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MK>'E\R'6.M\C,JQF'�'A�R'6.MSA->@R'6.M\D'EKA�?.JBR'>'EK6BM D"6.EKC(6BF!Fd=�8�F\R
	OA-PTFH6B8':_EW]_=(E!J.D"A-8'MK6 �,>'8@D'EKA�P']  BC,6 D A�MKJ�����>'6
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2 � ��� � � >'6B]_]_6 6.MGF
]_6 M!6.8'MSR'69] =(� A-E!?.6 ~f

EK6.DTEKJ.M!6.8�FHJB65M!>'EW]_6 MK? �TJ.C,= ����� V.VBV
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� �`VLU � � N =�8'M\]_6.M\R'A�?.>'C(6.8�FHM
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� �`V��#� � 6 >TFKA->'ESR'6.M ]LA-:_M � � ?B6BF :<FH6BC EK6���EKA->'D"65]L6.MSR'6.C,=�8'RT6.M R'6 EKJBMK>']<Fd=�FKM\8'JB?.6BMKMK:<Fd=�8�F ] 	 >`FH:_]L:��
MH=�FK:_A-8 R
	O>'8'6 MK6B>']_69]_A�:�6:8`D']L:_?B:LFHJB6 A-> 8'A-8 V
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c 8T6BC,DT]_6.M � � � >'6B] 6.M!F3]_6 MK6B8'M(R'> ?BA->'EH=�8�F,R	=�8TM,]_= P"A-P':L8'6 ]_A-E!M ��>'6^]�	OA-8 EH=�D'DTEKA�? �'6
]�	 =�:_C,=�8�F������ � ' ]�	 =�:_R'6 RT>@F'�TJ.A-E  .C(6 R'>@?.6B8�FKEK6 R
	 :L8'6.EGFH:L6��'6^8TDTEK:_C(6.EW] 	Z=�?B?.JB]_J.EK=�FH:LA-8 R'>
� = �-A-8'8'6QF V ��� � N A-8'8'6BEW]�	O6:8`D'EK6BMKM!:_A-8^R'69] = ;�:LFK6.MKM!6 V ��� V.V.V

� �`V �"� � 6 >TFKA->'E R'69] 	 A->`FH:_] C3=�F'�'JBC3=�FK:���>'6 � � ?B6BFS:LFK6.C E!6��-E!A->'D"69]_6.M RT6.C,=�8'R'6BM\?BA-8'?.6BEK8	=�8�FS]L6.M
R'6.M5=�MKD"6.?QFHM D'>'EK6BC,6B8�F5C,=�F'�TJ.C,=�FH:"��>T6.M9A-> ?�=�]L?.>']_=�FHA-:LEK6BM V � ]0D"6.>TF M 	 =#�-:LE9=�:_8TMK:0R'6(EK6B?.A-8'8'= 	_FKEK6 >'8'6
D'EKA�?.JBR'>'EK6 ��R'6 ;-JBEK:��'6.E >T8'6 MKA�]_>TFK:_A-8^D'EKA�D A-M!J.6BM���R 	 >TFK:_]L:_MK6BEW>'8�A->TFK:_] C,=�F'�TJ.C,=�FH:"��>T6�� R'65RTJBFH6BEKC(:_8'6BE
>'8'6 MKA-]L>TFH:LA-8 � VBV.V

c 8T6BC,DT]_6.M � � 7 J.EK: �	6.E ��>'6 ]�	O6:8`D'E!6.M!MK:_A�8
A cos(ωt + ϕ)

6.MGFSP':_6B8^M!A-]_>`FH:_A�8 R'6 ]�	OJ���>	=�FK:_A-8
R':54 J.E!6.8�FH:L6.]L]_6 D'E!J.?.JBR'6.8�FK6 V ��� � N JBFK6.E!C,:L8'6.E ]_6BM,?BA-C(D A-MK=�8�FH6BM(RT6@]_= � A�EK?.6^R'6 % A-EK6B8�F �
R	=�8'M\] = P	=�M!6

