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S(TVUXW�Y�Z�[�\^]X_a`bY�cedgfh`eiX`bYjc
Y-klijmncoi-pVcrqtsuW%vwdgce`exypVY

z|{}dn~�YXkC�6du�VYjq
�Amg�V��dh{�kA��Y�{}Yji�TVYj{}i�TaY_w���gZh�n�N[��hpV`e_�Zg�g�g��[��J����mnfgYJq

�'� �j�X���V�g�g��� W3mnfh`b_a`b_Vf��"T�m�k�k}TVY�_amnktpV{}Y�dn�(��p�k}pV{}Y' u`b{�mnc6m�k�k�mgi�¡�q�W�`efgTyk%cedydh¡=ce`b¡hY�`oq�ktTaY�¡gYjs=k}d=q�p�iXi-YJqtq���pVcecbsN�V{}dn¢
k}YjiFk}`b_af�mgfhmn`e_aq�k|ktTaYXW � S(TV`oq£�amg��Yj{¤�V`eq}i-paq}qtYjq|Tad��¥i-{}sy�Vktdgfh{}mg�VTus�mg_a�3¡gYjs�W3mg_amnfhYXW�YX_yk£k}Yji�TV_a`exypVYJq£W3m¦s���Y-§a_a`¨k}`b hYXces
i�TVYJi�¡uW�mnktY�mg_hk}`b u`e{}mgc|mn_amgcbs�qt`eq�mg_a�©W�Yji�Tamg_V`oq�W3q �'ª Y��V{}YjqtYX_yk%m�fgYj_VYX{}`ei� u`e{tp�qX« ��YX_VdgktYJ��¬�R®�¯�°h±�²³�"Ta`ei�T´�V{}dnk}Yji-k}q
`bk}q�i-d���Y��"`¨k}TNm' gYX{}s�q�YJi-pV{}Yg«wpVcbkt{�m�¢P�µmgq�k^qtsyW�W�Y-k}{t`oi�Yj_ai-{}su��kt`edg_ �^¶ `e_ai-Y�ktTaY%W3mn`e_N��{�m¦�"vamhi�¡'dn�|p�q�`e_Vf'Yj_ai-{}su��kt`edg_=`b_k}Tam�k�iXmgqtY�ce`bYJq"dg_�k}TVY�Y-·�`oq�k}YX_aiXY�dn��k}TVY%qtYji-{}Y-kA¡hYXs�dg{A`e_���dg{}W3m�k}`bdh_�mgv�dhp�kl`bkC�"`bktTV`e_�ktTaY� u`b{�mnc�iXd���Yg«w�6Y�qtTVd��¸TVd��¹ktd
vusu�amgq}q"k}TV`oqCce`eW�`bk}mnkt`edg_Nvys�paqt`e_Vf�qtpV`bk}mnvacbY�¡gYXs�W3mn_�mnfgYjW�YX_ykAktYJi�TV_V`oxypVYjq �^º `e_amncecesg«R�6Y�q�Tad��¹k}Tam�k^ktTaY�iXdgW��VceY-·�`¨k�s
dn�
k}TVYl¬�R®�¯�°y±u²
iXd���Y"mn_amgcbs�qt`eq `oq�m�k�cbYJmgq�k�mhq�TV`efgT�mgq�ktTamnk|dn��ktTVY"i-{}su��k}mg_amnces�q�`oq dn�w`¨k�q�pV_a��Yj{tcesu`b_Vf�Yj_ai-{}su��kt`edg_�mncefgdg{}`bktTVW �
»�¼y½R¾t¿�À ��Á �g� YX_aiX{tsu��k}`bdh_r«y y`e{�mncwYX_aiX{tsu��k}`bdh_r«ymg_ykt`e y`e{�mncVk}Yji�TV_a`exypVYJqX«ui-d���Y^��`eq}mgq}qtYXW%vacbsh«h¡hYXs�W�mg_amnfhYXW�YX_ykJ«yiXdgW��Vp�k}YX{
qtYjiXpV{t`bk�s
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�� ����� � � �6Y
{}mg�V�wdg{tk��V{}]jqtYX_yktY�pV_ iXmgq���]Xktpa��Y
`ecbcepaq�kt{�mn_yk�iXdgW�W�YX_yk�cbYJq%k}Yji�TV_a`exypVYJq�iX{tsu��k}dgfh{}mg�VTV`oxhpaYjq��wYXpV hYX_yk
W�Y-ktkt{}YAYX_3]Ji�TVYji¤k}dnk�mncac�� mn_amgcbs�qtY¤YXk£ceYjq�k}Yji�TV_a`exypVYJq|mn_ykt`e u`b{�mnceYjq ��� _VYA�V{}YXpa gYA��YliXdg_aiXYX��k6Yjq�k£�V{}]jqtYX_ykt]jY(mgp3W�d�sgYX_3��� pV_ u`e{tpaq¤fh]X_V]j{t`oxypVYg«�mn�a��Yjcb]�¬wR®�¯�°y±u²N�Vdg_yk"cbY�i-d���Y^Yjq�k"�V{}dnkt]jfg]^�amn{"i�TV`��R{tYjW�Yj_yk���c�� mg`e��Y���� pV_�mncefgdg{}`bktTVW�Y^pVc¨k}{}mn¢P{�mn�a`e��Y
YXk^�wdhq}q�]J�Vmn_yk^pV_�kt{}UjqCTamgp�k^_a`b hYjmnp?�VY�qt]jiXpV{t`bkt]�i-{}su��ktdhcbdhfg`oxhpaY ��� mn_aq^com�W�YjqtpV{}Y%d��?cbY��V{}`b_aiX`b��mnc `b_aiXdg_u g]j_V`eYX_yk^�Vmg_aqc�� pVkt`ecb`oqtmnkt`edg_
��p'i�TV`��w{}YXW�Yj_hk¤{t]Jq�`o��Y^�Vmn_aq£cbYC�µmn`bk¤xypVYCcem�i-ceY-��qtYjiX{tUXktYAdhp�pV_VY^`e_���dg{}W3m�kt`edg_�qtp! �q}mn_yktYC��dhpV{£com�{}Y-k}{tdhpV gYj{j«
com�i-dg_�i-YX{}_amg_hkJ«hYJq�k¤ktdhp�~�dgpa{}q(i-dh_yktYX_upVY��Vmg_aq¤cbY�i-d���Yh«u`bcÑYJq�k(W�dg_ykt{}]^iXdgW�W�YX_yk({t]Jq�dhpa��{}YCi-Y��V{}dgvacbUjW�YC�amn{(c�� pVkt`ecb`oqtmnkt`edg_
��Y�k}Yji�TV_a`exypVYJq3��Y�fgYjq�kt`edg_ YX_u u`b{}dg_a_VYXW�YX_yk�mnceY
��Y�iXcbYX�µq���Y�i�TV`��w{}YXW�YX_yk � � c"YJq�k�mgcbdh{}q���]jW�dh_ykt{}]
xypVY�comNiXdgW��VceY-·�`bkt]��p³�V{}dgvVceUXW�Y
��Y�c�� mn_amgcbs�qtY'��p i-d���Y��Vp  u`b{}paq3¬wR®�¯�°y±u²¥YJq�k3mnp W�dh`b_�q�mgpaqtqt`(]XceYX h]XY�xypVY
i-YjcbceY
�Vp �V{}dgvVceUXW�Y���Y
cem
iX{tsu��k�mn_amgcbs�qtY^��p�qts�q�k}UXW�Y���Y�i�TV`��w{}YXW�YX_yk"p�k}`bce`eqt] �
"À �j� ¾ ��# � �3� i�TV`��w{}YXW�Yj_hkJ«�i-{}sy�Vktdgfh{}mg�VTV`eYA u`b{�mnceYg«hktYJi�TV_V`oxypVYjq¤mn_ykt`e u`b{�mnceYjqj«h�V]jq}mgq}q�YjW%vVcomnfhYl��Y�i-d���Yg«yfgYJq�k}`bdh_'��Y�i-ceY-�µqj«
qt]jiXpV{t`bkt]�`e_���dg{}W3m�k}`exypVYJq �
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0 _hk}`b u`e{}mgc6��YXktYJiFkt`edg_´`oq%�V`b{}Yji-ktces=vamhq�YJ�©dg_ ktTVY
iXmg�amnvV`ece`¨k�s=ktd?Tam¦ hY�W�mgcb�(mn{}Y�i-d���YJq�m�k�dg_VY�� q��V`eqt��dyqtmgc£mn_�� ktd=q�ktpa�Vs
k}TVYXW*vys
��`oqtmhqtqtYXW�vVcbs3W�YJmn_aq � S(Typ�qX«V u`e{}mgcÑ�Vm�k�mnvamhq�YJq¤ijmn_�vwY^pa�w�VmnktYJ��mn_a�
mn_ykt`e u`b{�mncRYj_Vfg`e_VYjq"ijmn_
v�Y�pa�Vfg{�mg��YJ� �0 ��YX�W3mnce�(mn{}Y��"{t`bktYj{}qlkt{}s'k}d�W3mg¡gY�k}TV`eqlk}mhq�¡�W�dg{}Y%��`� �i-pVcbk�vys�`eW��VcbYjW�YX_ykt`e_Vf
 ¦mg{t`edgp�q(ktYJi�TV_V`oxhpaYjqC�"TV`ei�TNmn`eW
mnk^��Yjcem¦su`e_Vf3ktTaY�¡u_Vd��"ceYj��fhY%mn_���ktTVY�pV_a��Yj{}q�k}mg_a��`e_Vf�dg�|ktTVYj`b{�i-d���YJq21(dhv���paq}iFk}mnkt`e_Vfa«R{}YX�"{}`¨k}`b_afa«aYj_ai-{}su��kt`edg_ � � � � S(TVYJq�YiXdu�VYjq�mg{tY���Yj_Vdnk}Yj� ��������� ��!�" i-d���Yjq � S(TaY�§a{}q�k%mn_��©W�dyq�k��µmgW�dgpaq�dh_VY3`oq��V{}dgvamgvVcbs?ktTVY43 �5��67!  y`e{}paq�mn�V�wYjmg{tYJ� `b_
k}TVY�Yjmg{tces?_V`e_VYXkt`eYjq �98 dg{}Y�{tYJi-Yj_hk}cbsh«rk}TVY;: �2<=�>���  y`e{}paq� gYj{ts�_�mn`e gYXces�k}{t`eYjq�k}d?i-dhW��acb`oiXmnktY3mn_ykt`e u`b{�mnc�YX·���Yj{�k�q �r�¤dg{}¡
vus'`eW��VceYXW�YX_ykt`e_Vf�vamhq�`oi^YX_aiX{tsu��k}`bdh_'k}Yji�TV_V`oxypVYjq � � �
k}d�_ad���«�_Vdg_VY�dg��k}TVY�¡u_Vd��"_�W3mgcb�(mn{}YCqtpaiXiXYXYJ��Yj�
`e_��V{}YX hYX_ykt`e_VfiXdu�VY�mn_amgcbs�qt`eq �S(TVY�W3mn`e_�Y-·��Vcomn_amnkt`edg_���dg{(k}TV`eq¤�µmg`bcepV{}Y�cb`eYjq(dh_'k��¤d��µmgi-k}q?1

@ mn_ykt`e u`b{�mnc�YX·���Yj{�k�q�mnce�¤m¦s�q�W3mn_amgfgY6ktd�dhv�k}mg`b_3m�W3mnce�¤mg{tY(i-dh�usBA�`e_���YJiFktYJ��§aceY>C � 0 q�ktTVYjs�mg{tY(�"`o��YXces���`oq}q�`eW�`b_amnktYJ�Ñ«W3mnce�¤mg{tY�i-d���Y�q}mnW��VceYjqDA� u`e{tpaqtYjqj«��¤dg{}W�q � � � C%mg{tY�mnce�(m¦suq6 gYj{ts3YJmgqt`bces'm¦ �mn`ecomnvVceY � S(TV`oq"i-dgW�YJq¤��{tdhW ktTVY��µmhiFk(ktT�m�k
cb`eW�`¨k}Yj�
 u`b{}pVceYX_aiXYFEl`oq"_VdnkAm���YJm�ktpa{tY�`e_VTVYX{}YX_yk(ktd3W3mgcb`oi-`edgpaq(iXdu�VYjq �

@ ª TVYX_��V{}YjqtYX_ykj«JktYJi�TV_V`oxypVYjq�mn`eW�`e_Vf^m�k�W3mg¡y`e_VfliXd���Y6mg_amnces�q�`oqrW�dg{}Y£��`� �i-pVcbk�mn{}Y£vwdgpV_a��ktdA�µmg`bc � S(TVY£W3mn`e_�{}Yjmhq�dh_`eq�ktTamnk�ktTaY�{tYjcemnktYJ�©�V{tdhvVceYXW3qGAðk}Tam�k�`eq�ktd=q}m¦sg«��V{tdhvVceYXW3q�k}d�v�Y
q�dhcb hYj� `b_´dh{}�VYX{�ktd=vysu�amhqtq%i-d���Y��V{}dnk}Yji-kt`edg_HC
v�Yjcbdh_Vf^ktd��wdgcesu_VdgW�`omncVi-dhW��VcbYX·�`¨k�s%iXcemhqtq � 0 q|mn_�Y-·VmgW��acbYh«nYX_aiX{tsu��k}`bdh_%k}Yji�TV_a`exypVYJq|mn{}Y"mnce�¤m¦s�q�{tYjcemnkt`e gYXces�YJmgqts�ktdvV{}Yjmn¡�q�`e_ai-Y^k}TVY�¡gYjs�qt�amgiXY^`oq¤ktdud3ce`bW�`bktYJ�
mg_a��mncecbd��Aq(mg_
YX·�Tamnpaq�kt`e gY�qtYjmg{}i�T
mn�V�V{}dhmhi�T �I8 dg{}YXd� hYX{J«hYj_ai-{}su��kt`edg_mncefgdh{t`bktTVW3q¤k}Tam�kATam¦ hY�v�YjYX_���dgpa_a��`b_�¡u_Vd��"_�W3mnce�¤mg{tY�i-d���YJqAmn{}Y�YX`bktTVYj{l hYX{}s�_amn`e gY�dh{l��d3_VdgkAd �RYX{ATV`efgT�ceYX hYXc
dn��q�YJi-pV{}`¨k�s �

� _ ktTa`eq%�amn�wYX{J«��¤Y��V{tYJq�Yj_yk%m�_VYX� i-dh_ai-Yj��k%mnvwdgp�k�W3mgcb`oi-`edgpaq�iXd���Yjq�iXdgW�vV`b_a`b_Vf�Y  3iX`bYj_yk�¡gYXsNW3mn_amgfgYXW�Yj_hk��"`bktT
TV`efgTV¢PceYX hYXc�q�YJi-pV{}`bk�s
Yj_ai-{}su��kt`edg_ mncefgdh{t`bktTVW � � ` �RYX{}YX_yk�mn_�mncesuqt`oqCmg_a�?YX·u�wYX{}`eW�Yj_yk}q^Tam¦ gY�i-dh_�§a{}W�YJ��k}TVY�`eW���dyqtqt`evV`bce`bk�sk}d
q�ktpa�Vs�ktTVY�i-d���Yh«wpa_a��YX{CktTaY�mhqtqtpVW���kt`edg_?ktTamnk^�¤Y%W3mn_�mnfgYJ��ktd�fgYXk�m�i-dg�us
dn�£`bk �KJ s�ce`bW�`bkt`e_Vf'k}TVY�i-d���Y%�a{tYJq�Yj_ai-Ymg_a�= u`e{tpacbYj_ai-Y�`e_=k}TVY3i-dgW��VpVktYX{J«r�¤Y3q�TVd�� mncoq�d�TVd��k}d
W3mg¡gY�ktTV`oq�mgq}q�paW��Vkt`edg_  gYX{}s�pV_Vce`b¡hYXces ��ª Y3`ececbpaq�kt{�m�k}Y%k}TVYjqtYiXdg_aiXYX��k�qKA��V{}dudn�ð¢ßdn�ð¢øi-dg_�i-YX�VkLC£vys'�V{tYJq�Yj_ykt`e_Vf%��{}dgW*mn_�mncefgdg{}`bktTVW�`oil�wdg`e_yk(dg�� u`eYX�¥k}TVY�W�dhq�kAq�`eW��VcbY�YX·�mgW��VcbY�dg� m�_VYX�
 u`e{tpaq|�µmnW�`ecbs3iXmgcbceYj��k}TVY�M�R®�¯�°h±u²� u`e{tp�q�YJq � 0 q¤m�W3mn`e_3{tYJq�pac¨kJ«h�¤YlqtTVd�� k}Tam�k6ktTVYCfgYj_VYX{�mncV�a{tdhvVcbYjW dg��¬�R®�¯�°h±�²?i-d���Y
mg_amnces�q�`oq¤`eq(YJxhpa`b �mnceYX_yk¤ktd�ktTaY�i-{}sy�Vk}mn_�mncesuqt`oq£dg� m�q�YJi-pV{}YCYj_ai-{}su��kt`edg_�mncefgdh{t`bktTaWÜ`e_
ktTVY�qtYX_aqtYCktTamnkA`¨k"`oq(Y-·���dh_VYX_yk}`emgcbces
iXdgW��VceY-· �S(TV`oq��amg��Yj{�`eq�dh{tfymn_V`ONXYJ��mgq���dgceced��Aq � � _ ¶ YjiFk}`bdh_�ZV«n�¤Y£§a{�q�k��VY-§a_VY"�a{tYJi-`oq�Yjcbs�k}TVY(vamgi�¡ufg{}dgpa_a��mn_���k}TVY"¡u_Vd��"_�ijmgqtYjq�"TVYj{tYCm�k�k}YXW���k�q|k}d�paqtYli-{}su��ktdhfg{�mn�VTus�`e_� u`b{�mnc�i-d���Yjq£Tam¦ gY"vwYXYj_�W3mg��Y ��ª YlqtTVd�� �"Tus�mgcbcaktTV`oq¤m�k�k}YXW���k�q|�¤YX{}YAv�dhpV_a�
k}d��µmn`ec �?¶ YJiFk}`bdh_ - {tYJiXmncecoq�¡gYXsNW3mn_amgfgYXW�Yj_hk�k}Yji�TV_a`exypVYJq��V{}YjqtYX_yktYJ� `b_QPe�g��R � � _ ¶ Yji-kt`edg_©�a« �¤Y��V{}YjqtYX_yk�ktTVY'fgYX_aYX{}`ei u`e{}mgc|i-dg_�i-YX�Vk�S�paqt`b_Vf�q�kt{}dg_Vf
YX_�i-{}sy�Vkt`edg_NiXdgW�vV`b_aYj�N�"`¨k}T dh��kt`eW3mnc�¡hYXs?fhYX_VYj{}mnkt`edg_=mg_a�=¡hYXs?W3mg_amnfhYXW�YX_yk � 0 k�cemhq�kJ«
¶ YJiFk}`bdh_��%�V{}dud� gYjq£ktT�m�kC¬wR®�¯�°y±u²  y`e{�mncÑi-d���Y�mn_�mncesuqt`oq6`oq(YjxypV`e �mnceYX_yk(ktd�YX_�i-{}sy�Vkt`edg_�q�s�q�ktYXW3q(i-{}su��k}mg_amnces�q�`oq(mn_a�'ktT�m�k`bkA`eqj«�`e_��µmhiFkJ«�dn��Y-·���dh_VYX_yk}`emgcRiXdgW��VceY-·�`bk�s � �6dg_�i-cepaq�`edg_��"`bcecrmg�a��{tYJqtq6k}TVY��V{}dgvVceYXW0dg��§afhTykt`e_Vf3mnfhmg`b_�q�k"q�p�i�T
mg{tW�dgpa{tYJ�
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rk}TVYX{}Y-��dh{tYh«�qtpai�T m���Yjcem¦s=`b_´i-d���Y3mg_amnces�q�`oq�iXmn_a_Vdnk�vwY�mgiXiXYX��k�mnvVceY � S(Tamnk�`eq�k}TVY{}Yjmhq�dh_'�"Tus ��������� ��)+��	 iXdu�VYCk}Yji�TV_a`exypVYJq(W%paq�kAv�Y�qtYX{}`edgpaqtcbs�k�mn¡hYX_
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@ i-d���Y�dhv���paq}iXm�k}`bdh_k1�k}TVY%mn`eW�`eq(k}d3kt{�mn_�q���dh{tWîm��a{tdhfg{�mnW0`e_yktd�mn_adnktTaYX{A�"TV`oi�T�v�dgktT�`oq(��pV_ai-kt`edg_amgcbces
`e��Yj_ykt`oiXmncrktd
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{}YX hYX{�q�YCYX_Vfh`b_VYjYX{ � � _
dgktTVYj{"�6dh{}�aqX«yktTaY��V{tdhfg{�mnW `oq(�"{t`bk�k}YX_
`b_=dg{���YX{"k}d'{}Yj��p�i-Y�{}Yjmh�VmnvV`ece`¨k�s�mn_a�?pV_a��Yj{}q�k}mg_a�Vmnva`bce`¨k�s � S(TV{}YXY�k�su�wYjqCdn��kt{�mn_�q���dh{tW3m�k}`bdh_aqAmg{tY�fhYX_VYj{}mgcbces'p�q�YJ� 1cbYX·�`eijmnc�kt{�mn_aq���dg{}W3m�kt`edg_�q$A� �mg{t`omnvVceYl_�mnW�YCYX·Vi�Tamn_VfhY>C-«yiXdg_ykt{}dgc�ad�� kt{�mn_�q���dh{tW3m�k}`bdh_aqoAµW�mg¡u`b_Vf�ktTaYC�V{}dgfh{}mgW���d��
W�dg{}Y�iXdgW��VceY-·³vys paqt`b_Vf´iXdu�VY�_VYjq�kt`e_Vf´dg{3�acemhi-YXvwd�i-d���YFC�mn_a� �Vmnk}m��ad��îkt{�mn_aq���dg{}W3m�k}`bdh_aq;Aµmgi-kt`edg_ dg_ �Vmnk}m
q�k}{tp�iFktpa{tYJqlvus�i�Tamn_afg`e_Vf�q�ktdh{}mgfgYg«�YX_aiXd���`b_afa«Ñmnfhfg{}YXfhmnkt`edg_�mn_��?dg{���Yj{ldn�¤�Vm�k�m�C �K8 dh{tY���Y-k�mn`eceq^iXmg_=vwY%��dhpV_a�=`b_P - «���«Ñ�J��«r�X��R � � _�m� u`b{�mncriXdg_yktYX·ykJ«uktTVYJq�Y^k}Yji�TV_V`oxypVYjqlmn{}YCdg� ce`bW�`bktYJ��`e_yktYj{tYJq�k �
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W3mnce�¤mg{tY � 8 dg{}YXd� gYj{j«hktTaY�{tYJq�pVcbk}q(�a{tYJq�Yj_hk}Yj��`b_�PÅZFR�qtTVd�� ktTVYj{tY�`oq"_Vd�kt{�mn_aq���dg{}W3m�k}`bdh_�mnvacbY�k}d��a{tYj gYX_yk(ktTaY�i-d���Y
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i-d���Y�i�T�mn_VfhY'mgq%dn�ðktYj_ mgq%��dyqtqt`evVcbY�vusNpaqt`e_Vf={}YX�"{}`¨k}`b_af�ktYJi�TV_V`oxhpaYjq
A�YJxhpa`b �mnceYX_ykC��pV_aiFk}`bdh_V_amgcb`bk�s�vVp�k^�V` �RYX{}YX_yk^iXd���Y>C � S(TVY�iXd���Y�mg_amnces�q�klT�mgq"k}TupaqAk}d��µmhi-Y�pV�=_Vdnk�m'qt`b_VfhcbY% gYX{�qt`bdh_dn�6ktTVY3W3mnce�(mn{}Y�iXdu�VY�vap�k%q�Yj gYj{}mgc  hYX{�q�`edg_�qldg�¤`bk�
 TVYX_�i-Y�ktTVY��V`  �i-pac¨k�s=ktd�Y  �i-`eYX_yk}cbs=§afgTyk�mnfymn`e_aq�k�`bk ��º dh{�k}p�¢_am�k}YXcesg«�iXd���Y�mn_amgcbs�qt`eq^vwYjiXdgW�Yjq�mgcb�(m¦s�ql�wdhq}q�`evVceY�`b_ ktTaY3YX_a� mn_a�r«�i-dh_aqtYjxypVYX_yk}cbsh«�mncec���dhcbsuW�dg{}�VTV`oi�ktYJi�TV_V`oxhpaYjq
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@ YX_aiX{tsu��k}`bdh_k1�ktTVY��VpV{}��dyq�Y3`oq%vwdnk}T©ktdN�V{td� u`o��Y3�wdgcesyW�dh{t�VTa`eqtW AµYX_aiX{tsu��k}Yj��iXdu�VY'i�Tamn_afgY3�"`bktT�Yj gYX{}sN�V` �RYX{}YX_yk
¡gYjs C�mn_���ktd��V{}YX hYX_yk iXd���Y"mn_amgcbs�qt`eq ��¶ dC�µmn{J«�¡u_Vd��"_�k}Yji�TV_V`oxypVYjq�qtp!�RYX{���{}dgWmCcemhi�¡^dg��Y  3iX`bYj_yk ¡hYXs�W3mn_amgfgYjW�Yj_yk �S(TVY�¡hYXs=W�paq�k�vwY'q�YJi-pV{}YXcesNm¦ �mg`bcomnvVceY�ktd?ktTVY�W�mgcb�(mn{}Y3i-d���Y�dh_Vces ��� mg{}���(mn{}Y3q�dhcbpVkt`edg_aq%�"TV`ei�T�mg{tY3fhYX_VYj{}mgcbces
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Pe�J�>R �

T _�k}TVY%dgktTVYj{lTamg_a�Ñ«�ktTVY�i-dgW�vV`e_am�k}`bdh_�dn�|i-{}su��ktdhfg{�mn�VTV`oi^ktYJi�TV_V`oxypVYjql�"`¨k}T? u`b{�mncÑk}Yji�TV_adgcedgfg`eYjqAcbYJ��`b_ ��� ��!�ktd�k}TVY
iXdg_aiXYX��k¤dn�#" � �������%�%$>)+����6O��	��'& mhq|�V{}YjqtYX_yktYJ�3`e_�P !a«���!�«w�)(?R � �6{tsu��k}d� y`e{}dgcedgfgs�i-dg_�q�`oq�k�q|`e_'mn�a�Vcbsu`e_Vf%iX{tsu��k}dgfg{�mn�aTys%ktdudgcoqk}d3W�mgcb`oi-`edgp�q"i-d���Yjq(`e_
dg{���YX{(k}d�q�kt{}YX_afnktTaYX_r«�`eW��V{td� hYCdh{A��YX hYXcedg��q�p�i�T
iXdu�VYjq �
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z�mn{tkt`oi-pacemg{tcesg«wi-{}sy�Vktdgfh{}mg�VTus'mn�a��YJmn{�q"ktd�v�Y� gYj{ts
Y  �i-`eYX_yk^`b_=�VYjqt`bfh_V`b_af'�am¦sucedhmg�aq �l¶ Yj gYj{}mgc�i-dh_y u`e_ai-`e_Vf�YX·VmnW��VceYjqmg{tY(�V{}YjqtYX_yktYJ�%`e_ Pb��!FR � S(TVY(W3mn`e_�fgdymncu`eq k}d�W3mn¡gY(m^ u`ei-kt`eW$TVdyq�k|��Yj��Yj_a��YX_yk|pV�wdg_�k}TVY" u`b{}paq � )��+!?� m^ y`e{}paq�iXmn_�qtpV{t u`e gY
`e_�ktTaY�TVdhq�kl`b�|`¨kCW�mg¡gYJq(ktTVY�TVdhq�kC��Yj��Yj_a��`e_?m�i-{}`bkt`oiXmnc��¤m¦s�dg_�ktTaY% gYj{ts'�V{tYJq�Yj_ai-Y%dn��ktTVY% y`e{}paqA`bk}qtYXcb� � S(TVYjqtY�{}YjqtpVcbk}qmg{tYCW�mg`b_acbs�dgv�k�mn`e_VYj���"`¨k}T'�VpVvacb`oiF¢ß¡gYjs�iX{tsu��k}dgfg{�mn�aTV`ei"ktYji�Ta_V`exypVYJq � i-dhW%vV`e_VYj���"`bktT�cb`eW�`¨k}Yj��q�suW�W�Y-kt{}`oili-{}su��ktdhfg{�mn�VTus
k}Yji�TV_V`oxypVYjq �S(TVdhpVfgT  gYj{ts´Y  3iX`bYj_ykj«6ktTVYJq�Y�mn�a�V{tdymgi�TVYJq�mg`bW dg_Vces m�k3�V{}dnk}Yji-kt`e_Vf=k}TVY?mgi-kt`edg_ dn�lk}TVY� u`b{}paq;A�`bk}q �5����67�?��" C�vVp�k
_Vdgk�ktTVY� u`b{}paq�`bk}qtYXcb� � � _³dnktTaYX{��6dh{}�aqX«�`b�^m i-dh�ys´dg�^m i-{}su��ktd� u`e{tpaq%`eq3qtdgW�YjTVd�� dg{�dnk}TVYX{�dhv�k}mg`b_VYJ� mg_a� mg_amnces�NXYj�
vus {tYj gYX{�qtY�Yj_Vfg`e_VYjYX{}`b_Vf�«�_Vdh_VY3dn�(k}TVY'i-{}su��ktdhfg{�mn�VTa`ei�ktdudhceq�`bk�iXdg_yk}mg`b_�q��"`bcec|k}dnk�mncecbsN�V{tdgktYJiFk�ktTaYXW mnfymn`e_aq�k�`bk}q�i-d���Y
mg_amnces�q�`oq � S(Tupaqj«gk}TVYCYX·VmgiFk6¡y_ad��"cbYJ��fgYAdg�ÑktTVY^i-d���YC`eq6cb`e¡gYjcbs�k}d�mnceced�� mg_ykt`e y`e{�mncaqtdn�ðk��(mn{}YApV�R�Vm�k}YCmg_a�3ce`bW�`bk��J��dh{tva`e��k}TVY
W3mnce�(mn{}Y � q¤mhiFk}`bdh_ � S(TVY�W3mn`e_�cb`eW�`¨k�m�kt`edg_�iXdgW�Yjq¤��{}dgWîktTVY��µmhiFk"ktT�m�kli-{}su��ktd� u`e{tp�q¤mhq"��Y-§�_VYj�
vus��|dhpV_Vf3mn_a���|pV_afa«V`oq
_VdgklmnvVceY^ktd3W3mn_�mnfgY�qtYji-{}Y-k"¡hYXs��amg{�k"`e_�m�qtpV`bk}mgvVcbY�mg_a�
Y  �i-`eYX_yk"�¤m¦s���dh{"ktT�m�k"�amn{tkt`oi-pacemg{"�VpV{}��dyq�Y �S(TVY'vamgqt`ei�k}Yji�TV_a`exypVY��¤Y���`oqtiXpaq}q�`e_©ktTV`oq��amg��Yj{�ijmn_©Y �RYji-kt`e gYXcesN��dg{}vV`e�©qtpai�T�i-d���Y�mn_amgcbs�qt`eq�mg_a� ktTupaqj«��a{tdh��Yj{tces
iXdgW��VceYXW�YX_ykAmncecRktTVY�mg�V�V{}dhmgi�TaYjq¤��YX hYXcedg�V�wYj�'`b_�P !�«Ñ��!�«Ñ�%(?R � T ktTVYj{"W�dh{tY�qtdg�VTV`oq�kt`oiXm�k}Yj��ktYji�Ta_V`exypVYJq"mn{}YCvwYX`e_Vf�ktYJq�k}Yj�`e_�dgpV{"comnvwdg{�m�k}dg{}s �
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8 mgcb�(mn{}Y�mn{}Y�W�dgva`bceY�mgfgYX_yk�q"vus
_�m�ktpa{tY � � ��ktTVYjs��amgq}q"k}TV{tdhpVfgT?mg_ "�`b_�q�YJi-pV{}Y�_VYXk��6dh{t¡ & dg{AYj_y u`e{tdh_VW�YX_yk=A���{tdhW*k}TVY
W3mnce�(mn{}Y � q£�wdg`e_yk(dg�� u`eYX�$CF«uk}TVYXs'W�m¦s3vwY�mn_amgcbs�NjYj��AL��`eq}mgq}qtYXW%vacbYJ��C¤q�d�ktTamnk(ktTVYj`b{"i-d���Y��"`ecbcÑvwY�i-dhW��acbYXktYXces�mgiji-YJqtqt`bvacbY
k}d�ktTaY�m�ktk}mhi�¡gYX{=AðktTaY�mn_�mncesuq�kLC � 0 ql�V{}YX u`bdhpaqtcbs
Y-·��Vcomn`e_VYj�©«wk}{}mh��`¨k}`bdh_amnc�YX_aiX{tsu��k}`bdh_?q�s�q�ktYXW3qCmn{}Y%��Yjmgcb`e_Vf��"`bktTNq�k�m�kt`oi¡hYXs�q � 0 i-ktpamgcbcesg«�k}TVY�¡gYjs3`eqA�V{tYJq�Yj_yk"qtdgW�YjTVd��¥dg{"dgktTVYj{"`b_
k}TVY�mnfgYj_ykKAµTamn{����(mn{}YCdh{Aq�dg�ðk��¤mg{tYFC �� _´��� � �a« J �w¶ i�Ta_VYX`eYX{^mn_a��� � �"`edg{��Vmg_bPe�g�&R `e_ykt{}du�Vpai-YJ�'k}TVY%_adnkt`edg_�dg� !&�#$?)+��������!&�H����6 ��!2��	
!&��!&������)���� ktd�mg�V��{}Yjq}q
k}TV`eq%�V{}dgvVceYXW � � _©dnk}TVYX{��¤dg{��Vqj«�¡hYXsu`b_af
W3mnktYX{}`omnc�`oq�i-dh_hk}{tp�iFktYJ�?��{}dgWÕi-Yj{�k�mn`e_ iXcemhqtqtYjq�dg�¤Yj_y u`e{tdh_VW�YX_yk}mgc|�Vm�k�m � �£_�¢ u`e{tdh_VW�YX_yk}mgc�¡gYjs�fhYX_VYj{}mnkt`edg_�iXmg_�ktTupaqlv�Y�paq�YX��pVc �"TVYX_�k}TVY�qtYX_���YX{C�"`eqtTVYjqAktd
i-dgW�W�pV_V`oiXm�k}Y��"`bktT�k}TVY%{}YjiXYX`e gYX{Cq�pai�T
k}Tam�k"k}TVY�{tYJi-Yj`b hYX{(i-dgpace��dg_Vces�{}YjiXYX`e gYCktTVY�W�Yjq}q}mnfgY^`b��qtdgW�Y�YX_u u`b{}dg_aW�Yj_yk}mncÑiXdg_a��`bkt`edg_�q¤mg{tY^k}{tpVY � �|_u y`e{}dg_VW�YX_yk�mncÑ¡gYjsfhYX_VYj{}mnkt`edg_ ijmn_ Yj gYj_ vwY
p�q�YJ� `e_³iX`b{�i-paW�q�k}mg_ai-YJq%�"TaYX{}Y'k}TVY�{tYJi-YX`e gYj{�`oq�_Vdnk3m¦�(mn{}Y'dn�lktTVY�qt��YJi-`b§�i
YX_u u`b{}dg_VW�Yj_hk�mnc
iXdg_a��`bkt`edg_�q¤ktTamnk"ktTVY�qtYX_a�VYX{"�(mn_yk}q(TV`oqAiXdgW�W%pV_a`eijm�kt`edg_�ktd3��Yj��Yj_a�
dg_ � S(Ta`eq"com�ktktYj{AiXmgqtY�i-dh{t{}Yjqt��dh_a�Vq6Y-·Vmgi-ktces3ktd3dhpV{W3mnce�(mn{}YAi-d���YAmn_�mncesuqt`oq��V{}dgvVceYXW � S(TVY"{tYJi-Yj`b hYX{�TVYj{tYA`oq�k}TVYAW3mnce�(mn{}Y(iXd���YA�V{}YjqtYX_yk|`e_�m�i-dgW��VpVktYX{ Aðk}TVYAYX_u u`e{tdh_VW�YX_ykLCmg_a��ktTVY�qtYX_a�VYX{"`oq(W�mgcb�(mn{}Y�i-d���Y�mnp�k}TVdg{"dh{(ktTVY�k�mn{}fgYXk(qts�q�k}YXWî`bk}qtYXcb� �S(TVYC��`  �iXpVc¨k�s��"`bktT3vVpa`bco��`e_Vf�mg_3YX_u u`b{}dg_VW�Yj_hk�mncV¡hYXs�fgYX_aYX{�m�kt`edg_��V{}dnk}d�i-dgca`eq|ktTamnk£ktTaY"ktTV{}Yjmnk£W�d���YXcRmgq}q�paW�YJq�ktT�m�k
mg_ys�m�k�k�mgi�¡hYX{hAðk}TVY"W3mnce�¤mg{tY¤i-d���YAmn_�mncesuq�kLC�Tamhq ktdnk�mncViXdg_ykt{}dgcud� gYj{ ktTVY"Yj_y u`e{tdh_VW�YX_yk � 0 cecV`e_���dg{}W3m�kt`edg_�m¦ �mn`ecemgvVcbY¤k}dCk}TVYW3mnce�(mn{}YC�V{}dgfh{}mgW iXmn_�v�Y���dhpV_a��vus3ktTVY�mnk�k}mhi�¡gYj{¤mhq6�¤YXcec � 0 cecÑ`b_V�ap�k}q(k}d%k}TVY��V{}dgfh{}mgW mg{tY�qtpV�V�Vce`bYJ�'vus3k}TVY�m�ktk}mgi�¡hYX{
mg_a�3k}TVYl�V{}dgfh{}mgWÜq�k}mnktYJq�ktTaYXW3q�Yjcb hYjq6`eq¤i-dhW��VcbYXktYjcbs���YXktYj{tW�`e_VYj�3vus�ktTaY^mnk�k}mhi�¡gYj{£��pV{}`b_af�ktTaY^iXdu�VYCmn_�mncesuqt`oq � 0 q¤q�p�i�Tr«k}TVY^iXdg_aq�kt{}pai-kt`edg_aq6W%paq�k6{}Yjqt`oq�k(��`b{}Yji-k¤mg_amnces�q�`oq6mg_a����`oiFk}`bdh_V_amg{ts3m�ktk}mhi�¡uq£`b_'ktTVYC��dg{}W dn� �¤mg{�k}Yjqt`emg_'��YjiXYX��k}`bdh_r«hktTamnk¤`oq
k}d�qtm¦sh«y`e_��"TV`oi�T�k}TVY�m�ktk}mhi�¡gYX{6ktYjcbcoq"ce`bYJq"mnvwdgp�k"k}TVY�YX_u u`e{tdh_VW�YX_yk �S(TVY�mnp�k}TVdg{�q�dn�KPe�g��R(��`eq}i-p�qtq�qtYX hYX{�mnc|iXdg_aq�kt{}paiFk}`bdh_ ��dg{�Yj_y u`e{tdh_VW�YX_yk}mgc�¡gYjs=fgYj_VYX{�m�k}`bdh_ � S�d�`ecbcepaq�kt{�m�ktY�k}TVYX`e{�mg��¢�V{}dhmhi�Tr«nceY-k¤paq|i-dh_aqt`e��Yj{�ktTaY"��dgcecbd��"`e_Vf�vamhq�`oi"i-dh_aq�kt{}paiFk}`bdh_ � � Y-k N

