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�ϕ = true Uϕ

�¥= ûH© / à®ÖÚª 5 �ϕ 5{ã^.0/2· à 5 ª 5 û =?· 9 ; Ö 5 ª =�.0/ © .0/2·Ü18961 ϕ 58329�·¸7018�J·¸9;= �0ª 5 à 547:9X36=Y9;·¸3 û =?· 9;5��>=?703 Ö 7�189;=Y9ûHÖ 9 Ö /8°
��=¿701 �:=Y9;· © 7 �05 ¨ 5{9 © .B18/;=Y965 Ö /Ë�01�!>70· ª â © .�14/6=Y9;5 Ö / � ����	 ������� ü>7 © 9;1

2
°

2ϕ = ¬ � ¬ϕ



� ��� � � ��� � � ��� � � � ��� � �
��� Ù)z
��= ûH© / à®Ö0ª 5

2ϕ 5Óã^.0/6· à 5 ª 5 û =Y·¸9 ; Ö 5 ϕ 543È9®�J/;=?·N. ©?Ö /¹9 ©?Ö 3 ª 543®1{9è=Y963®=Y929;54·"�«7>= �Úª 543 �b.>=?/È9;·¸/<�05ª â 189;=Y9Ë·Ü7Ú·¸9;·Ü= ª s0
°

�jâ © .�14/6=Y9;5 Ö / � ����	 ��� ��� 58329 Ö 9;· ª ·Ü321±. ©?Ö /s5{ã^.0/6· à 58/��Ú543N.0/ © .Ú/6·Ü1{9;183��05�3 � /258961?ü ª â © .B18/;=Y965 Ö / ����(�� � �
�)���0�����$� ��� . ©?Ö /±�0543P.0/ © .0/6·¸1896143±�05��J·¸�Y= ¨ ·¸9;1Y°

�g543 ª¸© �«·<; Ö 543P=?/ ��© /2543 ¨ 547:9;583R.�54/ à 58929;587~9X�Òâ 5{ã^.0/6· à 58/ ª =¿. © 96547:9;·Ü= ª · 9;1��0583 ¨8©«à . © /È9;5 à 547:9634ü ¨ 5
; Ö ·±7Òâ 543È9á.>=Y3¤. © 3236· �Úª 5y�>=?7Ú3 ª 5 ¨ =?3 ª ·¸701]=Y·Ü/65Y°��g543 ª¸© �«· ; Ö 583 =?/ ��© /2543 ¨ 547:9;583á/254. © 36587~9¤3 Ö / ª 543 ª¸© ,
�«·<; Ö 543 ª ·¸701]=Y·Ü/65834° � º>= ; Ö 5 � � /6=?7 ¨ º05���/654.Ú/61432547:9;5 Ö 7 ¨4©?à . © /2965 à 547:9 ª ·Ü7014=?·Ü/25á5{9¿· ª 54329 . © 3236· �Úª 5�05 ; Ö =?7:9;·"!054/X3 Ö / ¨ 543 � /;=?7 ¨ ºÚ5434° ��= ; Ö =?7:9;·+! ¨ =ï9;· © 7 Ö 70· �«58/6365 ªÜª 5 & ∀ (P.0/25470�n587 ¨4©?à .Ú965<9 ©«Ö 9;583 ª 543� /6=?7 ¨ º05834°��¥= ; Ö =?7:96·"! ¨ =Y9;· © 7 5{ã^·Ü3È9;547:96·Ü5 ª¸ª 5 & ∃ (¿32.B1 ¨ ·+!>5 ª â²5Óã^·Ü329;=?7 ¨ 5T��â Ö 7Ú5 � /6=?7 ¨ º05T3;=ï9;·Ü3 û =?·Ü36=?7:9Ö 7 ¨4©«à . © /2965 à 547:9 ª ·¸701]=?·¸/65�.0=?/296· ¨4ÖÚª ·Ü58/4° ��=�.0/ © .0/2·Ü18961 ∀© ϕ 5{ã^.0/2· à 5 ; Ö 5 ª = .Ú/ © .0/2·Ü1{9;1 ϕ 543293;=ï9;·Ü3 û =?·¸965��>=?703 ª 5Ø.0/ ©^¨ º0=?·Ü7T189;=Y9X�Ú5�9 ©«Ö 9;583 ª 543 � /;=Y7 ¨ º05438° ��=¤.0/ © .Ú/6·Ü1{9;1 ∃(ϕUψ) 5{ã^.0/6· à 5 ª 5 û =Y·¸9
; Ö â · ª 5{ã^·Ü3È9;5 Ö 705 � /6=?7 ¨ º05<. ©?Ö / ª = ; Ö 5 ª¸ª 5 ϕ 58329R36=Y9;·¸3 û =?· 9;5�Û Ö 3 ; Ö â � ¨ 5 ; Ö 5 ψ ª 5<3 © ·¸94°���=¤.0/ © .Ú/6·Ü1{9;1
∀2ϕ 5ÓãÚ.Ú/6· à 5 ª 5 û =?·¸9 ; Ö 5 ª =b.Ú/ © .0/2·Ü1{9;1 ϕ 58329 ����� 	 ������� 36=Y9;·¸3 û =?· 9;5á3 Ö / ����� ��� ª 543 � /;=?7 ¨ ºÚ5434°s¯ ª¸ª 55{ã^.0/2· à 5 Ö 705á.0/ © .0/2·Ü18961��Ú5á3 � /658961?° ��=l.0/ © .0/6·¸18961 ∀ � ϕ 5{ã^.0/2· à 5 ª 5 û =Y·¸9�; Ö 5 ª = .0/ © .0/6·¸18961 ϕ 54329����(�� ���)���0�����$� ��� 3;=ï9;·Ü3 û =?·¸965R3 Ö / ������� ��� ª 543 � /6=?7 ¨ º05834°�¯ ªÜª 5R5{ã^.0/2· à 5 Ö 705Ø.0/ © .Ú/6·Ü1{9;1��05��J·¸�Y= ¨ ·¸961?°

�g543 ªÜ© �«·<; Ö 543 ª ·¸701]=Y·Ü/6583Ò589h=?/ �B© /2543 ¨ 547:96543 © 7~9D18961�/258�«/ ©«Ö .�14583D�>=Y703 Ö 705 ª¸© �«·<; Ö 5j. ªÜÖ 3�5ÓãÚ.Ú/6543236· �«5?üª = ªÜ© �«· ; Ö 5 CTL∗ &ú� © ·¸/ ª 5 ª ·¸�J/25��Ú5 ��ª =Y/1>?5 � � �
�%/ � � ÿ�} p/p��D. ©«Ö / Ö 705<.0/61836587~9;=Y9;· © 7n�01{9è=?· ªÜª 145Ø�0543= ª � © /6· 9;º à 5438ü^�Ú543P�0· �B14/2547:9;583 ª¸© �«·<; Ö 543±589 ª 5 Ö /±/25 ª =ï9;· © 7 ({°
��7 =Y9 ©«Ö 9��Ú543R�«18/6·+! ¨ =Y965 Ö /23��05 à¤© �Ú» ª 583X58329 ª 5 Ö / ¨ =?.>= ¨ ·¸961 ��.0/ © � Ö ·Ü/65<�0543 ¨8© 7:9;/25-,�5Óã^5 à . ª 5834°} ©?Ö /¿.0/ ©?Ö �«58/ ; Ö â Ö 7Ú5 ûH© / à®ÖÚª 5�965 à . © /65 ª¸ª 5 φ & ª ·Ü7014=?·Ü/25 ©?Ö =?/ ��© /6583 ¨ 547:9;5 (¿58329 36=Y9;·¸3 û =?· 9;5¤.>=?/ Ö 7à¤© �0» ª 5 M & M � φ ({ü Ö 7 �?14/6·+! ¨ =ï9;5 Ö /¹�05 à¤© �0» ª 543Ø�?= ¨ º054/ ¨ º054/ �l.0/ ©«Ö �«54/ ; Ö 5 M 705�3;=Y96·Ü3 û =Y·¸9.>=?3 ª =¿701 �:=Y96· © 7 �05 φ & M 2 ¬φ ({° } =?/�5Óã^5 à . ª 5Yü>. ©«Ö /P.Ú/ ©«Ö �?54/ ∀2f ü ª 5R�«18/6·+! ¨ =Y965 Ö /Ë�Y= ¨ ºÚ54/ ¨ ºÚ54/

� ¨4© 703È9;/ Ö ·Ü/25 ª =y.0/65 Ö �«5��05 ¬(∀2f ) üg3 © ·¸9 ∃ � ¬f °Dµ^· ¨ 5{969;5 ¨4© 703296/ Ö0¨ 9;· © 7 = ��©«Ö 96·¸9]üB5 ª¸ª 5 ¨4© 703296·¸9 Ö 5Ö 7 ¨8© 7:9;/25-,�5Óã^5 à . ª 5P. ©?Ö / ∀2f ° �g543 ¨4© 7:9;/25-, 5{ã^5 à . ª 583�3 © 7:9±= Ö Û ©?Ö /6�Òâ º Ö · Ö 9;· ª ·Ü32143s. ©«Ö / �«147018/658/ �0543�«5 ¨ 965 Ö /23X�05�9;58329/& ¨ º0=?.0·¸96/65 n®�05�� � 58/;Þ:Ý0� (Ó°
��=b.0/6·¸7 ¨ ·¸.>= ª 5 ª · à ·¸9è=ï9;· © 7n�05 ª =l�«18/6·"! ¨ =Y96· © 7%�05 à¤© �0» ª 583¹.0/ © �J·¸547:9®�05 ª â 5{ã^. ªÜ© 36· © 7 ¨4©?à � ·Ü70= ,9 © ·Ü/65 ­ ª 5 7 ©«à � /65¤�Òâ 189è=ï9;3 ¨ / © �¸9��05 à =?70·¸»4/65 5ÓãÚ. © 70587:9;·Ü5 ªÜª 5á=]�«5 ¨áª = 9;=?· ª¸ª 5¿�0583¹/65 �«·Ü3È9;/2543¹� Ö à¤© ,�0» ª 5 �¤�«14/2·"!>58/4°���705¹3 ©«ª¸Ö 9;· © 7 � ¨ 5®.0/ ©��0ª » à 5<58329R��â Ö 96· ª ·Ü3658/ ª 543P�0· =7�«/;= à¤à 543Ë�05®�01 ¨ ·¸36· © 7 � ·¸7>=?·Ü/25

� ��/ $&o«ß���. ©«Ö /á/254.0/21432547:9;58/T�Ú5 û =�� © 7p3 $ à ��©«ª ·<; Ö 5 Ö 7a5470325 à �0ª 5n�Òâ 189;=Y9 � ñ ¨ ñ p«× � °�¬¹â²= Ö 96/6543y3 © ,ªÜÖ 9;· © 703 ¨ º058/ ¨ º0587~9 ��/618� Ö ·Ü/25?üD�05 û =�� © 7 = Ö 9 ©«à =Y96· ; Ö 5 ©«Ö à =?7 Ö 5 ª¸ª 5Yü ª 543 à¤© �0» ª 583 �b�«18/6·"!054/4° ��=/618� Ö0¨ 9;· © 7a�Òâ Ö 705 ûH© / à®Ö0ª 5 � 3 © 7 � � ��� �
� ��������� ����� /2543È9;/658·Ü7:9 ª 5 à¤© �0» ª 5 �%�«18/6·"!054/ = Ö ã .>=?/È9;·¸543¨4© 7 ¨ 58/67018543 .>=?/ ª =l.Ú/ © .0/2·Ü1{9;1 � � � � p/o �F°D¬¹â¶= Ö 9;/2543®9;5 ¨ º070·<; Ö 543¿/618� Ö ·¸36547:9 ª 5 à¤© �Ú» ª 5¤547 Ö 9;· ª ·Ü36=?7:9�0583�3 $ à�à 1896/6·Ü583 � � ? � p«×Úüg¯Nµ p?ß�� ° ��705®965 ¨ º070·<; Ö 5¿9;/6»83�5 à . ªÜ© $?145 543È9 ¨ 5 ª¸ª 5®�Ú·¸9;5 �{� ©«Ö 3�3 Ö .0. © 365��?ü7 ©«Ö 3B�:=?/;=Y7~96·Ü323 © 703 � & � ��� ������� �$��*�� � ,��!�
� �
��� ��� ( � 2 � �yp/o��F° ý�7:9 Ö · 9;· �«5 à 547:94ü ª â Ö 96· ª ·¸3;=Y965 Ö /�. © 365¨4©?à�à 5�º�$J. © 9;º0»8365 Ö 705�3214/6·¸5��05 ¨4© 7:96/;=?·¸7~96543D3 Ö / ª â 547:�J·Ü/ © 70705 à 547:9h�Òâ Ö 7®3 $J3296» à 5?° ��583 = ª � © /2·¸9;º à 583�05��«18/6·+! ¨ =Y96· © 7.�:=?/6=?7:9;·¸3636587:9 ª =¿3;=Y96·Ü3 û = ¨ 9;· © 7y�05Ø.0/ © .0/6·¸1896143Ë3 ©«Ö 3 ¨ 543 ¨4© 7:9;/6=?·Ü7:965434° ?h·¸7>= ª 5 à 547:9]ü ª =.>=?/È9;· 9;· © 7 ûH© 7 ¨ 9;· © 70705 ªÜª 5 � ¬ Ö0à Þ«×�� = à »8705 Ö 7 3 $J329;» à 5y�0=?703 Ö 7 à¤© �05��05 ûH© 7 ¨ 96· © 707Ú5 à 547:9®.>=Y/ ,9;· ¨4Ö0ª ·Ü58/X= Ö�à¤© $«587���â Ö 7Ú5¿189è=Y.B5®�Ú5¿36· à¹Ö0ª =Y96· © 7T3 $ à ��©«ª · ; Ö 5?° �g5®.>=?/ ¨4©«Ö /23��Òâ 189è=ï9;3�543È9�5��B5 ¨ 9 Ö 1 �
.>=?/È9;·¸/ �05 ¨ 5 à�© �05R32.B1 ¨ ·+!#; Ö 5?°
¬R=?703 ª 5 � ©?à =?·¸705¿�0583�965 ¨ º070·<; Ö 543¹= ª � © /6·¸96º à · ; Ö 543X�05¤�?14/2·"! ¨ =Y9;· © 7Òü ª 5 ¨ =?3��0543�3 $J3296» à 543<.>= ,/;= à 1{9;/6183¿543È9 ¨4© 707 Ö 3 ©?Ö 3 ª 5�7 ©?à �05 �������0� 
��$� ��� �%� �
( ��� �+�.�
� �)��� ��� �$�0� 
 ����� �!�
�.���$( � ��(�� &_547=?7�� ª =?·¸34ü	� �
� ���$� ��� ���%-��.��
 �0��� �'
 &���� 
�����, � �����0����� ü^3 © · 9 } ñ � } ({° � 5�.0/ ©��0ª » à 5 ¨4© 7032·Ü3È9;5��>=?7Ú3 ª =�«18/6·+! ¨ =Y96· © 7��Ú5¿.0/ © .Ú/6·Ü1{9;183X9;5 à . © /65 ªÜª 543X. ©«Ö /�9 ©«Ö 96543 ª 543X�Y= ª 5 Ö /23R. © 3636· �0ª 583��0543�.0=?/;= à »896/65834ü �0/ , /ª = 9è=?· ªÜª 5¤� Ö 3 $J3296» à 5?°sµJ· ª 5 } ñ � } 58329¿·¸70�01 ¨ ·Ü�0= �0ª 5¤547,�?147018/;= ª � ³ =,o?ß��Füh· ª 58329¿�01 ¨ ·¸�>= �0ª 5á. ©«Ö /
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�0543 ¨8ª =?3236543¹/6543È9;/254·Ü7:96543¿�05y3 $^3È9;» à 583 � ÿ µ p:Ý��F° } ©«Ö / ¨ 543 ¨8ª =?3236543¹�05 ¨ ·¸/ ¨4Ö ·¸9;38üD�Ú·¸�«58/632543 à 189;º © �0583. ªÜÖ 3 ©«Ö à¤© ·¸703�= Ö 9 ©?à =Y96· ; Ö 583 © 7:9¹189;1��018�?5 ª¸© .0.�145438° } ©?Ö / ª 543�3 $J3296» à 543¿3 $J7 ¨ ºÚ/ © 70583 ¨4© 7Ú329;· 9 Ö 183�Òâ Ö 7-.Ú/ ©J¨ 54323 Ö 3¤�05 ¨8© 7:9;/19 ª 5�5{9 �Òâ Ö 7-7 ©«à � /25 =?/ � · 9;/6=?·Ü/25��05y.Ú/ ©J¨ 54323 Ö 3 Ö 96· ª ·¸3;=Y965 Ö /23¹·¸�0547:9;·<; Ö 5438ü¯ à 54/23 © 7 5{9¹þ�= à Û © 36º0·%�²¯sþ<p«ß�� à¤© 7:9;/6587:9 ; Ö â²· ª 5{ã^·Ü3È9;5 �0583<= ª � © /2·¸96º à 583�. ©«Ö �Y=?7:9��01 ¨ ·Ü�Ú54/ ,P3 ©?Ö 3¨ 54/È9è=?·¸70543Ëº�$J. © 9;º0»836543��05Ø3 $ à 189;/2·Ü5 ,N�0583�.Ú/ © .0/2·Ü1{9;143±5Óã^.0/6· à 18543Ø­

