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Abstract

Dataceners are becoming of ingrasing importance in modern society, poering cloud services, AI
workloads, and large-scale data processing. For research and planning there is an increasing need
for accurate and comprehensive simulation tools. Networking within datacenters has been largely
overlooked in favor of compute analysis, despite networking contributing to a significant amount of
total datacenter energy expenditure, and the significant impact that compute-network interdepen-
dencies can have on system behavior. We introduce (ODCN), an extension of
(ODC), a peer-reviewed, state-of-the-art datacenter compute simulator. ODCN adds support for
datacenter network simulation, designed to serve research, academic, and industry while enabling
integrated compute-network co-simulation for more accurate and comprehensive system analysis.
The framework supports a broad range of customizable network topologies, both trace-driven and
synthetic traffic-pattern-based workloads, modeling of network protocols and policies, and interac-
tive simulation features for educational use. OpenDCN adopts a high-level, flow-based abstraction
level, which aligns well the more coarse-grained nature of compute simulation. Through a series of
case studies, we demonstrate the utility of ODCN in analyzing performance trade-offs and ineffi-
ciency that a compute-only model is unable to detect.
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�2�p�2�M�i �B�M�p���H�B�/���i�B�Q�M �/�2�b�+�`�B�T�i�B�Q�M

�7�H�Q�r�b�i���`�i(�M�b; �M�/; �/; �i) 3
�B�M�B�i�B���i�2�b �� �M�2�r �~�Q�r �7�`�Q�K �b�Q�m�`�+�2 �M�Q�/�2ns �i�Q �/�2�b�i�B�M���i�B�Q�M �M�Q�/�2nd �- �r�B�i�?
�/�2�K���M�/d ���M�/ �i���`�;�2�i �/���i�� �i�`���M�b�7�2�` �b�B�x�2t�X

�7�H�Q�r�+�?���M�;�2(�7; �/) 3 �m�T�/���i�2�b �i�?�2 �/�2�K���M�/ �Q�7 �~�Q�rf �i�Q �� �M�2�r �p���H�m�2d�X

�7�H�Q�r�b�i�Q�T(�7) 3 �i�2�`�K�B�M���i�2�b �~�Q�rf

�H�B�M�F�K���F�2(�M�R; �M�k; �#) 3 ���/�/�b �� �H�B�M�F �+�Q�M�M�2�+�i�B�M�; �M�Q�/�2�bn1 ���M�/n2�X

�H�B�M�F�`�2�K�Q�p�2�f�7���B�H(�H) 3 �`�2�K�Q�p�2�b �H�B�M�Fl

�M�Q�/�2�K���F�2(�T; �b) 7
���/�/�b �� �M�2�r �M�Q�/�2 �i�Q �i�?�2 �M�2�i�r�Q�`�F�- �r�B�i�? �M�m�K�#�2�` �Q�7 �T�Q�`�i�bp ���M�/ �K���t�B�K�m�K
�T�Q�`�i �b�T�2�2�/s�X

�M�Q�/�2�`�2�K�Q�p�2�f�7���B�H(�M) 3 �`�2�K�Q�p�2�b �M�Q�/�2n

�M�Q�/�2�Q�7�7(�M) 3
�M�Q�/�2n �`�2�K���B�M�b �T�?�v�b�B�+���H�H�v �+�Q�M�M�2�+�i�2�/ �#�m�i �M�Q �i�`���{�+ �+���M �T���b�b �i�?�`�Q�m�;�?
���M�/ �T�Q�r�2�` �+�Q�M�b�m�K�T�i�B�Q�M �B�b �b�2�i �i�Q �y�X

�M�Q�/�2�Q�M(�M) 3 �B�M�p�2�`�b�2 �Q�7�M�Q�/�2�Q�7�7�X

3 �4 �K���v �+���m�b�2 �B�M�p���H�B�/���i�B�Q�M �Q�7 �M�2�i�r�Q�`�F �b�i���i�2 ���M�/ �T�`�Q�T���;���i�B�Q�M �Q�7 �m�T�/���i�2�b

�h���#�H�2 �j�X�R�, �a�2�i �Q�7 �M�2�i�r�Q�`�F �2�p�2�M�i�b �B�M �Q�m�` �K�Q�/�2�H�X

�j�X�j�X�j�L�2�i�r�Q�`�F �a�i���#�B�H�B�i�v ���M�/ �1�p�2�M�i�b

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

�L�2�i�r�Q�`�F �a�i���#�B�H�B�i�v�X�� �M�2�i�r�Q�`�F �b�i���i�2 �B�b �+�Q�M�b�B�/�2�`�2�/ �b�i���#�H�2 �r�?�2�M ���H�H �T�2�M�/�B�M�; �m�T�/���i�2�b �?���p�2 �#�2�2�M
�+�Q�K�T�H�2�i�2�H�v �T�`�Q�T���;���i�2�/ ���M�/ ���T�T�H�B�2�/ ���+�`�Q�b�b �i�?�2 �b�v�b�i�2�K�- �b�m�+�? �i�?���i�- �r�B�i�?�Q�m�i ���M�v �2�t�i�2�`�M���H�H�v �i�`�B�;�;�2�`�2�/
�2�p�2�M�i�b�- �i�?�2 �b�v�b�i�2�K �`�2�K���B�M�b �m�M�+�?���M�;�2�/ �Q�p�2�` �i�B�K�2�X �:�B�p�2�M �i�?���i �i�B�K�2 ���/�p���M�+�2�b �Q�M�H�v �r�?�2�M �i�?�2 �M�2�i�r�Q�`�F
�B�b �B�M �� �b�i���#�H�2 �b�i���i�2�- �m�M�/�2�` �i�?�2 ���b�b�m�K�T�i�B�Q�M �Q�7 �/�2�i�2�`�K�B�M�B�b�i�B�+ �T�Q�H�B�+�B�2�b�- �T�`�Q�i�Q�+�Q�H�b�- ���M�/ �7���B�H�m�`�2 �K�Q�/�@
�2�H�b�- �i�?�2 �Q�p�2�`���H�H �b�v�b�i�2�K �#�2�?���p�B�Q�` �#�2�+�Q�K�2�b �i�?�2�Q�`�2�i�B�+���H�H�v �7�m�H�H�v �/�2�i�2�`�K�B�M�B�b�i�B�+�X�>�Q�r �i�?�B�b �B�b �2�M�b�m�`�2�/ ���M�/
�B�K�T�H�2�K�2�M�i���i�B�Q�M �B�b �2�t�T�H���B�M�2�/ �B�M �a�2�+�i�B�Q�M �9�X�k�X�k�X

�6�B�;�m�`�2 �j�X�j�, �h�B�K�2�H�B�M�2 �1�t���K�T�H�2 �Q�7 �i�r�Q �6�H�Q�r�b�ö �1�p�2�M�i�b�X

�.�2�b�T�B�i�2 �i�?�2 �H�2�p�2�H �Q�7 ���#�b�i�`���+�i�B�Q�M�- �r�2 ���`�;�m�2 �i�?���i �i�?�2 �K�Q�/�2�H �K���M�i���B�M�b �b�m�{�+�B�2�M�i �}�/�2�H�B�i�v �7�Q�` �i�?�2 �T�m�`�@
�T�Q�b�2�b �Q�7 �Q�m�` �2�p���H�m���i�B�Q�M�- �b�T�2�+�B�}�+���H�H�v �B�M �i�?�2 ���M���H�v�b�B�b �Q�7 �+�Q�M�;�2�b�i�B�Q�M �/�v�M���K�B�+�b�- �2�M�2�`�;�v �+�Q�M�b�m�K�T�i�B�Q�M�-
�#���M�/�r�B�/�i�? ���H�H�Q�+���i�B�Q�M�- ���M�/ �Z�Q�a �K�2�i�`�B�+�b�- ���b �r�B�H�H �#�2 �/�2�K�Q�M�b�i�`���i�2�/ �B�M �*�?���T�i�2�` �8�X �q�2 �T�`�Q�+�2�2�/ �#�v
�7�Q�`�K���H�B�x�B�M�; �i�?�2 �+�H���b�b �Q�7 �M�2�i�r�Q�`�F �2�p�2�M�i�b �i�?���i�- �r�B�i�?�B�M �Q�m�` �K�Q�/�2�H�- �K���v �B�M�p���H�B�/���i�2 �i�?�2 �M�2�i�r�Q�`�F �b�i���i�2
���M�/ �i�`�B�;�;�2�` �m�T�/���i�2 �T�`�Q�T���;���i�B�Q�M�X �h�?�2 �b�2�i �Q�7 �b�m�+�? �2�p�2�M�i�b �B�b �b�m�K�K���`�B�x�2�/ �B�M �h���#�H�2 �j�X�R�- �r�?�B�H�2 �6�B�;�m�`�2 �j�X�j
�b�?�Q�r�b �i�?�2 �i�B�K�2�H�B�M�2 �Q�7 �i�r�Q �~�Q�r�b ���M�/ �i�?�2 �m�T�/���i�2 �T�`�Q�T���;���i�B�Q�M�b �i�?���i �i�?�2�v �i�`�B�;�;�2�`�X
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�6�B�;�m�`�2 �j�X�9�, �P�p�2�`�p�B�2�r �Q�7 �S�Q�H�B�+�v �J���M���;�2�K�2�M�i�X �(�h�P �"�1 ���.���S�h�1�.�)

�j�X�9 �J���M���;�B�M�; �_�Q�m�i�B�M�;�- �1�M�2�`�;�v �a���p�B�M�; ���M�/ �Z�Q�a �a�i�`���i�2�;�B�2�b

�q�2 �/�2�b�+�`�B�#�2 �i�?�2 �p���`�B�Q�m�b �K�2�+�?���M�B�b�K�b �i�?�`�Q�m�;�? �r�?�B�+�? �i�?�2 �b�B�K�m�H���i�Q�` �2�M���#�H�2�b �m�b�2�`�b �i�Q �B�K�T�H�2�K�2�M�i �+�m�b�@
�i�Q�K �b�i�`���i�2�;�B�2�b �7�Q�` �`�Q�m�i�B�M�;�- �2�M�2�`�;�v �2�{�+�B�2�M�+�v�- ���M�/ �Z�Q�a �K���M���;�2�K�2�M�i�X ���M �Q�p�2�`�p�B�2�r �Q�7 �i�?�2 �T�Q�H�B�+�v
�K���M���;�2�K�2�M�i �K�Q�/�2�H �B�b �B�H�H�m�b�i�`���i�2�/ �B�M �6�B�;�m�`�2 �j�X�9�X