vwYlmg_3`b_yktYjfgYj{£i-dh{t{}Yjqt��dh_a��`e_VfCktd%mg_3YX_u u`b{}dg_VW�Yj_hk�mnc
dhvaq�Yj{t �mnkt`edg_r«

H
m�dg_aY-¢ß�¤m¦s���pV_ai-kt`edg_�A�k�su�V`eijmncecbs�m�Tamhq�T'��pV_aiFk}`bdh_HCF«

M
ktTVY�Tamhq�T�dn�rk}TVY�dgvaqtYX{} �m�kt`edg_

N
«
⊕
ktTVY^vV`bk��"`eqtY

YX·�iXcbp�q�`e gYX¢Pdh{Cdh��Yj{}mnktdg{J«
||
ktTVY�iXdg_aijm�k}YX_amnkt`edg_=dh��Yj{}mnktdh{j«

R
m
_Vdh_ai-Y3mg_a�

K
m
¡gYjs � S(TVY� �mncepVY M

`oq�iXmg{t{}`bYJ�?vus�k}TVY
mgfgYX_ykoAðk}TVY"W3mnce�¤mg{tY(i-d���Y"`e_�dgpV{|ijmgqtY>C � � mhq�T���pV_�iFkt`edg_3ijmn_�v�Y"paqtYj��k}d�iXdg_a�VpaiFk�k}Yjq�k}q|mg_a��iXdg_aq�kt{}pai-k k}TVY"¡gYjs�q�q�d^ktT�m�kYX·�mgW�`b_amnkt`edg_�dn�rk}TVY^mgfgYj_hk(��duYjq¤_Vdgk¤{}YX hYjmnc�ktTaYC{}YjxypV`e{tYJ�3YX_u u`e{tdh_VW�YX_yk}mgc�`e_���dg{}W3m�k}`bdh_ � S(TaYX_
��dyqtqt`bvacbY^i-dg_�q�k}{tpai-kt`edg_aqj«mgW�dh_Vf�W3mn_us�dnk}TVYX{�qj«umg{tY�1

@ `¨�
H(N) = M

ktTVYj_
ceY-k
K = N �

@ `¨�
H(H(N)) = M

ktTVYj_
ceY-k
K = H(N) �

@ `¨�
H(Ni) = Mi

k}TVYX_�ceY-k
K = H(N1, N2, . . . , Ni) �

@ `¨�
H(N) = M

ktTVYj_
ceY-k
K = H(R1, N) ⊕ R2

�

� Y-k|paq�_adnktY(k}Tam�k£ktTVY(§a{�q�k£i-dg_�q�k}{tpai-kt`edg_�`eq|paq�YJ��`b_�W�dhq�k|dn�Ñq�k�m�k}`ei¤YX_�i-{}sy�VktYj���amhqtqt�¤dg{��%mnpVktTVYj_hk}`eijm�k}`bdh_�q}i�TVYjW�YJq � S(TVYW�dhq�k(`bW��wdg{tk}mn_yk6��Yjm�k}pV{}Yldn��Yjmgi�T'dn�rk}TVYjqtYCiXdg_aq�kt{}paiFk}`bdh_aq6`eq£ktTamnk¤¡u_Vd��"ceYj�VfgYldg�
M

��duYjq6_Vdgk¤ceYjmg¡�mg_us�`e_���dh{tW3m�k}`bdh_3dg_
K � �"`edg{��Vmg_¥mn_a� ¶ i�Ta_VYX`eYX{
�V{}dg�wdhqtYj� q�Yj gYj{}mgcAY  �i-`eYX_yk�i-dg_�q�k}{tpai-kt`edg_aq'�"TV`oi�T¥�V{}d� y`o��Y?Y  �i-`eYX_yk�Yj_y u`e{tdh_VW�YX_yk}mgcA¡gYjs
fhYX_VYj{}mnkt`edg_ �V{tdgktd�i-dhceq�paq�`e_Vf� �mn{}`edgpaq^k}Yji�TV_V`oxypVYjq?1�k}TV{}YjqtTVdgco��`e_Vf�A��V{}dnk}d�i-dgc�p�q�`e_Vf�k}TVY�`o��Yjmhq�dn�"i-{}su��ktdhfg{�mn�VTV`oi�q�YJi-{}Y-k
� Øm�tû��nù ô��tó û � öwÈÅÄrÎ¦ë��Í¦ë�Î�Â�Ä�Â¤Ý�ÆFÚ"ÒF�JÓLë�É �JÈÅÉ��¦ÄrÓPÞ�Â}Ó�Ý�ÆFÍXÓPÂ�ÈÅÍ¦Ä Â�Í¦Î �¦ÄLë�Ä Â�� ��� ñ ó ���Fí���	
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qtTamn{}`e_Vf
C-«h_VYJq�k}`b_af9AµmhiFkt`edg_3dg�ÑktTVYCW�dgvV`ecbY^mnfhYX_yk|`eq6{}pVcbYJ��vus�qtYX hYX{�mncVYj_u y`e{}dg_VW�YX_yk�mncV¡hYXs�q|paqtYj��`e_3k}TVYCqtYjxypVYj_hk}`emgca�(m¦s5CF«
k}`bW�Y�`e_a��Y-·Vmnkt`edg_�A��amg{�kAdg��ktTaY�YX_u u`b{}dg_VW�Yj_hk�mncÑ�VmnktY�{}YjxypV`e{tYJ�3ktd3fhYX_VYj{}mnktYCktTVY�¡hYXs'mg{tY^vamhq�YJ�'dh_�k}`bW�YFC � � ��|_u u`e{tdh_VW�YX_yk}mgc�¡gYXs%fgYX_aYX{�m�kt`edg_�Tamhq�dg_Vces%vwYXYj_��a{tdh��dyq�YJ����{}dgWÜm^ktTVYjdg{}Y-kt`oiXmgc���dh`b_yk|dg�w u`eYX�³vys%ktTVYAmgp�ktTadg{�q ��¶ dgW�Ymhq��wYji-k}q�q�k}`bcec�_VYjYj��k}d�v�Y6ktTVdh{tdhpVfgTacbs^ktYJq�k}Yj� � z�mn{tkt`oi-pacemg{tcesg«J��dg{�W�dhq�k�dn�Vk}TVY"i-dg_�q�k}{tpai-kt`edg_aq�ktTaYXs��V{}dg�wdhqtYj�r«jk}TVY"m�ktk}mgi�¡hYX{`oqAce`b¡hYXces3ktd�§a_a�
ktTaY�¡gYXs�vus'dgv�q�Yj{t u`e_Vf�v�dgktT�ktTaY�mnfgYj_yklmn_a��ktTaY�YX_u u`b{}dg_aW�Yj_yk � S(TVY�q�YJmn{�i�T�qt�amgiXY���dg{"k}TVY%mgi-kt`e �m�kt`edg_�Vmnk}m�W3m¦s�mnce�¤m¦s�q�vwYlq�W3mgcbc�YX_VdhpVfgT�ktd�mncecbd�� mn_�Y-·�Tamgpaq�kt`e gYAqtYjmn{�i�T3mn�V�a{tdymgi�T � 8 dg{}YXd� gYj{j«�vus�dgvaqtYX{} u`b_af^W�dhvV`bceYlmgfgYX_ykmhiFkt`edg_�qX«�k}TVYlmnk�k}mhi�¡gYj{ W3m¦s�YJmgqt`bces%��YXktYj{tW�`e_VY"�"TVYX{}Y"mn_a���"TV`oi�T�¡u`b_a��dg�R�Vmnk}mCktTaYAmnfgYj_yk�`oq�`e_yktYX{}Yjq�ktYJ��`b_ � S(Tamnk|`bW��Vce`bYJqk}Tam�kCm��am�k}`bYj_hk^mn_amgcbs�q�kA�"`bcec�dhv�k}mg`b_�`e_���dg{}W3m�kt`edg_?mgv�dhp�k"ktTaY�mnfhYX_yklm�k"k}TVY�q}mnW�Y�k}`bW�Y�k}TV`eqlcemnk�k}YX{l`oqlmhiFk}`b �m�k}Yj�
vus'k}TVY
qtpV`bk}mnvacbY�Yj_y u`e{tdh_VW�YX_yk}mgcÑ�Vm�k�m �

ª Y=_Vd��,�V{}YjqtYX_yk�m��V{}mhiFk}`eijmncCmg_a� Y  3iX`bYj_yk'paqtY=dn��Yj_u y`e{}dg_VW�YX_yk�mncA¡hYXs³fgYX_aYX{�m�kt`edg_ `e_ ktTaYNiXmhq�Y=dn�� u`b{�mncCi-d���Y
mg{tW�dgpa{t`e_Vf �

� � 	ê�"�
�(� + �Õ�������%�'���"! )ê+F����.¤5¸���
� 83:3;=<?>A@^BED3+F���
.

