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�M �9�&

MMS 9Q& ����
:KHUH�QM LV� QXPEHU� IORZ� UDWH�RI�SDUWLFOHV� DW�ORFDWLRQ�M��WM LV�WKH�UHVLGHQFH�WLPH�RI�SDUWLFOHV�LQ�WKH�FRQWURO�YROXPH�DQG�9&�9��LV�WKH�YROXPH�RI�FRQWURO�YROXPH�DQG�Q3 LV�WKH�WRWDO�QXPEHU�RI� WUHMHFWRULHV� SDVVLQJ� WKLV� FRQWURO� YROXPH��6LQFH� LQ� WKH� 36,�&(//�PRGHO� LW� LV� DVVXPHG�WKDW� WKH� JDV� YHORFLW\� IOXFWXDWLRQV� GR� QRW�LQIOXHQFH�WKH�SDUWLFOH�PRYHPHQW��WKH�QXPEHU�IORZ� UDWH� RI� SDUWLFOHV� ORFDWHG� DW� SRLQW� M� LV�FRQVWDQW� DORQJ� WKHLU� WUDMHFWRU\�� 7KXV� WKH�HTXDWLRQ� ��� FDQ� EH� ZULWWHQ� LQ� WKH� IROORZLQJ�IRUP�¦ W' SQ

�M �9�&
M�M��3�M�3�M��3S 9 &X& ����

:KHUH�X3��M� DQG�&3��M� DUH� WKH� LQLWLDO� YHORFLW\�DQG�FRQFHQWUDWLRQ�RI�SDUWLFOHV�ORFDWHG�DW�SRLQW�M� DQG� '3�M� LV� WKH� LQFUHPHQW� VHOHFWHG� IRU�ORFDWLRQ� M�� 7KLV� HTXDWLRQ� ZDV� PRGLILHG� WR�LQFOXGH�WKH�HIIHFW�RI�SDUWLFOH�VL]H�GLVWULEXWLRQ�DV�IROORZV�¦ W' SQ
�M �9�&

M3�M��3�M�3�M��333 9 �'�&X�'�&
����
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,Q�WKLV�PRGHO� WKH�HIIHFW�RI�JDV� WXUEXOHQFH�RQ�SDUWLFOH�PRYHPHQW�LV�LJQRUHG�
0HWKRG�RI�VROXWLRQ)LJXUH� �� VKRZV� WKH� DOJRULWKP� XVHG� WR� VROYH�WKH�JRYHUQLQJ�HTXDWLRQV��(TXDWLRQ����SDUWLFOH�FRQWLQXLW\�� ZDV� VROYHG� E\� XVLQJ� SRZHU�ODZ�PHWKRG� RI� FRQWURO� YROXPH�� (TXDWLRQV� ��WKURXJK�����)OXLG�IORZ��ZHUH�VROYHG�E\�XVLQJ�WKH� FRQWURO� YROXPH� PHWKRG� DQG� 6,03/(5�

DOJRULWKP�� (TXDWLRQ� ��� DQG� ��� �HOHFWULFDO�ILHOG�� ZHUH� VROYHG� E\� XVLQJ� WKH� ILQLWH�GLIIHUHQFH�PHWKRG��$�JULG�ZLWK����î���FHOOV�ZDV� XVHG� WR� VROYH� DERYH� HTXDWLRQV�� 7KH�VWDJJHUHG� V\VWHP� ZDV� XVHG� WR� HYDOXDWH�HOHFWULFDO� ILHOG� VWUHQJWK�� 7KH� LQWHJUDOV�DSSHDULQJ� LQ� HTXDWLRQV� ��� �� DQG� ��� ZHUH�FDOFXODWHG� E\� XVLQJ� ILIWK�RUGHU� *DXVV�4XDGUDWXUH�QXPHULFDO�LQWHJUDWLRQ�PHWKRG�

)LJXUH �� $OJRULWKP�XVHG�WR�VROYH�WKH�JRYHUQLQJ�HTXDWLRQV

(YDOXDWLRQ�RI�4S��HTXDWLRQ����

6ROYLQJ�)OXLG�IORZ�HTXDWLRQV����WKURXJK�����
6ROYLQJ�(OHFWULFDO�ILHOG�HTXDWLRQV�����DQG����
'HWHUPLQDWLRQ�RI�SDUWLFOH�YHORFLWLHV��HTXDWLRQ����

