v�g�h�c �l�j�Z�_�d�l�h�j�b�b
�^�\�b�`�_�g�b�y �Z�\�l�h�f�h�[�b�e�y �k �m�q�_�l�h�f �^�h�j�h�`�g�u�o �h�]�j�Z�g�b�q�_�g�b�c �i�h �f�Z�j�r�j�m�l�m �^�\�b�`�_�g�b�y
�i�j�_�^�k�l�Z�\�e�_�g�Z

�>�Z�e�_�_ �\ �j�Z�a�^�_�e�_ ������ �n�h�j�f�m�e�b�j�m�_�l�k�y �[�Z�a�h�\�Z�y �a�Z�^�Z�q�Z �k�]�e�Z�`�b�\�Z�g�b�y �h�i�h�j�g�h�c

�l�j�Z�_�d�l�h�j�b�b �\ �^�_�d�Z�j�l�h�\�h�c �k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l �[�_�a �m�q�z�l�Z �k�\�h�[�h�^�g�h�]�h �i�j�h�k�l�j�Z�g�k�l�\�Z��

�< �j�Z�a�^�_�e�_ ������ �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �j�Z�k�r�b�j�_�g�b�_ �m�d�Z�a�Z�g�g�h�c �i�h�k�l�Z�g�h�\�d�b �a�Z �k�q�z�l

�\�\�_�^�_�g�b�y �h�]�j�Z�g�b�q�_�g�b�c �g�Z �]�j�Z�g�b�p�u �^�h�j�h�]�b�� �< �j�Z�a�^�_�e�_ ������ �i�j�b�\�h�^�b�l�k�y �f�_�l�h�^

�w�n�n�_�d�l�b�\�g�h�]�h �i�e�Z�g�b�j�h�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b �\ �k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l �N�j�_�g�_ �k �y�\�g�u�f

�m�q�z�l�h�f �]�j�Z�g�b�p �^�h�j�h�]�b �b �]�_�h�f�_�l�j�b�b �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z�� �Z �l�Z�d�`�_

�h�i�b�k�u�\�Z�x�l�k�y �i�j�b�z�f�u �m�k�d�h�j�_�g�b�y �j�_�r�_�g�b�y �4�3 �b �f�h�^�b�n�b�d�Z�p�b�b�� �h�[�_�k�i�_�q�b�\�Z�x�s�b�_

�m�q�z�l �k�l�Z�l�b�q�_�k�d�b�o �i�j�_�i�y�l�k�l�\�b�c��

�I�j�b �b�a�\�e�_�q�_�g�b�b �p�_�g�l�j�Z�e�v�g�h�c �e�b�g�b�b�� �b�k�i�h�e�v�a�m�_�f�h�c �\ �d�Z�q�_�k�l�\�_ �b�k�o�h�^�g�h�]�h
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�i�j�b�[�e�b�`�_�g�b�y �i�j�b �]�_�g�_�j�Z�p�b�b �l�j�Z�_�d�l�h�j�b�b �^�\�b�`�_�g�b�y �[�_�k�i�b�e�h�l�g�h�]�h �l�j�Z�g�k�i�h�j�l�g�h�]�h

�k�j�_�^�k�l�\�Z�� �h�i�h�j�g�Z�y �d�j�b�\�Z�y�� �d�Z�d �i�j�Z�\�b�e�h�� �a�Z�^�Z�z�l�k�y �^�b�k�d�j�_�l�g�u�f �g�Z�[�h�j�h�f �l�h�q�_�d �b

�o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y �g�_�^�h�k�l�Z�l�h�q�g�h�c �]�e�Z�^�d�h�k�l�v�x�� �W�l�h �i�j�h�y�\�e�y�_�l�k�y �\ �g�_�i�e�Z�\�g�h�f

�b�a�f�_�g�_�g�b�b �d�j�b�\�b�a�g�u" �b �_�z �i�j�h�b�a�\�h�^�g�h�c �i�h �^�m�]�h�\�h�c �d�h�h�j�^�b�g�Z�l�_�� �q�l�h

�i�h�l�_�g�p�b�Z�e�v�g�h �i�j�b�\�h�^�b�l �d �j�_�a�d�b�f �b�a�f�_�g�_�g�b�y�f �l�j�_�[�m�_�f�h�]�h �j�m�e�_�\�h�]�h �\�h�a�^�_�c�k�l�\�b�y

�i�j�b �i�h�k�e�_�^�m�x�s�_�f �b�k�i�h�e�g�_�g�b�b �l�j�Z�_�d�l�h�j�b�b��

�H�i�h�j�g�Z�y ���j�_�n�_�j�_�g�k�g�Z�y�� �l�j�Z�_�d�l�h�j�b�y �^�Z�e�_�_ �i�j�_�^�k�l�Z�\�e�y�_�l�k�y

�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�v�x �l�h�q�_�d �k �^�_�d�Z�j�l�h�\�u�f�b �d�h�h�j�^�b�g�Z�l�Z�f�b(x, y)�� �>�e�y

�\�u�q�b�k�e�_�g�b�y �d�j�b�\�b�a�g�u �l�j�Z�_�d�l�h�j�b�y �i�Z�j�Z�f�_�l�j�b�a�m�_�l�k�y �^�m�]�h�\�h�c �d�h�h�j�^�b�g�Z�l�h�cs

���^�e�b�g�h�c �^�m�]�b �d�j�b�\�h�c���� �d�h�l�h�j�Z�y �y�\�e�y�_�l�k�y �_�k�l�_�k�l�\�_�g�g�u�f �i�Z�j�Z�f�_�l�j�h�f �^�\�b�`�_�g�b�y

�\�^�h�e�v �e�b�g�b�b �i�m�l�b �b �g�_ �a�Z�\�b�k�b�l �h�l �\�j�_�f�_�g�b�� �< �h�[�s�_�f �k�e�m�q�Z�_ �^�e�y �]�e�Z�^�d�h�c �d�j�b�\�h�c

r (t) �b�g�l�_�]�j�Z�e�v�g�h�_ �\�u�j�Z�`�_�g�b�_ �^�e�y �^�e�b�g�u �^�m�]�b �g�Z �b�g�l�_�j�\�Z�e�_t ! [t0, t1] �b�f�_�_�l �\�b�^

r (t) =
!
x(t), y(t), z(t)

"
, t ! [t0, t1], ��������������

s(t1) =
? t1

t0

|r .(t)| dt =
? t1

t0

@A
A
B

n#

k=1

úr k(t)2 dt. ��������������

�I�h�k�d�h�e�v�d�m �\ �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�c �a�Z�^�Z�q�_ �l�j�Z�_�d�l�h�j�b�y �a�Z�^�Z�g�Z �^�b�k�d�j�_�l�g�u�f

�g�Z�[�h�j�h�f �l�h�q�_�d�� �^�m�]�h�\�Z�y �d�h�h�j�^�b�g�Z�l�Z �h�p�_�g�b�\�Z�_�l�k�y �q�b�k�e�_�g�g�h�� �>�e�y �k�h�k�_�^�g�b�o �l�h�q�_�d

�\�u�q�b�k�e�y�x�l�k�y �i�j�b�j�Z�s�_�g�b�y

! x i = x i +1 %x i , ��������������

! yi = yi +1 %yi , ��������������

! si =
C

(! x i )2 + ( ! yi )2, ��������������

�i�h�k�e�_ �q�_�]�h �\�u�i�h�e�g�y�_�l�k�y �g�Z�d�h�i�e�_�g�b�_ �^�e�b�g�u �^�m�]�b �\�^�h�e�v �l�j�Z�_�d�l�h�j�b�b��

s0 = 0, si +1 = si + ! si . ��������������

�L�_�f �k�Z�f�u�f �n�h�j�f�m�e�Z �������������� �a�Z�^�Z�_�l �i�j�h�p�_�^�m�j�m �\�u�q�b�k�e�_�g�b�y �^�m�]�h�\�h�c �d�h�h�j�^�b�g�Z�l�u

�^�e�y �d�Z�`�^�h�c �^�b�k�d�j�_�l�g�h�c �l�h�q�d�b��

�D�j�b�\�b�a�g�Z �l�j�Z�_�d�l�h�j�b�b�� �i�Z�j�Z�f�_�l�j�b�a�h�\�Z�g�g�h�c �^�m�]�h�\�h�c �d�h�h�j�^�b�g�Z�l�h�cs��

�\�u�q�b�k�e�y�_�l�k�y �i�h �k�h�h�l�g�h�r�_�g�b�x

" (s) =
x.(s) y..(s) %y.(s) x..(s)

!
x.(s)2 + y.(s)2

"3/2
. ��������������
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�I�j�h�b�a�\�h�^�g�u�_x.(s) �b x..(s) ���Z�g�Z�e�h�]�b�q�g�h �^�e�yy.(s) �b y..(s)�� �h�p�_�g�b�\�Z�x�l�k�y �i�h

�^�b�k�d�j�_�l�g�u�f �^�Z�g�g�u�f �k �b�k�i�h�e�v�a�h�\�Z�g�b�_�f �j�Z�a�g�h�k�l�g�u�o �Z�i�i�j�h�d�k�b�f�Z�p�b�c��

x.(si ) ,
x i +1 %x i%1

si +1 %si%1
, ��������������

x..(si ) ,
x i +1 %x i

si +1 %si
% x i %x i " 1

si %si " 1

1
2

D
(si +1 %si ) + ( si %si%1)

E. ��������������

�I�h�k�l�j�h�_�g�g�u�_ �i�h �m�d�Z�a�Z�g�g�h�c �i�j�h�p�_�^�m�j�_ �a�Z�\�b�k�b�f�h�k�l�b �i�h�d�Z�a�u�\�Z�x�l�� �q�l�h �l�j�Z�_�d�l�h�j�b�y��

�b�a�\�e�_�q�z�g�g�Z�y �b�a �d�Z�j�l�u�� �k�h�i�j�h�\�h�`�^�Z�_�l�k�y �k�d�Z�q�d�h�h�[�j�Z�a�g�u�f �o�Z�j�Z�d�l�_�j�h�f �b�a�f�_�g�_�g�b�y

�d�j�b�\�b�a�g�u ���k�f�� �j�b�k�m�g�h�d ������������

�J�b�k�m�g�h�d �������� �± �B�a�\�e�_�q�_�g�g�Z�y �j�_�n�_�j�_�g�k�g�Z�y �l�j�Z�_�d�l�h�j�b�y �b �]�j�Z�n�b�d�b �_�_ �d�j�b�\�b�a�g�u �b
�k�d�h�j�h�k�l�b �b�a�f�_�g�_�g�b�y �d�j�b�\�b�a�g�u �i�h�k�l�j�h�_�g�g�u�_ �h�l�g�h�k�b�l�_�e�v�g�h �i�j�h�c�^�_�g�g�h�]�h �i�m�l�b
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�K�d�Z�q�d�h�h�[�j�Z�a�g�u�c �o�Z�j�Z�d�l�_�j �b�a�f�_�g�_�g�b�y" (s) �b " .(s)�� �g�Z�[�e�x�^�Z�_�f�u�c �^�e�y

�l�j�Z�_�d�l�h�j�b�b�� �b�a�\�e�_�q�z�g�g�h�c �b�a �d�Z�j�l�u ���j�b�k�m�g�h�d ������������ �m�d�Z�a�u�\�Z�_�l �g�Z �g�_�^�h�k�l�Z�l�h�q�g�m�x

�]�e�Z�^�d�h�k�l�v �b�k�o�h�^�g�u�o �^�Z�g�g�u�o �b�� �d�Z�d �k�e�_�^�k�l�\�b�_�� �g�Z �i�h�l�_�g�p�b�Z�e�v�g�h�_ �m�o�m�^�r�_�g�b�_

�b�k�i�h�e�g�b�f�h�k�l�b �l�j�Z�_�d�l�h�j�b�b �\ �d�h�g�l�m�j�_ �m�i�j�Z�\�e�_�g�b�y�� �< �q�Z�k�l�g�h�k�l�b�� �j�Z�a�j�u�\�u �b

�\�u�k�h�d�h�q�Z�k�l�h�l�g�u�_ �d�h�e�_�[�Z�g�b�y �d�j�b�\�b�a�g�u �i�j�b�\�h�^�y�l �d �j�_�a�d�b�f �b�a�f�_�g�_�g�b�y�f

�l�j�_�[�m�_�f�h�]�h �j�m�e�_�\�h�]�h �\�h�a�^�_�c�k�l�\�b�y �b �f�h�]�m�l �k�g�b�`�Z�l�v �m�k�l�h�c�q�b�\�h�k�l�v �k�e�_�`�_�g�b�y��

�>�e�y �n�h�j�f�b�j�h�\�Z�g�b�y �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b�� �i�j�b�]�h�^�g�h�c �^�e�y �i�h�k�e�_�^�m�x�s�_�]�h

�h�i�l�b�f�b�a�Z�p�b�h�g�g�h�]�h �k�]�e�Z�`�b�\�Z�g�b�y �b �b�k�i�h�e�g�_�g�b�y�� �\ �g�Z�k�l�h�y�s�_�c �j�Z�[�h�l�_ �i�j�b�f�_�g�y�_�l�k�y

�^�\�m�o�w�l�Z�i�g�Z�y �i�j�h�p�_�^�m�j�Z �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�c �h�[�j�Z�[�h�l�d�b�� �G�Z �i�_�j�\�h�f �w�l�Z�i�_

�\�u�i�h�e�g�y�_�l�k�y �Z�i�i�j�h�d�k�b�f�Z�p�b�y �^�b�k�d�j�_�l�g�h�c �h�i�h�j�g�h�c �e�b�g�b�b �d�m�[�b�q�_�k�d�b�f

B ���k�i�e�Z�c�g�h�f�� �q�l�h �h�[�_�k�i�_�q�b�\�Z�_�l �i�h�\�u�r�_�g�g�m�x �]�e�Z�^�d�h�k�l�v �b �g�_�i�j�_�j�u�\�g�h�k�l�v

�d�j�b�\�b�a�g�u ���\�i�e�h�l�v �^�hC2���g�_�i�j�_�j�u�\�g�h�k�l�b�� �b �i�h�a�\�h�e�y�_�l �\�u�q�b�k�e�y�l�v" �b�� �i�j�b

�g�_�h�[�o�h�^�b�f�h�k�l�b�� �_�z �i�j�h�b�a�\�h�^�g�m�x�� �G�Z �\�l�h�j�h�f �w�l�Z�i�_ �i�h�e�m�q�_�g�g�Z�y �l�j�Z�_�d�l�h�j�b�y

�^�h�i�h�e�g�b�l�_�e�v�g�h �d�h�j�j�_�d�l�b�j�m�_�l�k�y �i�m�l�z�f �j�_�r�_�g�b�y �a�Z�^�Z�q�b �d�\�Z�^�j�Z�l�b�q�g�h�]�h

�i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y�� �\ �p�_�e�_�\�h�c �n�m�g�d�p�b�b �d�h�l�h�j�h�c �y�\�g�h �f�b�g�b�f�b�a�b�j�m�x�l�k�y

�h�l�d�e�h�g�_�g�b�_ �h�l �h�i�h�j�g�h�c �e�b�g�b�b�� �\�_�e�b�q�b�g�m �d�j�b�\�b�a�g�u �b �k�d�h�j�h�k�l�v �_�z �b�a�f�_�g�_�g�b�y��

������ �:�e�]�h�j�b�l�f �k�]�e�Z�`�b�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b �^�\�b�`�_�g�b�y �[�_�k�i�b�e�h�l�g�h�]�h

�l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z �g�Z �h�k�g�h�\�_ �d�\�Z�^�j�Z�l�b�q�g�h�c �h�i�l�b�f�b�a�Z�p�b�b �[�_�a

�m�q�_�l�Z �k�\�h�[�h�^�g�h�]�h �i�j�h�k�l�j�Z�g�k�l�\�Z

���������� �I�h�k�l�Z�g�h�\�d�Z �a�Z�^�Z�q�b �k�]�e�Z�`�b�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b �[�_�a �m�q�_�l�Z �k�\�h�[�h�^�g�h�]�h

�i�j�h�k�l�j�Z�g�k�l�\�Z

�< �g�Z�k�l�h�y�s�_�f �j�Z�a�^�_�e�_ �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �a�Z�^�Z�q�Z �k�]�e�Z�`�b�\�Z�g�b�y �h�i�h�j�g�h�c

���j�_�n�_�j�_�g�k�g�h�c�� �l�j�Z�_�d�l�h�j�b�b �^�\�b�`�_�g�b�y �[�_�k�i�b�e�h�l�g�h�]�h �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z

���;�L�K�� �[�_�a �m�q�_�l�Z �k�\�h�[�h�^�g�h�]�h �i�j�h�k�l�j�Z�g�k�l�\�Z�� �l�h �_�k�l�v �[�_�a �y�\�g�h�]�h �m�q�_�l�Z �]�j�Z�g�b�p

�^�h�j�h�`�g�h�c �i�h�e�h�k�u �b �i�j�_�i�y�l�k�l�\�b�c�� �P�_�e�v�x �k�]�e�Z�`�b�\�Z�g�b�y �y�\�e�y�_�l�k�y �n�h�j�f�b�j�h�\�Z�g�b�_

�]�_�h�f�_�l�j�b�q�_�k�d�b �[�h�e�_�_ �i�e�Z�\�g�h�c �l�j�Z�_�d�l�h�j�b�b�� �o�Z�j�Z�d�l�_�j�b�a�m�x�s�_�c�k�y �f�_�g�v�r�b�f�b

�a�g�Z�q�_�g�b�y�f�b �d�j�b�\�b�a�g�u �b �k�d�h�j�h�k�l�b �b�a�f�_�g�_�g�b�y �d�j�b�\�b�a�g�u �i�j�b �k�h�o�j�Z�g�_�g�b�b �[�e�b�a�h�k�l�b

�d �b�k�o�h�^�g�h�c �h�i�h�j�g�h�c �e�b�g�b�b��

�<�o�h�^�g�u�f�b �^�Z�g�g�u�f�b �y�\�e�y�x�l�k�y �^�b�k�d�j�_�l�g�Z�y �h�i�h�j�g�Z�y �l�j�Z�_�d�l�h�j�b�y�� �a�Z�^�Z�g�g�Z�y

�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�v�x �l�h�q�_�d{ xref,i , yref,i } N %1
i=0 �� �Z �l�Z�d�`�_ �k�\�y�a�Z�g�g�u�_ �k �g�_�c �h�i�h�j�g�u�_

�a�g�Z�q�_�g�b�y �h�j�b�_�g�l�Z�p�b�b' ref,i �b �d�j�b�\�b�a�g�ukref,i ���i�j�b �g�Z�e�b�q�b�b���� �\�u�q�b�k�e�y�_�f�u�_ �i�h

�i�j�h�p�_�^�m�j�_ �i�Z�j�Z�f�_�l�j�b�a�Z�p�b�b �l�j�Z�_�d�l�h�j�b�b �^�m�]�h�\�h�c �d�h�h�j�^�b�g�Z�l�h�c �b �j�Z�a�g�h�k�l�g�h�c



����

�Z�i�i�j�h�d�k�b�f�Z�p�b�b �i�j�h�b�a�\�h�^�g�u�o�� �i�j�b�\�_�^�_�g�g�h�c �\�h �\�\�h�^�g�h�c �q�Z�k�l�b �]�e�Z�\�u�� �J�_�a�m�e�v�l�Z�l�h�f

�y�\�e�y�_�l�k�y �k�]�e�Z�`�_�g�g�Z�y �^�b�k�d�j�_�l�g�Z�y �l�j�Z�_�d�l�h�j�b�y{ x i , yi , ' i , ki } N %1
i=0 �� �i�j�_�^�g�Z�a�g�Z�q�_�g�g�Z�y

�^�e�y �^�Z�e�v�g�_�c�r�_�]�h �b�k�i�h�e�v�a�h�\�Z�g�b�y �\ �i�h�k�e�_�^�m�x�s�b�o �i�h�k�l�Z�g�h�\�d�Z�o�� �m�q�b�l�u�\�Z�x�s�b�o

�^�h�j�h�`�g�u�_ �h�]�j�Z�g�b�q�_�g�b�y �>�����@��

���������� �N�h�j�f�Z�l �i�j�_�^�k�l�Z�\�e�_�g�b�y �l�j�Z�_�d�l�h�j�b�b �\ �^�_�d�Z�j�l�h�\�h�c �k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l �b

�^�b�k�d�j�_�l�g�Z�y �f�h�^�_�e�v

�L�j�Z�_�d�l�h�j�b�y �\ �^�_�d�Z�j�l�h�\�h�c �k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l �i�j�_�^�k�l�Z�\�e�y�_�l�k�y

�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�v�x �k�h�k�l�h�y�g�b�c�� �\�d�e�x�q�Z�x�s�b�o �i�h�e�h�`�_�g�b�_�� �h�j�b�_�g�l�Z�p�b�x �b

�d�j�b�\�b�a�g�m��

�[(s) =
5
x(s) y(s) ' (s) k(s)

6�h
,

�]�^�_s �² �i�j�h�^�h�e�v�g�Z�y ���^�m�]�h�\�Z�y�� �d�h�h�j�^�b�g�Z�l�Z �\�^�h�e�v �l�j�Z�_�d�l�h�j�b�b��

�>�b�k�d�j�_�l�g�Z�y �l�j�Z�_�d�l�h�j�b�y �a�Z�^�Z�_�l�k�y �g�Z �k�_�l�d�_{ si } N %1
i=0 �k �r�Z�]�h�fds = si +1 % si ��

�q�l�h �k�h�h�l�\�_�l�k�l�\�m�_�l �j�Z�\�g�h�f�_�j�g�h�c �^�b�k�d�j�_�l�b�a�Z�p�b�b �\�^�h�e�v �i�m�l�b�� �>�e�y �g�Z�]�e�y�^�g�h�k�l�b

�^�b�k�d�j�_�l�g�h�_ �i�j�_�^�k�l�Z�\�e�_�g�b�_ �l�j�Z�_�d�l�h�j�b�b �i�j�b�\�_�^�_�g�h �g�Z �j�b�k�m�g�d�_ ����������

�J�b�k�m�g�h�d �������� �± �>�b�k�d�j�_�l�g�h�_ �i�j�_�^�k�l�Z�\�e�_�g�b�_ �l�j�Z�_�d�l�h�j�b�b

�< �d�Z�q�_�k�l�\�_ �d�b�g�_�f�Z�l�b�q�_�k�d�h�c �f�h�^�_�e�b �\ �i�j�h�k�l�j�Z�g�k�l�\�_ �k�h�k�l�h�y�g�b�c �b�k�i�h�e�v�a�m�_�l�k�y

�a�Z�\�b�k�b�f�h�k�l�v �i�j�h�b�a�\�h�^�g�u�o �i�h �^�m�]�h�\�h�c �d�h�h�j�^�b�g�Z�l�_��
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u, ��������������

�]�^�_u = k. �² �m�i�j�Z�\�e�y�x�s�_�_ �\�h�a�^�_�c�k�l�\�b�_�� �b�g�l�_�j�i�j�_�l�b�j�m�_�f�h�_ �d�Z�d �k�d�h�j�h�k�l�v

�b�a�f�_�g�_�g�b�y �d�j�b�\�b�a�g�u �\�^�h�e�v �l�j�Z�_�d�l�h�j�b�b�� �r�l�j�b�o(á). �h�[�h�a�g�Z�q�Z�_�l �i�j�h�b�a�\�h�^�g�m�x �i�hs��



����

���������� �I�j�_�^�\�Z�j�b�l�_�e�v�g�Z�y �Z�i�i�j�h�d�k�b�f�Z�p�b�y �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b �%���k�i�e�Z�c�g�h�f

�I�h�k�d�h�e�v�d�m �b�k�o�h�^�g�Z�y �h�i�h�j�g�Z�y �l�j�Z�_�d�l�h�j�b�y�� �d�Z�d �i�j�Z�\�b�e�h�� �a�Z�^�Z�_�l�k�y �^�b�k�d�j�_�l�g�h

�b �f�h�`�_�l �h�[�e�Z�^�Z�l�v �g�_�^�h�k�l�Z�l�h�q�g�h�c �]�e�Z�^�d�h�k�l�v�x�� �i�_�j�_�^ �j�_�r�_�g�b�_�f �a�Z�^�Z�q�b

�d�\�Z�^�j�Z�l�b�q�g�h�]�h �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y �\�u�i�h�e�g�y�_�l�k�y �i�j�_�^�\�Z�j�b�l�_�e�v�g�Z�y �Z�i�i�j�h�d�k�b�f�Z�p�b�y

�h�i�h�j�g�h�c �e�b�g�b�b �d�m�[�b�q�_�k�d�b�fB ���k�i�e�Z�c�g�h�f�� �M�d�Z�a�Z�g�g�u�c �w�l�Z�i �h�[�_�k�i�_�q�b�\�Z�_�l

