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�!Gf>k�,� e�KY;=> EOGfB�^OE­N27���> ^`B�Q�>Ù7�E?EOKfg�8c>�U.7�82U
<?>�7�EOEOKfg�8c>�U Uch�827�;�KM[_7�GYGfh�^`BñE`^O7R^OKfB�82E�H�7�E E`^O7v�
^OKYB�82E�7�Gf^`>_<?827R^`> Q�>_^
��>_>�8'Q�>�KY8cg�7�[k^OKf��>�7�82U¦KYU2Gf>��
"T]c<O^ONc>_<?;�B�<O>�H4[kB%B�<\U2KY827R^OKfB�8 B�d4^ONc>�^`<?7�8TEO;�KYEb�
E?KfB�8�E?[?Nc>�U2]TGf>�7�;=B�82gWE`^O7R^OKYB�82E�<O>�®%]TKf<O>�Es7W[kB�8%^`<OB�G
[\N27�828c>�GS^`B�Q�>C�2<O>�E`>�8%^_�

æ � � > E`>_�T7R<?7R^`> ;=>�7�EO]c<?>�E4B�dV^ONc>��T<OB�QT7RQTKYGMKf^
h«B�d
[kB�GMGYKYEOKfB�8Ø7�82U��2<OB�Q!7RQTKYGYKf^+h�B�d¬Uc<OB��T�,>�UØd¤<?7�;=>�E
d¤<OB�; ^ONT7R^±B�d d¤7�KY<?8c>�EOE_�ñä�K³¯�>_<O>�8%^±<?7�8TUcB�; 7�[Ñ�
[k>�E?E§EO[\Nc>�;=>�E§NT7�82U2Gf>V[kB�GYGYKMEOKfB�82E U2K³¯�>_<O>�8%^OGfh,¼�d¤B�<
>k�c7�;=�TGY>�HsKY8'EOGfB�^`^`>�U � �°²�J � HSKfd&7µ^`<?7�82E?;�Kf^`^`>�U
d¤<?7�;=>L[kB�GYGYKYUc>�E°�LKf^ON=7�8cB�^ONc>_<�H%^ONc>�8�^ONT7R^¡d½<\7�;=>�KYE

å



<O>_��>�7R^`>�U2GYh�<?>_^`<?Kf>�U4]28%^OKYG¡KY^¶KYEC<O>�[k>�KY��>�U�EO]T[_[k>�EOEb�
d�]2GYGfh��¨ab8�6�� Z���� 6 � ^ONc>=d¤<?7�;=>�KYECUc<?B��2��>�U�7Rd½�
^`>_<°´Td¤^`>_>�8 ]282EO]T[_[k>�EOE`d�]2G%7R^`^`>�;��2^OE_� � >�^ONc>_<O>_d¤B�<O>
7R<Og�]2>¬^ON27R^V7�8%h�d�7�Kf<?8c>�EOE¥;=>�7�EO]c<?>¬EONcB�]TGYU�B�82GYh
[kB�82E?KYUc>_<¶^ON2>¥EON27R<?>�B�d�EO]2[_[k>�EOE`d�]2G5^`<?7�82EO;�KMEOEOKfB�82E
By��>_<�^ONc>�[?N27�8282>�G!^ONT7R^�>�7�[\NVE`^O7R^OKfB�8µg�>_^OE_�&²W^ONc>_<
��>_<Od¤B�<?;�7�82[k>&;=>�7�EO]2<O>�E�E?NcB�]2GYU¶Q,>�]2E`>�U�^`BCUc>_^`>_<`�
;�KM8c>�B�^ONc>_<�[kB�;=��B�8c>�8%^OE�B�dS^ONc>L�2<OB�^`B�[kB�G!��>_<Od¤B�<`�
;�7�8T[k>�H�EO]2[?N¨7�E°[kB�GYGYKYE?KfB�8=� � [kB�;¶Q!KY827R^OKfB�8¶B�d2^ONc>
U2Kf¯,>_<O>�8%^°��>_<Od½B�<\;�7�82[k>�;=>�7�EO]c<?>�E¢EONcB�]2GYU¨^ONc>�8 Q�>
]2EO>�U ^`BC>_�v7�GY]T7R^`>�^ON2>�B���>_<?7�GYG���>_<Od¤B�<?;�7�8T[k>�B�d!^ONc>
�2<?B�^`BF[kB�GI�

���³Ä ����Å ~�� � ~
6�� Z��C� 6 � KYE¶7¬U2KYE`^`<?KYQT]c^`>�U';¨]2Gf^OKf�TGY> 7�[_[k>�E?E �2<OB�^`BR�
[kB�GIH¡EOKM;�KYGY7R<�^`B'6�� Z¬�C� 6&ä ]2E`>�U�B���>_<���KY<O>�U�95^ONc>_<`�
8c>_^OE_� X�>�[_7�]2E`>�[kB�GYGYKYE?KfB�8�Uc>_^`>�[k^OKfB�8 [_7�828cB�^�Q�>:UcB�8c>
B���>_<�À "���QT7�E`>�U���Kf<O>�GY>�EOE¶� �L  E_H°^ONc>�E`>µ8c>_^
��B�<OD�E=KY; �
�TGf>�;�>�8#^¬Ï\ÚRÛ¤Û Í½Ð\ÍIÚRÝ·Î��vÚ�Í�Ì�Î�Ý!Ï\Ë�Nc>�]2<?KYE`^OKY[_E�� ²�]c<§��B�<OD
KYE5QT7�E`>�U¥B�8V6�� Z¬�C� 6 � 7�E&KY;=�!Gf>�;=>�8%^`>�U�KY8��s]2[k>�8%^ � E
��B��T]2GY7R< � 7���>�� �W  EOhFE`^`>�; à³âkæ�ã �LJ�>_<O>�H�>�7�[\N�EO^O7R^OKfB�8
d¤B�GYGfB��LE�^ONc>A�2<?BF[k>�U2]2<O>AEONcBy��8:KY8 "°Kfgc� å 7�82U±E?]2;�;�7v�
<?Kf�_>�UµQ�>�GfBy�A�
e�Nc>¥;=>�UTKY]2; KYE�U2Kf��KYUc>�U4KM8#^`B�;�KY82K³�
E?GfB�^OEAKY8�^OKY;=>��

a�d�7¬E`^O7R^OKfB�8�NT7�E¶7:d¤<?7�;=>§^`B±^`<?7�82E?;�Kf^_H�KY^¶E`>�82E`>�E¶^ONc>
;=>�U2KM]2;·^`BAE`>_>�Kfd!Kf^�KMEsQT]TE`h���a�dT8cB�^_H#^ONc>�8 Kf^�[_7�8 ^`<\7�82Eb�
;�Kf^¨<?Kfg�N%^=7��&7�h��­a�dLKf^=E`>�82EO>�E=7¬Q!]2E`h�[\N27�828c>�GIH5^ONc>�8
Kf^�g�BF>�EWKY8#^`B¥QT7�[OD�BR¯�;=BFU2>¶7�82U±KM;=�TGf>�;=>�8%^OE�[kB�GMGYKYEOKfB�8
7���B�KMU27�82[k>¶EO[\Nc>�;=>¶7�E�d½B�GMGfB���E��

�L��B�8�KY82Kf^OKM7�GYGfh4E`>�82E?KY8cg¦74[_7R<O<?Kf>_<�H5^ONc>VQT7�[?D�>�U���BR¯
E`^O7R^OKfB�8�[kB�8%^OKY8F]c>�E�^`B E`>�8TE`>�^ON2>�;=>�UTKY]2;*]T8#^OKYG¶^ONc>
[?NT7�828c>�G°Q�>�[kB�;=>�ECKYU2GY>�� � ^A^ON2KMEL��B�KY8%^�Q�B�^ON¦^ONc>=[_]c<`�
<O>�8%^OGfhV^`<?7�82E?;�Kf^`^OKY8cg¥E`^O7R^OKfB�8¦7�82U¬^ONc>�Q!7�[OD�>�U���BR¯­E`^O7v�
^OKfB�8§��7�Kf^�d¤B�<�7���>_<?KfB�U=B�dr^OKY;=>�H�[_7�GYGf>�U¥^ONc> � 7���>�� �W 
ab8#^`>_<`� "2<?7�;=>��F�!7�[k> � � a "¡�2�\� � ^�^ON2>:>�82U­B�d � a "¡�,H
^ONc> � »O]2E`^b�I´,82KYEONc>�U,�2^`<\7�82EO;�Kf^`^OKM8cg�E`^O7R^OKfB�8¶��7�Kf^OEsd½B�<�7�8��
B�^ONc>_<¢;�7�82UT7R^`B�<Oh â'. ;�KY82K³�
E?GfB�^OE_HR7Rd½^`>_<°��N2KM[?N¨Kf^�E`>�8TE`>�E
^ONc>C[?NT7�828c>�GI�¢a�dS^ONc>C[?NT7�828c>�GrKYE&KYU2GY>�H%^ONc>�8µ^ON2>�EO^O7R^OKfB�8
^`<?7�82E?;�Kf^OE&^ONc>Ad¤<?7�;=>��
²C8 ^ONc>4B�^ONc>_<�N27�82UrHC7R^¬^ONc>4>�82U0B�d � a "¢��H�^ONc>

QT7�[?D�>�U���BR¯ E`^O7R^OKfB�8 E`>�GY>�[k^OE·7©íOÎ#ÏkîRÚ`ï ì�Í½Ê§Ë Q,>_d¤B�<O>
<O>_^`<Oh�KY8cgc�¢e�N2>LQT7�[?D�BR¯�^OKM;=>CKYE�]T82Kfd¤B�<?;�Gfh=U2KYEO^`<?KfQT]c^`>�U
B���>_<°^ONc>�<?7�8cg�> à³â�	�

�¤ã HR��Nc>_<O> 

� KYE�[_7�GYGf>�UA^ON2>Cí?Î�Ïkî�Úbï
� Í¤Ý!Ì�Ú � d¤B�<L�F^O7R^OKfB�8��O� 
�� KYE&KY82Kf^OKM7�GYGfh=E`>_^&^`B å Á ;�KY82K³�
EOGfB�^OE�7�E&EONcBy��8¥KM8 "°Kfgc� æ � >��¹gc�fHTKfds�F^O7R^OKfB�8��°<?7�82UcB�;§Gfh
E`>�Gf>�[k^OECÁ§7�EWKY^OE�QT7�[?D�BR¯�^OKY;�>�H!^ONc>�8¬^ONc>�^`<?7�82EO;�KMEOEOKfB�8

= Wf

=i

frame
transmit

 W
?

i  Wi = 2Wi

discard frame
 W 32Attempt < K

attempt
increment

Medium
Busy ?

16 mini-slots
Wait Wait

U (0,W )i

WIFS
Wait

Yes

Yes

Yes

No

No

No

Begin

���������
	��&
 e�N2KYE¨º!B��&[?N27R<O^¥EO]2;�;�7R<\Kf�_>�E ^ONc>:�2<?BF[k>k�
U2]c<?>W�F^O7R^OKfB�8���d¤B�GYGfBy��E¡^`B¨^`<?7�82EO;§Kf^57Ad¤<?7�;=>LKY8 � 7���>k�
� �W  6�� Z���� 6 � � 

� H 
�� 7�82U�� <O>_�2<?>�E`>�8#^¢^ON2>�[_]c<`�
<O>�8%^�QT7�[OD�BR¯'^OKY;�>_<�d½B�<W��^O7R^OKfB�8��OHT;�7v�cKY;¨]2;.��B�EOEOKfQTGY>
�R7�GY]c>WB�ds^ONc>�QT7�[?D�BR¯�^OKY;�>_<&7�8TUµ^ONc>W;§7v��KY;¨]2;.��B�EOEOK³�
QTGf>A8F]2;�Q�>_<�B�d�QT7�[?D�BR¯�EL<O>�E`��>�[k^OKf��>�GYh��

��KYGMGrE`^O7R<O^L7Rd¤^`>_<C7§Uc>�GM7�hµB�d¢B�8c>�;§KY82K³�
EOGYB�^\�\� � d½^`>_<L^ONc>
QT7�[?D�BR¯ Uc>�GY7�h�H�KfdC8cB�[_7R<O<\Kf>_<¥KYE¥E`>�82E`>�USH�^ON2>±QT7�[?D�>�U��
BR¯ E`^O7R^OKfB�8 E`^O7R<O^OE¬^`<?7�82E?;�Kf^`^OKY8cgÙKf^OE:d¤<?7�;=>��   B�^OKY[k>
^ON27R^�^ONc>�[?N2B�KY[k>�B�dr;�KY8TK³�
EOGfB�^OE¢7�E�]282Kf^OE°d¤B�<5^ONc>�QT7�[OD�BR¯
;=>�[\N27�82KYEO;ØN27�E¡^ON2>��2<OB���>_<O^+h�^ONT7R^�7AEO^O7R^OKfB�8¥EO^O7R<O^OKY8cg
B�8c>±;§KY82K³�
EOGYB�^¨7Rd¤^`>_<¥7�8cB�^ON2>_<§��KYGMG5Q�>:7RQTGf>V^`B�Uc>_^`>�[k^
^ON27R^°E`^O7R^OKfB�8 � E�>�8c>_<Og�hA7�8TU�[kB�82[_GM]2Uc>¡^ON27R^�^ONc>&;=>�U2KY]2;
KYE�Q!]2E`h��
a�d�^ONc>¶[_7R<O<?KY>_<�[kB�8#^OKY8F]c>�E�^`B�Q�>�EO>�82E`>�U � QFh±�F^O7R^OKfB�8

����7Rd½^`>_<L^ONc>¶QT7�[?D�BR¯�Uc>�GY7�h�HT^ONc>�8±^ONc>¶E`^O7R^OKfB�8�]c�rU27R^`>�E
Kf^OE�QT7�[?D�BR¯.��KM82UcB��¶H 

� � 
�� UcB�]cQ!Gf>�E:>�7�[\N¾^OKY;=>�H

...
Transmission
Ends

WIFS

Extra wait: 16 mini-slots

BackOff Window: 32 mini-slots

B

B transmitting frame
A in backoff mode

���������
	��,
 abGYGY]2E`^`<\7R^OKfB�8 B�d � 7���>�� �L  6�� Z���� 6 �
��Kf^ONµ^+��B�E`^O7R^OKfB�82E��

æ



^ONF]2E=KY82[k<O>�7�E?KY8cg¦>k�F��B�8c>�8%^OKY7�GYGYh!¼&Nc>�82[k>V^ONc>V^`>_<\; ËOê �
ë�ÚRÝ�ËkÝTì�ÍIÎRÛ¡íOÎ�Ï_îRÚbï �Le�N2KME�[kB�8#^OKY8F]c>�EW]28%^OKYGSKf^�<?>�7�[?Nc>�E�7
´2��>�U¦;�7v��KM;�]2; 
 � ��a�8 � 7���>�� �W  6�� Z���� 6 � � 7�E
KY8V;�7�8%h�B�^ONc>_<?E\�\H 
�� KYE�Á � . ;§KY82K³�
EOGYB�^OE_�
e�Nc>¶^`B�^O7�G°8F]2;¶Q�>_<LB�d¢<O>_^`<?Kf>�ELd½B�<�7¥g�Kf��>�8±d¤<?7�;=>¨KYE

