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`aVW� c HN�l�@� F S|��� c5HN��XYD/�R� VW��� HN�p� XYD�cfKW�p�-� KW� X'F�� c cq� MW���@� FWVGMW�|��DW�_c	  F XYILK�D/� Hn�@� XYM

HJS¡�YXV�p�]� V�ILcEH M�N%H K�KW� X
¢7� IbHn�p� XYM c FWVW� I�� c£� VW�LHJD7� V�XV� c�NW���N� S XJK�� X�H c cp�_c c£�V�	� ^	SUHN�q�V�
���N� Md���p�p�	�_c F XJIb� MW��¤¥� XYI M�D�F_S|�:Hn� R O'Z5@=Z c H F_XV�p�AHJS|�YXN�p�¡� V�I* 
¦�� D�cp��§�� MCHn� ^fB�� F�� cq� XYM
B��UHn�V� HJILc @

¨J© ª �Q()�!2 �g«�9J()��2��
O7� M�F	� HN�QXJD/���B¦>� Md� ^ ^V� HN� c H M�N�� VW�^¬ Z O/­��Wg
®d¯N¯��p�_KQXV�l�
 V�1�V�_M����p�p�	�_c HJM�N�¤�HJDGS¡�

�@�q�	�_c��p� FWV�M/�|��DW� c HN�q�^¦°� NW�_S ^ DGcp� N�¤#XV�TM�D�F_S|�:Hn���p� cq± HJc cp�_c c I�� Md� cq� D�NW�|�_c @T`aVW��² XV� Md�TD�cp�
XN¤�� VW� cq���@� FWVGMW�|��DW�_c�� c MGX�¦AHJNCH:^+c�¦��_S S�D�M�NW��� cq� X'X+N��&^PK/� HJF1�@�¡�p� XYM/�	� c HJcEH ILX+NW� S S|� M/�
� X+XYS�@³­\X�¦>���N�	�� AKW� XV��S|�_Ibc5cq�@� S S>�p� IbHN� M³� X´�1¢'K�S XV�¡���¡��¤#DGS S ^µ�i� F:H D�cp� XN¤°� V/�;F_XYILK�D7�
�WHA�@� XJMCHJS F_XYIbKGS|�1¢7�]� ^ XN¤�� VW�PDGM�NW�	� S ^;� M/�1KW� XV��S¡� ILc�¶#Ib� MW� IbHJS F D/� cp�1� c F_XYILK�D/�WHA�@� XJM· 
KW� XV�CHN�W� S|� cq�@� FEHJc cp�_c c I�� Md� cD¸ @

¹�XJcq� XN¤�� VW� F XJIbK�D7�@�	� F X+NW� c�� IbK�S¡� I�� Md��¹�º¼»^½EO S|�¡±N� H S|�YXV�q�¡� V�Ibc_@ O7�1�V��� HJS
HJK�K/� X
¢7� IbHn�@� XYM�c�HN�p� HJc c X'F��UHn�p� N³¦°�]� V³� VW� c�F SUH c c5Xn¤\HJS|�YXN�p�¡� V�ILc @�ºEM³� VW� XYMW� VCH M�N· 
� V/� cp� HJK�KW� X
¢/� I HA�@� XJM�c�HN�p� MW�_F	�_c c Hn� ^�� X*�p� NGD�F	��� VW���1¢'K�XYMW� Md�p�UHJS���S X�¦ D�K @�ºEM�� VW�
XN� VW�	�6VCH M�N·  M�X1XJMW�L� c HN�GS|�¾� X��_M�c D/�p��� VCHn�9� VW���p�_c D�S]� c6XV�/� HN� M/� N¿� MÀ� V/� c�¦AH)^ HN�p�
HJF_F DW� Hn�@� @