�i�h�\�u�r�_�g�b�_ �]�e�Z�^�d�h�k�l�b �]�_�h�f�_�l�j�b�q�_�k�d�b�o �o�Z�j�Z�d�l�_�j�b�k�l�b�d �l�j�Z�_�d�l�h�j�b�b�� �\ �l�h�f �q�b�k�e�_

�g�_�i�j�_�j�u�\�g�h�k�l�v �d�j�b�\�b�a�g�u �b �_�_ �i�j�h�b�a�\�h�^�g�h�c�� �q�l�h �k�g�b�`�Z�_�l �\�_�j�h�y�l�g�h�k�l�v �i�h�y�\�e�_�g�b�y

�j�_�a�d�b�o �b�a�f�_�g�_�g�b�c �l�j�_�[�m�_�f�h�]�h �j�m�e�_�\�h�]�h �\�h�a�^�_�c�k�l�\�b�y �i�j�b �i�h�k�e�_�^�m�x�s�_�f

�b�k�i�h�e�g�_�g�b�b �l�j�Z�_�d�l�h�j�b�b ���j�b�k�m�g�h�d ������������

�J�b�k�m�g�h�d �������� �± �K�j�Z�\�g�_�g�b�_ �b�a�g�Z�q�Z�e�v�g�h�c �b �Z�i�i�j�h�d�k�b�f�b�j�h�\�Z�g�g�h�c �k �i�h�f�h�s�v�x
�%���k�i�e�Z�c�g�Z �l�j�Z�_�d�l�h�j�b�b
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�D�Z�d �\�b�^�g�h �b�a �j�b�k�m�g�d�Z ���������� �i�h�k�e�_ �Z�i�i�j�h�d�k�b�f�Z�p�b�bB ���k�i�e�Z�c�g�h�f �a�Z�\�b�k�b�f�h�k�l�b

k �b k. �i�j�b�h�[�j�_�l�Z�x�l �g�_�i�j�_�j�u�\�g�u�c �o�Z�j�Z�d�l�_�j�� �I�h�e�m�q�_�g�g�Z�y �l�j�Z�_�d�l�h�j�b�y

�j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �^�Z�e�_�_ �d�Z�d �h�i�h�j�g�Z�y �^�e�y �i�h�k�e�_�^�m�x�s�_�]�h �h�i�l�b�f�b�a�Z�p�b�h�g�g�h�]�h

�k�]�e�Z�`�b�\�Z�g�b�y��

���������� �P�_�e�_�\�Z�y �n�m�g�d�p�b�y �a�Z�^�Z�q�b �d�\�Z�^�j�Z�l�b�q�g�h�]�h �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y

�A�Z�^�Z�q�Z �k�]�e�Z�`�b�\�Z�g�b�y �n�h�j�f�Z�e�b�a�m�_�l�k�y �d�Z�d �a�Z�^�Z�q�Z �d�\�Z�^�j�Z�l�b�q�g�h�]�h

�i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y�� �\ �d�h�l�h�j�h�c �f�b�g�b�f�b�a�b�j�m�_�l�k�y �h�l�d�e�h�g�_�g�b�_ �h�l �h�i�h�j�g�h�c

�l�j�Z�_�d�l�h�j�b�b�� �Z �l�Z�d�`�_ �r�l�j�Z�n�m�x�l�k�y �\�_�e�b�q�b�g�Z �d�j�b�\�b�a�g�u �b �_�_ �b�a�f�_�g�_�g�b�y �\�^�h�e�v �i�m�l�b��

�< �j�Z�f�d�Z�o �i�j�b�g�y�l�h�]�h �i�j�_�^�k�l�Z�\�e�_�g�b�y ���������� �p�_�e�_�\�Z�y �n�m�g�d�p�b�y �a�Z�^�Z�_�l�k�y �\�u�j�Z�`�_�g�b�_�f��

J =
N %1#

i =0

-
Wd (x i %xref,i )2 + Wd (yi %yref,i )2 + Wc k2

i

.

+
N %2#

i =0

Wcr (ki +1 %ki )2,

��������������

�]�^�_Wd �² �\�_�k�h�\�h�c �d�h�w�n�n�b�p�b�_�g�l�� �h�i�j�_�^�_�e�y�x�s�b�c �k�l�_�i�_�g�v �k�e�_�^�h�\�Z�g�b�y �h�i�h�j�g�h�c

�l�j�Z�_�d�l�h�j�b�b��Wc �² �\�_�k�h�\�h�c �d�h�w�n�n�b�p�b�_�g�l�� �r�l�j�Z�n�m�x�s�b�c �\�_�e�b�q�b�g�m �d�j�b�\�b�a�g�u��Wcr

�² �\�_�k�h�\�h�c �d�h�w�n�n�b�p�b�_�g�l�� �r�l�j�Z�n�m�x�s�b�c �b�a�f�_�g�_�g�b�y �d�j�b�\�b�a�g�u �f�_�`�^�m �k�h�k�_�^�g�b�f�b

�m�a�e�Z�f�b �^�b�k�d�j�_�l�b�a�Z�p�b�b ���^�b�k�d�j�_�l�g�u�c �Z�g�Z�e�h�] �i�j�h�b�a�\�h�^�g�h�c �d�j�b�\�b�a�g�u����

���������� �H�]�j�Z�g�b�q�_�g�b�y �b �e�b�g�_�Z�j�b�a�Z�p�b�y �^�b�g�Z�f�b�d�b

�>�e�y �i�j�b�\�_�^�_�g�b�y �a�Z�^�Z�q�b �d �d�\�Z�^�j�Z�l�b�q�g�h�f�m �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�x �g�_�e�b�g�_�c�g�u�_

�k�h�h�l�g�h�r�_�g�b�y �^�b�g�Z�f�b�d�b �������������� �e�b�g�_�Z�j�b�a�m�x�l�k�y �\ �h�d�j�_�k�l�g�h�k�l�b �h�i�h�j�g�u�o �l�h�q�_�d��

�E�b�g�_�Z�j�b�a�Z�p�b�y �\�u�i�h�e�g�y�_�l�k�y �i�h �n�h�j�f�m�e�_ �L�_�c�e�h�j�Z �i�_�j�\�h�]�h �i�h�j�y�^�d�Z �n�h�j�f�m�e�Z ����������

�< �j�_�a�m�e�v�l�Z�l�_ �^�e�y �^�b�k�d�j�_�l�g�h�c �f�h�^�_�e�b �k �r�Z�]�h�fds �i�h�e�m�q�Z�x�l�k�y �e�b�g�_�c�g�u�_

�k�h�h�l�g�h�r�_�g�b�y �\�b�^�Z��

x i +1 = x i + dsá�F�R�V(' ref,i ) %' i ádsá�V�L�Q(' ref,i ),

yi +1 = yi + dsá�V�L�Q(' ref,i ) + ' i ádsá�F�R�V(' ref,i ),

' i +1 = ' i %dsákref + dsáki .

��������������

�I�e�Z�g�b�j�h�\�Z�g�b�_ �g�Z�q�b�g�Z�_�l�k�y �b�a �i�_�j�\�h�c ���b�g�^�_�d�k0�� �h�i�h�j�g�h�c �l�h�q�d�b �l�j�Z�_�d�l�h�j�b�b��

�>�e�y �h�[�_�k�i�_�q�_�g�b�y �k�h�]�e�Z�k�h�\�Z�g�g�h�k�l�b �g�Z�q�Z�e�Z �k�]�e�Z�`�_�g�g�h�c �l�j�Z�_�d�l�h�j�b�b �k �a�Z�^�Z�g�g�h�c



������

�k�l�Z�j�l�h�\�h�c �i�h�a�b�p�b�_�c �\�\�h�^�y�l�k�y �g�Z�q�Z�e�v�g�u�_ �m�k�e�h�\�b�y��

x0 = xref, 0,

y0 = yref, 0.
��������������

���������� �J�_�a�m�e�v�l�Z�l�u �f�h�^�_�e�b�j�h�\�Z�g�b�y �b �h�[�k�m�`�^�_�g�b�_ �\�e�b�y�g�b�y �\�_�k�h�\

�G�Z �j�b�k�m�g�d�_ �������� �i�j�b�\�_�^�_�g �i�j�b�f�_�j �j�_�a�m�e�v�l�Z�l�Z �k�]�e�Z�`�b�\�Z�g�b�y�� �\�u�i�h�e�g�_�g�g�h�]�h �\

�^�\�Z �w�l�Z�i�Z�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�Z�y �Z�i�i�j�h�d�k�b�f�Z�p�b�yB ���k�i�e�Z�c�g�h�f �b �i�h�k�e�_�^�m�x�s�_�_ �j�_�r�_�g�b�_

�a�Z�^�Z�q�b �d�\�Z�^�j�Z�l�b�q�g�h�]�h �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y��

�J�b�k�m�g�h�d �������� �± �J�_�a�m�e�v�l�Z�l �j�Z�[�h�l�u �Z�e�]�h�j�b�l�f�Z �k�]�e�Z�`�b�\�Z�g�b�y �i�j�b
Wd = 0.005;Wc = 1.0;Wcr = 10.0



������

�D�Z�d �\�b�^�g�h �b�a �j�b�k�m�g�d�Z ���������� �h�i�l�b�f�b�a�Z�p�b�h�g�g�h�_ �k�]�e�Z�`�b�\�Z�g�b�_ �h�[�_�k�i�_�q�b�\�Z�_�l

�i�h�\�u�r�_�g�b�_ �i�e�Z�\�g�h�k�l�b �l�j�Z�_�d�l�h�j�b�b �i�h �k�j�Z�\�g�_�g�b�x �k �\�Z�j�b�Z�g�l�h�f�� �i�h�e�m�q�_�g�g�u�f

�l�h�e�v�d�h �i�h�k�e�_ �Z�i�i�j�h�d�k�b�f�Z�p�b�bB ���k�i�e�Z�c�g�h�f�� �q�l�h �\�u�j�Z�`�Z�_�l�k�y �\ �k�g�b�`�_�g�b�b

�Z�f�i�e�b�l�m�^�u �d�h�e�_�[�Z�g�b�c �d�j�b�\�b�a�g�u �b �_�_ �b�a�f�_�g�_�g�b�y �\�^�h�e�v �i�m�l�b��

�L�Z�[�e�b�p�Z ������ �± �K�j�Z�\�g�_�g�b�_ �l�j�Z�_�d�l�h�j�b�c �i�h �^�Z�g�g�u�f �j�b�k�� �������� ��Wd = 0.005��Wc = 1.0��
Wcr = 10.0��

�I�h�d�Z�a�Z�l�_�e�v �J�_�n�_�j�_�g�k �%���V�S�O�L�Q�H�K�]�e�Z�`�_�g�g�Z�y
�>�e�b�g�Z �i�h �^�m�]�_��s�P�D�[� � � f 65 65 65
�F�b�g�b�f�Z�e�v�g�Z�y �d�j�b�\�b�a�g�Z��k�P�L�Q�� �����f %0.125 %0.155 %0.110
�I�h�e�h�`�_�g�b�_ �f�b�g�b�f�m�f�Z��s(k�P�L�Q)� � � f 32 33 34
�F�Z�d�k�b�f�Z�e�v�g�Z�y �d�j�b�\�b�a�g�Z��k�P�D�[�� �����f +0.002 +0.003 +0.002
�F�Z�d�k�b�f�Z�e�v�g�Z�y �k�d�h�j�h�k�l�v �b�a�f�_�g�_�g�b�y �d�j�b�\�b�a�g�u��
�P�D�[|dk/ ds|�� �����f2 0.015 0.023 0.012

�O�Z�j�Z�d�l�_�jdk/ ds ���d�Z�q�_�k�l�\�_�g�g�h�� �k�l�m�i�_�g�q�Z�l�u�c�d�h�e�_�[�Z�l�_�e�v�g�u�c�k�]�e�Z�`�_�g�g�u�c

�I�j�b �g�m�e�_�\�u�o �a�g�Z�q�_�g�b�y�o �\�_�k�h�\�� �h�l�\�_�q�Z�x�s�b�o �a�Z �f�b�g�b�f�b�a�Z�p�b�x �d�j�b�\�b�a�g�u �b

�b�a�f�_�g�_�g�b�c �d�j�b�\�b�a�g�u ��Wc = 0�� Wcr = 0���� �j�_�r�_�g�b�_ �a�Z�^�Z�q�b �\�u�j�h�`�^�Z�_�l�k�y �\

�k�e�_�^�h�\�Z�g�b�_ �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b�� �l�h �_�k�l�v �h�i�l�b�f�b�a�Z�p�b�y �g�_ �\�g�h�k�b�l �k�]�e�Z�`�b�\�Z�x�s�b�o

�d�h�j�j�_�d�p�b�c �\ �]�_�h�f�_�l�j�b�x �l�j�Z�_�d�l�h�j�b�b��

�L�Z�d�b�f �h�[�j�Z�a�h�f�� �i�j�_�^�e�h�`�_�g�g�Z�y �i�h�k�l�Z�g�h�\�d�Z �i�h�a�\�h�e�y�_�l �m�i�j�Z�\�e�y�l�v

�d�h�f�i�j�h�f�b�k�k�h�f �f�_�`�^�m �l�h�q�g�h�k�l�v�x �k�e�_�^�h�\�Z�g�b�y �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b �b

�l�j�_�[�h�\�Z�g�b�y�f�b �d �i�e�Z�\�g�h�k�l�b �a�Z �k�q�_�l �b�a�f�_�g�_�g�b�y �\�_�k�h�\�u�o �d�h�w�n�n�b�p�b�_�g�l�h�\Wd��Wc �b

Wcr �� �<�f�_�k�l�_ �k �l�_�f �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�Z�y �i�h�k�l�Z�g�h�\�d�Z �g�_ �k�h�^�_�j�`�b�l �h�]�j�Z�g�b�q�_�g�b�c��

�k�\�y�a�Z�g�g�u�o �k �]�j�Z�g�b�p�Z�f�b �^�h�j�h�`�g�h�c �i�h�e�h�k�u �b �g�Z�e�b�q�b�_�f �i�j�_�i�y�l�k�l�\�b�c�� �<�k�e�_�^�k�l�\�b�_

�w�l�h�]�h �k�]�e�Z�`�_�g�g�Z�y �l�j�Z�_�d�l�h�j�b�y �f�h�`�_�l �\�u�o�h�^�b�l�v �a�Z �i�j�_�^�_�e�u �i�h�e�h�k�u �^�\�b�`�_�g�b�y �e�b�[�h

�i�_�j�_�k�_�d�Z�l�v �i�j�_�i�y�l�k�l�\�b�y�� �q�l�h �h�]�j�Z�g�b�q�b�\�Z�_�l �i�j�b�f�_�g�b�f�h�k�l�v �Z�e�]�h�j�b�l�f�Z �\ �a�Z�^�Z�q�Z�o

�[�_�a�h�i�Z�k�g�h�]�h �i�e�Z�g�b�j�h�\�Z�g�b�y��

�>�e�y �m�k�l�j�Z�g�_�g�b�y �m�d�Z�a�Z�g�g�h�]�h �g�_�^�h�k�l�Z�l�d�Z �^�Z�e�_�_ �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �i�h�k�l�Z�g�h�\�d�Z��

�\ �d�h�l�h�j�h�c �k�]�e�Z�`�b�\�Z�g�b�_ �\�u�i�h�e�g�y�_�l�k�y �k �m�q�_�l�h�f �h�]�j�Z�g�b�q�_�g�b�c �g�Z �]�j�Z�g�b�p�u �^�h�j�h�]�b �b

�^�h�k�l�m�i�g�h�_ �i�j�h�k�l�j�Z�g�k�l�\�h �^�\�b�`�_�g�b�y��



������

������ �:�e�]�h�j�b�l�f �k�]�e�Z�`�b�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b �^�\�b�`�_�g�b�y �[�_�k�i�b�e�h�l�g�h�]�h

�l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z �g�Z �h�k�g�h�\�_ �d�\�Z�^�j�Z�l�b�q�g�h�c �h�i�l�b�f�b�a�Z�p�b�b �k

�m�q�_�l�h�f �h�]�j�Z�g�b�q�_�g�b�c �g�Z �]�j�Z�g�b�p�u �^�h�j�h�]�b

�< �j�Z�a�^�_�e�_ ������ �[�u�e�Z �j�Z�k�k�f�h�l�j�_�g�Z �a�Z�^�Z�q�Z �k�]�e�Z�`�b�\�Z�g�b�y �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b

�[�_�a �m�q�_�l�Z �k�\�h�[�h�^�g�h�]�h �i�j�h�k�l�j�Z�g�k�l�\�Z�� �G�Z �i�j�Z�d�l�b�d�_ �l�Z�d�h�c �i�h�^�o�h�^ �g�_�^�h�k�l�Z�l�h�q�_�g��

�i�h�k�d�h�e�v�d�m �j�_�a�m�e�v�l�b�j�m�x�s�Z�y �l�j�Z�_�d�l�h�j�b�y �f�h�`�_�l �\�u�o�h�^�b�l�v �a�Z �i�j�_�^�_�e�u �i�h�e�h�k�u

�^�\�b�`�_�g�b�y �e�b�[�h �i�_�j�_�k�_�d�Z�l�v �h�[�e�Z�k�l�b�� �a�Z�g�y�l�u�_ �i�j�_�i�y�l�k�l�\�b�y�f�b�� �q�l�h �^�_�e�Z�_�l �_�_

�g�_�i�j�b�]�h�^�g�h�c �^�e�y �i�h�k�e�_�^�m�x�s�_�]�h �b�k�i�h�e�g�_�g�b�y �\ �d�h�g�l�m�j�_ �m�i�j�Z�\�e�_�g�b�y��

�G�Z�k�l�h�y�s�b�c �j�Z�a�^�_�e �g�Z�i�j�Z�\�e�_�g �g�Z �j�Z�k�r�b�j�_�g�b�_ �i�h�k�l�Z�g�h�\�d�b �a�Z �k�q�_�l �y�\�g�h�]�h

�m�q�_�l�Z �]�_�h�f�_�l�j�b�q�_�k�d�b�o �h�]�j�Z�g�b�q�_�g�b�c �\ �^�_�d�Z�j�l�h�\�h�c �k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l �>�����@�� �I�j�b

�w�l�h�f �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �m�i�j�h�s�_�g�g�Z�y �f�h�^�_�e�v�� �\ �d�h�l�h�j�h�c �l�j�Z�g�k�i�h�j�l�g�h�_ �k�j�_�^�k�l�\�h

�Z�i�i�j�h�d�k�b�f�b�j�m�_�l�k�y �f�Z�l�_�j�b�Z�e�v�g�h�c �l�h�q�d�h�c�� �Z �h�]�j�Z�g�b�q�_�g�b�y �g�Z �^�h�i�m�k�l�b�f�m�x �h�[�e�Z�k�l�v

�^�\�b�`�_�g�b�y �a�Z�^�Z�x�l�k�y �\ �\�b�^�_ �d�h�j�b�^�h�j�Z��

���������� �N�h�j�f�m�e�b�j�h�\�d�Z �a�Z�^�Z�q�b �k�]�e�Z�`�b�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b �k �m�q�_�l�h�f �h�]�j�Z�g�b�q�_�g�b�c

�I�m�k�l�v �a�Z�^�Z�g�Z �h�i�h�j�g�Z�y �l�j�Z�_�d�l�h�j�b�y �\ �\�b�^�_ �^�b�k�d�j�_�l�g�h�]�h �g�Z�[�h�j�Z �l�h�q�_�d

{ (xref,i , yref,i )} N %1
i=0 �� �i�h�e�m�q�_�g�g�Z�y�� �g�Z�i�j�b�f�_�j�� �f�_�l�h�^�Z�f�b �^�b�k�d�j�_�l�g�h�]�h �i�e�Z�g�b�j�h�\�Z�g�b�y

���i�h�b�k�d �g�Z �]�j�Z�n�Z�o �b �^�j������ �L�j�_�[�m�_�l�k�y �i�h�k�l�j�h�b�l�v �k�]�e�Z�`�_�g�g�m�x �l�j�Z�_�d�l�h�j�b�x��

�h�[�_�k�i�_�q�b�\�Z�x�s�m�x �f�Z�e�h�_ �h�l�d�e�h�g�_�g�b�_ �h�l �h�i�h�j�g�h�c �e�b�g�b�b�� �h�]�j�Z�g�b�q�_�g�b�_ �d�j�b�\�b�a�g�u �b

�h�]�j�Z�g�b�q�_�g�b�_ �k�d�h�j�h�k�l�b �b�a�f�_�g�_�g�b�y �d�j�b�\�b�a�g�u�� �Z �l�Z�d�`�_ �m�^�h�\�e�_�l�\�h�j�y�x�s�m�x

�h�]�j�Z�g�b�q�_�g�b�y�f �g�Z �^�h�i�m�k�l�b�f�m�x �h�[�e�Z�k�l�v �^�\�b�`�_�g�b�y��

�< �h�l�e�b�q�b�_ �h�l �j�Z�a�^�_�e�Z ������������ �^�h�i�h�e�g�b�l�_�e�v�g�h �\�\�h�^�y�l�k�y �h�]�j�Z�g�b�q�_�g�b�y��

�a�Z�^�Z�x�s�b�_ �d�h�j�b�^�h�j �^�\�b�`�_�g�b�y �\ �d�Z�`�^�h�c �^�b�k�d�j�_�l�g�h�c �l�h�q�d�_ �l�j�Z�_�d�l�h�j�b�b�� �< �j�Z�f�d�Z�o

�^�Z�g�g�h�c �i�h�k�l�Z�g�h�\�d�b �i�j�_�^�i�h�e�Z�]�Z�_�l�k�y�� �q�l�h �d�h�j�b�^�h�j �f�h�`�_�l �[�u�l�v �a�Z�^�Z�g �d�Z�d

�b�g�l�_�j�\�Z�e�v�g�u�_ �h�]�j�Z�g�b�q�_�g�b�y �i�h �d�h�h�j�^�b�g�Z�l�_y �i�j�b �n�b�d�k�b�j�h�\�Z�g�g�h�c ���b�e�b �f�h�g�h�l�h�g�g�h

�\�h�a�j�Z�k�l�Z�x�s�_�c�� �d�h�h�j�^�b�g�Z�l�_x�� �>�Z�g�g�h�_ �^�h�i�m�s�_�g�b�_ �\�\�h�^�b�l�k�y �^�e�y �i�h�e�m�q�_�g�b�y

�e�b�g�_�c�g�u�o �h�]�j�Z�g�b�q�_�g�b�c �b�� �l�_�f �k�Z�f�u�f�� �\�h�a�f�h�`�g�h�k�l�b �j�_�r�_�g�b�y �a�Z�^�Z�q�b �f�_�l�h�^�Z�f�b

�d�\�Z�^�j�Z�l�b�q�g�h�]�h �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y �\ �j�_�`�b�f�_ �j�_�Z�e�v�g�h�]�h �\�j�_�f�_�g�b��

���������� �I�j�_�^�k�l�Z�\�e�_�g�b�_ �l�j�Z�_�d�l�h�j�b�b �b �n�h�j�f�b�j�h�\�Z�g�b�_ �h�]�j�Z�g�b�q�_�g�b�c �g�Z �k�\�h�[�h�^�g�h�_

�i�j�h�k�l�j�Z�g�k�l�\�h

�F�h�^�_�e�v �l�j�Z�_�d�l�h�j�b�b �\ �^�_�d�Z�j�l�h�\�h�c �k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l �i�j�b�\�_�^�_�g�Z �\ �j�Z�a�^�_�e�_

������������ �H�^�g�Z�d�h �\ �h�[�s�_�f �k�e�m�q�Z�_ �]�j�Z�g�b�p�u �i�j�h�_�a�`�_�c �q�Z�k�l�b �\ �^�_�d�Z�j�l�h�\�h�c �k�b�k�l�_�f�_

�d�h�h�j�^�b�g�Z�l �b�f�_�x�l �g�_�e�b�g�_�c�g�u�c �o�Z�j�Z�d�l�_�j ���g�Z�i�j�b�f�_�j�� �i�j�b �j�Z�a�\�h�j�h�l�_ �^�h�j�h�]�b �g�Z1800



������

�b�e�b �i�j�b �k�Z�f�h�i�_�j�_�k�_�q�_�g�b�b �h�i�h�j�g�h�c �e�b�g�b�b�� �j�b�k�m�g�h�d ������������

�J�b�k�m�g�h�d �������� �± �I�j�b�f�_�j �k�Z�f�h�i�_�j�_�k�_�q�_�g�b�b �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b

�>�e�y �i�_�j�_�o�h�^�Z �d �e�b�g�_�c�g�u�f �h�]�j�Z�g�b�q�_�g�b�y�f �b�k�i�h�e�v�a�m�_�l�k�y �i�Z�j�Z�f�_�l�j�b�a�Z�p�b�y �i�h

