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¶�Ê{��ÊO¶ ²PuV_*ºprt` k f^_af&\^] k `Mo ÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ@ÊZÊEÊZÊEÊEÊZÊ ���

¶�Ê � É:f���_�q�cVfÇ² k \ËÊ�´Yq�l k dti ÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ@ÊZÊEÊZÊEÊEÊZÊ ���
¶�ÊO¶ }P_�q�oÌ°8\^l k dMd k c^�6g8i=dMuV_l¶<rt` k f^_afhs	i%]bq�o k f�ÊEÊZÊEÊEÊZÊ@ÊZÊEÊZÊEÊEÊZÊ ��¶
¶�Ê º j1k »�]bq v d k z�_ j _a` v ] k \^d k mpc�m�ÉÑdMuV_@s:° ÊZÊEÊZÊEÊZÊEÊEÊZÊ@ÊZÊEÊZÊEÊEÊZÊ �jº

Í �3�"�9�S�a��«BÎR�K©��K�a�8¢ �aÏ
ºVÊ{� ÈB_!o�g^]bq�cV_�È k ]M]�mp]7Ê@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ@ÊZÊEÊZÊEÊEÊZÊ �"µ
ºVÊ � °%_!��oW_!ced�_af¨È k ]M]�mp]�Ê@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ@ÊZÊEÊZÊEÊEÊZÊ ���

® Ði�K�4����Î(ÐÇ�"�7Ñ<�c��Ò`¢,£¤�¥�$�9¦g�¨Ã3Æ ��Ó
¯�Ê{� °8dM]Ô´ v dÔ´^]�_@m�É:qoÕ1_L´^]bq�l�Õy_!d�Ö�mp] ¿ ÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ@ÊZÊEÊZÊEÊEÊZÊ×¶��
¯�Ê � ²,]bq k c k c^�ØÈB_!dMuVm%f^`@Ê@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ@ÊZÊEÊZÊEÊEÊZÊ×¶��

¯�Ê ��Ê{� È k c k o k | k c^�6dMuV_E_!]M]�mp]�É%´^c v d k mpc�ÊZÊEÊZÊEÊEÊZÊ@ÊZÊEÊZÊEÊEÊZÊ×¶��
¯�Ê ��Ê � w[mpc�Ù�´^�eq�d�_E��]bqpf k _!cedyf^_a` v _!ced ÊEÊZÊEÊZÊEÊEÊZÊ@ÊZÊEÊZÊEÊEÊZÊ×¶jº

k �
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¯�ÊO¶ àño6q���_Es	]�_�r2\^]�m v _a`�` k c^��ÊZÊEÊZÊEÊZÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ×¶��
¯�ÊO¶�Ê{� w[mpcez�mplÀ´^d k mpcYq�lÑ\^]�m v _a`�` k c^�&ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ×¶��
¯�ÊO¶�Ê � áycV`Ô´^\�_!]Mz k `�_afÇ±,_�q�]Mc k c^��Ê@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ×¶��

â ã��tä��c���X�8�c�9­åÆ`�"�Læ7�4� ÁcÓ
��Ê{� j _�ÉImp]Mo6q�g^ln_<È k ]M]�mp] ÊEÊZÊEÊZÊEÊZÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊçºe�

��Ê{��Ê{� � Ì � oW_!o�g^]bq�cV_Eo k ]M]�mp] ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊçºe�
��Ê{��Ê � È¨É�ÈË°»o k ]M]�mp]µÊZÊEÊZÊEÊZÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊçºe�

��Ê � ¼*qaz�_�ÉI]�mpcedl°%_!cV`�mp]�` ÊEÊZÊEÊZÊEÊZÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊçº�¶
��Ê ��Ê{� s	i%]bq�o k f"\^] k `Mo ÊEÊZÊEÊZÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊçº�¶
��Ê ��Ê � àñced�_!] ÉÝ_!]�mpoW_!d�_!]yÊZÊEÊZÊEÊZÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊçº�¯
��Ê ��ÊO¶ x*°Uà w�Î4q�]MdMo6q�c^c�r�°8uYq v6¿ `�_!cV`bmp]BÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊçº�¯

��ÊO¶ ± k ��u8dB°%m�´^] v _a` Ê@ÊZÊEÊEÊZÊEÊZÊEÊZÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊçº�¯
��Ê º °%m�ÉId¤Ö[q�]�_�ÊEÊEÊZÊ@ÊZÊEÊEÊZÊEÊZÊEÊZÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊçºe�
��ÊO¯ °8dM]Ô´ v dÔ´^]�_�q�cVf�x×l{��mp] k dMu^o�m�ÉÕdMuV_lÕ�Õ ÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊçºKµ

Ï è,�K¢9�4Î��8¢ ®`�
µ%Ê{� s j k o6q�� k c^��ÊZÊ@ÊZÊEÊEÊZÊEÊZÊEÊZÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ×¯��
µ%Ê � · k ]�`Md�°%_!cV` k c^�
Ö k dMuBqµs	i%]bq�o k fhs	] k `Mo ÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ×¯�¯
µ%ÊO¶ ¼*qaz�_�ÉI]�mpcedl°%_!cV` k c^�$Ö k dMuUq�l{lg¶
°%_!cV`�mp]�`¦ÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ×¯��

µ%ÊO¶�Ê{� ²PuV_lÈ¨É�È¡°»o k ]M]�mp] ÊEÊZÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ×¯��
µ%ÊO¶�Ê � ÈU_!o@g^]bq�cV_Eo k ]M]�mp]×\�_!] ÉÝmp]Mo6q�c v _ ÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ×¯��
µ%ÊO¶�ÊO¶ s	i%]bq�o k fh`�_!cV`�mp] k o6q���_a`TÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ×¯�¹
µ%ÊO¶�Ê º w[mpoT\Yq�] k `�mpc�m�ÉÕdMuV_ZdMu^]�_a_E`b_!cV`�mp]�`�ÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ ���

µ%Ê º ²,]bq k c k c^�&m�ÉÕdMuV_*Õy_L´^]bq�lgÕ1_!d¤Ö[mp] ¿ ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ ���
µ%ÊO¯ � \�_!c�±,m%mp\ ÊZÊ@ÊZÊEÊEÊZÊEÊZÊEÊZÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ ��¯
µ%Ê � éCq�] k q�d k mpcV` ÊEÊZÊ@ÊZÊEÊEÊZÊEÊZÊEÊZÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊ ���

ê ëi��¢9���g¢9¢9�R�c� Ïa�
��Ê{� sÑ_!] ÉImp]Mo6q�c v _µq�cVfi± k o k d�` ÊZÊEÊZÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊìµ%�
��Ê � w[mpc v lÀ´V` k mpcNq�cVf � ´^dMlnm8m ¿ ÊZÊEÊZÊ@ÊEÊZÊEÊZÊEÊZÊEÊ@ÊZÊEÊZÊEÊZÊEÊEÊZÊìµ�¶

� Â�¦4��ÎR�"­a���j¢$�¥£
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¼*q�z�_�É(]�mpc8dTq�g�_!]M]bq�d k mpcV`�\^l/qai¤q�c k oT\�mp]Mdbq�c8dµq�cVf*i�_!d@cV_!�eq�d k z�_»]�mpln_6fX´^] k c^�UdMuV_
q v ¸K´ k ` k d k mpc m�ÉCu k ��uU]�_a`�mplÀ´^d k mpc k o6q���_a`�ÊBàñc v _!l{lÑo knv ]�m�` v mp\eiBdMu k ` k `1fX´V_�d�m»dMuV_
`Ô´^]M]�m�´^cVf k c^� k c^uVmpoWmp��_!cV_am�´V`�q�¸K´V_am�´V`�� k c6qp`MdM]�mpcVmpo�i7fX´V_Pd�m4dÔ´^]Mgt´^ln_!c v _a` k cTdMuV_
q�dMoWm�`M\^uV_!]�_�� k cE]�_!d k cYq k o6q�� k c^�1fX´V_:d�m�dMuV_CcVmpc�r2\�_!] ÉÝ_ v dGmp\^d knv q�l^q�\^\Yq�]bq�dÔ´V`��
oW_�q<r
`Ô´^] k c^�»dMuV_�q�g�_!]M]bq�d k mpcV`×dMuYq�d1f k `Md�mp]Md×dMuV_ k o6q���_�¸K´Yq�l k dti�q�cVf�\^]�_�r v mpoT\�_!cV`bq�d k c^�
dMuV_!oh� k c v ]�_�qp`b_a`Z` k ��c k ½ v q�cedMl{iUdMuV_µ]�_a`�mplÀ´^d k mpc�m�ÉCdMuV_Tf^_a` k ]�_af k o6q���_�Ê<²PuV_µ\^] k c�r
v!k \^ln_�m�É	`6´ v uUq�cNqpfVq�\^d k z�_�mp\^d knv q�lÑ`Mi�`Md�_!o k `�dMuV_�`bq�oW_ k cUq�l{l v qp`�_a`���¼*qaz�_�ÉI]�mpced
q�g�_!]M]bq�d k mpcV`:dMuYq�d:f k o k c k `Mu6dMuV_ k o6q���_
¸�´Yq�l k dñiµm�É�dMuV_�mpgXÙM_ v dx´^cVf^_!] k cez�_a`Md k �eq�d k mpc� v _!l{l2��`Mdbq�]���_!i�_��<_!d v Ê	��q�]�_	oW_�qp`Ô´^]�_af@geiEqP`�_!cV`�mp]�ÊÑx v mpc8dM]�mpl{l k c^�1f^_!z knv _	dM]bq�cV`Ml/q�d�_a`
dMu k `7` k ��cYq�l[d�mBq�cAq v dÔ´Yq�d�mp]3Ö�u knv u¤dMuV_!c v mpoT\�_!cV`�q�d�_a`@dMuV_&q�g�_!]M]bq�d k mpcV`ÀÊ�²Pu�´V`À�
dMuV_amp]�_!d knv q�l{l{i��YdMuV_ k o6q���_�³ `�]�_a`�mplÀ´^d k mpc v q�chg�_ v mpoW_
Ù�´V`Md�f k »�]bq v d k mpc�r2l k o k d�_af Ê
·Vmp]6q�c q�\^\^l knv q�d k mpc k c©mp\^uedMuYq�l{oWmplnmp��i qpfVq�\^d k z�_hmp\^d knv `TuYq�z�_"d�mNg�_ v mpoT\Yq v d��
uYq�cVf�i»q�cVf=lnm9ÖPr2\^] knv _af v mpoT\Yq�]�_af&d�m�`Mi�`Md�_!oW`:´V`�_af6ÉImp]P_��^q�oT\^ln_ k c"qp`MdM]�mpcVmpo@i�Ê

x ¶<rt` k f^_af�\8i8]bq�o k fU\^] k `MoÌÖ[qp`1d�_a`Md�_af k cUdMu k `VÖ[mp] ¿ qp`4q$ÖPqaz�_�ÉI]�mpcedE`�_!cV`bmp]��
Ö�uV_!]�_ k d�`"` k ��cYq�l*ÖPqp`&dM]bq�cV`Ml/q�d�_af�ÉÝmp] v mp]M]�_ v d k mpc¦cVmpd�q�cYq�l{i8d knv q�l{l{i�gt´^d"gei�q�c
q�]Md k ½ v!k q�l�cV_L´^]bq�l�cV_!d¤Ö[mp] ¿ Ê�²PuV_ v mpc8dM]�mpla´^c k dPdMuK´V`:ÖPqp`�q v mpoT\t´^d�_!]
Ö�u knv u,��z k q�q
dM]bq k cV_af6cV_L´^]bq�lYcV_!d�� v q�l v ´^l/q�d�_a`�dMuV_�o<´V`Md:z�q�lÀ´V_�m�É dMuV_×q v dÔ´Yq�d�mp]:ÉI]�mpo dMuV_�` k ��cYq�ln`
Ö�u knv u�uYqaz�_Eg�_a_!c"oW_�qp`Ô´^]�_af�g�_�ÉÝmp]�_4gei&dMuV_Z`�_!cV`bmp]�Ê
ºprt` k f^_af�\ei%]bq�o k f>\^] k `MoW`4ÉÝmp]Eq�g�_!]M]bq�d k mpc�oW_�qp`6´^]�_!oW_!ced�`<Ö�_!]�_ k c8dM]�m8fX´ v _af��8¹�¹��
ÉÝmp]Pqp`�dM]�mpcVmpo@i6g8i È q��eq�|a|�mpc k�
 È q���¹��
�tÊ1· k ]�`�d k c8z�_a`Md k �eq�d k mpcV`PÉÝmp][mp\^u8dMuYq�l{oWmplnmp��i
Ö k dMu qU\8i8]bq�o k f©`�_!cV`bmp]oÖ�_!]�_"f^mpcV_&gei xy]Mdbq�l 
 àt��l/�����yq�cVf ]�_ v _!c8dMl{i¤g8i j q k cedñi
 w�uYq����
�tÊy· k ]�`Md=d�_a`Md�`,Ö k dMu¦q ¶<rt` k f^_af�\^] k `Mo Ö�_!]�_Uo6qpf^_>q�d»dMuV_¨ÈNq<�8rts	l/q�c v�¿
àñcV`Md k dÔ´^d�_4ÉÝmp]�xy`�dM]�mpcVmpo@i 
 w[m�`b��¯��tÊ
²Pu k `oÖ[mp] ¿ \^]�_a`b_!ced�`»qË¶<rt` k f^_af�\^] k `MoÇ\ei%]bq�o k fÅÖ[q�z�_�É(]�mpc8d»`�_!cV`bmp];´V`b_af k c©dMuV_
oWm�`Md[`�_!cV` k d k z�_×oWm8f^_��8dMuV_y`bm�r v q�l{ln_af$´^c^oWm%fX´^l/q�d�_af»oWm%f^_���q�cVf$Ö k dMu"q v mpcedM]�mpl{ln_!]
ÉÝmp]�dMuV_E`�_!]Mz�m�r2lnm%mp\hg�_ k c^�6q�cBq�]Md k ½ v!k q�l
cV_L´^]bq�l,cV_!d�Ö�mp] ¿ Ê

²PuV_[qpf�zpq�c8dbq���_Pm�É�dMuV_C\ei%]bq�o k f�`b_!cV`�mp] v mpoT\Yq�]�_af;Ö k dMu�mpdMuV_!]Ñ`�_!cV`�mp]�`Ñ`Ô´ v uµqp`
�
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dMuV_�Î4q�]MdMo6q�c^c�r�°8uYq v6¿ `�_!cV`bmp]���dMuV_m²�Ö�i%o6q�c�r"!1]�_a_!c k ced�_!] ÉÝ_!]�mpoW_!d�_!]�mp]ÕdMuV_ v ´^]Mz�q<r
dÔ´^]�_Z`b_!cV`�mp] k ` k d�`�qpfjÙ�´V`Mdbq�g^ln_4]�_a`�mplÀ´^d k mpc"g8i»z�q�]Mi k c^�7dMuV_4`bq�oT\^l k c^�Wm�ÉÑdMuV_ k o6q���_
` k ��cYq�lCq�cVf k d�`EqpfjÙ�´V`Mdbq�g k l k dñiUm�É[dMuV_µ�eq k c,� dMuYq�d k `Zm�É�dMuV_T`�_!cV` k d k z k dti�Ê<àtcNoWm%fX´�r
l/q�d k mpc>oWm%fX´V`4dMuV_µ\ei%]bq�o k f�`�_!cV`bmp] k `4ln_a`b`1`b_!cV` k d k z�_µgt´^d@q�g^ln_7d�m&oW_�qp`Ô´^]�_T_!z�_!c
g k �µq�g�_!]M]bq�d k mpcV`ÀÊxÈBm%fX´^l/q�d k mpc6oWm%fX´V` k `�Ö�uV_!c6dMuV_ ÖPqaz�_�ÉI]�mpced[rgÖ�u knv u k `:ÉIm v ´V`�_af
d�mµdMuV_E\ei%]bq�o k f^`�d k \"r k `�oWmÀz�_af"\�_!] k m8f knv q�l{l{ihq�]�m�´^cVf"dMuV_Zd k \,Ê jyk o k c k `�u k c^�WdMuV_
oWm%fX´^l/q�d k mpcUq�oT\^l k dÔ´Vf^_�Ö�u k ln_ v mp]M]�_ v d k c^�V�YdMuYq�d k `�f k o k c k `Mu k c^�»dMuV_�q�g�_!]M]bq�d k mpcV`��
o6q ¿ _a`EdMuV_T\ei%]bq�o k f�`�_!cV`�mp]ZoWmp]�_6`�_!cV` k d k z�_Wqp` k d�`Z�eq k c k ` k c v ]�_�qp`�_af Ê$·Vmp]Zz�_!]Mi
`�o6q�l{l�q�g�_!]M]bq�d k mpcV`CdMuV_1q�oT\^l k dÔ´Vf^_ v q�c»g�_�|�_!]�m^Ê	x v q�l v ´^l/q�d k mpc&m�É dMuV_yq�g�_!]M]bq�d k mpc
k c&dMu k `[cVmpc�r2oWm%fX´^l/q�d k c^�V�V`�_!cV` k d k z�_1]�_!� k oW_ k `[oWmp]�_ v mpoT\^ln_��&dMuYq�c k c»dMuV_1oWm%fX´�r
l/q�d k c^�"oWm%f^_Tq�cVfN`Mo6q�l{ln_a`Md4o k `bq�l k ��c^oW_!ced�`�mp]Zf^_!z k q�d k mpcV`1ÉI]�mpo dMuV_�\Yq�]bq�oW_!d�_!]�`
dMuYq�d
Ö[_!]�_@qp`�`Ô´^oW_af k c"dMuV_ v q�l v ´^l/q�d k mpcBln_�qpf&d�m k c v mpcV` k `Md�_!c v i&g�_!d¤Ö�_a_!c�dMuV_amp]�_!d r
knv q�l�\^]�_af knv d k mpcBq�cVf&_���\�_!] k oW_!c8dbq�l ]�_a`Ô´^l{d�Ê�²PuK´V` k ÉÑq�chqpf^_I¸�´Yq�d�_4cV_L´^]bq�l cV_!d�Ö�mp] ¿
v q�cAg�_TÉÝm�´^cVf¤q�cVf¤dM]bq k cV_af¤d�m�]�_ v mp��c k |�_=dMuV_=q�g�_!]M]bq�d k mpcV`µm�´^d7m�É�dMuV_6\ei%]bq�o k f
`b_!cV`�mp]8³ `4` k ��cYq�l � k Ê _�ÊZm�´^d4m�É�dMuV_�dMu^]�_a_7\t´^\ k l k o6q���_a`#���,q�c8iB`Mo6q�l{lÑo k `bq�l k ��c^oW_!ced
mp] k oT\�_!] ÉI_ v d k mpc�m�ÉEdMuV_B`�i%`Md�_!o mp\^d knv `"q�cVf�_!z�_!c�cVm k `�_iÖ[m�´^lnf�g�_�dbq ¿ _!c k c8d�m
q vav m�´^c8d�Ê

²Pu k `�dMuV_a` k `�`MuVm9Ö�`�uVm8Ö q�cV_L´^]bq�l,cV_!d�Ö�mp] ¿"v q�c"g�_B´V`�_af»ÉImp]�]�_!��´^l/q�d k mpc�m�É	q�c
qpfVq�\^d k z�_@mp\^d knv q�l
`Mi�`Md�_!o Ö k dMu�qo¶<rt` k f^_af&\ei%]bq�o k f"\^] k `Mo�qp`×q<ÖPqaz�_�ÉI]�mpced4`�_!cV`�mp]
d�m k c8d�_!��]bq�d�_ k d k c*q=l/qp`b_!]E` v q�c^c k c^��mp\^uedMuYq�l{oWm�` v mp\�_�Ê=x×l{dMuVm�´^��u*dMuV_WqpfVq�\^d k z�_
mp\^d knv q�lP`Mi�`Md�_!o v q�c¤g�_
´V`�_af�cV_�q�]Ml{i k f^_!ced knv q�l{l{i k cAmpdMuV_!]7` v!k _!ced k ½ v ½Y_!lnf^`��ÑdMu k `
Ö[mp] ¿ Ö[qp`:_!z�mpl{z�_afµÉÝmp]	dMuV_�q�\^\^l knv q�d k mpc»mpc k c�r2z k z�m k o6q�� k c^�@m�É�dMuV_Pu�´^o6q�c6]�_!d k cYq�Ê
àñdxÖ[qp`�f^_!z�_!lnmp\�_afTÉImp]	dMuV_ k c8d�_!��]bq�d k mpc k c»q4` v q�c^c k c^�El/qp`�_!]Cmp\^u8dMuYq�l{oWm�` v mp\�_VÖ k dMu
qU\^]�_�r v mpoT\�_!cV`bq�d�mp]TÉÝmp]6q�g�_!]M]bq�d k mpcV`6m�Éyg k �*q�oT\^l k dÔ´Vf^_a`
Ö k dMu�qU\Yq k ]Wm�É4ln_!cV`�_a`
k c*q"d�_!ln_a` v mp\ knv `�_!d rq´^\>ÉÝmp]Ef^_�ÉÝm v ´V`Eq�cVf*q=\^uYqp`b_�r2\^l/q�d�_6`Mi�`Md�_!o 
 ¾;uYq���¯
�	ÉÝmp]ZdMuV_
]�_!o6q k c k c^�&q�g�_!]M]bq�d k mpcV`ym�ÉÑg k �=q�oT\^l k dÔ´Vf^_�Ê

x ÖPqaz�_�ÉI]�mpcedT`�_!cV`�mp]EÉImp] k c8d�_!��]bq�d k mpc k c q�c¤qpfVq�\^d k z�_=mp\^d knv `@` v q�c^c k c^�Bl/qp`�_!]
mp\^u8dMuYq�l{oWm�` v mp\�_ k `=\^]�_a`�_!ced�_af k c�dMu k `hÖ�mp] ¿ Ê ¼ k dMu k o6q���_a`"m�É�dMuV_B]�_!d k cYq m�É
u k ��uV_!]×]�_a`�mplÀ´^d k mpc,�Yf k `�_�qp`b_a` v q�c"g�_E]�_ v mp��c k |�_afh`�m%mpcV_!]�gei"qµoW_af knv q�l
f^m v d�mp]�Ê
àñcAq vav mp]�fVq�c v _hÖ k dMuAdMuV_ v ´^]M]�_!c8d<Ö[mp] ¿ f^mpcV_ k cAm�´^]���]�m�´^\ � \^uYqp`b_W\^l/q�d�_a` v mp] r
]�_ v d k mpc,��cV_LÖ oW_!dMuVm8f^`6m�É k cez�_a`�d k �eq�d k c^��\^]�mp\�_!]Md k _a`6m�É×dMuV_&]�_!d k cYq���dMu k ` k `TmpcV_
oWmp]�_ v mpoT\�mpcV_!c8dyd�m»qµlnm8ÖPr2\^] knv _���` k oT\^ln_�r2d�m�r2uYq�cVf�ln_Tq�cVfhmp\^d knv q�l{l{i"u k ��u�r¤¸K´Yq�l k dti
qpfVq�\^d k z�_�mp\^d knv `�` v q�c^c k c^�Wl/qp`b_!]×mp\^uedMuYq�l{oWm�` v mp\�_�Ê

x g^] k _�É k c8dM]�m8fX´ v d k mpc>_���\^l/q k c k c^�»dMuV_7qpf�zpq�c8dbq���_a`1q�cVfBdMuV_ k f^_�q6m�ÉCqpfVq�\^d k z�_
mp\^d knv ` k c mp\^uedMuYq�l{oWmplnmp��i Ö k l{l�g�_»� k z�_!c k cAdMuV_6cV_���d v uYq�\^d�_!]W_���\�m�´^cVf k c^�UdMuV_
f^_&½Vc k d k mpc6q�cVfµf^_a` v ] k \^d k mpcTm�ÉaÖ[qaz�_�ÉI]�mpcedCq�g�_!]M]bq�d k mpcV`�Ê1²PuV_[dMu k ]�f v uYq�\^d�_!]:g�_!� k cV`
Ö k dMu"dMuV_4��_ampoW_!dM] knv q�lGf^_a` v ] k \^d k mpchm�ÉGdMuV_4\8i8]bq�o k fÇÖPqaz�_�ÉI]�mpced1`�_!cV`�mp]Pg�_�ÉÝmp]�_1dMuV_
\^]�_ v!k `b_[ÉImp]Mo<´^l/q�d k mpc$Ö k dMuWf k »�]bq v d k z�_�mp\^d knv ` k `	f^_!] k z�_afWq<É(d�_!]ÔÖPq�]�f^`�ÊCw�uYq�\^d�_!]�º k `



¶

f^_!z�mpd�_af6d�mEdMuV_×q v dÔ´Yq�d�mp]�`�dMuYq�d[q�]�_V´V`�_af k cWdMu k `:Ö�mp] ¿ �	qZf^_�ÉImp]Mo6q�g^ln_×oW_!o@g^]bq�cV_
q�cVf�qµf^_�ÉÝmp]Mo6q�g^ln_@`b_!��oW_!ced�_afho k ]M]�mp]�Ê
²PuV_�dMuV_amp]�_!d knv q�lGgYq v�¿ ��]�m�´^cVf>q�g�m�´^d1q�]Md k ½ v!k q�lÕcV_L´^]bq�lÑcV_!d¤Ö�mp] ¿ `�Ö�u knv u k `×cV_ v _a`Mr
`bq�]Mi k cNmp]�f^_!]4d�mh´^cVf^_!]�`Mdbq�cVfUdMuV_7cV_!d¤Ö[mp] ¿ dMuYq�d*ÖPqp` v mpcV`�dM]Ô´ v d�_af�q�cVfBdM]bq k cV_af �
k `�\^]�_a`b_!ced�_af k c v uYq�\^d�_!]�¯�Ê
àñc v uYq�\^d�_!]µ�=dMuV_µl/q�g�mp]bq�d�mp]Mi>`�_!d rq´^\,� v mpcV` k `Md k c^��m�É[dMuV_Wmp\^d knv q�l2�,dMuV_W_!ln_ v dM]�mpc knv
q�cVf©dMuV_B`�m�ÉId¤Ö[q�]�_ v mpoT\�mpcV_!c8d�`=q�cVf dMuV_ k ] k ced�_!] É2q v _BdMuYq�d$Ö�_!]�_Bf^_!z�_!lnmp\�_af�q�]�_
`M\�_ v!k ½Y_af Ê�²PuV_4]�_a`Ô´^l{d�`ym�ÉÑdMuV_BÖ[mp] ¿ �VdMuV_ZoW_�qp`Ô´^]�_!oW_!ced�`�Ö k dMu"dMuV_Z\8i8]bq�o k fh`b_!c�r
`�mp]��%dMuV_ycV_L´^]bq�l cV_!d¤Ö[mp] ¿ dM]bq k c k c^�Wq�cVf=dMuV_�Ö�mp] ¿ f^mpcV_4mpchq@l/qp`�_!]�` v q�c^c k c^�Tmp\^u�r
dMuYq�l{oWm�` v mp\�_4q�d�ÈBm%mp]�½Y_!lnf^`[Îym�`M\ k dbq�l k c,±,mpcVf^mpc"q�]�_�\^]�_a`b_!ced�_af k c v uYq�\^d�_!]�µ%Ê�àñc
dMuV_Zl/qp`�d v uYq�\^d�_!]yqTf k ` v ´V`�` k mpchm�ÉÕdMuV_4]�_a`Ô´^l{d�`×q�cVf"dMuV_ k ]�]�_!ln_!z�q�c v _ k `�� k z�_!c,Ê�²PuV_
Ö[mp] ¿ ½Vc k `�uV_a`
Ö k dMuBq�c�m�´^dMlnm%m ¿ Ê
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Ì4cVm9Ö�ln_af���_6q�g�m�´^d1dMuV_7u�´^o6q�c�_!i�_�� k c v lÀ´Vf k c^�"dMuV_7]�_!d k cYq�� k `Zqaz�q k l/q�g^ln_ k cN��]�_�q�d
f^_!dbq k lGdMu^]�m�´^��u�\�m�`Md�oWmp]Md�_!o _!i�_a` k c�rt` k dÔ´ k o6q�� k c^�VÊPÎy_!]�_��VdMuV_Zu k `Md�mplnmp��ihm�ÉÕdMuV_
]�_!d k cYq>mp]µ]�_!d k cYq�l×f k `b_�qp`�_a` k c©dMuV_ k ]6_!cVf%r2\^uYqp`�_ v q�c©g�_"f^_a` v ] k g�_af k c�f^_!dbq k l�gei
o knv ]�m�` v mp\8iÇ´^\"d�m6q7ln_!z�_!l
m�É k cedM]bq<r v _!l{lÀ´^l/q�]1]�_a`�mplÀ´^d k mpc,Ê
²Pu k `�]�_a`�mplÀ´^d k mpc v q�c^cVmpd[g�_yq v u k _!z�_af k c"qZl k z k c^��_!i�_ygeiW` k oT\^ln_�É%´^cVfX´V` k o6q�� k c^�VÊ
²PuV_�q�g�_!]M]bq�d k mpcV`�3 k cedM]�m%fX´ v _afTg8i�dMuV_ k oT\�_!] ÉI_ v d:mp\^d knv ` k cTqpf^f k d k mpc6d�m4dMuV_(½Vc k d�_
_!c8dM]bq�c v _C\t´^\ k l%m�É�dMuV_ k ] k `43 k oT\�_af^_[q�` k o k l/q�]
]�_a`bmplÀ´^d k mpc7qp`Gq�dMdbq k cV_af<Ö k dMu k c�rt` k dÔ´
k o6q�� k c^�VÊ1²
mym�z�_!] v mpoW_�dMuV_	ÉÝmp]MoW_!]
]�_a`MdM] knv d k mpc,��qpfVq�\^d k z�_�mp\^d knv ` � x � � uYqaz�_�d�m�g�_
k c8d�_!��]bq�d�_af k c k cedM]bq<rtm v ´^l/q�] k o6q�� k c^� k cUmp]�f^_!]1d�m v mpoT\�_!cV`bq�d�_7dMuV_@f^_!d�_!] k mp]bq�d k mpc
g8i"q�g�_!]M]bq�d k mpcV`�Ê

576#8 9;:<:>=@?@A�BDCE?GFIHJFIKL9NM<BO:<CE?QPIRTSN:<CE?@A�UV?@H
SN:XW�CEWXBI=GYZF[=@FI\O]

° v q�c^c k c^�Ul/qp`�_!]µmp\^uedMuYq�l{oWm�` v mp\�_a` � °U± � �7q�]�_TÉI]�_I¸�´V_!c8dMl{iª´V`�_af k cAmp\^uedMuYq�l{oWmplÍr
mp��i k c qN`Mdbq�cVfVq�]�f©\^]�m v _afX´^]�_"d�m k f^_!ced k ÉIi c�´^oW_!]�m�´V`=f k `�_�qp`�_a`µl kÀ¿ _"��l/qj´ v mpo6q��
f k q�g�_!d knv ]�_!d k cVmp\Yq�dMu8i��Õo6q v ´^l/q�]�uVmpln_a`��Go6q v ´^l/q�]�m%_af^_!o6qhmp]µq���_T]�_!l/q�d�_af¤o6q v ´�r
l/q�]1f^_!��_!cV_!]bq�d k mpc � x�È j � 
 } k cY���^�YÎV´VfV��¶^� È ´V_8¹����tÊm²
m»mpg^dbq k cUq�c k o6q���_�m�É	dMuV_
_!i�_�³ `EÉR´^cVfX´V`��
\ knv dÔ´^]�_a`7q�]�_W]�_ v mp]�f^_af�dti%\ knv q�l{l{i¡Ö k dMu¤q&]bq�d�_6m�É���¯"\ knv dÔ´^]�_a`@\�_!]
`�_ v mpcVf Ê�x×ÉId�_!]ÔÖ[q�]�f^`ycVm k `�_E]�_afX´ v d k mpc v q�chg�_�q vav mpoT\^l k `MuV_afBgei�qT`bm�É(d�Ö[q�]�_�\^]�m�r
��]bq�o Ö�u knv u�qaz�_!]bq���_a`TmÀz�_!]Wq�`�_!d7m�Éy_�Ê �VÊË¶��h\ knv dÔ´^]�_a`7]�_!dÔ´^]Mc k c^��q�cA_!c^uYq�c v _af
k o6q���_�Êxàñcez�_a`Md k �eq�d k mpc k c=qpfVq�\^d k z�_ymp\^d knv `:ÉÝmp]Cmp\^u8dMuYq�l{oWmplnmp��i k `Cf^mpcV_VÖ�mp]MlnfXÖ k f^_
d�mB]�_�q v u o6q<� k o�´^oh� k Ê _�ÊBf k »�]bq v d k mpc l k o k d�_af �Õ]�_a`�mplÀ´^d k mpc©m�É�]�_!d k cYq�l k o6q���_a`µ`�m
dMuYq�dP]�_!d k cYq�l f k `�_�qp`�_a` v q�c&g�_yf^_!d�_ v d�_af k c»dMuV_ k ]P_�q�]Ml{i»`Mdbq���_1m�ÉGf^_!z�_!lnmp\^oW_!c8d×q�cVf
d�mTmpg^dbq k cBoWmp]�_Ef^_!dbq k ln_af ¿ cVm8Ö�ln_af���_�q�g�m�´^d�dMuV_Z_!z�mplÀ´^d k mpcUm�ÉÑdMuV_Ef k `b_�qp`�_a`�Ê

¯
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· k ��´^]�_Z��Ê{��� üYß<ìbí ç�ö<ì�æl��+�ó¤àáëZç�ö<ì�òGâ�é^ïõê�ì�íõì�ïõàáÜ8ç�kpäáìbé{ï7w�ýeè�â<íñì�ò��bàáÜeìCàåë4çÀöÀì:âÀé;ç�énèeÜeæ�èeò0	àáïñê7ü�'Wø�kpíñàåöÀê�ï&w;ôeçÀô�àåäáäÍç 0	àáïñêEö<äåçÀè���â<ëZçml/�%â�ïõê@àåë4çÀöÀì�òg��â<è�íñïñì�ò��1â�éVù:û n<çÀäáàåäR��-Câ<òñô�àáïõç�ä
ãÕçÀíñíõâ<òk+Vè��bâ�����çÀÜ�ïñàÍç�öÀâ4æ�ì�YGê�àåäåìpo
q�rtsurts vxwzyu{�{}|t{�~��[yu�����������+����y4�����+��wz���O�
x ° v q�c^c k c^�3±
qp`�_!] � \^uedMuYq�l{oWm�` v mp\�_ � °U± � �C` v q�cV`Pq v mpl{l k o6q�d�_af=l/qp`�_!][g�_�q�o uVm�r
] k |�mpc8dbq�l{l{i�q�cVfhz�_!]Md knv q�l{l{i�Êm²Pu k ` k `×f^mpcV_lÖ k dMuhdMuV_E` v q�c^cV_!]×g�_ k c^� v mpc�Ù�´^�eq�d�_af�d�m
dMuV_µ\t´^\ k l:m�É[dMuV_T_!i�_�Ê<àñd k `4dMuV_3´^cYq vav mpoToWm8fVq�d�_af¤_!i�_ k d�`�_!lÍÉ �,dMuYq�d4ÉIm v ´V`�_a`1dMuV_
g�_�q�o mpced�m&dMuV_7]�_!d k cYq»d�m"q»`�\�mpd�Ê*àñcBdMu k `BÖPqai�� dMuV_µ`M\�mpd k ced�_!cV` k dñiUm�ÉCdMuV_7l k ��u8d
dMuYq�d k `4gYq v�¿ ]�_p�Y_ v d�_afUÉI]�mpo dMuV_7]�_!d k cYq k `4oW_�qp`Ô´^]�_afU\�m k cedZgeiB\�m k c8dZmpg^dbq k c k c^�
q v mpoT\^ln_!d�_µ\ knv dÔ´^]�_Tm�ÉCdMuV_7]�_!d k cYq"q<ÉId�_!]ZmpcV_7` v q�c^c k c^� v i v ln_7geiBoW_�q�cV`Zm�É[q»]�_�r
v mpcV`�dM]Ô´ v d k mpcB`�m�ÉId¤ÖPq�]�_�Ê
àñcAdMuV_ v qp`b_»m�É1q�c mp\^d knv q�l{l{i*\�_!] ÉÝ_ v dµ_!i�_��:�jº�� m�É×dMuV_=g�_�q�o k c8d�_!cV` k dti 
 }P_!]b��¶
�
Ö[m�´^lnf�]�_�q v uNq�cVfBg�_4ÉIm v ´V`�_afBmpced�m»dMuV_E]�_!d k cYq6d�m»qW`�\�mpd×m�É:dMuV_�` k |�_@m�É:dMuV_ v mp] r
]�_a`�\�mpcVf k c^�Ux k ]Mi8rtf k ` v �,dMuK´V`Eg�_ k c^�Bmpc^l{i>f k »�]bq v d k mpc�r2l k o k d�_af*g8iUdMuV_»` k |�_Tm�É�dMuV_
\t´^\ k l2Ê Î1m8Ö[_!z�_!]��:ÉÝmp]6qBcVmp]Mo6q�l×_!i�_��C_!z�_!c q�c�_!oToW_!dM]�mp\�_"mpcV_�� k oT\�_!] ÉÝ_ v d k mpcV`

· k ��´^]�_=��Ê ��� ó�Ü�ìZòñàáÜ�ö<äáì4àåëZç�öÀì1éníõâÀë çµðbÞIò��bçÀÜ�l/à�û ìÀû@ç85�àåçÀä ÞÝò���ç�Ü�o6�^è�Üeç!ß<ìbí ç�öÀì�æt�^â�éGïñê�ì
äåâI0>ïõìbë4ô8â<íõçÀä^ôeç�íñï	â�é;ïñê�ìPâÀô�ïñà���ÜeìbíõßÀì9�pï ç�ú<ìbÜ�0	àáïñêµâ<è�íÕäåç9�8â<íõç�ïñâÀí��*-:ì�àåæ�ì�äe�%ìbíõö*A	ì�ïõàáÜ8ç
�;âÀë4â<öÀí ç�ô�êVû
m�É	dMuV_Emp\^d knv q�l v mpoT\�mpcV_!c8d�`×\^]�m%fX´ v _�q�g�_!]M]bq�d k mpcV`��;`�mµdMuYq�d×dMuV_Zg�_�q�o k `�ÉIm v ´V`�_af
d�m=qµg k ����_!]1q�cVf�o k `�`MuYq�\�_!cB`M\�mpd Ö�u knv u�Ö k l{l v mpcV`b_I¸�´V_!c8dMl{i�f^_ v ]�_�qp`�_EdMuV_ k o6q���_
]�_a`bmplÀ´^d k mpc,Ê6xPdMd�_!oT\^d�`Ed�mh]�_�q v u¤q=g�_!dMd�_!]@f k »�]bq v d k mpc�r2l k o k d�_af*]�_a`�mplÀ´^d k mpc¤gei k c�r
v ]�_�qp` k c^�7dMuV_1\t´^\ k l d�m k d�`[o6q<� k o<´^o ` k |�_4m�É1µ@d�mT��oTo f k q�oW_!d�_!]PÉ2q k l�g�_ v qj´V`b_1m�É
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dMuV_E`�dM]�mpc^��_!]×f k `Md�mp]Md k c^�»q�]�_�qµoWmp]�_@f k `Mdbq�ced�ÉI]�mpo dMuV_Z_!i�_�³ `ymp\^d knv q�lGq<� k `ÀÊ
²PuV_4g�_�q�o v q�ch]�_�q v uBf k »�]bq v d k mpc�r2l k o k d�_afB` k |�_Zmpc^l{i»g8i»\^]�_�r v mpoT\�_!cV`bq�d k c^�WdMuV_a`b_
q�g�_!]M]bq�d k mpcV` Ö k dMuBq�cUq v dÔ´Yq�d�mp] k cBq�chx � `Mi�`Md�_!o � `�_a_�°%_ v Ê<��ÊO¶���Ê
qxr�sur�q ��������|�~+�h�a� � �}yE���;���^�¡�+¢^~+�£���^�¤�a¥+�
s knv dÔ´^]�_a`Pm�É dMuV_y]�_!d k cYq@q�]�_4q v ¸�´ k ]�_af6gei»�<rtf k oW_!cV` k mpcYq�l�` v q�c^c k c^�µm�É
qZlnm8Ö�\�m8Ö�_!]
l/qp`�_!]×g�_�q�o ÉÝm v ´V`b_af"mpchdMuV_Z]�_!d k cYq�Êx¦ts k �^_!l,g8i=\ k �^_!l�¦4dMuV_ k ced�_!cV` k dñihm�ÉÑdMuV_EgYq v6¿ r
` v q�dMd�_!]�_af�l k ��ued k `4oW_�qp`Ô´^]�_af�gei>q=\^uVmpd�m8f^_!d�_ v d�mp] � \^uVmpd�m%f k m%f^_Wmp]Z\^uVmpd�mpo�´^l{d k r
\^l k _!]#��ÉÝmp]Mo k c^�¤qU\ knv dÔ´^]�_�q<ÉId�_!]WmpcV_h` v q�c^c k c^� v i v ln_�ÊÅ²PuV_&g�_�q�o mp]6q�ceiAl k ��ued
dMuYq�dZ_!ced�_!]�`4dMuV_µ_!i�_<Ö�uV_!cNlnm8m ¿%k c^�hq�d4q�c>mpgXÙM_ v d1uYqp`1d�m»\Yqp`�`1zpq�] k m�´V`4oW_af k q=m�É
dMuV_7_!i�_@g�_�ÉÝmp]�_@]�_�q v u k c^�"dMuV_@]�_!d k cYq�ÊB²PuV_�gYq v6¿ ]�_p�Y_ v d�_afUl k ��u8d1uYqp`1d�m»\Yqp`�`ydMuV_
`bq�oW_6_!i�_ v mpoT\�mpcV_!ced�`VÙ�´V`Md k c*dMuV_Wmp\^\�m�` k d�_6mp]�f^_!]�g�_�ÉÝmp]�_Tg�_ k c^�hoW_�qp`Ô´^]�_af*gei
q�cBq�\^\Yq�]bq�dÔ´V`1q<É(d�_!] k dy_�� k d�`�dMuV_Z_!i�_�Ê

± k ��ued:½V]�`Md:\Yqp`�`�_a`:dMu^]�m�´^��u»dMuV_ v mp]McV_�q � · k �VÊñ��ÊO¶��ÕdMuYq�d�� k z�_a`:dMuV_y_!i�_×q4\�m8Ö�_!]
m�É:]�_�ÉI]bq v d k mpcUm�Éxº�¶»f k mp\^d�_!]�Ê ²PuV_ v mp]McV_�q k ` v m�z�_!]�_af¨Ö k dMuUqWd�_�q�]V½Vl{o m�É×��� µ oh�
\^]�mpd�_ v d k c^�ZdMuV_P_!i�_[ÉI]�mpo f�]Mi k c^�Em�´^d:q�cVf�� k z k c^�4dMuV_ v mp]McV_�qZq�cµmp\^d knv q�l{l{i7`MoWm%mpdMu
`Ô´^] É2q v _�Ê1ÉCq v u6g^l k c ¿8k c^�Z]�_!cV_LÖ�`	dMuV_Pd�_�q�]1½Vl{o f k `�dM] k gt´^d k mpc 
 j ´^gY�jº��tÊ4²PuV_ v mp]McV_�q
k d�`�_!lÍÉ k `=q�\^\^]�m�� k o6q�d�_!l{i µp��� µ o dMu knv�¿ ��ÉImp]MoW_af�m�É;¯*l/qai�_!]�`��×dMuV_B`�dM]�mpo6q�Ö k dMu
q�]�m�´^cVf�¯���� µ o g�_ k c^�WdMuV_4dMu knv�¿ _a`Md×l/q�i�_!]�Ê

· k ��´^]�_@��ÊO¶�� ü:Ü8çaïñâ<ëV�EâÀé�ç1íõàáö<ê�ïÕì7�Àì��"��è�ï:ß<ìbíñïñà��bç�äåä��ÀûxlS'Tâ�æ�àefeì�æ�éníõâÀë�§ ÛÝÜeòõü:ä©¨ªo
x×ÉId�_!]=dMuV_ v mp]McV_�q©dMuV_Bl k ��u8dh\Yqp`�`�_a`&dMuV_�q�c8d�_!] k mp] v uYq�o�g�_!]i½Vl{ln_af Ö k dMu q�c

q�¸K´V_am�´V`WuK´^oWmp]6g�_�ÉImp]�_&��m k c^�¤dMu^]�m�´^��u dMuV_"\t´^\ k l � dMuV_ k ] k `8³Cq�\�_!]MdÔ´^]�_��:Ö k dMu�q
f k q�oW_!d�_!]�dMuYq�d�z�q�] k _a`Pg�_!d¤Ö�_a_!c¤��ÊO¯Tq�cVfh��oToZÖ�uV_!c�qpfVq�\^d k c^�Td�mµg^] k ��ued×mp]�fVq�] ¿
l k ��u8d#�@q�cVf*]�_�q v u k c^�UdMuV_Wln_!cV`�Êh²PuV_Wln_!cV` k ` v ´^]Mz�_af*oWmp]�_6mpc k d�`@gYq v6¿ dMuYq�cAmpc
k d�`�É(]�mpc8d×` k f^_�Ê(àtd�` k cVf^_��hm�ÉÕ]�_�É(]bq v d k mpc k `�cVmpd�uVmpoWmp��_!cV_am�´V`1gt´^d k c v ]�_�qp`b_a`�ÉI]�mpo
dMuV_4`Ô´^] É2q v _×d�m�dMuV_ v mp]�_�ÉI]�mpo ��ÊO¶�¹Ed�m&��Ê ºV��Ê	}[i v uYq�c^� k c^�TdMuV_y`MuYq�\�_1m�É
dMuV_×ln_!cV`À�
q vav mpoToWm%fVq�d k mpc"d�m�`b_a_�É2q�][mp][cV_�q�] k `�q vav mpoT\^l k `MuV_af Ê�²PuV_1\�m�`b` k g^ln_�z�q�] k q�d k mpc k c
\�m8Ö[_!]Gm�É^]�_�É(]bq v d k mpc�gei@q vav mpoToWm%fVq�d k mpc k `C�Lºyf k mp\^d�_!] k c7qpf^mpln_a` v _!ced�`��pf^_ v ]�_�qp` k c^�
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d�m»�µf k mp\^d�_!]yq�cVf"ln_a`�`PÉÝmp]×qpfX´^l{d�`yq�d×q�cUq���_Eq�g�mÀz�_*ºe� 
 Ì×mp]�¹jº��^sÑq�db��¶��tÊ
²PuV_[l/qp`MdÑ\Yq�dMuµdMuV_[l k ��ued v ]�m�`�`�_a`Ñg�_�ÉImp]�_�]�_�q v u k c^�ZdMuV_[]�_!d k cYq k `ÑdMuV_Cz k dM]�_am�´V`Õg�m%f�i��
q7z k ` v!k fhq�cVf"dM]bq�cV`�\Yq�]�_!ced×u8i%f�]�m�r2��_!l4Ö k dMuBq;Ö[q�d�_!] v mpcV` k `Md�_!c v i"m�É�¹�¹��=Ê

²PuV_µ]�_!d k cYq k d�`�_!lÍÉ v mpcV` k `�d�`Zm�Éy���=l/qai�_!]�`�Ê;²PuV_ k ]Emp]�f^_!] k ` v q�l{ln_afÅ³ k cez�_!]�`�_�³{�Ñqp`
dMuV_=\^uVmpd�mp]�_ v _!\^d�mp]»l/qai�_!]oÖ k dMu©dMuV_ v mplnm�´^]Wf k `Md k c^��´ k `Mu k c^� v mpcV_a`Wq�cVfAdMuV_&]�m%f^`
ÉÝmp]�`�_a_ k c^�o´^cVf^_!]�lnm9Ö k ced�_!cV` k d k _a` k ` k chdMuV_Z`�_ v mpcVf&d�mµl/qp`�d�l/qai�_!] � · k �VÊ�x7Ê{�c��Êx²PuV_
l k ��u8dyuYqp`yd�m»dM]bqaz�_!]�`�_�½V]�`MdZq�l{l k c^cV_!]1l{i k c^�»l/qai�_!]�`4g�_�ÉImp]�_@g�_ k c^�=f^_!d�_ v d�_afBg8i"dMuV_
\^uVmpd�mp]�_ v _!\^d�mp]�`Bq�cVf g�_ k c^� v mpc8z�_!]Md�_af k ced�m©q�c�_!ln_ v dM] knv q�lZ` k ��cYq�l2Ê ²Pu k `&` k ��cYq�l
k `WdM]bq�cV`M\�mp]Md�_af k c©dMuV_hmp\^\�m�` k d�_"f k ]�_ v d k mpc�ÉI]�mpoÇdMuV_"m�´^d�_!]W\^ln_�� k ÉÝmp]Mo l/q�i�_!] � q
½Vg�_!][l/qai�_!]
Ö k dMuhqEo<´^l{d k dÔ´Vf^_Zm�ÉG`Mi%cYq�\V`�_a`[g�_!d�Ö�_a_!c"dMuV_y\^uVmpd�mp]�_ v _!\^d�mp]�`×q�cVf=dMuV_
g k \�mpl/q�][q�cVf6uVmp] k |�mpcedbq�l v _!l{ln`Cm�É,dMuV_ k c^cV_!]CcK´ v ln_L´V`�l/q�i�_!]#�:mÀz�_!]CdMuV_ k c^cV_!]Cc�´ v ln_L´V`
l/q�i�_!] � q�ln`�m v mpcedbq k c k c^�WdMuV_Zq�o6q v ] k d�_ v _!l{ln`�q�cVf=dMuV_ v mp]�_a`[m�ÉÑdMuV_�È�«^l{ln_!] v _!l{ln`#�Cd�m
dMuV_Wl/qai�_!]�m�ÉPdMuV_T�eq�c^��l k mpc v _!l{ln`�Ö�uV_!]�_ k d k `Z\Yq�]MdMl{iN\^]�_!\^]�m v _a`�`�_af Ê$· k cYq�l{l{i��GdMuV_
` k ��cYq�l:]�_�q v uV_a`�dMuV_WcV_!]Mz�_3½Vg�_!]El/q�i�_!]��GdMuV_»q<��mpcV`�m�É[dMuV_6�eq�c^��l k mpc v _!l{ln`�Ê,²PuV_a`�_
½Vg�_!]�`4gt´^cVf�ln_µd�m=ÉÝmp]Mo dMuV_Tmp\^d knv cV_!]Mz�_3Ö�uV_!]�_µdMuV_µ` k ��cYq�l k `4ln_�qpfNd�m=dMuV_µz k `Ô´Yq�l
v mp]Md�_��hm�ÉÕdMuV_4g^]bq k c,Ê
²PuV_E\ k ��oW_!ced4_!\ k dMuV_!l k q�l
l/qai�_!]yuYqp`yq�\^\�_!cVf knv _a`1q�cVfhdMuV_@q�g k l k dti"d�mT]�_!dM]bq v dydMuV_!o
k c»fVq�] ¿ cV_a`�`[q�cVfWd�m@\^]�mpdM]Ô´Vf^_�dMuV_!o k c6g^] k ��ued[l k ��uedCd�m�`Ô´^\^\^]�_a`�`Cl k ��ued�` v q�dMd�_!] k c^�VÊ
x�oWmp]�_1f^_!dbq k ln_af=f^_a` v ] k \^d k mpc"m�É,]�_!d k cYqEl/q�i�_!]�`8³%u k `Md�mp\^uei�` k mplnmp��i v q�c=g�_�ÉIm�´^cVf k c
`�dbq�cVfVq�]�f"d�_��%dMg�m%m ¿ `�m�ÉÕmp\^uedMuYq�l{oWmplnmp��i � _�Ê �VÊ 
 Ë"´^c¥¹����¬��Ê
Æ��%©ª�1ÎR�i�¥�4�9�R�"��Î(�"­c�¨©ª�`�k�KÎ
¼�uV_!cµo6q ¿8k c^�4dMuV_amp]�_!d knv q�l v q�l v ´^l/q�d k mpcV`À��dMuV_�q�\^\^]�m�q v uV_a`�q�]�_(´V`Ô´Yq�l{l{i7f^mpcV_(´V` k c^�
q�cN_!i�_7oWm8f^_!lÕuYq�z k c^�hq6ln_!c^��dMuNm�ÉP����Ê ��oTo É(]�mpo v mp]McV_�q»d�m6É%´^cVfX´V`�ÊB²PuV_7d�_!]Mo
É%´^cVfX´V` k `
´V`b_af&ÉImp]�dMuV_4l/q�i�_!]�`ym�ÉÕdMuV_4]�_!d k cYq��VdMuV_ v uVmp]�m k f �;q�cVf"dMuV_@` v ln_!]bq�Ê