Z c HJM HJS¡�p�	� M�Hn�@�]�V�N ^§�� ^YHJMd�
Á cL§�� M�HN� ^ B��_F	� cq� XYM�B��UHn�V� HJILc*¶3§AB BEcD¸*Â g	Ã VCH
�V�
�i�	� M9�q� F�� Md� S ^R� Md�@� X+N�D�F�� N9� MR� V/���p�_S|� HN�W� S¡�¡� ^'ÄJ� S N�c�ÂÆÅAÃ�@ `aVW� ^ VCH
�N� KW� X`�N� N�� X��Ç�AH\�V��� ^
K�X�¦>�	�l¤#D�SH� X+XYSJ� X�HJc cq� c c°§ X'XYS¡�:HJMLILX'NW�_S c\¶�cq�	�'¤#XV��� M�cl�WHJM�F��9ÂÉÈnÃÊ¸ @�Ë\XN�AXJM�S ^9� VW�_^LIbHN±N�
�¡� K�XYc cq�|��S¡��� X5F_XYILK�D/�@�'��ÌLF��|� Md� S ^ I�� MW� I HJS'F D/� cp�1� c H M�Nb� XYK¾�1�V� Md�aK/� XV�CHn�W� S¡�¡�@�¡� c� V��D/�
HJS c X�� VW���p�_c D�S]� c�HN�p���1¢GHJF1�L¶#M�XPH K�KW� X
¢7� IbHn�p� XYM´� c�Ki�	�l¤#XV� I�� NH¸ @�­\X�¦>���N�	�� TKW� XV�GS|� ILc
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cq�p� S SÇ�q� IbHN� M�� X HJc cp� c c��V�	� ^-SUHn�p�V�\IbX+NW�_S c��i� F HJD�cq�R§AB BEc HN�q�Ec DW��²q� F��°� X9�1¢'KQXJMW� Md�@� HJS
��S X�¦ DGK HJcR¦>� S S @�­ X`¦>���V���	 �� V/� c Ki� F��¡ÄCF MCHn� D/�p� Xn¤°���V�_Md���@�q�	� c5F XYI�� MW�*¤¥� XYI R O'Z
IbHN±N�_c'� X'XJI ¤#XV�ac KÇ�_F	�¡Ä�F£� IbK/� X`�V�_Ib�_M�� c XN¤s� VW��Ib�1� V�X+N @

`aVW� c>¦ XV�p±b� cAH5KCHN�l� XN¤�� VW�EZ�� HJS|� H
�N­��������:HfKW� XA²q�_F��	 �H F XJS SUHn�QXV� Hn�@� XYM6XN¤�cq���V��� HJS
� MGcq�@�]� D/�p� XYMGc HJM�N F_XYILKCHJMW�¡� c	 �� M�F S D�NW� MW��� VW� ?J�p� MGFWV M�D�F_S|� HN���p���YD�S Hn� XV� ^�� M�cl�@�¡� D/�@� XYM
¶�� R O/Ë�¸ HJM�N�� VW�6?J�q� M�FWV F�� Md�@����¤#XV� c F	�¡� Md�@�]ÄCF��q� cp� HN� FWV ¶3»^Ë [ OW¸ @�� � HN� Ibc°� XbNW���N� S XJK
H�§ B B ��HJcp�_N�F XYILK�D/�p�	� F_X'N/��� X H c cp�_c c����N� Md�L�@�q�	�_c @ Z�� HJS|� H�� c H�§AB B KCHJFD±=HN�V�
�1¢;�p� M�NW�_N�¦°�¡� V I HJM&^ R O+Z ¤¥� Hn� DW�q� c� W¦ VW� S¡�¼­�������� H�� c^� VW�¼���N� Md���p�p���fIbHJMCHn�V�	�_@
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Z cp���+D/� M�F��EXN¤�HJM����N� Md�^�p�p�	� cq� HN�q� cT¤¥� XYI HJMb� MW�]�@�UHA�@� M/�����N� Md�
 W�JX7�_cT� VW� XYD/�YV H
M�D�I��i�	� XN¤i¤#XV�p±6H M�Nb�_M�N�cT¦°�¡� VbH F XYMGcp�	��DW�_M�F	� @�� HJFWV�¤#XV�p±6F_XV�p�q� c KQXYMGN�cT� X5H�I�� c cq� XYMx 
� @Æ�J@�� VW���q� c K�XYM�cq� XN¤ Hbc Hn¤¥�1� ^�c ^+cq�@�_I�@ `aVW�R¤�Hn� S D/�p� c\XN¤Tc D�FWV	Hbc ^+cq�@�_I HN�q��N/� c F��p�¡�Ç�_N
�&^ Ib� HJM�cfXN¤aH�¤�HJD�S¡�¼�p�p�	� @�� Mµ� VW�bM�D�F_S|� HN� R O'Z ¤¥� HJI���¦ XV�q±i g� VW��¤�HJD�S]�¼�@�p��� c5HN�p��� M
�V�_MW�	� HJS F_XYVW���p� Md�	 '��@ � @ HN�p��IbXYMGXN� XYM/��§ X'XYS¡�:HJM ¤#XV� I5D�SUHN� @ ¹�XV�q� X`�V���	 °�CHJcq� F*���V�_Md�
KW� XV�CHN�W� S|�]�@�|�_c5Hn�p� S X�¦�@	`aVW� c D�F F�� c cLXN¤°� V/� c Hn¤¥�1� ^ c ^+cl�@� I Ib� c cp� XYM�� c IbX+NW�_S S|�_N³�&^
� V/� MW�	�YHn�@� XYM XN¤�� VW��¤�H D�S¡���@�q�	�¿¶¥�¡� c�¤�HN� S DW�p��� c ILX'NW�_S S¡� N ��^ � V/��¤�HJD�S]�b�p�p�	���¡� cp� S]¤D¸ @
Z cp���+D/� M�F���� c F XJIbKW� S|�_N � Md� X�� VW�;F XJMA² D�M�F1� XN¤\� VW�*§AX+XYS¡�:HJMÀ¤#XV� I D�SUHn��¶¥¤�HJD�S]�9�@�q�	� c
XV�LMW�	�YHn�@� XYM XN¤�¤�HJD�S]�9�@�q�	� c@¸�� VCHn�bIbX+NW� S^� VW�*�W� HJMGFWVW� c��]���YX7�_c�� VW� XJDW�YV @�Z cp�1� XN¤
cp����DW� M�F�� c�� caF XYILKW� S|� NL� Md� X9� VW��NW� c¥² D�MGF�� XN¤g� VW��¤#XV� I D�S HN��� MGF X+NW� MW���¡� caIb�_I��i�	� c_@