�a3 Ö / ª 5¤.Ú/ ©J¨ 54323 Ö 3��05 ¨4© 7:96/19 ª 5.&_�05 ª = ûH© / à 5 ∀f ©«Ö ∃f ü ©�� f 543È9 Ö 705 ûH© / à®Ö0ª 5®9;5 à . © /65 ªÜª 5ª ·¸701]=?·¸/65�5{ã^.0/6· à 185Ø3 Ö / ª 583±189;=Y9;3Ë� Ö .0/ ©J¨ 58363 Ö 3��Ú5 ¨8© 7:9;/ 9 ª 5 ({ü
�a3 Ö / ª 583s.0/ ©J¨ 58363 Ö 3 Ö 96· ª ·¸3;=Y965 Ö /23 &_�05 ª = ûH© / à 5 ∧

i ∀f(i)
©«Ö

∧

i ∃f(i) ü ©�� f(i) 543È9 Ö 705 ûH© / à®Ö0ª 5ª ·¸701]=?·¸/65N5{ã^.0/2· à 145±3 Ö / ª 543h189è=ï9;3j� Ö .0/ ©^¨ 54363 Ö 3N�05 ¨4© 7:96/19 ª 5 589s3 Ö / ª 583h�Y=?/6·Ü= �0ª 583 � Ö .0/ ©^¨ 54363 Ö 3Ö 9;· ª ·¸3;=Y965 Ö /�·Ü70�05Óã^1�.0=?/ i ({ü�a3 Ö /g�Ú543�.>=?·¸/6543��05j.0/ ©J¨ 58363 Ö 3 Ö 9;· ª ·Ü36=Y9;5 Ö /63B�0·Ü3È9;·Ü7 ¨ 9;3 &_�05 ª = ûH© / à 5 ∧
i6=j ∀f(i, j)

©?Ö
∧

i 6=j ∃f(i, j) ü©��
f(i, j) 54329 Ö 705 ûH© / à¹Ö0ª 5 ª ·Ü7014=?·Ü/25¿5{ã^.0/6· à 185 3 Ö / ª 583<1{9è=Y963<� Ö .0/ ©J¨ 58363 Ö 3¹�05 ¨4© 7~96/19 ª 5 5893 Ö / ª 543 �Y=?/6·Ü= �0ª 543 � Ö .0/ ©^¨ 54363 Ö 3 Ö 9;· ª ·Ü36=Y9;5 Ö /�·¸70�05{ã^1Ø.>=?/ i ©«Ö j ({°

��= �«14/2·"! ¨ =Y9;· © 7T�05¹3 $^3È9;» à 583R.>=?/6= à 1{9;/2143�= Öbà¤© $«547l�05 ª = 965 ¨ º07Ú· ; Ö 5¹�Ú5<�«18/6·+! ¨ =Y96· © 7T�05 à�© ,�0» ª 543P54329X. © 3636· �0ª 5 � 2 �!�<p«ÝJü � ÿ � p/z^ü�¯ =ØÞ«×�� °�þ�14=?7 à¤© ·Ü7Ú34ü ¨ º>= ; Ö 5<3 ©«ª¸Ö 9;· © 7l.Ú/ © . © 36185¹38â¶=?.Ú. ª ·<; Ö 5
� Ö 705 û = à · ªÜª 5��05Ø.0/ ©��0ª » à 543±.>=?/È9;· ¨4Ö0ª ·Ü»4/25?ü^3 ©«Ö �?547:9R/2543È9;/658·Ü7:9;5Y°
³ Ö Û ©«Ö /2�Òâ º Ö · ü ª =��?14/6·+! ¨ =ï9;· © 7��05 à¤© �Ú» ª 583 &H7 © 7y.>=Y/;= à 1896/6143�(N38â²58329Ë· à . © 36185��>=Y703 ª 5�; Ö0© 9;·¸�0·Ü587�05�7 ©«à � /25 Ö 32543¥547:9;/254.0/2·Ü36583#�«/1� ¨ 5��Ë3 © 7�70·¸�?5]= Ö �Òâ²= Ö 9 ©?à =Y96·Ü36=Y9;· © 7Ò°]¯j7<5��B589]üu�Ú543 ©?Ö 9;· ª 3g·Ü7Ú� Ö 3296/6·¸5 ª 3

,h.Ú/ © � Ö ·¸963s.>=?/ ª 543s587~96/658.0/6·¸36543�.0º>=?/2543��05 ª = à · ¨ / © 1 ª 5 ¨ 9;/ © 70· ; Ö 5 & � =?�0547 ¨ 5?ü0µ*$J7 © .032·Ü38üJýD� ñ ü~ý�7~965 ª ü°4°4° (�· à . ª 1 à 587:9;547:9 ª 543 = ª � © /2·¸9;º à 583��05 �$�0��� � ��&���� 
�����, ° �g543 © .^9;· à ·Ü36=Y9;· © 703¤�0543T= ª � © /2·¸9;º à 5834üª â ·Ü7:9;/ © � ÖÚ¨ 9;· © 7 �05l965 ¨ º07Ú· ; Ö 543y�Ú5b3;=ï9;·Ü3 û =?·Ü36= � · ª ·¸961 & µJ³j´ ( 5{9 � ·¸547p1{�^·¸�05 à¤à 547:9 ª â¶= Ö � à 547:9è=Y96· © 7�0543�.B58/ ûH© / à =?7 ¨ 543N�0583 à = ¨ º0·¸70543 © 7:9�.�54/ à ·¸3 � ª =R�?14/6·+! ¨ =ï9;· © 7á�05 à�© �0» ª 543s�05P9;/6=?·¸9654/j�0583 ¨ ·¸/ ¨8Ö ·¸963589±3 Ö /29 ©«Ö 9 �Ú543±3 ©?Ö 3 , ¨ ·Ü/ ¨4Ö · 9;3�/61]= ª ·Ü3È9;5834° ��583 ©«Ö 96· ª 3�5{9�9;5 ¨ º070·<; Ö 543±�05 �$�0��� � ��&���� 
�����, 38â¶=?.Ú. ª ·<; Ö 547:9= Ö Û ©«Ö /2�Òâ º Ö ·g.0/6·¸7 ¨ ·¸.>= ª 5 à 587:9Ë= Ö 70·¸�?5]= Ö 9;/6=?703 û 54/29P�05Ø/258�«·¸329;/2543 & �D´ � (�5{9�= Ö 70·¸�?5]= Ö . © /29;5834°
������� � � D%M 3658S�;
E HR;&= 365 �89 ;��8DY3IE �%M 9YS

�g583 ª¸© �«·<; Ö 543h965 à . © /25 ª¸ª 543D589 ª 543s= ª � © /6· 9;º à 543¥�05±�«18/6·+! ¨ =Y96· © 7¿�Ú5 à�© �0» ª 543 .�54/ à 5{9696547:9N�Òâ²5Óã^.0/6·7,à 58/±589Ë�05R�?14/6·+!>54/Ë�0583Ë.0/ © .Ú/6·Ü1{9;183±�05 à =?7Ú·Ü»4/25R5 7 ¨ = ¨ 5�3 Ö / ª 543±.>=Y/29;·¸543 ¨8© 7:9;/19 ª 543±�Ú543 ¨ ·¸/ ¨4Ö ·¸9;38°#��=�01 à¤© 703È9;/;=ï9;· © 7��05®9;º01 © /6» à 583Ø54329 Ö 7Ú5 965 ¨ º07Ú· ; Ö 5 à ·¸5 Ö ãn=?�>=Y.Ú9;185¤. ©«Ö /�38â¶=ï969è= ; Ö 54/�= Ö ã�=?36.�5 ¨ 9;3ûH© 7 ¨ 96· © 7Ú705 ª 3��0543�3 $J3296» à 5438ü ¨ â²58329 �y�0·¸/65 5{ã^.0/2· à 54/Ø589Ø�?14/6·+!>54/��0583<.0/ © .0/2·Ü1896143Ø3 Ö / ª 5 96/;=?· 9;5 à 587~9
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�SRUT%VWT%X�Y[Z\R /^] � � R&TAX`_[acbdTAX1efX1gdhUidRjX�kAacelTmR&b�X�enX�h&T Qporq gsX�e o elT1t,X�R[gdk "uo Rjidh&ZvacbdT%X�k1t,X�R[gdkwR[X o R� Z\a�bdidR o a�xcely�gdR � % & � z��  xcgdkAR �s{&%,| & { ] R�Z\a�bdidR}R&T%X>_[acbdT%X�efX1gdh�idR�k1Y[x o R[T�R[X^idR�TAX1k�t,X1h&xcefR&T~y�gdeSacb�Xh[X�hvidh��cR o ac�d��h&R[T��dkAh&_&h[idR&ZvZvR&b�X { � q gWX�e o elT1t,X�R[gdk}T1acgsZ\R�X o t # ack1ZDg o R�y�g q e o T1a�gd��t�enX�RQidh&Zvacb�X�kAR&k (/^] ���`yHgsepgsX1e o efT1R o R[T�kAY&x o R&T�idg�Z\a�bdidR o acxcefy�gdR\��acgdk�X�kAacgs��R&kDgdbsR��dk1R[gs�cRmidg�X��sh&ackAY&ZvR {F� e o t�dk1R[gs�cR�idR o t # ackAZDg o R>R��WelT%X�R " /^] ���DX�k�t,bdT # ackAZ\R}_[R}X��dh[ack1Y[Z\R�R&b`gdbdR�k1Y[x o R}isR��sk1R&gW�cR�R[X�t 7 acgsX1R_&R ofo R � _&e:t�g�ZvacbdisR o a�xcely�gdR { 4>t�bdT o R # gsX1gdk " /^] ������acgsk1k�t�gsX�e o elTAR&k�_&R�X1X1R�k1Y[x o R\��acgsk�gdbdR�t�gsX�kAR�dk1R[gs�cR { � q gsX�e o efT�t,X1R&gdk7ZvaHide  R o R}ZvacbdidR o acxcely�gdR>idg�ish&ZvacbdTAX1k�t,X1R&gdk {�SR o t�bdxct�xcR /^] ����R&T%X7gdb�TAacgdT � R&bsT1R&Z�� o R�T�t�bdTpR  R[X7isR���ack1imidR ] acZvZvacb.� "��0��{ �Kt�bda�X�t4X�ela�bgsX�e o elTAh&R~R&T%X7�dkAh  �Wh[R { � q R��W�dkAR&T1TAelacbmZmt,X1�dh&Z\t,X1ely�gdR x ∗ f (y , z )

R[TAXph&_&kAefX1R`�������%�F�F����� { /^] ���# acbd_[X1elacbsbdR���t�kpT1R&TAT1efacbdT { �SR�_[acb�X�R[bHg`idg�ZvacbdidR o acxcefyHgsR>idh  bdefX orq h[X�t4X�i q gdbdR}T1R[T1TAelacb { �KR}ZvacbdisR
o acxcefy�gdR�R&TAX�_&a�bdTAX1efX�gsh�idR orq R&bdTAR&ZD� o R�idR&T # acbd_[X1elacbsT " _&a�bdTAX�t�b�X�R&T " �,t�kAe t�� o R&T~R[X o R[T�kAY&x o R&T^_&acbsbHgsR&T��t�k /^] ��� {
" bsefX�elt o R[Z\R[b�X "co R^ZvacbdisR o acxcefyHgsR^R[TAX¡_&acbsTAX�enX�gdh^i q gdbdR^X��dh[ack1efR^_[acb�X�R[b�t�b�X o R&T # acbd_[X1elacbsTgdT1gdR olo R&T "so R&T~t6�sefacZvR&T7efbdefX1e t�gW�\idR o t o acx�ely�gdR>R�X^yHgsR o y�gdR[T~k1Y&x o R&T�h o h[Z\R[b�X�t�elkAR&T { ] R[XAX�R}X��sh&ackAelR}R&T%XbdacZvZ\h[R}��t�k o R[T~t�gsX1R&gdkAT � x�k1acgdbsi`¢[R&kAa �,{/^] ���>TARp�dkAh&T1R[b�X�R�_&a�Z\ZvR¡gsbDelb�X�R[k1�dkAh[X1R&gdk	isRp_&a�Z\Z\t�bdidR[T { 	 o£q efb��HenX�Rui q gdb � �dkAacZv�sX �[¤ ",o£q gsX1e �
o elT1t,X�R[gdk7TAacgdZvR[X~gdbdR�_[acZ\Z\t�bdisR	¥s_[R olo R � _&e¦R[TAX^elb�X�R[k1�dkAh[X1h&R���t�k /^] ���Dy�gdeSelZv�dk1efZ\R�gdbdR�k1h[��a�bdT1R {� t�k�R��sR[Z\� o R "�o tj_&a�bd_�t,X1h&b�t4X�ela�b�idR&T o efTAX1R&T§�&¨ª©¬«���R[X��%­¯®N°d��T q R  R[_[X�gsR���t,k o t�_[acZ\Z\t�bdisRT1gden��t,b�X1R Q
±W²�³ ©µ´�¶��1·,¸H¸d¹,ºW»½¼���¨ª©¬«��¾¼��%­¯®F°d���
��¨ª©¬«¬­¯®F°d�
±W²�³ ©µ´�¶
� q t���acTAX1k1ac�s�dRQelbdidefy�gdR ( /^] ���widR�X�k1t�efX1R&k o£q R��W�dk1R[T1T1efacbOyHgse¿T1gdenX�_&acZvZ\R�gsbdRQ_&acbdT%X�t�b�X1R\R�X�bdacb_&acZvZ\R>gdb�t,�d��R o idR # acbd_�X�ela�b {

] R�X1X1RU_&acZvZmt,bdidR�bsRUZ\aHide  R���t,k orq h[X�t,X�idR o tÀTAR&T1TAelacb { 3 aHide  R[k orq h[X�t,X�i q gdbsRUT1R&TAT1efacbÁacg
h[X�R[bdidkAR o t�X��sh&ackAelR � xckAacgdbdi�¢&R&kAa � _[acbdT%X�efX1gdR�gdb�h��cY&bsR&ZvR&b�X { �KR[T>h��cY&bsR&ZvR&b�X�T o R&T^� o gsT�_[acgdk�t,b�X1T
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T1a�b�X o t�idh���bsefX�efacb�i q gdbdR~bdacgW�cR ofo R�� acbs_[X�efacb % _[acZvZmt�bsidR7»W¹c����º &	� o t��dk1R[gs�cR^i q gdbQX��dh[ack1Y[Z\R % _&acZ �Z\t�bdidR�»W¹c��
���
 &	��acg o£q R[bd_�t,�dT1g o t,X�efacb % _[acZ\Z\t�bdisR�¹,º���·,¸������c·�
d¹���idh&_[k1efX1R�R[b�TAR&_[X1elacb �d{��c{�� & {�� R&T
h[��Y&bdR[Z\R[b�X�T7��R&gs��R&b�X ( X�kAR�kAR&xckAacgd��h&T:i�t�bdT¡gdbdR^�del� o ela�X1�dY&y�gdR {�� q efZ\��ack%X�t,X1elacbDi q gdbsR>�def� o efa�X��dY[y�gdR_&a�bdTAX1efX�gsR�t,gdT1TAeSgdb�h��cY[bdR&ZvR&b�X�R�X~T q R  R&_�X�gdR���t�k o t�_[acZ\Z\t�bdisR���º������W»W¹ �"!�#�#%$ {� t�_[acZvZmt�bsidR � idR	� X��dZ � R&T%X o t�_ o h7��a�gdk orq elb�X�R[k�t�_�X�efacb�t��cR[_ o£q acgWX�e o idR~�dkAR&gs��R&T {&� ack1TAy�gdR~_&R[XAX�R_&a�Z\Z\t�bdidRvR&T%XDTAacgdZvelT1R'� /^] � ��t��d� o ely�gdRvgdbdRmTAh&kAelRvidRm�dkAaW_[h&idgsk1R&T���acgsk�X1R&b�X�R[kDidRm�sk1acgs��R&k o RX��sh&ackAY&ZvR)(O��t�kAX1elkQidgª_&acb�X�R[b�g�idg�ZvacbdidR o acxcely�gdR {*� R&Tm�sk1aH_&h&isgdk1R[T o R[T\� o gdTvR&Zv� o a*V�h&R&T\T1acb�X
o t k1h[R&_[k1efX1gdk1R'�uidR&T��sk1aH_&h&isgdk1R[TmidR�idh&_[elT1efacb ��acgsk o£q t�kAefX1�dZ\h�X�efyHgsR o elbsh�t�efk1R�� o t xch&bdh[k�t o elT1t,X�efacb�R[X
orq elbsidgd_[X1elacb { /^] � �vR&TAX�_&acZv� o Y�X�R[Z\R[b�X>t�gsX1acZ\t,X�efyHgsR�i�t,bdT o R�TAR&bdT}a,+�gdbdR-� a�elT^yHg q gdbsR�X�R[b�X�t,X�en�cRidRv�dk1R[gs�cRmR&TAX o t�bs_&h&R'��t�gd_&gsbdRmefb�X1R&k1t�_[X1elacbÀt��cR&_ /^] � �`b q R&T%XD��acT1TAel� o R { ] R[XAX�R\X1R&b�X�t4X�ef��R\h[_��dacgdRi�t�bsT o t�� o gd��t,kAX�idR[T�_�t,T�R�X o£q gWX�e o elT1t,X�R[gdk>ida�efX�t o ack1T�t�efidR&k /^] � �`R[b§t�.Aa�gsX�t�b�X�idR[T�_[acbdT1R[e o T�t,gW�� idR	� X��dZ � �da�g`�dt�k o tD�dkAR&gs��R�idR�kAY&x o R&T~T1gd�s� o h[Z\R[b�X�t�elkAR&T {/uacel_[e0�W��t�k~R��WR&Zv� o R��dgdbsR1� a�bd_[X1elacb�y�gde � _[ac�delR � gdb�t,k1�dkAR Q32
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] R[XAX�R7idh	��bdenX�ela�b�R&T%X	gdb�h[�cY[bdR&ZvR&b�Xuy�gdeHh[X1R&bdi o t~X1�dh&ackAelR � xckAacgdbdiD¢[R&kAa � t��cR[_ orq t4�WelacZvR¿_&a�bdTAX1e �X�gshpidR o£q h[x�t o efX�h¿R[b�X�k1R o RuX�R&kAZ\Rv�8
&5W¹�¹3��#4¸W� � �~R[X o Rp_[ack1�sT�idR7T1t>idh	��bdefX1elacb { ] R�X1X1R7R��HX�R[bdT1efacbDidR o t