²PuV_ v mp]McV_�q"q�cVfNdMuV_µln_!cV` v q�c>g�_µf^_�q�l{d*Ö k dMu�qp`ZmpcV_T` k c^��ln_Tmp\^d knv q�l:`Mi�`Md�_!o
Ö k dMu k d�`�cVm%fVq�l,\�m k ced��9µ<oTo g�_�ÉÝmp]�_ZdMuV_@]�_!d k cYq��;q�cVfhdMuV_E\^] k c v!k \Yq�lG\�m k ced4q�d�dMuV_
v mp]McV_�q��.¯�Ê ��oTo qIÖ[q�ihÉI]�mpo�dMuV_@cVm8fVq�lG\�m k c8d���mpcV_EÉIm v q�l,\�m k ced k `×lnm v q�d�_afBq�dydMuV_
]�_!d k cYq � ÉImÀz�_�q����VdMuV_ZmpdMuV_!]�ÉÝm v q�l \�m k ced��9µ<oTo�g�_�ÉImp]�_4dMuV_ v mp]McV_�q�Ê

 o���kÎR�t�
���4� £��4�4�k�4¢3���¡­k�K���9�R�c�
ÈNq�cei�ÉR´^cVfX´V`=]�_p�Y_ v d k mpc�oWm8f^_!ln`»uYqaz�_Ug�_a_!c�f^_!z�_!lnmp\�_af �yq�c�m�z�_!]Mz k _LÖ v q�c�g�_
ÉÝm�´^cVf k c 
 }P_!]b��¶
�tÊx²GmW`Ô´^oTo6q�] k `�_��YdMuV_1ÉImpl{lnm9Ö k c^� v q�chg�_Z`bq k f �

xPd1q�l{l k c8d�_!] ÉÝq v _a`4m�É	l/qai�_!]�`�Ö k dMuUf k »�_!]�_!c8d k cVf^_���m�É	]�_�ÉI]bq v d k mpcNqW\Yq�]Mdym�É	dMuV_
g�_�q�o k c8d�_!cV` k dti¡Ö k l{l�g�_W]�_p�Y_ v d�_af Ê � v ´^l/q�]�]�_p�Y_ v d�mp]�`µq�]�_WdMuV_ v mp]McV_�q��GdMuV_Wln_!cV`
q�cVfBdMuV_@ÉR´^cVfX´V`�Ê�²PuV_@ÉR´^cVfX´V`1uYqp`ZqW]�_p�Y_ v d k z k dtiUm�É�q�\^\^]�ma� k o6q�d�_!l{i�º��=��dMuYq�d k `
dMuV_&qpf^f^_af>´^\¤]�_p�Y_ v d k z k dtiAm�É�dMuV_ k c8d�_!] ÉÝq v _a`Tm�É×` v ln_!]bq��	m�É v uVmp]�m k f �Cq�cVfAm�É�dMuV_
]�_!d k cYq�l	l/q�i�_!]�`4r�g�_ k c^�"ln_a`b`×ÉÝmp]ZfVq�] ¿ q�cVfNoWmp]�_7ÉÝmp]4g^] k ��uedE_!i�_a`�Ê<²PuV_µ]�_ v _!\^d�mp]�`
]�_p�Y_ v d k z k dti k `�`�q k f"d�mTmp] k � k cYq�d�_ZÉI]�mpo dMuV_Ef k ` v `Mdbq v�¿®
 Ì4]bq�¹��
�tÊ
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²PuV_C]�_p�Y_ v d�_af k c8d�_!cV` k dti@m�É v mp]McV_�qyq�cVfEln_!cV` k `,u k ��uV_!]
dMuYq�c�dMuV_ k c8d�_!cV` k dtiE]�_p�Y_ v d�_af
q�d1dMuV_EÉ%´^cVfX´V`�Ê�ÉÕ�%\�_!] k oW_!cedbq�l	`�_!d rq´^\V`yÉÝmp]×]�_!d k cYq�l k o6q�� k c^�hqaz�m k fUdMu k `×\^]�mpg^ln_!o
g8i v mpc�ÉÝm v q�l k o6q�� k c^�VÊ ²Pu�´V`À�4uYq�]�f�l{i¦q�c8i�l k ��uedh]�_p�Y_ v d�_af É(]�mpo qA\^l/q�cV_�cVmpd
mp] k � k cYq�d k c^�6É(]�mpo dMuV_Z]�_!d k cYqT\Yqp`�`�_a`�dMuV_ v mpc�ÉÝm v q�l \ k c^uVmpln_Ed�mµdMuV_Ef^_!d�_ v d�mp]�Ê

qxr�sur�¯ °�����±x¢^�E{�w²¥;³��´�O��{}³^��{}wz��y4{}³µ�a¥+�������������¡�
²Gm�oW_�qp`Ô´^]�_6dMuV_=q�g�_!]M]bq�d k mpcV`7m�Éyq"u�´^o6q�c _!i�_WdMuV_»\Yq�d k _!ced k `µqp` ¿ _af�d�mi½^��u k `
z k _LÖ d�m&qTdbq�]M��_!d�Ê4x \Yq�d k _!c8dB½^�^q�d k c^�&mpcNq6dbq�]M��_!d�Ö k l{lÕ`�d k l{l
g�_@oWmÀz k c^�&u k `1_!i�_
k c8z�mplÀ´^cedbq�] k l{i��;\�_!] ÉÝmp]Mo k c^�6]�mpdbq�d k mpcYq�lGq�cVfhdM]bq�cV`Mz�_!]�`bq�l,oWmÀz�_!oW_!ced�`�Ê

°�q vav qpf^_a`	q�]�_Cz�_!]MiyÉ2qp`Md,oWmÀz�_!oW_!ced�`	m�ÉVdMuV_�_!i�_�Ö k dMu@z�_!lnm v!k d k _a`4´^\@d�m 500◦ ¶ `b_ vÖ�uV_!c&lnm%m ¿8k c^�µq�dPq�c"mpgXÙM_ v dPq�cVf=` v q�c^c k c^�Wq�l{l;\Yq�]Md�`Pm�É k oT\�mp]Mdbq�c v _4`�m@dMuYq�d[dMuV_!i
É2q�l{lPq�dµdMuV_6ÉImÀz�_�q�ÉImp]Tq�`�uYq�]M\Az k _LÖEÊ¨¼�u k ln_»ÉÝmp]µq�\Yq�d k _!cedoÖ k dMu ��m%m8f�½^�Vq�d k mpc
q�g k l k d k _a`=`bq vav qpf^_a` v q�c g�_"f k ` v q�]�f^_af �Po knv ]�m�`�q vav qpf^_a`��Po knv ]�m�r·��´ v dÔ´Yq�d k mpcV`"q�cVf
k c8z�mplÀ´^cedbq�]Mi�`Mo6q�l{lGdM]�_!oWmp]�`�� v q�c^cVmpd�Ê(²PuV_@mp] k � k cUm�É	dMuV_a`�_E`Mo6q�l{lu��´ v dÔ´Yq�d k mpcV`4m�É
dMuV_:_!i�_�³ `Ñmp\^d knv ` k `
cVmpd v mpoT\^ln_!d�_!l{i v ln_�q�]���gt´^dGq vav mpoToWm%fVq�d k mpc�oWmÀz�_!oW_!ced�`Õm�É^dMuV_
ln_!cV`��%\t´^ln`bq�d k mpc"q�cVf=o knv ]�m�r2oWm�z�_!oW_!c8d�`�\^]�_!z�_!ced k c^�W`�q�dÔ´^]bq�d k mpc&m�ÉGdMuV_×]�_ v _!\^d�mp]�`��
q�oWmpc^�6mpdMuV_!]�`À�^\^l/qaihq7o6q�ÙMmp]�]�mpln_�Ê

Î1m�ÉÝ_!]�_!dyq�l2Ê 
 Î1m�ÉÝ���¸�,oW_�qp`6´^]�_af�q7ÉI]�_I¸�´V_!c v i"f^_!\�_!cVf^_!c v _Em�É	dMuV_E_!i�_�³ `×q�g�_!] r
]bq�d k mpcV`µÉÝmp]3´^\ d�mA���pÎy|�q�cVf¤ÉImp]
¾�_!]Mc kÀ¿ _&oWm%f^_a` � `�_a_�°%_ v Ê ��Ê ���<´^\ d�mNdMuV_Ç¯�dMu
mp]�f^_!]�Êª²PuV_!i¤mpg^dbq k cV_af�qB`�\�_ v dM]Ô´^oÇf^_ v ]�_�qp` k c^�ËÖ k dMu q�\^\^]�ma� k o6q�d�_!l{i º�f^} \�_!]
m v dbqaz�_���dMuYq�d k `��;ÉÝmp]ydMuV_�ÉI]�_I¸�´V_!c v i k c v ]�_�qp` k c^�&geiNqWÉ2q v d�mp]4m�É 10 ��dMuV_7\�m9Ö�_!]Em�É
dMuV_@q�g�_!]M]bq�d�_af"l k ��u8d×f k o k c k `MuV_a`�g8ihq�ÉÝq v d�mp]×m�É 10

4

3
Ê

xycVmpdMuV_!]1ÉÝq v d�mp]4dMuYq�d v q�c>`Ô´Vf^f^_!c^l{i v uYq�c^��_µdMuV_Tq�oWm�´^cedEm�ÉPq�g�_!]M]bq�d k mpc k `Zq
g^]�_�q ¿ rq´^\@m�É�dMuV_	d�_�q�]`½Vl{o Ö�u knv u�uYq�\^\�_!cV`Gq<É(d�_!],dMuV_Õg^]�_�q ¿ rq´^\@d k oW_ tBUT = ��� ± ¯p`k c"cVmp]Mo6q�l
_!i�_a` k ÉÑdMuV_Z\Yq�d k _!cedyf^m8_a`PcVmpd�g^l k c ¿ Ê j1k ]�_ v dMl{i&q<ÉId�_!]Pg^l k c ¿8k c^�6dMuV_4d�_�q�]
½Vl{o k `Pf k `MdM] k gt´^d�_af6uVmpoWmp��_!cV_am�´V`�l{i=mÀz�_!]�dMuV_ v mp]McV_�q�Ê�± k c&_!dPq�l2Ê 
 ± k cY��¯
��`�uVm8Ö�_af
mpc¤q&`�dÔ´Vf�i�Ö k dMu>¯��h_!oToW_!dM]�mp\ knv `Ô´^gXÙM_ v d�`��,dMuYq�d�Ö k dMu�cVmp]Mo6q�lC_!i�_a`EuYq�z k c^�Uq�c
q�z�_!]bq���_�m�É:��Ê � µ o�dMuV_Z]�m%mpd�oW_�q�cB`�¸�´Yq�]�_E_!]M]�mp] � È È¡°a�Pf k ]�_ v dMl{ihq<É(d�_!]yg^l k c ¿8k c^�V�
È ÈË° k c v ]�_�qp`�_a`1É(]�mpo ��Ê ��¶ µ o q�d t = 1

2 tBUT
d�m&��ÊO¶ µ o q�dydMuV_7oWmpoW_!cedZm�ÉCd�_�q�]

½Vl{o g^]�_�q ¿ rq´^\,Ê�²PuK´V`�� k d k ` k oT\�mp]Mdbq�cedZd�m=_!c v m�´^]bq���_µdMuV_@\Yq�d k _!c8d4d�m»g^l k c ¿ cVmp] r
o6q�l{l{i»d�mWqaz�m k f&dMu k `�`�m�´^] v _4m�É	q�g�_!]M]bq�d k mpcV`��YmpdMuV_!]ÔÖ k `�_4dMuV_Zq�oT\^l k dÔ´Vf^_E`M\�_ v dM]Ô´^o
Ö k l{l,��_!d�u k ��uV_!]yzpq�lÀ´V_a`�ÉImp]×qµ_���d�_!cVf^_afiÖ k f�dMu�m�ÉÕdMuV_Z`M\�_ v dM]Ô´^ohÊ

� v ´^l/q�]4o knv ]�m�r2dM]�_!oWmp]@q�]�_�z�_!]Mi�`Mo6q�l{l2� k ]M]�_!��´^l/q�]4oWm�z�_!oW_!c8d�`Em�É:dMuV_�_!i�_7g�_�r
d�Ö�_a_!c �8¯���c^o q�cVf�� µ o � v mp]McV_�q"f k `M\^l/q v _!oW_!c8d#��Êo²Pu k `4oWm�z�_!oW_!c8d�`7q�]�_ v qj´V`�_af
g8ih_��%dM]bq<rtm v ´^l/q�]×o<´V` v ln_�`�d k o�´^l/q�d k mpc,Ê ²PuV_�m v ´^l/q�]yo knv ]�m�r2dM]�_!oWmp]1uYqp`1qT\�_�q ¿ d�m
\�_�q ¿ oW_�q�chÉ(]�_I¸K´V_!c v i=m�É:�jº�Îy| 
 }PmjÙM���p�tÊ

x vav mp]�f k c^�=d�mTdMuV_lÕyiX¸�´ k `Md�dMuV_amp]�_!oh��qµoW_�qp`Ô´^]�_!oW_!c8d1m�ÉÕdMuV_Eo knv ]�m�r2dM]�_!oWmp]�`
q�cVf�q�l{lGmpdMuV_!]y_!i�_ZoWmÀz�_!oW_!ced�`1]�_I¸�´ k ]�_a`4q;Ö[q�z�_�É(]�mpc8dZ`�_!cV` k c^�6m�É:q�d�ln_�qp`Md×f^m�´^g^ln_
dMuV_ k ]CÉ(]�_I¸K´V_!c v i � q�]�m�´^cVf»�����pÎy|���Êx²Pu k `C`MuVm9Ö�`CdMuV_ k oT\�mp]Mdbq�c v _1m�É�`�_!cV`bmp]�`:g�_ k c^�
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É2qp`Md�_!cVm�´^��uhd�mTÉImpl{lnm9Ö ` k ��cYq�ln`�m�ÉÕdMuV_a`�_4ÉI]�_I¸�´V_!c v!k _a`ÀÊ

q�rtsurª¹ º>�+��y4�¡|t»´|t{^~e�a¼I��w²���½��¾¿�������´¥+�
¼�uV_!c _!c8d�_!] k c^�¡Ö k dMu©qBl k cV_�q�]µ\�mpl/q�] k |�_af g�_�q�o k ced�mUdMuV_&_!i�_��	dMuV_=]�_p�Y_ v d�_af
g�_�q�o k `[cVmpd[d�mpdbq�l{l{i»\�mpl/q�] k |�_afhq�c8i8oWmp]�_ k c&dMuV_4`bq�oW_4f k ]�_ v d k mpc,Ê È _p�Y_ v d�_af=l k ��u8d
��_!cV_!]bq�l{l{i v uYq�c^��_a` k d�`	\�mpl/q�] k |Àq�d k mpc»q vav mp]�f k c^�Ed�m*·^]�_a`McV_!lV_I¸K´Yq�d k mpc,Ê	Î1m8Ö�_!z�_!]�� k c
dMuV_ v qp`�_1m�ÉÑq@u�´^o6q�ch_!i�_1dMuV_yo6q k c v mpc8dM] k gt´^d k mpc v mpoW_a`[ÉI]�mpo dMuV_1g k ]�_�ÉI] k c^��_!c v _
m�ÉEdMuV_ v mp]McV_�q���ln_!cV`"q�cVf�]�_!d k cYq�Ê x oW_�qp`Ô´^]�_hÉÝmp]Ø¸�´Yq�c8d k É(i k c^� dMuV_ v uYq�c^��_Um�É
\�mpl/q�] k |Àq�d k mpc;Ö�uV_!c@dMuV_ k c v!k f^_!c8dGg�_�q�o k `,l k cV_�q�]G\�mpl/q�] k |�_af � k `
dMuV_C`�m v q�l{ln_af7f^_!��]�_a_
m�ÉÕ\�mpl/q�] k |Àq�d k mpc dp Êxàñd k `�f^_&½VcV_af�qp`

dp =
Ipol

Ipol + Iunpol

� ��Ê{�c�

Ö k dMu Ipol
g�_ k c^�"dMuV_ k ced�_!cV` k dñi>m�É�dMuV_µ\�mpl/q�] k |�_afNl k ��ued��Gq�cVf Iunpol

dMuV_ k ced�_!cV` k dti
m�ÉÕdMuV_*´^c^\�mpl/q�] k |�_af"l k ��ued�Ê

²PuV_T`MdM]�mpo6q=m�É�dMuV_ v mp]McV_�q v mpcV` k `Md�`Zm�É�q�]�m�´^cVf©�����6\Yq�]bq�l{ln_!lCq�l k ��cV_af*`MuV_a_!d�`
v qj´V` k c^�6dMuV_Zg k ]�_�ÉI] k c^��_!ced4_&»�_ v d�Êm²PuV_Z]�_!dbq�]�fVq�d k mpc k `�u k ��uV_a`�d�ÉÝmp]yqµ\�mpl/q�] k |Àq�d k mpc
mp] k _!c8d�_af 15◦

k cAcYqp`�q�lÍrtf^m8Ö�c�f k ]�_ v d k mpc,Êª²PuV_=ln_!cV`µg k ]�_�ÉI] k c^��_!c v _ k `�z�_!]Mi¤`Mo6q�l{l
q�cVf v q�chg�_4cV_!��ln_ v d�_af Ê
àñc*dMuV_6]�_!d k cYq k d k `�dMuV_W]�_!d k cYq�cV_!]Mz�_$½Vg�_!]�l/q�i�_!] � È Õ�·1±h�*Ö�u knv u v qj´V`�_a`�]�_!dbq�] r
fVq�d k mpc,Ê(²PuV_ È Õ�·1± v mpcV` k `Md�`�m�É	\Yq�]bq�l{ln_!lGmp]�f^_!]�_afUq<��mpchgt´^cVf�ln_a` v mpcedbq k c k c^�=o k r
v ]�mpdÔ´^g�_a`�Ê
²PuV_!i"uYq�z�_ v i%l k cVf�] knv q�lÑmp]M�eq�cV_!l{ln_a`�Ö k dMuNqWf k q�oW_!d�_!]4`Mo6q�l{ln_!]ydMuYq�cNq�c
z k ` k g^ln_�Ö[qaz�_!ln_!c^��dMu,Ê*²PuV_7mp\^d knv q�l:q<� k `1m�É:dMuV_ È Õ�·k± k `y\Yq�]bq�l{ln_!lÑd�m k d�`1gt´^cVf�ln_a`��
dMuV_�mp\^d knv q�lÑq<� k `�g�_ k c^�6dMuV_E`�lnm8Ö q<� k `×m�É	g k ]�_�ÉI] k c^��_!c v _�Ê È _!dbq�]�fVq�d k mpc k `�\^]�mp\�mp] r
d k mpcYq�l%d�m�dMuV_�dMu knv6¿ cV_a`�`Ñm�ÉVdMuV_:g k ]�_�ÉI] k c^��_!cedÕl/qai�_!]�ÊÕx1`,dMuV_ È Õ�·1± k `GdMu knv6¿ _!]:q�g�mÀz�_
q�cVf&g�_!lnm8Ö¦dMuV_Zmp\^d knv f k ` v q�cVf&dMuV_Eq<��mpcV`�q�]�_Zmp]�f^_!]�_af"]bqpf k q�l{l{i��VdMuV_4]�_!dbq�]�fVq�d k mpc
Ö k l{l
g�_4l/q�]M��_!]yq�g�m�z�_�q�cVf"g�_!lnm9Ö dMuV_Ef k ` v q�cVfiÖ k l{l,uYqaz�_@q7]bqpf k q�lG`Mi8oToW_!dM]Mi�Ê

x ` k o k l/q�]1_&» _ v d×uYq�\^\�_!cV`yq�d1Îy_!c^ln_�³ `V½Vg�_!]yl/qai�_!]�Ê�Î1_!c^ln_�³ ` ½Vg�_!]×l/q�i�_!] k `×dMuV_
m�´^d�_!]�\^ln_�� k ÉÝmp]Mo l/q�i�_!] k c¤dMuV_W]�_!� k mpc m�É�dMuV_Wo6q v ´^l/q�ÊÇàñd v mpcV` k `Md�`7m�É�_!lnmpc^�eq�d�_af
\^uVmpd�mp]�_ v _!\^d�mp]6q<�^mpcV`µ_��%d�_!cVf k c^�N]bqpf k q�l{l{i>ÉI]�mpoÆdMuV_6ÉÝm�z�_�q�ÊË²PuV_»l/qai�_!] k `7oWmp]�_
´^c k ÉÝmp]Mo dMuYq�cµdMuV_�\�_!] k \Yq�\ k l{l/q�]Mi È Õ�·k± 
 Î�´Yq���¶��"¾;uVm����
�tÊ4²PuV_[]�_!dbq�]�fVq�d k mpcW_&» _ v d
m�É \�mpl/q�] k |�_afWl k ��u8d[q�]�m�´^cVfWdMuV_�ÉImÀz�_�q v q�c6g�_�mpgV`�_!]Mz�_af
Ö k dMu»q4\�mpl/q�] k |�_!] rñq�cYq�l{i8|�_!]
`b_!d rq´^\,�;dMuYq�d k `4qW\�mpl/q�] k |�_!] k cBdMuV_ k c^\t´^d4q�cVfUm�´^dM\t´^d4g�_�q�oh��]�_a`M\�_ v d k z�_!l{i��aÖ k dMu
dMuV_ k ]:q<�^_a` k c v ]�m�`�`b_af7mp] k _!c8dbq�d k mpc,ÊxàtdÑ]�_a`Ô´^l{d�` k cWq×f^m�´^g^ln_�r2g^]Ô´V`�uTl kÀ¿ _[f k `�dM] k gt´^d k mpc
m�ÉÕdMuV_ k c8d�_!cV` k dti"f k `MdM] k gt´^d k mpc,�YdMuV_E`�m�r v q�l{ln_afhÎ4q k f k c^��_!]�g^]Ô´V`MuV_a` 
 !1]�_����
�tÊ
²PuV_�qpf^f^_afZ]�_!dbq�]�fVq�d k mpcEÉI]�mpo dMuV_	]�_!d k cYq � oW_�qp`6´^]�_af@q�d,dMuV_ÕÉÝm�z�_�q�� q�cVfEdMuV_ v mp]McV_�q
k `1q�]�m�´^cVf 1

7λ

 }(´V_����
�t� v mpcV` k f^_!] k c^�»dMuYq�d4q�l{lG_&» _ v d�`yq�]�_�Ö[qaz�_!ln_!c^��dMu�f^_!\�_!cVf^_!ced

q�cVf�f k »�_!]�\Yq�]Md knv ´^l/q�]Ml{i&ÉI]�mpo \�_!]�`bmpchd�mµ\�_!]�`bmpc,Ê
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²Gm>\^]�_�r v mpoT\�_!cV`�q�d�_"dMuV_hq�g�_!]M]bq�d k mpcV`»m�ÉydMuV_"_!i�_���dMuV_ØÖ[q�z�_�É(]�mpc8d»m�É4dMuV_&gYq v6¿ r
]�_p�Y_ v d�_af"l k ��u8d k `PoW_�qp`Ô´^]�_af Ê:²PuV_BÖ[qaz�_�ÉI]�mpced k `�f^_a` v ] k g�_af"o6q�dMuV_!o6q�d knv q�l{l{i&gei"q
`�_!d�m�É�¾�_!]Mc kÀ¿ _ v m%_pÊ v!k _!ced�`ÀÊ

qxr¬qxrts ËÌyaÍ+��¾"�¡�+{h��³^�aÎD{�|���|t�+{
·^]�mpo ÈUq<�XÖ�_!l{lq³ `y_I¸�´Yq�d k mpcV`×dMuV_*Ö[q�z�_@_I¸K´Yq�d k mpc

52u(−→r , t) − n2

c2

∂2u(−→r , t)

∂t2
= 0

� ��Ê ���
v q�c=g�_yf^_!] k z�_af �UÖ�uV_!]�_ydMuV_1` v q�l/q�] u(−→r , t) ]�_!\^]�_a`�_!c8d�`�q�ceiWz�_ v d�mp] v mpoT\�mpcV_!ced�m�É
dMuV_7_!ln_ v dM] knv ½Y_!lnf −→

E mp]1m�É:dMuV_Eo6q���cV_!d knv ½Y_!lnf −→
H � n k `�dMuV_ k cVf^_���m�É:]�_�É(]bq v d k mpc,�

q�cVf c dMuV_Zz�_!lnm v!k dti"m�ÉÕl k ��ued k c"ÉI]�_a_Z`M\Yq v _�Ê È _!�eq�]�f k c^�»q7oWmpcVm v u^]�mpo6q�d knv Ö[qaz�_
u(−→r , t) = Re

[

ur(−→r ) · e−iωt
]

Ö[_ v q�c�`Ô´^gV`Md k dÔ´^d�_ u(−→r , t)
k ciÉ�¸;Ê<��Ê �Tq�cVf"��_!d�dMuV_EÎ1_!l{oTuVmpl{dM|@_I¸K´Yq�d k mpc

(∇2 +
n2

c2
ω2)ur = (∇2 + k2)ur = 0

� ��ÊO¶��
²Gm@f^_a` v ] k g�_yq4oWmpcVm v u^]�mpo6q�d knv ÖPqaz�_ k c=q�c k c^uVmpoWmp��_!cV_am�´V`PoW_af k ´^o Ö�_�]�_LÖ�] k d�_
dMuV_E`�\Yq v _Zf^_!\�_!cVf^_!c8d�É2q v d�mp] ur(−→r ) m�ÉÕdMuV_Eq�g�mÀz�_*Ö[q�z�_Ed�m

ur(−→r ) = ûr(−→r ) · eiϕ(−→r )

= ûr(−→r ) · ei 2π
λ0

S(−→r ) � ��Ê º��
´V` k c^� ϕ(−→r ) = 2π

λ0
S(−→r ) ÉImp]@dMuV_W\^uYqp`�_»m�É�dMuV_$Ö[q�z�_�� λ0

k `�dMuV_$Ö[q�z�_!ln_!c^��dMu k c
ÉI]�_a_h`M\Yq v _hm�ÉZdMuV_"oWmpcVm v u^]�mpo6q�d knv Ö[q�z�_Uq�cVf S(−→r )

k `TdMuV_B`�m�r v q�l{ln_af�_ kÀ¿ mpcYq�l2Ê
s	l/q�cV_a`�Ö k dMu S(−→r ) = const q�]�_ v q�l{ln_afiÖPqaz�_�ÉI]�mpced�`�Êm¼�_ v q�c�f^_!\ knv dVÖPqaz�_�ÉI]�mpced�`
qp`GdMuVm�`�_�\^l/q�cV_a`4Ö�u knv uµuYqaz�_ v mpcV`Mdbq�cedÕ\^uYqp`�_���mp]�3 k c7d�_!]MoW`Õm�ÉV��_ampoW_!dM] knv q�l�mp\^d knv `
3�dMuVm�`�_µ\^l/q�cV_a`ZÉImp]MoW_afNg8iNq�l{l	\�m k ced�`*Ö k dMu>dMuV_T`�q�oW_Tmp\^d knv q�l:\Yq�dMu�f k `Mdbq�c v _Wm�É
dMuV_ v mp]M]�_a`�\�mpcVf k c^�W]bq�i=É(]�mpo dMuV_E`bm�´^] v _Z\�m k c8d�Ê

°K´^gV`�d k dÔ´^d k c^�lÉ�¸;Ê���Ê º k c7dMuV_PÎy_!l{oTuVmpl{dM|�_I¸K´Yq�d k mpc,�eq�cVf<´V` k c^�4dMuV_���_ampoW_!dM] knv q�l
q�\^\^]�m�� k o6q�d k mpc ∇2ûr

ûr
≈ 0

k d v q�c"g�_Z`MuVm9Ö�c 
 !4m%m���¯��,dMuYq�d�dMuV_E`�m�r v q�l{ln_af"_ kÀ¿ mpcYq�l
_I¸K´Yq�d k mpc

|∇S(−→r )|2 = n2(−→r )
� ��ÊO¯��

_!oW_!]M��_a`�Êx²PuV_1_ kÀ¿ mpcYq�l�_I¸�´Yq�d k mpcØ¸�´Yq�c8d k ½Y_a`[dMuV_�]�_!l/q�d k mpc&g�_!d�Ö�_a_!c=dMuV_VÖPqaz�_�ÉI]�mpced
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q�cVf*dMuV_ k cVf^_��*m�É�]�_�ÉI]bq v d k mpcAm�É×q&oW_af k ´^ohÊiàñc�dMuV_ v qp`�_6m�É×q&uK´^o6q�c _!i�_WdMu k `
_���\^l/q k cV`[cVmpd[mpc^l{iTdMuV_1f^_a` k ]�_af=]�_�ÉI]bq v d k mpc=m�É,l k ��u8dPmpc=dMuV_1`Ô´^] ÉÝq v _a`[m�É
dMuV_ v mp]McV_�q
mp]	m�É�dMuV_�ln_!cV`Õgt´^d:q�ln`�m1dMuV_m´^cVf^_a` k ]�_afWq�] k ` k c^�4m�ÉaÖ[q�z�_�É(]�mpc8dCf^_�ÉImp]Mo6q�d k mpcV` v qj´V`�_af
g8i¤oW_af k q�mp]Tgei `Ô´^] ÉÝq v _a`$Ö�u knv u�q�]�_"cVmpdT\�_!] ÉÝ_ v dMl{i¤uVmpoWmp��_!cV_am�´V`»mp]6_!z�_!c©gei
\Yq�]Md knv ln_a`(Ö k dMu&qZd�mpdbq�l{l{i6f k » _!]�_!ced k cVf^_��6m�É ]�_�É(]bq v d k mpc"qp`CdMuV_!i v q�c»g�_�ÉIm�´^cVf»_�Ê �VÊ
k c"dMuV_Ez k dM]�_am�´V`×g�m%f�i�Ê

Îy_!c v _�� k c=dMuV_ k f^_�q7m�É,l k ��ued�qp`(Ö[q�z�_���dMuV_VÖPqaz�_�ÉI]�mpced k `7Ï¬Ð²Ñ�ÏC`Ô´^] ÉÝq v _ k c&`M\Yq v _
Ö�uV_!]�_4dMuV_Z_!ln_ v dM] knv � mp]�o6q���cV_!d knv �:½Y_!lnf&uYqp`PdMuV_Z`bq�oW_4\^uYqp`�_��XÖ�u knv u k ` k c�q vav mp] r
fVq�c v _�Ö k dMuhdMuV_Z��_ampoW_!dM] knv q�lGÉImp]Mo<´^l/q�d k mpc,Ê�x \�m k ced×`bm�´^] v _ k c"ÉI]�_a_E`M\Yq v _*Ö[m�´^lnf
dMuK´V`�ÉÝmp]Mo dMuV_*Ö�_!l{l ¿ cVm9Ö�cB`M\^uV_!] knv q�l�ÖPqaz�_�ÉI]�mpced�`�Ê
¼�uV_!c�dbq�l ¿8k c^�©q�g�m�´^d"q�g�_!]M]bq�d k mpcV`��×mpcV_�´V`Ô´Yq�l{l{i©]�_�ÉÝ_!]�`»d�m¤dMuV_Uf^_!z k q�d k mpc�m�É�q
ÖPqaz�_�ÉI]�mpcedyÉ(]�mpo dMuV_ k f^_�q�l,\^l/q�cV_*Ö[q�z�_�É(]�mpc8d
E(−→r , t) = Re(E0e

i(ωt−
−→
k −→r +ξ) = Re(E0e

iφ(−→r ,t))
mp]×dMuV_ k f^_�q�l
`M\^uV_!] knv q�l�ÖPqaz�_�ÉI]�mpced
E(−→r , t) = Re( E0

|−→r |e
i(ωt−

−→
kr
−→r +ξ) = Re( E0

|−→r |e
iφ(−→r ,t))

Ö�uV_!]�_�dMuV_�\^uYqp`�_ φ(−→r , t) ÉÝmp]MoW`��;q�dÑ\^l/q�cV_a`Ñq�cVf7`M\^uV_!] knv q�l�`Ô´^] É2q v _a`��À]�_a`�\�_ v d k z�_!l{i��
m�É v mpcV`�dbq�cedPzpq�lÀ´V_�ÉImp] t = const

�
E0
�	q�oT\^l k dÔ´Vf^_�� ξ � v mpcV`Mdbq�c8dP\^uYqp`�_�É2q v d�mp]�� −→k �ÖPqaz�_@z�_ v d�mp]�� ω �1Ö[qaz�_EÉ(]�_I¸K´V_!c v i´��Êàñc=dMu k `�Ö[mp] ¿ Ö�_�Ö k l{l�]�_�ÉI_!][d�m�dMuV_y\^l/q�cV_�Ö[q�z�_�É(]�mpc8d Ö�uV_!c=dbq�l ¿8k c^�Wq�g�m�´^dPq�g�_!]M]bq<r

d k mpcV`ÀÊ

q�r�qxr�q ÒD���¡{�|tÓ����O�+�·¥^{^�h��|tyu�t�

²Gm@f^_a` v ] k g�_�o6q�dMuV_!o6q�d knv q�l{l{i»q*Ö[qaz�_�ÉI]�mpced��XÖ[_�uYqaz�_yd�mB½VcVf6q4ÉR´^c v d k mpc»o6q�\^\ k c^�
ÉI]�mpo dMuV_E�<rtf k oW_!cV` k mpcYq�lÑ`M\Yq v _4d�mTdMuV_T��rtf k oW_!cV` k mpcYq�lÑ`M\Yq v _�Êx²Pu k `PÉ%´^c v d k mpc v q�c
g�_µf^_ v mpoT\�m�`b_af k c�q�c8i v mpoT\^ln_!d�_W`�_!d4m�É[mp]MdMuVmp��mpcYq�lÕÉ%´^c v d k mpcV`�Ê<·Vmp]BÖ[qaz�_�ÉI]�mpced
q�g�_!]M]bq�d k mpcV`*Ö k dMu v!k ] v ´^l/q�]@q�\�_!]MdÔ´^]�_6q�cVf>`M\�_ v!k q�l{l{ihÉÝmp]@q�\^\^l knv q�d k mpc k c�mp\^u8dMuYq�lÍr
oWmplnmp��i��[dMuV_"]�_!\^]�_a`b_!cedbq�d k mpc�gei¬¾�_!]Mc kÀ¿ _h\�mpl{i8cVmpo k q�ln` Zm

n

k `Tz�_!]Mi v mpcez�_!c k _!ced
qp`WdMuV_Ø½V]�`MdW\�mpl{i8cVmpo k q�ln` k c v lÀ´Vf^_�f^_�ÉÝm v ´V`6q�cVf�qp`Md k ��o6q�d k `Moh�(Ö k dMu¬Ö�u knv u�dMuV_
g k ����_a`�d:\Yq�]Md�m�É,q�c6_!i�_�³ `Pq�g�_!]M]bq�d k mpc 
 wPqp`b����� v q�cWg�_PÉÝmp]Mo�´^l/q�d�_af Ê�²PuV_ k cVf knv _a`Co
q�cVfUcN]�_!\^]�_a`�_!c8dZdMuV_µq�| k o<´^dMuYq�lÕÉ(]�_I¸K´V_!c v iUq�cVfUdMuV_7]bqpf k q�l	mp]�f^_!]���]�_a`M\�_ v d k z�_!l{i�Ê
²PuV_[��_!cV_!]bq�l%ÉÝmp]Mo�´^l/q�d k mpc6m�ÉYdMuV_
¾�_!]Mc kÀ¿ _P\�mpl{i8cVmpo k q�ln` k c7\�mpl/q�] v m%mp]�f k cYq�d�_a`1Ö k dMu
]bqpf k ´V` ρ q�cVf�q�c^��ln_ φ

k `

Zm
n (ρ, φ) =











R−m
n (ρ)sin(mφ); m < 0

R m
n (ρ); m = 0

R+m
n (ρ)cos(mφ); m > 0

� ��Ê ���

Ö k dMu�dMuV_Zd�_!]Mo Rm
n
�XÖ�u knv uBf^_!\�_!cVf^`�mpc^l{i=É(]�mpo dMuV_Z]bqpf k ´V`À�^g�_ k c^�
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Rm
n (ρ) =

(n−m)/2
∑

i=0

(−1)i(n − i)!

s!(n+m
2 − i)!(n−m

2 − i)!
· ρn−2i � ��Êpµ��

x�ÉR´^c v d k mpc f(ρ, φ)
v q�cTcVm8Ö g�_P]�_!\^]�_a`�_!c8d�_af$Ö k dMuTdMu k `	\�mpl{i%cVmpo k q�lV`�_!dx´V` k c^�ZdMuV_

v mp]M]�_a`M\�mpcVf k c^� v m%_pÊ v!k _!ced�` cm
n
�

f(ρ, φ) =
∞
∑

n,|m|=0

cm
n · Zm

n (ρ, φ)
� ��Ê ���

àñc@xy\^\�_!cVf k �E}NdMuV_1½V]�`Md��LºB¾�_!]Mc kÀ¿ _:\�mpl{i%cVmpo k q�ln`Gq�]�_	ÉÝmp]Mo�´^l/q�d�_afµq�cVf k l{lÀ´V`MdM]bq�d�_af
��]bq�\^u knv q�l{l{i�Ê�²PuV_ k cVf^_��Vq�d k mpc k ` v uYq�c^��_af=dMuV_!]�_×É(]�mpo Zm

n
d�m@mpcV_ k cVf^_�� Zk

�KÖ k dMu
k = 1

2(n(n + 2) + m) Ê�²PuV_7f^_�ÉÝm v ´V`4\�mpl{i%cVmpo k q�l Z0
2
ÉÝmp]4_��Vq�oT\^ln_�� v uYq�c^��_a`Ed�m

Z4
Ê
x ` k c^��ln_Wc�´^o�g�_!]7d�m�¸K´Yq�ced k ÉIi��Õmpgez k m�´V`Ml{i�z�_!]Mi>]�m�´^��u^l{i��ÑdMuV_Wo6q���c k dÔ´Vf^_&m�É

q�g�_!]M]bq�d k mpcV`Em�ÉPqhÖPqaz�_�ÉI]�mpced k `4dMuV_
°8dM]�_!u^l	]bq�d k m�°�Ê`àtd k `4dMuV_µ]bq�d k m&g�_!d¤Ö�_a_!c*dMuV_
k c8d�_!cV` k dtiNm�É�dMuV_ k o6q���_Wq�d4dMuV_Tmp\^d knv q�lCq<� k ` (x′ = 0, y′ = 0) q�cVfNdMuV_ k c8d�_!cV` k dti
q�d�dMuV_E`�q�oW_Z\�m k c8d k c"dMuV_ v qp`�_Zm�É:q�c k f^_�q�l2�Yq�g�_!]M]bq�d k mpc�rÝÉI]�_a_ k o6q���_�Ê

S =
Iab(x

′ = 0, y′ = 0)

Iideal(x′ = 0, y′ = 0)

� ��ÊO¹��

576�× Çe=@FIUER�M�Ø¡=@F�FI:ÚÙ7]7U´CER^YZUÛ?@HÚSÜAhÝX=@BOÆ�9NM<BI:¿CE?@PIR`SN:¿CE?GAhU
x�fVq�\^d k z�_Bmp\^d knv ` � x � �7uYq�z�_"g�_a_!c�f^_!z�_!lnmp\�_af�` k c v _"dMuV_>�8¹"µp�X³ `$Ö k dMu�dMuV_Bq k o
d�m6q�\^\^l{i&dMuV_!o�ÉImp]�o k l k dbq�]Mi�q�cVf�qp`�dM]�mpcVmpo knv \t´^]M\�m�`�_��Vmpgez k m�´V`Ml{i"`Mdbq�]Md k c^�,Ö k dMu
o<´ v u ` k oT\^ln_!]"f^_!z knv _a`»dMuYq�c�d�m%fVqai 
 } k Õ*µ�¶^�(È kÀ¿ µ�¶��tÊyàtdhÖ[qp`=cVmpd&g�_�ÉÝmp]�_BdMuV_
o k f^f�ln_&m�É�dMuV_N�8¹�¹��X³ ` 
 ± k q�¹"µ��PdMuYq�d7x � Ö�_!]�_ k oT\^ln_!oW_!c8d�_af k cAmp\^u8dMuYq�l{oWmplnmp��i
q<ÉId�_!]�\^]�mp��]�_a`�`�uYqpfhg�_a_!c"o6qpf^_ k cBm v ´^l/q�]
ÖPqaz�_�ÉI]�mpced4`�_!cV` k c^� 
 } k ±g¹jº��tÊ

x1`�ÉImp]Wq�c8i v lnm�`�_af%r2lnm%mp\,�:¶BoWm%fX´^ln_a`Wq�]�_&cV_ v _a`�`bq�]Mi*d�m k oT\^]�mÀz�_&dMuV_ k o6q���_
¸K´Yq�l k dti � · k �VÊ%��Ê º����Nq>`�_!cV`bmp]ToW_�qp`Ô´^] k c^�*dMuV_�zpq�] k q�g^ln_hm�ÉZdMuV_ v mpc8dM]�mply\Yq�dMu d�m
g�_ v mpcedM]�mpl{ln_af ��q�c q v dÔ´Yq�d�mp]6dMuYq�d v mpoT\�_!cV`bq�d�_a`6dMuV_"f^_!z k q�d k mpc m�É1dMuV_"z�q�] k q�g^ln_
ÉI]�mpo k d�`[o�´V`�d r2zpq�lÀ´V_��^q�cVf&q v mpcedM]�mpl{ln_!]mÖ�u knv u&_���dM]bq v d�`CÉ(]�mpo dMuV_y` k ��cYq�lYdMuYq�d[dMuV_
`�_!cV`bmp]�uYqp`µoW_�qp`Ô´^]�_afAdMuV_=g�_!uYqaz k m�´^]oÖ�u knv u dMuV_"q v dÔ´Yq�d�mp]TuYqp`�d�mBÉÝmpl{lnm8ÖEÊª·Ymp]
x � �;d�m v mp]M]�_ v d�ÖPqaz�_�ÉI]�mpced@q�g�_!]M]bq�d k mpcV`���dMuV_!]�_µq�]�_7`b_!z�_!]bq�lG\�m�`�` k g^ln_ v lnm�`�_af%r2lnm%mp\
`Mi�`Md�_!oW`��%qp`:dMuV_!]�_1q�]�_×f k » _!]�_!ced v mpo@g k cYq�d k mpc&\�m�`b` k g k l k d k _a`��%f^_!\�_!cVf k c^�7mpc
Ö�u knv u
dñi8\�_Tm�É�q v dÔ´Yq�d�mp] � oW_!o@g^]bq�cV_6o k ]M]�mp]��
`�_!��oW_!c8d�_af�o k ]M]�mp]��Gl k ¸�´ k f v ]Mi�`Mdbq�l	oWm%f%r
´^l/q�d�mp] � w�uYq�\,Ê9º��Q���XÖ�u knv u ¿8k cVf"m�É	`�_!cV`�mp] � Î4q�]MdMo6q�c^c�r�°8uYq v6¿ � v ´^]Mz�q�dÔ´^]�_E`�_!cV`bmp]��
k c8d�_!] ÉI_!]�mpoW_!d�_!]��%\ei%]bq�o k fW`�_!cV`bmp] � w�uYq�\,Êq¶��Q�	mp]�Ö�u knv u ¿%k cVfWm�É v mpc8dM]�mpl{ln_!] k `x´V`b_af Ê
²PuV_ v mpcedM]�mpl{ln_!] k `(´V`Ô´Yq�l{l{i&q v mpoT\t´^d�_!]��XÖ�u knv uh_ k dMuV_!] v q�c&`6´^\�_!]Mz k `�_ydMuV_ylnm%mp\=gei
q�cYq�l{i%d knv q�lÑmp]yc�´^oW_!] knv q�l v q�l v ´^l/q�d k mpcUÉ(]�mpo dMuV_�`b_!cV`�mp]8³ `y` k ��cYq�l2�;mp]ygei�qTdM]bq k cV_af
cV_L´^]bq�l,cV_!d�Ö�mp] ¿ Ê
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· k ��´^]�_���Ê ºV� YGäáâ�òtì�æpÞIäáâpâÀô7æ�àÍç�öÀí ç�ë

x×l{dMuVm�´^��u&mpcV_×m�É dMuV_�¶ v mpoT\�mpcV_!c8d�`[o6qaiTg�_ ¸�´ k d�_�ÉÝqp`�d���dMuV_×`�lnm8Ö�_a`�d v mpoT\�m�r
cV_!c8dCf^_!d�_!]Mo k cV_a`:dMuV_[gYq�cVfXÖ k f�dMu=m�É;dMuV_�m�z�_!]bq�l{l;`Mi%`�d�_!ohÊG}P_a` k f^_a`���dMuV_ v mp]M]�_ v d k mpc
m�ÉGdMuV_VÖPqaz�_�ÉI]�mpced k `�cVmpd�f^mpcV_ k c&mpcV_ v i v ln_�ÊxÉ	z�_!c k É
dMuV_1_��Vq v d�q�g�_!]M]bq�d k mpc v m�´^lnf
g�_PoW_�qp`Ô´^]�_af6q�d�mpc v _�� v mpcedM]�mpl;dMuV_amp]Miµ`�uVm8Ö�` 
 ° v uY��¶��t��dMuYq�d	ÉÝmp]:`Mdbq�g k l k dñi7]�_�qp`bmpcV`��
dMuV_ v mp]M]�_ v d k mpc k `ÑcVmpdÕ\�m�`b` k g^ln_�Ö k dMu6q�c8i7q�]Mg k dM]bq�]Mi@É(]�_I¸K´V_!c v i7q�cVfµ_a`M\�_ v!k q�l{l{i k d k `
cVmpd[\�m�`�` k g^ln_yd�m v mp]M]�_ v dPdMuV_1f^_!z k q�d k mpc k c&mpcV_y`Md�_!\,Ê1²PuV_!]�_�ÉÝmp]�_4`�_!z�_!]bq�l�lnm8mp\V`Pq�]�_
]�_I¸K´ k ]�_afhd�m v mp]M]�_ v dydMuV_*Ö[q�z�_�É(]�mpc8d4d�mTdMuV_Emp\^d k o�´^ohÊ(²PuV_@`�i%`Md�_!oi³ `�gYq�cVfXÖ k f�dMu
k `ydMu�´V`1� k z�_!cUgeihdMuV_�gYq�cVfXÖ k f�dMu>m�ÉCmpcV_@lnm%mp\Nf k z k f^_afBgeihdMuV_@c�´^o�g�_!]Em�É:lnm%mp\V`
]�_I¸K´ k ]�_af"d�mT]�_�q v u"É%´^l{l v mp]M]�_ v d k mpc,Ê
²PuYq�d k `WdMuV_�]�_�qp`�mpc¬Ö�uei k c�q�l{l Ö�mp] ¿ `=f^mpcV_i´^ced k lycVm8ÖE� v lnm�`�_af%r2lnm%mp\�ÉÝmp]6m v ´�r
l/q�]=`Mi�`Md�_!oW`»q v u k _!z�_af�gYq�cVfXÖ k f�dMuV`&m�É 5 Î×| 
 ·V_!]b������Îym�É2���p�4q�cVf 12 Îy| 
 jyk q���¶��
q�l{dMuVm�´^��u�dMuV_iÖPqaz�_�ÉI]�mpced&oW_�qp`Ô´^]�_!oW_!c8d v q�c�g�_Bf^mpcV_iÖ k dMu É(]�_I¸K´V_!c v!k _a`
´^\�d�m
50 Îy|Wq�cVf 240 Îy|T]�_a`M\�_ v d k z�_!l{i��,q�cVfN_!z�_!c�Þ 300 Î×| 
 Õ k ]b��¯
�1´V` k c^� k c>q�l{l v qp`�_a`Zq
Î4q�]MdMo6q�c^c�r�°8uYq v6¿ `b_!cV`�mp]�Ê

²Pu k `�Ö[mp] ¿hk `1f^mpcV_EÉÝmp]1f^_!z�_!lnmp\ k c^�hq�cNx � `Mi�`Md�_!o Ö k dMu>q,¶<rt` k f^_afB\ei%]bq�o k f
\^] k `�oÇqp`µ`�_!cV`bmp]��CqBcV_L´^]bq�l�cV_!dTqp` v mpc8dM]�mpl{ln_!]»q�cVf©q�oW_!o�g^]bq�cV_"o k ]M]�mp]6qp`Tq v r
dÔ´Yq�d�mp]��Gd�m k c8d�_!��]bq�d�_ k d k c*dMuV_6Î1_ k f^_!l{g�_!]M��É:c^� k cV_a_!] k c^�¨²GmpoWmp��]bq�\^u � Î È ²[���
q
v mpc�ÉÝm v q�lY` v q�c^c k c^�El/qp`�_!]�mp\^uedMuYq�l{oWm�` v mp\�_ � v °U± � ��ÊK²PuV_m½V]�`Md k oT\^ln_!oW_!c8dbq�d k mpc&m�É
q�c>x � `Mi�`Md�_!o k c*q v °U± � Ö[qp`Zf^mpcV_µg8i È m%mp]�fVq=_!dEq�l2Ê 
 È m%m������xÖ k dMu*q=` k c^��ln_
lnm%mp\&ÉI]�_I¸�´V_!c v i=m�É 30 Î×|�Ê�²PuV_!i&q v u k _!z�_af�q È È¡°»m�É 0.12µm mÀz�_!]yq$µ<oTo \t´^\ k l
Ö k dMu6qyl/q�d�_!]bq�lV]�_a`bmplÀ´^d k mpcWm�É 2.5µm Ö�u knv u k `Õf^m�´^g^ln_�dMuV_[]�_a`�mplÀ´^d k mpcWdMuYq�d k `Õ� k z�_!c
g8ihq v mpcez�_!ced k mpcYq�l v °U± � � Î È ²[�:Ö k dMuVm�´^d×x � 
 Î�ÉC�jº��tÊ

²PuV_&\ei%]bq�o k f�`�_!cV`�mp]oÖPqp`3½V]�`Md6q�\^\^l k _af ÉÝmp]Tmp\^uedMuYq�l{oWmplnmp��i©geiFàñ��ln_a` k qp`T_!d
q�l2Ê 
 àñ��l/�����tÊË²PuV_!iª´V`�_af qhoWm%f k ½Y_af ºprt` k f^_afA\ei%]bq�o k f¤d�mBoW_�qp`Ô´^]�_=dMuV_=mp\^d knv q�l
q�g�_!]M]bq�d k mpcV`�´^\�d�m,º�dMuBmp]�f^_!]4m�É(¾�_!]Mc kÀ¿ _7\�mpl{i%cVmpo k q�ln`�Êyw�uYq�oWmpdZ_!d1q�l2Ê 
 w�uYq������
\^]�_a`b_!ced�_af&]�_ v _!cedMl{i=dMuV_�½V]�`Md�q�\^\^l knv q�d k mpchm�É
dMuV_1\ei%]bq�o k f"`�_!cV`�mp] � q�ln`�mµq<ºprt` k f^_af
mpcV_c� k chx � ÉImp]�dMuV_@_!i�_��Yq v u k _!z k c^�»q È ÈË°»m�É 0.14µm mÀz�_!]yqT��oTo \t´^\ k l2Ê
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j1k » _!]�_!ced»`b_!cV`�mp]�`»q�]�_Uqaz�q k l/q�g^ln_hd�m>oW_�qp`Ô´^]�_�dMuV_Bq�g�_!]M]bq�d k mpcV`»m�É@qËÖPqaz�_�ÉI]�mpced��
²PuV_ v ´^]Mzpq�dÔ´^]�_=`�_!cV`�mp]��GdMuV_=Î1q�]MdMo6q�c^c�r�°8uYq v�¿ `�_!cV`�mp]��ÑdMuV_,²�Ö�i%o6q�c�r"!1]�_a_!c k c�r
d�_!] ÉÝ_!]�mpoW_!d�_!]��
q�cVfNdMuV_7\ei%]bq�o k f>`�_!cV`�mp]�ÊExy\Yq�]Md4ÉI]�mpo dMuV_7\8i8]bq�o k f>`�_!cV`bmp]���dMuV_
`�_!cV`bmp]�`�`MuYq�l{l g�_Zf^_a` v ] k g�_afhg^] k _p�Vi=uV_!]�_�Ê
§Ç�t���9©ª���k��æIÆ`¦4�t��ÒF¢8�U�g¢9�¥�
ÈU_�qp`Ô´^]�_!oW_!ced1m�ÉCq3Ö[q�z�_�É(]�mpc8d�Ö k dMuhdMuV_�Î1q�]MdMo6q�c^c�r�°8uYq v�¿ `�_!cV`�mp] � Î*°t°a� k ` v q�] r
] k _af"m�´^d�g8i&q7d�Ö�mWf k oW_!cV` k mpcYq�lÑq�]M]bqai&m�ÉGo knv ]�m�r2ln_!cV`�_a`VÖ�u knv u"ÉÝm v ´V`b_a`PdMuV_BÖ[qaz�_�r
ÉI]�mpced k chdMuV_ZÉÝm v q�l
\^l/q�cV_@m�É	dMuV_Eln_!cV`Mln_!d1q�]M]bqai k cUqp`×o6q�ceih`M\�mpd�`×qp`×dMuV_Ec�´^o�g�_!]
m�É4o knv ]�mpln_!cV`�_a`TdMuV_ÇÖPqaz�_�ÉI]�mpced»uYqp` k l{lÀ´^o k cYq�d�_af Ê�x vav mp]�f k c^�*d�mNdMuV_&oW_�q�c d k l{d
αx = δW

δx

k c��%rtf k ]�_ v d k mpcAq�cVf αy = δW
δy

k c*i8rtf k ]�_ v d k mpc¤m�É�dMuV_
Ö[qaz�_�ÉI]�mpcedµm�z�_!]
dMuV_E`6´^gYq�\�_!]MdÔ´^]�_Em�É	mpcV_Zln_!cV`���dMuV_ZÉIm v ´V`�_af"`M\�mpd
Ö k l{l g�_Z`�u k É(d�_af"g8i

∆xi
F = f ∗ δW

δxi
, ∆yi

F = f ∗ δW

δyi

� ¶�Ê{�c�
q8Ö[qai�ÉI]�mpo dMuV_ v _!c8d�_!]¸ãÑÉÝmp]	`Mo6q�l{lVq�g�_!]M]bq�d k mpcV`c� i k `GdMuV_ v mp]M]�_a`M\�mpcVf k c^�Zo knv ]�mpln_!cV`��
f dMuV_6ÉÝm v q�l[ln_!c^��dMuAm�ÉydMuV_6o knv ]�mpln_!cV`�� xF

q�cVf yF
q�]�_»dMuV_ v m%mp]�f k cYq�d�_a` k cAdMuV_

ÉÝm v q�l�\^l/q�cV_�� x q�cVf y dMuV_ v m8mp]�f k cYq�d�_a` k c"dMuV_4\^l/q�cV_Zm�ÉGdMuV_4ln_!cV`×q�]M]bq�i�Ê W
k `PdMuV_

