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�.�B�b�b�X �1�h�> �L�Q�X �k�N�9�3�N

�L�2���`�@�J�2�K�Q�`�v �*�Q�K�T�m�i�B�M�;
���`�+�?�B�i�2�+�i�m�`�2�b ���M�/ �*�B�`�+�m�B�i�b �7�Q�`
�l�H�i�`���@�G�Q�r �S�Q�r�2�` �L�2���`�@�a�2�M�b�Q�`

�S�`�Q�+�2�b�b�Q�`�b

�� �i�?�2�b�B�b �b�m�#�K�B�i�i�2�/ �i�Q ���i�i���B�M �i�?�2 �/�2�;�`�2�2 �Q�7

�.�P�*�h�P�_ �P�6 �a�*�A�1�L�*�1�a
�U�.�`�X �b�+�X �1�h�> �w�m�`�B�+�?�V

�T�`�2�b�2�M�i�2�/ �#�v

�J���L�l�1�G �*�>�_�A�a�h�P�S�> �1�:�:�A�J���L�L
�J�a�+ �1�h�> �1�1�A�h�- �1�h�> �w�m�`�B�+�?

�#�Q�`�M �Q�M �y�R�X�y�k�X�R�N�N�j

���+�+�2�T�i�2�/ �Q�M �i�?�2 �`�2�+�Q�K�K�2�M�/���i�B�Q�M �Q�7

�S�`�Q�7�X �.�`�X �G�m�+�� �"�2�M�B�M�B�- �2�t���K�B�M�2�`
�S�`�Q�7�X �.�`�X �_�B�+�+���`�/�Q �_�Q�p���i�i�B�- �+�Q�@�2�t���K�B�M�2�`

�k�y�k�j





���+�F�M�Q�r�H�2�/�;�K�2�M�i�b

�1�p�2�` �b�B�M�+�2 �?�B�;�? �b�+�?�Q�Q�H�- �A �r���b �7���b�+�B�M���i�2�/ �#�v �i�?�2 �b�2�2�K�B�M�;�H�v �M���B�p�2
�[�m�2�b�i�B�Q�M�, �ó�>�Q�r �/�Q �+�Q�K�T�m�i�2�`�b �r�Q�`�F�\�ô�X �L�2�p�2�` �r�Q�m�H�/ �A �?���p�2 �B�K���;�B�M�2�/
�i�?�2 �m�M�7���i�?�Q�K���#�H�2 �/�2�T�i�? �Q�7 �+�Q�K�T�H�2�t�B�i�v �b�m�`�`�Q�m�M�/�B�M�; �� �+�Q�K�T�H�2�i�2 ���M�b�r�2�`
�i�Q �i�?���i �[�m�2�b�i�B�Q�M ���M�/ �i�?���i �i�?�2 �b�2���`�+�? �7�Q�` ���M ���M�b�r�2�` �r�Q�m�H�/ �2�p�2�M�i�m���H�H�v
�H�2���/ �K�2 �i�Q �T�m�`�b�m�2 �� �S�?�.�X �h�?�2 �H���b�i �}�p�2 �v�2���`�b ���i �A�A�a �?���p�2 �#�2�2�M �i�?�2 �K�Q�b�i
�+�?���H�H�2�M�;�B�M�;�- �#�m�i ���i �i�?�2 �b���K�2 �i�B�K�2�- ���H�b�Q �i�?�2 �K�Q�b�i �`�2�r���`�/�B�M�; �D�Q�m�`�M�2�v �Q�7
�K�v �H�B�7�2 �b�Q �7���` ���M�/ �i���m�;�?�i �K�2 �b�Q �K�m�+�? �K�Q�`�2 �i�?���M �D�m�b�i �T�m�`�2 �F�M�Q�r�H�2�/�;�2�X
�6�Q�` ���H�H �Q�7 �i�?�B�b�- �A ���K �B�M�+�`�2�/�B�#�H�v �B�M�/�2�#�i�2�/ ���M�/ �;�`���i�2�7�m�H �i�Q �i�?�2 �K���M�v
�T�2�Q�T�H�2 �r�?�Q ���+�+�Q�K�T���M�B�2�/ �K�2 �Q�M �i�?�B�b �T���i�? �B�M �p���`�B�Q�m�b �7�Q�`�K�b�X

�6�B�`�b�i ���M�/ �7�Q�`�2�K�Q�b�i�- �A �r���M�i �i�Q �i�?���M�F �K�v �S�?�. ���/�p�B�b�Q�`�- �S�`�Q�7�X �G�m�+��
�"�2�M�B�M�B�- �M�Q�i �Q�M�H�v �7�Q�` �Q�z�2�`�B�M�; �K�2 �i�?�2 �Q�T�T�Q�`�i�m�M�B�i�v �i�Q �#�2�+�Q�K�2 �T���`�i �Q�7
�i�?�B�b �7���M�i���b�i�B�+ �;�`�Q�m�T �#�m�i ���H�b�Q �7�Q�` �T�`�Q�p�B�/�B�M�; �K�2 �r�B�i�? �i�?�2 �7�`�2�2�/�Q�K ���M�/
�i�?�2 �i�`�m�b�i �i�Q �T�m�`�b�m�2 �K�v �B�M�i�2�`�2�b�i�b �B�M �i�?�2 �#�`�Q���/�2�` �b�+�Q�T�2 �Q�7 �2�H�2�+�i�`�B�+���H
�2�M�;�B�M�2�2�`�B�M�;�X �u�Q�m�` �;�m�B�/���M�+�2�- �#�Q�m�M�/�H�2�b�b �2�t�T�2�`�B�2�M�+�2�- ���M�/ �2�t�T�2�`�i�B�b�2
�M�Q�m�`�B�b�?�2�/ �i�?�2 �2�M�p�B�`�Q�M�K�2�M�i �i�?���i �B�M�b�T�B�`�2�/ ���M�/ �T�m�b�?�2�/ �K�2 �i�Q �F�2�2�T �;�Q�B�M�;
�i�?�2 �2�t�i�`�� �K�B�H�2�X �a�2�+�Q�M�/�H�v�- �A �r�Q�m�H�/ �H�B�F�2 �i�Q �i�?���M�F �K�v �+�Q�@�2�t���K�B�M�2�` �S�`�Q�7�X
�_�B�+�+���`�/�Q �_�Q�p���i�i�B �7�Q�` �?�B�b �r�B�H�H�B�M�;�M�2�b�b �i�Q �/�B�p�2 �B�M�i�Q �K�v �i�?�2�b�B�b �i�Q�T�B�+ ���M�/
�7�Q�` �T�`�Q�p�B�/�B�M�; �i�?�Q�m�;�?�i�7�m�H ���M�/ �`�2�~�2�+�i�B�p�2 �7�2�2�/�#���+�F ���M�/ �[�m�2�b�i�B�Q�M�b �/�m�`�B�M�;
�K�v �/�Q�+�i�Q�`���H �2�t���K�B�M���i�B�Q�M�X

�� �?�m�;�2 �`�Q�H�2 �B�M �K�v �/�2�+�B�b�B�Q�M �i�Q �T�m�`�b�m�2 �i�?�B�b �T���i�? ���H�b�Q �T�H���v�2�/ �K�v �i�r�Q
�i�?�2�b�2�b �T�`�Q�D�2�+�i�b �/�m�`�B�M�; �K�v �m�M�/�2�`�;�`���/�m���i�2 �b�i�m�/�B�2�b�X �� �#�B�; �i�?���M�F �v�Q�m �i�?�m�b
�;�Q�2�b �i�Q �J�B�+�?���2�H �a�+�?���z�M�2�` ���M�/ �G�m�F���b �*���p�B�;�2�H�H�B �r�?�Q�b�2 �/�2�K�Q�M�b�i�`���i�2�/

�B�B�B



�B�p

�i�2�+�?�M�B�+���H �T�`�Q�r�2�b�b �Q�T�2�M�2�/ �K�v �2�v�2�b �i�Q �i�?�2 ���K�Q�m�M�i �Q�7 �b�F�B�H�H ���M�/ �F�M�Q�r�H�2�/�;�2
�i�?���i �+�Q�m�H�/ �#�2 �Q�#�i���B�M�2�/ �7�`�Q�K �i�?�B�b �+���`�2�2�` �T���i�?�X �A ���H�b�Q �r���M�i �i�Q �i�?���M�F
�*�?�`�B�b�i�2�H�H�2 �:�H�Q�Q�`�- �K�v �;�`�Q�m�T �T�`�Q�D�2�+�i �T���`�i�M�2�`�- �r�?�Q ���+�+�Q�K�T���M�B�2�/ �K�2
�/�m�`�B�M�; �i�?�B�b �}�`�b�i �?���M�/�b�@�Q�M �/�2�2�T �/�B�p�2 �B�M�i�Q �i�?�2 �o�G�a�A �r�Q�`�H�/�X �6�m�`�i�?�2�`�K�Q�`�2�-
�A ���K �p�2�`�v �;�`���i�2�7�m�H ���M�/ �B�M�/�2�#�i�2�/ �i�Q �K�v �K���b�i�2�` �i�?�2�b�B�b �b�m�T�2�`�p�B�b�Q�`�b �J�B�+�?�2�H�2
�J���;�M�Q ���M�/ �a�i�2�T�?���M �J���+�?�- �r�?�Q�- �#�2�b�B�/�2�b �/�2�2�T�2�M�B�M�; �i�?�2 �B�K�T�`�2�b�b�B�Q�M �A �;�Q�i
�Q�M �i�?�2 �i�2�+�?�M�B�+���H �2�t�T�2�`�i�B�b�2 �r�B�i�?�B�M �A�A�a�- �b�?�Q�r�2�/ �K�2 �i�?�2 �7�m�M ���M�/ �b�Q�+�B���H �b�B�/�2
�Q�7 �A�A�a ���M�/ �m�H�i�B�K���i�2�H�v �Q�T�2�M�2�/ �i�?�2 �Q�T�T�Q�`�i�m�M�B�i�v ���M�/ �B�K�T�H���M�i�2�/ �K�v �/�2�b�B�`�2
�i�Q �T�m�`�b�m�2 �� �S�?�. �r�B�i�? �i�?�B�b ���K���x�B�M�; �;�`�Q�m�T�X �� �?�m�;�2 �ó�i�?���M�F �v�Q�m�ô ���H�b�Q
�;�Q�2�b �i�Q ���#�#���b �_���?�B�K�B�- �r�?�Q �K�2�M�i�Q�`�2�/ �K�2 �i�?�`�Q�m�;�? �i�?�2 �}�`�b�i �K�Q�M�i�?�b �Q�7 �K�v
�S�?�. ���M�/ �H���B�/ �i�?�2 �b�+�B�2�M�i�B�}�+ �7�m�M�/���K�2�M�i �Q�M �r�?�B�+�? �A �b�i���`�i�2�/ �K�v �`�2�b�2���`�+�?�X

�P�7 �+�Q�m�`�b�2�- �i�?�2 �S�?�. �2�t�T�2�`�B�2�M�+�2 �B�b �M�Q�i �D�m�b�i �i�?�2 �D�Q�v�7�m�H �2�t�i�2�M�b�B�Q�M �Q�7
�b�i�m�/�2�M�i �H�B�7�2 �#�v ���M�Q�i�?�2�` �+�Q�m�T�H�2 �Q�7 �v�2���`�b ���M�/ �+�Q�M�i���B�M�2�/ �K���M�v �b�i�`�2�b�b�7�m�H
�T�2�`�B�Q�/�b �i�?���i �K���/�2 �K�2 �[�m�2�b�i�B�Q�M �K�v �/�2�+�B�b�B�Q�M�X �q�B�i�?�Q�m�i �i�?�2 �K���M�v
�+�Q�H�H�2���;�m�2�b �r�?�Q ���+�+�Q�K�T���M�B�2�/ �K�2 �Q�M �i�?�B�b �ó�`�Q�H�H�2�`�+�Q���b�i�2�` �`�B�/�2�ô �A ���K �M�Q�i
�b�m�`�2 �A �r�Q�m�H�/ �#�2 �r�`�B�i�B�M�; �i�?�2�b�2 �r�Q�`�/�b �i�Q�/���v�X �6�B�`�b�i ���M�/ �7�Q�`�2�K�Q�b�i�- �A
�i�?�m�b �r���M�i �i�Q �i�?���M�F �K�v �7�2�H�H�Q�r �C�e�3 �U�B�M�V�K���i�2�b�- �b�i���`�i�B�M�; �r�B�i�? �S�?�B�H�B�T�T �7�Q�`
���H�r���v�b �H�B�;�?�i�2�M�B�M�; �i�?�2 �K�Q�Q�/ �r�B�i�? ���m�b�i�`�B���M �?�m�K�Q�` ���M�/ �?�B�b �+�Q�K�T���M�v
�/�m�`�B�M�; �+�Q�z�2�2 �U���M�/ �Q�i�?�2�` �#�2�p�2�`���;�2�V �#�`�2���F�b�- �s�B�� �7�Q�` �?�2�` �+�Q�M�i���;�B�Q�m�b
�+�?�2�2�`�7�m�H�M�2�b�b�- ���M�/ �:�2�Q�`�; ���M�/ �o�H���/ �7�Q�` �Q�+�+���b�B�Q�M���H�H�v �/�`���;�;�B�M�; �K�2 �Q�m�i �Q�7
�i�m�M�M�2�H �p�B�b�B�Q�M �r�B�i�? �+�`���x�v �p�B�/�2�Q�b�- �i���H�F�b ���#�Q�m�i �+���` �K�2�+�?���M�B�+�b ���M�/ �i�?�2
�b�Q�m�M�/ �Q�7 �/�`�Q�M�2�b �~�v�B�M�; �i�?�`�Q�m�;�? �Q�m�` �Q�{�+�2�- �7�Q�H�H�Q�r�2�/ �#�v ���H�H �K�v �Q�i�?�2�`
�+�Q�z�2�2 �#�`�2���F �+�Q�K�T���M�B�Q�M�b �H�B�F�2 �J�Q�`�B�i�x�- �:�B���M�M�� �Q�` �_�Q�#�2�`�i�X �h�?�2 �i�B�K�2 �r�B�i�?
���H�H �Q�7 �v�Q�m �r���b �r�?���i �K�Q�i�B�p���i�2�/ �K�2 �i�Q �F�2�2�T �;�Q�B�M�;�X

�6�m�`�i�?�2�`�K�Q�`�2�- �A �r���M�i �i�Q �2�t�T�`�2�b�b �K�v �;�`���i�B�i�m�/�2 �i�Q �i�?�2 �ó�T�2�`�K���M�2�M�i
�`�2�b�B�/�2�M�i�b�ô�- �i�?�2 �b�m�T�T�Q�`�i �b�i���z �Q�7 �A�A�a�- �B�M�+�H�m�/�B�M�; �6�`���M�F�- �"�2���i�- ���M�/ �w�2�`�m�M�-
�r�?�Q�b�2 �#�Q�m�M�/�H�2�b�b �2�t�T�2�`�B�2�M�+�2 �B�M �1�.�� �i�Q�Q�H�B�M�; ���M�/ �/�B�;�B�i���H �/�2�b�B�;�M �b���p�2�/
�+�Q�m�M�i�H�2�b�b �i���T�2�Q�m�i�b �7�`�Q�K �/�B�b���b�i�2�`�- �>���M�b�D�º�`�; �7�Q�` �?�B�b �/�B�H�B�;�2�M�i �b�m�T�T�Q�`�i �B�M
�r�?���i�2�p�2�` �S�*�" ���b�b�2�K�#�H�v �Q�` �T���`�i�b �Q�`�/�2�`�B�M�; �T�`�Q�#�H�2�K �A �r���b �7���+�B�M�; ���M�/ �i�Q
�*�?�`�B�b�i�Q�T�? �7�Q�` �T�m�i�i�B�M�; �m�T �r�B�i�? �i�?�2 �K���M�v �ó�b�T�2�+�B���H �`�2�[�m�2�b�i�b�ô �Q�M �b�Q�7�i�r���`�2
�i�Q �#�2 �B�M�b�i���H�H�2�/ �Q�M �K�v �K���+�?�B�M�2 �i�?�`�Q�m�;�?�Q�m�i �i�?�2 �v�2���`�b�X

�6�B�M���H�H�v�- �A ���K �7�Q�`�2�p�2�` �i�?���M�F�7�m�H �i�Q �K�v �T���`�2�M�i�b �7�Q�` ���H�r���v�b �b�m�T�T�Q�`�i�B�M�;
�K�2 �B�M �K�v �B�M�i�2�`�2�b�i�b ���M�/ �/�2�+�B�b�B�Q�M�b�- �K�v �#�`�Q�i�?�2�` ���M�/ �7�`�B�2�M�/�b �7�Q�` �T�`�2�p�2�M�i�B�M�;
�K�2 �7�`�Q�K �+�Q�K�T�H�2�i�2�H�v �M�2�;�H�2�+�i�B�M�; �K�v �r�Q�`�F�@�H�B�7�2 �#���H���M�+�2�- ���M�/ �H���b�i�H�v�-
�K�v �b�Q�Q�M�@�i�Q�@�#�2 �r�B�7�2�- �L�B�M���X �u�Q�m�` �m�M�+�Q�M�/�B�i�B�Q�M���H �H�Q�p�2�- �T���i�B�2�M�+�2�- ���M�/
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�R�X�k�X �E�1�u �*�P�J�S�P�L�1�L�h�a �P�6 �� �a�J���_�h �a�1�L�a�A�L�: �a�u�a�h�1�J�8
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�b�i�`�Q�M�; �B�K�T�H�B�+���i�B�Q�M�b �Q�M �i�?�2 �A�P �2�M�2�`�;�v ���M�/ �i�?�2 �B�M�i�2�`�7���+�2�ö�b �K�B�M�B�K���H
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�*�Q�K�T�m�i�B�M�; �r�B�i�? �.�m���H �a�Q�m� �̀+�2 �1�M�2� �̀;�v �>���`�p�2�b�i�B�M�;�ô�- �B�M �S�`�Q�+�X
�A�1�1�1 �.���h�1�- �k�y�k�y�X

�(�R�k�N�)�J�X �1�;�;�B�K���M�M�- �C�X �1�`�#�- �S�X �J���v�2�`�- �J�X �J���;�M�Q�- �G�X �"�2�M�B�M�B�- �ó�G�Q�r
�S�Q�r�2�` �1�K�#�2�/�/�2�/ �:�2�b�i�m� �̀2 �_�2�+�Q�;�M�B�i�B�Q�M �l�b�B�M�; �L�Q�p�2�H �a�?�Q�`�i�@
�_���M�;�2 �_���/���` �a�2�M�b�Q�`�b�ô�- �B�M �S�`�Q�+�X �A�1�1�1 �a�1�L�a�P�_�a�- �k�y�R�N�X

�(�R�j�y�)�E�X �.�?�2�K���M�- �S�X �J���v�2�`�-�J�X �1�;�;�B�K���M�M�- �a�X �a�+�?�m�2�`�H�2�- �J



�j�3 �*�>���S�h�1�_ �R�X �A�L�h�_�P�.�l�*�h�A�P�L

�J���;�M�Q�- �ó�A�K�T�2�/�B�a�2�M�b�2�,�� �G�Q�M�; �G���b�i�B�M�; �q�B� �̀2�H�2�b�b �q�2��� �̀��#�H�2
�"�B�Q�@�A�K�T�2�/���M�+�2 �a�2�M�b�Q�` �L�Q�/�2�ô�- �a�m�b�i���B�M���#�H�2 �*�Q�K�T�m�i�B�M�;�,
�A�M�7�Q�`�K���i�B�+�b ���M�/ �a�v�b�i�2�K�b �C�Q�m�`�M���H�- �k�y�k�R�X

�(�R�j�R�)�J�X �1�;�;�B�K���M�M�- �*�X �:�H�Q�Q�`�- �G�X �*���p�B�;�2�H�H�B�- �J�X �a�+�?���z�M�2�`�- ���X �a�K�Q�H�B�+�-
�G�X �"�2�M�B�M�B�- �ó�>�v�/� �̀��, ���M ���+�+�2�H�2� �̀��i�Q�` �7�Q�` �_�2���H�@�h�B�K�2 �1�/�;�2�@���r��� �̀2
�S�2�`�K�2���#�B�H�B�i�v �6�B�H�i�2�`�B�M�; �B�M �e�8�M�K �*�J�P�a�ô�- �B�M �S�`�Q�+�X �A�1�1�1
�A�a�*���a�- �k�y�R�3�X

�(�R�j�k�)�E�X �.�?�2�K���M�- �S�X �J���v�2�`�-�J�X �1�;�;�B�K���M�M�- �J�X �J���;�M�Q�- �a�X �a�+�?�m�2�`�H�2�-
�ó�h�Q�r��� �̀/�b ���`�i�2�7���+�i�@�6� �̀2�2 �"�B�Q�@�A�K�T�2�/���M�+�2 �J�2���b�m� �̀2�K�2�M�i�b�, �1�p���H�m�@
���i�B�Q�M�- �A�/�2�M�i�B�}�+���i�B�Q�M ���M�/ �a�m�T�T� �̀2�b�b�B�Q�M �Q�7 ���`�i�2�7���+�i�b ���i �J�m�H�i�B�T�H�2
�6� �̀2�[�m�2�M�+�B�2�b�ô�- �A�1�1�1 �a�2�M�b�Q�`�b �C�Q�m�`�M���H�- �k�y�k�k�X



�*�?���T�i�2�` �k

�>���`�/�r���`�2 �7�`�B�2�M�/�H�v ���H�;�Q�`�B�i�?�K�b
�7�Q�` �a�K���`�i �a�2�M�b�B�M�;
���T�T�H�B�+���i�B�Q�M�b

�k�X�R�A�M�i�`�Q�/�m�+�i�B�Q�M

�>���p�B�M�; �B�M�i�`�Q�/�m�+�2�/ �i�?�2 �/�2�b�B�;�M �b�T���+�2 �Q�7 �l�G�S ���`�+�?�B�i�2�+�i�m�`�2�b�- �i�?�B�b �+�?���T�i�2�`
�7�Q�+�m�b�2�b �Q�M �i�?�2 ���H�;�Q�`�B�i�?�K �/�Q�K���B�M �Q�7 �b�K���`�i �b�2�M�b�B�M�; �b�v�b�i�2�K�b�X ���7�i�2�`
���H�H�- �Q�T�i�B�K���H �2�M�2�`�;�v �2�{�+�B�2�M�+�v �B�b �M�Q�i ���+�?�B�2�p�2�/ �r�B�i�? �;�2�M�2�`���H�@�T�m�`�T�Q�b�2
�+�Q�K�T�m�i�2 �+�Q�`�2�b �/�2�b�B�;�M�2�/ �Q�#�H�B�p�B�Q�m�b �i�Q �i�?�2 �r�Q�`�F�H�Q���/�- �#�m�i �B�i �`���i�?�2�` �B�b
�� �K���i�i�2�` �Q�7 �?���`�/�r���`�2�@�b�Q�7�i�r���`�2 �+�Q�@�Q�T�i�B�K�B�x���i�B�Q�M�X �A�M �i�?�2 �H�B�;�?�i �Q�7 �i�?�B�b
�i�?�2�b�B�b�- �r�2 �2�t�2�`�+�B�b�2 �i�?�2 �/�2�p�2�H�Q�T�2�/ �+�B�`�+�m�B�i�b ���M�/ �b�v�b�i�2�K�b �r�B�i�? �b���K�T�H�2
���H�;�Q�`�B�i�?�K�b �7�`�Q�K �i�?�2 �i�?�`�2�2 ���T�T�H�B�+���i�B�Q�M �/�Q�K���B�M�b�T� �̀2�/�B�+�i�B�p�2 �K���B�M�i�2�M���M�+�2�-
�b�K���`�i�@�T� �̀Q�b�i�2�i�B�+�b���M�/���m�;�K�2�M�i�2�/ � �̀2���H�B�i�v���T�T�H�B�+���i�B�Q�M�b�X �G�B�F�2 �K�Q�b�i �2�/�;�2
�+�Q�K�T�m�i�B�M�; ���T�T�H�B�+���i�B�Q�M�b�- ���H�H �Q�7 �i�?�2�b�2 �r�Q�`�F�H�Q���/�b �?�2���p�B�H�v �`�2�H�v �Q�M �K���+�?�B�M�2
�H�2���`�M�B�M�; ���H�;�Q�`�B�i�?�K�b �r�?�B�+�? �B�M �K���M�v �/�Q�K���B�M�b �`�2�T�H���+�2�/ �i�`���/�B�i�B�Q�M���H �b�B�;�M���H
�T�`�Q�+�2�b�b�B�M�; ���H�;�Q�`�B�i�?�K�b �#���b�2�/ �Q�M �2�t�T�2�`�i �F�M�Q�r�H�2�/�;�2 �K�Q�/�2�H�b�X �l�b�B�M�;
�K���+�?�B�M�2 �H�2���`�M�B�M�; �2�p�2�M �Q�M �2�M�2�`�;�v�@�+�Q�M�b�i�`���B�M�2�/ �2�K�#�2�/�/�2�/ �/�2�p�B�+�2�b�- ���M

�j�N
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���T�T�`�Q���+�? �Q�7�i�2�M �b�m�K�K���`�B�x�2�/ �m�M�/�2�` �i�?�2 �i�2�`�K �h�B�M�v�J�G�- �?���b �#�2�+�Q�K�2 ���M
�2�t�i�`�2�K�2�H�v �2�z�2�+�i�B�p�2 �;�2�M�2�`���H�@�T�m�`�T�Q�b�2 �/�2�b�B�;�M �T���i�i�2�`�M �7�Q�` ���H�H �b�Q�`�i�b �Q�7 �b�B�;�M���H
�T�`�Q�+�2�b�b�B�M�; �i���b�F�b �(�R�j�j�)�X �l�H�i�B�K���i�2�H�v�- ���H�H �b�B�;�M���H �T�`�Q�+�2�b�b�B�M�; �T�`�Q�#�H�2�K�b �+���M
�#�2 �2�t�T�`�2�b�b�2�/ ���b �i�?�2 �i���b�F �Q�7 �H�2�i�i�B�M�; �� �b�v�b�i�2�K �2�t�2�+�m�i�2 �� �T���`�i�B�+�m�H���`�- �K�Q�b�i
�Q�7�i�2�M �M�Q�M�@�H�B�M�2���` �K���T�T�B�M�; �i�?���i�- �;�B�p�2�M �b�Q�K�2 �7�Q�`�K �Q�7 �B�M�T�m�i �/���i���- �b�Q�@
�+���H�H�2�/ �7�2���i�m�`�2�b �B�M �J�G �D���`�;�Q�M�- �v�B�2�H�/�b �i�?�2 �/�2�b�B�`�2�/ �Q�m�i�T�m�i�X �1�X�;�X �#�2�B�M�;
�T�`�2�b�2�M�i�2�/ �r�B�i�? �?�m�K���M �b�T�2�2�+�? �B�M �i�?�2 �7�Q�`�K �Q�7 ���m�/�B�Q �r���p�2�b �+���T�i�m�`�2�/ �#�v ��
�K�B�+�`�Q�T�?�Q�M�2 �T�`�Q�/�m�+�2 �i�?�2 �b�T�Q�F�2�M �r�Q�`�/�b �B�M �i�2�t�i �7�Q�`�K �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �B�i�X
�6�Q�` ���T�T�H�B�+���i�B�Q�M�b �H�B�F�2 �~�B�;�?�i �+�Q�M�i�`�Q�H�H�2�`�b �7�Q�` �/�`�Q�M�2�b �r�?�2�`�2 �i�?�2 �B�M�i�2�`���+�i�B�Q�M
�#�2�i�r�2�2�M �B�M�T�m�i ���M�/ �i�?�2 �/�2�b�B�`�2�/ �Q�m�i�T�m�i �B�b �r�2�H�H �m�M�/�2�`�b�i�Q�Q�/�- �i�?�B�b �7�m�M�+�i�B�Q�M
�+���M �#�2 �2�t�T�`�2�b�b�2�/ �B�M �i�2�`�K�b �Q�7 �2�X�;�X �T�?�v�b�B�+�b �7�Q�`�K�m�H���b �#���b�2�/ �Q�M �Q�m�`
�K�Q�/�2�H�H�B�M�; ���T�T�`�Q���+�? �i�Q �M���i�m�`�2 �B�i�b�2�H�7 �U�B�M �i�?�B�b �+���b�2�- �+�H���b�b�B�+ �+�Q�M�i�`�Q�H �b�v�b�i�2�K
�i�?�2�Q�`�v�V�X �6�Q�` �Q�i�?�2�` �T�`�Q�#�H�2�K�b �H�B�F�2 �i�?�2 �b�T�2�2�+�? �`�2�+�Q�;�M�B�i�B�Q�M �2�t���K�T�H�2 ���#�Q�p�2�-
�i�?�2 �K�2�+�?���M�B�b�K �Q�7 �i�?�2�b�2 �B�M�i�2�`���+�i�B�Q�M�b ���`�2 �2�B�i�?�2�` �M�Q�i �Q�#�p�B�Q�m�b �Q�` �p�2�`�v �?���`�/
�i�Q �2�t�T�`�2�b�b �2�t�T�H�B�+�B�i�H�v �B�M �� �?���M�/�@�+�`���7�i�2�/ ���H�;�Q�`�B�i�?�K�X �q�?���i �M�Q�r �+�Q�M�i�`���b�i�b
�K���+�?�B�M�2 �H�2���`�M�B�M�; �K�2�i�?�Q�/�b �7�`�Q�K �i�`���/�B�i�B�Q�M���H �2�t�T�2�`�i�b�@�F�M�Q�r�H�2�/�;�2�@�#���b�2�/
�b�v�b�i�2�K�b �B�b �i�?���i �B�M�b�i�2���/ �Q�7 �2�M�+�Q�/�B�M�; �i�?�2 �M�Q�M�@�H�B�M�2���` �7�m�M�+�i�B�Q�M �Q�m�`�b�2�H�p�2�b
�/�B�`�2�+�i�H�v �B�M �i�?�2 �7�Q�`�K �Q�7 ���M ���H�;�Q�`�B�i�?�K �+�m�b�i�Q�K�@�i���B�H�Q�`�2�/ �i�Q �i�?�2 �T�`�Q�#�H�2�K�-
�r�2 �H�2�i �� �K���+�?�B�M�2 �H�2���`�M �i�?�2 �7�m�M�+�i�B�Q�M �#�v �B�i�b�2�H�7�X ���H�H �K���+�?�B�M�2 �H�2���`�M�B�M�;
���H�;�Q�`�B�i�?�K�b �i�?�m�b �?���p�2 �B�M �+�Q�K�K�Q�M �i�?���i �i�?�2�v ���B�K �i�Q ���T�T�`�Q�t�B�K���i�2�H�v
�`�2�T�`�2�b�2�M�i ���`�#�B�i�`���`�v �?�B�;�?�@�/�B�K�2�M�b�B�Q�M���H �M�Q�M�@�H�B�M�2���` �7�m�M�+�i�B�Q�M�b �B�M �i�?�2 �7�Q�`�K
�Q�7 ���M ���H�;�Q�`�B�i�?�K�B�+ �i�2�K�T�H���i�2 �i�?���i �+�Q�M�i���B�M�b �i�m�M���#�H�2 �+�Q�K�T�Q�M�2�M�i�b �B�M �i�?�2
�r�B�/�2�b�i �b�2�M�b�2 �i�Q �b�i�2�2�` �i�?�2 �i�2�K�T�H���i�2 �i�Q�r���`�/�b �i�?�2 �/�2�b�B�`�2�/ �7�m�M�+�i�B�Q�M�X �q�?�2�`�2
�i�?�2 �p���`�B�Q�m�b �J�G �7�`���K�2�r�Q�`�F�b �/�B�z�2�` �B�b �B�M �i�?�2 ���H�;�Q�`�B�i�?�K�B�+ �i�2�K�T�H���i�2 �i�?�2�v
�m�b�2 ���b �i�?�2 �#���b�B�b �i�Q �`�2�T�`�2�b�2�M�i �i�?�2 �M�Q�M�@�H�B�M�2���` �i���`�;�2�i �7�m�M�+�i�B�Q�M ���M�/ �B�M
�i�?�2 �K�2�+�?���M�B�b�K �Q�7 �?�Q�r �i�?�2 �i�2�K�T�H���i�2 �ô�i�m�M�2���#�H�2�b�ô ���`�2 �/�2�`�B�p�2�/ �#�v �i�?�2
�K���+�?�B�M�2�X �q�2 �i�?�m�b �b�i���`�i �i�?�B�b �+�?���T�i�2�` �r�B�i�? �� �#�`�B�2�7 �B�M�i�`�Q�/�m�+�i�B�Q�M �i�Q
�i�r�Q �J�G �7�`���K�2�r�Q�`�F�b �B�M �i�?�2 �h�B�M�v�J�G �b�Q�7�i�r���`�2 �2�+�Q�b�v�b�i�2�K �i�?���i �r�B�H�H �T�H���v
�� �`�Q�H�2 �B�M �i�?�2 �`�2�K���B�M�/�2�` �Q�7 �i�?�B�b �i�?�2�b�B�b�X �h�?�2�b�2 ���`�2�Z�m���M�i�B�x�2�/ �L�2�m� �̀��H
�L�2�i�r�Q�`�F�b���M�/�>�v�T�2� �̀/�B�K�2�M�b�B�Q�M���H �*�Q�K�T�m�i�B�M�;�- �r�B�i�? �� �b�i�`�Q�M�; �2�K�T�?���b�B�b
�Q�M �i�?�2 �H���i�i�2�` �b�B�M�+�2 �K���M�v �Q�7 �i�?�2 �+�B�`�+�m�B�i�b �B�M�i�`�Q�/�m�+�2�/ �B�M �+�?���T�i�2�` �j �r�B�H�H
�`�2�H�v �Q�M �i�?�2 �7�m�M�/���K�2�M�i���H �+�Q�M�+�2�T�i�b �Q�7 �>�.�*�X
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�k�X�k�Z�m���M�i�B�x�2�/ �L�2�m�`���H �L�2�i�r�Q�`�F�b

�h�?�2 �K���D�Q�`�B�i�v �Q�7 �K���+�?�B�M�2 �H�2���`�M�B�M�; ���H�;�Q�`�B�i�?�K�b �/�2�T�H�Q�v�2�/ �Q�M �l�G�S �2�/�;�2
�/�2�p�B�+�2�b �7���H�H �m�M�/�2�` �i�?�2 �[�m�B�i�2 �;�2�M�2�`���H �+���i�2�;�Q�`�v �Q�7�[�m���M�i�B�x�2�/ �M�2�m� �̀��H
�M�2�i�r�Q�`�F�b �U�Z�L�L�b�V�X �A�M �i�?�B�b �b�2�+�i�B�Q�M�- �r�2 ���B�K �i�Q �T�`�Q�p�B�/�2 �� �#�B�`�/�b�2�v�2
�p�B�2�r �Q�M �i�?�2 �i�Q�T�B�+ �i�Q �T�m�i �i�?�B�b ���T�T�`�Q���+�? �B�M�i�Q �+�Q�M�i�2�t�i �r�B�i�? �+�Q�K�T�2�i�B�M�;
�J�G �T���`���/�B�;�K�b�X �:�B�p�2�M �i�?�2 �p���b�i�M�2�b�b ���M�/ �T���+�2 �Q�7 �`�2�b�2���`�+�? �B�M �i�?�B�b �/�Q�K���B�M�-
���M �B�M�@�/�2�T�i�? �B�M�i�`�Q�/�m�+�i�B�Q�M �i�Q �i�?�2 �i�Q�T�B�+ �B�b �2�M�i�B�`�2�H�v �Q�m�i�b�B�/�2 �i�?�2 �b�+�Q�T�2 �Q�7
�i�?�B�b �i�?�2�b�B�b�X �6�Q�` �� �K�Q�`�2 �i�?�Q�`�Q�m�;�? �B�M�i�`�Q�/�m�+�i�B�Q�M �i�Q �M�2�m�`���H �M�2�i�r�Q�`�F�b�- �r�2
�r���`�K�H�v �`�2�7�2�` �i�Q �i�?�2 �Q�p�2�`�p�B�2�r ���`�i�B�+�H�2 �T�m�#�H�B�b�?�2�/ �B�M �M���i�m�`�2 �#�v �G�2�*�m�M�2�i ���H�X
�(�R�j�9�)�- �i�?�2 �#�Q�Q�F�b�.�2�2�T �G�2���`�M�B�M�;�(�R�j�8�)�-�S�v�i�?�Q�M �J���+�?�B�M�2 �G�2���`�M�B�M�;�(�R�j�e�)
���M�/�S� �̀Q�#���#�B�H�B�b�i�B�+ �J���+�?�B�M�2 �G�2���`�M�B�M�;�(�R�j�d�) �7�Q�` �� �/�2�2�T�@�/�B�p�2 �B�M�i�Q �i�?�2 �i�Q�T�B�+�X

�q�B�i�? �i�?�B�b �/�B�b�+�H���B�K�2�` ���b�B�/�2�- �H�2�i �m�b �D�m�K�T �Q�M�i�Q �i�?�2 �K���B�M �b�m�#�D�2�+�i�c �i�Q
�m�M�/�2�`�b�i���M�/ �?�Q�r �Z�L�L�b �r�Q�`�F�b�- �r�2 �}�`�b�i �?���p�2 �i�Q �B�M�i�`�Q�/�m�+�2 �i�?�2 �r�Q�`�F�B�M�;
�T�`�B�M�+�B�T�H�2�b �Q�7 �L�2�m�`���H �L�2�i�r�Q�`�F�b �U�L�L�b�V �B�M �;�2�M�2�`���H�X
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�6�B�;�m�`�2 �k�X�R�� �q�Q�`�F�B�M�; �T�`�B�M�+�B�T�H�2 �Q�7 �M�2�m�`���H �M�2�i�r�Q�`�F�b �B�H�H�m�b�i�`���i�2�/ �Q�M �� �K�m�H�i�B�@�H���v�2�`
�T�2�`�+�2�T�i�`�Q�M�X



�9�k �*�>���S�h�1�_ �k�X ���S�S�G�A�*���h�A�P�L�a ���L�. ���G�:�P�_�A�h�>�J�a

�� �M�2�m�`���H �M�2�i�r�Q�`�F �B�b ���M ���H�;�Q�`�B�i�?�K �Q�7�i�2�M �p�B�b�m���H�B�x�2�/ �B�M �i�?�2 �7�Q�`�K �Q�7
�� �+�Q�K�T�m�i�2 �;�`���T�? ���b �/�2�T�B�+�i�2�/ �B�M �}�;�m�`�2 �k�X�R�X �A�M �b�m�+�? �� �+�Q�K�T�m�i�2 �;�`���T�?�-
�i�?�2 �B�M�T�m�i�b�- �m�b�m���H�H�v �+���H�H�2�/ �i�?�2�7�2���i�m� �̀2�b�Q�` ���+�i�B�p���i�B�Q�M�b�- �T���b�b �i�?�`�Q�m�;�? �i�?�2
�+�Q�K�T�m�i�2 �;�`���T�?�7�Q�`�r��� �̀/�U�?�2�`�2 �7�`�Q�K �H�2�7�i �i�Q �`�B�;�?�i�V �i�Q �}�M���H�H�v �T�`�Q�/�m�+�2 �i�?�2
�/�2�b�B�`�2�/ �Q�m�i�T�m�i �p���H�m�2�X �h�?�2 �#���b�B�+ �#�m�B�H�/�B�M�; �#�H�Q�+�F �B�M �i�?�B�b �+�Q�K�T�m�i�2 �;�`���T�?
�B�b �i�?�2 �M�2�m�`�Q�M�- �� �7�m�M�+�i�B�Q�M �m�M�B�i �i�?���i �K�m�H�i�B�T�H�B�2�b �2���+�? �Q�7 �B�i�b �B�M�T�m�i�bx �r�B�i�?
���M �B�M�T�m�i �b�T�2�+�B�}�+�r�2�B�;�?�iw �U�B�H�H�m�b�i�`���i�2�/ ���b �2�/�;�2 �H���#�2�H�b�V�- ���/�/�b �� �b�+���H���`
�#�B���b�p���H�m�2b �i�Q �B�i ���M�/ �T���b�b�2�b �i�?�B�b �b�m�K �Q�7 �i�?�2 �r�2�B�;�?�i�2�/ �B�M�T�m�i�b �i�?�`�Q�m�;�?
�� �M�Q�M�@�H�B�M�2���` �7�m�M�+�i�B�Q�M� �X �h�?�2�b�2 �M�2�m�`�Q�M�b�- �B�M�b�T�B�`�2�/ �B�M �i�?�2�B�` �r�Q�`�F�B�M�;
�T�`�B�M�+�B�T�H�2 �#�v �i�?�2 �?�m�K���M �#�`���B�M�- ���`�2 �m�b�m���H�H�v �b�i�`�m�+�i�m�`�2�/ �B�M �b�2�p�2�`���H�H���v�2�`�b
�Q�7 �M�2�m�`�Q�M�b �i�?���i �T�`�Q�+�2�b�b �i�?�2 �T�`�2�+�2�/�B�M�; �H���v�2�`�ö�b �Q�m�i�T�m�i�b �i�Q �T�`�Q�/�m�+�2 �i�?�2
�B�M�T�m�i�b �Q�7 �i�?�2 �7�Q�H�H�Q�r�B�M�; �H���v�2�`�X �h�?�2 �Q�T�2�`���i�B�Q�M �Q�7 �r�2�B�;�?�i�2�/ �b�m�K�K���i�B�Q�M �Q�7
�B�M�T�m�i�b�- �#���b�B�+���H�H�v �� �/�Q�i�@�T�`�Q�/�m�+�i �#�2�i�r�2�2�M �i�?�2 �B�M�T�m�i �p�2�+�i�Q�` ���M�/ �� �r�2�B�;�?�i
�p�2�+�i�Q�`�- �+���M �#�2 �2�t�T�`�2�b�b�2�/ ���b �� �b�B�M�;�H�2 �p�2�+�i�Q�`�@�K���i�`�B�t �K�m�H�i�B�T�H�B�+���i�B�Q�M �i�Q
�`�2�T�`�2�b�2�M�i ���M �2�M�i�B�`�2 �H���v�2�`�R�,

Ŷ = � (W T X + B ) �U�k�X�R�V

�A�7 �r�2 �M�Q�r �b�i���+�F �K���M�v �Q�7 �i�?�2�b�2 �H���v�2�`�b �i�Q ���T�T�`�Q�t�B�K���i�2 �K�Q�`�2
�+�Q�K�T�H�B�+���i�2�/ �i���`�;�2�i �K���T�T�B�M�;�b�- �r�2 ���`�`�B�p�2 ���i �r�?���i �B�b �+���H�H�2�/ �� �.�L�L�X
�P�7 �+�Q�m�`�b�2�- ���M�v �H�B�M�2���` �+�Q�K�#�B�M���i�B�Q�M �Q�7 �B�M�T�m�i�b�- �`�2�;���`�/�H�2�b�b �Q�7 �i�?�2 �m�b�2�/
�r�2�B�;�?�i�b ���M�/ �i�?�2 �/�2�;�`�2�2 �Q�7 �H���v�2�` �b�i���+�F�B�M�;�- �+���M �m�H�i�B�K���i�2�H�v �Q�M�H�v �H�2���/
�i�Q �� �H�B�M�2���` �7�m�M�+�i�B�Q�M�X �h�?�B�b �B�b �r�?�2�`�2 �i�?�2 ���7�Q�`�2�K�2�M�i�B�Q�M�2�/ �M�Q�M�@�H�B�M�2���`
�7�m�M�+�i�B�Q�M� �Q�7 �i�?�2 �M�2�m�`�Q�M �Q�m�i�T�m�i�- �i�?�2���+�i�B�p���i�B�Q�M �7�m�M�+�i�B�Q�M�Q�7 �i�?�2 �M�2�m�`�Q�M
�B�i�b�2�H�7�- �+�Q�K�2�b �B�M�i�Q �i�?�2 �T�B�+�i�m�`�2�X �A�i�b �T�m�`�T�Q�b�2 �B�b �i�Q �`�2�K�Q�p�2 �i�?�2 �H�B�M�2���`�B�i�v
�Q�7 �i�?�2 �b�v�b�i�2�K ���i �i�?�2 �H���v�2�` �#�Q�m�M�/���`�v�- �r�?�B�+�? ���H�H�Q�r�b �i�?�2 �L�L �i�Q ���+�i ���b
�� �m�M�B�p�2�`�b���H �7�m�M�+�i�B�Q�M ���T�T�`�Q�t�B�K���i�Q�` �(�R�j�3�)�X �h�?�2�`�2 ���`�2 �K���M�v �Q�T�i�B�Q�M�b �Q�7
���+�i�B�p���i�B�Q�M �7�m�M�+�i�B�Q�M�b �i�Q �+�?�Q�Q�b�2 �7�`�Q�K�- ���M�/ �i�?�2 �+�?�Q�B�+�2 �B�M�~�m�2�M�+�2�b �i�?�2
�H�2���`�M�B�M�; �T�2�`�7�Q�`�K���M�+�2�- �i�?�2 �+�Q�K�T�m�i���i�B�Q�M���H �+�Q�b�i �Q�7 �B�M�7�2�`�2�M�+�2 ���b �r�2�H�H ���b
�M�m�K�2�`�B�+���H �b�i���#�B�H�B�i�v �(�R�j�N�)�- �(�R�9�y�)�X �A�M �T�`���+�i�B�+�2�- �?�Q�r�2�p�2�`�- �K�Q�b�i �M�2�i�r�Q�`�F
���`�+�?�B�i�2�+�i�m�`�2�b �b�2�i�i�H�2 �7�Q�` �p���`�B���M�i�b �/�2�`�B�p�2�/ �7�`�Q�K �i�?�2 �b�Q�@�+���H�H�2�/�_�2�+�i�B�}�2�/
�G�B�M�2���` �l�M�B�i �U�_�2�G�l�V�7�m�M�+�i�B�Q�M �/�2�}�M�2�/ ���b �7�Q�H�H�Q�r�b�,

� ReLU (x) =

(
x �B�7x > = 0
0 �2�H�b�2

�U�k�X�k�V

�R�A�7 �r�2 �+�Q�M�b�B�/�2�` �R�. �B�M�T�m�i�b�X �6�Q�` �K�m�H�i�B�T�H�2 �B�M�T�m�i �/�B�K�2�M�b�B�Q�M�b�- �i�?�2 �+�Q�M�+�2�T�i �2�t�i�2�M�/�b
�i�Q �i�?�2 �K�m�H�i�B�T�H�B�+���i�B�Q�M �Q�7 �K�m�H�i�B�T�H�2 �r�2�B�;�?�i �i�2�M�b�Q�`�b �r�B�i�? ���+�i�B�p���i�B�Q�M �i�2�M�b�Q�`�b�- �b�Q�@�+���H�H�2�/
�7�2���i�m� �̀2 �K���T�b�X



�k�X�k�X �Z�l���L�h�A�w�1�. �L�1�l�_���G �L�1�h�q�P�_�E�a �9�j

�h�?�2 �b�i�`�m�+�i�m�`�2 �Q�7 �i�?�2 �L�L�- �i�?�2 �+�?�Q�B�+�2 �Q�7 ���+�i�B�p���i�B�Q�M �7�m�M�+�i�B�Q�M�- �H�Q�b�b �7�m�M�+�i�B�Q�M
���M�/ �Q�i�?�2�` �T���`���K�2�i�2�`�b ���z�2�+�i�B�M�; �i�?�2 �M�2�i�r�Q�`�F �i�Q�T�Q�H�Q�;�v�- ���H�b�Q �F�M�Q�r�M ���b
�i�?�2�?�v�T�2�`�T��� �̀��K�2�i�2�`�b�- ���`�2 �+�?�Q�b�2�M ���i �i�?�2 �#�2�;�B�M�M�B�M�; �Q�7 �i�?�2 �i�`���B�M�B�M�;
�T�`�Q�+�2�b�b�- �2�B�i�?�2�` �#�v ���M �2�t�T�2�`�B�2�M�+�2�/ �?�m�K���M �Q�` �#�v �/�2�/�B�+���i�2�/ �M�2�i�r�Q�`�F
���`�+�?�B�i�2�+�i�m�`�2 �b�2���`�+�? �U�L���a�V ���H�;�Q�`�B�i�?�K�b�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �i�?�2 �r�2�B�;�?�i�b
���`�2 �H�2���`�M�2�/ �/�m�`�B�M�; �i�?�2 �M�2�i�r�Q�`�F �i�`���B�M�B�M�; �T�?���b�2�- �r�?�2�`�2 �i�?�2 �B�M�B�i�B���H�H�v
�`���M�/�Q�K �M�2�m�`�Q�M �r�2�B�;�?�i�b ���`�2 �K�Q�/�B�}�2�/ �B�i�2�`���i�B�p�2�H�v �i�Q ���T�T�`�Q�t�B�K���i�2 �i�?�2
�/�2�b�B�`�2�/ �K���T�T�B�M�;�X �h�?�2 �i�`���B�M�B�M�; �T�`�Q�+�2�b�b �+���M �#�2 �i�?�Q�m�;�?�i �Q�7 ���b �� �K�m�H�i�B�@
�/�B�K�2�M�b�B�Q�M���H �Q�T�i�B�K�B�x���i�B�Q�M �T�`�Q�#�H�2�K �r�?�2�`�2 �i�?�2 ���B�K �B�b �i�Q �K�B�M�B�K�B�x�2 �b�Q�K�2
�7�Q�`�K �Q�7 ���H�Q�b�b �7�m�M�+�i�B�Q�M�/�2�`�B�p�2�/ �7�`�Q�K �B�M�i�`�B�M�b�B�+�k �Q�` �2�t�i�`�B�M�b�B�+�j �7�2�2�/�#���+�F�X
�.�m�`�B�M�; �� �i�`���B�M�B�M�; �2�T�Q�+�?�- �� �K�B�M�B�@�#���i�+�? �Q�7 �b���K�T�H�2 �B�M�T�m�i�bB �B�b �T���b�b�2�/
�7�Q�`�r���`�/ �i�?�`�Q�m�;�? �i�?�2 �M�2�i�r�Q�`�F�- ���M�/ �7�Q�` �2���+�? �b���K�T�H�2i �B�M �i�?�2 �#���i�+�? �i�?�2
�`�2�b�m�H�i�B�M�;�- �B�M�B�i�B���H�H�v �p�2�`�v �?�B�;�?�- �H�Q�b�bQ i (W ) �B�b �+���H�+�m�H���i�2�/�X �A�M �� �b�2�+�Q�M�/
�b�i�2�T�- �i�?�2 �M�2�i�r�Q�`�F �B�b �i�`���p�2�`�b�2�/�#���+�F�r��� �̀/�b�i�Q �+���H�+�m�H���i�2 �i�?�2 �H�Q�b�b ���p�2�`���;�2�9

�7�m�M�+�i�B�Q�M �;�`���/�B�2�M�ir QB (W ) ���i �2���+�? �H���v�2�` �U�H�2�p�2�`���;�B�M�; �i�?�2 �+�?���B�M �`�m�H�2�V�X
�A�X�2�X �r�2 �+���H�+�m�H���i�2 �i�?�2 �p�2�+�i�Q�` �i�Q�r���`�/�b �i�?�2 �+�H�Q�b�2�b�i�H�Q�+���H�K�B�M�B�K�m�K �Q�7 �i�?�2
�H�Q�b�b �7�m�M�+�i�B�Q�M�X �6�B�M���H�H�v�- �i�?�2 �r�2�B�;�?�i�b ���`�2 �m�T�/���i�2�/ �#�v �K�Q�p�B�M�; �Q�M�2 �b�i�2�T
���H�Q�M�; �i�?�2 �;�`���/�B�2�M�i�ö�b �/�B�`�2�+�i�B�Q�M �r�B�i�? �U�/�v�M���K�B�+�V �b�i�2�T�b�B�x�2� (k)�,

W k +1 = W k � � (k) � r QB (W k ) �U�k�X�j�V

�h�?�B�b �T�`�Q�+�2�b�b�- �F�M�Q�r�M ���b �K�B�M�B�@�#���i�+�? �;�`���/�B�2�M�i �/�2�b�+�2�M�i�- ���M �B�K�T�`�Q�p�2�/
�p���`�B���M�i �Q�7 �i�?�2 �i�`���/�B�i�B�Q�M���H �;�`���/�B�2�M�i �/�2�b�+�2�M�i ���H�;�Q�`�B�i�?�K�- �B�b �`�2�T�2���i�2�/ �B�M
�2���+�? �2�T�Q�+�? �m�b�B�M�; �� �/�B�z�2�`�2�M�i �K�B�M�B�#���i�+�?B �m�M�i�B�H �i�?�2 �M�2�i�r�Q�`�F�ö�b ���+�+�m�`���+�v
�+�Q�M�p�2�`�;�2�b�X �h�?�2 �`�2�b�m�H�i �B�b �� �i�`���B�M�2�/�K�Q�/�2�H�i�?���i �+���M �#�2 �m�b�2�/ �7�Q�` �B�M�7�2�`�2�M�+�2
�Q�M �T�`�2�p�B�Q�m�b�H�v �m�M�b�2�2�M �B�M�T�m�i�X �h�?�2 �M�m�K�#�2�` �Q�7 �2�T�Q�+�?�b �`�2�[�m�B�`�2�/ �7�Q�`
�+�Q�M�p�2�`�;�2�M�+�2 �/�2�T�2�M�/�b �H���`�;�2�H�v �Q�M �i�?�2�H�2���`�M�B�M�; � �̀��i�2� (k) �#�m�i �B�b ���H�b�Q
�� �7�m�M�+�i�B�Q�M �Q�7 �K���M�v �Q�i�?�2�` �T���`���K�2�i�2�`�b�X �� �b�i���M�/���`�/ �i�2�+�?�M�B�[�m�2 �i�Q �`�2�/�m�+�2
�i�?�2 �i�`���B�M�B�M�; �i�B�K�2 �B�b �#���i�+�?�@�M�Q�`�K���H�B�x���i�B�Q�M�- �� �i�2�+�?�M�B�[�m�2 �i�Q �K�B�i�B�;���i�2 �i�?�2
�b�Q�@�+���H�H�2�/�B�M�i�2�`�M���H �+�Q�p���`�B���i�2 �b�?�B�7�i�Q�7 �i�?�2 �M�2�i�r�Q�`�F�X �A�M�i�2�`�M���H �+�Q�p���`�B���i�2
�b�?�B�7�i �/�2�b�+�`�B�#�2�b �i�?�2 �2�z�2�+�i �Q�7 �2�p�2�`�@�+�?���M�;�B�M�; �b�i���i�B�b�i�B�+���H �/�B�b�i�`�B�#�m�i�B�Q�M�b �Q�7
�i�?�2 �7�2���i�m�`�2 �K���T�b �#�2�i�r�2�2�M �i�?�2 �H���v�2�`�b �/�m�`�B�M�; �i�?�2 �i�`���B�M�B�M�; �T�`�Q�+�2�b�b�- �r�?�B�+�?
�7�Q�`�+�2�b �i�?�2 �7�Q�H�H�Q�r�B�M�; �H���v�2�`�b �i�Q ���/���T�i �+�Q�M�b�i���M�i�H�v�X �"���i�+�? �M�Q�`�K���H�B�x���i�B�Q�M
�+�Q�m�M�i�2�`���+�i�b �i�?�B�b �2�z�2�+�i �#�v �B�M�b�2�`�i�B�M�; ���M ���/�/�B�i�B�Q�M���H �M�Q�`�K���H�B�x���i�B�Q�M �b�i�2�T

�k�A�M �i�?�2 �+���b�2 �Q�7 �b�2�H�7�@�b�m�T�2�`�p�B�b�2�/ �i�`���B�M�B�M�; �H�B�F�2 �2�X�;�X�;�2�M�2�`���i�B�p�2 ���/�p�2�`�b���`�B���H �M�2�i�r�Q�`�F�b
�U�:���L�b�V �(�R�9�R�)

�j �l�b�m���H�H�v �B�M �i�?�2 �7�Q�`�K �Q�7 �� �i�`���B�M�B�M�; �b�2�i �Q�7 �+�Q�`�`�2�+�i �b���K�T�H�2�@�H���#�2�H �T���B�`�b �7�Q�` �b�m�T�2�`�p�B�b�2�/
�H�2���`�M�B�M�; �b�+�2�M���`�B�Q�b�X

�9���p�2�`���;�2�/ �Q�p�2�` �i�?�2 �b���K�T�H�2�b �Q�7 �i�?�2 �#���i�+�?
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�#�2�i�r�2�2�M �2���+�? �H���v�2�`�c �6�Q�` �2�p�2�`�v �K�B�M�B�@�#���i�+�? �Q�7 �i�`���B�M�B�M�; �/���i���- �i�?�2 �Q�m�i�T�m�i
�7�2���i�m�`�2 �K���T�b �Q�7 �� �H���v�2�` ���`�2 �M�Q�`�K���H�B�x�2�/ �i�Q �x�2�`�Q �K�2���M ���M�/ �b�i���M�/���`�/
�/�2�p�B���i�B�Q�M �Q�71 �7�Q�H�H�Q�r�2�/ �#�v �� �H�B�M�2���` �i�`���M�b�7�Q�`�K���i�B�Q�M �r�B�i�? �i�?�2 �T�2�`�@�H���v�2�`
�H�2���`�M�2�/ �b�+���H�B�M�; �p�2�+�i�Q�`
 ���M�/ �Q�z�b�2�i �p�2�+�i�Q�`� �(�R�9�k�)�X

�h�?�2 �B�H�H�m�b�i�`���i�2�/ �M�2�i�r�Q�`�F �B�M �}�;�m�`�2 �k�X�R�- �� �b�Q�@�+���H�H�2�/ �ó�K�m�H�i�B�H���v�2�`
�T�2�`�+�2�T�i�`�Q�M�ô �+�Q�M�b�B�b�i�b �Q�M�H�v �Q�7 �7�m�H�H�v�@�+�Q�M�M�2�+�i�2�/ �H���v�2�`�b�c �i�?���i �B�b�- �2�p�2�`�v
�M�2�m�`�Q�M �B�b �+�Q�M�M�2�+�i�2�/ �i�Q �2�p�2�`�v �M�2�m�`�Q�M �Q�m�i�T�m�i �Q�7 �B�i�b �T�`�2�+�2�/�B�M�; �H���v�2�`�X
�1�b�T�2�+�B���H�H�v �B�M �i�?�2 �B�K���;�2 �T�`�Q�+�2�b�b�B�M�; �/�Q�K���B�M�- �� �p�2�`�v �b�m�+�+�2�b�b�7�m�H ���H�i�2�`�M���i�B�p�2
�i�Q �7�m�H�H�v �+�Q�M�M�2�+�i�2�/ �H���v�2�`�b �B�b �i�?�2 �m�b�2 �Q�7�+�Q�M�p�Q�H�m�i�B�Q�M���H�F�2�`�M�2�H�b�X �A�M�b�i�2���/ �Q�7
�K�m�H�i�B�T�H�v�B�M�; �i�?�2 �7�2���i�m�`�2 �K���T�b �r�B�i�? �r�2�B�;�?�i �i�2�M�b�Q�`�b�- �r�2 �7�Q�H�/ �i�?�2 �7�2���i�m�`�2
�K���T�b �r�B�i�? �b�2�i�b �Q�7 �+�Q�M�p�Q�H�m�i�B�Q�M���H �F�2�`�M�2�H�b�X �h�?�2�b�2 �+�Q�M�p�Q�H�m�i�B�Q�M���H �H���v�2�`�b
���`�2 �+�Q�K�#�B�M�2�/ �r�B�i�? �/�B�K�2�M�b�B�Q�M���H�B�i�v �`�2�/�m�+�B�M�;�T�Q�Q�H�B�M�; �H���v�2�`�b�8 �i�Q �7�Q�`�K ��
�+�Q�M�p�Q�H�m�i�B�Q�M���H �M�2�m�`���H �M�2�i�r�Q�`�F �U�*�L�L�V�X �h�?�2 �+�Q�K�#�B�M���i�B�Q�M �Q�7 �+�Q�M�p�Q�H�m�i�B�Q�M���H
���M�/ �T�Q�Q�H�B�M�; �H���v�2�`�b �b�B�;�M�B�}�+���M�i�H�v �`�2�/�m�+�2�b �i�?�2 �M�2�i�r�Q�`�F �b�B�x�2 ���M�/ �K���F�2�b
�*�L�L �`�Q�#�m�b�i �i�Q�r���`�/�b �b�T���i�B���H �i�`���M�b�H���i�B�Q�M ���M�/ �b�+���H�B�M�; �Q�7 �i�?�2 �B�M�T�m�i�b�- ���M
�B�K�T�Q�`�i���M�i �+�?���`���+�i�2�`�B�b�i�B�+ �7�Q�` �2�X�;�X �Q�#�D�2�+�i �/�2�i�2�+�i�B�Q�M �i���b�F�b�X

�"�2�b�B�/�2�b �*�L�L�b�- �i�?�2�`�2 ���`�2 �K���M�v �Q�i�?�2�` �~���p�Q�m�`�b �Q�7 �L�2�m�`���H �L�2�i�r�Q�`�F�b
�r�B�i�? �/�B�z�2�`�2�M�i �M�2�i�r�Q�`�F �i�Q�T�Q�H�Q�;�B�2�b�X �a�Q�K�2 �L�L �i�Q�T�Q�H�Q�;�v �p���`�B���M�i�b ���B�K �i�Q
�B�K�T�`�Q�p�2 �i�?�2 �M�2�i�r�Q�`�F�ö�b ���#�B�H�B�i�v �i�Q �H�2���`�M �B�M �;�2�M�2�`���H�e �H�B�F�2 �b�F�B�T�@�+�Q�M�M�2�+�i�B�Q�M�b
�B�M �`�2�b�B�/�m���H �M�2�m�`���H �M�2�i�r�Q�`�F�b �U�_�2�b�L�2�i�b�V �r�?�B�H�2 �Q�i�?�2�` �p���`�B���M�i�b ���`�2 �+�m�b�i�Q�K
�i���B�H�Q�`�2�/ �7�Q�` �+�2�`�i���B�M �T�`�Q�#�H�2�K �+�H���b�b�2�b�- �2�X�;�X �`�2�+�m�`�`�2�M�i �M�2�m�`���H �M�2�i�r�Q�`�F
�U�_�L�L�V�- �H�Q�M�; �b�?�Q�`�i�@�i�2�`�K �K�2�K�Q�`�v �U�G�a�h�J�V �Q�` �`�2�+�2�M�i�H�v�i� �̀��M�7�Q�`�K�2�`
�M�2�i�r�Q�`�F�b �7�Q�` �M���i�m�`���H �H���M�;�m���;�2 �T�`�Q�+�2�b�b�B�M�; ���T�T�H�B�+���i�B�Q�M�b�X �6�Q�` �� �`�2���b�Q�M���#�H�v
�m�T�@�i�Q�@�/���i�2 �Q�p�2�`�p�B�2�r �Q�7 �i�?�2 �p���`�B�Q�m�b �L�L �i�Q�T�Q�H�Q�;�B�2�b�- �r�2 �`�2�7�2�` �i�Q �(�R�9�j�)�X

�h�`���/�B�i�B�Q�M���H�H�v�- �L�L �m�b�2�/ �i�Q �#�2 �i�`���B�M�2�/ ���M�/ �2�t�2�+�m�i�2�/ �B�M �~�Q���i�B�M�; �T�Q�B�M�i
�`�2�T�`�2�b�2�M�i���i�B�Q�M �Q�M �;�2�M�2�`���H�@�T�m�`�T�Q�b�2 �+�Q�K�T�m�i�2 �?���`�/�r���`�2 �m�b�B�M�; �;�`���T�?�B�+�b
�T�`�Q�+�2�b�b�B�M�; �m�M�B�i �U�:�S�l�V ���+�+�2�H�2�`���i�2�/ �F�2�`�M�2�H�b�X �u�2�i�- �i�Q �2�M���#�H�2 �/�2�T�H�Q�v�K�2�M�i
�Q�M �2�M�2�`�;�v�@�+�Q�M�b�i�`���B�M�2�/ �2�/�;�2 �/�2�p�B�+�2�b�- �i�?�2 �+�Q�K�T�m�i���i�B�Q�M���H �i�?�`�Q�m�;�?�T�m�i ���M�/
�K�2�K�Q�`�v �`�2�[�m�B�`�2�K�2�M�i�b �+�Q�M�b�i�`���B�M�i�b �?���p�2 �i�Q �#�2 �b�+���H�2�/ �/�Q�r�M �#�v �b�2�p�2�`���H
�Q�`�/�2�`�b �Q�7 �K���;�M�B�i�m�/�2 �i�Q �K�2�2�i �i�?�2 �?���`�/�r���`�2 �b�T�2�+�B�}�+���i�B�Q�M�b�X �h�`���B�M�B�M�;
�� �b�?���H�H�Q�r�2�` ���M�/ �i�?�m�b �b�K���H�H�2�` �M�2�i�r�Q�`�F �B�b ���M �Q�#�p�B�Q�m�b ���T�T�`�Q���+�? �7�Q�`
�K�Q�/�2�H �b�B�x�2 �`�2�/�m�+�i�B�Q�M�- �#�m�i �i�?�B�b �m�b�m���H�H�v �B�K�T�H�B�2�b �b���+�`�B�}�+�B�M�; ���+�+�m�`���+�v�X
�h�r�Q �+�Q�K�K�Q�M�H�v �m�b�2�/ �i�2�+�?�M�B�[�m�2�b �7�Q�` �K�Q�/�2�H �`�2�/�m�+�i�B�Q�M �i�?���i �v�B�2�H�/ �r���v
�H�2�b�b �/�`���b�i�B�+ �/�2�+�`�2���b�2�b �B�M �+�H���b�b�B�}�+���i�B�Q�M ���+�+�m�`���+�v ���`�2 �b�T���`�b�B�}�+���i�B�Q�M ���M�/

�8�h�?�2�b�2 �H���v�2�`�b �+�Q�K�#�B�M�2 �b�T���i�B���H�H�v �+�Q�`�`�2�H���i�2�/ �p���H�m�2�b �B�M �� �7�2���i�m�`�2 �K���T �#�v �F�2�2�T�B�M�;
�Q�M�H�v �i�?�2 ���p�2�`���;�2 �p���H�m�2 �Q�7 �i�?�2 �b�m�#�@�i�B�H�2 �U���p�2�`���;�2 �T�Q�Q�H�B�M�;�V �Q�` �i�?�2 �K���t�B�K�m�K �Q�7 ���H�H
�2�M�+�Q�m�M�i�2�`�2�/ �p���H�m�2�b �U�K���t�@�T�Q�Q�H�B�M�;�V �B�M �� �i�B�H�2�X