o a�xcely�gdR~R&T%X���R&k1ZvelTAR��dt�k o R��dkAelbd_[el��R�isR>idh	��bdefX1elacbvi q8/^] � � { ] R��sk1elbs_&el��R~elZv��a�T1R^yHgsR���a�gdkpt�.Aacg �X�R[k�gdbdR�� a�bd_[X1elacbjkAh&_[gdk1TAef�cR'�SacbUidacenX�R[bU�dk1acgW�cR&k o tvX�R[k1Zvelb�t,elT1a�b {:9 acgdT�bsR�idh[X�t�e ofo acbdT^��t�T>el_&e�_&R�dkAelbd_[el��R { � acgdk	bsa�X�kAR�R��WR&Zv� o R'�,(}_���t�y�gdR^t��s��R o k1h[_&gdkAT1e�� x R&T%X:gdbdR���t�efk1R¡R[X o t;� acbd_[X1elacb�
65W¹�¹3��#6¸W�R&T%XDt,�d��R o h[RvTAgdk o R��dkAR&ZvelR&k�h o h&ZvR&b�X�acg o R�kAR&TAX1RmidRQ_[R[X1X1R\�dt�elkAR��SZ\t�elT}i�t,bdT orq gdbÀR�X o£q t,gsX�kAR�_�t�T
orq t��d��R o kAh&_[gdk1TAe<��tO��acgsk\��t,k�t�ZvY[X1k1R x �dkAef�ch`idR�gdb acgª� o gsT1elR[gdk1Tvh o h&ZvR&b�X�T {=� R`_�t o _&g o T q t,k1k?>�X�Ry�g�t�bdiwX1acgdT o R[T7h o h&ZvR&b�X�T�isR x acb�X~h�X�h}_&a�bdT1acZvZvh&T {3� t-� acbd_[X1elacb@
65W¹�¹3��#6¸W��R[TAX�t�idZvelTAT1el� o R^i�t�bdT
o t o acxcefyHgsR /^] � � {� acgsk��dkAacgs��R&k�yHgsR¡_[R[X1X1R=� a�bd_[X1elacb�R&T%X�gsbdR¡efidR&b�X1efX�h'� orq gsX�e o efT�t,X1R&gdk�T1acgdZvR[X o£q h��cY&bsR&ZvR&b�X�TAgdef�,t�b�X Q
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� t�k1h[��a�bdT1R:_&acZv� o Y[X�Rui q8/^] � ��R&T%X�isacbdbdh[RpR&b�t�bdbdR��WR�C { /^] � �D��t�enXKgdbdR¡�dk1R[gs�cR¡��t�k�elbdidgs_[X�efacbT1R o acb o t~TAX1k1gd_�X�gdkARpidR o t~idh���bsefX�efacb�idRE
65W¹�¹���#6¸W� { " o �dk1h[T1R[b�X1RpX�a�gsX�i q t���ackAi o R:T1_��sh&Z\t�i q elbdisgd_[X1elacbgsX1e o efT1h'�dt��,t�b�X�isR�ish&_&a�Z\��acT1R[k o t��dkAR&gs��R�R[b�gdb`_�t,T^isR��dt�T1RGF0H'��!&I�#�·&� �s¨'Jc©�K Q

H'��!3I�#c·&� �s¨'J�©
�	L"M&N ³ L�O3H��QP3R�S � ² R,P&H,NUT �H�

�8O�V%W ±�³ �8S�X6O�O ² R�N6YAT �ZT �H�
_&R�y�gdeSTAelxcbde���R Q

x
b q R&T%X>��t,T^gsbdR o elT%X�R ⇒ treecopy(x ) = xR[X^gdbsR�h�X�t���R�i q elbdidgs_[X�efacb[F0H'��!&I #c·&�¯�s¨'Jd¨�K Q
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H���!&I�#c·3�¯�d¨'Jd¨
��L"M6N ³ L�O3H�� ± P��µ� ² R,P3H�N4T �

�8O3V%W ±�³ �8S�X�O�O ² R�N�Y½� ²�± XUT���� � ²�± X T ���
�8O3V%W ±�³ �8S�X�O�O ² R�N�Y½� ² ��XUT���� � ² ��X T �����

�8O3V%W ±H³ �QS�X�O�O ² R�N�Y4T � T ���
yHgseST1elx�bde<��R Q

x
R&T%X>gsbdR o elT%X�R

∧ treecopy(car(x )) = car(x )
∧ treecopy(cdr(x )) = cdr(x )
⇒ treecopy(x ) = x" o R[TAX�elZv��ackAX�t�b�X}idRQbda�X1R&k}y�g q8/^] � ��elZv�dk1efZ\R�gdbdRQxck1t�bdidRQy�g�t�b�X�enX�hQidR�X�R��HX�R { ] R[_&euR&T%X�R�� �X�k1Y[Z\R[b�X�gsX�e o Rv��a�gdkDt�bdt o VHT1R[k o R[T�h[_��dR&_[TvisR��dk1R[gs�cRwR�X�idh[idgdelkAR o R[T o R&ZvZ\R[T�elb�X1R&k1Zvh&ise t�efk1R&T�bdh �_&R&TAT�t�efk1R[T {�9 a�X1acbdT�t�gdT1TAeKyHgsR�_&R�X1X1R��dkAR&gs��R�b q R&T%X���t,T�gdbsR	��
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 � ������� { � R[T>t�gWX�R&gsk1T>i q=/^] � �x�t�k�t,b�X1elTAT1R&b�X�� o gWX
��X�y�g q gsbdRp�dkAR&gs��R � ackAZ\R olo R�� ������� �S��acgdk�_���t�y�gdR V��0O�����idR /^] � � 58793 � � _ :r{%9 a�gdT

k1R[��R&bda�bdT�TAgdk~_&R���a�elb�X�i�t�bsT o t�T1R&_�X�efacb�T1gden��t,b�X1R {9 acgdT~idh[_&k1en�cacbsT�Z\t�elb�X1R&b�t�b�X^t��cR[_�gsb`��R&g`� o gdT~idR�idh[X�t�e o T o t o a�xcely�gdR /^] � � {
? �%@ � P B �"!$#&%&')(+*>C M POBQP

� t o acxcefyHgsR:R[TAX�idg��dk1R[Z\efR&kKackAidk1Rpt*��R&_7h[x�t o efX�huR�X	T�t,bdT	y�g�t�b�X�e���_�t4X�R&gsk � {-, t�T%VWb�X�t4�WR�R&TAX	idacbdbdh[R��t�k o R�T1acgdT).�R[bdT1R[ZD� o R�isR ] a�Z\Zvacb � "$,0/ _[acbdT%X�efX1gsX�e��uidg o t�bsx�t�xcR /^] � � { � t o acxcely�gdR�_&acZv��ackAX1Rgdb�R[bdT1R[ZD� o R�i q t4�WefacZ\R[T�R[X^idR�k1Y[x o R[T�i q elb3� h[k1R&bs_&R {� t TAVHb�X�t4�WR�idh&_[k1efXvidR[TvX1R&kAZ\R[T\_[acZ\��acTAh&TQidR���t,k1e t,� o R[T��	idR`_&a�bdTAX�t�b�X�R&T\R[XvidR`TAVHZD��a o R[TQidR� acbd_[X1elacbsT {%� R&T � acbd_[X1elacbsT�TAacb�X¿t��d� o ely�gdh[R&T (^gsbDbdacZD�sk1R*�s�WRpidRuX�R[k1ZvR&T��dt�T1TAh&T�_[acZvZ\R:t�kAxcgdZvR&b�X�T {� t o acxcefy�gdR /^] � ��b q R[TAXw��t,TmX�VH��h[R {�� R[T � acbd_�X�ela�bdT\TAacb�X � � �21 ��� � {43 olo R[TmTAacb�X�idh	��bdelR[T�T1gskmX�acgWX
orq gdbdef��R&kAT^isR o t o acx�ely�gdR /^] � � {� R[T>t4�WefacZ\R[T�i q8/^] � ��idh[_&k1en�cR[b�X o R[T~�dk1ac�sk1elh�X�R[T^isR&T^�dk1efZ\enX�ef��R&T7isR ] a�Z\Zvacb � "$,0/�{�� t���xcgdkAR
�d{ ��Zvacb�X�kARwy�gdR o yHgsR&T\t4�WelacZvR&T¦¥�bda�X1acbdTQy�gdR 
§R[XDº��,� TAelxcbde���R&b�X�kAR&TA��R[_[X�en�cR[Z\R[b�X � 
 1-� R[X z 1 �-5 {3 elT (���t�k%X �6�\R�X^¹�B���·&�&� o R&TE� a�bd_[X1elacbdT¡elZv��a�kAX�t,b�X1R&T:T1acb�X ��#6º��6����·,5\R�X �4»65 { ��#6º��D_[acbdT%X�k1gsefX7gsbdR��t�elkAR~ack1ida�bdbdh&R'� �c·,5�kAR[X�a�gdk1bdR o t}��t,kAX�efR~x�t�gd_��dR^i q gdbdR~X�R olo R��dt�elkAR���R[X;�4»�5�k1R&b���acelR o t}��t�efk1R~ZvacelbdTT1acb��sk1R&ZvelR[kQh o h[Z\R[b�X {=� R��dkAh&idef_�t,X ��#4º��*¸ªk1R[_&acbdbdt76lX\gdbdR���t�elkAR {=� R��dkAh&idef_�t,X�¹,ºW»�¸ªkAR&_&a�bdb�t76fX
orq h o h[Z\R[b�X7�HelidR'��T1acenX o tD_&a�bdTAX�t�b�X�R}º:�,� {< R[��R&bda�bdTpTAgdk o t}�dk1R[gs�cR^�dkAh&_&h[idR&b�X1R��Hbda�X�t,Z\ZvR&b�XuT1gsk o R�T1acgsT$.��sgsX��s¨'Jd¨ { /^] � ��bdR~idacbdbsR^�dt�TgdbdR��sk1R&gW�cR-� ackAZ\R olo R��dZ\t�elT^gdbdR��dk1R[gs�cR � ack1ZvR ofo R}R��WefTAX�R {83 b���acel_[e�gsbdR���t,k�R��sR[Z\� o R:9>yHgse�gsX1e o elT1R
o R&T~t6�sefacZvR&T�idR o t-�dxcgdk1R �d{ � Q
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1. x = y ↔ (equal x y) = t
2. x 6= nil → (if x y z) = y)
3. x = nil → (if x y z) = z
4. (consp (cons x y)) = t
5. (car (cons x y)) = x
6. (cdr (cons x y)) = y
7. (consp x) = t→ (cons (car x) (cdr x)) = x
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� q R��sefTAX1R&bd_[R�idR��dk1R[gs�cR[T � ackAZ\R olo R[T7R[X�� idR�Z\t�bdefY&kAR�� o gdT~xch[bdh&k1t o R'� o t�_&ac�sh&k1R[bd_&R�idR o t o acxcefy�gdR/^] � �QTAacb�X^idh&Zvacb�X�kAh&R&T^��t�k o R&T^t�gsX1R&gdkAT 5=79365 � _ :£{� R&Twk1Y[x o R[Tmi q elb&� h&k1R[bd_&RUisg bda*V�t�gÁidR o t o acxcely�gdR�T1acb�Xw_[R ofo R&T\idg _�t o _&g o �dkAac��a�T1efX1elacbsR o t��cR&_h&xct o enX�h {�7 _&R�bda*V�t�g � TAacb�X>t�.AacgsX�h[T Q gsb��dkAelbd_[el��R}i q elbdidgs_[X�efacb�R[X�idR&T~�dkAelbd_[el��R&T~i q R��HX�R[bdT1efacbdT {�� R�dkAelbd_[el��R�i q elbdisgd_[X1elacb�R[X o R&T��dkAelbd_[el��R&T�i q R��HX�R&bsT1ela�bdT}bdRDTAacb�X}��t�T o£q a��6.AR[X}isRD_&RDZ\t�b�gdTA_&k1enX {�� R&gdkidh	��bdefX1elacb��sk1h&_[elTAR�R&TAX:idefT1��acbdef� o R¡i�t�bdT o t o efXAX�h[k�t,X1gdk1R 5=793F3 �-� t3� 793 ��8 : t�efbdT1edy�gdR o t>idR&TA_&kAel�sX1elacbidR o t o acxcefyHgsR /^] � � 587B3�5 � � :£{/ t�kAZ\e o R[T��sk1elbs_&el��R&T^i q R��HX�R[bdT1efacb ��bdacgdT;��t�elTAacbdT^gdbjgdT1t�xcR�efb�X�R&bsT1e<�	idR�_[R o gse�i q R&bs_�t��dTAg o t4X�ela�b {9 a�gdT~R&b`idh[X�t�e ofo acbdT o R � acbs_[X�efacbdbdR[Z\R[b�X�idt�bdT o tDTAacgdT$. T1R[_[X�efacb`T1gden��t,b�X1R {
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K�t�bdT o R�_���t��sefX�kAR��sk1h&_[h&idR[b�X"� o R&T � acbd_�X�ela�bdT Routing � Scheduling � recv

R[X
send

TAacb�X�idR[T
� acbd_�X�efacbdT~bdacb>. idh��dbdelR[T�Z\t�elT�_[acb�X�k1t�elb�X�R[T (vT�t,X1elTQ��t�elkAR}gdbdR�T1h&kAelR�idR��dk1ac�sk1elh�X�h[T {�� tv_[ack1kAR&_[X1elacb`idR
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GeNoC
R[TAX�idh&idgsefX�R:idR¡_&R&T��dk1a��dk1efh[X�h[T { ] RuX��dh[ack1Y[Z\R¡R&TAX��,t o t,� o R¿��acgdk � � ��� � � acbd_[X1elacb�T�t4X�elTQ��t�elT1t�b�X

o R&T��sk1ac�dkAelh�X�h&T { ] R[XAX�R�y�g�t�b�X�e���_�t4X�ela�bwidg�T1R&_[acbdi`ack1isk1R}b q R&T%X��dt�T���R[k1ZvelTAR�i�t�bdT o t o acx�ely�gdR /^] � �yHgse¡R[TAX�idg��dk1R[Z\efR&k�ack1isk1R { 9 h&t�bdZvacelbsT�� /^] � � � acgdkAbdefX�gdb§Zvh&_&t�bdelTAZ\RQ��R&kAZ\R�X1X�t,b�X�idRmTAelZDg o R&k_&R[XAX�R�y�g�t�b�X�e���_�t4X�ela�b {
� R ��
 ������� � ���	� � ��� 1 � � � � 1-�M� � � t�gWX�ackAelT1R o£q efb�X1k1aHidgd_�X�ela�b}idR=� a�bd_[X1elacbdTKbda�b>.�idh	��bdefR&T {'� q h��cY[bdR&ZvR&b�XT1gden��t,b�X�elb�X�kAaWidgsefX�gsbdR�bdacgs��R ofo R-� acbs_[X�efacb ��bdacZvZ\h[R f ���dk1R[b�t�b�X n t�kAxcgdZvR&b�X�T}R�X}k1R�X�acgdkAb�t�b�X�gdbt�k1xcgsZ\R[b�X { � t�_&acb�X�k1t�elb�X1R