(~ur,~uθ)
V ��� � 27A-C,C(6.8�F\= � F�� A�8@R'JQFH6BEKC(:_8'J9] =I;�:LFK6.MKM!6��(D	=�E!FK:_E R'6 ] = D A�MK:��

FH:LA-8 � ��� V.V.V
� �`V�� � � 6 >TFKA->'ESR'65]_=(?.=�]_?B>'] =�FKEK:L?.6�� � ?.6QF :LFK6.C E!6��-E!A->'D"65]_6BM\RT6.C,=�8'R'6BM 8'JB?.6.M!MK:<Fd=�8�F �	=�P':LFK>'6.] �

]_6.C(6.8�F\]�	O>'MH= �-69R'6 ]_=(?.=�]_?B>'] =�FHEK:L?.6 V 276.]_=(?BA-8'?.6BEK8'65R'A-8'? ]�	O>'MH= �-69R
	 >T8'6
� A-8T?BFH:LA-8^JB;-A�]_>'JB6 6QF D'E!J.D'E!A �
�-EH=�C(C(J.6 R'6S] = ?�=�]_?.>T] =�FKEK:_?B6*A->(] = ?.A�8'?.6BDTFH:LA-8,R 	 >'8,D'EKA#�-EH=�C(C(6 ����� ��� V 2�A->TE$]L6W?�=�M D	=�EGFH:L?.>']L:_6.E�R'6.M
=�D'D']L:_?�=�FH:_A�8'M 8�>TC,JBEK:���>'6BM��`A-81EK6��-EKA�>'D 6BEH=5?B6.M*RT6.C,=�8'R'6BM*R	=�8'M ?.6QF :LFK6.C C ZBC,6SMK:"] = ?�=�]L?.>']_=�FHE!:_?B6S6BM!F
8'A-8@=�>TFHA�EK:_M!J.6 V

c 8T6BC,DT]_6.M � � N JBFK6.E!C,:L8'6.E�] =\;�=�]L6.>'E�R'6 ] = ?.=�D	=�?B:LFKJ C
V ��� � N JQFH6BEKC(:_8'6BE&8�>'C,JBEK:"��>T6.C(6.8�F

] =IMKA�]_>TFK:_A-8 R'69] 	 J���>'=�FH:LA-8 D'EKJB?.JBR'6.8�FH6 V ��� VBV.V
� ��V�� � � 6\>TFHA->TE*R'6.M7MK? �'JBC3=�M � � ?B6BF :<FH6.C E!6��-E!A->'D"6 ]�	O6.8TMK6.C5P']_6\R'6.M*RT6.C,=�8'R'6BM*D A�E!Fd=�8�F7MK>'E7R'6.M

EK6.DTEKJ.M!6.8�Fd=�FH:_A�8'MIMK? �'JBC3=�FH:���>'6BM M!X�8�F'�TJBFH:"��>'6.M �0?�	O6.M!F%� � � R':_E!6,R 	 >'8T61EK6BD'EKJBMK6.8�FH=�FH:LA-8 R'> EKJB6.]$MKA->TM >'8'6
� A-EKC(6*8'A-8 =�8	=�]LX�FK:���>'6 V 276.]_= ?.A-8T?.6.E!8'6 R'A-8T?W=�>'MKM!:'P':L6.8 >'8 M!? �'J.C,= � ]�	OJ.? �'6B]_]L67R
	O>'8 M!X�M!F& .C(6 A-DTFK:���>'6
��> 	 >'8T6 E!J�=�?QFH:_A�8^8�>'?B]_J.=�:_E!6 V

c 8T6BC,DT]_6.M � � 	"=�:_EK6 ]L6 MK? �'JBC3= R'> C(A�R� .]L61R'6^C,:L?.EKA�MK?.A�D 6 R'JB?.E!:LF(D'EKJB?.JBR'6.C(C,6B8�F V ���
� 27A-8'M!FKEK>':LEK6I]_=1EKJ.M!>']LFH=�8�FH6IR'6BM�� A-EK?B6.M9M 	O6:8`6BEfY�=�8�F MK>TE ] =3P':L]_]L6 V ��� ��� ?BEK:_E!6 ] =1E!J�=�?QFH:LA-8
R'69R'J.M!:_8�FHJ��-EH=�FH:_A�8^8�>'?B]_J.=�:_E!6 R'69?.698�>'?.]LJ.A�FK:_R'6 V ��� V.V.V