�h�?�2�o�J �S�H���+�2�K�2�M�i�U�� �V �B�b �i�?�2 �T�`�Q�+�2�b�b �Q�7 �b�2�H�2�+�i�B�M�; ���M ���T�T�`�Q�T�`�B���i�2 �?�Q�b�i �K���+�?�B�M�2�- �#���b�2�/ �Q�M �`�2�b�Q�m�`�+�2
���p���B�H���#�H�2 �Q�M �b�m�+�? �K���+�?�B�M�2�- �7�Q�` �2�t�2�+�m�i�B�M�; �� �b�T�2�+�B�}�+ �D�Q�#�f�i���b�F�X �h�?�2�Z�Q�a �S�Q�H�B�+�B�2�b�U�" �V �/�2�}�M�2 �?�Q�r �M�2�i�@
�r�Q�`�F �`�2�b�Q�m�`�+�2�b�- �i�v�T�B�+���H�H�v �#���M�/�r�B�/�i�?�- ���`�2 ���H�H�Q�+���i�2�/ �i�Q �2���+�? �~�Q�r �Q�` �D�Q�#�- ���+�+�Q�`�/�B�M�; �i�Q �b�Q�K�2 ���H�;�Q�`�B�i�?�K�X
�h�?�2�1�M�2� �̀;�v �a���p�B�M�; �S�Q�H�B�+�B�2�b�U�* �V �B�K�T�H�2�K�2�M�i �2�M�2�`�;�v�@�2�{�+�B�2�M�i �b�i�`���i�2�;�B�2�b�- �b�m�+�? ���b �T�Q�r�2�`�B�M�; �/�Q�r�M �Q�`
���/�D�m�b�i�B�M�; �K���t�B�K�m�K �b�T�2�2�/�b �Q�7 �T�Q�`�i�b ���M�/ �b�r�B�i�+�?�2�b�- ���b �r�2�H�H ���b �`�2�`�Q�m�i�B�M�; �M�2�i�r�Q�`�F �~�Q�r�b �i�Q �`�2�/�m�+�2 �Q�p�2�`�@
���H�H �2�M�2�`�;�v �+�Q�M�b�m�K�T�i�B�Q�M�X �h�?�2�_�Q�m�i�B�M�; �S� �̀Q�i�Q�+�Q�H�b�U�. �V �/�2�i�2�`�K�B�M�2 �?�Q�r �~�Q�r�b ���`�2 �`�Q�m�i�2�/ �i�?�`�Q�m�;�? �i�?�2
�M�2�i�r�Q�`�F�X �h�?�2�b�2 �T�`�Q�i�Q�+�Q�H�b �i�v�T�B�+���H�H�v �#���H���M�+�2 ���+�?�B�2�p�B�M�; �?�B�;�? �T�2�`�7�Q�`�K���M�+�2 �#�v �/�B�b�i�`�B�#�m�i�B�M�; �i�?�2 �r�Q�`�F�H�Q���/
���+�`�Q�b�b �K�m�H�i�B�T�H�2 �T���i�?�b�- �r�B�i�? �i�?�2 �M�2�2�/ �i�Q �2�t�+�H�m�/�2 �+�2�`�i���B�M �H�B�M�F�b �i�Q �2�M���#�H�2 �i�?�2 �2�M�2�`�;�v�@�b���p�B�M�; �T�Q�H�B�+�B�2�b �i�Q
�T�Q�r�2�` �/�Q�r�M �+�2�`�i���B�M �/�2�p�B�+�2�b�X ���b �� �`�2�b�m�H�i�- �`�Q�m�i�B�M�; �T�`�Q�i�Q�+�Q�H�b ���M�/ �2�M�2�`�;�v�@�b���p�B�M�; �b�i�`���i�2�;�B�2�b ���`�2 �+�H�Q�b�2�H�v
�+�Q�`�`�2�H���i�2�/�- �Q�7�i�2�M �B�M�~�m�2�M�+�B�M�; �2���+�? �Q�i�?�2�`�ö�b �#�2�?���p�B�Q�` ���M�/ �2�z�2�+�i�B�p�2�M�2�b�b�X �q�2 �2�p���H�m���i�2 �i�?�2 �B�K�T���+�i �Q�7
�/�B�z�2�`�2�M�i �`�Q�m�i�B�M�; �T�`�Q�i�Q�+�Q�H�b �B�M �a�2�+�i�B�Q�M �8�X�j�X�R�X�o�K ���H�H�Q�+���i�B�Q�M���M�/�Z�Q�a �S�Q�H�B�+�B�2�b�+���M �#�2�1�t�i�2�`�M���H�H�v
�J���M���;�2�/�U�1 �V�- ���M�/ ���T�T�H�B�2�/ �i�?�`�Q�m�;�? �i�?�2 �L�2�i�r�Q�`�F �*�Q�M�i�`�Q�H�H�2�` �B�M�i�2�`�7���+�2�X �A�M �T���`�i�B�+�m�H���`�- �o�K ���H�H�Q�+���i�B�Q�M
�+���M �#�Q�i�? �#�2 �T�`�2�@�/�2�}�M�2�/ �#�v �+�2�`�i���B�M �i�`���+�2 �7�Q�`�K���i�b �Q�` �/�2�i�2�`�K�B�M�2�/ �/�v�M���K�B�+���H�H�v ���i �`�m�M�i�B�K�2 �i�?�`�Q�m�;�? ��
�T�`�Q�p�B�b�B�Q�M�B�M�; �T�`�Q�+�2�b�b�- �K���M���;�2�/ �#�v �i�?�2 �+�Q�K�T�m�i�2 �b�B�K�m�H���i�Q�` �H�Q�;�B�+�X �h�?�2 �L�2�i�r�Q�`�F �+�Q�M�i�`�Q�H�H�2�` �Q�z�2�`�b �`�2���H�@
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a � g a � p � g R � p + R �(a� 1)
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k R � c (k � 1) �n �R
2 + c � R
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�b�+���H���#�B�H�B�i�v�f�T�2�`�7�Q�`�K���M�+�2�- ���M�/�T� �̀��+�i�B�+���H �m�i�B�H�B�i�v�7�Q�H�H�Q�r�B�M�; �i�?�`�2�2 �;�m�B�/�B�M�; �[�m�2�b�i�B�Q�M�b�,

�Ç �.�Q�2�b�P�T�2�M�.�*�L�`�2�T�`�Q�/�m�+�2 �2�t�T�2�+�i�2�/ �M�2�i�r�Q�`�F �#�2�?���p�B�Q�` �m�M�/�2�` �+�Q�M�i�`�Q�H�H�2�/ �B�M�T�m�i�b�\

�Ç �>�Q�r �/�Q�2�b�P�T�2�M�.�*�L�T�2�`�7�Q�`�K ���b �T�`�Q�#�H�2�K �b�B�x�2 ���M�/ �+�Q�M�+�m�`�`�2�M�+�v �B�M�+�`�2���b�2 �U�b�+���H���#�B�H�B�i�v�f�`�m�M�i�B�K�2�V�\

�Ç �q�?���i �b�v�b�i�2�K�@�H�2�p�2�H �B�M�b�B�;�?�i�b �#�2�+�Q�K�2 �p�B�b�B�#�H�2 �r�?�2�M �i�?�2 �M�2�i�r�Q�`�F �B�b �K�Q�/�2�H�2�/ ���H�Q�M�;�b�B�/�2 �+�Q�K�T�m�i�2
�U�p�b�X �+�Q�K�T�m�i�2�@�Q�M�H�v�V�\

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

�j�3



�*�?���T�i�2�` �8�, �1�t�T�2�`�B�K�2�M�i�b

�6�Q�+�m�b �a�2�+�i�B�Q�M
�a�B�K�X

�J�Q�/�2
�.�2�b�+�`�B�T�i�B�Q�M

���+�+�m�`���+�v �a�2�+�i�B�Q�M �8�X�k�X�R
�h�`���{�+
�S���i�i�2�`�M

�*�Q�K�T���`�2 �i�`���{�+ �T���i�i�2�`�M �b�B�K�m�H���i�B�Q�M ���+�+�m�`���+�v ���;���B�M�b�i �"�Q�Q�F�@
�a�B�K �(�j�j�)�- �� �T�2�2�`�@�`�2�p�B�2�r�2�/ �+�v�+�H�2�@���+�+�m�`���i�2 �M�2�i�r�Q�`�F �b�B�K�m�H���i�Q�`�X

�S�2�`�7�Q�`�K���M�+�2�-
�a�+���H���#�B�H�B�i�v

�a�2�+�i�B�Q�M �8�X�k�X�k
�h�`���{�+
�S���i�i�2�`�M

�*�Q�K�T���`�2 �i�`���{�+ �T���i�i�2�`�M �b�B�K�m�H���i�B�Q�M �T�2�`�7�Q�`�K���M�+�2 ���;���B�M�b�i �"�Q�Q�F�@
�a�B�K�X

�h�Q�T�Q�H�Q�;�v�-
�_�Q�m�i�B�M�;�-
�1�M�2�`�;�v�- �Z�Q�a

�a�2�+�i�B�Q�M �8�X�j�X�R
�h�`���+�2
�"���b�2�/

�1�p���H�m���i�B�M�; �B�K�T���+�i �Q�7 �i�Q�T�Q�H�Q�;�v ���M�/ �`�Q�m�i�B�M�; �T�`�Q�i�Q�+�Q�H �Q�M �2�M�2�`�;�v
�2�{�+�B�2�M�+�v ���M�/ �Z�Q�a�X

�S�2�`�7�Q�`�K���M�+�2�-
�a�+���H���#�B�H�B�i�v

�a�2�+�i�B�Q�M �8�X�j�X�k
�h�`���+�2
�"���b�2�/

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

�1�M�X ���i�i�`�B�#�m�i�B�Q�M �a�2�+�i�B�Q�M �8�X�9�X�R �*�Q�K�#�B�M�2�/
�1�t���K�T�H�2 �m�b�2 �+���b�2 �7�Q�` �2�p���H�m���i�B�M�; �2�M�2�`�;�v �B�K�T���+�i �Q�7 �M�2�i�r�Q�`�F �`�2�H�@
���i�B�p�2 �i�Q �i�?���i �Q�7 �+�Q�K�T�m�i�2�f �i�?�2 �`�2�b�i �Q�7 �i�?�2 �A�h �B�M�7�`���b�i�`�m�+�i�m�`�2�X

�h���b�F �Z�Q�a�-
�L�2�i�r�Q�`�F �a�2�M�b�B�i�B�p�B�i�v

�a�2�+�i�B�Q�M �8�X�9�X�k �*�Q�K�#�B�M�2�/
�A�M�p�2�b�i�B�;���i�B�M�; �i���b�F �b�+�?�2�/�m�H�B�M�;�- �2�t�2�+�m�i�B�Q�M�- ���M�/ �+�Q�K�T�H�2�i�B�Q�M �T�2�`�@
�7�Q�`�K���M�+�2 �/�2�T�2�M�/�2�M�+�v �Q�M �M�2�i�r�Q�`�F�X

�h���#�H�2 �8�X�R�, �P�p�2�`�p�B�2�r �Q�7 �i�?�2 �2�t�T�2�`�B�K�2�M�i�b �/�B�b�+�m�b�b�2�/ �B�M �i�?�B�b �b�2�+�i�B�Q�M�X