φ
�dbdacZvZvh&R

contrainte
� R[TAX�t�T1TAaW_[elh[R (�_[R[X1X1R � acbd_[X1elacb {
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� q R&bd_&t��dTAg o t,X1elacbwR[TAX 1 � � ��� ����� ���:T1e o£q h��cY[bdR&ZvR&b�X^»W¹��,��º�R[TAX^t�idZvelTAT1ef� o R�R[X~y�gdR φ R&T%X�gsb�X1�dh&a .k1Y&ZvR���a�gdk o t o acxcefy�gdR}h[X1R&bdidgsR���t�k~_[R�»W¹c�,�Hº {8, e orq R&bd_&t��dTAg o t,X1elacb�R[TAX>t�idZvelT1TAel� o R orq t4�Wela�Z\R φ R&T%Xt�.AacgsX1h ( o t o acxcefy�gdR {�� q R[bd_�t,�dT1g o t,X�efacbjZvaWise<��R o t o acxcefyHgsR /^] � ��R[X>��acgsk�R&bU_[acbdT1R[kA��R&k o tv_&ac�dh@.k1R&bs_&R�� /^] � �~X1k�t�enX�Ru_&R o gde .�_&e�R[bDidR[gW��X�R&Zv�dT {�� acgsX�i q t���ack1i � /^] � �^_[acbdTAelidY[k1R¡X1acgdT o R[T�h��cY&bsR&ZvR&b�X�TF�Z >&ZvR o aH_�t,gW��K:R[X¡X�R[b�X1R}idR o R&T�t�.Aa�gsX�R[k�( o t o acx�ely�gdR {0, e�_&R�X1X�R�X1R&b�X�t4X�ef��R�k1h[gdT1TAefX�� /^] � ��_&acbsT1R&k%�cRgdbdely�gdR[Z\R[b�X o R&T�h[�cY[bdR&ZvR&b�X1T:bsacb>. o aW_&t�gW� {�, elbdacb:�,e o k�t,�d��a�kAX�RpgdbdR�R&kAk1R[gdk {�� R[T¿h[�cY[bdR&ZvR&b�X1T o aW_&t�gW�T1R&k%�cR[b�X�isR�X�h[Z\a�elb`R[X}t,T1T1gsk1R&b�X o£q R��WelTAX1R&bd_[R�����acgsk�_���t,yHgsRDT1efxcb�t,X1gdk1R'��i q t�gjZvacefbdT~gdbdRDidh	��bdenX�ela�bT�t,X1elT ��t,elT�t,b�X o R[T�X1�dh&ackAY&ZvR&TDR��W��ack%X�h[T { / gsX�kAR&ZvR&b�X�idenX"��e o R��WefTAX�R�t�g§ZvacelbdT�gdbdRmR��HX�R[bdT1efacb�idR o t
o acxcefy�gdR�y�gdeSR&b`�dkAh&T1R[kA��R o t�_[ac�dh&kAR&bd_[R {/ gdefT1y�gdR

φ
R&T%X o R�TAR&g o t4�WelacZvR�_&acbsbHg (\�dkAac��a�T>idR

f
� e o ��t,k�t�enX�bdt,X�gdkAR o idR�ish&idgdefk1R�y�gdR�X�a�gsXX��dh[ack1Y[Z\R\h[X�t,� o e:T1gdk f R&T%XQt�gdTAT1e¡gdb§X��dh[ack1Y[Z\R\��a�gdk�X�a�gsX�R � acbd_[X1elacb

f̂
y�gdepT1t,X�efT ��t�enX

φ
{ , acefX

ψgdbdR@� ackAZDg o R\R[X ψ̂ o t � ackAZDg o Rmac�sX1R&b�gdR�R&b kAR&Zv� o t��&t�b�X f �dt�k
f̂
i�t�bdT

ψ
{ � tjkAY&x o R�i q elb3� h[k1R&bs_&Ri q=/^] � �&� idenX�R z ������� � � ��1 � ���0����1�� �M�M1-� � � � 5 C�� 79365 � : ����R&kAZ\R�X�isR�ish&idgdefk1R�idR�X�acgWX^X1�dh&a�k1Y&ZvR θ � o RX��dh[ack1Y[Z\R

θ̂
��acgdk%�Hg�y�gdR

φ̂
T1a�efX^gdb�X1�dh&a�k1Y&ZvR { / gsX�kAR&ZvR&b�X>isefX"��a�b���R&gsX�idh&isgdelkAR�gdb`X��dh[ack1Y[Z\R (�dk1ac��acT�i q gsbdR�� acbd_�X�ela�b f̂ (m�dt�kAX1elk>i q gdbjX1�dh&a�k1Y&ZvRDt,b�t o acxcgdR�h[X�t�� o e (m�dkAac��acT�i q gdbdR-� a�bd_[X1elacb f �T1e

f̂
T�t,X1elTQ��t�efX o R&T�Z >&ZvR&T~_&a�b�X1k�t�efb�X�R&T~y�gdR f {9 acgdTue ofo gdT%X�kAacbdT	_[R^�sk1elbs_&el��R�T1gsk o R&T¿efb�X1R&kQ��t�_&R[T���idh[_&k1enX�R[T:R[b\TAR&_�X�ela�b �s{�� F���t,xcR � � K�idgQ_���t��sefX�kAR�dk1h[_&h&isR&b�X {�� R}_&aHidR /^] � ��_&a�Z\� o R[X~R[TAX^idacbdbsh�R[b / bdbdR��sR ] {��c{� t � acbd_�X�ela�b

send
�dkAR&bdi\��acgsk:gsbdely�gdR�t�k1x�gdZ\R[b�XugdbmZvR&TAT�t�xcR^R[X:kAR[X�a�gdk1bdR^gdbdR^gdbdefy�gdR�X�k�t,Z\R {

] e .�isR&T1TAacgdT���bdacgdT^R&b`k�t��s��R o acbdT o t-� acbd_�X�ela�bdb�t o efX�h Q
send : Dmsg → Dfrm

F �d{<� K

/ gd_&gsbdR>kAR&TAX1k1ef_[X�efacbQb q R&TAX=��t�enX�R�T1gsk o R&TuidacZ\t�elbsR&T Dmsg

R[X
Dfrm

idR&T:Z\R[T1T1t�xcR&T:R[X:idR[T:X1k�t�ZvR&T ¥
e o T^T1a�b�X�yHgsR o _[acbdy�gdR[T { � tG� acbs_[X�efacb send

����acgdk o t o acxcefyHgsR /^] � �&��R&TAX�T1elZv� o R&ZvR&b�X>gsbdR � acbs_[X�efacb�dk1R[b�t�b�X:gdbvt�k1xcgsZ\R[b�X	R[Xuk1R�X�acgsk1b�t�b�X:gdbvt�kAxcgdZvR&b�X {�� t ��� ����1-��� 

��idR o t � a�bd_[X1elacb�R[TAX o t>TAgdef�,t�b�X1R Q
�H�

send ∗
�
⇒ ∗

�
� t�� acbd_�X�efacbdb�t o efX1h>idR o t�� acbs_[X�efacb recv

R&TAX^k1t��d��R o h[R�_&e . idR&TAT1acgsT Q
recv : Dfrm → Dmsg

F �d{ ��K
� t�T1efxcb�t,X1gdk1R�idR�_[R[X1X1R � acbd_[X1elacb:�d_&acZvZvR���a�gdk o t�� acbd_�X�efacbw�dk1h[_&h[idR&b�X�R'��R[TAX Q
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recv ∗
�
⇒ ∗

�
� t��dk1efbd_&ef��t o R^_[acb�X�k1t�elb�X�R�T1gdkp_&R&TpidR&gW�G� acbd_�X�efacbdTpR[TAX�y�gdR o R&gsk¡_[acZ\��acTAefX�efacbvR&TAXpgdbdR�efidR&b�X1efX�h {

] R&T^idR[gW� � acbd_�X�efacbdT�idacen�cR[b�X�T�t4X�elTQ��t�elkAR o R�X1�dh&a�k1Y&ZvR /^] � �QTAgdef�,t�b�X Q
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recv ◦ send(msg) = msg�1¹�B��d·&� �
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K>R&gH��t,gsX�kAR&T:_&acb�X�k1t�elb�X1R&TuT1acb�Xpt�T1TAaW_[elh[R&TE( o t � a�bd_[X1elacb send

{�� t��dk1R[Z\efY&k1R�TA��h[_&e���R�y�gdR^T1e kAelR&b
bdR�idacenXD>[X�kAR�R[b��ca*Vch'� o t�� acbd_�X�efacb send

k1R�X�acgsk1bdR o t o efTAX1R��HefidR {�� t o elT%X�R}�HelidR�R[TAX�kAR&�dkAh&TAR&b�X�h[RD��t�kº��,� i�t�bdT o t o acxcefy�gdR /^] � � {*� tj_&acbsTAX�t,b�X1R�º��,� R[TAX\t�gdTAT1e�elb�X1R&k1�sk1h[X1h&R�_&a�Z\ZvR � ��t�gH� � i�t,bdT o t
o a�xcely�gdR {:� tm_[acb�X�k�t,elb�X�RDR[TAX}y�gdR o t � acbs_[X�efacb send

kAR[X1acgdk1bsR�º:�,� o ackAy�g q a�b o gde���t�TAT1R�º��,�w_[acZ\ZvRt�kAxcgdZvR&b�X { , acefX o R�X��dh[ack1Y[Z\R}TAgdef�,t�b�X Q
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� t�T1R&_[acbdidRQ_[acb�X�k�t,elb�X�R�T1��h&_&e���R�y�gdR�T1e o RDZvR&TAT�t�x�RDb q R&TAX��dt�T o t o elT%X�R��WefidR�� o tG� a�bd_[X1elacb send�dkAaWidgsefX�gdbÀZ\R[T1T�t,xcR\ise  h&k1R[b�X�idR o t o elTAX1R��WefidR { K�t,bdT o t o acxcefy�gdR /^] � �6�KX1acgsX�_&Rvy�gde:b q R[TAX���t�Th&xct o ( o t�_&acbdT%X�t�b�X1R}º��,��R[TAX^elb�X1R&k1�sk1h[X1h}_&acZvZvR � �Hk�t,e �,{ ��� X�k1R>ide  h&kAR&b�X~idR o t o elT%X�R��HefidR � T1efxcbde���R� >�X�k1R�ide  h[k1R[b�X^idR�º��,� � ��T1acenX � >�X�k1R}�Hk�t,e �,{�� b�ac�sX1elR[b�X o£q R��s�sk1R&TAT1efacb�TAgdef�,t�b�X1R Q
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� R&T � acbd_�X�efacbdT

send
R�X

recv
�¦R[X o R&gsk1T}_&a�b�X1k�t�efb�X�RDTAacb�X�k1R&x�k1acgd��h&R[T}i�t�bdT o£q ¹,º���·,¸������c·�
d¹`T1gde .�,t�b�X Q
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⇒ ∗
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/ �dkAY&T`T1acbFR��Wh&_[gsX�efacb � o R[TwX�k1a�elTw_&a�b�X1k�t�efb�X�R&T`T1a�b�X�t�.AacgWX�h&R[T�_[acZvZ\R t4�WefacZ\R[T ( o t o acxcefy�gdR/^] � � { � R&TQidR[gW� idh	��bdenX�ela�bdT o aH_�t o R&T�bdR�T1R[kA�cR[b�Xmy�gdRwidRwX1h&ZvacelbdT { � R&gsk�idh���bsefX�efacb�R&T%X o tj� o gdTT1efZ\� o R���acT1TAel� o R {� R�TAVHTAX1Y&ZvR /^] � ��x�h&bdY[k1R�.¿R�X��dkAacgs�cR}y�g�t,bdi�_&R o t�R&T%X~��a�T1T1ef� o R .:t�gsX1acZ\t,X�efyHgsR&ZvR&b�X o R&T7a�� o e .x�t,X1elacbsT:isR��dkAR&gs��R (�k1R[Z\� o elk¿��acgdk:t��d� o ely�gdR[k o t�k1Y&x o R~idR z � �����M� � ��1 � ���0���21�� �M�M1-�M� � � {>/ t�kuR��WR&Zv� o R��
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k1R&ish���bdefT1TAacbdT o R&T>isR&gW��X�h[Z\acefbdT^R&bjidR[�dackAT>idR o£q R[bd_�t,�dT1g o t,X�R { ] acbdT1efidh&kAacbdT�gsbdR � acbs_[X�efacb mysendyHgse	idh&�sgsX�RQgdbdR�_[acZvZDgdbdef_�t,X1elacb���t�k o£q R[b���acelR�i q gsbdRQ_&acbdT%X�t�b�X1R���R[k1ZvR[X1X�t�b�X�idR�T1R�T%VHbd_��dk1a�bdelTAR&kt*��R&_ orq gdbdenX�h�k1h&_[R&�sX1k1ef_&R { ] R[X1X1R�_&acbsTAX�t,b�X1RQR&TAX o t o efTAX1RÀ��� ¨�� ¨�� ¨�� ¨c���¦bdacZvZvh&Rm����
s·�5�
 � {
/ acgdk�T�t,X1elTQ��t�elkAR o tv_[acb�X�k�t,elb�X�R send

��º:�,�&� o t � acbs_[X�efacb mysend k1R�X�acgsk1bdR o t\_[acbdT%X�t�b�X�R�º:�,�mT1e�Z\TAxR&TAX^h[x�t o (�º���� {�� t�idh��dbdefX1elacb�idR o t-� a�bd_[X1elacb mysend R[TAX o t�T1gsef�,t�b�X�R Q

�%»W¹c�,�Hº
mysend

� 
��'I �
�	�6� ��º�#%
 
��%I �

º:�,�
�1·,¸�¸�¹,ºW» ����
s·�5�
 � 
��%I �H�

� t � acbd_[X1elacb
myrecv o enX�gsbdR o elTAX1R�� �6��
���idR��defX1T { , e�_&R[XAX�R o elT%X�R�R&T%X o t o efTAX1R��HelisR���R olo R�k1R[X1acgdkAbdRo tm_[acbdTAX�t�b�X�R�º��,� { , e o R&T���gdenX}�dk1R[Z\efR&kAT>�denX�T � ackAZ\R[b�X o tm_[acbdT%X�t�b�X�R�����
s·,5�
 �6�SR ofo R�k1R[X1acgdkAbdR �6�%
Z\acefbdTu_&R[Tp��gdefX¡�dkAR&ZvelR&kAT¡�sefX�T {>, elbda�b ��R olo R~_&acbdTAacZvZ\R~gdb��sefX:R[X o efX o R�kAR&T%X�R>isR �6��
 {&� t�idh	��bdenX�ela�bidR

myrecv
R&T%X o tDT1gden�,t�b�X�R Q

�%»W¹c�,�Hº
myrecv

� �6��
��
�	�6� �1¹,ºW»c¸ �6�%
��

º:�,�
�	�4���1¹�B��d·&� �%����5���
�º��4�&��
��F����
s·,5�
 �H�

��º6
����4»�5��4�&��
�� 
 
 �6��
 
�#&�*º��F�6��
s·,5�
��
�
myrecv

�7�4»65 �&��
������H���

� Rw�dkAelbd_[el��RmR[TAXQR&bsT1gdenX�RwidR��sk1acgs��R&kQgdbdRw�sk1ac�dkAelh�X�hmy�gdR o _[acbdy�gdR[F o t�_&acbsTAX�t,b�X1R��Hk�t�efR 
§��t,kR��WR&Zv� o R"K�R&b ida�bdb�t�b�XQ��acgdkD_[acbdT1R[e o F�� ��� � K ( /^] � �ji q gsX1e o efT1R[k o tj�dk1ac�sk1elh�X�h�isR orq ¹�º���·,¸������c·�
s¹�dk1h[_&h&isR&b�X { ] R&_[e¿_&acbdT%X�enX�gdR orq t��d� o el_&t,X�efacb�isR o t�k1Y[x o R�idR z ������� � � ��1 � ���0���21�� �M�M1-� � � � idR /^] � � { � R_&aHidR /^] � ��_[e .�isR&T1TAacgdT:idR&Z\t�bdisRD( /^] � �}idR~�dk1a�gs�cR[k o t�_&acbdT%X�t�b�X1R~�Hk1t�e�
 {�� R�� ��� � � ack1_[R /^] � �1(t�.AacgsX1R&kS_&a�Z\ZvR	��VH��a�X1�dY&TAR o t7_&acb�X1k�t�efb�X1R p2p ² #�5�5W¹3��
�ºd¹3���~_&e .�idR[T1T1gsT�R[b�kAR&Zv� o t ��t�b�X o R&T � acbd_�X�efacbdT
send

R[X
recv

��t�k
mysend

R[X
myp2precv

{ / �,t�b�X~i q t�.AacgsX�R[k�_&R�X1X�R���VH��a,X��dY[T1R�� /^] � �D�dk1a�gs�cR�y�gdR o R[T� acbd_[X1elacbsT�_&acbd_[k1Y�X�R&T~�ch[k1e���R&b�X o R�X��sh&ackAY&ZvR p2p ² #'5�5W¹3�%
�ºd¹3��� {