� Y-kApaq"��`oq}i-paq}q¤_Vd�� ktTaY�fgYX_aYX{}`eil�µmnW�`ecbs� u`e{tp�q6_�mnW�Yj��¬�R®�¯�°y±u² ��ª `bktTVdhp�k"cbdyqtq(dg��fgYj_VYX{�mnce`bk�sg«y�6Y�i�TVdudhqtYCktd3��Yjq}i-{}`ev�Y
dh_Vcbs3m�vamgqt`oiAvVp�k(�wd��6Yj{���pVcwY-·VmgW��acbY ��¶ dhW�Y 8 dh{tYCi-dgW��VceY-·3�V{}dnk}d�i-dgcoq|T�m¦ gYlvwYXYj_���Yj gYjcbdh�V��YJ�3dg{¤mn{}YCiXpV{t{}YX_yk}cbs�pV_a��Yj{q�ktpa�Vs�AµqtYXY ¶ YjiFk}`bdh_�!
C � S��6d3��`��RYX{}YX_ykAi-d���Yjq(T�m¦ gY�v�YjYX_���Yj gYXcedg�a��YJ��mg_a��k}Yjq�ktYJ� 1

@ m3��`e{tYJiFktYJ�
vVp�klfhYX_VYj{t`oi� u`b{}paq(�"TV`oi�T?mn`eW3qAm�klqt��YJi-`b§�iXmgcbces'`e_���YJiFkt`e_Vf'm�fh`b hYX_
fg{}dgpV��m�W3mgi�Ta`b_VY%�¦�wYXdh�VcbY�Aµ ¦mg{t`omn_yk
0 C-«

@ m���`b{}Yji-ktYJ�' u`e{tpaq"�VYj��`oiXmnktYj��k}d�qt�wYji-`b§�ijmncecbs'q�kt{}`e¡gY�dg_Vces'mg_ys'fg`e gYX_
paqtYX{ Aµ ¦mg{t`omn_yk J C �
8 `e_Vdh{% �mn{}`emg_yk}q�Tam¦ hY3v�YjYX_´k}Yjq�ktYJ��mgq%�6Yjcbc¤mn_a�©�"`ecbc¤vwY�cb`oq�ktYj��cemnktYX{�dg_ � S(TaY'i-d���YJq�Tam¦ hY3v�YjYX_ ��YJq�`efg_aYj�©vwdnktT���dg{
ª `e_a��d��Aq(mn_�� � _V`¨·
q�s�q�ktYXW3q � S(TVYXs�qtpaiXiXYjq}q���pacbces3W3mn_amgfgYj��ktd�vusy��mgq}q¤mg_ykt`e y`e{�mncRq�dg�ðk��¤mg{tYC�"TV`ei�T
mncecR{tYjW�mg`b_aYj�'qt`ecbYj_hk �
¶ `e_aiXY�¬wR®�¯�°h±u²¹ u`b{}paqtYjq�mn{}Y'dg_acbs´�V{}dudn�ð¢ßdn�ð¢øi-dh_ai-Yj��k% u`b{}paqtYjqj«|�¤Y��"`ecbc¤��d�i-p�q�dh_Vces´dg_�k}TVY�mn{}W�dh{t`e_VfN�V{tdgktd�i-dhc6��mn{tk ��6dhW��acbYXktYlqtdgpV{�i-Y"iXdu�VY"`eq£_Vdnk£m¦ �mn`ecomnvVceY � S(TVYAfgYj_VYX{�mncVq�kt{}pai-ktpV{}Y"dn�wktTVYCi-d���Yjq|`eq£fg`e gYX_�`e_ º `efgpa{tY A��>C�mg_a��q�pVW�W3mn{}`ONXYj�

D CPV CPV21 CPV3

1 2 3

º `bfhpV{}Y���1 T  gYX{�mncecÑq�k}{tp�iFktpa{tY�dn��¬�R®�¯�°y±u² iXd���Yjq

mhq¤��dgcecbd��Aq?1
@ mC�VYji-`e�VTVYj{tW�Yj_hk��V{}d�i-Yj�VpV{tY

D
�"TV`ei�T��VpV{}��dyq�Y¤`oq ktd�i-dgceceYjiFk�mgi-kt`e �m�kt`edg_��Vm�k�mV«�k}Yjq�k�mg_a��YX �mncepam�k}Y£k}TVYXW mn_a��§a_amnceces

��YjiX`b�aTVYX{(k}TVY���`��wYj{tYj_hkAYj_ai-{}su��ktYJ�'��mn{tk}q(dn��ktTVY�iXd���Y 

@ m�§�{}q�k¤Yj_ai-{}su��ktYJ�3�amg{�k ���lz

1

�"`¨k}T'YX_�i-{}sy�Vkt`edg_'¡hYXs
K1
� T _ai-Y^��YjiX`b�VTaYX{}Yj�Ñ«yktTa`eq(�amg{�k(`e_aq�k�mnceceq¤mncecÑmn_ykt`b¢ømn_ykt`e u`b{�mnc��pV_ai-kt`edg_aq Aµ�amgq}qt`b hY^mg_a��mgiFk}`b hY>C �

@ m�q�YJi-dg_��?YX_�i-{}sy�VktYj�N�amg{�k ���Cz
2

�"`¨k}T©YX_aiX{tsu��k}`bdh_=¡gYjs
K2
� S(TV`oq��amg{�k�i-dh_yk}mn`e_aqCktTaY�`e_���YJiFkt`edg_ ��pV_�iFkt`edg_�q�mn_a�ktTVY3�wdgcesuW�dg{}�VTV`oq�WÌ�V{td�iXYj��pV{}Yjq �3ª TVYj_´{tYj�Vcb`oiXmnkt`e_Vfa«�ktTVY3 u`e{tp�q��"`bcec£mgcb�(m¦s�q^mg_a�©i-dhW��acbYXktYXcesNi�T�mn_VfhY�`bk}q���dg{}W

A�`e_ai-cepa��`e_Vf�k}TVY���YjiX`b�aTVYX{}W�YX_yk"�V{td�iXYj��pV{}Y>C �
@ m3k}TV`b{��?��mn{tk����Cz

3

A�dh��kt`edg_amgc�CA�"`¨k}TNYj_ai-{}su��kt`edg_=¡gYXs
K3
� � k�iXdg_yk}mg`b_aqlktTaY��am¦sucedhmh�
��pV_aiFk}`bdh_aq�A�`e_NdhpV{�iXmgqtYg«Ñm

q�`eW��VceY�dg�wYX_V`e_Vf��"`b_���d�� `oqtqtpV`e_Vf3m�`b_���YJiFk}`bdh_
�(mn{}_V`e_Vf�`b_�dg{���Yj{6k}d3¡gYjYX��i-dg_yk}{tdhcwd� hYX{¤ktTaY^ u`e{tp�q�C �
� dnktY�k}Tam�k(k}TVYjqtY^ktTV{}YXY�YX_�i-{}sy�VktYj���amg{�k�q¤mg{tY�YX·�mhiFk}cbs3dg��ktTaY�qtmgW�Y�qt`7NjY^`e_�dg{���YX{¤k}d�fh`b hYlk}TVY�q�ce`efgTyktYJq�k"`e_���dg{}W3m�kt`edg_�dg_k}TVY�pV_a��Yj{tcesu`b_af�iXd���Y �

� Y-kApaq"_ad��¹��YJqtiX{t`ev�Y�k}TVY�¡hYXs�W3mn_�mnfgYjW�YX_yk"�V{tdgktd�i-dhc � S(TaY�mgiFk}`b �mnkt`edg_��Vm�k�m �'`b_�dnk}TVYX{l�6dh{}�Vq6k}TVY%�Vmnk}m�{tYJxypV`b{}Yj�
k}d�i-dg_�q�k}{tpai-k(ktTVY���`��RYX{}YX_yk"¡gYXs�q �'mn{}Y�A� �mn{}`omn_yk 0 C�1

å+*�ä�åðØ
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@ ktTVY�ced�iXmgc ���^¶ mh�V��{}Yjq}qKA�Y � f ��� iXdgW��amg_ys � iXdgWGCF«���Yj_Vdnk}Yj�
α
«

@ i-pV{}{}YX_ykAq�s�q�ktYXW0kt`eW�YGAµTVdgpa{}q(TVT�dh_Vcbs5C¤mn_��
�am�ktY�AµW�W3�V�HCF«��VYX_VdgktYj�
δ
«

@ m��amn{tkt`oi-pVcomn{"�Vmnk}m��V{}YjqtYX_yk"`b_
k}TVY�k}mg{tfhY-kAq�s�q�ktYjW;ALq�C Aµ`b_�dgpa{AiXmgqtY�m��amn{tkt`oi-pVcomn{¤§aceY>C-«a��Yj_Vdnk}Yj�
ι
«

@ m%��mn{tkt`oi-pVcomn{¤`b_V��dg{}W�mnkt`edg_�pV_a��Yj{¤ u`e{}mgcÑi-d���Y�mnp�k}TVdg{(i-dh_hk}{tdhcL«uced�iXm�k}Yj�'dgp�k�q�`o��YCktTVY�qtsuq�ktYjW A��VpavVcb`oi�i�Tamn_a_VYXc+C6vVp�k
Yjmhq�`ecbs�mgiji-Yjq}qt`bvVceY¤ktd�k}TVYA u`b{}paqoAµ`b_3dhpV{£ijmgqtYg«gm�fh`b hYX_��6Yjv��amnfhYAi-dg_yk�mn`e_V`b_af�m���mn{tkt`oi-pVcomn{| �mgcbpVY"�"TadhqtY"�V{tYJq�Yj_ai-Y(`oq
cb`eW�`¨k}Yj��`e_�kt`eW�YCmn_a��{tYjcemnktYJ�%k}d�ktTVY" �mgcbpVY

δ
C 
h`bk£`oq|��Yj_Vdnk}Yj�

π
mg_a��dgv�k�mn`e_VYj����{}dgWÙk}TVYATamhq�T�dn�wktTa`eq£`b_���dh{tW3mnkt`edg_��

º dg{CktTVY� �mn{}`emg_hk J «Ñ�Vmnk}m ι
`oq�m�fh`b hYX_��VpVvacb`oi%¡hYXs��"TV`oi�T?`oql�V{}YjqtYX_yk^`b_ m �����2��)+�
	