�8�X�R�1�t�T�2�`�B�K�2�M�i�b �P�p�2�`�p�B�2�r

�h�?�B�b �b�2�+�i�B�Q�M �2�p���H�m���i�2�b�P�T�2�M�.�*�L�B�M ���H�H �i�?�`�2�2 �K���B�M �b�B�K�m�H���i�B�Q�M �K�Q�/�2�b �U�2�t�+�H�m�/�B�M�; �B�M�i�2�`���+�i�B�p�2�V�X �h�?�2
�2�t�T�2�`�B�K�2�M�i�b ���`�2 �b�m�K�K���`�B�x�2�/ �B�M �h���#�H�2 �8�X�R�X �q�2 �p���H�B�/���i�2 �i�`���{�+�@�T���i�i�2�`�M �b�B�K�m�H���i�B�Q�M ���;���B�M�b�i �"�Q�Q�F�a�B�K�ö�b
�#���b�2�H�B�M�2 �+�Q�K�T���`�B�M�; �`�m�M�i�B�K�2 �b�+���H���#�B�H�B�i�v �r�B�i�? �p���`�v�B�M�; �i�Q�T�Q�H�Q�;�v �b�B�x�2�b ���M�/ �B�M�D�2�+�i�B�Q�M �`���i�2�b �U�a�2�+�i�B�Q�M �8�X�k�V�X
�q�2 �B�M�p�2�b�i�B�;���i�2 �?�Q�r �i�Q�T�Q�H�Q�;�v ���M�/ �`�Q�m�i�B�M�; �T�`�Q�i�Q�+�Q�H�b ���z�2�+�i �Z�Q�a ���M�/ �2�M�2�`�;�v �2�{�+�B�2�M�+�v �i�?�`�Q�m�;�? �i�`���+�2�@
�#���b�2�/ �b�B�K�m�H���i�B�Q�M �B�M �a�2�+�i�B�Q�M �8�X�j�X ���/�/�B�i�B�Q�M���H�H�v�- �r�2 ���H�b�Q ���b�b�2�b�b �i�`���+�2�@�#���b�2�/ �b�+���H���#�B�H�B�i�v �7�Q�` �B�M�+�`�2���b�B�M�;
�M�2�i�r�Q�`�F �i�Q�T�Q�H�Q�;�B�2�b�X �A�M �a�2�+�i�B�Q�M �8�X�9 �r�2 �K���F�2 �m�b�2 �Q�7 �i�?�2 �B�M�i�2�;�`���i�2�/�P�T�2�M�.�*�T�2�`�7�Q�`�K�B�M�; �+�Q�K�T�m�i�2�@
�M�2�i�r�Q�`�F �+�Q�@�b�B�K�m�H���i�B�Q�M�- ���i�i�`�B�#�m�i�B�M�; �2�M�2�`�;�v �+�Q�M�b�m�K�T�i�B�Q�M �i�Q �i�?�2 �i�r�Q �K�Q�/�m�H�2�b�X ���/�/�B�i�B�Q�M���H�H�v�- �r�2 �T�2�`�@
�7�Q�`�K �i���b�F �/�2�H���v ���M�/ �b�H�Q�r�/�Q�r�M ���M���H�v�b�B�b �`�2�H���i�B�p�2 �i�Q �� �+�Q�K�T�m�i�2�@�Q�M�H�v �#���b�2�H�B�M�2�X

�8�X�k�h�`���{�+�@�S���i�i�2�`�M �a�B�K�m�H���i�B�Q�M�, �o���H�B�/���i�B�Q�M ���M�/ �S�2�`�7�Q�`�K���M�+�2 �p�b�X
�"�Q�Q�F�a�B�K

�A�M �i�?�B�b �2�t�T�2�`�B�K�2�M�i�- �r�2 �2�p���H�m���i�2 �i�?�2 �P�.�*�L �i�`���{�+ �T���i�i�2�`�M �b�B�K�m�H���i�Q�` �#�v �+�Q�K�T���`�B�M�; �B�i�b �T�2�`�7�Q�`�K���M�+�2
���;���B�M�b�i �"�Q�Q�F�b�B�K �(�j�j�)�- �� �r�B�/�2�H�v ���/�Q�T�i�2�/�- �T�2�2�`�@�`�2�p�B�2�r�2�/�- �+�v�+�H�2�@���+�+�m�`���i�2 �b�B�K�m�H���i�Q�` �7�`�2�[�m�2�M�i�H�v �m�b�2�/
�B�M �M�2�i�r�Q�`�F�@�Q�M�@�+�?�B�T �`�2�b�2���`�+�?�X �A�M �a�2�+�i�B�Q�M �8�X�k�X�R�- �r�2 ���b�b�2�b�b �i�?�2 ���+�+�m�`���+�v �Q�7 �P�.�*�L �#�v �+�Q�K�T���`�B�M�; �B�i�b
�`�2�b�m�H�i�b �i�Q �"�Q�Q�F�b�B�K�ö�b �B�M �i�2�`�K�b �Q�7 ���+�+�2�T�i���M�+�2 �`���i�2 ���b �� �7�m�M�+�i�B�Q�M �Q�7 �B�M�+�`�2���b�B�M�; �Q�z�2�`�2�/ �H�Q���/�- ���+�`�Q�b�b
�i�r�Q �/�B�z�2�`�2�M�i �M�2�i�r�Q�`�F �i�Q�T�Q�H�Q�;�B�2�b�X �A�M �a�2�+�i�B�Q�M �8�X�k�X�k�- �r�2 �2�p���H�m���i�2 �i�?�2 �`�m�M�i�B�K�2 �T�2�`�7�Q�`�K���M�+�2 �Q�7 �#�Q�i�?
�b�B�K�m�H���i�Q�`�b ���b �M�2�i�r�Q�`�F �+�Q�K�T�H�2�t�B�i�v ���M�/ �B�M�D�2�+�i�B�Q�M �`���i�2 �B�M�+�`�2���b�2�X

�8�X�k�X�R���+�+�m�`���+�v �p�b�X �"�Q�Q�F�a�B�K �U���+�+�2�T�i�2�/ �_���i�2 �m�M�/�2�` �P�z�2�`�2�/ �G�Q���/�V

�h�Q �2�M���#�H�2 �� �K�2���M�B�M�;�7�m�H �+�Q�K�T���`�B�b�Q�M�- �r�2 ���/�Q�T�i �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �K�2�i�`�B�+�b �`�2�T�Q�`�i�2�/ �#�v �"�Q�Q�F�b�B�K ���M�/
�+�Q�M�p�2�`�i �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �P�.�*�L �Q�m�i�T�m�i�b ���+�+�Q�`�/�B�M�;�H�v�X �a�T�2�+�B�}�+���H�H�v�- �r�2 ���H�B�;�M �P�.�*�L�ö�b �Q�m�i�T�m�i �r�B�i�?
�"�Q�Q�F�b�B�K�ö�b ���p�2�`���;�2 ���+�+�2�T�i�2�/ �~�B�i �`���i�2 �#�v �K���T�T�B�M�; �B�i �i�Q �P�.�*�L�ö�b ���p�2�`���;�2 �.�a�_�- ���b �/�2�}�M�2�/ �B�M �1�[�m���@
�i�B�Q�M �U�k�X�R�k�V�- �b�+���H�2�/ �#�v �i�?�2 �B�M�D�2�+�i�B�Q�M �`���i�2�X

���b�b�m�K�B�M�; ���H�H �i�2�`�K�B�M���H�b �B�M �P�.�*�L �Q�T�2�`���i�2 ���i �i�?�2 �b���K�2 �M�Q�K�B�M���H �b�T�2�2�/s ���M�/ �B�M�D�2�+�i �i�`���{�+ ���i �� �/�2�K���M�/

�j�N



�*�?���T�i�2�` �8�, �1�t�T�2�`�B�K�2�M�i�b

�U���V �6�H���i�~�v�U�M�4�k�-�F�4�9�-�+�4�9�V �U�#�V �.�`���;�Q�M�~�v�U���4�3�-�?�4�9�-�T�4�9�-�;�4�j�j�V

�6�B�;�m�`�2 �8�X�R�, �*�Q�K�T���`�B�b�Q�M �Q�7 �i�`���{�+ �T���i�i�2�`�M �b�B�K�m�H���i�B�Q�M �`�2�b�m�H�i�b �m�M�/�2�` �B�M�+�`�2�K�2�M�i���H �B�M�D�2�+�i�B�Q�M �`���i�2�b�X
�h�?�`�Q�m�;�?�T�m�i �B�b �K���t�B�K�B�x�2�/ �r�?�2�M �i�?�2 ���+�+�2�T�i�2�/ �`���i�2 �K���i�+�?�2�b �i�?�2 �Q�z�2�`�2�/ �H�Q���/�X

�H�2�p�2�Hd = p � s�- �r�?�2�`�2p 2 [0; 1] �B�b �i�?�2 �M�Q�`�K���H�B�x�2�/ �Q�z�2�`�2�/ �H�Q���/�- �i�?�2 ���+�+�2�T�i�2�/ �`���i�2 �U�/�2�M�Q�i�2�/���+�+�V �+���M
�#�2 �2�t�T�`�2�b�b�2�/ ���b�,

���+�+= �.�a�_ � p �U�8�X�R�V

�h�?�2 ���i�i�2�K�T�i�2�/ �B�M�D�2�+�i�B�Q�M �`���i�2 �B�M �"�Q�Q�F�b�B�K �+�Q�`�`�2�b�T�Q�M�/�b �/�B�`�2�+�i�H�v �i�Qp�X

�1�t�T�2�`�B�K�2�M�i �a�2�i�m�T�,�q�2 �2�p���H�m���i�2 �T�2�`�7�Q�`�K���M�+�2 �Q�M �i�r�Q �/�B�z�2�`�2�M�i �i�Q�T�Q�H�Q�;�B�2�b�,�6�H���i�~�v���M�/�.� �̀��;�Q�M�~�v�X
�h�?�2 �6�H���i�~�v �i�Q�T�Q�H�Q�;�v �B�b �+�Q�M�}�;�m�`�2�/ �r�B�i�? �T���`���K�2�i�2�`�bn = 2 �-k = 4 �- ���M�/c = 4 �- �`�2�b�m�H�i�B�M�; �B�M �� �i�Q�i���H �Q�7
�3�y �M�Q�/�2�b�- �Q�7 �r�?�B�+�? �e�9 ���`�2 �i�2�`�K�B�M���H�b�- ���M�/ �R�R�k �H�B�M�F�b�X �h�?�2 �.�`���;�Q�M�~�v �i�Q�T�Q�H�Q�;�v �m�b�2�b �T���`���K�2�i�2�`�ba = 8 �-
p = 4 �-h = 4 �- ���M�/g = 33�- �v�B�2�H�/�B�M�; �� �b�B�;�M�B�}�+���M�i�H�v �H���`�;�2�` �M�2�i�r�Q�`�F �r�B�i�? �R�j�k�y �M�Q�/�2�b �U�R�y�8�e �i�2�`�K�B�M���H�V
���M�/ �k�8�y�3 �H�B�M�F�b�X

