
�3�F�D�P�W�F�S�Z �G�S�P�N �/�P�E�F �'�B�J�M�V�S�F �J�O
�%�J�T�U�S�J�C�V�U�F�E �2�V�F�S�Z �1�S�P�D�F�T�T�J�O�H

�8�1�&���*�* �1�S�F�T�F�O�U�B�U�J�P�O

�/�J�D�I�P�M�B�T �&�� �5�B�Z�M�P�S

�/�P�W�F�N�C�F�S �×�Ö�
 �×�Õ�Õ�Ý



�/�F�F�E �G�P�S �%�J�T�U�S�J�C�V�U�F�E �2�V�F�S�Z �1�S�P�D�F�T�T�J�O�H

�.�B�O�Z �S�F�B�T�P�O�T �U�P �V�T�F �E�J�T�U�S�J�C�V�U�F�E �R�V�F�S�Z
�Q�S�P�D�F�T�T�J�O�H �	�ï�ü�û�


I �&�ê�D�J�F�O�U�M�Z �Q�S�P�D�F�T�T �O�B�U�V�S�B�M�M�Z �E�J�T�U�S�J�C�V�U�F�E �E�B�U�B
I �/�F�U�X�P�S�L �N�P�O�J�U�P�S�J�O�H
I �4�F�O�T�P�S �O�F�U�X�P�S�L�T

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

���¸����



�$�I�B�M�M�F�O�H�F�T �P�G �ï�ü�û
�%�J�T�U�S�J�C�V�U�F�E �R�V�F�S�Z �Q�S�P�D�F�T�T�J�O�H �I�B�T �T�P�N�F �Q�P�U�F�O�U�J�B�M
�Q�S�P�C�M�F�N�T��

I �/�F�U�X�P�S�L �E�J�T�D�P�O�O�F�D�U�J�P�O
I �4�Z�T�U�F�N �G�B�J�M�V�S�F
I �$�P�N�N�V�O�J�D�B�U�J�P�O�T �M�B�U�F�O�D�Z
I �-�P�X �C�B�O�E�X�J�E�U�I �M�J�O�L�T

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

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

���¸����



�$�I�B�M�M�F�O�H�F�T �P�G �ï�ü�û
�%�J�T�U�S�J�C�V�U�F�E �R�V�F�S�Z �Q�S�P�D�F�T�T�J�O�H �I�B�T �T�P�N�F �Q�P�U�F�O�U�J�B�M
�Q�S�P�C�M�F�N�T��

I �/�F�U�X�P�S�L �E�J�T�D�P�O�O�F�D�U�J�P�O
I �4�Z�T�U�F�N �G�B�J�M�V�S�F
I �$�P�N�N�V�O�J�D�B�U�J�P�O�T �M�B�U�F�O�D�Z
I �-�P�X �C�B�O�E�X�J�E�U�I �M�J�O�L�T

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

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

���¸����



�$�I�B�M�M�F�O�H�F�T �P�G �ï�ü�û
�%�J�T�U�S�J�C�V�U�F�E �R�V�F�S�Z �Q�S�P�D�F�T�T�J�O�H �I�B�T �T�P�N�F �Q�P�U�F�O�U�J�B�M
�Q�S�P�C�M�F�N�T��

I �/�F�U�X�P�S�L �E�J�T�D�P�O�O�F�D�U�J�P�O
I �4�Z�T�U�F�N �G�B�J�M�V�S�F
I �$�P�N�N�V�O�J�D�B�U�J�P�O�T �M�B�U�F�O�D�Z
I �-�P�X �C�B�O�E�X�J�E�U�I �M�J�O�L�T

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

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

���¸����



�$�I�B�M�M�F�O�H�F�T �P�G �ï�ü�û
�%�J�T�U�S�J�C�V�U�F�E �R�V�F�S�Z �Q�S�P�D�F�T�T�J�O�H �I�B�T �T�P�N�F �Q�P�U�F�O�U�J�B�M
�Q�S�P�C�M�F�N�T��

I �/�F�U�X�P�S�L �E�J�T�D�P�O�O�F�D�U�J�P�O
I �4�Z�T�U�F�N �G�B�J�M�V�S�F
I �$�P�N�N�V�O�J�D�B�U�J�P�O�T �M�B�U�F�O�D�Z
I �-�P�X �C�B�O�E�X�J�E�U�I �M�J�O�L�T

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

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

���¸����



�3�F�W�J�F�X �P�G �	�%�J�T�U�S�J�C�V�U�F�E�
 �2�V�F�S�Z �1�S�P�D�F�T�T�J�O�H
�&�Y�B�N�Q�M�F �2�V�F�S�Z

�4�V�Q�Q�P�T�F �S�F�M�B�U�J�P�O�T�3�
�4�
 �B�O�E�5��

�3�
�4 �B�U �/�P�E�F �Ö�
�5�B�U �/�P�E�F �×�
 �B�O�E �S�F�T�V�M�U�T �B�U �/�P�E�F �Ø��

�4�&�-�&�$�5 �� �'�3�0�. �3�
 �4�
 �5

�8�)�&�3�& �3���B �� �4���B �"�/�% �5���C �� �4���C

�"�/�% �5���D �� ��

��

��on
���3 ���4

��on
��σ

���5

���/�P�E�F �Ö

���/�P�E�F �Ø

���/�P�E�F �×

���T���I���J�
��Q �����������T���I���J���Q

���¸����



�3�F�W�J�F�X �P�G �	�%�J�T�U�S�J�C�V�U�F�E�
 �2�V�F�S�Z �1�S�P�D�F�T�T�J�O�H
�&�Y�B�N�Q�M�F �2�V�F�S�Z

�4�V�Q�Q�P�T�F �S�F�M�B�U�J�P�O�T�3�
�4�
 �B�O�E�5��

�3�
�4 �B�U �/�P�E�F �Ö�
�5�B�U �/�P�E�F �×�
 �B�O�E �S�F�T�V�M�U�T �B�U �/�P�E�F �Ø��

�4�&�-�&�$�5 �� �'�3�0�. �3�
 �4�
 �5

�8�)�&�3�& �3���B �� �4���B �"�/�% �5���C �� �4���C

�"�/�% �5���D �� ��

��

��on
���3 ���4

��on
��σ

���5

���/�P�E�F �Ö

���/�P�E�F �Ø

���/�P�E�F �×

���T���I���J�
��Q �����������T���I���J���Q

���¸����



�3�F�W�J�F�X �P�G �	�%�J�T�U�S�J�C�V�U�F�E�
 �2�V�F�S�Z �1�S�P�D�F�T�T�J�O�H
�&�Y�B�N�Q�M�F �2�V�F�S�Z

�4�V�Q�Q�P�T�F �S�F�M�B�U�J�P�O�T�3�
�4�
 �B�O�E�5��
�3�
�4 �B�U �/�P�E�F �Ö�
�5�B�U �/�P�E�F �×�
 �B�O�E �S�F�T�V�M�U�T �B�U �/�P�E�F �Ø��
�4�&�-�&�$�5 �� �'�3�0�. �3�
 �4�
 �5

�8�)�&�3�& �3���B �� �4���B �"�/�% �5���C �� �4���C

�"�/�% �5���D �� ��

��

��on
���3 ���4

��on
��σ

���5

���/�P�E�F �Ö

���/�P�E�F �Ø

���/�P�E�F �×

���T���I���J�
��Q �����������T���I���J���Q

���¸����



�3�F�W�J�F�X �P�G �	�%�J�T�U�S�J�C�V�U�F�E�
 �2�V�F�S�Z �1�S�P�D�F�T�T�J�O�H
�&�Y�B�N�Q�M�F �2�V�F�S�Z

�4�V�Q�Q�P�T�F �S�F�M�B�U�J�P�O�T�3�
�4�
 �B�O�E�5��
�3�
�4 �B�U �/�P�E�F �Ö�
�5�B�U �/�P�E�F �×�
 �B�O�E �S�F�T�V�M�U�T �B�U �/�P�E�F �Ø��
�4�&�-�&�$�5 �� �'�3�0�. �3�
 �4�
 �5

�8�)�&�3�& �3���B �� �4���B �"�/�% �5���C �� �4���C

�"�/�% �5���D �� ��

��

��on
���3 ���4

��on
��σ

���5
���/�P�E�F �Ö

���/�P�E�F �Ø

���/�P�E�F �×

���T���I���J�
��Q �����������T���I���J���Q

���¸����



�3�F�W�J�F�X �P�G �	�%�J�T�U�S�J�C�V�U�F�E�
 �2�V�F�S�Z �1�S�P�D�F�T�T�J�O�H
�&�Y�B�N�Q�M�F �2�V�F�S�Z

�4�V�Q�Q�P�T�F �S�F�M�B�U�J�P�O�T�3�
�4�
 �B�O�E�5��
�3�
�4 �B�U �/�P�E�F �Ö�
�5�B�U �/�P�E�F �×�
 �B�O�E �S�F�T�V�M�U�T �B�U �/�P�E�F �Ø��
�4�&�-�&�$�5 �� �'�3�0�. �3�
 �4�
 �5

�8�)�&�3�& �3���B �� �4���B �"�/�% �5���C �� �4���C

�"�/�% �5���D �� ��

��

��on
���3 ���4

��on
��σ

���5
���/�P�E�F �Ö

���/�P�E�F �Ø

���/�P�E�F �×

���T���I���J�
��Q �����������T���I���J���Q

���¸����



�3�F�W�J�F�X �P�G �	�%�J�T�U�S�J�C�V�U�F�E�
 �2�V�F�S�Z �1�S�P�D�F�T�T�J�O�H
�&�Y�B�N�Q�M�F �2�V�F�S�Z

�4�V�Q�Q�P�T�F �S�F�M�B�U�J�P�O�T�3�
�4�
 �B�O�E�5��
�3�
�4 �B�U �/�P�E�F �Ö�
�5�B�U �/�P�E�F �×�
 �B�O�E �S�F�T�V�M�U�T �B�U �/�P�E�F �Ø��
�4�&�-�&�$�5 �� �'�3�0�. �3�
 �4�
 �5

