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@�ACBEDFDHGIDKJMLNDHO9PRQESUTWVX@�AWYZT\[]A^T
_ A>`aYbGbGIcd[]YZeKTWVCfCYZShgKi _ DH[jSUV�kT\lKG

m lK[#Qnl3Vog/p3qKqHr

s$t B]T\foYbfufoQEvnOwYZSUSUT\x/SUDySoBET{znlKAWQ]GZShg/DKJM`dVClKxnQ]l3SUT|@FSoQ]xnYZT\fulK[]x�}~T\foT\l3VCACB
Y�[/Pnl3VoSoYblKG�J�Q]GZ�nG�O9T\[jSNDKJ�SoBET�VoT\�FQ]YZVoT\OyT\[jSof?J�DKV~SoBET!x]TW�KVoTWT!DKJ

� D�A^SUDKV�DKJ,�MB]Y�GZDHfUDKPnB#g
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t B]Ybf SoBET\foYbf B]lKf S�� D	OylKYb[ A^DH[jSUV�YZvnQESoYZDH[nf
	 t BET/�]V�fUS|A^DH[#SUVCYZvRQESoYZDH[ Ybf|SoBET�Q]fUT DKJaA^D#DKP�TWVCl3SoYZeKT
GZDFAWlKG�Y��\l3SoYZDH[ J�DKV xET\A^DHQEPRGbYb[E��SoBET�P�DHfoYbSoYZDH[]lKGNTWVoVoDKV DKJal O9D>e�Yb[E� VCDKv�DKS9J�VoDHO7YZSof9T\[#eFYZVCDH[]O9T\[#S
	
t BET9fUT\A^DH[]x	A^DH[jSUVCYbvnQESoYZDH[;YbfaSoB]TyxETWeKT\GZDKPnO9T\[#S!DKJNT

wAWYZT\[#S{O|Q]GZSoY�� VoDKv�DKSaT���PnGZDKVCl3SoYZDH[ fUSUVCl3SUTW�HYZT\f
J DKV�lK[ Q][���[ED���[/T\[#e�YZVoDH[]O9T\[#S
	
t BET~P]VoDKP�DHfUT\x O9TWSoBED�x Y�fMxET\foYb�H[ET\x9SUD|v�T�VoDKvnQ]fUS Yb[ySoBETXJ�lKA^TdDKJ l3VovnYbSUVCl3VCYbGZg Gbl3Vo�KTXDFx]DHO9TWSUVog

TWVoVoDKVCfXDKVXDKv�� T\A^Sof���YZSoB P�D#DKVdVoT
�]T\A^SolK[]A^T ACBnl3VClKA^SUTWVCYbfUSoY�AWf
	�LuT\[jSUVClKG SUD SoBET T���PnGZDKV�l3SoYZDH[ fUSUV�l3SUTW�Kg
Ybfyl foT\[]fUDKV���VCDKv�DKSwSUVClKA��KTWV�� O9DHQn[jSUT\x�DH[�l VCDKv�DKSwSoB]l3S A^DHQ]G�x0SUVClKA���l fUT\A^DH[]x�O9DKvnYbGbT�VoDKv�DKS
lK[]x lKAWAWQ]VCl3SUT\GZgwVCTWP�DKVCS YZSofNVoT\Gbl3SoYbeKTXP�DHfoYZSoYbDH[�	���QEV T���PnGZDKV�l3SoYZDH[ foSUVCl3SUTW�HYZT\f?Q]fUTdSoBETdVoDKv�DKS SUV�lKA��KTWV
fUT\[]fUDKVXSUD f �NTWTWP l3VCT\lKfXDKJ,J�VoTWT|fUPnlKA^T{v�TWS�� TWT\[ fUSol3SoYZDH[]l3VCg�lK[]x O9D�eFY�[E�wVoDKv�DKSofXlK[]x SUD �KT\[ETWVCl3SUT
l9�KVCl3PnB!� vRlKfUT\x�xET\foA^V�YZP]SoYZDH[/DKJ�SoBET!T\[#e�YZVoDH[]O9T\[#S
	 t B]Ybfu�KVCl3PnB Ybf~Q]foT\x�SUDy�HQ]Ybx]T�SoBET!T���PnGZDKVCl3SoYZDH[
P]VoD�A^T\fof
	 � TWP�T\[]xnYb[E��DH[ SoB]TufCY��WTuDKJnSoBETuT\[#eFYZVCDH[]O9T\[#S VCT\Gbl3SoYZeKTuSUD�SoBETuVClK[E�KTuDKJ�SoBETuVoDKv�DKS SUV�lKA��KTWV\i
x]Y�"�TWVoT\[jS fUPnl3SoYblKGRxET\A^DHO9P�DHfoYZSoYZDH[nfMl3VoTdQ]fUT\x�#�l{SUV�YblK[E�HQ]Gbl3SoYbDH[9DKVNl SUVCl3P�T
�WDHYbx]lKGRxET\A^DHO9P�DHfoYZSoYbDH[9DKJ
SoBET!J�VoTWT{fUPnlKA^T$	�LNDHOyPnGZTWSUT!T���PnGZDKVCl3SoYbDH[%��YZSoBEDHQ]S~lK[jg�D�eKTWVCGbl3PnfdYbf?�HQ]l3V�lK[jSUTWT\x lKf�lwVoT\foQ]GZS?DKJ�SoBET
�HQ]Ybx]lK[]A^TaP]VCD>e�YbxET\x/vFg SoB]T!x]Q]lKG��KVCl3PnB�DKJ SoB]T!fUPnl3SoYblKG x]T\A^DHO9P�DHfoYZSoYZDH[/DKJ SoBET!T\[#eFYbVoDH[]O9T\[#S
	
t BET|Qn[]A^TWVoSolKYb[#Shg Yb[ l3vRfUDHGbQESUT VoDKv�DKSdP�DHfCYZSoYZDH[]fXlK[]x SoBET VoT\foQ]GZSoY�[E� Q][nA^TWVoSolKYb[#Shg Y�[ SoBET9Oyl3P

Ybf VoT\xnQ]A^T\xySoBEVCDHQE�HBwSoB]TXQ]fUTXDKJ l{PnVoDKvnl3vnYbG�YbfUSoYbA J V�lKO9T
� DKV&�yvnlKfUT\xwDH[ PRl3VoSoYbAWGZT~�RGZSUTWVCYb[E�'��l _ DH[jSUT
Lul3VCGZD foYbO|Q]Gbl3SoYZDH[	SUT\ACB][nYb�#Q]T(�)	���l3VoSoY�AWGZT/�nGZSUTWVCYb[]� Ybf|l PnVoDKvnl3vnYbG�YbfUSoYbA9folKOyPnGbYb[E� SUT\ACB][]Y��#QET/Q]fUT\x
SUD�T

wAWYZT\[#SoGZg O9D�xET\G,A^DHO9PRGZT�� P]VCDKvnl3vnYbGbYbShg�x]YbfoSUVCYZvnQESoYbDH[]f~SoB]l3S!AWlK[n[EDKS�v�T|T�"�T\A^SoYZeKT\GZg;xET\fCA^VCYZv�T\x
Q]foYb[E�9AWGblKfCfoYbAWlKGIO9TWSoBED�x]f*��fCQ]ACB�lKf,+!lKGbOylK[/�RGZSUTWVCf)�)	

- TNP]VoT\foT\[jS T��FP�TWVCYbOyT\[jSolKGjVoT\foQ]GZSof J VCDHO�S�� Dax]Y�"�TWVoT\[#S YbO9PRGZT\O9T\[#Sol3SoYZDH[]fIDKJ]SoB]TMVoDKv�DKS SUV�lKA��KTWV
fUT\[]fUDKV\i�Yb[/foYbO|Q]Gbl3SUT\x lK[]x/Yb[ VoT\lKG�T\[#eFYZVCDH[]O9T\[#Sof
	 t BETalKAWAWQEVClKA^g DKJ SoBETaVoT\foQnGZSoYb[E�|Oyl3P�Yb[]A^VoT\lKfUT\f
��YZSoB;SoBET Q]fUTwDKJ?A^DFDKP�TWVCl3SoYZeKT GbDFAWlKGbY.�\l3SoYZDH[�	/z]QEVoSoBETWV�O9DKVoTKi SoBET xETWSUTWV�YZDKVCl3SoYZDH[ DKJNSoB]T'�]DFDKV A^DH[!�
x]YZSoYZDH[]fax]Y�x []DKS!l/"�T\A^S SoBETy�#QnlKGbYZShg DKJ SoB]TwOyl3P;eKTWVCYZJ�g�Yb[E�/SoBETyxET\A^DHQEPRGbYb[E� DKJuP�DHfCYZSoYZDH[]Yb[]�wTWVoVoDKV
J VoDHO SoBET�T\[je�YZVoDH[nO9T\[jS
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LNTWSUSUT9SoB��T\fUTwl3P]P�DKVoSUT T\fofoT\[jSoYZT\G�GZT\O9T\[#Sax]T\Q!� A^DH[#SUVCYZvnQ]YbSoYZDH[]f
	�� l P]VoT\OyY	�TWVoT9A^DH[]fCYbfUSUT T\[ G	
 T\O9PRGZDHY
xET G�l)O)kTWSoB]DFxET x]T�GbDFAWlKGbY.�\l3SoYZDH[ A^D#DKPukTWVCl3SoYbeKTKidP�DHQEV/DKv]SUT\[nYZV�GZT xNkT\A^DHQ]PnGbl3�KT T\[#SUVoT;G	
 TWVoVoT\Q]V/x]T
Gbl P�DHfoYbSoYZDH[	xnQ	VCDKv�DKS T\[ O9DHQEeKT\OyT\[jS9TWSyA^T�xET/G	
 T\[#eFYbVoDH[][ET\O9T\[#S
	�� l x]T\Q!��Y	�T\OyT/A^DHOyP�DKVCSUT/GbT
x kTWeKT\GZDKP]P�T\Oy[#S�x]TufoSUVCl3S#kTW�HYZT\f T

wAWlKA^T\fMx�
 T��FPRGZDKVCl3SoYZDH[ O|Q]GZSoY�� VoDKv�DKS�x�
 Q][ T\[je�YZVoDH[n[ET\O9T\[#S�Y�[]A^DH[][FQ�	

� l?O	kTWSoBED�xETMP]VCDKP�DHfFkTWT,T\foS A^DH[�
AWQETMx]T OylK[]Y	�TWVoT��l��TWSUVCTMVoDKvnQnfUSUT�J�lKA^T��l?xET\fITWVoVoT\Q]VCf�DFx]DHO	kTWSUVCYb�FQET\f
l3VovnYZSUVClKYbVoT\O9T\[#S~�KVClK[]xET\fXDHQ��l x]T\f�DKv!�UTWSofal\gHlK[#S!xET OwlKQEe<lKY�fUT\fXAWl3V�lKA^S#kTWV�YbfUSoYb�FQET\f�xET VFkT
�]T\A^SolK[]A^T$	
��
 kT\G�kT\O9T\[#SXA^T\[#SUVClKG xET�Gbl9foSUVCl3S#kTW�HYZT x�
 T���PnGZDKV�l3SoYZDH[/T\fUS�Q][�foT\[]fUT\QEV*��foQnYZeKT\QEV~xET�VoDKv�DKS)�NO9DH[#S#kT foQ]V
Q][9VoDKv�DKS �FQ]YEPnQ]Y�fofUTuVoTWPukTWVoTWVuQ][yxET\Q���Y	�T\O9T�VoDKv�DKSMO9DKvnYbGbTNTWSNO9T\foQEVCTWVMfol�P�DHfoYZSoYbDH[9l\eKT\AXP]VFkT\AWYbfoYZDH[ 	
� DKSUVoT�fUSUV�l3S#kTW�HYbT�x�
 T��FPRGZDKVCl3SoYZDH[)QESoYbGbY�fUTwGZT fUT\[]fUT\QEV|P�DHQEV|vnlKGbl\gKTWVyGbT\f{V�kTW�HYZDH[nf9x�
 T\fUPnlKA^T eFY�xETwT\[!�
SUVoT;GZT VCDKv�DKS�fUSol3SoYbDH[][]lKYZVoT TWS�GZT�VoDKv�DKS OyDKvnYbGZTKi�l>eKT\A �FQEDHYdDH[�DKvnSoYZT\[jS�Q][��KVCl3PRBET;�#Q]YdxNkT\A^VCYZS
G	
 T\[je�YZVoDH[n[ET\O9T\[#S
	�LNT �KVCl3PnBET T\fUS QESoYbGbY�f#kTwP�DHQEV|�HQ]YbxETWV|Gbl PnVoDFARkT\x]Q]VoT x�
 T��FPnGbDKVCl3SoYZDH[�	��M[	J DH[]A��
SoYZDH[ xET|GblySolKY�GbGZT{xET G	
 T\[#eFYbVoDH[][ET\O9T\[#S~Pnl3VdVCl3P]P�DKVoSXlKQ A�B]lKO9P�x]Q foQnYZeKT\QEVXx]T{VoDKv�DKSWi�x]Y�"�kTWVCT\[jSUT\f
x kT\A^DHO9P�DHfoYZSoYZDH[]f�fUPRl3SoYblKGZT\f;fUDH[#S QESoYbGbY�f#kTWT\f
#�fUDHYbS�Qn[ET SUVCYblK[E�HQ]G�l3SoYZDH[Ii foDHYZS;Q][ET0x kT\A^DHO9P�DHfoYZSoYZDH[
SUVCl3PNkT
�WD�� �bx]lKGZT!x]TdG	
 T\foPnlKA^T�eFY�xET$	,cX[ETaT���PnGZDKVCl3SoYbDH[ A^DHOyPnG��TWSUT�TWS~folK[]fuVoT\A^DHQ]e#VoT\OyT\[jSofuT\fUS?�Hl3V�lK[jSoYZT
Pnl3V�GZTa�HQ]Ybxnl3�KT!J DHQ]VC[]Y�Pnl3V�GZT��KV�l3PnBET!x]Q]lKGIx]T!GblyxNkT\A^DHO9P�DHfoYZSoYbDH[�fUPnl3SoYblKGZT!x]T{G	
 T\[#eFYZVCDH[][ET\O9T\[#S
	

��
 Yb[]A^TWVoSoYbSoQ]xET xnlK[]f G�l P�DHfoYZSoYbDH[�l3vnfUDHG�QET xET\f VoDKv�DKSof TWS/G	
 Yb[]A^TWVoSoYbSoQ]xET�V�kT\foQnGZSolK[jSUT xnlK[]f G�l
AWl3VoSUDK�KVCl3PnB]YbTwfUDH[#S!VFkT\x]Q]YZSUT\f!Pnl3V{G	
 QESoY�GbYbfol3SoYZDH[�x�
 Qn[ETyO	kTWSoBED�xETyP]VoDKvRl3vnYbGbYbfoSoYb�#Q]T{vnlKfFkTWT foQEV!GZTy�RG��
SUVCl3�KT�xET PRl3VoSoYbAWQ]GZT\f ��Q][ET SUT\ACB][nYb�#Q]T xET/foYbO|Q]Gbl3SoYbDH[ _ DH[jSUT Lul3V�GZD �)	�� T �nGZSUVCl3�KT/xET Pnl3VoSoYbAWQ]GbT\f
T\fUS Q][]T�SUT\ACBn[]Yb�FQETXx�
 kT\A�B]lK[jSoY�GbGZDH[][]l3�KTXP]VoDKvnl3vRYbGbYbfUSoY��#QET?QESoY�GbYbfFkTWT~P�DHQEVMOyDFxNkT\GbY�fUTWV T

 AWlKA^T\O9T\[jS?xET\f
x]YbfUSUVCYbvnQESoYZDH[]f xET?P]VCDKvnl3vnYbGbYbS#kT\fMA^DHO9PnGZT���T\fM�FQ]YE[ET~P�T\QEeKT\[#S PnlKf��TWSUVoTXxNkT\A^VCYbSUT\fMT

wAWlKA^T\OyT\[jSNPnl3VMGZT\f
O	kTWSoBEDFx]T\f�AWGblKfofCYb�#Q]T\f ��SUT\G �FQET!GZT\f?�nGbSUVoT\f?xET +!lKGbOwlK[ �)	

� DHQ]f P]VFkT\fUT\[#SUDH[]f x]T\f�VFkT\foQ]GZSol3Sof T���PNkTWVCYbO9T\[#SolKQ!��P]VoD�eKT\[]lK[jS xET xET\Q�� foQnYZeKT\QEVCf�xET VoDKv�DKS
x]Y�"�kTWVCT\[jSofWiHxnlK[]f�xET\f T\[je�YZVoDH[][]T\O9T\[jSof V�kTWT\Gbf�TWS,foY�O Q]G¡kT\f 	�� lXPnVFkT\AWYbfoYZDH[ xETuGbldAWl3VoSUDK�KVCl3PnB]YbTNDKvnSUT\[#QET
lKQE�HO9T\[#SUTal>eKT\A!G	
 QESoY�GbYbfol3SoYZDH[yTWSuG�l GZD�AWlKGbYbfCl3SoYZDH[ A^DFDKPukTWVCl3SoYZeKT$	 � TdPRGbQ]fWiFGbl xNkTWSFkTWVCYbDKVCl3SoYZDH[�xET�G	
 kTWSol3S
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x]Q�fUDHG [�
 lyPRlKf�l/"�T\A^S#kTyG�lw�FQ]lKGbYZSFkT x]T GblyAWl3VCSUDK�KVCl3PnB]YZTKi�A^DH[E�]V�OylK[jSdGZT{xNkT\A^DHQEPRGbl3�KT T\[#SUVoT G	
 TWVoVoT\Q]V
xET�P�DHfoYZSoYZDH[ TWS�G	
 T\[#e�YZVoDH[][ET\OyT\[jS
	

Y�YbY
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t BEVoDHQE�HB]DHQES O g�� B�	 � 	uVoT\fUT\l3VCA�BIi�� B]l\eKT;v�TWT\[ eKTWVog�J DKVCSoQ][]l3SUT;Yb[ B]l\e�Yb[E� SoBET;foQ]P]P�DKVoS lK[]x
T\[]A^DHQEVCl3�KT\O9T\[#SMDKJ�OylK[#g P�TWDKPRGZT$	�� �NDHQ]GbxyGbY.�KTNSUD P�TWVCfUDH[]lKGbGbg!SoB]lK[��|TWeKTWVogKDH[ET,��BED!BET\GZP�T\x9Oyl �KT
SoB]YbfdSoBET\foYbfdP�DHfofoYbvnGZT$	{z�YZVCfoSdDKJNlKGbG	�,�NDHQ]Gbx�GbY.�KT SUD�SoBnlK[�� O g S�� D fCQEP�TWVoeFY�fUDKVCf�`dVoTW�KDKVog � Q]xET
�
lK[]x � e3lK[E�KT\GZDHf _ Y�GbYZDHf
	 t BET/A^DHO vnYb[]l3SoYZDH[)DKJXSoBET S�� D;PnVoD>e�YbxET\x)O9T ��YZSoB	T���A^T\G�GZT\[jS9foAWYbT\[jSoYZ�RA
�HQ]Ybx]lK[]A^T?lK[]xySUT\ACB][]Y�AWlKG]lKxEe�YbA^T$	 t BET\YZV foQ]P�TWVCeFYbfCYZDH[ BnlKf,v�TWT\[9DKJRSoB]T�B]YZ�HBET\foS AWlKGbYZv�TWV,lK[]x9�HQ]Ybx]T\x
O9T�SoBEVoDHQE�HB�v�DKSoB/SoB]TWDKVoTWSoYbAWlKG PnVoDKvnGZT\Oyf?lK[nx�P]VClKA^SoYbAWlKG x]Y�
wAWQ]GbSoYZT\f
	
s fUP�T\AWYblKG SoB]lK[���f!�KDFT\f{SUD SoBET O9T\O v�TWVCf!DKJuSoBET _ DKvRYbGZTy}~DKv�DKSoYbAWf � l3v � _ } � ��i PnlKfUS{lK[]x

P]VoT\fUT\[#S
	 t BETWg0B]l>eKT A^VoT\l3SUT\x i~T\lKACB Yb[�SoBET\YZVwD(��[ �Nl>gKi�l fUP�T\AWYblKG�PnGblKA^T�SUD �NDKV��Ri~GbT\l3VC[�lK[]x
GbYZeKT$	
� [ Pnl3VoSoYbAWQnGbl3V\i�� �NDHQ]Gbx�GbY.�KT!SUD SoBnlK[�� � VCYbA
� DHQ]VC�#Q]T!J DKVaB]Ybf�foB]l3VoP A^DHOyO9T\[#Sol3VCYZT\fdlK[]x B]Y�f
��lKG��Nl>gFfNfUDHQE�HB#S l3J�SUTWV�� SUT\ACB][nYbAWlKG]T���P�TWVoSoYbfUT$	 t D }~DKv�TWVoSu@�YbO�� lKO��KVCl3SUTWJ�QnGnJ�DKV B]Y�f A^DH[jSUV�YZvnQESoYZDH[nf
SUD SoBET/}~DKv�D � l3T\O9DH[Ii�DHQEV A^DHGbGbl3v�DKVCl3SoYZDH[nf!Yb[ VCT\fUT\l3VCACB lK[]x J DKV|SoBET A^DHQ][jSoGbT\fof Y�[jSUTWVoT\foSoYb[E� lK[]x
fUSoYbO|Q]Gbl3SoYb[E� A^DH[#eKTWVCfol3SoYZDH[]f 	N@�lKQ]G�i s v]VCYbG�lK[]x�}XYbACBnYZT�OylKxET _ } � l J�Q][ PnGblKA^T�SUDwv�T�lK[]x�lKG.�Nl>gFf
P]VoD>e�YbxET\x�Yb[#SUT\GbGbYZ�KT\[#S Yb[]PnQES Y�[�SoBET �KVoDHQEP�O9TWTWSoY�[E�Hf
	&zEVoDHO SoBET�DHGbxETWV �KT\[ETWVCl3SoYbDH[]f/l)foP�T\AWY�lKG
SoB]lK[���f/�KD#T\f/SUD���lKQ]G _ lKA��KT\[��\YbT J DKV SoBET;}�B#gFf�GbY�[ET �nSUSoYb[E� fUDKJ S��Nl3VCT lK[]x T\fUP�T\AWYblKGbGbg0J DKV�YZSof
AWQEVoVoT\[#S~Yb[]AWl3VC[nl3SoYZDH[ s � _ @ 	

� � DHQ]G�x G�Y��KTXSUD SoB]lK[ �wSoBETaP�TWDKPnGZTdl3S?SoBET{LNT\[jSUVCTdJ�DKV
� [#SUT\GbGbYb�KT\[jS _ lKA�B]Yb[ET\f � L
� _ �MJ DKV?SoBET\YbV
foQEP]P�DKVoS~lK[]x J V�YZT\[]x]GbY�[ET\fof
	?@FP�T\AWYblKGISoB]lK[���fXSUD SoBET|lKx]OyYb[nYbfUSUVCl3SoYZDH[�PnlKfUSXlK[nx�P]VoT\foT\[jSXT\fUP�T\AWYblKGbGZg
_ 	E`dVCl\gylK[nx/L�	 � l>eFY�x]fUDH[ lK[]xySUD|SoBETXfogFfUSUT\O�fUSol/" m lK[Ii � lK[][#gylK[]x _ YbA�B]l3T\G]SoBnl3SNOylKY�[jSolKYb[]T\x
T���A^T\GbGbT\[jSdA^DHO9PnQESoYb[]�yJ�lKAWY�GbYZSoYZT\f
	 s O9DH[E�wSoB]T{P�TWDKPnGZT!DKJ L
� _ SoBET P�TWDKPnGZT!J�VoDHO SoB]T s O{vnQnGbl3SUDKVog
}~DKv�DKSoYbAWf�� l3v/DKJ _ 	��NQnB]GZTWVNP]VoD>e�YbxET\x SUVoT\O9T\[nxEDHQ]fuBET\GZP iFfoQEP]P�DKVoSNlK[]x J VCYbT\[]x]foB]YbP ��l BET\l3VCS � J T\GZS
SoB]lK[���fWiE�HQEg�f
	
_ lK[#g{SoB]lK[���f SUDdSoB]T P�TWDKPnGZT J VCDHO�SoBETufoA�BED#DHGFDKJ�LuDHO9PnQESUTWV @�AWYZT\[]A^T$	 s O9DH[E�dSoBET\O$lXfoP�T\AWY�lKG
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SoB]T0T\GbGbYZPnfoT	l3VoDHQ][nx�T\lKA�B&P�DHYb[#S VoTWPnVoT\fUT\[#Sof�SoBET�Q][]A^TWVoSolKY�[jS g�D>eKTWV SUT\[
OyT\lKfoQEVoT\O9T\[#Sof
	 ������������������������������������������������������������� �  

$ 	 � $ t BET�}~DKv�DKS?� DHfoT!YbfMT\foSoYbOyl3SUT\x/vnlKfUT\x/DH[/SoB]TaAWlKG�YZv]VCl3SoYZDH[ Sol3vnGZTaDKJ t l3vnGbT $ 	 �
��SoB]T{T\GbGbYbPnfUT!Yb[]xnYbAWl3SUT\f?SoBET|Q][]A^TWVoSolKYb[#Shg/DKJ,SoBET{VoDKv�DKS�P�DHfUT!T\fUSoY�Oyl3SoYZDH[�	 t BET
Y�[jSUTWVCfoT\A^SoYZDH[�P�DHYb[#Sof J�DKV?SoBET!x]Y�"�TWVoT\[#SNJ�lKA^T\fXl3VoT�x]YbfUPnG�l\gKT\x/lKf?J�DHGbGZD��Xf
#�J�lKA^T �
lKf �	��
�i]J�lKA^T p9lKf ��� 
�i]J�lKA^T r lKf �
��
�iRJ�lKA^T � lKf � � 
�iRJ�lKA^T ! lKf ��
 
�i]J�lKA^T $
lKf � D 
!	 ��������������������������������������������������������������������� �  

�EYZe



��� � � ��� ��� � � � ���
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l3PnPnGbYZT\x)SUD SoBET�G�lKfUTWVyx]l3Sol lK[]x SoB]T\YZV9P�DHfoYZSoYZDH[ A^DKVoVoT\A^SUT\x�Q]foYb[]� @�SUTWPnBET\[
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- BET\[yfoDHO9TWDH[ET�DKvRfUTWVoeKT\f l!Owl3P A^DH[]fUSUV�Q]A^SUT\x9vFg OyT\x]YZTWe3lKGEAWl3VoSUDK�KVCl3PnBETWV�f,��fUTWTXJ DKV T��ElKO9PnGbT
z Yb�HQEVoT�� 	�p � S �ND{SoB]Y�[E�HfMl3VoTdl3P]Pnl3VoT\[#S
#��]VCfUSWi#A^TWVoSolKYb[ l3VoT\lKf l3VCTXOyl3P]P�T\xylKAWAWQ]VCl3SUT\GZgylK[]x Yb[9�KVoT\l3S
xETWSolKYbG ��B]YbGbTMDKSoBETWVCf,foSol\g vnGblK[��'��foDHO9TWSoYbO9T\f,�RGbGZT\x ��YZSoB xEVCl���Yb[E�Hf DKJne3l3VCYZDHQnf Y�[jSUTWVoT\foSoYb[E�a�]�HQEVoT\f��)	
@FT\A^DH[]xIi lKGZSoBEDHQE�HB;SoB]T Oyl3P Owl\g;v�T9SUDKP�DHGZDK�HYbAWlKGbGZg ��Y 	 T$	/�#QnlKGbYZSol3SoYZeKT\GZg �dA^DKVoVoT\A^SWi�SoBET x]YbfUSolK[]A^T\f
v�TWS�� TWT\[�PnGblKA^T\f l3VoT �~VCDH[E��	 �NDKSoB�DKvnfUTWVoe3l3SoYZDH[]f l3VoT T\lKfoY�GZg	T���PnGblKY�[ET\x v#g SoBET O9TWSoBED�x]f9SoB]l3S
� TWVoTdQ]fUT\xwSUD|A^DH[]foSUVCQ]A^SMSoB]TXOyl3Pnf 	�� lKACB/Oyl3P �NlKfNQ]foQ]lKG�GZg|A^DHOyPnYbGZT\x9vFg9DH[ETdAWl3VoSUDK�KVCl3PnBETWV���B]D
B]lKx	lKAWA^T\fCf SUD�l GbYbOwYZSUT\x [FQ]O v�TWV|DKJ�GZD�AWl3SoYZDH[]f\i�lK[nx	B]lKx lK[ l3P]P]VCD �EYbOyl3SUT��F[ED(��GZT\xE�KT J�DKV SoBET
x]YbfUSolK[]A^T\fdlK[]x SoBET lK[E�HGZT\fdv�TWS �NTWT\[ SoB]T\fUT|GbDFAWl3SoYZDH[nf
	 t B]T SolKf � DKJMA^DH[]fUSUVCQnA^SoYb[E� l �KT\[ETWVClKG�Oyl3P
�NlKfMDH[]GZg9lKfofoYbfoSUT\x9v#g SoBETdl3vnYbGbYbShg{SUD DKvnfUTWVoeKTdYb[9SoBETXf �#g9l fUTWS DKJ A^DHOyO9DH[ GblK[]x]Owl3V��Ff SoB]l3S A^DHQ]G�x
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P]VoD>e�YbxET � ��YZSoB l foOylKGbGRTWVoVoDKV��Ml A^DHOyO9DH[ J�VClKO9TdDKJ VoTWJ�TWVoT\[]A^T�
 � �K:�� � � � � 	 - BET\[/foQEVoeKTWg�Yb[E� �NlKf
xETWeKT\GZDKP�T\xIi�SUT\lKOyfaDKJMP�TWDKPnGbT*�NTWVoTyl3vnGZT|SUD�Oyl3P�SoBET � DKVCG�x lKAWAWQ]VCl3SUT\GZgKi0T\fUSol3vnG�YbfoB]Yb[]�wA^DHO9PnGZTWSUT
O9DFx]T\GbfuJ DKV�e<lKfUSXl3VoT\lKf
	

� [)O9DKvnYbGZT VoDKv�DKSoYbAWfWi���B]T\[ SoBET�l3VoT\l SUD�v�T Oyl3PnP�T\x)Ybf|foOylKGbG SoBET/P�TWVoJ�DKVCOylK[]A^T DKJXfoYbOyPnGZT
lKGZ�KDKVCYZSoB]Owf?Ybf~fol3SoYbfoJ�lKA^SUDKVogKi�vnQES �XBET\[�SoBET!VCDKv�DKSofXB]l\eKT SUDwSUVCl>eKTWVCfUT|Gbl3Vo�KTWVXl3VCT\lKfWinSoBET{T\fUSoYbOyl3SUT\f
DKJESoBET\YZV P�DHfCYZSoYZDH[{Y�[je3l3VCYbl3vnGbgXv�T\A^DHO9TuA^DKVoVCQEPnSUT\x{vFg!SoBETNDFx]DHO9TWSUVog�TWVoVoDKV SoBETWg{lKAWAWQnO Q]G�l3SUT$	 t B#Q]f\i
l!foYb[E�HGbT~O9DKvnYbGZT~l3�KT\[#S AWlK[ A^DH[]fUSUV�Q]A^S VoT\Gbl3SoYbeKT\GZg9lKAWAWQEVCl3SUTXOyDFxET\G�f,DKJ YZSof YbOwO9T\x]Ybl3SUT?e�YbAWYb[]YbShgKiHvnQ]S
��BET\[/YZSuSUVCYZT\fNSUD9PnGblKA^T�SoB]T\O�Yb[/l �KT\[ETWVClKG�J�VClKO9TaDKJ VoTWJ�TWVoT\[]A^T�SoB]T�VoT\Gbl3SoYZDH[]fCB]YZP lKOyDH[E�yx]Y�"�TWVoT\[#S
GZDFAWl3SoYbDH[]f,lK[]x9SoBETXx]YbfUSolK[]A^T\fMlKO9DH[E��SoBET\O l3VoT?vnlKx]GZg|OyYbfoAWlKG�AWQ]Gbl3SUT\x�	 - B]T\[yO QnGZSoYZPnGZTul3�KT\[#Sof l3VoT
fUT\[jS�DHQES~SUDwT���PnGZDKVCT!Yb[]xETWP�T\[]xET\[#SoGZgKi�SoBET!SolKf�� J�DKVXA^DHO vnYb[nYb[E� SoBET!Pnl3VCSoYblKG Oyl3Pnf�Yb[jSUD lyA^DHOyO9DH[
VoTWJ TWVCT\[]A^Twv�T\A^DHO9T\f [ET\l3VCGbg�Y�O9P�DHfofoYZvnGbT$	 t BET P]VoDKP�DHfUT\x	O9TWSoBED�xEDHGZDK�Kg Yb[ SoB]Ybf!SoB]T\foYbf{lKxnxEVoT\fofUT\f
SoBETwl3v�D>eKT P]VoDKvnGZT\Owf!lK[]x PnVoD>e�YbxET\f!l fUDHGbQESoYZDH[ Q]foYb[E��Y�[jSUT\GbG�YZ�KT\[jS!A^DFDKP�TWVCl3SoYZDH[	lKO9DH[E� O|Q]GZSoYbPnGZT
O9DKvnYbGZT�l3�KT\[#Sof
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t D T���T\O9PnGbYbJ g SoB]T�VoT\GZTWe3lK[]A^T�DKJdDHQEVwl3P]P]VCDHlKACBIiul;foQEVoeKTWg�Yb[E�;A^DHO9PRlK[jg0AWlKGbGZT\x�� lKfUTWV¡LulKx �
SoB]l3S A^DH[]foSUVCQ]A^Sof?L s � O9D�xET\Gbf,DKJIvnQnYbGbx]Yb[]�Hf QnfoYb[E�{lKfoP�T\A^Sof DKJ LNDFDKP�TWVCl3SoYZeKT � DFAWlKG�Y��\l3SoYZDH[ Yb[ySoBET\YbV
l3P]P]VoDHlKA�B ��fUTWT{z�YZ�HQEVCT � 	�r9J DKV~SoB]T!fUgFfoSUT\O Yb[/lKA^SoYZDH[ Y�[ _ A>`aYbG�GIcX[]YbeKTWVCfoYZS g��)	 � [/Pnl3VoSoYbAWQnGbl3VuSoBETWg
xETWPnGZD�g S �ND fUSol3SoYZDH[]f%��OylK[FQ]lKGbGbg���i,DH[ET�fUSol>gFf � �FT\x)P]VoD�eFY�x]Yb[E� l G�lK[]x]Oyl3V�� ��T\�FQ]YZe3lKGZT\[#S SUD�DHQEV
fUSol3SoYZDH[]l3Vog|VoDKv�DKS)��lK[]x SoB]T�fUT\A^DH[]xyfoSol3SoYZDH[wYbf,OyD>eKT\xwl3VCDHQ][]x9lK[]xyQnfUT\x9SUD{A^DHGbGbT\A^S O9T\lKfoQEVoT\OyT\[jSof
��YZSoB l GblKfUTWV VClK[E�KTw�R[]xETWV 	 s J SUTWV9lK[ l3VCT\l Ybf foQEVoeKTWgKT\x	SoBETWg �KTWTWP SoBET fUSol3SoYZDH[ ��YZSoB SoB]T GblKfUTWV
VClK[E�KTN�n[]xETWV ����T\x|lK[nx SoB]TWg O9D�eKT?SoBETuP]VoTWe�YZDHQ]foGZg�fUSol3SoYbDH[]l3Vog{fUSol3SoYbDH[ SUDala[ET
� P�DHfoYZSoYbDH[ Yb[ DKVCxETWV
SUD P]VCD>e�YbxET l/[ET
�$GblK[]xnOyl3V�� 	 � [ A^DH[#SUVClKfUS�SUD DHQEV�l3P]P]VoDHlKA�B SoBETWg xED/[EDKSaQ]fUT|v�DKSoB fUSol3SoYZDH[nfXSUD
A^DHGbGZT\A^SXOyT\lKfoQEVoT\O9T\[#SofdYb[�SoBET T\[je�YZVoDH[nO9T\[jSXlK[]x�SoBETWg�x]D [EDKSdQ]fUT!SoBET|GbYb[ET{DKJ,eFYbfCQ]lKG A^DH[#SolKA^SdSUD
f � TWTWP �<Oyl3P�SoBET{foPnlKA^T$	
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t BET PnVCYbOyl3Vog!A^DH[#SUVCYZvRQESoYZDH[ DKJnSoB]Ybf SoBET\fCYbf Y�f SoB]TuA^DFDKP�TWVCl3SoYZeKT?GZD�AWlKGbY��\l3SoYZDH[ ��BnYbACB T\[]l3vnGZT\f SoBET
VoDKv�DKSof SUD9Oyl3P�SoB]TdJ�VoTWTafUPnlKA^T!lK[]x SUD9xET\A^DHQEPRGZTXSoB]TdP�DHfoYbSoYZDH[]lKG]TWVCVoDKV?J VCDHO SoB]TdT\[#e�YZVoDH[]O9T\[#S
	 � S
YbfNSoBET��]VCfUSuSoYbOyT��XBET\[ SoBET!l3vnYbGbYbShgyDKJ S �ND ��DKV�O9DKVoT(� VCDKv�DKSofuSUDwDKvnfUTWVoeKT�T\lKA�B�DKSoBETWV�YbfuT���PnGZDHYbSUT\x
Yb[�DKV�xETWV/SUD Y�[EJ TWV/l3v�DHQES SoBET�DFAWAWQEPRlK[]A^g�DKJ{SoB]T�foPnlKA^T�v�TWS�� TWT\[ SoB]T\O%	 s []DKSoBETWV�YbO9P�DKVoSolK[#S
A^DH[jSUVCYbvnQESoYZDH[9Ybf SoBET�lKx]l3P]Sol3SoYbDH[wDKJIl��KT\[ETWV�lKG]P]VoDKvRl3vnYbGbYbfoSoYbAMJ�VClKO9T
�NDKV�� ��Yb[9SoB]T~J DKV�O&DKJIl _ DH[jSUT��
Lul3VCGZD)foYbO|Q]Gbl3SoYZDH[ � J�DKV/SoBET VCT\x]Q]A^SoYZDH[�DKJ{Q][]A^TWVCSolKYb[jS g0v�DKSoB�Yb[�SoBET P�DHfoT T\fUSoYbOwl3SoYZDH[�lK[nx�SoBET
VoT\foQ]GZSoY�[E�|Owl3P Yb[/SoBET{O|Q]GZSoY�� VoDKv�DKSNPRl3VClKx]YZ�HO%	
s [EDH[!�hA^DHOyP]VoT\BET\[]fCYZeKT!GbYbfUSuDKJ�SoBET!A^DH[#SUVCYZvnQ]SoYZDH[]fuVoTWP�DKVoSUT\x�Y�[/SoB]YbfuSoBET\foY�f?J DHG�GZD���f #
� 	 t BET!A^DH[]A^TWP]S�DKJ ��� ��� � � � � ����� � �)� ��� � - � � � ��
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p 	 t BET�A^DH[]A^TWPnS DKJ Oyl3PnPnYb[E��J�VoTWT�fUPRlKA^T�vFg �Uf � TWTWPRYb[E� 
!SoB]TXGbYb[]T?DKJIeFYbfCQ]lKG]A^DH[#SolKA^S 
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r 	 t BET�xETWeKT\GZDKPnOyT\[jS?DKJ lK[/T��FPnGbDKVCl3SoYZDH[�lKGZ�KDKVCYbSoB]O ��vnlKfUT\x/DH[�SoBETaSUVCY�lK[E�HQ]Gbl3SoYZDH[ DKJ J VoTWT
fUPnlKA^T(�NJ�DKV�Oyl3P]PRYb[E�9l3VoT\lKf~DKJ�v�DHQ][]x]T\x fCY��WT(
 � � ��� � �)
�� � � 
 � 	

� 	 t BET x]TWeKT\GZDKPnO9T\[#SaDKJMlK[ T��FPnGbDKVCl3SoYZDH[ lKGZ�KDKVCYZSoB]O ��vnlKfUT\x DH[ SoBET SUVCl3P�T
�WDHYbx]lKG xET\A^DHO �
P�DHfCYZSoYZDH[ DKJ�J VoTWT!foPnlKA^T(�uJ�DKV�Oyl3P]PRYb[E�9Q][#v�DHQn[]xET\x l3VoT\lKf
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! 	 t BET!P]VCD#DKJ�DKJ SoBET DKP]SoYbOylKG O9DKSoYZDH[ fUSUVCl3SUTW�Kg�J�DKVdA^D�eKTWVCYb[E� J�VoTWT Q][#v�DHQ][]xET\x�foPnlKA^T ��Y�[
SoBET{lKfUg�O9P]SUDKSoYbA�AWlKfoT(�&
 � � 
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$ 	 t BET9lKx]l3P]Sol3SoYZDH[ i xETWeKT\GZDKPRO9T\[jS!lK[nx;lK[]lKGZg�foYbfdDKJNl/�KT\[]TWVClKG,P]VoDKvRl3vnYbGbYbfoSoYbA�J�VClKO9T
�NDKV��
��Yb[�SoBET J DKV�O DKJ l _ DH[#SUT�� Lul3VCGZD/foYbO|Q]Gbl3SoYbDH[ � J DKVdSoBET VoT\x]Q]A^SoYZDH[ DKJ Q][]A^TWVoSolKY�[jS g�v�DKSoB
Yb[/SoBET!P�DHfUT�T\fUSoY�Oyl3SoYZDH[�lK[]x/SoB]T!VoT\foQ]GbSoYb[E� Oyl3P�J�DKVXl9O|Q]GZSoY�� VoDKv�DKS?AWlKfUT$	

� 	 t BETMxETWeKT\GbDKPnO9T\[#S lK[]x A^DH[]fUSUVCQnA^SoYZDH[!DKJ]lK[|lKAWAWQEVCl3SUTNVoDKv�DKS SUVClKA&�KTWV fUT\[]fUDKV=
 � 
 � � � � � � 	
 	 t BET Y�[jSUVoD�x]Q]A^SoYbDH[;DKJ�l [ET
��OyTWSoBEDFx]DHGZDK�Kg Yb[ SoB]T O|Q]GZSoY�� VCDKv�DKS{�]T\Gbx J�DKV|T\fUSoYbOyl3SoYb[]�
SoBET�v�DHQ][]x]fNDKJ SoBET!lKAWAWQ]O|Q]Gbl3SUT\x�Q][nA^TWVoSolKYb[#Shg vnlKfUT\x�DH[/SoBET!foSol3SoYbfUSoYbAWlKGIPnVoDKP�TWVoSoYZT\fNDKJ
SoBET!VoDKv�DKS?SUVClKA&�KTWVdfUT\[nfUDKV�lK[]x�SoB]T![#Q]O v�TWV?DKJ�VoDKv�DKSof 
 � 
 � � � � � � 	

# 	 ����P�TWV�YbO9T\[#SolKG VoT\foQnGZSof Y�[]x]YbAWl3SoYb[]��J T\lKfCYZvnYbGbYbShg;lK[]x	P�TWVCJ DKVCOwlK[]A^T DKJ�DHQEV9l3P]P]VoDHlKA�B)Y�[
foYbO|Q]Gbl3SoYZDH[/lK[]x�Y�[/SoBET{Gbl3v�DKVCl3SUDKVog$	

�Wq!	 t BETwxETWeKT\GbDKPnO9T\[#S DKJ~l [ET
� fUSUV�l3SUTW�Kg J�DKV lKAWAWQEVCl3SUT\Gbg Oyl3P]PnY�[E��l fUPRl3SoYblKGbGZg e<l3VCgFYb[]�
P]VoDKP�TWVoShg)DKJ�Yb[#SUTWVoT\fUSyD�eKTWV lK[�Q][���[ED���[ ��P�DHfofCYZvnGZg Bnl �\l3VCxEDHQ]f)� T\[je�YZVoDH[]OyT\[jSC
 � � 
	�
� ���<� 	

�&� 	 � TWeKT\GbDKPnO9T\[#S!DKJ fUDKJ�S �ul3VoT ��OyDKVoT9SoB]lK[ p3q$+ GbY�[ET\fdDKJNA^D�xET9Yb[ L � �*�?SUD�T���T\AWQESUT9SoBET
P]VoDKP�DHfUT\x�lKGZ�KDKVCYbSoB]Oyf
	