� ��V���� � 6 >TFKA->'E7RT6.M7;�=�]L6.>'E!M 8�>'C(J.E!:���>'6.M � � ?.6BF7:LFK6.C EK6��-EKA->TD 6S]�	O6.8'M!6.C PT]_6 RT6.M7RT6.C,=�8'R'6BM*R'A-8�F
]_6 D"A-:_8�FWR'69R'JBD	=�E!FS6BM!FS>'8'6 =�D'DT]_:_?.=�FH:LA-818�>'C(J.E!:���>'69D'EKJB?.JBR'6.C(C,6B8�F 6:4�6B?BFH>TJ.6 V

c 8T6BC,DT]_6.M � � c 8 FH6.8'=�8�F,?BA-C(DTFH61RT6.M ;�=�]_6.>TEKM R'A�8'8'J.6BM�� J.?BEK:LEK6 ]_6 E!J.M!>']LFH=�FID'E!J.?.JBR'6.8�F
=�;-6.? ]L658'A-C5P'EK6 =�RTJ���>	=�FK6IR'6 ? �': 4�E!6.M MK:"�-8': �	?�=�FK:"� M V ��� � N A-8'8'6BE ]_65E!J.M!>']LFH=�F D'E!J.?.JBR'6.8�F
6.8K?!A->T]_6 6QF 6.8 JB]_6B?BFHE!A-8 � ;-A-]<F V ��� � � >'6.]L]_6S6.MGF ]�	O>'8':<FHJ RT6 ]_A-8&�->'6.>TE7] = D']_>TM =�R	=�D`FHJ.6 D A->TE
R'J.?BEK:LEK69?.6QFKFH69D"J.E!:_A�R':_?B:LFHJ MKD	=�FK: =�]L6������ VBV.V

� �`V ��� � 6 >`FHA->'EIRT6 ]�	 =�8	=�]<X`M!6 � � ?.6QF,:<FH6BC E!6��-E!A->'D"6 ]_6.MIRT6.C,=�8'R'6BM(D"A-EGFd=�8�F MK>TE(RT6.>(8 F X�D"6.M
R
	Z=�8	=�]LX�M!6!� E!J���>'6BC,C(6.8�FS>TFH:L]_:LMKJ.6BM � ]�	 =�8	=�]LX�MK6 R':LC,6B8'MK:LA-8'8'6B]_]L6 6BFS] 	Z=�8'=�]LX�MK6�� A�8'?BFK:_A-8'8T6.]_]L6 V

c 8T6BC,DT]_6.M � � 
@A-8�FHE!6.E���>'6
RC

= ] = RT:_C(6.8'M!:_A-8(R
	O>'81FH6BC,D'M V ��� � ' ]�	 =�:_R'6SR'6\]�	 =�8	=�]<X`M!6
R':_C(6.8TMK:_A�8'8'6.]L]_6 ��D'EKJB?.:LMK6.E D	=�E!C,: ]_6BM � A�EKC >']L6.M MK>':<;�=�8�FH6.M ]_6BM ��>'6.]L]_6BM M!A-8�F :_8'=�?.?B6.DTFH=�P']_6BM
D A�>'E7] 	 6^8TDTEK6.M!MK:LA-8 R'6 ]_= D"J.EK:LA`RT6 V ��� � 27A-C(C,6B8�F7;�=�EK:L6\]L6 EK=YX�A-8 R'6 ?BA->'E!P'>'EK6 ]_A-E!M ��>'6 ]_=
? �	=�E��-69R'69]�	O:_A-8 =�>&�-C,6B8�FH6������ VBV.V

� ���L� � � � � #%* 9;$.�	� 9.2 	 � �
� �`V��TU � 6 >`FHA->'E7R
	 >T8 �-EH=�D!�'6

y = f(x)
� � ?B6BFW:<FH6.C E!6��-E!A->'D"6 ]_6BM7R'6BC3=�8TR'6.M R
	O6:8�FKEH=�?QFH:_A�81R
	O:_8 �

� A-EKC,=�FH:LA-8 R
	O>'83�-EK=�D��':"��>T6 R'>(F X`D"6
y = f(x)