� 	���	 ��dh{lY-·VmgW��acbY � S(Tupaqj«wktTVY� u`b{}paqW3m¦s3k�mn{}fgY-kAm��amg{�k}`eiXpVcomn{(paqtYX{"dg{"p�q�Yj{}q"iXdgW�W%pV_a`eijm�kt`e_Vf�ktTa{tdhpVfgT
YX_aiX{tsu��k}Yj�
YXW3mg`bcoq �n�Vm�k�m%�"`bktT�mg_ys'fg`e gYX_
paqtYX{ � S(TVY u`e{}mgc�iXd���Y�paq�YJqCktTVY3Tamhq�T=��pV_ai-kt`edg_ ¶ � 0 ¢}�;P ��R£mgq^dh_VY-¢ß�¤m¦s
��pV_�iFkt`edg_ A�TaYX{}Y��VYX_VdgktYj�

H
C � S(TVYj_r«ÑktTaY3YX_u u`b{}dg_VW�Yj_hk�mnc¡hYXs��V{}dnk}d�i-dgcÑ`oq"��YJqtiX{t`ev�YJ��mhq¤��dgcecbd��Aq?1

� � ktTVY���YjiX`b�VTaYX{}W�Yj_ykl�V{}duiXYj��pa{tY D
iXdgcecbYJiFk}q"ktTVY%mhiFk}`b �m�k}`bdh_?�Vm�k�m�YX`bktTVYj{C��`e{}YjiFk}cbs�A

α, δ
mn_��

π
C"dg{l{tYj��YJm�ktYJ��ces���A

ι
C

mn_a�'i-dgW��VpVktY�m���!h��¢ßvV`bk£ �mncepVY
V
fg`e gYj_�vus

H(H(α⊕ δ ⊕ ι⊕ π)⊕ ν)
�"TVYX{}Y

ν
`eq6ktTaYA§a{�q�kA���¦Z�vV`bk}q¤dn��� �lz

1

Aµ`b_
`¨k�q"YX_�i-{}sy�VktYj�'��dg{}WGC �

Z � `¨� V = M
�"TVYj{tY

M
`eq�k}TVY ��~2��) $�����)���� $���6���! iXdg_yk}mg`b_aYj��`e_�k}TVY� u`b{�mnc(i-d���Yh«�ktTVYj_

K1 = H(α ⊕ δ ⊕ ι ⊕ π)dnk}TVYX{}�"`eqtYCktTVY���YJi-`e�VTVYj{tW�YX_ykA�V{}d�i-YJ��pV{}Y^q�ktdh�aq"mn_a�
��`oq�`e_���YJiFk}q"ktTVY��V{}YjqtYX_ykAqtsuq�ktYjW ��{}dgW k}TVY��"TVdgceY� u`b{�mncÑi-d���Y �
- � D �VYji-`e�VTVYj{}q � �lz

1

�a{td���paiX`b_af �Cz
1 = DK1

(
���Cz

1)
mn_a��comnpV_ai�TaYjq�`bk � S(TVYX_ D

`eq�iXdgW��Vp�k}`b_Vf
K2 = H(K1⊕ν2)�"TVYX{}Y

ν2

`oq¤ktTVY%�V�JZ%cemhq�kAvV`bk}qAdn� �Cz
1
�

� � D ��YJi-`e�VTVYX{�q'� �lz
2

�V{}d���pai-`e_Vf �Cz
2 = DK2

(
���lz

2)
mn_a�?cemgpV_ai�TVYJqA`bk � S(TaYX_ D

`oq^i-dgW��VpVkt`e_Vf
K3 = H(K1 ⊕

K2 ⊕ ν3)
�"TVYj{tY

ν3

`oq(k}TVY%���¦Z�comgq�k"vV`¨k�q"dn� �lz
2
�

� � D ��YjiX`b�VTaYX{�q ���lz
3

�V{td���p�i-`e_Vf �lz
3 = DK3

(
� �lz

3)
mn_��'comnpV_�i�TVYjq(`bk �

! � 0 �ðk}YX{A u`e{tpaq"mhiFk}`bdh_�`oq"i-dhW��acbYXktYj�r«�ktTVY� u`e{tp�q"��`eqt`e_���Yji-k}q"`bk}qtYXcb��k}dnk�mncecbs �
¶ dhW�Y�{tYjW�mg{t¡�q¤iXmg_
vwY�W3mg��Y�mgv�dhp�k(ktTV`oq"�V{}dnk}duiXdgc�1

@ ��{tdhW {}YX�Vce`oiXm�k}`bdh_³ktd´{}YX�Vce`eijm�k}`bdh_r«¤ktTVY?�"TadgceY?i-d���YmAµ`b_aiXcbp���`b_af��V{}duiXYj��pa{tY
D

mn_��  �mgcbpVY
M

C�Tamgq�iXdgW��VceY-k}YXces
i�Tamn_afgYj�³Yj gYX{}s�k}`bW�Y � S(TV`eq'`bW��Vce`eYjq
m ktdnk�mnc^i-dg_yk}{tdhcAdn��ktTaY=�wdgcesyW�dh{t�VTa`ei��V{}d�i-YJ��pV{}Y�{tYjcemnkt`e gYXces�k}d´ktTaY=¡gYjs
W3mn_amgfgYXW�Yj_hk��a{tdgktd�i-dhc"vys ktTaY=mnp�k}TVdg{'dn��ktTVY= y`e{�mncliXdu�VY�A )��+!>� k}TVY?YX hdgcep�kt`edg_ dg�^k}TVY=mhiFkt`e �m�k}`bdh_ �am�k}m �³`b_
�V{�mgiFk}`eiXY�dg_Vces3ktTaY� ¦mgcbpaYjq

δ
mn_a�#��dg{

π
C �

@ ktTVY��apV{t�wdhqtY�dn�  ¦mgcbpaYjq
Cx

`eq"ktd�W3mn¡gY^k}TVY��Vm�k�m�q��amg_'k}TVY��"TVdhcbY�`e_V�Vp�kCqt�amhi-Y�AL���¦Z�vV`¨k�q�C �
@ ktTVY��V` �RYX{}YX_yk"�amn{tk}q �Cz

i

W3m¦s�vwY�i-dhW��a{tYJqtqtYj�'v�YX��dg{}Y�YX_aiX{tsu��k}`bdh_ �
@ ktTVY�¡hYXs�q

K1, K2

mn_��
K3

ijmn_�v�Y�W3mg�VY�`b_a�VYX�wYX_a�Vmg_ykAvys'paq�`e_Vf3mg�a��`¨k}`bdh_amncÑYj_u y`e{}dg_VW�YX_yk�mncÑ�Vm�k�m �
@ ktTVY�mnpVktdn¢ø��`oq�`e_���YJiFkt`edg_'W�m¦s�vwY^�VYXcom¦sgYj��`e_'dh{}�VYX{|k}d�T�mn_a��ceYAk}TVYCkt`eW�Y�mn_��'�VmnktYl �mgcbpVYJq£`e_�m�ceYjq}q6q�kt{}`ei-ktces��¤m¦s � � _ktTamnkliXmhq�Yh«hk}TVY���YJi-`e�VTVYX{}W�YX_ykA�V{}d�i-Yj�VpV{tY

D
{tYjW3mn`e_aq"mgi-kt`e gY^`b_�qtsuq�ktYjWîW�YXW�dh{ts �

T k}TVYX{� ¦mg{t`omn_yk�q�Tam¦ gY3vwYXYj_©ktYjq�ktYJ�´mgq��¤YXcecP«��amg{�k}`eiXpVcomn{}cbs�k}d?�V{}d���pai-Y�k}TVY�W�dhq�k%dh��kt`eW3mnc£iXdu�VY�`b_©k}YX{}W3q�dn�Aqt`7NjY�mn_a�
q�ktYJmncbktTV`e_VYjq}q � S(TVY�W�dyq�klqt`efg_V`b§�iXmnkt`e gY^ �mn{}`emg_hk"`oq¤ktTVY���dhcbced��"`e_Vf�1

@ ktTVY�pa_a��YX{}cesy`e_Vf3i-d���Y�`oqAi-dhW��V{tYJqtqtYj�r«
@ `b_�q�k}Yjmg�'dn� YXW%vwYj�a��`b_af�iXdgW��V{}Yjq}q�`edg_�mn_a�'YX_aiX{tsu��k}`bdh_'��pV_�iFkt`edg_�q6�"`bktTa`b_
ktTaY^ u`e{tp�q¤iXd���Yg«uk}TV`eq(com�ktktYj{¤�"`ececÑv�dh{t{}d��
cbd�ijmncÑ{}YjqtdgpV{�i-YJq£`b� �a{tYJq�Yj_hkJ«

��� ÍJë6ÚAÂ�Ë^ÆFÖ �Lë�ÝøÓ�ÓLÞ�Â}Ó�ÓLÞ¦ë6ÒJÉLë�ÄPë�Í¦Ý�ë(Æ��aÓLÞ¦ë �Ñë�Ö¦Ò¦Â�ÊFë �¦ÉµÃ ��È ÓLÞ¦ÈÅÍ�ÓLÞ¦ë£Ò¦ÉLÆXÝ�ë�ÎF�¦Éµë
D
Ý�Æ��JÃÅÎ�ÊFÈ �-ë¤Âh�¦ÄLë �7�¦ÃVÈÅÍ��bÆFÉLÚAÂ}ÓLÈÅÆFÍ^ÓLÆ"ÓPÞ¦ë¤Â�Í�Â�Ã ËjÄLÓ 	ÛjÈÅÍ¦Ý�ë�ÓLÞ¦ë �Ñë�Ö¦Ò�Â�ÊFë|ÈÅÄk�¦Í¦Î¦ë�É�ÚAÂ�Ã �rÂ�Éµë�ÂL�JÓLÞ¦ÆFÉ
	 Ä Ý�ÆFÍXÓLÉµÆFÃo×�È Ó�ÈÅÄrÂ �-ë�ÉµËlÎF�¦ÍJÈÅÆ��¦Ä�Þ-ËjÒgÆ�ÓLÞ¦ë�ÄPÈÅÄrÓLÞ�Â}Ó�ÓLÞ¦ë|Â}ÓµÓßÂ�Ý��Fë�É�Ý�Æ��¦ÃÅÎ^Ä��¦Ý�Ý�ë�ÄLÄ �7�¦ÃÅÃ ËlÂ�Ý�Ý�ë�ÄLÄ�ÓLÆÓPÞJë¤Ä��JÈ ÓßÂ�Ö¦ÃÅë6Â�ÝøÓPÈ ��Â}ÓPÈÅÆFÍ%Î�Â}ÓPÂJ×yë�ÄLÒgë�Ý�È Â�ÃÅÃ Ë�È �aÓLÞ¦ë¤Î�Â}ÓPÂlÂr�FÂ�ÈÅÃ Â�ÖJÈÅÃÅÈ ÓðË�ÈÅÄ*�-ë�É�Ë�ÃÅÈÅÚ"È ÓLë�Î^ÈÅÍ^ÓPÈÅÚ"ë�	 *�ÆFÍ¦ëøÓLÞ¦ë�ÃÅë�ÄPÄt×��Ñë£Þ�Âr�-ë6Î¦ë%�-ë�ÃÅÆFÒJÒgë�Î%ÂY�FÂ�ÉµÈ Â�ÍXÓÆ��rÓPÞ¦ëAÖ�Â�ÄLÈÅÝ"Ò¦ÉµÆ�ÓPÆXÝ�ÆFÃk��Þ¦ÈÅÝPÞ�ÈÅÄ|Î¦ÈÅÄPÝp�¦ÄLÄPë�Î�ÈÅÍ%ÓPÞ¦ÈÅÄ£ÄPë�ÝøÓLÈÅÆFÍ 	�åðÍ¦ÄµÓPë�Â�Î�Æ���ÆFÍ¦Ã Ë%ÆFÍ¦ëAÎ�Â}ÓPÂ
π
× �Ñëo�¦ÄLë(Ó+�ÑÆ�ë%�jÓLë�ÉLÍ¦Â�Ã�Â�ÝøÓLÈ �FÂ}ÓLÈÅÆFÍ�Î�Â}ÓPÂ