�%»W¹c��
���
 ���d¹3��$�����º���
d·,º���¹��
p2p
 
 #4º �s¹'�&
F¸35�#����s¹�5
	 �65W·���	

� 5,���c¹ �����c·3�6��¹3� º���� 
 #4º¬º¡¼A·�
&#��6
s¹¬¸�·3� »s¹ 5 �,I �c¹
� ����º6
�� �H��	��6R ±H³ 	 
 #4ºN��#'5���¹ ±H²�³ © � �&
��,�&���c¹,5

p2p
² #'5�5W¹���
�ºd¹3�6�


j¹�º ����!���
���
���·,º6

recv

¸d·�5
myrecv
j¹,


send
¸d·,5

mysend
� ����¹ � � �,��º���
��,#6ºd·&�3����º���
d·,º���¹ p2p

² #'5�5W¹���
�ºd¹3�6�
�
recv myrecv

�
�
send mysend

�H�������

� R[T\�dkAelbd_[el��R&TQi q ¹,º���·,¸������c·�
��,#4º R[X\idR z ������� � � ��1 � ���0����1�� �M�M1-� � � � T1acb�XvgsX�e o efT1h&T�isR�Z\t�bdefY&k1Rt�b�t o acxcgdR���acgdk o£q R��s�sk1R&TAT1efacb�i�t�bdT /^] � �QidR}X1acgdT o R[T^t�gsX�kAR&T~ZvaWidg o R&T�isR GeNoC {
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� t o acx�ely�gdR /^] � ��b q t�idZvR[X1X�t�b�X7��t,TpidR�yHgdt�b�X�e<�d_�t,X1R&gdkAT�� o R&T=� ack1ZDg o R&Tu�dkAh&TAR&b�X�h[R&T^t�g�_���t,�defX1k1R�dkAh&_&h[idR&b�X>b q a�b�X^��t,T�gdbdR�X�k�t,idgd_[X1elacbwiselk1R[_[X1R���R&kAT /^] � � {�� R��dk1efbd_&ef��R}R[TAX^i q R��W�dkAelZvR&k o R[T~yHgdt�b>.X�e���_�t4X�R&gsk1T���t,k>idR[T � acbd_[X1elacbsT>k1h[_&gdkAT1en�cR&T { ] acbdTAelidh[k1acbsT o t � a�k1ZDg o R ∀x ∈ E , p(x )
��T1elx�bde<� t,b�X>y�gdR

X�a�gsX~h o h&ZvR&b�X^idR orq R&bdTAR&ZD� o R E T�t,X1elT ��t,efX o R}�dk1h[idel_&t,X p { K�t,bdT /^] � �&��_[R&_[e�T q R��W�dk1efZ\R�R&b`_&a�bdT1efidh�.k�t,b�XpgdbdR o elT%X�R~i q h o h&ZvR&b�X�T7isR E R[X7R[b�idh	��bdelTAT�t�b�X�gsbdR � acbs_[X�efacb
fp
�ch[k1e�� t�b�X7y�gdR�_��dt�y�gdR�h o h&ZvR&b�Xi q gdbdR o efTAX1R��ch&kAe<��R p {�� t�idh	��bdenX�ela�bwidR fp R[TAX o tDTAgdef�,t�b�X�R����

fp(l) ,

{ t ��� l = ε
p(e) ∧ fp(l

′) �����! "� l = e.l′
F$# { � K

� t��dkAac�dk1efh[X1h
∀x ∈ E , p(x )

idR��HelR&b�X
∀l, l ⊆l E, fp(l)

{ K�t�bsT o t}T%VWb�X�t4�WR /^] � �&��_&R&_[e T q R��W�dk1efZ\R��t�k�gsbdR�efZ\� o el_&t,X�efacb%�
�%»s¹c��
���
 ��#6#
�	�"
H¸��&�,¹�� �8O�¸ �W� �

fp
�s�����

a,+ O�¸�R&T%X>gsb��dkAh&idef_�t,X~kAR&_[acbdb�t�efT1T1t�b�X�gsbdR o elT%X�R}ida�b�X~X1acgdT o R[T~h o h[Z\R[b�X�T^t��d��t,kAX�efR&bdbsR&b�X;( E {K>RvZmt�bselY&kARDxch[bdh&k1t o R'� o R[T1� a�k1ZDg o R&T��sk1elbs_&el�dt o R[T�idR GeNoC R��W�dkAelZvR&b�X�gdbdRQ�dk1a��dk1efh[X�h o e t�b�XgdbdR o elT%X�R:R[X o R¡kAh&TAg o X�t,X	idR orq t��d� o el_�t4X�ela�b�i q gdbsR � acbd_�X�ela�b�T1gsk	_&R�X1X�R o elT%X�R { ] R[T	�dk1a��dk1efh[X�h[T	R��W�dkAelZvR&b�Xy�gdR}��acgdkpX1acgsX�h o h&ZvR&b�X e′ i q gsbdR o efTAX�R�ac�sX1R&b�gdR}��t�k7t��d� o el_�t4X�ela�bmi q gdbdR � acbs_[X�efacb F
(�gdbdR o elTAX1R L �e o R��WelT%X�RQgdbOgdbdely�gdRQh o h&ZvR&b�X e isR L X�R o yHgsR e R[X e′ T�t,X1elT � a�b�X�gdbsRv�sk1ac�dkAelh�X�h ψ(e, e′)

{ , acenX�gdbdR
R��W�dkAR&TAT1ela�b�idR o t-� a�k1ZvR}T1gden��t,b�X1R&�

∀e′ ∈l F(L), ∃!e ∈l L, ψ(e, e′)
F$# { #�K

� R&T o elTAX1R&T L R[X F(L)
TAacb�X7idR[T o efTAX1R&T:idR>ZvelTAT1ef��R&T�����a*V�t�xcR[T��sX1k�t�bsT�t�_�X�ela�bdT���R[X1_ {[{&{G� t1� ack1Z�g o R

ψ
_&acb�X�efR&b�X�X1acg%.Aacgsk1T orq h&x�t o efX1hvR[b�X�k1R orq elidR[b�X�e<��t�b�X�idR e R[X�_&R o gdeuidR e′ { � q gdbdel_[efX1h\idR orq h o h&ZvR&b�X eR&T%Xvt�T1TAgdk1h[R���t�k o RmX�VH��t�xcRwy�gde7xct�k�t�b�X1efX o£q gsbdel_[efX�h\idR&T�efidR&b�X1e<� t�b�X1TDidR&TQh o h&ZvR&b�X1TDidR L R�X�_&R[gW�

idR
F(L)

{ , e¡acb[� o X1k1R o t o elT%X�R L �dt�k�k1t��d��ackAX�t�gW��elidR[b�X�e<��t�b�X�T�isR
F(L)

��acb§a��sX�efR&b�XDgdbsR o efTAX�R_&a�Z\��t,k�t�� o R}t��cR[_ F(L)
h o h&ZvR&b�X^��t�k�h o h[Z\R[b�X {�� R}yHgdt�b�X�e<�d_�t,X1R&gdk~R��WefTAX�R[b�X�elR o b q R&TAX�� o gdT�gsX�e o R {� q ac��h&k1t,X�R[gdk~idR � o X1k�t�x�R}R&TAX^idh	��bdeK_&a�Z\ZvR}T1gdenX { � t o efTAX�R V/lids R[TAX�gdbdR�T1acgsT$. o elT%X�R}idR o t o elTAX1RidR}�ca*Vct�xcR&T

V
ac�sX�R[b�gdR�R[b � o X�k1t�b�X V �dt�k�k�t��s��ack%X;(�gdbdR o efTAX�R}i q efidR&b3��t�b�X�T lids idacbsbdh&R {')(+*-,/.
01*/24365 �

V
� ���

((123 m1 (1 3 9)) (212 m2 (12 4 25)) (313 m3 (1 12 3))) 7 1 � � 
 �
V/(123 313 )

� ���
((123 m1 (1 3 9 )) (313 m3 (1 12 3 ))) 8

, acenX
fψ
�sgdbsR � acbd_�X�ela�b�y�gde �dkAR&bdi�idR[gW� o elT%X�R[T7��a�gdk7t�kAxcgdZvR&b�X�T { , e�_&R[T�idR&gW� o efTAX�R[TpTAacb�X7�HelidR[T��

o t � acbd_[X1elacb fψ kAR[X1acgdk1bsR o t�_&acbdT%X�t�b�X1R:9��Hk�t�e;9�F�bda,X�h&R t K { , e gdbdR>T1R&g o R�idR[T�idR&gH� o efTAX1R&TpR[TAX7�HefidR�� o t� acbd_�X�efacb
fψ

k1R[X1acgdkAbdR o t�_[acbdT%X�t�b�X�R<9	��t,gW�=9 F�bda�X1h&R nil K { , elbdacb:� o t � acbd_�X�ela�bwk1R[X1acgdkAbdR o t�_[acb%.Aacbs_�.X�efacb`idR o tv�dkAac�dkAelh[X1h ψ t��s� o efyHgsh&R�R&b�X�kAR o R&T^�dk1R[Z\efR&k1T^h o h&ZvR&b�X�T^idR�_���t�y�gdR o elTAX1R�R[X orq t��d� o el_�t4X�ela�bidR
fψ

t,g�kAR&TAX1R�idR�_���t�y�gdR o elT%X�R { � tQish���bdenX�efacb�idR fψ R&T%X o tDT1gsef�,t�b�X�R&�

fψ(l1, l2) ,

{ t �>� l1 = ε ∧ l2 = ε
nil �>� l1 6= ε ∧ l2 = ε ∨ l1 = ε ∧ l2 6= ε
ψ(e, e′) ∧ fψ(l′1, l

′
2) �>���! "� l1 = e.l′1 ∧ l2 = e′.l′2?A@ Ö�Æ6Ç ^ÌÈ&J&Æ Ä d&Ê£Ë Å b Ä Ê£ÈAÆ6ÇSÈ8]*Ë É ÊrÈQd&Ê£ËÌÈQ^CB�^ Ä b%Ö	dED Ö�d%b�ÊrË Ö�d�È1É ÊKÇrÈ%×7Õ�^ Ä b$L%È�Õ Ä ÇSÆ%d6ÈuÍ*Ë ÉFD Ö�d%b�ÊrË Ö�d Ó
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, acefX

DL o RvidacZ\t�efbdRQidRmidh	��bdenX�ela�b�i q gdbdR o elT%X�R L { � R&T�R��W�dk1R[T1TAelacbdT�isR o t � ack1ZvR:# { #3��9���acgsk
X�acgsX

e′
idR

F(L)
��e o R��WelT%X�RDgsbOgsbdely�gdR e isR L X1R o y�gdR ψ(e, e′)

9'� TARDX�k1t�idgdefT1R&b�X}�dt�k&9[��acgdk^X�acgsX1R
o elT%X�R L �dkAR&b�t,b�X�T1R[T��,t o R&gdkAT^TAgdk DL

� o t�� acbd_�X�efacb fψ t��d� o ely�gdh&R ( o t o efTAX1R F(L)
R�X>t,g � o X�k�t,xcR}idR

L
��t�k�k1t��d��ackAX^t�gH��elidR[b�X�e<��t�b�X�T�idR

F(L)
b q R&T%X .1t,Zmt�efT7elb&��k1Zvh&R 9 { , acenX"� orq R��W�dk1R[T1TAelacb`T1gden�,t�b�X�R&�

∀L ⊆l DL, fψ(F(L),L/F(L)bid)
F1# { � K

��elb�t o R&ZvR&b�X"� o R>yHgdt�b�X�e<�d_�t,X1R&gdk~gdbden�cR[k1T1R o R&T%X�kAR&Zv� o t,_&h���t,k7gdbdR�elZv� o el_�t4X�ela�bvR�X~acb�ac�sX1elR&b�X o t� ack1ZvR}T1gden�,t�b�X�R �
L ⊆l DL ⇒ fψ(F(L),L/F(L)bid)

F1# { � K
K>t�bdT o t^T%VHb�X�t4�WR /^] � �&� o t~��t�kAX1elR:x�t�gd_��sRpidR orq elZv� o ef_�t,X1elacb�R&TAX�X�k1t�idgdenX�Ru��t�k o t � acbd_[X1elacb�_�t,k�t�_@.X�h&kAelT%X�ely�gdR�idgjisacZmt,elbdR

DL

��bda�X1h&R
DL

�*¸ {8, acefR&b�X}¹c��
65W·���
������6!��6��
 o t � acbd_�X�efacb /^] � �\kAh�t o elT�t,b�X
o R � o X�k�t,xcR��WR[X �6»�� o t�� acbd_�X�ela�bw_&a ofo R&_�X�t�b�X o R&T�elisR&b�X�e�� t�b�X�T���acb�ac�sX�efR&b�X o R}_[aWidR /^] � ��T1gden�,t�b�X��

�%»W¹c��
���
4!d·,5
�	��
H¸��3�,¹3� �

DL

��¸ ³ �
�
fψ

�
F

³ �
�1¹c��
&5W·3��
�������!��6�%
 ³ ���6» � �

F
³ ���������H�

] a�bdT1efidh&kAacbdT}��t�k}R��WR&Zv� o R o£q a�� o efx�t,X�efacb�idR��dkAR&gs��R �W{ 5 F ��t�xcR � 5 K�_&acbs_&R&kAb�t�b�X orq ackAidacbdb�t,bd_&R@.Z\R[b�X~R�X^yHgseKt o t-� ack1ZvR}T1gden�,t�b�X�R&�5 � ���
Scheduled = π3

1 ◦ Scheduling(TrLst , att) 7 1 � � 
 ���

∀str ∈l Scheduled , ∃!tr ∈l TrLst ,

{

IdV(str) = IdV(tr)
∧ FrmV(str) = FrmV(tr)
∧ RoutesV(str) v RoutesV(tr)

, eSbdacgdT~bda�X1acbdT
θ(str, tr) o tD_&a�b%.Aacbd_�X�ela�b (Q�dkAac��a�T�idR

str
R[X
tr
� o t-� ack1Z�g o R�T q h[_&kAefX^T1acgsT�gdbsR� ack1ZvR}T1efZ\e o t�efk1R;( orq R��W�dk1R[T1TAelacb%# { #v_[e . idR&TAT1gdT �

∀str ∈l Scheduled , ∃!tr ∈l TrLst , θ(str , tr)

3 b`t��d� o ely�g�t,b�X7idR&T�X�k1t�bdTQ� ack1Z\t,X�efacbdT¡T1elZve o t�elkAR&T=(�_&R olo R[T7y�gde¦bda�gdT~acb�X���R[k1ZvelTAR&T�idR}��t,T1T1R[k~idR
orq R��W�dk1R[T1TAelacb%# { #G( o£q R��s�sk1R&TAT1efacb # { � �sacb�a��sX�efR&b�X �

TrLst ⊆l DV ⇒ fθ(Scheduled ,TrLst/Scheduledbid)

���	� ) 	���
!��� ��


�� ����� ��� ��� ����� ���
K>t�bdTv_&R[XAX�R�T1R[_[X1elacb �¿bsacgdTQZ\a�b�X1k1acbsT�_&acZvZ\R[b�X o R&TQac��h&k1t,X�R[gdk1TQidh	��bdefTvidt�bdT o tjTAR&_[X1elacb �s{ �
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s � � RelAd = 0
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1 = {di : 0 ≤ di − s ≤ N}
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Q−

1 = {di : −4N < di − s ≤ −3N}¤EZ�� ¬ � ��� � ��� 1 � Q+
2 = {di : N < di − s < 2N}
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Q−

2 = {di : −3N < di − s < −2N}|1Z�� ¬ � ��� � ��� � � Q+
3 = {di : 2N < di − s < 3N}
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3 = {di : −2N < di − s < −N} $Z�� ¬ � ��� � ����� � Q+
4 = {di : 3N ≤ di − s < 4N}
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4 = {di : −N ≤ di − s < 0}¥EZ�� � * � �:� � L+ = {di : di − s = 2N}
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OctagonRouting
RoutingOct(M,NodeSetOct) ,

Λ
m∈M

List(IdM(m),FrmM(m),List(ρOct(OrgM(m),DestM(m))))
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��� 0 r? � � ExistsValidRoutep(RoutesV(tr), prev)
���

� � r? 6= faux
0 ' � �

CircuitScheduler(T ′,UpdateRoute(tr , r?) t Scheduled ,Delayed , r? t prev)
� ��� �
CircuitScheduler(T ′, Scheduled , tr t Delayed , prev)

� � ª � �
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scheduled')#52~A^0(7$'x'82¦%M� %M0M#f24'
delayed

')#f2{%M�b%M0(#52:'
TrLst
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CircuitScheduler

'8#52{�"/$/	')%(6)'
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Schedulingct(TrLst ,NodeSet , att) ,� � SumOfAttempts(att) = 0

0 ' � �
List(ε,TrLst , att)
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����� �� � 0 (Scheduled Delayed) � � CircuitScheduler(TrLst , ε, ε, ε)
���

List(Scheduled ,Delayed ,ConsumeAttempts(att))
� � ª � �
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CtScheduled
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CircuitScheduler(TrLst , att , prev)
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CtScheduled
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∀i ∈ [0; Len(CtScheduled) − 2],

Len(CtScheduled)−1
∧

j=i+1

RoutesV(CtScheduled [i ])[0 ] u RoutesV(CtScheduled [j ])[0 ] = ε
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Soient Scheduled = π3

1 ◦ Schedulingct(V,NodeSet , att) et
Delayed = π3

2 ◦ Schedulingct(V,NodeSet , att), alors :

∀V,Vlstp(V) ⇒ Vlstp(Scheduled) ∧ Vlstp(Delayed)
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prev
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routes
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ExistsValidRoutep(routes, prev) , ∃r ∈ routes, ∀i ∈ [0 ; Len(r) − 1 ], r [i ] /∈ prev [i ]
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Scheduled
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prev
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UpdatePrev
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PacketScheduler

