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�P�G �N�B�H�O�J�U�V�E�F �G�B�T�U�F�S �U�I�B�O �B�O �B�M�U�F�S�O�B�U�J�W�F �.�B�Q�3�F�E�V�D�F���C�B�T�F�E �T�D�I�F�N�F �<�)�V�T�B�J�O �����>�� �)2�3�%�'��

�F�B�T�J�M�Z �T�D�B�M�F�T �U�P ���� �C�J�M�M�J�P�O �U�S�J�Q�M�F�T �	�������5�#�
 �V�T�J�O�H �B �D�M�V�T�U�F�S �P�G ���� �7�.�T�
 �Q�S�P�W�J�E�J�O�H �M�J�O�F�B�S �T�D�B�M�B�C�J�M�J�U�Z

�J�O �U�F�S�N�T �P�G �U�I�F �B�N�P�V�O�U �P�G �B�W�B�J�M�B�C�M�F �S�F�T�P�V�S�D�F�T��

������ �"�S�D�I�J�U�F�D�U�V�S�F

�'�J�H�V�S�F�������Q�S�F�T�F�O�U�T �B�O �P�W�F�S�W�J�F�X �P�G �U�I�F �)2�3�%�'�� �<�1�B�Q�B�J�M�J�P�V �����
�1�B�Q�B�J�M�J�P�V �����> �B�S�D�I�J�U�F�D�U�V�S�F�� �s�F

�T�Z�T�U�F�N �V�T�F�T �)�#�B�T�F�¤�B�T �B �E�J�T�U�S�J�C�V�U�F�E �J�O�E�F�Y�J�O�H �T�V�C�T�U�S�B�U�F �G�P�S �M�B�S�H�F �U�S�J�Q�M�F �E�B�U�B�T�F�U�T�� �3�%�' �E�B�U�B �J�T �J�N��

�Q�P�S�U�F�E �J�O �)�#�B�T�F �U�I�S�P�V�H�I �B �C�V�M�L �J�N�Q�P�S�U �Q�S�P�D�F�T�T�� �6�T�F�S�T �B�S�F �B�C�M�F �U�P �Q�P�T�F �4�1�"�3�2�- �R�V�F�S�J�F�T �Q�B�S�T�F�E

�C�Z �B �+�F�O�B �<�$�B�S�S�P�M�M �����> �Q�B�S�T�F�S �U�I�B�U �D�I�F�D�L�T �U�I�F �R�V�F�S�Z �T�Z�O�U�B�Y �B�O�E �D�S�F�B�U�F�T �U�I�F �R�V�F�S�Z �H�S�B�Q�I�� �0�V�S

�+�P�J�O �1�M�B�O�O�F�S�B�O�E�&�Y�F�D�V�U�P�S�N�P�E�V�M�F�T �D�I�P�P�T�F �U�I�F �K�P�J�O �U�I�B�U �O�F�F�E�T �U�P �C�F �F�Y�F�D�V�U�F�E�
 �U�I�F �B�M�H�P�S�J�U�I�N �U�P

�C�F �V�T�F�E�
 �U�I�F �N�F�U�I�P�E �P�G �F�Y�F�D�V�U�J�P�O �	�D�F�O�U�S�B�M�J�[�F�E �P�S �E�J�T�U�S�J�C�V�U�F�E�
 �B�O�E �U�I�F �S�F�R�V�J�S�F�E �S�F�T�P�V�S�D�F�T �P�O �B

�Q�F�S���K�P�J�O �C�B�T�J�T�� �0�V�S �T�Z�T�U�F�N �J�T �B�W�B�J�M�B�C�M�F �B�T �B�O �P�Q�F�O���T�P�V�S�D�F �Q�S�P�K�F�D�U �B�O�E �P�	�F�S�T �3�%�' �E�B�U�B �J�O�E�F�Y�J�O�H

�B�O�E �4�1�"�3�2�- �R�V�F�S�Z�J�O�H �G�V�O�D�U�J�P�O�B�M�J�U�Z �B�T �X�F�M�M �B�T �B �V�T�F�S �G�S�J�F�O�E�M�Z �X�F�C���J�O�U�F�S�G�B�D�F��

�¤�K�W�W�S�V�������K�E�D�V�H���D�S�D�F�K�H���R�U�J��
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�'�J�H�V�S�F ��������H2RDF + �B�S�D�I�J�U�F�D�U�V�S�F

������ �*�O�E�F�Y�J�O�H �4�D�I�F�N�F

�*�O �U�I�J�T �T�F�D�U�J�P�O�
 �X�F �F�Y�Q�M�B�J�O �U�I�F �E�F�D�J�T�J�P�O�T �N�B�E�F �B�C�P�V�U �U�I�F �O�V�N�C�F�S �B�O�E �U�Z�Q�F �P�G �J�O�E�F�Y�F�T �V�T�F�E �J�O �P�V�S

�T�Z�T�U�F�N�� �"�M�U�I�P�V�H�I �N�P�T�U �T�U�B�U�F �P�G �U�I�F �B�S�U �D�F�O�U�S�B�M�J�[�F�E �3�%�' �T�U�P�S�F�T �V�T�F �D�P�N�C�J�O�B�U�J�P�O�T �P�G �)�F�Y�B�T�U�P�S�F��

�M�J�L�F �J�O�E�F�Y�F�T�
 �E�J�T�U�S�J�C�V�U�F�E �B�Q�Q�S�P�B�D�I�F�T �I�B�W�F �O�P�U �Z�F�U �U�B�L�F�O �B�E�W�B�O�U�B�H�F �P�G �U�I�J�T �U�F�D�I�O�J�R�V�F �U�P �P�	�F�S

�J�O�D�S�F�B�T�F�E �T�D�B�M�B�C�J�M�J�U�Z �B�O�E �G�B�T�U �R�V�F�S�Z�J�O�H�� �.�B�J�O�U�B�J�O�J�O�H �B�M�M �T�J�Y �Q�F�S�N�V�U�B�U�J�P�O�T �P�G �3�%�' �F�M�F�N�F�O�U�T�


�O�B�N�F�M�Z�T�Q�P�
 �Q�T�P�
 �Q�P�T�
 �P�Q�T�
 �P�T�Q�B�O�E�T�P�Q�
 �P�	�F�S�T �U�I�F �G�P�M�M�P�X�J�O�H �B�E�W�B�O�U�B�H�F�T�� �	���
 �"�M�M �4�1�"�3�2�- �U�S�J�Q�M�F

�Q�B�U�U�F�S�O�T �D�B�O �C�F �B�O�T�X�F�S�F�E �F�
�D�J�F�O�U�M�Z �V�T�J�O�H �B �T�J�O�H�M�F �J�O�E�F�Y �T�D�B�O �P�O �U�I�F �D�P�S�S�F�T�Q�P�O�E�J�O�H �J�O�E�F�Y�� �'�P�S

�F�Y�B�N�Q�M�F�
 �B �U�S�J�Q�M�F �Q�B�U�U�F�S�O �X�J�U�I �C�P�V�O�E �T�V�C�K�F�D�U �B�O�E �W�B�S�J�B�C�M�F �Q�S�F�E�J�D�B�U�F���P�C�K�F�D�U �D�B�O �C�F �B�O�T�X�F�S�F�E

�V�T�J�O�H �B �S�B�O�H�F �T�D�B�O �P�O �U�I�F�T�Q�P�P�S �U�I�F�T�P�Q�J�O�E�F�Y�� �	���
 �.�F�S�H�F �K�P�J�O�T �U�I�B�U �F�Y�Q�M�P�J�U �U�I�F �Q�S�F�D�P�N�Q�V�U�F�E

�P�S�E�F�S�J�O�H�T �D�B�O �C�F �F�Y�U�F�O�T�J�W�F�M�Z �F�N�Q�M�P�Z�F�E�� �s�F �F�Y�J�T�U�F�O�D�F �P�G �B�M�M �T�J�Y �J�O�E�F�Y�F�T �H�V�B�S�B�O�U�F�F�T �U�I�B�U �F�W�F�S�Z

�K�P�J�O �C�F�U�X�F�F�O �U�S�J�Q�M�F �Q�B�U�U�F�S�O�T �D�B�O �C�F �E�P�O�F �V�T�J�O�H �N�F�S�H�F �K�P�J�O�T�� �.�P�S�F �F�Y�Q�F�O�T�J�W�F �K�P�J�O �B�M�H�P�S�J�U�I�N�T �B�S�F

�O�F�F�E�F�E �P�O�M�Z �X�I�F�O �K�P�J�O�J�O�H �V�O�P�S�E�F�S�F�E �J�O�U�F�S�N�F�E�J�B�U�F �S�F�T�V�M�U�T�� �*�O �U�I�F �)2�3�%�'�� �D�B�T�F�
 �X�F �N�B�J�O�U�B�J�O

�C�P�U�I �P�G �U�I�F�T�F �Q�S�P�Q�F�S�U�J�F�T �X�I�J�M�F �N�P�W�J�O�H �U�P�X�B�S�E�T �B �E�J�T�U�S�J�C�V�U�F�E �B�O�E �T�D�B�M�B�C�M�F �F�O�W�J�S�P�O�N�F�O�U�� �8�F

�N�P�W�F �G�S�P�N �M�P�D�B�M �E�J�T�L �#+ ���U�S�F�F�T �U�P �E�J�T�U�S�J�C�V�U�F�E �L�F�Z���W�B�M�V�F �U�B�C�M�F�T �	�)�#�B�T�F�
 �B�O�E �G�S�P�N �D�F�O�U�S�B�M�J�[�F�E �U�P

�E�J�T�U�S�J�C�V�U�F�E�
 �.�B�Q�3�F�E�V�D�F���C�B�T�F�E�
 �K�P�J�O �Q�S�P�D�F�T�T�J�O�H��

���������� �)�#�B�T�F �*�O�E�F�Y�F�T

�)�#�B�T�F �J�T �B �E�J�T�U�S�J�C�V�U�F�E�
 �/�P�4�2�- �L�F�Z���W�B�M�V�F �T�U�P�S�F �U�I�B�U �D�B�O �I�B�O�E�M�F �M�B�S�H�F �B�N�P�V�O�U�T �P�G �E�B�U�B �V�T�J�O�H

�D�P�N�N�P�E�J�U�Z �N�B�D�I�J�O�F�T�� �)�#�B�T�F �U�B�C�M�F�T �B�S�F�
 �J�O �Q�S�B�D�U�J�D�F�
 �S�B�O�H�F �Q�B�S�U�J�U�J�P�O�F�E �T�P�S�U�F�E �L�F�Z���W�B�M�V�F �N�B�Q�T��

�*�O �P�V�S �T�Z�T�U�F�N�
 �X�F �V�T�F �B�O �)�#�B�T�F �U�B�C�M�F �G�P�S �F�B�D�I �J�O�E�F�Y�� �"�T �)�#�B�T�F �V�T�F�T �B �L�F�Z���W�B�M�V�F �N�P�E�F�M�
 �P�V�S

�J�O�E�F�Y�F�T �T�U�P�S�F �B�M�M �U�S�J�Q�M�F�T �J�O �L�F�Z�T �B�O�E �M�F�B�W�F �U�I�F �W�B�M�V�F�T �F�N�Q�U�Z��

����



�3�%�' �U�S�J�Q�M�F�T �D�P�O�U�B�J�O �M�P�O�H �T�U�S�J�O�H �6�3�*�T �B�O�E �M�J�U�F�S�B�M�T �U�I�B�U �D�B�O �B�E�E �B �M�P�U �P�G �T�Q�B�D�F �P�W�F�S�I�F�B�E�
 �F�T��

�Q�F�D�J�B�M�M�Z �J�O �U�I�F �D�B�T�F �P�G �N�V�M�U�J�Q�M�F �J�O�E�F�Y�F�T�� �5�P �B�D�I�J�F�W�F �B �T�Q�B�D�F���F�
�D�J�F�O�U �J�N�Q�M�F�N�F�O�U�B�U�J�P�O�
 �X�F �V�T�F

�*�%�T �J�O�T�U�F�B�E �P�G �T�U�S�J�O�H�T �B�O�E �L�F�F�Q �U�X�P �T�F�Q�B�S�B�U�F �)�#�B�T�F �U�B�C�M�F�T �U�I�B�U �X�P�S�L �B�T �E�J�D�U�J�P�O�B�S�J�F�T �U�P �U�S�B�O�T�M�B�U�F

�T�U�S�J�O�H �W�B�M�V�F�T �U�P �*�%�T �B�O�E �W�J�D�F �W�F�S�T�B�� �s�J�T �N�B�Q�Q�J�O�H �G�S�P�N �T�U�S�J�O�H���C�B�T�F�E �*�%�T �U�P �C�Z�U�F���C�B�T�F�E �*�%�T �J�T

�D�S�F�B�U�F�E �E�V�S�J�O�H �E�B�U�B �J�N�Q�P�S�U �X�J�U�I �S�F�T�Q�F�D�U �U�P �U�I�F �P�D�D�V�S�S�F�O�D�F �G�S�F�R�V�F�O�D�J�F�T �P�G �U�I�F �T�U�S�J�O�H �M�J�U�F�S�B�M�T �J�O

�U�I�F �E�B�U�B�T�F�U�� �" �W�F�S�Z �G�S�F�R�V�F�O�U �Q�S�F�E�J�D�B�U�F �X�J�M�M �H�F�U �B�O �*�% �X�J�U�I �W�B�M�V�F �D�M�P�T�F �U�P �[�F�S�P�� �*�O �P�S�E�F�S �U�P �U�B�L�F

�B�E�W�B�O�U�B�H�F �P�G �U�I�F �G�S�F�R�V�F�O�D�Z �S�F�M�B�U�F�E �*�%�T �X�F �B�Q�Q�M�Z �C�Z�U�F���M�F�W�F�M�
 �W�B�S�J�B�C�M�F���M�F�O�H�U�I �F�O�D�P�E�J�O�H �X�I�F�O �T�U�P�S��

�J�O�H �*�%�T �J�O �)�#�B�T�F�� �7�B�S�J�B�C�M�F �M�F�O�H�U�I �F�O�D�P�E�J�O�H �M�F�B�E�T �U�P �T�N�B�M�M�F�S �C�Z�U�F �S�F�Q�S�F�T�F�O�U�B�U�J�P�O�T �G�P�S �G�S�F�R�V�F�O�U�M�Z

�V�T�F�E �W�B�M�V�F�T �B�O�E �U�I�V�T �B�D�I�J�F�W�F�T �I�J�H�I �D�P�N�Q�S�F�T�T�J�P�O��

���������� �*�O�E�F�Y �4�U�B�U�J�T�U�J�D�T

�"�Q�B�S�U �G�S�P�N �U�I�F �T�J�Y �J�O�E�F�Y�F�T �E�F�T�D�S�J�C�F�E �B�C�P�W�F�
 �X�F �L�F�F�Q �B�H�H�S�F�H�B�U�F�E �J�O�E�F�Y �T�U�B�U�J�T�U�J�D�T �U�I�B�U �D�B�O �C�F

�V�T�F�E �U�P �F�T�U�J�N�B�U�F �U�S�J�Q�M�F �Q�B�U�U�F�S�O �T�F�M�F�D�U�J�W�J�U�Z �B�T �X�F�M�M �B�T �K�P�J�O �P�V�U�Q�V�U �T�J�[�F �B�O�E �K�P�J�O �D�P�T�U�� �8�F �I�B�W�F �U�X�P

�D�B�U�F�H�P�S�J�F�T �P�G �B�H�H�S�F�H�B�U�F�E �J�O�E�F�Y�F�T��

���� �8�J�U�I �U�X�P �P�V�U �P�G �U�I�F �U�I�S�F�F �U�S�J�Q�M�F �F�M�F�N�F�O�U�T �C�P�V�O�E�
 �O�B�N�F�M�Z�T�Q�@�P�
 �Q�T�@�P�
 �Q�P�@�T�
 �P�Q�@�T�
 �P�T�@�Q�B�O�E

�T�P�@�Q�� �'�P�S �F�Y�B�N�Q�M�F�
 �U�I�F�T�Q�@�P�U�B�C�M�F �D�P�O�U�B�J�O�T �B �T�F�U �P�G �	�T�V�C�K�F�D�U�
 �Q�S�F�E�J�D�B�U�F�
 �D�P�V�O�U�
 �L�F�Z���W�B�M�V�F�T�


�X�F�S�F �U�I�F �D�P�V�O�U �S�F�Q�S�F�T�F�O�U�T �U�I�F �O�V�N�C�F�S �P�G �U�S�J�Q�M�F�T �U�I�B�U �D�P�O�U�B�J�O �U�I�F �S�F�T�Q�F�D�U�J�W�F �D�P�N�C�J�O�B�U�J�P�O

�P�G �T�V�C�K�F�D�U�
 �Q�S�F�E�J�D�B�U�F��

���� �8�J�U�I �P�O�F �C�P�V�O�E �F�M�F�N�F�O�U�
 �O�B�N�F�M�Z�T�@�Q�P�
 �Q�@�T�P�
 �Q�@�P�T�
 �P�@�Q�T�
 �P�@�T�Q�B�O�E�T�@�P�Q�� �'�P�S �F�Y�B�N�Q�M�F �U�I�F

�Q�@�T�P�J�O�E�F�Y �D�P�O�U�B�J�O�T �B �T�F�U �P�G �	�Q�S�F�E�J�D�B�U�F�
 �D�P�V�O�U�
 �B�W�F�S�B�H�F�
 �L�F�Z���W�B�M�V�F�T�
 �X�I�F�S�F �D�P�V�O�U �J�T �U�I�F
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�W�F�S�T�J�U�J�F�T�
 �F�B�D�I �P�G �U�I�F�N �X�J�U�I ���� �E�F�Q�B�S�U�N�F�O�U�T �P�O �B�W�F�S�B�H�F �B�O�E �������, �T�U�V�E�F�O�U�T�
 �B �S�P�X���P�S�J�F�O�U�F�E
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�"�M�H�P�S�J�U�I�N �����) 2�3�%�'�� � �����������"

���� V % { v1, v1, . . . , vn } �����K�P�J�O �W�B�S�J�B�C�M�F�T
���� T Q % { tq1, tq1, . . . , tqm } �����U�S�J�Q�M�F �R�V�F�S�J�F�T
���� �����5�2�	v�
 �U�S�J�Q�M�F �R�V�F�S�J�F�T �U�I�B�U �D�P�O�U�B�J�O �W�B�S�J�B�C�M�Fv
���� �X�I�J�M�FV &= empty �E�P
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���� vjoin % min vi ! V { Greedy(vi , T Q(vi )) }
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������ �J�G�+�T�U�S�V�D�U.executionT ype() = �.�3 �U�I�F�O
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�"�M�H�P�S�J�U�I�N ����Greedy(v, T Q)
���� �����5�2�D�P�O�U�B�J�O�T �U�I�F �U�S�J�Q�M�F �R�V�F�S�J�F�T �U�P �C�F �K�P�J�O�F�E
���� �����4�Q�M�J�U�5�2�J�O �T�D�B�O�T �B�O�E �J�O�U�F�S�N�F�E�J�B�U�F �S�F�T�V�M�U�T
���� (Q, I ) % splitPatterns (TQ)
���� �J�GI &= empty �U�I�F�O
���� �����4�P�S�U���N�F�S�H�F �K�P�J�O
���� cost % �4�.�+�D�P�T�U(Q, I )
���� �F�M�T�F
���� �����.�F�S�H�F �K�P�J�O
���� cost % �.�+�D�P�T�U(Q)

������ �F�O�E �J�G
������ �����$�P�N�Q�V�U�F �.�B�Q�3�F�E�V�D�F �$�P�T�U
������ �.�3�D�P�T�U% cost/ �N�J�O(patitions, mappers ) + �.�3�P�W�F�S�I�F�B�E
������ �J�Gcost < �.�3�D�P�T�U�U�I�F�O
������ �+�T�U�S�V�D�U.addExecutionT ype(Cent)
������ �S�F�U�V�S�Ocost
������ �F�M�T�F
������ �+�T�U�S�V�D�U.addExecutionT ype(�.�3 )
������ �S�F�U�V�S�O�.�3�D�P�T�U
������ �F�O�E �J�G

���������� �&�M�B�T�U�J�D �&�Y�F�D�V�U�J�P�O

�*�O �U�I�J�T �T�F�D�U�J�P�O�
 �X�F �G�P�D�V�T �P�O �U�I�F �S�F�T�P�V�S�D�F �B�E�B�Q�U�J�W�J�U�Z �Q�S�P�Q�F�S�U�J�F�T �P�	�F�S�F�E �C�Z �P�V�S �T�Z�T�U�F�N�� �)2�3�%�'��

�J�T �B�C�M�F �U�P �E�F�D�J�E�F�
 �P�O �U�I�F �n�Z�
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������ �*�O�U�S�P�E�V�D�U�J�P�O

�s�F �T�D�I�F�N�B���G�S�F�F �O�B�U�V�S�F �P�G �3�%�' �E�B�U�B �B�M�M�P�X�T �U�I�F �G�P�S�N�B�U�J�P�O �P�G �B �D�P�N�N�P�O �E�B�U�B �G�S�B�N�F�X�P�S�L �U�I�B�U
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 �T�U�P�S�F�E �B�O�E �R�V�F�S�J�F�E�
 �F�W�F�O �P�V�U�T�J�E�F �U�I�F �Q�V�S�F�M�Z �B�D�B�E�F�N�J�D �S�F�B�M�N�–�¤�B�O�E �D�P�O�T�F��

�R�V�F�O�U�M�Z �U�P �U�I�F �E�F�W�F�M�P�Q�N�F�O�U �P�G �N�B�O�Z �3�%�' �T�U�P�S�F�T �<�8�F�J�T�T �����
�/�F�V�N�B�O�O �����B�
�;�F�O�H �����
�"�U�S�F �����
�1�B��

�Q�B�J�M�J�P�V �����
�#�P�O�T�U�S�P�N �����> �U�I�B�U �U�B�S�H�F�U �3�%�' �J�O�E�F�Y�J�O�H �B�O�E �I�J�H�I �4�1�"�3�2�- �R�V�F�S�Z�J�O�H �Q�F�S�G�P�S�N�B�O�D�F��

�)�P�X�F�W�F�S�
 �U�I�F �N�P�W�F �G�S�P�N �U�I�F �T�D�I�F�N�B���E�F�Q�F�O�E�F�O�U �4�2�- �E�B�U�B �U�P �U�I�F �T�D�I�F�N�B���G�S�F�F �3�%�' �E�B�U�B �I�B�T

�J�O�U�S�P�E�V�D�F�E �O�F�X �J�O�E�F�Y�J�O�H �B�O�E �R�V�F�S�Z�J�O�H �D�I�B�M�M�F�O�H�F�T �B�O�E �N�B�E�F �B �M�P�U �P�G �U�I�F �X�F�M�M���L�O�P�X�O �S�F�M�B�U�J�P�O�B�M

�E�B�U�B�C�B�T�F �P�Q�U�J�N�J�[�B�U�J�P�O�T �V�O�V�T�B�C�M�F�� �*�O �G�B�D�U�
 �3�%�' �E�B�U�B�C�B�T�F�T �B�T�T�V�N�F �M�J�N�J�U�F�E �L�O�P�X�M�F�E�H�F �P�G �U�I�F �E�B�U�B

�T�U�S�V�D�U�V�S�F �N�B�J�O�M�Z �J�O �U�I�F �G�P�S�N �P�G �3�%�'�4 �U�S�J�Q�M�F�T �<�#�S�J�D�L�M�F�Z �����>�� �)�P�X�F�W�F�S�
 �3�%�'�4 �J�O�G�P�S�N�B�U�J�P�O �J�T

�O�P�U �B�T �S�J�D�I �B�O�E �P�C�M�J�H�B�U�P�S�Z �B�T �U�I�F �4�2�- �T�D�I�F�N�B�� �J�U �D�B�O �C�F �J�O�D�P�N�Q�M�F�U�F �B�O�E �D�I�B�O�H�F �S�B�Q�J�E�M�Z �B�M�P�O�H

�X�J�U�I �U�I�F �E�B�U�B�T�F�U�� �s�F�S�F�G�P�S�F�
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�T�I�P�X �U�I�B�U �P�V�S �D�B�D�I�J�O�H �G�S�B�N�F�X�P�S�L �J�T �B�C�M�F �U�P �F�	�F�D�U�J�W�F�M�Z �P�Q�U�J�N�J�[�F �D�P�N�Q�M�F�Y �4�1�"�3�2�- �R�V�F�S�J�F�T �B�O�E

�B�V�U�P�N�B�U�J�D�B�M�M�Z �E�F�U�F�D�U�
 �D�B�D�I�F �B�O�E �V�U�J�M�J�[�F �4�1�"�3�2�- �R�V�F�S�Z �S�F�T�V�M�U�T�� �s�F �Q�S�P�Q�P�T�F�E �R�V�F�S�Z �T�J�N�Q�M�J��

�m�D�B�U�J�P�O �B�Q�Q�S�P�B�D�I �T�V�C�T�U�B�O�U�J�B�M�M�Z �J�N�Q�S�P�W�F�T �U�I�F �R�V�F�S�Z �P�Q�U�J�N�J�[�B�U�J�P�O �B�O�E �D�B�D�I�F�E �S�F�T�V�M�U �E�J�T�D�P�W�F�S�Z

�P�W�F�S�I�F�B�E�T�� �6�T�J�O�H �R�V�F�S�Z �B�C�T�U�S�B�D�U�J�P�O �B�O�E�Q�S�P�m�U�B�C�M�F�S�F�T�V�M�U �D�B�D�I�J�O�H�
 �X�F �J�N�Q�S�P�W�F �D�B�D�I�F �V�U�J�M�J�[�B�U�J�P�O�


�B�D�I�J�F�W�J�O�H �V�Q �U�P �U�I�S�F�F �P�S�E�F�S�T �P�G �N�B�H�O�J�U�V�E�F �T�Q�F�F�E�V�Q�T �G�P�S �T�F�W�F�S�B�M �X�P�S�L�M�P�B�E�T �B�O�E �E�B�U�B�T�F�U�T��

������ �4�1�"�3�2�- �R�V�F�S�Z �T�J�N�Q�M�J�m�D�B�U�J�P�O

�s�F�S�F �B�S�F �U�X�P �D�P�N�N�P�O �X�B�Z�T �P�G �S�F�Q�S�F�T�F�O�U�J�O�H �B �4�1�"�3�2�- �R�V�F�S�Z�� �*�O �U�I�F �P�O�F�
 �X�F �I�B�W�F �U�I�F �4�1�"�3�2�-

�R�V�F�S�Z �H�S�B�Q�I �S�F�Q�S�F�T�F�O�U�B�U�J�P�O �J�O �X�I�J�D�I �O�P�E�F�T �E�F�O�P�U�F �R�V�F�S�Z �W�B�S�J�B�C�M�F�T �X�I�J�M�F �F�E�H�F�T �S�F�Q�S�F�T�F�O�U �U�S�J�Q�M�F

�Q�B�U�U�F�S�O�T �U�I�B�U �D�P�O�O�F�D�U �U�I�F�N�� �s�J�T �T�U�S�V�D�U�V�S�F �G�P�M�M�P�X�T �U�I�F �H�S�B�Q�I �C�B�T�F�E �O�B�U�V�S�F �P�G �U�I�F �3�%�' �E�B�U�B

�B�O�E �E�F�Q�J�D�U�T �U�I�F �T�V�C�H�S�B�Q�I �Q�B�U�U�F�S�O �U�I�B�U �O�F�F�E�T �U�P �C�F �F�Y�U�S�B�D�U�F�E �G�S�P�N �U�I�F �V�O�E�F�S�M�Z�J�O�H �E�B�U�B�T�F�U�� �'�P�S

�F�Y�B�N�Q�M�F�
 �'�J�H���������E�F�Q�J�D�U�T �U�I�F �4�1�"�3�2�- �R�V�F�S�Z �H�S�B�Q�I �P�G �U�I�F �G�P�M�M�P�X�J�O�H �R�V�F�S�Z��
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�(�[�D�P�S�O�H���T�X�H�U�\Qe��

�V�H�O�H�F�W���
���Z�K�H�U�H���^

�"�S�U�R�I���W�\�S�H���3�U�R�I�H�V�V�R�U���� ���S����

�"�S�U�R�I���I�X�O�O�1�D�P�H���"�S�1�D�P�H�� ���S����

�"�S�U�R�I���H�P�D�L�O�$�G�G�U�H�V�V���"�S�(�P�D�L�O���� ���S����

�"�S�U�R�I���Z�R�U�N�V�)�R�U���µ�0�,�7�µ���� ���S����

�"�S�U�R�I���D�X�W�K�R�U���"�S�D�S�H�U���� ���S����

�"�S�U�R�I���D�G�Y�L�V�R�U���"�V�W���� ���S����

�"�V�W���D�X�W�K�R�U���"�S�D�S�H�U���� ���S����

�"�V�W���I�X�O�O�1�D�P�H���"�V�W�1�D�P�H���� ���S����

�"�V�W���H�P�D�L�O�$�G�G�U�H�V�V���"�V�W�(�P�D�L�O���� ���S����

�"�V�W���V�W�X�G�L�H�V�,�Q���µ�+�D�U�Y�D�U�G�µ���� ���S������

�"�V�W���W�\�S�H���*�U�D�G�X�D�W�H�6�W�X�G�H�Q�W���� ���S�������`

�"�O�P�U�I�F�S �X�B�Z �P�G �S�F�Q�S�F�T�F�O�U�J�O�H �B �4�1�"�3�2�- �R�V�F�S�Z �J�T �U�I�F�K�P�J�O �H�S�B�Q�I�� �*�O �U�I�J�T �S�F�Q�S�F�T�F�O�U�B�U�J�P�O�


�F�W�F�S�Z �U�S�J�Q�M�F �Q�B�U�U�F�S�O �P�G �U�I�F �R�V�F�S�Z �J�T �U�V�S�O�F�E �J�O�U�P �B �O�P�E�F �B�O�E �U�X�P �O�P�E�F�T �B�S�F �D�P�O�O�F�D�U�F�E �J�G �U�I�F�Z

�T�I�B�S�F �B �D�P�N�N�P�O �R�V�F�S�Z �W�B�S�J�B�C�M�F�� �s�F�S�F�G�P�S�F�
 �O�P�E�F�T �S�F�Q�S�F�T�F�O�U �T�D�B�O�T �P�G �U�I�F �E�B�U�B�T�F�U �U�I�B�U �S�F�U�S�J�F�W�F

�U�I�F �U�S�J�Q�M�F�T �U�I�B�U �N�B�U�D�I �X�J�U�I �U�I�F �S�F�T�Q�F�D�U�J�W�F �U�S�J�Q�M�F �Q�B�U�U�F�S�O�� �s�F �F�E�H�F�T �P�G �U�I�F �H�S�B�Q�I �D�P�S�S�F�T�Q�P�O�E �U�P

�U�I�F �K�P�J�O�T �U�I�B�U �O�F�F�E �U�P �C�F �Q�F�S�G�P�S�N�F�E �J�O �P�S�E�F�S �U�P �B�O�T�X�F�S �U�I�F �R�V�F�S�Z�� �s�J�T �H�S�B�Q�I �S�F�T�F�N�C�M�F�T �U�I�F �K�P�J�O

�H�S�B�Q�I�T �V�T�F�E �G�P�S �R�V�F�S�Z �P�Q�U�J�N�J�T�B�U�J�P�O �J�O �U�S�B�E�J�U�J�P�O�B�M �S�F�M�B�U�J�P�O�B�M �R�V�F�S�Z �P�Q�U�J�N�J�[�F�S�T�� �'�P�S �P�V�S �F�Y�B�N�Q�M�F

�U�I�F �K�P�J�O �H�S�B�Q�I �P�GQe �J�T �Q�S�F�T�F�O�U�F�E �J�O �'�J�H��������
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�'�J�H�V�S�F ���������+�P�J�O �H�S�B�Q�I �G�P�SQe

�'�J�O�E�J�O�H �U�I�F �P�Q�U�J�N�B�M �K�P�J�O �F�Y�F�D�V�U�J�P�O �Q�M�B�O �G�P�S �B �4�1�"�3�2�- �R�V�F�S�Z �J�T �B �W�F�S�Z �D�I�B�M�M�F�O�H�J�O�H �U�B�T�L �E�V�F

�U�P �U�I�F �D�P�N�Q�M�F�Y�J�U�Z �P�G �U�I�F �4�1�"�3�2�- �K�P�J�O �H�S�B�Q�I�T�� �"�T �N�F�O�U�J�P�O�F�E �C�F�G�P�S�F�
 �4�1�"�3�2�- �R�V�F�S�J�F�T �B�S�F �W�F�S�Z

�W�F�S�C�P�T�F �B�O�E �D�B�O �D�P�O�U�B�J�O �B�T �N�V�D�I �B�T ���� �Q�B�U�U�F�S�O�T�� �3�V�O�O�J�O�H �E�Z�O�B�N�J�D �Q�S�P�H�S�B�N�N�J�O�H �Q�M�B�O�O�F�S�T �B�O�E
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�D�I�F�D�L�J�O�H �B�M�M �Q�P�T�T�J�C�M�F �R�V�F�S�Z �Q�M�B�O�T �G�P�S �R�V�F�S�Z �H�S�B�Q�I�T �X�J�U�I �N�P�S�F �U�I�B�O ���� �Q�B�U�U�F�S�O�T �C�F�D�P�N�F�T �Q�S�P��

�I�J�C�J�U�J�W�F �G�P�S �T�U�B�U�F���P�G���U�I�F���B�S�U �R�V�F�S�Z �Q�M�B�O�O�F�S�T �<�(�V�C�J�D�I�F�W �����
�1�B�Q�B�J�M�J�P�V �����>�� �'�V�S�U�I�F�S�N�P�S�F�
 �4�1�"�3�2�-

�R�V�F�S�J�F�T �B�S�F �E�F�T�D�S�J�C�F�E �J�O �U�I�F �Q�S�J�N�J�U�J�W�F �3�%�' �H�S�B�Q�I �G�P�S�N�B�U�� �s�J�T �M�B�D�L �P�G �L�O�P�X�M�F�E�H�F �P�G �U�I�F �E�B�U�B�T�F�U

�T�D�I�F�N�B �B�O�E �J�U�T �H�S�P�V�Q�J�O�H �Q�S�P�Q�F�S�U�J�F�T�
 �S�F�T�V�M�U�T �J�O �S�F�D�P�O�T�U�S�V�D�U�J�P�O �P�G �G�S�F�R�V�F�O�U �E�B�U�B �Q�B�U�U�F�S�O�T �G�P�S �F�B�D�I

�R�V�F�S�Z �V�T�J�O�H �K�P�J�O�T�� �'�P�S �F�Y�B�N�Q�M�F�
 �B �G�S�F�R�V�F�O�U �Q�S�P�C�M�F�N �J�T �U�I�F �B�U�U�S�J�C�V�U�F �S�F�U�S�J�F�W�B�M �G�P�S �B �D�F�S�U�B�J�O �S�F�D�P�S�E

�	�F���H���
 �O�B�N�F�
 �F�N�B�J�M�
 �Q�I�P�O�F �O�V�N�C�F�S �G�P�S �B �Q�S�P�G�F�T�T�P�S�
�� �8�I�J�M�F �U�I�J�T �R�V�F�S�Z �X�P�V�M�E �S�F�R�V�J�S�F �P�O�F �m�M�U�F�S�J�O�H

�P�Q�F�S�B�U�J�P�O �P�O �U�P�Q �P�G �B �U�B�C�M�F �V�T�J�O�H �U�S�B�E�J�U�J�P�O�B�M �S�F�M�B�U�J�P�O�B�M �E�B�U�B�C�B�T�F�T�
 �J�O �4�1�"�3�2�- �J�U �J�T �E�F�T�D�S�J�C�F�E �B�T

�B �T�U�B�S �H�S�B�Q�I �Q�B�U�U�F�S�O �U�I�B�U �O�F�F�E�T �U�P �C�F �D�P�O�T�U�S�V�D�U�F�E �G�S�P�N �J�O�E�F�Y �T�D�B�O�T�
 �P�G �Q�S�J�N�J�U�J�W�F �3�%�' �F�E�H�F�T�


�V�T�J�O�H �K�P�J�O�T��

�4�U�B�S �Q�B�U�U�F�S�O�T �B�S�F �W�F�S�Z �D�P�N�N�P�O �B�O�E �X�J�E�F�M�Z �V�T�F�E �J�O �4�1�"�3�2�- �R�V�F�S�Z �H�S�B�Q�I�T �<�(�V�C�J�D�I�F�W �����>��

�4�U�B�S �4�1�"�3�2�- �H�S�B�Q�I �Q�B�U�U�F�S�O�T �B�S�F �U�S�B�O�T�G�P�S�N�F�E �U�P �D�M�J�R�V�F�T �J�O �U�I�F �K�P�J�O �H�S�B�Q�I �S�F�Q�S�F�T�F�O�U�B�U�J�P�O�� �s�J�T �J�T

�E�V�F �U�P �U�I�F �G�B�D�U �U�I�B�U�B�M�M�U�I�F�J�S �U�S�J�Q�M�F �Q�B�U�U�F�S�O�T �O�F�F�E �U�P �C�F �K�P�J�O�F�E �X�J�U�I �S�F�T�Q�F�D�U �U�P �U�I�F�J�S �D�P�N�N�P�O �R�V�F�S�Z

�W�B�S�J�B�C�M�F�� �2�V�F�S�Z �Q�M�B�O�O�F�S�T �V�T�F �U�I�F �K�P�J�O �H�S�B�Q�I �S�F�Q�S�F�T�F�O�U�B�U�J�P�O �U�P �m�O�E �U�I�F �P�Q�U�J�N�B�M �F�Y�F�D�V�U�J�P�O �Q�M�B�O

�B�O�E �U�I�V�T �M�B�S�H�F �D�M�J�R�V�F�T�
 �Q�S�F�T�F�O�U �J�O �U�I�F �K�P�J�O �H�S�B�Q�I�
 �M�F�B�E �U�P �B �X�P�S�T�U �D�B�T�F �F�Y�Q�P�O�F�O�U�J�B�M �D�P�N�Q�M�F�Y�J�U�Z �G�P�S

�E�Z�O�B�N�J�D �Q�S�P�H�S�B�N�N�J�O�H �Q�M�B�O�O�F�S�T �<�.�P�F�S�L�P�U�U�F �����>�� �$�B�O�P�O�J�D�B�M �M�B�C�F�M�M�J�O�H �P�G �4�1�"�3�2�- �R�V�F�S�J�F�T�
 �V�T�F�E

�G�P�S �E�F�U�F�D�U�J�O�H �V�T�B�C�M�F �D�B�D�I�F�E �S�F�T�V�M�U�T�
 �J�T �B�M�T�P �C�B�T�F�E �P�O �U�I�F �K�P�J�O �H�S�B�Q�I �S�F�Q�S�F�T�F�O�U�B�U�J�P�O�� �"�T �T�I�P�X�O

�J�O �<�1�B�Q�B�J�M�J�P�V �����>�
 �C�P�U�I �D�B�O�P�O�J�D�B�M �M�B�C�F�M�M�J�O�H �B�O�E �U�I�F �F�Y�U�F�O�E�F�E �E�Z�O�B�N�J�D �Q�S�P�H�S�B�N�N�J�O�H �Q�M�B�O�O�F�S

�U�I�B�U �D�I�F�D�L�T �U�I�F �V�T�B�C�J�M�J�U�Z �P�G �D�B�D�I�F�E �S�F�T�V�M�U�T �G�B�D�F �F�Y�Q�P�O�F�O�U�J�B�M �D�P�N�Q�M�F�Y�J�U�Z �G�P�S �U�I�F �D�P�N�N�P�O�M�Z �V�T�F�E

�4�1�"�3�2�- �T�U�B�S �R�V�F�S�Z �Q�B�U�U�F�S�O�T��

�)�P�X�F�W�F�S�
 �T�U�B�S �R�V�F�S�Z �Q�B�U�U�F�S�O �P�Q�U�J�N�J�[�B�U�J�P�O �I�B�W�F �C�F�F�O �T�V�D�D�F�T�T�G�V�M�M�Z �U�B�D�L�M�F�E�� �.�P�T�U �P�G �U�I�F �T�U�B�U�F��

�P�G���U�I�F���B�S�U �3�%�' �E�B�U�B�T�U�P�S�F�T �J�O�E�F�Y �3�%�' �E�B�U�B �V�T�J�O�H �N�V�M�U�J�Q�M�F �P�S �B�M�M �D�P�N�C�J�O�B�U�J�P�O �P�G �4�V�C�K�F�D�U�
 �1�S�F�E��

�J�D�B�U�F�
 �0�C�K�F�D�U �P�S�E�F�S�J�O�H �Q�F�S�N�V�U�B�U�J�P�O�T �<�8�F�J�T�T �����
�/�F�V�N�B�O�O �����B�
�1�B�Q�B�J�M�J�P�V �����>�� �4�J�O�D�F �U�I�F �J�O�Q�V�U

�E�B�U�B �D�B�O �C�F �S�F�U�S�J�F�W�F�E �J�O �T�F�W�F�S�B�M �P�S�E�F�S�J�O�H�T�
 �U�I�F �N�P�T�U �C�F�O�F�m�D�J�B�M �R�V�F�S�Z �Q�M�B�O �G�P�S �B �T�U�B�S �R�V�F�S�Z �J�T �J�O

�N�P�T�U �D�B�T�F�T �B �T�F�R�V�F�O�D�F �P�G �U�X�P���X�B�Z �N�F�S�H�F �K�P�J�O�T �<�/�F�V�N�B�O�O �����B�
�(�V�C�J�D�I�F�W �����> �P�S �B �N�V�M�U�J���X�B�Z

�N�F�S�H�F �K�P�J�O �<�1�B�Q�B�J�M�J�P�V �����>�� �*�O �U�I�F �D�B�T�F �P�G �N�V�M�U�J���X�B�Z �N�F�S�H�F �K�P�J�O�T �<�1�B�Q�B�J�M�J�P�V �����> �U�I�F�S�F �J�T �B�D�U�V�B�M�M�Z

�O�P �B�M�U�F�S�O�B�U�J�W�F �K�P�J�O �F�Y�F�D�V�U�J�P�O �Q�M�B�O �G�P�S �B�O�T�X�F�S�J�O�H �U�I�F �R�V�F�S�Z�� �"�E�E�J�U�J�P�O�B�M�M�Z�
 �X�I�F�O �V�T�J�O�H �B �T�F�R�V�F�O�D�F

�P�G �U�X�P���X�B�Z �N�F�S�H�F���K�P�J�O�T �<�/�F�V�N�B�O�O �����B�>�
 �I�F�V�S�J�T�U�J�D�T �M�J�L�F �D�I�B�S�B�D�U�F�S�J�T�U�J�D �T�F�U�T �<�/�F�V�N�B�O�O �����> �G�P�S

�D�B�S�E�J�O�B�M�J�U�Z �F�T�U�J�N�B�U�J�P�O �B�O�E �I�J�F�S�B�S�D�I�J�D�B�M �D�I�B�S�B�D�U�F�S�J�T�B�U�J�P�O �G�P�S �K�P�J�O �P�S�E�F�S�J�O�H �<�(�V�C�J�D�I�F�W �����> �D�B�O

�Q�S�P�W�J�E�F �O�F�B�S �P�Q�U�J�N�B�M �K�P�J�O �Q�M�B�O�T �G�P�S �T�U�B�S �Q�B�U�U�F�S�O�T �J�O �M�J�O�F�B�S���U�J�N�F�
 �X�J�U�I�P�V�U �F�Y�B�N�J�O�J�O�H �B�M�M �Q�P�T�T�J�C�M�F

�K�P�J�O �P�S�E�F�S�J�O�H�T�� �s�F�S�F�G�P�S�F�
 �X�I�J�M�F �T�U�B�S �R�V�F�S�Z �Q�B�U�U�F�S�O�T �B�S�F �E�F�T�D�S�J�C�F�E �B�T �D�P�N�Q�M�F�Y �D�M�J�R�V�F �H�S�B�Q�I�T �J�O

�U�I�F �K�P�J�O �H�S�B�Q�I �R�V�F�S�Z �S�F�Q�S�F�T�F�O�U�B�U�J�P�O�
 �U�I�F�Z �D�B�O �C�F �F�	�F�D�U�J�W�F�M�Z �Q�M�B�O�O�F�E �V�T�J�O�H �I�F�V�S�J�T�U�J�D�T �U�I�B�U �B�W�P�J�E

�U�I�F�J�S �K�P�J�O �F�O�V�N�F�S�B�U�J�P�O �D�P�N�Q�M�F�Y�J�U�Z��

�*�O �U�I�J�T �X�P�S�L�
 �X�F �Q�S�P�Q�P�T�F �B �O�P�W�F�M �R�V�F�S�Z �T�J�N�Q�M�J�m�D�B�U�J�P�O �N�F�U�I�P�E �U�I�B�U �S�F�E�V�D�F�T �U�I�F �H�S�B�Q�I �D�P�N��

�Q�M�F�Y�J�U�Z �P�G �U�I�F �4�1�"�3�2�- �R�V�F�S�Z �K�P�J�O �H�S�B�Q�I �X�I�J�M�F �J�U �D�B�O �C�F �V�T�F�E �U�P �C�P�U�I �Q�S�P�W�J�E�F �O�F�B�S �P�Q�U�J�N�B�M

�K�P�J�O �F�Y�F�D�V�U�J�P�O �Q�M�B�O�T �B�O�E �E�F�U�F�D�U �B�M�M �Q�P�T�T�J�C�M�Z �V�T�B�C�M�F �D�B�D�I�F�E �S�F�T�V�M�U�T�� �0�V�S �T�J�N�Q�M�J�m�D�B�U�J�P�O �B�Q�Q�S�P�B�D�I

�U�S�B�O�T�G�P�S�N�T �U�I�F �J�O�J�U�J�B�M �R�V�F�S�Z �H�S�B�Q�I �J�O�U�P �B �T�L�F�M�F�U�P�O �H�S�B�Q�I �B�O�E �N�V�M�U�J�Q�M�F �T�U�B�S �T�V�C�H�S�B�Q�I�T�� �s�F �T�U�B�S

�T�V�C�H�S�B�Q�I�T �B�S�F �S�F�N�P�W�F�E �G�S�P�N �U�I�F �R�V�F�S�Z �H�S�B�Q�I �B�O�E �B�S�F �S�F�Q�M�B�D�F�E �X�J�U�I �P�O�F �I�J�H�I �M�F�W�F�M �T�U�B�S �O�P�E�F
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�'�J�H�V�S�F ���������4�J�N�Q�M�J�m�F�E �4�1�"�3�2�- �R�V�F�S�Z �H�S�B�Q�I �G�P�SQe

�B�M�P�O�H �X�J�U�I �U�I�F �F�E�H�F�T �U�I�B�U �D�P�O�O�F�D�U �U�I�F�N �X�J�U�I �P�U�I�F�S �O�P�E�F�T �P�G �U�I�F �R�V�F�S�Z �H�S�B�Q�I�� �*�O �P�V�S �F�Y�B�N�Q�M�F�


�'�J�H���������E�F�Q�J�D�U�T �U�I�F �T�L�F�M�F�U�P�O �H�S�B�Q�I �P�GQe �V�T�J�O�H �C�P�M�E �M�J�O�F�T �G�P�S �U�I�F �F�E�H�F�T�� �s�F �T�U�B�S �Q�B�U�U�F�S�O�T �P�G �U�I�F

�R�V�F�S�Z �H�S�B�Q�I �B�S�F �E�F�Q�J�D�U�F�E �X�J�U�I�J�O �E�B�T�I�F�E �F�M�M�J�Q�T�F�T�� �s�J�T �T�J�N�Q�M�J�m�F�E �R�V�F�S�Z �H�S�B�Q�I �N�B�Q�T �U�P �B �T�J�N�Q�M�J��

�m�F�E �K�P�J�O �H�S�B�Q�I �E�F�Q�J�D�U�F�E �J�O �'�J�H���������� �8�F �O�P�U�F �U�I�B�U �D�P�N�Q�B�S�F�E �U�P �U�I�F �J�O�J�U�J�B�M �K�P�J�O �H�S�B�Q�I �E�F�Q�J�D�U�F�E �J�O

�'�J�H���������U�I�F �T�J�N�Q�M�J�m�F�E �K�P�J�O �H�S�B�Q�I �D�P�O�T�J�T�U�T �P�G �G�B�S �M�F�T�T �O�P�E�F�T �B�O�E �J�T �M�P�P�T�F�M�Z �D�P�O�O�F�D�U�F�E �E�V�F �U�P �U�I�F

�G�B�D�U �U�I�B�U �F�O�U�J�S�F �D�M�J�R�V�F �T�V�C�H�S�B�Q�I�T �X�F�S�F �S�F�E�V�D�F�E �U�P �T�J�N�Q�M�F �O�P�E�F�T��

�"�M�H�P�S�J�U�I�N �����4�1�"�3�2�- �R�V�F�S�Z �T�J�N�Q�M�J�m�D�B�U�J�P�O

�*�O�Q�V�U���4�1�"�3�2�- �R�V�F�S�Z �H�S�B�Q�IGq = ( Vq, Eq)�
 �K�P�J�O �H�S�B�Q�IGj = ( Vj , Ej )
�0�V�U�Q�V�U���4�U�B�S �T�V�C�H�S�B�Q�I�TSt = (s, L(s)) �N�B�Q �P�G �	�T�U�B�S�*�%�
 �M�J�T�U �P�G �T�U�B�S �U�S�J�Q�M�F �Q�B�U�U�F�S�O�T�
�
 �T�F�U �P�G �T�L�F�M�F�U�P�O

�Q�B�U�U�F�S�O�TSk�
 �T�J�N�Q�M�J�m�F�E �K�P�J�O �H�S�B�Q�IGsj = ( Vsj , Esj )
Sk % * ��St % * ��
�G�P�Stp + Eq �E�P

�J�Gtp.getJoinV ariables() > 1 �U�I�F�O
Sk % Sk $ tp��

�F�M�T�F
St % St.add(tp.getJoinV ariableStarId () , tp)��

�F�O�E
�F�O�E
Vsj % Sk $ St.keySet() ��
Esj % * ��
�G�P�S(ps, pd) + Ej �E�P

�J�Gps + St , pd + St �U�I�F�O
Esj % Esj $ replaceTpIdwithStarId (ps, pd)��

�F�M�T�F
Esj % Esj $ (ps, pd)��

�F�O�E
�F�O�E
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�'�J�H�V�S�F ���������4�J�N�Q�M�J�m�F�E �K�P�J�O �H�S�B�Q�I �G�P�SQe

�" �G�P�S�N�B�M �E�F�T�D�S�J�Q�U�J�P�O �P�G �P�V�S �R�V�F�S�Z �T�J�N�Q�M�J�m�D�B�U�J�P�O �Q�S�P�D�F�E�V�S�F �D�B�O �C�F �G�P�V�O�E �J�O �"�M�H�P�S�J�U�I�N����

�s�F �B�M�H�P�S�J�U�I�N �U�B�L�F�T �B�T �J�O�Q�V�U �U�I�F �4�1�"�3�2�- �R�V�F�S�Z �H�S�B�Q�I �B�T �X�F�M�M �B�T �J�U�T �S�F�T�Q�F�D�U�J�W�F �K�P�J�O �H�S�B�Q�I �S�F�Q��

�S�F�T�F�O�U�B�U�J�P�O �B�O�E �Q�S�P�E�V�D�F�T �U�I�F �T�J�N�Q�M�J�m�F�E �K�P�J�O �H�S�B�Q�I�
 �B�M�P�O�H �X�J�U�I �B �T�F�U �D�P�O�U�B�J�O�J�O�H �U�I�F �T�L�F�M�F�U�P�O

�Q�B�U�U�F�S�O�T �B�O�E �B �N�B�Q �D�P�O�U�B�J�O�J�O�H �U�I�F �T�U�B�S �U�S�J�Q�M�F �Q�B�U�U�F�S�O�T �H�S�P�V�Q�F�E �C�Z �U�I�F�J�S �T�U�B�S�*�% �	�B �V�O�J�R�V�F �*�%

�B�U�U�S�J�C�V�U�F�E �U�P �F�B�D�I �E�J�T�D�P�W�F�S�F�E �T�U�B�S �Q�B�U�U�F�S�O�
�� �5�P �m�O�E �U�I�F �T�L�F�M�F�U�P�O �U�S�J�Q�M�F �Q�B�U�U�F�S�O�T�
 �P�V�S �B�M�H�P�S�J�U�I�N

�J�U�F�S�B�U�F�T �P�W�F�S �B�M�M �U�I�F �Q�B�U�U�F�S�O�T �P�G �U�I�F �J�O�J�U�J�B�M �R�V�F�S�Z �H�S�B�Q�I�� �&�B�D�I �Q�B�U�U�F�S�O �J�T �F�J�U�I�F�S �B�T�L�F�M�F�U�P�O�P�S �B�T�U�B�S

�Q�B�U�U�F�S�O�� �*�G �U�I�F �Q�B�U�U�F�S�O �D�P�O�U�B�J�O�T �N�P�S�F �U�I�B�O �P�O�F �K�P�J�O �W�B�S�J�B�C�M�F�T �J�U �J�T �D�I�B�S�B�D�U�F�S�J�T�F�E �B�T �B �T�L�F�M�F�U�P�O

�Q�B�U�U�F�S�O�� �#�Z �K�P�J�O �W�B�S�J�B�C�M�F�T �X�F �S�F�G�F�S �U�P �R�V�F�S�Z �W�B�S�J�B�C�M�F�T �U�I�B�U �B�S�F �Q�S�F�T�F�O�U �J�O �N�P�S�F �U�I�B�O �P�O�F �U�S�J�Q�M�F

�Q�B�U�U�F�S�O�T �B�O�E �U�I�V�T �S�F�R�V�J�S�F �B �K�P�J�O�� �*�G �B �U�S�J�Q�M�F �Q�B�U�U�F�S�O �D�P�O�U�B�J�O�T �� �P�S �N�P�S�F �K�P�J�O �W�B�S�J�B�C�M�F�T�
 �J�U �J�T �Q�B�S�U

�P�G �B �Q�B�U�I �J�O �U�I�F �4�1�"�3�2�- �R�V�F�S�Z �H�S�B�Q�I �B�O�E �U�I�V�T �J�U �C�F�M�P�O�H�T �U�P �U�I�F �T�L�F�M�F�U�P�O �H�S�B�Q�I �P�G �U�I�F �R�V�F�S�Z�� �*�O

�D�P�O�U�S�B�T�U�
 �J�G �B �U�S�J�Q�M�F �Q�B�U�U�F�S�O �D�P�O�U�B�J�O�T �P�O�M�Z �P�O�F �K�P�J�O �W�B�S�J�B�C�M�F�
 �J�U �C�F�M�P�O�H�T �U�P �U�I�F �T�U�B�S �G�P�S�N�F�E �B�S�P�V�O�E

�J�U�T �K�P�J�O �W�B�S�J�B�C�M�F �B�O�E �J�T �B�E�E�F�E �J�O �U�I�F �T�U�B�S �Q�B�U�U�F�S�O �N�B�Q �V�T�J�O�H �B�T �L�F�Z �U�I�F �T�U�B�S�*�% �U�I�B�U �J�T �B�T�T�J�H�O�F�E �U�P

�U�I�F �T�Q�F�D�J�m�D �K�P�J�O �W�B�S�J�B�C�M�F�� �s�J�T �E�J�T�U�J�O�D�U�J�P�O �D�B�O �D�S�F�B�U�F �T�U�B�S �T�V�C�H�S�B�Q�I�T �U�I�B�U �D�P�O�U�B�J�O �P�O�F �P�S �N�P�S�F

�U�S�J�Q�M�F �Q�B�U�U�F�S�O�T��

�8�I�F�O �U�I�F �T�L�F�M�F�U�P�O �B�O�E �T�U�B�S �Q�B�U�U�F�S�O�T �B�S�F �J�E�F�O�U�J�m�F�E�
 �X�F �C�V�J�M�E �U�I�F �T�J�N�Q�M�J�m�F�E �K�P�J�O �H�S�B�Q�I �X�J�U�I

�O�P�E�F�T�� �U�I�F �T�L�F�M�F�U�P�O �Q�B�U�U�F�S�O�T �B�O�E �P�O�F �O�P�E�F �Q�F�S �J�E�F�O�U�J�m�F�E �T�U�B�S �T�V�C�H�S�B�Q�I�� �s�F �F�E�H�F�T �P�G �U�I�F �J�O�J�U�J�B�M

�K�P�J�O �H�S�B�Q�I �B�S�F �U�S�B�O�T�G�F�S�S�F�E �U�P �U�I�F �T�J�N�Q�M�J�m�F�E �K�P�J�O �H�S�B�Q�I �B�T �J�T�
 �J�G �U�I�F�Z �D�P�O�O�F�D�U �T�L�F�M�F�U�P�O �Q�B�U�U�F�S�O�T��

�*�G �U�I�F�J�S �T�P�V�S�D�F �P�S �E�F�T�U�J�O�B�U�J�P�O �J�T �B �T�U�B�S �Q�B�U�U�F�S�O �U�I�F �F�E�H�F �J�T �U�S�B�O�T�G�P�S�N�F�E �J�O �P�S�E�F�S �U�P �D�P�O�O�F�D�U �U�I�F

�S�F�T�Q�F�D�U�J�W�F �T�U�B�S �O�P�E�F �J�O �U�I�F �T�J�N�Q�M�J�m�F�E �K�P�J�O �H�S�B�Q�I�� �s�F �F�Y�U�S�F�N�F �D�B�T�F �P�G �T�U�B�S�T �D�P�O�U�B�J�O�J�O�H �P�O�M�Z �P�O�F

�U�S�J�Q�M�F �Q�B�U�U�F�S�O �E�P�F�T �O�P�U �B�	�F�D�U �U�I�F �R�V�F�S�Z �Q�M�B�O�O�J�O�H �C�F�D�B�V�T�F �X�F �K�V�T�U �S�F�Q�M�B�D�F �U�I�F �Q�B�U�U�F�S�O �O�P�E�F �J�O

�U�I�F �K�P�J�O �H�S�B�Q�I �X�J�U�I �B �T�U�B�S �O�P�E�F �U�I�B�U �D�P�O�U�B�J�O�T �P�O�M�Z �P�O�F �Q�B�U�U�F�S�O�� �s�F �D�P�N�Q�M�F�Y�J�U�Z �P�G �P�V�S �R�V�F�S�Z

�T�J�N�Q�M�J�m�D�B�U�J�P�O �B�M�H�P�S�J�U�I�N �J�T �M�J�O�F�B�S �U�P �U�I�F �T�J�[�F �P�G �U�I�F �R�V�F�S�Z �H�S�B�Q�I �C�F�D�B�V�T�F �J�U �K�V�T�U �J�U�F�S�B�U�F�T �P�W�F�S �J�U�T
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�U�P �U�I�F �W�B�S�J�B�C�M�F �O�B�N�F�T�� �5�P �E�P �T�P�
 �G�P�S �F�B�D�I �U�S�J�Q�M�F �R�V�F�S�Z �X�F �D�S�F�B�U�F �B �M�B�C�F�M �U�I�B�U �D�P�O�T�J�T�U�T �P�G �U�I�S�F�F �*�%�T�


�P�O�F �G�P�S �F�B�D�I �Q�P�T�J�U�J�P�O �J�O�T�J�E�F �U�I�F �U�S�J�Q�M�F�� �#�P�V�O�E �O�P�E�F�T �B�S�F �U�S�B�O�T�M�B�U�F�E �U�P �J�O�U�F�H�F�S �*�%�T �V�T�J�O�H �B �4�U�S�J�O�H

�U�P �*�% �E�J�D�U�J�P�O�B�S�Z �X�I�J�M�F �W�B�S�J�B�C�M�F�T �B�S�F �U�S�B�O�T�M�B�U�F�E �U�P �[�F�S�P�� �'�P�S �U�I�F �D�V�S�S�F�O�U �F�Y�B�N�Q�M�F�
 �M�F�U �V�T �B�T�T�V�N�F

�U�I�B�U �U�I�F �4�U�S�J�O�H���*�% �E�J�D�U�J�P�O�B�S�Z �D�P�O�U�B�J�O�T�� �\�U�F�B�D�I�F�S�0�G. �����
 �U�Z�Q�F. ���
 �6�O�E�F�S�H�S�B�E�V�B�U�F�$�P�V�S�T�F. �����


�(�S�B�E�V�B�U�F�$�P�V�S�T�F. �����^�� �s�F �M�B�C�F�M �P�G �U�I�F �m�S�T�U �U�S�J�Q�M�F �R�V�F�S�Z �X�P�V�M�E �C�F�
 �G�P�S �F�Y�B�N�Q�M�F�
 �i���@�����@���w���0�1��

�5�*�0�/�"�-�U�S�J�Q�M�F �Q�B�U�U�F�S�O�T �B�S�F �I�B�O�E�M�F�E �C�Z �B�Q�Q�F�O�E�J�O�H �B �T�Q�F�D�J�B�M �D�I�B�S�B�D�U�F�S �A|�� �B�U �U�I�F �C�F�H�J�O�O�J�O�H �P�G

�U�I�F�J�S �M�B�C�F�M�� �8�F �B�M�T�P �E�J�S�F�D�U �B�O�E �D�P�M�P�S �U�I�F �F�E�H�F�T �B�D�D�P�S�E�J�O�H �U�P �U�I�F �U�Z�Q�F �P�G �K�P�J�O �U�I�B�U �U�I�F�Z �S�F�Q�S�F�T�F�O�U��

�"�M�M �Q�P�T�T�J�C�M�F �U�Z�Q�F�T �B�S�F �\�4�4�
 �4�1�
 �4�0�
 �1�4�
 �1�1�
 �1�0�
 �0�4�
 �0�1�
 �0�0�^�� �5�P �S�F�E�V�D�F �U�I�F �O�V�N�C�F�S �P�G �F�E�H�F

�D�P�M�P�S�T �O�F�F�E�F�E�
 �B �Q�P�T�J�U�J�P�O �P�S�E�F�S�J�O�H �	�4< �1< �0�
 �J�T �J�O�U�S�P�E�V�D�F�E �B�O�E �P�O�M�Z �F�E�H�F�T �X�I�P�T�F �T�P�V�S�D�F �Q�P��

�T�J�U�J�P�O �J�T �M�P�X�F�S �U�I�B�O �P�S �F�R�V�B�M �U�P �U�I�F�J�S �E�F�T�U�J�O�B�U�J�P�O �Q�P�T�J�U�J�P�O �B�S�F �B�E�E�F�E �U�P �U�I�F �U�S�B�O�T�G�P�S�N�F�E �H�S�B�Q�I��

�s�F�S�F�G�P�S�F�
 �P�O�M�Z �U�I�F �G�P�M�M�P�X�J�O�H �� �F�E�H�F �U�Z�Q�F�T �\�4�4�
 �4�1�
 �4�0�
 �1�1�
 �1�0�
 �0�0�^ �B�S�F �S�F�R�V�J�S�F�E�� �*�O �U�I�F �T�F�D�P�O�E

�H�S�B�Q�I �P�G �'�J�H���������
 �X�F �D�B�O �T�F�F �C�P�U�I �U�I�F �W�F�S�U�F�Y �B�O�E �F�E�H�F �M�B�C�F�M�T �G�P�S �P�V�S �R�V�F�S�Z��

�*�O �U�I�F �m�O�B�M �T�U�F�Q�
 �U�I�F �W�F�S�U�F�Y �B�O�E �F�E�H�F �M�B�C�F�M�T �B�S�F �U�S�B�O�T�M�B�U�F�E �U�P �O�P�O���O�F�H�B�U�J�W�F �J�O�U�F�H�F�S�T�	�D�P�M�P�S�T�
��

�5�P �E�P �T�P�
 �B �T�P�S�U �P�G �U�I�F �W�F�S�U�F�Y �M�B�C�F�M�T �J�T �Q�F�S�G�P�S�N�F�E �B�O�E �U�I�F �Q�P�T�J�U�J�P�O �P�G �U�I�F �M�B�C�F�M �J�O �U�I�F �T�P�S�U�F�E �T�F�U �J�T

�V�T�F�E �B�T �U�I�F �m�O�B�M �M�B�C�F�M�� �'�P�S �F�E�H�F �M�B�C�F�M�T �U�I�F �G�P�M�M�P�X�J�O�H �U�S�B�O�T�M�B�U�J�P�O �\�4�4. ���
 �4�1. ���
 �4�0. ���
 �1�1. ���


�1�0. ���
 �0�0. ���^ �J�T �V�T�F�E�� �s�F �m�O�B�M �H�S�B�Q�I �J�T �B �E�J�S�F�D�U�F�E �W�F�S�U�F�Y���B�O�E���F�E�H�F���D�P�M�P�S�F�E �H�S�B�Q�I �B�O�E �D�B�O

�C�F �T�F�F�O �J�O �U�I�F �m�S�T�U �H�S�B�Q�I �P�G �'�J�H���������� �4�1�"�3�2�- �H�S�P�V�Q�J�O�H�
 �P�S�E�F�S�J�O�H�
 �m�M�U�F�S�J�O�H �B�O�E �Q�S�P�K�F�D�U�J�P�O
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�'�J�H�V�S�F ���������4�1�"�3�2�- �R�V�F�S�Z �U�S�B�O�T�G�P�S�N�B�U�J�P�O

�J�O�G�P�S�N�B�U�J�P�O �J�T �O�P�U �V�T�F�E �G�P�S �M�B�C�F�M�M�J�O�H �4�1�"�3�2�- �R�V�F�S�J�F�T�� �2�V�F�S�J�F�T �U�I�B�U �B�S�F �J�T�P�N�P�S�Q�I�J�D �C�V�U �E�J�	�F�S

�G�P�S �F�Y�B�N�Q�M�F �J�O �S�F�T�V�M�U �P�S�E�F�S�J�O�H �X�J�M�M �H�F�U �U�I�F �T�B�N�F �M�B�C�F�M �C�V�U �B�S�F �M�B�U�F�S �I�B�O�E�M�F�E �B�T �E�J�	�F�S�F�O�U �W�F�S�T�J�P�O�T

�P�G �U�I�F �T�B�N�F �S�F�T�V�M�U �C�Z �U�I�F �E�Z�O�B�N�J�D �Q�S�P�H�S�B�N�N�J�O�H �Q�M�B�O�O�F�S�
 �4�F�D�U�J�P�O�������� �s�F �B�C�P�W�F �U�S�B�O�T�G�P�S�N�B�U�J�P�O

�S�F�N�P�W�F�T �B�M�M �J�O�G�P�S�N�B�U�J�P�O �S�F�M�F�W�B�O�U �U�P �W�B�S�J�B�C�M�F �O�B�N�J�O�H �X�I�J�M�F �N�B�O�B�H�J�O�H �U�P �N�B�J�O�U�B�J�O �B�M�M �T�U�S�V�D�U�V�S�B�M

�J�O�G�P�S�N�B�U�J�P�O �P�G �U�I�F �R�V�F�S�Z �V�T�J�O�H �U�I�F �E�J�S�F�D�U�F�E �K�P�J�O �F�E�H�F�T �<�1�B�Q�B�J�M�J�P�V �����>��

�*�O �<�.�D�,�B�Z �����>�
 �B �Q�S�B�D�U�J�D�B�M �X�B�Z �U�P �U�S�B�O�T�G�P�S�N �E�J�S�F�D�U�F�E �F�E�H�F���D�P�M�P�S�F�E �H�S�B�Q�I�T �U�P �T�J�N�Q�M�F �E�J�S�F�D�U�F�E

�H�S�B�Q�I�T �X�J�U�I�P�V�U �D�I�B�O�H�J�O�H �U�I�F�J�S �B�V�U�P�N�P�S�Q�I�J�T�N �H�S�P�V�Q �J�T �Q�S�F�T�F�O�U�F�E�� �.�P�S�F �T�Q�F�D�J�m�D�B�M�M�Z�
 �J�G �U�I�F�S�F �B�S�F

v �W�F�S�U�F�Y �D�P�M�P�S�T �B�O�E �B�M�M �B�W�B�J�M�B�C�M�F �F�E�H�F �D�P�M�P�S�T �B�S�F �J�O�U�F�H�F�S�T �J�O{ 1, 2, . . ., 2d # 1} �
 �B �H�S�B�Q�I �X�J�U�Id

�M�B�Z�F�S�T �J�T �D�P�O�T�U�S�V�D�U�F�E�� �&�B�D�I �P�G �U�I�F �M�B�Z�F�S�T �D�P�O�U�B�J�O�Tn �W�F�S�U�J�D�F�T�
 �X�I�F�S�Fn �J�T �U�I�F �O�V�N�C�F�S �P�G �W�F�S�U�J�D�F�T

�P�G �U�I�F �J�O�J�U�J�B�M �H�S�B�Q�I�� �"�T �N�F�O�U�J�P�O�F�E �J�O �U�I�F �Q�S�F�W�J�P�V�T �Q�B�S�B�H�S�B�Q�I �P�O�M�Z �� �F�E�H�F �D�P�M�P�S�T �B�S�F �S�F�R�V�J�S�F�E�


�P�O�F �G�P�S �F�B�D�I �Q�P�T�T�J�C�M�F �U�Z�Q�F �P�G �U�S�J�Q�M�F �Q�B�U�U�F�S�O �K�P�J�O�
 �B�O�E �U�I�V�Td �F�R�V�B�M�T �U�P �� �M�F�B�E�J�O�H �U�P �B �O�F�X �H�S�B�Q�I

�U�I�B�U �D�P�O�U�B�J�O�T3n �W�F�S�U�J�D�F�T�� �s�F �W�F�S�U�J�D�F�T �P�G �U�I�F �E�J�	�F�S�F�O�U �M�B�Z�F�S�T �	�F�B�D�I �D�P�S�S�F�T�Q�P�O�E�J�O�H �U�P �P�O�F �W�F�S�U�F�Y

�P�G �U�I�F �P�S�J�H�J�O�B�M �H�S�B�Q�I�
 �B�S�F �W�F�S�U�J�D�B�M�M�Z �D�P�O�O�F�D�U�F�E �V�T�J�O�H �Q�B�U�I�T�� �s�F �W�F�S�U�F�Y �D�P�M�P�S�T �P�G �U�I�F �m�S�T�U �M�B�Z�F�S

�S�F�N�B�J�O �U�I�F �T�B�N�F �B�T �J�O �U�I�F �P�S�J�H�J�O�B�M �H�S�B�Q�I �B�O�E �U�I�F�Z �H�F�U �Q�S�P�Q�B�H�B�U�F�E �U�P �I�J�H�I�F�S �M�B�Z�F�S�T �C�Z �B�E�E�J�O�Hv

�U�P �U�I�F �D�P�S�S�F�T�Q�P�O�E�J�O�H �D�P�M�P�S �P�G �U�I�F �M�P�X�F�S �M�B�Z�F�S�� �'�P�S �F�B�D�I �F�E�H�F �P�G �U�I�F �P�S�J�H�J�O�B�M �H�S�B�Q�I �U�I�F �C�J�O�B�S�Z

�F�Y�Q�B�O�T�J�P�O �P�G �J�U�T �D�P�M�P�S �O�V�N�C�F�S �U�F�M�M�T �V�T �X�I�J�D�I �M�B�Z�F�S�T �T�I�P�V�M�E �D�P�O�U�B�J�O �U�I�F �I�P�S�J�[�P�O�U�B�M �F�E�H�F�� �'�P�S

�F�Y�B�N�Q�M�F�
 �B�O �F�E�H�F �X�J�U�I �D�P�M�P�S ���
 �X�I�P�T�F �C�J�O�B�S�Z �F�Y�Q�B�O�T�J�P�O �J�T �������
 �X�J�M�M �C�F �Q�M�B�D�F�E �C�P�U�I �J�O �U�I�F �m�S�T�U

�B�O�E �U�I�F �T�F�D�P�O�E �M�B�Z�F�S �P�G �U�I�F �O�F�X �H�S�B�Q�I�� �s�F �U�S�B�O�T�G�P�S�N�B�U�J�P�O �G�P�S �U�I�F �B�C�P�W�F �F�Y�B�N�Q�M�F �J�T �E�F�Q�J�D�U�F�E

�J�O �U�I�F �T�F�D�P�O�E �H�S�B�Q�I �P�G �'�J�H�V�S�F�������
 �X�I�F�S�F �U�I�F �W�F�S�U�F�Y �*�%�T �S�F�Q�S�F�T�F�O�U �U�I�F �B�T�T�J�H�O�F�E �D�P�M�P�S�T��
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�'�J�H�V�S�F ���������5�S�B�O�T�G�P�S�N�B�U�J�P�O �U�P �E�J�S�F�D�U�F�E �W�F�S�U�F�Y���D�P�M�P�S�F�E �H�S�B�Q�I

�"�U �U�I�J�T �Q�P�J�O�U �U�I�F�#�M�J�T�T�B�M�H�P�S�J�U�I�N �J�T �V�T�F�E �U�P �Q�S�P�E�V�D�F �B �D�B�O�P�O�J�D�B�M �M�B�C�F�M �G�P�S �U�I�F �B�C�P�W�F �H�S�B�Q�I�� �s�F

�D�B�O�P�O�J�[�B�U�J�P�O �Q�S�P�D�F�T�T �S�F�U�V�S�O�T �B �D�B�O�P�O�J�D�B�M �P�S�E�F�S �P�G �U�I�F �H�S�B�Q�I���T �W�F�S�U�J�D�F�T�� �"�T �T�U�B�U�F�E �J�O �<�.�D�,�B�Z �����>�
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�U�I�F �P�S�E�F�S �C�Z �X�I�J�D�I �B �D�B�O�P�O�J�D�B�M �M�B�C�F�M�M�J�O�H �P�G �U�I�F �O�F�X �H�S�B�Q�I �M�B�C�F�M�T �U�I�F �W�F�S�U�J�D�F�T �P�G �U�I�F �m�S�T�U �M�B�Z�F�S

�D�B�O �C�F �U�B�L�F�O �U�P �C�F �B �D�B�O�P�O�J�D�B�M �M�B�C�F�M�M�J�O�H �P�S�E�F�S �P�G �U�I�F �P�S�J�H�J�O�B�M �H�S�B�Q�I�� �s�V�T�
 �B�G�U�F�S �F�Y�F�D�V�U�J�O�H�#�M�J�T�T

�X�F �D�B�O �H�F�U �B �D�B�O�P�O�J�D�B�M �P�S�E�F�S�J�O�H �G�P�S �P�V�S �J�O�J�U�J�B�M �R�V�F�S�Z�� �'�P�S �P�V�S �F�Y�B�N�Q�M�F �U�I�F �D�B�O�P�O�J�D�B�M �P�S�E�F�S��

�J�O�H �J�T �\���
���
���
���^�
 �X�I�F�S�F �U�I�F �J�E�T �B�S�F �U�I�F �4�1�"�3�2�- �U�S�J�Q�M�F �R�V�F�S�Z �J�E�T �V�T�F�E �J�O �U�I�F �J�O�J�U�J�B�M �H�S�B�Q�I�� �6�T�J�O�H

�U�I�J�T �P�S�E�F�S�J�O�H�
 �B �T�U�S�J�O�H �D�B�O�P�O�J�D�B�M �M�B�C�F�M �P�G �U�I�F �4�1�"�3�2�- �R�V�F�S�Z �H�S�B�Q�I �D�B�O �C�F �H�F�O�F�S�B�U�F�E�� �5�P �E�P �T�P�


�X�F �V�T�F �U�I�J�T �D�B�O�P�O�J�D�B�M �P�S�E�F�S�J�O�H �U�P �J�U�F�S�B�U�F �P�W�F�S �U�I�F �U�S�J�Q�M�F �Q�B�U�U�F�S�O�T�
 �G�P�S �F�B�D�I �Q�B�U�U�F�S�O �X�F �B�Q�Q�F�O�E

�J�U�T �T�J�H�O�B�U�V�S�F �B�U �U�I�F �F�O�E �P�G �U�I�F �M�B�C�F�M �T�U�S�J�O�H�� �8�I�J�M�F �J�U�F�S�B�U�J�O�H�
 �B �D�B�O�P�O�J�D�B�M �P�S�E�F�S�J�O�H �P�G �U�I�F �W�B�S�J��

�B�C�M�F�T �J�T �B�M�T�P �H�F�O�F�S�B�U�F�E�
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 �S�F�N�P�W�J�O�H �W�B�S�J�B�C�M�F �O�B�N�J�O�H �J�O�G�P�S�N�B�U�J�P�O �G�S�P�N �U�I�F �M�B�C�F�M�T �P�G �U�I�F �T�F�UE �
 �J�J�
 �D�B�O�P�O�J�D�B�M

����



�M�B�C�F�M�M�J�O�H �U�I�F �T�F�U �P�G �F�E�H�F�T �V�T�J�O�H �J�U�T �M�F�Y�J�D�P�H�S�B�Q�I�J�D �P�S�E�F�S�
 �J�J�J�
 �S�F�U�S�J�F�W�J�O�H �U�I�F �D�B�O�P�O�J�D�B�M �*�% �P�G �U�I�F

�T�U�B�S �K�P�J�O �W�B�S�J�B�C�M�F �G�S�P�N �U�I�F �T�L�F�M�F�U�P�O �H�S�B�Q�I �M�B�C�F�M �B�O�E �Q�S�P�Q�B�H�B�U�J�O�H �D�B�O�P�O�J�D�B�M �*�%�T �U�P �U�I�F �T�U�B�S �H�S�B�Q�I

�W�B�S�J�B�C�M�F�T��

�8�F �X�J�M�M �Q�S�P�W�F �U�I�B�U �U�I�F �M�F�Y�J�D�P�H�S�B�Q�I�J�D �P�S�E�F�S�J�O�H �P�G �U�I�F �Q�B�U�U�F�S�O �M�B�C�F�M �T�F�UE �Q�S�P�W�J�E�F�T �B �D�B�O�P�O��

�J�D�B�M �M�B�C�F�M �G�P�S �B �T�U�B�S �R�V�F�S�Z �H�S�B�Q�I�� �*�O�J�U�J�B�M�M�Z�
 �B�M�M �J�T�P�N�P�S�Q�I�J�D �T�U�B�S �R�V�F�S�J�F�T �H�F�O�F�S�B�U�F �U�I�F �T�B�N�F �T�F�UE �


�J�O�E�F�Q�F�O�E�F�O�U �P�G �U�I�F �V�U�J�M�J�[�F�E �W�B�S�J�B�C�M�F �O�B�N�F�T �B�T �X�F�M�M �B�T �U�I�F �U�S�J�Q�M�F �Q�B�U�U�F�S�O �P�S�E�F�S�J�O�H �V�T�F�E�� �3�F�T�Q�F�D��

�U�J�W�F�M�Z�
 �B �Q�B�U�U�F�S�O �T�F�UE �D�B�O �C�F �V�T�F�E �U�P �H�F�O�F�S�B�U�F �B�O �J�T�P�N�P�S�Q�I�J�D �T�U�B�S �R�V�F�S�Z �H�S�B�Q�I�� �s�J�T �D�B�O �C�F

�E�P�O�F �C�Z �H�J�W�J�O�H �V�O�J�R�V�F �*�%�T �U�P �B�M�M �O�P�O���K�P�J�O �W�B�S�J�B�C�M�F�T �Q�S�F�T�F�O�U�F�E �B�T �i���w �J�O �U�I�F �Q�B�U�U�F�S�O �M�B�C�F�M�T�� �s�F

�K�P�J�O �W�B�S�J�B�C�M�F �Q�S�F�T�F�O�U�F�E �B�T �i� �T�w �D�B�O �B�M�T�P �C�F �B�T�T�J�H�O�F�E �U�P �B �V�O�J�R�V�F �W�B�S�J�B�C�M�F �*�%�� �s�F�S�F�G�P�S�F�
 �D�B�O�P�O�J��

�D�B�M �M�B�C�F�M�M�J�O�H �P�G �U�I�F �Q�B�U�U�F�S�O �M�B�C�F�M �T�F�UE �Q�S�P�W�J�E�F�T �B �D�B�O�P�O�J�D�B�M �M�B�C�F�M �G�P�S �U�I�F �T�U�B�S �H�S�B�Q�I�� �%�V�F �U�P �U�I�F

�G�B�D�U �U�I�B�U �U�I�F�S�F �B�S�F �O�P �E�F�Q�F�O�E�F�O�D�F�T �C�F�U�X�F�F�O �U�I�F �M�B�C�F�M�T �D�P�O�U�B�J�O�F�E �J�OE�
 �J�U�T �M�F�Y�J�D�P�H�S�B�Q�I�J�D �P�S�E�F�S

