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� V�ReV�KlMQMOZ�[hTeKlmNK^?jV�^�ZgM�T hI;Si]K^;jV�M `hPcb]RQZ�;SP_MQMeVd^	P_i TQZ�`]P�MOKNiaV�KlM p PSMQb�P ;_K V�ml^	P_isTePcV�i�	�mNKlMQP PSMU�
b�P ; TeRQV�m�� ¤
��p-]]mlTeRQV��gP_^,`]P�MQKNi]V�KNM�� �j¦
� P�TQPSZgROK V¡`aV;KliEM ZgRQ^	V�XSY�Z�� ��5��+R £ M b]RQZg��ReV�^	V�M�[hTeKlmNK �
?SV�`]ZgM�i]PSMUTWV�V�i 	�mlKNMOP1M ZgRQV�^ `]PSMOPSiQFgZ�m^F�KN`]Z�McPS^ mNKNih�g[aV��gP_^ �F[hTeKlmNKD?SV�i]`]Z;Z�;SZ�^	b]Klm V�`hZgR
� `L� O � ; ; � R ¤%R ¤ P�P�ZfbaVY;SZdTeP � ��i � O � V�MOTQPSMUT~� Z�[]RQKlPSRni�ReV�i]M M ZgRQ^ KNi�T��hP ��PSMUTSP�� ���+R

����� � �������! �"$#��
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=�P_�g[]i]`hZ =�P_TQ[]\aV�m PjB;PSKl`aV�i]KlM3� ¤d¦4��p V�;SZg^�baV�RQV�XjYdZ;`]P	\]KNZ � MQPIH��<CSi<;_K V�M\h	V;Zgb�PSRQV�XjY�Z
bhRQKN^�KlTQK^FdV ^	V�KNM�KN^�b ZgRUTWV�isTQP PS^ \]KlZgmNZg��K V#;_Zg^�b][hTWVN;SKNZ�iaV�m+p~MQP_RAF�KNih`]Z ;_Zg^	Z5\aVdMQPzbaV�ReV
^�[]KlTeV�M�Zg[hTQReV�M�^�V�ihKNb][]mNV�X ��PSM	^�VdKNMj;_Zg^�b]mNP �]VdM R K TQReV�F h_M¡`aV5;SZg^�baV�RQV�XjY�Z5h b�ZgMOMQk^F�PSm
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\h[]MJ;SV�R TQRQPI;��]ZgM¡`]P�MQPIH �ECSi<;_K V�M;MQPS^�PSm �aV�isTeP_M¡PSisTeROP F 	�ROK V�M�MOP H��<C_i<;SKNV�M ;_ZgisTeKl`aV�M¡i []^�V
\]V�MQP�`]P�`aV�`hZgM `]P~Jo` K Zg[fb]ROZ�TeP_kNiaVdM psZg\�PS`]PI;SP_i]`]Z�V�[h^F`aV�`]Z ;_RQKlTJhSROKNZ `]P�MOKN^�KNm VdRQKN`]V�`]PYR

K \h[]MJ;SV�b ZgR MQKl^	Klm V�ROKN`aVd`]PVh�[]^	V;P TWV�b]V1i]P ;_PSMOM�	�ROK V�iaV1ROP ;_Zgi]MOTQRQ[]XSY�Z `]P���PSi]Zg^	V�M
V	baV�ROTQKNR�`]P�`aV�`]ZgM�\]RQ[�TeZgM��gPSRQV�`]ZgM�b P_mNZ�PIH []KNbaVd^	P_i TQZ�`]P�MQP H []P_i<;SKNV�^�PSisTeZ�`]P�Jo` K R K
\h[]MJ;SV�b�ZgR MQKN^�KNmNV�RQKl`aV�`]P h TWV�^�\6h_^$P_MQMQP_i<;SKNV�mhb]V�ReV�VLKl`]PSisTQK^] ;SV�XjY�ZL`]P�TeROP ;��]Z�M �]Zg^��gmNZg��ZgM
`hP¡Jo` K � Zg[5MOP��QVEp TeROP ;��]Z�M H []P�`]P_MJ;_PSi]`]P_^ `]P�[]^	V�^	P_MQ^	V�;jV�`]P_K V V�iE;SPSMUTeRQV�m � P¡V
bhRQKNiE;SKNb]V�m6M P_RQReVd^	P_i TeV�b]V�ReVcKN`hPSisTeKG] ;jV�XSY�Zc`aVVM []i]XSY�ZfP `]V�PgFgZgml[]XjY�Zf`]Z�M~��PSi]P_M � � ��R

K MOKN^�b]mNK^;SKl`aV�`]Pf`]Z ;_Zgi<;SP_KlTQZ�`]P ;SZ�^	baVdReV�XSY�Z1Z�;S[]m TWV�V�;_Zg^�b]mNP �hKl`aV�`]P�`]ZgMfVdmN�gZgROKlTU�
^�ZgM�P�P_MOTQRQ[hTQ[]ReV�M�`]P�`aV�`]ZgM PSiQF�Zgm^F�KN`hZgM�P_^"TWV�m.Zgb�PSRQV�XjY�ZEp b]ROKNi<;_KNbaVdmN^�PSisTePcMOP	P_MOTWVd^	ZgM
TQReVdTeV�i]`]Z¡`aV ;_Zg^	b]V�ReV�XSY�Z¡`]PfMQPIH �ECSi<;_K V�M PS^,��ReV�i]`hPSM FgZgml[]^�PSM�`]Pf`aV�`]Z�M R £ ;_[]MOTQZ;`]P
;_Zg^�baV�ReVdR p�b ZgR�P���PS^�b]mNZEp�`][]V�M MQPIH��<CSi<;_K V�M�`]Pa;SZg^�b]RQKl^	P_isTeZ

N
b Z�R b]RQZ��gReV�^	V�XSY�Z�`]Kli 
 �

^�KD;SV h
O(N2)

� &��+R
� V�ReV ;SZ�i TQZgRQi]V�R PSMUTWV�MQK Te[aV�XSY�Z<pgihZ F�ZgM.^ h TeZ�`]ZgM \]V�MQPSV�`]ZgM.PS^ �]PS[hRQkNMUTeK^;jV�M�M ZgRQV�^ ;SRQKNV �

`hZgM R £ M�^	V�KNM';_Zgi��]PI;SKN`hZgM MQY�Z~Zart: K =%i\O�r VdMQKD;s:&Z%;SV�m K mlKN�gih^	P_i T-=�PjV�RA;��>i�Z�Zgm P � �Np�� � pd¤d¦4�
PcZ � K =%i�� � � pw¤�¤%pw¤d¦
�+RVl isTeROP_TeV�isTeZ<pwPS^�\ ZgRQV�TePSi��aV�^ ROPSMO[]mlTeV�`]ZgM�MQVdTeKlMAM VdTQ�gRQKlZgMLPfMQP �QV�^
^�[]KlTQZ�[hTQKNmNK^?jV�`hZgM p iaY�ZcP_MQ�gZdTWV�^ ZgM�P_MAM ZgROXSZgM�b]V�ReV�V�\h[]MJ;SV�`]P MQZ�mN[]X ��P_M�V�KNih`aV�^	V�KNM PI] ;_K �
P_isTePSMIR

%'&(%'&�� xzy v3| � t]�.� � yFv }�� rh� , o&q����������Lo * ��y , q�o/. 0 1&�L� ��� q

�~^�VfKN`<h_K VcKNihZ FdV�`hZgReVcbaV�RQV�[h^�^ h TeZ�`]Z	`hP ;_Zg^	b]V�ReV�XSY�Zf`]P MQP H��<C_i<;SKNV�MLMOPSROK V�V	[hTQK �
mlKD?SV�XjY�Z�`aV�TJh ;SihKD;jV�`]P ^ ]m TeKlb]m V�M.P_MJ;jVdm V�MsH�[hP MQP \]V�MQPSV�RQKNV�iaV�[hTQKNmlKD?jVdXjY�Z `]PaF�PSRQM ��P_M�^�VdKNM
MOKN^�b]mNKG] ;jVd`aV�M `aVdM�MQP H��<C_i<;SKNV�ML��PSi<@g^�KD;SV�M�VcMQP_RQP_^ ;SZg^�baV�RQV�`aV�MIR

l ^ � ¤�¥��+p�:&PSKlTeY�Z�PV=�TQZgm^]1[hTeKlmNKD?SV�ReVd^ PSMUTWV	TJh ;_i]KD;SV ;SZ�^9MO[<;SP_MQMOZ ihZ�b]ROZg\]mNP_^�V�`]P�ROP �
;_Zgi]MUTeRQ[hXjY�Z�`hPLZg\ �OP TeZgMsM ReV��g^�PSisTeV�`]ZgMIp�Z�i]`]PLZ�Zg\ �OP TeK^F�Z�PSRQV�PSiE;SZgisTeRQV�R�Z�M{baVdRQPSM�`]PcM RQV��d�
^�PSisTQZgMfH�[hP�PSRQV�^�V�` �QVY;SP_i TQPSM~i]ZgM~Zg\ �OP TeZgM~ZgRQKl�gKNi]V�KNMIR JLPSMUTeP�^	Z�`]Z<pEM Z�KHb Z�MQMQkGFgP_m�ROPS`][E?SKNR
Z1;S[hMOTeZ�V�MQMOKNisTe�dTeKD;_Zf`aV1;_Zg^�baV�ReVdXjY�Z�`]P�[]^��gRQV�i]`]P�i ]^�PSRQZ	`]P ;SZgisTQZgRQi]Z�M�`]P M ReVd�g^	P_i��
TQZgM R K b�PSMeVdR�`]P�V�b]mlKD;SV�`aVfV1;_ZgisTeZgROi]ZgM~`]P M ReV��g^�PSisTQZgM�`]P>;_PSR 
d^	K^;jVEpaVfT hI;Si]K^;jVfb Z�`]P MQPSR
Vdb]mNK^;jV�`aV�V�TeZ�`]Z�TQKNb�Z�`]P MOP H��<C_i<;SKNV�M paKli<;Sml[]MQKGFgPLZ�M MQKliaV�KNM{�gPSiE@g^	K^;SZgMs;SZgihMQKN`hPSReVd`]ZgM i]P_MOTQP
TQReV�\]V�m��]ZER



��� � � 
���� � ��!#" 
 