�e�*�Q�m�M�i�2�`���+�i�B�M�; ���M �2�z�2�+�i �F�M�Q�r�M ���b�p���M�B�b�?�B�M�; �;� �̀��/�B�2�M�i�b
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�[�m���M�i�B�x���i�B�Q�M�X �h�?�2 �r�2�B�;�?�i�b �B�M �� �M�2�m�`���H �M�2�i�r�Q�`�F �2�t�?�B�#�B�i �� �H�Q�i �Q�7 �B�M�?�2�`�2�M�i
�b�T���`�b�B�i�v�c �+�Q�K�K�Q�M �i�2�+�?�M�B�[�m�2�b �i�Q �+�Q�m�M�i�2�`���+�i �Q�p�2�`�}�i�i�B�M�;�d�- �H�B�F�2 �/�`�Q�T�@
�Q�m�i �H���v�2�`�b ���M�/ �Q�i�?�2�` �r�2�B�;�?�i �T�`�m�M�B�M�; �i�2�+�?�M�B�[�m�2�b �m�b�m���H�H�v �`�2�b�m�H�i �B�M
�e�y�W �i�Q �N�y�W �Q�7 �i�?�2 �r�2�B�;�?�i�b �B�M �*�L�L ���M�/ �7�m�H�H�v�@�+�Q�M�M�2�+�i�2�/ �H���v�2�`�b �i�Q
�#�2 �x�2�`�Q�X �q�?�B�H�2 �b�T���`�b�B�i�v �+���M �#�2 �H�2�p�2�`���;�2�/ �`���i�?�2�` �2���b�B�H�v �7�Q�` �K�2�K�Q�`�v
�`�2�/�m�+�i�B�Q�M �#�v �m�b�B�M�; �b�T���`�b�B�i�v �r�2�B�;�?�i �2�M�+�Q�/�B�M�; �7�Q�`�K���i�b�- �`�2�/�m�+�i�B�Q�M �B�M
�+�Q�K�T�m�i�2 �`�2�[�m�B�`�2�K�2�M�i�b ���`�2 �?���`�/�2�` �i�Q �Q�#�i���B�M �b�B�M�+�2 �b�F�B�T�T�B�M�; �Q�7 �Q�#�b�Q�H�2�i�2
�+�Q�K�T�m�i���i�B�Q�M�b �m�b�m���H�H�v �B�K�T�H�B�2�b �/�2�T���`�i�B�M�; �7�`�Q�K �i�?�2 �`�2�;�m�H���` �/���i���@�~�Q�r
�L�L �?���`�/�r���`�2 ���`�2 �/�2�b�B�;�M�2�/ �7�Q�` �(�R�9�9�)�X

�*�Q�M�p�2�`�b�2�H�v�- �Z�m���M�i�B�x���i�B�Q�M �/�B�`�2�+�i�H�v �i�`���M�b�H���i�2�b �M�Q�i �Q�M�H�v �i�Q �K�Q�/�2�H
�b�B�x�2 �`�2�/�m�+�i�B�Q�M �#�m�i ���H�b�Q �� �`�2�/�m�+�i�B�Q�M �Q�7 �i�?�2 �2�M�2�`�;�v �+�Q�b�i �T�2�` �Q�T�2�`���i�B�Q�M�X
�A�M�b�i�2���/ �Q�7 �+�Q�K�T�m�i�B�M�; ���i �7�m�H�H �~�Q���i�B�M�; �T�Q�B�M�i �T�`�2�+�B�b�B�Q�M�- �i�?�2 �r�2�B�;�?�i�b ���M�/�f�Q�`
�i�?�2 ���+�i�B�p���i�B�Q�M�b �Q�7 �i�?�2 �M�2�i�r�Q�`�F ���`�2 �+�Q�M�p�2�`�i�2�/ �i�Q �B�M�i�2�;�2�` �`�2�T�`�2�b�2�M�i���i�B�Q�M
�m�b�B�M�; �U�m�b�m���H�H�v�V �� �b�i�2�T�@�r�B�b�2 ���T�T�`�Q�t�B�K���i�B�Q�M �Q�7 �H�B�M�2���` �K���T�T�B�M�;�X �h�?�2
�2�z�2�+�i �Q�7 �[�m���M�i�B�x���i�B�Q�M �B�b �b�B�;�M�B�}�+���M�i�c �� �#�B�i�@�r�B�/�i�? �`�2�/�m�+�i�B�Q�M �7�`�Q�K �j�k�@�#�B�i
�i�Q �3�@�#�B�i �`�2�T�`�2�b�2�M�i���i�B�Q�M �/�2�+�`�2���b�2�b �i�?�2 �K�2�K�Q�`�v �7�Q�Q�i�T�`�B�M�i �Q�7 �i�?�2 �K�Q�/�2�H
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�+�Q�M�i�`���b�i �i�Q �i�`���/�B�i�B�Q�M���H �p���H�m�2 �`�2�T�`�2�b�2�M�i���i�B�Q�M�b �>�.�* �m�b�2�b ���?�Q�H�B�b�i�B�+�-
�B�X�2�X �/�B�K�2�M�b�B�Q�M �B�M�/�2�T�2�M�/�2�M�i �K���T�T�B�M�; �Q�7 �B�M�7�Q�`�K���i�B�Q�M �i�Q �T���i�i�2�`�M�b�X
�a�B�M�+�2 �2�M�i�B�i�B�2�b ���`�2 �K���T�T�2�/ �i�Q �`���M�/�Q�K �p�2�+�i�Q�`�b�- �M�Q �T���`�i�B�+�m�H���` �#�B�i �Q�7
�`�2�T�`�2�b�2�M�i���i�B�Q�M �?���b �K�Q�`�2 �b�B�;�M�B�}�+���M�+�2 �i�Q �B�M�7�Q�`�K���i�B�Q�M �+�Q�M�i�2�M�i �i�?���M ���M�v
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�Q�i�?�2�` �#�B�i�X ���H�b�Q�- �i�?�2 �7���+�i �i�?���i �r�2 ���`�2 �/�2���H�B�M�; �r�B�i�? �p�2�`�v �H���`�;�2 �/�B�K�2�M�b�B�Q�M�b
�`�2�b�m�H�i�b �B�M �b�Q�K�2 �B�M�i�2�`�2�b�i�B�M�; �T�`�Q�T�2�`�i�B�2�b �`�2�;���`�/�B�M�; �i�?�2 �T�`�Q�#���#�B�H�B�i�v �Q�7
�b�B�K�B�H���`�B�i�v ���M�/ �Q�`�i�?�Q�;�Q�M���H�B�i�v �B�M �i�?�2 �p�2�+�i�Q�` �b�T���+�2 �Q�7 �� �o�a���c �:�B�p�2�M
�i�r�Q �>�. �p�2�+�i�Q�`�b �B�M�/�2�T�2�M�/�2�M�i�H�v ���M�/ �`���M�/�Q�K�H�v �/�`���r�M �7�`�Q�K �i�?�2 �p�2�+�i�Q�`
�b�T���+�2 �Q�7 �/�B�K�2�M�b�B�Q�M���H�B�i�vD �- �i�?�2 �T�`�Q�#���#�B�H�B�i�v �Q�7 �i�?�2 �i�r�Q �p�2�+�i�Q�`�b �?���p�B�M�; ��
�?���K�K�B�M�; �b�B�K�B�H���`�B�i�v �Q�7k �7�Q�H�H�Q�r�b �i�?�2 �#�B�M�Q�K�B���H �/�B�b�i�`�B�#�m�i�B�Q�M �r�?�B�+�? �+���M
�#�2 ���T�T�`�Q�t�B�K���i�2�/ �r�B�i�? �i�?�2 �M�Q�`�K���H �/�B�b�i�`�B�#�m�i�B�Q�M �7�Q�` �H���`�;�2 �L�,
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�6�B�;�m�`�2 �k�X�9�� �>���K�K�B�M�; �.�B�b�i���M�+�2 �T�`�Q�#���#�B�H�B�i�v �/�2�M�b�B�i�v �7�m�M�+�i�B�Q�M �U�i�Q�T�V ���M�/
�+�m�K�m�H�i���i�B�p�2 �T�`�Q�#���#�B�H�B�i�v �/�2�M�b�B�i�v �7�m�M�+�i�B�Q�M �U�#�Q�i�i�Q�K�V �7�Q�` �i�r�Q �`���M�/�Q�K�H�v �/�`���r�M
�p�2�+�i�Q�`�b �Q�7 �p���`�B�Q�m�b �/�B�K�2�M�b�B�Q�M���H�B�i�B�2�b�X

�h�?�2 �2�t�T�2�+�i�2�/ �p���H�m�2 �Q�7 �i�?�2�B�` �?���K�K�B�M�; �b�B�K�B�H���`�B�i�v �r�B�H�H ���H�r���v�b �#�2D=2
�`�2�;���`�/�H�2�b�b �Q�7D �X �>�Q�r�2�p�2�`�- ���b �B�H�H�m�b�i�`���i�2�/ �B�M �}�;�m�`�2 �k�X�9 �i�?�2 �T�`�Q�#���#�B�H�B�i�v
�Q�7 �+�Q�B�M�+�B�/�2�M�i���H �b�B�K�B�H���`�B�i�v�- �B�M �Q�i�?�2�` �r�Q�`�/�b�- �i�?�2 �`�2�H���i�B�p�2 �p���`�B���M�+�2 �Q�7 �i�?�2
�b�B�K�B�H���`�B�i�v �/�2�+�`�2���b�2�b �r�B�i�? �?�B�;�?�2�` �/�B�K�2�M�b�B�Q�M�b �+�Q�M�p�2�`�;�B�M�; �i�Q�r���`�/�b �i�?�2
�M�Q�`�K���H �/�B�b�i�`�B�#�m�i�B�Q�M �7�Q�H�H�Q�r�B�M�; �i�?�2 �+�2�M�i�`���H �H�B�K�B�i �i�?�2�Q�`�2�K�X �1�X�;�X �i�?�2
�T�`�Q�#���#�B�H�B�i�v �Q�7 �i�r�Q �`���M�/�Q�K �p�2�+�i�Q�`�b �r�B�i�?D = 10000 �?���p�B�M�; �� �b�B�K�B�H���`�B�i�v
�/�2�p�B���i�B�Q�M �7�`�Q�KD=2 �#�v �Q�M�H�v �k�W�- �B�X�2�X �� �b�B�K�B�H���`�B�i�v �Q�m�i�b�B�/�2 �i�?�2 �`���M�;�2
�Q�7 �9�3�y�y �i�Q �8�k�y�y �B�b �Q�M�H�v60:5 � 10� 6�X �h�?�2�`�2 ���`�2 �i�r�Q �B�K�T�Q�`�i���M�i �2�z�2�+�i�b
�Q�7 �i�?�B�b �T�`�Q�#���#�B�H�B�i�v �/�B�b�i�`�B�#�m�i�B�Q�M�,



�k�X�j�X �>�u�S�1�_�@�.�A�J�1�L�a�A�P�L���G �*�P�J�S�l�h�A�L�: �8�j

�R�X�q�2 �+���M �;�2�M�2�`���i�2 �� �p�B�`�i�m���H�H�v �m�M�H�B�K�B�i�2�/ ���K�Q�m�M�i �Q�7�[�m���b�B�@
�Q�`�i�?�Q�;�Q�M���H�- �i�?���i �B�b ���H�K�Q�b�i �Q�`�i�?�Q�;�Q�M���H �p�2�+�i�Q�`�b �D�m�b�i �#�v �`���M�/�Q�K
�b���K�T�H�B�M�; �Q�7 �i�?�2 �`�2�T�`�2�b�2�M�i���i�B�Q�M �b�T���+�2�X

�k�X�:�B�p�2�M �� �M�Q�B�b�v �p�2�`�b�B�Q�M �Q�7 ���M�v �B�i�2�K �p�2�+�i�Q�`�- �r�2 �+���M �`�2�+�Q�p�2�`
�i�?�2 �Q�`�B�;�B�M���H �2�M�i�B�i�v �r�B�i�? �?�B�;�? �T�`�Q�#���#�B�H�B�i�v �#�v �H�Q�Q�F�B�M�; �m�T �i�?�2
�K�Q�b�i �b�B�K�B�H���` �T�`�B�b�i�B�M�2 �2�M�i�B�i�v �p�2�+�i�Q�` �B�M �� �b�Q�@�+���H�H�2�/���b�b�Q�+�B���i�B�p�2
�K�2�K�Q�`�v�X

�h�?�2�`�2 ���`�2 �M�m�K�2�`�Q�m�b �~���p�Q�`�b �Q�7 �o�a���b �r�B�i�? �T�`�Q�K�B�M�2�M�i �2�t���K�T�H�2�b �#�2�B�M�;
�i�?�2 �?�Q�H�Q�;�`���T�?�B�+ �`�2�/�m�+�2�/ �`�2�T�`�2�b�2�M�i���i�B�Q�M �U�>�_�_�V �(�R�8�e�)�- �K�m�H�i�B�T�H�v�@���/�/�@
�T�2�`�K�m�i�2 �U�J���S�V �(�R�8�d�)�- �#�B�M���`�v �b�T���i�i�2�` �+�Q�/�2 �U�"�a�*�V �(�R�8�3�) �Q�` �b�T���`�b�2 �#�B�M���`�v
�/�B�b�i�`�B�#�m�i�2�/ �`�2�T�`�2�b�2�M���i�B�Q�M �U�a�"�.�_�V �(�R�8�N�)�X �h�?�2�b�2 �+�Q�;�M�B�i�B�p�2 �+�Q�/�2�b �K���B�M�H�v
�/�B�z�2�` �B�M �i�?�2 �7�Q�`�K���i �m�b�2�/ �7�Q�` �i�?�2 �B�M�/�B�p�B�/�m���H �p�2�+�i�Q�` �/�B�K�2�M�b�B�Q�M�b�- �i�?�2
�b�T���`�b�B�i�v �Q�7 �i�?�2 �p�2�+�i�Q�` �2�M�i�`�B�2�b�- �i�?�2 �/�B�b�i���M�+�2 �K�2�i�`�B�+ �m�b�2�/ �i�Q ���b�b�2�b �T���i�i�2�`�M
�b�B�K�B�H���`�B�i�v ���M�/ �i�?�2 �p�2�+�i�Q�` �K���M�B�T�m�H���i�B�Q�M �Q�T�2�`���i�B�Q�M�b�X �u�2�i �i�?�2�v ���H�H �b�?���`�2
�b�B�K�B�H���` �b�i�`�m�+�i�m�`���H ���M�/ �b�i���i�B�b�i�B�+���H �T�`�Q�T�2�`�i�B�2�b �B�M �i�?�2 �+�Q�M�i�2�t�i �Q�7 �b�B�K�B�H���`�B�i�v
�T�`�2�b�2�`�p���i�B�Q�M ���M�/ �i�?�2 ���#�B�H�B�i�v �i�Q �`�2�T�`�2�b�2�M�i �+�Q�K�T�Q�m�M�/ �/���i�� �b�i�`�m�+�i�m�`�2�b
�m�b�B�M�; �i�?�2 �b���K�2 ���i�Q�K�B�+ �2�M�i�B�i�B�2�b�f�p�2�+�i�Q�`�b �U�r�2 �r�B�H�H �?�B�;�?�H�B�;�?�i �i�?�B�b �T�`�Q�T�2�`�i�v
�K�Q�`�2 �i�?�Q�`�Q�m�;�?�H�v �B�M �b�m�#�b�2�+�i�B�Q�M �k�X�j�X�j�V�X �6�Q�` �� �+�Q�K�T�`�2�?�2�M�b�B�p�2 �+�Q�K�T���`�B�b�Q�M
�Q�7 �i�?�2�b�2 �o�a���b �r�2 �`�2�7�2�` �i�Q �i�?�2 �2�t�+�2�H�H�2�M�i �r�Q�`�F �Q�7 �a�+�?�H�2�;�2�H�2�i ���H�X�(�R�e�y�)�X
�A�M �i�?�2 �`�2�K���B�M�/�2�` �Q�7 �i�?�B�b �i�?�2�b�B�b �r�2 �`�2�b�i�`�B�+�i �Q�m�`�b�2�H�p�2�b �i�Q �Q�M�2 �T���`�i�B�+�m�H���`�-
�*�J�P�a�@�7�`�B�2�M�/�H�v �o�a�� �M���K�2�/ �#�B�M���`�v �b�T���i�i�2�` �+�Q�/�2 �r�?�B�+�? �Q�T�2�`���i�2�b �Q�M
�#�B�M���`�v �p�2�+�i�Q�`�b �Q�7 �H�2�M�;�i�?D �r�B�i�? �B�X�B�X�/�X �T�`�Q�#���#�B�H�B�i�v �Q�7 �Q�M�2�b ���M�/ �x�2�`�Q�2�b�X

�k�X�j�X�k�6�m�M�/���K�2�M�i���H �P�T�2�`���i�B�Q�M�b �Q�7 �"�B�M���`�v �a�T���i�i�2�`
�*�Q�/�2�b

�h�?�2 �K���i�?�2�K���i�B�+���H �7�`���K�2�r�Q�`�F �Q�7 �#�B�M���`�v �b�T���i�i�2�` �+�Q�/�2 �B�b �+�?���`���+�i�2�`�B�x�2�/ �#�v
�i�?�2 �M���i�m�`�2 �Q�7 �i�?�2 �p�2�+�i�Q�` �+�Q�M�b�i�B�i�m�2�M�i�b�- �i�?�2 �b�B�K�B�H���`�B�i�v �K�2�i�`�B�+ �i�Q �+�Q�K�T���`�2
�p�2�+�i�Q�`�b �r�B�i�? �2���+�? �Q�i�?�2�` ���M�/ �i�?�2 �2�H�2�K�2�M�i���`�v �Q�T�2�`���i�B�Q�M�b �i�Q �K���M�B�T�m�H���i�2
���M�/ �i�`���M�b�7�Q�`�K �p�2�+�i�Q�`�b�X �A�M �i�?�B�b �b�2�+�i�B�Q�M�- �r�2 �T�`�Q�p�B�/�2 �i�?�2 �K���i�?�2�K���i�B�+���H
�7�m�M�/���K�2�M�i �Q�7 �"�a�*�b�X �:�B�p�2�M �i�?�2 �i�?�Q�`�Q�m�;�?�M�2�b�b �Q�7 �E�H�2�v�F�Q�2�i ���H�X�ö�b �b�m�`�p�2�v
�Q�M �i�?�2 �K���i�?�2�K���i�B�+���H �+�Q�M�b�i�`�m�+�i�b �r�B�i�?�B�M �i�?�2 �>�.�* �7�`���K�2�r�Q�`�F �(�R�8�R�)�- �r�2
�B�M�i�2�M�i�B�Q�M���H�H�v �b�i���v �+�H�Q�b�2 �B�M �M�Q�i���i�B�Q�M �b�i�v�H�2 �i�Q �i�?�2�B�` �r�Q�`�F�X ���b ���H�`�2���/�v
�K�2�M�i�B�Q�M�2�/ �#�2�7�Q�`�2�- �#�B�M���`�v �b�T���i�i�2�` �+�Q�/�2�b �Q�T�2�`���i�2 �Q�M �p�2�+�i�Q�`�b �+�Q�M�b�B�b�i�B�M�;
�Q�7 �#�B�M���`�v �p���H�m�2�b�X �h�?�m�b �i�?�2�?���K�K�B�M�; �/�B�b�i���M�+�2�- �i�?�2 �M�m�K�#�2�` �Q�7 �p�2�+�i�Q�`
�+�Q�K�T�Q�M�2�M�i�b �r�?�2�`�2 �i�r�Q �p�2�+�i�Q�`�b �/�B�b���;�`�2�2 �r�?�B�i�? �2���+�? �Q�i�?�2�`�- �B�b �� �[�m�B�i�2
�M���i�m�`���H �+�?�Q�B�+�2 �7�Q�` �i�?�2 �b�B�K�B�H���`�B�i�v �K�2�i�`�B�+�X �h�?�`�Q�m�;�?�Q�m�i �i�?�2 �`�2�K���B�M�/�2�`



�8�9 �*�>���S�h�1�_ �k�X ���S�S�G�A�*���h�A�P�L�a ���L�. ���G�:�P�_�A�h�>�J�a

�Q�7 �i�?�2 �i�?�2�b�B�b �r�2 �m�b�2 �i�?�2 �M�Q�i���i�B�Q�MhX ; Y i �i�Q �`�2�7�2�` �i�Q �i�?�2 �?���K�K�B�M�;
�/�B�b�i���M�+�2 �#�2�i�r�2�2�M �i�?�2 �i�r�Q �p�2�+�i�Q�`�bX ���M�/Y ���M�/ �r�?�2�M�2�p�2�` �r�2 �m�b�2 �i�?�2
���T�T�`�Q�t�B�K���i�2 �2�[�m���H�b �b�B�;�M ���b �B�M �2�X�;�XX � Y �r�2 �i�?�m�b �K�2���M�- �i�?�2 �i�r�Q
�p�2�+�i�Q�`�bX ���M�/Y �?���p�2 �� �b�K���H�H �?���K�K�B�M�; �/�B�b�i���M�+�2 �i�?���i �B�b �b�i���i�B�b�i�B�+���H�H�v
�2�t�i�`�2�K�2�H�v �m�M�H�B�F�2�H�v �i�Q �Q�+�+�m�` �#�v �+�?���M�+�2 �B�X�2�XhX ; Y i � D=2�X

�G�B�F�2 �K�Q�b�i �o�a���- �"�a�* �/�2�}�M�2�b �7�Q�m�` �2�H�2�K�2�M�i���`�v �Q�T�2�`���i�B�Q�M�b�-�#�m�M�/�H�B�M�;�-
�#�B�M�/�B�M�;�-�T�2�`�K�m�i���i�B�Q�M���M�/���b�b�Q�+�B���i�B�p�2 �H�Q�Q�F�m�T�X �q�2 �b�i���`�i �#�v �/�2�}�M�B�M�; �i�?�Q�b�2
�i�?�`�2�2 �Q�T�2�`���i�Q�`�b ���M�/ �?�B�;�?�H�B�;�?�i�B�M�; �i�?�2�B�` �F�2�v �T�`�Q�T�2�`�i�B�2�b�X �>�Q�r�2�p�2�`�- �r�2 �r�B�H�H
�T�Q�b�i�T�Q�M�2 �i�?�2 �/�B�b�+�m�b�b�B�Q�M �Q�7 �i�?�2 ���T�T�H�B�+���#�B�H�B�i�v �Q�7 �i�?�2�b�2 �T�`�Q�T�2�`�i�B�2�b �i�Q
�b�2�+�i�B�Q�M �k�X�j�X�j�X

�"�m�M�/�H�B�M�;�h�?�2�#�m�M�/�H�B�M�;�@�- ���H�b�Q �`�2�7�2�`�`�2�/ �i�Q ���b �i�?�2�b�m�T�2�`�T�Q�b�B�i�B�Q�M�@
�Q�T�2�`���i�Q�` �/�2�M�Q�i�2�/ �r�B�i�? �ó+ �ô �B�b �/�2�}�M�2�/ ���b �i�?�2 �2�H�2�K�2�M�i�@�r�B�b�2 �b�m�K �Q�7
�i�?�2 �Q�T�2�`���M�/ �p�2�+�i�Q�`�b �7�Q�H�H�Q�r�2�/ �#�v �� �M�Q�`�K���H�B�x���i�B�Q�M �b�i�2�T�X

S = ( s1; s2; :::; sD )

= [
X

k

X (k ) ]

= ([
X

k

x (k )
1 ]; [

X

k

x (k )
2 ]; :::; [

X

k

x (k )
D ])

�U�k�X�8�V

�h�?�2 �M�Q�`�K���H�B�x���i�B�Q�M �b�i�2�T�- �B�M �i�?�2 �T�`�2�p�B�Q�m�b �2�[�m���i�B�Q�M �/�2�M�Q�i�2�/ �r�B�i�?[]�-
�B�b �M�2�+�2�b�b���`�v �B�M �Q�`�/�2�` �i�Q �K���T �i�?�2 �B�M�i�2�;�2�`�@�p���H�m�2�/ �Q�m�i�T�m�i �/�Q�K���B�M �Q�7
�i�?�2 �p�2�+�i�Q�` �b�m�K �#���+�F �i�Q �#�B�M���`�v �p���H�m�2�b�X �h�?�2 �i�?�`�2�b�?�Q�H�/�B�M�; �7�m�M�+�i�B�Q�M
�B�b �/�2�}�M�2�/ ���b �7�Q�H�H�Q�r�b�,

[x] :=

8
><

>:

1 �B�7x > 0
0 �B�7x < 0
�y �Q�` �R �r�B�i�? �B�B�/�X �T�`�Q�#���#�B�H�B�i�v �2�H�b�2

�U�k�X�e�V

�A�M �Q�i�?�2�` �r�Q�`�/�b�- �7�Q�` �2���+�? �/�B�K�2�M�b�B�Q�M �Q�7 �i�?�2 �Q�T�2�`���M�/ �p�2�+�i�Q�`�b�- �i�?�2
�#�m�M�/�H�B�M�; �Q�T�2�`���i�Q�` ���b�b�B�;�M�b ��1 �i�Q �i�?�2 �Q�m�i�T�m�i �p�2�+�i�Q�` �B�7 �i�?�2 �K���D�Q�`�B�i�v
�Q�7 �i�?�2 �Q�T�2�`���M�/ �p�2�+�i�Q�`�b �?���/ ��1 ���i �i�?�B�b �T���`�i�B�+�m�H���` �p�2�+�i�Q�` �2�M�i�`�v�X �A�i
���b�b�B�;�M�b ��0 �B�7 �i�?�2�`�2 ���`�2 �b�i�`�B�+�i�H�v �K�Q�`�20�ö�b ���i �i�?�B�b �p�2�+�i�Q�` �/�B�K�2�M�b�B�Q�M
���M�/ �i�B�2�b �U�r�?�B�+�? ���`�2 �Q�M�H�v �T�Q�b�b�B�#�H�2 �B�7 �r�2 �#�m�M�/�H�2 ���M �2�p�2�M �M�m�K�#�2�` �Q�7
�Q�T�2�`���M�/ �p�2�+�i�Q�`�b�V ���`�2 �#�`�Q�F�2�M ���i �`���M�/�Q�K�X �"�`�2���F�B�M�; �i�B�2�b ���i �`���M�/�Q�K



�k�X�j�X �>�u�S�1�_�@�.�A�J�1�L�a�A�P�L���G �*�P�J�S�l�h�A�L�: �8�8

�B�b �B�K�T�Q�`�i���M�i �i�Q ���p�Q�B�/ ���M�v �#�B���b�- �B�X�2�X �b�B�K�B�H���`�B�i�v�- �i�Q�r���`�/�b �i�?�2 ���H�H
�ó�x�2�`�Q�2�b�ô �Q�` �i�?�2 ���H�H �ó�Q�M�2�b�ô �p�2�+�i�Q�`�X

�h�?�2 �#�m�M�/�H�B�M�; �Q�T�2�`���i�B�Q�M �?���b �i�?�2 �B�K�T�Q�`�i���M�i �T�`�Q�T�2�`�i�v �i�?���i �B�i
�T�`�2�b�2�`�p�2�b �i�?�2 �b�B�K�B�H���`�B�i�v �Q�7 �i�?�2 �B�M�T�m�i �p�2�+�i�Q�`�b�X �A�X�2�X �i�?�2 �Q�m�i�T�m�i
�p�2�+�i�Q�`�b �r�B�H�H �#�2 �p�2�`�v �b�B�K�B�H���` �i�Q �2�p�2�`�v �B�M�T�m�i �p�2�+�i�Q�` ���M�/ �i�?�2
�Q�T�2�`���i�B�Q�M �B�b �?�Q�H�B�b�i�B�+ �b�B�M�+�2 �i�?�2�`�2 �B�b �M�Q �~�Q�r �Q�7 �B�M�7�Q�`�K���i�B�Q�M �#�2�i�r�2�2�M
�/�B�z�2�`�2�M�i �p�2�+�i�Q�` �/�B�K�2�M�b�B�Q�M�b�X

�"�B�M�/�B�M�;�h�?�2�#�B�M�/�B�M�;�Q�T�2�`���i�B�Q�M�- �/�2�M�Q�i�2�/ �r�B�i�?� �- �B�b �/�2�}�M�2�/ ���b
�+�Q�K�T�Q�M�2�M�i�@�r�B�b�2 �2�t�+�H�m�b�B�p�2 �Q�` �U�s�P�_�V �Q�T�2�`���i�B�Q�M �Q�7 �2���+�? �p�2�+�i�Q�`
�+�Q�K�T�Q�M�2�M�i�X �h�?�2 �Q�T�2�`���i�B�Q�M �?���b �i�?�2 �T�`�Q�T�2�`�i�v �Q�7 �T�`�Q�/�m�+�B�M�; ���M
�Q�m�i�T�m�i �p�2�+�i�Q�` �i�?���i �B�b �/�B�b�b�B�K�B�H���` �i�Q �#�Q�i�? �B�i�b �B�M�T�m�i �p�2�+�i�Q�`�b�- �v�2�i �B�b
���M �B�M�p�2�`�i�B�#�H�2 �7�m�M�+�i�B�Q�M �U�B�M �i�?�B�b �+���b�2 �2�p�2�M �b�2�H�7�@�B�M�p�2�`�i�B�#�H�2�V�X �"�B�M�/�B�M�;
�i�?�m�b �K���T�b �?�v�T�2�`�p�2�+�i�Q�`�b �i�Q ���M �2�M�i�B�`�2�H�v �/�B�z�2�`�2�M�i �p�2�+�i�Q�` �b�T���+�2 �i�?���i
�B�b ���H�K�Q�b�i �Q�`�i�?�Q�;�Q�M���H �i�Q �#�Q�i�? �Q�T�2�`���M�/�b�X �G�B�F�2�b�m�T�2�`�T�Q�b�B�i�B�Q�M�i�?�2
�#�m�M�/�H�B�M�;�Q�T�2�`���i�Q�` �B�b �?�Q�H�B�b�i�B�+�X

�S�2�`�K�m���i�B�Q�M�C�m�b�i ���b �i�?�2 �M���K�2 �B�K�T�H�B�2�b�-�T�2�`�K�m�i���i�B�Q�M�B�b �i�?�2 �Q�T�2�`���i�B�Q�M
�Q�7 ���T�T�H�v�B�M�; ���M ���`�#�B�i�`���`�v �.�@�/�B�K�2�M�b�B�Q�M���H �T�2�`�K�m�i���i�B�Q�M� �i�Q �i�?�2
�2�H�2�K�2�M�i�bx i �Q�7 �i�?�2 �Q�T�2�`���M�/ �p�2�+�i�Q�`X �-

� 2 SD ; � (X ) := ( � (x1); � (x2); :::; � (xD )) �U�k�X�d�V

�r�?�2�`�2SD �/�2�M�Q�i�2�b �i�?�2 �b�v�K�K�2�i�`�B�+ �;�`�Q�m�T �Q�7 �b�B�x�2D �X �A�M �+�Q�M�i�`���b�i
�i�Q �i�?�2 �T�`�2�p�B�Q�m�b �i�r�Q �Q�T�2�`���i�Q�`�b�- �T�2�`�K�m�i���i�B�Q�M �;�B�p�2�M �� �b�i���i�B�+
�T�2�`�K�m�i���i�B�Q�M �K���i�`�B�t� �B�b �� �m�M���`�v �Q�T�2�`���i�B�Q�M �r�?�B�+�? �v�B�2�H�/�b ���M�Q�i�?�2�`
�?�v�T�2�`�p�2�+�i�Q�`�X �a�B�K�B�H���` �i�Q �i�?�2 �#�B�M�/�B�M�; �Q�T�2�`���i�B�Q�M�- �T�2�`�K�m�i���i�B�Q�M �K���T�b
�B�i�b �Q�T�2�`���M�/ �i�Q �� �[�m���b�B�@�Q�`�i�?�Q�;�Q�M���H �b�m�#�b�T���+�2 �B�X�2�X �T�`�Q�/�m�+�2�b �p�2�`�v
�/�B�b�b�B�K�B�H���` �Q�m�i�T�m�i �p�2�+�i�Q�`�b�X

���b�b�Q�+�B���i�B�p�2 �G�Q�Q�F�m�T���b �r�2 �r�B�H�H �b�2�2 �B�M �i�?�2 �M�2�t�i �b�2�+�i�B�Q�M�- ���M �2�t�i�`�2�K�2�H�v
�+�`�m�+�B���H �Q�T�2�`���i�B�Q�M �Q�7 �>�.�* �B�b �i�?�2 �b�Q�@�+���H�H�2�/���b�b�Q�+�B���i�B�p�2 �H�Q�Q�F�m�T
�Q�T�2�`���i�B�Q�M�X �:�B�p�2�M �� �b�2�i �Q�7 �b�Q�@�+���H�H�2�/�B�i�2�K �p�2�+�i�Q�`�bH i 2 H ���M�/ ��
�b�B�K�B�H���`�B�i�v �i�?�`�2�b�?�Q�H�/� �i�?�2 ���b�b�Q�+�B���i�B�p�2 �H�Q�Q�F�m�T �Q�T�2�`���i�B�Q�M �Q�M �p�2�+�i�Q�`
X �- �/�2�M�Q�i�2�/ �r�B�i�?H � X �/�2�i�2�`�K�B�M�2�b �i�?�2 �K�Q�b�i �b�B�K�B�H���` �p�2�+�i�Q�`H i

�r�B�i�? �i�?�`�2�b�?�Q�H�/ �H���`�;�2�` �i�?���M� �X �A�X�2�X�-



�8�e �*�>���S�h�1�_ �k�X ���S�S�G�A�*���h�A�P�L�a ���L�. ���G�:�P�_�A�h�>�J�a

H � X :=

(
argmax (hX ; H i i ); 8H i 2 H �B�7max (hX ; Hi ) > �
�L�Q�M�2 �2�H�b�2

�U�k�X�3�V

H �B�b �m�b�m���H�H�v �+���H�H�2�/ �i�?�2�B�i�2�K �K�2�K�Q�`�v�Q�7 �i�?�2 �>�.�* ���H�;�Q�`�B�i�?�K
�#�2�+���m�b�2 �B�i �M�2�2�/�b �i�Q �F�2�2�T �� �?�Q�H�/ �Q�7 ���H�H ���i�Q�K�B�+ �2�M�i�B�i�v �p�2�+�i�Q�`�b�X
���M �2�M�i�B�i�v �T�2�`�7�Q�`�K�B�M�; �i�?�2 ���#�Q�p�2�@�/�2�}�M�2�/ �Q�T�2�`���i�B�Q�M �Q�7 ���b�b�Q�+�B���i�B�p�2
�H�Q�Q�F�m�T �B�b ���H�b�Q �F�M�Q�r�M ���b ���M���m�i�Q�@���b�b�Q�+�B���i�B�p�2 �K�2�K�Q�`�v�X

�J���i�?�2�K���i�B�+���H �S�`�Q�T�2�`�i�B�2�b

�:�B�p�2�M �i�?�2 �T�`�2�p�B�Q�m�b �/�2�}�M�B�i�B�Q�M �Q�7 �"�a�* �i�?�2 �Q�T�2�`���i�B�Q�M�b �/�2�}�M�2 ��
�K���i�?�2�K���i�B�+���H �+�Q�M�b�i�`�m�+�i �r�B�i�? ���H�K�Q�b�i �}�2�H�/�@�H�B�F�2 �T�`�Q�T�2�`�i�B�2�b�,

�U�R�V�*�Q�K�K�m�i���i�B�p�B�i�v�,
X + Y = Y + X ���M�/X � Y = Y � X

�U�k�V�U���T�T�`�Q�t�B�K���i�2�V ���b�b�Q�+�B���i�B�p�B�i�v�3�,
X +( Y + Z ) � (X + Y )+ Z ���M�/X � (Y � Z ) = ( X � Y ) � Z

�U�j�V�a�2�H�7�@�B�M�p�2�`�b�B�Q�M �T�`�Q�T�2�`�i�v �Q�7 �#�B�M�/�B�M�;�,
X � (X � Y ) = Y

�U�9�V�a�B�K�B�H���`�B�i�v �T�`�2�b�2�`�p���i�B�Q�M �Q�7 �#�B�M�/�B�M�;�,
hY ; Z i = hX � Y ; X � Z i

�U�8�V�a�B�K�B�H���`�B�i�B�v �T�`�2�b�2�`�p���i�B�Q�M �Q�7 �T�2�`�K�m�i���i�B�Q�M�,
hX ; Y i = h� X ; � Y i

�U�e�V�.�B�b�i�`�B�#�m�i�B�p�B�i�v �Q�7 �#�B�M�/�B�M�; �Q�p�2�` �b�m�T�2�`�T�Q�b�B�i�B�Q�M�,
X � (Y + Z ) = X � Y + X � Z

�U�d�V�.�B�b�i�`�B�#�m�i�B�p�B�i�v �Q�7 �T�2�`�K�m���i�B�Q�M �Q�7 �#�B�M�/�B�M�; ���M�/ �b�m�T�2�`�T�Q�b�B�i�B�Q�M�,
� (X + Y ) = � X + � Y ���M�/� (X � Y ) = � X � � Y

�k�X�j�X�j�*�Q�K�T�Q�m�M�/ �>�.�* �.���i�� �a�i�`�m�+�i�m�`�2�b

�"�v �M�Q�r �r�2 ���H�`�2���/�v �F�M�Q�r �i�?���i �i�?�2 �+�Q�M�+�2�T�i�m���H �2�M�i�B�i�B�2�b �Q�7 �Q�m�` �b�v�K�#�Q�H
�b�2�i�- �#�2 �B�i �M�m�K�#�2�`�b�- �+�?���`���+�i�2�`�b �2�i�+�X ���`�2 �`�2�T�`�2�b�2�M�i�2�/ �#�v �p�2�+�i�Q�`�b �`���M�/�Q�K�H�v

�3�h�?�2 �7���+�i �i�?���i �r�2 �i�?�`�2�b�?�Q�H�/ �i�?�2 �b�m�K �p�2�+�i�Q�`�b �/�m�`�B�M�; �i�?�2 �b�m�T�2�`�T�Q�b�B�i�B�Q�M �Q�T�2�`���i�B�Q�M
�H�2���/�b �i�Q �i�?�2 ���b�b�Q�+�B���i�B�p�B�i�v �#�2�B�M�; �Q�M�H�v ���T�T�`�Q�t�B�K���i�2



�k�X�j�X �>�u�S�1�_�@�.�A�J�1�L�a�A�P�L���G �*�P�J�S�l�h�A�L�: �8�d

�/�`���r�M �7�`�Q�K �i�?�2D �@�/�B�K�2�M�b�B�Q�M���H �p�2�+�i�Q�` �b�T���+�2�X �>�Q�r�2�p�2�`�- �K�Q�b�i ���H�;�Q�`�B�i�?�K�b
�`�2�[�m�B�`�2 �i�?�2 �m�b�2 �Q�7 �K�Q�`�2 �+�Q�K�T�H�2�t�- �+�Q�K�T�Q�m�M�/ �/���i�� �b�i�`�m�+�i�m�`�2�b �2�X�;�X �H�B�b�i�b�-
�b�2�i�b ���M�/ �F�2�v�@�p���H�m�2 �T���B�`�b�X �a�m�`�T�`�B�b�B�M�;�H�v�- �B�M �>�.�* �K���M�v �Q�7 �i�?�2�b�2 �+�Q�K�T�Q�m�M�/
�/���i�� �b�i�`�m�+�i�m�`�2�b �+���M �b�i�B�H�H �#�2 �`�2�T�`�2�b�2�M�i�2�/ �r�B�i�?�b�B�M�;�H�2�p�2�+�i�Q�`�b�X �h�?�B�b �B�b �B�M
�b�i���`�F �+�Q�M�i�`���b�i �i�Q �+�Q�M�p�2�M�i�B�Q�M���H �+�Q�K�T�m�i�2 �7�`���K�2�r�Q�`�F�b �r�?�2�`�2 �r�2 �m�b�m���H�H�v
�+�Q�K�#�B�M�2 �K�m�H�i�B�T�H�2 ���i�Q�K�B�+ �T���i�i�2�`�M�b �i�Q �� �/���i�� �`�2�+�Q�`�/ ���M�/ �i�?�m�b ���b�b�B�;�M
�b�2�K���M�i�B�+ �K�2���M�B�M�; �M�Q�i �Q�M�H�v �i�Q �i�?�2 �+�Q�M�i�2�M�i �Q�7 �2���+�? �/���i�m�K �#�m�i ���H�b�Q �B�i�b
�b�T���i�B���H �H�Q�+���i�B�Q�M �r�B�i�?�B�M �i�?�2 �2�M�i�B�`�2 �`�2�+�Q�`�/�X �1�X�;�X �B�M �i�?�2 �+���b�2 �Q�7 �� �H�B�b�i
�b�i�Q�`�2�/ �B�M �i�?�2 �7�Q�`�K �Q�7 ���M ���`�`���v �B�M �K�2�K�Q�`�v�- �i�?�2 �B�M�/�2�t �Q�7 �2���+�? �2�M�i�`�v
�B�b �/�2�i�2�`�K�B�M�2�/ �#�v �i�?�2 �T�?�v�b�B�+���H �H�Q�+���i�B�Q�M �Q�7 �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �#�B�M���`�v
�T���i�i�2�`�M �B�M �K�2�K�Q�`�v�X

�A�M �i�?�B�b �b�2�+�i�B�Q�M�- �r�2 �b�m�K�K���`�B�x�2 �i�?�2 �K�Q�b�i �+�Q�K�K�Q�M�H�v �m�b�2�/ �?�Q�H�B�b�i�B�+
�+�Q�K�T�Q�m�M�/ �/���i�� �b�i�`�m�+�i�m�`�2�b �B�M �>�.�*�,�b�2�i�b�- �b�2�[�m�2�M�+�2�b���M�/�F�2�v�@�p���H�m�2
� �̀2�+�Q� �̀/�b�X �h�?�2 �H�B�i�2�`���i�m�`�2 �Q�M �>�.�* ���H�b�Q �+�Q�M�i���B�M�b �i�2�+�?�M�B�[�m�2�b �i�Q �`�2�T�`�2�b�2�M�i
�K�Q�`�2 ���/�p���M�+�2�/ �/���i�� �b�i�`�m�+�i�m�`�2�b �H�B�F�2 �b�i���+�F�b �Q�` �;�`���T�?�b �(�R�8�R�)�X �"�m�i �7�Q�`
�i�?�2 �b���F�2 �Q�7 �T�`�Q�p�B�/�B�M�; �b�m�{�+�B�2�M�i �#���+�F�;�`�Q�m�M�/ �F�M�Q�r�H�2�/�;�2 �i�Q �m�M�/�2�`�b�i���M�/
�i�?�2 �+�B�`�+�m�B�i�b �B�M�i�`�Q�/�m�+�2�/ �B�M �+�?���T�i�2�` �j �Q�7 �i�?�B�b �i�?�2�b�B�b�- �b�i�B�+�F�B�M�; �i�Q �i�?�2
���7�Q�`�2�K�2�M�i�B�Q�M�2�/ �#���b�B�+ �/���i�� �b�i�`�m�+�i�m�`�2�b �B�b �[�m�B�i�2 �b�m�{�+�B�2�M�i�X

�a�2�i�b

�a�2�i�b �Q�7 �?�v�T�2�`�p�2�+�i�Q�`�b �+���M �2���b�B�H�v �#�2 �`�2�T�`�2�b�2�M�i�2�/ �m�b�B�M�; �i�?�2 �b�m�T�2�`�T�Q�b�B�@
�i�B�Q�M�f�#�m�M�/�H�B�M�; �Q�T�2�`���i�Q�`�X �A�X�2�X �i�?�2 �b�2�iU �r�B�i�? �2�H�2�K�2�M�i�bS0 ; S1 ; :::; SN � 1

�+���M �#�2 ���T�T�`�Q�t�B�K���i�2�H�v �`�2�T�`�2�b�2�M�i�2�/ �r�B�i�?
P N � 1

k=0 Sk �X �q�2 �H�2�p�2�`���;�2 �i�?�2
�T�`�Q�T�2�`�i�v �Q�7 �i�?�2 �#�m�M�/�H�B�M�; �Q�T�2�`���i�B�Q�M �i�Q �T�`�Q�/�m�+�2 �p�2�+�i�Q�`�b �i�?���i ���`�2 �b�B�K�B�H���`
�i�Q �2���+�? �Q�T�2�`���M�/�X �h�?�m�b �;�B�p�2�M �� �b�2�i �p�2�+�i�Q�`U �`�2�T�`�2�b�2�M�i�B�M�; �i�?�2 �b�2�i �Q�7
�2�H�2�K�2�M�i�bS 2 H�- �r�2 �+���M �B�i�2�`���i�B�p�2�H�v �`�2�+�Q�p�2�` �2���+�? �b�2�i �2�H�2�K�2�M�i �m�b�B�M�; �i�?�2
���b�b�Q�+�B���i�B�p�2 �H�Q�Q�F�m�T �Q�T�2�`���i�B�Q�M�X �A�M �2���+�? �b�i�2�T�- �i�?�2 �H�Q�Q�F�m�T �Q�T�2�`���i�B�Q�M �v�B�2�H�/�b
�m�b �i�?�2 �K�Q�b�i �b�B�K�B�H���` �B�i�2�K �p�2�+�i�Q�`Sk �X �A�M �Q�`�/�2�` �i�Q �`�2�i�`�B�2�p�2 �i�?�2 �Q�i�?�2�` �b�2�i
�2�H�2�K�2�M�i�b�- �r�2 ���/�/ �i�?�2 �B�M�p�2�`�b�2 �Q�7 �i�?�2 �`�2�+�Q�p�2�`�2�/ �b�2�i �2�H�2�K�2�M�iSk �i�Q �i�?�2
�b�2�i �p�2�+�i�Q�` �i�Q �b�?�B�7�i �i�?�2 �b�2�i �p�2�+�i�Q�` �7�m�`�i�?�2�` ���r���v �7�`�Q�K �i�?�2 �D�m�b�i �`�2�i�`�B�2�p�2�/
�2�H�2�K�2�M�i�X �h�?���i �r���v�- �i�?�2 �M�2�t�i �H�Q�Q�F�m�T �r�B�H�H �v�B�2�H�/ �m�b ���M�Q�i�?�2�`�- �/�B�z�2�`�2�M�i �b�2�i
�2�H�2�K�2�M�i �m�M�i�B�H �r�2 �?���p�2 �`�2�+�Q�p�2�`�2�/ ���H�Hn �2�H�2�K�2�M�i�b�X �"�2�B�M�; ���#�H�2 �i�Q �`�2�+�Q�p�2�`
�2�p�2�`�v �B�i�2�K �p�2�+�i�Q�` �i�?���i �+�Q�M�b�i�B�i�m�2�M�i�b �i�?�2 �b�2�i ���H�H�Q�r�b �m�b �i�Q �T�2�`�7�Q�`�K ���H�H
�i�?�2 �+�Q�K�K�Q�M �b�2�i �Q�T�2�`���i�B�Q�M�b�X �u�2�i �7�Q�` �K���M�v �Q�T�2�`���i�B�Q�M�b�- �i�?�2�`�2 ���`�2 �7���b�i�2�`
���T�T�`�Q�t�B�K���i�2 ���T�T�`�Q���+�?�2�b�c �1�X�;�X �r�2 �+���M �2���b�B�H�v �i�2�b�i �b�2�i �K�2�K�#�2�`�b�?�B�T �#�v
�+���H�+�m�H���i�B�M�; �i�?�2 �b�B�K�B�H���`�B�i�v �Q�7 �� �p�2�+�i�Q�`X ���M�/ �i�?�2 �b�2�i �p�2�+�i�Q�`U �X �P�i�?�2�`
�+�Q�K�K�Q�M �Q�T�2�`���i�B�Q�M�b �Q�M �b�2�i�b �H�B�F�2 �B�M�i�2�`�b�2�+�i�B�Q�M ���M�/ �m�M�B�Q�M �+���M ���H�b�Q �#�2



�8�3 �*�>���S�h�1�_ �k�X ���S�S�G�A�*���h�A�P�L�a ���L�. ���G�:�P�_�A�h�>�J�a

�K���T�T�2�/ �i�Q �i�?�2 �?�v�T�2�`�/�B�K�2�M�b�B�Q�M���H �/�Q�K���B�M �m�b�B�M�; �/�B�z�2�`�2�M�i �i�?�`�2�b�?�Q�H�/�B�M�;
�H�2�p�2�H�b �/�m�`�B�M�; �i�?�2 ���b�b�Q�+�B���i�B�p�2 �H�Q�Q�F�m�T �(�R�8�R�)�X

�P�7 �+�Q�m�`�b�2�- �i�?�2�+���T���+�B�i�v�Q�7 �� �?�v�T�2�`�p�2�+�i�Q�` �B�M �b�i�Q�`�B�M�; �� �b�2�i �B�b �M�Q�i
�H�B�K�B�i�H�2�b�b�X �1���+�? �2�H�2�K�2�M�i ���/�/�2�/ �i�Q �i�?�2 �b�2�i �#�2�?���p�2�b �H�B�F�2 �`���M�/�Q�K �M�Q�B�b�2
���/�/�2�/ �i�Q �i�?�2 �b�B�K�B�H���`�B�i�v �H�Q�Q�F�m�T �Q�7 ���H�H �i�?�2 �Q�i�?�2�` �2�H�2�K�2�M�i�b ���H�`�2���/�v �B�M �i�?�2
�b�2�i�X �A�M �Q�i�?�2�` �r�Q�`�/�b�- �i�?�2 �K�Q�`�2 �p�2�+�i�Q�`�b �r�2 ���/�/ �i�Q �i�?�2 �b�2�i�- �i�?�2 �K�Q�`�2
�/�B�b�b�B�K�B�H���` �2���+�? �B�i�2�K �p�2�+�i�Q�` �r�B�i�?�B�M �i�?�2 �b�2�i �#�2�+�Q�K�2�b �i�Q �i�?�2 �b�2�i �p�2�+�i�Q�`
�B�i�b�2�H�7 �i�Q �i�?�2 �/�2�;�`�2�2 �i�?���i �2�p�2�M�i�m���H�H�v �i�?�2 �b�B�K�B�H���`�B�i�B�2�b ���`�2 �M�Q �H�Q�M�;�2�` ���#�Q�p�2
�i�?�2 �i�?�`�2�b�?�Q�H�/ �H�2�p�2�H� �X �h�?�2 �b�i�Q�`���;�2 �+���T���+�B�i�v �Q�7 �� �b�B�M�;�H�2 �p�2�+�i�Q�` �B�b �i�?�m�b
�K�Q�b�i�H�v �/�2�i�2�`�K�B�M�2�/ �#�v �B�i�b �/�B�K�2�M�b�B�Q�M���H�B�i�v�X �6�Q�` �� �K�Q�`�2 �2�H���#�Q�`���i�2 ���M���H�v�b�B�b
�Q�7 �i�?�2 �#�m�M�/�H�B�M�; �+���T���+�B�i�v�- �r�2 �`�2�7�2�` �i�Q �a�+�?�K�m�+�F�2�i ���H�X�(�R�e�R�)�X

�a�2�[�m�2�M�+�2�b

�a�B�M�+�2 �i�?�2 �#�m�M�/�H�B�M�; �Q�T�2�`���i�Q�` �B�b �+�Q�K�K�m�i���i�B�p�2�- �B�i �+���M�M�Q�i �#�2 �/�B�`�2�+�i�H�v �m�b�2�/
�i�Q �2�M�+�Q�/�2 �i�?�2 �Q�`�/�2�`�B�M�; �Q�7 �B�M�7�Q�`�K���i�B�Q�M �`�2�[�m�B�`�2�/ �i�Q �`�2�T�`�2�b�2�M�i �b�2�[�m�2�M�+�2�b
�Q�7 �B�i�2�K�b�X �P�M�2 �r���v �Q�7 �2�M�+�Q�/�B�M�; �i�?�2 �B�M�/�2�t �B�M�7�Q�`�K���i�B�Q�M �B�M�i�Q �� �?�v�T�2�`�p�2�+�i�Q�`
�B�b �i�Q �K���`�F �2���+�? �2�H�2�K�2�M�i �r�B�i�? �`�2�T�2���i�2�/ �T�2�`�K�m�i���i�B�Q�M�X �A�X�2�X �r�2 �b�i�Q�`�2 �Q�m�`
�b�2�[�m�2�M�+�2 �Q�7 �p�2�+�i�Q�`�bX 0 ; X 1 ; :::; X N � 1 �B�M �� �b�2�[�m�2�M�+�2 �p�2�+�i�Q�`S�-

S :=
NX

k=0

� k X k �U�k�X�N�V

�r�?�2�`�2� k �/�2�M�Q�i�2�b �i�?�2 �`�2�T�2���i�2�/ ���T�T�H�B�+���i�B�Q�M �Q�7 �i�?�2 �b���K�2 �T�2�`�K�m�i���i�B�Q�M
� �X �:�B�p�2�M �i�?�2 �/�B�b�i�`�B�#�m�i�B�p�2 �T�`�Q�T�2�`�i�v �Q�7 �i�?�2 �T�2�`�K�m�i���i�B�Q�M �Q�T�2�`���i�B�Q�M�-
���T�T�2�M�/�B�M�; �i�Q �i�?�2 �H�B�b�i �B�b ���b �2���b�v ���b �+���H�+�m�H���i�B�M�;S0 = � S + X n �X �_���M�/�Q�K
���+�+�2�b�b �i�Q �� �H�B�b�i �2�H�2�K�2�M�i ���i �B�M�/�2�tk �B�b ���H�b�Q �b�i�`���B�;�?�i�7�Q�`�r���`�/ �/�m�2 �i�Q �i�?�2
�b�B�K�B�H���`�B�i�v �T�`�2�b�2�`�p���i�B�Q�M �Q�7 �T�2�`�K�m�i���i�B�Q�M�,

X k � � � k S =) X k = H(� � k S) �U�k�X�R�y�V

�P�M�+�2 ���;���B�M�- �i�?�2 �b���K�2 �H�B�K�B�i���i�B�Q�M�b �`�2�;���`�/�B�M�;�#�m�M�/�H�B�M�; �+���T���+�B�i�v���H�b�Q
���T�T�H�v �i�Q �b�2�[�m�2�M�+�2�b�X

�.�B�+�i�B�Q�M���`�B�2�b�f�.���i�� �_�2�+�Q�`�/�b

�h�?�2 �i�?�B�`�/ �+�Q�K�K�Q�M�H�v �m�b�2�/ �/���i�� �b�i�`�m�+�i�m�`�2 �r�2 �r���M�i �i�Q �B�M�i�`�Q�/�m�+�2 ���i �i�?�B�b
�T�Q�B�M�i �B�b �F�2�v�@�p���H�m�2 �T���B�`�b�- �+�Q�K�K�Q�M�H�v �`�2�7�2�`�`�2�/ �i�Q ���b �/�B�+�i�B�Q�M���`�B�2�b�X �6�Q�`



�k�X�j�X �>�u�S�1�_�@�.�A�J�1�L�a�A�P�L���G �*�P�J�S�l�h�A�L�: �8�N

�� �b�B�M�;�H�2 �F�2�v�@�p���H�m�2 �T���B�` �+�Q�K�T�Q�m�M�/ �?�v�T�2�`�p�2�+�i�Q�` �r�2 �?���p�2 �i�?�2 �7�Q�H�H�Q�r�B�M�;
�b�i�`�m�+�i�m�`���H �`�2�[�m�B�`�2�K�2�M�i�b�,

�Ç �Z�m�2�`�v�B�M�; �i�?�2 �p�2�+�i�Q�` �b�?�Q�m�H�/ �#�2 �2���b�v�c �B�X�2�X �;�B�p�2�M �Q�M�2 �Q�7 �i�?�2 �i�r�Q
�p�2�+�i�Q�`�b�- �B�i �?���b �i�Q �#�2 �2���b�v �i�Q �`�2�+�Q�p�2�` �i�?�2 �Q�i�?�2�`�X

�Ç �h�?�2 �+�Q�K�T�Q�m�M�/ �?�v�T�2�`�p�2�+�i�Q�` �K�m�b�i �#�2�/�B�b�B�K�B�H���`�i�Q �#�Q�i�?�- �i�?�2 �F�2�v
���M�/ �i�?�2 �p���H�m�2 �B�i�2�K �p�2�+�i�Q�`�X

�h�?�2 �`�2���b�Q�M�B�M�; �#�2�?�B�M�/ �i�?�2 �}�`�b�i �T�`�Q�T�2�`�i�v �B�b �Q�#�p�B�Q�m�b�- �;�B�p�2�M �i�?���i �[�m�2�`�v�B�M�;
�B�b �Q�M�2 �Q�7 �i�?�2 �7�m�M�/���K�2�M�i���H �Q�T�2�`���i�B�Q�M�b �T�2�`�7�Q�`�K�2�/ �Q�M �F�2�v�@�p���H�m�2 �T���B�`
�b�i�`�m�+�i�m�`�2�b�X �h�?�2 �M�2�2�/ �7�Q�` �i�?�2 �b�2�+�Q�M�/ �T�`�Q�T�2�`�i�v ���`�B�b�2�b �7�`�Q�K �i�?�2
�M�2�+�2�b�b�B�i�v �i�Q �+�H�2���`�H�v �/�B�b�i�B�M�;�m�B�b�? �/���i�� �`�2�+�Q�`�/�b �m�b�B�M�; �i�?�2 �b���K�2 �p���H�m�2
�#�m�i �/�B�z�2�`�2�M�i �F�2�v�b�X �1�X�;�X �+�Q�M�b�B�/�2�` �i�?�2 �i�r�Q �/���i�� �`�2�+�Q�`�/�b(K 1 ; V1 ) ���M�/
(K 2 ; V1 ) �`�2�T�`�2�b�2�M�i�2�/ �#�v �i�?�2 �+�Q�K�T�Q�m�M�/ �`�2�+�Q�`�/ �p�2�+�i�Q�`�bR K 1 ���M�/R K 2

�`�2�b�T�2�+�i�B�p�2�H�v�X �A�7V1 � R K 1 ���M�/V1 � R K 2 �B�i �r�Q�m�H�/ �7�Q�H�H�Q�r �i�?���i
R K 1 � R K 2 �X �h�?�B�b �r�Q�m�H�/ �H�2���/ �i�Q ���K�#�B�;�m�B�i�v �B�M �`�2�+�Q�p�2�`�B�M�; �i�?�2 �+�Q�`�`�2�+�i
�`�2�+�Q�`�/ �p�2�+�i�Q�` �;�B�p�2�M �� �M�Q�B�b�v �p�2�`�b�B�Q�M �Q�7 �2�B�i�?�2�`R K 1 �Q�R̀ K 2 �- �r�?�B�+�?
�r�Q�m�H�/ �/�2�7�2���i �i�?�2 �T�m�`�T�Q�b�2�X�N

�h�?�2�#�B�M�/�B�M�;�Q�T�2�`���i�B�Q�M �7�m�H�}�H�b �#�Q�i�? �Q�7 �i�?�2 ���#�Q�p�2 �`�2�[�m�B�`�2�K�2�M�i�b�X �h�?�2
�`�2�+�Q�`�/ �p�2�+�i�Q�`R := K � V �B�b �/�B�b�b�B�K�B�H���` �i�Q �#�Q�i�? �i�?�2 �F�2�v ���M�/ �i�?�2 �p���H�m�2
�p�2�+�i�Q�`�X �u�2�i �H�2�p�2�`���;�B�M�; �i�?�2 �b�2�H�7�@�B�M�p�2�`�b�2 �T�`�Q�T�2�`�i�v �Q�7 �#�B�M�/�B�M�;�- �r�2 �+���M
�2���b�B�H�v�m�M�#�B�M�/�B�X�2�X �`�2�+�Q�p�2�` �i�?�2 �p���H�m�2 �B�i�2�K �p�2�+�i�Q�`�,

K � R = K � (K � V ) = V �U�k�X�R�R�V

�� �/�B�+�i�B�Q�M���`�v �Q�#�p�B�Q�m�b�H�v �+�Q�M�b�B�b�i�b �Q�7 �K�Q�`�2 �i�?���M �� �b�B�M�;�H�2 �F�2�v�@�p���H�m�2
�T���B�`�X �L�Q�r �i�?���i �r�2 �?���p�2 �i�?�2 �K�2���M�b �i�Q �`�2�T�`�2�b�2�M�i �b�B�M�;�H�2 �/���i�� �`�2�+�Q�`�/�b�-
�r�2 �+���M �`�2�T�`�2�b�2�M�i �/�B�+�i�B�Q�M���`�B�2�b �b�B�K�T�H�v ���b�b�2�i�b�Q�7 �F�2�v�@�p���H�m�2 �T���B�`�b�X �h�?���i
�B�b�- �r�2 �+�Q�M�b�i�`�m�+�i �Q�m�` �/�B�+�i�B�Q�M���`�v �p�2�+�i�Q�`D ���b �7�Q�H�H�Q�r�b�,

D =
N � 1X

i =0

Ri =
N � 1X

i =0

K i � Vi �U�k�X�R�k�V

�G�Q�Q�F�B�M�; �m�T �� �p���H�m�2 �7�`�Q�K �i�?�B�b �/���i�� �b�i�`�m�+�i�m�`�2 �+���M �#�2 ���+�+�Q�K�T�H�B�b�?�2�/
�Q�M�+�2 ���;���B�M �#�v�m�M�#�B�M�/�B�M�;�r�B�i�? �i�?�2 �F�2�v �p�2�+�i�Q�`K x �Q�7 �B�M�i�2�`�2�b�i �r�?�B�+�?

