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jOkmlonDp$qsrtnouwvxkmlty{z�eMa4|Y}R~�B�PM�^��|YeMa�I\]�c-e�CFeME>XY�^B�c-B{c-|Y[^]�B��(}ME>�/��|YB:B �(}ME�[U]�}�CF�UeW]\BDb$Q�GHe�eM�/B �(}ME>�
����e�XY}W�MBD]�eM�s�YeFc-BF]`}M�U�^eR��BFbY�#���M�W�M��eFcoBD]���[^�U���YeOc�G(B{}M�^�UeR��BDb<[U��c-|�B�PWVMVMV>���YKM�MP��Y�Y}W�U�

� �o¡(¢-£
¤ ¥ ��¦�§-¨(©oª�«(©­¬o® ¦�§­¬o¨(� £(¢o¡¯¦�§�¬o¨(� ¦­§�¬o¨(� £(¢o¡¯¦�§�¬o¨��
° ¦���¢o¨�§o± ²�²­²�² ³ °o´ ²�²�²�² ³ °-´
µ ¶�¬o·(©­§ ¸�¸­¸�¸ ³ °o´ ²�²�²�² ³ °-´
¹ ¥ ��§�©­¦�©�¬o®º«�¨(�­��¦ ²�²­²�² ³ µ�» ²�²�²�² ³ µ­»
¼ ®(�o½�¨�¢�¶¾®(�o« ²�²­²�² ³ µ�´ ²�²�²�² ³ µ­´
´ ·(�o®(�-¨(¢�¶ ²�²­²�² ³ °o´ ²�²�²�² ³ °-´
¿ §�¦oª¯³ÁÀ­Â�Ã ²�²­²�² ³ °o» ²�²�²�² ³ µ­´
Ä ¦���¢o¨�§o±ÆÅo�Ç¬-®(¶oÈ(É ¡�¡ ³ ¡�¡ ²�²�²�² ³ °-´
Ê ¨(��¦�¬­¶o½�«(©�¬-®ËÅo�Ç¬-®(¶oÈ(É�¡ ³ ¡�¡ ²�²�²�² ³ °-»
Ì ¶���¢o¨­®(©o®�·ÆÅo� ¬o®(¶oÈ�É ¡�¡ ³ ¡�¡ ²�²�²�² ³ °-»

Ã(¬o«(¢­¶ ¦­§�¬o¨(�ÎÍ ²�²�²�²�²­²�²�² ³ °o»�» ²�²�²­²�²�²�² ³ °o´­»
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Ï�p$vxÐsÑwÒ­Ó Ôxy�ÕmÒ�ÖYp×r$ØÚÙoÔMÛÝÜÞvxuwkßnoloà
��eM�Y]á[Ub�BDI#}iXYaYâFâD�^B{��|�BDI\B�PM�ãGY�^e�C���]#}WI\B>}M�^[U�M��BDbÝ[^�4}äp×qsÑåÒ�p���[dc-|æPM��ç�JèX(eW]\[dc-[^eM�Y]\�<��|YBDIáB:}MIáB>�
GY�^aYB�éåê%ë`}M��b<�ì��|Y[dc-B:éîíÚë�G��Ue­C���]�}M��b<}M�äBFE�X$cðï4X(eM]á[�co[UeW�Y�
�YaYX�X(eM]áB�co|Y}Fc�c-|�B��MeW}M��[U]ñc-e�|Y}R~�B�}M�^�Mc-|YBÎ��|Y[dc-B�GY�Ue­C���]òXHeM]á[�co[UeM��BDb�coe`co|YB��UBF�óc�eW�­c-|�B�GY�^aYB�eM�YBF]ò_���A
eM�YB{GY�^aYB{GY�^e�C��ôeW�èco|YB{I\[^�M|oc-E>eM]wc#XHeM]á[�co[UeM�èõ c-|�B�BFE>Xöcðï4X(eW]\[dc-[^eM�<[^]`�YeFc1]\XHBDCF[U��BDbY�
ê%�^e�C���]{CD}W�4÷Hø�ùäcoeèco|YBèBDE>Xöcðï�XHeM]á[�co[UeM�ú��|YBF�äco|YBèBDE>Xöcðï�X(eM]á[�co[UeW�æ[^]�ûtüÎýiøDþ$üÞÿ�������� þúû���û�	�
���|Y[^]
E>BD}M��]�c-|�}Fc�}:GY�Ue­C��äCD}M�<eM�Y�dïæE�eR~YB�|Y}M�^�(c-|�B#�^BD�Y�Fco| eM�xc-|YB1I\aY�^BDI
���YeFc�c-|�B���|YeM�^B#�^BD���Fc-|Y�{��|YB1CDeM]wc
eM����eMX�é��Rë\L���� J������������ [U]��R����|�BDI\B#}MI\B��Ye��ðCD[^I\CDa��U}MI
�:|YeWXY]èé�� 
���
`|YeWXY]���Iá}MXYXY[^�Y�:� IáeME eM�YB1BD�Yb<eM�
c-|�B�IáaY�^BDIÎc-e�c-|�B�eOc-|YBFI\ë\�
!xeMI�c-|�[U]`XYIáeMGY�^BDE �"��PW�

��eM�Y]á[UbYBFI�co|YB{[U��[�co[U}M�ñCFeM�Y�Y�WaYI\}Fco[UeW�YS

W WB B -

(Initial configuration)

Z�]áB`co|YB{� eM�U�^eR��[U����IáaY�UBF]Î��|YBD�<}M�Y]å��BDIá[U����c-|�B$#�aYBF]åco[UeM��]�GHBD�^e���S
%'& BDXHBD}FcoBDbÁ]åco}Fc-BF]iéå}M�oï���|YBFI\Bä[U� coI\BDBFëè}MI\B:bYB�coBDC�coBDbYL�}M�Yb co|YBDIáBD� eMIáBú}MI\Bô��eFcäI\BFX(BF}Fc-BFbÁ[U� c-|�B

]áBD}MIáC�|�c-IáBDBF�
% �Ya�CDCDBF]\]áeMI1]wc-}FcoBD]�}MIáBèB��(XY}M��bYBDb4[U� }ô�ö�(BFbæeMIábYBDIáS�|YeMX�] c-|Y}FcèI\BD]áaY�dc:[^� }ôE>e�~YB>eM�ßc-|YBèBFE�X$cðï

XHeM]\[dc-[^eM�èc-e�c-|YB��^BD�óc#}MI\B{bYeM��B1GHBD� eMIáB{|YeMXY]Þc-|Y}Oc#E>eR~�B`c-|YB�BDE>XöcðïæXHeM]\[dc-[^eM�>c-e�c-|YB{I\[^�M|oc���|YeWXY]
[^�<BF}MC�|ibY[UIáBDC c-[^eM��}MIáB�bYeM�YB{[^�<}W�<[^�YCDIáBD}M]á[U����eMIábYBDI`eM��c-|�BD[^I�CFeM]åco�

JF��éw��X$c-]\�^ë)(1[d~�B%c-|�B���B���c��^}Rï�BFI�eM��c-|�B�]áBD}MIáC�|�coI\BDB{GHBD�^eR�¯� eM�^�UeR��[^�Y��c-|YB{I\a��UBF]�]wc-}FcoBDbi}MG(eR~YBD�

WBBW-
1 2

WBB - W WB - WB

P



PM��éwK�Xöc-]á�Uë ��eW�Y]\[^bYBDI�co|Y}FcúïYeMaÇ}WI\B XHBDIá� eMI\E>[^�Y�+*èp$Ò�Ö�,snoØ.-�uwp×lon¾ÕsÒ�ÖYp×röØ¯aY]\[^�Y�/c-|YB:coI\BDB/}W]
B ��X�}M�YbYBFb/[U� X�}MIåcäJF�0/ð��ï�eMa }WI\B�coeM�^b�c-|�}Fc�co|YB1#�aYBFaYB�CDeW�-co}M[^�Y]32546���Ye­bYBF]\LH��|�}Fcè}MIáB�co|YB#�ö~YB
�Ye­bYBF]�[^�i[�c�7 Z�]áB1�^}MGHBD�^]�eW�>co|YB{�Ye�b�BD]\L8��
:96
óL��U}MGHBD��co|YBDE<;`JFL�;�PMLßB�coCD�

TM��éwKæXöco]\�^ë ��eM�Y]á[Ub�BDI�co|Y}Fc>ï�eWaì}MIáB<XHBDIá� eMI\E>[^�Y�>=äksu�? vxp$Ó @�vxlonæÕmÒ�ÖYp×r$Ø aY]\[^�Y�ico|YBèc-I\BFB<}W]
B ��X�}M�YbYBFb/[U� X�}MIåcäJF�A/ð��ïYeMa }MIáB�coeM�Ub�c-|Y}Fc�c-|�B�XYI\[^eMIá[�cðïB#�aYBDa�BèCDeM�oc-}W[U�Y]�ü ÷DC������Ye­bYBF]\LH��|�}Fcè[^]
eM��B�XHeM]á]\[^GY[U�^[dcðï4� eMI���|Y}Fc`c-|�eM]\B{�Ye­bYBD]�}MIáB�7ÁéwZ�]\B{]á}ME>B1�^}MGHBD�^]�eW�<�Ye­bYBF]�}W]�[^�äXYI\B ~([UeMa�]�XY}WIåc-�^ë
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Ï�p$vxÐsÑwÒ­Ó EmyGFúÒ�Ümp×Ò�loÒ�kßnoÖ�nouwvHk Ö�kH,JI�vLKHuwr ÙoÔMÛÝÜÞvxuwkßnoloà
JF��éw�MXöc-]á�Uë��öco}Fc-B�[^�NM��Y�W�U[^]\|>��|Y}Fc1BD}MC�|ieM�YB{eM��c-|�B�� eWI\E#a��U}M]`IáBDXYIáBD]\BF�oc-]\�

%'O�PRQ�S �UT Q ;WVöéå���^[^�-coeM�Yëá�

%YX�Z[O�PRQ�S �UT Q ;WVöé Z ëB\ éáé\é^] Q`_baHced �Uf�g�;`é Z ëih j Q`kYl f P g�Vöé Z ë\ënm o�ép] Q`_baHcqd ��feg�;`é Z ërm
j Q`kYl f P g�Vöé Z ë\ë\ë

PM��éw��X$c-]\�^ë��öc-}FcoB{[U�s!Î[^I\]åc$t{IábYBDIvu�eM�M[^CDS
��eFc-BFS"w l V Q Tyx�zWg��p; S Vöé|{W� Z ë�E>BD}M��]�co|Y}Fc Z ~YeFc-BF]�}W�M}M[^�Y]åcv{(�

% Mß~YBDIåïB}�I\BF]\[^bYBD�oc�~�eFcoBDbi}M�M}M[^�Y]åc1]áeME>BDeM�YBF�

%�~ e­B{|Y}M]á����c`~YeFc-BFb�}M�M}W[U�Y]wc�}M�oï�eM��BD�

TM��éw��X$c-]\�^ë)!HIáeMEÚco|YB{]åco}Fc-BFE�BF�oc-]�[^�iXY}MIåc:JOLß]\|YeR�ºco|Y}Fc
] Q`_baHcqd ��feg�;`ép� d ��;�V l ;�ë�h�j Q`kYl f P g�Vöé^� d ��;�V l ;�ë
(�[�~YB{I\BD]áeM�^aöc-[^eM��X�I\e­eM� �%Z�]áB1CF�U}WaY]\}M�ñ� eWI\E�éwCDeM����aY�YC�co[�~YB#�YeWI\E>}M�ß� eMIáE>ë\�
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Ï�p$vxÐsÑwÒ­Ó �myG�äÒ­rtuwlouwvxkJ�%p×Ò�Ò�l�Ù E��æÜÞvxuåk�noloà
JF��éw��Xöc-]á�Uëè�Y|�e���c-|�B�bYBDCF[U]á[UeM��c-IáBDB�co|Y}FcÞ��eMaY�^b�GHB��^BD}MIá�YBDb>Goïä}�bYBFCD[^]\[^eM�{coI\BFB��UBF}MI\�Y[^�Y�{XYIáe�CFBDbYaYIáB