�~^ ^1h_TeZ�`]Z `]P ;_Zg^�baV�ReVdXjY�Z `hP MQP H��<C_i<;SKNV�M�H []P�[hTeKlmNKD?SV�MQMOP1^ hmlTeKlb]m VdM	P_MJ;jVdm V�M�i]V
\h[]MJ;SV�b ZgR~MQPIH��<CSi<;_K V�MLMQKN^�KNmNV�RQP_M�`]PIF�PSROK VEp KNi]K^;SK VdmN^�PSisTePNp]RQP_`][<?SKlRLV H�[]V�isTeKN`]V�`]P�`hP�`]P TWV �
m �]PSM�`aV�M MOP H��<CSiE;SK VdM~P_^ F 	�ROKNZgM{i]k^F�PSKNMIR l ^ MOPS�g[]Kl`aVEp�KNi]K^;SK VdRQK V�V ;_Zg^	b]V�ReV�XSY�Z�[hTQKNmlKD?jVdi]`]Z
VdMLMQPIH��<CSi<;_K V�M�RQP_b]RQP_MQPSisTeV�`aV�M ;_Zg^�Z�^�PSi]Z�R�i]kGFgP_m `]P�`]P_TeV�m��hPSM p V�MOMQKN^0p V�b�PSMQV�RL`]P TeZ�`aV�M
VdM MQPIH �ECSi<;_K V�M�`aV	\aV�MQP�`]P�`aV�`hZgM MQP_RQP_^ ;_Zg^	b]V�ReV�`]V�Ma;_Zg^ V	MQP H��<C_i<;SKNV¡V�m^F�Z<p KlMOTQZ�MQP_RQK V
M P_KlTQZ�V []^ ;_[]MOTQZ ^	V�KlM RQP_`][<?SKl`]Z�`]Z H []P�MQP�P_MOTeKGF h_MQMQP_^	Z�M [�TeKNmlKD?SV�i]`]Z~TeZ�`aV�M.V�M MOP H��<CSiE;SK VdM
ROPSb]ROPSMOPSisTWV�`]V�MU;SZg^ TeZ�`]ZgM ZgM `]P TWV�m �]PSMIR `LVdTQ[]ReVdmN^�PSisTePNp�i]P_MOTWV P TWV�b]V MQPSROK V�^ P_i<;SZgisTQReV�`aVdM
^�[]KlTeV�M�MOP H��<CSiE;SK VdM�MQ[]b�ZgMOTeV�^�PSisTeP�MOPS^�PSm��]V�isTePSMXH�[hPYp]b�ZgRXM V�m TWV `]P `]P TWV�m �]PSMIphbaV�ROP ;_PSRQKNV�^
MOPSR�TWY�ZzMQKl^	Klm V�ROPSMVH [aV�isTeZ V�Mj;_ZgRQROP_TeV�M R l ^ MQP_�g[]KN`]VEp Vz\][]MJ;SV MQP_RQKNV M PSK TWV�MQZg\hRQP []^�V
F�PSROMeY�Z ^�VdKNM `]P TWV�m �aV�`aV�`aVdM MQP H��<C_i<;SKNV�M p�b Z�RJhS^3V�F�VdmNK Vdi]`]Z�V�b�PSi]V�M V�M MQPIH �ECSi<;_K V�M[H []P�ROP �
MO[]mlTeV�ReVd^�`]Z�b]ROZ%;_PSMQMQV�^�PSisTeZcVdi TQPSROKNZgRIR £ b]RQZ�;SP_`]KN^�PSisTQZ�MQP�RQP_b P TeKNROK V�baV�RQV\FgP_RQM ��P_Mt;jV�`]V
F�P ?�^�V�KlM `]P TWV�m �aV�`aV�M�P�MQZ�\]RQP []^ ;SZ�i �O[]isTeZ1;SZg^�i ]^�PSROZ	`hP MOP H��<C_i<;SKNV�Ma;SV�`aVVFgP ?�^�VdKNM
ROPS`][E?SKN`hZ<R £ M VdTeZ�`]Pn;_Zg^�baV�ReVdRQ^�ZgM MQPIH��<CSi<;_K V�MU;_Zg^3^	V�KNM `]P_TeV�m��hPSM KN^�b]mlKD;jV~i]Z V�[]^�PSisTeZ
`hZ ;S[]MUTeZ�;SZg^�b][hTeVY;SKlZgiaV�m�`]P_MOTWV�Zgb�PSRQV�XjYdZ<pH^	V�M b�ZgR Zg[hTQRQZ�mNV�`]Z<p MQP�TeZ�RQiaV�b�ZgMQMOk^F�PSm `]KlMU�
;_RQKl^	KliaV�R ^	P_m��]ZgR{ZgM baVdRQPSMn;_ZgRQROPSMOb Zgih`]PSisTeP_M�`hZgM�iaY�Zd� ;SZgRORQP_MQb�Zgi]`]P_i TQPSMIpaP�PSmNKl^	KliaV�R.PSMUTeP_M
hmlTeKl^	Z�M R	JLPSMUTWV M ZgRO^�V%p�b�ZgR�Z�;jV�MOK Y�Z `aV hmlTeKl^�V�K TeP_ReV�XSY�Z;P_MOTeV�RQkNV�^	Z�M�[]MeV�ih`]Z1TeZ�`]ZgM�ZgM
`hP_TWVdm��]P_M `hKNMQb�Zgi]kGFgP_KNM iaV�M.MOP H��<CSiE;SK VdM{ZgROKN�gKliaV�KlM � ^	V�M TQPSRQkNV�^�ZgM []^ ;_Zgi �O[]isTQZ�b�P H []P_i]Z�`]P
MOP H��<C_i<;SKNV�M�V ;_Zg^�baV�ReVdR pa\�ZsV�b]V�ROTQP�`]ZgM H [aV�KlMLV�bhRQPSMOPSisTWVdRQK Vd^�[]^�V�MQKl^	Klm V�ROKN`aV�`hPL^�[]K TeZ
VdmlTWV%R

%'&(%'&�� � ���Wy tavF�.���.y�v��~r�}L�3owv r�t]o&����y.q	��y{v�
���y�.y q

K F�K V�\hKNmNKl`aV�`]P `aVn;SZg^�baV�RQV�XjYdZ~^�[]mlTQK � P_MJ;SV�m V `]PSb�PSi]`hP�`aV �]Klb ��TQPSMOP `hP[H []P.[]^	Vn;jV�`hPSK V
`hP;Ja` K `]P�;SP_ROTeZ ;_Zg^	bhRQKN^�PSisTQZ<p.V�b�PSMeVdR�`]V�Mc^�[hTeV�X ��PSMfMQZNM RQKN`]V�M�b�PSm V ^�PSMO^�VEp.VdKNi]`aV
;_ZgisT h_^ KliEM ZgRO^�V�XSY�Z MQ[%] ;SKlPSisTeP�baV�ReV5PSmlKN^�KNiaVdRjH [aV�MOP�TeZ�`]ZgM¡ZgM¡TeROP ;��]Z�M1`]Z \aV�i<;_Z>`]P
`]V�`]ZgMUH []P�iaY�Z�MeYdZ �hZg^	��mNZg�gZ�M ��^	P_MQ^	V � PnH []P�KNMOTQZ V�KNi]`]Vo;SZgisTeKli [aV FdV�mlPSi]`hZ<pgPS^3baV�ROTQPYp
b]V�ReV V�M FgPSROM ��PSM�MQKN^�b]mlK^] ;SV�`aV�M `]V�M ;SV�`]P_K V�MIR £ Zg\ �OP_TeKGFgZ;`]PSMUTePfTeReVd\aV�m��hZ0h �O[]MUTWV�^�PSisTeP
VdiaV�mNKlMeV�R V H [aVdi TQKN`aVd`]P�`]P 
 ��� �	�����������&���	�� ��P_^3TeROP ;��]ZgM �]Zg^��gmlZg�gZgM `hP�Ja` K psZ�[	MOP��QVEp
V�KNiEM ZgRO^�VdXjY�Z\;SZgisTQKN`aV�i []^�TeROP ;��]ZVH []PLb Z�`]P MOPSR []MQV�`aV�b]V�ReV�Kl`]PSisTQK^] ;SV�R�Zg[�TeRQZ�M{TeROP ;��]Z�M
�hZg^	��mNZg�gZ�M V�Zf^�PSMQ^�Z<R



��� '�� ��� � � ) � 
,�-��� ) ���2�.
 � � � 
,� �

����� ���- ��  
	�� �������	  �� � ���  
� ��

£ ; 	dmD;S[hmNZ�`]V>H [aV�isTeKl`aV�`]P�`]P KNi%M ZgRQ^	V�XjYdZ�`]P�MQPIH �ECSi<;_K V�M�`]PLJo` K h `]K^]<;S[]m TWV�`]Z b�PSm V
;_ZgRQROPSmNV�XjY�Z�PSisTeROP ZgM i�[E;SmNP_Z�Tekl`]PSZ�M-H []P�VdM�;SZ�^	b ��P_^ p Zg[�MOP��QVEpdb P_mNZ M VdTeZ�`]PtH []P V�Z%;_ZgRQRACSi��
;_K V�`]P�`]P TePSRO^	KliaV�`]Z	i [<;SmlPSZ�TQkN`]P_Z�PS^9`]P TePSRO^	KliaV�`aV�b Z�MQKNXSY�Z�`]V�MQPIH �ECSi<;_K V�`]P_b P_i]`]Pc`]ZgM
i [<;_mNP_Z�Tekl`]PSZgM�b]ROPSMOPSisTeP_MLPS^ Zg[hTeRQV�M�b�ZgMQKlX ��PSM R JLPgF�KN`]Z	VcPSMQMQV�M ;SZgRORQPSmNV�X ��PSMIp H []P�MeY�Z�`]K^M k �
;_PSKlM�`]P ^�PS`]KlR p V,H�[]V�isTeKN`]V�`]P `]P�KliEM ZgRO^�V�XSY�ZV;SZ�i TQKN`aVfi []^	V	MQPIH��<CSi<;_K V�`]P�i [<;_mNP_Z�Tekl`]PSZgM
i]Y�Z,h MOKN^�b]mNP_MQ^�PSisTeP�VcMOZg^�Vc`aVdM ;_ZgisTeROKN\][]KlX ��PSM�Kli]`]K^F�Kl`][aV�KlM�`]P ;jVd`aV�i [<;_mNP_Z�Tekl`]PSZ<R

K ;SZgRORQP_m V�XSY�Z�P_isTeRQP�ZgM i�[E;SmNP_Z�Tekl`]PSZ�M[M ZgKaZ�\ �OP_TQZ�`]P F 	dRQK VdM b P_MJH []KNMQV�MsF�KlMeV�i]`hZ�^�PS`]KlR{V
H [aVdi TQKN`aVd`]Pc`]PfKNiEM Z�RQ^	V�XjY�Z ;SZgisTQKN`aV�i []^	V�MQP H��<C_i<;SKNV `hPfJo` K R�l.isTQRQP_TeV�isTeZ<pwi]P_i�� []^	V
`hPSMQMQV�M b P_MJH []KNMQV�M b]RQZ�;S[]ROZg[z^	P_`]KNR�V¡KNi%M ZgRQ^	V�XjYdZ�^ hTQ[aV�PSisTeROP	MOP H��<CSiE;SK VdM �]Z�^	�gmlZg�sV�MIp
H []P\h�ZcTePS^	Vc`]PSMUTeP�TeRQV�\aV�m �]Z<RUB;[hKlTWVdM�`]PSmNV�M�TeKNi��aV�^ b�ZgR�Zg\ �OP_TeKGFgZf`]P_RQReVd`]PSKlRQZ�V�Kl`]PSisTQK �
]<;jV�XSY�Z	`hP ROPS�gK ��P_Mn;SZ�`]K^]<;jV�`]Z�ReV�M�`]P�b]ROZ�TeP_kNiaVdM p]Zg[ VfRQPI;SZgi]MUTeRO[]XjY�Z�`]P�\]KlZd� MOP H��<CSiE;SK VdM R

��ZgR�^�PSKlZ¡`]P�V�i 	�mlKNMQP_M�PSMOTeVdTeklMOTQKD;jVdM p :&[]Z�� ¤ � � `]P_^	ZgihMOTeRQV `h[aV�M�b]RQZ�b]RQKlPS`aV�`hPSM KN^�b ZgR��
TeV�isTeP_M{`aV\;SZgRORQP_m V�XSY�Z�PSisTeROPLZgM i [<;SmlPSZ�TQkN`]P_ZgM L