�D�B�O �C�F �V�T�F�E �B�T �B �D�B�O�P�O�J�D�B�M �P�S�E�F�S�� �s�V�T�
 �U�I�F �M�F�Y�J�D�P�H�S�B�Q�I�J�D �P�S�E�F�S �P�G �U�I�F �Q�B�U�U�F�S�O �T�F�UE �Q�S�P�W�J�E�F�T �B

�D�B�O�P�O�J�D�B�M �M�B�C�F�M �G�P�S �B �T�U�B�S �R�V�F�S�Z �H�S�B�Q�I��

�"�E�E�J�U�J�P�O�B�M�M�Z�
 �D�P�O�D�B�U�F�O�B�U�J�O�H �U�I�F �T�L�F�M�F�U�P�O �M�B�C�F�M �X�J�U�I �U�I�F �T�U�B�S �M�B�C�F�M�T �V�T�J�O�H �U�I�F �D�B�O�P�O�J�D�B�M �P�S��

�E�F�S�J�O�H �P�G �U�I�F �T�U�B�S �K�P�J�O �W�B�S�J�B�C�M�F�T �Q�S�P�W�J�E�F�T �B �D�B�O�P�O�J�D�B�M �M�B�C�F�M �G�P�S �U�I�F �F�O�U�J�S�F �R�V�F�S�Z�� �5�P �Q�S�P�W�F �U�I�J�T�


�X�F �O�P�U�F �U�I�B�U �J�T�P�N�P�S�Q�I�J�D �R�V�F�S�J�F�T �I�B�W�F �U�I�F �T�B�N�F �T�L�F�M�F�U�P�O �T�V�C�H�S�B�Q�I �B�O�E �U�I�V�T �U�I�F�Z �X�J�M�M �H�F�O�F�S�B�U�F

�U�I�F �F�Y�B�D�U �T�B�N�F �D�B�O�P�O�J�D�B�M �P�S�E�F�S�J�O�H �G�P�S �B�M�M �U�I�F�J�S �T�U�B�S �K�P�J�O �W�B�S�J�B�C�M�F�T�� �s�F�S�F�G�P�S�F �G�P�S �B�M�M �J�T�P�N�P�S�Q�I�J�D

�R�V�F�S�J�F�T�
 �U�I�F �T�U�B�S �M�B�C�F�M�T �X�J�M�M �C�F �D�P�O�D�B�U�F�O�B�U�F�E �J�O �U�I�F �T�B�N�F �P�S�E�F�S �B�O�E �U�I�V�T �U�I�F �H�F�O�F�S�B�U�F�E �M�B�C�F�M�T �B�S�F

�D�B�O�P�O�J�D�B�M �G�P�S �U�I�F �F�O�U�J�S�F �R�V�F�S�Z �B�O�E �X�F �D�B�O �V�T�F �F�Y�B�D�U �M�B�C�F�M �N�B�U�D�I�J�O�H �U�P �Q�F�S�G�P�S�N�J�O�H �J�T�P�N�P�S�Q�I�J�T�N

�U�F�T�U�T��

���������� �6�T�J�O�H �D�B�O�P�O�J�D�B�M �M�B�C�F�M�T �G�P�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�T�N

�6�T�J�O�H �U�I�F �Q�S�F�W�J�P�V�T�M�Z �N�F�O�U�J�P�O�F�E �B�M�H�P�S�J�U�I�N �U�P �H�F�O�F�S�B�U�F �D�B�O�P�O�J�D�B�M �M�B�C�F�M�T �X�F �B�M�T�P �I�B�W�F �U�I�F �D�B�Q�B��

�C�J�M�J�U�Z �U�P �Q�F�S�G�P�S�N �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�T�N �U�F�T�U�J�O�H �G�P�S �T�Q�F�D�J�B�M �H�S�B�Q�I �D�M�B�T�T�F�T�� �.�P�S�F �G�P�S�N�B�M�M�Z�
 �U�I�F

�Q�S�P�C�M�F�N �P�G �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�T�N �D�B�O �C�F �E�F�m�O�F�E �B�T��

�%�F�m�O�J�U�J�P�O�(�J�W�F�O �U�X�P �H�S�B�Q�I�TG(V, E) �B�O�EH (V ", E ") �X�F �X�B�O�U �U�P �U�F�T�U �J�G �U�I�F�S�F �F�Y�J�T�U�T �B �T�V�C�H�S�B�Q�I�


G1(V1, E1) : V1 - V, E1 - E �
 �P�GG �U�I�B�U �J�T �J�T�P�N�P�S�Q�I�J�D �U�PH ��

�8�I�J�M�F �D�B�O�P�O�J�D�B�M �M�B�C�F�M�T �B�S�F �E�F�T�J�H�O�F�E �U�P �Q�F�S�G�P�S�N �F�Y�B�D�U �H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�T�N �U�F�T�U�J�O�H�
 �P�V�S �Q�S�P��

�Q�P�T�F�E �T�L�F�M�F�U�P�O���T�U�B�S �D�B�O�P�O�J�D�B�M �M�B�C�F�M�T �D�B�O �C�F �F�
�D�J�F�O�U�M�Z �V�T�F�E �U�P �B�M�T�P �Q�F�S�G�P�S�N �T�V�C�H�S�B�Q�I �J�T�P�N�P�S��

�Q�I�J�T�N �G�P�S �R�V�F�S�J�F�T �U�I�B�U �T�I�B�S�F �U�I�F �T�B�N�F �T�L�F�M�F�U�P�O �H�S�B�Q�I �C�V�U �I�B�W�F �E�F�W�J�B�U�J�P�O�T �J�O �U�I�F�J�S �T�U�B�S �T�V�C�H�S�B�Q�I�T��

�.�P�S�F �G�P�S�N�B�M�M�Z�
 �X�F �J�O�U�S�P�E�V�D�F �U�I�F �Q�S�P�C�M�F�N �P�G �T�L�F�M�F�U�P�O���T�U�B�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�T�N �U�F�T�U�J�O�H��

�%�F�m�O�J�U�J�P�O�(�J�W�F�O �U�X�P �H�S�B�Q�I�TG(V, E) �B�O�EH (V ", E ") �B�O�E �U�I�F�J�S �S�F�T�Q�F�D�U�J�W�F �T�J�N�Q�M�J�m�F�E �H�S�B�Q�I�T

(Sk, St)�
(Sk", St")�
 �X�I�F�S�FSk - (V, E)�
Sk" - (V ", E ") �B�O�ESt = (s, L(s) - V )�
St" =

(s, L"(s) - V ") �B�S�F �U�I�F �T�L�F�M�F�U�P�O �B�O�E �T�U�B�S �T�V�C�H�S�B�Q�I�T �P�GG �B�O�EH �S�F�T�Q�F�D�U�J�W�F�M�Z��H �J�T �T�L�F�M�F�U�P�O���T�U�B�S

����



�T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�D �U�PG �J�	 �U�I�F�S�F �F�Y�J�T�U�T �B �T�V�C�H�S�B�Q�I�
G1(V1, E1) : V1 - V, E1 - E �
 �P�GG

�X�J�U�ISk1 = Sk �U�I�B�U �J�T �J�T�P�N�P�S�Q�I�J�D �U�PH �� �"�E�E�J�U�J�P�O�B�M�M�Z�
 �J�GH �J�T �B �T�L�F�M�F�U�P�O���T�U�B�S �T�V�C�H�S�B�Q�I �P�GG�


�J�U �J�T �U�S�V�F �U�I�B�U �U�I�F�J�S �T�L�F�M�F�U�P�O �T�V�C�H�S�B�I�T �B�S�F �J�T�P�N�P�S�Q�I�J�DSk = Sk1 = Sk"�� �$�P�O�D�F�S�O�J�O�H �U�I�F�J�S �T�U�B�S

�T�V�C�H�S�B�Q�I�T�
 �J�U �J�T �U�S�V�F �U�I�B�USt" - St : {/ (s, L"(s)) + St" : (s, L(s)) + St, L "(s) - L (s)}

�5�P �C�F �T�L�F�M�F�U�P�O���T�U�B�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�D�
 �U�X�P �R�V�F�S�J�F�T �N�V�T�U �T�I�B�S�F �J�T�P�N�P�S�Q�I�J�D �T�L�F�M�F�U�P�O

�T�U�S�V�D�U�V�S�F�T �B�O�E �U�I�F�S�F�G�P�S�F �U�I�F �T�B�N�F �T�L�F�M�F�U�P�O �D�B�O�P�O�J�D�B�M �M�B�C�F�M�T�� �'�V�S�U�I�F�S�N�P�S�F�
 �B�M�M �U�I�F �T�U�B�S �T�V�C�H�S�B�Q�I�T

�P�G �U�I�F �P�O�F �R�V�F�S�Z �N�V�T�U �C�F �T�V�C�H�S�B�Q�I�T �P�G �U�I�F �T�U�B�S �T�V�C�H�S�B�Q�I�T �P�G �U�I�F �P�U�I�F�S �R�V�F�S�Z�� �'�P�S �F�Y�B�N�Q�M�F�
 �U�I�F

�R�V�F�S�Z �E�F�Q�J�D�U�F�E �J�O �'�J�H���������J�T �T�L�F�M�F�U�P�O���T�U�B�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�D �U�P �U�I�F �R�V�F�S�Z �E�F�Q�J�D�U�F�E �J�O �'�J�H��
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�'�J�H�V�S�F ���������2�V�F�S�Z �U�I�B�U �J�T �T�L�F�M�F�U�P�O���T�U�B�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�D �U�PQe

�s�F �B�M�H�P�S�J�U�I�N �U�I�B�U �X�F �D�B�O �V�T�F �U�P �Q�F�S�G�P�S�N �T�L�F�M�F�U�P�O���T�U�B�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�T�N �U�F�T�U�T�
 �V�T�J�O�H

�P�V�S �D�B�O�P�O�J�D�B�M �M�B�C�F�M�T�
 �J�T �Q�S�F�T�F�O�U�F�E �J�O �"�M�H�P�S�J�U�I�N���� �s�F �B�M�H�P�S�J�U�I�N �T�U�B�S�U�T �C�Z �D�I�F�D�L�J�O�H �U�I�F �F�R�V�B�M�J�U�Z

�P�G �U�I�F �T�L�F�M�F�U�P�O �D�B�O�P�O�J�D�B�M �M�B�C�F�M�T�� �*�G �U�I�F �T�L�F�M�F�U�P�O �T�V�C�H�S�B�Q�I�T �P�G �U�I�F �U�F�T�U�F�E �R�V�F�S�J�F�T �B�S�F �J�T�P�N�P�S�Q�I�J�D�


�X�F �D�P�O�U�J�O�V�F �U�P �U�I�F �T�U�B�S �T�V�C�H�S�B�Q�I �U�F�T�U�
 �P�U�I�F�S�X�J�T�F �X�F �S�F�U�V�S�O�G�B�M�T�F�C�F�D�B�V�T�F �U�I�F �U�X�P �R�V�F�S�J�F�T �B�S�F �C�Z

�E�F�m�O�J�U�J�P�O �O�P�U �T�L�F�M�F�U�P�O���T�U�B�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�D�� �5�P �U�F�T�U �U�I�F �T�U�B�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�T�N �X�F

�O�F�F�E �U�P �F�O�T�V�S�F �U�I�B�U�B�M�M�U�I�F �T�U�B�S �T�V�C�H�S�B�Q�I�T �P�GH �B�S�F �Q�S�F�T�F�O�U �J�OG�� �5�P �E�P �U�I�J�T �F�
�D�J�F�O�U�M�Z�
 �X�F �U�B�L�F

�J�O�U�P �B�D�D�P�V�O�U �U�I�F �D�B�O�P�O�J�D�B�M �P�S�E�F�S�J�O�H �P�G �U�I�F �T�U�B�S �K�P�J�O �W�B�S�J�B�C�M�F�T �B�T �X�F�M�M �B�T �U�I�F �M�F�Y�J�D�P�H�S�B�Q�I�J�D �P�S�E�F�S

�P�G �U�I�F �Q�B�U�U�F�S�O�T �J�O�T�J�E�F �U�I�F �T�U�B�S �M�B�C�F�M�T��

�%�V�F �U�P �U�I�F �G�B�D�U �U�I�B�U �U�I�F �T�L�F�M�F�U�P�O �H�S�B�Q�I�T �P�G �U�I�F �U�X�P �R�V�F�S�J�F�T �B�S�F �J�T�P�N�P�S�Q�I�J�D�
 �P�V�S �D�B�O�P�O�J�D�B�M

�M�B�C�F�M�M�J�O�H �B�M�H�P�S�J�U�I�N �X�J�M�M �H�F�O�F�S�B�U�F�
 �G�P�S �C�P�U�I�
 �U�I�F �T�B�N�F �D�B�O�P�O�J�D�B�M �W�B�S�J�B�C�M�F �*�%�T �B�O�E �U�I�F�S�F�G�P�S�F �U�I�F�J�S

�T�U�B�S �T�V�C�H�S�B�Q�I�T �X�J�M�M �C�F �M�B�C�F�M�F�E �J�O �U�I�F �T�B�N�F �D�B�O�P�O�J�D�B�M �P�S�E�F�S�� �s�F �P�O�M�Z �E�J�	�F�S�F�O�D�F �J�T �U�I�B�UG �D�B�O �I�B�W�F

�N�P�S�F �T�U�B�S �T�V�C�H�S�B�Q�I�T �U�I�B�OH �� �5�P �m�O�E �J�G�B�M�M�T�U�B�S �T�V�C�H�S�B�Q�I�T �P�GH �F�Y�J�T�U �J�OG �X�F �K�V�T�U �J�U�F�S�B�U�F �P�W�F�S �U�I�F

�P�S�E�F�S�F�E �T�U�B�S �T�V�C�H�S�B�Q�I�T �P�GH �B�O�E �U�S�Z �U�P �N�B�U�D�I �U�I�F�N �X�J�U�I �U�I�F �T�U�B�S �T�V�C�H�S�B�Q�I�T �P�GG�� �5�P �D�I�F�D�L �J�G

�U�X�P �T�U�B�S �T�V�C�H�S�B�Q�I�T �N�B�U�D�I�
 �X�F �m�S�T�U �D�I�F�D�L �J�G �U�I�F�Z �I�B�W�F �U�I�F �T�B�N�F �K�P�J�O �W�B�S�J�B�C�M�F �D�B�O�P�O�J�D�B�M �*�%�� �*�G �U�I�F�Z

�E�P�
 �X�F �D�P�O�U�J�O�V�F �U�I�F �D�I�F�D�L �C�Z �J�U�F�S�B�U�J�O�H �P�W�F�S �U�I�F �M�F�Y�J�D�P�H�S�B�Q�I�J�D�B�M�M�Z �P�S�E�F�S�F�E �M�J�T�U�T �P�G �U�I�F�J�S �Q�B�U�U�F�S�O�T��

�"�H�B�J�O�
 �U�I�F �M�J�T�U �P�G �Q�B�U�U�F�S�O�T �G�P�S �B �T�U�B�S �T�V�C�H�S�B�Q�I �P�GG �J�T �B�M�M�P�X�F�E �U�P �I�B�W�F �N�P�S�F �Q�B�U�U�F�S�O�T �U�I�B�O �U�I�F

����



�"�M�H�P�S�J�U�I�N �����4�L�F�M�F�U�P�O���T�U�B�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�T�N �U�F�T�U�J�O�H

�*�O�Q�V�U���5�X�P �H�S�B�Q�I�TG, H �B�O�E(Gsk , Gst ), (Hsk , Hst )�
 �U�I�F�J�S �D�B�O�P�O�J�D�B�M �T�L�F�M�F�U�P�O �B�O�E �T�U�B�S �M�B�C�F�M�T
�0�V�U�Q�V�U���5�S�V�F���G�B�M�T�F �J�GH �J�T �T�L�F�M�F�U�P�O���T�U�B�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�D �U�PG
�J�GGsk &= Hsk �U�I�F�O

�S�F�U�V�S�O �G�B�M�T�F��
�F�M�T�F

sit % Hst .iterator () ��hst = sit.nextStar () ��starMatches = false ��
�G�P�Sgst + Gst �E�P

�J�Ggst.getStarV ar() = hst.getStarV ar () �U�I�F�O
pit = hst.iterator () ��hp = pit.nextP attern () ��patternMatches = false ��
�G�P�Sgp + gst �E�P

�J�Ggp = hp �U�I�F�O
patternMatches = true ��
�J�Gpit.hasMore () �U�I�F�O

hp = pit.nextPattern () ��
�F�M�T�F

�C�S�F�B�L��
�F�O�E

�F�O�E
�F�O�E
�J�Gpit.hasMore () ||patternMatches = false �U�I�F�O

�S�F�U�V�S�O �G�B�M�T�F��
�F�O�E
starMatches = true ��

�F�O�E
�F�O�E
�J�Gsit.hasMore () ||starMatches = false �U�I�F�O

�S�F�U�V�S�O �G�B�M�T�F��
�F�O�E
�S�F�U�V�S�O �U�S�V�F��

�F�O�E

�S�F�T�Q�F�D�U�J�W�F �M�J�T�U �P�GH �
 �C�V�U�B�M�M�Q�B�U�U�F�S�O�T �P�GH ���T �M�J�T�U �N�V�T�U �C�F �Q�S�F�T�F�O�U �J�OG���T �M�J�T�U�� �s�F �V�T�F �P�G �U�I�F �H�F�O�F�S�J�D

�W�B�S�J�B�C�M�F �*�%�T �i���w �B�O�E �i� �T�w �G�P�S �U�I�F �T�U�B�S �Q�B�U�U�F�S�O �M�B�C�F�M�T�
 �E�F�T�D�S�J�C�F�E �J�O �U�I�F �Q�S�F�W�J�P�V�T �T�F�D�U�J�P�O�
 �F�O�T�V�S�F�T

�U�I�B�U �U�I�F �M�F�Y�J�D�P�H�S�B�Q�I�J�D �P�S�E�F�S �P�G �U�I�F �T�U�B�S �Q�B�U�U�F�S�O�T �X�J�M�M �C�F �U�I�F �T�B�N�F �J�O �C�P�U�I �R�V�F�S�J�F�T�� �s�F�S�F�G�P�S�F�
 �U�I�F

�Q�S�P�Q�P�T�F�E �B�M�H�P�S�J�U�I�N �D�B�O �Q�F�S�G�P�S�N �U�I�F �T�L�F�M�F�U�P�O���T�U�B�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�T�N �U�F�T�U �X�J�U�I �K�V�T�U �P�O�F

�Q�B�T�T �P�W�F�S �U�I�F �D�B�O�P�O�J�D�B�M �M�B�C�F�M�T �P�G �U�I�F �U�F�T�U�F�E �R�V�F�S�J�F�T��

���������� �$�B�O�P�O�J�D�B�M �M�B�C�F�M�M�J�O�H �D�P�N�Q�M�F�Y�J�U�Z

�*�O �U�I�J�T �T�F�D�U�J�P�O�
 �X�F �G�P�S�N�B�M�M�Z �F�Y�B�N�J�O�F �U�I�F �U�J�N�F �B�O�E �T�Q�B�D�F �D�P�N�Q�M�F�Y�J�U�J�F�T �P�G �U�I�F �Q�S�P�Q�P�T�F�E �D�B�O�P�O��

�J�D�B�M �M�B�C�F�M�M�J�O�H �B�M�H�P�S�J�U�I�N�T�� �s�F �m�S�T�U �F�Y�B�N�J�O�F�E �B�M�H�P�S�J�U�I�N �J�T �U�I�F �D�B�O�P�O�J�D�B�M �M�B�C�F�M�M�J�O�H �B�M�H�P�S�J�U�I�N �P�G

�4�F�D�U�J�P�O������������ �s�F �D�P�N�Q�M�F�Y�J�U�Z �P�G �U�I�J�T �B�M�H�P�S�J�U�I�N �J�T �E�J�S�F�D�U�M�Z �B�T�T�P�D�J�B�U�F�E �X�J�U�I �U�I�F �D�P�N�Q�M�F�Y�J�U�Z �P�G

�U�I�F�#�M�J�T�T�B�M�H�P�S�J�U�I�N �U�I�B�U �B�U�U�F�N�Q�U�T �U�P �T�P�M�W�F �U�I�F �H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�T�N �	�(�*�
 �Q�S�P�C�M�F�N�� �(�* �J�T �L�O�P�X�O

����



�U�P �I�B�W�F �U�J�N�F �D�P�N�Q�M�F�Y�J�U�Z �B�U �N�P�T�UO(2
0

n �M�P�Hn) �G�P�S �H�S�B�Q�I�T �X�J�U�In �W�F�S�U�J�D�F�T �<�"�S�W�J�O�E �����>�� �)�P�X��

�F�W�F�S�
 �U�I�J�T �J�T �O�P�U �B �S�F�Q�S�F�T�F�O�U�B�U�J�W�F �C�P�V�O�E �G�P�S�#�M�J�T�T�C�F�D�B�V�T�F �J�U�T �D�P�N�Q�M�F�Y�J�U�Z �N�B�J�O�M�Z �E�F�Q�F�O�E�T �P�O

�U�I�F �B�N�P�V�O�U �P�G �B�V�U�P�N�P�S�Q�I�J�T�N�T �Q�S�F�T�F�O�U �J�O �U�I�F �H�S�B�Q�I �T�U�S�V�D�U�V�S�F �S�B�U�I�F�S �U�I�B�O �P�O �U�I�F �O�V�N�C�F�S �P�G �J�U�T

�W�F�S�U�J�D�F�T�� �*�O�E�F�F�E�
 �U�I�F�S�F �B�S�F �H�S�B�Q�I �F�Y�B�N�Q�M�F�T �U�I�B�U �S�F�T�V�M�U �J�O �F�Y�Q�P�O�F�O�U�J�B�M �M�B�C�F�M�M�J�O�H �U�J�N�F�T �C�V�U �G�P�S �H�F�O��

�F�S�B�M �H�S�B�Q�I�T�#�M�J�T�T�Q�S�F�T�F�O�U�T �T�V�C���F�Y�Q�P�O�F�O�U�J�B�M �D�P�N�Q�M�F�Y�J�U�Z�� �s�F �F�Y�U�F�O�E�F�E �4�1�"�3�2�- �R�V�F�S�Z �M�B�C�F�M�M�J�O�H

�B�M�H�P�S�J�U�I�N �J�O�U�S�P�E�V�D�F�T �B �Q�P�M�Z�O�P�N�J�B�M �U�J�N�F�
O(n)�
 �U�S�B�O�T�G�P�S�N�B�U�J�P�O �P�G �U�I�F �J�O�Q�V�U �R�V�F�S�Z �X�I�J�D�I �J�T �O�F�H��

�M�J�H�J�C�M�F �D�P�N�Q�B�S�F�E �U�P �U�I�F �X�P�S�T�U���D�B�T�F �F�Y�Q�P�O�F�O�U�J�B�M �U�J�N�F �D�P�N�Q�M�F�Y�J�U�Z �P�G�#�M�J�T�T�� �*�U�T �N�B�K�P�S �P�W�F�S�I�F�B�E �J�T

�U�I�F �G�B�D�U �U�I�B�U �J�U �U�S�B�O�T�G�P�S�N�T �U�I�Fn �W�F�S�U�J�D�F�T �P�G �U�I�F �R�V�F�S�Z �H�S�B�Q�I �U�P3n �W�F�S�U�J�D�F�T �B�O�E �U�I�V�T �J�O�U�S�P�E�V�D�F�T

�B �Q�P�M�Z�O�P�N�J�B�M �J�O�D�S�F�B�T�F �U�P �U�I�F �J�O�Q�V�U �T�J�[�F��

�$�P�O�D�F�S�O�J�O�H �U�I�F �T�J�N�Q�M�J�m�F�E �K�P�J�O �H�S�B�Q�I �D�B�O�P�O�J�D�B�M �M�B�C�F�M�M�J�O�H �B�M�H�P�S�J�U�I�N�
 �P�G �4�F�D�U�J�P�O�����������
 �J�U �B�H�B�J�O

�E�F�Q�F�O�E�T �P�O �U�I�F �D�P�N�Q�M�F�Y�J�U�Z �P�G �U�I�F�#�M�J�T�T�B�M�H�P�S�J�U�I�N�� �s�F �N�B�K�P�S �E�J�	�F�S�F�O�D�F �O�P�X �J�T �U�I�B�U�#�M�J�T�T�P�O�M�Z

�S�V�O�T �P�O �U�P�Q �P�G �U�I�F �T�L�F�M�F�U�P�O �T�V�C�H�S�B�Q�I �P�G �U�I�F �R�V�F�S�Z�� �s�F �D�P�N�Q�M�F�Y�J�U�Z �P�G �U�I�F �T�L�F�M�F�U�P�O �T�V�C�H�S�B�Q�I

�M�B�C�F�M�M�J�O�H �J�T �U�I�F �T�B�N�F �B�T �E�J�T�D�V�T�T�F�E �B�C�P�W�F �C�V�U �J�U �O�P�X �E�F�Q�F�O�E�T �P�Osk�
 �U�I�F �O�V�N�C�F�S �P�G �T�L�F�M�F�U�P�O

�U�S�J�Q�M�F �Q�B�U�U�F�S�O�T �P�G �B �R�V�F�S�Z�
 �X�I�J�D�I �D�B�O �C�F �N�V�D�I �T�N�B�M�M�F�S �U�I�B�On�� �'�V�S�U�I�F�S�N�P�S�F�
 �P�V�S �T�J�N�Q�M�J�m�D�B�U�J�P�O

�Q�S�P�D�F�E�V�S�F �S�F�N�P�W�F�T �B�M�M �T�U�B�S �T�V�C�H�S�B�Q�I�T �G�S�P�N �U�I�F �R�V�F�S�Z �H�S�B�Q�I�T �B�O�E �U�I�V�T �S�F�N�P�W�F�T �D�M�J�R�V�F�T �G�S�P�N

�U�I�F �K�P�J�O �H�S�B�Q�I �V�T�F�E �B�T �J�O�Q�V�U �G�P�S �D�B�O�P�O�J�D�B�M �M�B�C�F�M�M�J�O�H�� �s�F�S�F�G�P�S�F�
 �U�I�F �T�L�F�M�F�U�P�O �H�S�B�Q�I �O�P�U �P�O�M�Z

�D�P�O�U�B�J�O�T �M�F�T�T �W�F�S�U�J�D�F�T �U�I�B�O �U�I�F �P�S�J�H�J�O�B�M �K�P�J�O �H�S�B�Q�I �C�V�U �J�T �B�M�T�P �N�P�S�F �M�P�P�T�F�M�Z �D�P�O�O�F�D�U�F�E�� �"�T �B

�S�F�T�V�M�U�
 �U�I�F �T�L�F�M�F�U�P�O �H�S�B�Q�I �D�P�O�U�B�J�O�T �M�F�T�T �B�V�U�P�N�P�S�Q�I�J�T�N�T �U�I�B�O �U�I�F �J�O�J�U�J�B�M �K�P�J�O �H�S�B�Q�I �B�O�E �S�F�E�V�D�F�T

�U�I�F �D�P�N�Q�M�F�Y�J�U�Z �P�G �U�I�F �B�V�U�P�N�P�S�Q�I�J�T�N �F�O�V�N�F�S�B�U�J�P�O �Q�S�P�D�F�E�V�S�F �Q�F�S�G�P�S�N�F�E �C�Z �U�I�F�#�M�J�T�T�B�M�H�P�S�J�U�I�N��

�-�B�C�F�M�M�J�O�H �T�U�B�S �T�V�C�H�S�B�Q�I�T �I�B�T �Q�P�M�Z�O�P�N�J�B�MO(st �M�P�H(st)) �
 �U�P �U�I�F �O�V�N�C�F�S �P�G �T�U�B�S �Q�B�U�U�F�S�O�Tst�
 �U�J�N�F

�D�P�N�Q�M�F�Y�J�U�Z �C�F�D�B�V�T�F �J�U �K�V�T�U �S�F�R�V�J�S�F�T �B �M�F�Y�J�D�P�H�S�B�Q�I�J�D �T�P�S�U �P�G �U�I�F �Q�B�U�U�F�S�O �M�B�C�F�M�T��

�-�B�T�U�M�Z�
 �I�B�W�J�O�H �H�F�O�F�S�B�U�F�E �D�B�O�P�O�J�D�B�M �M�B�C�F�M�T �G�P�S �R�V�F�S�Z �H�S�B�Q�I�T�
 �X�F �D�B�O �F�
�D�J�F�O�U�M�Z �Q�F�S�G�P�S�N �J�T�P��

�N�P�S�Q�I�J�T�N �B�O�E �T�L�F�M�F�U�P�O���T�U�B�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�T�N �U�F�T�U�T �J�O �Q�P�M�Z�O�P�N�J�B�M �U�J�N�F�� �s�F �D�P�N�Q�M�F�Y�J�U�Z

�P�G �U�I�F �Q�S�P�Q�P�T�F�E �T�L�F�M�F�U�P�O���T�U�B�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�T�N �B�M�H�P�S�J�U�I�N �J�T �M�J�O�F�B�S �U�P �U�I�F �O�V�N�C�F�S �P�G �U�I�F

�R�V�F�S�Z �Q�B�U�U�F�S�O�T �	�M�B�C�F�M �T�J�[�F�
n�
 �C�F�D�B�V�T�F �J�O �U�I�F �X�P�S�T�U �D�B�T�F �J�U �O�F�F�E�T �U�P �J�U�F�S�B�U�F �P�O�D�F �P�W�F�S �U�I�F �R�V�F�S�Z

�M�B�C�F�M�T�� �s�F �F�Y�B�D�U �J�T�P�N�P�S�Q�I�J�T�N �U�F�T�U �I�B�T �B�M�T�P �M�J�O�F�B�S �D�P�N�Q�M�F�Y�J�U�Z �U�P �U�I�F �M�B�C�F�M �T�J�[�Fn �C�F�D�B�V�T�F �J�U �O�F�F�E�T

�U�P �Q�F�S�G�P�S�N �B�O �F�R�V�B�M�J�U�Z �N�B�U�D�I �C�F�U�X�F�F�O �U�X�P �M�B�C�F�M�T �B�O�E �J�O �U�I�F �X�P�S�T�U �D�B�T�F �J�U �O�F�F�E�T �U�P �F�Y�B�N�J�O�F �U�I�F
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�"�T�T�V�N�J�O�H �U�I�B�U �N�V�M�U�J���X�B�Z �K�P�J�O �P�Q�F�S�B�U�P�S�T �B�S�F �D�P�N�N�V�U�B�U�J�W�F�
 �N�F�B�O�J�O�H �U�I�B�U �U�I�F �P�S�E�F�S �P�G �U�I�F

�T�F�U�T �J�O�T�J�E�F �U�I�F �M�J�T�U �E�P�F�T �O�P�U �B�	�F�D�U �U�I�F �D�P�T�U �P�G �U�I�F �K�P�J�O�
 �U�I�F �F�O�V�N�F�S�B�U�J�P�O �P�G �B�M�M �M�J�T�U �P�S�E�F�S�J�O�H�T �J�T

�T�V�Q�F�S�n�V�P�V�T�� �s�V�T�
 �U�I�F �B�Q�Q�M�J�D�B�U�J�P�O �P�G �U�I�J�T �S�F�T�U�S�J�D�U�J�P�O �F�O�T�V�S�F�T �U�I�B�U �O�P �E�V�Q�M�J�D�B�U�F�D�N�Q���M�D���M�J�T�U�T�B�S�F

�F�Y�B�N�J�O�F�E �C�Z �P�V�S �E�Z�O�B�N�J�D �Q�S�P�H�S�B�N�N�J�O�H �B�M�H�P�S�J�U�I�N�� �'�V�S�U�I�F�S�N�P�S�F�
 �J�O �P�S�E�F�S �U�P �m�O�E �U�I�F �P�Q�U�J�N�B�M

�K�P�J�O �F�Y�F�D�V�U�J�P�O �Q�M�B�O�
 �B �E�Z�O�B�N�J�D �Q�S�P�H�S�B�N�N�J�O�H �B�M�H�P�S�J�U�I�N �X�P�V�M�E �O�F�F�E �U�P �F�Y�B�N�J�O�F �B�M�M �U�I�F�D�N�Q���M�D��

�M�J�T�U�T�
 �F�B�D�I �D�P�S�S�F�T�Q�P�O�E�J�O�H �U�P �B �E�J�T�U�J�O�D�U �N�V�M�U�J���X�B�Z �K�P�J�O�
 �N�B�L�J�O�H �P�V�S �B�M�H�P�S�J�U�I�N �P�Q�U�J�N�B�M �J�O �U�F�S�N�T

�P�G �U�I�F �B�N�P�V�O�U �P�G �F�Y�B�N�J�O�F�E �Q�M�B�O�T��

���������� �%�Z�O�B�N�J�D �Q�S�P�H�S�B�N�N�J�O�H �Q�M�B�O�O�F�S �B�M�H�P�S�J�U�I�N

�*�O �U�I�J�T �T�F�D�U�J�P�O�
 �X�F �Q�S�F�T�F�O�U �U�I�F �Q�T�F�V�E�P�D�P�E�F �P�G �P�V�S �E�Z�O�B�N�J�D �Q�S�P�H�S�B�N�N�J�O�H �Q�M�B�O�O�F�S�� �8�F �G�P�D�V�T

�N�P�S�F �P�O �U�I�F �D�I�B�O�H�F�T �N�B�E�F �D�P�N�Q�B�S�F�E �U�P �U�I�F�%�1�D�D�Q�B�M�H�P�S�J�U�I�N �C�V�U �X�F �N�B�J�O�U�B�J�O�J�O�H �U�I�F �T�B�N�F

�O�P�U�B�U�J�P�O �B�T �V�T�F�E �J�O �<�.�P�F�S�L�P�U�U�F �����>�
 �B�M�M�P�X�J�O�H �J�O�U�F�S�F�T�U�F�E �S�F�B�E�F�S�T �U�P �F�B�T�J�M�Z �Q�P�J�O�U �U�P �U�I�J�T �Q�B�Q�F�S �G�P�S

�U�I�F �E�F�U�B�J�M�T �P�G �U�I�F �C�B�T�F�M�J�O�F �B�M�H�P�S�J�U�I�N�� �0�O�F �P�G �U�I�F �N�B�K�P�S �E�J�	�F�S�F�O�D�F�T �P�G �P�V�S �B�M�H�P�S�J�U�I�N �D�P�N�Q�B�S�F�E

�U�P�%�1�D�D�Q�J�T �U�I�F �T�U�S�V�D�U�V�S�F �P�G �U�I�F �E�Q�5�B�C�M�F �V�T�F�E�� �5�P �M�F�W�F�S�B�H�F �U�I�F �T�U�S�F�O�H�U�I�T �P�G �N�B�J�O�U�B�J�O�J�O�H �B�M�M

�Q�F�S�N�V�U�B�U�J�P�O�T �P�G �3�%�' �J�O�E�F�Y�F�T�
 �B �T�Z�T�U�F�N �O�F�F�E�T �U�P �Q�S�P�N�P�U�F �U�I�F �V�T�F �P�G �N�F�S�H�F �K�P�J�O�T �<�8�F�J�T�T �����


�/�F�V�N�B�O�O �����B�>�� �5�P �B�D�I�J�F�W�F �U�I�B�U �J�O �U�I�F �Q�S�F�T�F�O�D�F �P�G �N�V�M�U�J�Q�M�F �J�O�E�F�Y�F�T �B�O�E �D�B�D�I�F�E �P�S�E�F�S�J�O�H�T �P�G

�U�I�F �T�B�N�F �H�S�B�Q�I �Q�B�U�U�F�S�O�
 �X�F �O�F�F�E �U�P �D�B�S�F�G�V�M�M�Z �Q�S�F�T�F�S�W�F �S�F�T�V�M�U �P�S�E�F�S�J�O�H�T �X�I�J�M�F �H�F�O�F�S�B�U�J�O�H �K�P�J�O

�Q�M�B�O�T�� �" �S�F�T�V�M�U �X�J�U�I �B �D�F�S�U�B�J�O �P�S�E�F�S�J�O�H�
 �X�I�J�M�F �N�P�S�F �F�Y�Q�F�O�T�J�W�F �U�P �H�F�O�F�S�B�U�F �U�I�B�O �B�O�P�U�I�F�S �X�J�U�I �O�P

�P�S�E�F�S�J�O�H�
 �D�B�O �C�F �N�P�S�F �F�
�D�J�F�O�U�M�Z �V�T�F�E �J�O �B �T�V�C�T�F�R�V�F�O�U �K�P�J�O �M�F�B�E�J�O�H �U�P �B �C�F�U�U�F�S �K�P�J�O �Q�M�B�O �G�P�S �U�I�F

����



�R�V�F�S�Z�� �5�P �D�P�W�F�S �U�I�J�T �D�B�T�F�
 �X�F �D�I�B�O�H�F �U�I�F �T�U�S�V�D�U�V�S�F �P�G �P�V�S �E�Z�O�B�N�J�D �Q�S�P�H�S�B�N�N�J�O�H �U�B�C�M�F�� �8�I�J�M�F

�J�O�%�1�D�D�Q�P�O�M�Z �P�O�F �Q�M�B�O �J�T �L�F�Q�U �G�P�S �F�B�D�I �R�V�F�S�Z �T�V�C�H�S�B�Q�I�
 �P�V�S �E�Q�5�B�C�M�F �N�B�J�O�U�B�J�O�T�
 �G�P�S �F�B�D�I �R�V�F�S�Z

�T�V�C�H�S�B�Q�I�
 �B �M�J�T�U �P�G �Q�M�B�O�T �U�I�B�U �D�P�O�U�B�J�O�T �U�I�F �C�F�T�U �K�P�J�O �Q�M�B�O �G�P�S �F�B�D�I �E�J�T�D�P�W�F�S�F�E �P�S�E�F�S�J�O�H�� �s�F

�N�F�S�H�F�"�M�M�N�F�U�I�P�E �N�F�S�H�F�T �U�X�P �K�P�J�O �Q�M�B�O �M�J�T�U�T �N�B�J�O�U�B�J�O�J�O�H �P�O�M�Z �U�I�F �C�F�T�U �Q�M�B�O �G�P�S �F�B�D�I �E�J�T�U�J�O�D�U

�P�S�E�F�S�J�O�H �G�P�V�O�E �J�O �C�P�U�I �M�J�T�U�T��

�s�F �Q�S�P�Q�P�T�F�E �E�Z�O�B�N�J�D �Q�S�P�H�S�B�N�N�J�O�H �Q�M�B�O�O�F�S �S�V�O�T �P�O �U�P�Q �P�G �U�I�F �T�J�N�Q�M�J�m�F�E �K�P�J�O �H�S�B�Q�I �E�F��

�T�D�S�J�C�F�E �J�O �4�F�D�U�J�P�O�������� �*�U�T �N�B�J�O �N�F�U�I�P�E �J�T �U�I�F�T�P�M�W�F�	V �
�
 �X�I�F�S�FV �J�T �U�I�F �T�F�U �P�G �O�P�E�F�T �P�G �U�I�F

�T�J�N�Q�M�J�m�F�E �K�P�J�O �H�S�B�Q�I�
 �Q�S�F�T�F�O�U�F�E �J�O �"�M�H�P�S�J�U�I�N����

�"�M�H�P�S�J�U�I�N ����solve(V )

�G�P�Sv + V �E�P
�����J�O�J�U�J�B�M�J�[�F �E�Q�5�B�C�M�F
�J�Gv.isStar () �U�I�F�O

dpT able[{ v} ].mergeAll (getP lanForStar (v)) ��
�F�M�T�F

dpT able[{ v} ].mergeAll (indexScans(v)) ��
�F�O�E

�F�O�E
�G�P�Sv + V �E�F�T�D�F�O�E�J�O�H�B�D�D�P�S�E�J�O�H �U�P1 �E�P

emitCsg({ v} )��
enumerateCsgRec({ v} , Bv )��

�F�O�E
�S�F�U�V�S�OdpT able[V ]��

�*�O�J�U�J�B�M�M�Z�
 �U�I�F�T�P�M�W�F�	V �
 �N�F�U�I�P�E �T�F�F�E�T �U�I�F �E�Q�5�B�C�M�F �X�J�U�I �Q�M�B�O�T �G�P�S �B�M�M �U�I�F �W�F�S�U�J�D�F�T �P�G �U�I�F �T�J�N��

�Q�M�J�m�F�E �K�P�J�O �H�S�B�Q�I�� �s�F �T�J�N�Q�M�J�m�F�E �H�S�B�Q�I �D�P�O�U�B�J�O�T �W�F�S�U�J�D�F�T �U�I�B�U �S�F�Q�S�F�T�F�O�U �F�J�U�I�F�S �T�L�F�M�F�U�P�O �U�S�J�Q�M�F

�Q�B�U�U�F�S�O�T �P�S �T�U�B�S �T�V�C�H�S�B�Q�I�T�� �*�O �U�I�F �D�B�T�F �P�G �T�L�F�M�F�U�P�O �U�S�J�Q�M�F �Q�B�U�U�F�S�O�T�
 �X�F �B�E�E �U�P �U�I�F �E�Q�5�B�C�M�F �B�M�M

�U�I�F �Q�P�T�T�J�C�M�F �U�S�J�Q�M�F �R�V�F�S�Z �J�O�E�F�Y �T�D�B�O�T�� �'�P�S �F�Y�B�N�Q�M�F�
 �J�G �B �I�F�Y�B�T�U�P�S�F �<�8�F�J�T�T �����> �J�O�E�F�Y�J�O�H �J�T �V�T�F�E�


�U�I�F �E�B�U�B �P�G �B �U�S�J�Q�M�F �Q�B�U�U�F�S�O �D�B�O �C�F �S�F�U�S�J�F�W�F�E �G�S�P�N �N�V�M�U�J�Q�M�F �J�O�E�F�Y�F�T �X�J�U�I �E�J�	�F�S�F�O�U �P�S�E�F�S�J�O�H�T��

�$�P�O�D�F�S�O�J�O�H �T�U�B�S �T�V�C�H�S�B�Q�I�T�
 �X�F �O�F�F�E �U�P �H�F�O�F�S�B�U�F �K�P�J�O �Q�M�B�O�T �B�O�E �T�U�P�S�F �U�I�F�N �J�O �U�I�F �E�Q�5�B�C�M�F�� �'�P�S

�F�O�H�J�O�F�T �U�I�B�U �T�V�Q�Q�P�S�U �N�V�M�U�J���X�B�Z �K�P�J�O�T�
 �U�I�F �C�F�T�U �Q�M�B�O �G�P�S �B �T�U�B�S �T�V�C�H�S�B�Q�I �D�P�O�T�J�T�U�T �P�G �P�O�F �N�V�M�U�J��

�X�B�Z �N�F�S�H�F �K�P�J�O �P�O �U�I�F �T�U�B�S �W�B�S�J�B�C�M�F�� �*�O �U�I�F �D�B�T�F �P�G �F�O�H�J�O�F�T �U�I�B�U �V�T�F �����X�B�Z �K�P�J�O �Q�M�B�O�T�
 �F�
�D�J�F�O�U

�N�F�U�I�P�E�T �P�G �H�F�O�F�S�B�U�J�O�H �K�P�J�O �Q�M�B�O�T �G�P�S �T�U�B�S �Q�B�U�U�F�S�O�T�
 �T�V�D�I �B�T �I�J�F�S�B�S�D�I�J�D�B�M �D�I�B�S�B�D�U�F�S�J�[�B�U�J�P�O �B�O�E

�D�I�B�S�B�D�U�F�S�J�T�U�J�D �T�F�U�T �<�(�V�C�J�D�I�F�W �����>�
 �B�S�F �V�T�F�E��

�$�P�O�T�F�R�V�F�O�U�M�Z�
 �U�I�F�T�P�M�W�F�N�F�U�I�P�E �D�B�M�M�T �U�I�F �U�X�P �T�V�C�S�P�V�U�J�O�F�T�F�N�J�U�$�T�H�B�O�E�F�O�V�N�F�S�B�U�F�$�T�H�3�F�D

�G�P�S �B�M�M �W�F�S�U�J�D�F�T �J�O �E�F�D�S�F�B�T�J�O�H �P�S�E�F�S �B�D�D�P�S�E�J�O�H �U�P1 �� �'�P�S �S�F�B�E�B�C�J�M�J�U�Z�
 �X�F �N�B�J�O�U�B�J�O �U�I�F �T�B�N�F �O�B�N��

�J�O�H �V�T�F�E �J�O �<�.�P�F�S�L�P�U�U�F �����> �C�V�U �G�P�S �V�T �U�I�F�D�T�H�T�F�U �S�F�Q�S�F�T�F�O�U�T �U�I�F �m�S�T�U �T�F�U �P�G �B�D�N�Q���M�D���M�J�T�U�� �s�V�T�


�U�I�F�F�N�J�U�$�T�H�N�F�U�I�P�E �C�P�V�O�E�T �U�I�F �m�S�T�U �T�F�U �P�G �U�I�F�D�N�Q���M�D���M�J�T�U�B�O�E �D�P�O�U�J�O�V�F�T �C�Z �F�O�V�N�F�S�B�U�J�O�H �U�I�F

�S�F�T�U �P�G �J�U�T �T�V�C�T�F�U�T�� �s�F�F�O�V�N�F�S�B�U�F�$�T�H�3�F�D�	S1, X �
�G�V�O�D�U�J�P�O �J�T �V�T�F�E �U�P �F�Y�U�F�O�E �B �H�J�W�F�O �D�P�O�O�F�D�U�F�E

����



�T�V�C�H�S�B�Q�IS1 �U�P �B �M�B�S�H�F�S �D�P�O�O�F�D�U�F�E �T�V�C�H�S�B�Q�I �X�I�J�M�F �B�W�P�J�E�J�O�H �W�F�S�U�J�D�F�T �U�I�B�U �C�F�M�P�O�H �U�P �U�I�F �F�Y�D�M�V��

�T�J�P�O �T�F�U �9�� �s�F �F�Y�D�M�V�T�J�P�O �T�F�U �J�T �V�T�F�E �U�P �B�W�P�J�E �E�V�Q�M�J�D�B�U�F �T�V�C�H�S�B�Q�I �F�O�V�N�F�S�B�U�J�P�O�T �C�Z �Q�S�P�I�J�C�J�U�J�O�H

�U�I�F �T�V�C�H�S�B�Q�I �U�P �F�Y�Q�B�O�E �B�O�E �J�O�D�M�V�E�F �O�P�E�F�T �U�I�B�U �B�S�F �P�S�E�F�S�F�E �C�F�G�P�S�Fv �B�D�D�P�S�E�J�O�H �U�P1 �� �s�J�T �J�T

�B�D�I�J�F�W�F�E �X�J�U�I �U�I�F �V�T�F �P�GBv = { w : w 1 v} $ { v} �X�I�J�D�I �S�F�T�U�S�J�D�U�T �O�P�E�F�T �U�I�B�U �I�B�W�F �*�%�T �T�N�B�M�M�F�S

�U�I�B�Ov��

�"�M�H�P�S�J�U�I�N ����enumerateCsgRec(S1, X )

�G�P�SN - N (S1, X ) : N &= * �E�P
emitCsg(S1 $ N )��

�F�O�E
�G�P�SN - N (S1, X ) : N &= * �E�P

enumerateCsgRec(S1 $ N, X $ N (S1, X )��
�F�O�E

�5�P �F�Y�U�F�O�E �B �T�V�C�H�S�B�Q�I�
 �U�I�F�F�O�V�N�F�S�B�U�F�$�T�H�3�F�D�V�T�F�T �U�I�F �D�P�O�D�F�Q�U �P�G �B �T�V�C�H�S�B�Q�I���T �O�F�J�H�I�C�P�V�S��

�I�P�P�EN (S1, X ) �D�P�O�U�B�J�O�J�O�H �B�M�M �O�P�E�F�T �S�F�B�D�I�B�C�M�F �G�S�P�NS1 �X�J�U�I �P�O�F �F�E�H�F �U�I�B�U �B�S�F �O�P�U �J�OX �� �'�P�S

�B�M�M �U�I�P�T�F �T�F�U�T�
 �X�F �D�B�M�M �C�P�U�I�F�N�J�U�$�T�H�B�O�E�F�O�V�N�F�S�B�U�F�$�T�H�3�F�D��

�5�P �G�B�D�J�M�J�U�B�U�F �U�I�F �C�F�U�U�F�S �V�O�E�F�S�T�U�B�O�E�J�O�H �P�G �P�V�S �B�M�H�P�S�J�U�I�N�
 �'�J�H���������E�F�Q�J�D�U�T �U�I�F �U�S�B�D�F �P�G �J�U�T

�F�Y�F�D�V�U�J�P�O �G�P�S �U�I�F �T�J�N�Q�M�J�m�F�E �K�P�J�O �H�S�B�Q�I �P�G �4�F�D�U�J�P�O�������� �s�F �U�S�B�D�F �Q�S�F�T�F�O�U�F�E �P�O �U�I�F �V�Q�Q�F�S �Q�B�S�U

�P�G �U�I�F �m�H�V�S�F �E�F�Q�J�D�U�T �U�I�F �T�F�R�V�F�O�D�F �P�G �D�B�M�M�T �U�P �C�P�U�I�F�N�J�U�$�T�H�B�O�E�F�N�J�U�$�N�Q�-�D�-�J�T�U�G�V�O�D�U�J�P�O�T�� �s�F

�U�S�B�D�F �P�G�F�N�J�U�$�T�H�	S1�
�J�T �E�F�Q�J�D�U�F�E �B�T{ S1} �X�I�J�M�F �G�P�S�F�N�J�U�$�N�Q�-�D�-�J�T�U�X�F �V�T�F[var |{ S1} , . . . , { Sn} ]��

�s�F �T�P�M�W�F�N�F�U�I�P�E �X�J�M�M �T�U�B�S�U �C�Z �F�N�J�U�U�J�O�H �U�I�F �T�F�U �\�����^ �C�F�D�B�V�T�F �U�I�J�T �J�T �U�I�F �M�B�S�H�F�T�U �W�F�S�U�F�Y �B�D�D�P�S�E�J�O�H �U�P

1 �� �s�J�T �T�F�U �X�J�M�M �O�P�U �H�F�O�F�S�B�U�F �B�O�Z�D�N�Q���M�D���M�J�T�U�T�B�O�E �X�J�M�M �O�P�U �C�F �G�V�S�U�I�F�S �F�Y�U�F�O�E�F�E �B�T �J�U�T �F�Y�D�M�V�T�J�P�O

�T�F�U �D�P�O�U�B�J�O�T �B�M�M �J�U�T �O�F�J�H�I�C�P�V�S�T�� �s�F �T�B�N�F �X�J�M�M �I�B�Q�Q�F�O �G�P�S �U�I�F �T�F�U �\�����^�� �s�F�F�N�J�U�$�T�H�N�F�U�I�P�E

�X�J�M�M �U�I�F�O �F�O�V�N�F�S�B�U�F �B�M�M�D�N�Q���M�D���M�J�T�U�T�U�I�B�U �I�B�W�F �\���^ �B�T �U�I�F�J�S �Q�S�J�N�B�S�Z �T�F�U�� �8�I�F�O �U�I�J�T �J�T �E�P�O�F �U�I�F

�F�O�V�N�F�S�B�U�F�$�T�H�3�F�D�X�J�M�M �F�Y�Q�B�O�E �\���^ �B�O�E �D�B�M�M�F�N�J�U�$�T�H�G�P�S �\���
�����^�� �s�F �T�B�N�F �X�J�M�M �I�B�Q�Q�F�O �G�P�S �\���^ �U�I�B�U

�X�J�M�M �C�F �F�Y�U�F�O�E�F�E �U�P �\���
 ���^�
 �\���
 �����^�
 �\���
 �����^�
 �\���
 ���
 �����^�
 �\���
 ���
 �����^�
 �\���
 �����
 �����^�
 �\���
 ���
 �����
 �����^�� �s�F �T�F�U

�\���^ �X�J�M�M �C�F �F�Y�U�F�O�E�F�E �B�T�
 �\���
 ���^�
 �\���
 ���^�
 �\���
 �����^�
 �\���
 ���
 ���^�
 �\���
 ���
 �����^�
 �\���
 ���
 �����^�
 �\���
 ���
 ���
 �����^ �G�S�P�N �U�I�F

�m�S�T�U �M�P�P�Q �P�G �U�I�F�F�O�V�N�F�S�B�U�F�$�T�H�3�F�D�N�F�U�I�P�E�� �s�F �T�F�D�P�O�E �M�P�P�Q �X�J�M�M �U�I�F�O �S�F�D�V�S�T�J�W�F�M�Z �B�E�E �U�I�F �O�P�E�F

���� �J�O �B�M�M �U�I�F �B�C�P�W�F �T�F�U�T �D�B�M�M�J�O�H�F�N�J�U�$�T�H�G�P�S �\���
 ���
 �����^�
 �\���
 ���
 �����^�
 �\���
 ���
 ���
 �����^�
 �\���
 ���
 �����
 �����^�
 �\���
 ���


�����
 �����^ �B�O�E �\���
 ���
 ���
 �����
 �����^��

�%�V�S�J�O�H �U�I�F �F�O�V�N�F�S�B�U�J�P�O �Q�S�P�D�F�T�T�
 �U�I�F�F�N�J�U�$�T�H�	S1�
�G�V�O�D�U�J�P�O �J�T �F�Y�F�D�V�U�F�E �P�O�M�Z �P�O�D�F �G�P�S �F�W�F�S�Z

�D�P�O�O�F�D�U�F�E �T�V�C�H�S�B�Q�I �P�G �U�I�F �R�V�F�S�Z �J�O �I�B�O�E�
 �N�B�L�J�O�H �J�U �B �H�S�F�B�U �Q�M�B�D�F �U�P �J�O�U�F�H�S�B�U�F �P�V�S �D�I�F�D�L �D�B�D�I�F

�N�F�D�I�B�O�J�T�N�� �*�O �B�E�E�J�U�J�P�O�
�F�N�J�U�$�T�H�	S1�
�J�T �D�B�M�M�F�E �C�F�G�P�S�F �F�W�F�S�Z �B�U�U�F�N�Q�U �U�P �V�U�J�M�J�[�FS1 �J�O �B �K�P�J�O �B�O�E

�U�I�V�T �U�I�F �D�B�D�I�F �S�F�T�V�M�U�T �S�F�U�S�J�F�W�F�E �I�F�S�F �X�J�M�M �C�F �B�W�B�J�M�B�C�M�F �G�P�S �U�I�F �D�P�N�Q�V�U�B�U�J�P�O �P�G �U�I�F �D�P�T�U �P�G �B�O�Z �K�P�J�O

�Q�M�B�O �U�I�B�U �D�P�O�U�B�J�O�TS1��

�s�F �F�N�J�U�$�T�H�G�V�O�D�U�J�P�O �Q�S�P�D�F�F�E�T �X�J�U�I �F�O�V�N�F�S�B�U�J�O�H �U�I�F�D�N�Q���M�D���M�J�T�U�T�Q�S�F�T�F�O�U�F�E �J�O �4�F�D�U�J�P�O

������������ �8�F �O�P�X �J�O�U�S�P�E�V�D�F �U�I�F �D�P�O�D�F�Q�U �P�G �U�I�F �M�B�C�F�M�M�F�E �O�F�J�H�I�C�P�V�S�I�P�P�E �P�G �B �T�V�C�H�S�B�Q�INlabel =

����



�"�M�H�P�S�J�U�I�N ����emitCsg(S1)

�J�G|S1| 3 2 �U�I�F�O
dpTable[S1].mergeAll (checkCache(S1)) �� �����D�I�F�D�L �D�B�D�I�F �B�O�E �N�F�S�H�F �Q�M�B�O�T

�F�O�E
X = S1 $ Bmin (S1 ) ��
Nlabel = Nlabel (S1, X )��
�G�P�S(l, S2) + Nlabel : S2 &= * �E�P

X 1 = X $ S2��
list.push (S1)��
enumerateCmpLcList (list, S 2, X 1, l )��

�F�O�E

Nlabel(S1, X )��Nlabel �J�T �B �T�F�U �P�G �Q�B�J�S�T(l, S2)�
 �X�I�F�S�Fl �J�T �B�O �F�E�H�F �M�B�C�F�M �U�I�B�U �D�P�S�S�F�T�Q�P�O�E�T �U�P �B �K�P�J�O

�W�B�S�J�B�C�M�F �B�O�ES2 �J�T �U�I�F �T�F�U �P�G �O�P�E�F�T �O�P�U �D�P�O�U�B�J�O�F�E �J�OX �B�O�E �S�F�B�D�I�B�C�M�F �G�S�P�NS1 �X�J�U�I �P�O�F �F�E�H�F

�M�B�C�F�M�M�F�E �C�Zl �� �8�F �B�M�T�P �X�B�O�U �U�P �F�O�G�P�S�D�F �U�I�F �F�O�V�N�F�S�B�U�J�P�O �P�G �N�V�M�U�J���X�B�Z �K�P�J�O�T �U�I�B�U �K�P�J�O�B�M�M�Q�B�U�U�F�S�O�T

�U�I�B�U �T�I�B�S�F �B �D�F�S�U�B�J�O �W�B�S�J�B�C�M�F �J�O �P�O�F �T�U�F�Q�� �5�P �E�P �T�P�
Nlabel(S1, X ) �J�T �S�F�T�U�S�J�D�U�F�E �U�P �D�P�O�U�B�J�O �P�O�M�Z

�Q�B�J�S�T(l, S2)�
 �T�V�D�I �U�I�B�US1 $ S2 �D�P�O�U�B�J�O�T�B�M�M�U�I�F �O�P�E�F�T �P�G �U�I�F �K�P�J�O �H�S�B�Q�I �U�I�B�U �I�B�W�F �B�O �F�E�H�F �M�B�C�F�M�F�E

�C�Zl �� �'�P�S �F�B�D�I �Q�B�J�S �P�G �U�I�F �M�B�C�F�M�M�F�E �O�F�J�H�I�C�P�V�S�I�P�P�E �P�GS1 �X�F �F�O�V�N�F�S�B�U�F �B�M�M �Q�P�T�T�J�C�M�F�D�N�Q���M�D���M�J�T�U�T

�U�I�B�U �D�P�O�U�B�J�OS1 �B�T �U�I�F�J�S �Q�S�J�N�B�S�Z �T�F�U �B�O�E �F�O�G�P�S�D�F �U�I�F�D�N�Q���M�D���M�J�T�U�P�S�E�F�S�J�O�H �D�P�O�T�U�S�B�J�O�U�T �P�G �4�F�D�U�J�P�O

�����������V�T�J�O�H �U�I�F �G�V�O�D�U�J�P�O�F�O�V�N�F�S�B�U�F�$�N�Q�-�D�-�J�T�U��

�"�M�H�P�S�J�U�I�N ����enumerateCmpLcList (list, S, X, l )

�J�GS = * �U�I�F�O
extendCmpLcList (list, 1, X, l )��
�S�F�U�V�S�O��

�F�O�E
m = �N�J�O

"
{ v + S} ��

�G�P�SS1 - S \ m �E�P
S1 = S1 $ m��S2 = S \ S1��list.push (S1)��
enumerateCmpLcList (list, S 2, X, l )��
list.pop() ��

�F�O�E

�s�F �F�O�V�N�F�S�B�U�F�$�N�Q�-�D�-�J�T�U�	list, S, X, l �
�G�V�O�D�U�J�P�O �S�F�D�V�S�T�J�W�F�M�Z �T�Q�M�J�U�T �U�I�F �T�F�US �J�O �U�X�P �T�F�U�T��S1

�D�P�O�U�B�J�O�J�O�H �U�I�F �N�J�O�J�N�V�N �O�P�E�F �P�GS �B�D�D�P�S�E�J�O�H �U�P1 �B�O�ES2 = S \ S1�� S1 �H�F�U�T �Q�V�T�I�F�E �J�O �U�I�F

�D�N�Q���M�D���M�J�T�U�B�O�E �U�I�F �F�O�V�N�F�S�B�U�J�P�O �D�P�O�U�J�O�V�F�T �V�O�U�J�MS2 �I�B�T �O�P �N�P�S�F �F�M�F�N�F�O�U�T�� �s�J�T �Q�S�P�D�F�E�V�S�F

�F�O�T�V�S�F�T �U�I�B�U �U�I�F�D�N�Q���M�D���M�J�T�U�T�T�B�U�J�T�G�Z �U�I�F �P�S�E�F�S�J�O�H �Q�S�P�Q�F�S�U�Z �E�F�T�D�S�J�C�F�E �J�O �4�F�D�U�J�P�O������������ �'�J�O�B�M�M�Z�
 �U�I�F

�F�O�V�N�F�S�B�U�F�$�N�Q�-�D�-�J�T�U�D�B�M�M�T �U�I�F�F�Y�U�F�O�E�$�N�Q�-�D�-�J�T�U�G�V�O�D�U�J�P�O �U�P �S�F�D�V�S�T�J�W�F�M�Z �F�Y�U�F�O�E �B�M�M �U�I�F �T�V�C�T�F�U�T

�P�G �B�D�N�Q���M�D���M�J�T�U��

�s�F �F�Y�U�F�O�E�$�N�Q�-�D�-�J�T�U�	list, i, X, l �
 �G�V�O�D�U�J�P�O �F�O�V�N�F�S�B�U�F�T �B�M�M �Q�P�T�T�J�C�M�F �F�Y�U�F�O�T�J�P�O�T �P�G �U�I�F �J���U�I

�T�V�C�H�S�B�Q�I �P�G �U�I�F�D�N�Q���M�D���M�J�T�U�� �*�U�T �Q�S�J�N�B�S�Z �T�V�C�H�S�B�Q�I �X�B�T �F�Y�U�F�O�E�F�E �V�T�J�O�H �U�I�F�F�O�V�N�F�S�B�U�F�$�T�H�3�F�D

����



�"�M�H�P�S�J�U�I�N ����extendCmpLcList (list, i, X, l )

�J�Gi < list.size () # 1 �U�I�F�O
extendCmpLcList (list, i + 1 , X, l )��

�F�M�T�F
emitCmpLcList (list, l )��

�F�O�E
S = list.get (i )��
�G�P�SN - N (S, X ) : N &= * �E�P

S1 = S $ N ��list.put (i, S1)��
extendCmpLcList (list, i, X $ N (S, X ), l )��

�F�O�E
list.put (i, S )��

�G�V�O�D�U�J�P�O �B�O�E �U�I�V�T �U�I�F �F�Y�U�F�O�T�J�P�O �Q�S�P�D�F�E�V�S�F �T�L�J�Q�T �J�U �B�O�E �S�F�D�V�S�T�J�W�F�M�Z �F�Y�U�F�O�E�T �B�M�M �T�V�C�H�S�B�Q�I�T �I�B�W��

�J�O�H �J�O�E�F�Yi = 1 , . . . , list.size () # 1�� �s�F�F�N�J�U�$�N�Q�-�D�-�J�T�U�	list, l �
�J�T �U�I�F �m�O�B�M �T�U�F�Q �P�G �P�V�S �E�Z�O�B�N�J�D

�Q�S�P�H�S�B�N�N�J�O�H �B�M�H�P�S�J�U�I�N �B�O�E �J�T �S�F�T�Q�P�O�T�J�C�M�F �G�P�S �D�P�N�Q�V�U�J�O�H �U�I�F �D�P�T�U �P�G �U�I�F �N�V�M�U�J���X�B�Z �K�P�J�O �E�F��

�T�D�S�J�C�F�E �C�Z(list, l )�
 �V�T�J�O�H �U�I�F �R�V�F�S�Z �F�O�H�J�O�F���T �D�P�T�U �N�P�E�F�M �B�O�E �V�Q�E�B�U�J�O�H �U�I�F �E�Q�5�B�C�M�F �F�O�U�S�Z �G�P�S �U�I�F

�S�F�T�V�M�U�J�O�H �T�V�C�H�S�B�Q�I��

�*�O �P�V�S �F�Y�B�N�Q�M�F�
 �U�I�F�F�N�J�U�$�T�H�	�\���^�
 �N�F�U�I�P�E �X�J�M�M �D�B�M�M�F�O�V�N�F�S�B�U�F�$�N�Q�-�D�-�J�T�U�P�O�D�F �G�P�S �F�W�F�S�Z �M�B��

�C�F�M�M�F�E �O�F�J�H�I�C�P�V�S�I�P�P�E �P�G �\���^ �	�<st�
�\���
�����^�>�
�� �*�O �U�I�J�T �D�B�T�F�
 �U�I�F �D�P�S�S�F�T�Q�P�O�E�J�O�H �M�J�T�U�T �D�B�O�O�P�U �C�F �G�V�S�U�I�F�S

�F�Y�U�F�O�E�F�E �E�V�F �U�P �U�I�F �P�S�E�F�S�J�O�H �D�P�O�T�U�S�B�J�O�U�T �B�O�E �U�I�F�F�N�J�U�$�N�Q�-�D�-�J�T�U�X�J�M�M �C�F �D�B�M�M�F�E �U�X�J�D�F�� �<�T�U|�\���^�
 �\���^�


�\�����^�>�
 �<�T�U|�\���^�
 �\���
 �����^�>�� �*�O �U�I�F �D�B�T�F �P�G �\���^�
 �U�I�F �M�B�C�F�M�M�F�E �O�F�J�H�I�C�P�V�S�I�P�P�E �J�T �	�<�Q�S�P�G�
�\���
�����^�>�
�<�Q�B�Q�F�S�
�\���^�>�
��

�&�Y�B�N�J�O�J�O�H �U�I�F �D�B�T�F �P�G �U�I�F �O�F�J�H�I�C�P�V�S�I�P�P�E �<�Q�S�P�G�
�\���
�����^�>�
 �U�I�F �S�F�D�V�S�T�J�W�F �F�O�V�N�F�S�B�U�J�P�O �P�G �U�I�F�F�O�V��

�N�F�S�B�U�F�$�N�Q�-�D�-�J�T�U�X�J�M�M �U�I�F�O �D�B�M�M�F�Y�U�F�O�E�$�N�Q�-�D�-�J�T�U�G�P�S �U�I�F �G�P�M�M�P�X�J�O�H �M�J�T�U�T�� �<�\���^�
 �\���^�
 �\�����^�>�
 �<�\���^�


�\���
�����^�>�� �'�J�O�B�M�M�Z�
 �U�I�F�F�Y�U�F�O�E�$�N�Q�-�D�-�J�T�U�X�J�M�M �F�Y�U�F�O�E �B�M�M �U�I�F �T�V�C�T�F�U�T �P�G �U�I�P�T�F �M�J�T�U�T �D�B�M�M�J�O�H �U�I�F�F�N�J�U�$�N��
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 �H�S�P�V�Q�J�O�H�T�
�� �'�J�H�����������E�F�Q�J�D�U�T

�U�I�J�T �T�U�S�V�D�U�V�S�F �G�P�S �U�I�F �B�C�T�U�S�B�D�U �T�L�F�M�F�U�P�O �R�V�F�S�Z �H�S�B�Q�I �V�T�F�E �J�O �4�F�D�U�J�P�O��������

�"�����D�X�W�K�R�U���"������

�"�����D�G�Y�L�V�R�U���"������

�"�����D�X�W�K�R�U���"������

�'�P�S �C�F�U�U�F�S �V�O�E�F�S�T�U�B�O�E�J�O�H�
 �X�F �V�T�F �U�I�F �D�B�O�P�O�J�D�B�M �W�B�S�J�B�C�M�F �O�B�N�F�T�
 �Q�S�F�T�F�O�U�F�E �J�O �4�F�D�U�J�P�O������������

�*�O �U�I�J�T �F�Y�B�N�Q�M�F�
 �X�F �B�T�T�V�N�F �U�I�B�U �P�V�S �D�B�D�I�F �D�P�O�U�B�J�O�T �T�F�W�F�S�B�M �D�B�D�I�F�E �S�F�T�V�M�U�T �X�J�U�I �U�I�F �U�X�P �G�P�M�M�P�X��

�J�O�H �B�C�T�U�S�B�D�U �T�U�B�S �M�B�C�F�M�T��

�"�����I�X�O�O�1�D�P�H���"������

�"�����H�P�D�L�O�$�G�G�U�H�V�V���"������

�"�����V�W�X�G�L�H�V�,�Q���"������

�"�����W�\�S�H���"������

�"�����I�X�O�O�1�D�P�H���"������

�"�����H�P�D�L�O�$�G�G�U�H�V�V���"������

�"�����V�W�X�G�L�H�V�,�Q���"������

�s�F �m�S�T�U �F�E�H�F�T �P�G �U�I�F �U�S�F�F �F�O�D�P�E�F �U�I�F �B�C�T�U�S�B�D�U �T�U�B�S �M�B�C�F�M�T �P�G �U�I�F �F�Y�J�T�U�J�O�H �D�B�D�I�F�E �S�F�T�V�M�U�T��

�&�B�D�I �P�U�I�F�S �F�E�H�F �D�P�O�U�B�J�O�T �U�I�F �m�M�U�F�S�J�O�H�
 �P�Q�U�J�P�O�B�M�J�U�Z �B�O�E �J�O�E�F�Y�J�O�H �J�O�G�P�S�N�B�U�J�P�O �S�F�M�B�U�F�E �U�P �B �T�Q�F�D�J�m�D

�R�V�F�S�Z �W�B�S�J�B�C�M�F�� �&�B�D�I �M�F�B�G �P�G �U�I�F �U�S�F�F �S�F�Q�S�F�T�F�O�U�T �B �D�B�D�I�F�E �S�F�T�V�M�U �B�O�E�
 �U�I�F�S�F�G�P�S�F�
 �U�I�F �Q�B�U�I �U�I�B�U

�D�P�O�O�F�D�U�T �J�U �X�J�U�I �U�I�F �S�P�P�U �O�P�E�F �F�O�D�P�E�F�T �B�M�M �J�U�T �B�V�Y�J�M�J�B�S�Z �J�O�G�P�S�N�B�U�J�P�O�� �'�P�S �F�Y�B�N�Q�M�F�
 �B�O �F�E�H�F �X�J�U�I

�M�B�C�F�M� ���\�i���
 �*�O�E�F�Y�w�^�N�F�B�O�T �U�I�B�U �U�I�F �S�F�T�V�M�U �D�P�O�U�B�J�O�T �O�P �m�M�U�F�S �P�O �U�I�J�T �W�B�S�J�B�C�M�F �B�O�E �Q�S�P�W�J�E�F�T �B�O �J�O�E�F�Y

�G�P�S �J�U�� �"�O �F�E�H�F �M�B�C�F�M�F�E� ���\���i�.�*�5�w�^�E�F�O�P�U�F�T �U�I�B�U �U�I�F �S�F�T�V�M�U �D�P�O�U�B�J�O�T �U�I�F �m�M�U�F�S� �����i�.�*�5�w�� �" �A�A! �w

�F�E�H�F �E�F�O�P�U�F�T �U�I�B�U �U�I�F �S�F�T�Q�F�D�U�J�W�F �W�B�S�J�B�C�M�F �J�T �Q�S�P�K�F�D�U�F�E �P�V�U �J�O �U�I�F �S�F�T�V�M�U �X�I�J�M�F �B�O �A�AO�w �F�E�H�F �E�F�O�P�U�F�T

�U�I�F �P�Q�U�J�P�O�B�M�J�U�Z �P�G �B �T�Q�F�D�J�m�D �Q�B�U�U�F�S�O�� �*�G �U�I�F �R�V�F�S�Z �D�P�O�U�B�J�O�T �B �H�S�P�V�Q���C�Z �D�M�B�V�T�F �J�U �J�T �F�O�D�P�E�F�E �B�T �B

����



�M�B�T�U �M�F�W�F�M �F�E�H�F �J�O �U�I�F �D�B�D�I�F�E �S�F�T�V�M�U �U�S�F�F�� �5�P �D�I�F�D�L �U�I�F �V�T�B�C�J�M�J�U�Z �P�G �D�B�D�I�F�E �S�F�T�V�M�U�T �G�P�S �B �D�B�D�I�F

�S�F�R�V�F�T�U�
 �X�F �D�B�O �U�S�B�W�F�S�T�F �U�I�F �U�S�F�F �G�S�P�N �U�I�F �S�P�P�U �O�P�E�F �B�O�E �m�O�E �U�I�F �S�F�T�V�M�U�T �U�I�B�U �D�B�O �C�F �V�U�J�M�J�[�F�E �U�P

�B�O�T�X�F�S �J�U �C�Z �G�P�M�M�P�X�J�O�H �P�O�M�Z �U�I�F �F�E�H�F�T �U�I�B�U �Q�S�P�W�J�E�F �N�P�S�F �H�F�O�F�S�J�D �S�F�T�V�M�U�T �U�I�B�O �U�I�F �R�V�F�S�Z �S�F�R�V�F�T�U��

�8�I�F�O �D�S�P�T�T�J�O�H �T�U�B�S �M�B�C�F�M �F�E�H�F�T�
 �X�F �Q�F�S�G�P�S�N �B �T�L�F�M�F�U�P�O���T�U�B�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�T�N �U�F�T�U �J�O �P�S�E�F�S

�U�P �P�O�M�Z �G�P�M�M�P�X �U�I�F �T�V�C�U�S�F�F�T �U�I�B�U �D�B�O �C�F �V�T�F�E �U�P �Q�S�P�W�J�E�F �J�O�Q�V�U �G�P�S �U�I�F �S�F�T�Q�F�D�U�J�W�F �S�F�T�V�M�U��
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�'�J�H�V�S�F �����������4�F�B�S�D�I �3�F�T�V�M�U �5�S�F�F �G�P�SQr

�"�Q�B�S�U �G�S�P�N �D�I�F�D�L�J�O�H �U�I�F �V�T�B�C�J�M�J�U�Z �P�G �D�B�D�I�F�E �S�F�T�V�M�U�T �G�P�S �B �D�B�D�I�F �S�F�R�V�F�T�U�
 �X�F �B�M�T�P �O�F�F�E �U�P �C�F

�B�C�M�F �U�P �F�W�B�M�V�B�U�F �U�I�F�J�S �D�P�T�U �B�O�E �m�O�E �U�I�F �S�F�T�V�M�U �U�I�B�U �C�F�T�U �N�B�U�D�I�F�T �F�B�D�I �D�B�D�I�F �S�F�R�V�F�T�U�� �"�T �D�P�T�U �P�G

�B �D�B�D�I�F�E �S�F�T�V�M�U�
 �X�F �S�F�G�F�S �U�P �U�I�F �B�N�P�V�O�U �P�G �S�F�D�P�S�E�T �U�I�B�U �O�F�F�E �U�P �C�F �B�D�D�F�T�T�F�E �G�P�S �V�T�J�O�H �J�U�� �5�P �F�T�U�J��

�N�B�U�F �U�I�J�T �D�P�T�U �J�O �U�I�F �Q�S�F�T�F�O�D�F �P�G �T�F�W�F�S�B�M �J�O�E�F�Y�F�E �W�B�S�J�B�C�M�F�T �B�O�E �R�V�F�S�Z �m�M�U�F�S�T�
 �X�F �O�F�F�E �U�P �F�Y�U�F�O�E

�P�V�S �U�S�F�F �T�U�S�V�D�U�V�S�F �X�J�U�I �T�F�M�F�D�U�J�W�J�U�Z �F�T�U�J�N�B�U�J�P�O�T �B�O�E �S�F�T�V�M�U �T�J�[�F�T�� �s�F �Q�S�P�D�F�E�V�S�F �P�G �J�O�T�F�S�U�J�O�H �B

�D�B�D�I�F�E �S�F�T�V�M�U �J�O �U�I�F �S�F�T�V�M�U �U�S�F�F �D�B�O �C�F �T�F�F�O �J�O �"�M�H�P�S�J�U�I�N������ �s�F�U�S�F�F�*�O�T�F�S�U�N�F�U�I�P�E �S�F�D�V�S�T�J�W�F�M�Z

�B�E�E�T �B �O�F�X �M�F�B�G �O�P�E�F�
 �S�F�Q�S�F�T�F�O�U�J�O�H �U�I�F �D�V�S�S�F�O�U �S�F�T�V�M�U�
 �B�M�P�O�H �X�J�U�I �J�U�T �T�J�[�F �J�O �O�V�N�C�F�S �P�G �S�F�D�P�S�E�T��

�s�F �N�J�O�3�F�T�V�M�U�T�W�B�M�V�F �P�G �F�B�D�I �U�S�F�F �O�P�E�F�
 �W�J�T�J�C�M�F �J�O�T�J�E�F �F�B�D�I �O�P�E�F �P�G �'�J�H�����������
 �S�F�Q�S�F�T�F�O�U�T �B�O �F�T��

�U�J�N�B�U�J�P�O �P�G �U�I�F �M�P�X�F�T�U �D�P�T�U �U�I�B�U �D�B�O �C�F �B�D�I�J�F�W�F�E �C�Z �U�I�F �S�F�T�V�M�U�T �P�G �J�U�T �S�F�T�Q�F�D�U�J�W�F �T�V�C�U�S�F�F�� �)�B�W�J�O�H

�H�V�B�S�B�O�U�F�F�T �G�P�S �U�I�F �M�P�X�F�T�U �D�P�T�U �P�G �B �T�V�C�U�S�F�F�
 �X�F �D�B�O �Q�F�S�G�P�S�N �U�I�F �T�F�B�S�D�I �G�P�S �B �D�B�D�I�F �S�F�R�V�F�T�U �V�T�J�O�H

�F�
�D�J�F�O�U �"�� �T�F�B�S�D�I �B�O�E �Q�S�V�O�F �F�O�U�J�S�F �T�V�C�U�S�F�F�T �U�I�B�U �E�P �O�P�U �D�P�O�U�B�J�O �S�F�M�F�W�B�O�U �S�F�T�V�M�U�T�� �5�P �D�S�F�B�U�F

�U�I�F �N�J�O�J�N�V�N �D�P�T�U �F�T�U�J�N�B�U�J�P�O�T�
 �F�B�D�I �M�F�B�G �O�P�E�F �D�P�O�U�B�J�O�T �U�I�F �B�D�U�V�B�M �S�F�T�V�M�U �T�J�[�F�� �X�F �Q�S�P�Q�B�H�B�U�F �U�I�J�T

�W�B�M�V�F �U�P �U�I�F �Q�B�S�F�O�U �O�P�E�F�T �C�Z �L�F�F�Q�J�O�H �F�B�D�I �U�J�N�F �U�I�F �N�J�O�J�N�V�N �W�B�M�V�F �B�N�P�O�H �B�M�M �D�I�J�M�E�S�F�O�� �*�O �U�I�F

�D�B�T�F �P�G �J�O�E�F�Y�F�E �F�E�H�F�T�
 �X�F �B�Q�Q�M�Z �U�I�F �T�F�M�F�D�U�J�W�J�U�Z �F�T�U�J�N�B�U�J�P�O�T �C�F�G�P�S�F �X�F �Q�S�P�Q�B�H�B�U�F �U�I�F �W�B�M�V�F �G�S�P�N

�U�I�F �D�I�J�M�E �U�P �U�I�F �Q�B�S�F�O�U �O�P�E�F�� �*�G �B �S�F�R�V�F�T�U �D�P�O�U�B�J�O�T �B �m�M�U�F�S �P�O �B �W�B�S�J�B�C�M�F �U�I�B�U �J�T �J�O�E�F�Y�F�E�
 �X�F �O�F�F�E

�U�P �S�F�E�V�D�F �U�I�F �D�P�T�U �P�G �U�I�F �S�F�T�V�M�U �C�Z �U�I�F �F�Y�Q�F�D�U�F�E �T�F�M�F�D�U�J�W�J�U�Z �P�G �U�I�F �m�M�U�F�S�J�O�H �P�Q�F�S�B�U�J�P�O �P�O �U�I�F �J�O�E�F�Y��

����



�&�E�H�F�T �U�I�B�U �D�P�O�U�B�J�O �O�P �J�O�E�F�Y�F�T �E�P �O�P�U �D�I�B�O�H�F �U�I�F �D�P�T�U �P�G �U�I�F �S�F�T�V�M�U �C�F�D�B�V�T�F �X�F �X�P�V�M�E �O�F�F�E �U�P

�B�D�D�F�T�T �B�M�M �U�I�F�J�S �E�B�U�B �U�P �Q�F�S�G�P�S�N �U�I�F �m�M�U�F�S�J�O�H �P�Q�F�S�B�U�J�P�O��

�"�M�H�P�S�J�U�I�N ������cacheResult

�G�V�O�D�U�J�P�OcacheResult(V, E, aux, size)
����V, E : �W�F�S�U�J�D�F�T �B�O�E �F�E�H�F�T �P�G �U�I�F �B�C�T�U�S�B�D�U �R�V�F�S�Z �H�S�B�Q�I
����aux : �B�V�Y�J�M�J�B�S�Z �R�V�F�S�Z �J�O�G�P�	�m�M�U�F�S�T�
 �Q�S�P�K�F�D�U�J�P�O�T�
 �F�U�D�

����size : �U�I�F �T�J�[�F �P�G �U�I�F �S�F�T�V�M�U �J�O �S�F�D�P�S�E�T
(skeletonLabel, starLabel) % canonicalLabel(V, E)��
resultT ree % ResultCache.get(skeletonLabel)��
aux.addStarLabel(starLabel )��
treeInsert (resultT ree.root, aux, size )��

�G�V�O�D�U�J�P�OtreeInsert (node, aux, size)
�J�Gaux.isEmpty () �U�I�F�O

createLeaf (size)��
�F�M�T�F

aInfo % aux.getNext () ��
�J�G((edge, child) = node.getEdge(aInfo )) = null ) �U�I�F�O

�����&�E�H�F �E�P�F�T �O�P�U �F�Y�J�T�U�
 �D�S�F�B�U�F �O�F�X
(edge, child) = newEdge(aInfo )��

�F�O�E
treeInsert (child, aux, size )��
�J�GaInfo.isIndexed () �U�I�F�O

�����D�P�N�Q�V�U�F �U�I�F �N�B�Y�J�N�V�N �T�F�M�F�D�U�J�W�J�U�Z �P�G �U�I�F �J�O�E�F�Y
maxSel % maxSelectivity (edge)��
results = child.minResults " maxSel��

�F�M�T�F
results = child.minResults ��

�F�O�E
�J�Gresults < node.minResults �U�I�F�O

�J�Gresults 4 1 �U�I�F�O
results % 1��

�F�O�E
node.minResults = results ��

�F�O�E
�F�O�E

�0�V�S �D�B�D�I�F �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �E�P�F�T �O�P�U �E�F�Q�F�O�E �P�O �U�I�F �T�Q�F�D�J�m�D �X�B�Z �U�I�B�U �B�O �3�%�' �F�Y�F�D�V�U�J�P�O �F�O��

�H�J�O�F �I�B�O�E�M�F�T �T�F�M�F�D�U�J�W�J�U�Z �F�T�U�J�N�B�U�J�P�O�T�� �5�P �D�S�F�B�U�F �U�I�F �D�B�D�I�F�E �S�F�T�V�M�U �U�S�F�F �X�F �P�O�M�Z �S�F�R�V�J�S�F �U�I�F �N�B�Y��

�J�N�V�N �T�F�M�F�D�U�J�W�J�U�Z �U�I�B�U �D�B�O �C�F �B�D�I�J�F�W�F�E �C�Z �E�P�J�O�H �B �m�M�U�F�S�J�O�H �P�Q�F�S�B�U�J�P�O �P�O �B �D�F�S�U�B�J�O �J�O�E�F�Y�� �'�P�S �F�B�D�I

�J�O�E�F�Y�F�E �F�E�H�F �P�G �B �D�B�D�I�F�E �S�F�T�V�M�U�
 �X�F �H�F�O�F�S�B�U�F �B �T�F�M�F�D�U�J�W�J�U�Z �W�B�M�V�Fs = minRecords/ totalRecords�


�E�F�Q�J�D�U�F�E �B�M�P�O�H �U�I�F �J�O�E�F�Y�F�E �F�E�H�F�T �P�G �'�J�H������������ �*�O �P�V�S �S�V�O�O�J�O�H �F�Y�B�N�Q�M�F�
 �B�O �J�O�E�F�Y �P�O �U�I�F �H�F�O�F�S�B�M

�S�F�T�V�M�U�	�� �N�J�M�M�J�P�O �S�F�D�P�S�E�T�
�
 �P�O �W�B�S�J�B�C�M�F�"�������"�X�Q�L�Y���I�B�T �B �N�J�O�J�N�V�N �B�N�P�V�O�U �P�G �������� �S�F�D�P�S�E�T �B�O�E

�U�I�V�T �J�U�T �N�B�Y�J�N�V�N �T�F�M�F�D�U�J�W�J�U�Z �J�Ts = 1000/1m = 10# 3�� �5�P �I�B�O�E�M�F �U�I�F �F�T�U�J�N�B�U�J�P�O �P�G �N�V�M�U�J�Q�M�F

����



�m�M�U�F�S�J�O�H �P�Q�F�S�B�U�J�P�O�T �P�O �E�J�	�F�S�F�O�U �W�B�S�J�B�C�M�F�T �X�F �G�P�M�M�P�X �U�I�F �J�O�E�F�Q�F�O�E�F�O�D�Z �B�T�T�V�N�Q�U�J�P�O�
 �J���F���
 �U�I�F �T�F��

�M�F�D�U�J�W�J�U�Z �P�G �U�X�P �m�M�U�F�S�J�O�H �P�Q�F�S�B�U�J�P�O�T �X�J�U�I �T�F�M�F�D�U�J�W�J�U�J�F�Ts1 �B�O�Es2 �J�Ts = s1 ás2�� �s�J�T �Q�S�P�Q�F�S�U�Z

�B�M�M�P�X�T �V�T �U�P �G�P�M�M�P�X �Q�B�U�I�T �P�G �m�M�U�F�S�J�O�H �P�Q�F�S�B�U�J�P�O�T �P�O �U�I�F �D�B�D�I�F�E �S�F�T�V�M�U �U�S�F�F �B�O�E �N�B�J�O�U�B�J�O �B �U�P�U�B�M

�F�T�U�J�N�B�U�J�P�O �C�Z �K�V�T�U �N�V�M�U�J�Q�M�Z�J�O�H �U�I�F �J�O�E�J�W�J�E�V�B�M �T�F�M�F�D�U�J�W�J�U�J�F�T �X�I�J�M�F �D�S�P�T�T�J�O�H �J�O�E�F�Y�F�E �F�E�H�F�T�� �s�F

�U�S�F�F�*�O�T�F�S�U�N�F�U�I�P�E �	�"�M�H�P�S�J�U�I�N�����
 �T�U�B�S�U�T �C�Z �B�E�E�J�O�H �U�I�F �S�F�T�Q�F�D�U�J�W�F �M�F�B�G �B�M�P�O�H �X�J�U�I �J�U�T �B�N�P�V�O�U

�P�G �S�F�D�P�S�E�T�� �8�F �U�I�F�O �N�P�W�F �G�S�P�N �U�I�F �M�F�B�G �U�P �U�I�F �S�P�P�U �O�P�E�F �B�O�E �V�Q�E�B�U�F �U�I�F �N�J�O�J�N�V�N �W�B�M�V�F�T �P�G

�U�I�F �Q�B�S�F�O�U �O�P�E�F�T�� �8�I�F�O �D�S�P�T�T�J�O�H �B�O �J�O�E�F�Y�F�E �F�E�H�F �X�F �B�Q�Q�M�Z �U�I�F �N�B�Y�J�N�V�N �T�F�M�F�D�U�J�W�J�U�Z �C�Z �N�V�M��

�U�J�Q�M�Z�J�O�H �J�U �X�J�U�I �U�I�F �D�I�J�M�E���T �O�V�N�C�F�S �P�G �S�F�D�P�S�E�T�� �8�F �B�M�T�P �T�F�U �B �N�J�O�J�N�V�N �W�B�M�V�F �P�G �� �G�P�S �U�I�F �D�P�T�U�T

�P�G �O�P�E�F�T�� �s�F �D�P�N�Q�M�F�Y�J�U�Z �P�G �U�I�F �B�E�E �P�Q�F�S�B�U�J�P�O �J�T �M�J�O�F�B�S �U�P �U�I�F �T�J�[�F �P�G �U�I�F �B�V�Y�J�M�J�B�S�Z �R�V�F�S�Z �J�O�G�P�


�X�I�J�D�I �J�T �C�P�V�O�E �C�Z �U�I�F �B�N�P�V�O�U �P�G �W�B�S�J�B�C�M�F�T �D�P�O�U�B�J�O�F�E �J�O �U�I�F �B�C�T�U�S�B�D�U �R�V�F�S�Z �Q�B�U�U�F�S�O��

�"�T �N�F�O�U�J�P�O�F�E �C�F�G�P�S�F�
 �X�F �V�T�F �U�I�F �N�J�O�J�N�V�N �D�P�T�U �F�T�U�J�N�B�U�J�P�O�T �P�G �U�I�F �U�S�F�F �O�P�E�F�T �J�O �P�S�E�F�S �U�P

�Q�F�S�G�P�S�N �B�O �"�� �T�F�B�S�D�I �B�O�E �Q�S�V�O�F �T�V�C�U�S�F�F�T �X�J�U�I �M�B�S�H�F �D�P�T�U�T�� �s�F �T�F�B�S�D�I �Q�S�P�D�F�E�V�S�F �T�U�B�S�U�T �G�S�P�N

�U�I�F �S�P�P�U �O�P�E�F �B�O�E �D�I�F�D�L�T �B�M�M �O�P�E�F�T �J�O �B �C�F�T�U���m�S�T�U �T�F�B�S�D�I �B�D�D�P�S�E�J�O�H �U�P �D�P�T�U �F�T�U�J�N�B�U�J�P�O�T�� �'�J�H����������

�E�F�Q�J�D�U�T �U�I�F �F�Y�F�D�V�U�J�P�O �P�G �U�I�F�T�F�B�S�D�I�5�S�F�F�N�F�U�I�P�E �	�"�M�H�P�S�J�U�I�N�����
 �X�I�F�O �T�F�B�S�D�I�J�O�H �G�P�S �U�I�F �G�P�M�M�P�X��

�J�O�H �D�B�D�I�F �S�F�R�V�F�T�U �	Qr �
��

�^���"�����D�X�W�K�R�U���"������

�"�����D�G�Y�L�V�R�U���"������

�"�����D�X�W�K�R�U���"������

�"�����I�X�O�O�1�D�P�H���"������

�"�����H�P�D�L�O�$�G�G�U�H�V�V���"������

�"�����V�W�X�G�L�H�V�,�Q���"������

�"�����W�\�S�H���"������

�`���I�L�O�W�H�U���"��� �*�U�D�G�X�D�W�H�6�W�X�G�H�Q�W�� �"��� �µ�+�D�U�Y�D�U�G�µ��

�*�O �'�J�H�����������
 �F�B�D�I �O�P�E�F �D�P�O�U�B�J�O�T �U�X�P �O�V�N�C�F�S�T�� �J�U�T �F�T�U�J�N�B�U�F�E �D�P�T�U �	�V�Q�Q�F�S �O�V�N�C�F�S�
 �B�O�E �J�U�T

�T�F�M�F�D�U�J�W�J�U�Z �	�M�P�X�F�S �O�V�N�C�F�S�
�� �8�I�F�O �D�S�P�T�T�J�O�H �U�S�F�F �F�E�H�F�T �P�V�S �"�M�H�P�S�J�U�I�N �D�I�F�D�L�T �U�I�F �G�P�M�M�P�X�J�O�H �Q�S�P�Q��

�F�S�U�J�F�T��

�t �8�I�F�U�I�F�S �U�I�F �T�Q�F�D�J�m�D �F�E�H�F �D�B�O �C�F �V�T�F�E �G�P�S �B�O�T�X�F�S�J�O�H �U�I�F �S�F�R�V�F�T�U�� �'�P�S �F�Y�B�N�Q�M�F�
 �U�I�F �F�E�H�F

�X�J�U�I �M�B�C�F�M� �����i�.�J�L�F�w�X�J�M�M �O�P�U �C�F �G�P�M�M�P�X�F�E �C�F�D�B�V�T�F �J�U �J�T �N�P�S�F �S�F�T�U�S�J�D�U�J�W�F �U�I�B�O �U�I�F �S�F�R�V�F�T�U��

�8�F �B�M�T�P �D�I�F�D�L �U�I�F �V�T�B�C�J�M�J�U�Z �P�G �P�Q�U�J�P�O�B�M �R�V�F�S�Z �Q�B�U�U�F�S�O�T �C�Z �B�Q�Q�M�Z�J�O�H �Q�S�P�K�F�D�U�J�P�O �B�O�E �O�P�U �O�V�M�M

�m�M�U�F�S�T��

�t �8�I�F�O �D�S�P�T�T�J�O�H �J�O�E�F�Y�F�E �F�E�H�F�T �U�I�B�U �N�B�U�D�I �X�J�U�I �B �m�M�U�F�S�J�O�H �P�Q�F�S�B�U�J�P�O �P�G �U�I�F �S�F�R�V�F�T�U�
 �X�F

�O�F�F�E �U�P �B�Q�Q�M�Z �U�I�F�J�S �T�F�M�F�D�U�J�W�J�U�Z�� �'�P�S �F�Y�B�N�Q�M�F�
 �X�I�F�O �D�S�P�T�T�J�O�H �U�I�F �F�E�H�F�	� ���� �i���
�*�O�E�F�Y�F�E�w�


�X�F �O�F�F�E �U�P �B�Q�Q�M�Z �U�I�F �T�F�M�F�D�U�J�W�J�U�Z �P�G �U�I�F �m�M�U�F�S� �����i�)�B�S�W�B�S�E�w�� �5�P �E�P �T�P�
 �X�F �D�P�O�T�V�M�U �U�I�F

�T�F�M�F�D�U�J�W�J�U�Z �F�T�U�J�N�B�U�P�S �P�G �U�I�F �B�C�T�U�S�B�D�U �T�L�F�M�F�U�P�O���T�U�B�S �S�F�T�V�M�U �G�P�S �U�I�F �S�F�T�Q�F�D�U�J�W�F �W�B�S�J�B�C�M�F�� �8�F

����



�"�M�H�P�S�J�U�I�N ������CheckCache

�G�V�O�D�U�J�P�OcheckCache(V, E, aux, k)
����V, E : �W�F�S�U�J�D�F�T �B�O�E �F�E�H�F�T �P�G �U�I�F �B�C�T�U�S�B�D�U �R�V�F�S�Z �T�V�C�H�S�B�Q�I
����aux : �B�V�Y�J�M�J�B�S�Z �R�V�F�S�Z �J�O�G�P�	�m�M�U�F�S�T�
 �Q�S�P�K�F�D�U�J�P�O�T�
 �F�U�D�

����k : �T�F�B�S�D�I �G�P�S �U�I�F �U�P�Q���L �S�F�T�V�M�U�T
(skeletonLabel, starLabel) % canonicalLabel(V, E)��
resultT ree % ResultCache.get(skeletonLabel)��
aux.addStarLabel(starLabel )��
�S�F�U�V�S�OsearchT ree(resultT ree, aux, k )��

�G�V�O�D�U�J�P�OsearchT ree(resultT ree, aux, k )
results % {} ��
����openNodes: �Q�S�J�P�S�J�U�Z �R�V�F�V�F �X�J�U�I �Q�B�J�S�T �	�O�P�E�F�
 �D�P�T�U�

openNodes% { (resultT ree.root, 1)} ��
�X�I�J�M�FopenNodes&= {} �E�P

�����H�F�U �U�I�F �P�Q�F�O �O�P�E�F �X�J�U�I �U�I�F �N�J�O�J�N�V�N �D�P�T�U
n % openNodes.removeHead() ��
�J�G(results.size = k)�B�O�E(n.cost 3 results.maxCost ) �U�I�F�O

�����8�F �I�B�W�F �G�P�V�O�E �L �S�F�T�V�M�U�T �B�O�E �B�M�M �P�Q�F�O �O�P�E�F�T �I�B�W�F �H�S�F�B�U�F�S �D�P�T�U
�S�F�U�V�S�Oresults ��

�F�O�E
processNode(n, openNodes, results, aux, k)��

�F�O�E
�S�F�U�V�S�Oresults ��

�G�V�O�D�U�J�P�OprocessNode(n, openNodes, results, aux, k)
�G�P�S(edge, child) + n.children () �E�P

�J�Gs = selectivity (edge, aux) > 0 �U�I�F�O
child.selectivity % s " n.selectivity ��
child.cost % child.minResults " child.selectivity ��
�J�Gchild.isLeaf () �U�I�F�O

�����N�B�J�O�U�B�J�O �U�I�F �L �C�F�T�U �S�F�T�V�M�U�T
�J�Gresults.size < k �U�I�F�O

results.add(child )��
�F�M�T�F�J�Gresults.maxCost > child.cost �U�I�F�O

results.removeMaxAndAdd (child )��
�F�O�E

�F�M�T�F
openNodes.add({ child, child.cost } )��

�F�O�E
�F�O�E

�F�O�E

�V�T�F �U�I�F �B�C�T�U�S�B�D�U �S�F�T�V�M�U �U�P �F�T�U�J�N�B�U�F �T�F�M�F�D�U�J�W�J�U�J�F�T �C�F�D�B�V�T�F �B �U�S�F�F �F�E�H�F �D�B�O �C�F�M�P�O�H �U�P �T�F�W�F�S�B�M

�S�F�T�V�M�U�T �X�J�U�I �E�J�	�F�S�F�O�U �T�J�[�F�T �B�O�E �X�F �X�B�O�U �U�P �H�F�U �B�O �F�T�U�J�N�B�U�J�P�O �P�G �U�I�F �N�B�Y�J�N�V�N �T�F�M�F�D�U�J�W�J�U�Z��

�*�O �U�I�J�T �D�B�T�F�
 �U�I�F �T�F�M�F�D�U�J�W�J�U�Z �P�G� �����i�)�B�S�W�B�S�E�w�J�T �������� �C�F�D�B�V�T�F �J�U �J�T �F�Y�Q�F�D�U�F�E �U�P �S�F�U�V�S�O ����

�U�I�P�V�T�B�O�E �S�F�D�P�S�E�T �B�O�E �U�I�F �B�C�T�U�S�B�D�U �S�F�T�V�M�U �D�P�O�U�B�J�O�T �� �N�J�M�M�J�P�O �S�F�D�P�S�E�T��

����



�t �8�I�F�O �D�S�P�T�T�J�O�H �K�P�J�O �W�B�S�J�B�C�M�F �F�E�H�F�T�
 �X�F �N�V�M�U�J�Q�M�Z �U�I�F �T�F�M�F�D�U�J�W�J�U�Z �C�Z ���
 �J�G �U�I�F �F�E�H�F �J�T �O�P�U

�J�O�E�F�Y�F�E�
 �E�V�F �U�P �U�I�F �G�B�D�U �U�I�B�U �U�I�F �P�W�F�S�I�F�B�E �P�G �Q�F�S�G�P�S�N�J�O�H �B �I�B�T�I �P�S �T�P�S�U���N�F�S�H�F �K�P�J�O �B�M��

�H�P�S�J�U�I�N �J�O�T�U�F�B�E �P�G �B �N�F�S�H�F �K�P�J�O �D�B�O �C�F �B�Q�Q�S�P�Y�J�N�B�U�F�E �C�Z �U�I�F �U�J�N�F �U�P �S�F�B�E �U�I�F �J�O�Q�V�U �E�B�U�B

�U�X�J�D�F �<�/�F�V�N�B�O�O �����B�>��

�t �'�P�S �T�U�B�S �M�B�C�F�M �F�E�H�F�T�
 �X�F �O�F�F�E �U�P �Q�F�S�G�P�S�N �B �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�T�N �U�F�T�U �P�O �U�I�F �T�U�B�S �M�B�C�F�M�T

�J�O �P�S�E�F�S �U�P �D�I�F�D�L �U�I�F �V�T�B�C�J�M�J�U�Z �P�G �U�I�F �F�Y�J�T�U�J�O�H �T�V�C�U�S�F�F�T �P�G �S�F�T�V�M�U�T�� �*�G �U�I�F �T�U�B�S �M�B�C�F�M �F�Y�B�D�U�M�Z
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�B�O�E �P�Q�U�J�P�O�B�M �Q�B�U�U�F�S�O �V�T�B�C�J�M�J�U�Z�� �8�I�J�M�F �m�M�U�F�S �V�T�B�C�J�M�J�U�Z �J�T �J�O�U�S�P�E�V�D�F�E �J�O �<�4�I�V �����>�
 �B�E�E�S�F�T�T�J�O�H �U�I�F

�S�F�T�U �P�G �U�I�F�T�F �G�F�B�U�V�S�F�T �J�T �B �O�P�W�F�M�U�Z �P�G �U�I�J�T �X�P�S�L��

�t �0�V�S �E�Z�O�B�N�J�D �Q�S�P�H�S�B�N�N�J�O�H �Q�M�B�O�O�F�S�
 �B�M�P�O�H �X�J�U�I �U�I�F �T�L�F�M�F�U�P�O���T�U�B�S �J�T�P�N�P�S�Q�I�J�T�N �U�F�T�U�T �Q�F�S��

�G�P�S�N�F�E �J�O �P�V�S �D�B�D�I�F �D�I�F�D�L�T�
 �F�O�T�V�S�F �U�I�B�U�B�M�M�S�F�T�V�M�U�T �U�I�B�U �N�B�U�D�I �B �T�V�C�H�S�B�Q�I �P�G �U�I�F �R�V�F�S�Z �B�S�F

�F�Y�B�N�J�O�F�E��

������ �$�B�D�I�F �$�P�O�U�S�P�M�M�F�S

�*�O �U�I�J�T �T�F�D�U�J�P�O�
 �X�F �E�F�T�D�S�J�C�F �U�I�F �G�V�O�D�U�J�P�O�B�M�J�U�Z �P�G �P�V�S �$�B�D�I�F �$�P�O�U�S�P�M�M�F�S �N�P�E�V�M�F�� �*�U�T �U�B�T�L�T �B�S�F �U�I�F

�H�F�O�F�S�B�U�J�P�O �B�O�E �D�B�D�I�J�O�H �P�G�Q�S�P�m�U�B�C�M�F�R�V�F�S�Z �Q�B�U�U�F�S�O�T �B�O�E �U�I�F �D�B�D�I�F �S�F�Q�M�B�D�F�N�F�O�U �T�U�S�B�U�F�H�Z�� �"�T

�Q�S�P�m�U�B�C�M�F�R�V�F�S�Z �Q�B�U�U�F�S�O�T �X�F �E�F�m�O�F �R�V�F�S�J�F�T �U�I�B�U�
 �F�W�F�O �J�G �O�P�U �F�Y�B�D�U�M�Z �J�T�T�V�F�E �C�Z �V�T�F�S�T �P�S �F�Y�F�D�V�U�F�E

�B�T �J�O�U�F�S�N�F�E�J�B�U�F �S�F�T�V�M�U�T�
 �D�P�V�M�E �C�F�O�F�m�U �U�I�F �F�Y�F�D�V�U�J�P�O �P�G �U�I�F �X�P�S�L�M�P�B�E �J�G �D�B�D�I�F�E�� �'�P�S �F�Y�B�N�Q�M�F�


�D�P�O�T�J�E�F�S �B �X�P�S�L�M�P�B�E �P�G �R�V�F�S�J�F�T �I�B�W�J�O�H �U�I�F �T�B�N�F �B�C�T�U�S�B�D�U �R�V�F�S�Z �T�U�S�V�D�U�V�S�F �C�V�U �S�B�O�E�P�N �C�P�V�O�E

�T�F�M�F�D�U�J�W�F �*�%�T�� �$�B�D�I�J�O�H �P�O�M�Z �U�I�F �J�O�U�F�S�N�F�E�J�B�U�F �S�F�T�V�M�U�T �P�G �U�I�P�T�F �R�V�F�S�J�F�T �X�P�V�M�E �O�P�U �P�	�F�S �B �H�S�F�B�U

�C�F�O�F�m�U �U�P �U�I�F �X�P�S�L�M�P�B�E �C�F�D�B�V�T�F �J�U �X�P�V�M�E �B�D�I�J�F�W�F �D�B�D�I�F �I�J�U�T �P�O�M�Z �G�P�S �R�V�F�S�J�F�T �U�I�B�U �T�I�B�S�F �U�I�F �F�Y�B�D�U

�T�B�N�F �*�%�T�� �*�O �D�P�O�U�S�B�T�U�
 �D�B�D�I�J�O�H �U�I�F �B�C�T�U�S�B�D�U �R�V�F�S�Z �Q�B�U�U�F�S�O �J�O�E�F�Y�F�E �B�D�D�P�S�E�J�O�H �U�P �U�I�F �W�B�S�J�B�C�M�F

�U�I�B�U �D�P�O�U�B�J�O�T �U�I�F �T�F�M�F�D�U�J�W�F �*�%�T �X�P�V�M�E �J�O�U�S�P�E�V�D�F �C�F�O�F�m�U�T �G�P�S �B�M�M �R�V�F�S�J�F�T�
 �J�O �U�I�J�T �T�Q�F�D�J�B�M �U�Z�Q�F �P�G

�X�P�S�L�M�P�B�E�
 �U�S�B�O�T�G�P�S�N�J�O�H �U�I�F�N �U�P �J�O�E�F�Y �T�D�B�O�T�� �"�Q�B�S�U �G�S�P�N �J�E�F�O�U�J�G�Z�J�O�H �B�C�T�U�S�B�D�U �S�F�T�V�M�U�T �B�O�E �U�I�F�J�S

�J�O�E�F�Y�J�O�H�
 �P�V�S �D�B�D�I�F �D�P�O�U�S�P�M�M�F�S �D�B�O �J�O�U�F�M�M�J�H�F�O�U�M�Z �J�E�F�O�U�J�G�Z �D�S�P�T�T���R�V�F�S�Z �G�S�F�R�V�F�O�U �T�V�C�H�S�B�Q�I�T �B�O�E

�J�O�E�F�Y �U�I�F�N �B�D�D�P�S�E�J�O�H �U�P�� ���
 �U�I�F�J�S �N�P�T�U �D�P�N�N�P�O �m�M�U�F�S�J�O�H �W�B�S�J�B�C�M�F�T �B�O�E ���
 �U�I�F�J�S �N�P�T�U �D�P�N�N�P�O

�K�P�J�O �W�B�S�J�B�C�M�F�T��

���������� �(�F�O�F�S�B�U�J�P�O �P�G �Q�S�P�m�U�B�C�M�F �D�B�D�I�F�E �S�F�T�V�M�U�T

�"�T �E�J�T�D�V�T�T�F�E �J�O �U�I�F �Q�S�F�W�J�P�V�T �T�F�D�U�J�P�O�
 �P�V�S �E�Z�O�B�N�J�D �Q�S�P�H�S�B�N�N�J�O�H �Q�M�B�O�O�F�S �J�T�T�V�F�T �D�B�D�I�F �S�F�R�V�F�T�U�T

�G�P�S �B�M�M �T�V�C�H�S�B�Q�I�T �P�G �U�I�F �B�C�T�U�S�B�D�U �R�V�F�S�Z�� �*�O �B�E�E�J�U�J�P�O�
 �U�I�F�T�F �D�B�D�I�F �S�F�R�V�F�T�U�T �B�S�F �J�T�T�V�F�E �X�I�J�M�F �P�Q��

�U�J�N�J�[�J�O�H �U�I�F �R�V�F�S�Z �Q�M�B�O �B�O�E �D�B�O �U�I�V�T �C�F �S�F�D�P�S�E�F�E �B�M�P�O�H �X�J�U�I �F�T�U�J�N�B�U�J�P�O�T �B�C�P�V�U �U�I�F�J�S �F�	�F�D�U �U�P

�U�I�F �F�Y�F�D�V�U�J�P�O �U�J�N�F �P�G �U�I�F �S�F�T�Q�F�D�U�J�W�F �R�V�F�S�Z�� �.�B�J�O�U�B�J�O�J�O�H �T�V�D�I �B �E�F�U�B�J�M�F�E �M�P�H �P�G �D�B�D�I�F �S�F�R�V�F�T�U�T

�Q�S�P�W�J�E�F�T �W�B�M�V�B�C�M�F �J�O�G�P�S�N�B�U�J�P�O �B�C�P�V�U �X�I�J�D�I �R�V�F�S�Z �Q�B�U�U�F�S�O�T �D�B�O �Q�S�P�W�J�E�F �U�I�F �N�P�T�U �C�F�O�F�m�U �U�P �U�I�F

����
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�'�J�H�V�S�F �����������#�F�O�F�m�U �&�T�U�J�N�B�U�J�P�O �5�S�F�F �G�P�S �U�I�F �D�B�D�I�F �S�F��
�R�V�F�T�U �	Qr �


�X�P�S�L�M�P�B�E�� �s�F �F�Y�B�D�U �C�F�O�F�m�U �D�P�N�Q�V�U�B�U�J�P�O �P�G �F�B�D�I �D�B�D�I�F�E �S�F�R�V�F�T�UQi = ( Vi , Ei ) �U�P �U�I�F �F�Y�F�D�V��

�U�J�P�O �P�G �B �R�V�F�S�ZQ = ( V, E) �X�P�V�M�E �S�F�R�V�J�S�F �U�I�F �F�Y�F�D�V�U�J�P�O �P�G�%�1�D�D�Q�G�P�S �F�B�D�I �P�O�F �P�G �U�I�F�N�� �5�P �B�W�P�J�E

�U�I�J�T�
 �X�F �V�T�F �U�I�F �G�P�M�M�P�X�J�O�H �I�F�V�S�J�T�U�J�D �G�V�O�D�U�J�P�O�
 �U�I�B�U �N�V�M�U�J�Q�M�J�F�T �U�I�F �R�V�F�S�Z���T �D�P�T�U �C�Z �U�I�F �G�S�B�D�U�J�P�O �P�G

�U�S�J�Q�M�F �Q�B�U�U�F�S�O�T �D�P�W�F�S�F�E �C�Z �U�I�F �T�V�C�H�S�B�Q�I�
 �U�P �D�P�N�Q�V�U�F �B �C�F�O�F�m�U �F�T�U�J�N�B�U�J�P�O��

B (Qi |Q) =
|Vi |
|V |

ácost(Q) �	�������


�s�J�T �C�F�O�F�m�U �F�T�U�J�N�B�U�J�P�O �S�F�R�V�J�S�F�T �U�I�F �P�Q�U�J�N�B�M �D�P�T�U �P�G �U�I�F �R�V�F�S�Z �2 �B�O�E �D�B�O �C�F �D�P�N�Q�V�U�F�E �B�U

�U�I�F �F�O�E �P�G �P�V�S �Q�M�B�O�O�J�O�H �Q�S�P�D�F�T�T�� �s�F�S�F�G�P�S�F�
 �E�V�S�J�O�H �U�I�F �Q�M�B�O�O�J�O�H �Q�S�P�D�F�T�T �P�V�S �Q�M�B�O�O�F�S �S�F�D�P�S�E�T

�B�M�M �O�P�O �T�B�U�J�T�m�F�E �D�B�D�I�F �S�F�R�V�F�T�U�T �	Qi �
 �B�O�E �B�U �U�I�F �F�O�E �D�P�N�Q�J�M�F�T �B �M�J�T�U �P�G �S�F�R�V�F�T�U�T �B�M�P�O�H �X�J�U�I �U�I�F�J�S

�S�F�T�Q�F�D�U�J�W�F �C�F�O�F�m�U �B�O�E �T�F�O�E�T �J�U �U�P �U�I�F �$�B�D�I�F �$�P�O�U�S�P�M�M�F�S �G�P�S �G�V�S�U�I�F�S �Q�S�P�D�F�T�T�J�O�H�� �s�J�T �N�F�B�O�T �U�I�B�U

�U�I�F �D�P�N�Q�M�F�Y�J�U�Z �D�P�T�U �P�G �B�U�U�S�J�C�V�U�J�O�H �C�F�O�F�m�U�T �U�P �Q�P�T�T�J�C�M�Z �V�T�B�C�M�F �R�V�F�S�Z �Q�B�U�U�F�S�O�T �E�P�F�T �O�P�U �B�	�F�D�U �U�I�F

�F�Y�F�D�V�U�J�P�O �B�O�E �Q�M�B�O�O�J�O�H �U�J�N�F �P�G �R�V�F�S�J�F�T �C�F�D�B�V�T�F �J�U �J�T �E�P�O�F �J�O �B�O �P���J�O�F �N�B�O�O�F�S �C�Z �U�I�F �T�F�Q�B�S�B�U�F

�U�I�S�F�B�E �P�G �U�I�F �$�B�D�I�F �$�P�O�U�S�P�M�M�F�S �N�P�E�V�M�F�� �s�F �$�P�O�U�S�P�M�M�F�S �N�B�J�O�U�B�J�O�T �B �$�B�D�I�F �3�F�R�V�F�T�U�T �T�U�S�V�D�U�V�S�F

�D�P�O�U�B�J�O�J�O�H �S�F�R�V�F�T�U �C�F�O�F�m�U �F�T�U�J�N�B�U�J�P�O�T �J�O�E�F�Y�F�E �C�Z �U�I�F�J�S �B�C�T�U�S�B�D�U �T�L�F�M�F�U�P�O �D�B�O�P�O�J�D�B�M �M�B�C�F�M�� �&�B�D�I

�S�F�D�P�S�E �I�P�M�E�T �B �U�S�F�F �T�U�S�V�D�U�V�S�F �F�O�D�P�E�J�O�H �C�F�O�F�m�U �F�T�U�J�N�B�U�J�P�O�T �G�P�S �S�F�R�V�F�T�U�T �T�I�B�S�J�O�H �U�I�F �T�B�N�F �M�B�C�F�M��

�'�J�H�����������E�F�Q�J�D�U�T �U�I�J�T �C�F�O�F�m�U �F�T�U�J�N�B�U�J�P�O �U�S�F�F�
 �H�F�O�F�S�B�U�F�E �C�Z �U�I�F�B�E�E�#�F�O�F�m�U�N�F�U�I�P�E �	�"�M�H�P��

�S�J�U�I�N�����
�
 �G�P�S �U�I�F �D�B�D�I�F �S�F�R�V�F�T�U �	Qr �
 �P�G �U�I�F �Q�S�F�W�J�P�V�T �4�F�D�U�J�P�O �X�J�U�I �C�F�O�F�m�UB = 3sec�� �&�B�D�I

�M�F�B�G �P�G �U�I�F �U�S�F�F �S�F�Q�S�F�T�F�O�U�T �B �R�V�F�S�Z �Q�B�U�U�F�S�O �U�I�B�U �D�B�O �C�F �Q�P�T�T�J�C�M�Z �V�U�J�M�J�[�F�E �G�P�S �U�I�F �D�B�D�I�F �S�F�R�V�F�T�U��

�5�P �B�U�U�S�J�C�V�U�F �C�F�O�F�m�U�T �U�P �B�M�M �Q�P�T�T�J�C�M�Z �V�T�B�C�M�F �S�F�T�V�M�U�T�
 �G�P�S �B�M�M �R�V�F�S�Z �m�M�U�F�S�T �X�F �B�U �M�F�B�T�U �D�S�F�B�U�F �U�I�F�i���


�*�O�E�F�Y�w�B�O�E �U�I�F �F�E�H�F �U�I�B�U �D�P�O�U�B�J�O�T �U�I�F �S�F�T�Q�F�D�U�J�W�F �m�M�U�F�S�� �'�V�S�U�I�F�S�N�P�S�F�
 �J�G �U�I�F �S�F�D�P�S�E �P�G �U�I�F �$�B�D�I�F

�3�F�R�V�F�T�U�T �U�B�C�M�F �B�M�S�F�B�E�Z �D�P�O�U�B�J�O�F�E �C�F�O�F�m�U�T �G�P�S �S�F�T�V�M�U�T �X�J�U�I �m�M�U�F�S�T �P�S �P�Q�U�J�P�O�B�M �Q�B�U�U�F�S�O�T �U�I�B�U �D�B�O �C�F

����



�"�M�H�P�S�J�U�I�N ������executeQuery

�G�V�O�D�U�J�P�OexecuteQuery(query)
(q, aux) % abstractQuery(query)��
�����R�� �B�C�T�U�S�B�D�U �R�V�F�S�Z�
 �B�V�Y�� �B�V�Y�J�M�J�B�S�Z �R�V�F�S�Z �J�O�G�P
cacheRequests% {} ��
plan % DPccp(q, aux, cacheRequests)��
results % execute(plan); �����3�%�' �F�O�H�J�O�F
�����I�B�O�E�M�F�E �P���J�O�F �C�Z �U�I�F �$�B�D�I�F�$�P�O�U�S�P�M�M�F�S �U�I�S�F�B�E
CacheController.cacheResults(results )��
CacheController.addRequestBenef its (cacheRequests, qID)��
CacheController.addResultBenef it (q, plan)��

�G�V�O�D�U�J�P�OcacheResults(results )
�����D�B�D�I�F �D�P�N�Q�V�U�F�E �S�F�T�V�M�U�T
�G�P�Sresult + results �E�P

�����H�F�U �U�I�F �S�F�T�Q�F�D�U�J�W�F �C�F�O�F�m�U �G�S�P�N �U�I�F �D�B�D�I�F �S�F�R�V�F�T�U�T
request % CacheRequests.get(result )��
result.benef it % request.benef it��
result.queryIDs % request.queryIDs��
cache(result, result.benef it )��

�F�O�E
�G�V�O�D�U�J�P�OaddRequestBenef its(cacheRequests, qID)

�G�P�S(req, benef it) + cacheRequests�E�P
addBenef it (req.skeletonLabel, req.starLabel, req.aux, benef it, qID)��

�F�O�E
�G�V�O�D�U�J�P�OaddResultBenef it (q, plan)

�����V�Q�E�B�U�F �U�I�F �C�F�O�F�m�U �P�G �V�U�J�M�J�[�F�E �D�B�D�I�F�E �S�F�T�V�M�U�T
�G�P�Sresult + plan.usedCachedResults�E�P

newP lan % DPccpWithoutResult (q, result)��
result.benef it + = ( newP lan.cost # plan.cost)��

�F�O�E

�V�T�F�E �G�P�S �U�I�F �D�V�S�S�F�O�U �S�F�R�V�F�T�U�
 �U�I�F�Z �B�S�F �B�M�T�P �G�P�M�M�P�X�F�E�� �'�P�S �F�Y�B�N�Q�M�F�
 �J�G �B �Q�S�F�W�J�P�V�T �R�V�F�S�Z �I�B�E �B �S�F�H��

�V�M�B�S �F�Y�Q�S�F�T�T�J�P�O �m�M�U�F�S?univ = �A�AH " �w �X�F �X�P�V�M�E �B�M�T�P �B�U�U�S�J�C�V�U�F �C�F�O�F�m�U�T �U�P �J�U�T �T�V�C�U�S�F�F�� �$�P�O�D�F�S�O�J�O�H

�T�U�B�S �M�B�C�F�M �F�E�H�F�T�
 �J�G �U�I�F �F�Y�J�T�U�J�O�H �U�S�F�F �D�P�O�U�B�J�O�T �B �T�L�F�M�F�U�P�O���T�U�B�S �T�V�C�H�S�B�Q�I �J�T�P�N�P�S�Q�I�J�D �T�V�C�U�S�F�F�
 �U�I�F�O

�J�U �J�T �B�M�T�P �G�P�M�M�P�X�F�E �J�O �P�S�E�F�S �U�P �B�U�U�S�J�C�V�U�F �C�F�O�F�m�U �U�P �J�U�T �M�F�B�G�T�� �8�I�F�O �F�Y�J�T�U�J�O�H �T�U�B�S �M�B�C�F�M�T �D�B�O �C�F

�V�U�J�M�J�[�F�E�
 �X�F �B�M�T�P �H�F�O�F�S�B�U�F �N�P�S�F �H�F�O�F�S�J�D �M�B�C�F�M�T �U�I�B�U �D�P�O�U�B�J�O �C�P�U�I �U�I�F �F�Y�J�T�U�J�O�H �B�O�E �U�I�F �O�F�X �T�U�B�S

�Q�B�U�U�F�S�O�T�� �*�O �U�I�J�T �N�F�S�H�F �Q�S�P�D�F�T�T�
 �X�F �V�T�F �0�1�5�*�0�/�"�- �Q�B�U�U�F�S�O�T �U�P �I�B�O�E�M�F �N�J�T�N�B�U�D�I�F�T�� �s�J�T �B�Q��

�Q�S�P�B�D�I �J�T �V�T�F�E �U�P �D�S�F�B�U�F �N�P�S�F �H�F�O�F�S�J�D �D�B�D�I�F�E �S�F�T�V�M�U�T �C�Z �S�F�D�P�S�E�J�O�H �B�O�E �B�V�H�N�F�O�U�J�O�H �T�U�B�S �Q�B�U�U�F�S�O�T