Z c HJM�� S S D�cl�@� Hn�@� XYM F XYM�cq� NW����� VW�����V�_Md�£�p�p��� KW� F1� DW�q� N XYM	?s�|��@�gY@ @�� � IbHJNW� XN¤
XYMW�'� M/�¡�@� Hn�@� MW�����N� Md���H d�B¦AX5Ib� c cp� XYM�c HJM�N�� VW� F XV�q�p�_c K�XYM�NW� MW�R¤�HJDGS¡���@�q�	� c�� �;HJM�N!�#"� 
HJM�N´� V/�p�	� F_XYM�cp����DW� M�F�� c%$ gV &$RÅ-HJM�N'$RÈG@�½ K�Ki�	�¼�W� HJM�FWVW�_cR�q� KW�q� cp�_Md� c DGF F	�_c cq� c XN¤
I�� c cq� XYMGc @�`aVW�^� VW�q�	� cp����DW� M�F�� c���()$LgV 
��()$RÅ HJM�N*��()$RÈ�HN�q��� VW���p�1¤#XV�p���_M�F X+NW� N��&^
� V/�^¤#XYS S X�¦°� MW�\F XYMA² DGM�F�� c @���()$Lg,+-�$d/.� �g 
��()$�Å0+-�$d1� ��d2.� "�HJMGN)��()$£È0+3�$d4�/��d1�#"T@