(1)
V ;SZgRORQP_m V�XSY�Z h~b]ROPS`]Zg^�KNi]V�isTePS^�PSisTQP~`hP

;_[]ROTeV�`]KNMUT 
�i<;_K VEpdKNMUTeZohNp V b]RQZg\]V�\]KNmlKN`aVd`]P{`]V�Z�;SZ�RQRJC_i<;SKNVL`]P�`]P TeP_RQ^�KNiaV�`hZ i [<;SmlPSZ�TQkN`]P_Z�PS^
[h^�V�`aVd`aVcb ZgMOKNXSY�Zc`]PSb�PSih`]P�b]RQKli<;SKlbaV�mN^�PSisTQPL`]ZgM�i [<;_mNP_Z�Tekl`]PSZgM�bhRQ� ��KN^�ZgM p�`]KNMUTWV�isTeP_M�PS^
[h^�VLZ�[c`][aV�M b�ZgMQKlX ��PSM � P (2)

[]^$V�[]^�PSisTeZ�`aVo;_ZgRQROPSmNV�XjY�ZLPSisTeROP�i�[E;SmNP_Z�Tekl`]PSZ�M V�` �QVY;_PSisTeP_M
bhRQZgb�ZgRJ;_KNZgi]V�m �fPIF�ZgmN[]XSY�Zf`]Z�ZgRQ�sVdi]KNMO^	Z<R

:wV�i]`hKNi]K � ��&
�aP �.ZgMQM � � ¥4�hPSMUTe[]`aVdReV�^FZ�P_MQb�P ; TeRQZ `]P�b�Z�T C_i<;SKNV `]P�MQPIH��<CSi<;_K V�M.`]P~Jo` K p
P�Zg\]MOPSRAFdV�RQV�^ H�[hP�Z�^�PSMO^	Z	b ZgMOMQ[]K V M ZgRO^�V,;jVdReVY; TePSROkNMUTeKD;SV	`]P�b]RQZ�;SP_MQMOZgMoM ReVY; TWV�KlM � ¤ � �+p
Kl^	bhmNKD;SV�i]`]Z V P���KNMUT C_i<;SKNV5`hP ;SZgRORQPSmNV�X ��PSM�MOKN�gihK^] ;SVdTeKGF�VdM�^�PSMQ^�Z PSisTQRQP�\aV�MOPSM¡\aV�MUTWV�isTeP
MOPSbaVdReV�`aVdM~P_isTeRQP MQK�R

�LKNPSKlReV � 64��TWV�^�\8hS^ FgPSROK^] ;_Zg[<[]^	V ;SZgRORQPSmNV�XjYdZz`hP ;_[]ROTeV�`]KlMOT 
di<;SKNVziaVdM	MOP H��<CSiE;SK VdM
`hP�Jo` K VdTQReV�F h_ML`]P�V�i 	�mlKNMOP�PSMQb�P ; TeRQV�m P�PSMUTWVdTQkNMOTQKD;SVEpaP�^�ZgMUTeRQZ�[ H []P�Zj;SZ�^	b�ZgROTeV�^�PSisTeZ
M RQVY;_TeV�mHi]P_^�MQP_^	b]ROP�b]RQPgF�VdmNP ;_P�iaVcMQP H��<C_i<;SKNV	�gP_i<@g^�KD;SV�KNisTeP_KNReV%R

��RQZgMOMQP;P;Zg[�TeRQZ�M � � ¤��~^�Z�TeKGFdV�ReV�^c� MOP�i]Z�b]RQZg\hmNPS^	V `]P1ROP ;_Zgi��]PI;SKN^�PSisTQZ `]P RQP_�gK���PSM
;_Z�`hK^] ;SV�`]ZgRQV�M�`]P	b]RQZdTePSkliaV�M�baV�ReV KNiQFgP_MOTQKN�sV�R�V;P �hKlMOTJCSi<;_K V1`]P�baV�`]R ��P_M�PSMUTWVdTQkNMUTeKD;_ZgM\H�[hP
M Z�MQMQP_^ Kli]`]P_b P_i]`]PSisTQPSM�`aV�P_MQb8h ;_KNP�`hZgMLZgRO�sV�i]KlMQ^�ZgM~PSMOTQ[]`aV�`hZgM P�`hK^M PSROPSisTeP_M iaV�M�RQP_�gK���PSM
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;_Z�`hK^] ;SV�`]ZgRQV�M.P�iaYdZd�k;_Z�`]KG] ;jVd`]ZgReVdM `hZ�Jo` K R���V�RQV KlMQMOZ<p�Z�M{Vd[hTeZgROPSM{PSMOTQ[]`aV�RQV�^�V M []i]XjYdZ

 ��� �	����������� ���	�����bgO �%P�PSisTeROP¡\aV�MQP_Mfb]RQ� ��KN^	V�M p H []P�H [aV�isTQK^] ;SVzV�KliEM ZgRO^�V�XSY�Z�H []P¡MQP
Z�\hT h_^@`]P�[]^ ������� �$��������$���3VcbaV�RUTeKlR `aVcKN`]P_isTeK^]<;jV�XSY�Zf`]P�[]^ ������� �$��������$��� H�[hP P_MOT�	
V []^	V�`]KlMOT 
di<;SKNV	� `]P
��R K MOMQKN^0p.`]PSMA;SZg\hRQKNRQV�^ H []P V KNi%M ZgRQ^	V�XjYdZ�^ hTQ[aV�`]P¡RQP_�gK���PSM
i]Y�Zd�k;_Z�`hK^] ;SV�`]ZgRQV�Mahc^�[hKlTeZ�\aV�K �hVEp�PSi<H [aV�isTQZ0H []PfiaVdM�RQPS��K���PSMo;_Z�`]KG] ;jVd`]ZgReVdM�������VFdV�ROK V
`hP�VY;SZgRO`]Z ;SZ�^FV `]KlMOT 
di<;SKNV�� R =�P��>h�^ ]m TeKlb]mNZ~`]P � PSisTeY�Z�������fh�^	V�KNZ�R-H []P�Z�Zg\hTQKN`]ZLPS^
;SV�MQZ ;SZgisTQR�	�ROKNZ<R K baV�RUTeKlR�`]PSMUTWV�Zg\hMQPSR FdV�XjY�Z���ROZgMQMOP�P ZgM~`]PS^	V�KNM~V�[�TeZgROPSM~`]PI]aihKNReVd^ 
 ��	
� �	����������� ��� �� � ��� ��
��P�Z�\]MQP_RAFdV�ReVd^ H []P~V�`hKNMOTQRQKl\][]KNXSY�Z `]P_MOTeV KliEM ZgRQ^	V�XSY�Zoh�\aV�MUTWV�isTeP
`hK^M PSROPSisTeP�baVdReVcRQP_�gK���PSMn;_Z�`]KG] ;jVd`]ZgReVdM�P i]Y�Zd�k;_Z�`hK^] ;SV�`]ZgRQV�M `]Z	Jo` K R

£ Te[fPc=hV�gZ�Z�` � ¤#%
�][hTeKlmNKD?SV�ReVd^ Z\;_Zgi<;_PSKlTQZ�`]P�KNiEM ZgRO^�VdXjY�Z�^ hTe[]V�^1hS`hK V `]Pg]ai]KN`hZ b�ZgR
��RQZ�MQMQP�P�Zg[�TeRQZ�M � � ¤ �abaV�RQV�RQPSMOZgm^F�PSR.Z�b]ROZg\]mNP_^�V `hP�RQP ;_Zgi]MUTeRQ[hXjY�Z `]P�\]KlZd� MOP H��<CSiE;SK VdM2� ¤d¦
�+R
��Z�i]MQKl`]PSRQV�i]`]ZVH []PoM RQV��g^�PSisTeZgM{ZgRQKl�gKNi]V�`]ZgM iaV�M ^�PSMO^�VdM�RQP_�gK���PSM{`aV�MQPIH��<CSi<;_K VfV�mGFgZ�TJCS^
b�PSR ]aM�MOKN^�KNmNV�RQP_M&`]P�KliEM ZgRQ^	V�XSY�Z�^ hTe[]V~^1hS`]KNVEp ZL^1h_TeZ�`]Z~b]RQZ�b ZgMUTeZ�RQPS`h[<?SKl[�Za;_[]MOTQZo;SZg^c�
bh[hTWVY;_KNZgi]V�m `aV�;SZg^�baV�RQV�XjYdZ�`]ZgM M ReV���^	P_i TQZgM�[hTQKNmNK^?jV�ih`]Z�PSMUTeP1;SRQK T h_RQKNZ�b]V�ReV¡V��gRO[]b 	 � mNZgMIR
J�PSMOTQP�^�Z�`]Z<phP_^ ;jVd`aVcKlTeP_ReV�XSY�Z<phTQZ�`hZgM�ZgM�V��gRO[]baV�^�PSisTQZgM�RQP_MQ[]m TWV�^ PS^ TQRQP ;��hZgM�ROP ;_Zgi]MU�
TQRQ[]kl`]ZgM�`aV¡MQPIH��<CSi<;_K V;V�m^F�Z<R1l.MUTeP_M TQRQP ;��hZgM\M Z�RQ^	V�^ []^	V�i]Z"FdV�;_ZgmNP_XjY�Z `]PVM ReVd�g^	P_isTeZgM
H []P TQPSReYdZ MOPS[]M¡b�PSRA]]M `hPzKliEM ZgRO^�V�XSY�Z ^ �Te[aV ^1hS`]KNV i]Z"F�Vd^	P_i TQPzV"FdV�mlK V�`hZgM p��gP_ReV�i]`hZ
ihZ F�ZgM~V��gRO[]baV�^�PSisTeZ�M R £ b]ROZ%;_PSMOMQZ�PSi<;_PSRQRQV�ROP_TQZgRQiaVdi]`]Z�V�MQPIH �ECSi<;_K V�Vdm^FgZcROP ;_Zgi]MOTQRQ[]kl`aVER
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£ ^ h TeZ�`]Z�H []P�bhRQZgb�Zg^�ZgM�baVdReV V�i�	�mNKlMQP `aV KNiEM Z�RQ^	V�XjY�Zz^ hTQ[aV PSisTQRQP�;SV�`]PSKNV�M�`]P
Ja` K �]Zg^��gmNZg�gV�M�[hTQKNmNK^?jV;TJh ;_i]KD;SV�M	`hP bhRQZ�;SPSMOMeV�^�PSisTQZ `]P MQKliaV�KNMIps;_Zg^�Z�Vdi 	�mNKlMQP�P_MQb�P ; �
TQReV�m P,]am TeReVd�gPS^ `]P	MOKNiaVdKNM R	��VdReV;KlMQMOZ<pwb]RQPI;SKNMQV�^�ZgM ;SZ�`]K^] ;SV�R V�M�MQPIH �ECSi<;_K V�M��gPSi<@�^	K^;jV�M
O MQKl^�\ ��mNKD;SV�MqP.PS^@MOP H��<C_i<;SKNV�M�i []^1hSROKD;SV�M R

l ^ MQP_�g[]KN`]VEp�V�b]mNK^;jV�^�ZgM�V�TeRQV�i]MAM Z�RQ^	V�`aV�`]P	� Z�[]RQKlPSR�baV�RQV ROPSb]ROPSMQP_isTWV�R�Z;MOKNiaV�m i [��
^1hSROKD;_Z�i]Z�`]Zg^�kNi]KlZ�`aV�M M ROP H��<C_i<;SKNV�M�P;V�iaV�mlKNM 	 � mlZ�VdTeRQV"FYhSM�`hP;P_MQb�P ;_TQRQZgM�`]P1b�Z�T C_i<;SKNVER
K MQMOKN^0paZj; 	dmD;S[hmNZf`aV,H�[]V�isTeKN`]V�`]P `]P�KliEM ZgRO^�V�XSY�Zc^ hTQ[aVVM ZgK&MQKl^	b]mlK^] ;SV�`]ZcMO[]b P_ReV�ih`]Z�ZgM
Z�\]MOT�	Y;S[]mlZgM�KN^�b Z�MOTeZ�M b P_m V ;_ZgRQROPSm VdXjY�ZfPSisTQRQP�ZgM�i [<;SmlPSZ�TQkN`]P_ZgM R