�8�)�&�3�& �3���B �� �4���B �"�/�% �5���C �� �4���C

�"�/�% �5���D �� ��

��

��on
���3 ���4

��on
��σ

���5
���/�P�E�F �Ö

���/�P�E�F �Ø

���/�P�E�F �×

��
�5�I�J�T �H�J�W�F�T �V�T �Q�J�Q�F�M�J�O�F�E
�Q�B�S�B�M�M�F�M�J�T�N��

���T���I���J�
��Q �����������T���I���J���Q

���¸����



�1�B�S�U�J�U�J�P�O�F�E �%�B�U�B

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

I �)�B�T�I�J�O�H
I �3�B�O�H�F���C�B�T�F�E

��

��

�����3 �����B �����C
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ��������

��

�����3 �����B �����C
�� ������ ������
�� ������ ������

���/�P�E�F ��

��

�����3 �����B �����C
�� ������ ������
�� ������ ��������

���/�P�E�F ��

�%�B�U�B �J�T �U�Z�Q�J�D�B�M�M�Z �S�F�Q�M�J�D�B�U�F�E��

���¸����



�1�B�S�U�J�U�J�P�O�F�E �%�B�U�B

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

I �)�B�T�I�J�O�H
I �3�B�O�H�F���C�B�T�F�E

��

��

�����3 �����B �����C
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ��������

��

�����3 �����B �����C
�� ������ ������
�� ������ ������

���/�P�E�F ��

��

�����3 �����B �����C
�� ������ ������
�� ������ ��������

���/�P�E�F ��

�%�B�U�B �J�T �U�Z�Q�J�D�B�M�M�Z �S�F�Q�M�J�D�B�U�F�E��

���¸����



�1�B�S�U�J�U�J�P�O�F�E �%�B�U�B

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

I �)�B�T�I�J�O�H
I �3�B�O�H�F���C�B�T�F�E

��

��

�����3 �����B �����C
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ��������

��

�����3 �����B �����C
�� ������ ������
�� ������ ������

���/�P�E�F ��

��

�����3 �����B �����C
�� ������ ������
�� ������ ��������

���/�P�E�F ��

�%�B�U�B �J�T �U�Z�Q�J�D�B�M�M�Z �S�F�Q�M�J�D�B�U�F�E��

���¸����



�1�B�S�U�J�U�J�P�O�F�E �1�B�S�B�M�M�F�M�J�T�N
�3�F�M�B�U�J�P�O�T �Q�B�S�U�J�U�J�P�O�F�E �P�O�3�	�B�
�
�4�	�B�
�
 �B�O�E�5�	�C�
�P�W�F�S
�/�P�E�F�T �Ö �B�O�E �×��

��

��on
���3 ���4

���&�Y

��on
��

��σ
���5

���/�P�E�F �Ö

��on
���3 ���4

���&�Y

��on
��

��σ
���5

���/�P�E�F �×

��∪
���/�P�E�F �Ø

���&�Y�D�I�B�O�H�F �P�Q�F�S�B�U�P�S

�3�	���
���
 �3�	���
���

�4�	���
���

�5�	���
���


�	�P�E�E�


�3�	���
���
 �3�	���
�����

�4�	���
���

�5�	���
���


�	�F�W�F�O�

�	�¸����



�1�B�S�U�J�U�J�P�O�F�E �1�B�S�B�M�M�F�M�J�T�N
�3�F�M�B�U�J�P�O�T �Q�B�S�U�J�U�J�P�O�F�E �P�O�3�	�B�
�
�4�	�B�
�
 �B�O�E�5�	�C�
�P�W�F�S
�/�P�E�F�T �Ö �B�O�E �×��

��

��on
���3 ���4

���&�Y

��on
��

��σ
���5

���/�P�E�F �Ö

��on
���3 ���4

���&�Y

��on
��

��σ
���5

���/�P�E�F �×

��∪
���/�P�E�F �Ø

���&�Y�D�I�B�O�H�F �P�Q�F�S�B�U�P�S

�3�	���
���
 �3�	���
���

�4�	���
���

�5�	���
���


�	�P�E�E�


�3�	���
���
 �3�	���
�����

�4�	���
���

�5�	���
���


�	�F�W�F�O�

�	�¸����



�1�B�S�U�J�U�J�P�O�F�E �1�B�S�B�M�M�F�M�J�T�N
�3�F�M�B�U�J�P�O�T �Q�B�S�U�J�U�J�P�O�F�E �P�O�3�	�B�
�
�4�	�B�
�
 �B�O�E�5�	�C�
�P�W�F�S
�/�P�E�F�T �Ö �B�O�E �×��

��

��on
���3 ���4

���&�Y
��on

��

��σ
���5

���/�P�E�F �Ö

��on
���3 ���4

���&�Y
��on

��

��σ
���5

���/�P�E�F �×

��∪
���/�P�E�F �Ø

���&�Y�D�I�B�O�H�F �P�Q�F�S�B�U�P�S

�3�	���
���
 �3�	���
���

�4�	���
���

�5�	���
���


�	�P�E�E�


�3�	���
���
 �3�	���
�����

�4�	���
���

�5�	���
���


�	�F�W�F�O�

�	�¸����



�1�B�S�U�J�U�J�P�O�F�E �1�B�S�B�M�M�F�M�J�T�N
�3�F�M�B�U�J�P�O�T �Q�B�S�U�J�U�J�P�O�F�E �P�O�3�	�B�
�
�4�	�B�
�
 �B�O�E�5�	�C�
�P�W�F�S
�/�P�E�F�T �Ö �B�O�E �×��

��

��on
���3 ���4

���&�Y
��on

��

��σ
���5

���/�P�E�F �Ö

��on
���3 ���4

���&�Y
��on

��

��σ
���5

���/�P�E�F �×

��∪
���/�P�E�F �Ø

���&�Y�D�I�B�O�H�F �P�Q�F�S�B�U�P�S

�3�	���
���
 �3�	���
���

�4�	���
���

�5�	���
���


�	�P�E�E�


�3�	���
���
 �3�	���
�����

�4�	���
���

�5�	���
���


�	�F�W�F�O�

�	�¸����



�4�U�S�F�B�N �1�S�P�D�F�T�T�J�O�H

�%�B�U�B�C�B�T�F �$�P�N�N�V�O�J�U�Z �%�F�è�O�J�U�J�P�O

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

        
      

Input data 
streams

Output to 
applications

Continuous & ad hoc
queries

Operator boxes Historical
Storage

 
     

         
        

          
           

          
         

          
          

  
      

      
      
          

         
        

       
      

         
         

         
       

 
       

         
        

         
        
           

         
          

      
       

        
         

          
          

        
        

           
       
          

         
            

        
       

        
        

         
     

          
       
        

         
       

        
          

         
        

         
        

      
       

         
          

        
        

          
          

        
        

         
          

       
          

        
         

       
       

       
       

          
           

         
  

    
           
         
         

            
            
           

          
         

     
          

         
         

          
        

       
       

         

 

�'�J�H�V�S�F
�G�S�P�N
�<�$�±�$+�Õ�×�>

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

�
�¸����



�4�U�S�F�B�N �1�S�P�D�F�T�T�J�O�H

�%�B�U�B�C�B�T�F �$�P�N�N�V�O�J�U�Z �%�F�è�O�J�U�J�P�O

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

        
      

Input data 
streams

Output to 
applications

Continuous & ad hoc
queries

Operator boxes Historical
Storage

 
     

         
        

          
           

          
         

          
          

  
      

      
      
          

         
        

       
      

         
         

         
       

 
       

         
        

         
        
           

         
          

      
       

        
         

          
          

        
        

           
       
          

         
            

        
       

        
        

         
     

          
       
        

         
       

        
          

         
        

         
        

      
       

         
          

        
        

          
          

        
        

         
          

       
          

        
         

       
       

       
       

          
           

         
  

    
           
         
         

            
            
           

          
         

     
          

         
         

          
        

       
       

         

 

�'�J�H�V�S�F
�G�S�P�N
�<�$�±�$+�Õ�×�>

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

I �0�Q�F�S�B�U�P�S�T �N�B�Z �C�F �E�J�T�U�S�J�C�V�U�F�E

�
�¸����



�4�U�S�F�B�N �1�S�P�D�F�T�T�J�O�H

�%�B�U�B�C�B�T�F �$�P�N�N�V�O�J�U�Z �%�F�è�O�J�U�J�P�O

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

        
      

Input data 
streams

Output to 
applications

Continuous & ad hoc
queries

Operator boxes Historical
Storage

 
     

         
        

          
           

          
         

          
          

  
      

      
      
          

         
        

       
      

         
         

         
       

 
       

         
        

         
        
           

         
          

      
       

        
         

          
          

        
        

           
       
          

         
            

        
       

        
        

         
     

          
       
        

         
       

        
          

         
        

         
        

      
       

         
          

        
        

          
          

        
        

         
          

       
          

        
         

       
       

       
       

          
           

         
  

    
           
         
         

            
            
           

          
         

     
          

         
         

          
        

       
       

         

 

�'�J�H�V�S�F
�G�S�P�N
�<�$�±�$+�Õ�×�>

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

�
�¸����



�#�B�T�J�D �3�F�D�P�W�F�S�Z �5�F�D�I�O�J�R�V�F�T

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

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

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

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

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

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

���¸����



�#�B�T�J�D �3�F�D�P�W�F�S�Z �5�F�D�I�O�J�R�V�F�T

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

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

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

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

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

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

���¸����



�#�B�T�J�D �3�F�D�P�W�F�S�Z �5�F�D�I�O�J�R�V�F�T

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

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

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

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

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

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

���¸����



�'�B�V�M�U���5�P�M�F�S�B�O�D�F �5�F�D�I�O�J�R�V�F�T �<�)�#�3+�Õ�Ú�>
�-�J�U�F�S�B�U�V�S�F �M�J�T�U�T �U�I�S�F�F �H�F�O�F�S�B�M �U�F�D�I�O�J�R�V�F�T �G�P�S
�S�F�T�J�M�J�F�O�D�F �U�P �O�P�E�F �G�B�J�M�V�S�F�
 �C�B�T�F�E �P�O �S�F�Q�M�J�D�B�U�J�P�O��

I �6�Q�T�U�S�F�B�N �#�B�D�L�V�Q

I �ú�ò�þ�ì���ï�ü�û�<�4�8�Õ�Ú�>

I �"�D�U�J�W�F �4�U�B�O�E�C�Z

I �'�M�V�Y �<�4�I�B�Õ�Ù�>
I �#�P�S�F�B�M�J�T �<�#�#�.�4�Õ�Ý�>

I �1�B�T�T�J�W�F �4�U�B�O�E�C�Z

I �#�P�S�F�B�M�J�T �)�" �<�)�9�±�;�Õ�Ü�>
I �#�P�S�F�B�M�J�T �)�%�'�4 �<�,�#�(�Õ�Ý�>

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

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

���¸����



�'�B�V�M�U���5�P�M�F�S�B�O�D�F �5�F�D�I�O�J�R�V�F�T �<�)�#�3+�Õ�Ú�>
�-�J�U�F�S�B�U�V�S�F �M�J�T�U�T �U�I�S�F�F �H�F�O�F�S�B�M �U�F�D�I�O�J�R�V�F�T �G�P�S
�S�F�T�J�M�J�F�O�D�F �U�P �O�P�E�F �G�B�J�M�V�S�F�
 �C�B�T�F�E �P�O �S�F�Q�M�J�D�B�U�J�P�O��

I �6�Q�T�U�S�F�B�N �#�B�D�L�V�Q

I �ú�ò�þ�ì���ï�ü�û�<�4�8�Õ�Ú�>

I �"�D�U�J�W�F �4�U�B�O�E�C�Z

I �'�M�V�Y �<�4�I�B�Õ�Ù�>
I �#�P�S�F�B�M�J�T �<�#�#�.�4�Õ�Ý�>

I �1�B�T�T�J�W�F �4�U�B�O�E�C�Z

I �#�P�S�F�B�M�J�T �)�" �<�)�9�±�;�Õ�Ü�>
I �#�P�S�F�B�M�J�T �)�%�'�4 �<�,�#�(�Õ�Ý�>

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

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

���¸����



�'�B�V�M�U���5�P�M�F�S�B�O�D�F �5�F�D�I�O�J�R�V�F�T �<�)�#�3+�Õ�Ú�>
�-�J�U�F�S�B�U�V�S�F �M�J�T�U�T �U�I�S�F�F �H�F�O�F�S�B�M �U�F�D�I�O�J�R�V�F�T �G�P�S
�S�F�T�J�M�J�F�O�D�F �U�P �O�P�E�F �G�B�J�M�V�S�F�
 �C�B�T�F�E �P�O �S�F�Q�M�J�D�B�U�J�P�O��

I �6�Q�T�U�S�F�B�N �#�B�D�L�V�Q
I �ú�ò�þ�ì���ï�ü�û�<�4�8�Õ�Ú�>

I �"�D�U�J�W�F �4�U�B�O�E�C�Z
I �'�M�V�Y �<�4�I�B�Õ�Ù�>
I �#�P�S�F�B�M�J�T �<�#�#�.�4�Õ�Ý�>

I �1�B�T�T�J�W�F �4�U�B�O�E�C�Z
I �#�P�S�F�B�M�J�T �)�" �<�)�9�±�;�Õ�Ü�>
I �#�P�S�F�B�M�J�T �)�%�'�4 �<�,�#�(�Õ�Ý�>

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

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

���¸����



�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q

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

�4�V�Q�Q�P�T�F �S�F�Q�M�J�D�B�U�J�P�O �G�B�D�U�P�S �P�G�O���×��
�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′ ���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′ ���U�ô′′′

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

�G�B�J�M�V�S�F�T��

�����¸����



�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q

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

�4�V�Q�Q�P�T�F �S�F�Q�M�J�D�B�U�J�P�O �G�B�D�U�P�S �P�G�O���×��
�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó

���U�ó′ ���U�ó′′ ���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′ ���U�ô′′′

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

�G�B�J�M�V�S�F�T��

�����¸����



�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q

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

�4�V�Q�Q�P�T�F �S�F�Q�M�J�D�B�U�J�P�O �G�B�D�U�P�S �P�G�O���×��
�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′

���U�ó′′ ���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′ ���U�ô′′′

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

�G�B�J�M�V�S�F�T��

�����¸����



�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q

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

�4�V�Q�Q�P�T�F �S�F�Q�M�J�D�B�U�J�P�O �G�B�D�U�P�S �P�G�O���×��
�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó

���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′ ���U�ô′′′

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

�G�B�J�M�V�S�F�T��

�����¸����



�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q

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

�4�V�Q�Q�P�T�F �S�F�Q�M�J�D�B�U�J�P�O �G�B�D�U�P�S �P�G�O���×��
�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó

���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô

���U�ô′ ���U�ô′′ ���U�ô′′′

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

�G�B�J�M�V�S�F�T��

�����¸����



�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q

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

�4�V�Q�Q�P�T�F �S�F�Q�M�J�D�B�U�J�P�O �G�B�D�U�P�S �P�G�O���×��
�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó

���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′

���U�ô′′ ���U�ô′′′

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

�G�B�J�M�V�S�F�T��

�����¸����



�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q

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

�4�V�Q�Q�P�T�F �S�F�Q�M�J�D�B�U�J�P�O �G�B�D�U�P�S �P�G�O���×��
�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó

���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô

���U�ô′ ���U�ô′′

���U�ô′′′

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

�G�B�J�M�V�S�F�T��

�����¸����



�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q

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

�4�V�Q�Q�P�T�F �S�F�Q�M�J�D�B�U�J�P�O �G�B�D�U�P�S �P�G�O���×��
�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó

���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′

���U�ô′′ ���U�ô′′′

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

�G�B�J�M�V�S�F�T��

�����¸����



�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q

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

�4�V�Q�Q�P�T�F �S�F�Q�M�J�D�B�U�J�P�O �G�B�D�U�P�S �P�G�O���×��
�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó

���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′

���U�ô′′′

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

�G�B�J�M�V�S�F�T��

�����¸����



�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q

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

�4�V�Q�Q�P�T�F �S�F�Q�M�J�D�B�U�J�P�O �G�B�D�U�P�S �P�G�O���×��
�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′

���U�ó′′ ���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′

���U�ô′′′

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

�G�B�J�M�V�S�F�T��

�����¸����



�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q

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

�4�V�Q�Q�P�T�F �S�F�Q�M�J�D�B�U�J�P�O �G�B�D�U�P�S �P�G�O���×��
�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′

���U�ô′′′

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

�G�B�J�M�V�S�F�T��

�����¸����



�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q

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

�4�V�Q�Q�P�T�F �S�F�Q�M�J�D�B�U�J�P�O �G�B�D�U�P�S �P�G�O���×��
�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′

���U�ô′′′

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

�G�B�J�M�V�S�F�T��

�����¸����



�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q �J�O �ú�ò�þ�ì���ï�ü�û �<�4�8�Õ�Ú�>

�ú�ò�þ�ì���ï�ü�û�J�T �B �E�J�T�U�S�J�C�V�U�F�E �R�V�F�S�Z �Q�S�P�D�F�T�T�P�S �P�G �T�U�B�U�J�D
�E�B�U�B��

I �$�I�F�D�L�Q�P�J�O�U �N�B�S�L�F�S�T�Q�V�O�D�U�V�B�U�F �U�V�Q�M�F �T�U�S�F�B�N��
I �*�O�T�F�S�U �N�B�S�L�F�S�T �	�X�J�U�I �J�O�J�U�J�B�M �I�P�Q �D�P�V�O�U�I�
 �X�I�F�O

�T�F�O�E�J�O�H��
I �%�F�D�S�F�N�F�O�U �N�B�S�L�F�S���T�I �P�O �S�F�D�F�J�Q�U��
I �0�O�I���� �
 �S�F�U�V�S�O �B�D�L �U�P �D�I�F�D�L�Q�P�J�O�U �P�S�J�H�J�O�B�U�P�S��
I �#�V�ç�F�S �D�I�F�D�L�Q�P�J�O�U�F�E �C�M�P�D�L�T �V�O�U�J�M �B�D�L �J�T �S�F�D�F�J�W�F�E��

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

�����¸����



�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q �J�O �ú�ò�þ�ì���ï�ü�û �<�4�8�Õ�Ú�>

�ú�ò�þ�ì���ï�ü�û�J�T �B �E�J�T�U�S�J�C�V�U�F�E �R�V�F�S�Z �Q�S�P�D�F�T�T�P�S �P�G �T�U�B�U�J�D
�E�B�U�B��

I �$�I�F�D�L�Q�P�J�O�U �N�B�S�L�F�S�T�Q�V�O�D�U�V�B�U�F �U�V�Q�M�F �T�U�S�F�B�N��
I �*�O�T�F�S�U �N�B�S�L�F�S�T �	�X�J�U�I �J�O�J�U�J�B�M �I�P�Q �D�P�V�O�U�I�
 �X�I�F�O

�T�F�O�E�J�O�H��
I �%�F�D�S�F�N�F�O�U �N�B�S�L�F�S���T�I �P�O �S�F�D�F�J�Q�U��
I �0�O�I���� �
 �S�F�U�V�S�O �B�D�L �U�P �D�I�F�D�L�Q�P�J�O�U �P�S�J�H�J�O�B�U�P�S��
I �#�V�ç�F�S �D�I�F�D�L�Q�P�J�O�U�F�E �C�M�P�D�L�T �V�O�U�J�M �B�D�L �J�T �S�F�D�F�J�W�F�E��

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

�����¸����



�3�F�D�P�W�F�S�Z �J�O �ú�ò�þ�ì���ï�ü�û

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

�D�I�F�D�L�Q�P�J�O�U �N�B�S�L�F�S��
�Ø���6�Q�T�U�S�F�B�N �O�P�E�F �S�F�T�F�O�E�T �B�M�M �V�O�B�D�L�O�P�X�M�F�E�H�F�E

�C�M�P�D�L�T��
�Ù���%�P�X�O�T�U�S�F�B�N �O�P�E�F �J�H�O�P�S�F�T �C�M�P�D�L�T �J�U���T �B�M�S�F�B�E�Z

�T�F�F�O��

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

�����¸����



�3�F�D�P�W�F�S�Z �J�O �ú�ò�þ�ì���ï�ü�û

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

�D�I�F�D�L�Q�P�J�O�U �N�B�S�L�F�S��
�Ø���6�Q�T�U�S�F�B�N �O�P�E�F �S�F�T�F�O�E�T �B�M�M �V�O�B�D�L�O�P�X�M�F�E�H�F�E

�C�M�P�D�L�T��
�Ù���%�P�X�O�T�U�S�F�B�N �O�P�E�F �J�H�O�P�S�F�T �C�M�P�D�L�T �J�U���T �B�M�S�F�B�E�Z

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

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

�����¸����



�3�F�D�P�W�F�S�Z �J�O �ú�ò�þ�ì���ï�ü�û

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

�D�I�F�D�L�Q�P�J�O�U �N�B�S�L�F�S��
�Ø���6�Q�T�U�S�F�B�N �O�P�E�F �S�F�T�F�O�E�T �B�M�M �V�O�B�D�L�O�P�X�M�F�E�H�F�E

�C�M�P�D�L�T��
�Ù���%�P�X�O�T�U�S�F�B�N �O�P�E�F �J�H�O�P�S�F�T �C�M�P�D�L�T �J�U���T �B�M�S�F�B�E�Z

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

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on

���3�ô
���3�ó

���4�ô
���4�ó

���3�ó
���3�ô

���4�ó
���4�ô

���3�óon �4�ó
���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on

���3�ô
���3�ó

���4�ô
���4�ó

���3�ó
���3�ô

���4�ó
���4�ô

���3�óon �4�ó
���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on

���3�ô
���3�ó

���4�ô
���4�ó

���3�ó

���3�ô
���4�ó
���4�ô

���3�óon �4�ó
���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on

���3�ô

���3�ó

���4�ô
���4�ó

���3�ó
���3�ô

���4�ó
���4�ô

���3�óon �4�ó
���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on

���3�ô

���3�ó

���4�ô
���4�ó

���3�ó
���3�ô

���4�ó

���4�ô

���3�óon �4�ó
���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on

���3�ô

���3�ó

���4�ô

���4�ó

���3�ó
���3�ô

���4�ó
���4�ô

���3�óon �4�ó
���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on

���3�ô

���3�ó

���4�ô

���4�ó

���3�ó
���3�ô

���4�ó
���4�ô

���3�óon �4�ó

���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on

���3�ô

���3�ó

���4�ô

���4�ó

���3�ó
���3�ô

���4�ó
���4�ô

���3�óon �4�ó

���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on

���3�ô
���3�ó

���4�ô
���4�ó

���3�ó
���3�ô

���4�ó
���4�ô

���3�óon �4�ó

���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on

���3�ô
���3�ó

���4�ô
���4�ó

���3�ó

���3�ô

���4�ó
���4�ô

���3�óon �4�ó

���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on���3�ô

���3�ó
���4�ô
���4�ó

���3�ó
���3�ô

���4�ó
���4�ô

���3�óon �4�ó

���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on���3�ô

���3�ó
���4�ô
���4�ó

���3�ó
���3�ô

���4�ó

���4�ô

���3�óon �4�ó

���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on���3�ô

���3�ó

���4�ô

���4�ó

���3�ó
���3�ô

���4�ó
���4�ô

���3�óon �4�ó

���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on���3�ô

���3�ó

���4�ô

���4�ó

���3�ó
���3�ô

���4�ó
���4�ô

���3�óon �4�ó
���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�5�X�P���J�O�Q�V�U �P�Q�F�S�B�U�P�S�T �J�O �ú�ò�þ�ì���ï�ü�û

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

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

����on���3�ô

���3�ó

���4�ô

���4�ó

���3�ó
���3�ô

���4�ó
���4�ô

���3�óon �4�ó
���3�ôon �4�ô

�/�P�E�F �G�B�J�M�V�S�F�
 �S�F�D�P�W�F�S�Z

�.�J�T�T�J�O�H �3�ôon�4�ó�B�O�E �3�óon�4�ô

�����¸����



�+�P�J�O�T �J�O �ú�ò�þ�ì���ï�ü�û

�"�V�U�I�P�S�T�� �T�P�M�V�U�J�P�O �G�P�S �K�P�J�O�T��
�Ö���#�V�ç�F�S �F�O�U�J�S�F �T�N�B�M�M�F�S �J�O�Q�V�U �J�O�U�P �I�B�T�I �U�B�C�M�F
�×���1�S�P�D�F�T�T �M�B�S�H�F�S �J�O�Q�V�U �O�P�S�N�B�M�M�Z�
 �T�F�O�E�J�O�H

�D�I�F�D�L�Q�P�J�O�U �N�B�S�L�F�S�T �E�P�X�O�T�U�S�F�B�N
�Ø���"�D�L �B�M�M �T�N�B�M�M�F�S �J�O�Q�V�U �D�I�F�D�L�Q�P�J�O�U�T

�0�C�W�J�P�V�T �Q�S�P�C�M�F�N�T��
I �4�J�N�J�M�B�S�M�Z �T�J�[�F�E �J�O�Q�V�U�T
I �6�O�L�O�P�X�O �	�P�S �J�O�D�P�S�S�F�D�U���
 �D�B�S�E�J�O�B�M�J�U�J�F�T

�����¸����



�+�P�J�O�T �J�O �ú�ò�þ�ì���ï�ü�û

�"�V�U�I�P�S�T�� �T�P�M�V�U�J�P�O �G�P�S �K�P�J�O�T��
�Ö���#�V�ç�F�S �F�O�U�J�S�F �T�N�B�M�M�F�S �J�O�Q�V�U �J�O�U�P �I�B�T�I �U�B�C�M�F
�×���1�S�P�D�F�T�T �M�B�S�H�F�S �J�O�Q�V�U �O�P�S�N�B�M�M�Z�
 �T�F�O�E�J�O�H

�D�I�F�D�L�Q�P�J�O�U �N�B�S�L�F�S�T �E�P�X�O�T�U�S�F�B�N
�Ø���"�D�L �B�M�M �T�N�B�M�M�F�S �J�O�Q�V�U �D�I�F�D�L�Q�P�J�O�U�T

�0�C�W�J�P�V�T �Q�S�P�C�M�F�N�T��
I �4�J�N�J�M�B�S�M�Z �T�J�[�F�E �J�O�Q�V�U�T
I �6�O�L�O�P�X�O �	�P�S �J�O�D�P�S�S�F�D�U���
 �D�B�S�E�J�O�B�M�J�U�J�F�T

