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MCB /2B /�u'&TSC.|;=14B /239IX��1R, B2IP;w/2B /239ICKU;�&a;[z

{ &TI`K F & /239IC/2B2SX;J.039I MCB , .?/2143657, &TIC.?SC@CF &a;JB2@C1 ��@CICB SC14B2, .0V214B &TS`SC1R3h/�uCB B2KU;
Mc\^BWKRK,&sl9B21 Mc\dQ2F0.?, .?ICB21 F?B2K k 391R/WB2K Mc\ &<MCuCQ2K4.039I �d��@>=A@CM'& ¡W¢ £T¤|¥ � ���9�&¦ � 3&@ Mc\d@X;=.?F0.?KRB21
MCB2K k 3914/2B2K�MCBt, 3iMC@CF0B)K4@CSYQ21R.?B2@C1�� /2B2K k 391R/2B2K}KR@C1 k &</2.0>y@CB2KK&a��I M`BHSY39@XZ&39.01N@X;=.?F0.?KRB21
F0B K,&[Z&39.?1 k &<.014B , &T/21439KR/239SC.0>y@CB � � &<F0.?I ¡E¢t£T¤|¥ � ���9��?�� � � ��BWKR/vu ¡E¢t£<¤|¥ � ���9�@?�� z

§ ICB KRBW/23&ICMCB ;JB2ICM'&<IC/2B � SCF?@CK &</E;=@CB2F?F0B BE; M'&TICK F &<>A@CB2F?F0B F?B2K ;J1�&[Z(&T@ig SC1RQ2K4B2Ih5
;=Q2K M'&<ICK /2BE;4;=B ;JuCV2KRB KW\^.?ICKR/W1R.|Z&B2IL; ��/vuCB214/vuCB � SC143<�C;=B21 MCB /2B ;7lhSYB MCB k 3&14/2B SY3&@`1
1RQÃ&<F0.?KRBW1HF & , &<IC.0SC@CF &6;J.039I � � .�l�&BAÃ&:=y. BE; �;&6;J3�� ���&��? � �?�   3&F?F03<; �>CBDEDFD � z + & MC.HG /2@CF�;JQ
SC1R.?IC/2.?S'&TF?B MCB F & , &TIC.?SC@CF &a;=.?3&I S`1R3�Zh.?B2IP; &<F0391RK B2KRK4B2IP;J.0B2F?F0B2, B2IL; MCB F]\^B2ILZh.?1R39ICICB�5
, B2IL; �<BE;�MC@ /23&IL;=1,I&F?BfMCBx/2BWF0@C. 57/2.¨za§ I F &<1R_9BfS'&TIC391�&<, & MCBj/2B2K�;=1,&[Z(&T@hg BE; MCBxF?B2@C14K
S'&T1U;J.0/2@CF &T14.�;JQ2KfB2Ke; SC14Q2KRB2IL;=Q M'&<ICKwF0B2KwS'&T_9B2KwKR@C.|Z�&<IP;JB2KWz

+ Bw/vuC39. g MCB F & k 391R/WB-Mc\ &TMCu`Q2KR.?3&I /23&, , BxS'&<1�&<, V�;=14BxSC14.0I`/2.0S'&<FCMCB F & , &TIC.?SC@h5
F &a;=.?3&I .0, S:39KRB @`I 1�&<SCSYB2F�SC14Q2/2.0K MCB2K k 3914/2B2K K4@C1 k &</2.?>A@CB2KWzJ;7F�KW\ &<_&.|; Mc\dB�gXSCF?39.�;JB21 F &
SCuPliKR.?>A@CB MCB2K K4@C1 k &T/2B2K M�&TICK @`ICB 39SYQ21�&a;=.?3&I MCB , .0/2143657, &TI`.0SC@CF &6;J.039IczC§ ICB &TI�&�5
F�liKRB MCBWK SY3T;JB2IP;J.0BWF0K Mc\^.?IP;JB21�&</E;=.?3&I`K �rMCB2K k 3&14/2B2K MCB Kµ&TI MCB21 L &%&<F0K ��MCBWK k 391R/WB2K
/Ã&TS`.0F0F &<.014B2KrBE;xQWF0B2/E;J1R39Ke;�&a;=.?>A@CB2K �`BWKe;wMC3&IC/ SC1R39SY3&K4Q2B &a��I MCB /23&, SC1RBWICMC1RB F?B2KfSCuCQ�5
IC3&, V2ICB2Kw>A@C.OB2IP;J14B2IP; BWI �RB2@cz

M N O PRQTSVU QWPXSVU Q QTY Z [*S\P^] _`Z O Y [�a b c*O de[�] Y

fhgif j k"lXmTn o p#qsrutRvBo lhw p�x y z#lX{|p.thw {~}/z#}�tVx }&r>}/n � y j lV� tVrulX{~thp�r>n
� k�� y�{~t�o lX{~p#�'y n � n � n���lhw �-thw

+ B + &T8Y3&1,&a;=39.014B Mc\�� @X;=39, &6;J.0>y@CB MCB �fB2K�&<I>923&I m8��� � qx/239ICK,&T/214B F¨\d@CI MCB K4B2K
;=143&.?Kn&�g�B2K-MCB 14B2/vuCBW1R/vu`B � F & , .0/2143657, &<IC.0SC@CF &6;J.039Icz + \^@CI MCBWK 398A�4B2/E;=. k Kw/23&IC/2BW1RICB
F¨\dQE;=@`MCBxBE; F0BjMCQEZ&BWF039SCSYB2, B2IL;)Mc\^@CI F0.?B2I B2IP;J1RBwF0Bt, &T/2143&, 39ICMCBHB�;)F0Bt, .?/21R39, 3&ICMCB �
MCB k &B9239I � SYB214, BE;4;J1RB � @CI 39S:QW1�&a;=B2@C1wMCB SC.?F03<;=B21t@CI , .0/214391R398Y3T;jMCB2SC@C.?K-F?B , &�5
/21R39, 3&ICMCB<z&; F}K2\ &T_9.�; ��M'&<ICK @CI SC14B2, .?B21 ;JB2, SCK � Mc\dQE;=@CM`.0B21 F & k &<.0K,&T8`.0F0.|;=Q M�\^@CI ;JB2F
KeliKe;JV2, B B2I SC.?F03<;�&<IP; @CICB ;��</vuCB K4.0, SCF0B M'&<ICK F?B , .?/21R39, 39ICMCB � S'&T1U;=.?1 Mc\d@CICB
.0I k 3&14, &a;=.?3&I Zh.?KR@CBWF0F0B m , .0/2143&K4/239SYB�q�BE;�Mc\d@CI 1RB�;=39@C1xM�\^BE��391e;JK m u'&TS�;=.?>A@CB�q�z + B , . 5
/21R39K4/23&SYBrB2KU;�@X;J.0F?.0K4Q�SY3&@C1�F &t/239, , &TICM`B�1RQ k Q21RB2IC/WQ2B�Zi.0K4.039I BE;NF0B�KUlhKU;=V2, B)u'&TS�;=.?>A@CB
SY3&@C1j/239, , &TICMCBW1xF?B2KxM`B2_&14Q2K MCB F0.08YB21U;=Q MC@ , .0/2143&KUlhKU;=V2, B<z
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+ 3&14KR>y@c\^.?F�K2\ &T_9.�;jMCB k &T.?1RB 1RQÃ&<F0.?KRB21fS'&<1t@CI 39S:Q21,&a;=B2@C1j@CICB ;��</vuCB MCB , &<IC.0SC@CF &�5

;J.039I M'&TICK)F?Bx, .?/21R39, 39ICMCB �T/2BWF0@C. 57/2.CIc\ & S�&TK)MC.?1RB2/E;JB2, B2IP;m&</2/2V2Km&T@hg .?I k 391R, &6;J.039ICK
K4B2ICK43&14.0B2F?F0B2K F0@C. SYB21R, BE;R;�&<IP; Mc\dBE��B2/E;=@`B21 /239IPZ9B2I'&T8CF?B2, B2IP; /2BE;4;JB ; �T/�uCB<z ;7F k &T@X;
/W1RQ2B21�@CI F0.?B2I B2IL;=14B F0B , .0/W1R39, 39ICMCB BE; F0B , &</21R39, 39ICMCB �CS'&T1wF?B 8C. &<.0KjMc\d@CI BE��B2/�5
;JB2@C1 �TMc\d@CI KUlhKU;=VW, BjMCBfZh.0K4.039I , .?/21R39K4/23&SC.?>A@CBfBE;rMc\d@CI KeliKe;JV2, Bxu'&<SX;=.?>A@CBj� 14BE;J3&@C1
M�\^BE��391e;JKHM`B , &<IC.?V21RB � M`3&ICICB21j� F¨\d39S:QW1�&a;=B2@C1fuy@C, &<.0I F & SY3&K4K4.08C.?F0.|;=QwMCB 14B2KRK4B2IP;J.01
F?B2K k 391R/2BWK , .0/21439, QE;J1R.?>A@CB2K B�; MCB ;=Q2F?Q239S:QW1RB21 MCB2K ; �T/�uCB2K M`B , &TIC.?SC@CF &a;=.?3&I�z + B2K
;J1,&sZ(&<@hg B2I /23&@`1RK @X;J.0F?.0K4B2IP; @CI F0BEZi.0B21 MCB , .0/21439KR/239SYB � k 391R/2B &a;=39, .?>A@CB m�� ��� q
/W3&, , B BE��B2/E;=BW@C1 BE; @CI �R3�lhKU;=.?/�= � 14BE;J3&@C1 Mc\dBE��3&1U;=K /239, , B KelhKU;JV2, B u�&TSX;J.0>y@CB
�   39@C_9B23T;wBE; � u'&<.0F?F0BE; �>C:DFD�C � z

����� � � b:�ylhKe;JV2, B MCB ;JQ2F0Q239SYQ21�&a;=.?3&I MCB + � �

! 
�"���� ��
 �$#%��&���'(�)
������ �+*,��"-
���&�' �.#�����#�' ��� � �������0/1� ������23"�&��)
������
+ \^398A�4B2/E;=. k � I'&TFfMC@ + � � B2Ke; MCB /W3&IC/2BEZ939.01 MCB2K 3&@X;J.0F?K MCB , &<IC.0SC@CF &6;J.039I B2I

Zi@CB MCB F?B2@C1 .0I`KRB21U;=.?3&I ��I'&<F0B M'&<ICK @CI KeliKe;JV2, B MCQ2, 3&ICKU;=1,&6;JB2@C1 /239, SCF0BE; z + B /23
BW@C1 MC@ KeliKe;JV2, B M`B , &TI`.0SC@CF &6;J.039I B2KU; @CICB , .0/2143657SC.?IC/2B SC.?Q*A23hQ2F?B2/E;=14.0>y@CB � MCB2@hg
M`3&.?_T;JKrMCB K4B21R1,&<_&B m ��_`z~C&q�MC39IP;f/vu�&T>A@`B MC39.0_<;rB2Ke;t@CI @CIC.0, 3&14SCuCBwSC.0Q*AW3hQ2F0BW/E;=14.0>y@CB
M`B � � � D , , MCB F?3&IC_9@CB2@C1WzC§ ICB /239, , &<ICMCB B2I 8:39@C/2F?B k B214, QWB 3T��14B @CICB S`1RQ2/2. 5
K4.039I MCB SY3&K4.�;J.039ICICB2, B2IP;).?I k Q214.0B2@C14B�� � D IC, � F¨\dB�gh;J14Q2, .|;=QwMc\^@`I MC39.0_<; �PSY39@C1)@CICB
8�&TICMCB S'&TK4K�&<IP;JB MCB � DFD 4 A � � =	4 A<z + B2K ;=1,&[Z�&<@hg B2I /239@C14K /239IC/2B214ICB2IP; MCB2@hg
SY39.0IL;=K ��Mc\^@`ICB S'&<1e; ��F¨\d.0IL;=Q2_91�&a;J.039I MCB /Ã&<SX;=B2@C14K MCB MCQ k 3&14, &a;J.039ICK KR@C1 F?B2K MC39.0_<;=K
M`B F & , .?/2143&SC.?IC/2B SY39@C1xF & , B2K4@C1RB M`.014B2/E;=B MCB F0B2@C1jMCQ65�B�g�.039I BE; � Mc\ &T@X;J14B S'&T1U; � F?B
S`.0F03<;�&T_9B MCB F]\^BWICKRB2, 8CF?B S�&T1 @`I �R3�liKe;J.0/ = � 1RBE;J39@C1 Mc\dBE��391U;=K �t&6� I Mc\ &T, Q2F?.0391RB21 F &
M`B�gh;JQ21R.|;=Q MCB F¨\d3&SYQ21,&6;JB2@C1 �^��B2141RB2.?1�& ¡E¢t£T¤|¥ � CBDED � � z
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����� � Cib:� .0/W1R39SC.0IC/2B MC@ + � �

+ \ &TSCSC143h/�uCB &TM`3&SX;JQ2B S'&<1fF0B + � � B2KU;jMC3&I`/ F & , .0IC. &6;J@C14.0K,&6;J.039I M�\^@CI KUlhKU;JV2, B
MCB SC14Q2uCB2ICK4.039I , &</2143&K4/23&SC.?>A@CB�� B2I &<K4KR3h/W. &<IP; @CICB .0IL;=B21 k &</2B u'&<SX;=.?>A@CB �ô&a��I MCB
SYB21R, BE;4;=14BH� F¨\d@X;=.?F0.?K�&a;=BW@C1�F?B�S�&TK4K�&<_&BtMC@ , &T/2143 &<@ , .0/W1R39, 39ICMCB<z � BE;4;=B@&<SCSC1R3i/vuCB
&6;4;=BW.0IP; KRB2KrF?.0, .�;JB2KGF?3&14K�MCBwF¨\d.0IL;=B21UZ&B2IL;=.?3&I MCB k &</E;=B2@`1RKrF?.0Q2K�� F & , .0/2143657S`uPlhK4.0>y@CBtBE;
SCF0@CKtS'&<1e;J.0/W@CF0.?V21RB2, B2IP;y&<@hg k 3&14/2B2KjMc\ &<MCuCQ2K4.039IczC��F0F0B & MC3&IC/ ICQ2/2B2K4KR.|;=Q F & , .?KRB &<@
SY3&.?IP;tMc\d@CICB IC3&@�Z&B2F?F0B QE;=@CMCB Mc\^B�g�SCF0391�&a;=.?3&I MCB2K k 3&14/2B2Kw� F¨\dQ2/vuCB2F?F0B , .?/21R39KR/239SC.?>A@CB
SC1RBWI'&TIL; B2I /239, SX;=B F?B2KwSCuCQ2IC39, V2ICB2K�Mc\ &<MCuCQ2K4.039I SY39@C1-F & , .0/2143a57, &<IC.0SC@CF &a;=.?3&Icz

fhg�� j n x r>t�� n-{ ��� tV� tX{~p#q � p#q r>t�o lhw p�x y z.lX{|p#thw
	 � n z k�� � �^lhw v
qJn/� � p#q r>th�����@{~neo � j lV� tVr>lX{|tVr
�

+ \ �xMXZ��<IC/2B2M � .?/21R39KeliKe;JB2, K + �T8Y391��a;=391Ul m8� n �fqrMCB F¨\ § IC.|Z&B214K4.�;JQ MC@ � .?ICICB�5
KR3<;�����K43&@`K F�� MC.014B2/E;J.039I M`@ ��143 k B2KRK4B2@C1 �f1��TMCF?BEl � BWF0K43&I���KW\d.0IP;JQ214B2KRK4B � F�� , .?/21R3a5
, �<IC.0S`@CF��a;=.?3&I���B2I B�g�SCF0391��<IP; Mc\d@CICB S��<1U; F0B SC1R398CF0V2, B MCB SY3&K4.�;J.039ICICB2, B2IP; SC14Q�5
/2.0K B�; � Mc\��T@�;=14B S��<1e; � F?B2K S��T1U;J.0/2@CF��T14.�;JQ2K SCuLlhK4.0>A@CBWK MCB2K /23&IL;��</E;JK � F¨\dQ2/vuCB2F?F0B , . 5
/21R39K4/23&SC.?>A@CB<z + B2K 14B2/vuCB214/vuCB2K �</E;=@`B2F0F?B2K .0IC/2F?@CB2IP; @CICB /W3&, , �<ICMCB 1RQ k Q21RB2IC/WQ2B Zi. 5
KR.?3&I BE; BE��391e;JK��TSCSCF?.0>y@CQ2B �<@hg , .0/214365 ;JB2/vuCI`3&F?3&_9.0B2K)BE; � F�� /23&IC/WB2SX;=.?3&I M`B , .?/21R3a5
SC1RQWuCB2ICKRBW@C1RKWz

§ I , .0/W1R3a57SC1RQ2u`B2ICKRB2@C1 � QE;=Q 1RQ��<F0.?KRQ SY3&@C1 BE��B2/E;J@CB21 MCB2K ; �T/�uCB2K MCB K��T.?KR.?B BE;
MCB MCQ2SY3&K4B m ��_`z��yqE����uC39@ ¡E¢ £<¤�¥ ��CBDEDFD � z1;7F�SY3&K4K4V2MCB M`B2@hg MC3&.?_T;JK b�F0B SC1RBW, .?B21 B2KU;
@CICB Ke;J1R@C/�;=@C14B B2I /��<IP;J.0F?BEZ&B21 Mc\^@CI � � � MC39IP; F�� SY3&.?IP;JB � QE;=Q K4@CSCSC1R.?, QWB BE; F0B
KRB2/W3&ICM BWKe;w, .?K)B2I , 3&@XZ9B2, BWIP;j_&1 �T/2B � @CI �T/�;=.?3&ICICB2@`1HSC.?Q*A23hQ2F?B2/E;J1R.?>A@CB >y@C.cS:BW1 5
, BE;tMC39IC/ F�� SC1R.?KRB B2IP;J1RB F?B2KHM`B2@hg MC39.0_<;=KWz + B KelhKU;JV2, B MCQ�;=B2/E;JB F�� MCQ 5�B�gX.?3&I Mc\d@CI
MC3&.?_T;DSYB21R, BE;4;��<IP;��<.0ICK4.hMCBj/��<F0/2@CF?B21�F�� k 391R/2BtMCBt/239IP; �T/E;�B2I @X;J.0F?.0K��TIL;�F���/23&I`Ke; �TIL;=B
MCB 1��T.?MCB2@C1)MC@ SC1RB2, .0B21)MC39.0_<; z � B SC1RQ2uCB2I`KRB2@C1tKW\^B2KU;��sZ9Q214Q SYB2@ �!�<8CF?B � /��T@`KRB M`B2Kk �</E;=B2@`1RK F?.0Q2K � F¨\��TMCuCQWKR.?3&Icz1�f.?B2I >A@c\d.0F�K43&.|; SY3&K4KR.?8CF0B MCB K��T.?KR.?1 B2I /23&IL;=1,I&F��TIL; F0BWK
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B���391U;=K MCB K4B21R1��<_&B ��F�� MCQ2SY39KRB KW\^BE��B2/E;J@CB MC.HG /2.0F?B2, B2IP; z � Q �TIC, 3&.?ICK �Y/2BE;4;=B QE;J@CMCB
� SYB214, .0Kr� F]\�� � + Mc\��</2>A@CQ214.01r@CICB�8Y3&ICI`B /239ICI��T.?KRK��<IC/2B MCB�F¨\dB2IPZi.0143&ICICB2, B2IL;), . 5
/W1R39KR/239SC.0>y@CB<z

����� � � b ��1R3<;=3<;7lhSYB MC@ , .?/21R3a57SC14Q2uCB2ICK4B2@C1 MCB F]\^Q2>y@C.0SYB ��@ ��uC3&@ BE; � 1��TM`F0BEl �Xz
��B2F0K439I [ ��uC3&@ BE; �<F¨z �`C:DFDED ]

�j/E;J@CB2F0F?B2, B2IL; �GMCB2@ig SC143��RBE;JK B2I /W3&@C14K 1RB2_91R39@CSYB2IP; F?B K��[Z&39.01�5 k �<.014B M`@ � � +
BWI , �6;J.0V214B MCB , �<IC.0SC@CF��6;J.039Icz + B S`1RB2, .0B21 /W3&IC/2B214ICB F¨\��TK4KRB2, 8CF��T_9B MCB , .0/2143a5
/W3&, SY3&K��TIL;=Kw, �<_&ICQ�;=.?>A@CB2KjBE; F?B MCB2@hg�.0V2, B F]\^.?I��RB2/E;J.039I /2B2F?F0@CF��T.?1RB<z

n ������23"�&��)
������ ' ���	' n o n p � ������#�
���� ".��'
+ \^398A�4B2/E;=. k MCB)/2BfSC143��RBE;DB2Ke;DMCB)SC1R39SY3&K4B21G@CI KUlhKU;=V2, B ��;J3T; �TF?B2, B2IP;��T@X;J3&, �6;J.0K4Q �

M�\ �<KRK4B2, 8CF��<_&B MCB2K � �)� � , �<_&ICQE;J.0>y@CB2K2z + B SC1RQWuCB2ICKRBW@C1 @X;J.0F?.0K4Q B2KU; K4B2, 8CF��<8CF?B
�<@ SC14B2, .0B21tSC1R3<;J3T;7lhSYB SC14Q2/2Q2MCB2, , B2IP;wMCQ2/214.�; z + � MCQWS:39KRB K2\dBE��B2/E;=@CB _91 �T/2B � MCB2Kk 3&14/2B2K Q2F?B2/E;=143&KU; �6;J.0>A@`B2K SC1RQ2K4B2IP;JB2K KR@C1 F0B KR@C8CKU;=1��a;[z � Q��<IC, 3&.?ICK � /WB SCuCQ2IC39, V2ICB
>y@C.t1RB2ICM SY3&K4KR.?8CF0B F�� K��T.?KR.?B B2, S	�2/vuCB F0B 8:39I SY39KR.|;=.?3&ICI`B2, B2IL; MCB2K /23&, SY3&K��TIL;=K
m ��_`z �a5 �Pq�zH§ I M`B2@hgX.?V2, B 39@X;=.?F B2KU; �<F0391RK @X;=.?F0.?KRQ SY39@C1 /2391R14.0_9B21 F?B2K B21414B2@C1RK MCB
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� KXSCO RND zCGJDUI LNDUG �dK�O�
6RYD zCGP\U{CDUSCOPDUQCG DUO`Z zTReK��U\ �
0 � 4 nm

K�Q VCDUOPOJQCO VCD RyK
OPzC{��UGPD�]�� E�QCGqGP\UVCQCLNGPD RYD Z�DUI zCOqVCD �dK�RN�UQCRBD�Zj_[K�G�K�S[ZMLNG�ReK � K3	CLNRYLfZM\ VCD ReK OJEHRNQ*ZMLNEHS�

RYD I K�LNRYReK�_�D VCD �UDURNRYD����UL6DUO`Z KA� SC\ V8KXSCO QCS G�K��HE�S VCD
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KXQiZ�EHQCG VCQ z^EHLNShZ

VTD �UEHS[Z4KX� Zd]�� K �8_HQCGJD x�� I EHS[ZMGJD Rvu�K�I zCRYLfZMQCVCD VCD ReK VC\�}FEHGJI K�ZMLNEHS VCD ReK OPzC{��UGPD
K�Q*ZME�QCG6VTQ z^E�LYS[Z VCD �UEHS[Z4KX��Zb] � DUOWGJ\UOPQCRfZ4K�Z�O6I E�ShZ�GPDUS[ZW�gQCD RvuaE
	gwJD�Z�DUO`Z$ua\�ZMLNGP\�uX�HDUGJO
RYD zCGP\U{CDUSCOPDUQCGc]�� u�K�I zCRYLfZMQCVCD$I K �*LYI K�RND�
?K�ZJZMDULNShZ�D \��sLYVCDUI I DUS[ZqK�Q OPE�I I D�Z�VCD ReK
OPzC{��UGPD�
 DcO&Z$VCD R�u
E�GPVCGPD VCD

30 nm
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m�� n p|x�� r � \�}FEHGJI K�ZMLNEHS zCGP\����UEHS[Z4KX��Z

� KXSCO$RND VCDUQ��*L��cI D �dK�O�
8ReK OPzC{��UGJD DUO&Z$I E�VC\URNLYOJ\UD DUS �UE�ShZ�K���Z K��HDU� RYD zCGJ\c{CDUS��
OPDUQCGc]
� K �8_HQCGJD x� ��;K I EHS[ZMGJD RND I KXLYRNRyKX_HD \URY\UI DUShZ�O �8STLNO VCQ O!�sO`Z"�UI D D Z ReK � _�QCGPD x# $�
	 RNDUO GP\UOJQCR�Z�K�Z�O VCD ReK OJLYI QCReK�Z�LYE�SB]8� KXSCO �UD �bKXO%
 RyK VC\�}FEHGJI K�ZMLNEHS �UEHSCO`Z�K�Z�\UD DUO&Z
LYS[�HDUGPOJ\UD z8K�G G�K�zCz^E�G`Z KXQ �bKXO zCGJ\U�c\UVCDUS[Zb]&� uaE
	?wPD�Z�
�K�Q RNLYDUQ VBu ��ZMGJD \�ZMLNGP\ �HDUGPO RYD
zTGJ\U{CDUSTOJDUQCG%
|DUO`Z KXzCRyK�ZML K�Q*ZME�QCG VCQ z^EHLNShZ VCD �UE�ShZ�K���Zd]'�6u�KXI zCRNL�Z�QCVTD VTD RyK VC\�}~E�G(�
I K�Z�LYE�S DcO&Z$VCD R�u
E�GPVCGPD VCD

10 nm
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_HDdK�S[Z VCD OPDUSCO D�Z K�ZJZMDULYS[Z VCDUO �XK�RNDcQCGJO OJQ�� O�K�I I DUShZ _�GMKXSCVTDUO z^E�QCG I E�VCL)�8DUG RNDUO
}~E�GP�UDUO VBu�K�VC{C\UOPLNEHSB]�� K�SCO RND �dK�O VCD I KXSCLYzCQCRyK�ZMLNEHS VBu
E
	?wJD Z zTRNQCO *;I EHQ�+ �UE�I I D
QTSCD �UDURNRYQCRND�
8�UDUO VT\�}FE�GPI K�ZMLNEHSCO OPEHS[Z 	^DdK�QC�UEHQCz zCRNQCO LNI z EHG`Z�K�S[ZMDUO D�Z LNS-,8QTDUSC�UDUS[Z
RYD VC\UGPEHQCRNDUI DUS[Z VCDUO zC{8KXOPDUO VCD O�K�LNOPLND D�Z VCD VC\Uz^E�OPD�]/. SCD K�S8KXR0�sOPD V-��S8KXI LN�gQCD
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m�� nqp|x� r k�K l  EsV��URYD tON VCD RvuaE�
gwJD�ZjDUS �UE�ShZ�K���Z k�
 l � \�}~E�GPI K�Z�LYE�S KXQ �UEHS[Z4KX� Z

z8KXG I \�ZM{CEsVCD VCDcO \URY\UI DcS[Z�O �8STLNO ��K VCEHSC� z^DUGPI D ZJZMGJD ReK �?Q8K�S[ZML)�8�bK�ZMLNEHS VCD �UDUO
LNS-,8QTDUSC�UDUOc]

"$#�
 � :`7 ) -/.9(i:/3�< = + �q< .W7 :���) , = > .65 02-;0 7 ,2<W(*= � < :;=
� �8S VCD OPLNI zCRNL0�8DUG RyK OJLYI QCReK�Z�LYE�S D�Z VCD RNLYI L�Z�DUG RND Z�DcI zCO VCD �dK�RN�UQCR 
2RND zCGPE �


CR��UI D DcO&ZjG�K�I DUST\ � VCDUQs� VTLNI DUSCOJLYE�SCO%
sDUS Q*ZMLNRYLNOMKXShZ ReK zCGPE�zCGPLN\�ZM\ VBu�K �iLNO!�sI \�Z�GPLND�]
. S VCLYOJ�gQCD VCD GMK���EHS