� V�ReVj;_ZgiE]aRO^�VdR�V,F�K V�\]KlmNKl`aV�`]P `hZ�^1h_TeZ�`]Z�`]P\;SZg^�baV�RQV�XjY�Z�^�[]m TeK � PSMA;jV�mNVEpaV�bhmNKD;SV�^�ZgM
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Vf^�PSMQ^	VcV�i 	dmNKNMOP���Mn;jVd`]PSKNV�M�`]P Jo` K RQP_MQ[]m TWV�isTeP_M�`]P�[]^@b]ROZ%;_PSMQMOZ�`]P ]am TeRQV��gPS^ P�MQKN^c�
bhmNK^]<;jV�XSY�Z<R £ Zg\ �OP_TeKGFgZ0hVFgPSROK^] ;SV�R�MQP	V�M�MQPIH �ECSi<;_K V�M�MQKN^�b]mlK^] ;SV�`aV�MLV�KNi]`]V�;_ZgisT C_^"[]^�V
H [aVdi TQKN`aVd`]P�`]P�KNiEM ZgRO^�VdXjY�Z�MO[E] ;_KNPSisTQP�baVdReVcKN`]P_isTeK^]<;jV�R�MOP H��<CSiE;SK VdM �]Z�^	�gmlZg�sV�M VfP_m VER
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£ RQPSMUTWV�isTQP `hPSMOTQP�TeRQV�\aV�m �]Z�PSMUT�	zV�MQMOKN^ `]K^F�Kl`]KN`]ZEL	i]Z ;SV�b]k Te[]mlZgMf¤%p � P�¦ RQPgF�KlMeV�^�ZgM
Z�M�bhRQKNiE;SKNb]V�KNM ;SZgi<;_PSK TeZgMfPS^ \]KNZgmlZg�gKNV;^�ZgmNPI;S[]mNV�R p \]KlZgmNZ��gK V0;SZg^�b][hTeVY;SKlZgiaV�m{P�TePSZ�RQK V�`]V
KliEM ZgRO^�V�XSY�Z<R £ ;jV�bhklTe[hmNZ %\h�`]PS`]K^;jV�`hZ ��ROPIF�KNMQY�Z�`hZgM�VdMQb�P ;_TQZgMsM [hi]`aV�^�PSisTWVdKNM `aV�V�i�	�mNKlMQP
`hP��aZg[]ROKNP_R R `~Z ;SV�b]k Te[]mlZ &%p�V�bhRQPSMOPSisTWVd^	ZgM Z1P_MJH []P_^�V `]P ;_Z�`hK^] ;SV�XjY�Z0H []P�[hTeKlmNKD?SV�^�ZgM
b]V�ReV�TeRQV�i]MAM Z�RQ^	V�R�V�M�MQPIH��<CSi<;_K V�M�`]P�Jo` K O MOKN^�\��gmlKD;jVdMqP~P_^,MQPIH��<CSi<;_K V�M�i []^ h_RQK^;jV�MIR K
Vdb]mNK^;jV�XSY�Z `]P�TJh ;SihKD;jVdM `hP b]RQZ�;SP_MQMeVd^	P_i TQZ `hP MQKNi]V�KNM�MOZg\]ROP Z MOKNiaVdmL�gP_i<@g^�KD;SZ5h�F�KlMOTWV
ihZ�;jV�bhklTe[hmNZ 5%p�Zgih`]P	TeV�^�\8hS^ V�FdV�mNKNV�^	Z�M�V�mN�g[h^�V�M ;SV�ReVY; TeP_RQkNMUTeK^;jV�M `]ZgM ;SZ�PI] ;_KNPSisTQPSM�`]P
�aZg[hRQKNP_RoH []P�MQKN^�b]mlK^] ;SV�^�Z0; 	�mD;_[]mNZ�`]V�H [aVdi TQKN`aVd`]Pf`]PfKNiEM ZgRO^�VdXjY�Z�^ hTe[aV%R £ ^1h_TQZ�`]Z
[�TeKNmlKD?SV�`]ZzbaV�ReV `hP_TeP_RQ^�KNiaVdXjY�Z `]V�H [aV�isTeKl`aV�`]P `aV�KNiEM ZgRO^�VdXjY�Z�^ hTe[]V `aV�M�MOP H��<CSiE;SK VdM
��PSi<@g^�KD;SV�M h V�b]ROPSMOPSisTWV�`hZ�i]Z ;SV�b]klTQ[]mNZ 6%R K V�b]mNK^;jV�XSY�Z�`]Z�^1h_TQZ�`]Z bhRQZgb�ZgMOTQZ h�F�KlMOTWV
ihZ0;SV�b]k Te[]mlZ �EpHZgih`]P�TWV�^�\6h_^,V�b]ROPSMOPSisTWV�^�ZgM�PfV�i]V�mNKlMeV�^�ZgMLZ�M RQP_MQ[]m TWV�`]Z�M�Zg\hTeKl`]ZgMIR `�Z
;SV�b]k Te[]mlZ � ¥Ep{V�b]mNK^;jV�^�ZgM�Zz^�PSMQ^�Z�^ h TeZ�`]Z ��MVFgP_RQM ��PSM�MQKl^	bhmNK^]<;jV�`aVdM�`aV�M1;jV�`hPSK VdMVH�[hP
MOPSROK V�^ [hTeKlmNKD?SV�`aV�M�i]Z¡^ h TeZ�`]Z�`]P,;SZ�^	baVdReV�XSY�Z�^�[]m TeK � PSMA;jV�mNVER���KNiaVdmN^�PSisTePNp�i]Z�;jVdb]klTQ[]mNZ
��� paV�b]ROPSMOPSisTWV�^�ZgM�i]ZgMOMeV�M ;SZ�i<;Sml[]M ��PSM�P M VY?SP_^	Z�M�MQ[]�gP_MOT ��P_M�`]P�TQReV�\aVdm��]ZgMtM [�Te[]ROZgM R
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`~PSMOTQPj;SV�b]klTQ[]mNZEp9M VY?SP_^	ZgM�[]^	V¡RQPIF�KlMeY�Z `]P	V�mN�g[hi]M ;SZgiE;SPSK TeZgM `]P�\]KNZ�mNZg�gKNV�^�ZgmNPI;S[]mNV�R
P_MQMOPSi<;_K V�KlM~b]V�ReVcZ�PSisTeP_i]`]KN^�PSisTQZ�`hZgMf;jV�b]k Te[]mlZgM�MQ[h\]MQPIH �hPSisTeP_M R

� ��� ��� ��� �� � � � 	 � ��� ��

K KNiEM Z�RQ^	V�XjY�ZcihP ;SP_MQM 	�RQKNV�baVdReV�V�^	V�i [hTeP_i]XjYdZ	`aV,F�KN`aVc`]ZgM~ZgRO�sV�i]KlMQ^�ZgM PSMUT�		V�RQ^	V �
?_PSiaVd`aV ihZgM�� ��
����# ������� ��
 �$��#gpH^	VY;SROZg^	Z�mDh ;_[]m VdMaH []P,;SZgisTQRQZgmNV�^ V�MOkNisTeP_MQPf`]Pfb]RQZdTePSkliaV�M
PNp�b�ZgROTeV�isTeZ<p�ZgM�b]RQKli<;SKlbaV�KNM�b]ROZ%;_PSMOMQZgMoH []kl^	K^;SZgM�`aV1F�Kl`aVER �<TWV�^�\8hS^�V TeReV�FYhSM `aV	`][]b]mlK �
;SV�XjYdZ�`]ZgM�	Y;_KN`]ZgMLi�[E;SmDh_KD;_ZgM H []PcPSMUTeP���;_Zgi��]PI;SKl^	P_i TQZ��>h�TeReVdi]MQ^�KlTQKN`]Z�baV�RQV�V�M��gPSRQV�X ��PSM
MOPS�g[hKNisTeP_M R 4n;SKl`]ZgMci [<;_mDhSK^;SZgMcP_MOTeY�Z�b]RQP_MQPSisTQPSM�PS^ TQZ�`]Z�M�ZgRQ�gV�i]KNMO^	Z�M F�K^F�ZgM p KNi<;_mN[]Kli]`]Z
\]VY;_TJhSRQKNV�M P>F�klRQ[]MIR1O K ml�g[]i]MLV��gP_i TQPSM�KliEM P ;I;SKNZ�MQZgM�RQP ;_PSisTeP_^	P_isTePf`]PSMA;SZg\�PSRUTeZgMIp&ZgM � � � �	��#gp
MQY�Z0;SZgi]MUTeK Te[]kl`]ZgM�V�b�PSiaVdM `hP�bhRQZ�TQPSkNi]VEp&MQP_^ 	Y;SKl`]ZgM�i [<;Sm^hSK^;SZgM � ^	V�M hf`]KNMA;S[hTQk^F�PSm MQPfP_mNPSM
b�Z�`]PS^@MOPSRf;SZ�i]MQKl`]PSRQV�`]ZgM	��Z�RQ�sV�ihKNMQ^�ZgMXF�KGFgZgM
�qR P