�����¸����



�"�D�U�J�W�F �4�U�B�O�E�C�Z

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

�����4�P�V�S�D�F

���/�P�E�F �Ö�1

���/�P�E�F �Ö�4

���/�P�E�F �×�û

���/�P�E�F �×�þ

���$�P�O�T�V�N�F�S

���U�ó

���U�ó′

���U�ó′

���U�ó′′

���U�ó′′

���U�ó′′′
���U�ô

���U�ô′

���U�ô′

���U�ô′′

���U�ô′′

���U�ô′′′

���1�S�J�N�B�S�Z �/�P�E�F�T

���4�F�D�P�O�E�B�S�Z �/�P�E�F�T

�����¸����



�"�D�U�J�W�F �4�U�B�O�E�C�Z

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

�����4�P�V�S�D�F

���/�P�E�F �Ö�1

���/�P�E�F �Ö�4

���/�P�E�F �×�û

���/�P�E�F �×�þ

���$�P�O�T�V�N�F�S
���U�ó

���U�ó′

���U�ó′

���U�ó′′

���U�ó′′

���U�ó′′′
���U�ô

���U�ô′

���U�ô′

���U�ô′′

���U�ô′′

���U�ô′′′

���1�S�J�N�B�S�Z �/�P�E�F�T

���4�F�D�P�O�E�B�S�Z �/�P�E�F�T

�����¸����



�"�D�U�J�W�F �4�U�B�O�E�C�Z

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

�����4�P�V�S�D�F

���/�P�E�F �Ö�1

���/�P�E�F �Ö�4

���/�P�E�F �×�û

���/�P�E�F �×�þ

���$�P�O�T�V�N�F�S

���U�ó

���U�ó′

���U�ó′

���U�ó′′

���U�ó′′

���U�ó′′′
���U�ô

���U�ô′

���U�ô′

���U�ô′′

���U�ô′′

���U�ô′′′

���1�S�J�N�B�S�Z �/�P�E�F�T

���4�F�D�P�O�E�B�S�Z �/�P�E�F�T

�����¸����



�"�D�U�J�W�F �4�U�B�O�E�C�Z

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

�����4�P�V�S�D�F

���/�P�E�F �Ö�1

���/�P�E�F �Ö�4

���/�P�E�F �×�û

���/�P�E�F �×�þ

���$�P�O�T�V�N�F�S

���U�ó

���U�ó′

���U�ó′

���U�ó′′

���U�ó′′

���U�ó′′′
���U�ô

���U�ô′

���U�ô′

���U�ô′′

���U�ô′′

���U�ô′′′

���1�S�J�N�B�S�Z �/�P�E�F�T

���4�F�D�P�O�E�B�S�Z �/�P�E�F�T

�����¸����



�"�D�U�J�W�F �4�U�B�O�E�C�Z

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

�����4�P�V�S�D�F

���/�P�E�F �Ö�1

���/�P�E�F �Ö�4

���/�P�E�F �×�û

���/�P�E�F �×�þ

���$�P�O�T�V�N�F�S

���U�ó

���U�ó′

���U�ó′

���U�ó′′

���U�ó′′

���U�ó′′′

���U�ô

���U�ô′

���U�ô′

���U�ô′′

���U�ô′′

���U�ô′′′

���1�S�J�N�B�S�Z �/�P�E�F�T

���4�F�D�P�O�E�B�S�Z �/�P�E�F�T

�����¸����



�"�D�U�J�W�F �4�U�B�O�E�C�Z

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

�����4�P�V�S�D�F

���/�P�E�F �Ö�1

���/�P�E�F �Ö�4

���/�P�E�F �×�û

���/�P�E�F �×�þ

���$�P�O�T�V�N�F�S

���U�ó

���U�ó′

���U�ó′

���U�ó′′

���U�ó′′

���U�ó′′′
���U�ô

���U�ô′

���U�ô′

���U�ô′′

���U�ô′′

���U�ô′′′

���1�S�J�N�B�S�Z �/�P�E�F�T

���4�F�D�P�O�E�B�S�Z �/�P�E�F�T

�����¸����



�"�D�U�J�W�F �4�U�B�O�E�C�Z

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

�����4�P�V�S�D�F

���/�P�E�F �Ö�1

���/�P�E�F �Ö�4

���/�P�E�F �×�û

���/�P�E�F �×�þ

���$�P�O�T�V�N�F�S

���U�ó

���U�ó′

���U�ó′

���U�ó′′

���U�ó′′

���U�ó′′′
���U�ô

���U�ô′

���U�ô′

���U�ô′′

���U�ô′′

���U�ô′′′

���1�S�J�N�B�S�Z �/�P�E�F�T

���4�F�D�P�O�E�B�S�Z �/�P�E�F�T

�����¸����



�"�D�U�J�W�F �4�U�B�O�E�C�Z

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

�����4�P�V�S�D�F

���/�P�E�F �Ö�1

���/�P�E�F �Ö�4

���/�P�E�F �×�û

���/�P�E�F �×�þ

���$�P�O�T�V�N�F�S

���U�ó

���U�ó′

���U�ó′

���U�ó′′

���U�ó′′

���U�ó′′′
���U�ô

���U�ô′

���U�ô′

���U�ô′′

���U�ô′′

���U�ô′′′

���1�S�J�N�B�S�Z �/�P�E�F�T

���4�F�D�P�O�E�B�S�Z �/�P�E�F�T

�����¸����



�"�D�U�J�W�F �4�U�B�O�E�C�Z

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

�����4�P�V�S�D�F

���/�P�E�F �Ö�1

���/�P�E�F �Ö�4

���/�P�E�F �×�û

���/�P�E�F �×�þ

���$�P�O�T�V�N�F�S

���U�ó

���U�ó′

���U�ó′

���U�ó′′

���U�ó′′

���U�ó′′′

���U�ô

���U�ô′

���U�ô′

���U�ô′′

���U�ô′′

���U�ô′′′

���1�S�J�N�B�S�Z �/�P�E�F�T

���4�F�D�P�O�E�B�S�Z �/�P�E�F�T

�����¸����



�"�D�U�J�W�F �4�U�B�O�E�C�Z �J�O �'�M�V�Y�<�4�I�B�Õ�Ù�>

�'�M�V�Y �B�E�E�T �B�D�U�J�W�F �T�U�B�O�E�C�Z �U�P �5�F�M�F�H�S�B�Q�I�$�2��
I �3�V�O�T �U�X�P �D�P�Q�J�F�T �P�G �B�M�M �P�Q�F�S�B�U�P�S�T �J�O �E�B�U�B�é�P�X��

I �1�S�J�N�B�S�Z
I �4�F�D�P�O�E�B�S�Z

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

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

�J�O�Q�V�U�T �G�S�P�N �E�J�ç�F�S�F�O�U �T�P�V�S�D�F�T��

���	�¸����



�3�F�D�P�W�F�S�Z �J�O �'�M�V�Y

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

�5�X�P �D�B�T�F�T��
I �1�S�J�N�B�S�Z �O�P�E�F �X�B�T �B�I�F�B�E

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

I �4�F�D�P�O�E�B�S�Z �O�P�E�F �X�B�T �B�I�F�B�E

I �5�V�Q�M�F�T �B�S�F �S�F�Q�M�B�Z�F�E �G�S�P�N �T�F�D�P�O�E�B�S�Z �O�P�E�F���T
�S�F�D�P�W�F�S�Z �M�P�H

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

���
�¸����



�3�F�D�P�W�F�S�Z �J�O �'�M�V�Y

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

�5�X�P �D�B�T�F�T��
I �1�S�J�N�B�S�Z �O�P�E�F �X�B�T �B�I�F�B�E

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

I �4�F�D�P�O�E�B�S�Z �O�P�E�F �X�B�T �B�I�F�B�E

I �5�V�Q�M�F�T �B�S�F �S�F�Q�M�B�Z�F�E �G�S�P�N �T�F�D�P�O�E�B�S�Z �O�P�E�F���T
�S�F�D�P�W�F�S�Z �M�P�H

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

���
�¸����



�3�F�D�P�W�F�S�Z �J�O �'�M�V�Y

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

�5�X�P �D�B�T�F�T��
I �1�S�J�N�B�S�Z �O�P�E�F �X�B�T �B�I�F�B�E

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

I �4�F�D�P�O�E�B�S�Z �O�P�E�F �X�B�T �B�I�F�B�E
I �5�V�Q�M�F�T �B�S�F �S�F�Q�M�B�Z�F�E �G�S�P�N �T�F�D�P�O�E�B�S�Z �O�P�E�F���T

�S�F�D�P�W�F�S�Z �M�P�H

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

���
�¸����



�3�F�D�P�W�F�S�Z �J�O �'�M�V�Y

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

�5�X�P �D�B�T�F�T��
I �1�S�J�N�B�S�Z �O�P�E�F �X�B�T �B�I�F�B�E

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

I �4�F�D�P�O�E�B�S�Z �O�P�E�F �X�B�T �B�I�F�B�E
I �5�V�Q�M�F�T �B�S�F �S�F�Q�M�B�Z�F�E �G�S�P�N �T�F�D�P�O�E�B�S�Z �O�P�E�F���T

�S�F�D�P�W�F�S�Z �M�P�H

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

���
�¸����



�'�M�V�Y �-�P�H �.�B�O�B�H�F�N�F�O�U

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

FH-Cons
P
FH-Prod
P


Buffer


FH-Prod
S


Buffer

FH-Cons
P


Producer
P


Producer
S


Consumer
P


Consumer
S


Partition


data

ack


ff

�����¸����



�'�M�V�Y �� �1�B�S�U�J�U�J�P�O�F�E �1�B�S�B�M�M�F�M�J�T�N

�'�M�V�Y �T�V�Q�Q�P�S�U�T �Q�B�S�U�J�U�J�P�O�F�E �Q�B�S�B�M�M�F�M�J�T�N��
I �&�B�D�I �Q�I�Z�T�J�D�B�M �O�P�E�F �S�V�O�T �N�B�O�Z �W�J�S�U�V�B�M �O�P�E�F�T��
I �7�J�S�U�V�B�M �O�P�E�F�T �D�B�O �C�F �N�P�W�F�E �B�S�P�V�O�E �G�P�S �M�P�B�E

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

�S�F�N�B�J�O�J�O�H �O�P�E�F�T��

�����¸����



�"�D�U�J�W�F �4�U�B�O�E�C�Z �J�O �#�P�S�F�B�M�J�T �<�#�#�.�4�Õ�Ý�>

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

�'�M�V�Y �#�P�S�F�B�M�J�T
�1�B�S�U�J�U�J�P�O�F�E �1�B�S�B�M�M�F�M�J�T�N�:�F�T �/�P
�3�F�Q�M�J�D�B�U�J�P�O �'�B�D�U�P�S�� �� ��
�'�B�J�M�V�S�F �#�F�I�B�W�J�P�S�4�V�T�Q�F�O�E�5�F�O�U�B�U�J�W�F �U�V�Q�M�F�T

�5�I�F �'�M�V�Y �E�F�T�J�H�O �J�T �N�V�D�I �T�J�N�Q�M�F�S�� �.�P�S�F �E�F�U�B�J�M�T �P�O
�#�P�S�F�B�M�J�T �J�O �8�1�&���*�* �Q�B�Q�F�S��

�����¸����



�"�D�U�J�W�F �4�U�B�O�E�C�Z �J�O �#�P�S�F�B�M�J�T �<�#�#�.�4�Õ�Ý�>

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

�'�M�V�Y �#�P�S�F�B�M�J�T
�1�B�S�U�J�U�J�P�O�F�E �1�B�S�B�M�M�F�M�J�T�N�:�F�T �/�P
�3�F�Q�M�J�D�B�U�J�P�O �'�B�D�U�P�S�� �� ��
�'�B�J�M�V�S�F �#�F�I�B�W�J�P�S�4�V�T�Q�F�O�E�5�F�O�U�B�U�J�W�F �U�V�Q�M�F�T

�5�I�F �'�M�V�Y �E�F�T�J�H�O �J�T �N�V�D�I �T�J�N�Q�M�F�S�� �.�P�S�F �E�F�U�B�J�M�T �P�O
�#�P�S�F�B�M�J�T �J�O �8�1�&���*�* �Q�B�Q�F�S��

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′ ���U�ó′′′
���U�ô ���U�ô′ ���U�ô′′ ���U�ô′′′

���/�Ö �4�U�B�U�F��′ ���/�× �4�U�B�U�F��′
���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F ��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S
���U�ó

���U�ó′ ���U�ó′′ ���U�ó′′′
���U�ô ���U�ô′ ���U�ô′′ ���U�ô′′′

���/�Ö �4�U�B�U�F��′ ���/�× �4�U�B�U�F��′
���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F ��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó

���U�ó′

���U�ó′′ ���U�ó′′′
���U�ô ���U�ô′ ���U�ô′′ ���U�ô′′′

���/�Ö �4�U�B�U�F��′ ���/�× �4�U�B�U�F��′
���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F ��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó

���U�ó′

���U�ó′′ ���U�ó′′′
���U�ô ���U�ô′ ���U�ô′′ ���U�ô′′′

���/�Ö �4�U�B�U�F

��′ ���/�× �4�U�B�U�F��′
���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F ��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′

���U�ó′′

���U�ó′′′
���U�ô ���U�ô′ ���U�ô′′ ���U�ô′′′

���/�Ö �4�U�B�U�F

��′ ���/�× �4�U�B�U�F��′
���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F ��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′