GYKY;§Kf^`>�U�^`B47¦;�7v�cKY;¨]2;VH ��H57Rd¤^`>_<���NTKY[?N�^ONc>µd¤<?7�;=>
KYE�U2<OB��2��>�Ur� � 7���>�� �W  6�� Z��C� 6 � E`>_^OE �á^`B â'� �
ab84B�]c<¨;=BFU2>�GIH���>µ7�EOEO]2;=>§^ON27R^�^ON2>¥8F]2;¶Q�>_<�B�d�E`^O7v�
^OKfB�82ELKY8:^ON2>¨;=B�Uc>�GIH � H�KYELEO]2[?N¬^ON27R^ ��� ��� â ��a�d
^ON2KYE�UcBF>�E58cB�^&NcB�GYUrH#^ONc>�8§>_��>�8µKfds6�� Z¬�C� 6 � Q�>�[_7�;=>
[kB�;=�TGY>_^`>�Gfh�d¤7�Kf<�7�82UA>�;¨]2GY7R^`>�U¨e�ä Z¬� HyEOB�;=>�E`^O7R^OKYB�82E
��B�]2GYU 8c>�[k>�EOE?7R<?KYGfh QT7�[OD BR¯)7�82U·U2<OB�� d½<\7�;=>�E_� e�B
�2<OBy��>C^ON2KYE_H2E?]c�2��B�E`>W^ONc>CB�<?Uc>_<�B�d°[?NT7�828c>�GrE`^O7R^OKfB�8TE�KYE
�F^O7R^OKfB�8 â H%�F^O7R^OKfB�8 ÁFH������YH#�F^O7R^OKfB�8 � H�7�82U �
	 ���§â �
� Nc>�8��F^O7R^OKfB�8 â KYE�^`<?7�82E?;�Kf^`^OKY8cgcH#�F^O7R^OKYB�8 � KY8¨X&7�[OD%�
BR¯Ù�F^O7Rg�> â � � Nc>�8��F^O7R^OKfB�8 ���·â KMEC^`<?7�82EO;§Kf^`^OKY8cgcH
�F^O7R^OKfB�8 � KYE¶KM8'QT7�[OD�BR¯·�F^O7Rg�> �
�·â�� ��H°KY;=�!Gfh#�
KY8cg=^ONT7R^W�F^O7R^OKfB�8 � N27�E�^`B¥Uc<OB��¬Kf^OE�d¤<?7�;=>�� � >�8cB�^`>
^ON27R^¨KY8'�2<?7�[k^OKM[k>§^ONc>§8F]2;�Q�>_<AB�d�E`^O7R^OKfB�82E�KY8'^ONc>¥>�8��
^OKf<O>�EOhFE`^`>�; ��KYGYG�]2E?]27�GYGfhAQ�>�g�<O>�7R^`>_<�^ON27�8§^ONc>�8%]T;¶Q�>_<
B�d°QT7�[OD�BR¯­E`^O7Rg�>�E_��JLB���>_��>_<�Hr<O>�[_7�GYGS^ON27R^L^ON2>¶8%]T;¶Q�>_<
B�d�E`^O7R^OKfB�82E�KY8'B�]c<�;=BFU2>�G¢<O>_�2<O>�EO>�8#^OE¶^ONc>§8F]2;¶Q�>_<AB�d
E`^O7R^OKfB�8TE�KM8§^ONc>CEO]2QTE`>_^�B�dsE`^O7R^OKfB�82E�[kB�;��,>_^OKM8cg�d¤B�<&^ONc>
[?NT7�828c>�GI�¾e�Nc>_<?>_d½B�<O>�H�B�]c<V7�EOEO]2;=�T^OKfB�8ÙKM;=�TGYKf>�E§^ON27R^
^ONc>¬^
hF�TKY[_7�G�8F]2;�Q�>_<�B�dAE`^O7R^OKfB�82E�[kB�;=��>_^OKY8cg�d½B�<�^ONc>
[?NT7�828c>�Gr7R^�7�8%h¥B�82>C^OKY;=>AKYE�Gf>�E?E&^ON27�8V^ONc>A8F]2;�Q,>_<�B�d
QT7�[?D�BR¯�E`^O7Rg�>�E_�
�¾Z 7R<OD�By�¬[?NT7�KY8±<?>_�2<O>�E`>�8%^OKY8cg�^ON2>¨Uch�827�;�KM[_E�B�d57

^
��BR�
E`^O7R^OKfB�8�6�� Z¬�C� 6 � EOhFE`^`>�; KYEWEONcBy��8�KY8#"°Kfgc� � �
957�[\N E`^O7R^`>'KY8é^ON2>�[\N27�KY8 <O>_�2<O>�EO>�8#^OE�7�^O]c�TGf>±[kB�<?<O>k�
E`��B�82U2KM8cg�^`B¶^ONc>LQT7�[OD�BR¯¬EO^O7Rg�>�E�B�dr>�7�[\NµE`^O7R^OKfB�8rH%��Kf^ON
� [kB�<O<?>�E`��B�82U2KY8cg�^`B4^ONc>:[_]2<O<O>�8%^=^`<?7�82EO;�KY^`^`>_<���e�Nc>
d¤<?7�[k^OKfB�8µB�8V>�7�[\N±7R<?[CKYE&^ON2>C�2<OB�QT7RQTKMGYKf^
h§B�d�^`<?7�8TEOKf^OKfB�8
Q�>_^
��>_>�8±^ON2>¶E`^O7R^`>�EW7R^�^ONc>�>�82U2E�B�d¢^ONc>�7R<?[R��X�>�[_7�]TE`>
^ONc>�QT7�[?D�BR¯¦E`^O7Rg�>�E�7R<O>A8cB�^�]c�rU27R^`>�U�Kfds7 [kB�GYGYKYE?KfB�8§B�[Ñ�
[_]c<?E�H5[kB�GYGYKYE?KfB�82E¶7R<?>V<O>_�2<O>�E`>�8%^`>�U­QFh�E`>�Gfd½��^`<?7�82E?Kf^OKfB�82E_�
À�>�[_7�GMG2^ON27R^�7Rd½^`>_<&^ONc> � a "¡� ��>_<?KfB�UrH�^ONc>WE`^O7R^OKfB�8¥^ON27R^
E`>�8%^�^ONc>=GY7�E`^�d½<\7�;=> ��KYGYG�Uc>�GY7�h¬d½B�<C7�8cB�^ON2>_< â'. ;�KY82K³�
EOGfB�^OE¨7�82U�^ONc>�B�^ONc>_<=E`^O7R^OKfB�8­��KMGYG¢�&7�Kf^�d¤B�<=7±Q!7�[OD�BR¯
��>_<?KfB�U¦E`>�Gf>�[k^`>�U�]282Kfd¤B�<?;�Gfh±B���>_< àfâ�	�
·ã H���N2>_<O> 
 KYE
^ONc> QT7�[?D�BR¯�^OKY;=>_<CB�d5^ON2>=QT7�[OD�>�U���BR¯éEO^O7R^OKfB�8r�¨a+d�^ON2KYE
8F]2;¶Q�>_<�KYE�GY>�EOE�^ON27�8 â'. H!^ONc>�8V^ONc>¶QT7�[OD�>�U���BR¯�EO^O7R^OKfB�8
��KYGMG,[_7R�T^O]c<O>A^ONc>�[?N27�8282>�GI�5a�d¢Kf^�KYE�>k�c7�[k^OGfh â'. HT^ON2>�8±7
[kB�GYGYKMEOKfB�8¦B�[_[_]c<?E_H°��N2KMGf>�Kfd�Kf^�KMEAg�<O>�7R^`>_< ^ON27�8 â'. H¢^ONc>
EO7�;=>LE`^O7R^OKfB�8�D�>_>_�!E5^ONc>L[?N27�8282>�GT7�82U=^ON2>�B�^ONc>_<�QT7�[OD�E
BR¯0d�]c<O^ONc>_<�� e�NF]2E_H�^ON2>¬�2<?B�QT7RQTKYGYKY^
h­^ON27R^�^ONc>'EO7�;=>
E`^O7R^OKfB�8¦^`<\7�82EO;�Kf^OEW^ONc>�82>k�F^�d¤<?7�;=>�KYE ×��� HS^ON2>¨�T<OB�QT7v�

{T,256}

{T,128}

{T,32}

{T,64}

{256,T}

{128,T}

{64,T}

{32,T}

{T,256}

{T,256}

{T,256}

{T,256}

{T,256}

{T,256}

{T,256}

{T,256}

{T,256}

{T,256}

{T,256}

{256,T}

{256,T}

{256,T}

{256,T}

{256,T}

{256,T}

{256,T}

{256,T}

{256,T}

{256,T}

{256,T}

1/32

1/64

1/128

1/256

1/32

1/64

1/128

1/256

1/2

1/4

1/8

1/16 1/16

1/8

1/4

1/2

239/256

111/128

47/64

15/32

111/128

47/64

15/32

239/256

239/256

239/256

239/256

239/256

239/256

239/256

239/256

239/256

239/256

239/256

1/256

1/256

1/256

1/256

1/256

1/256

1/256

1/256

1/256

1/256

1/256

239/256

239/256

239/256

239/256

239/256

239/256

239/256

239/256

239/256

239/256

239/256

1/256

1/256

1/256

1/256

1/256

1/256

1/256

1/256

1/256

1/256

1/256

���������
	�� 
 Z 7R<OD�By�±[?N27�KM8±<O>_�T<O>�E`>�8%^O7R^OKfB�8:d¤B�<W7§^
��BR�
E`^O7R^OKfB�8¦6�� Z���� 6 � ��KY^ON�´Td½^`>_>�8:QT7�[OD�BR¯�E`^O7Rg�>�E��

QTKYGMKf^
h�B�d�[kB�GMGYKYEOKfB�8=KME ×� H%7�8TU=^ONc>��2<?B�QT7RQTKYGYKY^
h¶^ONT7R^¡^ONc>QT7�[?D�>�U���BR¯¦EO^O7R^OKfB�8¥[_7R�T^O]c<O>�E�^ONc>�[?N27�8282>�G!KYE ��� ×��� H�7�E
EONcBy��8:KY8 "°Kfgc� � �

��� � � 	 Æ �b� ��� ~���� ��~
��GfB�^`^`>�U � ��²�J � HW7 EOKfg�8TK³´![_7�8%^OGfh EOKY;=�TGY>_<±�2<OB�^`B�[kB�G
^ON27�8 6�� Z���� 6 � �&e�KY;=>¬KYE¥UTKf�FKMUc>�U�KY8%^`B�EOGYB�^OE_H�7�82U
E`^O7R^OKfB�8TEµ^`<?7�82EO;�KY^¥d¤<?7�;=>�EµBy��>_<±^ONc>'[?NT7�828c>�GC7R^µ^ONc>
Q�>_g�KY8282KM8cg=B�d57¥^OKY;=> EOGfB�^_�Wa+d¡7�[kB�GYGYKYE?KfB�8VB�[_[_]c<?E � 7�82U
��>L7�EOEO]T;=>�^ON27R^�EO^O7R^OKfB�82E5[_7�8¥Uc>_^`>�[k^�[kB�GMGYKYEOKfB�8TE\�\H�^ONc>�8
>�7�[?N�^`<?7�8TEO;�Kf^`^OKY82g:E`^O7R^OKfB�84�&7�Kf^OE¨7V<?7�82U2B�; 8F]2;¶Q�>_<
B�dCEOGfB�^OE_H�7�82U�^ONc>�8�<O>_^`<\Kf>�E�Kf^OE§d½<?7�;�>��Ùe�Nc>V<\7�82UcB�;
�&7�Kf^�^OKM;=>�NT7�E�7¬g�>_B�;=>_^`<?KY[µU2KME`^`<?KfQT]2^OKfB�8rH�7�8TU�KYE¨KY8��
Uc>_��>�82Uc>�8%^AB�d�^ONc>¥<?7�82UcB�;©U2]c<?7R^OKYB�82EC�TKY[?D�>�U�QFh¦^ONc>
B�^ONc>_<�E`^O7R^OKYB�82E_��e�NTKYE¶�T<OBF[k>�E?E�B�dL��7�KY^OKY8cg¦7¬<\7�82UcB�;
8F]2;¶Q�>_<WB�d�EOGYB�^OELd¤B�GYGfBy��>�U¬QFh±<O>_^`<Oh¬KYE�<?>_�,>�7R^`>�U¦]28%^OKYG
^ONc>�d¤<?7�;=>CKYE&^`<?7�82E?;�Kf^`^`>�UµEO]2[_[k>�EOEOd¤]2GMGfh��¢e�Nc>_<O>�7R<O>A8cB
>k���,B�82>�8#^OKY7�GSQT7�[OD�BR¯rE_�
a�d=8cB�Uc>�E±7�Gf�&7�h�E¦N27���>�d½<\7�;=>�E±^`BÙ^`<?7�82EO;§Kf^_HA[kB�G³�

GYKYE?KfB�82E���KYGYGLQ�>'d½<?>�®%]c>�8%^_�ñJLB���>_��>_<¦KYd+H�7�EV��>�KY82U2Kf�
[_7R^`>�U >�7R<?GMKf>_<�H���>'Kfg�8cB�<O>'[kB�GYGMKYEOKfB�82E�7�82U d¤BF[_]2EµB�8TGfh
B�8­EO]2[_[k>�EOEOd¤]2G�^`<?7�82E?;�KYEOEOKYB�82E_H�^ONc>�8�^ONc>VUchF8T7�;�KY[_E�B�d
��GfB�^`^`>�U � �°²�J � [_7�8¬Q�>¶;=B�Uc>�Gf>�U:]TEOKY8cg=E`^`<?7�KYg�N#^`d¤B�<`�
�&7R<?U Z 7R<OD�B��0[\N27�KY82E��ñ957�[?N«E`^O7R^`>�KM8 ^ONc> Z 7R<OD�B��
[?NT7�KY8'KY82U2KM[_7R^`>�EL^ON2> GM7�E`^CE`^O7R^OKfB�8'^`BV;�7RD�>§7µEO]T[_[k>�EOEb�

�



A B
1/2 1/2

1/2

1/2

���������
	��,
 �W82Uc>_<?GYhFKY82g Z 7R<OD�B�� [?NT7�KY8 d½B�<¬�cGfB�^`^`>�U
� ��²�J � �LKf^ONµ^
��B¥E`^O7R^OKYB�82E_�

d�]2G5^`<\7�82EO;�KYE?EOKfB�8r� "�KYgc� . E?NcB���E ^ON2> Z 7R<OD�B���[\N27�KY8
[kB�<O<O>�EO�,B�8TU2KY8cg¨^`B§N27��FKY82g=^
��B¥E`^O7R^OKfB�8TE_�
� >&8cBy��^O]c<\8A^`B�^ON2>5>_�R7�GY]27R^OKfB�8�B�d2EONcB�<O^b��^`>_<\;0d�7�Kf<`�

8c>�EOE�KY8µ^ONc>�E`>C�2<?B�^`BF[kB�GYE��

� � 	 Ç � Ç É���� Ç É �#Æ��0Å � � ��Æ �
e�Nc>¶´T<?E`^LB�d¡^ONc> ^
��BV;=>_^ONcB�U2EL��>=[kB�82EOKMUc>_<Ld¤B�<�;=>�7v�
EO]c<\KY8cg�d¤7�Kf<\8c>�EOE�KY8'[kB�8%^`>�8#^OKfB�8c��QT7�E`>�U�[\N27�828c>�GMECKYE�^ONc>
Ð\ÛÜÍIÌRÍ½Ý
	 � Í½Ý!Ì#Ú � Ê�Ë�ì��FÚ�Ì'Ò���
¥ÓµÖy�2e�Nc>A;�>_^ONcBFU±KYE�7R�c�
��>�7�GYKY8cg Q�>�[_7�]2E`>�Kf^�[_7�8:<O>�7�UTKYGfh�Q,>A7R�T�TGYKf>�Uµ^`B�>k����>_<`�
KY;=>�8%^O7�GWB�<VEOKY;¨]2GY7R^`>�U ^`<?7�[k>�Eµ��Kf^ON2B�]c^�7�8%hÙU2>_^O7�KYGf>�U
7�827�Gfh�EOKYE¨B�dW^ONc>µ�2<OB�^`B�[kB�GI� �L82d½B�<O^O]T827R^`>�Gfh�H�7�GY^ONcB�]cg�N
7R�2�TGYhFKY82gV� � Z 7�827�GfhF^OKY[_7�GYGfh � KI�¹>��fH�Q%h¦]2EOKY82g�^ON2>§]28��
Uc>_<?GYhFKY82gWE`^`B�[?NT7�E`^OKY[��T<OBF[k>�E?E_H���Kf^ON2B�]c^¢<?]2828TKY8cg�>k����>_<`�
KY;=>�8%^OE�B�<�EOKY;¨]2GY7R^OKfB�82EÑ�¢KYE���B�EOEOKfQ!Gf>�H%Kf^&E`>_>�;�E�KM;=�2<?7�[Ñ�
^OKY[_7�GSUT]c>�^`B§Kf^OE�N2KYg�NV[kB�;=�T]c^O7R^OKfB�8T7�GS[kB�;=�TGf>k�cKf^+h��
� � Z KYEr;=B�^OKY�v7R^`>�U¶Q%h�^ONc>¡B�Q!E`>_<O�R7R^OKfB�8C^ON27R^sE?NcB�<O^b�

^`>_<?;ªd�7�Kf<?8c>�EOE Uc>_��>�82UTEAB�8­^ONc>VGf>�8cg�^ON�B�d�^ON2>µE?NcB�<O^b�
^`>_<?; N2B�<?Kf�_B�8�B�8c>�[_7R<O>�E§7RQ�B�]c^_� esB�KYGYGY]2EO^`<?7R^`>µ^ON2KYE_H
[kB�82EOKMUc>_<�^ONc>Ad¤B�GYGfBy��KY8cg¨^
��B§^`<?7�[k>�E�ó

����� � X � X � X � X � X � X �����
7�82U

����� �W�L�W� X�X&X&X �L�W�W� �����
e�Nc>°´!<?E`^r^`<?7�[k>�KYES7�8¶KMUc>�7�G�e�ä Z¬� �
E`^+hFGf>�^`<?7�[k>�H�7�82UA��>
[_7�8V>�7�EOKMGfh¥7R<Og�]2>A^ON27R^�Kf^�>k�cN2KfQTKY^OE���>_<Od¤>�[k^�EONcB�<?^b��^`>_<?;
d�7�Kf<?8c>�EOE�KY82Uc>_��>�82U2>�8#^CB�d�^ON2>§^OKY;=>�NcB�<?Kf�_B�8�B�8c>µ[kB�8��
EOKYU2>_<?E_�Wa�8�^ONc>=E`>�[kB�82U�^`<?7�[k>�H�Kfd¡^ONc> EONcB�<O^b��^`>_<\;ßNcB�<?K³�
�_B�8�KYEAd¤B�]c<¶^`<\7�82EO;�KYE?EOKfB�8'^OKY;�>�E_H°^ONc>�84^ONc>�^ONc>¥^`<?7�[k>
GY7�[?DFE=EON2B�<O^b��^`>_<?; d�7�Kf<?8c>�EOE KY8�E`B�;=>V�!7R<O^OE¨B�dLKf^_� "2B�<
>k�c7�;=�TGf>�Hr^ONc>=E`>�®F]c>�82[k> B�d�^ONc>¨´T<?E`^Wd¤B�]c<C>�Gf>�;=>�8%^OECKYE
7�GYG � � E_�¡JLB���>_��>_<�H2Kfd�^ONc>WEONcB�<O^b��^`>_<\;.N2B�<?Kf�_B�8§KME¡>�Kfg�N%^_H
^ONc>�8�>�7�[?N­[kB�8%^OKfg�]cB�]2E E`>�®F]c>�82[k>¥B�d ! >�GY>�;=>�8#^OE¨UcBF>�E
KY82U2>_>�U�N27���>:7�8­>�®%]T7�G�8%]2;�Q�>_< B�d ��� E=7�82U�X � E � 7�Eb�
EO]2;§KY8cg ^ON27R^�^ON2>A�T7R^`^`>_<?8±B�d æ§� � E�d½B�GMGfB���>�U:QFh æ X � E
[kB�8%^OKY8%]2>�E\�\�

AAABAAAABBBBBBBBAAABB

A

B

A

B

γ = 0 γ = 0.5
γ = 0.5

A

B
γ = 0.25
γ = 0.75

γ = 1

���������
	���
 abGYGY]2E`^`<\7R^OKfB�8ñB�d4^ON2>)�cGYKYU2KY82g � KY82U2B��
Z >_^ONcBFUS�

� � Z E`^O7R<?^OEA��Kf^ON�7V�T7�[OD�>_^ ^`<?7�[k>¥B�d�[?N27�8282>�G57�[Ñ�
[k>�EOE`>�E§7�82U�EOGYKYU2>�E�7���KY8TUcB���B�dLE?Kf�_>�� 7�[k<OB�EOE=KY^_H57�E
EONcBy��8�KY8 "°Kfgc� ( d¤B�<¨7¬��KY8TUcB��ØB�d�EOKf�_> æ �¬e�Nc>¥>�Gf>k�
;=>�8%^OE�KM8'^ONc>�´!<?E`^C��KY8TUcB��AH�KY8�"°Kfgc� ( H°7R<O>§^ONc>�´T<?E`^
æ >�Gf>�;=>�8%^OE&B�dS^ONc>�E`>�®%]2>�82[k>�H �W�W� XW� � >�<O>_d½>_<&^`B¨^ONc>
>�Gf>�;=>�8%^OEL��Kf^ON2KY8V7���KY82UcBy�07�EW7�EO827R�TE?NcB�^_����B¥7�E���>
EOGYKMUc>�^ONc>���KM82UcB��¶H%B�8c>�>�Gf>�;�>�8#^�7R^�7 ^OKY;=>�H���>�B�Q2^O7�KY8
7VE`>_<?KY>�ELB�d�EO827R�TE?NcB�^OE_Hr��Nc>_<?>¨[kB�82EO>�[_]c^OKf��>�EO827R�!EONcB�^OE
N27���> � � � â ��>�Gf>�;=>�8%^OEWKM8±[kB�;�;=B�8S� "cB�<�>�7�[\N'EO827R�c�
EONcB�^W��>¨[kB�;=�!]c^`>�^ON2>¶d¤<?7�[k^OKfB�82ELB�d ��� EW7�8TU¬X � E_�W�S>_^
^ONcB�E`>�d½<\7�[k^OKfB�82ErQ�>����¥7�82U����V<?>�E`��>�[k^OKf��>�Gfh��°��B�KY8 "°Kfgc�
( ^ONc>A´T<?E`^�EO827R�!EONcB�^�N27�E�^ON2>Ad½B�GMGfB���KM8cg�d¤<?7�[k^OKfB�8TE_ó

�
��� Â�� ( �

����� Â�� Á �
  B��¶HFd¤B�<&>�7�[?NµEO827R�!EONcB�^_HF��>�;=>�7�EO]c<?>�^ONc>Wd¤7�KY<?8c>�EOE

��Kf^ONTKY8�Kf^_H�]2EOKY82g�7��,>_<O�
EO827R�TEON2B�^,�kÎ�Í½çÑÝ,ËÑÐ\ÐWÍ¤Ý!Ì#Ë?ê �&²�8c>
��B�EOEOKfQ!KYGYKf^+h­KMEµ^`Bé]2E`>4Ã�7�KM8 � Eµd¤7�KY<?8c>�EOEVKY8TUc>k� à �vã H à��yã H
Uc>k´!82>�UV7�E�d¤B�GYGfB��LE_ó

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

��Nc>_<?> � KYE�^ONc>A8%]T;¶Q�>_<�B�d¢E`^O7R^OKfB�82E��
� 8cB�^ONc>_<���B�EOE?KfQTKYGYKY^
h¾KYE�^`B)Uc>_<?Kf��> 7�8c>_� KY8TUc>k�

QT7�E`>�U±B�8±^ON2>¶@A]2GYGYQT7�[ODµ�S>�KfQ!Gf>_<�U2KYEO^O7�82[k>Ad¤<OB�;¸KY82d½B�<`�
;�7R^OKfB�84^ONc>_B�<Oh à .vã 7�EC>k���TGY7�KY8c>�U¦KY84�F>�[k^OKYB�8 å � â � � d½�
^`>_<�EOGMKYU2KY8cg�^ONc>C��KY8TUcB�� ^ONc<OB�]2g�NV^ONc>C>�8%^OKf<O>CE`>�®F]c>�82[k>
��>V>�82U�]c����Kf^ON�7'EO>�®%]c>�8T[k>VB�dLd�7�Kf<?8c>�E?E��R7�GY]c>�E�¼���>
[_7�GY[_]2GM7R^`>�Kf^OEA7���>_<\7Rg�>��§e�N2KYE�7���>_<?7Rg�>�[kB�<?<O>�E`��B�82U2EW^`B
^ONc>¨d¤7�KY<?8c>�EOEL;=>_^`<?KY[�7�EOE`B�[_KY7R^`>�U±�LKf^ON:��KM82UcB�� EOKf�_>-�¶�
� >�<O>_��>�7R^s^ONc>��2<OB�[k>�EOES��KY^ONAKY82[k<O>�7�E?KY8cg���KM82UcB���EOKf�_>�E_H
7�82U±�TGfB�^�^ONc>¶7���>_<?7Rg�> d¤7�KY<?8c>�EOE��R7�GY]c>C��>_<\EO]2E�^ON2>A��KY8��
UcBy� EOKY�_>���a�8±g�>�8c>_<?7�GIH,��>¶>k���,>�[k^W^ONc>�d¤7�Kf<\8c>�EOE�^`B�KY; �
�2<OBy��>A��Kf^ONVKM82[k<O>�7�EOKY82g.���

.



e�Nc>�D�>_h¦®F]c>�E`^OKfB�8¦KYEW^`B:KYUc>�8%^OKfd¤hV^ONc> ��KY82U2B���EOKf�_>
7RQ�B���>���N2KY[\N ^ONc>4�2<OB�^`B�[kB�GA>k�cN2KfQ!Kf^OEV7�Uc>�®F]27R^`>�d�7�Kf<`�
8c>�EOE�� � >¬E?NcB�� NcB�� ^`B�KY8%^`>_<O�2<O>_^�� � Z <O>�EO]TGf^OE=KY8
^ONc>��F>�[k^OKYB�8 å � Á=7Rd¤^`>_<LKY8%^`<OB�U2]2[_KY8cg 7�8c>_� d�7�Kf<?82>�EOE�KY8��
Uc>k�µQT7�E`>�UVB�8:^ONc>¶@A]2GMGfQT7�[OD��S>�KfQ!Gf>_<�U2KYE`^O7�82[k>��

���³Ä � ������� 	 	 ���R��� � � Ç � 	 � ���v��Ç � É�� �`�	� É�� ��

� >4KY8%^`<OB�U2]2[k>¦^ONc>¦^`>_<?; �ÑçbÎ#Ï�ì�ÍIÚRÝ ÌRÍ½ÐÑì�çÑÍ�í
�cì�Í�Ú�Ý2HA7�82U
Uc>�8cB�^`>¬Kf^�QFh��5�Ùa�dW^ONc>¬8F]2;�Q,>_<§B�d�EO^O7R^OKfB�82E§KM8�^ONc>
;=B�Uc>�GWKYE � ^ONc>�8��¾KYE¥7�8 � ��^O]c�TGf>�[kB�8#^O7�KM82KY8cg�^ONc>
KY82UTKf�FKMU2]27�Gcd¤<?7�[k^OKfB�82E�B�d�^ON2>AE`^O7R^OKfB�82E_�

"2B�<¡d¤7�KY<?8c>�EOE�^`BCQ�>�7�[?N2Kf>_��>�U���Kf^ON2KY8�^ON27R^¢EO827R�!EONcB�^_H
^ONc>¶KMUc>�7�G�d½<\7�[k^OKfB�8±U2KME`^`<?KfQT]2^OKfB�8§�LKf^ON � E`^O7R^OKfB�82E�HTUc>k�
8cB�^`>�UVQFh����KYE

������ â
�
	 ����� 	 â

���
� >=7R<O> KY8%^`>_<O>�E`^`>�U�KY8�;=>�7�EO]c<?KM8cg�^ONc>VÌ#Ë �yÍ�Î�ì�Í�ÚRÝVB�d