� V�`]V;^�ZgmDhI;S[]mNV¡`hP 	Y;_KN`]Z i [<;Sm^hSK^;SZ_h�[]^	V mlZgi]�sV ;SV�`]PSKNV�O []^ ���	� � ����� �QPL`hP�b�P H []P �
i]V�M�^	Zgm^h ;_[]m V�MIp&ZgM ��� ��� �$��������$��#gR £ M�i�[E;SmNP_Z�Tekl`]PSZ�M�MeY�Z�M ZgRQ^	V�`]Z�M�b ZgR TQRJC_M ROPSMOkN`][]Z�M Z�[
RQV�`]K^;jV�KlM_O ^	Z�mDh ;_[]m VdMcKNi<;_Zg^	bhmNP_TeV�MqPSp�ROPSMQb�P ; TeKGF�Vd^	P_i TQP1`]P 	Y;SKl`]Z M ZgMAM �gROKD;_Z O Zg[ M ZgM M VdTeZQPgp
`hP�[h^�V�b�PSisTeZ�MQP O []^ V�X E;jV�R�MQKl^	bhmNPSMa;SZg^ ;SKNiE;SZ�;jV�RO\ Z�i]ZgMqPSp&Pc`]Pf[]^	V�\aV�MQPfZgRO� 
�i]K^;jV
ihKlTeROZg�gP_iaV�`aVER
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JLKlMOTQKNi]�g[hPS^c� MQP.`]Z�KNMHTeKlb Z�M&`]P 	N;SKN`hZgM&i [<;Sm^hSKD;_ZgM LwZ � ��
��� ��
 ���	��� ��� ��
 �$� O K d ` p Z�[ d ` K
P_^$Kli]�gm^CSMqPSp�P Z � ��
��� ���$#���� 
 ��
 ���	��� ��� ��
 �$�\O K Ja` p�Z�[cJo` K PgR £ RQV�`]KD;SV�m*M ZgMAM VdTQZah Kl`]PSisTQKD;SZ
ihZ	Ja` K P�i]Z1d ` K ph^�V�M V�M�b P_isTeZgMOPSM�MeY�Zf`]KGFgP_RQMeVdM L.i]Z1dc` K p�PSi<;_ZgisTeReVd^	ZgM�VcROKN\�ZgMQP P
ihZcJo` K phP_i<;SZgisTQReV�^�ZgM�V�`hPSMQZ ��KNRORQKl\ ZgMOPYR K M \aV�MOPSM�i]K TeROZg�gPSi]V�`aV�M `]ZcJo` K b�Z�`]P_^ MOPSR�V
;_KlTQZgMQKliaVjO �nPgp TeKl^	KliaV1O
i Pgp�V�`]P_i]KNi]V O K P.Z�[��g[aV�ihKNiaV O �\PgR K M{`][aV�M{b]RQKl^	P_KNRQV�M.b ZgMOMQ[]P_^ Z
Vdi]PSm ;SV�RQ\�Zgi]Zd� i]KlTQRQZg�YCSi]KlZ `aV�b][]RQKliaVEpsP~V�M.`][aVdM hmlTeKl^�VdM b Z�MQMQ[hPS^�ZgM.`]ZgKlM.V�i<h_KNM M []i]`]Kl`]ZgM
`]V;b]KlRQKN^�KN`hKNiaVER K M�\]V�MQP_M�V�`]P_i]ZgMOKNiaVEp��g[aVdi]KNiaV¡P1;SKlTQZgMQKliaV�TWV�^�\6h_^"Z%;_ZgRQROPS^"i]Z dc` K p
^	V�M�V�TeKl^	KliaV>h�MQ[h\]MOTQKlTe[hkN`aVcb�PSm Vc[]RQVY;SKlm V O �oPSR �.P��QVfVfTeV�\�PSm Vf¤�R � R
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i�V�\�PSmNV�¤%R �YLUr V�MQP_M�i]KlTQRQZg�gP_iaV�`aVdM L �gRO[]b Z�M~P�MOkN^�\�ZgmlZgM

�$&(%'&)% O q r�th}~r�}�th� ��y.qQP � ���Ly.q5� }L� �SR&��� y q

l ^ ���2% � p � VdTeMOZgi�P���ROKD;���b]RQZgbh[]MQP_ReV�^ []^ ^	Z�`]PSmlZ�b]V�ReV�V�PSMOTQRQ[hTQ[]ReV�`hZcJo` K H�[hP
P ��b]mNK^;jV�FdV�VdM~ROPS�g[hm V�ROKN`aV�`hPSM `]P ;_Zg^	b�ZgMOKNXjYdZc`aV�M�\aV�MOPSM p MO[aV�M�b]RQZ�b]RQKlPS`aV�`hPSM�\]KNZ�mN�g�gK^;jV�M{PYp
P_MQb�P ;_K V�ml^	P_i TQPYp MQ[]V�`][]b]mlKD;SV�XjY�Z�iaV1; hSml[]m V � ¤#5���R K � PSMQbhKNi��aV�`]ZgROMeV�m ��`aV�^�VY;_RQZg^�Zgm^h ;S[hm V
`hP�Jo` K hoM Z�RQ^	V�`aV�b�PSmlZgM ROPSMQkl`][]ZgM�`hPaM ZgMAM V TeZcP b�PSisTeZ�MQPYpaP_i<;jVd`]PjV�`hZgM�V�mlTQPSROiaV�`aV�^�PSisTQP �
VdM&\aV�MQP_Mwi]KlTQRQZg�gP_iaV�`aVdMHmNKl�sV�^c� MQP m VdTQPSRQV�mN^�PSisTeP ��M&b�PSisTeZgMOPSMIR�l ^uMQP_[�P_MOTeV�`]Z�^�VdKNM�;_Zg^�[]^0p
VdM�^	VY;SROZg^�ZgmDhI;S[]mNV�M `]P	Jo` K Z�;SZgRORQPS^,V�ZgM baV�RQP_M R l ^ ;SV�`aV¡baV�R p V�M PSMOb]KNi��]V�M�`hZgRQMQV�KNM
`]V�M�`h[aV�M\;jV�`]P_K V�M�P_MOTWYdZ;TeZ�RJ;SKl`aV�MIp M ZgRO^�Vdi]`]Z¡[]^	V �EhSmNK^;SPf`][]bhm V¡PS^,TeZ�RQi]Z `]P�[]^"PSK �hZ
;_PSisTeRQV�m+R K M `][aVdMn;jV�`]P_K V�M�MQP b]ROPSi]`hPS^@[]^	V ��Z�[hTeRQV�b ZgR{^	P_KNZ�`hP b Z�i TQPSM�`]P �]KN`]ROZg� C_i]KNZ
O mNKl�sV�X ��PSMcM ReVY;SV�M�`]PIF�KN`]V�M � V TeReVdXjY�Z¡PSm^h_TQRQKD;SVQP pwPSMUTWV�\�PSmlP ;_KN`aV�M�P_i TQRQP�ZgM�baV�ROPSM�`]Pf\aV�MOPSM R
� Vd`aV \aV�MOP1b�hRQKD;SV�`]P;[]^	V ;SV�`]PSKNV�MOP1mNKl�sV�V�[]^	V�\]V�MQP;b]KNROKN^�kN`]K^;jV�`aVzZg[hTeRQV#;SV�`]PSKNVER
B;V�KNM bhRQP ;_KNMQV�^	P_isTePYpE;jV�`aVfV�`hPSi]KliaV�O K P{`]P�[]^	V ;jV�`hPSK V ;_ZgRQROPSMOb Zgih`]P�Vc[]^�V TeKN^�KNi]V O
i P
`]V Zg[hTeRQVEp�P�;jVd`aV �g[aV�ihKNiaV O � P,;SZg^ []^	V�;SK TeZgMOKNiaV O �nPgR K M�\aVdMQPSM K P i9MQY�Z `]K TWV�M
�$�	� � � ��������� ��� �$#�[]^	Vc`aVcZg[hTeRQVEp<;_Zg^	Z	��P�� � ¤d¦
�+R

K M `][aV�Mc;jV�`hPSK VdML`]Z�Ja` K b�Z�`hPS^�Z%;SV�MQKlZgiaV�ml^	P_isTeP�Z%;_ZgRQROPSR~baV�RA;SK VdmN^�PSisTeP Zg[;TQZ�TWVdm �
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^�PSisTQP�MQP_baV�RQV�`aV�MIp b�ZgR~P���PS^�b]mNZ	`][]RQV�isTeP�V�`]K^F�KlMeY�Z1;SP_mN[]mNV�R�Zg[1Zg[�TeRQZ�MLb]ROZ%;_PSMQMOZgMaF�KlTeV�KNMIR
K Mf;jV�`]P_K V�M�`]P\d ` K p]b Z�R�Zg[hTeROZfm V�`]ZEp]�gPSRQV�mN^�PSisTQP�Z%;_ZgRQROPS^ KlMQZgmNV�`aV�MIR

=�P_�g[]i]`hZcZ�^�Z�`]P_mNZ `]P � VdTQMQZgi�P ��RQK^;��_O ;SZgi%]aRQ^	V�`]Z�b ZgR ^�KNm��]V�RQP_M `hPLP���b�PSROKN^�PSisTeZgM
P�P_MOTQ[]`]ZgM Pgp]TeZ�`aV�KliEM ZgRO^�V�XSY�Z���PSi<h TeKD;SV�`]P�[]^ ZgRQ�gV�i]KNMO^	Z�PSMOT�	 ;SZ�`]K^]<;jV�`aV�i]V�MQP H��<C_i<;SKNV
;_Zg^ H []P�VdMtH [aVdTeROZf\aV�MQP_M\O K pEi�Zg[¡� p]��P �\P Z�;SZgRORQP_^ V�ZcmlZgi]�gZ�`]P ;SP_ROTWVdM�^	Zgm^h ;_[]m V�M��
^�PSMUTeROP�`]P�Jo` K Zg[ d ` K paMOPS[ �������	���YR[`�V	RQP_b]RQZ�`][]XSY�Z�`]Z	Z�RQ�sV�ihKNMQ^�Z<p]Z�[;iaV�`]K^F�KlMeY�Z
`hP�MO[aV�M\; h_mN[]mNV�M p&P_MOTWV MQPIH �ECSi<;_K V hf`][hb]mNK^;jV�`aV�b�ZgR�b]ROZ%;_PSMOMQZgM H�[hkN^�KD;SZ�M P�V�M ;S�gb]KNV�M�MeYdZ
b]V�MQMQV�`aV�M�V�Z�MLZgRO�sV�i]KlMQ^�ZgMLZg[_; hSml[]m VdML`]P_MJ;SP_i]`]P_i TQPSMIp Z H []P�P ��b]mNK^;jV�Z M P_i<@g^�PSi]Z�`]V �]P �
ROPS`]K TWV�ROKNP_`aV�`]PNR_B []KlTQZgM�Zg[�TeRQZ�M M PSiE@g^	P_i]ZgM��gPSi<h TeK^;SZgMIp�;SZg^�Z;V_;SZg^�\]KNiaVdXjY�Z;`]Pj;SV�ReVdTQP �
ROkNMUTeKD;SV�M iaVfRQP_b]RQZ�`][]XSY�ZfMQP �h[]V�m&P VfKl`]PSisTQKN`aV�`hP�KN^�[]ihZgmN�g��KD;jV%p�MQY�ZfP���b]mlKD;jVd`]ZgM�b�ZgR Zg[hTQRQZgM
bhRQZ�;SPSMOMQZgM H []P�V�mlTQPSReVd^ V�Mf;SV�`]PSKNV�M�`]P Jo` K Zg[0d ` K `]Zf�gP_i]Zg^	VER

� ��� � � ��� ��� �  


£ �gP_i]Zg^	V ;SZ�i TQRQZgmNV�ZgM�b]RQZ�;SP_MQMQZ�MXF�KlTWVdKNM `]Z�ZgRO�sV�i]KlMQ^�Z�b]ROKNi<;_KNbaVdmN^�PSisTePf;SZ�i TQRQZgmNV�i]`]Z
V�MQkNisTQPSMQPL`]P � � ��� � � � �	#gR l MOTWV hLZg[hTQReV���ReV�i]`hPa;SmNV�MQMOPL`]PL^�VY;_RQZg^�Zgm^h ;S[hm V�M ZgRO� 
�i]K^;jV�MIp*H�[hP
`hPSMQP_^	b�PSi��aV�^3[h^�V~PSi]ZgRO^	PsF�VdRQKNP_`aV�`]P{`]P�b]V�b6h_KNM ihZ MQP_R�F�K^FgZ � MQ[hb ZgRUTePXM klMQK^;SZ<pd�gPSRQV�XjY�Z
`hP ^�Z"F�KN^�PSisTeZ<p MOPSbaVdReV�XSY�Z�P TeReVdi]MQb�ZgROTQP.`]P MQ[]\hMOT 
di<;SKNV�M p MQKliaV�mNK^?jV�XSY�Z P ;_Zg^�[]i]K^;jV�XSY�Z<p P_TJ;YR
K M b]ROZ�TeP_kNiaV�M ^	V�KNM KN^�b Z�ROTWVdi TQPSM.MeYdZcV�M �����)
 ���	#gp*H []Po;SVdTWVdmNKNMQV�^�Pa;_ZgisTeROZgm V�^�V�^�V�KlZgRQKNV
`]V�M�ROPjV�X ��P_M>H []kl^	K^;jV�M H []P	Z%;_ZgRQROPS^,i]Z;ZgRQ�gV�i]KNMO^	ZEp&KNi<;_mN[]Kli]`]Z V;MOkNisTeP_MQP�P�`]P_�gReV�`]V�XjY�Z
O `]PSMO^�Vdi TQPSmNV�^	P_isTeZ*P�`]P�Zg[�TeReVdM�b]RQZ�TQPSkliaV�M R