ÖPqaz�_�ÉI]�mpced×f^_!z k q�d k mpc&É(]�mpo dMuV_4\^l/q�cV_�Ö[q�z�_@q�cVf k `kÙ�´V`�d�dMuV_Z_ kÀ¿ mpcYq�l S m�ÉÑ`�_ v d k mpc
��Ê ���%f^_!cVmpo k cYq�d k c^� k dCuV_!]�_ W Êk²Pu�´V`��%dMuV_×`�\�mpdCf k `�\^l/q v _!oW_!ced k `:\^]�mp\�mp]Md k mpcYq�l;d�m
dMuV_yoW_�q�c»lnm v q�laÖ[qaz�_�ÉI]�mpced�`�lnmp\�_4q�cVf=q@]�_ v mpcV`MdM]Ô´ v d k mpc"m�É,dMuV_�Ö[qaz�_�ÉI]�mpced v q�c»g�_
\^]�m v _a`�`�_af�Ö k dMuBdMuV_7_�� v _!\^d k mpcNm�É:dMuV_ k ]M]�_!ln_!zpq�c8d1\ k `�d�mpcBz�q�lÀ´V_�ÊV·Vmp]1l/q�]M��_�oW_�q�c
d k l{d�`ZdMuV_6_��^q v dZ]�_!l/q�d k mpc αx = δW

δxi = arctan
∆xi

F

f

� q�cVf¤q vav mp]�f k c^��l{iBÉÝmp]ZdMuV_Ti8r
f k ]�_ v d k mpcE��uYqp`�d�mTg�_Eq�\^\^l k _af Ê
àtÉGdMuV_B´^cV_���\Yq�cVf^_af"g�_�q�o k ` k l{lÀ´^o k cYq�d k c^�6dMuV_4ln_!cV`Mln_!d×q�]M]bq�i��^dMuV_E`M\Yq v!k q�l ]�_a`bmplÀ´�r
d k mpc>m�ÉCdMuV_µÎ*°t° k `1� k z�_!cNgeiBdMuV_�` k |�_µm�ÉCdMuV_7o knv ]�m�r2ln_!cV`�_a`ÀÊZs	uYqp`�_ k c�ÉImp]Mo6q�d k mpc
äÖå�æ�çxè�épê·ëÀå�ëìépí�éGîzå�æ
ç�ê·è�éGå+îïé#ðhñ#í�ò
í�ñGó�ç"ð·ðtñGå�çÃô[õuñQö¸ç�îïð�épí÷å

�8¯
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k `�]�_!dM] k _!z�_af"ÉI]�mpo dMuV_Ef k ` v ]�_!d�_Zz�q�lÀ´V_a`�m�ÉÕlnm v q�l`ÖPqaz�_�ÉI]�mpced1d k l{d�`�Ê

�I�a�8�K��£����j�c©ª���8�j�R�Ç¢8�U�g¢9�¥�
àñc@qm²�Ö�i%o6q�c�r"!1]�_a_!c;Ö[q�z�_�É(]�mpc8dG`�_!cV`�mp]���` k o k l/q�] d�m�dMuV_�È knv uV_!ln`�mpc�r k ced�_!] ÉÝ_!]�mpoW_!d�_!]��
mpcV_µ\^l/q�cV_3ÖPqaz�_�ÉI]�mpced k `Zf k z k f^_af>g8iUq=g�_�q�oW`M\^l k dMd�_!] k ced�mhd¤Ö�m^Ê � cV_Tm�ÉPdMuV_!o k `
q�g�_!]M]bq�d�_af"g8i v ]�m�`�` k c^�Wmp]�g�_ k c^�W]�_p�Y_ v d�_afBq�d�dMuV_Zmp\^d knv q�l,oW_af k ´^o d�mµg�_4d�_a`Md�_af Ê
²PuV_Pq�g�_!]M]bq�d�_af�ÖPqaz�_�ÉI]�mpced k `
dMuV_!cµ`Ô´^\�_!] k oT\�m�`b_aflÖ k dMu@dMuV_�]�_�ÉÝ_!]�_!c v _C\^l/q�cV_:Ö[q�z�_�r
ÉI]�mpced�Êx²PuV_y]�_a`Ô´^l{d k c^� k ced�_!] ÉÝ_!]�_!c v _1\Yq�dMd�_!]Mc"f^_!\�_!cVf^`Pmpc=dMuV_×\^uYqp`�_1f k » _!]�_!c v _a`[m�É
g�mpdMu¨Ö[qaz�_�ÉI]�mpced�`ÀÊ*Õympc�r2l k cV_�q�]4c�´^oW_!] knv q�l v q�l v ´^l/q�d k mpcV`4\^]�mÀz k f^_7dMuV_Tq�g�_!]M]bq�d k mpcV`
m�ÉÕdMuV_Ef^_�ÉÝmp]MoW_afÇÖ[q�z�_�É(]�mpc8d � `b_a_E��Ê ��Ê ����Ê

ï �4���X�X�9�4�j��¢8�U�g¢8�c�
àñcUq v ´^]Mzpq�dÔ´^]�_7`�_!cV`�mp]��;dMuV_E]�_!l/q�d k mpcUg�_!d�Ö�_a_!c>` k ��cYq�lÕq�cVfh\^uYqp`�_ k `1qWcVmpc�r2l k cV_�q�]
mpcV_�qp` k c"dMuV_ k ced�_!] ÉÝ_!]�mpoW_!dM] knv `�_!cV`�mp]�Êxàñd�oW_�qp`Ô´^]�_a`�dMuV_l±Gq�\^l/q v!k q�cBm�ÉÕdMuV_*Ö[q�z�_�r
ÉI]�mpcedWf k `�d�mp]Md k mpc 
 È m%f�¹����tÊ>·Ymp]WdMuYq�dT\t´^]M\�m�`b_hq�\�_!] ÉÝ_ v dTln_!cV` k `T\^l/q v _af k c©dMuV_
ÖPqaz�_�ÉI]�mpced3Ö�u knv u k `Eg�_ k c^�hd�_a`Md�_af ÊØ²PuV_ k c8d�_!cV` k dti�\^]�mj½Vln_a` k c�d�Ö�m v mpoT\^ln_!oW_!c�r
dbq�]Miµ\^l/q�cV_a`��elnm v q�d�_af»q�d�q4f k `Mdbq�c v _�fTg�_�ÉÝmp]�_×q�cVf6q�d	dMuV_�`bq�oW_×f k `Mdbq�c v _×q<ÉId�_!]:dMuV_
ÉÝm v q�l	\^l/q�cV_6q�]�_Tf^_!d�_ v d�_af Ê$²PuV_Wf k » _!]�_!c v _Wm�ÉPdMuV_ k ced�_!cV` k d k _a` k `@q�\^\^]�ma� k o6q�d�_!l{i
\^]�mp\�mp]Md k mpcYq�lPd�m�dMuV_»lnm v q�l:ÖPqaz�_�ÉI]�mpced v ´^]Mz�q�dÔ´^]�_�ÊU}(´^d7dMuV_»`b_!cV`�mp]8³ `@z�q�l k f k dti k `
]�_a`�dM]bq k cV_af"d�mTdMuV_ v qp`�_Zm�É:q;´^c k ÉÝmp]Mo k ced�_!cV` k dñihf k `MdM] k gt´^d k mpc k chdMuV_E\^l/q�cV_*Ö�uV_!]�_
dMuV_=\^uYqp`�_ k `µf^_a` k ]�_afAd�mUg�_ ¿ cVm8Ö�c 
 °%mpdb��¶
�tÊ¡²PuV_=\^uYqp`�_ φ

v q�c g�_ v q�l v ´^l/q�d�_af
ÉI]�mpo

∇2φ(x, y) · I0 = −
[

∂I(x,y)
∂z

]

z=0k É;| k `ÑdMuV_Pf k ]�_ v d k mpcWm�ÉY\^]�mp\Yq��eq�d k mpc,Ê�²Gm1]�_ v mpcV`MdM]Ô´ v d	dMuV_(Ö[qaz�_�ÉI]�mpced��8dMuV_PsGm k `b`�mpc
_I¸K´Yq�d k mpcho<´V`Md�g�_Z`�mpl{z�_af Ê
²PuV_7�eq k c � dMuYq�d k `1dMuV_�]�_a`�\�mpcV`�_7m�ÉCdMuV_7`�_!cV`�mp]4]�_!l/q�d k z�_7d�m=dMuV_7q�g�_!]M]bq�d k mpcE� v q�c
g�_ v uYq�c^��_afÛ¦tmpc>dMuV_X�Vi¡¦7gei�]�_!��´^l/q�d k c^�BdMuV_Wq�oWm�´^ced@m�ÉPf^_�ÉIm v ´V`BÖ�u knv u k `B´V`�_af
d�mW]�_!dM] k _!z�_ZdMuV_*Ö[q�z�_�É(]�mpc8d�±
q�\^l/q v!k q�c,Ê

Ãl­�����©>��� ¢8�K�4¢8�¥�
± kÀ¿ _ydMuV_ v ´^]Mz�q�dÔ´^]�_Z`�_!cV`�mp]��8dMuV_y\8i8]bq�o k f&`�_!cV`bmp] � s:°a� v q�chq�ln`�m v uYq�c^��_1dMuV_1�eq k c
mpc�dMuV_��Vi»g8i v uYq�c^� k c^�6dMuV_4oWm%fX´^l/q�d k mpcUq�oT\^l k dÔ´Vf^_�Ê:àtc"oWm%fX´^l/q�d k mpc�oWm%f^_Eq�cVf
ÉÝmp]6`Mo6q�l{l1q�g�_!]M]bq�d k mpcV`��PdMuV_h]�_a`M\�mpcV`b_ k `6qN��m%m8f�l k cV_�q�]=q�\^\^]�ma� k o6q�d k mpc�d�m>dMuV_
ÖPqaz�_�ÉI]�mpced@f^_!] k z�q�d�_�Êl²PuV_7]�_a`�mplÀ´^d k mpc k `1� k z�_!c,�,qp`1ÉÝmp]ydMuV_ v ´^]Mz�q�dÔ´^]�_T`�_!cV`�mp]���gei
dMuV_4q�oWm�´^ced�m�ÉÑ`�_!cV`�mp][\ k ��_!ln`(´V`�_af,Ö�u knv u v q�c&g�_ v uYq�c^��_af"_�qp` k l{i�Ê	xyl{dMuVm�´^��u&dMuV_
\8i8]bq�o k fN`�_!cV`bmp] k `4q�g^ln_7d�m6oW_�qp`Ô´^]�_�l/q�]M��_Tq�g�_!]M]bq�d k mpcV` k d k `1q�ln`bm6z�_!]Mi�`b_!cV` k d k z�_
d�m6`Mo6q�l{ln_a`Md×q�g�_!]M]bq�d k mpcV`�Ê
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×m6#8 ù�]7ÆÄB�YZ?@MúÙ�R�H<UEFOÆ�ØÛû�W<RÈüµR�F[YZR�C�Æ4?@AhB[=þýÿR�U�AhÆÄ?@:¿CE?GFIH
àñdmÖ[qp` È q��eq�|a|�mpc k k cN�8¹�¹��;Ö�uVmµ\^]�mp\�m�`�_af=d�m3´V`�_Zq�\^] k `MoZÖ k dMu"\ei%]bq�o k fVq�l�ÉÝmp]Mo
ÉÝmp]lÖ[q�z�_�É(]�mpc8d7`b_!cV` k c^� k c*qp`MdM]�mpcVmpo�i 
 È q���¹��
�tÊWÎ k ` k f^_�qiÖ[qp`EgYqp`b_af�mpc¤q=z�_!]Mi
mplnf6oW_!dMuVm8f6d�mZd�_a`MdCdMuV_�ÉIm v q�lV\�m k cedPm�É,qZln_!cV`���dMuV_y`�m�r v q�l{ln_af
·Vm�´ v qj´^l{d ¿ c k ÉI_�d�_a`�d�Ê

· k ��´^]�_,¶�Ê{��� �Õê�ìl��â<è��bçÀè�äáï�ú�Üeà énì4ïõì�òtï�énâÀí�çµäåìbÜeòm0	àáïñê&ïõê�ìZúpÜ�àáénìZì�æ�ö<ìZô�äåç���ì�æ=ç�ïPïñê�ì
ì�5pô%ì7��ïñì�æo��è�ï�0	íõâÀÜeö4énâ���ç�ä;ô8â<àáÜ�ï�lnïñâ<ô�oMû��Õê�ìV�8âÀïtïñâ<ë ô�à���ïñè�íõì�ò�òtêeâI0*ïõê�ì×àåäáäåè�ë4àåÜeçaïõàáâ<Ü
ç�é{ïñìbí
ïñê�ì�úpÜ�à énì�ì�æ�ö<ì	énâÀíÑç�äåìbÜeò40	à ïõê@æ�ìbénâ��bèeòÑç�Üeæ1énâ<íGç�äåìbÜeò40	àáïñê@òñô�ê�ì�íñà��bçÀäeç8�%ìbíõíõç�ïñàåâÀÜVû

²Pu k `�d�_a`Md v mpcV` k `Md�`7m�É k l{lÀ´^o k cYq�d k c^�UdMuV_6ln_!cV`�Ö�u knv u k `Ed�mBg�_Td�_a`�d�_af�Ö k dMu q
\^l/q�cV_oÖPqaz�_�ÉI]�mpcedWq�cVf>d�m&\^l/q v _=q ¿ c k ÉÝ_µg^l/qpf^_ k c�dMuV_6`Ô´^\^\�m�`b_afNÉIm v q�l	\^l/q�cV_��Ñ`�m
dMuYq�dPdMuV_ ¿ c k ÉÝ_y_af���_ k `[mp] k _!ced�_af=ÉÝmp][_��Vq�oT\^ln_1uVmp] k |�mpcedbq�l{l{i"q�cVf k `B³ d�m�´ v u k c^��³�dMuV_
mp\^d knv q�l;q<� k ` � · k �VÊq¶�Ê{�c��Ê�àtÉ;dMuV_�]�_�q�lVÉIm v ´V` k `	oWmp]�_�f k `�dbq�ced	ÉI]�mpo dMuV_�ln_!cV`	dMuYq�c6dMuV_¿ c k ÉI_��%dMuV_�´^\^\�_!][uYq�lÍÉÑm�É
dMuV_1]bqai�` k `�g^lnm v6¿ _af&]�_a`6´^l{d k c^� k chq�c k l{lÀ´^o k cYq�d�_afØ´^\^\�_!]
uYq�lÍÉ v!k ] v ln_ k c=dMuV_4\^l/q�cV_4m�ÉÕmpgV`�_!]Mzpq�d k mpc,Ê�·Vmp]×q�ln_!cV`mÖ k dMuh`M\^uV_!] knv q�l
q�g�_!]M]bq�d k mpcV`À�
Ö�uV_!]�_@dMuV_Em�´^d�_!]�]bqai�`�uYq�z�_�q7ÉÝm v q�l,ln_!c^��dMu fo

v lnm�`�_!]�d�mTdMuV_Eln_!cV`�dMuYq�c�dMuV_ZÉIm v q�l
ln_!c^��dMu fi

m�ÉGdMuV_ k c^cV_!]�]bqai�`���dMuV_1g^l/qpf^_ k cedM]�m%fX´ v _af�q�d×q@ÉIm v q�l f k `Mdbq�c v _4g�_!d¤Ö�_a_!c
fo

q�cVf fi
Ö k l{lPg^lnm v6¿ dMuV_6]bq�i%` v mpo k c^�UÉI]�mpoÆdMuV_ k c^cV_!]3´^\^\�_!]7uYq�lÍÉ4q�cVf¤dMuVm�`b_

ÉI]�mpo dMuV_Em�´^d�_!]�lnm9Ö�_!]×uYq�lÍÉ	]�_a`Ô´^l{d k c^� k c"dMuV_ v mpoT\^ln_!oW_!cedbq�]Mi k o6q���_ � · k �VÊ�¶�Ê{�c��Ê
àtÉydMuV_ ¿ c k ÉI_&_af���_ k `µ]�_!\^l/q v _af©g8iAqU]�m%m�Éy\^] k `Moh�CcVmpcV_"m�ÉydMuV_&]bq�i%`3Ö k l{l�g�_

g^lnm v6¿ _af ��gt´^d1dMuV_�´^\^\�_!]yuYq�lÍÉCm�É:dMuV_�]bqai�`�Ö k l{lGg�_@`�_!\Yq�]bq�d�_afN`M\Yq�d k q�l{l{ihÉ(]�mpo dMuV_
lnm9Ö�_!]:uYq�lÍÉ�gei@]�_�ÉI]bq v d k mpc,Êk¼ k dMuW`6´ v uWqy]�m8m�É�\^] k `Mo � `�_a_m· k �VÊ%¶�Ê ���4Ö�_�mpc^l{i v q�cµ��_!d
k c�ÉÝmp]Mo6q�d k mpchm�ÉGdMuV_Eq�g�_!]M]bq�d k mpcV` k c"mpcV_Zf k oW_!cV` k mpc,��dMu�´V`yq@\8i8]bq�o k f&\^] k `�oZÖ k dMu
q�d1ln_�qp`Md4dMu^]�_a_µ` k f^_a` k `ycV_a_af^_afUd�m=f k `Md k c^��´ k `MuNg�mpdMuNf k oW_!cV` k mpcV`�ÊB²PuV_�\8i8]bq�o k f
v q�c�uYqaz�_ n ≥ 3 ` k f^_a`��hd�m¤��_!d k c�ÉÝmp]Mo6q�d k mpc q�g�m�´^d»dMuV_Nq�g�_!]M]bq�d k mpcV` k c�g�mpdMu
f k oW_!cV` k mpcV`×\�_!]M\�_!cVf knv ´^l/q�]×d�mµdMuV_@mp\^d knv q�lGq<� k ` 
 w�l/q���¶
�tÊ
àñchdMuV_E\8i8]bq�o k fU`�_!cV`�mp]4qT\�_!] ÉI_ v dyln_!cV` Ö k dMu>q3Ö�_!l{lÍr ¿ cVm8Ö�cUÉÝm v q�lGln_!c^��dMuhÉÝm v ´V`b_a`
�tå�æ�çxê·é��Qñ����ìçQô�í�ò	��ó�ç"ðuéGî�
 ê·ë	ô�çÃê�
xñ��Àõuñ�
cê+ð�ç�î�ç"ð�ê�å�é}å�æ�ç�ícò	��ó�ç"ðÄé#îaî�ñ��Ãç"å�êhñGð�é#ò
í
ô[å�æ
çhå�ë	è
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· k ��´^]�_�¶�Ê ��� üAíõâ�âÀé;ô�íõàÍòtë3�eçB2aÞÝòñàåæ�ì�æEô��píõçÀë4àåæ�ô�íõàåòñë ç�Ü8æ7ç��ÀÞIòñàåæ�ì�æ�ôj�pí ç�ë4àÍæEô�íõàåòñëµû

dMuV_BÖPqaz�_�ÉI]�mpced�d�mµg�_1d�_a`Md�_af&mpced�mµdMuV_4\8i8]bq�o k f`³ `�d k \ÇÖ�u knv u k `P\^l/q v _af"_��^q v dMl{i&q�d
dMuV_ZÉIm v q�l \�m k c8d×m�ÉÕdMuV_4ln_!cV`�Ê

¯�rtsurts ����� ¯��¸��|t³���³`����|t���
¼�_6f^_!cVmpd�_6q v m%mp]�f k cYq�d�_W`Mi�`Md�_!o (x, y) q�d@dMuV_T\t´^\ k l:\^l/q�cV_��GdMuYq�d k `ZdMuV_T\^l/q�cV_
m�É�dMuV_�ln_!cV`À��q�cVf>q v m%mp]�f k cYq�d�_T`Mi%`�d�_!o (xf , yf ) q�d4dMuV_�ÉIm v q�lÑ\^l/q�cV_7m�É�dMuV_�ln_!cV`À�
dMuYq�d k `ÑdMuV_�\^l/q�cV_�\�_!]M\�_!cVf knv ´^l/q�]	d�m×dMuV_Pmp\^d knv q�lVq<� k ` k c v lÀ´Vf k c^�4dMuV_[\ei%]bq�o k f`³ `Õd k \
\�m�` k d k mpc,�jÖ k dMu@g�mpdMuZ�%r v m8mp]�f k cYq�d�_a`GuVmp] k |�mpcedbq�l2�8q�cVfEg�mpdMuEier v m%mp]�f k cYq�d�_a`Gz�_!]Md knv q�l2�
dMuV_Cmp] k � k cEg�_ k c^�ympcZdMuV_:mp\^d knv q�l%q<� k `�Ê,x¤]bqaiZ_!o k dMd�_afZÉI]�mpo qP\�m k cedkÊ � �`³ � i.³	� k cEdMuV_
_!c8dM]bq�c v _7\t´^\ k l
dMuYq�d1uYqp`1q6`Mlnmp\�_ ∂W (x′,y′)

∂x
q�cVf ∂W (x′,y′)

∂y

k c��8r�q�cVfhi8rtf k ]�_ v d k mpc
]�_a`�\�_ v d k z�_!l{i��tÖ k l{l
]�_�q v u�dMuV_4\�m k ced Qf

�
x′

f ; y′f
� k c"dMuV_4ÉÝm v q�l \^l/q�cV_*Ö k dMu

(x′
f , y′f ) = f ·

(

∂W (x, y)

∂x
,
∂W (x, y)

∂y

)
∣

∣

∣

∣

x=x′

y=y′

.
� ¶�Ê ���

x ]bqai�mp] k � k cYq�d k c^�=ÉI]�mpo qW\�m k c8d k cUdMuV_Eln_!cV`1\t´^\ k lkÖ k l{lÑ_ k dMuV_!]1g�_@f k `M\^l/q v _afBd�m
É2q v _ A1

� A2
�,mp] A3

m�É[dMuV_µ\ei%]bq�o k f � · k �VÊ�¶�ÊO¶��1f^_!\�_!cVf k c^�hmpc>dMuV_T` k ��cV`Zm�É[dMuV_

· k ��´^]�_;¶�ÊO¶�� �;âÀôpßpàáì70*âÀÜ7ïõê�ìPïñàåôTâ�é�ïñê�ì�2aÞÝòtàÍæ�ì�æ�ô��píõçÀë1àÍæ�ô�íñàÍòñë 0	àáïñêTàáïõò�24íõì�éní ç9��ïñàåÜ�ö
ôeäåçÀÜ�ì�ò�û

f^_!] k z�q�d�_a` ∂W (x,y)
∂x

q�cVf ∂W (x,y)
∂y

Ê3àtdBÖ k l{l	]�_�q v u*dMuV_ v mp]M]�_a`M\�mpcVf k c^�h\t´^\ k l k c>dMuV_
k o6q���_4\^l/q�cV_Zqp` v q�c&g�_1`b_a_!c k cÇ· k �VÊ&¶�Ê ºV�XÖ�uV_!]�_1dMuV_1]bqai=]�_�q v uV_a`�dMuV_ylnm9Ö�_!]PÉ2q v _!d
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q vav mp]�f k c^�Bd�m k d�`Zd k l{d@q�cVf>dMu�´V` k l{lÀ´^o k cYq�d�_a`@dMuV_ v mp]M]�_a`M\�mpcVf k c^��\�m k ced k c k o6q���_
\t´^\ k l P3

�.Ö�u k ln_�dMuV_ v mpc�Ù�´^�eq�d�_µ\�m k c8d�` k c k o6q���_�\t´^\ k l P1
q�cVf k o6q���_7\t´^\ k l P2]�_!o6q k c�fVq�] ¿ Ê

°%m=É2q�]�� mpc^l{i k c�ÉÝmp]Mo6q�d k mpc*q�g�m�´^dZdMuV_7` k ��c�m�É�dMuV_;Ö[q�z�_�É(]�mpc8d�f^_!] k z�q�d k mpc v q�c
g�_Pmpg^dbq k cV_af6qp`	_�Ê �VÊGÉImp]:q1`Mo6q�l{l^\�m�` k d k z�_�f^_�ÉIm v ´V`:q�cVfTq1g k �Z\�m�` k d k z�_[f^_�ÉÝm v ´V`ÕdMuV_
k o6q���_ k `:dMuV_�`bq�oW_�Êx²GmE��_!d�q�ch¸�´Yq�c8d k dbq�d k z�_ k c�ÉÝmp]Mo6q�d k mpc"q�g�m�´^d:dMuV_1q�g�_!]M]bq�d k mpcV`
dMuV_7\ei%]bq�o k f v q�cNg�_�oWm�z�_af v!k ] v ´^l/q�]Ml{i�Ê<²Pu k ` k `4f^mpcV_7geiBoWm�z k c^�&dMuV_�\8i8]bq�o k f
Ö k dMu k d�`�`Mi%oToW_!dM]Mi=q<� k `P]�_!o6q k c k c^�W\Yq�]bq�l{ln_!l d�m7dMuV_Zmp\^d knv q�l
q<� k `��%ln_!dMd k c^�WdMuV_1d k \
f^_a` v ] k g�_yq v!k ] v ln_×m�É ]bqpf k ´V` rT

� dMuV_�oWm%fX´^l/q�d k mpc=q�oT\^l k dÔ´Vf^_c��Ö k dMu»dMuV_PÉ(]�_I¸K´V_!c v i
1
T
q�]�m�´^cVfNdMuV_µmp] k � k c�m�ÉCdMuV_ (xf

� yf ) r2\^l/q�cV_�Ê�x×l{d�_!]McYq�d k z�_!l{iUdMuV_7g�_�q�o `M\�mpd v q�c

· k ��´^]�_<¶�Ê ºV��x ]bqai&ÉI]�mpo qµ��_!cV_!] knv \�m k ced k chdMuV_@_!c8dM]bq�c v _@\t´^\ k l4Ö k dMuBqµd k l{d�Ö k l{l
cVmpd�g�_1ÉIm v ´V`�_af&mpc"dMuV_4\ei%]bq�o k f`³ `�d k \"gt´^d
Ö k l{l g�_Zf k `M\^l/q v _af=ÉI]�mpo dMuV_1ÉIm v ´V`�Êxàñd
Ö k l{lÑg�_@]�_�É(]bq v d�_afUg8i�mpcV_�m�É:dMuV_�dMu^]�_a_7\ei%]bq�o k f`³ `1\^l/q�cV_a`yd�m»dMuV_ v mp]M]�_a`M\�mpcVf k c^�
\t´^\ k l2Êx²PuV_1z�_!]Md�_��=m�É,dMuV_1\8i8]bq�o k f k `[\�m�` k d k mpcV_af&q�d[dMuV_ycVmpo k cYq�l�ÉIm v ´V`C\�m k ced�m�É
dMuV_Z\t´^\ k l
ln_!cV`�Ê
g�_CoWm%fX´^l/q�d�_afWq�]�m�´^cVf7dMuV_:½^��_af�d k \3Ö k dMuTq×\ k _!|�m�rtf�] k z�_!cWoWmpd�mp]�ÊÕx1`�`Ô´^o k c^�1dMuYq�d
dMuV_ k c8d�_!cV` k d k _a`Em�ÉPdMuV_�\t´^\ k ln`�q�]�_ k ced�_!��]bq�d�_af*mÀz�_!]EmpcV_µ\�_!] k m%f¡²Z��dMuV_ k ced�_!cV` k dñi
\Yq�dMd�_!]Mc�m�ÉÕdMuV_Z\t´^\ k ln`×cVm8Ö f^_!\�_!cVf^`×mpc ∂W (x,y)

∂x
q�cVf ∂W (x,y)

∂y
Ê

¯xr�sur�q � ��³�¢��tyÄ��|t�+{;��¾¿yø���x��¾m�}�¡|t���
²GmEf^_!] k z�_�dMuV_�` k ��cYq�l k c v qp`�_�m�É�oWm8fX´^l/q�d k mpc,�8ln_!d8³ ` v mpcV` k f^_!]:dMuV_�mpcV_�f k oW_!cV` k mpcYq�l
v qp`�_�Ö k dMu�q�]�m%m�ÉG\^] k `MohÊ:x1`�`Ô´^o k c^�µdMuYq�d�dMuV_4f k `M\^l/q v _!oW_!c8dym�É
dMuV_4]bq�i6ÉI]�mpo dMuV_
]�m%m�Éy_af���_&fX´V_=d�mNqB`Mlnmp\�_ ∂W (x,y)

∂y

k `µ_�Ê �VÊ f · ∂W (x,y)
∂y = h < 0

� · k �VÊK¶�ÊO¯��p� k É
q&` k cK´V`�m k fVq�lCoWm%fX´^l/q�d k mpcªÖ k dMu¤q�oT\^l k dÔ´Vf^_ a

� v mp]M]�_a`M\�mpcVf k c^��d�m rt
ÉImp] v!k ] v ´^l/q�]

oWmÀz�_!oW_!ced#��q�cVfUÉ(]�_I¸K´V_!c v i f = 1
T
m�É[dMuV_µ\8i8]bq�o k f�oWm�z k c^�h\Yq�]bq�l{ln_!l:d�m&dMuV_Ti8r

q<� k ` k `7f^mpcV_��ÑdMuV_6`M\�mpd�Ö k l{l�]�_!o6q k c>Ö k dMu k c©q"d k oW_ k ced�_!]Mz�q�l ∆t1
k c¤dMuV_$´^\^\�_!]

]�m%m�É�ÉÝq v _!d��%q�cVf$Ö k dMu k c=qZd k oW_ k ced�_!]Mz�q�l ∆t2 > ∆t1
k cWdMuV_×lnm8Ö[_!]�]�m%m�É�ÉÝq v _!d���Ö k dMu

∆t1 + ∆t2 = T Ê�à2É:dMuV_ k c8d�_!cV` k d k _a`Zm�É:dMuV_7d¤Ö�m=\ k �^_!ln` k cBdMuV_�d¤Ö[m k o6q���_7\t´^\ k ln`
q�]�_ k c8d�_!��]bq�d�_af�m�z�_!]6mpcV_&\�_!] k m%f¤dMuV_&]bq�d k mNg�_!d¤Ö[_a_!c�dMuV_ k ced�_!cV` k dti Iu

q�cVf dMuV_
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k c8d�_!cV` k dti IL
k `P_I¸K´Yq�l�d�m7dMuV_1]bq�d k mTm�É
dMuV_1d k oW_1dMuV_Z`M\�mpd[`M\�_!cVf^` k c"_�q v u&É2q v _!dPm�É

dMuV_E]�m8m�É(r2\^] k `Moh��dMuYq�d k `
∆t2
∆t1

= IL

Iuk É Iu
k `PdMuV_ k c8d�_!cV` k dti&m�ÉÑmpcV_1\ k �^_!l�oW_�qp`6´^]�_af k c=dMuV_1\t´^\ k l v mp]M]�_a`M\�mpcVf k c^�Td�m7dMuV_

´^\^\�_!]�É2q v _!d×q�cVf IL
dMuV_ k ced�_!cV` k dñi&m�ÉÕdMuV_E_I¸K´ k zpq�ln_!c8d×\ k �^_!l k chdMuV_4lnm8Ö[_!]×\t´^\ k l2Ê

· k ��´^]�_h¶�ÊO¯�� �pàåÜpèeòñâÀàÍæ�ç�ä ë4â�æ�è�äÍçaïõàáâ<Ü=àåÜ"âÀÜeìEæ�àáë4ì�ÜeòtàåâÀÜ&âÀéÕçµíõâpâ�éGôeíñàÍòtëµû��Õêeìl�8ì�ç�ë
àÍòyénâ���èeòñì�æBçaïZç6æ�àÍò2ï ç�Ü��bì�ê���@TéníõâÀë ïñêeì�íõâpâ�é:ì�æ�öÀì;0	ê�ìbÜ�ïñê�ì7ô�íõàåòñë àåò1àåÜ�àáïõòB��ì�Ü�ïñìbí
ô%â<òñàáïñàåâÀÜVû

à2ÉCdMuV_7g^lÀ´^]M]�_afN`M\�mpd4l k _a` k cV` k f^_�dMuV_7oWm%fX´^l/q�d k mpc*q�oT\^l k dÔ´Vf^_�� dMuV_µ` k ��cYq�l1Ö k l{l
cV_!z�_!]>g�_ `bq�dÔ´^]bq�d�_afu�&dMuYq�d>oW_�q�cV`i3 ]�_!�eq�]�f k c^� mpc^l{i mpcV_©f k oW_!cV` k mpc`3 dMuYq�d
δW (x,y)

δy < a
f
Ê à2ÉTqpf^f k d k mpcYq�l{l{i�dMuV_�q�g�_!]M]bq�d k mpcV`Bq�]�_>`�o6q�l{l v mpoT\Yq�]�_af¦d�m dMuV_

oWm%fX´^l/q�d k mpc�q�oT\^l k dÔ´Vf^_7dMuV_@` k ��cYq�l k `1q�\^\^]�m�� k o6q�d k z�_!l{iBl k cV_�q�]4d�mWdMuV_<Ö[qaz�_�ÉI]�mpced
f^_!] k z�q�d k z�_ � ] k ��u8d v ´^]Mz�_���· k �VÊ9¶�Ê �����^l kÀ¿ _ k d k `�dMuV_ v qp`�_ k c"dMuV_EÎ*°t°�Ê

²PuV_"�eq k c�m�É1dMuV_�`�_!cV`�mp] v q�c©g�_hqpfVq�\^d�_af k c v lnm�`�_af%r2lnm%mp\,ÊF¼�uV_!c�`Mdbq�]Md k c^�
v lnm�`b_af%r2lnm8mp\ÅÖ k dMu©g k �*q�g�_!]M]bq�d k mpcV`���dMuV_»oWm%fX´^l/q�d k mpc�q�oT\^l k dÔ´Vf^_"uYqp`µd�mNg�_=g k �
_!cVm�´^��u,�G`�m&dMuYq�dEdMuV_T` k ��cYq�l k `EcVmpd@`bq�dÔ´^]bq�d�_af Ê3¼�u k ln_ v mp]M]�_ v d k c^�Uq�cVf>dMuK´V`Ef^_�r
v ]�_�qp` k c^�"dMuV_Wq�g�_!]M]bq�d k mpcV`��
dMuV_Wq�oT\^l k dÔ´Vf^_ k `Zf k o k c k `MuV_af*q�cVfNdMuV_T`b_!cV`�mp] ¿ _a_!\V`
k c"dMu k `VÖ[q�i"q7u k ��uB`�_!cV` k d k z k dtihq�cVf"o6q k cedbq k cV`1qµ��m%m8f"` k ��cYq�l d�mWcVm k `�_4]bq�d k m^Ê

· k ��´^]�_�¶�Ê ��� ÛÝÜ�ïõìbÜeòñà ïq�hæ�àpd�ìbíõìbÜ��bì�âÀé(�bâÀÜaÿ2è�ö�çaïõì@ô�àe5�ìbäÍò4àáÜ�ïñê�ìµô�è�ôeàáäÍò��Ñæ�ìbô%ìbÜ8æ�àáÜeö=â<Ü
ïõê�ì�ïõàáäáï�l�òtäåâÀô%ìpoÕâÀé�ïñê�ì 0Õç!ßÀìbéníñâ<Ü�ï7w,àåÜTöÀì�âÀë4ì�ïõíñà��PâÀô�ïõà���òÕénâÀí[çZò2ï çaïõà���ô��pí ç�ë4àåæ l/äáìbé{ïÃoÔ�%àåÜ
�eâÀè�íõàåìbí	âÀô�ïñà��bòÑénâÀí:ç4òtïõç�ïñà���ô��pí ç�ë4àåæflnë4àÍæ�æ�äåìpo	çÀÜeæ@énâÀí:ç1ë4âpæ�è�äåç�ïñì�æ�ô��pí ç�ë4àåæflníõàåöÀê�ïÃo�û

¯�rtsur�¯ ������¹��¸��|t³���³`����|t���
²Gm mpg^dbq k c�dMuV_Nq�g�_!]M]bq�d k mpcV` k c��%rµq�cVf�i8rtf k ]�_ v d k mpc�d¤Ö�m ]�m%m�É@\^] k `MoW`&mp] k _!c8d�_af
\�_!]M\�_!cVf knv ´^l/q�]Ml{i6d�mµ_�q v u"mpdMuV_!]�q�]�_1cV_a_af^_af"mp]��%_I¸K´ k z�q�ln_!cedMl{i��Vq�ºprt` k f^_af=\ei%]bq�o k f
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\^] k `Mo k `4cV_a_af Ê7}[i�f^_&½Vc k c^�"dMuV_T` k ��cYq�ln` Sx = Sx(x, y) q�cVf Sy = Sy(x, y) ÉImp]
q=\t´^\ k l:\�m k ced7q�d x = l q�cVf y = m

k c>dMuV_W_!c8dM]bq�c v _W\t´^\ k l�qp`EdMuV_TcVmp]Mo6q�l k |�_af
k c8d�_!cV` k dti�f k »�_!]�_!c v _a`hdMuYq�d"dMuV_ v mp]M]�_a`�\�mpcVf k c^��\ k �^_!ln`&uYqaz�_ k c�dMuV_UÉÝm�´^]&\t´^\ k l
k o6q���_a`���Ö�_ v q�ciÖ�] k d�_EdMu k `�]�_!l/q�d k mpc�dMuV_1ÉÝmpl{lnm8Ö k c^�,Ö[qai��

∂W
∂x

∣

∣

∣

l,m
∼ Sx(l,m) = (I1+I4)−(I2+I3)

IS

∣

∣

∣

l,m

∂W
∂y

∣

∣

∣

l,m
∼ Sy(l,m) = (I1+I2)−(I3+I4)

IS

∣

∣

∣

l,mÖ�uV_!]�_ In
k ` dMuV_ k c8d�_!cV` k dti q�d dMuV_ v mp]M]�_a`M\�mpcVf k c^�Æ\ k �^_!l � l2� o�� m�É \t´^\ k l

n = {1, 2, 3, 4} k c"dMuV_ k o6q���_Z\^l/q�cV_�� Is
k `�dMuV_@m�z�_!]bq�l{l k c8d�_!cV` k dtihm�ÉÕdMuYq�d�\ k �^_!l k c

q�l{lxºh\t´^\ k ln`ÀÊoàtc>dMuV_µ��_ampoW_!dM] knv q�lPq�\^\^]�ma� k o6q�d k mpc Sx
q�cVf Sy

q�]�_T\^]�mp\�mp]Md k mpcYq�l
d�mµdMuV_E`�lnmp\�_a` k c&�hq�cVf"i&f k ]�_ v d k mpc�]�_a`M\�_ v d k z�_!l{i�Ê

²PuV_&`bq�oT\^l k c^� � v mp]M]�_a`M\�mpcVf k c^�>d�mBdMuV_=`�\Yq�d k q�l�]�_a`�mplÀ´^d k mpcE� k `7� k z�_!c gei*dMuV_
cK´^o@g�_!]�m�É�\ k ��_!ln`�mpcTdMuV_�f^_!d�_ v d�mp] � w�w j r v q�oW_!]bq��ÕdMuYq�d[q�]�_
´V`�_afµÉÝmp]:_�q v u»\t´^\ k l2Ê
°%m^�Pd�mA_!c^uYq�c v _�]�_a`bmplÀ´^d k mpc ÉÝmp]=q*� k z�_!c�`�_!cV`bmp]���dMuV_ k o6q���_B\t´^\ k l1` k |�_huYqp`»d�m
k c v ]�_�qp`�_��YdMu k ` v q�cBg�_Zf^mpcV_�_�qp` k l{i&gei k c v ]�_�qp` k c^�6dMuV_EÉIm v q�l,ln_!c^��dMuUm�ÉÑdMuV_ k o6q���_
ln_!cV` k c
· k �VÊ�¶�Ê º�qp`�`6´^o k c^�@dMuYq�d:dMuV_ k ced�_!cV` k dñi k `:u k ��u6_!cVm�´^��u»d�m ¿ _a_!\=q4d�mpln_!]bq�g^ln_
` k ��cYq�l
d�mµcVm k `�_Z]bq�d k m^Ê

×m6Ã5 �ÛMX\IR BIHXM û�?Q:��ÜÝ<B[=@?ÃC�]
²PuV_@o k c k o�´^o cV_ v _a`�`bq�]Mi"_af���_�q�cVfBd k \�¸K´Yq�l k dti k `yf^_!d�_!]Mo k cV_af�g8i"dMuV_@`Mo6q�l{ln_a`�d
`M\�mpdZ` k |�_�� k Ê _�Ê�dMuV_Tx k ]Mi8rtf k ` v m�ÉPq&f k »�]bq v d k mpc>l k o k d�_af¡Ö[q�z�_�É(]�mpc8dEÉÝmp]Eq v!k ] v ´^l/q�]
\t´^\ k l2Ê�²Pu k `�oW_�q�cV`@ÉÝmp]µqhl k o k d k c^�B\t´^\ k lPm�É�]bqpf k ´V` rp

q�cVf>Ö[q�z�_!ln_!c^��dMu λ q�cVf
ln_!cV`�m�ÉÑÉÝm v q�l ln_!c^��dMu f qµ`M\�mpd�` k |�_Zm�ÉÕ]bqpf k ´V`

rAiry = 1.22
f · λ
2 · rp

.
� ¶�ÊO¶��

²GmW��_!dyqo¸K´Yq�ced k dbq�d k z�_�z�q�lÀ´V_*Ö�_@q�c8d knv!k \Yq�d�_@uV_!]�_@dMuV_Z\Yq�]bq�oW_!d�_!]�`yoW_!ced k mpcV_af k c
v uYq�\^d�_!]µ��ÊO¶z�kÖ�_6��_!d��,ÉÝmp]@m�´^]lÖPqaz�_!ln_!c^��dMu,�:m�´^]EÉIm v q�l:ln_!c^��dMuAq�cVf*m�´^]�_!cedM]bq�c v _
\t´^\ k l2�Yqµf k »�]bq v d k mpc�l k o k d�_af�`M\�mpd�m�ÉÕ]bqpf k ´V` rAiry = 80µm Ê
àtÉ
qZlnm�`�`�m�ÉG����� v qj´V`�_af6geiW` v q�dMd�_!] k c^�µm�É,l k ��ued�q�dCdMuV_ydÔ´^]McV_af=_af���_a`�m�É dMuV_y\ei%]bq<r
o k f k `Pd�mpln_!]bq�d�_af �YdMuV_*Ö k f�dMu�m�ÉÕdMuV_Z_af���_a`�uYqp`�d�mµg�_��E��� µm Êx·Vmp]yqµlnm�`b`�m�ÉÑln_a`�`
dMuYq�ch����� mpcTdMuV_�_af���_a`:dMuV_mÖ k f�dMuWuYqp`	d�m4g�_��V¹ µm Ö k f^_�ÊÕs	]�m%fX´ v!k c^�@\8i8]bq�o k f^`
Ö k dMu�`6´ v u�`MuYq�]M\B_af���_a`×q�cVfh`Ô´ v u½�;q�d�É2q v _!dyq�c^��ln_a`�� k `�z�_!]Mi"f k Ê v ´^l{d��V_a`M\�_ v!k q�l{l{i
dbq ¿%k c^� k c8d�mUq vav m�´^c8dµdMuYq�dµqhÉR´^]MdMuV_!]µf^_!o6q�cVf k `@dMuYq�d7dMuV_TÉ2q v _!d�`µ`MuVm�´^lnf¤g�_=qp`
\^l/q�cV_hqp`T\�m�`�` k g^ln_=cV_�q�]WdMuV_&d k \ � dMuYq�d k `Wq�dWf k `�dbq�c v _a`6q�]�m�´^cVf©dMuV_&d k \,�:Ö�uV_!]�_
dMuV_*ÖPqaz�_�ÉI]�mpced k `�ÉÝm v ´V`b_af��Pq�cVf�q�d�dMuV_Z\8i8]bq�o k f`³ `ygYqp`�_��tÖ�uV_!]�_ZdMuV_Eg�_�q�o � `#��q�]�_
� ñ@ð�épò
í
ô

3
◦
ñ@ð�ç}ò�ê·çQô�ë	í¿ñGêÖå·ð�épí
é�� 
�ð�çQñ��tæ
ëìí"!�ñDð�é÷é#î��ìçÃí"!Gå�æ¿éGî�#

µm
ñGí�ô�å�òcð�í
çQô7çQô$!pçÃê�é#î#$% &

µm ' ( ñ�!*)�)�+
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dM]bq�cV`�o k dMd�_af Ê�²PuV_�\ei%]bq�o k f^`B´V`�_afNq�dydMuV_�oWmpoW_!ced k cNx � `�i%`Md�_!oW`4q�]�_<ºprt` k f^_af
\8i8]bq�o k f^`ÀÊ�²PuV_!i6uYq�z�_yd�Ö�mWqpf^f k d k mpcYq�l k c^uV_!]�_!c8d�\^]�mpg^ln_!oW` v mpoT\Yq�]�_af&d�mo¶<rt` k f^_af
\8i8]bq�o k f^`ÀÊo· k ]�`�d���ÉImp]@q�c�_af���_W\^]�m8fX´ v d k mpc*m�ÉPdMuV_T`bq�oW_o¸K´Yq�l k dti�� k Ê _�ÊµdMuV_T`bq�oW_
Ö k f�dMuNqp`PÉÝmp]�dMuV_�¶<rt` k f^_af"\8i8]bq�o k f �;dMuV_@q�oWm�´^c8dym�É:` v q�dMd�_!]�_afhl k ��u8d k ` � q�d×ln_�qp`Md#�
¶�¶�� u k ��uV_!]1ÉImp]ydMuV_�ºprt` k f^_af$Ù�´V`Md1g�_ v qj´V`�_�m�ÉCdMuV_µqpf^f k d k mpcYq�lÕ_af���_�Ê�²PuV_7`�_ v mpcVf
f k `�qpf�zpq�c8dbq���_ k `1dMuYq�d�Ö�u k ln_7\�mpl k `Mu k c^�=cVmpdZqWd k \Ugt´^d�´V`6´Yq�l{l{iBqW]�m%m�É k ` v ]�_�q�d�_af Ê
w[mpcV`b_I¸�´V_!c8dMl{i�dMuV_Bq�]�_�q¤q�g^ln_hd�m*` v q�dMd�_!]6l k ��ued k c v ]�_�qp`�_a`&q�cVf�dMuV_���_ampoW_!dM] knv q�l
`�i8oToW_!dM]Mi k `ycVmpdy� k z�_!cNq�cei%oWmp]�_�ÊV¼�uV_!c�\�mpl k `Mu k c^�=dMuV_El/qp`Md � d¤Ö[m¡�×` k f^_ � `#� k d k `
z�_!]MiTf k Ê v ´^l{d�d�m@qaz�m k f=q4]�m8m�ÉM��Ö�u knv u6uYq�\^\�_!cV`�Ö�uV_!c6dMuV_�l/q�\^\ k c^� k `C`�d�mp\^\�_afTd�m%m
_�q�]Ml{i"mp]�d�m%mTl/q�d�_�Ê�·�´^]MdMuV_!]��^ÉÝmp]D�;q�d�\ei%]bq�o k f^`�dMuV_Z\�mpl k `Mu k c^�»q���_!c8d v q�ch\Yqp`b`�mpc
d�mZq�l{]�_�qpf�i���m8m%f7\�mpl k `MuV_af�É2q v _a`��pf^_!d�_!] k mp]bq�d k c^�EdMuV_!ohÊk¼�uV_!cµ\�mpl k `Mu k c^�EqB¶<rt` k f^_af
\^] k `�o cVmµl/q�\^\ k c^�6\^]�mpg^ln_!oW`1q�] k `�_�Ê

· k ��´^]�_ ¶�Êpµ%� �pàåöÀÜeçÀä�äáâ�òñòa0	ê�ì�Üyénâ��bèeòtàåÜ�öPâÀÜyïñêeìÑô��pí ç�ë4àåæ�b ò;ïñàåôVû`�Õê�ìx�bçÀèeòñìÑàÍò�àåë1ô%ìbíñénì7��ï7�f8Ü�à ïõìyì�æ�öÀì4ç�Ü8æµïñàåô=òñàåðbì×âÀé,ïñêeì�2�ÞIòñàåæ�ì�æ l�ç�o�ç�ÜeæTïñê�ì���ÞÝòtàÍæ�ì�æ l/�²o:ô��píõçÀë4àåæWçÀÜeæWäåâ<òõò�â�é
äåàåöÀê�ïx�j��íñìbýeì7��ïñàåâÀÜ lníõàáö<ê�ïÃoMû
x�f^f k d k mpcYq�lE` k ��cYq�l1lnm�`b` k `"fX´V_Ud�mAdMuV_U]�_p�Y_ v d�_af�l k ��uedhmpc q�l{l4`Ô´^] ÉÝq v _a`ÀÊ x×c8d k r
]�_p�Y_ v d k mpc v m�q�d k c^��`�dMuYq�dyq�]�_B´V`�_af»ÉÝmp]�mpdMuV_!]�mp\^d knv `�l kÀ¿ _4ln_!cV`�_a`×q�]�_Eq�z�m k f^_af"uV_!]�_
qp`PdMuV_ v m�q�d k c^�Wf k `�dM] k gt´^d k mpchmpch_af���_a` k ` v ] k d knv q�l
q�cVf&cVmpd×qp`PuVmpoWmp��_!cV_am�´V`×qp` k d
v q�c�g�_4o6q�cK´�ÉÝq v dÔ´^]�_af�Ö�uV_!chuYqaz k c^� v mpc8d k c�´Vm�´V`��;`MoWm8mpdMuB`Ô´^] ÉÝq v _a`ÀÊ
x ÉÝ_LÖ i�_�q�]�`µq���mBq&��]�m�´^\ k c¤}�qp`�m�z k |a|Àq<r¤²,] k _a`�d�_��xàtdbq�l{i��Go6q�c�´�É2q v dÔ´^]�_afAqh\ei%]bq<r
o k fA\^] k `Mo m�Éy\^ln_�� k ��l/qp`�`µg8i*oW_�q�cV`Wm�É1f^_a_!\ �8r2]bq�i*l k dMuVmp��]bq�\^uei 
 !1u k ��¶��tÊª²PuV_
¸K´Yq�l k dtiWq v u k _!z�_af
Ö k dMu»dMu k `:oW_!dMuVm%f k `C_�qp` k _!]Cd�mZ]�_!\^]�m8fX´ v _×dMuYq�c
Ö k dMuWdMuV_<³ uYq�cVf
o6qpf^_�³{�8\�mpl k `MuV_afW\^] k `MoW`ÀÊx²PuV_�\^] k `Mo dMuYq�dCdMuV_!iT\^]�m%fX´ v _afWuYqpf&q4z�_!]Md�_��»q�c^��ln_ym�É
�9µp��ÊO¶ ◦ � dMuYq�d k `�qEÉÝq v _!d�q�c^��ln_4m�É
ln_a`�`[dMuYq�c>� ◦ ��q�cVf»dÔ´^]McV_af"_af���_a`Pm�Ék¶�¯ µ o Ö�u knv u
k `�cVmpdyqp`���m%m8fhqp`�dMuV_4dÔ´^]McV_afB_af���_a`×q v u k _!z�_af�Ö k dMuh\�mpl k `Mu k c^�VÊ

·^]�_a`McV_!l×_I¸K´Yq�d k mpcV`
¸K´Yq�ced k ÉIi dMuV_�q�oWm�´^ced=m�É1l k ��u8d6dMuYq�d k `T]�_p�Y_ v d�_af k c f^_�r
\�_!cVf^_!c v _�m�ÉZdMuV_"\�mpl/q�] k |Àq�d k mpc�m�É4dMuV_hl k ��ued�Ê�xy` v q�c�g�_h`�_a_!c k cå· k �VÊ6¶�Êpµ%�[ÉÝmp]
`�o6q�l{l	q�c^��ln_a`Zm�É k c v!k f^_!c v _<3Bqp` k d k `4dMuV_ v qp`�_�ÉÝmp]1dMuV_<�;q�d4\ei%]bq�o k fË´V`�_af 3hdMuV_
dM]bq�cV`�\Yq�]�_!c v i k `	cV_�q�]Ml{i�dMuV_�`bq�oW_[ÉÝmp]Ñg�mpdMuµ\�mpl/q�] k |Àq�d k mpcV`ÀÊx²PuV_ v ´^]Mz�_a`Cq�]�_ v q�l v ´�r



Ô��©Ô��-,mÞ^��gþß²�^���IÝ
Ý���Üþ�.,<j Ý���ÞÜÔ�Õqß²���BÞ^�`�7j��[��g��"� ��¶

l/q�d�_afhÖ k dMu n = 1.513 ]�_!\^]�_a`�_!c8d k c^�TdMuV_1]�_�É(]bq v d k mpc k cVf^_��=m�ÉÑ}[Ì�µE��l/qp`�`�ÉÝmp]�g�mpdMuÖPqaz�_!ln_!c^��dMuV`$´V`b_af k cAdMu k `3Ö�mp] ¿ � n632 = 1.5151 � n783 = 1.5111

 ÈU_!l/���
�¬��ÊËà2É

dMuV_4É2q v _!d�`8³V`�lnmp\�_ k `�d�m%mTg k �V� k dVÖ k l{l,cVmpd×mpc^l{i&g�_Zf k Ê v ´^l{dyd�m v q�\^dÔ´^]�_EdMuV_ k o6q���_
\t´^\ k ln`VÖ k dMu�mpcV_Z`�_!cV`�mp]��^gt´^d�dMuV_@` k ��cYq�lGq�dMd�_!c�´Yq�d k mpcBdMu^]�m�´^��u�dMuV_4\8i8]bq�o k f�Ö k l{l
f^_!\�_!cVfhmpc"dMuV_Z\�mpl/q�] k |Àq�d k mpc,Ê

×m6�× /øR�B[Y Ù�:>=@?ÃC´CÄ?@H<\10�] CEWXR ×}Ø¡U�?@MXR�M ù�]7Æ4B[YZ?@M

²PuV_T`M\^l k dMd k c^�Bm�É[dMuV_7ÉÝm v ´V`b_afBg�_�q�o mpc>dMuV_$¶<rt` k f^_af�\ei%]bq�o k f>uYq�\^\�_!cV`�q�dZ��_am�r
oW_!dM] knv q�l{l{i=`Mi8oToW_!dM] knv É2q v _!d�` A1

� A2
�^q�cVf A3

ÊxÈNq�dMuV_!o6q�d knv q�l{l{i
Ö[_4f^_!cVmpd�_ydMu k `
qp`×dM]bq�cV`Mo k `�` k mpcBÉR´^c v d k mpcV` K1, K2,

q�cVf K3
ÉImp]×_�q v u�É2q v _!d��cÖ k dMu�dM]bq�cV`Mo k `�` k mpc

� k chdMuV_ v mp]M]�_a`M\�mpcVf k c^�WÉÝq v _!dyq�]�_�qTq�cVfB�Tm�´^d�` k f^_�Ê

K1(x, y) =

{

1; x > 0 ∧ y > −1√
3
· x;

0; else

K2(x, y) =

{

1; x < 0 ∧ y > 1√
3
· x;

0; else

K3(x, y) =

{

1; (x < 0 ∧ y < 1√
3
· x) ∧ (x > 0 ∧ y < −1√

3
· x);

0; else

²PuV_o¶<rt` k f^_afB\ei%]bq�o k fNdMu�´V`Z`M\^l k d�`ydMuV_ k c v mpo k c^�"g�_�q�o k ced�m=dMu^]�_a_7g�_�q�oW`�ÊB²PuV_
v _!c8dM]�_6m�ÉPdMuV_a`�_TdMu^]�_a_Tg�_�q�oW`EuYqp`@qhf^_!z k q�d k mpc¤q�c^��ln_ γ′′ É(]�mpo dMuV_6mp\^d knv q�l[q<� k `
k c�dMu^]�_a_�mp\^\�m�`�_af f k ]�_ v d k mpcV`��PdMuV_B`�m v q�l{ln_af�`M\^l k dMd k c^�Aq�c^��ln_�Ê γ′′ f^_!\�_!cVf^`=mpc
dMuV_Wq�c^��ln_µg�_!d¤Ö[_a_!c�dMuV_�ÉÝq v _!d�`�Ê;²PuV_µf^_!z k q�d k mpcAq�c^��ln_7É(]�mpo dMuV_Tmp\^d knv q�lCq<� k ` k `��
q�\^\^l{i k c^�h°8cV_!l{lq³ `�]�_�ÉI]bq v d k mpchl/q8ÖE�Yf^_!] k z�_af�qp`

sinγ′′ = n · sin(γ − arcsin(sin γ · 1

n
))

� ¶�Ê º��
Ö k dMu γ g�_ k c^��dMuV_Zq�c^��ln_4m�ÉÕq@\ei%]bq�o k f=ÉÝq v _!dP]�_!l/q�d k z�_1d�m k d�`[gYqp`�_��UÖ�u knv u k `P_I¸�´Yq�l
d�m&dMuV_ k c v!k f^_!c v _=q�c^��ln_Tm�É[dMuV_ v _!c8d�_!]@m�É[dMuV_3ÖPqaz�_�ÉI]�mpced�Ê,·Vmp]E`Mo6q�l{l γ dMu k ` v q�c
g�_Z` k oT\^l k ½Y_af"d�m

γ′′ = γ(n − 1) .