�d�h�h�j�^�b�g�Z�l�_x ���j�b�k�m�g�h�d ������������ �i�j�b �d�h�l�h�j�h�cx �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �d�Z�d �a�Z�^�Z�g�g�Z�y

���b�g�^�_�d�k�b�j�m�_�f�Z�y�� �\�_�e�b�q�b�g�Z�� �Z �h�i�l�b�f�b�a�b�j�m�_�f�u�f�b �i�_�j�_�f�_�g�g�u�f�b �y�\�e�y�x�l�k�yy��' �bk��

�J�b�k�m�g�h�d �������� �± �>�b�k�d�j�_�l�g�h�_ �i�j�_�^�k�l�Z�\�e�_�g�b�_ �l�j�Z�_�d�l�h�j�b�b ���k�e�_�\�Z��x �d�Z�d �i�_�j�_�f�_�g�g�Z�y��
�k�i�j�Z�\�Z��x �a�Z�^�Z�g �b�g�^�_�d�k�h�f��
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�]�^�_u �² �m�i�j�Z�\�e�y�x�s�Z�y �\�_�e�b�q�b�g�Z�� �k�h�h�l�\�_�l�k�l�\�m�x�s�Z�y �k�d�h�j�h�k�l�b �b�a�f�_�g�_�g�b�y �d�j�b�\�b�a�g�u

��u 1 k.����

�B�k�d�e�x�q�_�g�b�_ �d�h�h�j�^�b�g�Z�l�ux �b�a �m�j�Z�\�g�_�g�b�c �^�b�g�Z�f�b�d�b �w�d�\�b�\�Z�e�_�g�l�g�h

�\�\�_�^�_�g�b�x �^�h�i�m�s�_�g�b�y �h �f�h�g�h�l�h�g�g�h�f �i�j�h�^�\�b�`�_�g�b�b �\�^�h�e�v �h�k�bx ���l�h �_�k�l�v �[�_�a

�m�q�Z�k�l�d�h�\ �^�\�b�`�_�g�b�y�� �l�j�_�[�m�x�s�b�o �m�f�_�g�v�r�_�g�b�yx���� �< �j�Z�f�d�Z�o �^�Z�g�g�h�]�h �^�h�i�m�s�_�g�b�y

�]�j�Z�g�b�p�u �^�h�i�m�k�l�b�f�h�c �h�[�e�Z�k�l�b �^�\�b�`�_�g�b�y �f�h�]�m�l �[�u�l�v �a�Z�^�Z�g�u �e�b�g�_�c�g�h �\ �\�b�^�_

�b�g�l�_�j�\�Z�e�v�g�u�o �h�]�j�Z�g�b�q�_�g�b�c �g�Zy �\ �d�Z�`�^�h�c �^�b�k�d�j�_�l�g�h�c �l�h�q�d�_��

lbi " yi " ubi , i = 0, . . . , N %1, ��������������

�]�^�_lbi �bubi �² �k�h�h�l�\�_�l�k�l�\�_�g�g�h �g�b�`�g�y�y �b �\�_�j�o�g�y�y �]�j�Z�g�b�p�u �d�h�j�b�^�h�j�Z �^�\�b�`�_�g�b�y��

�a�Z�^�Z�g�g�u�_ �i�h �^�Z�g�g�u�f �d�Z�j�l�u �b ���i�j�b �g�Z�e�b�q�b�b�� �k�l�Z�l�b�q�_�k�d�b�o �i�j�_�i�y�l�k�l�\�b�c��

�G�Z �j�b�k�m�g�d�_ �������� �i�j�b�\�_�^�_�g�Z �b�e�e�x�k�l�j�Z�p�b�y �n�h�j�f�b�j�h�\�Z�g�b�y �d�h�j�b�^�h�j�Z

�i�j�h�o�h�^�b�f�h�k�l�b �^�e�y �k�e�m�q�Z�y�� �d�h�]�^�Z �b�k�o�h�^�g�Z�y �h�i�h�j�g�Z�y �e�b�g�b�y �i�_�j�_�k�_�d�Z�_�l �h�[�e�Z�k�l�v��

�q�Z�k�l�b�q�g�h �a�Z�g�y�l�u�_ �k�l�Z�l�b�q�_�k�d�b�f�b �i�j�_�i�y�l�k�l�\�b�y�f�b�� �b �l�j�_�[�m�_�l �d�h�j�j�_�d�l�b�j�h�\�d�b �^�e�y

�k�h�o�j�Z�g�_�g�b�y �^�h�i�m�k�l�b�f�u�o �a�Z�a�h�j�h�\��



������

�J�b�k�m�g�h�d �������� �± �<�b�a�m�Z�e�b�a�Z�p�b�y �h�]�j�Z�g�b�q�_�g�b�c �\�b�^�Z �n�h�j�f�m�e�Z ��������������

�G�Z �j�b�k�m�g�d�_ �������� �i�h�d�Z�a�Z�g �o�Z�j�Z�d�l�_�j �e�h�d�Z�e�v�g�h�c �d�h�j�j�_�d�l�b�j�h�\�d�b �d�h�j�b�^�h�j�Z

�i�j�h�o�h�^�b�f�h�k�l�b �i�j�b �g�Z�e�b�q�b�b �k�l�Z�l�b�q�_�k�d�h�]�h �i�j�_�i�y�l�k�l�\�b�y �g�Z �b�k�o�h�^�g�h�c �h�i�h�j�g�h�c

�e�b�g�b�b�� �< �h�[�e�Z�k�l�b �d�h�g�n�e�b�d�l�Z �k �i�j�_�i�y�l�k�l�\�b�_�f �]�j�Z�g�b�p�u �d�h�j�b�^�h�j�Z �k�m�`�Z�x�l�k�y �b���b�e�b

�k�f�_�s�Z�x�l�k�y �l�Z�d�b�f �h�[�j�Z�a�h�f�� �q�l�h�[�u �k�h�o�j�Z�g�y�e�k�y �a�Z�^�Z�g�g�u�c �[�_�a�h�i�Z�k�g�u�c �a�Z�a�h�j�� �Z

�^�h�i�m�k�l�b�f�Z�y �h�[�e�Z�k�l�v �h�k�l�Z�\�Z�e�Z�k�v �k�\�y�a�g�h�c�� �>�e�y �d�Z�`�^�h�]�h �^�b�k�d�j�_�l�g�h�]�h �m�a�e�Z

�l�j�Z�_�d�l�h�j�b�bi = 0, �« , n�í1 �n�h�j�f�b�j�m�x�l�k�y �\�_�j�o�g�y�y �b �g�b�`�g�y�y �]�j�Z�g�b�p�u �^�h�i�m�k�l�b�f�h�]�h

�i�h�i�_�j�_�q�g�h�]�h �h�l�d�e�h�g�_�g�b�y�� �d�h�l�h�j�u�_ �^�Z�e�_�_ �b�k�i�h�e�v�a�m�x�l�k�y �\ �\�b�^�_ �g�_�j�Z�\�_�g�k�l�\ ������������

�L�_�f �k�Z�f�u�f �h�[�_�k�i�_�q�b�\�Z�_�l�k�y �b�k�d�e�x�q�_�g�b�_ �i�_�j�_�k�_�q�_�g�b�c �k �a�Z�g�y�l�u�f�b �h�[�e�Z�k�l�y�f�b �i�j�b

�k�h�o�j�Z�g�_�g�b�b �b�k�o�h�^�g�h�]�h �d�h�j�b�^�h�j�Z �g�Z �m�q�Z�k�l�d�Z�o�� �k�\�h�[�h�^�g�u�o �h�l �i�j�_�i�y�l�k�l�\�b�c�� �b

�k�h�a�^�Z�x�l�k�y �d�h�j�j�_�d�l�g�u�_ �h�]�j�Z�g�b�q�_�g�b�y �^�e�y �i�h�k�e�_�^�m�x�s�_�c �h�i�l�b�f�b�a�Z�p�b�b �l�j�Z�_�d�l�h�j�b�b��

���������� �P�_�e�_�\�Z�y �n�m�g�d�p�b�y �a�Z�^�Z�q�b �d�\�Z�^�j�Z�l�b�q�g�h�]�h �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y

�>�e�y �a�Z�^�Z�q�b �k�]�e�Z�`�b�\�Z�g�b�y �k �m�q�_�l�h�f �h�]�j�Z�g�b�q�_�g�b�c �������������� �b�k�i�h�e�v�a�m�_�l�k�y

�d�\�Z�^�j�Z�l�b�q�g�u�c �n�m�g�d�p�b�h�g�Z�e �d�Z�q�_�k�l�\�Z��

J =
N %1#

i =0

-
Wd (yi %yref,i )2 + Wc k2

i

.

+
N %2#

i =0

Wcr (ki +1 %ki )2,

��������������

�]�^�_Wd �² �\�_�k �h�l�d�e�h�g�_�g�b�y �h�l �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b��Wc �² �\�_�k �j�_�]�m�e�y�j�b�a�Z�p�b�b

�d�j�b�\�b�a�g�u��Wcr �² �\�_�k �j�_�]�m�e�y�j�b�a�Z�p�b�b �k�d�h�j�h�k�l�b �b�a�f�_�g�_�g�b�y �d�j�b�\�b�a�g�u��



������

���������� �H�]�j�Z�g�b�q�_�g�b�y �b �e�b�g�_�Z�j�b�a�Z�p�b�y �^�b�g�Z�f�b�d�b

�K �i�h�f�h�s�v�x �j�y�^�Z �L�_�c�e�h�j�Z �������� �m�j�Z�\�g�_�g�b�y �������������� �e�b�g�_�Z�j�b�a�m�x�l�k�y �\

�h�d�j�_�k�l�g�h�k�l�b �h�i�h�j�g�u�o �a�g�Z�q�_�g�b�c��

yi +1 = yi + dsá�V�L�Q(' ref,i ) + ' i ádsá�F�R�V(' ref,i ),

' i +1 = ' i %dsákref + dsáki ,
��������������

�]�^�_ds �² �r�Z�] �^�b�k�d�j�_�l�b�a�Z�p�b�b�� �k�h�]�e�Z�k�h�\�Z�g�g�u�c �k �^�b�k�d�j�_�l�b�a�Z�p�b�_�c �h�i�h�j�g�h�c

�l�j�Z�_�d�l�h�j�b�b��

�G�Z�q�Z�e�v�g�Z�y �l�h�q�d�Z �n�b�d�k�b�j�m�_�l�k�y �\ �d�Z�q�_�k�l�\�_ �g�Z�q�Z�e�v�g�h�]�h �m�k�e�h�\�b�y��

x0 = xref, 0,

y0 = yref, 0.
��������������

���������� �Q�b�k�e�_�g�g�u�c �w�d�k�i�_�j�b�f�_�g�l �b �h�[�k�m�`�^�_�g�b�_

�< �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�f �i�j�b�f�_�j�_ �h�]�j�Z�g�b�q�_�g�b�y�� �n�h�j�f�m�e�Z �������������� �\�u�g�m�`�^�Z�x�l

�h�i�l�b�f�b�a�Z�l�h�j �h�l�d�e�h�g�y�l�v�k�y �h�l �h�i�h�j�g�h�c �e�b�g�b�b �\ �l�_�o �m�q�Z�k�l�d�Z�o�� �]�^�_ �_�_ �k�e�_�^�h�\�Z�g�b�_

�i�j�b�\�h�^�b�l �d �g�Z�j�m�r�_�g�b�x �]�j�Z�g�b�p �d�h�j�b�^�h�j�Z �b�e�b �d �i�_�j�_�k�_�q�_�g�b�x �h�[�e�Z�k�l�_�c�� �a�Z�g�y�l�u�o

�i�j�_�i�y�l�k�l�\�b�y�f�b ���j�b�k�m�g�h�d ������������ �L�_�f �k�Z�f�u�f �h�[�_�k�i�_�q�b�\�Z�_�l�k�y �k�h�\�f�_�k�l�g�h�_

�\�u�i�h�e�g�_�g�b�_ �l�j�_�[�h�\�Z�g�b�c �d �i�e�Z�\�g�h�k�l�b �b �]�_�h�f�_�l�j�b�q�_�k�d�h�c �^�h�i�m�k�l�b�f�h�k�l�b

�l�j�Z�_�d�l�h�j�b�b �i�j�b �a�Z�^�Z�g�g�h�c �k�l�j�m�d�l�m�j�_ �h�]�j�Z�g�b�q�_�g�b�c��

�J�b�k�m�g�h�d �������� �± �I�j�b�f�_�j �d�h�j�j�_�d�l�b�j�h�\�d�b �l�j�Z�_�d�l�h�j�b�b �i�j�b �a�Z�^�Z�g�g�h�f �d�h�j�b�^�h�j�_
�^�\�b�`�_�g�b�y ���i�Z�j�Z�f�_�l�j�b�a�Z�p�b�y �i�h �d�h�h�j�^�b�g�Z�l�_x��



������

�H�k�g�h�\�g�Z�y �k�\�h�^�d�Z �i�h �j�_�r�_�g�b�x �a�Z�^�Z�q�b �h�i�l�b�f�b�a�Z�p�b�b �i�j�_�^�k�l�Z�\�e�_�g�Z �\ �l�Z�[�e�b�p�_

����������

�L�Z�[�e�b�p�Z �������� �± �H�k�g�h�\�g�Z�y �k�\�h�^�d�Z �i�h �j�_�r�_�g�b�x �a�Z�^�Z�g�g�h�c �a�Z�^�Z�q�b �h�i�l�b�f�b�a�Z�p�b�b

�Q�b�k�e�h �i�_�j�_�f�_�g�g�u�o ����
�Q�b�k�e�h �h�]�j�Z�g�b�q�_�g�b�c ����

�B�k�i�h�e�v�a�m�_�f�u�c �j�_�r�Z�l�_�e�v �K�E�:�M�T�G�O�G�O
�<�j�_�f�y �\�u�i�h�e�g�_�g�b�y �������� �f�k

�I�h�e�m�q�_�g�g�Z�y �h�p�_�g�d�Z �\�j�_�f�_�g�b �j�_�r�_�g�b�y �i�h�^�l�\�_�j�`�^�Z�_�l �\�h�a�f�h�`�g�h�k�l�v

�i�j�b�f�_�g�_�g�b�y �i�h�k�l�Z�g�h�\�d�b �\ �a�Z�^�Z�q�Z�o�� �i�j�_�^�t�y�\�e�y�x�s�b�o �l�j�_�[�h�\�Z�g�b�y �d �j�Z�[�h�l�_ �\

�j�_�`�b�f�_ �j�_�Z�e�v�g�h�]�h �\�j�_�f�_�g�b��

�<�f�_�k�l�_ �k �l�_�f �i�j�_�^�e�h�`�_�g�g�Z�y �i�Z�j�Z�f�_�l�j�b�a�Z�p�b�y �i�h �d�h�h�j�^�b�g�Z�l�_x �h�]�j�Z�g�b�q�b�\�Z�_�l

�h�[�e�Z�k�l�v �i�j�b�f�_�g�b�f�h�k�l�b�� �d�h�j�b�^�h�j �^�h�e�`�_�g �[�u�l�v �h�^�g�h�a�g�Z�q�g�h �i�j�_�^�k�l�Z�\�b�f �\ �\�b�^�_

�b�g�l�_�j�\�Z�e�v�g�u�o �h�]�j�Z�g�b�q�_�g�b�c �i�hy �^�e�y �d�Z�`�^�h�]�hx i �� �b�k�d�e�x�q�Z�x�l�k�y �k�e�m�q�Z�b

�j�Z�a�\�h�j�h�l�h�\�� �k�Z�f�h�i�_�j�_�k�_�q�_�g�b�c �b �b�g�u�o �d�h�g�n�b�]�m�j�Z�p�b�c�� �i�j�b �d�h�l�h�j�u�o �^�\�b�`�_�g�b�_ �g�_

�y�\�e�y�_�l�k�y �f�h�g�h�l�h�g�g�u�f �i�hx�� �]�_�h�f�_�l�j�b�y �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z ���]�Z�[�Z�j�b�l�u�� �\

�^�Z�g�g�h�c �i�h�k�l�Z�g�h�\�d�_ �g�_ �m�q�b�l�u�\�Z�_�l�k�y�� �M�d�Z�a�Z�g�g�u�_ �h�]�j�Z�g�b�q�_�g�b�y �y�\�e�y�x�l�k�y

�f�h�l�b�\�b�j�m�x�s�b�f�b �i�j�_�^�i�h�k�u�e�d�Z�f�b �^�e�y �i�_�j�_�o�h�^�Z �d �i�h�k�l�Z�g�h�\�d�_ �\ �k�b�k�l�_�f�_

�d�h�h�j�^�b�g�Z�l �N�j�_�g�_�� �]�^�_ �h�]�j�Z�g�b�q�_�g�b�y �i�h �]�j�Z�g�b�p�Z�f �^�h�j�h�]�b �n�h�j�f�m�e�b�j�m�x�l�k�y

�_�k�l�_�k�l�\�_�g�g�u�f �h�[�j�Z�a�h�f �h�l�g�h�k�b�l�_�e�v�g�h �h�i�h�j�g�h�c �e�b�g�b�b �b �^�h�i�m�k�d�Z�x�l �m�q�_�l

�]�Z�[�Z�j�b�l�h�\ �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z��

������ �W�n�n�_�d�l�b�\�g�h�_ �i�e�Z�g�b�j�h�\�Z�g�b�_ �l�j�Z�_�d�l�h�j�b�b �^�e�y �Z�\�l�h�g�h�f�g�u�o

�l�j�Z�g�k�i�h�j�l�g�u�o �k�j�_�^�k�l�\ �k �b�k�i�h�e�v�a�h�\�Z�g�b�_�f �\�u�i�m�d�e�h�c �h�i�l�b�f�b�a�Z�p�b�b �\

�k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l �N�j�_�g�_ �k �m�q�_�l�h�f �]�j�Z�g�b�p �^�h�j�h�]�b

�I�Z�j�Z�f�_�l�j�b�a�Z�p�b�y �l�j�Z�_�d�l�h�j�b�b �i�h �h�^�g�h�c �b�a �^�_�d�Z�j�l�h�\�u�o �d�h�h�j�^�b�g�Z�l��

�j�Z�k�k�f�h�l�j�_�g�g�Z�y �\ �j�Z�a�^�_�e�_ ������������ �d�h�j�j�_�d�l�g�Z �l�h�e�v�d�h �i�j�b �f�h�g�h�l�h�g�g�h�f �^�\�b�`�_�g�b�b �i�h

�\�u�[�j�Z�g�g�h�c �h�k�b �b�� �d�Z�d �k�e�_�^�k�l�\�b�_�� �h�]�j�Z�g�b�q�b�\�Z�_�l �h�[�e�Z�k�l�v �i�j�b�f�_�g�b�f�h�k�l�b

�i�h�k�l�Z�g�h�\�d�b �i�j�b �f�Z�g�_�\�j�Z�o �g�Z �m�q�Z�k�l�d�Z�o �k�h �k�e�h�`�g�h�c �]�_�h�f�_�l�j�b�_�c ���i�h�\�h�j�h�l�u��

�j�Z�a�\�h�j�h�l�u�� �m�q�Z�k�l�d�b �k �h�[�j�Z�l�g�u�f �o�h�^�h�f �i�h �d�h�h�j�^�b�g�Z�l�_���� �>�e�y �m�k�l�j�Z�g�_�g�b�y

�m�d�Z�a�Z�g�g�h�]�h �h�]�j�Z�g�b�q�_�g�b�y �^�Z�e�_�_ �b�k�i�h�e�v�a�m�_�l�k�y �d�j�b�\�h�e�b�g�_�c�g�Z�y �k�b�k�l�_�f�Z �d�h�h�j�^�b�g�Z�l

�N�j�_�g�_�� �k�\�y�a�Z�g�g�Z�y �k �h�i�h�j�g�h�c �e�b�g�b�_�c �^�\�b�`�_�g�b�y��



������

���������� �I�j�_�^�k�l�Z�\�e�_�g�b�_ �\ �k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l �N�j�_�g�_

�I�_�j�_�o�h�^ �d �d�h�h�j�^�b�g�Z�l�Z�f �N�j�_�g�_ �b �i�j�b�g�y�l�u�_ �^�Z�e�_�_ �h�[�h�a�g�Z�q�_�g�b�y ���^�m�]�h�\�Z�y

�d�h�h�j�^�b�g�Z�l�Zs�� �i�h�i�_�j�_�q�g�h�_ �h�l�d�e�h�g�_�g�b�_d�� �m�]�e�h�\�Z�y �h�r�b�[�d�Ze&�� �h�i�h�j�g�u�_ �\�_�e�b�q�b�g�u

kref (s) �b k.
ref (s)�� �\�\�_�^�_�g�u �\ �]�e�Z�\�_ �� �i�j�b �\�u�\�h�^�_ �i�h�i�_�j�_�q�g�h�c �d�b�g�_�f�Z�l�b�q�_�k�d�h�c

�f�h�^�_�e�b �\ �d�j�b�\�h�e�b�g�_�c�g�u�o �d�h�h�j�^�b�g�Z�l�Z�o�� �< �q�Z�k�l�g�h�k�l�b�� �\ �]�e�Z�\�_ �� �h�i�j�_�^�_�e�_�g�Z �k�\�y�a�v

�\�j�_�f�_�g�g�h�c �b �i�j�h�k�l�j�Z�g�k�l�\�_�g�g�h�c �i�Z�j�Z�f�_�l�j�b�a�Z�p�b�b �q�_�j�_�a �\�_�e�b�q�b�g�mús ���k�f�� ����������������

�a�Z�i�b�k�Z�g�Z �g�_�e�b�g�_�c�g�Z�y �f�h�^�_�e�vz.(s) ���k�f�� �������������� �b �i�h�e�m�q�_�g�Z �_�z �e�b�g�_�Z�j�b�a�Z�p�b�y �\

�h�d�j�_�k�l�g�h�k�l�b �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b ���k�f�� ���������������� �< �g�Z�k�l�h�y�s�_�f �j�Z�a�^�_�e�_ �m�d�Z�a�Z�g�g�u�_

�k�h�h�l�g�h�r�_�g�b�y �b�k�i�h�e�v�a�m�x�l�k�y �d�Z�d �b�k�o�h�^�g�u�_ �i�j�b �i�h�k�l�j�h�_�g�b�b �\�u�i�m�d�e�h�c �i�h�k�l�Z�g�h�\�d�b

�d�\�Z�^�j�Z�l�b�q�g�h�]�h �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y�� �i�h�a�\�h�e�y�x�s�_�c �m�q�b�l�u�\�Z�l�v �]�j�Z�g�b�p�u �i�j�h�_�a�`�_�c

�q�Z�k�l�b �b �]�Z�[�Z�j�b�l�u �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z �\ �\�b�^�_ �e�b�g�_�c�g�u�o �h�]�j�Z�g�b�q�_�g�b�c��

�<�_�d�l�h�j �k�h�k�l�h�y�g�b�y �\ �k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l �N�j�_�g�_ �a�Z�i�b�k�u�\�Z�_�l�k�y �\ �n�h�j�f�Z�l�_��

[d, e&, k]�h ��������������

�=�^�_d �² �i�h�i�_�j�_�q�g�h�_ �h�l�d�e�h�g�_�g�b�_ �h�l�g�h�k�b�l�_�e�v�g�h �h�i�h�j�g�h�c �e�b�g�b�b ���\�^�h�e�v

�g�h�j�f�Z�e�b �d �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b����e& �² �m�]�e�h�\�Z�y �h�r�b�[�d�Z ���j�Z�a�g�h�k�l�v �d�m�j�k�h�\ �f�_�`�^�m

�g�Z�i�j�Z�\�e�_�g�b�_�f �^�\�b�`�_�g�b�y �b �d�Z�k�Z�l�_�e�v�g�h�c �d �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b����k �² �d�j�b�\�b�a�g�Z

�i�e�Z�g�b�j�m�_�f�h�c �l�j�Z�_�d�l�h�j�b�b��

�< �d�Z�q�_�k�l�\�_ �i�_�j�_�f�_�g�g�h�c �m�i�j�Z�\�e�_�g�b�y �[�m�^�_�l �b�k�i�h�e�v�a�h�\�Z�l�v�k�yk. �� �k�d�h�j�h�k�l�v

�b�a�f�_�g�_�g�b�y �d�j�b�\�b�a�g�u��

�>�Z�e�_�_�� �d�Z�d �b �\ �]�e�Z�\�_ ���� �r�l�j�b�o(á). �h�[�h�a�g�Z�q�Z�_�l �i�j�h�b�a�\�h�^�g�m�x �i�h �^�m�]�h�\�h�c

�d�h�h�j�^�b�g�Z�l�_s�� �i�j�b �g�_�h�[�o�h�^�b�f�h�k�l�b �i�_�j�_�o�h�^ �d �\�j�_�f�_�g�g�h�c �i�j�h�b�a�\�h�^�g�h�c