���U�ó′′

���U�ó′′′
���U�ô ���U�ô′ ���U�ô′′ ���U�ô′′′

���/�Ö �4�U�B�U�F

��′

���/�× �4�U�B�U�F

��′
���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F ��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′ ���U�ô′′′

���/�Ö �4�U�B�U�F

��′

���/�× �4�U�B�U�F

��′
���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F ��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′ ���U�ô′′′

���/�Ö �4�U�B�U�F

��′

���/�× �4�U�B�U�F

��′

���/�Ö �4�U�B�U�F

���/�× �4�U�B�U�F ��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′ ���U�ô′′′

���/�Ö �4�U�B�U�F

��′

���/�× �4�U�B�U�F

��′

���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F

��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′

���U�ó′′′
���U�ô

���U�ô′ ���U�ô′′ ���U�ô′′′

���/�Ö �4�U�B�U�F

��′

���/�× �4�U�B�U�F

��′

���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F

��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô

���U�ô′

���U�ô′′ ���U�ô′′′

���/�Ö �4�U�B�U�F

��′

���/�× �4�U�B�U�F

��′

���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F

��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô

���U�ô′

���U�ô′′ ���U�ô′′′

���/�Ö �4�U�B�U�F��′ ���/�× �4�U�B�U�F

��′

���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F

��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′

���U�ô′′

���U�ô′′′

���/�Ö �4�U�B�U�F��′ ���/�× �4�U�B�U�F

��′

���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F

��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′

���U�ô′′

���U�ô′′′

���/�Ö �4�U�B�U�F��′ ���/�× �4�U�B�U�F��′
���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F

��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′

���U�ô′′′
���/�Ö �4�U�B�U�F��′ ���/�× �4�U�B�U�F��′

���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F

��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′

���U�ô′′′
���/�Ö �4�U�B�U�F��′ ���/�× �4�U�B�U�F��′

���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F ��′

��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′

���U�ô′′′
���/�Ö �4�U�B�U�F��′ ���/�× �4�U�B�U�F��′

���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F ��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



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

�����4�P�V�S�D�F ���/�P�E�F �Ö ���/�P�E�F �× ���$�P�O�T�V�N�F�S

���U�ó ���U�ó′ ���U�ó′′

���U�ó′′′

���U�ô ���U�ô′ ���U�ô′′

���U�ô′′′
���/�Ö �4�U�B�U�F��′ ���/�× �4�U�B�U�F��′

���/�Ö �4�U�B�U�F���/�× �4�U�B�U�F ��′��′

�/�P�E�F �T�U�B�U�F �D�I�F�D�L�Q�P�J�O�U

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

�����¸����



�1�B�T�T�J�W�F �4�U�B�O�E�C�Z �J�O �#�P�S�F�B�M�J�T �)�" �<�)�9�±�;�Õ�Ü�>
�#�P�S�F�B�M�J�T �)�"�J�N�Q�M�F�N�F�O�U�T �Q�B�T�T�J�W�F �T�U�B�O�E�C�Z �J�O �#�P�S�F�B�M�J�T
�T�U�S�F�B�N �Q�S�P�D�F�T�T�J�O�H �F�O�H�J�O�F��

I �0�Q�F�S�B�U�P�S�T �B�U �O�P�E�F�T �H�S�P�V�Q�F�E �J�O�U�P �P�O�F �P�S �N�P�S�F�)�"
�V�O�J�U�T��

I �&�B�D�I �)�" �V�O�J�U �D�I�F�D�L�Q�P�J�O�U�F�E �U�P �B �C�B�D�L�V�Q �T�F�S�W�F�S

I �&�B�D�I �D�I�F�D�L�Q�P�J�O�U �D�P�O�U�B�J�O�T �P�Q�F�S�B�U�P�S �T�U�B�U�V�F�
 �J�O�Q�V�U
�R�V�F�V�F�
 �B�O�E �P�V�U�Q�V�U �R�V�F�V�F�T��

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

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

�����¸����



�1�B�T�T�J�W�F �4�U�B�O�E�C�Z �J�O �#�P�S�F�B�M�J�T �)�" �<�)�9�±�;�Õ�Ü�>
�#�P�S�F�B�M�J�T �)�"�J�N�Q�M�F�N�F�O�U�T �Q�B�T�T�J�W�F �T�U�B�O�E�C�Z �J�O �#�P�S�F�B�M�J�T
�T�U�S�F�B�N �Q�S�P�D�F�T�T�J�O�H �F�O�H�J�O�F��

I �0�Q�F�S�B�U�P�S�T �B�U �O�P�E�F�T �H�S�P�V�Q�F�E �J�O�U�P �P�O�F �P�S �N�P�S�F�)�"
�V�O�J�U�T��

I �&�B�D�I �)�" �V�O�J�U �D�I�F�D�L�Q�P�J�O�U�F�E �U�P �B �C�B�D�L�V�Q �T�F�S�W�F�S
I �&�B�D�I �D�I�F�D�L�Q�P�J�O�U �D�P�O�U�B�J�O�T �P�Q�F�S�B�U�P�S �T�U�B�U�V�F�
 �J�O�Q�V�U

�R�V�F�V�F�
 �B�O�E �P�V�U�Q�V�U �R�V�F�V�F�T��

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

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

�����¸����



�1�B�T�T�J�W�F �4�U�B�O�E�C�Z �J�O �#�P�S�F�B�M�J�T �)�" �<�)�9�±�;�Õ�Ü�>
�#�P�S�F�B�M�J�T �)�"�J�N�Q�M�F�N�F�O�U�T �Q�B�T�T�J�W�F �T�U�B�O�E�C�Z �J�O �#�P�S�F�B�M�J�T
�T�U�S�F�B�N �Q�S�P�D�F�T�T�J�O�H �F�O�H�J�O�F��

I �0�Q�F�S�B�U�P�S�T �B�U �O�P�E�F�T �H�S�P�V�Q�F�E �J�O�U�P �P�O�F �P�S �N�P�S�F�)�"
�V�O�J�U�T��

I �&�B�D�I �)�" �V�O�J�U �D�I�F�D�L�Q�P�J�O�U�F�E �U�P �B �C�B�D�L�V�Q �T�F�S�W�F�S
I �&�B�D�I �D�I�F�D�L�Q�P�J�O�U �D�P�O�U�B�J�O�T �P�Q�F�S�B�U�P�S �T�U�B�U�V�F�
 �J�O�Q�V�U

�R�V�F�V�F�
 �B�O�E �P�V�U�Q�V�U �R�V�F�V�F�T��
I �5�V�Q�M�F�T �C�V�ç�F�S�F�E �B�U �V�Q�T�U�S�F�B�N �O�P�E�F�T �V�O�U�J�M �F�ç�F�D�U�T

�B�U �E�P�X�O�T�U�S�F�B�N �O�P�E�F �D�I�F�D�L�Q�P�J�O�U�F�E��

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

�����¸����



�1�B�T�T�J�W�F �4�U�B�O�E�C�Z �J�O �#�P�S�F�B�M�J�T �)�" �<�)�9�±�;�Õ�Ü�>
�#�P�S�F�B�M�J�T �)�"�J�N�Q�M�F�N�F�O�U�T �Q�B�T�T�J�W�F �T�U�B�O�E�C�Z �J�O �#�P�S�F�B�M�J�T
�T�U�S�F�B�N �Q�S�P�D�F�T�T�J�O�H �F�O�H�J�O�F��

I �0�Q�F�S�B�U�P�S�T �B�U �O�P�E�F�T �H�S�P�V�Q�F�E �J�O�U�P �P�O�F �P�S �N�P�S�F�)�"
�V�O�J�U�T��

I �&�B�D�I �)�" �V�O�J�U �D�I�F�D�L�Q�P�J�O�U�F�E �U�P �B �C�B�D�L�V�Q �T�F�S�W�F�S
I �&�B�D�I �D�I�F�D�L�Q�P�J�O�U �D�P�O�U�B�J�O�T �P�Q�F�S�B�U�P�S �T�U�B�U�V�F�
 �J�O�Q�V�U

�R�V�F�V�F�
 �B�O�E �P�V�U�Q�V�U �R�V�F�V�F�T��
I �5�V�Q�M�F�T �C�V�ç�F�S�F�E �B�U �V�Q�T�U�S�F�B�N �O�P�E�F�T �V�O�U�J�M �F�ç�F�D�U�T

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

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

�����¸����



�#�P�S�F�B�M�J�T �)�" �4�D�I�F�E�V�M�J�O�H

�#�P�S�F�B�M�J�T �)�" �O�P�E�F�T �Q�F�S�G�P�S�N �G�B�V�M�U���U�P�M�F�S�B�O�D�F �P�Q�F�S�B�U�J�P�O�T
�X�I�F�O �J�E�M�F�� �1�P�T�T�J�C�M�F �B�D�U�J�P�O�T��

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

I �1�B�T�U�F�� �N�F�S�H�F �B �E�F�M�U�B �T�O�B�Q�T�I�P�U �S�F�D�F�J�W�F�E �G�S�P�N
�B�O�P�U�I�F�S �O�P�E�F �J�O�U�P �U�I�F �C�B�D�L�V�Q �D�P�Q�Z �P�G �B�O �)�" �V�O�J�U

�.�J�O���.�B�Y �4�D�I�F�E�V�M�J�O�H

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

�����¸����



�#�P�S�F�B�M�J�T �)�" �4�D�I�F�E�V�M�J�O�H

�#�P�S�F�B�M�J�T �)�" �O�P�E�F�T �Q�F�S�G�P�S�N �G�B�V�M�U���U�P�M�F�S�B�O�D�F �P�Q�F�S�B�U�J�P�O�T
�X�I�F�O �J�E�M�F�� �1�P�T�T�J�C�M�F �B�D�U�J�P�O�T��

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

I �1�B�T�U�F�� �N�F�S�H�F �B �E�F�M�U�B �T�O�B�Q�T�I�P�U �S�F�D�F�J�W�F�E �G�S�P�N
�B�O�P�U�I�F�S �O�P�E�F �J�O�U�P �U�I�F �C�B�D�L�V�Q �D�P�Q�Z �P�G �B�O �)�" �V�O�J�U

�.�J�O���.�B�Y �4�D�I�F�E�V�M�J�O�H

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

�����¸����



�#�P�S�F�B�M�J�T �)�" �'�B�J�M�P�W�F�S

�"�G�U�F�S �B �O�P�E�F�' �G�B�J�M�T�
 �G�P�S �F�B�D�I �)�" �V�O�J�U�V�P�O �U�I�B�U �O�P�E�F�

�#�P�S�F�B�M�J�T �)�" �U�B�L�F�T �U�I�F �G�P�M�M�P�X�J�O�H �B�D�U�J�P�O�T��

�Ö���'�J�O�E�T �U�I�F �T�F�S�W�F�S�#�U�I�B�U �J�T �U�I�F �C�B�D�L�V�Q �G�P�S�V
�×���$�P�O�O�F�D�U�T�#�U�P �U�I�F �E�B�U�B�é�P�X �J�O �U�I�F �Q�M�B�D�F�'
�Ø���'�J�O�J�T�I �Q�B�T�U�J�O�H �U�P �Q�S�F�Q�B�S�F �U�P �F�Y�F�D�V�U�F�V
�Ù���3�F�Q�S�P�D�F�T�T �U�V�Q�M�F�T �C�V�ç�F�S�F�E �J�O �J�O�Q�V�U �U�P�V
�Ú���$�P�O�U�J�O�V�F �O�P�S�N�B�M �F�Y�F�D�V�U�J�P�O
�Û���$�I�F�D�L�Q�P�J�O�U �T�U�B�U�F �U�P �O�F�X �C�B�D�L�V�Q �O�P�E�F �G�P�S�V

�����¸����



�#�P�S�F�B�M�J�T �)�" �1�F�S�G�P�S�N�B�O�D�F
�1�F�S�G�P�S�N�B�O�D�F �B�T �J�O�Q�V�U �S�B�U�F �H�P�F�T �G�S�P�N �Õ �U�V�Q�M�F�T���T�F�D
�B�U�U���Õ �U�P �×�Õ�Õ�Õ �U�V�Q�M�F�T���T�F�D �B�U�U���Ö�Ú�Õ

�3�F�D�P�W�F�S�Z �1�F�S�G�P�S�N�B�O�D�F

0 50 100 150
0

1

2

3

4

5

6

7

8

time (sec)

re
co

ve
ry

 ti
m

e 
(s

ec
)

active standby
whole checkpointing (passive standby)
round robin
min max

 

 

    
   

   

  

 
 

 
 

 
 

   

                    

�� �U�V�Q�M�F�T���T�F�D�� �������� �U�V�Q�M�F�T���T�F�D

�����¸����



�#�P�S�F�B�M�J�T �)�" �1�F�S�G�P�S�N�B�O�D�F
�1�F�S�G�P�S�N�B�O�D�F �B�T �J�O�Q�V�U �S�B�U�F �H�P�F�T �G�S�P�N �Õ �U�V�Q�M�F�T���T�F�D
�B�U�U���Õ �U�P �×�Õ�Õ�Õ �U�V�Q�M�F�T���T�F�D �B�U�U���Ö�Ú�Õ

�1�S�P�D�F�T�T�J�O�H �-�B�U�F�O�D�Z
 

 
 

 
   
 

 

0 50 100 150
0

0.5

1

1.5

2

2.5

3

time (sec)

la
te

nc
y 

(s
ec

)

no HA / active standby
whole checkpointing (passive standby)
mim max/ round robin

  

 
 

 
 

 
 

   

                    

�� �U�V�Q�M�F�T���T�F�D�� �������� �U�V�Q�M�F�T���T�F�D

�����¸����



�1�B�T�T�J�W�F �4�U�B�O�E�C�Z �J�O �#�P�S�F�B�M�J�T �� �4�(�V�B�S�E

�4�(�V�B�S�E�<�,�#�(�Õ�Ý�> �B�M�T�P �J�N�Q�M�F�N�F�O�U�T �D�I�F�D�L�Q�P�J�O�U�J�O�H �B�O�E
�Q�B�T�T�J�W�F �T�U�B�O�E�C�Z �J�O �#�P�S�F�B�M�J�T �T�U�S�F�B�N �Q�S�P�D�F�T�T�J�O�H �F�O�H�J�O�F��

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

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


I �D�I�F�D�L�Q�P�J�O�U �U�S�B�O�T�N�J�T�T�J�P�O �D�P�T�U �	�V�T�F �P�G �)�%�'�4
�S�F�Q�M�J�D�B�U�F�E �è�M�F�T�Z�T�U�F�N�


�.�P�S�F �E�F�U�B�J�M�T �J�O �8�1�&���*�* �S�F�Q�P�S�U��

���	�¸����



�4�Z�T�U�F�N �'�B�V�M�U���5�P�M�F�S�B�O�D�F �5�B�Y�P�O�P�N�Z

�4�Z�T�U�F�N �.�F�U�I�P�E�0�U�I�F�S �'�F�B�U�V�S�F�T
�ú�ò�þ�ì���ï�ü�û ���í �û�û�
�ù�ý
�'�M�V�Y �ì�þ �û�û
�#�P�S�F�B�M�J�T�ì�þ �ÿ�
�ù�ý
�#�P�S�F�B�M�J�T���)�"�û�þ
�4�(�V�B�S�E �û�þ �ù�ý

���í �� �6�Q�T�U�S�F�B�N �#�B�D�L�V�Q
�ì�þ�� �"�D�U�J�W�F �4�U�B�O�E�C�Z
�û�þ�� �1�B�T�T�J�W�F �4�U�B�O�E�C�Z

�û�û�� �1�B�S�U�J�U�J�P�O�F�E �1�B�S�B�M�M�F�M�J�T�N
�ÿ �� �5�F�O�U�B�U�J�W�F �S�F�T�V�M�U�T
�ù�ý�� �O���X�B�Z �3�F�Q�M�J�D�B�U�J�P�O

���
�¸����



�1�F�S�G�P�S�N�B�O�D�F �$�P�N�Q�B�S�J�T�P�O

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

�����¸����



�4�J�N�V�M�B�U�J�P�O �3�F�T�V�M�U�T�<�)�#�3+�Õ�Ú�>
�4�J�N�V�M�B�U�J�P�O �S�F�T�V�M�U�T �J�O�J�U�J�B�M�M�Z �G�B�W�P�S�F�E �V�Q�T�U�S�F�B�N �C�B�D�L�V�Q
�B�O�E �B�D�U�J�W�F �T�U�B�O�E�C�Z��

0 50 100 150 200
0

20

40

60

80

100

120

140

160

180

Bandwidth Overhead for High Availability (%)

R
ec

ov
er

y 
T

im
e 

(m
s)

Passive Standby
Active Standby (rollback) 
Active Standby (precise)
Upstream Backup (rollback)
Upstream Backup (precise) 

           

    

                    

�� �0�Q�F�S�B�U�P�S�� �� �0�Q�F�S�B�U�P�S�T
�����¸����



�&�Y�Q�F�S�J�N�F�O�U�B�M �3�F�T�V�M�U�T�<�)�9�±�;�Õ�Ü�>
�&�Y�Q�F�S�J�N�F�O�U�B�M �S�F�T�V�M�U�T �G�P�S �N�P�S�F �T�P�Q�I�J�T�U�J�D�B�U�F�E
�D�I�F�D�L�Q�P�J�O�U�J�O�H �T�D�I�F�N�F �	�#�P�S�F�B�M�J�T �)�"�
 �G�B�W�P�S �Q�B�T�T�J�W�F
�T�U�B�O�E�C�Z �P�W�F�S �B�D�U�J�W�F �T�U�B�O�E�C�Z��

0 50 100 150
0

1

2

3

4

5

6

7

8

time (sec)

re
co

ve
ry

 ti
m

e 
(s

ec
)

active standby
whole checkpointing (passive standby)
round robin
min max

 

 

    
   

   

  

 
 

 
 

 
 

   

                    

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

�����¸����



�$�P�O�D�M�V�T�J�P�O�� �5�F�D�I�O�J�R�V�F �$�P�N�Q�B�S�J�T�P�O

�"�Q�Q�S�P�B�D�I
�3�F�D�P�W�F�S�Z�$�1�6 �#�B�O�E�X�J�E�U�I
�4�Q�F�F�E �0�W�F�S�I�F�B�E�0�W�F�S�I�F�B�E

�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q�4�M�P�X �-�P�X �-�P�X
�"�D�U�J�W�F �4�U�B�O�E�C�Z�'�B�T�U �)�J�H�I �)�J�H�I
�1�B�T�T�J�W�F �4�U�B�O�E�C�Z�.�F�E �.�F�E �.�F�E

�3�F�D�P�N�N�F�O�E�B�U�J�P�O�T��

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

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

I �1�B�T�T�J�W�F �T�U�B�O�E�C�Z�J�O �B�M�M �P�U�I�F�S �D�B�T�F�T

�����¸����



�$�P�O�D�M�V�T�J�P�O�� �5�F�D�I�O�J�R�V�F �$�P�N�Q�B�S�J�T�P�O

�"�Q�Q�S�P�B�D�I
�3�F�D�P�W�F�S�Z�$�1�6 �#�B�O�E�X�J�E�U�I
�4�Q�F�F�E �0�W�F�S�I�F�B�E�0�W�F�S�I�F�B�E

�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q�4�M�P�X �-�P�X �-�P�X
�"�D�U�J�W�F �4�U�B�O�E�C�Z�'�B�T�U �)�J�H�I �)�J�H�I
�1�B�T�T�J�W�F �4�U�B�O�E�C�Z�.�F�E �.�F�E �.�F�E