àtÉ rp
k `�dMuV_Ef k `Mdbq�c v _@m�ÉÕdMuV_E\t´^\ k ln`8³ v _!ced�_!]yd�mTdMuV_@mp\^d knv q�lÑq<� k `��VdMuV_Ef k `Mdbq�c v _ dpg�_!d¤Ö[_a_!chd¤Ö[m6m�ÉGdMuV_4dMu^]�_a_E\t´^\ k ln`
Ö k l{l g�_ dp = rp

√
3 Ê�°%mWq�d×q7f k `Mdbq�c v _ D É(]�mpo

dMuV_	z�_!]Md�_��Zm�É�dMuV_	\ei%]bq�o k fEdMuV_	f k `Mdbq�c v _:g�_!d�Ö�_a_!c7dMuV_Õ\t´^\ k ln` k ` dp ≈
√

3D·tanγ ′′ Ê
²PuV_7q�\^\^]�ma� k o6q�d k mpcBuVmplnf^`���qp`�lnmpc^�&qp` Ö�_ v q�c�cV_!��ln_ v dydMuV_E\Yq�]bq�l{ln_!lG`�u k É(d k cV` k f^_
dMuV_Z\8i8]bq�o k f Ê
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²PuV_@f^_a` v ] k \^d k mpc k chd�_!]MoW`�m�ÉÕ��_ampoW_!dM] knv q�lGmp\^d knv `yf^_!\ knv d�`�dMuV_4gYqp` knvEk f^_�qTm�ÉGuVm9Ö
dMuV_×s:°<Ö�mp] ¿ `C`�m k d k `�´^cVf^_!]�`Md�m8m%f k c8dÔ´ k d k z�_!l{i�Ê�²Pu k `	��_ampoW_!dM] knv q�l�q�\^\^]�m�� k o6q�d k mpc
v q�c=g�_V´V`�_af»z�_!]Mi
Ö[_!l{l�d�m�f^_a` v ] k g�_ydMuV_1s(° k c&oWm%fX´^l/q�d k mpc&mp\�_!]bq�d k mpc,Ê:Î1m8Ö[_!z�_!]��
k d k ` v ln_�q�]��VdMuYq�d4qp`×`�m%mpcBqp`
Ö[_@f^_�q�l4Ö k dMuUqT`Mdbq�d knv \ei%]bq�o k f�Ö�uV_!]�_@dMuV_Zg�_�q�o k `
ÉÝm v ´V`�_af"mpc"dMuV_Zd k \,�Vf k »�]bq v d k mpc v q�chcVmTlnmpc^��_!]×g�_4cV_!��ln_ v d�_af Ê

²PuV_y\8i8]bq�o k f`³ `�ÉÝq v _!d�` v q�c&g�_y`�_a_!chqp`
¶7`M\Yq v!k q�la½Vl{d�_!]�`���dMuV_1d k l{d�m�ÉGdMuV_1\ei%]bq<r
o k f`³ `7É2q v _!d�`µmpc^l{i¤`�_!]Mz k c^�BÉImp]µ`�_!\Yq�]bq�d k c^�>dMuV_Ç¶ k o6q���_a` k c©`M\Yq v _�ÊË¼�uV_!c dMuV_
ÖPqaz�_�ÉI]�mpced8³ `4q�g�_!]M]bq�d k mpcV`1q�]�_l¸K´ k d�_Z`Mo6q�l{l2��dMuV_Zg�_�q�oZÖ k l{l,g�_yÉÝm v ´V`b_af&d�mWqµ`Mo6q�l{l
`�\�mpd4d�m%m^��dMuV_ k c8d�_!] ÉI_!]�_!c v _»q�cVf>f k »�]bq v d k mpc�_&» _ v d�`4dMuV_!cN\^l/qai k c^�Bq�c k oT\�mp]Mdbq�c8d
]�mpln_�Ê àtc�dMuV_=ÉÝmpl{lnm8Ö k c^�V�PdMuV_h]�_!l/q�d k mpc g�_!d¤Ö�_a_!c�dMuV_h_!ln_ v dM] knv ½Y_!lnf k c dMuV_"\t´^\ k l
k o6q���_E\^l/q�cV_@q�cVf"dMuV_E_!ln_ v dM] knv ½Y_!lnf k c"dMuV_E_!cedM]bq�c v _@\t´^\ k l k `�f^_!] k z�_af Ê

±,_!dEdMuV_6_!c8dM]bq�c v _W\t´^\ k l:g�_Wf^_&½VcV_af*geiNdMuV_Wmp\�_!c k c^��m�É[dMuV_W\�_!] ÉÝ_ v dEln_!cV`@m�É
ÉÝm v q�l ln_!c^��dMu f q�cVfhm�ÉÑ]bqpf k ´V`@��Ê1¼�_4cYq�oW_ZdMuV_ v m%mp]�f k cYq�d�_a`×m�ÉÕdMuV_4\^l/q�cV_Em�ÉÑdMuV_
_!c8dM]bq�c v _×\t´^\ k l (x, y) qp` k c6`�_ v d k mpc,¶�Ê{��Ê{��Ê	xPd�qEf k `Mdbq�c v _�m�É mpcV_�ÉÝm v q�l^ln_!c^��dMu,�KÖ�_
uYq�z�_4dMuV_yÉIm v q�l � mp]m·Ym�´^] k _!]#�[\^l/q�cV_ � xf , yf

���Vq�cVf"q�d�mpcV_Zqpf^f k d k mpcYq�l ÉIm v q�l�ln_!c^��dMu
Ö[_ZcVmpo k cYq�d�_EdMuV_ k o6q���_Z\^l/q�cV_*Ö k dMu (xi, yi)

Ê
·V]bqj´^c^uVm�ÉI_!]=f k »�]bq v d k mpc�f^_a` v ] k g�_a`6dMuV_h_!ln_ v dM] knv ½Y_!lnf f k `MdM] k gt´^d k mpc k c�q�c k o6q���_
\^l/q�cV_Eq�d k cX½Vc k dñi=q<ÉId�_!]Pf k »�]bq v d k mpchm�ÉÕq<ÖPqaz�_�ÉI]�mpced×mpchq�chq�\�_!]MdÔ´^]�_�Ê�¼ k dMuhq@ln_!cV`
dMu k ` k o6q���_ v q�chg�_4g^]�m�´^��ued×d�m»q<½Vc k d�_Ef k `Mdbq�c v _��^dMuYq�d k `À��d�mTdMuV_1ÉIm v q�l \^l/q�cV_�Ê
àñd v q�c7g�_[`MuVm8Ö�c 
 !4m%m���¯��%dMuYq�dÑr
q�\Yq�]MdÑÉ(]�mpo�q v mpcV`Mdbq�cedÕÉ2q v d�mp]Ñr�dMuV_[_!ln_ v dM] knv ½Y_!lnf
Af (xf , yf )

k c�dMuV_4ÉÝm v q�l
\^l/q�cV_ k `×dMuV_l·Vm�´^] k _!]1dM]bq�cV` ÉÝmp]Mo6q�d k mpc F m�É	dMuV_E_!ln_ v dM] knv
½Y_!lnf A(x, y) m�ÉkÖPqaz�_!ln_!c^��dMu λ

k chdMuV_�q�\�_!]MdÔ´^]�_Z\^l/q�cV_��

Af (xf , yf ) =

∫ ∫ +∞

−∞
A(x, y)exp

[

−i
2π

f · λ(xfx + yfy)

]

dx dy

Af (x̃f , ỹf ) =

∫ ∫ +∞

−∞
A(x, y)exp [−i2π(x̃fx + ỹfy)] dx dy

= F{A(x, y)}
� ¶�ÊO¯��

]�_!\^l/q v!k c^� xf
q�cVf yf

gei&dMuV_E`M\Yq�d k q�l ÉI]�_I¸K´V_!c v!k _a` x̃f =
xf

f ·λ
q�cVf ỹf =

yf

f ·λ
k chdMuV_

`b_ v mpcVfBl k cV_�Ê�à2É:cVm&mp\^d knv q�l v mpoT\�mpcV_!ced k `1\^l/q v _af�q�dydMuV_�ÉÝm v q�lÑ\^l/q�cV_µdMuV_;Ö[q�z�_�r
ÉI]�mpced�`(Ö k l{l�\^]�mp\Yq��eq�d�_4d�m�dMuV_ k o6q���_1\^l/q�cV_��UÖ�uV_!]�_1dMuV_4_!ln_ v dM] knv ½Y_!lnf Ai(xi, yi)

k `
dMuV_ k cez�_!]�`b_�·Ym�´^] k _!][dM]bq�cV`MÉImp]Mo6q�d k mpc F−1 m�É
dMuV_1_!ln_ v dM] knv ½Y_!lnf Af (x̃f , ỹf )

k c=dMuV_
ÉÝm v q�l \^l/q�cV_��

Ai(xi, yi) = F−1{Af (x̃f , ỹf )}

=

∫ ∫ +∞

−∞
Af (x̃f , ỹf )exp [+i2π(x̃fxi + ỹfyi)] dx̃f dỹf
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àtÉ	dMuV_<¶<rt` k f^_af�\ei%]bq�o k f k `y\^l/q v _afBq�dydMuV_ZÉÝm v q�lG\^l/q�cV_�� k d4q v d�`yqp`4qW`M\Yq�d k q�lg½Vl{d�_!]
dMuV_!]�_�Êo²Gm v q�l v ´^l/q�d�_WdMuV_T_!ln_ v dM] knv ½Y_!lnf*f k `MdM] k gt´^d k mpc k c k o6q���_T\t´^\ k l P1

Ö�_ v q�c
dMu k c ¿ m�É^dMuV_:\8i8]bq�o k fµqp`Gq�dM]bq�cV`Mo k `�` k mpc�½Vl{d�_!]gÖ k dMu�dM]bq�cV`Mo k `�` k mpc=� k c@dMuV_[q�]�_�q�m�É
É2q v _!d A1

q�cVf=dM]bq�cV`Mo k `�` k mpch�EÉImp][dMuV_1]�_!o6q k c k c^�6q�]�_�qp` A2
q�cVf A3

qp` k c&`b_ v d k mpc
¶�ÊO¶���gt´^d»qpf^f k c^�AqU\^uYqp`b_"d�_!]Mo d�mNdbq ¿ _ k c8d�m*q vav m�´^ced=dMuV_&d k l{d�`6m�É4dMuV_=ÉÝq v _!d�`ÀÊ
·t´^]MdMuV_!] x

k `�]�_!cYq�oW_af"d�m x̃f
q�cVf y d�m ỹf

qp`�dMuV_�¦ ½Vl{d�_!]Ã¦ k `�lnm v q�d�_af k c"dMuV_ZÉIm v q�l
\^l/q�cV_�Ê�!1]�m�´^\ k c^�@d�mZmpcV_�` k c^��ln_PdM]bq�cV`Mo k `�` k mpcTÉR´^c v d k mpc K q�cVfµ]�_�rt_���\^]�_a`�` k c^�EdMuV_
f^mpo6q k c,�¥Ö�_ v q�cÇÖ�] k d�_

K(x̃f , ỹf ) =



















ei2πs(−
√

3x̃f+3ỹf ) −π
6 < arctan(

ỹf

x̃f
) < π

2

ei2πs(
√

3x̃f+3ỹf ) π
2 < arctan(

ỹf

x̃f
) < 7π

6

ei2πs(6ỹf ) 7π
6 < arctan(

ỹf

x̃f
) < 11π

6

Ö�uV_!]�_ s
k `[dMuV_4`Mlnmp\�_1m�ÉGdMuV_yÉ2q v _!d�`�q�cVf»dMuV_1d�_!]Mo k c&g^]bq v6¿ _!d�`�q<ÉId�_!] s

k `[dMuV_y\^]�m�r
ÙM_ v d�_af»f k `�dbq�c v _×ÉÝmp][q@\�m k cedPmpc=_�q v u»É2q v _!d[d�m@dMuV_yd k \,� k Ê _�ÊÕdMuV_1f k `Mdbq�c v _1g�_!d¤Ö�_a_!c
dMuV_�d k \Nq�cVfUdMuV_�\�m k c8d8³ `4\^]�mjÙ _ v d k mpc>mpc8d�m6dMuV_ v _!cedM]�_7l k cV_7m�ÉCdMuV_ v mp]M]�_a`M\�mpcVf k c^�
É2q v _!d�Ê

²PuV_@_!ln_ v dM] knv ½Y_!lnf k c�dMuV_ k o6q���_Z\^l/q�cV_ k `�dMu�´V`y� k z�_!chgei&dMuV_ k c8z�_!]�`�_�·Vm�´^] k _!]
dM]bq�cV` ÉÝmp]Mo6q�d k mpcBm�ÉÑdMuV_B½Y_!lnf k c"dMuV_4ÉÝm v q�l \^l/q�cV_Zo�´^l{d k \^l k _af�Ö k dMuhdMuV_�½Vl{d�_!]�É%´^c v r
d k mpc K(x̃f , ỹf ). ¼�_@dMuV_!cN��_!d1dMuV_�ÉImpl{lnm9Ö k c^�&_���\^]�_a`�` k mpcNf^_a` v ] k g k c^�&dMuV_<½Y_!lnf k c
dMuV_ k o6q���_E\t´^\ k l2�

Ai(xi, yi) = F−1{K(x̃f , ỹf ) · Af (x̃f , ỹf )}

=

∫ ∫ +∞

−∞

[

K(x̃f , ỹf ) · Af (x̃f , ỹf ) · e+i2π(x̃f xi+ỹfyi)
]

dx̃f dỹf

= F−1{K(x̃f , ỹf ) · F{A(x, y)}} � ¶�Ê ���
á1` k c^�TdMuV_ v mpc8z�mplÀ´^d k mpc�dMuV_amp]�_!o

F{a � b} = F{a} · F{b}
= A · B = F{F−1{A} � F−1{B}}

Ö[_ v q�ch]�_LÖ�] k d�_lÉ�¸�Ê � ¶�Ê ���[d�m
Ai(xi, yi) = F−1 {F{k(x, y)} · F{A(x, y)}} .

� ¶�Êpµ��
x1`6dMuV_ v mpc8z�mplÀ´^d k mpc q�cVf�dMuV_¨·Vm�´^] k _!]"mp\�_!]bq�d�mp]"q�]�_Ul k cV_�q�]"mp\�_!]bq�d�mp]�`,Ö[_ v q�c
` k oT\^l k ÉIi=dMu k `�d�m

Ai(xi, yi) = k(xi, yi) � A(xi, yi)
� ¶�Ê ���

k É k
k `�dMuV_ k cez�_!]�`�_;·Vm�´^] k _!]×dM]bq�cV`MÉImp]Mo6q�d k mpcNm�É K � k(xi, yi) = F−1{K(x̃f , ỹf )} Ê°%m^�
dMuV_W_!ln_ v dM] knv ½Y_!lnf�m�ÉPdMuV_T\t´^\ k l k o6q���_a` k `E� k z�_!c�geiNdMuV_ v mpcez�mplÀ´^d k mpc m�ÉPdMuV_
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k c8z�_!]�`�_3·Vm�´^] k _!]ZdM]bq�cV` ÉÝmp]Mo m�ÉCdMuV_<½Vl{d�_!]yÉ%´^c v d k mpcËÖ k dMuNdMuV_7_!ln_ v dM] knv ½Y_!lnf k cUdMuV_
_!c8dM]bq�c v _E\t´^\ k l2Ê
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²gÖ�m�f k » _!]�_!cedµq v dÔ´Yq�d�mp]�`7q�]�_ v mpoToWmpc^l{i¡´V`�_afNd�m v mp]M]�_ v d@dMuV_»q�g�_!]M]bq�d�_af�Ö[qaz�_�r
ÉI]�mpced k c�qpfVq�\^d k z�_Nmp\^d knv `���l k ¸�´ k f v ]Mi%`�dbq�lydM]bq�cV`Mo k `b` k mpc�\^l/q�d�_a`&mp]&f^_�ÉImp]Mo6q�g^ln_
o k ]M]�mp]�`�Ê

± k ¸�´ k f v ]Mi%`�dbq�l�oWm8fX´^l/q�d�mp]�`	q�l{d�_!]G\�mpl/q�] k |�_af�l k ��uedÑ\Yqp`�` k c^�ydMu^]�m�´^��u@dMuV_!o�Ö k dMu
q v uYq�c^��_=m�É�\^uYqp`�_»q�cVfAq�oT\^l k dÔ´Vf^_�Ê�²Pu k `�d�_ v u^c k ¸K´V_6uYqp`�dMuV_6f k `bqpf�z�q�cedbq���_&m�É
g�_ k c^�hmpc^l{i v q�\Yq�g^ln_Wm�É�q&`�lnm8Ö gYq�cVfXÖ k f�dMu v mpoT\^] k ` k c^�Bmpc^l{i>q»ÉI_LÖ Î1_!]MdM|�ÊT}(´^d
k c8z�_a`Md k �eq�d k mpc k `4g�_ k c^�&f^mpcV_ k c>dMu k `�½Y_!lnf 
 s k `����
�Cq�cVfN]�_!�eq�]�f k c^�hdMuV_7u k ��u>\^]�m�r
fX´ v d k mpc�¸K´Yq�ced k d k _a` k c>dMuV_Wq�]�_�q&m�É�l k ¸K´ k f v ]Mi�`Mdbq�l	f k `M\^l/qai�`�� k d k `Z\^]�mpgYq�g^ln_WdMuYq�d
É2qp`Md×q�cVf v uV_�q�\ v ]Mi%`�dbq�l oWm8fX´^l/q�d�mp]�`�Ö k l{l g�_Eq�zpq k l/q�g^ln_�`�m%mpc,Ê

j _�ÉÝmp]Mo6q�g^ln_Zo k ]M]�mp]�`×q v d k cVf^_!\�_!cVf^_!cedMl{i"m�ÉGdMuV_4l k ��u8d8³ `�\�mpl/q�] k |Àq�d k mpcUq�cVfhq�]�_
É2qp`Md�_!]:dMuYq�c»dMuV_�l k ¸�´ k f v ]Mi%`Mdbq�lYoWm8fX´^l/q�d�mp]�`�ÊxàñcWdMu k `�Ö�mp] ¿ q4oW_!o�g^]bq�cV_×o k ]M]�mp] k `
´V`�_afBqp`×q v dÔ´Yq�d�mp] k chdMuV_�mp\^d knv q�l
`�_!d rq´^\,Ê(àtc�qpf^f k d k mpc,��q�ln`�m6qT`b_!��oW_!ced�_afBo k ]M]�mp]
ÖPqp`�d�_a`Md�_af Ê
2¿6#8 8 R^Y90XÆÄB[H<R98 ?QÆÄÆÄFIÆ
²PuV_�f^_�ÉÝmp]Mo6q�g^ln_�o k ]M]�mp] v mpcV` k `Md�`	m�É`¶"µyuV_��Vq���mpcYq�lV\ k `Md�mpcV`:l{i k c^�*´^cVf^_!]�q4` k l knv mpc�r
c k dM] k f^_�oW_!o@g^]bq�cV_ v m�q�d�_af�Ö k dMuNq�lÀ´^o k c k ´^ohÊ ²PuV_EoW_!o�g^]bq�cV_ k `y`MdM]�_!d v uV_afUm�z�_!]
qBÉI]bq�oW_ØÖ k dMu qU]�m�´^cVf�mp\�_!c k c^�VÊ àñd�`Tf^_�ÉÝmp]Mo6q�d k mpc k ` v qj´V`�_af g8iA_!ln_ v dM]�m�`Mdbq�d knv
ÉÝmp] v _a`:g�_!d¤Ö[_a_!c»dMuV_�\ k `�d�mpcV`[q�cVfTdMuV_×oW_!o@g^]bq�cV_�Ê�²PuV_yf^_�ÉImp]Mo6q�d k mpc k `:cVmpd�l k cV_�q�]
d�m=dMuV_Tq�\^\^l k _afUz�mpl{dbq���_µg�_!d�Ö�_a_!c>\ k `Md�mpc�q�cVfUoW_!o@g^]bq�cV_�� gt´^dZ_���u k g k d�` k cN��m8m%f
q�\^\^]�m�� k o6q�d k mpc>q3¸�´Yqpf�]bq�d knv f^_!\�_!cVf^_!c v _�Ê
²PuV_E_!ln_ v dM]�m�`�dbq�d knv ÉÝmp] v _ F

k `�� k z�_!chgei

F = ε
A

d2
V 2.

� ºVÊ{�c�
A
k `EdMuV_&q�]�_�qhmÀz�_!]7_�q v u¤\ k `�d�mpc,� V

k `@dMuV_Wz�mpl{dbq���_»g�_!d�Ö�_a_!c�q"\ k `�d�mpcAq�cVf�dMuV_
oW_!o�g^]bq�cV_�� d dMuV_=f k `Mdbq�c v _Wg�_!d¤Ö[_a_!c oW_!o@g^]bq�cV_&q�cVf*\ k `Md�mpc,�	q�cVf ε = εrε0

k `

�"µ
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dMuV_E\�_!]Mo k dMd k z k dti�Ê
àtÉ,qZg k qp`:z�mpl{dbq���_ Vb

k `�q�\^\^l k _af»q�cVf=qZo<´ v u&`Mo6q�l{ln_!] v mpcedM]�mpl�z�mpl{dbq���_ Vc
k `[qpf^f^_af

d�m k d��^`�mµdMuYq�d Vc � Vb
�^dMuV_!c�dMuV_Z`�_!cV` k d k z k dti F

Vc

m�ÉÕdMuV_Zo k ]M]�mp]�g�_ v mpoW_a`�l k cV_�q�]��

F = ε
A

d2
(Vb + Vc)

2 ⇔ F

Vc
≈ 2ε

A

d2
Vb

� ºVÊ ���
w[mpoT\^ln_�� k dti v mpoW_a`EÉI]�mpo dMuV_WÉÝq v dEdMuYq�d�dMuV_W\ k `Md�mpcV`µq�]�_WcVmpd k cVf^_!\�_!cVf^_!c8d�� k Ê _�Ê
\t´^dMd k c^�Uq=z�mpl{dbq���_6mpc�mpcV_T\ k `Md�mpc>oWmÀz�_a`EdMuV_ToW_!o�g^]bq�cV_6mÀz�_!] k dEgt´^d@q�ln`�m"mÀz�_!]
dMuV_=`Ô´^]M]�m�´^cVf k c^�>\ k `Md�mpcV` � v ]�m�`�`Mr2dbq�l ¿ ��ÊË²Pu k ` k `µ_��%\^]�_a`�`b_af*o6q�dMuV_!o6q�d knv q�l{l{iAgei
dMuV_@sGm k `�`bmpc�_I¸�´Yq�d k mpc

4D = − ρ

TÖ�uV_!]�_ D
k `�dMuV_�f^_p�Y_ v d k mpc&m�É,dMuV_�oW_!o@g^]bq�cV_�� ρ = F/A

k `:dMuV_×lnm�qpf»q�cVf T
k `:dMuV_

d�_!cV` k mpcWm�É�dMuV_PoW_!o�g^]bq�cV_
Ö�u knv u k `�qp`�`Ô´^oW_afµd�m4g�_ v mpcV`�dbq�ced�Êx²PuV_Plnm�qpfTf^_!\�_!cVf^`
mpc�dMuV_Zf k `Mdbq�c v _ d �tÖ�u knv u k d�`�_!lÍÉ	f^_!\�_!cVf^`�mpchdMuV_Eq�\^\^l k _af"ÉÝmp] v _�� ρ = εV 2/d(ρ) Ê²PuV_Eg�m�´^cVfVq�]Mi v mpcVf k d k mpc k `�� k z�_!c�gei&dMuV_ v!k ] v ´^l/q�]×mp\�_!c k c^�6m�ÉÕdMuV_*Ö[q<ÉÝ_!]�Ê

²PuV_×sÑm k `�`�mpc&_I¸�´Yq�d k mpc,�%f^_a` v ] k g k c^�7dMuV_×`MuYq�\�_×m�É dMuV_yo k ]M]�mp]��eo<´V`Md�g�_�_!z�q�lÀ´�r
q�d�_af�´^cVf^_!]×dMuV_ v mpcVf k d k mpc Dc(xc, yc) = 0 � k Ê _�ÊPcVmWf^_p�Y_ v d k mpcUm�É:dMuV_EoW_!o@g^]bq�cV_Ö�uV_!]�_ k d k `(½^��_afhd�mµdMuV_*Ö[q<ÉÝ_!]yq�d k d�` v mpc8d�m�´^] (xc, yc)


 é:f^m�°X¹�¯��tÊ
²PuV_Emp]�f^_!]×m�ÉÕo6q���c k dÔ´Vf^_@m�É d

k `×q�]�m�´^cVf 100µm Ö k dMuUqµf^_p�Y_ v d k mpcBm�É:q7ÉI_LÖ
µm

� `�_a_ v uYq�\^d�_!]1��Ê{��Ê{�c��Ê

2<6"5 Ù�R�\[YZR�H�CER�M;8 ?@ÆEÆ4FOÆ
²PuV_Cf^_�ÉImp]Mo6q�d k mpc7m�É^q[o knv ]�m�rt_!ln_ v dM]�mpoW_ v uYq�c knv q�lV`Mi%`�d�_!o � È�É�È¡°a��o k ]M]�mp] k `,f^mpcV_
z k q4_!ln_ v dM]�m�`Mdbq�d knv ÉImp] v _a`:l kÀ¿ _ k c v qp`�_�m�É dMuV_�oW_!o�g^]bq�cV_�o k ]M]�mp]�Êx²PuV_ È¨É�È¡°7o k ] r
]�mp] v mpcV` k `Md�`Ñm�É�q�cµq�]M]bqai�m�ÉVo6q�c8i@z�_!]MiE`Mo6q�l{l�`�_!��oW_!c8d�_af�o k ]M]�mp]�` � \ k �^_!l%o k ]M]�mp]�`#��Ê
àñd k `:ÉÝq�g^] knv q�d�_af,´V` k c^��oWm8f k ½Y_af=` k l knv mpc6d�_ v u^cVmplnmp��i6\^]�m%fX´ v d k mpc»\^]�m v _a`�`�_a`�m�É,dMuV_
k c8d�_!��]bq�d�_af v!k ] v ´ k d k cVfX´V`MdM]Mi�Ê	s:uVmpd�mpl k dMuVmp��]bq�\^uei k `�´V`�_af6o6q ¿8k c^��dMuV_�\^]�m%fX´ v d k mpc
z�_!]MiB\^]�_ v!k `�_���\^]�m8fX´ v!k c^�hf^_!z knv _a`4m�É µm rt` k |�_µq�cVfU]�_afX´ v!k c^�=dMuV_ v m�`Md�`1\�_!]B´^c k d��
qp`Eu�´^��_TÉ2q�g^] knv q�d k mpcAq�oWm�´^c8d�` v q�c�g�_T\^]�m%fX´ v _af>cV_�q�]Ml{i�q�dEdMuV_T`bq�oW_W_���\�_!cV`�_a`
qp`×`Mo6q�l{ln_!]yq�oWm�´^ced�`ÀÊ

²PuV_	\ k ��_!leo k ]M]�mp]�`,uYqaz�_�qP`6¸�´Yq�]�_af@`MuYq�\�_:q�cVf�q�]�_ v mpc^cV_ v d�_afEd�mPdMuV_:`6´^gV`MdM]bq�d�_
g8i1ÉIm�´^] dMu k cEln_!��`À�À`�m�q�`�o6q�l{lpÉImp] v _ k `�cV_a_af^_af@d�m�` k c ¿ _�q v u@o k ]M]�mp]�Êk²PuV_Õg�_!uYqaz k m�´^]
m�ÉZqU\ k ��_!l�o k ]M]�mp]»f^_!\�_!cVf^`6q�oWmpc^��`�d6mpdMuV_!]TdMu k c^��`6mpc©dMuV_&dMu knv�¿ cV_a`�` δ m�É1dMuV_
`�¸�´Yq�]�_af»\ k ��_!l�\^l/q�d�_��%dMuV_4f k `Mdbq�c v _yu=g�_!d¤Ö[_a_!c&dMuV_y\^l/q�d�_Zq�cVf»dMuV_4`Ô´^gV`MdM]bq�d�_��^q�cVf
dMuV_(Ö k f�dMuTf7m�É�q×`�¸�´Yq�]�_�Êk·Vmp]:q×`�q�oW_�f^_�ÉÝmp]Mo6q�d k mpc6q�oT\^l k dÔ´Vf^_��eq1`Mo6q�l{ln_!]Ñz�mpl{dbq���_
uYqp`Ñd�m1g�_[q�\^\^l k _af7g�_!d¤Ö�_a_!cTdMuV_[\^l/q�d�_�q�cVf7dMuV_P_!ln_ v dM]�m8f^_Pmpc7d�mp\µm�É;dMuV_[`6´^gV`MdM]bq�d�_��
dMuV_Eg k ����_!]×fhq�cVf"dMuV_E`Mo6q�l{ln_!]×u�q�cVf δ q�]�_�Ê
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w[mpoT\Yq�]�_afNd�m=dMuV_7��_ampoW_!dM] knv q�l:]�_!� k oW_���dMuV_µf k »�]bq v d k z�_µ]�_!� k oW_Tm�É�dMuV_�\8i8]bq�o k f
`�_!cV`bmp] k `»o6q�dMuV_!o6q�d knv q�l{l{i oWmp]�_ v mpoT\^ln_�� ��_a`M\�_ v!k q�l{l{i©cVmpd6g�_ k c^�Al k cV_�q�] k c k d�`
g�_!uYqaz k mp]�Ê�°8o6q�l{ln_a`Md�q�l k ��c^oW_!c8d�_!]M]�mp]�` v qj´V`�_�g k �@` k ��cYq�l v uYq�c^��_a` k cTdMu k `:`�_!cV` k d k z�_
]�_!� k mpc,Ê¬°%mNdMuV_ k f^_�qNm�É�´V` k c^�*q�c q�l{d�_!]McYq�d k z�_ v mpcedM]�mpl{ln_!]=_!oW_!]M��_af �&d�mË´V`�_"q�c
k cVf k z k fX´Yq�lycV_L´^]bq�l4cV_!d�Ö�mp] ¿ dMuYq�d=\�_!] ÉI_ v dMl{iF½Vd�`»dMuV_B`�\�_ v!k q�l1`�_!d rq´^\ k cV`�d�_�qpf�m�É
q�c q�\^\^]�m�� k o6q�d�_af q�cYq�l{i8d knv q�l v q�l v ´^l/q�d k mpc É(]bq�oW_�Ê xy]Md k ½ v!k q�lZcV_L´^]bq�lEcV_!d¤Ö[mp] ¿ `
v q�c>ln_�q�]Mc¤q�cVfN]�_�q�l k |�_ v mpcedM]�mpl[q�l{��mp] k dMu^oW`�Ö�u knv u¤q�]�_µo6q�dMuV_!o6q�d knv q�l{l{i�f k Ê v ´^l{d
mp]ÇÖ�u knv u v q�c^cVmpdhg�_>f^_!] k z�_af q�cYq�l{i%d knv q�l{l{i�Ê ²Pu�´V`��Eqp`b`Ô´^o k c^�©dMuYq�dBq v mpcedM]�mpl
q�l{��mp] k dMu^o _�� k `Md�`��%qEcV_!d v q�c=g�_ygt´ k l{d��%ln_!dMd k c^�7dMuV_1cV_!d[��_!cV_!]bq�d�_1dMuV_4q�\^\^]�mp\^] k q�d�_
v mpc8dM]�mplÑq�l{��mp] k dMu^o fX´^] k c^�6cV_!d¤Ö�mp] ¿ dM]bq k c k c^�VÊ

xyl{dMuVm�´^��u&cV_L´^]bq�l�cV_!d¤Ö�mp] ¿ `�uYq�z�_yg�_a_!c&f^_!z�_!lnmp\�_af»ÉÝmp]�oWmp]�_1dMuYq�cØº7f^_ v qpf^_a`À�
k d k `@`Md k l{l�q"ÉR´^|a|aiNd�m%mpl k c�dMuV_»`�_!cV`�_6dMuYq�d@dMuV_!]�_ k `@cVm�_��Vq v dm¦2]�_ v!k \�_p¦µÉImp]<Ö�uYq�d
dMuV_7cV_L´^]bq�l	cV_!d¤Ö[mp] ¿ � Õ�Õ���`�uVm�´^lnfBlnm%m ¿ l kÀ¿ _�ÉÝmp]Eq6� k z�_!cN\^]�mpg^ln_!ohÊ;·Vmp]Z`M\�_ v!k ½ v
\^]�mpg^ln_!o dti%\�_a`��Õl kÀ¿ _WÉÝmp]µ_��^q�oT\^ln_��ÕÉ2q v _»]�_ v mp��c k d k mpc,�ÕÉR´^c v d k mpc�q�\^\^]�m�� k o6q�d k mpc,�
v l/qp`�` k ½ v q�d k mpc,��q�cVfBdMuV_�l kÀ¿ _���q6]�m�´^��u¨Õ�Õ�`MdM]Ô´ v dÔ´^]�_ k `×]�_ v mpoToW_!cVf^_af Ê4}(´^d1dMuV_
`Ô´^g^dMln_Tf^_!dbq k ln`@m�É�dMuV_µcV_!d��`Ö�u knv u�o6q ¿ _ k dZdMuV_µg�_a`�d�½VdMd k c^�"cV_!d4ÉÝmp]4dMuV_T`M\�_ v!k ½ v
dbqp` ¿ ��uYq�z�_×d�mEg�_ k oT\^]�m�z�_af=`Md�_!\6g8iW`Md�_!\$Ö k dMu ¦2dMuV_1_���\�_!] k oW_!c8d�mp]8³ `[_���\�_!] k _!c v _p¦bÊ

·Ymp]�q�c k c8dM]�m8fX´ v d�mp]Mi&_��%\^l/q�cYq�d k mpchq�cV_L´^]bq�l�cV_!d¤Ö[mp] ¿=v q�c&g�_y`�_a_!c"qp`�q�g^l/q v6¿
g�ma�NuYqaz k c^�Bq�c k c^\t´^d�q�cVf�q�c�m�´^dM\t´^d��ZdMuV_ k c^\t´^d@g�_ k c^�&ÉÝmp]E_��^q�oT\^ln_»q�c*q�]M]bqai
mp]7z�_ v d�mp]Wm�É×` k |�_=c,�:q�cVfAdMuV_»m�´^dM\t´^dWqBz�_ v d�mp]Tm�Éy` k |�_»ohÊ¨àño6q�� k cV_=dMuV_=g^l/q v6¿
g�ma�&g�_ k c^�6q�cÇ´^c ¿ cVm8Ö�c�ÉR´^c v d k mpchÉ � <n → <m Ö k dMu�q7o<´^l{d k dÔ´Vf^_@m�É:qpfjÙ�´V`�dbq�g^ln_
\Yq�]bq�oW_!d�_!]�`���dMuV_�`�m�r v q�l{ln_af;Ö�_ k ��ued�`ÀÊxÕym9Ö©dMuV_:Ö[_ k ��ued�`:`�uVm�´^lnf�uYq�z�_PdMuVm�`�_[zpq�lÀ´V_a`À�
dMuYq�d�3hÉÝmp]@q�l{l	� k z�_!c k c^\t´^d rtm�´^dM\t´^d r2\Yq k ]�`�m�É�q»\^]�mpg^ln_!oZ3hÉ:Ö k l{l	o6q�\*dMuV_ k c^\t´^d
z�_ v d�mp]6mpc8d�m>dMuV_"m�´^dM\t´^dWz�_ v d�mp]�Ê¬·Ymp]TdMuV_"� k z�_!c©dbqp` ¿ dMuYq�dTdMuV_"cV_!d¤Ö[mp] ¿ `�uYq�l{l

��¹
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]�_!\^]�_a`b_!ced��%o6q�ceiT\Yq k ]�`Pq�]�_�]�_I¸K´ k ]�_afu�edMuV_×oWmp]�_ v mpoT\^ln_��WdMuV_×\^]�mpg^ln_!oh�8dMuV_×oWmp]�_
_��Vq�oT\^ln_a`[uYqaz�_1d�mEg�_4qaz�q k l/q�g^ln_�Êx²Pu k ` k `[` k o k l/q�][d�m@dMuV_ v qp`�_ym�ÉGf^m k c^��]�_!��]�_a`b` k mpc
m�ÉVqPfVq�dbq�`�_!d�Ê4²PuV_:`�_�q�] v u@m�É%dMuV_�qpf^_I¸�´Yq�d�_xÖ[_ k ��ued�` k ` v q�l{ln_afZdM]bq k c k c^�1mp] ln_�q�]Mc k c^�VÊ

àtcV`Md�_�qpf�m�É;q�c k c^\t´^dÑz�_ v d�mp]kÖ�_�uYqaz�_�q�d�Ö�m4f k oW_!cV` k mpcYq�l%o6q�dM] k �7qp` k c^\t´^d��
dMuV_
k o6q���_Zm�ÉÑdMuV_l¶7\t´^\ k ln`�Ê � ´^]�m�´^dM\t´^d�z�_ v d�mp] k `PdMuV_BÖPqaz�_�ÉI]�mpced1q�g�_!]M]bq�d k mpc,� v m%f^_af
qp`ÕdMuV_PuV_ k ��u8d:ln_!z�_!ln`:m�É�dMuV_Po k ]M]�mp]:\ k `Md�mpcV`�Êk²PuV_!]�_�ÉImp]�_ f o6q�\V` (<n×<n) → <m

Ö k dMu n × n g�_ k c^�ZdMuV_Pc�´^o�g�_!]Cm�É�\ k ��_!ln`	m�É�dMuV_P\t´^\ k ln` k o6q���_�q�cVf m dMuV_Pc�´^o�g�_!]
m�ÉÕ\ k `Md�mpcV`�\^]�m%fX´ v!k c^�6dMuV_Eq�g�_!]M]bq�d k mpchÉÝmp] v mpoT\�_!cV`bq�d k mpc,Ê

F�6G8 Ù�C�Æ4Ý<A+CEÝ<ÆÄR F[K�BHG R�Ý¿Æ4BI=IG R�CKJeFIÆ�L
x cV_L´^]bq�lÑcV_!d�Ö�mp] ¿Bk ` v mpoT\�m�`�_afNm�ÉCo6q�c8ii´^c k d�`�� q�ln`�m v q�l{ln_af�cVm%f^_a`4mp]4cV_L´^]�mpcV`��
Ö�u knv uhq�]�_ v mpc^cV_ v d�_af=geiWl k c ¿ `�ÊÕx�c�´^o�g�_!]��%dMuV_�Ö�_ k ��u8d�� k `[qp`�`bm v!k q�d�_af
Ö k dMu=_�q v u
l k c ¿ Ê
Õ1_L´^]�mpcV` k chq�c&q�]Md k ½ v!k q�l cV_L´^]bq�l cV_!d�Ö�mp] ¿ q�]�_�´V`Ô´Yq�l{l{i»`MdM]Ô´ v dÔ´^]�_af k c&l/qai�_!]�`ÀÊ�²PuV_
cV_!d�Ö�mp] ¿ ` ¿ _!d v uV_af k c�· k �VÊ"¯�Ê �hqp`�q�c*_��^q�oT\^ln_�� v mpcV` k `Md�`@m�Émº"l/q�i�_!]�`���dMuV_ k c^\t´^d
l/q�i�_!] � q�l{dMuVm�´^��u»dMu k ` k `Cq1l/qai�_!]:Ö k dMuVm�´^d v q�l v ´^l/q�d k c^��cVm8f^_a`Cqp`�Ö k l{lVg�_�`b_a_!cWl/q�d�_!]#�
Ö k dMu6ÉIm�´^] k c^\t´^d�`��edMuV_ ½V]�`Md:cV_L´^]�mpc»l/qai�_!](Ö k dMuh¶4cV_L´^]�mpcV`��8dMuV_×`b_ v mpcVfTl/qai�_!](Ö k dMu
º6q�cVfhdMuV_Zl/qp`Md�l/qai�_!]��YdMuV_Zm�´^dM\t´^d×l/q�i�_!]��tÖ k dMuhd¤Ö[mWcV_L´^]�mpcV`�Ê

àtchqEÉR´^l{l{i v mpc^cV_ v d�_af&cV_!d¤Ö�mp] ¿ _�q v u"cV_L´^]�mpchm�ÉGmpcV_1l/qai�_!] k ` v mpc^cV_ v d�_af&d�mTq�l{l
cV_L´^]�mpcV`1m�É:dMuV_El/q�i�_!]yg�_�ÉÝmp]�_ � l/qai�_!]4mpc�dMuV_@ln_�É(d1` k f^_c��q�cVf�d�m6q�l{l
cV_L´^]�mpcV`4m�É	dMuV_
l/q�i�_!]4q<ÉId�_!]ÔÖ[q�]�f^` � l/q�i�_!]Zmpc�dMuV_�] k ��ued4` k f^_c��z k qTl k c ¿ `�Ê ²PuV_�cVmpdbq�d k mpcNm�É�qWl k c ¿ ³ `
Ö[_ k ��ued wl

ij
`Mdbq�cVf^`[ÉÝmp]PdMuV_�Ö�_ k ��ued×d�m�cV_L´^]�mpc i m�É
l/q�i�_!]�c�´^o�g�_!] l É(]�mpo dMuV_ j r2dMu

cV_L´^]�mpchm�ÉGdMuV_y\^]�_!z k m�´V`Pl/qai�_!]�Ê�²PuV_1m�´^dM\t´^dPz�q�lÀ´V_4m�ÉÑq�cV_L´^]�mpc k `Pmpg^dbq k cV_af=ÉI]�mpo
qµ` k oT\^ln_ v mpoT\t´^dbq�d k mpcUf^_!\�_!cVf k c^�6mpchdMuV_ k c^\t´^d×zpq�lÀ´V_a`1q�cVf&dMuV_*Ö�_ k ��u8d×z�q�lÀ´V_a`�Ê
É�q v u k c^\t´^d×d�m&qTcV_L´^]�mpc � ´V`Ô´Yq�l{l{i"dMuV_7m�´^dM\t´^d�`1m�É:dMuV_@cV_L´^]�mpcV`4m�É:dMuV_E\^]�_!z k m�´V`
l/q�i�_!]#� k `Ño�´^l{d k \^l k _af
Ö k dMu7dMuV_mÖ[_ k ��uedCm�É�dMuV_[l k c ¿�k d k `Õ\Yqp`�` k c^�4dMu^]�m�´^��u � · k �VÊ%¯�Ê{�c��Ê
²PuV_a`b_�qp`�`�_a`�`�_af k c^\t´^d�`Cq�]�_P`Ô´^oToW_af3´^\ k cTdMuV_[cV_L´^]�mpc,�8qpf^f k c^�Emp\^d k mpcYq�l{l{iTqyg k qp`
g���dMuV_�`Ô´^o k `�´V`b_af@qp`,cV_LÖ k c^\t´^d
ÉImp]
dMuV_�q v d k z�q�d k mpcEÉ%´^c v d k mpc fac

Ê4²PuV_Cq v d k z�q�d k mpc
É%´^c v d k mpc k `WqUcVmpc^l k cV_�q�]TÉ%´^c v d k mpc�dMuYq�d v q�l v ´^l/q�d�_a`6dMuV_"cV_L´^]�mpc�³ `Wm�´^dM\t´^dWz�q�lÀ´V_
ÉI]�mpo dMuV_;Ö�_ k ��ued�_af¤`Ô´^ohÊl²Ci8\ knv q�lCq v d k z�q�d k mpcNÉR´^c v d k mpcV`Eq�]�_7dMuV_T` k ��cUÉ%´^c v d k mpc,�
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dMuV_E` k ��oWm k f&ÉR´^c v d k mpcBmp]�dMuV_Zuei%\�_!]Mg�mpl knv dbq�c^��_!c8d�É%´^c v d k mpc,Ê

sign(x) =

{

+1, x ≥ 0

−1, x < 0
; sigmoid(x) =

1

1 + e−x
; tanh(x) =

e2x − 1

e2x + 1

²PuV_Wq v d k z�q�d k mpcNÉR´^c v d k mpc v q�c>g�_ k c>\^] k c v!k \^ln_Wq�ceiBÉR´^c v d k mpc>dMuYq�d k `4oWmpcVmpd�mpcV_��
v mpc8d k c�´Vm�´V`Ml{i f k »�_!]�_!c8d k q�g^ln_ � dMuV_=` k ��cAÉR´^c v d k mpcAg�_ k c^��q�c mpgez k m�´V`T_�� v _!\^d k mpcE���
Ö k dMu>qo½Vc k d�_�]bq�c^��_�ÊBáy`6´Yq�l{l{i�q�l{lGcVm%f^_a`ym�É�dMuV_@cV_!d�Ö�mp] ¿ uYq�z�_7dMuV_�`bq�oW_µq v d k z�q<r
d k mpc"É%´^c v d k mpc,Ê
²PuV_ v q�l v ´^l/q�d k mpc7m�É%dMuV_	m�´^dM\t´^dGzpq�lÀ´V_a` É(]�mpo¦dMuV_ k c^\t´^d
zpq�lÀ´V_a` k `
_���_ v ´^d�_afE`�dM]bq k ��ued
ÉÝmp]ÔÖ[q�]�fUÉI]�mpo l/qai�_!]�`EmpcNdMuV_7ln_�É(d4d�m=dMuV_7] k ��ued�Ê;Õy_!d�Ö�mp] ¿ `BÖ k dMu>oWmp]�_µdMuYq�cNd¤Ö�m
l/q�i�_!]�`7q�]�_ v q�l{ln_af¤qp`Mi8c v u^]�mpcVm�´V`@cV_!d�Ö�mp] ¿ `@g�_ v qj´V`�_TdMuV_»q v d k zpq�d k mpcAm�ÉPdMuV_WcV_L´�r
]�mpcV`Zm�É�mpcV_7l/qai�_!] k `4\^]�m v _a`�`�_afU\Yq�]bq�l{ln_!l � dMuYq�d k `Z`Mi%c v u^]�mpcVm�´V`p���,gt´^d4g�_!� k c^c k c^�
Ö k dMuhdMuV_*½V]�`Md�l/qai�_!]×mpc�dMuV_Zln_�É(d×q�cVf"ÉImpl{lnm9Ö k c^�Wl/qai�_!]ygei=l/qai�_!]×d�mµdMuV_E] k ��ued�Ê
²PuV_Em�´^dM\t´^d�` out1

q�cVf out2
k ci· k �VÊ9¯�Ê �Tq�]�_ v q�l v ´^l/q�d�_afBqp`PÉÝmpl{lnm8Ö�`��

²Gm�]�_�ÉÝ_!]@d�m�dMuV_»f k » _!]�_!ced7zpq�lÀ´V_a`7m�É�dMuV_6cV_!d�� k d k ` v mpc8z�_!c k _!cedTd�mh]�_!\^]�_a`b_!cedTq�l{l
k c^\t´^d�`4g8iBq�c k c^\t´^d4z�_ v d�mp] −→in, dMuV_µm�´^dM\t´^d�`4g8iBq�cUm�´^dM\t´^dZz�_ v d�mp] −→out q�cVfUdMuV_Ö[_ k ��ued�`�m�É
dMuV_yl k c ¿ ` v mpc^cV_ v d k c^�Tl/qai�_!] (l− 1) q�cVf=l/qai�_!] l g8iWdMuV_�Ö�_ k ��ued�o6q�dM] k �
W ′ Ê W ′ k `ym�É�` k |�_ (t × s)

k É s
k `1dMuV_Ec�´^o�g�_!]Zm�É:cV_L´^]�mpcV` k cBl/qai�_!] (l − 1) q�cVf

t dMuV_�c�´^o�g�_!]Em�ÉCcV_L´^]�mpcV` k cNl/qai�_!] l Ê�¼�_�cVm9Ö v q�cUf^_a` v ] k g�_7dMuV_�m�´^dM\t´^dZm�ÉCdMuV_
cV_!dyq�g�m�z�_Egei��

−→
out =

−→
o′′′ = fac(W

′′′ · fac(W
′′ · fac(W

′−→in)))

}(´ k lnf k c^�=qTcV_L´^]bq�l
cV_!d¤Ö[mp] ¿ ]�_I¸K´ k ]�_a`yqTf^_ v!k ` k mpcUmpciÖ�u knv uBÉÝmp]Mo dMuV_EcV_!d×`�uVm�´^lnf
uYq�z�_��ÕdMuYq�d k `��GuVm8Ö o6q�cei*l/qai�_!]�`7dMuV_WcV_!dµ`MuVm�´^lnf�uYq�z�_��ÕuVm8Ö o6q�ceiª´^c k d�`7_�q v u
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l/q�i�_!]×`MuVm�´^lnf"uYq�z�_�q�cVf&uVm9Ö dMuV_!i&`MuVm�´^lnf"g�_ v mpc^cV_ v d�_afiÖ k dMu�_�q v u�mpdMuV_!]�Ê
àñcWdMuV_y_��^q�oT\^ln_4q�g�mÀz�_�dMuV_×cV_!d k `:l k c ¿ _af,´^c k f k ]�_ v d k mpcYq�l{l{i�Ê�²Pu k `�oW_�q�cV`��%m�´^dM\t´^d�`
ÉI]�mpo mpcV_El/qai�_!]Zq�]�_ v mpc^cV_ v d�_afUmpc^l{ihÖ k dMuBl/qai�_!]�`1d�mTdMuV_ k ]y] k ��ued�Ê�°K´ v u�cV_!d¤Ö[mp] ¿ `
q�]�_ v q�l{ln_afAÉÝ_a_af%rÝÉÝmp]ÔÖ[q�]�f©cV_!d�Ö�mp] ¿ `�ÊÅà2É4mpc dMuV_ v mpcedM]bq�]Mi�q�c�m�´^dM\t´^dWm�ÉZqBl/q�i�_!]
`b_!]Mz�_a`:qp` k c^\t´^d:m�É�qycV_L´^]�mpc6m�ÉYdMuV_�`bq�oW_[l/qai�_!]:mp]:m�É�q�cei7l/qai�_!]	g�_�ÉImp]�_ k d��pÉÝmp]Mo k c^�
q v i v ln_��^dMuV_ZcV_!d k ` v q�l{ln_af"]�_ v ´^]M]�_!ced�Ê
²PuV_&l/q�i�_!]�`
±�³:q�cVf ±4¦ k c¬· k �VÊK¯�Ê �*q�]�_ v q�l{ln_af u k f^f^_!c�l/qai�_!]�`=qp`µdMuV_!i¤uYq�z�_"cVm
f k ]�_ v d v mpc^cV_ v d k mpc d�m>dMuV_ ¦tm�´^d�` k f^_ÇÖ�mp]Mlnf²¦b�[dMuV_ k c^\t´^d�`=q�cVf©dMuV_"m�´^dM\t´^d�`��[gt´^d
q�]�_ v mpc^cV_ v d�_af k cVf k ]�_ v dMl{i�mÀz�_!]iÖ�_ k ��u8d�`hd�m dMuV_!ohÊ x ` k c^��ln_Nu k f^f^_!c l/q�i�_!] k c
qUcV_!d�Ö�mp] ¿©k `W_!cVm�´^��u d�mN]�_!\^]�_a`�_!ced&q�cei v mpced k c�´Vm�´V`»É%´^c v d k mpc,�C\^]�mÀz k f k c^�¤dMuYq�d
dMuV_!]�_ k `:q4`Ô´zÊ v!k _!cedMl{iµl/q�]M��_Pc�´^o�g�_!][m�É;cVm%f^_a` k cTdMuV_Pu k f^f^_!cWl/q�i�_!]�Êk²GmZ]�_!\^]�_a`�_!c8d
f k ` v mpced k c�´Vm�´V`yÉ%´^c v d k mpcV`�d¤Ö[mWu k f^f^_!chl/q�i�_!]�`yq�]�_ZcV_ v _a`b`bq�]Mi 
 È ´V`�¹�¯��tÊ

²PuV_ v uYq�l{ln_!c^��_�m�Éx½VcVf k c^�"q�cBmp\^d k o<´^o cV_!d�Ö�mp] ¿hk `ycVmpd×d�m6dbq ¿ _@d�m%mW`Mo6q�l{lÕq
cV_!d��%qp` k dxÖ k l{lVcVmpd:g�_�q�g^ln_�d�m4]�_!\^]�_a`�_!c8dCdMuV_�dbqp` ¿ �eq�cVfWcVmpd	d�mZdbq ¿ _�d�m%m4g k ��q1cV_!d��
qp` k d
Ö k l{l ]�_!\^]�_a`b_!ced�dMuV_4� k z�_!ch_��Vq�oT\^ln_a`�z�_!]Mi,Ö�_!l{l,gt´^d
Ö k l{l d�_!cVf&d�mTmÀz�_!]�½Vdyq�cVf
dMuK´V`�\�_!] ÉImp]Mo�\�m%mp]Ml{i6ÉÝmp] k c^\t´^d�`�cVmpd×\^]�_a`�_!ced�_af&ÉÝmp]�dM]bq k c k c^�VÊ:²Pu k ` k `�_���\^l/q k cV_af
k c"dMuV_EcV_��%d v uYq�\^d�_!] k chf^_!dbq k l2Ê

F�6"5 ûfÆ4BI?@HX?@HX\O8 R�CEWXF�M<U

²
]bq k c k c^�Tmp]�ln_�q�]Mc k c^�µoW_�q�cV`�qpfjÙ�´V`�d k c^��dMuV_�Ö�_ k ��u8d�`�`�mEdMuYq�d[dMuV_×cV_L´^]bq�l�cV_!d�Ö�mp] ¿
]�_!\^]�_a`b_!ced�`1dMuV_@� k z�_!cUdbqp` ¿ Ê ·Vmp]1dMuYq�d���dMuV_lÖ�_ k ��u8d�`Eq�]�_ v uYq�c^��_af k cU`Ô´ v uNq$Ö[q�i��
dMuYq�dCdMuV_�cV_!d8³ `:m�´^dM\t´^d −→outi

ÉImp]Cq1� k z�_!c k c^\t´^d −→ini
o6q�d v uV_a`�dMuV_�]�_�q�l^o�´V`Md�m�´^dM\t´^d

−→
t i
�Yq�ln`bm v q�l{ln_afhdbq�]M��_!d��aà2É	m�´^]×dM]bq k c k c^�=`�_!d v mpcV` k `�d�`×m�É N

k c^\t´^d rtm�´^dM\t´^d � o�´V`Md r
m�´^dM\t´^d�`p�P_��^q�oT\^ln_a`À�^dMuV_!c i = 1, 2, ..., N.� c v _µdMuV_T`�dM]Ô´ v dÔ´^]�_Tm�É�dMuV_µcV_!d k `Zf^_&½VcV_af �,dMuV_;Ö�_ k ��u8d�`�q�]�_ k c k d k q�l k |�_af*q�cVf�q<É(r
d�_!]ÔÖPq�]�f^`ZqpfjÙ�´V`Md�_afhgei�qTln_�q�]Mc k c^�&q�l{��mp] k dMu^o ´V` k c^�6dMuV_ k c^\t´^d rtm�´^dM\t´^d4_��Vq�oT\^ln_a`
m�ÉÕdMuV_Z� k z�_!chdbqp` ¿ Ê

� cV_:m�É%dMuV_:oWm�`Md,\�mp\t´^l/q�],ln_�q�]Mc k c^�×dñi8\�_a` k ` ��]bqpf k _!c8dGf^_a` v _!c8d
ln_�q�]Mc k c^�V�jÖ�uV_!]�_
q�c _!]M]�mp] mp] v m�`�d É%´^c v d k mpc E(−→w )

k ` f^_&½VcV_af � ]�_!l/q�d k c^� dMuV_ _!]M]�mp]
−→
δ i =

−→
t i −−→

outi
d�mµdMuV_*Ö[_ k ��ued�`�Ê

P�r�qxrts � |t{}|t��|�»´|�{^~����^���´�¡����� ¾Q¢}{�w²��|��+{
²PuV_@` k oT\^ln_a`Md×q�cVf"oWm�`Md�É(]�_I¸K´V_!cedMl{iØ´V`�_af v m�`MdPÉ%´^c v d k mpc k `�� k z�_!c�gei

E(−→w ) =
1

2

∑

i

|δi|2

=
1

2

∑

i

∣

∣

∣

−→
t i −−→

outi(−→w )
∣

∣

∣

2
.