�.�m�2 �i�Q �b�B�K�m�H���i�B�Q�M �i�B�K�2 �H�B�K�B�i���i�B�Q�M�b �B�M �"�Q�Q�F�b�B�K �r�?�2�M �m�b�B�M�; �6�H���i�~�v �r�B�i�? �`���M�/�Q�K�B�x�2�/ �`�Q�m�i�B�M�;�- �i�?�2
�6�H���i�~�v �M�2�i�r�Q�`�F �+�Q�M�}�;�m�`���i�B�Q�M �B�b �F�2�T�i �b�K���H�H�2�`�X �_�Q�m�i�B�M�; �B�b �+�Q�M�}�;�m�`�2�/ ���b�_���M�/�Q�K �J�B�M�B�K���H �U�_���L�.
�J�A�L�V�7�Q�` �6�H���i�~�v ���M�/�.�2�i�2�`�K�B�M�B�b�i�B�+ �J�B�M�B�K���H �U�J�A�L�V�7�Q�` �.�`���;�Q�M�~�v�- ���b �/�2�b�+�`�B�#�2�/ �B�M �a�2�+�i�B�Q�M �k�X�j�X �A�M
�#�Q�i�? �+���b�2�b�- �i�?�2 �B�M�D�2�+�i�2�/ �i�`���{�+ �7�Q�H�H�Q�r�b ��� �̀��M�/�Q�K �T�2�`�K�m�i���i�B�Q�M�T���i�i�2�`�M �U�a�2�+�i�B�Q�M �k�X�9�V�X

�"�Q�Q�F�b�B�K �B�b �+�Q�M�}�;�m�`�2�/ �r�B�i�? �k �i�Q �3 �p�B�`�i�m���H �+�?���M�M�2�H�b�- �#�m�z�2�` �b�B�x�2�b �`���M�;�B�M�; �7�`�Q�K �j�k �i�Q �k�8�e �~�B�i�b�- �T���+�F�2�i
�b�B�x�2�b �`���M�;�B�M�; �7�`�Q�K �R �i�Q �j�k �~�B�i�b�- ���M�/ �i�?�2 �/�2�7���m�H�i �j�y�y�y �+�v�+�H�2�b �r���`�K �m�T �T�?���b�2�X �P�.�*�L �B�b �+�Q�M�}�;�m�`�2�/
�r�B�i�? �b�m�#�M�2�i�b �7�Q�` �2���+�? �6�H���i�~�v �/�B�K�2�M�b�B�Q�M ���M�/ �.�`���;�Q�M�~�v �;�`�Q�m�T�X �a�B�K�m�H���i�B�Q�M�b ���`�2 �+�Q�M�/�m�+�i�2�/ �m�b�B�M�;
�B�M�D�2�+�i�B�Q�M �`���i�2 �B�M�i�2�`�p���H�b �Q�7 �y�X�y�8�- �r�B�i�? �k�y �`�m�M�b �T�2�` �B�M�D�2�+�i�B�Q�M �`���i�2 �7�Q�` �6�H���i�~�v ���M�/ �8 �`�m�M�b �7�Q�` �.�`���;�Q�M�~�v�X
�h�?�2 �`�2�/�m�+�2�/ �M�m�K�#�2�` �Q�7 �`�m�M�b �7�Q�` �.�`���;�Q�M�~�v �B�b �D�m�b�i�B�}�2�/ �#�v �B�i�b �H���`�;�2�` �b�+���H�2 ���M�/ �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�;�H�v
�H�Q�r�2�` �p���`�B���M�+�2 �B�M �`�2�b�m�H�i�b �m�M�/�2�` �`���M�/�Q�K �T�2�`�K�m�i���i�B�Q�M �i�`���{�+�X

�1�t�T�2�`�B�K�2�M�i �_�2�b�m�H�i�b�,�h�?�2 �`�2�b�m�H�i�b ���`�2 �T�`�2�b�2�M�i�2�/ �B�M �6�B�;�m�`�2 �8�X�R�X �P�p�2�`���H�H�- �i�?�2 �i�r�Q �b�B�K�m�H���i�Q�`�b �T�`�Q�/�m�+�2
�+�Q�K�T���`���#�H�2 �Q�m�i�+�Q�K�2�b�X �L�Q�i���#�H�v�- �P�.�*�L �b�?�Q�r�b �� �b�H�B�;�?�i�H�v �?�B�;�?�2�` ���+�+�2�T�i���M�+�2 �`���i�2 �B�M �i�?�2 �.�`���;�Q�M�~�v
�i�Q�T�Q�H�Q�;�v�- �`�2�~�2�+�i�2�/ �B�M �� �K�Q�`�2 �T�`�Q�M�Q�m�M�+�2�/ �+�m�`�p���i�m�`�2�X

�q�2 ���i�i�`�B�#�m�i�2 �i�?�B�b �/�2�p�B���i�B�Q�M �i�Q �i�?�2 �H�Q�M�;�2�` ���p�2�`���;�2 �T���i�? �H�2�M�;�i�?�b �B�M �.�`���;�Q�M�~�v �+�Q�K�T���`�2�/ �i�Q �6�H���i�~�v�X
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�*�?���T�i�2�` �8�, �1�t�T�2�`�B�K�2�M�i�b

�U���V �_�m�M�i�B�K�2 ���b �� �7�m�M�+�i�B�Q�M �Q�7 �B�M�+�`�2���b�B�M�; �.�`���;�Q�M�~�v
�M�2�i�r�Q�`�F �b�B�x�2 �U�}�t�2�/ �B�M�D�2�+�i�B�Q�M �`���i�2 ���i �R�y�y�W�V�X

�U�#�V �_�m�M�i�B�K�2 ���b �� �7�m�M�+�i�B�Q�M �Q�7 �B�M�+�`�2���b�B�M�; �B�M�D�2�+�i�B�Q�M
�`���i�2 �U�}�t�2�/ �.�`���;�Q�M�~�v �i�Q�T�Q�H�Q�;�v �r�B�i�?a = 12�V�X

�6�B�;�m�`�2 �8�X�k�, �*�Q�K�T���`�B�b�Q�M �Q�7 �i�`���{�+ �T���i�i�2�`�M �b�B�K�m�H���i�B�Q�M �`�m�M�i�B�K�2�b �r�B�i�? �B�M�+�`�2���b�B�M�; �M�2�i�r�Q�`�F �b�B�x�2 ���M�/
�B�M�D�2�+�i�B�Q�M �`���i�2�X

�h�?�2�b�2 ���K�T�H�B�7�v �i�?�2 �M�2�;���i�B�p�2 �2�z�2�+�i�b �Q�7 �b�B�K�m�H���i�2�/ �~�Q�r �+�Q�M�i�`�Q�H �B�M �"�Q�Q�F�b�B�K�- �`�2�b�m�H�i�B�M�; �B�M �/�2�+�`�2���b�2�/
�i�?�`�Q�m�;�?�T�m�i�X ���M ���/�/�B�i�B�Q�M���H �+�Q�M�i�`�B�#�m�i�B�M�; �7���+�i�Q�` �K���v �#�2 �"�Q�Q�F�b�B�K�ö�b �K�Q�/�2�H�B�M�; �Q�7 �p�B�`�i�m���H �+�?���M�M�2�H�b�-
�r�?�B�+�? �B�M�i�`�Q�/�m�+�2�b �7�m�`�i�?�2�` �Q�p�2�`�?�2���/ �M�Q�i ���+�+�Q�m�M�i�2�/ �7�Q�` �B�M �P�.�*�L�X

�J�6�R �P�.�*�L �B�b �+���T���#�H�2 �Q�7 ���+�+�m�`���i�2�H�v �b�B�K�m�H���i�B�M�; �M�2�i�r�Q�`�F �i�`���{�+ �T���i�i�2�`�M�b �r�?�B�H�2 �Q�T�2�`���i�B�M�;
���i �� �b�B�;�M�B�}�+���M�i�H�v �?�B�;�?�2�` �H�2�p�2�H �Q�7 ���#�b�i�`���+�i�B�Q�M �+�Q�K�T���`�2�/ �i�Q �K���M�v �2�t�B�b�i�B�M�; �b�B�K�m�H���i�Q�`�b

�8�X�k�X�k�_�m�M�i�B�K�2 �a�+���H���#�B�H�B�i�v �p�b�X �"�Q�Q�F�a�B�K �U�h�Q�T�Q�H�Q�;�v �a�B�x�2 ���M�/ �A�M�D�2�+�i�B�Q�M �_���i�2�V

�h�Q �b�?�Q�r�+���b�2 �i�?�2 ���/�p���M�i���;�2�b �Q�7 �?�B�;�?�2�`�@�H�2�p�2�H �M�2�i�r�Q�`�F �b�B�K�m�H���i�B�Q�M�- �r�2 �+�Q�K�T���`�2 �i�?�2 �`�m�M�i�B�K�2 �T�2�`�7�Q�`�K���M�+�2
�Q�7 �P�.�*�L ���M�/ �"�Q�Q�F�b�B�K �m�M�/�2�` �p���`�v�B�M�; �M�2�i�r�Q�`�F �+�Q�M�}�;�m�`���i�B�Q�M�b�X �a�T�2�+�B�}�+���H�H�v�- �r�2 ���B�K �i�Q �?�B�;�?�H�B�;�?�i �i�?�2
�b�+���H���#�B�H�B�i�v �Q�7 �2���+�? �b�B�K�m�H���i�Q�` �r�B�i�? �`�2�b�T�2�+�i �i�Q �#�Q�i�? �B�M�+�`�2���b�B�M�; �M�2�i�r�Q�`�F �b�B�x�2 ���M�/ �B�M�+�`�2���b�B�M�; �B�M�D�2�+�i�B�Q�M
�`���i�2�X

�1�t�T�2�`�B�K�2�M�i �a�2�i�m�T�X�q�2 �2�p���H�m���i�2 �b�+���H���#�B�H�B�i�v �m�b�B�M�; �i�?�2 �.�`���;�Q�M�~�v �i�Q�T�Q�H�Q�;�v�X �"�Q�Q�F�b�B�K �B�b �+�Q�M�}�;�m�`�2�/
�r�B�i�? �3 �p�B�`�i�m���H �+�?���M�M�2�H�b�- �p�B�`�i�m���H �+�?���M�M�2�H �#�m�z�2�` �b�B�x�2�b �Q�7 �k�8�e �~�B�i�b�- �T���+�F�2�i �b�B�x�2 �Q�7 �j�k �~�B�i�b�- ���M�/ �i�?�2 �/�2�7���m�H�i
�r���`�K�@�m�T �T�2�`�B�Q�/ �Q�7 �j�y�y�y �+�v�+�H�2�b�X �P�.�*�L �B�b �+�Q�M�}�;�m�`�2�/ �m�b�B�M�; �/�2�/�B�+���i�2�/ �b�m�#�M�2�i�b �7�Q�` �2���+�? �.�`���;�Q�M�~�v
�;�`�Q�m�T�X