� V�`]V�baVdROTeP�`hP�[]^@�gP_i]Zg^	V H�[hP P_MQb�P ;_K^] ;SV�VcMOkNisTeP_MQP�`]P�[]^	V�PSMQb8h ;_KNP�`]P�b]ROZ�TeP_kNiaV h
`hPSi]Zg^�KNi]V�`aV�Z �������L`aV�^�PSMO^�VER K MQMOKN^0phb�ZgR�P ��PS^�b]mNZ<p�i]Z��gP_i]Zg^	V�`]PLTQZ�`hZ>FgP_ROTeP_\]ReVd`]Z
��	5b�PSmlZ ^�PSi]ZgM�[h^ �gP_i]P H []P `]PSMA;SROPIFgP V �]PS^�Zg�gmlZg\]KliaVEp�V b]ROZ�TeP_kNiaV�H []P TQReV�i]MOb Z�ROTWV
Z ��KN�YCSi]KlZ b P_m V�;_ZgRQROPSisTeP MQV�i]�g[hkNi]PSVER £ [hTeROZ �gPSihP `]PSMA;SRQPgFgPzV PSiE?SKN^	V b�PSbhTQZgMQPNpcH []P h
mlKN\�PSRQV�`aV i]Z5P_MOT @�^�V���Z baV�ReV `]Kl�gPSROKNR�VdM�b]RQZ�TQPSkliaV�M�`]ZgM¡VdmNKN^�PSisTQZgM R £ [hTeROZ�;_Z�`hK^] ;SV V
MO[]\]MUT 
�i<;_K V,H []PYp iaVcRQP TeKliaVEp]`]P TePI;_TWV�VcmN[<? F�PSRQ^�PSm �aVERUl<VdMQMQKl^ b�ZgR�`]KNV�isTePYR

� V�`]V b]RQZdTePSkliaV#h TWV�^�\6h_^ [h^ b�ZgmlkN^�PSRQZ�mlKNi]PSV�R ps;S[ �QV�M�[]i]KN`]V�`]PSM	MeY�Z RQPSMOkN`][hZgM�`]P
��� 
 ��� � ��
����# � ;SZ�^	b�ZgMOTQZgM ZgRO� 
�i]K^;SZgM{MQKl^	b]mlPSMsH�[hP b�ZgMOMQ[]P_^@[]^ ��RQ[]b�ZcV�^�KNiaV O��%`cT

2

p
\�	�MQK^;SZ*P�P¡[]^ �gRO[]b�Z#;SV�RQ\�Z �hklmNK^;SZ O	�h� £�£ T\p 	Y;SKl`]Z*P�b]ROPSMOZgM�VdZ�^�PSMO^	Z 	dTQZg^	Z `hP ;SV�RU�
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\�Zgi]ZERU`LVcMQkli TQPSMOP�`aVcb]RQZ�TQPSkliaVEphZ�M�V�^	Kli]Z 	Y;_KN`]Z�M�MeYdZ�[hi]KN`]Z�M PSisTeROP�MQKHb�ZgR�PSMOMQP_M�RQV�`]KD;SV�KNMIp
;_Zg^@P_mNKN^�KNi]V�XjY�Z�`]P�^	Z�mDh ;_[]m VdM `]P 	��g[aV%pEM ZgRQ^	V�i]`hZ�[h^�V�P_MQb]Kli��aVf`]ZgRQMQV�m';SZ�^@PSMUTeRQ[�Te[]RQV

· · ·�%`cT��h� ��� £ ��`aT���� �h� £ � · · · R l ^ �gP_ReV�m�pX;jVd`aV b]ROZ�TeP_kNiaV�Z%;_ZgRQROP;`hZg\]ReVd`aV�MOZg\]RQP;MQK
^�PSMO^�Vf`]P []^	V,M ZgRO^�V,;jVdReVY; TePSROkNMUTeKD;SVEp ;SZ�^	b]mlP��hVfP�KlRQRQP_�g[]mNV�R R K MOMQKN^ ;_Zg^�Z	i]Z�Jo` K p Z
TQKNb�Z;P	MQPIH �ECSi<;_K V1`]Z�M�ReVd`]KD;SV�KNM�mNKl�sV�`]Z�M�VdZgM 	 TeZg^�ZgM �h� �z`]P_MOTeV_;jV�`hPSK V `]P_TQPSRO^	KliaV�^"V�M
bhRQZgb]ROKNP_`aV�`]P_M~`]VfbhRQZ�TQPSkNi]VEp]KNiE;SmN[hKNi]`]ZcMOPS[ `]Zg\]RQV�^�PSisTeZfP�MQ[aVVM []i]XSY�Z�i]ZfZgRQ�sVdi]KNMO^	Z<R

�$& �$&)% � � 
��L� �.y �.o&� R�r�����y

K MOP H��<C_i<;SKNV�`hZgMcV�^�KNi]Z 	Y;SKl`]ZgM�`]P�[]^	V1b]ROZ�TeP_kNiaV;PSMOT�	�;SZ�`]K^]<;jV�`aV;i]Z�MQP_[5�gPSi]P�MQP �
��[]i]`]Z []^,P_MJH []PS^	V¡RQPSmNVdTeKGFdV�^	P_isTeP�MOKN^�b]mNP_M p9;_Zg^�[]^"V�TQZ�`]Z�M�ZgM�MQPSROPSM F�K^FgZ�M pwZ �$�)��
 ���
����� ���
 �$� R � V�`aVfV�^�KNihZ 	Y;SKl`]Z h�P_MQb�P ;SKG] ;jVd`]Z	b�ZgR�[]^ �gRQ[]b�Zf`]P�TeRACSM�i [<;SmlPSZ�TQkN`]P_ZgMn;SZgihMQP �
;_[hTeKGFgZgM�`]PSi]Z�^	KliaV�`]Z �$�)���	� R � V�`]Vo;SZg^�\hKNiaV�XSY�ZL`hP�TeRACSM \aVdMQPSM�i�[h^ ;S��`]Zgi�PSMQb�P ;_K^] ;SV []^
hi]KD;_Z V�^�KNi]Z 	N;SKN`hZ<p ^	V�M�V�mN��[]i]M�Vd^	Kli]Z 	Y;_KN`]ZgM�b�Z�`hPS^ MQPSR�PSMQb�P ;_K^] ;SV�`]ZgM�`]PjF 	�RQKNV�M M ZgRU�
^	V�M � b�ZgRUTWV�isTeZEp V�b P_MeV�R�`]P �aV�FgP_R 43 = 64

;S��`]ZgihM�b�ZgMQMOk^F�PSKNMIp�V�^	V�KNZ�RQK V�`aV�M~b]RQZ�TQPSkliaV�Mfh
M Z�RQ^	V�`aV�b ZgR{V�b�PSiaVdM�¤�¥�V�^	Kli]Z 	Y;_KN`]Z�M `]K^M P_RQPSisTQPSM R.�~^�V `aV�M &�¦>;_Zg^�\]KliaV�X ��P_Msh�Z ��b�ZgisTeZ
]]iaV�m �>H []PcKNih`]KD;SV�Z ]a^ `]Z���PSi]PNR K TWVd\ P_m V¡¤%R ¤�V�b]ROPSMQP_isTWV¡ZgMoF�KNisTePfV�^�KNihZ 	Y;SKl`]ZgM~^�VdKNM
;_Zg^�[]^�PSisTQP�PSi<;_ZgisTeRQV�`]ZgM�iaV�MLb]RQZ�TQPSkliaV�M p�PcMQPS[hM�RQPSMOb PI;_TQK^FgZ�M\;_��`hZgi]M R £ M MQkl^�\�ZgmNZgM~MeYdZ
;_ZgiQFgP_i<;SKlZgiaV�ml^	P_i TQP�[]MQV�`]ZgM�P_^ \hKNZgmlZg�gK V ;_Zg^	bh[hTWVY;_KNZgi]V�m.P�PS^ \aV�i<;_ZgM�`]P�`aV�`]ZgM�baV�ReV
`hPSMJ;_RQPgFgPSRLV�M�MQPIH �ECSi<;_K V�M~`]P V�^�KNi]Z 	N;SKN`hZgM�`]P�[]^	Vcb]RQZdTePSkliaVER

�$& �$&�� ����� vFo&��q���.o&� t]y

K MOkNisTeP_MQP�`]P�[]^�V b]RQZdTePSkliaV_h�ihZgRQ^	V�mN^�PSisTQP1M P_KlTWV PS^ `][aV�M�P_TWVdbaV�M R `�V1P_TeV�baV�`]P
�� ����#�����
 ����� p][]^	VfP_i<?SKl^�V�P_MQb�P ;_K V�m[O TeReVdi]MJ;_RQKlTeV�MQP�P b P_RJ;SZ�RQRQP�ZcTeROP ;��]Z�`]Z	Jo` K `]Z�ZgRO�sV �
ihKNMQ^�Z\H�[hPc;_ZgisT hS^�Z��gPSi]P ;SZ�RQRQP_MQb�Zgi]`]P_isTePYp%;SZgihMOTeRO[]KNih`]Z�[]^	V ;S�gb]KNV P_^ dc` K p `]P_i]Zg^�K �
i]V�`aV��
	'� ������#)������
 � �jO ^ d ` K PSRE`�V�P_TeV�baV�`]P # � ��� �$#�� b]RQZgbhRQK Vd^	P_i TQPL`]K TWVEp�PSMUTWV ;_�gb]K V
h~b]ROZ%;_PSMQMQV�`aV b ZgR [h^�V�MQP_�g[]i]`aV�PSiE?SKN^	VEp Z ��
 ����#$#��	��� � P_MOTeP ��m^C � []^ ;S��`]Zgi�`]P ;jV�`]V F�P ?Yp
P VY;_RQP_MJ;SP_isTWV	Z�V�^�KNihZ 	Y;SKl`]Z ;_ZgRQROPSMQb�Zgi]`hPSisTeP �fbhRQZ�TQPSkNi]VfMOPSi]`hZ1M ZgRO^�Vd`aVER