� ¯�Ê{�c�
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� dMuV_!] v m�`Md�ÉR´^c v d k mpcV`�q�]�_1\�m�`�` k g^ln_�Ê1²PuV_!i»`�uVm�´^lnf»g�_1f k »�_!]�_!c8d k q�g^ln_1ÉR´^c v d k mpcV`�m�É
δ Ö k dMuNqTo k c k o�´^o q�d δ = 0 ÊVàtcBdMuV_E��]bqpf k _!cedZf^_a` v _!cVfUq�l{��mp] k dMu^o dMuV_lÖ�_ k ��u8d�`
q�]�_ v uYq�c^��_afhg8i −−→4wi

�XÖ�uV_!]�_ −−→4wi

k `�\^]�mp\�mp]Md k mpcYq�l
d�mµdMuV_@_!]M]�mp]�ÉR´^c v d k mpc,�

4wij = −η
∂E

∂wij

� ¯�Ê ���
wij new = wij old + 4wij

� ¯�ÊO¶��
Ö k dMu¤dMuV_T\^]�mp\�mp]Md k mpcYq�l�É2q v d�mp] η � v q�l{ln_af�dMuV_WdM]bq k c k c^�B]bq�d�_��Õq�cVf wij

g�_ k c^�BmpcV_
v mpoT\�mpcV_!ced1m�É −−→4wi

Êx·Ymp]×mpcV_Z_��^q�oT\^ln_@m�ÉÑdMuV_Z`�_!d��;q�cVf=ÉImp]�|Zg�_ k c^�TdMuV_Zc�´^o�g�_!]
m�ÉVÖ[_ k ��ued�` � m�ÉydMuV_6l/qp`Md7l/qai�_!]7ÉÝmp] k cV`�dbq�c v _c��dMu k ` k `�dMuV_=��]bqpf k _!ced6q�d7dMuV_=\�m k c8d
−−→4w m�É�dMuV_W_!]M]�mp]@\^l/q�cV_ k c¤dMuV_ (z + 1) rtf k oW_!cV` k mpcYq�lP`�\Yq v _�Êh°%_�q�] v u k c^�BÉÝmp]EdMuV_
o k c k o<´^o m�É E(−→w )

k `4f^mpcV_7geiU`Ml k f k c^�"f^m8Ö�c>dMuV_ E r2\^l/q�cV_�Ê<à2ÉCdMuV_ v uVm�`�_!c η
k `

d�m%m�l/q�]M��_��CdMuV_�¦ v mp]M]�_ v d k mpcz¦=ln_!d�` −→w Ù�´^oT\AÉI]�mpoÆmpcV_&` k f^_&m�É×dMuV_=z�q�l{ln_!i¤m�É×dMuV_
E r2\^l/q�cV_�d�mWdMuV_�mpdMuV_!]��YdMu k `yuYq�\^\�_!cV`�ÉÝmp]×o k c k o6q k c�z�q�l{ln_!i%`�Ö k dMu v mpc8d�m�´^]yl k cV_a`
m�É v!k �eq�]×ÉImp]Moh�[g�_ v qj´V`�_@m�É:dMuV_�f^_!] k zpq�d k mpc k cB`Md�_a_!\B��mp]M��_a`1dMuV_E\�m k ced�Ö k l{l�Ù�´^oT\
ÉI]�mpo mpcV_7` k f^_7m�É:dMuV_7��mp]M��_@d�m»dMuV_�mpdMuV_!]�� m�` v!k l{l/q�d k c^� k cV`Md�_�qpfNm�É:��l k f k c^�"f^m8Ö�c,Ê
²PuK´V`��Ñq�\^\^]�m�� k o6q�d k mpc d�m"dMuV_6o k c k o�´^oÆ��m8_a` k c¤q"| knv r2|Àq v \Yq�dMu,�Gmp]��
ÉÝmp]�q"d�m%m
g k �zãPdM]bq k c k c^�T]bq�d�_ η �%dMuV_�Ö�_ k ��u8d�z�_ v d�mp]mÖ k l{l�_!z�_!c"oWmÀz�_1ÉR´^]MdMuV_!]�q8Ö[qai»ÉI]�mpo dMuV_
o k c k o<´^ohÊ[w�uVm%m�` k c^�µq�z�_!]Mi6`�o6q�l{l�ln_�q�]Mc k c^�µ]bq�d�_ k `P`�_ v ´^]�_��%gt´^dPo6q ¿ _a`�dM]bq k c k c^�
z�_!]Mi&`Mlnm8ÖEÊ
²Gm7f^_�q�laÖ k dMu=dMu k `�\^]�mpg^ln_!oZÉ�¸�Ê � ¯�Ê ��� v q�c»g�_yoWm8f k ½Y_af=gei=qpf^f k c^�µq@oWmpoW_!cedÔ´^o
µ Ê

4wij = −η
∂E

∂wij
+ µ4wij old

� ¯�Ê º��
Ö k dMu 0 < µ < 1 �:dbq ¿%k c^�N`bm k c8d�m�q vav m�´^cedTdMuV_ v mp]M]�_ v d k mpc�m�É1dMuV_»l/qp`�d;´^\�fVq�d�_
4wij old

Ê�àñc"dMu k `
Ö[q�ihqµ| knv r2|Àq v \Yq�dMu k `�`�oWm8mpdMuV_afhm�´^d�Ê
áy\�fVq�d k c^��dMuV_VÖ�_ k ��ued�` v q�c=g�_×f^mpcV_ k c6d¤Ö[m7oWm8f^_a`��Õ_ k dMuV_!][geiT\^]�_a`�_!c8d k c^�Wq�l{l

k c^\t´^d rtm�´^dM\t´^d1_��^q�oT\^ln_a`×q�d�mpc v _Zmp]�g8i6\^]�_a`�_!c8d k c^�»`Ô´^gV`b_!d�`Pd�mµdMuV_4cV_!d×q�cVf&dMuV_!c
v q�l v ´^l/q�d k c^�hdMuV_T_!]M]�mp]�Ê3²PuV_7ÉÝmp]MoW_!] k ` v q�l{ln_afNgYq�d v u*oWm8f^_��Gf^m k c^�"\^]�_a`�_!cedbq�d k mpc
\Yq�dMd�_!]Mc�r2g8ier2\Yq�dMd�_!]Mc k ` v q�l{ln_af k c v ]�_!oW_!cedbq�l[oWm%f^_�ÊhÉ�q v uA]Ô´^c k c�Ö�u knv u*dMuV_6cV_!d
k `[\^]�_a`�_!c8d�_afhq � `6´^gE�õ`�_!d[m�ÉÑ_��^q�oT\^ln_a`�q�cVf=cV_LÖ Ö�_ k ��u8d�`×q�]�_ v q�l v ´^l/q�d�_af � k ` v q�l{ln_af
q�c�_!\�m v u,Ê

²PuV_4f^_a` v ] k \^d k mpchq�g�m�z�_ k `�ÉImp]�q�c,´^\�fVq�d�_1m�É
dMuV_VÖ[_ k ��ued�`�m�É
mpcV_1l/q�i�_!]��%m�ÉGdMuV_
l/qp`Md[l/qai�_!]�Ê(°%m�Ö[_×]�_LÖ�] k d�_ wij

k chÉ�¸;Ê � ¯�Ê ���Cd�m w′′′
nm
�UÖ�uV_!]�_ydMuV_ k cVf^_�� k `CcVm9Ö�cVmpd

dMuV_»\Yq�dMd�_!]Mc gt´^dVÙ�´V`Md@dMuV_hÖ[_ k ��ued3Ö�_"q�]�_»lnm8m ¿%k c^�Nq�d�Ê¨àñ��cVmp] k c^�Nq�oWmpoW_!cedÔ´^o

ä3Q æ�ç+å·ðtñGë	í�ëìí"!^ðtñGå�ç+ë	êSR å�é÷é�ó
ë�!$R�ëìî�å�æ�çS!Gðtñpô�ëìçÃí÷åT��ò"�Àå�ëìè"�ìëìçQô�õ�ëÀå�æIå�æ
çuå·ðtñ#ëìí
ëìí	!�ðtñ@å�çhëìê4ó�ëU!�!pç"ðå�æ�ñGí�å�æ
çhõ�ë©ô�å�æ7é#î²å�æ
ç�ö#ñ����ìçV
[ë	í�å�æ
çXW ècð�é�Y¬ç��"å�çQô"Z�ôcëÀð�ç��"å�ëìépí7éGîaå�æ
ç[!Gðtñpôcë	ç"í�å\%
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q�cVfi´V` k c^�TdMuV_@q v d k z�q�d k mpc"ÉR´^c v d k mpc fac
Ö�_ v q�ciÖ�] k d�_��

4w′′′
ij = −η

∂E

∂w′′′
ij

= −η
∂(1

2

∑

n(o′′′n − tn))

∂w′′′
ij

� ¯�ÊO¯��
¼�_
Ö k l{l[` k oT\^l k É(iNdMuV_WcV_!dTq�g�m�z�_��	qp`�`Ô´^o k c^� k d@d�m�uYqaz�_=mpcV_Wu k f^f^_!cAl/qai�_!]7ln_a`�`��
ln_!dMd k c^�6dMuV_Zm�´^dM\t´^d�` o′l

v mp]M]�_a`M\�mpcVf"d�mµdMuV_ZdM]bq k c k c^� k c^\t´^d�` Ö k dMuVm�´^d×lnm�`�`�m�ÉÕ��_!c�r
_!]bq�l k |Àq�d k mpc,Ê,²PuV_Tf^_!\�_!cVf^_!c v _»m�É�dMuV_Wm�´^dM\t´^d�` o′′′n

É(]�mpo dMuV_ k c^\t´^d�` in′
l = o′l

k `
� k z�_!c�gei

o′′′n = fac(
∑

m

w′′′
nmo′′m)

= fac(
∑

m

w′′′
nmfac(

∑

l

w′′
mlin

′
l))

� ¯�Ê ���

²PuK´V`:q
Ö[_ k ��ued k c7dMuV_ � cVm9Ö���½V]�`MdGu k f^f^_!cµl/q�i�_!] v q�c7g�_ v q�l v ´^l/q�d�_af;´V` k c^�BÉ�¸�Ê � ¯�Ê ���
z k q��

4w′′′
ij = −η

∂E

∂o′′m
· ∂o′′m
∂in′

l

� ¯�Êpµ��
àñc"mp]�f^_!]Pd�m v mp]M]�_ v d�dMuV_�Ö[_ k ��ued�`ym�ÉÑq�l/qai�_!]��X½V]�`MdPdMuV_�Ö�_ k ��u8d�`×m�ÉÑq�l{l l/q�i�_!]�`�d�m k d�`
] k ��u8d�uYqaz�_@d�mµg�_ v q�l v ´^l/q�d�_af Ê
²Pu k `»q�l{��mp] k dMu^oÇÉImp]µdM]bq k c k c^�¤qUcV_!d�Ö�mp] ¿ k ` v q�l{ln_af gYq v6¿ r2\^]�mp\Yq��eq�d k mpc,�Pg�_ v qj´V`�_
dMuV_$Ö�_ k ��ued�`7q�]�_ v mp]M]�_ v d�_af k c�dMuV_ k c8z�_!]�`�_Wf k ]�_ v d k mpc qp`ZdMuV_Tf k ]�_ v d k mpc k c¡Ö�u knv u
dMuV_ v q�l v ´^l/q�d k mpc>m�É:dMuV_@m�´^dM\t´^d�`yÉI]�mpo dMuV_ k c^\t´^d1z�q�lÀ´V_a` k `yf^mpcV_�Ê�àtd k `×dMuV_@oWm�`Md
ÉI]�_I¸K´V_!cedMl{i¨´V`�_af>q�l{��mp] k dMu^ohÊ;ÈNq�cei>q�\^\^l k _af�q�l{��mp] k dMu^oW`�q�]�_�Ù�´V`Md4oWm8f k ½ v q�d k mpcV`
m�É k d7f^_�q�l k c^�¡Ö k dMu,�ÕÉÝmp] k cV`Mdbq�c v _��	dMuV_=\^]�mpg^ln_!oÇm�É×lnm v q�lPo k c k o6q��	\^l/q�d�_�qj´V`À�:mp]
k oT\^]�mÀz k c^�»dMuV_E`M\�_a_af"m�ÉÑdMuV_4dM]bq k c k c^�VÊ

àtc»qElnm v q�l;o k c k o�´^o m�É dMuV_×_!]M]�mp]:É%´^c v d k mpc=dMuV_
Ö�_ k ��u8d[z�_ v d�mp] v q�c6��_!d[`MdÔ´ v6¿ �
k d
Ö k l{l
dMu�´V`×`�lnm8Ö f^m8Ö�cBdM]bq k c k c^�6mp] k d
Ö k l{l
_!z�_!c"\^]�_!z�_!c8d×dMuV_@q�g k l k dñi&d�m;½VcVf"dMuV_
]�_�q�l�o k c k o�´^ohÊ � cV_
ÖPqai>d�mBq�z�m k f¤mp]�d�mh��_!dµm�´^d�m�É×q"o k c k o<´^o k `Ed�mBqpf^fAq
`�o6q�l{l;]bq�cVf^mpo zpq�lÀ´V_yd�mEdMuV_�Ö�_ k ��u8d�`�Ê:xy�eq k c,�%q v mpoT\^]�mpo k `�_yuYqp`Cd�m�g�_�o6qpf^_��^qp`
qpf^f k c^�6d�m8mTo<´ v u ¦2cVm k `�_p¦�Ö k l{lGf^_!d�_!] k mp]bq�d�_EdMuV_4dM]bq k c k c^�VÊ
P�r�qxr�q ]��+{�^
¢�~�yÄ����~���yu³�|t��{h� ³^����wz��{h�
x ` k o k l/q�]TdM]bq k c k c^�*q�l{��mp] k dMu^o k `µdMuV_ v mpc�Ù�´^�eq�d�_"��]bqpf k _!ced»q�l{��mp] k dMu^ohÊ àñcV`Md�_�qpf
m�É[oWm�z k c^��q�lnmpc^�&dMuV_µcV_!�eq�d k z�_Tf k ]�_ v d k mpc�m�É�dMuV_7��]bqpf k _!ced��
dMuV_7f k ]�_ v d k mpc�m�É[dMuV_
��]bqpf k _!c8dym�ÉÕdMuV_Z\^]�_ v _af k c^�
´^\�fVq�d�_ k `×q�ln`�mWdbq ¿ _!c k ced�m6q vav m�´^c8d�Ê
w[mpcV` k f^_!]ÑdMuV_�_!]M]�mp]ÑÉ%´^c v d k mpcWqp`:q�\^l/q�cV_ k c7dMuV_[o�´^l{d k f k oW_!cV` k mpcYq�l�`M\Yq v _P`M\Yq�c^cV_af
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g8i�dMuV_
Ö[_ k ��ued�` � oWmp]�_=\^]�_ v!k `�_!l{i��µdMuV_hÖ�_ k ��u8dTz�_ v d�mp]�`#��ÊBx \�m k c8dµq�dµdMuV_=_!]M]�mp]
\^l/q�cV_ v mp]M]�_a`�\�mpcVf^`�d�m6mpcV_Z`�_!d�m�ÉkÖ[_ k ��ued�` −→w Êx±,_!d −→g g�_1dMuV_Z��]bqpf k _!cedyz�_ v d�mp]×m�É
dMuV_7\^l/q�cV_Wq�d4dMuV_7\�m k c8d −→w Ê<°%m=dMuV_7f k ]�_ v d k mpc −→

d 0 = −−→g 0
�.Ö�uV_!]�_µdMuV_<Ö[_ k ��ued�`

−→w _ −→w 0
q�]�_ v mp]M]�_ v d�_af»d�m^� k `:� k z�_!c=gei −→w 1 = −→w 0 +η

−→
d 0

ÉImp]�dMuV_
½V]�`Md�´^\�fVq�d�_�� k Ê _�Ê
dMuV_$½V]�`Md�d k oW_6dMuV_
Ö[_ k ��ued�`Tq�]�_»oWm8f k ½Y_af Êi²PuV_ v mpc�Ù�´^�eq�d�_6��]bqpf k _!c8dTq�l{��mp] k dMu^o
oWm%f k ½Y_a` −→d ÉÝmp]×q�l{l�ÉImpl{lnm9Ö k c^�
´^\�fVq�d�_a`�l kÀ¿ _��

−→
d q = αq

−→
d q−1 −−→g q

Ö�uV_!]�_ q
k `CdMuV_1q v dÔ´Yq�l2� q− 1 dMuV_×\^]�_!z k m�´V`(´^\�fVq�d�_yq�cVf αq

k `[qZÉÝq v d�mp][dMuYq�dCdbq ¿ _a`
k c8d�mBq vav m�´^ced7dMuV_Wf k » _!]�_!c v _Wg�_!d¤Ö[_a_!c*dMuV_W\^]�_!z k m�´V`�q�cVf�dMuV_W\^]�_a`�_!c8d@��]bqpf k _!ced�Ê
� cV_ k oT\^ln_!oW_!c8dbq�d k mpc�ÉÝmp] αq

k `

αq =

∣

∣

∣

−→g q

∣

∣

∣

2

∣

∣

∣

−→g q−1

∣

∣

∣

2 .

x×É(d�_!]
dMuV_1½V]�`Mdg´^\^��]bqpf^_[q�l{l8f k ]�_ v d k mpcV`Ñm�É v mp]M]�_ v d k mpc v mpcV` k f^_!]G\^]�_!z k m�´V`G��]bqpf k _!ced�`�Ê
àtÉZdMuV_hf k »�_!]�_!c v _ k `Wd�m%m>g k �V� k d=`�_a_!oW`WoWmp]�_ v mpcez�_!c k _!ced&cVmpd»d�m v mpcV` k f^_!]»dMuV_
\^]�_!z k m�´V`���]bqpf k _!c8d��;qp` k d
Ö[m�´^lnf�`Mlnm9Ö f^m8Ö�cBdMuV_Z��]bqpf k _!ced4f^_a` v _!c8d�Ê�²Pu k ` k `×f^mpcV_
g8ih]�_a`�_!d k c^� −→

d d�m»dMuV_7cV_!�eq�d k z�_���]bqpf k _!c8d�Ê � cV_ v mpcVf k d k mpcËÖ�u knv uNf^_ v!k f^_a`BÖ�uV_!c
dM]bq k c k c^�»uYqp`�]�_�q v uV_afUqµ]�_a`�_!d�\�m k ced�� k `�� k z�_!chg8i&dMuV_@}P_�q�ln_�rtsGm9Ö�_!l{lÕ]�_a`Mdbq�]Md�d�_a`�d�Ê
àtÉGdMuV_ v mpcVf k d k mpc

∣

∣

∣

−→g q −−→g q−1

∣

∣

∣ ≥ 0.2
∣

∣

∣

−→g q

∣

∣

∣

2

k `�`�q�d k `�½Y_af � −→d k `�`�_!d�d�mT_I¸K´Yq�l −−→g Ê²PuV_VÖ�_ k ��ued�`�m�É,dMuV_×cVm8f^_ v mpc^cV_ v d k mpcV`�q�]�_×_���\�_ v d�_af6d�mEg�_yqpfjÙ�´V`Md�_af»q<ÉId�_!][dM]bq k c�r
k c^� k c>`Ô´ v u�q,Ö[q�i��,dMuYq�d4dMuV_!i�\^]�mÀz k f^_µdMuV_7g�_a`Md4m�z�_!]Ml/q�\^\ k c^��m�É[dMuV_ v q�l v ´^l/q�d�_af
v mpc8dM]�mpl1z�_ v d�mp]�`ØÖ k dMu�dMuV_>q�\^\^l k _af�mpcV_a`6ÉI]�mpo dMuV_�oW_�qp`Ô´^]�_af k c^\t´^d=z�_ v d�mp]"mp]
o6q�dM] k � Ê3à2É[dMuV_µcV_!d¤Ö�mp] ¿Nk `Z`Ô´ vav _a`b` ÉR´^l{l{iBdM]bq k cV_af � k d k `Z_���\�_ v d�_afNd�m&\^]�_af knv d@dMuV_
m�´^dM\t´^d�z�q�lÀ´V_a`�ÉÝmp] k c^\t´^d�z�q�lÀ´V_a`�cVmpd�\^]�_a`�_!c8d�_af"d�mTdM]bq k c k c^�VÊ

àñd k `4\�m�`�` k g^ln_��;dMuYq�d q6cV_!d4uYqp` q v u k _!z�_af�q»z�_!]Mih��m%m%f � `Mo6q�l{lÑ_!]M]�mp]@q<ÉId�_!]Zq
lnmpdµm�Éy_!\�m v uV`7m�É�dM]bq k c k c^�V�:gt´^d7g�_!uYqaz�_a`7z�_!]Mi�\�m%mp]Ml{iªÖ�uV_!c>´^c8dM]bq k cV_af©fVq�dbq k `
\^]�_a`�_!c8d�_af&d�m7dMuV_ k c^\t´^d�Êx²Pu k ` k `PoWm�`MdP\^]�mpgYq�g^l{i6dMuV_ v qp`�_×ÉImp]�q�c"m�z�_!]�½VdMd�_afhcV_!d�Ê
àñd
uYq�\^\�_!cV`G_ k dMuV_!]Ñg�_ v qj´V`�_:dMuV_�dM]bq k c k c^�1`b_!d k `Gd�m8my`Mo6q�l{l%mp]GdMuV_CcV_!d k `
d�m%m×` k oT\^ln_�Ê
àñd v q�cTg�_ v mpoT\Yq�]�_afTd�mEq v ´^]Mz�_(½VdMd k c^�*Ö k dMu»q1`Mo6q�l{l^cK´^o@g�_!]Cm�É;]�_!\^]�_a`b_!cedbq�d k mpcV`��
Ö�uV_!]�_ZdMuV_*½VdMd�_af v ´^]Mz�_Zo6q�d v uV_a`y\�_!] ÉI_ v dMl{ihÖ k dMuhdMuV_Z� k z�_!ch\�m k ced�`�gt´^d×f^m8_a`�cVmpd
]�_!\^]�_a`�_!c8dhdMuV_U]�_�q�lZ\^]�mpg^ln_!ohÊ ²
_a`Md k c^�©dMuV_NcV_!dØÖ k dMu _��Vq�oT\^ln_a`"dMuYq�d&dMuV_NcV_!d
uYqp`ycVmpdyg�_a_!c�dM]bq k cV_af¨Ö k dMu k `×dMuV_ v ]Ô´ v!k q�l	qp`�`�_a`�`MoW_!c8dym�É:uVm9Ö�Ö[_!l{lGdMuV_�cV_!d1uYqp`
q v dÔ´Yq�l{l{i&g�_a_!c"dM]bq k cV_af Ê
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àtd×`�uVm�´^lnf"g�_4oW_!c8d k mpcV_af�dMuYq�d4q�\Yq�]Md�ÉI]�mpo dM]bq k c k c^�=qµcV_!d×gei&oWm8f k ÉIi k c^�WdMuV_
Ö[_ k ��ued�`��8dMuV_!]�_�q�]�_�q�ln`�m4oWmp]�_ v mpoT\^ln_��ToWm%f^_!ln`���dM]Mi k c^�Zd�m v mp\ei7dMuV_Pg�_!uYq�z k m�´^]Cm�É
g k mplnmp� knv q�l cV_L´^]bq�l v _!l{ln`�Ê j _!ln_!d k c^�Tmp] v ]�_�q�d k c^�µcV_LÖ�l k c ¿ `�q�cVf v uYq�c^� k c^�TdMuV_Zq v d k r
z�q�d k mpc&É%´^c v d k mpc�q�]�_Z`�mpoW_Z_��^q�oT\^ln_a`×m�ÉÑ\�m�`�` k g^ln_Zqpf^f k d k mpcYq�l ÉÝ_�q�dÔ´^]�_a`�Ê:Î1m8Ö[_!z�_!]��
dMu k ` k `�g�_!i�mpcVfhdMuV_E` v mp\�_Zm�ÉÑdMu k `
Ö[mp] ¿ Ê

F�6t× `aYZBI\IR ù�Æ4RhØ�:XÆ4F�AhR�UEU�?@HX\
·Y_a_af k c^�*dMuV_=ÉÝ_a_af%rÝÉImp]ÔÖPq�]�f ��gYq v�¿ r2\^]�mp\Yq��eq�d k mpc�cV_!dTÉÝmp]TdM]bq k c k c^�ªÖ k dMu v mpoT\^ln_��
k o6q���_a`�Ö�m�´^lnfB_!cVmp]MoWm�´V`Ml{i v mpoT\^l knv q�d�_�dMuV_ZdM]bq k c k c^�&q�cVf�`Mlnm8Ö k d×f^m8Ö�c,ÊPx \^]�_�r
\^]�m v _a`�` k c^�"m�É[dMuV_ k o6q���_a`*Ö�u knv u�_���dM]bq v d�` v uYq�]bq v d�_!] k `Md knv ÉI_�q�dÔ´^]�_a`Zm�´^dEm�É[dMuV_!o
v q�c©g�_"q�\^\^l k _af � k c oWm�`Md v qp`b_a`µo k c k o k | k c^��dMuV_ k c^\t´^dTc�´^o�g�_!]TÉÝmp]µdMuV_&gYq v6¿ r
\^]�mp\Yq��eq�d k mpc>cV_!d�Ê1xycei�q<r2\^] k mp] kÕk c�ÉImp]Mo6q�d k mpc�q�g�m�´^d1`bmpoW_ v uYq�]bq v d�_!] k `Md knv m�É:dMuV_
k o6q���_ZÉI_�q�dÔ´^]�_a`��Y_a`M\�_ v!k q�l{l{i"q�g�m�´^d�dMuV_ v mpced�m�´^]��Yo�´V`Md×g�_4dbq ¿ _!c k c8d�m6q vav m�´^ced4q�d
dMuV_»f^_a` k ��c k c^�N`Mdbq���_6m�É�dMuV_,Õ�Õ qp` k d�Ö k l{l k oT\^]�m�z�_»dMuV_»`M\�_a_af�m�É�dMuV_6dM]bq k c k c^�
k oToW_!cV`b_!l{i"qp` Ö�_!l{lGqp`�dMuV_E]�_!\^]�m8fX´ v d k mpcUm�ÉÑdMuV_Zm�´^dM\t´^d�`y_!z�_!ciÖ k dMuhcVm k `�_�Ê
P�r�¯xrts ]��+{hÍ+�+��¢���|��h{^yu�[�}����wz������|t{^~
²Pu k `W\^]�_�r2\^]�m v _a`�` k c^� k `Tf^mpcV_&gei ¿ _!]McV_!l v mpcez�mplÀ´^d k mpc�d�_ v u^c k ¸�´V_a`=q�cVf gei©qj´^d�m
_!c v m%f k c^�WdM]bq k c k c^�VÊ

w[mpcez�mplÀ´^d k mpc©d�_ v u^c k ¸K´V_a` k c v lÀ´Vf^_ ¿ _!]McV_!ln`��	l kÀ¿ _»dMuV_»` k oT\^ln_=q�z�_!]bq���_ ¿ _!]McV_!ln`
mp]@dMuV_Tg�mp]�f^_!] ¿ _!]McV_!ln`��,dMuV_W`�q�oW_oÖ[q�i>qp`EdMuV_!i>q�]�_$´V`�_afNÉÝmp] k o6q���_T\^]�m v _a`b` k c^�
 Ë8qp_8¹"µ��tÊ:x ¿ _!]McV_!l k `×q7o6q�dM] k �hm�ÉÕ` k |�_ k × k ��dMuYq�d�]Ô´^cV`×mÀz�_!]�dMuV_@�<rtf k oW_!cV` k mpcYq�lk o6q���_a`À��Ö k dMu�o6q�dM] k �©z�q�lÀ´V_a`TdMuYq�d v mp]M]�_a`M\�mpcVf©d�m>dMuV_"ÉI_�q�dÔ´^]�_ÇÖ�u knv u `MuYq�l{l�g�_
½Vl{d�_!]�_af Ê¨²PuV_=m�´^dM\t´^d k `�dMuV_ v mpc8z�mplÀ´^d k mpc©m�É�dMuV_ k o6q���_»\ k ��_!l[z�q�lÀ´V_a`�Ö k dMuAdMuV_¿ _!]McV_!lYzpq�lÀ´V_a`�Êkàñcµ`bmpoW_mÖ[qai k d k `	` k o k l/q�]	d�m4dMuV_�qp`b`�_a`�`�_af k c^\t´^d�`ÕÉÝmp]ÕdMuV_PdM]bq k c k c^�
m�ÉÕdMuV_4cV_!d��V_�� v _!\^d�dMuYq�dyq�l{l z�q�lÀ´V_a`�m�É	mpcV_ ¿ _!]McV_!lGq�]�_B´V`�_af&ÉÝmp]�_�q v u�\ k ��_!l,m�ÉÕdMuV_
v mp]M]�_a`�\�mpcVf k c^�1`Ô´^g^l/qai�_!]�Ê1²PuV_	cK´^o@g�_!]Ñm�ÉV`Ô´^g^l/q�i�_!]�` � q�ln`�m v q�l{ln_afE\^l/q�cV_a`
mp]
o6q�\V`#�
k c q"u k f^f^_!c¤l/qai�_!] k `@� k z�_!c¤gei>dMuV_WcK´^o@g�_!]Tm�Ém´V`b_af>ÉÝ_�q�dÔ´^]�_a` � ¿ _!]McV_!ln`#��Ê�·^]�mpo
dMuV_Ed¤Ö�m»`Ô´^g^l/qai�_!]�`ym�É1· k �VÊ9¯�ÊO¶7d�mWdMuV_B½V]�`Md�u k f^f^_!chl/q�i�_!]×dMuV_!]�_@q�]�_ZdMu^]�_a_ ¿ _!]McV_!ln`
´V`b_af �Vmpg^dbq k c k c^�WdMuV_ZdMu^]�_a_Z\^l/q�cV_a`ym�ÉÑdMuV_4u k f^f^_!cBl/qai�_!]�Ê
P�r�¯xr�q aÛ{���¢��O�´��Í^|t�
��³ÿ�[�´y4�¡{�|�{^~
x d�mpdbq�l{l{i f k »�_!]�_!c8d¡Ö[qai d�m dM]bq k c q©cV_!d�� k `�´^cV`Ô´^\�_!]Mz k `�_af ln_�q�]Mc k c^��gei `�_!lÍÉ(r
mp]M�eq�c k | k c^�Tm�É,dMuV_ycV_!d�Êx²
mpdbq�l{l{i6f k » _!]�_!cedPd�m�`Ô´^\�_!]Mz k `�_af»gYq v6¿ \^]�mp\Yq��eq�d k mpc"ln_�q�]Mc�r
k c^�V�%uV_!]�_1cVm v mpoT\Yq�] k `�mpchm�É
dMuV_4m�´^dM\t´^d
Ö k dMuhq�cei»dbq�]M��_!d k `Pf^mpcV_�Ê�²PuV_1cV_!d�Ö�mp] ¿
o<´V`Md×]�_ v mp��c k |�_��cÖ k dMu�dMuV_EuV_!l{\Bm�É:f k »�_!]�_!c8d1q�l{��mp] k dMu^oW`1d�mWf k `Md k c^��´ k `�uhÉÝ_�q�dÔ´^]�_a`
mp] v q�d�_!��mp] k _a`	m�É ��mp] v mp]M]�_!l/q�d k mpcV`Õg�_!d¤Ö[_a_!cµdMuV_ k c^\t´^dÑ\Yq�dMd�_!]McV`�Ê1²PuV_Cln_�q�]Mc k c^�1]Ô´^ln_
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v q�c=_!c�ÉImp] v _VÖ�_ k ��ued�`À�%`bmZdMuYq�dC\Yq�dMd�_!]McV`(Ö�u knv u&q�\^\�_�q�][m�É(d�_!c,��q�]�_×`6´^\^\�mp]Md�_af Ê	xylÍr
d�_!]McYq�d k z�_!l{i=dMuV_1ln_�q�]Mc k c^�7]Ô´^ln_ v q�c v uYq�c^��_4dMuV_1cV_!d�Ö�mp] ¿ ³ `
Ö�_ k ��u8d�` k chqlÖPqai=dMuYq�d
k d�`Ô´^\^\�mp]Md�` v mp]M]�_!l/q�d k mpcV`×g�_!d�Ö�_a_!c�ÉI_�q�dÔ´^]�_a`ym�ÉÑdMuV_Z_��Vq�oT\^ln_E\Yq�dMd�_!]McV`�Ê
j _!\�_!cVf k c^��mpc Ö�uYq�dTdMuV_&m�´^dM\t´^dW`MuYq�l{lPlnm%m ¿ l kÀ¿ _��:f k » _!]�_!ced6ln_�q�]Mc k c^�>]Ô´^ln_a`Wq�]�_
qpf^_I¸K´Yq�d�_��x·Vmp]�f^_a_!\�_!] k cV` k ��u8d[d�m�dMuV_1zpq�] k _!dñi6m�É
\�m�`�` k g^ln_yln_�q�]Mc k c^�µ]Ô´^ln_a` v mpcV`6´^l{d
_�Ê �VÊ 
 ° v É^�tÊ

xA`M\�_ v!k q�l v qp`�_:m�ÉX´^cV`Ô´^\�_!]Mz k `�_af4ln_�q�]Mc k c^� k `
qj´^d�m�rt_!c v m8f k c^�VÊÕÎ1_!]�_	dMuV_1Ö�_ k ��u8d�`
m�É�dMuV_�cV_!d:q�]�_ v uYq�c^��_af k cT`Ô´ v uWq�Ö[q�i���dMuYq�d	dMuV_Pm�´^dM\t´^d k `ÕdMuV_P`bq�oW_�qp`ÑdMuV_ k c^\t´^d� mp]:dMuV_�`�q�oW_ k cTdMuV_�`�_!cV`�_Pm�É k d�` k c�ÉÝmp]Mo6q�d k mpc v mpced�_!c8d#��Ê�àñcTdMuYq�d�Ö[q�i7dMuV_PdM]bq k cV_af
cV_!d:Ö k l{l;o6q�\»dMuV_ k c^\t´^d[d�mEdMuV_ym�´^dM\t´^d k É,dMuV_ k c^\t´^d k `�dMuV_×`bq�oW_ymp](¸K´ k d�_×` k o k l/q�]
d�m7mpcV_×m�É,dMuV_y\^]�_a`�_!ced�_af&_��Vq�oT\^ln_a`�ÉImp]�dM]bq k c k c^�VÊ�²Pu k `C]bq�dMuV_!] v ´^] k m�´V`�q�\^\�_�q�] k c^�
o6q�\^\ k c^�&m�É	dMuV_ k c^\t´^d�`yd�mWdMuV_!oW`�_!l{z�_a` k `yqW\Yq�]Md knv ´^l/q�]�ÖPqaihd�m6qp`b`�mp]Md×dMuV_ k c^\t´^d
`�_!d�d�mW��]�m�´^\V`�Ê





ò óõôFör÷<ø�ù b

c &ed �Ìü�&Z�ª�ÌüL2 â � �gf
ÿJ(

²PuV_ ½V]�`Md�_���\�_!] k oW_!c8dbq�l `�_!d rq´^\ k c v lÀ´Vf^_af"q�l{lYdMu^]�_a_1`�_!cV`�mp]�`À�
dMuV_×\ei%]bq�o k f»`�_!cV`bmp]��
dMuV_BÎ1q�]MdMo6q�c^c�r�°8uYq v�¿ `�_!cV`�mp]���q�cVf dMuV_ v mpoToW_!] v!k q�l*²�Ö�i%o6q�c�r"!1]�_a_!c k c8d�_!] ÉI_!] r
mpoW_!d�_!]��:´V` k c^�>dMuV_ k ced�_!��]bq�d�_af�Îy_IÕ1_�r2l/qp`�_!]Wm�É1dMuV_ k ced�_!] ÉÝ_!]�mpoW_!d�_!]=qp`µdMuV_&l k ��ued
`�m�´^] v _�Ê:·Vmp]×dMuV_EcV_L´^]bq�l,cV_!d¤Ö[mp] ¿ dM]bq k c k c^�V�VdMuV_Z\8i8]bq�o k fB`�_!cV`�mp] ÖPqp` ´V`�_afiÖ k dMu�r
m�´^d7dMuV_»mpdMuV_!]µd�Ö�mN`�_!cV`�mp]�`�Ê¨²Pu�´V`À�:q�l{lPmp\^d knv q�l[\Yq�]bq�oW_!d�_!]�` v m�´^lnf¤g�_ v uYq�c^��_af
_�qp` k l{ihÖ k dMuVm�´^d1q�» _ v d k c^�WdMuV_ZmpdMuV_!]×`b_!cV`�mp]�`�Ê

· k ��´^]�_���Ê{��� 	 ç�í ç�äåäåìbäYòñì�ïñÞ(è�ôµâÀé�ïõê�ìV2*0Õç!ßÀìbéníñâ<Ü�ïÕòñìbÜeòñâÀí ò7w ïñê�ì�-Cç�íñïñëZçÀÜ�Þ ��êeç9� ú�ÞÝòtì�Üeòtâ<íl�ü:�pÛ�Y
Þ -:�"�¡oÔ��ïõê�ì�ô��píõçÀë1àÍæ@òñìbÜ8òtâ<íDlS	4��o	çÀÜeæ�ïñê�ì�àåÜ�ïñì�íténì�íñâ<ë1ìbïñì�íDl/Ûq�uoMû
àñc�dMuV_"\Yq�]bq�l{ln_!l1`�_!d rq´^\ � · k �VÊ���Ê{�c���[dMuV_"l k ��ued&`�m�´^] v _hm�ÉZdMuV_ k c8d�_!] ÉI_!]�mpoW_!d�_!]

`�_!]Mz�_af¤qp`@q&`�m�´^] v _µÉÝmp]Z\^l/q�cV_$ÖPqaz�_�ÉI]�mpced�`�Ê»x g�_�q�oW`M\^l k dMd�_!] � BS1
�y]�_p�Y_ v d�`@dMuV_

g�_�q�o d�mBdMuV_6f^_�ÉÝmp]Mo6q�g^ln_=o k ]M]�mp] � j È®�BÖ�uV_!]�_=dMuV_,Ö[q�z�_�É(]�mpc8dW`Ô´X»�_!]�`µq"\^uYqp`b_
`Mu k ÉId6m�É4d¤Ö knv _�dMuV_�f^_�ÉÝmp]Mo6q�d k mpc�q�oT\^l k dÔ´Vf^_Um�É1dMuV_�o k ]M]�mp]�Ê � c k d�`
Ö[q�i©gYq v6¿
dMuV_&q�g�_!]M]bq�d�_af¤g�_�q�o k `7`M\^l k d7q�d BS1

Ê � cV_6\Yq�]Mdµm�É�dMuV_Wg�_�q�o ]�_!dÔ´^]McV`7d�m�dMuV_
¶�¹
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k c8d�_!] ÉI_!]�mpoW_!d�_!]7q�cVf�dMuV_µmpdMuV_!] k `4`M\^l k dEq�dydMuV_µ`�_ v mpcVfBg�_�q�o `M\^l k dMd�_!] BS2
ÊB²PuV_

dM]bq�cV`�o k dMd�_af©g�_�q�o \Yqp`�`b_a`µdMuV_»ln_!cV`�ln_!d6q�]M]bqai � ±�±h�µq�cVf ]�_�q v uV_a`WdMuV_"f^_!d�_ v d k mpc
x*°UàMwCr v u k \ m�É�dMuV_>Î4q�]MdMo6q�c�r�°8uYq v6¿ `�_!cV`bmp]�Êõ²PuV_N]�_p�Y_ v d�_af�g�_�q�o \Yqp`b`�_a`&dMuV_
_!c8dM]bq�c v _[\t´^\ k l8ln_!cV`P� � L1

�.Ö�u knv u�ÉÝm v ´V`�_a`,dMuV_�g�_�q�o mpced�m1dMuV_�d k \�m�ÉVdMuV_�\ei%]bq�o k f
\^] k `�o � s:s}��Êa²PuV_E\^] k `�o `�_!\Yq�]bq�d�_a`ydMuV_ZÉÝm v ´V`�_afh`M\�mpd k cBdMuV_�·Vm�´^] k _!]1\^l/q�cV_ k c8d�m
dMu^]�_a_�g�_�q�oW`�Ê×x×É(d�_!]y\Yqp`�` k c^�=dMuV_ k o6q�� k c^�=ln_!cV` L2

q&w�w j v q�oW_!]bq6]�_ v mp]�f^`1dMuV_
k o6q���_�m�ÉÑdMuV_@_!cedM]bq�c v _�\t´^\ k l k chdMuV_ v mpc�Ù�´^�eq�d�_E\^l/q�cV_�Ê:²PuV_ k c8d�_!] ÉI_!]�mpoW_!d�_!]��;dMuV_
ln_!cV` L1

q�cVf>dMuV_µln_!cV`Mln_!d�q�]M]bq�iNq�]�_»q�l{l	\^l/q v _af*q�d@q&f k `Mdbq�c v _ j qIÖPqaiNÉI]�mpo dMuV_
f^_�ÉÝmp]Mo6q�g^ln_Wo k ]M]�mp]�ÊØ²Pu k ` k `Ef^mpcV_Wd�m�q�z�m k f�dMu^]�_a_
ºpÉ�rt`�_!dÔ´^\V`�3�ÉÝmp]@_�q v uA`�_!cV`�mp]
mpcV_ 3ªÖ k dMuÅÖ�u knv u q�ÖPqaz�_�ÉI]�mpced6oW_�qp`6´^]�_!oW_!ced v mpc�Ù�´^�eq�d�_&d�mUdMuV_&\^l/q�cV_=m�É1dMuV_
j È Ö�m�´^lnfNg�_�]�_�q�l k |�_afu�GdMu�´V`À��dMuV_3Ö[qaz�_�ÉI]�mpcedµq�g�_!]M]bq�d k mpcV`EoW_�qp`Ô´^]�_af�q�]�_7dMuVm�`�_
m�ÉÕdMuV_*ÖPqaz�_�ÉI]�mpced1q�d1qµf k `Mdbq�c v _ j qIÖPqai&ÉI]�mpo dMuV_Zo k ]M]�mp]�Ê

àtcBdMuV_�`�_!d rq´^\¨Ö�u knv u k `�´V`�_afhd�m»dM]bq k cUdMuV_@cV_L´^]bq�lÑcV_!d¤Ö[mp] ¿ ÉÝmp]×dMuV_�\ei%]bq�o k f
`b_!cV`�mp]���dMuV_µ\^l/q�cV_;Ö[qaz�_�ÉI]�mpced k `Z`Ô´^\^\^l k _afNgeiNq=`Ô´^\�_!]MlÀ´^o k cV_a` v _!c v _Wf k m8f^_�Ê<²PuV_
g�_�q�o k `1]�_p�Y_ v d�_afË´^cVf^_!]@q6`Mo6q�l{l:q�c^��ln_TmpcNdMuV_µf^_�ÉImp]Mo6q�g^ln_µo k ]M]�mp]���]�_a`�dM] knv d k c^�
q�g k d�dMuV_Z_&» _ v d k z�_Z`MdM]�m ¿ _4]bq�c^��_Zm�ÉÕdMuV_yo k ]M]�mp]×gt´^d×qaz�m k f k c^�»q7g�_�q�o `M\^l k dMd�_!] k c
dMu k ` Ö[qai � `�_a_B· k �VÊ�µ%Ê{���c��Ê�²PuV_Eq�g�_!]M]bq�d�_af"g�_�q�o k `P]�_p�Y_ v d�_afhmpc�q7o k ]M]�mp]��tÖ�u knv u
`b_!]Mz�_a`1mpc^l{ihÉImp]1dMuV_@\t´^]M\�m�`�_µm�ÉC_�qp` k _!]Eq�l k ��c k c^�V�,q�cVfBdMuV_!cU\Yqp`b`�_a`×dMuV_µ_!c8dM]bq�c v _
\t´^\ k l2��Ö�u knv u k `:� k z�_!cWgei7dMuV_�oWm�´^ced k c^�7m�É;dMuV_�ln_!cV` L1

Ê1²PuV_Pg�_�q�o k `C`M\^l k dCq��eq k c
k cBdMuV_4ÉÝm v q�l,\^l/q�cV_@gei"dMuV_@\ei%]bq�o k f k ced�m»dMu^]�_a_Eg�_�q�oW`�Ê(²PuV_a`�_EdMu^]�_a_@g�_�q�oW`1q�]�_
]�_p�Y_ v d�_af q�d<¶&o k ]M]�mp]�`À�Ñ`bm"dMuYq�d@dMuV_ k ]7f k ]�_ v d k mpcV`7q�]�_6cVmpd@f k z�_!]M� k c^�Nq�c8i>oWmp]�_��
g�_�ÉÝmp]�_4\Yqp`�` k c^�WdMu^]�m�´^��uhdMuV_ k o6q�� k c^�Wln_!cV`�d�mµdMuV_�w�w j�v q�oW_!]bq�Ê

àtcNdMuV_�ÉImpl{lnm9Ö k c^�"dMuV_µmp\^d knv q�lCq�cVfBdMuV_µ_!ln_ v dM] knv q�l v mpoT\�mpcV_!ced�`Em�É[dMuV_µ`�_!d rq´^\
q�]�_@f^_a` v ] k g�_af k c�oWmp]�_Ef^_!dbq k l2Ê

k¿6G8 ýÿR�K÷FIÆ4YZB�0>=@R98 ?QÆÄÆÄFIÆ

²gÖ�m>o k ]M]�mp]�`3Ö[_!]�_�qaz�q k l/q�g^ln_hqp`Wq v d k z�_"_!ln_!oW_!ced�`À�&qUoW_!o�g^]bq�cV_"o k ]M]�mp]6q�cVf©q
]�_ v _!c8dMl{ihf^_!l k z�_!]�_afh`�_!��oW_!c8d×o k ]M]�mp]�Ê

l�rtsurts �nm��'�ø�E�-o���yu{��¤��|��¡�����
²PuV_Cf^_�ÉImp]Mo6q�g^ln_CoW_!o@g^]bq�cV_�o k ]M]�mp] � j ÈBp�o���É(]�mpo � Ì � ²
_ v u^cVmplnmp� k _a` k c j _!lÍÉId��
Õ1_!dMuV_!]Ml/q�cVf^`���Ö k dMu k d�`�¶"µy\ k `Md�mpcV` � `�_!��oW_!c8d�`#�ÕuYqp`:q4f k q�oW_!d�_!][m�ÉÑ�8¯�oToh�edMuV_P\ k ` r
d�mpcV`�ÉImp]Mo k c^�»q�cUq v d k z�_@q�]�_�qTm�É�����oTo�f k q�oW_!d�_!] � · k �VÊÀ��Ê ����Ê
¼�uV_!c k d k ` k c�q>cV_L´^dM]bq�l1\�m�` k d k mpc,�PdMuYq�d k `,Ö�uV_!c cVm¤z�mpl{dbq���_ k `=q�\^\^l k _af ��dMuV_
oW_!o�g^]bq�cV_T`MuVm8Ö�`Eq�c k cedM] k cV` knv qp`�d k ��o6q�d k `Mo m�Éq� 0.6µm

� \�_�q ¿ zpq�lÀ´V_c��Ê*²Pu k ` k `
_���\^l/q k cV_af gei qhoW_!o�g^]bq�cV_�q�dMdbq v uV_af k c^uVmpoWmp��_!cV_am�´V`�l{iAd�mUdMuV_»ÉI]bq�oW_�ÊªÈUq<� k r
o<´^oÆf^_p�Y_ v d k mpc�q vav mp]�f k c^�Nd�mhdMuV_»o6q�c�´�É2q v dÔ´^]�_!] k `�q v u k _ v _afF´^cVf^_!]µqhlnm�qpf¤m�É



h��������BÞ^d(Û��[gi��,D��Þøg��"�[�lÛ�� ºV�

��¯�¯jé ã Êk²Pu k `;Ö[qp` v mpcedM]�mpl{ln_af k c m�´^]���]�m�´^\ 
 ¼¡´V_8¹�¹
�mÖ k dMu©q�c k c8d�_!] ÉI_!]�mpoW_!d�_!]�Ê
²PuV_�¸�´Yqpf�]bq�d knv ]�_!l/q�d k mpc6g�_!d¤Ö�_a_!c v mpcedM]�mpl�z�mpl{dbq���_4q�cVfWf^_p�Y_ v d k mpc,ÖPqp` v mpcX½V]MoW_af
q�cVf*dMuV_6f^_p�Y_ v d k mpc Ö�uV_!cAq�\^\^l{i k c^�U��¯�¯jé ]�_�q v uV_af 1.1µm ÊÇ²PuV_ v ]�m�`�` r2dbq�l ¿ ]�_�r
l/q�d k mpcFÖ[qp` v mpcX½V]MoW_af d�m8ma�CdMuV_»g k ����_!]TdMuV_&f k » _!]�_!c v _"m�É×dMuV_=z�mpl{dbq���_a`Tmpc d¤Ö�m
cV_ k ��u8g�m�´^] k c^�A\ k `Md�mpcV`���dMuV_hg k ����_!]WdMuV_ v ]�m�`�` r2dbq�l ¿ _&»�_ v d�Ê�x×����]bq�zpq�d k mpc�m�É4dMuV_
o k ]M]�mp]�`4g�_!uYqaz k m�´^]Zmp][�Y_�� k g k l k dti�Ö[qp`4oW_�qp`Ô´^]�_afBÉÝm�´^]yi�_�q�]�`1l/q�d�_!] 
 Ì k _���¶
�1Ö�uV_!c
dMuV_×\�_�q ¿ r2d�m�r2zpq�lÀ´V_yf^_p�Y_ v d k mpc»uYqpf»f^_ v ]�_�qp`�_afWg8iToWmp]�_�dMuYq�cU����� d�m*´^cVf^_!] 1µm Ê
²PuV_!]�_�ÉÝmp]�_*Ö�_E]�_!\�_�q�d�_af�dMu k `�oW_�qp`Ô´^]�_!oW_!ced � °%_ v Ê�µ%ÊO¶�Ê ����Ê