�h�k�m�s�_�k�l�\�e�y�_�l�k�y �i�h �n�h�j�f�m�e�_úz = z. ús �k �b�k�i�h�e�v�a�h�\�Z�g�b�_�f �k�h�h�l�g�h�r�_�g�b�y ��������������

�I�h�i�_�j�_�q�g�Z�y �d�b�g�_�f�Z�l�b�q�_�k�d�Z�y �f�h�^�_�e�v �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z �\ �d�h�h�j�^�b�g�Z�l�Z�o

�N�j�_�g�_ �i�h�e�m�q�_�g�Z �\ �]�e�Z�\�_ �� ���k�f�� �������������� �b �^�e�y �i�h�e�g�h�l�u �b�a�e�h�`�_�g�b�y �i�j�b�\�_�^�_�g�Z �g�b�`�_
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�E�b�g�_�Z�j�b�a�Z�p�b�y �\�u�i�h�e�g�y�_�l�k�y �\ �h�d�j�_�k�l�g�h�k�l�b �h�i�h�j�g�h�c �l�j�Z�_�d�l�h�j�b�b�� �l�h �_�k�l�v �i�j�b
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d = 0��e& = 0��k = kref �bk. = k.
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(k. %k.
ref ) ��������������

�I�h�e�m�q�_�g�g�Z�y �e�b�g�_�c�g�Z�y �f�h�^�_�e�v �w�d�\�b�\�Z�e�_�g�l�g�Z �\�u�j�Z�`�_�g�b�x ��������������

�i�j�b�\�_�^�z�g�g�h�f�m �\ �]�e�Z�\�_ ����

�A�Z�f�_�g�y�y �i�j�h�b�a�\�h�^�g�m�x �i�h �^�m�]�h�\�h�c �d�h�h�j�^�b�g�Z�l�_ �j�Z�a�g�h�k�l�g�h�c �Z�i�i�j�h�d�k�b�f�Z�p�b�_�c

�i�h �r�Z�]�mds = si +1 %si �b �\�\�h�^�y �\�_�d�l�h�j �h�l�d�e�h�g�_�g�b�c

! zi =
5
di e&,i ki %kref,i

6�h
, ! ui = k.

i %k.
ref,i , ��������������

�i�h�e�m�q�Z�_�f �^�b�k�d�j�_�l�g�m�x �f�h�^�_�e�v �\ �\�b�^�_

! zi +1 = ( I + ds A) ! zi + ds B ! ui , ��������������

�]�^�_ �f�Z�l�j�b�p�uA �bB �h�i�j�_�^�_�e�y�x�l�k�y �\�u�j�Z�`�_�g�b�_�f ������������ ���]�e�Z�\�Z ������ �< �^�Z�e�v�g�_�c�r�_�f

�h�]�j�Z�g�b�q�_�g�b�y�f�b �b �n�m�g�d�p�b�h�g�Z�e�h�f �d�Z�q�_�k�l�\�Z �a�Z�^�Z�x�l�k�y �l�j�_�[�h�\�Z�g�b�y �d! zi �b ! ui � � � Z

�Z�[�k�h�e�x�l�g�u�_ �a�g�Z�q�_�g�b�y �d�j�b�\�b�a�g�u �\�h�k�k�l�Z�g�Z�\�e�b�\�Z�x�l�k�y �d�Z�dki = ( ki %kref,i ) + kref,i ��

�>�Z�e�_�_�� �\�\�h�^�y�l�k�y �h�]�j�Z�g�b�q�_�g�b�y �g�Z �d�j�b�\�b�a�g�m �b �g�Z �k�d�h�j�h�k�l�v �b�a�f�_�g�_�g�b�y

�d�j�b�\�b�a�g�u�� �q�l�h�[�u �]�Z�j�Z�g�l�b�j�h�\�Z�l�v �i�j�h�o�h�^�b�f�h�k�l�v �l�j�Z�_�d�l�h�j�b�b �g�Z �a�Z�^�Z�g�g�h�c �k�d�h�j�h�k�l�b��

�G�Z �g�b�a�d�b�o �k�d�h�j�h�k�l�y�o ��v < 5 �f���k�� �h�]�j�Z�g�b�q�_�g�b�_ �d�j�b�\�b�a�g�u �a�Z�^�Z�z�l�k�y �q�_�j�_�a

�f�Z�d�k�b�f�Z�e�v�g�u�c �m�]�h�e �i�h�\�h�j�h�l�Z �j�m�e�y�� �b�a�\�e�_�q�z�g�g�u�c �b�a �\�_�e�h�k�b�i�_�^�g�h�c �f�h�^�_�e�b��

k ! [%�W�D�Q(#max)/ L, + �W�D�Q(#max)/ L ] ��������������

�=�^�_#max �² �f�Z�d�k�b�f�Z�e�v�g�h �^�h�i�m�k�l�b�f�u�c �m�]�h�e �i�h�\�h�j�h�l�Z �m�i�j�Z�\�e�y�_�f�u�o �d�h�e�z�k��L

�² �d�h�e�z�k�g�Z�y �[�Z�a�Z��

�>�e�y �[�h�e�v�r�b�o �k�d�h�j�h�k�l�_�c ��v * 5 �f���k�� �\�\�h�^�b�l�k�y �a�Z�\�b�k�b�f�h�k�l�v �d�j�b�\�b�a�g�u �h�l

�k�d�h�j�h�k�l�b �Z�\�l�h�f�h�[�b�e�y�� �Z �l�Z�d�`�_ �f�Z�d�k�b�f�Z�e�v�g�h �^�h�i�m�k�l�b�f�h�]�h �[�h�d�h�\�h�]�h �m�k�d�h�j�_�g�b�y �\
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�a�Z�^�Z�g�g�u�o �m�k�e�h�\�b�y�o��

kmax =
aymax

v2 ��������������

�=�^�_aymax �� �f�Z�d�k�b�f�Z�e�v�g�h �^�h�i�m�k�l�b�f�h�_ �[�h�d�h�\�h�_ �m�k�d�h�j�_�g�b�_��v �� �k�d�h�j�h�k�l�v

�Z�\�l�h�f�h�[�b�e�y��

�F�Z�d�k�b�f�Z�e�v�g�h �^�h�i�m�k�l�b�f�h�_ �[�h�d�h�\�h�_ �m�k�d�h�j�_�g�b�_ �k �m�q�z�l�h�f �k�p�_�i�e�_�g�b�y �r�b�g �k

�^�h�j�h�`�g�u�f �i�h�d�j�u�l�b�_�f �i�j�b�g�b�f�Z�_�l�k�y �i�h �k�h�h�l�g�h�r�_�g�b�x��

aymax = µg ��������������

�=�^�_µ �� �d�h�w�n�n�b�p�b�_�g�l �k�p�_�i�e�_�g�b�y �k �^�h�j�h�]�h�c��g �� �m�k�d�h�j�_�g�b�_ �k�\�h�[�h�^�g�h�]�h

�i�Z�^�_�g�b�y��

�>�e�y �h�]�j�Z�g�b�q�_�g�b�y �[�h�d�h�\�h�]�h �m�k�d�h�j�_�g�b�y �k �m�q�z�l�h�f �k�p�_�i�e�_�g�b�y �r�b�g �k �^�h�j�h�`�g�u�f

�i�h�d�j�u�l�b�_�f �i�j�b�g�b�f�Z�_�l�k�y �d�h�w�n�n�b�p�b�_�g�l �l�j�_�g�b�yµ �\ �^�b�Z�i�Z�a�h�g�_ �h�l ������ �^�h ������ �^�e�y

�k�m�o�h�]�h �Z�k�n�Z�e�v�l�Z �b �h�l ������ �^�h ������ �^�e�y �\�e�Z�`�g�h�]�h �]�h�j�h�^�k�d�h�]�h �i�h�d�j�u�l�b�y �>������ ������ �����@��

�M�d�Z�a�Z�g�g�u�_ �a�g�Z�q�_�g�b�y �k�h�h�l�\�_�l�k�l�\�m�x�l �h�l�j�Z�k�e�_�\�u�f �k�l�Z�g�^�Z�j�l�Z�f �b �i�h�^�l�\�_�j�`�^�Z�x�l�k�y

�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�f�b �b�k�k�e�_�^�h�\�Z�g�b�y�f�b��

�< �k�e�_�^�m�x�s�_�c �k�_�d�p�b�b �i�j�_�^�k�l�Z�\�e�_�g �f�_�l�h�^ �n�h�j�f�b�j�h�\�Z�g�b�y �h�]�j�Z�g�b�q�_�g�b�c �g�Z

�]�_�h�f�_�l�j�b�x �Z�\�l�h�f�h�[�b�e�y �^�e�y �d�\�Z�^�j�Z�l�b�q�g�h�c �i�j�h�[�e�_�f�u��

���������� �M�q�_�l �]�_�h�f�_�l�j�b�b �Z�\�l�h�f�h�[�b�e�y

�>�e�y �m�q�_�l�Z �]�j�Z�g�b�p �i�j�h�_�a�`�_�c �q�Z�k�l�b �b �k�l�Z�l�b�q�_�k�d�b�o �i�j�_�i�y�l�k�l�\�b�c �j�Z�a�j�Z�[�h�l�Z�g

�f�_�l�h�^ �n�h�j�f�b�j�h�\�Z�g�b�y �i�h�e�b�]�h�g�Z �i�j�h�o�h�^�b�f�h�k�l�b �\ �k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l �N�j�_�g�_ �k

�Z�i�i�j�h�d�k�b�f�Z�p�b�_�c �]�Z�[�Z�j�b�l�h�\ �l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z �g�Z�[�h�j�h�f �i�h�d�j�u�\�Z�x�s�b�o

�h�d�j�m�`�g�h�k�l�_�c�� �I�j�_�^�e�Z�]�Z�_�f�u�c �i�h�^�o�h�^ �h�[�_�k�i�_�q�b�\�Z�_�l �k�h�]�e�Z�k�h�\�Z�g�b�_ �]�_�h�f�_�l�j�b�q�_�k�d�b�o

�h�]�j�Z�g�b�q�_�g�b�c �k �i�h�k�l�Z�g�h�\�d�h�c �a�Z�^�Z�q�b �d�\�Z�^�j�Z�l�b�q�g�h�]�h �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y �a�Z �k�q�_�l

�i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h �\�u�q�b�k�e�_�g�b�y �^�h�i�m�k�l�b�f�u�o �]�j�Z�g�b�p �d�h�j�b�^�h�j�Z �b �b�o �i�h�k�e�_�^�m�x�s�_�]�h

�\�d�e�x�q�_�g�b�y �\ �\�b�^�_ �e�b�g�_�c�g�u�o �g�_�j�Z�\�_�g�k�l�\��

�< �g�Z�k�l�h�y�s�_�f �i�h�^�j�Z�a�^�_�e�_ �b�a�e�Z�]�Z�_�l�k�y �f�_�l�h�^ �m�q�_�l�Z �]�Z�[�Z�j�b�l�h�\ �l�j�Z�g�k�i�h�j�l�g�h�]�h

�k�j�_�^�k�l�\�Z �i�j�b �n�h�j�f�b�j�h�\�Z�g�b�b �^�h�i�m�k�l�b�f�h�]�h �d�h�j�b�^�h�j�Z �^�\�b�`�_�g�b�y �\ �k�b�k�l�_�f�_

�d�h�h�j�^�b�g�Z�l �N�j�_�g�_�� �F�_�l�h�^ �\�d�e�x�q�Z�_�l�� �Z�i�i�j�h�d�k�b�f�Z�p�b�x �]�Z�[�Z�j�b�l�h�\ �Z�\�l�h�f�h�[�b�e�y

�g�Z�[�h�j�h�f �i�h�d�j�u�\�Z�x�s�b�o �h�d�j�m�`�g�h�k�l�_�c�� �i�j�h�\�_�j�d�m �^�h�i�m�k�l�b�f�h�k�l�b �b�o �i�h�e�h�`�_�g�b�y

�h�l�g�h�k�b�l�_�e�v�g�h �]�j�Z�g�b�p �i�j�h�_�a�`�_�c �q�Z�k�l�b �b �k�l�Z�l�b�q�_�k�d�b�o �i�j�_�i�y�l�k�l�\�b�c�� �n�h�j�f�b�j�h�\�Z�g�b�_

�f�g�h�`�_�k�l�\�Z �^�h�i�m�k�l�b�f�u�o �i�h�e�h�`�_�g�b�c�� �i�h�k�l�j�h�_�g�b�_ �i�h �w�l�h�f�m �f�g�h�`�_�k�l�\�m �\�_�j�o�g�_�c �b
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�g�b�`�g�_�c �]�j�Z�g�b�p �d�h�j�b�^�h�j�Z �^�\�b�`�_�g�b�y�� �\�d�e�x�q�_�g�b�_ �i�h�e�m�q�_�g�g�u�o �]�j�Z�g�b�p �\ �k�b�k�l�_�f�m
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|k| �b �i�j�h�b�a�\�h�^�g�h�c �d�j�b�\�b�a�g�u|k.| ���i�h �^�m�]�h�\�h�c �d�h�h�j�^�b�g�Z�l�_���� �q�l�h �y�\�e�y�_�l�k�y

�h�`�b�^�Z�_�f�u�f �k�e�_�^�k�l�\�b�_�f �h�]�j�Z�g�b�q�_�g�g�h�k�l�b �^�h�i�m�k�l�b�f�h�]�h �d�h�j�b�^�h�j�Z�� �<�f�_�k�l�_ �k �l�_�f



������

�d�e�x�q�_�\�u�f �j�_�a�m�e�v�l�Z�l�h�f �y�\�e�y�_�l�k�y �\�u�i�h�e�g�_�g�b�_ �]�_�h�f�_�l�j�b�q�_�k�d�h�c �^�h�i�m�k�l�b�f�h�k�l�b��

�l�j�Z�_�d�l�h�j�b�y �n�h�j�f�b�j�m�_�l�k�y �k �a�Z�a�h�j�h�f �^�h �[�h�j�^�x�j�Z���]�j�Z�g�b�p �b �g�_ �i�_�j�_�k�_�d�Z�_�l

�g�_�^�h�i�m�k�l�b�f�u�_ �h�[�e�Z�k�l�b��

�H�^�g�Z�d�h �\ �j�_�`�b�f�_ �j�_�a�d�h�]�h �i�h�\�h�j�h�l�Z �l�j�Z�_�d�l�h�j�b�y �g�Z �j�b�k�m�g�d�_ ��������

�j�Z�k�i�h�e�Z�]�Z�_�l�k�y �[�e�b�a�d�h �d �\�g�m�l�j�_�g�g�_�c �]�j�Z�g�b�p�_�� �>�e�y �i�h�\�u�r�_�g�b�y �j�h�[�Z�k�l�g�h�k�l�b �d

�h�r�b�[�d�Z�f �b�k�i�h�e�g�_�g�b�y ���i�h�]�j�_�r�g�h�k�l�b �k�e�_�`�_�g�b�y �b �e�h�d�Z�e�b�a�Z�p�b�b�� �\�\�_�^�_�g�Z

�f�h�^�b�n�b�d�Z�p�b�y �n�m�g�d�p�b�h�g�Z�e�Z�� �h�[�_�k�i�_�q�b�\�Z�x�s�Z�y �i�j�_�^�i�h�q�l�_�g�b�_ �^�\�b�`�_�g�b�y �i�h

�\�g�_�r�g�_�c�k�l�h�j�h�g�_ �i�h�\�h�j�h�l�Z��

�F�h�^�b�n�b�d�Z�p�b�y �n�m�g�d�p�b�h�g�Z�e�Z �^�e�y �k�f�_�s�_�g�b�y �d �\�g�_�r�g�_�c �k�l�h�j�h�g�_ �i�h�\�h�j�h�l�Z��

�B�k�o�h�^�g�u�c �n�m�g�d�p�b�h�g�Z�eJ �� �a�Z�^�Z�g�g�u�c �\ �i�h�^�j�Z�a�^�_�e�_ ������������ �^�h�i�h�e�g�y�_�l�k�y �^�h�[�Z�\�h�q�g�u�f

�q�e�_�g�h�f

Jturn =
N %1#

i =0

Wd,turn ) i (di %dturn,i )2 , ��������������

�]�^�_Wd,turn �² �\�_�k�h�\�h�c �d�h�w�n�n�b�p�b�_�g�l �k�f�_�s�_�g�b�y ���i�j�b �w�l�h�f �^�h�e�`�g�h �\�u�i�h�e�g�y�l�v�k�y

Wd,turn > W d���� �Z �b�g�^�b�d�Z�l�h�j �\�d�e�x�q�_�g�b�y �k�f�_�s�_�g�b�y �h�i�j�_�^�_�e�y�_�l�k�y �i�h�j�h�]�h�f �i�h

�d�j�b�\�b�a�g�_ �h�i�h�j�g�h�c �e�b�g�b�b��

) i =

F
G

H
1, |kref,i | * kturn ,

0, |kref,i | < k turn .
��������������

�P�_�e�_�\�h�_ �i�h�i�_�j�_�q�g�h�_ �i�h�e�h�`�_�g�b�_dturn,i �a�Z�^�Z�z�l�k�y �d�Z�d �k�f�_�s�_�g�b�_ �h�l �k�_�j�_�^�b�g�u

�d�h�j�b�^�h�j�Z �d�\�g�_�r�g�_�c�]�j�Z�g�b�p�_ �i�h�\�h�j�h�l�Z��

dturn,i = (1 %l turn ) dc,i + l turn dout,i , dc,i =
dmin,i + dmax,i

2
, ��������������

dout,i =

F
IIIG

IIIH

dmin,i , kref,i * kturn (�i�h�\�h�j�h�l �\�e�_�\�h�� �\�g�_�r�g�y�y �]�j�Z�g�b�p�Z �k�i�j�Z�\�Z),

dmax,i , kref,i " % kturn (�i�h�\�h�j�h�l �\�i�j�Z�\�h�� �\�g�_�r�g�y�y �]�j�Z�g�b�p�Z �k�e�_�\�Z),

dc,i, |kref,i | < k turn ,
��������������

�]�^�_ �i�Z�j�Z�f�_�l�jl turn ! [0, 1] �a�Z�^�Z�z�l �k�l�_�i�_�g�v �k�f�_�s�_�g�b�y �d �\�g�_�r�g�_�c �]�j�Z�g�b�p�_�� �i�j�b

l turn = 0 �p�_�e�_�\�h�_ �i�h�e�h�`�_�g�b�_ �k�h�\�i�Z�^�Z�_�l �k �k�_�j�_�^�b�g�h�c �d�h�j�b�^�h�j�Z�� �i�j�bl turn = 1

�p�_�e�_�\�h�_ �i�h�e�h�`�_�g�b�_ �k�h�\�i�Z�^�Z�_�l �k �\�g�_�r�g�_�c �]�j�Z�g�b�p�_�c ���k �m�q�z�l�h�f �]�Z�[�Z�j�b�l�h�\

�l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z�� �_�k�e�b �]�j�Z�g�b�p�u �i�_�j�_�g�_�k�_�g�u �d �i�h�d�j�u�\�Z�x�s�b�f

�h�d�j�m�`�g�h�k�l�y�f����



������

�B�l�h�]�h�\�u�c �n�m�g�d�p�b�h�g�Z�e �i�j�b�g�b�f�Z�_�l �\�b�^JJ = J + Jturn �b �k�h�o�j�Z�g�y�_�l

�d�\�Z�^�j�Z�l�b�q�g�m�x �k�l�j�m�d�l�m�j�m�� �q�l�h �i�h�a�\�h�e�y�_�l �j�_�r�Z�l�v �a�Z�^�Z�q�m �\ �j�Z�f�d�Z�o �4�3 �[�_�a

�b�a�f�_�g�_�g�b�y �d�e�Z�k�k�Z �h�i�l�b�f�b�a�Z�p�b�b�� �I�j�b�f�_�j �l�j�Z�_�d�l�h�j�b�b �k�]�_�g�_�j�b�j�h�\�Z�g�g�h�c �k �^�Z�g�g�u�f

�n�m�g�d�p�b�h�g�Z�e�h�f �i�j�_�^�k�l�Z�\�e�_�g �g�Z �j�b�k�m�g�d�_ ����������

�J�b�k�m�g�h�d �������� �± �K�]�e�Z�`�b�\�Z�g�b�_ �l�j�Z�_�d�l�h�j�b�b �\�o�h�`�^�_�g�b�y �\ �i�h�\�h�j�h�l �i�h �\�g�_�r�g�_�c
�k�l�h�j�h�g�_ �k �m�q�z�l�h�f �i�h�e�h�k�u �^�\�b�`�_�g�b�y

��Wd = 0.1;Wc = 10.0;Wcr = 200.0;Wd,turn = 0.8; l turn = 0.8;kturn = 0.09��

�B�a �j�b�k�m�g�d�Z �������� �k�e�_�^�m�_�l�� �q�l�h �\�\�_�^�_�g�b�_Jturn �h�[�_�k�i�_�q�b�\�Z�_�l �k�f�_�s�_�g�b�_

�l�j�Z�_�d�l�h�j�b�b �d �\�g�_�r�g�_�c �k�l�h�j�h�g�_ �i�h�\�h�j�h�l�Z�� �l�h �_�k�l�v �m�\�_�e�b�q�_�g�b�_ �j�Z�^�b�m�k�Z �\�o�h�`�^�_�g�b�y

�i�j�b �k�h�o�j�Z�g�_�g�b�b �k�h�[�e�x�^�_�g�b�y �]�j�Z�g�b�p �i�h�e�h�k�u�� �I�j�b �w�l�h�f �\�h�a�f�h�`�_�g



������

�^�h�i�h�e�g�b�l�_�e�v�g�u�c �j�h�k�l �i�h�d�Z�a�Z�l�_�e�_�c�� �o�Z�j�Z�d�l�_�j�b�a�m�x�s�b�o �j�_�a�d�h�k�l�v �i�h �d�j�b�\�b�a�g�_ ���\

�q�Z�k�l�g�h�k�l�b��|k.|���� �q�l�h �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �d�Z�d �^�h�i�m�k�l�b�f�u�c �d�h�f�i�j�h�f�b�k�k �\ �i�h�e�v�a�m

�a�Z�i�Z�k�Z �[�_�a�h�i�Z�k�g�h�k�l�b �h�l�g�h�k�b�l�_�e�v�g�h �[�h�j�^�x�j�Z �i�j�b �g�Z�e�b�q�b�b �h�r�b�[�h�d �b�k�i�h�e�g�_�g�b�y��

�>�Z�e�_�_ �Z�e�]�h�j�b�l�f �i�j�h�l�_�k�l�b�j�h�\�Z�g �g�Z �j�Z�a�e�b�q�g�u�o �]�_�h�f�_�l�j�b�y�o �^�h�j�h�]�b��

�G�Z �j�b�k�m�g�d�_ �������� �i�j�_�^�k�l�Z�\�e�_�g�h �i�j�h�o�h�`�^�_�g�b�_ �6���h�[�j�Z�a�g�h�c �l�j�Z�_�d�l�h�j�b�b��

�J�b�k�m�g�h�d �������� �± �K�]�e�Z�`�b�\�Z�g�b�_ �l�j�Z�_�d�l�h�j�b�b �k �m�q�z�l�h�f �i�h�e�h�k�u �^�\�b�`�_�g�b�y �g�Z
�6���h�[�j�Z�a�g�h�c �]�_�h�f�_�l�j�b�b

��Wd = 0.1;Wc = 10.0;Wcr = 200.0;Wd,turn = 0.8; l turn = 0.8;kturn = 0.09��



������

�G�Z �j�b�k�m�g�d�_ �������� �i�j�_�^�k�l�Z�\�e�_�g�h �i�j�h�o�h�`�^�_�g�b�_ �l�j�Z�_�d�l�h�j�b�b �k �g�_�k�d�h�e�v�d�b�f�b

�i�h�\�h�j�h�l�Z�f�b ���b�a�f�_�g�y�x�s�_�_�k�y �g�Z�i�j�Z�\�e�_�g�b�_ �d�j�b�\�b�a�g�u����

�J�b�k�m�g�h�d �������� �± �K�]�e�Z�`�b�\�Z�g�b�_ �l�j�Z�_�d�l�h�j�b�b �k �m�q�z�l�h�f �i�h�e�h�k�u �^�\�b�`�_�g�b�y �g�Z
�l�j�Z�_�d�l�h�j�b�b �k �g�_�k�d�h�e�v�d�b�f�b �i�h�\�h�j�h�l�Z�f�b