*
PacketScheduler(TrLst , scheduled , delayed , prev) ,� � TrLst = ε

0 ' � �
List(Rev(Scheduled),Rev(Delayed))

����� � TrLst = tr .T ′

��� 0 r? � � ExistsValidRoutep(RoutesV(tr), prev)
���

� � r? 6= faux
0 ' � �

PacketScheduler(T ′,UpdateRoute(tr , r?) t Scheduled ,Delayed , r? t prev)
� ��� �
PacketScheduler(T ′, Scheduled , tr t Delayed , prev)
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Scheduled
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Schedulingpt(TrLst ,NodeSet , att) ,� � SumOfAttempts(att) = 0

0 ' � �
List(ε,TrLst , att)

����� �� � 0 (Scheduled Delayed) � � PacketScheduler(TrLst , ε, ε, ε)
���

List(Scheduled ,Delayed ,ConsumeAttempts(att))
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steps
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 *

∀MREQ , ∀i ∈ N, i < FindStage(MREQ) ⇒ Zerosp(MREQ [i ])
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}�')#y/$35')>1A"')#b71'@*8')#y24,$68=?3:S R '8#y/.�"3�(w[v}©¤G!1'@71' R �"!$7$'8!H2��">1*)>$!�%M' RUR '"Z}~OQ6D2-�"/	'+0 R /F="352-�I!H2:'�#5>$0(AI�"!92:'+*)=?!$#50M#f24' 7.�I!$#x%��N716824'83 R 0M!.�X240M="!�7$>h/$35=E*-,$�"0M! R �;:M2:3:'w7.�"!$#x*8'826824�"T?'Y#:6)%(')*D240M="!$!$6@/.�"3w%��dJL=?!$*82:0M=?!
FindStage

Z � >$!k!10(A?')�">�71'N/$350M=?350(246&7$="!$!$6";	%M'8# R �;:(243:'8#y=?!9224=">$#y%�� R��)R '+/$3:0(=?3:0i246 'D2�%eO��I*)*)68#x#:>$0i2w>$!$'&/F="%M0(2:0<5H>$'�7$>
	�24=?>$35!$0<5H>$'D2)	IZ
}�'U*)�"%M*8>$%\'8#52@' 
F')*D24>$6G/.�"3+>1!�/.�I3:*)=">$3:#+*80M3:*8>$%��I0M3:'N7$'d%tO�6824�"T?'Guh/.�"3f240M3b7$'d%��V/	=?#:0i240(=?!�;

plast

;
7$>K7$'83:!$0(')3+7$6D24')!92:')>$3&7$>Kz$>$# � j�� ��� ��0MT?>$35'G¥EZ��9�DZP}~OQ6D2-�"T?'d'8#52@*)=">$/F6d'8!K7$')>ECc/.�"352:0M'8#&�">c!$0(A"'B�">
7$'Y%��`/	=?#50(240(=?!

plast
ZP�E0©%��Ga.!k7$'W%eOQ6D2-�"T"'Y*8=?!9240M'8!92+�"> R =?0(!$#�>1!$'N35' 5H> � 2:'";�%('Y/$�"3:*8=?>$3:#b7$6)z$>E24'du%��W/	=?#50(240(=?!V#5>$0(AI�"!924'+71'

plast
Z.�E0M!$="!�;1%('+/.�"3:*8=?>$35#x7$6)z$>E24'&/.�"3x%(' /$3:' R 0(')3v68%M6 R '8!H2y71'@%eOQ6D2-�"T"'"Z$}<�



� ¤?¤ ��� ��� � � � � � 	�

����� � �������������������

�����������	

��
�� ��
 
�������	�
 � 	�
��������������

�  "! �F¥^Z � �h[v�"%M*8>$%�7$>+	83:=">$!$7E_�3:=?z$0(!�	IZ

/$3:' R 0(S)3:'{/.�"3f240M']7$'x%tO�6824�"T?']'8#52¦=?zE24')!H>$'x/$�"3\%��wJL=?!$*82:0M=?! Firstn(n, l)
5^>10$3:'D24=?>$35!$'x%M'8#

n
/$35' R 0M'83:#6)%M6 R '8!924#\7$' n � #:=?0i2\%(')#\68%M6 R ')!92:# l[0]

Z)Z)Z
l[n−1]

�DZH}<� 7$'83:!$0(S)3:'x/$�"352:0M'v'8#52¦=?z12:')!H>$'x/.�I3\%���JL="!$*82:0M=?!
Lastn(n, l)

5H>$0�3:'82:=?>$35!$'�%(')#@7$')35!$0M'83:#N68%M6 R '8!H2:#Y71' l � #5=?0(2@%M'8#Y68%M6 R '8!H2:# l[n]
Z)Z8Z
l[Len(l) − 1]

�DZ
"�=?>$#�7$6Da.!$0(#:#:="!$#�%M� JL=?!$*D240M="!

FindNextReq(l)
5H>$0&3:'D24=?>13:!$'K%�� /	=?#50(240(=?! � *8= R /12468' 71' ­ 'D2u /.�"3f240M3G7$> /13:' R 0M'83`68%M6 R '8!H2�7$' l �G7$'k%��K/$35' R 0MS)35'�35' 5H> � 2:'k3:'8!$*)="!H2:3:68'c7.�"!$# l Z]}<� JL=?!$*D240(=?!

RoundRobin(Stage, plast)
/$3:'8!$7G/F=">$3¦�"3:T"> R '8!924#~>$!G6824�"T?'x'D2¦%�� /	=?#:0i240M="!W7$>G7$')35!$0M'83~/F="#:#:'8#:#5')>$37$> z$>1#�7.�"!1#`*8'82`682-�IT?'"Z 8~%M%('�35'82:=?>$3:!1'�%��c/	=?#:0i240(=?!�;\7.�I!$#�*8'82`682-�IT?'";¦7$>�/$3:=^*-,.�"0(! R �;:M2:3:'IZ��1�7$68a.!10(240(=?!h')#f2b%M�W#:>$0iAI�"!924'��

+ , . � � 0)����� �=* 
 � � ��� ! 0)�����
RoundRobin

RoundRobin(Stage, plast) ,� � Zerosp(Stage)
0 ' � � �

����� �� � Zerosp(Lastn(plast + 1 , Stage))
� 0 ' � �

FindNextReq(Firstn(plast + 1 , Stage))
����� �

plast + 1 + FindNextReq(Lastn(plast + 1 , Stage))
� � ª � �

� � ª � �
"w=?>$# R =?!92435=?!$# #5>$3 *8'82:2:'WJL=?!$*D240M="!k>$!$'W/13:=?/$350M6D246W7$'N#��$35'8246d'�CE/$3:0 R �"!92�5^>1'd%tOQ�"*)*8S)#+�">cz1>$#*-,.�"!$T?']7$' R �"0M!PZX�E>$/$/	=?#:="!$# 5H>$'v%(' R �;:M2:3:' mlast

�I!$*)0(')!$!$' R '8!92\7$6D24')!92:')>$3~7$>Nz$>$#\6 R 'D2�24=">795=?>$35#
>$!$'U3:' 5H> � 24'U'82>5H>�O�0M%~'DCE0(#524'`�"> R ="0M!$#+>$!1'`�I>12435'U35' 5H> � 24'V�I> R��)R 'd6824�"T?'";�%('G/$3:=^*-,.�"0(! R �;:(243:'7$682:')!924'8>$3�71>�z$>1#w!POQ'8#52�/.�"#y%M' R �;:M2:3:' mlast

Z
&�' , � 4)(�*+� �=* 
 � � 4 � � 4 � , 0 , �B¬ 4 �32
� ��� ! 0)���#�

RoundRobin
*

∀Stage, 01Bitp(Stage), ∀i ,mlast ∈ N, i 6= mlast ,

Stage[mlast] = 1 ∧ Stage[i] = 1 → RoundRobin(Stage,mlast) 6= mlast

[]'8*)0�*8=?!$*8%M>12]%��@AI�"%(0M7.�X240M="!U71' %��@/F=?%(0(2:0<5H>$'y7�OQ�"3:z$0i243:�"T?'";H#5=?0(2]7$'b%M�@JL=?!$*D240(=?!
Arbiterahb

Z "�=">$#
7$68a.!10M#:#5=?!$#w'82yAI�"%M0(7$=?!$# R �"0(!924')!$�"!92x%��WJL=?!$*D240(=?! Schedulingahb

Z

� ��� � � 47* �10 , ª�� ��� 2 4 � �10 4)� 2�����! Scheduling
* }<�hJL=?!$*D240M="!

Schedulingahb

/$35')!$7�/F=?>13&�"3:T?>^_
R '8!H2:#�>1!$'Y%(0M#f24' TrLst 71'YA?=��?�"T?')#8;F%eOQ'8!$#:' R z$%(' NodeSet 7$')#w!$#&>$7$#8;F%M�G%(0M#f24'&7$')#w24'8!H24�I240iA?'8#�'D2>$!$'W%(0M#52:'";

opts
;P*8=?!924')!$�"!92&%M'W!$= R z$3:' N � � opts[0]

��71'W!$0(A"'B�">^Cc7$'W/13:0M="3:0(2:6"; %M'N!$= R z$35' P � �
��� /�6-, 352 EE/�, (�� 352 ?�2E. 6�H524. ?�A > 2E6F>�24*�. ?�*	��*-, 24,J> 3I2 ?�24.�6�HI2E. 6�!9*�? ?�2 3I/B3IHI,J>�2

Stage �
3 : /+1�1�243 G 3I/�� (�67E'> H5(�6

Lastn
. 2 >�(�*�. 6�2����! 

�
2 > 3 : /+1�1 2E3 G Zerosp

. 2 >�(�*�. 6�2#" K <�/$� (+67E >�HI(+6
Firstn

.�2E>�(+*-.�6�2#3 : H56F>�A��+.0/�3IH!> A@?�2)3 /93IHI,J>�2
Stage K



� � ���;
 �=� ��
 � ��� ��� � ��� � � ���J
 � � Scheduling � ¤I|

opts[1]
�x7$' R � :M2435')#y/.�"3w!$0iA?'B�I>�'82�%M'&!H> R 6)35= LastGranted � � opts[2]

�v7$>k71')3:!10M')3 R �;:M2:3:'&7$6�_24'8!924')>13�7$>Wz1>$#)Z 8~%M%M'¦35'824=">$3:!$'{>$!$'{%M0M#f24'¦*)="!H2:')!.�I!H2�>$!NA"= �?�"T?'{7$=?!92\%M�w35=?>124'�7$68z$>124']/.�"3©%M' R � :M2435'7$6D24')!92:')>$3x7$>hz1>$#)Z.}�'8#x�">12:3:')#{A?=��9�"T"')#y7$'
TrLst

*8=?!$#f240(2:>$')!92x%M�N%M0(#52:'�7$'8#vA?=��9�IT?')#x35'82-�I3:7$68#)Z.}�')#
*B�I%M*)>1%M#x' 
F')*D24>$68#�/$�"3

Schedulingahb
#:=?!92w3:68/.�"3f240M#y'8!�2:3:=?0(#v6824�"/F'8# �

� Zy*83:6)'83y%�� R �X243:0(*)' MREQ
uG/.�"3f240(3v7$'

TrLst¤EZw�"/1/F'8%M')3
Arbiterahb|1Zy'�CE2:34�"0(3:'+7$'

TrLst
%M'+z	=?!hA?=��9�IT?'

}<� R �X243:0(*)'�')#52v*)3:686)'+'8!h7$')>EC�6824�"/	')#)Z$ ¦35' R 0MS83:' R ')!92); MREQ
')#52y0(!$0(2:0��"%(0M#56)'yuN>$!1' R �X243:0(*)'!$'�*)="!H2:')!.�I!H2 5H>$'�7$')#U£)683:=?#8;F8~!$#:>$0i24'I;~/F=?>13U*-,$� 5H>$'�/13:' R 0M'83W!$#&>$7 n0

7$'�%��c/$35' R 0MS)35'V3:=">124'7$'G*-,.� 5H>$'UA?=��9�IT?'`71'
TrLst

;�>1! � ')#f2Y0(!$#:683:6U7.�"!$#&%M� R �I2:3:0M*8'du�%��h/F="#:0(2:0M=?!c*8=?3:35')#5/F=?!17.�"!92Wu*)'8%M%('W7$'
n0

� j�� ��� ��0(T?>$3:'d¥EZ �B­ �DZ�}<��JL=?!1*8240(=?!c0M!10(240M�"%M0(#4�"!92w%�� R �I2:3:0M*8'W')#f2@!$= RUR 68' InitREQ Z<}�'3:' R /1%M0M#5#4�"T"' 7$'&%�� R �I24350M*)'b')#52w'�
P'8*824>16)'@/.�"3y%��NJL=?!1*8240(=?! FillREQ Z

TrLst = ( (0 frm0 ((3 5)))
                (1 frm1 ((2 0))) 
                (2 frm2 ((5 4))) )

Scheduled = ((1 frm1 ((2 0))))

Delayed = ( (0 frm0 ((3 5)))
                    (2 frm2 ((5 4))) )1

0 0 1

10

MREQ
0 1 2

3 4 5

�� "! �P¥EZ ��­ � 8\CE' R /$%('&7$'&*)3:6)�I240(=?!h7$'&%�� R �I24350M*8' 	 � 8 �

}<�hJL="!$*82:0M=?!
Arbiterahb

JL=?>$3:!10(2+%('W/$3:=^*-,.�"0(! R � :M2435'"ZP}<'WA"=��9�"T?'G=?357$=?!$!$�"!$*)6G'8#52&%M'd/13:' R 0M'83A?=��?�"T?']71'
TrLst

24')% 5H>$'{#4�w/$3:' R 0(S)3:'¦35=?>124'¦7$68z$>12:']/.�"3©%M'¦/$35=E*-,$�"0M! R � :M2435' � j�� ��� ��0MT">$3:'{¥EZ ��­ ��Z }©�JL=?!$*D240(=?!
GetGranted

*)=?!$#f2435>$0(2w%M'8#y%M0M#f24'8#
Scheduled

'82
Delayed

Z.}<�G7$68a.!10(240(=?!�7$'&%��WJL=?!$*D240(=?!
Schedulingahb

')#f2w%��W#:>10(AI�"!924'��

+-, . ���10:����� �=* 
 � 3 4 � � 0 4 2�� ��ª©¬ ��¬ � *
Schedulingahb(TrLst ,NodeSet , att , opts) ,� � SumOfAttempts(att) = 0

0 ' � �
List(ε,TrLst , att)

����� �
��� 0U������� � � FillREQ(TrLst , opts[0 ], InitREQ(opts[0 ], opts[1 ]) 2 � ª

� n5s"m.p ��� � � Arbiterahb(MREQ , opts[0 ], opts[2 ] mod opts[1 ]) 2 � ª
(Scheduled Delayed) � � GetGranted(TrLst ,Granted , ε)

���
List(Scheduled ,Delayed ,ConsumeAttempts(att))

� � ª � �
[]= RUR '\%(' R =?!9243:'~%('�2-�Iz$%M')�">@¥EZQ|1;)%M�v7$68a.!10(240(=?! 'D2<%��v/$35')>1A"'�71'~%��v*)="!1JL=?3 R 0(2:6�7$' Schedulingahb!$68*)')#5#:0i24')!92 ��JL=?!$*D240(=?!$# 'D2@¤?¥`24,16)=?35S R ')#)Z�}©�V/13:')>EA?'G7$'N2:=?>$#+*)'8# 24,$68=?3:S R '8#+')#f2@�">124= R �I2:0<5H>$'IZ}�'V2-�"z1%M'B�I> ¥^Z�|c3:68*B�"/10(24>1%M'V%('h!$= R z$35'h7$'hJL=?!$*D240M="!$#);�7$'h24,$68=?3:S R '8#);~%M'V2:' R /$#d7$'�/$35')>1A"'�'D2G%M'!$= R z$3:'+7$'@%M0(T?!$'8#v7$')#y7$0 
P683:'8!H2:#wa$*-,$0M'83:#y*)=?!1*)')35!.�"!92�%tOQ�"3:z$0i2435' 7$'&z$>$#8Z



� ¤� ��� ��� � � � � � 	�

����� � �������������������
"�z$35'@71' "�z$35'&7$' ��' R /$#y7$'&/$35')>1A"' ���"0M%(%M'
JL=?!$*D240(=?!$# 24,$68=?3:S R '8# � ')!�#:')*8=?!$7$'8#-�

7w2:0M%(0(2-�I0M3:'8# � ¤ ¤?¤
∼
� �B­?­ %M0MT"!$')#

Arbiterahb �  �
∼
¥ ¥"¥ ­ %M0MT"!$')#

Schedulingahb
� ¤?¥

∼
��­ |"| ­ %M0MT"!$')#

�©="2-�"% ¤ � �  
∼
� ¥ � � ­ %M0MT"!$')#

��������¥^Z�| � � ="!$*82:0M=?!$#8;P24,16)=?35S R ')#&'82&24' R /1#@71'U/13:')>EA?'�/	=?>$3+%M�h7$68a.!10(240(=?!K'82@%���AI�"%(0M7.�X240M="!k7$>z$>$# (
���
� ��� ¨����
	���
��
������� ����
 ��� ����� � ��� ��


�b�"!$#�%('cJL=?3 R �"%M0(# R '�/$356)#5')!9246 �I>�*-,.�"/10(2435' |1;y%M')#�0M!92:')35Jg�I*)')#�#:="!H2�3:'8/$3:68#:'8!H2:6)'8#c/.�"3�7$')>^CJL=?!$*82:0M=?!1# ��>$!$'WJL="!$*82:0M=?!k0(!795')*D2-�"!92&7$'8# 243:� R '8# 7.�"!1#@%('W3:68#:')�">K'82&>$!$'WJL="!$*82:0M=?!c/	')3 R 'D2:2-�I!H2 7$'%M')#x%(0M35'"Z$}<�W/$350M!$*80M/.�I%M' =?z1%M0MT?�I240(=?!`71'@/13:')>EA?'YuG35')%('8A?'83y')#52y71'@/13:=?>1A"')3 5H>$'&%��W*8= R /	=?#50(240(=?!V7$'&%M�%M')*D24>$35'b�BA"')* %eOQ68*)3:0i24>$35'y')#52]>$!$'�0M7$'8!H2:0(2:6"Z^� �"!$#{*)'D2:24'�#:'8*8240(=?!�;H!$=?>1# R =?!9243:="!$#{>1!$'�*8=?!$*83:682:0M#:�I240(=?!7$')#~JL=?!$*D240(=?!$#~7$'8#�0(!924')3fJg�"*)'8# �9>$!G/$3:=I24=^*)=?%('xu R �"3 5H>.�"T?'x7$'x/1,.�"#:'��">G!$0iA?'B�I> � 7$'8#¦*)=?>$*-,1')#]�@� � Z

��� � � � � 
 "�� � ��� � ����
 � ���
Φ
� �

}�'w/$3:=I24=^*)=?%('y�]0i_
Φ
_ 	��@6D246w682:>$7$0M6w/.�"3��Y�^2435="24,$'83 	�=E=?35' � 	�=^= �?| �tZ^� �I!$#{#5=?!V�I35240(*)%('"; 	�=^=?35'

/$3:68#:')!92:'w%('v/$35="24=^*)=?%(']'D2~%�� R =^7$6)%(0M#4�X240M="!Y7$'8#¦/$,$6)!1= R S8!$')#~0(!$,$6834�"!924#¦�I>ECW*8= RUR >$!$0(*B�I2:0M=?!$#�')!92435'7$')>ECh>$!$0(2:6)#x�B�?�"!92�71')>ECV,$=?3:%(=?T?'8#v7$0�
F6)35')!924'8#)Z � �I!$#x*)'D2:24'+#5')*D240M="!�;$!$=?>1#x3:')/13:')!1=?!$#y>$!$095^>1' R ')!92%M'W/$35="24=^*)="%M'"ZP}�')#&7$68a$!$0(2:0M=?!$#b'82&%��V/13:')>EA?'U#:=?!92+JL=?3f24' R ')!92&0(!$#:/$0(3:68')#+7$'d%eO��"3f240(*)%M'Y7$'����^2435="24,$'83
	�=E="3:'"Z$}©�da.T?>13:'@¥EZ �?� ')#f2b0(#:#:>1'@71'@%eO��I35240(*)%('b7$' 	�=^=?3:'IZ
}�'+/$35="24=^*)="%M'��]0i_

φ
_ 	 /F'83 R '82xuW71')>ECV>$!$0(2:6)#y�B�9�I!H2y71')#x,$=?35%M=?T"')#]710�
F6)3:'8!924')#8;$7�O�6)*-,.�I!$T?')3y7$'8##:0MT"!.�">EC�u�2434�BA"')3:#Y>$!$'/	8%M0(T?!$'�	XZ<[]'`/13:="2:=E*8=?%M'dJL=?!$*D240(=?!$!$'U7$'U%�� R �"!10MS)35'G#:>$0iA"�I!H2:' � j�� ��� ��0(T?>$3:'¥EZ �"� �DZ�[],.�;5^>1'�z$0i2U')#52`*)=^7$6�7.�"!1#`>$!1'�*8')%M%(>$%M'h710(A^0M#56)'�')!�7$')>EC�#5=?>$#�_ *)'8%M%(>$%M'8# �~>1!$'�*8')%(%M>$%('h7$'

R �"3 5H>.�"T?'y'82�>$!1'�*8')%M%(>$%M']7$'�*8=E7$�"T?'"ZH}<�&*)'8%M%M>1%M'x7$' R �"365H>.�"T"'w/	')3 R 'D2�7$'y#5�^!$*-,$35=?!$0M#5')3{%M')#¦>$!10(2468#3:6)*8')/12:3:0(*)'&'82w6 R '82524350M*)'IZ.}<�d*)')%(%M>$%(' 7$'&*)=^7.�"T"'@/	')3 R 'D2y7$'&7$6)*8=E71')3y%M'+z$0i2y6 R 0M#8Z}<� AI�"%M'8>$3~7$'y%�� *8')%(%M>$%('v7$' R �I365H>.�"T?'x'8#52�%tO�0M!9A"')3:#5'y7$'y%��bAI�"%M'8>$3~/$356)*)687$')!92:'�7$'y%M�&%(0MT?!1'"Z (b0M!1#:0t;>$!$' R �"3 5H>$' � #:="0(2�>$!�	�JL3:=?!92)	v7�O�,$=?35%M=?T"'��\#:>$3�%M' 5H>$')%.%('w356)*8')/12:')>$3{/F'8>12]#5'�#f�^!$*-,$3:="!$0M#5')3]'8#52{*)356)6)'IZ
}©�NAI�"%(')>$3{7$' %M�N*)'8%M%M>1%M'b71' *)=^7.�"T?'b7$6)/	')!$7�7$'+*8')%(%M'b71' %��N*8')%(%M>$%('b7$' R �"3 5^>$�"T?'"Z$�E0P%('bz$0i2yuN*8=E7$'83')#52 	D2)	X;^%M�@*8')%(%M>$%('w71'b*)=^7.�"T"'�/$35')!$7�%��@AI�"%(')>$3¦=?/1/F=?#56)'buN*)'8%M%M'y7$'�%��&*)'8%M%M>1%M'y7$' R �"3 5^>$�"T?'"ZE�E0(!$=?!�;%M')#vAI�"%(')>$35#y7$')#y7$'8>EC�*)'8%M%M>1%M')#]#:=?!92w0M7$'8!9240<5H>$'8#); *)=^7.�"!92w�"0(!$#:0P>$!
	�J�	IZ
}�'y/$350M!$*80M/	'v7$'x%��b2:34�"!1# R 0M#:#50M=?!d'8#52�5H>�O�>$!$'xJL=?0M# 5H>$'y%M� R �"3 5H>$'x')#f2{716824'8*82:6)'y/.�"3~%('x3:6)*8')/12:')>$38;*)')%(>$0i_�*)0.�X2:24'8!$7U>$!�!$= R z$3:'y7$'w*8�^*8%M')#�7$=?!1!$6 � �"qMrDpts"mPj-���^�b�M�-jDp 
^n-�:�\/	=?>$3¦%M0(3:'v%('y#:0MT"!.�"%$/$356)#5')!92v#5>$3%��G%M0MT"!$'"Z	}<�`7$0(#524�"!$*)'Y7$'W%(')*82:>$3:'@')#f2+7$6Da.!$0M'Y7$'N#5=?352:' 5H>$'W%M�`%(')*82:>$3:'Y#:'@Jg�"#:#5'W7.�"!$#�%��U*)')%(%M>$%('&7$'

*)=^7.�"T?'IZ }©�WAI�"%(')>$3y7$>�z$0(2y0(!$0(2:0��"%(' R ')!92{6 R 0M#y')#f2�%(' 	8=?>�'DCE*)%(>$#:0iJ�	&'8!9243:'&%('@#50MT?!$�"%�%M>�'D2�%M�WA"�I%M')>13
7$'&%�� R �"365H>$'IZ�b�"!$#�%M')#¦#5')*82:0M=?!1#�#5>$0(AI�"!92:')#);H!$=">$#{7168a.!$0(#:#5=?!$#�>$!`6 R 'D2:2:')>$3�'82�>$!U3:68*)')/E24')>13)Z "�=?>$#¦/$35=?>1A"=?!$#5^>1'`%(')>$3&*)= R /	=?#:0i240(=?!k')#f2N>1!$'`0(7$')!92:0(246IZ#"�=">$#N�I7$=?/12:=?!$#&%M'8#@!1="2-�I2:0M=?!1#+#:>$0iA"�I!H2:')#8Z�}<��%M=?!1T?>$')>137$'V%���*)')%(%M>$%('�7$' R �"3 5H>.�"T?'`')#52G!1="2468' n ;�*8')%(%M'�71'h%���*8')%(%M>$%('�7$'V*8=E7$�"T?' k Z ¢ 6)!$6834�"%(' R ')!92B;�>$!$'*)=?!9A?'8!9240M="!�a1CE'+%M�NA"�I%M')>13v7$'+%��W%(0MT?!1'b%M="3:#65H>�OQ�">$*8>$! R '8#:#:�"T?'+!�O�')#f2�6 R 0(#)Z�"�=?>$#x!1="24=?!1# flg *8'82524'



� � ���;
 �=� ��
 � � ���=� 
 � �'��� �J� �F��� � ¤?¥
t f f f tt

cellule

message

message�������
	��

� ��
�
���
������
������� � ��� � � ��� ��� �

� ��
�
���
������

����� � � � � ����!
�� � �"� � � # � � ���$�%����&��'� � � � �%&�'�(���$� �(� ��& � 
)� � ����+*�, * � �-�"�!� � ��� ���+*���* � �-�"�.� � ���

# � � ���$�%����&��'� � � � �%&�'�(���/���102� � �-���"� � 
�� � �

�  "! �P¥^Z �?� �h[]=^7.�"T?'&/.�"3y�{0i_
φ
_ 	

AI�"%M'8>$3)ZE}<�N7$0(#52-�I!$*)' 71'b%M'8*82:>$3:' '8#52x!1="2468'
rclock

Z�"w=?>$#v!$=I24=?!$#
Listn(n, e)

%��@JL="!$*82:0M=?!V356B�"%(0M#:�"!92
>$!$'&%(0M#52:'+*)= R /	=?#:68'+7$' n *8=?/$0(')#y7$'&%tO�6)%(6 R ')!92 e Z

� ��� � � � ���+3"������� � � ������
 � � " � ��� ��
43?&!
 � � ��� �8

}�'�*8=?!$*)'8/12�JL="!$7.� R ')!92-�I%x7$> /$35="24=^*)="%M'�')#f2�*8')%M>10w71'�*8')%M%(>$%M'IZ 7�!1'�*)'8%M%(>$%M'h'8#52`>$!$'�%(0M#f24'h7$'

n + k
#50MT?!$�">EC�*)=^7.�"!92+>$!cz$0i2

b
7$=?!$!$6IZ�}�'W*)=^7.�"T"'W7$'W*8'dz$0(2b7$6)/	')!$7K7$>c#50MT?!$�"%

s
/$356)*)687$')!92@%��

*)'8%M%(>$%M'IZ.�E=?0i2
csig(s, b)

%M�dJL="!$*82:0M=?!�3:6)�"%M0(#4�"!92x%('+*)=^7.�"T?'&7$'
b
Z 8~%M%('+3:'82:=?>$35!$'

s
#:0
b
'8#52�	D2:	IZ �E0(!$=?!

')%(%M'y3:'D24=?>13:!$'
¬s
Z 7w!$'w*)')%(%M>$%('x')#f2v7$=?!1*�7$6Da.!$0('�*8= R`R 'x>$!$'�%M0(#524'x71' n *)=?/10M')#�7$' ¬s � %M� R �"365H>$'B�D;#:>10(A^0M'+7�O�>$!$'@%M0(#52:' 7$'

k
*)=?/$0(')#x7$'

csig(s, b)
� %M'+*8=E7$'B�DZ

+-, . ���10:����� �=* 
 � � � ª 2����kª �i¬ � � � 0 � � �#� ! 0)�����
cell
*

cell(s, n, k , b) , Listn(n,¬s) t Listn(k , csig(s, b))

}�'W*)=^7.�"T?'Y7�O�>$!$'d%M0(#52:'Y7$'Nz$0(2:#);
msg

;	')#f2+3:6)�"%M0(#:68'N/.�"3�%���*8=?!$*)�I2468!.�I240(=?!k7$'8# *)'8%M%(>$%M'8#�*8=E7.�I!H2
*-,.�"*8>$!�71')#yz$0(2:#)Z }�'+#:0(T?!.�"%P/$3:68*)6)71')!92 %M�N2434�I!$# R 0M#5#:0M="!h')#52�%��NAI�"%(')>$3 flg Z

+-, . ���10:����� �=* 
 � � � ª 2����kª �i¬ � ��� � � 0 ��ª�� � � 0 � � � ��� ! 0)�����
cells
*

cells(flg , n, k ,msg) ,� � msg = ε
0 ' � �

ε
����� � msg = b.msg ′

cell(flg , n, k , b) t cells(csig(flg , b), n, k ,msg ′)
� � ª � �
7�!$'h%(0M#f24'�71'

p
#:0(T?!.�">EC 7$'VAI�"%(')>$3

flg
'8#52G0(!$0(2:0��"%(' R ')!92@')!9A?=��?68'�/	=?>$3 � 2435'h*)=?!EJL=?3 R 'huk%��*)="!HA"')!9240(=?!�Z	}~OQ>1!$0(2:6+6 R '82:2:3:0(*)'+')#f2w3:')/13:6)#5')!92468'N/.�I3w%M�NJL=?!$*D240M="! sendΦ

*80i_ 71')#:#5=?>$#��

+-, . ���10:����� �=* 
 �65 � � 0 , , * � 0 0 4 � ! � � � ��� ! 0)�����
sendΦ

*
sendΦ(msg , p, n, k ,flg) , Listn(p,flg) t cells(flg , n, k ,msg)

 ��I3{'�C1' R /1%M'";H%(' R ')#5#4�"T?' � �wp\p � �y'8#52]')!9A?=��?68' /.�"3�%tOQ�"/$/	')% sendΦ

� � ��p�p�� �&� �-�-7 � � � � �XZH}�'w3:6)#5>$%(24�I2
')#f2w7$=?!$!$6&#5>$3�%M�Na.T?>$35'Y¥EZ � ¤EZ



� ¤ � ��� ��� � � � � � 	�

����� � �������������������

f f t t t t f t t t f t t t f f f f=

send( (f t t f), 2, 1 ,3 , f)

( )

�  "! �P¥EZ � ¤ � 8~!HA"=?0<7$> R '8#:#4�IT?' � �+p]p � �+�BA"')*@7$')#w*)'8%M%M>1%M')#]7$'+2-�"0(%M%M' 1 + 3

��� � ��� � ��� 3"����� � ��� ��� ��
 � � " ��� � ��
 � 3 �8
 " � ��� �8

}<�GJL=?!$*82:0M=?!

scan
/$3:'8!$7k>$!�#:0(T?!.�"%

s
'D2 >$!$'@%M0(#52:'Y7$'@#:0(T?!.�">^C

lst
Z#8~%M%('@/$�"3:*8=?>$3:#

lst
95>1#65H>�OQu

3:')!1*)=?!92435')3�>$! #:0MT"!.�"%+7$0 
P683:')!92�7$'
s
Zy}©� JL=?!1*8240(=?!

scan R =E7$68%M0(#:'k%M��#f�^!$*-,$3:="!$0M#:�I240(=?! #5>$3�%��
R �"3 5H>$'"Z

+ , . � � 0)����� �=* 1 � +-, 0 ��! 0)����� ª��/�12 * 2 4 ��¬�� � � �#� ! 0)�����
scan
*

scan(s, lst) ,)� � lst = ε
0 ' � �

ε
����� � lst = e.lst ′� � xor(s, e) 0 ' � �

lst
����� � scan(s, lst ′)
� � ª � �

� � ª � �
 ��"3y'DCE' R /$%('";Fr�j:s"m � � ��� � �&p{p�p�� ��� 3:'D24=?>$35!$' ��p{p�p � �XZ}<�kJL=?!$*D240(=?!

recvbit
7$6)*8=E71'�%('Vz$0i2d7�O�>$!$'�*)'8%M%M>1%M'"Z\[]'82524'hJL=?!$*D240M="! /$3:'8!$7�71')>EC��I3:T?> R ')!92:#)Z}<'Y/$3:' R 0(')3�')#52b%��U7$0M#f2-�"!$*8'W7$'W%(')*D24>$35' rclock u�%��;5^>1')%M%('&%M'N#50MT?!$�"%�71'N%��U*)'8%M%M>1%M'@7$'W*)=^7.�"T"'N7$=?0i2� 2435' %M>PZ1}�' #5')*)="!$7�'8#52x>1!$'+%M0(#524'w7$'+#50MT?!.�I>EC`*)= RUR '8! ,B�I!H2v/.�"3]%(' /$35' R 0M')3{#:0(T?!.�"%	7$' %M�N*)'8%M%M>1%M'w7$'