V 276.]_= ?BA-8'?.6BEK8'6 R'A-8'? =�>'MKM!: PT:_6.83R'6.M ? �'EKA-8TA5�-EH=�C,C(6.M
��>T6 R'6BMW?.A->'E!P 6BM\RT6 E!J.M!A-8	=�8'?B6 6B8 � A�8'?BFK:_A-8 R'69]_=8� E!J���>'6B8'?.6 =�;-6.? >'8'69JB? �'6.]L]_69]_A5�-=�EK:<F'�'C(:���>'6 V

c 8T6BC,DT]_6.M � � � EH=�?B6.E ]_=1?.A->'E!P 6 v
6.8 � A-8'?QFH:LA-8 R'6

t
=Y;�6.? ]_6BM C,6BMK>'E!6.M9MK>T:L;�=�8�FH6BM 6QF96.8

D'EK6B8	=�8�F U ?.C D"A->'E U M 6B8 =�P'MK?B:_MKM!6 6BF � ?.C D A->TE U C V M
−1 6.8 A-E!R'A-8'8TJ.6 V ��� � � >'6B]_]L6

6.MGF ]�	 =�C(D']_:<FH>'R'69R'> MK:���8	=�] ����� � � >'6.]�6.M!F ]_69F X`D"6 R'65EKJ���:_C(6 FKEH=�8'M!:LFKA-:_E!6������ � � >'6B]_]L6
6.MGF ]_=:� EKJ���>'6B8'?.6 R'69EKJBMKA-8'=�8'?.69� ��� VBV.V
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� �`V�� ��� 6\>TFHA->TE R
	 >T8 =�>`FHEK6 RTA`?B>'C,6B8�F � � ?.6BFS:<FH6.C EK6��-EKA->TD 6 ]L6.M*R'6BC3=�8'R'6.MWR
	O6:8�FKEH=�?QFH:_A�8^R 	 :L8 �
� A-EKC,=�FH:LA-8 ?.A-8T?.6.E!8	=�8�F*]L6.M =�>TFKEK6.M$R'A�?.>'C(6.8�FKM � MK? �TJ.C,= �`? �TEKA-8'A�D��'A�FKA5�-EH=�D��':_6 �-Fd=�PT]_6�=�>,R'6\8'A-C PTEK6.M �
FH6:8�FK6�� V.VBV

c 8T6BC,DT]_6.M � � c 88��>'6B]TD"A-:_8�F�R'67]_=SFHEK=@?!6.?QFHA-:LEK6 R'6.M!MK:_8TJ.6*]L6 C(A-P':L]_6$= � F%� :L]�MK>'P':`>'8 ? �'A�?��	���
� % = P A-PT:_8'69EK6BD'EKJBMK6B8�FKJ.6 R	=�8'MS]_69MK? �TJ.C,=,?.: � R'6BMKM!A->'MS6.M!F%� 6B]_]_69?BA-8'MK:LR'J.E!J.6 ?.A-C(C(6 EKJ.6B]_]L6
A-> :_RTJ�=�]L6������ � � >T6.]_]L6.M*DTEKJ.?.=�>TFK:_A-8'M7D	=�E!FK:_?B>']_:  .EK6BM7D'E!6.8'R ] 	Z=�>`FH6.>TE7D"A->'E*E!J.>'M!MK:_E ] 	 6^8`D J,�
EK:L6.8'?B6������ V.VBV

� ��V ��� � 6\>TFHA�>'E\R 	 >'8 RTA`?B>'C,6B8�F MKD"J.?B:�� ��>'6�� � ?B6BF :LFH6BC EK6��-EKA->TD 6 ]_6.M\R'6.C,=�8'RT6.M R 	 >TFK:_]L:_MH=�FH:_A�8
R'6 R'A�?.>'C(6.8�FKM7MKD"J.?B:�� ��>'6BM V � ]"M 	 =#�-:<F7RT6 R'A�?.>'C(6.8�FHM D	=�EGFH:_?B>']_:L6.E!M$DTEKJ.M!6.8�Fd=�8�FWRT6.M7;�=�]L6.>'E!M Fd=�P'>']_JB6.M 6BF
��>T:�D 6B>T;-6B8�F\M!6 FHE!A->T;�6.E R	=�8TM*R'6.M ]L:L;�EK6BM7R'6 EKJ�� JBEK6B8'?.6 ?BA-C,C(6 ]_=5EK6BD'EKJBMK6B8�FH=�FH:LA-8 R	=�8TM*]_6 DT] =�8 ;������
=
R'69] =IM!FH=�P':_]L:LFKJ R'6BM\8�>'?B]_J.A�FH:_RT6.M��	]L6 R':_=#�-EH=�C,C(6 R'6K27]_=�D 6QX�EKA-8^R'69]�	O6�=�> � V.VBV