�N�h�?�2 �b�B�K�B�H���`�B�i�v �#�2�i�r�2�2�M �i�?�2 �i�r�Q �`�2�+�Q�`�/ �p�2�+�i�Q�`�b �r�Q�m�H�/ �#�2 �H�Q�r�2�` �i�?���M �i�?�2 �b�B�K�B�H���`�B�i�v
�#�2�i�r�2�2�M �2���+�? �`�2�+�Q�`�/ �p�2�+�i�Q�` ���M�/V1 �- �#�m�i �i�?�2 ���K�#�B�;�m�B�i�v �r�Q�m�H�/ �b�i�B�H�H �`�2�K���B�M�X



�e�y �*�>���S�h�1�_ �k�X ���S�S�G�A�*���h�A�P�L�a ���L�. ���G�:�P�_�A�h�>�J�a

�v�B�2�H�/�b �m�b �� �M�Q�B�b�v �p�2�`�b�B�Q�MfVx �Q�7 �i�?�2 �p���H�m�2 �p�2�+�i�Q�` �r�?�B�+�? �r�2 �7�2�2�/ �B�M�i�Q
�Q�m�` ���b�b�Q�+�B���i�B�p�2 �K�2�K�Q�`�v �U���J�V �7�Q�` �+�H�2���M �m�T�X

���M �B�M�i�2�`�2�b�i�B�M�; �T�`�Q�T�2�`�i�v �Q�7 �i�?�B�b �+�Q�M�b�i�`�m�+�i�B�Q�M �+���M �#�2 �b�2�2�M �r�?�2�M �r�2
���/�/ ���M�Q�i�?�2�` �p���H�m�2Vy �i�Q �Q�m�` �/�B�+�i�B�Q�M���`�v �7�Q�` �� �F�2�vK x �i�?���i ���H�`�2���/�v �B�b
�T�`�2�b�2�M�i �U�#�Q�m�M�/ �i�QVx �V �B�M �Q�m�` �/�B�+�i�B�Q�M���`�v�X �a�B�M�+�2 �#�B�M�/�B�M�; �/�B�b�i�`�B�#�m�i�2�b �Q�p�2�`
���/�/�B�i�B�Q�M ���M�/ ���/�/�B�i�B�Q�M �B�b ���T�T�`�Q�t�B�K���i�2�H�v ���b�b�Q�+�B���i�B�p�2�- �B�i �?�Q�H�/�b �i�?���i

D 0 = D + ( K x ; Vy )

= D + K x � Vy

� (D 00+ K x � Vx ) + K x � Vy

� D 00+ K x � (Vx + Vy )

�a�B�K�T�H�v �b�T�2���F�B�M�;�- �Q�m�` �/�B�+�i�B�Q�M���`�v �B�K�T�H�B�+�B�i�H�v �b�i�Q�`�2�/ �i�?�2 �b�2�i �Q�7Vx

���M�/Vy ���b �i�?�2 �p���H�m�2 �#�Q�m�M�/ �i�QK x �X �h�?�B�b �T�`�Q�T�2�`�i�v �Q�7 �Q�m�` �+�Q�K�T�Q�m�M�/
�?�v�T�2�`�p�2�+�i�Q�` �K���F�2�b �B�i �#�2�?���p�2 �p�2�`�v �b�B�K�B�H���` �i�Q �r�?���i �b�Q�7�i�r���`�2 �2�M�;�B�M�2�2�`�b
�r�Q�m�H�/ �+���H�H ���?���b�? �i���#�H�2�X

�k�X�j�X�9���T�T�H�B�+���i�B�Q�M�b

�>���p�B�M�; �B�M�i�`�Q�/�m�+�2�/ �i�?�2 �K���i�?�2�K���i�B�+���H �7�`���K�2�r�Q�`�F �Q�7 �"�a�* �B�i �B�b �i�B�K�2 �i�Q
�/�B�b�+�m�b�b �?�Q�r �i�?�2�b�2 �+�Q�M�+�2�T�i�b ���`�2 ���T�T�H�B�2�/ �B�M �T�`���+�i�B�+�2�X �>�.�* �?���b �� �r�B�/�2
�`���M�;�2 �Q�7 ���T�T�H�B�+���i�B�Q�M�b �`���M�;�B�M�; �7�`�Q�K �+�H���b�b�B�+���H �B�M�7�2�`�2�M�+�2 �i���b�F�b �(�R�e�k�)���(�R�e�e�)�-
�b�2�H�7�@�b�m�T�2�`�p�B�b�2�/ �H�2���`�M�B�M�; ���T�T�H�B�+���i�B�Q�M�b �(�R�e�d�)�- �Q�p�2�` �+�Q�;�M�B�i�B�p�2 �K�Q�/�2�H�H�B�M�;
�(�R�e�3�)�- �(�R�e�N�) �i�Q �?�Q�H�B�b�i�B�+ �2�t�2�+�m�i�B�Q�M �Q�7 �+�H���b�b�B�+���H �}�M�B�i�2 �b�i���i�2 �K���+�?�B�M�2�b �(�R�d�y�)�-
�(�R�d�R�)�X �6�Q�` �i�?�2 �T�m�`�T�Q�b�2 �Q�7 �2�M�2�`�;�v�@�2�{�+�B�2�M�i �2�/�;�2 �+�Q�K�T�m�i�B�M�;�- �r�2 �H�B�K�B�i
�i�?�B�b �B�M�i�`�Q�/�m�+�i�B�Q�M �i�Q �B�M�7�2�`�2�M�+�2 ���T�T�H�B�+���i�B�Q�M�b �v�2�i �b�B�K�B�H���` �+�Q�M�+�2�T�i�b ���`�2
�m�b�2�/ �7�Q�` �b�2�H�7�@�b�m�T�2�`�p�B�b�2�/ �H�2���`�M�B�M�; �i���b�F�b�X

�6�B�;�m�`�2 �k�X�8 �B�H�H�m�b�i�`���i�2�b �i�?�2 �#���b�B�+ �i�2�K�T�H���i�2 �Q�7 �K�Q�b�i �o�a�� �#���b�2�/
�B�M�7�2�`�2�M�+�2 ���H�;�Q�`�B�i�?�K�b �7�Q�m�M�/ �B�M �i�?�2 �H�B�i�2�`���i�m�`�2�c ���i �i�?�2 �#�2�;�B�M�M�B�M�; �Q�7 �Q�m�`
�/���i�� �T�`�Q�+�2�b�b�B�M�; �T�B�T�2�H�B�M�2�- �r�2 �b�i���`�i �r�B�i�? �H�Q�r�@�/�B�K�2�M�b�B�Q�M���H �B�M�T�m�i �/���i���- �B�X�2�X�-
�`���r �b�2�M�b�Q�` �/���i�� �Q�` �T�`�2�T�`�Q�+�2�b�b�2�/ �7�2���i�m�`�2�b �i�?�2�`�2�Q�7�X �h�?�2 ���i�Q�K�B�+ �2�H�2�K�2�M�i�b�-
�p���H�m�2�b�- �Q�7 �i�?�B�b �B�M�T�m�i �/���i�� �b�i�`�2���K ���`�2 �K���T�T�2�/ �i�Q �B�i�2�K �p�2�+�i�Q�`�b �B�M �Q�m�`
�.�@�/�B�K�2�M�b�B�Q�M���H �"�a�*�X �h�?�2 �K���T�T�B�M�; �i�Q �i�?�2 �?�B�;�? �/�B�K�2�M�b�B�Q�M���H �b�T���+�2 �Q�7 �i�?�2
�B�M�T�m�i �/���i�� �b�?�Q�m�H�/ �+���T�i�m�`�2 �i�?�2 �/�2�b�B�`�2�/ �`�2�H���i�B�Q�M���H �T�`�Q�T�2�`�i�B�2�b �Q�7 �Q�m�` �B�M�T�m�i
�/���i���X �h�?�2�`�2 ���`�2 �i�r�Q �K���B�M ���T�T�`�Q���+�?�2�b �i�Q �i�?�B�b �K���T�T�B�M�; �T�`�Q�+�2�/�m�`�2�,

�_���M�/�Q�K �G���#�2�H�B�M�;�1���+�? �T�Q�b�b�B�#�H�2 �B�M�T�m�i �2�M�i�B�i�v �B�b ���b�b�B�;�M�2�/ �� �`���M�/�Q�K
�?�v�T�2�` �p�2�+�i�Q�`�X �h�?�B�b �B�b �i�?�2 ���T�T�`�Q���+�? �r�2 �B�M�i�`�Q�/�m�+�2�/ �B�M �b�2�+�i�B�Q�M



�k�X�j�X �>�u�S�1�_�@�.�A�J�1�L�a�A�P�L���G �*�P�J�S�l�h�A�L�: �e�R
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map to Item HD��Vectors
through Random Labeling
or Continuous Mapping

Digitized low-dimensional
Input Data

App. Specific 
Hyper Dimensional Encoding
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and Permutation
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combine to single
Vector for Lookup
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000100011000101...001101

Associative Memory

lookup composite
vector in AM

0��

IDX Vector

1��

2��

n:

"class 2"

Time Window

�6�B�;�m�`�2 �k�X�8�� �A�H�H�m�b�i�`���i�B�Q�M �Q�7 �� �o�a�� �#���b�2�/ �B�M�7�2�`�2�M�+�2 �T�B�T�2�H�B�M�2�X

�k�X�j�X�R ���M�/ �B�b �K�Q�b�i�H�v �m�b�2�/ �i�Q �2�M�+�Q�/�2 �/���i�� �H���#�2�H�b�X �1�X�;�X �+�Q�M�b�B�/�2�`
���M ���T�T�H�B�+���i�B�Q�M �r�?�2�`�2 �r�2 �T�2�`�7�Q�`�K �b�Q�K�2 �7�Q�`�K �Q�7 �B�M�7�2�`�2�M�+�2 �Q�M�-
���K�Q�M�; �Q�i�?�2�` �7�2���i�m�`�2�b�- �i�?�2 �2�v�2 �+�Q�H�Q�m�` �Q�7 �T�2�Q�T�H�2�X �A�M �i�?�B�b �+���b�2�-
�r�2 �r�Q�m�H�/ ���b�b�B�;�M �2���+�? �Q�7 �i�?�2 �/�2�}�M�2�/ �2�v�2 �+�Q�H�Q�m�` �H���#�2�H�b �ó�#�H�m�2�ô�-
�ó�;�`�2�2�M�ô�- �ó�#�`�Q�r�M�ô ���M�/ �ó�;�`�2�v�ô �Q�M�2 �`���M�/�Q�K �B�i�2�K �p�2�+�i�Q�`�X �h�?�2
�b���K�2 �2�v�2 �+�Q�H�Q�m�` �H���#�2�H �B�b ���H�r���v�b �K���T�T�2�/ �i�Q �i�?�2 �b���K�2 �B�i�2�K �p�2�+�i�Q�`
�#�m�i �p�2�+�i�Q�`�b �`�2�T�`�2�b�2�M�i�B�M�; �/�B�z�2�`�2�M�i �2�v�2 �+�Q�H�Q�m�`�b �/�Q �M�Q�i �b�?���`�2 ���M�v
�b�B�K�B�H���`�B�i�B�2�b�X �A�M �Q�i�?�2�` �r�Q�`�/�b�- �i�?�2 �Q�M�H�v� �̀2�H���i�B�Q�M���H�T�`�Q�T�2�`�i�v �r�2 ���`�2
�B�M�i�2�`�2�b�i�2�/ �i�Q �+���T�i�m�`�2 �B�M �i�?�B�b �2�t���K�T�H�2 �B�b �/�B�b�+�`�B�K�B�M���i�B�Q�M�- �B�X�2�X �i�?�2
���#�B�H�B�i�v �i�Q �+�H�2���`�H�v �/�B�b�i�B�M�;�m�B�b�? �#�2�i�r�2�2�M �i�?�2 �2�v�2 �+�Q�H�Q�m�`�b�X

�*�Q�M�i�B�M�m�Q�m�b �J���T�T�B�M�;�1���+�? �T�Q�b�b�B�#�H�2 �M�m�K�#�2�` �Q�m�` �b���K�T�H�2 �+�Q�m�H�/
���b�b�m�K�2 �B�b ���b�b�B�;�M�2�/ �� �`���M�/�Q�K �B�i�2�K �p�2�+�i�Q�`�X �>�Q�r�2�p�2�`�- �i�?�2
�K���;�M�B�i�m�/�2 �Q�7 �i�?�2 �/�B�z�2�`�2�M�+�2 �#�2�i�r�2�2�M ���M�v �i�r�Q �M�m�K�#�2�`�b �B�M �i�?�2
�B�M�T�m�i �b�T���+�2 �+�Q�`�`�2�H���i�2�b �r�B�i�? �i�?�2 �b�B�K�B�H���`�B�i�v �Q�7 �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�;
�B�i�2�K �p�2�+�i�Q�`�b �B�M �i�?�2 �?�B�;�? �/�B�K�2�M�b�B�Q�M���H �b�T���+�2�X �P�M�2 �r���v �i�Q ���+�?�B�2�p�2
�i�?�B�b �T�`�Q�T�2�`�i�v ���`�2 �b�Q�@�+���H�H�2�/�i�?�2�`�K�Q�K�2�i�2�` �+�Q�/�2�b�(�R�e�8�)�X �h�?�2 �B�/�2��
�B�b �i�Q �}�`�b�i �2�M�+�Q�/�2 �B�M�T�m�i �p���H�m�2�b �B�M �i�?�2 �`���M�;�2[min; max ] �i�Q ��
�i�?�2�`�K�Q�K�2�i�2�`�@�+�Q�/�2�/ �p�2�+�i�Q�`�X �h�?���i �B�b�- �� �p�2�+�i�Q�` �r�B�i�? �i�?�2 �M�m�K�#�2�`
�Q�7 �ö�R�ö�b �#�2�B�M�; �T�`�Q�T�Q�`�i�B�Q�M���H �i�Q �i�?�2 �p���H�m�2 �`���M�;�B�M�; �7�`�Q�K ���H�H�@�x�2�`�Q�2�b �i�Q
D=2 �Q�M�2�b�X �1�X�;�X �+�Q�M�b�B�/�2�` �i�?�2 �B�M�T�m�i �#�2�B�M�; �� �3�@�#�B�i �m�M�b�B�;�M�2�/ �B�M�i�2�;�2�`
�p���H�m�2�b �i�?���i ���`�2 �b�m�T�T�Q�b�2�/ �i�Q �#�2 �K���T�T�2�/ �i�Q �R�y�k�9�@�/�B�K�2�M�b�B�Q�M���H
�"�a�*�X �h�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�?�2�`�K�Q�K�2�i�2�` �+�Q�/�2 �p�2�+�i�Q�`�b �r�Q�m�H�/ �H�Q�Q�F
���b �7�Q�H�H�Q�r�b�,
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T0 =

1024z }| {
0000000000:::0

T1 = 11

1022z }| {
00000000:::0

T2 = 1111

1020z }| {
000000:::0

�X�X�X

T255 =

512z }| {
111:::1

512z }| {
000:::0

�q�2 �i�?�2�M �#�B�M�/ �i�?�2�b�2 �i�?�2�`�K�Q�K�2�i�2�` �+�Q�/�2�b �r�B�i�? �� �`���M�/�Q�K �H���#�2�H
�p�2�+�i�Q�`L ���M�/ �b�+�`���K�#�H�2 �i�?�2 �#�B�i �H�Q�+���i�B�Q�M�b �r�B�i�? �� �b�i���i�B�+ �`���M�/�Q�K
�T�2�`�K�m���i�B�Q�M�- �K�2���M�B�M�; �r�2 �B�M�B�i�B���H�H�v �+�?�Q�Q�b�2 �� �`���M�/�Q�K �T�2�`�K�m�i���i�B�Q�M
�#�m�i �Q�M�+�2 �r�2 �?���p�2 �Q�M�2�- �r�2 �F�2�2�T �m�b�B�M�; �i�?�2 �b���K�2 �T�2�`�K�m�i���i�B�Q�M �7�Q�`
�2�p�2�`�v �2�M�+�Q�/�B�M�;�,

Vx := � (LT x ) �U�k�X�R�j�V

�h�?�2 �`�2�b�m�H�i�b ���`�2 �b�2�2�K�B�M�;�H�v �`���M�/�Q�K �B�i�2�K �p�2�+�i�Q�`�b �#�m�i �b�B�K�B�H���` �p���H�m�2�b
�B�M �i�?�2 �B�M�T�m�i �b�T���+�2 ���`�2 �K���T�T�2�/ �i�Q �b�B�K�B�H���` �p�2�+�i�Q�`�b �B�M �>�.�@�b�T���+�2�X
�h�?�2 �i�r�Q �2�M�/�b �Q�7 �i�?�2 �p���H�m�2 �`���M�;�2 ���`�2 �K���T�T�2�/ �i�Q �K���t�B�K���H�H�v
�m�M�+�Q�`�`�2�H���i�2�/ �p�2�+�i�Q�`�b�X �h�?�2�`�2 ���`�2 �i�2�+�?�M�B�[�m�2�b �i�Q �2�t�i�2�M�/ �i�?�B�b �B�/�2�� �i�Q
�+�B�`�+�m�H���` �/���i�� �i�Q �2�M�+�Q�/�2 �2�X�;�X ���M�;�H�2�b�- �b�2���b�Q�M�b �Q�7 �� �v�2���`�- �T�Q�b�B�i�B�Q�M�b �Q�`
�i�B�K�2 �Q�7 �/���v �r�?�2�`�2 �r�2 �r���M�i �i�?�2 �i�r�Q �2�M�/�b �Q�7 �Q�m�` �`���M�;�2 �i�Q �+�Q�B�M�+�B�/�2
�B�M �i�2�`�K�b �Q�7 �b�B�K�B�H���`�B�i�v �(�R�d�k�)�X �>�Q�r�2�p�2�` �i�?�2 �b���K�T�H�2 ���T�T�H�B�+���i�B�Q�M�b
�r�2 �r�B�H�H �B�M�i�`�Q�/�m�+�2 �B�M �i�?�B�b �r�Q�`�F �`�2�H�v �Q�M� �̀��M�/�Q�K �H���#�2�H�H�B�M�;���M�/
�+�Q�M�i�B�M�m�Q�m�b �K���T�T�B�M�;�Q�M�H�v�X

�h�?�2 �M�2�t�i �b�i�2�T ���7�i�2�` �B�i�2�K �K�2�K�Q�`�v �K���T�T�B�M�; �B�b �i�Q �+�Q�K�#�B�M�2 �b�2�p�2�`���H
�B�M�T�m�i �B�i�2�K�b �#�2�H�Q�M�;�B�M�; �i�Q �i�?�2 �b���K�2 �2�p�2�M�i �Q�7 �B�M�i�2�`�2�b�i �B�M�i�Q �� �+�Q�K�T�Q�m�M�/
�?�v�T�2�`�@�/�B�K�2�M�b�B�Q�M���H �U�>�.�V�@�/���i�� �b�i�`�m�+�i�m�`�2�X �a�m�+�? ���M �2�p�2�M�i �Q�7 �B�M�i�2�`�2�b�i �+�Q�m�H�/
�#�2 �� �i�B�K�2�@�r�B�M�/�Q�r �r�B�i�?�B�M �� �i�B�K�2 �b�2�`�B�2�b ���b�b�Q�+�B���i�2�/ �r�B�i�? �� �+�2�`�i���B�M �+�H���b�b
�2�X�;�X �p�B�#�`���i�B�Q�M �� �T���i�i�2�`�M �Q�7 �� �K���+�?�B�M�2 ���b�b�Q�+�B���i�2�/ �r�B�i�? �K�2�+�?���M�B�+���H �7���B�H�m�`�2�X
�h�?�2 �+�`�m�+�B���H �T���`�i �Q�7 �i�?�B�b �b�i�2�T �B�b �i�Q �+���T�i�m�`�2 �i�?�2 �2�b�b�2�M�i�B���H �+�?���`���+�i�2�`�B�b�i�B�+�b
�H�B�F�2 �+���m�b���H�B�i�v�- �i�B�K�2�@�i�`���M�b�H���i�B�Q�M �B�M�p���`�B���M�+�2 �2�i�+�X �B�M �i�?�2 �+�Q�K�T�Q�m�M�/ �p�2�+�i�Q�`�X



�k�X�j�X �>�u�S�1�_�@�.�A�J�1�L�a�A�P�L���G �*�P�J�S�l�h�A�L�: �e�j

�h�?�B�b �T�`�Q�+�2�b�b �B�b �+�Q�K�K�Q�M�H�v �+���H�H�2�/�?�v�T�2� �̀/�B�K�2�M�b�B�Q�M���H �2�M�+�Q�/�B�M�;���M�/ �`�2�H�B�2�b
�Q�M �i�?�2 �2�t�T�2�`�B�2�M�+�2 ���M�/ �2�t�T�2�`�i�B�b�2 �Q�7 �i�?�2 ���H�;�Q�`�B�i�?�K �/�2�b�B�;�M�2�` �i�Q �+�Q�K�2
�m�T �r�B�i�? �� �b�m�B�i���#�H�2 �2�M�+�Q�/�B�M�; �b�+�?�2�K�2�X �h�?�2 �`�2�b�m�H�i �B�b �� �b�B�M�;�H�2 �>�.�@�p�2�+�i�Q�`
�T�2�` �H���#�2�H�H�2�/ �2�p�2�M�i�X

�.�m�`�B�M�; �i�?�2 �i�`���B�M�B�M�; �T�?���b�2 �Q�7 �i�?�2 �o�a���@�#���b�2�/ �+�H���b�b�B�}�+���i�B�Q�M ���H�;�Q�`�B�i�?�K�-
���H�H �+�Q�K�T�Q�m�M�/ �p�2�+�i�Q�`�b �#�2�H�Q�M�;�B�M�; �i�Q �i�?�2 �b���K�2 �+�H���b�b ���`�2�#�m�M�/�H�2�/�i�Q�;�2�i�?�2�`
�i�Q �+�`�2���i�2 �� �b�Q�@�+���H�H�2�/�T� �̀Q�i�Q�i�v�T�2 �p�2�+�i�Q�`�i�?���i �`�2�T�`�2�b�2�M�i�b �i�?�2 �b�2�i �Q�7 �i�?�2 �2�M�i�B�`�2
�>�.�@�2�M�+�Q�/�2�/ �i�`���B�M�B�M�; �/���i�� �Q�7 �i�?���i �T���`�i�B�+�m�H���` �+�H���b�b�X �h�?�2�b�2 �T�`�Q�i�Q�i�v�T�2
�p�2�+�i�Q�`�b ���`�2 �b�i�Q�`�2�/ �B�M ���M ���J�X

�6�Q�` �B�M�7�2�`�2�M�+�2�- �i�?�2 �b���K�2 �B�i�2�K �K���T�T�B�M�; ���M�/ �2�M�+�Q�/�B�M�; �b�i�2�T�b ���`�2
�`�2�T�2���i�2�/ �Q�M �i�?�2 �m�M�b�2�2�M �B�M�T�m�i �/���i���X �>�Q�r�2�p�2�`�- �B�M �+�Q�M�i�`���b�i �i�Q �i�?�2
�i�`���B�M�B�M�; �T�?���b�2�- �i�?�2 �+�Q�K�T�Q�m�M�/ �p�2�+�i�Q�` �B�b �M�Q�i �m�b�2�/ �i�Q �m�T�/���i�2 �#�m�i �i�Q
�H�Q�Q�F�m�T�i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �T�`�Q�i�Q�i�v�T�2 �p�2�+�i�Q�` �B�M �i�?�2 ���J�X

���H�i�?�Q�m�;�? �[�m�B�i�2 �b�B�K�T�H�2�- �i�?�B�b �#���b�B�+ �>�.�* �B�M�7�2�`�2�M�+�2 �i�2�K�T�H���i�2 ���+�?�B�2�p�2�b
�� �[�m�B�i�2 �+�Q�K�T�2�i�B�i�B�p�2 �+�H���b�b�B�}�+���i�B�Q�M �T�2�`�7�Q�`�K���M�+�2 �Q�M �b�K���H�H �i�Q �K�Q�/�2�`���i�2�H�v�@
�b�B�x�2�/ �T�`�Q�#�H�2�K�b �H�B�F�2 �2�H�2�+�i�`�Q�K�v�Q�;�`���T�?�v �U�1�J�:�V �;�2�b�i�m�`�2 �`�2�+�Q�;�M�B�i�B�Q�M�-
�m�b�2�` ���+�i�B�p�B�i�v �`�2�+�Q�;�M�B�i�B�Q�M �Q�` �H���M�;�m���;�2 �B�/�2�M�i�B�}�+���i�B�Q�M �(�R�d�j�)�X �h�?�`�2�2
�+�?���`���+�i�2�`�B�b�i�B�+�b �Q�7 �i�?�2 ���#�Q�p�2 ���H�;�Q�`�B�i�?�K�B�+ �i�2�K�T�H���i�2 ���`�2 �r�Q�`�i�? �M�Q�i�B�M�;�c

�R�X�h�?�2 �+�H���b�b�B�}�+���i�B�Q�M ���H�;�Q�`�B�i�?�K �/�2�T�2�M�/�b �+�`�m�+�B���H�H�v �Q�M �i�?�2 �?�v�T�2�`�@
�/�B�K�2�M�b�B�Q�M���H �2�M�+�Q�/�B�M�; ���H�;�Q�`�B�i�?�K �m�b�2�/�X

�k�X�h�`���B�M�B�M�; ���M�/ �A�M�7�2�`�2�M�+�2 ���`�2 ���H�K�Q�b�i �b�v�K�K�2�i�`�B�+���H �B�M �i�2�`�K�b �Q�7
���H�;�Q�`�B�i�?�K ���M�/ �+�Q�K�T�m�i���i�B�Q�M���H �+�Q�K�T�H�2�t�B�i�v�X �h�?�2 �Q�M�H�v �/�B�z�2�`�2�M�+�2
�B�b �i�?�2 �p�2�`�v �H���b�i �b�i�2�T �r�?�2�`�2 �r�2 �m�T�/���i�2 �i�?�2 �T�`�Q�i�Q�i�v�T�2 �p�2�+�i�Q�`
�/�m�`�B�M�; �i�`���B�M�B�M�; �m�b�B�M�; �i�?�2 �#�m�M�/�H�B�M�; �Q�T�2�`���i�B�Q�M �+�Q�K�T���`�2�/ �i�Q ���M
���b�b�Q�+�B���i�B�p�2 �H�Q�Q�F�m�T �Q�T�2�`���i�B�Q�M �m�b�2�/ �7�Q�` �B�M�7�2�`�2�M�+�2

�j�X�� �b�B�M�;�H�2 �T���b�b �Q�p�2�` �i�?�2 �i�`���B�M�B�M�; �/���i�� �b�2�i �B�b �m�b�m���H�H�v �2�M�Q�m�;�? �i�Q
���+�?�B�2�p�2 �+�Q�K�T�2�i�B�i�B�p�2 �`�2�b�m�H�i�b�X �h�?�B�b �B�b �B�M �b�i���`�F �+�Q�M�i�`���b�i �i�Q �L�L
�#���b�2�/ ���H�;�Q�`�B�i�?�K�b �i�?���i �`�2�[�m�B�`�2 �M�m�K�2�`�Q�m�b �2�M�2�`�;�v�@�+�Q�M�b�m�K�B�M�;
�B�i�2�`���i�B�Q�M�b �Q�p�2�` �i�?�2 �/���i���b�2�i �i�Q �+�Q�M�p�2�`�;�2 �i�Q �� �H�Q�+���H �K�B�M�B�K�m�K �B�M
�i�?�2 �H�Q�b�b �7�m�M�+�i�B�Q�M�ö�b �;�`���/�B�2�M�i�X



�e�9 �*�>���S�h�1�_ �k�X ���S�S�G�A�*���h�A�P�L�a ���L�. ���G�:�P�_�A�h�>�J�a

�k�X�9�a�m�K�K���`�v

�A�M �i�?�B�b �+�?���T�i�2�`�- �r�2 �B�M�i�`�Q�/�m�+�2�/ �i�r�Q ���H�i�2�`�M���i�B�p�2 ���A�@�/�`�B�p�2�M �/���i�� �T�`�Q�+�2�b�b�B�M�;
�7�`���K�2�r�Q�`�F�b �i�?���i ���`�2 �#�Q�i�? �b�m�B�i�2�/ �7�Q�` �m�H�i�`���@�H�Q�r �T�Q�r�2�` �2�/�;�2 �+�Q�K�T�m�i�B�M�;
���T�T�H�B�+���i�B�Q�M�b�X �Z�L�L �B�b �i�?�2 �K�Q�`�2 �2�b�i���#�H�B�b�?�2�/ �7�`���K�2�r�Q�`�F �i�?���i �b�2�2�b �K�Q�`�2
���M�/ �K�Q�`�2 ���T�T�H�B�+���i�B�Q�M�b �Q�M �2�M�2�`�;�v�@�+�Q�M�b�i�`���B�M�2�/ �/�2�p�B�+�2�b �B�M �i�?�2 �r�B�H�/�X
�>�.�*�b �Q�M �i�?�2 �Q�i�?�2�` �?���M�/ �?���b �p�2�`�v �B�M�i�2�`�2�b�i�B�M�; �2�`�`�Q�` �`�2�b�B�H�B�2�M�+�v ���M�/
�/���i�� �T���`���H�H�2�H�B�b�K �T�`�Q�T�2�`�i�B�2�b �r�?�B�+�? �T�`�2�b�2�M�i �B�i ���b �� �T�`�B�K�2 �+���M�/�B�/���i�2
�7�Q�` �i�?�2 �M�2�t�i �;�2�M�2�`���i�B�Q�M �Q�7�b�i�Q�+�?���b�i�B�+�+�Q�K�T�m�i�B�M�; �T�H���i�7�Q�`�K�b �#���b�2�/ �Q�M
�M�Q�p�2�H �M�Q�M�@�p�Q�H���i�B�H�2 �K�2�K�Q�`�v �i�2�+�?�M�Q�H�Q�;�B�2�b�X �>�Q�r�2�p�2�`�- �r�2 �K�m�b�i �2�K�T�?���b�B�x�2
�Q�M�+�2 ���;���B�M �i�?���i �i�?�2 �T�`�Q�#�H�2�K �+�H���b�b�2�b �r�?�B�+�? �>�.�* �B�b ���#�H�2 �i�Q �i���+�F�H�2 �r�B�i�?
�+�Q�K�T�2�i�B�i�B�p�2 �T�2�`�7�Q�`�K���M�+�2 ���`�2 �+�m�`�`�2�M�i�H�v �H�B�K�B�i�2�/ �i�Q �b�K���H�H�2�` �T�`�Q�#�H�2�K�b ���M�/
�i�?�2 �;�2�M�2�`���H�B�x���i�B�Q�M �+���T���#�B�H�B�i�B�2�b �Q�7 �L�L�@�#���b�2�/ ���H�;�Q�`�B�i�?�K�b �B�M �b�+���H�2�/�@�m�T
�M�2�i�r�Q�`�F �i�Q�T�Q�H�Q�;�B�2�b �+���M �b�i�B�H�H �M�Q�i �#�2 �+�Q�K�T�2�i�2�/ �r�B�i�?�X �h�?���i �#�2�B�M�; �b���B�/ �B�i
�B�b �r�Q�`�i�? �M�Q�i�B�M�; �i�?���i �i�?�2 �`�2�b�2���`�+�? �B�M�i�2�`�2�b�i �B�M �>�.�* �?���b �Q�M�H�v �`�2�+�2�M�i�H�v
�;���B�M�2�/ �b�B�;�M�B�}�+���M�i �i�`���+�i�B�Q�M �B�M �i�?�2 �b�+�B�2�M�i�B�}�+ �+�Q�K�K�m�M�B�i�v�X �h�?�2�`�2 �B�b �b�i�B�H�H ��
�H�Q�i �Q�7 �;�`�Q�m�M�/ �i�Q �+�Q�p�2�` �r�?�2�`�2���b �`�2�b�2���`�+�? �Q�M ���`�i�B�}�+�B���H �M�2�m�`���H �M�2�i�r�Q�`�F�b
�B�b �+�m�`�`�2�M�i�H�v ���i ���M ���H�H�@�i�B�K�2 �T�2���F �r�B�i�? ���M �Q�`�/�2�`�b �Q�7 �K���;�M�B�i�m�/�2 �H���`�;�2�`
�`�2�b�2���`�+�? �+�Q�K�K�m�M�B�i�v �i�Q �7�m�2�H ���/�p���M�+�2�K�2�M�i�b�X



�*�?���T�i�2�` �j

�1�M�2�`�;�v �1�{�+�B�2�M�i �*�B�`�+�m�B�i�b �7�Q�`
�l�G�S �L�2���`�@�a�2�M�b�Q�` �S�`�Q�+�2�b�b�B�M�;

�j�X�R�A�M�i�`�Q�/�m�+�i�B�Q�M

���7�i�2�` �2�b�i���#�H�B�b�?�B�M�; �i�?�2 �#���+�F�;�`�Q�m�M�/ �Q�M �i�?�2 �?���`�/�r���`�2 ���M�/ �b�Q�7�i�r���`�2 �b�B�/�2
�7�Q�` �l�G�S ���H�r���v�b�@�Q�M �b�v�b�i�2�K�b�- �i�?�B�b �+�?���T�i�2�` �B�M�i�`�Q�/�m�+�2�b �M�Q�p�2�H �F�2�v �#�m�B�H�/�B�M�;
�#�H�Q�+�F�b �7�Q�` �2�M�2�`�;�v�@�T�`�Q�T�Q�`�i�B�Q�M���H �a�Q�* ���`�+�?�B�i�2�+�i�m�`�2�b �i���B�H�Q�`�2�/ �i�Q �M�2���`�@�b�2�M�b�Q�`
�+�Q�K�T�m�i���i�B�Q�M �i�?���i �r�B�H�H �#�2 �+�Q�p�2�`�2�/ �B�M �+�?���T�i�2�` �9�X
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���M�/ �T�`�Q�;�`���K�K�B�M�; �Q�7 �T�`�Q�i�Q�i�v�T�2 �p�2�+�i�Q�`�b �#�v ���M �2�t�i�2�`�M���H �/�2�p�B�+�2 �i�?�`�Q�m�;�?
�� �j�k�@�#�B�i ���S�" �+�Q�M�}�;�m�`���i�B�Q�M �B�M�i�2�`�7���+�2�X

�A�M �K�Q�b�i �>�.�*�@�#���b�2�/ �+�H���b�b�B�}�+���i�B�Q�M �b�+�?�2�K�2�b�- �i�?�2 ���J �Q�M�H�v �F�2�2�T�b
�?�Q�H�/ �Q�7 �i�?�2 �T�`�Q�i�Q�i�v�T�2 �p�2�+�i�Q�`�b �`�2�T�`�2�b�2�M�i�B�M�; �i�?�2 �B�M�/�B�p�B�/�m���H �+�H���b�b�2�b�X �h�?�2
�T�`�Q�T�Q�b�2�/ ���`�+�?�B�i�2�+�i�m�`�2 �/�B�z�2�`�b �B�M �i�?���i �`�2�;���`�/ �#�v �m�b�B�M�; �`�Q�r�b �Q�7 �i�?�2 ���J
�i�Q �b�i�Q�`�2 �i�?�2 �B�i�2�`���i�B�p�2 �2�M�+�Q�/�B�M�; �T�`�Q�+�2�b�b�ö�b �B�M�i�2�`�K�2�/�B���i�2 �`�2�b�m�H�i�b�X �h�?�2 ���J



�j�X�j�X �"�l�A�G�.�A�L�: �"�G�P�*�E�a �6�P�_ �1�L�1�_�:�u�@�1�6�6�A�*�A�1�L�h �>�.�*�e�N

D Q
D Q

D Q
D Q
D Q

D Q
D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D QD Q

Associative SCM
Write Addr

G
lo

ba
l W

rit
e 

E
na

bl
e

W
rit

e 
A

dd
re

ss
 D

ec
od

er

R
ea

d 
A

dd
re

ss
 D

ec
od

er

Read Addr

CLK

N �� K �� D/K bits

D Q

�� �� �� �� �� �� �� ��

+ + + +

+ ++

+

A��B?

R
es

ul
t R

eg

A��B?

32
�� 

bi
t R

W
 A

cc
es

s 

Configurable 
Threshold

512

Hamming Distance
Calculation

Min Distance 
Search

Interrupt

to
HDC
Encoder

from
HDC

Encoder

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

D Q
D Q

Class Prototype Vectors
&
Encoder Scratchpad Vectors

Search Vector

�6�B�;�m�`�2 �j�X�R�� ���`�+�?�B�i�2�+�i�m�`�2 �Q�7 �i�?�2 �H���i�+�?�@�+�2�H�H �#���b�2�/ ���H�H�@�/�B�;�B�i���H ���J�X �o�2�+�i�Q�`�b �+���M
�#�2 �`�2���/ ���M�/ �r�`�B�i�i�2�M �b�B�K�m�H�i���M�2�Q�m�b�H�v �B�M �b�m�# �`�Q�r�b �Q�7 �H�2�M�;�i�?D=K �X �h�?�2 �H���b�i �p�2�+�i�Q�`
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�i�?�m�b �b�2�`�p�2�b �i�?�2 �/�Q�m�#�H�2 �T�m�`�T�Q�b�2 �Q�7 �� �`�2�;�B�b�i�2�` �}�H�2 �7�Q�` �2�M�i�B�`�2 �>�.�@�p�2�+�i�Q�`�b
�U�Q�` �p�2�+�i�Q�` �b�m�#�T���`�i�b �B�M �+���b�2�p�2�+�i�Q�` �7�Q�H�/K > 1�V�X

���H�i�?�Q�m�;�? �H���i�+�? �+�2�H�H�b �/�`���b�i�B�+���H�H�v �`�2�/�m�+�2 �i�?�2 �B�K�T���+�i �Q�M ���`�2�� �7�Q�Q�i�T�`�B�M�i
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�U�a�h���V�X �.�m�2 �i�Q �i�?�2�B�` �i�`���M�b�T���`�2�M�i �M���i�m�`�2 �/�m�`�B�M�; �r�`�B�i�2 ���+�+�2�b�b�- �Q�M�2 �K�m�b�i
�i���F�2 �+���`�2 �M�Q�i �i�Q �B�M�i�`�Q�/�m�+�2 �+�Q�K�#�B�M���i�B�Q�M���H �H�Q�Q�T�b�X �q�?�B�H�2 �h�2�K���M�2�i ���H�X
�b�m�;�;�2�b�i �/�2�+�Q�m�T�H�B�M�; �i�?�2 �K�2�K�Q�`�v �#�v �m�b�B�M�; �~�B�T�@�~�Q�T�b ���i �i�?�2 �A�P �#�Q�m�M�/���`�v
�Q�7 �i�?�2 �K�2�K�Q�`�v �(�e�3�)�- �r�2 �`�2�T�m�`�T�Q�b�2�/ �i�?�2 �Q�m�i�T�m�i �`�2�;�B�b�i�2�` �B�M �i�?�2 �2�M�+�Q�/�2�`
�b�i���;�2 �i�Q �#�`�2���F �+�Q�K�#�B�M���i�B�Q�M���H �H�Q�Q�T�b�X �h�?�B�b ���T�T�`�Q���+�?�- �+�Q�m�T�H�2�/ �r�B�i�?
�K�m�H�i�B�@�+�v�+�H�2 �T���i�? �+�Q�M�b�i�`���B�M�i�b �7�Q�` �a�h�� �(�e�3�)�- ���H�H�Q�r�b �i�`�2���i�B�M�; �i�?�2 ���J �H�B�F�2
�� �`�2�;�m�H���` �~�B�T�@�~�Q�T�@�#���b�2�/ �b�v�M�+�?�`�Q�M�Q�m�b �/�2�b�B�;�M �/�m�`�B�M�; �b�v�M�i�?�2�b�B�b�X

���b�b�Q�+�B���i�B�p�2 �G�Q�Q�F�m�T �G�Q�;�B�+

�h�?�2�`�2 ���`�2 �b�2�p�2�`���H �T�Q�b�b�B�#�B�H�B�i�B�2�b �Q�M �?�Q�r �i�Q �/�2�b�B�;�M �i�?�2 �/�B�;�B�i���H �H�Q�;�B�+ �7�Q�`
���b�b�Q�+�B���i�B�p�2 �H�Q�Q�F�m�T�X �P�M�2 �Q�T�i�B�Q�M �r�2 �+�Q�M�b�B�/�2�`�2�/ �r���b �i�Q �?���p�2 �� �7�m�H�H�v
�T���`���H�H�2�H ���`�+�?�B�i�2�+�i�m�`�2 �r�B�i�? �s�P�_�@�;���i�2�b �#�2�i�r�2�2�M �i�?�2 �b�2���`�+�? �p�2�+�i�Q�` ���M�/
�2���+�? �K�2�K�Q�`�v �`�Q�r�- �+�Q�K�#�B�M���i�B�Q�M���H ���/�/�2�` �i�`�2�2�b�- ���M�/ �+�Q�K�T���`���i�Q�`�b �i�Q
�+�Q�K�#�B�M���i�B�Q�M���H�H�v �/�2�i�2�`�K�B�M�2 �i�?�2 �2�M�i�`�v �Q�7 �K�B�M�B�K�m�K �>���K�K�B�M�; �/�B�b�i���M�+�2�X
�>�Q�r�2�p�2�`�- ���b �r�2 �r�B�H�H �b�2�2 �B�M �a�2�+�i�B�Q�M �j�X�j�X�R�- �i�?�2 �Q�p�2�`�?�2���/ �B�M ���`�2�� ���M�/
�H�2���F���;�2 �T�Q�r�2�` �m�H�i�B�K���i�2�H�v �H�2���/ �m�b �i�Q �;�Q �7�Q�` ���M �B�i�2�`���i�B�p�2 ���T�T�`�Q���+�?�X ���b
�b�?�Q�r�M �B�M �}�;�m�`�2 �j�X�R�- �i�?�2 �>�.�@�p�2�+�i�Q�` �b�H�Q�i ���+�i�b ���b �i�?�2 �b�2���`�+�? �p�2�+�i�Q�` �B�M �i�?�2
�T�`�Q�T�Q�b�2�/ ���`�+�?�B�i�2�+�i�m�`�2�X �h�?�2 �H�Q�Q�F�m�T �H�Q�;�B�+ �B�i�2�`���i�2�b �Q�p�2�` �2���+�? �K�2�K�Q�`�v �`�Q�r�-
�+���H�+�m�H���i�B�M�; �i�?�2 �>���K�K�B�M�; �/�B�b�i���M�+�2 �#�2�i�r�2�2�M �Q�M�2 �b�m�#�T���`�i �Q�7 �i�?�2 �b�2���`�+�?
�p�2�+�i�Q�` ���M�/ �� �b�m�#�T���`�i �Q�7 �Q�M�2 �Q�7 �i�?�2 �b�i�Q�`�2�/ �>�. �p�2�+�i�Q�`�b ���i �� �i�B�K�2�X �h�?�2
�+�Q�M�i�`�Q�H �H�Q�;�B�+ ���+�+�m�K�m�H���i�2�b �i�?�2 �>���K�K�B�M�; �/�B�b�i���M�+�2 �#�2�i�r�2�2�M �i�?�2 �b�m�#�T���`�i�b
���M�/ �B�i�2�`���i�B�p�2�H�v �/�2�i�2�`�K�B�M�2�b �i�?�2 �K�Q�b�i �b�B�K�B�H���` �2�M�i�`�v�ö�b �B�M�/�2�t ���M�/ �/�B�b�i���M�+�2�X

�1�M�2�`�;�v ���M�/ ���`�2�� �Q�p�2�`�?�2���/ ���M���H�v�b�B�b �Q�7 �a�*�J�@�#���b�2�/ ���J�b

�h���#�H�2 �j�X�R �T�`�Q�p�B�/�2�b ���M �2�p���H�m���i�B�Q�M �Q�7 �i�?�2 ���`�2�� �Q�p�2�`�?�2���/ ���M�/ �2�M�2�`�;�v �2�{�@
�+�B�2�M�+�v �7�Q�` �� �7�m�H�H�v �+�Q�K�#�B�M���i�B�Q�M���H ���M�/ �i�?�2 �`�Q�r�@�b�2�[�m�2�M�i�B���H ���J ���`�+�?�B�i�2�+�i�m�`�2
�/�2�b�+�`�B�#�2�/ �B�M �a�2�+�i�B�Q�M �j�X�j�X�R�X �h�Q �;�2�i ���M ���+�+�m�`���i�2 �2�b�i�B�K���i�2 �Q�7 �i�?�2 �/�2�H���v ���M�/
�T�Q�r�2�` �+�Q�M�b�m�K�T�i�B�Q�M ���i �b�m�#�@�M�Q�K�B�M���H �p�Q�H�i���;�2�b�- �i�?�2 �+�Q�K�T�H�2�i�2 �b�i���M�/���`�/
�+�2�H�H �H�B�#�`���`�v �r���b �`�2�+�?���`���+�i�2�`�B�x�2�/ �r�B�i�? �b�T�B�+�2 �b�B�K�m�H���i�B�Q�M�b �m�b�B�M�; �*���/�2�M�+�2
�G�B�#�2�`���i�2 �7�Q�` ��VDD �+�Q�`�M�2�` �Q�7 �y�X�e�o�X ���i �i�?�B�b �p�Q�H�i���;�2�- ���H�H �b�i���M�/���`�/ �+�2�H�H�b
�r�B�i�?�B�M �i�?�2 �H�B�#�`���`�v ���`�2 �b�i�B�H�H �Q�T�2�`���i�B�Q�M���H �B�M �b�T�B�+�2 �b�B�K�m�H���i�B�Q�M�X
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�a�2�[�m�2�M�i�B���H �a�*�J ���J �R�y�R �R�X�k�N �y�X�k�j �k�j�8�j �8�8�e �d�X�8 �R�X�d
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�d�9 �*�>���S�h�1�_ �j�X �1�L�1�_�:�u �1�6�6�A�*�A�1�L�h �*�A�_�*�l�A�h�a

�J�B�t�B�M�; �a�i���;�2

�h�?�2 �J�B�t�2�` �b�m�#�K�Q�/�m�H�2 �p�B�b�m���H�B�x�2�/ �B�M �}�;�m�`�2 �j�X�k �;�2�M�2�`���i�2�b �[�m���b�B�@
�Q�`�i�?�Q�;�Q�M���H �T�b�2�m�/�Q�@�`���M�/�Q�K �>�. �p�2�+�i�Q�`�b�X �h�?�2 �`�2�K���i�2�`�B���H�B�x���i�B�Q�M�- �B�X�2�X�-
�Q�M�@�i�?�2�@�~�v �`�2�;�2�M�2�`���i�B�Q�M�- �Q�7 �b�m�+�? �p�2�+�i�Q�`�b �B�b ���M ���`�2���@�2�{�+�B�2�M�i ���H�i�2�`�M���i�B�p�2
�i�Q �2�t�T�H�B�+�B�i �b�i�Q�`���;�2 �Q�7 �H���`�;�2 �M�m�K�#�2�`�b �Q�7 �B�i�2�K �p�2�+�i�Q�`�b �`�2�[�m�B�`�2�/ �7�Q�` �B�M�T�m�i
�i�Q �>�. �b�T���+�2 �K���T�T�B�M�;�X

�h�?�2 �K�B�t�2�` �b�i���;�2 �7�2�2�/�b �i�?�2 �B�M�T�m�i �p�2�+�i�Q�` �b�2�H�2�+�i�2�/ �#�v �i�?�2 �2�M�+�Q�/�2�`
�B�M�T�m�i �b�i���;�2 �i�?�`�Q�m�;�? �Q�M�2 �Q�7 �i�r�Q �?���`�/�r�B�`�2�/ �`���M�/�Q�K �T�2�`�K�m�i���i�B�Q�M�b� 0

���M�/� 1�X �h�?�2 �2�M�+�Q�/�2�` �K���T�b �� �;�B�p�2�M �H�Q�r�@�/�B�K�2�M�b�B�Q�M���H �#�B�M���`�v �B�M�T�m�i
�/���i�m�Kw �7�`�Q�K �i�?�2 �B�M�T�m�i �/�Q�K���B�MD �i�Q �i�?�2 �T�b�2�m�/�Q�@�`���M�/�Q�K �>�.�@�p�2�+�i�Q�`
Vw �#�v �B�i�2�`���i�B�p�2�H�v ���T�T�H�v�B�M�; �Q�M�2 �Q�7 �i�?�2 �i�r�Q �T�2�`�K�m�i���i�B�Q�M�b� 0 ���M�/� 1

�i�Q �� �?���`�/�r�B�`�2�/ �b�2�2�/ �p�2�+�i�Q�`S�,

Vw =
nY

k=0

� i S�- �7�Q�`i =

(
0 ; �B�7wk = 0
1 ; �B�7wk = 1

�U�j�X�R�V

�r�?�2�`�2wk �/�2�M�Q�i�2�b �i�?�2 �F�i�? �#�B�i �T�Q�b�B�i�B�Q�M �B�M �i�?�2 �B�M�T�m�i �r�Q�`�/ �r�ö�b �#�B�M���`�v
�`�2�T�`�2�b�2�M�i���i�B�Q�M ���M�/n = log2 jDj�X

�A�i�2�`���i�B�p�2�H�v ���T�T�H�v�B�M�; �i�r�Q �`���M�/�Q�K �T�2�`�K�m�i���i�B�Q�M�b ���b ���M ���H�i�2�`�M���i�B�p�2
�i�Q �b�i�Q�`�B�M�; ���+�i�m���H�H�v �`���M�/�Q�K �B�i�2�K �p�2�+�i�Q�`�b �Q�#�p�B�Q�m�b�H�v �`�2�[�m�B�`�2�b �b�Q�K�2
�K���i�?�2�K���i�B�+���H ���M���H�v�b�B�b �Q�7 �i�?�2 �[�m���H�B�i�v �Q�7 �`���M�/�Q�K�M�2�b�b �T�`�Q�/�m�+�2�/ �#�v �i�?�B�b
���T�T�`�Q���+�?�X �G�2�i �m�b ���b�b�m�K�2 �7�Q�` �� �K�Q�K�2�M�i �i�?���i �r�2 ���`�2 �m�b�B�M�; ���/�B�z�2� �̀2�M�i
�`���M�/�Q�K �T�2�`�K�m�i���i�B�Q�M� w �7�Q�` �2�p�2�`�v �T�Q�b�b�B�#�H�2 �B�M�T�m�i �p���H�m�2w�X �A�M�i�m�B�i�B�p�2�H�v�-
�B�7 �r�2 ���b�b�m�K�2 �i�?�2 �b�2�2�/ �p�2�+�i�Q�`S �i�Q �#�2 �`���M�/�Q�K �r�B�i�? �?���K�K�B�M�; �r�2�B�;�?�i
WH �- �� �i�`�m�H�v �`���M�/�Q�K �T�2�`�K�m�i���i�B�Q�M �+�Q�m�H�/ �v�B�2�H�/ �m�b ���M�v �T�Q�b�b�B�#�H�2D �@�#�B�i
�p�2�+�i�Q�` �r�B�i�? �i�?�2 �b���K�2 �?���K�K�B�M�; �r�2�B�;�?�iHS �X �:�B�p�2�M �i�?�2 �7���+�i �i�?���i �r�2
���B�K �7�Q�` �B�X�B�X�/�X �/�B�b�i�`�B�#�m�i�2�/ �p�2�+�i�Q�` �/�B�K�2�M�b�B�Q�M�b�- �B�M �Q�i�?�2�` �r�Q�`�/�b�- �p�2�+�i�Q�`�b
�r�B�i�? �� �?���K�K�B�M�; �r�2�B�;�?�i �Q�7HS � D=2 �r�2 ���`�2 �M�Q�i �i�Q�Q �K�m�+�? �+�Q�M�+�2�`�M�2�/
���#�Q�m�i �i�?�2 �7���+�i �i�?���i �i�?�2 �?���K�K�B�M�; �r�2�B�;�?�i �+���M�M�Q�i �+�?���M�;�2�X �h�?�2 �i���`�;�2�i
�b�T���+�2V �Q�m�` �i�`�m�H�v �`���M�/�Q�K �T�2�`�K�m�i���i�B�Q�M�b �+���M �T�`�Q�/�m�+�2 �;�B�p�2�M �Q�m�` �b�2�2�/
�p�2�+�i�Q�` �B�b �b�i�B�H�H �p�2�`�v �p���b�i �r�B�i�? �+���`�/�B�M���H�B�i�v�-

jVj =
�

D
HS

�
�U�j�X�k�V

�>�Q�r�2�p�2�`�- �Q�m�` �T�`�Q�T�Q�b�2�/ �K�B�t�B�M�; �b�i���;�2 �/�Q�2�b �M�Q�i �m�b�2 �� �/�B�z�2�`�2�M�i
�`���M�/�Q�K �T�2�`�K�m�i���i�B�Q�M �7�Q�` �2�p�2�`�vw �U�i�?�2 �?���`�/�r���`�2 �Q�p�2�`�?�2���/ �Q�7 �i�?�B�b �r�Q�m�H�/
�#�2 �2�M�Q�`�K�Q�m�b�V �#�m�i �B�M�b�i�2���/ �m�b�2�b �i�r�Q �p�2�`�v �+�?�2���T �?���`�/�r�B�`�2�/ �`���M�/�Q�K



�j�X�j�X �"�l�A�G�.�A�L�: �"�G�P�*�E�a �6�P�_ �1�L�1�_�:�u�@�1�6�6�A�*�A�1�L�h �>�.�*�d�8

�T�2�`�K�m�i���i�B�Q�M�b �B�i�2�`���i�B�p�2�H�v�X �h�?�2 �K���i�?�2�K���i�B�+���H �[�m�2�b�i�B�Q�M �r�2 ���`�2 �i�?�m�b
�i�`�v�B�M�; �i�Q ���M�b�r�2�` �B�b�,

�:�B�p�2�M �i�r�Q � �̀��M�/�Q�K �T�2�`�K�m�i���i�B�Q�M�b� 0 ���M�/� 1 ���M�/ �� � �̀��M�/�Q�K �B�M�T�m�i �r�Q� �̀/
w�- �?�Q�r �r�2�H�H �/�Q�2�b �i�?�2 ���H�;�Q�`�B�i�?�K �Q�m�i�H�B�M�2�/ �B�M �2�[�m���i�B�Q�M �U�j�X�R�V ���T�T� �̀Q�t�B�K���i�2
�i�?�2 �m�b�2 �Q�7 �m�M�B�[�m�2 � �̀��M�/�Q�K �T�2�`�K�m�i���i�B�Q�M �T�2�` �B�i�2�Kw�\

�h�Q ���M�b�r�2�` �i�?�B�b �[�m�2�b�i�B�Q�M�- �B�i �B�b �m�b�2�7�m�H �i�Q �H�Q�Q�F ���i �Q�m�` �T�`�Q�#�H�2�K �7�`�Q�K ��
�/�B�z�2�`�2�M�i ���M�;�H�2�X �q�2 �r�B�H�H �i�?�m�b �+�Q�M�/�m�+�i �� �#�`�B�2�7 �2�t�+�m�`�b�B�Q�M �i�Q �i�?�2 �`�2���H�K
�Q�7 ���#�b�i�`���+�i ���H�;�2�#�`���,

�� �K���i�?�2�K���i�B�+���H �;�`�Q�m�T �B�b �/�2�}�M�2�/ ���b �� �b�2�i �Q�7 �2�H�2�K�2�M�i�b �7�Q�` �r�?�B�+�?
�i�?�2�`�2 �B�b �� �#�B�M���`�v �Q�T�2�`���i�B�Q�M�- �H�2�i�ö�b �/�2�M�Q�i�2 �B�i �r�B�i�? �ó��ô�- �i�?���i �7�m�H�H�}�H�b �i�?�2
�7�Q�H�H�Q�r�B�M�; �T�`�Q�T�2�`�i�B�2�b�- ���H�b�Q �F�M�Q�r�M ���b �i�?�2�;� �̀Q�m�T ���t�B�Q�K�b�,

�Ç �h�?�2 �;�`�Q�m�T �B�b �+�H�Q�b�2�/ �m�M�/�2�` �i�?�2 �;�`�Q�m�T �Q�T�2�`���i�B�Q�M�,

8x; y 2 G : x � y 2 G �U�j�X�j�V

�Ç �h�?�2 �;�`�Q�m�T �Q�T�2�`���i�B�Q�M �B�b ���b�b�Q�+�B���i�B�p�2 �B�X�2�X

8x; y; z 2 G : x � (y � z) = ( x � y) � z �U�j�X�9�V

�Ç �h�?�2 �;�`�Q�m�T �+�Q�M�i���B�M�b ���M �B�/�2�M�i�B�i�v �2�H�2�K�2�M�i�,

8x 2 G; 9e 2 G �b�m�+�? �i�?���ie � x = x �U�j�X�8�V

�Ç �h�?�2�`�2 �B�b �� �m�M�B�[�m�2 �B�M�p�2�`�b�2 �2�H�2�K�2�M�ie �7�Q�` �2�p�2�`�v �;�`�Q�m�T �K�2�K�#�2�`�,

8x 2 G; 9x � 1 2 G �b�m�+�? �i�?���ix � x � 1 = e �U�j�X�e�V

�h�?�2 �b�2�i �Q�7 ���H�H �T�Q�b�b�B�#�H�2n�@�2�H�2�K�2�M�i �T�2�`�K�m�i���i�B�Q�M �7�Q�`�K�b �� �K���i�?�2�K���i�B�+���H
�;� �̀Q�m�T�r�B�i�? �i�?�2 �;�`�Q�m�T �Q�T�2�`���i�B�Q�M �#�2�B�M�; �+�Q�K�T�Q�b�B�i�B�Q�M�- �B�X�2�X �+�?���B�M�B�M�; �Q�7
�T�2�`�K�m�i���i�B�Q�M�b�X �h�?�B�b �T���`�i�B�+�m�H���` �;�`�Q�m�T �B�b �+�Q�K�K�Q�M�H�v �+���H�H�2�/ �i�?�2�}�M�B�i�2
�b�v�K�K�2�i�`�B�+ �;� �̀Q�m�T�Q�7 �b�B�x�2n�- �/�2�M�Q�i�2�/Sn ���M�/ �B�b �7�m�M�/���K�2�M�i���H �i�Q �M�m�K�2�`�Q�m�b
�K���i�?�2�K���i�B�+�b ���`�2���b�X ���M �B�K�T�Q�`�i���M�i ���b�T�2�+�i �Q�7 ���M�v �;�`�Q�m�T �B�b �B�i�b �b�Q�@�+���H�H�2�/
�;�2�M�2� �̀��i�Q�`�b�X �� �;�2�M�2�`���i�Q�` �Q�7 �� �;�`�Q�m�TG �B�b ���M�v �b�2�i �Q�7 �2�H�2�K�2�M�i�b �B�MG �i�?���i�-
�#�v ���`�#�B�i�`���`�B�H�v �+�Q�K�#�B�M�B�M�; �B�i�b �2�H�2�K�2�M�i�b �m�b�B�M�; �i�?�2 �;�`�Q�m�T �Q�T�2�`���i�B�Q�M�- �+���M
�7�Q�`�K �i�?�2 �2�M�i�B�`�2�i�v �Q�7G�X �A�M �Q�i�?�2�` �r�Q�`�/�b�- �;�B�p�2�M �D�m�b�i �i�?�2 �2�H�2�K�2�M�i�b �Q�7



�d�e �*�>���S�h�1�_ �j�X �1�L�1�_�:�u �1�6�6�A�*�A�1�L�h �*�A�_�*�l�A�h�a

�i�?�2 �;�2�M�2�`���i�B�M�; �b�2�i�- �r�2 �+���M �7�Q�`�K ���M�v �T�Q�b�b�B�#�H�2 �2�H�2�K�2�M�i �Q�7G �m�b�B�M�; �Q�M�H�v
�;�2�M�2�`���i�Q�` �2�H�2�K�2�M�i�b ���M�/ �i�?�2 �;�`�Q�m�T �Q�T�2�`���i�B�Q�M�X

�L�Q�r �i�?���i �r�2 ���`�2 �2�[�m�B�T�T�2�/ �r�B�i�? �i�?�2 �#���`�2 �K�B�M�B�K�m�K �Q�7 �i�?�2 �#���b�B�+
�i�2�`�K�B�M�Q�H�Q�;�v ���`�Q�m�M�/ �;�`�Q�m�T �i�?�2�Q�`�v �7�Q�` �Q�m�` �+���m�b�2 �H�2�i �m�b �`�2�7�Q�`�K�m�H���i�2 �i�?�2
�T�`�2�p�B�Q�m�b �[�m�2�b�i�B�Q�M �B�M �;�`�Q�m�T �i�?�2�Q�`�2�i�B�+���H �i�2�`�K�b�,

�:�B�p�2�M �i�r�Q � �̀��M�/�Q�K �2�H�2�K�2�M�i�b� 0 ���M�/� 1 �Q�7 �i�?�2 �}�M�B�i�2 �b�v�K�K�2�i�`�B�+ �;� �̀Q�m�T
Sn �- �r�?���i �B�b �i�?�2 �H�B�F�2�H�B�?�Q�Q�/ �Q�7 �i�?�2�K �7�Q�`�K�B�M�; �� �;�2�M�2� �̀��i�B�M�; �b�2�i �Q�7Sn �\

�6�Q�` �i�?�B�b �[�m�2�b�i�B�Q�M�- �i�?�2�`�2 �B�b ���M ���M�b�r�2�` �F�M�Q�r�M ���b �.�B�t�Q�M�ö�b �i�?�2�Q�`�2�K
�7�`�Q�K �R�N�e�N�- �r�?�B�+�? �b�i���i�2�b �i�?���i �7�Q�` �H���`�;�2n�- �i�?�B�b �T�`�Q�#���#�B�H�B�i�v ���T�T�`�Q���+�?�2�b
�R�- �;�B�p�2�M �r�2 �m�b�2 ���i �H�2���b�i �Q�M�2 �T�2�`�K�m�i���i�B�Q�M �r�B�i�? �Q�/�/ �T���`�B�i�v �(�R�d�d�)�X �h�?�2
�T���`�B�i�v �Q�7 �� �;�B�p�2�M �T�2�`�K�m�i���i�B�Q�M �B�b �/�2�}�M�2�/ ���b �i�?�2 �T���`�B�i�v �Q�7 �i�?�2 �M�m�K�#�2�`
�Q�7 �i�`���M�b�T�Q�b�B�i�B�Q�M�b�- �B�X�2�X �b�r���T �Q�T�2�`���i�B�Q�M�b�X ���H�i�?�Q�m�;�? �i�?�2�`�2 ���`�2 �M�m�K�2�`�Q�m�b
�T�Q�b�b�B�#�B�H�B�i�B�2�b �i�Q �/�2�+�Q�K�T�Q�b�2 �� �T�2�`�K�m�i���i�B�Q�M �B�M�i�Q �i�`���M�b�T�Q�b�B�i�B�Q�M�b�- �i�?�2 �T���`�B�i�v
�r�B�H�H ���H�r���v�b �#�2 �i�?�2 �b���K�2�X �"���#���B �T�`�Q�p�B�/�2�b �m�b �r�B�i�? �� �H�Q�r�2�` �#�Q�m�M�/ �Q�M
�i�?�B�b �T�`�Q�#���#�B�H�B�i�v�- �B�K�T�`�Q�p�B�M�; �Q�M �.�B�t�Q�M�ö�b �r�Q�`�F�,

�h�?�2�Q�`�2�K �R �U�"���#���B �(�R�d�3�)�V�h�?�2 �T� �̀Q�#���#�B�H�B�i�v �i�?���i �� �T���B�` �Q�7 � �̀��M�/�Q�K
�T�2�`�K�m�i���i�B�Q�M�b �;�2�M�2� �̀��i�2 �� �T�`�B�K�B�i�B�p�2 �b�m�#�;� �̀Q�m�T �Q�i�?�2�` �i�?���M �i�?�2 ���H�i�2�`�M���i�B�M�;
�b�2�iAn �Q�` �i�?�2 �;� �̀Q�m�TSn �B�b �H�2�b�b �i�?���Mn

p
n =n! �7�Q�` �H��� �̀;�2n�X

�A�7 �r�2 �+�?�Q�Q�b�2 �Q�M�2 �Q�7 �i�?�2 �i�r�Q �T�2�`�K�m�i���i�B�Q�M�b �i�Q �?���p�2 �Q�/�/ �T���`�B�i�v�- �r�2
���`�2 �;�m���`���M�i�2�2�/ �M�Q�i �i�Q �Q�#�i���B�M �i�?�2 ���H�i�2�`�M���i�B�M�; �b�2�i �U�i�?�2 �b�2�i �Q�7 ���H�H �2�p�2�M
�T�2�`�K�m�i���i�B�Q�M�b �B�MSn �V�X �h�?�2�`�2�7�Q�`�2�- �Q�m�` ���T�T�`�Q���+�? �Q�7 ���T�T�`�Q�t�B�K���i�B�M�; ���M
���`�#�B�i�`���`�v �`���M�/�Q�K �T�2�`�K�m�i���i�B�Q�M �#�v �B�i�2�`���i�B�p�2 ���T�T�H�B�+���i�B�Q�M �Q�7 �i�r�Q �}�t�2�/
�`���M�/�Q�K �T�2�`�K�m�i���i�B�Q�M�b �?���b �� �p�2�`�v �?�B�;�? �T�`�Q�#���#�B�H�B�i�v �Q�7 �T�`�Q�/�m�+�B�M�; �i�?�2
�b���K�2 �[�m���H�B�i�v �Q�7 �`�2�b�m�H�i�b�k

�h�?�2 �K�B�t�B�M�; �b�i���;�2 �M�Q�i �Q�M�H�v �b�2�`�p�2�b �i�?�2 �T�m�`�T�Q�b�2 �Q�7 �2�M���#�H�B�M�;� �̀��M�/�Q�K
�H���#�2�H�H�B�M�;�B�i�2�K �p�2�+�i�Q�` �K���T�T�B�M�; �#�m�i ���H�b�Q �T�`�Q�p�B�/�2�b �i�?�2 �?���`�/�r���`�2 �T�`�B�K�B�i�B�p�2
�i�Q �T�2�`�7�Q�`�K �i�?�2�T�2�`�K�m�i���i�B�Q�M�Q�T�2�`���i�B�Q�M �Q�7 �"�a�*�X

�h�?�2 �`�2�b�m�H�i�B�M�; �>�.�@�p�2�+�i�Q�`�bVw ���`�2 ���H�H �[�m���b�B�@�Q�`�i�?�Q�;�Q�M���H �r�B�i�? �p�2�`�v
�?�B�;�? �T�`�Q�#���#�B�H�B�i�v�- �;�B�p�2�M �i�?���i� 0 ���M�/� 1 �/�Q �M�Q�i �+�Q�K�K�m�i�2�X

�6�Q�` ���H�;�Q�`�B�i�?�K�b �i�?���i �`�2�[�m�B�`�2 �`���M�/�Q�K ���+�+�2�b�b �i�Q �i�?�2 �B�i�2�K �K�2�K�Q�`�v�-
�i�?�2 �b�+�?�2�K�2 �T�`�2�b�2�M�i�2�/ �B�M �2�[�m���i�B�Q�M �U�j�X�R�V �`�2�K���i�2�`�B���H�B�x�2�b �i�?�2 �B�i�2�K �p�2�+�i�Q�`
�r�B�i�? �i�B�K�2 �+�Q�K�T�H�2�t�B�i�vO(log2 jDj)�X �>�Q�r�2�p�2�`�- �K���M�v ���H�;�Q�`�B�i�?�K�b �m�b�2

�k���H�`�2���/�v �7�Q�` �M �4 �R�y�y�- �i�?�2 �T�`�Q�#���#�B�H�B�i�v �Q�7 �i�?�B�b �M�Q�i �#�2�B�M�; �i�?�2 �+���b�2 �B�b �H�2�b�b �i�?���M
10� 138 �X
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�A�J�@�K���T�T�B�M�; �i�Q �#�B�M�/ �� �p���H�m�2 �p�2�+�i�Q�`Vvalue �i�Q �� �+�?���M�M�2�H �H���#�2�HVchn [k ] �X
�A�M �i�?�2�b�2 �b�+�2�M���`�B�Q�b�- �i�?�2 �+�?���M�M�2�H �H���#�2�H �p�2�+�i�Q�`�b ���`�2 �m�b�2�/ �r�B�i�? �� �}�t�2�/
�Q�`�/�2�`�B�M�; ���b�b�m�K�B�M�; �i�?�2 �`���r �/���i�� �B�b �7�2�/ �i�Q �i�?�2 ���+�+�2�H�2�`���i�Q�` �m�b�B�M�; �� �}�t�2�/
�+�?���M�M�2�H �Q�`�/�2�`�B�M�;�X �q�2 �+���M �i�?�2�`�2�7�Q�`�2 �`�2�/�m�+�2 �i�?�2 �i�B�K�2 �+�Q�K�T�H�2�t�B�i�v �i�Q
O(1) �r�B�i�? �i�?�2 �K���T�T�B�M�;�,

Vchn [k ] =

(
S �B�7k = 0
� 0Vchn [k � 1] �B�7k > 0

�U�j�X�d�V

�r�?�2�`�2 �r�2 �b�i�Q�`�2 �i�?�2 �+�?���M�M�2�H �H���#�2�H �7�`�Q�K �i�?�2 �T�`�2�p�B�Q�m�b �B�i�2�`���i�B�Q�M �B�M
���M �m�M�m�b�2�/ �`�Q�r �Q�7 �i�?�2 ���b�b�Q�+�B���i�B�p�2 �K�2�K�Q�`�v�X

�P�m�` �T�`�Q�T�Q�b�2�/ �A�J�@�K���T�T�B�M�; ���T�T�`�Q���+�? �B�b �K�Q�`�2 ���`�2���@�2�{�+�B�2�M�i �i�?���M
�b�i�Q�`�B�M�; �`���M�/�Q�K �p�2�+�i�Q�`�b �B�M �� �H���`�;�2 �_�P�J ���M�/ �b�+���H�2�b �r�2�H�H �i�Q �H���`�;�2 �B�M�T�m�i
�/�Q�K���B�M�b �r�?�Q�b�2 �+���`�/�B�M���H�B�i�v �B�b �m�M�F�M�Q�r�M �B�M ���/�p���M�+�2�X �6�`�Q�K �� �?���`�/�r���`�2
�T�2�`�b�T�2�+�i�B�p�2�- �i�?�2 �K�B�t�2�` �b�i���;�2 �i�`���M�b�H���i�2�b �i�Q �L �9�@�B�M�T�m�i ���M�/ �L �k�@�B�M�T�m�i
�K�m�H�i�B�T�H�2�t�2�`�b�- �r�?�2�`�2 �L �/�2�M�Q�i�2�b �i�?�2 �/���i���T���i�? �r�B�/�i�? ���M�/ �b�Q�K�2 �K�Q�/�2�`���i�2
�r�B�`�B�M�; �Q�p�2�`�?�2���/ �+���m�b�2�/ �#�v �i�?�2 �`���M�/�Q�K �T�2�`�K�m�i���i�B�Q�M�b�X

�o�2�+�i�Q�` �6�Q�H�/�B�M�;