π
Â�ÍJÎ

π′ 	Rà�Â�ÝßÞ�Æ��VÓPÞJë�Ú³Ý�ÆFÚ"ë �bÉµÆFÚ³Ó+�ÑÆ"Î¦È �gë�ÉLë�Í-Ó*�Rë�ÖJÒ�Â�ÊFë�Ä 	rárÞ¦ë|ÄPë�Ý�ÆFÍ¦Î �Ñë�Ö¦Ò¦Â�ÊFë�	 Ä*�¦ÉµÃ�ÈÅÄ�ë�Í¦Ý�É�ËJÒjÓPë�Î�ÖXËCÚ"ë�Â�Í¦ÄrÆ��VÓPÞ¦ë#�FëøËCÝ�ÆFÍ-ÓLÉ��¦ÝøÓLë�Î �bÉLÆFÚÎ�Â}ÓPÂ
α, δ, ι

Â�Í¦Î
π
	 � Í¦Ý�ë|Î¦ë�Ý�ÉµËjÒJÓLë�Îy×hÓLÞ¦ëI�jÈÅÉ��¦Ä�ÊFëøÓPÄ�ÓPÞ¦ë£ÄPë�Ý�ÆFÍ¦Î�Â�ÝøÓLÈ �FÂ}ÓLÈÅÆFÍ�Î�Â}ÓßÂ

π′ Â�Í¦Î�Â(ÄPë�Ý�ÉLëøÓ�Ònë�ÉµÚ �JÓPÂ}ÓPÈÅÆFÍ �7�¦Í¦ÝøÓLÈÅÆFÍ
P � Â}Ó�ÓLÞ¦ë#�-ë�ÉµËÖnë�ÊFÈÅÍJÍ¦ÈÅÍ¦Ê(Æ��aàVÇ �

1  	aìVÈÅÍ�Â�ÃÅÃ Ë-×JÓLÞ¦ëI�FëøË K′

1

ÈÅÄrÖF�¦ÈÅÃÅÎ �eÉµÆFÚ Î�Â}ÓßÂ
P (α), P (δ), P (ι) Â�Í¦Î π′ ÈÅÍlÓLÞ¦ë�ÄPÂ�Ú"ë*�rÂ�Ë^Â�Äk�FëøË K1

ÈÅÄ 	VåðÍCÓLÞ¦ÈÅÄ �FÂ�ÉµÈ Â�ÍXÓ�×
K1

ÈÅÄrÄ��JÒgë�ÉµÄPë�Î¦ë�Î�Ö-Ë
K′

1

	� ¡Aärë�Ònë�Â}ÓLë�ÎJÃ ËD¢(Ú"ë�Â�Í¦Ä�ÞJë�Éµë¤ÓLÞ�Â}Ó�ÓLÞ¦ë �jÈÅÉ��¦Ä�ÄLÝ�Â�Í¦Ä£Â�ÍXË�Î¦Â}ÓßÂlÝ�ÆFÍ-ÓPÂ�ÈÅÍ¦ë�Î�ÈÅÍ�ÓPÞJë(ÄLËjÄLÓLë�Ú 	|åðÍ%Æ��JÉ�ÝtÂ�ÄLë � ÂlÊFÈ �-ë�Í ��ÃÅë  ×hÓPÞ¦ë �JÈÅÉ��¦Ä�ÃÅÆXÆ��jÄÉLë�Ýp�¦ÉµÄPÈ �-ë�Ã Ë �bÆFÉRÓLÞ�Â}Ó Î¦Â}ÓßÂ¤ÓLÞ¦ÉµÆ��¦ÊFÞ�ÓPÞJë�ÓPÉµë�ë��¦ÃÅë�ÄLËjÄLÓLë�Ú 	

ä�ä*Í�¤aç�¥Fç�¦
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@ ktTamnk%`eW��acb`eYjq%ktTamnk%dg_aY�W�dg{}Y'mgi-kt`e ¦mnkt`edg_´�Vmnk}m�`oq�{}YjxypV`e{tYJ�´mn_a�©{}YX�wYjmnktYJ��cbs qtijmn_V_aYj� ��dg{>1�Y-·�`eq�ktYj_ai-Y'dg{�_Vdgk%dn�
i-dhW��a{tYJqtqt`bdh_�mg_a�'Yj_ai-{}su��kt`edg_�qtdn�ðk��(mn{}Yjq �

º dg{%mgcbc| �mg{t`omn_yk}q��6Y���Yj gYjcbdh�V��YJ�Ñ«�Yj_ai-{}su��kt`edg_´mgcbfhdg{}`¨k}TVW3q^ktTamnk%Tam¦ gY�vwYXYj_´paq�YJ�©mn{}Y��"�6� Pe�JZFR6mn_a�´�A� !bPe� - R¤�"TV`bceY
f�NX`e��iXdgW��V{}Yjq}q�`edg_'Tamgq(vwYXYj_�i�TadhqtYX_ �

� )ê+F� �%4 �$�3!��Õ�,���%4F�3.�+-.*����! ������������
��4F�3.�+-.

S�d3YX �mncepamnktY^ktTVY�iXd���Y�mn_amgcbs�qt`eq(i-dhW��VcbYX·�`¨k�sh«uk��6d3iXmhq�YJq¤W%paq�kAv�Y�iXdg_aqt`o��YX{}Yj� 1
@ ktTVY�mg_amnces�q�k"Tamhq¤ktTVY� u`e{}mgcÑvV`b_�mn{}`bYJq"m�k"dg_VY�� q"�V`eqt��dyqtmgcL«
@ ktTVY�mg_amnces�q�kA��duYJq(_Vdnk"Tam¦ hYCk}TVYXW �

S(TVY^q�YJi-dh_a�3iXmhq�YA`oq6W�dh{tY"ce`e¡gYXces�ktd�T�mn�V�wYX_�`b�r�¤YCi-dh_aqt`e��Yj{�ktT�m�kj«u`e_'mn_us�iXmhq�Yh«nktTaYl u`b{}paq£cb`eW�`¨k�q£`bk}q6�V{}YjqtYX_aiXYA`b_�q�`o��YAk}TVY
k�mn{}fgY-kAqts�q�k}YXW0vus��V`eqt`b_V��YjiFk}`b_af�`bk}qtYXcb� ��{tdhWî`bk �

J p�k�ceY-k�paq%q�pV�a��dyq�Y�ktT�m�k�ktTaY�mn_amgcbs�q�kj«�Yj gYj_N`b�¤`bk�`oq� gYj{ts?pa_Vcb`e¡gYjcbsh«�Tamhq�W3mn_amgfgYj�?ktd�fhY-k�dg_aY�iXdg�us?dg�6k}TVY3 u`b{}paqvV`e_amg{t`eYjq �'� YXklpaq^q�TVd��¹ktT�m�klk}TVY%Yj_u y`e{}dg_VW�YX_yk�mncÑ¡gYjs�fhYX_VYj{}mnkt`edg_��V{}dnk}duiXdgcr�a{tYJq�Yj_hk}Yj��`e_?q�YJiFk}`bdh_���Y  �i-`eYX_yk}cbs
��dg{}vV`o�Vq
iXdu�VY�mn_amgcbs�qt`eq¤pV_VceYjq}q"m�i-{}su��k}mg_amnces�q�`oq¤�V{tdhvVceYXW0dg� YX·u�wdg_aYX_ykt`omncriXdgW��VceY-·�`¨k�s'`eq"qtdgce gYJ� �
� � À��£À � y � yµÀ�x z�� ��!�������6��F,L)�,D�p�o��~��>"�!I�������%!�~2�%!�"=�&�K���5! !2�$>)+�����H��!2���%��6 ��!2�$	�!2��!2������)����K�������%�?~L��6�"�!��#��!�" )+�G� !�~2��)����
� )�,=� �������267!&� �*��)�~L�;�5��, !��&�5����!2����)���6*~L���o��67!���)+�����

� Y-kApaq"_ad��¥�V{}d� gYCktTV`oq"�V{}dg�wdhqt`¨k}`bdh_ �
� ���?�r�&�
º `e{}q�ktcesg«VceY-kAp�q({tYjW�mg{t¡�k}Tam�kl�VYji-`e�VTVYj{tW�Yj_hk"�V{}d�i-YJ��pV{}Y D

ceYjmg¡uq¤dh_Vcbs�ktTVY���dhcbced��"`b_af�`e_���dh{tW3m�k}`bdh_k1
@ ktTVY�mhiFk}`b �m�k}`bdh_� �mgcbpVY

V
«

@ ktTVY��µmhiFk"k}Tam�k(ktTaY� y`e{}paq(cbdudh¡uq¤��dh{(ktTVY�qts�q�k}YXW k}`bW�Y�mg_a���Vm�k}Yg«
@ ktTVY��µmhiFk"k}Tam�k(ktTaY� y`e{}paq"qtijmn_aq¤��dh{Aq��wYjiX`¨§wi��Vm�k�m

α, ι
mn_a�

π �

8 dh{tYjd� gYj{j«gktTVY�mn_amgcbs�q�k¤`oq(mnvVceYAk}d�mg_amnces�NXYlktTVY� u`b{}paq6`¨��mn_a�'dg_Vces3`b��TVY^¡y_ad��Aq|k}TVY�q�YJi-{}Y-k6¡hYXs K1
� � k(ijmn_'vwY�dgv�k�mn`e_VYj�Yj`¨k}TVYX{�vus���`e{tYJiFk|i-{}su��k}mg_amnces�q�`oq�dg{�vus�fgpVYJqtqt`b_aflk}TVY(Y-·Vmgi-k  �mncepVYJq�dg�ak}TVY"��` �RYX{}YX_yk|mgi-kt`e �m�kt`edg_��Vm�k�ml{}YjxypV`e{}Yj��k}d�fgYX_aYX{�m�ktY

k}TVY�fgdud��'¡hYXs � S(Ta`eq"fhpVYjq}qt`b_Vf�`oq"YjxypV`e �mnceYX_yk(ktd3��`oiFkt`edg_�mn{}s'm�ktk}mgi�¡�q �S(TVY�iX{tsu��k�mn_amgcbs�qt`eq(mg�V�V{}dhmgi�T�mn`eW�qlm�k(§a_a��`e_Vf�k}TVY� �mncepVY
K1

qtpai�T'k}Tam�k
H(K1 ⊕ C1) = M

�"TVYj{tY
M

mn_a�
C1

mg{tY
YJmgqts?ktd=`e��Yj_ykt`b��sN`e_©ktTVY���YjiX`b�VTaYX{}W�Yj_yk%�V{}duiXYj��pa{tY

D �
0 Tamhq�T©��pa_aiFk}`bdh_´`eq%TV`bfhTVces=_Vdh_´`b_�~�YJiFk}`b hY�vus=_amnktpV{}Y � S(Tupaq`bk%iXmg_V_Vdnk�vwY�i-dhW��ap�k}mnkt`edg_amgcbs�`e_u gYX{�qtYj�?`e_©mn_us?�(m¦s�A ����!&)+���2	
!B��!�,�)�,��%����~L! C � �6dg_�q�YJxhpaYX_yktcesg«Ñk}TV`oq��V{}dgvVceYXWêW�paq�k�vwY

