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C�DFEHGJI(K�LNMPOQG�RFSUT?VWOYX[Z�I�V�X]\^VWOYGJOU_`TaV`OQX]Z
b I�_`cP_dV`E5GJI5_�e�X[GJ\FSYIHf^I5_

gihWXajkIHVmlmSUT b OQZ

noTa\F\,X]h`V b I�h`IpeqDFIHhqeqDFIrZ�s[t]uPv?w:LNx-yHzPhWOYI5ho{a|[|]|�LN}]{�\~Ta�[I5_

�1�-�5�H�?�F�]�]� C�DFI \FhWI���_kVqT]eq� b IH\^VWD�GJOY�[hWTaV`OQX]Z8Xa��h`IH�~I5e�V`OQX]Z�_`IHOU_dGJOUe b T?VqT�eHT]Z8�,I<IHfP\~h`Ip_`_`I b��
� OYV`DJVWDFI���hqTaGJI � X]hW��X]� � T�z]IH��X]hWG�OQZ3z[IHhq_dOQX]Z � T]_iT�SYOQZFI5T]hiSQI5T]_dV�_W�[R�TahWI5_�\FhWX]�FSQIHG����ADFOQSYI b I��~Z~OYZF�
VWDFOU_�X]\,IHhqT?VWX]h(\FhWI5e�OU_`IHSQc � T bFb OYV`OQX]Z~T]S�GJT]OYZ�eqD~T]hWT[e�V`I5h`OU_dV`OUeH_ Xa�#V`DFIJ��X[h � Tah b GJX b IHS � SQOQ�]I OYVW_�DPRF�[I
_`OQ¡HI � OYVW_(_`\~Tahq_dOYVkc�TaZ b V`DFIJe�X[G�\,X[_`OYV`OQX]Z � OYV`D8e�X]ZPz[X]SQR^V`OQX]Z�T]h`I b I�VqTaOQSYI b ��¢£V I5Z b _¤RF\ � OYV`D�T1_`Xa�
e5TaSQSYI b�b OU_`eHh`IHV`IiOQSYSY�£\�X3_dI b \Fh`X[�FSQIHG � � DFX[_`I�T]e5e�I5\^VWT]�FSYI#_dX[SYR^VWOYX[Z~_¥D�T�z]I�V`X¤RFZ b I5h`�[XmT�hWIH�]R~SQT]h`OQ¡5TaV`OQX]Z
\~h`X^e�I b RFhWI]��¦¤OYhWI5e�V TaZ b O§VWIHhqT?V`OQz]I�G�IHV`DFX b _¤D~T�z[I���I5IHZ�OQGJ\FSYI5GJIHZ3V`I b � O§VWD¨_`\�Ipe�OY��e�TaVdV`I5Z3V`OQX]Z�V`X
VWDFI e�X[Z3z[X]SQR^V`OQX]Z � T]Z b V`DFI5Z8T]\F\FSQOYI b X[Z¨VWDFI _`T]G�I b TaVWT�_dIHV5©(T�_`cPZ3V`DFIHV`OUe��~O b OQGJIHZ~_`OQX]Z~T]S�\Fh`X]�~SQI
X]�-_`IHZ~_`OQ�FSYI b OYGJIHZ�_dOQX]Z~_ � OYV`Dª_`X]GJI�T b~b I b ZFX]OU_`I]�iC�DFI�IH« eHOYI5Z~e�c � O§VWD�hWIH�3Tah b VWX<e�X]GJ\FRFVWT?VWOYX[Z~TaS
IH¬,X[hdV � _dV`X[hWT]�]I(hWI5�3RFOQh`I5G�I5Z3VW_oT]Z b hWIH�]R~SQT]h`OQ¡HOQZF�JI�¬­I5e�V¤OU_¤T[_`_`I5_W_dI b ��xFhWX]G®V`D~I�_dVWTaZ b \�X[OYZ3VoX]��V`DFI
�[SYX[�~TaS!OYZPz[IHhq_dI�\FhWX]�~SYI5G � V`D~I�IHf3VWhWT ��I5T?VWRFhWI�Xa�i\~h`X?zPO b OYZ~�<T1_`X]SQR^V`OQX]ZªVWD~T?V(eHT]Z���I b OY¬,I5h`I5Z[VWOQTaV`I b
� OYV`D�hWI5_`\�Ipe�V�V`X<T�\~T]hWT]GJI�V`I5h�_dR~eqD�T]_���T]eq�P�]hWX]RFZ b z]I5SYX^e�OYVkc<OU_mTaSU_`X b OU_We�R~_W_dI b �
¯ª°3±­²W³�´ �?µ-�]� SUTahW�]Ii_`\~T]hW_`I�SYOQZFIpTah¥SQI5T[_kV!_W�3R~TahWI5_ � �]IHX[\FDPc^_dOUeHT]S b IH\^VWD�GJOQ�]hqT?V`OQX]Z �5b Ipe�X]ZPz[X]SQR^V`OQX]Z �
hWIH�[RFSUTahWOY¡pT?V`OQX]Z � OQZPz]IHhq_`I¤\FhWX]�~SYI5G �Fb O§¬­IHhWIHZ3V`OUT?VWOYX[Z ��¶ n·�¸T]e�V`X]hWOQ¡5T?VWOYX[Z � e�X[Z?jkRF�[TaV`I(�]hqT b OYI5Z[Vp�
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�� ����� � � � Z�_`IJ\FSQT��HT]Z[V b T]Z~_(SQIJe5T b hWI b IJS�� OQZ3z[IHhq_dOQX]Z:\~Tah ��X[h`GJI5_ b � X[Z b I5_ � SUT�G�OQ�]hqT?VWOYX[Z
T�z?T]Z[V�_dX[GJGJTaV`OQX]Z<IHV�IHZ1\~h`X]��X]Z b I5RFh b I b X]ZFZ~yHI5_ b I�_`OQ_`GJOQ�3RFI h`yH�~I�f^OQX]Z<\,IHRFV�_�� I�f^\FhWOYGJIHh�_`X]R~_#SQT
��X[h`GJI b � R~Z1\FhWX]�FSQEHGJI TaR^f GJX]OQZ b hWI5_ eHT]h`hWy5_�SYOQZFy5T]OYhWI]���#IHh`VWT]OYZ~I5_ eHTahqT]e�V`y5h`OU_kVWOQ�3RFIp_ b I S�� X]\,yHhqT?VWIHRFh
T[_`_`X^e�OQy¤T]R�GJX b EHSQI b OYhWI5e�V � VWIHSQSYIp_��[R~I _WT�VWh`Ep_ �]hqTaZ b I¤VWT]OYSQSQI � _`X]Z�T[_d\,I5e�V�eHh`I5R^f<I�V�SUTJe�X]GJ\,X[_`O§VWOYX[Z
T�z[I5eoRFZFI(e�X]ZPz[X]SQR^V`OQX]Z b X]OQz]IHZ3V���VWh`I \FhWOQ_`I5_#IHZ�e�X[G�\FV`I \�X[RFh�e�X]Z�e�IHz[X]OQh�RFZ�TaSQ�]X[h`OYV`D~G�I b I h`yp_dX[SYR^�
VWOYX[Z¥��g�Tah#T]OYSQSQIHRFhq_ � SYImV`hWE5_#GJT]RFz?TaOU_�eHX]Z b OYV`OQX]Z~ZFIHGJIHZ3V b R<\FhWX]�FSQEHGJI b OU_We�hWy�V`OU_`ymZFy5eHI5_W_dOYV`IoS�� IHGJ\FSQX]O
b � RFZ~I \Fh`X^eHy b RFhWI b I h`y5�]RFSUTahWOU_`TaV`OQX]Z¥��¦oIp_�GJy�V`D~X b I5_ b OQh`Ipe�VWI5_ b IJ�¸T[e�V`X[h`OU_WT?V`OQX]Z:I�V�OYV`y5hWTaV`OQz]I5_ b I
VkcP\,I��]hqT b OYI5Z[V1eHX]Z?jkR~�]RFy¨_`X]Z3V1GJOU_dIp_<I5Z���RFzPh`I � I5Z e�X[Z~_WT]e�hqTaZ3V RFZFI:T?VdVWIHZ3V`OQX]ZA\�Tah`V`OUe�RFSQOYE5h`I �
S!� OYZ~_`IHh`V`OQX]Z b I SUTªe�X[ZPz]X]SQR^VWOYX[Z¥�#"mZ�G��HGJI�jkI5R b I b X[ZFZFyHIp_ � _dcPZ3V`D~y�V`OU�3RFI ��b IJVqTaOQSYSQI \�IHV`OYV`I<G T]OQ_
b ykj$�1_`OQ�]ZFOY��eHTaV`OQz]I�T1y�VWy�_`yHSQI5e�VWOYX[ZFZFy�\�X[RFh¤GJI5ZFIHh(e�Ip_oIHfP\,yHhWOQIHZ~eHI5_mZPRFGJy5h`OU�3RFI5_5©�OYS-I5_dV¤OU_W_dR b � RFZ
\~h`X]�~Sm�FO b OQG�I5Z~_`OYX[ZFZFIHS(_`c3Z3VWDFy�VWOQ�3RFI¨T]R~�3RFIHS¤T�y�VWy:T?jkX[R^V`y b R �FhWRFO§Vp�&%�� I�«<eHT[e�OYV`y b Ip_ b OQz]I5hW_`I5_
GJyHV`DFX b Ip_oIp_kV(GJI5_`RFh`y5I�_`X]R~_¤S�� TaZ~�]SQI b R¨eHX('^V b IJeHTaSUe�R~S ��b R�z[X]SQRFGJI b I�GJyHGJX]OQhWI�ZFy5eHI5_W_`T]OYhWI � I�V
b I�S!� IH¬,IHV�h`y5�]RFSUTahWOQ_WTaZ3Vp� ¦¤R:\,X]OQZ3V b I�zPRFI b R8\Fh`X[�FSQEHGJI�OQZPz]IHhq_`I��]SQX]��TaS��[R~I�S!� X[Z¨z[IHR^V(h`yp_dX[R b hWI
\�Tah�RFZFI�GJy�VWDFX b I b � X]\^VWOYGJOU_`TaV`OQX]Z�SYX^eHT]SYI � S!� T]Z~TaSQc^_dI b I5_�GJyHV`DFX b Ip_�\Fh`X[\�X3_dy5I5_�T TaR~_W_dO^\,X]h`V`y�_`RFh�SQT
b O§¬­yHhWIHZ3V`OUTa�~SYOYV`y b Ip_�_dX[SYR^VWOYX[Z~_�zPOQ_d�)�?�£z3OU_ b � TaR^VWh`Ip_#\�TahqTaGJE�VWh`Ip_ b R�GJX b E5SYI b OQh`Ipe�V � V`I5SYSQI(SQTJe�y5SYy5h`OYV`y
b R�GJOQSYOQIHR
�
* ´ �p� ² �(+ � � GJX]OQZ b hWI5_�e5TahWh`yp_
SQOQZFy5T]OYhWI5_ � �]hqTaZ b _�_dc^_dV`EHGJIp_�e�hWIHR^f � GJOQ�]hqT?V`OQX]ZJT�z?TaZ3Vi_dX[GJGJTaV`OQX]Z �
b y5e�X[ZPz]X]SQR^VWOYX[Z � hWyH�]R~SQT]h`OU_`TaV`OQX]Z � \FhWX]�~SYE5G�IJOQZPz]IHhq_`I �
b OY¬­yHhWIHZ3V`OUT?VWOYX[Z � �¸T[e�V`X[h`OU_WT?V`OQX]Z ¶ n � �[hWT b OYI5Z3V
eHX]Z?jkR~�]RFy[�
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C�D~OQ_ � X[h`�8TaOQGJ_�T?V�I5ZFD~T]Z~e�OQZF��X[ZFI Xa��VWDFI��#g " OYZ3V`I5Z~_`OYz[I1_kVWIH\~_�Xa��VWDFI1e�X[GJ\FR^VWTaV`OQX]Z~_ � TaSQ��I5O§V
SQOQZFI5T]h � V`D~TaV(T]h`OU_`I�OYZ:�]I5X]\FDPc^_dOUeHT]S¥\FhWX^e�I5_W_`OYZF�1Xa�ihWI��~Ipe�V`OQX]Z:_dI5OQ_`GJOQe b T?VqT � Z~TaGJI5SYc�V`D~I�\FhWI���_dVWT]eq�
b IH\^VWDªG�OQ�]hqT?VWOYX[Z10 {aK�2Ã��¢�Z�VWDFI��~hq_kVo_`I5e�V`OQX]ZªX]�!VWDFOQ_¤\~T]\�I5h � � I b Ip_`eHh`OQ�,I�T \~Tah`V`OUe�R~SQT]h���hWT]G�I � X[h`�
��X[h��FRFOQS b OYZF��_`R~eqD�TaZ�X]\,IHhqT?VWX]h � �FR^V�G TaZPc�X]V`DFI5h(��X]hWG�RFSUT?VWOYX[Z~_�eHT]Z:SQI5T b VWXªI�f^\FhWI5_W_¤V`DFOU_(��X]hWG
X]� OQZPz]I5hW_`OYX[Z:�Pc¨V`DFI<GJIpTaZ~_�X]��V`DFI<IHfFT]e�V��£X]h�T]\F\FhWX�f^OYG T?VWI��m_`X]SQR^V`OQX]Z�Xa�mT�SQOYZ~I5Tah�SQI5T[_kV�_`�3R~T]h`Ip_
\~h`X[�FSYI5G30 u#2Ã�
�8I�D~T�z[I(V`DFI5h`IH��X]hWI�\~T]O b G�R~eqD�T?V`V`IHZ3VWOYX[Z�V`X<VWDFI � T�c1X]�i_dX[SYzPOQZF�JV`DFOU_¤z]IHhWc1SUTahW�]I��~R^V _`\~Tahq_`I

T]Z b TaSU_dX�OQSQS§��e�X[Z b OYV`OQX]ZFI b SQOQZFI5T]hiSYIpT]_dVd��_`�3R~T]h`I�\FhWX]�~SYI5G��-¢�Z �]I5X]\FDPc^_`OQe5TaSFTa\~\FSYOUeHTaV`OQX]Z~_ � � DFI5h`I b T?VWT
T]Z b RFZ~�3Z~X � Z<_dIHVW_ TahWImZFXaVWX]hWOYX[R~_`SYc�DPRF�]I � VWDFIoOU_`_`RFI¤Xa�
_`\~Tahq_dOYVkc�Xa��V`D~IoGJOY�[hWTaV`OQX]Z X[\�I5hWTaV`X]h�OQ_#Xa�È�
VWIHZ�ZFXaVoeHX]Z~_`O b IHhWI b�� T]Z b G TaV`hWO§fP�Ã��h`I5I T]SY�[X]hWO§VWDFG _ T]h`I�eqDFX3_dI5Z � OYV`DFX[R^VmOQZ3z[I5_dV`OQ�[TaV`OQZF��T]S§VWIHhWZ~T?VWOYz[I
_`X]SQR^VWOYX[Z~_�0à{?K�2 � 0 {]t#2 � 0 4�2£�65mI5z]I5hdVWDFIHSQI5_W_ � V`DFIJT]e�V`R~T]S!eHX]GJ\FR^VqT?V`OQX]ZªX]��V`DFI�G T?V`hWOYf�T]Z b�� O§��Z~IHI b I b��
OYVW_(X[R^Vd�£Xa�È��e�X[h`IJ_dV`X]hqTa�[I�IHfPV`IHZ b VWDFI hWT]ZF�]I�Xa��T�z?TaOQSQT]�FSQI�T]SY�[X]hWO§VWDFG _H�75oT]G�I5SYc � X[Z8T�_`I�V�Xa��_dR�eqD
\~h`Ipe�X]GJ\FRFV`I b G T?VWh`OUe�Ip_ � VWDFI � O b I�hWT]ZF�]I Xa�­ZPRFGJIHhWOQe5TaSPI�f^\,IHhWOYGJI5Z[Vq_ie�X[Z b R~e�V`I b OQZ�V`DFOU_�\~T]\�I5hiD~T]_
�,IHI5Z�GJT b IJ��I5T[_dOQ�FSQI � ��X]V`D��Pc b OQhWI5e�V�TaZ b OYV`IHhqT?VWOYz[IJG�IHV`DFX b _5�1¢�Z�T]SYS�e5T]_`I5_ � T�z[IHhWc�SQT]h`�[IJh`Ipe�Vd�
T]ZF�]R~SQT]h98¸X?z]I5h b IHV`I5h`GJOQZFI b : SQOYZFIpTahm_`c^_kVWIHG OU_ V`XJ�,I�_dX[SYz[I b �3c1SYIpT]_dV�_W�3R~TahWI5_ � �FR^V�VWDFI�RFZ b I5h`SQcPOYZ~�
\~D3c^_`OQe5_�OQGJ\FSQOYIp_ eqD�TahqT]e�VWIHhWOQ_dV`OUe���IpT?V`R~h`Ip_iVWD~T?V�TaZPcJI�«<e�OQIHZ3V�TaSQ�]X[h`OYV`DFG _`DFX]R~S b VqTa�[IoOQZ[VWX�T[eHeHX]RFZ3V5�
x-OQhW_dV � V`DFI�T?��X]hWIHGJI5Z[VWOYX[ZFI b G T?VWh`OUe�Ip_(IHG��,X b c�VWDFI1_`OYG�RFSUT?V`OQX]Z8X]\,IHhqT?VWX]h�X[h�_dX]�£e5TaSQSYI b:b OQhWI5e�V

GJX b I5S � _`X]SQR^VWOYX[Z�X]�!VWDFI � T�z]I��£I5�3R~TaV`OQX]Z¥©-DFI5Z~e�I � O§VmhWI5_`RFSYVW_ ��hWX]G V`DFI�\FhWX b R~e�VmXa�-V`DFI�eHX]ZPz]X[SYRFV`OQX]Z
X[\�I5hWTaV`X[h �~RFOYSYV � OYV`D�V`DFI�_`X]R~hWeHI _`OY�[Z~TaS��Pc VWDFI�hWI5_`\�X[Z~_dI(X]�
V`D~I�_dX[OYS­VWX<T�¦¤OQhWT[e¤OQGJ\FRFSU_dI[�iC�DFIHhWI��
��X[h`I � OYZ�VWIHhWG _�Xa�o_dV`X[hWT]�]I � VWDFOQ_�G�R~S§VWOY\FSQOUeHT?VWOYX[Z%_`DFX]RFS b ZFX]V��,I�\,IHh`��X]hWGJI b © � DFOQSYI1V`DFOU_�hWIHG T]h`�
_dVWT]Z b _��[R~O§VWI<X]�PzPOYX[R~_`SYc¨��X]h�OYV`I5hWTaV`OQz]I1_`X]SQz]I5hW_ � OYV�TaSU_`XªDFX]S b _���X[h�_`X]GJI b OQhWI5e�V�TaSQ�]X]hWOYV`DFG _5��C�DFI
z[IHhWc(\�XPX]h�eHX]Z b OYV`OQX]Z~OYZF� Xa�~V`DFI�e�X[ZPz]X]SQR^VWOYX[Z�X]\,IHhqT?VWX]h�eHTahWhWOYIp_
X]V`DFI5h-D�TahWG���R~S3OQGJ\~T]e�VW_5©¥VWDFI�h`Ip_dRFSYVd�
OQZF�<X[\�I5hWTaV`X[h�OQ_¤_dRF��_dIp�[R~IHZ3V`SQc�GJX[h`I�OQSYSY��e�X]Z b O§VWOYX[ZFI b VWD~TaZ�VWDFI�\~h`X[\~Ta�3T?V`OQX]Z�Xa�iT<¦¤OQhWT[e�OYGJ\FR~SQ_`I�;
��R~hdVWDFIHhWGJX]hWI � � DFI5Z \�I5hd��X[h`GJOQZF��T b Ipe�X[Z3z[X]SQR^V`OQX]Z b OQh`Ipe�VWSYc�X]ZJV`D~I b T?VqT � V`DFIo_`X]SQR^VWOYX[Z�X]�­V`DFImSQI5T[_kV
_W�3R~TahWI5_ \FhWX]�~SYI5G GJOY�[D[V b OY¬­IHhoT�SQXaV���hWX]G � D~TaV � T[_�I�f^\�Ipe�VWI b �

<ªX[h`I5X?z]I5h � T���X]hWI5_`IHIpTa�FSQIJhWT]ZF�3� b I���eHOYI5Z~e�c�T]\F\�IpTahq_ �!b RFIJV`X�VWDFIJ�¸T]e�V�V`D~TaV�V`DFI<_`I�V�X]� \,X]OQZ3VW_
VWD~T?V�eHTaZ��,I1I5ZFSYOQ�]D3VWIHZFI b �Pc:V`DFI�T]eH�3RFOU_`O§VWOYX[Z b IHzPOQeHI � ��X]h�T��]OQz]IHZ�\FhWX]\�Ta�[TaV`OQX]Z8GJX b IHS � OU_�R~_`R^�
T]SYSQc�_dG TaSQSQIHh�VWD~TaZ�V`DFI b OQ_We�hWI�VWOY¡5OYZ~���]hWO b ��¢�Z T bFb OYV`OQX]Z � T?V�V`DFI���X[RFZ b T]h`OQI5_�Xa��VWDFI1I5ZFSYOQ�]D3VWIHZFI b
b X]G TaOQZ � V`DFI�_WeHT]hWeHO§VkcJXa�-OYZF��X]hWGJTaV`OQX]Z��]IHZ~IHhqT?V`Ip_#T]Z1OQSYSY�£\�X3_dI b \FhWX]�FSQIHG�� �#X]Z�_dIp�[R~IHZ3V`SQc � V`D~I SQI5T[_kV
_W�3R~TahWI5_���X]hWG�RFSUT?VWOYX[Z DFX]S b _�T]SYS,eqD~TahqT]e�V`I5h`OU_kVWOQe5_�Xa�
T�_dX]�£e5TaSQSYI b�b OQ_We�hWI�VWImOYSQSY�Ã\,X[_`I b \~h`X[�FSYI5G=0à{#2£���:I
_`DFX � DFX � VWDFOQ_<hWT]ZF�3� b IH��e�OQIHZ�e�c�eHT]Z �,IªX?z]I5hWeHX]GJI��3c�V`hWRFZ~eHTaV`OQX]Z Xa� b OQh`Ipe�V<GJI�VWDFX b _<TaZ b �Pc
VWDFIJC�OY�PDFX[ZFX?z�h`I5�]RFSUTahWOY¡pT?VWOYX[Z>0 w#2 � 0@?HK�2£��C�DFIp_dI�V`IpeqDFZFOU�3RFI5_¤D~T�z]I���I5IHZ � O b IHSQcªR~_dI b ��X[h(T]ZFXaVWDFIHh
\,X]\~RFSQT]h��[IHX]\~D3c^_`OQe5TaS�T]\F\FSQOQe5T?VWOYX[Z � Z~TaGJI5SYc:V`DFI�V`X[GJX]�]hqTa\~D3cA0 K�2Ã��lo_�h`I5�[T]h b _�\Fh`IH�£_dVWT[eq� b I5\^V`D
GJOQ�]hqT?VWOYX[Z � � I h`I5\�X[hdV�DFX � VWDFIoVWI5eqDFZ~OQ�3RFIp_ T]SYSQX � eHX]Z~_`OQ_dV`I5Z3V#hWI5_`RFS§Vq_#V`XJ��I X]�FVWTaOQZFI b IHz[IHZ�T?V�V`DFI
�,X]h b I5hW_ Xa�-V`D~I�OYSQSYR~G�OQZ~TaV`I b hWIH�[OYX[Z¥�
�AOYV`D VWDFI5_`ImeqD~T]hWT[e�V`I5h`OU_dV`OUeH_�OQZ G�OQZ b�� V`D~Im\FhWX[_�TaZ b e�X]Z�_�Xa� b OQh`Ipe�V#T]Z b O§VWIHhqT?V`OQz]I�GJIHV`DFX b _#TahWI

b OQ_We�R~_W_`I b ��lmSQSFI�fFT]G�\~SYIp_�TahWI�_`DFX � Z���X]hi_`cPZ3V`DFIHV`OUe b T?VqT � X[Z�T(hWI5_dV`hWOUe�V`I b _`I�V�VWD~T?ViGJOQGJOQe5_iG TahWOYZ~I
hWI���I5e�VWOYX[Z�_dI5OQ_`GJOQe5_oX]�iDFOQ�]D¨hWI5_`X]SQR^VWOYX[Z¥�¤x-OQhW_dV¤X[Z�RFZ~eHX]ZPz]X[SYz[I b TaZ b ZFX]OU_dIH�Ò��hWIHI�h`Ipe�X]h b OQZF�[_ � VWDFIHZ
X[Z1VWDFI�GJX]hWI b IHG TaZ b OYZ~�J_`OQG�RFSUT?VWOYX[Z�X]�!hqT � hWI5e�X[h b OYZF�3_H�

B Z8V`D~I<X]ZFI D�TaZ b�� V`X b T�c � _�\FhWX]�]hWI5_W_¤OYZ�VWDFI I�«<e�OQIHZ3V�OQGJ\FSQIHGJIHZ3VWTaV`OQX]Z�Xa�)C9D��¸T]e�V`X]hWOQ¡5T?VWOYX[Z
0@?$2m_`RF�]�[I5_dVW_(VWD~T?V T b OQhWI5e�VJ_dX[SYRFV`OQX]Z � OQSYS�_dXPX[Z���I�T?V�D~TaZ b ��X]h�\Fh`X[�FSQIHG _�X]�oG�R~eqD��~OY�[�]IHh�_dOQ¡HI
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VWD~TaZ�X[RFh�V`Ip_kV _dIHV5���8I � OQSYS-_kVWh`Ip_`_ VWDFI � T�c^_ V`X X?z]I5hWeHX]GJI(_kVWX]hqTa�]I(�FR~SYOQGJOQT~©iOYZ b IHI b�� X[hdVWDFX]�[X]Z~T]S
VWhWT]Z~_d��X]hWGJTaV`OQX]Z~_-eHT]Z��,I�\,IHh`��X]hWG�I b X[Z�VWDFI �~c � X]h�Ta\~\FSYOQI b OQGJ\FSYOUe�OYV`SQc�VWD~TaZ~�P_-VWX V`DFI�_`IHGJO§�£ZFX[h`G TaS
Ip�3R~T?VWOYX[Z~_H�-n�IH�3Tah b OQZF�ohWIH�[RFSQT]h`OQ¡5TaV`OQX]Z � V`D~I �,I5_dVi�3R~TaSQO§Vkc�hWI5_`RFSYVW_�TahWI�X[�^VWT]OYZ~I b �Pc�VWh`R~Z~eHTaV`OQX]Z 0à{a|�2Ã�
g�OYz[XaV`I b T]SY�[X]hWO§VWDFG _(TahWI�VWDFIHZ�hWI5�3RFOQh`I b�� V`D�T?V�OQZFDFOQ�FO§V�G�R~eqD�Xa�#V`DFI IHfP\,I5e�V`I b IH«<e�OQIHZ~eHc,©(I5O§VWDFIHh
DPRF�[I:_dV`X[hWT]�]I�X[h�hWI b R~Z b TaZ3Vªe�X[G�\~R^VWTaV`OQX]Z~_���Ipe�X[G�I�e�X[GJ\FRFSU_dX[h`c[� C�D~I8T]S§VWIHhWZ~T?VWOYz[I¨_dX[SYRFV`OQX]Z �
Z�TaGJIHSQc8V`DFI�C�OY�PDFX[ZFX?z8h`I5�]RFSUTahWOY¡pT?VWOYX[Z ��b XPI5_�ZFXaV b TaG Ta�[I<VWDFI�eHX]GJ\FR^VqT?VWOYX[Z~TaS \�I5hd��X[h`G T]Z~e�I<X]�
VWDFI:T]SY�[X]hWO§VWDFG _ b Ip_dOQ�]ZFI b ��X]h�_d\�Tahq_dIª��R~SYSY�ÃhqTaZ~� _`c^_kVWIHG _ � �~R^V�OYV�OU_ b O§«<eHRFS§V�V`X%V`RFZ~I:TaZ b X]RFh
b OQ_`\FSUT�c]I b h`Ip_dR~S§Vq_ TahWI�X]� SQI5_W_`IHh �3R~TaSQO§Vkc[�A¢£VW_JX[ZFSYc T b z?T]Z[VqTa�[I � �FRFV<ZFXaV VWDFIªSYIpT]_dV � e�X[Z~_dOU_dVW_JOQZ
\~h`X?zPO b OYZ~�1T1_`X]SQR^V`OQX]Z�VWD~T?V�eHT]Z��,I b OY¬,I5h`I5Z3V`OUT?V`I b � OYV`D�hWI5_`\,I5e�V¤V`X�TaZ�R~Z b IHhWSQc3OQZF�<\�TahqTaGJI�VWIHhoX]�
VWDFI(��X]h � Tah b GJX b IHS � ��X]h�OQZ~_dVWTaZ�e�I(V`D~I��~T]eq�P�]hWX]R~Z b z]I5SYX^eHO§Vkc[�

B Z�VWDFI�XaVWDFIHh¤D~TaZ b�� VWDFI�e�X[Z?jkRF�3T?V`I��[hWT b OQIHZ3V�VkcP\�I�T]SY�[X]hWO§VWDFG _ � I5_`\�Ipe�OUTaSQSYc1VWTaOQSQX]hWI b ��X]hmSQI5T[_kV
_W�3R~TahWI5_ � \Fh`X?zPO b I5_¤T1hWI5T[_dX[Z~Ta�~SYI�_`X]SQR^VWOYX[Z 0 ?�4#2£��lo_(TaSQh`IpT b c�IHfP\,IHhWOQIHZ~eHI b OQZ:X]V`DFI5h T]\F\FSQOQe5T?VWOYX[Z~_ �
T � IHSQSY�Ã�~T]SQT]Z~e�I b eHh`OYV`I5h`OQX]Z _kVWX]\~_ V`DFI�_`X]SQR^V`OQX]Z OQZAT8�~S§VWIHhWI b _dVWT?VWI � � DFI5h`I�V`D~I¨_dI5Z~_`O§VWOYzPOYVkc b RFI
VWX�V`DFI�_`G TaSQSYIp_kV1_`OQZF�]RFSUTah z?T]SYRFIp_JD~T]_1_kVWOYSQSmZFX]V<XPe5e�RFhWhWI b � ¢£VWIHhqT?VWOYZF�8��RFh`V`D~IHh � X]RFS b X]ZFSQc�SQI5T b
VWX8V`DFIªZFI5I b ��X]h<T8hWIH�[RFSQT]h`OQ¡5TaV`OQX]Z�VWXPX]S � X]�¤VWDFI�C�OY�PDFX[ZFX?z�VkcP\�I���X[h OYZ�_kVqTaZ~eHI]� �AO§VWDAO§VWIHhqT?VWOYz[I
T]SY�[X]hWO§VWDFG _ � V`DFI¤V`R~ZFOYZ~��X]��V`DFI(e�X[Z3z[IHZFOQIHZ3V�hWIH�[RFSUTahWOY¡pT?V`OQX]ZJ\~T]hWT]GJI�V`I5hW_�OQ_#G�R�eqD �¸T]_dV`I5h�VWD~TaZ � OYV`D
b OYhWI5e�V��¸T]e�VWX]hWOY¡pT?VWOYX[Z~_H���mX � IHz]I5h � VWDFIHhWI�OU_�ZFXaViG�R~eqDJOYZF��IHhWIHZ~eHI�IHOYV`DFI5h�X]Z�V`DFIm�3R~T]SYOYVkc�X]��VWDFI�hWI5_`RFS§V
Z~X]h�X]Z1V`DFI�e�X[ZPz]IHhW�]I5Z~e�IohWTaV`I]�iMPX[SYRFV`OQX]Z~_#V`XJ_`\�I5I b RF\1VWDFI�e�X[Z3z[IHhW�]I5Z~e�ImhqT?VWI � SQOY�[IoVWDFI�_dIpTahqeqD ��X]h
T b I5�3R~TaV`I \FhWI5e�X[Z b OYV`OQX]ZFI5hW_#D~T[_#Z~XaV���I5IHZ���h`R~O§V`��RFS � �FR^Vm�Pc<T b T]\^V`OQZF��V`DFI��9D���������� D�eHX]Z?jkRF�3T?VWI
�[hWT b OQIHZ3V!TaSQ�]X[h`OYV`D~GJ_
V`X SQI5T]_dV-_W�3R~TahWI5_ 0 }�2 � T¤hWIHG TahW�?Ta�FSQIiOQG�\~h`X?z[IHGJIHZ3V
X]�FV`DFI�eHX]ZPz]I5h`�[IHZ~eHI�hWTaV`I�X]�
VWDFI�hWI5_`O b R�TaS^D~T[_���I5IHZJX]�^VqTaOQZFI b ���oX � I5z]IHh � V`D�TaZF�^_�VWX¤VWDFImR~_`I�Xa��_dcPZ3V`D~I�V`OUe b TaVWT(_dIHVW_ � VWDFOQ_�_kVWR b c
b OQ_`\�X3_dIp_ Xa�¥VWDFI�T]e�VWR~TaS�I5h`hWX]h � O§VWD�hWI5_`\,I5e�V�VWX�VWDFI V`hWRFI�_dX[SYR^VWOYX[Z¥��¢�Z�T[e�VWR~TaS­\FhqT]e�V`OUe�I � T�DFIHR~h`OU_kVWOQe
I5h`hWX]h I5_dV`OQG T?VWI � ��X[RFZ b OQZ:VWDFI SQO§VWIHhqT?V`R~h`I 0@?p{�2 � _`SYOQ�]D3VWSYcªVqTaOQSYX[h`I b VWX�X]RFh�T]\F\FSQOQe5T?V`OQX]Z � TaZ b �~T[_dI b
R~\�X[Z:VWDFI<hWI5_`O b R~TaSiT]Z b _dX[GJI�hWI5eHRFhWh`I5Z~e�I�V`I5h`G _ � OU_�_`DFX � Z:V`X��,I OYZF��X]hWGJTaV`OQz]IJ��X[h(V`DFI<X[\^V`OQG TaS
OYV`I5hWTaV`OQX]Z�e�X[RFZ3V5�ª�AOYV`D�VWDFOU_�ZFI � eHh`OYV`I5h`OQX]Z � ��������D~T]\F\�I5Z~_�VWX��,I<V`D~I<��Ip_kVJTaSQ�]X[h`OYV`DFG TaGJX]Z~�
OYV`I5hWTaV`OQz]IJGJI�VWDFX b _H��<ªX]hWIHX?z[IHh � �3c:R~_`OYZF��VWDFIJ��I5TaV`RFhWI5_�Xa��T b R~TaSiGJIHV`DFX b 0 v 2 � OYV�OQ_�\,X[_W_`OY�FSQIJV`X
I5GJ\FSYX?c�T<_`SYOQ�]D3V`SQc�G�X b OY�~I b z]I5hW_`OYX[Z�X]��V`DFOU_oT]SY�[X]hWO§VWDFG OQZªVWDFI�e�X[Z3V`I�fPVoX]��V`DFI��]SQX]�~T]S¥ZFX]ZF�ÃSQOYZ~I5Tah
OQZPz]I5hW_`I¤\~h`X[�FSYI5G��
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nmI��~Ipe�V`OQX]Z _dI5OQ_`GJOQe b TaVWT:h`Ipe�X]h b _�V`DFI�I5eqD~X3Ip_�X]� T]Z T]eHX]R~_dV`OUe1_`X]R~hWeHI1�,X]RFZ~eHOYZ~�:�~T[eq����h`X[G�V`DFI
_`X]OQSÃ���ADFIHZ � T�z]I5_¤IHZ�e�X]R~Z[VWIHh b OU_`eHX]Z3V`OQZPRFOYV`OQI5_ Xa��I5SQT[_kVWOQe�GJX b RFSQO 8¸TaSU_`X�X]� b I5Z~_dOYVkc � OQZ�_dX[G�I�GJI��
b OQT : �,I�V � IHI5Z:SUT�c]I5hW_ � V`DFI5c¨TahWIJ_`e5T?VdVWIHhWI b TaZ b \FhWX]\~T]�[T?VWI b ��T]eq��V`X�VWDFI _dRFh`�¸T]eHI]��C�DFOQ_(OQZ b OQhWI5e�V
\~h`X3_d\,I5e�V`OQZF�mVWI5eqDFZFOU�3RFI � X]hW�^_¥Ip_d\,I5eHOQT]SYSQc � I5SYS3OYZ�_dI b OQG�I5Z3VWTahWc�TahWI5T[_ � DFI5h`I#G�X3_kV-Xa�FVWDFI5_`I�_dRFhWz]I5c^_
VqTa�[Io\FSUT]eHI � GJT]OYZ~SYcJ��X[h#X[OYS,I�f^\FSQX]hqT?VWOYX[Z¥�-nmI5e�X[h b _iVWD~T?V�TahWImG�R~S§VWO§�ÃV`hqT]eHI)8�OÃ� I]��X]Z�_dI5z]IHhqTaS�h`Ipe�I5OYz[IHh`�
_ : TaZ b G�RFSYV`OY�£_`DFXaV�8�X]�FVWTaOQZFI b �Pc1V`hqTaZ~_`SQTaV`OQZF��V`DFI � DFX]SQI�T]e5�[R~OQ_`O§VWOYX[Z b IHzPOQeHI :���b OU_d\~SQT�c�\FRFhW\�X3_dI5SYc
hWI b RFZ b T]Z[ViOQZ^��X[h`G T?VWOYX[Z¥�!C�D~OQ_�DFIHSQ\~_�hWI5eHX?z]IHhWOQZF�o�,XaVWDJV`DFImhWI���I5e�VWX]hq_ 8�SQX^e�OFX]�,VWDFImT?��X[h`I5GJIHZ3V`OQX]ZFI b
b OQ_We�X[Z[VWOYZPRFOYV`OQI5_ : TaZ b VWDFI�\FhWX]\�Ta�[TaV`OQX]Z \~TahqTaGJI�VWIHhq_ 8�G TaOQZFSQc�V`D~I�z]I5SYX^e�OYVkc�X]� VWDFIª\FhWX]\~T]�[TaV`OQZF�
� T�z]Ip_ : �!x-OQ�]RFhWI ? b Ip_`eHh`OQ��Ip_�V`D~I¤T]e5�3RFOQ_`OYV`OQX]ZJ\FhWOYZ~eHOY\~SYImX]�¥T�G TahWOYZFIo{]¦ _`RFhWz]IHc 8 � OYV`D1T(SQOQZFIoX]�­hWI��
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eHIHOQz]I5hW_���T�_dV`hWI5T]G�I5hd��VWhWT]Z~_`SQTaV`OQZF��TaSQX]ZF��O§Vq_�T?f^OU_ :�� � D~OYSQI¤t[¦ _`RFh`z[IHc^_ 8 � O§VWD1TaZ<T]h`hqT�c�Xa�¥hWI5eHIHOQz]I5hW_ :
T]h`I ZFX � T b T�c^_#h`X[R^V`OQZFI5SYc<\,IHh`��X]hWGJI b �
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OQZ3V`I5h`\FhWI�VWOYz[I�G Ta\8Xa�#V`DFI _`RFhWz]IHc[I b _`RF�~_`X]OQS � O§V�OU_(e�X]Z�_dO b IHhWI b T]_(TaZ8OQGJT]�]OQZF��T]SY�[X]hWO§VWDFG � TaGJX]Z~�
� D~OQeqD�V`DFI�GJX[_dV��¸TaGJX]R�_�OQ_-VWDFI �(OYhqeqDFDFX]¬<TaSQ�]X]hWOYV`DFG � ��X]SQSQX � OYZF�¤V`D~I �#SUTaI5h`�,X]RFV�OQG Ta�[OYZF� \FhWOYZ�e�OQ\FSYI
X]� b OY¬­hWT[e�V`OQZF�J\,X]OQZ[Vq_ 0 4#2Ã�

�oX � I5z]IHh � _`IHz]I5hWT]S�TaR^VWDFX]hq_70 {]t#2 � 0 v�2 � D~T�z[IJ_`DFX � Z:V`DFI SQOQZF�¨�,I�V � IHI5Z�T]Z8T]\F\FhWX[T[eqD¨�~T[_dI b X[Z
T�SYIpT]_dVd��_`�3R~T]h`IªO b IHZ3VWO§��e5T?VWOYX[ZAXa��V`D~I¨hWI��~Ipe�V`OQX]Z _`IHOU_`G�OUe b TaVWT%�3c T � T�z]Iª\FhWX]\�Ta�[TaV`OQX]Z GJX b IHS
8 � T�z[I���X[h`G OQZPz]I5hW_`OYX[Z : TaZ b VWDFOU_ �(OQhWeqDFD~Xa¬¨GJOQ�]hqT?V`OQX]Z�X[\�I5hWTaV`X]hp��¢�Z b IHI b�� VWDFI�SUT?V`V`IHh TaGJX]R~Z[Vq_�V`X
Ip_kVWOYG TaV`I VWDFI1hWI��~Ipe�VWOYzPOYVkc8R~ZF�PZFX � Z�T?�ÈVWIHh�VWDFI<��hW_dV�OYV`I5hWTaV`OQX]Z�Xa�mT:e�X]ZajkRF�[TaV`I<�[hWT b OYI5Z3V�R~_dOQZF�¨T
\~h`X[\�I5h \~h`Ipe�X]Z b O§VWOYX[ZFIHhp�

�oIHZ~eHI � T � T�z[I���X]hWG®OYZPz]I5hW_`OQX]Z�e�X[Z~_`OQ_dVW_¤OYZ8GJOYZ~OYGJOQ¡HOQZF���Pc�_`X]GJI�eHX[_dV¤��R~Z~e�VWOYX[Z�V`D~I�Z~X]hWG®X]�
VWDFI b OY¬­IHhWIHZ~eHI<��IHV � I5IHZ�I�f^\,IHhWOYGJI5Z[VqTaS TaZ b _`OYG�RFSQTaV`I b�b T?VqTF�ªM3V`hqTaOQ�]D3Vd��X[h � Tah b SQc � VWDFI<I5R~e�SQO b OQT]Z
Z~X]hWG eHT]Z��,I�eqDFX[_`IHZ �

� � * �(1 �.- 6 , � 19� * * � 6 !! 8Ò} :
- �
���	��

����� �

� �	��������� �������
�$���� ����� �
�� 
! � , � 19� * � ��� � � ')� * � ��� � � ')�#" ! %

� D~IHhWI7�<ZFX � _dVWT]Z b _���X[hmVWDFI�X[�~_dI5h`z[I b�b TaVWT 8¸G�X[h`I5X?z]I5h � T[_�V`D~I��~T[eq�3�[h`X[RFZ b OU_o_`RF\F\,X[_`I b V`X���I
�PZFX � Z � VWDFI b IH\,IHZ b IHZ~eHc�X?z]I5h 1 � OYSQS���I b hWX]\~\�I b OQZ�V`D~I���X[SYSQX � OQZF� : ��C�DFIJR~_dI�Xa�#XaV`D~IHh(ZFX]hWG _ �
VWDFI � IHOQ�]D3V`I b z[IHhq_dOQX]Z~_#Xa�-V`D~I%$ ! �£ZFX]hWG T]G�X[ZF�JXaVWDFIHhq_ � � OQSYS
��I b OU_We�R~_W_dI b SUT?VWIHhp�
C�DFI T]e5�[R~OQ_`O§VWOYX[Z�\~T]hWT]G�IHV`I5hW_ 8¸h`Ipe�I5OYz[IHhq_ � _dD~XaVW_ � V`OQGJI b OU_We�hWI�V`OQ¡5TaV`OQX]Z¥©­VWDFI \Fh`X b R�e�V!X]�^V`DFI�V`DFhWIHI

e5Tah b OQZ~TaSU_�Xa�,V`DFIp_dIm_`I�Vq_��]OQz]Ip_-V`DFI b OYGJIHZ�_dOQX]ZJXa�,V`D~I b T?VqT�_d\�T]e�I : TaZ b V`D~I��~IHS b GJX b IHS~\�TahqTaGJI�VWIHhq_
8¸GJI5_`D _`OY¡5I�T]Z b IHfPV`IHZ3V Xa�oV`DFI�hWI��~Ipe�V`OQzPO§Vkc��[h`O b : D~T�z]I���I5IHZ _dOQ¡HI b � OYV`D hWI5_`\�Ipe�V�V`X:V`DFI�GJI5T]Z
��hWI5�3RFI5Z~e�c1Xa�
VWDFI�_`IHOU_dGJOUe�_dX[RFhWeHI]�-¢£VoTaSU_dX�SQI5T b _�\FRFhW\�X3_dI5SYc VWX<TaZ�X?z]I5h b IHV`I5h`GJOQZFI b \Fh`X[�FSQIHG��
C�DFI�_`X]SQR^V`OQX]Z�e�X[RFS b e�X[Z~_`OQ_dV OQZ1�~RFOYS b OQZF��V`DFI(SQI5T[_kVm_W�[R�TahWI5_ _dX[SYR^VWOYX[Z � I�f^\FhWI5_W_dI b �Pc �¸T]e�V`X[h`OQ¡5Ta�

VWOYX[Z�T]SY�[X]hWO§VWDFG _98 �'&)( X]h6C9D :�� I]� �~���Pc ��X[h`GJOQZF��V`DFI�<ªXPX[h`IH�Ãg�IHZ~h`X3_dI¤\~_dI5R b X]�ÃOQZPz]IHhq_`I]©
* --,+*��50 8¸w :

"o\ V`X�Z~X � � _`R~eqD<T b OQh`Ipe�V#_`X]SQR^VWOYX[Z D~T]_�Z~IHz]I5hi�,IHIHZ1\�I5hd��X[h`GJI b OQZJV`D~OQ_ � T�c���X]hiVWDFOU_i\FhWX]�FSQIHG �
G T]OYZFSQcJ��IpeHT]R~_dIoV`DFI b OQGJIHZ~_`OYX[Z~_ Xa��VWDFI¤SQOQZFI5T]h#X[\�I5hWTaV`X]h _dR~h`�[I�V`XJ_dI5z]I5hWT]S~GJOYSQSQOYX[Z~_�X]�
hWX � _�V`OQGJI5_
_`IHz[IHhqTaSPDPRFZ b hWI b _�Xa�­V`D~X]R~_WTaZ b _�Xa�¥e�X[SYRFGJZ~_5��C�DFImTaSYV`I5h`Z~TaV`OQz]I�_`X]SQR^V`OQX]ZJD~T[_ie�X[G�GJX[ZFSYc���I5IHZJ�~hq_kV
VWX eHT]_dV�V`DFI�Z~X]hWGJT]S�I5�3R~TaV`OQX]Z~_98¸_`RF\F\,X[_`OQZF� , D~T]_ ��RFSQS
hqTaZ~� : ©

* - � ,�@ , � � " ,�@ � - ,+* �5%
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VWDFIHZ�VWXJT]\F\FhWX�f^OYG T?VWIoVWDFI�_`X]SQR^V`OQX]Z��Pc,©
* -�� ,�@��5%

� D~IHhWI�� OU_�T�eHX[T]hW_`I�Ta\F\FhWX�f^OYG TaV`OQX]ZJXa��VWDFIoOQZPz]IHhq_`I�Xa�#, @ ,<��¢�Z V`D~IoG TaZPc � I5OY�[D[VWI b ��X[h`G _�VWD~T?V
VWDFOU_#G TaV`hWO§f<eHT]Z VWT]�]I � X[ZFI¤e5TaZ ��Z b VWDFI��(OQhqeqDFDFXa¬�GJOY�[hWTaV`OQX]Z 0 v�2£��xFX]h OQZ~_kVqTaZ~eHI � OQZ1X]R~h#\FhWIHzPOQX]R~_
� X]hW��X]Z � T�z]IH��X]hWGrOYZPz]I5hW_`OQX]Z 0 ??v 2 � � I�D�T�z]I VWT]�]IHZ�� -����	��
 � , @ , � � " V`X��FR~OYS b _dR~eqD T(\FhWI���_dVWT]eq�
b IH\^VWD�GJOQ�]hqT?VWOYX[Z1X]\,IHhqT?VWX]hp�
MPR�eqD T�eqDFX]OUe�I�T]GJX]RFZ3VW_<V`X�G�RFSYV`OQ\FSYcPOQZF� � �Pc T b OUTa�[X]Z~T]S�GJTaV`hWO§f�� � VWDFI¨X[\F\�X3_dOYV`IªX]��V`DFI