�A����� (# k���$"#�$�!�H%	���\��� ������
 � � ����� �$"�" 	����

Motion

T1

T2

�	��
 � �������
�
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s fMOyT\[jSoYZDH[]T\xwT\l3VCG�YZTWV\iHSoBETdQ]fUT~DKJ l [ED>eKT\G�fUT\[]fCYb[E�!O9D�x]lKGbYZS g ��SoB]TXVoDKv�DKS SUV�lKA��KTWV��MlKGbGZD(��f SoBET
VoDKv�DKSof�SUD Oyl3P G�l3Vo�KTwl3VoT\lKf{DKJ DKP�T\[ fUPRlKA^T ��YZSoB;GbY�OyYZSUT\x;Q][]A^TWVCSolKYb[jS g$	��aQEV!Owl3P]PnYb[E��fUSUV�l3SUTW�Kg
T��FPnGbDHYZSof!fUSolK[]xnl3VCx fUT\[nfoYb[E��SUT\A�B][EDHGZDK�Kg Y�[ l [ED�eKT\G �ul\g$	 � Y�"�TWVoT\[#S fUT\[nfUDKVCf{Bnl\eKTwv�TWT\[	Q]fUT\x Y�[
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DKVCxETWVdSUD VoT\lKG�Y��WT SoB]T VoDKv�DKSXSUVClKA��KTWV�� lK[ T\l3V�GZg�YbO9PnGbT\O9T\[jSol3SoYbDH[ T\O9PRGZD>gKT\x�l AWlKO9TWVCl DH[ SoB]T DKv��
fUTWVoe�Yb[E�dVoDKv�DKS�lK[nx9l�fUPnYZVClKG#Pnl3SUSUTWVC[ySol3Vo�KTWS DH[ SoBET?DKvnfoTWVoeKT\x VoDKv�DKS,lK[]x P]VoD�eFYbx]T\x|lK[wYb[ET���P�T\[nfoYZeKT
fUDHGbQESoYZDH[ �HB]YZ�HBETWV,lKAWAWQEVClKA^g Ybf�lKACBnYZTWeKT\x ��YZSoB|SoBET~AWQ]VoVoT\[#S�Y�O9PnGZT\O9T\[#Sol3SoYZDH[|DKJRl�G�lKfUTWV,VClK[E�KTu�n[]x]TWV
lK[]x/l SoB]VoTWTaPnGblK[ETdSol3Vo�KTWS ��fUTWT{LuBnl3P]SUTWV $ @FT\A^SoYZDH[]f?p lK[]x�r J DKV~x]TWSolKYbGbf)�)	 t BET�OylKY�[ Ybx]T\l|Y�[wSoBET
T��FPnGbDKVCl3SoYZDH[�fUSUVCl3SUTW�Kg�Y�f~lKf~J�DHGbGZD(��f
	 t BET�S�� D VoDKv�DKSof~OylKYb[#SolKYb[�lK[ Q][]Yb[#SUTWVoVCQEPnSUT\x G�Yb[ETaDKJ e�YbfoQnlKG
A^DH[jSolKA^S v�TWS�� TWT\[�SoBET\O%	 - BET\[�SoBET�O9D>e�Yb[E��VoDKv�DKS9P]VCDFA^TWT\x]f9lKGbDH[E� l�SUVCl(�UT\A^SUDKVogKiuSoBET�GbYb[ET DKJ
eFYbfCQ]lKGnA^DH[#SolKA^S~f �NTWTWPnful*�NT\xE�KT�xETW�n[ET\x vFg9SoBETdG�Yb[ET\fNA^DH[][ET\A^SoYb[E�|SoBETafUSol3SoYZDH[]l3VCgyVoDKv�DKSMP�DHfoYZSoYbDH[
SUDySoBET{Yb[nYZSoYblKG�lK[]x��n[]lKG P�DHfCYZSoYZDH[]fNDKJ�SoBET{O9D�eFY�[E�9VoDKv�DKS*��fUTWT z�YZ�HQ]VoT � 	 � �?lK[]x�SoBET�SUVCl(�UT\A^SUDKVog�DKJ
SoBET?O9D>e�Yb[E�aVoDKv�DKS
	 � JRlK[ DKvnfUSolKAWGZT?DKvnfoSUVCQ]A^Sof�SoBET~GbY�[ETMDKJ�eFY�foQ]lKGFA^DH[jSolKA^SWiFSoBET?O9D>e�Yb[E�aVoDKv�DKS,vnlKA&� �
SUVClKA���falK[]x�SoBET\[ P]VoD�A^TWT\x]fXSUD Owl3P l3VoDHQn[]x�SoBET|Yb[#SUTWVoJ TWV�Yb[E�yDKvnfoSolKAWGZT$	 t BnYbf?P�TWVCOyYZSof�SoBET{VCDKv�DKSof
SUDaOyT\lKfoQEVoTuDKv!�UT\A^Sof���YZSoB|VoT
�nT\A^SolK[]A^T?P]VoDKP�TWVoSoYZT\f SoB]l3S��NDHQ]Gbx v�T?Q][]OylK[]l3�KT\l3vRGZT �XYZSoB|SUVClKx]YZSoYZDH[nlKG
fUT\[]fUDKVCf ��GbY.�KT|GblKfoTWVdV�lK[E�KT �n[]xETWVCf��)	 t BET DKV�xETWV�Yb[���B]YbA�B SoBET VoDKv�DKSofaO9D�eKTylK[]x T���A�B]lK[E�KT9VoDHGZT\f
Ybf?xETWSUTWVCOyY�[ET\x/v#g SoBET!T\[#e�YZVoDH[]O9T\[#S*��fUTWT!SoB]T!S �NDwlKGZ�KDKVCYbSoB]Oyf~Yb[ L?B]l3P]SUTWVXr lK[]x LuB]l3P]SUTWV � �)	
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��fUTWT z�YZ�HQ]VoT � 	 ���)	 � DKSUT SoBnl3SWiMYb[ PnVClKA^SoYbA^TKi Yb[EJ�DKVCOyl3SoYbDH[ J�VoDHO v�DKSoB)fUT\[]foY�[E� lK[]x	D�xEDHO9TWSUVog Y�f
A^DHO{vnY�[ET\x�Q]foYb[]� lyP]VoDKvnl3vnY�GbYbfUSoYbAXO9TWSoBED�xEDHGZDK�Kg$	
t BETWVoTMl3VoT SoBEVoTWT P�DKSUT\[#SoYblKG#fUDHQEVCA^T\f DKJ]Yb[EJ�DKVCOyl3SoYZDH[!J DKV SoBETMGZD�AWlKGbY��\l3SoYbDH[!DKJESoBETNO9D>e�Yb[E�~VCDKv�DKS
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P�DHfCYZSoYZDH[ � ��YZSoB B]YZ�HByQn[]A^TWVoSolKYb[#Shg%2 � �)	 @FT\A^DH[nxIijSoBETXx]Y�"�TWVoT\[jSMDKv!� T\A^SofuYb[ySoBET~T\[#eFYZVCDH[]O9T\[#SWi ��B]T\[
fUT\[]fUT\x J�VoDHO x]Y�"�TWVoT\[#S P�DHfCYZSoYZDH[]fWi A^DHQnGbx P]VoD�eFYbx]T/Q]P�xnl3SUT\f SUD SoBET�VoDKv�DKS P�DHfCYZSoYZDH[ 
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	 �a[9SoBET�DKSoBETWV B]lK[nxIiHSoBET~T\foSoYbOyl3SUT�DKJ�SoBET
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2#6 PnGbQ]fMSoBETdTWVoVoDKVNDKJ SoBETdSUVClKA��KTWV~O9T\lKfCQEVoT\O9T\[#S �� 4�5 	 � -!�,� �)	 t B]TdlKAWAWQ]O|Q]Gbl3SoYbDH[wDKJ Qn[]A^TWVoSolKYb[#ShgwY�[
SoBET�P�DHfoYZSoYZDH[ DKJ SoB]T!fUSol3SoYZDH[]l3Vog VoDKv�DKS~xETWP�T\[]x]fNDH[]GbgwDH[/SoBET![FQ]O v�TWV?DKJ VoDHGZTaT��EACB]lK[]�KT\f~SoBET�S�� D
VoDKv�DKSof B]lKx 	 LuDH[]fUT\�FQET\[jSoGbgKi#D�eKTWV~Gbl3Vo�KTdDKP�T\[ fUPnlKA^T\fWi!��B]TWVoT�SoBETdD�xEDHO9TWSUVog9TWVoVCDKVN�KVCD���f ��YZSoB]DHQES
v�DHQn[]xIiKSoBET�OyD>e�Yb[E�!VoDKv�DKSMA^DHQnGbxylKG��ul\g�f Owl �KT�VoTWJ�TWVoT\[]A^T~SUD|l{fUSol3SoYbDH[]l3Vog9GblK[]x]Owl3V�����l{VoDHGZT~SoB]l3S
Ybf�PnGbl>gKT\x vFg�SoBET foT\A^DH[]x VoDKv�DKS)�)	�cd[]xETWV A^TWVCSolKYb[ lKfofCQ]O9P]SoYZDH[nf�VoTW�Hl3VCx]Y�[E��SoBETw[]DHYbfUTyJ�Q][]A^SoYZDH[nf
� TdAWlK[ DKPnSoYbOylKGbGZg A^DHO vnYb[ETXS �ND Y�[EJ DKV�Oyl3SoYZDH[yfUDHQ]VCA^T\fNv#g �NT\YZ�HB#SoYb[E�{SoB]T\O lKful!J�Q][]A^SoYbDH[yDKJ SoBET\YbV
fUSolK[]x]l3VCx xETWe�Ybl3SoYZDH[]f
	 t B]Y�fMYbfWiFYb[9J�lKA^SWi�SoBET�T\fofoT\[]A^TXDKJISoB]T�+!lKG�OylK[y�nGbSUTWV���lK[ DKP]SoYbOylKGnT\fUSoYbOyl3SUDKV
Q][]xETWV?l3P]P]VCDKP]VCYbl3SUT!A^DH[]xnYZSoYZDH[]f)� 
,� ��� � : � 	
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L?B]l3P]SUTWV!pFi ��B]YbA�B J�DHGbGZD(��fXY�OyO9T\x]Ybl3SUT\GbgKiRP]VCT\fUT\[jSofdSoBET VoT\GbTWe<lK[#S,�NDKV�� lK[]x foTWSofaSoBET J�VClKO9T��
� DKV��9Yb[ ��B]YbA�ByDHQEV �NDKV��yYbf foYZSoQ]l3SUT\x 	 t BET~[ET���SMS �ND ACB]l3P]SUTWV�f A^DH[#SolKYb[ S �ND xETWSUTWVCOwYb[]YbfUSoY�AuT��FPnGbD �
VCl3SoYZDH[|lKGZ�KDKVCYZSoB]Owf J�DKV Gbl3VC�KTNl3VoT\lKf��FLuB]l3P]SUTWV,r�P]VoT\fUT\[#Sof SoB]T SUVCY�lK[E�HQ]Gbl3SoYZDH[{T��FPRGZDKVCl3SoYZDH[|lKGZ�KDKVCYZSoBnO
J DKVuv�DHQ][]xET\x l3VoT\lKf?lK[]x�LuB]l3PnSUTWV � Yb[#SUVoD�x]Q]A^T\f SoBETdT��FPnGbDKVCl3SoYZDH[/lKGZ�KDKVCYZSoBnO ��SUVCl3P�T
�WDHYbxnl3SoYZDH[ �MJ DKV
Q][jv�DHQ][nxET\x/l3VoT\lKf�vRlKfUT\x�DH[ SoBET!SUVCl3P�T
�WDHYbx]lKG xET\A^DHO9P�DHfoYZSoYZDH[ 	 � VCDKvnl3vnYbGbY�fUSoYbAXVoT\lKfUDH[]Yb[]�wlK[]x�DHQEV
l3P]P]VoDHlKA�B/SUD Qn[]A^TWVoSolKYb[#Shg VoT\x]Q]A^SoYZDH[/YbfNP]VCT\fUT\[jSUT\x�Y�[/LuBnl3P]SUTWV ! 	 � VClKA^SoY�AWlKGIlKfUP�T\A^SofuDKJ DHQEV��NDKV��
foQ]ACB�lKf�SUT\ACB][nYbAWlKG fUP�T\AWYZ�nAWl3SoYbDH[/DKJ SoBET�VCDKv�DKS?SUV�lKA��KTWVafUT\[]fUDKV\i]AWlKG�YZv]VCl3SoYZDH[ P]VCDFA^T\x]Q]VoT\fWiElK[]x�P]VCD �
�KVClKOyOyYb[]�XO9TWSoBED�xEDHGZDK�Kg!l3VCTNxET\fCA^VCYZv�T\x{Yb[9LuB]l3PnSUTWV $ 	 LuB]l3P]SUTWV ��P]VoT\fUT\[#Sof T��FP�TWVCYbOyT\[jSolKG#VoT\foQ]GbSof
v�DKSoB J�VoDHO Gbl3v�DKVCl3SUDKVog T��FP�TWVCYbOyT\[jSof�lK[]x J�VoDHO foYbO|Q]Gbl3SoYbDH[]f
	 t BET|VoT\foQnGZSofaA^DHGbGZT\A^SUT\x Yb[ SoBET VoT\lKG
� DKVCG�xwe3lKGbYbx]l3SUTdDHQEV?l3P]P]VCDHlKACBIi!��B]Y�GZTXfoY�O Q]G�l3SUT\xwT\[#eFYbVoDH[]O9T\[#Soful3VoT�Q]fUT\x Yb[ DKVCxETWVuSUD T���lKOyY�[ETdY�[
xETWP]SoB xnY�"�TWVCT\[jSdlKfUP�T\A^SofXDKJ,DHQ]VdO9TWSoB]DFxEDHGbDK�Kg$	 s x]Y�"�TWVoT\[#SXl3P]PRGbYbAWl3SoYZDH[ DKJ,DHQEVdOyTWSoBEDFx]DHGZDK�Kg�DKJ
A^D#DKP�TWVCl3SoYZeKT GZDFAWlKG�Y��\l3SoYZDH[�Ybf~P]VoT\fUT\[#SUT\x Yb[ LuB]l3P]SUTWV  	 t B]T�eFYbfCQ]lKGIOyl3P A^DH[nfUSUVCQ]A^SoYZDH[ lKGZ�KDKVCYZSoBnO
YbfuQ]fUT\x SUD T���lKOyY�[ETaSoBETaT�"�T\A^SoYZeKT\[]T\fof?DKJ A^DFDKP�TWVCl3SoYZeKT!GZD�AWlKGbY��\l3SoYbDH['��YbSoB eKTWVCgwP]VoDHOwYbfoYb[E� VoT\foQ]GbSof
	
z Y�[]lKGbGZgKi LuBnl3P]SUTWV # P]VoT\fUT\[#Sof9A^DH[]AWGbQ]fCYZDH[]f lK[]x0l3VoT\lKf9J�DKV9J�QESoQEVoT VoT\fUT\l3VCA�B�	 s P]P�T\[]xnY�� s A^DH[!�
SolKYb[]f�SoBET~DKPnSoYbOylKGbYZS g{P]VCD#DKJ�DKJ�SoBET?SUVCl3P�T
�WDHYbx]l3SoYZDH[wlKGZ�KDKVCYZSoB]O ��YZSoB VoT\fUP�T\A^S,SUD{xnYbfUSolK[]A^T?SUVCl>eKT\GZT\x�	
s P]P�T\[]xnY�� � P]VoT\fUT\[#Sof~lyfoSoQ]xEg DKJ SoBET{DFxEDHOyTWSUVog TWVCVoDKV~P]VoDKP�TWVoSoYbT\fuDKJ SoBET{VoDKv�DKSof~Yb[/DHQEV�G�l3v�DKV�l/�
SUDKVog�SUDK�KTWSoBETWV ��YZSoB�l A^DHO9P]VoT\B]T\[]foYZeKT{[]DHYbfUT{O9D�xET\G lK[nx s P]P�T\[]x]Y���L�A^DH[#SolKYb[]fdlwx]YbfCAWQ]fofoYZDH[/DH[
x]Y�"�TWVoT\[jSuVoT\fClKO9PnGbYb[]� lKGb�KDKVCYZSoB]OyfuJ�DKV~SoBET{Pnl3VoSoYbAWGZTa�nGbSUTWV~T\O9PnGZD�gKT\x�J�DKV�Q][]A^TWVoSolKY�[jS g VCT\x]Q]A^SoYZDH[�	
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� [�SoB]Ybf ACB]l3PnSUTWV��NT�T���lKOwYb[ET VCT\GZTWe<lK[#S vnlKA��F�KVoDHQ][]x�J�DKV/DHQEV �NDKV�� 	 � S/Ybf � DKVoSoB [EDKSoY�[E� SoB]l3S
SoBET fCQEv!�UT\A^Sof{DKJ�GbDFAWlKGbY.�\l3SoYZDH[	lK[nx	Oyl3PnPnYb[E� A^D>eKTWVyl Gbl3Vo�KT J VClKA^SoYbDH[	DKJ�SoBET VCT\fUT\l3VCACB Yb[)O9DKvnY�GZT
VoDKv�DKSoYbAWf{SoBFQ]f|Oyl ��Yb[E� l A^DHO9P]VCT\BET\[]foYZeKT/foQEVCeKTWg;DKJ�lKGbG SoBET l>e<lKY�Gbl3vnGZT � DKV�� DHQESofoYbxET SoBET fCA^DKP�T
DKJ SoB]Y�f�SoBET\foYbf 	wz]QEVoSoB]TWVCO9DKVoTKi l�[EDH[ A^DHO9PnVoT\BET\[]foYbeKT9VoTWJ TWVCT\[]A^T GbY�fUS%
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 � � � �MDKJ�� DKV&� DH[
O Q]GbSoY�� VoDKv�DKSMfUg�fUSUT\OyfuA^DH[#SolKYb[]fuO9DKVoTdSoB]lK[ J DHQEV?BFQ][]xEVCT\x9VoTWJ�TWVoT\[]A^T\f
	 - TaP]VoT\foT\[jSNVoT\GZTWe3lK[jS �NDKV��
DH[ T��FPnGbDKVCl3SoYZDH[0lK[]x�Owl3P]PnYb[E��Yb[�@FT\A^SoYbDH[ �3i SoBET\[�l�v]VCYZTWJXD>eKTWVoe�YZT
� DH[0T\foSoYbOyl3SoYZDH[ SoBETWDKVCg Y�f
P]VoT\fUT\[#SUT\x0Yb[�@FT\A^SoYZDH[�p 	�@FT\A^SoYZDH[�r�xnYbfoAWQ]fofoT\f SoB]T��NDKV��)DH[ DFx]DHO9TWSUVCYbA TWVoVoDKV9T\foSoYbOyl3SoYZDH[0lK[]x
xET\lKx VoT\A��KDH[nYb[E�Ei lK[nx�@FT\A^SoYZDH[ � P]VoT\foT\[jSof9lK[ D�eKTWVoeFYbT
� DH[0GZD�AWlKGbY��\l3SoYZDH[�	0@FT\A^SoYZDH[ ! T��ElKOyYb[ET\f
VoT\GZTWe3lK[jS �NDKV��	DH[0O|Q]GZSoY�� VoDKv�DKS|fUg�fUSUT\Oyf 	)z�Yb[]lKG�GZgKiN@FT\A^SoYZDH[ $ A^DH[#SolKYb[]f vRlKfoYbA/xETW�n[]YbSoYZDH[]f J VoDHO
A^DHO9PnQESol3SoYZDH[nlKGI�KTWDHO9TWSUVog/VoT\GZTWe3lK[#S~SUDySoB]YbfuSoB]T\foYbf
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_ l3P]PnY�[E��e�YblXT��FPnGbDKVCl3SoYZDH[|Ybf ldJ�Q][]x]lKOyT\[jSolKG#P]VoDKvnGbT\O�Yb[|O9DKvnY�GZT VoDKv�DKSoYbAWf
	 t BETux]Y�"�TWVoT\[#S l3P��
P]VoDHlKACB]T\f SUDaOyl3P]PnY�[E��AWlK[ v�T v]VoDHlKx]GbgaxnYZeFY�xET\x�Yb[#SUD�S �ND�AWl3SUTW�KDKVCYZT\f
# SoBETWDKVoTWSoY�AWlKG#l3P]PnVoDHlKACBET\f SoB]l3S
lKfofoQ]O9T YbxET\lKGbY.�WT\x VoDKv�DKSof lK[]x	T\[je�YZVoDH[]OyT\[jSof ��YZSoBEDHQ]S Q][]A^TWVCSolKYb[jS gKi lK[]x)P]VClKA^SoYbAWlKGNl3P]P]VCDHlKACBET\f
SoB]l3S A^DH[#SUT\[]x ��YZSoB Y�fofoQET\f{DKJ~l VoT\lKGMT\[je�YZVoDH[nO9T\[jSWi�DKJ�SUT\[	l3S|SoBET T��FP�T\[]fUT DKJ?SoBETWDKVoTWSoYbAWlKG VCYZ�KDKV�	
t BET�SoBETWDKVCTWSoYbAWlKGXl3PnP]VoDHlKACB]T\f PnVoD>e�YbxET GbD��NTWV v�DHQ][]xnf9J DKV SoBET T��FPnGbDKVCl3SoYZDH[�PnVoDKvnGZT\O �XB]YbGZT�SoBET
P]VClKA^SoYbAWlKG l3PnP]VoDHlKACB]T\f!P]VoD�x]Q]A^T9lKGZ�KDKV�YZSoB]OyfaSoB]l3S DKP�TWVCl3SUTwYb[�T\[#eFYbVoDH[]O9T\[#Sof!Q][]x]TWV!Q][]A^TWVoSolKYb[#Shg$	
_ lK[#g�lKGZ�KDKVCYZSoB]Owf~B]l\eKT v�TWT\[�P]VoDKP�DHfUT\x�SoB]l3S~T���PnGZDKVoT!SoB]T{Yb[#SUTWVCYZDKV~DKJ,l9P�DHGZgF�KDH[�DKVXl A^DHGbGZT\A^SoYZDH[
DKJIP�DHGbg#�KDH[]f Q][]xETWV SoBETalKfofoQ]O9PnSoYZDH[yDKJIP�TWVoJ�T\A^S fUT\[nfoYb[E�{lK[nx xET\lKx VoT\A&�KDH[]Yb[E��#,SoBETXVoT\foQ]GbSoYb[E�{Oyl3P
A^DH[]foYbfUSofXDKJ l/A^DHGbGbT\A^SoYZDH[ DKJMGbYb[��KT\x GbYb[]T\f
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� [ SoB]YbfdfUT\A^SoYZDH[�� T|P]VoT\foT\[jSdSoBET|SUVCYblK[E�HQ]G�l3SoYZDH[�T���PnGZDKVCl3SoYbDH[ lKGZ�KDKV�YZSoB]O DH[ SoBET foYbOyPnGZT!T\[#eFY��
VoDH[]O9T\[#S{SoB]l3S|l3P]P�T\l3VCf{Y�[ z�YZ�HQEVoT/r 	 � 	 t BET S �ND VCDKv�DKSof|fUSol3VoS|l3S SoB]T QEP]P�TWV{GbTWJ S �NlKGbG i z�YZ�HQEVCT
r 	 � l�i�lK[]x SoBETWg�l3VoT{[]DKSUT\x }��XYb[��KVoTWT\[ lK[]x�}��!Yb[�VCT\x�	?z YbVCfUS?SoBET VoDKv�DKS�}���T���PnGZDKVCT\f~S �ND��NlKGbG�f
��fUTWT�z Yb�HQEVoTdr 	 � v � VCT\lKACB]Yb[]�|l VoT
�]T�� A^DKV�[ETWV #�SoBETaOyl3P]P�T\x l3VCT\l|Y�f foBnlKxET\xwvRGbQET$	 t BETdS �ND|VCDKv�DKSof
T���A�B]lK[E�KTdVoDHGZT\fNlK[]xyVoDKv�DKSN}�� fUSol3VCSof SoB]T�T���PnGZDKVCl3SoYZDH[���fUTWTaz Yb�HQEVoTdr 	 � A��)	 s J�SUTWVNl|foYb[]�HGZT?SUVCYblK[E�HGbT
VoDKv�DKS } � VoT\lKA�BET\f l!VoT
�]T��yA^DKVC[ETWVMlK[nx9SoBET~S�� D VoDKv�DKSofMl3�HlKYb[9T��EACBnlK[E�KTXVCDHGZT\f
	 � Q]VCYb[E��SoBET�T��FPnGbD �
VCl3SoYZDH[�DKJ,SoB]T [ET���S�SUVCY�lK[E�HGZT!vFg�VoDKv�DKSX}��!lyVoT
�nT���eKTWVoSUT�� Yb[#SUTWVoVCQEPnSof?SoBET G�Yb[ET�DKJ,e�YbfoQ]lKG A^DH[#SolKA^S
lK[]x VoDKv�DKS }��uP]VCDFA^TWT\x]f�SUD Oyl3PySoBET~VCT
�]T��|eKTWVCSUT���iFA^VoT\l3SUTXlK[yY�[jSUTWVC[nlKG�SUVCYblK[E�HGZT?lK[]xwA^DH[jSoYb[FQET?SoBET
T��FPnGbDKVCl3SoYZDH[ DH[ SoBET�GZTWJ Suv]V�lK[]ACB DKJ SoB]TaxnQ]lKG��KVCl3PnB�	 t BET�l3VoT\l|SoB]l3S �ulKf?[EDKS?Oyl3P]P�T\x/YbfNOyl3V��KT\x
v#g � 	 s J�SUTWV|Owl3P]PnYb[E��SoB]VoTWT O9DKVCTwSUVCYblK[]�HGZT\f!VoDKv�DKS{}��yYbf{J DKVCA^T\x	SUD�fUSUDKP)lK[nx T��EACB]lK[E�KT VoDHGZT\f
��YZSoB VoDKv�DKS?}��
	 z�YZ�HQEVoT!r 	 � x�YbG�GbQ]fUSUVCl3SUT\f SoBET!Oyl3PnPnYb[E� v#g VoDKv�DKSu}�� 	 t BET�GbYb[]T�DKJ eFYbfCQ]lKGRA^DH[#SolKA^S
Ybf,Yb[#SUTWVoVCQEP]SUT\x9lK[nxylK[wYb[#SUTWVC[]lKG�SUV�YblK[E�HGZT~YbfMA^VoT\l3SUT\x�	 t BET?VCDKv�DKS }��MA^DH[#SoYb[#Q]T\f SoBET~T���PnGZDKV�l3SoYZDH[ DKJ
SoBET�VCYb�HBjS vnVClK[]ACBwDKJISoBETXxnQ]lKGE�KVCl3PnB QEPwSUD SoBET�P�DHYb[#S SoB]l3S SoBET�S�� D|VoDKv�DKSofNO9TWTWS lK[]xwSoBET�vnVClK[]ACB
DKJ?SoBET xnQ]lKG �KVCl3PRB Ybf J�QnGbGZg T��FPnGbDKVoT\x�	�z�Yb[]lKGbGbgKi z�YZ�HQEVCT r 	 � T P]VoT\fUT\[#Sof{SoB]T SUVCY�lK[E�HQ]Gbl3SoYZDH[	QEP SUD
SoB]YbfaP�DHYb[#S � SoBETyS�� D Yb[#SUTWVC[]lKG�SUVCYblK[]�HGZTyB]l\eKT A^VoT\l3SUT\x	S �ND�vnYZJ�QEVCAWl3SoYZDH[nfaDH[;SoBETwx]QnlKG��KVCl3PnB lK[]x
Yb[�T\lKA�B;AWlKfUT DH[]GZg�DH[ET|v]VClK[]A�B Y�fXOyl3PnP�T\x 	 t BET S �ND/VoDKv�DKSofdOyD>eKT9[ET���SXSoBEVCDHQE�HB SoB]T|T���PnGZDKVCT\x
l3VoT\lKf~SUDySoB]T{AWGZDHfUT\fUS?DKP�T\[]Y�[E� SoB]l3S�GZT\lKx]f~SUDwlK[ Q][]T��FPnGbDKVoT\x/fUPnlKA^T ��Oyl3V&�KT\x lKf�� �uDH[�SoBET{Oyl3P i
lK[]x/J VCDHO�SoBETWVoT!SoB]TWg VoT\fCQ]O9T�SoBET!T���PnGZDKV�l3SoYZDH[�	
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s [yYbOwO9T\x]Ybl3SUTuT���SUT\[]foYZDH[ DKJ�SoBET?SUVCYblK[]�HQ]Gbl3SoYZDH[9lKGZ�KDKV�YZSoB]O&AWlK[9v�TuDKv]SolKYb[ET\x vFg|SoBET~lKx]x]YZSoYbDH[
DKJ O9DKVoT{VCDKv�DKSof 	 t BET VoDKv�DKSof�J�DKVCO l ACBnlKYb[Ii �XBETWVoT{SoB]T{�]VCfoSXlK[]x SoBET|G�lKfUS�VoDKv�DKSXPnGbl\g�SoB]T{VoDHGZT\f
DKJ,SoBET{S�� D/VoDKv�DKSofXDKJ,SoBET PnVoTWeFYbDHQ]foGZg/xET\foA^VCYbv�T\x lKGZ�KDKVCYZSoB]O lK[]x SoBET{DKSoBETWVdVoDKv�DKSof ��Yb[ v�TWS�� TWT\[ �
lKA^SulKf VoT\Gbl>gFf 	 � J SoB]T�VClK[E�KTaDKJISoBETdVoDKv�DKSNSUVClKA��KTWV~fUT\[nfUDKV?Ybf���SoBET\[ SoBETdQnfUTXDKJ�� VoDKv�DKSof T���SUT\[]x]f
SoBETdfoT\[]fUDKVuVClK[E�KTdSUD ���  ����� 	 z�YZ�HQEVoT�r 	 ! YbGbGbQ]foSUVCl3SUT\f SoBET�l3v�D>eKT�Ybx]T\l!	�}�DKv�DKSu} � YbfNfUSol3SoYZDH[nl3Vog
lK[]x0VoDKv�DKSy}���Y�f J DHGbGbD���Yb[]� SoB]T �NlKG�G ��z Yb�HQEVoT r 	 ! l	P]VoT\fUT\[#SofylK[�Yb[nYZSoYblKGuA^DH[E�]�HQEV�l3SoYZDH[ �)	 � T��FS
SoBET T��FPnGbDKVCYb[E� VoDKv�DKS ��}��(�XYbf�O9D�eFYb[]�/lKGbDH[E�/SoBET �NlKG�G���z�YZ�HQ]VoTyr 	 ! v �)	 � DKSUT9SoB]l3S�VCDKv�DKSof�x]VCl ��[
��YZSoB;x]lKfoB]T\x GbYb[ET\fdVoTWPnVoT\fUT\[#S!PnlKfUS!P�DHfoYbSoYZDH[]f
	 � [ z�YZ�HQEVoT\f{r 	 ! A3i x SoBETyVoDKv�DKSof!}��9lK[]x }��9O9D>eKT
VoT\fUP�T\A^SoYZeKT\GZg SUDwJ�DKVCO l GbYb[ET�l3�HlKYb[�	 - YZSoB�SoBET{lKxnx]YZSoYZDH[�DKJ,O9DKVCT!VoDKv�DKSof~SoBET{VClK[E�KT!DKJ,SoBET{VoDKv�DKS
SUVClKA��KTWVafUT\[]fUDKVXA^DHQ]Gbx/v�T�T��FSUT\[nxET\x�Yb[/DKVCx]TWV~SUDwOyl3P G�l3Vo�KTWV~T\[#eFYZVCDH[]O9T\[#Sof
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� [ SoB]Ybf�ACB]l3PnSUTWV �NT?x]YbfoAWQnfofUT\x{lK[ lKGZ�KDKV�YZSoB]O'J DKV�T���PnGZDKVCY�[E��lK[ Q][���[ED��X[{T\[#eFYbVoDH[]O9T\[#S SoBnl3S�Y�f
v�DHQn[]xET\x|v#g|SoBET~V�lK[E�KT?DKJ�SoBET~fUT\[]fUDKV�		� J�SoBET?T\[je�YZVoDH[nO9T\[jS Y�f,Gbl3Vo�KTWVMSoBnlK[9SoBET?VClK[E�KT�DKJRSoBET�VoDKv�DKS
SUVClKA��KTWVafUT\[]fUDKV�SoBET\[�SoB]Ybf?lKGb�KDKVCYZSoB]O�AWlK[ [EDKS~v�T�Q]fUT\x�	 t BFQ]f?lyxnY�"�TWVCT\[jS?T���PnGZDKVCl3SoYbDH[�lKGZ�KDKVCYZSoBnO
Ybf P]VCDKP�DHfoT\xyvnlKfUT\x DH[ SoBET�SUVCl3P�T
�WDHYbxnlKGRxET\A^DHOyP�DHfCYZSoYZDH[9DKJ SoB]T�T\[#eFYZVCDH[]O9T\[#SWiFlKfNxET\foA^VCYbv�T\xwYb[ySoBET
[ET��FS~A�B]l3P]SUTWV 	
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� [�SoB]T!P]VoTWe�YZDHQ]f~A�B]l3P]SUTWV�� T P]VoT\fUT\[#SUT\x lK[ lKGZ�KDKVCYZSoBnO�J DKVXT��FPRGZDKVCYb[E�ylK[ Q][���[ED��X[�T\[je�YZVoDH[��
O9T\[jS!Y�[ �XB]YbACB�SoB]T9VClK[E�KT9DKJNSoBET9VoDKv�DKSaSUVClKA��KTWV fUT\[]fUDKV!Y�f�GZDH[E�/T\[EDHQE�HB;SUD�VCT\lKACB lKA^VCDHfof!YZS
	 � [
SoB]Ybf A�B]l3P]SUTWV � Tdl3VoT~�KDHYb[E� SUD{T��ElKOyYb[ETXlK[yT���PnGZDKVCl3SoYZDH[ fUSUVCl3SUTW�Kg9J�DKV Oyl3PnPnYb[E��v�TWgKDH[]xwSoBET~VClK[E�KT
DKJ�SoBET�fUT\[nfUDKV 	 � [ T\[#eFYbVoDH[]O9T\[#Sof9A^DH[]foYbfoSoYb[E��DKJdG�l3Vo�KT�l3VoT\lKfyDKJXDKP�T\[0foPnlKA^T ��TW��	 �Nl3VCT\BEDHQ]fUT\fWi
xEDFA&�FY�[E�wl3VoT\lKfWi�DKP�T\[��nT\Gbx]f)�uYbS�Ybfd�#Q]YbSUT{A^DHOyO9DH[ J DKVdSoBET VoDKv�DKSof�SUD v�T{Q][]l3vnGbT!SUD J�DHGbGZD(��l �NlKG�G
DKVMSUD xETWSUT\A^SNlK[#gyGblK[]xnOyl3V���f�v�T\AWlKQnfUT�SoBETXT\[je�YZVoDH[nO9T\[jS YbfMGbl3VC�KTWVMSoB]lK[wSoBET�VClK[]�KT�DKJISoBETdfUT\[]fUDKVCf 	
� [�fCQ]ACB T\[je�YZVoDH[]OyT\[jSof?SoB]T{O9D>e�Yb[E�wVoDKv�DKS�Q]fUT\f�SoBET{fUSol3SoYZDH[nl3Vog/VoDKv�DKS�lKf�lwP�DKVCSol3vnGZT!Oyl3V��KTWVXJ DKV
VoT\GZD�AWlKGbY��\Yb[E�!lK[nx Oyl3PnPnYb[E��	 - TXPnVoT\fUT\[#SNx]Y�"�TWVoT\[#S OyDKSoYZDH[ foSUVCl3SUTW�HYZT\fNJ DKVNSoBETdA^DHO9PnGZTWSUTaOyl3P]PnY�[E�
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DKJ SoBET�T\[#e�YZVoDH[]O9T\[#S
	 t B]TaA^DKVCT{YbxET\l DKJ SoBET{lKGZ�KDKV�YZSoB]O�YbfuSoBET!Owl3P]PnYb[E� DKJ�lK[�l3VoT\l9DKJ�J�VoTWT!fUPnlKA^T
v#g	DH[ET�O9D>e�Yb[E��VoDKv�DKS ��B]Y�GZTwSoBET/DKSoBETWVwVoDKv�DKS Y�f|foSol3SoYZDH[]l3Vog$	 t BET/PnQEVCP�DHfoT DKJXSoBET�lKGZ�KDKVCYZSoBnO
xET\foA^VCYZv�T\x v�T\GZD�� Y�fuSUDwxETWSUTWVCOyY�[ET�SoBET!fUT\�FQET\[]A^T{Y�[ ��B]YbA�B/SoBET�J VCTWT!l3VoT\lKf�l3VoT{T��FPnGbDKVoT\xIi���YZSoB]DHQES
x]QEPnGbY�AWl3SoYZDH[/lK[]x�T\[]foQ]VCYb[E� J�Q]GbGIA^D>eKTWV�l3�KT|DKJ�SoBET{J VoTWT fUPnlKA^T$	 � [�lyv�DKSUSUDHO QEP�xET\fCA^VCYZP]SoYZDH[/DKJ�SoBET
lKGZ�KDKVCYZSoB]O SoB]TWVoT�l3VoT�SoBET�J�DHGbGZD(��Yb[E�;fUSUTWPnf 	 ��[ET�VoDKv�DKSyO9D>eKT\f lK[]x�f �NTWTWPnf9SoB]T�GbYb[ET DKJXe�YbfoQnlKG
A^DH[jSolKA^SwlKA^VCDHfof SoBET/J VCTWT/foPnlKA^TKi SoBFQ]f9Oyl3P]PnY�[E� l�foYb[]�HGZTwVoTW�HYbDH[ DKJ~J VCTWT/foPnlKA^T$	 t B]T\[ SoBET/S�� D
VoDKv�DKSofMT��EACB]lK[]�KT�VoDHGZT\fNYb[wDKV�xETWVuSUD T���PnGZDKVoTal|ACB]lKYb[ DKJ J�VoTWT��hfUPRlKA^Tal3VCT\lKf���B]YbA�BwJ�DKVCOyfNl fUSUVCYZP�T �#l
fUTWVCYZT\f,DKJIfUSUV�YZP�T\f,l3VoT�A^DH[][ET\A^SUT\x SUDK�KTWSoBETWVNSUD{J�DKVCO�l{SUVCl3P�T
�WDHYbx�	 s J�SUTWVNfoTWeKTWVClKGnYZSUTWV�l3SoYZDH[]f,DKJ�SoBET\fUT
S �ND/foSUTWPnf�SoB]T T\[#SoYZVoT|A^DHGbGZT\A^SoYZDH[ DKJ SoBET|SUVCl3P�T
�WDHYbx]f�P]VoD>e�YbxET\fXSoBET|SUVCl3P�T
�WDHYbx]lKG xET\A^DHO9P�DHfoYZSoYZDH[ DKJ
SoBETaT\[jSoYZVCTdJ�VoTWT�fUPnlKA^T < l A^DHO9PRGZTWSUT!fUPnl3SoYblKG�xET\A^DHOyP�DHfCYZSoYZDH[ DKJ SoB]TaY�[jSUTWVCYbDKVNDKJ SoBET�T\[#eFYZVCDH[]O9T\[#S
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t BET9P]VoDKP�DHfUT\x lKGb�KDKVCYZSoB]O Ybf!vnlKfUT\x;DH[ SoBETySUVCl3P�T
�WDHYbx]lKGMfUPnl3SoYblKG,xET\A^DHOyP�DHfCYZSoYZDH[;DKJ?l�P�DHGZg �
�KDH[ 
 � � ��� � � 
 � 	 s SUDKP	x]D���[ x]T\foA^VCYZP]SoYbDH[�DKJNSoBnYbf�lKGZ�KDKVCYZSoBnO Ybf!YbG�GbQ]fUSUVCl3SUT\x�Yb[ z Yb�HQEVoT � 	 �Wl/�hx�	
_ DKVoT;fUP�T\AWYZ�RAWlKGbGZgKi~SoBET;S�� D0VCDKv�DKSof/T���PnGZDKVCT SoBET �NDKVCGbx Q]foY�[E�)l)SUVCl3P�T
�WDHYbx�x]T\A^DHO9P�DHfoYZSoYZDH[�DKJ
SoBET�J VCTWT�fUPnlKA^T�lKfySoB]T\YZV9�HQ]YbxETKi lKfyAWlK[�v�T�fUTWT\[�Yb[0z�YZ�HQ]VoT � 	 �Wl!	 �MlKA�B�SUVCl3P�T
�WDHYbx0Ybf9Owl3P]P�T\x
A^DHO9PnGZTWSUT\GZg;v�TWJ�DKVoT SoBET S�� D;VCDKv�DKSof|P]VCDFA^TWT\x	SUD;Oyl3P SoBET []T��FS|DH[ET$	 t BET DKVCxETWV9Yb[ ��B]YbA�B SoBET
SUVCl3P�T
�WDHYbx]f~l3VoT|Oyl3P]P�T\x�Ybf��HYZeKT\[�vFg�lyxETWPnSoB!� �]VCfUS�SUVCl\eKTWVCfClKG DKJ,SoBET{T\O{v�T\x]xET\x x]Q]lKGI�KV�l3PnB ��fUTWT
z Yb�HQEVoT � 	 �^v �)	 � eKTWVCg SUV�l3P�T
�WDHY�x A^DKVoVoT\foP�DH[nx]f�SUD l eKTWVoSUT�� Yb[;SoBETw�KVCl3PnB ��eKTWVoSoYbA^T\f|A^DKVoVoT\foP�DH[nx!�
Yb[E�/SUD lKx/�olKA^T\[jS{SUVCl3P�T
�WDHYbx]f�l3VoTyA^DH[][]T\A^SUT\x ��YZSoB;lK[ T\xE�KTwYb[ SoBETy�KV�l3PnB�	 t BETWVoTWJ�DKVoTKi l3J�SUTWV!DH[ET
SUVCl3P�T
�WDHYbx�Ybf~Owl3P]P�T\x�SoBET!S�� D VoDKv�DKSof~P]VCDFA^TWT\x SUDwOyl3P SoB]T{SUVCl3P�T
�WDHYbx�SoBnl3SXA^DKVoVoT\foP�DH[nx]f?SUDySoBET
lKx/�UlKA^T\[#S{[ED�xET9Yb[�SoBETyxnQ]lKG �KVCl3PnB�	 t BET9fUT\[nfoYb[E�/VClK[E�KT9DKJNSoBET9VoDKv�DKS�SUVClKA&�KTWV PnVoD>e�YbxET\fal�GbY�OyYZS
DH[�SoBET!fUPnlKA^T{SoB]l3S�AWlK[�v�TaT���PnGZDKVoT\x�l3SXlK[jg/foYb[E�HGbTdSoY�O9TKi]v�TWJ DKVCTdSoB]T!S �NDwVoDKv�DKSof~Bnl\eKT!SUDwf���YZSoACB
VoDHGZT\f
	 t B#Q]f\i YZJMl/SUVCl3P�T
�WDHYbx�Ybf�Gbl3VC�KTWV�SoB]lK[�SoBET VClK[E�KT9DKJ SoBET VoDKv�DKS�SUVClKA��KTWV\i SoBET\[;YZSaYbfav]VoD$�KT\[
xED���[ Yb[jSUDyfoSUVCYZP�T\f���YZSoB�l ��Y�xESoB/SoB]l3S�xETWP�T\[]xnf DH[ SoBET!fUT\[]fCYb[E� VClK[E�KT � ��fUTWT z Yb�HQEVoT � 	 �WA��)	
t BET�T���PnGZDKVCl3SoYbDH[wDKJ l|foYb[]�HGZTXfUSUV�YZP�T�AWlK[ v�TdlKAWA^DHO9PnGbY�foBET\x Q]foYb[E�{e<l3VCYbDHQ]f OyDKSoYZDH[ foSUVCl3SUTW�HYZT\f
	

s SdSoB]T9SUDKP;DKJ z�YZ�HQEVoT � 	 �WxIi S�� D�xnY�"�TWVCT\[jS�O9DKSoYZDH[�fUSUV�l3SUTW�HYZT\f!l3VoT9x]YbfoPnGbl\gKT\x 	 t BET �]VCfUSaO9DKSoYZDH[
fUSUVCl3SUTW�Kg � @FSUVCl3SUTW�Kg � �!Ybf!�FQ]YZSUTwY�[jSoQ]YbSoYZeKT$	 � [;T\lKACB)T��EACB]lK[]�KTKi DH[]TwDKJuSoBETyVoDKv�DKSof O9D>eKT\f|DH[ l
fUSUVClKYZ�HB#S?GbYb[ET ��xEDKSUSUT\x�GbYb[]TXYb[ �]�HQEVCT � 	 �Wx �Nf�� TWTWPnY�[E� ��lK[]x/BET\[]A^T�Oyl3P]PnY�[E� � l|SUVCY�lK[E�HQ]Gbl3VuVoTW�HYZDH[ 	
- BET\[ SoBET xnYbfUSolK[]A^T v�TWS�� TWT\[ SoBET S �ND VoDKv�DKSofXVoT\lKACB]T\fXSoB]T{VoDKv�DKS~SUVClKA&�KTWV!fUT\[]fUDKVXVClK[E�KT SoBET{S�� D
VoDKv�DKSof T���A�B]lK[E�KT�VoDHGbT\f
	 t B]T/foT\A^DH[]x�O9DKSoYZDH[0foSUVCl3SUTW�Kg � @FSUVCl3SUTW�Kg�� �|Ybf|P]VoD>eKT\[�DKP]SoYbOylKG ��fUTWT
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s P]P�T\[]xnY�� s �*��YZSoB VCT\fUP�T\A^S{SUD�SoBET l3VCT\l A^D�eKTWVoT\x D>eKTWVyxnYbfUSolK[]A^T SUVCl\eKT\GZT\x 	 � [ T\lKA�B T���A�B]lK[E�KTKi
DH[ET�DKJ SoB]T�VoDKv�DKSof?SUVCl\eKTWV�fUT\f~SoBET�S�� D ACBEDKV�x]f?foBED(��[�lKf~x]lKfCBET\x�GbYb[ET\fuYb[/�n�HQEVoT � 	 �WxIinf �NTWTWPnYb[]� l
x]YblKO9DH[]x/foBnl3P�T\x�l3VCT\l!	 t BET!O9D�eFY�[E�9VoDKv�DKSuSUVCl\eKT\GbfXlKA^VoDHfof�SoBET��]VCfUS?A�BEDKVCx�lK[]x l3S�lK[�lK[E�HGZT � B p
ACB]lK[E�KT\fXBET\lKx]Yb[]� lK[nx�J DHG�GZD���f~SoBET!fUT\A^DH[]x ACBEDKVCx ��fUTWT{z�YZ�HQEVoT � 	 �Wx �)	
s f��NT�x]YbfCAWQ]fofUT\x l3v�D>eKTd@�SUVCl3SUTW�KgD� Ybf,foYbO9PRGZTWV lK[nx9VoT\�FQ]YZVoT\f,l�foOwlKGbGZTWV [FQ]O{v�TWV,DKJ�x]YZVoT\A^SoYbDH[