£ RQKl\ Z�MQMQZ�^	Z�iaV F�PSRQ`]V�`]P h�[]^9V��gmNZ�^	P_ReV�`]Zf`]P�`]K^F�PSROMeV�M bhRQZ�TQPSkNi]V�M�MOPSbaVdReV�`aVdM P�`]P
[h^�V0;jV�`]P_K V1`hP d ` K P_MQb�P ;_K V�m�p�Z��
	 � ��
 ����#$#��	����� O RJdc` K PgR-l MOTQP dc` K iaYdZ_;SZ�i TJhS^
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� ;SV�`]P_K V�M�MQP_^ M []i]XSY�Z<p VY;_[]^�[]mNV�`aV�M�b�ZgR�VY;SV�MQZf`][hReV�isTeP \]Klm�����PSM `hP�Vdi]ZgM�`]P�PIF�ZgmN[]XSY�Z<R
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g
h	V;b�PSiaVdmNKN`]V�`]PcbaV�RQV;P_MQbaV�X_ZgM R K M []i]XSY�Z

p(i, j)
V�MQMO[]^	P�Z FdV�mlZgR

1
MOP

si = tj
paP −1

MOP
si 6= tj

R

��� �������
	���������������������
��� ��� !
�"� #%$ &	('�)*',+.-/!�0/1�2�3�4���� -5-6!87:9<;�!�3 �%� �(�=��� !?>
�"� @ 'BA�)*',+C-%�&������������� ���=!5!�3�7���!D-6!67
�E� � ← | - |
�"� 3 ← | 7 |
�"� F '�	('G� ← H ' &IJ�LKM'�N/'
	"� �:OP�RQ H/S ← �JT8>

"� F '�	('VU ← H ' &IW3WKM'�N/'
���"� �XO H Q�U S ← ULT8>
� ��� F '�	('G� ← H ' &I?�LKM'�N/'
���"� F '�	�'YU ← H ' &I53WKZ'�N/'
���"� �:OP�RQ[U S ← �B��\^]_�XO��=`%a,Q�U S5b >cQd�:OP�%`=a,Q[U
`%a S�b ;c]E�eQ[UBfRQd�:O��eQ[U
`%a S%b >�f
� �E� 	 # &�
	 $ 'g�:Oh�iQZ3 S

��Kl�g[]RQV � R ¤�L K mN��ZgRQK Te^�Z�`]P =�Kl^	Klm V�ROKN`aV�`hP

K ]a��[]ReV � R � ^�ZgMUTeReV5V5^�V TeRQK^?�`]PzV�mlKNi��aVd^	P_i TQZ baV�RQV V�M¡MOP H��<CSiE;SK VdM
s = AAAC

P

t = AGC
p<;SV�mD;_[]m V�`]V�[]MeV�ih`]Z	b�PSi]V�mNKl`aV�`]P

g = −2
R
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`~[]^�V�MOPS�g[]ih`aV P TWV�b]VEp Z�VdmN�gZgROKlTQ^	Z�Zg\hT h_^FZ V�mNKli��aV�^�PSisTQZ ��TeKl^	Z V baVdROTeKlR `aV�^	VdTeROKD?
`hPLMQKl^	Klm V�ROKN`aVd`]PYR £ V�ml�gZgROKlTe^�Z baVdROTeP~`aV b ZgMOKNXSY�Z

a[m, n]
`]V�^	VdTeROKD?�PLKl`]PSisTQK^] ;SV Z�^�V�KlZgR

`hPSisTeROPLZgM[F�VdmNZgROPSM
a[m− 1, n]+ g

p
a[m, n− 1]+ g

P
a[m− 1, n− 1]+ p(i, j)

R K b�ZgMQKlXjY�Z
;_ZgRQROPSMOb Zgih`]PSisTePcb]V�MQMQV�V	MQP_R�V�i]Z"FdV�b�ZgMQKlXjY�Z	`]P�b]V�ROTQKN`aVER £ V�mN��ZgRQK Te^�ZcRQP ;_[]RQMOK^FdV�^�PSisTeP
VdMQMQ[h^	P i]Z"FdV�M�b�ZgMOKNX ��PSM�`]P baV�RUTeKl`aV	V T h ;��]PS�gV�R�i]V	b�ZgMQKlXjY�Z

[0, 0]
Rt`~PSMUTeP�b�ZgisTeZEpaZ�V�ml�gZd�

ROKlTQ^	ZcROP_TeZ�RQiaV�baV�MQMOZd��V � baV�MOMQZ�b P_m V�M�MO[aV�M~b ZgMOKNX ��P_M�Vdi TQPSROKNZgROPSM~�gPSRQV�i]`]Z<paPgM P_TQK^FdV�^�PSisTePNp�Z
VdmNKNi��aV�^�PSisTeZ<R � V�`aV�b�ZgMQKlXjY�Z�b P_RJ;SZ�RQRQKl`aV�iaV\FgZgm TWV�i]ZgM�` 	�[]^	V>;SZgml[]iaV�`hZcV�mNKli��aV�^�PSisTQZ<R
J�PSb�PSi]`]P_i]`]Z�MQP�Z�`]PSMOmNZ�;jV�^�PSisTQZ�MQPSR 	 i]V �]ZgRQK^?SZgisTeV�m+pYF�PSRUTeKD;SV�m]Zg[c`hK V��gZ�iaV�m+pdKNMUTeZ�P H []KGFdV�mNP
� Kli]MQP_RQXSY�Z `]P [h^$P_MQbaV�X_Z�PS^6[]^�V�`aV�M MOP H��<CSiE;SK VdM Zg[ �a;SZ�RQRQP_MQb�Zgi]`<C_i<;SKNV�`aV�M MOP H��<CSiE;SK VdM
i]VYH []PSmNVfb�ZgMOKNXjYdZ<R

K ]a�g[]RQV � R ¦	V�b]ROPSMQP_isTWV	Z�V�mN��ZgRQK Te^�Z�RQPI;S[]ROMQKGFgZjH []P ;SZgihMOTeRO�gKwZ	^�PSm �]ZgR�V�mlKNi��]V�^	P_isTeZ
P_isTeRQP�`h[aV�M�MQPIH��<CSi<;_K V�M�� ¤ ¦ �+R ��Zg^�ZcRQP_MQ[]m TWV�`hZ�baV�RQV�ZV;jV�MOZc`aV�M�MQPIH��<CSi<;_K V�M

s = AAAC
P

t = AGC
p]Z�V�ml�gZgRQK Te^�Z�ROP_TeZ�RQiaV�VcMQPS��[]KNisTeP�MOZgmN[]XSY�Z<L

s′
K K K �

t′
K � � �

� &(%'&�� � y vFy���y� ���Fo�q��UvF� ��� t]���L�.�Lo

K �]Zg^�ZgmNZg��K V�PSisTQRQP�`h[aV�MVO Zg[�^	V�KNM P \]KNZd� MQPIH �ECSi<;_K V�M~iaY�Z�b�Z�`]P�MOPSR�`]P_TQPSRQ^�KNi]V�`aV	`hK �
ROP_TeV�^	P_isTePYp~b�ZgKNM�Z bhRQZ�;SPSMOMQZ `]P RQP_b]mNK^;jV�XSY�Z Zg[�mlPSK Te[]RQV�H []P�V�M�b]ROZ�`][E?SKN[�V b]V�ROTQKNR�`]V
MOP H��<C_i<;SKNV V�i<;_PSMOTQReV�mf;_Zg^�[]^ i]Y�Z�b�Z�`]P¡MQPSR�Zg\]MOPSR F�Vd`]Z � PYp�ihZ#;SV�MQZ�`]P;��PSi]Zg^	V�Mc`]KGM P �
ROPSisTeP_M p ZzV�iE;SPSMUTeRQV�mn;SZg^�[]^ M ROP H��]PSisTQPS^�PSisTeP;iaY�Z�PSMUT�	�^�V�KlM�`]KlMQb�Zgi]k^F�PSm�R � ZgRUTWV�isTQZ<p�V
�hZg^	Z�mNZg�gKNV;P_i TQRQP �gPSihPSM1h `hPS`][<?_KN`aVzV�baV�ROTQKNR�`]VzMOKN^�KNm VdRQKN`]V�`]P�PSisTeROP;ZgMf^�PSMO^	ZgMIR £ [
MOP��QVEp6H [aV�isTeZ�^	V�KlZgR~V�MQKl^	Klm V�ROKN`aV�`hP PSisTeROP�`][aVdMLMQPIH��<CSi<;_K V�MIpH^�PSi]ZgRLV	b]ROZg\aV�\hKNmNKl`aV�`]P�`]P
H []PcP_m V�M�TePSi��aV�^ MOKN`]Z���PSReVd`aV�M�KNih`]PSb�PSi]`hPSisTeP_^	P_i TQPf[]^�V	`aV�Zg[hTQReV�Pc`]PVH []PfV�MOKN^�KNm V �
ROKN`aVd`]P�Z%;_ZgRQRQV�b Z�R�VY;jV�MOZ<R ��Zg^�ZcP���PS^�b]mlK^] ;SV�`]Zfb Z�R���Z�Zgi]Kli�P���V�mlb P_RQKNi � ��% �+p]TQZg^	V�i]`]Z
`h[aV�M MQP H��<C_i<;SKNV�M�`hP � ¥�¥;V�^�KNihZ 	Y;SKl`]ZgMoH []P�V�b]ROPSMQP_isTWV�^ 6g¥��9`]P	Kl`]PSisTQKN`aV�`hPYp�b Z�`]PS^�ZgM
;SV�mD;_[]m VdR�V1bhRQZg\aVd\]KNmlKN`aV�`hPc`]KNMUTeZ�Z�;SZgRORQP_R�b�ZgR�VY;SV�MQZ1P FgP_RQKG] ;jV�R>H�[hP�PSmNV h�TeY�Z1b�P H []P_iaV
H []PLMQP�TQZgRQi]V�KN^�b]ROZ F 	�FgP_m6H []P~TWV�m�PIF�PSisTeZ�TQPSi��]V�Z%;_ZgRQROKN`]Z i]ZgM ]mlTQKN^�ZgM %�\]Klm�����PSM.`]PLV�i]ZgM
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��� �������
	����������� ��3�� �(�B!�3%7��
�"� #%$ &	('�)*',+���3%�B�%4�! -	�
Q�
 Q��B��7%�
���� � ��� �8;�!����J�%��>����
��7���������������������������
�"� @ 'BA�)*',+ ������3�� ���
!�3%7��5!�� -��%Q<7���Qd!67 �(�B��3����5!(�! "�#�

�E� @�# �%$ H # U&$ H #=$ �'��
�"� 7 �(� ← H
�"� @�#%$ '�� @&# �)( H # �XO��eQ[U S $D�:OP�%`=a,Q[U S5b > #=$ �'��
� � � ����3�� ���
!�3%7��e]��%`=a,Q U^Q<7 �(�,f
	"� 7 �(� ← 7 �(� b a

"� -���O 7���� S ← -^O�� S
���"� 7*� O 7���� S ← +

� ��� @&#%$ '�� @&# �)( H # U,( H # �:OP�RQ[U S $W�XO��=`%a,Q�UB`=a SJb ;c]E�eQ[UBf #=$ �'��
���"� ��� ��3�� �(�B!�3%7��*]E�%`=a,Q UB`=a,Q<7 �(�,f
���"� 7���� ← 7 �(� b a
� �E� --� O 7���� S ← -^O�� S
���"� 7*� O 7���� S ← 7 OMU S
���"� # � @&#
� � � ��� ��3�� �(�B!�3%7��*]E�RQ UB`=a,Q<7 �(�,f
��	"� 7���� ← 7 �(� b a
��
"� --� O 7���� S ← +

� �"� 7*� O 7���� S ← 7 OMU S
��KN�g[hReV � R ¦<L K ml�gZgROKlTe^�Z�ROP ;S[hRQMQKGFgZ�baV�RQV�VdmNK/.��aV�^�P.sTeZ��dTeKN^�Z