`aVW�;cp����DW� M�F�� c-XN¤\���N� Md���p�p�	�_c�¦>��HN�p�;NW�:H S|� M/��¦°�¡� V�HN�q�*� ^+KW� F:HJS S ^>IbHJNW� XN¤
HN��XYD/�fg`¯9¤�HJD�S]���@�p��� c� 65N¯N¯LD�K*� X;g`¯V¯V¯��CHJcq� F¼���N� Md� cEHJM�N75n¯V¯LDGK�� X;g85N¯N¯��YHn�@�_c @ `aVW�
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F XN�p�p�_c K�XYM�NW� MW�°¤#XV� I DGSUHN�THn�p���V��� ^�c KÇ�_F	�¡Ä�FJ@ `aV/� c�I Hn±N� c��]��KQXYc cp�¡��S|��� X\N/���V�_S XYKfc Ki� F��¡ÄCF
IbHn� VW�_I HA�@� F HJSH¤¥� HJI���¦ XV�p±�c� QH S|�YXV�q�¡� V�I c FWVW�_Ib�_c HJMGN�VW�_DW�p� cq�p� F c�� XLV�HJM�N�S¡��� VW�_I�@
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¹�XJcq� XN¤�� V/��F_XYIbKGD/�@��� F_X'NW�_c\� IbKGS|� I�� Md�\¹�º¼»^½ O�S|�¡±N�fHJS|�JXV�p�]� V�ILc^� XbHJc cq� c c

���N� Md���p�p�	�_c @�� HJFWV1cp�	��DW�_M�F	�L� c�F XYM�cq� NW���p�_N�� M´� DW� M @-?��¡� cl�
 �Ib� MW� IbHJS�F D/� cp��� c5XN¤�� VW�
cp����DW� M�F�� HN�q�-F XYILK�D/�p� N ¶¥� VW�*¹�º¼»^½EO HJS|�JXV�p�]� V�I ¦ XV�p±�c�� M H�� XYK;� N�X`¦ M¿¦ H:^V >��D/�
��XN�p� XYI�� D�K HJS¡�YXV�p�]� V�ILc Hn�p� c XYI����p� I�� c DGcp� N HJc�¦��_S SÊ¸ @ `aV/� M· +KW� XN�CHN�W� S|� cl�@� F>��DCHJMd�p�¡�@�¡� c
HN�q�6HJc cq� c cp� Nµ�&^PI��:HJMGcEXN¤�� VW�6O+^+S¡�V�_cq�p�	�l� R�XV� M�F:Hn�p� NW���N� S XYK�I�� Md��
 S|���
���1  @ @_@	 ����¾�Ç�
� V/� Ib� MW� IbHJS F_D/� cq��� c XV�/�WHn� MW�_NPN�DW�q� MW�b� VW��ÄW� cq�Ecq�@�_K @E`aVW�_M· x� VW� KW� XV�CHN�W� S|�]� ^��g¶������i¸
XN¤g� VW��� XYK7�B�1�V�_M��\� c H c°¤#XJS S X`¦ c�
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`aVW� c H S|�YXV�q�¡� V�Ib� F c FWVW� I��¼� M�NGD�F	�_c'� VW�p���£±�� M�N�c XN¤ HJK�KW� X`¢7� I Hn�p� XYMGc @
) � M F:HJcq� XN¤ MGXYM7� ILXYM�Xn� XYMW� S XV�V� Fn +H£¤#D�M�F1�@� XYM¾� c M�Xn�����+D/�¡� HJS|�_Md�>� XR� V/� NW� c¥² D�M�F1�@� XYM XN¤�¡� cEI�� MW� I HJS caF D/� cp�1� c @9»AXYM�cp� NW�	�\¤#XV��� MGcq�WH M�F	�n ·� VW��¤#DGM�F��p� XYM � ++*-,.' .*�/!@R¹�� MW� I H S
F D7� cp�1� c Xn¤&� HN�p�
*-,\H M�N0/� GHJMGNb� V/�	�p�1¤#XV�p�,�213 *-,4'5/£¶�cp���9Â ®NÃi¤#XV� NW��� HN� S¡� N N/� c F_D�c cq� XYM
XYM¼� VW� c·� XYK/� F c@¸ @ ���V� Md�s�@�p��� cp�	��DW�_M�F	�_cTHN�q� MGXYM7� ILXYM�Xn� XYMW��¤#XN�·� VW� ^¼� M�F_S D�NW�TM/�	�&Hn�p� XYMGc @
) O;� M�F����]�b� c9� X+X%F XJcq� S ^À� X NW���p�	� Ib� MW�PH S SaXN¤�� VW�;Ib� MW� IbHJSAF_D/� cq��� c XYM�S ^�� VW��IbXJcq�� ILK�XV�q� HJMd� XYMW� c�¶¥¤¥� XYIeH	KW� XN�CHN�W� S|� cl�@� F KQXN� Md�LXN¤��;�|�1¦\¸LHn�p� F XYMGcp� N/�	�p�_N @�`aVW� cLIbH:^
� MGN�D�F	��cq�|�YMW�]ÄCF:H M�� N/���;�UHn�p� XYMGc @
) O7� M�F	���¡�^� c>� X'X F_XYcq� S ^�� X H K�K�S ^�� VW��¤#D�S S.R�XV� M�F HN�p� NW���N� S XYK�I�� Md�
 �XJM�S ^�� V/���V��� ^�ÄJ� cq��@��� ILc\HN�p��� HN±N�_M�� Md� X HJF F_XYD�Md�:@