�U�I�B�U �B�S�F �G�S�F�R�V�F�O�U�M�Z �B�D�D�F�T�T�F�E�� �s�F �W�B�M�V�F�T �J�O�T�J�E�F �U�I�F �O�P�E�F�T �S�F�Q�S�F�T�F�O�U �U�I�F �T�F�M�F�D�U�J�W�J�U�Z �F�T�U�J�N�B�U�J�P�O�T

�G�P�S �U�I�F �S�F�T�Q�F�D�U�J�W�F �Q�B�U�U�F�S�O�� �5�P �H�F�O�F�S�B�U�F �U�I�F�T�F �F�T�U�J�N�B�U�J�P�O�T �X�F �P�O�M�Z �S�F�R�V�J�S�F �B �T�F�M�F�D�U�J�W�J�U�Z �F�T�U�J�N�B�U�P�S

�P�G �U�I�F �B�C�T�U�S�B�D�U �S�F�T�V�M�U �B�O�E �U�I�F �U�P�U�B�M �B�N�P�V�O�U �P�G �S�F�D�P�S�E�T �P�G �U�I�F �B�C�T�U�S�B�D�U �S�F�T�V�M�U�� �8�F �B�H�B�J�O �V�T�F �U�I�F

�J�O�E�F�Q�F�O�E�F�O�D�Z �Q�S�P�Q�F�S�U�Z �U�P �F�T�U�J�N�B�U�F �U�I�F �T�F�M�F�D�U�J�W�J�U�J�F�T �G�P�S �N�V�M�U�J�Q�M�F �m�M�U�F�S�T �P�O �E�J�	�F�S�F�O�U �W�B�S�J�B�C�M�F�T��

�s�F�S�F�G�P�S�F�
 �X�F �K�V�T�U �O�F�F�E �U�P �Q�S�P�Q�B�H�B�U�F �U�I�F �T�F�M�F�D�U�J�W�J�U�Z �F�T�U�J�N�B�U�J�P�O �G�S�P�N �U�I�F �Q�B�S�F�O�U �U�P �U�I�F �D�I�J�M�E

����



�"�M�H�P�S�J�U�I�N ������addBenef it

�G�V�O�D�U�J�P�OaddBenef it (skeletonLabel, starLabel, aux, benef it, qID )
����skeletonLabel, starLabel : �U�I�F �D�B�O�P�O�J�D�B�M �M�B�C�F�M�T �P�G �U�I�F �B�C�T�U�S�B�D�U �R�V�F�S�Z �H�S�B�Q�I
����aux : �B�V�Y�J�M�J�B�S�Z �R�V�F�S�Z �J�O�G�P�	�m�M�U�F�S�T�
 �Q�S�P�K�F�D�U�J�P�O�T�
 �F�U�D�

����benef it : �U�I�F �F�T�U�J�N�B�U�F�E �C�F�O�F�m�U �G�P�S �U�I�F �R�V�F�S�Z
����qID : �U�I�F �R�V�F�S�Z �*�%
aux.addStarLabel(starLabel )��
benef itT ree % CacheRequests.get(skeletonLabel)��
treeAddBenef it (benef itT ree.root, aux, benef it, 1, qID )��

�G�V�O�D�U�J�P�OtreeAddBenef it (node, aux, benef it, s, qID )
����s : �Q�B�S�F�O�U �O�P�E�F �T�F�M�F�D�U�J�W�J�U�Z
�J�Gaux.isEmpty () �U�I�F�O

addChild(benef it, s, qID )��
�F�M�T�F

aInfo % aux.next () ��
�J�GaInfo.isStarLabel () �U�I�F�O

newEdgeIfNotExists (aInfo.getLabel ()) ��
�F�M�T�F

addChild(benef it, s, qID )��
newEdgeIfNotExists (�A�A" , Index �w)��
newEdgeIfNotExists (aInfo )��

�F�O�E
�G�P�S(edge, child) + node.children() �E�P

�����D�I�F�D�L �V�T�B�C�J�M�J�U�Z�
 �T�F�M�F�D�U�J�W�J�U�Z �P�G �F�Y�J�T�U�J�O�H �F�E�H�F�T
selectivity % s " selectivity (edge, aInfo)��
�����Q�S�V�O�F �T�V�C�U�S�F�F�T �X�J�U�Ibenef it 4 0
�J�G(benef it # selectivity " R/ thr ) > 0 �U�I�F�O

treeAddBenef it (child, aux, benef it, selectivity )��
�F�O�E

�F�O�E
�F�O�E

�O�P�E�F �C�Z �N�V�M�U�J�Q�M�Z�J�O�H �X�J�U�I �U�I�F �T�F�M�F�D�U�J�W�J�U�Z �P�G �U�I�F �S�F�T�Q�F�D�U�J�W�F �F�E�H�F�� �s�F �C�F�O�F�m�U �G�P�S �F�B�D�I �V�T�B�C�M�F

�S�F�T�V�M�U�
 �M�F�B�G �O�P�E�F�
 �J�T��

b = B # s áR/ thr �	�������


�X�I�F�S�FB �J�T �U�I�F �U�P�U�B�M �C�F�O�F�m�U �P�G �U�I�F �S�F�R�V�F�T�U�
s �J�T �U�I�F �T�F�M�F�D�U�J�W�J�U�Z �P�G �U�I�F �S�F�T�V�M�U�
R �J�T �U�I�F �O�V�N�C�F�S

�P�G �S�F�D�P�S�E�T �P�G �U�I�F �B�C�T�U�S�B�D�U �R�V�F�S�Z�
 �B�O�Ethr �J�T �U�I�F �F�O�H�J�O�F���T �S�F�B�E �U�I�S�P�V�H�I�Q�V�U �	�F���H�� �������L �S�F�D�P�S�E�T���T�F�D�
��

�s�F �T�F�D�P�O�E �Q�B�S�U �P�G �U�I�F �F�R�V�B�U�J�P�O �S�F�Q�S�F�T�F�O�U�T �U�I�F �D�P�T�U �U�P �S�F�B�E �U�I�F �S�F�T�V�M�U�� �*�O �'�J�H�����������
 �U�I�F �C�F�O�F�m�U

�G�P�S �B �S�F�T�V�M�U �X�J�U�I �T�F�M�F�D�U�J�W�J�U�Zs3 �J�Tb3 = 3sec# s3 " 1m/100k 5 3sec�� �8�F �B�M�T�P �J�H�O�P�S�F �C�F�O�F�m�U�T �U�I�B�U

�B�S�F �M�F�T�T �U�I�B�O ���� �'�P�S �F�Y�B�N�Q�M�F�
 �U�I�F �O�P�O �J�O�E�F�Y�F�E �B�C�T�U�S�B�D�U �S�F�T�V�M�U�
 �I�J�H�I�F�S �M�F�B�G�
 �I�B�T �T�F�M�F�D�U�J�W�J�U�Z �� �B�O�E

�C�F�O�F�m�Ub = 3sec# 1" 1m/100k = # 7sec�� �8�I�F�O �U�I�F �C�F�O�F�m�U�T �P�G �B�M�M �Q�B�U�U�F�S�O�T �B�S�F �F�T�U�J�N�B�U�F�E�
 �U�I�F

�$�B�D�I�F �$�P�O�U�S�P�M�M�F�S �T�V�N�T �U�I�F �Q�S�F�W�J�P�V�T�M�Z �F�Y�J�T�U�J�O�H �C�F�O�F�m�U �W�B�M�V�F�T �X�J�U�I �U�I�F �O�F�X �P�O�F�T �B�O�E �T�U�P�S�F�T �U�I�F

����



�"�M�H�P�S�J�U�I�N ������CacheControllerPeriodicP rocess

���� �N�F�U�I�P�E�T �U�I�B�U �S�V�O �J�O �D�P�O�m�H�V�S�B�C�M�F �U�J�N�F �P�S �R�V�F�S�Z �J�O�U�F�S�W�B�M�T��
�G�V�O�D�U�J�P�OupdateBenef its ()

����OrderedResults : �C�F�O�F�m�U �P�S�E�F�S�F�E �M�J�T�U �P�G �D�B�D�I�F�E �S�F�T�V�M�U�T
�G�P�Sresult + ResultCache �E�P

�����E�F�D�S�F�B�T�F �C�F�O�F�m�U �X�J�U�I �U�J�N�F �V�T�J�O�H �E�F�D�B�Z �Q�B�S�B�N�B�U�F�S0 < a < 1
result.benef it = result.benef it " a��
OrderedResults.insert (result )��

�F�O�E
����OrderedRequests: �C�F�O�F�m�U �P�S�E�F�S�F�E �M�J�T�U �X�J�U�I �N�B�Y �T�J�[�F
�G�P�Srequest + CacheRequests�E�P

�����E�F�D�S�F�B�T�F �C�F�O�F�m�U �X�J�U�I �U�J�N�F
request.benef it = request.benef it " a��
OrderedRequests.insert(request)��

�F�O�E
�����S�F�N�P�W�F �D�B�D�I�F �S�F�R�V�F�T�U�T �U�I�B�U �B�S�F �O�P�U �J�O �0�S�E�F�S�F�E�3�F�R�V�F�T�U�T
removeF romCacheRequests(OrderedRequests)��
�G�P�Srequest + OrderedRequests�E�P

�����F�T�U�J�N�B�U�F �D�P�T�U �G�P�S �C�F�T�U �S�F�R�V�F�T�U�T �V�T�J�O�HDPccp
request.benef it = request.benef it/ estimateCost() ��

�F�O�E
�G�V�O�D�U�J�P�Oprof itableQueryGeneration ()

�����J�U�F�S�B�U�F �J�O �E�F�D�S�F�B�T�J�O�H �P�S�E�F�S �P�G �C�F�O�F�m�U���D�P�T�U
�G�P�Sreq + OrderedRequests�E�P

�����Q�S�P�B�D�U�J�W�F�M�Z �D�I�F�D�L �D�B�D�I�F �S�F�Q�M�B�D�F�N�F�O�U
evict % evictions(estimateSize(req), req.benef it)��
�J�Gevict.satisf ied �U�I�F�O

result % executeQuery(req)��
�S�F�U�V�S�O��

�F�O�E
�F�O�E

�U�S�F�F �J�O�T�J�E�F �U�I�F �S�F�D�P�S�E �P�G �U�I�F �$�B�D�I�F �3�F�T�V�M�U�T �U�B�C�M�F�� �s�F �$�P�O�U�S�P�M�M�F�S�
 �S�V�O�O�J�O�H �P�V�S �Q�M�B�O�O�F�S�
 �F�T�U�J�N�B�U�F�T

�U�I�F �F�Y�F�D�V�U�J�P�O �D�P�T�U �P�G �U�I�F �N�P�T�U �Q�S�P�N�J�O�F�O�U �S�F�R�V�F�T�U�T �B�O�E �N�B�J�O�U�B�J�O�T �B�O �P�S�E�F�S�F�E �M�J�T�U �P�G �	�S�F�R�V�F�T�U�


�C�F�O�F�m�U���D�P�T�U�
 �Q�B�J�S�T �	�"�M�H�P�S�J�U�I�N�����
 �V�T�F�E �C�Z �U�I�F�Q�S�P�m�U�B�C�M�F�2�V�F�S�Z�(�F�O�F�S�B�U�J�P�O�N�F�U�I�P�E �U�P �U�S�J�H�H�F�S

�U�I�F �D�B�D�I�J�O�H �P�G �U�I�F �N�P�T�U�Q�S�P�m�U�B�C�M�F�R�V�F�S�J�F�T��

�s�F �R�V�F�S�Z �Q�B�U�U�F�S�O �U�S�F�F �H�S�P�X�T �F�Y�Q�P�O�F�O�U�J�B�M�M�Z �U�P �U�I�F �T�J�[�F �P�G �U�I�F �B�V�Y�J�M�J�B�S�Z �J�O�G�P �P�G �U�I�F �R�V�F�S�Z

�S�F�R�V�F�T�U �B�O�E �U�I�F�S�F �B�S�F �W�B�S�J�P�V�T �D�P�N�Q�V�U�F�E �B�O�E �N�B�J�O�U�B�J�O�F�E �C�F�O�F�m�U�T �G�P�S �S�F�T�V�M�U�T �U�I�B�U �X�J�M�M �O�F�W�F�S �C�F

�U�I�F �N�P�T�U �Q�S�P�m�U�B�C�M�F�� �)�P�X�F�W�F�S�
 �U�I�J�T �F�Y�Q�P�O�F�O�U�J�B�M �D�P�N�Q�M�F�Y�J�U�Z �E�P�F�T �O�P�U �B�	�F�D�U �P�V�S �R�V�F�S�Z �S�F�T�Q�P�O�T�F

�U�J�N�F�T �C�F�D�B�V�T�F �J�U �J�T �E�P�O�F �J�O�E�F�Q�F�O�E�F�O�U�M�Z �P�G �U�I�F �R�V�F�S�Z �F�Y�F�D�V�U�J�P�O�� �5�P �B�M�M�F�W�J�B�U�F �U�I�F �Q�S�P�C�M�F�N �P�G

�N�B�J�O�U�B�J�O�J�O�H �F�W�F�S�Z �C�F�O�F�m�U �F�T�U�J�N�B�U�J�P�O�
 �X�F �V�U�J�M�J�[�F �B�O �P���J�O�F �Q�S�P�D�F�T�T �	�"�M�H�P�S�J�U�I�N�����
 �U�I�B�U �S�V�O�T �J�O

�D�P�O�m�H�V�S�B�C�M�F �U�J�N�F�G�S�B�N�F�T �	�F���H���
 �F�W�F�S�Z �����T�F�D �P�S �F�W�F�S�Z ���� �R�V�F�S�J�F�T�
 �B�O�E �N�B�J�O�U�B�J�O�T �P�O�M�Z �U�I�F �U�P�Q���L �M�F�B�G

�O�P�E�F�T �P�G �U�I�F �$�B�D�I�F �3�F�R�V�F�T�U�T �U�B�C�M�F�� �'�V�S�U�I�F�S�N�P�S�F�
 �U�P �B�W�P�J�E �Q�S�P�N�P�U�J�O�H �P�O�M�Z �R�V�F�S�J�F�T �X�J�U�I �M�B�S�H�F

�D�P�T�U�T�
 �X�F �O�P�S�N�B�M�J�[�F �U�I�F �C�F�O�F�m�U �F�T�U�J�N�B�U�J�P�O �P�G �B �R�V�F�S�Z �Q�B�U�U�F�S�O �V�T�J�O�H �J�U�T �F�Y�F�D�V�U�J�P�O �D�P�T�U�� �s�V�T�


����



�"�M�H�P�S�J�U�I�N ������cachingPolicy

�G�V�O�D�U�J�P�Ocache(result, benef it )
evict % evictions(result.size, benef it )) ��
�J�Gevict.satisf ied �U�I�F�O

removeCachedResults(evict)��
cacheResult(result.V, result.E, result.aux, result.size )��
decreaseBenef its(result.queryIDs )��
�S�F�U�V�S�O��

�F�O�E
�G�V�O�D�U�J�P�Oevictions(size, benef it )

�����D�B�D�I�F �S�F�Q�M�B�D�F�N�F�O�U �Q�P�M�J�D�Z
evict % {} ��
�J�GavailableCacheSize3 size �U�I�F�O

evict.satisf ied = true ��
�S�F�U�V�S�Oevict��

�F�O�E
�����J�U�F�S�B�U�F �D�B�D�I�F�E �S�F�T�V�M�U�T �J�O �E�F�D�S�F�B�T�J�O�H �C�F�O�F�m�U �P�S�E�F�S
�G�P�Sresult + OrderedResults �E�P

�J�Gresult.benef it 4 benef it �U�I�F�O
evict.add(result )��
�J�Gevict.totalSize 3 size �U�I�F�O

�C�S�F�B�L��
�F�O�E

�F�O�E
�F�O�E
�J�Gevict.totalSize 3 size �U�I�F�O

evict.satisf ied = true ��
�F�M�T�F

evict.satisf ied = false ��
�F�O�E
�S�F�U�V�S�Oevict��

�G�V�O�D�U�J�P�Oevictions(size, benef it )
�G�P�Srequest + CacheRequests�E�P

oldSize % request.queryIDs.size��
�����S�F�N�P�W�F �D�P�N�N�P�O �R�V�F�S�Z �*�%�T
request.queryIDs = request.queryIDs \ queryIDs ��
newSize % request.queryIDs.size��
request.benef it = request.benef it " newSize/ oldSize��

�F�O�E

�J�O �U�I�F �Q�S�F�W�J�P�V�T �F�Y�B�N�Q�M�F�
 �J�G �X�F �I�B�E �R�V�F�S�J�F�T �U�I�B�U �N�P�T�U�M�Z �U�B�S�H�F�U�F�E �A�AHarvard �w�
 �C�P�U�I �U�I�F �J�O�E�F�Y�F�E

�W�F�S�T�J�P�O �P�G �U�I�F �B�C�T�U�S�B�D�U �S�F�T�V�M�U �B�O�E �U�I�F �W�F�S�T�J�P�O �U�I�B�U �D�P�O�U�B�J�O�T �P�O�M�Z �S�F�D�P�S�E�T �G�P�S �A�AHarvard �w �X�P�V�M�E

�H�B�U�I�F�S �U�I�F �T�B�N�F �C�F�O�F�m�U �C�V�U �F�W�F�O�U�V�B�M�M�Z �U�I�F �N�P�S�F �T�Q�F�D�J�m�D �S�F�T�V�M�U �X�P�V�M�E �C�F �D�B�D�I�F�E �E�V�F �U�P �J�U�T �M�P�X�F�S

�D�P�T�U �P�G �F�Y�F�D�V�U�J�P�O��

�*�O �B�E�E�J�U�J�P�O�
 �R�V�F�S�J�F�T �J�T�T�V�F �D�B�D�I�F �S�F�R�V�F�T�U�T �B�E�E�J�O�H �C�F�O�F�m�U �U�P �B�M�M �U�I�F�J�S �T�V�C�H�S�B�Q�I�T�� �8�I�F�O �P�O�F

�R�V�F�S�Z �Q�B�U�U�F�S�O �H�F�U�T �T�F�M�F�D�U�F�E �G�P�S �D�B�D�I�J�O�H�
 �U�I�F �D�P�S�S�F�T�Q�P�O�E�J�O�H �C�F�O�F�m�U �T�I�P�V�M�E �C�F �S�F�N�P�W�F�E �G�S�P�N �B�M�M

������



�P�U�I�F�S �Q�B�U�U�F�S�O�T �U�I�B�U �X�F�S�F �S�F�R�V�F�T�U�F�E �C�Z �U�I�F �T�B�N�F �R�V�F�S�J�F�T �B�T �U�I�F�Z �X�F�S�F�T�B�U�J�T�m�F�E�� �/�P�U �S�F�E�V�D�J�O�H

�C�F�O�F�m�U�T �G�P�S�T�B�U�J�T�m�F�E�R�V�F�S�J�F�T �D�B�O �M�F�B�E �U�P�� ���
 �F�Y�F�D�V�U�J�O�H �B�M�M �T�V�C�H�S�B�Q�I�T �P�G �B �G�S�F�R�V�F�O�U �R�V�F�S�Z �Q�B�U�U�F�S�O�


���
 �E�J�
�D�V�M�U�J�F�T �J�O �J�E�F�O�U�J�G�Z�J�O�H �O�F�X �Q�S�P�m�U�B�C�M�F �D�B�D�I�F �S�F�R�V�F�T�U�T �E�V�F �U�P �P�C�T�P�M�F�U�F �C�F�O�F�m�U �F�T�U�J�N�B�U�J�P�O�T

�P�G�T�B�U�J�T�m�F�E�S�F�R�V�F�T�U�T�� �5�P �B�M�M�F�W�J�B�U�F �U�I�J�T �Q�S�P�C�M�F�N�
 �X�F �N�B�J�O�U�B�J�O �G�P�S �F�B�D�I �R�V�F�S�Z �Q�B�U�U�F�S�O �J�O �U�I�F �$�B�D�I�F

�3�F�R�V�F�T�U�T �U�B�C�M�F �B �M�J�T�U �P�G �R�V�F�S�Z �*�%�T �U�I�B�U �B�U�U�S�J�C�V�U�F�E �U�P �J�U�T �C�F�O�F�m�U�� �s�J�T �M�J�T�U �J�T �V�T�F�E �U�P �S�F�E�V�D�F �U�I�F

�C�F�O�F�m�U �P�G �D�B�D�I�F �S�F�R�V�F�T�U�T �B�G�U�F�S �U�I�F �F�Y�F�D�V�U�J�P�O �P�G �B�Q�S�P�m�U�B�C�M�F�R�V�F�S�Z�� �8�F �S�F�E�V�D�F �U�I�F �C�F�O�F�m�U �P�G

�F�B�D�I �S�F�R�V�F�T�U �C�Z �U�I�F �G�S�B�D�U�J�P�O �P�G �J�U�T �R�V�F�S�Z �*�%�T �U�I�B�U �C�F�M�P�O�H�F�E �U�P �U�I�F�Q�S�P�m�U�B�C�M�F���T �R�V�F�S�Z �*�% �M�J�T�U�� �*�O

�U�I�F �F�Y�B�N�Q�M�F �B�C�P�W�F�
 �J�G �X�F �E�F�D�J�E�F�E �U�P �F�Y�F�D�V�U�F �U�I�F �B�C�T�U�S�B�D�U �R�V�F�S�Z �J�O�E�F�Y�F�E �B�D�D�P�S�E�J�O�H �U�P �W�B�S�J�B�C�M�F

?univ �
 �B�M�M �R�V�F�S�Z �Q�S�P�m�U�T �X�P�V�M�E �H�P �U�P �[�F�S�P �C�F�D�B�V�T�F �U�I�F�Q�S�P�m�U�B�C�M�F�R�V�F�S�Z �H�B�U�I�F�S�F�E �C�F�O�F�m�U �G�S�P�N

�B�M�M �X�P�S�L�M�P�B�E �R�V�F�S�J�F�T�� �s�V�T�
 �O�P �N�P�S�F �R�V�F�S�J�F�T �X�P�V�M�E �C�F �F�Y�F�D�V�U�F�E �C�Z �U�I�F �$�P�O�U�S�P�M�M�F�S�� �5�P �B�W�P�J�E

�N�B�J�O�U�B�J�O�J�O�H �P�C�T�P�M�F�U�F �C�F�O�F�m�U �F�T�U�J�N�B�U�J�P�O�T �G�P�S �D�B�D�I�F �S�F�R�V�F�T�U�T�
 �X�F �B�E�E�J�U�J�P�O�B�M�M�Z �E�F�D�B�Z �U�I�F�J�S �C�F�O�F�m�U

�X�J�U�I �U�J�N�F��

���������� �$�B�D�I�F �S�F�Q�M�B�D�F�N�F�O�U �T�U�S�B�U�F�H�Z

�*�O �U�I�J�T �Q�B�Q�F�S�
 �X�F �U�B�S�H�F�U �E�J�T�L �C�B�T�F�E �D�B�D�I�F�E �S�F�T�V�M�U�T �L�F�F�Q�J�O�H �P�O�M�Z �U�I�F�J�S �N�F�U�B���E�B�U�B �J�O �N�B�J�O �N�F�N�P�S�Z��

�s�V�T�
 �U�I�F �B�N�P�V�O�U �P�G �U�I�F �N�B�J�O�U�B�J�O�F�E �D�B�D�I�F�E �S�F�T�V�M�U�T �J�T �P�O�M�Z �M�J�N�J�U�F�E �C�Z �U�I�F �B�W�B�J�M�B�C�M�F �E�J�T�L �T�Q�B�D�F��

�)�P�X�F�W�F�S�
 �U�I�F �V�T�F�S �D�B�O �T�F�U �M�J�N�J�U�T �P�O �U�I�F �E�J�T�L �T�Q�B�D�F �D�B�Q�B�D�J�U�Z �E�F�E�J�D�B�U�F�E �G�P�S �T�U�P�S�J�O�H �D�B�D�I�F�E �S�F�T�V�M�U�T��

�8�I�F�O �B �O�F�X �D�B�D�I�F�E �S�F�T�V�M�U �D�B�O�O�P�U �C�F �T�U�P�S�F�E �X�J�U�I�P�V�U �F�Y�D�F�F�E�J�O�H �U�I�P�T�F �M�J�N�J�U�T�
 �X�F �O�F�F�E �U�P �S�F�N�P�W�F

�T�P�N�F �P�G �U�I�F �F�Y�J�T�U�J�O�H �S�F�T�V�M�U�T�� �5�P �C�F �B�C�M�F �U�P �J�O�U�F�M�M�J�H�F�O�U�M�Z �T�F�M�F�D�U �X�I�J�D�I �S�F�T�V�M�U �T�I�P�V�M�E �C�F �F�W�J�D�U�F�E �G�S�P�N

�U�I�F �D�B�D�I�F�
 �U�I�F �$�P�O�U�S�P�M�M�F�S �B�M�T�P �N�B�J�O�U�B�J�O�T �B �C�F�O�F�m�U �F�T�U�J�N�B�U�J�P�O �G�P�S �F�B�D�I �D�B�D�I�F�E �S�F�T�V�M�U�� �s�J�T �C�F�O�F�m�U

�F�T�U�J�N�B�U�J�P�O �J�T �V�Q�E�B�U�F�E �V�T�J�O�H �U�I�F �N�F�U�I�P�E�B�E�E�3�F�T�V�M�U�#�F�O�F�m�U�	�"�M�H�P�S�J�U�I�N�����
 �B�O�E �E�J�	�F�S�T �G�S�P�N �U�I�F

�P�O�F �E�F�T�D�S�J�C�F�E �J�O �U�I�F �Q�S�F�W�J�P�V�T �T�F�D�U�J�P�O�� �"�G�U�F�S �U�I�F �F�Y�F�D�V�U�J�P�O �P�G �B �R�V�F�S�Z �U�I�B�U �V�T�F�E �B �D�B�D�I�F�E �S�F�T�V�M�U�


�U�I�F �$�P�O�U�S�P�M�M�F�S �F�Y�F�D�V�U�F�T �U�I�F �Q�M�B�O�O�F�S �P�O�F �N�P�S�F �U�J�N�F�
 �S�F�T�U�S�J�D�U�J�O�H �U�I�F �V�T�F �P�G �U�I�J�T �D�B�D�I�F�E �S�F�T�V�M�U��

�s�J�T �H�J�W�F�T �V�T �U�I�F �D�P�T�U �P�G �U�I�F �R�V�F�S�Z �X�J�U�I�P�V�U �V�U�J�M�J�[�J�O�H �U�I�F �S�F�T�Q�F�D�U�J�W�F �D�B�D�I�F�E �S�F�T�V�M�U�� �s�F �D�P�O�U�S�P�M�M�F�S

�B�E�E�T �U�I�F �E�J�	�F�S�F�O�D�F �C�F�U�X�F�F�O �U�I�J�T �D�P�T�U �B�O�E �U�I�F �B�D�U�V�B�M �D�P�T�U �U�P �U�I�F �S�F�T�V�M�U���T �C�F�O�F�m�U �W�B�M�V�F�� �#�F�O�F�m�U�T�


�B�M�T�P�
 �E�F�D�S�F�B�T�F �X�J�U�I �U�J�N�F �J�O �P�S�E�F�S �U�P �B�W�P�J�E �N�B�J�O�U�B�J�O�J�O�H �P�C�T�P�M�F�U�F �S�F�T�V�M�U�T�� �8�F �Q�S�J�P�S�J�U�J�[�F �D�B�D�I�F

�F�W�J�D�U�J�P�O�T �V�T�J�O�H �"�M�H�P�S�J�U�I�N���� �U�I�B�U �V�U�J�M�J�[�F�T �U�I�J�T �C�F�O�F�m�U �F�T�U�J�N�B�U�J�P�O�� �/�F�X �S�F�T�V�M�U�T �D�B�O �P�O�M�Z �F�W�J�D�U

�D�B�D�I�F�E �S�F�T�V�M�U�T �U�I�B�U �I�B�W�F �M�F�T�T �C�F�O�F�m�U�� �*�O �B�E�E�J�U�J�P�O�
 �J�G �U�I�F �D�B�D�I�F �T�J�[�F �D�P�O�T�U�S�B�J�O�U�T �B�S�F �W�J�P�M�B�U�F�E�
 �P�V�S

�D�P�O�U�S�P�M�M�F�S �X�J�M�M �O�P�U �F�Y�F�D�V�U�F �O�F�X�Q�S�P�m�U�B�C�M�F�R�V�F�S�J�F�T �V�O�M�F�T�T �U�I�F�J�S �C�F�O�F�m�U �J�T �M�B�S�H�F�S �U�I�B�O �U�I�F �M�P�X�F�T�U

�D�B�D�I�F�E �S�F�T�V�M�U �C�F�O�F�m�U�� �5�P �F�W�J�D�U �N�V�M�U�J�Q�M�F �S�F�T�V�M�U�T�
 �E�V�F �U�P �J�U�T �T�J�[�F�
 �B �O�F�X �S�F�T�V�M�U �N�V�T�U �I�B�W�F �C�F�O�F�m�U

�H�S�F�B�U�F�S �U�I�B�O �U�I�F �T�V�N �P�G �C�F�O�F�m�U�T �P�G �B�M�M �F�W�J�D�U�F�E �S�F�T�V�M�U�T��

���������� �$�P�N�Q�M�F�Y�J�U�Z �B�O�B�M�Z�T�J�T

�'�P�S �B �N�P�S�F �E�F�U�B�J�M�F�E �E�F�T�D�S�J�Q�U�J�P�O�
 �"�M�H�P�S�J�U�I�N���� �E�F�T�D�S�J�C�F�T �U�I�F �D�P�N�Q�M�F�U�F �Q�S�P�D�F�T�T�J�O�H �P�G �B �4�1�"�3�2�-

�R�V�F�S�Z �D�P�S�S�F�T�Q�P�O�E�J�O�H �U�P �'�J�H������������ �*�U �T�U�B�S�U�T �X�J�U�I �U�I�F �B�C�T�U�S�B�D�U�J�P�O �P�G �U�I�F �R�V�F�S�Z �H�S�B�Q�I �V�Q�E�B�U�J�O�H

�J�U�T �B�V�Y�J�M�J�B�S�Z �J�O�G�P�	aux�
�� �*�U �U�I�F�O �D�B�M�M�T �U�I�F �F�Y�U�F�O�E�F�E�%�1�D�D�Q�Q�M�B�O�O�F�S �U�I�B�U �J�T�T�V�F�T �D�B�D�I�F �S�F�R�V�F�T�U�T

������



�B�O�E �S�F�D�P�S�E�T �U�I�F�J�S �C�F�O�F�m�U �V�T�J�O�H �&�R�V�B�U�J�P�O�������� �s�F �P�Q�U�J�N�B�M �R�V�F�S�Z �Q�M�B�O �J�T �F�Y�F�D�V�U�F�E �B�O�E �U�I�F�O

�U�I�F �$�B�D�I�F�$�P�O�U�S�P�M�M�F�S �U�I�S�F�B�E �I�B�O�E�M�F�T �U�I�F �D�B�D�I�J�O�H �P�G �Q�S�P�E�V�D�F�E �J�O�U�F�S�N�F�E�J�B�U�F �S�F�T�V�M�U�T�
 �U�I�F �S�F�R�V�F�T�U

�B�O�E �S�F�T�V�M�U �C�F�O�F�m�U �B�U�U�S�J�C�V�U�J�P�O�� �s�F�D�B�D�I�F�3�F�T�V�M�U�T�N�F�U�I�P�E �U�S�J�F�T �U�P �D�B�D�I�F �B�M�M �D�P�N�Q�V�U�F�E �S�F�T�V�M�U�T

�D�P�O�T�V�M�U�J�O�H �P�V�S �D�B�D�I�J�O�H �Q�P�M�J�D�Z�� �s�F�B�E�E�3�F�R�V�F�T�U�#�F�O�F�m�U�T�V�Q�E�B�U�F�T �C�F�O�F�m�U�T �G�P�S �B�M�M �S�F�D�P�S�E�F�E �D�B�D�I�F

�S�F�R�V�F�T�U�T �V�T�J�O�H �"�M�H�P�S�J�U�I�N������ �-�B�T�U�M�Z�
 �U�I�F�B�E�E�3�F�T�V�M�U�#�F�O�F�m�U�N�F�U�I�P�E �V�Q�E�B�U�F�T �U�I�F �C�F�O�F�m�U �P�G �B�M�M

�V�U�J�M�J�[�F�E �D�B�D�I�F�E �S�F�T�V�M�U�T�� �*�U �D�P�N�Q�V�U�F�T �U�I�F�J�S �D�P�O�U�S�J�C�V�U�J�P�O �U�P �U�I�F �R�V�F�S�Z �F�Y�F�D�V�U�J�P�O �C�Z �D�I�F�D�L�J�O�H �U�I�F

�P�Q�U�J�N�B�M �F�Y�F�D�V�U�J�P�O �U�J�N�F �D�P�N�Q�V�U�F�E �C�Z �U�I�F�%�1�D�D�Q�X�J�U�I�P�V�U �U�I�F �V�T�F �P�G �U�I�F �S�F�T�Q�F�D�U�J�W�F �D�B�D�I�F�E �S�F�T�V�M�U��

�0�V�S �D�B�D�I�J�O�H �Q�P�M�J�D�Z�
 �E�F�T�D�S�J�C�F�E �J�O �4�F�D�U�J�P�O�����������
 �J�T �E�F�Q�J�D�U�F�E �J�O �"�M�H�P�S�J�U�I�N������ �s�F�F�W�J�D�U�J�P�O�T

�G�V�O�D�U�J�P�O�
 �D�B�M�M�F�E �J�G �U�I�F �D�B�D�I�F �D�P�O�T�U�S�B�J�O�U�T �B�S�F �W�J�P�M�B�U�F�E�
 �U�S�J�F�T �U�P �m�O�E �B �T�F�U �P�G �S�F�T�V�M�U�T �U�I�B�U �D�P�W�F�S �U�I�F

�O�F�X �S�F�T�V�M�U �T�J�[�F �B�O�E �I�B�W�F �D�V�N�V�M�B�U�J�W�F �C�F�O�F�m�U �U�I�B�U �J�T �M�P�X�F�S �U�I�B�O �U�I�F �C�F�O�F�m�U �P�G �U�I�F �O�F�X �S�F�T�V�M�U��

�'�V�S�U�I�F�S�N�P�S�F�
 �U�I�F�E�F�D�S�F�B�T�F�#�F�O�F�m�U�T�G�V�O�D�U�J�P�O �J�T �Q�S�F�T�F�O�U�F�E �U�I�B�U �I�B�O�E�M�F�T �U�I�F �V�Q�E�B�U�F �P�G �C�F�O�F�m�U�T

�B�G�U�F�S �U�I�F �F�Y�F�D�V�U�J�P�O �P�G �B �Q�S�P�m�U�B�C�M�F �S�F�T�V�M�U �N�F�O�U�J�P�O�F�E �J�O �U�I�F �F�O�E �P�G �4�F�D�U�J�P�O������������

�-�B�T�U�M�Z�
 �"�M�H�P�S�J�U�I�N���� �Q�S�F�T�F�O�U�T �P�V�S �Q�F�S�J�P�E�J�D �Q�S�P�D�F�T�T�F�T�� �s�F�V�Q�E�B�U�F�#�F�O�F�m�U�T�N�F�U�I�P�E �J�T �S�F��

�T�Q�P�O�T�J�C�M�F �G�P�S �E�F�D�S�F�B�T�J�O�H �U�I�F �C�F�O�F�m�U �F�T�U�J�N�B�U�J�P�O�T �G�P�S �C�P�U�I �D�B�D�I�F�E �S�F�T�V�M�U�T �B�O�E �S�F�R�V�F�T�U�T �U�I�S�P�V�H�I

�U�J�N�F�� �5�P �E�P �T�P �J�U �V�T�F�T �B �D�P�O�m�H�V�S�B�C�M�F �E�F�D�B�Z �G�B�D�U�P�S0 < a < 1�� �*�U �B�M�T�P �N�B�J�O�U�B�J�O�T �U�I�F �P�S�E�F�S�F�E �M�J�T�U�T

�P�G �S�F�T�V�M�U�T �B�O�E �S�F�R�V�F�T�U�T �V�T�F�E �J�O �P�V�S �P�U�I�F�S �B�M�H�P�S�J�U�I�N�T�� �*�O �U�I�F �D�B�T�F �P�G �D�B�D�I�F �S�F�R�V�F�T�U�T�
 �X�F �S�F�N�P�W�F

�S�F�R�V�F�T�U�T �U�I�B�U �B�S�F �O�P�U �J�O �U�I�F �U�P�Q���L �N�P�T�U �Q�S�P�m�U�B�C�M�F �P�O�F�T �B�O�E �B�M�T�P �D�P�N�Q�V�U�F �U�I�F�J�S �F�Y�F�D�V�U�J�P�O �D�P�T�U��

�s�F �Q�S�P�m�U�B�C�M�F�2�V�F�S�Z�(�F�O�F�S�B�U�J�P�O�N�F�U�I�P�E �J�U�F�S�B�U�F�T �P�W�F�S �B�M�M �D�B�D�I�F �S�F�R�V�F�T�U�T �J�O �E�F�D�S�F�B�T�J�O�H �P�S�E�F�S �P�G

�C�F�O�F�m�U���D�P�T�U �B�O�E�
 �D�P�O�T�V�M�U�J�O�H �P�V�S �D�B�D�I�J�O�H �Q�P�M�J�D�Z�
 �T�F�M�F�D�U�T �U�I�F �N�P�T�U �Q�S�P�m�U�B�C�M�F �S�F�R�V�F�T�U �G�P�S �F�Y�F�D�V��

�U�J�P�O�� �*�U �Q�S�P�B�D�U�J�W�F�M�Z �D�I�F�D�L�T �U�I�F �D�B�D�I�J�O�H �Q�P�M�J�D�Z �V�T�J�O�H �B�O �F�T�U�J�N�B�U�J�P�O �P�G �U�I�F �R�V�F�S�Z �T�J�[�F�
 �J�O �P�S�E�F�S �U�P

�B�W�P�J�E �F�Y�F�D�V�U�J�O�H �S�F�R�V�F�T�U�T �U�I�B�U �D�B�O�O�P�U �C�F �D�B�D�I�F�E �E�V�F �U�P �U�I�F�J�S �T�J�[�F �B�O�E �C�F�O�F�m�U �D�P�O�T�U�S�B�J�O�U�T��

�s�F �B�E�E�3�F�R�V�F�T�U�#�F�O�F�m�U�T�N�F�U�I�P�E�
 �Q�S�F�T�F�O�U�F�E �J�O �"�M�H�P�S�J�U�I�N�����
 �J�T �S�F�T�Q�P�O�T�J�C�M�F �G�P�S �B�U�U�S�J�C�V�U�J�O�H

�C�F�O�F�m�U�T �U�P �B�M�M �Q�P�T�T�J�C�M�Z �V�T�B�C�M�F �R�V�F�S�Z �Q�B�U�U�F�S�O�T �G�P�S �B�M�M �U�I�F �D�B�D�I�F �S�F�R�V�F�T�U�T �J�T�T�V�F�E �E�V�S�J�O�H �U�I�F �Q�M�B�O��

�O�J�O�H �P�G �B �R�V�F�S�Z�� �s�F �O�V�N�C�F�S �P�G �D�B�D�I�F �S�F�R�V�F�T�U�T �G�P�S �B �R�V�F�S�Z �H�S�B�Q�I �J�T �C�P�V�O�E �C�Z �U�I�F �O�V�N�C�F�S �P�G

�J�U�T �D�P�O�O�F�D�U�F�E �T�V�C�H�S�B�Q�I�T�	�D�T�H�
s�� �'�P�S �F�W�F�S�Z �D�T�H �U�I�F �B�E�E�#�F�O�F�m�U �N�F�U�I�P�E �J�T �D�B�M�M�F�E �	�"�M�H�P�S�J�U�I�N�����
��

�s�F �X�P�S�T�U���D�B�T�F �U�J�N�F �B�O�E �T�Q�B�D�F �D�P�N�Q�M�F�Y�J�U�Z �P�G �U�I�F �B�E�E�#�F�O�F�m�U �N�F�U�I�P�E �J�TO(dv) �X�I�F�S�Fd �J�T �U�I�F

�N�B�Y�J�N�V�N �E�F�H�S�F�F �P�G �U�I�F �U�S�F�F �O�P�E�F�T �	�B�U �M�F�B�T�U ���
 �B�O�Ev �J�T �U�I�F �O�V�N�C�F�S �P�G �W�B�S�J�B�C�M�F�T �J�O �U�I�F �R�V�F�S�Z��

�*�O �U�P�U�B�M�
 �U�I�F �X�P�S�T�U���D�B�T�F �D�P�N�Q�M�F�Y�J�U�Z �P�G �U�I�F�D�B�D�I�F�3�F�R�V�F�T�U�T�N�F�U�I�P�E �J�TO(sdv)�� �s�J�T �X�P�S�T�U���D�B�T�F

�D�P�N�Q�M�F�Y�J�U�Z �J�T �E�P�N�J�O�B�U�F�E �C�Z�� �	�J�
 �U�I�F �P���J�O�F �Q�S�V�O�J�O�H �P�G �U�I�F �C�F�O�F�m�U �U�S�F�F�T �U�I�B�U �N�B�J�O�U�B�J�O�T �U�I�F �U�P�Q���L

�N�P�T�U �Q�S�P�m�U�B�C�M�F �U�S�F�F �O�P�E�F�T �G�P�S �B�M�M �R�V�F�S�Z �M�B�C�F�M�T �B�O�E �	�J�J�
 �U�I�F �B�C�J�M�J�U�Z �P�G �U�I�F �B�E�E�#�F�O�F�m�U �N�F�U�I�P�E �U�P

�Q�S�V�O�F �F�O�U�J�S�F �T�V�C�U�S�F�F�T �X�J�U�I �C�F�O�F�m�U4 0��

�s�F �Q�S�P�m�U�B�C�M�F�2�V�F�S�Z�(�F�O�F�S�B�U�J�P�O�N�F�U�I�P�E�
 �Q�S�F�T�F�O�U�F�E �J�O �"�M�H�P�S�J�U�I�N�����
 �J�U�F�S�B�U�F�T�
 �J�O �B �C�F�O�F�m�U

�P�S�E�F�S�
 �P�W�F�S �U�I�F �C�F�O�F�m�U �F�T�U�J�N�B�U�J�P�O�T �D�I�F�D�L�J�O�H �U�I�F �D�B�D�I�J�O�H �Q�P�M�J�D�Z �J�O �P�S�E�F�S �U�P �T�F�M�F�D�U �U�I�F �R�V�F�S�Z �U�I�B�U

�J�T �H�P�J�O�H �U�P �C�F �F�Y�F�D�V�U�F�E �B�O�E �D�B�D�I�F�E�� �0�V�S �D�B�D�I�J�O�H �Q�P�M�J�D�Z �D�I�F�D�L �I�B�T �M�J�O�F�B�S �D�P�N�Q�M�F�Y�J�U�Z�
O(res)�
 �J�O

�U�I�F �B�N�P�V�O�U �P�G �D�B�D�I�F�E �S�F�T�V�M�U�Tres �C�F�D�B�V�T�F�
 �J�O �U�I�F �X�P�S�T�U �D�B�T�F�
 �J�U �O�F�F�E�T �U�P �D�I�F�D�L �U�I�F �S�F�N�P�W�B�M �P�G �B�M�M

�D�B�D�I�F�E �R�V�F�S�J�F�T�� �s�F�S�F�G�P�S�F�
 �J�U�T �X�P�S�T�U���D�B�T�F �D�P�N�Q�M�F�Y�J�U�Z �J�TO(req áres) �X�I�F�S�Freq �J�T �U�I�F �O�V�N�C�F�S

�P�G �N�B�J�O�U�B�J�O�F�E �S�F�R�V�F�T�U �C�F�O�F�m�U �F�T�U�J�N�B�U�J�P�O�T�� �"�T �T�U�B�U�F�E �B�C�P�W�F�
 �U�I�J�T �O�V�N�C�F�S �J�T �S�F�H�V�M�B�U�F�E �C�Z �P�V�S

������



�P���J�O�F �S�F�R�V�F�T�U �Q�S�V�O�J�O�H �Q�S�P�D�F�T�T �J�O �P�S�E�F�S �O�P�U �U�P �H�S�P�X �F�Y�Q�P�O�D�F�O�U�J�B�M�M�Z�� �s�Fres �Q�B�S�B�N�F�U�F�S �J�T �B�M�T�P

�S�F�H�V�M�B�U�F�E �C�Z �U�I�F �D�B�D�I�F �T�J�[�F �D�P�O�T�U�S�B�J�O�U�T��

�0�V�S�V�Q�E�B�U�F�#�F�O�F�m�U�T�N�F�U�I�P�E�
 �Q�S�F�T�F�O�U�F�E �J�O �"�M�H�P�S�J�U�I�N�����
 �I�B�T �D�P�N�Q�M�F�Y�J�U�ZO(res á�M�P�Hres +

reqácreq+ reqá�M�P�Hreq+ reqádp)�� �*�U �T�P�S�U�Tres �D�B�D�I�F�E �S�F�T�V�M�U�T�
 �J�U �N�B�J�O�U�B�J�O�T �B�O�E �T�P�S�U�Treq �P�G �U�I�F

creq�B�D�D�V�N�V�M�B�U�F�E �S�F�R�V�F�T�U�T�� �*�U �B�M�T�P �F�Y�F�D�V�U�F�Treq �U�J�N�F�T �U�I�F�%�1�D�D�Q�B�M�H�P�S�J�U�I�N�
 �X�J�U�I �D�P�N�Q�M�F�Y�J�U�Zdp

�B�T �Q�S�F�T�F�O�U�F�E �B�C�P�W�F�� �s�F �N�B�J�O �N�F�N�P�S�Z �T�Q�B�D�F �D�P�N�Q�M�F�Y�J�U�Z �P�G �P�V�S �D�B�D�I�J�O�H �G�S�B�N�F�X�P�S�L �J�TO(res +

req + creq) �X�I�J�D�I �J�T �S�F�H�V�M�B�U�F�E �V�T�J�O�H �U�I�F �D�P�O�m�H�V�S�B�C�M�Fres �B�O�Ereq �W�B�M�V�F�T�� �s�Fcreq �W�B�M�V�F �J�T

�S�F�H�V�M�B�U�F�E �C�Z �U�I�F �F�Y�F�D�V�U�J�P�O �G�S�F�R�V�F�O�D�Z �P�G �U�I�F�V�Q�E�B�U�F�#�F�O�F�m�U�T�N�F�U�I�P�E��

������ �&�Y�Q�F�S�J�N�F�O�U�T

�*�O �U�I�J�T �T�F�D�U�J�P�O�
 �X�F �Q�S�F�T�F�O�U �B �E�F�U�B�J�M�F�E �Q�F�S�G�P�S�N�B�O�D�F �F�W�B�M�V�B�U�J�P�O �P�G �U�I�F �Q�S�P�Q�P�T�F�E �3�%�' �D�B�D�I�J�O�H

�G�S�B�N�F�X�P�S�L��

���������� �3�%�' �F�O�H�J�O�F�T

�8�F �I�B�W�F �J�O�U�F�H�S�B�U�F�E �P�V�S �D�B�D�I�J�O�H �G�S�B�N�F�X�P�S�L �P�O �U�P�Q �P�G �U�I�S�F�F �P�Q�F�O �T�P�V�S�D�F �3�%�' �F�O�H�J�O�F�T��

�t �3�%�'�����9 �<�/�F�V�N�B�O�O �����B�>�� �X�F �I�B�W�F �F�Y�U�F�O�E�F�E �U�I�F �M�B�U�F�T�U �W�F�S�T�J�P�O�©�	�����������
 �P�G �U�I�F �3�%�'�����9

�D�F�O�U�S�B�M�J�[�F�E �F�O�H�J�O�F�� �s�F �S�F�T�Q�F�D�U�J�W�F �F�Y�Q�F�S�J�N�F�O�U�T �X�F�S�F �D�P�O�E�V�D�U�F�E �V�T�J�O�H �B�O �����$�P�S�F �*�O�U�F�M

�J�������������, �$�1�6 �B�U ���������(�)�[�
 �����(�# �P�G �3�"�. �T�F�S�W�F�S�
 �X�J�U�I �������5�# �P�G �E�J�T�L �T�Q�B�D�F��

�t �) 2�3�%�'�� �<�1�B�Q�B�J�M�J�P�V �����>�� �X�F �I�B�W�F �F�Y�U�F�O�E�F�E �U�I�F �M�B�U�F�T�U �W�F�S�T�J�P�O�D�	�������
 �P�G �)2�3�%�'���� �"�M�M �F�Y��

�Q�F�S�J�N�F�O�U�T �P�O �U�I�F �)2�3�%�'�� �T�Z�T�U�F�N �V�T�F �B �D�M�V�T�U�F�S �P�G ���� �X�P�S�L�F�S �O�P�E�F�T �Q�M�V�T �B �T�J�O�H�M�F �N�B�D�I�J�O�F

�J�O �U�I�F �S�P�M�F �P�G �U�I�F �)�B�E�P�P�Q �B�O�E �)�#�B�T�F �N�B�T�U�F�S�� �&�B�D�I �P�G �U�I�F �X�P�S�L�F�S�T �G�F�B�U�V�S�F�T �B �� �2�V�B�E���$�P�S�F

�&�������� �*�O�U�F�M �9�F�P�O�¥�$�1�6�T �B�U ���������(�)�[�
 �� �(�# �P�G �3�"�. �B�O�E �B �������(�# �E�J�T�L�
 �X�I�J�M�F �U�I�F �N�B�T�U�F�S

�I�B�T �T�J�N�J�M�B�S �$�1�6���E�J�T�L �T�Q�F�D�T �B�O�E �� �(�# �P�G �3�"�.�� �&�B�D�I �X�P�S�L�F�S �J�T �T�F�U �U�P �D�P�O�D�V�S�S�F�O�U�M�Z �S�V�O ��

�N�B�Q�Q�F�S�T �B�O�E �� �S�F�E�V�D�F�S�T�
 �F�B�D�I �D�P�O�T�V�N�J�O�H �������.�# �P�G �3�"�.�� �*�O �P�V�S �F�Y�Q�F�S�J�N�F�O�U�T�
 �X�F �V�T�F�E

�)�B�E�P�P�Q �W���������� �B�O�E �)�#�B�T�F �W��������������

�t �5�S�J�"�% �<�(�V�S�B�K�B�E�B �����>�� �X�F �P�C�U�B�J�O�F�E �B�O�E �F�Y�U�F�O�E�F�E �U�I�F �M�B�U�F�T�U �W�F�S�T�J�P�O �	�����������
 �P�G �U�I�F �5�S�J�"�%

�F�O�H�J�O�F�� �"�M�M �5�S�J�"�% �F�Y�Q�F�S�J�N�F�O�U�T �X�F�S�F �D�P�O�E�V�D�U�F�E �P�O �U�I�F �T�B�N�F �������X�P�S�L�F�S �D�M�V�T�U�F�S�
 �V�T�F�E �G�P�S

�) 2�3�%�'����

�0�V�S �D�B�D�I�J�O�H �G�S�B�N�F�X�P�S�L �J�T �J�O�E�F�Q�F�O�E�F�O�U �P�G �U�I�F �R�V�F�S�Z �F�Y�F�D�V�U�J�P�O �F�O�H�J�O�F �B�O�E �U�I�V�T �D�I�B�O�H�F�T

�B�S�F �N�B�J�O�M�Z �S�F�R�V�J�S�F�E �J�O�T�J�E�F �U�I�F �R�V�F�S�Z �Q�M�B�O�O�F�S �N�P�E�V�M�F �P�G �U�I�F �F�O�H�J�O�F�T�� �3�%�'�����9 �B�O�E �5�S�J�"�% �V�U�J��

�M�J�[�F �U�I�F �T�B�N�F �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �P�G �U�I�F �%�1�D�D�Q �E�Z�O�B�N�J�D �Q�S�P�H�S�B�N�N�J�O�H �Q�M�B�O�O�F�S�
 �X�I�J�D�I �X�F �F�Y�U�F�O�E

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

�D�K�W�W�S�V�������J�L�W�K�X�E���F�R�P���Q�S�D�S�D���K���U�G�I

������



�%�B�U�B�T�F�U�5�S�J�Q�M�F�T���4 ���1 ���0 �4�J�[�F
�-�6�#�.���L ������ �. ���� �. ���� ���� �. ���� �(�#
�-�6�#�.�����L ������ �# ������ �. ���� ������ �. ������ �(�#
�-�6�#�.�����L �������� �# ������ �# ���� ������ �# ������ �(�#

�8�B�U�%�J�W���������.������ �. ������ �. ���� ���� �. �����(�#
�8�B�U�%�J�W�����#�������� �# ���� �. ���� ������ �. �������(�#

�:�B�H�P�� ������ �. ���� �. ���� ���� �. ���� �(�#
�#�J�P���3�%�' ������ �# ������ �. ���
������ �������� �# �������(�#

�5�B�C�M�F ���������%�B�U�B�T�F�U �T�U�B�U�J�T�U�J�D�T

�X�J�U�I �P�V�S �D�B�D�I�J�O�H �G�V�O�D�U�J�P�O�B�M�J�U�J�F�T�� �'�P�S �)2�3�%�'�� �X�F �S�F�Q�M�B�D�F �J�U�T �Q�M�B�O�O�F�S �X�J�U�I �P�V�S �N�V�M�U�J���X�B�Z �K�P�J�O

�F�O�V�N�F�S�B�U�J�P�O �B�M�H�P�S�J�U�I�N �E�F�T�D�S�J�C�F�E �J�O �4�F�D�U�J�P�O������������ �"�O�P�U�I�F�S �J�N�Q�P�S�U�B�O�U �B�T�Q�F�D�U �P�G �U�I�F �J�N�Q�M�F��

�N�F�O�U�B�U�J�P�O�T �J�T �U�I�F �J�O�E�F�Y�J�O�H �B�O�E �T�U�P�S�B�H�F �P�G �D�B�D�I�F�E �S�F�T�V�M�U�T�� �*�O �U�I�F �D�B�T�F �P�G �)2�3�%�'�� �O�P�O���J�O�E�F�Y�F�E

�S�F�T�V�M�U�T �B�S�F �T�U�P�S�F�E �J�O �Q�M�B�J�O �)�%�'�4 �m�M�F�T �X�I�J�M�F �J�O�E�F�Y�F�E �P�O�F�T �B�S�F �T�U�P�S�F�E �J�O �)�#�"�4�& �U�B�C�M�F�T �B�D�D�P�S�E�J�O�H

�U�P �)2�3�%�'�����T �J�O�E�F�Y�J�O�H �T�D�I�F�N�F�� �'�P�S �C�P�U�I �3�%�'�����9 �B�O�E �5�S�J�"�% �X�F �N�B�J�O�U�B�J�O �B�M�M �D�B�D�I�F�E �S�F�T�V�M�U�T

�V�T�J�O�H �N�B�J�O���N�F�N�P�S�Z �T�U�S�V�D�U�V�S�F�T��

���������� �%�B�U�B�T�F�U�T

�5�P �D�P�O�E�V�D�U �B �E�F�U�B�J�M�F�E �F�Y�Q�F�S�J�N�F�O�U�B�M �F�W�B�M�V�B�U�J�P�O �X�F �V�T�F�E �C�P�U�I �S�F�B�M �B�O�E �T�Z�O�U�I�F�U�J�D �3�%�' �E�B�U�B�T�F�U�T

�P�G �W�B�S�J�B�C�M�F �T�J�[�F�T�� �5�B�C�M�F�������S�F�D�P�S�E�T �G�P�S �F�B�D�I �E�B�U�B�T�F�U�
 �J�U�T �U�P�U�B�M �O�V�N�C�F�S �P�G �U�S�J�Q�M�F�T�
 �J�U�T �E�J�T�U�J�O�D�U �O�V�N��

�C�F�S �P�G �T�V�C�K�F�D�U�T�
 �Q�S�F�E�J�D�B�U�F�T �B�O�E �P�C�K�F�D�U�T �	���4�
 ���1�
 ���0�
 �B�O�E �J�U�T �S�B�X �T�J�[�F �J�O �(�#�� �'�J�S�T�U�
 �U�I�F �-�6�#�.�E

�E�B�U�B�T�F�U �H�F�O�F�S�B�U�P�S �D�S�F�B�U�F�T �3�%�' �E�B�U�B�T�F�U�T �X�J�U�I �B�D�B�E�F�N�J�D �E�P�N�B�J�O �J�O�G�P�S�N�B�U�J�P�O�
 �F�O�B�C�M�J�O�H �B �W�B�S�J��

�B�C�M�F �O�V�N�C�F�S �P�G �U�S�J�Q�M�F�T �C�Z �D�P�O�U�S�P�M�M�J�O�H �U�I�F �O�V�N�C�F�S �P�G�V�O�J�W�F�S�T�J�U�Z�F�O�U�J�U�J�F�T�� �-�6�#�. �J�T �X�J�E�F�M�Z �V�T�F�E

�U�P �D�P�N�Q�B�S�F �U�I�F �Q�F�S�G�P�S�N�B�O�D�F �B�O�E �T�D�B�M�B�C�J�M�J�U�Z �P�G �U�S�J�Q�M�F �T�U�P�S�F�T �E�V�F �U�P �J�U�T �B�C�J�M�J�U�Z �U�P �D�S�F�B�U�F �B�S�C�J�U�S�B�S��

�J�M�Z �M�B�S�H�F �E�B�U�B�T�F�U�T�� �8�F �V�T�F�E �� �-�6�#�. �E�B�U�B�T�F�U�T �D�P�O�T�J�T�U�J�O�H �P�G ���
 ���� �B�O�E ���� �U�I�P�V�T�B�O�E �V�O�J�W�F�S�T�J�U�J�F�T

�S�F�T�Q�F�D�U�J�W�F�M�Z�� �)�P�X�F�W�F�S�
 �S�F�D�F�O�U �X�P�S�L �<�"�M�V�Î �����> �T�V�H�H�F�T�U�T �U�I�B�U �-�6�#�. �H�F�O�F�S�B�U�F�T �V�O�J�G�P�S�N �E�B�U�B �E�J�T��

�U�S�J�C�V�U�J�P�O�T �X�I�J�M�F �J�U�T �R�V�F�S�J�F�T �B�S�F �M�J�N�J�U�F�E �J�O �D�P�N�Q�M�F�Y�J�U�Z�� �8�B�U�%�J�W�F�J�T �B �U�F�T�U �T�V�J�U�F �U�I�B�U �H�F�O�F�S�B�U�F�T �E�B�U�B

�G�S�P�N �T�L�F�X�F�E �B�O�E �O�P�O���V�O�J�G�P�S�N �E�J�T�U�S�J�C�V�U�J�P�O�T �B�O�E �J�T�T�V�F�T �R�V�F�S�J�F�T �P�G �W�B�S�Z�J�O�H �T�U�S�V�D�U�V�S�B�M �D�I�B�S�B�D�U�F�S��

�J�T�U�J�D�T �B�O�E �T�F�M�F�D�U�J�W�J�U�Z �D�M�B�T�T�F�T�� �8�F �F�Y�Q�F�S�J�N�F�O�U�F�E �X�J�U�I �U�X�P �W�F�S�T�J�P�O�T �P�G �U�I�J�T �E�B�U�B�T�F�U�� �8�B�U�%�J�W���������.

�B�O�E �8�B�U�%�J�W�����#�� �*�O �P�S�E�F�S �U�P �U�F�T�U �P�V�S �T�Z�T�U�F�N �X�J�U�I �S�F�B�M���M�J�G�F �3�%�' �E�B�U�B �X�F �B�M�T�P �V�U�J�M�J�[�F�E �U�I�F �:�B�H�P���G

�B�O�E �#�J�P���3�%�'�H�E�B�U�B�T�F�U�T�� �:�B�H�P�� �D�P�O�T�J�T�U�T �P�G �S�F�B�M �E�B�U�B �H�B�U�I�F�S�F�E �G�S�P�N �W�B�S�J�P�V�T �S�F�T�P�V�S�D�F�T �T�V�D�I �B�T

�8�J�L�J�Q�F�E�J�B�
 �8�P�S�E�/�F�U�
 �(�F�P�/�B�N�F�T�
 �F�U�D�� �#�J�P���3�%�' �Q�S�P�W�J�E�F�T �C�J�P�M�P�H�J�D�B�M �M�J�O�L�F�E �E�B�U�B �D�P�O�O�F�D�U�J�O�H ����

�E�J�	�F�S�F�O�U �C�J�P�M�P�H�J�D�B�M �E�B�U�B�T�F�U�T��

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

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

�G�K�W�W�S�������\�D�J�R���N�Q�R�Z�O�H�G�J�H���R�U�J��

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

������



���������� �4�1�"�3�2�- �R�V�F�S�Z �D�B�O�P�O�J�D�B�M �M�B�C�F�M�M�J�O�H
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�'�J�H�V�S�F �����������$�B�O�P�O�J�D�B�M �M�B�C�F�M�M�J�O�H �Q�F�S�G�P�S�N�B�O�D�F

�*�O �U�I�J�T �T�F�D�U�J�P�O�
 �X�F �F�W�B�M�V�B�U�F �P�V�S �4�1�"�3�2�- �R�V�F�S�Z �D�B�O�P�O�J�D�B�M �M�B�C�F�M�M�J�O�H �B�M�H�P�S�J�U�I�N�� �8�F �U�F�T�U �J�U�T

�Q�F�S�G�P�S�N�B�O�D�F �G�P�S �W�B�S�J�P�V�T �U�Z�Q�F�T �P�G �R�V�F�S�J�F�T �B�O�E �D�P�N�Q�B�S�F �J�U �X�J�U�I �U�I�F �B�M�H�P�S�J�U�I�N �Q�S�F�T�F�O�U�F�E �J�O �<�1�B��

�Q�B�J�M�J�P�V �����>�
 �X�I�J�D�I �J�T �O�P�U �V�T�J�O�H �R�V�F�S�Z �T�J�N�Q�M�J�m�D�B�U�J�P�O�
 �E�F�O�P�U�F�E �C�Z �B �i�@�/�4�w �T�V�
�Y �J�O �U�I�F �F�Y�Q�F�S�J��

�N�F�O�U�T�� �*�O �U�I�F �G�P�M�M�P�X�J�O�H�
 �X�F �S�F�Q�P�S�U �S�F�T�V�M�U�T �V�T�J�O�H �U�I�F �3�%�'�����9 �J�N�Q�M�F�N�F�O�U�B�U�J�P�O�
 �X�I�J�M�F �B �D�P�N��

�Q�B�S�J�T�P�O �C�F�U�X�F�F�O �U�I�F �)2�3�%�'���
 �5�S�J�"�% �B�O�E �3�%�'�����9 �J�N�Q�M�F�N�F�O�U�B�U�J�P�O�T �J�T �Q�S�F�T�F�O�U�F�E �J�O �4�F�D�U�J�P�O

������������ �s�F �Q�F�S�G�P�S�N�B�O�D�F �P�G �U�I�F �D�B�O�P�O�J�[�B�U�J�P�O �Q�S�P�D�F�T�T �J�T �U�J�H�I�U�M�Z �D�P�V�Q�M�F�E �U�P�#�M�J�T�T���T�
 �X�J�U�I �B�O �B�E�E�F�E

�H�S�B�Q�I �U�S�B�O�T�G�P�S�N�B�U�J�P�O �P�W�F�S�I�F�B�E�� �s�F �m�S�T�U �H�S�B�Q�I �P�G �'�J�H�����������E�F�Q�J�D�U�T �U�I�F �U�J�N�F �S�F�R�V�J�S�F�E �U�P �M�B�C�F�M

�E�J�	�F�S�F�O�U �R�V�F�S�Z �H�S�B�Q�I�T �X�J�U�I �W�B�S�J�B�C�M�F �O�V�N�C�F�S �P�G �U�S�J�Q�M�F �Q�B�U�U�F�S�O�T�� �8�F �V�T�F �B �T�F�U �P�G �H�S�B�Q�I �Q�B�U�U�F�S�O�T

�D�P�O�T�J�T�U�J�O�H �P�G �Q�B�U�I�T�
 �T�U�B�S�T�
 �D�Z�D�M�F�T�
 �T�O�P�X�n�B�L�F�T�
 �H�S�J�E�T �B�O�E �T�Q�J�E�F�S�T�
 �X�I�J�D�I �D�P�O�U�B�J�O�T �Q�B�U�U�F�S�O�T �X�J�U�I

�S�B�O�H�J�O�H �H�S�B�Q�I �D�P�O�O�F�D�U�J�W�J�U�Z �D�P�N�Q�M�F�Y�J�U�Z �<�"�M�V�Î �����
�$�I�F�O �����>�� �s�F �V�U�J�M�J�[�F�E �4�1�"�3�2�- �R�V�F�S�J�F�T �X�F�S�F

�H�F�O�F�S�B�U�F�E �V�T�J�O�H �U�I�F �8�B�U�%�J�W �C�F�O�D�I�N�B�S�L�� �3�B�O�H�J�O�H �U�I�F �T�J�[�F �P�G �U�I�F �R�V�F�S�Z �H�S�B�Q�I�
 �G�S�P�N �� �U�P �����


�X�F �P�C�T�F�S�W�F �U�I�B�U �P�V�S �B�M�H�P�S�J�U�I�N �D�B�O �M�B�C�F�M �B�M�M �R�V�F�S�Z �H�S�B�Q�I�T �J�O �M�F�T�T �U�I�B�O �� �N�T�� �4�Q�J�E�F�S �H�S�B�Q�I�T �B�O�E

�H�S�J�E�T �Q�S�P�W�F �U�P �C�F �U�I�F �N�P�T�U �D�I�B�M�M�F�O�H�J�O�H �D�B�T�F�T �C�F�D�B�V�T�F �U�I�F�Z �D�P�O�U�B�J�O �N�P�S�F �B�V�U�P�N�P�S�Q�I�J�T�N�T �B�O�E

�D�B�O�O�P�U �C�F �T�J�N�Q�M�J�m�F�E�� �*�O �D�P�O�U�S�B�T�U�
 �T�U�B�S �R�V�F�S�J�F�T �B�S�F �F�O�U�J�S�F�M�Z �T�J�N�Q�M�J�m�F�E �B�O�E �U�I�V�T �S�F�R�V�J�S�F �U�I�F �M�F�B�T�U

�B�N�P�V�O�U �P�G �M�B�C�F�M�M�J�O�H �U�J�N�F�� �s�F �D�P�N�Q�B�S�J�T�P�O �P�G �P�V�S �T�L�F�M�F�U�P�O���T�U�B�S �T�J�N�Q�M�J�m�D�B�U�J�P�O �U�F�D�I�O�J�R�V�F �U�P �U�I�F

�O�P�O���T�J�N�Q�M�J�m�F�E �B�M�H�P�S�J�U�I�N �<�1�B�Q�B�J�M�J�P�V �����> �J�T �E�F�Q�J�D�U�F�E �J�O �U�I�F �T�F�D�P�O�E �H�S�B�Q�I �P�G �'�J�H������������ �#�P�U�I �T�U�B�S

�B�O�E �T�O�P�X�n�B�L�F �H�S�B�Q�I�T �D�B�O �C�F �T�V�
�D�J�F�O�U�M�Z �T�J�N�Q�M�J�m�F�E �B�O�E �U�I�F�J�S �M�B�C�F�M�M�J�O�H �U�J�N�F�T �E�S�P�Q �X�J�U�I �S�F�T�Q�F�D�U

�U�P �U�I�F�J�S �T�J�N�Q�M�J�m�D�B�U�J�P�O�� �*�O �U�I�F �D�B�T�F �P�G �T�U�B�S �H�S�B�Q�I�T�
 �X�F �P�C�T�F�S�W�F �B �T�Q�F�F�E�V�Q �P�G �B�M�N�P�T�U �� �P�S�E�F�S�T
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 �B �M�B�S�H�F �U�B�C�M�FL �B�O�E �B �T�N�B�M�M �U�B�C�M�FS�
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�M�P�D�B�M�M�Z �J�O �U�I�F �%�J�T�U�S�J�C�V�U�F�E �$�B�D�I�F �P�G �F�B�D�I �N�B�Q�Q�F�S�� �&�B�D�I �N�B�Q �U�B�T�L �U�I�F�O �V�T�F�T �B�O �J�O���N�F�N�P�S�Z �I�B�T�I
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 �B �Q�P�T�T�J�C�M�F �E�S�B�X�C�B�D�L �J�T �U�I�B�US �I�B�T �U�P �C�F �M�P�B�E�F�E �T�F�W�F�S�B�M

�U�J�N�F�T�
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�P�O�D�F �Q�F�S �O�P�E�F�
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�1�S�P�C�M�F�N �4�U�B�U�F�N�F�O�U���4�J�N�J�M�B�S �U�P �4�F�D�U�J�P�O�����������D�P�O�T�J�E�F�S �U�I�F �D�B�T�F �X�I�F�S�F �X�F �I�B�W�F �U�X�P �U�B�C�M�F�TL
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�S�F�D�P�S�E �G�P�S �F�B�D�I �*�1 �B�E�E�S�F�T�T �X�J�U�I �J�U�T �D�P�S�S�F�T�Q�P�O�E�J�O�H �J�O�G�P�S�N�B�U�J�P�O�� �s�V�T�
 �J�U �J�T �D�M�F�B�S �U�I�B�U �X�F �D�B�O�O�P�U
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 �X�F �N�V�T�U �O�P�X �V�T�F �B �E�J�	�F�S�F�O�U �E�B�U�B �T�U�S�V�D�U�V�S�F �S�B�U�I�F�S �U�I�B�O
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�T�V�D�I �B�T �B �5�S�F�F�.�B�Q�� �s�F �N�F�U�I�P�E�P�M�P�H�Z�
 �J�O �U�I�J�T �D�B�T�F�
 �D�P�O�T�J�T�U�T �P�G �U�I�F �G�P�M�M�P�X�J�O�H �T�U�F�Q�T�� �8�F �U�S�B�O�T�G�F�S

�U�B�C�M�FS �U�P �F�B�D�I �N�B�Q �U�B�T�L �B�O�E �J�N�Q�P�S�U �J�U �J�O �B �5�S�F�F�.�B�Q �N�B�J�O �N�F�N�P�S�Z �T�U�S�V�D�U�V�S�F�� �5�P �Q�S�P�E�V�D�F �U�I�F

�K�P�J�O �S�F�T�V�M�U�T�
 �G�P�S �F�B�D�I �S�F�D�P�S�E �P�GL �X�F �F�Y�U�S�B�D�U �U�I�F �K�P�J�O �L�F�Z �B�O�E �Q�F�S�G�P�S�N �B �S�B�O�H�F �T�F�B�S�D�I �B�H�B�J�O�T�U �U�I�F

�5�S�F�F�.�B�Q �T�U�S�V�D�U�V�S�F�� �8�F �J�O�U�F�H�S�B�U�F �U�I�J�T �G�V�O�D�U�J�P�O�B�M�J�U�Z �J�O �)�J�W�F �B�O�E �4�I�B�S�L �C�Z �V�T�J�O�H �D�V�T�U�P�N �N�B�E�F
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 �J�U �J�T �O�P�U
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�U�I�F�O �B�Q�Q�M�Z �U�I�F �T�B�N�F �V�O�J�G�P�S�N �Q�B�S�U�J�U�J�P�O�J�O�H �U�P �U�I�F �T�'�M�P�X �E�B�U�B�� �8�F �N�V�T�U �U�B�L�F �J�O�U�P �B�D�D�P�V�O�U �U�I�B�U

�F�B�D�I �T�'�M�P�X �m�M�F �D�P�O�U�B�J�O�T �B �T�P�V�S�D�F �B�O�E �B �E�F�T�U�J�O�B�U�J�P�O �*�1�� �s�V�T�
 �U�I�F �Q�B�S�U�J�U�J�P�O�J�O�H �O�F�F�E�T �U�P �C�F �J�O �U�X�P

�E�J�N�F�O�T�J�P�O�T �X�J�U�I �F�B�D�I �P�O�F �D�P�S�S�F�T�Q�P�O�E�J�O�H �U�P �P�O�F �P�G �U�I�F�T�F �*�1 �U�Z�Q�F�T�� �s�J�T �X�B�Z �P�G �Q�B�S�U�J�U�J�P�O�J�O�H �U�I�F

�E�B�U�B�T�F�U �J�T �R�V�J�U�F �T�U�S�B�J�H�I�U�G�P�S�X�B�S�E�� �)�P�X�F�W�F�S�
 �J�U �G�B�J�M�T �U�P �Q�S�P�E�V�D�F �C�B�M�B�O�D�F�E �P�V�U�Q�V�U �T�'�M�P�X �E�B�U�B �m�M�F�T��

�s�J�T �Q�B�S�U�J�D�V�M�B�S �Q�B�S�U�J�U�J�P�O�J�O�H �T�D�I�F�N�F �E�P�F�T �O�P�U �D�P�O�T�J�E�F�S �U�I�F �E�J�T�U�S�J�C�V�U�J�P�O �P�G �*�1 �B�E�E�S�F�T�T�F�T �J�O �U�I�F

�T�'�M�P�X �m�M�F�T �B�O�E �I�F�O�D�F�
 �X�I�J�D�I �*�1 �Q�B�J�S�T �U�F�O�E �U�P �F�Y�D�I�B�O�H�F �N�P�S�F �U�S�B�
�D �U�I�B�O �P�U�I�F�S�T�� �'�V�S�U�I�F�S�N�P�S�F�


�U�I�F �O�V�N�C�F�S �P�G �P�V�U�Q�V�U �m�M�F�T �J�T �R�V�J�U�F �M�B�S�H�F �X�J�U�I�P�V�U �C�F�J�O�H �F�R�V�B�M�M�Z �C�B�M�B�O�D�F�E �J�O �T�J�[�F �	�B�D�U�V�B�M�M�Z �B �M�P�U

�P�G �m�M�F�T �F�O�E �V�Q �F�N�Q�U�Z�
 �X�I�J�D�I �S�F�T�V�M�U�T �J�O �Q�P�P�S �Q�F�S�G�P�S�N�B�O�D�F �E�V�S�J�O�H �U�I�F �Q�B�S�U�J�U�J�P�O�J�O�H �Q�I�B�T�F�� �s�F

�J�N�Q�M�F�N�F�O�U�B�U�J�P�O �D�P�O�T�J�T�U�T �P�G �U�X�P �T�U�F�Q�T��

�	�J�
 �1�B�S�U�J�U�J�P�O�J�O�H���" �.�B�Q�3�F�E�V�D�F �K�P�C �J�T �S�F�T�Q�P�O�T�J�C�M�F �G�P�S �Q�F�S�G�P�S�N�J�O�H �U�I�F �B�D�U�V�B�M �Q�B�S�U�J�U�J�P�O�J�O�H

�B�G�U�F�S �E�F�m�O�J�O�H �U�I�F �T�Q�M�J�U �Q�P�J�O�U�T �G�S�P�N �U�I�F �N�B�Q�Q�J�O�H �m�M�F �B�O�E �Q�S�P�E�V�D�F�T �T�'�M�P�X �m�M�F�T �D�P�O�U�B�J�O�J�O�H �S�F�D�P�S�E�T

�X�J�U�I �*�1 �B�E�E�S�F�T�T�F�T �J�O �B �H�J�W�F�O �S�B�O�H�F �B�T �X�F�M�M �B�T �m�M�F�T �D�P�O�U�B�J�O�J�O�H �U�I�F �B�D�U�V�B�M �V�O�J�R�V�F �*�1�T �J�O �F�W�F�S�Z �D�I�V�O�L��

�s�J�T �Q�S�P�D�F�T�T �J�T �E�P�O�F �P�	���M�J�O�F �C�F�G�P�S�F �B�O�Z �B�D�U�V�B�M �R�V�F�S�Z �J�T �J�T�T�V�F�E��

�	�J�J�
 �2�V�F�S�Z���s�F �T�F�D�P�O�E �T�U�F�Q �J�T �U�P �J�O�U�F�H�S�B�U�F �U�I�F �D�S�F�B�U�J�P�O �P�G �U�I�F �I�B�T�I �U�B�C�M�F �D�P�O�U�B�J�O�J�O�H �U�I�F

�V�O�J�R�V�F �*�1 �U�P �S�F�W�F�S�T�F �%�/�4 �M�P�P�L�V�Q �Q�B�J�S�T �B�O�E �U�I�F �F�R�V�J���K�P�J�O �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �M�P�H�J�D �J�O �B �V�T�F�S���E�F�m�O�F�E

�G�V�O�D�U�J�P�O �X�I�J�D�I �J�T �B�X�B�S�F �P�G �U�I�F �V�O�E�F�S�M�Z�J�O�H �Q�B�S�U�J�U�J�P�O�J�O�H �T�D�I�F�N�F��

�.�F�U�I�P�E ���� �%�Z�O�B�N�J�D �Q�B�S�U�J�U�J�P�O�J�O�H���s�F �T�F�D�P�O�E �B�Q�Q�S�P�B�D�I �P�W�F�S�D�P�N�F�T �U�I�F �S�F�T�U�S�J�D�U�J�P�O�T �B�O�E �Q�S�P�C��

�M�F�N�T �P�G �U�I�F �B�G�P�S�F�N�F�O�U�J�P�O�F�E �N�F�U�I�P�E �C�Z �V�T�J�O�H �B �E�Z�O�B�N�J�D �E�B�U�B �T�U�S�V�D�U�V�S�F �G�P�S �Q�B�S�U�J�U�J�P�O�J�O�H �U�I�F

�E�B�U�B�T�F�U�
 �D�B�M�M�F�E �,���E�J�N�F�O�T�J�P�O�B�M �5�S�F�F �	�,���E �5�S�F�F�
 �<�-�P�V�J�T �����>�� �s�J�T �E�B�U�B �T�U�S�V�D�U�V�S�F �J�T �X�F�M�M �T�V�J�U�F�E�


�B�N�P�O�H �P�U�I�F�S �B�M�U�F�S�O�B�U�J�W�F�T �	�F���H���
 �3���5�S�F�F�
�
 �G�P�S �T�Q�B�D�F �Q�B�S�U�J�U�J�P�O�J�O�H �T�V�D�I �B�T �U�I�F �P�O�F �X�F �B�S�F �J�O�U�F�S�F�T�U�F�E

�J�O �G�P�S �U�I�F �G�P�M�M�P�X�J�O�H �S�F�B�T�P�O�T�� �	�J�
 �J�U �M�F�B�W�F�T �O�P �F�N�Q�U�Z �T�Q�B�D�F �X�I�F�O �Q�B�S�U�J�U�J�P�O�J�O�H �U�I�F �E�B�U�B�
 �	�J�J�
 �J�U �F�O��

�T�V�S�F�T �U�I�B�U �B�M�M �P�V�U�Q�V�U �m�M�F�T �X�J�M�M �D�P�O�U�B�J�O �B �C�B�M�B�O�D�F�E �O�V�N�C�F�S �P�G �S�F�D�P�S�E�T�
 �B�O�E �	�J�J�J�
 �J�U �B�M�M�P�X�T �N�V�M�U�J�Q�M�F

�E�J�N�F�O�T�J�P�O�T �J�O �E�B�U�B �Q�B�S�U�J�U�J�P�O�J�O�H�� �s�J�T �M�B�T�U �G�F�B�U�V�S�F �M�F�B�E�T�
 �O�B�U�V�S�B�M�M�Z�
 �J�O �B�O �F�
�D�J�F�O�U �X�B�Z �P�G �F�Y�F��

�D�V�U�J�O�H �N�V�M�U�J���E�J�N�F�O�T�J�P�O�B�M �m�M�U�F�S�J�O�H �R�V�F�S�J�F�T�� �"�M�U�I�P�V�H�I �U�I�F �,���E �5�S�F�F �T�U�S�V�D�U�V�S�F �E�P�F�T �O�P�U �Q�F�S�G�P�S�N

�F�
�D�J�F�O�U�M�Z �X�I�F�O �U�I�F �O�V�N�C�F�S �P�G �E�J�N�F�O�T�J�P�O�T �J�O�D�S�F�B�T�F�T �C�F�Z�P�O�E �B �D�F�S�U�B�J�O �M�J�N�J�U�
 �J�U �J�T �T�V�J�U�B�C�M�F �G�P�S �P�V�S

�D�B�V�T�F �T�J�O�D�F �U�I�F �O�V�N�C�F�S �P�G �E�J�N�F�O�T�J�P�O�T �G�P�S �U�I�F �J�N�Q�P�S�U�B�O�U �B�O�B�M�Z�U�J�D�T �R�V�F�S�J�F�T �J�O �U�I�F �T�'�M�P�X �E�B�U�B�T�F�U