ACB]lK[E�KT\f\i,vnQES{Q][]J DKVoSoQn[]l3SUT\GZgKi�SoBET'�XYbxESoB DKJ?SoB]T fUSUV�YZP�T � � �{P]VoD�x]Q]A^T\x Y�f foQ]v�DKPnSoYbOylKG � ��� �*��i
lK[]x9SoBFQ]fMl Gbl3Vo�KTWV [FQ]O v�TWV DKJIfUSUVCYZP�T\f YbfM[ETWT\xET\xwY�[9DKVCxETWV SUD A^D>eKTWVuSoBETdfolKO9T�l3VCT\l!	N@FSUVCl3SUTW�Kg ��Y�f
DKP]SoYbOylKGRYb[ySUTWVCOwfMDKJIPnl3SoB SUVCl>eKT\GZT\x D>eKTWV~l3VoT\l|A^D>eKTWVoT\x ��foTWT s P]P�T\[]x]Y�� s � v�T\AWlKQ]fUTdl3SNlK[#gwfoYb[]�HGZT
SoYbO9T!SoBET*��YbxESoB�DKJ,SoB]T{fUSUVCYZP�T!A^D�eKTWVoT\x � � ��Ybf?SoBET|Oyl/��Y�O Q]O P�DHfCfoYZvnGZT � �(� �*�)	 s SdSoBET!v�DKSUSUDHO
DKJNz�YZ�HQEVCT � 	 �WxIi SoB]TyOyl3P]PnYb[]� DKJuJ�VoTWTwfUPRlKA^TwYbfaP]VoT\foT\[jSUT\x;D�eKTWV|l foYb[E�HGZT T��EACB]lK[]�KT$	 s [E�HGZT ��Y�f
lK[ Y�[EPnQES~PRl3VClKO9TWSUTWV�SoB]l3S�AWlK[�v�T|A�BEDHfUT\[�SUD�OyYb[nYbOyY��WT{l/A^DHfUSaJ�Q][]A^SoYZDH[ lKf�l J�Qn[]A^SoYZDH[ DKJ ��	 � [
SoBETdAWlKfoT�DKJ VoT
�]T�� A^DKVC[ETWVCfuDKJ SoB]TdP�DHGZgF�KDH[]lKG�v�DHQ][]x]l3VCg|DKJ SoBET�Gbl3Vo�KTdDKP�T\[ foPnlKA^T�v�T\Yb[E� Owl3P]P�T\xIi
DH[ETwSUVCl3P�T
�WDHYbx	fUPnGbYbSof�Yb[jSUD S �ND []T
��SUVCl3P�T
�WDHYbx]f\i lK[]x SoBETwS�� D�l3�KT\[#Sof|x]T\AWYbxET ��BnYbACB;vnVClK[]ACB DKJ
SoBET�T\O{v�T\x]x]T\x/�KVCl3PnB�SUDyJ�DHGbGZD(� 	

- BET\[;l/fUT\�FQET\[]A^T DKJMT���PnGZDKVCT\x VCTW�HYZDH[]fal3VoTyGbYb[ �KT\x SUD/T\lKACB DKSoBETWV{lKfaSoBET T���PnGZDKVCl3SoYZDH[ P]VCD �
�KVoT\fofUT\fWi,x]Y�"�TWVoT\[#S!S g#P�T\f DKJ~fUSUVCYZP�T\f!l3VoT A^VoT\l3SUT\x�	 � [ SoBET AWlKfUT DKJ?SoBET A^D>eKTWVCl3�KT�DKJ~l SUVCYblK[E�HQ]G�l3V
l3VoT\l�inSoBET S �NDwVoDKv�DKSof�SUVCl\eKT\G Yb[�Pnl3V�lKGbGZT\G GbY�[ET\f?fUTWPnl3VCl3SUT\x vFg !KiRlK[]x�SoB]T fUSUVCYbP�T!Owl3P]P�T\x�B]lKf~SoBET
folKO9T ��Y�xESoB !'��foTWT z�YZ�HQEVoT � 	 �WxIi _ DKSoYZDH[;@FSUVCl3SUTW�Kg s �)	 � [�SoBET{AWlKfoT*��BETWVCT!T\lKACB VoDKv�DKS�A^D>eKTWV�fdl
x]YblKO9DH[]x�l3VoT\l�i SoBET9SUVCl(�UT\A^SUDKVog�DKJuT\lKACB VoDKv�DKS � DHQ]G�x�v�T9l%�\Yb� � �\l3� GbYb[]T|A^VoT\l3SoY�[E� l�fUSUVCYbP�T ��YbSoB
��YbxESoB �di]T\�FQ]lKG�SUDySoB]T!fUT\[]foYb[]�|V�lK[E�KT!DKJ SoBET!VoDKv�DKS?SUVClKA&�KTWV ��fUTWT{z�YZ�HQ]VoT � 	 �WxIi _ DKSoYZDH[ @�SUVCl3SUTW�Kg
� �)	 s foT\�#QET\[nA^TNDKJRfUSUVCYZP�T\f A^DH[n[ET\A^SUT\x9SUDK�KTWSoBETWV ��GZT\[]�KSoB ��Y�fUT(� Owl3P lafoY�[E�HGZT SUVCl3P�T
�WDHYbx%��fUTWT?z�YZ�HQEVCT
� 	 �WA��)	 s SaSoBET|T\[]x DKJ T\lKACB;foSUVCYZP�T!SoBET|S �ND/VoDKv�DKSofXJ�DHGbGZD(��SoB]T �ulKGbGbfXlK[]x VoTWP�DHfoYZSoYZDH[�SoB]T\OyfUT\GZeKT\f
SUDyT��FPRGZDKVoT�SoBET![ET���S�fUSUV�YZP�T$	

�P��� �	& (+ � �A�!� ��� %A"� ��*i�!*

@EYbOyYbGbl3V�SUD SoBETwSUV�YblK[E�HQ]Gbl3SoYbDH[ lKGZ�KDKVCYZSoBnO ��fUTWT�LuB]l3P]SUTWV r ��i�Y�[;DKVCxETWV|SUD lK[]lKGbg �WT SoBET A^DHO �
PnGZT��EYZShg DKJ SoB]T�T��FPnGbDKVCl3SoYZDH[ �NT{[ETWT\x�SUDwxnYbfUSoYb[E�HQnYbfoB v�TWS�� TWT\[ S �NDw�FQ]lKGbYZSol3SoYZeKT\Gbg x]Y�"�TWVoT\[#S~fUSol3�KT\f
DKJMT���PnGZDKVCl3SoYZDH[ i�SoB]T � �)� ���IlK[]x SoBET82 � ��� ����T���PnGZDKVCl3SoYbDH[ PRB]lKfUT\f
	 t B]T GbDFAWlKG T���PnGZDKVCl3SoYZDH[�fUSUV�l3SUTW�Kg
�HQ]YbxET\fwSoBET Pnl3SoB�SUVCl>eKT\GZT\x�J DKV SoBET�Oyl3P]PnYb[]� DKJ!l	A^DH[#eKT���foTW�HO9T\[jS DKJ�J�VoTWT foPnlKA^T x]TW�n[ET\x�vFg
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Trapezoidation

� Z �
Graph Embedded in the Trapezoidation

� N �

Exploration of a single trapezoid

� � �
final position

initial position 

Stationary
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2Robot  R

Mapping of Free Space at a single exchange

R

B

Strategy     :

Strategy     :

Sensing Range:  R

AMotion Strategy 

Motion Strategy 

RR

Exploration of a stripe: two different motion strategies.
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�WDHYbx]lKG�xET\A^DHOyP�DHfCYZSoYZDH[ Q]fUT\x�	 _ DKVoT9fUP�T\AWYZ�nAWlKG�GZgKi
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A^DHO9PnGZT��EYZShg�Y�f�P]VCDKP�DKVCSoYZDH[]lKG SUD SoBET [#QnO{v�TWVdDKJ T\xE�KT\fdDKJ SoBET|P�DHGZg#�KDH[ iRSoBET foY��WT DKJ SoBET|T\[je�YZVoDH[��
O9T\[jSWi�lK[]xwSoBET�VClK[]�KT�DKJ SoBETXSUVClKA���Yb[E�|fUT\[]fUDKV � ��B]YbA�BwxETWSUTWV�OyYb[ET\f BED�� OylK[#gyfUSUVCYZP�T\f l3VoTaA^VoT\l3SUT\x
Yb[/T\lKACB SUVCl3P�T
�WDHYbx �)	
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lKGZ�KDKVCYZSoB]O Ybf{Q]foT\xIi SoB]T O9D�eFYb[]��VoDKv�DKS A^DHQ]G�x J�DHGbGZD�� x]Y�"�TWVoT\[jS SUVCl(�UT\A^SUDKVCYZT\f|lKf GZDH[]� lKf YbS fUSol>gFf
Yb[]foYbx]T SoBET fUT\[]foYb[]�;VClK[E�KT�DKJ�SoBET fUSol3SoYZDH[]l3Vog VoDKv�DKSof
	 s GbSUTWVC[]l3SoYZeKT OyDKSoYZDH[�fUSUV�l3SUTW�HYZT\fwPnVoT\fUT\[#S
A^TWVoSolKYb[ lKxEe<lK[#Sol3�KT\f?lK[]x x]YbfolKxEe3lK[#Sol3�KT\f
	 _ DKVCTXP]VCT\AWYbfUT\GZgKi#SoBETWVoTXl3VCTdx]Y�"�TWVoT\[#S J�lKA^SUDKVCfNSoB]l3Sul/"�T\A^S
SoBETdA^DHfoS?DKJ SoBETdT��FPRGZDKVCl3SoYZDH[/xETWP�T\[]x]Y�[E�!DH[/SoBET�A^DH[E�]�HQ]VCl3SoYZDH[ DKJ SoBET�x]Y�"�TWVoT\[#S VCDKv�DKSof 	 � [ SUTWVCOyf
DKJMA^DHfUS �NT A^DH[nfoYbxETWVdSoBET9x]YbfUSolK[nA^T SUVCl>eKT\GZT\xIi SoB]T [FQ]O v�TWVXDKJ VCDKSol3SoYZDH[]f�lK[]x SoBET9[FQ]O{v�TWVdDKJMVoDHGbT
T���A�B]lK[E�KT\f�v�TWS �NTWT\[�SoBET S �ND�VoDKv�DKSof
	 _ DKVoTWD�eKTWV lKGbG DKJ SoBET9l3v�D>eKTyAWlK[ v�T|SUVClK[]fCGbl3SUT\x�Yb[jSUD/SoYbOyT
A^DHfUS�DH[ BED(�0GZDH[E�aYZS �NDHQ]Gbx Sol �KT?J DKV SoBETNT��FPRGZDKVCl3SoYZDH[�	 _ DKVoT PnVoT\AWYbfUT\GZgKi3TWeKTWVog SoYbO9T SoBETuS �NDdVCDKv�DKSof
T���A�B]lK[E�KT?VoDHGZT\f\iKSoBET?O9D>e�Yb[E�aVoDKv�DKS,Q]fUT\f�SoBET?fUSol3SoYbDH[]l3Vog{DH[]T?SUDaA^DKVCVoT\A^SMYZSof P�DHfoYZSoYZDH[|lK[]x SoBET\[|SoBET
fUSol3SoYZDH[]l3VogwDH[ET�fUSol3VoSofuT���PnGZDKVCYb[]��	�� lKACB/DKJ SoBET\fUTaDKP�TWVCl3SoYZDH[]fuYb[#SUVoD�x]Q]A^T\fNl SoY�O9Tdx]T\Gbl\gKiESoBETWVCTWJ DKVoT
SoBET|[FQ]O v�TWV�DKJ T��EACB]lK[]�KT\f�Yb[]A^VoT\lKfUT\fXSoBET A^DHfUS
	 � [ lKx]x]YbSoYZDH[IinTWeKTWVCg�SoYbO9T|DH[ET|DKJ SoBET{VCDKv�DKSofaB]lKf
SUD A�B]lK[E�KT�x]YZVoT\A^SoYbDH[]f!SoBET VoDKSol3SoYZDH[ lKx]xnf{SUD�SoBET SUDKSolKG?A^DHfUS
	;z Y�[]lKGbGZgKi SoBET SUDKSolKG PRl3SoB	SUV�l\eKT\GZT\x
B]lKf�SUD/v�T|Sol �KT\[;Yb[jSUD/A^DH[]foY�xETWVCl3SoYZDH[�	dzEDKV�SoBET|S �ND�x]Y�"�TWVoT\[#SXO9DKSoYZDH[�fUSUV�l3SUTW�HYZT\f ��x]YblKO9DH[nx l3VoT\l
A^D>eKTWVoT\xIi lK[]x SUV�YblK[E�HQ]Gbl3Val3VoT\l/A^D>eKTWVCT\x �dT��ElKOyYb[ET\x T\l3VCGbYZTWV>i�SoB]T SUDKSolKG,O9T\A�B]lK[]YbAWlKG T�"�DKVoS!AWlK[ v�T
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lK[E�HGZT�� Ybf-�. 3q E iFJ DKV SoBETXxnYblKO9DH[]xyl3VCT\l{O9DKSoYZDH[ fUSUVCl3SUTW�Kg$	 zEDKV SoB]TXfolKO9TdA^DHfUSof SoBET�DKP]SoY�OylKGnlK[E�HGbT
�9Ybf #3q EaJ�DKV~SoBET�SUVCYblK[]�HQ]Gbl3V~l3VoT\lyOyDKSoYZDH[�fUSUVCl3SUTW�Kg$	 s f?T��FP�T\A^SUT\x SoBET�SUDKSolKG A^DHfUSXYbf~GZD(� TWV~J�DKV~SoBET
O9DKSoYZDH[ foSUVCl3SUTW�Kg SoB]l3S|A^D>eKTWVCf|SoBET x]YblKO9DH[]x l3VoT\l SoBnlK[ SoB]l3S ��B]YbA�B A^D>eKTWV�f|l foYb[E�HGbT9SUVCYblK[E�HQ]G�l3V
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t BET!l3v�D>eKT fUSUVCl3SUTW�HYZT\fdA^DHQ]Gbx�v�T�T���SUT\[]xET\x v#g/SoBET{lKxnx]YZSoYZDH[/DKJ O9DKVCT!VoDKv�DKSof
	 �Ng/J�DKVCOyYb[E�yl
ACB]lKYb[�DKJ VCDKv�DKSof�SoB]l3S �Uf�� TWTWPnf	
ySoBEVoDHQ]�HB�SoBET!J�VoTWT foPnlKA^T!SoBET!V�lK[E�KT{DKJ�SoBET!SUV�lKA��KTWV�Ybf~O|Q]GZSoYZPRGbYZT\x
v#g�SoB]T|[FQ]O v�TWVXDKJMVoDKv�DKSofWi�SoBFQ]faA^D>eKTWVCYb[]�/l O|Q]ACB�Gbl3Vo�KTWV�l3VoT\l/Yb[ l foYb[E�HGZT|f �NTWTWP 	 � [ lKx]x]YZSoYbDH[Ii
TWeKTWVog!VoDKv�DKS A^DHQ]G�x{T\fUSoY�Oyl3SUT YZSof P�DHfUT �XYZSoB!VoT\foP�T\A^S SUDXO9DKVCT SoB]lK[ DH[ETNfUSol3SoYZDH[]l3Vog�VCDKv�DKSWi3SoBETWVCTWJ DKVoT
�HlKYb[]Yb[E�XB]YZ�HBETWV PnVoT\AWYbfoYZDH[ Yb[{YbSof O9T\lKfoQ]VoT\O9T\[#Sof
	 t � DaO9DKSoYZDH[|fUSUVCl3SUTW�HYZT\f�l3VoT P]VoDKP�DHfUT\x{J DKV �KVoDHQEPnf
DKJ O9DKVoT{SoBnlK[ S�� D/VoDKv�DKSof,��YZSoB�VoT\foP�T\A^SoYbeKT|lKxEe3lK[#Sol3�KT\f
	dcdfoYb[]�ySoBET{�nVCfUSXOyDKSoYZDH[ foSUVCl3SUTW�KgKi�DH[]GZg
DH[ET VCDKv�DKSaO9D�eKT\f�x]QEVCYb[]�ySoBET|T��FPnGbDKVCl3SoYZDH[���B]YbGbT!SoBET fUSol3SoYZDH[]l3Vog DH[ET\faSoB]l3Sal3VoT9fUSoYbGbG eFYbfCYZvnGZT!l3VoT
Q]fUT\x)lKf9GblK[]x]Oyl3V&�Ff
	 t BnYbf{O9TWSoB]DFx)T\[]foQ]VoT\f OyYb[]YbO|Q]O Q][]A^TWVoSolKYb[#Shg)lKAWAWQ]O|Q]Gbl3SoYZDH[ lKfWiMl3S9lK[#g
�HYZeKT\[ SoYbO9TKi�SoBET9O9D>e�Yb[E� VoDKv�DKS�� DHQ]G�x A^DKVCVoT\A^S�YZSofdDFxEDHOyTWSUVog�TWVoVoDKV ��YbSoB VCT\fUP�T\A^SXSUD�O9DKVoT SoB]lK[
DH[ET�GblK[]x]Oyl3V&� 	 cdfoYb[]� SoBET�foT\A^DH[]x0O9DKSoYZDH[0fUSUV�l3SUTW�KgKi SoBET�VCDKv�DKSof x]YbeFYbx]T Yb[#SUD�S �ND;SUT\lKOyfylK[]x
SoBETWg;Yb[jSUTWV�ACB]lK[E�KT VoDHGZT\f #*��B]Y�GZT9SoBETw�nVCfUS!SUT\lKO Ybf{OyD>e�Yb[E��SoBET fUT\A^DH[]x SUT\lKO �NDKV���f{lKf|l fUTWS DKJ
GblK[]x]Oyl3V&�Ff
	 t B]Ybf O9TWSoBED�x|T��FPRGZDKVoT\f,lK[|T\[je�YZVoDH[nO9T\[jS,Yb[ GZT\fCf SoY�O9TuvnQES J T
�NTWV,VoDKv�DKSof,l3VoT?l\e3lKYbGbl3vnGbT
lKf~GblK[]x]Owl3V��Ff 	
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SUVCl3P�T
�WDHYbx]l3SoYZDH[;lKGZ�KDKV�YZSoB]O AWlK[;v�T DKv]SolKYb[ET\x�vFg SoB]TylKx]x]YZSoYZDH[ DKJuO9DKVoT9VoDKv�DKSof
	 - BET\[�SoBET9S�� D
VoDKv�DKSof{f �NTWTWP	DH[]T fUSUVCYbP�T9DKJ �XYbxESoB �ni SoBET\[	vFg�lKxnx]Yb[E��lK[	T��FSUV�l�VoDKv�DKS � T A^DHQ]Gbx x]DHQEvnGZT9SoBET
l3VoT\l�f �NTWP]SaP�TWV�fUSUTWP;DKJ SoBETylKGZ�KDKVCYbSoB]O%	 � [�SoBET DKVCYZ�HYb[]lKG lKGZ�KDKVCYbSoB]O�i�TWeKTWVog VoDKv�DKSaBnlKfaDH[]GZg�DH[ET
xETWeFY�A^T|SUD�SUV�lKA�� SoBET9DKSoBETWV�VoDKv�DKSof � Yb[ SoB]YbfaAWlKfUTyl�foA�BET\x]Q]GbY�[E� lKGZ�KDKV�YZSoB]O foBEDHQnGbx v�T9l3P]PnG�YZT\x SUD
xETWSUTWVCOyYb[]T|SoB]T9DKVCxETWV!Yb[ ��BnYbACB SoBETyVCDKv�DKSof�l3VCTyO9D>e�Yb[E��	�� J �NTwlKx]x;l�fUT\A^DH[nx;SUVClKA���Yb[E��x]TWeFYbA^TKi
DH[ET{VoDKv�DKSdA^DHQ]Gbx�SUV�lKA���VoDKv�DKSofXDH[ v�DKSoB foYbxET\fWiRlKGbGZD��XYb[E�wlwPnl3VClKGbGZT\G A^D>eKTWV�DKJ xEDHQEvRGZT!SoBET|l3VoT\l l3S
SoBET!folKO9T!SoY�O9T$	

� [�SoB]T T��ElKO9PnGZT DKJ!z Yb�HQEVoT � 	�p3l �NT Q]foT��]eKT VCDKv�DKSof ����� � � � � �(� SoB]l3S/l3VoT P�DHfCYZSoYZDH[ET\x�Y�[
S �ND	GbYb[]T\f9l3SwSoYbO9T ���/	 z YbVCfUS9SoBET�VCDKv�DKSof ���.� � �?� � � O9D�eKT J�DKV��ul3VCxIiNSUVClKA��KT\x�vFg � � lK[nx � �
lKAWA^DKVCx]Yb[E�HGbgKi�Owl3P]PnYb[E� SoBETaJ DHQ]VNSUV�YblK[E�HGZT\fulKfuJ�VoTWT�fUPnlKA^T'��SoYbO9T � � ��iESoBET\[/v�DKSoB � � � � � SUVClKA�� � � i
��B]YbA�B)OyD>eKT\fyJ�DKV��ul3VCx ��SoYbO9T � � � � ��B]YbGbT � � � � ��SUVClKA�� � �<i ��B]Y�ACB0O9D�eKT\fyJ�DKV��Nl3V�x ��SoYbO9T �
���)	
t BET\[�YZSdYbf~SoY�O9T!J�DKVXSoBET DKSoBETWVaA^DHGbQ]Oy[ DKJ,VoDKv�DKSof �����?� � �?� ���(�?SUD lKx]e<lK[]A^T|Oyl3V���Yb[E�wOyDKVoT l3VoT\l
lKfaJ VoTWT9fUPRlKA^T ��SoYbO9T��
���)	 t BET|SUVClKA&�FYb[]��YbfaOyl3V��KT\x ��YbSoB SoBETyx]DKSUSUT\x GbYb[ET\fXDKJ fCYZ�HBjS
	 t BET9folKO9T
Pnl3SUSUTWVC[ YbfMJ�DHGbGZD(� T\x lKfNSoBETdS �ND A^DHG�Q]Oy[]f lKGZSUTWVC[]l3SoYZeKT\GbgwlKxEe3lK[]A^TKiEOyl3V���Yb[E�{l|fUSUVCYZP�T~DKJ J VoTWTafUPnlKA^T
O Q]A�B%��Ybx]TWV?SoB]lK[�SoB]l3S~P�DHfofCYZvnGZT���YZSoB/DH[]GbgwS �NDwVCDKv�DKSof 	
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fUPnlKA^T!lK[]x/SoBET�DKV�xETWV~Yb[ ��B]Y�ACB SoBET�SUVCl3P�T
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_ D>e�Yb[E� DH[]GZg DH[ET VCDKv�DKSal3Sal SoY�O9T|AWlK[�lKGbfoD v�T{T\lKfCYbGZg�T���SUT\[]xET\x SUD�O Q]GbSoYZPnGZT!VCDKv�DKSof 	 t B]T
VoDKv�DKSof?fUSol3VoS?T���PnGZDKVCl3SoYZDH[�lKG�YZ�H[ET\x ��YZSoB T\lKA�B�DKSoBETWV�Y�[�l9fUSUVClKYZ�HB#S~GbYb[ETKiEl3S~x]Y�fUSolK[]A^T �'J VCDHO T\lKACB
DKSoBETWV\i ��BETWVoT ��Ybf SoBETXSUVClKA��KTWV?fUT\[nfUDKVMVClK[]�KT$	 t BET��nVCfUS,VoDKv�DKS lK[nxySoBETdGblKfUSMVCDKv�DKS Yb[9SoBETdGbYb[ET~lKA^S
DHQES�SoBET lKGZ�KDKVCYbSoB]O J�DKVdS �ND VCDKv�DKSof\i ��BnYbGZT!SoBET|VoDHGZT DKJ SoBET DKSoBETWVaVoDKv�DKSofXYbfdfoYbOyPnGZg SUD P]VCD>e�YbxET l
A^DHOyO Qn[]YbAWl3SoYZDH[ Pnl3SoB�v�TWS�� TWT\[�SoB]T\O%	 s f?fCQ]ACBIiESoB]Td�nVCfUSuVoDKv�DKS?Yb[ SoBET!GbYb[ETdVoT\OylKY�[]fufUSol3SoYZDH[]l3VogKi
lK[]x SoBET VoT\fUSaDKJMSoBET9VCDKv�DKSofal3VoTyOyD>e�Yb[E��foQ]A�B SoBnl3S�SoBET9x]YbfUSolK[]A^T v�TWS �NTWT\[�S �ND�VoDKv�DKSofaYbfa[ETWeKTWV
O9DKVoT?SoB]lK[ � 	 t BET �XYbxESoB|DKJRSoB]T~T��FPRGZDKVoT\x9fUSUVCYbP�TuYbf ���& ����� i ��BETWVoT���Ybf�SoBETX[#Q]O v�TWV�DKJ�VCDKv�DKSof 	
s PnYbA^SUDKVCYblKGnVoTWP]VoT\foT\[jSol3SoYZDH[ DKJ SoBnYbfMfUSUV�l3SUTW�Kg AWlK[ v�TXfUTWT\[ Yb[ z Yb�HQEVoT � 	�p<v iFSoB]T�VoDKv�DKSofu} �~lK[nx }��
f � TWTWP lyfUSUVCYZP�T�Q]foY�[E� SoBET!x]YblKO9DH[nx/Pnl3SUSUTWVC[�lK[]x�SoBET{}~DKv�DKS~}���fUSol\g�f~v�TWS �NTWT\[�SoB]T\O%	

� [�SoBnYbf�A�B]l3P]SUTWValK[ lKGZ�KDKV�YZSoB]O J�DKVaOyl3P]PnYb[]�yl3VoT\lKfdv�TWgKDH[nx�SoBET VClK[E�KT{DKJ,SoB]T{VoDKv�DKS�SUV�lKA��KTWV
fUT\[]fUDKV �NlKf x]YbfoAWQnfofUT\x�	 t DK�KTWSoBETWV ��YZSoB0SoBET P]VoTWe�YZDHQ]f ACB]l3P]SUTWV SoBETWg0P]VCD>e�YbxET lK[�l3P]P]VoDHlKA�B�SUD
Oyl3P]PnYb[]�	SoBET J VoTWT foPnlKA^T vFg�f �NTWTWPnYb[]�0SoBET GbYb[ET�DKJ|eFY�foQ]lKG�A^DH[#SolKA^S
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The intersection points of the target and the estimated Robot Pose (from 120cm)
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h_ikjmldn`o�lqp�rqjsnCtvu n pgiqw q2x n�wqyaumzC{|umusn[w}j x�~ n $ r|� ~ t<p�jmy ~ ikumjstvp�jsnC�4yRn[u�� ~ t��`p�rqr|yaid�2jmldn���tmnCn
usr|pgzAn ~ ��pgi�{qi k i ~&x ikn[i^�,yRt ~ iq��n[i^j x yRjml>jmldn�{|usn ~ ��pTi ~ �gn[�*usn[i|u ~ t[��jmldnT�s�.�m�4�����s�4�A�4�A�9� � {dts�
jmldnCtv� ~ tmng�Qyai`o�lqp�r|jsnCt�� x n�rqtmn[umn[i.jsn[w2p�rqt ~g� p � ya�ayaumjmyaz*��tvpg��n x�~ t k � ~ t�tmn[wq{qzCy?id��jmldn�{qiqzAnCtvjmpgyai.jD�
jmlqp�j�pgzCzC{q��{q�ap�jsn[u�wq{dn�j ~ usn[iqu ~ t�i ~ yausn�w|{dtvyaid��jmldn�n $ r|� ~ t<p�jmy ~ iN� � yaiqpg�a�R� yaiMjmldn�rqtvnC�Qy ~ {|u'zvlqp�rd�
jsnCt m o'lqp�rqjsnCt ��r�x n rqtmn[usn[i^jsn[w jmldn z ~ i|usjstv{qzAjmy ~ i ~ ��j x�~ wqy � nCtmn[i^j�t ~g�V~ j¡jstvpgz k nCt`usn[iqu ~ t<u¢pgiqw
wqyaumzC{quvusn[w£jmldn[yRt ~ rVnCtvp�jmy ~ iqpg�cr|p�tvpg��nCjsnCtvu m tvpgid�gn ~ ��usn[iquvyaid�d�¤pgzCzC{dtvpgzA�g�¥nCjmz�� r �>hLi¦jmlqyau¡z<lqp�rqjsnCt
x n rqtmn[usn[i^j§jmldn tmn[um{q�Rjmu���t ~ �¨p>umnCtvyRn[u ~ ��n $ r©nCt<ya��n[i^jmu�{|umyaid�kjmldn2j x�~ w|y � nCtvn[i.j�t ~g�V~ j¢jst<pgz k nCt
usn[iqu ~ tvuFpgiqw>pg�au ~ {qumyaid�2wqy � nCtmn[i.j�t ~g�V~ jmuC�Mj $ rVnCtvy?��n[i.jmu x yRjmlªjmldn¢tvn[pg�«t ~g�V~ jmuFpg�a� ~Ox {qu�j ~ �:pg�ayR�
wqp�jsn ~ {dtcn $ r|� ~ tvp�jmy ~ i`umjstvp�jsnC�4yRn[u � {dj*pg�au ~ j ~ n $ pg��yaidn�jmlqn�usjstmn[iq�gjml`pgiqw x n[p k idn[umusn[u ~ �Nwqy � nCtmn[i^j
usn[iqu ~ t9¬Ot ~g�©~ j�z ~ � � y?iqp�jmy ~ iquC� s y?�¢{q�?p�jsn[wTn $ rVnCtvy?��n[i.jmu�rqt ~ �,yawdn¡tmn[um{q�Rjmu���t ~ �­� ~ tmn�z ~ ��r|�ayazCp�jsn[w
n[i.�,yRt ~ iq��n[i.jmuFpgiqw�pg�au ~ � ~ t�jmldn§n � n[zAj ~ �cwqy � nCtmn[i^jFi ~ yausn�r|p�tvpg��nCjsnCtvu�pgiqw�wqy � nCtmn[i^jFt ~g�V~ jFz ~ i,�
® �4{dtvp�jmy ~ i|u�jmlqp�j x nCtmn¡i ~ j�p&�:pgya�?p � �Rn�yai ~ {dt��ap �V~ tvp�j ~ tm�g�

¯N°k±F²4³V´'µq¶d·«¸D¹*³©º4¸W·«»½¼£¾W¿«·À².¸Iº4Á�Â

� u x n�ump x yaiMo'lqp�rqjsnCt q jmlqn�jstvp�rVn |C~ yaw|p�jmy ~ i2pg�a� ~ tvyRjmlq�Ãyau�{qusn[w j ~ �`p�rMp�tvn[pgu�jmlqp�j�n $ jsn[iqw
� nC� ~ i|w%jmldnTtvpgid�gn ~ �Fjmlqn}t ~g�V~ j�jstvpgzvÄgnCt usn[i|u ~ t[�Yh_i%jmldnªp&�:pgy?�ap � �Rn}usrÅpgzAn}� ~ t`n $ rVnCtvya��n[i.jmu�yaj
x pgu�i ~ j�r ~ uvumy � �Rn�j ~T® iqw£pgi¦p�tmn[pTjmlqp�j�n $ jsn[iqwdn[w£j ~ pM��n x jmy?��n[u�jmldn`usn[i|u ~ t�tvpgid�gn m �O� � �Æ� ~ t
jmldnk�,yaum{|pg��t ~g�V~ j jstvpgzmÄgnCtkpgiqw �%p � �3q �Ç� ~ tTjmldn��apgusnCtMt ~g�V~ j jstvpgzmÄgnCtkusn[iqu ~ t r �!È�lqnCtmnC� ~ tvnkjmldn
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��p�� ~ t<yRj � ~ �*jmlqn¢n $ rVnCtvya��n[i^jmu x nCtmn§w ~ idn�yaiªumy?�¢{q�?p�jmy ~ iN��h_ikpgw|wqyRjmy ~ iªjmldn�� ~ jmy ~ ikumjstvp�jsnC�4yRn[u ~ �
jstvp�rVn |C~ yawqp�jmy ~ i£pg�R� ~ t<yRjmlq� x nCtvn`{qusn[w�yai£umy?�¢{q�?p�jsn[w>��{q�RjmyR�Wt ~g�V~ jFn $ rVnCtvya��n[i^jmuF� ~ t¢wdnCjsnCtv��yai|yaid�
jmldn�jstvpgwdnA� ~1� u � nCj x nCn[i}jmlqn¡i^{|� � nCt ~ �¤t ~g�V~ jmu�pgiqwMjmldn¡j �Qr©n ~ � t ~g�V~ j'jstvpgzvÄgnCtFumn[iqu ~ t�{qumn[wN�

���������! #"%$'&)(+*, .-�/�02143�$'&.*536� h_i ~ tvwdnCt j ~ n[usjmy?��p�jsncjmldn�ya��rqt ~ �gn[��n[i^j yai�r ~ umyajmy ~ i�n[usjmya��p:�
jmy ~ i x lqn[i�jmldn�j x�~ t ~g�V~ jmu�z ~ �a�ap �V~ tvp�jsng�,p¡usnCtvyan[u ~ �Nn $ r©nCt<ya��n[i^jmu x nCtmn�rVnCtm� ~ tv��n[w2yai�umya��{q�ap�jmy ~ iN�
È�ldn j x�~ t ~g�V~ jmu§n $ r|� ~ tmn[w p>uvyaid�4�RnMusjstvyRrVn ~ ��jmldnMn[i^�Qyat ~ iq��n[i^jC�*n $ zvlqpgid�4y?id��t ~ �Rn[u �/	87 jmya��n[u[�
9 w ~ ��nCjstm�£nCtvt ~ t¢n[umjmya��p�jsn[u��4p�jmldnCtmn[w wq{dt<yaid�Tn $ r©nCt<ya��n[i^jmu x yRjml�pgi;: � h�t ~g�V~ j x nCtmn {|usn[w¦j ~
r|p�tvpg��nCjsnCtvy | n�jmldn�nCtmt ~ t�� ~ wdn[�¤yai£wdn[pgw�tvn[zmÄ ~ iqyaiq�d�§È�ldn�pgzCzC{dtvpgzA� ~ ��jmlqn�ldn[�ay $ �,yaumy ~ ikjst<pgzmÄgnCt
x pgu¢{qusn[w�j ~ � ~ wqn[�¥jmldn2pgzCzC{qtvpgzA��pgiqw�jmlqn�tvpgid�gn ~ ��jmlqn�t ~g�V~ j�jstvpgzvÄgnCt[�}È�ldn`uvpg��n�r|p�jml x pgu
jstvp[�gn[�Rn[w¦j x y?zAng� pgiqw£jmlqn�nCtmt ~ t¡yai�r ~ umyajmy ~ iqyaid� x pgu¡��n[pgum{qtmn[wN��È�ldn ® tvusj�jmya��n�i ~ z ~^~ rVnCtvp�jmy ~ i
j ~^~ Ä�rÅ�apgzAn � nCj x nCn[i jmldn`j x�~ t ~g�V~ jmuC� x l|ya�Rn�jmldnMusn[z ~ iqw�jmya��n2nC�gnCtm��jmya��n2jmldn`j x�~ t ~g�V~ jmu¢n $ �
zvlqpgid�gn[w t ~ �Rn[u�jmldnC��z ~ tmtvn[zAjsn[w%jmldn[yRt�r ~ umyRjmy ~ i�n[usjmya��p�jsn[u[��hLi jmldnTzCpgusn ~ ��i ~ z ~^~ rVnCtvp�jmy ~ i jmldn
j x�~ t ~g�V~ jmu�p�tmn�� ~ �a� ~Ox yaid��jmlqn�umpg��n�jstvp��sn[zAj ~ tm�2pgu � nC� ~ tmn � {dj x yajml ~ {djcz ~ tmtvn[zAjmyaid��jmldn[yRt*r ~ umyRjmy ~ i
n[usjmya��p�jsng�

� t ~ � jmlqn¢tmn[uv{q�Rjmu�uml ~&x i>yai ® �4{qtmn[u��^� �=< p,� �Er �Vyaj�yau�zC�Rn[p�t�jml|p�j�jmldn�z ~^~ rVnCtvp�jmya�gn¡n $ r|� ~ tvp�jmy ~ i
usjstvp�jsnC�g�Tya��rqt ~ �gn[u'rVnCtm� ~ tv��pgiqzAn�um{ � usjmpgi^jmyapg�a�R� ~ �gnCt�jmldn¢i ~ i,� z ~Q~ r©nCt<p�jmyR�gn�usjstvp�jsnC�g�g��hDj�y?u x�~ tmjml
r ~ y?i.jmyaiq� ~ {djcjmlqp�j�yai�jml|yau¥n $ r©nCt<ya��n[i^jci ~ um�Qusjsn[�`p�jmyaz�nCtmt ~ t x pgu�y?iqzC�a{qwdn[w�y?i�jmldn�� ~ wdn[�W�^um{qz<l`pgu
x�~ {q�?w ~ zCzC{dt ~ i£pgi£yaiqzC�?yaidn[w !|~^~ t x lqnCtmn x yRjmlknC�gnCtm�kjst<pgiqum�ap�jmy ~ i�pTum�`pg�a� pg� ~ {qi.j ~ ��um�ayRr|r|p��gn

~ 	



�0� � ���V� �V��
����������#��� � ��
����V� ��
��

��� � ��� � 0 500 1000 1500 2000 2500
0

5

10

15

20

25

30

35

40

Distance Travelled in cm

P
os

iti
on

in
g 

E
rr

or
 in

 c
m

Odometry based error

��� �
�������� "! �s#��"#|G%-
N��x-0/<1 )�B|/2143 ,\)0Z85764F 92)
c�)�/[-�;[3];X/<5A,e-0/<3:R c8W /<143 Z85d;2J�-�Ob/29T-�=��
3U9]L
	_3:-�;2J49<3U,\3U68/T; /<-
�
3U6 5A6 R45rqs3U9<3U68/t?*)
;25r/<5A)
6�;QZ0-�O757R�-0/23\/<143Y-�=:=>J49T-�=UW_v�5A/21 ?49<3:=U57;25A)
6 )�B
9<)�J�F�14O7W ��=>,oL G%c�N C�143\Rp3:;25A9<3:Ri?�-0/<1 )�Bl/21�3@,\)0Z+5764F 9<)�c*)�/]L��DOA/214)
J4F�1 /21�3m9<)�c*)�/Q=U-�6
c*3mR49257Z�3:6_-�O7)�64Fe/<145d;f?�-�/21_J�;P5764F )
?�3:6pn OA)+)�?_=U)�68/29<)�O y�R43:-�R_923]=���)�6�5A64Fe3:929<)�9fOA3]-�R4;D/2)S-
;2J4c�;P/<-�68/25d-�O
R457;<=>9<3U?�-�6�=>W
LVG%=]N�C�1�3V3U9<9<)�9�576t?*)
;25r/<5A)
645A6�F�B�92)
, /2143 )+R4)�,\3>/<92W 3:;P/257,e-0/257)�6�;UL

x�~ {q�?w ~ zCzC{dt[��hLjFy?uFzC�an[p�tFjml|p�jFjmlqn§z ~Q~ rVnCtvp�jmy ~ i ~ �*jmldn§j x�~ t ~g�V~ jmu�ldn[�RrÅu�j ~ ��pgyai^jmpgyaiktmn[wq{qzAn[w
� ~ zCpg�?y | p�jmy ~ iMnCtmt ~ t�pgiqw}ya��r|t ~ �gn[u��`p�rqr|yaid�§t ~g� {qusjmidn[umu[�

��� � ��
 (�� -���(�*5-������ � {dn>j ~ usr|pgzAn�z ~ iqusjstvpgy?iqu x n>r©nCtv� ~ tv��n[w pgi�n $ rVnCtvya��n[i.j yai ~ {dt
�ap �V~ tvp�j ~ tm�2{|umyaid�§p�� ~ jmy ~ iMr|p�jsjsnCt<i}umya��y?�ap�t�j ~ jmlqn ~ idn�jstvp[�gn[�an[w � �2jmldn�j x�~ t ~g�V~ jmu'{quvyaid� ~ iq�R�
~ idn�t ~g�V~ j x lqy?�Rn�jmlqn ~ jmldnCt ~ idn x pgu�umjmp�jmy ~ iqp�tm�g�

h_i ~ t<wdnCt2j ~ ��n[pgum{dtvnªjmldn>pgzCzC{dtvpgzA� ~ ��jmldn>��p�rÀ��p¦��n x � ~ zCp�jmy ~ iqu`pg� ~ id�¦jmldnkr|p�jml x nCtmn
usn[�Rn[zAjsn[w pgiqw`jmlqn�r ~ umyRjmy ~ i ~ �Njmldn�t ~g�©~ j x pgu�n[usjmy?��p�jsn[w`tvn[�ap�jmyR�gnFj ~ jmldnFusjmp�jmy ~ iqp�tv��zCpg��nCtvp,�cÈ�lqn
pgzCzC{dtvpgzA� ~ �cjmldn§r ~ umyRjmy ~ i|u�n[usjmy?��p�jsn[w � �kjmldn�zCpg��nCtvp:� � pgumn[w£jstvpgzmÄgnCt x pgu � nCj x nCn[i � � 7 pgiqw 	 ���
zC�T� � u�zCpgi � n§umnCn[i£yai � ya�4{dtmn<�^� 	 p,� � jmldn�yaiqpgzCzC{qtvpgzA�kyau��ap�tv�gn[�R�kwq{qn¢j ~ t ~ jmp�jmy ~ iqpg�¤nCtmt ~ t�pgiqw
jml^{qu¡yRj¡yau�� ~ tmn`nC�,yawdn[i^j¡idn[p�t¢jmldn`umyawqn[u ~ �'jmldn�tmn[zAjmpgiq�4�Rng� � ya�4{dtmnw�^� 	 z`rqtmn[usn[i^jmu�jmldn p � u ~ �a{qjsn
~ w ~ ��nCjstm�2nCtvt ~ t�pgu�yaj�pgzCzC{|�¢{q�?p�jsn[u ~ �gnCt�jmldn¡w|yausjmpgiqzAn�jstvp&�gn[�Rn[w � � jmldn�t ~g�V~ jC�

�¤°k±F².¸ ³V»c¿��c¾ ³©ºg¸ ·«» ¼£¾ ¿À·À².¸Wº4ÁcÂ

È�ldnkjst<yapgid�4{q�ap�jmy ~ i�pg�R� ~ t<yRjmlq� rqtmn[usn[i^jsn[w yai o�lqp�rqjsnCt�� yau {qusn[w j ~ ��p�r p�tmn[pguMjmlqp�jTp�tmn
�©~ {|iqwdn[w � ��jmldnMtvpgid�gn}�aya�`yRj ~ ��jmldnTt ~g�V~ j§jstvpgzmÄgnCt usn[iqu ~ t[��� $ rVnCtvya��n[i^jmu¢z ~ i|wq{qzAjsn[w ® tvumj§y?i
umya��{q�ap�jmy ~ i�pgiqw`jmldn[i`y?i�wqy � nCtmn[i^jc� ~ zCpg�Rn[ucyai ~ {dt � {qya�awqy?id��pg�a� ~&x n[w2{qu*j ~ �gnCtvya���§jmldn�rVnCtm� ~ tv��pgi|zAn

~��
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~ � ~ {dtTp�rqrqt ~ pgz<lN� hLi jmldn�idn $ j umn[zAjmy ~ i x n>rqtmn[umn[i.jMn $ r©nCt<ya��n[i^jmpg��tmn[uv{q�Rjmu2��t ~ �"j x�~ j �Qr|yazCpg�
n[i.�,yRt ~ iq��n[i.jmuC�

���������! #"%$'&)(+*, .-�/ � � $ jsn[iquvyR�gnMn $ rVnCtvya��n[i.jmu�lqp&�gn � nCn[iYz ~ iqwq{|zAjsn[wY{qumyaiq�kjmldnTt ~g�©~ jmy?z
umya��{q�ap�jmy ~ iMr|pgzvÄ:p��gn : ~g�©~�� p�n[� ~ iÀ��È�ldn¡uvya�¢{|�ap�jmy ~ iqu�pg�?� ~&x n[wª{qu�j ~ umr©n[zCya���Mwqy � nCtmn[i^j�r|p�tvpg��nA�
jsnCtvu�uv{qzvl>pgu ~ w ~ ��nCjstv�}nCtmt ~ t[�Åt ~g�V~ j_�WjstvpgzmÄgnCt�{|iqzAnCtmjmpgyai^j �ªpgi|w}jmldn§z ~ ��r|�Rn $ yRjD� ~ �¥jmldn¢n $ r|� ~ tvn[w
n[i.�,yRt ~ iq��n[i.jmuC� � yR�4{dtvnw�^���}r|tmn[usn[i^jmu�j x�~ j �Qr|yazCpg�*n[i^�,yRt ~ iq��n[i^jmu¡{|usn[w¦yai¦jmldn`umy?�¢{q�?p�jmy ~ iqu < p�rd�
rqt ~ $ ya��p�jsn¢p�tmn[p ����� �	��
'pgiqwTjmldn�rÅp�jml}jmldn�j x�~ t ~g�V~ jmu'� ~ �a� ~&x n[wN� � ya�4{dtmn[uM�^� � pgiqwl�^� ��r|tmn[usn[i^j
jmldn�n $ r|� ~ t<p�jmy ~ i ~ �|j x�~ � ~ wdn[�Qn[i.�,yRt ~ i|��n[i.jmu � jmldn[usn�n $ pg��r|�Rn[u¥ya�a�?{qusjstvp�jsncw|y � nCtvn[i.j¥pgusrVn[zAjmu ~ �qjmldn
jstvyapgid�4{q�?p�jmy ~ i`pg�R� ~ t<yRjmlq�T� � yR�4{dtvn[u��^� � < p:� y�
crqtvn[usn[i.j'umi|p�r|uml ~ jmu ~ �«jmldn�n $ r|� ~ tvp�jmy ~ i2pgu�rVnCtvzAn[yR�gn[w
� ��
'�^�m�g���2pgiqw�
'�.�v�g�����*pgi|w�jmldn tmn[um{q�ajmyaid�ª��p�r p�j§wqy � nCtmn[i.j�yaiqusjmpgi|zAn[u ~ ��jmlqn`n $ r|� ~ tvp�jmy ~ iÀ�
È�ldn§j x�~ t ~g�V~ jmu�n $ zvlqpgiq�gn�t ~ �Rn[u x lqn[i�jmldn��ayaidn ~ ���Qyauv{qpg�¥z ~ i.jmpgzAj�yau�yai^jsnCtmtv{dr|jsn[wN�¡h_i�jmldn ® tvumj
t ~&x pgi�n[p�tv�R�>r|lqpgusn ~ ��jmldn�n $ r|� ~ tvp�jmy ~ i£yau�rqtmn[umn[i.jsn[wN��È�ldn�j x�~ t ~g�V~ jmu�lqp&�gn`n $ zvlqpgiq�gn[w�t ~ �Rn[u
j x yazAnTpgiqw�
'�^�m�g���2n $ r|� ~ tmn[u ® �gnTidn x jstvyapgid�4�an[uC�¦o ~ iqusn/-Q{dn[i^jm�R�g�cyai�jmldnTusn[z ~ iqw t ~Ox 
'�.�v�g���
yau�n $ r|� ~ t<yaid�2p��4pgy?i <�� yR�4{qtmn �^� � w�
<�Àjmldn[i>jmldn�j x�~ t ~g�V~ jmu�n $ zvl|pgid�gn�t ~ �Rn[uFpgiqw�
'�.�v�g���¢n $ r|� ~ tmn[u
jmldtmnCn'pgwqwqyRjmy ~ iqpg�Qjstvyapgid�4�Rn[u[� È�ldn�jmlqyatvw�t ~&x ya�?�a{qusjstvp�jsn[u jmldn ® iqpg�,usjmp��gn[u ~ �©jmldn�n $ r|� ~ tvp�jmy ~ i x ldnCtvn

'�.�m�4����n $ rÅ� ~ tmn[u'jmldn ® iqpg�Vr|p�tmjmu ~ �¤jmldn�n[i^�,yRt ~ iq��n[i^j�{qumy?id�	
'�.�m�4����pgu�p�tvnC��nCtmn[i|zAng�

h_i � yR�4{dtmn0�^� � �.y?i¢jmlqn��apgusj¤t ~&x �4jmldn'n[p�tv�R�¢r|lqpgusn ~ �Åjmldn'n $ rÅ� ~ tvp�jmy ~ i�yau rqtvn[usn[i.jsn[wÀ�.{qumyaiq��r|{qtmn
~ w ~ ��nCjstm�M� ~ t�r ~ umyajmy ~ iqyaid�d�*È�ldn¡wqpgumlqn[w}�ayaidn�wqnCr|yazAjmu'jmldn¡tmn[pg�Àr|p�jml ~ �¥jmldn�t ~g�V~ j�pgiqw}jmldn¡u ~ �ay?w

~ �
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�ayaidn2jmldn ~ w ~ ��nCjstm� � pgusn[w r|p�jmlquC��hLi%uv��pg�a� x�~ t<�awqu§pgiqwÅ¬ ~ t�zC�a{qjsjsnCtmn[w n[i.�,yRt ~ i|��n[i.jmu���{q�Rjmyar|�Rn
~g� usnCtm��p�jmy ~ iqu ~ �FjmldnTumpg��n ~g� �sn[zAj�z ~ {q�aw � n {|usn[w%yai ~ tvwdnCt�j ~ z ~ tmtmn[zAj�jmlqnTr ~ uvyRjmy ~ iqyaiq� ~ ��jmldn
� ~ �,yaid�}t ~g�©~ jC� � u¡zCpgi � n`usnCn[i yai � yR�4{dtmnt�^� ��< �A�0Ä 
<�¥jmldn2pgzCzC{|�¢{q�?p�jmy ~ i ~ �'{qiqzAnCtvjmpgyai.jD��zCpg{qusn[u
jmldn¢��p�r>j ~ � n¢wqyausj ~ tmjsn[w>pg�Rjml ~ {q�4lª� ~ zCpg� z ~ i|umyausjsn[iqzA�}y?u���pgyai^jmpgyaidn[wÀ��È�ldn[usn�wqyausj ~ tmjmy ~ iqu�z ~ {q�?w
�Rn[pgw ~ �gnCt�jmya��n�j ~ p`��p�r}jmlqp�j�y?u�i ~ j'nC�gn[i}j ~ r ~ � ~ �4y?zCpg�a�R�Mu ~ {qiqwN�

È�ldn�tvn[um{q�Rjmu���t ~ � jmldn�n $ r|� ~ tvp�jmy ~ i ~ �«p§wqy � nCtmn[i^jcn[i^�,yRt ~ iq��n[i^j�p�tmn�rqtmn[usn[i^jsn[wMyai � yR�4{qtmn��^� �
wdnCr|yazAjsn[w%pgu�p£umn/-^{dn[i|zAn ~ �Fuviqp�r|uml ~ jmu�p�j2um{qzCzAn[umumya�gnTjmya��n[uC�%È�ldnTr|tmn[usn[iqzAn ~ �Ftmn ! n $ �gnCtmjmyazAn[u
jmlqp�j�yai^jsnCtmtv{drqj�jmldn��ayaiqn ~ � �Qyauv{qpg�Vz ~ i.jmpgzAjFyai.jst ~ wq{|zAnFyai^jsnCtviqpg�©jstvy?pgid�4�Rn[u�pgiqwMjmldnCtmnC� ~ tmn � t<pgiqzvldn[u
yaiªjmlqn�wq{|pg�«�gtvp�rÅl>�`p�ÄQyaiq�`jmldn§n $ r|� ~ tvp�jmy ~ i>� ~ tmn�z ~ ��rÅ�ayazCp�jsn[wN��È�ldn�tmn[um{|�Rjmu�p�tvn�r|tmn[usn[i^jsn[w>y?i
jmldtmnCnTz ~ �a{q��i|uC��È�lqn ® tvusj§z ~ �a{q��i wdnCr|y?zAjmu§jmldnTjstvp��sn[zAj ~ tm� ~ � 
'�.�v�g� �Mpgiqw jmldnTn[i^�QyRt ~ iq��n[i^j
pgu�rVnCtvzAn[yR�gn[w � ��jmlqp�j�t ~g�V~ jC�`È�lqn�usn[z ~ iqw�z ~ �a{|��i£wdnCr|yazAjmu�jmldn�jstvp��sn[zAj ~ tm� ~ � 
'�.�m�4� �`pgiqw�yRjmu
r©nCt<zAnCrqjmy ~ i ~ �«jmldn x�~ tv�awÀ� � yai|pg�a�R�g�.jmlqn�jmlqyatvw`z ~ �a{|��i`r|tmn[usn[i^jmu�jmlqnFz ~ iqumjstv{qzAjsn[wM��p�rT{dr`j ~ jmlqp�j
r ~ y?i.jcy?i�jmldnFn $ rÅ� ~ tvp�jmy ~ iN�¥È�lqn��ayR�4l^jc�gtvnC�`wqyausÄ§tmnCr|tmn[usn[i^jmucjmldnFr ~ umyRjmy ~ i ~ �Njmldn�usjmp�jmy ~ iqp�tm�`t ~g�V~ j
pgiqwMjmldn � �?pgzmÄMwqyausÄ2jmldn¡� ~ zCp�jmy ~ i ~ � jmldn¡� ~ �Qy?id��t ~g�V~ j�yaiMjmldn ® �4{dtmn[u ~ � jmldn¡� ~ �Qy?id��t ~g�V~ jC�

9 �gnCt�jmldn�yai^jsnCtm�:pg�¤usrÅpgiqidn[w � �kjmldn�ya��p��gn[u�yai>jmldn ® tvusjFt ~&x � 
'�.�m�4���§yau�usjmp�jmy ~ iqp�tm� < p���jsnCt
��p�rqr|yaiq��j x�~ jstvyapgid�4�an 
<� x lqya�Rn 
'�.�m�4����yau���p�rqrÅyaid�`jmlqn¢tvya�4l.j � tvpgiqz<l ~ �cjmldn ® tvumj � yR��{dtvzCp�jmy ~ iN�
È�ldn��ayaiqn ~ � �,yaum{qpg�Nz ~ i^jmpgzAj x pgu � t ~ Ägn[i � �Mp�tmn ! n $ �gnCtmjsn $ � jml^{|uC�|p�yai^jsnCtviqpg�Vjst<yapgid�4�Rn x pgu � {|ya�Rj
< i ~ wqn x yRjml�wdnC�gtmnCn�� 
<�*pgiqw�j x�~�� tvpgiqz<ldn[u x nCtmnMusjmp�tmjsn[wN� �cpgz<l � tvpgiqz<l�z ~ iquvyausjmu ~ � ~ idn ~ r©n[i
jstvyapgid�4�Rn x yRjml�p��4p�jsn x p[��j ~ {qidn $ r|� ~ tmn[w�umr|pgzAng�¥hLi�jmldn�usn[z ~ iqw`t ~&x � 
'�.�v�g� ��yau*usjmp�jmy ~ i|p�tm� < p���jsnCt
pgwqwqyaid��j x�~ � ~ tmn�i ~ wdn[u¤yai¡jmlqn�n[� � n[wqwdn[w¢�gtvp�r|l§pgiqw 
'�.�v�g� ��yau ��p�rqr|yaiq��jmldn'usn[z ~ iqw ~ zCzC�a{qwqy?id�
�gnCtmjsn $ � � �4pgyaiªpgi}yai^jsnCtviqpg�Vjstvyapgiq�4�Rn�yau'zAtmn[p�jsn[w < i ~ wdn x yajmlTwdnC�gtmnCn�� 
<�|pgi|w 
'�.�m�4����yau'��p�rqr|y?id�
jmldn �anC��j � tvpgiqz<l ~ ��jmlqn � ya��{dt<zCp�jmy ~ iN�}h_i¦t ~&x jmldtmnCn jmldn n[i.�,yRt ~ iq��n[i.j�yau¢�`p�rqrVn[w�� ~ t�jmlqn p�tmn[p
jmlqp�j�z ~ tmtmn[usr ~ iqw|u�j ~ jmldn � tvpgiqz<l � n[yaid��n $ rÅ� ~ tmn[wN� x yRjmlMjmlqn��apgusj'jstvyapgiq�4�Rn�lqp[�,yaid�§j x�~�x pg�a�au'pgiqw
~ idn¢yai^jsnCtviqpg�«wqyap�� ~ iqpg� < i ~ wdn x yRjmlkwdnC�gtmnCn � 
<� � yR�4{dtmn �^� ��y«rqtvn[usn[i.jmu�jmldn���p�r>{qr}j ~ jml|p�j�r ~ yai^j
x ldnCtmn jmldnT�apgusj x pg�a� < i ~ j§��{q�?�R�£n $ rÅ� ~ tmn[w �gnCj 
�yau§��p�tmÄgn[w x yajml p>jmlqy?idnCt��ayaidng�£È�ldn[i jmldnMj x�~
t ~g�V~ jmu¥rqt ~ zAnCn[w�j ~ jmldn�zC� ~ usn[umjc�4p�jsn < � ~ �a� ~Ox yaid��p¢wdnCrqjml ® tvusj¥jstvp&�gnCtvumpg� ~ �©jmlqn�n[� � n[w|wdn[w��gtvp�r|l�
<�
: ~&x � ~ {qt�wdn[� ~ iqusjst<p�jsn[u�jmldn�n $ r|� ~ t<p�jmy ~ i ~ � 
'�.�m�4��� ~ �¤jmldn ® iqpg� � tvpgiqzvl < tvyR�4l^j 
 ~ �¤jmldn¡usn[z ~ iqw
� yR��{dtvzCp�jmy ~ iN� x lqya�Rn	
'�^�m�g� �2yau¡umjmp�jmy ~ iqp�tm�£p�j¡jmlqn2usn[z ~ iqw ~ zCzC�a{qwqyaiq� �gnCtvjsn $ � � yaiqpg�?�R�g�«jmldn ® ��jml
t ~&x y?�a�a{qusjst<p�jsn[u�jmlqn ® iqpg�NusjsnCr ~ � jmldn�n $ r|� ~ tvp�jmy ~ iN� 
'�.�v�g� ��yau'usjmp�jmy ~ i|p�tm� p�j�jmldn ® tvusj ~ zCzC�a{qwqy?id�
�gnCtmjsn $ n[iqz ~ {qi^jsnCtmn[wN� x lqya�Rn 
'�^�m�g���2��p�r|u¢jmldn ® iqpg�cjstvyapgid�4�Rng�Th_i � ya�4{dtmnw�^� � ~ jmldnMz ~ ��r|�RnCjsn[w

~ �
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��p�rTyau�uvl ~&x iÀ�¤È�ldnFw|{qpg�|�gt<p�r|lMyaucr|tmn[usn[i^jsn[wTyai`jmlqn ® �4{qtmn[u ~ �Àjmldn�jmlqyRtvw`t ~&x uv{drVnCtvya��r ~ usn[w ~ i
jmldn���nCjstvyaz��`p�rÀ�

��� ����� ��� &)-��,(+*� )- /��  .*�� *��'1 *�� - ��$ � 1 ��3
	�- $ * �,-�� -�*536� � usnCt<yRn[u ~ ��n $ r©nCt<ya��n[i^jmu
x nCtmn�rVnCtm� ~ tv��n[w�yai wqy � nCtmn[i.jM� ~ zCp�jmy ~ iqu yai ~ {dt � {qya�?wqyaid� <�� z&o ~ iqidn[�a� ��id�4yaidnCnCtvy?id����{qya�aw|yaid�d�
� z�
�y?�a����i|yR�gnCtvumyRjD� 
 x yRjml}p�r|pgyat ~ ���d{drVnCtvumz ~ {dj't ~g�V~ jmu'��t ~ ��� ~ ��pgwqy?z�È«n[z<lqi ~ � ~ �4yan[uC�|h_iqz��cÈ�lqn
t ~g�V~ jmu�{|usnTp>w|y � nCtvn[i.jmyapg��wdtvya�gn pgiqw p�tmnMn/-Q{qyRrqrVn[w x yRjml p>tvyaid� ~ � �/� u ~ i|p�t�jst<pgiqumwq{qzAnCt<uC�£hLi
pgwqwqyRjmy ~ i ~ idn ~ �«jmldn[� < 
'�^�m�g� ��yai ~ {dt�n $ rVnCtvy?��n[i.jmu 
*lqpgu�p§�apgusnCt�tvpgiq�gn ® iqwdnCt���t ~ � � zCzC{dtvpgid�gn
< usnCn�o�l|p�rqjsnCt � �Qn[zAjmy ~ i �£� ~ t wdnCjmpgy?�au 
§� ~ {|i.jsn[w ~ i j ~ r«� x lqya�RnMjmldn>usn[z ~ iqw�t ~g�V~ j < 
'�^�m�g� �
yai ~ {dt¢n $ rVnCtvy?��n[i.jmu 
�lqpgu�pªjmlqtmnCn`r|�?pgidn�jmp�tm�gnCjC��È�ldn z ~ � � y?iqp�jmy ~ i �apgusnCt¡t<pgid�gn ® iqwdnCt9¬Ojmp�tm�gnCj
ya��r|�Rn[��n[i.jmu�jmldnTt ~g�V~ j�jstvpgzvÄgnCt umn[iqu ~ t < r|�an[pgusnTtmnC��nCt�j ~ o�lqp�rqjsnCt � � ~ t`� ~ tmn}yaid� ~ tv��p�jmy ~ i ~ i
jmldn�usn[iqu ~ t 
<�¢È�ldn§z ~ i.jst ~ �¥u ~ ��j x p�tmn x pgu�tv{|iªtmn[� ~ jsn[�R� ~ i£p � 
�����rVn[i.jmya{|� �Mx yRjml�� �/	��ª��~ �
: ��� pgiqw§jmldn�z ~ �`�¢{qi|yazCp�jmy ~ i x pgu*w ~ idn ~ �gnCt�tvpgwqy ~ �WnCjmlqnCtvidnCjC�¥È�ldn�j x�~ t ~g�V~ jmu¥p�tmn'r ~&x nCtmn[w � �
j x�~ �/	�� ¬ 	87�� l�pgiqw>zCpgi ~ rVnCtvp�jsn§pg{dj ~ i ~ � ~ {qum�R�}� ~ t �O� � l ~ {dtvuC�FÈ�ldn¢u ~ ��j x p�tmn�z ~ i^jst ~ �a�?yaid��jmldn
t ~g�V~ jmu¥z ~ iqumyausjsn[w ~ �Åj x�~ z ~ ��r ~ idn[i.jmu[�4jmldn : ~g�V~�� p�n[� ~ i : � ��� z ~ i^jst ~ �|u ~ ��j x p�tmn�jml|p�j*rqt ~ �Qyawqn[w
pgi`yai^jsnCtm��pgzAn x yRjml�jmldn�t ~g�V~ jmucpgi|w`�¢��n $ r|� ~ tvp�jmy ~ i�rqt ~ �gtvpg� wdnC�gn[� ~ r©n[w2yai2o � � jmlqp�j�y?u*�4{qyaw|yaid�
jmldn�n $ rÅ� ~ tvp�jmy ~ i}pgi|wTyai.jsnCtvrqtmnCjmyaid�§jmldn¢wqp�jmp,�

	 � 	 � � �������! R���s�g�#"��%$ �'& �#(c�) �.�v���s�g�W����"I�+*+, � z ~ ��r|�Rn $ n[i.�,yRt ~ i|��n[i.j x pgu�zAtmn[p�jsn[wYyaiquvyawdn
j x�~ pgw8�spgzAn[i^j�t ~^~ �`uFy?iªjmldn�o�n[i^jstmn§� ~ tFh_i.jsn[�a�?yR�gn[i.j � pgzvlqyaiqn[u ��- yR�4{dtmn/.^� � rqtmn[usn[i^jmuFr|yazAjm{dtmn[u ~ �
jmlqyau¤n[i^�QyRt ~ iq��n[i^j¥��t ~ �!w|y � nCtvn[i.j¥�,yRn x u*w|{dtvyaid�Fjmldn'n $ r|� ~ tvp�jmy ~ iN� È�ldn'j x�~ t ~g�V~ jmu*umjmp�tmjsn[w�p�j*jmldn
� ~&x nCtF�anC��jFumyawdng�©yaiqumyawqn�jmldn¢� ~g� ya�Rn�t ~g�©~ jmy?zCu��ap �V~ tvp�j ~ tv� < pguFzCpgi � n¢usnCn[i�yai - yR�4{dtmn/.^� � p 
10Àp���jsnCt
��p�rqr|yaiq�}jmldn2y?iqumyawdn ~ � ~ idnM�ap �V~ tvp�j ~ tm�£jmldnC��rÅpgumusn[w�jmldt ~ {d�4l pki|p�tmt ~&x z ~ tmtvy?w ~ t < usnCn - yR�4{dtvn
.^� �:� �7z 
�j ~ jmlqn ~ {djsnCt��ap �V~ tvp�j ~ tv� < usnCn - ya�4{dtmn2.^� � w 
<�

- yR�4{qtmn3.^�4.�rqtmn[usn[i^jmu�jmldn¢r|t ~ �gtmn[umu ~ �¥jmldn�jstvyapgid�4{q�?p�jmy ~ iªpg�R� ~ t<yRjmlq� pguFjmldn¢j x�~ t ~g�V~ jmu�rqt ~ �
zAnCn[wdn[w j ~ n $ rÅ� ~ tmn}jmldnk��tvnCnkusr|pgzAng� h_iqyRjmy?pg�a�R��jmldnkj x�~ t ~g�©~ jmu2� ~ �gn>j ~ jmldnªzC� ~ usn[umj x pg�a��pgiqw
rqt ~ zAnCn[w�j ~�~ rqr ~ umyRjsn�n[iqwd�Wr ~ y?i.jmu ~ �Njmlqn x pg�a� < usnCn - yR�4{dtmn5.^�4.:p 
<�cÈ�ldn�r|p�jml ~ � 
��.�m�g� ��y?u*��p�tmÄgn[w
yaiTtmn[w>pgiqw}jmlqn¢r|p�jml ~ � 
'�.�v�g���¢yau��`p�tmÄgn[w � �apgzmÄ©��
'�.�v�g���¢n $ r|� ~ tmn[u�p2umy?id�4�Rn�jstvyapgiq�4�Rn < - yR�4{dtvn
.^�4. � 
<�Qp���jsnCt x lqyaz<l�yRj�n[iqz ~ {qi^jsnCtvu�p¡tmn ! n $ �gnCtmjsn $ jmlqp�j�yai^jsnCtmtv{qrqjmu*jmldnF�ayaidn ~ �N�,yaum{|pg�qz ~ i.jmpgzAj'pgiqw
n $ z<lqpgid�gn[u¥t ~ �an[u x yRjml	
'�.�v�g� � < usnCn - yR�4{dtvn6.^�4.:z 
<��
'�.�m�4� �'usjmp�tmjmu¤n $ r|� ~ tvyaiq�Fpgiqw��`p�r|u¤jmldn�yaiquvyawdn
~ ��jmlqn`�ap � < umnCn - yR�4{dtmn[u7.^�4.:wN�0ng�0�D�0�d�7l pgiqw8.^� � p 
<�:9�{dtvyaid�Tjmlqn�n $ rÅ� ~ tvp�jmy ~ i 
'�.�m�4���§n[iqz ~ {qi^jsnCtvu
j x�~ tmn ! n $ z ~ tvidnCtvu < usnCn - yR�4{dtvn[u�.^�4.Ong�7l 
 � {qj¥jmldn��ayaidn ~ �©�Qy?um{qpg�dz ~ i^jmpgzAj�yau¥�`pgyai.jmpgy?idn[w�pgiqw 
'�^�m�g�
��z ~ i^jmyaiQ{dn[u�jmldn¢n $ rÅ� ~ tvp�jmy ~ iN��h_i - yR�4{dtmn3.^� �:� 
'�^�m�g���¡zCpgi � n¡umnCn[iªn[i^jsnCtvyaid�`jmldn¢z ~ tmt<yaw ~ t�jmlqp�j

~;.
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R �P-�=U3U68/EOd-�c�;E-�/�/<143 B�)�J492/21�
�)+)�9E)�B�)
J49�c4J457O7R45A64F
G`-
N���3UF
5A6�645A6�FQ)�B*/2143D3 �p?4OA)
9<-�/257)�6 ����� � � ��57; ;X/T-0/257)�6�-�9<W|-0/V-(9<3�
�3 �@=U)�9<643U9l-�6�R ������� � �
3 �p?4OA)
923]; -mv�-�O7Os-
=>9<)
;<;xB�9<)�, 5A/:LDG%c�N������ � � �b1�-�;�,e-�?�?�3]R 576�;257Rp3()�B�/21�3bOd-�co-�6�R ,\)0Z�3:;
-�OA)
64FS/2143 =U)�9<925dRp)
9b/<)0v�-�9<R�;f/<143Y3 �+5A/:L G%=:N ������� � �e;P/<-�9P/T;(3��p?4O7)�9<5A64Fk=U)�,\5A6�Fo/2149<)�J4F
1
/<143_=>)
929<5dRp)�9]L ��������� �[57;e?*)
;25A/257)�643]R -�/ - 9<3�
�3�� =U)�9<643U9]L G`R�NeC�143oOd-�;P/Y?�-�92/e)�Bb/2143
3 �p?4OA)
9<-�/257)�6�y ��������� �mG%)�6[/21�3 9<57F�18/TN 5d;�,e-�?4?45764F@/21�3 v�-�O7O�-�=U92)8;2;VB�9<)�, ��������� �f/21�-�/D57;
?�O7-
=>3:R[-0/D-@9<3�
�3 �S=>)
92643:9D-�6�RS?49<)0Z+57Rp3];�=>)�9<9<3:= /<5A)
6�; B�)�9������������ � � ?�)8;P3(3:;P/257,e-0/<5A)
6�L

z ~ iqidn[zAjmu�jmlqn�j x�~ �ap � u
0 jmldn�tvn[um{q�Rjmyaiq�M�`p�r¦yau�rqtvn[usn[i.jsn[w¦yai - yR�4{dtmn[u2.^�4. < lÀ�7y�
<� � tmn ! n $ z ~ tvidnCt
yau�n[iqz ~ {qi^jsnCtmn[w¦pgi|w�
'�.�v�g����usj ~ rÅu�jmldn�n $ r|� ~ tvp�jmy ~ i � n[zCpg{qusn�jmldn��?yaidn ~ ���Qyauv{qpg�¥z ~ i.jmpgzAj§yau�y?i,�
jsnCtmtv{drqjsn[wÀ�*È�ldn�j x�~ t ~g�V~ jmu'n $ z<lqpgid�gn¢t ~ �Rn[u 0�
��.�m�g� ��r|pgumusn[u�jmldt ~ {d�4lTjmlqn¡z ~ tmtvyaw ~ t < usnCn - yR�4{dtvn
.^� � z�pgiqw .^�4.�� 
�pgiqw}z ~ ��n[u ~ {dj�j ~ jmlqn�usn[z ~ iqw}�ap � � - y?iqpg�a�R� x yRjml 
'�.�v�g� �Fr ~ umyRjmy ~ iTp�j'jmldn¡tmn ! n $
z ~ tvidnCt 
'�.�m�4� �F��p�r|u�jmldn ~ {djsnCt'�ap � < umnCn - yR�4{qtmn[u .^�4. < Ä©�7�I�7�T�7i�
*pgiqw:.^� � w 
<� - yR�4{qtmn�.^�4. ~ rqtvn[usn[i.jmu
jmldn ® i|pg� ��p�r x yRjmlªjmldn§z ~ ��r|�RnCjsn�jstvyapgid�4{|�ap�jmy ~ i ~ �c��tmnCn�usr|pgzAn%0Njmldn¢j x�~ t ~g�V~ jmuFp�tvn¢r ~ umyRjmy ~ idn[w
idn $ j'j ~ n[pgzvl ~ jmldnCt[�

È�ldnT�apgusnCt�usn[iqu ~ t�w|p�jmp x nCtmnTtvn[z ~ tvwdn[w%wq{dt<yaid�ªjmlqn n $ r|� ~ t<p�jmy ~ i ~ � 
'�^�m�g� �:� hLi ~ tvwdnCt�j ~
wdn[� ~ iqusjst<p�jsnTjmldnTrVnCtm� ~ t<��pgiqzAn ~ �Fz ~Q~ rVnCtvp�jmyR�gnª� ~ zCpg�ay �[p�jmy ~ i jmldn}�apgusnCt�t<pgid�gn ® iqwdnCt x pgu�{qusn[w
~ iq�R��pgu�r|p�tmj ~ �FjmldnTt ~g�V~ j�jstvpgzmÄgnCt usn[iqu ~ t�0'jml^{qu�jmldn}��p�r%rqt ~ wq{qzAn[w ��t ~ � jmldnTjst<yapgid�4{q�ap�jmy ~ i
pg�R� ~ tvyRjmlq� yauMz ~ iqusjst<{qzAjsn[w u ~ �Rn[�R� � � jmlqn>u ~ i|p�t}usn[iqu ~ tTwqp�jmp zCpg�azC{q�?p�jsn[w {qumyaid��jmldn�z ~ tmtmn[zAjsn[w
r ~ umn[u ~ � jmldn�j x�~ t ~g�V~ jmuC�*È ~ ��{dtvjmldnCt��:pg�ay?wqp�jsn ~ {dt�p�rqrqt ~ pgzvl x n���{|usn[wMjmldn�tmn[z ~ tvwqn[w}�apgusnCt�wqp�jmp

~�0



��� ����	�������
����������#��������
��
	�����
��

−100 −50 0 50 100 150 200

−100

−50

0

50

100

150

����� −100 0 100 200 300 400
−200

−150

−100

−50

0

50

100

150

200

250

����� −100 0 100 200 300 400

−150

−100

−50

0

50

100

150

200

250

300

�����

−100 0 100 200 300 400

−100

−50

0

50

100

150

200

250

300

350

��� � −100 0 100 200 300 400
−100

−50

0

50

100

150

200

250

300

350

����� −100 0 100 200 300 400

−50

0

50

100

150

200

250

300

350

400

��� �

−100 0 100 200 300 400

−50

0

50

100

150

200

250

300

350

400

��� � −100 0 100 200 300 400 500
−100

−50

0

50

100

150

200

250

300

350

400

����� −100 0 100 200 300 400 500 600 700 800 900

−200

−100

0

100

200

300

400

500

��� �

−100 0 100 200 300 400 500 600 700 800 900

−200

−100

0

100

200

300

400

500

� 	 � −100 0 100 200 300 400 500 600 700 800 900

−300

−200

−100

0

100

200

300

400

500

��
�� 0 200 400 600 800 1000 1200

−400

−300

−200

−100

0

100

200

300

400

500

600

��
 �

0 200 400 600 800 1000 1200

−300

−200

−100

0

100

200

300

400

500

600

��� � 0 200 400 600 800 1000 1200

−300

−200

−100

0

100

200

300

400

500

600

700

����� 0 200 400 600 800 1000 1200

−300

−200

−100

0

100

200

300

400

500

600

700

��� �
�	��
��� "! �*# �*#bC�143b3 �p?4OA)
9<-�/257)�6Y)�B�/<143f/Xv�)@O7-�c�)
9<-�/2)�9<573:;:L�a�3]R O75A6�3:;�-�9<3f/<143(v�-�OAOd;:y8c�OAJ43
R�-�;2143:RSOA57643];�-�9<3(R457-�F�)�6�-�Od;Uy+F�9<3U3:6SRp)�/P/<3:R[OA57643];D-�9<3bF8-0/<3:;�/2)eJ�643��p?4O7)�9<3:RS;P?�-
=>3
L

0 7



��� ����	�������
����������#��������
��
	�����
��

�����

�����

0 200 400 600 800 1000 1200

−100

0

100

200

300

400

577.5

173

296.5

96

102.6

403.1
114.4

419.7

427.9

249.9

343.5

333.4

178

548

�����
�	��
��� "!
�*#��"#|G`-
NfC�143mOd-�;23U9 R4-0/T- =U)�O7OA3]= /23]R_RpJ49<5764FY/<143|3 �+?�OA)
9<-�/257)�6�L@G�c�N !p=U-�6_,e-0/T=T1
-�?4?4O75A3]R /<) /2143kOd-�;23U9YR4-�/<- -�6�R /<143U579Y?*)
;25r/<5A)
6 =U)�9<923]= /23]R J�;25764F !8/23:?4143U6�� Jp/<,e-�646�� ;
;<=U-�6�;P/2J�Rp57)�L�G%=]N�C�143 /29<57-�64F�J4Od-0/<5A)
6 ,e-�?S?49<)+R4J�=>3]RYJ�;25A6�F@)
64O7W\/2143Q;2)�6�-�9VB�)
9�,e-�?4?45764F�L
C�1�3\/29T-��X3:=>/2)
92W_)�B�������� ���\5d;t,e-�9 �
3:R 5A6 ,e-�F�3U68/T-[-�6�R /21�3e/29T-��X3]= /2)
92Wi)�B������ � ���e57;
,e-�9 �
3:Roc4Od-�=��sL(C�143|v�-�O7O7; -�9<3mR457;2?4Od-uW�3:Ro576i9<3:Ri-�6�R_/2143:5A9 OA3:64F�/<1�;@G�576 =U,eNf5d;f,e-�9 ��3]R
6�3��+/b/<)[/2143:,[L\C�143\576
/<3U9<6�-�OxRp5d-�F
)�6�-�O7;f/21�-0/tRp3 
�643@/2143@/29<5d-�64F
J4O7-�/257)�6i-�923@,e-�9 ��3]R_-�;
c�OAJ43QR4-
;P1�3:R[OA57643];UL

0 �



��� ����	�������
����������#��������
��
	�����
��

{qumyaid��umzCpgi¢�`p�jmzvlqyaiq� x yajml7�QjsnCr|lqn[i7
�{djsjm�`pgi��7u¤umzCpgiqusjm{qw|y ~ u ~ ��j x p�tmn�jmlqp�j rVnCtm� ~ t<��u«� ~ zCpg�ay �[p�jmy ~ i
~ �©p�umy?id�4�Rn�t ~g�V~ j*{qumyaid�Fjmldn�umzCpgi`��p�jmzvlqy?id��pg�R� ~ tvyRjml|� � ���«{�pgiqw��kya�ay ~ u��	��
�� ��
 ��� � - yR�4{dtmn .^�r~�p
rqtmn[usn[i^jmu�jmldn2�apgusnCt¡r ~ yai^jmu�z ~ �a�an[zAjsn[w�pgiqw - yR�4{dtmn .^�r~ � rqtmn[umn[i.jmu¡jmldn`umpg��n wqp�jmpªp���jsnCt�jmldn`umzCpgi
��p�jmzvlqy?id�d��� ~ jsnFjmldn�wqnCjsn[zAjsn[w2jmp�tv�gnCj�jmlqp�j���p�tmÄ,u*jmlqn�jstvp��sn[zAj ~ tm� ~ � 
'�^�m�g� �g� ��n[zCpg{|usn�jmlqn��apgusnCt
tvpgid�gn ® iqwdnCt¡usn[i|usn[u ~ i¦jmldn2l ~ tvy � ~ i^jmpg�cr|�?pgidn <�x ldn[i�jmldn`t ~g�©~ j¢yau¡i ~ j¢jmya�Rjsn[w 
�yai ! p�j¢jsnCtmtvpgyai|u
x�~ {q�?w¦��p�r%pg�a��jmldn ~g� usjmpgzC�Rn[u§p�j§jmldnMldn[yR�4l^j�yRj�usn[iqusn[u[� � u§zCpgi � n usnCn[i ��t ~ �ÆjmldnM�apgusnCt�wqp�jmp
yai - yR�4{dtmn�.^�r~�p,� � jmldn`usn[i|u ~ t���t ~ � wqy � nCtmn[i^j�r ~ umyRjmy ~ iqu�uvzCpgiqu�p�j¢w|y � nCtvn[i.j�r|�?pgidn[u <�� n[zCpg{qusn�jmldn!q~^~ tFyauF{qidnC�gn[i>pgiqw}jmldn�t ~g�V~ j�jmy?�Rjmu 
<��È�lQ{qu�jmldn¡j ~ r x pg�a� ~ �*jmlqn¢z ~ tmtvy?w ~ t�yau�i ~ jF��{q�?�R� �`p�rqrVn[w
< usnCn¢usn[zAjmy ~ i � � ~ t���{dtmjmlqnCt�wqyaumzC{|umumy ~ i 
<� - y?iqpg�a�R�g� - yR�4{dtvn7.^�r~�z�rqtvn[usn[i.jmu�jmldn¡�`p�rkzAtmn[p�jsn[w � �Mjmldn
jstvyapgid�4{q�?p�jmy ~ iMpg�R� ~ tvyRjmlq�}� � u�zCpgi � n�usnCn[iTjmldn¡�`p�r|u ~ � - ya�4{dtmn[u�.^�r~ � pgiqw}z�p�tmn��gnCtv�Muvya��ya�ap�t&�

È�ldn�u ~ iqp�t¡w|p�jmp}{qusn[w£� ~ t x pg�a�¥� ~ �a� ~Ox yaid� x nCtvn`z ~ �a�Rn[zAjsn[w�wq{dtvyaiq�2jmldn`n $ r|� ~ tvp�jmy ~ iN� - yR�4{dtvn
.^� 0§rqtmn[usn[i^jmu�jmlqn¡u ~ iqp�t�r ~ yai^jmu�wdt<p x i}y?i � �a{dn%0djmldn¢�RnC��j�z ~ �?{q��iTrqtvn[usn[i.jmu�jmldn¡wqp�jmp��4p�jmlqnCtmn[w � �

'�.�m�4��� x lqya�Rn`jmldn2t<yR�4l.j§z ~ �a{q�`i�rqtmn[umn[i.jmu�jmldnMwqp�jmp>�4p�jmldnCtmn[w � � 
'�.�v�g������È�ldn jstvp��sn[zAj ~ tvyRn[u
~ �'jmldn2j x�~ t ~g�V~ jmu�p�tmn �`p�tmÄgn[w�y?i�tmn[wN�¥pgiqw�jmldn2r ~ uvyRjmy ~ iqu¡��t ~ � x ldnCtmn2jmldnMu ~ iqp�t§umzCpgiqu x nCtmn
jmp�Ägn[ikp�tmn¢��p�tmÄgn[w x yRjml������,� 9�{dtvyaid��jmlqn�n $ rÅ� ~ tvp�jmy ~ iTjmlqn�t ~g�V~ jmu�� ~ �a� ~Ox jmldn x pg�a�au�p�jFwqyausjmpgi|zAn
~ � �87 zC� < - yR�4{dtmn .^� 0�p,� � rqtmn[usn[i^jmu�jmldn ~ iq�R�Tjmldn§u ~ iqp�t�r ~ yai^jmu�wqnCjsn[zAjsn[w�yai>�Rn[umu�jmlqpgi � ��zC� 
<��hLi
~ tvwdnCt�j ~�® �RjsnCt ~ {dj'� ~ umj ~ �«jmldn�i ~ y?us�`wqp�jmp�pgi^� u ~ iqp�t'r ~ yai.j���{dtmjmldnCt�jmlqpgi �/	87 zC� x pgu'tvn �_n[zAjsn[wN�
- ya�4{dtmn).^� 0�z��7w rqtmn[usn[i^jmuMjmldn£wqp�jmp%pgzAjm{qpg�?�R� {qusn[w w|{dtvyaid�¦jmldn£n $ rÅ� ~ tvp�jmy ~ iN� � u x n�w|yaumzC{qumumn[w
n[p�tv�ayRnCt < o�lqp�rqjsnCt �2usn[zAjmy ~ i 	 
�jmldn�u ~ iqp�t�r ~ y?i.jmuFp�tmn ® j�yai^j ~ �ayaidn�usnC�4��n[i^jmuFpgi|wkjmlqn[iªjmldn§�ayaiqn[u
p�tmn���nCtm�gn[w�j ~ �gnCjmldnCt
0¤pgu�zCpgi � n�usnCn[i£yai - ya�4{dtmn .^� 0�z��7w£jmldn�u ~ iqp�t�w|p�jmp ® �RjsnCtmn[w�p�j �/	87 zC� p�tmn
pg�ayR�4idn[w x yRjmlTjmldn x pg�a�auC� - yR�4{dtvn[u .^� 0:ng�0��pgi|w .^� 0:�d�7l>rqtmn[umn[i.j�jmldn�u ~ iqp�tFuvzCpgiqu ® �RjsnCtmn[wªp�j 	 � 7 zC�
pgiqw �=767 zC�T�YÈ�ldnTwqp�jmp£p�tvnT�gnCtm�%i ~ yaus�¦pgi|w%yR��jmldnTt ~g�©~ jmu � n[�ayanC�gn[w jmldn ~ zCzC{drÅpgiqzA� ~ ��usr|pgzAn
��t ~ � jmlqn[��iqp[�,yR�4p�jmy ~ i x�~ {q�aw � n§ya��r ~ umumy � �Rng��hDj�yau x�~ tmjml£i ~ jmy?id�Tu ~ ��n�usjstvpgya�4l.j��ay?idn[u�� ~ tv��n[w
yaiqumyawqn ~ rVn[i usr|pgzAn < usnCn - yR�4{qtmn .^� 0:� 
<��È�ldnC��z ~ tmtmn[usr ~ iqw`j ~ um�`pg�a�qpgi ~ ��pg�?yRn[u ~ i2jmldn !|~^~ t�p�jcjmldn
�©~ t<wdnCtvu ~ �¥jmlqn¢jmya�an[u�yai ~ {dt��ap �V~ tvp�j ~ tm� < usnCn - yR�4{dtmn/.^� � � ~ tFjmldn�p�r|r©n[p�t<pgiqzAn ~ �*jmlqn !q~Q~ tvu 
<� � u
zCpgi � n�usnCn[iªyai - yR�4{qtmn[u�.^� 0�p:� w}jmlqnCtmn¡yau��,yRtmjm{qpg�?�R�`i ~ w|yausj ~ tmjmy ~ i ~ � jmldn¡w|p�jmp 0qjmlqyau�y?u'wq{dn�j ~�~ {dt
z ~^~ rVnCtvp�jmyR�gn¢� ~ zCpg�?y �[p�jmy ~ iTp�rqrqt ~ pgzvl x lqyazvlT�`pgyai.jmpgy?iqu'pgi}pgzCzC{dtvp�jsn¢r ~ umyRjmy ~ iN�

È�ldn2r ~ umyajmy ~ iqpg�*nCtvt ~ t�yau¢�`pgyai.jmpgy?idn[w�� ~&x jmldt ~ {d�4l ~ {dj¢jmlqn2n $ r|� ~ tvp�jmy ~ i � ��jmldnM{qusn ~ ��z ~ �
~ r©nCt<p�jmyR�gn�� ~ zCpg�?y �[p�jmy ~ iN��È�ldn�� ~ jmy ~ i�z ~ �`��pgiqwqu��4yR�gn[i�j ~ jmlqn�t ~g�V~ j x nCtmn�tmn[z ~ t<wdn[w�pgiqw�{qusn[w
j ~ �4{qyawqn�jmldn�rqtmn[w|yazAjmy ~ iTr|l|pgusn ~ �¥p�r|p�tvjmyazC�Rn ® �RjsnCt x yRjmlTjmldn�i ~ yausn�rÅp�tvpg��nCjsnCtvu�tmn[z ~ tvwdn[wkyai ~ {dt
�ap �V~ tvp�j ~ tm�¦{quvyaid�ªjmlqn j x�~ t ~g�©~ jmu[� - yR�4{dtmn:.^� � 7 rqtmn[umn[i.jmu§jmldnMr ~ umyRjmy ~ iqpg�c{qi|zAnCtmjmpgyai^j �¦�gt ~&x jml
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Sonar from Robot 0 (range less than 65cm)
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Sonar from Robot 1 (range less than 65cm)
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Sonar from Robot 0 (range less than 120cm)
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Sonar from Robot 1 (range less than 120cm)
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Sonar from Robot 0 (range less than 250cm)
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Sonar from Robot 1 (range less than 250cm)
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Sonar from Robot 0 (range less than 400cm)
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Sonar from Robot 1 (range less than 400cm)
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Cooperative Localization (+) vs Motion Commands (*) (Robot 0)
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Cooperative Localization (+) vs Motion Commands (*) (Robot 1)
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~ �gnCt�jmldn x l ~ �Rn¢jstvp��_n[zAj ~ tv�}��jmldn��anC��j ® �4{dtmn�yau�� ~ t�
'�.�m�4� �¢pgiqwªjmlqn¢tvya�4l.j�� ~ t�
'�.�v�g����� � u�zCpgi
� n�usnCn[i}jmldn�lqyR�4ldn[umj'tmnC�4y ~ iqu�� ~ �a� ~Ox jmldn�yai^jsn[iqwdn[wMr|p�jml � {dj ~ �gnCt�jmya��n�jmldn�{qi|zAnCtmjmpgyai^j �Musrqtmn[pgwqu
~ {djC�

- yR�4{qtmn�.^� ��� rqtvn[usn[i.jmu�jmldnFr ~ usnFn[usjmya��p�jsn[u�wq{dt<yaid��jmldnFn $ r|� ~ tvp�jmy ~ i x ldn[i z ~Q~ r©nCt<p�jmyR�gn�� ~ zCpg�R�
y �[p�jmy ~ i x pguF{qusn[w < �`p�tmÄgn[w�pgu��gtmnCn[i � � � 
�j ~ �gnCjmldnCt x yRjmlªjmldn¡r ~ umyRjmy ~ i ~ �¥jmldn¡t ~g�©~ j�n[usjmya��p�jsn[w
{qumyaid�¢jmldn�tmn[z ~ tvwdn[wT� ~ jmy ~ iTz ~ ����pgiqw|u < �`p�tmÄgn[w}pgu � �a{qn ����� 
10qjmlqn��`p�r ~ �«jmldn�n[i^�QyRt ~ iq��n[i^j�y?u
wdtvp x i�yai§tmn[wN�¥È�lqn��RnC��j ® �4{dtmn'rqtvn[usn[i.jmucjmldn�jstvp��sn[zAj ~ tm� ~ � 
'�.�v�g� ��pgiqw�jmldn�t<yR�4l.j ® �4{dtmn�rqtvn[usn[i.jmu
jmldn§jstvp��_n[zAj ~ tv� ~ � 
'�.�v�g� ��� �*�gn[i�jml ~ {q�4l£jmldn�pgzAjm{qpg�¥jst<p��_n[zAj ~ tm� ~ ��n[pgzvl�t ~g�©~ j x pgu�ÄgnCrqj�y?i>p
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usjstvpgyR�4l^j¡�ayaiqn§pgi|w�zC� ~ usn[�R��z ~ tmtmn[umr ~ i|wqu x yRjml�jmlqn`z ~^~ rVnCtvp�jmya�gn`� ~ zCpg�ay �[p�jmy ~ i£n[umjmya��p�jsn[uC� jmldn`� ~ �
jmy ~ iTz ~ ����pgiqw|u'uml ~&x p�um�Qusjsn[�`p�jmyaz�wdtvyR��j < ��pgusÄgn[w}pgu � �a{dn ������yai - yR�4{dtmn�.^� ��� 
<��È�ldn ~g� usnCtm�gn[w
wdtvyR��jcz ~ tmtmn[umr ~ i|wqu*j ~ jmldn ~ w ~ ��nCjstm��nCtmt ~ t�wq{dt<yaid��jmldnFn $ rÅ� ~ tvp�jmy ~ iN�¤h_i ~ jmlqnCt x�~ tvwqu[�^jmldn�� ~ jmy ~ i
z ~ ����pgiqwqu�wdt ~ �gn�jmldn�t ~g�©~ j ~ i�jmldn � �a{dn'jstvp��sn[zAj ~ tm� � {dj � n[zCpg{qusn ~ � ~ w ~ ��nCjstvy?z'nCtmt ~ t�jmldn�pgzAjm{qpg�
jstvp��_n[zAj ~ tv�My?u���p�tmÄgn[w}y?iM�gtmnCn[iN�

È�ldn�t ~g�V~ j¥jstvpgzvÄgnCt�umn[iqu ~ tcn[umjmya��p�jsn[u x nCtmn�z ~ � � y?idn[w x yRjml�jmldn ~ w ~ ��nCjsnCt�n[usjmya��p�jsn[u�{qumyaiq��p
r|p�tmjmyazC�Rn ® �RjsnCt&� � u x n�ump x y?iTo'lqp�rqjsnCt��¢jmldn�r|p�tmjmy?zC�Rn ® �RjsnCt ~ rVnCtvp�jsn[u�yai2j x�~ r|lqpgumn[uC�,rqtmn[wqyazAjmy ~ i
pgiqwª{drNwqp�jsng�R� ® tvusj�jmlqn¡r|p�tmjmy?zC�Rn[u�p�tmn�� ~ �gn[w�yai ~ tvwdnCt�j ~ rqtmn[w|yazAj x lqp�j�jmldn¡r ~ usn ~ �¥jmlqn¢� ~ �Qyaiq�
t ~g�V~ j x�~ {q�aw � nFpgiqw`jmlqn[i2jmlqn[yRt x n[yR�4l^jmu�p�tvnF{drNwqp�jsn[w {qumy?id��jmldnFzC{dtmtmn[i^j�umn[iqu ~ t���n[pgum{dtmn[��n[i.jmuC�
- ya�4{dtmn .^� �/	 rqtmn[umn[i.jmu¥jmlqn�usr|p�jmyapg�dwqy?usjstvy � {qjmy ~ i ~ �©jmldn�r|p�tvjmyazC�Rn[u � ~ tcjmldn'rqtmn[wqy?zAjmy ~ i�r|lqpgusn < - yR�4{dtvn

0g�
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g
g+Lh{�=U, �4Lh{�=U,
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K4Lh{�=U, �4Lh{�=U,
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K4L ��=U, z4L ��=U,
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�L 
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�M��4L g0=U, �4L g0=U,

Mug��
=>, Mug��4L ��=U, M�L ��=U,

z 
�M]=>, z�z
z4L 

=U, g+L K�=U,

{ 
8{�=>, { 
��4L ��=U, z4L ��=U,

z 

z
=>, z 
8z4Lh{�=U, �4Lh{�=U,

� 
�M]=>, � 
��4L ��=U, �4L ��=U,



z���=>, 
,�8g+L ��=U, 
�L7M:=U,

M:K��
=>, Mug�z4L ��=U, {pL ��=U,
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	���
 � ��� � �DC�143 OA3:64F�/<1���B /<143Yv���O7O7;��@3���;2J49<3:R v�5��<1�����?*3���6�R B�9������21�3��29<5���64F�J4O��0n
�<5 �
6!�"��? G�
�9<;#�"�Xv$� =%��O7J&�\6�;TN�����F
3'�21�3U9ev�5 �21(�2143k3:929���9]L !p3U3_HE5AF
J49<3 �4L �4LAM]= B)�
9*�2143
=%��9<923];P?���6�Rp3U6�=U3fc*3'�Xv�3U3:6[v���O7Od;+��6�RSOA3:64F��<1�;:L

.^� �/	 p,�7z 
�pgiqw¦� ~ t¡jmldn`{drNwqp�jsn�r|l|pgusn < - yR�4{dtmn .^� �/	:� �7w 
<� È�ldn�j ~ r¦t ~Ox z ~ tmtvn[usr ~ iqwqu�j ~ 
��.�m�g� �
pgiqw�jmldn �V~ jsj ~ ��t ~Ox j ~ 
��.�m�g� ����È�ldn�usrqtmn[pgw ~ ��jmldn�w|yausjstvy � {djmy ~ i>yai£��pgyai^jmpgyaidn[w£iqp�tvt ~&x � �
jmldn���tvn/-^{dn[i^j�{drNwqp�jsn[u[�

È�ldn2tvn[um{q�Rjmyaiq�k��p�r ~ ��jmldnMn $ r|� ~ tvp�jmy ~ i zCpgi � nMumnCn[i%yai - yR�4{qtmn .^�r~�z�� È�lqn2jstvp��sn[zAj ~ tm� ~ �

'�.�m�4� �Fyau���p�tmÄgn[wTyai ��p��gn[i^jmp�pgiqw jmldnFjstvp��_n[zAj ~ tv� ~ � 
'�.�m�4� ��yau���p�tmÄgn[w � �?pgzmÄ©�*È�ldn x pg�a�?u�p�tmn
wqyausr|�?p[�gn[w}yai}tmn[wªpgiqwªjmldn[yRt��an[id�gjmlqu < y?i}zC� 
'y?u���p�tmÄgn[wkidn $ j�j ~ jmlqn[�T�'È�ldn¡yai^jsnCtviqpg�«wqyap�� ~ iqpg�au
jmlqp�j2wdn ® idnTjmldnªjst<yapgid�4{q�ap�jmy ~ i%p�tmnk��p�tvÄgn[w�pgu � �a{dn}wqpguvldn[w �ay?idn[uC� � ~ tmn ~ �gnCt jmlqnk�Rn[id�gjml|u ~ �
jmldn x pg�a�?u x nCtmn}��n[pguv{dtmn[w%��pgiQ{qpg�a�R� <�� � ��n[pgum{dtvy?id�kjmp�rVn 
�pgiqw jmldnTtvn[um{q�Rjmu§p�tmnTrqtvn[usn[i.jsn[w%y?i
jmp � �Rn�.^� � j ~ �gnCjmldnCt x yajml2jmlqnFn[umjmya��p�jsn[wT�Rn[id�gjmlM��t ~ �Ãjmldn�jstvy?pgid�4{q�ap�jmy ~ i ��p�r}pgiqw jmldn�wqy � nCtmn[i|zAn

0 �
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 � ��9 ��B ��J49mc4J457O7R45A64F G �8N ����������� ����?�; �

9<3�
�3�� =%��9<643U9]LiG%c�N ��������� �@B)��O7O��0vD;��ov$��OAObG%=:N ������� ���Y923���=T143]R �o9<3�
�3 � =%��9<643U9 �<1 ���

576��23:929<J4? �T;�OA57643 ��Bx;P57F�1��]L�G`R�N �����������(; � ��9��<;�3��p?4O���9<5764F*��B �23:9 �@9��
OA3]; 3 �4=T1 ��64F
3�L

� nCj x nCn[i>jmldn¢j x�~ ��n[pgum{dtmn[��n[i.jmuC�FÈ�ldn���n[pgi>nCtmt ~ t x pgu � � � zC� rVnCt x pg�a�I�Åjmldn¢rVnCtvy?��nCjsnCt ~ �¥jmldn
n[i.�,yRt ~ iq��n[i.j*��p�r|r©n[w x pgu���n[pgum{dtmn[w�j ~ ��	 �4. � � x lqya�Rn�jmldn'rVnCtvy?��nCjsnCt ~ �Vjmldn�tmn[uv{q�Rjmyaid����p�r x pgu
��	 � � ���T��È�lqn�pgid�4�Rn ~ � jmldn�j x�~�x pg�a�au ~ �¤jmldn�{dr|r©nCt�tvya�4l.j�z ~ tviqnCt x pgu���n[pgum{dtvn[wMj ~ 0p~ � pgiqwMjmldn
��p�r}n[usjmya�`p�jsn¡yau 0;. � �

	 � 	 � 	 �������! R���s�g�#"��%$k� &����,���������'�[�������
	¥�%$ $©�+  � $�� ,�
�� "  ��%" $�� , � n�n $ rÅ� ~ tmn[w§p�wqy � nCtmn[i^j
n[i.�,yRt ~ iq��n[i.j¥yai§jmldn�lqpg�a� x p[�,u ~ �Åjmlqn � jml !q~Q~ t �kz&o ~ iqidn[�a� ��id�d����{qya�awqy?id��yai �kz�
�ya�?� ��iqya�gnCtvumyRjD�g�
- ya�4{dtmn�.^� � ��r|tmn[usn[i^jmu*r|yazAjm{qtmn[u ~ �Vjmlqyau¥p�tmn[p¡��t ~ � wqy � nCtmn[i^j*�Qyan x uC�¤È�ldn�p�tmn[p¡n $ r|� ~ tmn[w x pguc�ap�tm�gnCt
pgiqw§jmldn ~ iq�R��� ~ wqy ® zCp�jmy ~ i|u w ~ idn x nCtmn�j ~ z ~ �gnCt�jmldn ~ rVn[iqyaid�4u ~ �©jmldn'n[�RnC��p�j ~ tvuC�¥È�ldn'j x�~ t ~g�©~ jmu
usjmp�tmjsn[w£p�j�jmldn � pgzmÄ ~ �cjmldn�z ~ tmt<yaw ~ tF��pgzCyaiq�2jmldn�zCpg��nCt<pTyai - yR�4{qtmn/.^� � ��p,�¢hDj x pgu��gnCtm�ki|p�tmt ~&x
pgu'zCpgi � n�umnCn[i}yai - yR�4{dtmn�.^� ��� p x lqnCtmn�
'�.�m�4� � < yai tmn[w 
cr ~ umyRjmy ~ idn[wMyRjmumn[�R� ~ iTjmldn�j ~ �RnC��j�z ~ tvidnCt
pgiqw 
'�.�v�g� � < yai � �apgzmÄ 
�usjmp�tmjsn[wªn $ rÅ� ~ tvyaid�§zC� ~ zmÄ x yausn���t ~ � jmlqn¡� ~&x nCt��RnC��j�z ~ tviqnCt[�

0;.
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 ���
9:Lma�3:R OA57643]; ��9<3 �<143\v$��OAOd;Uy
c�OAJ43QR&�
;P1�3:R[OA57643];+��9<3(R45���F���6 ��Od;Uy+F�9<3U3:6SR ���#�<3:R[OA57643]; ��9<3bF����<3:;$���\J46�3��p?4O���9<3:R[;P? �
=>3
L

- yR�4{qtmn .^� ��� rqtmn[usn[i^jmucjmlqn�n $ r|� ~ tvp�jmy ~ i`rqt ~ zAn[umu*jmlqt ~ {d�4l�jmlqn�tmn[um{|�Rjmyaid��jstvy?pgid�4{q�ap�jmy ~ iÀ� 
'�^�m�g�
��n $ rÅ� ~ tmn[u ® t<usj¥pgiqw���p�r|u ~ iqn'jstvyapgid�4�Rn � nC� ~ tmn'yRj¥n[iqz ~ {qi^jsnCtvu*p�tmn ! n $ �gnCtmjsn $ pgiqw§jml^{|u¥n $ z<lqpgid�gn
t ~ �Rn[u x yRjml�
'�.�v�g� � < - yR�4{dtmn .^� ���g� 
<� 
'�.�v�g� �cusjmp�tmj n $ r|� ~ tvyaid��pgiqw¡j x�~ tvn ! n $ �gnCtmjmyazAn[u¤p�tmn��`p�rqrVn[w
< - ya�4{dtmn[u�.^� ��� z��0�L�,umnCn�pg�au ~ .^� � ��p�� ~ tcp�rÅyazAjm{dtmn ~ � 
'�.�m�4� ��p�j*jmldn�usn[z ~ i|w�tmn ! n $ z ~ tvidnCt 
<� � u¥jmldn[usn
�gnCtmjmyazAn[u*w ~ i ~ jcyai^jsnCtmtv{drqj jmldn��?yaidn ~ �Å�,yaum{qpg�dz ~ i^jmpgzAj�
��.�m�g� �'z ~ i.jmyaiQ{dn[u¥jmlqn'n $ r|� ~ tvp�jmy ~ i < - yR�4{dtvn

0p~
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6!�<143_O73>B � N"��6�R ��������� � G)�
6
�<143|9<57F�1��TN>y 
�O �23:923]R ��� Rp5Aq*3:923:6��b9 ��64F
3:;:w G �4y c�NfK8{�=%� �xG`=�y R�NQM�����=%�	��G%3�y B<N ��{��
='�	��G�F�y 1�N

,�5�
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������ � � � ^��|G �8N C�1�3bO���;23U9�R&�����@='��O7O73:= �<3:RSRpJ49<5A64F �21�3 3 �p?4O �
9����25���6�L�G�c*N !p=%��6 �"���T=T1
��?4?4O75A3]R �����2143kO���;23U9YR&��������6�R �<143U579Y?��
;25��<5 �
6 =%��9<923]= �23]R J�;25764F !��23:?4143U6�� J ���"��646�� ;
;<=%��6�;#�2J�Rp5���L

.^� � � � 
���p�rqr|yaiq�2yaiªj ~ jmpg� ® �gn§jstvyapgid�4�Rn[u < usnCn - yR�4{dtmn[u5.^� ���g� �W��� ~ t�jmldn§usn/-Q{dn[iqzAn ~ �*n $ r|� ~ tvp�jmy ~ iÀ�
� u�zCpgi � n�usnCn[i£yai - yR�4{qtmn .^� � ��z 
'�.�v�g� �§tmn[pgzvldn[w¦pMtmn ! n $ z ~ tvidnCt�jmlqp�j�yai^jsnCtmtv{qrqjmuFjmldn��ayaidn ~ �
�Qyauv{qpg�¥z ~ i.jmpgzAj§pgiqw¦jmldn�j x�~ t ~g�V~ jmu�n $ z<lqpgid�gn t ~ �Rn[uC� 
'�.�v�g� ��r|t ~ zAnCn[w|u�j ~ ��p�r�jmldn ~ rqr ~ umyajsn
umyawdn ~ �cjmldn ~ rVn[i>p�tvn[pTyaiª��t ~ i^j ~ �*jmldn§n[�RnC��p�j ~ tvu < usnCn - yR�4{dtmn .^� � ��w 
<�¡È�ldn�w|yausjmpgiqzAn§pgzAt ~ umu�jmldn
~ r©n[ikp�tmn[p x pguFp�rqrqt ~ $ y?��p�jsn[�R� ~��­pgi|wªjmldn��apgusnCt � p�tmn[�R�TwdnCjsn[zAjsn[w>jmldn¢jmp�tm�gnCj � �}umzCpgi|iqyaid��jmldn
� ~&x nCt�r|p�tmj ~ �¥yRjC� 
��.�m�g� ��jmldn[iTrqt ~ zAnCn[wdn[w}j ~ ��p�r}jmldn�tvn[usj ~ � jmldn¡usr|pgzAn < usnCn - yR�4{dtmn2.^� ��� ���WÄ 
<�

È�ldnªu ~ iqp�t wqp�jmp�p��4pgyai x nCtmn}tmn[z ~ tvwqn[w pgiqw�p�tmn}rqtmn[umn[i.jsn[w�yai - yR�4{dtmn .^� � � < yaiYjmldnªumpg��n
� ~ tv�`p�j¢pgu§yai - yR�4{qtmn .^� 0 
<�>hDj�yau x�~ tmjml i ~ jmyaid�ªjmlqp�j¢jmlqnCtmn y?u¡�Rn[umu¢i ~ yausng�¤jmldn ��pgyai¦tmn[pgu ~ i � ~ t
jmlqyau � n[yaid��jmldn�um� ~Q~ jmlqidn[umu ~ � jmldn !q~Q~ t < �apgzmÄ ~ �«jmya�an[u 
<� ��{dj'yai �gn[idnCtvpg�Njmldn�u ~ i|p�t�usn[iqu ~ t�yau�i ~ j
tmn[�ayap � �an�� ~ t�� ~ tmn�jmlqpgi 	 �T���¤p�tmj ~ �«jmldn��ay?��yRjmp�jmy ~ i2z ~ ��n[u'��t ~ �Ãjmldn�ldn[yR�4l^j�p�j x l|yazvl jmldn�u ~ iqp�t
jstvpgiqumwq{|zAnCtvu�p�tmn¡� ~ zCp�jsn[w ~ i}jmldn�t ~g�©~ jC��È�ldn¡�?pgusnCt�wqp�jmp x nCtmn¢pg�au ~ tmn[z ~ t<wdn[wªpgiqwªp�tmn¡rqtvn[usn[i.jsn[w
{qumyaid�Mjmldn��dzCpgiqusjm{qwqy ~ � - ya�4{dtmn�.^� �/� p>uml ~&x u�jmldn�tvp x ��n[pgum{qtmn[��n[i^jmu¡pgiqw - yR�4{qtmn�.^� �/�:� uvl ~&x u
jmldn�wqp�jmp}p���jsnCt¡um{qzCzAn[umum��{q�¤umzCpgi¦��p�jmzvlqy?id�d��È�ldn§tmn[um{q�Rjmu�p�tmn�uvya��ya�ap�tFj ~ jmldn�jstvy?pgid�4{q�ap�jmy ~ i���p�r
~g� jmpgyaidn[w x lqyaz<l�yau¡rqtmn[usn[i^jsn[w yai - yR�4{qtmn .^� � .^� � u§zCpgi � n2usnCn[i jmldnCtmn yau�i ~ j���{qz<l�wqy � nCtmn[i|zAn
� nCj x nCn[i¢jmldn�tvp x pgiqw�jmldn�umzCpgi���p�jmzvldn[w��apgusnCt wqp�jmp � n[zCpg{|usn*jmldn�r ~ umn ~ �djmldnct ~g�©~ j yau«��pgy?i.jmpgyaiqn[w
jmldt ~ {d�4lTz ~Q~ rVnCtvp�jmyR�gn¡� ~ zCpg�ay �[p�jmy ~ iN�

È�ldn�� ~ jmy ~ i¢z ~ ���`pgiqwqu x nCtmn�{qusn[w�p��4pgyai¢j ~ n[usjmy?��p�jsn�jmlqn�jstvp��sn[zAj ~ tm� ~ �|jmldnct ~g�V~ jmu < ��p�tmÄgn[w
pgu � �a{dn ����� 
 pgi|w¢z ~ ��rÅp�tmn[w x yRjml¢jmldn�r ~ umn�n[usjmy?��p�jsn[u¤��t ~ �½z ~Q~ rVnCtvp�jmyR�gn�� ~ zCpg�ay �[p�jmy ~ i < ��p�tmÄgn[w§pgu

� 767
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3:R 5A6 �"��F�3U6�� � ��6�R��21�3"�29 ���X3]= ���
92W ��B������ � ���e57;
�"��9 �
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c�OAJ43QR&�
;P1�3:R[OA57643];UL

0 200 400 600 800 1000

−400

−300

−200

−100

0

100

200

300

Cooperative Localiztion (+) vs Motion Commands (*) (Robot 0)
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92W
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G%c�N�C�143t;����\3 B)��9������������0L

�gtmnCn[i � � � 
*yai - yR�4{dtmn5.^� � ~�p,� � �d� ~ t 
'�.�v�g� ��pgiqw 
'�.�v�g� ��tmn[usrVn[zAjmyR�gn[�R�g�¥È�lqn x pg�a�aucp�tvn�rqtvn[usn[i.jsn[w
yaiMtmn[wN� � �4pgyaiTjmldn¢wdtvyR��j�w|{dn�j ~�~ w ~ ��nCjstm�MnCtmt ~ t�yau'zC�Rn[p�tv�R�MwdnCjsn[zAjmp � �ang�

- yR�4{qtmn .^� � 0�rqtmn[umn[i.j¥jmldn�w|yausjstvy � {djmy ~ i ~ �©r|p�tmjmy?zC�Rn[u¥wq{dtvy?id��jmldn'r|tmn[wqyazAjmy ~ i�r|l|pgusn�.^� � 0�p,�7z�pgiqw
jmldn�{drNwqp�jsn�rÅlqpgusn .^� � 0 � �7wN� 
'�^�m�g� ��yau�rqtmn[umn[i.jsn[w ~ iMjmldn�j ~ rTt ~Ox pgiqw 
'�.�v�g� � ~ iMjmlqn �V~ jsj ~ � 0
jmldn x pg�a�au�p�tmn�wdtvp x i2y?i`tmn[wÀ� � u�zCpgi � n�usnCn[iMwq{dt<yaid��jmldnFrqtmn[w|yazAjmy ~ i�rÅlqpgusnFjmldn�rÅp�tmjmyazC�Rn[u�usrqtmn[pgw
pgiqw>jmldn[i£wq{dtvy?id��jmldn�{drNwqp�jsn�r|lqpgumn¢jmldnC��zAtmn[p�jsn�p rVn[p�Ä!0«jmlqyau�pg�au ~ zCpgi � n�usnCn[i£p�j�jmldn/��p $ n[u
~ � jmlqn��gtvp�r|lqu[�q� ~ t�rqtmn[wqyazAjmy ~ iMjmldn¢lqya�4ldn[usj'��pg�a{dn�yau 7 � 7 ~2pgiqwT� ~ t�{qrVw|p�jsn�yau 7 ��� 0©jmldn[usn¡iQ{q� � nCt<u
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tmnCrqtmn[usn[i^j¡jmlqn2z ~ i ® wqn[iqzAn ~ �'jmldn n[usjmya�`p�jmy ~ iN�Th_i¦�gn[idnCt<pg�cjml ~ {q�4l¦jmldn2r|p�tmjmyazC�an`wqyausjst<y � {djmy ~ i£y?u
ÄgnCrqj�z ~ iqzAn[i^jstvp�jsn[w � � jmldn���tmn/-Q{dn[i.j�{qrVw|p�jsn[u x yRjmlMjmldn�n[umjmya��p�jsn[u ~ �¤jmldn�t ~g�©~ j'jst<pgzmÄgnCt�usn[iqu ~ t[�

� umn[z ~ iqw�n $ rVnCtvya��n[i^j x pgu¡tmn[z ~ t<wdn[w ~ i�jmldn � jml !q~Q~ t x yajml�pªum�`pg�a�*� ~ wqy ® zCp�jmy ~ i�yai£jmldn
n[i.�,yRt ~ iq��n[i.jC�Àj x�~ pgw|wqyRjmy ~ iqpg� x pg�?�au x nCtmn�{qusn[w�� ~ tv��yaid�Fp�tvn ! n $ z ~ tvidnCt¥yai¢��t ~ i.j ~ �qjmldn�n[�RnC��p�j ~ tvuC�
- ya�4{dtmn2.^� 	87 r|tmn[usn[i^jmu'jmldn�n $ r|� ~ tvp�jmy ~ i}usn/-Q{dn[iqzAng��È�ldn�idn x z ~ tviqnCt�yau���p�r|r©n[wTy?i - ya�4{dtmn2.^� 	87 lN�
È�ldn'j x�~ t ~g�©~ jmucusjmp�tmjsn[w`y?i�umya��ya�?p�t r ~ umyajmy ~ iqu¥pgu*yai�jmldn�rqtmnC�,y ~ {qu¤n $ rVnCtvya��n[i^jmu¥pgiqw�jmlqnC��r|t ~ zAnCn[w
j ~ ��p�r�jmldn§n[i^�QyRt ~ iq��n[i^jC� 
'�.�v�g� ��� ~ �,yaid� ® t<usj < - ya�4{dtmn[u2.^� 	87 p,� � 
<�2È�ldn[i�
'�.�v�g� �§��p�r|u�jmldn
j ~ r2r|p�tvj ~ �Àjmldn�n[i.�,yRt ~ i|��n[i.jmu < - yR�4{dtmn5.^� 	87 z9� y�
<� 
'�^�m�g� ��jmlqn[i`rqt ~ zAnCn[wqu�z ~ {qi^jsnCt�zC� ~ zvÄ x y?usn�pgiqw
z ~ ��r|�RnCjsn[u'jmlqn�n $ rÅ� ~ tvp�jmy ~ i < usnCn - yR�4{dtmn[u .^� 	87 �_� ~ 
<�

� 7�	



��� ����	�������
����������#��������
��
	�����
��

−200 −150 −100 −50 0

−120

−100

−80

−60

−40

−20

0

20

40

����� −150 −100 −50 0 50 100 150 200 250 300 350

−250

−200

−150

−100

−50

0

50

100

150

����� −150 −100 −50 0 50 100 150 200 250 300 350

−200

−150

−100

−50

0

50

100

150

200

�����

−150 −100 −50 0 50 100 150 200 250 300 350

−200

−150

−100

−50

0

50

100

150

200

��� � −150 −100 −50 0 50 100 150 200 250 300 350

−150

−100

−50

0

50

100

150

200

����� −150 −100 −50 0 50 100 150 200 250 300 350

−150

−100

−50

0

50

100

150

200

250

��� �

−100 0 100 200 300 400

−200

−150

−100

−50

0

50

100

150

200

250

300

��� � −100 0 100 200 300 400 500

−200

−150

−100

−50

0

50

100

150

200

250

300

����� −100 0 100 200 300 400 500 600 700 800

−300

−200

−100

0

100

200

300

400

��� �

−100 0 100 200 300 400 500 600 700 800

−400

−300

−200

−100

0

100

200

300

� 	 � −100 0 100 200 300 400 500 600 700 800
−500

−400

−300

−200

−100

0

100

200

300

��
�� −100 0 100 200 300 400 500 600 700 800

−500

−400

−300

−200

−100

0

100

200

300

��
 �

0 200 400 600 800 1000

−500

−400

−300

−200

−100

0

100

200

300

��� � 0 200 400 600 800 1000

−400

−300

−200

−100

0

100

200

300

400

����� 0 200 400 600 800 1000

−400

−300

−200

−100

0

100

200

300

400

��� �
�	��
������ ����� � �DC�143i3��p?4O���9 ���25���6(��B �21�3iK��<1 
 ���
9Yv�5 �21 � ;#�"��OAO �*�pRp5 
�=����25���6�L a�3]R
O757643:; ��9<3 �2143mv$��OAOd;:y�c4O7J43mR ��;2143:RoO75A6�3:; ��9<3|Rp5���F��
6 ��Od;:y4F�9<3U3:6_R �����23:R_OA57643:; ��9<3QF����23];+���

J�643��p?4O���9<3:RS;P? �
=>3
L

� 7 �



��� ����	�������
����������#��������
��
	�����
��

����� �����
�	��
������ � ��� � �|G �8N C�1�3bO���;23U9�R&�����@='��O7O73:= �<3:RSRpJ49<5A64F �21�3 3 �p?4O �
9����25���6�L�G�c*N !p=%��6 �"���T=T1
��?4?4O75A3]R �����2143kO���;23U9YR&��������6�R �<143U579Y?��
;25��<5 �
6 =%��9<923]= �23]R J�;25764F !��23:?4143U6�� J ���"��646�� ;
;<=%��6�;#�2J�Rp5���L�G%=]N�C�143 �29<5���64F�J4O����<5 �
6 �"��?S?49��+R4J�=>3]RYJ�;25A6�F*�
64O7W��2143Q;���6 ��9VB)�
9$�"��?4?45764F�L

0 200 400 600 800 1000

−400

−300

−200

−100

0

100

200

300

400

187

453.7

205.1

116.1

58.1

82.3
396.3

92.9
303.3

309.2

484.7
105.6

243

960.9

239

208

�	��
������������ ���DC�143 �<925���6�F�J4O����<5 �
6 �"��?[?�9��pRpJ�=U3:RoJ�;25764F"��64O7W��<143|;���6 ��9�B)��9 �"��?4?45764F�L
C�1�3��29 ���X3:='���
92W ��B�������� ���\5d;��"��9 �
3:R 5A6 �"��F�3U6�� � ��6�R��21�3"�29 ���X3]= ���
92W ��B������ � ���e57;
�"��9 �
3:Roc4O���=��sL(C�143|v���O7O7; ��9<3mR457;2?4O��uW�3:Ro576i9<3:R ��6�R �2143:5A9 OA3:64F��<1�;@G�576 =%�eNf5d; �"��9 ��3]R
6�3�� � ��� �2143��[L\C�143\576��<3U9<6 ��OxRp5���F���6 ��O7; �21 ���tRp3 
�643*�2143*�29<5���64F
J4O����25���6 ��923*�"��9 ��3]R ��;
c�OAJ43QR&�
;P1�3:R[OA57643];UL

È�ldn¡tmn[z ~ t<wdn[wk�?pgusnCtFw|p�jmp2zCpgi � n¢usnCn[i>yai - yR�4{qtmn3.^� 	 � p,� � 0 i ~ jsn¢jmlqn¡jmp�tm�gnCj�wdnCjsn[zAjsn[w£pg� ~ iq�
jmldnªjstvp��sn[zAj ~ tm� ~ ��
'�^�m�g� ��� È�ldnªtmn[uv{q�Rjmyaid�£��p�r yau`rqtmn[usn[i^jsn[w yai - yR�4{dtmn .^� 	�	 ��jmldnkiQ{q� � nCt<u
tmnCrqtmn[usn[i^j�jmldn�n[umjmya��p�jsn[w¦�an[id�gjml ~ ��jmldn x pg�a�au�pgiqw£jmlqnC��p��gtvnCn2p��4pgyai�{qr£j ~ pT��n x zAn[i^jmya��nCjsnCtvu
x yRjmlMjmldn���n[pguv{dtmn[w}�Rn[iq�gjml ~ � jmlqn x pg�?�au < pgu�yaiMjmlqn¡��p�r ~ � jmldn�j x�~ �ap �V~ tvp�j ~ tvyRn[u 
<�

	 � 	 ���Q�������d�C�1"��`�+$|� * (�"��������d����" * �q�  
'�.�v�g���q�_�4�C�g�C�+, h_i¦pgw|wqyRjmy ~ i¦j ~ jmldn n $ r©nCt<ya��n[i^jmu
x yRjml�jmldn'�apgusnCt¥t ~g�V~ j¤jstvpgzvÄgnCt�usn[iqu ~ t¥jmldn'�Qy?um{qpg�^t ~g�V~ j¥jstvpgzmÄgnCt x pgu¥{qumn[w�yai§p�um��pg�a�Qn[i^�QyRt ~ iq��n[i^jC�
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�*tmn[�ay?��yaiqp�tm� n $ r|� ~ tvp�jmy ~ i jsn[usjmu x nCtmn¦zCp�tmt<yRn[w ~ {dj}yai ~ {dt}�?p �©~ t<p�j ~ tm��yai x�~ tmÄ,usr|pgzAn[u ~ ��p�tmn[p
t ~ {d�4lq�R� �/� � � �¥È�lqy?u¥z ~ ��r|p�tvp�jmyR�gn[�a�§uv��pg�a�,jsn[usj_� � n[w`pg�?� ~&x n[w�{qu¥j ~ z ~ i.jst ~ �q��p�tvy ~ {qu¤��pgzAj ~ tvu�um{qzvl
pgu'yaiql ~ � ~ �gn[iqn[yRjmyRn[u�yai jmldn�jsnCtmtvpgy?i pgu�p§��{qi|zAjmy ~ i ~ �«jstvp��sn[zAj ~ tm�Tpgiqw ~g� jmpgyaiM�gt ~ {qiqw jstv{djmlTwqp�jmp,�
��umy?id��jmlqyau¥jsn[umj_� � n[w x n�z ~ ��r|p�tmn[w`jmldn�jmy?��ng�^pgzCzC{dt<pgzA�g�,pgi|w�t ~g� {qumjmidn[umu ~ �Àwqy � nCtmn[i^j¥n $ r|� ~ tvp�jmy ~ i
usjstvp�jsnC�4yRn[uC��h_i ~ {dt�n $ rVnCtvya��n[i^jmpg�¤p�tmtvpgid�gn[��n[i.j�jmlqn�t ~ �Rn ~ ��jmldn�usjmp�jmy ~ iqp�tv�kt ~g�V~ j�yau�rÅ�ap[�gn[w � �
p`jstvyar ~ wª� ~ {qi.jsn[w�zCpg��nCt<p p�jFjmldn§umpg��n�ldn[yR�4l^j�pgu � ~ ��pgw 	8767 ��t ~ � � ~ ��pgwqy?zCuFÈ n[zvl|i ~ � ~ �4yRn[uC�
hLiqz��2È�ldn`zCpg��nCt<p x pgu�r|�apgzAn[w¦idn $ j¡j ~ jmldn ® tvusj x pg�a�I�`È�l|yau�pg�a� ~Ox n[w�{qu�j ~ � ~ tmn�tmn[�ay?p � �R�ªpgiqw
tmnCrVn[p�jmp � �R���gnCtvyR���¢�gt ~ {|iqw�jstv{djmlÀ� hLjcyau x�~ tmjml2i ~ jmyaid��jml|p�j ~ {dtcusjst<p�jsnC�g� x�~ tvÄQu¥n/-Q{qpg�a�a� x n[�a� x yajml
l ~ � ~ �gn[idn ~ {qu�t ~g�V~ jmu�pgiqw x yRjml}ldnCjsnCt ~ �gn[idn ~ {qu�t ~g�V~ jmuC�qnC�d� ~ idn�t ~g�V~ j�lqpgu�p�zCpg��nCtvp`jmldn ~ jmldnCt
t ~g�V~ j�lqpgu'jmldn�rÅp�jsjsnCtviN�

� �apgusnCt¤r ~ yai^jsnCt r ~ yai^jmyaid�FusjstvpgyR�4l^j¤w ~&x i§j ~ jmldn !q~Q~ t¥lqpgu � nCn[i¢rÅ�apgzAn[w ~ i�j ~ r ~ �|jmldn'� ~ �Qyaiq�
t ~g�V~ jFyai ~ tvwdnCt�j ~ pgzCzC{dtvp�jsn[�a�k��p�tmÄkyRjmu�zC{qtmtmn[i^jFr ~ umyajmy ~ i ~ i>jmldn !q~Q~ t[��È�lqyau�usnCjm{dr£pg�a� ~Ox n[w�{qu
j ~ ��n[pgum{dtvn�jmldn¡wqyaumr|�apgzAn[��n[i^j���t ~ ��jmldn¡yaiqyajmyapg�|r ~ umyajmy ~ iTp���jsnCt�jmldn¡z ~ ��r|�anCjmy ~ i ~ � jmldn�j ~ {dt[�

- yR�4{qtmn�.^� 	 � � uml ~Ox u�jmldn�pgzAjm{qpg�Àr|p�jml ~ � jmldn�� ~ �,yaid�§t ~g�V~ jC�djmldn ~ w ~ ��nCjstv�.� � pgumn[wTn[usjmya��p�jsn
~ ��r ~ umyRjmy ~ iN�¤pgiqw�jmldn jstvpgzmÄgnCts� � pgusn[w%n[usjmya�`p�jsng��È�ldn ® i|pg�cwqyaumr|�apgzAn[��n[i^j¡��t ~ �¨r|{dtmn ~ w ~ ��nCjstm�
n[usjmya��p�jsn[u�yau�p�rqrqt ~ $ ya�`p�jsn[�R� � ��zC� x yRjml2pgi ~ t<yRn[i.jmp�jmy ~ i`nCtmt ~ t ~ � � � �:�*È�ldn�jstvpgzvÄgnCt'n[usjmya��p�jsn�lqpgu
p�rqrqt ~ $ ya�`p�jsn[�R� � ����zC�¨nCtmt ~ t[�TÈ�lqyau�z ~ tmt ~g�©~ t<p�jsn[u ~ {dt�pgumum{q��rqjmy ~ i£jmlqp�j � ~ y?i.j¢n $ r|� ~ tvp�jmy ~ i�pgiqw
� ~ zCpg�?y �[p�jmy ~ i�{qumy?id��p �_jstvpgzmÄgnCt ��zCpgi2�Rn[pgw�j ~ ��{qz<l`� ~ tmn�t ~g� {qusj*� ~ wdn[�?yaid�Fjmlqpgi ~ w ~ ��nCjstm�§pg� ~ idng�

	¤°�
 ·«²4µ¦º4Ác³V»½º
� · ²4·��'·Nº��

h_i�jmlqyau�usn[zAjmy ~ i x n�wqy?umzC{qumuFjmldn � n[idn ® jmu ~ ���v�[�1�q�A�s�g�#"��g�  R�[�v�  "��[�g�#"I� $>� ~ t¡p jsn[pg� ~ ��� ~g� y?�Rn
t ~g�V~ jmuC� - {dtmjmlqnCtv� ~ tmng� x n¡z ~ iqumy?wdnCt'jmldn�n � n[zAjmu ~ �¤wqy � nCtmn[i^j't ~g�V~ j'jstvpgzmÄgnCt�usn[iqu ~ t<u ~ iTjmldn¡pgzCzC{,�
tvpgzA� ~ �|� ~ zCpg�ay �[p�jmy ~ i�� ~ t¥p�� ~ �,yaid��t ~g�V~ j � *1" $��¢�%$  ���jmldn'yaiq� ~ tv�`p�jmy ~ i¡��t ~ �½jmldn�tmn[usj ~ �|jmlqn�t ~g�©~ jmu
< pgu ~ r|r ~ umn[w¦j ~>~g� usnCtm��p�jmy ~ iqu ~ ��jmldn n[i^�QyRt ~ iq��n[i^j 
<�kÈ�lqy?u¡p�rqrqt ~ pgzvl�tmn[um{q�Rjmu�yai�pgi ~ rVn[i�� ~^~ r
n[usjmya��p�jsn <�x yRjmlTtmn[umr©n[zAj�j ~ jmldn¢n[i.jmyRtvn�jsn[pg� 
 ~ �¥jmlqn¡� ~ �,yaid�`t ~g�V~ j �7u�r ~ usn x yajml ~ {dj�wdnCrVn[iqwqn[iqzAn
~ i�yaid� ~ tv��p�jmy ~ i¢��t ~ � jmldn�n[i.�,yRt ~ iq��n[i.jC�¤È�ldn�n $ r©nCt<ya��n[i^jmpg�^tvn[um{q�Rjmu pg�a� ~Ox u¥{qu j ~ n $ pg�`yaidn�jmldn�nC�?�
��n[zAjmyR�gn[iqn[umu ~ �Åz ~Q~ rVnCtvp�jmyR�gn�� ~ zCpg�ay �[p�jmy ~ i§pgiqw§n[umjmya��p�jsn'{drqrVnCt �©~ {|iqwqu ~ i§jmldn�nCtmt ~ t*pgzCzC{q��{q�ap�jmy ~ i
� ~ t�w|y � nCtvn[i.j�usn[i|umyaid��� ~ wqpg�ayRjmyan[uC�

�!������� -�- � 1 ��(�*� �� 1 
 -�	=(�&# ��=(+*� )- /�� �,nC�gnCtvpg�Vwqy � nCtmn[i.j�usn[iqu ~ tvu�lqp[�gn � nCn[i n[��r|� ~ �gn[wM� ~ t
jmldnTn[usjmya��p�jmy ~ i ~ ��jmldn}r ~ usn ~ � ~ idnTt ~g�V~ j x yajml tmn[usrVn[zAj�j ~ pgi ~ jmlqnCt�t ~g�V~ jC� � nªtvn[usjstvyazAj ~ {dt
p�jsjsn[i.jmy ~ iMj ~ t ~g�V~ j�jstvpgzmÄgnCt�usn[iqu ~ tvu x l|yazvl2tmnCjm{dtviMyaiq� ~ tv�`p�jmy ~ i`yai jmldnF��tvpg��n ~ �«tmnC��nCtmn[iqzAn ~ �Àjmldn
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~g� usnCtm�,yaid�§t ~g�V~ j < yI�0n�jmldnC� n[usjmya�`p�jsn�r ~ umn�r|p�tvpg��nCjsnCtvu�tmn[�ap�jmyR�gn�j ~ jmlqn�t ~g�V~ j���p�ÄQy?id�§jmldn ~g� usnCtm�
�:p�jmy ~ i�
<��o ~ iqumn/-^{dn[i^jm�R�g�q� ~ t �_j x�~ � w|ya��n[iqumy ~ iqpg�Nt ~g�V~ jmu ��y?iTp�j x�~ w|ya��n[iqumy ~ iqpg�©n[i.�,yRt ~ iq��n[i.jC� ~ t
� ~ t*t ~g�©~ jmu x l ~ usn'r ~ usn�zCpgi � n�p�rqrqt ~ $ y?��p�jsn[w�pgucp¡z ~ � � y?iqp�jmy ~ i ~ �DC 9 r ~ umyRjmy ~ i�pgiqw�pgi ~ t<yRn[i.jmp:�
jmy ~ iN� x n¡zCpgikn $ rqtvn[umu'jmldn¢r ~ umn�{qumyaid��jmlqtmnCn¡��n[pgum{qtmn[��n[i^jmu 0|� ~ t�n[pgusn ~ �¤tmnC��nCtvn[iqzAn x n¡tmnCr|tmn[usn[i^j
jmldn[� � �kjmldn§jstvyRr|�RnCj0E � � FHG � � � x ldnCtmnIFªyauFjmldn�wqyaumjmpgiqzAn � nCj x nCn[i�jmlqn�j x�~ t ~g�V~ jmuC��G�yauFjmldn
pgid�4�Rn�p�j x lqy?zvl>jmldn ~g� usnCtv�Qyaiq�2t ~g�V~ j�usnCn[u�jmldn ~g� usnCtm�gn[w�t ~g�V~ jFtvn[�ap�jmyR�gn�j ~ jmldn�ldn[pgw|yaid� ~ �cjmldn
~g� usnCtm�,yaid��t ~g�©~ jC�©pgiqw � yau�jmldn¢lqn[pgwqyaid� ~ �¥jmlqn ~g� umnCtm�gn[wªt ~g�©~ jFpgu���n[pgum{dtmn[w � �Tjmlqn ~g� umnCtm�Qy?id�
t ~g�V~ j�tmn[�ap�jmyR�gn2j ~ jmlqn2ldn[pgwqy?id� ~ �'jmldn ~g� usnCtm�,yaid�}t ~g�V~ jC�ThL��jmldn2usjmp�jmy ~ iqp�tm�£t ~g�V~ j¡yau¡n/-^{|yRrqrVn[w
x yRjml£jmldn : ~g�V~ j¡È tvpgzmÄgnCt[� x ldnCtmn&J � � � � � � � � ��� � �LK yau�jmldn`r ~ umn ~ �'jmldn`� ~ �Qy?id�}t ~g�V~ j¡pgiqw
JNM � � � M � � M ��� M � K yauFjmldn�r ~ usn ~ �cjmldn�umjmp�jmy ~ iqp�tm�>t ~g�V~ j�jmldn[i�n/-^{|p�jmy ~ i .^�,O§tmnCjm{dt<iquFjmldn�usn[iqu ~ t
~ {djsr|{dj8E¡�
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h_i ~ tvwdnCt¤j ~ n[umjmya��p�jsn�jmldn�rqt ~g� p � y?�ayRj ��wqyaumjstvy � {djmy ~ i���{|iqzAjmy ~ i < � � & 
 ~ �|jmldn�r ~ usn ~ �qjmldn�� ~ �Qyaiq�
t ~g�V~ j ) p�j�jmya��n U <dc < J *e 
 
 x n�n[��r|� ~ ��p¡r|p�tmjmyazC�Rn ® �RjsnCt < � ~ i.jsn�o�p�tv� ~ umya��{q�ap�jmy ~ i�p�rqr|t ~ pgzvlN�¥usnCn
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Fp�j�jmya��n U p�tmn`{drNwqp�jsn[w�{qumy?id� p 
�pg{qumumyapgi
wqyausjstvy � {djmy ~ i < usnCn�n/-^{|p�jmy ~ i .^� C x ldnCtmn � F e W [ e W G e � K lqpgu � nCn[ikzCpg�azC{q�ap�jsn[w>pguFyai}n/-Q{qp�jmy ~ i .^�,O � {qj
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�!� ������1�//25 #/4365 -�7�(�&# .*� )1*2=� 8 u¡i ~ jsn[w�p �©~ �gng�¥usnC�gnCtvpg�cuvya��r|�Rn�usn[i|umyaid�}z ~ i ® �4{dtvp�jmy ~ iqu