�A�M �i�?�2 �}�`�b�i �T���`�i �Q�7 �i�?�2 �2�t�T�2�`�B�K�2�M�i�- �r�2 �}�t �i�?�2 �B�M�D�2�+�i�B�Q�M �`���i�2 ���i �R�y�y�W ���M�/ �b�+���H�2 �i�?�2 �M�2�i�r�Q�`�F �b�B�x�2�X
�a�T�2�+�B�}�+���H�H�v�- �r�2 �2�p���H�m���i�2 �.�`���;�Q�M�~�v �+�Q�M�}�;�m�`���i�B�Q�M�b �r�B�i�?a 2 [4; 12] �B�M �b�i�2�T�b �Q�7 �k�- �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q
�M�Q�/�2 �+�Q�m�M�i�b �`���M�;�B�M�; �7�`�Q�K �R�y�3 �i�Q �e�R�j�k ���M�/ �H�B�M�F �+�Q�m�M�i�b �7�`�Q�K �R�e�k �i�Q �R�k�d�y�k�X ���/�/�B�i�B�Q�M���H�H�v�- �/�m�2 �i�Q
�B�i�b �b�B�;�M�B�}�+���M�i�H�v �7���b�i�2�` �2�t�2�+�m�i�B�Q�M�- �P�.�*�L �r���b ���H�b�Q �2�p���H�m���i�2�/ �7�Q�` �H���`�;�2�` �+�Q�M�}�;�m�`���i�B�Q�M�b �r�B�i�?a = 14
���M�/a = 16�- �b�+���H�B�M�; �m�T �i�Q �R�3�-�8�d�e �M�Q�/�2�b ���M�/ �9�y�-�k�9�3 �H�B�M�F�b�X �6�Q�` �2���+�? �+�Q�M�}�;�m�`���i�B�Q�M�- �r�2 �T�2�`�7�Q�`�K ���M�/
�K�2���b�m�`�2 �i�?�2 �`�m�M�i�B�K�2 �Q�7 �8 �b�B�K�m�H���i�B�Q�M �`�m�M�b�X

�A�M �i�?�2 �b�2�+�Q�M�/ �T���`�i �Q�7 �i�?�2 �2�t�T�2�`�B�K�2�M�i�- �r�2 �}�t �i�?�2 �i�Q�T�Q�H�Q�;�v �i�Q �.�`���;�Q�M�~�v �r�B�i�?a = 12 ���M�/ �2�p���H�m���i�2
�`�m�M�i�B�K�2 �T�2�`�7�Q�`�K���M�+�2 �m�M�/�2�` �B�M�+�`�2���b�B�M�; �B�M�D�2�+�i�B�Q�M �`���i�2�b �7�`�Q�K �y�X�y�8 �i�Q �R�X�y �B�M �b�i�2�T�b �Q�7 �y�X�y�8�X
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�h�Q�T ���#�#�`�p�X �S���`���K�b V N R E

�6���i�h�`�2�2 �6�h k = 16 �R�j�9�9 �R�y�k�9 �j�k�y �j�y�d�k
�6�H���i�i�2�M�2�/ �"�m�i�i�2�`�6�H�v �6�6n = 2 ; k = 10; c = 10 �R�R�y�y �R�y�y�y �R�y�y �R�N�y�y
�.�`���;�Q�M�~�v� �.�6 a = 8 ; p = 4 ; h = 4 ; g = 33 �R�j�k�y �R�y�8�e �k�e�9 �k�8�y�y

� �4 �i�?�2�b�2 �T���`���K�2�i�2�`�b �K���F�2 �B�i ���#���H���M�+�2�/�/�`���;�Q�M�~�v�X

�h���#�H�2 �8�X�k�, �a�m�K�K���`�v �Q�7 �i�?�2 �i�Q�T�Q�H�Q�;�B�2�b �m�b�2�/ �B�M �i�?�2 �2�t�T�2�`�B�K�2�M�i�- ���M�/ �i�?�2�B�` �K���B�M �+�?���`���+�i�2�`�B�b�i�B�+�b�X

�1�t�T�2�`�B�K�2�M�i �_�2�b�m�H�i�b�X���b �b�?�Q�r�M �B�M �6�B�;�m�`�2 �8�X�k���- �P�.�*�L �T�2�`�7�Q�`�K�b �#�2�i�i�2�` �i�?���M �"�Q�Q�F�b�B�K �#�v �b�2�p�2�`���H
�Q�`�/�2�`�b �Q�7 �K���;�M�B�i�m�/�2 �B�M ���H�H �i�2�b�i�2�/ �b�+�2�M���`�B�Q�b�X ���ia = 12�- �"�Q�Q�F�b�B�K �`�2�[�m�B�`�2�b �M�2���`�H�v �R�8�y�y �b�2�+�Q�M�/�b �i�Q
�+�Q�K�T�H�2�i�2 �i�?�2 �b�B�K�m�H���i�B�Q�M�- �r�?�B�H�2 �P�.�*�L �+�Q�K�T�H�2�i�2�b �i�?�2 �b���K�2 �i���b�F �B�M ���T�T�`�Q�t�B�K���i�2�H�v �k �b�2�+�Q�M�/�b�- �r�B�i�?
�� �b�T�2�2�/�m�T �7���+�i�Q�` �Q�7 �Q�p�2�` �d�y�y�“�X ���H�i�?�Q�m�;�? �#�Q�i�? �b�B�K�m�H���i�Q�`�b �2�t�?�B�#�B�i �B�M�+�`�2���b�B�M�; �`�m�M�i�B�K�2 ���b �M�2�i�r�Q�`�F
�b�B�x�2 �b�+���H�2�b�- �i�?�2�B�` �;�`�Q�r�i�? �T���i�i�2�`�M�b �/�B�z�2�`�X �A�M �i�?�2 �K���B�M �T�H�Q�i�- �"�Q�Q�F�b�B�K�ö�b �2�t�T�Q�M�2�M�i�B���H �;�`�Q�r�i�? �B�b �+�H�2���`�H�v
�p�B�b�B�#�H�2�- �r�?�2�`�2���b �P�.�*�L�ö�b �`�m�M�i�B�K�2 ���T�T�2���`�b ���H�K�Q�b�i �~���i �/�m�2 �i�Q �B�i�b �K�m�+�? �b�K���H�H�2�` �b�+���H�2�X �h�?�2 �B�M�b�2�i
�T�H�Q�i�- �r�B�i�? �� �`�2�}�M�2�/ �v�@���t�B�b�- �`�2�p�2���H�b �i�?���i �P�.�*�L ���H�b�Q �b�+���H�2�b �2�t�T�Q�M�2�M�i�B���H�H�v �#�m�i �r�B�i�? �� �H�2�b�b �T�`�Q�M�Q�m�M�+�2�/
�2�t�T�Q�M�2�M�i�B���H �+�m�`�p�2�- �K���F�B�M�; �B�i �K�m�+�? �K�Q�`�2 �b�m�B�i���#�H�2 �7�Q�` �H���`�;�2�@�b�+���H�2 �b�B�K�m�H���i�B�Q�M�X

�6�B�;�m�`�2 �8�X�k�# �B�H�H�m�b�i�`���i�2�b �i�?�2 �b�+���H���#�B�H�B�i�v �Q�7 �i�?�2 �i�r�Q �b�B�K�m�H���i�Q�`�b ���b �� �7�m�M�+�i�B�Q�M �Q�7 �i�?�2 ���i�i�2�K�T�i�2�/ �B�M�D�2�+�i�B�Q�M
�`���i�2�X �P�M�+�2 ���;���B�M�- �i�?�2 �b�B�K�m�H���i�Q�`�b �Q�T�2�`���i�2 �Q�M �p���b�i�H�v �/�B�z�2�`�2�M�i �i�B�K�2 �b�+���H�2�b�- �r�B�i�? �P�.�*�L�ö�b �`�m�M�i�B�K�2
���T�T�2���`�B�M�; �M�2���`�H�v �+�Q�M�b�i���M�i �B�M �i�?�2 �K���B�M �T�H�Q�i�X �h�?�2 �B�M�b�2�i �T�H�Q�i �T�`�Q�p�B�/�2�b �� �+�H�2���`�2�` �p�B�2�r �Q�7 �P�.�*�L�ö�b
�#�2�?���p�B�Q�` �m�b�B�M�; ���M ���T�T�`�Q�T�`�B���i�2�H�v �b�+���H�2�/ �v�@���t�B�b�- �`�2�p�2���H�B�M�; �i�?���i �B�i�b �`�m�M�i�B�K�2 �Q�M�H�v �B�M�+�`�2���b�2�b �b�H�B�;�?�i�H�v ���b
�M�2�i�r�Q�`�F �+�Q�M�;�2�b�i�B�Q�M �#�2�;�B�M�b �i�Q �K���M�B�7�2�b�i�- �#�2�7�Q�`�2 �b�i���#�B�H�B�x�B�M�; ���i �?�B�;�?�2�` �B�M�D�2�+�i�B�Q�M �`���i�2�b�X �Z�m���M�i�B�i���i�B�p�2�H�v�-
���b �i�?�2 �B�M�D�2�+�i�B�Q�M �`���i�2 �B�M�+�`�2���b�2�b �7�`�Q�K �8�W �i�Q �R�y�y�W�- �"�Q�Q�F�b�B�K�ö�b �`�m�M�i�B�K�2 �`�B�b�2�b �#�v ���T�T�`�Q�t�B�K���i�2�H�v �R�R�8�j
�b�2�+�Q�M�/�b�- �`�2�T�`�2�b�2�M�i�B�M�; �� �Y�9�k�8�X�N�W �B�M�+�`�2���b�2�X �A�M �+�Q�M�i�`���b�i�- �P�.�*�L�ö�b �`�m�M�i�B�K�2 �;�`�Q�r�b �#�v �Q�M�H�v �y�X�e�k�d �b�2�+�Q�M�/�b
�Q�p�2�` �i�?�2 �b���K�2 �`���M�;�2�- ���M �B�M�+�`�2���b�2 �Q�7 �D�m�b�i �Y�j�9�X�N�e�W�X �h�?�B�b �?�B�;�?�H�B�;�?�i�b �� �?�B�;�?�2�` �+���T���#�B�H�B�i�v �i�Q �b�+���H�2 �Q�M
�?�B�;�?�2�` �B�M�D�2�+�i�B�Q�M �`���i�2�b �Q�7 �P�.�*�L �+�Q�K�T���`�2�/ �i�Q �"�Q�Q�F�b�B�K�X

�J�6�k �P�T�2�M�.�*�L�ö�b �?�B�;�?�2�` �H�2�p�2�H �Q�7 ���#�b�i�`���+�i�B�Q�M �2�M���#�H�2�b �B�i �i�Q �b�B�K�m�H���i�2 �M�2�i�r�Q�`�F �i�`���{�+ �T���i�@
�i�2�`�M�b �Q�M �B�M�+�`�2���b�B�M�;�H�v �H���`�;�2 �i�Q�T�Q�H�Q�;�B�2�b �r�B�i�? �b�B�;�M�B�}�+���M�i�H�v �H�Q�r�2�` �`�m�M�i�B�K�2�b �i�?���M �"�Q�Q�F�b�B�K�-
���+�?�B�2�p�B�M�; �b�T�2�2�/�m�T �7���+�i�Q�`�b �2�t�+�2�2�/�B�M�; �d�y�y�“�X