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

�S�F�D�P�W�F�S�Z �U�P�M�F�S�B�C�M�F

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

I �1�B�T�T�J�W�F �T�U�B�O�E�C�Z�J�O �B�M�M �P�U�I�F�S �D�B�T�F�T

�����¸����



�$�P�O�D�M�V�T�J�P�O�� �5�F�D�I�O�J�R�V�F �$�P�N�Q�B�S�J�T�P�O

�"�Q�Q�S�P�B�D�I
�3�F�D�P�W�F�S�Z�$�1�6 �#�B�O�E�X�J�E�U�I
�4�Q�F�F�E �0�W�F�S�I�F�B�E�0�W�F�S�I�F�B�E

�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q�4�M�P�X �-�P�X �-�P�X
�"�D�U�J�W�F �4�U�B�O�E�C�Z�'�B�T�U �)�J�H�I �)�J�H�I
�1�B�T�T�J�W�F �4�U�B�O�E�C�Z�.�F�E �.�F�E �.�F�E

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

�S�F�D�P�W�F�S�Z �U�P�M�F�S�B�C�M�F
I �"�D�U�J�W�F �T�U�B�O�E�C�Z�X�I�F�O �G�B�T�U �S�F�D�P�W�F�S�Z �F�T�T�F�O�U�J�B�M �B�O�E

�F�Y�D�F�T�T �T�Z�T�U�F�N �D�B�Q�B�D�J�U�Z

I �1�B�T�T�J�W�F �T�U�B�O�E�C�Z�J�O �B�M�M �P�U�I�F�S �D�B�T�F�T

�����¸����



�$�P�O�D�M�V�T�J�P�O�� �5�F�D�I�O�J�R�V�F �$�P�N�Q�B�S�J�T�P�O

�"�Q�Q�S�P�B�D�I
�3�F�D�P�W�F�S�Z�$�1�6 �#�B�O�E�X�J�E�U�I
�4�Q�F�F�E �0�W�F�S�I�F�B�E�0�W�F�S�I�F�B�E

�6�Q�T�U�S�F�B�N �#�B�D�L�V�Q�4�M�P�X �-�P�X �-�P�X
�"�D�U�J�W�F �4�U�B�O�E�C�Z�'�B�T�U �)�J�H�I �)�J�H�I
�1�B�T�T�J�W�F �4�U�B�O�E�C�Z�.�F�E �.�F�E �.�F�E

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

�S�F�D�P�W�F�S�Z �U�P�M�F�S�B�C�M�F
I �"�D�U�J�W�F �T�U�B�O�E�C�Z�X�I�F�O �G�B�T�U �S�F�D�P�W�F�S�Z �F�T�T�F�O�U�J�B�M �B�O�E

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

�����¸����



�3�F�G�F�S�F�O�D�F�T
�<�#�#�.�4�Õ�Ý�>�.�B�H�E�B�M�F�O�B �#�B�M�B�[�J�O�T�L�B�
 �)�B�S�J �#�B�M�B�L�S�J�T�I�O�B�O�
 �4�B�N�V�F�M �.�B�E�E�F�O�
 �B�O�E �.�J�D�I�B�F�M �4�U�P�O�F�C�S�B�L�F�S�


�'�B�V�M�U���U�P�M�F�S�B�O�D�F �J�O �U�I�F �#�P�S�F�B�M�J�T �E�J�T�U�S�J�C�V�U�F�E �T�U�S�F�B�N �Q�S�P�D�F�T�T�J�O�H �T�Z�T�U�F�N�
 �"�$�. �5�S�B�O�T�B�D�U�J�P�O�T
�P�O �%�B�U�B�C�B�T�F �4�Z�T�U�F�N�T�Ø�Ø�	�×�Õ�Õ�Ý�
�
 �O�P�� �Ö��

�<�$�±�$+�Õ�×�>�%�P�O�B�M�E �$�B�S�O�F�Z�
 �6�H�V�S �±�F�U�J�O�U�F�N�F�M�
 �.�J�U�D�I �$�I�F�S�O�J�B�D�L�
 �$�I�S�J�T�U�J�B�O �$�P�O�W�F�Z�
 �4�B�O�H�E�P�O �-�F�F�

�(�S�F�H �4�F�J�E�N�B�O�
 �.�J�D�I�B�F�M �4�U�P�O�F�C�S�B�L�F�S�
 �/�F�T�J�N�F �5�B�U�C�V�M�
 �B�O�E �4�U�B�O�M�F�Z �#�� �;�E�P�O�J�L�

�.�P�O�J�U�P�S�J�O�H �T�U�S�F�B�N�T �� �B �O�F�X �D�M�B�T�T �P�G �E�B�U�B �N�B�O�B�H�F�N�F�O�U �B�Q�Q�M�J�D�B�U�J�P�O�T�
 �7�-�%�#�
 �.�P�S�H�B�O
�,�B�V�G�N�B�O�O�
 �×�Õ�Õ�×�
 �Q�Q�� �×�Ö�Ú�o�×�×�Û��

�<�)�#�3+�Õ�Ú�>�+�F�P�O�H���)�Z�P�O �)�X�B�O�H�
 �.�B�H�E�B�M�F�O�B �#�B�M�B�[�J�O�T�L�B�
 �"�M�F�Y �3�B�T�J�O�
 �6�H�V�S �±�F�U�J�O�U�F�N�F�M�
 �.�J�D�I�B�F�M
�4�U�P�O�F�C�S�B�L�F�S�
 �B�O�E �4�U�B�O�M�F�Z �#�� �;�E�P�O�J�L�
�)�J�H�I���B�W�B�J�M�B�C�J�M�J�U�Z �B�M�H�P�S�J�U�I�N�T �G�P�S �E�J�T�U�S�J�C�V�U�F�E �T�U�S�F�B�N
�Q�S�P�D�F�T�T�J�O�H�
 �*�$�%�&�
 �*�&�&�& �$�P�N�Q�V�U�F�S �4�P�D�J�F�U�Z�
 �×�Õ�Õ�Ú�
 �Q�Q�� �Ü�Ü�Þ�o�Ü�Þ�Õ��

�<�)�9�±�;�Õ�Ü�>�+�F�P�O�H���)�Z�P�O �)�X�B�O�H�
 �:�J�O�H �9�J�O�H�
 �6�H�V�S �±�F�U�J�O�U�F�N�F�M�
 �B�O�E �4�U�B�O�M�F�Z �#�� �;�E�P�O�J�L�
�" �D�P�P�Q�F�S�B�U�J�W�F�

�T�F�M�G���D�P�O�è�H�V�S�J�O�H �I�J�H�I���B�W�B�J�M�B�C�J�M�J�U�Z �T�P�M�V�U�J�P�O �G�P�S �T�U�S�F�B�N �Q�S�P�D�F�T�T�J�O�H�
 �*�$�%�&�
 �*�&�&�&�
 �×�Õ�Õ�Ü�

�Q�Q�� �Ö�Ü�Û�o�Ö�Ý�Ú��

�<�,�#�(�Õ�Ý�>�:�P�O�H�$�I�V�M �,�X�B�O�
 �.�B�H�E�B�M�F�O�B �#�B�M�B�[�J�O�T�L�B�
 �B�O�E �"�M�C�F�S�U �(�S�F�F�O�C�F�S�H�
�'�B�V�M�U���U�P�M�F�S�B�O�U �T�U�S�F�B�N
�Q�S�P�D�F�T�T�J�O�H �V�T�J�O�H �B �E�J�T�U�S�J�C�V�U�F�E�
 �S�F�Q�M�J�D�B�U�F�E �è�M�F �T�Z�T�U�F�N�
 �7�-�%�#�
 �"�$�.�
 �×�Õ�Õ�Ý�
 �Q�Q�� �Ú�Ü�Ù�o�Ú�Ý�Ú��

�<�4�I�B�Õ�Ù�>�.�F�I�V�M �"�� �4�I�B�I�
�'�M�V�Y�� �" �N�F�D�I�B�O�J�T�N �G�P�S �C�V�J�M�E�J�O�H �S�P�C�V�T�U�
 �T�D�B�M�B�C�M�F �E�B�U�B�é�P�X�T�
 �1�I���%�� �U�I�F�T�J�T�

�6�O�J�W�F�S�T�J�U�Z �P�G �$�B�M�J�G�P�S�O�J�B�
 �#�F�S�L�F�M�F�Z�
 �×�Õ�Õ�Ù��

�<�4�8�Õ�Ú�>�+�J�N �4�N�J�U�I �B�O�E �1�B�V�M �8�B�U�T�P�O�
�'�B�V�M�U���U�P�M�F�S�B�O�D�F �J�O �E�J�T�U�S�J�C�V�U�F�E �R�V�F�S�Z �Q�S�P�D�F�T�T�J�O�H�

�*�O�U�F�S�O�B�U�J�P�O�B�M �%�B�U�B�C�B�T�F �&�O�H�J�O�F�F�S�J�O�H �B�O�E �"�Q�Q�M�J�D�B�U�J�P�O�T �4�Z�N�Q�P�T�J�V�N�
 �*�&�&�& �$�P�N�Q�V�U�F�S
�4�P�D�J�F�U�Z�
 �×�Õ�Õ�Ú�
 �Q�Q�� �Ø�×�Þ�o�Ø�Ø�Ý��

�����¸����


	Introduction
	Need for Distributed Query Processing
	Challenges of dqp
	Review of (Distributed) Query Processing
	Partitioned Data
	Partitioned Parallelism
	Stream Processing

	Recovery Techniques
	Basic Recovery Techniques
	Fault-Tolerance Techniques

	Upstream Backup
	Upstream Backup
	Upstream Backup in ogsa-dqp
	Recovery in ogsa-dqp
	Two-input operators in ogsa-dqp
	Joins in ogsa-dqp

	Active Standby
	Active Standby
	Active Standby in Flux
	Recovery in Flux
	Flux Log Management
	Flux & Partitioned Parallelism
	Active Standby in Borealis

	Passive Standby
	Passive Standby
	Passive Standby in Borealis HA
	Borealis HA Scheduling
	Borealis HA Failover
	Borealis HA Performance
	Passive Standby in Borealis & SGuard

	Comparison & Conclusions
	System Fault-Tolerance Taxonomy
	Performance Comparison
	Simulation Results
	Experimental Results
	Conclusion: Technique Comparison

	References