� ~ t�p}t ~g�V~ j�jstvpgzvÄgnCt�p�tmn2p&�:pgya�?p � �Rng� - ~ t�n $ pg��rÅ�Rng� uvya��r|�Rn�uvzvldn[��n[u�{qumy?id�}pªzCpg��nCt<pªpg�a� ~Ox ~ idn
t ~g�V~ j�j ~M~g� usnCtm�gn�jmldn ~ jmldnCt�pgiqwkrqt ~ �Qyawqn¢wqy%9VnCtmn[i^j�Ä,yaiqwqu ~ �*r ~ umyRjmy ~ i|pg�«z ~ iqusjst<pgyai.j�um{qz<lkpguFjmldn
wqyausjmpgiqzAn � nCj x nCn[ikj x�~ t ~g�V~ jmu�pgiqwªjmldn�tmn[�ap�jmya�gn ~ tvyRn[i^jmp�jmy ~ iqu[� � ~ tmn ~ �gnCtFjmlqn¡�gt ~ {dr>umy �Cn¡p:9Vn[zAjmu
jmldn�pgzCzC{dtvpgzA� ~ � jmldn¡� ~ zCpg�ay �[p�jmy ~ iN�

h_i}jmlqn¢idn $ j�r|p�tvj x n¡rqtmn[umn[i.j�jmldn¡n;9Vn[zAj�jmlqn¡�gt ~ {dr>umy �Cn�lqpgu ~ ikjmldn¢pgzCzC{qtvpgzA� ~ �¥jmldn�� ~ zCpg�R�
y �[p�jmy ~ iT� ~ t�wqy<9©nCtmn[i^j�usn[i|u ~ tvuC��È�ldn�n $ r©nCt<ya��n[i^jmpg�Àp�tmtvpgid�gn[��n[i.j ~ � jmlqn¡t ~g�V~ jmu�yau�umya��{q�ap�jsn[w}pgiqw
yaucz ~ iquvyausjsn[i^j�pgzAt ~ umu�pg�a�|jmldn�usn[iqumyaiq�¡z ~ i ® �4{dt<p�jmy ~ iquC�¥È�ldn�t ~g�V~ jmu�usjmp�tvj�yai2p¡umy?id�4�Rn��ay?idn�pgiqw`jmldnC�
� ~ �gn¡p � tmn[pgusj ~ idn¢p�j�p�jmya��ng� ® tvusj�yaiTpgumzAn[i|wqyaid� ~ tvwdnCt�pgiqwTjmldn[i}y?iTwdn[umzAn[iqwqy?id� ~ tvwdnCt�� ~ t�p�usnCj
i^{q� � nCt ~ � n $ z<lqpgid�gn[uC��È�ldn�usn[�Rn[zAjsn[wTt ~g�V~ j�� ~ �gn[u�� ~ t���usjsnCr|u�pgiqwMp���jsnCt'n[pgzvl}umjsnCr}z ~^~ rVnCtvp�jmyR�gn
� ~ zCpg�?y �[p�jmy ~ i%yau§n[��rÅ� ~ �gn[wYpgi|w%jmldnTr ~ usn ~ �Fjmldnª� ~ �Qyaiq�£t ~g�V~ j�yau§n[usjmya��p�jsn[wÀ� �cpgzvl�usjsnCr yau�p
� ~ t x p�tvw jstvpgiquv�ap�jmy ~ i � �HO 767 zC�T� - yR�4{dtvn .^� C � p§r|tmn[usn[i^jmu'p¢�gt ~ {dr ~ �«jmldtvnCnFt ~g�©~ jmu[�,p���jsnCt'jmldn ® tvumj
t ~g�V~ j�lqpgu ® iqy?umldn[w jmldn ® �gn¡umjsnCr|u�pgiqwTjmlqn¡usn[z ~ iqwTt ~g�©~ j'rVnCtm� ~ tv��u�jmlqn ® ��jmlTusjsnCrÀ�
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�Q� CQ�,O���
'�%$��^� � $  ��;, 9 idnMumya��r|�an�jstvpgzmÄ,yaid�£��nCjml ~ w yau¢j ~ tvnCjm{dtvi�jmldnMtmn[�ap�jmyR�gnMwqyausjmpgi|zAn
� nCj x nCn[i jmlqnTt ~g�V~ jmuC� �,{qz<l%p���nCjml ~ w%lqpgu � nCn[i�n[��r|� ~ �gn[w � � �	� 
�� yai jmldn}�`ya�a�ay �V~ jmu�r|t ~ �_n[zAj
x ldnCtmn§pgi�{q�Rjstvp:� u ~ {|iqw x p[�gn x pgu�{qusn[w�yai ~ tvwdnCt�j ~ tmn[z ~ �gnCt�jmldn§tmn[�ap�jmyR�gn§wqyaumjmpgiqzAng��hLi ~ tvwqnCtFj ~
tmn[z ~ �gnCt�jmlqn¢r ~ umyRjmy ~ i ~ � ~ iqn§� ~ �,yaid� t ~g�V~ jFyaikjmldn���t<pg��n ~ ��tmnC��nCtmn[iqzAn ~ �cpgi ~ jmldnCt�p�j��Rn[pgumj�j x�~
usjmp�jmy ~ iqp�tm�2t ~g�V~ jmu < i ~ j�z ~ �a�ayaiqn[p�t x yajml`jmldn�� ~ �Qy?id� ~ idn 
�p�tmn�idnCn[wdn[w jmlQ{qu�jmldn���yaiqy?�¢{q��umy �Cn ~ �
jmldn��gt ~ {drª{|umyaid�§jmlqyau'uvzvldn[��n¢yau'jmldtmnCn�t ~g�©~ jmu[�

��usjmya��p�jmy?id��jmlqn>wqy?usjmpgiqzAn � nCj x nCn[i j x�~ t ~g�V~ jmu y?u2�gnCtv� t ~g� {|usj pgi|w�tvn[�ap�jmyR�gn[�R�Yn[pgum�g� hLi
n $ rVnCtvya��n[i.jmpg�Fumya��{q�ap�jmy ~ i|uC��jmldn£wqyausjmpgiqzAn � nCj x nCn[i nC�gnCtm� r|pgyat ~ ��t ~g�©~ jmu x pguMn[usjmya��p�jsn[w pgiqw

�pg{qumumy?pgiN� �CnCt ~ ��n[pgiN�Vi ~ yaumn x pgu�pgwqwqn[w x yajml � � ` C����ÆtmnC�4p�t<wq�Rn[umu�jmldn§wqyausjmpgiqzAn � nCj x nCn[i>jmldn
j x�~ t ~g�V~ jmuC� - yR�4{dtmn2.^� C �g� rqtvn[usn[i.jmu�jmldn¢��n[pgi}nCtmt ~ t�rVnCt�{qiqyRj�w|yausjmpgiqzAn�jst<p[�gn[�Rn[wk� ~ tFpg�a�Àt ~g�©~ jmu[�
p[�gnCtvp��gn[w ~ �gnCt C 7 jst<yapg�auC� 8 u¡zCpgi � n�usnCn[i�y?i - yR�4{dtmn�.^� C �g� x yRjml ® �gn`t ~g�V~ jmuC� jmldn`r ~ umyRjmy ~ iqpg�
pgzCzC{dtvpgzA��yau*pgzCzAnCrqjmp � �Rn x yRjml�pgi`nCtmt ~ t ~ �<C 7 zC�Ãp���jsnCt �=7 � jstvp&�gn[�Rn[w�0Q� ~ t*jsn[i`t ~g�V~ jmu¥jmldn�pgzCzC{dt<pgzA�
~ � jmldn¢� ~ zCpg�?y �[p�jmy ~ iTyau��gnCtm�M� ~Q~ wÀ�

�Q� CQ� CQ��� �+"�� �,���	�
� $��% a��� � $  �;, �QnC�gnCtvpg��t ~g�V~ jmyazTus�,usjsn[��u2n[��r|� ~ �%pgi ~ ��i|yawqyRtmn[zAjmy ~ iqpg�
�Qyauvy ~ iTusn[iqu ~ t�jmlqp�j�tvnCr ~ tvjmu'jmldn¢pgiq�4�Rn¡p�j x lqyazvlªpgi ~ jmldnCt�t ~g�©~ jFyau�usnCn[iÀ��È�l|yau�yau�pg�?u ~ z ~ iqumy?usjsn[i.j
x yRjmlMyaid� ~ tv��p�jmy ~ iMp&�:pgya�?p � �Rn���t ~ � usnC�gnCtvpg�NjD�^rVn[u ~ � ~g� usnCtv�Qyaiq�§um�Qusjsn[�`u � pgusn[w ~ iTrÅpgi,�Wjmya�Rj'{qiqyajmuC�
hLi%um{|zvl%zCpgusn[u ~ t<yRn[i.jmp�jmy ~ iYp�j x lqy?zvl jmldn}� ~ �Qyaiq�>t ~g�©~ j�y?u�umnCn[iYzCpgi � nMtmn[z ~ �gnCtmn[w x yRjml lqya�4l
pgzCzC{dtvpgzA�g� _ n�rVnCtm� ~ tv��n[w¢p�usnCt<yRn[u ~ �djst<yapg�au«{|umyaid� ~ i|�R��jmldn�pgid�4�an�p�j x lqyaz<l ~ idn�t ~g�V~ j yau ~g� usnCtm�gn[wN�x yRjml}�gt ~ {dr|u ~ �ct ~g�V~ jmu ~ �cw|y%9©nCtvn[i.jFumy �Cn[uC� 8 u�zCpgi � n�usnCn[i�yai - yR�4{dtvn3.^� Cg�2jmldn¢pgzCzC{qtvpgzA� ~ �¥jmldn
� ~ zCpg�?y �[p�jmy ~ i¦w ~ n[u�i ~ j¢y?��rqt ~ �gn pgu¢jmldn �gt ~ {dr�uvy �Cn2yai|zAtmn[pgusn[uC�>È�lqyau�y?u¡i ~ j§um{dtmr|tvyaumyaiq� � n[zCpg{qumn
um��pg�a�,nCtmt ~ tvu*yai§jmldn'n[umjmya��p�jsn[w ~ t<yRn[i.jmp�jmy ~ i ~ �©jmldn�usjmp�jmy ~ i|p�tm�¢t ~g�©~ jmu�umzCpg�Rn�i ~ id� �ayaidn[p�tv�a� x yRjml§jmldn
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wqyausjmpgiqzAng��È�lQ{qu�p���jsnCtFp���n x n $ z<lqpgid�gn[uFjmldn�nCtmt ~ t�yaiTjmlqn¡r ~ usn�n[usjmy?��p�jmy ~ iªy?u�w ~ ��yai|p�jsn[w � �Mjmldn
nCtmt ~ t�yaiMjmlqn ~ tvyRn[i^jmp�jmy ~ i ~ � jmldn¡usjmp�jmy ~ iqp�tm� t ~g�V~ jmuC�

È ~ ya�a�?{qusjstvp�jsn§jmldn�ya��r|�Rn[��n[i^jmp�jmy ~ i ~ ��jmldn�r|p�tmjmyazC�an ® �RjsnCt[� x n�rqtmn[usn[i^j�jmldn�rqt ~g� p � ya�ayaj �ªwqy?u_�
jstvy � {djmy ~ i���{qi|zAjmy ~ i < � � & 
 ~ ��jmlqn`r ~ usn ~ ��jmldn`� ~ �,yaid�ªt ~g�©~ j¢p���jsnCt ~ idn2usjsnCr < usnCn - ya�4{dtmn�.^� C f 
<�
È�ldn�t ~g�V~ j'�gt ~ {dr>umy �Cn�yau�jmldtmnCn¡pgiqwªyRj�yau'jmldn¢��yawqwq�an�t ~g�V~ j :1C§jmlqp�j�� ~ �gn[uC�'È�ldn�r|tmn[wqyazAjsn[w�� �'&
p���jsnCt�p�� ~ t x p�t<w umjsnCr < {|umyaid� ~ w ~ ��nCjstm�2yaiq� ~ tv�`p�jmy ~ i ~ i|�R� 
czCpgi � n�usnCn[iTy?i`jmldn - yR�4{dtvn5.^� C f p§jmldn
idn $ j�j x�~ - yR�4{dtmn[u6.^� C f pgiqw .^� C f z�rqtvn[usn[i.j�jmldn�� � &�{drNwqp�jsn[w {qumyaid�¢jmldn ~ tvyRn[i^jmp�jmy ~ iMp�j x lqyaz<l`jmldn
� ~ �,yaid��t ~g�V~ j�y?u�usnCn[i � �Tp�usjmp�jmy ~ i|p�tm� ~ idn <�® tvumj � �Mt ~g�V~ j :7O�jmldn[i � �Mt ~g�V~ j : � 
10 ® iqpg�a�R�g�,jmldn
- ya�4{dtmn .^� C f w}rqtmn[umn[i.jmu�jmldn ® i|pg� � � & x lqyazvlMz ~ � � yaidn[u�jmlqn�y?id� ~ t<��p�jmy ~ i ��t ~ � ~ w ~ ��nCjstm�2pgiqw jmldn
~g� usnCtm��p�jmy ~ iqu¥��t ~ � jmldn�j x�~ usjmp�jmy ~ iqp�tm�§t ~g�V~ jmuC�co��an[p�tv�R�¡jmlqn�{qiqzAnCtvjmpgyai.jD� ~ �©jmlqn�t ~g�V~ j �7u*r ~ umyRjmy ~ i
yau�tmn[wq{qzAn[w x yRjmlTpgwqwqyajmy ~ iqpg� ~g� usnCtm��p�jmy ~ iqu[�

O 7 0
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�Q� CQ���Q������*1"��#"��%$ � $  ��;, 8 i ~ jmldnCt�z ~ �`� ~ i}p�rqrqt ~ pgzvl}yau�j ~ {qusn�jmldn�r ~ umyajmy ~ i ~ � ~ idn¡t ~g�V~ j
z ~ ��r|{djsn[w�yai�jmldn2��t<pg��n ~ �'tmnC��nCtmn[iqzAn ~ ��pgi ~ jmldnCt < tmn[�ap�jmya�gn2r ~ umyRjmy ~ i 
<�TÈ�lqyau�uvzvldn[��nMlqpgu � nCn[i
n[��r|� ~ �gn[w x yRjml j x�~ t ~g�V~ jmu < usnCn � ��� � 
�yai ~ tvwqnCt�j ~ tmn[wq{qzAnMjmldn}{qi|zAnCtmjmpgyai^j �g�%È�ldn tvpgid�gn}pgiqw
p �[ya�¢{qjml�yaid� ~ tv��p�jmy ~ i < � F W [ � 
¤yaucz ~ � � y?idn[w�yai ~ tvwqnCt*j ~ ya��r|t ~ �gn�jmlqn�r ~ usn'n[usjmya��p�jmy ~ iN� 8 u*zCpgi � n
usnCn[iªyai - ya�4{dtmn7.^� C;.:p2nC�gn[i x yRjmlTjmldtmnCn¡t ~g�V~ jmu�jmldn¢nCtmt ~ t�yai}r ~ umn�n[usjmya��p�jmy ~ iªyau'tvn[�ap�jmyR�gn[�R�Tum��pg�?�
< p[�gnCtvp��gn�nCtmt ~ t � 7 zC��� ~ t �=7 ��w|yausjmpgiqzAn�jstvp[�gn[�Rn[w2rVnCtct ~g�V~ jC� ~ t 7 �4.���� 
<�chLi ~ {dt�n $ rVnCtvya��n[i^jmu¥jmldn
wqyausjmpgiqzAn � nCj x nCn[i�jmldn2j x�~ t ~g�V~ jmu x pgu¢n[usjmya��p�jsn[w pgiqwN� pgu¢p �V~ �gng���CnCt ~ � ��n[pgi 
�pg{qumumy?pgi¦i ~ yaumn
x pgu�pgwqwdn[w �V~ jmlkj ~ w|yausjmpgiqzAn§pgiqw>j ~M~ tvyRn[i^jmp�jmy ~ i x yRjml � � ` C�����pgiqw ��( ` 7	� � �¢tmn[usrVn[zAjmyR�gn[�a�g�
È�ldn�n $ r©nCt<ya��n[i^j x pgu¢tmnCrVn[p�jsn[w�j x n[i^j ��jmy?��n[u�pgiqw£jmlqn2p[�gnCt<p��gn2nCtmt ~ t¢yai�r ~ umyRjmy ~ i�yau�uml ~&x i�y?i
- ya�4{dtmn2.^� C;. � � ~ t��gt ~ {qr|u ~ � t ~g�V~ jmu ~ �¥umy �Cn �Q� �Q�,O 7 pgiqw �=7 �

�Q� CQ� � ��
 �   �����*[�
, � ~ ��nTt ~g�©~ j�jst<pgzmÄgnCtMusn[iqu ~ tvu�rqt ~ �,yawdnTpgzCzC{dt<p�jsnkyaid� ~ tv��p�jmy ~ i � ~ t`pg�?�
jmldtmnCn r|p�tvpg��nCjsnCtvu � F W [ W G � pgiqw jmldnC�¦zCpgi � n {|usn[w¦j ~ pgzCzC{dt<p�jsnTn[usjmya��p�jsnMjmldnM��{q�a�*r ~ usn ~ ��jmldn
� ~ �,yaid�£t ~g�V~ jmu < usnCn �	
 
 � � � 
 � 
<��h_i%jmldn}n $ rVnCtvya��n[i^jmpg��usnCjm{qrYjmldn}t ~g�V~ j�jst<pgzmÄgnCtTusn[iqu ~ t x pgu
zvlqp�tvpgzAjsnCt<y �Cn[w � � 
�pg{qumumyapgiÀ���CnCt ~ ��n[pgiN��i ~ yausn x yRjml � ` � C���� W 7	� � � W O � � � ���%{qumy?id�kjmlqn}��{|�a�
n/-^{qp�jmy ~ i .^� C x n x n[ya�4l.jsn[w£jmlqn3� � & ~ ��jmldn�r ~ usn ~ ��jmldn�� ~ �,yaid�Tt ~g�©~ j�pgi|w£rVnCtm� ~ t<��n[w£pTusnCtvyRn[u
~ ��n $ rVnCtvya��n[i^jmu�� ~ t �Q� �Tpgiqw O 7 t ~g�V~ jmu 0 �gnCtv�>� ~Ox r ~ umyRjmy ~ i|pg� nCtvt ~ t x pgu ~g� usnCtv�gn[w < usnCn - yR�4{dtvn
.^� C 
 
<�

�Q� CQ� �Q�
� � � ������" � " $�� , hLi jmldn£r|tmnC�Qy ~ {qu2umn[zAjmy ~ iqu x n�n $ pg��y?idn[w jmldn�n;9©n[zAj ~ �¡jmldn�umy �Cn
~ ��jmldnªjsn[pg� ~ ��t ~g�V~ jmu2pgi|wYjmldn>usn[iqumyaiq��r|p�tvpgwqya�4� ~ i�z ~Q~ rVnCtvp�jmyR�gn>� ~ zCpg�?y �[p�jmy ~ i�0Fp¦us�,i ~ r|umy?u
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d)
� ~ � : ~g�V~ jmu � � O 7
:�pgiq�gn ~ iq�R� < F 
 � 
 � 
87 zC� C O�� f ��zC� 
 �,O
��zC�
8 �[ya�¢{qjml ~ iq�R� < [ 
 C;.^� 7�f zC� ��CQ� C 7 zC� ���Q�4.(C�zC�
� ~ umyRjmy ~ i ~ i|�R� < F W [ 
 � � � Cg��zC� C O��4.10�zC� .^� � 7 zC�
- {q�?� � ~ umn C 
 �4. ��zC� O f �4. OCzC� f � 7 ��zC�
< F W [ W G�
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~ �'jmldn2tvn[um{q�Rjmu�zCpgi � n2usnCn[i yai�È p � �Rn .^� CQ� 8 �au ~ �¥r|tmn[�aya��y?iqp�tm�ªtvn[um{q�Rjmu¡��t ~ �
n $ r©nCt<ya��n[i^jmu x yajml
�:p�tm�,yaid� ~ w ~ ��nCjstm�¡nCtvt ~ t¥lqp[�gn�uml ~&x i¢jmlqp�j¥z ~^~ rVnCtvp�jmya�gn�� ~ zCpg�?y �[p�jmy ~ i�yau t ~g� {qusj nC�gn[i x yRjml O 7 ��C 7 �
~ w ~ ��nCjstm�2nCtvt ~ tvuC�

�*°���¸ ��� � � ��¸W·«»

È�ldnkn $ rVnCtvya��n[i^jmu2r©nCtv� ~ tv��n[w x yRjml�jmldn>tmn[pg�Ft ~g�V~ jmuM��pgwdn�zC�Rn[p�tMjmldnk��pgzAjMjmlqp�jTwqy%9VnCtmn[i^j
usn[iqu ~ tvu�lqp&�gn�wqy%9VnCtmn[i.j�usjstmn[iq�gjmlqu�pgiqw x n[p�Ä,idn[umusn[u[�cÈ�ldn�u ~ iqp�t'usn[iqu ~ t�y?uc�gnCtm� i ~ yaus��nC�gn[iTp�j�jmldn
tvpgid�gn ~ �'j x�~ ��nCjsnCtvuC�¤yRj x pgu¢p � �Rn�l ~&x nC�gnCt§j ~ t ~g� {qusjm�R��wdnCjsn[zAj ~g� usjmpgzC�Rn[u ~ ��w|y%9©nCtvn[i.j¡lqn[yR�4l.jmu
yai£zC� ~ usn�t<pgid�gng� È�ldnCtmnC� ~ tmng�«jmldn2u ~ iqp�t¢umn[iqu ~ t¢y?u��gnCtm�£{qusnC��{q�¤� ~ t ~g� usjmpgzC�an`p[� ~ yaw|pgiqzAn2pgiqw x pg�?�
� ~ �a� ~&x yaiq��yaiªzC� ~ usn�tvpgid�gng� 9 iTjmldn�z ~ i^jstvp�tm�g�Åjmldn¡�apgusnCt�tvpgid�gn ® iqwqnCt�lqpgu�lqyR�4lqnCt�pgzCzC{dtvpgzA� � {dj�y?u
�aya��yRjsn[w ~ i ~ iqn�r|�apgidn ~ iq�a�!0 um��pg�a� ��p�tvyap�jmy ~ iqu ~ i£jmldn !q~Q~ t¡yaiqzC�?yaiqp�jmy ~ i>zvlqpgiq�gn[w�jmldn`lqn[yR�4l.j�p�j
x lqyaz<lkjmlqn§�?pgusnCt x pgu¡umzCpgiqiqyaiq� � �kpgu¡�¢{qz<l£pguBCg��zC�T��È�ldn��apgumnCt�usn[iqu ~ t x pgu���pg�a{qp � �Rn§pgu�r|p�tvj
~ ��jmldnTt ~g�V~ j§jstvpgzvÄgnCt2usn[iqu ~ t � {dj�yRj x pgu�i ~ j�r ~ uvumy � �Rn2j ~ {djmya�ay �Cn yRj�p�j�yRjmu§��{q�a��tvpgid�gn � n[zCpg{qumn
~ �cjmldn !q~Q~ t�yaiqzC�?yaiqp�jmy ~ iN�29F{qtvyaid�Mpgi£n $ r©nCt<ya��n[i^j ~ i£jmlqn�.Ojml !q~^~ t ~ � ~ {dt � {|ya�awqyaiq��jmldn�jmp�tm�gnCj
� ~ {qi^jsn[w ~ i2jmldn�t ~g�V~ j x pgu�i ~ j�wqnCjsn[zAjsn[w2nC�gn[i p�j�p¡wqyaumjmpgiqzAn ~ � .:�T� � ~ tmn ~ �gnCt&�djmldn��apgumnCtctvpgid�gn
® iqwdnCt x�~ {|�aw£��yaumu�pgi^� ~g� umjmpgzC�Rn�p �V~ �gn ~ t � n[� ~Ox jmldn�umzCpgiqiqy?id�2rÅ�apgidn§pgiqw�jml^{|u�yRj�zCpgi�i ~ j � n

O�O�O
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{qusn[w�� ~ t�iqp[�,yR�4p�jmy ~ iÀ� � $ jsn[iqw|yaid�}jmldn t ~g�V~ j¡jst<pgzmÄgnCt`yai�um{qz<l�p x p&�¦jmlqp�j�jmldnMumzCpgiqiqy?id�ªr|�?pgidn
x�~ {q�?w � n}z ~ i^jst ~ �a�an[w < ng�0�d� � � {|umyaid�£p�r|pgiYpgi|w%jmya�Rj�{qi|yRj 
¢yau�idn[zAn[umump�tv� � ~ t`pgi^�%{qusn}yai tmn[pg�
x�~ tv�?w�p�rqr|�ay?zCp�jmy ~ iquC� 9 idn ~ jmlqnCt��aya�`yRjmp�jmy ~ i ~ �NjmldnFzC{dtmtmn[i^jcya��rÅ�Rn[��n[i^jmp�jmy ~ i ~ �Njmldn�jst<yapgid�4{q�ap�jmy ~ i
pg�R� ~ tvyRjmlq� yau'jmldn¡�`p�rqr|yaid� ~ �¥um��pg�?� x pg�a�?uC�|yaiMr|p�tvjmyazC{q�ap�t x lqn[iTjmldn�t ~g�V~ j�� ~ n[uFp�t ~ {qiqwTp`tmn ! n $
z ~ tvidnCt
0djmldn¢�Rn[id�gjml ~ � jmldn¡pgw,�mpgzAn[i^j x pg�?�au�uml ~ {|�aw � n��`yaiqya��{q� � 7 zC�T�

È�ldn§n $ rVnCtvya��n[i.jmpg� tmn[um{|�RjmuF�gnCtvyR���ªjmldn�ya��rqt ~ �gn[��n[i.j�yai�jmldn���p�r�pgzCzC{qtvpgzA�g� 8 tvn[pgu ~ �1O
���
� ����� pgiqw O�C 767 � � � 0�� x nCtmnM��p�rqrVn[w�z ~ ��rÅ�RnCjsn[�R�g� x yRjml���n[pgi¦nCtvt ~ t¢�Rn[uvu�jmlqpgi ��zC�T�ªÈ�lqn
r©nCt<ya��nCjsnCtvu ~ ��jmldn�n[i^�,yRt ~ iq��n[i^jmu¡�`p�rqrVn[w x nCtmn ~ ��jmlqn ~ tvwdnCt ~ � � CO� ��� ��nCjsnCtvu[�2È�ldn[umn�tmn[um{q�ajmu
wdn[� ~ iqusjst<p�jsnFjmlqn�rqtvpgzAjmyazCpg�V��n[pgumy � y?�ayRj � ~ � jmldn�pg�R� ~ tvyRjml|��u�{qusn[wN�dpgiqwTya�?�a{qusjstvp�jsnFu ~ ��n ~ � jmldn�r©nCtm�
� ~ tv�`pgiqzAn'zvlqp�tvpgzAjsnCt<yausjmyazCu x n�rqtmn[wqy?zAjsn[wN� h_i�jmldn'idn $ j¤z<lqp�rqjsnCt x n'rqtmn[umn[i.j¤jmldn'{qusn ~ �©z ~^~ rVnCtvp�jmyR�gn
� ~ zCpg�?y �[p�jmy ~ i¦y?i ~ tvwqnCt¢j ~ pgumumyaumj¢yai�jmldn2�`p�rqr|yaid� ~ ��jmldnMusr|p�jmyapg��wqyausjst<y � {djmy ~ i ~ ��pkrqt ~ rVnCtmjD� ~ �
yai.jsnCtvn[usj ~ �gnCt�pgik{qiqÄQi ~Ox i}n[i^�,yRt ~ iq��n[i^jC�Vp�rqt ~ zAn[umuFp�ÄQy?iªj ~ z ~ �gnCtvp��gng� 8 lqnCjsnCt ~ �gn[idn ~ {qu�jsn[pg�
~ � t ~g�V~ jmu�y?u�{qusn[wN�

O�O�C



���������
	�� �

���ª���:�����ª�'�2�'���k� 	 ���%���ª�'�2�����ª� 	
�ª������#�$ �M��
 �M�

���ª�%#��'��$����'���ª�

� ;:3�=?3§6 @�+:)�/<;.6K+Of}J�).=?3�H�=��:SA/<6 S��^5./9;��^+��¢f4)Q)^X`/<;:3C)4=RP[Z

\^] B&/9;O).=cB^+���+O)���+^Z

¯N°��:»«ºg²4·¥¹ � �Qº4¸W·«»

h_i}jmlqn¢rqtvnC�Qy ~ {|u�zvlqp�r|jsnCtvu x n�n $ pg�`yaidn¡jmlqn¢{qusn ~ �*z ~^~ rVnCtvp�jmya�gn�� ~ zCpg�ay �[p�jmy ~ i}j ~ �gnCjmldnCt x yajml
��p�rqr|yaiq� � �%u x nCnCr|yaid��jmldnk�?yaidn ~ ���,yaum{qpg��z ~ i^jmpgzAjC� h_iYjml|yau`z<lqp�rqjsnCt x n>p�tmnk� ~ y?id��j ~ p�rqr|�R�
z ~^~ rVnCtvp�jmyR�gn§� ~ zCpg�ay �[p�jmy ~ ikyaiªp2wqy%9VnCtmn[i^j���p�rqrÅyaid�`p�rqrÅ�ayazCp�jmy ~ iN��h_iªrÅp�tmjmyazC{q�ap�t&� x n�w|yaumzC{qumu�l ~&x
j ~ ��p�r p�rqt ~ rVnCtmjD� ~ �¡yai^jsnCtmn[usj ~ �gnCtªpgi {qidÄ,i ~&x i n[i^�Qyat ~ iq��n[i^jC� 8 umyR�4iqy ® zCpgi.j`y?umum{dnk��pgzAn[w
� �>��pgi.�>��p�rd� � {|ya�awqyaiq��umzvldn[��n[u�yau�jmldn���pgiqp��gn[��n[i^j�pgiqw�n[usjmy?��p�jmy ~ i ~ �cr ~ umyRjmy ~ iqpg� <�~ t¡r ~ umn 

nCtmt ~ tvu pguMjmldn�t ~g�V~ j z ~ �?�Rn[zAjmu ~g� usnCtm��p�jmy ~ iqu ��t ~ � jmldn�n[i.�,yRt ~ iq��n[i.jC�!È�lqp�jMyauC��pgu2jmlqn>t ~g�©~ jmu
z ~ �a�Rn[zAj�um{qzCzAn[umumya�gn§��n[pgum{dtmn[��n[i^jmu���t ~ �­w|y%9©nCtvn[i.jFr ~ usn[uC�Vjmldn�zAnCtmjmpgyai^j � ~ �cjmldn[yRtFr ~ usn�n[usjmya��p�jsn[u
wdn[zAtmn[pgusn[u x yRjml n[pgzvl idn x ��n[pgum{dtvn[��n[i.jC� h_i u ~ ��n¦zCpgumn[u x ldnCtmn£jmlqn ~g� usnCtm��p�jmy ~ i �ayRn[u ~ i p
lqyR�4l,� wqy?��n[iqumy ~ i|pg�c��pgiqya� ~ �awÀ�cz ~ tmtmn[�ap�jmy ~ i � nCj x nCn[iYwqya��n[i|umy ~ iqu§pg�a� ~Ox u�� ~ t��4� ~g� pg�a�a��z ~ iqumy?usjsn[i.j
pg�ayR�4iq��n[i^j ~ ��jmldn ~g� umnCtm�:p�jmy ~ iqu��,yap�pgi%n $ rVn[zAjmp�jmy ~ i,� ��p $ ya��y �[p�jmy ~ i ~ t yRjsnCtvp�jmyR�gn ~ rqjmya��y �[p�jmy ~ i
p�rqrqt ~ pgz<lMj ~ z ~ tvtmn[zAjmyaid�§jmldn ~g� usnCtv�:p�jmy ~ iMr ~ usn[u � � 
 � � � � � � � � ~&x nC�gnCt[�©yRj�y?u ~ ��jsn[iMjmldn�zCpgusn�jmlqp�j
n[yRjmldnCt�jmldnCtvnkyau�y?iqum{��`zCyan[i.j§�gn ~ ��nCjstvy?zªz ~ iqusjst<pgyai.j yai%jmldn ~g� usnCtm��p�jmy ~ iqu`j ~ rqt ~ wq{qzAn}z ~ i ® wdn[i^j
r ~ umn n[umjmya��p�jsn[u�nC�gn[i �d��*9� �Q�[�[� ~ t�jmlqp�j�jmlqn}z ~ ��r|{djmp�jmy ~ i|pg�'z ~ usj ~ �F�`p�ÄQyaiq�>jmlqn}p�rqrqt ~ rqt<yap�jsn
yaid��nCtmn[iqzAn[u�yau�y?id��n[pguvy � �Rng� ��i|zAnCtmjmpgyai^j �2� ~ wdn[�?yaid�¡��nCjml ~ wqu�um{qz<lMpgu���pg�a��pgi ® �RjsnCtvy?id�¡zCpgiMtmn[wq{|zAn
jmldn�usnC�gnCtvyRjD� ~ � jmlqn�rqt ~g� �Rn[�}� � {dj�zAnCtmjmpgyaiq�a� w ~ i ~ j'n[�aya��yai|p�jsn�yajC�
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È�lqyau�zvlqp�rqjsnCt�pgwqwdtmn[umumn[u�jmlqnFr|t ~g� �Rn[� ~ �«n[umjmp � �ayauml|yaid�¡pgzCzC{dt<p�jsn�r ~ usn�n[usjmya��p�jsn[u'yai jmldn�z ~ i,�

jsn $ j ~ ��t ~g�©~ jmy?z2��p�r|r|yaid�d��È�lqn2r ~ usn n[usjmya��p�jsn[u`zCpgi � nM{qusn[w j ~ z ~ �a�Rn[zAj�pgzCzC{dt<p�jsn[�R� � ~ zCpg�ay �Cn[w
��n[pgum{dtmn[��n[i.jmu�yai�jmldn[yRt ~Ox i tvyR�4l^jC� ~ t�pgu§pkrqtmn[zC{dtvu ~ t¡j ~ pªus�,usjsn[�¨jmlqp�j � {qya�?wqu�pk�`p�rÀ�kÈ�lqn
t ~g�V~ j¢z ~ �a�Rn[zAjmy?id�k��n[pguv{dtmn[��n[i^jmu¡� ~ t�jmldn2��p�r ~ rVnCtvp�jsn[u§yai¦z ~ i|zAnCtmj x yRjml¦p>usn[z ~ iqw�t ~g�V~ j¡jmlqp�j
pgzAjmu�pgu�pgiªpgzAjmyR�gn ~g� usnCtm�gnCt&��h_i ~ {dt§�v�[�1�q�A�s�g�#"��g�/ R�[�<�  4"��[�4�#"�� $ umzvlqn[��ng�|jmlqy?u�usn[z ~ iqwkt ~g�V~ j�jstvpgzvÄQu
jmldn�� ~ jmy ~ iqu ~ � jmlqn ® tvusj�pgu�yRj�z ~ �a�Rn[zAjmu�wqp�jmp`pgiqw}rqt ~ �,yawdn[u'yaj x yRjmlTjmldn�y?id� ~ t<��p�jmy ~ iMtmn/-Q{qyRtmn[wMj ~
rqtmnC�gn[i^j ~ w ~ ��nCjstvyaz�nCtmt ~ t���t ~ ��pgzCzC{q��{q�ap�jmy?id�d� _ nFzCpgi �,yRn x jmldnFt ~g�V~ jmucp�tvn � n[yaid� �sz ~ iqidn[zAjsn[w �� � p ��"��9� �q�  À� �[���,�A� x lqyaz<lMyau�n[usjmp � �ay?umldn[w � nCj x nCn[i}jmldn�j x�~ t ~g�V~ jmu'pgiqw x l|yazvl n[iqp � �an[u�jmlqn�jmpgusÄ
~ ����p�rqrÅyaid�>j ~£� nTpgzCz ~ ��rÅ�ayaumldn[w x yajml ~ {dj§umyR�4iqy ® zCpgi.j§nCtmt ~ t�pgi|w y?iqwdnCrVn[iqwdn[i^j ~ �FjmldnT�gt ~ {qi|w
um{dtm��pgzAn�z ~ iqwqyRjmy ~ i|u�pgi|wMjmldn -^{|pg�ayRj � ~ � jmlqn ~ w ~ ��nCjstm�`n[usjmy?��p�jsng�*h_iMr|p�tmjmyazC{q�?p�t[�,jmldn�rqt ~ rVnCtmj � ~ �
yai.jsnCtvn[usj x n§��p�r£yau�jmlqn¢�,yaum{qpg� p�rqrVn[p�tvpgiqzAn§pgiqwkjmldn�{qjmya�ayRjD� ~ �*�Qy?um{qpg�«�?pgiqwq��p�tmÄ,u�pgu�wdnC�gn[� ~ r©n[w
� � : ~g� nCtmj5�dya� � ��� � � ��h_ikr|tvyaiqzCyRrÅ�Rng�|� ~ tmn§jmlqpgi ~ idn ~ �*jmlqn[usn�pgzAjmyR�gn ~g� usnCtm�gnCt<u�z ~ {q�aw � n§{qusn[w
umya��{q�Rjmpgidn ~ {quv�R�g�4pg�Rjml ~ {d�4l`jmlqyau�yau*i ~ j�n[�ap �V~ tvp�jsn[w2y?i�jmlqyau¥jmlqn[umyauC����nC� ~ iqw2rqtmn[usn[i^jmyaid��jmlqn�wdnCjmpgya�?u
~ ��jmldnkp�rqrqt ~ pgz<l pgiqwYyajmu�ya��r|�an[��n[i.jmp�jmy ~ iN�cjmlqy?u�zvlqp�r|jsnCt`rqt ~ �Qy?wdn[u�p -Q{qpgi^jmyRjmp�jmyR�gn}nC��pg�a{qp�jmy ~ i
�:pg�ay?wqp�jmyaid��jmldn�n;9Vn[zAjmyR�gn[idn[umu ~ � jmlqyau'��nCjml ~ w ~ � ~ �g�g�

È�ldn�tmn[��pgy?iqwdnCt ~ �¤jmlqyau�z<lqp�rqjsnCt�yau�usjst<{qzAjm{dtmn[wkpgu�� ~ �a� ~&x uC� �Qn[zAjmy ~ iHC�wqy?umzC{qumusn[u�jmlqn¡�gn[idnCtvpg�
��tvpg��n x�~ tmÄ yai x lqyaz<l ~ {dt'p�rqrqt ~ pgz<l}p�rqr|�ayan[uC� _ n¡jmldn[iTwqyaumzC{|umu�p§rÅp�tmjmyazC{q�ap�t�p�rqr|�?yazCp�jmy ~ i ~ � ~ {dtO�O �
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p�rqrqt ~ pgz<lTj ~ jmldn�jmpgusÄ ~ � �Qy?um{qpg�V�apgiqwq�`p�tmÄ2�Rn[p�t<iqyaid�§yai �Qn[zAjmy ~ i �§pgiqwMn $ rVnCtvy?��n[i.jmpg�Vtvn[um{q�Rjmu'p�tmn
rqtmn[usn[i^jsn[w}yai �Qn[zAjmy ~ i � �
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È�ldn x�~ tmÄ�rqtmn[umn[i.jsn[w ldnCtmnFyauc� ~ jmya�:p�jsn[w � ��jmldn�idnCn[w2j ~ {qusn�p¢� ~g� ya�an�t ~g�V~ j�yai ~ tvwdnCt�j ~ pgz9�
zC{dtvp�jsn[�R�¡�`p�r§pFusr|p�jmy?pg�a�R����p�tm�Qy?id��rqt ~ r©nCtvj � ~ �©pgi�{|idÄQi ~&x i < r ~ umumy � �a�Flqp �[p�t<w ~ {qu 
«n[i^�QyRt ~ iq��n[i^jC�
�,{qzvl�pMrqt ~ r©nCtvj �kz ~ {|�aw � n�pMz ~ i^jmyai^{ ~ {qu���{|iqzAjmy ~ i < usnCn - yR�4{dtvn 
 � C�p 
 ~ �gnCt�jmldn�pgzCzAn[uvumy � �Rn�p�tmn[p
um{qzvl pgu�tvpgwqyap�jmy ~ iN�cjsn[��rVnCtvp�jm{qtmng���`p��4idnCjmyaz ® n[�?w �:p�tvy?p�jmy ~ iN�cn[�anC�:p�jmy ~ i ~ t`�,yaum{qpg��p�rqrVn[p�tvpgiqzAng�
~ t¡jmldn�r|t ~ rVnCtmj �£z ~ {q�aw � n2pªwqyauvzAtmnCjsn���{qiqzAjmy ~ i < umnCn - yR�4{dtmn 
 � C � 
�um{|zvl¦pgu¢rqtmn[umn[iqzAn ~ ����yaiqn[uC�
� ~ usj ~g� �sn[zAjmuC�Vl ~ �Rn[u<¬:pgi ~ ��pg�ayRn[u ~ i}jmldn¢�gt ~ {qiqwN� ~ t�n[�Rn[zAjstvy?zCpg� ~ {djm�anCjmuC��hLik� ~ usj�zCpgumn[u�jmldn�usn[iqu ~ t
{qusn[w j ~ ��p�r}p�t � yRjst<p�tm��rqt ~ rVnCtmjmyan[u�um{|zvlTpgu�jml ~ usn�i ~ jsn[wTp �V~ �gn¡yau�i ~ j'um{qyRjmp � �Rn�� ~ t'jmldn�pgzCzC{dtvp�jsn
� ~ zCpg�?y �[p�jmy ~ i ~ � jmldn�n $ rÅ� ~ tvyaid�§t ~g�V~ j \ � ~ t�n $ pg��r|�Rng�qp�t<pgwqyap�jmy ~ iT��nCjsnCtFzCpgiqi ~ j'tmn[pgw|ya�R� � n�{qusn[w
j ~ pgzCzC{dtvp�jsn[�a��tvn[z ~ �gnCt�jmldn�r ~ usn ~ �©jmlqn�n $ rÅ� ~ tvyaid��t ~g�©~ jC�¥È�lqnCtmnC� ~ tvng�.jmldn�umn[�R�?� � ~ zCpg�ay �[p�jmy ~ i�p � ya�?yRj �
~ ��p�umyaid�4�an2t ~g�V~ j ~ i jmldn � pguvyau ~ ��jmldnT��n[pgum{qtmn[��n[i^j ~ ��jmldnTz ~ i^jmyai^{ ~ {qu§��{|iqzAjmy ~ i ~ ��yai^jsnCtmn[usj
yau�r ~^~ t x yRjml ~ {dj¡jmldn`pgumumy?usjmpgiqzAn ~ �'pgwqw|yRjmy ~ iqpg�¥usn[i|u ~ tm�£p�rqr|p�tvp�jm{|uC� - {dtmjmldnCtv� ~ tmng� jmlqn`�gt ~ {qi|w
um{dtm��pgzAn&-^{qpg�?yRj �¡�`p[� � n'{qiqnC�gn[iN�gtmn[um{q�ajmyaid��y?i x ldnCn[�dum�ayRr|r|p��gng�gpgiqw§tmn[iqwdnCt<yaid��jmlqn ~ w ~ ��nCjstv��usn[id�
u ~ tvuc{|idtmn[�ayap � �Rng� 9 {dt�p�rqrqt ~ pgz<l`n[��rÅ� ~ �,ucz ~Q~ rVnCtvp�jmyR�gn�� ~ zCpg�ay �[p�jmy ~ i�pgu�wdn[umzAtvy � n[w�yai�jmldn�rqtvnC�Qy ~ {|u

O�O[�
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zvlqp�rqjsnCt<u*yai ~ tvwdnCt¥j ~ tmn[z ~ �gnCt�jmlqn'r ~ umn ~ �©jmldn�n $ r|� ~ tvyaiq��t ~g�V~ j x yajml�l|yR�4l§pgzCzC{dtvpgzA�g�,yaiqwdnCrVn[iqwdn[i^j
~ � jmldn¡�gt ~ {qiqwTum{qtm��pgzAn�r|t ~ rVnCtmjmyRn[u'pgiqwTjmlqn�tmn[�ayap � y?�ayRj � ~ � jmldn ~ w ~ ��nCjstm� umn[iqu ~ tvuC�

8 i ~ jmldnCt�� ~ jmya�:p�jmy ~ ik� ~ t�{|umyaid�`� ~ tmn¢jml|pgi ~ idn§� ~g� y?�Rn¡t ~g�V~ jFyau�jml|p�jFusnC�gnCt<pg� p�r|r|�ayazCp�jmy ~ i|u
tmn/-^{|yRtmn�jmldn¢n $ r|� ~ tvp�jmy ~ i ~ t�yaiqumr©n[zAjmy ~ i ~ �*lqp �[p�tvw ~ {|u�n[i^�Qyat ~ iq��n[i^jmu x yajml}pgikp�jsjsn[i|wqpgi.jFtvyaumÄ j ~
jmldn}t ~g�V~ j`w ~ y?id�£jmldn x�~ tmÄ©� �,{qz<l p�rqrÅ�ayazCp�jmy ~ iqu�y?iqzC�a{qwdn � {qj�p�tmnªi ~ j`�?ya��yRjsn[w j ~ ��wdnA� ��yai|yaid�
tv{dtvpg��p�tmn[pguC�*yaiqumr©n[zAjmy?id�ªiQ{qzC�Rn[p�t���pgzCya�?yRjmyRn[u ~ t���p�tvÄQyaiq�^¬:��p�rqr|yaiq� ~ ��zvlqn[��yazCpg��usr|ya�a�?uC�ThLi ~ tvwdnCt
j ~ y?��rqt ~ �gn>t ~g� {qusjmidn[uvu ~ tTtmn[w|{qzAnkjmlqn>r ~ jsn[i^jmyapg��z ~ usj}yai um{qz<l p umzAn[i|p�tvy ~ x n£zCpgi wdnCrÅ� ~ � p
jsn[pg� ~ � ldnCjsnCt ~ �gn[idn ~ {qu�t ~g�©~ jmu�z ~ iqumy?usjmyaid� ~ �«p � � pgusn ��t ~g�V~ j x lqy?zvl`y?ucn/-Q{qyRrqrVn[w x yRjml`jmlqnF��pgy?i
z ~ ��r|{djsnCt[�dp§z ~ ����{qiqyazCp�jmy ~ i � ~ wq{|�Rn�pgiqw jmldn�t ~g�V~ j�jstvpgzmÄgnCtFusn[iqu ~ t&�,pgi|w p�jsn[pg� ~ � � ~&x nCts� z ~ usj
�_n $ r|� ~ tvyaid���¢t ~g�V~ jmu�jmlqp�j'p�tmn�n/-Q{qyRrqrVn[w x yRjml ~ iq�R��jmldn���p�r|r|yaid��usn[iqu ~ t < pgiqwMjmlqnFjmp�tv�gnCj�� ~ t�jmldn
t ~g�V~ jFjst<pgzmÄgnCt 
<�§h_i�r|p�tmjmyazC{q�?p�t[� ~ {qt�umzvldn[��n ~g� �,yap�jsn[u�jmldn�idnCn[w�� ~ t�pgzCzC{dtvp�jsn ~ w ~ ��nCjstm� ~ i�jmldn
n $ r|� ~ tvyaid��t ~g�V~ jmuC�'È�lqn � pgusn¢t ~g�V~ j�yau�pg� x p&�Qu�� ~ zCp�jsn[wkp�jFp`ump���n¢p�tvn[p`ÄgnCnCr|y?id���,yaum{qpg�Àpgi|w}tvpgwqy ~
z ~ i.jmpgzAj x yRjml`jmlqnFn $ r|� ~ t<yaid�¡t ~g�©~ jmu[�¥hD�«pgi^� ~ � jmldn�n $ rÅ� ~ tvyaid�¢t ~g�V~ jmu�p�tmn�wdn[usjst ~ �gn[wTjmldn�n $ rVn[iqumn
yau'�aya��yajsn[wN�Qpgi|wTjmldn¡��y?umumy ~ iMzCpgiªz ~ i^jmyaiQ{dn x yRjmlMjmlqn¡um{dtm�,yR�,yaid��t ~g�V~ jmuC�

	¤°k¼�´�´�¾ ¸	�,³©ºg¸ ·«»�����³V»�¹cÂ ³V²	�
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h_i�jmlqyau�usn[zAjmy ~ i x nMwdn[� ~ i|usjstvp�jsnMjmldn n;9©n[zAjmyR�gn[iqn[umu ~ � ~ {dt�p�rqrqt ~ pgzvl pgu§yRj�p�r|r|�ayRn[u¡j ~ jmldn
rqt ~g� �Rn[� ~ �*�Rn[p�tviqyaiq���Qy?um{qpg�À�apgi|wq��p�tmÄ,u x lqy?zvlªp�tvn�{qumnC��{q�À� ~ tFjmldn¡jmpgumÄ ~ �*r ~ usn�n[usjmya�`p�jmy ~ i ~ �*p
umyaid�4�Rn�t ~g�V~ j�n��^{qyarqrVn[w x yajml2p�zCpg��nCt<p � pgusn[w ~ iM�Qy?um{qpg� ~g� usnCtm��p�jmy ~ iqu ~ � jmldn�n[i.�,yRt ~ iq��n[i.jC�*È�lqn
jstvpgzmÄgnCtvu¡wdn[umzAtvy � n[wkyai>jmldn�o'lqp�rqjsnCt f �Qn[zAjmy ~ iqu CQ��� zCpgi � n¢n[��r|� ~ �gn[w�j ~ rqt ~ r©nCt<�R�TtmnC�4yausjsnCt�jmldn
�apgiqwq��p�tvÄ ~g� usnCtv�:p�jmy ~ i|u ~ i�jmldn���p�rÀ�^yW�0ng� j ~ rqt ~ �,yawdn �_�gt ~ {qiqw�jst<{djml ��r ~ umyRjmy ~ i|u x lqya�Rn�jmldn�t ~g�V~ j
n $ r|� ~ tmn[u«jmlqn��,yaum{|pg�4n[i^�QyRt ~ iq��n[i^jC� _ n�n[��r|� ~ ��jmldn'�apgi|wq��p�tmÄ��Rn[p�tvi|yaid����tvpg��n x�~ tmÄ¡wqnC�gn[� ~ rVn[w � ��,ya� pgiqw 9�{qwdnCÄ�pgiqw wdn[umzAt<y � n[w�yai � � � � ��� � � pgiqw � � � � � � x lqy?zvl�jst<pgzmÄ,u�jmlqnFusnCj ~ �Àr ~ yai^jmu ~ {djsr|{qj
� ��pgiMp�t � yajstvp�tm��� ~ wdn[� ~ �«�Qyauv{qpg�|p�jsjsn[i^jmy ~ iMpgiqw p�jsjsn[��rqjmu�j ~ z ~ iqusjstv{|zAj�p¢tmnCrqtmn[umn[i.jmp�jmy ~ i ~ �Njmldn
�apgiqwq��p�tvÄªpgu�pM��{|iqzAjmy ~ i ~ ��jmlqn�r ~ umn ~ ��jmldn§t ~g�V~ jC� �,{qzvl£pMtvnCrqtmn[usn[i^jmp�jmy ~ i�zCpgi�jmldn[i � n��ap�jsnCt
n $ r|� ~ yRjsn[w>� ~ t�jmldn�jmpgusÄ ~ �cn[usjmy?��p�jmyaid�Mjmldn§r ~ usn ~ �cjmldn§t ~g�V~ j���t ~ ��wdnCjsn[zAjsn[w£�,yaum{qpg� �apgiqw|��p�tmÄ,u
yaiMjmldn�p � usn[i|zAn ~ �¥p�usn[z ~ iqw}t ~g�©~ j ~ t�p�jstvpgzmÄgnCt&� � �
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È�ldn'�Rn[p�tviqyaiq�F��nCjml ~ w�yau¤wdnCrÅyazAjsn[w�yai - yR�4{dtmn 
 ����pgiqw ~ rVnCtvp�jsn[u*pgu*� ~ �a� ~&x u < tmnC��nCt*j ~ jmldn�zCyRjsn[w
x�~ tmÄ � ~ t���{qtmjmldnCt�wdnCjmpgya�?u 
<�

< y�
 � ��� &)-��,(+*� )- /�� 9 idn�t ~g�V~ j�jstvpgzmÄ,u'jmldn ~ jmldnCt�pgu'yRj'z ~ �a�Rn[zAjmu'ya��p��gn[u�umpg��r|�ay?id�¢p�tvpgid�gn
~ �¥r ~ umn[u�yaiªjmldn¡n[i^�Qyat ~ iq��n[i^jC��È�ldn¢r ~ umn¡p�j x lqyazvlªn[pgzvl�ya��p��gn�yau�jmp�Ägn[i�yau�tmn[z ~ tvwdn[w
pgu�jmldn�n[usjmy?��p�jsn��4yR�gn[i � � jmldn�jstvpgzvÄgnCt[�

< yay�
�� 1�*51 	6*� )-�/���� � $ � �����<�}�v� $ �%" �4�4� ��*�p�tmn�n $ jstvpgzAjsn[w>��t ~ � n[pgzvl>ya��p��gn¡{|umyaid��p2� ~ wqn[�
~ ���Qy?um{qpg�Fp�jsjsn[i.jmy ~ iÀ� �«pgiqwq�`p�tmÄYzCpgiqwqyaw|p�jsn[u2p�tmn�tmn[zAjmpgiq�4{q�ap�tTya��p��gn>tmnC�4y ~ iqu jmlqp�j
ump�jmyaus��� p��Qyauv{qpg�Vp�jsjsn[i.jmy ~ i>zAtvyRjsnCt<y ~ iN�

< yayay 
 5 (�*�	��� #//3 � �d�s�4�C�g� �  R� $ � ���g�v��*�p�tmn�n $ jstvpgzAjsn[w � � jstvpgzmÄ,yaid�`�Qyauv{qpg�a�R�`uvya��ya�ap�t�zCpgiqwqyR�
wqp�jsn¡�apgiqw|��p�tmÄ,u ~ �gnCt�jmlqn¡z ~ i ® �4{dt<p�jmy ~ i}usr|pgzAng�

< ya� 
"! (��,(�" 1�*�1 �8 ��=(+*� )- /�� È�ldnFjstvpgzmÄgn[wk�apgiqwq��p�tvÄQu�p�tmn�r|p�tvpg��nCjsnCt<y �Cn[w ~ iMjmldn � pgumyau ~ � p
usnCj ~ �dz ~ ��r|{qjsn[w¡�apgiqw|��p�tmÄ�p�jsjstvy � {djsn[u < � ~ t n $ pg��r|�Rng�:r ~ umyRjmy ~ i�yai�jmldn�ya�`p��gng�:yai^jsn[iqumyaj �
wqyausjstvy � {djmy ~ iN��n[wd�gn�wqyaumjstvy � {djmy ~ iN��nCjmz 
<�,pgi|w�jmldn[i ��n[pgum{dtvn[w`yai`jsnCtv��u ~ �Njmldn[yRtF� �©�1"I����"
�,�#"  "�� � � ~ t�r ~ umn�n[usjmya��p�jmy ~ iÀ�

O�O�.
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- ~ t¡jmldn�r|{qtmr ~ usn[u ~ � ~ {qt�n $ rVnCtvya��n[i.jmuC�«jmldn��Qy?um{qpg�¥�apgiqw|��p�tmÄ,uFp�tvn`yaiqyRjmy?pg�a�R�Tusn[�Rn[zAjsn[w¦��t ~ �
p�um{ � umnCj ~ � jmlqn�jstvpgyaiqy?id��ya��p��gn[u�{|umyaid��pgi}p�jsjsn[i^jmy ~ i ~ r©nCt<p�j ~ t�jmlqp�j�tmn[usr ~ iqwqu�j ~ � ~ zCpg�À�`p $ ya�`p
~ �¥n[wd�gn�wqn[iqumyRjD�}yai}jmldn�ya��p��gng�FÈ�ldn¢umn[�Rn[zAjsn[w��apgiqwq��p�tvÄMzCpgi|wqyawqp�jsn[uFp�tmn�jmldn[iªjst<pgzmÄgn[w ~ �gnCt�jmldn
tmn[��pgyaiqy?id��ya��p��gn[u pg� ~ id� jmldnªt ~g�©~ j �7u2jstvp��sn[zAj ~ tm� � �Y��p $ ya��y �[y?id��z ~ tmtmn[�ap�jmy ~ i x yajmlYjmldn>� ~ zCpg�
p�rqrVn[p�tvpgiqzAn ~ ��jmldnTyai|yRjmyapg�a�R��wdnCjsn[zAjsn[w��apgiqwq��p�tvÄÅ��È�lqn usnCj ~ �F��p�jmzvlqn[u�j ~ p��4yR�gn[i%zCpgiqwqyaw|p�jsn
z ~ iqusjmyRjm{djsn�pª���_�4�C�g� �  � $ � �����v�:�©pgi|w}yau'usj ~ tmn[wª� ~ t�r|p�tvpg��nCjsnCtvy �[p�jmy ~ i}pgiqwTnC��pg�a{qp�jmy ~ iN�

È�ldncr|p�t<pg��nCjsnCtvy �[p�jmy ~ i ~ �dn[pgzvl��?pgiqwq��p�tmÄF��n[p�jm{dtmn � e y?u pgzCz ~ ��rÅ�ayaumldn[w � ��n[��rÅ� ~ �,yaid�Fp�tvpgwqy?pg�
� pgumyau���{qiqzAjmy ~ iMtvnC�4{q�ap�tvy �[p�jmy ~ iM��tvpg��n x�~ tmÄMj ~ � ~ wdn[�Vjmlqn ~g� usnCtm��p�jmy ~ iT�gn[iqnCtvp�jmyaid����{qiqzAjmy ~ i

� `�� e <�� 
 W < 
 �,O 

x ldnCtmn � yau�p¡� ~Ox w|ya��n[iqumy ~ iqpg�,�gn[zAj ~ ts�W��pg�a{dn[w tmnCrqtmn[umn[i.jmp�jmy ~ i ~ �ÀjmldnF�apgiqwq�`p�tmÄ�p�jsjst<y � {djsn[u�pgiqw �
yaucjmlqn�r ~ usn ~ �«jmldnFt ~g�V~ jC�¤hLi ~ jmldnCt x�~ tvwquC� � e <�� 
�yau�jmldnF��{qi|zAjmy ~ i�jmlqp�j�rqtvn[wqyazAjmu�jmldnFp�jsjst<y � {djsn[u ~ �
jmldn��?pgiqwq��p�tmÄ�pgu¥pF��{qiqzAjmy ~ i ~ �|jmlqn�r ~ usn ~ �|jmlqn�t ~g�©~ jC� - {dtvjmldnCtv� ~ tmng�gjmlqn��?pgiqwq��p�tmÄ�y?u«nC��pg�a{qp�jsn[w
� ~ t�yRjmu*{djmya�?yRj � � ��z ~ ��rÅ{djmyaid��jmldnFz ~ ��p�tvyapgiqzAn	� ~ �Àp�tvpgiqw ~ ���a��umpg��r|�Rn[w�um{ � usnCj ~ �À�Rn[p&�gnA� ~ idnA� ~ {dj
zAt ~ umu_�W��pg�ayawqp�jmy ~ iMtmn[umyawq{|pg�au ~ �gnCtFjmldn�jstvpgyaiqy?id��usnCjC�
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È�ldn�rÅp�tvpg��nCjsnCtvy �[p�jmy ~ i ~ �«n[pgzvlª�apgiqwq��p�tvÄ�p:9 ~ tvw|u'p��`p $ ya��{q�Ã�ayRÄgn[�ay?l ~^~ w�r|tmn[wqyazAjmy ~ i ~ � pgi
~g� usnCtm��p�jmy ~ iN�,�4yR�gn[iTpgi��5�Å��"�����"�r ~ umnFn[umjmya��p�jsn � �qpgu x n[�a�Vpgu�p§��n[pgum{dtmn ~ � jmldn�{qiqzAnCtmjmpgy?i.jD� < ��

~ ��jmlqp�j§rqtmn[wqy?zAjmy ~ iN� 8 u§um{qz<lN�¥jmldnM�apgiqwq��p�tvÄ�� ~ wqn[�au¡p�tmnT{qumnC��{q�c� ~ t§jmldnMjmpgusÄ ~ � �Å�s�.�m�^�+"  4" *9�#"I�
�_�.�v�g�  �[�<�  " �&�g�#"��%$q��È�lqp�j�y?uC� x n�zCpgiTz ~ iqusjstv{|zAj�p§�ayaÄgn[�ayal ~Q~ w`��{|iqzAjmy ~ i�� < ��� � 
 x lqy?zvl pg�a� ~&x u�{|u�j ~
��n[pgum{dtmn�jmldn��ayRÄgn[�?yal ~Q~ w ~ �Npgi ~g� umnCtm�:p�jmy ~ i � �,pgumum{q�`yaid��ÄQi ~&x �Rn[wq�gn ~ �Njmldn�t ~g�V~ j �7ucr ~ umn � ���,{qzvl
p£�ayRÄgn[�ayal ~^~ w¦��{qiqzAjmy ~ i%zCpgi � nTn[��r|� ~ �gn[wYyai p 
F� �.��*�"�� $ &9�_� �`� (c���v�%j ~ y?id��nCt�jmlqnTrqt ~g� p � y?�ayRj �
wqyausjstvy � {djmy ~ i ~ � � �4ya�gn[i}jmldn ~g� umnCtm�:p�jmy ~ i � �

� <�� � � 
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x ldnCtmn�� <�� 
'tmnCr|tmn[usn[i^jmu�jmldn¢rqtvy ~ t�yaid� ~ tv��p�jmy ~ ikp �©~ {qj � pgiqw�� < � 
�yau�p`z ~ iqusjmpgi^jFtmn[�ap�jmyR�gn�j ~ jmldn
yaiqwdnCrVn[iqwdn[i^j��:p�t<yap � �Rn � � �QnC�gnCt<pg��um{|zvl�r|t ~g� p � ya�?yRj ��wqyausjst<y � {djmy ~ i|uFzCpgi � n��gn[idnCtvp�jsn[w \ ~ idn2� ~ t
n[pgzvl ~g� umnCtm�gn[w}�apgiqw|��p�tmÄ \ pgiqwTzCpgi � n�z ~ � � yaidn[w j ~�~g� jmpgy?iTp§��{q�?�|r ~ usjsnCtvy ~ t'r ~ umn�w|yausjstvy � {djmy ~ iN�
� ~ jsn�jmlqp�j�jmlqyau���tvpg��n x�~ tmÄ`yau�� ~ tmnF�gn[idnCtvy?z�jmlqpgiMp ��pg�a�`pgi ® �ajsnCt�yai2jmlqp�j'yRj�pg�a� ~Ox uc� ~ t'p§�¢{q�ajmy �
� ~ w|pg�VtmnCrqtmn[usn[i^jmp�jmy ~ i ~ �¤jmldn�r ~ usn��?yRÄgn[�ayal ~Q~ wN�

_ ldn[ikjmldn¡t ~g�©~ j�tmn��Q{qyRtmn[u�p`r ~ usn¡n[usjmy?��p�jsn x yRjml ~ {dj�jmlqn¢pgyaw ~ �¥jmldn¡jstvpgzvÄgnCt[�NyRj�zCpgi ~g� jmpgyaip�zCpg��nCtvp�ya��p��gn�pgiqwT� ~ zCp�jsn�jmldn��Rn[p�t<idn[wM�apgiqwq��p�tvÄQu�yai jmldn�ya��p��gn�{|umyaid��jmldn�rqtmn[wqy?zAjmyR�gnF� ~ wdn[�W�
È�ldn§wqy%9VnCtmn[iqzAn[uFyaikp�r|r©n[p�t<pgiqzAn�pgiqw>r ~ uvyRjmy ~ i � nCj x nCn[i£jmlqn¢rqtvn[wqyazAjmy ~ i>pgiqw>jmldn ~g� usnCtm��p�jmy ~ i ~ �
n[pgzvl��apgiqwq�`p�tmÄTp�tmn¢z ~ � � yaidn[wkj ~ z ~ ��r|{djsn¢jmldn¢�ayaÄgn[�ayal ~Q~ w ~ �cjmldn ~g� umnCtm�:p�jmy ~ ikyaiªjmldn2��p&�gn[umyapgi
��tvpg��n x�~ tmÄ©�*È�lqy?u�rqt ~ zAn[umu'yau�ya�?�a{qusjstvp�jsn[wMyai - yR�4{dtvn 
 � �Q��È�ldn���p $ ya��{q� � �Å��"�����"�r ~ usn�n[usjmya��p�jsn
zCpgi � n§tmn[z ~ �gnCtmn[w � �ª�gt<pgwqyRn[i^j�pguvzAn[i.j ~ �gnCt¡jmldn ~g� usnCtv�:p�jmy ~ i£�?yRÄgn[�ayal ~Q~ wªpgu�p ��{qiqzAjmy ~ i ~ ��r ~ umng�
8 i§n $ pg��r|�Rn��?yRÄgn[�ayal ~Q~ w¡��{qiqzAjmy ~ i�y?u¤r|� ~ jsjsn[w�p�jcp�z ~ p�t<usn�umzCpg�an�yai - yR�4{dtmn 
 � � � � ~ jsn�jmlqp�j*jmlqn'r ~ umn
�ayRÄgn[�ayal ~^~ w}yauFp2{|usnC��{|� ��n[pguv{dtmn ~ �cz ~ i ® wdn[i|zAn�yaikjmldn ® iqpg�«n[usjmya��p�jsn�pg�a� ~&x yaiq�`� ~ tFjmlqn¢tmn �sn[zAjmy ~ i
~ � ~ {djm�?yRnCt'r ~ usn�n[usjmya��p�jsn[u ~ i}jmldn � pgumyau ~ �¥p�{qusnCtm� wdn ® idn[wMjmldtvn[uml ~ �awN�

8 u«i ~ jsn[wN�Ojmlqn¥r|p�jsjsnCtvi ~ �d�apgi|wq��p�tmÄ,u ~g� usnCtm�gn[w¡pgiqw�z ~ ��r|{qjsn[w ~ �gnCt jmldn*n[i^�,yRt ~ iq��n[i^jÀwq{dt<yaid�
jmldn���p�rqr|y?id��usjmp��gn¢zCpgi � n�{qumn[wT� ~ t�pgzCzC{dtvp�jsn¢uvyaid�4�RnA�Wt ~g�V~ j�r ~ usn�n[usjmya�`p�jmy ~ iN�

�*°
	��¥´'µq².¸DÂ�µÅ»«ºg³N¾�
�µ � ��¾Iº��A�
� · » �Oºg² � �Qº4¸W· » ·�� ��³N»c¹�Â ³©²O��� �c³ �:µ|¹��¦¸ � �*³N¾ 
�³©´ �

h_i jmlqyau§usn[zAjmy ~ i x nTrqtmn[umn[i.j§jmldnMtmn[um{|�Rjmu ~ ��wdnCr|� ~ �,yaid�>jmldnMjstvpgzmÄ,yaid����nCjml ~ w � ~ t�jmldnMjmpgusÄ
~ �¢�apgiqw|��p�tmÄ��an[p�tviqyaid�d� 9 {dtTn[i^�QyRt ~ iq��n[i^jMz ~ i|umyausjsn[w ~ �§p%�ap �V~ tvp�j ~ tm��r|p�tmjmyRjmy ~ iqn[w yai.j ~ j x�~
�_t ~^~ �`u � � � t ~^~ �­wqyR�,yawdnCtvuC� x yajml}pgi ~ rVn[iªw ~Q~ t x p[�Tz ~ iqidn[zAjmy?id�`jmldn[�}��È�ldn ® tvusj'j x�~ r|yazAjm{dtvn[u
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Independent Pose
Estimates
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Input image
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. . . Tracked Landmarks
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yai - yR�4{dtmn 
 � f p�tmn�jmldn�t ~g�©~ j �7us�WnC�gnA�W�QyRn x ~ �¤jmldn�j x�~ t ~^~ ��u[�|pgiqwTjmldn�jml|yRtvwMr|yazAjm{qtmn�rqtmn[usn[i^jmu'jmldn
j ~ r¦�,yRn x ~ ��jmldn !q~Q~ t�r|�?pgiN� 8 j¡jmlqn ~ {djmusnCjC� ~ idn�t ~g�©~ j¡tmn[��pgyaidn[w£umjmp�jmy ~ iqp�tm� x lqy?�Rn§jmldn ~ jmldnCt
{qusn[wTp�usnCn[w,� umrqtmn[pgwdnCt'n $ r|� ~ tvp�jmy ~ iMrqt ~ zAn[wq{dtmn � ��
 � � pgzAt ~ umu�jmldn !|~^~ t[�,jmp�Ä,yaid��ya�`p��gn�umpg��r|�Rn[u'p�j
�=7 zC��yai.jsnCtv�:pg�au[� _ ldn[i>jmldn§t ~g�V~ j�lqpgw�z ~ ��r|�RnCjsn[w�jmlqn ® tvusj�t ~^~ �T�ÀyajF� ~ �gn[w � nC� ~ iqw>jmldn�w ~^~ tpgiqw�jmldn`usjmp�jmy ~ iqp�tm��t ~g�V~ j�� ~ �?� ~&x n[w�yRj�j ~ jmlqn�jmldtmn[uml ~ �awN� x ldnCtvn�yRj�tmn[��pgyaiqn[w£usjmp�jmy ~ iqp�tm� x l|ya�Rn
jstvpgzmÄ,yaid��jmldn¡n $ r|� ~ tvp�j ~ tm� t ~g�V~ j�pgu�yRj�z ~ i^jmyaiQ{dn[w}yRjmu'n $ r|� ~ t<p�jmy ~ i ~ � jmldn¡usn[z ~ iqw}t ~^~ �}�

� ������� ��� 1 �8 )" 1�/�* � � p 
 9 w ~ ��nCjstm� �gnCtvum{qu>jstvpgzvÄQyaiq�d� È�ldn jstvp��sn[zAj ~ tm� ~ ��jmldn n $ �
r|� ~ tvp�j ~ tm��t ~g�V~ j x pgu}wqn ® idn[w p�jTjmldn ~ {djmumnCj � � p%{qusnCt[� � ~&x nC�gnCt[�¡pguTjmldn£t ~g�©~ jMn $ r|� ~ tmn[wÀ�
pgzCzC{q�¢{|�ap�jsn[w�nCtmt ~ t�yai ~ w ~ ��nCjstm�ªtvn[um{q�Rjsn[w>yaikjmldn§t ~g�V~ j�umjstvp[�,yaid� ��t ~ �­jmlqn§wqn[umyRtmn[wkr|p�jmlN��È�lqn
jstvpgzmÄ,yaid�£n[usjmy?��p�jsn ~ �Fjmldnªusjmp�jmy ~ iqp�tm� t ~g�V~ j x pgu`rqt ~ �,yawdn[w j ~ jmldnª� ~ �Qyaiq�£t ~g�V~ j�yai ~ tvwdnCt�j ~
z ~ tmtmn[zAj'jmlqyau�pgzCzC{q��{q�ap�jsn[w}nCtmt ~ t[� 9�{dtvy?id�¢jmlqnFn $ r|� ~ t<p�jmy ~ iMjmldn�r ~ usn ~ �«jmldn�t ~g�V~ j x pgu'z ~ tmtmn[zAjsn[w
� pgusn[w ~ ikjmldn ~g� usnCtm��p�jmy ~ iqu ~ � jmlqn¡t ~g�V~ j�jst<pgzmÄgnCt[� 9�{dt<yaid��jmldn¢n $ rVnCtvya��n[i.j�jmlqn¡r|{dtvn ~ w ~ ��nCjstm�
n[usjmya��p�jsn[u x nCtmn�ÄgnCrqj�� ~ t�z ~ ��rÅp�tvyau ~ iqu[� - yR�4{qtmn 
 �4.�r|� ~ jmu�jmldn�{|iqz ~ tmtmn[zAjsn[w ~ w ~ ��nCjstvyaz�jstvp��_n[zAj ~ tv�
< r|� ~ jsjsn[w}pgu � $ ��
�pgiqwMjmldn�pgzAjm{|pg�Njstvp��sn[zAj ~ tm� ~ � jmldn�t ~g�©~ jC�qpgu���n[pgum{dtmn[w � � jmldn�jstvpgzmÄgnCt < r|� ~ jsjsn[w
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pgu � ~ ��
<� - ~ t�jmldn�ump�Ägn ~ �*zC�ap�tvyRjD�g�|jmldn ~ w ~ ��nCjstvyaz�nCtmt ~ t x pgu�tvn[usnCj�j ~ �CnCt ~2� nCj x nCn[ikjmldn ® tvusj�pgiqw
usn[z ~ iqw t ~Q~ ��uC� - yR�4{qtmn 
 � 
 r|tmn[usn[i^jmu§jmldnTpgzCzC{q�¢{|�ap�jsn[w ~ w ~ ��nCjstvyaz nCtmt ~ t�yai jmldnTusn[z ~ i|w t ~^~ �
�gnCtvum{qu'j ~ jmpg� wqyausjmpgi|zAn�jstvp[�gn[�Rn[w < p���jsnCtFyRj x pgu�tmn[usnCj�j ~ �CnCt ~ 


� 
�È tvpgzmÄ,yaid�k�gnCtvum{qu¡�Qyauvy ~ i,� � pgusn[w¦r ~ usn�n[usjmya�`p�jmy ~ iN� 9 iqzAn ya��p��gn2uvpg��r|�Rn[u x nCtmn ~g� jmpgyaidn[w
{qumyaid�¡jmldn�jstvpgzmÄgnCt�n[umjmya��p�jsn[u�pgu��gt ~ {qiqw2jstv{djml2r ~ umyRjmy ~ i2n[usjmya�`p�jsn[uC�dyRj x pgu�r ~ umumy � �Rn'j ~ p�rqr|�R� ~ {dt
�apgiqwq��p�tvÄk�Rn[p�tvi|yaid�T��tvpg��n x�~ tmÄ�j ~ jmldn`y?��p��gn`umpg��rÅ�Rn[u�yai ~ t<wdnCt¡j ~ �Rn[p�tvi�p}�`p�rqr|yaid� � nCj x nCn[i
p�rqrVn[p�tvpgiqzAnA� � pgusn[wM�apgi|wq��p�tmÄ,u�pgi|w2jmlqnFr ~ usn ~ �ÀjmlqnFt ~g�©~ jC� - yR�4{qtmn 
 � �§uvl ~&x u�jmldn�wqy?umzAtmnCr|pgiqzCyan[u
� nCj x nCn[i¦jmldn�r ~ usn�n[umjmya��p�jsn[u¢��t ~ � jmldn`jstvpgzvÄgnCt < �`p�tmÄgn[w�pgu¢zCyRtvzC�Rn[u 
Fpgiqw�jmldn2�apgiqwq��p�tvÄ.� � pgumn[w
�Qyauvy ~ i�r ~ usn�n[usjmy?��p�j ~ t < ��p�tmÄgn[w pgu $ �7u 
cyai : ~Q~ � CQ� 8 j�n[pgz<l2r ~ umyajmy ~ iN�4jmldnFj x�~ CO� 9 rqt ~ �sn[zAjmy ~ iqu
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~ ��jmldn2pg�RjsnCtviqp�jmyR�gn`r ~ umn�n[usjmya��p�jsn[u¢p�tmn � ~ yaidn[w � �>p}�?yaidng� _ lqya�Rn§jmldn�jst<pgzmÄgnCt§yau�zC�Rn[p�tv�a�k� ~ tmnpgzCzC{dtvp�jsng�,jmldn �^{qpg�?yRj � ~ �ÀjmldnF�apgiqwq�`p�tmÄ.� � pgusn[w�r ~ usn�n[usjmya��p�jsn[u�yau�um{��`zCyRn[i^jc� ~ t�umyRjm{qp�jmy ~ i|u x ldnCtvn
~ iq�R� ~ iqn�t ~g�V~ j�yau�rqtmn[umn[i.jC�
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Localization results for klt
s
mall.dat
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��)
9 {dt ® iqpg�«usjmp��gn ~ �¥jmlqy?u'n $ rVnCtvy?��n[i.j�y?i.� ~ �R�gn[wkiqp[�,yR�4p�jmyaiq��jmldn�t ~g�V~ j�j ~ p`usnCt<yRn[u ~ �¤tvpgiqw ~ �

r ~ uvyRjmy ~ iqu pgiqw§pgz;�^{|yRtvyaid�Fya��p��gnA�«pgiqw�jstvpgzvÄgnCts� � pgusn[w`r ~ usn�n[usjmya��p�jsn[uC� x lqyaz<l�p�tvn�rÅ� ~ jsjsn[w§j ~ �gnCjmldnCt
yai - yR�4{dtvn 
 �,O 7 � È�l|yau ® i|pg��n $ rVnCtvya��n[i^j2ya�?�a{qusjstvp�jsn[u`jmldn£{qusn ~ �¡p �¢{q�ajmy � usn[iqu ~ t2n[usjmya��p�j ~ t}y?i
tmn[� ~ �,yaid� ~ {djm�ayanCtvuC� 8 umum{q�`yaid�`jml|p�j�jmldn§jstvpgzmÄgnCts� � pgusn[w�r ~ umyRjmy ~ ikyau�z ~ tmtvn[zAjC�Àjmldn���n[pgi�nCtmt ~ t�y?i
jmldnTya��p��gnA� � pgusn[w n[umjmya��p�jsn x pgu ����zC�T��p£�?p�tm�gnMr|p�tmj ~ � x l|yazvl zCpgi � nTp�jsjstvy � {djsn[w j ~ jmldnMj x�~
umyR�4iqy ® zCpgi.j ~ {djm�ayanCtvu���t ~ ��idn[p�tv�R�2jmldn¡umpg��n�r ~ umyRjmy ~ iN�

� � ����� ��� 1 �8 )" 1�/�*���� 8 umn[z ~ iqw n $ rVnCtvya��n[i.j x pgu§rVnCtm� ~ tv��n[w x lqnCtmn2jmlqn j x�~ t ~g�©~ jmu
n $ r|� ~ tmn[wMp�umyaid�4�Rn��ap�tm�gn�t ~Q~ �T� 8 j'jmldn ~ {qjmusnCjC� ~ idn�t ~g�V~ j�tmn[��pgyaiqn[w umjmp�jmy ~ iqp�tm� x lqya�an�jmldn ~ jmldnCt
{qusn[wTp�usnCn[w,� umrqtmn[pgwdnCt'n $ r|� ~ tvp�jmy ~ iMrqt ~ zAn[wq{dtmn � ��
 � � pgzAt ~ umu�jmldn !|~^~ t[�,jmp�Ä,yaid��ya�`p��gn�umpg��r|�Rn[u'p�j
Cg��zC�
yai^jsnCtm��pg�auC�«pgi|w¦yai£� ~ {dt ~ tvjml ~ � ~ iqpg�*�,yRn x y?id�}wqyRtmn[zAjmy ~ iquC�Àj x�~>~ � x lqyaz<l�p�tmn`ya�?�a{qusjstvp�jsn[w£y?i
- ya�4{dtmn 
 �,O�O��

8 u � nC� ~ tmng�djmldn�jst<p��_n[zAj ~ tm� ~ � jmldn�n $ r|� ~ t<p�j ~ tm�Mt ~g�V~ j x pgu�wdn ® idn[wTp�j�jmlqn ~ {djmusnCj � �Mp�{qusnCt&�
� ~Ox nC�gnCt[�qpgu�jmldn�t ~g�V~ jcn $ r|� ~ tmn[wN�QpgzCzC{q��{q�ap�jsn[w2nCtmt ~ t�yai ~ w ~ ��nCjstm��tmn[uv{q�Rjsn[w`y?i�jmldn�t ~g�V~ j�usjstvp&�.�
yaid�ª��t ~ � jmldnMwdn[umyatmn[w¦rÅp�jmlN�¦È�ldnMwqy%9VnCtmn[i^jmyapg��wdtvyR�gn z ~ i ® �4{dtvp�jmy ~ i ~ ��jmldnMn $ rÅ� ~ tvp�j ~ tm��t ~g�©~ jC�
z ~ {dr|�Rn[w x yRjmlk��tvn��^{dn[i^j�t ~ jmp�jmy ~ iquFj ~ zCp�rqjm{qtmn¢jmlqn�� ~ {dt��,yRn x yaid� wqyRtmn[zAjmy ~ iqu��an[wªj ~ p2tvp�r|yawÀ�©pgiqw
u ~ ��n x lqp�j�us�,usjsn[��p�jmy?z�wqnC�gtvpgwqp�jmy ~ i�yai�wdn[pgw>tmn[zvÄ ~ iqyaid�d�Àpgu�ya�?�a{qusjstvp�jsn[wkyai - ya�4{dtmn 
 �,O�C�p,� x ldnCtvn

O�C��
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jmldn�{qiqz ~ tmtmn[zAjsn[w ~ w ~ ��nCjstvyaz�jstvp��sn[zAj ~ tm�£yauFr|� ~ jsjsn[w£pgu�pTwqpguvl,� w ~ jsjsn[w��ay?idng�Npgiqw>jmldn�pgzAjm{qpg�¥jstvp:�
�_n[zAj ~ tm� ~ �Àjmldn�t ~g�V~ jC�dpgu ~g� usnCtm�gn[w � ��jmldn�jstvpgzvÄgnCt[�qyau�r|� ~ jsjsn[wMpgu'p�u ~ �ayaw �ayaidng�¤È�ldn�pgzCzC{q��{q�ap�jsn[w
~ w ~ ��nCjstvyaz�nCtmt ~ t�yau�r|� ~ jsjsn[wT�gnCt<um{qu'j ~ jmpg� wqyausjmpgiqzAn�jst<p[�gn[�Rn[w>yai - yR�4{dtmn 
 �,O�C � �
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9 iqzAn�ya��p��gn�umpg��r|�Rn[u x nCtmn ~g� jmpgyaidn[w�{|umyaid��jmldn'jstvpgzvÄgnCtcn[usjmy?��p�jsn[ucpgu¥�gt ~ {qiqw�jstv{djml§r ~ umyRjmy ~ i
n[usjmya��p�jsn[uC�ÅyRj x pgu�r ~ umumy � �an�j ~ p�r|r|�R� ~ {qt��apgiqwq�`p�tmÄ2�Rn[p�t<iqyaid�§��tvpg��n x�~ tmÄMj ~ jmldn¡ya�`p��gn¡umpg��r|�an[u
yai ~ t<wdnCtTj ~ �Rn[p�tvi p ��p�rqr|yaiq� � nCj x nCn[i p�rqrVn[p�tvpgiqzAnA� � pgusn[w �apgiqwq�`p�tmÄQu pgiqw jmldn�r ~ usn ~ �¡jmldn
t ~g�V~ jC��È«tvpgy?iqyaid� x pgu¡p�rqr|�?yRn[w�usnCr|p�tvp�jsn[�R�>j ~ n[pgz<l ~ ��jmldn�� ~ {dt��,yRn x yaiq�Mw|yRtmn[zAjmy ~ iqu[�ÀwdnC�gn[� ~ r|yaiq�
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p`usnCj ~ �*jstvpgzvÄgn[w£�apgiqwq��p�tvÄ ~g� usnCtm��p�jmy ~ iquC� 8 �4pgyai>jmldn ® iqpg� usjmp��gn ~ � ~ {dt�n $ rVnCtvya��n[i^j�y?i.� ~ �R�gn[w
iqp[�,yR�4p�jmyaid�£jmlqn}t ~g�V~ j�j ~ p£usnCt<yRn[u ~ � ����tvpgiqw ~ ��r ~ umyRjmy ~ iqu§pgiqw pgz;�^{qyatvyaid�£ya��p��gn[u2pg� ~ id�£jmldn
� ~ {dt ~ tmjml ~ � ~ iqpg���,yRn x yaid��w|yRtmn[zAjmy ~ iqu[��h_��p��gnA��pgiqwYjstvpgzvÄgnCts� � pgusn[w �`p $ ya��{q� �?yRÄgn[�ayal ~Q~ w r ~ umn
n[usjmya��p�jsn[u x nCtmn2jmldn[i£�gn[idnCt<p�jsn[w¦� ~ t ~ idn ~ ��jmlqn��Qyan x yaid�}wqyatmn[zAjmy ~ iquC� pgiqw ~ {djm�ayanCtvu�tmn[� ~ �gn[w ~ i
jmldn � pgumyau ~ ��pª�ayRÄgn[�ayal ~^~ wªjmlqtmn[uml ~ �awÀ� 9 ��jmlqn ��� ~g� usnCtv�:p�jmy ~ i|uC� � n[umjmya��p�jsn[u x nCtmn�tvn �_n[zAjsn[wN�2hLi
�gn[idnCtvpg�I�©jmldn[usn ~ {djm�ayRnCt<u�z ~ tmtmn[umr ~ i|wdn[w}j ~ ~g� usnCtm��p�jmy ~ iqu x ldnCtvn�jmldn�t ~g�V~ j x pgu��gnCtv�ªzC� ~ usn¢j ~ jmldn
x pg�a�ÅyRj x pgu���pgzCyaid�d� 9 idn x�~ {q�?w`n $ rVn[zAj�jmlqp�j�pgi ~g� usnCtm��p�jmy ~ i2��t ~ �Ãp�wqy%9VnCtmn[i^jc�,yRn x yaiq�¡wqyRtmn[zAjmy ~ i
x�~ {q�?w2tvnCjm{dtviMpgiTn[usjmya�`p�jsn x yRjmlMlqyR�4ldnCt'z ~ i ® wdn[iqzAng� _ n¡l|p[�gn ~ ��yRjsjsn[w}jmlqyau�p�rqr|�ay?zCp�jmy ~ i � ~ t'jmldnump�Ägn ~ � � tmnC�,yRj �g�

È�ldn¡tmn[�`pgyaiqyaid� 
 �`y?��p��gnA� � pgusn[w�n[usjmy?��p�jsn[u ~ �clqyR�4l>z ~ i ® wdn[i|zAn�p�tmn§r|� ~ jsjsn[w x yajmlªjmldn[yatFpgu_�
u ~ zCy?p�jsn[wªjstvpgzvÄgnCts� � pgusn[w�n[umjmya��p�jsn[u�yai - yR�4{qtmn 
 �,O
�Q� 8 uvum{q��yaiq��jmlqp�j�jmlqn¡jstvpgzvÄgnCts� � pgusn[w�r ~ umyRjmy ~ i
yau�z ~ tmtmn[zAjC�qjmldn���n[pgiMnCtmt ~ t�yai jmldn�ya�`p��gnA� � pgusn[wTn[usjmy?��p�jsn x pguBO�.:zC�T� < .^�4.:zC� y?i2jmlqn R wqyRtmn[zAjmy ~ i
�Qu1O[��zC� yai�jmlqn S w|yRtmn[zAjmy ~ i 
<�¥È�lqn��ap�tm�gnCt�nCtmt ~ t�yai`jmldn S wqyRtmn[zAjmy ~ i`z ~ tmtmn[umr ~ i|wqucj ~ jmldnF��pgzAj�jmlqp�j
jmldn¢zCpg��nCt<p x pgu�r ~ yai^jsn[w}r|p�t<pg�a�Rn[�Nj ~ jmldn¡r ~ umyRjmya�gn S p $ yau[�Åpgiqwkzvlqpgid�gn[u�yai ~g� usnCtm��p�jmy ~ iquFwq{dn�j ~
� ~ t x p�tvwM� ~ jmy ~ iTp�tvn�i ~ j�pgu�rqt ~ i ~ {|iqzAn[wMpgu�zvlqpgiq�gn[u�wq{dn�j ~ umyawqnA�Wj ~ � umyawdn�� ~ jmy ~ iÀ�*È�ldn�um��pg�a�Rn[umj
p � u ~ �a{djsn'nCtvt ~ t x pgu 7 � � ��zC�T� x lqyaz<l�yau¥yaiquvyR�4iqy ® zCpgi^j¤z ~ ��r|p�tmn[w`j ~ jmldn �_�gt ~ {qi|w�jstv{djml ��nCtvt ~ t[�.pgiqw
jmldn`�ap�tm�gn[umj¡nCtmt ~ t x pgu3. f zC�T�:� ~ jsn jmlqp�j¢� ~ umj ~ �'jmldn �ap�tm�gnCt¡nCtvt ~ tvu ~ zCzC{dt¢� ~ t§�ap�tm�gn���pg�a{dn[u ~ �
S �}È�l|yau�yau¢wq{dn�j ~ jmldn`��pgzAj¡jml|p�j¢jmldn zCpg��nCtvp x pgu�zC� ~ usn[umj¢j ~ jmldn x pg�a�cyaj x pgu¡��pgzCyaid�ªp�j�jmldn[usn
r ~ uvyRjmy ~ iqu S � pgiqw�pgu¡lqpgu � nCn[i���n[i^jmy ~ idn[wN� jstvpgzmÄ,yaid�kumzAn[idn`��n[p�jm{dtmn[u ~ �gnCt3Cg��zC�
r ~ umn`yai^jsnCtm�:pg�?u
� n[zCpg��n�wqy �`zC{q�ajC�

� � CQ�,O���
'�%$ �4� � �ª�  K� , - ya�4{dtmn 
 �,O � rqtmn[umn[i.jmu�p�tvpgiqw ~ � x pg�RÄ ~ �FjmldnTn $ r|� ~ tvy?id��t ~g�V~ j
jmldt ~ {d�4l�jmldn2��p�rqrVn[w�n[i.�,yRt ~ i|��n[i.jC�2È�ldn�t ~g�V~ j�usjmp�tmjmu¢p�j¡pgi�t<pgiqw ~ ��� ~ zCp�jmy ~ i < ��p�tvÄgn[w¦pgu¡p
����� 
<�cyaiqyRjmy?pg�a�R�>jmldn ~ w ~ ��nCjstv��n[usjmya��p�jsnMyau�usnCj§j ~ jmlqn2��pg�a{dn ~ ��jmldn t ~g�V~ j¢jst<pgzmÄgnCt�n[usjmya�`p�jsnMp�j
jmlqp�j�usjmp�tmjmyaiq�£r ~ uvyRjmy ~ iN�*jmlqn}r ~ usnMn[usjmya��p�jsn}��t ~ ��jmlqnT�Qyauvy ~ i � pgusn[wYum�Qusjsn[� yau�p�rqrqt ~ $ y?��p�jsn[�R�
� 7 zC��j ~ jmldn�tvya�4l.j ~ ��jmldn�t ~g�V~ j�jstvpgzmÄgnCt�n[usjmya��p�jsng��È�lqn�t ~g�©~ j�j ~Q~ Ä�usnC�gn[i�tvpgi|w ~ ��usjsnCr|u�pgiqw
jmldn¡jmldtvnCn¡n[usjmya�`p�jsn[wkjst<p��_n[zAj ~ tvyan[uFp�tvn¡rqtmn[umn[i.jsn[w>yai - yR�4{qtmn 
 �,O � � - yatvusj�jmlqn ~ w ~ ��nCjsnCt�n[usjmya��p�jsn
< ��p�tmÄgn[w%pgu§jstvyapgiq�4�Rn[u§z ~ iqidn[zAjsn[w x yajml�p�wqpgumlqn[w �?yaidn 
¡yau�r|� ~ jsjsn[w�0�usn[z ~ iqwN�cjmldnMt ~g�V~ j�jst<pgzmÄgnCt
n[usjmya��p�jsn < ��p�tmÄgn[w pgu � � �>z ~ iqidn[zAjsn[w � ��p>u ~ �ay?w¦�ayaiqn 
<� pgiqw�jmlqyRt<w�jmldn2�Qyauv{qpg�*r ~ usn2n[usjmya��p�j ~ t
tmn[um{q�Rjmu < ��p�tmÄgn[w pgu � ~ �¦z ~ i|idn[zAjsn[w x yRjmlYp¦w|pguml,� w ~ jsjsn[w��ayaidn 
<� È�ldn}t ~g�V~ j�jst<pgzmÄgnCtMn[usjmya��p�jsn
rqt ~ �,yawdn[ucp�zC� ~ usn�p�r|rqt ~ $ ya��p�jmy ~ i�j ~ �gt ~ {qi|w�jstv{djml�p�j�jmldn�n[iqw ~ �©jmlqn�tvpgiqw ~ � x pg�aÄ¢jmldn�wqyausr|p�t<yRj �
� nCj x nCn[i>jmldn§t ~g�V~ jFjstvpgzmÄgnCt¢pgiqwªjmlqn¢�,yaum{qpg� r ~ usn�n[usjmya��p�j ~ t�yauIO�.^� ��zC� pgiqw � nCj x nCn[i>jmldn§t ~g�V~ j

O�Cg�



� � � ��� � �*	��#� � ���2�
� 	 ���
��� ���	� ����� � ��	 � �����#��� �"?/�C����� � ��	��  ����� � � �
� � �
�
��� ��� �

100 150 200 250 300 350

−300

−200

−100

0

100

200

300

X coordinates in cm

Y
 c

oo
rd

in
at

es
 in

 c
m

Localization results for database.dat

�	��
������ ��� � ��� -]����%������2�:� �	� �"�������B�)� �2��� � �"�����Y@d+ ���.�:#3���#�����"���	��� � ���8�)��� �$���'� ����� �� ��
�# ��� ���������	� ��

��)

250 300 350 400 450 500 550 600

100

150

200

250

300

350

Random Walk using Robot Tracker and Image Based Localization

X−axis

Y
−

ax
is

Start 

Cooperative
 Localization 

Odometry

Image Based
 Localization 

�	��
������ ��� � � � -���� ��� ��� ��%'������>���� �	��� ����� ��
�� ����+ ���0+ ���.�:# ��
!��# �����'�	��>N�:� �	� �"���	����)���	����
���������%%��
�
��:% �	��#7 !���	� ��#&���.���:#B����
��:�Y= �����'����+����$��� ��%�������%'� ��� ��� ���	�4��� ����%%�����������	� ��
� � � �X%'��
�
���%'���:#N !���	� � �#���4�6#N���4
�� ����

#������7� �"�����5+ ���.�:#N� ��%%���4������������
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jstvpgzmÄgnCt�pgiqwkjmldn ~ w ~ ��nCjsnCt�y?u f 
 zC�T��È�ldn��¢{|zvl>lqyR�4ldnCtFwqyausr|p�t<yRj �Tyau�p`tmn[uv{q�Rj ~ �*pgi�yai|zAtmn[pgusn¢y?i
jmldn�pgzCzC{q��{q�ap�jsn[w}nCtvt ~ t�yai ~ tvyan[i.jmp�jmy ~ iÀ�
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h_i�jml|yaucz<lqp�rqjsnCt x n�rqtmn[usn[i^jsn[w p¢��nCjml ~ w`� ~ t�jmldn�pg{qj ~ ��p�jmyazF��p�rqr|yaiq� ~ �Àpgi2p�t � yRjstvp�tm�§n[i^�QyR�
t ~ iq��n[i^j x lqyaz<l�{djmya�ay �Cn[u��<�[�1�d�C�_�4�#"��g�5 R�[�v�% 4"��[�g�#"I� $ªy?i ~ tvwdnCt*j ~ �`pgyai.jmpgy?i�p ��"��9� �q�  Å� �C���,�C� � nCj x nCn[i
j x�~ t ~g�©~ jmu'pgu ~ idn�n $ r|� ~ tmn[u�jmldn�n[i^�Qyat ~ iq��n[i^j�pgi|w2jmlqn ~ jmldnCt'jst<pgzmÄ,u'yRjmu�r ~ umng� - {dtmjmldnCt<� ~ tmng� x n
�:pg�ay?wqp�jsn[w�jmldn`{djmy?�ayRj � ~ ��pªusnCj ~ �'�Rn[p�tvidn[w£�apgi|wq��p�tmÄ,u�� ~ t¢� ~ zCpg�?y �[p�jmy ~ i x ldn[i�jmldn�usn[z ~ iqw¦t ~g�V~ j
zCpgiqi ~ j � n�wdnCr|� ~ �gn[wN��È�lqyau�wdn[� ~ i|usjstvp�jsn[u�z ~ iqzC�?{qumyR�gn[�R�ªjmlqp�j�jmldn�z ~Q~ r©nCt<p�jmyR�gn`� ~ zCpg�ay �[p�jmy ~ i�p�rd�
rqt ~ pgzvl§r|t ~ �,yawdn[u � ~ tmn'pgzCzC{dtvp�jsn'r ~ usn�n[usjmya�`p�jsn[uC�.pgiqw§ldn[iqzAn'p�� ~ tmn�pgzCzC{dtvp�jsn�p�r|r©n[p�t<pgiqzAnA� � pgusn[w
��p�rÀ�djmlqpgi}z ~ {|�aw � n�pgzvlqyRnC�gn[w x yRjmlMjmldn¡t ~g�V~ jmu ~ rVnCtvp�jmyaid��yai|wdnCrVn[iqwdn[i^jm�R�g�

È�ldn`r|p�tvjmyazC{q�ap�t¡�`p�r x n2r|t ~ w|{qzAng� pgi p�rqrVn[p�tvpgiqzAn � pgusn[w�tmnCrqtmn[umn[i.jmp�jmy ~ i ~ ��jmldn2n[i.�,yRt ~ id�
��n[i.jC�Àpg�?� ~&x u�pMumyaiq�4�Rn¢t ~g�©~ j�j ~ pgzCzC{dtvp�jsn[�a�kn[usjmy?��p�jsn�yRjmu�r ~ umyRjmy ~ i ~ i�um{ � usn��Q{dn[i^j��,yaumyajmu�j ~ jmldn
umpg��n¡p�tmn[p,� _ l|ya�Rn�um{qz<l}umyaiq�4�RnA�Wt ~g�V~ j'r ~ usn�n[usjmya��p�jsn[uFp�tmn¡i ~ j�pgu�pgzCzC{dt<p�jsn¢pgu x ldn[iTj x�~ t ~g�©~ jmup�tmn�{qusn[wN�djmlqn[yRt�pgzCzC{dtvpgzA�Tyau'uv{ � usjmpgi^jmyapg�a�R� pg��n[�ay ~ t<p�jsn[w � � jmldn���pgzAj�jmlqp�j�j x�~ t ~g�V~ jmu x nCtmn�{qusn[w
yai jmldnky?iqyRjmyapg����p�rqrÅyaid�£usjmp��gng� È�ldn}{|usn ~ ��pgi p�rqrVn[p�tvpgi|zAnA� � pgusn[w � ~ wdn[� ~g� �,yap�jsn[u � ~ usj`wdnA�
r©n[i|wdn[iqzAn[u ~ i�jmldn`rÅp�tmjmyazC{q�ap�t¡�gn ~ ��nCjstm� ~ �'jmldn � ~ zCpg�*n[i^�QyRt ~ iq��n[i^jC� - {dtmjmldnCt�z ~ iqzC�a{quvy ~ iqu�pgiqw
n $ jsn[iquvy ~ iqu*j ~ jmldn x�~ tmÄ�rqtmn[umn[i.jsn[w2yai�jmlqyaucpgiqw�jmldn�rqtmnC�,y ~ {qu*z<lqp�rqjsnCtvu�p�tmn�w|yaumzC{qumumn[w�yai�jmldn�idn $ j
zvlqp�rqjsnCt&�

O�C;.
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h_i�jmlqyau2jmldn[umyauC� x n�lqp[�gn�wqn[umzAtvy � n[wYp idn x u ~ �a{djmy ~ i j ~ jmldn>n $ rÅ� ~ tvp�jmy ~ i pgiqw iqp[�,yR�4p�jmy ~ i
rqt ~g� �Rn[� � pgusn[w ~ iMjmldn�{qusn ~ � z ~Q~ rVnCtvp�jmyaid��t ~g�V~ jmuC� _ n�lqp[�gn�wqn[umzAtvy � n[w`pg�ajsnCtviqp�jmyR�gn�p�rqrqt ~ pgzvldn[uwdnCrVn[iqwqyaid� ~ ikjmldn§umy �Cn ~ �¥jmldn¢n[i^�,yRt ~ iq��n[i^j�tvn[�ap�jmyR�gn�j ~ jmldn�tvpgid�gn ~ �*jmldn�t ~g�V~ j�jstvpgzvÄgnCt�usn[iqu ~ t
x n�n[��rÅ� ~ �g�

9 {dt�p�rqrqt ~ pgz<l�yau�r|p�tvjmyazC{q�ap�tv�a�ªum{qyRjsn[w�yai�n[i^�,yRt ~ iq��n[i^jmu x ldnCtvn�t ~g�V~ j�r ~ uvyRjmy ~ iqyaiq�2pgiqw ~g� �
usjmpgzC�Rn�wdnCjsn[zAjmy ~ i���yR�4l^j � n§w|y �`zC{q�Rj�{qumy?id�MjstvpgwqyRjmy ~ i|pg� ��nCjml ~ w|uC�§hLi£��pgzAjC� uv{qzvl�w|y �`zC{q�Rjmyan[u�p�tmn
�ayRÄgn[�R��j ~ p�tvyausnTyai%��pgi^� tmn[pg� � x�~ tv�aw n[i^�QyRt ~ iq��n[i^jmuC� 9 {dt�p�rqrqt ~ pgzvlYyau � pgusn[w ~ i%n $ r|� ~ yRjmy?id�>p
�ayaidnA� ~ ��� umyR�4l^jFz ~ i|usjstvpgyai^j � nCj x nCn[i£j x�~ <�~ t¡� ~ tmn 
�t ~g�©~ jmu�j ~ pgz<lqyRnC�gn�n $ r|� ~ t<p�jmy ~ i x yRjml>tmn[wq{qzAn[w
~ w ~ ��nCjstvyaz�nCtmt ~ t[�*È�l|yaucp�rqr|t ~ pgzvlTzCpgiTpg�au ~ z ~ rVn x yRjml ~g� usjmpgzC�an[u x yRjml lqp�tvw,�Wj ~ � usn[i|usn�tmn ! n[zAjmpgiqzAn
zvlqp�tvpgzAjsnCt<yausjmyazCuC��9Fy<9©nCtmn[i^j�pg�R� ~ tvyRjmlq�`u x nCtmn¢r|t ~ r ~ usn[wªwdnCrVn[iqw|yaid� ~ i>jmldn¢umzCpg�an ~ �*jmldn¢n[i.�,yRt ~ id�
��n[i.jC� _ lqnCtmn¢jmlqn¡n[i^�QyRt ~ iq��n[i^jFyau�um��pg�a�«n[i ~ {d�4l>u ~ jmlqp�j�jmlqn¢t ~g�V~ jmuFzCpgi�usnCn¢n[pgz<l ~ jmldnCt���t ~ �pgi.��j x�~ r ~ yai^jmu ~ i�yRjmu �V~ {qiqwqp�tv�ªjmlqp�j�lqp[�gn zC�Rn[p�t¢�ay?idn ~ ��uvyR�4l.j � nCj x nCn[i�jmldn[� < yW�0ng�2jmldnC�£p�tmn
idnC�gnCt�{qiqp � �an�j ~ usnCn ~ iqn�pgi ~ jmldnCt�umya��r|�R� � n[zCpg{qusn�jmldnC� p�tmn�j ~^~ ��p�t�p x p[� 
<�|jmlqn[iMjmldn�jstvyapgid�4{q�?p:�
jmy ~ ikpg�a� ~ tvyRjmlq�­yau�p�r|r|�ayRn[wN�'hL�¥jmldn¢n[i.�,yRt ~ iq��n[i.j�yau��?p�tm�gnCt�jml|pgikjmlqn¡tvpgid�gn ~ �*jmldn�t ~g�V~ j�jst<pgzmÄgnCt
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usn[iqu ~ t�jmldn[i�jmldn�jstvp�rVn � ~ yawqp�jmy ~ i£pg�a� ~ tvyRjmlq��yau�{|usn[w � � � ~ tmn ~ �gnCt[�¥pMt ~g�V~ j�jstvpgzmÄgnCt§usn[iqu ~ t x pgu
n[��r|� ~ �gn[w�j ~ � ~ i|yRj ~ t¡jmldn2� ~ �,yaid�}t ~g�©~ j�pgi|w �m{qwqyazCy ~ {|um�R�}z ~ tmtmn[zAj�yRjmu�r ~ usn x ldn[i�{qiqzAnCtvjmpgyai.jD�
� n[zCpg��n�j ~`� yR�d�

8 rqt ~g� p � y?�ayausjmyaz���tvpg��n x�~ tmÄ x pgu�wdnC�gn[� ~ rVn[w yai ~ t<wdnCt�j ~ n[usjmy?��p�jsn�jmldnF{|iqzAnCtmjmpgyai^j � � {qya�aw�{qr
wq{dtvyaiq��jmldn�n $ r|� ~ tvp�jmy ~ iN� � ~ i^jsn¡o�p�tv� ~ uvya�¢{|�ap�jmy ~ i�yai`jmldnF� ~ tv� ~ �Nr|p�tmjmy?zC�Rn ® �RjsnCt<yaid� x pgu�{|usn[w`j ~
� ~ wqn[�«jmldn�z ~ ��r|�Rn $ª~ w ~ ��nCjstm�knCtmt ~ t � n[lqp&�Qy ~ {qtFpgiqw>jmldn�y?��r|pgzAj ~ �cjmldn§t ~g�V~ j�jstvpgzmÄgnCt�usn[iqu ~ t&�
È�ldnTt ~g�V~ j`jst<pgzmÄgnCt x pgu2{qusn[w�yaiYpgi �spgu idnCn[wdn[w � � pgumyau x ldn[i%jmlqnª{qiqzAnCtmjmpgy?i.jD� x pgu p �V~ �gnkp
zAnCtmjmpgyai �V~ {qiqwÀ�

È�ldn¢� ~ umjFya��r ~ tvjmpgi.j�z ~ i^jstvy � {djmy ~ i ~ �cjmlqyau�jmlqn[umyauFyau�w|{qpg�I� - yRtvusj�jmldn§p � ya�ayRjD� ~ �¥jmldn¢t ~g�©~ jmu
j ~ usnCn>n[pgzvl ~ jmldnCtTyau2{qusn[w yai p us�,usjsn[��p�jmyaz>��pgiqiqnCt`j ~ n $ r|� ~ tmnO¬:��p�r jmldnk��tmnCn>usr|pgzAn�yaiYjmldn
n[i.�,yRt ~ iq��n[i.j�yaiqwqnCr©n[i|wdn[i.jm�a� ��t ~ � jmldn§tmn ! n[zAjmpgiqzAn�rqt ~ rVnCtmjmyan[u ~ ��jmldn ~g� usjmpgzC�an[uC�¢hLj�yau�jmldn ® tvumj
jmya��n x ldn[i£jmlqn�p � ya�ayRjD� ~ ��j x�~ <�~ t¢� ~ tmn 
Ft ~g�V~ jmu�j ~}~g� umnCtm�gn�n[pgzvl ~ jmldnCt¢y?u�n $ r|� ~ yRjsn[w£yai ~ tvwdnCt
j ~ yaiq��nCt�p �©~ {qj¡jmldn ~ zCzC{qr|pgiqzA� ~ ��jmldn usr|pgzAn � nCj x nCn[i�jmlqn[�T� �Qn[z ~ i|wN�¤jmldn {|usn ~ �¢�<�[�1�d�C�_�4�#"��g�
 �[�<�  " �&�g�#"��%$�wdn[z ~ {drÅ�Rn[u�jmldn ~ w ~ ��nCjstm��nCtmt ~ t§��t ~ �¨jmldnMn[i.�,yRt ~ i|��n[i.jmpg��z ~ iqw|yRjmy ~ iqu¢um{qzvl%pgu�jmldn
�^{qpg�?yRj � ~ �Fjmlqn !q~^~ t2pgiqw%jmldnT�,yaumy � ya�ayRjD� ~ ��jmldn ~g� �_n[zAjmu <�x lqyaz<l%yai%pgiY{qiqÄQi ~Ox i n[i^�QyRt ~ iq��n[i^j
zCpgiqi ~ j � n�rqtmn[wqy?zAjsn[w 
<�

8 umnCtvyRn[u ~ �Nn $ rVnCtvya��n[i.jmu x nCtmn�z ~ iqwq{|zAjsn[w2yai ~ tvwdnCt�j ~ ��pg�ayawqp�jsn ~ {dt�p�r|rqt ~ pgzvlÀ� 8 i pgzCzC{dtvp�jsn
� ~ wqn[�N� ~ t ~ w ~ ��nCjstm�MnCtmt ~ t�pgzCzC{q��{q�ap�jmy ~ i x pguFwdnC�gn[� ~ rVn[w>pgiqw}��pg�ayaw|p�jsn[w}jmldt ~ {q�4l}n $ r©nCt<ya��n[i^jmu
{qumyaid�Mwqy%9VnCtmn[i^j�t ~g�V~ jmu < jmldn � ~ ��pgw\C 767 pgiqw�jmldn��d{drVnCtvumz ~ {dj�hmh���t ~ � � ~ ��pgwqy?z�È n[zvl|i ~ � ~ �4yRn[u
hLiqz���pgiqw jmldn : _ h2��O�C>��t ~ � jmldn :�n[pg� _ ~ tv�aw h_i^jsnCtm��pgzAn 
�i|p[�,yR�4p�jmyaid� ~ �gnCt2wqy%9VnCtmn[i.j�um{qtm��pgzAn[u< jmya�Rn[uC��zCp�tmrVnCjC��z ~ i|zAtmnCjsng�'nCjmz���
 - yaiqpg�?�R�g��p��?p�tm�gn}i^{|� � nCt ~ ��n $ rVnCtvy?��n[i.jmu x nCtmnªz ~ i|wq{qzAjsn[w y?i
umya��{q�ap�jmy ~ i {qumyaiq�¢wqy%9VnCtmn[i^j x�~ tv�awM� ~ wdn[�au[� 9�{dt<yaid�¡jmlqn�uvya�¢{|�ap�jmy ~ i2n $ rVnCtvya��n[i.jmu�wqy%9VnCtmn[i^j�j �Qr©n[u
~ � ~ w ~ ��nCjstm�MnCtmt ~ t x nCtmn¢{qusn[w}pgiqw}jmldn�i^{|� � nCt ~ �¤t ~g�V~ jmu x pgu���p�tvyRn[wM��t ~ � j x�~ j ~ � ~ tmjD�g�

h_i�jmldn��¢{q�ajmy �Wt ~g�V~ j«r|p�t<pgwqyR�4� x n�rqt ~ r ~ usn[w�p�idn x ��nCjml ~ w ~ � ~ �g��� ~ t¤n[usjmya��p�jmy?id��jmlqn �V~ {qi|wqu
~ �djmldn�pgzCzC{|�¢{q�?p�jsn[w¢{qi|zAnCtmjmpgyai^j � � pgumn[w ~ i¢jmldn�usjmp�jmyausjmyazCpg�^rqt ~ rVnCtmjmyan[u ~ �djmldn�t ~g�V~ j«jstvpgzvÄgnCt*usn[iqu ~ t
{qusn[wTpgiqwTjmlqn¡i^{|� � nCt ~ � t ~g�V~ jmuC�

- yai|pg�a�R��jmlqnc��nCjml ~ w ~ � ~ �g� ~ �À�v�[�1�q�A�s�g�#"��g�  �[�<�  " �&�g�#"��%$ x pgu p�rqr|�ayRn[w�yai¡p�wqy%9VnCtmn[i^jÀ�¢{q�ajmy �Wt ~g�V~ j
n $ r|� ~ tvp�jmy ~ i�p�rqrÅ�ayazCp�jmy ~ iN��� ~ tmn usrVn[zCy ® zCpg�a�R�g�«jmldn�rqt ~g� �Rn[� ~ �'pgzCzC{dtvp�jsn[�R����p�r|r|yaid�Tp}usrÅp�jmyapg�a�R�
�:p�tm�,yaid� rqt ~ rVnCtmjD� ~ ��pgi�{qiqÄQi ~Ox i < r ~ umumy � �a�Ml|p �[p�tvw ~ {qu 
�n[i^�Qyat ~ iq��n[i^jC�Npgiqw�yai>r|p�tmjmyazC{q�?p�tFzAtmnA�
p�jmyaid��p���p�r ~ � �Qy?um{qpg�Vp�rqrVn[p�tvpgiqzAn < pgu�wqn ® idn[w � � p�usnCj ~ � �,yaum{qpg�V�apgiqw|��p�tmÄ,u 
<� x pgu�pgw|wdtmn[umusn[wÀ�
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- {dtmjmldnCt<� ~ tmng� x n}��pg�ayawqp�jsnTjmlqn}{djmya�ayRjD� ~ ��p£usnCj ~ ���Rn[p�tvidn[w%�?pgiqwq��p�tmÄ,u§� ~ t`� ~ zCpg�ay �[p�jmy ~ i x lqn[i
jmldn�usn[z ~ iqwTt ~g�©~ j�zCpgi|i ~ j � n�wqnCr|� ~ �gn[wÀ�cÈ�lqyau�wdn[� ~ iqusjstvp�jsn[u�z ~ iqzC�a{qumya�gn[�R��jmlqp�j�jmlqn�z ~^~ rVnCtvp�jmyR�gn
� ~ zCpg�?y �[p�jmy ~ i>p�rqrqt ~ pgz<l�rqt ~ �,yawdn[uF� ~ tmn�pgzCzC{dt<p�jsn�r ~ umn¢n[usjmy?��p�jsn[u�jmlqpgi�umyaiq�4�Rn¡t ~g�V~ jC�Npgiqw�ldn[iqzAn
p�� ~ tmn¡pgzCzC{qtvp�jsn�p�r|r©n[p�t<pgiqzAnA� � pgusn[wk��p�rÀ�|jml|pgiªz ~ {q�aw � n�pgz<lqyRnC�gn[w x yRjmlTjmlqn�t ~g�V~ jmu ~ rVnCtvp�jmyaiq�
yaiqwdnCrVn[iqwdn[i^jm�R�g�

¯N°�� �*º �*²4µ��­·À²O�

È�ldn�rqt ~g� �Rn[� ~ ��pg{dj ~ i ~ � ~ {qu¢n $ r|� ~ tvp�jmy ~ i¦pgi|w¦��p�rqrÅyaid� ~ ��{qiqÄQi ~Ox i£n[i^�Qyat ~ iq��n[i^jmu¡p�rd�
r©n[p�t<uFy?i£i^{q��nCt ~ {qu�p�rqr|�ay?zCp�jmy ~ iqu�pgiqw£z ~ �gnCt<u¡p x yawqn¢��p�tvyRnCjD� ~ ��n[i.�,yRt ~ iq��n[i.jmuC��h_i�jmlqyauFjmldn[umyau[�
x n�rqtvn[usn[i.jsn[w�j x�~ pg�R� ~ tvyajmlq��u�� ~ t�jmldn�z ~ ��r|�anCjsn�n $ r|� ~ tvp�jmy ~ i ~ ��{qidÄ,i ~&x i�n[i.�,yRt ~ iq��n[i.jmu � �>p
jsn[pg� ~ ��� ~g� ya�Rn�t ~g�V~ jmuC� _ nM� ~^~ Ägn[w�p�j��?p�tm�gn�n[i^�QyRt ~ iq��n[i^jmu x l|yazvl x nCtmn pgumum{q��n[w¦j ~ª� n ! p�jC�
jmldn�� ~g� ya�an�t ~g�V~ jmu x nCtmn x lqnCn[�Rn[wTyaiqw ~Q~ t'� ~ wdn[�auC�,pgiqwTjmldn�tvn[um{q�Rjmyaiq�¢��p�r x pgu ~ � jmldn�� ~ tv� ~ � p
usr|p�jmyapg�Åwdn[z ~ ��r ~ umyRjmy ~ i ~ �Àp¡umy?��r|�Rn'r ~ �R�Q� ~ i x yajml`l ~ �Rn[u[� � $ jsn[i|umy ~ iqucj ~¢~ {dt x�~ tmÄ�p�tmn�w|yaumzC{qumumn[w
� n[� ~&x �

� 9F{qtvyaid��jmldn¥n $ r|� ~ tvp�jmy ~ i�jmldn*� ~g� y?�Rn¥p��gn[i.jmu z ~ �a�Rn[zAj«y?id� ~ t<��p�jmy ~ iF��t ~ � wqy%9VnCtmn[i^jÀu ~ {dtvzAn[uC�
È�lqyau yaid� ~ tv��p�jmy ~ i�yau z ~ tmtv{drqjsn[w � �¡i ~ yaumn�pgiqw¢jmldn��gtmnCn[wd�¢pg�R� ~ tvyRjmlq�`u r|t ~ r ~ usn[w¢y?i¡jmlqy?u
jmldn[umyau � {qy?�aw ~ iq�a�ªpgi�yaiqzAtmn[��n[i^jmpg�¥��p�r ~ �gnCt¡jmya��ng�¡È�lqn§y?iqzAtmn[��n[i^jmpg�¤iqp�jm{dtmn ~ �cjmldn
��p�r2us�,i^jmldn[umyauC�^�ayRÄgn ~ jmldnCt � � pg�R� ~ tvyRjml|��uC�.w ~ n[uci ~ jcpgumum{dtvn�p�rqt ~g� p � ya�ayaumjmyazCpg�a�R� ~ rqjmyR�
��pg�Nr|p�jmlN� 8 ��jsnCt�nC�gnCtm�T� ~ jmy ~ i©¬:usn[iqumyaiq� ~ r©nCt<p�jmy ~ iTjmldn�� ~ �a� ~Ox yaid��wqp�jmp�p�tvn¡p[��pgya�ap � �an
� ~ t�jmldn¡t ~g�V~ jC��jmldn¢� ~ jmy ~ iªz ~ ���`pgiqw <���� W ��	 
�n $ n[zC{djsn[wN�©jmldn¢iqn x r ~ umyRjmy ~ i}��t ~ �
jmldn ~ w ~ ��nCjstm�ªn[umjmya��p�jsn[u�
 R
�������IW S��������BW [ ��������� K �Àjmldn�jst<pgzmÄgnCt¡n[umjmya��p�jsn�� F W [ W G��
tmn[�ap�jmyR�gn¢j ~ jmldn�usjmp�jmy ~ iqp�tv�Tt ~g�V~ jC�©pgiqwªjmldn§usn[iqu ~ tFwqp�jmp����! #" $%" (O� � È�ldn[usn¡w|p�jmp2p�tmn
usj ~ tmn[wªpgi|w}p�j�jmldn¢z ~ ��r|�RnCjmy ~ i ~ � jmlqn�n $ rÅ� ~ tvp�jmy ~ iTjmlqnC�Mz ~ i|usjstv{qzAj�p`z ~ iqusjstvpgyai^j�idnCj_�
x�~ tmÄ � ~ t'jmldn�n[i^�QyRt ~ iq��n[i^j�pgi|wMjmldn�r|p�jmlTjstvp&�gn[�a�Rn[w � � jmldn�� ~g� ya�an�t ~g�V~ jmu'jsn[pg�}� 8 i
~ 9Å� �ay?idn ~ r|jmya��y �[p�jmy ~ i>pg�R� ~ tvyajmlq�­zCpgi � n§p�rqr|�ayan[wªyai ~ tvwdnCt�j ~ z ~ iqusjstv{|zAj�pM��p�r�jmlqp�j
yau ~ rqjmya��pg� ~ �gnCt�jmlqn¡p �V~ �gn¢umnCj ~ �¤z ~ i|usjstvpgyai^jmu � ��
 ��� �

� � ~ jml}jmldn�jstvyapgid�4{|�ap�jmy ~ iMpgiqwMjmldn�jstvp�rVn � ~ yawqp�jmy ~ iTpg�R� ~ tvyRjmlq� pguvum{q��n�jmlqp�j'jmldn�t ~g�©~ jmu
~ r©nCt<p�jsn�y?iqumyawdn�p¡r ~ �R�Q� ~ iqpg� x�~ t<�awN� 8 �Rjml ~ {d�4lMp¡r ~ �R�Q� ~ iqpg�Vp�rqrqt ~ $ y?��p�jmy ~ i yau�pg� x p&�Qu
r ~ uvumy � �Rn < usnCn�o�lqp�rqjsnCt�C��Qn[zAjmy ~ i f 
'yaj x ya�a�Vyai|zAtmn[pgusn�jmldn�z ~ ��r|{djmp�jmy ~ iqpg�«z ~ ��rÅ�Rn $ yaj �

$ ��� �!��� �*
 � � �$� ���9� �;�;�&��� �;
 ��� ��� �"� ��� ���4� � � ���&��: ��� � �
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~ �©jmlqn�pg�R� ~ tvyRjml|�T� 8 i�n $ jsn[iqumy ~ i ~ �Vjmldn�jstvyapgiq�4{q�ap�jmy ~ i�pg�R� ~ t<yRjmlq�!� ~ t�zC{dtv�gn[w�n[i.�,yRt ~ id�
��n[i.jmu�p�r|r©n[p�t<u¡��n[pgumy � �an`��t ~ �¨rqtmn[�aya�`yaiqp�tm�>tmn[usn[p�tvz<lN� - {qjm{dtmn x�~ tmÄ�uml ~ {q�aw yaiqzC�?{qwdn
jmldn>wqnC�gn[� ~ r|��n[i^j ~ � x pg�a��� ~ �a� ~Ox yaid� usjstvp�jsnC�4yRn[uM� ~ tTzC{dtm�gn[w n[i^�QyRt ~ iq��n[i^jmu pgi|w jmldn
wdnCtvyR��p�jmy ~ i ~ �¤p�z ~ ��r|�RnCjsn[iqn[umu�rqt ~^~ � � ~ t�jmlqn�n $ rÅ� ~ tvp�jmy ~ i}pg�a� ~ tvyRjmlq�T�

� 9 idn ~ �djmldn���pgyai�pguvum{q��rqjmy ~ iquÀyai¡jmldnczC{dtmtvn[i.j x�~ tmÄ�y?uNjmlqp�j jmldnc� ~g� y?�Rn*t ~g�V~ jmu ~ rVnCtvp�jsn
~ i2p��RnC�gn[�©n[i.�,yRt ~ i|��n[i.j�pgiqw pIC 9½��p�r ~ �Àjmldn x�~ tv�?w`yau�n[i ~ {d�4lN�¥È�l|yaucpgumuv{drqjmy ~ i2yau�p
tmn[pgu ~ iqp � �an�p�rqrqt ~ $ y?��p�jmy ~ i�� ~ tc� ~ usj�yaiqw ~Q~ tvu¤n[i^�Qyat ~ iq��n[i^jmu*pgiqw`� ~ t x ldnCn[�Rn[w�t ~g�©~ jmu[�
È x�~ �`p�� ~ t�n $ jsn[iquvy ~ iqu�p�tmn¡rqt ~ r ~ usn[wTpgu'��{djm{dtmn�p�tvn[pgu ~ � tmn[usn[p�tvz<lN�

� È�lqn�z ~ �a�?p �©~ t<p�jmyR�gn§n $ r|� ~ tvp�jmy ~ i�r|lqy?� ~ u ~ r|l^�Tz ~ {q�aw � n�n $ jsn[iqwdn[w�j ~ n $ r|� ~ tvn�{qid�
nC�gn[i jsnCtvpgyai|u�um{|zvlMpgu ~ {qjmw ~^~ t<u ~ t ~ iMpgi ~ jmldnCt�r|�apgiqnCj�{qumy?id�¡p¢jsn[pg� ~ �«t ~ �gnCtvu ~ t
nC�gn[i}�anC�g�gn[wMt ~g�V~ jmuC� 8 r ~ �R�,ldn[wdt<pg�qjsnCtmtvpgy?iTp�rqrqt ~ $ ya�`p�jmy ~ i ~ � um{qz<lTpgiMn[i.�,yRt ~ id�
��n[i^j < CQ� � 9 
�zCpgi � n§{qusn[wN��È�ldn¢r ~ usn ~ �cjmldn§t ~g�V~ jFyau�n $ jsn[iqwdn[w>j ~ r ~ uvyRjmy ~ iªy?i
� 9 
 R�W SXW � � pgiqw ~ t<yRn[i.jmp�jmy ~ i ~ �«t ~ �a�W�^r|yajmzvlN�,�4p x 
�[ W G W�� � �ch_i jmlqyau�zCpgusn�p§� ~ tmn
n[�ap �V~ tvp�jsn¡jstvpgzmÄ,yaid��wdnC�,yazAn¡y?u'idnCn[wdn[wN�

� - {qtmjmldnCtv� ~ tvng�Àjmldn§n $ jsn[i|umy ~ i£j ~ p�nCtvy?pg�¥��p�rqr|yaiq�2��t ~ � ! �,yaid� t ~g�V~ jmu ~ t¡{qiqwqnCts�
x p�jsnCt�n $ rÅ� ~ tvp�jmy ~ i>uml ~ {q�?w � n¢pgwqwqtmn[umusn[wN�©j ~ �gnCjmldnCt x yajmlkz ~Q~ rVnCtvp�jmyaid� jsn[pg��u ~ �
�gt ~ {|iqwdn[wTpgiqw ! �Qyaiq���gn[l|yazC�Rn[uC�

� hLi�zAnCtmjmpgy?i§n[i.�,yRt ~ iq��n[i.jmu¤jmldn ~ w ~ ��nCjstv�¡n[usjmya�`p�jsn[u*p�tmn�u ~ r ~Q~ t¥jmlqp�j¥jmldnC�¢p�tvn�{qusn[�Rn[umu[�
hLi>um{qz<lkumyajm{qp�jmy ~ iquFz ~^~ rVnCtvp�jmya�gn�� ~ zCpg�ay �[p�jmy ~ ikz ~ {q�?w � n¢{|usn[wªyai ~ tvwdnCtFj ~ {drNwqp�jsn¡jmldn
r ~ umn*n[usjmya��p�jsn ~ �dp�� ~g� y?�Rn¥t ~g�V~ j«p���jsnCt pgi¢pgzAjmy ~ iN� - ~ t n $ pg��r|�anc�RnC�g�gn[w¢t ~g�V~ jmu«� ~ �Qyaiq�
~ �gnCt�wdn � tvyau�p�tmn¢{qiqp � �Rn�j ~ �`pgyai.jmpgy?iTpgi.�Tu ~ tmj ~ �¤tmn[�?yap � �Rn�wdn[pgw}tvn[zmÄ ~ iqyaiq�d�
�*tmn[�ay?��yaiqp�tm��n $ rVnCtvya��n[i^jmu rVnCtm� ~ t<��n[w§yai�pgi ~ rVn[i�p�tmn[p x ldnCtvn�jmlqn't ~g�V~ jmu x nCtmn���pgi^{d�
pg�a�R��� ~ �gn[w¢j ~ wqy%9VnCtmn[i^jNr ~ uvyRjmy ~ i�uml ~Ox n[w¡jmlqp�j«z ~Q~ r©nCt<p�jmyR�gnc� ~ zCpg�ay �[p�jmy ~ i�z ~ {|�aw�rqt ~ �Qyawqn
p � pgumyaz�� ~ zCpg�ay �[p�jmy ~ i}umzvlqn[��n¡yaiMn $ yausjmyaiq�§um�Qusjsn[�`uC�

� È�ldn�� ~ jmy ~ i¦usjstvp�jsnC�4yRn[u¡rqt ~ r ~ usn[w�yai ~ {qt x�~ tvÄ>p�tmn2wdnCjsnCtv��yai|yausjmyaz�� �*tvn[�aya��yai|p�tm�Tn $ �
r©nCt<ya��n[i^jmu�uml ~&x n[w2jml|p�j�p�tvpgi|w ~ ��y �Cn[w � ~ jmy ~ iMusjstvp�jsnC�g�MzCpgiMu ~ ��nCjmya��n[u ~ {djsrVnCtm� ~ t<�
p>wqnCjsnCtv��yaiqy?usjmyaz ~ idng� _ lqya�Rn jmlqyau � n[p�tvu¢��{dtvjmldnCt¢n $ pg��yai|p�jmy ~ i yRj�umnCn[��u§�ayRÄgn[�R�£jmlqp�j� ~ t¢jsn[pg��u ~ �'� ~ tvn�jmlqpgi�j x�~k~ t¡jmldtvnCn�t ~g�V~ jmu�tvpgi|w ~ ��y �Cn[w£� ~ tv��p�jmy ~ i�z ~ i.jst ~ ����p&�
rqt ~ �,yawdn�pgikp�rqrVn[pg�ayaid�§pg�RjsnCtviqp�jmya�gn�j ~ wdnCjsnCtv�`yaiqyausjmy?z���nCjml ~ wqu[�
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� hLi�o�lqp�rqjsnCt 
�x n¢rqtmn[usn[i^jsn[wªp2��nCjml ~ w}� ~ t�jmldn�pg{dj ~ ��p�jmyaz¢��p�rqr|y?id� ~ �*pgiªp�t � yRjstvp�tm�
n[i.�,yRt ~ iq��n[i.j x lqy?zvlM{djmya�ay �Cn[uF�<�[�1�d�C�_�g�#"����/ �&�v�  " �&�g�#"I� $�yai ~ tvwdnCt'j ~ ��pgy?i.jmpgyaiMp ��"��A� �q�  
� �C���,�C� � nCj x nCn[iªj x�~ t ~g�V~ jmu�pgu ~ iqn�n $ r|� ~ tmn[u'jmldn�n[i^�Qyat ~ iq��n[i^j�pgiqwTjmldn ~ jmlqnCt�jstvpgzvÄQu
yRjmuFr ~ umng��È�ldn¡n $ rVnCtvya��n[i^jmpg� tmn[um{q�RjmuFz ~ �a�Rn[zAjsn[w�wdn[� ~ iqusjstvp�jsn[w£z ~ iqzC�?{qumyR�gn[�R�Tjml|p�j�jmldn
�QyRtvjm{qpg�|jsnCjmlqnCt'rqt ~ �,yawdn[u�� ~ tmn�pgzCzC{dt<p�jsn�r ~ umn�n[usjmy?��p�jsn[uC�dpgiqwMldn[iqzAn�p�� ~ tmn�pgzCzC{dtvp�jsn
p�rqrVn[p�tvpgiqzAnA� � pgusn[w£�`p�rÀ�Njmlqpgi£z ~ {q�aw � n�pgzvlqyanC�gn[w x yRjml>jmldn§t ~g�V~ jmu ~ rVnCtvp�jmyaid�Tyai|wdnA�
r©n[i|wdn[i.jm�a�g��hDj x�~ {q�aw¦p�rqrVn[p�t�jmlqp�j�jmldn[umn`pgwd��pgi.jmp��gn[u � n[z ~ ��n�nC�gn[i�� ~ tmn�rqt ~ � ~ {qi|w
yR�'� ~ tmn`jml|pgi¦j x�~ t ~g�V~ jmu¡p�tmnM{qusn[w¦� ~ t�r ~ umyRjmy ~ i�n[usjmya��p�jmy ~ i�pgiqw¦�`p�rqr|yaid�d�Mh_i�jmldn
r|p�tmjmyazC{q�?p�tFpg�R� ~ t<yRjmlq��yaz�umz<ldn[��n�rqtmn[umn[i.jsn[w�jmldn�{qumn ~ ����pgi^�k� ~ tmn§t ~g�V~ jmu x�~ {q�aw � n
pgi}yaumum{qng� � {dj'yRj�usnCn[��u��ayRÄgn[�R�2jmlqp�j�usnC�gnCt<pg�N��n[pguvy � �Rn�u ~ �?{djmy ~ iqu�zCpgi � n�� ~ tv��{q�ap�jsn[wN�

� hLi jmlqyau�jmldn[uvyau x n�n[��rÅ� ~ �gn[wTp§r|p�tvjmyazC�Rn ® �RjsnCt'yai ~ tvwdnCt�n[usjmya�`p�jsn�jmldn�r ~ umn ~ � p§r|pgyRt ~ �
t ~g�V~ jmu�wq{qtvyaid�`z ~ �?�ap �V~ tvp�jmyR�gn¡n $ r|� ~ t<p�jmy ~ iN� - {dtmjmldnCt�n $ jsn[iqumy ~ iqu ~ �*jmldn�r|p�tmjmy?zC�Rn ® �ajsnCt
p�rqrqt ~ pgz<l2z ~ {q�?w�yaiqzC�a{|wdn�� ~ tmn�n[�?p �©~ t<p�jsn�r|p�tmjmy?zC�Rn�tmn[umpg��r|�ayaid����nCjml ~ wqucjmlqp�j�wq�Qiqpg���
yazCpg�a�R�2jstvpgwdn ~ 9£n �`zCyRn[i|zA� � ~ t�r ~ jsn[i^jmyapg�Nt ~g� {|usjmidn[umuC� ���Mn[usjmya�`p�jmyaid��jmldn�rÅp�tvpg��nCjsnCtvu
~ ��jmlqn�r|p�tmjmyazC�an§zC� ~ {qwN� yaj�usnCn[��u�r ~ umuvy � �Rn�j ~ ��p�tm�>jmldn`� ~ wdn[�¥z ~ ��r|�an $ yRjD� ~ i�pgi¦pgu_�
idnCn[wdn[w � pgumyauC� - {qtmjmldnCt x�~ tmÄ}y?i.� ~ �R�gn[u�jmldn�yai.jst ~ wq{|zAjmy ~ i ~ �*pgi>pgwqwqyRjmy ~ i|pg� x n[ya�4l.jmyaiq�
��{qi|zAjmy ~ i � pgumn[w ~ i ~ jmldnCt'usn[iqu ~ tm��yaidr|{qjC�^um{qz<l2pgu�jmldn�usn[iqu ~ t�{qumn[w`� ~ t x pg�a�Å� ~ �?� ~&x y?id�d�

�¤°���¸D»*³N¾ �­·À².¹ �

È�ldn��`pgyai>rqt ~g� �Rn[� pgwqwdtvn[umusn[w�yai>jmlqyau�jmldn[umyau < �,y?�¢{q�ajmpgidn ~ {qu � ~ zCpg�ay �[p�jmy ~ i�pgiqw �kp�rqr|yaiq� 

yau�zAn[i^jstvpg�¤j ~ jmldn ® n[�aw ~ � � ~g� ya�an : ~g�©~ jmy?zCuC� 9 {dt�p�rqrqt ~ pgz<l�jmp�Ägn[u�pgwd��pgi.jmp��gn ~ ��pM�¢{q�ajmy �Wt ~g�V~ j
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