�q�B�i�? �/�2�7���m�H�i �T���`���K�2�i�2�`�b�- �i�?�2 �T�`�Q�T�Q�b�2�/ �>�.�@���+�+�2�H�2�`���i�Q�` �+�Q�M�i���B�M�b ��
�/���i���T���i�? �r�B�/�i�? �2�[�m���H �i�Q �i�?�2 �b�B�x�2 �Q�7 �� �r�?�Q�H�2 �>�.�@�o�2�+�i�Q�`�X �>�Q�r�2�p�2�`�-
���b �r�B�H�H �#�2 ���M���H�v�x�2�/ �B�M �K�Q�`�2 �/�2�i���B�H �B�M �b�2�+�i�B�Q�M �j�X�9�X�8�- �;�Q�B�M�; �7�Q�` �� �K�Q�`�2
�T���`���H�H�2�H ���`�+�?�B�i�2�+�i�m�`�2 �/�Q�2�b �M�Q�i ���H�r���v�b �v�B�2�H�/ �i�?�2 �K�Q�b�i �2�M�2�`�;�v�@�2�{�+�B�2�M�i
�/�2�b�B�;�M �7�Q�` �� �;�B�p�2�M �i���`�;�2�i �i�2�+�?�M�Q�H�Q�;�v�X �h�?�m�b�- �B�M ���/�/�B�i�B�Q�M �i�Q �Q�i�?�2�` �/�2�b�B�;�M
�T���`���K�2�i�2�`�b�- �i�?�2 �_�h�G �2�t�T�Q�b�2�b �i�?�2�o�2�+�i�Q�` �6�Q�H�/�T���`���K�2�i�2�`�c �B�i ���H�H�Q�r�b
�i�m�M�B�M�; �i�?�2 �/�2�b�B�;�M �7�Q�` �i�?�2 �Q�T�i�B�K���H ���K�Q�m�M�i �Q�7 �T���`���H�H�2�H�B�b�K �i�Q �B�K�T�`�Q�p�2
�2�M�2�`�;�v �2�{�+�B�2�M�+�v�X �A�M�+�`�2���b�B�M�; �i�?�2 �p���H�m�2 �Q�7�i�?�2 �p�2�+�i�Q�` �7�Q�H�/�b�T�H�B�i�b �� �b�B�M�;�H�2
D �@�/�B�K�2�M�b�B�Q�M���H �p�2�+�i�Q�` �B�M�i�QK �b�K���H�H�2�` �b�m�#�T���`�i�b �Q�7 �2�[�m���H �b�B�x�2�X �h�?�2
�/���i���T���i�? �Q�7 �i�?�2 ���+�+�2�H�2�`���i�Q�` �b�?�`�B�M�F�b ���+�+�Q�`�/�B�M�;�H�v ���M�/ �Q�M�H�v �T�`�Q�+�2�b�b�2�b �Q�M�2
�b�m�#�T���`�i ���i �� �i�B�K�2�X �q�?�B�H�2 �i�?�2 �i�?�`�Q�m�;�?�T�m�i �Q�7 �i�?�2 ���+�+�2�H�2�`���i�Q�` ���i �+�Q�M�b�i���M�i
�7�`�2�[�m�2�M�+�v �/�2�+�`�2���b�2�b �#�vK �- �i�?�2 ���`�2�� �Q�7 �i�?�2 �>�.�@�1�M�+�Q�/�2�`�- �/�Q�K�B�M���i�2�/ �#�v
�i�?�2 �b���i�m�`���i�B�M�; �+�Q�m�M�i�2�`�b�- �`�2�/�m�+�2�b �b�B�K�B�H���`�H�v �#�v �� �7���+�i�Q�` �Q�7K �X

���M �B�K�T�Q�`�i���M�i �/�2�i���B�H �B�b �i�?���i �#�v �/�2�+�`�2���b�B�M�; �i�?�2 �/���i���T���i�? �r�B�/�i�?�-
�r�2 ���H�b�Q �`�2�/�m�+�2 �i�?�2 �T�2�`�K�m�i���i�B�Q�M�b�ö �Q�T�2�`���M�/ �b�B�x�2 �r�B�i�?�B�M �i�?�2 �b�B�K�B�H���`�B�i�v
�K���M�B�T�m�H���i�Q�` ���M�/ �i�?�2 �K�B�t�B�M�; �b�i���;�2�X �A�7 �r�2 �b�i�B�+�F �r�B�i�? �i�?�2 �b���K�2 �A�J�@
�J���T�T�B�M�; �b�+�?�2�K�2 �/�2�b�+�`�B�#�2�/ ���#�Q�p�2�- ���H�H �b�m�#�T���`�i�b �Q�7 �� �p�2�+�i�Q�` �r�Q�m�H�/ �#�2
�B�/�2�M�i�B�+���H �b�B�M�+�2 �i�?�2�v ���H�H �T���b�b �i�?�`�Q�m�;�? �i�?�2 �b���K�2 �?���`�/�r�B�`�2�/ �T�2�`�K�m�i���i�B�Q�M�b



�d�3 �*�>���S�h�1�_ �j�X �1�L�1�_�:�u �1�6�6�A�*�A�1�L�h �*�A�_�*�l�A�h�a

� 0 ���M�/� 1 �Q�7 �b�B�x�2D
K �X �h�?�2 �A�J �K���T�T�B�M�; �b�+�?�2�K�2 �B�M �2�[�m���i�B�Q�M�U�j�X�R�V�B�b

�i�?�m�b �K�Q�/�B�}�2�/ ���b �7�Q�H�H�Q�r�b�,

V �
w = � �B�/�tVW �U�j�X�3�V

�r�B�i�?�-

� �B�/�t=
log 2 ( j )Y

k=0

� i �- �7�Q�`i =

(
0 ; �B�7hk = 0
1 ; �B�7hk = 1

�U�j�X�N�V

�r�?�2�`�2h �B�b �i�?�2 �p���H�m�2 �Q�7 �i�?�2 �/�2�/�B�+���i�2�/�T���`�i �B�M�/�2�t �+�Q�m�M�i�2�`�- �r�?�B�+�? �?�Q�H�/�b
�i�?�2 �B�M�/�2�t �Q�7 �i�?�2 �+�m�`�`�2�M�i �p�2�+�i�Q�` �b�m�#�T���`�i�X �h�?�B�b �v�B�2�H�/�b �� �m�M�B�[�m�2 �b�2�i
�Q�7 �T�2�`�K�m�i���i�B�Q�M�b� �

o ; � �
1 �T�2�` �p�2�+�i�Q�` �T���`�i ���i �i�?�2 �2�t�T�2�M�b�2 �Q�7O(log((K ))

���/�/�B�i�B�Q�M���H �K�B�t�B�M�; �+�v�+�H�2�b�X

�a�B�K�B�H���`�B�i�v �J���M�B�T�m�H���i�Q�`

7 to 128 bit
Unary
Encoder

A
0
1
2
3

Z
0000
0001
0011
0111

+
to Mixer

Input Values
or

uCode Immediate
7

D/K

Spread with
Repetition 
Encoder

Shuffle with
Hardwired
Permutation

Map to
Thermometer
Code

from Input Mux

128 D/K D/K
2

1

1

0

0

1
1

1

1

1
1

1

1

0
0

0

0

0
0

0

0

1
1
1
1
1

0

0
0
0

0

1
1
1

1

1
1

0

0

0

0

Similarity Manipulator

Xinput

Xout  �� X input  
with
2/128% 
bits flipped

Flip Bits 
of 
Input Vector

D��# HDC Dimensions
K�� Vector Fold Factor

�6�B�;�m�`�2 �j�X�j�� �a�i�`�m�+�i�m�`�2 �Q�7 �i�?�2 �a�B�K�B�H���`�B�i�v �J���M�B�T�m�H���i�Q�` �b�i���;�2

�h�?�2 �a�B�K�B�H���`�B�i�v �J���M�B�T�m�H���i�Q�` �b�i���;�2 �i�`���M�b�7�Q�`�K�b �i�?�2 �K�B�t�B�M�; �b�i���;�2�ö�b
�Q�m�i�T�m�i �p�2�+�i�Q�` �#�v �~�B�T�T�B�M�; �� �+�Q�M�}�;�m�`���#�H�2 �M�m�K�#�2�` �Q�7 �B�i�b �#�B�i�b�X �h�?�B�b
�Q�T�2�`���i�B�Q�M �B�b �� �7�m�M�/���K�2�M�i���H �#�m�B�H�/�B�M�; �#�H�Q�+�F �Q�7 �p���`�B�Q�m�b �?�B�;�?�@�H�2�p�2�H
�Q�T�2�`���i�B�Q�M�b �H�B�F�2�#�B�M���`�B�x�2�/ �"�k�" �#�m�M�/�H�B�M�;�(�R�e�R�)�- �*�A�J �K���T�T�B�M�; �(�R�e�8�)
���M�/ �2�t�T�Q�M�2�M�i�B���H �7�Q�`�;�2�i�i�B�M�;�X �6�B�;�m�`�2 �j�X�j �b�?�Q�r�b �B�i�b �B�M�i�2�`�M���H �b�i�`�m�+�i�m�`�2�c �i�?�2
�d�@�#�B�i �B�M�T�m�i �r�Q�`�/w �B�b �}�`�b�i �K���T�T�2�/ �i�Q �� �R�k�3�@�#�B�i �m�M���`�v �`�2�T�`�2�b�2�M�i���i�B�Q�M
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�K�2�K�Q�`�v�U���J�V �b�i�Q�`�2�b �i�?�2 �T�`�Q�i�Q�i�v�T�2 �p�2�+�i�Q�`�b ���M�/ �T�2�`�7�Q�`�K�b �i�?�2
���b�b�Q�+�B���i�B�p�2 �H�Q�Q�F�m�T �Q�T�2�`���i�B�Q�M�b�- �i�?�2 �}�M���H �b�i�2�T �Q�7 �K�Q�b�i �>�.�* ���H�;�Q�`�B�i�?�K�b�X
�h�?�2 �T�`�2�p�B�Q�m�b�H�v �B�M�i�`�Q�/�m�+�2�/�?�v�T�2� �̀/�B�K�2�M�b�B�Q�M���H �2�M�+�Q�/�2�`�U�>�.�@�1�M�+�Q�/�2�`�-
�b�2�+�i�B�Q�M �j�X�j�V �B�b �`�2�b�T�Q�M�b�B�#�H�2 �7�Q�` �K���T�T�B�M�; �H�Q�r�@�/�B�K�2�M�b�B�Q�M���H �B�M�T�m�i �p���H�m�2�b
�i�Q �>�.�@�p�2�+�i�Q�`�b�X �A�i �Q�T�2�`���i�2�b �Q�M �>�. �p�2�+�i�Q�`�b �7�`�Q�K �i�?�2 ���J �Q�` �B�i�b �Q�r�M
�Q�m�i�T�m�i �B�M ���M �B�i�2�`���i�B�p�2 �K���M�M�2�`�X �h�?�2 ���J ���M�/ �>�.�@�2�M�+�Q�/�2�` ���`�2 �K���M���;�2�/
�#�v �� �b�K���H�H �+�Q�M�i�`�Q�H�H�2�` �+�B�`�+�m�B�i �i�?���i �b�2�[�m�2�M�i�B���H�H�v �+�Q�M�b�m�K�2�b �� �b�i�`�2���K
�Q�7 �+�Q�K�T���+�i �K�B�+�`�Q�+�Q�/�2 �B�M�b�i�`�m�+�i�B�Q�M�b ���M�/ ���+�+�Q�`�/�B�M�;�H�v �`�2�+�Q�M�}�;�m�`�2�b �i�?�2
�/���i���T���i�?�X �� �i�B�M�v �m�b�2�`�@�T�`�Q�;�`���K�K���#�H�2 �+�Q�M�}�;�m�`���i�B�Q�M �K�2�K�Q�`�v �b�m�T�T�H�B�2�b
�i�?�B�b �K�B�+�`�Q�+�Q�/�2 �b�i�`�2���K�X

�j�X�9�X�9���M �A�a�� �7�Q�` �>�.�@�*�Q�K�T�m�i�B�M�;

�S�`�2�p�B�Q�m�b�H�v �T�`�Q�T�Q�b�2�/ �>�.�* ���+�+�2�H�2�`���i�Q�` �/�2�b�B�;�M�b �?���`�/�r�B�`�2�/ �H���`�;�2 �T�Q�`�i�B�Q�M�b
�Q�7 �i�?�2�B�` �/���i���T���i�? �i�Q �2�t�2�+�m�i�2 �>�.�@���H�;�Q�`�B�i�?�K�b �Q�7 �� �T���`�i�B�+�m�H���` �b�i�`�m�+�i�m�`�2
�(�R�e�8�)�X �>�.�@���H�;�Q�`�B�i�?�K�b �i�?���i �/�Q �M�Q�i �}�i �B�M�i�Q �i�?�B�b �`�B�;�B�/ ���H�;�Q�`�B�i�?�K�B�+ �b�F�2�H�2�i�Q�M
�+���M �M�Q�i �#�2 �2�t�2�+�m�i�2�/ �#�v �2�t�B�b�i�B�M�; ���+�+�2�H�2�`���i�Q�`�b �H�B�F�2 �(�R�8�j�)�- �(�R�N�8�)�X �P�M
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�6�B�;�m�`�2 �j�X�9�� �>�B�;�?�@�H�2�p�2�H �b�i�`�m�+�i�m�`�2 �Q�7 �i�?�2 �T�`�Q�T�Q�b�2�/ �>�.�* ���+�+�2�H�2�`���i�Q�`�X �h�?�2
���b�b�Q�+�B���i�B�p�2 �K�2�K�Q�`�v �U�#�H�m�2�V �B�b �`�2�b�T�Q�M�b�B�#�H�2 �7�Q�` �b�i�Q�`���;�2 ���M�/ ���b�b�Q�+�B���i�B�p�2 �H�Q�Q�F�m�T
�Q�7 �T�`�Q�i�Q�i�v�T�2 �p�2�+�i�Q�`�b ���M�/ �b�2�`�p�2�b ���b �� �b�+�`���i�+�?�T���/ �K�2�K�Q�`�v �7�Q�` �i�?�2 �>�. �1�M�+�Q�/�2�`
�U�`�2�/�V�X �1�M�+�Q�/�2�` ���M�/ ���b�b�Q�+�B���i�B�p�2 �K�2�K�Q�`�v ���`�2 �Q�`�+�?�2�b�i�`���i�2�/ �#�v �m�b�2�`�@�T�`�Q�;�`���K�K���#�H�2
���H�;�Q�`�B�i�?�K �b�i�Q�`���;�2 �U�;�`�2�2�M�V�X
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�i�?�2 �Q�i�?�2�` �?���M�/�- �i�?�2 ���`�+�?�B�i�2�+�i�m�`�2 �r�2 ���`�2 �T�`�Q�T�Q�b�B�M�; �B�b �M�Q�i �#�Q�m�M�/
�i�Q �2�t�2�+�m�i�2 �Q�M�H�v �Q�M�2 �b�T�2�+�B�}�+ �+�H���b�b �Q�7 ���H�;�Q�`�B�i�?�K�b�X �� �+�Q�M�i�`�Q�H �m�M�B�i
�+�Q�M�i�B�M�m�Q�m�b�H�v �`�2�+�Q�M�}�;�m�`�2�b �i�?�2 �/���i���T���i�? ���+�+�Q�`�/�B�M�; �i�Q �� �b�i�`�2���K �Q�7
�K�B�+�`�Q�+�Q�/�2 �B�M�b�i�`�m�+�i�B�Q�M�b �7�2�i�+�?�2�/ �7�`�Q�K �� �i�B�M�v �2�K�#�2�/�/�2�/ �+�Q�M�}�;�m�`���i�B�Q�M
�K�2�K�Q�`�v�X �h�?�B�b ���H�H�Q�r�b �i�?�2 ���+�+�2�H�2�`���i�Q�` �i�Q �#�2 �`�2�+�Q�M�}�;�m�`�2�/ ���i �`�m�M�i�B�K�2 �i�Q
�2�t�2�+�m�i�2 ���H�;�Q�`�B�i�?�K�b �Q�7 �� �K�m�+�? �H���`�;�2�` �p���`�B�2�i�v �#�v ���H�i�2�`�B�M�; �i�?�2 �K�B�+�`�Q�+�Q�/�2
�b�i�Q�`�2�/ �B�M �i�?�2 �+�Q�M�}�;�m�`���i�B�Q�M �K�2�K�Q�`�v�X ���7�i�2�` �+�Q�M�}�;�m�`���i�B�Q�M�- �i�?�2 ���H�;�Q�`�B�i�?�K
�B�b �2�t�2�+�m�i�2�/ ���m�i�Q�M�Q�K�Q�m�b�H�v �r�B�i�?�Q�m�i ���M�v �7�m�`�i�?�2�` �B�M�i�2�`���+�i�B�Q�M �r�B�i�? �� �?�Q�b�i
�T�`�Q�+�2�b�b�Q�`�X �q�2 �T�`�Q�T�Q�b�2 �� �k�e�@�#�B�i �B�M�b�i�`�m�+�i�B�Q�M �b�2�i ���`�+�?�B�i�2�+�i�m�`�2 �U�A�a���V �r�B�i�?
�i�?�2 �2�M�+�Q�/�B�M�; �b�T���+�2 �b�T�H�B�i �B�M�i�Q �k�8�@�#�B�i �H�Q�r�@�H�2�p�2�H �/���i���T���i�? �+�Q�M�}�;�m�`���i�B�Q�M
�B�M�b�i�`�m�+�i�B�Q�M�b ���M�/ �k�8�@�#�B�i �+�Q�K�T�H�2�t �?�B�;�?�@�H�2�p�2�H �B�M�b�i�`�m�+�i�B�Q�M�b�X

���H�i�?�Q�m�;�? �i�?�B�b �b�i�`�m�+�i�m�`�2 �#�2���`�b �b�Q�K�2 �`�2�b�2�K�#�H���M�+�2 �r�B�i�? �� �+�Q�M�p�2�M�i�B�Q�M���H
�T�`�Q�+�2�b�b�Q�`�- �i�?�2�`�2 ���`�2 �b�Q�K�2 �F�2�v �/�B�z�2�`�2�M�+�2�b�, �h�?�2 ���K�Q�m�M�i �Q�7 ���`�2�� ���M�/
�2�M�2�`�;�v �Q�p�2�`�?�2���/ �B�M�/�m�+�2�/ �#�v �i�?�2 �+�Q�M�i�`�Q�H �T���i�? �B�b �H�2�b�b �i�?���M �R�W �U�R�e�F�"�B�i
�*���J�- �e�8�M�K�V ���M�/ �i�?�m�b �K�m�+�? �H�Q�r�2�` �+�Q�K�T���`�2�/ �i�Q �� �+�Q�M�p�2�M�i�B�Q�M���H �+�Q�`�2�X
���H�b�Q�- �r�B�i�? �Q�M�H�v �R�3 ���p���B�H���#�H�2 �B�M�b�i�`�m�+�i�B�Q�M�b �B�M �i�Q�i���H�- �i�?�2 �K�B�+�`�Q�+�Q�/�2 �/�Q�2�b �M�Q�i
���B�K �i�Q �#�2 �h�m�`�B�M�; �+�Q�K�T�H�2�i�2�X �q�2 �B�M�i�`�Q�/�m�+�2 �D�m�b�i �2�M�Q�m�;�? �+�Q�M�}�;�m�`���#�B�H�B�i�v
�i�Q �b�m�T�T�Q�`�i �i�?�2 �2�t�2�+�m�i�B�Q�M �Q�7 �>�.�* �Q�T�2�`���i�B�Q�M�b �B�M ���`�#�B�i�`���`�v �Q�`�/�2�`�X

�G�Q�r�@�H�2�p�2�H �A�M�b�i�`�m�+�i�B�Q�M�b

�h�?�2 �G�Q�r�@�H�2�p�2�H �B�M�b�i�`�m�+�i�B�Q�M�b �/�B�`�2�+�i�H�v �2�M�+�Q�/�2 �i�?�2 �b�2�H�2�+�i �b�B�;�M���H�b �Q�7 �i�?�2
�K�m�H�i�B�T�H�2�t�2�`�b �r�B�i�?�B�M �i�?�2 �>�.�@�2�M�+�Q�/�2�` ���M�/ �i�?�2 ���/�/�`�2�b�b �H�B�M�2�b �Q�7 �i�?�2 �>�.�@
�K�2�K�Q�`�v�X �h�?�2�v �i�?�m�b �+�Q�M�i�`�Q�H �i�?�2 �i�`���M�b�7�Q�`�K���i�B�Q�M ���M�/ �/���i�� �~�Q�r �r�B�i�?�B�M �i�?�2
�>�.�@�2�M�+�Q�/�2�` �m�M�B�i �/�m�`�B�M�; �B�M�T�m�i �/���i�� �2�M�+�Q�/�B�M�;�X �6�B�;�m�`�2 �j�X�8 �b�m�K�K���`�B�x�2�b
�i�?�2 �7�m�M�+�i�B�Q�M �Q�7 �i�?�2 �#�B�i�}�2�H�/�b �r�B�i�? �� �b�B�M�;�H�2 �k�8�@�#�B�i �H�Q�r�@�H�2�p�2�H �B�M�b�i�`�m�+�i�B�Q�M�X
�h�?�2�v �T�`�Q�p�B�/�2 �}�M�2�@�;�`���B�M�2�/ �+�Q�M�i�`�Q�H �Q�p�2�` �i�?�2 �/���i���T���i�? �r�B�i�? �i�?�2 �_�A�.�s ���M�/
�q�A�.�s �}�2�H�/�b ���+�i�B�M�; �H�B�F�2 �b�Q�m�`�+�2 ���M�/ �/�2�b�i�B�M���i�B�Q�M �`�2�;�B�b�i�2�` �Q�T�2�`���M�/�b �B�M ��
�+�Q�M�p�2�M�i�B�Q�M���H �A�a���X �>�Q�r�2�p�2�`�- �b�B�M�+�2 �i�?�2 �1�M�+�Q�/�2�` �m�M�B�i �+�Q�M�i���B�M�b ���M �Q�m�i�T�m�i
�6�H�B�T�@�6�H�Q�T�- �K���M�v �p�2�+�i�Q�` �i�`���M�b�7�Q�`�K���i�B�Q�M �Q�T�2�`���i�B�Q�M�b �+���M �#�2 �T�2�`�7�Q�`�K�2�/
�r�B�i�?�Q�m�i ���J ���+�+�2�b�b �m�b�B�M�; �7�2�2�/�#���+�F�X

�A�7 �r�2 �b�v�M�i�?�2�b�B�x�2 �i�?�2 ���`�+�?�B�i�2�+�i�m�`�2 �r�B�i�? ���o�2�+�i�Q�` �6�Q�H�/�T���`���K�2�i�2�`
�H���`�;�2�` �i�?���M �R�- ���H�H �B�M�b�i�`�m�+�i�B�Q�M�b �Q�M�H�v �T�`�Q�+�2�b�b �� �b�K���H�H�2�` �b�m�#�T���`�i �Q�7 �i�?�2
�+�Q�K�T�H�2�i�2 �>�.�@�p�2�+�i�Q�`�X �h�?�2 �+�Q�M�i�`�Q�H �m�M�B�i �/�Q�2�b �M�Q�i �i�`���M�b�T���`�2�M�i�H�v �B�i�2�`���i�2
�Q�p�2�` ���H�H �b�m�#�T���`�i�b �Q�7 �i�?�2 �p�2�+�i�Q�` �#�m�i �H�2���p�2�b �+�Q�M�i�`�Q�H �i�Q �i�?�2 �m�b�2�` �i�?�`�Q�m�;�?
�i�?�2�T���`�i �B�M�/�2�t �+�Q�m�M�i�2�`�X �h�?�2 �+�Q�m�M�i�2�`�ö�b �p���H�m�2 �B�b ���m�i�Q�K���i�B�+���H�H�v ���T�T�2�M�/�2�/
�i�Q �i�?�2 �`�2���/�@ ���M�/ �r�`�B�i�2�@�T�Q�`�i ���/�/�`�2�b�b �H�B�M�2�b �Q�7 �i�?�2 ���J ���M�/ �i�?�m�b �+�Q�M�i�`�Q�H�b
�r�?�B�+�? �b�m�#�T���`�i �Q�7 �i�?�2 �>�.�@�p�2�+�i�Q�` �B�b ���z�2�+�i�2�/ �#�v �i�?�2 �+�m�`�`�2�M�i �B�M�b�i�`�m�+�i�B�Q�M�X
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�h�?�2 �+�Q�m�M�i�2�` �+���M �#�2 �+�H�2���`�2�/�- �B�M�+�`�2���b�2�/�- ���M�/ �/�2�+�`�2���b�2�/ �r�B�i�? �/�2�/�B�+���i�2�/
�B�M�b�i�`�m�+�i�B�Q�M�b�X

�h�?�2 �`���i�B�Q�M���H�2 �#�2�?�B�M�/ �H�2���p�B�M�; �+�Q�M�i�`�Q�H �Q�p�2�` �i�?�2 �b�m�#�T���`�i �B�i�2�`���i�B�Q�M
�b�+�?�2�K�2 �i�Q �i�?�2 �m�b�2�` �B�b �i�?���i �r�2 ���H�b�Q �r���M�i �i�Q �b�m�T�T�Q�`�i �B�i�2�`���i�B�Q�M �Q�p�2�` �i�?�2
�p�2�+�i�Q�` �T���`�i�b �B�M �i�?�2 �Q�m�i�2�`�K�Q�b�i �H�Q�Q�T �Q�7 ���M �>�.�@���H�;�Q�`�B�i�?�K �B�M�b�i�2���/ �Q�7 �Q�M�H�v
�B�i�2�`���i�B�M�; �B�M �i�?�2 �B�M�M�2�`�K�Q�b�i �H�Q�Q�T�X �h�?���i �B�b�- �B�M�b�i�2���/ �Q�7 �}�`�b�i ���T�T�H�v�B�M�; ��
�i�`���M�b�7�Q�`�K���i�B�Q�M �Q�M ���H�H �b�m�#�T���`�i�b �Q�7 �� �p�2�+�i�Q�` �#�2�7�Q�`�2 �b�r�B�i�+�?�B�M�; �i�Q �i�?�2
�M�2�t�i �i�`���M�b�7�Q�`�K���i�B�Q�M�- �r�2 �r���M�i �i�?�2 �T�Q�b�b�B�#�B�H�B�i�v �i�Q ���T�T�H�v ���H�H �Q�T�2�`���i�B�Q�M�b �Q�7
���M �>�.�@�2�M�+�Q�/�B�M�; ���H�;�Q�`�B�i�?�K �Q�M �i�?�2 �}�`�b�i �b�m�#�T���`�i ���M�/ �`�2�T�2���i �i�?�2 �r�?�Q�H�2
���H�;�Q�`�B�i�?�K �7�Q�` �b�m�#�b�2�[�m�2�M�i �b�m�#�T���`�i�b�X �6�Q�` �i�?�2 �}�`�b�i �B�i�2�`���i�B�Q�M �b�+�?�2�K�2�- �r�2
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�6�Q�` �i�?�2 ���`�+�?�B�i�2�+�i�m�`�2 �i�Q �#�2 ���m�i�Q�M�Q�K�Q�m�b ���M�/ �2�M�2�`�;�v�@�2�{�+�B�2�M�i�- �i�?�2
���K�Q�m�M�i �Q�7 �K�2�K�Q�`�v �`�2�[�m�B�`�2�/ �i�Q �K���T �� �;�B�p�2�M �>�. ���H�;�Q�`�B�i�?�K �i�Q �i�?�2
�T�`�Q�T�Q�b�2�/ �A�a�� �K�m�b�i �#�2 �F�2�T�i �b�K���H�H�X �a�B�M�+�2 �K�Q�b�i �>�.�* ���H�;�Q�`�B�i�?�K�b �Q�M�H�v



�j�X�9�X �>�u�S�L�P�a ���*�*�1�G�1�_���h�P�_ �N�R

�+�Q�M�b�B�b�i �Q�7 �M�2�b�i�2�/ �H�Q�Q�T�b �Q�7 �+�Q�M�b�i���M�i �B�i�2�`���i�B�Q�M �+�Q�m�M�i �U�2�X�;�X�- �B�i�2�`���i�B�M�; �Q�p�2�`
�+�?���M�M�2�H�b ���M�/ �i�B�K�2 �b���K�T�H�2�b �r�B�i�?�B�M �� �i�B�K�2 �r�B�M�/�Q�r�V�- �� �b�B�;�M�B�}�+���M�i ���K�Q�m�M�i
�Q�7 �+�Q�/�2 �b�B�x�2 �`�2�/�m�+�i�B�Q�M �+���M �#�2 ���+�?�B�2�p�2�/ �r�B�i�? �i�?�2 �B�M�i�`�Q�/�m�+�i�B�Q�M �Q�7 �?���`�/�r���`�2
�H�Q�Q�T�b ���M�/ �m�M�+�Q�M�/�B�i�B�Q�M���H �D�m�K�T�b�X �>���`�/�r���`�2 �H�Q�Q�T�b�- ���H�b�Q �F�M�Q�r�M ���b �ó�w�2�`�Q�@
�Q�p�2�`�?�2���/ �?���`�/�r���`�2 �H�Q�Q�T�b�ô ���`�2 �� �+�Q�K�K�Q�M�H�v �2�M�+�Q�m�M�i�2�`�2�/ �?���`�/�r���`�2
�7�2���i�m�`�2 �B�M �/�B�;�B�i���H �b�B�;�M���H �T�`�Q�+�2�b�b�Q�`�b �U�.�a�S�b�V �i�?���i ���H�H�Q�r �i�?�2 �2�t�2�+�m�i�B�Q�M
�Q�7 �� �b�K���H�H �H�Q�Q�T �#�Q�/�v �7�Q�` �� �+�Q�M�b�i���M�i �M�m�K�#�2�` �Q�7 �B�i�2�`���i�B�Q�M�b �r�B�i�?�Q�m�i �i�?�2
�Q�p�2�`�?�2���/ �Q�7 �`�2�2�p���H�m���i�B�M�; �i�?�2 �H�Q�Q�T �+�Q�M�/�B�i�B�Q�M ���7�i�2�` �2�p�2�`�v �B�i�2�`���i�B�Q�M�X

���b �/�2�K�Q�M�b�i�`���i�2�/ �#�v �:���m�i�b�+�?�B�2�i ���H�X�- �i�?�2�v �T�`�Q�p�B�/�2 �� �b�B�;�M�B�}�+���M�i
�T�2�`�7�Q�`�K���M�+�2 �#�Q�Q�b�i �r�B�i�? �Q�M�H�v �� �K���`�;�B�M���H �B�M�+�`�2���b�2 �B�M ���`�2�� �;�B�p�2�M �i�?�2
�`�2�[�m�B�`�2�K�2�M�i �i�?���i �i�?�2 �B�M�b�i�`�m�+�i�B�Q�M�b �Q�7 �i�?�2 �H�Q�Q�T �#�Q�/�v �+���M �#�2 �7�2�i�+�?�2�/
�B�M �� �b�B�M�;�H�2 �+�v�+�H�2 �(�R�N�e�)�X �h�?�B�b �`�2�[�m�B�`�2�K�2�M�i �B�b ���H�`�2���/�v �7�m�H�}�H�H�2�/ �#�v �i�?�2
�B�M�b�i�`�m�+�i�B�Q�M �K�2�K�Q�`�v �r�2 �m�b�2 �B�M �i�?�2 �T�`�Q�T�Q�b�2�/ ���`�+�?�B�i�2�+�i�m�`�2�X �h�?�m�b �i�?�2
���H�;�Q�`�B�i�?�K �b�i�Q�`���;�2 �B�M �Q�m�` �/�2�b�B�;�M �b�m�T�T�Q�`�i�b �m�T �i�Q �j �M�2�b�i�2�/ �?���`�/�r���`�2
�H�Q�Q�T�b�X �1���+�? �H�Q�Q�T �B�b �B�M�B�i�B���i�2�/ �r�B�i�? �� �b�B�M�;�H�2 �B�M�b�i�`�m�+�i�B�Q�M �+�Q�M�i���B�M�B�M�; ��
�R�y�@�#�B�i �B�K�K�2�/�B���i�2 �7�Q�` �i�?�2 �M�m�K�#�2�` �Q�7 �B�i�2�`���i�B�Q�M�b ���M�/ �� �R�y�@�#�B�i �B�K�K�2�/�B���i�2
�7�Q�` �i�?�2 �B�M�b�i�`�m�+�i�B�Q�M ���/�/�`�2�b�b �i�?���i �K���`�F�b �i�?�2 �2�M�/ �Q�7 �i�?�2 �H�Q�Q�T �#�Q�/�v�X

�h�?�2 �+�Q�K�#�B�M���i�B�Q�M �Q�7 �/�2�/�B�+���i�2�/ �B�M�b�i�`�m�+�i�B�Q�M�b �7�Q�` �+�Q�K�K�Q�M�H�v �m�b�2�/ �>�.�*
���H�;�Q�`�B�i�?�K�B�+ �T�`�B�K�B�i�B�p�2�b ���M�/ �+�Q�/�2 �b�B�x�2�@�`�2�/�m�+�B�M�; �7�2���i�m�`�2�b �H�B�F�2 �?���`�/�r���`�2
�H�Q�Q�T�b �`�2�b�m�H�i�b �B�M �� �?�B�;�? �2�t�T�`�2�b�b�B�p�2�M�2�b�b �Q�7 �i�?�2 �A�a���X ���H�H �2�t���K�B�M�2�/ �>�.�*
���H�;�Q�`�B�i�?�K�b �U�b�2�2 �a�2�+�i�B�Q�M �j�X�9�X�e�V �+���M �#�2 �K���T�T�2�/ �r�B�i�? �H�2�b�b �i�?���M �e�9
�B�M�b�i�`�m�+�i�B�Q�M�b�X

���M �1�t���K�T�H�2 �*�Q�M�}�;�m�`���i�B�Q�M �7�Q�` �G���M�;�m���;�2 �_�2�+�Q�;�M�B�i�B�Q�M

�G���M�;�m���;�2 �_�2�+�Q�;�M�B�i�B�Q�M �B�b �� �+�Q�K�K�Q�M�H�v �m�b�2�/ �2�t���K�T�H�2 ���T�T�H�B�+���i�B�Q�M �B�M
�i�?�2 �}�2�H�/ �Q�7 �>�.�* �(�j�3�)�- �(�R�8�j�)�- �(�R�d�j�)�- �(�R�N�y�)�- �(�R�N�k�)�- �(�R�N�d�)�- �(�R�N�3�)�X �h�?�2
�i���b�F �B�b �i�Q �/�2�i�2�`�K�B�M�2 �i�?�2 �H���M�;�m���;�2 �;�B�p�2�M �� �b�2�M�i�2�M�+�2 �B�M �i�?�2 �7�Q�`�K �Q�7 ��
�+�?���`���+�i�2�` �b�i�`�B�M�;�X �6�Q�` �� �i�2�t�i �+�Q�`�T�m�b �r�B�i�? �k�R �1�m�`�Q�T�2���M �H���M�;�m���;�2�b�- �>�.�*
���+�?�B�2�p�2�b ���+�+�m�`���+�B�2�b �Q�7 �m�T �i�Q �N�e�X�d�W �(�R�N�d�)�X �h�?�2 ���H�;�Q�`�B�i�?�K �+�Q�M�b�B�b�i�b �Q�7
�7�Q�m�` �K���B�M �b�i�2�T�b�c �B�M �i�?�2 �T�`�2�T�`�Q�+�2�b�b�B�M�; �b�i�2�T�- �i�?�2 �i�2�b�i �b�2�M�i�2�M�+�2 �B�b �b�T�H�B�i
�B�M�i�Q �b�Q�@�+���H�H�2�/ �M�@�;�`���K�b�- �b�m�#�b�i�`�B�M�;�b �Q�7 �i�?�2 �i�2�b�i �b�2�M�i�2�M�+�2�- �Q�#�i���B�M�2�/ �r�?�2�M
���T�T�H�v�B�M�; �� �b�H�B�/�B�M�; �r�B�M�/�Q�r �Q�7 �b�B�x�2n �Q�p�2�` �i�?�2 �+�?���`���+�i�2�` �b�i�`�B�M�;�X �A�M �i�?�2
�M�2�t�i �b�i�2�T�- �i�?�2 �B�M�/�B�p�B�/�m���H �M�@�;�`���K�b �Q�7 �i�?�2 �b�2�M�i�2�M�+�2 ���`�2 �2���+�? �K���T�T�2�/
�i�Q ���M �>�.�@�p�2�+�i�Q�` ���+�+�Q�`�/�B�M�; �i�Q

V�M�@�;�`���K= � n � 1(V�M�@�R) � � n � 2(V�M�@�k) � : : : � V�y�- �r�B�i�?V�F �/�2�M�Q�i�B�M�;
�i�?�2 �>�.�@�p�2�+�i�Q�` �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �i�?�2 �+�?���`���+�i�2�` ���i �B�M�/�2�tk �r�B�i�?�B�M
�i�?�2 �M�@�;�`���K�X �h�?�B�b �p�2�+�i�Q�` �B�b �Q�#�i���B�M�2�/ �i�?�`�Q�m�;�? �A�J �K���T�T�B�M�; �m�b�B�M�; �k�d



�N�k �*�>���S�h�1�_ �j�X �1�L�1�_�:�u �1�6�6�A�*�A�1�L�h �*�A�_�*�l�A�h�a

�`���M�/�Q�K �>�.�@�p�2�+�i�Q�`�b �U�k�e �+�?���`���+�i�2�`�b �B�M �i�?�2 �G���i�B�M ���H�T�?���#�2�i �T�H�m�b �Q�M�2 �7�Q�`
�r�?�B�i�2�b�T���+�2�b�V�X� k �/�2�M�Q�i�2�b �i�?�2 �`�2�T�2���i�2�/ ���T�T�H�B�+���i�B�Q�M �Q�7 �� �#�B�i �T�2�`�K�m�i���i�B�Q�M
�U�K�Q�b�i �+�Q�K�K�Q�M�H�v �� �#�B�M���`�v �b�?�B�7�i �Q�T�2�`���i�B�Q�M�V�- ���M�/� �B�b �i�?�2 �#�B�M�/ �Q�T�2�`���i�Q�`
�U�s�P�_ �7�Q�` �"�a�*�V�X �h�?�2 �M�@�;�`���K �p�2�+�i�Q�`�bV�M�@�;�`���K�7�Q�` �i�?�2 �i�2�b�i �b�2�M�i�2�M�+�2 ���`�2
�i�?�2�M �#�m�M�/�H�2�/ �i�Q�;�2�i�?�2�` �i�Q �� �b�B�M�;�H�2 �b�2���`�+�? �p�2�+�i�Q�`V�b�2�M�i�2�M�+�2���M�/ �B�M �i�?�2
�}�M���H �b�i�2�T�- �+�Q�K�T���`�2�/ �r�B�i�? �T�`�Q�i�Q�i�v�T�2 �p�2�+�i�Q�`�b �7�Q�` �2���+�? �H���M�;�m���;�2 �B�M �i�?�2
���J�X �h�?�2 �K�Q�/�2�H �Q�7 �i�?�2 �/�2�b�+�`�B�#�2�/ ���H�;�Q�`�B�i�?�K�- �i�?�m�b �i�?�2 �T�`�Q�i�Q�i�v�T�2 �p�2�+�i�Q�`�b�-
���`�2 �Q�#�i���B�M�2�/ �#�v �#�m�M�/�H�B�M�; �i�Q�;�2�i�?�2�` ���H�H �b�2�M�i�2�M�+�2 �p�2�+�i�Q�`�bV�b�2�M�i�2�M�+�2�Q�7 �i�?�2
�i�`���B�M�B�M�; �/���i���b�2�i �Q�7 �� �H���M�;�m���;�2�X

�A�M �T�`���+�i�B�+�2�- ���M �M�@�;�`���K �b�B�x�2 �Q�7 �9 �T�`�Q�p�2�/ �i�Q �v�B�2�H�/ �i�?�2 �#�2�b�i �T�2�`�7�Q�`�K���M�+�2
�B�M �i�2�`�K�b �Q�7 ���+�+�m�`���+�v �(�R�N�d�)�X

�G�B�b�i�B�M�; �j�X�R �b�?�Q�r�b �i�?�2 ���#�Q�p�2 ���H�;�Q�`�B�i�?�K �7�Q�` �M�4�9 �B�M �S�b�2�m�/�Q�+�Q�/�2�,

�R�,i  0
�k�, �+�?���`�n�p�2�+i � [0 ; 1 ; 2 ; 3]  20480b0
�j�, �M�;�`���Ki � [0 ; 1]  20480b0
�9�, �7�Q��̀+�?���` �B�M �b�2�M�i�2�M�+�2�/�Q
�8�, �+�?���`�n�p�2�+i  im �nmap ( �+�?���)̀
�e�, �M�;�`���Ki  � ( �M�;�`���Ki � 1 ) � �+�?���`�n�p�2�+i � � 4 ( �+�?���`�n�p�2�+i � 4 )
�d�, i  i + 1
�3�, �2�M�/ �7�Q�`
�N�,

�R�y�,�b�2���`�+�?�n�p�2�+ bundle ( �M�;�`���K0 ; �M�;�`���K1 ; ::: )
�R�R�,�B�/�t 0
�R�k�,�K�B�M�n�/�B�b�i���M�+�2 1
�R�j�,�+�H���b�b�n�B�/�t 0
�R�9�,�7�Q��̀T �B�M �T�`�Q�i�Q�i�v�T�2 �p�2�+�i�Q�`�b�/�Q
�R�8�, �/�B�b�i���M�+�2 popcount ( �b�2���`�+�?�n�p�2�+� p)
�R�e�, �B�7�/�B�b�i���M�+�2< �K�B�M�n�/�B�b�i���M�+�2�i�?�2�M
�R�d�, �K�B�M�n�/�B�b�i���M�+�2 �/�B�b�i���M�+�2
�R�3�, �+�H���b�b�n�B�/�t �B�/�t
�R�N�, �2�M�/ �B�7
�k�y�,�2�M�/ �7�Q�`

�G�B�b�i�B�M�; �j�X�R�� �S�b�2�m�/�Q�+�Q�/�2 �Q�7 ���M �>�.�* ���H�;�Q�`�B�i�?�K �7�Q�` �H���M�;�m���;�2 �`�2�+�Q�;�M�B�i�B�Q�M�X

�A�M�b�i�2���/ �Q�7 �`�2�+���H�+�m�H���i�B�M�; �i�?�2 �b���K�2 �+�?���`���+�i�2�` �p�2�+�i�Q�`�b �`�2�T�2���i�2�/�H�v �r�?�2�M
�b�H�B�/�B�M�; �Q�p�2�` �i�?�2 �b�2�M�i�2�M�+�2�- �r�2 �`�2�+�m�`�b�B�p�2�H�v �+�Q�K�T�m�i�2 �i�?�2 �M�@�;�`���K �m�b�B�M�; ��
�6�A�6�P �b�i�`�m�+�i�m�`�2 �(�R�N�y�)�X �J���T�T�B�M�; �i�?�2 ���#�Q�p�2 ���H�;�Q�`�B�i�?�K �i�Q �i�?�2 �T�`�Q�T�Q�b�2�/
�A�a�� �r�B�i�? ���M ���J �b�B�x�2 �Q�7 �R�e �p�2�+�i�Q�`�b ���M�/ �p�2�+�i�Q�` �7�Q�H�/ �Q�7 �Q�M�2 �`�2�b�m�H�i�b �B�M
�i�?�2 �+�Q�/�2 �B�M �H�B�b�i�B�M�; �j�X�k�X

�q�2 �Q�K�B�i�i�2�/ �i�?�2 �B�M�B�i�B���H�B�x���i�B�Q�M �b�i�2�T�b �i�?���i �r�Q�m�H�/ �+�Q�`�`�2�b�T�Q�M�/ �i�Q �H�B�M�2�b
�R�@�j �B�M �i�?�2 �T�b�2�m�/�Q�@�+�Q�/�2 �H�B�b�i�B�M�; �7�Q�` �b�B�K�T�H�B�+�B�i�v�X �h�?�2 �#�Q�/�v �Q�7 �i�?�2 ���H�;�Q�`�B�i�?�K
�U�H�B�M�2�b �9�@�3�- �H�B�b�i�B�M�; �j�X�R�V �K���T�b �i�Q �i�?�2 �R�k �B�M�b�i�`�m�+�i�B�Q�M�b �U�H�B�M�2�b �R�@�k�k�V �B�M �H�B�b�i�B�M�;



�j�X�9�X �>�u�S�L�P�a ���*�*�1�G�1�_���h�P�_ �N�j

�R �b�i���`�i�,
�k �?�r�X�H�Q�Q�T�y�M�`�n�+�?���`���+�i�2�`�b�n�B�M�n�b�2�M�i�2�M�+�2�- �2�M�/�n�H�Q�Q�T
�j �O �1�L�*�a�1�G�4�^�Q�m�i�T�m�i �`�2�;�B�b�i�2�`�^�- �J�s�1�L�4�R
�9 �2�M�+�n�`�2�;! �K�B�t! �2�M�+�n�`�2�;
�8 �O �1�L�*�a�1�G�4�^�K�2�K�Q�`�v�^�- �_�A�.�s�4�R�k�- �P�S�4�#�B�M�/�- �q�"�1�L�4�R�- �q�A�.�s�4�R�R
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HD��Encoder

CAM

Control Path

Area Breakdown in UMC65
16 kBit CAM, Vector Fold ��1
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�/�Q�K���B�M�- �i�?�2�`�2 �B�b �Q�M�H�v �� �b�K���H�H �/�`�Q�T �B�M ���+�+�m�`���+�v�c �r�B�i�? �3�R�N�k �/�B�K�2�M�b�B�Q�M�b�-
�i�?�2 �T�`�Q�T�Q�b�2�/ ���`�+�?�B�i�2�+�i�m�`�2 ���+�?�B�2�p�2�b �N�e�X�j�R�W ���+�+�m�`���+�v �r�?�B�H�2 �J�Q�B�M�2�i ���H�X
�`�2�T�Q�`�i ���M ���+�+�m�`���+�v �Q�7 �N�N�X�9�9�W ���+�+�m�`���+�v �m�b�B�M�; �R�y�ö�y�y�y�@�#�B�i �p�2�+�i�Q�`�b ���M�/
���`�#�B�i�`���`�v �T�`�2�+�B�b�B�Q�M �#�m�M�/�H�B�M�; �(�R�e�j�)�X
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�6�B�;�m�`�2 �j�X�3�� ���+�?�B�2�p�2�/ ���+�+�m�`���+�B�2�b �7�Q�` �i�?�2 �i���`�;�2�i ���T�T�H�B�+���i�B�Q�M�b �m�b�B�M�; �/�B�z�2�`�2�M�i
�>�.�@�o�2�+�i�Q�` �b�B�x�2�b�X

�"���H�H �"�2���`�B�M�; ���M�Q�K���H�v �/�2�i�2�+�i�B�Q�M

�S�`�2�/�B�+�i�B�p�2 �K���B�M�i�2�M���M�+�2�- ���H�b�Q �F�M�Q�r�M ���b �+�Q�M�/�B�i�B�Q�M�@�#���b�2�/ �K���B�M�i�2�M���M�+�2�-
�B�b �� �i�2�`�K �7�Q�` �i�?�2 �T�`�Q�+�2�b�b �Q�7 �2�b�i�B�K���i�B�M�; �i�?�2 �+�m�`�`�2�M�i �+�Q�M�/�B�i�B�Q�M �Q�7 �B�M�@
�b�2�`�p�B�+�2 �2�[�m�B�T�K�2�M�i �i�Q ���M�i�B�+�B�T���i�2 �+�Q�K�T�Q�M�2�M�i �7���B�H�m�`�2�X �h�?�2 �;�Q���H �B�b �i�Q
�b�r�B�i�+�? �i�Q �� �K���B�M�i�2�M���M�+�2 �b�+�?�2�K�2 �r�?�2�`�2 �+�Q�K�T�Q�M�2�M�i�b ���`�2 �`�2�T�H���+�2�/ �Q�M�+�2
�i�?�2�v ���T�T�`�Q���+�? �i�?�2�B�` �2�M�/�@�Q�7�@�H�B�7�2 �B�M�b�i�2���/ �Q�7 �}�t�2�/ �K���B�M�i�2�M���M�+�2 �B�M�i�2�`�p���H�b
�#���b�2�/ �Q�M �T�`�2�p�2�M�i�B�p�2 �`�2�T�H���+�2�K�2�M�i ���+�+�Q�`�/�B�M�; �i�Q �i�?�2 �b�i���i�B�b�i�B�+���H�H�v �2�t�T�2�+�i�2�/
�H�B�7�2�i�B�K�2 �(�R�N�N�)�X ���b �T���`�i �Q�7 �Q�m�` ���H�;�Q�`�B�i�?�K�B�+ �B�M�p�2�b�i�B�;���i�B�Q�M�b�- �r�2 �B�M�p�2�b�i�B�;���i�2
�i�?�2 �7�2���b�B�#�B�H�B�i�v �Q�7 �>�.�* �7�Q�` �i�?�2 �i���b�F �Q�7 �#���H�H �#�2���`�B�M�; �7���m�H�i �T�`�2�/�B�+�i�B�Q�M
�m�b�B�M�; �p�B�#�`���i�B�Q�M �/���i�� �7�`�Q�K �H�Q�r �T�Q�r�2�` ���+�+�2�H�2�`�Q�K�2�i�2�` �b�2�M�b�Q�`�b�X �>�Q�r�2�p�2�`�-
�i�?�2 �T�`�Q�+�2�b�b �Q�7 �2�b�i�B�K���i�B�M�; �i�?�2 �+�Q�M�/�B�i�B�Q�M �Q�7 ���M �B�M�@�Q�T�2�`���i�B�Q�M �T�B�2�+�2 �Q�7 �i�?�2
�K���+�?�B�M�2 �B�b �M�Q�i �i�`�B�p�B���H�c �K�Q�b�i �Q�7 �i�?�2 �i�B�K�2�- �r�2 �?���p�2 �i�Q �/�`���r �+�Q�M�+�H�m�b�B�Q�M�b
�7�`�Q�K �b�B�/�2�@�+�?���M�M�2�H �B�M�7�Q�`�K���i�B�Q�M �H�B�F�2 �p�B�#�`���i�B�Q�M�- �M�Q�B�b�2�- �Q�` �i�2�K�T�2�`���i�m�`�2
�+���T�i�m�`�2�/ �#�v �b�2�M�b�Q�`�b ���i�i���+�?�2�/ �i�Q �i�?�2 �K���+�?�B�M�2�`�v�X �� �+�Q�M�b�B�/�2�`���#�H�2
���K�Q�m�M�i �Q�7 ���;�;�`�2�;���i�2 �/���i�� �M�2�2�/�b �i�Q �#�2 ���M���H�v�x�2�/�- �r�?�B�+�?�- �B�M �i�?�2 �+���b�2 �Q�7
�r�B�`�2�H�2�b�b ���M�/ �2�M�2�`�;�v �+�Q�M�b�i�`���B�M�2�/ �b�2�M�b�Q�`�b �K���F�2�b �+�2�M�i�`���H�B�x�2�/ �T�`�Q�+�2�b�b�B�M�;
�B�M�7�2���b�B�#�H�2 �/�m�2 �i�Q �i�?�2 �?�B�;�? �2�M�2�`�;�v �+�Q�b�i �Q�7 �r�B�`�2�H�2�b�b �+�Q�K�K�m�M�B�+���i�B�Q�M�X �.�2�@
�+�2�M�i�`���H�B�x�2�/ �T�`�Q�+�2�b�b�B�M�; �+�H�Q�b�2 �i�Q �i�?�2 �b�2�M�b�Q�` �B�b �i�?�m�b �i�?�2 �F�2�v �i�Q �2�M���#�H�2
�2�M�2�`�;�v ���m�i�Q�M�Q�K�Q�m�b �b�2�M�b�Q�`�b �i�Q �#�2 �`�2�i�`�Q�}�i�i�2�/ �Q�M �2�t�B�b�i�B�M�; �2�[�m�B�T�K�2�M�i�X

�>�Q�r�2�p�2�`�- �i�?�2 �+�Q�K�T�m�i���i�B�Q�M���H �+�Q�b�i �Q�7 �T�`�2�T�`�Q�+�2�b�b�B�M�; ���M�/ ���+�i�m���H
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�+�H���b�b�B�}�+���i�B�Q�M �7�Q�` ���H�H �Q�7 �i�?�2�b�2 �7�2���i�m�`�2�b �`�2�M�/�2�` �i�?�2�K �B�M�7�2���b�B�#�H�2 �7�Q�`
�+�Q�M�i�B�M�m�Q�m�b�b�m�`�p�2�B�H�H���M�+�2 �Q�M �H�Q�r �T�Q�r�2�` �b�2�M�b�Q�` �M�Q�/�2�b �Q�T�2�`���i�B�M�; �r�B�i�? ��
�T�Q�r�2�` �#�m�/�;�2�i �B�M �i�?�2�W �`���M�;�2�X �q�2 �i�?�m�b �T�`�2�b�2�M�i �� �b�B�K�T�H�2 �2�M�/�@�i�Q�@�2�M�/
�>�.�* �+�H���b�b�B�}�+���i�B�Q�M �b�+�?�2�K�2 �i�?���i �+���M �#�2 �m�b�2�/ ���b �� �}�`�b�i �2�H�2�K�2�M�i �i�Q �i�`�B�;�;�2�`
�K�Q�`�2 �B�M�p�Q�H�p�2�/ ���M���H�v�b�B�b�- �2�X�;�X�- �Q�M �� �+�H�m�b�i�2�` �Q�7 �;�2�M�2�`���H�@�T�m�`�T�Q�b�2 �+�Q�`�2�b�- �B�M
���M �2�M�2�`�;�v�@�T�`�Q�T�Q�`�i�B�Q�M���H �K�m�H�i�B�b�i���;�2 �+�H���b�b�B�}�+���i�B�Q�M �b�v�b�i�2�K�X

�6�Q�` �Q�m�` ���M���H�v�b�B�b�- �r�2 �m�b�2 �i�?�2 �A�J�a �"�2���`�B�M�; �.���i���b�2�i �T�`�Q�p�B�/�2�/ �#�v
�i�?�2 �l�M�B�p�2�`�b�B�i�v �Q�7 �*�B�M�+�B�M�M���i�B �(�k�y�y�)�X �h�?�2�v �`�2�+�Q�`�/�2�/ �p�B�#�`���i�B�Q�M �/���i�� ���i ��
�b���K�T�H�B�M�; �`���i�2 �Q�7 �k�y�F�>�x �7�`�Q�K �9 �/�B�z�2�`�2�M�i �#���H�H �#�2���`�B�M�;�b �Q�M �� �H�Q���/�2�/ �b�?���7�i
�`�Q�i���i�B�M�; ���i �� �+�Q�M�b�i���M�i �k�y�y�y�`�T�K�X �q�2 �+�Q�M�+�2�M�i�`���i�2�/ �Q�M �i�?�2 �}�`�b�i �Q�7 �i�?�2
�i�?�`�2�2 �`�2�+�Q�`�/�B�M�; �b�2�i�b�- �r�?�B�+�? �+�Q�M�i���B�M�b �R �b�2�+�Q�M�/ �/���i�� �`�2�+�Q�`�/�b �Q�#�i���B�M�2�/
�r�B�i�? ���M �B�M�i�2�`�p���H �Q�7 �R�y �K�B�M�m�i�2�b �B�M �� �`�m�M�@�i�Q�@�7���B�H�m�`�2 �2�t�T�2�`�B�K�2�M�i �i�?���i
�H���b�i�2�/ �j�8 �/���v�b �r�B�i�? ���M ���+�+�m�K�m�H���i�2�/ �Q�T�2�`���i�B�M�; �i�B�K�2 �Q�7 ���#�Q�m�i �R�8 �/���v�b�X

12.5ms
250 samples

500ms

125ms

Normalizer

Quantizer
128 levels

��12, 66, ...27�� IM Map

250 values

+

V0

V1

V254

VW1

VM

+

VW2 VW3 VW4 VW5

VM*

Hamming
Distance

�� Threshold?

Trigger further Analysis

�6�B�;�m�`�2 �j�X�N�� �A�H�H�m�b�i�`���i�B�Q�M �Q�7 �i�?�2 �T�`�Q�T�Q�b�2�/ �>�.�*�@�#���b�2�/ �#���H�H �#�2���`�B�M�; ���M�Q�K���H�v
�/�2�i�2�+�i�B�Q�M ���H�;�Q�`�B�i�?�K�XVM � �/�2�M�Q�i�2�b �i�?�2 �Q�M�H�B�M�2 �i�`���B�M�2�/ �+���H�B�#�`���i�B�Q�M �p�2�+�i�Q�` �7�`�Q�K
�i�?�2 �}�`�b�i �k�9 �Q�T�2�`���i�B�M�; �?�Q�m�`�b �Q�7 �i�?�2 �#���H�H �#�2���`�B�M�;�X

�6�B�;�m�`�2 �j�X�N �B�H�H�m�b�i�`���i�2�b �i�?�2 �#���b�B�+ �+�H���b�b�B�}�+���i�B�Q�M �T�`�Q�+�2�/�m�`�2�X �h�?�2
���H�;�Q�`�B�i�?�K �`�2�[�m�B�`�2�b ���M �B�M�B�i�B���H �+���H�B�#�`���i�B�Q�M �T�?���b�2 �r�?�2�`�2 �� �T�`�Q�i�Q�i�v�T�2
�p�2�+�i�Q�` �`�2�T�`�2�b�2�M�i�B�M�; �i�?�2 �#���H�H �#�2���`�B�M�;�ö�b �M�Q�`�K���H �Q�T�2�`���i�B�M�; �+�Q�M�/�B�i�B�Q�M �B�b
�;�2�M�2�`���i�2�/�X �q�B�i�? �i�?�2 �B�M�?�2�`�2�M�i �7�2���i�m�`�2 �Q�7 �>�.�* �i�?���i �+�H���b�b�B�}�+���i�B�Q�M ���M�/
�i�`���B�M�B�M�; ���`�2 �Q�7 ���H�K�Q�b�i �2�[�m�B�p���H�2�M�i �+�Q�K�T�m�i���i�B�Q�M���H �+�Q�K�T�H�2�t�B�i�v�- �Q�M�H�B�M�2
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�i�`���B�M�B�M�; �r�B�i�? �>�.�* �B�K�T�Q�b�2�b �M�2�;�H�B�;�B�#�H�2 ���/�/�B�i�B�Q�M���H �2�M�2�`�;�v �+�Q�b�i�b�X �h�?�2
�+�m�`�`�2�M�i �+�Q�M�i�`�Q�H �T���i�? �Q�7 �i�?�2 �T�`�Q�T�Q�b�2�/ �>�.�* ���+�+�2�H�2�`���i�Q�` ���H�H�Q�r�b �7�Q�` �Q�M�H�B�M�2
�i�`���B�M�B�M�; ���H�;�Q�`�B�i�?�K�b �i�Q �#�2 �2�M�+�Q�/�2�/ �B�M �i�?�2 ���H�;�Q�`�B�i�?�K �b�i�Q�`���;�2 �#�m�i �`�2�[�m�B�`�2�b
���M �2�t�i�2�`�M���H �+�Q�M�i�`�Q�H �2�M�i�B�i�v�- �2�X�;�X�- �� �;�2�M�2�`���H�@�T�m�`�T�Q�b�2 �+�Q�`�2 �i�?���i �T�`�Q�p�B�/�2�b
�i�?�2 �H���#�2�H�b �/�m�`�B�M�; ���H�;�Q�`�B�i�?�K �2�t�2�+�m�i�B�Q�M�X

�h�?�2 ���H�;�Q�`�B�i�?�K�ö�b �#���b�B�b �B�b �i�?�2 �2�M�+�Q�/�B�M�; �Q�7 �b�K���H�H �i�B�K�2 �r�B�M�/�Q�r�b �7�`�Q�K
�i�?�2 �`���r �p�B�#�`���i�B�Q�M �/���i�� �i�Q�K�2���b�m� �̀2�K�2�M�i �p�2�+�i�Q�`�bVM �X �1���+�? �i�B�K�2
�r�B�M�/�Q�r �+�Q�M�b�B�b�i�b �Q�7 �k�8�y �b���K�T�H�2�b �U�R�k�X�8�K�b�V�X �h�?�2 �b���K�T�H�2 �p���H�m�2�b ���`�2
�}�`�b�i �M�Q�`�K���H�B�x�2�/ �m�b�B�M�; �� �T�`�2�@�i�`���B�M�2�/ �M�Q�`�K���H�B�x���i�B�Q�M �7���+�i�Q�` ���M�/ �[�m���M�i�B�x�2�/
�i�Q �d �#�B�i�b�X �1���+�? �b���K�T�H�2 �p���H�m�2 �B�b �i�?�2�M �K���T�T�2�/ �i�Q ���M �>�.�@�p�2�+�i�Q�` �m�b�B�M�; �A�J
�K���T�T�B�M�;�- ���M�/ �i�?�2 �r�?�Q�H�2 �r�B�M�/�Q�r �Q�7 �k�8�y �b���K�T�H�2�b �B�b �#�m�M�/�H�2�/ �i�Q�;�2�i�?�2�` �i�Q
�� �r�B�M�/�Q�r �p�2�+�i�Q�`VW �X �6�B�p�2 �Q�7 �i�?�2�b�2 �r�B�M�/�Q�r �p�2�+�i�Q�`�b �r�B�i�? ���M �B�M�i�2�`�p���H
�Q�7 �R�k�8�K�b ���`�2 ���;���B�M �#�m�M�/�H�2�/ �i�Q�;�2�i�?�2�` �i�Q �7�Q�`�K �� �b�B�M�;�H�2�K�2���b�m� �̀2�K�2�M�i
�p�2�+�i�Q�`VM �X �h�?�2 �`�2�b�m�H�i�B�M�; �p�2�+�i�Q�` �i�?�m�b ���T�T�`�Q�t�B�K���i�2�b �i�?�2 ���K�T�H�B�i�m�/�2
�/�B�b�i�`�B�#�m�i�B�Q�M �Q�p�2�` �� �y�X�8�@�b�2�+�Q�M�/ �i�B�K�2 �7�`���K�2�X

�h�?�2 �;�2�M�2�`���H �B�/�2�� �#�2�?�B�M�/ �i�?�2 �T�`�Q�T�Q�b�2�/ ���M���H�v�b�B�b �b�+�?�2�K�2 �B�b �i�Q �;�2�M�2�`���i�2
�� �T�`�Q�i�Q�i�v�T�2 �p�2�+�i�Q�`VM � �m�b�B�M�; �i�?�2 �}�`�b�i �+�Q�m�T�H�2 �Q�7�K�2���b�m� �̀2�K�2�M�i �p�2�+�i�Q�`�b
���7�i�2�` �+�Q�K�K�B�b�b�B�Q�M�B�M�;�X �q�2 �i�?�2�M �i�`���+�F �i�?�2 �2�p�Q�H�m�i�B�Q�M �Q�7 �>���K�K�B�M�; �/�B�b�i���M�+�2
�Q�p�2�` �i�B�K�2 �7�Q�` �b�m�#�b�2�[�m�2�M�i �K�2���b�m�`�2�K�2�M�i �p�2�+�i�Q�`�b�X �q�2 �+���H�B�#�`���i�2�/ �i�?�2
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�r�B�i�? �� �7�m�H�H�v �+�Q�K�#�B�M���i�B�Q�M���H�- �~�B�T�@�~�Q�T�@�#���b�2�/ ���b�b�Q�+�B���i�B�p�2 �K�2�K�Q�`�v �r�?�2�`�2���b
�Q�m�` ���`�+�?�B�i�2�+�i�m�`�2 �Q�T�i�b �7�Q�` �� �T�B�T�2�H�B�M�2�@�7�`�2�2 �b�2�[�m�2�M�i�B���H �2�M�+�Q�/�2�` �r�B�i�? ��
�p�2�+�i�Q�` �b�2�[�m�2�M�i�B���H�- �H���i�+�?�@�#���b�2�/ ���J �/�2�b�B�;�M�X �6�B�M���H�H�v�- �i�?�2 ���`�+�?�B�i�2�+�i�m�`�2
�T�`�Q�T�Q�b�2�/ �#�v �.���i�i���2�i ���H�X�B�b �Q�M�H�v�;�2�M�2�`�B�+�U�� �b�m�#�b�2�i �Q�7�;�2�M�2� �̀��H�@�T�m�`�T�Q�b�2
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���`�+�?�B�i�2�+�i�m�`�2�b�V ���+�+�Q�`�/�B�M�; �i�Q �i�?�2�B�` �i���t�Q�M�Q�K�v �Q�M �>�.�* ���H�;�Q�`�B�i�?�K �+�H���b�b�2�b
�2�b�i���#�H�B�b�?�2�/ �B�M �(�R�N�8�)�X �h�?�B�b �B�K�T�Q�b�2�b �� �b�2�i �Q�7 ���/�/�B�i�B�Q�M���H �+�Q�M�b�i�`���B�M�i�b �Q�M
�i�?�2 �b�i�`�m�+�i�m�`�2 �Q�7 �>�.�* ���H�;�Q�`�B�i�?�K�b �i�?���i �+���M �#�2 �2�t�2�+�m�i�2�/�X �A�M �+�Q�M�i�`���b�i�-
�i�?�2 �K�B�+�`�Q�+�Q�/�2�@�#���b�2�/ ���T�T�`�Q���+�? �i�?���i �Q�m�` ���`�+�?�B�i�2�+�i�m�`�2 �7�Q�H�H�Q�r�b ���H�H�Q�r�b �7�Q�`
���`�#�B�i�`���`�v �>�.�* ���H�;�Q�`�B�i�?�K �+�Q�K�T�m�i���i�B�Q�M �U�B�M�+�H�m�/�B�M�; �i�?�2�;�2�M�2�`�B�+�Q�M�2�b�V
�r�B�i�?�B�M �i�?�2 �H�B�K�B�i�b �Q�7 �i�?�2 ���p���B�H���#�H�2 ���J ���M�/ �B�M�b�i�`�m�+�i�B�Q�M �K�2�K�Q�`�v �`�2�b�Q�m�`�+�2�b�X