10 � � DUO&Z Q*Z�LYRNLYOJ\ z^EHQCG GPDUzCGJ\UOPDUS[ZMDUG RvuaE�
?wPD�Z I KXSCLYzCQCRN\�]��2D
OJQ�
TO&ZMG�K�Z DUO`Z DUSCOPQCL�Z�D GPDUzCGJ\UOPDUS[ZM\ z8KXG$QCS �?Q8K�VCGPLNReK�Z �UGJD�] �2D zCGP\U{CDUSCOPDUQCG SBu
DUO`Z z8K�O
I E�VC\URNLYOJ\ DUS Z�K�S[Z �?QCD OJEHRNLYVCD�]���RjDUO&Z GPDUI zCRyKX�U\ z8KXG QCS �4{8KXI zCO VCD }FEHGJ�UD�
�I E �
VC\URNLYO�K�S[Z RNDUO }FE�GP�UDUO VCD 6WK�S VCDUG 7 KHKXRYO Ocu�K�zCzCRNLY�?Q8K�S[Z OJQCG RvuaE�
gwJD�Z � QCSCD VCLNO`Z�K�SC�UD
VBuaLYS[ZMDUGMKX��ZMLNEHS

D
] � DUO }~E�GP�UDUO VCD 6WK�S VCDUG 7 KHKXRYO OJEHS[Z zCGJLYOJDUO DUS �cE�I z*Z�D DUS[ZMGJD

RND OJQ�
CO&ZMG�K�Z D�Z RvuaE�
?wPD�Z z8KXG QTSCD I EsVC\URYLNOMK�ZMLNEHS SCEsDUQCV � SCE�DUQCVB] ��EHQCG OJLYI QCRNDUG RND
I EHQ*�HDUI DUShZ VCQ zCGJ\U{TDUSCOJDUQCG%
 ReK VCLNO`Z�K�SC�UD VBuaLYS[ZMDUG�K���ZMLNEHS

D
DUO`Z zCGPE�_HGJDUOPOJL��HDUI DUShZ

KXQC_HI DUS[ZM\UD�] �2Dq�UEHI z^EHG&ZMDUI DUShZ�VCDjR�u
E�
gwJD�Z�VC\Uz^DUSCV VCDjReK ��LfZMDUOJOPD VTQ VC\UzCRyKX�cDUI DUShZ
VCQ zCGP\U{CDUSCOPDUQCGU]

�2DUO�GJ\cOJQCR�Z�K�Z�OWOPE�ShZ zTGJ\UOPDUS[ZM\UOqOJQCG�ReK � _�QCGPD x��s]-� DUO zTReK�_�DUO VCD O�K�LNOPLND$D�Z VTD VC\��
z^E�OPD OJEHS[Z VCE�SCST\UDUO DUS }FEHSC��ZMLNEHS VCQ VC\UzCRyKX�UDcI DUShZ LNI z^E�OP\ V8K�SCO QCS LYS[ZMDUG&��K�RNRYD VCD
Z�DUI zCO VCEHSCSC\�]Ct6S ZMDUGJI D VBu�KX�U�c\URN\UGMK�ZMLNEHS�
sReK RYLNI LfZMD OPQCz^\UGJLYDUQCGPD VCD RyK O�K�LNOPLND k VCEHSC�
R�u�KX�U�c\URN\UGMK�ZMLNEHS I LNSTLNI QCI z^E�QTG RyK VC\Uz^E�OPD l �cE�GPGJDUOPz^E�SCV �

105 � ��� 2 ] � D�ZJZMD RYLNI LfZMD
DUO&Z RN\U_ �UGJDcI DUShZ9LNS*}~\UGJLYDUQCGPD K�Qs� GP\UOJQCR�Z�K�Z�O E�
*ZMDUS?QTO�K��HDU�qReK$OJLYI QCReK�Z�LYE�S �UEHGJzTO9GJLY_�LYVCD
z^E�QCG RYD I �UI D D �*DUI zCRND�
2OPE�L�Z �

106 � ��� 2 ]���R6OPDUI 
TRND VCE�SC� zCRYQCO }�K��ULNRYD VBu
D! DU���
Z�QCDcG ReK VC\Uz^E�OPD �gQCD �UDUReK S u�Kd��KXL�Z \�ZM\ zTGJ\���Q V8K�SCO Rvua{ �sz^EXZM{��UOPD VTD �UEHGJzTO GJLY_�LYVCDUOU]
� \dK�SCI E�LYSCO�
CRNDUOjGP\UOJQCR�Z�K�Z�OqOPE�ShZ �UEHS*}FEHGJI DUO �gQ8KXShZ K�Q �UEHI z^EHG&ZMDUI DUShZ _H\USC\UGMKXR VCQ
O ��O&Z �UI D D�Z RNDUO ZMG�K�SCOPLfZMLNEHSCO�DUShZ�GPD RYDUO VCL" \UGJDUShZ�O9\ Z�K�Z�O�u�K�ZJZ4KX�4{C\�uXD�Zqu
VC\�Z4KX��{T\�u[KXzCz K��
G�K�LNOPOJDcS[Z�VCD }�K��UEHS LYVCDUS[ZMLN�?QTD�]Q4 S z^DUQ*ZqVCE�SC� �UE�SC�cRNQCGPD � ReK ��K�RNLYVCLfZM\ VCDUO�GP\UOJQTRfZ4K�ZMO
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m�� nqp|x�� r �6RyKX_HDUO VCD O�K�LNOPLND D�Z$VCD VC\Uz^EHOJD z^EHQCGqQCSCD OJzT{��UGJD DUS �HDUGPGJD

E�
*ZMDUS?QCO K��HDU� Rvu�K�zCzCGJE���{CD �UEHGJzCO GJLY_�LYVCD�
8I �UI D OJL RNDUOj��KXRYDUQCGJO$RNLYI L�Z�DcO OPE�ShZ I EsVCL �
� \UDUOU]

� K I �UI D \�Z�QTVCD DUO`Z GJ\bKXRYLNOP\UD z^EHQCG QCS E�
gwJD�Z 
TLNEHRNEH_�LY�?QCD�
 zTRNQCO \URyKXO`Z�LY�?QCD�
BDUS
GPDUI zCReK��dKXShZ RYD I E�VCQCRND VBu��WEHQCSC_ VCD RvuaE�
?wPD�Z z8K�G RYD I E�VCQCRND \URyKXO`Z�LY�?QCD VBu
QCSCD �UDUR �
RYQCRND DcSCVCEXZM{C\URNLyK�RND : 7 K���{C\ �������
	�
��3?>?
? @ ]�� D ��{8K�SC_�DcI DUShZ VCD �UD I EsVCQTRND I EsVCL)� D
RYD �UE�I z^E�G`Z�DcI DUShZ VCQ O ��O&Z �UI D�] ��R6K�zCz8K�G�K�
NZ QCSCD OJL�Z�Q8K�Z�LYE�S LY_�SCEHGJ\cD V8K�SCO RYD I E �
V �URND DUS �UEHGJzCO GPLN_HLNVCD�
�E�� RvuaE�
gwJD�Z GJDUO`ZMD �UEHRNRN\ OJLYI QCRfZ4KXST\UI DUShZ KXQ zCGJ\U{CDcSCOJDUQCG D�Z
K�Q OPQ�
CO&ZMGMK�Z D�Z DUO`Z \�ZMLNGP\ DUShZ�GPD RNDUOjVCDUQs� ] � D �dKXOjVCD �8_HQCGJD GPLYOJ�?QTD zCGJE�
8K 
CRNDUI DUS[Z
V uaDUSCVCEHI I K�_�DUG RYDUO E�
?wPD�Z�O 
CLYE�RYE�_HLN�gQCDUOc] �|K �8_HQCGPD x�F I EHS[ZMGJD RYDUO VC\�}FEHGJI K�ZMLNEHSCO
OPQ�
CLYDUO z8K�GjR�u
E�
gwJD�Z$KXQ �UE�QCGPO VTD ReK I K�SCLNzTQCReK�Z�LYE�SB]

k�K l O�K�LNOPLYD Kd��DU� k 
 l \�ZMLNGPDUI DUS[Z$DUS[ZMGJD kF� l SCE�S���OMK�LNOPLND Kd�HDU�
VT\�}FE�GPI K�ZMLNEHS RND OPQ�
CO`Z�GMK�Z$D�Z RvuaE�
gwJD�Z VC\ }FE�GPI K�ZMLNEHS

m�� n pCxEF r � \�}FEHGPI K�Z�LYE�SCO OJQ�
TLNDUO6z8K�G9QCS E�
gwJD�Z \UReK�O&ZMLN�gQCDqKXQ �UEHQCGJO6VCD�RyK OJLYI QCReK�Z�LYE�S
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�2DUO GP\UOJQCR�Z�K�Z�O VTDUO OJLYI QCRyK�Z�LYE�SCO Kd�HDU� �UD Z E�
gwJD�Z OPE�S[Z GPDUzCGP\UOJDUShZ�\UO � RyK �8_�QTGJD
xE=i] ��R*OPDUI 
CRND�zCRYQCO wJQCVCLY�ULNDUQ�� VBuaQ*ZMLNRYLNOPDUG�RyK �sL�Z�DcOJOPD z^EHQCG LYS[Z�DcGJzCGP\�Z�DcG9�UDUO�GJ\cOJQCR�Z�K�Z�O r
DUS D  D Z�
|RYD �UEHI z^EHG&ZMDUI DUS[Z ��LNOP�UE ��\URyKXO`Z�LY�?QCD VCD R�u
E�
gwJD�Z VC\cz DUSTV VCD ReK ��LfZMDUOJOPD D�Z
R�u�KX�U�c\URN\UGMK�ZMLNEHS LNSCO`Z�K�S[Z4KXSC\cD SBu
DUO&Z�zCRYQCO�OJQ�� OMKXShZ�D z^EHQCG�VC\U�UGPLNGPD D Z zTGJ\��HE�LYGWRNDj�UE�I �
z^E�G`Z�DUI DUS[ZjVCQ O!�sO`Z"�UI D�]

m�� nqp2x�= r �6RyKX_HDUO VTD O�K�LNOPLND D�Z VCD VT\Uz EHOPD z EHQCGqQCS E�
gwJD�Z 
CLYE�RYE�_HLN�gQCD

�|K RNLYI L�Z�D LNS*}F\cGJLYDUQCGJD VCD VC\Uz^EHOJD DUO`Z �cE�SCOPLNVC\UGMK 
TRNDUI DUS[Z GJ\UVTQCLfZMD � �dKXQCOPD VCD
R�u
\UReK�O&ZMLY�ULfZM\ VCD RvuaE�
gwJD�Zb] t6S D! D�Z�
CLNR Ocu�Kd� �UGJD �gQCD �UEHS[ZMG�K�LNGPDUI DUShZjKXQ �bKXOqVCDUOjE�
gwJD�ZMO
GJLY_�LYVCDUO�E�� ReKjO�K�LNOPLND OcuaD! DU��ZMQCD�}�K��ULNRYDUI DUShZ�
�V8KXSCO RNDW�dK�O9VCD R�u
E�
gwJD�Z {8KXQ*ZMDUI DUS[Z9\cReK�O �
Z�LY�?QCD RvuaLYS-,8QCDUSC�UD VCD ReK �sL�Z�DUOPOJD VCD���LNDUShZ zCGP\UVCE�I LNS8K�S[ZMD D�Z RyK _H\USC\UG�K�ZMLNEHS VTD ZMGMK��
wJDU��ZME�LYGJD VTQ zCGJ\U{CDcSCOJDUQCG VCDUI K�SCVCD K�RNEHGJOjzCRNQCO VBu�K�ZJZMDUShZ�LYE�SB]5� \dK�SCI EHLNSCO%
8RND I EsVCD
VCD I KXSCLYzCQCRyK�ZMLNEHS zCGPEHz EHOJ\ OUu�Kd���UGPD K�zCzCRNLY�dK 
TRND z^EHQCG �UD Z �sz^D VBu
E�
?wPD�Z�
�
CLNDUS �?QCD RND
�UE�ShZ�G��HRND VCDUOjE�z^\UGMK�Z�LYE�SCOqVCD OMKXLYOJLYD D�Z VTD VC\Uz^E�OPD OJEHL�Z zCRYQCO �cE�S[ZMGMKXLY_�S8K�S[Zb]
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�|K GPDU��{CDcGJ��{TD 
CLYE�RYE�_HLN�gQCDWK K�ZJZMDULNShZ QCS O`Z�K�VCD E � Rvua\�ZMQCVCD VCDUO9�UEHGJzCO 
CLNEHRNEH_�LY�?QCDUO
LNOPE�RY\UO DcO&Z }~E�G`Z�DUI DUS[Z GJDc�?QCLNOPD�] � D�ZPZ�D VCDUI KXSTVCD SC\U�UDUOPOJL�Z�D QCS E�QiZ�LYR|VCD I K�SCLYzCQCReK$�
Z�LYE�S K�V8KXz*ZM\ � �UDUOWE�
gwJD�ZMO 
CLNEHRYE�_HLN�?QTDUO�
XVCEHS[ZWRYDUO6VCLYI DUSCOPLNEHSCO6OPE�ShZWVCQ I �UI D EHGJVTGJD
VCD _HG�K�SCVCDUQCG �?QCD Rvua\U�4{CDURNRYD \�ZMQCVCLN\UD V8K�SCO �UD I \UI EHLNGPD�]��$\dKXSCI EHLNSCO%
 RYDUO E�
gwJD�ZMO