��Wd = 0.1;Wc = 10.0;Wcr = 200.0;Wd,turn = 0.8; l turn = 0.8;kturn = 0.09��

�I�h �j�_�a�m�e�v�l�Z�l�Z�f�� �i�j�_�^�k�l�Z�\�e�_�g�g�u�f �g�Z �j�b�k�m�g�d�Z�o �������� �b ���������� �m�k�l�Z�g�h�\�e�_�g�h�� �q�l�h

�i�j�_�^�e�h�`�_�g�g�Z�y �i�h�k�l�Z�g�h�\�d�Z �n�h�j�f�b�j�m�_�l �l�j�Z�_�d�l�h�j�b�b �m�^�_�j�`�Z�g�b�y �\ �i�h�e�h�k�_ �^�\�b�`�_�g�b�y

�\ �j�Z�a�e�b�q�g�u�o �^�h�j�h�`�g�u�o �m�k�e�h�\�b�y�o �i�j�b �k�h�[�e�x�^�_�g�b�b �h�]�j�Z�g�b�q�_�g�b�c �i�h �k�\�h�[�h�^�g�h�f�m

�i�j�h�k�l�j�Z�g�k�l�\�m��

�< �d�Z�q�_�k�l�\�_ �f�_�l�j�b�d �b�k�i�h�e�v�a�m�x�l�k�y�� �f�b�g�b�f�Z�e�v�g�u�_ �a�Z�a�h�j�u �^�h �]�j�Z�g�b�p



������

�d�h�j�b�^�h�j�Z! L
min �b ! R

min �� �i�b�d�h�\�u�_ �a�g�Z�q�_�g�b�y �P�D�[|k| �b �P�D�[|k.|�� �i�h�d�Z�a�Z�l�_�e�b

�b�k�i�h�e�v�a�h�\�Z�g�b�y �f�y�]�d�b�o �h�]�j�Z�g�b�q�_�g�b�c �P�D�[(safe �b �^�h�e�x �m�a�e�h�\�� �\ �d�h�l�h�j�u�o(safe,i > 0

���k�f�� �l�Z�[�e�b�p�Z ������������

�L�Z�[�e�b�p�Z �������� �± �K�\�h�^�g�u�_ �f�_�l�j�b�d�b �k�]�e�Z�`�b�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b �\ �d�h�h�j�^�b�g�Z�l�Z�o �N�j�_�g�_

�K�p�_�g�Z�j�b�c�D�h�g�n�b�]�m�j�Z�p�b�y! L
min � � � f! R

min � � � f�P�D�[|k|�� �����f �P�D�[|k!|�� �����f2 �P�D�[(safe

�J�b�k�� �������� �[�_�aJturn , 0.25 , 1.80 , 0.125 , 0.019 , 0
�J�b�k�� �������� �kJturn , 0.80 , 0.90 , 0.135 , 0.028 , 0
�J�b�k�� �������� �kJturn , 0.60 , 0.60 , 0.110 , 0.026 , 0
�J�b�k�� �������� �kJturn , 0.50 , 0.60 , 0.120 , 0.030 , 0

�I�h �^�Z�g�g�u�f �l�Z�[�e�b�p�u �������� �m�k�l�Z�g�h�\�e�_�g�h�� �q�l�h �\�\�_�^�_�g�b�_ �h�]�j�Z�g�b�q�_�g�b�c �i�h

�k�\�h�[�h�^�g�h�f�m �i�j�h�k�l�j�Z�g�k�l�\�m �h�[�_�k�i�_�q�b�\�Z�_�l �k�h�[�e�x�^�_�g�b�_ �]�j�Z�g�b�p �d�h�j�b�^�h�j�Z �^�\�b�`�_�g�b�y

�b �n�h�j�f�b�j�m�_�l �i�h�e�h�`�b�l�_�e�v�g�u�c �f�b�g�b�f�Z�e�v�g�u�c �a�Z�a�h�j �^�h �]�j�Z�g�b�p! L
min �b! R

min �\�h �\�k�_�o

�j�Z�k�k�f�h�l�j�_�g�g�u�o �k�p�_�g�Z�j�b�y�o�� �I�j�b �w�l�h�f �f�h�^�b�n�b�d�Z�p�b�y �n�m�g�d�p�b�h�g�Z�e�Z �k �^�h�[�Z�\�h�q�g�u�f

�q�e�_�g�h�fJturn �i�j�b�\�h�^�b�l �d �i�_�j�_�j�Z�k�i�j�_�^�_�e�_�g�b�x �a�Z�a�h�j�h�\ �\ �i�h�e�v�a�m �\�g�_�r�g�_�c �k�l�h�j�h�g�u

�i�h�\�h�j�h�l�Z ���m�\�_�e�b�q�_�g�b�_ �f�b�g�b�f�Z�e�v�g�h�]�h �a�Z�a�h�j�Z �k�h �k�l�h�j�h�g�u �\�g�m�l�j�_�g�g�_�c �]�j�Z�g�b�p�u����

�q�l�h �i�h�\�u�r�Z�_�l �j�h�[�Z�k�l�g�h�k�l�v �d �h�r�b�[�d�Z�f �b�k�i�h�e�g�_�g�b�y �l�j�Z�_�d�l�h�j�b�b�� �H�^�g�h�\�j�_�f�_�g�g�h

�g�Z�[�e�x�^�Z�_�l�k�y �j�h�k�l �i�b�d�h�\�u�o �a�g�Z�q�_�g�b�c �P�D�[|k| �b �P�D�[|k.|�� �q�l�h �h�l�j�Z�`�Z�_�l �d�h�f�i�j�h�f�b�k�k

�f�_�`�^�m �i�e�Z�\�g�h�k�l�v�x �l�j�Z�_�d�l�h�j�b�b �b �h�[�_�k�i�_�q�_�g�b�_�f �]�_�h�f�_�l�j�b�q�_�k�d�h�c �^�h�i�m�k�l�b�f�h�k�l�b �\

�h�]�j�Z�g�b�q�_�g�g�h�f �d�h�j�b�^�h�j�_�� �< �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�u�o �k�p�_�g�Z�j�b�y�o �a�g�Z�q�_�g�b�y �P�D�[(safe

�[�e�b�a�d�b �d �g�m�e�x�� �q�l�h �k�\�b�^�_�l�_�e�v�k�l�\�m�_�l �h �\�u�i�h�e�g�_�g�b�b �h�]�j�Z�g�b�q�_�g�b�c �[�_�a

�k�m�s�_�k�l�\�_�g�g�h�]�h �a�Z�^�_�c�k�l�\�h�\�Z�g�b�y �f�y�]�d�b�o �i�_�j�_�f�_�g�g�u�o��

�A�Z�f�_�q�Z�g�b�_ �h �k�d�h�j�h�k�l�b �^�\�b�`�_�g�b�y���< �g�Z�k�l�h�y�s�_�f �i�h�^�j�Z�a�^�_�e�_

�j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �]�_�h�f�_�l�j�b�q�_�k�d�h�_ �i�e�Z�g�b�j�h�\�Z�g�b�_ �l�j�Z�_�d�l�h�j�b�b�� �^�b�g�Z�f�b�q�_�k�d�b�_

�h�]�j�Z�g�b�q�_�g�b�y �i�h �k�d�h�j�h�k�l�b �g�Z�i�j�y�f�m�x �\ �i�h�k�l�Z�g�h�\�d�m �g�_ �\�d�e�x�q�Z�x�l�k�y�� �< �j�_�`�b�f�_

�k�e�_�^�h�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b �^�h�i�m�k�l�b�f�Z�y �d�j�b�\�b�a�g�Z �h�]�j�Z�g�b�q�b�\�Z�_�l�k�y�� �\ �i�_�j�\�m�x �h�q�_�j�_�^�v��

�i�j�_�^�_�e�v�g�u�f �m�]�e�h�f �i�h�\�h�j�h�l�Z �m�i�j�Z�\�e�y�_�f�u�o �d�h�e�z�k �b �]�_�h�f�_�l�j�b�_�c �d�h�j�b�^�h�j�Z��

�H�[�_�k�i�_�q�_�g�b�_ �^�b�g�Z�f�b�q�_�k�d�h�c �j�_�Z�e�b�a�m�_�f�h�k�l�b �i�h �[�h�d�h�\�u�f �m�k�d�h�j�_�g�b�y�f �b �d�h�f�n�h�j�l�m

�^�h�k�l�b�]�Z�_�l�k�y �g�Z �k�e�_�^�m�x�s�_�f �w�l�Z�i�_ �a�Z �k�q�z�l �n�h�j�f�b�j�h�\�Z�g�b�y �k�d�h�j�h�k�l�g�h�]�h �i�j�h�n�b�e�y��

�k�g�b�`�Z�x�s�_�]�h �k�d�h�j�h�k�l�v �g�Z �m�q�Z�k�l�d�Z�o �i�h�\�u�r�_�g�g�h�c �d�j�b�\�b�a�g�u��

���������� �F�h�^�b�n�b�d�Z�p�b�y �Z�e�]�h�j�b�l�f�Z �^�e�y �m�q�_�l�Z �k�l�Z�l�b�q�_�k�d�b�o �i�j�_�i�y�l�k�l�\�b�c

�>�e�y �m�q�_�l�Z �k�l�Z�l�b�q�_�k�d�b�o �i�j�_�i�y�l�k�l�\�b�c �\ �i�h�k�l�Z�g�h�\�d�m �]�_�h�f�_�l�j�b�q�_�k�d�h�]�h

�i�e�Z�g�b�j�h�\�Z�g�b�y �\�\�_�^�_�g�Z �f�h�^�b�n�b�d�Z�p�b�y�� �a�Z�d�e�x�q�Z�x�s�Z�y�k�y �\ �j�Z�a�^�_�e�v�g�h�f �a�Z�^�Z�g�b�b

�a�Z�s�b�l�g�u�o �a�Z�a�h�j�h�\ �h�l�g�h�k�b�l�_�e�v�g�h �]�j�Z�g�b�p �^�h�j�h�]�b ���]�j�Z�g�b�p �i�h�e�h�k�u�� �[�h�j�^�x�j�Z�� �b
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�k�l�Z�l�b�q�_�k�d�b�o �i�j�_�i�y�l�k�l�\�b�c ���g�Z�i�j�b�f�_�j�� �i�j�b�i�Z�j�d�h�\�Z�g�g�u�o �l�j�Z�g�k�i�h�j�l�g�u�o �k�j�_�^�k�l�\����

�M�d�Z�a�Z�g�g�h�_ �j�Z�a�^�_�e�_�g�b�_ �h�[�m�k�e�h�\�e�_�g�h �l�_�f�� �q�l�h �l�j�_�[�h�\�Z�g�b�y �d �a�Z�i�Z�k�m �[�_�a�h�i�Z�k�g�h�k�l�b

�h�l�g�h�k�b�l�_�e�v�g�h �i�j�_�i�y�l�k�l�\�b�c�� �d�Z�d �i�j�Z�\�b�e�h�� �y�\�e�y�x�l�k�y �[�h�e�_�_ �k�l�j�h�]�b�f�b�� �q�_�f

�l�j�_�[�h�\�Z�g�b�y �d �a�Z�i�Z�k�m �h�l�g�h�k�b�l�_�e�v�g�h �]�_�h�f�_�l�j�b�q�_�k�d�b�o �]�j�Z�g�b�p �i�j�h�_�a�`�_�c �q�Z�k�l�b��

�h�k�h�[�_�g�g�h �\ �m�k�e�h�\�b�y�o �h�]�j�Z�g�b�q�_�g�g�h�c �r�b�j�b�g�u �i�h�e�h�k�u �^�\�b�`�_�g�b�y��

�I�m�k�l�v �\ �k�b�k�l�_�f�_ �d�h�h�j�^�b�g�Z�l �N�j�_�g�_ �^�e�y �d�Z�`�^�h�c �^�b�k�d�j�_�l�g�h�c �l�h�q�d�b �]�h�j�b�a�h�g�l�Z

si �i�h �^�Z�g�g�u�f �d�Z�j�l�u���j�Z�a�f�_�l�d�b �k�n�h�j�f�b�j�h�\�Z�g �^�h�i�m�k�l�b�f�u�c �b�g�l�_�j�\�Z�e �i�h�i�_�j�_�q�g�h�]�h

�k�f�_�s�_�g�b�y�� �h�i�j�_�^�_�e�y�_�f�u�c �l�h�e�v�d�h �]�_�h�f�_�l�j�b�_�c �^�h�j�h�]�b��[d�U�R�D�G
�P�L�Q,i , d�U�R�D�G

�P�D�[,i ]�� �Z �i�h �^�Z�g�g�u�f

�i�h�^�k�b�k�l�_�f�u �\�h�k�i�j�b�y�l�b�y �k�n�h�j�f�b�j�h�\�Z�g�u �h�]�j�Z�g�b�q�_�g�b�y�� �h�[�m�k�e�h�\�e�_�g�g�u�_

�k�l�Z�l�b�q�_�k�d�b�f�b �i�j�_�i�y�l�k�l�\�b�y�f�b��[d�R�E�V
�P�L�Q,i , d�R�E�V

�P�D�[,i ]�� �j�Z�k�k�q�b�l�Z�g�g�u�_ �k �m�q�_�l�h�f �]�Z�[�Z�j�b�l�h�\

�l�j�Z�g�k�i�h�j�l�g�h�]�h �k�j�_�^�k�l�\�Z�� �<�\�h�^�y�l�k�y �^�\�Z �g�_�a�Z�\�b�k�b�f�u�o �i�Z�j�Z�f�_�l�j�Z �a�Z�s�b�l�g�h�]�h

�a�Z�a�h�j�Z��! �U�R�D�G�^�e�y �]�j�Z�g�b�p �^�h�j�h�]�b �b! �R�E�V�^�e�y �i�j�_�i�y�l�k�l�\�b�c�� �i�j�b�q�_�f �h�[�u�q�g�h

�\�u�[�b�j�Z�_�l�k�y! �R�E�V> ! �U�R�D�G�� �B�l�h�]�h�\�u�_ �]�j�Z�g�b�p�u �d�h�j�b�^�h�j�Z �^�\�b�`�_�g�b�y �^�e�y �a�Z�^�Z�q�b �4�3

�\�u�q�b�k�e�y�x�l�k�y �d�Z�d �i�_�j�_�k�_�q�_�g�b�_ �m�d�Z�a�Z�g�g�u�o �h�]�j�Z�g�b�q�_�g�b�c �k �m�q�_�l�h�f

�k�h�h�l�\�_�l�k�l�\�m�x�s�b�o �a�Z�a�h�j�h�\ �b �a�Z�^�Z�x�l�k�y �e�b�g�_�c�g�u�f�b �g�_�j�Z�\�_�g�k�l�\�Z�f�b �\ �\�b�^�_

d�P�L�Q,i = �P�D�[
!
d�U�R�D�G

�P�L�Q,i + ! �U�R�D�G, d�R�E�V
�P�L�Q,i + ! �R�E�V

"
,

d�P�D�[,i = �P�L�Q
!
d�U�R�D�G

�P�D�[,i %! �U�R�D�G, d�R�E�V
�P�L�Q,i %! �R�E�V

"
.
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�q�l�h �h�[�_�k�i�_�q�b�\�Z�_�l �j�Z�a�e�b�q�g�m�x �³�`�_�k�l�d�h�k�l�v�´ �l�j�_�[�h�\�Z�g�b�c �d �j�Z�k�k�l�h�y�g�b�x �^�h

�]�j�Z�g�b�p �^�h�j�h�]�b �b �^�h �i�j�_�i�y�l�k�l�\�b�c �i�j�b �k�h�o�j�Z�g�_�g�b�b �_�^�b�g�h�]�h �n�h�j�f�Z�l�Z �h�]�j�Z�g�b�q�_�g�b�c

d�P�L�Q,i " di " d�P�D�[,i �� �< �k�e�m�q�Z�_�� �d�h�]�^�Z �i�j�_�i�y�l�k�l�\�b�y �n�h�j�f�b�j�m�x�l �g�_�k�d�h�e�v�d�h

�^�h�i�m�k�l�b�f�u�o �b�g�l�_�j�\�Z�e�h�\ �i�hd �^�e�y �h�^�g�h�c �b �l�h�c �`�_ �l�h�q�d�bsi �� �\ �i�h�k�l�Z�g�h�\�d�_

�\�u�[�b�j�Z�_�l�k�y �b�g�l�_�j�\�Z�e�� �k�h�]�e�Z�k�h�\�Z�g�g�u�c �k �h�i�h�j�g�u�f �i�h�e�h�`�_�g�b�_�f ���g�Z�i�j�b�f�_�j��

�k�h�^�_�j�`�Z�s�b�cd�U�H�I,i �e�b�[�h �f�b�g�b�f�b�a�b�j�m�x�s�b�c �h�l�d�e�h�g�_�g�b�_|d % d�U�H�I,i |���� �q�l�h �k�g�b�`�Z�_�l

�\�_�j�h�y�l�g�h�k�l�v �k�d�Z�q�d�h�h�[�j�Z�a�g�h�]�h �b�a�f�_�g�_�g�b�y �j�_�r�_�g�b�y �g�Z �k�h�k�_�^�g�b�o �r�Z�]�Z�o

�^�b�k�d�j�_�l�b�a�Z�p�b�b��

�L�_�k�l�b�j�h�\�Z�g�b�_ �Z�e�]�h�j�b�l�f�Z �\�u�i�h�e�g�_�g�h �k �\�b�a�m�Z�e�b�a�Z�p�b�_�c �\ �k�j�_�^�_ �5�9�L�] �>�����@�� �G�Z

�j�b�k�m�g�d�_ �������� �i�j�b�\�_�^�_�g�Z �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�v �k�h�k�l�h�y�g�b�c �i�j�b �h�[�g�Z�j�m�`�_�g�b�b

�k�l�Z�l�b�q�_�k�d�h�]�h �i�j�_�i�y�l�k�l�\�b�y �g�Z �i�j�y�f�h�e�b�g�_�c�g�h�f �m�q�Z�k�l�d�_�� �G�Z �i�h�^�j�b�k�m�g�d�_ ���Z��

�i�j�_�i�y�l�k�l�\�b�y �h�l�k�m�l�k�l�\�m�x�l�� �b �l�j�Z�_�d�l�h�j�b�y �n�h�j�f�b�j�m�_�l�k�y �\ �i�j�_�^�_�e�Z�o �i�h�e�h�k�u

�^�\�b�`�_�g�b�y �h�l�g�h�k�b�l�_�e�v�g�h �h�i�h�j�g�h�c �e�b�g�b�b�� �G�Z �i�h�^�j�b�k�m�g�d�_ ���[�� �i�h�d�Z�a�Z�g�Z

�\�b�a�m�Z�e�b�a�Z�p�b�y �k�\�h�[�h�^�g�h�]�h �i�j�h�k�l�j�Z�g�k�l�\�Z �\ �i�j�_�^�_�e�Z�o �i�h�e�h�k�u�� �i�h�e�m�q�_�g�g�h�]�h �i�h

�]�j�Z�g�b�p�Z�f �^�h�j�h�]�b �b �^�Z�g�g�u�f �h �i�j�_�i�y�l�k�l�\�b�y�o �k �m�q�_�l�h�f �]�Z�[�Z�j�b�l�h�\ �l�j�Z�g�k�i�h�j�l�g�h�]�h

�k�j�_�^�k�l�\�Z�� �G�Z �i�h�^�j�b�k�m�g�d�_ ���\�� �i�h�d�Z�a�Z�g �j�_�a�m�e�v�l�Z�l �i�_�j�_�k�q�_�l�Z �d�h�j�b�^�h�j�Z �b �j�_�r�_�g�b�y
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�a�Z�^�Z�q�b �4�3�� �l�j�Z�_�d�l�h�j�b�y �h�[�t�_�a�^�Z �h�k�l�Z�_�l�k�y �\ �i�j�_�^�_�e�Z�o �i�h�e�h�k�u �b �h�[�_�k�i�_�q�b�\�Z�_�l

�j�Z�a�^�_�e�v�g�u�_ �a�Z�a�h�j�u! �U�R�D�G�b ! �R�E�V�^�h �]�j�Z�g�b�p �^�h�j�h�]�b �b �^�h �i�j�_�i�y�l�k�l�\�b�y

�k�h�h�l�\�_�l�k�l�\�_�g�g�h�� �K�e�_�^�m�_�l �h�l�f�_�l�b�l�v�� �q�l�h �\ �j�Z�f�d�Z�o �^�Z�g�g�h�]�h �i�h�^�j�Z�a�^�_�e�Z

�j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �]�_�h�f�_�l�j�b�q�_�k�d�h�_ �i�e�Z�g�b�j�h�\�Z�g�b�_�� �^�b�g�Z�f�b�q�_�k�d�b�_ �h�]�j�Z�g�b�q�_�g�b�y��

�a�Z�\�b�k�y�s�b�_ �h�l �i�j�h�n�b�e�y �k�d�h�j�h�k�l�b ���g�Z�i�j�b�f�_�j�� �i�h �[�h�d�h�\�u�f �m�k�d�h�j�_�g�b�y�f����

�g�_�i�h�k�j�_�^�k�l�\�_�g�g�h �\ �i�h�k�l�Z�g�h�\�d�m �g�_ �\�d�e�x�q�Z�x�l�k�y �b �h�[�_�k�i�_�q�b�\�Z�x�l�k�y �g�Z

�i�h�k�e�_�^�m�x�s�_�f �w�l�Z�i�_ �a�Z �k�q�_�l �n�h�j�f�b�j�h�\�Z�g�b�y �k�d�h�j�h�k�l�g�h�]�h �i�j�h�n�b�e�y��

�J�b�k�m�g�h�d �������� �± �H�[�t�_�a�^ �i�j�_�i�y�l�k�l�\�b�y �g�Z �i�j�y�f�h�c�� �Z�� �I�j�_�i�y�l�k�l�\�b�_ �g�_ �h�[�g�Z�j�m�`�_�g�h��
�[�� �\�b�a�m�Z�e�b�a�b�j�m�_�l�k�y �k�\�h�[�h�^�g�h�_ �i�j�h�k�l�j�Z�g�k�l�\�h �g�Z �i�h�e�h�k�_ �^�\�b�`�_�g�b�y�� �\�� �h�[�t�_�a�^

�i�j�_�i�y�l�k�l�\�b�y �g�Z �i�h�e�h�k�_ �^�\�b�`�_�g�b�y

�I�h �j�_�a�m�e�v�l�Z�l�Z�f�� �i�j�_�^�k�l�Z�\�e�_�g�g�u�f �g�Z �j�b�k�m�g�d�_ ���������� �i�h�^�l�\�_�j�`�^�Z�_�l�k�y

�\�h�a�f�h�`�g�h�k�l�v �n�h�j�f�b�j�h�\�Z�g�b�y �i�e�Z�\�g�h�c �l�j�Z�_�d�l�h�j�b�b �h�[�t�_�a�^�Z �\ �i�j�_�^�_�e�Z�o �i�h�e�h�k�u

�^�\�b�`�_�g�b�y �i�j�b �i�h�y�\�e�_�g�b�b �k�l�Z�l�b�q�_�k�d�h�]�h �i�j�_�i�y�l�k�l�\�b�y�� �I�h�e�m�q�Z�_�f�Z�y �l�j�Z�_�d�l�h�j�b�y

�y�\�e�y�_�l�k�y �^�h�i�m�k�l�b�f�h�c �h�l�g�h�k�b�l�_�e�v�g�h �k�n�h�j�f�b�j�h�\�Z�g�g�h�]�h �d�h�j�b�^�h�j�Z �b �h�[�_�k�i�_�q�b�\�Z�_�l

�j�Z�a�^�_�e�v�g�u�_ �a�Z�s�b�l�g�u�_ �a�Z�a�h�j�u �^�h �]�j�Z�g�b�p �^�h�j�h�]�b �b �^�h �i�j�_�i�y�l�k�l�\�b�y�� �a�Z�^�Z�\�Z�_�f�u�_

�i�Z�j�Z�f�_�l�j�Z�f�b! �U�R�D�G�b! �R�E�V�k�h�h�l�\�_�l�k�l�\�_�g�g�h��

�J�b�k�m�g�h�d �������� �b�e�e�x�k�l�j�b�j�m�_�l �k�p�_�g�Z�j�b�c�� �\ �d�h�l�h�j�h�f �\ �i�j�h�p�_�k�k�_

�]�_�h�f�_�l�j�b�q�_�k�d�h�]�h �i�e�Z�g�b�j�h�\�Z�g�b�y �\ �h�]�j�Z�g�b�q�_�g�g�h�f �i�j�h�k�l�j�Z�g�k�l�\�_ �f�h�`�_�l

�n�h�j�f�b�j�h�\�Z�l�v�k�y �l�j�Z�_�d�l�h�j�b�y �k �k�Z�f�h�i�_�j�_�k�_�q�_�g�b�_�f �\ �^�_�d�Z�j�l�h�\�h�f �i�j�h�k�l�j�Z�g�k�l�\�_��

�>�Z�g�g�u�c �w�n�n�_�d�l �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �d�Z�d �^�h�i�m�k�l�b�f�u�c �^�e�y �f�Z�g�_�\�j�h�\ �j�Z�a�\�h�j�h�l�Z �b

�k�f�_�g�u �g�Z�i�j�Z�\�e�_�g�b�y �^�\�b�`�_�g�b�y �i�j�b �m�k�e�h�\�b�b�� �q�l�h �l�j�Z�_�d�l�h�j�b�y �m�^�h�\�e�_�l�\�h�j�y�_�l
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�h�]�j�Z�g�b�q�_�g�b�y�f �^�h�i�m�k�l�b�f�h�c �h�[�e�Z�k�l�b �^�\�b�`�_�g�b�y �b �g�_ �i�_�j�_�k�_�d�Z�_�l �a�Z�i�j�_�s�_�g�g�u�_

�h�[�e�Z�k�l�b�� �k�n�h�j�f�b�j�h�\�Z�g�g�u�_ �i�h �]�j�Z�g�b�p�Z�f �^�h�j�h�]�b �b �k�l�Z�l�b�q�_�k�d�b�f �i�j�_�i�y�l�k�l�\�b�y�f��

�J�b�k�m�g�h�d �������� �± �I�j�b�f�_�j �]�_�g�_�j�Z�p�b�b �k�Z�f�h�i�_�j�_�k�_�d�Z�x�s�b�c�k�y �l�j�Z�_�d�l�h�j�b�b

�<�f�_�k�l�h �l�h�]�h�� �q�l�h�[�u �k�h�a�^�Z�\�Z�l�v �i�j�h�[�e�_�f�u�� �k�Z�f�h�i�_�j�_�k�_�d�Z�x�s�Z�y�k�y �l�j�Z�_�d�l�h�j�b�y��

�d�Z�d �i�h�d�Z�a�Z�g�h �g�Z �j�b�k�m�g�d�_ �������� �\ �^�Z�g�g�h�f �k�e�m�q�Z�_ �y�\�e�y�_�l�k�y �i�h�e�_�a�g�h�c�� �i�h�a�\�h�e�y�y

�l�j�Z�g�k�i�h�j�l�g�h�f�m �k�j�_�^�k�l�\�m �w�n�n�_�d�l�b�\�g�h �j�Z�a�\�h�j�Z�q�b�\�Z�l�v�k�y �b�e�b �f�_�g�y�l�v �g�Z�i�j�Z�\�e�_�g�b�_

�^�\�b�`�_�g�b�y �\ �h�]�j�Z�g�b�q�_�g�g�h�f �i�j�h�k�l�j�Z�g�k�l�\�_��

���������� �M�k�d�h�j�_�g�b�_ �j�Z�k�q�z�l�h�\ �a�Z �k�q�z�l �n�b�d�k�b�j�h�\�Z�g�g�h�]�h �]�h�j�b�a�h�g�l�Z �i�j�b �j�_�r�_�g�b�b �4�3

�f�_�l�h�^�h�f �2�6�4�3

�< �j�_�Z�e�b�a�m�_�f�h�f �Z�e�]�h�j�b�l�f�_ �g�Z �d�Z�`�^�h�f �l�Z�d�l�_ �m�i�j�Z�\�e�_�g�b�y �j�_�r�Z�_�l�k�y �a�Z�^�Z�q�Z

�d�\�Z�^�j�Z�l�b�q�g�h�]�h �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y ���4�3���� �n�h�j�f�b�j�m�_�f�Z�y �i�h �j�_�a�m�e�v�l�Z�l�Z�f

�^�b�k�d�j�_�l�b�a�Z�p�b�b �f�h�^�_�e�b �^�\�b�`�_�g�b�y �b �a�Z�^�Z�g�b�y �d�\�Z�^�j�Z�l�b�q�g�h�]�h �n�m�g�d�p�b�h�g�Z�e�Z

�d�Z�q�_�k�l�\�Z�� �L�j�_�[�h�\�Z�g�b�_ �j�Z�[�h�l�u �\ �j�_�`�b�f�_ �j�_�Z�e�v�g�h�]�h �\�j�_�f�_�g�b �g�Z�d�e�Z�^�u�\�Z�_�l

�h�]�j�Z�g�b�q�_�g�b�y �g�Z �^�h�i�m�k�l�b�f�m�x �\�u�q�b�k�e�b�l�_�e�v�g�m�x �k�e�h�`�g�h�k�l�v �j�_�r�_�g�b�y�� �\ �k�\�y�a�b �k �q�_�f

�h�l�^�_�e�v�g�h �j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y �i�j�b�z�f�u �k�h�d�j�Z�s�_�g�b�y �\�j�_�f�_�g�b �j�Z�k�q�z�l�Z��

�J�Z�a�f�_�j�g�h�k�l�v �a�Z�^�Z�q�b �4�3 �h�i�j�_�^�_�e�y�_�l�k�y �^�e�b�g�h�c �]�h�j�b�a�h�g�l�ZN �� �j�Z�a�f�_�j�g�h�k�l�y�f�b

�\�_�d�l�h�j�Z �k�h�k�l�h�y�g�b�ynx �b �\�_�d�l�h�j�Z �m�i�j�Z�\�e�_�g�b�ynu�� �Z �l�Z�d�`�_ �r�Z�]�h�f �^�b�k�d�j�_�l�b�a�Z�p�b�bdt��

�I�j�b �\�d�e�x�q�_�g�b�b �\ �\�_�d�l�h�j �h�i�l�b�f�b�a�b�j�m�_�f�u�o �i�_�j�_�f�_�g�g�u�oz �\�k�_�o �k�h�k�l�h�y�g�b�c �b
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�m�i�j�Z�\�e�_�g�b�c �g�Z �]�h�j�b�a�h�g�l�_ �b�f�_�_�l �f�_�k�l�h �e�b�g�_�c�g�h�_ �f�Z�k�r�l�Z�[�b�j�h�\�Z�g�b�_

�G�L�P(z) 2 (N + 1) nx + Nnu, ��������������

�i�j�b �w�l�h�f �q�b�k�e�h �h�]�j�Z�g�b�q�_�g�b�c �l�Z�d�`�_ �j�Z�k�l�z�l �e�b�g�_�c�g�h �i�hN �� �?�k�e�b �\ �i�j�h�p�_�k�k�_

�j�Z�[�h�l�u �]�h�j�b�a�h�g�l�h�f �m�i�j�Z�\�e�y�x�l �^�b�g�Z�f�b�q�_�k�d�b ���g�Z�i�j�b�f�_�j�� �\ �a�Z�\�b�k�b�f�h�k�l�b �h�l �^�e�b�g�u

�^�h�k�l�m�i�g�h�]�h �k�_�]�f�_�g�l�Z �l�j�Z�_�d�l�h�j�b�b���� �l�h �b�a�f�_�g�y�x�l�k�y �j�Z�a�f�_�j�g�h�k�l�vz�� �q�b�k�e�h

�h�]�j�Z�g�b�q�_�g�b�c �b�� �d�Z�d �k�e�_�^�k�l�\�b�_�� �k�l�j�m�d�l�m�j�Z �j�Z�a�j�_�`�_�g�g�u�o �f�Z�l�j�b�pP �b A �\

�d�Z�g�h�g�b�q�_�k�d�h�c �i�h�k�l�Z�g�h�\�d�_ �2�6�4�3�� �>�Z�g�g�h�_ �h�[�k�l�h�y�l�_�e�v�k�l�\�h �i�j�b�\�h�^�b�l �d

�g�_�h�[�o�h�^�b�f�h�k�l�b �i�h�\�l�h�j�g�h�c �b�g�b�p�b�Z�e�b�a�Z�p�b�b �a�Z�^�Z�q�b �b �\�u�i�h�e�g�_�g�b�x

�i�h�^�]�h�l�h�\�b�l�_�e�v�g�u�o �h�i�_�j�Z�p�b�c�� �h�d�Z�a�u�\�Z�x�s�b�o �k�m�s�_�k�l�\�_�g�g�h�_ �\�e�b�y�g�b�_ �g�Z �k�m�f�f�Z�j�g�h�_

�\�j�_�f�y �j�_�r�_�g�b�y��

�< �j�Z�a�j�Z�[�h�l�Z�g�g�h�c �j�_�Z�e�b�a�Z�p�b�b �k�l�Z�l�b�q�_�k�d�b�_ �i�j�_�i�y�l�k�l�\�b�y �g�_ �\�\�h�^�y�l�k�y �\

�a�Z�^�Z�q�m �4�3 �\ �\�b�^�_ �g�Z�[�h�j�Z �h�l�^�_�e�v�g�u�o �e�b�g�_�c�g�u�o �g�_�j�Z�\�_�g�k�l�\�� �q�b�k�e�h �d�h�l�h�j�u�o �j�h�k�e�h

�[�u �k �m�\�_�e�b�q�_�g�b�_�f �d�h�e�b�q�_�k�l�\�Z �h�[�t�_�d�l�h�\�� �<�f�_�k�l�h �w�l�h�]�h �g�Z �k�l�Z�^�b�b �]�_�h�f�_�l�j�b�q�_�k�d�h�c

�h�[�j�Z�[�h�l�d�b �k�p�_�g�u �^�e�y �d�Z�`�^�h�c �^�b�k�d�j�_�l�g�h�c �l�h�q�d�b �]�h�j�b�a�h�g�l�Zsi �n�h�j�f�b�j�m�_�l�k�y

�^�h�i�m�k�l�b�f�u�c �b�g�l�_�j�\�Z�e �i�h�i�_�j�_�q�g�h�]�h �k�f�_�s�_�g�b�y

D
d�R�E�V

�P�L�Q,i , d�R�E�V
�P�D�[,i

E
, ��������������

�d�h�l�h�j�u�c �a�Z�l�_�f �i�_�j�_�k�_�d�Z�_�l�k�y �k �^�h�j�h�`�g�u�f �b�g�l�_�j�\�Z�e�h�f

D
d�U�R�D�G

�P�L�Q,i , d�U�R�D�G
�P�D�[,i

E
��������������

�k �m�q�z�l�h�f �a�Z�s�b�l�g�u�o �a�Z�a�h�j�h�\ �k�h�]�e�Z�k�g�h ����������������

�< �j�_�a�m�e�v�l�Z�l�_ �h�]�j�Z�g�b�q�_�g�b�y �k�\�h�[�h�^�g�h�]�h �i�j�h�k�l�j�Z�g�k�l�\�Z �\ �4�3 �b�f�_�x�l �\�b�^

d�P�L�Q,i " di " d�P�D�[,i , i = 0, . . . , N, ��������������

�b�� �k�e�_�^�h�\�Z�l�_�e�v�g�h�� �d�h�e�b�q�_�k�l�\�h �k�h�h�l�\�_�l�k�l�\�m�x�s�b�o �k�d�Z�e�y�j�g�u�o �h�]�j�Z�g�b�q�_�g�b�c �h�k�l�Z�z�l�k�y

�j�Z�\�g�u�f2(N + 1) �b �h�i�j�_�^�_�e�y�_�l�k�y �l�h�e�v�d�h �]�h�j�b�a�h�g�l�h�fN ��

�I�j�b �b�a�f�_�g�_�g�b�b �q�b�k�e�Z �i�j�_�i�y�l�k�l�\�b�c �\ �p�b�d�e�_ �m�i�j�Z�\�e�_�g�b�y �b�a�f�_�g�y�x�l�k�y

�i�j�_�b�f�m�s�_�k�l�\�_�g�g�h �q�b�k�e�_�g�g�u�_ �a�g�Z�q�_�g�b�y �]�j�Z�g�b�p(l, u) ���b�� �i�j�b �g�_�h�[�o�h�^�b�f�h�k�l�b��

�e�b�g�_�c�g�u�c �q�e�_�gq���� �l�h�]�^�Z �d�Z�d �j�Z�a�j�_�`�_�g�g�Z�y �k�l�j�m�d�l�m�j�Z �f�Z�l�j�b�pP �bA �k�h�o�j�Z�g�y�_�l�k�y

�g�_�b�a�f�_�g�g�h�c�� �q�l�h �i�h�a�\�h�e�y�_�l �i�_�j�_�b�k�i�h�e�v�a�h�\�Z�l�v �n�Z�d�l�h�j�b�a�Z�p�b�x �.�.�7���f�Z�l�j�b�p�u �b

�h�[�_�k�i�_�q�b�\�Z�_�l �i�j�_�^�k�d�Z�a�m�_�f�h�_ �\�j�_�f�y �j�_�r�_�g�b�y �i�j�b �n�b�d�k�b�j�h�\�Z�g�g�h�fN �� �K �p�_�e�v�x
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�b�k�d�e�x�q�_�g�b�y �m�d�Z�a�Z�g�g�u�o �g�Z�d�e�Z�^�g�u�o �j�Z�k�o�h�^�h�\ �\ �i�h�k�l�Z�g�h�\�d�_ �n�b�d�k�b�j�m�x�l�k�y

�i�Z�j�Z�f�_�l�j�u{ N, nx , nu, dt} �� �q�l�h �h�[�_�k�i�_�q�b�\�Z�_�l �i�h�k�l�h�y�g�g�m�x �j�Z�a�f�_�j�g�h�k�l�v �4�3��

�I�j�Z�d�l�b�q�_�k�d�b �w�l�h �j�_�Z�e�b�a�m�_�l�k�y �n�h�j�f�b�j�h�\�Z�g�b�_�f �g�Z �d�Z�`�^�h�f �l�Z�d�l�_ �j�h�\�g�hN +1

�h�i�h�j�g�u�o �l�h�q�_�d ���k�h�k�l�h�y�g�b�c�� �\ �i�e�Z�g�h�\�h�f �h�d�g�_�� �i�j�b �^�h�k�l�b�`�_�g�b�b �d�h�g�p�Z �i�m�l�b

�i�h�k�e�_�^�g�b�_ �l�h�q�d�b �h�i�h�j�g�h�c �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�b �^�m�[�e�b�j�m�x�l�k�y�� �< �j�_�a�m�e�v�l�Z�l�_

�k�h�o�j�Z�g�y�x�l�k�y �g�_�b�a�f�_�g�g�u�f�b �j�Z�a�f�_�j�g�h�k�l�v �h�i�l�b�f�b�a�Z�p�b�b �b �j�Z�a�j�_�`�_�g�g�Z�y �k�l�j�m�d�l�m�j�Z

�f�Z�l�j�b�p �a�Z�^�Z�q�b��

�>�e�y �q�b�k�e�_�g�g�h�]�h �j�_�r�_�g�b�y �b�k�i�h�e�v�a�m�_�l�k�y �j�_�r�Z�l�_�e�v �2�6�4�3�� �h�k�g�h�\�Z�g�g�u�c �g�Z

�f�_�l�h�^�_ �q�_�j�_�^�m�x�s�b�o�k�y �g�Z�i�j�Z�\�e�_�g�b�c �f�g�h�`�b�l�_�e�_�c ���$�O�W�H�U�Q�D�W�L�Q�J �'�L�U�H�F�W�L�R�Q �0�H�W�K�R�G �R�I

�0�X�O�W�L�S�O�L�H�U�V�� �$�'�0�0���� �< �b�l�_�j�Z�p�b�h�g�g�h�f �i�j�h�p�_�k�k�_ �2�6�4�3 �h�k�g�h�\�g�h�c �\�u�q�b�k�e�b�l�_�e�v�g�h�c

�h�i�_�j�Z�p�b�_�c �y�\�e�y�_�l�k�y �f�g�h�]�h�d�j�Z�l�g�h�_ �j�_�r�_�g�b�_ �e�b�g�_�c�g�h�c �k�b�k�l�_�f�u��

�k�h�h�l�\�_�l�k�l�\�m�x�s�_�c �m�k�e�h�\�b�y�f �h�i�l�b�f�Z�e�v�g�h�k�l�b �a�Z�^�Z�q�b ���.�.�7���k�l�j�m�d�l�m�j�Z���� �>�Z�g�g�Z�y

�k�b�k�l�_�f�Z �b�f�_�_�l �[�e�h�q�g�m�x �n�h�j�f�m�� �n�h�j�f�b�j�m�_�f�m�x �i�h �f�Z�l�j�b�p�Z�fP �bA ���Z �l�Z�d�`�_ �i�h

�i�Z�j�Z�f�_�l�j�Z�f �j�_�]�m�e�y�j�b�a�Z�p�b�b �$�'�0�0���� �^�e�y �b�e�e�x�k�l�j�Z�p�b�b �f�h�`�_�l �[�u�l�v �a�Z�i�b�k�Z�g�Z �\
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�]�^�_* �² �\�_�d�l�h�j �f�g�h�`�b�l�_�e�_�c��+ �b , �² �i�Z�j�Z�f�_�l�j�u �f�_�l�h�^�Z�� �G�Z �i�j�Z�d�l�b�d�_ �2�6�4�3

�i�j�b�f�_�g�y�_�l �i�j�y�f�h�c �j�Z�a�j�_�`�_�g�g�u�c �f�_�l�h�^ �j�_�r�_�g�b�y �^�Z�g�g�h�c �k�b�k�l�_�f�u �k

�i�j�_�^�\�Z�j�b�l�_�e�v�g�h�c �n�Z�d�l�h�j�b�a�Z�p�b�_�c ���g�Z�i�j�b�f�_�j��LDL �h���� �N�Z�d�l�h�j�b�a�Z�p�b�y �y�\�e�y�_�l�k�y

�g�Z�b�[�h�e�_�_ �a�Z�l�j�Z�l�g�h�c �k�l�Z�^�b�_�c�� �i�h�k�d�h�e�v�d�m �i�h �\�u�q�b�k�e�b�l�_�e�v�g�h�c �k�e�h�`�g�h�k�l�b

�k�m�s�_�k�l�\�_�g�g�h �i�j�_�\�h�k�o�h�^�b�l �i�h�k�e�_�^�m�x�s�b�_ �h�i�_�j�Z�p�b�b �h�[�j�Z�l�g�h�]�h �o�h�^�Z�� �\�u�i�h�e�g�y�_�f�u�_

�g�Z �d�Z�`�^�h�c �b�l�_�j�Z�p�b�b��

�K�e�_�^�h�\�Z�l�_�e�v�g�h�� �m�k�d�h�j�_�g�b�_ �^�h�k�l�b�]�Z�_�l�k�y �a�Z �k�q�z�l �h�[�_�k�i�_�q�_�g�b�y �g�_�b�a�f�_�g�g�h�k�l�b

�©�l�y�`�z�e�h�c�ª �q�Z�k�l�b �i�h�k�l�Z�g�h�\�d�b�� �I�j�b �g�_�b�a�f�_�g�g�u�o �f�Z�l�j�b�p�Z�oP �bA �n�Z�d�l�h�j�b�a�Z�p�b�y

�f�Z�l�j�b�p�uK �f�h�`�_�l �[�u�l�v �\�u�i�h�e�g�_�g�Z �h�^�b�g �j�Z�a �b �^�Z�e�_�_ �i�_�j�_�b�k�i�h�e�v�a�h�\�Z�g�Z �g�Z
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�J�b�k�m�g�h�d �������� �± �A�Z�^�Z�g�b�_ �^�b�g�Z�f�b�d�b �Z�\�l�h�f�h�[�b�e�y �\ �k�b�f�m�e�y�l�h�j�_ �3�D�Q�R�V�L�P
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�A�Z�]�j�m�`�Z�_�l�k�y �d�Z�j�l�Z �l�_�k�l�h�\�h�]�h �k�p�_�g�Z�j�b�y ���j�b�k�� ������������

�J�b�k�m�g�h�d �������� �± �A�Z�^�Z�g�b�_ �d�Z�j�l�u �\ �k�b�f�m�e�y�l�h�j�_ �3�D�Q�R�V�L�P
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�>�e�y �\�b�a�m�Z�e�v�g�h�c �h�p�_�g�d�b �j�Z�[�h�l�u �Z�e�]�h�j�b�l�f�h�\ �\�h�k�i�j�b�y�l�b�y �b �i�e�Z�g�b�j�h�\�Z�g�b�y

�k�h�a�^�Z�_�l�k�y �\�b�^ �h�l �©�l�j�_�l�v�_�]�h �e�b�p�Z�ª�� �h�l�h�[�j�Z�`�Z�x�s�b�c �i�h�e�y �a�j�_�g�b�y �k�_�g�k�h�j�h�\ �b

�w�e�_�f�_�g�l�u �e�h�d�Z�e�v�g�h�c �d�Z�j�l�u �h�d�j�m�`�_�g�b�y�� �G�Z �j�b�k�� ������������������ �i�j�b�\�_�^�_�g �i�j�b�f�_�j

�l�j�Z�_�d�l�h�j�b�b �h�[�t�_�a�^�Z �k�l�Z�l�b�q�g�h�]�h �i�j�_�i�y�l�k�l�\�b�y �\ �i�h�e�h�k�_ �^�\�b�`�_�g�b�y��

�J�b�k�m�g�h�d �������� �± �H�[�t�_�a�^ �k�l�Z�l�b�q�g�h�]�h �i�j�_�i�y�l�k�l�\�b�y �\ �i�h�e�h�k�_ �^�\�b�`�_�g�b�y �\ �k�b�f�m�e�y�l�h�j�_
�3�D�Q�R�V�L�P ���\�b�^ �b�a �3�D�Q�R�V�L�P��
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�< �o�h�^�_ �i�j�h�\�_�^�_�g�g�h�]�h �w�d�k�i�_�j�b�f�_�g�l�Z �[�u�e�b �i�h�e�m�q�_�g�u �h�p�_�g�h�q�g�u�_ �q�b�k�e�_�g�g�u�_

�o�Z�j�Z�d�l�_�j�b�k�l�b�d�b �k�n�h�j�f�b�j�h�\�Z�g�g�h�c �l�j�Z�_�d�l�h�j�b�b�� �i�j�_�^�k�l�Z�\�e�_�g�g�u�_ �\ �l�Z�[�e�b�p�_ ����������

�L�Z�[�e�b�p�Z �������� �± �H�p�_�g�h�q�g�u�_ �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b �l�j�Z�_�d�l�h�j�b�b�� �i�h�e�m�q�_�g�g�u�_ �\ �o�h�^�_
�w�d�k�i�_�j�b�f�_�g�l�Z

�I�h�d�Z�a�Z�l�_�e�v �A�g�Z�q�_�g�b�_ �I�j�b�f�_�q�Z�g�b�_
�K�d�h�j�h�k�l�v �Z�\�l�h�f�h�[�b�e�yv 43�d�f���q ��11,94 �f���k�� �\ �f�h�f�_�g�l �i�h�k�l�j�h�_�g�b�y �l�j�Z�_�d�l�h�j�b�b
�F�Z�d�k�b�f�Z�e�v�g�Z�y �d�j�b�\�b�a�g�Z" �P�D�[ , 0,022�f " 1 �k�h�h�l�\�_�l�k�l�\�m�_�l �f�Z�g�_�\�j�m �m�d�e�h�g�_�g�b�y
�F�b�g�b�f�Z�e�v�g�u�c �j�Z�^�b�m�k �d�j�b�\�b�a�g�u
R�P�L�Q

, 45,5 �f R�P�L�Q= 1/ " �P�D�[

�F�b�g�b�f�Z�e�v�g�h�_ �j�Z�k�k�l�h�y�g�b�_ �^�h
�]�j�Z�g�b�p�u �k�\�h�[�h�^�g�h�]�h �i�j�h�k�l�j�Z�g�k�l�\�Z
! �P�L�Q

, 0,45 �f �\ �g�Z�b�[�h�e�_�_ �k�l�_�k�g�_�g�g�h�c �a�h�g�_

�F�Z�d�k�b�f�Z�e�v�g�h�_ �i�h�i�_�j�_�q�g�h�_
�m�k�d�h�j�_�g�b�_ay,�P�D�[

, 3,14 �f���k2 ay = v2"

�I�h�i�_�j�_�q�g�h�_ �m�k�d�h�j�_�g�b�_ �g�Z �i�j�y�f�h�f
�m�q�Z�k�l�d�_ay

0�±0,5 �f���k2 �\�g�_ �Z�d�l�b�\�g�h�]�h �f�Z�g�_�\�j�Z

�I�j�b �k�d�h�j�h�k�l�b �^�\�b�`�_�g�b�y �Z�\�l�h�f�h�[�b�e�y43 �d�f���q �f�Z�d�k�b�f�Z�e�v�g�Z�y �d�j�b�\�b�a�g�Z

�l�j�Z�_�d�l�h�j�b�b �k�h�k�l�Z�\�b�e�Z �i�j�b�[�e�b�a�b�l�_�e�v�g�h" �P�D�[ , 0,022 �f%1�� �q�l�h �k�h�h�l�\�_�l�k�l�\�m�_�l