���K�Q�M�; �Q�i�?�2�` ���H�;�Q�`�B�i�?�K�b�- �.���i�i���2�i ���H�X�`�2�T�Q�`�i �i�?�2 �2�M�2�`�;�v �M�m�K�#�2�`�b �7�Q�`
�1�J�: ���M�/ �G���L�: �2�t�2�+�m�i�2�/ �Q�M �� �j�k �#�v �k�y�9�3�@�#�B�i ���+�+�2�H�2�`���i�Q�` �B�M �h�a�J�*�k�3�X
�q�2 ���+�?�B�2�p�2 �� �i�2�+�?�M�Q�H�Q�;�v�@�b�+���H�2�/ ���`�2�� �`�2�/�m�+�i�B�Q�M �#�v�j�X�j� �X �h�?�B�b �+���M
�#�2 �2�t�T�H���B�M�2�/ �#�v �K���b�b�B�p�2 ���`�2�� �`�2�/�m�+�i�B�Q�M�b �B�M ���H�H �K���D�Q�` �+�Q�K�T�Q�M�2�M�i�b
�Q�7 �i�?�2 ���+�+�2�H�2�`���i�Q�`�X �h�?�2 �K�Q�b�i �+�Q�M�b�B�/�2�`���#�H�2 �2�z�2�+�i �?���b �i�?�2 �Q�M�@�i�?�2�@�~�v
�T�b�2�m�/�Q�@�`���M�/�Q�K �K���i�2�`�B���H�B�x���i�B�Q�M �Q�7 �i�?�2 �B�i�2�K �p�2�+�i�Q�`�b �m�b�2�/ �B�M �Q�m�` �/�2�b�B�;�M�-
�r�?�B�+�? �`�2�K�Q�p�2�b �i�?�2 �M�2�+�2�b�b�B�i�v �i�Q �B�M�+�Q�`�T�Q�`���i�2 �� �H���`�;�2 �_�P�J �i�Q �b�i�Q�`�2 ���H�H
�T�Q�b�b�B�#�H�2 �B�i�2�K �p�2�+�i�Q�`�b�X �A�M �7���+�i�- �e�k�W �Q�7 �i�?�2 �Q�p�2�`���H�H ���`�2�� �B�M �.���i�i���2�i ���H�X
�B�b �Q�+�+�m�T�B�2�/ �#�v �� �H���`�;�2 �R�y�k�9 �#�v �k�y�9�3 �#�B�i �_�P�J�X �"�2�b�B�/�2�b �i�?�2 ���`�2�� ���M�/
�2�M�2�`�;�v �B�K�T�H�B�+���i�B�Q�M�b�- �i�?�2 �_�P�J�@�#���b�2�/ �b�Q�H�m�i�B�Q�M �?���b �i�?�2 ���/�/�2�/ �/�`���r�#���+�F
�Q�7 �?���p�B�M�; �� �?���`�/�r�B�`�2�/ �T���`�i�B�i�B�Q�M�B�M�; �Q�7 �i�?�2 �K�2�K�Q�`�v�c �Q�M�2 �7�Q�` �i�?�2 �B�i�2�K
�K�2�K�Q�`�v�- �+�Q�M�i���B�M�B�M�; �[�m���b�B�@�Q�`�i�?�Q�;�Q�M���H �p�2�+�i�Q�`�b�- ���M�/ �Q�M�2 �7�Q�` �+�Q�M�i�B�M�m�Q�m�b
�B�i�2�K �K�2�K�Q�`�v �p�2�+�i�Q�`�b�- �r�?�2�`�2 �i�?�2 �T���B�`�@�r�B�b�2 �>���K�K�B�M�; �/�B�b�i���M�+�2 �#�2�i�r�2�2�M
�i�?�2 �p�2�+�i�Q�`�b �+�Q�`�`�2�H���i�2�b �i�Q �i�?�2 �/�B�z�2�`�2�M�+�2 �Q�7 �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �B�M�T�m�i
�p���H�m�2�b�X ���M�Q�i�?�2�` �H���`�;�2 �`�2�/�m�+�i�B�Q�M �B�M ���`�2�� �B�b ���+�?�B�2�p�2�/ �B�M �i�?�2 ���J�- �r�?�2�`�2
�Q�m�` �b�Q�H�m�i�B�Q�M �m�b�2�b �H���i�+�? �+�2�H�H�b ���M�/ �b�2�[�m�2�M�i�B���H�H�v �+���H�+�m�H���i�2�b �i�?�2 �>���K�K�B�M�;
�/�B�b�i���M�+�2 �B�M �+�Q�M�i�`���b�i �i�Q �i�?�2 �#���b�2�H�B�M�2�- �r�?�B�+�? �m�b�2�b �� �~�B�T�@�~�Q�T�@�#���b�2�/ �7�m�H�H�v
�T���`���H�H�2�H �B�K�T�H�2�K�2�M�i���i�B�Q�M�X

�A�M �7���B�`�M�2�b�b�- �Q�M�2 �?���b �i�Q �M�Q�i�B�+�2 �i�?���i �(�R�N�8�)�- �r�B�i�? �� �K���t�B�K�m�K �+�H�Q�+�F
�7�`�2�[�m�2�M�+�v �Q�7 �9�j�9�J�>�x�- �?���b �� �K�m�+�? �?�B�;�?�2�` �T�2���F �i�?�`�Q�m�;�?�T�m�i �i�?���M �Q�m�`
�b�Q�H�m�i�B�Q�M �/�m�2 �i�Q �B�i�b �T���`���H�H�2�H ���M�/ �?�2���p�B�H�v �T�B�T�2�H�B�M�2�/ ���`�+�?�B�i�2�+�i�m�`�2�X �>�Q�r�2�p�2�`�-
�i�?�2 �`�2�b�m�H�i�b �B�M �h���#�H�2 �j�X�j �b�m�;�;�2�b�i �i�?���i ���H�;�Q�`�B�i�?�K�b �m�b�2�/ �7�Q�` ���H�r���v�b�@�Q�M
�b�2�M�b�B�M�; �/�Q �M�Q�i �#�2�M�2�}�i �7�`�Q�K �b�m�+�? �� �?�B�;�? �i�?�`�Q�m�;�?�T�m�i�- ���M�/ �2�M�2�`�;�v
�2�{�+�B�2�M�+�v �B�b �i�?�2 �F�2�v �K�2�i�`�B�+ �#�v �r�?�B�+�? �r�2 �b�?�Q�m�H�/ �D�m�/�;�2 �i�?�2 �T�2�`�7�Q�`�K���M�+�2
�Q�7 �i�?�2 �/�B�z�2�`�2�M�i ���T�T�`�Q���+�?�2�b�X

���b �r�2 �+���M �b�2�2 �B�M �h���#�H�2 �j�X�9�- �i�?�2 �2�M�2�`�;�v �2�{�+�B�2�M�+�v �/�B�z�2�`�2�M�+�2�b �#�2�i�r�2�2�M
�i�?�2 �i�r�Q ���`�+�?�B�i�2�+�i�m�`�2�b �/�2�T�2�M�/ �� �H�Q�i �Q�M �i�?�2 ���H�;�Q�`�B�i�?�K ���i �?���M�/�X �6�Q�`
�G���L�:�- �i�?�2 ���+�?�B�2�p�2�/ �2�M�2�`�;�v �2�{�+�B�2�M�+�v �B�b �b�H�B�;�?�i�H�v �r�Q�`�b�2 �U�Y�j�R�W�V �i�?���M
�i�?�2 �#���b�2�H�B�M�2�- �r�?�B�+�? �B�b �b�i�B�H�H �B�K�T�`�2�b�b�B�p�2 �+�Q�M�b�B�/�2�`�B�M�; �i�?�2 �j�X�j� �`�2�/�m�+�i�B�Q�M
�B�M ���`�2���X �6�Q�` �1�J�:�- �Q�M �i�?�2 �Q�i�?�2�` �?���M�/�- �r�2 ���+�?�B�2�p�2 �� �j�X�R� �B�K�T�`�Q�p�2�K�2�M�i
�B�M �2�M�2�`�;�v �2�{�+�B�2�M�+�v�X �h�?�B�b �B�b �B�M �+�Q�M�i�`���b�i �i�Q �.���i�i���2�i ���H�X�ö�b ���`�+�?�B�i�2�+�i�m�`�2�-
�r�?�2�`�2 �G���L�: �2�t�?�B�#�B�i�b �� �?�B�;�?�2�` �2�M�2�`�;�v �2�{�+�B�2�M�+�v �i�?���M �1�J�:�X �h�?�B�b
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�+���M �#�2 �2�t�T�H���B�M�2�/ �#�v �i�?�2 �/�B�z�2�`�2�M�+�2 �B�M �i�?�2 �+�Q�K�T�m�i���i�B�Q�M���H �+�Q�K�T�H�2�t�B�i�v
�Q�7 �Q�`�i�?�Q�;�Q�M���H ���M�/ �+�Q�M�i�B�M�m�Q�m�b �B�i�2�K �K���T�T�B�M�; �B�M �Q�m�` ���`�+�?�B�i�2�+�i�m�`�2�X �A�M
�G���L�:�- �B�M�T�m�i �p���H�m�2�b ���`�2 �K���T�T�2�/ �i�Q �[�m���b�B�@�Q�`�i�?�Q�;�Q�M���H �p�2�+�i�Q�`�b �m�b�B�M�; �i�?�2
�K�B�t�B�M�; �b�i���;�2 �U�j�X�j�X�k�V�- �r�?�B�+�? �`�2�[�m�B�`�2�blog2(N ) �+�v�+�H�2�b�- �r�?�2�`�2N �/�2�M�Q�i�2�b
�i�?�2 �+���`�/�B�M���H�B�i�v �Q�7 �i�?�2 �B�M�T�m�i �b�2�i�X �h�?�2 �Q�p�2�`�?�2���/ �Q�7 �i�?�B�b �B�i�2�`���i�B�p�2 ���T�T�`�Q���+�?
�+�Q�M�b�B�/�2�`���#�H�v �H�Q�r�2�`�b �i�?�2 �2�M�2�`�;�v ���/�p���M�i���;�2 �Q�7 �M�Q�i �m�b�B�M�; �� �H���`�;�2 �_�P�J
�7�Q�` �B�i�2�K �K�2�K�Q�`�v �;�2�M�2�`���i�B�Q�M�X �6�Q�` �1�J�:�- �Q�M �i�?�2 �Q�i�?�2�` �?���M�/�- �i�?�2 �B�M�T�m�i
�p���H�m�2�b ���`�2 �K���T�T�2�/ �+�Q�M�i�B�M�m�Q�m�b�H�v �m�b�B�M�; �i�?�2 �b�B�K�B�H���`�B�i�v �K���M�B�T�m�H���i�Q�`�- �r�?�B�+�?
�+���M �#�2 �T�2�`�7�Q�`�K�2�/ �B�M �� �b�B�M�;�H�2 �+�v�+�H�2 ���M�/ �+���M �2�p�2�M �#�2 �+�Q�K�#�B�M�2�/ �r�B�i�? ��
�#�m�M�/�H�B�M�; �Q�` �#�B�M �Q�T�2�`���i�B�Q�M �B�M �i�?�2 �b�m�#�b�2�[�m�2�M�i �2�M�+�Q�/�2�` �m�M�B�i�b�X �>�2�M�+�2�- �7�Q�`
�i�?�B�b ���H�;�Q�`�B�i�?�K�- �i�?�2 �2�z�2�+�i �Q�7 �M�Q�i �`�2�[�m�B�`�B�M�; �� �_�P�J �+�Q�K�2�b �i�Q �/�B�b�T�H���v ���M�/
�+���m�b�2�b �i�?�2 �1�J�: �i���b�F �i�Q �2�t�2�+�m�i�2 �K�Q�`�2 �2�{�+�B�2�M�i�H�v �i�?���M �i�?�2 �G���L�: �i���b�F�X

�A�M �;�2�M�2�`���H�- �r�2 �+���M �b���v �i�?���i �7�Q�` �p�2�`�v �?�B�;�? �B�M�T�m�i �p���H�m�2 �`�2�b�Q�H�m�i�B�Q�M�b�-
�i�?�2 �Q�p�2�`�?�2���/ �Q�7 �B�i�2�`���i�B�p�2 �B�i�2�K �p�2�+�i�Q�` �;�2�M�2�`���i�B�Q�M �b�i���`�i�b �i�Q �/�Q�K�B�M���i�2
�i�?�2 �Q�p�2�`���H�H �2�M�2�`�;�v �+�Q�M�b�m�K�T�i�B�Q�M �Q�7 �Q�m�` ���`�+�?�B�i�2�+�i�m�`�2�X �h�?�m�b�- �7�Q�` ���M
���T�T�H�B�+���i�B�Q�M�@�b�T�2�+�B�}�+ ���+�+�2�H�2�`���i�Q�` �r�B�i�? �� �b�K���H�H �}�t�2�/ �B�M�T�m�i �`�2�b�Q�H�m�i�B�Q�M
�m�b�B�M�; �A�J�@�#���b�2�/ �2�M�+�Q�/�B�M�;�- �� �_�P�J�@�#���b�2�/ �A�J �K�B�;�?�i �#�2 �K�Q�`�2 �2�M�2�`�;�v
�2�{�+�B�2�M�i �i�?���M �Q�m�` ���T�T�`�Q���+�?�X �a�i�B�H�H�- �i�?�2 �7���+�i �i�?���i �i�?�2 �+�Q�K�T�m�i���i�B�Q�M���H
�+�Q�K�T�H�2�t�B�i�v �Q�7 �i�?�2 �`�2�K���i�2�`�B���H�B�x���i�B�Q�M ���T�T�`�Q���+�? �;�`�Q�r�b �r�B�i�? �i�?�2 �H�Q�;���`�B�i�?�K
�Q�7 �i�?�2 �B�M�T�m�i �b�T���+�2 �B�M�b�i�2���/ �Q�7 �H�B�M�2���` �_�P�J ���`�2�� �b�+���H�B�M�; �b�m�;�;�2�b�i�b ���M
���/�p���M�i���;�2 �Q�7 �Q�m�` ���`�+�?�B�i�2�+�i�m�`�2 �7�Q�` �H���`�;�2�` �B�M�T�m�i �b�T���+�2 �+���`�/�B�M���H�B�i�v�X �A�M ���M�v
�+���b�2�- �i�?�2 �T�`�Q�T�Q�b�2�/ ���`�+�?�B�i�2�+�i�m�`�2 �2�t�+�2�H�b �B�M �B�i�b �2�M�2�`�;�v �T�`�Q�T�Q�`�i�B�Q�M���H�B�i�v �i�Q
�i�?�2 �/�2�b�B�`�2�/ �>�.�* ���H�;�Q�`�B�i�?�K�X �h�?�2 �_�P�J�@�#���b�2�/ ���T�T�`�Q���+�? �B�M �(�R�N�8�) �?���b ���M
���H�K�Q�b�i �}�t�2�/ �+�Q�b�i �7�Q�` �B�i�2�K �K�2�K�Q�`�v �K���T�T�B�M�; �r�B�i�? ���M �m�T�T�2�` �H�B�K�B�i �Q�M �i�?�2
�b�m�T�T�Q�`�i�2�/ �`�2�b�Q�H�m�i�B�Q�M�X �6�Q�` �2�t���K�T�H�2�- �B�M �G���L�:�- �Q�M�H�v �R�j�W �U�k�d �Q�m�i �Q�7 �R�y�k�9
�B�i�2�K �p�2�+�i�Q�`�b�V �Q�7 ���H�H �_�P�J �2�M�i�`�B�2�b ���`�2 �`�2�[�m�B�`�2�/ �i�Q �K���T �i�?�2 �B�M�T�m�i �p���H�m�2�b�X



�R�y�e �*�>���S�h�1�_ �j�X �1�L�1�_�:�u �1�6�6�A�*�A�1�L�h �*�A�_�*�l�A�h�a

�j�X�8 �a�B�H�B�+�Q�M �_�2���H�B�x���i�B�Q�M �B�M�b�B�/�2 �i�?�2 �h�a�J�*
�e�8�M�K �_�Q�b�2�i�i�� �h�2�b�i�+�?�B�T

�A�M �i�?�B�b �b�2�+�i�B�Q�M �r�2 ���`�2 �B�M�i�`�Q�/�m�+�B�M�;�_�Q�b�2�i�i���- �� �b�B�H�B�+�Q�M �i�2�b�i �p�2�?�B�+�H�2 �a�Q�*
�7�Q�` �M�2���`�@�K�2�K�Q�`�v �T�`�Q�+�2�b�b�B�M�; �+�B�`�+�m�B�i ���M�/ �Q�M�@�+�?�B�T �K�2�K�Q�`�v �2�p���H�m���i�B�Q�M
�i���T�2�/ �Q�m�i �B�M �h�a�J�* �e�8�M�K �i�2�+�?�M�Q�H�Q�;�v�X �h�?�2 �+�?�B�T �7�2���i�m�`�2�b �i�?�2 �}�`�b�i �T�`�Q�Q�7
�Q�7 �+�Q�M�+�2�T�i �b�B�H�B�+�Q�M �`�2���H�B�x���i�B�Q�M �Q�7 �>�v�T�M�Q�b�- �� �M�Q�p�2�H �;���B�M�@�+�2�H�H �2�.�_���J
�K���+�`�Q ���b �r�2�H�H ���b �Q�i�?�2�` �A�S�b �7�`�Q�K �Q�i�?�2�` �T�`�Q�D�2�+�i �T���`�i�M�2�`�b�9 �A�M �i�?�B�b �b�2�+�i�B�Q�M�-
�r�2 �r�B�H�H �Q�M�H�v �T�`�Q�p�B�/�2 �� �b�m�K�K���`�v �Q�7 �i�?�2 �2�.�_���J �+�?���`���+�i�2�`�B�b�i�B�+�b ���M�/
�B�M�b�i�2���/ �7�Q�+�m�b �Q�M �i�?�2 �K���+�`�Q ���`�+�?�B�i�2�+�i�m�`�2 �Q�7 �i�?�2 �b�v�b�i�2�K ���M�/ �B�M�B�i�B���H
�Q�M�@�b�B�H�B�+�Q�M �2�p���H�m���i�B�Q�M �Q�7 �>�v�T�M�Q�b�X

�*�Q�M�i�`�B�#�m�i�B�Q�M�b�h�?�B�b �T�`�Q�D�2�+�i �?���b �#�2�2�M �� �D�Q�B�M�i �2�z�Q�`�i �r�B�i�? �i�?�2
�i�2�H�2�+�Q�K�K�m�M�B�+���i�B�Q�M �+�B�`�+�m�B�i�b �H���#�Q�`���i�Q�`�v �U�h�*�G�V ���i �1�S�6�G �r�?�Q �/�2�p�2�H�Q�T�2�/
�i�?�2 ���M���H�Q�; �:�*�@�2�.�_���J �A�S ���M�/ �K�2 �r�B�i�? �B�/�2���b ���M�/ �B�M�T�m�i�b �7�`�Q�K �G�m�+��
�"�2�M�B�M�B ���M�/ ���M�/�`�2���b �"�m�`�;�X �J�v �`�2�b�T�Q�M�b�B�#�B�H�B�i�v �r�B�i�?�B�M �i�?�2 �T�`�Q�D�2�+�i �r���b
�i�?�2 �B�M�B�i�B���H �/�2�b�B�;�M �Q�7 �i�?�2 �a�Q�*�- �i�?�2 �b�v�b�i�2�K �B�M�i�2�;�`���i�B�Q�M �Q�7 �>�v�T�M�Q�b ���M�/ �i�?�2
�Q�i�?�2�` �j�`�/ �T���`�i�v �A�S�b�X �h�?�2 �T�?�v�b�B�+���H �/�2�b�B�;�M ���M�/ �b�B�H�B�+�Q�M �K�2���b�m�`�2�K�2�M�i�b
�r�2�`�2 �/�Q�M�2 �#�v �K�v�b�2�H�7 �r�B�i�? �b�B�;�M�B�}�+���M�i �b�m�T�T�Q�`�i �Q�7 �"�2���i �J�m�?�2�B�K ���M�/
�6�`���M�F �:�m�`�F���v�M���F �7�`�Q�K �i�?�2 �K�B�+�`�Q�@�2�H�2�+�i�`�Q�M�B�+�b �/�2�b�B�;�M �+�2�M�i�`�2 ���i �1�h�>�X
�h�?�2 �r�`�B�i�2�@�m�T �Q�7 �i�?�B�b �+�?���T�i�2�` �r���b �/�Q�M�2 �#�v �K�v�b�2�H�7 �r�B�i�? �;�m�B�/���M�+�2 ���M�/
�7�2�2�/�#���+�F �Q�7 �G�m�+�� �"�2�M�B�M�B�X �h�?�2 �`�2�b�m�H�i�b �Q�M �i�?�2 �:�*�@�2�.�_���J �?���p�2 �#�2�2�M
�T�m�#�H�B�b�?�2�/ �b�2�T���`���i�2�H�v �B�M �A�1�1�1 �a�Q�H�B�/�@�a�i���i�2 �*�B�`�+�m�B�i�b �G�2�i�i�2�` �(�e�9�) �r�?�2�`�2
�A �+�Q�M�i�`�B�#�m�i�2�/ �i�?�2 �a�Q�* ���`�+�?�B�i�2�+�i�m�`�2 �b�2�+�i�B�Q�M�X

�j�X�8�X�R�a�Q�* ���`�+�?�B�i�2�+�i�m�`�2

�6�B�;�m�`�2 �j�X�R�R �B�H�H�m�b�i�`���i�2�b �i�?�2 �a�Q�* ���`�+�?�B�i�2�+�i�m�`�2�c �h�?�2 �b�v�b�i�2�K �B�b �#���b�2�/ �Q�M
�S�l�G�S�B�b�b�B�K�Q �(�k�y�k�)�- �� �b�B�M�;�H�2�@�+�Q�`�2 �K�B�+�`�Q�+�Q�M�i�`�Q�H�H�2�` �b�v�b�i�2�K �#�m�B�H�i ���`�Q�m�M�/
�� �j�k�@�#�B�i �_�A�a�*�@�o �+�Q�`�2 �M���K�2�/ �_�A�8�*�u �(�R�N�e�)�X

�_�A�8�*�u �B�b �� �8�@�b�i���;�2 �b�B�M�;�H�2�@�B�b�b�m�2 �B�M�@�Q�`�/�2�` �j�k�@�#�B�i �_�A�a�*�@�o �+�Q�`�2�X �h�?�2
�T�`�Q�+�2�b�b�Q�` �B�b �+�Q�m�T�H�2�/ �r�B�i�? �� �j�k�@�#�B�i �?���`�/�r���`�2 �~�Q���i�B�M�; �T�Q�B�M�i �m�M�B�i ���M�/
�b�m�T�T�Q�`�i�b �i�?�2 �b�i���M�/���`�/ �_�A�a�*�@�o �A�a�� �2�t�i�2�M�b�B�Q�M�b �J�- �6 ���M�/ �* �i�?�m�b
�K���F�B�M�; �B�i ���M �_�o�j�k�A�J�6�*�@�+�Q�K�T���i�B�#�H�2 �+�Q�`�2�X �P�M �i�Q�T �Q�7 �i�?�2 �b�i���M�/���`�/
�A�a�� �2�t�i�2�M�b�B�Q�M�b�- �i�?�2 �_�A�8�*�u �+�Q�`�2 �B�M �_�Q�b�2�i�i�� �b�m�T�T�Q�`�i�b �b�2�p�2�`���H �+�m�b�i�Q�K

�9�L�Q�i �+�Q�M�b�B�/�2�`�2�/ �B�M �/�2�i���B�H �r�B�i�?�B�M �i�?�2 �b�+�Q�T�2 �Q�7 �i�?�B�b �i�?�2�b�B�b�X



�j�X�8�X �a�A�G�A�*�P�L �_�1���G�A�w���h�A�P�L �R�y�d

51
2

R
IS

C
��V

C
or

e

In
tr

pt
.

C
tr

l.

U
A

R
T

S
P

I

I2
C

B
oo

t
R

O
M

S
C

M
4 

kB

S
R

A
M

32
kB

S
R

A
M

32
kB

C
fg

.

C
fg

.

C
fg

.

Lo
ga

rit
hm

ic
In

te
rc

on
ne

ct

IO
��D

M
A

Lo
ga

rit
hm

ic
In

te
rc

on
ne

ct

D
at

a
In

st
r.

R
X

T
X

D
eb

ug
M

od
ul

e

JT
A

G
 P

or
t

C
A

M

G
P

IO

S
oC F
LLIO F
LL

APB Bridge

T
im

er
E

ve
nt

s
E

ve
nt

s

C
ut

 0
4 

kB

re
fr

es
h 

ct
rl.

C
ut

 0
4 

kB

re
fr

es
h 

ct
rl.

G
C

-e
D

R
A

M
 B

an
k

C
ut

 0
4 

kB

re
fr

es
h 

ct
rl.

C
ut

 0
4 

kB

re
fr

es
h 

ct
rl.

1616

P
er

ip
he

ra
ls

M
em

or
y 

E
le

m
en

ts

In
te

rc
on

ne
ct

 F
ab

ric

S
R

A
M

12
8k

B
S

R
A

M
12

8k
B

S
R

A
M

12
8k

B
S

R
A

M
12

8k
B

4

L2
 M

em
or

y

C
fg

.

PAD Multiplexer

D
eb

ug
 R

eq
ue

st
s

A
P

B
 C

on
fig

 If
ac

e

C
on

tig
uo

us
C

ro
ss

ba
r

In
te

rle
av

ed
C

ro
ss

ba
r

H
yp

no
s

�6
�B

�;�
m

�`
�2

�j�
X

�R
�R

��
���

`�
+�

?�
B

�i�
2�

+
�i�

m
�`

�2
�Q

�7
�i�

?�
2

�_
�Q

�b
�2

�i�
i��

�a
�Q

�*
�X



�R�y�3 �*�>���S�h�1�_ �j�X �1�L�1�_�:�u �1�6�6�A�*�A�1�L�h �*�A�_�*�l�A�h�a

�B�M�b�i�`�m�+�i�B�Q�M�b �#�m�M�/�H�2�/ �B�M �i�?�2 �+�m�b�i�Q�K �A�a�� �2�t�i�2�M�b�B�Q�M�t�S�l�G�S�o�j�X �J�Q�b�i
�M�Q�i���#�H�2 �7�Q�` �`�m�M�i�B�K�2 �2�{�+�B�2�M�+�v �B�K�T�`�Q�p�2�K�2�M�i�b �B�b �i�?�2 �b�m�T�T�Q�`�i �7�Q�` �?���`�/�r���`�2
�H�Q�Q�T�b�- �b�Q�K�2�i�B�K�2�b ���H�b�Q �`�2�7�2�`�`�2�/ �i�Q ���b �x�2�`�Q�@�Q�p�2�`�?�2���/ �H�Q�Q�T�b ���M�/ �a�A�J�.
�B�M�b�i�`�m�+�i�B�Q�M�b�X

�h�?�2 �+�Q�`�2�b �B�M�b�i�`�m�+�i�B�Q�M ���M�/ �/���i�� �7�2�i�+�? �T�Q�`�i�b �+�Q�M�M�2�+�i �i�Q �i�?�2�i�+�/�K�-
�� �;�H�Q�#���H �b�v�b�i�2�K �B�M�i�2�`�+�Q�M�M�2�+�i �i�?���i �2�M���#�H�2�b �?�B�;�?�@�#���M�/�r�B�/�i�? ���+�+�2�b�b
�r�B�i�? �b�B�M�;�H�2�@�+�v�+�H�2 �i�`���M�b���+�i�B�Q�M �H���i�2�M�+�v �i�Q �_�Q�b�2�i�i���ö�b �p���`�B�Q�m�b �K�2�K�Q�`�v
�+�Q�K�T�Q�M�2�M�i�b�X �h�?�B�b �b�Q�@�+���H�H�2�/�H�Q�;���`�B�i�?�K�B�+ �B�M�i�2� �̀+�Q�M�M�2�+�i�B�b �#���b�2�/ �Q�M ��
�7�Q�`�2�b�i �Q�7 ���`�#�B�i�`���i�B�Q�M �i�`�2�2 �+�B�`�+�m�B�i�b �i�?���i �2�M�b�m�`�2�b �7���B�`�- �+�Q�K�#�B�M���i�B�Q�M���H
���`�#�B�i�`���i�B�Q�M �B�M �i�?�2 �7�m�H�H�v �+�Q�M�M�2�+�i�2�/ �+�`�Q�b�b�#���` �(�k�y�j�)�X

�h�?�2 �B�M�i�2�`�+�Q�M�M�2�+�i �#�`���M�+�?�2�b �B�M�i�Q �i�?�`�2�2 �K�2�K�Q�`�v �`�2�;�B�Q�M�b�c �h�?�2
�B�M�i�2�`�H�2���p�2�/ �+�`�Q�b�b�#���` �+�Q�M�M�2�+�i�b �i�Q �i�?�2 �#�m�H�F �Q�7 �i�?�2 �b�v�b�i�2�K�ö�b �K���B�M �K�2�K�Q�`�v
�+�Q�M�b�B�b�i�B�M�; �Q�74� �j�k �E�B�"�a�_���J �#���M�F�b �2���+�? �B�M�i�2�`�M���H�H�v �b�i�`�m�+�i�m�`�2�/ �B�M�i�Q
�i�r�Q�R�e �E�B�"�K�2�K�Q�`�v �+�m�i�b�X �h�?�2�b�2 �K�2�K�Q�`�v �#���M�F�b ���`�2 �r�Q�`�/ �B�M�i�2�`�H�2���p�B�M�;�H�v
�K���T�T�2�/ �i�Q �_�Q�b�2�i�i���ö�b �;�H�Q�#���H ���/�/�`�2�b�b �b�T���+�2 �b�m�+�? �i�?���i �+�Q�M�i�B�;�m�Q�m�b ���/�/�`�2�b�b
�b�T���+�2 ���+�+�2�b�b �r�Q�m�H�/ �2�p�2�M�H�v �b�T�`�2���/ �i�?�2 �i�`���M�b���+�i�B�Q�M�b ���+�`�Q�b�b �i�?�2 �9 �#���M�F�b�X
�h�?�B�b �K���T�T�B�M�; �b�+�?�2�K�2 �`�2�/�m�+�2�b �i�?�2 ���p�2�`���;�2 �#���M�F�@�+�Q�M�~�B�+�i�@�B�M�/�m�+�2�/ �H���i�2�M�+�v
�7�Q�` �i�?�2 �+�Q�K�K�Q�M �b�+�2�M���`�B�Q �r�?�2�`�2 �b�2�p�2�`���H �#�m�b �K���b�i�2�`�b �b�B�K�m�H�i���M�2�Q�m�b�H�v
�i�`�v �i�Q ���+�+�2�b�b �+�Q�M�i�B�;�m�Q�m�b �U�B�M �i�?�2 ���/�/�`�2�b�b �b�T���+�2�V �#�H�Q�+�F�b �Q�7 �K�2�K�Q�`�v�c �1�X�;�X
�+�Q�M�b�B�/�2�` �i�?�2 �b�+�2�M���`�B�Q �r�?�2�`�2 �i�r�Q �#�m�b �K���b�i�2�`�b �i�`�v �i�Q �b�2�[�m�2�M�i�B���H�H�v ���+�+�2�b�b
�� �/�B�z�2�`�2�M�i �#�H�Q�+�F �Q�7 �K�2�K�Q�`�v�X �A�7 �i�?�2 �b�i���`�i ���/�/�`�2�b�b �Q�7 �i�?�2 �#�H�Q�+�F�b �K���T�b
�i�Q �/�B�z�2�`�2�M�i �K�2�K�Q�`�v �#���M�F�b�- �i�?�2 �i�r�Q �#�m�b �K���b�i�2�`�b �r�B�H�H �M�2�p�2�` �+���m�b�2 ��
�+�Q�M�~�B�+�i ���b�b�m�K�B�M�; �i�?���i �i�?�2�v ���+�+�2�b�b �i�?�2 �K�2�K�Q�`�v ���i �i�?�2 �b���K�2 �`���i�2�X �A�7
�i�?�2�B�` �#�H�Q�+�F�b�ö �b�i���`�i ���/�/�`�2�b�b �?�Q�r�2�p�2�` �B�b �K���T�T�2�/ �i�Q �i�?�2 �b���K�2 �K�2�K�Q�`�v
�#���M�F�- �Q�M�2 �Q�7 �i�?�2 �i�r�Q �K���b�i�2�`�b �r�B�H�H �#�2 �b�i���H�H�2�/ �#�v �i�?�2 ���`�#�B�i�`���i�B�Q�M �i�`�2�2
�7�Q�` �Q�M�2 �+�v�+�H�2�X ���7�i�2�` �i�?���i �B�M�B�i�B���H �b�i���H�H�- �i�?�2�B�` ���+�+�2�b�b �T���i�i�2�`�M �B�b �Q�m�i �Q�7
�T�?���b�2 ���;���B�M ���M�/ �i�?�2 �`�2�K���B�M�B�M�; �K�2�K�Q�`�v �i�`���M�b���+�i�B�Q�M �r�B�H�H �M�Q�i �B�M�i�2�`�7�2�`�2
�r�B�i�? �2���+�? �Q�i�?�2�` ���M�v�K�Q�`�2�X

�h�?�2 �b�2�+�Q�M�/ �#�`���M�+�? �Q�7 �i�?�2 �B�M�i�2�`�+�Q�M�M�2�+�i �B�b �r�?���i �r�2 �+���H�H �i�?�2�+�Q�M�i�B�;�m�Q�m�b
�+� �̀Q�b�b�#���`�X �A�M �+�Q�M�i�`���b�i �i�Q �i�?�2 �B�M�i�2�`�H�2���p�2�/ �+�`�Q�b�b�#���`�- �i�?�2 �K�2�K�Q�`�v �2�H�2�K�2�M�i�b
�Q�7 �b�H���p�2�b ���i�i���+�?�2�/ �i�Q �i�?�2 �+�Q�M�i�B�;�m�Q�m�b �+�`�Q�b�b�#���` ���`�2 �K���T�T�2�/ �i�Q �+�Q�M�i�B�;�m�Q�m�b
���/�/�`�2�b�b �`�2�;�B�Q�M�b �r�B�i�?�B�M �i�?�2 ���/�/�`�2�b�b �b�T���+�2�X �q�B�i�?�B�M �_�Q�b�2�i�i�� �i�?�2 �7�Q�H�H�Q�r�B�M�;
�K�2�K�Q�`�v �2�M�i�B�i�B�2�b ���`�2 �+�Q�M�M�2�+�i�2�/ �i�Q �B�i�,

�Ç �h�?�2�#�Q�Q�i �_�P�J�U�3 �E�B�"�V

�Ç �h�r�Q �b�K���H�H�2�` �a�_���J �#���M�F�b �r�B�i�? �� �b�B�x�2 �Q�7 �j�k �E�B�" �2���+�?�X

�Ç �� �9 �E�B�" �/�m���H�@�T�Q�`�i �H���i�+�?�@�#���b�2�/ �a�*�J



�j�X�8�X �a�A�G�A�*�P�L �_�1���G�A�w���h�A�P�L �R�y�N

�Ç �e�9 �E�B�" �Q�7 �:�*�@�2�.�_���J

�h�?�2 �#�Q�Q�i �_�P�J �B�b �� �`�2���/�@�Q�M�H�v �K�2�K�Q�`�v �b�i�Q�`�B�M�; �i�?�2 �}�`�K�r���`�2 �i�Q �2�M���#�H�2
�/�B�z�2�`�2�M�i �#�Q�Q�i �b�2�[�m�2�M�+�2�b�X �h�?�2 �i�r�Q �T�`�B�p���i�2 �#���M�F�b �b�2�`�p�2 �i�?�2 �T�m�`�T�Q�b�2
�Q�7 �T�`�Q�p�B�/�B�M�; �+�Q�M�~�B�+�i�@�7�`�2�2 ���+�+�2�b�b �i�Q �B�M�b�i�`�m�+�i�B�Q�M�b ���M�/ �i�?�2 �+�Q�`�2�ö�b �+���H�H
�b�i���+�F�X �L�Q�i�2 �?�Q�r�2�p�2�` �i�?���i �i�?�2�b�2 �`�Q�H�2�b ���`�2 �Q�M�H�v �r�2���F�H�v �2�M�7�Q�`�+�2�/ �#�v
�i�?�2 �H�B�M�F�2�` �b�+�`�B�T�i �b�2�i�i�B�M�;�b �Q�7 �i�?�2 �b�Q�7�i�r���`�2 �i�Q�Q�H�+�?���B�M�X �h�?�2 �+�Q�`�2 �+���M
�B�M �7���+�i ���+�+�2�b�b �B�M�b�i�`�m�+�i�B�Q�M ���M�/ �/���i�� �7�`�Q�K ���`�#�B�i�`���`�v �K�2�K�Q�`�v �H�Q�+���i�B�Q�M�b
�r�B�i�?�B�M �i�?�2 ���/�/�`�2�b�b �b�T���+�2�X

�h�?�2�9 �E�B�"�a�*�J �b�2�`�p�2�b �i�?�2 �/�m���H �T�m�`�T�Q�b�2 �Q�7 ���+�i�B�M�; ���b �� �H�Q�r�@�p�Q�H�i���;�2
�i�Q�H�2�`���M�i �;�2�M�2�`���H�@�T�m�`�T�Q�b�2 �K�2�K�Q�`�v �i�?�`�Q�m�;�? �B�i�b �j�k�@�#�B�i �`�2���/�f�r�`�B�i�2 �T�Q�`�i�X
�h�?�2 �b�2�+�Q�M�/ �8�R�k�@�#�B�i �r�B�/�2 �`�2���/�f�r�`�B�i�2 �T�Q�`�i �+�Q�M�M�2�+�i�b �i�?�2 �a�*�J �i�Q�>�v�T�M�Q�b
�i�Q ���+�i ���b �i�?�2 �K�2�K�Q�`�v �#���+�F�2�M�/ �7�Q�` �>�.�@�p�2�+�i�Q�` �b�i�Q�`���;�2 ���M�/ ���b�b�Q�+�B���i�B�p�2
�H�Q�Q�F�m�T�X �h�?���i �B�b �i�?�2 �H���i�+�? �K�2�K�Q�`�v ���J �T�`�2�p�B�Q�m�b�H�v �/�2�b�+�`�B�#�2�/ �B�M �b�2�+�i�B�Q�M
�j�X�j�X�R �?���b �#�2�2�M �2�t�i�2�`�M���H�B�x�2�/ �7�`�Q�K �i�?�2 �>�.�* ���+�+�2�H�2�`���i�Q�` �i�Q �K���F�2 �B�i �m�b���#�H�2
���b �� �`�2�;�m�H���` �K���B�M �K�2�K�Q�`�v�X �h�?�2 �>�.�* ���+�+�2�H�2�`���i�Q�` �r�B�i�?�B�M �_�Q�b�2�i�i�� �?���b
�#�2�2�M �T���`���K�2�i�`�B�x�2�/ �7�Q�` �� �K���t�B�K�m�K �>�.�@�p�2�+�i�Q�` �r�B�/�i�? �Q�7 �k�y�9�3�@�#�B�i �7�Q�H�/�2�/
�Q�M�i�Q ���M �B�M�i�2�`�M���H �/���i���T���i�? �r�B�/�i�? �Q�7 �8�R�k�@�#�B�i �r�B�i�? �8�@�#�B�i �#�m�M�/�H�B�M�; �+�Q�m�M�i�2�`�b
�T�2�` �7�Q�H�/�2�/ �p�2�+�i�Q�` �/�B�K�2�M�b�B�Q�M�b�X �6�Q�` �>�.�* ���H�;�Q�`�B�i�?�K �b�i�Q�`���;�2 ���M �B�M�i�2�`�M���H
�e�9 �#�v �k�9 �#�B�i �a�*�J �b�i�Q�`�2�b �i�?�2 �m�*�Q�/�2 �B�M�b�i�`�m�+�i�B�Q�M�b�X

�6�B�M���H�H�v�- �_�Q�b�2�i�i�� �+�Q�M�i���B�M�b ���e�9 �E�B�"�j�h�@�R�* �;���B�M�@�+�2�H�H �2�.�_���J�-
�B�M�i�2�`�M���H�H�v �b�T�H�B�i �B�M�i�Q16� �9 �E�B�"�K�2�K�Q�`�v �+�m�i�b �r�B�i�? �2�K�#�2�/�/�2�/ �`�2�7�`�2�b�?
�+�Q�M�i�`�Q�H�H�2�` �i�Q �`�2�b�2���`�+�? �i�?�2 �S�S�� �i�`���/�2�@�Q�z�b �Q�7 �2�.�_���J �p�2�`�b�m�b �a�_���J
�#���b�2�/ �Q�M�@�+�?�B�T �K�2�K�Q�`�v�X �h�?�2 �2�.�_���J �B�M �_�Q�b�2�i�i�� �B�b �#���b�2�/ �Q�M �� �j�h�@�R�*
�;���B�M�@�+�2�H�H �b�i�`�m�+�i�m�`�2 ���b �i�?�2 �7�m�M�/���K�2�M�i���H �b�i�Q�`���;�2 �2�H�2�K�2�M�i�X

�"�2�b�B�/�2�b �i�?�2 �+�Q�`�2�b�- �i�?�2 �>�.�* ���+�+�2�H�2�`���i�Q�` ���M�/ �/�B�z�2�`�2�M�i �K�2�K�Q�`�v
�~���p�Q�m�`�b�- �_�Q�b�2�i�i�� �+�Q�M�i���B�M�b �p���`�B�Q�m�b �A�P �T�2�`�B�T�?�2�`���H�b �7�Q�` �Q�z�@�+�?�B�T �+�Q�K�K�m�M�B�@
�+���i�B�Q�M �r�B�i�? �+�Q�K�K�2�`�+�B���H �b�2�M�b�Q�`�b �i�?�`�Q�m�;�? ���M ���m�i�Q�M�Q�K�Q�m�b �A�P�@�.�J���X �h�?�B�b
�b�Q�@�+���H�H�2�/�m�.�J�� �b�m�#�b�v�b�i�2�K �M�Q�i �Q�M�H�v ���H�H�Q�r�b �T�2�`�B�T�?�2�`���H�b �i�Q �/�B�`�2�+�i�H�v �`�2���/
���M�/ �r�`�B�i�2 �i�Q �i�?�2 �b�v�b�i�2�K�ö�b �K���B�M �K�2�K�Q�`�v �#�m�i ���H�b�Q �T�`�Q�p�B�/�2�b �i�?�2�K �r�B�i�? ��
�b�i�`�2���K �Q�7 �m�+�Q�/�2 �B�M�b�i�`�m�+�i�B�Q�M�b �i�Q �2�M�+�Q�/�2 �i�?�2 �A�P �B�M�i�2�`���+�i�B�Q�M�b�X �h�?�2�`�2�7�Q�`�2
�Q�M�+�2 �b�2�i�m�T�- �i�?�2 �A�P �T�2�`�B�T�?�2�`���H�b �H�B�F�2 �a�S�A �Q�` �A�k�* �+���M �Q�T�2�`���i�2 �r�B�i�?�Q�m�i
���M�v ���/�/�B�i�B�Q�M���H �+�Q�`�2 �B�M�i�2�`�p�2�M�i�B�Q�M �B�M ���M �2�M�i�B�`�2�H�v ���m�i�Q�M�Q�K�Q�m�b �K���M�M�2�`�X

�h�?�2 �2�M�i�B�`�2 �a�Q�* �B�b �b�T�H�B�i �B�M�i�Q �i�r�Q �+�H�Q�+�F �/�Q�K���B�M�b �b�Q�m�`�+�2�/ �#�v
�i�r�Q �#�v�T���b�b���#�H�2 �7�`�2�[�m�2�M�+�v�@�H�Q�+�F�2�/ �H�Q�Q�T�b �U�6�G�G�b�V�X �P�M�2 �/�`�B�p�2�b �i�?�2 �A�P
�T�2�`�B�T�?�2�`���H�b �r�?�B�H�2 �i�?�2 �Q�i�?�2�` �Q�M�2 �/�`�B�p�2�b �i�?�2 �`�2�b�i �Q�7 �i�?�2 �b�v�b�i�2�K�X �*�Q�m�T�H�2�/
�r�B�i�? �� �_�A�a�*�@�o �/�2�#�m�; �b�T�2�+�B�}�+���i�B�Q�M�@�+�Q�K�T�H�B���M�i �C�h���: �/�2�#�m�; �m�M�B�i �i�?���i
�2�t�T�Q�b�2�b �i�?�2 �2�M�i�B�`�2�i�v �Q�7 �i�?�2 �B�M�i�2�`�M���H ���/�/�`�2�b�b �b�T���+�2�- �i�?�B�b �T�`�Q�p�B�/�2�b �m�b



�R�R�y �*�>���S�h�1�_ �j�X �1�L�1�_�:�u �1�6�6�A�*�A�1�L�h �*�A�_�*�l�A�h�a

�r�B�i�? �b�m�{�+�B�2�M�i �+�Q�M�i�`�Q�H �Q�p�2�` ���H�H �B�M�i�2�`�M���H ���b�T�2�+�i�b �Q�7 �i�?�2 �b�v�b�i�2�K �7�Q�`
�#�2�M�+�?�K���`�F�B�M�; ���M�/ �7�m�M�+�i�B�Q�M���H �i�2�b�i�b�X

�j�X�8�X�k�S�?�v�b�B�+���H �A�K�T�H�2�K�2�M�i���i�B�Q�M

�h�?�2 �2�M�i�B�`�2 �b�v�b�i�2�K�ö�b �/�B�;�B�i���H �7�`�Q�M�i�2�M�/ �B�b �/�2�b�+�`�B�#�2�/ �B�M �_�h�G �m�b�B�M�; �i�?�2
�a�v�b�i�2�K�o�2�`�B�H�Q�; �?���`�/�r���`�2 �/�2�b�+�`�B�T�i�B�Q�M �H���M�;�m���;�2 �U�>�.�G�V�X �l�b�B�M�; �a�v�M�Q�T�b�v�b
�.�2�b�B�;�M �*�Q�K�T�B�H�2�`�	 �k�y�R�N�X�j�- �i�?�2 �/�2�b�B�;�M �r���b �b�v�M�i�?�2�b�B�x�2�/ �m�b�B�M�; �3 �i�`���+�F
�b�i���M�/���`�/ �+�2�H�H�b �+�Q�K�B�M�; �B�M �i�?�`�2�2 �/�B�z�2�`�2�M�iVth �~���p�Q�m�`�b �U�?�B�;�?�- �`�2�;�m�H���`�- �H�Q�r�V
�r�B�i�? ���H�H �;���i�2�@�H�2�M�;�i�? �Q�T�i�B�Q�M�b �2�M���#�H�2�/�X �h�?�2 �a�_���J �r�2�`�2 �;�2�M�2�`���i�2�/ �m�b�B�M�;
�� �+�Q�K�K�2�`�+�B���H �K�2�K�Q�`�v �K���+�`�Q �;�2�M�2�`���i�Q�` �i�m�M�2�/ �i�Q�r���`�/�b ���`�2�� �2�{�+�B�2�M�+�v�-
�r�?�B�H�2 �i�?�2 �2�.�_���J �B�b �� �7�m�H�H�@�+�m�b�i�Q�K �/�2�b�B�;�M �/�2�p�2�H�Q�T�2�/ ���i �1�S�6�G�X �.�m�`�B�M�;
�b�v�M�i�?�2�b�B�b �i�?�2 �/�2�b�B�;�M �r���b �+�Q�M�b�i�`���B�M�2�/ �r�B�i�? �� �i���`�;�2�i �a�Q�* �+�H�Q�+�F �7�`�2�[�m�2�M�+�v
�Q�7�k�y�y �J�>�x�U�R�X�k �o�M�Q�K�B�M���HVDD �- �h�h�-�k�8 �ê�*�V ���M�/ �� �+�H�Q�+�F �m�M�+�2�`�i���B�M�i�v
�Q�7�y�X�8 �M�b�X �h�?�2 �#���+�F�2�M�/ �B�K�T�H�2�K�2�M�i���i�B�Q�M �Q�7 �i�?�2 �T�?�v�b�B�+���H �/�2�b�B�;�M �r���b
�+�Q�M�/�m�+�i�2�/ �m�b�B�M�; �*���/�2�M�+�2 �A�M�M�Q�p�m�b�	 �R�N�X�R�y �7�Q�` �T�H���+�2 ���M�/ �`�Q�m�i�2 ���M�/
�a�B�2�K�2�M�b �*���H�B�#�`�2 �k�y�R�N�X�k �7�Q�` �b�B�;�M�Q�z �/�2�b�B�;�M �`�m�H�2 �+�?�2�+�F �U�.�_�*�V ���M�/ �H���v�Q�m�i�@
�p�2�`�b�m�b�@�b�+�?�2�K���i�B�+ �U�G�o�a�V �i���`�;�2�i�B�M�; �� �N�@�K�2�i���H �H���v�2�` �"�1�P�G�X

�6�B�;�m�`�2 �j�X�R�k�� �b�?�Q�r�b �i�?�2 �T�?�v�b�B�+���H �H���v�Q�m�i �Q�7 �i�?�2 �+�?�B�T�X �h�?�2 �+�?�B�T
�+�Q�M�i���B�M�b �B�M�/�B�p�B�/�m���H �T�Q�r�2�` �/�Q�K���B�M�b �7�Q�` �i�?�2 �A�P �T���/�b�- �:�*�@�2�.�_���J ���M�/
�i�?�2 �/�B�;�B�i���H �H�Q�;�B�+ �U�B�M�+�H�m�/�B�M�; �i�?�2 �a�_���J �K���+�`�Q�b�V�X �A�i �i�?�m�b ���H�H�Q�r�b �i�Q
�+�?���`���+�i�2�`�B�x�2 �i�?�2 �T�Q�r�2�` �+�Q�M�b�m�K�T�i�B�Q�M �Q�7 �i�?�2 �2�.�_���J �B�M �B�b�Q�H���i�B�Q�M�X



�j�X�8�X �a�A�G�A�*�P�L �_�1���G�A�w���h�A�P�L �R�R�R

FLLs

G
C

-e
D

R
A

M

H
yp

n
o

s

L2 SRAM

L2 SRAM

p
ri

va
te

 S
R

A
M

RISC��V Core

Peripherals

SCM

Boot ROM

�U���V

�S
�?

�v
�b

�B
�+

���
H

�h�2�+�?�M�Q�H�Q�;�v �f �S���+�F���;�2 �h�a�J�* �e�8�M�K
�S���+�F���;�2 �Z�6�L�e�9
�.�B�K�2�M�b�B�Q�M�b �9�R�y�y �’�K� �j�y�y�y �’�K
�:���i�2�b �e �J�:�1
�o�Q�H�i���;�2 �R�X�k �o
�J���t�X �6�`�2�[�X �R�N�y �J�>�x

�J
�2

�K
�Q

�`
�v

�b�?���`�2�/ �a�_���J �R�k�3 �E�B�"
�T�`�B�p���i�2 �a�_���J �e�9 �E�B�"
�a�*�J �9 �E�B�"
�:�*�@�2�.�_���J �e�9 �E�B�"

�>
�.�

*
�o�a�� �"�a�*
�>�.�* �o�2�+�i�Q�` �*�Q�m�M�i �R�e
�o�2�+�i�Q�` �q�B�/�i�? �k�y�9�3 �#�B�i
�"�m�M�/�H�B�M�; �q�B�/�i�? �8 �#�B�i
���H�;�Q�X �A�M�b�i�`�X �J�2�K�X �e�9 �B�M�b�i�`�m�+�i�B�Q�M�b

�U�#�V

�6�B�;�m�`�2 �j�X�R�k�� �U���V �6�m�H�H �H���v�Q�m�i �Q�7 �i�?�2 �_�Q�b�2�i�i�� �a�Q�* �r�B�i�? ���M�M�Q�i���i�2�/ �K���B�M
�+�Q�K�T�Q�M�2�M�i�b ���M�/ �U�#�V �+�?�B�T �b�T�2�+�B�}�+���i�B�Q�M�b

�X

�j�X�8�X�j�_�2�b�m�H�i�b

�6�B�;�m�`�2 �j�X�R�j �b�?�Q�r�b �i�?�2 ���`�2�� �#�`�2���F�/�Q�r�M �Q�7 �i�?�2 �a�Q�*�X ���H�K�Q�b�i �e�y�W �Q�7 �i�?�2
�Q�p�2�`���H�H �/�B�2 ���`�2�� �B�b �Q�+�+�m�T�B�2�/ �#�v �i�?�2 �p���`�B�Q�m�b �F�B�M�/�b �Q�7 �K�2�K�Q�`�B�2�b�- �r�B�i�? �i�?�2
�H���`�;�2�R�k�3 �E�B�"�i���F�B�M�; �m�T �i�?�2 �K���D�Q�`�B�i�v �Q�7 �i�?�2 ���`�2���X �q�B�i�? �� �i�Q�i���H ���`�2�� �Q�7
�9�N�k �y�y�y �’�K�k �>�v�T�M�Q�b �B�M�+�H�m�/�B�M�; �B�i�b�9 �E�B�"�H���`�;�2 �H���i�+�?�@�#���b�2�/ �a�*�J �K���F�2�b
�m�T ���#�Q�m�i �d�W �Q�7 �i�?�2 �Q�p�2�`���H�H �+�?�B�T ���`�2���X �"�2�b�B�/�2�b �i�?�2 �a�*�J ���`�2���@�/�Q�K�B�M���i�2�/
���b�b�Q�+�B���i�B�p�2 �K�2�K�Q�`�v �U�8�W�V �i�?�2 �K���D�Q�`�B�i�v �Q�7 �>�v�T�M�Q�b�ö ���`�2�� �B�b �`�2�[�m�B�`�2�/ �7�Q�`
�i�?�2 �8�R�k�@�#�B�i �r�B�/�2 �?�v�T�2�`�/�B�K�2�M�b�B�Q�M���H �2�M�+�Q�/�B�M�; �m�M�B�i �U�>�v�T�M�Q�b �B�M �_�Q�b�2�i�i��
�B�b �T���`���K�2�i�`�B�x�2�/ �i�Q �7�Q�H�/ �i�?�2 �k�y�9�3�@�#�B�i �?�v�T�2�`�p�2�+�i�Q�`�b �B�M�i�Q �8�R�k�@�#�B�i �T���`�i�b
�i�Q �b���p�2 ���`�2���V�X �l�T�Q�M �+�H�Q�b�2�` �B�M�b�T�2�+�i�B�Q�M �Q�7 �i�?�2 ���`�2�� �`�2�T�Q�`�i�- �r�2 �b�2�2 �i�?���i
�i�?�2 �2�M�+�Q�/�2�` ���`�2�� �B�b �/�Q�K�B�M���i�2�/ �#�v �i�?�2 �8�@�#�B�i �~�B�T�@�~�Q�T �#���b�2�/ �b���i�m�`���i�B�M�;
�#�m�M�/�H�B�M�; �+�Q�m�M�i�2�`�b �B�M�b�i���M�i�B���i�2�/ �7�Q�` �2�p�2�`�v �7�Q�H�/�2�/ �/�B�K�2�M�b�B�Q�M�X �h�?�2 �+�Q�M�i�`�Q�H
�T���i�? �B�M�+�H�m�/�B�M�; �i�?�264� 26bit �>�.�*�@�A�a�� �B�M�b�i�`�m�+�i�B�Q�M �K�2�K�Q�`�v �+�Q�M�b�m�K�2�b
�Q�M�H�v�R�d �9�k�y �’�K�k �B�X�2�X �j�X�8�W �Q�7 �>�v�T�M�Q�b�ö ���`�2���X



�R�R�k �*�>���S�h�1�_ �j�X �1�L�1�_�:�u �1�6�6�A�*�A�1�L�h �*�A�_�*�l�A�h�a

Rosetta

Memory

57%

Blade
12%

Others
12%

H
ypnos

7%

SN
E

5%
Peripherals4%

RISC-V Core
2%

SoC Interconnect
0.275%

Bootrom
0.267%

L2 SRAM
42%

G
C

-e
D

R
A

M
10

%

Private Banks

5%

AM
5%

HD-Encoder

2% Control Logic

0.255%

SCM
4%

uCode Memory

0.178%

1M

2M

3M

4M

5M

6M

Area [µm²]

6.83 mm²

�6�B�;�m�`�2 �j�X�R�j�� �S�Q�b�i�@�H���v�Q�m�i ���`�2�� �#�`�2���F�/�Q�r�M �Q�7 �i�?�2 �_�Q�b�2�i�i�� �T�`�Q�i�Q�i�v�T�2 �a�Q�*

�h�?�2 �K���B�M �;�Q���H �Q�7 �i�?�2 �_�Q�b�2�i�i�� �T�`�Q�i�Q�i�v�T�2 �+�?�B�T �r���b �i�Q �p�2�`�B�7�v �i�?�2
�7�m�M�+�i�B�Q�M���H�B�i�v �Q�7 �>�v�T�M�Q�b �B�M �`�2���H �b�B�H�B�+�Q�M ���M�/ �i�Q �T�`�Q�p�B�/�2 �� �i�2�b�i �T�H���i�7�Q�`�K
�7�Q�` ���H�i�2�`�M���i�B�p�2 �K�2�K�Q�`�v �i�2�+�?�M�Q�H�Q�;�B�2�b �H�B�F�2 �i�?�2 �2�.�_���J�X �h�?�2 �p�2�`�b�B�Q�M �Q�7
�>�v�T�M�Q�b �B�M �_�Q�b�2�i�i�� �?���b �M�Q�i �#�2�2�M �i�`�B�K�K�2�/ �7�Q�` �2�M�2�`�;�v �2�{�+�B�2�M�+�v �/�m�`�B�M�;
�T�?�v�b�B�+���H �/�2�b�B�;�M�X �a�i�B�H�H�- �r�2 ���b�b�2�b�b�2�/ �_�Q�b�2�i�i���ö�b �Q�p�2�`���H�H �2�M�2�`�;�v �2�{�+�B�2�M�+�v
�B�M �Q�`�/�2�` �i�Q �p���H�B�/���i�2 �i�?�2 �`�2�b�m�H�i�b �Q�#�i���B�M�2�/ �B�M �T�Q�b�i�@�H���v�Q�m�i �b�B�K�m�H���i�B�Q�M�X �q�2
�i�?�m�b �2�t�2�+�m�i�2�/ �i�?�2 �1�J�: �#�2�M�+�?�K���`�F ���T�T�H�B�+���i�B�Q�M �B�M�i�`�Q�/�m�+�2�/ �B�M �b�2�+�i�B�Q�M
�j�X�9�X�e �B�M ���M �B�M�}�M�i�2 �H�Q�Q�T �r�?�B�H�2 �F�2�2�T�B�M�; �i�?�2 �_�A�a�*�@�o �+�Q�`�2 �B�M �� �+�H�Q�+�F�@�;���i�2�/
�r���B�i �7�Q�` �B�M�i�2�`�`�m�T�i �b�i���i�2 ���M�/ �K�2���b�m�`�2�/ �i�?�2 �+�m�`�`�2�M�i �/�`���r �Q�M ���H�H �T�Q�r�2�`
�/�Q�K���B�M�b�X �6�Q�` �i�?�B�b �2�t�T�2�`�B�K�2�M�i�- �r�2 ���;�;�`�2�b�b�B�p�2�H�v �H�Q�r�2�`�2�/ �i�?�2 �b�m�T�T�H�v



�j�X�8�X �a�A�G�A�*�P�L �_�1���G�A�w���h�A�P�L �R�R�j

�p�Q�H�i���;�2 �7�`�Q�K �� �M�Q�K�B�M���H�R�X�k �o�i�Q�y�X�d�e �o�- �i�?�2 �H�Q�r�2�b�i �K�2���b�m�`�2�/ �p�Q�H�i���;�2
�r�?�2�`�2 �_�Q�b�2�i�i�� �`�2�K���B�M�2�/ �Q�T�2�`���i�B�Q�M���H�X ���i �� �+�Q�`�2 �7�`�2�[�m�2�M�+�v �Q�7�8�y�y �F�>�x
�i�?�2 �2�M�i�B�`�2 �+�?�B�T �+�Q�M�b�m�K�2�b�3�R�j �’�q �r�?�B�H�2 �+�Q�M�i�B�M�m�Q�m�b�H�v �`�m�M�M�B�M�; �i�?�2
�1�J�: �B�M�7�2�`�2�M�+�2 ���H�;�Q�`�B�i�?�K �r�B�i�? �1�J�: �/�m�K�K�v �B�M�T�m�i �/���i�� �7�2�i�+�?�2�/ �7�`�Q�K
�i�?�2 �B�M�i�2�`�M���H �G�k �a�_���J�X �h�?�B�b ���K�Q�m�M�i�b �i�Q ���M �Q�p�2�`���H�H �2�M�2�`�;�v �2�{�+�B�2�M�+�v �Q�7
�3�X�d �M�C�f�A�M�7�2�`�2�M�+�2���i ���M �B�M�7�2�`�2�M�+�2 �`���i�2 �Q�7 ���`�Q�m�M�/�R�y�y �>�x�X �:�B�p�2�M �i�?���i �r�2
�K�2���b�m�`�2 �b�v�b�i�2�K�@�H�2�p�2�H �2�M�2�`�;�v �2�{�+�B�2�M�+�v�- �B�M�+�H�m�/�B�M�; ���H�H �b�m�T�T�Q�`�i �+�B�`�+�m�B�i�b
�H�B�F�2 �6�G�G�- �a�_���J �H�2���F���;�2 �2�i�+�X ���M�/ �i�?�2 �7���+�i �i�?���i �>�v�T�M�Q�b �B�M �_�Q�b�2�i�i�� �B�b
�T���`���K�2�i�`�B�x�2�/ �r�B�i�? �� �p�2�+�i�Q�` �7�Q�H�/ �Q�7 �9 �`���i�?�2�` �i�?���M �R�- �r�?�B�+�? �r�2 �b�?�Q�r�2�/
�i�Q �#�2 ���`�Q�m�M�/2� �H�2�b�b �2�M�2�`�;�v �2�{�+�B�2�M�i �U�b�2�2 �b�2�+�i�B�Q�M �j�X�9�X�8�V�- �i�?�B�b �M�m�K�#�2�`
�B�b �B�M �i�?�2 �2�t�T�2�+�i�2�/ �#���H�H�T���`�F�X



�R�R�9 �*�>���S�h�1�_ �j�X �1�L�1�_�:�u �1�6�6�A�*�A�1�L�h �*�A�_�*�l�A�h�a

�j�X�e �� �G�B�;�?�i�r�2�B�;�?�i �.���i�� �S�`�2�T�`�Q�+�2�b�b�B�M�;
�a�2�M�b�Q�` �A�M�i�2�`�7���+�2 �7�Q�` �>�v�T�M�Q�b

���H�i�?�Q�m�;�? �i�?�2 �T�Q�r�2�` �2�M�p�2�H�Q�T�2 �Q�7 �>�v�T�M�Q�b �B�b �p�2�`�v �+�Q�K�T�2�i�B�i�B�p�2 �r�B�i�?�B�M
�i�?�2 �b�2�i�i�B�M�; �Q�7 ���H�r���v�b�@�Q�M �b�K���`�i �b�2�M�b�B�M�;�- �B�i �/�Q�2�b �M�Q�i �B�M�+�H�m�/�2 �i�?�2 �b�2�M�b�B�M�;
�7�`�Q�M�i�2�M�/ ���M�/ �2�t�T�2�+�i�b �i�?�2 �/�B�;�B�i���H �B�M�T�m�i �/���i�� �B�M �� �T���`�i�B�+�m�H���` �7�Q�`�K���i�X
�q�?�B�H�2 �i�?�2 �/�2�b�B�;�M �Q�7 ���M ���M���H�Q�; �7�`�Q�M�i�2�M�/ �B�b �Q�m�i�b�B�/�2 �i�?�2 �b�+�Q�T�2 �Q�7 �i�?�B�b
�i�?�2�b�B�b �r�2 �T�`�Q�T�Q�b�2 �� �H�B�;�?�i�r�2�B�;�?�i �/���i�� �T�`�2�T�`�Q�+�2�b�b�B�M�; �m�M�B�i �i�?���i �+�Q�K�#�B�M�2�b ��
�~�2�t�B�#�H�2 �/�B�;�B�i���H �b�2�M�b�Q�` �B�M�i�2�`�7���+�2 �#���b�2�/ �Q�M �i�?�2 �a�S�A �T�`�Q�i�Q�+�Q�H �r�B�i�? ���M �m�H�i�`���@
�b�K���H�H �K�m�H�i�B�@�+�?���M�M�2�H �/�B�;�B�i���H �T�`�Q�+�2�b�b�B�M�; �#�H�Q�+�F�X �h�?�2 ���B�K �Q�7 �i�?�B�b �A�S �B�b �i�Q
�#�`�B�M�; �i�?�2 �/�B�;�B�i���H �B�M�T�m�i �/���i�� �B�M�i�Q �� �b�m�B�i���#�H�2 �7�Q�`�K���i �7�Q�` �7�m�`�i�?�2�` �T�`�Q�+�2�b�b�B�M�;
�B�M �>�v�T�M�Q�b�X �J�Q�`�2 �B�M�p�Q�H�p�2�/ �/�B�;�B�i���H �b�B�;�M���H �T�`�Q�+�2�b�b�B�M�; ���H�;�Q�`�B�i�?�K�b �H�B�F�2
�6�A�_�@�}�H�i�2�`�B�M�; �Q�` �}�H�i�2�`�B�M�; �B�M �i�?�2 �b�T�2�+�i�`���H �/�Q�K���B�M �r�2�`�2 �M�Q�i �+�Q�M�b�B�/�2�`�2�/
�B�M �i�?�B�b �r�Q�`�F �/�m�2 �i�Q �i�?�2�B�` �T�`�Q�?�B�#�B�i�B�p�2�H�v �?�B�;�?�@�T�Q�r�2�` �+�Q�M�b�m�K�T�i�B�Q�M �B�M
�+�Q�K�T���`�B�b�Q�M �i�Q �>�v�T�M�Q�b�X

�j�X�e�X�R���`�+�?�B�i�2�+�i�m�`�2

Preproc.
parametric

Channel Count

Cfg.
Regfile

Channel 
Switch Req

C
hn

. S
el

ec
t

C
hn

. S
el

ec
t

SPI Master
Input from ADC

PHY

µCode 
Memory

Wait X cycles

SCM

Assert CS0
Change Clk Div

Read n-bits

Write 0��64

fetch

16

APB Config

APB Config

Output

�6�B�;�m�`�2 �j�X�R�9�� �a�+�?�2�K���i�B�+ �Q�p�2�`�p�B�2�r �Q�7 �i�?�2 �T�`�Q�T�Q�b�2�/ �/���i�� �T�`�2�T�`�Q�+�2�b�b�B�M�; �m�M�B�i�X
�h�?�2 �A�S �+�Q�M�b�B�b�i�b �Q�7 ���M ���m�i�Q�M�Q�K�Q�m�b �a�S�A �T�2�`�B�T�?�2�`���H �U�H�2�7�i�V ���M�/ �� �K�m�H�i�B�@�+�?���M�M�2�H
�T�`�2�T�`�Q�+�2�b�b�B�M�; �m�M�B�i �U�`�B�;�?�i�V



�j�X�e�X �.���h�� �S�_�1�S�_�P�*�1�a�a�A�L�: �l�L�A�h �R�R�8

�6�B�;�m�`�2 �j�X�R�9 �B�H�H�m�b�i�`���i�2�b �i�?�2 �Q�p�2�`���H�H ���`�+�?�B�i�2�+�i�m�`�2 �Q�7 �i�?�2 �A�S�c ���M ���m�i�Q�M�Q�K�Q�m�b
�a�S�A �T�2�`�B�T�?�2�`���H �+�Q�K�K�m�M�B�+���i�2�b �r�B�i�? �+�Q�M�p�2�M�i�B�Q�M���H �H�Q�r�@�T�Q�r�2�` �Q�z�@�+�?�B�T
�b�2�M�b�Q�`�b�X �q�?�2�M �B�M�i�2�;�`���i�2�/ �B�M�i�Q �� �H���`�;�2�` �b�v�b�i�2�K�@�Q�M�@�+�?�B�T �� �+�Q�M�}�;�m�`���i�B�Q�M
�B�M�i�2�`�7���+�2 �2�M���#�H�2�b �b�2�i�m�T ���M�/ ���i�@�`�m�M�i�B�K�2 �+�Q�M�}�;�m�`���i�B�Q�M �Q�7 �i�?�2 �T�`�2�T�`�Q�+�2�b�b�Q�`
�m�b�B�M�; �`�2�;�m�H���` �K�2�K�Q�`�v �i�`���M�b���+�i�B�Q�M�b �#�v �+�Q�M�p�2�M�i�B�Q�M���H �T�`�Q�+�2�b�b�Q�` �+�Q�`�2�b�X