^ONc>�;=>�7�EO]c<O>�U�d½<\7�[k^OKfB�82E_H!� � d¤<OB�; ^ONc>�KMUc>�7�G¢�R7�GY]c>§B�d
â�� � � � >�^O]c<?8 ^`BÙ^ONc>�@A]TGYGfQT7�[?D �s>�KfQTGf>_<:U2KME`^O7�82[k>
� B�<�ç`Ë_Û³Î�ì�Í �RËéËkÝTì�ç`Ú\ë����\H=]2E`>�U«KY80KY82d½B�<?;§7R^OKfB�8 ^ONc>_B�<Oh
^`B�;=>�7�EO]c<?>�^ON2>4U2KYE`^O7�82[k>�Q�>_^
��>_>�8 ^
��B��2<?B�QT7RQTKYGYKY^
h
U2KYEO^`<?KfQT]c^OKYB�82E_��a�d��Ù7�82U��¦7R<O>:^+��B��2<OB�QT7RQTKMGYKf^
h�U2KYEb�
^`<?KfQ!]c^OKfB�82E_Hs^ONc>�8�^ON2>¥@A]2GMGfQT7�[OD¦�S>�KYQTGf>_<¶U2KME`^O7�82[k>�Q�>k�
^
��>_>�8·^ON2>�; KYEVUc>�8cB�^`>�U QFh�� � �������\�Pa�^µKMEV7�;=>�7v�
EO]c<?>LB�d! b^ON2>AKY8c>kò¥[_Kf>�8T[kh=B�d�7�EOEO]T;�KY8cg�^ON27R^&^ONc>��2<OB�Qc�
7RQTKYGMKf^
h U2KYE`^`<?KYQT]c^OKfB�8�KYE"� �LNc>�8)^ONc>é^`<?]c>éU2KME`^`<?KfQT]c�
^OKfB�8 KYE#�%$ à .vã � �!7Rg�> â'! �\� � >¦82B�^`>�^ONT7R^µ@¶]2GYGfQT7�[?D
�S>�KYQTGf>_<�U2KYEO^O7�82[k>±KYE�82B�^¥7�UTKYE`^O7�82[k>±;�>�7�EO]c<O>±KM8�^ONc>
^`<?]c>VE`>�8TE`>�H�Q�>�[_7�]2EO>:Kf^=UcB%>�E§8cB�^=>k��NTKfQTKf^ [kB�;�;¨]c^O7v�
^OKf��Kf^
h � � � �������'&�(� � �%�)���`�\� e�Nc>:@A]TGYGfQT7�[?D��s>�KfQTGf>_<
U2KYEO^O7�82[k>�KYE�7R�2�2<OB��T<?KY7R^`>¡d¤B�<�B�]2<�[kB�82EO^`<?]2[k^OKfB�8�Q�>�[_7�]2E`>
^ONc>Cd¤<?7�[k^OKfB�8:UTKYE`^`<?KfQ!]c^OKfB�8*�4Q�>�N27���>�ELGYKfD�>A7 �2<?B�QT7RQTKYG³�
Kf^+h±;�7�EOE�d�]282[k^OKfB�8S� Z B�<O>_By��>_<#��<?>_�2<O>�E`>�8%^OEW^ONc> ^`<?]c>
d¤<?7�[k^OKfB�8§UTKYE`^`<?KfQ!]c^OKfB�8rHR��Nc>_<?>�7�E	���KYE¢^ONc>L^O7R<Og�>_^�UTKYE`^`<?K³�
QT]c^OKYB�8rH�7�82U���>�7R<O>�^`<Oh�KY8cg:^`B¦Uc>_^`>_<?;§KY8c>§NcBy�P[_GfB�E`>�0KME ^`B+��¡� "cB�<¥>�7�[?NÙEO827R�TEON2B�^_H,� KYE�[_7�GY[_]2GM7R^`>�U�7�E
d¤B�GYGfB��LE_ó� " ��� �� ) � � � à � × 	 � + 	 � � � 	 �.- ã � à³â�� � 	�â�� � 	 � � � 	�â�� �:ã �

� / %0
� ' ×

� � GYB�g + � �21 � GfB�g + �
��� � 3 � � � 	 �b�
� >�7R�2�TGYKf>�Uñ^ONc>¾� � Z ;=>_^ON2BFU ^`B.[kB�8TE`^O7�8#^b��<\7R^`>
� 7���>�� �L  �Wä�£ ^`<?7�[k>�E�KY8#��B�GY�FKY82gÙ^+��BcH�^ON2<O>_>�7�82U

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0

0.2

0.4

0.6

0.8

1

Window Size

A
ve

ra
ge

 J
ai

n 
F

ai
rn

es
s 

In
de

x

2 Stations −−−

3 Stations −.−

4 Stations ...

���������
	 4,
 � �T�TGfh�KY8cg ^ONc>*� � Z ;=>_^ON2BFU ^`B
6�� Z��C� 6 � ^`<\7�[k>�E¡]2EOKY82gCÃ#7�KY8 � E�ab82Uc>k�¨7�E¡^ONc>�d¤7�KY<?8c>�EOE
;=>�7�EO]2<O>��

d¤B�]c<L[kB�;=��>_^OKY82g¥E`^O7R^OKfB�8TE_� "°Kfgc� â Â¥�TGfB�^OE�^ON2>�7���>_<\7Rg�>
Ã�7�KM8 � E=d�7�Kf<?8c>�EOE§KY82Uc>k�­��>_<?EO]2E§^ONc>±�LKY82UcBy�ñEOKf�_>�H�7�82U
"°Kfgc� � �TGYB�^OEC^ONc>¥7���>_<?7Rg�>V@A]2GYGYQT7�[OD¦�S>�KfQ!Gf>_<Cd¤7�KY<?8c>�EOE
KY82U2>k�,�   B�^`>C^ON27R^&d½B�<�Ã�7�KM8 � E&KY82Uc>k��H â KY8TU2KY[_7R^`>�E�7RQTE`BR�
GY]c^`>5d¤7�Kf<\8c>�EOE_Hy��Nc>_<O>�7�Esd½B�<�^ONc>�@A]TGYGfQT7�[?DW�s>�KfQTGf>_<SKY8TUc>k�
ÂAKY8TU2KY[_7R^`>�E¢7RQTE`B�GM]c^`>�d¤7�KY<?8c>�EOE_� "c<OB�; Q,B�^ON¨´!g�]c<O>�E_H���>
E`>_>�^ON27R^�7�Es>k�F��>�[k^`>�U¨EO;�7�GYG��LKY82UcBy��EOKf�_>�Es>k��N2KYQTKf^rN2Kfg�N
]28cd�7�Kf<?82>�EOE_H�QT]2^s7�Es^ON2>¡��KY82U2B���EOKY�_>5KY82[k<O>�7�EO>�EsKf^sEO^O7R<O^OE
^`Bµ>k��NTKfQTKf^�;�B�<O>�7�82U¦;=B�<?>¶d�7�Kf<?8c>�EOE��Le�Nc>¨NcB�<?Kf�_B�8%^O7�G
GYKY82>�ELKY8¬^ONc> ^
��Bµ´Tg�]c<?>�EWKM82U2KY[_7R^`>�^ONc> ^ONc<O>�EONcB�GMU2E�Q�>k�
h�B�82U���N2KY[\NA��>�Uc>_>�;«d�7�Kf<?8c>�EOEs^`BLQ�>57�[\N2Kf>_��>�Ur� � >&E`>_^
^ONc>=^ONc<?>�EONcB�GYU¦7R^AÂ�� � � d¤B�<¶Ã�7�KY8 � ECKY82Uc>k��Hr7�82U'7R^AÂ�� Â �
d¤B�<:^ONc>�@A]TGYGfQT7�[?Dé�S>�KfQ!Gf>_<:KY82Uc>k����a�8·Q,B�^ON g�<\7R�TN2E_H
d�7�Kf<?8c>�EOE±KYE±7�[\N2Kf>_��>�U«d½B�<���KY82U2B�� EOKf�_>�E�GY7R<Og�>_<¬^ON27�8
<OB�]cg�NTGfh � � ÂÙKY8 ^ONc>�[_7�E`>4B�d¨^
��BÙEO^O7R^OKfB�82E_H�<OB�]cg�NTGfh
Á � ÂµKY8:^ON2>�[_7�E`>¨B�d¡^ONc<O>_>¨E`^O7R^OKfB�82E�H�7�82U±<?B�]cg�N2Gfh æ � Â
KY8µ^ONc>�[_7�E`>AB�d°d½B�]2<�E`^O7R^OKfB�82E_�
a�^¡KYE¢KY8%^`>_<O>�E`^OKM8cg�^`BAE`>_>�^ON27R^¡KY8¨^ONc>�EO>�^`<?7�[k>�E_HFEONcB�<O^b�

^`>_<?; d�7�Kf<?82>�EOE d½B�<§^ONc>V^ONc<O>_>k�
E`^O7R^OKYB�8�[_7�E`>±KYE=E?GYKfg�N%^OGfh
Q�>_^`^`>_<C^ON27�8¦^ONc>=^+��BR��7�82U¦d¤B�]c<`�
EO^O7R^OKfB�8'[_7�E`>�E_� J�By���
>_��>_<�Hc^ONc>L�TGfB�^OE&KY8 "�KYg�]c<O>�E â Â¨7�8TU � [_Gf>�7R<?Gfh�E?NcB�� ^ONc>
GY7�[?DCB�d2EONcB�<O^b��^`>_<?;«d�7�Kf<?8c>�EOESd½B�<�7�8#hCB�dc^ONc>�^ONc<O>_>�[_7�E`>�E_�
e�Nc>§� � Z ;=>_^ONcB�U¦7�GYGfB��LEL^ON2>¨�T<OB�^`BF[kB�G¢U2>�EOKfg�8c>_<

^`B�Uc>_^`>_<?;§KY8c>�NcB��·EON2B�<O^&^ONc>CEONcB�<O^b��^`>_<?;PN2B�<?Kf�_B�8µ[_7�8
g�>_^±Q�>_d¤B�<O>'^ONc>'�2<?B�^`BF[kB�GA82B�GfB�8cg�>_<:>k�cN2KfQTKY^OEVEONcB�<O^b�
^`>_<?; d�7�Kf<?82>�EOE_��e�N2KYE [k<?Kf^OKY[_7�G&NcB�<\Kf�_B�8­BF[_[_]2<?E=7R^=^ONc>
KY8%^`>_<?E`>�[k^OKfB�8¬B�d¡^ONc> [_]c<O��> 7�82U±^ONc>¨N2B�<?Kf�_B�8%^O7�G�GYKM8c>¶KY8
"°Kfg�]c<O>�E ! 7�82U � �
²�d½^`>�8rHv��>5[_7�8¶Uc>�E?[k<?KfQ�>°^ONc>57�Gfg�B�<?KY^ON2;�Er]2E`>�U¶KY8�^ONc>

Z�� 6Ø�2<OB�^`B�[kB�G&QT]c^ 8cB�^=N27���>:7�[_[k>�EOE�^`B¦GYB�8cg¦^`<?7�[k>�E

(



0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0

0.2

0.4

0.6

0.8

1

Window Size

A
ve

ra
ge

 K
ul

lb
ac

k−
Le

ib
le

r 
F

ai
rn

es
s 

In
de

x

2 Stations −−−

3 Stations −.−

4 Stations ...

���������
	 �,
 � �T�TGfh�KY8cg ^ONc>*� � Z ;=>_^ON2BFU ^`B
6�� Z��C� 6 � ^`<?7�[k>�EC]2EOKM8cg¥@A]TGYGfQT7�[?Dµ�s>�KfQTGf>_<La�8TUc>k�±7�E
^ONc>Cd�7�Kf<?8c>�E?E�;=>�7�EO]c<O>��

� >��¹gc�fHLUT]c<?KY8cg'^ON2>¬Uc>�EOKYg�8ÙE`^O7Rg�>�B�d¶7��2<OB�^`B�[kB�G½�\� � E
�2<O>_��KfB�]2E?Gfh¬;=>�8%^OKfB�8c>�USH�7R�2�TGYhFKY82g:� � Z 7�827�GYh%^OKY[_7�GMGfh
KYE�KY;=�2<\7�[k^OKY[_7�GI�°a+^�KYE�^ONc>_<?>_d½B�<O>CKY;��,B�<?^O7�8#^�^`B=Uc>_<?Kf��>C7
�2<?7�[k^OKM[_7�G�7�827�GYh%^OKY[_7�G�;=B�Uc>�G�7�82U�^`>�[?N282KM®%]c>¥d½B�< >_�R7�G³�
]27R^OKY82g±EONcB�<O^b��^`>_<\; d�7�Kf<?8c>�E?E_Hs��NTKY[?N'��>¥U2B¬]2EOKM8cgV^ONc>
çOËkÝ,Ë � ÎRÛsçOË � ÎRç`ÌvÐ¨Ê�Ë�ì��FÚ�ÌR�

� 3 �RÉ�� � ��	 3 � � ��� � � Å � � ��Æ �
e�B¦7�[\N2Kf>_��>µg�BFBFU�EON2B�<O^b��^`>_<?;ªd¤7�KY<?8c>�EOE_H¢7 Z�� 6Ø�2<OBR�
^`B�[kB�GAEONcB�]2GMU �2<O>_d¤>_<O>�8#^OKM7�GYGfh�^`<Oh ^`Bé7�GYGYB�� 7�EO^O7R^OKfB�8
^`B�^`<?7�8TEO;�Kf^µ�2<OB���B�<O^OKYB�827�GW^`BéNcB��©QT7�[OD�>�Uc��BR¯ Kf^:KYE_�
e�Nc>_<?>_d½B�<O>�H�KY8¥7�8#h§E?NcB�<O^b��^`>_<?;.d�7�Kf<?8c>�EOE�;=>_^`<?KY[RH�7¨EO]2[Ñ�
[k>�EOE`d�]2G�7�[_[k>�EOE�^`B4^ON2>±[?N27�8T8c>�G�QFh�74QT7�[OD�>�U���BR¯ E`^O7v�
^OKfB�8¬EONcB�]2GYU:Q,>¶�FKf>_��>�U�;=B�<O>¶d�7���B�<\7RQTGfhV^ON27�8±^ON27R^LB�d
7¦Gf>�EOE QT7�[?D�>�U���BR¯0E`^O7R^OKfB�8S��¿�KY��>�8­^ON27R^�;�7�8%h Z�� 6
�2<OB�^`B�[kB�GYE¢[_7�8=Q�>�[kB�;=�TGY>_^`>�Gfh¶<O>_�T<O>�E`>�8%^`>�U=Q%h Z 7R<?D�B��
[?NT7�KY82E � >��¹gc�fH "°Kfg�]c<O>�E � 7�82U . �\H°Kf^AE`>_>�;§E¶827R^O]c<\7�G¢^`B
]2E`>V^ON2>:^ONc>_B�<Oh�B�d Z 7R<OD�By��[?N27�KM82E=��Kf^ON­<?>_��7R<?UTE=^`B
>_�R7�GY]27R^`>W^ONc>�d¤7�Kf<\8c>�EOE¡B�d Z¬� 6Ù�2<?B�^`BF[kB�GYE��¡J�>_<O>�H�>�7�[\N
^`<?7�82E?Kf^OKfB�8�d¤<OB�; ��^O7R^`> �¨^`B���KY8�^ONc> Z 7R<OD�By�Ù[\N27�KY8
KYEA7�E?E`BF[_KM7R^`>�U���KY^ON4E`B�;=>¥<O>_��7R<\UrH�� ��� � � E¶^ONc>¥[\N27�KY8
�2<OB�[k>_>�U2E&d¤<OB�;PE`^O7R^`>A^`B�EO^O7R^`>�HT^ONc>_<O>AKME�7�8±7�EOE`B�[_KY7R^`>�U
E`>�®F]c>�82[k>�B�d¢<O>_��7R<\U2E�^ON27R^�7R<O>¨8cB�^LKY8TUc>_��>�82Uc>�8%^_H2QT]c^
7R<O>µ<O>�GY7R^`>�U�Q%h�^ONc>VE`^O7R^OKYE`^OKY[_E B�dW^ONc> Z 7R<OD�B���[?NT7�KY8r�
e�Nc>�7���>_<?7Rg�>=<O>_�&7R<?U�7�EOE`B�[_KY7R^`>�U¬��Kf^ON±7�E`^O7R^`>�H �OH�[_7�8
^ONc>�8VQ�>C[_7�GY[_]2GM7R^`>�U±7�E_ó