c 8T6BC,DT]_6.M � � N 	Z=�DTE& .M ]L6�R'A�?.>'C(6.8�F ?.: � ?BA-8�FHEK6 �*]_6 8�>T?.]_JBA�FH:LR'6 235 g 6BM!F�� :_]\M!Fd=�P']_6�� ���
� N JQFH6BEKC(:_8'6BE ] 	 6B8�F'�	=�]LD':_6IRT6,? �	=�8.�-6.C(6.8�F5R
	 JQFd=�F R'6(]�	O6�=�> ]L:���>':_RT6��^]_= DTEK6.M!MK:LA-8

P =
1
P	=�E V ��� VBV.V

� ����� � � � � � 	 � � ��	/32 	�� �
� �`V �`U � 6 >TFKA->'E R
	 >T8^E!J.M!>']LFH=�F�� � ?.6BF*:LFH6BC E!6��-E!A->'D"6 ]_6BM7R'6BC3=�8'R'6.M RT6 ?.A-8T?.]_>TMK:_A�8 =�>TFKA->'E*R
	O>'8

EKJ.M!>']LFH=�FS8�>'C,JBEK:"��>T6 A->@8TA-8 V
c 8T6BC,DT]_6.M � � 	�:_8'=�]_6BC,6B8�F���]L6 R':_D�e-]L61EK6_Y.A-:<F�� :L]7R'6 ] 	 JB8'6.E��-:_61A�> 6B8 � A->TEK8':<F�� :L]7=�> E!6.MGFH6
R'> ?.:LEK?B>':LF������ � � >'6B]7D"6.>TF%�NZQFHEK63]�	O:_8�FHJBEfZBF5R'6 ?.63C,A-8�FH=#�-6������ � % 61R':LMKD"A-MK:<FH:��*R'JB?.EK:<F
D 6BEKC(6BF%� :_] R'69MKA->T]_6B;�6.ES] = C,=�MKM!69:_8'M!?.EK:<FH6 R	=�8'MWMKA-8^?�="�T:_6.E RT6.MW? �	=�E��-6.M������ VBV.V

� �`V��#� � 6 >`FHA->'ESR'6 ] = ?.A-C(D	=�EK=�:_M!A-8�� � ?.6QF :LFK6.C E!6��-E!A->'D"65] 	 6B8'MK6BC P']_69R'6BM R'6BC3=�8'R'6.M\R'6 ?.A-C8�
D	=�EH=�:_MKA�8'M ��=�:LFK6.M � ] = �	8^R
	O>'8^EH=�:LMKA-8'8T6.C(6.8�F V

c 8T6BC,DT]_6.M � � % 6BM1R'6B>(8 ;�=�]_6.>TEKM,FKEKA->`;-J.6BM1MKA�8�F%� 6B]_]_6BM36B8�=�?.?BA-EKR � ��� � % = ?.A�8'M!FH=�8�FH6
R'6 FH6.C(D'M R'JBFK6.E!C,:L8'J.6(6.MGF�� 6B]_]L6(6B8 =�?B?.A-E!R =�;-6B?3]_= E!6.D'E!J.M!6.8�Fd=�FK:_A-8 R'6,]_=1FH6.8TMK:_A�8 MK>TE ]L6
�-EH=�D��':���>'69M!>':L;�=�8�F������ � % 6.M FHEK=@?!6.?QFHA-:LEK6BMSA�PTFH6B8�>T6.MSMKA-8�F�� 6.]L]_6.M :LR'6.8�FK:���>'6.M ����� V.V.V