aY]á[U���4E>}F�([^E#aYE [^�Y� eMIáE>}Fc-[^eM���M}M[^�Á�M[d~�BD�/c-Iá}M[^�Y[U���4B �(}ME>XY�UBF]�� eWI�M�����eRï���X(eMIwci]\|YeR����[U�/c-|�B
� eM�^�^e���[^�Y��c-}MG��UBF�#é���[^�oc-SÎï�eMaibYe>�YeFc1�YBFBDbi}�CF}M�^CDaY�^}Fc-eWI�� eMIÎc-|Y[^]\�^ë

� ¡(¢-£�ª(¶��¾Ày��È Â(©o¨­Ã(�o£�ª���½­£(© ¥ ©o«­È �(©o® ¥ �(¢o«��o¨ �(¬o¨���§�¢�¦o« � ®y�(¬oÈ�À­ª(¬o¨�«
° À�½�®�®�È ��¢o¨�£ �(¬o¨�£(¢­¶ À�«�¨(¬o®­· �(¢o¨­£ À(¢-£(� �(��¦
µ À�½�®�®�È ��¢o¨�£ �(©o·�± À�«�¨(¬o®­· �(¢o¨­£ À(¢-£(� �(��¦
¹ �(¢�©o®�È ��¬�¶ ¥ �(©o·�± À�«�¨(¬o®­· �(¢o¨­£ ��±(¢-®�·(� �(¬
¼ À�½�®�®�È ��¢o¨�£ �(©o·�± À�«�¨(¬o®­· �(¬�¬­¶ ��±(¢-®�·(� �(��¦

PM��éw�:Xöco]\�^ë<��IáBD}FcoB#}:��B�� bYBFCD[^]\[^eM�:c-IáBDB#GoïæB���coBD�YbY[^�Y�#ïYeMaYI�X�I\B�~([^eMaY]òcoI\BFBDLsI\BDX��U}MCF[U���úeM�YB1eM�(c-|�B
�^BD}M�s�Ye­bYBD]�Goï }>bYBDCF[U]á[UeW����[dc-|���B��¯�^BD}R~YBD]�GHBD�^eR�¯[dc-�`��I\BF}Fc-B%co|Y[U]`�YB �ºc-IáBDB{]\e�c-|�}Fc�[�coS

% CF�U}W]\]\[^�YBF]�E>eMI\B{CF}M]\BF]�XHeM]\[dc-[d~�BF��ïäco|Y}M��c-|YB{eMIá[U�W[U�Y}W��c-I\BFBD�
% IáBDE>}M[^�Y]�CDeM�Y]á[U]wc-BF�-c���[�co|>co|YB{� eMaYI�coI\}M[^�Y[^�Y��B �(}ME>XY�UBF]�eW�xco|YB%c-}MGY�^B{}MGHe�~YBD�

��eFc-BFS�CFeM�Y]á[UbYBFI`G(eFco|>coI\}M[^�Y[^�Y�>}M�YbiX(eW]\]\[^GY�^B`coBD]wc#CF}M]\BF]\�

�



TM��éw��Xöc-]á�Uë>_��M}M[^�YL�GHBD�M[^�1��[dc-|#ïYeMaYImcoI\BDB�� I\eMEºc-|�B��YI\]wc�XY}WIåc�eW��c-|Y[^]�#�aYBD]wc-[^eM�Y�`��|Y[^]�c-[^E>B�B���coBD�Yb
[dc�c-e�CDIáBD}FcoB�}>�YB �ºc-IáBDB%c-|�}Fc-S