CLNEHRNEH_HLN�?QCDcO OPD zCGP\UOJDUShZ�DUShZ DUS OPE�RYQ*Z�LYE�S KX�gQCDUQCOJD�
^LNSCVTLNOPz DUSTO�K 
CRND � RNDUQTG OPQCG&��LND�] ��R
OUu�KX_HLfZ�VCEHSC� VCD VC\�Z�DcGJI LNSCDUG RyK ��K�RNLYVCLfZM\ VCQ I E�VCD VCD I K�SCLNzCQCRyK�ZMLNEHS zTGJEHz EHOP\ V8K�SCO
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� D I E�V��URND V-�sS8K�I LY�?QCD I LNO DUS zTReK��UD LNSC�cRNQ*Z RNDUO }�K���ZMDUQCGJO GPDUReK�Z�L�}FO � RvuaDUSh�sL �
GPEHSCSCDUI DcS[ZjOJDU� EHQ RY\U_��UGPDUI DUS[Zj{?QCI LNVCD zCGJ\UOPDUS[ZMO V KXSCO�Z�EHQCOqRNDUO��dK�O DUSh�sLYO�K�_�\UOc] ��R
z^DUQiZ ��ZMGJD OPLNI zCRNDcI DUShZ I EsVCL0�8\ z^E�QTG ��ZMGJD ZMGMKXSCOPz^E�OP\ � VCDcO DUSh�sLNGPE�STSCDUI DUShZ�O$VCLf} �
}~\UGJDcS[Z�Oc] ��R8OJQ � Z�KXRYE�GPO6VBu�K�wJEHQ*Z�DUGWK�Qs� I E�V��URNDUO zCGJ\U�U\cVCDUS[ZMO�
*RNDcO�D! D Z�OWD�ZWRYDUO6}FEHGJ�UDUO
K�zCzCGPE�zCGPLN\cOU]�� K�SCO RYD �dKXOjVCD RvuaDUSh�sLYGJEHSCSCDUI DUS[Z KX�gQCDUQs� 
 ReK I E�VCL)�8�dK�ZMLNEHS I K�wJDUQCGPD
DcO&Z VTQCD � ReK �sLYOJ�UEHOJL�Z�\ VCQ I LNRYLNDUQ :�� Q*ZPZ�
 xE=
=*x @ ] t6RNRYD z^DUQ*Z ��ZMGJD zCGPLNOPD DUS �UE�I z*ZMD
DcS LNSC�cRNQ8K�S[Z QCSCD }~E�GP�UD ��LNOP�?QCDUQCOPD zCGPE�z^EHG&ZMLNEHSCSCDURYRND � ReK �sL�Z�DUOPOPD D�Z � RyK Z�GMK�
eSC\UD$VCD
RvuaE�
gwJD�Z�D�ZqVCQ zCGP\U{CDUSCOPDUQCG : �2DcD�
 x�=>=ix @ ]-�2D I E�V��URND$V-�sS8K�I LY�?QCD DUS I LNRYLNDUQ KX�gQCDUQs� 

z^EHQCGqRND �dK�O VT\�Z�K���{C\�
 z^DUQ*Z VTE�SC� ��ZMGJD }FE�GPI QCRN\ KXLYSCOJL r
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GJDUzCGP\UOPDUS[ZMDUS[ZWGPDUOJz^DU��ZMLf�HDUI DUS[Z6RyK ZMG�K�
eSC\cD VTQ zCGP\U{CDUSCOPDUQCG6D�Z VCD R�u
E�
gwJD�Z
I K�SCLNzCQCRY\�]�� K�zCz^DURNEHSCO��?QCD RYD I EsV��URYD K�ZPZ4KX��{T\ DUO&ZjQCS �dK�Oqz8KXG`Z�LY�UQCRYLNDUG VCQ �dK�OqVC\��
Z4K���{C\�
sE�
*Z�DUSgQ z^EHQCG

D1 = Yp
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LNS-, QCDUSC�UD VTD �UD�ZPZ�D$}FEHGJ�UD KXzCz8K�GMK 
YZ�zCRNQCOWz8K�G&ZMLN�cQ��

RYL��UGPDUI DUS[Z V8K�SCO�ReK �UEHSCVCLfZMLNEHS VCD VC\�Z�K���{TDUI DUShZd] �2D 
CLNRyKXS VCDUO }FEHGJ�UDUO�Ocu�K�zCzCRNLY�?Q8K�S[Z
OPQCGjR�u
E�
gwJD�Z 
 Ocu
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� KXSCO RND �dK�O VCD RvuaDcS[�sLYGJEHSCSCDUI DUS[Z OJDU� 
 RND z8KXGMKXI ��ZMGJD zCGPLNSC�cLNz8K�R �UEHS[ZMG �HReK 
CRYD

z^EHQCG I K�
NZMGJLYOJDcG�ReK ZMG�K�SCOJL�Z�LYE�S O�K�LNOPLND���VC\Uz^EHOJD DUO&Z�RyK }FE�GP�UD LYSCDUG`Z�LYDURNRYD � ZMG�Kd�HDUGJO�R�u�K����
�c\URN\UGMK�ZMLNEHS VTQ zCGP\U{CDUSCOPDUQCGU]�� K�SCO RND �dK�O zTGJ\UOPDUS[Z 
9ReK }FEHGJ�UD �sLYOJ�gQCDUQCOPD �UEHS[Z�GPL 
TQCD
K�QCOPOJL � ReK VC\Uz^E�OPD�] � D�ZJZMD }FE�GP�UD VC\Uz^DUSCV8K�S[Z VCD RyK �sL�Z�DcOJOPD�
2LNR KXzCz8K�GMK 
YZ VCEHSC� QCSCD
STEXZMLNEHS VCD u �sL�Z�DUOPOJD RYLNI LfZMD�u)
�� RvuaLYSCO&Z4KXG�VCD Rvu�K��U�U\URY\UG�K�Z�LYE�S RNLYI L�Z�D�
?z^EHQCG VCL" \UGJDUST�ULNDUG
RYDUOqVCE�I KXLYSCDUOqVCD OMKXLYOJLYD D�Z VTD VC\Uz^E�OPD�]
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4 576 DBEGF)HI89= 83>�6?>!:;@�AB= º�10%26 3J&)-��+3J&u%'3+(8CO& :S@ 1)6E9,.)*,&)(E*,@)6,WYXX0>@Q473��+3J(7%L473+CD& :)*
��% �J3N%'3+(8CO& 1)3c�OC'4 689,:)@)3c4 :10>@)& by%'-V47*,@)6

cos J �N% b CD6E-,* :10�%':).S9,(83+CD& *,&�4A6E* �J*1)689,.S*,&)(8*,@)6 *V4 �Y0>COeG�E*V4 *,& 1)6EC��8*,-V473JCO& (8@)6 �L0�% � * �D*,6]4A3+-R%��µ= %2(E(8@)67%'&�4 %23J&)(E3 ��%:)9,1UCD(E*KC
4 576 DLEMF)HI89= DONLPB6
Q :;@�AB= º 10%'6 1)68CT:)@)-V4A3+CD& :10>@)&)* 4768�;( b CO6
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4 ��%�1��J@)(�:)9��J3+-R%L47*2W'T+���J*B&)9;-,*,( K(83c4A*I*,& *Vfg*V4B@)&)* eUCO&)&)*IH %�VJ47683+(8*`:)@ -,COH 1UCO6
47*,H *,&�4B: ��&0%2H 3JFG@S*�:)**�L0�%'-V473JCO&)&)*,@)6*V4 :)* �N% 1\CO3J&�4A* � �"� -,CO@)1��J9,* � :)*,( .u%'@Q47*,( �2%��J*,@)6E(�: 0�%2-,-,9��J9,67%[4A3+CD&PW ´ &)* 9V47@):)*4A.)9;CD6E3JF�@)*¥1u%'6 (E3JH @��N%L473JCO&)(¨% 1U*,68H 3J(¨:)*`1)689?�DCO3J6�-;*¥-;CDH 1\CO6]4A*,H *,&<4 W ± ��(+0�%2�D3c4�:)CO&)-:)* �O9,683c�0*,6�*V4 :)* �2%��J3+:)*,6_-,*,(�6E9,(E@��54/%L47(�1u%'6I*~�Q1U9,6E3JH *,&<4/%L473JCO&)(,W

WYX�W Z []\ ^ [)_a`cbB\ bed]` f ghd i]\ j�kml b f b n&opiYqU`?j.[Yd d bel _
$ %'&S(�@)& 1)68*,H 3J*,6 47*,H 1S(,=?rL0�%'-?4A3+CD&)&)*,@S6¥(E*,@srP*,(
4�9V47@):)3J92W)$ *;(�*~� 1U9,683+*,&)-,*,(ICD&�49V4A9 689R%�rJ3+(89,*,( � rL0a±.T � � :)* X°3trur+* *V4 %'@ X�%2e\CO6A%[47CD3+68* : 0#v &):)*,( �I-,CD@)(]4A3+FG@)*;( :)*

rL0�T]w?x � ±iW�X�%�H 9V47.)C�:S*"@Q4A3trJ3+(89,*"*;(
4�rL0a3J&<47*,6]b 9,6ECDH 9V4A6E3J*�10%'6Lr�%2(8*,6Z.)9V479,68CT:?y�&)* z{x CD@S*V4tVm n}|�~J= · »O» ²��qW � *V4E4A* H 9V47.)C�:)* -,CD&)(E3J(]47* � b CT-R%}r+3J(E*,6 @)& 67%<yDCO& rN%'(E*,6 :)* -R%'67%'-V479~K683+(
473JF�@)*,( -,CO&)&G@S*,( (8@)6 r�% (8@)6]bq%2-,* 9V4A@):)3+9,*2W­XX0>COe)(E*,6
�2%[4A3+CD& :)@ 67%SyOCO& 6E93�09,-/.)3"10%26-,*V4E4A* (8@S6
bq%2-,* *V4 (ECD& :)9,1).0%2(7%'�O* 10%26 67%'1)1UCO6
4 %'@ 67%<yDCO& CO6E3J�O3J&)*9r¨1\*;68H *V4 :)* :)9~K:)@)3J6E* rN% �2%2683N%L473JCO& :)* :)3J(]4i%2&)-,* *,&�4A6E* r�% (8CO@)6E-,* :)@ 67%SyOCO& *V4 rN% (8@)6]bq%2-,* -,3Jesr+*2WX�%_�0�D@S68*�·BH CO&<4768*)r+*"(E3547*"*~�Q1U9,6E3JH *,&<4/%}r W¹X	%�-,9,67%2H 3+FG@)*"*,(]4 -,C�rur+9,*Y(E@)6�@)&)* 1�r�%2FG@)*H 9V4/%�rur+3JFG@)* 6A%2-,-,CO68:)9,* � @)&)* H C�r+*V4847* H 3J-,6ECDH 9V47683+FG@)* -;* FG@)3�1U*,6EH *V4 :10a*Vfg*,-V47@)*,6
r�% b CT-R%}r+3J(7%L473JCO& :)@ 6A%<yOCD& rN%'(E*,6,W±�r�*,(]4 � &SC'47*,6 F�@)* -,* (�yT(
47�,H * :)* H *,(E@)68* 1UCO(8(E�,:)* @)&)* 10%26
473J-,@�r�%2683c4A9 &SCLK4i%2esrJ* º�r+*�(E3J�O&0%}r):S* (ECD6]4A3+*�*,(]4`(ECD@)H 3J( � @)& �
r5476E*�10%2(8(E*~KM.0%2@Q4`:)*

20 kHz
*,& 1UCO(
4]K4A67%'3c4A*;H *,&�4RW � * �
r5476E* 99rJ3+H 3+&)*�:)CD&)- r�% ��3+(8@0%�rJ3+(A%[4A3+CD& :)* rN% -,CDH 1UCD(7%'&�4A* -,CD&�4A3+&G@)*:)@ (83+�O&0%}r W ±�r�*;(
4 %�r+CD6E(�3+H 1UCO(8(E3Jesr+* :10aCDeQ47*,&)3+6 :)3+68*,-V47*,H *,&<4 r+* :)9,1srN%'-,*,H *,&<4 :)* r�%bq%2-,*�(E@)1U9,683+*,@)6E* :)*�r�% -,9;6A%2H 3+FG@)*2W�� %�rJ�O689I-,*9rN%Q=�r+*�(E3J�O&0%}r �
r547689I*,(]4¥(E@?� (A%2&<4_1UCD@S6:)9,:)@)3+68* %2(E(8*,� 1)6E9,-,3+(89,H *,&<4�rJ* H CO@Q�D*;H *,&�4�:)* rY0�%2-V473JCO&)&)*,@)6;WS$ * 1srJ@S(,=srL0a3J&Qb CD6EH %�K4A3+CD& rN% 1�rJ@)( 3+H 1UCO6
4/%2&<4A* *,(
4 1)689,(E*,6]�D9,* º�rN% �2%�rJ*,@)6 :)* rL0�%'-;-,99rJ9,67%L473JCO& 3+&)35473�%�rJ*2W� *?4847* �2%}r+*,@)6 1U*,@Q4 �V4768* COeQ4A*;&G@)* *,& COe)(E*,6
�2%2&<4 r+* :)9,e)@Q4 :)@ (E3J�O&0%}r =Y:)* .0%'@ 4A*b 6E9,FG@)*,&)-;*2= :)CO&)- &)CO& �
r547689 *V4 -,CO&Qb CO68H * %2@�� :)9,1�r�%2-,*,H *,&�4A(�:)* rY0�%2-V4A3+CD&)&)*;@)6,W

x)rJ@)(E3J*,@)6E( *,(E(7%'3+( (ECD&<4 *Vfg*,-V47@)9,( :)* H %'&)3+�,6E* � :)9V47*,6EH 3+&)*,6 rN% :?yT&0%'H 3JF�@)* :)@(�yT(
47�,H *2W\$ %2&)(�rJ* 1)6E*,H 3J*,6I*,(8(7%23µ=srJ* (E3J�O&0%�r­@Q473ur+3J(E9 *,(]4 r+* (8@S35�2%'&�4 º
4 @)&)* H CD&<479,* *,&

1 ��� :)* � �
300 V

=
4 @)&)* 47*,&)(83+CD& :)*

300 V
1U*,&):u%'&<4

100 ��� =
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���2�5�n���1����� ) H"�*���+�  �� M 0J41��/� �� Uh/10 G M H ) ,MH�'2�  ��  �4 ) �8'��  u �MH�! �+UV/�� K