�[hWT b OQIHZ3V<Xa� �rOYZ * - CF��C�DPR~_ � O§V�e�X]hWhWI5_`\�X[Z b _JVWX�V`DFI¨�~hq_kV1OYV`I5hWTaV`OQX]ZAX]��T�\FhWI5e�X[Z b OYV`OQX]ZFI b
�[hWT b OQIHZ3V GJIHV`DFX b �
�#X[Z3z[IHhq_dI5SYc � V`DFI�_`Xa��eHT]SYSQI b 
�, 	
�+��,-
)(�	)')
*���+��, 
&��� e�X]Z�_dOU_kVq_�OYZ�hWRFZFZFOQZF�<_`IHz[IHhqTaS­O§VWIHhqT?VWOYX[Z~_�Xa�-V`DFI

\~h`Ipe�X]Z b O§VWOYX[ZFI b e�X[Z?jkRF�3T?V`I �]hqT b OYI5Z[V�X[Z�VWDFI�ZFX]hWG TaS^Ip�[R�T?V`OQX]Z�_dc^_dV`I5G���lmSYV`D~X]RF�[DJ�3RFX]V`I b �Pc 0à{at�2 �
VWDFOU_mTaSQ�]X[h`OYV`DFG D�T]_�_`IHS b X]G �,IHI5Z�R~_dI b �
¢£V OQ_¤TaSU_dX<T]\F\FSQOYI b OYZ�T]Z�TaSYV`IHhWZ~TaV`I���X[h`G X]Z�V`D~I�V`OQGJI�hWI��~Ipe�V`OQzPO§Vkc
��OYZ�VWDFI)<ªOQ�]hqT?VWOYX[Z
� T[_dI b

C!hqT�z]IHS�C�OYGJI G�IHV`DFX b X]�¥OYZPz[IHhq_dOQX]Z 0 u#2£� B Z~e�IoT b OUTa�]X[Z~TaS�G T?V`hWOYf�� D~T]_#��I5IHZ1eqD~X[_`IHZ � T��HeqD~TaZF�[I
X]�!z?TahWOUTa�FSQI��oOQ_m\Fh`X^eHIHI b I b �3c­©

* -�� ,�@��,%

T]Z b V`DFI�eHX[_dV ��R~Z~e�VWOYX[Z�X]� b I��~ZFOYV`OQX]Z>8Ã} : OQ_�V`DFI5Z�hWIH\~SQT[e�I b �Pc­©
� � ��� 19�.- 6 , � 19��� , � 19�A@�� * � 6 !! 8Ãv :

- � � * �(19��0
l®_W�[R�TahWI�_`c3GJGJI�VWh`OUe1_`c^_kVWIHG D~T[_�V`DFI5Z�V`X8�,I�_`X]SQz]I b�� �Pc�T:eHX]Z?jkRF�3T?VWI1�]hqT b OYI5Z[V�GJI�V`D~X b �%lo_
OYV�D~Ta\~\�I5Z~_ V`X���I T�\�X3_dOYV`OQz]I � �FR^V�_`IHGJOY� b IH�~ZFOYV`IJX]\,IHhqT?VWX]h � V`DFIJX]h`V`D~X]�]X[Z~TaS-e�X[Z?jkRF�[TaV`I�h`Ip_dO b R~T]S �
� DK�5�J� ��� D � D�T]_ ��I5IHZ�_`IHSQI5e�VWI b ��X]h�OYVW_(hWX]�FR~_dV`Z~I5_W_mVWX�VWDFOU_�eHT]_`I]���:I � OQSYS�hWI�VWRFhWZ:SUT?VWIHh V`X�V`D~OQ_
T]SY�[X]hWO§VWDFG �3RFXaVWI b �Pc 0à}�2 � OYZ�MPIpe�V`OQX]Zª} b I5z]XaVWI b V`XJOYV`IHhqT?VWOYz[I(G�IHV`DFX b _5�
¢�Z b IHI b¥� OQZ�V`DFOU_m\�Ta\,IHh � X]R~hm�]X3TaS¥e�X[Z~_`OQ_dVW_�OQZ��~Z b OYZF�<V`DFI��,I5_dV T]\F\FhWX�f^OYG T?VWOYX[Z1X]� , * � � R~_`OYZF�

VWDFI¨GJX3_kV�T]\F\FhWX]\FhWOUT?V`I�VWX3X[SQ_1Xa��SQOYZ~I5Tah�TaSQ�]IH�~hWT~� C�D~OQ_�e�X]R~S b SQI5T b V`X T]ZFXaVWDFIHh�TaSYV`IHhWZ~TaV`I�e�X3_kV
��R~Z~e�VWOYX[ZJ��X]h�VWDFIm�]SQX]��TaS^OQZ3z[IHhq_dI�\FhWX]�~SYI5G I�f^\FhWI5_W_`I b � O§VWD h`Ip_d\,I5e�V�V`X * TaZ b 1 OQZJV`DFIoeHX]ZPz]I5Z3V`OQX]Z~T]S
Ip�3R~T?VWOYX[Z 8Ã} : X]h � h`V���TaZ b 1 OYZ�V`D~I���� ��� ��X[h`G�RFSQTaV`OQX]Z18Ãv : ©

� � 19�&- 6 , � 19� , � 19� * � * � 6 !! % 8¸u :

� D~OQeqD OU_�T�hWI b R~eHI b SQI5T[_kV�_`�3R~T]h`Ip_ ��X[h`G�RFSQTaV`OQX]ZAX]��V`DFI:ZFX]ZF�ÃSQOYZ~I5Tah�OYZPz[IHhq_dOQX]Z¥� C�DFI¨OU_W_dRFIp_1X]�
eHX]GJ\FR^VqT?VWOYX[Z~TaS�IH« eHOYI5Z~e�c�TaZ b X]��T[eHeHRFhWT[e�c X]�-VWDFI�I5_dV`OQG T?VWI�Xa� , * � G�R~_dVmV`DFI5Zª��I�_dV`R b OYI b z]I5h`c
e5TahWI���RFSQSQc]�

� ���������
	���'-���-����	���	���� ��� $&�('!�-
! #"%$���	�	

� z]IHZ�OY�,�[IHX]\~D3c^_`OQe5TaS3��X]h � Tah b GJX b IHSU_�TaZ b GJOY�[hWTaV`OQX]Z~_-�[IHZFI5hWT]SYSQc�_kVqTaZ b ��X[h�SYOQZFI5T]h�X]\,IHhqT?V`X[hW_ � V`D~IHc
T]h`I(R~_`R~T]SYSQc1\FhWX^e�Ip_`_`I b OYZ�TJG TaV`hWO§fP�Ã��h`I5I GJX b I[��¢�Z b I5I b�� I5T[eqD�OQZ�V`DFI5OYh¤X � Z�X[\F\,X[_`O§VWI � T�c � V`DFIp_dI

É!É®ÏFE5ò�ä�×�G
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X[\�I5hWTaV`X[hW_�G T]\%z?TahWOQT]�FSQI1_d\�T]e�Ip_�X]�mDPRF�]I b OYGJI5Z~_dOQX]Z�_ � T]Z b GJX[_dV�X]�ÈV`I5Z�V`D~IHc�TahWI�T]\F\FSQOYI b X]ZFSQc
X[Z~e�I � X]Z�X]ZFSQc<X[ZFI(z]I5e�V`X[h5�
¢£VWIHhqT?V`OQz]IJGJOQ�]hqT?V`OQX]Z8G Ta�[I5_ R~_`I Xa�#X[ZFIJ��X]h � Tah b GJX b IHS�T]Z b X]ZFIJGJOY�[hWTaV`OQX]Z 8ÈVWhWT]Z~_d\,X[_`I b X]h

� IHOQ�]D3VWI b V`hqTaZ~_`\�X3_dI b ��X[h � Tah b X]\,IHhqT?V`X[h : \,IHh�OYV`I5hWTaV`OQX]Z¥�(5mI5z]IHh`V`D~IHSQI5_W_ � VWDFI���I � OQGJ\FSYI5GJIHZ3VWTaV`OQX]Z~_
X]�
VWDFOQ_oTaSQ�]X]hWOYV`DFG hWIHG T]OYZ�GJTaV`hWO§fP�Ã��h`I5I]�

�oX � I5z]IHh � I:\FhWX]\,X[_`IªV`X e�X[G�\~R^V`I8TaZ b _kVWX]hWIªV`DFI�T]e�V`R~T]S¤G TaV`hWO§fAXa��V`DFI:��X]h � T]h b GJX b I5S �
�,I5e5TaR~_`IoOYVW_�_`\~T]hW_`O§VkcJhWIHG TaOQZ~_#z]I5h`cJDFOQ�]D¥��¢�Z�C!T]�FSYI�? � I(_dD~X � V`DFI �~�[RFh`Ip_i��X[h b O§¬­IHhWIHZ3V�\FhWX]�FSQIHG
_`OQ¡HI5_5��C�DFI�SUTahW�]IHh#V`D~I�_dOQ¡HI(Xa�-V`D~I�\Fh`X[�FSQIHG � V`DFI�SQX � IHh V`DFI b IHZ~_`O§Vkc1Xa�-V`DFI�_`OYG�RFSUT?V`OQX]Z�G T?VWh`OYf��

# 
receivers

 # 
sources 

# time 
samples

# grid 
steps in x

# grid 
steps in z

24 50      100 95 101
3 953 780       0,34%

24 50      100 95 101
3 953 780       0,62%

24 50      100 95 101
      18 312 987   2,88%

24 200    400 245 381
117 513 352   0,07%

24 200    400 245 381
117 513 352   0,07%

24 200    400 245 381
705 079 780   0,39%

24 401    401 842 201
123 536 804   0,02%

24 401    401 842 201
988 294 432   0,15%

Idem, 
convolved 3 859 224          169 242                

Idem, no 
null column 

Idem, 
convolved 

Dirac 
synthetics
Idem, no 

null column

8 286                    

76 817               8 286                    

# nonzeros in B % 
sparsity

Dirac 
synthetics 120 000             9 595                    

1 920 000          93 345                  

76 817               

comments

Real high 
res., Dirac 3 859 224          169 242                

# rows of B # columns of B

1 920 000          93 219                  
Idem, 

convolved 1 920 000          93 219                  

Problem 
id.

1

1'

1"

3'

2

2'

2"

3

C-Ta�~SYI7?]©�M^\~Tahq_dOYVkc Xa�-V`D~I , G TaV`hWOQeHI5_ ��X]hm_`X]GJI V`Ip_kVmGJX b I5SQ_5�

�"!$# � (91 :5*A47N N 47/2I�(96��51�BC&
(9*<1 -�?
C�D~I1e�X[SYRFGJZ~_�Xa��V`D~I1_dOQG�R~SQTaV`OQX]Z�G T?V`hWOYf , eHX]hWh`Ip_d\,X]Z b VWXªV`DFI�z]I5hdVWOQeHI5_�X]� VWDFI�{]¦m�£h`IH�~I5e�V`OQzPO§Vkc
�[h`O b�� D~IHZ~eHI�VWDFI�V`X]VWTaS�ZPRFG���I5h�Xa��e�X[SYRFGJZ~_(OU_ V`D~I�\~h`X b R~e�V���IHV � I5IHZ:V`DFIJZPRFG���I5h�Xa���]hWO b _kVWIH\~_
D~X]hWOY¡5X]Z3VWT]SYSQc 8�OQZ � : TaZ b z[IHh`V`OUeHTaSQSQc 8�OQZ�� : �
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n�X � _#Xa� , _dVWT]Z b ��X[h�VWDFI�_dI5OQ_`GJOQe b T?VqT�X]�!T�G�RFS§VWO§�ÃV`hqT]eHI¤T]Z b G�RFS§VWO§��_`DFXaV�\FhWXa�~SQI � DFIHZ�e�I¤V`DFI5OYh
ZPRFG���I5hmTaGJX]R~Z[Vq_�V`XJVWDFI�\FhWX b R~e�VmX]�!VWDFI�ZPRFG��,IHhoXa�-V`OQG�I�_WTaGJ\FSQI5_�V`OQG�Ip_�V`D~I�Z3R~G��,IHhmX]�!VWhWT[e�I5_
8¸h`Ipe�I5OYz[IHhq_ : VWOYGJI5_�V`DFI�ZPRFG��,IHh�Xa�m_dD~XaVW_�8¸_`X]RFhqe�Ip_ : ��¢�Z�T]e�VWR~TaS _dR~h`z[IHc^_(V`D~I5_`I �~�]R~h`Ip_�h`X^eq�[I�V�V`X
_`IHz[IHhqTaS­GJOYSQSQOYX[Z~_�X]ho�FOYSQSQOYX[Z~_ � �FR^VoR~_`R~T]SYSQc � VWDFI�OQZPz]IHhq_`OYX[Z1OU_�\�I5hd��X[h`GJI b X[Z�h`Ip_kVWh`OUe�VWI b�b X]G TaOQZ~_�X]�
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 ����� Xa� ������� IHZ3VWh`OQI5_ � V`DFIJ_`Xa��eHTaSQSQI b eHX]SQRFGJZ:\,X]OQZ3V`IHh � V`D�T?V(\Fh`X?zPO b I5_
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X[\�I5hWTaV`OQX]Z~_�X]Z VWDFOU_ , G T?V`hWOYf � OYV`D�e�OQhWe5T�K�GJOQSYSQOYX[Z1ZFX[Z^�£¡HIHhWX�IHZ3VWh`OQI5_ � OYSQS��FV OQZ3V`X�V`DFI GJIHGJX]hWc�X]�
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&���$
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SQXPX]\8OQ_(�~RFOYSYV�TahWX]R~Z b VWDFI _dRFGJG T?VWOYX[Z:X?z[IHh V`D~I b X]G TaOQZ;� Xa� � �3R~T?VWOYX[Z 8Òt :+: �J¢£V�OQ_ VWDPR~_(I5T[_dc
VWX b I�VWI5e�VmV`DFI�IHGJ\^Vkc�eHX]SQRFGJZ~_�X]� , � T]Z b V`X \FhWX?zPO b I�TJhWIHX[h b IHhWOYZF��Xa�-V`D~I�e�X[SYRFGJZ~_ � DFIHhWI(V`DFIp_dI
SUT?V`V`I5h#TahWI��~R�_dDFI b V`X�V`DFI¤IHZ b ��x-OQ�]RFhWI�8Òt : _`DFX � _#T�h`IH�~I5e�V`OQzPO§Vkc��~IHS b ��X[h#gihWX]�~SYI5G )�� B ZJVWDFIoSQI��ÈV
_`O b I � OYV�OQ_ b OU_`\FSQT�c[I b T[_ X]hWOY�[OYZ~T]SYSQc<_`I�V�RF\1��X[hm_dcPZ3V`D~I�V`OUe _dOQG�RFSUT?VWOYX[Z¥� B Z1VWDFI(h`OQ�]D3V�_dO b I � X]ZFI�_`IHI5_
VWDFIo_WTaGJImhWI��~Ipe�VWOYzPOYVkc��~I5S b�� DFX � IHz[IHh�\FhWXajkIpe�V`I b X]ZJV`D~I b X]G T]OYZ � DFI5h`ImV`DFIoeHX]SQRFGJZ~_iX]�#,�TahWI�ZFXaV
I5GJ\^Vkc]��C�DFI�_`RFh`hWX]R~Z b OQZF� b X[G TaOQZ<V`D�T?V�D~T]_ �,IHIHZ � DFOQ\F\,I b X]R^V � OQSYS,V`DPR~_�Z~IHz]I5h#�,I(h`Ipe�X?z[IHhWI b OQZ
X[RFh�OYZPz[IHhq_dOQX]Z�\Fh`X^eHI5_W_ � �FR^V�X[ZFI(G�R~_dV�h`I5G�I5G��,IHh�VWD~T?V�V`D~I�_dD~T]\�I(X]�
V`D~OQ_�ZPRFSQS¥_d\�T]e�I b I5\�I5Z b _�X[Z
VWDFIo��T]eq�P�]hWX]RFZ b z[IHSQX^e�OYVkc��~I5S b ��C�D~OQ_ TaGJX]R~Z[Vq_�VWX�T�\FhWXajkIpe�VWOYX[Z Xa��V`D~IohWI��~Ipe�V`OQzPO§VkcJz[I5e�VWX]h * �iC�DFI
ZPRFG���I5h�Xa�-V`DFIp_dI(ZPRFSQS
e�X[SYR~G�Z�_�I5�3R~TaSU_ 4[}�4[}?�£u3{au]w��)?5t[|�4o��X]h�gihWX]�FSQIHG )��
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hWI5eHIHOQz]I5hW_ � Xa��_dDFX]VW_ � Xa�-V`OQGJI�_`T]GJ\FSYIp_ : T]Z b V`DFI��[IHX[G�IHV`hWc 8¸_`OY¡5I�TaZ b SQX^eHT?VWOYX[Z�X]�-hWI���I5e�VWOYzPOYVkc1�[h`O b
� OYV`D�h`Ip_d\,I5e�V�VWX�VWDFI _`X]R~hWeHI5_�T]Z b hWI5eHIHOQz]I5hW_ : ���mIHZ�e�I � X[Z<V`D~I¤G�R~eqD<SUTahW�]IHh _dcPZ3V`D~I�V`OUe � fFTaGJ\FSQI�� �
X[ZFSQc ?�{aw<eHX]SQRFGJZ~_oe5TaZ��,I b OU_WeHTah b I b OYZ~_dV`IpT b X]� ?5t[|�4JX]Z�VWDFI�_`G TaSQS � f^T]GJ\FSYI )�� � z[IHZ � � OYV`D¨T
� IHSQS
X[\^V`OQGJOY¡5I b ��T]eq�P�]hWX]RFZ b z[IHSQX^e�OYVkc1�~I5S b¥� � f^T]GJ\FSYI $ X]Z�hWI5T]S
DFOQ�]DªhWI5_`X]SQR^VWOYX[Z b T?VqT b XPI5_¤ZFXaV
SQI5T b VWX TaZPc<IHGJ\^Vkc�e�X[SYRFGJZ�OYZ�G T?VWh`OYf ,1�
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Initial reflectivity projected on the orthonal of Ker(B)
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� GJ\^VkcAhWX � _<OQZ , e�X[h`hWI5_`\�X[Z b V`X \FOQI5e�Ip_1X]��_`IHOU_dGJX]�[hWT]G _JV`D~TaV�T]h`I8TaS � T�c^_ G�R^V`I b � xFX]h
OQZ~_dVWT]Z~e�I � OY�(V`DFI�VWOYGJI¨_WTaGJ\FSQI5_<��I5�]OQZ � O§VWDAZFX b IHSUT�c%T]Z b O§�(V`D~IªV`X[\AXa� V`DFI�hWI���I5e�VWOYzPOYVkc%�[h`O b
b X3Ip_oZ~XaV eHX]Z3VWT]OYZ�VWDFI�SYOQZFI�X]�ih`Ipe�I5OYz[IHhq_ � V`DFI5h`I � OYSQS!Z~IHz]I5ho�,I�T]ZPc�OQZ^��X]hWG T?VWOYX[Z�OYZ�V`DFI��~hq_kVmVWOYGJI
_WTaGJ\FSQI5_5� � IpeHTaR�_dI�X]RFh�eHX]GJ\FR^VqT?V`OQX]Z�TaS�_`eqD~IHGJI���X]h(�FRFOQS b OYZF� ,®hWIHG TaOQZ~_(e�X[SYRFGJZ � OU_dI � O§V�OU_(ZFXaV
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IpT]_`c V`X b I�VWI5e�VoV`DFIp_dI�I5GJ\^Vkc1hWX � _H� �mX � IHz[IHh � O§VoOU_mZ~XaVoT]_oe�hWR~e�OUTaS
T[_���X]h¤e�X]SQRFGJZ~_ � _`OYZ�e�I�OYV b XPI5_
Z~XaV�OYGJ\~T[e�VmX[Z1VWDFI�hWT]ZF�<X]�
V`D~I�GJTaV`hWO§f�TaZ b OYV b XPI5_�ZFX]V�Ta¬,Ipe�V�VWDFI�_kVWX]hqTa�[I e5Ta\~T[e�OYVkc]�

�"! � � 1 :5-JIK? (�&;I�(�B ��(96 ��?,@$(9B +D@G?AE ?,E54 N ( �5*<I�4 N @�=9B5->6

(iIHV¤TaZ~XaV`D~IHh�OU_`_`RFI�X]��_`\~Tahq_`O§Vkc<OU_mhWIHSUT?VWI b V`XJVWDFI�eHX]ZPz]X[SYR^VWOYX[Z�X]�!VWDFI�OQGJ\FRFSU_dI�hWI5_`\,X]Z~_`I � O§VWD�V`DFI
T[e�VWR~TaS,_dX[RFhWeHIo_`OY�[Z~TaS�\Fh`X[\~Ta�3T?VWI b OYZ<V`DFI GJI b OQRFG���¢�Z b IHI b�� ��h`X[G V`DFI � T�z[ImI5�3R~TaV`OQX]Z 8 ? : X[hi��hWX]G
��X[h`G�RFSUT>8¸t :�� VWDFI<SQOYZ~I5TahWOYVkc � OYV`D�hWI5_`\�Ipe�V�VWXªV`DFI�_dX[RFhWeHI<_dOQ�]Z�TaS�SQI5T b _�V`XªhWI � hWOYV`I���V`DFI<X[\�I5hWTaV`X[h
b I��~ZFI b OYZ>8�K : �3c�OYZ3VWh`X b R~eHOYZ~��VWDFI�e�X[Z3z[X]SQR^V`OQX]Z�G T?V`hWOYf�� � ����©� -�, � 1 � ��� 0 * ����� �

- �
	 , � 1 � � � B * %
-�� � ��� 0 , � 1 � � � B * %

� O§VWD¥© � � ���� 
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#1! ! % 8&4 :

VWDFI:_`X]R~hWeHI¨_dOQ�]Z�TaSo�,IHOQZF� b OU_`eHh`IHV`OQ¡HI b X?z[IHh32 _`T]GJ\FSYIp_H©�� - � � " % � ! % B/B B3% �*( $ � g�IHhWG�RFVWT?VWOYX[ZG TaV`hWOQeHI5_ � ! " TaZ b ! ! � TahWI�OYZ3VWh`X b R~eHI b OQZ X]h b IHh�VWX�G Ta�]ImeHSYIpTah�VWD~T?V�V`DFIoeHX]ZPz]X[SYRFV`OQX]Z�OQ_�SYOQGJO§VWI b V`XVWDFI�hqTaZ~�]I�X]�$4 $ V`OQG�IJ_WTaGJ\FSQI5_ � � DFOQSQI�V`D~OQ_ \FDFI5ZFX]GJI5ZFX]Z�D�Ta\F\,IHZ~_o��X]h I5T[eqDªh`Ipe�X[h b�� 
 � 	 ��TaGJX]Z~�465oh`Ipe�I5OYz[IHhq_ b RFhWOYZ~�74 � _`DFXaVq_ � � D~T?VWIHz[IHhiVWDFI Z3R~G��,IHhWOYZF��8ÈV`D~I b TaVWT��[T?VWDFIHhWOQZF����X]h#�]I5X]\FDPc^_dOUe�OU_dVW_ :
GJOQ�]D3V���I[�
�AOYV`DFOQZ�T1G T?VWh`OYfP�Ò��hWIHI�TaSQ�]X[h`OYV`DFG � V`D~IJeHX]ZPz]X[SYRFV`OQX]ZªOU_¤\,IHh`��X]hWGJI b T?�ÈV`I5h V`DFIJe�X[G�\~R^VWTaV`OQX]Z¨X]�

, � 1 � � � 0 *P� � DFOUeqD:T]G�X[RFZ3VW_oV`Xªe�X[ZPz]X]SQzPOYZ~� � O§VWD¨VWDFIJ_dX[RFhWeHI�_`OY�[Z~TaS-VWDFI�OQGJ\FRFSU_dIJhWI5_`\�X[Z~_`I�Xa�#V`DFI
GJI b OYR~G��iC-Ta�~SYI7?�_dD~X � _�DFX � G�R~eqD��~SQS§�£OQZ�_`DFX]R~S b ��I(IHfP\,I5e�V`I b OQZ�GJTaV`hWO§f , � 1 � ��� � ��X[hmT�_`X]R~hWeHI
_`OQ�]Z~T]S b OU_`eHh`IHV`OQ¡HI b OYZ3VWX � -98<ZFX[Z^�£¡HIHhWX<_WTaGJ\FSQI5_¤OYZ:\Fh`X[�FSQIHG _!)$:�TaZ b �;: � TaZ b �2- �)< ��X]h hWI5TaSb T?VWT $ &U��x!OQ�]R~h`I�K�_`DFX � _oV`DFI��~SQS§�£OYZ8Ta\F\,I5T]h`OQZF��X]Z�\FhWX]�~SYI5G )$: � T?V V`D~I�DFOQ�]D~I5_dV SQIHz[IHS-Xa� b IHVWT]OYS
X[Z1VWDFI�\~TaVdV`I5h`Z�Xa��G T?VWh`OYf �	��
P�
�AOYV`D���I � T]_W_`RFGJ\^V`OQX]Z~_ � V`DFOU_¥��SYSY�ÃOQZ�e5TaZ��,I�\FhWI b OUe�VWI b �-C�DFOU_¥IHz?T]SYR~TaV`OQX]Z�OU_
D~IHSQ\^��RFS[��X]h!eqD~I5eq�POYZ~�

VWDFI�_dV`X]hqTa�[I¤e5Ta\~T[e�OYV`OQI5_ � TaZ b ��X]hmT]Z�Ip_kVWOYG TaV`OQX]Z�Xa�
VWDFI�e�X3_kV�X]��T�G T?VWh`OYfP�Ãz[I5e�VWX]h \FhWX b R~e�Vp�

� V`DFI¤_dOQG�RFSUT?VWOYX[ZJGJTaV`hWO§f���X]h�VWDFImOQGJ\FRFSU_dImhWI5_`\,X]Z~_`I � ,>=5--, � 1 � � � � OU_iTaZ?4A@7B GJTaV`hWO§f � � OYV`DC = ZFX[Z^�Ã¡5IHhWX[_ ;D @ áàÕ�ÐÒÛ�Î�ÚkÜ�Ï-E�Ü�ßàñ5ÐÃáàÜ�Ï(Ü�ÝaÎkÑÒïWÐÃÜ�ÑkÌ�F:áàÕ­ÐÃÛpÎiÐÒÎkÏ�ÕÃÜ�Ñ¸á ïqß^Ý�Ñ¸Ü5Ópñ�Ú�Ð
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x-OQ�]RFhWIiK�©¥g�T?VdVWIHhWZ�Xa�^VWDFI�_dOQG�RFSUT?VWOYX[Z�G T?V`hWOYf , Xa�~\~h`X[�FSYI5G ) &"8Ò_dcPZ3V`DFIHV`OUeH_ � OYV`DFX[R^V-eHX]ZPz]X[SYR^VWOYX[Z :��
T]Z b )$:78¸_`c3Z3VWDFI�VWOQe5_ � O§VWD�eHX]ZPz]X[SYRFV`OQX]Z : T?V�VWDFI�DFOQ�]DFIp_kV�SQIHz]I5S¥Xa� b I�VqTaOQSÒ�
� V`DFI�T�z[IHhqTa�[Im�~SQS§�£OQZ�\,IHh�SQOQZFI ���*=?� OU_ b IH�~ZFI b �Pc­© �-= -"C =�� 4A;

� V`DFI�Z~X]Z^�£¡HI5h`X¤IHZ3V`hWOYIp_-Xa�,T]ZPc�SYOQZFI�Xa� ,>=�e�X[h`hWI5_`\,X]Z b�� ��X[hiTo�[OYz[IHZ�\�TaOQhie�X]GJ\FhWOU_dOQZF�¤_`X]R~hWeHI � � �
TaZ b h`Ipe�I5OYz[IHh � � � VWXoVWDFI _`I�V�Xa��z]IHh`V`OUe�Ip_
X]�FV`D~I#hWI��~Ipe�VWOYzPOYVkc �[h`O b VWD~T?V�SQOYI X]Z�TaZ�OU_dX^eqDFhWX]Z~I�SQOYZFI
��X]h�VWDFImT]eHX]R~_dV`OUe \Fh`X[\~Ta�3T?VWOYX[Z 8ÈVWDFOQ_iSYOQZFI�OU_iT \�X[hdVWOYX[Z�X]��IHSQSQOY\~_`I�Xa����X^e�O��:TaZ b � � OQZ�V`DFIme5T]_`I
Xa�¥e�X[Z~_dVWTaZ3V��~T[eq�3�[h`X[RFZ b z]I5SYX^e�OYVkc : ©-_dI5Imx!OQ�]R~h`Im}^��¦¤RFI�V`X(VWDFI�VWOYGJI b OU_We�hWI�V`OQ¡5TaV`OQX]ZJ_`eqD~IHGJI �
V`DFI � O b V`D 8�DFI5OY�[D[V : X]�^V`DFOU_-SYOQZFI ��� =]� OQ_!�]OQz]I5Z��Pc¤VWDFI#��X]SQSYX � OQZF�mhWIHSUT?VWOYX[Z¥© � � = * � � > � -��1/> ' �
� DFIHhWI+> �(OQ_-VWDFI�z]I5hdVWOQe5TaSP�]hWO b _dV`IH\ � > '¥VWDFI�V`OQGJIm_kVWIH\ � �1iVWDFImT�z]I5hWT]�]Ii�~T[eq�P�]hWX]RFZ b z]I5SYX^e�OYVkc]�
"o_`R~TaSQSQc � > � TaZ b > '�TahWI(eqD~X[_`IHZ�_`X�V`D~TaV#> �2-��1/> ' � VWDPR~_ � = - � ;
� TaZªT�z]I5hWT]�]ImZPRFG���I5hmXa�-z]I5hdVWOQeHI5_ \�I5hmOU_dX^eqDFhWX]ZFOUe eHTaZ��,I�I5_dV`OQGJTaV`I b ©
	 - � = ��� =�;
� ��X]h�V`DFI�_`OYG�RFSQTaV`OQX]Z�G T?VWh`OYf�Xa�oT¨h`I5�]RFSUTah�_`OQ�]Z~T]S � , 2 - , � 1 � ��� � � OYV`D C 2 ZFX]ZF�Ã¡5IHhWX[_ � T]Z
T�z]I5hWT]�]Im��SYSY�ÃOQZ�\�I5h�SYOQZFI � 22-�C52 � 4:e5TaZ�TaSU_dX���I b I��~ZFI b ;
� DFX � IHz]I5h � OY� V`DFI \FhWX]\�Ta�[TaV`I b _`X]RFhqe�I _`OY�[Z~TaS�D~T[_�T b RFhqT?V`OQX]Z8Xa���JVWOYGJI<_WTaGJ\FSQI5_ � V`DFI5Z�V`DFI
� O b V`D ��� 2 � Xa�­V`DFI¤_dIHV�Xa��z]I5hdVWOQeHI5_�VWD~T?V#��I5SYX[ZF�(V`X�VWDFImOU_dX^eqDFhWX]Z~I5_-V`D�T?V � OQSYS�OYZ3VWIHh`��IHhWI b RFhWOYZF�
V`DFIo\Fh`X[\~Ta�3T?VWOYX[Z�Xa�,V`DFI � DFX]SQI�_dOQ�]Z~T]S^OQ_iSYOQZF�]I b V`X(V`D~I b OQ_We�hWI�VWOY¡pT?VWOYX[Z�_dV`I5\~_��Pc�VWDFI�h`I5SQTaV`OQX]Z¥©
� � 2 * � � > � -��1�� >2' ;
� V`DFI�ZPRFG���I5hmXa�-ZFX]ZF�Ã¡5IHhWX[_ Xa� , 2 VWDPR~_���Ipe�X[G�Ip_H©

C 2�
 4 � 2 	 -"4�� � > � �1 >2'> ��� 	
� DFOQSYI[© C = 
 4 � = 	 -�4�� � > �1 >2'> � � 	
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δ

∆

continuous

x

discrete

width

∼ β

z

∼ α

∆

discrete isochrone line length

isochrone line

isochrone line

reflectivity gridreceiver source

x-OQ�]RFhWI�}^©�¦oOU_We�hWI�V`OQ¡5TaV`OQX]Z�Xa�
OU_dX^eqDFhWX]Z~IoSQOYZFIp_H©-VWDFOQ_�_`�]IHVWeqD�_dDFX � _�V`D~I b OQ_We�hWI�VWI¤OU_dX^eqDFhWX]Z~IoSQOYZFI � ��X]h
� D~OQeqD�V`DFImT�z[IHhqTa�[I � O b V`D � =�T]Z b SQIHZ~�aV`D 	ªeHT]Z��,I b I���ZFI b �>�mI5h`I � OYViOQ_�T[_`_`RFGJI b V`D~TaV!> �2-��1/> '��

C�DFIHhWI���X[h`I � OYZ�V`D~I�R~_dR�TaS
e5T]_`I � DFI5h`I�> � - �1/> ' � V`DFOU_�Ip_kVWOYG T?VWOYX[Z��,I5eHX]GJI5_5©
C 2�
 �:> �� C7=

� DFOUeqD�OU_�e�X[Z^�~hWGJI b �3c1V`DFI �~�[RFhWI5_�Xa��C-Ta�FSQI7?]�

� V`DFI(ZPRFG���I5h#X]�¥�~X[TaV`OQZF��\,X]OQZ3V X[\�I5hWTaV`OQX]Z~_ 8È��X]\ : ZFIHI b I b V`XJTa\F\~SYcJVWDFOQ_ SQOYZ~I5Tah \FhWX]\~T]�[TaV`OQX]Z
X]\,IHhqT?VWX]h V`X<T�hWI��~Ipe�V`OQzPO§Vkc1z]I5e�V`X[h OU_�OQG�\�T]e�VWI b �Pc V`D~OQ_���SYSY�ÃOQZ¥©� - , 2 B * e�X3_kVq_ : 2 - � C 2 �~X[\

- � 4 	 � � > � ���~X]\
� � DFIHhWI5T[_ � 2 - � � ��� � VWDFI¤eHX]ZPz]X[SYR^VWOYX[ZJGJTaV`hWO§f�OQ_ TaSU_`X�_d\~T]hW_`I � � O§VWD<TaZ1T�z[IHhqTa�[I#X]���¤I5Z[VWh`OQI5_
\�I5hoe�X[SYR~G�Z
���mIHZ�e�I]© � - � 2=B � , = B * ��eHX[_dVW_ : = - � C = > � 4 � ��X]\- � 4 � � 	 > � ���~X[\: =(OU_�V`DFI5Z�R~_dR�TaSQSYc<G�R~eqDª_dG T]SYSQIHh V`D�TaZ : 2 � �,I5eHT]R~_`I OQZ��]I5ZFIHhqTaS 	 � � � � � <ªX[h`I5X?z]I5h � V`DFIe�X3_kV�Xa���FRFOQS b OYZ~� , 2 OU_m_WT�z]I b �

C�DPR~_ � � DFI5ZFIHz[IHh�\�X3_`_`OQ�FSYI � X[ZFSYc�, � 1 � � �<G�R~_kV��,I�_dV`X[h`I b�� T]Z b V`D~IHZ e�X]ZPz[X]SQz]I b � OYV`D·V`DFI
b OQ_We�hWI�VWI<_dX[RFhWeHI z]Ipe�V`X[h � DFI5Z�ZFIHI b I b �ªl V���hW_dV��]SUTaZ�e�I � V`D~I C9D%�¸T]e�VWX]hWOY¡pT?VWOYX[Z:X[h�V`DFI��FRFOQS b OYZF�
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X]�mTª\FhWI5e�X[Z b OYV`OQX]ZFOQZF�ªG T?VWh`OYf��3c�TaZ�OQZ~eHX]GJ\FSQI�V`I<�¸T]e�VWX]hWOY¡pT?VWOYX[Z�_`IHI5G Z~XaV�VWX¨e�X[G�\~SYc � O§VWD�V`D~OQ_
hWI5�3RFOQhWIHGJIHZ3V5� 5mI5z]I5hdVWDFIHSQI5_W_ � O§V OQ_o\�X3_`_`OY�~SYI�VWX b I5_`OQ�]Z�TaSQ�]X[h`OYV`D~GJ_ � DFIHhWI(V`DFI�e�X[SYRFGJZ~_mXa� , � 1 � � �
T]h`IJe�X[ZPz]X]SQz]I b X]Z:V`D~IJ�~c]� <ªX[h`I5X?z]IHh � � DFIHZ:V`D~IJV`hqTaZ~_`\�X3_dI b G T?VWh`OYf , � 1 � ��� @ OQ_(Z~IHI b I b�� VWDFIHZ
VWDFI(V`hqTaZ�_d\,X[_`I b X]\,IHhqT?V`X[h � � ��� @ X[ZFSQc<h`Ip�3RFOYhWI5_#VWDFI��PZFX � SYI b �]I Xa��z]Ipe�VWX]h5�-�
C�DFOU_ b OQ�]hWI5_W_dOQX]Z:Ta�,X]R^V V`DFI OQGJ\FSQOQe5T?V`OQX]Z:Xa��e�X]ZPz[X]SQR^V`OQX]Z�OQZ�_d\~T]hW_`I�_dV`X[hWT]�]I�TaSU_dX�h`IpeHTaSQSU_oVWD~T?V

VWDFOU_mG�R~S§VWOY\FSQOUeHT?VWOYX[Zª�Pc � � ����hWIHZ b I5hW_�V`DFI�\~h`X[�FSYI5G G�R~eqDªGJX]hWI�OYSQSY�£eHX]Z b OYV`OQX]Z~I b ��C�DFI�eHX]Z b O§VWOYX[Z
ZPRFG���I5h(Xa� � � ��� b IH\,IHZ b _ X[Z�V`D~IJ_`D~T]\�I�Xa�iVWDFI _dX[RFhqe�I�_`OQ�]Z~T]S-T]Z b IHfP\,X]Z~IHZ3V`OUTaSQSYc � OYV`D 4 $ � V`DFI
ZPRFG���I5hmXa�-V`OQGJI�_`T]GJ\FSYIp_�OQZ�VWDFI�hWI5e�X[h b OYZF� _`I5�3RFI5Z~e�I[��lo_�VWDFI�T]e�V`R~T]S¥G T?VWh`OYf�� � ����OQ_�VWDFI�hWI5_`RFS§V
X]�
VWDFI�T?��X[h`I5GJIHZ3V`OQX]ZFI b VWIHZ~_`X]hWOQT]S�\FhWX b R~e�Vq_ � VWDFI�ZPRFG��,IHhmX]�
VWhWT[e�I5_;465�T]Z b V`DFI�ZPRFG���I5hmXa��_dDFX]VW_4 � b XJZFX]VmOYGJ\~T[e�V�X]Z�V`D~I(eHX]Z b O§VWOYX[Z�ZPRFG���I5h5�
MPOQZ~eHI�G TaZPc b I5eHX]ZPz]X[SYRFV`OQX]Z�TaSQ�]X[h`OYV`D~GJ_oI�f^OU_kV � X[ZFI�GJOQ�]D3V � X]Z b IHh � D3c��[IHIH\�V`DFOU_ I�f^\�I5Z~_`OYz[I

T]Z b RFZ~_dVWT]�FSQI<X]\,IHhqT?VWX]h�OQZ�V`DFI�G�OQ�]hqT?VWOYX[Z�_kVWIH\¥��¢�Z b I5I b�� _`I5e�V`OQX]Z�K~� v � OQSYS�_dD~X � I5z3O b I5Z~e�I VWD~T?V
VWDFI b T?VqT1_`DFX]RFS b ZFX]V �,I b I5eHX]ZPz]X[SYz[I b ��IH��X]hWI�GJOQ�]hqT?VWOYX[Z � T]Z b �[OYz[I�OQZ~_dOQ�]D3V OYZ3V`X�V`D~I�VWDFIHX[h`IHV`OUeHTaS
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¡5IHhWX[_ X]Z�OYVW_ b OUTa�[X]Z~T]S : ��C�DFIHZ8©

_`X]SQz]I � " B �* - � @ " � 0
MPX[GJI�z[IHhWc8IH«<e�OQIHZ3V�OQGJ\FSQIHGJIHZ3VWTaV`OQX]Z~_�X]�mV`DFOU_ C9D �¸T[e�V`X[h`OQ¡5TaV`OQX]Z�D~T�z[I1�,IHI5Z b I5z]I5SYX[\�I b ��X]h

_`\~T]hW_`I�G T?V`hWOUe�I5_ � D~X � I5z]IHh�OYZ VWDFOU_#_`OYGJ\FSQI���X[h`G � OYV`DFX[R^V eHX]SQRFGJZ \FOYz[XaVWOYZF���-C�D~IoZPRFGJIHhWOQe5TaS�OYZ3V`I5hd�
Ip_kVmX]�!VWDFI�\FOQz]X]V`OQZF� \FhWXPeHI5_W_���I5OYZ~� b OQ_We�R�_`_`I b ��RFh`V`DFI5h � VWDFI��[IHc<\,X]OQZ3VmDFIHhWI�e�X[Z~_dOU_dVW_�OQZªX]�^VqTaOQZFOYZ~�
T�G TaZ�Ta�]IpTa�FSQI(TaZ b I�«<e�OQIHZ3V��¸T[e�V`X[h`OQ¡5TaV`OQX]Z�Xa�-V`DFI(G T?VWh`OYf��
x~X]h�V`DFI8\FRFhW\�X3_dI:Xa��_`X]SQzPOYZF�%SYIpT]_dV�_W�[R�TahWI5_<\~h`X[�FSYI5G _ � VWDFI5_`I8OYGJ\FSQIHGJIHZ3VqT?V`OQX]Z�_ b I5SYOQz]I5h1X[Z

VWDFIJ�~c¨V`DFI<\~h`X b R~e�V � @ 
 X]��T�\~h`X?zPO b I b h`OQ�]D3V`�ÃD~T]Z b _dO b I 
 � DFI5Z~e�I Z~X�_kVWX]hqTa�]I�OU_(h`Ip�[R~OYhWI b ��X]h
� ��lmZPcPDFX � � V`DFIp_dI<GJIHV`DFX b _�TahWI�X]�ÈV`I5Z��[R~XaV`I b T]_)C�� � � � �)C9D � _`X]SQIHSQc¨\FhWX?zPO b OQZF��V`D~I � �¸T[e�V`X[h5�
¢�Z b IHI b�� OQZ1VWDFI�eHT[_dI � OU_�Xa�!��RFSQS
hqTaZF� � � OQ_�eHX]Z~_`O b IHhWI b V`XJ��I�Ip�3R~TaS­VWX~©

� " --, B � � "" %
VWDFIHZ�V`DFI _dI5G�OY�£ZFX]hWG TaSaIp�[R�T?V`OQX]Z�_¥eHT]Z���I#R~_dI b V`Xm��X]hWG VWDFI#_`X]SQR^V`OQX]Z�X]�^V`DFI�SYIpT]_dV-_W�[R�TahWI5_­\FhWX]�FSQIHG�©5��;65 6 , B * * � 6 !�


* - � � "" B � @ " B � � \FhqT]e�VWOQe5TaSQSYc � _dX[SYz[I � " B * - � @ " B/�=�
- � � "" B � � �" B , @ B/� � _`X]SQz]I �~hq_dV � @ " B 
 - , @ B �

V`D~IHZª_dX[SYz[I � " B * - 
 ��0
MPR�eqD�T<_d\�Tahq_dI(z]I5hW_`OQX]Z�I�f^OQ_dVW_oOYZ,+.- / 0�-21 � T]Z b V`DFOU_oOU_�VWDFI�X[ZFSYc � T�c1V`X D~T]Z b SQI�V`D~I�_dI5OQ_`GJOQe

_`OQG�RFSUT?VWOYX[Z8G TaV`hWO§f , � IHz[IHZ � OYV`D�VWDFI b OQGJIHZ~_`OYX[Z~_�X]��\Fh`X[�FSQIHG ) X]�mC!T]�FSYI ?]�ªxFX[h�Tª\FhqT]e�V`OUeHTaS
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R�_dIJX]Z:X]RFh(\FhWX]�~SYI5GJ_(X]� _dVWT]Z b Tah b _`OQ¡HI 8�I]� �~� � \FhWX]�~SYI5G � X[h $ :�� VWDFIHhWI TahWI�_`X]GJI�z]IHhWcªI�«<eHOYI5Z[V
\�TahqTaSQSYI5S�������/�� -��<eHX b I5_��~T[_dI b X[Z�T G�R~S§VWO§�Ã��h`X[Z3VWTaS^T]\F\FhWX[T]eqD 0 ?
2Ã��C�DFIHhWI�TahWI _dV`OQSQSPV � X b OY«<e�RFSYV`OQI5_
VWX¤X?z[IHhqe�X[G�I � DFIHZ�R~_`OYZ~�oVWDFI5_`I�\�X � IHh`��RFS3V`IpeqDFZFOU�[R~I5_5©¥X]Z�V`DFI�X[ZFI#D�TaZ b�� ZFX(\FOYz[XaVWOYZF� OU_-T�z?T]OYSUTa�FSQI �
_`OQZ~e�I�OYViOQ_�IpT]_`c�V`X(RFZ b IHhq_kVqTaZ b � DPc�eHX]SQRFGJZ�OQZ3V`I5hWeqD~T]ZF�]I�_dVWTaZ b _�T]_�T]Z�OQGJ\�I b OYGJI5Z[V � O§VWD�hWI5_`\,I5e�V
VWX�_dV`X]hqTa�[I T]Z b e�X[GJ\FR^VWTaV`OQX]Z~T]SFI�«<eHOYI5Z~e�c�;3X]ZJV`D~ImXaVWDFIHhiD�TaZ b�� T�_`\�Ipe�OY��e�OQGJ\FSYI5GJIHZ3VWTaV`OQX]Z � X[RFS b
�,I�ZFI5eHI5_W_`T]h`c�OQZ X]h b IHh�V`X�\FhWX^e�I5I b VWX8V`DFI�eHX]ZPz]X[SYR^VWOYX[Z�X]Z V`D~I��~c � e�X]SQRFGJZ �Pc�e�X]SQRFGJZ � V`DPR~_
T�z[X]O b OQZF��VWDFI(��RFSQS!_dV`X]hqTa�[IoX]�!VWDFI�OYZ~O§VWOQT]S¥G T?V`hWOYf­�

B ZJVWDFIohWI5_`RFSYV`OQZF� � �¸T]e�VWX]h � VWDFIohWI�VWRFh`ZJVWOYGJI TaZ b VWDFI¤_`\~Tahq_`O§Vkc�\~T?V`V`IHhWZ b I5\�I5Z b X]ZJVWDFIoOQZFOYV`OUTaS
eHX]SQRFGJZAX]h b IHhWOQZF��Xa� ,<�r�8I�D~T�z[I�V`hWOYI b T�e�X]SQRFGJZAGJOYZ~OYG�RFG b IH�[h`I5I 8 ��� ����� ( :�� � DFOUeqDAOQ_
_`RF\F\,X[_`I b V`X SYIpT b V`X�_dG T]SYS3�~SQS§�£OQZ � TaZ b T _dOQGJ\FSYI�e�X[SYR~G�ZJTaZ b hWX � h`I5z]IHhq_`I�\,IHhWG�R^VqT?V`OQX]Z 8 ����D	�'& :��
� D~OQeqDJ_dcPGJGJI�VWh`OUeHT]SYSQc�V`hqTaZ�_k��X[h`G _!V`DFI�\~TaVdVWIHhWZ�X]��, ��hWX]G�SQX � IHh-V`X(RF\F\,IHh �qV`hWOUTaZF�[RFSQT]h � 8 � h`V5�-V`DFI
b OQT]�]X]Z�TaS^Xa�­VWDFImhWI5e�VqTaZF�[SYI � ZFX]ViV`DFIoR~_dR�TaSF\FhWOQZ~e�OQ\~TaS b OQT]�]X[Z~TaS � T]_iO§V#e5TaZ �,ImX]��_dI5h`z[I b X]Z x-OY�[RFh`Io{
TaV�V`DFI�eHX[Tahq_`IHh SYI5z]IHS�X]� b I�VWT]OYS � VWDFI�RF\F\,IHh�SQI��ÈVo_`RF�F\FSQXaV : �

x-OQ�]RFhWI�wF© � �¸T[e�V`X[h \~T?V`V`I5h`Z¥� <�TaV`hWO§f , D~T b ZFX%Z3R~SYSoeHX]SQRFGJZ � TaZ b OYVW_�e�X[SYRFGJZ~_<D~T�z]Iª�,IHI5Z
\,IHhWG�RFV`I b �Pc V`DFI(GJOQZFOYG�RFG b I5�]hWIHI TaSQ�]X]hWOYV`DFG���C�DFI ¡HXPX]G X[Z<V`D~I R~\F\�I5h b OUTa�]X[Z~TaS,�FSQX^eq�<_dDFX � _
VWD~T?VmZPRFSQS�\FOQz]X]VW_�TahWI(IHZ~eHX]RFZ3VWIHhWI b ��C�DPR~_ V`D~IHhWI OU_mT�hqTaZF� b I���eHOYI5Z~e�c[�

�oX � I5z]IHh � T[_iI�f^\,I5e�V`I b OQZ<X[RFh�eHT[_dI � VWDFI � �¸T]e�V`X]h b OQ_`\FSUT�c^_iT�\~TaVdV`I5h`Z � OYV`D1¡HIHhWX[_iX]Z�V`DFI¤G TaOQZ
b OQT]�]X]Z�TaS � T]_�_`DFX � Z<X[Z1x-OY�[RFh`I(wF� � OU_�VWDPR~_�_dOQZF�]R~SQT]h � TaZ b eHT]ZFZFXaV ��I R~_`I b ��X]h�_dX[SYzPOQZF��VWDFI¤SQI5T[_kV
_W�3R~TahWI5_�\~h`X[�FSYI5G��(<ªX[h`I5X?z]I5h � I5z]IHZJOY��O§V�OU_i\,X[_W_`OY�FSQI�V`X��]I�V�T�DFOYZ3V�X]��VWDFImhqTaZF��Xa�­V`D~Io_dc^_dV`I5G���hWX]G
VWDFI b OU_dVWTaZ�e�Im�,I�V � IHI5Z�VWDFI b OQT]�]X]Z�TaSFTaZ b VWDFIoZ~X]Z^�£¡HI5h`X�e�XPIH« eHOYI5Z3VW_ � _`IHImx-OY�[RFhWI v � V`DFOU_�_dVWTaV`IHGJI5Z[V
D~X]S b _�OQZ�\�I5hd��Ipe�V�T]h`OYV`DFGJIHV`OUeJX]ZFSQc]��l b OY¬,I5h`I5Z3V b OQG�I5Z~_`OYX[Z8X]��V`DFI<�[IHhWZFIHS�OU_�Ip_kVWOYG TaV`I b ��X[h�V � X
hWI��£X]h b I5h`OQZF�[_5©(t�4]| � OYV`D�Tªe�X[SYR~G�Z�GJOQZFOYG�RFG b IH�[h`I5I ��� ��� � ( � t[u]w � OYV`DD����D
�'&m�¥C�D~IHhWI<TahWI
_dV`OQSQS¥_dX[G�I�T]\F\FhWX�fPOQG T?VWOYX[Z~_iVWD~T?Vme5TaZ���I�G T b I b OYhWI5e�V`SQc<X]Z�V`DFOU_ �¸T]e�V`X[h`OQ¡5TaV`OQX]Z � OYV`D~X]R^Vm\FOQz]X]V`OQZF� �
�Pc8G TaZFOQ\FRFSUT?VWOYZF�¨V`DFI � �¸T[e�VWX]hp©��~hq_dV`SQc � ��h`X[G V`X]\�VWX¨�,XaV`V`X]G � X[ZFSYc:V`D~I�e�X[SYR~G�Z�_ � DFX3_dI<Z~X]Z^�
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Rank deficiency revealed by the distance of the non−zeros to the diagonal.
After a sparse QR on a column reordered matrix (minimum degree).
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Rank deficiency begins at column 178  

Kernel dimension (390) reached
at column 3635                

"Map of conditioning" of the forward model
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x-OQ�]RFhWI�v^© � 	�*�, ©m¦oOU_kVqTaZ~eHI�VWX<V`D~I b OUTa�[X]Z~T]S¥V`I5h`G�X]��V`DFI�SQT[_kV ZFX]Z^�£¡HI5h`X1IHSQIHGJIHZ3V¤X]�iI5T[eqD�e�X]SQRFGJZ¥�
� T]eqD�jkRFGJ\�V`X � Tah b _iVWDFI(V`X[\ b I�VWI5e�Vq_�TJZFI � _dOQZF�[RFSQT]h`OYVkc]�
�$
*�#�", ©i¦oOU_d\~SQT�c[I b X[Z<V`D~I hWI���I5e�VWOYzPOYVkc �]hWO b¥� VWDFI h`I5SQTaV`OQz]I¤T]GJ\FSYOYV`R b I(Xa�¥VWDFI(SQT[_kV�ZFX]ZF�Ã¡5IHhWX�IHSQIHGJI5Z[V
X]�
I5T[eqD1e�X[SYR~G�Z1Xa� � ��¦¤T]h`�JSQX^eHT?VWOYX[Z~_ _kVqTaZ b ��X]h I5T]eqD�e�X]SQRFGJZ1X[Z � DFOUeqD1T�ZFI � �]IHhWZFI5S b OQh`Ipe�VWOYX[Z
D�T]_��,IHIHZ b IHV`Ipe�V`I b �

¡5IHhWX[_�D~O§V�T�ZFI � h`X � T]h`Io_`IHSQI5e�V`I b�� T[_iVWDFIHc eHX]hWh`Ip_d\,X]Z b VWX�z]Ipe�VWX]hq_�V`D~TaV IHf^\~TaZ b VWDFI hWT]ZF�]ImX]��V`DFI
G TaV`hWO§f��?�m�AD~IHZA2¨_`R~eqD�eHX]SQRFGJZ~_oT]h`I�_`IHSQI5e�V`I b OYZ � V`X1V`DFI�SQI��ÈV � V`DFI�XaV`D~IHhoX[ZFI5_m��I5OYZF��I�f^\,IHSQSYI b
VWX�V`DFI�hWOY�[D3V � TJe�X[SYRFGJZ�\,IHhWG�R^VqT?V`OQX]Z�OU_�X]�^VqTaOQZFI b�� T?�ÈV`I5h � DFOUeqD � D~T]_ VWDFI(��X]SQSYX � OQZF�J_dD�Ta\,I]©

� - � � � ���C C 
 -
� ��� �.�

% 8 ?�? :

� O§VWD �1� ��RFSQS¥hqTaZF�72�R~\F\�I5h�V`hWOUTaZF�[RFSQT]h�GJTaV`hWO§f � 2 � 4&��%
TaZ b ��� T�hWI5e�VqTaZF�[RFSUTah � 2&% 4 * 2 ��G TaV`hWO§f 0

C�DFIHZ � � B � - � B � � �� � � - � 
 �
�� � %
� ÆÈÏ�ÓpÎdÎkÓ3Ì~ÚkÜ�ßàñ�ð�Ï�ÕiÜ��
	AïqÑÒÎmßàáàÏ�ÎdïqÑiÚkÜ�ð���áàÏ�ïWÐÃáàÜ�Ï�Õ�Ü��
ÚkÜ�ßàñ�ð�Ï�ÕiÜ���
����YÜ�ßàßàÜ��
áàÏ��¤Ï�ÜqÐÃïWÐÃáàÜ�Ï���Ü�Ï�ÎmÕÃñ���ÕÒÚkÑÒáàÝpÐ��YÜ�Ñ

ÚdÜ�ßàñpð�Ï E�ÎkÚ�ÐÃÜ�Ñ¸Õ`Ì]â#ÕÃñ���ÕÒÚkÑÒáàÝpÐÒÕ��QÜ�Ñ¥ÕÃÚdïqß ïqÑ¥ÚkÜ5Î���ÚkáàÎkÏ�ÐÃÕ����
� ��!#" $&%('*),+ 	.-�/ - �10 - �32�4 -5 6 487:9

6 - 
 6 ;
< ÎkÏ�ÚkÎ�Ì �YÜ�Ñ¥ïqÏ3=>��á E�ÎkÏ � Ì 	.-�ïqÓ�ÓpÕ!ï�Ï�Î��ªÓ�áàÑ¸ÎkÚkÐÒáàÜ�Ï¤ÐÒÜ#ÐÒÛ�Î�ÕÒÝ?ïqÏoÜ��PÐÃÛpÎ�Ý�Ñ¸ÎdÚkÎkÓ�áàÏ���ÚkÜ�ßàñ�ð�ÏpÕ­Ü��?	:á �FïqÏpÓ¤Ü�Ï�ß =�á �ÒÌ �A@�]ÎkáàÏ��#ÐÃÛ�Î�áàÏpÓ�Î�õ¤Ü��FÐÒÛ�Î�ß ïqÕÒÐ
Ï�Ü�Ï¤Ï5ñpßàß3Ñ¸Ü��¨ÚkÜ5Î���ÚkáàÎkÏHÐ!Ü��FÚkÜ�ßàñ�ð�Ï E�ÎdÚ�ÐÒÜ�Ñ 9 - ÌpÐÒÛ�ÎkÏ �*BDCE�3+ 9 - ��F /HG I

Æ�ê-É¥ÆÈé



���������
	���
���	�������� ��	���������������	���� �"!#�$
&%����(')
*���+��,-
&��� {]t

OU_�T]ZJRFZ b I5h b IHV`I5h`GJOQZFI b _`c^_kVWIHG b I5eHX]GJ\�X3_dI b X]Z<_`RF�~_`\~T]eHI5_�X]�­hWI5_`\,I5e�VWOYz[Im_dOQ¡HI 2&% 4 * 2!��¢£V � X[RFS bD�T�z]IoT�\Fh`X[\�I5h#GJOQZFOQG�RFG ZFX[h`G _`X]SQR^V`OQX]Z � �FRFV R~_`R~T]SYSQc�V`DFI(_dX]�£e5TaSQSYI b ���#�$
&% _dX[SYR^VWOYX[Z<OU_#IHfPV`hqT]e�VWI b ©

� _dX[SYz[I � � B � � - 
 � %
_dIHV � � -&C 0

"oZ^��X]h`V`RFZ�T?V`I5SYc � VWDFI�h`Ip_dR~S§VmOU_�ZFX]Vo_`TaV`OU_k�¸T[e�V`X[h`c �^b RFI�VWXJV`DFI�z[IHhWc<�~T b eHX]Z b OYV`OQX]Z~OYZF�JX]��G TaV`hWO§f
� � �m¢�Z b I5I b�� V`D~OQ_¤\�I5h`G�R^V`I b 8�Z~XaV¤c[I�V \FOYz[XaVWI b : z[IHhq_dOQX]Z�X]�9C9D8D~T]_o�]I5\^V T]SYS
V`DFI�_dOQZF�]R~SQT]hmz?TaSQRFI5_
X]� , OQZ � � � I5z]IHZ�V`D~X]RF�[D1VWDFI�\FhWIHzPOYX[R~_�_dIpe�VWOYX[Z�D~T[_�_dD~X � Z1VWDFI�ZFIHI b ��X]hmT�V`hWRFZ~e5T?V`OQX]Z
�
C�DFI1\FDPcP_`OUeHTaS�GJIpTaZFOQZF�ªXa��hqTaZF� b I���eHOYI5Z~e�c8OQ_�e�X]ZF�~h`GJI b�� � DFI5Z b OU_d\FSUT�cPOYZ~��VWDFI SQXPe5T?VWOYX[Z8X]�

VWDFI�GJOU_`_`OYZ~�<e�X]SQRFGJZ~_�X]� � � X]Z�V`DFI�h`IH�~I5e�V`OQz3OYVkc1�[h`O b � C�DFI�GJOY�[hWTaV`OQX]Z�\FhWX]�FSQIHG _`IHI5G _�X]�PzPOYX[R~_`SYc
OQSQS§�£\�X3_dI b X[Z¨VWDFI �,X]RFZ b TahWOYIp_(Xa��VWDFI b X[GJT]OYZ � e�SQX[_`I�V`X � DFI5h`IJZPRFSQS�e�X[SYRFGJZ~_�e5TaZ8��IJ��X[RFZ b 8¸_`IHI
x-OQ�]RFhWI�v : � C�DFI5_`I�SYX^eHTaV`OQX]Z~_JeHX]hWh`Ip_d\,X]Z b V`X:V`DFI�SQXPeHO � DFIHhWI�e�X]GJGJX]Z �]I5X]\FDPc^_dOUeHT]S#\~h`X^e�Ip_`_`OQZF�
b OQ_`\FSUT�c V`DFI�_`Xa��eHT]SYSQI b GJOY�[hWTaV`OQX]Z�_`GJOYSQI5_5�
¢�Z�VWRFh`Z � T b~b O§VWOYX[Z~TaS#e�X]SQRFGJZ~_�X]� � � GJOQ�]D3V��,I b OQ_WeHT]h b I b OYZ�X[h b I5h(V`XªX[�^VWT]OYZ�T���IHVdVWIHh�eHX]Z^�

b O§VWOYX[ZFOYZ~�~��C�DFOQ_�eHT]Z8�,I1\,IHh`��X]hWGJI b � DFOQSYI1�]IHI5\FOQZF��V`DFI�_d\~T]hW_`I C9D%�¸T]e�VWX]hWOY¡pT?VWOYX[Z � �Pc�Ta\F\FSQcPOYZ~�
T¨_dIp�[R~IHZ~eHI Xa�#� OQz]IHZ�_�h`X]VWTaV`OQX]Z~_(VWX�¡HI5h`X�V`DFI1eHXPI�«<e�OQIHZ3VW_�TahWOQ_`OQZF�ªRFZ b I5h�VWDFI b OUTa�[X]Z~T]S 8 b R~I<V`X
VWDFI _dD~O§�ÈV�VWX�VWDFI SQI��ÈV�Xa�#V`DFI hWIHG T]OYZFOQZF��e�X[SYRFGJZ~_ : �<M3VWOYSQS � � D~TaV(OU_ V`D~IJV`DFhWI5_`DFX]S b ��X]h b OU_`e5Tah b OYZ~�
_`R~eqD�X[h¤_`R~eqD¨eHX]SQRFGJZ��%C�D~I�ZFX[h`G TaSQOQ¡HI b T]�~_`X]SQR^V`I�z�T]SYR~I�Xa��VWDFI�\~OYz[XaV�8�V`DFI b OUTa�[X]Z~T]S
e�XPI�«<eHOYI5Z[V
Z~X]hWGJT]SYOQ¡HI b �PcªV`D~I�SUTahW�]Ip_kV IHZ3V`hWcªXa�#V`DFI eHX]SQRFGJZ : eHTaZ:��I eqDFX3_dI5Z � T]_¤VWDFOQ_(OU_¤V`DFI<_`X]R~hWeHI�Xa�#V`DFI
OQZ^��TaV`OQX]Z�Xa�,V`DFI�\,IHh`V`R~h`�~TaV`OQX]Z¥� � R^V�V`D~OQ_�VWI5eqDFZ~OQ�3RFI�D~T[_�ZFXaVi\~h`X?z[IHZ�VWX(��Io_`R~e5e�I5_W_d��RFS^OYZJX[RFh�V`Ip_kVq_H�
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C�D~I�\FOQz]X]V`I b C D¨�¸T[e�VWX]hWOY¡pT?V`OQX]Z>8�	 C9D :�� \~h`X^e�I5I b _o�Pc�eHX]SQRFGJZ�\FOQz]XaVWOYZ~�1T?V I5T]eqD�_dV`I5\�Xa��VWDFI��¸T[e��
VWX]hWOY¡pT?VWOYX[Z � OQZ1X[h b I5hiVWX�X]�FVWTaOQZ1T]Z � �¸T]e�VWX]h � DFX[_`IoI5Z[VWh`OQI5_#TahWI¤_dV`IpT b OQSYc b Ipe�hWI5T[_dOQZF�~�-C�DFOU_i�¸T[e�V`X[hd�
OQ¡5TaV`OQX]Z�SYIpT b _ VWX~©

, B�
 - � B �
� OYV`D�
 T�\�I5h`G�R^VWTaV`OQX]Z�G T?V`hWOYf � � TaZ�X[hdVWDFX]�[X]Z~T]S�G T?VWh`OYf�T]Z b � TaZ�RF\F\,IHh�VWh`OUTaZF�[RFSUTah�G T?V`hWOYf­�
C�DFI \,IHhWG�R^VqT?V`OQX]Z

�eHT]Z<��I(_dV`X]hWI b Ipe�X[ZFX]GJOUeHTaSQSQc�T[_#T�z]I5e�V`X[h � TaZ b ��I¤R~_dI b OQZ V`D~Io��X[SYSQX � OYZ~�

� T�c­©

, ��� %�
 �.- � B � 8�OQZ + - /	0 - 1�ZFXaVqT?V`OQX]Z�_ :

C�DFI�z?TahWOYX[R~_�	 C9D TaSQ�]X[h`OYV`D~GJ_�SYIpT b VWX:T]Z � �¸T]e�VWX]h � DFX[_`I b OUTa�[X]Z~T]S#eHX3IH«<e�OQIHZ3VW_�D~T�z]I b I��
eHh`IpT]_`OYZ~��T]�~_dX[SYRFV`I z�T]SYR~I5_5�iC�DFIHc<R�_dR~T]SYSQc<\FhWI5_We�hWOQ��I V`D�T?V�©

��� � � � � 4 $ %�� � � � ��� 6 � � � - � � �  6 ! % ��� � � > � 0 8 ?p{ :

C�D�T?V�OQ_�V`X�_WT�c � IpT]eqD8\FOYz[XaV�OU_�SQT]h`�[IHh¤V`D~T]Z8V`DFI I5R~e�SQO b OQT]Z8Z~X]hWG Xa��TaZPc�hWIHG TaOQZFOQZF��_dRF�F�£eHX]SQRFGJZ
b RFh`OQZF�8V`D~I��¸T]e�VWX]hWOY¡pT?VWOYX[Z TaZ b TaV�VWDFI�e�X[GJ\FSYIHV`OQX]Z Xa�(O§Vp� C�DFOU_JD3cP\,XaVWDFI5_`OQ_ 8 ?p{ : OQGJ\FSQOYIp_JV`D~TaV �
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6 � � � � " - � � �  6 !! %

� 6 � � � � ".- � � � � ".- �  6 !� % 8¸xFhWX]�,IHZ~OYR~_mZFX]hWG :� 6 � � � � ".- � � � � ".- �  6 !! % 8�G TajkX]hqT?V`OQX]Z�Xa��OYZ b R~e�I b GJTaV`hWO§f�{��£ZFX]hWG :
 � � � � � � 4 $ %6 � � � � " - � � � � ".- �  6 ! (�� 4 * � > � � � � � � 0 8 ?5t :
C�DFOU_ ��X[RFZ b T]SYSQX � _�VWX�Z~IH�]SQI5e�V�VWDFIoSQX � I5h��FSQX^eq� b OQT]�]X[Z~TaS~V`IHhWG OYZ � T?�ÈV`I5h T��]OQz]I5ZJV`DFhWI5_`DFX]S b��

D~IHZ~eHI¤VWXJh`IHV`hWOYI5z]I¤TJ_`D~Ta\,I�_dOQGJOYSUTah VWX�VWDFI(X]ZFI b OU_`\FSQT�c[I b X]Z � �3R~T?VWOYX[Z 8 ?�? :�� ��h`X[G � DFOUeqD�T ���#�$
&%
_`X]SQR^VWOYX[Z�eHT]Z1�,I¤I5z?TaSQR~T?VWI b �J�mX � IHz[IHh � ��X[h V`DFI(hWIHG TaOQZFOQZF��RF\~\�I5h b OQT]�]X]Z�TaS,�FSYX^eq� � � � Xa�!_`OY¡5I 2 � O§V
e5TaZ�X]ZFSQc<�,I�\FhWX?z]IHZ1V`D~TaV5© 4

! ��� � �?-  " ��� � � ( � � � � %
�
� � "�" �
� � (�(�� 0

C�D~OQ_1OYZFIp�3R~TaSQO§Vkc OYZPz[X]SQz]I5_ V`DFI¨_`OQZF�]RFSUTah1z�T]SYR~I5_ X]� � � � TaZ b � �,IHOQZF�%TaZAIHfPV`IHZ�_dOQX]ZAX]� � � � V`DFI
��X[SYSQX � OQZF��OQZFIp�[R�TaSQO§VWOYIp_�DFX]S b 0 {�2£©  " ��� � �  " ��� � � � � � "�" � % ( ��� � �  ( ��� � � %

� � (�( ���  ( ��� � � 0
�mIHZ�e�I � OY�k© � � (�( � � � � � " " � %6 � � ( � ".- � � ( � ".- �  6 ! ( � � 4 * 2 > �  " � � ��0

C�D~IHhWI���X]hWI � � OYV`D�_`R~eqD�T�e�hWOYV`IHhWOQX]Z � V`DFI(ZFI5�]SQI5e�V`I b \~Tah`V X]�¥V`D~I¤G T?VWh`OYf OQ_ �,X]RFZ b I b 8�ZFX�OYGJ\,X]h`VWT]Z[V
eHX]Z3V`hWOQ�FR^V`OQX]ZªD�T]_m�,IHI5Z�SQI��ÈV�T]_`O b I :�� �FR^V¤V`DFI5h`I�OQ_oZFX<VWDFIHX[h`IHV`OUeHTaS!IHzPO b IHZ~eHI�V`D�T?V � � D~T]_¤T1eHX]ZPz]IH�
Z~OYI5Z[V�e�X]Z b O§VWOYX[Z�Z3R~G��,IHhp�ªM^X]GJI<e�X[RFZ3V`IHh`�£I�fFTaGJ\FSQI5_(D~T�z[I<TaSQh`IpT b c¨��I5IHZ�_`DFX � Z � 0 {�2£� �mX � IHz[IHh �
OQZ¨\~hWT[e�V`OUe�I � ��X[h T 	 C D�TaSQ�]X]hWOYV`DFG®h`Ip_d\,I5e�V`OQZF� 8 ?p{ :�� V`DFI�X]h b I5hoXa�#GJT]�]ZFOYV`R b I�X]� � � � � ��D~T[_o�,IHI5Z
IHf^\�I5h`OQIHZ~eHI b V`XJ�,I�e�SQX[_`I¤VWX  � ��� �#��X]h�hqTaZ b X]G G T?VWh`OUe�Ip_H�

�oIHZ~eHI�_d\FSQOYVdV`OQZF� � � OYV`DªT�V`D~h`Ip_dDFX[S b Xa�-V`D~I��3OQZ b ©
� � � � � � 2 $ % � � � � �� � " " � � � 8 ?HK :

8 ?p} :

T[_`_`RFGJI5_�T]Z�n·�¸T]e�V`X[h�Xa�
VWDFI�_`D~Ta\,I]©

� ��� �.�
% 8 ?5w :
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VWD~T?V _dDFX[RFS b Ta\F\FhWX�f^OYG TaV`I V`DFI��9�'&)( �]I5IH\FOQZF�1T]SYS!_dOQZF�]R~SQT]hmz?TaSQRFI5_  � � �  "a��C�D~OQ_¤TaSQ�]X]hWOYV`DFG OQ_
e5TaSQSYI b VWh`R~Z~eHTaV`I b \FOQz]X]V`I b C9DA8�� 	 C9D : �

�oX � I5z]IHh � 	 C DªX]ZFSQc<IHfPOU_dVW_ OYZ���RFSQS¥G T?VWh`OYf<��X[h`G � OYV`DFOQZ + - /	0 - 1 � � DFOQSQI�OYZ�X]RFh�VWI5_dVmeHT]_`I � ,
T[_(T<��RFSQSiG T?VWh`OYf � X]RFS b D�T�z]I)4�4aK�t[{]|1|]|[|<I5Z[VWh`OQI5_ 8 %�
���%�� u1� OQ�[Ta�Pc3V`Ip_ � X[RFS b ��IJZFIpe�Ip_`_WTahWc]�Q�Y� : �
M^I5e�VWOYX[Z K~�à}(_dD~X � _�DFX � V`X�hWI b R�e�I�VWDFIm\FhWX]�FSQIHG _`OY¡5I�X]Z � DFOUeqD � 	 C9D�e5TaZ �,IoR~_`I b OQZ ��RFSQS�G TaV`hWO§f
��X[h`G����oX � I5z]IHh � MPI5e�V`OQX]Z�K~� w b OU_d\FSUT�c^_�TaZªTaSQ�]X[h`OYV`DFG T]_ � IHSQS¥T]_m_`X]GJI�T b T]\^VWTaV`OQX]Z~_ � SYIpT b OQZF�JVWXJT
_`\~T]hW_`I¤\~h`X^e�Ip_`_`OQZF��VWD~T?VmOU_��,I�VdVWIHho_`RFOYV`I b VWXJX]RFhmT]\F\FSQOQe5T?V`OQX]Z
�
giOQz]X]V`I b C D<D~T[_iTaSU_dX(�,IHI5Z�GJX b OY�~I b VWX���Im\~h`Ipe�OU_dI5SYc�hqTaZ~�[�£hWIHz]IpTaSQOYZ~��0 w�2 � 0 ?pu#2 � �FR^V#OYZFI5zPO§VqTa�FSQc �

T]Z O§VWIHhqT?VWOYz[I�\Fh`X^eHI b RFhWI�OU_�V`D~IHZ<OQZPz]X]SQz]I b ©�VWDFIoDFI5RFhWOQ_dV`OUemT b z3OU_`I5_�{ X[h#t(OYV`IHhqT?VWOYX[Z~_iX[ZFSQc�Xa��OQZPz]IHhq_`I
\,X � IHh<TaSQ�]X[h`OYV`D~G V`X��~Z b X]R^V<VWDFI�_`GJT]SYSQI5_dV1_`OYZF�[RFSUTah z?TaSQRFI�X]� � � V`D~T]ZF�^_JV`X�OYV`I5hWTaV`I b e5TaSQS�V`X
��X[h � Tah b T]Z b �~T[eq� � T]h b _`RF�~_dV`OYV`RFV`OQX]Z¥�iC�DFI(OQGJ\FSYOQI b X?z]I5hWeHX[_dV�D~T[_#\~h`I5z]IHZ3VWI b R�_ ��h`X[G V`hWc3OQZF��X]R^V
VWDFOU_�GJI�V`D~X b X[Z�X[RFh�\FhWX]�FSQIHG��
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Diagonal elements of the R−factor of a pivoted QR on Cf
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Last acceptable pivot: n° 97 
⇒ dim(Ker(C

f
)) = 3
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Diagonal elements of the R−factor of a pivoted QR on B’B
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diag(|R(B’B)|)
diag(|R(B’C’CB)|)

1.e−11 threshold: r(B’B) = 7792

                      r(B’C’CB) = 7645

1.e−20 threshold: r(B’B) = 7895

                      r(B’C’CB) = 7892

x-OQ�]RFhWImuF© � 	 *�, ©�¦oOU_d\~SQT�c�Xa�­V`DFI b OQT]�]X[Z~TaS^I5SYI5G�I5Z3VW_iX]��VWDFI � �¸T]e�V`X]h�Xa��\FOQz]XaVWI b C9D1�¸T]e�V`X]hWOQ¡5T?VWOYX[Z~_ �
X[Z1VWDFI�e�X[ZPz]X]SQR^VWOYX[Z1X]\,IHhqT?VWX]h � 2F�
�$
*�#�", ©i¦oOU_d\~SQT�c X]�¥V`DFI b OUTa�[X]Z~T]S�I5SYI5GJIHZ3VW_�X]�¥V`DFI � �¸T[e�VWX]h�Xa�
\~OYz[XaV`I b C9Dª�¸T]e�VWX]hWOY¡pT?VWOYX[Z~_H©!X]Z�V`DFI
Z~X]hWGJT]S¥I5�3R~TaV`OQX]Z~_ � 	 - , @ , ��X[h�V`D~I�\FSUTaOQZ�e�RFhWz]I � 	�2 - , @2 , 2 8 
 � 	 � � OYV`D�T<eHX]ZPz]X[SYR^VWOYX[Z : ��X]h
VWDFI b T[_dDFI b SQOQZFI]�

B Z¨V`DFIJe�X[Z3z[X]SQR^V`OQX]ZªX[\�I5hWTaV`X[h>� 2 � VWD~TaZF�^_oV`X�V`DFI�V`I5Z~_`X]hWOQT]S
\FhWX b R~e�V X]�~_`IHhWz]I b X]Z:I5�3R~T?VWOYX[Z
8-4 :�� V`DFI 	 C9D��¸T]e�V`X[h`OQ¡5TaV`OQX]Z1e5TaZ1�,I(\�I5hd��X[h`GJI b X[Z�T���_`G TaSQS�� � 4 $ %�4 $ � G T?V`hWOYf � T]Z b e5TaZ1V`DFI5h`IH��X]hWI
�,ImD~T]Z b SQI b T]_ b IHZ~_`I]��x-OY�[RFhWImu�_dDFX � _-VWDFIoT]�Fh`R~\^V b I5eHSYOQZFImX]��VWDFIoT]�~_dX[SYRFV`I�z?TaSQRFI�Xa�­VWDFI b OUTa�[X]Z~T]S
eHXPI�«<e�OQIHZ3VW_mXa��V`DFI � �¸T[e�V`X[h5� C�DFI�ZPRFGJIHhWOUeHTaS
hWT]ZF�1X]�-VWDFOU_mX]\,IHhqT?VWX]h�OU_�VWD3R�_�I5T[_dc1V`X b IHV`I5h`GJOQZFI]©
OQZ�V`DFOU_�\~T]hdVWOQeHRFSQT]hmeHT[_dI � VWDFI b OQGJIHZ~_`OYX[Z�Xa�
VWDFI�ZPRFGJIHhWOQe5TaS��[IHhWZFIHS�OU_�tF�
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� f^\,IHhWOYGJI5Z[Vq_iX[Z b I5e�X[ZPz]X]SQR^VWOYX[Z�Xa�­ZFX[OQ_`c b TaVWT � OYV`D T V`hWRFZ~e5T?VWI b \~_`IHR b X]�ÃOQZPz]I5hW_`I#X]��VWDFOU_ihqTaZF�
T]h`I z]I5h`c<_WT?VWOQ_d�¸T]e�V`X[h`c[���oX � I5z]IHh#��X]h`V`D�e�X]GJOQZF� TahW�]RFGJI5Z[Vq_ � OYSQS¥_dD~X � V`D~TaVmO§VmGJOQ�]D3V���I�R�_dI5SYIp_`_#V`X
�~RFOYS b _dR�eqD�T b Ipe�X]ZPz[X]SQR^V`OQX]Z�X]\,IHhqT?V`X[h 8ÈV`X �,I�ZFX]V`I b �� *2 OQZ�VWDFI(��X]SQSQX � OYZF� : ��5!�� � N ->=�4 (�& & ��6$6���� �����"(9B B5(�*<1 -J6 4
	 ��-�?A@�(9B�N -JB5/ (9B - B�(�? : @��9(J?,47/

� &)->IK?,(�*
B Z~I�_dX[SYR^VWOYX[Z�V`X<hWI b R~e�I(VWDFI�\FhWX]�FSQIHG�_`OY¡5I 8�DFI5Z~e�I�VWX<�,I�Ta�~SYI(VWX<D~TaZ b SYI���RFSYS!G T?V`hWOUe�I5_ : eHX]Z~_`OQ_dVW_
OQZ¨R�_dOQZF�<VWDFI�ZFX]hWG TaS
Ip�3R~T?VWOYX[Z~_#	 - , @ ,1��C�DFI�ZPRFGJI5h`OUeHT]S
hqTaZF��OU_ eHIHh`VWT]OYZFSQc�SYX � IHhWI b �Pc�V`D~OQ_
\~h`X^e�I b RFhWI � �,I5e5TaR~_`I�VWDFIo_`OYZF�[RFSUTahiz?TaSQRFIp_�Xa� 	 TahWI�V`DFI¤_`�3R~T]h`Ip_�Xa�­V`DFX3_dIoXa�#, � �FR^V TaV�SQI5T]_dV 	 eHT]Z
�,I�G TaZ~OY\FR~SQTaV`I b T]_mTJ��R~SYS-G T?V`hWOYf­��C�DFI b IHZ~_`OYVkc�X]�-VWDFOU_oG T?VWh`OYf�OU_oT]SQ_`X<z[IHhWc1DFOQ�]D � I5_`\�Ipe�OUTaSQSYc�OQZ
X[RFhi_`GJT]SYSPVWI5_dV�eHT[_dI ) &U�!¢�Z b IHI b¥� � OYV`DFX[R^V�e�X[Z3z[X]SQR^V`OQX]Z � 	 D~T[_ ?5w~� � C
� ZFX[Z^�£¡HIHhWX[_ � � DFOUeqDJT]GJX]RFZ3VW_VWX¤T b IHZ�_dOYVkc(Xa�,{aK�� ; � OYV`D�eHX]ZPz]X[SYRFV`OQX]Z � 	�2 - , @ � @2 � 2 ,·D~T]_�{]tF� � C
��ZFX]ZF�Ã¡5IHhWX[_
T]Z b OYVW_ b I5Z~_dOYVkchWI5T[eqDFI5_otaK��1�oC�D~I b I5Z~_dOYVkc�Xa��V`D~I�ZFX[h`G T]S
I5�3R~TaV`OQX]ZªG T?VWh`OYf�OQ_¤SYX[�]OUeHT]SYSQc1SQI5_W_oOQZ^�~R~IHZ~eHI b �Pc�V`DFI
OQZ~_`IHh`V`OQX]Z�Xa�!V`DFI�eHX]ZPz]X[SYR^VWOYX[Z1X[\�I5hWTaV`X]hp�
C�DFI b I5eHh`IpT]_`I�Xa��VWDFI�T]�~_dX[SYRFV`I�z?TaSQRFIp_mXa��VWDFI b OQT]�]X]Z�TaS¥I5SYI5G�I5Z3VW_¤Xa��V`DFI � �¸T]e�VWX]ho��h`X[G 	 C9D

�¸T[e�VWX]hWOY¡pT?V`OQX]Z�_�OU_�_dGJXPXaVWDFIHh�X]Z�V`D~I \~h`X[\~Ta�3T?V`OQX]Z X[\�I5hWTaV`X[hW_ � T[_�_dDFX � Z�X]Z�x-OY�[RFh`I(u � VWD~TaZ�X]Z�V`DFI
\~h`I5z3OQX]R�_�e�X[ZPz]X]SQR^VWOYX[Z�X]\,IHhqT?V`X[h5�:C�DFOQ_�_`D~Ta\,I1IHfP\~h`Ip_`_`I5_ � V`DFhWX]RF�[DFX]RFV�V`DFI�T?��X[h`I5GJIHZ3V`OQX]ZFI b Ta\^�
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 � 6 !6 
 6 ! - C 0 C � 6 � 2 , * ; 6 !
� B 	���� �!��"
�$# "
�%	&�
�$� ���'	��
���

8 � 	 C D�OQZ�V � XJ_kVWIH\~_ �
� �,� 8 ?�v :�� MPIpea�FK�� } :

5��;65 6 � 2 , * * � � 2 , * ; > 
 � 6 !6 
 6 ! - C 0 C � 6 � 2 , * ; 6 !
()�+*,�
�$�����'	������
8 � 	 C9D0� C��>� �
M^I5ea�~K~� w :

x!OQ�]R~h`I 4F©iMP�[I�VqeqD�X]�
VWDFI(��X]SQSYX � OQZF����X]RFh`��X]S b �~�]R~h`Ip_H�

� ��X]h�e�X]ZPz[X]SQz]I b:b T?VqT � I5�3RFOQz?TaSQIHZ3V`SQc­©<� 2 - � 2 B�, B * ; > 
 � IpT]eqD�e�X[G�\,X]Z~IHZ3V�Xa��
���I5OYZF�
RFZFOY��X]hWGJSYc b OQ_dV`hWOQ�FR^V`I b OYZ�V`DFI�hqTaZ~�]I � * : % : $ � OYV`D : - C 0 C � 6 � 2 , * ; 6 ! �

� 	 C9D8OU_¤_`I�V � O§VWDªV`D~I�e�hWOYV`IHhWOQX]Z¥© � � � � � � � � " " � � � C � = � � ��I5OYZ~��eHT]SYSQI b V`DFI ���+��	�� X]�-VWh`R~Z~eHTaV`OQX]Z �T]Z b � I D~T�z]I¤V`hWOQI b V`XJX]\FV`OQG�OQ¡HI VWDFI(h`I5Z b IHhWOQZF��X]�
VWDFI�h`IH�~I5e�V`OQzPO§Vkc 8¸OQ_ �* e�SQX[_`I¤I5ZFX]R~�]D<VWX * ; � : X[Z
OQZ3V`I5�]IHh�z?TaSQRFIp_�Xa� � X[ZFSYc[�

B Zªx-OY�[RFhWI94 � V`D~I�_d�[I�VWeqD�X]�
V`D~I���X]SQSYX � OQZF���~�[RFh`Ip_ OQ_�IHf^\FSQT]OYZ~I b ��nmI5_`RFS§Vq_mTahWI b OU_d\FSUT�c]I b X[Z�T
��X[RFh`��X]S b ��hWT]G�I[© ��X]h ZFX]OU_dI���h`I5I�¦¤OYhqT]e b T?VWT 8ÈVWX]\�SQI��ÈV :�� ZFX[OQ_`c�¦¤OQhWT[e b T?VqT 8�V`X]\¨h`OQ�]D3V :�� Z~X]OU_dc��FR^V
����
�� 
�,-
&� b I5eHX]ZPz]X[SYz[I b<b TaVWT 8��,XaV`V`X[G SQI��ÈV :�� ZFX[OQ_`c1eHX]ZPz]X[SYR^VWI b�b T?VqT 8¸��X]VdVWX]G®h`OQ�]D3V : �
C�DFI���X]VdV`X[G SQI��ÈV¤��hWT]GJI�ZFIHI b _���RFh`V`D~IHhoIHf^\FSQT]Z~T?VWOYX[Z~_5��¢�Z b I5I b�� X]Z�e�I(V`D~I�e�X[G��FOQZFI b X[\�I5hWTaV`X[h

OU_ R~_`I b 8 � 27B , :�� X]Z~I�GJOQ�]D3V �,I�V`IHGJ\^VWI b V`X�\�I5hd��X[h`G�VWDFI b I5eHX]ZPz]X[SYR^VWOYX[Z ��� 
�� 
�, 
&� � �,I���X[h`I�V`DFI
GJOQ�]hqT?VWOYX[Z¥�<C�DFOU_(��hWT]GJI<_dDFX � _ VWDFI hWI5_`RFS§Vq_�Xa� V`D~OQ_�_dV`hqT?VWIH�[c � � OYV`D�T b Ipe�X[Z3z[X]SQR^V`OQX]Z8\,IHh`��X]hWG�I b
� OYV`D�VWDFIH� 	 C9D�X]�!X]\,IHhqT?VWX]h � 2F���oX � I5z]I5h � OYVmG�R~_dVm��I�\,X]OQZ3V`I b X[R^V�V`D~TaV � T]�[T]OYZ~_dV�TaSQS�X b~b _H©

� � 2=B�, = � *.-- , *= B*� *2 0
¢�Z b IHI b�� V`D~I�I5�3R~TaSQOYVkc OQ_��¸T]SQ_`I(OYZ�VWDFIHX[h`c � ��IpeHTaR�_dI[©

/ � , = � -0 / � � 2=�21 0
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Dirac data

TPQR on B: # zeros & quasi−zeros = 386

order = 11
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Dirac noisy data

TPQR on B: # zeros & quasi−zeros = 386

20 40 60 80

20

40

60

80

100

C+ deconvolved noisy data

TPQR on B: # zeros & quasi−zeros = 386
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Raw noisy data

TPQR on Bf: # zeros & quasi−zeros = 387
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x-OQ�]RFhWI ?5|~©(MPX[SYRFV`OQX]Z~_ � OYV`D�TaSQGJX[_dV�ZFX�V`hWRFZ~eHTaV`OQX]Z 8 � - � � X]Z ,®�FR^V � - 8�X[Z , 2 �
b RFIJVWX�T
�~h`IpTa� b X � Z1X]��� 	 C D<� C��>��X]Z�ZFI5�[T?VWOYz[I eHX]SQRFGJZ�ZFX]hWG _ : �

lr_`R^«<e�OQIHZ3Vme�X[Z b OYV`OQX]Z � X]RFS b �,I(V`D�T?V5©
hqTaZF� � ,1= �?-AhWT]ZF� � � 2 � 8 ?5u :

T]Z b � 2 ��RFSYS!hWT]ZF�­� 8 ? 4 :

¢�Z%\FhWT[e�VWOQeHI � X]RFh�X]\,IHhqT?VWX]hq_ b X�Z~XaV�OQZ3V`I5hWT[e�V�VWD~T?V � T�c[� , h`I5\Fh`Ip_dI5Z3VW_�T¨z]IHhWc8X?z]IHh b IHV`IHhWGJOYZ~I b
_`c^_kVWIHG � _`X�Ip�3R~TaSQO§Vkc 8 ?5u : OU_��¸T]h#��hWX]G ��I5OYZF� hWI5T]SYOQ¡HI b �F<ªX]hWIHX?z[IHh � VWDFI�R~_`I X]��T�VWh`RFZ�eHT?VWI b�b I5eHX]Z^�
z[X]SQR^V`OQX]Z�X[\�I5hWTaV`X]h �� *2 OQG�\~SYOQI5_mV`D~TaV e�X[Z b OYV`OQX]Z 8 ? 4 : OQ_¤ZFXaV _`TaV`OU_k�~I b � �#X]Z�_dIp�[R~IHZ3V`SQc � V`DFI�h`Ip_dRFSYVW_
b OQ_`\FSUT�c]I b OYZ�V`D~I���X]VdV`X[G SQI��ÈV`�ÃD~T]Z b e�X]hWZFI5h�T]h`I I�f^\,I5e�V`I b SYc��~T b�� � D�T?V`I5z]I5h#VWDFI�X]h b I5h X]�
VWh`RFZ�eHT?�
VWOYX[Z�X[Z ,<�
¢�Z VWDFIm��X[RFh�eHT]_`I5_ � VWDFIohWI5_`RFSYVW_�X]�^VqTaOQZFI b � OYV`D�T�z]I5h`cJ_dG T]SYS~V`hWRFZ~eHTaV`OQX]Z 8¸X]h b IHh ?�? � x-OY�[RFh`I)?5| :

T]h`I#�FSQRFh`hWI b X]Z�VWDFI ��h`OQZF�[I]�!C�D~OQ_�Ta�3TaOQZ�\FhWX?z]Ip_¥VWD~T?V-V`DFI b OU_We�hWI�V`I#GJX b IHS^OU_!OQSQS§�£\�X3_dI b X]Z�V`DFI��,X]h b IHh
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Dirac data

TPQR on B: # zeros & quasi−zeros = 403

order = 5
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Dirac noisy data

TPQR on B: # zeros & quasi−zeros = 403
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C+ deconvolved noisy data

TPQR on B: # zeros & quasi−zeros = 403
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Raw noisy data

TPQR on Bf: # zeros & quasi−zeros = 431
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x-OQ�]RFhWI7?�?[© B \FV`OQGJT]S­V`hWRFZ~e5T?V`OQX]Z18 � - � : ��X]h�Z~X]OU_dI ��hWIHI�¦oOQhqT]e b T?VqTF�

X]�!VWDFI�hWI��~Ipe�V`OQzPO§Vkc b X]G T]OYZ¥©�OYZ~_`R^«<e�OQIHZ3VmOQSYSQRFGJOQZ~T?VWOYX[Z�X]��V`DFI�_`RF�^��_dX[OYS��Pc1V`DFI�T[eH�3RFOU_dOYV`OQX]Z b I5z3OUe�I
OU_ V`D~I�\FDPcP_`OUeHTaS¥eHX]RFZ3VWIHhW\~Tah`V X]�
VWDFOQ_mh`I5GJT]h`�­�
�ADFI5Z�X]h b IHh�}�OQ_�_dI5SYIpe�V`I b 8Òx-OY�[RFh`I ?�? :�� ZFX]OU_dIH�Ò��hWIHI b TaVWT�OQ_(hWI5eHX?z]I5h`I b T?V�OYVW_��,I5_dV 8ÈVWX]\�SYIH�ÈVd�

D�TaZ b eHX]hWZFIHh : � %¥X � IHh�X]h b IHhq_ � OQSYS[jkR~_dV�T bFb OQZ~T]e5e�RFhqT]eHc�TaSQS,X?z]IHhiV`DFI h`IH�~I5e�V`OQzPO§Vkc��~IHS b 8¸h`I5G�I5G��,IHh
VWD~T?V�G TaV`hWO§f ,�OQ_�T]\F\FhWX�f^OYG T?VWI b T?V�T�SQX � I5h hqTaZ~� � TaZ b VWD~T?V�VWDFI b OQG�I5Z~_`OYX[Z8X]�#VWDFI<ZPRFGJIHhWOUeHTaS
�[IHhWZFIHS � � DFOUeqD�OU_��3RFXaVWI b T?V�VWDFI(V`X[\�X]�!IpT]eqD�\FSYX]V � SQX]�[OQe5TaSQSYc OQZ~eHh`IpT]_`I5_ � DFIHZ�X]h b I5h b I5eHh`IpT]_`I5_ : �
loZ�X[\^V`OQG TaS�X[h b I5h#X]��{�D~T]Z b SQI5_�ZFX[OQ_`c b T?VqT � O§VWD1VWDFI�Z~TahWhWX � Ip_kV��~SYRFhWhWI b ��h`OQZF�]I78��,XaVWD�h`OQ�]D3Vd�

D�TaZ b _`RF�F\~SYX]VW_�X]Z%x-OQ�]RFhWI ?p{ : �8C�D~IHhWI1OU_�Z~X:DFX[\�I1��X]h�V`D~I��,XaV`V`X]G SQI��ÈV`�ÃD�TaZ b _dRF�~\FSYX]V � � D~IHhWI
b I5e�X[ZPz]X]SQR^VWOYX[Z�D~T[_��,IHIHZ \,IHh`��X]hWGJI b V`XPX�_`XPX]Z¥��C�DFI��,XaVdVWX]G h`OQ�]D3V`�ÃD~T]Z b _dRF�~\FSYX]V b XPI5_iZFXaV�hWIHz[I5T]S
T[_iG�R~eqD<OQZ^��X]hWG T?V`OQX]Z<T[_�VWDFImVWX]\<hWOY�[D3Vd�£D~TaZ b X[ZFI]©�e�X[ZPz]X]SQR^VWOYX[Z�D�T]_iIHf^\�Ipe�V`I b SQc�hWIHGJX?z[I b \~T]hdV�X]�
OQZ^��X[h`G T?VWOYX[Z¥���#DFXPX3_dOQZF� � - � OYGJ\FSQOQI5_!V`D~TaV
VWDFI � 	 C9D0� C��>��T]SY�[X]hWO§VWDFG e�X]R~S b D�T�z]Ii�,IHI5Z�_dV`X]\~\�I b�3RFOYV`IJIpTahWSYc � X]Z~eHI u[{ � X]��VWDFI<e�X[SYRFGJZ~_(X]��VWDFI G T?V`hWOYf¨D~T�z]I��,IHIHZ:�¸T]e�V`X[h`OQ¡HI b � lo_�e�X[SYR~G�Z�_�TahWI
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Dirac data

TPQR on B: # zeros & quasi−zeros = 683

order = 2
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Dirac noisy data

TPQR on B: # zeros & quasi−zeros = 683
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C+ deconvolved noisy data

TPQR on B: # zeros & quasi−zeros = 683
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Raw noisy data

TPQR on Bf: # zeros & quasi−zeros = 1463
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x-OQ�]RFhWI ?�{^© B \^V`OQG TaS!V`hWRFZ~eHTaV`OQX]Z 8 � - � : ��X]h ZFX]OU_`c b TaVWT 8Ò_dR~�F\FSQXaVW_¤X]Z�VWDFI�hWOQ�]D3V : �65mX<\~h`X[�]hWI5_W_
��X[h � ���$
&���$
 b I5eHX]ZPz]X[SYz[I b<b TaVWT 8��,XaV`V`X[G SQI��ÈVd�£D~T]Z b _dRF�~\FSYX]V : �

OQZ~eHh`IpT]_`OYZF�[SYc�I�f^\,IHZ~_`OQz]I�VWX�D�TaZ b SQI � OQZ:X[RFh(eHT]_`I � V`D~OQ_¤V`D~h`Ip_dDFX[S b e�X[RFS b TaSQSYX � VWX�_dV`X[\¨T?V�w[} � X]�
VWDFI(V`X]VWT]S �#g " V`OQGJI]�
C�DFI�X]\FV`OQGJT]S�X]h b IHh�Xa�mVWh`RFZ�eHT?VWOYX[Z � ��X[RFZ b VWX:�,I � C � ! OQZ%X[RFh�VWI5_dV<eHT]_`I � OU_�h`I5SQTaV`I b V`X:V`DFI} � ZFX]OU_`I�T b~b I b V`X�V`DFI b TaVWTF��¢�Z b IHI b�� XaVWDFIHh I�f^\,IHhWOYGJI5Z[Vq_ � O§VWD8T�ZFX]OU_`I�SQIHz]I5S�Xa�6? � SYIpT b VWX�T

_`SQOY�[D[VWSYc�DFOQ�]DFI5hoX[\^V`OQG TaS!V`hWRFZ~eHTaV`OQX]ZªX[h b I5h)8 � C � !�� � : ���oIHZ~eHI � � OYV`D¨hWI5T]S b TaVWT � VWDFI�hWIHSUT?VWOYz[I�ZFX]OU_`ISQIHz[IHSiG�R~_dV���I<Ip_kVWOYG TaV`I b OQZ�X]h b IHh VWX¨_dIHV�RF\�T�V`hWRFZ~e5T?V`OQX]Z8VWDFh`Ip_dD~X]S b � OYV`D�VWDFI<_WTaGJI X]h b IHh�X]�
G T]�]ZFOYV`R b I]�
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TPQR, order of truncation 10−2
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QR on Tikhonov regularization (α = 10−4, L = L
x
)
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x-OQ�]RFhWI7?5t~©-hWI���I5e�VWOYzPOYVkc<X]�FVWTaOQZFI b X[Z�ZFX[OQ_`c b TaVWT 8Ò} � ZFX[OQ_`I : � OYV`D , 2 �
�@	�*�, ©��Pc � 	 C D � OYV`D�V`hWRFZ~e5T?V`OQX]Z�T?V � C � ! ��$
*�#�", ©-�Pc _`\~Tahq_dI C D�X[ZFSQc � �FR^V�X]Z1T�\~h`X[�FSYI5G h`I5�]RFSUTahWOY¡5I b �Pc C�OY�PDFX[ZFX?z­�!C�DFI¤h`I5�]RFSUTahWOY¡5OYZ~�(V`IHhWG
OU_ � C � � 0 ��� � V`D~I�%
Ta\~SQT[e�OUTaZ1X[\�I5hWTaV`X[h OQZ � � DFOUeqD��¸T�z[X]RFhq_#DFX]hWOY¡5X]Z3VWT]S­h`IH�~I5e�V`X]hq_5��5!�� � :5->*<N 4���� N (96��"?A@�(�B (9B - � @�� E5(9B�( � *A47= �56$-�*0@��	-�?A@�(9B

C�D~I�\FhWIHzPOYX[R~_�hWI5_`RFSYVW_m_`DFX � V`DFI�Ta�FOQSYOYVkc<VWX<D~T]Z b SQI�GJOY�[hWTaV`OQX]Z � O§VWD�TJV`hWRFZ~e5T?VWI bªb OQh`Ipe�VmGJI�VWDFX b��
I5z]I5Z � D~IHZ¨T eHX]ZPz]X[SYR^VWOYX[Z�X]\,IHhqT?V`X[h�OQ_oOYZ�_dI5hdVWI b ���oX � I5z]IHh � V`D~OQ_o�¸T]e�V`X]hWOQ¡5T?VWOYX[Z�OU_oeHX[_dV`SQc � Z~TaGJIHSQc
�,I5e5TaR~_`I�X]�-VWDFI�eHX]SQRFGJZª\FOYz[XaVWOYZF����lmSYV`IHhWZ~TaV`OQz]IHSQc � � I�e�X]R~S b VWDFOYZ~��X]��R~_dOQZF� VWDFI�C�OQ�PDFX]ZFX?z�h`I5�]R^�
SUTahWOQ¡5T?VWOYX[Z 0@?HK�2�VWD~T?V � OQSYS���X[h`G T1��RFSQS§�£hqTaZF��T]\F\FhWX�fPOQG T?VWI�X]\,IHhqT?VWX]hp��C�DFI5Z � _dV`hqTaOQ�]D3Vd��X[h � Tah b C9D
�¸T[e�VWX]hWOY¡pT?V`OQX]Z � O§VWDFX]RFV�\FOQz]XaVWOYZ~� �,I5eHX]GJI5_i\�X3_`_`OY�~SYI � TaSQSYX � OQZF� V`D~I�R~_dI�X]��VWDFI�GJX[_dViI�«<e�OQIHZ3V�_`\~Tahq_`I
VWI5eqDFZ~OQ�3RFIp_H�
¢�Z�V`DFOU_�eHT[_dI � V`DFI X]�^jkIpe�VWOYz[I���RFZ�e�V`OQX]Z�OQ_�eqD~T]ZF�]I b �Pc�R~_`OYZF�(T¤h`I5�]RFSUTahWOY¡5OYZ~�mG T?V`hWOYf $ % $ �	� ( � �

T]Z b T�\,X[_`OYV`OQz]I �¸T]e�V`X]h � � 5��;65 � � * �:- 6 , B * * � 6 !! %
OQ_�hWIH\FSUT]eHI b �Pc,© 5��765 � � * �:- 6 , B * * � 6 !! > � ! 6 $ B * 6 !! 0 8Ã{a| :

¦¤I���ZFO§VWOYX[Z 8Ò{]| : e5TaZªI5T[_dOQSQc1�,I�hWI5_`D~Ta\,I b �Pc�_`I�V`V`OQZF�<RF\�VWDFI���X[SYSQX � OQZF�<TaRF�[GJIHZ3V`I b SQI5T[_kV _`�3R~T]h`Ip_
\~h`X[�FSYI5G�© 5��765 � � * � - 6 �, B * * �� 6 !! %

� D~IHhWI]© �, - � � $, �� 
/� �	
+ �+ 
 TaZ b �� - � C� � + �+ 
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¦¤IH\,IHZ b OYZF� � DFIHV`DFI5h�V`DFI hqTaZF� X]� $%OU_ I5�3R~T]S,X[h�OYZ^��I5h`OQX]h#V`X�V`D~I b OYGJIHZ�_dOQX]Z�Xa�
VWDFI(h`IH�~I5e�V`OQzPO§Vkc
_`\~T[e�I 8�B � _dOQ¡HI�X]� *�:�� T�ZFX]hWG X]hmTJ_`IHGJOY�ÃZFX[h`G OU_mT bFb I b V`XJVWDFI�OQZFO§VWOQT]S¥e�X3_kV���RFZ�e�V`OQX]Z
�
�#DFXPX3_dOQZF� $rT]_(VWDFI O b IHZ3V`OYVkc¨G TaV`hWO§f8Xa� � � V`I5Z b _�VWXªGJOYZFOQGJOY¡5I V`D~I ZFX]hWG X]�#VWDFI<_dX[SYRFV`OQX]Z¥�

�oX � I5z]I5h � T%z]IHhWc � O b I8eqDFX[OQeHI¨X]��h`I5�]RFSUTahWOQ¡HOQZF����RFZ~e�V`OQX]Z~_�OU_�\Fh`X[\�X3_dI b OYZ·V`D~I:SQO§VWIHhqT?VWRFh`I[� ¢�Z
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¢�Z�\FhqT]e�V`OUe�I � X[ZFSQc V`DFI�hWI5_`O b R~TaS¥_`DFX[RFS b �,I�T?V�X]RFh b OQ_`\�X3_`T]SÒ�9�9D������ (�� D0��� D�_`DFX � _ V`D~IHZ�V`DFI

GJX3_kVme�X[ZPz3OQZ~eHOYZF�J�,IHD~T�zPOQX]RFhp©-V`DFI�hWI5_`O b R~TaS b I5e�hWI5T[_dIp_ X]ZªT�z]IHhWc<hWIH�[RFSQT]h�e�RFhWz]I � TaZ b h`IpT]eqDFIp_ V`DFI
SQX � I5_dV(z?T]SYRFIp_H� ��������T]SQ_`X�\�I5hd��X[h`G _�hWIHSUT?VWOYz[IHSQc � I5SYSÃ©�T]S§VWDFX]RF�[D¨VWDFI<\~TaV`D�OU_�_dSQOQ�]D3V`SQc¨OQh`hWIH�[RFSUTah �
� OYV`D _`\FOQ�]Ip_ Xa��e�X[Z~_kVqTaZ3V<OQZ[VWIHZ~_`OYVkc OQZASYX[�[T]h`OYV`DFGJOUe�_`e5TaSQI � V`DFI5h`I�_`IHI5G _ V`X��,I�ZFX b O§«<eHRFS§Vkc OQZ
b I5e�O b OQZF� T e�X[Z^� b I5Z[Vm_dV`X[\F\FOQZF� e�hWO§VWIHhWOYX[Z1��X[h�V`DFOU_mTaSQ�]X[h`OYV`D~G�� B Z�V`D~I�e�X]Z3VWhWT]h`c � VWDFI�h`Ip_dO b R~T]SQ_�X]�
��� � �1TaZ b �9D������ (�� D0��� D � ��� �9� T]h`I(_dVWTaSQSQI b T?�ÈV`I5h¤}a|�OYV`IHhqT?VWOYX[Z~_5�
MPOQZ~eHImV`D~ImV`hWRFI¤IHhWh`X[hiOQ_#T?V D~TaZ b ��X]hiVWDFI5_`IoZPRFGJI5h`OUeHT]S~I�f^\,IHhWOYGJI5Z[Vq_ � V`DFI \FhWIHzPOQX]R~_ieHX]Z~eHSYR�_dOQX]Z~_

T]h`IJ_`X]GJIHDFX � X?z]IHh`V`R~h`ZFI b ��x-OQhW_dV � TaSQS-I5h`hWX]h�eHRFh`z[I5_(TahWI�"���_dD~T]\�I b T]Z b z]IHhWc�h`I5�]RFSUTahp��C�DPR~_ � T]Z
X[\^V`OQG TaS�OYV`IHhqT?VWOYX[Z8eHX]RFZ3V(I�f^OU_kVq_ ��X]h(I5T[eqD¨Xa�#V`DFIp_dI T]SY�[X]hWO§VWDFG _ � hWI5T]eqD~I b TaV�e�OQhWe5T�{a|[|1OYV`I5hWTaV`OQX]Z~_
��X[h<T�\FhWX]�FSQIHG�_dOQ¡HIªX]�(_`X]GJIªu]|[|]|:RFZF�PZFX � Z~_5©ªV`D~I�e�XPX]h b OQZ~T?VWI5_JXa� V`D~I5_`IªX]\^VWOYG TaSo\�X[OYZ3VW_1TahWI
OQZ b OUeHTaV`I b X[Z�V`D~I�\~SYX]V 8¸O§VWIHhqT?VWOYX[Z¨ZPRFG��,IHh �
b OU_dVWTaZ�e�I�V`X�V`DFI�VWh`RFIJ_`X]SQR^V`OQX]Z : ��¢�Z:�¸T]e�V � VWX3X�G TaZPc
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x-OQ�]RFhWI ?HK�© �#X]GJ\~T]h`OU_`X]Z8Xa�me�X[Z?jkRF�[TaV`I �[hWT b OYI5Z3V�TaSQ�]X]hWOYV`DFG _ ��X]h�V`DFI<GJOQ�]hqT?VWOYX[Z8\~h`X[�FSYI5G���C�DFI
b OYhWI5e�V(X[\�I5hWTaV`X[h¤OQZ~e�SQR b Ip_ V`DFI<eHX]ZPz]X[SYRFV`OQX]Z:T]Z b V`DFI b TaVWT�D~T]_(Tª} ��ZFX]OU_dI[��C!I5_dV`I b T]SY�[X]hWO§VWDFG _H©
������� 8$��� C9D :�� � DK�5�J� ��� D � ��� � ��T]Z b �9D���������� D � ��� �9���
�@	�*�, © �#X[ZPz]IHhW�]I5Z~e�I¤Xa��h`I5SQTaV`OQz]I h`Ip_dO b R~T]S�OYZ�SQX]�[T]h`OYV`D~G�OUe(_`e5TaSQI]�
�$
*�#�", © �#X]ZPz]I5h`�[IHZ~eHIoXa��hWIHSUT?V`OQz]I¤V`hWRFI�I5h`hWX]h OYZ�SQOYZ~I5Tahm_WeHT]SYI[�

OYV`I5hWTaV`OQX]Z~_��Fh`OQZF����T]eq��VWDFI1\,IHh`V`R~h`�~TaV`OQX]Z~_�V`D~TaV�D~T�z[I ��I5IHZ�X[�~_dI5h`z[I b � O§VWD�V`D~I b OQh`Ipe�V�GJIHV`DFX b _
� OYV`D~X]R^VmhWIH�[RFSQT]h`OQ¡5TaV`OQX]Z¥�
�AOYV`D hWI5_`\�Ipe�V�VWX(V`DFOU_ihWIHSUT?VWOYz[I#VWh`R~I�IHhWh`X[h � T b GJO§V`V`OQZF�(V`D~TaViV`D~IHhWI�OQ_iT]Z T b Ip�[R�T?V`I�_dV`X[\F\FOQZF��e�hWO§�

VWIHhWOYX[Z � DFOQeqDJhWI�VqTaOQZ~_-V`DFIoX]\^VWOYG TaS~O§VWIHhqT?V`OQX]Z eHX]RFZ3V � V`DFI5Z �������JT]Z b �9D������ (�� D<�$� D1T]eqD~OYI5z]I V`DFI
�,I5_dV�\�I5hd��X[h`G T]Z~e�Ip_H�9��������eHX]RFS b ��I(\FhWI���I5h`hWI b ��X]hmT��¸T]_dV`I5hme�X]ZPz[IHhW�]IHZ�e�I � � DFI5h`IpT]_��9D������ (�� D<�
� D�eHT]ZFZFXaV ��I5ZFI��~V ��hWX]G T�_dSQOY�[D3V`SQc��,I�V`V`I5h zPOUe�OQZFOYVkc�V`X<VWDFI�V`hWRFI�_`X]SQR^VWOYX[Z¥� � I5DFOYZ b�� ��� � ���]IHVW_
eHSYX3_dI5h�V`D~T]Z �9D������ (�� D0��� D � ��� �9� � �FR^VJV`D~IªGJT]OYZ X]��_dI5h`z?T?VWOYX[Z%OU_�V`D~TaV OYZ �,XaV`D eHT[_dIp_ � V`DFI
GJOQZFOQGJT]S¥IHhWhWX]h OQ_mTaVdVqTaOQZFI b SYX[ZF� T?�ÈVWIHh�V`D~I�h`Ip_dO b R~T]S�OQ_�_dVWT]SYSQI b �

�"!  � 4 = �56�->*<@MN -�?A@$(9B�� � 6M@$1�@G?,47/ I�(9B��94 *A=�4�B5I�4
l¤_¤��X]h¤V`DFI�V`hWRFZ~e5T?V`OQX]Z�V`DFhWI5_`DFX]S b X[ho��X[hoVWDFI�\~TahqTaGJI�VWIHh¤OYZ:V`DFIJC�OQ�3D~X]ZFX?z b TaGJ\FOQZF���¸T]e�V`X]h � V`DFI
Z~X]OU_dI#SYI5z]IHS3OQZ�V`D~I b T?VWT)8�X[h
VWDFI b OQ_dVWT]Z~e�I#��IHV � I5IHZ�V`DFI b T?VqToT]Z b VWDFI#hqTaZ~�]I�X]�FV`D~I b OQhWI5e�V-X]\,IHhqT?VWX]h :
b I�V`I5h`GJOQZFI5_ VWDFI<X[\^V`OQG TaSiZPRFG���I5h�Xa��O§VWIHhqT?V`OQX]Z�_ � 0@?p{�2Ã�1�AO§VWDD�������8TaZ b } ��ZFX[OQ_`IJOYZ8VWDFI b T?VqT �
x-OQ�]RFhWI ?p}<e�X]GJ\~T]h`Ip_ V`DFI�h`IH�~I5e�V`OQzPO§Vkc��~IHS b _oX]�^VqTaOQZFI b Ta�ÈV`IHh)?5|[|]|JTaZ b {[}a|JOYV`I5hWTaV`OQX]Z~_ � VWDFI�SUT?VdVWIHh
z?T]SYRFI b I5h`OQzPOYZ~�1��hWX]G T]Z:I5h`hWX]h(Ip_kVWOYG T?VWI]�JC�DFI hWIH�]R~SQT]h`OQ¡HOQZF�1IH¬,Ipe�V�X]� TaZ8I5T]h`SQc�_dV`X]\8OU_(X]�PzPOYX[R~_H�
C�D~IoX]\FV`OQGJT]S�OYV`I5hWTaV`OQX]Z<eHX]RFZ3V � OYV`D1h`Ip_d\,I5e�V�V`X�V`DFIoV`hWRFIoI5h`hWX]h � X[RFS b D�T�z]Im�,IHI5Z�{at]K�OYZ<V`DFOU_�eHT]_`I �
�~R^ViV`D~I b O§¬­IHhWIHZ�e�Ime�X[RFS b Z~XaVi�,ImZFXaVWOQeHI b X]Z�VWDFOQ_iOYG Ta�[I 8�SQI5_W_�V`D~T]Z<|F�à} � b O§¬­IHhWIHZ~eHI�X?z]I5h�V`DFI�VWh`RFI
I5h`hWX]h�� : �
¢�Z�0 ?�{�2 � TaZ�I5h`hWX]h!I5_dV`OQGJTaV`I OQ_-\FhWX]\,X[_`I b¥� � D~OQeqD�OQ_-�~T[_dI b X]Z�V`DFI�_dX]�£e5TaSQSYI b �+	���
&� . ���#� ���*!�����'�
&�����* � � + V`D~TaV#IHfP\~h`Ip_`_�V`DFI¤SYOQZFIpTah h`I5SQTaV`OQX]Z<�,I�V � IHI5Z V`DFI OQZFO§VWOQT]S­h`Ip_dO b R~T]S�TaZ b V`D~IohWI5_`O b R�TaS,Xa��V`D~I 
 � 
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x-OQ�]RFhWI�?�}^©�n�I5_`RFSYV`OQZF��hWI���I5e�VWOYzPOYVkc�Ta�ÈV`I5h�VWX3X�G TaZPcJO§VWIHhqT?V`OQX]Z�_68�SQI��ÈV :�� X[h#_dV`X[\F\�I b T]e5e�X[h b OQZF��VWX�T]Z
I5h`hWX]h I5_dV`OQG T?VWI 8�hWOY�[D[V : �

OYV`I5hWTaV`OQX]Z�Xa��T/�(hWcPSYX?z GJIHV`DFX b ©
� * 8 ��� - ��� � 87� � � * 8 � ; � 0

� T]eqD Xa� V`DFIp_dIª\,X]SQcPZFX]GJOUTaSU_JD~T]_ V`DFI¨eHX]hWh`Ip_d\,X]Z b OYZ~� b I5�]hWIHI 
­� <ªX]hWIHX?z[IHh � O§�(��X[hJV`DFI �(hWcPSYX?z
GJIHV`DFX b�� X[ZFI b I���ZFI5_�VWDFI�OYV`IHhqT?VWI5_ �Pc­©

� � � "5- ��� > � ��2 � % * 2�� + � � � % * � � + �	� %2 � � " - � * 8 � � � " >�	 � � " 2 � % * 	 � + � � %
VWDFIHZ�VWDFI�h`Ip_dO b R~T]S­\�X[SYcPZFX[G�OUTaSU_ ��X]SQSQX � T�V � X�VWIHhWG h`Ipe�RFhWhWIHZ~eHI]©

� � � " ��� �?- � � ��� � * � � � B � � ��� � * � � 	 �� � � " � � � � " ��� � * � � ��� �(� 0 8Ã{aw :

B Z8VWDFI<�~T[_dOU_�Xa��VWDFI<X]\FV`OQGJT]Si\FhWX]\,IHh`V`OQI5_�X]��V`DFIp_dI \,X]SQcPZFX]GJOUTaSU_ � DFIHR~h`OU_kVWOQeJI5h`hWX]h�Ip_kVWOYG TaV`I5_�TahWI
b IHhWOYz[I b ©

� ��X]h��������­© � ��- � � � � � � C � � 6 , @ � , ��� * �=� 6 ! 0�¢�Z 0@?p{�2 � VWDFI X]hWOY�[OYZ�TaS�I5_dV`OQG T?V`I�VqTa�]Ip_ V`DFI
T]e�V`R~T]Sih`Ip_dO b R~T]S 6 , ��� * � 6 ! � �FR^V�VWDFOU_�z?TaSQRFI OU_�G�R~eqD8VWX3XªhqTa\~O b SQc¨�,X]R~Z b I b VWX�T�SYOQGJO§Vb X � Z � T]h b _ � DFOQSYI � � � � � � C ���[OQ_ T��[h`X � OQZF�(�¸T]e�V`X[h5��C�DFIo\~h`X b R~e�V X]�¥��X]V`D�I�f^\FhWI5_W_dOQX]Z~_i�]OQz]I5_
TJ_kVWI5T b OYSQc1OQZ~e�hWI5T[_dOQZF��z?TaSQRFI]��C�DPR~_ � I V`DFX[RF�]D3V�Xa��_dR~�~_kVWO§VWR^V`OQZF�JVWDFI�\FhWXajkI5e�V`I b hWI5_`O b R�TaSÃ�

� ��X]h��9D������ (�� D0��� D-© � � - � � � �� � C � � 6 , @ � , � � * � � 6 ! 0FC�DFI(\FhWIHzPOYX[R~_ I5_dV`OQG T?V`I � ��eHT]ZFZFXaV��I b I��~Z~I b ��X]h�VWDFOQ_#TaSQ�]X[h`OYV`DFG � _`OYZ�e�I�OYV�eHTaZJ�,Im_dD~X � Z�VWD~T?V � � � � � C ��� - C ��X[hiTaSQS*
 � V`DFI5h`IH��X]hWI
V`DFI�D~OY�[DFIHh�X[h b I5h�Xa� b IHhWOYz?TaV`OQX]Z¥�
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x-OQ�]RFhWI7?5w~©-g�I5hd��X[h`G TaZ�e�I Xa�!I5h`hWX]h�Ip_kVWOYG T?VWI5_ � OYV`D�z?TahWcPOYZF�JZFX[OQ_`I(SYI5z]I5SQ_5�
�@	�*�, ©�X[Z ������� � �$
*�#�", ©iX]Z �9D������ (�� D<�$� D!�
, ��� ©�h`Ip_dO b R~T]S � %�	�� ,-��	 ©�VWh`R~I I5h`hWX]h � ����,-, ��' ©iI5h`hWX]h I5_dV`OQG T?V`I[�

C�D~I5_`I�IHf^\Fh`Ip_`_`OQX]Z~_ eHT]Z:�,IJIHz?TaSQR~T?VWI b T?V�I5T[eqD8_dV`I5\8TaV�T�SQX � eHX]GJ\FR^VqT?VWOYX[Z~TaS�e�X3_kV � ��hWX]G _WeHT]SQT]h
hWI5eHRFhWh`I5Z~e�I���X[h`G�RFSQT]I¤e5TaSUe�RFSUT?VWI b ��hWX]G 8Ò{]w : �iM3VWIH\~_�w � ?�{�TaZ b ?�v X]�!lmSQ�]X[h`OYV`D~G { � _dV`I5\~_�v � ?5t � ?5K
T]Z b { ?�Xa��lmSQ�]X[h`OYV`D~G�t1TahWI b IHz[XaVWI b V`X1V`DFIp_dI�I5_dV`OQG T?V`Ip_H©�T]S§VWDFX]RF�[D�V`DFIp_dI�SYOQZFIp_¤eHX]GJ\FSQOQe5T?V`I�V`DFI
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hWI5T b OQZF� � O§V � T[_�VWDFX]RF�[D3VoV`D�T?V¤OYV � T[_ � X]h`V`D b OU_d\~SQT�cPOQZF� ��RFSQS�\FhWT[e�VWOQe5TaS!T]SY�[X]hWO§VWDFG _���X[hoX]Z�e�I]� C
X
eHSQT]h`OY��c VWDFI�ZFXaVqT?VWOYX[Z~_ � T]SYS¥z[I5e�V`X]hq_�TahWI %!T?VWOYZ�SQI�VdVWIHhq_ � DFOQSYI�_WeHT]SQT]hW_ TahWI�� h`I5IH�<X[ZFI5_5�
l�e5e�X]h b OQZF� VWX 0 ?�{�2 � OQZ��,XaV`D:eHT]_`I5_mV`DFI�DFIHR~h`OU_kVWOQe�_kVWX]\F\FOQZF�<hWRFSQI�_`DFX]R~S b �,I�VWX�_dV`X]\ � D~IHZFI5z]IHh