���m�i�Q�M�Q�K�Q�m�b �a�S�A �S�2�`�B�T�?�2�`���H�h�?�2 ���m�i�Q�M�Q�K�Q�m�b �a�S�A �T�2�`�B�T�?�2�`���H
�Q�`�B�;�B�M���H�H�v �#���b�2�/ �Q�M �i�?�2 �r�Q�`�F �Q�7 �S�m�H�H�B�M�B�2�i ���H�X�(�k�y�9�)�- �K�Q�b�i �b�B�K�B�H���` �i�Q
�i�?�2 �+�Q�M�i�`�Q�H �T���i�? �Q�7 �>�v�T�M�Q�b�- �Q�T�2�`���i�2�b �Q�M �� �b�K���H�H �b�i�`�2���K �Q�7 �K�B�+�`�Q�+�Q�/�2
�B�M�b�i�`�m�+�i�B�Q�M�b �i�?���i �+�Q�M�i�`�Q�H �i�?�2 �T�2�`�B�T�?�2�`���H �`�2���/ �7�`�Q�K �� �b�K���H�H �2�K�#�2�/�/�2�/
�a�*�J�X

�h�?�2 �B�M�b�i�`�m�+�i�B�Q�M�b �2�M�+�Q�/�2 �a�S�A �+�Q�M�}�;�m�`���i�B�Q�M �H�B�F�2 �T�Q�H���`�B�i�v ���M�/ �T�?���b�2�-
�i�?�2 �Q�T�2�`���i�B�M�; �b���K�T�H�B�M�; �7�`�2�[�m�2�M�+�v�- ���b�b�2�`�i�B�M�; �Q�M�2 �Q�7 �i�?�2 �7�Q�m�` ���p���B�H���#�H�2
�+�?�B�T�@�b�2�H�2�+�i �b�B�;�M���H�b ���b �r�2�H�H ���b �i�?�2 �a�S�A �`�2���/ ���M�/ �r�`�B�i�2 �i�`���M�b���+�i�B�Q�M�b
�i�?�2�K�b�2�H�p�2�b�X �h�?�2 �a�S�A �T�2�`�B�T�?�2�`���H �2�t�2�+�m�i�2�b �i�?�2 �ó�B�Q�@�T�`�Q�;�`���K�K�ô �b�i�Q�`�2�/ �B�M
�i�?�2 �a�*�J �B�M ���M �B�M�}�M�B�i�2 �H�Q�Q�T �i�?�m�b �2�M���#�H�B�M�; �i�?�2 �K�Q�/�m�H�2 �i�Q ���m�i�Q�M�Q�K�Q�m�b�H�v
�B�M�i�2�`���+�i �r�B�i�? �Q�M�2 �Q�` �b�2�p�2�`���H �2�t�i�2�`�M���H �b�2�M�b�Q�`�b�X �a�B�M�+�2 �r�`�B�i�2 �i�`���M�b���+�i�B�Q�M�b
�r�B�i�? �H�B�i�2�`���H �p���H�m�2�b �+���M ���H�b�Q �#�2 �2�M�+�Q�/�2�/ ���b �K�B�+�`�Q�+�Q�/�2 �B�M�b�i�`�m�+�i�B�Q�M�b�- �2�p�2�M
�/�v�M���K�B�+ �`�2�+�Q�M�}�;�m�`���i�B�Q�M �Q�7 �� �b�2�M�b�Q�`�ö�b �b�2�i�i�B�M�;�b �B�b �T�Q�b�b�B�#�H�2�X

�J�m�H�i�B�@�+�?���M�M�2�H �S�`�2�T�`�Q�+�2�b�b�B�M�; �l�M�B�i�h�?�2 �`�2���/ �/���i�� �Q�7 �i�?�2 �a�S�A
�T�2�`�B�T�?�2�`���H ���`�2 �7�Q�`�r���`�/�2�/ �i�Q �i�?�2 �T�`�2�T�`�Q�+�2�b�b�B�M�; �#�H�Q�+�F �m�b�B�M�; �� �b�B�K�T�H�2
�`�2���/�@�p���H�B�/ �?���M�/�b�?���F�B�M�; �T�`�Q�i�Q�+�Q�H�X �h�?�B�b �K�Q�/�m�H�2 �+�Q�M�i���B�M�b �� �T���`���K�2�i�`�B�+
�M�m�K�#�2�` �Q�7 �T���`���H�H�2�H �T�`�Q�+�2�b�b�B�M�; �T�B�T�2�H�B�M�2�b �i�Q �T�`�Q�p�B�/�2 �b�m�T�T�Q�`�i �7�Q�` �K�m�H�i�B�@
�+�?���M�M�2�H �/���i���X �h�?�2 �/���i�� �`�2�+�2�B�p�2�/ �7�`�Q�K �i�?�2 �a�S�A �T�2�`�B�T�?�2�`���H �B�b �K�m�H�i�B�T�H�2�t�2�/
�Q�M �i�?�2 �+�m�`�`�2�M�i�H�v �2�M���#�H�2�/ �+�?���M�M�2�H�b �B�M �� �`�Q�m�M�/�@�`�Q�#�B�M �7���b�?�B�Q�M�X �1���+�? �Q�7
�i�?�2 �R�e�@�#�B�i �+�?���M�M�2�H �T�`�Q�+�2�b�b�B�M�; �T�B�T�2�H�B�M�2�b �+�Q�M�b�B�b�i�b �Q�7 �b�2�p�2�`���H �#�v�T���b�b���#�H�2
�b�B�K�T�H�2 �}�H�i�2�`�B�M�; �#�H�Q�+�F�b�,

�Ç �� �#���`�`�2�H �b�?�B�7�i�2�` �7�Q�` �b�?�B�7�i ���H�B�;�M�K�2�M�i �Q�7 �i�?�2 �`�2�+�2�B�p�2�/ �a�S�A �/���i��

�Ç ���M �Q�z�b�2�i �`�2�K�Q�p���H �#�H�Q�+�F �7�Q�` �+�Q�M�b�i���M�i �#�B���b �`�2�K�Q�p���H

�Ç ���M �2�t�T�Q�M�2�M�i�B���H �K�Q�p�B�M�; ���p�2�`���;�2 �U�1�J���V �}�H�i�2�` �7�Q�` �/�v�M���K�B�+ �Q�z�b�2�i
�`�2�K�Q�p���H �B�X�2�X �A�A�_�@�#���b�2�/ �?�B�;�?�@�T���b�b �}�H�i�2�`�B�M�;

�Ç ���M �A�A�_ �H�Q�r�@�T���b�b �}�H�i�2�` �#�H�Q�+�F�- ���;���B�M �#���b�2�/ �Q�M ���M �1�J�� �}�H�i�2�`

�Ç �� �/�2�+�B�K���i�B�Q�M �#�H�Q�+�F �i�Q �/�Q�r�M�b���K�T�H�2 �i�?�2 �B�M�T�m�i �i�Q �i�?�2 �/�2�b�B�`�2�/
�Q�m�i�T�m�i �b���K�T�H�B�M�; �`���i�2 ���i �r�?�B�+�? �i�Q �T�`�Q�+�2�b�b �i�?�2 �p���H�m�2�b �B�M �>�v�T�M�Q�b



�R�R�e �*�>���S�h�1�_ �j�X �1�L�1�_�:�u �1�6�6�A�*�A�1�L�h �*�A�_�*�l�A�h�a

�"�2�b�B�/�2�b �i�?�2 �Q�m�i�H�B�M�2�/ �T�`�Q�+�2�b�b�B�M�; �T�B�T�2�H�B�M�2�- ���b ���M ���H�i�2�`�M���i�B�p�2 �i�Q �i�?�2
�}�`�b�i �7�Q�m�` �T�`�Q�+�2�b�b�B�M�; �b�i���;�2�b �� �H�Q�+���H �#�B�M���`�v �T���i�i�2�`�M �(�k�y�8�) �}�H�i�2�` �#�H�Q�+�F �+���M
�#�2 �b�2�H�2�+�i�2�/�X �G�Q�+���H �#�B�M���`�v �T���i�i�2�`�M �B�b ���M �2�z�2�+�i�B�p�2 �B�M�T�m�i �b�v�K�#�Q�H�B�x���i�B�Q�M
�i�2�+�?�M�B�[�m�2 �i�?���i �B�M �+�Q�K�#�B�M���i�B�Q�M �r�B�i�? �>�.�* �b�?�Q�r�2�/ �T�`�Q�K�B�b�B�M�; �`�2�b�m�H�i�b
�B�M �2�T�B�H�2�T�i�B�+ �b�2�B�x�m�`�2 �/�2�i�2�+�i�B�Q�M �Q�M �B�M�i�`���+�`���M�B���H �2�H�2�+�i�`�Q�2�M�+�2�T�?���H�Q�;�`���T�?�v
�(�R�e�e�)�- �(�k�y�e�)�X �A�i �Q�T�2�`���i�2�b ���+�+�Q�`�/�B�M�; �i�Q �i�?�2 �7�Q�H�H�Q�r�B�M�; �7�Q�`�K�m�H���,

LBP [n] :=

(
1 �B�7x[n] > x [n � 1]
0 �Q�i�?�2�`�r�B�b�2

�U�j�X�R�y�V

�q�?�2�`�2x[n] �/�2�M�Q�i�2�b �i�?�2 �/�B�;�B�i���H �B�M�T�m�i �b�i�`�2���K ���M�/LBP [n] �B�b �i�?�2
�#�B�i �b�2�`�B���H �Q�m�i�T�m�i �b�i�`�2���K�X �h�?�B�b �#�B�i �b�i�`�2���K �B�b �i�?�2�M �;�`�Q�m�T�2�/ �B�M �b�v�K�#�Q�H�b
�Q�7 �}�t�2�/ �H�2�M�;�i�?�- �B�M �i�?�B�b �T���`�i�B�+�m�H���` �+���b�2 �e �#�B�i�X

�j�X�e�X�k�_�2�b�m�H�i�b

�q�2 �b�v�M�i�?�2�b�B�x�2�/ �i�?�2 �T�`�2�T�`�Q�+�2�b�b�B�M�; �b�2�M�b�Q�` �B�M�i�2�`�7���+�2 �r�B�i�? �3 �+�?���M�M�2�H�b�-
�R�e�@�#�B�i �/���i���T���i�? ���M�/ ���M �a�*�J �r�B�i�? �j�k �K�B�+�`�Q�+�Q�/�2 �B�M�b�i�`�m�+�i�B�Q�M �b�H�Q�i�b �i�Q
�2�M�+�Q�/�2 �i�?�2 �a�S�A �B�M�i�2�`���+�i�B�Q�M �B�M �� �+�Q�K�K�2�`�+�B���H�k�k �M�K�i�2�+�?�M�Q�H�Q�;�v�X �h�?�2
�}�;�m�`�2�b �Q�7 �K�2�`�B�i �7�Q�` �i�?�B�b �T���`���K�2�i�`�B�x���i�B�Q�M ���`�2 �b�m�K�K���`�B�x�2�/ �B�M �i���#�H�2 �j�X�8�c
�h�?�2 �2�M�i�B�`�2 �T�`�Q�+�2�b�b�B�M�; �#�H�Q�+�F �Q�+�+�m�T�B�2�b �� �i�Q�i���H ���`�2�� �Q�7�e�R�d�N �’�K�k �Q�` ���#�Q�m�i
�j�R �F�:�1�- �r�?�B�+�? �B�b �Q�M�H�v ���#�Q�m�i �R�X�j�W �i�?�2 �b�B�x�2 �Q�7 �i�?�2 �>�v�T�M�Q�b �+�Q�M�}�;�m�`���i�B�Q�M
�r�2 �i���T�2�/ �Q�m�i �B�M �_�Q�b�2�i�i���X

�h�Q �2�p���H�m���i�2 �i�?�2 �T�`�2�T�`�Q�+�2�b�b�Q�`�ö�b �T�Q�r�2�` �+�?���`���+�i�2�`�B�b�i�B�+�b�- �r�2 �`���M �� �T�Q�b�i�@
�H���v�Q�m�i �b�B�K�m�H���i�B�Q�M �Q�7 �i�?�2 �b���K�2 �1�J�: �#�2�M�+�?�K���`�F ���H�;�Q�`�B�i�?�K �Q�m�i�H�B�M�2�/ �B�M
�b�2�+�i�B�Q�M �j�X�9�X�e ���i�R �F�a�S�f�b�f�*�?���M�M�2�H�X �q�2 �+�Q�M�}�;�m�`�2�/ �i�?�2 �S�`�2�T�`�Q�+�2�b�b�B�M�;
�a�2�M�b�Q�` �A�M�i�2�`�7���+�2 �i�Q �+���T�i�m�`�2 �b�B�K�m�H���i�2�/ �a�S�A �b�2�M�b�Q�` �/���i�� �7�`�Q�K �K�m�H�i�B�T�H�2
�+�?���M�M�2�H�b �r�B�i�? ���M �a�S�A �+�H�Q�+�F �7�`�2�[�m�2�M�+�v �Q�7�k�y�y �F�>�x�+���T�i�m�`�B�M�; �R�e�@�#�B�i
�p���H�m�2�b ���M�/ �2�M���#�H�2�/ �2�p�2�`�v �T�`�2�T�`�Q�+�2�b�b�B�M�; �#�H�Q�+�F �7�Q�` �2���+�? �+�?���M�M�2�H �Q�7 �i�?�2 �3�@
�+�?���M�M�2�H�b�X �q�B�i�? ���M �Q�p�2�`���H�H �T�Q�r�2�` �+�Q�M�b�m�K�T�i�B�Q�M �Q�7 �Q�M�H�v�R�X�R�k �’�q�7�Q�` �i�?�B�b
�T���`�i�B�+�m�H���` �b�+�2�M���`�B�Q�- �i�?�2 �T�`�2�T�`�Q�+�2�b�b�B�M�; �m�M�B�i �T�Q�r�2�` �+�Q�M�b�m�K�T�i�B�Q�M ���/�/�b
�p�2�`�v �H�B�i�i�H�2 �2�M�2�`�;�v �Q�p�2�`�?�2���/ �7�Q�` ���H�r���v�b�@�Q�M �+�H���b�b�B�}�+���i�B�Q�M�X �.�m�2 �i�Q �i�?�2 �b�2�`�B���H
�M���i�m�`�2 �Q�7 �i�?�2 �a�S�A �T�`�Q�i�Q�+�Q�H�- �Q�M�H�v �Q�M�2 �+�?���M�M�2�H �B�b �2�p�2�` ���+�i�B�p�2�H�v �i�Q�;�;�H�B�M�;
���i �� �i�B�K�2�X �h�?�2�`�2�7�Q�`�2 �i�?�2 �T�Q�r�2�` �+�Q�M�b�m�K�T�i�B�Q�M �r�?�2�M �b�+���H�B�M�; �i�Q �K�Q�`�2
�i�?���M �3 �+�?���M�M�2�H�b �/�2�T�2�M�/�b �Q�M�H�v �Q�M �i�?�2 �+�H�Q�+�F �7�`�2�[�m�2�M�+�v�- �r�?�B�+�? �/�B�`�2�+�i�H�v
�+�Q�`�`�2�H���i�2�b �r�B�i�? �i�?�2 �`�2�[�m�B�`�2�/ �b���K�T�H�B�M�; �`���i�2 �T�2�` �+�?���M�M�2�H�X �G�2���F���;�2 �T�Q�r�2�`
�/�m�2 �i�Q �i�?�2 �p�2�`�v �b�K���H�H �b�B�x�2 �Q�7 �i�?�2 �m�M�B�i �B�b �K�Q�b�i�H�v �B�M�b�B�;�M�B�}�+���M�i�8�X

�8���`�Q�m�M�/ �j�X�8�W �Q�7 �i�?�2 �i�Q�i���H �T�Q�r�2�` �+�Q�M�b�m�K�T�i�B�Q�M �B�M �i�?�B�b �T���`�i�B�+�m�H���` �i�2�+�?�M�Q�H�Q�;�v



�j�X�e�X �.���h�� �S�_�1�S�_�P�*�1�a�a�A�L�: �l�L�A�h �R�R�d

�h�2�+�?�M�Q�H�Q�;�v �k�k �6�.�a�P�A�- �3�h�@�l�>�o�h �b�i���M�/���`�/ �+�2�H�H �H�B�#�`���`�v
�*�Q�`�M�2�` �y�X�3 �o�- �k�8 �ê�*�- �i�v�T�B�+���H�@�i�v�T�B�+���H
�.���i���r�B�/�i�? �R�e �#�B�i
�L�m�K�X �*�?���M�M�2�H�b �3
�J�B�+�`�Q�+�Q�/�2 �a�*�J �a�B�x�2 32 � 32 bit
���`�2�� �e�R�d�N �’�K�k

�a�S�A �*�H�Q�+�F �6�`�2�[�X �k�y�y �F�>�x
�S�`�2�T�`�Q�+�2�b�b�Q�` �*�H�Q�+�F �6�`�2�[�X �k�y�y �F�>�x
�h�Q�i���H �S�Q�r�2�` �R�X�R�k �’�q

�h���#�H�2 �j�X�8�� �6�B�;�m�`�2�b �Q�7 �J�2�`�B�i �Q�7 �i�?�2 �S�`�2�T�`�Q�+�2�b�b�B�M�; �l�M�B�i �B�M�k�k �M�K�6�.�a�P�A�X
�L�m�K�#�2�`�b �Q�#�i���B�M�2�/ �B�M �i�B�K�B�M�; �#���+�F�@���M�Q�i���i�2�/ �T�Q�b�i�@�H���v�Q�m�i �b�B�K�m�H���i�B�Q�M �r�B�i�? ���H�H
�T�`�2�T�`�Q�+�2�b�b�B�M�; �#�H�Q�+�F�b ���+�i�B�p�2�X



�R�R�3 �*�>���S�h�1�_ �j�X �1�L�1�_�:�u �1�6�6�A�*�A�1�L�h �*�A�_�*�l�A�h�a

�j�X�d �a�m�K�K���`�v

�A�M �i�?�B�b �+�?���T�i�2�`�- �r�2 �?���p�2 �B�M�i�`�Q�/�m�+�2�/ �� �M�m�K�#�2�` �Q�7 �#�m�B�H�/�B�M�; �#�H�Q�+�F�b �7�Q�`
�2�M�2�`�;�v�@�2�{�+�B�2�M�i �M�2���`�@�b�2�M�b�Q�` �+�H���b�b�B�}�+���i�B�Q�M �H�2�p�2�`���;�B�M�; �i�?�2 �J�G �T���`���/�B�;�K
�Q�7 �?�v�T�2�`�/�B�K�2�M�b�B�Q�M���H �+�Q�K�T�m�i�B�M�;�,

�Ç �q�2 �b�i���`�i�2�/ �i�?�B�b �+�?���T�i�2�` �#�v �T�`�2�b�2�M�i�B�M�; �� �b�i���M�/���`�/�@�+�2�H�H �K�2�K�Q�`�v�@
�#���b�2�/ �B�K�T�H�2�K�2�M�i���i�B�Q�M �Q�7 ���M ���H�H�@�/�B�;�B�i���H ���b�b�Q�+�B���i�B�p�2 �K�2�K�Q�`�v�X

�Ç �q�2 �i�?�2�M �B�M�i�`�Q�/�m�+�2�/ �>�v�T�M�Q�b�- ���M �Q�T�2�M�@�b�Q�m�`�+�2�- �7�m�H�H�v�@�+�Q�M�}�;�m�`���#�H�2
�?���`�/�r���`�2 ���+�+�2�H�2�`���i�Q�` �7�Q�` �#�B�M���`�v �b�T���i�i�2�` �+�Q�/�2 �#���b�2�/ �>�.�* ���M�/
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P�H�2���F���;�2�- �/���i���T���i�? �y�X�d�y �’�q �y�X�d�y �’�q
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�Q�T�2�`���i�B�M�; ���i �j�k �F�>�x �i�Q �k�y�X�N� �q �r�?�2�M �+�Q�M�b�B�/�2�`�B�M�; �R�k�3 �F�" �Q�7 �G�k
�K�2�K�Q�`�v �i�Q �#�2 �i�m�`�M�2�/ �B�M�i�Q �b�i���i�2�@�`�2�i�2�M�i�B�p�2 �K�Q�/�2�X �P�M�+�2 �i�?�2 �a�Q�* �B�b
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�6�B�;�m�`�2 �9�X�e�� �o�2�;�� �a�Q�* �S�2�`�7�Q�`�K���M�+�2 ���M�/ �1�{�+�B�2�M�+�v�X

CWU CWU �� retention SoC Active Cluster Active
1µW

10µW

100µW

1mW

10mW

100mW

6.9µW 
fCWU �� 200 kHz

1.7µW 

�� 128kB retention

fCluster  �� 450 MHz

fCluster  �� 195 kHz

fSoC �� 195 kHz

fSoC �� 450 MHz

�� 16kB retention

Cognitive Sensor 
Data Processing

General Purpose
Parallel Computation

�6�B�;�m�`�2 �9�X�d�� �o�2�;�� �a�Q�* �S�Q�r�2�` �J�Q�/�2�b ���M�/ �*�Q�M�b�m�K�T�i�B�Q�M�X



�9�X�k�X �h�>�1 �o�1�:�� �R�y�@�*�P�_�1 �a�Q�* �6�P�_ �A�Q�h �1�L�.�@�L�P�.�1�a�R�j�N

���T�T�H�B�+���i�B�Q�M �.�2�b�+�`�B�T�i�B�Q�M �6�S �B�M�i�2�M�b�B�i�v
�J���h�J�l�G �J���i�`�B�t �K�m�H�i�B�T�H�B�+���i�B�Q�M �U�1�t�:�- ���m�/�B�Q�- �B�K���;�2�V�8�d�W

�*�P�L�o �*�Q�M�p�Q�H�m�i�B�Q�M �F�2�`�M�2�H �U�1�t�:�- ���m�/�B�Q�- �B�K���;�2�V�8�8�W
�.�q�h �.�B�b�+�`�2�i�2 �q���p�2�H�2�i �h�`���M�b�7�Q�`�K �U�1�t�:�V �k�3�W
�6�6�h �6���b�i �6�Q�m�`�B�2�` �h�`���M�b�7�Q�`�K �U�1�t�:�- ���m�/�B�Q�V �e�j�W
�6�A�_ �6�B�M�B�i�2 �B�K�T�m�H�b�2 �`�2�b�T�Q�M�b�2 �}�H�i�2�` �U�1�t�:�V�e�9�W
�A�A�_ �A�M�}�M�B�i�2 �B�K�T�m�H�b�2 �`�2�b�T�Q�M�b�2 �}�H�i�2�` �U�1�t�:�V�9�e�W

�E�J�1���L�a �l�M�b�m�T�2�`�p�B�b�2�/ ���H�;�Q�`�B�i�?�K �7�Q�` �/���i�� �+�H�m�b�i�2�`�B�M�; �U���m�/�B�Q�- �B�K���;�2�V�3�j�W
�a�o�J �a�m�T�2�`�p�B�b�2�/ ���H�;�Q�`�B�i�?�K �7�Q�` �/���i�� �+�H���b�b�B�}�+���i�B�Q�M �U���m�/�B�Q�- �B�K���;�2�V�j�8�W

���p�2� �̀��;�2 �8�j�W

�h���#�H�2 �9�X�8�� �"�2�M�+�?�K���`�F �b�m�B�i�2�X �6�Q�` �2���+�? �F�2�`�M�2�H �r�2 �`�2�T�Q�`�i �B�i�b �/�2�b�+�`�B�T�i�B�Q�M ���M�/
�B�i�b �6�S �B�M�i�2�M�b�B�i�v�X �J���B�M ���T�T�H�B�+���i�B�Q�M �}�2�H�/�b ���`�2 �H�B�b�i�2�/ �B�M �T���`�2�M�i�?�2�b�2�b�X

�i�m�`�M�2�/ �Q�M ���7�i�2�` �� �r���F�2�@�m�T �2�p�2�M�i�- �B�i�b �T�Q�r�2�` �+�Q�M�b�m�K�T�i�B�Q�M �;�Q�2�b �7�`�Q�K
�y�X�d �i�Q �R�8 �K�q�- �/�2�H�B�p�2�`�B�M�; �m�T �i�Q �y�X�N�8 �:�J���*�f�b �r�B�i�? ���M �2�{�+�B�2�M�+�v �m�T
�i�Q �R�y�y �:�J���*�f�b�f�q �U�3�@�#�B�i �B�M�i�2�;�2�`�V�X �6�B�M���H�H�v�- �i�?�2 �a�Q�* �+���M �Q�|�Q���/
�?�B�;�?�H�v �+�Q�K�T�m�i�2�@�B�M�i�2�M�b�B�p�2 �i���b�F�b �i�Q �i�?�2 �T���`���H�H�2�H �+�H�m�b�i�2�`�- �/�2�H�B�p�2�`�B�M�; ��
�K�m�+�? �?�B�;�?�2�` �T�2�`�7�Q�`�K���M�+�2 �m�T �i�Q �d�X�3 �:�J���*�f�b �r�B�i�? ���M �2�{�+�B�2�M�+�v �Q�7
�j�y�d �:�J���*�f�b�f�q �Q�M �;�2�M�2�`���H�@�T�m�`�T�Q�b�2 �T�`�Q�+�2�b�b�Q�`�b �U�3�@�#�B�i �B�M�i�2�;�2�`�V�- ���M�/ ��
�T�2�`�7�Q�`�K���M�+�2 �Q�7 �R�e�X�R �:�J���*�f�b �r�B�i�? ���M �2�{�+�B�2�M�+�v �m�T �i�Q �e�8�y �:�J���*�f�b�f�q
�Q�M �+�Q�M�p�Q�H�m�i�B�Q�M���H �r�Q�`�F�H�Q���/�b �r�?�2�M �>�q�*�1 �B�b ���+�i�B�p���i�2�/ �i�Q ���+�+�2�H�2�`���i�2
�i�?�2 ���p���B�H���#�H�2 �b�Q�7�i�r���`�2 �T�`�Q�;�`���K�K���#�H�2 �T�`�Q�+�2�b�b�Q�`�b�- ���H�H �r�B�i�?�B�M �� �T�Q�r�2�`
�2�M�p�2�H�Q�T�2 �Q�7 �9�N�X�9 �K�q�X ���H�H �i�?�2 �2�t�T�2�`�B�K�2�M�i�b �r�2�`�2 �T�2�`�7�Q�`�K�2�/ �`�m�M�M�B�M�; �Q�M
�o�2�;�� ���M �3�@�#�B�i �K���i�`�B�t�@�K�m�H�i�B�T�H�B�+���i�B�Q�M �F�2�`�M�2�H �2�t�i�`���+�i�2�/ �7�`�Q�K �i�?�2 �S�l�G�S�@
�L�L �H�B�#�`���`�v �(�k�k�k�) �Q�M �i�?�2 �b�Q�7�i�r���`�2�@�T�`�Q�;�`���K�K���#�H�2 �+�Q�`�2�b ���M�/ ���M �3�@�#�B�i
�j�t�j �+�Q�M�p�Q�H�m�i�B�Q�M �Q�M �i�?�2 �>�q�*�1�X

�9�X�k�X�j�"�2�M�+�?�K���`�F�B�M�;

�h�?�B�b �b�2�+�i�B�Q�M �T�`�2�b�2�M�i�b ���M �2�t�i�2�M�b�B�p�2 �#�2�M�+�?�K���`�F�B�M�; �Q�7 �i�?�2 �o�2�;�� �a�Q�*�-
�B�M�+�H�m�/�B�M�; �#�Q�i�? �;�2�M�2�`���H�@�T�m�`�T�Q�b�2 �L�a���� �2�t�T�H�Q�B�i�B�M�; �j�k�@�#�B�i ���M�/ �R�e�@�#�B�i �6�S
���`�B�i�?�K�2�i�B�+ ���b �r�2�H�H ���b �.�L�L �r�Q�`�F�H�Q���/�b�X

�6�H�Q���i�B�M�;�@�S�Q�B�M�i �L�a���� �q�Q�`�F�H�Q���/�b

�h�Q ���b�b�2�b�b �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �Q�7 �/�B�p�2�`�b�2 �6�S �r�Q�`�F�H�Q���/�b�- �r�2 �+�Q�M�b�B�/�2�`�2�/ ��
�#�2�M�+�?�K���`�F �b�2�i �B�M�+�H�m�/�B�M�; �/�B�;�B�i���H �b�B�;�M���H �T�`�Q�+�2�b�b�B�M�;�- �K���+�?�B�M�2 �H�2���`�M�B�M�;
���H�;�Q�`�B�i�?�K�b�- ���M�/ �#���b�B�+ �H�B�M�2���` ���H�;�2�#�`�� �b�m�#�`�Q�m�i�B�M�2�b �r�B�/�2�H�v �m�b�2�/ �B�M �L�a����
�}�2�H�/�b �b�m�+�? ���b ���m�/�B�Q�- �B�K���;�2 ���M�/ �1�t�: �T�`�Q�+�2�b�b�B�M�;�X �h�Q �7�m�H�H�v �2�t�T�H�Q�B�i �i�?�2
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�K�m�H�i�B�@�T�`�2�+�B�b�B�Q�M �b�m�T�T�Q�`�i �T�`�Q�p�B�/�2�/ �#�v �i�?�2 �b�?���`�2�/ �6�S�l�b�- �r�2 �?���p�2 �2�t�i�2�M�/�2�/
�i�?�2 �*�f�*�Y�Y �7�`�Q�M�i�2�M�/ �r�B�i�? �i�r�Q ���/�/�B�i�B�Q�M���H �/���i�� �i�v�T�2�b�- �M���K�2�H�v�~�Q���i�R�e
���M�/�#�~�Q���i�R�e�X �h�?�2 �+�Q�K�T�B�H�2�` �#���+�F�2�M�/ �H�Q�r�2�`�b �b�+���H���` �Q�T�2�`���i�B�Q�M�b �B�M�p�Q�H�p�B�M�;
�i�?�2�b�2 ���/�/�B�i�B�Q�M���H �i�v�T�2�b �B�M�i�Q �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; ���b�b�2�K�#�H�v �B�M�b�i�`�m�+�i�B�Q�M
�B�M�i�`�Q�/�m�+�2�/ �#�v �i�?�2 �b�K���H�H�6�H�Q���i �2�t�i�2�M�b�B�Q�M�b �U�a�2�+�i�B�Q�M �9�X�k�X�R�V�X �S���+�F�2�/�@
�a�A�J�. �Q�T�2�`���i�B�Q�M�b �+���M �#�2 �2�t�T�`�2�b�b�2�/ �i�?�`�Q�m�;�? �b�i���M�/���`�/ �*�f�*�Y�Y �Q�T�2�`���i�Q�`�b
�Q�M �:�*�* �p�2�+�i�Q�` �i�v�T�2�b�X �o�2�+�i�Q�`�B�x���i�B�Q�M �Q�7 �R�e�@�#�B�i �/���i�� �i�v�T�2�b �`�2�/�m�+�2�b
�#�v �� �7���+�i�Q�` �Q�7 �i�r�Q �i�?�2 �2�t�2�+�m�i�B�Q�M �i�B�K�2 �Q�7 �i�?�2 �`�2�H���i�2�/ �6�S �Q�T�2�`���i�B�Q�M�b�X
�A�M ���/�/�B�i�B�Q�M�- �i�?�2�`�2 �B�b ���H�b�Q �� �#�2�M�2�}�+�B���H �2�z�2�+�i �Q�M �K�2�K�Q�`�v �#���M�/�r�B�/�i�?
�m�i�B�H�B�x���i�B�Q�M �b�B�M�+�2 �i�r�Q �R�e�@�#�B�i �Q�T�2�`���M�/�b ���`�2 �`�2���/�f�r�`�B�i�i�2�M ���i �i�?�2 �b���K�2
�i�B�K�2 �7�Q�` �2���+�? �j�k�@�#�B�i �K�2�K�Q�`�v ���+�+�2�b�b�X

�h���#�H�2 �9�X�8 �`�2�T�Q�`�i�b �/�2�b�+�`�B�T�i�B�Q�M ���M�/ �6�S �B�M�i�2�M�b�B�i�v �2���+�? �F�2�`�M�2�H�X �6�S
�B�M�i�2�M�b�B�i�v �B�b �i�?�2 �T�2�`�+�2�M�i���;�2 �Q�7 �6�S �Q�T�2�`���i�B�Q�M�b �Q�p�2�` �i�?�2 �i�Q�i���H �M�m�K�#�2�`
�Q�7 �B�M�b�i�`�m�+�i�B�Q�M�b�- �+�Q�K�T�m�i�2�/ ���i �A�a�� �H�2�p�2�H �U�B�X�2�X�- �Q�M �i�?�2 �F�2�`�M�2�H ���b�b�2�K�#�H�v
�+�Q�/�2�V�X �6�B�;�X �9�X�3 �B�H�H�m�b�i�`���i�2�b �T�2�`�7�Q�`�K���M�+�2 ���M�/ �2�{�+�B�2�M�+�v �Q�7 �2���+�? �F�2�`�M�2�H�X
�h�?�2 �T�2�`�7�Q�`�K���M�+�2 �K�2�i�`�B�+ �`�2�T�Q�`�i�b �?�Q�r �K���M�v �K�B�H�H�B�Q�M�b �Q�7 �Q�T�2�`���i�B�Q�M�b ���`�2
�+�Q�K�T�H�2�i�2�/ �T�2�` �i�B�K�2 �m�M�B�i �+�Q�M�b�B�/�2�`�B�M�; �6�S�j�k ���M�/ �6�S�R�e ���`�B�i�?�K�2�i�B�+ �7�Q�`
�i�r�Q �Q�T�2�`���i�B�M�; �T�Q�B�M�i�b�, �k�k�y �J�>�x�- �y�X�e �o �U�G�o�V ���M�/ �9�8�y �J�>�x�- �y�X�3�o �U�>�o�V�X
�h�?�2�b�2 �`�2�b�m�H�i�b �/�2�K�Q�M�b�i�`���i�2 �i�?���i �i�?�2 �/�2�b�B�;�M �+�?�Q�B�+�2 �Q�7 �2�t�T�H�Q�B�i�B�M�; �b�?���`�2�/
�6�S�l�b �B�b �M�Q�i �/�2�i�`�B�K�2�M�i���H �i�Q �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �Q�7 �6�S �r�Q�`�F�H�Q���/�b �b�B�M�+�2
�T�`�Q�;�`���K�b �B�M�+�H�m�/�2 �� �K�B�t �Q�7 �6�S�- ���G�l�- �+�Q�M�i�`�Q�H�- ���M�/ �K�2�K�Q�`�v �Q�T�2�`���i�B�Q�M�b�X
�h�?�2 ���/�Q�T�i�B�Q�M �Q�7 �p�2�+�i�Q�`�B���H �6�S �Q�T�2�`���i�B�Q�M�b �H�2���/�b �i�Q ���M �B�K�T�`�Q�p�2�K�2�M�i �Q�7
�R�X�9�e� �Q�p�2�` �b�+���H���` �Q�M�2�b�X �h�?�B�b �p���H�m�2 �B�b �H�Q�r�2�` �i�?���M �i�?�2 �i�?�2�Q�`�2�i�B�+���H �b�T�2�2�/�m�T
�7�Q�` �i�?�2 �b���K�2 �2�z�2�+�i �/�B�b�+�m�b�b�2�/ �#�2�7�Q�`�2�, �6�S ���M�/ �K�2�K�Q�`�v �Q�T�2�`���i�B�Q�M�b �i���F�2
���/�p���M�i���;�2 �Q�7 �p�2�+�i�Q�`�B�x���i�B�Q�M�- �r�?�B�H�2 ���G�l ���M�/ �+�Q�M�i�`�Q�H �Q�T�2�`���i�B�Q�M�b ���`�2 �M�Q�i
���z�2�+�i�2�/�X �a�Q�K�2 �F�2�`�M�2�H�b �U�J���h�J�l�G�- �6�6�h�- ���M�/ �6�A�_�V ���`�2 �+�?���`���+�i�2�`�B�x�2�/
�#�v �T�2�`�7�Q�`�K���M�+�2 ���M�/ �2�{�+�B�2�M�+�v �;���B�M�b �?�B�;�?�2�` �i�?���M ���p�2�`���;�2 �p���H�m�2�b �i�?���M�F�b
�i�Q �i�?�2 �m�b�2 �Q�7 �7�m�b�2�/ �K�m�H�i�B�T�H�v ���M�/ ���+�+�m�K�m�H���i�2 �B�M�b�i�`�m�+�i�B�Q�M ���H�H�Q�r�B�M�; �i�Q
�T�2�`�7�Q�`�K �k �6�S �Q�T�2�`���i�B�Q�M�b �T�2�` �+�v�+�H�2�X �h�?���M�F�b �i�Q �i�?�2 ���`�+�?�B�i�2�+�i�m�`�2 �/�2�b�B�;�M
�K���T�T�B�M�; �B�M�i�2�;�2�` ���M�/ �6�S �`�2�;�B�b�i�2�`�b �Q�M �� �b�B�M�;�H�2 �`�2�;�B�b�i�2�` �}�H�2�- �i�?�B�b �;���B�M �B�b
�K���B�M�i���B�M�2�/ �7�Q�` �p�2�+�i�Q�`�B���H �6�S�R�e �p�2�`�b�B�Q�M�b �b�B�M�+�2 �T�`�Q�;�`���K�K�2�`�b �+���M �K���M�m���H�H�v
�Q�T�i�B�K�B�x�2 �i�?�2 �+�Q�/�2�- �B�M�+�H�m�/�B�M�; �B�M�i�`�B�M�b�B�+�b �7�Q�` �/���i�� �T���+�F�B�M�; ���M�/ �b�?�m�|�B�M�;
�Q�7 �p�2�+�i�Q�`�b �2�H�2�K�2�M�i�b�- �r�B�i�? �i�?�2 �}�M���H �`�2�b�m�H�i �i�Q �`�2�/�m�+�2 �i�?�2 �T�`�2�b�b�m�`�2 �Q�M
�K�2�K�Q�`�v ���M�/ �b�?���`�2�/ �6�S�l�b�X
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L3: all  layer weights
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�6�B�;�m�`�2 �9�X�N�� �1�t���K�T�H�2 �Q�7 �.�L�L �i�B�H�B�M�; �b�Q�7�i�r���`�2 �T�B�T�2�H�B�M�2�- �b�?�Q�r�B�M�; �i�?�2 �+�Q�M�+�m�`�`�2�M�i
�2�t�2�+�m�i�B�Q�M �Q�7 �r�2�B�;�?�i �/���i�� �+�Q�T�B�2�b �G�j! �G�k �U�;�`�2�2�M�V�c ���+�i�B�p���i�B�Q�M �/���i�� �+�Q�T�B�2�b �G�k$ �G�R
�U�#�H�m�2�V�c ���M�/ �+�Q�K�T�m���i�B�Q�M �U�Q�`���M�;�2�V ���M�/ �i�?�2 �i�v�T�B�+���H �/���i�� �~�Q�r �B�M �+���b�2 �Q�7 �.�L�L
�i�B�H�B�M�;�X �A�M�/�2�+�2�b �/�B�b�i�B�M�;�m�B�b�? �H���v�2�`�bi �-i + 1 �- �2�i�+�X ���M�/ �i�B�H�2�b �y�- �R�- �2�i�+�X�X
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�6�B�;�m�`�2 �9�X�R�y�� �G���v�2�`�@�#�v�@�H���v�2�` �+�Q�K�T�m�i�2 �U�Q�`���M�;�2�V�- �G�k$ �G�R �U�#�H�m�2�V�- ���M�/ �G�j$ �G�k
�U�;�`�2�2�M�V �K�2�K�Q�`�v �i�`���M�b�7�2�` �H���i�2�M�+�v �B�M ���J�Q�#�B�H�2�L�2�i�o�k�m�b�2 �+���b�2�X �h�Q�i���H �H���i�2�M�+�v
�B�b �b�?�Q�r�M �B�M �p�B�Q�H�2�i�- �?�B�;�?�H�B�;�?�i�B�M�; �J�_���J �U�b�Q�H�B�/ �}�H�H�V ���M�/ �>�v�T�2�`�_���J �U�/���b�?�2�/
�}�H�H�V ���b ���H�i�2�`�M���i�B�p�2 �+�?�Q�B�+�2�b�X ���H�H �H���v�2�`�b �2�t�+�2�T�i �7�Q�` �i�?�2 �H���b�i �Q�M�2 ���`�2 �+�Q�K�T�m�i�2�@
�#�Q�m�M�/�X �.���i�� �`�2�T�Q�`�i�2�/ �B�M �i�?�2 �M�Q�K�B�M���H �Q�T�2�`���i�B�M�; �T�Q�B�M�i �r�B�i�?f SOC = 250 MHz �-
f CL = 250 MHz �X

�6�B�;�m�`�2 �9�X�R�R�� �*�Q�K�T���`�B�b�Q�M �Q�7 �i�Q�i���H�J�Q�#�B�H�2�L�2�i�o�k�B�M�7�2�`�2�M�+�2 �2�M�2�`�;�v �m�b�B�M�;
�r�2�B�;�?�i�b ���H�H�Q�+���i�2�/ �Q�M �2�t�i�2�`�M���H �>�v�T�2�`�_���J �p�2�`�b�m�b �Q�M�@�+�?�B�T �J�_���J�X
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�"���M�/�r�B�/�i�? �(�J�"�f�b�) ���+�+�2�b�b �1�M�2� �̀;�v �(�T�C�f�"�)
�>�v�T�2�`�_���J$ �G�k �j�y�y �k�y
�J�_���J $ �G�k �k�y�y �3�3�y
�G�k$ �G�R �R�N�y�y �R�X�9
�G�R ���+�+�2�b�b �3�y�y�y �y�X�N

�h���#�H�2 �9�X�e�� �*�Q�K�T���`�B�b�Q�M �#�2�i�r�2�2�M �i�?�2 �p���`�B�Q�m�b �/���i�� �i�`���M�b�7�2�` �+�?���M�M�2�H�b �m�b�2�/
�r�B�i�?�B�M �� �i�v�T�B�+���H �.�L�L �2�t�2�+�m�i�B�Q�M �B�M �i�2�`�K�b �Q�7 ���p���B�H���#�H�2 �#���M�/�r�B�/�i�? ���M�/ �2�M�2�`�;�v
�T�2�` �#�v�i�2�X

�.�L�L �L�a���� �q�Q�`�F�H�Q���/�b ���M�/ �.���i�� �6�H�Q�r

�h�?�2 ���`�+�?�B�i�2�+�i�m�`�2 �Q�7 �i�?�2 �o�2�;�� �a�Q�* �B�b �/�2�b�B�;�M�2�/ �i�Q �#�2 ���#�H�2 �i�Q �/�2�T�H�Q�v
�`�2���H�B�b�i�B�+���H�H�v �b�B�x�2�/ �.�L�L �7�Q�` �7�m�H�H �Q�M�@�+�?�B�T �B�M�7�2�`�2�M�+�2�- �i���F�B�M�; ���/�p���M�i���;�2
�Q�7 �i�?�2 �J�_���J �7�Q�` �r�2�B�;�?�i �b�i�Q�`���;�2�X �h�?�2 �;�2�M�2�`���H �/���i�� �~�Q�r �7�Q�` �.�L�L
�B�M�7�2�`�2�M�+�2 �B�b �b�?�Q�r�M �B�M �6�B�;�X �9�X�N�- �7�Q�+�m�b�B�M�; �Q�M �� �T�m�`�2�H�v �b�Q�7�i�r���`�2 �2�t�2�+�m�i�B�Q�M
�T�B�T�2�H�B�M�2 �#���b�2�/ �Q�M �i�?�2 �S�l�G�S�@�L�L �H�B�#�`���`�v�- �m�b�B�M�; �3�@�#�B�i �B�M�i�2�;�2�`�b �7�Q�`
���H�H �i�2�M�b�Q�`�b �U�r�2�B�;�?�i�b ���M�/ ���+�i�B�p���i�B�Q�M�b�V�X �q�2�B�;�?�i�b �7�Q�` ���H�H �H���v�2�`�b �B�M �i�?�2
�M�2�i�r�Q�`�F ���`�2 �b�i�Q�`�2�/ �2�B�i�?�2�` �B�M �i�?�2 �Q�M�@�+�?�B�T �J�_���J �U�9 �J�"�V �Q�` �B�M ���M
�Q�z�@�+�?�B�T �>�v�T�2�`�_���J �K�Q�/�m�H�2 �� �#�Q�i�? ���+�+�2�b�b�B�#�H�2 �p�B�� �i�?�2 �A�f�P �.�J���- �r�?�B�H�2
�B�M�i�2�`�K�2�/�B���i�2 ���+�i�B�p���i�B�Q�M �i�2�M�b�Q�`�b ���`�2 ���H�H�Q�+���i�2�/ �B�M �i�?�2 �G�k �b�?���`�2�/ �K�2�K�Q�`�v
�U�R�X�8 �J�"�V ���M�/ �B�K�K�2�/�B���i�2�H�v �/�2���H�H�Q�+���i�2�/ ���7�i�2�` �i�?�2�v ���`�2 �+�Q�M�b�m�K�2�/ �#�v �i�?�2
�7�Q�H�H�Q�r�B�M�; �H���v�2�`�X �h�Q �2�M���#�H�2 �+�Q�K�T�m�i���i�B�Q�M �Q�M �i�?�2 �+�H�m�b�i�2�`�- �#�Q�i�? �r�2�B�;�?�i�b ���M�/
�B�M�T�m�i ���+�i�B�p���i�B�Q�M �?���p�2 �i�Q �#�2 �/�B�p�B�/�2�/ �B�M�i�Q �i�B�H�2�b �i�?���i �}�i �r�B�i�?�B�M �i�?�2 �R�k�3 �E�"
�Q�7 �+�H�m�b�i�2�` �G�R �b�?���`�2�/ �K�2�K�Q�`�v �(�k�k�j�)�c �3 �+�Q�`�2�b �Q�7 �i�?�2 �+�H�m�b�i�2�` ���`�2 �2�K�T�H�Q�v�2�/
�7�Q�` ���+�i�m���H �+�Q�K�T�m�i���i�B�Q�M�- �r�?�B�H�2 �i�?�2 �M�B�M�i�? �B�b �m�b�2�/ ���b ���M�Q� �̀+�?�2�b�i� �̀��i�Q�`
�+�Q� �̀2�i�Q �K���M���;�2 �/���i�� �i�B�H�B�M�; ���M�/ �b�+�?�2�/�m�H�2 �/���i�� �K�Q�p�2�K�2�M�i �m�b�B�M�; �i�?�2
�+�H�m�b�i�2�` �.�J���X �*�Q�K�T�m�i���i�B�Q�M �B�b �Q�`�;���M�B�x�2�/ �B�M �� �b�Q�7�i�r���`�2 �T�B�T�2�H�B�M�2 �r�B�i�?
�7�Q�m�` �b�i���;�2�b�- ���b �b�?�Q�r�M �B�M �6�B�;�X �9�X�N�,

�R�X�+�Q�T�v �r�2�B�;�?�i�b �J�_���J�f�>�v�T�2�`�_���J! �G�k�, �r�2�B�;�?�i�b �7�Q�` �� �7�m�H�H �H���v�2�`
�Q�7 �i�?�2 �M�2�i�r�Q�`�F ���`�2 �K�Q�p�2�/ �7�`�Q�K �J�_���J�f�>�v�T�2�`�_���J �i�Q �G�k
�m�b�B�M�; �i�?�2 �A�f�P �.�J���- �T�`�Q�;�`���K�K�2�/ �#�v �i�?�2 �_�A�a�*�@�o �6�* �+�Q�`�2�X

�k�X�+�Q�T�v�@�B�M �B�M�T�m�i ���+�i�B�p���i�B�Q�M�b�- �r�2�B�;�?�i �G�k! �G�R�, �i�?�2 �+�H�m�b�i�2�`
�Q�`�+�?�2�b�i�`���i�Q�` �+�Q�`�2 �b�+�?�2�/�m�H�2�b �i�?�2 �+�Q�T�v �Q�7 �� �r�2�B�;�?�i ���M�/ �B�M�T�m�i
�i�B�H�2 �7�`�Q�K �G�k �i�Q �G�R �m�b�B�M�; �i�?�2 �+�H�m�b�i�2�` �.�J���X

�j�X�+�Q�K�T�m�i�2�, �i�?�2 �3 �+�H�m�b�i�2�` �+�Q�K�T�m�i�2 �+�Q�`�2�b�- �r�Q�`�F�B�M�; �2�M�i�B�`�2�H�v �Q�M
�R�@�+�v�+�H�2 �H���i�2�M�+�v �G�R�- �+�Q�M�b�m�K�2 ���M �B�M�T�m�i �i�B�H�2 ���M�/ �� �r�2�B�;�?�i �i�B�H�2
�i�Q �T�`�Q�/�m�+�2 �� �r�2�B�;�?�i �i�B�H�2�X �q�2 �2�K�T�H�Q�v �i�?�2 �S�l�G�S�@�L�L �H�B�#�`���`�v
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�A�K���;�2�L�2�i �G���i�2�M�+�v �(�K�b�) �1�M�2�`�;�v �(�K�C�)
�J�J���* �S���`���K�2�i�2�`�b �(�E�"�) �J�_���J �m�T �i�Q �H���v�2�`

�h�Q�T�@�R ���+�+�X �(�W�)�a�q �>�q�*�1 �U�b�T�2�2�/�m�T�V�a�q �>�q�*�1 �U�2�z�X �;���B�M�V
�_�2�T�o�:�:�@���y �d�k�X�9�R �j�8�3 �R�R�3 �U�j�X�y�j� �V �3�X�8 �9�X�9 �U�Y�N�j�W�V�R�j�3�N �3�R�R�e �b�i���;�2 �9�- �H���v�2�` �R�k
�_�2�T�o�:�:�@���R �d�9�X�9�e �e�R�y �k�y�y �U�j�X�y�8� �V �R�j�X�y �d�X�9 �U�Y�d�e�W�V�k�j�e�9 �R�k�9�3�9 �b�i���;�2 �9�- �H���v�2�` �e
�_�2�T�o�:�:�@���k �d�e�X�9�3 �R�j�k�y �9�j�j �U�j�X�y�8� �V �k�8�X�d �R�8�X�3 �U�Y�e�j�W�V�8�R�R�d �k�9�d�e�N �b�i���;�2 �9�- �H���v�2�` �j

�h���#�H�2 �9�X�d�� �o�2�;�� �T�2�`�7�Q�`�K���M�+�2 ���M�/ �2�M�2�`�;�v �2�{�+�B�2�M�+�v �Q�M �_�2�T�o�:�:�@�� �m�b�B�M�; �a�q
�Q�` �>�q�*�1�@�#���b�2�/ ���+�+�2�H�2�`���i�B�Q�M

�(�k�k�k�) �+���T���#�H�2 �Q�7 ���+�?�B�2�p�B�M�; �m�T �i�Q �R�8�X�8 �J���*�f�+�v�+�H�2 �Q�M �3 �+�Q�`�2�b�X
�j� �j �+�Q�M�p�Q�H�m�i�B�Q�M���H �H���v�2�`�b �+���M ���H�i�2�`�M���i�B�p�2�H�v �2�K�T�H�Q�v �i�?�2 �>�q�*�1
���+�+�2�H�2�`���i�Q�`�- ���+�?�B�2�p�B�M�; �m�T �i�Q �k�d �J���*�f�+�v�+�H�2�X

�9�X�+�Q�T�v�@�Q�m�i �Q�m�i�T�m�i ���+�i�B�p���i�B�Q�M�b �G�R! �G�k�, �i�?�2 �+�H�m�b�i�2�` �Q�`�+�?�2�b�i�`���i�Q�`
�+�Q�`�2 �b�+�?�2�/�m�H�2�b �i�?�2 �+�Q�T�v �Q�7 �i�?�2 �Q�m�i�T�m�i �i�B�H�2 �7�`�Q�K �G�R �i�Q �G�k �m�b�B�M�;
�i�?�2 �+�H�m�b�i�2�` �.�J���X

���b �b�?�Q�r�M �B�M �6�B�;�X �9�X�N�- �i�?�2�b�2 �7�Q�m�` �b�i���;�2�b �2�K�T�H�Q�v �/�Q�m�#�H�2�@�#�m�z�2�`�B�M�; ���M�/ ���`�2
�7�m�H�H�v �Q�p�2�`�H���T�T�2�/ �b�Q �i�?���i �i�?�`�Q�m�;�?�T�m�i �B�b �/�Q�K�B�M���i�2�/ �#�v �i�?�2 �b�H�Q�r�2�b�i �b�i���;�2�X
�.�P�_�u �(�k�k�j�) �B�b �m�b�2�/ �#�Q�i�? �i�Q �+���H�+�m�H���i�2 �/���i�� �i�B�H�B�M�; �b�Q�H�m�i�B�Q�M�b �}�i�i�B�M�; �i�?�2
�K�2�K�Q�`�v �+�Q�M�b�i�`���B�M�i�b ���i ���H�H �b�i���;�2�b ���M�/ �i�Q �;�2�M�2�`���i�2 �i�?�2 �Q�`�+�?�2�b�i�`���i�Q�` �+�Q�/�2�X

�h�Q �T�`�Q�p�B�/�2 �7�m�`�i�?�2�` �B�M�b�B�;�?�i �B�M�i�Q �i�?�2 �/���i�� �i�B�H�B�M�; �b�+�?�2�K�2�- �r�2 �K�2���b�m�`�2�/
�i�?�2 �#���M�/�r�B�/�i�? ���M�/ �i�?�2 �2�M�2�`�;�v �T�2�` �#�v�i�2 �7�Q�` �2���+�? �Q�7 �i�?�2 �/���i�� �i�`���M�b�7�2�`�b
�/�2�b�+�`�B�#�2�/ ���#�Q�p�2�X �J�_���J ���M�/ �>�v�T�2�`�_���J �`�2�b�m�H�i�b ���`�2 �K�2���b�m�`�2�/
�Q�M �i�?�2 �b�B�H�B�+�Q�M �T�`�Q�i�Q�i�v�T�2�- �r�?�B�H�2 �G�k�f�G�R ���+�+�2�b�b�2�b ���`�2 �2�b�i�B�K���i�2�/ �r�B�i�?
�T�Q�r�2�` ���M���H�v�b�B�b �m�b�B�M�; �i�?�2 �}�M���H �b�B�H�B�+�Q�M �M�2�i�H�B�b�i�X �h�?�2 �`�2�b�m�H�i�b ���`�2 �b�?�Q�r�M
�B�M �h���#�H�2 �9�X�e�- �B�M �i�?�2 �M�Q�K�B�M���H �Q�T�2�`���i�B�M�; �T�Q�B�M�i �UV ddSOC = 0 :8 V�-
f SOC = 250 MHz�-f CL = 250 MHz�V�X �J�_���J ���M�/ �>�v�T�2�`�_���J �T�`�Q�p�B�/�2
�b�B�K�B�H���` �#���M�/�r�B�/�i�?�- �#�m�i �i�?���M�F�b �i�Q �Q�M�@�+�?�B�T �B�M�i�2�;�`���i�B�Q�M�- �J�_���J �T�`�Q�p�B�/�2�b
�Q�p�2�` �9�y� �#�2�i�i�2�` �2�M�2�`�;�v �2�{�+�B�2�M�+�v�X �a�_���J�b �U�G�k�f�G�R�V �T�`�Q�p�B�/�2 �K�m�+�?
�?�B�;�?�2�` �#���M�/�r�B�/�i�? ���i �� �p�2�`�v �H�Q�r �2�M�2�`�;�v�f�#�v�i�2 �#�m�i ���i �� �b�i�2�2�T ���`�2�� �+�Q�b�i
���M�/ �r�B�i�?�Q�m�i �b�i���i�2 �`�2�i�2�M�i�B�Q�M�X

���b �� �+�Q�K�T�H�2�i�2 �+���b�2 �b�i�m�/�v �7�Q�` �.�L�L �B�M�7�2�`�2�M�+�2 �Q�M �i�?�2 �o�2�;�� �a�Q�*�-
�r�2 �b�2�H�2�+�i�2�/�J�Q�#�B�H�2�L�2�i�o�k�(�R�9�y�)�, �� �r�B�/�2�H�v �m�b�2�/ �M�2�i�r�Q�`�F �i�Q�T�Q�H�Q�;�v
�7�Q�` �+�Q�K�T�m�i�2�` �p�B�b�B�Q�M �Q�M �K�Q�#�B�H�2 �/�2�p�B�+�2�b�- �m�b�2�/ �#�Q�i�? �7�Q�` �+�H���b�b�B�}�+���i�B�Q�M
���M�/ �Q�#�D�2�+�i �/�2�i�2�+�i�B�Q�M�X �h�?�2 �J�Q�#�B�H�2�L�2�i�o�k �i�2�K�T�H���i�2 �B�b �p�2�`�v �~�2�t�B�#�H�2�-
���M�/ �B�i �B�b ���H�b�Q �Q�7�i�2�M �2�K�T�H�Q�v�2�/ ���b �� �i�2�K�T�H���i�2 �7�Q�` �i���b�F�b �m�M�`�2�H���i�2�/
�i�Q �p�B�b�B�Q�M �(�k�k�9�)���(�k�k�e�)�X �h�?�2 �+�2�M�i�`���H �#�H�Q�+�F �Q�7 �J�Q�#�B�H�2�L�2�i�o�k �B�b �+���H�H�2�/
�� �"�Q�i�i�H�2�L�2�+�F���M�/ �B�i �+�Q�M�b�B�b�i�b �Q�7 �� �b�2�[�m�2�M�+�2 �Q�7 �i�?�`�2�2 �H���v�2�`�b�, �� �R� �R
�*�Q�M�p�Q�H�m�i�B�Q�M���H�2�t�T���M�b�B�Q�M�H���v�2�`�- �� �j� �j �.�2�T�i�?�r�B�b�2 �*�Q�M�p�Q�H�m�i�B�Q�M �H���v�2�`�-
���M�/ �� �R� �R �*�Q�M�p�Q�H�m�i�B�Q�M���H�T� �̀Q�D�2�+�i�B�Q�M�H���v�2�`�X ���/�/�B�i�B�Q�M���H�H�v�- �i�?�2 �B�M�T�m�i �Q�7
�i�?�2 �2�t�T���M�b�B�Q�M �H���v�2�` �K���v �#�2 �+�Q�M�M�2�+�i�2�/ �i�Q �i�?�2 �Q�m�i�T�m�i �Q�7 �i�?�2 �T�`�Q�D�2�+�i�B�Q�M



�9�X�k�X �h�>�1 �o�1�:�� �R�y�@�*�P�_�1 �a�Q�* �6�P�_ �A�Q�h �1�L�.�@�L�P�.�1�a�R�9�8

�H���v�2�` �#�v �K�2���M�b �Q�7 ���M ���/�/�B�i�B�p�2 �`�2�b�B�/�m���H �+�Q�M�M�2�+�i�B�Q�M�X �6�Q�` �Q�m�` �2�t�T�2�`�B�K�2�M�i�b�-
�r�2 �2�K�T�H�Q�v�2�/ �i�?�2 �b�i���M�/���`�/ �J�Q�#�B�H�2�L�2�i�o�k �r�B�i�? �/�2�T�i�? �K�m�H�i�B�T�H�B�2�` �R�X�y ���M�/
�B�M�T�m�i �b�B�x�2 �k�k�9� �k�k�9�- �r�?�B�+�? �2�K�T�H�Q�v�2�b �� �i�Q�i���H �Q�7 �R�e �#�Q�i�i�H�2�M�2�+�F �H���v�2�`�b �r�B�i�?
�d �/�B�z�2�`�2�M�i �T���`���K�2�i�2�` �+�Q�K�#�B�M���i�B�Q�M�b�- �T�H�m�b �j �Q�i�?�2�` �H���v�2�`�b ���i �i�?�2 �7�`�Q�M�i ���M�/
�#���+�F �2�M�/ �Q�7 �i�?�2 �M�2�i�r�Q�`�F�X �6�B�;�X �9�X�R�y �`�2�T�Q�`�i�b �i�?�2 �H���v�2�`�@�r�B�b�2 �2�t�2�+�m�i�B�Q�M �i�B�K�2
�B�M �K�B�+�`�Q�b�2�+�Q�M�/�b �r�?�2�M �`�m�M�M�B�M�; �Q�M �o�2�;�� �r�B�i�? �i�?�2 �/���i�� �~�Q�r �2�t�T�H���B�M�2�/
�T�`�2�p�B�Q�m�b�H�v�- �r�B�i�?�Q�m�i �m�b�B�M�; �i�?�2 �>�q�*�1�X �G���v�2�`�b ���M�/ �"�Q�i�i�H�2�L�2�+�F�b �B�M �i�?�2
�7�`�Q�M�i �Q�7 �i�?�2 �M�2�i�r�Q�`�F �i�2�M�/ �i�Q �?���p�2 �K�Q�`�2 �B�M�i�2�M�b�B�p�2 �i�`���M�b�7�2�`�b �7�Q�` ���+�i�B�p���i�B�Q�M�b
�U�#�2�+���m�b�2 �i�?�2�B�` �b�B�x�2 �B�b �H���`�;�2�` �i�?���M �i�?�2 �Q�i�?�2�`�b�V�- �`�2�b�m�H�i�B�M�; �B�M �K�Q�`�2 �G�k$ �G�R
�i�`���{�+�X �*�Q�M�p�2�`�b�2�H�v�- �B�M �i�?�2 �#���+�F �2�M�/ �Q�7 �i�?�2 �M�2�i�r�Q�`�F �J�_���J �i�`���M�b�7�2�`�b�-
�+���m�b�2�/ �#�v �H���`�;�2�` �r�2�B�;�?�i �b�B�x�2�b�- ���`�2 �K�Q�`�2 �`�2�H�2�p���M�i�X �L�2�p�2�`�i�?�2�H�2�b�b�- ���H�H �H���v�2�`�b
�2�t�+�2�T�i �7�Q�` �i�?�2 �}�M���H �Q�M�2 ���`�2 �+�Q�K�T�m�i�2�@�#�Q�m�M�/ �#�v �� �+�Q�M�b�B�/�2�`���#�H�2 �K���`�;�B�M�X

�A�M �6�B�;�X �9�X�R�R�- �r�2 �+�Q�M�b�B�/�2�` �i�?�2 �7�m�H�H �B�M�7�2�`�2�M�+�2 �+�Q�K�T�m�i�2 �i�B�K�2 ���M�/ �2�M�2�`�;�v
�7�Q�` �J�Q�#�B�H�2�L�2�i�o�k�- �+�Q�K�T���`�B�M�; �7�m�H�H�v �Q�M�@�+�?�B�T �2�t�2�+�m�i�B�Q�M �r�B�i�? �r�2�B�;�?�i�b �Q�M
�J�_���J ���M�/ �i�?�2 �ó�H�2�;���+�v�ô �~�Q�r �m�b�B�M�; �>�v�T�2�`�_���J �7�Q�` �r�2�B�;�?�i�b�X �q�2
�Q�#�b�2�`�p�2 �i�?���i �i�?�2 �i�B�K�2 �T�2�` �B�M�7�2�`�2�M�+�2 �B�b �2�b�b�2�M�i�B���H�H�v �i�?�2 �b���K�2�- ���M�/ �B�i �B�b
�+�Q�K�T���i�B�#�H�2 �r�B�i�? �`�2���H�@�i�B�K�2 �+�Q�K�T�m�i���i�B�Q�M ���i �K�Q�`�2 �i�?���M �R�y �7�`���K�2�b �T�2�`
�b�2�+�Q�M�/�X �h�?�2 �b�K���H�H �/�B�z�2�`�2�M�+�2 �Q�7�j �K�b�B�b �`�2�H���i�2�/ �2�t�+�H�m�b�B�p�2�H�v �i�Q �i�?�2 �}�M���H
�H���v�2�`�X �h�?�B�b �B�b �#�2�+���m�b�2�- ���b �b�?�Q�r�M �B�M �6�B�;�X �9�X�R�y�- ���H�H �H���v�2�`�b ���T���`�i �7�`�Q�K �i�?�2
�}�M���H1� 1 �+�Q�M�p�Q�H�m�i�B�Q�M ���`�2 �+�Q�K�T�m�i�2�@�#�Q�m�M�/ �#�v �� �b�B�;�M�B�}�+���M�i �K���`�;�B�M�, �i�?�2
�8�y�W �#���M�/�r�B�/�i�? �B�K�T�`�Q�p�2�K�2�M�i �2�M���#�H�2�/ �#�v �i�?�2 �J�_���J�- �i�?�2�`�2�7�Q�`�2�- ���T�T�H�B�2�b
�Q�M�H�v �i�Q �i�?�B�b �H���v�2�`�X �h�?�2 �b�m�#�b�i���M�i�B���H �/�B�z�2�`�2�M�+�2�- �?�Q�r�2�p�2�`�- �B�b �`�2�H���i�2�/ �i�Q �i�?�2
�K�m�+�? �H�Q�r�2�` �2�M�2�`�;�v �+�Q�b�i �7�Q�` �K�2�K�Q�`�v ���+�+�2�b�b�X �q�?�2�`�2���b �B�M �i�?�2 �H�2�;���+�v �~�Q�r�-
�>�v�T�2�`�_���J ���+�+�2�b�b�2�b ���+�+�Q�m�M�i �7�Q�` ���H�K�Q�b�i �k�8�W �Q�7 �i�?�2 �Q�p�2�`���H�H �2�M�2�`�;�v�- �i�?�2
�+���T���#�B�H�B�i�v �i�Q �b�i�Q�`�2 �7�m�H�H�@�M�2�i�r�Q�`�F �r�2�B�;�?�i�b �Q�M �J�_���J �`�2�/�m�+�2�b �i�?�B�b �+�Q�b�i �#�v
�� �7���+�i�Q�` �Q�7 �9�y� �- �K���F�B�M�; �B�i ���H�K�Q�b�i �M�2�;�H�B�;�B�#�H�2 �+�Q�K�T���`�2�/ �i�Q �+�Q�K�T�m�i�B�M�;
�2�M�2�`�;�v�X ���b �� �+�Q�M�b�2�[�m�2�M�+�2�- �i�?�2 �i�Q�i���H �2�M�2�`�;�v �T�2�` �B�M�7�2�`�2�M�+�2 �/�`�Q�T�b �#�v
�j�X�8� �� �7�`�Q�K�9�X�R�e �K�C�i�Q�R�X�R�N �K�C�X