< H9= < S�= < �>=
? @ BDC 4 q E 6 H"�+'2�+� '*��HZ���+UV/��  W/ ! �+���2��W ' ) ,�X��2�

YEH o�:8/W�2� 4 q ! �������2� M �  �45�2��/ M ��! �����D �� M 0J� ) 4��JHZ���.���  �� '%H"�+'2�+� K YEH ������ ��P���.���
'��NHR���.Uh/�� H�/ �W�?:��IH"/  �� M 0OH� �,�4�'��.��� ) ��4�,�����'���/��%QR�
S=p��1�n41�NH����e'JHZ���+'F[LH"�\��� ` 	�c $ M H '%H���W
'2�+� '+0J�&>3���1��/�� [�H���� M ��! �����D��� ! �1�2�NH"�9� M � ) ��4�,�����'���/�� �5� ���8�9��H��1� H :���� M 0J�
S=p��1� `padc
) /��.'D��� M � ���1���+�JH���� :8�5�����.�IH M ��! ����� `*opc K

k �8/W�n! �8�9������� M H  ��]N ��/ M ��4  �� M H  W4 ) �8'�� $ M � ) ��4�,�����'���/�� ��'*� SMH��.'�'�4>p2/�'�UV/10
H"/
���8�9��H��1� ���9����� M � '2/�S�'*���JHZ� �1� M 0J�
S=p��1� K Y H ! �.�����RW ' ) ,�X���� �2��'*��� H������2�f�-,�4�� G M H) �8�+����� ! s�! � H ) ��X�'  ���' ���8�9��H��1��' �?STp2�1��'�QZ'�/�S�'����JHZ� ��4 ) 41��4�' < o�:�/��2� 4�6 W�H9= K A M ��'*� ��8�W� �+! ) ��'2'��4S M �  10I�&>3���1��/W��� M H  �4 ) �8'�� '��NHR���.Uh/�� $ ����! ! � ) ��4&:[/�� ) H�� M 0J41��/� ����,�45�8���.Uh/�� $ '%H"��'T�.�W� M �+����� M � ) ��4�,�����'���/�� K

k �8/W�j�VU ) 4����.! ��������� M �O! �[ W�N ��  W4 ) ��'��  u �MH"! �.Uh/�� $ �S�7'2/��*���8/0� HRo��  ��AUV/ H"��W
��� o���� M H : H M ��/��  �� M 0
H"���54 M 4��%HR���.��� M �.! �P��� ) �5�2! �1�2�NH"�9� M H  �4 ) ��'2� $ M � ) ��4�,�����'���/��
��'�� �VU0�5�P��4 ) H"�T ���' '��.:��MH�/�U  ��  �� >34��2���9����' H"! ) M �\��/� W��' K�k �24KH M H�S M ��! ���9� G M 0I�VU0�5��W
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< H9= < S�= < �>=
?A@
BDC 4�60E � 4 ) ��'2�  u �MH�! �+UV/��  �/ ! �+���2��W ' ) ,WX��2�

�NHZ���+�8� $ M � ) ��4�,�����'���/�� $ H :���� M 0J�
S=p��1� ��� M4M 4 G '��8� �VUf����4�! �\��4 M �4S���� $ �5'�� ) ��'2�\���+�8���W4
M 4�:�X��2��! ����� H"/�W  W��'2'�/�'  �/ '2/!S�'����JHZ� Kv� �1����� ! H"���f��/;:[��� H ) ��/�� S�/0�  0J��! ) s��-,����
M 0J�5�� ��8! ! H�:���! ���9�l �� M H ) �8/0�����  MH���' M �O�IH"'  10J/�� �^,��[�-HI:8��� M �O'�/�S�'*���%HR� E M 0I41��/W �� W� �5�8! ) ���*����! �����  u �MH�! �+UV/��  �� M H ) �8�+����� ( ��� HI: H"�\� ) ��4� ��P� /���� ����! ) �8�*���VW
! ���9� G ) , H"'�� ���8� ! �.���+! H M � $ Uh/��j'�� ���%H" �/��\� ) H�� /W� H,SMH��.'�'2��! �����  �� M H ) �8�+�����
p�/�'���� H ) �2X�' M 0I�.! ) / M '2�+�8� K�� � ����! ) ��������! ����� H H�/�'�'2� 41��4 �?S�'����2:�4 ) ���� MH���� M H �IHgW
�%H��1��4����.'%HR���.���  u �MH"! �.Uh/��  �/ ) ��4�,�����'���/��

� �2���.'e�VU ) 4����.! �����NHR���.����'e'2�����T��4IH M �.'�4���' K Y � ! s5! � � u ) �  10J�VUF���P�NHR���.��� ��'*�T/0��� W
M �.'�4  MH"��' �-,MH���/��  W��' �IH"' K YEH �24 ) ����'2�  �� M H ��45�JH�! �+UV/�� ��'*� ) M /�' �&N �IH����  MH"��'
M � �IH�' � � � M�M � ��'*� ) ��4�����! ) ����'2'�4�� K k �8/�� ��� M H $ /���� �%H"! ) � M ���9��� ) ��4 M �+! �+�MH"�+�2�
Uh/�� �+! ) ��'2� /���� ����! ) ����'�'2�+�8� UV/ H"'���W '*��HZ���+UV/�� ��'*� Hdp2��/0��4�� H"/ '��.:��MH M  �� �5�8! W
! H��� �� K�� �1����� ) H������.�  �/ '��.:��MH M �10J�5'�� ) H"' :f�.'��4S M � '2/W� M ��' ���8/W��S ��' K YA0I�VU0���\��HZ���.���Uh/�� ) �2�f �/��P� M 0OH�����4 M 4��JHZ���+�8� ��'*� /���� �.! ) / M '��.��� UV/��e'2�  �4�� M �5���-,�� G

t = 90 H s Kk /W�.' $ M H ��4��%H"! �.Uh/�� ��'��  �4����8! ) ����'2'�4�� M ���9����! ����� p2/�'�UV/10 G '%H [Q���2! � �.���\��� H M � <  ��
t = 180

G
280 H s = K

�m� H�/0����� [LH"�1����/�� �.! ) �8�*��H���� ) ��/�� M H S ������� �+������� ) ��41�NHR���.���  �/ ����! ) �8�*���VW
! ���9�  �/ ) ��4�,�����'���/�� ��'*� M H �������MH��.'�'JH������  �� M H [Q��4�UV/�������� ) ��� ) ���  �/ ' u '*��X�! �
[_�8��! 4 ) H�� M � ) ��4�,�����'���/�� HI:���� ��/ '%H���' M 0I�?STp2�1� K 6 /�� M ��' ����/��1S ��'  �� ������'��.���
 W/ ) �8�9�  W� � ,��IHZ��'*������� $ ) M /�'��.��/���' [Q��4�UV/������5��' '�/ ) ��� ) ��'24��5' '��8�9� :f�.'��4S M ��' K Y �) �2��! �.��� ! �[ ��  �� ��4�'2���MH������  �� M H ) ���.�����  �/ ) ��4�,�����'2�5/�� �5'��  ��

40 kHz K Yi� W��/�U0�+X�! � ! �f �� '2� '2�\��/�� H�/�U �5�F:[�+�2����'  ��
200 kHz K 6 � M 0I�8� ������'2�+ �X���� M � ' u '�W��X�! �]���8! ) M �1�X[_�8��! 47 �� M H ) ���.�9��� HI:���� M 0I�
S=p2�S��H������2�f�-,�4OG M 0I�VU[���24�! �P��4 $ M � ) ����! �.���

! �[ ��e ��D�245'2���MH"���5�n'��H'��P��/�� H"/�U ���C:[�+�2����'] �� ~
20 kHz K A M ��'*�N ��8��� ) �8'�'��4S M �  �� W41�����1�����D�.! ! 4� W� HZ����! ����� M H �24�/�'�'2�\���  �� M 0I� ) 4��%HZ���+�8�  ��  �4 ) ��'2� ) H��A�?S�'�����: HR���.���

 W� M H [Q��4�UV/������5�  �/ '2�+:8�MH M  �� �2�1����/��H �/  ��.' ) ��'��P���][ ( ��� K
� H"��' M � ) �2�5! �+��� �IH�' $ M 0
H"! ) M �\��/� W�  �/ '2�+:8�MH M �^,��8�+'2�+� ��'*�  ��

40 V K YA0
H"����4 M 4VW�%HZ���+�8� �24�'�/ M �NH"�9��� $  10
H ) ��X�' M H �2� M HZ���+�8� q ! �.'�� ��� ) M H���� H�/ ) ����! �+��� ) H"�%H":��JH ) ,�� $
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��'�� ��'����+! 4�� G
5 � 105 I r�s 2 K � �1����� : H M ��/��m'2��! S M � �.�E[_4��2�+��/��2� G M 0
H"���54 M 4��%HR���.��� M � W! �\��� K Y � '2�+:8�MH M  W� K��VU0�+�8�  �� M H ) ���.�9��� H��.��'�� UV/�� M � '2�+:8�MH M  �� ���8! ! H��� �� '��8�9�

�2� ) �24�'�������4�' '�/�� M H o�:8/���� 4 � K

6 �.:��MH M � �[��!
?A@
BDC 4 �WE � ��! ) ��������! ���9�n u �MH�! �+UV/��  �/ ) �24�,�����'���/�� ) �8/�� M H 4 X��2� �VUF���P�NHR���.��� K

k �8/W�n���1����� : H M ��/W� $ M �  W4���� M�M ��! �����D�10
H ) H"' M �+��/ �1� M H  �4 ) ��'2� �10I��'��m ������ ) H�'
�&>3���1��/W4�� E M H [Q���2�5�  10I�.�����*���.� ���2454�� ) H�� ���1����� H"�5��4 M 4��%HR���.��� �10J�5'�� ) H�' '2/EN '%H"�9���
) �8/��-: H"�+������� M H [Q���2���  10OH� �,�4�'��.��� KYA0I�8'���� M�M HZ���+�8�m�24�'�/ M ��H������] ��N���1�����]�+! ) / M '2�+�8� ��'�� ����! ) ��'24��7 W� ) M /�'��.��/���'�! �[ W��' K� ��� H��MH M]u '��N �� � ��/��2���.���� ��N���N'��.:��MH M H ) ����! �+'� ���:[�+'2/MH M �+'2��� M ��' :[��S��JHZ���.����'i 10I/����[Q��4�UV/������5�  �� ~

0 # 2 MHz K � ��� '2�+! / M HZ���+�8� ) H�� 4 M 45! ���9��' o����+'  �4�! �8�9����� Uh/��
���1�����6[Q��4�UV/����W���H�������2��' ) �8�� H�/ ) �2��! �.���&! �f ��O ��O�����2'��.���  �� M H ) ��/0���2� K
� �A! �[ ��
'2���%H��P� ����:8�5�� ��24 ) H�� M 0J� U0�����������.���\��4] �/ ) ���.�9�i ��N�5�8���NH��1�l���9����� M 0I�?STp2�1�&�1� M H ) �8�+����� K
D 4IH���! �8�+��' $ M 0OH�! ) M �\��/� ��  �� ��� ! �[ ��  �� �����2'��.��� ��'�� �+! ) ��'2'��4S M � G  �4� �/��+�2�  �/
' u '���X�! � ( ��� $ G �IH�/�'2�  �� M H �MHR��/��2�  �� M H pJH�/�:8�  �/ ) �8�9�  �� � ,��IHR��'�������� K (SMH"'�'��)[Q��4�UV/W������� $ M H [_�24�Uh/��������m 10J��'2��� M4M HR���.��� �?S�'�����:84��m��'*�O��� M4M �H �/ ) ����! �+���7! �[ ��
 �� K��VU0�+�8�  �/ ' u '���X�! � ) ��/0������� �
S=p2�S� KZ� �1����� [Q��4�UV/������5� �����Eo���! � M 0I4��-,����  �� M H �4 ) �8'��

� H"�W' M �  ���/�U0�+X�! � �IH�' $ M 0OH�! ) M �P��/� ��  �� M 0J�+! ) / M '��.��� ��'*� H�! ) M �]o�4�� p2/�'�UV/10 G
80 V

< o�: K 4 � = K YA0
H"���54 M 4��%HR���.��� ��4�'2/ M ��H������ ��'*� ��'*���+! 4�� G ~
106 I r�s 2 KD� �S�2��� : HxW

M ��/�� ��'��tp2/�'*��� H"/�W  W��'2'�/�'] �� M H M �.! �P���] ��e �4 ) ��'2� K=� ��! ! � ) �24&:f/�� $ M 0I� ) 4��%HR���+�8� ��'*�
�24�/W'2'��.� �1� M �  �4���� M�M ��! ����� ��'�� �&>3���1��� [ K YX0J�
S�'����2: HZ���+�8�  �� M H '2�������.�  �/  ��+' ) ��'2�\��� [
( ��� ! �������2� UV/�� M � ' u '���X�! � �8'���� M�M �  10
H�S �8�� G M H [Q��4�UV/������5� � ) �8/0���2��� �?STp2�1���< K�� U0�.��� �1�T�����2'��.����= Kt� ��' :f�4S��%HZ���+�8��' ) �2��:��[Uh/������ M H  �4 ) �8'�� G

t = 140 H s K k /��+' $M � ' u '*��X�! � ��'���� M�M � '�/�� M H [Q�24�Uh/��������  �/ ) �2��! �.�5� ! �f ��  �� K;�VU0�+�8�  �� M H ) ��/0�����
'2��/ M � $ ���8�Eo;�2! H"�9� H��.��'�� M � '�/�����X�'  �� M 0I� ) 4��%HR���.��� K
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6 �.:��MH M � �[��!
?A@
BDC 4 �[E � �8! ) �8�*����! �����T u �MH"! �.Uh/��  �/ ) ��4�,�����'���/�� ) ��/�� M H qRX�! � �VU0�5�P�NHR���.��� K

k �8/�� M � ���2���+'2�+X�! � �IH�' $ M 0OH�! ) M �P��/� ��  �� M 0I�.! ) / M '��.��� ��'*�  ��
120 V

< o�: K 4 � = KYX0OH�����4 M 4��JHZ���.��� ��4�'�/ M �NH"�9���T��'��A��'*���+! 45�nG ~
1 # 5 � 106 I r�s 2 K ( ) �2X�'O/�� S��2�&[ ��4�:��.! �

���%H"��'��P���8�+�2� $ M � ' u '���X�! � ��'���� M�M � '�/�� M H [Q��4�UV/�������� ) ��/0����� '���/ M � K Yi�  W4 ) �8'�� ��'��
 W�8��� �&>3���1��/�4�� �+! ! 4� �� HZ����! ���9� H ) ��X�' M 0J�+! ) / M '��.��� K

6 �.:��MH M � �[��!
?A@
BDC 4 �0E � �8! ) �8�*����! �����T u �MH"! �.Uh/��  �/ ) ��4�,�����'���/�� ) ��/�� M H 6 X�! � �VU0�5�P�NHR���.��� K

� ��'T�VU ) 4��2�+��������'T�8�9��S��.���  W4�! �������24 M 0I�2N �IH����\��4  �� M H  �4 ) ��'2�  u �MH"! �.Uh/�� �1�
M 0J� U0�.'*���������  10J/���� B H"����4 M 4��%HR���.��� ! �+���.! /�!  ��  W4 ) �8'��CB K Y H  �4 ) ��'2�  u �MH"! �.Uh/��
�5�8�������4S�/�� M H"��:8��! ����� G M 0J�&N �IH����P��4  �/ ! �f ��  �� ! H���� ) / M HZ���+�8� ) H"� H" �,�45'2�+�8� $) ����! �1�2�NH"�9�  10I/0��� M �+'2��� /�� ) �24�,����W'2��/��  �� ���2X�' [Q�8�*��� 4��W���2:��.�  �� '2/��^[�H���� ) �8/��
:CH��JH������.� M H 'JH��.'��+� $ '%H"�W' ) �8/W� H�/0��H����m��! ) s��^,���� M H  �4 ) �8'�� K
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� � � ��� ��� � % � � � � ��� �  "! # ��� �  �� ��� ����� �

� ��� ) H"�*���.��/ M H"���P��4 ����X�' �+����4��2��'�'JH������  �/ ! H"�W� ) / M HR����/�� H 41��4  �4�����/;:�������� H�/
���8/W�2'  �� ���5���NH"�+����' �VU ) 4����.! �����NHR���.����' K�� ��'  ��������.X�����' /0��� M �+'JH��.���9� /��  ���/-U0�.X5! �
) �245,�����'2�5/�� ) ��'2'�4� MH����A/���� ) �8�+����� ( � � ����/;:8���*���  10I/���� ! �.�����T����/��-,��  10J��� ) H��
���%H"�\���5! ���9� '2/��^[�H����.Uh/�� K`� � ���JH��P����! �5��� '���! S M � ) �2��:��[Uh/���� /����  W�.! �.�V/0���.��� �.! W
) �8�*��H������  �� M 0I4�������:8�+�  10OH� �,�4�'��.���  �/ ) ��4�,�����'���/�� Kv� �1����� ) H������+��/ M H��2�\��4 ��'�� ) �5/0�
s1�����  �/�� G M 0J�(U u  MHZ���+�8�  �� M H ����/��-,�� ! 41��H M4M �.UV/W� $ G '2��' �+! ) ���^[Q���1���.����'m 10J,���! ��W
:84��W4��P��4 �1� G '��8� 4S��HZ�  �� '�/��^[�H"�5� Kn� �1�2��� ) �8�+����� ��'*� ) ��4�'�������4�� '2/�� M H o�:�/��2� 4 � K

?A@
B C 4 �fE YEH ) �8�+����� ( ��� ����/;:��������  10J���
A M H  10
H,S ���2 4S��4 �
S�'2����:�4 Uh/�� M H 'JH��.'��.� ) H"� H" �,�45'2�+�8� �10I41��H��P� ) M /�' ��4IH M �.'%H�S M �UV/�� ) ��/��n ��5' ) H������.��/ M ��'T �� ) �8�+ �'n��� M HZ���?:���! ���9� ) M /�'�[�H"��S M �5'HUh/�� ����/�U  ���' ) H�� W

���+��/ M �5' /0��� M �+'24���'  MH"��' M ��' �VU ) 45�2�+��������' ) �245��4� ���������' KLk M /�'2�+��/���' ��'2'%H"�+' '2/W������'2'��][_'
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� X W0^%" � � $)" Z � Z � ��&�Z "� !_�'� H "`^ ��! !7� ��� � a �;W � X'� �cbM� � ��Z � ��� ! �M�; � � ����&���� d;&�e
�'&  ?"%$:W ��&���� � f X "G�* � ^%"� ,W)"%[�$ �7� \ � � ��� " ��Z � �,�_" � � f X�� $ ��� �;[hg � � � � � � $ �7� Z � Z ���! "� *" ! � &  ,W � �?W2f X����7ijX���� ����XMY W ��Z � & f X "1�?W2� � � ����XMY W ��! � ���kX��7�l��� � "%$:�; ����& � �  Z W e�'&�� m

a2k + b2km + c2m = 0 HonUp \
� W-$ 0 � �  � �� ����� $ 0���Y@��Z ��$ � ��X !_� "(��W<�? � �� &�!�&������ � i $ ��� a  & f X����'!���� �� ,���� ����;[@� ���kX���� "q^ ��! $+" [�W:$2$ �4���  ?" b � � ��� �?W Z & �

5 )$* & �_"%W ��� � ���
32 kHz

� �4"q^ �7! ����XMY['W:$:$ �������
28 kHz

]sr � ! "%$ !�X $ ������� W0t &  ��� � �l! � �Du ! W ��� � �/� � ����� "%$2�6 � m
v a1 = 1  83

/  21$ i b1 = w 0 x 16 1012 y x{z=x � � c1 = 0 x 29 1011 y x|z=xv a2 = 1 x 87 y x{z=x i b2 = w 0 x 42 1012 y x{z=x � � c2 = 0 x 24 1011 y x|z=xr}" � �6$ X �?W2� � X�� W:f X�� � � � �? ,W0^~W)"%$ � ��� � "�$2�6 � m
Z " �,���

= 1 x 18 10 � 12 kg HonU� \ ?"%W �'��X  
= 2 x 0710 � 2 Nm � 1 H��%� \

r}" Z " ���,� ��� �?W Z &�� �7� � �10���� ^MW2 �� �
10 � 12 kg

!�� f X W �,��Z ['$ � g X'� �*W0� �  $ 0 "(���� �� !_���
�' ������ �,&�� ]
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r�QSRUTOVXW YOZ[R]\O^XRUY`_ba]W TOW a�QSc0deR]aUR]fe_gdeR]hi\ TOc f b fjdlkXm W TOW m RU^XZnh e m _o\ORUYOcOap_�dlRUhq\ Yr_oZ
_bTOs<VXf[R]hi\ YthqcOZ _oYOYOZ[VXs<WX\OTOWXZ ^XWXZjdu_bR]\OWXf ^Xhq\Ofjdu_b\MdeWXf YOs b f[R2fJcOWXf YvWXc0d _bY<Yr_bZl_�w]deZnW^Xhim m W c<\ YOZnhix<aUkXm W RU\ ^qWXZnf[W TOW ay_ m _o\ORUYOcOap_�dlRUhq\=]{z�\ WDtFW%d i a,Q|V%dlcOTOW TORUm WX\ ef[R]hi\O\<WXaUa]W _ m hq\}dlZ[V fJc<W ap_ fe_oR]f[R]W W%d ay_ TOV~Ythqf[W T�QScO\ hixhg[W%d \�QSV%du_bR�d _GtFWX^%dlVXW fJcOW
Yr_bZ�deZnhiR]fP^Xay_ofnf[WXf>TOW�Yr_oZe_om k%dlZnWXf i ap_ a hqZ[^XW�TOW�^Xhi\Md�_o^%d{hqxkg[W�d��gf[cOxOf"dlZe_gd{hic a hqZ[^XW�TOWYOcOaUa e h�t i a�Q�_bTOsOV~f[R]hi\ hqxkg[W�d��gYOZ[VXs<WX\Of[WXcOZ{W%d�^XWXZjdu_oRU\OWXf�^�_oZl_b^%dlVXZ[R]fjdlR:f�cOWXfPm VX^�_b\<R:fJc<WXf
TOW a�QShqxkgnW%dB^LRy_ ay_ m hNTOVXaUR]fe_gdlRUhq\ �q� � hqc � � � �

� R:a]WXf�^Xhi\OTOR�deR]hi\<f!f"d�_gdeR]�JcOW~f�\OVX^XW~f[fl_bR]Z[WXf�YvhicOZ�ay_ m _b\OR]YOcOap_�dlRUhq\ Yr_oZ�_bTOsOVXfnRUhq\f[hq\}d��qVXZnR0�rVXWXf~�J_oaUhqZ[f�a,Q|hqx��[W%d�WXf"d�dlhic��[hqcOZnf�fe_oRUfnR�� � WXYvWX\OT`_b\}d��}Yvhic<Z�Ythqc0�qhiR]Z�^�s<hiR]f[R]ZaUW>YOZnVXsOWX\OfnWXcOZ>_oTr_bYBdeV{W%d�_oRU\OfnRJ�M_oZe_o\}dlRUZ�ap_�m _o\ORUYOcOap_�dlRUhq\��Xay_��6hiZn^XW�TOW�YOcOaUa��&h%t TOhqR�d
� deZnW WXf"deR]m VXWo��  \ YOZ[hL^XWXf[fncOf W�¡BYvVXZ[R]m WX\Md�_oa�YvWXc0d _oa]hiZnf � dlZ[W m RUf W~\ _oYOYOa]RU^�_gdeR]hi\��
¢ a�f~Q£_o�iR�d TOW fl_bR]f[R]Z�a�QShix��[W%d�TOW �¤_o¥Xhi\ ��cr_bfnR¦�&f"d�_gdeR]�JcOWo�¨§ R]\Of[R©a�QSW%ªFhiZ"d�m WXfncOZ[V Y`_bZ�aUW
Yvhi\Md TOW « sOW�_gdef"dehq\OW WXf"d TORUZnWX^%dlWXm W~\}d ZnWXaUR]V ¬ ap_ m WXfncOZ[W TOW a,Q|W%ªFhqZjd TOW YOcOa]a¦�&hoª��
� kXf �JcOW a�QSRU\MdeWXZ"�¤_o^XW hqxJ�[W�d f[c<xOfjdlZe_gd ^XkXT<Wo�tap_ TOR�ª­V~Z[WX\O^XW R]\Ofjdu_o\}du_b\OVXW ^XhqZ[ZnWXfnYthq\OT
¬ a,Q|W�ª­hqZ"d�TOW YOc<aUa¦�®hbª¯�

° hic<Z hix0dlWX\OR]Z cO\OW m WXfncOZnW TOW ap_ �6hqZ[^~W TOW YOcOa]a¦�&hoª¯�Aay_ m _o\OR]YOcOay_gdeR]hi\ TOhqR�d
� deZnW �Jc`_bfnR¦�&f"d�_gdeR]�JcOW ±²§ �M_b^usOW ³ �{W%d ´�����µ �;� µ�¶·�¸z�\ W%ªFW%d��Aa,Q|R]\0¹rcOWX\O^XW T<WXf W%ªFW%dlf
^XRU\OV�deR]�JcOWXf WXfjd dlZ[kXf m _oa�^Xhi\<\JcOW fncOZ ap_ �6hiZn^XW TOW Y<cOaUa��&hbª ±º³{_oaUa]W%d W�d »�_bZn�Jc<RU\Of~�
µ �;� µ�¶·� � W%d[dlW�\OVX^XWXfnf[R�deV��Jcr_of[R��&fjdu_�dlRU��cOW�WXfjd�f[cOZnm hq\}dlVXW�_��iWX^�a�QSc0dlRUa]RUfl_�dlRUhq\ TOc \r_b\<h��
deZl_b\<f[ap_�dlWXcOZX�O^�_oYr_bx<aUW T�QSW%ªFWX^%dlcOWXZ TOWXf�TOVXYOap_b^XWXm WX\}dlf�TOW a�QShiZnTOZ[W TOW

10 ¼F½ ¾i¿ �� WXcN¡ W�¡0WXm YOaUWXf fnhi\}d YOZnhiYvhqf[VXf Yvhic<Z m RUWXcL¡ ^Xhqm Y<Z[WX\OTOZnW ^XW%dndeW YOZ[hL^XVXTOcOZnWo�´8WXf m WXf[cOZnWXf fnhq\}d W%ª­W~^%decOVXWXf YvhicOZ TOWXcN¡ f[cOx<fjdlZe_gdef TOR�ªFVXZnWX\}dlfX�>aUW ° z>z>� W%d aUW
^XcOR��LZ[W ÀF�r�qcOZ[W �}Á �
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	 Ç � W~f[cOZnW TOc Y<cOaUa��&hbª YthqcOZ�TOWXf�^Xhi\Md�_o^%dlf!TOR�ªFVXZ[WX\Mdef{� � � � V
W%d{� �

V
_��qWX^ a]W^~cOR��LZ[W

� _b\Of�aUWXf�TOWXcN¡ ^�_bf~� ap_ � hiZn^XW TOW YOcOa]a¦�&hoª YvWXc0d _ba]hiZnf � dlZ[W WXfjdlRUm VXW ¬ Yr_bZ"deR]Z�TOc
� fl_bc0d � T­Q£_oTOsOVXfnRUhq\ f[hqR�d Ç

� YvhqcOZ�a]W ^Xhq\}du_b^%d�hix��[W�dj�&^XcOR��NZnWo�
Fpull � off 
 4 x 45 10 � 6 N

� YvhqcOZ�a]W ^Xhq\}du_b^%d�hix��[W�dj�&^XcOR��NZnWo�
Fpull � off 
 1 x 43 10 � 6 N �\OW TOWXcN¡BRUkXm W TOR�� ^XcOa�dlV TOhiR�d � deZnW f[cOZnm hq\}dlVXW YvhqcOZ �o_ba]RUTOWXZ ay_ m WXf[c<Z[W Ç ay_� hiZn^XW _oYOYOaUR]�JcOVXW Yr_bZ a�QShix��[W%d fncOZ a]W YOZnVXsOWX\OfnWXcOZX��z�\ W%ªFW%d��>ap_ �6hqZn^XW TOW YOcOa]a¦�&hoª

W~fjd�TORUZnWX^%dlWXm WX\Md�Z[WXa]RUVXW ¬ ay_ sr_oc0deWXc<Z¸T­Q|VX^XZl_bfnWXm WX\}d�W%d�RUa¨^Xhq\}�NR]WX\}d�TOW��iVXZnR0�rW~Z!��cOWap_ m WXfncOZ[W ZnWXfjdlW fjdu_bx<aUW YvhicOZ TOR�ªFVXZnWX\}dlWXf YOZnWXfnf[R]hi\Of TOc YOZ[VXs<WX\Of[WXcOZ À fnhiR�d TOWXf
m WXfncOZ[WXf TOW deW~\Of[R]hi\ TOc Yvhq\}d TOW « sOW�_�dlfjdlhq\OW \OVX�M_�dlR��qWXf Á � � cOZ aUW f[cOx<fjdlZe_gd WX\^~cOR��LZ[Wo�>TOWXcN¡ dlWXfjdlf fnhq\}d W�ª­W~^%decOVXf YvhicOZ TOWXf dlWX\OfnRUhq\Of m WXfncOZ[VXW~f TOW w 0 x 5 V