� � � 0�	��

� ��� � ���

��Nc>_<?>��ÙKYE�^ONc>AE`^O7R^`>AE`�T7�[k>A7�8TU � ��� KYE�^ONc>�^`<?7�8TEOKf^OKfB�8�2<OB�Q!7RQTKYGYKf^+h�d¤<OB�; �F^O7R^`>
�¶^`B��F^O7R^`>��2� e�Nc>±E`^`>�7�Uch%�
E`^O7R^`>C>k����>�[k^`>�UV<O>_�&7R<?U�����>_<`�
E`^O7Rg�>C[_7�8V^ONc>�8�Q�>�[_7�GY[_]��
GY7R^`>�U:7�E�H

� � 0����
�� � � �
��Nc>_<?> � � KYE&^ONc>AE`^`>�7�Uch%�
E`^O7R^`>��2<OB�QT7RQTKMGYKf^
h=B�d�Q�>�KY8cg=KY8�F^O7R^`> �O�
e�Nc>­>k�F��>�[k^`>�U¾<O>_�&7R<?U�����>_<`�
EO^O7Rg�>�H � H�[_Gf>�7R<?GYh«Uc>k�

��>�82U2E B�8�^ON2>:<O>_�&7R<?U�E`^`<?]T[k^O]c<O> � KI�¹>���^ON2>�� ��� � E\�¨��>
]2E`>���X�hµ]2EOKM8cg Z 7R<OD�By�:[?N27�KM82E&��Kf^ONVU2Kf¯,>_<O>�8%^�<O>_�&7R<?U
E`^`<?]T[k^O]c<O>�E_H���>¬[_7�8 [_7�GY[_]2GY7R^`>¦U2K³¯�>_<O>�8%^��T7R<?7�;�>_^`>_<?E_�
e�Nc>¥8c>k�F^�E`>�[k^OKfB�8�KMGYGY]2E`^`<\7R^`>�E�^ONc>§[_7�GY[_]2GM7R^OKfB�8'B�d&^
��B
U2K³¯�>_<O>�8%^§�T7R<\7�;=>_^`>_<?Eµ]2EOKY82g�U2K³¯�>_<O>�8%^§<O>_�&7R<?U E`^`<?]2[Ñ�
^O]c<O>�E��

� �³Ä �.
 � ��� 	 � �
À�>�[_7�GMGA^ON27R^¬^ONc>�E`>�Gfd½��^`<?7�82E?Kf^OKfB�82EVKY8·^ONc>�[?NT7�KY8·B�d=7
6�� Z��C� 6 � E`h�E`^`>�; [kB�<O<O>�E`��B�82U±^`BV[kB�GYGYKYEOKYB�82E_��e�NF]2E_H
Kfd���>�[kB�8TEOKYUc>_<¨^ONc>�<O>_��7R<\U�EO^`<?]2[k^O]c<O>���Nc>_<?>¥Â�]282Kf^OE
B�d�<O>_�&7R<?U�7R<O>�7�EOE?Kfg�8c>�U=^`B¶7�GMG�^ONc>�B�]c^b��B�d½�
E`^O7R^`>�^`<\7�82EOK³�
^OKfB�82E�7�82U â ]282KY^5KYE57�E?EOKfg�8c>�U§^`B¨E`>�GYdM��^`<?7�8TEOKf^OKfB�82E�H�^ONc>�8
^ONc>�<O>�EO]2GY^OKY8cg�>k����>�[k^`>�U <O>_��7R<\U�����>_<`�
E`^O7Rg�>¦g�Kf��>�E�^ONc>
[kB�GYGYKMEOKfB�8��2<OB�QT7RQ!KYGYKf^+h�B�d°^ONc>C�2<OB�^`B�[kB�GI�
6&B�82EOKYUc>_<¡7�82B�^ONc>_<5<O>_�&7R<?U¥E`^`<?]2[k^O]c<?>�H���Nc>_<O>L7A]282Kf^

<O>_�&7R<?U�KYE°7�EOE?Kfg�8c>�U ^`BA^`<?7�8TEOKf^OKfB�82E°[kB�<O<?>�E`��B�82U2KY8cgW^`BA7
U2K³¯�>_<O>�8%^¢E`^O7R^OKfB�8=[_7R�2^O]c<\KY8cg�^ON2>�[?N27�8282>�GIH�7�82U �_>_<OB�<O>k�
�&7R<?UV^`B§^`<\7�82EOKf^OKfB�8TE�[kB�<O<O>�E`��B�82U2KM8cg ^`B�^ONc>¶EO7�;�>¶E`^O7v�
^OKfB�8µD�>_>_�TKM8cg=^ONc>A[?NT7�828c>�GI�¡e�N2>W<?>�[_Kf�2<OB�[_7�G,B�d�^ONc>C>k�F�
��>�[k^`>�U­<O>_�&7R<?U�����>_<`�
E`^O7Rg�>µ��Kf^ON�^ON2KYE¨E`^`<?]T[k^O]c<O>�B�d�<O>k�
�&7R<?U2E�g�Kf��>�E¶^ON2>¥7���>_<\7Rg�>V^OKY;=>§^ONT7R^�7�E`^O7R^OKfB�8�D�>_>_�TE
^ONc>¶[\N27�828c>�G�� � >¶[_7�8:^ON2KM8cD�B�d°^ON2KYE�7�E�7§;=>�7�EO]c<O>Cd¤B�<
QT]c<\E`^OKY8c>�EOE�B�d°^ONc>AE`>_<?�FKY[k>�H!KI�¹>��fH2^ONc>C>k����>�[k^`>�U±8F]2;¶Q�>_<
B�d¢d¤<?7�;=>�EL^`<?7�82EO;�KY^`^`>�U:QFh:7§E`^O7R^OKfB�8�]c��B�8±[_7R�T^O]c<?KY8cg
^ONc>¶[\N27�828c>�G�H2Q�>_d½B�<O>¶<O>�Gf>�7�EOKY82g�Kf^_��e�NTKYE�;=>�7�EO]c<?>�E�^ONc>
Uc>_g�<O>_>¶B�d°;�B�8cB���B�Gfh§QFh�7§E`^O7R^OKfB�8r�
e�N2KYE§KMUc>�7'B�d Z 7R<OD�B�� [?N27�KM82E���KY^ON�<O>_�&7R<?U2E�;�7�h

Q�>L��Kf>_��>�Uµ7�E�7�g�>�82>_<?7�GYKf��7R^OKfB�8�B�d�^ONc>�d¤7�Kf<\8c>�EOE�;=>_^`<?KY[
Uc>_��>�GfB���>�UµKY8 à³â�åvã H���N2KY[\N¥KM8#��>�E`^OKYg�7R^`>�Uµ^ONc>C]2E`>WB�dS^ONc>
>�8%^`<OB��%h§<?7R^`>LB�dr^ON2> Z 7R<OD�B��§[\N27�KY8¥B�dr^ONc>��T<OB�^`BF[kB�G!^`B
;=>�7�EO]2<O>¥d�7�Kf<?82>�EOE_�   B�^OKY[k>µ^ON27R^ ^ONc>�>�8#^`<?B��%h�<?7R^`>µB�d
7 Z 7R<OD�B��:[\N27�KY8V[_7�8VQ�>C[kB�;=�T]c^`>�UV]TEOKY8cg¨^ONc>C<O>_�&7R<?U
E`^`<?]T[k^O]c<O>��LNc>_<O>�� ��� � GfB�g ×��� � �¡e�N2>�>k�F��>�[k^`>�U�<O>_�&7R<?U��>_<�E`^O7Rg�>¶[_7�8±Q�>Cd½B�]28TUV7�E_H

� � � �+i"! � w � � 0����
#� � 0�	��
$� ��� � ��� �
!



1

1

1

0

���������
	 ���,
 Z 7R<?D�B��:[?NT7�KY8VB�d°7=^
��B§E`^O7R^OKfB�8¬e�ä Z¬�
E`h�E`^`>�;V�

�W8cd¤B�<O^O]2827R^`>�GYh�H,^ON2>¨>�8%^`<OB��Fh±<?7R^`>=KYE�8cB�^�^ONc> <?KYg�N#^
d�7�Kf<?8c>�EOE¢;�>�7�EO]c<O>��¡²�8c>�B�d�^ONc>�;�7�KM8 �2<OB�QTGf>�;§E°��Kf^ON=Kf^
KYEL^ON27R^�Kf^WKMEL7¥d¤]T82[k^OKfB�8¬B�d¡B�82GfhV^ONc>¨^`<?7�82E?Kf^OKfB�8¬�2<OB�Qc�
7RQTKYGMKf^OKf>�E�B�d�^ONc> Z 7R<?D�B�� [?N27�KM8 B�d¶^ONc>'E`h�E`^`>�;VH�7�82U
UcBF>�E¦8cB�^¬^O7RD�>�KM;=��B�<O^O7�8#^¬d¤7�[k^`B�<\E'GYKfD�>�^ONc>�Q!7�[OD�BR¯
E`^O7R^`>�ECKY8%^`B¥7�[_[kB�]T8#^_�Ae�B�U2>�;=B�82E`^`<?7R^`> ^ON2KME_H![kB�82E?KYUc>_<
^ONc> Z 7R<OD�By�Ù[\N27�KY8 [kB�<O<O>�E`��B�82U2KM8cg'^`B�74^
��BR�
E`^O7R^OKfB�8
e�ä Z�� �2<?B�^`BF[kB�G � "°Kfgc� â Â#�\�¡e�N2>�>�8#^`<OB��Fh¨<?7R^`>�B�d,^ON2KYE
[?NT7�KY8rH � �+i�! � w � ��Â�Hr��Nc>_<O>�7�ECKMUc>�7�G�e�ä Z�� E?NcB�]2GYU
N27���>¶7�8±KY8TUc>k�§B�d â �
e�Nc>�E`>�B�QTE`>_<O�R7R^OKfB�82E ;=B�^OKf�R7R^`>V]2E¨^`B'E`>�7R<?[?N­d¤B�<�7

;=B�<O>C7R�2�T<OB��2<?KY7R^`>W<O>_�&7R<?UVE`^`<?]T[k^O]c<O>���NcB�E`>�<O>�E?]2Gf^OKY8cg
>k���,>�[k^`>�U:<O>_��7R<\U�����>_<`�
E`^O7Rg�>Cg�Kf��>�E�7 g�BFB�UV;=>�7�EO]c<O>CB�d
EONcB�<?^b��^`>_<?;Pd�7�Kf<?8c>�EOE&d¤B�<�[kB�8%^`>�8#^OKYB�8���QT7�E`>�U¬�2<OB�^`B�[kB�GYE_�

� � � ~¢�`�?Ç �FÉ Ç É�� 3 � � ��� � �
� � ���³Ä ~¢�`� � ��� �OÇ ÆFÉ �
� >)E`^O7R<O^ ��KY^ON EOB�;=>)7�EOEO]2;��2^OKfB�82E 7�82U KY8%^O]2Kf^OKfB�8
7RQ�B�]c^�^ONc>AUc>�E?Kf<O>�Uµ<O>_�&7R<?U:E`^`<\]2[k^O]c<O>��

� � GYG�^ONc>¨EO^O7R^OKfB�82E�7R<O> 7�EOEO]2;=>�U�>�®F]27�G � 8cB¥�T<?KfB�<?K³�
^OKf>�EÑ�\�

� �sB�E`^�d½<?7�;�>�EL�LKYGYGs82B�^WQ�>��,>�8T7�GYKf�_>�U¬Q%h±82>_g�7R^OKf��>
<O>_�&7R<?U2E�HsQ�>�[_7�]2E`>=d�7�Kf<?8c>�E?EW7�8TU'^ONc<OB�]cg�N2�T]c^C7R<O>
^`<O>�7R^`>�U�E`>_�T7R<\7R^`>�Gfh��

� � <?>_��7R<?U0B�d§ÂéKME±7�EOEOKYg�8c>�U·^`B ^`<?7�82EOKY^OKfB�82E±7Rd½�
^`>_<���N2KM[?N:^ON2>¨EO7�;�>�E`^O7R^OKfB�8�D�>_>_�TEW^ONc>¨[?N27�8T8c>�GI�
  B�^`>�^ONT7R^�7�[kB�GYGYKMEOKfB�8VGf>�7�U2E�^`B¥7�E`>�GYdM��^`<?7�8TEOKf^OKfB�8rH
7�82U±Nc>�82[k>¶Â <O>_�&7R<?Ur�

� e�N2>�;�7v�cKY;¨]2;ñ>k����>�[k^`>�U±<O>_�&7R<?U¬KYE â H�7�[?N2KY>_��>�U
QFhV7�8:KYUc>�7�Gre�ä Z�� �2<OB�^`B�[kB�GI�

� � ��� � 3 ��� ��� ��� �O� � �_� � � �
� >���7�8%^�^ON2>5<O>_�&7R<?U � ��� ^`BWQ�>57�d�]282[k^OKYB�8AB�dc^ONc>�QT7�[OD%�
BR¯�E`^O7Rg�>�B�d¢^ONc>�E`^O7R^OKYB�8:��N2KM[?N±[_7R�T^O]c<O>�E�^ON2>�[?NT7�828c>�G

���������
	 ����
 �sKM8c>�7R<�<O>_�&7R<?UVd�]282[k^OKfB�8S�

� KI�¹>��fH �F�\�=e�N2KYEWQT7�[?D�BR¯�EO^O7Rg�>���KYGYG�Q�>�<?>_�2<O>�E`>�8%^`>�U'QFh
^ONc>�8F]2;�Q,>_<CB�d�^OKY;=>�EA^ON27R^C^ONc>�E`^O7R^OKfB�84g�>_^OEAQT7�[?D�>�U��
BR¯°H��yH Q�>_d½B�<?>�[_7R�2^O]2<?KY8cg ^ONc>�[?N27�8T8c>�GI�   B�^`>�^ON27R^
Â������ ���¦e�Nc>_<O>�7R<O>¥^ON2<O>_>�KM;=��B�<O^O7�8#^���B�KY8#^OE�^`B
8cB�^`>¶7RQ�B�]c^�� ��� � �_�Ñó
â ��� ��� � �_�:EON2B�]2GYU·Q�>­8cB�8��
Uc>�[k<?>�7�EOKY8cgc� e�Nc>­;=B�<O>
7 E`^O7R^OKfB�8 KYE0QT7�[OD�>�U���BR¯°Hé^ON2>ØN2Kfg�N2>_<0<O>_�&7R<?U
E?NcB�]2GYU§Q,>W7�EOEOKfg�82>�U§d¤B�<�7¨^`<?7�8TEOKf^OKfB�8§^ON27R^�[_7�]TE`>�E
^ON2>:E`^O7R^OKfB�8�^`B�[_7R�T^O]c<O>V^ONc>:[\N27�828c>�GI� "2]2<O^ONc>_<`�
;�B�<O>�H5d¤<OB�; B�]c<�7�EOE?]2;=�2^OKfB�8TE_H � ��� � Â#� � Â'7�82U
� ��� � �4��� â �

ÁF��� ��� � �_��E?NcB�]2GYU <O>�7�[?NñKY^OE�;�7v�cKY;¨]2; � B�d â ��7R^
� � � ��â H���N2KY[\NéKYE§^ONc>�8F]2;�Q�>_<§B�dCQT7�[?D�>�U��
BR¯ E`^O7R^OKfB�82E_�¦e�B�E`>_>µ^ON2KME_H�[kB�8TEOKYUc>_<¨^ONc>�d½B�GYGYB����
KM8cgA^
��B >k��7�;��TGf>�E_�°a�d,^ON2>W;�7v�cKY;¨]2; KME57�[?NTKf>_��>�U
7R^�7�N2KYg�Nc>_<	�yH�EO7�h � H�^ONc>�8é>_��>�8é��KY^ON�74��>_<`�
d¤>�[k^OGfh=d�7�Kf<5�T<OB�^`BF[kB�G�HF;�7v�cKY;¨]2;)d�7�Kf<?82>�EOE¡��KMGYGc8cB�^
Q�>=7�[?NTKf>_��>�Ur��²�8¦^ONc> B�^ONc>_<¶N27�8TUrHrKfd¡^ONc>�;�7v�cK³�
;¨]2;�KYE�<O>�7�[?N2>�U=7R^°7WGfBy��>_<
�yH�EO7�h � � ÁFH�^ONc>�8 7�8
]T8cd¤7�KY<�E?[?Nc>�;=>�GYKfD�>=e�ä Z�� 7�;�B�8cg:B�82Gfh � � â
EO^O7R^OKfB�82E � ��Kf^ON�^ONc> � ^ON E`^O7R^OKfB�8�8c>_��>_<¥[_7R�2^O]c<`�
KM8cg­^ONc>4[?N27�8T8c>�G½�\H���KYGYGW7�[?NTKf>_��>�^ONc>4;§7v��KY;¨]2;
>k����>�[k^`>�U�<O>_�&7R<?U­B�d â ��e�Nc>_<?>_d½B�<O>�H
� ��� � �_� � â
d¤B�<�� � ����â �

å ��� ��� � �_��E?NcB�]2GYU�Q�>¨KM82[k<O>�7�EOKY82g¥d¤B�<��
� � � â �¶ab8
7�UTU2Kf^OKfB�8rH���>A�T7�h�[_GfB�EO>¶7R^`^`>�8#^OKYB�8:^`B�^ONc>�E`>�[kB�82U
U2>_<?Kf�R7R^OKf��>�B�d�^ONc>�d�]282[k^OKfB�8�KM8=^ON2KYE°<O>_g�KYB�8r�¢e�Nc>_<O>
7R<?>V^ONc<O>_>V��B�EOEOKfQ!KYGYKf^OKf>�E�ó GMKY8c>�7R<�H¡[kB�8%��>k��B�<�[kB�8��
[_7���>�H�7�E�EONcBy��8�KY8 "°Kfg�]c<O>�E â�â H â ÁFH&7�82U â�å <O>k�
EO�,>�[k^OKY��>�Gfh��
"°Kf<\E`^:[kB�82EOKYU2>_<'Û Í¤Ý,ËOÎ�ç4ç`Ë � ÎRç`ÌR� a�^:d�7�KYGYEµ^`BéUTKfdM�
d¤>_<O>�8%^OKY7R^`>�Q�>_^+��>_>�8�U2K³¯�>_<O>�8%^¡E`>�®%]2>�82[k>�E�KM8�;�7�8%h
[_7�EO>�E_� "cB�<�KY82E`^O7�8T[k>�H=d½B�<�7 å E`^O7R^OKfB�8 � � H¶X
7�8TU 6��­E`h�E`^`>�;VH�[kB�82EOKYU2>_<�^ONc>·d¤B�GYGfB��LKY8cg�^
��B
EO>�®%]c>�8T[k>�E_H  �L� X&X �L� 6 $Ù7�82U  � X � X � X�6�� $

�



���������
	 � $ 
 6�B�8%��>k�V<O>_��7R<\UVd¤]T82[k^OKfB�8r�

���������
	 � �&
 6�B�82[_7���>¶<O>_�&7R<?UVd�]282[k^OKYB�8r�

� Kf^ON=GYKY82>�7R<�<?>_��7R<?U=EO^`<?]2[k^O]c<O>�H�^ON2>�<O>_��7R<\U2E°g�>�8��
>_<?7R^`>�U0Q%h ^ONc>�E`>'^+��B E`>�®F]c>�82[k>�EV��KMGYG�Q�>'>�®F]27�G
� Â�� â �VÂ�� â � â � ×+ � ×+ � ×+ � ×+ � â �\�¢J�By��>_��>_<�H^ONc>�;=>_^`<?KY[�d½B�<�^ONc>§E`>�[kB�82U�E`>�®F]c>�82[k>§E?NcB�]2GYU'Q�>
g�<O>�7R^`>_<¢^ONT7�8¶^ON27R^�B�d2^ONc>5´T<?E`^_��e�Nc>_<O>_d¤B�<O>�H�[?N2B�KY[k>
B�d¢GYKY82>�7R<�<O>_��7R<\U2E�KYE�KY8T7R�2�2<OB��2<\KY7R^`>��
Ô�[kB�8#��>k�=<O>_�&7R<?U=E`^`<?]T[k^O]c<O>�;�7RD�>�E¢^ONc>�EOKY^O]27R^OKfB�8
��B�<?E`>��°ab8A^ONc>�7RQ,By��>�>k�c7�;=�TGY>�Hv^ON2>5<O>_�&7R<?U¶[kB�<?<O>k�
E`��B�82UTKY8cg�^`B:^ONc> ´T<?EO^AE`>�®%]2>�82[k>�KYE�g�<O>�7R^`>_<���Kf^ON
7�[kB�8#��>k��<O>_�&7R<?Uéd¤]28T[k^OKfB�8�Q�>�[_7�]2E`>±E?]2[?N�7�<O>k�
�&7R<?U�E`^`<\]2[k^O]c<O>&�2<OBy�FKMUc>�E°7�8�KY82[k>�8%^OKf��>&d½B�<�GfB�8cg�>_<
QT7�[?D�BR¯�E���e�Nc>�B�82Gfh 7�Gf^`>_<?827R^OKf��>�Gf>_d¤^5KYE�7¶[kB�82[_7���>
<O>_�&7R<?UVd�]282[k^OKYB�8r�
6&B�82[_7���>�<O>_�&7R<?U�d¤]T82[k^OKfB�82E5�2<OB���KYUc>W7 U2KYEOKY8T[k>�8#^OKf��>

^`BL[kB�8%^OKY8F]27�G�Q!7�[OD�BR¯rE_��²Wdc[kB�]c<?E`>�HR^ONc>_<?>57R<O>�7L8%]T;¶Q�>_<
B�d5[\NcB�KY[k>�E�d¤B�<W^ONTKYE�d�]282[k^OKYB�8r�C²C]c<L�!7R<O^OKY[_]2GY7R<�[?N2B�KY[k>�H
[?N2B�E`>�8¶E`B�;�>_��N27R^�7R<?QTKf^`<?7R<?KMGfhL7Rd¤^`>_<�[kB�8TEOKYUc>_<?KM8cg�;�7�8#h
[?N2B�KY[k>�E_HTKYE�ó

� ��� � �_� � ��� �% � × 	 Â�� ��� � �éâ
â 	 � �éâ 	 � � �

e�N2KME�d¤]T82[k^OKfB�8:KYELKYGYGY]TE`^`<?7R^`>�U:KY8#"�KYgc� âkæ d¤B�<W7¥E`h�E`^`>�;
B�d � E`^O7R^OKfB�82E 7�82U­7�;�7v�cKY;�]T; B�d � QT7�[?D�BR¯ EO^O7Rg�>�E_�
� Gf^ONcB�]cg�N¨B�^ONc>_<¢��B�EOEOKYQTGf>5d�]282[k^OKYB�82E°7R<O>�[k>_<O^O7�KY82Gfh¶<O>�7v�
E`B�827RQ!Gf>�H#��>LQ�>�GYKY>_��>�^ON27R^�B�]c<�[\NcB�KY[k>�[_7R�2^O]c<O>�E�^ONc>W>�Eb�
E`>�8%^OKY7�Gr�2<?B��,>_<?^OKf>�E�B�d°7�8±7R�2^�d�]282[k^OKfB�8r�

���������
	�� �,
 6&B�82[_7���>W<O>_�&7R<?U=d�]282[k^OKfB�8 d¤B�< � EO^O7R^OKfB�82E
7�82U � QT7�[OD�BR¯rE_�

� � � 3 � � � 	 �b�
ab8­^ON2KYE¨E`>�[k^OKfB�8rH���>V�2<?>�E`>�8#^ B�]c<=7�827�GYh%^OKY[_7�G�7�8TU�>k�F�
��>_<?KY;=>�8%^O7�G�<O>�EO]TGf^OE_�

� � ���³Ä ~ É ��	 �y�OÇ¹����	 3 � � � 	 �b�
� >���<?B�^`>�7 Z¬� e�� � X��T<OB�g�<?7�;¾^`BAg�>�82>_<?7R^`> Z 7R<OD�B��
[?NT7�KY82E �LKf^ON <O>_�&7R<?U2E d½B�<©^ONc> 6�� Z¬�C� 6 � 7�82U
� ��²�J � + �T<OB�^`BF[kB�GME_H#�R7R<Oh�KY8cgC^ONc>�8F]2;�Q�>_<¢B�d�EO^O7R^OKfB�82E7�82U�^ON2>:8%]2;�Q�>_< B�dWQ!7�[OD�BR¯·E`^O7Rg�>�E_H�7�82U�[_7�GM[_]2GY7R^`>�U
^ONc>�>k�F��>�[k^`>�U�<O>_�&7R<?U�����>_<`�
E`^O7Rg�>�� "27�Kf<?8c>�E?E�7�E�7�d�]282[Ñ�
^OKfB�8'B�d�^ONc>�8F]2;�Q,>_<�B�d&E`^O7R^OKfB�82E¶KYECEONcBy��8'KY8%"°Kfgc� â'�
d¤B�<¥6�� Z���� 6 � 7�82U "°Kfgc� â'. d¤B�< � �°²�J � d½B�< �R7R<?K³�
B�]2E��v7�GM]c>�E¶B�d�;§7v��KY;¨]2;ª8%]T;¶Q�>_<¶B�d�Q!7�[OD�BR¯ EO^O7Rg�>�E_�
"cB�<�^ONc>�EO7�;=>�E`h�E`^`>�;�E_H�^ONc>�[kB�GYGYKMEOKfB�8��T<OB�QT7RQTKYGMKf^
h¨��>_<`�
EO]2E�^ONc>¶8F]2;¶Q�>_<�B�d¢E`^O7R^OKYB�82E�KYE�EONcB��L8±KY8 "°Kfgc� â�( 7�82U
^ONc> QT]c<\E`^OKY8c>�EOE � ^ONc>=7���>_<?7Rg�>�8%]T;¶Q�>_<WB�d5d¤<?7�;=>�EW^ON27R^
7 E`^O7R^OKfB�8«^`<?7�82EO;�KY^OE:]c��B�80[_7R�2^O]2<?KY8cg�^ON2>�[?NT7�828c>�G½�
��>_<?EO]TEL^ON2> 8F]2;�Q�>_<�B�d�EO^O7R^OKfB�82E�KYE�KYGYGY]TE`^`<?7R^`>�U:KY8 "°Kfgc�
â'! �   B�^`>L^ON27R^�^ONc>�Q!]c<?E`^OKY82>�EOE¢7�82U§[kB�GMGYKYEOKfB�8 �T<OB�QT7RQTKYGf�
Kf^+h�Uc>_��>�82U¦B�8TGfh±B�8'^ON2>�8%]2;�Q�>_<�B�d&EO^O7R^OKfB�82ECd¤B�<C^ONc>
� ��²�J � E`hFEO^`>�;��v�
�cNcB�<O^b��^`>_<?; d�7�Kf<?8c>�E?E§^`>�82UTE¥^`B�KM82[k<O>�7�E`>���Kf^ONÙ^ONc>

8F]2;¶Q�>_<CB�d�E`^O7R^OKfB�8TE
	��§e�N2KMECKYECU2]c>=^`B¬^ONc>=d¤7�[k^�^ON27R^_H
7�E4^ON2>é8%]T;¶Q�>_<'B�dVE`^O7R^OKfB�82E�KY82[k<O>�7�E`>�H§^ONc>é8F]2;¶Q�>_<
[kB�8%^`>�82U2KY8cg d¤B�<�^ON2> [\N27�828c>�G�KY82[k<?>�7�E`>�E_� e�N2KYE�Uc>k�
[k<O>�7�E`>�E�^ONc>C�2<OB�QT7RQ!KYGYKf^+h=^ON27R^�^ONc>CEO7�;=>AE`^O7R^OKYB�8µD�>_>_�TE
^ONc>�[?NT7�828c>�G¨7Rd½^`>_<47 [kB�8%^`>�8#^OKfB�8���>_<?KYBFUr� � �°²�J �
>k�cN2KfQTKf^OEµN2KYg�Nc>_<Vd¤7�KY<?8c>�EOEµ^ON27�8 6�� Z���� 6 � Q�>�[_7�]2E`>
KY806�� Z¬�C� 6 � H�7�E:E`^O7R^OKfB�8TEVg�>_^±QT7�[?D�>�U���BR¯ Uc>_>_��>_<�H�
��ø��Mû �½ý?ú���� þ������°õ����#õ�� �Yú��rûI÷vú��Yû%ü��Yø�ÿ?ÿkûIü�� � �½ý?û��!ùIú�þ?þ\ø �! kû � �Yú�þ?÷#"�$� � �MûIü�ú%� �Mû �'& �(� �rûI÷ �*)Ñø�� �Mý?ûcùIø��rÿ?ú �#� ÷Yø�þ�ø�� �½ý?û �,+�ør÷Yù¤ý?û-�rûI÷ �½ø$ Ñû� ú�� �/.0+�û,ú�÷Y÷#12�rûIü �½ý?ú��Fú�ö ÷Yø�� þ¢õ4365�7�õ8. �Mý\û9� �Mú��rûI÷'+%ý�� ù¤ý¢ùIú�þ?þ?ø��4 Ñû÷YûIþ �4� þ:&:ú�� �Mû-�rÿ �½÷%ú �YûTü �Yø�ÿ?ÿkûIü �;
<�ú�ù½ý�÷ �Mú��=� ø�þ>� ÷Fú+÷M÷#12�rûIü �Mø$ kû2ú�� �Mû-�rÿ �(� þ�? �½ø � �Yú+þ\÷#�$� �Fú�� �Mú��rû�+@� �Mýÿ �Yø� \ú� �� ö � �,� ôA � þ°ûIú�ù½ý�÷Yö ø�� �B���ø��Mû �Mý?ú�� �Mý�� ÷2÷ �Mú��Mû-�rûIþ �9� ÷�C
ú�ö � üD� ø �cú�ùIø�þ?÷ �Mú+þ �9�rú�EF� �G1��µþ
12�� Ñû �ø��� \ú+ù/H�ø%I_÷ �

â Â



^ONc>�Kf<�QT7�[OD�BR¯���KY82U2B���E?Kf�_>�E°KY82[k<O>�7�E`>�H�Uc>�[k<?>�7�EOKY8cgL^ONc>�Kf<
�2<OB�Q!7RQTKYGYKf^OKY>�E5B�d°[_7R�2^O]c<?KM8cg ^ONc>¶[?NT7�828c>�GI�
e�Nc<OB�]cg�Nc�!]c^5Uc>�[k<O>�7�EO>�E�7�E�^ON2>W8F]2;�Q,>_<�B�dsE`^O7R^OKYB�82E

KY82[k<?>�7�E`>�E_� � E4^ONc>�8F]2;�Q,>_<'B�dVE`^O7R^OKYB�82E4KY82[k<?>�7�E`>�E_H
^ONc>48F]2;�Q,>_<:[kB�8%^`>�82U2KM8cg�d½B�<±^ONc>�[?NT7�828c>�GCKY82[k<?>�7�E`>�E
��N2KM[?NA[_7�]2EO>�E�7�8�KY82[k<O>�7�E`>�KY8C^ONc>�8%]T;¶Q�>_<SB�dc[kB�GYGYKMEOKfB�82E_�
e�Nc<?B�]cg�Nc�T]c^S7�[\N2Kf>_��>�U QFh�6�� Z���� 6 � KYE�;�]2[\N�NTKfg�Nc>_<
^ON27�8V^ONT7R^L7�[?NTKf>_��>�U:QFh � �°²�J � �Te�NF]2E_Hc��>¶[_7�8�[kB�8��
[_GY]2U2>A^ON27R^W^ONc>_<O> KYE�7¥^`<?7�Uc>k��BR¯�Q�>_^+��>_>�8�^ONc<OB�]2g�Nc�T]c^
7�82U'd�7�Kf<?82>�EOE_� � Kf^ON�KY8T[k<O>�7�EOKY8cgV8F]2;�Q,>_<CB�d&QT7�[?D�BR¯�E�H
^ONc>�^ONc<?B�]cg�Nc�T]c^¢KY;��2<OB���>�E57R^¡^ONc>�>k����>�82E`>�B�d,d¤7�Kf<\8c>�EOE_�
²C]c<=QT]c<?EO^OKY8c>�EOE ;=>�7�EO]2<O>±KYE ^ONc>¬7���>_<?7Rg�>¦8%]T;¶Q�>_<

B�d¨d½<?7�;�>�EV^ON27R^±7�]2EO>_<:^`<?7�82EO;§Kf^OEµB�82[k>4Kf^:[_7R�2^O]2<O>�E
^ONc>W[?N27�8282>�GI�¢e�N2KYE¡;�>�7�EO]c<O>�KYE5E?KY;�KYGY7R<¢^`B¨^ONc>Ld¤7�Kf<\8c>�EOE
;=>�7�EO]2<O>�Q�>�[_7�]2EO>�^ONc> <O>_�&7R<?U¦E`^`<?]T[k^O]c<O>¨^`Bµ[_7�GM[_]2GY7R^`>
^ONc>CQT]2<?E`^OKY8c>�E?E�KME�E`>_^�7�E�d¤B�GYGfBy��E_�

������ � �_��� � â 	 Â 	 ��� �
Â 	 � � Â

� Kf^ON�^ON2KME�<O>_�&7R<?UéEO^`<?]2[k^O]c<O>�H�^ON2>±<O>�[_Kf�T<OBF[_7�G�B�dC^ONc>
>k���,>�[k^`>�U�<O>_�&7R<?U�����>_<`�
E`^O7Rg�>�g�KY��>�E¶]2EC^ON2>�QT]c<?EO^OKY8c>�EOE_�
e�NF]2E_H�Kfd,7CE`^`>_�=d¤]T82[k^OKfB�8 KYE¢7�EOEOKYg�8c>�U KY82E`^`>�7�U B�d�7C[kB�8��
[_7���>�d�]282[k^OKfB�8SH#d¤B�<
� � �_�\HF��>Wg�>_^�7�8¥KY8%��>_<?E`>LQT]c<?EO^OKY8c>�EOE
;=>�7�EO]2<O>���e�Nc>_<O>_d¤B�<O>�H�Kf^AKYEC8cB±E?]c<O�2<?KME`>¶^ON27R^¶d¤7�Kf<\8c>�EOE
Uc>�[k<O>�7�EO>�E���Kf^ONVKM82[k<O>�7�EOKY82g¨Q!]c<?E`^OKY82>�EOE_�
e�B�EO]2;§;�7R<?Kf�_>W^ONc>�E`>C<O>�E?]2Gf^OE_H�^ONc>AEON2B�<O^b��^`>_<?;Pd�7�Kf<`�

8c>�EOE5B�d�6�� Z���� 6 � KME¡��B%B�< � 7¶;�7v�cKY;¨]2;)B�dSÂ�� æ Á��\�¡a�^
KYE�[_GYB�E`>_<§^`B�^ONc>±;�KY8TKY;�]T;©��B�KY8%^_H&Â � d�7�Kf<?8c>�EOE��,B�KM8#^
B�dµ^ONc>ÙEOhFE`^`>�; ��Kf^ON¾�!]c<O>éUcB�;§KY827�82[k>�B�dVB�8c>ÙE`^O7v�
^OKfB�8!�:^ON27�8�Kf^'KYE¬^`B ^ONc>�;�7v�cKY;�]T;*��B�KY8%^_H â � d�7�Kf<`�
8c>�EOE���B�KY8%^5B�d�e�ä Z¬� �\� � �°²�J � KYE&;�]T[?Nµd�7�Kf<O>_<�^ON27�8
6�� Z��C� 6 � � Kf^&7�[?N2Kf>_��>�E&7�d¤7�KY<?8c>�EOE�;=>_^`<?KY[�B�ds7R^&Gf>�7�E`^
Â�� � �\��²�8¨^ONc>�B�^ONc>_<¡NT7�82UrH�^ONc>�[kB�GYGYKMEOKfB�8��2<OB�QT7RQTKMGYKf^
hCB�d
6�� Z��C� 6 � KYEW��>_<Oh±GYB�� � 7µ;�7v�cKY;�]T;¸B�d�Â�� Â æ �W[kB�; �
�T7R<O>�U�^`B � ��²�J � � 7V;�KM82KY;¨]2;PB�d�Â�� å�å �\� � EO^O7R^OKfB�8
^ON27R^A[_7R�2^O]2<O>�E�^ONc>�[?NT7�828c>�G°��KYGMGsD�>_>_��KY^Wd¤B�<A7�8'7���>_<O�
7Rg�>CB�d å � æ ^OKM;=>�E&KY8:6�� Z���� 6 � H���Nc>_<O>�7�E�EO^O7R^OKfB�82E&KY8
� ��²�J � D�>_>_�§^ONc>�[\N27�828c>�GTd½B�<�7�8�7���>_<\7Rg�>WB�dr7R^�;=B�E`^
Á¨d¤<?7�;=>�E_�

� � ��� � �.
�� � ��Ç � ��É �`��	 3 � � � 	 �b�
� >�7�GYE`B�>_�R7�GY]27R^`>�U¨^ONc>�KY82U2KM[k>�ESB�dTd�7�Kf<?82>�EOE�7�8TU�Q!]c<?E`^OK³�
8c>�EOE¨d¤B�<=^ONc> �Lä�£¾^`<\7�[k>�E�]2E`>�U�^`B'Uc>�;=B�82EO^`<?7R^`>V^ONc>
EOGYKMU2KY8cg¦��KY8TUcB��¸;�>_^ONcBFU KY8 "°Kfg�]2<O>�E ! 7�82U � �0e�Nc>
<O>�EO]TGf^OE�7R<O>¶EO]T;�;�7R<?Kf�_>�UµKY8µ^ON2>Ad½B�GMGfB���KM8cg ^O7RQTGf>��

1 2 3 4 5 6
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Number of users

F
ai

rn
es

s

K=15
K=10
K=5

���������
	 � � 
 6�� Z¬�C� 6 � ¼°d¤7�Kf<\8c>�EOE��FE_� � d½B�<�� �
â'� 	�â Â�H�7�82U � �

1 2 3 4 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Number of users

F
ai

rn
es

s

K=15
K=10
K=5

���������
	#� �,
 � ��²�J � ¼�d¤7�Kf<\8c>�EOE°��E_� � d¤B�< � � â'� 	�â Â
7�82UrH � �

1 2 3 4 5
10

−2

10
−1

Number of users

P
ro

ba
bi

lit
y 

of
 c

ol
lis

io
n

CSMA/CA, K=15
CSMA/CA, K=10
CSMA/CA, K=5
ALOHA

���������
	 �,� 
 6&B�GYGYKYEOKYB�8 �2<?B�QT7RQTKYGYKY^
h)��>_<?E?]2E � d¤B�<
6�� Z��C� 6 � � � � â'� 	�â Â�H,7�82U � ��7�82U � ��²�J � �

â�â



1 2 3 4 5
1

1.5

2

2.5

3

3.5

4

4.5

5

Number of users

B
ur

st
in

es
s

CSMA/CA, K=15
CSMA/CA, K=10
CSMA/CA, K=5
ALOHA

���������
	 � 4&
 X�]2<?E`^OKY8c>�E?E§��>_<?E?]2E � d¤B�<¬6�� Z���� 6 �
� � � â'� 	�â Â�H�7�82U � ��7�82U � ��²CJ � �

��������� �	�'	 �
� �	� ���
��	
��� � � �
��� ����	
���
Á Â�� Â�Â !�â â Â ! � ! ! �
å Â�� Â � � ( � ! ! � Á
æ Â�� â Â .�å . � æ2â'��å

e�Nc>­>k�F��>_<?KY;�>�8#^O7�G¨<O>�EO]TGf^OE¦UcB 8cB�^';�7R^O[?N ^ONcB�E`>
Uc>_<?KY��>�U 7�827�GfhF^OKY[_7�GYGfhéKM8 ^ONc>'�2<O>_��KfB�]2EVE`>�[k^OKYB�8r� � >
Q�>�GYKf>_��>4^ONT7R^±^ONc>_<O>�7R<O>­EOKfg�82K³´,[_7�8#^±KM;=�TGf>�;=>�8%^O7R^OKfB�8
g�GYKf^O[\Nc>�E�7�82U§B�^ON2>_<�Q�B�^`^OGf>�82>�[OD�E�KY8¥^ONc>W;=>�7�EO]c<O>�U�E`h�Eb�
^`>�;©^ON27R^¨7�[_[kB�]T8#^¨d½B�<¨^ON2KYE�U2KYEO[k<?>_�T7�82[kh�� "cB�< >k�c7�; �
�TGf>�Hs>_<O<OB�<?E�KY8'^ONc>§EO>�82EOKf^OKf��>=^OKM;=>_<¶KY;=�!Gf>�;=>�8%^O7R^OKfB�82E_H
QT]2EAQ,B�^`^OGY>�8c>�[OD�E_H�>_^O[R�V��B�]2GMU'>k��7�[k>_<?QT7R^`>µ^ONc>§Uc>_��KY7v�
^OKfB�8¥B�dS7�827�Gfh�EOKYE5d½<OB�;Ø>k���,>_<\KY;=>�8%^_�   >_��>_<O^ONc>�GY>�EOE_H�^ONc>
[kB�82[_7���>¨<?>_��7R<?U¬E`^`<?]2[k^O]2<O>¶UcBF>�E�Uc>_^`>�[k^W^ONc>�d¤7�[k^W^ON27R^
^ONc>=EONcB�<?^b��^`>_<?; d¤7�KY<?8c>�EOEWUcBF>�ECKY82[k<O>�7�E`> ��KY^ON¬KY8T[k<O>�7�Eb�
KY8cg¬8%]2;�Q�>_<�B�d�]TE`>_<?E_H¢]2EOKM8cg:^ONc>µU27R^O7¬^O7RD�>�8­d½<OB�;ª7
<O>�7�GSEOhFE`^`>�;:�

� �sÆ%É � 	 � �?Ç Æ%É �
ab8 ^ON2KYE°�T7R��>_<�H���>�KY8%��>�E`^OKfg�7R^`>�U§^ONc>��2<OB�Q!Gf>�;�B�d,E?NcB�<O^b�
^`>_<?;ªd�7�Kf<?8c>�EOE�KY8�Uc>�[k>�8#^`<\7�GYKf�_>�U­;=>�U2KY7v�
7�[_[k>�E?E �2<OB�^`BR�
[kB�GYE_� � >:Uc>_��KYE`>�U�^
��B�;=>_^ON2BFU2E ^`B'>_�R7�GY]27R^`>V^ONTKYE��
^ONc>5E?GYKYU2KY82g��LKY82UcBy��;=>_^ONcB�U¶7�82U¶^ONc>¡<O>�82>_��7�G%<O>_�&7R<?U2E
;=>_^ONcB�Ur�5X�B�^ON¬;=>_^ONcB�U2E�[_7�8:Q�>A]2EO>�UV^`B§7�827�GfhF�_>¶>k�F�
��>_<?KY;=>�8%^O7�GR�T7�[?D�>_^�^`<?7�[k>�E�^ON27R^�EONcB���[?N27�8T8c>�G#7�[_[k>�EOEO>�E
QFh¬U2K³¯�>_<O>�8%^WEO^O7R^OKfB�82E�d¤B�<A7¥D�8cBy��8'E`B�]c<?[k> ��B�<OD�GfB�7�Ur�
e�Nc>µ<O>_�&7R<?U2E=;�>_^ONcBFUSH¡��N2KY[\N­]2E`>�E=7 Z 7R<OD�B���[\N27�KY8
��Kf^ON¶7�8�7R�2�T<OB��2<?KY7R^`>5<O>_��7R<\U¶d�]282[k^OKfB�8¶d½B�<�^`<?7�82EOKY^OKfB�82E_H
KYE�7�8T7�Gfh%^OKM[_7�GYGfh�^`<?7�[k^O7RQTGf>��·X�>�[_7�]2E`>�Kf^§7�827�GYh%�_>�E¥^ONc>
�2<OB�^`B�[kB�G2Kf^OEO>�Gfd+H%7�E¡B��2��B�E`>�U ^`B¨Uc>�U2]2[k^OKfB�8TE°B�d,^ON2>��2<OBR�
^`B�[kB�Gc;�7�Uc>�d¤<OB�;�^`<?7�[k>�E_H#KY^��T<OB���KYUc>�E°KY82E?Kfg�N#^°KY8%^`BC��N%h
�2<OB�^`B�[kB�GYE�>k�cN2KfQ!Kf^�Q!7�U:EONcB�<O^b��^`>_<\;ñd�7�Kf<?8c>�EOE��
� > �,>_<?d½B�<?;�>�U ^ONc> Z 7R<?D�B�� 7�827�Gfh�EOKYE d¤B�<