R �"3 5H>.�"T?'IZ }<'&z$0i2y3:' ,)>�'8#52 t #50©%('+/$3:' R 0(')3x68%M6 R ')!92w7$' lst ')#f2b="/$/F="#:6@uU*8')%(>$0�%M>�7.�"!$#y%M�G*8')%(%M>$%('7$'&*)=^7.�"T?'IZ �E0M!1=?!�;$%('+z$0(2y35' ,)>�')#f2
f
Z

+ , . � � 0)����� �=* 1�
 +-,�! � ª?2�� �cªF�(¬ � ��! �����g¬ ��� � � �#� ! 0)�����
recvbit

*
recvbit(rclock , lst) ,� � xor(lst [0 ], lst [rlock ])

0 ' � �
t

����� � f
� � ª � �
}<�G/.�"3f240M'+356)*8')/12:3:0M*8'Y'8#52 R =^7$68%M0M#56)'+/.�I3w%M�WJL=?!$*82:0M=?! recvΦ

7168a.!$0('NuG/.�"3f240(3x7$')#yJL=?!$*D240M="!$#y*)0i_
7$')#5#:>$#8Z#8~%(%M' /$35')!$7�/	=?>$3y�"35T?> R ')!924#8;.%M' !$= R z$3:'I; i ;.71'@z10(24#vuG716)*)=^7$'83);.%��WAI�"%(')>$38; flg ;$7$>�#50MT?!.�I%6 R 0M# 95>$#f24'��BA"�I!H2G%M�k2434�I!$# R 0M#5#:0M="!�;�%M�k7$0M#f2-�"!$*8'�7$'�%M')*D24>$35'"; rlock ;�'82U%��k%(0M#52:'"; lst ;~7$'�#50MT?!.�I>ECu��I!.�"%(�^#5')3)Z��E0

i
')#f2 ­ ;�%���JL=?!1*8240(=?!

recvΦ

35'824=">$3:!$'d%(' R '8#:#:�"T?'dA^0M7$'IZ<�E0M!1=?!�;�%('W/$3:' R 0(')3 z10(2&')#f27$6)*8=E7$6&/.�I3w%M�NJL=?!$*D240M="!
recvbit

'D2y*)=?!1*B�I2:6)!$6Y�">�7$6)*8=E7.�IT?'&3:6)*8>$3:#50(J�7$')#wz$0i24#x3:'8#524�"!924#w7$'
lst
Z

+ , . � � 0)����� �=* 1�1 � 2 4 0)� � 4 ,�! � �?0 4 � ! � � � ��� ! 0)�����
recvΦ

*
recvΦ(i ,flg , rclock , lst) ,� � i = 0

0 ' � �
ε

����� � ��� 0 Sc � � scan(flg, lst)
���

recvbit(rclock , Sc).recvΦ(i − 1 , Sc[rclock ], rclock ,Lastn(rclock , Sc))
� � ª � �



� � ���;
 �=� ��
 � � ���=� 
 � �'��� �J� �F��� � ¤ �
�E=?0i2

lst
%M�]%M0(#52:'\/$3:=^7$>$0i24'\/$�"3�%tOQ�"/$/	')%"7$'~%��{JL="!$*82:0M=?!

sendΦ

7$'~%��]a.T">$3:'�¥EZ � ¤EZ (b%(=?3:#8;
recvΦ(4 , f , 2 , lst)3:'D24=?>13:!$'&%M' R ')#5#4�"T"'@="3:0MT"0M!.�"%�� �&p�p�� �XZ

� ��� � � � � 
"����
 ��
 � � � ��& " ��� � � � ������

sendΦ


 �
recvΦ �=?>13W/$3:=">1A?'83d%���*8=?!1JL=?3 R 0i246U7$')#NJL="!$*82:0M=?!$# sendΦ

'82
recvΦ

�BA?')*h%(')#@JL=?!$*82:0M=?!1#WT?6)!16)3:095H>$')#
7$'8# 0M!924'835Jg�"*8')#8;F0(%<Jg�I>12 /$35=?>1A"')3�5H>$'N%��`*8= R /F=?#50(2:0M=?!�7$' sendΦ

'82
recvΦ

'8#52+>$!1'N0M71')!9240i246"ZP[]'82524'
/$35')>1A"'@Jg�"0i2x0M!92:')35A"')!$0(3y>$!$'&#:683:0M'&7$'&%(' RUR '8#v'DCE/$350 R �"!92y%M')#y/$35=?/$350M682:6)#x'8#:#:'8!9240M'8%M#w7$>�/$3:="2:=E*8=?%M'IZ

¬s csig(s, bit)

�����	�	
���� i �����	�	
���� i + 1

t t + n

¬csig(s, bit)s

�����	�	
����
i − 1

t + rclock t + n + k

�  "! �F¥EZ � | ���H243:>1*824>13:'&7$')#w*)'8%M%(>$%M'8#
}<��a.T?>$35'v¥^Z � | R ="!H2:3:'�>$!$'v*8')%(%M>$%('{�I0M!$#50'5H>$'{%M'8#�*)'8%M%(>$%M'8#©#5>$0(AI�"!92:')#�'D2\/$356)*86)7$'8!H2:')#8Z9}<� R �I365H>$'7$'V%M��*)'8%M%(>$%M'

i
')#f2d%���!$6)T9�X240M="! 7$>�7$'83:!$0(')3N#50MT?!$�"%{71'V%���*8')%(%M>$%('

i − 1
Z�}�'Vz$0(2N')#f2d*)=^7$6V/.�I3W%��

JL=?!$*D240(=?!
csig

Z�}<��*8')%(%M>$%('`#5>$0(AI�"!924'�*)= RUR '8!$*)'`/.�"3W%M��!$68T9�I2:0M=?! 71'V*)'V*8=E7$�"T?'"Z\[]'V7$0M�"T?34� R`R '
R =?!9243:'��">$#5#:0F%M')#�,9�^/F="2:,$S)#5')#x#5>$3]%(')#]710�
F6)3:'8!924#]/$�"34� R S82:3:'8#)ZE �=?>$3{/F'83 R '825243:'w%��@#5�^!$*-,$35=?!$0(#4�I2:0M=?!'82G%('V7$68*)=^7.�"T?'I;\%���710M#524�"!$*8'h7$')#G*)'8%M%(>$%M'8#N7$' R �"365H>.�IT?'V'82G71'h*)=^7.�"T?'V!1'h/F'8>1A?'8!H2 � 2:3:'h!H>$%(%M')#8Z}<�`7$0(#524�"!$*)'Y7$'N%(')*D24>$35'N7$=?0i2w/F'83 R '82:2:3:'Y7$'N%(0M3:'&7.�I!$#b%M�U*8')%M%(>$%M'&7$'Y*)=^7.�"T?'IZ	 �=?>$3�7$')#b34�"0(#:=?!$#w7$'/$356)#:'8!92-�I2:0M=?!�;<%eOQ,9�^/F=I24,$S8#:')#Y#:>$0iAI�"!924'U!�OQ'8#52Y/.�"#@'DCE/$%(0M*)0i24' R '8!H2 R ')!92:0M=?!$!16)'U7.�"!$#@%M'8#@%(' RUR '8#+'8224,16)=?35S R ')#y*)0 _��"/$35S)#8Z

∀k, n, rclock,∈ N, 0 < n ∧ 0 < k ∧ n ≤ rclock < n+ k

��=">12x7�OQ�"z	=?3:7�;^!$=?>1#v%M0(=?!$#�%M')#{JL=?!$*82:0M=?!1#
scan

'82
cells

Z$}<�N/$35' R 0MS83:'b*8')%(%M>$%('�*8=?!$#52:3:>$0i24' /$�"3]%M�JL=?!$*D240(=?!
cells

7$68z$>12:'+/.�"3]%M�Y!$68T9�I2:0M=?!V71>V7$')35!$0M'83v#:0(T?!.�"% 6 R 0(#); s Z (�>12435' R ')!92x7$0i2B;^%M'b=">V'DCE*)%(>$#:0iJ')!92:3:'
s
'82�%('x/$3:' R 0(')3\#50MT?!.�I%$7$'y%��+/$35' R 0MS)35'x*)'8%M%M>1%M'v'8#52¦24=?>)95=?>$3:#~A^34�I0tZ9}�'x/$35' R 0M')3~%(' RUR ' R =?!92:3:'5H>$'@%��NJL=?!$*D240(=?!

scan
/	')3 R '82wz$0(')!�7$'&#5�^!$*-,13:=?!$0(#:'83�#5>$3y%M'+7$68z$>12w7�O�>$!$'@*)')%(%M>$%('"Z

� � *+*+� �=* 
 � � 4 4)��! 0)���#� ª�� scan 2 ��� ! cells *

scan(s, cells(s, n, k,msg)) = cells(s, n, k,msg)

7�!$'G�I>12435'd/$3:=?/13:0M6D246Y0 R /F=?3f2-�"!92:'N7$'d%M�`JL=?!$*D240M="! scan '8#52 5H>$'d#:="!c3:6)#5>$%(24�I2+!$'d716)/	')!$7K/.�"#7$>k!1= R z$35'N7$'Y#:0MT"!.�">EC s ZF}¦OQ�"/$/1%M0M*)�I240(=?!�7$' scan u`%��G*)=?!$*)�I2468!.�I2:0M=?!�7�OQ>1!$'W#:683:0('N7$'Y#:0MT"!.�">EC s'82w7�O�>$!$'&%(0M#52:'";
lst
;.'8#52w6)T9�I%<uG%eO��I/$/$%M0(*B�I2:0M=?!`7$'

scan
u
lst
Z

� � *+*+� �=* 1�� � 4 4)��! 0)���#� ª�� scan
*

scan(s, Listn(n, s) t lst) = scan(s, lst)



� ¤ � ��� ��� � � � � � 	�

����� � �������������������
"w=?>$# R =?!9243:="!$# R �I0M!924'8!.�"!92¦7$')>^CG/$3:="/$3:0(682468#¦0 R /F=?3f2-�"!92:')#\7$'y%M�bJL=?!$*82:0M=?! cells ZH}<�+/$35' R 0MS)35'*)=?!$*8')35!$'v%��w%M'8*824>13:'v7$>N#:0MT"!.�"%H7$'v%M��*)'8%M%(>$%M'�7$']*8=E7$�"T?'"Z"�E0E%���710M#524�"!$*8']7$'v%(')*D24>$35']')#f2~*)="3:3:'8*82:' R ')!92�)95>$#52:6)'I;	%('+/$3:' R 0(')3v#50MT?!$�"%�%M>�'8#52w%M'+*8=E7.�IT?'&7$>�/$3:' R 0(')3xz$0i2y6 R 0M#)Z

� ��*
*+� �=* � � ��! 0 ¬?47��ª 2 � �"�32 ! �����e¬�����ª���! � ª?2�� � *

cells(s, n, k,msg)[rclock] = csig(s,msg[0])

�^>$/$/	=?#:=?!1# 5H>$'�%(' R '8#:#4�IT?'"; msg ;¦��*)=^7$6�*)=?!92:0M')!92��"> R =?0(!$#G>$! z$0i2BZ¦}�' R '8#:#4�IT?'�#8OQ68*)350(2*)= RUR '@%��U*)=?!1*B�I2:6)!.�I2:0M=?!�7�OQ>1!kz$0(2); b ;	'82+71>k3:'8#524'N7$> R '8#:#:�"T?' msg′ Z "�="2:=?!$# cs %('Y356)#:>1%(2-�X2 7$>*)=^7.�"T?'{7$'
b
/.�"3�34�"/$/	=?3f2~�">W#50MT?!$�"%

s
;
cs = csig(s, b)

ZI}<�b#:6 5H>$')!$*8'y7$'v#:0(T?!.�">^CN#5>$0(AI�"!92:#\%tO�0M!$#f2-�"!92
7$'&%M')*D24>$35'&')#52w%M�W*)=?!$*)�I2468!.�I2:0M=?!�7�O�>$!$'@#:683:0M'+71'

cs
'D2w7$>�*8=E7$�"T?'+7$>�3:'8#524'&7$> R ')#:#:�"T?'IZ

� ��*
*+� �=* ��� 0 4X¬�! 0 ¬ 4)��ª����"! �����g¬ ����� *

Lastn(rclock, cells(s, n, k,msg)) = Listn(n + k − rclock, cs) t cells(cs, n, k,msg ′)

"w=?>$# R =?!9243:="!$# R �"0(!924')!$�"!92�5H>$'Y%M�W*)= R /	=?#:0i240M="!V7$' recvΦ

'82
sendΦ

')#f2b>$!1'@0(7$')!92:0(246IZ
&�' , � 4)(�*+� �=* 
 � � � * � � � �10)����� ª�� recvΦ � 0 sendΦ

*

recvΦ(Len(msg), f lg, rclock, sendΦ(msg, p, n, k, f lg)) = msg

� 4)�^¬ ��� � }©�d/$35')>1A"'&')#52xJg�I0(24'b/.�"3v0(!$7$>$*D240M="!�Z�"w=?>$#x*)="!$#:0(7$6)35=?!$#y7$')>^Ch*B�I#w71'+z.�"#:'8#)Z }�' /$35' R 0M'83#:>$/$/	=?#5' 5^>1'd%M' R ')#5#4�"T?'N0M!$0i240��I%M'&')#f2+AE0(7$'"ZP� �"!$#+*8'd*B�"#8;�#4�V%(=?!$T?>1')>$3 '8#52&!H>$%(%M'"ZF ��I3 7$68a$!$0(2:0M=?!�;
recvΦ

35'82:=?>$3:!1'V%M' R '8#:#:�"T?'�A^0M71'"Z�}<'�#:')*8=?!$7 #5>$/$/	=?#:'-5H>$'V%(' R ')#5#4�"T"'V!$'V*8=?!9240M'8!92 5H>�O�>$! #:'8>$%z$0(2)Z.}<�G/13:')>EA?'@7$'&*)'@*B�"#y')#f2w3:')%M�I240iA?' R '8!H2y#50 R /$%M'IZ�"w=?>$#y7$6824�"0M%(%M=?!1#v/$%M>E2�'"2x%eOQ6D2-�"/	'+7�O�0M!$71>$*82:0M=?!�Z[]'82:2:'h6824�"/F'h#5>$/$/	=?#:'h%M��!$68T9�I240(=?! 7$'8#d7$')>EC *B�"#d/13:6)*86)7$'8!924#);¦'D2G%M' R ')#5#4�"T"'h*)=?!9240(')!92G7$=?!1*��">
R =?0(!$# 7$'8>EC z$0i24#)Z � %~/	')>E2Y#8OQ68*)350M3:'G*8= R`R 'W%M��*8=?!$*)�I2468!.�I240(=?!K7�O�>$!�z10(2&'82@7$> 3:'8#52:'`7$> R ')#:#:�"T?'I;
msg = b.msg ′ Z.}~OQ,9�^/	="24,$S8#:'Y7�OQ0(!$7$>$*D240(=?!�')#52w=?zE24')!H>$'@')!�#:>1z$#52:0(24>$�"!92B; 7.�"!$#y%M�dJL="3 R >$%(' 0M!10(240M�"%M'I;%M' R '8#:#4�IT?' msg /.�I3�%('Y35')#52:' msg′ '82�%tOQ�"3:T"> R '8!92 flg /$�"3�%('Yz10(2�*)=^7$6 csig(flg, b) Z	� !k=?z12:0M'8!H2%tO�0 R /$%M0(*B�I2:0M=?!G#:>10(AI�"!924'��

recvΦ(Len(msg′), csig(flg, b), rclock, sendΦ(msg′, p, n, k, csig(flg, b)) = msg′

→
recvΦ(Len(msg), f lg, rclock, sendΦ(msg, p, n, k, f lg) = msg

8~! >12:0M%(0M#4�I!H2U%M��7$6Da.!$0(2:0M=?!�7$'
sendΦ

;�'82V')!�!$=I2-�"!92
csig(flg, b)

/$�"3
cs
;{*8'82524'�JL=?3 R >$%('�#5'3:6)'8*)350(24'&*8= R`R ' #5>$0(2��

recvΦ(Len(msg′), cs, rclock, Listn(p, cs).cells(cs, n, k,msg′) = msg′

→
recvΦ(Len(msg), f lg, rclock, Listn(p, f lg) t cells(flg, n, k,msg) = msg
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recvΦ

Z@"�=?>$#&!$=I24=?!$#
cells(flg, n, k,msg)

/$�"3
β
Z>8~!�>E240M%(0M#:�"!92 %��V7168a.!$0i240(=?!K7$'

recvΦ'82w%('+%M' RUR '&¥EZ � ;$=?!�=?z12:0M'8!H2��

recvΦ(Len(msg′), cs, rclock, cells(cs, n, k,msg′) = msg′

→
recvbit(flg, β)
.recvΦ(Len(msg′), β[rclock], rclock, Lastn(n+ k − rclock, β) = msg
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'82@%��h356)*)'8/1240(=?! 7$'G*)')#
243:� R ')# /.�I3 >$!$'WJL=?!1*8240(=?! recveth

Z�}©��AI�"%(0M7.�X240M="!�7$'d*8')# JL=?!1*8240(=?!$# *8=?!$#50M#52:'d7.�"!$#+%M�V/$3:'8>1A?' 5H>$'
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recveth ◦ sendeth(msg) = msg
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recveth ◦ recvΦ
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recveth ◦ recvΦ ◦ sendΦ ◦ sendeth(msg) = msg
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