{}Y-��dh{tW�pVcemnktYJ�=mgq�m
i-dhcbce`eqt`edg_NqtYjmg{}i�T=�V{tdhvVceYXW Að��dh{�W�dh{tY���YXk}mn`ecoqX«Ñ{}Y-��Yj{Ck}d�P ��«��6Tamn��k}YX{ ��R�C � � _NdgktTVYj{��6dh{}�Vqj«w§a_a� mncec�amg`b{�q(dn��`e_V�Vp�k
x
mn_a�

x′
q�p�i�T'k}Tam�k

H(x) = H(x′) �
S(TV`oq"�V{}dgvVceYXWî`¨k�q�Yjc¨��`oqAi-dhW��ap�k}mnkt`edg_amgcbces�`e_���Yjmhq�`evVceY � S�d3v�Y�W�dh{tY�V{}YjiX`eqtYA§�_a��`e_Vf�qtpai�T'm%�amn`e{¤{tYJxhpa`b{}Yjq

2
n

2

dg�wYX{�m�k}`bdh_aq£��dg{
n
¢ßvV`bk¤`e_V�VpVk¤ �mncepVYJq�A

n = 512
��dh{ ¶ � 0 ¢��>C �£¶ `e_ai-YlktTVY�mn_amgcbs�q�kW�paq�k�mnv�q�dhcbp�k}YXces�§a_a�?ktTVY�Y-·VmhiFkC¡hYXs

K1

AµqtYjiX{tYXk^¡hYXs�{tYJmncecbs�paqtYj�?ktd
YX_aiX{tsu��k^ktTaY� u`e{}mgc iXdu�VY>CF«ÑTaY�W�paq�k^vwY-��dh{tYjTamn_a�
iXdgW��Vp�k}YlmncecVk}TVYA �mncepVYjq

x
qtpai�T�ktTamnk

H(x) = M ��º dh{£m n
¢ßvV`¨k|`e_V�VpVkj«

m
¢ßvV`bk£dgpVkt�Vp�k6TamgqtT���pV_aiFk}`bdh_r«yktTVYj{tY"YX·�`eq�k}q

2n−mqtpai�T
x
A
2352

��dg{ ¶ � 0 ¢}�FC � S(TVYj_r«Rktd�qtpVW�W�mg{t`ONXYh«R{tYJi-d� gYj{t`e_Vf�k}TVY�¡gYXs�{}YjxypV`e{tYJq 2
n

2 × 2n−m
dg�wYX{�m�kt`edg_�q �
ktTamnk^`oqCktd

q}m¦s
2

n
2
−m

2

dg�wYX{�m�kt`edg_�q A
≈ 2131,072

��dg{ ¶ � 0 ¢��>C �
� Y-klpaqA_Vd��¸iXdg_aqt`o��YX{"k}TVY%��`oiFk}`bdh_amn{}s'mnk�k}mhi�¡�mg�V�V{}dhmgi�T � � kCi-dh_aqt`eq�k}q"`e_�YX_upVW�Yj{}mnkt`e_Vf3mncecÑktTVY%��dyqtqt`bvacbY� �mgcbpVYJq(ktT�m�kW�`efgTyk^T�m¦ gY�vwYXYj_NpaqtYj�=mgq^mgiFk}`b �mnkt`edg_=�Vmnk}m � � dnk}Y%k}Tam�kJ«Ñ`b_=ktTamnk^�amg{�k}`eiXpVcomn{CijmgqtYg«wktTaY�mg_amnces�q�klW�paq�k�qt`bW�pVcbk}mn_aYXdgp�q�cesiXdg_aqt`e�VYX{"vwdnktT�k}TVY�YX_�i-{}sy�VktYj�� u`b{�mncriXd���Y�mn_a��k}TVY�q�s�q�ktYjWî`e_
�"Ta`ei�T
ktTaY�i-d���Y�Tamhq(v�YjYX_���dgpa_a� � S(TVY�mg_amnces�q�kAijmn_�kt{}smgcbc£ktTVY���dyqtqt`bvacbY'�am�k}m?{tYjcbYj ¦mg_yk�ktd?k}TVY'qts�q�k}YXW AðktT�m�k�`oq%ktd=q}m¦s

α, ι
mn_��

δ
C�d� gYj{��"TV`oi�T´TVY�Tamhq%i-dh_ykt{}dgc£��pa{t`e_Vf�k}TVY

mg_amnces�q�`oq � � _���dg{tktpa_am�k}YXcesg«Ñ�Vm�k�m π
{}YXW3mn`e_aqAdhp�kCdg�|TV`oqli-dh_ykt{}dgc�mg_a�
ktTupaqCTVY��"`bcec�_adnkCvwY�mgvVceY�ktd
��Y-k}YX{}W�`e_VY�`¨k�qlYX·�mhiFk

 �mncepVY � S(Tupaq�ktTVYj{tY"`oq�_Vd�mg_ys�dnk}TVYX{|W�dh{tY(Y  �iX`bYj_hk¤mn�V�V{}dhmhi�T�k}Tamn_3qtYjmn{�i�TV`e_Vf�Y-·�Tamgpaq�k}`b hYXces���dg{|ktTVYA �mgcbpVY α⊕δ⊕ ι⊕π �
¶ `e_aiXY^mnk¤ceYjmhq�k π

�"`bcecRv�Y�i�TVdyq�Yj_�{}mg_a��dhW�ces�vys�k}TVY^ y`e{�mnc�iXd���Y^mgp�ktTadg{J«gk}TV`eq¤YX·uT�mnpaq�kt`e gY^q�YJmn{�i�T3Tamgq¤i-dhW��acbYX·u`bk�s
2n

`b� m
n
¢ßvV`bkl`b_a�Vp�klTamhq�T
��pV_�iFkt`edg_�T�mgq"vwYXYj_�paq�YJ��A

2512
��dg{ ¶ � 0 ¢��>C � 0 cbc�ktTV`e_Vfhqli-dg_�q�`o��YX{}Yj�r«�ktTVY�d� hYX{�mncecri-dhW��acbYX·u`bk�s�dg� k}TVYiXdu�VY�mn_amgcbs�qt`eq¤`oq

min(2n, 2
n
2
−m

2 ) = 2n � �

å+*�ä�åðØ
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S(TVY��V{}dydg�ð¢Pdg�ð¢ßiXdg_aiXYX��k� u`e{tp�q%¬�R®�¯�°y±u²¥Tamhq�vwYXYX_ ��Yjqt`bfh_VYj�´mg_a�´��`oqtiXpaq}q�YJ� ktd?`ecbcepaq�kt{�m�k}Y�ktTaY3�µmgi-k%ktT�m�k�Y  �i-`eYX_yk�mn{t¢
W�dgpa{t`e_Vf'`oq^��dyqtqt`evVcbY � ¬�R®�¯�°h±�² mn_���dnk}TVYX{^Y  �i-`eYX_yk� u`b{}paqtYjqCdn�6q}mnW�Y%¡u`e_a�?�wdhqtY�k}TVY��V{tdhvVceYXWêdn�£m'ktTa{tYJm�kC�"Ta`ei�T q�d
�µmg{j«h`eq�`eW���dyqtqt`bvacbY(k}d���YjmgcV�"`¨k}T � S(TVY"��dhcbsuW�dg{}�VTV`oi¤_am�k}pV{}Y"dn�Ñq�pai�T�i-d���YJqX«h�"TVYX_�dh��kt`eW3mncecbs�`eW��VceYXW�YX_yktYJ�Ñ«h��dg{}vV`e�aq�mn_us��YXktYJiFkt`edg_�vamgqtYj�'dg_Vces3dg_�ktTVY���YJi-`e�VTVYX{}W�YX_yk(�V{td�iXYj��pV{}Y

D � � pV{}`b_af%k}TVYCYX·���Yj{t`eW�YX_yk}qj«���Y-k}YjiFk}`bdh_'vamhq�YJ��dh_�v�YjTam¦ u`bdhpV{W�dg_a`¨k}dg{}`b_Vf3mg_a��mg_amnces�q�`oq¤Tamgq(vwYXYj_�q�paiji-YJqtq���pVcecbs�vusu�amhqtqtYj�
mgq(�¤YXcec �z�YX{}W3mnW�YX_yklmg_a����`e{tYJiFkAW�YXW�dg{}s'W�dh_V`¨k}dg{}`b_af3W�`efgTyklvwY%m3qtdgcep�kt`edg_�k}d���Yjmgc��"`bktT?qtpai�T�Y  �iX`bYj_hklmg{tW�dhpV{tYJ��i-d���Yjq �
J Yjqt`o��Yjqj«ÑTVYjm¦ us�qtsuq�ktYjWê{tYJqtqtdgpa{}iXYjqAmg{tY�{tYJxypV`b{}Yj�=mn_a�?ktTV`oq�mn�V�V{}dhmhi�T�`bW��Vce`eYjq^ktd
vwY�m¦�(mn{}Y�dn�£ktTV`oq��amn{tkt`oi-pacemg{lk}TV{tYJm�k
AµY  �i-`eYX_yk�i-d���Y�mn{}W�dhpV{}`b_Vf�C � �6pV{t{}YX_yk^{tYJq�YJmn{�i�T?iXmn{}{}`bYJ��dgp�k�`b_NdgpV{^comnvwdg{�m�ktdh{ts
mn`eW3qCmnk^�V{}d� u`b_af3ktTamnk^Yj gYj_?W�YXW�dg{}sW3mn_�mnfgYjW�YX_yk�mn_a�NW�dg_V`bktdh{t`e_Vf�iXmg_NvwY3vusy��mgq}q�YJ� ��ª Y3�amg{�k}`eiXpVcemg{tces?��YJq�`efg_VYJ�Nm��µmg{�W�dh{tY3iXdgW��VceY-·= �mn{}`omn_yk��V`b{}Yji-ktces��{�m¦�"_���{tdhWktTaY <=�������o����������)�"  u`b{}paq?1�m�k£mg_us�kt`eW�Yg«ydg_Vces�m�qt`b_VfhcbY"`e_aq�kt{}paiFk}`bdh_3iXmn_�vwY"��dgpV_���`e_�mn_�pV_aYX_aiX{tsu��k}Yj����dg{}W
`e_=W�YXW�dh{ts �DJ p�k�`bk^{}YjxypV`e{tYJqCm��µmn{^W�dg{}Y�i-dhW��VcbYX·�YX_u u`b{}dg_VW�Yj_hk�mnc ¡gYjs
fhYX_VYj{}mnkt`edg_�k}Tamn_=ktTamnk�qt`bW��VceY�dg_VY��V{tYJq�Yj_yktYj�`e_ ¶ Yji-kt`edg_�� �
� _VcbYJqtq¤m�qtdgcep�kt`edg_'`eq6{}mg�V`o��cbs���dgpa_a��ktd%§afgTyk(mnfhmg`b_�q�k|k}TVYjqtYl u`e{tp�qX«hktTV`oq¤q�k}pa��s�dgp�k}cb`e_VYJq|k}Tam�k(mn_�`oq�dhcemnkt`edg_3dg��i-{}`¨k}`eijmnc_VYXk��6dh{t¡�q(mn_���m�q�kt{}`ei-k"iXdgW��Vp�k}YX{AqtYjiXpV{t`bk�s3�wdgce`eiXs�`eq"mgvaqtdgcep�ktYjcbs�YJqtqtYX_yk}`emgc �I8 dh{tYjd� gYX{J«nk}TV`oq"`bW��Vce`eYjq¤ktT�m�k"ktTaY�mn_ykt`e u`b{�mnciXdgW��amn_a`bYJq£W�paq�k"��Yj gYXcedg��i-{}sy�Vk}mn_�mncesuqt`oq6qt¡u`bceceq6`e_�ktTaY^ hYX{}s�_aYjmn{6��p�k}pV{tYh«�pV_a��Yj{¤ktTVY�mgq}q�paW��Vkt`edg_3k}Tam�k"`bk¤`oq¤��dyqtqt`bvacbYlktd

dhv�k}mg`b_�m� u`b{�mncÑi-d���Y�q}mnW��VceY�mn_a�'ktT�m�kAvV{}Yjmg¡¦mgvVceY^iX{tsu��k}dhqtsuq�ktYjW3q(Tam¦ gY^v�YjYX_�paqtYj� �

� � ���(� �"� �¤�".
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