� P �E;_P_TQZ�b Z�R�`][hb]mNK^;jV�XSY�Zf`]P�[]^	VfMQP H��<C0.<;SKNV�V1.<;_PSMUTeReVdm ;_Zg^�[]^0p P ;_Z�.<;_mN[]KlR~`]V�k'H []P�V�M
MOP H��<C0.<;SKNV�M�P_^ H []PSMUTWY�Z	MeY�Z �]Z�^	�gmlZg�sV�MIR
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��� �"!#�%$ &('*)+!e[*,lZ.-#�0/213�4&(5�Z6�7&8,:9g[*;<�7$SZ6;*$=� 1+!eZ6�7>*�?'<-QZ6@A&8@*1:,31:>A&(><�B�C!4�_Z6-#1:&.>A&D1:;<E Z(-#5F&HG
XSY�ZJI [*�K&�[2L213,:1M&85N;A&O$SZ65P'*-"� � ;<�eY�ZJ>A&J&8; 	(,:13�#�P>]ZJ$SZ(;Q!#� *>hZR><�S1:;<E Z6-"5T&dXjY�Z�'*-#�=�#�=;Q!#�
;*&(�U�#� IQV*W=;*$ 1:&(��>*�YXC�[Z%\

]S^ _ `�a%bKced7fhgiakjmlSdonSpqaYr�sYrKf0t=f=lKs%lSd dudUjvgws?gix jvgif=cys

z�{}|�{"| ~����B�����B���B���B���[�*���C���C�������B���B�

XB�=;]Z(!4&(-#�=5	Z6�e' Z6-
Pr(X ≈ x)

&%><� ;*�"1:>A&(><�C>*�C'*-OZ6@A&(@<1:,:13>A&(>*�U>*�
X

;]Z.'�Z6;�!eZYL���Zg[
�"���#&<�

Pr(X ≈ x) = lim
h→0

Pr(x ≤ X ≤ x + h)

h

z�{}|�{�� �O�*���B���B���}���[���[�������B�[���������B���

� ���#&(5m>][*&(�y/8&(-#1�	�/(� 13�7&(,:� &8!4�(-#1M&8�
A

�
B

I [*��' Z�>*�=5m&(�"�Q[*5P1:- Z(�y/(&8,NZ6-"� � {a1, . . . ap}� {b1, . . . bq}
��-#� �"'��=$=!#13/8&(5P� ;�!4�8\�XB� ;]Z8! &(-"� 5�Z6�e'�Z6-

P (B = bi|A = aj)
�<&%'*-QZ6@*&(@*1:,31:>A&8>*�



���������
	������������� ���

$_Z6;*>*13$ 1lZ6;A&(,�>*�
B = bi

>A&(>hZ
A = aj

�aZg[K�#���#&<�

Pr(B = bj|A = ai) =
Pr(B = bj ∧ A = ai)

Pr (A = a1)

��� \����

z�{}|�{! "$#��B���&%(' ���<�*)��[����� � �B���+'7�����C������,��

Z.-0/2143�5 ��6 [87�549;:�<=-0/2143�:H� 6 [>7�549;:�<0?A@CB�?D<25E1F:��B>*��[*5F& /(&8-#1 	 /(� ,�&(,:� &8!4�(-#1M&F-#� &8,
X

G >*��H*;*1:>A& $ 6 5 6
E[X] =

∫ +∞

−∞
x Pr(X ≈ x) dx

� 6 ;*>*�
Pr(X ≈ x)

G &�>*� ;*�"1:>A&8>*� >*�
'<- 6 @A&8@*1:,31:>A&(><�[>*�

X
; 6 ' 6 ;Q! 6

x
\JI 6 5 6 G �4&8@*1:> 6 � 6 /8&(, 6 -e>*�

E[X]
' 6 >*�C�#�=-7� �}!41:5F&(> 6

&D'A&8-"!413-7>*��[*5F&D&(5 6 �"!4-#&D>*�?/(&8, 6 -"� �
X[i]

�
i ∈ {0..M − 1} �A'��=,M&.5 G >*1:& &(-#1+!45 G !413$ &

E[X] ≈ 1

M

M−1
∑

i=0

X[i]
��� \LK��

Z /8&(-#1;M(;*$ 1:&S>*�	[<5T&S/8&(-#1�	�/(� ,�&(,3� &8!#�6-#1:&
Y
� ><� ; 6 !4&(>A&�' 6 -

V (Y )
6 [

Ŷ
� G >*�DHA;*1:>*&

' 6 -
Ŷ = V (Y ) = E(Y 2)− [E(Y )]2

��� \ONE�

P ><� �"/�1 6 'A&8>*-RQ 6 >A&./8&(-"1 	 /6�=,
X

G &D-4&81;S?I [A&(>*-#&(>A& >A&D�Q[A&D/8&(-#1;M(;*$=1M&<� 6 [K�#���#&2�

σ[X] =
√

V [X]

]S^RT U�bWVHaYpYX s[Z]\Ya

^i&8!2_*1a`b��c�d ; 6 �[�0L2'*,31:$ & I [*�D&fehg�54i�j�3�1E5E1F?k1F?l3miono:�<p-q5�r�sF: -"� $=� @*13>A&T� 5�[*5F&F5P� ;<�4&HG
9(� 5 � �}!�	.>*13-#�=!4&(5P� ;�!4��-#�=,M&($=1 6 ;A&8>A&%$ 6 5 &k1:;*$=� -}!4�hS & 6 [ 13;�/6� -"�4&(5P� ;�!#�C-#�=,M&($=1 6 ;A&8>A&Y$ 6 5
&P'*- 6 @A&(@*13,:1:>*&(>*�?>*�%�Q[A& 6 $ 6 -#-#W=;*$ 1:&<\�XB� ; 6 ! &(;<> 6 ' 6 -

p
&F'<- 6 @A&8@*1:,31:>A&(><�?>*� 6 $ 6 -"-#W=;*$ 1:&

><��[*5F& 5P� ;*�#&(96�=5u�=�#'	� $ )�HA$ & �T' 6 -
I(p)

& 1:;<E 6 -"5T&utoQ 6 '*- 6 ' 6 -#$ 1 6 ;A&(>*&�'	� ,:& 5P� �#5F&<�
13;�!e[*1+!413/8&(5P� ;�!#�%�=�#'	� -4& G��#�DI [*�

limp→1 I(p) = 0
�v�

limp→0 I(p) = ∞ \wv�5T&F5F�=>*1:>A&F>*�
13;<E 6 -"5T&4thQ 6 <!#1:,�>*�0/6�T�#&8!413�"E &4S=� -�! &(5k@ G 5 / 	(-#1:&(� 6 [<!#-4&(�Y'*- 6 '*-#13� >A&(><� �Y1:;�!e[*1+!41+/(&8� \qx 6 -
�hL2� 5P'*, 6 � �#�	[*5T&�5F�=;*�4&896� 5$ 6 ;*�#13�"!4�F>*�T>h[A&(�k'*&(-"!#� �k13;*>*�='��=;*>*� ;�!#� � ���=;�!AQ 6 &�1:;<E 6 -}G
5F&4thQ 6 $ 6 ;�!#1:>A&S;A&K5F�=�#5F& >*�=/(�F�"� -Y&K� 6 5F& >A&K1:;<E 6 -"5T&utoQ 6 $ 6 ;�!413>A&S;*� �"�4&(�Y'A&(-}!4� �(y
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6 [��#���#&<�
I(p1p2) = I(p1) + I(p2)

\����"!4&T� 6 [2!4-4&8�[$ 6 ;*�#13>*� -#&4t��� �[1:5P'*,:13$ &(5 ;A&P�#� 9�[*1:;�!4�
E �(-#5�[*,:&

I(p) ∼ log
1

p

��� \ � �

x 6 >*�=5 6 �?&(1:;<>A&�[<!#1:,:1�S &(- 6 ' 6 ;�! 6 ><�k/�1:�"!4&T>A& �=;*96� ; _A&(-#1:&�`b��c�dqI�[<�.$ 6 ;<�#1:><� -4& I [*� 6
$ 6 ;�!4� *> 6 >*�U1:;<E 6 -"5T&utoQ 6 ><��I [A&8,:I [*� -�5P� ;<�4&(96�=5 G 1:9�[A&(,A& 6 ; *5P� - 6 5P):;<1:5 6 >*�U>*)39613! 6 �
-"� I [*�=-#1:> 6 �U'A&(-4&D$ 6 >*1�HA$ 	 G�,M&2\

Zm@*&(�#�S> 6 , 6 9�&(-"13!#5 6 ;A&�E �6-"5�[*,:& ��� \ � � G &(-#@<13!4- 	(-#1:&��K&HE �=! &�&('��=;A&(��[<5uE &8! 6 -k>*�
�=�#$ &(,M&<��1:�}! 6 G �*& [*;*13>A&(>*��>*�B5P� ><1:>A&Y>A&%13;<E 6 -#5F&4thQ 6 \wZ7> 6 ! &8;*> 6 G��#�?&Y@A&(�#� K2�2&�[*;*13>A&(>*�
�"� - 	�[*5��h3mj y &D1:;<E 6 -"5T&utoQ 6 $ 6 ;�!41:>*& ; [*5F&D5F�=;*�4&896� 5mI [*�?!#� 5m'*- 6 @A&(@<1:,:13>A&(>*�l����K2\

]S^�� ��bDg�p a%nKf=s

Z�� ;�!4- 6 '*1M&�>*��[*5T&?/8&(-#1�	 /6� ,	&(,3� &8!#�6-#1:&
X

G &%I [A&(;�!#1:>A&(><�B5 G >*1:&�><�B1:;2E 6 -#5F&4toQ 6 E 6 -}G
;<� $ 13>A&B' 6 -w$ &(>A&�� ,3� 5P� ;�! 6 >*��[*5F&[�"� IQV*W=;*$ 1:&C>*� /8&(, 6 -#�=� �O[*$ �=�#�#1+/ 6 ��><�

X
\ � �

X
&(�#�O[*5F�

6 ��/8&(, 6 -#�=�
x1

\ \=\
xm

$ 6 5m'<- 6 @A&8@*1:,31:>A&(><� �
p1 . . . pm

�Y$ &(>A& /8&(, 6 -7><�
X

G 13;*>*�='��=;*>*� ;�!#�
> 6 ��&(;�!4� -"1 6 -"� �=�A� ;�!AQ 6 & � ;�!4- 6 '*1:& ><�

X
G

H[X] =

m
∑

i=1

piI(pi) = −
m
∑

i=1

pi log2 pi

��� \����

� � 6 ��/8&(, 6 -#�=� &8�#�Q[<5F13> 6 ��' 6 -
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Ã(k) =







|A(k)|2 �#�
k = 0

6 [
k = N/2,

|A(k)|2 + |A(N − k)|2 �#�
0 < k < N/2

� �2\����

� 6 !4� I [*� 6 �=�#'	� $0!4- 6 >*�P' 6 !#W ;*$=1M& !4�=5 bN/2c + 1
�=,:� 5P� ;�! 6 �
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(Âk)
2

(

2(M̂k − 1

4
D̂k) + 1

2
D̂k

)(

1

2
D̂k

)



 =
1

2
log

[

(Âk)
2

M̂kD̂k

]

� �<\��E�
I 6 5 6
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