· k ��´^]�_&��Ê ��� 	,ê�â�ïõâWâ�é	ïõê�ìEë4ìbë���í ç�Ü�ìZë4àåíñíõâÀí¿l/äáìbé{ïÃo×ç�Üeæ"çWòñúÀìbï�� ê&â�éÕïõê�ì@ô�àÍòtïñâÀÜhçÀítÞ
í ç�Ü�ö<ìbë4ìbÜ�ïÕè�Üeæ�ì�í	ïñêeì�ë1ì�ëV��í ç�Üeì�l/íñàåöÀê�ïÃo�û
²PuV_&_!ln_ v dM]�m�`Mdbq�d knv"v mpc8dM]�mpl�m�ÉydMuV_&f^_p�Y_ v d k mpc�m�É×dMuV_=o k ]M]�mp]µoW_!o@g^]bq�cV_ k `µmpc^l{i
\�m�`�` k g^ln_B´^c k f k ]�_ v d k mpcYq�l{l{i��;d�m8ÖPq�]�f^`×dMuV_Z\ k `�d�mpcV`�Ê

Õ1mpd×q�l{l4¶"µ7gt´^d�mpc^l{i&dMuV_ k c^cV_!]@�8¹T\ k `Md�mpcV`�m�É	m�´^]�o k ]M]�mp] Ö�_!]�_7qpf^f�]�_a`�`�_af Ê
�h©ª�1Î%�Sð1���,£¤�c�,©ª�U©¨ä4�j���g��©��R���j�¥�
àñc�mp]�f^_!]6d�m*qpf^f�]�_a`b`WdMuV_��8¹ k c^cV_!]6o k ]M]�mp]6\ k `Md�mpcV`T\^lÀ´V`6dMuV_"oW_!o@g^]bq�cV_�� Ö k dMu
z�mpl{dbq���_a`&g�_!d¤Ö[_a_!c q*\ k `�d�mpc�q�cVf�dMuV_UoW_!o@g^]bq�cV_Ng�_ k c^�F´^\�d�m ����¯jé � `�dbqai k c^�
k c�dMuYq�dØÖ[qai�q�]�m�´^cVf������ g�_!lnm9Ö dMuV_B]�_ v mpoToW_!cVf^_af¦o6q<� k o�´^o z�mpl{dbq���_c���4q�c
q�oT\^l k ½Y_!] k ` ´V`�_afUqp` k c8d�_!]MoW_af k q�]Mi�g�_!d¤Ö�_a_!cUdMuV_ v mpoT\t´^d�_!]4q�cVf�dMuV_Eo k ]M]�mp]�Ê�x1`
dMuV_ v mpoT\t´^d�_!]PuYqp`�q�c&m�´^dM\t´^dPz�mpl{dbq���_1]bq�c^��_4m�É ±5V �%q�oT\^l k ½ v q�d k mpc"g8i=qEÉÝq v d�mp]
m�É:¯�� k `1cV_ v _a`�`bq�]Mi�Ê�²PuV_@\�m8Ö[_!]4`6´^\^\^l{i&ÉImp]1dMuV_7q�oT\^l k ½Y_!] k `4q È mpuVf^_srl° v uKÖ[q�]M|
f^_!z knv _Z\^]�m�z k f k c^�»qo¸K´ k d�_Z`Mdbq�g k l k |�_afUq�cVf&lnm8ÖPr2cVm k `�_�m�´^dM\t´^d�Ê
ëutt� �"�a�a�c�K�9�8�K�
²PuV_ k c8d�_!] ÉÝq v _Tg�_!d¤Ö[_a_!c v mpoT\t´^d�_!]7q�cVf�q�oT\^l k ½Y_!] k `Eq&f k � k dbq�lÍrñq�cYq�lnmp� v mpcez�_!]Md�_!]
Ö k dMuªº × ��� v uYq�c^cV_!ln`�q�cVf�q=gYq�cVfXÖ k f�dMuAm�É µ�µp�pÎy|�Ê3²�Ö�_!c8dti v uYq�c^cV_!ln`�q�]�_3´V`�_af
d�mTqpf^f�]�_a`�`PdMuV_µ�8¹�\ k `Md�mpcV`P\^lÀ´V`PoW_!o@g^]bq�cV_@m�ÉGdMuV_ � Ì � o k ]M]�mp]�Ê�²PuV_ v uYq�c^cV_!lq³ `
ä ó�ò�åDëÀåOëìê�ð�çV�Ãév���OçÃí
ô
ñGó"�ìçOå�éxw¸ç"çÃèþå�æ
ç7ñGè
è	�	ëìçQô ö¸é��ìåtñ�!pçjy�ò�ëÀå�ç�ó�ç��ìéQõ ëÀå\zEå�é{�Iñ#ëìí÷åtñ#ëìí ñô�òcðtñ#ó"�ìç[�OçV��ó�ðtñGí
ç+õ�ëìå�æ�ò
í"�tæ�ñGí"!#çQô�ç��	ñGêÖå�ëU�"ëìå|
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m�´^dM\t´^d»]bq�c^��_Ç´V`�_af k `»�jé d�m~}B¯jé7Ê�²PuV_ v mpcez�_!]Md�_!] v q�]�f k `6q�c àÔ°%x�gt´V` v q�]�f
]�_a`�dM] knv d k c^� k d�` ´V`�_4d�mTmpc^l{i&]�_!l/q�d k z�_!l{i"mplnf v mpoT\t´^d�_!]�o6q k c8g�m�q�]�f^`ÀÊ
·Ymp]�dMuV_lÈ¨É�ÈË°»o k ]M]�mp]1� × ��� v uYq�c^cV_!ln`ym�ÉÑdMu k ` v q�]�f�q�]�_B´V`�_af Ê

l�rtsur�q �����Tv£��|����¡���
� ´^]ØÈ¨É�ÈË° f^_�ÉÝmp]Mo6q�g^ln_Bo k ]M]�mp] � j ÈBp�`p�oÖPqp`=f^_!z�_!lnmp\�_af k c�dMuV_¨·^]bqj´^c^uVm�ÉÝ_!]
àñcV`Md k dÔ´^d�_4ÉÝmp]�s	uVmpd�mpc knv È knv ]�m�`Mi�`Md�_!oW` k c j ]�_a`�f^_!c,Ê

· k ��´^]�_@��ÊO¶�� 	,êeâ�ïñâ4âÀé.'Tù4'
��ë1àåíõíñâ<í
²PuV_&o k ]M]�mp] v mpcV` k `Md�`Wm�É 8 × 8 `6¸K´Yq�]�_af \ k �^_!l���]�m�´^\V`��CdMuYq�d v q�c©g�_hqpf^f�]�_a`�`�_af
k cVf^_!\�_!cVf^_!cedMl{i�Ê 15 × 15 \ k ��_!l�o k ]M]�mp]T_!ln_!oW_!ced�`7ÉÝmp]Mo mpcV_»\ k ��_!l[��]�m�´^\,Ê�É�q v u
o k ]M]�mp]4_!ln_!oW_!ced k ` 15µm × 15µm

k cN` k |�_���`�mWdMuYq�d4dMuV_�` k |�_�m�ÉCmpcV_ v mpcedM]�mpl{l/q�g^ln_
\ k �^_!l ��]�m�´^\ k ` 600µm × 600µm Ê:²PuV_*¸�´Yqpf�]bq�d knv ]�_!l/q�d k mpc�g�_!d�Ö�_a_!c�dMuV_Eq�\^\^l k _af

· k ��´^]�_T��Ê ºV� �;âÀôpßpàáì70 â�é,âÀÜeì�ô�àe5pì�ä;âÀé ïñê�ì�'Tùg'
�Wë4àáíõíñâ<í�l/äáìbé{ïÃo�ç�ÜeæWòñàÍæ�ì�ßpàáì70Ülníõàáö<ê�ï
ôeà���ïñè�íõìpo�§ ��Û 	g@�?p¨ Ê
z�mpl{dbq���_�q�cVf"dMuV_Zf^_p�Y_ v d k mpcBm�É	mpcV_4\ k ��_!l � ��]�m�´^\E� v q�chg�_1`b_a_!c k ci· k �VÊ���ÊO¯"Êx²PuV_
]�_!l/q�d k mpc v q�c�g�_[q�\^\^]�ma� k o6q�d�_afµz�_!]Mi*Ö�_!l{l�gei z = 37

90U2 �jÖ�uV_!]�_ z
k `GdMuV_�f^_p�Y_ v d k mpc� k cTc^o��Ñq�cVf U

k `ÕdMuV_mé:mpl{dbq���_�ÊÕ}[i7q�\^\^l{i k c^�@q1o6q<� k o<´^o z�mpl{dbq���_�m�É�mpc^l{i�� 35V
dMuV_Eo6q<� k o<´^o�f^_p�Y_ v d k mpcBm�É 400nm

k `�]�_�q v uV_af Ê
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· k ��´^]�_���ÊO¯�� YGè�íõßÀìPâ�é�ïñê�ì�æ�ì�ýeì&�MïñàåâÀÜµâÀé�ç4ë4àåíñíõâÀí:òñìbö<ë1ì�Ü�ï	æ�ìbô%ìbÜeæ�àåÜ�öZâ<Ü�ïõê�ì×çÀô�ô�äåàáì�æ
ß<âÀäáïõç�ö<ì�§ ��Û 	g@�?÷¨,û

�h©ª�1Î%�Sð1���,£¤�c����«��õÆ
� ´^d=m�É4dMuV_ 8 × 8 \ k �^_!l×��]�m�´^\V`��(ºe�>cV_ k ��u8g�m�´^] k c^�A\ k �^_!l×��]�m�´^\V`,Ö�_!]�_ v uVm�`�_!c
d�m qpf^f�]�_a`�`=dMuV_!ohÊy· k ]�`�d���dMuV_ v mpc^cV_ v d k mpcV`"ÉImp]»dMuV_Nq�oT\^l k ½Y_!]ØÖ[_!]�_B\^]�_!\Yq�]�_af �
f k `�_!c8dbq�c^��l k c^�©dMuV_�\ k c¦mp]�f^_!] k c^�©mpc�dMuV_Bg�m�q�]�f�m�É@dMuV_�o k ]M]�mp]�Ê xyc�q�oT\^l k ½Y_!]
Ö k dMu�ºe� v uYq�c^cV_!ln`��cÖ k dMuUq�cUq�oT\^l k É(i k c^�WÉ2q v d�mp]ym�É����6q�cVf�q6`Mo6q�l{l,] k `�_Ed k oW_lÖ[qp`
f^_a` k ��cV_afUq�cVfho6q�cK´�ÉÝq v dÔ´^]�_af � · k �VÊ<w1Ê{�c��Êm²PuV_Ez�mpl{dbq���_7m�É ±12V ÉÝmp]�dMuV_E`6´^\^\^l{i
m�É k ced�_!��]bq�d�_af v!k ] v ´ k d�`6m�ÉydMuV_hq�oT\^l k ½Y_!] k `Tf^_!l k z�_!]�_af©g8i q v mpoToWmpc v mpoT\t´^d�_!]
\�m8Ö[_!]h`Ô´^\^\^l{i ´^c k d�Êr²PuV_>qpf^f k d k mpcYq�l{l{i�cV_a_af^_af −5V

v mpoW_BÉ(]�mpo°qA`�_!\Yq�]bq�d�_
`Ô´^\^\^l{i&`�m�´^] v _�Ê

km6Ã5 Å B^PIR�K¸Æ4FIH�CÈÙ�R�HXU�FOÆ4U
àñc&\^] k c v!k \^ln_��%ÉImp]�q v lnm�`�_af%r2lnm%mp\=dMuV_!]�_ k `PcVm7cV_a_af=d�m ¿ cVm9Ö¦dMuV_Zq�gV`�mplÀ´^d�_4zpq�lÀ´V_4m�É
q�Ö[q�z�_�É(]�mpc8d×q�g�_!]M]bq�d k mpc&d�m v mp]M]�_ v d k d�Ê1àñd k `[`Ô´zÊ v!k _!c8d[d�m ¿ cVm8Ö�uVm8Ö qlÖPqaz�_�ÉI]�mpced
uYqp`�d�mµg�_Eq�l{d�_!]�_af=ÉI]�mpo dMuV_E` k ��cYq�l d�mµ��_!d×q7\^l/q�cV_!] ÖPqaz�_�ÉI]�mpced�Ê[}:´^d�d�mo¸K´Yq�ced k ÉIi
dMuV_7q�oWm�´^ced��;dMuYq�d k `�dMuV_<¸�´Yq�l k dñihm�É	dMuV_ v mp]M]�_ v d k mpc,��qT]�_�ÉÝ_!]�_!c v _ k `�cV_a_af^_af Ê
·Ymp]
dMuYq�d��	dMuV_ v mpoToW_!] v!k q�l k c8d�_!] ÉI_!]�mpoW_!d�_!]=q�cVfAm�´^]TÎ4q�]MdMo6q�c^c�r�°8uYq v6¿ `�_!cV`�mp];Ö�_!]�_
´V`�_af"`b_!]Mz k c^�»qp`yq7]�_�ÉI_!]�_!c v _4ÉÝmp]�dMuV_ZcV_LÖ \8i8]bq�o k fB`�_!cV`�mp]�Ê

lxr¬qxrts º ¥���yu��|t³£���¡|��
�
²PuV_*¶<rt` k f^_af&\8i8]bq�o k f&\^] k `Mo ÖPqp`�mp]�f^_!]�_af k c�w�uYq�c^��|auVm�´,�;w�u k cYq�Ê�àñd k `[o6qpf^_Zm�É
}PÌ�µ»��l/qp`�`�Êo²PuV_Wo6q v u k c k c^�Bm�ÉPdMu k `Zo6q�d�_!] k q�l:g�_!cV_&½Vd�`ZÉI]�mpo oWm�`MdE_���\�_!] k _!c v _a`
q�cVf�q7z�q�] k _!dti"m�É:qaz�q k l/q�g^ln_@f^_!z knv _a`�d�m3Ö�mp] ¿&k d�Ê
Õ1m v m�q�d k c^�$Ö[qp`yf^_!\�m�` k d�_afhmpchdMuV_Z`Ô´^] É2q v _a`�Ê
²PuV_&` k f^_»ln_!c^��dMu�m�É×dMuV_=\^] k `Mo k `T����oTo Ö k dMu�qBgYqp`�_»uV_ k ��uedWm�ÉVºVÊ ��oTohÊ�²PuV_
f k `Mdbq�c v _1g�_!d¤Ö[_a_!c=gYqp`b_1q�cVf=d k \=oW_�qp`Ô´^]�_a` µ<oTohÊx·^]�mpo dMu k `��%dMuV_1q�c^��ln_1g�_!d¤Ö�_a_!c
dMuV_7_af���_a`Zq�cVfBdMuV_�uVmp] k |�mpcedbq�l � mp]4_I¸K´ k zpq�ln_!c8d1dMuV_�gYqp`�_7`Ô´^] É2q v _c��m�É 11◦ q�cVfNq�c
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· k ��´^]�_@��Ê ��� ø�àáë4ì�ÜeòtàåâÀÜ8òÕâ�é�ïñê�ì 2�ÞIòñàåæ�ì�æ�ôj�pí ç�ë4àÍæEô�íõàåòñë

q�c^��ln_�g�_!d�Ö�_a_!c�dMuV_�`Mi%oToW_!dM]Mi q<� k `Wl k cV_hm�ÉEdMuV_&É2q v _!d�`&q�cVf©dMuV_huVmp] k |�mpc8dbq�l4m�É
17.85◦

v q�c"g�_Zf^_!] k z�_af Ê

· k ��´^]�_T��Êpµ%� �;âÀôpßpàåì�0©âÀÜWïñê�ìyïñàåô6âÀé ïñê�ìB2aÞÝòtàÍæ�ì�æTô���í ç�ë4àÍæTô�íõàåòñë3�8èeÜ�ë4âÀè�Ü�ïñì�æ6çÀÜeæTàåÜ
àáï7b ò	ê�â<äåæ�ìbí�û

á×cVf^_!]ZqTo knv ]�m�` v mp\�_��c´V` k c^�&q�cUmpgXÙ _ v d k z�_;Ö k dMuBlnmpc^�,Ö[mp] ¿8k c^�"f k `Mdbq�c v _��;dMuV_
_af���_a`7q�cVf�dMuV_Td k \ v m�´^lnf>g�_W_��^q�o k cV_af ÊØ²PuV_oÖ k f�dMuAm�É�dMuV_W_af���_a`�q�cVf*dMuV_Td k \
k `4`Mo6q�l{ln_!]4dMuYq�c 10µm ÊZx�oWm�´^ced k c^��Ö�u knv u v q�]�_�É%´^l{l{i�uVmplnf^`1dMuV_7\ei%]bq�o k f �`Ö[qp`
o6qpf^_1d�m@ÉÝq v!k l k dbq�d�_1dMuV_ k oT\^ln_!oW_!cedbq�d k mpc�m�ÉGdMuV_×\^] k `Mo k ced�m7o knv ]�m�r2g�_!c v u"oWm�´^c8d r
k c^��`ÀÊ

Ã<�g�1�%Î��"�aÎ%Î��K���8�¥�
x1`7dMuV_"q�c^��ln_»g�_!d¤Ö[_a_!c©dMuV_»ÉÝq v _!d�`Tq�cVfAdMuV_=uVmp] k |�mpcedbq�l
Ö[qp` v uVm�`�_!c©]bq�dMuV_!]µg k �
d�m=É2q v!k l k dbq�d�_TdMuV_µ\^]�m%fX´ v d k mpc*m�É[`�uYq�]M\�_!]E_af���_a`��,dMuV_µdMu^]�_a_W`M\^l k dZg�_�q�oW`Zf k z�_!]M��_
`�dM]�mpc^��_!]7q�cVf v q�c^cVmpdEg�_ k o6q���_af¤mpc*mpcV_ v q�oW_!]bq v u k \,Ê,àñcV`Md�_�qpf>m�É�dbq ¿%k c^�hdMuV_
oWmp]�_ v mpoT\^ln_��Uq�cVfN_���\�_!cV` k z�_�`�mplÀ´^d k mpcNm�É�´V` k c^�=dMu^]�_a_ v q�oW_!]bqp`���dMu^]�_a_7o k ]M]�mp]�`
Ö[_!]�_Ø´V`�_af©qp`<¦2\t´^\ k l v mpl{ln_ v d�mp]Ã¦bÊ j1k ]�_ v dMl{iAq<ÉId�_!]µdMuV_»\^] k `�oh�	dMuV_=dMu^]�_a_&o k ]M]�mp]�`
]�_p�Y_ v d×dMuV_ZdMu^]�_a_Zg�_�q�oW`��^`�mµdMuYq�d�dMuV_Zg�_�q�o v _!cedM]�_a`1f^mµcVmpd×f k z�_!]M��_@q�c8i&oWmp]�_�Ê
x v mpoT\Yq v dGoWm�´^ced k c^��Ö[qp`,o6qpf^_ k oT\^ln_!oW_!ced k c^�1dMu^]�_a_ v mpoToW_!] v!k q�l%g�_�q�o `M\^l k dMd�_!]
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uVmplnf^_!]�`��[mpced�mªÖ�u knv u dMuV_&o k ]M]�mp]�`
Ö�_!]�_Ø½^�^_af ÊF²PuV_"o6q k c�q�c^��ln_ v mp]M]�_ v d k mpc k `
� k z�_!c=geiTdMuV_×oWm�´^ced k c^�VÊ�· k cV_!] v mp]M]�_ v d k mpcV` v q�c6g�_×f^mpcV_�g8iWoW_�q�cV`[m�É,dMuV_�g�_�q�o
`M\^l k dMd�_!]×uVmplnf^_!]�` Ö�u knv uhÉI_�q�dÔ´^]�_E`�o6q�l{l
` v ]�_LÖ�`PÉÝmp]×qpfjÙ�´V`�dMoW_!ced�Ê
lxr¬qxr�q ��{h���´��¾Ã�´���+���a���´�
x1`�]�_�ÉÝ_!]�_!c v _lÖ[q�z�_�É(]�mpc8dZ`�_!cV`�mp]��^dMuV_ v mpoT\Yq v d k ced�_!] ÉÝ_!]�mpoW_!d�_!] µ ��� Ð²Ñ"�s��m�Éx²gÖ�ier
o6q�c�r"!1]�_a_!cAdti%\�_TÉI]�mpo dMuV_ v mpoT\Yq�c8i�· k `MgYq<r � \^d kÀ¿>k cF°8d�Ê	!Zq�l{ln_!c,��°KÖ k dM|�_!]Ml/q�cVf �
ÖPqp` ´V`�_af Êx²PuV_ k c8d�_!��]bq�d�_afB`bm�´^] v _ k `×qTÎ1_IÕy_4l/qp`�_!]�dMuYq�d k ` v m�´^\^ln_af"z k q
q*��l/qp`�`h½Vg�_!]»d�mAdMuV_ k ced�_!] ÉÝ_!]�mpoW_!d�_!] v mpoT\�mpcV_!c8d�`�Êõ²PuV_Bg�_�q�o k `&f k z k f^_af�gei
qUg�_�q�oW`M\^l k dMd�_!]��PmpcV_"g�_�q�oÇg�_ k c^��]�_p�Y_ v d�_af�q�d»q�c k ced�_!]McYq�lyo k ]M]�mp]���dMuV_�mpdMuV_!]
g�_�q�o ln_�q�z k c^�©dMuV_ k ced�_!] ÉÝ_!]�mpoW_!d�_!]hd�m¤\Yqp`�`&mp]»d�m¤g�_�]�_p�Y_ v d�_af q�d=dMuV_Bmp\^d knv q�l
v mpoT\�mpcV_!ced:m�É k c8d�_!]�_a`Md�ÊÕ}[mpdMuµg�_�q�oW`Ñq�]�_[]�_ v mpo�g k cV_afµgeiEdMuV_[`bq�oW_�g�_�q�oW`M\^l k dMd�_!]
q�cVf�f^_!d�_ v d�_af�gei�q�c k ced�_!]McYq�lZw�w j r v q�oW_!]bqªÖ k dMu�qUdM]bq�cV`Mz�_!]�`bq�l×]�_a`�mplÀ´^d k mpc�m�É
���µ\ k �^_!l ¶ µm Ê<·^]�mpo dMuV_ k ced�_!] ÉÝ_!]�_!c v _T\Yq�dMd�_!]Mc,�,dMuV_3ÖPqaz�_�ÉI]�mpcedTq�g�_!]M]bq�d k mpcV`@q�]�_
v q�l v ´^l/q�d�_af�g8i ´V` k c^��q*\^uYqp`�_�rt`Mu k ÉId=\^]�m v _afX´^]�_���Ö�uV_!]�_BdMuV_ k c8d�_!]McYq�lZo k ]M]�mp] k `
oWmÀz�_afÇ½Vz�_Z_I¸K´ k f k `Mdbq�ced1`Md�_!\V`
Ö k dMuBq7\ k _!|�m�r v ]Mi�`Mdbq�l2Ê
lxr¬qxr�¯ ��v���]���yÄ������yu{�{��cv��^yuw�Ó`�
��{��
���
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�*���*�sÂË�BÎj�IÕ���«¿� � �*�3Ö   � ¿ ¢¤� ¬   �~�\�������¦¥Å«¤¢¤��� � λ = 632.8nm ��Ê¡²X����¢¤�¯���*� � ¢¤�Í®  Éq�\�����   ���*���*�¯��«¤¢ ¬ �¯��¢ � ���s�"�\«¤®Å�   �¯�\¢¤��´   ´ � «¤®~��¥jÙ�´ � ���"­�«°�WÉ��   � 1µW ¥   Ö��Å�  
Çs�*�   Êx²X����­T�s�"� Ö¨� � ´ � �¦¥,Ö�¢¤�\�º�{¥�¢¿�"�¡�*���*�   ÉSÆ"���i� � ¢¤��ÖX� �¨� �*�:É   �Ë�\���   �\���*���  ´����¦��Â�� � ´�£��*�\«À´���¢¤��� � �¦�*���¦�»¥�¢   ¥�� � °U±ÃÈm��Ö�¢¤�\�Î�À­��"��¥XÖ�¢°¥��\�   É 20nm �"��¥@¢¤� �
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��¢°¥Ï�qÖX�¦©ª�*«°�*� ¬ �\��¢¤�~�\���@¢¤��ÉÐ���"���¦¥§�"� λ = 783nm Ê¨¼Ñ��¢¤«°���\���»Îj�IÕj��«¿� � �*�¾��� �
���   ���*���*���¦�¾«°�*� ¬ �\�   É �TÉ��LÖ��¡�*���*� � Â��\���o°U±ÃÈi�v´Ï��¢¤­�¢¤� � ���   ���*���*���¦�¾«°�*� ¬ �\�   É  ��«¤® 30µm Â ��  �\���"�q¢¤�K���*� É��*���*���¦�x�&»��¦�*� � �s�"�u�"«¤�  �� �q­��À�¦©   ¢°¥��¦¥ Ê
²X���   ´��\£t´��q£   Ö �*�   É��\����°U±ÃÈÒ����¥g�<½�´��¦¥ÊÂ��   ���Í��¥jÙ�´ � ���"­�«°�{©��"«À´��   É 0.36µW Ê
Ó �`���g¢9���åä�����©ç���t�1�%�g¢
²X���6É   �s�"«µ«°�*� ¬ �\�   Éq�\���¡£K®K���"��¢°¥ � �*� ��  �8³ � «°�*� � L1

¢ � 500mm Êg²��¦�   ��¥�¢¤� ¬ �  
É�¸;Ê � ¶�ÊO¶��:Ö¨�À�s�"�Î�s�"«°�L´�«¿�"���{� � ���"«¤«°� � ��«¤¢¤��¢¤��É   �X�\��� � £   ������¥�¢À´ �q  É[�\���1É   �L´ � �¦¥
­��s�"�   �K�   �\���»£¯®Ï���"��¢°¥`³ � �\¢¤£ÃÂ�� ��� ´���¢¤� ¬ ��� ¬ «¤¢ ¬ ¢¤­�«°�x�"­��*�\���"�\¢   � � Â   É

rAiry = 1.22 · 500mm · 783·10−6

2·3 ≈ 0.08mm Ê
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M ���n�   �¯�\�   «¤«¤¢¤� ¬  3N �\��� � ® � ���*� ����¥-�   ­��I¥   ����O � ¢¤� ¬ �9P   �   ��£?O����*� �DQRM ���
���s� ��  � N�  �M�\��¢ � P¨� � Â��\���"�q¢¤�SPX� � �   ��£  ���� ¢¤­�«°���   ¢¤�¯��� ¬ ���"���x�\���{�¦©��"¢¤«¿�"­�«°�¾È ¶ ²M�
�s�"��¥ N�  ���   �¯�\�   «¤«¤¢¤� ¬ �\���@��¢¤�\�   ��¢¤�§�\��� � �"�¡�@�   ��£?O����*��� � �\���UT��"«°�   � N ���"�¡�
¬ ���"­�­��*�M©Ï¢°¥��   �s�"��¥n¥BO��À�   ��� � �\�\¢°�*�\¢   � �� 3N �\���VT��"«°�   �XW � ¥��\¢¤©ª�*� �� 3N �9P¨�"��� Q$M ��O �
�9P   �   ��£?O����*� � P �*�����   �����¦�*���¦¥YP�¢¤�\�Á�s�����   �\���*� N�  ��¥��"�������&Z�O�¢ � ¢¤�\¢   �ÃÂT�\���"��¢ �
�  �  ­����"¢¤�g�¾�\���"¢¤��¢¤� ¬ � �*�  3N ¢¤��£?O����"��¥   O��\£?O��M©��"«[O�� �)Q
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s �\¢¤�\���*�.¢¤�.�\���u£��   ¬ ���"����¢¤� ¬ �3«¿�"� ¬ O�� ¬ � · }»}tP�¢¤�\�vu   �\«¿�"��¥2u�O�¢¤«°¥��*�nÆ�Â��\���
£��   ¬ ���"�xw�y8z|{�}?y-~=w8���¾�   �¯�\�   « � �\���q��¢¤�\�   � N �   �D�   ��£?O����*�s½c��� · ¬   ���"���s��¥|� Q1� �
�¾���s�"«¹�3�\¢¤�¡�{¢¤��� ¬ �  3N �\����£?O�£�¢¤« � �\��� � ¢¤Çs�À�"��¥I£  �� ¢¤�\¢   �  3N �\���V���*¢¤���*«°� � � �s�"�Î­��
£  �� ¢¤�\¢   ���¦¥@���"��O��"«¤«¤® Q�M ��¢ � ¥��A����� � �\�����"���s�¾�\���"�X¢ �X� �s©ª�¦¥   O��  3N �\���j�   ��£�«°�*���·�· Èi���s��¥Ï�   O�� N ���"�¡��¢¤� �s����� ¥��"���Î���&Z�O�¢ � ¢¤�\¢   � �*®��*«°� Q w<y8z|{�}By1~=w8��� � �*��¥ � �\���
£�¢ � �   �Á£  �� ¢¤�\¢   �Á¢¤� N�  �\���"�\¢   � N�  �À�s����� ��¢¤�\�   �À¥�� N�  �\���"�\¢   � �   �   ��£?O����*��¼���� ·N �*�{�  �� � Q u   �\���   ��£?O����*� � �"���q¥�¢¤���¦�*�\«¤®¡�   �����¦�*���¦¥�©K¢¿�À�l�Ã²f�M� �s�"­�«°� Q-M ���MÈ ¶ ²M�
�s�"��¥ ¢ � ��¥�¥���� ��� �¦¥�P�¢¤�\� � � �¦�   ��¥Ñ£��   ¬ ���"�ÎÂj�s�"«¤«°�¦¥v��{�����}�zIy<�B��{3z��8}�}B�<}�~�wD��� Q� �"��¥   � £�¢ � �   �Î�   �{­�¢¤���"�\¢   � � P¨�*���»£��   ¥BO��¦�¦¥u�"��¥ � �¦©ª�¦¥Î­T� N�  ���»¢¤�n�;��«°� Q

¸��������&Z�O�¢ � ¢¤�\¢   �@�*®Ï�*«°�;�Ð�\���"�µ¢ � ���&Z�O�¢ � ¢¤�\¢   �  3NÊ  ����¢¤��£?O����   O��\£?O��¨£��"¢¤� N�  ���\���
�*�	�Ã�   � � ¢ � � �[ 3N �\��� N�  «¤«   P�¢¤� ¬ � ���*£ �)� T��   � �\��� �¡�*�¯�\¢   ���¦¥���«°��P�¢¤�\���\���Ë���"��¥   �
�   �x­�¢¤���"�\¢   � � Â��   ��£?O����*�s½����s��¥ �   O��   ���M£�¢ � �   ���   �x­�¢¤���"�\¢   �X���\��¢ � ¥��"���À¢ �Ë� �*�K�
�   �   ��£?O����*��¼x�   �¯�\�   «¤«¤¢¤� ¬ �\���qÈ ¶ ²M� �s�"��¥ Q-M ���M¼�±   O��\£?O�� ©   «¤��� ¬ � � ��½)�»©   «¤��� ¬ � �N�  �x�\����£�¢ � �   � � �"��¥ ½ N�  �¾�\�����¡�*�x­����"���D���"���@�"��£�«¤¢����¦¥��"��¥-�"£�£�«¤¢°�¦¥~�   �\���
��¢¤�\�   � Q2M ��� ·�· ÈM� �s�"�¡�*���B¢ � �\���*� ���s��¥   O���­¯®§�\��� N ���"�¡�v� ¬ ���"­�­��*�@�s�"��¥ ¢¤�
�   ��£?O����*�s½j�"��¥��\��� � �*«°�¦�*���¦¥@�"���s��¢ �µ� �s©ª�¦¥��   �*��«°� Q�� �¦©Ï¢¤� ¬ �   ��£�«°�*���¦¥¡�\����«¿� � �� ���*£ÃÂ��\���À���v´Ï�M�*®��*«°�»�s�"� � ���"�\� Q

kl��F Ù*��ÆÄÝ��:�EÝ¿Æ��¡ S¢�£¤ S¥�¦S§$¨�©ª�¬«c­ §G®¯��«;�!¢��-°V¨� S¥�¢��a�KJ]§$¨TL
M ���±�*�²PX� � P��\¢¤�\���*�pO���¥��*�´³u�"�\«¿�"­ÃÂj©ª�*� � ¢   �µrÏÂfP�¢¤�\�.�\���¶���(O����"«l�j�*��P   �¸·MS K  «¤­   ´I£����=·�� ¬ � QM ����¥�� � ¢ ¬ ���¦¥U�*� ¢ � �x�   �¯©   «[O��\¢   ���"«��f� Q�� � ¢ � �   ��£  �� �¦¥  3N ��P  �� O�­����*��P   �¸· �)�
�\���M£����*£��   �¦� ��� ¢¤� ¬ �3O��   � �*���   ¥�¢¤� ¬ £��"�\�  3N �\���q���*���Ð�\���*¹�p · �3���*���¨�"��¥��\��� N �¦�¦¥Ï�N�  �¸P¨�"��¥I­�����·K£��   £�� ¬ �"�\¢   �u���*�;�Ð�\���lu��[�3���*��� QM ����¹�p · �3���*���   � � ¢ � � �� 3N 2 × 4 «¿�¦®ª�*� �)Q ¹K���"�\�\¢¤� ¬ P�¢¤�\�n�\������� � ��«¿�¦®ª�*��­T�*¢¤� ¬� ��  �s�"«¤«°�¦¥ · �3«¿�¦®ª�*�sÂ��\��� � �¦�   ��¥@­T�*¢¤� ¬ � ��  �s�"«¤«°�¦¥¯¹¯�3«¿�¦®ª�*�sÂ��\�����\��¢¤��¥º«¿�s®ª�*�M� · �
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«¿�¦®ª�*� #3ËÌ��Í  �ËÐþ�Í ��Ë���Í õ�ËÐþ�Í +�Ë���Í Ý�Ë|þ�Í ø<ËÌ��Í Û�Ë|þ�Í
÷��ªñMòÏî�ã�æ ú �¯ìíâ$÷ªî�ë � ��Æ ��Æ ��Æ ��Æ ��Æ ��Æ ��Æë�
íù�îXæ ú �ªì¹âs÷¯î ¼�¼ ¼�¼ ½�½ ½�½ Î Î ¼ ¼ë9
íù�î�æ ú ê$î�ãÍ÷ªî�ì � � ¼ � ¼ � ¼ ½

M �"­�«°�¾Æ Q ½ � þ"çÍãÄ�¯á�ç9�ªãVîXæ ú çÍèªî$�ªãVî=.��ªãVæ�á�î�ëVë9
ï÷ªû�÷ªî�çÁ��æ$ãVê

  � 3× 3
Q-� �   ���À�"��¥@�\��� � �"�¡�j«¿�¦®ª�*���\��� � ¢¤Çs�  3N �"«¤«�£�«¿�"��� � ¢ � ¢°¥��*�¯�\¢°�s�"«��"��¥��\���� ¢¤Çs�  3N �"«¤«X·ª�*�\���*« � ¢ � ¢°¥��*�¯�\¢°�s�"« Q

TS¢¤� � �j�\����·ª�*�\���*« �À 3N �\���6¹�p · �3���*�{�"�����   ¥�¢����¦¥¶­K®u�3O��   � �*���   ¥�¢¤� ¬ QVs ���*�
�\��¢ �M� �*« N �   � ¬ �"��¢¤Ç$�"�\¢   �n��� � ����¢ � ���¦¥I�\����u��-���*��¢ � �\���"¢¤���¦¥ Q/M ���»£����v�3£��   �¦� ��� ¢¤� ¬
���*�{��� � � �{  O��\£?O��c��Æ � ���"«¤«-Ï3£�«¿�"��� � Ï  3Nq� ¢¤Çs� 2 × 2

QÐM ��¢ � ¢ � �\����¢¤��£?O��  3N �\���
u�� ���*� Q ²��Á�v´��¦�*£��\¢   � �"���¾�\���c·ª�*�\���*« �» 3N �\���;��� � �V¹¯�3«¿�¦®ª�*� Q;M ���*®u�"��� � £��¦�*¢¿�"«N �s�"�¸O����º·ª�*�\���*« � �Ð­   ��¥��*�;·ª�*�\���*« � �»�"��¥B�"�����   �x�����"� ¬ �¦¥Å­¯®¶�\�����3O��   � �*���   ¥�¢¤� ¬
£��   �¦� ���)Q
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¥��*�n«¿�¦®ª�*�q��� � ��±����(O��   � �)Q1M ���   O��\£?O��M«¿�s®ª�*�q��� � nsteps

���(O��   � � Â?P����*��� nsteps¢ � �\���»��O��x­T�*�  3N ¥�¢ � �*���*���À���*¢ ¬ �¯�M«°�*©ª�*« � �\���"���"����O � �¦¥ N�  �q�\������¢¤�\�   �)W � £�¢ � �   � �
�"��¥¾PX� � �*¢¤�\���*�$Î   ��½)� Q ¸��@�\���   ���j���"��¥�Îx£�¢ � �   �º«°�*©ª�*« � P �*�������  �� �*�I�   ���s©ª�
�j���*«¿�"�\¢¤©ª�*«¤® � ���"«¤«���O��{­��*�  3N�  O��\£?O�� � �"��¥  3N £�¢ � �   ���   �x­�¢¤���"�\¢   � � �"��¥��   �   ©ª�*�
¢¤�u�\��¢ � P¨�¦®¶�¡«¿�"� ¬ �*�j£��"�\�  3N �"«¤«S£  ���� ¢¤­�«°�   O��\£?O�� � P�¢¤�\�¶���\��� � �"�¡�¾�"�   O��K�  3N
�\���"¢¤��¢¤� ¬ �v´��"��£�«°� �)Q ¸��I�\���   �\���*�q���"��¥º�\���j���*£���� � �*�K���"�\¢   �  3N1Ñ �*�\��¢[·ª��£   «¤®Ï�   �
��¢¿�"« � P¨� � Z�O�¢¤����«¤¢¤��¢¤���¦¥Å�"��¥Á���3·K¢¤� ¬ � � ���"«¤«°�*�À��O��{­��*�  3N «°�*©ª�*« � P   O�«°¥B���3·ª�
�  �� �*� � � Q

½)�@£�¢ � �   �¶«°�*©ª�*« � P �*�������  �� �*�B� � �"�B�"£�£��   ´�¢¤���"�\¢   � N�  ���   �K�\¢¤��O   O � ¥��AÒ��¦�v�
�\¢   �  3N �\���¾£�¢ � �   � � ÂT­?O��	·ª�¦�*£�¢¤� ¬ �"���\��� � �"�¡�x�\¢¤�¡�¾�\���x¥�¢ � �*���*���   O��\£?O���©��"«[O��� �\�¸O��*�¸O����  3N �\���À���*� Q

M ���6Î   ��½)�   O��\£?O��»©��"«[O�� � �"����­�¢¤���"�\®u©��"«[O�� � ¢¤�B� ��  � �s�"«¤«°�¦¥¶P�¢¤�����*���3���3·ª�v�
¢¤���Í�"«¤«[�   �B� ¬ O����"�\¢   �X�Ê���*���*­K®u�"«¤«   O��\£?O�� � �s�"�u���3·ª���¡���*��£   ���"�\®Î©��"«[O��{­��*��P¨�¦�*�
±¾�"��¥u½�ÂK­?O��¨¢¤�X¢ � �\���   O��\£?O���P�¢¤�\�º�\���M��¢ ¬ ��� � �X©��"«[O��M�\���"��P�¢¤«¤«T���¦©ª�j�\���»���*�¸O��"«  O��\£?O��¾½�Â��"«¤«   �\���*�   O��\£?O�� � ­��¦�   ��¢¤� ¬ ± Q�M ��¢ � �¡�s�"� � Â��\���"�   ��«¤®   ���  3N �\���VÎ
�   �x½)���   O��\£?O�� � ¢ � Ï   �BÏ�Â����*£���� � �*�¯�\¢¤� ¬ �\���{�   �\���¦�*�M���*¢ ¬ �¯�M«°�*©ª�*« QM ���u�"­   ©ª�4u��[�3���*����� ¬ O�«¿�"��� �º  ��� � ¢¤� ¬ «°�n£�¢ � �   � Q ¹Ï�*©ª�*� �&Z�O�¢¤©��"«°�*�K�����*� � �"���
�\���"¢¤���¦¥ÊÂ N�  �q�s�����Î£�¢ � �   �   ����u��[�3���*� Q

M ���À�¯®Ï£��*�\­   «¤¢°�{���"� ¬ �*�¯� � ¢ ¬ �   ¢°¥ N O����*�\¢   �g���"� � ¢ ¬ �|´I�vÂ|P���¢°���u��� � �*�{­�«°� � �\���� ¢ ¬ �   ¢°¥ N O����*�\¢   �ÃÂ�¢ � O � �¦¥ � � �\���"� �ªN �*� N O����*�\¢   � ¢¤� ­   �\� ���(O��   � «¿�s®ª�*� � �Ð�\���
��¢°¥�¥��*�u�"��¥I�\���   O��\£?O��q«¿�s®ª�*���  3N �\����u����3���*� �

tansig(x) =
2

1 + e−2x
− 1
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² � «°�s�"�\��¢¤� ¬ £��   �¦�¦¥BO����@�\���º�   ��ÖÄO ¬ �"��� ¬ ����¥�¢°�*�¯��­�����·B£��   £�� ¬ �"�\¢   �-�¡�*�\�   ¥~¢ �
O � �¦¥UP�¢¤�\�n�\���luX�s�"«°�v���   P �*«¤«[��� � �*�q�   ��¥�¢¤�\¢   � QM ���»���	´�¢¤�VO��>�*£   ���I��O��{­��*�M¢ �q� �*���   ½s±�±�±�± QM ���¶���*�9P   �¸· £���� � �*�K���¦¥ ���*���¶¢ �I  ���¶�\���"� � �   P �¦¥ ­T� � �º�\���"¢¤��¢¤� ¬ ��� � O�«¤� �DQ
¸��\���*�¡���*� � Â1P�¢¤�\� ¥�¢�×Ê�*���*�¯� � ¢¤Çs� �� 3N £�«¿�"��� � ¢¤�-�\���¯¹�p · �3���*�sÂ�P�¢¤�\�-«°� ��� ¹�p · �
«¿�s®ª�*� �   �1P�¢¤�\�@¥�¢�×��*���*�K�Ë��O��{­��*� �¨ 3N ���(O��   � � ¢¤�¡�\���q��¢°¥�¥��*��«¿�¦®ª�*�  3N �\���Su��[�3���*�
P¨�*���{�"« ��  �\���"¢¤���¦¥ QM ���lO � �¦¥ � �\�¸O��*�¸O����{�s�"�I­�� � O������"�\¢¤Çs�¦¥u� ��N�  «¤«   P �)�
T��   �i�\��� � ¢¤� ¬ «°�q¢¤��£?O��¨«¿�¦®ª�*�sÂ��\���S��� � �  3N �*¢ ¬ �K�¨«¿�s®ª�*� �X 3N �\��� � �*« N �   � ¬ �"��¢¤Ç¦¢¤� ¬ ���*�
�*�¡�*� ¬ � � ­K®B�   �¯©   «[O��\¢   �ÈP�¢¤�\�§��P¨�*«¤©ª�º­   ��¥��*� � ���"£�¢¤� ¬ N �s�"�¸O����Ð·ª�*�\���*« �)Q 2 × 2� O�­ � �"��£�«¤¢¤� ¬ ¢ � �"£�£�«¤¢°�¦¥Î¢¤�n­��*��P¨�¦�*�g�\��� N�  O���¹¯�3«¿�¦®ª�*� �)Q$M ���   O��\£?O��  3N �\���»«¿� � �
«¿�s®ª�*�  3N �\��� � �*« N �   � ¬ �"��¢¤Ç¦¢¤� ¬ ���*�M¢ � �\���À¢¤��£?O��  3N �s�����  3N �\��� � �*©ª�*�¶�	�3«¿�¦®ª�*�	u����
���*�9P   �¸· �)Q¯M ���*���¾P�¢¤«¤«Ë­��   ��«¤®   ���ÐÏ   �BÏ   O��\£?O�� N �   � �s�����~���*�sÂ����*£���� � �*�¯�\¢¤� ¬
�\���¾���*¢ ¬ �¯�»«°�*©ª�*«  3N �\���¾�   �\��� � £   ��¥�¢¤� ¬ £�¢ � �   � QVM ���x���*¢ ¬ �K�»«°�*©ª�*« �» 3N �"«¤«/rØu����
���*�9P   �¸· � ¬ ¢¤©ª���\���À¥�¢ � �*���*����£�¢ � �   �I©��"«[O�� �q 3N �\����P¨�s©ª� N �   �K�M�\���"�$PX� � £��   ¥BO��¦�¦¥
� N�  �»�\���"¢¤��¢¤� ¬ �   �»�\���"�»��� � �   ­��x£��   ¥BO��¦�¦¥R� N�  �À�   �\���¦�*�\¢   � ¢¤� �*«  �� �¦¥Ï�3«  Ï  £¬��­¯®
�\���»£�¢ � �   � �q 3N �\���{¥�� N�  �\���"­�«°�»��¢¤�\�   � Q
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T�¢¤� � �º£������*�\¢°�s�"«À�v´�£T�*�\¢°�*���¦�¶P�¢¤�\� �~�   � N�  �s�"« � �s�"����¢¤� ¬ «¿� � �*�   £��¯�\���"«¤�  �� �   £T�
�Á¹��S¸���P¨� � ����¥��»¥BO��\¢¤� ¬ � N�  O����   �¯�\�Î��� � �s�"����� � ���s®�¢¤�I�\��� � � � �\¢¤�¸O����  3N ¸�£����
�\���"«¤�   «   ¬ ®  3N �\����³  Ï  �ª���*«°¥ �G�j �� £�¢¤���"«Ê¢¤�¯�   ��¥   � Q

²�«¤�\�   O ¬ �B�\���������   �   «   ¬ ¢°�s�"«   ��¥��*�VPX� � ¥�¢�×Ê�*���*�¯�sÂ��\������� � �s�"�����ëP���¢°����P¨� �
�s�"�\�\¢°�¦¥   O���¢¤�ì�   ��¥   �ìP�¢¤«¤«�­T� � �   P��R��� � �@� � �Á�   �\¢¤©��"�\¢   � N�  ���   P>¢¤��� ¬ �
���&Z�O�¢ � ¢¤�\¢   � �s�"�¶­T�*���A��� N �   �1��¥��"£��\¢¤©ª�   £��\¢°� �)Q ² N ���*�¸PX�"��¥ � �\����P   �¸·¶¥   ���   �
�\���»£K®K���"��¢°¥ � �*� ��  ��¢¤� � �*¢°¥��*«¤­T�*� ¬ ¢ � £���� � �*�¯���¦¥ Q
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O�«¿�"�@�   �\���n£   «¿�"�\¢¤Ç$�"�\¢   �  3N �\���   �\���*��¢¤��� ¬ � Q÷M ��¢ � �   ��£��"�\¢ ��  � ¢ � ¥   ���n­¯®� O�­��\�����*�\¢¤� ¬   ���j¢¤��� ¬ � N �   �i�\���   �\���*��P���¢°���I�¡�s�"� �X� O�­��\�����*�\¢¤� ¬ �\���M���¦�   ��¥��¦¥
¥�¢ ¬ ¢¤���"«�¢¤�K���*� � ¢¤� ®x©��"«[O�� � � ¬ ���*®x©��"«[O�� � �  3N ­   �\��¢¤��� ¬ � � £�¢¹´��*«�­¯®x£�¢¹´��*« QaM ��¢ � �VO � �
���"£�£��*�n¢¤�g���s�"«¹�3�\¢¤�¡� Q T   ���\��¢ � ���s� ��  �ÃÂ��\���À­�����·¯�3���AÒ��¦�*���¦¥u«¤¢ ¬ �K�fPX� ��� �*£��"���"���¦¥
­K®@�x£   «¿�"�\¢¤Ç$�"�\¢   �n­T�s�"� � £�«¤¢¤�\���*��¢¤�º��P   £��*�\£T�*��¥�¢°�(O�«¿�"�\«¤®@£   «¿�"�\¢¤Çs�¦¥ � ¢ ¬ ���"« � �"��¥
�¡�s� � O����¦¥Î­¯®º��P   £��   �   �VO�«¤�\¢¤£�«¤¢°�*� �DQ

M ���Ð¹���¸ßPX� � �@�   � N�  �s�"«/¹��S¸ N �   � Ñ �*¢ ���)QlM ���¾���*�\¢¤���@¢¤��� ¬ �¡���&Z�O�¢ � ¢¤�\¢   �
PX� � ¥   ����­¯® � �s�"����¢¤� ¬ �\���X«¿� � �*� � £   �   ���\���X���*�\¢¤����P�¢¤�\��� N ���&Z�O��*���*®����¦�   ��¥�¢¤� ¬
�   �T²f�-©Ï¢°¥��  º� ���"��¥��"��¥ÊÂ�¢ Q � Q �s����� � �¦�   ��¥Á¼<Î�£�¢°�*�¸O���� � �"��� � �s�"�����¦¥ Q ¸����¾£�¢°�v�
�¸O����{¢ � �   ��£  �� �¦¥  3N �9P  ÐN ���"�¡� �)��M ���l��� � � N ���"�¡� � �s�"� � ��½)��«¤¢¤��� � Â��\��� � �¦�   ��¥
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T�¢ ¬ O����lr Q ½ � @Ãèªæ$çÍæjæ ú çÍè¯î æ8��ç9
¹á�â$ì��¯â$ã ç�æ ú çVèªî�ùÏî�
íëVë[þ�å�Ef"�àÅäªî��Ïæ$ì¹âsãÄ
ïù�î�ãvô	âS�Ïæ$ì¹âsãÄ
íù�
í÷ªûòÏî�â$ñ�ë9�ªì�
UçÍçÍî�ãSËú@Éé�þ�Í�â$÷¯äxâ�á�æ$ñ	�ªìíî�çÍîqëÍî�á�æ$÷¯ä¾ä�î�çÍî�á�ç9
íæ$÷��¯â¦çVèc�Sî�ãÍî�â$ä¯ä�î�ä?"