W�d
w 1 V

WX\O�iWX\<TOZe_o\}d TOR�ªFVXZnWX\}dlf�W%ªFhqZjdlf�T<W YOZ[WXfnf[R]hq\��

´ WXf m WXfncOZnWXf f[hq\}d fnRUm RUap_bR]Z[W~f _bcL¡ m WXfncOZ[WXf Y<Z[VX^XVXT<WX\}dlWXf W%d �o_ba]RUTOWX\Md ^XW YOZ[hg�^~VXTOV TOW �Jc`_b\}dlR<�r^�_�dlRUhq\ TOW a,Q|W%ªFhqZjd��O»¸R]WX\ fncOZX�raUWXf�^Xhq\OTOR�dlRUhq\Of�WX\}�LRUZnhi\O\OW~m WX\Md�_oaUWXf
ZnWXYOZnVXf[W~\}deW~\}d TOWXf TOR�� ^XcOa�dlVXf m _ �nWXcOZ[WXf~�!´©_ ^Xhq\Of"deZncO^%deR]hi\ T­Q|cO\OW \Ohqc0�qWXaUa]W fe_oaUa]Wx<ay_o\O^�sOW WXf"d WX\ ^XhqcOZnf Tr_o\Of \OhodeZnW ay_oxvhiZl_�dlhiR]Z[W _G�r\ TOW Yvhqc0�qhiR]Z�dlZe_��o_bR]aUa]WXZ�WX\ WX\N�
�LRUZnhi\<\OWXm WX\Md ^Xhq\}dlZ��qaUV��
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G�H�I�2­. � 9O5�� 2 7 KN2 / 9
  \OW _oc0deZnW _bYOY<aURU^�_�dlRUhq\ YOZnh��LRUWX\Md TOR]Z[WX^�deWXm WX\}d TOW ay_ TOVXYvhifnW T	�N\r_om RU�Jc<Wo�tz�\

W%ªFW%d��raUW ^�_ba]^XcOa8TOW a�Q�_b^X^XVXa]VXZl_�dlRUhq\ \OVX^XWXfnfe_oR]Z[W YvhicOZ�^�_of[fnWXZ a,Q£_oTOsOVXfnRUhq\ WXf"d TOR]Z[WX^%dlW��m WX\Md Z[W~aURUV ¬ a�QSW%ªFhqZjd R]\OWXZjdlRUWXa>\<VX^XWXf[fl_bR]Z[W YvhicOZ �o_oRU\O^XZnW ap_ �6hqZ[^~W RU\MdeWXZnfncOZj�¤_o^XR]�JcOW
hix��[W%d �gYOZ[VXsOWX\<f[WXcOZ~�

° hic<Z a�QSW�¡0WXm YOaUW V%du_bxOa]R�_bc ^usr_bYOR�deZnW Y<Z[VX^XVXTOW~\}d YvhicOZ ap_ TOVXYvhqf[W T	�N\r_om RU�JcOW��
^XW%dndeW YOZnWXm RUkXZnW _b^~^XVXaUVXZl_�dlRUhq\ WXf"d VX�M_oaUW ¬ Ç


 = 106 ms � 2
À � ��Á

� W%dndeW _o^X^XVXaUVXZl_gdeR]hi\ WXfjd T<RUZnWX^%deWXm WX\}d Z[WXa]RUVXW ¬ ay_ �6hiZn^XW W�¡NdlVXZ[R]WXcOZnW \OVX^XW~f[fl_bR]Z[W
YvhicOZ�^�_of[fnWXZ a,Q£_oTOsOVXfnRUhq\�����hic<f�YvhicB�ihq\Of�T<hi\O^ WX\ T<VXTOcORUZnW Ç

F 
������������ et = Fadh = mo

 À � µ Á

´�QShix��[W%d©^Xhi\OfnRUT<VXZ[V�V%du_oR�d TOW�Ze_��qhi\
5 �:½ W%d�TOW�m _of[fnW>_bY<YOZ[h�¡0R]m _gdlR��qW

1 x 18 10 � 13 kg
�

TOhi\<^ a�Q�_bTOsOV~f[R]hi\ hqx��[W%d�YOZ[VXsOW~\Of[WXcOZ YvWXc0d � dlZnW WXfjdlRUm VXW ¬ Ç

Fadh = 1 x 18 10 � 12 � 106 = 1 x 18 10 � 6 N
À � �MÁ

� _b\<f�dehqcOf�a]WXf
^�_ofX�gfe_o\OfPf~Q|R]\}dlVXZ[WXfnf[WXZ�_bc YOZnhN^XWXfnf[cOf�TOW!T<VXYthqfnW¸T<W¸a,Q|hqx��[W%d���^XW%dndeW
m V%dlsOhNT<W fnWXm x<aUW�^�_bYr_oxOaUW�TOW ^�_oaU^~cOaUWXZ{a,Q£_oTOsOVXfnRUhq\ WX\MdeZnW a�QShqxJ�[W�d�W%d!a]W�Y<Z[VXsOWX\<f[WXcOZ~�

)�* ) � 2:9OK 3?D .0G�9OKN=@G>7
� WXaUhq\ ay_ m � m W _o\r_oaUhq�iR]Wo�0RUa�f[WXm xOa]W Yvhifnf[R]xOaUW T�QSW�¡BYOaUhqR�dlWXZ�a]W m hNTOW YOZnhiYOZnW TOWdehqZ[fnRUhq\ YvhicOZ¯TOV%deW~Z[m RU\OWXZ¯ay_ ZnR]�iR]TOR�dlV{¬ ay_�dehqZ[fnRUhq\ hic YOa]cOf�fnRUm YOaUWXm WX\}d¯ay_�TORUf"d�_o\O^XW

TOc ^XWX\MdeZnW TOW �qZe_��NR�deV T<W a�QShix��[W%d�¬ a�Q�_�¡0W TOW f��Lm V%dlZnRUW TOW ap_ Ythqc0dlZ[Wo�
z�\ W%ªFW%d��Bap_ dehqZnf[R]hi\ WXfjd�R]\OTOcOR�dlW Yr_oZ{cO\OW TORUf"d�_o\O^XW \OhodlVXW

dt

TOW a�QShix��[W%d�¬ a,Q£_�¡0W
TOW f��Nm V%deZnRUW TOW ay_ Yvhic0dlZ[W Ç

Mtorsion = mo g dt

À � 	 Á
 \ YvWXc0d _oaUhqZ[f�W�¡0Y<aUhqR�dlWXZ�fnRUm YOaUWXm WX\Md�cO\OW m V%des<hNTOW \Jc<m VXZnRU��cOW YvhicOZ�TOV%dlWXZ?�

m R]\OWXZ{^XW%dndeW TORUf"d�_o\O^XW ¬ Yr_oZjdlRUZ{TOW ay_ �6ZnVX�JcOWX\<^XW YOZ[hqYOZnWo� � hqm m W ^XW%dndlW TOVXm _bZn^�sOWWXfjd Z[R]�ihqcOZnWXcOf[WXm WX\Md RUTOW~\}deR]�JcOW ¬ ^XWXaUa]W _oYOYOaUR]�JcOVXW YvhqcOZ ap_ ¹rW�¡BRUhq\��tWXa]aUW \�QSWXf"d Yr_ofTOV%�qWXaUhqYOYvVXW RU^XR,�
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´ W YOZ[hqYvhif�TOW ^XW TOWXZn\OR]WXZ�^usr_bYOR�deZnW V%du_bR�d�TOW ^usOWXZn^�sOWXZ ¬ ^�_oaUR]xOZ[WXZ�W%d ¬ ��cr_b\MdeR��
�`WXZ�ay_ m R]^XZ[hg�&m _o\ORUY<cOay_gdeR]hi\���z�\ W%ªFW%d��bfnROap_ m V%dlsOhNTOW�c0dlRUa]RUfnVXW{f[WXm xOa]W�m _oRU\}dlWX\r_o\}dT<hi\O\OWXZ�TOWXf�Z[VXfncOa�d�_gdef�fe_gdlRUf"�¤_bR]fe_o\}dlf�YthqcOZ�ay_ m _b\OR]YOcOay_gdeR]hi\­�}cO\ YOZnhixOa]kXm W RUm YthqZ@�du_o\}d�YtWXcBd _oYOYr_bZl_�w]deZnW Ç ^Xhim m W~\}d ZnWX\OTOZnW aUW f��Nf"dlkXm W �¨_oxOaUW W%d ZnhixOcOf"deW �NRUf ¬ �LRUf
T­Q|cO\ hqx��[W%d T<hi\O\OV��

° hicOZ Z[VXYvhq\OTOZ[W ¬ ^XW%dndeW �Jc<WXfjdlRUhq\��AR]a�f~Q£_��qkXZnW \<VX^XWXf[fl_bR]Z[W T<W T<V%deWXZnm R]\OWXZ aUWXf
^�_bZl_b^%dlVXZnRUf"deR]�JcOWXf�YOs �NfnRU�Jc<WXf>TOW�a,Q|hqx��[W%d�m _b\OR]YOcOa]V!_oRU\<f[RN��cOW�a,Q£_oTOsOVXfnRUhq\ f[cOZ"�¤_o^XRU��cOWhqx��[W%d ��YOZnVXsOWX\OfnWXcOZ>W%dPap_��6hqZn^XW!T<W¸YOc<aUa¦�®hbª¯� ¢ aNf~Q£_o�qR�dP_oaUhqZnf�TOW��iVXZnR0�`WXZ�a�Q�_bT`_bY0du_bxOR]aUR�deVT<W ��� ����� � � _bcN¡ d��o^�sOWXf TOW ^�_bZl_b^�deVXZnRUfl_�dlRUhq\ Yvhic<Z YvWXZ[m W%dndeZnW a�QSW�¡NdlZe_o^%dlRUhq\ TOW
^~WXf TOhq\O\OVXWXf~�� _b\Of cO\ YOZnWXm R]WXZ dlWXm YOfX��TOWXf Ze_oYOYvWXaUf hi\Md V%deV YOZnhiYvhqf[V~f fncOZ a,Q£_o\r_oa �NfnW TOR��m WX\OfnRUhq\O\OWXa]aUW YvhqcOZ a�QSW�¡NdlZl_b^%dlRUhq\ TOWXf Yr_oZl_bm k%deZnWXf ¬ m WXfncOZnWXZX��f[cOZ aUWXf m hNTOk~aUWXf
T<W TOV%� hiZnm _gdeR]hi\ W%d fncOZ aUWXf Yvhqc0deZnWXf WX\ ¹`W�¡0RUhq\�� � WXf V%decOT<WXf hi\}d YvWXZnm R]f TOW TOV��dlWXZnm R]\OWXZ TOW~f Z[W~ay_gdeR]hi\Of�WX\}dlZ[W a]WXf ^�_oZe_o^%deV~Z[R]fjdlRU�Jc<WXf YOs �Nf[R]�JcOW~f Z[WX^usOWXZ[^usOVXWXf W%d aUWXf
R]\0�6hqZ[m _gdeR]hi\Of��6hqcOZ[\OR]WXf Yr_oZ ��� ����� � � �­z�\@�r\­�­TOR�ªFVXZnWX\}dlWXf m WXfncOZ[WXf hi\Md V%deV W%�p�
� WX^%dlcOVXWXf YvhicOZ m W�d[dlZ[W WX\ �o_ba]WXcOZ�^XW Y<Z[hN^~WXf[fncOf Tr_o\Of a]W ^�_bTOZnW TOW ay_ �¨_bxOR]aUR]fe_gdeR]hi\T<c f��LfjdlkXm W YOZnhqYthqfnVo�

¢ a�WXf"d ¬ \OhodlWXZ �JcOW ^~W ^�sr_oYOR�deZnW _ cO\OW _bYOYOZnhN^usOW W�¡BYOaUhqZe_gdehqRUZnW Ç R]a>\OW f~Q�_b�qR�d
Y`_bf T�Q|cO\ dlZe_��o_oRUa
_oxvhic0dlR�m _oRUf�YOaUc0d �bd�T�QScO\OW hic0�qWXZ"decOZnW TOW YvWXZ[fnYvWX^%deR��iWXf~�:_oc0dlhicOZ
T<c m _b\OR]YOcOay_gdeW~cOZ�Z[V�_oaUR]f[V��}�iWXZnf�aUW�TOhim _bR]\OW�TOW ay_ ^�_bZl_b^%dlVXZnRUfl_�dlRUhq\ W%d�TOW�ay_ m RU^XZnhg�
m V%dlZ[hqaUhq�iR]Wo�
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� _b\Of ^XW m VXm hiR]Z[W���cO\<W V%decOTOW TOW ap_ m R]^XZ[hg�&m _o\ORUY<cOay_gdeR]hi\ T	�N\r_om RU�JcOW Yr_bZ_oTOsOVXfnRUhq\ W%d�f[WXf�YOZnhiYOZnRUV%dlVXf�_ V%dlV YOZnhiYvhqf[VXWo�
´ W YOZnWXm RUWXZ ^usr_bYOR�deZnW YOZ[VXfnWX\}dlW c<\ V%du_�d TOW a,Q£_oZjd TOW ap_ m RU^XZnh��&m _b\OR]YOcOap_�dlRUhq\��

� hicBdeWXf aUWXf _oYOYOZnhN^�s<WXf fnhi\Md W�¡0YOa]hiZnVXWXf YthqcOZ m W%dndeZnW WX\ _��b_o\}d aUWXf f[YvVX^XR<�r^XR�deVXf TOc
f��Nf"dlkXm W YOZ[hqYvhifnV W%d f[W~f \OVX^XWXfnf[R�deVXf~�
z�\OfncOR�dlWo�:cO\OW _b\r_oa �Lf[W TOWXf W�ª­W%dlf m RU^XZnhifn^Xhg�
Y<RU�Jc<WXf�RU\MdeWXZnf[c<Zj�¤_o^XR]�JcOWXf�WXf"dPW%ªFWX^%dlcOVXWo� � hi\ hqxJ�[W~^%deR��rYvWXc0d � dlZ[W�TOVX^Xa]RU\OV�¬�YOaUcOfnRUW~cOZ[f
\<R��qW�_bcN¡t� ¢ a�fXQ�_b�qR�d�T�Q�_bY<YOZ[VXsOW~\OTOWXZ a]W ^�s<hiR�¡ TOW a,Q£_oTOsOVXfnRUhq\ ^Xhqm m W a�QSVXa]VXm WX\Md�^XWX\N�
dlZl_ba TOW ap_ m _b\<RUYOcOap_�dlRUhq\��Pm _oRUf _bcOfnfnR TOW YOZ[hqYvhifnWXZ cO\<W _oYOYOZnhN^�sOW cO\<R0�rVXWo��cO\
�qhN^�_oxOcOap_bR]Z[W YOZnVX^XR]f W%d TOWXf � hiZnm cOay_gdeR]hi\Of _o\r_ba �JdlRU�Jc<WXf _of[fnhN^XR]VXf _ocN¡ TOR�ªFVXZ[WX\MdeWXf
� hiZn^XWXf�YOZ[VXfnWX\}dlWXf~�

´ W TOWXcN¡BRUkXm W ^usr_bYOR�deZnW�TOVX^XZ[R�d�cO\OW m hNTOVXa]RUfl_�dlRUhq\ T	�N\r_om R]�JcOW�T�QScO\OW d �b^usOW ^�_��
\<hi\OR]�JcOWo�JT�Q�_bxvhqZ[T f[hqcOf�a�QSs �LYthodlsOkXf[W TOW ^XhqZ[YOf�ZnRU�qRUTOW~f>YOcORUf{TOW ^XhiZnYOf�TOV%�6hqZ[m _bx<aUWXf
À6Yr_oZ VXaUVXm WX\}dlf �r\ORUf Á �P �\OW m hNTOVXa]RUfl_�dlRUhq\ Yvhqf[fnVXTr_o\}d TOWXcN¡ V%d�_gdlf À � _gdnd�_o^�sOV � hqc
� TOV%du_b^usOV � Á ��_bR]\Of[R���c�Q|cO\OW ^Xhi\OT<R�dlRUhq\ TOW dlZe_o\OfnR�dlRUhq\ WX\MdeZnW ^XWXf TOWXcN¡ V%d�_gdlfX�Pf[hq\}d
Y<Z[hqYvhifnVXWXfX��´©_ m hLTOVXaUR]fe_gdeR]hi\ R]\}dlkX�iZnW aUWXf Yr_oZjdlRU^Xc<ay_oZ[R�deVXf YOZnhqYOZ[WXf ¬ a,Q|VX^usOWXaUa]W m R��
^~Z[hqf[^XhqYORU��cOW W%d�a]WXf¸fnYvVX^XR0�`^XR�dlVXf�TOW ay_ m RU^XZnhg�&m _o\ORUYOcOap_�dlRUhq\ Yr_oZ�_oTOsOVXfnRUhq\��0� WXf�f[R��m cOap_�dlRUhq\Of©\JcOm VXZ[R]�JcOWXfPW�ª­W~^%decOVXWXf _ �qWX^�^XWXfPm hNTOkXa]WXf�� hi\}d�_bYOY`_bZl_�w]deZnW>deZnhiR]f
m hNTOWXf
T<WA� hi\O^%dlRUhq\O\OWXm WX\}d¯TOR�ªFVXZnWX\}dlf Ç fl_bR]f[R]W{fjdu_gdeR]�JcOWo��T<VXYthqfnW!f"d�_gdeR]�JcOW{W%d�TOVXYvhifnW�T	�N\r_��m RU��cOWo� � W�TOWXZ[\OR]WXZ~�b�JcORr^Xhq\Of"deR�decOW�ay_ Yr_bZ"deR]^XcOap_bZnR�dlV{TOW�^XW�dlZe_��o_bR]a0Tr_o\OfPaUW�TOhqm _oRU\<WT<W ap_ m RU^~Z[hg�&m _o\ORUYOc<ay_gdeR]hi\��N\OVX^XWXfnfnR�dlW cO\<W T �N\r_om R]�JcOW TOc f��NfjdlkXm W V~aUW%�qVXWo�:_��qWX^
T<WXf�_b^X^XVXa]VXZl_�dlRUhq\Of{_ba]ay_o\}dv�ncOf[��c�Q£¬

106 ½ ¾i¿ 2
�Jz�\ �r\��NcO\OW�V%dlcOTOW Yr_bZ>VXa]VXm W~\}dlf8�r\ORUf^~him YOaUk%dlW ap_ m hNTOVXa]RUfl_�dlRUhq\ YtW~Z[m W%d[du_b\Md _oRU\<f[RFTOW TOR]f[Yvhqf[WXZ�T�QScO\ aUhq�iR]^XRUW~atT<W f[R]m cN�

ap_�dlRUhq\ W~\}deR]kXZnWXm WX\Md TOVXT<RUV ¬ ay_ m R]^XZnh��&m _b\OR]YOcOay_gdlRUhq\ Yr_oZ�_bTOsOVXfnRUhq\��
´ W dlZ[hqRUfnRUkXm W ^usr_bYOR�deZnW TOV~^XZ[R�d!ap_ ^Xhi\<^XWXY0deR]hi\ TOc f��Nf"dekXm W W�¡BYtVXZnRUm WX\Md�_oa��Jxr_oYN�dlRUfnV � � ����� � � ��ZnVXYvhi\OTr_o\}d _bcL¡ W�¡0R]�iW~\O^XWXf T	�L\r_bm RU��cOWXf TOW ay_ m _o\OR]YOcOay_gdeR]hi\

� � �
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Yr_bZ�_oTOsOVXf[R]hi\­�t  \<W _gdndeWX\MdeR]hi\ Yr_oZjdlRU^~cOaUR]kXZ[W W~fjd YvhqZjdlVXW _oc YOZ[VXs<WX\Of[WXc<Z _b^%dlR��@� � WXf
m hLTOVXaUR]fe_gdeR]hi\<f YOZ[VX^XR]f[W~f fnhi\Md YOZnhiYvhqf[VXW~f YvhqcOZ W�¡LdeZl_oRUZnW aUWXf ^�_oZe_o^%dlVXZ[R]fjdlRU��cOWXf T<R¦�m WX\<f[R]hi\O\OWXa]aUWXf�W%d m _gdeVXZnRUWXa]aUWXf�TOW fnhi\ f��Nf"dekXm W T�Q£_o^%dlRUhq\O\OWXm WX\}d À·cO\OW ^XVXZl_om R]�JcOWYORUV��~hNVXaUW~^%deZnRU��cOW Á W�d TOW fnhi\ f��Nf"dlkXm W TOW Y<Z[VXsOWX\OfnRUhq\ À6cO\OW m RU^XZnh��&Yvhqc0deZnW YOR]V��XhiZnV��
f[R]fjdlR��qW Á �Jz�\@�r\��JaUW�xr_o\O^ W�¡BYtV~Z[R]m WX\Md�_oarTr_b\<fAfnhq\ WX\OfnWXm xOaUW�WXfjd�T<VX^XZ[R�d{WX\ � hi\O^%dlRUhq\TOWXf�W�¡0R]�iWX\O^XWXf�TOc m hNTOW TOW m _o\ORUYOcOap_�dlRUhq\��

´8W���cr_�dlZ[R]kXm W�^�sr_oYOR�dlZ[W�WXf"d dehod�_oaUWXm WX\}d ^Xhq\Ofe_o^XZnV>_bcN¡ W�¡0YvVXZnRUm WX\}du_�dlRUhq\OfX��� _o\Ofay_ YOZnWXm R]kXZ[W Yr_bZ"deR]Wo�OaUWXf�^�_bZl_b^�deVXZnRUfl_�dlRUhq\Of�TOW ay_ T	�L\r_bm RU��cOW TOW a,Q£_o^%deR]hi\O\OW~cOZ À6Yr_oZ
RU\MdeWXZ"�6VXZnhim V%dlZ[R]WAap_of[WXZ Á W%d>TOc YOZnVXsOWX\OfnWXcOZ À·WX\ c0dlRUa]RUfl_b\Md�aUW�fnRU�q\r_baLTOW�ap_ YvhicBdeZnW!Y<RUV��
�XhiZnVXfnRUf"deR��iW Á f[hq\}d>W%ªFWX^%dlcOVXWXf~�}�b_oaUR]Tr_o\}d>_oRU\OfnR0aUW~f�^�sOhqR¦¡ ZnV�_ba]RUfnVXfX�q� _b\<f>ay_ TOWXcL¡0RUk~m WYr_bZ"dlRUWo�}cO\OW�f[VXZnRUW�T�QSW�¡0YvVXZnRUm WX\}du_�dlRUhq\OfX�}W~\}deR]kXZnWXm WX\Md�xr_bfnVXWXf�f[cOZ{a,Q£_oTOsOVXfnRUhq\ W�d¸^�_��
Ze_o^%dlVXZ[R]fe_o\}d�dehqc0dlWXf�a]WXf�Y<sr_bfnWXf�T<W m _o\ORUYOc<ay_gdeR]hi\��JYvWXZnm W%d�TOW��[c<fjdlR0�rWXZ�a�Q�_bY<YOZ[hL^�sOWYOZ[hqYvhifnVXWo�0´�_ TOV~YthqfnW T	�N\r_om RU�JcOW�Yr_oZ¸W%ªFW%d�R]\OWXZjdlRUW~arW%d�ay_ TOVXYvhqf[W fnVXa]WX^%deR��iW _bYOY`_��
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#'H%H$H%H%H$H%H%H$H%H$H%H%HG-%0�:$)A@.5W/N<.)A2 ,'?W: ? ,'?W:�H$H%H$H%H%H$H%H%H$H%H$H%H%H$H%H1#
/'?1C L m 3%F'2%?A*=<j( /&?1C7R h

#'H%H$H%H%H$H%H%H$H%H$H%H%H$H%H%H$H%H$HU-%07:85�@B/W?1/7:�H'H%H%H$H&H%H$H%H
# 3$0%,&@$?&(A0B*&0&2B/ 3$0 @$? C'?W:.0 0$/ @p4 0��B/%-$01*_<G/%0
#'H%H$H%H%H$H%H%H$H%H$H%H%H$H%H%H$H%H$H%H%H$H%H%H$H&H%H$H%H'H%H%H$H&H%H$H%H&H
@B/ m ,$-�)1i h
@.5 � R m ,%-7)1i h
@.5 � L m ,%-7)1i h
@.5 � m ,%-�)Bi h
<+m S�h
2BC%C m ` 3N< *&0 ` /&?BC�RpI <829:>/ a H L a h
-$0%,$0%/%0$- -$0&?13 21C$C h
< m < � L h
@1/9m1@1/ 0%/ ` ,$-�)1i ` /'?1C L I < I6/%0B*&, aca h
3%0$, LUm /&?1C L I < I63$0%,&@ph
? m 0��1/%- 3%0$, L 5 � , L8Sgh
C m 0��1/%- 3%0$, L 5 � , L h
( m ? H C h
@>5 � R1mB@>5 � R 0$/ ` ,%-�)Bi ? a h
@>5 � LUmB@>5 � L 0$/ ` ,%-�)Bi C a h
@>5 � m @>5 � 0$/ ` ,%-�)Bi ( a h
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�E<;2 -$0&?13 h
0 � � L m 0 ��)A@ *W?$2>5 4 /$01*&,7:�4 @1/ 465 ��` C'?W:>0 a 4 @.5 � L h
0 � � R m 0 ��)A@ *W?$2>5 4 /$01*&,7:�4 @1/ 465 ��` 0��1/%- a 4 @.5 � R h
0 � � P m 0 ��)A@ *W?$2>5 4 /$01*&,7:�4 @1/ 465 ��` 0��1/%-��jC&?9:>0 a 4 @.5 � h
0 � � m 0 � � L 0$/ 0 � � R�h

# (1?%@'(j5�@ 3$0 @p4 ?'(%(A0'@10%-'?1/k<>)A2 0%/ @%? �N<G/%0�:$:>0
#&H$H%H%H$H%H%H$H%H$H%H%H$H%H%H$H%H$H%H%H$H%H%H$H%H$H&H%H$H%H&H$H%H%H'H%H%H$H&H%H$H%H&H
< m Rgh
VWQ$Q�L m � \ ��� ScIAh
`N]Gf�Z��7L m � \ ��� ScI h

`N]Gf L%L m ScI h
\WZ � Z>f7ZA\ � ` � � � H L a h
`N]Gf�R m f7V�� L I < I �N<G/%0 h
`N]Gf�R%R m Z��1f'\ `k]Uf7R Y	� � L8S h
`N]Gf m `N]Gf�R%R H `N]Gf L%L h
f%f m ` f�V � L I < I /%0B*&, a H ` f�V � L I ` <%H9L a I /$01*&, a h
VWQ$Q m `N]Gf
�jf$f h
VWQ$Q�L m V9Q%Q�L Z>f ` � \ ��� V9Q%Q a h
`N]Gf�Z��7L m `N]Gf�Z��7L Z.f ` � \ ��� `N]Uf7R%R a h
] m ] �NL h
�N<G/ L%L m �N<U/7R%R h
� ] � �Jh

0 �'?&(%( m 0 ��) @ *9?%2.5 4 /%01*',�:�4 @1/ 4 ?'(%( 0&@10$-&?1/k<>) 2c4 V9Q%Q�L h
0 � �N<U/$0 m 0 �7)A@ *W?$2>5 4 /%0B*&,�:g4 @B/ 4 � ��` 0��B/%- a 4 `k]Uf�Z ��L h
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#'H%H$H%H%H$H%H%H$H%H$H%H%H$H%H%H$H%H$H%H%H$H%H%H$H&H%H$H%H'H%H%H$H&H%H$H%H&H$H%H%H'H%H%H$H&H%H$H%H'H%H%H$H&H%H$H%H&H$H%H

3$0�:$: 0 � � /N<U/$- 4 5 � ,�R�4 *=<O*W?ph
3$0�:$: 0 � � P /N<G/%- 465 � -%0'@c4 *_< *W? h
3$0�:$: 0 �&?&($( /k<U/%- 4 ?'(%( 0&@10$-&?1/k<>) 2 ,�Rg4 *=<O*W?ph
3$0�:$: 0 � �N<G/%0 /N<U/$- 4 � � ,�Rg4 *=<O*W?ph

# 3k< � �B0%-%0'21/�: 3%0��W).-1*&07:
#'H%H$H%H%H$H%H%H$H%H$H%H%H$H%H%H$H%H$H%H
<+m&Sgh
-$0%,$0%/%0$- C7)85T(B@107R bWMgh

< m < �1b h
3$0%, m /'?1C L I < I 3%0$,&@ h
3$0��WS m 3%0��9) �$/�)>/ 3%0$, h
3$0��_L m 3%0��9) �$/�)>/ 3%0$, ScI h
3$0�� � m 3%0��9S 0$/ 3$0��=L h
/$-&?&( 0 3$0�� � h

�o<82 C�);5T(1@B0�R�h