VWDFI5_`I�I5_dV`OQGJTaV`Ip_ 8 � DFOUeqD8_`DFX[RFS b hWTaV`DFI5h(��I eHT]SYSQI b OYZ b OQe5T?VWX]hq_ : h`IpT]eqD¨T��]SQX]��TaS�GJOYZFOQG�R~G�� �mX � �
I5z]I5h � OQZª\FhqT]e�VWOQeHI � � I�D~T�z[I�X]�~_`IHhWz]I b VWD~T?V�VWDFI�hWIHSQIHz?TaZ3VmOQZ^��X]hWG T?V`OQX]Z�D~T[_�V`X �,I��~T[_dI b RF\�X[Z�V`DFI
��X[SYSQX � OQZF�~©

� ��X]h � �^©�\FSQXaVJVWDFOQ_<z�T]SYR~I�OQZ SYOQZFI5T]h _`e5TaSQI1VWDFIHZ O b IHZ3V`OY��c�VWDFI�IHZ b Xa�¤V`DFI b Ipe�hWI5T]_`OQZF�:_`SYX[\�I
��IH��X]hWI(V`DFI�z?T]SYRFI(OU_�_kVqTaSQSYI b��

� X]Z � � ©�\~SYX]V�V`DFOU_�z?TaSQRFI(OYZ�SQX]� _WeHTaSQI V`DFI5Z�O b I5Z3V`OY��c<V`D~I�e�IHZ3VWh`I(Xa�!V`DFI(VWh`X[RF�]D
�
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V`hWRFI�IHhWhWX]hp�

� V`DFI��,XaV`V`X]G SQOQZFIª_dDFX � _�V`D~I��,IHD~T�zPOQX]h�Xa�mVWDFI�IHhWh`X[h�Ip_kVWOYG T?VWI5_5��xFX[h ������� 8��,XaVdVWX]G SQI��ÈV
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x~X]hiT]SYS^VWDFI5_`I�OYV`IHhqT?VWOYz[ImTaSQ�]X[h`OYV`DFG _ � SYIHV�R~_�hWI5e5TaSQSPV`D~TaV�T(G T?V`hWOYf3�Ã��hWIHI�OYGJ\FSQIHGJI5Z[VqT?VWOYX[ZJe5TaZJhWIH\FSUT]eHI
VWDFI1R�_dI�Xa��V`D~I�_`\~Tahq_`I1_kVWX]hqTa�[I � DFOQeqD%D~T]_���I5IHZ eqD~X[_`IHZ���X]h�V`D~OQ_�_kVWR b c � \Fh`X[�FSQIHG _dOQ¡HI�\�I5h`GJOYVd�
VWOYZ~�~� 5oIHz]I5hdVWDFIHSQI5_W_ � V`DFI�R~_`I�Xa�¤T8\FhWX]\,IHh�G T?V`hWOYf%TaSQSYX � _�V`DFIªeHX]Z~_dV`hWR~e�VWOYX[Z�Xa� G TaZPc�VkcP\�Ip_�X]�
\~h`Ipe�X]Z b O§VWOYX[ZFIHhq_5�

B RFh�IHf^\�I5h`OQIHZ~eHIJX]Z:V`D~TaV(G TaVdV`I5h�D~T]_(hWIHz[I5T]SYI b V`D�T?V�ZFX]Z~I�X]�#VWDFI e�X[G�GJX[Z:\FhWI5eHX]Z b O§VWOYX[ZFOYZ~�
VWI5eqDFZ~OQ�3RFIp_ieHT]Z<e�X]ZPzPOQZ~e�OQZF�]SQc�OQGJ\FhWX?z]I V`DFI e�X[Z3z[IHhW�]I5Z~e�I[�
¦oOUTa�[X]Z~T]SF\FhWI5eHX]Z b OYV`OQX]Z~IHhq_ � OQZ~eHX]GJ\FSQI�V`I
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�#D~X]SQI5_`�3c1�¸T]e�V`X]h¤Xa��V`D~I�ZFX[h`G TaS
I5�3R~T?VWOYX[Z~_ � OQZ~e�X[G�\~SYIHV`I � �¸T]e�V`X]h¤OYZ�VWDFI7C D��¸T[e�V`X[h`OQ¡5TaV`OQX]Z�D~T�z[I
�,IHI5Z8V`I5_dV`I b OYZ�z?TaOQZ¥��� IpeHTaR�_dIJXa� V`D~I D3R~�]I \FhWX]�FSQIHG _dOQ¡HI � VWDFI<_kVWhWTaV`I5�]cª��X[h�OYZ~eHX]GJ\FSQI�VWOYX[Z � T]_
��T]_`I b X]ZA�[IHX]GJIHV`hWc,©�V`D~TaV1OQ_<V`X%_WT�c � VWDFI¨e�XPIH« eHOYI5Z3VW_1T]h`Iª\~h`Ip_dI5h`z[I b � DFIHZFI5z]I5h V`DFI5OYh�OYZ b OQeHI5_
eHX]hWh`Ip_d\,X]Z b V`XªZ~IHOQ�]DP��X[RFhWOYZF��z[IHh`V`OUe�I5_(X[Z¨VWDFI<hWI��~Ipe�VWOYzPOYVkc��]hWO b �1C�DFI<TaSYV`I5h`Z�T?V`OQz]I eHX]Z~_`OQ_dV`OQZF��OQZ
I5z?TaSQR~T?VWOYZF��VWDFI�DFOQ�]DFIp_kVme�XPIH« eHOYI5Z3VW_�OQZ�VWDFI�ZFX[h`G TaS­Ip�[R�T?V`OQX]Z�G T?VWh`OYf1D~T[_�TaSU_dX��¸TaOQSQI b �
¢�Z b IHI b¥� � DFIHZ�SYXPX]�POQZF�oTaV!VWDFI eHX]ZPz]I5h`�[IHZ~eHI�\~T?VWD�X]Z�V`DFI h`I5SQTaV`OQz]IihWI5_`O b R~TaSU_ � VWDFI#�~hW_dV!OYV`I5hWTaV`OQX]Z~_

b X�ZFX]V � T]_dV`I¤T]ZPc�VWOYGJI[�iC�DFIHhWI���X[h`I � \FhWI5eHX]Z b OYV`OQX]Z~IHhq_ � DFOUeqD1TahWIoGJX3_kVWSYcJI�«<eHOYI5Z[V V`X�DFIHSQ\1OQZ<VWD~T?V
G TaVdV`I5h b X<Z~XaVo\,IHh`��X]hWG � IHSQS
X[ZªX]RFhm\~h`X[�FSYI5G�� �oX � I5z]IHh � OY��V`DFI�X]\,IHhqT?V`X[h b XPI5_�Z~XaVoOQZ~e�SQR b I�V`DFI
eHX]ZPz]X[SYRFV`OQX]Z � V`DFI5Z<V`D~I¤\FhWI5eHX]Z b O§VWOYX[ZFIHhq_i�~T[_dI b X]Z�OYZ~eHX]GJ\FSQI�VWIm�¸T]e�V`X[hW_#_dDFX � _`X]GJI¤I�«<e�OQIHZ~eHc � �FR^V
OYVmD~T[_�TaSQh`IpT b c �,IHI5Z�_`DFX � Z�V`D~TaV�V`DFI�T]\F\FhWX[T]eqD � O§VWD�OYZFOYV`OUTaS b I5eHX]ZPz]X[SYR^VWOYX[Z1OU_�ZFXaVmhWIHSQIHz?T]Z[Vp�
x-OQZ~TaSQSYc � X]ZFI(eHT]Z�T]SQ_`X � X]Z b IHh � DFI�VWDFIHh V`D~I¤R~_WTa�[I¤X]�
\FhWI5eHX]Z b OYV`OQX]Z~IHhq_iOU_�ZFXaV�TaZ3V`OQZFX[G�OUe � OYV`D

VWDFI�hWIH�[RFSUTahWOY¡pT?V`OQX]Z(�Pc�T�SQOYGJOYVWT?VWOYX[Z�X]�^V`DFI e�X]ZPz[IHhW�]IHZ�e�I]��¢�Z b IHI b�� � O§VWD�TaZ�I�«<e�OQIHZ3V!\~h`Ipe�X]Z b O§VWOYX[ZFIHh
X[Z T�_`c3GJGJI�VWh`OUe�GJTaV`hWO§f � VWDFI�e�X[GJ\�X[ZFIHZ3VW_�X]�mV`DFI�_`X]SQR^VWOYX[Z%X]Z%V`DFIª_`G TaSQSYIp_kV IHOQ�]I5ZPz]I5e�V`X[hW_�TahWI
b OQ_`\FSUT�c]I b I5T]h`SQOYI5h�OYZ�V`D~I�e�X]ZPz[IHhW�]IHZ�e�Io\�T?V`D � � DFOQSYI(VWDFIHc<�[IHZFI5hWTaV`I V`D~I�RFZ � T]Z[VWI b OYZ~_dVWT]�FOQSYOYV`OQI5_5�

�"!�� �847N N (9B5N &)*A(91 ?,E54 �5N 4 (�& @G?,4 *<-�?A@ �94DN (96 �94 *<N ->B�/ ->:5: 6$@MI�-�?A@$(9B ?,( ?AE54
=�6�( ��->6 @$B��947*<N 4 :�*A( ��6$471

¢£VWIHhqT?VWOYz[I�_`X]SQz]I5hW_¤h`I5G TaOQZ¨VWDFIJI5e�X[ZFX]GJOUeHT]S � T�c���X]h�_`X]SQzPOYZ~��X[RFh�z]I5h`cªSUTahW�]I�SYOQZFI5T]h�SYIpT]_dV�_`�3R~T]h`Ip_
\~h`X[�FSYI5G � T]SYS�VWDFIª�¸T[_kVWIHh<T]_ V`DFIªOYV`I5hWTaV`OQX]Z~_ D�T�z]I�V`X��,I�_kVWX]\F\,I b �,I���X[h`I�VWDFIªhWI5_`O b R�TaSoT[e�V`R�TaSQSYc
eHX]ZPz]I5h`�[I5_ � ��IpeHT]R~_dIªX]�¤hWIH�[RFSQT]h`OQ¡5TaV`OQX]Z¥� C�DFI b OY«<e�RFSYVkc%hWI5_dVW_JOQZ b I5_`OQ�]ZFOQZF��T�\FhWX]\,IHh _kVWX]\F\~OYZF�
eHh`OYV`I5h`OQX]Z
�
MPI5z]I5hWT]SPT]SY�[X]hWO§VWDFG _�D~T�z]I �,IHIHZ�VWI5_dV`I b¥� V`X[�]IHV`DFI5h � O§VWDJT DFI5RFhWOQ_dV`OUe IHhWh`X[h-Ip_kVWOYG TaV`I]� � c�_`SYOQ�]D3VWSYc

GJX b OY��cPOYZF��TaZ:I5_dV`OQGJTaV`I�TaSQh`IpT b c�\FhWX]\,X[_`I b OQZ�VWDFI�SQOYV`IHhqT?VWRFhWI � � I�D~T�z]I���X]RFZ b V`D~TaVH�������ªOU_¤V`DFI
IpT]_`OYIp_kVmT]SY�[X]hWO§VWDFG V`X�V`R~ZFI � eHSYX3_dI5SYc<��X]SQSYX � I b �Pc �9D������ (�� D0��� D-�

B � OQZF� V`X V`D~OQ_�\,X � IHh`��RFS^OYZ~DFIHhWIHZ3V�h`I5�]RFSUTahWOQ¡5T?VWOYX[Z�\FhWX]\,IHh`Vkc � X[Z�VWDFI�X]Z~I D�TaZ b�� V`DFImT]S§VWIHhWZ~T?VWOYz[I
�Pc VWDFI�C�OY�PDFX[ZFX?z hWIH�]R~SQT]h`OQ¡5TaV`OQX]Z<D~T[_�T�G�X b I5hWTaV`I OYZ3VWIHhWI5_dV � X]Z�V`D~I�XaV`D~IHh�D~TaZ b�� T]e5e�I5SYI5hWTaV`OQX]Z<�Pc
\~h`Ipe�X]Z b O§VWOYX[ZFOQZF��D�T]_�ZFX]Vm\Fh`X?z[IHZ�TaZPc<I�«<eHOYI5Z~e�c1T]Z b G�OQ�]D3VmI5z]IHZ�ZFX]V��,I b Ip_dOQhWT]�FSQI]�
�AOYV`D�hWI5_`\,I5e�VoV`X VWDFI��]SQX]��TaS¥OQZPz]IHhq_`I�\Fh`X[�FSQIHG � T hWI b R~e�I b SQI5T[_kV _`�3R~T]h`I�T]\F\FhWX[T]eqD�_`RF�^jkI5e�VmV`X

� �[R�T?V`OQX]Z 8¸u :�� MPI5e�V`OQX]Z�{F� {�eHTaZ1X]ZFSQcJ��I(e�X[Z~_dO b I5h`I b �3cJGJI5T]Z~_#Xa�¥VWDFI¤eHX]Z~_dV`hWR~e�VWOYX[Z<Xa�
T]Z1T b jkX]OQZ[V
_dVWTaV`I�OY��OYV`I5hWTaV`OQz]I�GJI�VWDFX b _�TahWIªIHGJ\FSQX?c]I b¥� T]_<\~h`X[\�X3_dI b OYZ 0à{]{#2Ã� C�DFI¨ZPRFG���I5h1Xa��OYV`I5hWTaV`OQX]Z~_
�3RFX]V`I b OQZ VWDFI�\Fh`I5zPOYX[R~_�_`I5e�V`OQX]Z~_�TaZ b VWDFI�z]I5e�V`X[h�SQIHZF�]V`D·Xa��VWDFI8h`IH�~I5e�V`OQz3OYVkc ��X]hW�FO b VWDFI�R~_dI
X]�¤_`R~eqD T¨V`IpeqDFZFOU�[R~I]� �#X[ZPz]IHhq_`IHSQc � V`DFI ��� ��� ��X]hWG�RFSUT?VWOYX[Z � �FhWOYIH�~c b Ip_`eHh`OQ��I b OQZ _`I5e�V`OQX]Z {^�à{
� T]_�OQZ[VWh`X b R�e�I b OYZ·X]h b IHh�V`X IHZ~SQT]h`�[I�V`D~I b X[G TaOQZ Xa��T?VdVWhWT[e�VWOYX[Z Xa��V`DFI8�]SQX]�~T]S¤GJOQZFOQG�RFG X]�
VWDFI1eHX]GJ\FSQI�V`I OQZPz]I5hW_`IJ\Fh`X[�FSQIHG���C�D~OQ_�OU_�\,IHh`��X]hWGJI b �Pc:T %������ � 	 ��* (����$
&����� 	 � Z~T]G�I5SYc8_dIHVdVWOYZF�
� --, @ � TaZ b �[IHI5\FOYZ~��V`DFIoz]I5e�V`X[h � Xa��G�R~eqD SQT]h`�[IHhi_`OY¡5I�8�4 � B : T[_�V`DFI¤ZFI � SQOYZ~I5Tah�RFZF�PZFX � Z¥�
¢£V�D~T]_�T]SYhWI5T b c¨�,IHI5Z�_dD~X � Z�V`D~TaV �9D������ (�� D<�$� D�X]Z�VWDFI ��� ����G TaV`hWO§f , � , @ b O b ZFXaV

eHX]ZPz]I5h`�[I � IHSQS�8¸_`IHI�x-OQ�~� ?5K : �Ax-OQ�]RFhWI1? 48OQ_<IHz]I5Z GJX[h`Iªe�X[ZPz3OQZ~eHOYZF� � �Pc%_`DFX � OQZF�8V`DFIª�FSQRFhWh`I b
X[\^V`OQG TaS h`IH�~I5e�V`OQzPO§Vkc X]�^VqTaOQZFI b �3c � DK�5�J� (��@D0�$� D � ��� �9� eHX]GJ\~TahWI b VWX�VWDFI���X^e�R�_dI b X]ZFI
b IHhWOYzPOQZF����hWX]G V`DFI�_`OQG�\~SYI(SQI5T]_dVm_`�3R~T]h`Ip_�TaZ b �9D������ (�� D0��� D-�
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ORTHO−CR + MBTT on raw data, optimal result.
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ORTHO−CR with B
f
 on raw data, optimal result.
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x-OQ�]RFhWI1? 4~© B \FV`OQGJT]S�h`Ip_dR~S§V � OYV`D V`D~I ��� ��� ��X[h`G�RFSUT?V`OQX]Z 8�SQI��ÈV :�� TaZ b � OYV`D VWDFI�_dOQGJ\FSQI�SQI5T[_kV
_W�3R~TahWI5_#��X[h`G�RFSQTaV`OQX]Z 8�hWOY�[D[V : �

�oX � I5z]IHh � �PcªGJI5T]Z~_mX]�iV � X1T bFb O§VWOYX[Z~TaS-z?TahWOQT]�FSYIp_ � OYV OU_o\,X[_W_`OY�FSQI�VWX1GJX b OY��c�V`DFI �������¨TaSQ�]X]�
hWOYV`DFG OYZ�X]h b I5h¤VWXª\FhWI5_`IHhWz]I�V`DFI ��� ��� ��X]hWG�R~SQTaV`OQX]Z¥�J¢�Z b I5I b�� X]Z�lmSQ�]X[h`OYV`D~G { � V`DFIJ��X[SYSQX � OYZ~�
GJX b OY��eHTaV`OQX]Z~_�_`DFX[RFS b �,I�Ta\F\FSQOQI b X]h�OQZ~_dI5hdVWI b ©

� TaZ OYZ~O§VWOQT]Sm�]RFIp_`_#� ; X]�oV`D~I�V`OQG�IªhWI���I5e�VWOYzPOYVkc � eHT]Z �,I�\Fh`X?zPO b I b 8���OQ_ T8�]XPX b eqDFX]OUe�I :
OYZ�_kVWI5T b X]�-TJ_d\�T]e�I(hWI��~Ipe�VWOYzPOYVkc � ; ;
� _kVWIH\ª| �F_`I�Vq_ � ; --, @ � ; ;
� _kVWIH\1?(�F_`I�Vq_ " ; - * ; ;
� _kVWIH\ 4 �F_`I�Vq_�� � � "5-�� � > � � " � � ��� ��� _dX[SYRFV`OQX]Z�RF\ b T?V`I ��;� _kVWIH\1?HK �F_dIHVW_ " � � "5- * � � " >�	 � " � ;C � X�T bFb O§VWOYX[Z~TaS,z]Ipe�V`X[hW_�Xa�¥SQIHZF�]V`D 4ªD~T�z]I�VWX��,I _dV`X[h`I b TaZ b RF\ b T?VWI b �PcJSQOYZFIpTah�e�X[G��FOQZ~T?VWOYX[Z

TaV�IpT]eqD�_dV`IH\
�:C�DFI1�~Z~TaS z?TaSQRFI1X]� � eHT]Z�OQZ�V`RFhWZ��,I�R�_dI b T]_��Ff^I b ��X[h�V`D~I�T]S§VWIHhWZ~T?VWI1_kVWIH\�X]�
VWDFI
��� �9� T]SY�[X]hWO§VWDFG � Z~TaGJI5SYc�VWDFI ZFX]ZF�ÃSQOYZ~I5Tah X]\FV`OQG�OQ¡5TaV`OQX]Z � O§VWD:hWI5_`\,I5e�V(VWX�VWDFIJ�~T]eq�P�[h`X[RFZ b
z[IHSQX^e�OYVkc]� �#X[Z~_dIp�3RFIHZ3V`SQc � T e�X]ZPz[IHZFOQIHZ3VmTaZ~_ � IHhmeHT]Z���I�\~h`X[\�X3_dI b VWX V`DFI��[SYX[�~TaS
OYZPz]I5hW_`I(\FhWX]�FSQIHG
� OYV`DªT]Z�OYV`I5hWTaV`OQz]I�_dX[SYz[IHh ��X]h�VWDFI�SQOYZFIpTah�SQI5T]_dVo_W�[R�TahWI]�

� � ����"#�����

H���

¢�ZJVWDFIm��hqTaGJI � X[h`��X]� � T�z[I���X]hWG OQZPz]I5hW_`OYX[Z � OYV�D~T[_i�,IHIHZ1h`IpeHTaSQSQI b V`D~TaV�VWDFImGJOY�[hWTaV`OQX]ZJXa�¥hWI���I5e�VWOYX[Z
_`IHOU_`G�OUe b T?VWT:eHT]Z%�,I�_`I�V�RF\ T[_�VWDFI�_`X]SQR^VWOYX[Z�Xa�¤T¨SYOQZFIpTah�SYIpT]_dVJ_W�3R~TahWI5_�\Fh`X[�FSQIHG��8loZ%OQZ~_`OY�[D[V
OQZ3V`X�V`D~I�T]_W_dX^eHOQTaV`I b X]\,IHhqT?VWX]h�h`I5z]IpTaSU_�T b OQ_We�hWI�VWI�OYSQS§�£\,X[_`I b \Fh`X[�FSQIHG X]��TJz[IHhWc<SQT]h`�[I _`OQ¡HI � � O§VWD�T
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Z~XaV`I � X[hdVWDPc(_`\~T]hW_`O§Vkc Xa��V`DFI G T?VWh`OYf��-C�DFI5h`IpT?�ÈVWIHh � Z~XaV�X]ZFSQc�G T?VWh`OYfP�Ò��hWIHI#\Fh`X^eHI b RFhWI5_-TahWI�\~hWT[e�V`OUeHT]S �
�~R^VoTaSU_dX�V`D~I � DFX]SQI(V`XPX]SQ�,X�f<Xa��SYOQZFI5T]hmTaSQ�]I5�FhWT���X]h�SQI5T[_kVm_W�[R�TahWI5_5�
�AOYV`D:\~Tah`V`OUe�RFSUTah¤h`IH��IHhWIHZ~eHI�V`X<V`DFIJe�X[G�\~RFSQ_`X]hWc1OQZ~eHX]hW\�X[hWTaV`OQX]Z�Xa��VWDFI�eHX]ZPz]X[SYR^VWOYX[ZªX]\,IHhqT?VWX]h �

b OYhWI5e�V�T]Z b O§VWIHhqT?V`OQz]I GJI�VWDFX b _�D~T�z[I¤�,IHI5Z�T b Ta\FV`I b OYZ�X[h b I5h V`XJI�fPV`hqT]e�V�G�X[h`I¤V`D�TaZ�T�eHR~_dV`X]G T]h`c
T]\F\FhWX�f^OYG T?VWI�_`X]SQR^V`OQX]Z¥�-C�DFI ZFIHI b ��X]h�hWIH�[RFSQT]h`OQ¡5TaV`OQX]Z��,I5eHX]GJI5_
V`DFI5Z�To�]I5c�OQ_W_dR~Ii��X]h-VWDFI T b I5�3R~T[e�c
X]��V`DFI�hWI5_`RFS§V�\FhWX?z3O b I b � � «<e�OQIHZ3V TaZ b V`RFZ~T]�FSQI�T]SY�[X]hWO§VWDFG _�D~T�z]I1V`DFI5Z��,IHIHZ _dI5SYIpe�VWI b OQZ%�,XaVWD
�¸T]GJOYSQOYIp_�Xa��ZPRFGJIHhWOQe5TaS�_`X]SQz]I5hW_ � Z~T]GJIHSQc � 	 C9D T]_�T b OQhWI5e�V�GJIHV`DFX b TaZ b ��������T]_�TaZ�O§VWIHhqT?VWOYz[I
X[ZFI]�

�oX � I5z]IHh � VWDFI�eqDFX]OUe�I�Xa� V`D~I5_`I�V � X�GJX[_dV T]\F\FhWX]\FhWOUT?V`I�TaSQ�]X[h`OYV`DFG _JeHT]Z �,IªhWI5e�X[Z~_`O b I5h`I b OY�
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