N ���"�¡� � �s�"� � �"�   �\���*�º��½s¼º«¤¢¤��� � ¢¤�Å­T�*�9P �¦�*�~�\���¡«¤¢¤��� �x 3N �\���6��� � � N ���"�¡� QUM ���N � � ���   �\¢¤Ç   �¯���"«X�"��¥B�"��¥¶�\��� � «   P ©ª�*�\�\¢°�s�"« � �s�"� � �"����£��*� N�  �\�¡�¦¥¶­¯®Á�@�¸O��\��¢¤� ¬
£   «¤® ¬   � ��¢¤�\�   �¾�"��¥~�º©K¢¤­����"�\¢¤� ¬g¬ �"«¤©��"�   �¡�*���*�x��¢¤�\�   �sÂ���� � £T�¦�*�\¢¤©ª�*«¤® Q¾M ����� N �N �¦�*�\¢¤©ª���*«°�¦�*�\�   ��¢°�����&Z�O�¢ � ¢¤�\¢   �Á�\¢¤�¡� N�  �   �����   �\¢¤Ç   �¯���"«Ë«¤¢¤��� � ¢ ¬ ���"«�¢ � 4.7µs

Q;��N
����� ��  «[O��\¢   �  3N �"�q«°�s� � ��¼�±�±�£   ¢¤�¯� � £T�*�M«¤¢¤���À¢ � ¥�� � ¢¤���¦¥ÊÂ��\���»­��"��¥BP�¢°¥��\� fd

 3N �
¥��*©Ï¢°�¦��¥��s�"«¤¢¤� ¬ P�¢¤�\� � O����B� � ¢ ¬ ���"«���� � �   ­�� fd > 2·200

4.7·10−6 Hz = 85.11MHz ûM ��¢ � �*�\¢¤���*�\¢   �Ñ����¥��   ­T� N O�«���«¤«°�¦¥ ­¯®§�\���Î¥�¢�×Ê�*���*�¯�\¢¿�"«»�"��£�«¤¢����*�¶��Èq²���P���¢°���
����¥¡�   ¬ �*���*���"���q�\��� � O�­��\�����*�\¢   �  3N ­   �\��¢¤��� ¬ � �)Q ² ¥�¢�×Ê�*���*�¯�\¢¿�"«��"��£�«¤¢����*� N �   �
�É� · �   ®]��Èq²¾½s³<Î<Î�²	��P�¢¤�\�~�º­��"��¥BP�¢°¥��\�  3N ½s±�±�³ � Ç��   O�«°¥ �¡�¦�*�x�\��¢ � ���&Z�O�¢¤���v�
�¡�*�K� Q�s �lO � �¦¥I�\���xÈq²jP�¢¤�\�   O����"��£�«¤¢����s�"�\¢   �ÃÂ��\���"�M¢ � P�¢¤�\�u�"�g�"��£�«¤¢����s�"�\¢   �N ���*�   �  3N ½ QöM ���º¢¤��� ¬ � � O�­��\�����*�\¢   �ÈPX� � ¥   ���º­¯®~¢¤�¯©ª�*�\�\¢¤� ¬   ���  3N �\���º��P  
¢¤��£?O�� � ¢ ¬ ���"« � �Ð��� ¬ �"�\¢¤©ª�À¢¤��£?O����q�"��¥I�\���*�g��¥�¥�¢¤� ¬ ­   �\� � ¢ ¬ ���"« �)Q

Èj�*£   «¿�"�\¢¤Ç¦¢¤� ¬ �\���º���¦¥-¥�¢   ¥��I«¿� � �*� (λ = 635nm) «¤¢ ¬ �K�6P¨� � ¥   ���´O � ¢¤� ¬ �Z�O��"�\�\Ç6P¨�¦¥ ¬ �¡¥��*£   «¿�"�\¢¤Çs�*� QÐM ��¢ � £ � �(O�¥   � ¥��*£   «¿�"�\¢¤Çs�*�¾¥   � � �   �{¥��*£   «¿�"�\¢¤Çs���\���
­��s�"�H�   ��£�«°�*���*«¤® Q;M ����¥�� ¬ ���¦�  3N £   «¿�"�\¢¤Ç$�"�\¢   � dp ��ü/Z Q ��¼ Q ½D�¸��� N ���*���\����¥��*£   �«¿�"�\¢¤Çs�*�@¥��*£T�*��¥ ��  ���\���I­��s�"��¢¤�¯���*� � ¢¤�Í®ªÂ   ���\���I­��s�"�;¥�¢¿�"�¡�*���*�@�"��¥   ���\���
�"� ¬ «°��­��*��P �¦�*�-­��s�"� £   «¿�"�\¢¤Ç$�"�\¢   ���"��¥   £��\¢°�s�"«��	´�¢ �¾ 3N �\���ÐP¨�¦¥ ¬ � Q¶M ����­�� � �
��� � O�«¤�q¢ � ������¢°�*©ª�¦¥´P����*�n�\��¢ � �"� ¬ «°�À¢ � 45◦

Q/M ���lO � �¦¥UP¨�¦¥ ¬ �x¥��*£   «¿�"�\¢¤Çs�¦¥g� N O�«¤«
£   «¿�"�\¢¤Çs�¦¥u­T�s�"�  3N Î"���H¥�¢¿�"�¡�*���*�sÂÊ�   � dp = 0.25 �Ê¢¤�»¥��*£   «¿�"�\¢¤Çs�¦¥ �¡­��s�"�  3N
¼ Q Î"���9¥�¢¿�"�¡�*���*�Ë�   � dp

 3NÉ  ��«¤® 0.41
Q ² �Ë� £����¦�q¢¤�¡�\���	¹��S¸�W � �   ��£����*�   £��\¢°�s�"«

� ��� �*�{­�«¤®¶P¨� � «¤¢¤��¢¤���¦¥ÊÂ�¢¤��P¨� � �   �À£  ���� ¢¤­�«°���   �v´�£��"��¥ �\����­��s�"�O¥�¢¿�"�¡�*���*�  3N
¼ Q Î"���KP�¢¤�\�   O��M���¦©Ï¢¤� ¬ �   ���*­?O�¢¤«¤�j�¾­�¢ ¬ £��"�\�  3N �\���À� ��� �*�{­�«¤® Q
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M ���g���¦¥Ñ¥�¢   ¥��g«¿� � �*������¥ �"� ¢¤�¯�\�\¢¤� � ¢°� dp
 3N

0.53
QæM ��¢ �º� �   O�«°¥Ñ��� � O�«¤�@¢¤� �

dp = 0.53 · 0.41 = 0.22 � N ���*�¨£�� ��� ¢¤� ¬ �\���*P �¦¥ ¬ ��ÂBP���¢°���U���\���¦¥@�  ¾  O��X�¡�s� � O����v��¡�*�K�  3N dp = 0.206 ± 0.016
Q

M ����¥��*���¦�*�   � � P �*������P   £��   �   �VO�«¤�\¢¤£�«¤¢°�*� �;N �   � � �"���"���"� � Oì� � ��¼�³��vÂ   ���N �   � �\���j�   ¥�¢����¦¥´¹��S¸¾Â��\���   �\���*�X���3·ª�*� N �   �9�"�º¢°¥��*�K�\¢°�s�"«�¹��S¸ QBM ���*¢¤� � ¢ ¬ ���"«  O��\£?O�� � P �*���»�\���»�9P   ¢¤��£?O�� �M 3N �\���»Èq² Q
T�¢ ¬ O�����r Q ¼ � �   P � �\���GP��   «°� � ¢ ¬ ���"«T£��"�\� Q1M ����«¤¢ ¬ �¯�X���*�¸O��\��¢¤� ¬ N �   �i�\���j�*®ª�

¢ �¨� �*£��"���"���¦¥@­¯®��À£   «¿�"�\¢¤Ç¦¢¤� ¬ ­��s�"� � £�«¤¢¤�\���*� ¢¤�K�   �{­��s�"�ÜP�¢¤�\�º�   �\¢¤Ç   �¯���"«Ã�"��¥º�
­��s�"�xP�¢¤�\�u©ª�*�\�\¢°�s�"«�£   «¿�"�\¢¤Ç$�"�\¢   � Q ² N ���*���\���x�   � N�  �s�"«�£�¢¤���   «°� � ��P   �   «¤«¤¢¤���"�   �
«°�*� � � � �   O�£�«°���s�����u­��s�"� ¢¤�¯�   �"�   £��\¢°�;��­T�*�sÂT«°�s��¥�¢¤� ¬ �\���¾«¤¢ ¬ �¯���   �\���¾£��   �   �
�;O�«¤�\¢¤£�«¤¢°�*� Q4M ���*¢¤���"���"«   ¬ � ¢ ¬ ���"« � �"�����   ��£��"���¦¥~­¯®Á�\���@¥�¢�×��*���*�K�\¢¿�"«��"��£�«¤¢����*�
P��  �� �   O��\£?O�� � ¢ ¬ ���"«�¢ � ¥�¢ ¬ ¢¤�\¢¤Çs�¦¥º­¯®º�x©K¢°¥��   �s�"��¥@�   �{£�¢°�*�¸O����  3N r�Æ�³	´?Î�r�Æx£�¢¹´Ï�
�*« �)QØM ��O � ÂS�\����¥�¢�×Ê�*���*�¯�\¢¿�"« ¢¤��� ¬ ���s�"�Å­T� � �¦�*�B¢¤� ���s�"«¹�3�\¢¤�¡� QU��  P �*©ª�*�sÂ[¢ N �   �  ��«¤®��\���q¥�¢�×Ê�*���*�¯�\¢¿�"«�¢¤��� ¬ � � ���"«¤«�­��X���¦�   ��¥��¦¥¡­?O��¨�"« ��  �\�����9P   ¢¤��£?O�� ¢¤��� ¬ � �Ë 3N
�\����Èq²2ÿ�¢¤�   ��¥��*���   �   ��£��"�����\���*� P�¢¤�\�º�\���»¥�¢�×��*���*�K�\¢¿�"«Ê¢¤��� ¬ �fÿ¡�\���   O��\£?O��
�����"�����*«  3N �\���ÀÈq² ��� � �   ­�� � P�¢¤�������¦¥Î���"��O��"«¤«¤®ªÂ��s�3O � ¢¤� ¬ � � ���"«¤«Ã�\¢¤�¡�À¥��*«¿�¦®ªÂ
¥BO��\¢¤� ¬ P���¢°���n�\���À�*®ª�	P�¢¤«¤«:O � O��"«¤«¤®@�����"� ¬ �À¢¤� � £  �� ¢¤�\¢   �g�¾­�¢¤� Q

T�¢ ¬ O�����r Q ¼ � þªá�èªî�ñ�î»æ ú çVèªî{ëÍî�ç�.���� ú æ	ãMä<
 � î�ãÍî�÷	çÄ
íâ$ìX
íñ�â$ûD
í÷ªû�"��[èªîÀãVî=J¯îvá\çVî�ä@ì�
íû$è"çMæ úîvâ$á�è�ëÍá�âs÷ª÷ªîväxë9�Ïæsç1
¹ëµä<
�L3
¹ä�îvä¾âsç�çÍèªî$�Ïæ$ì¹âsãÄ
íù�
í÷ªû�òKîvâsñ»ë��¯ì�
ïç çVî�ãGËú@Éé�þ�Í�â$á�á�æ	ãVä<
í÷ªû�çÍæ�
ïçVë
�Ïæ$ì¹âsãÄ
ïùvâ¦çÄ
ïæ	÷I"�E ÷¯ì��Iì�
ïû	è"çjá�æ	÷&0Á�ªû"â¦çÍîväºçÍæ�çÍè¯îxãVî�çÄ
ï÷¯âØ�¯â	ëÍëÍî�ëqçÍèªî�á�æ	÷ ú æ�á�âsìa��
í÷ªèªæ	ìïî3Ë¿ëªÍ¸"
�[èªî�ì�
íû$è"ç�
íëxûD��
¹ä�îväÁò��gû	ìíâ	ëÍël�¯òKî�ãVë¾âs÷Kä¶çÍèªî�çÁ�Sæ¯
ï÷"çÍî�÷¯ë9
UçÄ
ïîvëxâ$ãÍî�äªî�çÍîvá\çVî�ä ò��uçÁ��æ
�ªè¯æsçÍæ	ñG�ªìïç9
��ªì�
ïî�ãSË @:�ØÍ¸"

�������
	��
�����������
� ��� ¬ � �� 3N[  O��   P�� N O���¥�¢É�"��¥ N �   ���*®ª� �q 3N �   «¤«°�s� ¬ O�� � P �*�������3·ª�*� Q1M ��¢ � �   O�«°¥
­��{¥   ���;P�¢¤�\�u� 20◦ × 20◦

  � 40◦ × 40◦
� �s�"����¢¤� ¬ ���*«°¥ QfM ��� 40◦ ���"� ¬ � � �*�\©ª� �� � �"�   ©ª�*�\©Ï¢°�(PD­��¦�s�3O � ���\���c���*«°¥B¢¤���*«[O�¥�� � �\���������(O�«¿�g�"��¥Á�\���   £��\¢°��¥�¢ � ��¢¤�  ���x£�¢°�*�¸O���� Qf� ��� ¬ � �� 3N � 20◦ ���*«°¥Á���&Z�O�¢¤���   ��«¤®n� � ���"«¤«°�*���"���s�  3N �\���À���*�\¢¤����Â­?O��q�\���*®@���¦©ª�¾�¾��¢ ¬ ���*�q��� ��  «[O��\¢   � Q
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T�¢ ¬ O�����r Q � � ý/
 � î�ãVî�÷"ç9
¹âsìX
íñ»âsû	î�ë ú ãVæ$ñ çÍèªî{ñ�â	á=�ªì¹â�æ ú þB"�Ë°ò¯ì��ªî{î��$îvëÄÍ="��[è¯îÀìïî ú çjâ$÷¯äñ	
¹äªä�ìíî1
íñ�â$û$î�âsãVî[çÍè¯î-
ïñ»âsû	î�ë ú ãVæ$ñÑì�
íû$è"çÃæ ú çVèªî�çÁ��æ��Ïî�ãÄ�Ïî�÷¯ä<
¹á=�¯ìíâ$ãX�Kæ	ìíâ$ã9
íù�âsç9
íæ$÷¯ë�"¬�[è¯îãÄ
íû$è"ç-
ïñ»âsû	î�
íë�çVèªîqä<
 � î�ãÍî�÷	çÄ
íâ$ì?
ïñ»â$û$îD"
·   �¯�\��� � �µ�"��¥À­��\¢ ¬ �K�\��� ��� P �*���X��¥3ÖÄO � ���¦¥{���"��O��"«¤«¤®lP�¢¤�\�x�\���Ë£��   �   �VO�«¤�\¢¤£�«¤¢°�*�

�*«°�¦�*�\�   ��¢°� �$N�  ���s�����Î�*®ª� ��  �\���"�M� ¬  K  ¥ÊÂÏ�   � � �"�¸O����"���¦¥   �X�  K  ¥��"�¸·�ÂK£�¢°�*�¸O����  3N
�\���À¢¤��� ¬ �¦¥ N O���¥BO � P¨� � £��   ©K¢°¥��¦¥ Q

T�¢ ¬ O����;r Q q � ü�ñ�â$û$îvëSæ ú çVèªî�æD�ªç9
¹á ÷¯î�ãÄL$îXæ ú ��"|Ë°òªãVæ&��÷¾î��$îvëÄÍ="_�[èªî�ã9
íû$è"ç���
¹á\ç9�¯ãÍî$
¹ë�çÍèªîä�
 � î�ãVî�÷"ç9
¹âsì?
íñ»âsû	î¨æ ú çVèªî�ìíî ú çËâs÷Kä{ñ	
¹äªä�ìíî$��
íá�ç9�ªãVîD"
M �����\�����¦��¢¤��� ¬ � �À 3N T�¢ ¬ Q r Q �n�"��¥Á�\�����\�����¦��¢¤��� ¬ � �{ 3N T�¢ ¬ Q r Q qn�"�������3·ª�*�

P�¢¤�\�.� ¥��*«¿�s®  3N �"£�£��   ´�¢¤���"���*«¤®]q � �¦�   ��¥ � ­T�*�9P �¦�*� ��P   ¢¤��� ¬ � �)QpM ���*��� N�  ���
�\���¡£  �� ¢¤�\¢   �  3N �\���¡�*®ª� � ¢ � �   �À¢°¥��*�K�\¢°�s�"« ¥BO��\¢¤� ¬ �\�������&Z�O�¢ � ¢¤�\¢   �  3N �\�����\�����¦�
¢¤��� ¬ � �DQ;� ���VO � �À­��¾£   ¢¤�K���¦¥   O��»�\���"�»¢¤�B�"«¤«µ�s� � � � �\����¥�¢�×Ê�*���*�¯�\¢¿�"«µ¢¤��� ¬ �cPX� �
�   �¨�s�"«°�(O�«¿�"���¦¥ N �   �D�\���M��P   ¢¤��� ¬ � �¨ 3N £T�*�\£��*��¥�¢°�(O�«¿�"�¨£   «¿�"�\¢¤Çs�¦¥�«¤¢ ¬ �¯�sÂÏ­?O��/PX� �
�¡�s� � O����¦¥Î¥�¢¤���¦�*�\«¤® Q

²M­   ©ª�x£�¢°�*�¸O���� � �"���x�\���x�s©ª�*��� ¬ �¦¥u¢¤��� ¬ � �GN �   � ��¼ � ¢¤� ¬ «°�{£�¢°�*�¸O���� �)QGM ��¢ � ¢ �
¥   ���M­¯®�� �� 3N �9P¨�"�����\���"� ���  K �� � � � � £T�¦�*¢¿�"« N �s�"�¸O����  3N �\���M£�¢°�*�¸O���� � Â��»«¿�"��¥����"�¸·
«¤¢[·ª�u�Á­�«  Ï  ¥�©ª� ��� �*«��"��¥ �"«¤¢ ¬ � � �"«¤«	��¼Á£�¢°�*�¸O���� � ���¦�   ��¥�¢¤� ¬ �   �\��¢ � «¿�"��¥����"�¸· QM ����©ª� ��� �*«����  �� �*� � �   O�«°¥��   �¨­T���v´����*�\«¤® � �\���"¢ ¬ �¯�sÂ   �\���*�¸P�¢ � ��¢¤�¨¢ � �   �¨£  ���� ¢¤­�«°�
�   �   �\���¦�*� N�  �@�\���"� � ©ª�*� � �"« � ��¢ N � � ­?O��   ��«¤® N�  �@�   ���"�\¢   ���"«��   ©ª�*�¡�*�K� �)QæM ��¢ �
�s©ª�*��� ¬ ¢¤� ¬ ¢ � �\��� � ¢¤��£�«°� � �ÐPX�¦®��   ¢¤��£��   ©ª� � ¢ ¬ ���"«j�   �   ¢ � �n���"�\¢  ?Q ¹K�\¢¤«¤«3ÂX�\���
¢¤��� ¬ � � �"��� N �"�Ë�&P¨�s® N �   �:�\���*¢¤�Ë£  ���� ¢¤­�«°��¥�¢�×T�����*�\¢   ���3«¤¢¤��¢¤���¦¥���� ��  «[O��\¢   �ÃÂ�� � «   � ¬
� � �   ��¥��"£��\¢¤©ª�   £��\¢°�s�"« � ® � ���*�9¢ � �   ��£��*� � �"�\¢¤� ¬ �"­T�*�\���"�\¢   � �)Q

� �g�\���x¥�¢�×Ê�*���*�¯�\¢¿�"«[¢¤��� ¬ �  3N TS¢ ¬ Q r Q �¡�\��� � �"¢°¥�¢¤� ¬ �*��­��¸O � ��� � �s�"�g­T�x���¦�   ¬ �
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��¢¤Çs�¦¥ Q1M ��¢ �M� �   P � �\���"�M¥�¢�×��*���*�K�\¢¿�"«É¢¤��� ¬ ¢¤� ¬ �v´���¢¤­�¢¤� � �"« ��  ¢¤� N�  �\���"�\¢   �Î�\���"�M¢ �
¬ �"¢¤���¦¥Á¢¤� � ���"��¥��"��¥¶£   «¿�"�\¢¤�¡�*�\�\®   �À�*«¤«¤¢¤£ ��  �¡�*�\�\®��À�¡�s� � O����*�¡�*�¯� �DQº� �¶�\���¡¥�¢ N �N �*���*�¯�\¢¿�"«�¢¤��� ¬ � � �   P���¢¤�6T�¢ ¬ Q r Q q N �s�"�¸O���� � �"����­��   O ¬ �K�   O��µ�\���"�X�"�����   ��©K¢ � ¢¤­�«°�
¢¤�Î�\�����9P   £   «¿�"�\¢¤Ç$�"�\¢   �g¢¤��� ¬ � � �"��¥º�\��O � P   O�«°¥n�   �q­T� � �¦�*�I¢¤�g�¾�   �\���"« N O����
¥BO � ¢¤��� ¬ � Q-M ���   �\¢ ¬ ¢¤�  3N �\��� � ��¥�¢ � �\¢¤� ¬ O�¢ � ���¦¥ N �s�"�¸O���� � ¢ � �   ���*«°�s�"�X­?O����"�   O � �� �\�   � ¬ ¢¤�¯���*��� � �q¢¤�n�\����£��¯® � ¢°�*¢¿�"� �)Q · «¤¢¤��¢°�s�"«S�\�\¢¿�"« �M� ���"«¤« N�  «¤«   P Q

²�«¤�\�   O ¬ �Î¢¤�q�s�"�Î�   ��­�� � �¦�*�I¢¤���¡�¦¥�¢¿�"���*«¤®I¢¤�n�"­   ©ª�»£�¢°�*�¸O���� � Â��\���»�   �¯�\��� � �
PX� � ¢¤���*���s� � �¦¥I­K®º�¡�s�"� �q 3N[�� 3N �9P¨�"���À¢¤�I�\���À«¿�"���*� � �*�\¢°� � Â�­��¦�s�3O � �»�\��� � ¢ ¬ ���"«Ê�  
�   ¢ � �{���"�\¢  � 3N �"�g¢¤��� ¬ � N �   �>�¡­��\¢ ¬ �¯�º�Ð­�«[O��D�q�*®ª�{¢ � �   � � ¢°¥��*���"­�«°�x��¢ ¬ ���*�j�\���"�N �   � ��¥��"�¸·±�Ð­��   P��¬���*®ª��Â�� � �\��� N�  �\�¡�*�����AÒ��¦�*� � �   ���»«¤¢ ¬ �K� Q

í ��� �Y©¸¨�ðI� ���-¢;ð¬©=¢;¦"!p©¸�¬«   ï$#	¨� G­õ©=£ ïH¨�©=ð�­
²ßZ�O��"«¤¢¤���"�\¢¤©ª���   ��£��"�\¢ ��  �¶­��*��P �¦�*�B�\���x²�¹ � · � �"�\�\���"�����Ä¹K�����=· � �*� ��  �À�"��¥¶�
q�� � ¢°¥��¦¥ £¯®Ï���"��¢°¥ � �*� ��  �{¢¤�Å�@�   ¥BO�«¿�"�\¢   �Å�   ¥�� � �*���ÁO�£%P¨� � ����¥��   �Å� � �   �\�
©Ï¢ � ¢¤���"�S�\���/³¶�	´K���µ«¿�"���=· � � � �\¢¤�¸O���� N�  ��² � �\�   �   �x®Ð��³4� � ²�� QDM ��� £¯®Ï���"��¢°¥{£��\¢ � �
����¥��¸O��\���¦¥��¦¥ ¬ � �¨ 3N 12µm P�¢°¥��\� Q-M �����*¢¤���(O�«¿�"� �   ¥BO�«¿�"�\¢   �@£��"�\�  3N �\���M­T�s�"�
�"�   O���¥¶�\����£��\¢ � � �\¢¤£±PX� � £��   ¥BO��¦�¦¥¶­K®¶��£�¢°�*Ç   �*«°�¦�*�\�\¢°�¡¥��\¢¤©ª�*�Á��¢¤�\�   ��P�¢¤�\� �
�   ¥BO�«¿�"�\¢   � N ���&Z�O��*���*®  3N ¼�±�± � Ç Q-� ��TS¢ ¬ Q r Q Îx�\����¢¤��� ¬ ��£?O�£�¢¤« ��N�  ���VPX�¦©ª� N �   �¯�

T�¢ ¬ O����Ør Q Î � @X����
íì:
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M]\)^U�`_
aQbQcd_
e�egf ¹ \h_Ti ·kj ^Ze jml a j \ lDP ^Eno_pb l�lqj cd_
rCr]a@_Tngst_
e)iE^ j ^Ze j sCbQsCu�sCbwvxi l c;f
y _
am^En P sCbQ\z_ O)j¸O _
r|{3{~}�i�_
c�^Za@_�^Zu�^Ze�bQ\ l�O�� \�bQ\)^ P _Eu�^Zr�^Ze � bQ\ O)j ^En P _ j rCv�sCe �sCe$bQ\)^ jQy ^EiZbQa@_
r]�h_
e)n P s�ngbQ\ l NXcd_/��sCc O c�_
� jml a y bQs l e l NXbQ\)^ j sCrCs�i l e y \ l b l n�^1fbm^EiZb l a j Q�� y�y a l ��sCcd_
bm^ZrCv rT����l N�bQ\)^ P _�u�^AN�a l e�b�sCe�bm^Ze j sCbwv P _ jVj¸O�y�y rCs�^Enqb l bQ\)^� ¹?¹ _
e)n l e�rCv �N��� b l bQ\)^ ��¹�� � O bVv�^Zb�bQ\)^ j s � eh_
rFb l e l s j ^;a@_
bQs lzl N3bQ\)^º� ¹?¹am^Zcd_
sCe)^En�iZaQsCbQs�i�_
rÁQ � ^Zu�^ZaQbQ\)^Zr�^ jmj�� bQ\)^Xi l aQam^Zrt_
bQs l e l NaÑ�^ZaQe�s · ^ y�l rCv�e l c�st_
r j/O�y b lbQ\)^ j ^Ei l e)n l amn�^Za P _ jF� sCu�^Ze�s�N�bQ\)^:_
��^ZaQa@_
bQs l e j _
c y rCsCb O n�^Xngs�nde l b y _ jmj/O e)n�^Za�_iE^ZaQb@_
sCe�rCsCc�sCb)Q u ^Zr l)P bQ\�s j rCsCc�sCb ��P \)^Zam^�bQ\)^:_
��^ZaQa@_
bQs l e j�P ^Zam^�b l�l�j cd_
rCr�_
e)ndbQ\)^�`_
aQbQcd_
egf ¹ \h_Ti ·xj ^Ze jml a P _ j e l b j ^Ze j sCbQsCu�^�_
e�v�c l am^ � bQ\)^ y v�a@_
c�s�n j ^Ze jml a P _ j
j bQsCrCrOn�^Zbm^EiZbQsCe � _;iZr�^�_
a j s � eh_
rÁQ� O _
e�bQs�N�v�sCe � bQ\�s j rCsCc�sCb P sCbQ\zbQ\)^ lDP e y v�a@_
c�s�n y aQs j c P _ j bQ\)^�i@\h_
rCr�^Ze � ^<Q

í �w� �  P�S�-®(¨�§S¢f���	�-¢�ð|©=¢�¦�!p©ª�¬«  S¥=¥z�����-¢;ð¬§$¨�ð
M]\)^�c�^�_ j¸O am^Zc�^Ze�b l N�_ P _Eu�^AN�a l e�b P sCbQ\�bQ\)^ � f j s�n�^En y v�a@_
c�s�n j ^Ze jml a � bQ\)^XsCe�bm^Za�fN7^Za l c�^Zbm^ZaX_
e)n�bQ\)^	�:_
aQbQcd_
e�egf ¹ \h_Ti ·zj ^Ze jml a P�l a · sCe � sCe y _
a@_
rCr�^Zr�_
e)n�_ Z�O _
e�bQs�fb@_
bQsCu�^;i l c y _
aQs jml e l NPbQ\)^ZsCa y ^ZaªN l aQcd_
e)iE^�s j e l b y�lNjmj sC��r�^<QGM]\)^ j ^Ze j@l a j ^1�g\�sC��sCbngs × ^Zam^Ze�b P�l a · sCe � a@_
e � ^ j bQ\h_
b l u�^ZaQrt_ y sCe bQ\)^ZsCa�rCsCc�sCb j � O b y a l \�sC��sCb�_¡ngsCam^EiZbi l c y _
aQs j@l eXQ1M]\)^ZsCa�� l�O e)n)_
aQs�^ j _
e)n�rCsCc�sCb j _
am^ � sCu�^Ze�sCe�bQ\)^*N l rCr lDP sCe � _
e)n�sCb3s jsCe)ngs�i�_
bm^En¢\ l)P bQ\)^Zv�i l c y r�^Zc�^Ze�b`^�_Tim\ l bQ\)^Za)QM]\)^�c�^Zc£��a@_
e)^;c�sCaQa l a:s j*O)j ^En¡_ j`jml�O amiE^ l N P _Eu�^AN�a l e�b�ngs j b l aQbQs l e j _
e)n¡_ j _Ti1fb O _
b l a)Qv�`_Eu�sCe � b P�l n�^AN l aQcd_
��r�^pc�sCaQa l a j�� bQ\)^ l aQs � sCeh_
r:s�n�^�_ P _ j b l%O)j ^ l e)^N l a y a l n O iZsCe � a@_
e)n l c � bm^Zc y�l a@_
rCrCvpuN_
aQv�sCe � ngs j b l aQbQs l e j _
e)nBb l¾O)j ^;bQ\)^ l bQ\)^Zan�^AN l aQcd_
��r�^;c�sCaQa l a�_ j _TiZb O _
b l a:sCeBbQ\)^�iZr lNj ^En�f'r l�lTy N l a`i l aQam^EiZbQs l eXQlM]\�s j i l�O r�ne l bX��^`am^�_
rCsC¤�^En¢_ jSP sCrCrO��^V^1� y rt_
sCe)^En�sCezbQ\)^�e)^1��b j ^EiZbQs l eXQ
¥§¦>¨R¦w© ª�«P¬k­¯®�­�°²±´³'µ�µ�¶·µ
s l a · sCe �ÐP sCbQ\¢bQ\)^l��^ � ^`rt_ j ^Za�_ j�jml�O amiE^	N l a y rt_
e)^ P _Eu�^AN�a l e�b j sCe¢i l c¸��sCeh_
bQs l e
P sCbQ\�bQ\)^ ³4ü1³±¹ c�sCaQa l a y a l n O iE^En�_ y a l c�sCe)^Ze�b3sCe�bm^ZaªN�^Zam^Ze)iE^ y _
bQbm^ZaQez_ j~j bQa l e �
j s�n�^1fw^ × ^EiZb)Q

T s �<O am^ r Q*¹B� � s�iZb O am^ j;l N�_�u�s�n�^ lpj ^ Z�O ^Ze)iE^ j \ l)P sCe � bQ\)^�sCe�bm^ZaªN�^Zam^Ze)iE^�^ × ^EiZb l NbQ\)^ ³4ü1³±¹ c�sCaQa l a P sCbQ\p_6��^ � ^`rt_ j ^ZaX_ j rCs � \�b jml�O amiE^<Q
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M]\)^�ngs j b@_
e)iE^ l N�bQ\)^ jQy�l b j	P \�s�im\¶N l aQc�bQ\)^;sCe�bm^ZaªN�^Zam^Ze)iE^ y _
bQbm^ZaQe½_
am^;c�^�_/f
j¸O am^EnpsCe¢\ l aQsC¤ l e�b@_
rP_ jGP ^ZrCrR_ j sCequ�^ZaQbQs�i�_
r§ngsCam^EiZbQs l eYN l a j cd_
rCr¾_
e � r�^ j N�a l c�bQ\)^e l aQcd_
r§ngsCam^EiZbQs l e¢b l bQ\)^Vc�sCaQa l a j¸O aªN'_TiE^<QP� jQy�l b�ngs j b@_
e)iE^ l N � ± ¿ c�cÀs j n�^Zbm^Za�fc�sCe)^En�_
b3_¸ngs j b@_
e)iE^ l N�Á �N� ± Î c�cÀ_ P _�vgÂGN�a l c�bQ\)^Xc�sCaQa l a)Q1M]\�s j s j ^ Z�O sCuN_
r�^Ze�bb l _
ed_
e � r�^]��^Zb P ^E^Ze�b P~l�jQy�l b j¾l N 0.86◦±0.15◦

Q Thl a¾bQ\)^]bQ\)^ l am^ZbQs�i�_
rCrCv;^1� y ^EiZbm^EnsCe�bm^ZaªN�^Zam^Ze)iE^ y _
bQbm^ZaQe´N�a l c�_�c�^ j \ � aQs�n l N§sCe � e�sCbm^ j sC¤�^ � bQ\)^VsCe�bm^ZaªN�^Zam^Ze)iE^£cd_/�gs�fc O c l N�egf'bQ\ l amn�^Za`s j r l i�_
bm^En¡_
b�_
e¡_
e � r�^ αn = arcsin n·λ
g
��P sCbQ\ g

��^ZsCe � bQ\)^
� aQs�nki l e j b@_
e�b)QÈ�we j ^ZaQbQsCe � λ Ã ¹ �<� e�cÄ_
e)n g Ã q�� µ c�v�s�^Zr�n j f	N l a j cd_
rCrX_
e � r�^ j��sÁQ�^<Q j cd_
rCr l amn�^Za j f]_
eq_
e � r�^�ngs × ^Zam^Ze)iE^ l N ∆α Ã αn+1 − αn ≈ 0.91

QSM]\�s j uN_
r O ^i l e � aQc j bQ\)^Vc�sCaQa l aX^Zr�^Zc�^Ze�b j ��^ZsCe � bQ\)^ l aQs � sCe l NRbQ\)^VsCe�bm^ZaªN7^Zam^Ze)iE^¸^ × ^EiZb)Q
u]l bQ\ y s�iZb O am^ j sCe T s � Q r Q r�j \ l)P bQ\)^ y?O�y sCrhsCcd_ � ^ j cd_Tn�^ P sCbQ\dbQ\�s j c�sCaQa l a1N l ab P�l ngs × ^Zam^Ze�bP_
e)n�_
aQ��sCbQa@_
aQv P _Eu�^AN�a l e�b j QP� y _
bQbm^ZaQe�im\h_
e � ^]s j am^Ei lT� e�sC¤
_
��r�^ � � O bbQ\)^XsCe�bm^ZaªN7^Zam^Ze)iE^ y _
bQbm^ZaQe�n l c�sCeh_
bm^ j bQ\)^ P \ l r�^�sCcd_ � ^ � cd_ · sCe � sCbPsCc y�lNjmj sC��r�^Xb l

O)j ^`bQ\�s jXj s � eh_
r_N l a3bQ\)^VbQa@_
sCe�sCe ��l N¾_ �f� QM]\�s jXy?O�y sCrOsCcd_ � ^ j r l�l�· i l c y r�^Zbm^ZrCvzngs × ^Zam^Ze�b ÿ i l c y _
am^En¢b l bQ\)^ y?O�y sCr�sCcd_ � ^

T s �<O am^ r Q r � �-��ý/.�á�âsñ�î�ãVâ�
íñ»âsû$îvëÊæ ú çVèªî���Å���þ»ñ	
íãÍãVæ$ã_�-
ïçÍè{ä�
 � î�ãVî�÷"ç�äªî ú æ$ãVñ»â¦çÄ
ïæ	÷¯ë�"�[èªî�
í÷	çVî�ã ú î�ãVî�÷¯á�î/�¯âsç çVî�ãV÷xä�æ	ñ*
í÷¯âsçÍî�ë�â$ëSçVèªî ñ	
íãÍãVæ$ã�
íëa
íìïì��ªñ	
í÷¯â¦çVî�äxò3�»â�è�
íû$èxá�æ$èªî�ãÍî�÷"çóËî��µî�ì¹â$ëÍî�ãA"
cd_Tn�^3_
b§bQ\)^ ³Y� �5� ��T s � Q r Q Î�� _
e)n�b l bQ\h_
b�cd_Tn�^ P sCbQ\�bQ\)^ l)P e j ^Zb�f O�y���T s � Q r Q ¿ ���ÿ n O ^�b l b P�l ngs × ^Zam^Ze�b j ^Zb�f O�y N�^�_
b O am^ j
� _ y _
aQbSN�a l c O)j sCe � _ j ^ � c�^Ze�bm^Enqc�sCaQa l a
�ÌP \�s�i@\ j bQsCrCr§n l ^ j e l b:i@\h_
e � ^£bQ\)^;_
� l u�^ j b@_
bm^Zc�^Ze�b � �fM]\)^¸sCcd_ � ^ y?O�y sCrR��^�_
c j
P ^Zam^¢e l b j ^ y _
a@_
bm^En P sCbQ\Æc�sCaQa l a j rCs · ^psCbd\h_ j ��^E^Ze´n l e)^¢sCeÆbQ\)^ lDP e j ^Zb�f O�y
��T s � Q r Q ¿ ��� _
e)nqe)^�_
aQrCv l u�^ZaQrt_ y�y ^EnBsCeqbQ\)^¸sCcd_ � ^ y rt_
e)^ � cd_ · sCe � sCb y�lNjmj sC��r�^¸b li�_ y b O am^3bQ\)^Zc P sCbQ\ l e)^X{3{~}Çi@\�s y Q T?O aQbQ\)^ZaQc l am^ � bQ\)^]��^�_
cÈ\h_�u�sCe � _`ngst_
c�^Zbm^Za
l N·¹
c�c P _ j sCrCr O c�sCeh_
bQsCe � bQ\)^ P \ l r�^ ³4ü1³±¹ c�sCaQa l a)Q-M]\�s j s j bQ\)^�am^�_ j@l eºN l aPbQ\)^
y?O�y sCr j ��^ZsCe ��l N j�Z�O _
am^ j \h_ y ^<Q�M]\)^ ³4ü1³±¹ c�sCaQa l aFsCcd_ � ^ j-P ^Zam^]cd_Tn�^ P sCbQ\d_ q f
j s�n�^En y v�a@_
c�s�n � ��v;i l�O aQbm^ j v l N|bQ\)^ ³Y� �5� � ��^AN l am^]bQ\)^ l amn�^Zam^En � f j s�n�^En y v�a@_
c�s�n
y aQs j cÉ\h_ j ��^E^Zezn�^ZrCsCu�^Zam^En_QsÇsCbQ\obQ\)^ j _
c�^ lTy bQs�i�_
r j ^Zb�f O�y � O bdbQ\)^zrCs � \�b jml�O amiE^���^ZsCe � bQ\)^ ¹�� }ÊbQ\)^sCe�bm^ZaªN�^Zam^Ze)iE^ y _
bQbm^ZaQeìN7_Tn�^En � O b�ngs�n e l b�uN_
e�s j \Æi l c y r�^Zbm^ZrCv�QµM]\)^pi l \)^Zam^Ze)iE^
ËKÌ 2�< 9=D
. 2:½=?�4'G/2 Ì D
+*( 45Ã D
-]+ 4�M 9=. »3½=4 - ½ .7.7+ Ì ( 2O4Á½F032 9=.7D 6'2|4'G
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r�^Ze � bQ\ l N�bQ\)^ ¹�� } l N�_ y�y a l ��sCcd_
bm^ 30µm
s j�j bQsCrCrFe l b j \ l aQb£^Ze l�O�� \½b l _Eu l s�nbQ\)^;sCe�bm^ZaªN�^Zam^Ze)iE^�^ × ^EiZb�i�_ O)j ^EnB��vqbQ\)^ j ^ � c�^Ze�bm^En¡c�sCaQa l a)QºM]\h_
b¸s j bQ\)^;am^�_ jml e

P \�v�bQ\)^Vs�n�^�_ l N O)j sCe � bQ\)^ j ^ � c�^Ze�bm^Enzc�sCaQa l a P _ j _
�h_
e)n l e)^En_Q

¥§¦>¨R¦>Î ­¯¬h±kÏ�µ�Ð|ÑF¬k±´³'µ�µ�¶OµzÒ3¬)µ�Ó�¶Oµ�±ÆÐ|Ñ�Ôg¬
Thl a�bQa@_
e j rt_
bQsCe � bQ\)^£_ y�y rCs�^En y s j b l ez\)^Zs � \�bXuN_
r O ^ jXl ezbQ\)^�c�^Zc¸��a@_
e)^£c�sCaQa l a�b lÑ�^ZaQe�s · ^ y�l rCv�e l c�st_
r j~l a � u�s�iE^1f'u�^Za j _ � sCe l amn�^Za�b l;· e l)P�P \�s�im\ y�lNj sCbQs l e j bQ\)^ y s j fb l e j \h_�u�^�b l b@_ · ^GN l a3_¸n�^ j sCam^EnUÑ�^ZaQe�s · ^ y�l rCv�e l c�st_
r|i l c¸��sCeh_
bQs l e � _Ve O c�^ZaQs�i�_
rr�^�_ j b�f j=Z�O _
am^ � bfN l a`e l egf'rCsCe)^�_
a*N O e)iZbQs l e j	O e)n�^Za ³ _
bQrt_
�Bs j*O)j ^En_Q�M]\)^;ngs j iZam^Zbm^

T s �<O am^ r Q Í � �µî�ì¹â¦ç9
íæ$÷�òKî�çÁ�Sî�î�÷�ý�ß¦à á�æ	÷�L$î�ãÍçÍî�ãµæD�ªç9����ç�âs÷Kä�ñ	
ïãVãÍæ	ã â$ñ*�¯ì�
��¯î�ã¨æD�ªç9����çË¿ìïî ú çªÍ�â$÷¯ä¾ýXßsà-á�æ$÷�L	î�ãÍçÍî�ã�æD�ªç9����ç¨âs÷¯äxñ�î�ñMò¯ãVâ$÷ªîXñ*
íãVãÍæ	ã[äªî=J¯îvá\ç9
íæ$÷UË°ãÄ
íû$è"çªÍ="
y s j b l e y�lNj sCbQs l e jPl N�bQ\)^3sCe�e)^Za ¿ �`y s j b l e j _
am^ � bQbm^En�b l bQ\)^ � a j b ¿ � Ñ�^ZaQe�s · ^ y�l rCv�fe l c�st_
r j
�_P sCbQ\¡bQ\)^ y s j b l e j¸Í b l ¿ �±��j ^E^ T s � Qm¹BQ*Á � \h_�u�sCe � _
r P _Ev j¸l e)^;i l e j b@_
e�buN_
r O ^<Q
�]b � a j b � bQ\)^�n�^ Ò ^EiZbQs l e l N�bQ\)^�c�sCaQa l a�sCedn�^ y ^Ze)n�^Ze)iE^ l edbQ\)^XngaQsCu�^Za jml N�b P _
am^i l c�cd_
e)n�uN_
r O ^ ³4³Y� � � _
r jml i�_
rCr�^En ³Y³4�~ÕfO b y�Pf� c O)j bR��^ · e l)P eXQaM]\)^Zam^AN l am^bQ\)^¸a@_
e � ^ l N¾bQ\)^�_
c y rCs � ^Za P _ j u�^ZaQs � ^Enpc�^�_ j¸O aQsCe � sCb jXl�O b y?O b:u l rCb@_ � ^¸sCepam^Zrt_/fbQs l e�b l bQ\)^ ³Y³Y� � uT_
r O ^ j���T s � Q r Q Íg� r�^AN�b]i O aQu�^ � Q1M]\)^`i O aQu�^ l e�bQ\)^�aQs � \�b�f'\h_
e)n

P _ j c�^�_ j¸O am^Enx��v½c�^�_
e j;l NXbQ\)^�sCe�bm^ZaªN7^Za l c�^Zbm^Za)Q Õ e)^ y s j b l eëN�a l cÖbQ\)^�sCe�e)^Za
j ^ � c�^Ze�b�iZsCamiZr�^ P _ j im\ lNj ^Ze´_
e)n ngs × ^Zam^Ze�b ³4³Y� � uN_
r O ^ jÐP ^Zam^p_ y�y rCs�^En b l sCb_
e)ndbQ\)^ y ^�_ · f'b l f'uN_
rCr�^Zv ��y u � n�^ Ò ^EiZbQs l e���^Zb P ^E^Ze�bQ\)^�a@_
s j ^En y s j b l e�_
e)n�bQ\)^ j¸O a�fa l�O e)ngsCe � iZsCamiZr�^ P _ j e l bm^En_Q1M]\)^�i O aQu�^Vr l�l�·�j bQ\)^ j _
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am^ l � jml r�^Zbm^�i l�O r�n$��^�sCc y a l u�^En_Q u�O b j bQsCrCr � bQ\)^��h_
e)n P s�ngbQ\ bQ\h_
b
P~l�O r�n���^3am^�_Tim\)^En P�l�O r�nd��^ O e)n�^Za�bQ\)^3a@_
e � ^ l N�bQ\)^$N'_ j b1�`_
aQbQcd_
e�egf ¹ \h_Ti ·dj ^Zegf
jml a l a�bQ\)^ y v�a@_
c�s�n j ^Ze jml a � � l bQ\ l e�rCvBam^ Z�O sCaQsCe �pl e)^�sCcd_ � ^dam^�_Tn�f l�O b;_
e)n�e lc�^Ei@\h_
e�s�i�_
r y _
aQb j b l ��^`c l u�^En_Q

M]\)^ y v�a@_
c�s�n j ^Ze jml aPsCe�sCb j _TiZb O _
r�i l e �)�<O a@_
bQs l e j \ l)P�j _`�h_
e)n P s�ngbQ\ l N�r�^ j@jbQ\h_
e½¹���¤�Q¸��rCbQ\ l�O�� \½_�{3{~}Xfwi�_
c�^Za@_ P sCbQ\¡_ j b@_
e)n)_
amnBam^�_Tn�f l�O blN�am^ Z�O ^Ze)iZv l NÁ Î ��¤ds j;O)j ^En � bQ\�s j s j e l b�bQ\)^�rCsCc�sCbQsCe � N7_TiZb l a � � O b£bQ\)^du�^ZaQv j r lDP i�_
r�i O rt_
bQs l e_
e)n�n)_
b@_ y a l iE^ jmj ��v ³ _
bQrt_
��bQ\h_
b]b@_ · ^ j c l am^:bQ\h_
e �N� c j]y ^Za P _�u�^AN�a l e�b � N�a l cn)_
b@_dr l _TngsCe �ØO e�bQsCr�bQ\)^ y s j b l e¢r�^Zu�^Zr j _
am^�i�_
r�i O rt_
bm^En_QGM]\)^�sCe�bm^Ze j sCbwv j ^Ze j sCbQsCu�sCbwv
l NObQ\)^ y v�a@_
c�s�n j ^Ze j@l aPs j�� sCu�^Ze���v�bQ\)^Xi�_
c�^Za@_�_
e)n P _ j sCe l�O a j ^Zb�f O�y r�^ jmj bQ\h_
e
¿ Î e8s N l a`_
eB^Ze�bQa@_
e)iE^ y?O�y sCrRngst_
c�^Zbm^Za l N�¹
c�cÊ_
e)nq_
eBsCcd_ � ^ y?O�y sCrRngst_
c�^Zbm^Za
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l N¾Á
c�c´Q1M]\)^ jQy _
bQst_
rOam^ j@l r O bQs l e�s j3� sCu�^Ze���v�bQ\)^Vngst_
c�^Zbm^Za l N�bQ\)^�sCcd_ � ^ y?O�y sCr j_
e)n¢s j bQ\)^Zam^AN l am^�e l b�rCsCc�sCbm^Enp_
e)np_Tn ÖªO)j b@_
��r�^¸b l bQ\)^�am^ j@l r O bQs l e¢bQ\)^�c�sCaQa l a:i�_
en�^�_
r P sCbQ\XQUM]\)^�\�s � \)^Za¸bQ\)^�n�^ j sCam^En l a¸am^ Z�O sCam^En½am^ jml r O bQs l e � bQ\)^���s �N� ^Za¸s j bQ\)^e O c¸��^Za l NRsCe y?O b j b l bQ\)^Ve)^ O a@_
r·e)^Zb�_
e)n�bQ\)^`bQa@_
sCe�sCe � s j c l am^�n�^Zcd_
e)ngsCe � Q
M]\)^*�`_
aQbQcd_
e�egf ¹ \h_Ti ·�j ^Ze jml a l3× ^Za j bQ\)^GN'_ j bm^ j b j ^Ze jml a~��vºN'_
a P sCbQ\z_¸�h_
e)n�f

P s�ngbQ\ l N l u�^Za �N�N� ��¤�Q¯�Kb j£jmy _TiZst_
r�am^ jml r O bQs l e$s j£� sCu�^Ze×��v�bQ\)^ j sC¤�^ l N�bQ\)^�c�s�fiZa l r�^Ze j ^ j3l N�bQ\)^`r�^Ze j r�^Zb P \�s�im\¢s j 400µm
Q1�Kb j _
��^ZaQa@_
bQs l ep_
c y rCsCb O n�^ j ^Ze j sCbQsCu�sCbKv

l aXam^ jml r O bQs l ezs j3� sCu�^Zep��v�bQ\)^	N l i�_
rOr�^Ze � bQ\ l NRbQ\)^Vc�s�iZa l r�^Ze j ^ j _
e)n�bQ\)^ 21 × 21y s���^Zr j~l N�_ j¸O ��n�^Zbm^EiZb l a � am^ j¸O rCbQsCe � sCe�_ j cd_
rCr�^ j bPc�^�_
e�n�^ Ò ^EiZbQs l e l N 0.02◦ l NObQ\)^P _Eu�^AN�a l e�b:bQ\h_
bXi�_
e���^Vn�^Zbm^EiZbm^En l u�^Za l e)^ j¸O �h_ y ^ZaQb O am^<QM]\)^�rCsCc�sCbQsCe � N�^�_
b O am^ l N)bQ\)^��`_
aQbQcd_
e�egf ¹ \h_Ti ·�j ^Ze jml a§sCe¸sCb j _TiZb O _
r�i l e �)�<O a@_
bQs l esCe l amn�^ZaXb lºO)j ^�sCb$N l a�_ y�y rCs�i�_
bQs l e l ezbQ\)^¸^Zv�^¸s j sCb j am^Zrt_
bQsCu�^¸r lDP rCs � \�b j ^Ze j sCbQsCu�fsCbKv�Q Thl a�_
e½^Ze�bQa@_
e)iE^ y?O�y sCr l N�¹
c�c�ngst_
c�^Zbm^Za;_
e)n½_
e½sCe�bm^Ze j sCbKv l N rT� e8s bQ\)^
j s � eh_
r�f'b l f'e l s j ^�a@_
bQs l s j _
rCam^�_Tngv Z�O sCbm^�iZaQsCbQs�i�_
rÁQ

í �'ò ó¾¨� S©=¢�©=¢�¦ §S®¯�¬«���ô �-°;¨� S¥�ô �a��!ì§$¨�õ
Thl a�bQ\)^�_Ti Z�O s j sCbQs l e l N~bQ\)^�bQa@_
sCe�sCe �¢j ^ZbVbQ\)^�bQ\�am^E^ j ^Zr�^EiZbm^En y?O�y sCr�_
am^�_ j�l N]bQ\)^i�_
c�^Za@_dam^�_Tn�f l�O bfN�a@_
c�^ P ^Zam^ j _Eu�^En � _ j n�^Zb@_
sCr�^EnpsCe j ^EiZbQs l e;¹BQ q�� b lT� ^ZbQ\)^Za P sCbQ\bQ\)^ y s j b l edu l rCb@_ � ^XuT_
r O ^ j _ y�y rCs�^En�bQ\)^Zam^AN l am^ � bQ\)^ j ^�uN_
r O ^ j ��^ZsCe � i l n�^En�sCe O e�sCb j
l NRbQ\)^�} ã ��i l e�u�^ZaQbm^Za�ngaQsCu�^Za jml N�b P _
am^ ��³4³Y� � � Q

T s �<O am^ r Q ¿N¿ � @Ãèªæ$çÍæ�æ ú çÍèªî�ëÍî�ç�.���� ú æ$ã�â	á@ö3��
¹ë�
ïç9
íæ$÷næ ú çÍè¯î{çVãVâD
ï÷�
í÷ªû@ë î�çjâs÷Kä ú æ$ã�çÍèªîæ8�Kî�÷�ìïæ�æD�xçÍîvë3ç�ë�"
M]\)^dsCe y?O b�uT_
r O ^ j
� bQ\h_
b�s j ^�_Ti@\ y s���^Zr � am^Zv¡uN_
r O ^ � \h_Tnx_za@_
e � ^6N�a l c � b lÁ Î<Î Q`��e�vzn�^ y ^Ze)n�^Ze)iZv l eqsCe�bm^Ze j sCbKv ÒIO iZb O _
bQs l e j�P _ j _Eu l s�n�^Enq��vpe l aQcd_
rCsC¤EsCe �bQ\�s j uN_
r O ^<Q±M]\)^ l�O b y?O b�uN_
r O ^ j�� bQ\h_
b;s j bQ\)^ y s j b l ex\)^Zs � \�b j�� a@_
e � ^En$��^Zb P ^E^Ze

q��N�N� _
e)n�¹NÁ �N�Ø��j ^E^ T s � Q r Q Í�� Q-M]\)^�a@_
e � ^ l NObQ\)^Xc�sCaQa l a P _ j ^1� y _
e)n�^En�sCe�b l bQ\)^r lDP ^Za�a@_
e � ^¸_
b�bQ\)^Vi lNj b l N y _
aQbQst_
rCrCv�r�^�_Eu�sCe � bQ\)^VrCsCe)^�_
a�sCe�bm^ZaQuT_
r l N§bQ\)^Vc�sCaQa l a)Q
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Õ e�rCv�bQ\)^ r sCe�e)^Za y s j b l e jGP ^Zam^¸uT_
aQs�^En�b l�l ��b@_
sCe¢bQ\)^VbQa@_
sCe�sCe ��j ^Zb�_
e)npi l egf
j ^ Z�O ^Ze�bQrCv � b l i l aQam^EiZb�bQ\)^p_
��^ZaQa@_
bQs l e j rt_
bm^Za l eXQµM]\)^ � a j b�bm^ j b j6P ^Zam^qcd_Tn�^

T s �<O am^ r Q ¿ ÁB� Å_'�çÍã�â$á�ç ú ãVæ$ñ9â¡ëÍî=ö3�ªî�÷Ká�îÀæ ú çÍèªî;������
íì�
íñ»âsû	î{ë�
íû$÷Kâsì¹ëS��è�
íìïî¾ä<
 � î�ãÍî�÷	ç
��
¹ë çÍæ$÷	L	æ$ìïçVâsû	î�á�æ$ñ�ò�
í÷¯â¦çÄ
ïæ	÷¯ëÃâsãVî�â)���¯ì�
íî�ä�çÍæqçÍèªîµñ	
íãÍãVæ$ã ú æ	ãÃâ$á=ö8��
íë9
UçÄ
ïæ	÷�æ ú çÍèªîµçÍã�â)
í÷�
ï÷¯ûëÍî�çA"