�f�b�g�b�f�Z�e�v�g�h�f�m �j�Z�^�b�m�k�m �d�j�b�\�b�a�g�u �i�h�j�y�^�d�Z45,5 �f�� �M�d�Z�a�Z�g�g�u�_ �a�g�Z�q�_�g�b�y

�k�\�b�^�_�l�_�e�v�k�l�\�m�x�l �h �i�e�Z�\�g�h�f �o�Z�j�Z�d�l�_�j�_ �n�h�j�f�b�j�m�_�f�h�]�h �f�Z�g�_�\�j�Z �[�_�a �j�_�a�d�b�o

�b�a�f�_�g�_�g�b�c �]�_�h�f�_�l�j�b�b �l�j�Z�_�d�l�h�j�b�b�� �F�b�g�b�f�Z�e�v�g�h�_ �j�Z�k�k�l�h�y�g�b�_ �^�h �]�j�Z�g�b�p�u

�k�\�h�[�h�^�g�h�]�h �i�j�h�k�l�j�Z�g�k�l�\�Z �k�h�k�l�Z�\�b�e�h �h�d�h�e�h0,45 �f�� �l�h�]�^�Z �d�Z�d �k �i�j�h�l�b�\�h�i�h�e�h�`�g�h�c

�k�l�h�j�h�g�u �k�h�o�j�Z�g�y�e�k�y �a�Z�i�Z�k �i�h�j�y�^�d�Z1,3 �f�� �W�l�h �m�d�Z�a�u�\�Z�_�l �g�Z �l�h�� �q�l�h �l�j�Z�_�d�l�h�j�b�y

�[�u�e�Z �i�h�k�l�j�h�_�g�Z �\ �i�j�_�^�_�e�Z�o �^�h�i�m�k�l�b�f�h�]�h �d�h�j�b�^�h�j�Z �^�\�b�`�_�g�b�y �k �k�h�o�j�Z�g�_�g�b�_�f

�g�_�h�[�o�h�^�b�f�h�]�h �a�Z�a�h�j�Z �^�h �_�]�h �]�j�Z�g�b�p�� �F�Z�d�k�b�f�Z�e�v�g�h�_ �i�h�i�_�j�_�q�g�h�_ �m�k�d�h�j�_�g�b�_

�^�h�k�l�b�]�Z�e�h �i�j�b�[�e�b�a�b�l�_�e�v�g�h3,14 �f���k2�� �q�l�h �k�h�h�l�\�_�l�k�l�\�m�_�l �^�h�i�m�k�l�b�f�h�f�m �m�j�h�\�g�x

�^�b�g�Z�f�b�q�_�k�d�h�c �g�Z�]�j�m�a�d�b �b �i�h�^�l�\�_�j�`�^�Z�_�l �n�b�a�b�q�_�k�d�m�x �j�_�Z�e�b�a�m�_�f�h�k�l�v �i�h�e�m�q�_�g�g�h�c

�l�j�Z�_�d�l�h�j�b�b�� �G�Z �m�q�Z�k�l�d�Z�o�� �[�e�b�a�d�b�o �d �i�j�y�f�h�e�b�g�_�c�g�h�f�m �^�\�b�`�_�g�b�x�� �\�_�e�b�q�b�g�Z

�i�h�i�_�j�_�q�g�h�]�h �m�k�d�h�j�_�g�b�y �g�_ �i�j�_�\�u�r�Z�e�Z0,5 �f���k2�� �q�l�h �^�h�i�h�e�g�b�l�_�e�v�g�h �i�h�^�l�\�_�j�`�^�Z�_�l

�h�l�k�m�l�k�l�\�b�_ �b�a�[�u�l�h�q�g�u�o �d�h�e�_�[�Z�g�b�c �b �m�k�l�h�c�q�b�\�u�c �o�Z�j�Z�d�l�_�j �^�\�b�`�_�g�b�y��

�>�e�y �n�h�j�f�Z�e�b�a�Z�p�b�b �j�_�a�m�e�v�l�Z�l�h�\ �w�l�Z�i�Z ������ �i�j�h�\�_�j�d�Z �\�u�i�h�e�g�y�e�Z�k�v �i�h

�d�j�b�l�_�j�b�y�f �]�_�h�f�_�l�j�b�q�_�k�d�h�c �^�h�i�m�k�l�b�f�h�k�l�b�� �^�b�g�Z�f�b�q�_�k�d�h�c �j�_�Z�e�b�a�m�_�f�h�k�l�b �b

�d�Z�q�_�k�l�\�Z �l�j�Z�_�d�l�h�j�b�b ���l�Z�[�e�b�p�Z ������������
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�L�Z�[�e�b�p�Z �������� �± �J�_�a�m�e�v�l�Z�l�u �\�_�j�b�n�b�d�Z�p�b�b �Z�e�]�h�j�b�l�f�Z �g�Z �k�b�f�m�e�y�p�b�h�g�g�h�f �w�l�Z�i�_

�I�j�h�\�_�j�y�_�f�h�_ �l�j�_�[�h�\�Z�g�b�_ �D�j�b�l�_�j�b�c �J�_�a�m�e�v�l�Z�l
�K�h�[�e�x�^�_�g�b�_ �]�_�h�f�_�l�j�b�q�_�k�d�b�o
�h�]�j�Z�g�b�q�_�g�b�c �d�h�j�b�^�h�j�Z �^�\�b�`�_�g�b�y

! �P�L�Q> 0 ���g�_�l �i�_�j�_�k�_�q�_�g�b�y
�]�j�Z�g�b�p �^�h�i�m�k�l�b�f�h�c �h�[�e�Z�k�l�b��

! �P�L�Q, 0,45 �f

�>�b�g�Z�f�b�q�_�k�d�Z�y �j�_�Z�e�b�a�m�_�f�h�k�l�v �g�Z
�f�Z�g�z�\�j�_ �h�[�t�_�a�^�Z

ay,�P�D�[< 0,4g ���i�j�b�[�e��
3,92 �f���k2��

ay,�P�D�[, 3,14 �f���k2

�I�e�Z�\�g�h�k�l�v �]�_�h�f�_�l�j�b�b �l�j�Z�_�d�l�h�j�b�b�H�]�j�Z�g�b�q�_�g�g�u�_ �a�g�Z�q�_�g�b�y
�d�j�b�\�b�a�g�u �b �h�l�k�m�l�k�l�\�b�_
�j�_�a�d�b�o �k�d�Z�q�d�h�\

" �P�D�[, 0,022�f " 1��
R�P�L�Q, 45,5 �f

�L�Z�d�b�f �h�[�j�Z�a�h�f�� �k�b�f�m�e�y�p�b�h�g�g�u�c �w�l�Z�i �b�k�i�h�e�v�a�m�_�l�k�y �d�Z�d �i�j�_�^�\�Z�j�b�l�_�e�v�g�Z�y

�\�_�j�b�n�b�d�Z�p�b�y �d�h�j�j�_�d�l�g�h�k�l�b �n�h�j�f�b�j�h�\�Z�g�b�y �h�]�j�Z�g�b�q�_�g�b�c�� �m�k�l�h�c�q�b�\�h�k�l�b �j�_�r�_�g�b�y

�a�Z�^�Z�q �h�i�l�b�f�b�a�Z�p�b�b �b �k�h�h�l�\�_�l�k�l�\�b�y �l�j�Z�_�d�l�h�j�b�c �[�Z�a�h�\�u�f �l�j�_�[�h�\�Z�g�b�y�f

�j�_�Z�e�b�a�m�_�f�h�k�l�b �^�h �i�_�j�_�o�h�^�Z �d �g�Z�l�m�j�g�u�f �b�k�i�u�l�Z�g�b�y�f��

������ �I�j�h�\�_�^�_�g�b�_ �l�_�k�l�h�\�u�o �b�k�i�u�l�Z�g�b�c �\ �]�h�j�h�^�k�d�h�c �k�j�_�^�_

�:�e�]�h�j�b�l�f �i�j�h�l�_�k�l�b�j�h�\�Z�g �\ �]�h�j�h�^�k�d�h�c �k�j�_�^�_ �g�Z �f�Z�j�r�j�m�l�Z�o�� �\�d�e�x�q�Z�x�s�b�o

�j�Z�a�e�b�q�g�u�_ �l�b�i�u �^�h�j�h�`�g�h�c �b�g�n�j�Z�k�l�j�m�d�l�m�j�u�� �j�_�]�m�e�b�j�m�_�f�u�_ �b �g�_�j�_�]�m�e�b�j�m�_�f�u�_

�i�_�j�_�d�j�_�k�l�d�b�� �^�h�j�h�]�b �k �j�Z�a�e�b�q�g�u�f �q�b�k�e�h�f �i�h�e�h�k�� �m�q�Z�k�l�d�b �k �i�j�b�i�Z�j�d�h�\�Z�g�g�u�f�b

�Z�\�l�h�f�h�[�b�e�y�f�b �b �i�_�r�_�o�h�^�g�u�_ �i�_�j�_�o�h�^�u�� �< �o�h�^�_ �b�k�i�u�l�Z�g�b�c �k�b�k�l�_�f�Z �j�Z�[�h�l�Z�e�Z �\

�j�_�`�b�f�_ �Z�\�l�h�g�h�f�g�h�]�h �m�i�j�Z�\�e�_�g�b�y �i�j�b �i�j�b�k�m�l�k�l�\�b�b �\�h�^�b�l�_�e�y���b�k�i�u�l�Z�l�_�e�y��

�H�k�g�h�\�g�h�c �p�_�e�v�x �w�l�Z�i�Z �y�\�e�y�e�Z�k�v �i�j�h�\�_�j�d�Z �j�Z�[�h�l�h�k�i�h�k�h�[�g�h�k�l�b �Z�e�]�h�j�b�l�f�h�\ �i�j�b

�^�_�c�k�l�\�b�b �n�Z�d�l�h�j�h�\ �g�_�h�i�j�_�^�_�e�_�g�g�h�k�l�b �]�h�j�h�^�k�d�h�c �k�j�_�^�u ���\�Z�j�b�Z�l�b�\�g�h�k�l�v �l�j�Z�n�b�d�Z��

�b�a�f�_�g�_�g�b�y �^�h�k�l�m�i�g�h�]�h �i�j�h�k�l�j�Z�g�k�l�\�Z�� �h�]�j�Z�g�b�q�_�g�g�Z�y �g�Z�[�e�x�^�Z�_�f�h�k�l�v �h�l�^�_�e�v�g�u�o

�h�[�t�_�d�l�h�\����

�>�e�y �l�_�k�l�b�j�h�\�Z�g�b�y �\�u�[�j�Z�g �f�Z�j�r�j�m�l �g�Z �^�h�j�h�]�Z�o �h�[�s�_�]�h �i�h�e�v�a�h�\�Z�g�b�y �\

�g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�c �[�e�b�a�h�k�l�b �h�l �G�:�F�B�� �G�Z �j�b�k�� �������� �i�j�_�^�k�l�Z�\�e�_�g�Z �\�b�a�m�Z�e�b�a�Z�p�b�y

�f�Z�j�r�j�m�l�Z �g�Z �d�Z�j�l�h�]�j�Z�n�b�q�_�k�d�h�c �i�h�^�e�h�`�d�_�� �g�Z �j�b�k�� �������� �² �f�Z�j�r�j�m�l�� �i�h�k�l�j�h�_�g�g�u�c

�i�h �\�u�k�h�d�h�l�h�q�g�h�c �d�Z�j�l�_�� �Z �g�Z �j�b�k�� �������� �² �i�j�b�f�_�j �\�b�a�m�Z�e�b�a�Z�p�b�b �j�Z�[�h�l�u �k�b�k�l�_�f�u �\

�j�_�Z�e�v�g�h�f �\�j�_�f�_�g�b��
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�J�b�k�m�g�h�d �������� �± �<�b�a�m�Z�e�b�a�Z�p�b�y �l�_�k�l�h�\�h�]�h �f�Z�j�r�j�m�l�Z �g�Z �Y�g�^�_�d�k �D�Z�j�l�Z�o

�J�b�k�m�g�h�d �������� �± �<�b�a�m�Z�e�b�a�Z�p�b�y �f�Z�j�r�j�m�l�Z�� �i�h�k�l�j�h�_�g�g�h�]�h �k �i�h�f�h�s�v�x �\�u�k�h�d�h�l�h�q�g�u�o
�d�Z�j�l
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�J�b�k�m�g�h�d �������� �± �<�b�a�m�Z�e�b�a�Z�p�b�y �j�Z�[�h�l�u �k�b�k�l�_�f�u �\ �j�_�Z�e�v�g�h�f �\�j�_�f�_�g�b

�G�Z �j�b�k�� �������� �i�j�_�^�k�l�Z�\�e�_�g�u �l�_�e�_�f�_�l�j�b�q�_�k�d�b�_ �a�Z�\�b�k�b�f�h�k�l�b�� �i�h�e�m�q�_�g�g�u�_ �\�h

�\�j�_�f�y �a�Z�f�d�g�m�l�h�]�h �]�h�j�h�^�k�d�h�]�h �i�j�h�[�_�]�Z �i�j�h�l�y�`�z�g�g�h�k�l�v�x �h�d�h�e�h3,46 �d�f�� �<

�l�Z�[�e�� �������� �i�j�b�\�_�^�_�g�u �d�e�x�q�_�\�u�_ �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b �i�e�Z�g�h�\�h�c �l�j�Z�_�d�l�h�j�b�b��

�k�d�h�j�h�k�l�g�h�]�h �i�j�h�n�b�e�y �b �m�k�d�h�j�_�g�b�c�� �I�b�e�h�h�[�j�Z�a�g�Z�y �n�h�j�f�Z �d�j�b�\�h�c �k�d�h�j�h�k�l�b

�k�h�h�l�\�_�l�k�l�\�m�_�l �]�h�j�h�^�k�d�h�f�m �j�_�`�b�f�m�� �I�b�d �i�j�h�^�h�e�v�g�h�]�h �a�Z�f�_�^�e�_�g�b�y �i�h�j�y�^�d�Z%6

�f���k2 �k�h�h�l�\�_�l�k�l�\�m�_�l �w�i�b�a�h�^�m �b�g�l�_�g�k�b�\�g�h�]�h �l�h�j�f�h�`�_�g�b�y��
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�L�Z�[�e�b�p�Z �������� �± �K�\�h�^�g�u�_ �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b �i�e�Z�g�h�\�h�c �l�j�Z�_�d�l�h�j�b�b�� �k�d�h�j�h�k�l�g�h�]�h
�j�_�`�b�f�Z �b �m�k�d�h�j�_�g�b�c

�M�k�e�h�\�g�h�_ �h�[�h�a�g�Z�q�_�g�b�_ �H�i�b�k�Z�g�b�_ �A�g�Z�q�_�g�b�_
�I�Z�j�Z�f�_�l�j�u �i�e�Z�g�h�\�h�c �l�j�Z�_�d�l�h�j�b�b

�6�& �K�b�k�l�_�f�Z �d�h�h�j�^�b�g�Z�l �(�1�8�� �f
x �U�D�Q�J�H �>�b�Z�i�Z�a�h�g �h�k�bx [%1000; +250]�f
y�U�D�Q�J�H �>�b�Z�i�Z�a�h�g �h�k�by [%600; +600]�f
L �O�R�R�S �>�e�b�g�Z �i�_�l�e�b ���i�_�j�b�f�_�l�j�� , 3,46 �d�f
R�P�L�Q �F�b�g�b�f�Z�e�v�g�u�c �j�Z�^�b�m�k �i�h�\�h�j�h�l�Z ! 80 �f

�I�Z�j�Z�f�_�l�j�u �k�d�h�j�h�k�l�g�h�]�h �j�_�`�b�f�Z
v�P�D�[ �F�Z�d�k�b�f�Z�e�v�g�Z�y �k�d�h�j�h�k�l�v , 15 �f���k ������ �d�f���q��

v �K�j�_�^�g�y�y �k�d�h�j�h�k�l�v , 9,1 �f���k
Tv=0 �>�h�e�y �\�j�_�f�_�g�b �g�Z �h�k�l�Z�g�h�\�d�Z�o , 29��
a#

�O�R�Q�J �K�j�_�^�g�_�_ �m�k�d�h�j�_�g�b�_ �i�j�b �j�Z�a�]�h�g�_ , 0,86 �f���k2

�I�Z�j�Z�f�_�l�j�u �i�j�h�^�h�e�v�g�h�]�h �m�k�d�h�j�_�g�b�y
a�P�L�Q

�O�R�Q�J �F�b�g�b�f�Z�e�v�g�h�_ �i�j�h�^�h�e�v�g�h�_ �m�k�d�h�j�_�g�b�_
���l�h�j�f�h�`�_�g�b�_��

%6 �f���k2

a�P�D�[
�O�R�Q�J �F�Z�d�k�b�f�Z�e�v�g�h�_ �i�j�h�^�h�e�v�g�h�_ �m�k�d�h�j�_�g�b�_

���j�Z�a�]�h�g��
+3 �f���k2

�I�Z�j�Z�f�_�l�j�u �i�h�i�_�j�_�q�g�h�]�h �m�k�d�h�j�_�g�b�y
a�P�L�Q

�O�D�W �F�b�g�b�f�Z�e�v�g�h�_ �i�h�i�_�j�_�q�g�h�_ �m�k�d�h�j�_�g�b�_%3,8 �f���k2

a�P�D�[
�O�D�W �F�Z�d�k�b�f�Z�e�v�g�h�_ �i�h�i�_�j�_�q�g�h�_ �m�k�d�h�j�_�g�b�_+3,2 �f���k2

g�F�R�P�I�R�U�W �I�h�j�h�] �d�h�f�n�h�j�l�g�h�]�h �i�h�i�_�j�_�q�g�h�]�h
�m�k�d�h�j�_�g�b�y �i�h �d�j�b�l�_�j�b�x �(�X�U�R �1�&�$�3
�&�R�P�I�R�U�W

0,4g ��, 3,92 �f���k2��

�:�f�i�e�b�l�m�^�Za�O�D�W�g�_ �i�j�_�\�u�r�Z�_�l0,35g ���k�f�� �l�Z�[�e�b�p�Z ������������ �l�h �_�k�l�v

�m�^�h�\�e�_�l�\�h�j�y�_�l �i�h�j�h�]�h�\�h�f�m �a�g�Z�q�_�g�b�x0,4g�� �b�k�i�h�e�v�a�m�_�f�h�f�m �\ �j�Z�f�d�Z�o �h�p�_�g�h�d

�d�h�f�n�h�j�l�g�h�k�l�b�� �I�b�d�b �i�h�i�_�j�_�q�g�h�]�h �m�k�d�h�j�_�g�b�y �d�h�j�j�_�e�b�j�m�x�l �k �m�q�Z�k�l�d�Z�f�b

�i�h�\�u�r�_�g�g�h�c �d�j�b�\�b�a�g�u �i�j�b �k�g�b�`�_�g�g�h�c �k�d�h�j�h�k�l�b �^�\�b�`�_�g�b�y�� �q�l�h �k�h�h�l�\�_�l�k�l�\�m�_�l

�i�j�b�g�p�b�i�m �k�h�]�e�Z�k�h�\�Z�g�b�y �©�\�u�k�h�d�Z�y �d�j�b�\�b�a�g�Z �² �f�Z�e�Z�y �k�d�h�j�h�k�l�v�ª��

�K�d�h�j�h�k�l�v �\ �a�Z�_�a�^�_ �h�]�j�Z�g�b�q�b�\�Z�e�Z�k�v �^�b�Z�i�Z�a�h�g�h�f �^�h ���� �d�f���q�� �w�i�b�a�h�^ �Y�P�D�[�§����

�d�f���q �g�h�k�b�l �d�j�Z�l�d�h�\�j�_�f�_�g�g�u�c �o�Z�j�Z�d�l�_�j �b �g�_ �\�e�b�y�_�l �g�Z �\�u�\�h�^�u�� �i�h�k�d�h�e�v�d�m �Z�g�Z�e�b�a

�d�Z�q�_�k�l�\�Z �\�u�i�h�e�g�y�e�k�y �i�h �k�l�Z�l�b�k�l�b�d�Z�f �b �\�u�^�_�e�_�g�g�u�f �w�i�b�a�h�^�Z�f �^�\�b�`�_�g�b�y�� �I�b�d�b

�m�k�d�h�j�_�g�b�c�� �\�u�o�h�^�y�s�b�_ �a�Z �l�b�i�h�\�h�c �^�b�Z�i�Z�a�h�g �Z�\�l�h�g�h�f�g�h�]�h �j�_�`�b�f�Z�� �k�h�h�l�\�_�l�k�l�\�m�x�l

�b�g�l�_�j�\�Z�e�Z�f �\�f�_�r�Z�l�_�e�v�k�l�\�Z �\�h�^�b�l�_�e�y���b�k�i�u�l�Z�l�_�e�y ���i�_�j�_�o�\�Z�l �m�i�j�Z�\�e�_�g�b�y����

�>�e�y �d�h�e�b�q�_�k�l�\�_�g�g�h�c �\�_�j�b�n�b�d�Z�p�b�b �Z�e�]�h�j�b�l�f�Z �i�h�k�l�j�h�_�g�b�y �[�_�a�h�i�Z�k�g�h�c

�l�j�Z�_�d�l�h�j�b�b �^�h�i�h�e�g�b�l�_�e�v�g�h �[�u�e�b �\�u�^�_�e�_�g�u �w�i�b�a�h�^�u �Z�\�l�h�g�h�f�g�h�]�h �^�\�b�`�_�g�b�y�� �g�_

�k�h�^�_�j�`�Z�s�b�_ �i�_�j�_�o�\�Z�l�Z �m�i�j�Z�\�e�_�g�b�y �k�h �k�l�h�j�h�g�u �\�h�^�b�l�_�e�y���b�k�i�u�l�Z�l�_�e�y�� �I�h

�m�d�Z�a�Z�g�g�u�f �w�i�b�a�h�^�Z�f �j�Z�k�k�q�b�l�u�\�Z�e�b�k�v �i�h�d�Z�a�Z�l�_�e�b �f�b�g�b�f�Z�e�v�g�h�]�h �j�Z�k�k�l�h�y�g�b�y �^�h



������

�]�j�Z�g�b�p �^�h�i�m�k�l�b�f�h�]�h �d�h�j�b�^�h�j�Z�� �f�b�g�b�f�Z�e�v�g�h�]�h �j�Z�k�k�l�h�y�g�b�y �^�h �k�l�Z�l�b�q�_�k�d�b�o

�i�j�_�i�y�l�k�l�\�b�c�� �\�j�_�f�_�g�b �]�_�g�_�j�Z�p�b�b �l�j�Z�_�d�l�h�j�b�b �b �i�h�i�_�j�_�q�g�h�]�h �m�k�d�h�j�_�g�b�y��

�J�_�a�m�e�v�l�Z�l�u �k�\�_�^�_�g�u �\ �l�Z�[�e�b�p�_ ����������

�L�Z�[�e�b�p�Z �������� �± �D�h�e�b�q�_�k�l�\�_�g�g�u�_ �i�h�d�Z�a�Z�l�_�e�b �j�Z�[�h�l�u �Z�e�]�h�j�b�l�f�Z �e�h�d�Z�e�v�g�h�]�h
�i�e�Z�g�b�j�h�\�Z�g�b�y �l�j�Z�_�d�l�h�j�b�b �i�h �j�_�a�m�e�v�l�Z�l�Z�f �]�h�j�h�^�k�d�b�o �b�k�i�u�l�Z�g�b�c

�I�h�d�Z�a�Z�l�_�e�v �A�g�Z�q�_�g�b�_�I�j�b�f�_�q�Z�g�b�_
�F�b�g�b�f�Z�e�v�g�h�_ �j�Z�k�k�l�h�y�g�b�_ �^�h �]�j�Z�g�b�p�u �i�j�h�_�a�`�_�c
�q�Z�k�l�b

* 0,3 �f �\�u�^�_�j�`�b�\�Z�g�b�_
�^�h�i�m�k�l�b�f�h�]�h
�^�h�j�h�`�g�h�]�h �d�h�j�b�^�h�j�Z

�F�b�g�b�f�Z�e�v�g�h�_ �j�Z�k�k�l�h�y�g�b�_ �^�h �k�l�Z�l�b�q�_�k�d�h�]�h
�i�j�_�i�y�l�k�l�\�b�y �\ �i�h�e�h�k�_ �^�\�b�`�_�g�b�y

* 0,5 �f �[�_�a�h�i�Z�k�g�u�c �h�[�t�_�a�^
�i�j�_�i�y�l�k�l�\�b�y

�K�j�_�^�g�_�_ �\�j�_�f�y �]�_�g�_�j�Z�p�b�b �l�j�Z�_�d�l�h�j�b�b , 50 �f�k �\�u�q�b�k�e�b�l�_�e�v�g�Z�y
�j�_�Z�e�b�a�m�_�f�h�k�l�v �\
�j�_�Z�e�v�g�h�f �\�j�_�f�_�g�b