`aVW�_cp��� V/�p�	�fHJKGKW� X
¢7� IbHn�@� XYM c FWVW� I�� c\HN�q��� ML�V�_MW�	� HJS c HA¤¥��¤#XV�aKW� XN�CHN�W� S|�¡�p�|�_c XN¤
�CHJcq� F'���N� Md� c HN�q� S X�¦�@�­ X`¦��1�V���	 W� V/�	�p�\� c M�X�¦AH:^b� X�� MGc DW�q��� VCHA�>� VW�����p� XN��� c D�M�N/�	� H
�V�]�V� ML��XYD�MGN @���ÌLF��|� Md� I���� V�X'NGc�� X6F_XYIbKGD/�@���-¢GHJF��°�q� c DGS¡� caNGX9�1¢7� cl�
 CHJc��1¢GHJILK�S|�]ÄJ� N
�&^�§�� MCHN� ^-B�� F	� cp� XYM B��UHN�N� HJILc @

6�© 46����
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§�� ^&HJMd�	Á c�§�� MCHn� ^�B��_F	� cp� XJM"B�� HN�V� HJIbc�¶3§ B BEc@¸�Â157  g�ÃfHN�p��� V/�1cl�WHn�p�1� Xn¤Ê� � V/�1�
HN�l�5NCHA�WH�cl�@� D�F�� DW�p�¾� X��_M�F X+NW�-HJMGN³� X�I HJM/� K�D�S Hn�@��§ X'XYS¡�:HJM´¤#D�M�F1�@� XYM�c @PO7� M�F	��� VW���|�
� Md�p� X+N�D�F��p� XYMµ� M�� VW���q� S¡�UHN�W� S|�]� ^ HJMCH S ^+cp� c£¤¥� HJIb�1¦AXN�p± ¶6�&^1XYMW� XN¤�� VW� H D/� V�XN� HJILXYMW�
XN� VW�	� c¾ÂÆÅ�ÃÊ¸1 g§ B BEc VCH
�V� KW� X`�N� Nµ� X��Ç��� VW�6IbXJcq�¼��ÌLF��|� Md���p� FWV�MW�¡��DW��� X HJc cq� c c£¤�HJDGS¡�
�@�q�	�_c @

`aVW��§AB B HJc c X'F��UHn�p� N�¦°�]� V H¾¤#XV� I D�S HN�R� cEH F_XYIbK�HJF���� M�F_X'NW� MW� XN¤�� VW���@� D/� V
�WHn��S|� XN¤W� V/� cs¤#XN� I D�S HG@�`aVW� cs�p� K/�p� cq� Md�WHA�@� XJM9� c���HJcp�_N6XYM�� V/� O'VCHJMGM�XYM6NW�_F XYILKQXJcp�¡�p� XYM.@
7����)� �Ç� H�§AX+XYS¡�:HJM�¤#XV� I D�S H�� VCHA�6NW� Ki� MGN�c XYMÀ� VW��� HN�q�UHN��S¡�98H �� VW�_MÀ� VW���p�L�1¢7� cq� c
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Shannon tree
Reduction rules
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�B¦ X³¤#XV� I5D�SUHN� � �LHJM�N ��� M�Xn� NW�_KÇ�_M�NW� MW�%XYM 8>c D�FWV � VCHn�!� + 8$d1� � ' .8Cd4���)@ § ^
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