� �`V �"� � 27E!:LFH:"��>'6.E >T8'6^= h(EKC,=�FH:LA-8 � � ?.6QF :LFK6.C E!6��-E!A->'D"6 ]_6BMIR'6.C,=�8'R'6BMIR'6 � A-EKC5>'] =�FK:_A-8 R'6
?.EK:<FH:"��>T6 R
	 >T8'65= h,E!C3=�FH:_A�83FH6^8`FK>'6.]L]_6!��>': =IJBFKJ��I]_= P'=�MK69R
	O>'8'6 =�8	=�]<X�MK6 R'JQFd=�:L]_]_JB6 V

c 8T6BC,DT]_6 � � % 	 =�>TFK6.>'EW= � F�� :_] EH=�:LMKA-83]_A-E!M ��>
	O:_]"R':LF ��>'6 - D']_>TM*]�	OA-P3?!6QF*6.MGFWD 6BMH=�8�FWD']L>'M7;�:LFK6
:_]�? ��>TFK6.EK= / ����� VBV.V

� ����� � � *  � ��� 	 $.� 9 	 2 $ # �
� ��VZ[TU � 6\>TFHA�>'E7R'6\] = MKJ.?B>'EK:<FHJ � � :L]"M 	Z= �-:LF R'6 RT6.C,=�8'R'6BM*R'6\;�J.E!:��	?.=�FH:LA-81D	=�E$]�	O6:8T=�C(:_8'=�FH6B>'E M!>'E

]_6 EK6BMKD"6.?QF D	=�ES] 	 JB]  Q;-6 R'6BM\?BA-8'MK:"�-8'6BMSRT6 M!J.?B>'EK:<FHJ9D A�>'E ]_>': � C Z.C(6���MKA-8^6.8�FKA->'EH= �-696BFS]_6 C,=�FHJBEK:L6.] V
� �`V [ � � 6 >TFKA->'EWR
	O>'8 C(A-8�Fd=#��6�� � ?B6BF\:LFH6BC EK6��-EKA�>'D 69]L6.MWR'6.C,=�8'RT6.MW?.A-8T?.6.E!8	=�8�F ]L6.M C(A-8�Fd=#��6.M

6:8`D JBEK:LC,6B8�FH=�>(8 V
c 8T6BC,DT]_6.M � � 	 =�:LEK6\]_6 M!? �'J.C,=IR'6 ]�	O6:8`D"J.EK:L6.8'?B6 C,A�8�FKJ.6 M!>'E ] = D	=�:_]L] =�M!MK6 �TV ��� � 	 =�:_E!6 ]L6
C,A�8�FH=#�-6 ?BA-EKE!6.MKD"A-8'R'=�8�F =�> M!? �'J.C,=(?B:�� R'6.M!MKA->'M V ��� V.VBV

� �`V [�� � 6 >`FHA->'E R'6BM(=�D'D	=�E!6.:L]_M�� � ?.6QF(:LFH6BC E!6��-E!A->'D"6^]L6.MIR'6BC3=�8'R'6.M :LC,D']L:_?B:LFH6BM A�> 6^8`D']_:L?.:LFK6
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� �TVLU � � 	 =�:_E!6S>T81P':_]_=�8 � � ?.6QF*:LFK6.C E!6��-E!A->'D"6 ]�	O6.8TMK6.C5P']_6SR'6.M R'6.C,=�8'RT6.M7RT6 P':L] =�8 D'E!J.]_:LC,:L8	=�:LEK6.M
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c 8T6BC,DT]_6.M � � 	 =�:_E!6 >'8 P':L] =�8 R'6.M3� A-E!?.6BM V ��� � 	 =�:LEK6@>'8 P':_]_=�8 JB8'6.E��-JBFK:���>'6 D"A->'E1]L6
?.:LEK?.>T:LF V ��� V.V.V
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� �TV���U �Wc 8`D']_:"��>'6.E^>'8 D!�'J.8'A�C  B8'6 � � ?.6BF@:LFK6.C E!6��-E!A->'D"6 ]L6.M R'6.C,=�8'RT6.M^R
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R'6!�-EH=�D!�':���>'6BM\=�;�6.? ]_6.MWR': 4�JBEK6B8�FK6.MW?�=�EH=�?QFHJ.E!:_MGFH:���>'6BMWEK6.C,=�E���>'=�P']_6BM ; FH=�8.�-6B8�FK6.M � =�M!X�C,D`FHA�FK6.M�� VBV.V =
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� �TV �"� �TN J.?BEK:_E!6 ]_6BM =�;�=�8�FH=#�-6BM*6BFW]L6.M*:L8'?.A-8�;�J.8':L6.8�FHM R
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� �`V���� � � =�D'DTEKA�? �'6.E >T8�EKJBMK>']<Fd=�F R
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