P sCbQ\²bQ\)^ r$y s j b l e j ��^ZsCe � _Tn�ngam^ jmj ^En P sCbQ\ l e�rCv Î ngs × ^Zam^Ze�bqngs j iZam^Zbm^�\)^Zs � \�br�^Zu�^Zr j��Ìq�rT�N�g��ÎN�N�N�g�lÎ<�N�N�g��Î ¹ �N�g��Î<�N�N��� Q M]\�s j rCsCc�sCbm^En j ^Zr�^EiZbQs l eØ_
rCam^�_Tngv l N�fN7^Za j 57 Ã rTÍ ¿ Á Î i l c£��sCeh_
bQs l e y�lNjmj sC��sCrCsCbQs�^ j QÉ�SN�bm^Za P _
amn j��	P _Eu�^AN�a l e�b jBl N;c l am^i l e�bQsCe O)l�O)j f'rCs · ^ y s j b l eÇr�^Zu�^Zr`i l c¸��sCeh_
bQs l e jUP ^Zam^ y am^ j ^Ze�bm^EnÆb l bQ\)^ze)^Zb �SP sCbQ\
³Y³4� � Ã q��N�N�g� 4400, 4500, ..., 6100 � ¿ � r�^Zu�^Zr j�� QM]\)^½u l rCb@_ � ^×_ y�y rCs�^En²b l bQ\)^ ¿ Á y s j b l e j��Vy s j b l e Í b l ¿ �g��l N�bQ\)^ j¸O aQa l�O e)n�fsCe �xy s j b l e´iZsCamiZr�^ � _TiZb O _
rCrCv´_�\)^1�)_ ��l e �6P _ j ^ZsCbQ\)^ZaØN l a�_
rCr ³Y³Y� � Ã q��N�N�xl a³Y³4� � Ã Î<�N�N� QfM]\)^ l�O bm^Za:iZsCamiZr�^VN l aQc�^Enp��v y s j b l eqÁ � b lØ��r6P _ j e l b�n�^ � e)^En �bQ\h_
b�s j e l u l rCb@_ � ^ jSP ^Zam^�_ y�y rCs�^En�b l bQ\)^ j ^ ¿ Í�y s j b l e j Q

sÇ\)^Ze l e�rCv ÎXy s j b l e;\)^Zs � \�bRr�^Zu�^Zr jS� ngs j iZam^Zbm^~r�^Zu�^Zr j�� _
am^ O)j ^En �Ty ^ZaªN l aQcd_
e)iE^~s jc O im\ W�j c l�l bQ\)^Za W bQ\h_
eUN l a ¿ �£y s j b l e j \)^Zs � \�b jV��Z�O _ j s�i l e�bQsCe O)l�O)j r�^Zu�^Zr j�� Q�sÇsCbQ\
¿ �py s j b l e$\)^Zs � \�b j
� bQ\)^ y ^ZaªN l aQcd_
e)iE^�sCc y a l u�^ j�� am^�_
bQrCv½sCe$bQ\)^ � a j b�^ y�l im\ j�l NbQa@_
sCe�sCe �)� _8N�bm^Za P _
amn j bQ\)^£sCc y a l u�^Zc�^Ze�b¸��^Ei l c�^ j u�^ZaQv j r lDP�� bQ\h_
b�s j�� bQ\)^�i O aQu�^��^Ei l c�^ j�Z�O sCbm^ Ò _
b ��T s � Q r Q ¿ ��� Q¾�XrCbQ\ l�O�� \�bQa@_
sCe�sCe � N l a�� l bQ\�i�_ j ^ j��3P sCbQ\�ngs j iZam^Zbm^_
e)n P sCbQ\ Z�O _ j s�i l e�bQsCe O)l�O)j r�^Zu�^Zr j�� am^�_Tim\)^ j _ y ^ZaªN l aQcd_
e)iE^ l N j sCc�sCrt_
aRuT_
r O ^ j
� bQ\)^n�^Zu�^Zr lTy c�^Ze�b l NPbQ\)^�bQa@_
sCe�sCe � N l a ¿ ��y s j b l eB\)^Zs � \�b jVj \ lDP�j bQ\h_
b:bQ\)^£e)^Zb`s j e l blTy bQsCcd_
rÁQ ³ ^�_
e j=Z�O _
am^¢^ZaQa l a j ��^Zb P ^E^Ze � Q ¿ r _
e)n � Q*Á ¿ _
am^¢bwv y s�i�_
rCrCvÈN l adbQ\)^n�^Zu�^Zr lTy ^Enqe)^Zb P�l a · _
amim\�sCbm^EiZb O am^ � � O bV_
r jml¾³¶¹�ü uN_
r O ^ j`l NP^Zu�^Ze � Q ¿N¿ _
e)n � Q ¿ qP ^Zam^£_Tim\�s�^Zu�^En_Q$M]\�s j ��^ j b y ^ZaªN l aQcd_
e)iE^ P _ j _Ti@\�s�^Zu�^En¢sCe l e)^ l NRbQ\)^�rt_
bm^ j b j ^Zb�f
O�y)j$P sCbQ\ Z�O _ j sOi l e�bQsCe O)l�O)j \)^Zs � \�bXr�^Zu�^Zr j Q
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M]\)^ lTy bQs�i�_
r j ^Zb�f O�yVP _ ja· ^ y b:N l aR_
rCr�bQa@_
sCe�sCe �`j ^Zb jO� _
bQ\)^Zam^En;_ j�j \ l)P e¸sCe T s � Q r Q ¿N¿_
e)np_ j ^1� y rt_
sCe)^Enp_
b�bQ\)^`��^ � sCe�e�sCe ��l NRi@\h_ y bm^Za�¹BQM]\)^ y v�a@_
c�s�n y aQs j cÈs j c l�O e�bm^En l e � c�s�iZa l f'��^Ze)im\ j b@_ � ^ j N l a¾bQa@_
e j rt_
bQs l e�sCebQ\)^;ngsCam^EiZbQs l e y _
a@_
rCr�^Zr¾b l bQ\)^ lTy bQs�i�_
rF_/�gs j _
e)npsCeq� l bQ\pbQa@_
e j u�^Za j _
rRngsCam^EiZbQs l e j QM]\�s j cd_ · ^ j bQ\)^ y�lNj sCbQs l e�sCe ��l N�bQ\)^ y v�a@_
c�s�n�bQs y i l ccN l aQb@_
��r�^<Q/M]\)^Vi l aQam^EiZb y�l f

T s �<O am^ r Q ¿ � � ��ã�â)
í÷�
ï÷¯ûf�Ïî�ã ú æ$ãVñ»âs÷¯á�î/�-
ïçÍè6+Mä�
íëVá�ãVî�çVî¨è¯î�
íû$è"ç�ìíî�L	î�ì¹ë�Ë°ìíî ú çªÍµâs÷¯äV�-
UçVè¾#1úè¯î�
íû$è"ç�ìïî�L$î�ì¹ë$Ë°ãÄ
íû$è"çªÍ="
j sCbQs l e � sÁQ�^<Q�bQ\)^ y�lNj sCbQs l e P \)^Zam^;bQ\)^;bQs y s j sCe¡bQ\)^�c�s�n�ngr�^ l N�bQ\)^;N l i O)j ^Enq��^�_
c
jmy�l b � s j N l�O e)n���v¡r l�l�· sCe � _
b£bQ\)^d_ y�y ^�_
a@_
e)iE^ l N3bQ\)^ y?O�y sCr j sCe½bQ\)^dsCcd_ � ^
y rt_
e)^<QÐM]\)^ y�lNj sCbQs l e l N~bQ\)^ j v�c�c�^ZbQaQv¡_/��s j�l N]bQ\)^ y v�a@_
c�s�n P \�s�i@\ j \ l�O r�n¡��^i l rCrCsCe)^�_
a:b l bQ\)^ lTy bQs�i�_
rR_/�gs j i�_
epe l bX��^�i l e�bQa l rCr�^En_Q TIO aQbQ\)^Za � sCb j _
� jml r O bm^ y�l f
j sCbQs l e � bQ\h_
b]s j bQ\)^V_
e � r�^:��^Zb P ^E^Ze�bQ\)^ lTy bQs�i�_
rO_/��s j _
e)n�bQ\)^ y v�a@_
c�s�n j v�c�c�^ZbQaQv_/�gs j¶��l a�^ Z�O sCuT_
r�^Ze�b)�BbQ\)^p_
e � r�^p��^Zb P ^E^Ze´bQ\)^ y v�a@_
c�s�n W�j �h_ j ^q_
e)nobQ\)^ y rt_
e)^
y ^Za y ^Ze)ngs�i O rt_
aXb l bQ\)^ lTy bQs�i�_
r§_/�gs j�� i�_
e l e�rCv���^V^ j bQsCcd_
bm^En P sCbQ\B_ y am^EiZs j s l e l N
±3◦

Q
�ûngs j _TnguN_
e�b@_ � ^ l N�bQ\)^;c�s�iZa l f'��^Ze)i@\)^ j s j bQ\)^ZsCa�ngaQs�N�bQsCe � _8N�bm^ZaVbQ\)^Zvq_
am^ y�l f

j sCbQs l e)^En_Q üFjQy ^EiZst_
rCrCvzbQ\)^¸u�^ZaQbQs�i�_
r§c�s�iZa l f'��^Ze)im\¡ngaQs�N�b j e l bQs�iE^�_
��rCvpn O ^¸b l�� a@_Eu�s�fb@_
bQs l eXQ�M]\�s jGP _ j bQaQs�^En¢b l ^ZuN_Tn�^���v y�lNj sCbQs l e�sCe � bQ\)^ y v�a@_
c�s�nzsCbm^Za@_
bQsCu�^ZrCv �¬P sCbQ\
j cd_
rCr�^ZaX_
e)n j cd_
rCr�^Za j bm^ y)j b l sCb j ^Ze)n y�lNj sCbQs l eXQF}V_
b@_;_Ti Z�O s j sCbQs l eUN l a~bQ\)^`bQa@_
sCegfsCe �×j ^Zb�b@_ · ^ j cd_
e�vk\ l�O a j _
e)nÇ_¡ngaQs�N�bQsCe � ��^Zb P ^E^Ze O�y b l 2µm

sCe l e)^z\ l�O ai l�O r�n½��^ l � j ^ZaQu�^En×_
e)n×i l c y ^Ze j _
bm^En P sCbQ\ � e)^dam^�_Tn ÖÄO)j bQc�^Ze�b¸��v¡c�^�_
e j£l N�_am^AN7^Zam^Ze)iE^ y s�iZb O am^ l N§bQ\)^`sCcd_ � ^ y?O�y sCr j _
b�bQ\)^ j b@_
aQbQsCe ��y�lNj sCbQs l eXQ
Õ ��u�s l�O)j rCv � bQa@_
sCe�sCe �:j ^Zb j:P \)^Zam^PbQ\)^�ngaQs�N�bQsCe �*P _ j rt_
a � ^]_
e)n�e l bRi l e�bQa l rCr�^En�sCc y rCs�fi�_
bm^En�_ P�l a j ^�r�^�_
aQe�sCe �Vy ^ZaªN l aQcd_
e)iE^<Q Õ e)^~bQa@_
sCe�sCe �)��P \)^Zam^�bQ\)^~u�^ZaQbQs�i�_
r)ngaQs�N�bQsCe �am^�_Ti@\)^En

2µm
n�^Zu�st_
bQs l ecN�a l cÈbQ\)^ j b@_
aQbQsCe �Vy�lNj sCbQs l e P \�sCr�^]bQ\)^3_Ti Z�O s j sCbQs l e l N�bQ\)^bQa@_
sCe�sCe ��j ^Zb3v�s�^Zr�nz_ y ^ZaªN l aQcd_
e)iE^ ³±¹�üol N � Q*Á � Q
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M]\)^ lTy bQs l eÇb l%O)j ^q_
e´_Tn�ngsCbQs l eh_
r`bQsCrCbdc l�O e�bQsCe � b l _
rCs � eÇbQ\)^ j v�c�c�^ZbQaQv_/�gs j�l NFbQ\)^ y v�a@_
c�s�nqs j e l b:am^Ei l c�c�^Ze)n)_
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e)nds j�l e)^ l NObQ\)^��^ZbQbm^ZaXi l aQam^EiZbm^En P _Eu�^AN�a l e�b j Q��Kb P _ jXy am^ j ^Ze�bm^En¢b l bQ\)^¸_Tn)_ y bQsCu�^ lTy bQs�i�_
r j ^Zb�f O�y\h_�u�sCe � _f� ³¶¹ ^ZaQa l a l N ¿ �<Î ± ¿ � µ c´Q¾�SN�bm^Za q r l�lTy)j bQ\)^ P _Eu�^AN�a l e�b P _ j i l aQam^EiZbm^Enb l _c� ³±¹ ^ZaQa l a l N ÎN� ± ¿ � µ c´Q

í ��� �H $¨�©= ��¬©=§G¢;ð
}:s × ^Zam^Ze�b y _
a@_
c�^Zbm^Za jVl NFbQ\)^¸e)^ O a@_
r§e)^Zb P~l a · i�_
ep��^£im\h_
e � ^En � _
rCr¾_ × ^EiZbQsCe � sCb j
y ^ZaªN l aQcd_
e)iE^£_
e)nzsCb j _
��sCrCsCbwv�b ldy am^Engs�iZbXe)^ P÷P _Eu�^AN�a l e�b j Q ü e�\h_
e)iE^Zc�^Ze�b l N¾bQ\)^
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� a j b j¸O iEiE^ jmj N O rCr�e)^Zb P~l a ·�j�P _ j bQaQs�^En ��� a j b l N�_
rCr � ��vduT_
aQst_
bQs l e l N·bQ\)^�e O c£��^Za l Ne)^ O a l e j Q
��������������� �����
M]\)^�e)^ O a@_
r3e)^Zb P�l a ·HP _ j bm^ j bm^En P sCbQ\ _pngs × ^Zam^Ze�bde O c¸��^Za l N:e)^ O a l e j sCe$bQ\)^\�s�n�n�^Zezrt_�v�^Za l NRbQ\)^ u�� f'e)^Zb$N l a�bQ\)^ Z�O _ j s·i l e�bQsCe O)l�O)j \)^Zs � \�b j r�^Zu�^Zr·c l n�^<Q Thl a_�\�s�n�n�^Ze×rt_Ev�^Za P sCbQ\ ¿ � e)^ O a l e j bQ\)^ y ^ZaªN l aQcd_
e)iE^�i O aQu�^ j \ l)P�j _�c O rCbQs�f j bm^ y frCs · ^Bn�^Zu�^Zr lTy c�^Ze�b P sCbQ\�sCeäbQ\)^ � a j bzÁ � ^ y�l im\ j��Xy _ jmj sCe � bQ\)^Ze l u�^Za�b l _×u�^ZaQv
Ò _
b � \h_
amngrCv�sCc y a l u�sCe � i O aQu�^ y ^ZaªN l aQcd_
e)iE^ P sCbQ\¢_ ³¶¹�ü _8N�bm^Za ¿ �N�N�N� ^ y�l im\ j�l N� Q ¿ Í�r Q-sÇsCbQ\ ÎN� e)^ O a l e j�� bQ\)^ y ^ZaªN l aQcd_
e)iE^Vv�s�^Zr�n j _ ��l�l n y a lT� am^ jmj sCe�bQ\)^ � a j b¹�^ y�l im\ j`y _ j@j sCe ��l u�^Za`b l _ Ò _
b � � O b j bQsCrCr j rCs � \�bQrCv4N'_
rCrCsCe � i O aQu�^ y _
aQb`am^�_Tim\�sCe �_ ³±¹�üol N ¿ q Q*Á�_8N�bm^Za ¿ �N�N�N� ^ y�l i@\ j�l N�bQa@_
sCe�sCe � Q1M]\)^ y ^ZaªN l aQcd_
e)iE^ y a lT� am^ jmj N l abQ\)^�e)^Zb P~l a ·�j6P sCbQ\ rT� _
e)n ¿ �N� e)^ O a l e j sCe$bQ\)^�\�s�n�n�^Zekrt_Ev�^Za;s j�j sCc�sCrt_
a � _
r j@lam^�_Ti@\�sCe � _ j sCc�sCrt_
a � eh_
r�^ZaQa l a ��P sCbQ\�_ ³±¹�ü×l N � Q ¿ �Ð��T s � Q 7.13 � aQs � \�b]i O aQu�^ � _
e)n_ ³±¹�üÙl N � Q ¿ Á � am^ jmy ^EiZbQsCu�^ZrCv�Q;} l�O ��rCsCe � bQ\)^;e O c£��^Za l N~\�s�n�n�^Ze¡rt_Ev�^Za�e)^ O a l e jN�a l c ÎN� b l ¿ �N� ��aQsCe ��j£l e�rCv½_ j rCs � \�b�sCc y a l u�^Zc�^Ze�b)QY�Kb¸i�_
ex��^�_ jmj¸O c�^En½bQ\h_
bP sCbQ\´_Be O c£��^Za l N`e)^ O a l e j ��^Zb P ^E^Ze ÎN� _
e)n ¿ �N� bQ\)^ze)^Zbdi�_
eÆam^ y am^ j ^Ze�b�bQ\)^b@_ j¸· QR� j _¸b l�l rt_
a � ^Xe O c¸��^Za l NOe)^ O a l e j s j _¸aQs j¸· N l a l u�^Za � bQbQsCe � b l�l�� _Ve)^ O a l ee O c¸��^ZaX��^Zr l)PjrT� e)^ O a l e j s j _ j¸O"! iZs�^Ze�b:_
e)n�c l am^ j ^Ei O am^�e O c¸��^Za)Q
# �/�$�������&%��
���
�Ke)iZam^�_ j sCe � bQ\)^Xe O c£��^Za l N y am^ j ^Ze�bm^En�sCe y?O b�f l�O b y?O b3^1��_
c y r�^ j i�_
e l e�rCv�sCc y a l u�^bQ\)^�e)^Zb P~l a ·�W�j _
��sCrCsCbKv�b lzy am^Engs�iZb�_�e)^ P�y _
bQbm^ZaQe �Ry a l u�s�n�^EnxbQ\h_
b£bQ\)^�^1�)_
c y r�^
j ^Zb`s j a@_
e)n l c�rCvBngs j bQaQsC� O bm^En½_
e)nBbQ\h_
bVsCbVi l u�^Za j bQ\)^�i l c y r�^Zbm^ y�lNj@j sC��r�^�a@_
e � ^<QM·a@_
sCe�sCe �´P sCbQ\ ¿ ÍN�N�N� sCe y?O b�f l�O b y?O b y _
sCa j	P _ jVy�lNj@j sC��r�^ l e½_ ¿(' u ��� ³ i l c;fy?O bm^Za � c l \�s�i�_
e O)j�� Q�MOa@_
sCe�sCe � bQsCc�^�N l a ¿ �N�N�N� ^ y�l im\)^ j _
e)n ¿ ÍN�N�N� ^1��_
c y r�^ js j Á � \ l�O a j Q��Xe½sCe y?O b�f l�O b y?O b j ^Zb�bQa@_
sCe�sCe �pl NXÁ �3q��N� ^1�)_
c y r�^ j ^1�giE^E^En�^En½bQ\)^c�^Zc l aQv�i�_ y _TiZsCbwv¢_
e)nz_�i l c y?O bm^Za P sCbQ\ ¿ Q Î ' u ��� ³ \h_Tn�b l ��^ O)j ^En_Q

T sCa j b3bm^ j b j$P ^Zam^¸_
r j@l cd_Tn�^ P \)^Zam^VbQ\)^`r�^�_
aQe�sCe � a@_
bm^ P _ j i@\h_
e � ^Enz��^Zb P ^E^Ze
� Q Í _
e)n ¿ Q$��r jml�� _ y _
a@_
c�^Zbm^ZadbQ\h_
bdi l aQam^Zrt_
bm^ j _Tn ÖQl sCe�sCe ��y s j b l e jºP _ j sCe�bQa l fn O iE^En_Q u�O bVe l am^Ei lT� e�sC¤
_
��r�^dsCc y a l u�^Zc�^Ze�b P _ j cd_Tn�^ l�O b P \)^Ze�uN_
aQv�sCe � bQ\�s jb P�l�y _
a@_
c�^Zbm^Za j Q
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M]\)^ y ^ZaªN l aQcd_
e)iE^ l NXbQ\)^�e)^ O a@_
r]e)^Zb P~l a ·�j�j \ l)P�j bQ\h_
b�_¢e)^ O a@_
r]e)^Zb P�l a · i�_
er�^�_
aQekbQ\)^�i l aQam^Zrt_
bQs l eÆ��^Zb P ^E^ZeosCcd_ � ^ j s � eh_
r l N�bQ\)^ y v�a@_
c�s�n j ^Ze j@l ad_
e)n$bQ\)^i l aQam^ jQy�l e)ngsCe �zy s j b l e×^Zr�^ZuT_
bQs l e j QºM]\)^�am^En O iZbQs l e l N�e)^ P _
aQ��sCbQa@_
aQv P _Eu�^AN�a l e�bngs j b l aQbQs l e j	� rt_Ev�sCe ��P sCbQ\�sCe�bQ\)^ j ^Ze j sCbQsCu�sCbwv;a@_
e � ^ l N|bQ\)^ j ^Ze jml a � b l \h_
r�N|bQ\)^�a l�l bc�^�_
e j=Z�O _
am^¸^ZaQa l a:_8N�bm^ZaSN l�O aXb lÐ� u�^�r l�lTy)j j \ l)P�j N O aQbQ\)^Za � bQ\h_
bXbQ\)^£e)^Zb P~l a ·\h_ j _TiZb O _
rCrCv���^E^Ze � ^Ze)^Za@_
rCsC¤�^Enqb l am^Ei lT� e�sC¤�^�bQ\)^ P _Eu�^AN�a l e�b j N l aXbQ\)^¸i l aQam^EiZbQs l eb@_ j¸· QaMOa@_
sCe�sCe �Vy ^ZaªN l aQcd_
e)iE^3_ jaP ^ZrCrh_ j bQ\)^]i l aQam^EiZbQs l ed_
am^Pe l b lTy bQsCcd_
r � bQ\ l�O�� \XQ
� j bQ\)^¸bQa@_
sCe�sCe �dy ^ZaªN l aQcd_
e)iE^VN l a�bQ\)^ ¿ � \)^Zs � \�b j c l n O)j:j \ l)P�j _ ��l�l n¢^Zegf\h_
e)iE^Zc�^Ze�b�sCe�bQ\)^X��^ � sCe�e�sCe �)��j r lDP sCe � n l)P e�^Ze�\h_
e)iE^Zc�^Ze�b3_
��a O�y bQrCv � _ y�lNj@j sC��r�^am^�_ jml ezi�_
e���^:bQ\)^`rCsCc�sCbm^En l a]sCc y a lTy ^ZaSN�^�_
b O am^V^1�gbQa@_TiZbQs l eUN�a l c¯bQ\)^ ¹54 {Pf'e)^Zb)QM]\)^�sCcd_ � ^ y am^1f y a l iE^ jmj sCe � ��^ZsCe � _
��r�^db l ^1��bQa@_TiZb;bQ\)^��h_ j s�iÐN�^�_
b O am^ j � O b�e l bbQ\)^ � e)^Za l e)^ j s j�l e)^ y�lNjmj sC��sCrCsCbKv �)l a3bQ\)^ · ^ZaQe)^Zr j ��^ZsCe ��l NRsCc y a lTy ^Za�bwv y ^<Q
M�^ j b j b l sCc y a l u�^�bQ\)^ y ^ZaªN l aQcd_
e)iE^�i�_
eB��^;i�_
aQaQs�^En l�O b � rCs · ^;bQ\)^VN l rCr l)P sCe �

l e)^ j �
T sCa j b l N�_
rCrgbQ\)^]bQa@_
sCe�sCe ��j ^Zb � bQ\h_
bRs j bQ\)^]e O c£��^Za l N�sCe y?O b�f l�O b y?O bF^1��_
c y r�^ j�� i�_
e��^�sCe)iZam^�_ j ^En_Q`�Èr l e � ^Za:rt_ j bQsCe � bQa@_
sCe�sCe � bQsCc�^¸s j e l b:am^Zr�^ZuT_
e�b � _ j bQ\)^£e)^Zb P~l a ·s j bQa@_
sCe)^En l e�rCv l e)iE^ � _8N�bm^Za�bQ\)^ lTy bQs�id\h_ j ��^E^Ze y rt_TiE^En×_
e)n�n l ^ j e l b�e)^E^En�b l��^Xam^ y ^�_
bm^En�_ � _
sCez_ j r l e � _ j bQ\)^ lTy bQs�i:s j e l b~c l u�^En_Q Õ ��u�s l�O)j rCv � bQ\)^	��� ³àl NbQ\)^�i l c y?O bm^Za~\h_ j b l ��^ l N j¸O"! iZs�^Ze�b j sC¤�^<QR�ÆbQa@_
e j rt_
bQs l e l N�bQ\)^Xe)^ O a@_
rhe)^Zb P~l a ·
jml N�b P _
am^`b l _
e l bQ\)^Za�c l am^V_Tn�^ Z�O _
bm^`rt_
e �<O _ � ^ P~l�O r�n j¸O�y�y�l aQb~bQ\�s j n�^Zcd_
e)n � _ ji�_
r�i O rt_
bQs l e j sCe½_drt_
e �<O _ � ^ P \�s�im\�s j e l bV�h_ j ^En l e¡rCsCe)^�_
a¸_
r � ^Z��a@_z^1� y am^ jmj s l e j
P sCrCrVngsCc�sCe�s j \´c�^Zc l aQv jmy _TiE^<Qß�weä_Tn�ngsCbQs l e � bQ\)^qi�_
r�i O rt_
bQs l e l N£bQ\)^ l�O b y?O b j
P~l�O r�n���^ y ^ZaªN l aQc�^EnUN7_ j bm^ZaX_8N�bm^ZaX_ j¸O iEiE^ j@j N O r�bQa@_
sCe�sCe ��l N�bQ\)^Ve)^Zb � am^ j¸O rCbQsCe � sCe_�\�s � \)^Za��h_
e)n P s�ngbQ\ l NRbQ\)^ P \ l r�^�iZr lNj ^En�f'r l�lTy Q

' ^Ze)^Za@_
rCrCv jQy�l�· ^Ze � e l)P _Tn)_Ev j bQ\)^Vi l c y?O b@_
bQs l e y�lDP ^Za�s j e l rCsCc�sCbX_
e�v�c l am^
r ¿
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P \)^Ze�_ y�y rCv�sCe � e)^ O a@_
r�e)^Zb P~l a ·�j N l a§_�iZr lNj ^En�f'r l�lTy�j v j bm^Zc � e l b§^Zu�^Ze;N l a§_ j ^Ze jml arCs · ^XbQ\)^ y v�a@_
c�s�n y aQs j c P \�s�i@\dam^ Z�O sCam^ j bQsCc�^�i l e j¸O c�sCe � sCcd_ � ^ y am^1f y a l iE^ j@j sCe � Q�Ke�N'_TiZb � _�N7^ P v�^�_
a j _ ��l bQ\�s jXP _ j _~rCsCc�sCb@_
bQs l eXQ Õ e�rCv j ^Ze jml a j rCs · ^¾bQ\)^1�`_
aQbQcd_
e�egf
¹ \h_Ti ·�j ^Ze jml a ��P sCbQ\×_ j sCc y r�^dam^Zrt_
bQs l e½��^Zb P ^E^Ze×bQ\)^ j s � eh_
r~_
e)n¡bQ\)^ P _Eu�^AN�a l e�b_
��^ZaQa@_
bQs l e ÿ _�rCsCe)^�_
a]bQa@_
e j N l aQcd_
bQs l e�sCe�bQ\)^`i�_ j ^ l N·bQ\)^*� ¹?¹ºÿ i l�O r�n���^�b@_ · ^ZesCe�b l i l e j s�n�^Za@_
bQs l eXQlM]\)^ � a j b P \ l � O sCrCb�_de)^ O a@_
r§e)^Zb P�l a · N l a`i l e�bQa l rCrCsCe � ��^1fb P ^E^ZeÆ_
e _TiZb O _
b l a�_
e)no_ j ^Ze jml a P _ j98 n l u�sCeksCe ¿ �<�<Î;: 8 n l��<Î=< Që�:^ O)j ^Enk_e)^Zb P�l a · N l a bQ\)^ j s � eh_
r l NX_zi O aQuN_
b O am^ j ^Ze jml a)QUsÆsCbQ\$_�rCsCc�sCbm^En jQy _TiZst_
r/N�am^1f
Z�O ^Ze)iZv l N�bQ\)^�_
��^ZaQa@_
bQs l e � _ j sCb�s j bQ\)^¡i�_ j ^psCeäbQ\�s jUP~l a · b l�l�� ��v O)j sCe � _c�sCaQa l a P sCbQ\ q × q£y s j b l e j _
e)n�b P~l;j s � eh_
rhsCcd_ � ^ j~l N Î × ÎVy s���^Zr�^�_Ti@\ � \)^�_
rCam^�_Tngv_Ti@\�s�^Zu�^En�_ ³¶¹�ü×l N � Q*Á µm

Q���^�\h_Tn O)j ^En �N�N�N� bQa@_
sCe�sCe � ^1�)_
c y r�^ j _
e)n�bQ\)^�\�s�n�fn�^Ze¡rt_�v�^Za l N�\�s jl� f'rt_�v�^Za u�� f'e)^Zb�i l e�b@_
sCe)^En ¿ ¹�e)^ O a l e j Q;� l)P ^Zu�^Za � \)^;ngs�nBe l bP~l a ·¶P sCbQ\½am^�_
r � ^1� y ^ZaQsCc�^Ze�b@_
r~sCe y?O b�f l�O b y?O b y _
sCa j�� � O b P sCbQ\½i�_
r�i O rt_
bm^En y _
sCa jN�a l cÉ_;e O c�^ZaQs�i�_
r·c l n�^ZrÁQ
M]\)^BsCe)iZam^�_ j ^ l N£bQ\)^BbQa@_
sCe�sCe �Æj ^Zb P sCrCr W y am^ y _
am^ W bQ\)^Be)^Zb P~l a · ��^ZbQbm^ZaUN l a

O e · e l)P e P _�u�^AN�a l e�b j��3y a l u�s�n�^EnobQ\h_
bdbQ\)^ze)^Zb P~l a ·ol3× ^Za j _ j bQa O iZb O am^�bQ\h_
b�s ji�_ y _
��r�^�b l am^ y am^ j ^Ze�b]bQ\)^�b@_ j¸· Q��we�bQ\)^ u�� f'e)^Zb~bQ\)^Xc lNj b�^ × ^EiZbQsCu�^ y _
a@_
c�^Zbm^Za~b luN_
aQv�s j bQ\)^Ve O c£��^Za l N§e)^ O a l e j sCezbQ\)^V\�s�n�n�^Zezrt_�v�^Za)Q
M]\)^ j bQa O iZb O am^ l NXbQ\)^ y am^ y a l iE^ jmj sCe �%¹54 {Pf'e)^Zb l3× ^Za j c l am^ y _
a@_
c�^Zbm^Za j b l��^�_
rCbm^Zam^En_Q üFjmy ^EiZst_
rCrCv�bQ\)^ · ^ZaQe)^Zr j�y rt_�v�_
e�sCc y�l aQb@_
e�b�a l r�^�_
e)n�\h_Eu�^Ve l b3��^E^Zebm^ j bm^En � bQ\h_
b~s j c l ngs � ^En � sCe�bQ\�s j�P�l a · Q1M]\)^ y a l c�s j sCe � im\h_
rCr�^Ze � ^`s j b l;� e)n�bQ\)^

· ^ZaQe)^Zr j cd_
bmim\�sCe � b l bQ\)^¸im\h_
a@_TiZbm^ZaQs j bQs�iVN7^�_
b O am^ l NFbQ\)^ j s � eh_
r·sCcd_ � ^ ��jml bQ\h_
b`_i l e j s�n�^Za@_
��r�^�sCc y a l u�^Zc�^Ze�b l NRbQ\)^VbQa@_
sCe�sCe ��y ^ZaªN l aQcd_
e)iE^£_
aQs j ^ j Q
�we j bm^�_Tn l NPbQ\)^ y a lTy�lNj ^En¢bQaQst_
r�fK_
e)n�fw^ZaQa l a¸c�^ZbQ\ l np��vqim\h_
e � sCe � bQ\)^ y _
a@_
c;f^Zbm^Za jcP ^�i�_
exbQ\�sCe ·xl N l bQ\)^Za P _�v j N l a�_ze)^Zb P�l a · sCc y a l u�^Zc�^Ze�b��h_ j ^En l eo_
e^1�)_
c�sCeh_
bQs l e l N|bQ\)^Xr�^�_
aQe�sCe ��y a l iE^ j@j Q-�wb P�l�O r�n�i l e j s j b�sCe�im\)^Ei · sCe � s�NObQ\)^:^ZaQa l aN O e)iZbQs l e;\h_ j¾j s�n�^~c�sCe�sCcd_�bQ\h_
bFi�_ O)j ^ y a l ��r�^Zc j¾l a§s�N�bQ\)^~iZs � _
a�fw^ × ^EiZb¾c�^Ze�bQs l e)^EnsCe j ^EiZbQs l e Î Q*ÁBQ ¿ s j bQ\)^¸am^�_ jml e´N l a:_ Ò _
b y ^ZaªN l aQcd_
e)iE^�i O aQu�^<Q T?O aQbQ\)^Za:sCb P~l�O r�n��^`sCc y�l aQb@_
e�bXb l sCe jmy ^EiZb�s�NRbQ\)^�_
amim\�sCbm^EiZb O am^£s j�l u�^Za j sC¤�^En_QM]\)^ j ^VbQa@_
sCe�sCe � n�^Zb@_
sCr j _
am^�e l b�_EuN_
sCrt_
��r�^�N l a3bQ\)^Ve)^ O a@_
rOe)^Zb P�l a · sCc y r�^Zc�^Ze�bm^EnsCe ³ _
bQrt_
�p_
e)n�bQ\)^Zam^AN l am^�i l�O r�n�e l bX��^Vi@\)^Ei · ^En_Q
M]\)^�e)^Zb P~l a ·6P _ j~j _
s�n�b l sCe)i l a y�l a@_
bm^�c�s j _
rCs � e�c�^Ze�b j]l a]_
��^ZaQa@_
bQs l e j sCe�\)^Za�f^Ze�b£b l bQ\)^ lTy bQs�i�_
r j ^Zb�f O�y Qz��e�vx_Tn�ngsCbQs l eh_
r�sCe�\)^Zam^Ze�b�_
��^ZaQa@_
bQs l e � am^En O iE^ j bQ\)^am^Zcd_
sCe�sCe ��j ^Ze j sCe � a@_
e � ^ l N·bQ\)^ y v�a@_
c�s�n_Q T)l a]^1��_
c y r�^ � s�NObQ\)^ j v j bm^Zc�^1�g\�sC��sCb j_
e�sCe�bm^ZaQeh_
r·bQsCrCb�sCe �?> � � fwngsCam^EiZbQs l e � bQ\)^ P _Eu�^AN�a l e�b j b l ��^:c�^�_ j¸O am^En¢i�_
e�\h_�u�^¸_rt_
a � ^Za�bQsCrCbXsCe � f7� � fwngsCam^EiZbQs l eq� O b l e�rCv¢_ j cd_
rCr l e)^�sCe �?> � � fwngsCam^EiZbQs l e � _ j sCb P sCrCram^�_Ti@\¢bQ\)^ j ^Ze j@l a W�j�j _
b O a@_
bQs l e¢a@_
e � ^<Q
� s · ^ P s j ^ � sCc y ^ZaªN7^EiZbQe)^ jmj�l N�bQ\)^ y v�a@_
c�s�n y aQs j c � rCs · ^ O e)^Zu�^Ze j=O aªN7_TiE^ j�l a

P s�n�^¡^En � ^ j
� i�_
e�e l b¢_
rCrV��^¢am^Ei l e)iZsCr�^Enä��vÇ_×bQa@_
sCe�sCe �ol N£bQ\)^qe)^Zb P�l a · Q �·lNjmjsCeBN l aQcd_
bQs l e l e$��a l _Tnk^En � ^ j�l N:bQ\)^ y aQs j c ÿ bQ\h_
b�s j r lNjmj;l N�bQ\)^�sCeBN l aQcd_
bQs l e
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_
� l�O b�bQ\)^�_
��^ZaQa@_
bQs l e jXl NRbQ\)^ j cd_
rCr jQy _
bQst_
r jmy ^EiZbQa O c ÿ i�_
e�e l b���^`am^ZbQaQs�^Zu�^En_Q

2l��� @]§S¢���¥�°;ð¬©=§S¢  S¢;£ ÿp°l�¬¥�§�§3õ
M]\)^£am^En O iZbQs l e l N~_
��^ZaQa@_
bQs l e j`l N ¿ ÎN� e�c�a l�l b�c�^�_
e j=Z�O _
am^£^ZaQa l a l u�^Za�_�¹
c�cy?O�y sCr3b l r�^ jmj bQ\h_
e$bQ\)^�\h_
r�N:i l�O r�n$��^�am^�_
rCsC¤�^En P sCbQ\$bQ\�s jºP�l a ·ëP sCbQ\kbQ\)^ � a j bsCc y r�^Zc�^Ze�b@_
bQs l e l N�_
e _
aQbQs � iZst_
rXe)^ O a@_
r�e)^Zb P�l a · _ j i l e�bQa l rCr�^Za�_
e)n _ � f j s�n�^En
y v�a@_
c�s�n y aQs j c�_ jGP _Eu�^AN�a l e�b j ^Ze jml a l N¾_
eq� Õ»j v j bm^Zc´Q�M]\)^ j v j bm^Zc j \ l)P�j _
��l�l n _
��sCrCsCbwv�b l i l aQam^EiZb�b l sCb j:lTy bQsCc O c P sCbQ\�sCe � b lØÎ r l�lTyÊj bm^ y)j _ jSP ^ZrCr_ j _�\�s � \¢b l r�^Za@_
e)iE^£_ � _
sCe j b��h_Ti ·�� a l�O e)n¢rCs � \�b�e l s j ^<Q
� j sCc�sCrt_
aQrCv¡i l aQam^EiZbQs l e½i�_
e¡��^�^1� y ^EiZbm^EnBsCe¶N7_ j b`iZr lNj ^En�f'r l�lTy¡y ^ZaªN l aQcd_
e)iE^<Q� l)P ^Zu�^Za � bQ\�s j i�_
e l e�rCv���^�u�^ZaQs � ^En�bQ\�a l�O�� \¢_
e O�y�� a@_Tn�^En�^1� y ^ZaQsCc�^Ze�b@_
r j ^Zb�f O�y

P \)^Zam^¸bQ\)^�\h_
amn P _
am^�i l e�bQa l rCrCsCe � i l c y�l e)^Ze�b j�� bQ\h_
bXs j bQ\)^	N�a@_
c�^1f � a@_
����^Za`i�_
amn_
e)n¡bQ\)^�} ã �Xfwi l e�u�^ZaQbm^Za � _
am^�sCc y r�^Zc�^Ze�bm^En�sCe×_ j sCe � r�^di l c y?O bm^Za)Q T?O aQbQ\)^Za � sCbs j n�^ j sCa@_
��r�^�b l bQa@_
e j rt_
bm^dbQ\)^�_TiZb O _
r]e)^ O a@_
r�e)^Zb P�l a ·×j@l N�b P _
am^�b l { l a�{ >
> Q
ü � y�l aQb@_
bQs l e l�O b l N ³ _
bQrt_
�Bs j sCc y ^Za@_
bQsCu�^�_ j`l bQ\)^Za P s j ^�e l �h_
e)n P s�ngbQ\¡\�s � \)^ZabQ\h_
eB_�N�^ P �:^ZaQbQ¤ P sCrCr·��^¸_Ti@\�s�^Zu�^En_Q�sÆsCbQ\ _
ep_Tn�ngsCbQs l eh_
r§sCe�bm^ � a@_
bQs l e l N¾bQ\)^i l e�bQa l rCrCsCe �$j@l N�b P _
am^psCe l e)^ y a lT� a@_
c � i l e�bQa l rGN�am^ Z�O ^Ze)iZs�^ j i�_
eÆ��^z^1� y ^EiZbm^En �bQ\h_
b P sCrCr ÖÄO)j b]��^VrCsCc�sCbm^En���v�bQ\)^Vam^�_Tn�f l�O bGN�am^ Z�O ^Ze)iZv l N§bQ\)^£{3{~}�fwi�_
c�^Za@_BQ

M]\)^dc�^�_ j¸O am^Zc�^Ze�b�_
e)n½i l c y ^Ze j _
bQs l e l N P _Eu�^AN�a l e�b�_
��^ZaQa@_
bQs l e jVP sCbQ\×bQ\)^\�s � \gf j ^Ze j sCbQsCu�^Pe)^ O a@_
r�e)^Zb P~l a ·�y v�a@_
c�s�n j ^Ze jml a ���*� f ��¹?�|j v j bm^Zc y am^ j ^Ze�bm^En£\)^Zam^\h_ j ��^E^Ze j \ l)P eRN l a�bQ\)^ O e�c l n O rt_
bm^En c l n�^¢sCe l amn�^Zadb l c�^�_ j=O am^¢ngv�eh_
c�s�i_
��^ZaQa@_
bQs l e j]l N j cd_
rCr�_
c y rCsCb O n�^<Q�� lDP ^Zu�^Za � ngv�eh_
c�s�i:_
��^ZaQa@_
bQs l e j]l N·rt_
a � ^Za3_
c;f
y rCsCb O n�^BbQ\h_
eäbQ\ lNj ^ P \�s�i@\ÙrCs�^qsCeÇbQ\)^Ba@_
e � ^ l N£bQ\)^ �f� f ��¹ \h_Eu�^�_
r jml b l ��^c�^�_ j¸O am^En±N l a¸_
e�sCc y r�^Zc�^Ze�b@_
bQs l e l N�_
e½� Õâj i�_
e�e�sCe � rt_ j ^Za lTy \�bQ\h_
rCc lNj i lTy ^<QM]\)^ j b@_
bQs�i � _
e)n O)j¸O _
rCrCv�rt_
a � ^ j b]_
��^ZaQa@_
bQs l e j _
am^Xe l \h_
e)ngs�i�_ y _ j bQ\)^Zvd_
am^:i l c;f
y ^Ze j _
bm^En¾N l a]^�_Ti@\�sCe)ngsCu�s�n O _
r y _
bQs�^Ze�b���^AN l am^:sCcd_ � ^�_Ti Z�O s j sCbQs l e���v y�lNj sCbQs l e�sCe �r�^Ze j ^ jº�ÌO)j¸O _
rCrCv¯N l a`n�^AN l i O)j _
e)n¡_ j bQs � cd_
bQs j cÊ_
��^ZaQa@_
bQs l e � Q ¹ b@_
bQs�i�_
��^ZaQa@_
bQs l e j
l N�Ñ�^ZaQe�s · ^ l amn�^Za j _
� l u�^:bQ\)^ j ^Ei l e)n l amn�^Za]i�_
e���^�i l c y ^ j _
bm^En���v y \h_ j ^ y rt_
bm^ j Q�KbPi�_
ed��^�bQ\ l�O�� \�b l NOb P�l£y�lNj@j sC��r�^ jml r O bQs l e j b l sCe)i l a y�l a@_
bm^X� l bQ\ j i�_
r�^ j �R^ZsCbQ\)^Zab l ^1�gbm^Ze)n;bQ\)^�_TiZb O _
r�e)^ O a@_
r�e)^Zb P~l a · N l aF_ y�y rCs�i�_
bQs l e�sCe�bQ\)^]c l n O rt_
bQs l e�c l n O)jsCep_Tn�ngsCbQs l eqb l bQ\)^¸e l egf'c l n O rt_
bQs l eqc l n O)j
�hl aXb l n�^Zbm^EiZbXrt_
a � ^Za:_
c y rCsCb O n�^ j`l N_
��^ZaQa@_
bQs l e P sCbQ\¢_ j ^Ei l e)n j ^Ze jml a]c�^�_ j¸O aQsCe � sCe�bQ\h_
b3a@_
e � ^ � ��v�i l e j bQa O iZbQs l e l N_;b P�l f j b@_ � ^ j ^Ze j@l a j v j bm^Zc´Q�M]\)^¸rt_
bm^ZaXam^ y am^ j ^Ze�b j _�a@_
bQ\)^Za�i l c y r�^1�p_
e)n¢c l am^^1� y ^Ze j sCu�^ j v j bm^Zc ��jml bQ\h_
b�bQ\)^	N l aQc�^Za jml r O bQs l ezs j bQ\)^V^1� y ^Engs�^Ze�b l e)^<Q
�GN�bm^Za`_ j¸O iEiE^ jmj N O rRiZr lNj ^En�f'r l�lTyBlTy ^Za@_
bQs l e � _�bQa@_
e j sCbQs l e l NPbQ\)^ �f� f ��¹¢j v j fbm^ZcµN�a l c²bQ\)^Prt_
� l a@_
b l aQv�b@_
��r�^ j ^Zb�f O�y sCe�b l _ ¹���Õ s j _�a@_
bQ\)^Za j sCc y r�^Pc�s jmj s l eXQ��Kbi l e j s j b j sCe�_Tn�ngsCe � _X��^�_
c jQy rCsCbQbm^ZaF_
e)n�b P~l r�^Ze j ^ j$� b l c�^�_ j=O am^�sCe;bQ\)^~i l e ÖÄO�� _
bm^

y rt_
e)^�b l bQ\)^�^Zv�^ W�j¸y?O�y sCr � _ jÐW i l e�e)^EiZbQsCe � ^Zr�^Zc�^Ze�b jDW ��^Zb P ^E^ZexbQ\)^ lTy \�bQ\h_
rCc l f
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j i lTy ^�_
e)n�bQ\)^�e)^ O a@_
rOe)^Zb P~l a ·�y v�a@_
c�s�n j ^Ze jml a j v j bm^Zc´Q
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V]\)^Xam^ZbQsCeh_Vs j bQ\)^XsCe�e)^Za�i l _
b lXW bQ\)^�^Zv�^��h_
rCr$Y3sCbQ\�_VbQ\�s�i · e)^ jmj~lXW _ y�y a l �gsCcd_
bm^ZrCv
250µm Z�[ bXs j�j ^ y _
a@_
bm^En W a l c�bQ\)^�u�sCbQam^ l]\)j � l ngv���v�bQ\)^¸sCe�e)^Za�c�^Zc¸��a@_
e)^�_
e)nW a l cÊbQ\)^�i@\ l a l s�n�^�_z��vC^~a \ i@\½c�^Zc¸��a@_
e)^C_�e l b¸sCe)ngs�i�_
bm^En½sCeT`§s � Z � ZC¿(abZdc s � \�b\h_ j b l�y _ j@j�j ^Zu�^Za@_
r¾rt_Ev�^Za j ��^ W7l am^;sCbVam^�_Tim\)^ j bQ\)^;rt_Ev�^Za lXW bQ\)^ y \ l b l am^EiE^ y b l a j Z
[ e y aQsCe)iZs y r�^�rCs � \�b¸s j£j i�_
bQbm^Zam^En×_
b¸^Zu�^ZaQvBrt_�v�^Za Z ` l i \)j sCe � _�i l e W�l i�_
r j i�_
e�e�sCe �rt_ j ^Za lTy \�bQ\h_
rCc lNj i lTy ^`b l;l e)^:rt_Ev�^ZaeY3sCrCrO_ jmj s j b]_
e�sCcd_ � sCe ��lXW bQ\h_
b]rt_�v�^Za Zfc s � \�b

`§s �=\ am^V� ZC¿=gMh/i jlknmpoqjsr	t&u(vxwyizj{r|j}w|~��Im ���$jsv�w���t|�	i js�
m�w|~n��� ~���w|� ryjq�=ry~n�(iXwb���zi u�w|u�v�r|u(��m
tyj��}wy~nu(�zm(k$�}�=w Ë ��u=�=~��zjb��v�r|u(�7� �q� � úq�p�[Í �

� Î
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bQ\h_
b3\h_ j ��^E^Zezn�^Zbm^EiZbm^En W a l c¯bQ\)^Vi l e)^ j�l a W a l c¯bQ\)^`a l n j s j i l e�u�^ZaQbm^En�sCe�b l _
e^Zr�^EiZbQa l fwi@\)^Zc�s�i�_
r j s � eh_
r Z V]\)^ j s � eh_
r y _ jmj ^ j _
rCr�am^ZbQsCeh_�rt_�v�^Za j _�Y3\)^Zam^�bQ\)^ j s � eh_
r ji l c�sCe �CW a l cæbQ\)^�am^EiE^ y b l a j _
am^z_
rCam^�_Tngv y am^ y a l iE^ jmj ^En a sCe lTy�y�lNj sCbm^�ngsCam^EiZbQs l e�h_Ti · b l bQ\)^Ve)^ZaQu�^¨«)��^Za�rt_Ev�^Za j _
e)n�b l bQ\)^ lTy bQs�iVe)^ZaQu�^ Z
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V]\)^VÑ�^ZaQe�s · ^ y�l rCv�e l c�st_
r jl\�y b l bQ\)^ 4th
a@_Tngst_
r l amn�^ZaX_
am^ y am^ j ^Ze�bm^En�\)^Zam^ Z V]\)^e l c�sCeh_
bQs l e \)j ^EnqsCeqbQ\�s j Y l a · s j bQ\)^ l e)^;^ j b@_
��rCs j \)^EnqsCe lTy \�bQ\h_
rCc l r lT� v �·y a l f

y�lNj ^EnÆ��v´V]\�sC� lNj-: V]\�s � ¿ < Z ^]^Ei�_ \)j ^qsCb�ngs × ^Za jµW a l c bQ\)^ [ ¹�Õ f'e l c�^Ze)iZrt_
b \ am^ �r�^�_TngsCe �$lXW bm^ZeÆb l i l e W¶\)j s l e � � l bQ\ bm^ZaQc j _
am^ � sCu�^ZeÇsCe bQ\)^ j ^Ei l e)nÆ_
e)nÆbQ\�sCamni l r \ c�ezam^ jmy ^EiZbQsCu�^ZrCv Z
l amn�^Za Zk [ ¹�Õ Zk(ρ, φ)

_
��^ZaQa@_
bQs l e
� Z 0 C 0 ¿ y s j b l e
¿ Z 1 C 1

Á
ρ sinφ

v�fK_/�gs j bQsCrCb
¿ Z 2 C 2

Á
ρ cos φ

��fK_/�gs j bQsCrCbÁ
Z 3 C 5

√
6ρ2 sin(2φ)

_ j bQs � c Z ±45◦Á
Z 4 C 3

√
3
_
2ρ2 − 1)

n�^ W7l i \)jÁ
Z 5 C 4

√
6ρ2 cos(2φ a _ j bQs � c Z 0◦/90◦·

Z 6 C 6

√
8ρ3 sin(3φ)

bQam^ W7l sCr 30◦·
Z 7 C 7

√
8(3ρ3 − 2ρ) sin φ

v�fK_/��s j i l cd_·
Z 8 C 6

√
8(3ρ3 − 2ρ) cos φ

��fK_/��s j i l cd_·
Z 9 C 9

√
8ρ3 cos(3φ)

bQam^ W�l sCr 0◦¸
Z10 C17

√
10ρ4 sin(4φ)¸

Z11 C11

√
10(4ρ4 − 3ρ2) sin(2φ)

_ j bQs � c Z 0◦ � 2nd l amn�^Za¸
Z12 C 8

√
5
_
6ρ4 − 6ρ2 + 1 a jQy \)^ZaQs�i�_
r�_
��^Za Z¸

Z13 C12

√
10(4ρ4 − 3ρ2) cos(2φ)

_ j bQs � c Z 45◦ � 2nd l amn�^Za¸
Z14 C16

√
10ρ4 cos(4φ)

�=�
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V]\)^Zam^;_
am^�¹X¸�sCe�bm^ � a@_
bm^En½iZsCami \ sCb9_ [ { a _
c y rCs�«hi�_
bQs l e¡c l n \ r j sCe�bm^ � a@_
bm^En l ebQ\)^z_
c y rCs�«h^Za�� l _
amn Z � � _
sCe lXW ¿ � s j�j�\"! iZs�^Ze�b�b l _
c y rCs W vxbQ\)^�} ã �É� l _
amnj s � eh_
r¾��^ZbyY�^E^Ze � _
e)n¤Ý 8 b l bQ\)^�i l e�bQa l rPu l rCb@_ � ^ lXW bQ\)^ j ^ � c�^Ze�bm^En¡c�sCaQa l a lXW
\�y b l · Ý 8 Z ± ¿ Á 8Éy a l u�s�n�^zbQ\)^ j�\�y�y rCv½u l rCb@_ � ^ W7l a�bQ\)^ [ { j Z V]\)^�i l e�e)^EiZbm^EnfyÝ 8�j \�s W b:bQ\)^�_
c y rCs�«hi�_
bQs l e�a@_
e � ^;b l e)^ � _
bQsCuqu l rCb@_ � ^ j sCe l amn�^ZaVb l ��^�_
��r�^�b l_TiZb \ _
rCrCv�_
c y rCs W v W a l c �X8 Z V]\)^~bQ\�sCamn j�\�y�y rCvÞ_¶ß 8 a s j bQ\)^ jml]\ amiE^ W7l aRbQ\)^ l]\ b yà\ b� _
sCe¢u l rCb@_ � ^¸_
e)n j \ l]\ r�n�e l b�^1�giE^E^En · Ý 8 b l;y am^Zu�^Ze�b`_;n)_
cd_ � ^ lXW bQ\)^`c�sCaQa l a Z
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: ��aQbsÒ=Ý < ä Z ��aQb@_
r � [bZ�[ � r�^ j st_ j��àå Z�c&æ y ^Z¤Zf ' sCr � } ZÅ'9ZÅ' am^E^Ze �5çéè]êàëpì�í ��î"ï ����ðµí ï ��êÆñ}í �ðòípóxôÐ�9è�õöô�÷àí9ñ}ípô¶ø�ó ï ì � ø�ð ï(ù íÞúpê ï ì�ø¶ô¶û�üMø¶ô�÷»êÆó�í�úpê ï ì{íbó5ô¶ñ ï ó�ýsí ï ó5þÿí��]ø¶ô
î ê î ø ìÉ��ø��(í�� ï ó�þdô�÷àíéñ�í��]íbñ��bøÑëpø ìnø�ô¶û�è	õéô�÷"í9íbûzí�� � è î ô¶øÑý ï ìÉ��û"�bô�íbð	��
 Z Õ�y fbQs�i�_
r
� l i Z lXW ��c�^ZaQs�i�_������¤_ ¿ � a ��y Z Á · Ý Í _ ¿ Ò=Ò=Ý a

: ^]^Za � · < V Z ^~^Zam^Ze)n j \ l b �´ä Z }`^ c sCe�b � } Z uT_
e å�l aQam^Ze ���ÎêÆó5þ]êK� ñ}í��eí}ý�ô ï ó5ýsí �÷zø¿�pô?è]ñbø¶ý ï ì ï ó5þ î ñ�í���íbóxôløÑþzí ï �Z�xä a lT� am^ j@j sCe��X^ZbQsCeh_
rR_
e)n ü v�^¸am^ j ^�_
amim\��� �gy ZC¿ � ¿ _7Á �N� · a
: ^~s c ÒX¸ < 
 Z�c st_
e �)� ^ ZÅ' aQsCc�c � � ZÅ' l ^ZrC¤ ��
 Z ^~sCrCr�^ ����ë���í�ý�ô¶ø��Xíöðòí ï ��êÆñ�ípðòípóxô�è	õ�ô�÷"í

ü ï �Xí ï ësíbñ�ñ ï ô¶øÑè]ó��Ìè	õ�ô�÷"í�÷zêIð ï ó»ípû í¨ê¯�bø ó ù9ï��Ìï ñpô¶ð ï ó$ó �! ÷ ï ý�"Ìü ï �Xí �õ�ñ�è]óxôµ��íbó���è]ñZ��
 Z Õ�y bQs�i�_
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eh_ � { Z V l aQbQs � [�Z F \ e�a l��Âä ZÅ' _ \)jmj@l e � { Z }V_
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Í ¸ ¹l¡|¹ Ø ¡p© Ü ¦ ��Ó ¥ED

: c t¨�]Í Ò < �öZ�c t¨��\ y � ^ Z ^(~ }�tvu � 
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:�ä � } � ´ < ¼ Z ä � }�� y �Ix ] �²�éZÅ' ~ � ~5¢��iy �µcfZnm u�tv| �iy } ] x � 
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