�J�6�j �P�T�2�M�.�*�L�ö�b �~�Q�r�@�H�2�p�2�H �K�Q�/�2�H�B�M�; �2�M���#�H�2�b �2�{�+�B�2�M�i �b�B�K�m�H���i�B�Q�M ���+�`�Q�b�b �B�M�D�2�+�i�B�Q�M �`���i�2�b
�7�`�Q�K �y�X�y�8�W �i�Q �R�y�y�W�- �r�B�i�? �K�B�M�B�K���H �`�m�M�i�B�K�2 �p���`�B���i�B�Q�M �2�p�2�M �Q�M �H���`�;�2�@�b�+���H�2 �i�Q�T�Q�H�Q�;�B�2�b�X

�8�X�j �h�`���+�2�@�.�`�B�p�2�M �1�p���H�m���i�B�Q�M �Q�7 �.���i���+�2�M�i�2�` �L�2�i�r�Q�`�F�b

�A�M �i�?�B�b �b�2�+�i�B�Q�M �r�2 �T�2�`�7�Q�`�K �i�`���+�2�@�#���b�2�/ �M�2�i�r�Q�`�F �b�B�K�m�H���i�B�Q�M �B�M�P�T�2�M�.�*�L�X �a�2�+�i�B�Q�M �8�X�j�X�R �+�Q�K�T���`�2�b
�Z�Q�a ���M�/ �2�M�2�`�;�v �2�{�+�B�2�M�+�v �Q�7 �i�?�`�2�2 �/�B�z�2�`�2�M�i �r�B�/�2�H�v �m�b�2�/ �i�Q�T�Q�H�Q�;�B�2�b �r�?�B�H�2 �a�2�+�i�B�Q�M �8�X�j�X�k �B�M�p�2�b�i�B�;���i�2�b
�i�?�2 �b�B�K�m�H���i�Q�` �T�2�`�7�Q�`�K���M�+�2 ���M�/ �b�+���H���#�B�H�B�i�v�- �+�Q�K�T���`�2�/ �i�Q �`�2���H �r�Q�`�H�/ �2�[�m�B�p���H�2�M�i �#���b�2�H�B�M�2�X

�8�X�j�X�R�S�2�`�7�Q�`�K���M�+�2���1�M�2�`�;�v �h�`���/�2�@�Q�z�b ���+�`�Q�b�b �6���i�h�`�2�2�- �6�H���i�i�2�M�2�/ �"�m�i�i�2�`�~�v�- ���M�/
�.�`���;�Q�M�~�v �r�B�i�? �.�B�z�2�`�2�M�i �_�Q�m�i�B�M�; �S�`�Q�i�Q�+�Q�H�b

�h�Q �/�2�K�Q�M�b�i�`���i�2 �i�?�2 ���T�T�H�B�+���#�B�H�B�i�v �Q�7 �P�T�2�M�.�*�L �i�`���+�2 �b�B�K�m�H���i�B�Q�M �7�Q�` �2�p���H�m���i�B�M�; �M�2�i�r�Q�`�F �i�Q�T�Q�H�Q�;�B�2�b�-
�r�2 �T�`�2�b�2�M�i �� �+�Q�K�T���`���i�B�p�2 �b�i�m�/�v �Q�7 �i�?�`�2�2 �`�2�T�`�2�b�2�M�i���i�B�p�2 ���`�+�?�B�i�2�+�i�m�`�2�b�, �6���i�h�`�2�2 �U�6�h�V�- �6�H���i�i�2�M�2�/
�"�m�i�i�2�`�~�v �U�6�6�V�- ���M�/ �.�`���;�Q�M�~�v �U�.�6�V�X �q�2 �2�p���H�m���i�2 �i�?�2�b�2 �i�Q�T�Q�H�Q�;�B�2�b �B�M �i�r�Q �K���B�M �K�2�i�`�B�+�b�, �.�a�_ ���M�/
�L�S�1 �U�a�2�+�i�B�Q�M �k�X�8�V�X
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�*�?���T�i�2�` �8�, �1�t�T�2�`�B�K�2�M�i�b

�1�t�T�2�`�B�K�2�M�i �a�2�i�m�T�X�q�2 �2�p���H�m���i�2 �6���i�h�`�2�2 �U�6�h�V�- �6�H���i�i�2�M�2�/ �"�m�i�i�2�`�~�v �U�6�6�V ���M�/ �.�`���;�Q�M�~�v �U�.�6�V
�i�Q�T�Q�H�Q�;�B�2�b�X �h�?�2�b�2 �i�Q�T�Q�H�Q�;�B�2�b ���`�2 �b�i�`�m�+�i�m�`���H�H�v �/�B�b�i�B�M�+�i�- �v�2�i �i�?�2�v �r�2�`�2 �+�Q�M�}�;�m�`�2�/ �i�Q �b�m�T�T�Q�`�i �� �+�Q�K�@
�T���`���#�H�2 �M�m�K�#�2�` �Q�7 �i�2�`�K�B�M���H�b �B�M �Q�`�/�2�` �i�Q �2�M�b�m�`�2 �� �7���B�` �2�p���H�m���i�B�Q�M�X �� �b�m�K�K���`�v �Q�7 �i�?�2 �+�?�Q�b�2�M �+�Q�M�}�;�@
�m�`���i�B�Q�M �T���`���K�2�i�2�`�b�- ���H�Q�M�; �r�B�i�? �i�?�2 �`�2�b�m�H�i�B�M�; �M�m�K�#�2�` �Q�7 �p�2�`�i�B�+�2�b�- �i�2�`�K�B�M���H�b�- ���M�/ �2�/�;�2�b�- �B�b �T�`�Q�p�B�/�2�/
�B�M �h���#�H�2 �8�X�k�X �h�?�2 �b�2�H�2�+�i�2�/ �/�2�b�B�;�M�b �p���`�v �#�v ���i �K�Q�b�i �8�X�e�W �B�MN �X �6�Q�` �`�Q�m�i�B�M�;�- �r�2 ���/�Q�T�i �i�?�2 �_���L�.�@
�J�A�L �b�i�`���i�2�;�v�- �r�?�B�H�2 ���H�H �M�Q�/�2�b�- �#�Q�i�? �b�r�B�i�+�?�2�b ���M�/ �?�Q�b�i�b�- ���`�2 �+�Q�M�}�;�m�`�2�/ �r�B�i�? �R�:�#�T�b �T�Q�`�i �b�T�2�2�/�X �6�Q�`
�K�2���b�m�`�B�M�; �2�M�2�`�;�v �+�Q�M�b�m�K�T�i�B�Q�M�- �r�2 ���/�Q�T�i �i�?�2 �/���i���+�2�M�i�2�` �M�2�i�r�Q�`�F �2�M�2�`�;�v �K�Q�/�2�H �T�`�2�b�2�M�i�2�/ �#�v�q���M�;
�2�i ���H�X�(�e�j�)�- �r�?�B�+�? �/�2�}�M�2�b �i�?�2 �T�Q�r�2�` �/�`���r �Q�7 �i�?�2 �M�2�i�r�Q�`�F ���b�,�X

RX

i =1

P switch
i �U�8�X�k�V

�r�?�2� �̀2P switch
i �B�b �i�?�2 �T�Q�r�2�` �/� �̀��r �Q�7 �b�r�B�i�+�?i ���M�/R �B�b �i�?�2 �i�Q�i���H �M�m�K�#�2�` �Q�7 �b�r�B�i�+�?�2�b �B�M �i�?�2 �M�2�i�r�Q�`�F�X

P switch
i = P chassis

i + P cards
i +

pX

j =1

(Pport s
i;j + Pport d

i;j ) �U�8�X�j�V

�r�?�2� �̀2Pi chassis �B�b �i�?�2 �b�i���i�B�+ �T�Q�r�2�` �+�Q�M�b�m�K�T�i�B�Q�M �Q�7 �b�r�B�i�+�?i �U�M�Q�i �B�M�+�H�m�/�B�M�; �T�Q�`�i�b�V�-p �B�b �i�?�2 �M�m�K�#�2�` �Q�7 �T�Q�`�i�b
�Q�M �b�r�B�i�+�?i �- ���M�/Pport s

i;j ���M�/Pport d
i;j ��� �̀2 �i�?�2 �b�i���i�B�+ ���M�/ �/�v�M���K�B�+ �T�Q�r�2�` �/� �̀��r �Q�7 �T�Q�`�ij �Q�M �b�r�B�i�+�?i � �̀2�b�T�2�+�i�B�p�2�H�v�X

Pport d
i;j = P

port f
i;j �

rx i;j + tx i;j

bwlink
i;j

�U�8�X�9�V

�r�?�2� �̀2rx i;j ���M�/tx i;j ��� �̀2 � �̀2�+�2�B�p�B�M�; ���M�/ �i� �̀��M�b�K�B�i�i�B�M�; �/���i�� � �̀��i�2 �Q�7 �T�Q�`�ij �Q�M �b�r�B�i�+�?i � �̀2�b�T�2�+�i�B�p�2�H�v�-bwlink
i;j �B�b �i�?�2

�K���t �#���M�/�r�B�/�i�? �Q�7 �i�?�2 �H�B�M�F �+�Q�M�M�2�+�i�2�/ �i�Q �T�Q�`�ij �Q�M �b�r�B�i�+�?i �- ���M�/Pport f
i;j �B�b �i�?�2 �/�v�M���K�B�+ �T�Q�r�2�` �+�Q�M�b�m�K�T�i�B�Q�M �i�?�2

�T�Q�`�i �B�M �7�m�H�H �H�B�M�F �+���T���+�B�i�v�X

�h�?�2 �r�Q�`�F�H�Q���/ �i�`���+�2 �2�K�T�H�Q�v�2�/ �B�M �i�?�B�b �b�i�m�/�v �B�b �/�2�`�B�p�2�/ �7�`�Q�K �i�?�2 �"�B�i�#�`���B�M�b �/���i���b�2�i�R �(�8�8�)�- �r�?�B�+�?
�+�Q�M�b�B�b�i�b �Q�7 �R�k�8�y �o�J�b �Q�p�2�` �� �i�r�Q�@�K�Q�M�i�? �T�2�`�B�Q�/�X �a�B�M�+�2 �i�?�2 �"�B�i�#�`���B�M�b �/���i���b�2�i �/�Q�2�b �M�Q�i �2�t�T�Q�b�2 �?�Q�b�i�@
�o�J �K���T�T�B�M�;�b�- �r�2 ���b�b�m�K�2 ���M ���p�2�`���;�2 �Q�7 �9�e �o�J�b �T�2�` �?�Q�b�i�- �+�Q�M�b�B�b�i�2�M�i �r�B�i�? �/�2�M�b�B�i�v �/�B�b�i�`�B�#�m�i�B�Q�M�b
�`�2�T�Q�`�i�2�/ �B�M �B�M�/�m�b�i�`�v �b�i�m�/�B�2�b �(�R�N�)�X �q�2 �i�?�2�M �b�v�M�i�?�2�i�B�+���H�H�v �;�2�M�2�`���i�2 �� �i�r�Q�@�K�Q�M�i�? �i�`���+�2 �7�Q�` �� �b�v�b�i�2�K �Q�7
�R�y�y�y �?�Q�b�i�b�- �r�?�B�+�? �K���i�+�?�2�b �i�?�2 �K�B�M�B�K�m�K �?�Q�b�i �+�Q�m�M�i ���+�`�Q�b�b �i�?�2 �2�p���H�m���i�2�/ �i�Q�T�Q�H�Q�;�B�2�b�X