% CF�U}W]\]\[^�YBF]�E>eMI\B{CF}M]\BF]��YBF�M}Fco[�~YBD�dïico|Y}M��c-|�B�eWI\[^�M[U��}M��c-IáBDBF�
% IáBDE>}M[^�Y]�CDeM�Y]á[U]wc-BF�-c���[�co|>co|YB{� eMaYI�coI\}M[^�Y[^�Y��B �(}ME>XY�UBF]�eW�xco|YB%c-}MGY�^B{}MGHe�~YBD�

��eFc-BFS�}W�M}M[^�YLßCDeW�Y]\[^bYBDI�GHeFc-|�c-Iá}M[^�Y[U����}M��biXHeM]á]\[^GY�UB�c-BF]åc1CD}W]\BD]á�

KM��éw�ôXöc-]á�Uë+t{aYI�bYBDCF[U]á[UeM�ôc-IáBDBè�^BD}MIá�Y[^�Y�äE�B c-|Ye­b aY]\[^�Y�ä[^�Y� eMI\E>}Fco[UeW�/�M}M[^�4|�}M]�}M� [^�YbYaYC c-[d~�B>GY[^}M]
co|Y}Fcô� }R~YeMI\]�]á|YeMIwc�c-IáBDBD]á��(1[d~�B:eM�YB:}WI\�MaYE>BF�-cô}M�M}M[^�Y]åcôI\BDX��U}MCF[U���:c-|Y[^]�Goï�}�GY[U}W]�c-|Y}Ocô� }R~�eMIá]
E>}F�([^E�}W�U�dï4�MBD��BDI\}W�ñeMI�E>}F�([UE>}M�^��ï4]áX(BFCD[^�YC�c-I\BFBD]á���d}M�Y]w��BFI�[^�>cð��e�]\BD�ocoBD�YCFBD]�eWI��^BD]á]\���

�



Ï�p$vxÐsÑwÒ­Ó �myG �Ò�qsp$Ö�Ñ¡ �Ò�nq¢#vxp¤£ßl<Ù
ExÛÝÜÞvxuwkßnolDà
JF��éáJFVôXöc-]á�Uë���eW�Y]\[^bYBDI{}ôXHBDIáCDBDX$c-I\eW�ä��[dc-| [^�YXYaöco] Z J�}M��b Z PWLÞ}M�Yb:��[dc-|ô��BF[U�M|oc{~�}M�^aYBD]�¥v¦1�ãVML

¥A§A� JFL5¥v¨©�[ª�TW��é í�B�}M]\]áaYE>Bú}M� B �­coI\} [^�YXYa$c Z ¦ô�ö�(BDb�}Oc J{coe�CF}MXöc-a�I\B1co|YB�co|YI\BF]\|YeM�^bY�^ë
A�Iá}��Çc-|YB{bYBFCD[^]\[^eM��]áaYI\� }WCDB�eM�xco|Y[^]�XHBDIáCDBFXöc-IáeM���Yc-|Y}Oc#[^]\Lñ[^�YbY[^CD}Oc-B���|Y[UC�|<X(eWIåc-[^eM�ieM��c-|YB Z §\L Z ¨
XY�^}M�YB{XYIáe�b�aYCDBF]�eMa$c-XYaöco]`eM�mç�J�}M�YbèQ$JO�

PM��éw�1Xöco]\�^ë>�mIáaYB�eMI�� }M�^]\B�7���|YB�X(BFI\CDBFXöc-IáeM�úbYBF�Y�YBFbúGoï«¥v¦¬�ºPMLD¥A§­�¯JFLy¥v¨¬�®ª{T#CD�^}M]á]\[^�YBD]�E>eMIáB
CF}M]\BF]1XHeM]\[dc-[d~�BF��ï/co|Y}M�ôc-|YB>XHBDIáCDBDX$c-I\eW�Ý[^�äco|YB>XYI\B ~�[^eMaY]�XY}MIwc�eM�ñc-|Y[^]0#­a�BD]åco[UeW�Y�¯Mß�(XY�^}M[U�ôï�eWaYI
}M��]å��BDI�GYI\[^B�°öïM�

�



TM��éáJFV�Xöc-]á�Uëè_ POQ�eM�óQRT�E>}���eMI\[dcðïô� a��YC�co[UeM�>[^]�}�� aY�YC�co[UeW��eW��co|YI\BFB�GY[U��}MIåï éåVb±xJOëÎ[U��XYaöc-]áLD²�§\Lb²)¨oL�}W�Yb
²)³���|Y[UC�|<eMaöcoXYaöc-]1Jò��|YBF� ü���øôø�C{ýiø�C���eM�xco|YB{[U��XYaöc-]1é�²µ´p�U]áë�|Y}R~�B�}�~�}M�^aYB�JFLñ}M��bieWaöc-XYa$c-]`V
eFco|YBDIw��[U]áBD�

éw}Më�A�I\}R�¯}>bYBFCD[^]\[^eM��coI\BFB�� eWI�c-|YB{PFQReM�óQ�TèE>}���eMIá[�cðï/� aY�YC�co[UeW�Y�

éwGYëèA�I\}R�Æ} � BDBDb�� eMIå��}MI\bÁ�YBFaYI\}W���YB�cð��eMI\� éåCDeW�Y]\[^]åco[U�Y�4eM�`eM�YBôeW��E>eMIáBôaY�Y[dc-]\ëè� eWI�c-|YBôPFQReM�óQ�T
E>}���eMIá[�cðï � aY�YC�co[UeW�Y�ìZ�]\Bä}M]è� B�� aY�Y[dc-]è}M]>XHeM]\]á[UG��UBF�·¶ }M�öBi]áaYI\B�ïYeMa¾]á|YeR� co|YB#��BF[U�W|-co]�}W�Yb
co|YI\BF]\|YeM�^b�~�}M�^aYBF]\�
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Ï�p$vxÐsÑwÒ­Ó ÛmyG¹�Ò�ksÒ­p×ÖYÑ¡ºúqmÒ�lonDuåvxksl ÙDÔtÛæÜÞvxuåk�noloà
ê%BF�UeR�ã[^]`}�]áB�c1eM�s�MBD��BDI\}W�»#­a�BD]åco[UeW�Y]\�"}�IáeR~�[^bYB�}>]\|YeMIwc1}M�Y]å��BDI�� eMI�BF}MC�|<eW�Hc-|�BDE>�

JF��éw��Xöco]\�^ë�íÚ|Y[^C�|�eM�×c-|YB�� eM�^�UeR��[^�Y��E>}Rï�CDeM�o~�BFI\�MB�c-e�}��^e­CD}M�^��ï�eWXöc-[^E>}M��]\eM�^aöc-[^eM�úéå[^�UBF�UL��YeFc �M�UeWGY}M�^��ï
eMX$c-[^E�}W�Uë
7 éáJFë#ê%}WC��­X�I\eMXY}W�M}Fc-[^eM�<��[dc-|�E1aY�dc-[dQ��^}�ïYBDI���B�cð��eMI\��]\�+éwPMë#��|�BúX(BFI\CFBDXöcoI\eM��coI\}M[^�Y[^�Y�
IáaY�UB{}MX�XY�U[^BDbèc-e�}>]\[^�Y�M�^B{X(BFI\CDBFXöc-IáeM�Y�

PM��éw��X$c-]\�^ëµ/ð�i�^BD}MIá�Y[U���ML���|Y}Fc1bYe���B�E>BD}M�iGoïôc-|YB{�MBF�YBDIá}M�^[UâF}Fc-[^eM�iBDI\IáeMI`7:íÚ|�}Fc1bYe{��B�E�BF}M�iG-ï
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