6�� Z��C� 6 � 7�82U � ��²�J � �2<OB�^`B�[kB�GYE_H ´!82U2KY82g
^ON27R^�^ONc>_<O>LKME57Ad�]282UT7�;=>�8#^O7�G2^`<?7�Uc>k��BR¯±Q�>_^
��>_>�8�EONcB�<O^
^`>_<?;ßd�7�Kf<?82>�EOE�7�82U'E`h�E`^`>�;ß^ONc<OB�]2g�Nc�T]c^_��6�� Z���� 6 �
N27�E�EOKfg�82K³´,[_7�8#^OGfh±Q,>_^`^`>_<�^ONc<OB�]cg�N2�T]c^C7�82U4E`B�;�>_��N27R^
��B�<?E`>­d¤7�KY<?8c>�EOE�[kB�;=�T7R<O>�U ^`B � ��²�J � �¶��N2B�<O^b��^`>_<?;
d�7�Kf<?8c>�EOE«UcBF>�E«KY8T[k<O>�7�E`>�H���N2>_<O>�7�E0^ON2<OB�]cg�Nc�T]2^«Uc>k�
[k<O>�7�E`>�Eñ��Kf^ON KY82[k<O>�7�EOKM8cg©8F]2;�Q,>_<�B�d0EO^O7R^OKfB�82EPKY8
6�� Z��C� 6 � �
a�^s�LKYGYGRQ�>¡KY8%^`>_<O>�E`^OKY8cg�^`BL7R�2�TGYhL^ONc>�d¤7�KY<?8c>�EOES;�>_^`<?KY[_E

Uc>_��>�GfB���>�U�Nc>_<?>�^`B'�T<OB�;�KYEOKM8cg Z�� 6.�2<OB�^`B�[kB�GYE=EO]T[?N
Z�� 6 �s� à æ�ã � Z¬� 6 ��� 7�KY;�E�^`B¥7�[?N2Kf>_��>¶d¤7�Kf<\8c>�EOE&QFh
N27��FKY82gA7�GYG�^ONc>�[kB�8%^`>�82U2KY82gAE`^O7R^OKfB�82E¢Q!7�[OD�BR¯:^`B¶KYU2>�8#^OK³�
[_7�GTEO^O7Rg�>�E5��N2>�8�[kB�GYGYKYE?KfB�82E�BF[_[_]2<�H#QT7�EO>�U�B�8�^ON2>�QT7�[OD%�
BR¯�E`^O7Rg�>¨B�d¡^ONc>  b��KY828TKY8cg $ ^`<?7�82E?;�Kf^`^`>_<���ab8#^O]TKf^OKf��>�Gfh�H
Kf^WE`>_>�;�EWGYKfD�> Z�� 6 ��� B�]cg�N%^L^`B¥��>_<Od½B�<\;¸7�EL��>�GYG�7�E
� ��²�J � KY8¬^`>_<?;�EWB�d�EONcB�<O^b��^`>_<?; d�7�Kf<?8c>�E?E � 7�82U¦N27���>
Q�>_^`^`>_<V^ONc<OB�]cg�N2�T]c^\�\H�QT]2^�7­[kB�;=�TGY>_^`>��R7�GYKYUT7R^OKfB�8 B�d
^ON2KYE�KME�8c>_>�Uc>�Ur�
�cNcB�<O^b��^`>_<?; d�7�Kf<?8c>�E?ELKYEWKY;=��B�<O^O7�8%^�KY8¬EO>_��>_<?7�G¢[kB�8��

^`>k��^OE_H¡>��¹gc�fH5EO;�B%B�^ON­7�[OD�8cBy��Gf>�Ucg�;=>�8%^¨ºTB���d¤B�<=eL6&£
[kB�828c>�[k^OKYB�82E¶7�82U�GfB�� »OKf^`^`>_<�d½B�<A<?>�7�G³��^OKY;=>§7�]TU2KfBV7�82U
��KYUc>_Bc¼¡��>¥^ON2>_<O>_d½B�<?>�NcB���>¥^ON27R^�^ON2>�E`>�;�>�7�EO]c<O>�E���KYGYG
Q�>�]TE`>�U0QFh Z�� 6©�2<OB�^`B�[kB�G Uc>�EOKfg�8c>_<\E¬KY8 [kB�8v»O]282[Ñ�
^OKfB�8§��Kf^ON=^`<?7�UTKf^OKfB�827�G���>_<Od¤B�<?;�7�82[k>L;=>�7�EO]c<O>�E�EO]2[\N�7�E
^ONc>�[kB�GYGYKMEOKfB�8��2<OB�QT7RQTKMGYKf^
h�^`BC>_�R7�GY]27R^`>�By��>_<?7�GYG��2<OB�^`B�[kB�G
��>_<Od¤B�<?;�7�82[k>�� "°KY827�GMGfh�H#��>�Q,>�GMKf>_��>L^ONT7R^�^ON2>�82B�^OKfB�8�B�d
EONcB�<?^b��^`>_<?;ßd�7�Kf<?8c>�EOECKMECKY;=��B�<O^O7�8%^�KM8¬B�^ON2>_<�8c>_^+��B�<OD%�
KY8cg�[kB�8#^`>k��^OEAKY8¬7�U2U2Kf^OKYB�8:^`B Z¬� 60�2<?B�^`BF[kB�GYE�� � N2KYGf>
��>¨UcB¥8cB�^W[_GM7�KY;P^ON27R^W^ONc>�E?7�;=>�;=>�7�E?]c<O>�EW7�ELKY8±^ON2KYE
�T7R��>_<���KYGYGSQ,>¨g�>�8c>_<?7�GMGfh±7R�2�TGMKY[_7RQTGf>�H!��> Q�>�GYKf>_��>¨^ON27R^
E`h�E`^`>�;�7�82U¨�2<OB�^`B�[kB�G�Uc>�EOKfg�8c>_<\E�EON2B�]2GYU¶KM82[_GY]2Uc>�EONcB�<O^b�
^`>_<?;¸Q,>�NT7���KfB�<�KY8µ��>_<Od¤B�<?;�7�82[k>A[\N27R<?7�[k^`>_<?Kf��7R^OKYB�82E_�

3 ��� � � ��É � � �
� ×������ ��!�"$#�%�&('�)�*,+.- /10�2(354�07698:69;</>=@?A0�B CD;<-:/FEG0�H ;</>E<B I�J

;<K LM/ONPCQESR$CQ=UT:V:;</>E�RWCQ=U=�V B KYXFI�;ZKYCQB 6\[(]^B`_baMcdcbegfQhPi�jOklfQm�n�o:jqp\r
k
fQi\s�p\r9p\i�t<p>u.v�_(wZxzy{klfMi\s�p\r9pFi�t�p|x$r9f\t�p<p�}QhPig~Q�`�½×F�M�D�M���bLMCQHq[��M�g�
T T
[ +Q� ×�? +Q� �:[� + �����D��%���#D'
�|*b��*$��H ;ZKY=�I�;</O]^B:6Z;<ID� KYHYK ;^8�CDNl�l�:T�CQB />BM;<K�IDH(�$IDX��MJ93��� E<CD;ZC�XFCQH�NPCQE
0�X���B C\�SHY/>� �Q=U/>B�;9J��$ID6Z/F�U+�E<IDB 6<=UKY6Z6<KYCQB�RWCQB�;ZE<CQH�CDN� IDB �:CQ=�0�X>X>/F6Z6�RWCQ=U=�V B:KYX\I�;ZKYCQBGRW-�IDB B:/FHY6F[Ow9�z�
�¡ �r9aQi��>¢zfQi
w�i\s�fQr�m|aQjqhPfMi£ 
¤:p�fQr�¥UwQ �¦Z§M§1�M×F� � �Q��� + ×F�\? + + �:[� ����¨.©��Mª�#�©�«¬!�#D'��|*�!�&��G­O!��D�D!�®�©g��':¯	*
°±aQj^a�²Op\jq³
fQr<´Q��[ � E</>BM;<KYX>/
4�IDHYHq�v×F�Q� + [� 	 ��¨.µ�!���®�µ�!D¶M!�&('W·|*�'S�5©g"W©g��#D'���*�'�¸ µ�©�&�«¬©���'�¸b*�'$!�&��{¹�µ�!�&�®
'º *.»`0�RW0b¼{½�0¾»`/F�:K�I�J^0�X>X>/>6<6 � E<CD;ZCgX>CQHbNPCQE � IDX��Q/�; � ID� KYC [z]^B
x.r9f\t�¢�v�kb¿,y wQÀOk.Áz¿`¿Â�½×F�Q� 	 ��[

� ���UÃ$µ�ÄY�('O�|* Å9ÆÇ*d'O!�&��È��!�ÄY&('5¯	*È0�B�IDH 8g6<KY6ÉCDN�;<- /G]^B X>EZ/\ID6Z/ÊIDB �Ë />XFEZ/FID6</�0�HY�QCQEZK ;<- =U6WNPCQE�RWCQB �Q/>6Z;ZKYCQB`0�LMCQKY��IDB:XF/�KYB�RWCQ=UT V:;Z/FEÌ /�;^�$CQE<��6\[lklfQm�n�o:j^pFrW²�p\jÍ³zfQr<´Q�WaMi�}�wZy�°5²Îy�¥Q�<j^p\m	�$ÏgÐ��M×F� � �M���×�?�× 	 [
â Á



� ���UÃ.% ¶�©g��'���*Q!�&����Sµ�%�"W!�#D':��*g�.c pFm|pFi�jq�WfZs(w�i\s�fQr�m|aQjqhPfQi  
¤:p�fQr�¥Q[ CQ-:B ¼£KYHY/>8����gCQB 6\�v×F�Q�Ñ×Q[
� �\���5©g&�®
'$¸
*GR$IDT:;<V:E</��
��/>X�;�KYB � />6<KY�:/FBM;ZK�IDH$�
;Z- />E<B /�;|2
0 Ì [�]^B

x.r9f\t�¢bw9�z�
��À��SÁ�	W��k.Áz¿Â� Ì CFL¬[v×F�Q� �M��[
� � �U­O!�
M&�Ä^'���*�'
!�&�� ¨$©��Mª�#�©g«�!�#D'b�|* Ë 8gB�ID=UKYX�RWCQBM;<EZCQHbCDN��g/>/>6<KYCQB

]^B T V:; � I�;Z/>6�KYB1RWCQ=U=�V B KYXFI�;ZKYCQB Ì /�;^�$CQE<��6\[`wZ�
�z�  �r9aQi��>¢�fQi
v5ogj^fQm|aQjqhPt�klfQi�jqr9fMc¬v�k(¦�
��1�½×F� � 	 ����×F�Q�Q�\?�×F�Ñ×��:[� ���|��!�ÄY&('b¯	*  
¤ p±v�r�jSfZs klfMm�n�o:j^pFr±y�¥Q��j^pFm���xSpFrPs>fQr�m�aMi�t<p|v�i�aQc ¦
¥Q��hP�<[  CQ-:B�¼ÎKYHY/�8 IDB ���gCQB 6\�v×F�Q�Ñ×Q[

� ×F������!���&('���*�»`0�RW0 ?50 Ì /���RW-�IDB B:/FH�0�X>X>/>6<6(»`/�;Z- Cg��NPCQE � IDX��Q/�;� ID� KYC [g]^B�x.r9f\t�¢��QjP¤�v�������klfQm�n�ogj^p\r$²�pFjq³zfQr<´DhPig~Uk
fQi\s�p\r9p\i�t<p
�½×F�Q�Q�M��[

� ×`×�������©gÄY&���%��:«l' º *d'�!�&����S%�� !�®�Ä^'��.*���* � IDX��Q/�;����SK ;<X�-:KYB ��KYB � I�J
� KYC|RW-�IDB:B />HY6\½ � IDEZ;r×Q½
R �:»`0 »`C�� />6.IDB � +.- />KYE$+.- EZCQV �Q- T V:;9JË />H�IF8ÈRW-�IDE�IDX�;Z/FEZKY6Z;ZKYX>6\[ wZ�
�z�  �r9aQi��>¢�fQi�k
fQm	mU¢ kSÁz¿ ¦!
�§
�½×F�M� �M����× 	 �Q�\?�× 	 ×��:[

� × + ��¯�!�"W!�«¬��Ä�#�µ�&�!�&l'"��*±+.- /��l;<-:/FEZB /�;	R$IDT:;<V:E</|�l�¬/>X�;F½O0�B�IDH 8g6<KY6
IDB �#�gCQHYV:;ZKYCQB
[±]^B1x$r9f\t�¢SÏ��QjP¤ klfQi\s>pFrZpFi�t�pÉfMi$�bfFt�aQc�klfQm�n�ogj^p\r
²�p\jÍ³zfQr<´Q�	�^3�X�;F[R×F�Q� 	 ��[

� ×%����¯�!�"W!�&l'�¸
*d'
!�&�� ¸&%W!�&('��	*50'��;ZV �:8 CDN(�g- CQE9;ZJ^+�/>EZ=*)�IDKYE<B />6Z6
KYBÉ¼£KYE</>HY/>6<6�»`0�R � EZCD;<C�X>CQHY6\[.R � + � 	 J9�|RWH�ID6<6 � EZC,+Z/>X�; � />T�CQEZ;F�
��B K LM/>E<6ZK ;^8�CDNzR.IDHYK NPCQE<B:K�I:� �W/>E<�Q/>HY/�8���» IF8�×F�Q� � [� × 	 �	+S-:/�¼ IFLM/>2b0 Ì 4�CQ=U/ � ID�Q/Q[l-M;Z;ZT
½ -.-\�.�.�±[ �$IFLM/>H�IDB
[ X>CQ=`�v×F�Q� � [� ×����0/�1��Q%¬"W©�&�%¬#D'�­|*z!�&��2�z%��3154�%�#D'�­U*1+�R � IDB:��� Ë��¾� />E9NÍCQE9J
=�IDB X>/1C\LM/>EÊI ¼ÎKYEZ/FHY/>6Z6 2b0 Ì [ ]^BÈx.r9fFtD¢	wZ�
�z� w<²S_SÁOk.Áz¿
�½×F�Q�Q�M��[

� ×����U¹�µ�!�&�®l' º *�'.¸:µ�©�&�«�©���'$¸
*�'
!�&��ÎÃ$��!���«l'W�|*l�|*�3�� 6</>E9LQI�;ZKYCQB 6
IDB � Ë 8:B�ID=UKYX>6OCDNSI�R$CQB:�Q/F69;<KYCQBÇRWCQB�;ZE<CQHW0�HY�QCQE<K ;Z- =`½5+.- /��
NdJ
NÍ/>X�;<6 CDN�+$�$CDJÍ¼1I>8 +�E<I76UXQ[�]^B{x$r9f\t�¢Ov�k�¿ y wDÀOk.Áz¿`¿98 ��Ï
�½×F�Q�Ñ×\����T T
[y×%�
�\?�× 	 �g[

â�å