�h�?�2 �>�q�*�1 �2�M�;�B�M�2 �B�M�+�H�m�/�2�/ �B�M �o�2�;�� �B�b �M�Q�i �/�2�b�B�;�M�2�/ �i�Q �Q�T�2�`���i�2
�2�{�+�B�2�M�i�H�v �Q�M �M�2�i�r�Q�`�F�b �/�Q�K�B�M���i�2�/ �#�v �R� �R �+�Q�M�p�Q�H�m�i�B�Q�M�b�- �b�m�+�? ���b
�J�Q�#�B�H�2�L�2�i�@�o�k�- �r�?�2�`�2 �i�?�2 �+�Q�K�#�B�M�2�/ �2�z�2�+�i �Q�7 �T���`���H�H�2�H �2�t�2�+�m�i�B�Q�M ���M�/
�_�A�8�*�u �2�t�i�2�M�b�B�Q�M�b �/�2�H�B�p�2�` �p�2�`�v �?�B�;�? �b�Q�7�i�r���`�2 �i�?�`�Q�m�;�?�T�m�i�X �A�M �i�?���i �m�b�2
�+���b�2�- �2�K�T�H�Q�v�B�M�; �i�?�2 �>�q�*�1 �Q�M �j� �j �/�2�T�i�?�@�r�B�b�2 �+�Q�M�p�Q�H�m�i�B�Q�M�b �r�Q�m�H�/
�B�K�T�`�Q�p�2 �i�?�2�B�` �b�T�2�2�/ �#�v �� �7���+�i�Q�` �Q�7� �j� �- �#�m�i �H�2���/ �i�Q �� �K�Q�/�2�b�i� �8�W
�b�T�2�2�/�m�T �Q�M �i�?�2 �Q�p�2�`���H�H �M�2�i�r�Q�`�F�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �o�:�:�@�b�i�v�H�2
�M�2�i�r�Q�`�F�b �/�Q�K�B�M���i�2�/ �#�v �j� �j �*�Q�M�p �H���v�2�`�b ���`�2 �m�#�B�[�m�B�i�Q�m�b �B�M �`�2���H�@�r�Q�`�H�/
���T�T�H�B�+���i�B�Q�M�b ���M�/ ���`�2 �+�m�`�`�2�M�i�H�v �2�t�T�2�`�B�2�M�+�B�M�; �� �`�2�b�m�`�;�2�M�+�2 �Q�7 �T�Q�T�m�H���`�B�i�v
�B�M �i�?�2 �.�G �+�Q�K�K�m�M�B�i�v �(�k�k�R�)�X �P�M �b�m�+�? �M�2�i�r�Q�`�F�b�- �i�?�2 �>�q�*�1 �+���M
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Thightly-Coupled NVM
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�p�Q�H�i���;�2�f�7�`�2�[�m�2�M�+�v �S���`�2�i�Q �7�`�Q�M�i�B�2�` �Q�7 �i�?�2 �+�H�m�b�i�2�`�- �2�t�2�+�m�i�B�M�; �K���i�`�B�t �K�m�H�i�B�T�H�B�+���i�B�Q�M
�B�M �/�B�z�2�`�2�M�i �T�`�2�+�B�b�B�Q�M�b�X �h�?�2 �/���i�� �r���b �K�2���b�m�`�2�/ ���i �`�Q�Q�K �i�2�K�T�2�`���i�m�`�2 ���M�/
�Q�T�2�`���i�B�M�; �p�Q�H�i���;�2�b �`���M�;�B�M�; �#�2�i�r�2�2�M �y�X�e �o �i�Q �y�X�3 �o ���M�/ �K���t�B�K���H �7�`�2�[�m�2�M�+�v�X
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2b
3b
4b
5b
6b
7b
8b

9.9 TOp/J
533 GOp/s

2.0 TOp/J
382 GOp/s

1.6 TOp/J
274 GOp/s

3.7 TOp/J 
106 GOp/s

�6�B�;�m�`�2 �9�X�R�e�� �S�2���F �2�M�2�`�;�v �2�{�+�B�2�M�+�v �p�2�`�b�m�b �i�?�`�Q�m�;�?�T�m�i ���H�Q�M�; �i�?�2
�p�Q�H�i���;�2�f�7�`�2�[�m�2�M�+�v �S���`�2�i�Q �7�`�Q�M�i�B�2�` �Q�7 �L�2�m�`�2�F�� �B�M �R� �R ���M�/ �j� �j �K�Q�/�2 �`�2�b�T�2�+�i�B�p�2�H�v�X
�h�?�2 �/���i�� �r���b �K�2���b�m�`�2�/ ���i �`�Q�Q�K �i�2�K�T�2�`���i�m�`�2 ���M�/ �Q�T�2�`���i�B�M�; �p�Q�H�i���;�2�b �`���M�;�B�M�;
�#�2�i�r�2�2�M �y�X�e �o �i�Q �y�X�3 �o ���M�/ �K���t�B�K���H �7�`�2�[�m�2�M�+�v�X



�9�X�j�X �L�o�J �6�A�_�a�h �G�1�o�1�G �J�1�J�P�_�u �R�8�N

�b�i�Q�`�2 �i�?�2 �r�2�B�;�?�i�b ���M�/ ���+�i�B�p���i�B�Q�M�b �Q�7 �2���+�? �H���v�2�` �B�M �i�?�2 �G�k �K�2�K�Q�`�v ���M�/
�2�t�2�+�m�i�2 �Q�T�i�B�K�B�x�2�/ �+�Q�/�2 �i�Q �i�B�H�2 ���M�/ �i�`���M�b�7�2�` �i�?�2 �B�M�T�m�i�b ���M�/ �r�2�B�;�?�i�b�-
�7�Q�H�H�Q�r�2�/ �#�v �L�@�1�l�_�1�E�� �F�2�`�M�2�H�b�X �h�?�B�b �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �i�?�2 �2�t�T�2�+�i�2�/
�T�2�`�7�Q�`�K���M�+�2 �Q�7 �� �p�2�`�b�B�Q�M �Q�7 �a�B�`���+�m�b�� �r�B�i�?�Q�m�i �Q�m�` �T���;�2�/ �r�2�B�;�?�i �K�2�K�Q�`�v
�b�m�#�b�v�b�i�2�K�X �h�?�2 �b�2�+�Q�M�/ �B�K�T�H�2�K�2�M�i���i�B�Q�M �m�b�2�b �a�B�`���+�m�b���ö�b �r�2�B�;�?�i �K�2�K�Q�`�v
�i�Q �b�i�Q�`�2 �i�?�2 �r�2�B�;�?�i�b �Q�7 �2���+�? �i�2�b�i �H���v�2�` �#�m�i �b�i�B�H�H �T�2�`�7�Q�`�K�b �i�B�H�B�M�; �i�Q
�i�`���M�b�7�2�` �B�M�T�m�i ���M�/ �Q�m�i�T�m�i ���+�i�B�p���i�B�Q�M�b �#�2�i�r�2�2�M �G�k ���M�/ �G�R�X �6�B�M���H�H�v�- �r�2
�B�K�T�H�2�K�2�M�i �� �p�2�`�b�B�Q�M �Q�7 �2���+�? �H���v�2�` �i�?���i �/�Q�2�b �M�Q�i �T�2�`�7�Q�`�K �i�B�H�B�M�; ���M�/
���+�+�2�b�b�2�b �B�M�T�m�i�b �/�B�`�2�+�i�H�v �7�`�Q�K �G�R�- �� �i�?�2�Q�`�2�i�B�+���H �B�/�2���H �B�K�T�H�2�K�2�M�i���i�B�Q�M�X

�h�Q �2�p���H�m���i�2 �i�?�2 �2�M�/�@�i�Q�@�2�M�/ �M�2�m�`���H �M�2�i�r�Q�`�F �B�M�7�2�`�2�M�+�2 �T�2�`�7�Q�`�K���M�+�2
�Q�7 �a�B�`���+�m�b���- �r�2 �/�2�T�H�Q�v �� �+�Q�K�T�H�2�i�2 �?���M�/ �/�2�i�2�+�i�B�Q�M �#���+�F�#�Q�M�2 �B�M �3�@
�#�B�i �T�`�2�+�B�b�B�Q�M �+�Q�M�b�B�b�i�B�M�; �Q�7 �� �J�Q�#�B�H�2�L�2�i�@�p�k�@�B�M�b�T�B�`�2�/ �7�2���i�m�`�2 �2�t�i�`���+�i�B�Q�M
�T�B�T�2�H�B�M�2�- �B�M�i�`�Q�/�m�+�2�/ �B�M �>���M �2�i ���H�X �(�k�j�j�)�- �b�?�Q�r�M �B�M �6�B�;�m�`�2 �9�X�R�d�X �o�:��
�U640� 480 �;�`���v�b�+���H�2�V �`�2�b�Q�H�m�i�B�Q�M �+���K�2�`�� �7�`���K�2�b ���`�2 �T�`�Q�+�2�b�b�2�/ �#�v ��
�*�L�L�@�#���b�2�/ �?���M�/ �/�2�i�2�+�i�B�Q�M ���H�;�Q�`�B�i�?�K�- �r�?�B�+�? �B�M�7�2�`�b �i�?�2 �T�Q�b�B�i�B�Q�M ���M�/
�b�B�x�2 �Q�7 �?���M�/�b �B�M �i�?�2 �T�B�+�i�m�`�2�X �q�2 �m�b�2 �� �H���v�2�` �7�m�b�B�Q�M �B�K�T�H�2�K�2�M�i���i�B�Q�M �7�Q�`
�A�_�" �H���v�2�`�b ���M�/ ���+�?�B�2�p�2 ���M ���p�2�`���;�2 �i�?�`�Q�m�;�?�T�m�i �Q�7�R�e�3�X�8 �J���*�f�+�v�+�H�2�-
���i ���M �2�M�2�`�;�v �+�Q�b�i �T�2�` �B�M�7�2�`�2�M�+�2 �Q�7�R�y�d�X�j �’�C���M�/ �� �H���i�2�M�+�v �Q�7�e�N�k �’�b�-
�2�[�m�B�p���H�2�M�i �i�Q ���M ���p�2�`���;�2 �2�M�2�`�;�v �2�{�+�B�2�M�+�v �Q�7�y�X�d�e �h�P�T�f�C�X

640 �� 480

90 FPS

Camera On-Camera Compute Aggregator

Crop & Resize

Hand Detection

Joint Location 
Prediction

96 �� 96

90 FPS90 FPS

33x Bandwidth Reduction

�6�B�;�m�`�2 �9�X�R�d�� �P�p�2�`�p�B�2�r �Q�7 �i�?�2 �?���M�/ �i�`���+�F�B�M�; �T�B�T�2�H�B�M�2�X �h�?�B�b �r�Q�`�F �B�K�T�H�2�K�2�M�i�b
�i�?�2 �?���M�/ �/�2�i�2�+�i�B�Q�M ���H�;�Q�`�B�i�?�K �Q�M �a�B�`���+�m�b���X

���b �b�?�Q�r�M �B�M �6�B�;�m�`�2 �9�X�R�3�- �H�2�p�2�`���;�B�M�; �i�?�2 �r�2�B�;�?�i �K�2�K�Q�`�v �B�M�+�`�2���b�2�b
�2�M�2�`�;�v �2�{�+�B�2�M�+�v �#�v �R�X�R�- �j�X�k�- ���M�/ �k�X�R� �7�Q�` �B�M�/�B�p�B�/�m���H �/�2�T�i�?�r�B�b�2�-
�T�Q�B�M�i�r�B�b�2�- ���M�/ �/�2�M�b�2 �j� �j �+�Q�M�p�Q�H�m�i�B�Q�M�b�- �`�2�b�T�2�+�i�B�p�2�H�v�- �r�?�B�+�? �T�m�b�?�2�b
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�i�?�2 �T�2�`�7�Q�`�K���M�+�2 �Q�7 �/�2�M�b�2 �+�Q�M�p�Q�H�m�i�B�Q�M���H �H���v�2�`�b �i�Q �r�B�i�?�B�M �k�k �W �Q�7 �i�?�2�B�`
�i�?�2�Q�`�2�i�B�+���H �K���t�B�K�m�K�X �a�B�K�B�H���`�H�v�- �i�?�2 �i�?�`�Q�m�;�?�T�m�i ���M�/ �2�M�2�`�;�v �2�{�+�B�2�M�+�v
�Q�7 �i�?�2 �2�M�/�@�i�Q�@�2�M�/ �M�2�i�r�Q�`�F ���`�2 �B�K�T�`�Q�p�2�/ �#�v �� �7���+�i�Q�` �Q�7 �k�X�8� ���M�/ �R�X�3�
�+�Q�K�T���`�2�/ �i�Q ���M �B�K�T�H�2�K�2�M�i���i�B�Q�M �r�B�i�?�Q�m�i �Q�m�` �T���;�2�/ �r�2�B�;�?�i �K�2�K�Q�`�v
�b�m�#�b�v�b�i�2�K�X
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2.5 x
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No weight memory
With weight memory

�6�B�;�m�`�2 �9�X�R�3�� �*�Q�K�T���`�B�b�Q�M �Q�7 �i�?�2 �2�M�2�`�;�v �2�{�+�B�2�M�+�v �Q�7 �/�B�z�2�`�2�M�i �i�B�H�B�M�; �b�i�`���i�2�;�B�2�b
�Q�7 �B�M�/�B�p�B�/�m���H �H���v�2�`�b ���M�/ �i�?�2 �7�m�H�H �M�2�i�r�Q�`�F�X �h�?�2 �/���i�� �r���b �K�2���b�m�`�2�/ ���i �`�Q�Q�K
�i�2�K�T�2�`���i�m�`�2 ���i ���M �Q�T�2�`���i�B�M�; �p�Q�H�i���;�2 �Q�7�y�X�3 �o���M�/ �M�Q�`�K���H�B�x�2�/ �i�Q ���M �B�/�2���H
�B�K�T�H�2�K�2�M�i���i�B�Q�M �r�B�i�?�Q�m�i �i�B�H�B�M�;�X

�q�?�B�H�2 �i�?�2 �/�2�T�i�?�r�B�b�2 �+�Q�M�p�Q�H�m�i�B�Q�M�b �m�b�2�/ �B�M �i�?�2 �#���+�F�#�Q�M�2 �Q�M�H�v �K���F�2
�m�T ���`�Q�m�M�/ �R�k�X�8 �W �Q�7 ���H�H �Q�T�2�`���i�B�Q�M�b�- �i�?�2�B�` �`�2�H���i�B�p�2�H�v �H�Q�r�2�` �2�t�2�+�m�i�B�Q�M
�T�2�`�7�Q�`�K���M�+�2 �H�B�K�B�i�b �i�?�2 �Q�p�2�`���H�H �2�M�2�`�;�v �2�{�+�B�2�M�+�v �Q�7 �a�B�`���+�m�b�� �B�M ��
�H���v�2�`�r�B�b�2 �2�t�2�+�m�i�B�Q�M �b�+�?�2�/�m�H�2�- ���+�?�B�2�p�B�M�; ���M �2�M�2�`�;�v �+�Q�b�i �Q�7�R�8�N�X�N �’�C�X

�h�Q ���/�/�`�2�b�b �i�?�2 �#�Q�i�i�H�2�M�2�+�F �B�M �i�?�2 �2�t�2�+�m�i�B�Q�M �Q�7 �b�B�M�;�H�2 �/�2�T�i�?�r�B�b�2 �H���v�2�`�b�-
�r�2 �T�`�Q�T�Q�b�2 �7�m�b�B�M�; �i�?�2 �2�t�2�+�m�i�B�Q�M �Q�7 �A�_�" �H���v�2�`�b �7�Q�` �2���+�? �i�B�H�2�X �G���v�2�` �7�m�b�B�Q�M
���p�Q�B�/�b �K�Q�p�B�M�; �i�?�2 �B�M�T�m�i�b ���M�/ �Q�m�i�T�m�i�b �Q�7 �/�2�T�i�?�r�B�b�2 �H���v�2�`�b �#�2�i�r�2�2�M
�G�k ���M�/ �G�R�- �r�?�B�+�? �2�H�B�K�B�M���i�2�b �i�?�2 �m�M�/�2�`�m�i�B�H�B�x���i�B�Q�M �Q�7 �L�@�1�l�_�1�E�� �/�m�2
�i�Q �b�i���H�H�B�M�;�X �q�2 �2�b�i�B�K���i�2 �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �B�M�+�`�2���b�2 �Q�7 ���T�T�H�v�B�M�; �H���v�2�`
�7�m�b�B�Q�M�- �#�v �K�2���b�m�`�B�M�; �i�?�2 �2�t�2�+�m�i�B�Q�M �H���i�2�M�+�v �Q�7 �A�_�" �i�B�H�2�b �B�M �� �H���v�2�`
�7�m�b�B�Q�M �b�+�?�2�/�m�H�2�X �"�v �#�Q�Q�b�i�B�M�; �i�?�2 �i�?�`�Q�m�;�?�T�m�i �Q�7 �/�2�T�i�?�r�B�b�2 �Q�T�2�`���i�Q�`�b �#�v



�9�X�j�X �L�o�J �6�A�_�a�h �G�1�o�1�G �J�1�J�P�_�u �R�e�R

�k�X�k� �r�B�i�?�Q�m�i �b���+�`�B�}�+�B�M�; �T�Q�B�M�i�r�B�b�2 �Q�T�2�`���i�Q�` �T�2�`�7�Q�`�K���M�+�2�- �i�?�B�b �b�+�?�2�/�m�H�2
�B�M�+�`�2���b�2�b �i�?�2 ���p�2�`���;�2 �i�?�`�Q�m�;�?�T�m�i �i�Q�R�e�3�X�8 �J���*�f�+�v�+�H�2���M�/ �`�2�/�m�+�2�b
�i�?�2 �2�M�2�`�;�v �+�Q�b�i �T�2�` �B�M�7�2�`�2�M�+�2 �i�Q�R�y�d�X�j �’�C�- ���M �B�K�T�`�Q�p�2�K�2�M�i �Q�7 �R�X�9�3� �-
�2�[�m�B�p���H�2�M�i �i�Q ���M ���p�2�`���;�2 �2�M�2�`�;�v �2�{�+�B�2�M�+�v �Q�7�y�X�d�e �h�P�T�f�C�X
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�9�X�9�*�Q�K�T���`�B�b�Q�M �r�B�i�? �i�?�2 �a�i���i�2 �Q�7 �i�?�2 ���`�i

�� �+�Q�K�T���`�B�b�Q�M �Q�7 �Q�m�` �/�2�b�B�;�M �r�B�i�? �b�B�K�B�H���` �2�/�;�2 �+�Q�K�T�m�i�B�M�; ���M�/ �Q�M�@
�b�2�M�b�Q�` �+�Q�K�T�m�i�B�M�; ���`�+�?�B�i�2�+�i�m�`�2�b �B�b �b�?�Q�r�M �B�M �h���#�H�2 �9�X�N�X �h�?�2 �T�2���F
�2�M�2�`�;�v �2�{�+�B�2�M�+�v �Q�7�N�X�N �h�P�T�f�C�7�Q�` �/�2�M�b�2 �j� �j �+�Q�M�p�Q�H�m�i�B�Q�M�b ���+�?�B�2�p�2�/ �B�M
�i�?�B�b �r�Q�`�F �B�b �k� �?�B�;�?�2�` �i�?���M �i�?�2 �`�2�b�m�H�i �`�2�T�Q�`�i�2�/ �B�M �(�k�j�9�)�- ���M�/ �R�X�k�
�?�B�;�?�2�` �i�?���M �i�?�2 �`�2�b�m�H�i �`�2�T�Q�`�i�2�/ �B�M �(�R�k�9�)�X �6�m�`�i�?�2�`�- �a�B�`���+�m�b�� �K�2�2�i�b �i�?�2
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���m�i�Q�M�Q�K�Q�m�b �2�/�;�2 �+�Q�K�T�m�i���i�B�Q�M �/�2�p�B�+�2�b ���`�2 �+�Q�M�i�B�M�m�Q�m�b �B�K�T�`�Q�p�2�K�2�M�i�b
�B�M �2�M�2�`�;�v �2�{�+�B�2�M�+�v�- �T�2�`�7�Q�`�K���M�+�2 ���M�/ �H���i�2�M�+�v �r�?�B�H�2 ���i �i�?�2 �b���K�2 �i�B�K�2
�#���H���M�+�B�M�; �+�B�`�+�m�B�i �`�2�H�B���#�B�H�B�i�v ���M�/ �+�Q�b�i�X �1�M�2�`�;�v�@�T�`�Q�T�Q�`�i�B�Q�M���H�B�i�v �Q�7 �i�?�2
�+�Q�K�T�m�i�2 �7���#�`�B�+ �B�b �� �+�`�m�+�B���H �+�?���`���+�i�2�`�B�b�i�B�+ �7�Q�` �K�2�2�i�B�M�; �i�?�Q�b�2 �`�2�[�m�B�`�2�K�2�M�i�b
���M�/ �/�2�K���M�/�b �i�Q �H�2���p�2 �i�?�2 �#�2���i�2�M �T���i�?�b �Q�7 �p�Q�M�@�L�2�m�K���M�M�@�#���b�2�/
�+�Q�K�T�m�i�B�M�; ���M�/ �2�t�T�H�Q�`�2 �M�Q�p�2�H �+�Q�K�T�m�i�2�@ ���M�/ �?���`�/�r���`�2�@���`�+�?�B�i�2�+�i�m�`���H
�+�Q�M�+�2�T�i�b �H�B�F�2 �M�2���`�@ ���M�/ �B�M�@�K�2�K�Q�`�v �+�Q�K�T�m�i�B�M�;�X

�h�?�B�b �i�?�2�b�B�b �b�i���`�i�2�/ �r�B�i�? ���M �Q�m�i�H�B�M�2 �Q�7 �i�?�2 �+�m�`�`�2�M�i �#�Q�m�M�/���`�B�2�b
�Q�7 �i�?�2 �m�H�i�`���@�H�Q�r �T�Q�r�2�` �?���`�/�r���`�2 �/�2�b�B�;�M �b�T���+�2�- �2�K�T�?���b�B�b�B�M�; �i�?�Q�b�2
�M�2���`�@ ���M�/ �B�M�@�K�2�K�Q�`�v �+�Q�K�T�m�i�B�M�; �+�Q�M�+�2�T�i�b�X �A�i �+�Q�M�i�B�M�m�2�/ �r�B�i�? ���M
�B�M�i�`�Q�/�m�+�i�B�Q�M �i�Q �i�?�2 �T�`�B�M�+�B�T�H�2�b �Q�7 �p�2�+�i�Q�`�@�b�v�K�#�Q�H�B�+ �+�Q�K�T�m�i���i�B�Q�M �Q�M �i�?�2
���T�T�H�B�+���i�B�Q�M �b�B�/�2�X �q�2 �i�?�2�M �T�`�Q�+�2�2�/�2�/ �r�B�i�? �b�2�p�2�`���H �+�Q�M�+�`�2�i�2 �/�B�;�B�i���H
�+�B�`�+�m�B�i ���`�+�?�B�i�2�+�i�m�`�2�b �i�Q �2�{�+�B�2�M�i�H�v �`�2���H�B�x�2 �i�?�2 �>�.�* �Q�T�2�`���i�Q�`�b �B�M ��
�?���`�/�r���`�2�@�7�`�B�2�M�/�H�v �K���M�M�2�`�X �q�2 �+�Q�K�#�B�M�2�/ �i�?�2�b�2 �#�m�B�H�/�B�M�; �#�H�Q�+�F�b �i�Q
�7�Q�`�K �>�v�T�M�Q�b�- �i�?�2 �}�`�b�i �7�m�H�H�v�@�+�Q�M�}�;�m�`���#�H�2 �?�v�T�2�`�/�B�K�2�M�b�B�Q�M���H �+�Q�K�T�m�i�B�M�;
���+�+�2�H�2�`���i�Q�`�X �h�?�2 �2�z�2�+�i�B�p�2�M�2�b�b �Q�7 �>�v�T�M�Q�b �r���b �i�?�2�M �/�2�K�Q�M�b�i�`���i�2�/ �B�M
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�� �+�Q�K�T�H�2�i�2 �a�Q�*�- �r�?�2�`�2 �>�v�T�M�Q�b �r���b �+�Q�K�T�H�2�K�2�M�i�2�/ �r�B�i�? ���/�/�B�i�B�Q�M���H
�b�m�T�T�Q�`�i �+�B�`�+�m�B�i�`�v �i�Q �7�Q�`�K ���+�Q�;�M�B�i�B�p�2 �r���F�2�@�m�T �m�M�B�i�- �i�?�2 �}�`�b�i �b�i���;�2 �Q�7 ���M
�2�M�2�`�;�v�@�T�`�Q�T�Q�`�i�B�Q�M���H �b�v�b�i�2�K�X �6�B�M���H�H�v�- �r�2 �T�`�Q�T�Q�b�2�/ �� �M�Q�p�2�H ���`�+�?�B�i�2�+�i�m�`���H
�i�2�K�T�H���i�2 �7�Q�` �i�?�2 �ó�b�2�+�Q�M�/ �b�i���;�2�ô �Q�7 ���M �2�M�2�`�;�v�@�T�`�Q�T�Q�`�i�B�Q�M���H �b�v�b�i�2�K
�#���b�2�/ �Q�M �i�?�2 �+�Q�K�#�B�M���i�B�Q�M �Q�7 �L�o�J �i�B�;�?�i�H�v �+�Q�m�T�H�2�/ �i�Q �� �Z�L�L �?���`�/�r���`�2
���+�+�2�H�2�`���i�Q�` �B�M �� �?�2�i�2�`�Q�;�2�M�Q�m�b �a�Q�*�X

�A�M �i�?�B�b �}�M���H �T���`�i �Q�7 �i�?�2 �i�?�2�b�B�b�- �r�2 �b�m�K�K���`�B�x�2 �i�?�2 �F�2�v �`�2�b�m�H�i�b ���M�/
�}�M�/�B�M�;�b �Q�7 �i�?�2�b�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b ���M�/ �T�`�Q�p�B�/�2 �� �`�2�b�2���`�+�?�2�`�ö�b �Q�m�i�H�Q�Q�F �Q�M
�i�?�2 �T���i�? �7�Q�`�r���`�/�X



�8�X�R�X �J���A�L �_�1�a�l�G�h�a �R�e�d

�8�X�R�J���B�M �_�2�b�m�H�i�b

�1�M�2�`�;�v�@�1�{�+�B�2�M�i �P�T�2�M�@�a�Q�m�`�+�2 �A�K�T�H�2�K�2�M�i���i�B�Q�M �Q�7
�*�Q�K�K�Q�M �>�.�* �P�T�2�`���i�Q�`�b

�>�v�T�2�`�/�B�K�2�M�b�B�Q�M���H �*�Q�K�T�m�i�B�M�; �B�b �� �M�Q�p�2�H �+�Q�K�T�m�i�2 �7�`���K�2�r�Q�`�F �r�2�H�H
�b�m�B�i�2�/ �7�Q�` �b�i�Q�+�?���b�i�B�+ �+�Q�K�T�m�i�B�M�; �Q�M �B�M�?�2�`�2�M�i�H�v �M�Q�B�b�v �+�Q�K�T�m�i�2 �7���#�`�B�+�X
�q�2 �T�`�Q�T�Q�b�2�/ �2�M�2�`�;�v�@�2�{�+�B�2�M�i �B�K�T�H�2�K�2�M�i���i�B�Q�M�b �7�Q�` �i�?�2 �7�m�M�/���K�2�M�i���H
�Q�T�2�`���i�Q�`�b �Q�7 �#�B�M���`�v�@�b�T���i�i�2�`�@�+�Q�/�2 �#���b�2�/ �>�.�*�c

�h�?�2 �T�`�2�b�2�M�i�2�/ �>�.�@�2�M�+�Q�/�2�` �m�M�B�i ���H�H�Q�r�b �7�Q�` �~�2�t�B�#�H�2 �B�K�T�H�2�K�2�M�i���i�B�Q�M�b
�Q�7 �i�?�2 �#�B�M�/�B�M�;�- �#�m�M�/�H�B�M�; ���M�/ �b�?�B�7�i�@�T�2�`�K�m�i���i�B�Q�M �Q�T�2�`���i�B�Q�M�X �"���b�2�/ �Q�M �i�?�2
���M���H�v�b�B�b �Q�7 �a�+�?�K�m�+�F�2�i ���H�X�- �r�2 �/�2�p�2�H�Q�T�2�/ ���M �2�M�+�Q�/�2�` ���`�+�?�B�i�2�+�i�m�`�2 �r�B�i�?
�Q�T�i�B�K���H �b���i�m�`���i�B�M�; �+�Q�m�M�i�2�` �#�B�i�@�r�B�/�i�? �7�Q�` �7�m�H�H�@�T�`�2�+�B�b�B�Q�M �#�m�M�/�H�B�M�; �i�?���i
���H�H�Q�r�b �2�p�B�+�i�B�M�; �i�?�2 �+�Q�m�M�i�2�` �b�i���i�2 �i�Q �2�t�i�2�`�M���H �K�2�K�Q�`�v�X �h�?�B�b �T�`�Q�p�B�/�2�b �i�?�2
�~�2�t�B�#�B�H�B�i�v �i�Q �K���i�+�? �i�?�2 �M�2�b�i�2�/�@�H�Q�Q�T �B�i�2�`���i�B�Q�M �b�i�v�H�2 �i�Q �i�?�2 �T�`�Q�#�H�2�K ���i
�?���M�/ �`���i�?�2�` �i�?���M �#�2�B�M�; �+�Q�K�T�2�H�H�2�/ �#�v �i�?�2 �?���`�/�r���`�2 �/�2�b�B�;�M �i�Q �T�2�`�7�Q�`�K
�#�m�M�/�H�B�M�; �Q�T�2�`���i�B�Q�M�b �B�M �i�?�2 �B�M�M�2�`�K�Q�b�i �H�Q�Q�T�X

�h�?�2 �b�B�K�B�H���`�B�i�v �K���M�B�T�m�H���i�Q�` �+�B�`�+�m�B�i �B�b ���M �2�H�2�;���M�i �?���`�/�r���`�2�@�7�`�B�2�M�/�H�v
�b�Q�H�m�i�B�Q�M �i�Q �B�K�T�H�2�K�2�M�i �+�Q�M�i�B�M�m�Q�m�b �B�i�2�K �K�2�K�Q�`�v �K���T�T�B�M�; ���M�/ �#�B�M���`�B�x�2�/�@
�#���+�F�@�i�Q�@�#���+�F �#�m�M�/�H�B�M�; �m�b�B�M�; �� �m�M���`�v �2�M�+�Q�/�2�` �U�i�?�2�`�K�Q�K�2�i�2�` �+�Q�/�2�V ���M�/
�?���`�/�r�B�`�2�/ �`���M�/�Q�K �T�2�`�K�m�i���i�B�Q�M�X

�q�B�i�? �i�?�2 �T�`�Q�T�Q�b�2�/ �K�B�t�B�M�; �b�i���;�2�- �r�2 �B�M�i�`�Q�/�m�+�2 �� �`���/�B�+���H�H�v �/�B�z�2�`�2�M�i
�i���F�2 �Q�M �B�i�2�K �K�2�K�Q�`�v �K���T�T�B�M�; �#���b�2�/ �Q�M �`�2�@�K���i�2�`�B���H�B�x���i�B�Q�M�X �*�Q�M�i�`���`�v
�i�Q �T�`�2�p�B�Q�m�b �`�2�@�K���i�2�`�B���H�B�x���i�B�Q�M �i�2�+�?�M�B�[�m�2�b �#���b�2�/ �Q�M �+�2�H�H�m�H���` ���m�i�Q�K���i���-
�Q�m�` �b�Q�H�m�i�B�Q�M �B�K�T�`�Q�p�2�b �i�?�2 �i�B�K�2�@�+�Q�K�T�H�2�t�B�i�v �Q�7 �`���M�/�Q�K ���+�+�2�b�b �i�Q ���M�v
�H���#�2�H �p�2�+�i�Q�` �7�`�Q�KO(N ) �i�QO(log(N )) �i�B�K�2 �b�i�2�T�b�X �q�2 �7�m�`�i�?�2�`�K�Q�`�2
�K���i�?�2�K���i�B�+���H�H�v �T�`�Q�p�2 �i�?�2 �2�[�m�B�p���H�2�M�+�2 �Q�7 �Q�m�` �B�i�2�`���i�B�p�2 �T�2�`�K�m�i���i�B�Q�M
���T�T�`�Q���+�? �i�Q �m�b�B�M�; �m�M�B�[�m�2 �`���M�/�Q�K �T�2�`�K�m�i���i�B�Q�M�b �T�2�` �H���#�2�H�X

�6�B�M���H�H�v�- �r�2 �T�`�2�b�2�M�i �� �H���i�+�?�@�#���b�2�/ ���m�i�Q�@���b�b�Q�+�B���i�B�p�2 �K�2�K�Q�`�v �7�Q�` �p�2�+�i�Q�`
�H�Q�Q�F�m�T ���M�/ �+�H�2���M�m�T �Q�T�2�`���i�B�Q�M�b�X �q�2 ���M���H�v�x�2�/ �i�?�2 �2�M�2�`�;�v�@�2�{�+�B�2�M�+�v
�#�2�?���p�B�Q�` �Q�7 �i�?�B�b �a�*�J�@�#���b�2�/ ���J �m�M�/�2�` �b�m�#�@�M�Q�K�B�M���H �p�Q�H�i���;�2 �+�Q�M�/�B�i�B�Q�M�b�X
�q�2 �7�Q�m�M�/ �i�?���i �7�Q�`�e�8 �M�K�b�+���H�B�M�; �7�`�Q�K�R�X�k �o�M�Q�K�B�M���H �p�Q�H�i���;�2 �/�Q�r�M �i�Q
�y�X�e �o�- �i�?�2 �+�B�`�+�m�B�i �M�Q�i �Q�M�H�v �`�2�K���B�M�b �7�m�M�+�i�B�Q�M���H �#�m�i ���H�b�Q �v�B�2�H�/�b ��4� �i�Q
5� �B�K�T�`�Q�p�2�K�2�M�i �B�M �Q�p�2�`���H�H �2�M�2�`�;�v �2�{�+�B�2�M�+�v �/�2�T�2�M�/�B�M�; �Q�M �i�?�2 �/�2�;�`�2�2
�Q�7 �T���`���H�H�2�H�B�x���i�B�Q�M �B�M �i�?�2 �?���K�K�B�M�; �/�B�b�i���M�+�2 �+�Q�K�T�m�i���i�B�Q�M �H�Q�;�B�+�X
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�>�v�T�M�Q�b�, �h�?�2 �}�`�b�i ���H�H�@�/�B�;�B�i���H �M�2���`�@�K�2�K�Q�`�v �>�.�*
���+�+�2�H�2�`���i�Q�`

���H�i�?�Q�m�;�? �o�a���b �?���p�2 �B�M�i�2�`�2�b�i�B�M�; �T�`�Q�T�2�`�i�B�2�b �+�Q�M�+�2�`�M�B�M�; �2�`�`�Q�`�@�`�2�b�B�H�B�2�M�+�v�-
�i�?�2�B�` �2�t�i�`�2�K�2�H�v �r�B�/�2 �/���i���T���i�? �K���F�2�b �>�.�* �� �T�Q�Q�` �K���i�+�? �7�Q�`
�+�Q�M�p�2�M�i�B�Q�M���H �;�2�M�2�`���H�@�T�m�`�T�Q�b�2 �+�Q�`�2�b�X �h�Q �7�m�H�H�v �H�2�p�2�`���;�2 �i�?�2 �T�Q�i�2�M�i�B���H
�Q�7 �?�B�;�?�@�/�B�K�2�M�b�B�Q�M���H �b�v�K�#�Q�H�B�+ �`�2�T�`�2�b�2�M�i���i�B�Q�M�b�- �r�2 �i�?�m�b �+�Q�K�#�B�M�2�/ �i�?�2
�>�.�* �+�B�`�+�m�B�i �#�m�B�H�/�B�M�; �#�H�Q�+�F�b �i�Q �7�Q�`�K�>�v�T�M�Q�b�- �i�?�2 �}�`�b�i �7�m�H�H�v �+�Q�M�}�;�m�`���#�H�2
���H�H�@�/�B�;�B�i���H �a�*�J�@�#���b�2�/ �?���`�/�r���`�2 ���+�+�2�H�2�`���i�Q�` �7�Q�` �#�B�M���`�v �b�T���i�i�2�` �+�Q�/�2�X
�q�B�i�? �B�i�b �K�B�+�`�Q�@�+�Q�/���#�H�2 �/���i���T���i�?�- �>�v�T�M�Q�b �2�t�+�2�H�b �B�M �+�Q�M�}�;�m�`���#�B�H�B�i�v�-
�`�2�[�m�B�`�B�M�; �H�2�b�b �i�?���M �R�8 �K�B�+�`�Q�@�+�Q�/�2 �B�M�b�i�`�m�+�i�B�Q�M �b�H�Q�i�b �7�Q�` ���H�H ���M���H�v�x�2�/ �>�.
���H�;�Q�`�B�i�?�K�b�X ���i �i�?�2 �b���K�2 �i�B�K�2�- �>�v�T�M�Q�b�ö�b �+�B�`�+�m�B�i ���`�+�?�B�i�2�+�i�m�`�2 �B�K�T�`�Q�p�2�b
���`�2���@ ���M�/ �2�M�2�`�;�v�@�2�{�+�B�2�M�+�v �Q�p�2�` �i�?�2 �T�`�2�p�B�Q�m�b �a�Q�� �#�v �m�T �i�Q3:1�
���M�/3:3� �`�2�b�T�2�+�i�B�p�2�H�v�X �q�2 �b�?�Q�r�2�/ �i�?���i �i�?�2�b�2 �B�K�T�`�Q�p�2�K�2�M�i�b �K���B�M�H�v
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�K�m�M�B�+���i�B�Q�M�b �Q�7 �i�?�2 ���*�J�- �p�Q�H�X �j�e�- �M�Q�X �d�- �T�T�X �8�y���8�R�- �C�m�H�X �R�N�N�j�-�B�b�b�M�,
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�.�2�b�B�;�M�-�ô �B�M�S� �̀Q�+�2�2�/�B�M�;�b �Q�7 �i�?�2 �9�N�i�? ���M�M�m���H �A�M�i�2�`�M���i�B�Q�M���H �a�v�K�T�Q�b�B�m�K
�Q�M �*�Q�K�T�m�i�2�` ��� �̀+�?�B�i�2�+�i�m� �̀2�- �C�m�M�X �R�3�- �k�y�k�k�- �T�T�X �e�R�y���e�k�k�X�/�Q�B�,�R�y�X�R�R�9�8�f
�j�9�d�y�9�N�e�X�j�8�k�d�9�9�j�X ���`�s�B�p�,�k�k�y�e�X�y�y�3�d�d �(�+�b�)�X

�(�R�y�)�C�X�@�S�X �a�i���m�z�2�`�i�- �6�X �L�B�2�#�H�B�M�;�- ���M�/ �J�X �1�X �G���i�Q�b�+�?�B�F�- �ó�G���i�2�M�+�v ���M�/
�*�v�#�2�`�b�B�+�F�M�2�b�b�, �A�K�T���+�i�- �*���m�b�2�b�- ���M�/ �J�2���b�m�`�2�b�X �� �_�2�p�B�2�r�-�ô�6� �̀Q�M�i�B�2�`�b
�B�M �o�B�`�i�m���H �_�2���H�B�i�v�- �p�Q�H�X �R�- �k�y�k�y�-�B�b�b�M�, �k�e�d�j�@�9�R�N�k�X
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�h�2�+�?�M�Q�H�Q�;�v�, �P�T�T�Q�`�i�m�M�B�i�B�2�b ���M�/ �*�?���H�H�2�M�;�2�b�-�ô�a�i�`�m�+�i�m� �̀��H �*�Q�M�i� �̀Q�H ���M�/
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�(�R�3�)�:�X �_�Q�p�2�`�2�- �a�X �6���i�2�?�- ���M�/ �G�X �"�2�M�B�M�B�- �ó�� �k�X�k�@�’�q �*�Q�;�M�B�i�B�p�2 ���H�r���v�b�@
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�h� �̀��M�b���+�i�B�Q�M�b �Q�M �"�B�Q�K�2�/�B�+���H �*�B� �̀+�m�B�i�b ���M�/ �a�v�b�i�2�K�b�- �p�Q�H�X �3�- �M�Q�X �e�-
�T�T�X �3�j�9���3�9�j�- �.�2�+�X �k�y�R�9�-�B�b�b�M�, �R�N�9�y�@�N�N�N�y�X�/�Q�B�, �R�y�X�R�R�y�N�f�h�"�*���a�X�k�y�R�j�X
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�(�k�y�)�"�X ���`�M���H�/�B�-�o�B�`�i�m���H �_�2���H�B�i�v �� ���m�;�K�2�M�i�2�/ �_�2�, �J�v�i�?�b ���M�/ �_�2���H�B�i�B�2�b�-
�R�b�i �2�/�X �>�Q�#�Q�F�2�M�- �L�C�, �C�Q�?�M �q�B�H�2�v �� �a�Q�M�b�- �J���v �3�- �k�y�R�3�- �j�d�k �T�T�X�-�B�b�#�M�,
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�(�k�R�)�*�X �>���Q�- �C�X �.�Q�i�x�2�H�- �C�X �s�B�Q�M�;�- �G�X �"�2�M�B�M�B�- �w�X �w�?���M�;�- ���M�/ �.�X �*�?�2�M�-
�ó�1�M���#�H�B�M�; �.�2�b�B�;�M �J�2�i�?�Q�/�Q�H�Q�;�B�2�b ���M�/ �6�m�i�m�`�2 �h�`�2�M�/�b �7�Q�` �1�/�;�2 ���A�,
�a�T�2�+�B���H�B�x���i�B�Q�M ���M�/ �*�Q�/�2�b�B�;�M�-�ô�A�1�1�1 �.�2�b�B�;�M �� �h�2�b�i�- �p�Q�H�X �j�3�- �M�Q�X �9�-
�T�T�X �d���k�e�- ���m�;�X �k�y�k�R�-�B�b�b�M�, �k�R�e�3�@�k�j�e�9�X�/�Q�B�, �R�y �X�R�R�y�N�f �J�.���h �X�k�y�k�R�X
�j�y�e�N�N�8�k�X

�(�k�k�)�*�X�@�C�X �q�m�- �.�X �"�`�Q�Q�F�b�- �E�X �*�?�2�M�-�2�i ���H�X�- �ó�J���+�?�B�M�2 �G�2���`�M�B�M�; ���i �6���+�2�#�Q�Q�F�,
�l�M�/�2�`�b�i���M�/�B�M�; �A�M�7�2�`�2�M�+�2 ���i �i�?�2 �1�/�;�2�-�ô �B�M�k�y�R�N �A�1�1�1 �A�M�i�2�`�M���i�B�Q�M���H
�a�v�K�T�Q�b�B�m�K �Q�M �>�B�;�? �S�2�`�7�Q�`�K���M�+�2 �*�Q�K�T�m�i�2�` ��� �̀+�?�B�i�2�+�i�m� �̀2 �U�>�S�*���V�-
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�>�S�* ���T�T�H�B�+���i�B�Q�M�b�\�ô �A�M�a�* �ö�y�8�, �S� �̀Q�+�2�2�/�B�M�;�b �Q�7 �i�?�2 �k�y�y�8 ���*�J�f�A�1�1�1
�*�Q�M�7�2� �̀2�M�+�2 �Q�M �a�m�T�2� �̀+�Q�K�T�m�i�B�M�;�- �L�Q�p�X �k�y�y�8�- �T�T�X �9�3���9�3�X�/�Q�B�, �R�y�X�R�R�y�N�f
�a�*�X�k�y�y�8�X�j�j�X

�(�k�N�)�A�X �.�X �_���D�B�- �1�X �J�X �"�2�M�/�2�`�- ���X �S���m�H�H���/���- �1�X �.�2�M�i�Q�M�- ���M�/ ���X �>���M�M���X
�ó���A ���M�/ �i�?�2 �1�p�2�`�v�i�?�B�M�; �B�M �i�?�2 �q�?�Q�H�2 �q�B�/�2 �q�Q�`�H�/ �"�2�M�+�?�K���`�F�X�ô
���`�s�B�p�,�k�R�R�R�X�R�8�j�e�e �(�+�b�)�X �U�L�Q�p�X �k�e�- �k�y�k�R�V�- �(�P�M�H�B�M�2�)�X ���p���B�H���#�H�2�,�?�i�i�T�,
�f�f���`�t�B�p�X�Q�`�;�f���#�b�f�k�R�R�R�X�R�8�j�e�e�U�p�B�b�B�i�2�/ �Q�M �y�9�f�R�k�f�k�y�k�j�V�- �T�`�2�T�`�B�M�i�X

�(�j�y�) �q�X �E�`���K�2�`�- �ó�h�Q�T�8�y�y �p�2�`�b�m�b �b�m�b�i���B�M�2�/ �T�2�`�7�Q�`�K���M�+�2 �@ �i�?�2 �i�Q�T �T�`�Q�#�H�2�K�b
�r�B�i�? �i�?�2 �h�P�S�8�y�y �H�B�b�i �@ ���M�/ �r�?���i �i�Q �/�Q ���#�Q�m�i �i�?�2�K�-�ô �B�M�k�y�R�k �k�R�b�i
�A�M�i�2�`�M���i�B�Q�M���H �*�Q�M�7�2� �̀2�M�+�2 �Q�M �S��� �̀��H�H�2�H ��� �̀+�?�B�i�2�+�i�m� �̀2�b ���M�/ �*�Q�K�T�B�H���i�B�Q�M
�h�2�+�?�M�B�[�m�2�b �U�S���*�h�V�- �a�2�T�X �k�y�R�k�- �T�T�X �k�k�j���k�j�y�X

�(�j�R�) �_�X �E�X �J�Q�#�H�2�v�-���M �A�M�i� �̀Q�/�m�+�i�B�Q�M �i�Q �S� �̀2�/�B�+�i�B�p�2 �J���B�M�i�2�M���M�+�2�- �a�2�+�Q�M�/
�1�/�B�i�B�Q�M�X �"�m�i�i�2�`�r�Q�`�i�?�@�>�2�B�M�2�K���M�M�- ���T�`�X �9�- �k�y�R�j�- �9�8�3 �T�T�X�-�B�b�#�M�, �N�d�3�@�y�@
�R�k�@�j�N�N�e�j�d�@�9�X

�(�j�k�) �h�X �_�X �6���`�`�2�H�H ���M�/ �_�X �6�X �q�2�B�`�- �ó�h�?�2 �P�T�i�B�K���H �*�Q�M�i�`�Q�H�H�2�` �.�2�H���v �7�Q�`
�J�v�Q�2�H�2�+�i�`�B�+ �S�`�Q�b�i�?�2�b�2�b�-�ô�A�1�1�1 �i� �̀��M�b���+�i�B�Q�M�b �Q�M �M�2�m� �̀��H �b�v�b�i�2�K�b ���M�/
� �̀2�?���#�B�H�B�i���i�B�Q�M �2�M�;�B�M�2�2�`�B�M�; �, �� �T�m�#�H�B�+���i�B�Q�M �Q�7 �i�?�2 �A�1�1�1 �1�M�;�B�M�2�2�`�B�M�; �B�M
�J�2�/�B�+�B�M�2 ���M�/ �"�B�Q�H�Q�;�v �a�Q�+�B�2�i�v�- �p�Q�H�X �R�8�- �M�Q�X �R�- �T�T�X �R�R�R���R�R�3�- �J���`�X �k�y�y�d�-
�B�b�b�M�, �R�8�j�9�@�9�j�k�y�X�/�Q�B�,�R�y�X�R�R�y�N�f�h�L�a�_�1�X�k�y�y�d�X�3�N�R�j�N�R�X �T�K�B�/�,�R�d�9�j�e�3�3�j�X

�(�j�j�) �J�X �>�Q�`�Q�r�B�i�x�- �h�X �A�M�/�2�`�K���m�`�- ���M�/ �_�X �:�Q�M�x���H�2�x�- �ó�G�Q�r�@�T�Q�r�2�` �/�B�;�B�i���H
�/�2�b�B�;�M�-�ô �B�M�S� �̀Q�+�2�2�/�B�M�;�b �Q�7 �R�N�N�9 �A�1�1�1 �a�v�K�T�Q�b�B�m�K �Q�M �G�Q�r �S�Q�r�2�`
�1�H�2�+�i� �̀Q�M�B�+�b�- �P�+�i�X �R�N�N�9�- �T�T�X �3���R�R�X�/�Q�B�, �R�y�X�R�R�y�N�f�G�S�1�X�R�N�N�9�X�8�d�j�R�3�9�X

�(�j�9�) �o�X �a�x�2�- �u�X�@�>�X �*�?�2�M�- �h�X�@�C�X �u���M�;�- ���M�/ �C�X �a�X �1�K�2�`�- �ó�>�Q�r �i�Q �1�p���H�m���i�2
�.�2�2�T �L�2�m�`���H �L�2�i�r�Q�`�F �S�`�Q�+�2�b�b�Q�`�b�, �h�P�S�a�f�q �U���H�Q�M�2�V �*�Q�M�b�B�/�2�`�2�/
�>���`�K�7�m�H�-�ô�A�1�1�1 �a�Q�H�B�/�@�a�i���i�2 �*�B� �̀+�m�B�i�b �J���;���x�B�M�2�- �p�Q�H�X �R�k�- �M�Q�X �j�- �T�T�X �k�3��
�9�R�- �a�m�K�X �k�y�k�y�-�B�b�b�M�, �R�N�9�j�@�y�8�3�k�- �R�N�9�j�@�y�8�N�y�X�/�Q�B�,�R�y�X�R�R�y�N�f�J�a�a�*�X�k�y�k�y�X
�j�y�y�k�R�9�y�X
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�(�j�8�) �G�X �"�2�M�B�M�B�- ���X �"�Q�;�H�B�Q�H�Q�- ���M�/ �:�X �.�2 �J�B�+�?�2�H�B�- �ó�� �b�m�`�p�2�v �Q�7 �/�2�b�B�;�M
�i�2�+�?�M�B�[�m�2�b �7�Q�` �b�v�b�i�2�K�@�H�2�p�2�H �/�v�M���K�B�+ �T�Q�r�2�` �K���M���;�2�K�2�M�i�-�ô�A�1�1�1
�h� �̀��M�b���+�i�B�Q�M�b �Q�M �o�2�`�v �G��� �̀;�2 �a�+���H�2 �A�M�i�2�;� �̀��i�B�Q�M �U�o�G�a�A�V �a�v�b�i�2�K�b�- �p�Q�H�X �3�-
�M�Q�X �j�- �T�T�X �k�N�N���j�R�e�- �C�m�M�X �k�y�y�y�-�B�b�b�M�, �R�8�8�d�@�N�N�N�N�X�/�Q�B�, �R�y�X�R�R�y�N�f�N�k�X
�3�9�8�3�N�e�X

�(�j�e�) �o�X �A�v�2�`�- �>�X �:���2�M�b�#���m�2�`�- �h�X �G�X �.���M�B�2�H�- ���M�/ �a�X �:�Q�H�H���F�Q�i���- �ó�q�B�M�/
�/�B�b�T�2�`�b���H �Q�7 �#���i�i�2�`�v�@�7�`�2�2 �r�B�`�2�H�2�b�b �/�2�p�B�+�2�b�-�ô�L���i�m� �̀2�- �p�Q�H�X �e�y�j�- �M�Q�X �d�N�y�R�-
�T�T�X �9�k�d���9�j�j�- �d�N�y�R �J���`�X �k�y�k�k�-�B�b�b�M�, �R�9�d�e�@�9�e�3�d�X�/�Q�B�,�R�y�X�R�y�j�3�f�b�9�R�8�3�e�@
�y�k�R�@�y�9�j�e�j�@�N�X

�(�j�d�) �J�X �6�Q�m�`�M�B�Q�H�- �o�X �:�B�2�b�- �o�X �"���`�+�?���b�x�- �1�X �E�m�b�b�2�M�2�`�- ���M�/ �>�X �:�H�Q�i�B�M�-
�ó���T�T�H�B�+���i�B�Q�M�b �Q�7 ���M �l�H�i�`�� �G�Q�r�@�S�Q�r�2�` ���M���H�Q�; �q���F�2�@�m�T �.�2�i�2�+�i�Q�` �7�Q�`
�1�M�p�B�`�Q�M�K�2�M�i���H �A�Q�h �L�2�i�r�Q�`�F�b ���M�/ �J�B�H�B�i���`�v �a�K���`�i �.�m�b�i�-�ô �B�M�k�y�R�3
�A�1�1�1 �A�M�i�2�`�M���i�B�Q�M���H �*�Q�M�7�2� �̀2�M�+�2 �Q�M �A�M�i�2�`�M�2�i �Q�7 �h�?�B�M�;�b ���M�/ �A�M�i�2�H�H�B�;�2�M�+�2
�a�v�b�i�2�K �U�A�P�h���A�a�V�- �L�Q�p�X �k�y�R�3�- �T�T�X �R�e���k�k�X�/�Q�B�,�R�y�X�R�R�y�N�f�A�P�h���A�a�X�k�y�R�3�X
�3�e�y�y�3�N�j�X

�(�j�3�) �>�X �G�B�- �h�X �6�X �q�m�- ���X �_���?�B�K�B�-�2�i ���H�X�- �ó�>�v�T�2�`�/�B�K�2�M�b�B�Q�M���H �+�Q�K�T�m�i�B�M�;
�r�B�i�? �j�. �o�_�_���J �B�M�@�K�2�K�Q�`�v �F�2�`�M�2�H�b�, �.�2�p�B�+�2�@���`�+�?�B�i�2�+�i�m�`�2 �+�Q�@�/�2�b�B�;�M
�7�Q�` �2�M�2�`�;�v�@�2�{�+�B�2�M�i�- �2�`�`�Q�`�@�`�2�b�B�H�B�2�M�i �H���M�;�m���;�2 �`�2�+�Q�;�M�B�i�B�Q�M�-�ô �B�M�k�y�R�e
�A�1�1�1 �A�M�i�2�`�M���i�B�Q�M���H �1�H�2�+�i� �̀Q�M �.�2�p�B�+�2�b �J�2�2�i�B�M�; �U�A�1�.�J�V�- �.�2�+�X �k�y�R�e�-
�T�T�X �R�e�X�R�X�R���R�e�X�R�X�9�X�/�Q�B�, �R�y�X�R�R�y�N�f�A�1�.�J�X�k�y�R�e�X�d�3�j�3�9�k�3�X

�(�j�N�) �"�X �_�2���;�2�M�- �l�X �:�m�T�i���- �G�X �S�2�M�i�2�+�Q�b�i�-�2�i ���H�X�- �ó���`�2�b�, �� �7�`���K�2�r�Q�`�F �7�Q�`
�[�m���M�i�B�7�v�B�M�; �i�?�2 �`�2�b�B�H�B�2�M�+�2 �Q�7 �/�2�2�T �M�2�m�`���H �M�2�i�r�Q�`�F�b�-�ô �B�M�k�y�R�3 �8�8�i�?
���*�J�f�1�a�.���f�A�1�1�1 �.�2�b�B�;�M ���m�i�Q�K���i�B�Q�M �*�Q�M�7�2� �̀2�M�+�2 �U�.���*�V�- �C�m�M�X �k�y�R�3�-
�T�T�X �R���e�X�/�Q�B�, �R�y�X�R�R�y�N�f�.���*�X�k�y�R�3�X�3�9�e�8�3�j�9�X

�(�9�y�)�S�X �*�H���`�F�2�X �ó�A�M�i�2�H �;�Q�2�b �7�Q�m�M�/�`�v �7�Q�` �d�M�K �/�m�2 �i�Q �v�B�2�H�/ �B�b�b�m�2�b�-�ô
�1�1�L�2�r�b�1�m�`�Q�T�2�X �U�C�m�H�X �k�d�- �k�y�k�y�V�- �(�P�M�H�B�M�2�)�X ���p���B�H���#�H�2�,�?�i�i�T�b�,�f�f�r�r�r�X
�2�2�M�2�r�b���M���H�Q�; �X �+�Q�K�f �2�M�f �B�M�i�2�H�@�;�Q�2�b �@�7�Q�m�M�/�`�v �@�7�Q�` �@�d�M�K�@�/�m�2 �@�i�Q�@
�v�B�2�H�/�@�B�b�b�m�2�b�f�U�p�B�b�B�i�2�/ �Q�M �R�y�f�R�y�f�k�y�k�k�V�X

�(�9�R�)�.�X �a�i�Q�r�- �A�X ���F�;�m�M�- �_�X �"���`�M�2�b�- �S�X �:�m�- ���M�/ �u�X �s�B�2�- �ó�*�Q�b�i ���M���H�v�b�B�b
���M�/ �+�Q�b�i�@�/�`�B�p�2�M �A�S �`�2�m�b�2 �K�2�i�?�Q�/�Q�H�Q�;�v �7�Q�` �a�Q�* �/�2�b�B�;�M �#���b�2�/ �Q�M
�k�X�8�.�f�j�. �B�M�i�2�;�`���i�B�Q�M�-�ô �B�M�k�y�R�e �A�1�1�1�f���*�J �A�M�i�2�`�M���i�B�Q�M���H �*�Q�M�7�2� �̀2�M�+�2
�Q�M �*�Q�K�T�m�i�2�`�@���B�/�2�/ �.�2�b�B�;�M �U�A�*�*���.�V�- �L�Q�p�X �k�y�R�e�- �T�T�X �R���e�X�/�Q�B�, �R�y�X
�R�R�9�8�f�k�N�e�e�N�3�e�X�k�N�3�y�y�N�8�X

�(�9�k�)�C�X �>�`�m�b�F���X �ó���b �*�?�B�T �.�2�b�B�;�M �*�Q�b�i�b �a�F�v�`�Q�+�F�2�i�- �j�M�K �S�`�Q�+�2�b�b �L�Q�/�2
�A�b �B�M �C�2�Q�T���`�/�v�X�ô �U�C�m�H�X �k�k�- �k�y�R�3�V�- �(�P�M�H�B�M�2�)�X ���p���B�H���#�H�2�,�?�i�i�T�b�,�f�f�r�r�r�X
�2�t�i�`�2�K�2�i�2�+�?�X�+�Q�K�f�+�Q�K�T�m�i�B�M�;�f�k�d�k�y�N�e�@�j�M�K�@�T�`�Q�+�2�b�b�@�M�Q�/�2�U�p�B�b�B�i�2�/
�Q�M �R�y�f�R�R�f�k�y�k�k�V�X
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�(�9�j�) �:�X �u�2�`�B�+�- �ó�J�Q�Q�`�2�ö�b �H���r ���i �8�y�, ���`�2 �r�2 �T�H���M�M�B�M�; �7�Q�` �`�2�i�B�`�2�K�2�M�i�\�ô �A�M
�k�y�R�8 �A�1�1�1 �A�M�i�2�`�M���i�B�Q�M���H �1�H�2�+�i� �̀Q�M �.�2�p�B�+�2�b �J�2�2�i�B�M�; �U�A�1�.�J�V�- �.�2�+�X
�k�y�R�8�- �T�T�X �R�X�R�X�R���R�X�R�X�3�X�/�Q�B�, �R�y�X�R�R�y�N�f�A�1�.�J�X�k�y�R�8�X�d�9�y�N�e�y�d�X

�(�9�9�)�A�_�.�a�- �ó�A�M�i�2�`�M���i�B�Q�M���H �_�Q���/�K���T �7�Q�` �.�2�p�B�+�2�b ���M�/ �a�v�b�i�2�K�b �k�y�k�k �1�/�B�i�B�Q�M
�@ �1�t�2�+�m�i�B�p�2 �a�m�K�K���`�v�-�ô �k�y�k�k�X

�(�9�8�)�s�X �u�m�- �E�X �1�`�;�m�M�- �G�X �*�?�2�`�F���b�Q�p���- ���M�/ �h�X ���X �_�Q�b�B�M�;�- �ó�P�T�i�B�K�B�x�B�M�;
�a�2�M�b�Q�` �.�2�T�H�Q�v�K�2�M�i ���M�/ �J���B�M�i�2�M���M�+�2 �*�Q�b�i�b �7�Q�` �G���`�;�2�@�a�+���H�2 �1�M�p�B�`�Q�M�@
�K�2�M�i���H �J�Q�M�B�i�Q�`�B�M�;�-�ô�A�1�1�1 �h� �̀��M�b���+�i�B�Q�M�b �Q�M �*�Q�K�T�m�i�2�`�@���B�/�2�/ �.�2�b�B�;�M
�Q�7 �A�M�i�2�;� �̀��i�2�/ �*�B� �̀+�m�B�i�b ���M�/ �a�v�b�i�2�K�b�- �p�Q�H�X �j�N�- �M�Q�X �R�R�- �T�T�X �j�N�R�3���j�N�j�y�-
�L�Q�p�X �k�y�k�y�-�B�b�b�M�, �R�N�j�d�@�9�R�8�R�X�/�Q�B�, �R�y�X�R�R�y�N�f�h�*���.�X�k�y�k�y�X�j�y�R�k�k�j�k�X
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�J���`�B�M�2�H�H���- �ó���M���H�Q�; ���`�+�?�B�i�2�+�i�m�`�2�b �7�Q�` �M�2�m�`���H �M�2�i�r�Q�`�F ���+�+�2�H�2�`���i�B�Q�M
�#���b�2�/ �Q�M �M�Q�M�@�p�Q�H���i�B�H�2 �K�2�K�Q�`�v�-�ô���T�T�H�B�2�/ �S�?�v�b�B�+�b �_�2�p�B�2�r�b�- �p�Q�H�X �d�-
�M�Q�X �j�- �T�X �y�j�R �j�y�R�- �C�m�H�X �N�- �k�y�k�y�X�/�Q�B�, �R�y�X�R�y�e�j�f�R�X�8�R�9�j�3�R�8�X

�(�e�9�)�P�X �>���`�2�H�- �1�X �L�X �*���b���`�`�m�#�B���b�- �J�X �1�;�;�B�K���M�M�-�2�i ���H�X�- �ó�e�9�@�F�" �e�8�@�M�K �:�*�@
�2�.�_���J �q�B�i�? �>���H�7�@�a�2�H�2�+�i �a�m�T�T�Q�`�i ���M�/ �S���`���H�H�2�H �_�2�7�`�2�b�? �h�2�+�?�M�B�[�m�2�-�ô
�A�1�1�1 �a�Q�H�B�/�@�a�i���i�2 �*�B� �̀+�m�B�i�b �G�2�i�i�2�`�b�- �p�Q�H�X �8�- �T�T�X �R�d�y���R�d�j�- �k�y�k�k�-�B�b�b�M�,
�k�8�d�j�@�N�e�y�j�X�/�Q�B�, �R�y�X�R�R�y�N�f�G�a�a�*�X�k�y�k�k�X�j�R�3�k�8�j�R�X

�(�e�8�)�_�X �:�B�i�2�`�K���M�- ���X �h�2�K���M�- ���M�/ �S�X �J�2�B�M�2�`�x�?���;�2�M�- �ó�>�v�#�`�B�/ �:�*�@
�2�.�_���J�f�a�_���J �"�B�i�+�2�H�H �7�Q�` �_�Q�#�m�b�i �G�Q�r�@�S�Q�r�2�` �P�T�2�`���i�B�Q�M�-�ô�A�1�1�1
�h� �̀��M�b���+�i�B�Q�M�b �Q�M �*�B� �̀+�m�B�i�b ���M�/ �a�v�b�i�2�K�b �A�A�, �1�t�T� �̀2�b�b �"�`�B�2�7�b�- �p�Q�H�X �e�9�-
�M�Q�X �R�k�- �T�T�X �R�j�e�k���R�j�e�e�- �.�2�+�X �k�y�R�d�X�/�Q�B�, �R�y �X �R�R�y�N �f �h�*�a�A�A �X �k�y�R�d �X
�k�d�e�3�R�y�k�X

�(�e�e�)�S�X �J�2�B�M�2�`�x�?���;�2�M�- �*�X �_�Q�i�?�- ���M�/ ���X �"�m�`�;�- �ó�h�Q�r���`�/�b �;�2�M�2�`�B�+ �H�Q�r�@�T�Q�r�2�`
���`�2���@�2�{�+�B�2�M�i �b�i���M�/���`�/ �+�2�H�H �#���b�2�/ �K�2�K�Q�`�v ���`�+�?�B�i�2�+�i�m�`�2�b�-�ô �B�M�k�y�R�y �8�j� �̀/
�A�1�1�1 �A�M�i�2�`�M���i�B�Q�M���H �J�B�/�r�2�b�i �a�v�K�T�Q�b�B�m�K �Q�M �*�B� �̀+�m�B�i�b ���M�/ �a�v�b�i�2�K�b�-
���m�;�X �k�y�R�y�- �T�T�X �R�k�N���R�j�k�X�/�Q�B�, �R�y�X�R�R�y�N�f�J�q�a�*���a�X�k�y�R�y�X�8�8�9�3�8�d�N�X

�(�e�d�)�P�X ���M�/�2�`�b�b�Q�M�- �"�X �J�Q�?���K�K���/�B�- �S�X �J�2�B�M�2�`�x�?���;�2�M�- ���X �"�m�`�;�- ���M�/ �C�X �L�X
�_�Q�/�`�B�;�m�2�b�- �ó�l�H�i�`�� �G�Q�r �o�Q�H�i���;�2 �a�v�M�i�?�2�b�B�x���#�H�2 �J�2�K�Q�`�B�2�b�, �� �h�`���/�2�@�P�z
�.�B�b�+�m�b�b�B�Q�M �B�M �e�8 �M�K �*�J�P�a�-�ô�A�1�1�1 �h� �̀��M�b���+�i�B�Q�M�b �Q�M �*�B� �̀+�m�B�i�b ���M�/
�a�v�b�i�2�K�b �A�, �_�2�;�m�H���` �S���T�2�`�b�- �p�Q�H�X �e�j�- �M�Q�X �e�- �T�T�X �3�y�e���3�R�d�- �C�m�M�X �k�y�R�e�-
�B�b�b�M�, �R�8�8�3�@�y�3�y�e�X�/�Q�B�, �R�y�X�R�R�y�N�f�h�*�a�A�X�k�y�R�e�X�k�8�j�d�N�j�R�X