�h�Q ���b�b�2�b�b �i�?�2 �B�K�T���+�i �Q�7 �`�Q�m�i�B�M�;�- �r�2 �`�2�T�2���i �i�?�2 �b���K�2 �2�t�T�2�`�B�K�2�M�i �m�b�B�M�; �i�?�2 �/�2�i�2�`�K�B�M�B�b�i�B�+ �J�A�L �b�i�`���i�2�;�v�-
�r�?�B�+�? �2�t�+�H�m�/�2�b �K�m�H�i�B�T���i�? �`�Q�m�i�B�M�;�X �"�2�+���m�b�2 �`�2�b�m�H�i�b �m�M�/�2�` �J�A�L �K���v �p���`�v �/�2�T�2�M�/�B�M�; �Q�M �i�?�2 �b�T�2�+�B�}�+
�+�?�Q�B�+�2 �Q�7 �b�?�Q�`�i�2�b�i �T���i�?�b ���i �2���+�? �M�Q�/�2�- �r�2 �2�t�2�+�m�i�2 �}�p�2 �B�M�/�2�T�2�M�/�2�M�i �`�m�M�b �T�2�` �i�Q�T�Q�H�Q�;�v ���M�/ �`�2�T�Q�`�i �i�?�2
���p�2�`���;�2�/ �Q�m�i�+�Q�K�2�b�X

�R�:�q���@�h�@�R�k �"�B�i�"� �̀��B�M�b �/���i���b�2�i�X ���p���B�H���#�H�2 ���i�,�?�i�i�T�b�,�f�f���i�H���`�;�2�@�`�2�b�2���`�+�?�X�+�Q�K�f�;�r���@�i�@�R�k�f�X

�9�j



�*�?���T�i�2�` �8�, �1�t�T�2�`�B�K�2�M�i�b

�U���V �.�a�_ �*�m�K�m�H���i�B�p�2 �.�B�b�i�`�B�#�m�i�B�Q�M �6�m�M�+�i�B�Q�M �U�.�a�_�V�X�U�#�V ���p�2�`���;�2 �L�S�1 ���+�`�Q�b�b �b�B�K�m�H���i�B�Q�M �p�B�`�i�m���H �i�B�K�2�X

�6�B�;�m�`�2 �8�X�j�, �S�2�`�7�Q�`�K���M�+�2 �+�Q�K�T���`�B�b�Q�M �Q�7 �/�B�z�2�`�2�M�i �i�Q�T�Q�H�Q�;�B�2�b �m�M�/�2�` �_���L�.�J�A�L �`�Q�m�i�B�M�;�X

�1�t�T�2�`�B�K�2�M�i �_�2�b�m�H�i�b�X�6�B�;�m�`�2 �8�X�j �`�2�T�Q�`�i�b �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �+�Q�K�T���`�B�b�Q�M �Q�7 �i�?�2 �i�?�`�2�2 �M�2�i�r�Q�`�F �i�Q�T�Q�H�Q�@
�;�B�2�b �r�B�i�? �_���L�.�J�A�L�X

�a�T�2�+�B�}�+���H�H�v�- �6�B�;�m�`�2 �8�X�9�� �B�H�H�m�b�i�`���i�2�b �i�?�2 �+�Q�K�T�H�2�K�2�M�i���`�v �+�m�K�m�H���i�B�p�2 �i���B�H �/�B�b�i�`�B�#�m�i�B�Q�M �Q�7 �.�a�_�X �l�M�/�2�`
�?�B�;�? �+�Q�M�;�2�b�i�B�Q�M�- �6�h �i�Q�T�Q�H�Q�;�v �/�2�K�Q�M�b�i�`���i�2�b �#�2�i�i�2�` �T�2�`�7�Q�`�K���M�+�2�- ���+�?�B�2�p�B�M�; �M�2���`�H�v �� �d�W ���p�2�`���;�2
�.�a�_ �B�K�T�`�Q�p�2�K�2�M�i �+�Q�K�T���`�2�/ �i�Q �i�?�2 �Q�i�?�2�` �i�r�Q �i�Q�T�Q�H�Q�;�B�2�b�X �A�M �+�Q�M�i�`���b�i�- �i�?�2 �6�6 ���M�/ �.�`���;�Q�M�~�v �.�6
�?���p�2 �?�B�;�?�H�v �b�B�K�B�H���` �/�B�b�i�`�B�#�m�i�B�Q�M�b�- �r�B�i�? �.�6 �K���`�;�B�M���H�H�v �Q�m�i�T�2�`�7�Q�`�K�B�M�; �6�6 �#�v ���M ���p�2�`���;�2 �Q�7 �R�X�d�W�X
�6�B�;�m�`�2 �8�X�9�# �T�`�2�b�2�M�i�b �i�?�2 �L�S�1 �Q�7 �i�?�2 �i�?�`�2�2 �i�Q�T�Q�H�Q�;�B�2�b �K�2���b�m�`�2�/ ���i �8�@�K�B�M�m�i�2 �B�M�i�2�`�p���H�b �i�?�`�Q�m�;�?�Q�m�i
�i�?�2 �b�B�K�m�H���i�B�Q�M�X �A�M �i�2�`�K�b �Q�7 �2�M�2�`�;�v �2�{�+�B�2�M�+�v�- �i�?�2 �6�6 �i�Q�T�Q�H�Q�;�v �+�H�2���`�H�v �/�Q�K�B�M���i�2�b�- ���+�?�B�2�p�B�M�; �?�B�;�?�2�`
�L�S�1 �p���H�m�2�b �+�Q�K�T���`�2�/ �i�Q �#�Q�i�? �.�6 ���M�/ �6�h�X �P�M ���p�2�`���;�2�- �6�6 �T�`�Q�p�B�/�2�b �� �R�y�3�W �B�K�T�`�Q�p�2�K�2�M�i �B�M �K�2���M
�L�S�1 �`�2�H���i�B�p�2 �i�Q �.�6�- ���M�/ �� �k�R�N�W �B�K�T�`�Q�p�2�K�2�M�i �`�2�H���i�B�p�2 �i�Q �6�h�X

�h�?�2�b�2 �`�2�b�m�H�i�b �2�t�2�K�T�H�B�}�2�b �i�?�2 �i�`���/�2�@�Q�z �#�2�i�r�2�2�M �2�M�2�`�;�v �2�{�+�B�2�M�+�v ���M�/ �T�2�`�7�Q�`�K���M�+�2�, �r�?�B�H�2 �6�h �2�K�T�H�Q�v�b
�Q�p�2�` �i�r�B�+�2 ���b �K���M�v �b�r�B�i�+�?�2�b ���b �6�6�- �2�M���#�H�B�M�; �B�i �i�Q �b�m�b�i���B�M �?�B�;�?�2�` �+�Q�M�;�2�b�i�B�Q�M �H�2�p�2�H�b�- �i�?�B�b �/�2�b�B�;�M �+�?�Q�B�+�2
�b�m�#�b�i���M�i�B���H�H�v �B�M�+�`�2���b�2�b �i�?�2 �Q�p�2�`���H�H �2�M�2�`�;�v �+�Q�M�b�m�K�T�i�B�Q�M �Q�7 �i�?�2 �M�2�i�r�Q�`�F�X �L�Q�i�2 �i�?���i �i�?�2 �K�2���b�m�`�2�/
�T�Q�r�2�` �/�`���r �p���H�m�2�b ���`�2 �+�Q�M�b�B�b�i�2�M�i �r�B�i�? �i�?�2 �i�Q�T�Q�H�Q�;�B�2�b �b�r�B�i�+�? �M�m�K�#�2�`�b ���M�/ �b�r�B�i�+�? �T�Q�`�i�b �m�i�B�H�B�x���i�B�Q�M�-
�r�?�B�+�? �r�2�`�2 ���H�b�Q �+���T�i�m�`�2�/ �/�m�`�B�M�; �b�B�K�m�H���i�B�Q�M �U�a�2�+�i�B�Q�M �9�X�j�V�X
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�U���V �.�a�_ �*�m�K�m�H���i�B�p�2 �.�B�b�i�`�B�#�m�i�B�Q�M �6�m�M�+�i�B�Q�M �U�.�a�_�V�X�U�#�V ���p�2�`���;�2 �L�S�1 ���+�`�Q�b�b �b�B�K�m�H���i�B�Q�M �p�B�`�i�m���H �i�B�K�2�X

�6�B�;�m�`�2 �8�X�9�, �S�2�`�7�Q�`�K���M�+�2 �+�Q�K�T���`�B�b�Q�M �Q�7 �/�B�z�2�`�2�M�i �i�Q�T�Q�H�Q�;�B�2�b �m�M�/�2�` �/�2�i�2�`�K�B�M�B�b�i�B�+ �J�A�L �`�Q�m�i�B�M�;�X

�6�B�;�m�`�2 �8�X�9 �`�2�T�Q�`�i�b �`�2�b�m�H�i�b �r�B�i�? �/�2�i�2�`�K�B�M�B�b�i�B�+ �J�A�L �`�Q�m�i�B�M�;�X ���b �2�t�T�2�+�i�2�/�- �J�A�L �B�M�+�`�2���b�2�b �H�B�M�F �+�Q�M�@
�i�2�M�i�B�Q�M ���M�/ �`�2�/�m�+�2�b �.�a�_�X �*�Q�K�T���`�2�/ �i�Q �J�A�L�- �_���L�.�J�A�L �v�B�2�H�/�b �b�m�#�b�i���M�i�B���H ���p�2�`���;�2 �.�a�_ �;���B�M�,
�R�9�3�W �7�Q�` �6�h�- �9�8�W �7�Q�` �6�6�- ���M�/ �9�X�e�W �7�Q�` �.�6�- ���H�Q�M�; �r�B�i�? �L�S�1 �;���B�M�b �Q�7 �k�y�d�W�- �9�k�W ���M�/ �j�X�R�W �`�2�b�T�2�+�@
�i�B�p�2�H�v�X �.�2�b�T�B�i�2 �`�2�/�m�+�2�/ �.�a�_�- �6�6 �`�2�i���B�M�b �i�?�2 �?�B�;�?�2�b�i �L�S�1 ���p�2�`���;�2 �/�m�2 �i�Q �B�i�b �H�Q�r �b�r�B�i�+�? �+�Q�m�M�i�- �r�?�B�H�2
�.�6 ���T�T�`�Q���+�?�2�b �6�6 �B�M �2�{�+�B�2�M�+�v �m�M�/�2�` �J�A�L �/�m�2 �i�Q �B�i�b �H�Q�r�2�` �b�2�M�b�B�i�B�p�B�i�v �i�Q �M�Q�M�@�K�m�H�i�B�T���i�? �`�Q�m�i�B�M�;�X