'HWHUPLQDWLRQ�RI�SDUWLFOH�GLIIXVLRQ�FRHIILFLHQWV��HTXDWLRQV���DQG���

HK��K E3�S

\HV
QR

6WRS

$VVXPH�&S�'S� �

6ROYLQJ�SDUWLFOH�FRQFHQWUDWLRQ�HTXDWLRQ����
'HWHUPLQDWLRQ�RI�SDUWLFOH�UHPRYDO�HIILFLHQF\��HTXDWLRQ����
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5HVXOWV,Q� RUGHU� WR� YHULI\� WKH� UHVXOWV� RI� WKH�PDWKHPDWLFDO�PRGHO�WKH�H[SHULPHQWDO�GDWD�RI�/HRQDUG� HW� DO�� ������� >�@ ZDV� XVHG�� ,Q� WKLV�H[SHULPHQW�� ROHLF� DFLG� GURSV� ZLWK� D� PHDQ�GLDPHWHU�RI�����PP�DQG�VWDQGDUG�GHYLDWLRQ��V��RI������ DUH� UHPRYHG� IURP�D�JDV� VWUHDP�E\�D�GRXEOH�VWDJH� (63�� )LJXUH� �� VKRZV� WKH�VFKHPDWLF� FRQILJXUDWLRQ� RI� WKH� (63� XVHG� LQ�WKLV�H[SHULPHQW��)LJXUH���VKRZV�WKH�UHVXOWV�RI�WKH� VLPXODWLRQ� RI� IOXLG� IORZ� IRU� WKLV�H[SHULPHQW�� )LJXUH� �� VKRZV� WKH� FRPSDULVRQEHWZHHQ� WKH� UHVXOWV� RI� WKH� PRGHO� DQG�H[SHULPHQWDO�GDWD�IRU�SDUWLFOH�GLVSHUVLRQ��7KH�UHVXOWV� RI� WKH� PRGHO� EDVHG� RQ� WKH� (XOHULDQ�DSSURDFK� DUH� LQ� JRRG� DJUHHPHQW� ZLWK�H[SHULPHQWDO�GDWD�IRU�&� �����7KH�SDUDPHWHU�&�� LQ�HTXDWLRQ����KDV�EHHQ�GHWHUPLQHG�LQ�DQ�H[SHULPHQW� IRU� KHDW� WUDQVIHU� E\� /DXQGHU�������� >�@�� ,W� FDQ� WDNH� YDOXHV� UDQJLQJ� IURP�����WR������7KLV�GLIIHUHQFH�FDQ�EH�DWWULEXWHG�WR�WKH� ZHDN� SUHGLFWLRQ� RI� WXUEXOHQFH� LQWHQVLW\�ZKHQ� XVLQJ� QRUPDO� N�H PRGHO�� ,Q� WKH�H[SHULPHQW� RI� /HRQDUG� HW� DO�� ������� >�@�� LW�ZDV UHSRUWHG� WKDW�� IRU� WKH� FRQILJXUDWLRQ� RI�ILJXUH� �� DW� WKH� GLVWDQFFH� ; ��� FP�� WKH�PHDVXUHG� YDOXH� RI� WXUEXOHQFH� LQWHQVLW\� ZDV����� ZKLOH� WKH� YDOXH� SUHGLFWHG� XVLQJ� WKH�QRUPDO� N�H PRGHO� LV� ����� $FFRUGLQJ� WR�HTXDWLRQ� ��� (S� LV� SURSRUWLRQDO� WR� �Xc �� ,I� WKH�PHDVXUHG� YDOXH� RI� WXUEXOHQFH� LQWHQVLW\� LV�XVHG�� WKH� YDOXH� RI� ����� LV� REWDLQHG� IRU� &���7KLV�PHDQV�WKDW�LI�D�PRUH�DFFXUDWH�WXUEXOHQFH�PRGHO�ZHUH�XVHG��WKH�YDOXH�RI�������ZKLFK�LV�ZLWKLQ� DQ� DFFHSWDEOH� UDQJH�� ZRXOG� EH�FDOFXODWHG�IRU�&���$V�FDQ�EH�VHHQ�LQ�ILJXUH����WKH� PRGHO� EDVHG� RQ� WKH� VLPSOH� /DJUDQJLDQ�DSSURDFK�� ZLWKRXW� FRQVLGHULQJ� WKH� HIIHFW� RI�JDV� WXUEXOHQFH�� FDQQRW� SUHGLFW� SDUWLFOH�PRYHPHQWV� LQ� DQ� (63� ZHOO�� ,W� FDQ� EH�DWWULEXWHG� WR� WKH� HIIHFW� RI� JDV� WXUEXOHQFH� RQ�SDUWLFOH�GLVSHUVLRQ��5HVXOWLQJ�IURP�WKH�XVH�RI�EDIIOHV�� WKH� JDV� WXUEXOHQFH� LV� KLJK� DQG�SDUWLFOHV� DUH� GLVSHUVHG� GXH� WR� WXUEXOHQW�GLIIXVLRQ�� 7KXV� LW� LV� FOHDU� WKDW� WKH� UHVXOWV�UHSRUWHG�E\�6XK�DQG�.LP�������>�@ LQ�ZKLFK�D�VLPSOH�/DJUDQJLDQ�DSSURDFK�KDV�EHHQ�XVHG��

PD\�KDYH�VRPH�HUURUV�7KH� VWUHQJWKHQHUV� FDQ� EH� FRQVLGHUHG� DV�VHYHUDO� EDIIOHV� LQ� VHULHV� DORQJ� WKH� FROOHFWLQJ�ZDOO��,Q�RUGHU�WR�LQYHVWLJDWH�WKH�HIIHFW�RI�ZDOO�VWUHQJWKHQHUV�RQ� WKH�(63¶V�SHUIRUPDQFH�� WKH�UHVXOWV� RI� WKH�PRGHO� IRU� D� GRXEOH�VWDJH�(63�ZLWK� D� ULEERQ� DV� D� EDIIOH� RQ� WKH� FROOHFWLQJ�ZDOO� ZHUH� REWDLQHG�� 7KH� IROORZLQJ�VSHFLILFDWLRQV� ZHUH� FRQVLGHUHG�� DSSOLHG�YROWDJH�RI����N9��LQOHW�JDV�YHORFLW\�RI���P�V��SDUWLFOH� GHQVLW\� ����� NJ�P��� LQOHW� SDUWLFOH�ORDGLQJ� �î���� NJ�P��� ZLGWK� RI� WKH� (63¶V�FKDQQHO� ����P� DQG� WKH� EDIIOH� ZDV� VHW� DW� ����FP RI� WKH� HQWUDQFH�� )LJXUH� �� VKRZV� WKH�FRQWRXU�SORW�RI�IORZ�VWUHDPOLQHV�IRU�D�ULEERQ�ZLWK�����P�KHLJKW��)LJXUHV���WKURXJK����VKRZ�WKH� FXPXODWLYH� YDULDWLRQ� RI� SDUWLFOH� UHPRYDO�HIILFLHQF\� DORQJ� WKH� OHQJWK� RI� WKH� (63� IRU�GLIIHUHQW� SDUWLFOH� VL]HV�� $V� FDQ� EH� VHHQ�� WKH�HIIHFW�RI�EDIIOH�GHSHQGV�RQ�SDUWLFOH�GLDPHWHU��$W�ORZ�SDUWLFOH�GLDPHWHUV�WKH�EDIIOH�LQFUHDVHV�SDUWLFOH� UHPRYDO� HIILFLHQF\� �IRU� '3 �� DQG� ��P��� :LWK� LQFUHDVLQJ� SDUWLFOH� GLDPHWHU�� WKH�QHJDWLYH�HIIHFW�RI�EDIIOH�LV�REVHUYHG��,Q�RWKHU�ZRUGV�� WKH� EDIIOH� GHFUHDVHV� SDUWLFOH� UHPRYDO�HIILFLHQF\� IRU� ODUJH�SDUWLFOH� VL]HV��IRU�'3 ���DQG�����P���$V� LV�DSSDUHQW� LQ� WKHVH� ILJXUHV��WKH� VXGGHQ� LQFUHDVH� LQ� WKH� FXPXODWLYH�UHPRYDO� HIILFLHQF\� FXUYH� DW� D� SRLQW� ���� P�IURP�WKH�HQWUDQFH�UHSUHVHQWV�WKH�LPSDFWLRQ�RI�SDUWLFOHV�RQ�WKH�IURQW�VLGH�RI�WKH�ULEERQ��7KLV�HIIHFW� FDQ� FRPSHQVDWH� WKH� QHJDWLYH� HIIHFW� RI�WKH� EDIIOH� RQ� WKH� SDUWLFOH� UHPRYDO� HIILFLHQF\�WR� VRPH�H[WHQW��)LJXUHV���� WKURXJK����VKRZ�WKH� HIIHFW� RI� EDIIOH� OHQJWK� RQ� WKH� SDUWLFOH�UHPRYDO� HIILFLHQF\� IRU� SDUWLFOH� GLDPHWHUV� RI���� ��� ��� DQG�����P��7KH�VSHFLILFDWLRQV�XVHG�WR� REWDLQ� WKHVH� UHVXOWV� DUH� VLPLODU� WR� WKH�SUHYLRXV�FDVH��7KH�OHQJWKV�RI�EDIIOH�XVHG�DUH���� ��� �� DQG� �� P�� $V� LV� DSSDUHQW� LQ� WKHVH�ILJXUHV�� LQFUHDVLQJ� WKH� OHQJWK� RI� WKH� EDIIOH�LQFUHDVHV� SDUWLFOH� UHPRYDO� HIILFLHQF\��)LJXUH���� ZDV� FUHDWHG� WR� H[SODLQ� WKLV� HIIHFW�� 7KLV�ILJXUH�VKRZV�WKH�YDULDWLRQ�RI�SDUWLFOH�UHPRYDO�HIILFLHQF\�ZLWK�WKH�SODWH�SODWH�GLVWDQFH�RU�WKH�VSDFLQJ� RI� (63¶V� FKDQQHO� DW� FRQVWDQW� JDV�IORZ� UDWH�� 7KLV� ILJXUH� ZDV� REWDLQHG� IRU� DQ�
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(63�ZLWK�WKH�IROORZLQJ�VSHFLILFDWLRQV��OHQJWK�RI� (63� �� P�� SDUWLFOH� GLDPHWHU� ��� �P�� JDV�IORZ�UDWH���P��V�SHU�P�RI�(63�ZLGWK��DSSOLHG�YROWDJH����N9��SDUWLFOH�GHQVLW\�RI������NJ�P�DQG�LQOHW�SDUWLFOH�ORDGLQJ��î���� NJ�P��)LJXUH� ��� VKRZV� WKDW� GHFUHDVLQJ� WKH� SODWH�SODWH� GLVWDQFH� LQFUHDVHV� WKH� SDUWLFOH� UHPRYDO�HIILFLHQF\�� 'HFUHDVLQJ� WKH� SODWH�SODWH� GLV�WDQFH� KDV� WZR� HIIHFWV�� ,W� LQFUHDVHV� WKH� JDV�YHORFLW\� ZKLFK�� LQ� WXUQ�� KDV� D� GHFUHDVLQJ�HIIHFW�RQ�WKH�UHPRYDO�HIILFLHQF\��+RZHYHU��LW�LQFUHDVHV� WKH� HOHFWULF� ILHOG� VWUHQJWK� DQG� DOVR�UHGXFHV� WKH� WRWDO� SDWK� IRU� SDUWLFOHV� WR� EH�FROOHFWHG� RQ� FROOHFWLQJ� ZDOO�� 