�(�e�3�)���X �h�2�K���M�- �.�X �_�Q�b�b�B�- �S�X �J�2�B�M�2�`�x�?���;�2�M�- �G�X �"�2�M�B�M�B�- ���M�/ ���X �"�m�`�;�- �ó�S�Q�r�2�`�-
���`�2���- ���M�/ �S�2�`�7�Q�`�K���M�+�2 �P�T�i�B�K�B�x���i�B�Q�M �Q�7 �a�i���M�/���`�/ �*�2�H�H �J�2�K�Q�`�v ���`�`���v�b
�h�?�`�Q�m�;�? �*�Q�M�i�`�Q�H�H�2�/ �S�H���+�2�K�2�M�i�-�ô���*�J �h� �̀��M�b���+�i�B�Q�M�b �Q�M �.�2�b�B�;�M
���m�i�Q�K���i�B�Q�M �Q�7 �1�H�2�+�i� �̀Q�M�B�+ �a�v�b�i�2�K�b�- �p�Q�H�X �k�R�- �M�Q�X �9�- �T�T�X �R���k�8�- �J���v
�k�y�R�e�X�/�Q�B�, �R�y�X�R�R�9�8�f�k�3�N�y�9�N�3�X

�(�e�N�)�_�X �"�2�x�- �1�X �*���K�2�`�H�2�M�;�?�B�- ���X �J�Q�/�2�H�H�B�- ���M�/ ���X �o�B�b�+�Q�M�i�B�- �ó�A�M�i�`�Q�/�m�+�i�B�Q�M
�i�Q �~���b�? �K�2�K�Q�`�v�-�ô�S� �̀Q�+�2�2�/�B�M�;�b �Q�7 �i�?�2 �A�1�1�1�- �p�Q�H�X �N�R�- �M�Q�X �9�- �T�T�X �9�3�N���8�y�k�-
���T�`�X �k�y�y�j�-�B�b�b�M�, �R�8�8�3�@�k�k�8�e�X�/�Q�B�, �R�y�X�R�R�y�N�f�C�S�_�P�*�X�k�y�y�j�X�3�R�R�d�y�k�X
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�(�d�y�)�>�X �h���M���F���- �J�X �E�B�/�Q�- �E�X �u���?���b�?�B�-�2�i ���H�X�- �ó�"�B�i �*�Q�b�i �a�+���H���#�H�2 �h�2�+�?�M�Q�H�Q�;�v
�r�B�i�? �S�m�M�+�? ���M�/ �S�H�m�; �S�`�Q�+�2�b�b �7�Q�` �l�H�i�`�� �>�B�;�? �.�2�M�b�B�i�v �6�H���b�? �J�2�K�Q�`�v�-�ô
�B�M�k�y�y�d �A�1�1�1 �a�v�K�T�Q�b�B�m�K �Q�M �o�G�a�A �h�2�+�?�M�Q�H�Q�;�v�- �C�m�M�X �k�y�y�d�- �T�T�X �R�9���R�8�X
�/�Q�B�, �R�y�X�R�R�y�N�f�o�G�a�A�h�X�k�y�y�d�X�9�j�j�N�d�y�3�X

�(�d�R�)�A�_�.�a�- �ó�A�M�i�2�`�M���i�B�Q�M���H �_�Q���/�K���T �7�Q�` �.�2�p�B�+�2�b ���M�/ �a�v�b�i�2�K�b �k�y�k�k �1�/�B�i�B�Q�M
�@ �J���b�b �.���i�� �a�i�Q�`���;�2 ���M�/ �L�Q�M�@�o�Q�H���i�B�H�2 �J�2�K�Q�`�v �_�Q���/�K���T�-�ô �A�_�.�a�-
�k�y�k�k�X

�(�d�k�)�A�_�.�a�- �ó�A�M�i�2�`�M���i�B�Q�M���H �_�Q���/�K���T �7�Q�` �.�2�p�B�+�2�b ���M�/ �a�v�b�i�2�K�b �k�y�k�k �1�/�B�i�B�Q�M
�@ �J�Q�`�2 �i�?���M �J�Q�Q�`�2 �q�?�B�i�2 �S���T�2�`�-�ô �A�_�.�a�- �k�y�k�k�X

�(�d�j�) �C�X �*�Q�Q�F�2�X �ó�6�H���b�? �K�2�K�Q�`�v �R�y�R�, ���M �B�M�i�`�Q�/�m�+�i�B�Q�M �i�Q �L���L�. �~���b�?�-�ô
�1�.�L�X �U�J���`�X �k�y�- �k�y�y�e�V�- �(�P�M�H�B�M�2�)�X ���p���B�H���#�H�2�,�?�i�i�T�b�,�f�f�r�r�r�X�2�/�M�X�+�Q�K�f
�7�H���b�?�@�K�2�K�Q�`�v�@�R�y�R�@���M�@�B�M�i�`�Q�/�m�+�i�B�Q�M�@�i�Q�@�M���M�/�@�7�H���b�?�f�U�p�B�b�B�i�2�/ �Q�M
�R�y�f�k�3�f�k�y�k�k�V�X

�(�d�9�)�S�X �q���M�;�- �6�X �s�m�- �"�X �q���M�;�-�2�i ���H�X�- �ó�h�?�`�2�2�@�.�B�K�2�M�b�B�Q�M���H �M���M�/ �6�H���b�? �7�Q�`
�o�2�+�i�Q�`���J���i�`�B�t �J�m�H�i�B�T�H�B�+���i�B�Q�M�-�ô�A�1�1�1 �h� �̀��M�b���+�i�B�Q�M�b �Q�M �o�2�`�v �G��� �̀;�2
�a�+���H�2 �A�M�i�2�;� �̀��i�B�Q�M �U�o�G�a�A�V �a�v�b�i�2�K�b�- �p�Q�H�X �k�d�- �M�Q�X �9�- �T�T�X �N�3�3���N�N�R�- ���T�`�X
�k�y�R�N�-�B�b�b�M�, �R�8�8�d�@�N�N�N�N�X�/�Q�B�, �R�y�X�R�R�y�N�f�h�o�G�a�A�X�k�y�R�3�X�k�3�3�k�R�N�9�X

�(�d�8�)�u�X �C�X �S���`�F�- �>�X �h�X �E�r�Q�M�- �"�X �E�B�K�-�2�i ���H�X�- �ó�j�@�. �a�i���+�F�2�/ �a�v�M���T�b�2 ���`�`���v
�"���b�2�/ �Q�M �*�?���`�;�2�@�h�`���T �6�H���b�? �J�2�K�Q�`�v �7�Q�` �A�K�T�H�2�K�2�M�i���i�B�Q�M �Q�7 �.�2�2�T
�L�2�m�`���H �L�2�i�r�Q�`�F�b�-�ô�A�1�1�1 �h� �̀��M�b���+�i�B�Q�M�b �Q�M �1�H�2�+�i� �̀Q�M �.�2�p�B�+�2�b�- �p�Q�H�X �e�e�-
�M�Q�X �R�- �T�T�X �9�k�y���9�k�d�- �C���M�X �k�y�R�N�-�B�b�b�M�, �R�8�8�d�@�N�e�9�e�X�/�Q�B�, �R�y�X�R�R�y�N�f�h�1�.�X
�k�y�R�3�X�k�3�3�R�N�d�k�X

�(�d�e�)�J�X �_�X �J���?�K�Q�Q�/�B ���M�/ �.�X �a�i�`�m�F�Q�p�- �ó���M �l�H�i�`���@�G�Q�r �1�M�2�`�;�v �A�M�i�2�`�M���H�H�v
���M���H�Q�;�- �1�t�i�2�`�M���H�H�v �.�B�;�B�i���H �o�2�+�i�Q�`�@�J���i�`�B�t �J�m�H�i�B�T�H�B�2�` �"���b�2�/ �Q�M �L�P�_
�6�H���b�? �J�2�K�Q�`�v �h�2�+�?�M�Q�H�Q�;�v�-�ô �B�M�k�y�R�3 �8�8�i�? ���*�J�f�1�a�.���f�A�1�1�1 �.�2�b�B�;�M
���m�i�Q�K���i�B�Q�M �*�Q�M�7�2� �̀2�M�+�2 �U�.���*�V�- �C�m�M�X �k�y�R�3�- �T�T�X �R���e�X�/�Q�B�, �R�y�X�R�R�y�N�f
�.���*�X�k�y�R�3�X�3�9�e�8�3�y�9�X

�(�d�d�)�s�X �:�m�Q�- �6�X �J�X �"���v���i�- �J�X �"���p���M�/�T�Q�m�`�-�2�i ���H�X�- �ó�6���b�i�- �2�M�2�`�;�v�@�2�{�+�B�2�M�i�-
�`�Q�#�m�b�i�- ���M�/ �`�2�T�`�Q�/�m�+�B�#�H�2 �K�B�t�2�/�@�b�B�;�M���H �M�2�m�`�Q�K�Q�`�T�?�B�+ �+�H���b�b�B�}�2�` �#���b�2�/
�Q�M �2�K�#�2�/�/�2�/ �L�P�_ �~���b�? �K�2�K�Q�`�v �i�2�+�?�M�Q�H�Q�;�v�-�ô �B�M�k�y�R�d �A�1�1�1 �A�M�i�2�`�M���@
�i�B�Q�M���H �1�H�2�+�i� �̀Q�M �.�2�p�B�+�2�b �J�2�2�i�B�M�; �U�A�1�.�J�V�- �.�2�+�X �k�y�R�d�- �T�T�X �e�X�8�X�R���e�X�8�X�9�X
�/�Q�B�, �R�y�X�R�R�y�N�f�A�1�.�J�X�k�y�R�d�X�3�k�e�3�j�9�R�X

�(�d�3�)�J�X �"���p���M�/�T�Q�m�`�- �a�X �a���?���v�- �J�X �_�X �J���?�K�Q�Q�/�B�- ���M�/ �.�X �"�X �a�i�`�m�F�Q�p�- �ó�j�.�@
���*�Q�`�i�2�t�, ���M �m�H�i�`���@�+�Q�K�T���+�i �2�M�2�`�;�v�@�2�{�+�B�2�M�i �M�2�m�`�Q�+�Q�K�T�m�i�B�M�; �T�H���i�7�Q�`�K
�#���b�2�/ �Q�M �+�Q�K�K�2�`�+�B���H �j�.�@�L���L�. �~���b�? �K�2�K�Q�`�B�2�b�-�ô�L�2�m� �̀Q�K�Q�`�T�?�B�+
�*�Q�K�T�m�i�B�M�; ���M�/ �1�M�;�B�M�2�2�`�B�M�;�- �p�Q�H�X �R�- �M�Q�X �R�- �T�X �y�R�9 �y�y�R�- �C�m�H�X �k�y�k�R�-�B�b�b�M�,
�k�e�j�9�@�9�j�3�e�X�/�Q�B�, �R�y�X�R�y�3�3�f�k�e�j�9�@�9�j�3�e�f���+�y�d�d�8�X



�R�N�3 �"�A�"�G�A�P�:�_���S�>�u

�(�d�N�)�J�X �G���S�2�/�m�b�X �ó�1�K�#�2�/�/�2�/ �6�H���b�? �a�+���H�B�M�; �G�B�K�B�i�b�-�ô �a�2�K�B�+�Q�M�/�m�+�i�Q�`
�1�M�;�B�M�2�2�`�B�M�;�X �U�C�m�H�X �R�N�- �k�y�R�3�V�- �(�P�M�H�B�M�2�)�X ���p���B�H���#�H�2�,�?�i�i�T�b �,
�f �f �b�2�K�B�2�M�;�B�M�2�2�`�B�M�; �X �+�Q�K �f �2�K�#�2�/�/�2�/ �@ �7�H���b�? �@ �b�+���H�B�M�; �@ �H�B�K�B�i�b�f
�U�p�B�b�B�i�2�/ �Q�M �R�y�f�k�3�f�k�y�k�k�V�X

�(�3�y�)�L�X �.���?���/�X �ó�h�?�2 �+���b�2 �7�Q�` �/�2�@�B�M�i�2�;�`���i�B�M�; �2�K�#�2�/�/�2�/ �6�H���b�?�-�ô �1�K�@
�#�2�/�/�2�/�X�+�Q�K�X �U���m�;�X �R�N�- �k�y�k�k�V�- �(�P�M�H�B�M�2�)�X ���p���B�H���#�H�2�,�?�i�i�T�b �, �f �f �r�r�r �X
�2�K�#�2�/�/�2�/�X�+�Q�K�f�i�?�2�@�+���b�2�@�7�Q�`�@�/�2�@�B�M�i�2�;�`���i�B�M�;�@�2�K�#�2�/�/�2�/�@�7�H���b�?�f
�U�p�B�b�B�i�2�/ �Q�M �R�y�f�k�3�f�k�y�k�k�V�X

�(�3�R�)�>�X �u�Q�/���- �ó�J�_���J �6�m�M�/���K�2�M�i���H�b ���M�/ �.�2�p�B�+�2�b�-�ô �B�M�>���M�/�#�Q�Q�F �Q�7
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�(�R�y�j�)���X �G���H �a�?�B�K�T�B ���M�/ �:�X �E�2�v�X �ó�h�?�2 �.���`�F �E�M�B�;�?�i�, �A�M�i�2�H�ö�b �*�Q�`�2 �B�d�X�ô �U�L�Q�p�X �j�-
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�K�Q�`�T�?�B�+ �a�B�;�M���H �S�`�Q�+�2�b�b�B�M�; �r�B�i�? �G�Q�B�?�B �k�-�ô �B�M�k�y�k�R �A�1�1�1 �q�Q�`�F�b�?�Q�T
�Q�M �a�B�;�M���H �S� �̀Q�+�2�b�b�B�M�; �a�v�b�i�2�K�b �U�a�B�S�a�V�- �P�+�i�X �k�y�k�R�- �T�T�X �k�8�9���k�8�N�X�/�Q�B�,
�R�y�X�R�R�y�N�f�a�B�S�a�8�k�N�k�d�X�k�y�k�R�X�y�y�y�8�j�X

�(�R�R�N�)�S�X ���X �J�2�`�Q�H�H���- �C�X �o�X ���`�i�?�m�`�- �_�X ���H�p���`�2�x�@�A�+���x���-�2�i ���H�X�- �ó�� �K�B�H�H�B�Q�M
�b�T�B�F�B�M�;�@�M�2�m�`�Q�M �B�M�i�2�;�`���i�2�/ �+�B�`�+�m�B�i �r�B�i�? �� �b�+���H���#�H�2 �+�Q�K�K�m�M�B�+���i�B�Q�M
�M�2�i�r�Q�`�F ���M�/ �B�M�i�2�`�7���+�2�-�ô�a�+�B�2�M�+�2�- �p�Q�H�X �j�9�8�- �M�Q�X �e�R�N�d�- �T�T�X �e�e�3���e�d�j�-
���m�;�X �3�- �k�y�R�9�X�/�Q�B�, �R�y�X�R�R�k�e�f�b�+�B�2�M�+�2�X�R�k�8�9�e�9�k�X

�(�R�k�y�)�E�X �_�Q�v�- ���X �C���B�b�r���H�- ���M�/ �S�X �S���M�/���- �ó�h�Q�r���`�/�b �b�T�B�F�2�@�#���b�2�/ �K���+�?�B�M�2
�B�M�i�2�H�H�B�;�2�M�+�2 �r�B�i�? �M�2�m�`�Q�K�Q�`�T�?�B�+ �+�Q�K�T�m�i�B�M�;�-�ô�L���i�m� �̀2�- �p�Q�H�X �8�d�8�- �M�Q�X �d�d�3�9�-
�T�T�X �e�y�d���e�R�d�- �d�d�3�9 �L�Q�p�X �k�y�R�N�-�B�b�b�M�, �R�9�d�e�@�9�e�3�d�X�/�Q�B�,�R�y�X�R�y�j�3�f�b�9�R�8�3�e�@
�y�R�N�@�R�e�d�d�@�k�X

�(�R�k�R�)�J�X �1�;�;�B�K���M�M�- ���X �_���?�B�K�B�- ���M�/ �G�X �"�2�M�B�M�B�- �ó�� �8 �’�q �a�i���M�/���`�/
�*�2�H�H �J�2�K�Q�`�v�@�"���b�2�/ �*�Q�M�}�;�m�`���#�H�2 �>�v�T�2�`�/�B�K�2�M�b�B�Q�M���H �*�Q�K�T�m�i�B�M�;
���+�+�2�H�2�`���i�Q�` �7�Q�` ���H�r���v�b�@�Q�M �a�K���`�i �a�2�M�b�B�M�;�-�ô�A�1�1�1 �h� �̀��M�b���+�i�B�Q�M�b �Q�M
�*�B� �̀+�m�B�i�b ���M�/ �a�v�b�i�2�K�b �A�, �_�2�;�m�H���` �S���T�2�`�b�- �p�Q�H�X �e�3�- �M�Q�X �R�y�- �T�T�X �9�R�R�e���9�R�k�3�-
�P�+�i�X �k�y�k�R�-�B�b�b�M�, �R�8�8�3�@�y�3�y�e�X�/�Q�B�, �R�y�X�R�R�y�N�f�h�*�a�A�X�k�y�k�R�X�j�R�y�y�k�e�e�X

�(�R�k�k�)�.�X �_�Q�b�b�B�- �6�X �*�Q�M�i�B�- �J�X �1�;�;�B�K���M�M�-�2�i ���H�X�- �ó�9�X�9 �� �R�X�j�h�P�S�a�f�q �!
�j�k�:�P�S�a �6�m�H�H�v �A�M�i�2�;�`���i�2�/ �R�y�@�*�Q�`�2 �a�Q�* �7�Q�` �A�Q�h �1�M�/�@�L�Q�/�2�b �r�B�i�?
�R�X�d�’�q �*�Q�;�M�B�i�B�p�2 �q���F�2�@�l�T �6�`�Q�K �J�_���J�@�"���b�2�/ �a�i���i�2�@�_�2�i�2�M�i�B�p�2 �a�H�2�2�T
�J�Q�/�2�-�ô �B�M�k�y�k�R �A�1�1�1 �A�M�i�2�`�M���i�B�Q�M���H �a�Q�H�B�/�@ �a�i���i�2 �*�B� �̀+�m�B�i�b �*�Q�M�7�2� �̀2�M�+�2
�U�A�a�a�*�*�V�- �p�Q�H�X �e�9�- �6�2�#�X �k�y�k�R�- �T�T�X �e�y���e�k�X�/�Q�B�, �R�y�X�R�R�y�N�f�A�a�a�*�*�9�k�e�R�j�X
�k�y�k�R�X�N�j�e�8�N�j�N�X
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�(�R�k�j�)�J�X �1�;�;�B�K���M�M�- �a�X �J���+�?�- �J�X �J���;�M�Q�- ���M�/ �G�X �"�2�M�B�M�B�- �ó�� �_�A�a�*�@�o
�"���b�2�/ �P�T�2�M �>���`�/�r���`�2 �S�H���i�7�Q�`�K �7�Q�` ���H�r���v�b�@�P�M �q�2���`���#�H�2 �a�K���`�i
�a�2�M�b�B�M�;�-�ô �B�M�k�y�R�N �A�1�1�1 �3�i�? �A�M�i�2�`�M���i�B�Q�M���H �q�Q�`�F�b�?�Q�T �Q�M ���/�p���M�+�2�b
�B�M �a�2�M�b�Q�`�b ���M�/ �A�M�i�2�`�7���+�2�b �U�A�q���a�A�V�- �C�m�M�X �k�y�R�N�- �T�T�X �R�e�N���R�d�9�X�/�Q�B�,
�R�y�X�R�R�y�N�f�A�q���a�A�X�k�y�R�N�X�3�d�N�R�j�e�9�X

�(�R�k�9�)�6�X �*�Q�M�i�B�- �.�X �_�Q�b�b�B�- �:�X �S���m�H�B�M�-�2�i ���H�X�- �ó�k�k�X�R �� �R�k�X�9�h�P�S�a�f�q �!
�R�j�e�:�P�S�a ���A�@�A�Q�h �a�v�b�i�2�K�@�Q�M�@�*�?�B�T �r�B�i�? �R�e �_�A�a�*�@�o�- �k�@�i�Q�@�3�# �S�`�2�+�B�b�B�Q�M�@
�a�+���H���#�H�2 �.�L�L ���+�+�2�H�2�`���i�B�Q�M ���M�/ �j�y�W�@�"�Q�Q�b�i ���/���T�i�B�p�2 �"�Q�/�v �"�B���b�B�M�;�-�ô
�B�M�k�y�k�j �A�1�1�1 �A�M�i�2�`�M���i�B�Q�M���H �a�Q�H�B�/�@ �a�i���i�2 �*�B� �̀+�m�B�i�b �*�Q�M�7�2� �̀2�M�+�2 �U�A�a�a�*�*�V�-
�6�2�#�X �k�y�k�j�- �T�T�X �k�R���k�j�X�/�Q�B�, �R�y�X�R�R�y�N�f�A�a�a�*�*�9�k�e�R�8�X�k�y�k�j�X�R�y�y�e�d�e�9�j�X

�(�R�k�8�)�J�X �a�+�?�2�`�2�`�- �J�X �J���;�M�Q�- �C�X �1�`�#�- �S�X �J���v�2�`�- �J�X �1�;�;�B�K���M�M�- ���M�/ �G�X �"�2�M�B�M�B�-
�ó�h�B�M�v�_���/���`�L�L�, �*�Q�K�#�B�M�B�M�; �a�T���i�B���H ���M�/ �h�2�K�T�Q�`���H �*�Q�M�p�Q�H�m�i�B�Q�M���H
�L�2�m�`���H �L�2�i�r�Q�`�F�b �7�Q�` �1�K�#�2�/�/�2�/ �:�2�b�i�m�`�2 �_�2�+�Q�;�M�B�i�B�Q�M �q�B�i�? �a�?�Q�`�i
�_���M�;�2 �_���/���`�b�-�ô�A�1�1�1 �A�M�i�2�`�M�2�i �Q�7 �h�?�B�M�;�b �C�Q�m�`�M���H�- �p�Q�H�X �3�- �M�Q�X �R�j�-
�T�T�X �R�y �j�j�e���R�y �j�9�e�- �C�m�H�X �k�y�k�R�-�B�b�b�M�, �k�j�k�d�@�9�e�e�k�X�/�Q�B�, �R�y�X�R�R�y�N�f�C�A�P�h�X
�k�y�k�R�X�j�y�e�d�j�3�k�X

�(�R�k�e�)�J�X �P�b�i���- ���X �A�#�`���?�B�K�- �J�X �J���;�M�Q�-�2�i ���H�X�- �ó���M �1�M�2�`�;�v �1�{�+�B�2�M�i �a�v�b�i�2�K
�7�Q�` �h�Q�m�+�? �J�Q�/���H�B�i�v �*�H���b�b�B�}�+���i�B�Q�M �B�M �1�H�2�+�i�`�Q�M�B�+ �a�F�B�M ���T�T�H�B�+���i�B�Q�M�b�-�ô
�B�M�k�y�R�N �A�1�1�1 �A�M�i�2�`�M���i�B�Q�M���H �a�v�K�T�Q�b�B�m�K �Q�M �*�B� �̀+�m�B�i�b ���M�/ �a�v�b�i�2�K�b
�U�A�a�*���a�V�- �J���v �k�y�R�N�- �T�T�X �R���9�X�/�Q�B�, �R�y�X�R�R�y�N�f�A�a�*���a�X�k�y�R�N�X�3�d�y�k�R�R�j�X

�(�R�k�d�)�s�X �q���M�;�- �G�X �*���p�B�;�2�H�H�B�- �J�X �1�;�;�B�K���M�M�- �J�X �J���;�M�Q�- ���M�/ �G�X �"�2�M�B�M�B�- �ó�>�_�@
�a���_�@�L�2�i�, �� �.�2�2�T �L�2�m�`���H �L�2�i�r�Q�`�F �7�Q�` �l�`�#���M �a�+�2�M�2 �a�2�;�K�2�M�i���i�B�Q�M
�7�`�Q�K �>�B�;�?�@�_�2�b�Q�H�m�i�B�Q�M �a���_ �.���i���-�ô �B�M�k�y�k�y �A�1�1�1 �a�2�M�b�Q�`�b ���T�T�H�B�+���i�B�Q�M�b
�a�v�K�T�Q�b�B�m�K �U�a���a�V�- �J���`�X �k�y�k�y�- �T�T�X �R���e�X�/�Q�B�,�R�y�X�R�R�y�N�f�a���a�9�3�d�k�e�X�k�y�k�y�X
�N�k�k�y�y�e�3�X

�(�R�k�3�)�J�X �J���;�M�Q�- �s�X �q���M�;�- �J�X �1�;�;�B�K���M�M�- �G�X �*���p�B�;�2�H�H�B�- ���M�/ �G�X �"�2�M�B�M�B�-
�ó�A�M�}�M�B�q�Q�H�7�, �1�M�2�`�;�v �1�{�+�B�2�M�i �a�K���`�i �"�`���+�2�H�2�i �7�Q�` �1�/�;�2 �*�Q�K�T�m�i�B�M�;
�r�B�i�? �.�m���H �a�Q�m�`�+�2 �1�M�2�`�;�v �>���`�p�2�b�i�B�M�;�-�ô �B�M�k�y�k�y �.�2�b�B�;�M�- ���m�i�Q�K���i�B�Q�M
�� �h�2�b�i �B�M �1�m� �̀Q�T�2 �*�Q�M�7�2� �̀2�M�+�2 �� �1�t�?�B�#�B�i�B�Q�M �U�.���h�1�V�- �J���`�X �k�y�k�y�-
�T�T�X �j�9�k���j�9�8�X�/�Q�B�, �R�y�X�k�j�N�R�N�f�.���h�1�9�3�8�3�8�X�k�y�k�y�X�N�R�R�e�k�R�3�X

�(�R�k�N�)�J�X �1�;�;�B�K���M�M�- �C�X �1�`�#�- �S�X �J���v�2�`�- �J�X �J���;�M�Q�- ���M�/ �G�X �"�2�M�B�M�B�- �ó�G�Q�r
�S�Q�r�2�` �1�K�#�2�/�/�2�/ �:�2�b�i�m�`�2 �_�2�+�Q�;�M�B�i�B�Q�M �l�b�B�M�; �L�Q�p�2�H �a�?�Q�`�i�@�_���M�;�2
�_���/���` �a�2�M�b�Q�`�b�-�ô �B�M�k�y�R�N �A�1�1�1 �a�1�L�a�P�_�a�- �P�+�i�X �k�y�R�N�- �T�T�X �R���9�X�/�Q�B�,
�R�y�X�R�R�y�N�f�a�1�L�a�P�_�a�9�j�y�R�R�X�k�y�R�N�X�3�N�8�e�e�R�d�X

�(�R�j�y�)�E�X �.�?�2�K���M�- �S�X �J���v�2�`�- �J�X �1�;�;�B�K���M�M�- �a�X �a�+�?�m�2�`�H�2�- ���M�/ �J�X �J���;�M�Q�-
�ó�A�K�T�2�/�B�a�2�M�b�2�,�� �H�Q�M�; �H���b�i�B�M�; �r�B�`�2�H�2�b�b �r�2���`���#�H�2 �#�B�Q�@�B�K�T�2�/���M�+�2 �b�2�M�b�Q�`
�M�Q�/�2�-�ô�a�m�b�i���B�M���#�H�2 �*�Q�K�T�m�i�B�M�;�, �A�M�7�Q�`�K���i�B�+�b ���M�/ �a�v�b�i�2�K�b�- �p�Q�H�X �j�y�-
�T�X �R�y�y �8�8�e�- �C�m�M�X �R�- �k�y�k�R�-�B�b�b�M�, �k�k�R�y�@�8�j�d�N�X�/�Q�B�, �R�y�X�R�y�R�e�f�D�X�b�m�b�+�Q�K�X
�k�y�k�R�X�R�y�y�8�8�e�X
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�(�R�j�R�)�J�X �1�;�;�B�K���M�M�- �*�X �:�H�Q�Q�`�- �6�X �a�+�?�2�B�/�2�;�;�2�`�-�2�i ���H�X�- �ó�>�v�/�`���, ���M
���+�+�2�H�2�`���i�Q�` �7�Q�` �_�2���H�@�h�B�K�2 �1�/�;�2�@���r���`�2 �S�2�`�K�2���#�B�H�B�i�v �6�B�H�i�2�`�B�M�; �B�M
�e�8�M�K �*�J�P�a�-�ô �B�M�k�y�R�3 �A�1�1�1 �A�M�i�2�`�M���i�B�Q�M���H �a�v�K�T�Q�b�B�m�K �Q�M �*�B� �̀+�m�B�i�b
���M�/ �a�v�b�i�2�K�b �U�A�a�*���a�V�- �A�1�1�1�- �J���v �k�y�R�3�- �T�T�X �R���8�-�B�b�#�M�, �N�d�3�@�R�@�8�j�3�e�@
�9�3�3�R�@�y�X�/�Q�B�, �R�y�X�R�R�y�N�f�A�a�*���a�X�k�y�R�3�X�3�j�8�R�y�8�R�X

�(�R�j�k�)�E�X �.�?�2�K���M�- �S�X �J���v�2�`�- �J�X �1�;�;�B�K���M�M�- �J�X �J���;�M�Q�- ���M�/ �a�X �a�+�?�m�2�`�H�2�-
�ó�h�Q�r���`�/�b ���`�i�2�7���+�i�@�6�`�2�2 �"�B�Q�@�A�K�T�2�/���M�+�2 �J�2���b�m�`�2�K�2�M�i�b�, �1�p���H�m���i�B�Q�M�-
�A�/�2�M�i�B�}�+���i�B�Q�M ���M�/ �a�m�T�T�`�2�b�b�B�Q�M �Q�7 ���`�i�2�7���+�i�b ���i �J�m�H�i�B�T�H�2 �6�`�2�[�m�2�M�+�B�2�b�-�ô
�A�1�1�1 �a�2�M�b�Q�`�b �C�Q�m�`�M���H�- �p�Q�H�X �k�k�- �M�Q�X �R�- �T�T�X �8�3�N���e�y�y�- �C���M�X �k�y�k�k�-�B�b�b�M�,
�R�8�8�3�@�R�d�9�3�X�/�Q�B�, �R�y�X�R�R�y�N�f�C�a�1�L�X�k�y�k�R�X�j�R�k�3�8�8�8�X

�(�R�j�j�) �_�X �.���p�B�/�- �C�X �.�m�F�2�- ���X �C���B�M�-�2�i ���H�X�- �ó�h�2�M�b�Q�`�6�H�Q�r �G�B�i�2 �J�B�+�`�Q�, �1�K�#�2�/�/�2�/
�J���+�?�B�M�2 �G�2���`�M�B�M�; �7�Q�` �h�B�M�v�J�G �a�v�b�i�2�K�b�-�ô�S� �̀Q�+�2�2�/�B�M�;�b �Q�7 �J���+�?�B�M�2
�G�2���`�M�B�M�; ���M�/ �a�v�b�i�2�K�b�- �p�Q�H�X �j�- �T�T�X �3�y�y���3�R�R�- �J���`�X �R�8�- �k�y�k�R�X
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�a�T�2�+�B�}�+ ���L�L �*���`�/�B���+ ���`�`�?�v�i�?�K�B�� �*�H���b�b�B�}�2�` �7�Q�` �q�2���`���#�H�2 �1�*�:
�a�2�M�b�Q�`�b�-�ô�A�1�1�1 �h� �̀��M�b���+�i�B�Q�M�b �Q�M �"�B�Q�K�2�/�B�+���H �*�B� �̀+�m�B�i�b ���M�/ �a�v�b�i�2�K�b�-
�p�Q�H�X �R�9�- �M�Q�X �k�- �T�T�X �R�3�e���R�N�d�- ���T�`�X �k�y�k�y�-�B�b�b�M�, �R�N�9�y�@�N�N�N�y�X�/�Q�B�,�R�y�X�R�R�y�N�f
�h�"�*���a�X�k�y�R�N�X�k�N�8�9�9�d�N�X

�(�R�3�3�)�w�X �q���M�;�- �G�X �u�2�- �>�X �w�?���M�;�-�2�i ���H�X�- �ó�k�y�X�k �� �8�d�M�q �a�Q�7�i�r���`�2�@�.�2�}�M�2�/
���H�r���v�b�@�P�M �q���F�2�@�l�T �*�?�B�T �7�Q�` �A�Q�h �.�2�p�B�+�2�b �r�B�i�? ���b�v�M�+�?�`�Q�M�Q�m�b
�S�B�T�2�H�B�M�2�/ �1�p�2�M�i�@�.�`�B�p�2�M ���`�+�?�B�i�2�+�i�m�`�2 ���M�/ �h�B�K�2�@�a�?�B�2�H�/�B�M�; �G�2�p�2�H�@
�*�`�Q�b�b�B�M�; ���.�*�-�ô �B�M�k�y�k�y �A�1�1�1 �A�M�i�2�`�M���i�B�Q�M���H �a�Q�H�B�/�@ �a�i���i�2 �*�B� �̀+�m�B�i�b
�*�Q�M�7�2� �̀2�M�+�2 �@ �U�A�a�a�*�*�V�- �6�2�#�X �k�y�k�y�- �T�T�X �j�R�9���j�R�e�X�/�Q�B�, �R�y �X �R�R�y�N �f
�A�a�a�*�*�R�N�N�9�d�X�k�y�k�y�X�N�y�e�k�N�8�k�X

�(�R�3�N�)�J�X �*�?�Q�- �a�X �P�?�- �w�X �a�?�B�-�2�i ���H�X�- �ó�R�d�X�k �� �R�9�k�M�q �o�Q�B�+�2 ���M�/ ���+�Q�m�b�i�B�+
���+�i�B�p�B�i�v �.�2�i�2�+�i�B�Q�M �*�?�B�T �7�Q�` �K�K�@�a�+���H�2 �a�2�M�b�Q�` �L�Q�/�2�b �l�b�B�M�; �h�B�K�2�@
�A�M�i�2�`�H�2���p�2�/ �J�B�t�2�`�@�"���b�2�/ �6�`�2�[�m�2�M�+�v �a�+���M�M�B�M�;�-�ô �B�M�k�y�R�N �A�1�1�1
�A�M�i�2�`�M���i�B�Q�M���H �a�Q�H�B�/�@ �a�i���i�2 �*�B� �̀+�m�B�i�b �*�Q�M�7�2� �̀2�M�+�2 �@ �U�A�a�a�*�*�V�- �6�2�#�X �k�y�R�N�-
�T�T�X �k�d�3���k�3�y�X�/�Q�B�, �R�y�X�R�R�y�N�f�A�a�a�*�*�X�k�y�R�N�X�3�e�e�k�8�9�y�X

�(�R�N�y�)���X �C�Q�b�?�B�- �C�X �h�X �>���H�b�2�i�?�- ���M�/ �S�X �E���M�2�`�p���- �ó�G���M�;�m���;�2 �:�2�Q�K�2�i�`�v �l�b�B�M�;
�_���M�/�Q�K �A�M�/�2�t�B�M�;�-�ô �B�M�Z�m���M�i�m�K �A�M�i�2� �̀��+�i�B�Q�M�- �C�X ���X �/�2 �"���`�`�Q�b�- �"�X
�*�Q�2�+�F�2�- ���M�/ �1�X �S�Q�i�?�Q�b�- �1�/�b�X�- �b�2�`�X �G�2�+�i�m�`�2 �L�Q�i�2�b �B�M �*�Q�K�T�m�i�2�` �a�+�B�2�M�+�2�-
�*�?���K�, �a�T�`�B�M�;�2�` �A�M�i�2�`�M���i�B�Q�M���H �S�m�#�H�B�b�?�B�M�;�- �C���M�X �k�y�R�d�- �T�T�X �k�e�8���k�d�9�-
�B�b�#�M�, �N�d�3�@�j�@�j�R�N�@�8�k�k�3�N�@�y�X�/�Q�B�, �R�y�X�R�y�y�d�f�N�d�3�@�j�@�j�R�N�@�8�k�k�3�N�@�y�n�k�R�X

�(�R�N�R�)�.�X �E�H�2�v�F�Q ���M�/ �1�X �P�b�B�T�Q�p�- �ó�"�`���B�M�@�H�B�F�2 �+�H���b�b�B�}�2�` �Q�7 �i�2�K�T�Q�`���H �T���i�i�2�`�M�b�-�ô
�B�M�k�y�R�9 �A�M�i�2�`�M���i�B�Q�M���H �*�Q�M�7�2� �̀2�M�+�2 �Q�M �*�Q�K�T�m�i�2�` ���M�/ �A�M�7�Q�`�K���i�B�Q�M
�a�+�B�2�M�+�2�b �U�A�*�*�P�A�L�a�V�- �C�m�M�X �k�y�R�9�- �T�T�X �R���e�X�/�Q�B�, �R�y�X�R�R�y�N�f�A�*�*�P�A�L�a�X
�k�y�R�9�X�e�3�e�3�j�9�N�X

�(�R�N�k�)�h�X �6�X �q�m�- �>�X �G�B�- �S�X�@�*�X �>�m���M�;�-�2�i ���H�X�- �ó�>�v�T�2�`�/�B�K�2�M�b�B�Q�M���H �*�Q�K�T�m�i�B�M�;
�1�t�T�H�Q�B�i�B�M�; �*���`�#�Q�M �L���M�Q�i�m�#�2 �6�1�h�b�- �_�2�b�B�b�i�B�p�2 �_���J�- ���M�/ �h�?�2�B�`
�J�Q�M�Q�H�B�i�?�B�+ �j�. �A�M�i�2�;�`���i�B�Q�M�-�ô�A�1�1�1 �C�Q�m�`�M���H �Q�7 �a�Q�H�B�/�@�a�i���i�2 �*�B� �̀+�m�B�i�b�-
�p�Q�H�X �8�j�- �M�Q�X �R�R�- �T�T�X �j�R�3�j���j�R�N�e�- �L�Q�p�X �k�y�R�3�X�/�Q�B�, �R�y�X�R�R�y�N�f�C�a�a�*�X�k�y�R�3�X
�k�3�d�y�8�e�y�X
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�(�R�N�j�)�a�X �a���H���K���i�- �J�X �A�K���M�B�- �"�X �E�?���H�2�;�?�B�- ���M�/ �h�X �_�Q�b�B�M�;�- �ó�6�8�@�>�.�, �6���b�i
�6�H�2�t�B�#�H�2 �6�S�:���@�#���b�2�/ �6�`���K�2�r�Q�`�F �7�Q�` �_�2�7�`�2�b�?�B�M�; �>�v�T�2�`�/�B�K�2�M�b�B�Q�M���H
�*�Q�K�T�m�i�B�M�;�-�ô �B�M�S� �̀Q�+�2�2�/�B�M�;�b �Q�7 �i�?�2 �k�y�R�N ���*�J�f�a�A�:�.�� �A�M�i�2�`�M���i�B�Q�M���H
�a�v�K�T�Q�b�B�m�K �Q�M �6�B�2�H�/�@�S� �̀Q�;� �̀��K�K���#�H�2 �:���i�2 ���`� �̀��v�b�- �b�2�`�X �6�S�:�� �ö�R�N�- �L�2�r
�u�Q�`�F�- �L�u�- �l�a���, ���b�b�Q�+�B���i�B�Q�M �7�Q�` �*�Q�K�T�m�i�B�M�; �J���+�?�B�M�2�`�v�- �6�2�#�X �k�y�- �k�y�R�N�-
�T�T�X �8�j���e�k�-�B�b�#�M�, �N�d�3�@�R�@�9�8�y�j�@�e�R�j�d�@�3�X�/�Q�B�, �R�y�X�R�R�9�8�f�j�k�3�N�e�y�k�X�j�k�N�j�N�R�j�X

�(�R�N�9�)�a�X �a���H���K���i�- �J�X �A�K���M�B�- ���M�/ �h�X �_�Q�b�B�M�;�- �ó���+�+�2�H�2�`���i�B�M�; �>�v�T�2�`�/�B�K�2�M�@
�b�B�Q�M���H �*�Q�K�T�m�i�B�M�; �Q�M �6�S�:���b �#�v �1�t�T�H�Q�B�i�B�M�; �*�Q�K�T�m�i���i�B�Q�M���H �_�2�m�b�2�-�ô
�A�1�1�1 �h� �̀��M�b���+�i�B�Q�M�b �Q�M �*�Q�K�T�m�i�2�`�b�- �p�Q�H�X �e�N�- �M�Q�X �3�- �T�T�X �R�R�8�N���R�R�d�R�- ���m�;�X
�k�y�k�y�-�B�b�b�M�, �R�8�8�d�@�N�N�8�e�X�/�Q�B�, �R�y�X�R�R�y�N�f�h�*�X�k�y�k�y�X�k�N�N�k�e�e�k�X

�(�R�N�8�)�a�X �.���i�i���- �_�X ���X �:�X ���M�i�Q�M�B�Q�- ���X �_�X �a�X �A�b�Q�M�- ���M�/ �C�X �J�X �_���#���2�v�-
�ó�� �S�`�Q�;�`���K�K���#�H�2 �>�v�T�2�`�@�.�B�K�2�M�b�B�Q�M���H �S�`�Q�+�2�b�b�Q�` ���`�+�?�B�i�2�+�i�m�`�2 �7�Q�`
�>�m�K���M�@�*�2�M�i�`�B�+ �A�Q�h�-�ô�A�1�1�1 �C�Q�m�`�M���H �Q�M �1�K�2� �̀;�B�M�; ���M�/ �a�2�H�2�+�i�2�/ �h�Q�T�B�+�b
�B�M �*�B� �̀+�m�B�i�b ���M�/ �a�v�b�i�2�K�b�- �p�Q�H�X �N�- �M�Q�X �j�- �T�T�X �9�j�N���9�8�k�- �a�2�T�X �k�y�R�N�-�B�b�b�M�,
�k�R�8�e�@�j�j�e�8�X�/�Q�B�, �R�y�X�R�R�y�N�f�C�1�h�*���a�X�k�y�R�N�X�k�N�j�8�9�e�9�X

�(�R�N�e�)�J�X �:���m�i�b�+�?�B�- �S�X �.�X �a�+�?�B���p�Q�M�2�- ���X �h�`���#�2�`�-�2�i ���H�X�- �ó�L�2���`�@�h�?�`�2�b�?�Q�H�/
�_�A�a�*�@�o �*�Q�`�2 �q�B�i�? �.�a�S �1�t�i�2�M�b�B�Q�M�b �7�Q�` �a�+���H���#�H�2 �A�Q�h �1�M�/�T�Q�B�M�i
�.�2�p�B�+�2�b�-�ô�A�1�1�1 �h� �̀��M�b���+�i�B�Q�M�b �Q�M �o�2�`�v �G��� �̀;�2 �a�+���H�2 �A�M�i�2�;� �̀��i�B�Q�M �U�o�G�a�A�V
�a�v�b�i�2�K�b�- �p�Q�H�X �k�8�- �M�Q�X �R�y�- �T�T�X �k�d�y�y���k�d�R�j�- �P�+�i�X �k�y�R�d�-�B�b�b�M�, �R�8�8�d�@�N�N�N�N�X
�/�Q�B�, �R�y�X�R�R�y�N�f�h�o�G�a�A�X�k�y�R�d�X�k�e�8�9�8�y�e�X

�(�R�N�d�)���X �_���?�B�K�B�- �S�X �E���M�2�`�p���- ���M�/ �C�X �J�X �_���#���2�v�- �ó�� �_�Q�#�m�b�i ���M�/
�1�M�2�`�;�v�@�1�{�+�B�2�M�i �*�H���b�b�B�}�2�` �l�b�B�M�; �"�`���B�M�@�A�M�b�T�B�`�2�/ �>�v�T�2�`�/�B�K�2�M�b�B�Q�M���H
�*�Q�K�T�m�i�B�M�;�-�ô �B�M�S� �̀Q�+�2�2�/�B�M�;�b �Q�7 �i�?�2 �k�y�R�e �A�M�i�2�`�M���i�B�Q�M���H �a�v�K�T�Q�b�B�m�K �Q�M
�G�Q�r �S�Q�r�2�` �1�H�2�+�i� �̀Q�M�B�+�b ���M�/ �.�2�b�B�;�M�- �b�2�`�X �A�a�G�S�1�. �ö�R�e�- �a���M �6�`���M�+�B�b�+�Q
���B�`�T�Q�`�i�- �*���- �l�a���, ���b�b�Q�+�B���i�B�Q�M �7�Q�` �*�Q�K�T�m�i�B�M�; �J���+�?�B�M�2�`�v�- ���m�;�X �3�-
�k�y�R�e�- �T�T�X �e�9���e�N�-�B�b�#�M�, �N�d�3�@�R�@�9�8�y�j�@�9�R�3�8�@�R�X�/�Q�B�, �R�y�X�R�R�9�8�f�k�N�j�9�8�3�j�X
�k�N�j�9�e�k�9�X

�(�R�N�3�)�G�X �:�2 ���M�/ �E�X �E�X �S���`�?�B�- �ó�*�H���b�b�B�}�+���i�B�Q�M �m�b�B�M�; �>�v�T�2�`�/�B�K�2�M�b�B�Q�M���H
�*�Q�K�T�m�i�B�M�;�, �� �_�2�p�B�2�r�-�ô�A�1�1�1 �*�B� �̀+�m�B�i�b ���M�/ �a�v�b�i�2�K�b �J���;���x�B�M�2�-
�p�Q�H�X �k�y�- �M�Q�X �k�- �T�T�X �j�y���9�d�- ���T�`�X �k�y�k�y�-�B�b�b�M�, �R�8�j�R�@�e�j�e�s�- �R�8�8�3�@�y�3�j�y�X
�/�Q�B�, �R�y�X�R�R�y�N�f�J�*���a�X�k�y�k�y�X�k�N�3�3�j�3�3�X ���`�s�B�p�,�k�y�y�9�X�R�R�k�y�9�X

�(�R�N�N�)�a�X �a�2�H�+�m�F�- �ó�S�`�2�/�B�+�i�B�p�2 �K���B�M�i�2�M���M�+�2�- �B�i�b �B�K�T�H�2�K�2�M�i���i�B�Q�M ���M�/ �H���i�2�b�i
�i�`�2�M�/�b�-�ô�S� �̀Q�+�2�2�/�B�M�;�b �Q�7 �i�?�2 �A�M�b�i�B�i�m�i�B�Q�M �Q�7 �J�2�+�?���M�B�+���H �1�M�;�B�M�2�2�`�b�- �S���`�i
�"�, �C�Q�m�`�M���H �Q�7 �1�M�;�B�M�2�2�`�B�M�; �J���M�m�7���+�i�m� �̀2�- �p�Q�H�X �k�j�R�- �M�Q�X �N�- �T�T�X �R�e�d�y���R�e�d�N�-
�C�m�H�X �R�- �k�y�R�d�-�B�b�b�M�, �y�N�8�9�@�9�y�8�9�X�/�Q�B�, �R�y�X�R�R�d�d�f�y�N�8�9�9�y�8�9�R�8�e�y�R�e�9�y�X

�(�k�y�y�)�>�X �Z�B�m�- �C�X �G�2�2�- �C�X �G�B�M�- ���M�/ �:�X �u�m�- �ó�q���p�2�H�2�i �}�H�i�2�`�@�#���b�2�/ �r�2���F
�b�B�;�M���i�m�`�2 �/�2�i�2�+�i�B�Q�M �K�2�i�?�Q�/ ���M�/ �B�i�b ���T�T�H�B�+���i�B�Q�M �Q�M �`�Q�H�H�B�M�; �2�H�2�K�2�M�i
�#�2���`�B�M�; �T�`�Q�;�M�Q�b�i�B�+�b�-�ô�C�Q�m�`�M���H �Q�7 �a�Q�m�M�/ ���M�/ �o�B�#� �̀��i�B�Q�M�- �p�Q�H�X �k�3�N�- �M�Q�X �9�-
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�T�T�X �R�y�e�e���R�y�N�y�- �6�2�#�X �d�- �k�y�y�e�-�B�b�b�M�, �y�y�k�k�@�9�e�y�s�X�/�Q�B�, �R�y�X�R�y�R�e�f�D�X�D�b�p�X
�k�y�y�8�X�y�j�X�y�y�d�X

�(�k�y�R�)�C�X �"�2�M ���H�B�- �G�X �a���B�/�B�- ���X �J�Q�m�2�H�?�B�- �"�X �*�?�2�#�2�H�@�J�Q�`�2�H�H�Q�- ���M�/ �6�X �6�M���B�2�+�?�-
�ó�G�B�M�2���` �7�2���i�m�`�2 �b�2�H�2�+�i�B�Q�M ���M�/ �+�H���b�b�B�}�+���i�B�Q�M �m�b�B�M�; �S�L�L ���M�/ �a�6���J
�M�2�m�`���H �M�2�i�r�Q�`�F�b �7�Q�` �� �M�2���`�H�v �Q�M�H�B�M�2 �/�B���;�M�Q�b�B�b �Q�7 �#�2���`�B�M�; �M���i�m�`���H�H�v
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�i�Q �2�t�i�`���+�i �M�Q�M�m�M�B�7�Q�`�K �G�"�S �T���i�i�2�`�M�b �r�B�i�? �:���#�Q�` �}�H�i�2�` �i�Q �B�M�+�`�2���b�2
�i�?�2 �`���i�2 �Q�7 �7���+�2 �b�B�K�B�H���`�B�i�v�-�ô �B�M�k�y�R�e �a�2�+�Q�M�/ �A�M�i�2�`�M���i�B�Q�M���H �*�Q�M�7�2� �̀2�M�+�2
�Q�M �*�Q�;�M�B�i�B�p�2 �*�Q�K�T�m�i�B�M�; ���M�/ �A�M�7�Q�`�K���i�B�Q�M �S� �̀Q�+�2�b�b�B�M�; �U�*�*�A�S�V�- ���m�;�X
�k�y�R�e�- �T�T�X �R���8�X�/�Q�B�, �R�y�X�R�R�y�N�f�*�*�A�S�X�k�y�R�e�X�d�3�y�k�3�d�3�X

�(�k�R�3�)���X �J�Q�B�M�- ���X �w�?�Q�m�- ���X �_���?�B�K�B�-�2�i ���H�X�- �ó�� �r�2���`���#�H�2 �#�B�Q�b�2�M�b�B�M�;
�b�v�b�i�2�K �r�B�i�? �B�M�@�b�2�M�b�Q�` ���/���T�i�B�p�2 �K���+�?�B�M�2 �H�2���`�M�B�M�; �7�Q�` �?���M�/ �;�2�b�i�m�`�2
�`�2�+�Q�;�M�B�i�B�Q�M�-�ô�L���i�m� �̀2 �1�H�2�+�i� �̀Q�M�B�+�b�- �p�Q�H�X �9�- �M�Q�X �R�- �T�T�X �8�9���e�j�- �R �C���M�X �k�y�k�R�-
�B�b�b�M�, �k�8�k�y�@�R�R�j�R�X�/�Q�B�, �R�y�X�R�y�j�3�f�b�9�R�N�k�3�@�y�k�y�@�y�y�8�R�y�@�3�X

�(�k�R�N�)�J�X �A�K���M�B�- ���X �_���?�B�K�B�- �.�X �E�Q�M�;�- �h�X �_�Q�b�B�M�;�- ���M�/ �C�X �J�X �_���#���2�v�-
�ó�1�t�T�H�Q�`�B�M�; �>�v�T�2�`�/�B�K�2�M�b�B�Q�M���H ���b�b�Q�+�B���i�B�p�2 �J�2�K�Q�`�v�-�ô �B�M�k�y�R�d �A�1�1�1
�A�M�i�2�`�M���i�B�Q�M���H �a�v�K�T�Q�b�B�m�K �Q�M �>�B�;�? �S�2�`�7�Q�`�K���M�+�2 �*�Q�K�T�m�i�2�` ��� �̀+�?�B�@
�i�2�+�i�m� �̀2 �U�>�S�*���V�- ���m�b�i�B�M�- �h�s�, �A�1�1�1�- �6�2�#�X �k�y�R�d�- �T�T�X �9�9�8���9�8�e�-�B�b�#�M�,
�N�d�3�@�R�@�8�y�N�y�@�9�N�3�8�@�R�X�/�Q�B�, �R�y�X�R�R�y�N�f�>�S�*���X�k�y�R�d�X�k�3�X

�(�k�k�y�)�a�X �J���+�?�- �6�X �a�+�?�m�B�F�B�- �6�X �w���`�m�#���- ���M�/ �G�X �"�2�M�B�M�B�- �ó�6�S�M�2�r�, ���M �P�T�2�M�@
�a�Q�m�`�+�2 �J�m�H�i�B�7�Q�`�K���i �6�H�Q���i�B�M�;�@�S�Q�B�M�i �l�M�B�i ���`�+�?�B�i�2�+�i�m�`�2 �7�Q�` �1�M�2�`�;�v�@
�S�`�Q�T�Q�`�i�B�Q�M���H �h�`���M�b�T�`�2�+�B�b�B�Q�M �*�Q�K�T�m�i�B�M�;�-�ô�A�1�1�1 �h� �̀��M�b���+�i�B�Q�M�b �Q�M �o�2�`�v
�G��� �̀;�2 �a�+���H�2 �A�M�i�2�;� �̀��i�B�Q�M �U�o�G�a�A�V �a�v�b�i�2�K�b�- �p�Q�H�X �k�N�- �M�Q�X �9�- �T�T�X �d�d�9���d�3�d�-
���T�`�X �k�y�k�R�-�B�b�b�M�, �R�8�8�d�@�N�N�N�N�X�/�Q�B�, �R�y�X�R�R�y�N�f�h�o�G�a�A�X�k�y�k�y�X�j�y�9�9�d�8�k�X

�(�k�k�R�)�s�X �.�B�M�;�- �s�X �w�?���M�;�- �L�X �J���- �C�X �>���M�- �:�X �.�B�M�;�- ���M�/ �C�X �a�m�M�- �ó�_�2�T�o�:�:�,
�J���F�B�M�; �o�:�:�@�b�i�v�H�2 �*�Q�M�p�L�2�i�b �:�`�2���i ���;���B�M�-�ô �B�M�k�y�k�R �A�1�1�1�f�*�o�6
�*�Q�M�7�2� �̀2�M�+�2 �Q�M �*�Q�K�T�m�i�2�` �o�B�b�B�Q�M ���M�/ �S���i�i�2�`�M �_�2�+�Q�;�M�B�i�B�Q�M �U�*�o�S�_�V�-
�C�m�M�X �k�y�k�R�- �T�T�X �R�j �d�k�3���R�j �d�j�d�X�/�Q�B�, �R�y�X�R�R�y�N�f�*�o�S�_�9�e�9�j�d�X�k�y�k�R�X�y�R�j�8�k�X

�(�k�k�k�)���X �:���`�Q�7���H�Q�- �J�X �_�m�b�+�B�- �6�X �*�Q�M�i�B�- �.�X �_�Q�b�b�B�- ���M�/ �G�X �"�2�M�B�M�B�- �ó�S�l�G�S�@�L�L�,
�� �*�Q�K�T�m�i�B�M�; �G�B�#�`���`�v �7�Q�` �Z�m���M�i�B�x�2�/ �L�2�m�`���H �L�2�i�r�Q�`�F �B�M�7�2�`�2�M�+�2 ���i �i�?�2
�2�/�;�2 �Q�M �_�A�a�*�@�o �"���b�2�/ �S���`���H�H�2�H �l�H�i�`�� �G�Q�r �S�Q�r�2�` �*�H�m�b�i�2�`�b�-�ô �B�M�k�y�R�N
�k�e�i�? �A�1�1�1 �A�M�i�2�`�M���i�B�Q�M���H �*�Q�M�7�2� �̀2�M�+�2 �Q�M �1�H�2�+�i� �̀Q�M�B�+�b�- �*�B� �̀+�m�B�i�b ���M�/
�a�v�b�i�2�K�b �U�A�*�1�*�a�V�- �L�Q�p�X �k�y�R�N�- �T�T�X �j�j���j�e�X�/�Q�B�, �R�y�X�R�R�y�N�f�A�*�1�*�a�9�e�8�N�e�X
�k�y�R�N�X�3�N�e�8�y�e�d�X

�(�k�k�j�) ���X �"�m�`�`�2�H�H�Q�- ���X �:���`�Q�7���H�Q�- �L�X �"�`�m�b�+�?�B�- �:�X �h���;�H�B���p�B�M�B�- �.�X �_�Q�b�b�B�- ���M�/
�6�X �*�Q�M�i�B�- �ó�.�P�_�u�, ���m�i�Q�K���i�B�+ �1�M�/�@�i�Q�@�1�M�/ �.�2�T�H�Q�v�K�2�M�i �Q�7 �_�2���H�@�q�Q�`�H�/
�.�L�L�b �Q�M �G�Q�r�@�*�Q�b�i �A�Q�h �J�*�l�b�-�ô�A�1�1�1 �h� �̀��M�b���+�i�B�Q�M�b �Q�M �*�Q�K�T�m�i�2�`�b�-
�T�T�X �R���R�- �k�y�k�R�X�/�Q�B�, �R�y�X�R�R�y�N�f�h�*�X�k�y�k�R�X�j�y�e�e�3�3�j�X

�(�k�k�9�)�>�X �*���B�- �G�X �w�?�m�- ���M�/ �a�X �>���M�- �ó�S�`�Q�t�v�H�2�b�b�L���a�, �.�B�`�2�+�i �L�2�m�`���H
���`�+�?�B�i�2�+�i�m�`�2 �a�2���`�+�? �Q�M �h���`�;�2�i �h���b�F ���M�/ �>���`�/�r���`�2�-�ô�*�Q�_�_�-
�p�Q�H�X ���#�b�f�R�3�R�k�X�y�y�j�j�k�- �k�y�R�3�X ���`�s�B�p�,�R�3�R�k�X�y�y�j�j�k�X
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�(�k�k�8�)�•�X �A�M�+�x�2�- �>�X�@�"�X �C���M�+�b�¦�- �w�X �a�x�B�H�€�;�v�B�- ���X �6���`�F���b�- ���M�/ �*�X �a�m�H�v�Q�F�- �ó�"�B�`�/
�b�Q�m�M�/ �`�2�+�Q�;�M�B�i�B�Q�M �m�b�B�M�; �� �+�Q�M�p�Q�H�m�i�B�Q�M���H �M�2�m�`���H �M�2�i�r�Q�`�F�-�ô �B�M�k�y�R�3
�A�1�1�1 �R�e�i�? �A�M�i�2�`�M���i�B�Q�M���H �a�v�K�T�Q�b�B�m�K �Q�M �A�M�i�2�H�H�B�;�2�M�i �a�v�b�i�2�K�b ���M�/
�A�M�7�Q�`�K���i�B�+�b �U�a�A�a�u�V�- �k�y�R�3�- �T�T�X �y�y�y �k�N�8���y�y�y �j�y�y�X�/�Q�B�, �R�y�X�R�R�y�N�f�a�A�a�u�X
�k�y�R�3�X�3�8�k�9�e�d�d�X

�(�k�k�e�)�"�X �w�?���M�;�- �u�X �w�?���M�;�- ���M�/ �a�X �q���M�;�- �ó�� �G�B�;�?�i�r�2�B�;�?�i ���M�/ �.�B�b�+�`�B�K�B�M���i�B�p�2
�J�Q�/�2�H �7�Q�` �_�2�K�Q�i�2 �a�2�M�b�B�M�; �a�+�2�M�2 �*�H���b�b�B�}�+���i�B�Q�M �q�B�i�? �J�m�H�i�B�/�B�H���i�B�Q�M
�S�Q�Q�H�B�M�; �J�Q�/�m�H�2�-�ô�A�1�1�1 �C�Q�m�`�M���H �Q�7 �a�2�H�2�+�i�2�/ �h�Q�T�B�+�b �B�M ���T�T�H�B�2�/ �1���`�i�?
�P�#�b�2�`�p���i�B�Q�M�b ���M�/ �_�2�K�Q�i�2 �a�2�M�b�B�M�;�- �p�Q�H�X �R�k�- �M�Q�X �3�- �T�T�X �k�e�j�e���k�e�8�j�- �k�y�R�N�X
�/�Q�B�, �R�y�X�R�R�y�N�f�C�a�h���_�a�X�k�y�R�N�X�k�N�R�N�j�R�d�X

�(�k�k�d�)�*�X �a�+�?�K�B�/�i�- �C�X �q�`�B�;�?�i�- �w�X �q���M�;�-�2�i ���H�X�- �ó�9�X�j ���M �1�B�;�?�i�@�*�Q�`�2
�R�X�9�9�:�>�x �_�A�a�*�@�o �o�2�+�i�Q�` �J���+�?�B�M�2 �B�M �R�e�M�K �6�B�M�6�1�h�-�ô �B�M�k�y�k�R �A�1�1�1
�A�M�i�2�`�M���i�B�Q�M���H �a�Q�H�B�/�@ �a�i���i�2 �*�B� �̀+�m�B�i�b �*�Q�M�7�2� �̀2�M�+�2 �U�A�a�a�*�*�V�- �p�Q�H�X �e�9�- �6�2�#�X
�k�y�k�R�- �T�T�X �8�3���e�y�X�/�Q�B�, �R�y�X�R�R�y�N�f�A�a�a�*�*�9�k�e�R�j�X�k�y�k�R�X�N�j�e�8�d�3�N�X

�(�k�k�3�)�.�X �"�Q�H�- �J�X �a�+�?�`���K�K�2�- �G�X �J�Q�`�2���m�-�2�i ���H�X�- �ó�a�H�2�2�T�_�m�M�M�2�`�, �� �k�3�@�M�K
�6�.�a�P�A �l�G�S �*�Q�`�i�2�t�@�J�y �J�*�l �q�B�i�? �l�G�G �a�_���J ���M�/ �l�6�"�_ �S�o�h
�*�Q�K�T�2�M�b���i�B�Q�M �7�Q�` �k�X�e���j�X�e�@�’�q�f�.�J�A�S�a �9�y���3�y�@�J�>�x ���+�i�B�p�2 �J�Q�/�2 ���M�/
�R�j�R�@�M�q�f�F�" �6�m�H�H�v �_�2�i�2�M�i�B�p�2 �.�2�2�T�@�a�H�2�2�T �J�Q�/�2�-�ô�A�1�1�1 �C�Q�m�`�M���H �Q�7
�a�Q�H�B�/�@�a�i���i�2 �*�B� �̀+�m�B�i�b�- �p�Q�H�X �8�e�- �M�Q�X �d�- �T�T�X �k�k�8�e���k�k�e�N�- �C�m�H�X �k�y�k�R�-�B�b�b�M�,
�R�8�8�3�@�R�d�j�s�X�/�Q�B�, �R�y�X�R�R�y�N�f�C�a�a�*�X�k�y�k�R�X�j�y�8�e�k�R�N�X

�(�k�k�N�)�1�X �6�H���K���M�/�- �.�X �_�Q�b�b�B�- �6�X �*�Q�M�i�B�-�2�i ���H�X�- �ó�:���S�@�3�, �� �_�A�a�*�@�o �a�Q�*
�7�Q�` ���A ���i �i�?�2 �2�/�;�2 �Q�7 �i�?�2 �A�Q�h�-�ô �B�M�k�y�R�3 �A�1�1�1 �k�N�i�? �A�M�i�2�`�M���i�B�Q�M���H
�*�Q�M�7�2� �̀2�M�+�2 �Q�M ���T�T�H�B�+���i�B�Q�M�@�a�T�2�+�B�}�+ �a�v�b�i�2�K�b�- ��� �̀+�?�B�i�2�+�i�m� �̀2�b ���M�/
�S� �̀Q�+�2�b�b�Q�`�b �U���a���S�V�- �k�y�R�3�- �T�T�X �R���9�X�/�Q�B�, �R�y �X �R�R�y�N �f ���a���S �X �k�y�R�3 �X
�3�9�9�8�R�y�R�X

�(�k�j�y�) ���X �:�?�Q�H���K�B�- �a�X �E�B�K�- �w�X �.�Q�M�;�- �w�X �u���Q�- �J�X �q�X �J���?�Q�M�2�v�- ���M�/ �E�X
�E�2�m�i�x�2�`�X �ó�� �a�m�`�p�2�v �Q�7 �Z�m���M�i�B�x���i�B�Q�M �J�2�i�?�Q�/�b �7�Q�` �1�{�+�B�2�M�i �L�2�m�`���H
�L�2�i�r�Q�`�F �A�M�7�2�`�2�M�+�2�X�ô ���`�s�B�p�,�k�R�y�j �X �R�j�e�j�y �(�+�b�)�X �U�C�m�M�X �k�R�- �k�y�k�R�V�-
�(�P�M�H�B�M�2�)�X ���p���B�H���#�H�2�,�?�i�i�T�,�f�f���`�t�B�p�X�Q�`�;�f���#�b�f�k�R�y�j�X�R�j�e�j�y�U�p�B�b�B�i�2�/ �Q�M
�y�9�f�R�y�f�k�y�k�j�V�- �T�`�2�T�`�B�M�i�X

�(�k�j�R�)�C�X �:�Q�K�2�x�- �a�X �S���i�2�H�- �a�X �a�X �a���`�r���`�-�2�i ���H�X�ó�.�B�b�i�`�B�#�m�i�2�/ �P�M�@�a�2�M�b�Q�`
�*�Q�K�T�m�i�2 �a�v�b�i�2�K �7�Q�` ���_�f�o�_ �.�2�p�B�+�2�b�, �� �a�2�K�B�@���M���H�v�i�B�+���H �a�B�K�m�H���i�B�Q�M
�6�`���K�2�r�Q�`�F �7�Q�` �S�Q�r�2�` �1�b�i�B�K���i�B�Q�M�X�ô ���`�s�B�p�,�k�k�y�j�X�y�d�9�d�9 �(�+�b�)�X �U�J���`�X �R�9�-
�k�y�k�k�V�- �(�P�M�H�B�M�2�)�X ���p���B�H���#�H�2�,�?�i�i�T �, �f �f ���`�t�B�p �X �Q�`�; �f ���#�b �f �k�k�y�j �X �y�d�9�d�9
�U�p�B�b�B�i�2�/ �Q�M �y�R�f�y�N�f�k�y�k�j�V�- �T�`�2�T�`�B�M�i�X

�(�k�j�k�) �>�X �J�m�`���F���K�B�- �1�X �"�Q�?���M�M�Q�M�- �C�X �*�?�B�H�/�b�-�2�i ���H�X�- �ó�� �9�X�N�J�T�B�t�2�H
�S�`�Q�;�`���K�K���#�H�2�@�_�2�b�Q�H�m�i�B�Q�M �J�m�H�i�B�@�S�m�`�T�Q�b�2 �*�J�P�a �A�K���;�2 �a�2�M�b�Q�` �7�Q�`
�*�Q�K�T�m�i�2�` �o�B�b�B�Q�M�-�ô �B�M�k�y�k�k �A�1�1�1 �A�M�i�2�`�M���i�B�Q�M���H �a�Q�H�B�/�@ �a�i���i�2 �*�B� �̀+�m�B�i�b
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