�J�6�9 �6�h �b�m�b�i���B�M�b �?�B�;�?�2�` �.�a�_ �m�M�/�2�` �+�Q�M�;�2�b�i�B�Q�M�- �r�?�B�H�2 �6�6 ���+�?�B�2�p�2�b �i�?�2 �?�B�;�?�2�b�i �2�M�2�`�;�v
�2�{�+�B�2�M�+�v�X �.�6 �Q�z�2�`�b �� �#���H���M�+�2�/ �K�B�/�/�H�2 �;�`�Q�m�M�/�X

�J�6�8 �_���L�.�J�A�L �b�m�#�b�i���M�i�B���H�H�v �B�K�T�`�Q�p�2�b �#�Q�i�? �.�a�_ ���M�/ �L�S�1 �+�Q�K�T���`�2�/ �i�Q �J�A�L�- �r�B�i�? �6�h
�#�2�M�2�}�i�B�M�; �i�?�2 �K�Q�b�i �7�`�Q�K �K�m�H�i�B�T���i�? �`�Q�m�i�B�M�; ���M�/ �.�6 �i�?�2 �H�2���b�i�- �b�?�Q�r�B�M�; �i�?���i �`�Q�m�i�B�M�;
�b�i�`���i�2�;�v �b�i�`�Q�M�;�H�v �B�K�T���+�i�b �i�Q�T�Q�H�Q�;�v �T�2�`�7�Q�`�K���M�+�2�X

�J�6�e �P�T�2�M�.�*�L �2�M���#�H�2�b �+�Q�K�T���`�B�b�Q�M �Q�7 �i�Q�T�Q�H�Q�;�B�2�b �r�B�i�? �`�2���H�B�b�i�B�+ �i�`���+�2�b�- �+���T�i�m�`�B�M�; �?�Q�r
�i�Q�T�Q�H�Q�;�v ���M�/ �`�Q�m�i�B�M�; �/�2�i�2�`�K�B�M�2 �i�?�2 �i�`���/�2�@�Q�z �#�2�i�r�2�2�M �M�2�i�r�Q�`�F �T�2�`�7�Q�`�K���M�+�2 ���M�/ �B�i�b
�2�M�2�`�;�v �+�Q�M�b�m�K�T�i�B�Q�M�X

�8�X�j�X�k�a�B�K�m�H���i�Q�` �S�2�`�7�Q�`�K���M�+�2 ���M�/ �a�+���H���#�B�H�B�i�v �r�B�i�? �A�M�+�`�2���b�B�M�; �h�Q�T�Q�H�Q�;�v �a�B�x�2 �U�S���`�@
���H�H�2�H �p�b�X �a�B�M�;�H�2�@�h�?�`�2���/�2�/

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

�1�t�T�2�`�B�K�2�M�i �a�2�i�m�T�X�q�2 �2�p���H�m���i�2 �b�+���H���#�B�H�B�i�v �T���i�i�2�`�M�b ���+�`�Q�b�b �i�?�`�2�2 �i�Q�T�Q�H�Q�;�B�2�b�, �6�h �r�B�i�?k 2
4; 6; : : : ; 16�- �6�6 �r�B�i�?n 2 2; 3 ���M�/k 2 2; 3; : : : ; 11�- ���M�/ �.�6 �r�B�i�?a 2 4; 6; 8�X �h�?�2 �`�2�b�m�H�i�B�M�; �T�`�Q�T�2�`�i�B�2�b
N �-V �-R�- ���M�/E �- �+���M �#�2 �/�2�`�B�p�2�/ �7�`�Q�K �h���#�H�2 �9�X�k�X �6�Q�` �6�6�- �r�2 �/�B�b�i�B�M�;�m�B�b�? �#�2�i�r�2�2�M �i�?�2 �i�r�Q�@�/�B�K�2�M�b�B�Q�M���H
���M�/ �i�?�`�2�2�@�/�B�K�2�M�b�B�Q�M���H �p���`�B���M�i�b�- �/�2�M�Q�i�2�/ �6�6�k�. ���M�/ �6�6�j�.�- �`�2�b�T�2�+�i�B�p�2�H�v�X �q�?�B�H�2 �P�.�*�L �b�m�T�T�Q�`�i�b ���`�@
�#�B�i�`���`�v �/�B�K�2�M�b�B�Q�M���H�B�i�v �7�Q�` �6�6�- �i�?�B�b �b�i�m�/�v �`�2�b�i�`�B�+�i�b �2�p���H�m���i�B�Q�M �i�Q �� �K���t�B�K�m�K �Q�7 �i�?�`�2�2 �/�B�K�2�M�b�B�Q�M�b�X �h�Q
�7�m�`�i�?�2�` �b�i�`�2�b�b�@�i�2�b�i �i�?�2 �b�B�K�m�H���i�Q�`�- �r�2 ���/�/�B�i�B�Q�M���H�H�v �B�M�+�H�m�/�2 �H���`�;�2�@�b�+���H�2 �+���b�2�b �r�B�i�? �6�h �r�B�i�?k = 32 ���M�/
�.�6 �r�B�i�?a = 14�- �v�B�2�H�/�B�M�;N = 8192 ���M�/9702�- ���M�/E = 24;576 ���M�/23;562�- �`�2�b�T�2�+�i�B�p�2�H�v�X �q�Q�`�F�H�Q���/
�i�`���+�2�b ���`�2 �b�v�M�i�?�2�i�B�+���H�H�v �;�2�M�2�`���i�2�/ �7�Q�H�H�Q�r�B�M�; �i�?�2 �K�2�i�?�Q�/�Q�H�Q�;�v �Q�7 �a�2�+�i�B�Q�M �8�X�j�X�R�- �T�`�Q�/�m�+�B�M�; �i�r�Q�@�K�Q�M�i�?
�i�`���+�2�b ���i �8�@�K�B�M�m�i�2 �;�`���M�m�H���`�B�i�v�X �l�M�H�B�F�2 �i�?�2 �2���`�H�B�2�` �2�t�T�2�`�B�K�2�M�i�b�- �?�Q�r�2�p�2�`�- �i�?�2 �M�m�K�#�2�` �Q�7 �?�Q�b�i�b �p���`�B�2�b
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�U���V �a�+���H���#�B�H�B�i�v �r�B�i�?�Q�m�i �T���`���H�H�2�H�B�b�K�X�U�#�V �a�+���H���#�B�H�B�i�v �r�B�i�? �T���`���H�H�2�H�B�b�K�X

�6�B�;�m�`�2 �8�X�8�, �h�`���+�2�@�#���b�2�/�P�T�2�M�.�*�L�M�2�i�r�Q�`�F �b�B�K�m�H���i�B�Q�M �b�+���H���#�B�H�B�i�v ���M���H�v�b�B�b�X

�r�B�i�? �2���+�? �i�Q�T�Q�H�Q�;�v�ö�bN �- �`���M�;�B�M�; �7�`�Q�K �3 �i�Q �R�j�j�R�- �r�?�B�H�2 �i�?�2 �M�m�K�#�2�` �Q�7 �M�Q�/�2�bV �b�T���M�b �7�`�Q�K �R�k �i�Q �j�y�e�y�X
�1���+�? �i�Q�T�Q�H�Q�;�v �B�b �2�p���H�m���i�2�/ �#�Q�i�? �r�B�i�? �b�B�K�m�H���i�B�Q�M �T���`���H�H�2�H�B�b�K �2�M���#�H�2�/ ���M�/ �r�B�i�? �B�i �/�B�b���#�H�2�/�- �2�t�+�2�T�i
�7�Q�` �i�?�2 �H���`�;�2�@�b�+���H�2 �+�Q�M�}�;�m�`���i�B�Q�M�b�- �r�?�B�+�? ���`�2 �2�t�2�+�m�i�2�/ �Q�M�H�v �r�B�i�? �T���`���H�H�2�H�B�b�K�X �q�2 �m�b�2E ���b �i�?�2 �K�Q�b�i
�B�M�/�B�+���i�B�p�2 �K�2���b�m�`�2 �Q�7 �M�2�i�r�Q�`�F �+�Q�K�T�H�2�t�B�i�v�X �6�Q�` �2�p�2�`�v �+�Q�M�}�;�m�`���i�B�Q�M�- �r�2 �T�2�`�7�Q�`�K �}�p�2 �B�M�/�2�T�2�M�/�2�M�i
�`�m�M�b ���M�/ �`�2�T�Q�`�i �i�?�2 ���p�2�`���;�2 �`�m�M�i�B�K�2�X

�1�t�T�2�`�B�K�2�M�i �_�2�b�m�H�i�b�X�6�B�;�m�`�2 �8�X�8 �b�m�K�K���`�B�x�2�b �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �`�2�b�m�H�i�b�X �6�B�;�m�`�2 �8�X�8�� �T�`�2�b�2�M�i�b �i�?�2
�+���b�2 �r�B�i�?�Q�m�i �T���`���H�H�2�H�B�b�K�- �r�?�2�`�2 �`�m�M�i�B�K�2 �2�t�?�B�#�B�i�b �2�t�T�Q�M�2�M�i�B���H �;�`�Q�r�i�? �r�B�i�? �`�2�b�T�2�+�i �i�Q �i�?�2 �M�m�K�#�2�` �Q�7
�2�/�;�2�b�- ���H�i�?�Q�m�;�? �r�B�i�? �� �`�2�H���i�B�p�2�H�v �b�K���H�H �2�t�T�Q�M�2�M�i�X ���K�Q�M�; �i�?�2 �2�p���H�m���i�2�/ �i�Q�T�Q�H�Q�;�B�2�b�- �6�6 �B�b �i�?�2 �K�Q�b�i
�+�Q�b�i�H�v �i�Q �b�B�K�m�H���i�2�- �H�B�F�2�H�v �/�m�2 �i�Q �B�i�b �H�Q�r �/�B���K�2�i�2�` �+�Q�K�#�B�M�2�/ �r�B�i�? �?�B�;�? �+�Q�M�+�2�M�i�`���i�B�Q�M�X �6�B�;�m�`�2 �8�X�8�#
�b�?�Q�r�b �`�2�b�m�H�i�b �m�b�B�M�; �T���`���H�H�2�H�B�b�K�X �h�?�2 �`�2�b�m�H�i�b �b�?�Q�r �� �?�B�;�? �Q�p�2�`�?�2���/ ���i �H�Q�r �M�2�i�r�Q�`�F �b�B�x�2�b�- �r�?�B�H�2 ���M
���H�K�Q�b�i �b�m�#�H�B�M�2���` �b�+���H�B�M�;�X �J�Q�`�2�Q�p�2�`�- �H���`�;�2 �b�+���H�2 �6�h �r�B�i�?k = 32 �r���b �b�B�K�m�H���i�2�/ �B�M �m�M�/�2�` �R�e �K�B�M�m�i�2�b�-
���M�/ �.�6 �r�B�i�?a = 14 �B�M �m�M�/�2�` �R�3 �K�B�M�m�i�2�b�X �h�?�2�b�2 �`�2�b�m�H�i�b �/�2�K�Q�M�b�i�`���i�2 �i�?���i �P�.�*�L�ö�b �T���`���H�H�2�H�B�b�K
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