�E�P�F�T �O�P�U �F�Y�D�F�F�E ������ �'�P�S �W�B�M�V�F�T �D�M�P�T�F �U�P ���� �U�I�F �Q�F�S�G�P�S�N�B�O�D�F �P�G �,���E �5�S�F�F �J�T �T�M�J�H�I�U�M�Z �S�F�E�V�D�F�E �C�V�U

�O�F�W�F�S�U�I�F�M�F�T�T �J�U �J�T �T�U�J�M�M �R�V�J�U�F �B�D�D�F�Q�U�B�C�M�F�� �s�F�S�F �B�S�F �U�I�S�F�F �T�U�F�Q�T��

�	�J�
 �4�B�N�Q�M�J�O�H���'�J�S�T�U�
 �B �S�F�M�B�U�J�W�F�M�Z �T�N�B�M�M �	�B�C�P�V�U1���
 �T�B�N�Q�M�J�O�H �P�G �U�I�F �J�O�Q�V�U �E�B�U�B �J�T �Q�F�S�G�P�S�N�F�E �U�P

�D�S�F�B�U�F �U�I�F �,���E �5�S�F�F �U�I�B�U �I�P�M�E�T �U�I�F �J�O�G�P�S�N�B�U�J�P�O �P�G �U�I�F �T�Q�M�J�U �Q�P�J�O�U�T �V�T�F�E �E�V�S�J�O�H �U�I�F �Q�B�S�U�J�U�J�P�O�J�O�H

�T�U�F�Q�� �%�V�S�J�O�H �U�I�F �T�B�N�Q�M�J�O�H �T�U�F�Q�
 �U�I�F �O�V�N�C�F�S �P�G �N�B�Y�J�N�V�N �S�F�D�P�S�E�Tm �U�I�B�U �F�B�D�I �m�M�F �X�J�M�M �D�P�O�U�B�J�O

�B�G�U�F�S �U�I�F �Q�B�S�U�J�U�J�P�O�J�O�H �I�B�T �U�B�L�F�O �Q�M�B�D�F�
 �J�T �B�M�T�P �T�F�U�� �s�J�T �W�B�M�V�F �J�T �D�I�P�T�F�O �U�P �B�M�M�P�X �U�I�F �D�S�F�B�U�J�P�O �P�G
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# 1

F

�'�J�H�V�S�F ���������+�P�J�O �&�Y�F�D�V�U�J�P�O �V�T�J�O�H �,���E �5�S�F�F��

�T�J�N�J�M�B�S �J�O �M�F�O�H�U�I�M�P�H�U�B�C�M�F �Q�B�S�U�J�U�J�P�O�T �X�I�J�M�F �U�I�F�J�S �T�J�[�F �J�T �D�M�P�T�F �U�P �U�I�F �)�%�'�4���T �Q�S�F�E�F�m�O�F�E �C�M�P�D�L �T�J�[�F

�G�P�S �X�F�M�M���C�B�M�B�O�D�F�E �M�P�B�E �E�J�T�U�S�J�C�V�U�J�P�O �B�N�P�O�H �N�B�Q�Q�F�S�T��

�	�J�J�
 �1�B�S�U�J�U�J�P�O�J�O�H���s�F �T�F�D�P�O�E �T�U�F�Q �J�T �U�I�F �V�T�F �P�G �U�I�F �,���E �5�S�F�F �G�P�S �Q�B�S�U�J�U�J�P�O�J�O�H �U�I�F �E�B�U�B�T�F�U

�B�D�D�P�S�E�J�O�H �U�P �U�I�F �T�Q�M�J�U �Q�P�J�O�U�T �T�Q�F�D�J�m�F�E �J�O �U�I�F �Q�S�F�W�J�P�V�T �T�U�F�Q�� �s�J�T �Q�S�P�D�F�T�T �J�T �F�Y�F�D�V�U�F�E �J�O �B �T�F�Q�B�S�B�U�F

�.�B�Q�3�F�E�V�D�F �K�P�C �U�I�B�U �P�V�U�Q�V�U�T �U�I�F�M�P�H�U�B�C�M�F �Q�B�S�U�J�U�J�P�O �m�M�F�T �U�I�B�U �D�P�O�U�B�J�O �E�B�U�B �X�J�U�I�J�O �B �I�Z�Q�F�S�D�V�C�F �P�G

�U�I�F �Q�B�S�U�J�U�J�P�O�J�O�H �T�Q�B�D�F �B�U�U�S�J�C�V�U�F�T �B�O�E �m�M�F�T �D�P�O�U�B�J�O�J�O�H �U�I�F �V�O�J�R�V�F �K�P�J�O �W�B�M�V�F�T �Q�S�F�T�F�O�U �J�O�T�J�E�F �F�B�D�I

�Q�B�S�U�J�U�J�P�O�
 �J�O �B�T�D�F�O�E�J�O�H �P�S�E�F�S�� �s�F �M�B�U�U�F�S �J�O�G�P�S�N�B�U�J�P�O �J�T �V�T�F�E �U�P �F�
�D�J�F�O�U�M�Z �S�F�U�S�J�F�W�F �U�I�F �S�F�T�Q�F�D�U�J�W�F

�N�F�U�B���E�B�U�B �W�B�M�V�F�T �G�S�P�N �U�I�F �)�#�B�T�F �J�O�E�F�Y�F�E�N�F�U�B���E�B�U�B�T�F�U�T��

�	�J�J�J�
 �2�V�F�S�Z���s�F �m�O�B�M �T�U�F�Q �J�T �U�P �D�P�O�T�U�S�V�D�U �B �V�T�F�S���E�F�m�O�F�E �G�V�O�D�U�J�P�O �U�I�B�U �J�O�U�F�H�S�B�U�F�T �U�I�F �B�C�P�W�F

�E�F�T�D�S�J�C�F�E �G�V�O�D�U�J�P�O�B�M�J�U�Z�� �s�F �P�Q�F�S�B�U�J�P�O�T �P�G �U�I�J�T �G�V�O�D�U�J�P�O �B�S�F �D�M�F�B�S�M�Z �J�M�M�V�T�U�S�B�U�F�E �J�O �'�J�H�V�S�F�������� �s�F

�V�T�F�S���E�F�m�O�F�E �G�V�O�D�U�J�P�O �U�B�L�F�T �B�T �J�O�Q�V�U �B �K�P�J�O �B�U�U�S�J�C�V�U�F �	�F���H���
 �*�1�
 �B�O�E �U�I�F �,���E �5�S�F�F �T�U�S�V�D�U�V�S�F�� �*�U �V�T�F�T

�U�I�F �Q�B�S�U�J�U�J�P�O���T �K�P�J�O �S�B�O�H�F �B�T �X�F�M�M �B�T �U�I�F �m�M�F �U�I�B�U �D�P�O�U�B�J�O�T �U�I�F �V�O�J�R�V�F �K�P�J�O �W�B�M�V�F�T �P�G �U�I�F �S�F�T�Q�F�D��

�U�J�W�F �Q�B�S�U�J�U�J�P�O �J�O �P�S�E�F�S �U�P �U�S�B�O�T�G�F�S �U�I�F �S�F�M�F�W�B�O�U �N�F�U�B���E�B�U�B �U�P �B �N�B�Q�Q�F�S���T �N�F�N�P�S�Z�� �&�T�T�F�O�U�J�B�M�M�Z�
 �J�U

�G�P�M�M�P�X�T �B �N�F�S�H�F �K�P�J�O �U�F�D�I�O�J�R�V�F �C�F�U�X�F�F�O �U�I�F �V�O�J�R�V�F �K�P�J�O �W�B�M�V�F�T �B�O�E �U�I�F �)�#�B�T�F �J�O�E�F�Y�F�E�N�F�U�B��

�E�B�U�B�T�F�U�� �8�I�F�O �U�I�F �S�F�M�F�W�B�O�U �N�F�U�B���E�B�U�B �B�S�F �S�F�U�S�J�F�W�F�E�
 �B�O �F�R�V�J���K�P�J�O �T�J�N�J�M�B�S �U�P �U�I�B�U �J�O �4�F�D�U�J�P�O����������
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�*�O �P�S�E�F�S �U�P �Q�S�P�W�J�E�F �B �E�J�S�F�D�U �D�P�N�Q�B�S�J�T�P�O �P�G �U�I�F �U�X�P �E�J�	�F�S�F�O�U �C�J�H �E�B�U�B �B�O�B�M�Z�T�J�T �U�P�P�M�T�
 �X�F

�U�I�F�O �U�F�T�U �U�I�F �Q�F�S�G�P�S�N�B�O�D�F �P�G �)�J�W�F �W�F�S�T�V�T �4�I�B�S�L�� �'�J�H�V�S�F�������T�I�P�X�T �U�I�F �F�Y�F�D�V�U�J�P�O �U�J�N�F �G�P�S �C�P�U�I

�T�Z�T�U�F�N�T �G�P�S �U�X�P �E�J�	�F�S�F�O�U �R�V�F�S�J�F�T�� �'�P�S �B �G�B�J�S �D�P�N�Q�B�S�J�T�P�O �X�F �V�T�F�E �U�I�F �F�Y�B�D�U �T�B�N�F �)�J�W�F�2�- �R�V�F�S�Z

�G�P�S �)�J�W�F �B�O�E �4�I�B�S�L�� �8�F �P�C�T�F�S�W�F �U�I�B�U �G�P�S �U�I�F �U�P�Q�%�/�4 �R�V�F�S�Z �U�I�F �F�Y�F�D�V�U�J�P�O �U�J�N�F �J�T �T�J�N�J�M�B�S �G�P�S

�C�P�U�I �T�Z�T�U�F�N�T �D�P�N�Q�B�S�F�E �U�P �U�I�F �U�P�Q�"�4 �R�V�F�S�Z �X�I�F�S�F �4�I�B�S�L �J�T �T�J�H�O�J�m�D�B�O�U�M�Z �G�B�T�U�F�S�� �s�J�T �C�F�I�B�W�J�P�S
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�'�J�H�V�S�F ���������/�P�E�F�T �4�D�B�M�B�C�J�M�J�U�Z

�'�J�H�V�S�F�T�������B�O�E�������T�I�P�X �U�I�F �T�D�B�M�B�C�J�M�J�U�Z �P�G �P�V�S �T�Z�T�U�F�N �J�O �S�F�T�Q�F�D�U �P�G �E�B�U�B�T�F�U �T�J�[�F �B�O�E �O�V�N�C�F�S

�P�G �B�W�B�J�M�B�C�M�F �O�P�E�F�T �S�F�T�Q�F�D�U�J�W�F�M�Z�� �*�O �'�J�H�V�S�F�������
 �X�F �W�B�S�Z �U�I�F �W�P�M�V�N�F �P�G �E�B�U�B �Q�S�P�D�F�T�T�F�E �X�I�J�M�F �X�F

�L�F�F�Q �U�I�F �O�V�N�C�F�S �P�G �O�P�E�F�T �B�U ������ �*�O �D�P�O�U�S�B�T�U�
 �J�O �'�J�H�V�S�F�������X�F �W�B�S�Z �U�I�F �O�V�N�C�F�S �P�G �O�P�E�F�T �X�I�J�M�F

�Q�S�P�D�F�T�T�J�O�H �U�I�F �F�O�U�J�S�F �E�B�U�B�T�F�U�� �" �m�S�T�U �P�C�T�F�S�W�B�U�J�P�O �J�T �U�I�B�U �P�V�S �T�Z�T�U�F�N �T�D�B�M�F�T �M�J�O�F�B�S�M�Z �X�J�U�I �U�I�F

�E�B�U�B�T�F�U �T�J�[�F �S�F�H�B�S�E�M�F�T�T �P�G �U�I�F �U�P�P�M �V�T�F�E�� �4�I�B�S�L �J�T �G�B�T�U�F�S �J�O �B�M�M �D�B�T�F�T �X�I�F�O �D�P�N�Q�B�S�F�E �U�P �U�I�F �D�P�S��

�S�F�T�Q�P�O�E�J�O�H �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �J�O �)�J�W�F�� �s�J�T �J�T �N�B�J�O�M�Z �E�V�F �U�P �U�I�F �G�P�M�M�P�X�J�O�H �S�F�B�T�P�O�T�� �'�J�S�T�U�
 �4�I�B�S�L

�B�W�P�J�E�T �E�B�U�B �T�Q�J�M�M�J�O�H �U�P �E�J�T�L �G�P�S �B�M�M �U�I�F �J�O�U�F�S�N�F�E�J�B�U�F �S�F�T�V�M�U�T �J�O �B �N�V�M�U�J���T�U�B�H�F�E �.�B�Q�3�F�E�V�D�F �K�P�C�


�U�I�V�T�
 �J�U �B�W�P�J�E�T �U�J�N�F �D�P�O�T�V�N�J�O�H �*���0 �P�Q�F�S�B�U�J�P�O�T�� �4�F�D�P�O�E�
 �J�U �V�U�J�M�J�[�F�T �B�O �F�
�D�J�F�O�U �U�B�T�L �T�D�I�F�E�V�M�J�O�H

�B�M�H�P�S�J�U�I�N �B�O�E �I�F�O�D�F�
 �P�W�F�S�D�P�N�F�T �U�I�F �F�Y�Q�F�O�T�J�W�F �M�B�V�O�D�I �Q�S�P�D�F�E�V�S�F �P�G �N�B�Q�Q�F�S �P�S �S�F�E�V�D�F�S �U�B�T�L�T

�U�I�B�U �U�B�L�F�T �Q�M�B�D�F �J�O �U�S�B�E�J�U�J�P�O�B�M �.�B�Q�3�F�E�V�D�F �F�O�H�J�O�F�T�
 �M�J�L�F �)�B�E�P�P�Q�� �.�P�S�F�P�W�F�S�
 �X�F �P�C�T�F�S�W�F �U�I�B�U

�G�P�S �T�N�B�M�M �O�V�N�C�F�S �P�G �O�P�E�F�T �U�I�F �T�Z�T�U�F�N���T �T�D�B�M�B�C�J�M�J�U�Z �J�T �D�M�P�T�F �U�P �M�J�O�F�B�S �X�I�J�M�F �F�Y�Q�F�S�J�F�O�D�J�O�H �B �T�M�J�H�I�U

�E�F�H�S�B�E�B�U�J�P�O �J�O �Q�F�S�G�P�S�N�B�O�D�F �B�T �U�I�J�T �O�V�N�C�F�S �J�O�D�S�F�B�T�F�T�� �-�B�T�U�M�Z�
 �U�I�F �E�J�	�F�S�F�O�D�F �J�O �F�Y�F�D�V�U�J�P�O �U�J�N�F

�X�I�F�O �V�T�J�O�H �)�J�W�F �B�O�E �4�I�B�S�L �J�T �R�V�J�U�F �T�J�H�O�J�m�D�B�O�U �G�P�S �U�I�F �U�P�Q�"�4 �R�V�F�S�Z �S�F�H�B�S�E�M�F�T�T �P�G �U�I�F �D�M�V�T�U�F�S �P�S

�E�B�U�B�T�F�U �T�J�[�F��

�'�J�H�V�S�F�������T�I�P�X�T �U�I�F �T�Q�F�F�E�V�Q �J�O �F�Y�F�D�V�U�J�P�O �U�J�N�F �G�P�S �C�P�U�I �R�V�F�S�Z �U�Z�Q�F�T �X�I�F�O �V�T�J�O�H �U�I�F �0�3�$

�m�M�F �G�P�S�N�B�U �<�)�V�B�J �����> �J�O�T�U�F�B�E �P�G �B �Q�M�B�J�O �U�F�Y�U �G�P�S�N�B�U �P�O �U�P�Q �P�G �)�J�W�F�� �0�3�$ �m�M�F �G�P�S�N�B�U �V�T�F�T �B �D�P�M�V�N�O

�C�B�T�F�E �B�Q�Q�S�P�B�D�I �X�I�F�O �T�U�P�S�J�O�H �B �)�J�W�F �U�B�C�M�F �E�B�U�B �B�O�E �J�T �B�C�M�F �U�P �S�F�U�S�J�F�W�F �P�O�M�Z �U�I�F �S�F�R�V�J�S�F�E �D�P�M�V�N�O

�E�B�U�B�� �s�F�S�F�G�P�S�F�
 �J�O �R�V�F�S�J�F�T �U�I�B�U �D�P�N�C�J�O�F �J�O�G�P�S�N�B�U�J�P�O �P�O�M�Z �G�S�P�N �B �G�F�X �D�P�M�V�N�O�T �X�F �P�C�T�F�S�W�F �B

�T�J�H�O�J�m�D�B�O�U �T�Q�F�F�E�V�Q �J�O �U�P�U�B�M �F�Y�F�D�V�U�J�P�O �U�J�N�F��

�"�T �B�O �P�W�F�S�B�M�M �D�P�N�N�F�O�U�
 �%�B�U�J�Y���T �Q�P�X�F�S �M�J�F�T �J�O �U�I�F �D�B�T�F�T �X�I�F�S�F �U�I�F�N�F�U�B���E�B�U�B�T�F�U�J�T �R�V�J�U�F �M�B�S�H�F

�B�O�E �U�I�F �B�W�B�J�M�B�C�M�F �3�"�. �J�T �O�P�U �T�V�
�D�J�F�O�U �U�P �Q�F�S�G�P�S�N �B �T�J�N�Q�M�F �N�B�Q���K�P�J�O�� �*�O �Q�B�S�U�J�D�V�M�B�S�
 �P�V�S �Q�B�S�U�J��

�U�J�P�O�J�O�H �T�D�I�F�N�F �J�T �E�F�T�J�H�O�F�E �U�P �P�W�F�S�D�P�N�F �T�V�D�I �M�J�N�J�U�B�U�J�P�O�T �B�O�E �F�O�B�C�M�F�T �V�T �U�P �F�
�D�J�F�O�U�M�Z �B�O�T�X�F�S

�W�B�S�J�P�V�T �R�V�F�S�J�F�T�� �)�P�X�F�W�F�S�
 �X�I�F�O �U�I�F�N�F�U�B���E�B�U�B�T�F�U�J�T �T�N�B�M�M �F�O�P�V�H�I�
 �B �1�Z�U�I�P�O���C�B�T�F�E �B�Q�Q�S�P�B�D�I
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�'�J�H�V�S�F ���������5�F�Y�U �W�T �0�3�$ �m�M�F �G�P�S�N�B�U

�S�V�O�O�J�O�H �P�O �B �T�J�O�H�M�F �O�P�E�F �X�J�U�I �M�P�U�T �P�G �S�F�T�P�V�S�D�F�T �	�$�1�6�T �B�O�E �3�"�.�
 �J�T �F�Y�Q�F�D�U�F�E �U�P �Z�J�F�M�E �D�P�N�Q�B��

�S�B�C�M�F �Q�F�S�G�P�S�N�B�O�D�F �U�P �%�B�U�J�Y�� �/�F�W�F�S�U�I�F�M�F�T�T�
 �P�V�S �T�Z�T�U�F�N �T�U�J�M�M �P�W�F�S�Q�P�X�F�S�T �T�V�D�I �N�F�U�I�P�E�T �	�F�W�F�O �C�Z

�B �T�N�B�M�M �Q�F�S�D�F�O�U�B�H�F�
 �B�O�E �J�T �C�Z �G�B�S �C�F�U�U�F�S �U�I�B�O �U�I�F �C�B�T�F�M�J�O�F �K�P�J�O �P�G �)�J�W�F �B�O�E �4�I�B�S�L��
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�3�F�M�B�U�F�E �8�P�S�L

�s�J�T �D�I�B�Q�U�F�S �T�V�S�W�F�Z�T �U�I�F �S�F�M�B�U�F�E �X�P�S�L �U�P �U�I�J�T �U�I�F�T�J�T�� �8�F �P�S�H�B�O�J�[�F �J�U �J�O �U�X�P �D�P�N�Q�P�O�F�O�U�T�� �X�P�S�L �S�F��

�M�B�U�F�E �U�P �3�%�' �E�B�U�B�T�U�P�S�F�T �	�4�F�D�U�J�P�O�������
�
 �D�P�O�U�B�J�O�J�O�H �S�F�G�F�S�F�O�D�F�T �U�P �C�P�U�I �3�%�' �F�O�H�J�O�F�T �B�O�E �4�1�"�3�2�-

�S�F�T�V�M�U �D�B�D�I�J�O�H�
 �B�O�E �X�P�S�L �S�F�M�B�U�F�E �U�P �/�F�U�X�P�S�L �E�B�U�B �B�O�B�M�Z�U�J�D�T �	�4�F�D�U�J�P�O�������


������ �3�%�' �%�B�U�B�T�U�P�S�F�T

�4�J�O�D�F �J�U�T �J�O�U�S�P�E�V�D�U�J�P�O�
 �3�%�' �E�B�U�B �N�B�O�B�H�F�N�F�O�U �I�B�T �C�F�F�O �T�U�V�E�J�F�E �J�O �B �X�J�E�F �W�B�S�J�F�U�Z �P�G �D�P�O�U�F�Y�U�T��

�%�S�J�W�F�O �C�Z �E�J�W�F�S�T�F �E�B�U�B �T�P�V�S�D�F�T �B�O�E �R�V�F�S�Z �Q�B�U�U�F�S�O�T�
 �B �S�J�D�I �B�O�E �D�P�O�T�U�B�O�U�M�Z �F�Y�Q�B�O�E�J�O�H �D�P�M�M�F�D�U�J�P�O

�P�G �3�%�' �F�O�H�J�O�F�T �I�B�T �F�N�F�S�H�F�E �<�-�V�P �����
�,�B�P�V�E�J �����>��

�" �Q�P�Q�V�M�B�S �B�Q�Q�S�P�B�D�I �G�P�S �3�%�' �F�O�H�J�O�F�T �J�T �U�P �M�F�W�F�S�B�H�F �S�F�M�B�U�J�P�O�B�M �E�B�U�B�C�B�T�F�T �C�Z �J�O�U�S�P�E�V�D�J�O�H �4�2�-

�T�D�I�F�N�B�T �U�P �E�F�T�D�S�J�C�F �3�%�' �E�B�U�B�� �4�U�B�U�J�D�B�M�M�Z �E�F�m�O�F�E �T�D�I�F�N�B�T �D�P�O�U�B�J�O �B �T�J�O�H�M�F �	�4�
�1�
�0�
 �U�B�C�M�F �X�I�F�S�F

�B�M�M �U�S�J�Q�M�F�T �B�S�F �T�U�P�S�F�E �J�O �P�O�F �S�F�M�B�U�J�P�O�B�M �U�B�C�M�F�
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�S�F�M�B�U�J�P�O�B�M �E�B�U�B�C�B�T�F �J�T �S�F�T�Q�P�O�T�J�C�M�F �G�P�S �T�U�P�S�J�O�H �J�O�G�P�S�N�B�U�J�P�O �B�C�P�V�U �D�B�D�I�F�E �R�V�F�S�Z �S�F�T�V�M�U�T�� �)�P�X�F�W�F�S�


�U�I�J�T �B�Q�Q�S�P�B�D�I �D�B�O�O�P�U �U�B�D�L�M�F �U�I�F �J�T�P�N�P�S�Q�I�J�T�N �Q�S�P�C�M�F�N �J�O�U�S�P�E�V�D�F�E �X�I�F�O �U�I�F �T�B�N�F �4�1�"�3�2�-

�H�S�B�Q�I �Q�B�U�U�F�S�O �J�T �S�F�R�V�F�T�U�F�E �G�S�P�N �E�J�	�F�S�F�O�U �R�V�F�S�J�F�T �X�J�U�I �T�N�B�M�M �E�F�W�J�B�U�J�P�O�T �T�V�D�I �B�T �Q�B�U�U�F�S�O �S�F�P�S�E�F�S��

�J�O�H�
 �W�B�S�J�B�C�M�F �S�F�O�B�N�J�O�H�
 �F�U�D�� �" �N�P�S�F �T�P�Q�I�J�T�U�J�D�B�U�F�E �B�Q�Q�S�P�B�D�I �X�B�T �Q�S�F�T�F�O�U�F�E �J�O �<�:�B�O�H �����>�
 �X�I�F�S�F

�U�I�F �D�B�D�I�F �L�F�Z�T �D�P�O�T�J�T�U�F�E �P�G �O�P�S�N�B�M�J�[�F�E �"�M�H�F�C�S�B �&�Y�Q�S�F�T�T�J�P�O �5�S�F�F�T �	�"�&�5�T�
 �U�I�B�U �D�P�S�S�F�T�Q�P�O�E �U�P

�D�B�D�I�F�E �K�P�J�O �Q�M�B�O�T�� �" �D�B�D�I�F�E �"�&�5 �J�T �P�O�M�Z �V�T�F�E �J�O �K�P�J�O �Q�M�B�O�T �U�I�B�U �F�Y�B�D�U�M�Z �D�P�O�U�B�J�O �J�U �B�T �B �T�V�C�U�S�F�F

�M�J�N�J�U�J�O�H �U�I�F �V�T�B�C�J�M�J�U�Z �P�G �D�B�D�I�F�E �S�F�T�V�M�U�T�� �*�O �<�-�P�S�F�Z �����>�
 �U�I�F �B�V�U�I�P�S�T �J�O�U�S�P�E�V�D�F �B �T�J�N�J�M�B�S�J�U�Z���C�B�T�F�E

�N�B�U�D�I�J�O�H �B�M�H�P�S�J�U�I�N �U�I�B�U �D�B�O �E�F�U�F�D�U �D�B�D�I�F�E �R�V�F�S�J�F�T �U�I�B�U �S�F�T�F�N�C�M�F �U�I�F �R�V�F�S�Z �J�O �I�B�O�E�� �:�F�U�
 �U�I�J�T

�H�S�F�F�E�Z �U�F�D�I�O�J�R�V�F �D�B�O�O�P�U �m�O�E �B�M�M �D�B�O�E�J�E�B�U�F �T�V�C�H�S�B�Q�I �N�B�U�D�I�F�T �G�P�S �B �4�1�"�3�2�- �R�V�F�S�Z�� �s�F�Z �B�M�T�P

�Q�S�P�Q�P�T�F �T�P�N�F �I�F�V�S�J�T�U�J�D�T �U�P �B�V�H�N�F�O�U �U�I�F �X�P�S�L�M�P�B�E �R�V�F�S�J�F�T �B�O�E �Q�S�F�G�F�U�D�I �4�1�"�3�2�- �R�V�F�S�Z �S�F�T�V�M�U�T�


�X�I�J�D�I �S�F�T�F�N�C�M�F�T �P�V�S�Q�S�P�m�U�B�C�M�F�R�V�F�S�Z �F�Y�F�D�V�U�J�P�O�� �s�F�J�S �B�Q�Q�S�P�B�D�I �J�T �C�B�T�F�E �P�O �U�F�D�I�O�J�R�V�F�T �U�I�B�U

�D�B�O�O�P�U �F�Y�B�N�J�O�F �U�I�F �C�F�O�F�m�U �P�G �B�M�M �Q�P�T�T�J�C�M�Z �V�T�B�C�M�F �S�F�T�V�M�U�T �B�T �X�F�M�M �B�T �U�I�F�J�S �J�O�E�F�Y�J�O�H��

�*�O �<�4�I�V �����>�
 �R�V�F�S�Z �D�P�O�U�B�J�O�N�F�O�U �B�O�E �i�F�W�B�M�V�B�C�J�M�J�U�Z�w �B�M�H�P�S�J�U�I�N�T �B�S�F �E�F�T�D�S�J�C�F�E �J�O �P�S�E�F�S �U�P

�D�I�F�D�L �J�G �B �D�P�O�T�F�R�V�F�O�U �4�1�"�3�2�- �R�V�F�S�Z �D�B�O �C�F �F�O�U�J�S�F�M�Z �F�W�B�M�V�B�U�F�E �V�T�J�O�H �U�I�F �D�P�N�Q�V�U�F�E �S�F�T�V�M�U�T

�P�G �B �Q�S�F�W�J�P�V�T �P�O�F�� �*�O �B�E�E�J�U�J�P�O�
 �<�'�B�S�E �����> �Q�S�P�Q�P�T�F�T �B �U�J�H�I�U �T�J�N�V�M�B�U�J�P�O �B�M�H�P�S�J�U�I�N �U�I�B�U �Q�F�S�G�P�S�N�T

�B �N�P�S�F �H�F�O�F�S�J�D �4�1�"�3�2�- �R�V�F�S�Z �D�P�O�U�B�J�O�N�F�O�U�� �s�J�T �B�M�H�P�S�J�U�I�N �J�T�
 �B�H�B�J�O�
 �V�T�F�E �U�P �D�I�F�D�L �G�P�S �U�I�F

�V�T�B�C�J�M�J�U�Z �P�G �D�P�N�Q�V�U�F�E �S�F�T�V�M�U�T�� �:�F�U �O�F�J�U�I�F�S �T�Z�T�U�F�N �U�B�D�L�M�F�T �U�I�F �D�B�T�F �P�G �B �S�F�T�V�M�U �N�B�U�D�I�J�O�H �Q�B�S�U �P�G

�U�I�F �O�F�X �R�V�F�S�Z �H�S�B�Q�I �B�O�E �U�I�F �D�B�T�F �P�G �V�T�J�O�H �N�V�M�U�J�Q�M�F �D�B�D�I�F�E �S�F�T�V�M�U�T �U�P �B�O�T�X�F�S �T�F�Q�B�S�B�U�F �Q�B�S�U�T �P�G

�B �O�F�X �R�V�F�S�Z��

�"�Q�B�S�U �G�S�P�N �4�1�"�3�2�- �S�F�T�V�M�U �D�B�D�I�J�O�H�
 �U�I�F�S�F �F�Y�J�T�U �B�M�U�F�S�O�B�U�J�W�F �U�F�D�I�O�J�R�V�F�T �U�I�B�U �B�U�U�F�N�Q�U �U�P �U�B�D�L�M�F

�Q�B�S�U�T �P�G �U�I�F �Q�S�P�C�M�F�N �U�I�B�U �X�F �B�E�E�S�F�T�T �J�O �U�I�J�T �Q�B�Q�F�S�� �.�B�O�Z �P�G �U�I�F �T�U�B�U�F���P�G���U�I�F���B�S�U �B�Q�Q�S�P�B�D�I�F�T

�J�O �H�S�B�Q�I �E�B�U�B�C�B�T�F �J�O�E�F�Y�J�O�H �Q�S�P�Q�P�T�F �U�I�F �V�T�F �P�G �G�S�F�R�V�F�O�U �Q�B�U�U�F�S�O �J�O�E�F�Y�J�O�H �<�;�I�B�P �����
�:�B�O �����>��

�'�S�F�R�V�F�O�U �B�O�E �E�J�T�D�S�J�N�J�O�B�U�J�W�F �T�V�C�H�S�B�Q�I�T �B�S�F �E�J�T�D�P�W�F�S�F�E �B�O�E �J�O�E�F�Y�F�E �E�V�S�J�O�H �U�I�F �J�N�Q�P�S�U �Q�I�B�T�F �P�G

�U�I�F �E�B�U�B�T�F�U �B�O�E �D�B�O �U�I�F�O �C�F �V�U�J�M�J�[�F�E �U�P �F�
�D�J�F�O�U�M�Z �B�O�T�X�F�S �R�V�F�S�J�F�T�� �*�O �B�E�E�J�U�J�P�O�
 �B�Q�Q�S�P�B�D�I�F�T �G�P�S

�N�V�M�U�J���R�V�F�S�Z �P�Q�U�J�N�J�[�B�U�J�P�O �I�B�W�F �B�M�T�P �C�F�F�O �Q�S�P�Q�P�T�F�E �G�P�S �4�1�"�3�2�- �R�V�F�S�Z �Q�S�P�D�F�T�T�J�O�H �<�-�F �����>�� �4�V�D�I

�U�F�D�I�O�J�R�V�F�T �E�F�Q�F�O�E �F�J�U�I�F�S �P�O �L�O�P�X�M�F�E�H�F �P�G �U�I�F �X�P�S�L�M�P�B�E �P�S �P�O �E�J�T�D�P�W�F�S�J�O�H �G�S�F�R�V�F�O�U �Q�B�U�U�F�S�O�T �J�O

�U�I�F �E�B�U�B�T�F�U�� �*�O �D�P�O�U�S�B�T�U�
 �P�V�S �B�Q�Q�S�P�B�D�I �B�T�T�V�N�F�T �O�P �B���Q�S�J�P�S�J �L�O�P�X�M�F�E�H�F �P�O �F�J�U�I�F�S �U�I�F �E�B�U�B�T�F�U �P�S

�U�I�F �X�P�S�L�M�P�B�E��

������



������ �/�F�U�X�P�S�L �"�O�B�M�Z�U�J�D�T

�*�O �U�I�J�T �T�F�D�U�J�P�O �X�F �Q�S�F�T�F�O�U �S�F�M�B�U�F�E �S�F�T�F�B�S�D�I �P�O �O�F�U�X�P�S�L �E�B�U�B �B�O�B�M�Z�U�J�D�T �B�T �X�F�M�M �B�T �P�O �E�J�T�U�S�J�C�V�U�F�E

�K�P�J�O �B�M�H�P�S�J�U�I�N�T�
 �E�J�T�D�V�T�T�J�O�H �U�I�F�J�S �D�P�N�Q�B�S�J�T�P�O �U�P �U�I�F �Q�S�F�T�F�O�U�F�E �%�B�U�J�Y �T�Z�T�U�F�N�� �s�F�S�F �J�T �B �O�V�N�C�F�S

�P�G �T�Z�T�U�F�N�T �U�I�B�U �I�B�W�F �C�F�F�O �Q�S�P�Q�P�T�F�E �G�P�S �O�F�U�X�P�S�L �U�S�B�
�D �B�O�B�M�Z�T�J�T �B�O�E �F�B�D�I �P�O�F �U�B�D�L�M�F�T �B �Q�B�S�U�J�D�V�M�B�S

�B�T�Q�F�D�U �P�G �U�I�J�T �C�S�P�B�E �S�F�T�F�B�S�D�I �B�S�F�B�� �*�O �<�-�F�F �����>�
 �B�O �B�Q�Q�S�P�B�D�I �X�B�T �Q�S�F�T�F�O�U�F�E �U�P �B�O�B�M�Z�[�F �O�F�U�X�P�S�L

�U�S�B�
�D �C�Z �Q�S�P�D�F�T�T�J�O�H �M�J�C�Q�D�B�Q �m�M�F�T �J�O �B �E�J�T�U�S�J�C�V�U�F�E �F�O�W�J�S�P�O�N�F�O�U �Q�S�P�W�J�E�F�E �C�Z �)�B�E�P�P�Q���T �.�B�Q�3�F��

�E�V�D�F �J�O �D�P�N�C�J�O�B�U�J�P�O �X�J�U�I �)�J�W�F �B�T �B �E�B�U�B �X�B�S�F�I�P�V�T�J�O�H �U�P�P�M�� �s�F �B�V�U�I�P�S�T �J�N�Q�M�F�N�F�O�U�F�E �B�O �J�O�U�F�M��

�M�J�H�F�O�U �/�F�U�'�M�P�X �S�F�B�E�F�S �J�O �)�B�E�P�P�Q �U�I�B�U �X�B�T �B�X�B�S�F �P�G �U�I�F �Q�B�S�U�J�D�V�M�B�S �G�P�S�N�B�U �P�G �M�J�C�Q�D�B�Q �m�M�F�T �X�I�J�D�I

�D�P�V�M�E �C�F �T�Q�S�F�B�E �B�D�S�P�T�T �E�J�	�F�S�F�O�U �O�P�E�F�T �J�O �U�I�F �D�M�V�T�U�F�S�� �0�V�S �X�P�S�L �J�T �S�B�U�I�F�S �P�S�U�I�P�H�P�O�B�M �B�T �P�V�S �K�P�J�O

�B�M�H�P�S�J�U�I�N�T �D�B�O �C�F �J�O�U�F�H�S�B�U�F�E �J�O �U�I�F�J�S �T�Z�T�U�F�N �B�O�E �C�Z �V�T�J�O�H �U�I�F �T�B�N�F�N�F�U�B���E�B�U�B�T�F�U�T�D�B�O �F�Y�U�S�B�D�U

�B�E�E�J�U�J�P�O�B�M �J�O�G�P�S�N�B�U�J�P�O �B�C�P�V�U �O�F�U�X�P�S�L �U�S�B�
�D�� �"�O�P�U�I�F�S �B�Q�Q�S�P�B�D�I �J�T �Q�S�P�Q�P�T�F�E �J�O �<�-�J �����>�
 �X�I�F�S�F

�U�I�F �B�V�U�I�P�S�T �J�O�U�S�P�E�V�D�F �B �N�B�D�I�J�O�F �M�F�B�S�O�J�O�H �Q�B�S�B�E�J�H�N �U�P �D�M�B�T�T�J�G�Z �I�P�T�U �S�P�M�F�T �C�B�T�F�E �P�O �O�F�U�X�P�S�L

�U�S�B�
�D �B�O�B�M�Z�T�J�T �U�I�S�P�V�H�I �D�P�M�M�F�D�U�J�O�H �T�'�M�P�X �S�F�D�P�S�E�T�� �&�T�T�F�O�U�J�B�M�M�Z�
 �U�I�J�T �X�P�S�L �U�S�J�F�T �U�P �F�Y�U�S�B�D�U �J�O�G�P�S�N�B��

�U�J�P�O �M�J�L�F �P�V�S �B�Q�Q�S�P�B�D�I �C�Z �B�O�B�M�Z�[�J�O�H �T�'�M�P�X �Q�B�D�L�F�U�T �B�O�E �V�U�J�M�J�[�J�O�H �.�B�Q�3�F�E�V�D�F �B�T �U�I�F �F�Y�F�D�V�U�J�P�O

�G�S�B�N�F�X�P�S�L �B�O�E �/�P�4�2�- �E�B�U�B�C�B�T�F�T �B�T �T�U�P�S�B�H�F�� �s�F �E�J�	�F�S�F�O�D�F �P�G �P�V�S �Q�S�P�Q�P�T�F�E �B�Q�Q�S�P�B�D�I �J�T �U�I�B�U

�C�Z �F�O�B�C�M�J�O�H �U�I�F �V�T�F �P�G �B�S�C�J�U�S�B�S�Z�N�F�U�B���E�B�U�B�T�F�U�T�X�F �D�B�O �F�Y�U�S�B�D�U �N�V�D�I �S�J�D�I�F�S �J�O�G�P�S�N�B�U�J�P�O �B�C�P�V�U

�O�F�U�X�P�S�L �S�P�V�U�J�O�H�
 �E�J�N�F�O�T�J�P�O�J�O�H �B�O�E �T�F�D�V�S�J�U�Z �G�F�B�U�V�S�F�T �S�B�U�I�F�S �U�I�B�O �P�O�M�Z �D�M�B�T�T�J�G�Z�J�O�H �I�P�T�U �S�P�M�F�T�� �"

�T�Z�T�U�F�N �U�I�B�U �D�B�O �Q�F�S�G�P�S�N �C�P�U�I �T�U�S�F�B�N�J�O�H �B�O�E �C�B�U�D�I �Q�S�P�D�F�T�T�J�O�H �P�G �O�F�U�X�P�S�L �U�S�B�
�D �J�O �P�S�E�F�S �U�P �B�O��

�B�M�Z�[�F �U�I�F �D�P�O�T�U�B�O�U�M�Z �J�O�D�S�F�B�T�J�O�H �W�P�M�V�N�F �P�G �O�F�U�X�P�S�L �U�S�B�
�D �E�B�U�B �J�T �Q�S�F�T�F�O�U�F�E �J�O �<�#�V�N�H�B�S�E�O�F�S �����>��

�*�U �B�E�E�S�F�T�T�F�T �U�I�F �T�D�B�M�B�C�J�M�J�U�Z �Q�S�P�C�M�F�N �P�G �F�Y�J�T�U�J�O�H �T�Z�T�U�F�N�T �C�Z �V�T�J�O�H �E�J�T�U�S�J�C�V�U�F�E �N�F�U�I�P�E�P�M�P�H�J�F�T �T�V�D�I

�B�T �.�B�Q�3�F�E�V�D�F �C�V�U �J�U �E�P�F�T �O�P�U �T�V�Q�Q�P�S�U �U�I�F �V�T�F �P�G �I�J�H�I���M�F�W�F�M �M�B�O�H�V�B�H�F�T �P�W�F�S �)�B�E�P�P�Q �G�S�B�N�F�X�P�S�L

�B�O�E �U�I�V�T�
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