7KHVH� HIIHFWV�FDXVH� DQ� LQFUHDVH� LQ� WKH� UHPRYDO� HIILFLHQF\��7KH� QHW� UHVXOW� RI� UHGXFLQJ� VSDFLQJ� LV� WR�LQFUHDVH�WKH�SDUWLFOH�UHPRYDO�HIILFLHQF\�2QH� RI� WKH� PDLQ� HIIHFWV� RI� D� EDIIOH� LV� WR�UHGXFH� WKH� SODWH�SODWH� GLVWDQFH� DORQJ� WKH�OHQJWK� RI� WKH� EDIIOH�� VR� LW� LV� FOHDU� WKDW� XVLQJ�ORQJHU� EDIIOH� FDXVHV� DQ� LQFUHDVH� LQ� UHPRYDO�HIILFLHQF\�)URP� UHVXOW� RI� WKH� PRGHO� UHSUHVHQWHG� LQ�ILJXUH�����WKH�TXHVWLRQ�FDQ�DULVH�RI�KRZ�PXFK�WKH� SODWH�SODWH� GLVWDQFH� FDQ� EH� UHGXFHG� WR�DXJPHQW� WKH� (63� SHUIRUPDQFH�� ,Q� RUGHU� WR�DQVZHU� WKLV� TXHVWLRQ�� WKH� WKLUG� HIIHFW� RI�GHFUHDVLQJ� SODWH�SODWH� GLVWDQFH� VKRXOG� EH�FRQVLGHUHG��)RU�ODUJHU�SODWH�SODWH�GLVWDQFHV��D�ORZHU�SUHVVXUH�GURS�LV�REWDLQHG�GXH�WR�ORZHU�JDV� YHORFLW\�� 7KLV�� LQ� WXUQ�� FDXVHV� D� ORZHU�RSHUDWLQJ� FRVW�� 7KHUHIRUH�� D� FRPSUHKHQVLYH�HFRQRPLFDO�RSWLPL]DWLRQ�LV�UHTXLUHG�WR�REWDLQ�WKH�RSWLPXP�VL]H�RI�SODWH�SODWH�GLVWDQFH�7KH� UHVXOWV� VKRZQ� LQ� ILJXUH� ��� FDQ� EH� DOVR�XVHG� WR� H[SODLQ� ZK\� EDIIOHV� LQFUHDVH� WKH�FROOHFWLRQ� HIILFLHQFLHV� RI� VPDOO� SDUWLFOHV�� $V�PHQWLRQHG�� WKH� PDLQ� HIIHFWV� RI EDIIOHV� LV� WR�LQFUHDVH�WKH�HOHFWULFDO�IRUFH�GXH�WR�LQFUHDVH�RI�HOHFWULFDO� ILHOG� VWUHQJWK� DQG� WR� FKDQJH� WKH�LQHUWLD� RI� SDUWLFOHV� GXH� WR� GLVWRUWLRQ� RI� IOXLG�IORZ��7KH�VHSDUDWLRQ�RI�SDUWLFOHV�IURP�WKH�JDV�VWUHDP�GHSHQGV�PDLQO\�RQ�WKH�UDWLR�RI�HOHFWULF�IRUFH� WR� LQHUWLD�� 7KLV� UDWLR� LV� SURSRUWLRQDO� WR�WKH� DUHD� WR� YROXPH� UDWLR� RI� D� SDUWLFOH� �IRU�VSKHULFDO�SDUWLFOHV�WKLV�UDWLR�LV�HTXDO�WR���'S���

%HFDXVH� WKLV� UDWLR� LV� KLJKHU� IRU� VPDOO�SDUWLFOHV��WKH�QHJDWLYH�HIIHFW�RI�EDIIOHV�FDQ�EH�OHVV� WKDQ� WKHLU� SRVLWLYH� HIIHFW� RQ� WKH�VHSDUDWLRQ� RI� VPDOO� SDUWLFOHV�� 7KH� QHW� UHVXOW�FDQ�EH�WR�LQFUHDVH�FROOHFWLRQ�HIILFLHQF\�
&RQFOXVLRQV$� PDWKHPDWLFDO� PRGHO� ZDV� GHYHORSHG� WR�SUHGLFW� GRXEOH�VWDJH� (63� SHUIRUPDQFH�� 7KH�HIIHFW� RI� SDUWLFOH� FKDUJH� DQG� PRYHPHQW� RQ�IOXLG� IORZ�DQG�HOHFWULFDO� ILHOG�DUH�FRQVLGHUHG�LQ� WKLV� PRGHO�� $OVR�� WKH� LQIOXHQFH� RI�WXUEXOHQFH� RQ� SDUWLFOH� PRYHPHQW� ZDV� LQ�FOXGHG� E\� XVLQJ� D� PRGLILHG� (XOHULDQ�DSSURDFK�7KH� HOHFWULFDO� ILHOG� ZDV� GHWHUPLQHG� E\�VROYLQJ� WKH� 3RLVVRQ� HTXDWLRQ� LQFOXGLQJ� WKH�HIIHFW� RI� SDUWLFOH� FKDUJH�� 7KH QRUPDO� N�HWXUEXOHQW� PRGHO� ZLWK� FRQVLGHULQJ� DQ�HOHFWULFDO�ERG\� IRUFH�ZDV�XVHG� WR�SUHGLFW� WKH�IOXLG� IORZ� ILHOG��7ZR�PHWKRGV��(XOHULDQ�DQG�/DJUDQJLDQ�� ZHUH� XVHG� WR� SUHGLFW� SDUWLFOH�PRYHPHQW�RYHU�WKH�(63��7KH�PRGHO�EDVHG�RQ�DQ�(XOHULDQ�DSSURDFK�ZDV�XVHG�WR�LQYHVWLJDWH�WKH�HIIHFW�RI�FROOHFWLQJ�ZDOO�VWUHQJWKHQHUV�RQ�(63�SHUIRUPDQFH�EHFDXVH�WKH�UHVXOWV�VKRZHG�WKDW� VLPSOH� /DJUDQJLDQ� PHWKRG� FRXOG� QRW�UHSUHVHQW� WKH� (63� SHUIRUPDQFH�ZHOO�ZKHQ� D�EDIIOH� ZDV� SUHVHQW�� )URP� WKH� UHVXOWV� RI� WKH�PRGHO� WKH� IROORZLQJ� FRQFOXVLRQV� FDQ� EH�PDGH��� %DIIOHV� LQWURGXFH�PRUH� WXUEXOHQFH� DQG�VHYHUH�YHORFLW\�GLVWULEXWLRQ�WR� WKH�IOXLG��7XUEXOHQFH� GLVSHUVLRQ� RI� SDUWLFOHV�GHFUHDVHV� UHPRYDO� HIILFLHQF\�� $OVR� WKH�HIIHFW� RI� JDV� WXUEXOHQFH� RQ� SDUWLFOH�GLVSHUVLRQ�FDQQRW�EH�LJQRUHG��� %DIIOHV� FDQ� KDYH� D� SRVLWLYH� HIIHFW� RQ�SDUWLFOH� UHPRYDO� HIILFLHQF\� GHSHQGLQJ�RQ� SDUWLFOH� GLDPHWHU�� )RU� ORZ� SDUWLFOH�GLDPHWHUV� WKH� SUHVHQFH� RI� EDIIOHV�LQFUHDVHV� WKH� UHPRYDO� HIILFLHQF\��+RZ�HYHU��IRU�ODUJH�SDUWLFOH�VL]H�EDIIOHV�FDXVH�D�GHFUHDVH�FROOHFWLRQ�HIILFLHQF\��� ,QFUHDVLQJ� WKH� OHQJWK� RI� D� EDIIOH� LQ�FUHDVHV�UHPRYDO�HIILFLHQF\�
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)LJXUH����6FKHPDWLF�FRQILJXUDWLRQ�RI�WKH�(63�XVHG�LQ�WKH�/HRQDUG�H[SHULPHQW�������
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����
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����'LVWDQFH�IURP�WKH�FROOHFWLQJ�ZDOO�

'LVWDQFH�IURP�WKH�HQWUDQFH��P��
)LJXUH����7KH�UHVXOW�RI�VLPXODWLRQ�RI�IOXLG�IORZ�IRU�/HRQDUG��������H[SHULPHQW

)LJXUH� ��� &RPSDULVRQ� EHWZHHQ� WKH� UHVXOWV� RI� WKH�PRGHO�DQG�H[SHULPHQWDO�GDWD�RI�/HRQDUG��������
)LJXUH��� &RQWRXU�SORW�RI�JDV�VWUHDPOLQH�IRU�D�GRXEOH�VWDJH�(63�ZLWK�D�ULEERQ�RI�����P�KHLJKW�DW�����P�IURP�WKH�HQWUDQFH�

�����FP
��FP�EDIIOHV

+LJK�YROWDJH

*DV�6WUHDP

�FP
[

'LVWDQFH�IURP�WKH�FROOHFWLQJ�ZDOO��P��
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