�F�Z�d�k�b�f�Z�e�v�g�h�_ �i�h �f�h�^�m�e�x �i�h�i�_�j�_�q�g�h�_ �m�k�d�h�j�_�g�b�_" 2,5 �f���k2 �^�e�y �\�u�^�_�e�_�g�g�u�o
�w�i�b�a�h�^�h�\
�Z�\�l�h�g�h�f�g�h�]�h �h�[�t�_�a�^�Z

�B�a �^�Z�g�g�u�o �l�Z�[�e�b�p�u �������� �k�e�_�^�m�_�l�� �q�l�h �j�Z�a�j�Z�[�h�l�Z�g�g�u�c �Z�e�]�h�j�b�l�f �e�h�d�Z�e�v�g�h�]�h

�i�e�Z�g�b�j�h�\�Z�g�b�y �\ �o�h�^�_ �]�h�j�h�^�k�d�b�o �b�k�i�u�l�Z�g�b�c �h�[�_�k�i�_�q�b�\�Z�e �i�h�k�l�j�h�_�g�b�_ �l�j�Z�_�d�l�h�j�b�b��

�m�^�h�\�e�_�l�\�h�j�y�x�s�_�c �h�^�g�h�\�j�_�f�_�g�g�h �]�_�h�f�_�l�j�b�q�_�k�d�b�f�� �^�b�g�Z�f�b�q�_�k�d�b�f �b

�\�u�q�b�k�e�b�l�_�e�v�g�u�f �h�]�j�Z�g�b�q�_�g�b�y�f�� �<�h �\�k�_�o �j�Z�k�k�f�h�l�j�_�g�g�u�o �w�i�b�a�h�^�Z�o �f�b�g�b�f�Z�e�v�g�h�_

�j�Z�k�k�l�h�y�g�b�_ �^�h �]�j�Z�g�b�p �i�j�h�_�a�`�_�c �q�Z�k�l�b �k�h�o�j�Z�g�y�e�h�k�v �g�Z �m�j�h�\�g�_ �g�_ �f�_�g�_�_0,3 �f�� �Z �^�h

�k�l�Z�l�b�q�_�k�d�b�o �i�j�_�i�y�l�k�l�\�b�c�� �j�Z�k�i�h�e�h�`�_�g�g�u�o �\ �i�h�e�h�k�_ �^�\�b�`�_�g�b�y�� �² �g�_ �f�_�g�_�_0,5 �f��

�K�j�_�^�g�_�_ �\�j�_�f�y �]�_�g�_�j�Z�p�b�b �l�j�Z�_�d�l�h�j�b�b �k�h�k�l�Z�\�b�e�h �h�d�h�e�h50 �f�k�� �q�l�h �k�h�h�l�\�_�l�k�l�\�m�_�l

�q�Z�k�l�h�l�_ �i�h�j�y�^�d�Z20 �=�p �b �i�h�^�l�\�_�j�`�^�Z�_�l �\�h�a�f�h�`�g�h�k�l�v �i�j�b�f�_�g�_�g�b�y �j�Z�a�j�Z�[�h�l�Z�g�g�h�]�h

�Z�e�]�h�j�b�l�f�Z �\ �d�h�g�l�m�j�_ �m�i�j�Z�\�e�_�g�b�y �j�_�Z�e�v�g�h�]�h �\�j�_�f�_�g�b�� �I�j�b �w�l�h�f �f�Z�d�k�b�f�Z�e�v�g�h�_ �i�h

�f�h�^�m�e�x �i�h�i�_�j�_�q�g�h�_ �m�k�d�h�j�_�g�b�_ �^�e�y �\�u�^�_�e�_�g�g�u�o �w�i�b�a�h�^�h�\ �Z�\�l�h�g�h�f�g�h�]�h �h�[�t�_�a�^�Z

�g�_ �i�j�_�\�u�r�Z�e�h2,5 �f���k2�� �q�l�h �k�\�b�^�_�l�_�e�v�k�l�\�m�_�l �h �^�b�g�Z�f�b�q�_�k�d�h�c �j�_�Z�e�b�a�m�_�f�h�k�l�b

�n�h�j�f�b�j�m�_�f�u�o �l�j�Z�_�d�l�h�j�b�c �b �b�o �k�h�h�l�\�_�l�k�l�\�b�b �l�j�_�[�h�\�Z�g�b�y�f �i�e�Z�\�g�h�k�l�b �^�\�b�`�_�g�b�y��

�>�Z�e�_�_ �i�j�b�\�_�^�z�g �i�j�b�f�_�j �Z�g�Z�e�b�a�Z �l�j�Z�_�d�l�h�j�b�b �i�j�b �\�u�i�h�e�g�_�g�b�b �f�Z�g�z�\�j�Z

�h�[�t�_�a�^�Z �©�a�f�_�c�d�b�ª�� �G�Z �j�b�k�m�g�d�_ �������� �i�h�d�Z�a�Z�g�Z �\�b�a�m�Z�e�b�a�Z�p�b�y �k�h�k�l�h�y�g�b�c��

�m�i�j�Z�\�e�_�g�b�c �b �^�b�g�Z�f�b�q�_�k�d�b�o �i�Z�j�Z�f�_�l�j�h�\ �g�Z �b�g�l�_�j�\�Z�e�_ �f�Z�g�z�\�j�Z��



������

�J�b�k�m�g�h�d �������� �± �<�b�a�m�Z�e�b�a�Z�p�b�y �i�Z�j�Z�f�_�l�j�h�\ �^�\�b�`�_�g�b�y �i�j�b �i�j�h�_�a�^�_ �©�a�f�_�c�d�b�ª �\
�]�h�j�h�^�k�d�h�c �k�j�_�^�_

�I�j�_�^�k�l�Z�\�e�_�g�g�u�_ �g�Z �j�b�k�� �������� �a�Z�\�b�k�b�f�h�k�l�b �b�e�e�x�k�l�j�b�j�m�x�l �n�h�j�f�b�j�h�\�Z�g�b�_

�g�_�i�j�_�j�u�\�g�u�o �i�j�h�n�b�e�_�c �m�i�j�Z�\�e�_�g�b�c �b �m�k�d�h�j�_�g�b�c �[�_�a �\�u�j�Z�`�_�g�g�u�o �j�Z�a�j�u�\�h�\��
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�L�Z�[�e�b�p�Z �������� �± �K�\�h�^�g�u�_ �f�_�l�j�b�d�b �f�Z�g�z�\�j�Z �©�a�f�_�c�d�Z�ª �i�h �^�Z�g�g�u�f �h�[�j�Z�[�h�l�Z�g�g�u�o
�e�h�]�h�\ �w�i�b�a�h�^�Z

�I�h�d�Z�a�Z�l�_�e�v �H�[�h�a�g�� �H�p�_�g�d�Z
�>�e�b�l�_�e�v�g�h�k�l�v �w�i�b�a�h�^�Z T , 30 �k
�K�d�h�j�h�k�l�v ���k�j�_�^�g�y�y�� v , 10,0 �f���k
�K�d�h�j�h�k�l�v ���f�b�g�b�f�Z�e�v�g�Z�y�� v�P�L�Q , 8,5 �f���k
�K�d�h�j�h�k�l�v ���f�Z�d�k�b�f�Z�e�v�g�Z�y�� v�P�D�[ , 11,5 �f���k
�I�j�h�^�h�e�v�g�h�_ �m�k�d�h�j�_�g�b�_ ���f�b�g�b�f�m�f�� ax, �P�L�Q , % 0,9 �f���k2

�I�j�h�^�h�e�v�g�h�_ �m�k�d�h�j�_�g�b�_ ���f�Z�d�k�b�f�m�f�� ax, �P�D�[ , +1 ,2 �f���k2

�I�h�i�_�j�_�q�g�h�_ �m�k�d�h�j�_�g�b�_ ���f�b�g�b�f�m�f�� ay, �P�L�Q , % 2,5 �f���k2

�I�h�i�_�j�_�q�g�h�_ �m�k�d�h�j�_�g�b�_ ���f�Z�d�k�b�f�m�f�� ay, �P�D�[ , +2 ,5 �f���k2

�D�\�Z�g�l�b�e�v0,95 �i�h �f�h�^�m�e�x �i�h�i�_�j�_�q�g�h�]�h �m�k�d�h�j�_�g�b�y q0.95(|ay |) , 2,2 �f���k2

�J�m�e�_�\�h�c �m�]�h�e ���f�b�g�b�f�m�f�� #�P�L�Q , % 110�]�j�Z�^
�J�m�e�_�\�h�c �m�]�h�e ���f�Z�d�k�b�f�m�f�� #�P�D�[ , +105 �]�j�Z�^
�K�d�h�j�h�k�l�v �b�a�f�_�g�_�g�b�y �j�m�e�_�\�h�]�h �m�]�e�Z ���f�Z�d�k�b�f�m�f �i�h �f�h�^�m�e�x���P�D�[| ú#| , 100�]�j�Z�^���k

�I�h�i�_�j�_�q�g�u�_ �m�k�d�h�j�_�g�b�y �g�Z �b�g�l�_�j�\�Z�e�_ �f�Z�g�_�\�j�Z �g�Z�o�h�^�y�l�k�y �\ �^�b�Z�i�Z�a�h�g�_

�i�h�j�y�^�d�Z± 2,5 �f���k2�� �Z �i�j�h�^�h�e�v�g�Z�y �k�d�h�j�h�k�l�v �k�h�o�j�Z�g�y�_�l�k�y �\�[�e�b�a�b �\�u�[�j�Z�g�g�h�]�h

�m�j�h�\�g�y �i�h�j�y�^�d�Z10 �f���k�� �q�l�h �k�h�h�l�\�_�l�k�l�\�m�_�l �i�h�k�l�Z�g�h�\�d�_ �f�Z�g�_�\�j�Z �h�[�t�_�a�^�Z

�i�j�_�i�y�l�k�l�\�b�c �i�j�b �h�]�j�Z�g�b�q�_�g�b�y�o �g�Z �d�h�f�n�h�j�l �b �j�_�Z�e�b�a�m�_�f�h�k�l�v �m�i�j�Z�\�e�_�g�b�y��

�L�Z�[�e�b�p�Z �������� �± �I�h�^�l�\�_�j�`�^�_�g�b�_ �p�_�e�_�\�u�o �l�j�_�[�h�\�Z�g�b�c �^�b�k�k�_�j�l�Z�p�b�b �i�h �j�_�a�m�e�v�l�Z�l�Z�f
�]�h�j�h�^�k�d�b�o �b�k�i�u�l�Z�g�b�c

�L�j�_�[�h�\�Z�g�b�_ �D�j�b�l�_�j�b�c �N�Z�d�l�b�q�_�k�d�b�c �j�_�a�m�e�v�l�Z�l�K�l�Z�l�m�k
�M�^�_�j�`�Z�g�b�_ �l�j�Z�_�d�l�h�j�b�b �\
�]�_�h�f�_�l�j�b�q�_�k�d�b�o �]�j�Z�g�b�p�Z�o
�i�j�h�_�a�`�_�c �q�Z�k�l�b

�P�L�Qdist �U�R�D�G* 0,3 �f �P�L�Qdist �U�R�D�G* 0,3 �f
���l�Z�[�e�� ����������

�\�u�i�h�e�g�_�g�h

�;�_�a�h�i�Z�k�g�u�c �h�[�t�_�a�^
�k�l�Z�l�b�q�_�k�d�b�o �i�j�_�i�y�l�k�l�\�b�c

�P�L�Qdist �R�E�V* 0,5 �f �P�L�Qdist �R�E�V * 0,5 �f
���l�Z�[�e�� ����������

�\�u�i�h�e�g�_�g�h

�<�u�q�b�k�e�b�l�_�e�v�g�Z�y
�j�_�Z�e�b�a�m�_�f�h�k�l�v �\ �j�_�Z�e�v�g�h�f
�\�j�_�f�_�g�b

t �J�H�Q" 100�f�k t �J�H�Q, 50�f�k ���h�d�h�e�h ���� �=�p���\�u�i�h�e�g�_�g�h

�>�b�g�Z�f�b�q�_�k�d�Z�y �j�_�Z�e�b�a�m�_�f�h�k�l�v
�l�j�Z�_�d�l�h�j�b�b �\ �Z�\�l�h�g�h�f�g�u�o
�w�i�b�a�h�^�Z�o

�P�D�[|ay | " 2,5 �f���k2 �P�D�[|ay | " 2,5 �f���k2

���l�Z�[�e�� ����������
�\�u�i�h�e�g�_�g�h
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���������� �K�j�Z�\�g�_�g�b�_ �k �Z�e�v�l�_�j�g�Z�l�b�\�g�u�f�b �i�h�^�o�h�^�Z�f�b �b �\�d�e�Z�^ �j�Z�a�j�Z�[�h�l�Z�g�g�h�]�h

�Z�e�]�h�j�b�l�f�Z

�K�j�Z�\�g�_�g�b�_ �Z�e�]�h�j�b�l�f�Z �\�u�i�h�e�g�_�g�h �i�h �d�j�b�l�_�j�b�y�f �\�g�_�^�j�_�g�b�y �g�Z �j�_�Z�e�v�g�h�f

�Z�\�l�h�f�h�[�b�e�_ �k �b�k�i�h�e�v�a�h�\�Z�g�b�_�f �j�_�a�m�e�v�l�Z�l�h�\ �h�[�a�h�j�g�h�]�h �Z�g�Z�e�b�a�Z ���]�e�Z�\�Z ���� �b

�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o �^�Z�g�g�u�o �]�e�Z�\ ���±�� ���k�f�� �l�Z�[�e�b�p�Z ������������

�L�Z�[�e�b�p�Z �������� �± �K�j�Z�\�g�_�g�b�_ �j�Z�a�j�Z�[�h�l�Z�g�g�h�]�h �f�_�l�h�^�Z �k �Z�e�v�l�_�j�g�Z�l�b�\�g�u�f�b �i�h�^�o�h�^�Z�f�b

�D�j�b�l�_�j�b�c �=�j�Z�n�����j�_�r�z�l�� �6�D�P�S�O�L�Q�J �1�/�3 �J�Z�a�j�Z�[�h�l�Z�g�g�u�c �f�_�l�h�^
�?�^�b�g�Z�y �i�h�k�l�Z�g�h�\�d�Z �k �m�q�z�l�h�f
�]�j�Z�g�b�p �i�h�e�h�k�u�� �]�Z�[�Z�j�b�l�h�\ �L�K
�b �k�l�Z�l�b�q�_�k�d�b�o �i�j�_�i�y�l�k�l�\�b�c

�q�Z�k�l�b�q�g�h�� �h�[�u�q�g�h
�k �i�h�k�l�h�[�j�Z�[�h�l�d�h�c

�q�Z�k�l�b�q�g�h�� �q�Z�k�l�h �k
�i�h�k�l�h�[�j�Z�[�h�l�d�h�c

�^�Z �^�Z�� �\ �_�^�b�g�h�c
�4�3���i�h�k�l�Z�g�h�\�d�_

�I�j�_�^�k�d�Z�a�m�_�f�h�k�l�v �\�j�_�f�_�g�b
�j�Z�k�q�z�l�Z

�a�Z�\�b�k�b�l �h�l
�^�b�k�d�j�_�l�b�a�Z�p�b�b �b
�w�\�j�b�k�l�b�d

�\�Z�j�b�Z�l�b�\�g�Z��
�g�_�^�_�l�_�j�f�b�g�b�j�h�\�Z�g�Z

�\�Z�j�b�Z�l�b�\�g�Z
���k�o�h�^�b�f�h�k�l�v
�a�Z�\�b�k�b�l �h�l �k�l�Z�j�l�Z��

�\�u�k�h�d�Z�y �a�Z �k�q�z�l
�n�b�d�k�b�j�h�\�Z�g�g�h�]�h
�]�h�j�b�a�h�g�l�Z �b �g�_�b�a�f�_�g�g�h�c
�k�l�j�m�d�l�m�j�u �f�Z�l�j�b�p

�I�j�h�\�_�j�d�Z �g�Z �n�b�a�b�q�_�k�d�h�f
�Z�\�l�h�f�h�[�b�e�_ �i�h �f�_�l�j�b�d�Z�f
�[�_�a�h�i�Z�k�g�h�k�l�b �b �j�_�`�b�f�Z
�j�_�Z�e�v�g�h�]�h �\�j�_�f�_�g�b

�d�Z�d �i�j�Z�\�b�e�h��
�l�j�_�[�m�_�l �h�l�^�_�e�v�g�h�c
�Z�^�Z�i�l�Z�p�b�b

�d�Z�d �i�j�Z�\�b�e�h��
�l�j�_�[�m�_�l �h�l�^�_�e�v�g�h�c
�Z�^�Z�i�l�Z�p�b�b

�h�]�j�Z�g�b�q�_�g�Z
�\�u�q�b�k�e�b�l�_�e�v�g�h�c
�k�l�h�b�f�h�k�l�v�x

�i�h�^�l�\�_�j�`�^�_�g�Z��
�P�L�Qdist �U�R�D�G* 0,3 �f��
�P�L�Qdist �R�E�V* 0,5 �f��
t �J�H�Q, 50 �f�k

�>�e�y �d�h�e�b�q�_�k�l�\�_�g�g�h�c �b�g�l�_�j�i�j�_�l�Z�p�b�b �j�Z�a�e�b�q�b�c �k �h�i�m�[�e�b�d�h�\�Z�g�g�u�f�b

�j�_�a�m�e�v�l�Z�l�Z�f�b �\�u�i�h�e�g�_�g�h �k�h�i�h�k�l�Z�\�e�_�g�b�_ �i�h �\�j�_�f�_�g�b �j�Z�k�q�z�l�Z �e�h�d�Z�e�v�g�h�c

�l�j�Z�_�d�l�h�j�b�b ���l�Z�[�e�b�p�Z ������������ �< �d�Z�q�_�k�l�\�_ �a�g�Z�q�_�g�b�y �^�e�y �j�Z�a�j�Z�[�h�l�Z�g�g�h�]�h �f�_�l�h�^�Z

�b�k�i�h�e�v�a�h�\�Z�g �j�_�a�m�e�v�l�Z�l �]�h�j�h�^�k�d�b�o �b�k�i�u�l�Z�g�b�ct �J�H�Q, 50 �f�k ���l�Z�[�e�b�p�Z ������������

�L�Z�[�e�b�p�Z �������� �± �D�h�e�b�q�_�k�l�\�_�g�g�h�_ �k�h�i�h�k�l�Z�\�e�_�g�b�_ �k �h�i�m�[�e�b�d�h�\�Z�g�g�u�f�b �j�_�r�_�g�b�y�f�b

�B�k�l�h�q�g�b�d �K�h�i�h�k�l�Z�\�e�y�_�f�u�c
�i�h�d�Z�a�Z�l�_�e�v

�A�g�Z�q�_�g�b�_ �\
�k�l�Z�l�v�_

�G�Z�r
�j�_�a�m�e�v�l�Z�l

�H�l�e�b�q�b�_

�/�L �H�W �D�O�� ���*�3�0�� �>�����@�<�j�_�f�y �j�Z�k�q�z�l�Z
�l�j�Z�_�d�l�h�j�b�b ������ �m�a�e�h�\
�b�g�l�_�j�i�h�e�y�p�b�b��

0,392�k 0,050�k �[�u�k�l�j�_�_ �g�Z
87,2��

�/�L �H�W �D�O�� ���*�3�0�� �>�����@�<�j�_�f�y �j�Z�k�q�z�l�Z
�l�j�Z�_�d�l�h�j�b�b ������ �m�a�_�e
�b�g�l�_�j�i�h�e�y�p�b�b��

0,846�k 0,050�k �[�u�k�l�j�_�_ �g�Z
94,1��

�'�R�O�J�R�Y �H�W �D�O�� ���+�\�E�U�L�G
�$�
�� �>�����@

�I�h�e�g�u�c �p�b�d�e
�i�_�j�_�i�e�Z�g�b�j�h�\�Z�g�b�y
���i�h�b�k�d �� �k�]�e�Z�`�b�\�Z�g�b�_ ��
�b�g�l�_�j�i�h�e�y�p�b�y��

0,050�±0,300�k 0,050�k �g�Z �m�j�h�\�g�_
�g�b�`�g�_�c
�]�j�Z�g�b�p�u��
�^�h 83,3��
�[�u�k�l�j�_�_
�i�h �\�_�j�o�g�_�c
�]�j�Z�g�b�p�_

�L�Z�[�e�b�p�Z �������� �i�h�d�Z�a�u�\�Z�_�l�� �q�l�h �i�h �f�_�l�j�b�d�_ �\�j�_�f�_�g�b �j�Z�k�q�z�l�Z �l�j�Z�_�d�l�h�j�b�b

�j�Z�a�j�Z�[�h�l�Z�g�g�u�c �f�_�l�h�^ �h�[�_�k�i�_�q�b�\�Z�_�l �\�u�j�Z�`�_�g�g�u�c �\�u�b�]�j�u�r �h�l�g�h�k�b�l�_�e�v�g�h
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�h�i�m�[�e�b�d�h�\�Z�g�g�h�]�h �j�_�r�_�g�b�y �g�Z �h�k�g�h�\�_ �]�Z�m�k�k�h�\�Z �i�k�_�\�^�h�k�i�_�d�l�j�Z�e�v�g�h�]�h �i�h�^�o�h�^�Z�� �h�l

87,2�� �^�h94,1�� �\ �i�j�b�\�_�^�z�g�g�u�o �d�h�g�n�b�]�m�j�Z�p�b�y�o�� �>�e�y �µ�+�\�E�U�L�G �$�
�µ �k�h�i�h�k�l�Z�\�e�_�g�b�_

�k�e�_�^�m�_�l �l�j�Z�d�l�h�\�Z�l�v �d�Z�d �h�j�b�_�g�l�b�j�h�\�h�q�g�h�_�� �\ �j�Z�[�h�l�_ �'�R�O�J�R�Y �H�W �D�O�� �i�j�b�\�_�^�_�g�h �\�j�_�f�y

�i�h�e�g�h�]�h �p�b�d�e�Z �i�_�j�_�i�e�Z�g�b�j�h�\�Z�g�b�y�� �\�d�e�x�q�Z�x�s�_�]�h �i�h�b�k�d�� �k�]�e�Z�`�b�\�Z�g�b�_ �b

�b�g�l�_�j�i�h�e�y�p�b�x�� �l�h�]�^�Z �d�Z�d �\ �^�Z�g�g�h�c �j�Z�[�h�l�_ �b�k�i�h�e�v�a�m�_�l�k�y �f�_�l�j�b�d�Z �k�j�_�^�g�_�]�h

�\�j�_�f�_�g�b �]�_�g�_�j�Z�p�b�b �e�h�d�Z�e�v�g�h�c �l�j�Z�_�d�l�h�j�b�b�� �L�_�f �g�_ �f�_�g�_�_�� �^�Z�`�_ �\ �l�Z�d�h�c

�i�h�k�l�Z�g�h�\�d�_ �j�Z�a�j�Z�[�h�l�Z�g�g�u�c �Z�e�]�h�j�b�l�f �g�Z�o�h�^�b�l�k�y �g�Z �m�j�h�\�g�_ �g�b�`�g�_�c �]�j�Z�g�b�p�u

�h�i�m�[�e�b�d�h�\�Z�g�g�h�]�h �^�b�Z�i�Z�a�h�g�Z �µ�+�\�E�U�L�G �$�
�µ �b �^�Z�z�l �\�u�b�]�j�u�r �^�h83,3�� �h�l�g�h�k�b�l�_�e�v�g�h

�_�]�h �\�_�j�o�g�_�c �]�j�Z�g�b�p�u�� �K�j�Z�\�g�_�g�b�_ �d�h�j�j�_�d�l�g�h �l�h�e�v�d�h �i�j�b �k�h�i�h�k�l�Z�\�b�f�u�o �k�p�_�g�Z�j�b�y�o��

�k�d�h�j�h�k�l�v �^�\�b�`�_�g�b�y�� �i�e�h�l�g�h�k�l�v �i�j�_�i�y�l�k�l�\�b�c �b �]�_�h�f�_�l�j�b�y �d�h�j�b�^�h�j�Z �^�h�e�`�g�u �[�u�l�v

�[�e�b�a�d�b�f�b�� �Z �l�Z�d�`�_ �^�h�e�`�g�u �k�h�\�i�Z�^�Z�l�v �]�h�j�b�a�h�g�l �b �^�b�k�d�j�_�l�b�a�Z�p�b�y �i�e�Z�g�b�j�h�\�Z�g�b�y��

�K�h�\�h�d�m�i�g�h�k�l�v �j�_�a�m�e�v�l�Z�l�h�\ �\�b�j�l�m�Z�e�v�g�h�c �\�_�j�b�n�b�d�Z�p�b�b �b �]�h�j�h�^�k�d�b�o
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