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$EVWUDFW7KH� LQFUHDVH� LQ� WKH� XVDJH� RI� KHDY\� PHWDOV� LQ� YDULRXV� LQGXVWULDO� SURFHVVHV� UHVXOWV� LQ�LQFUHDVLQJ� KHDY\� PHWDO� ZDVWHV� WKDW� QHHG� IXUWKHU� WUHDWPHQW�� &X� DQG� =Q� UHPDLQ�KD]DUGRXV� HYHQ�DW� ORZ� FRQFHQWUDWLRQ DQG� LW LV�D� FOHDU�QHFHVVLW\� WKDW� WKH\�EH� UHPRYHG�IURP�WKH�HIIOXHQW��7KH�SHUIRUPDQFH�RI�RLO�SDOP�IURQG��23)��SUH�WUHDWHG�ZLWK�1D2+�DV�D�VRUEHQW�WR�UHPRYH�&X�DQG�=Q�IURP�DTXHRXV�VROXWLRQ�ZDV�RSWLPL]HG�LQ�WKLV�VWXG\����J�RI�23)� ZDV� WUHDWHG� IRU� ���� PLQ� LQ� D� ���� PO� RI� ���� 0� 1D2+� VROXWLRQ� WR� LPSURYH� LWV�VRUSWLRQ� DELOLW\�� 5HVSRQVH� 6XUIDFH� 0HWKRGRORJ\� �560�� EDVHG� RQ� WKH� 7KUHH�9DULDEOH�&RPSRVLWH�)DFH�&HQWHUHG�'HVLJQ�ZDV�HPSOR\HG�DV�DQ�H[SHULPHQWDO�PRGHO�WR�HYDOXDWH�WKH�HIIHFWV�RI�LQLWLDO�=Q�DQG�&X�FRQFHQWUDWLRQ��������PJ�O���S+�RI�WKH�VROXWLRQ�������DQG�ELRPDVV� ORDGLQJ����������J��RQ�WKH�VRUSWLRQ�SURFHVV�FDUULHG�RXW�DW����&��7KH�VROXWLRQ�S+�� LQLWLDO� PHWDO� FRQFHQWUDWLRQ� DQG� ELRPDVV� ORDGLQJ� ZHUH� XVHG� DV� WKH� PDLQ� SURFHVV�YDULDEOHV� ZKLOH� WKH� VRUSWLRQ� SHUIRUPDQFH� ZDV� EDVHG� RQ� WKH� UHPRYDO� HIILFLHQF\�� 7KH�FRHIILFLHQW�RI�GHWHUPLQDWLRQ��5���ZDV�IRXQG�WR�EH������DQG������IRU�&X�DQG�=Q�UHPRYDOV��UHVSHFWLYHO\��7KH� LQLWLDO�FRQFHQWUDWLRQ�RI����PJ�O��ELRPDVV�ORDGLQJ�RI�����J�DQG�LQLWLDO�S+� RI� ����ZHUH� IRXQG� WR� EH� WKH� RSWLPXP� FRQGLWLRQV� IRU� WKH�PD[LPXP�&X� UHPRYDO� RI�������� FRUUHVSRQGLQJ� WR� VRUSWLRQ� FDSDFLW\� RI� �����PJ�J�� 7KH� RSWLPXP�FRQGLWLRQV� IRU�WKH�KLJKHVW�=Q�UHPRYDO�RI��������RU�VRUSWLRQ�FDSDFLW\�RI�����PJ�J�ZHUH�IRXQG�WR�EH�DW�DQ�LQLWLDO�FRQFHQWUDWLRQ�RI����PJ�O��ELRPDVV�ORDGLQJ�RI���� DQG�LQLWLDO�S+�RI�����
.H\ZRUGV� =LQF�� &RSSHU�� 6RUSWLRQ�� 5HVSRQVH� 6XUIDFH� 0HWKRGRORJ\�� /RZ�&RVW�6RUEHQWV��2LO�3DOP�)URQG
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,QWURGXFWLRQ6RPH� LQGXVWULDO� SURFHVVHV� UHVXOW� LQ� WKH�UHOHDVH� RI� KHDY\� PHWDOV� LQWR� QDWXUDO� ZDWHU�V\VWHPV��7KLV� OHDGV� WR�DQ� LQFUHDVLQJ�FRQFHUQ�DERXW� WKH� HIIHFW� RI� WR[LF� PHWDOV� DV� HQYLURQ�PHQWDO� FRQWDPLQDQWV >�@�� 'XH� WR� LWV� VSHFLDO�

SK\VLFDO� DQG� FKHPLFDO� SURSHUWLHV�� ZDWHU� LV�FRQVXPHG� LQ� PDQ\� LQGXVWULHV� DQG� KDV�FRQVHTXHQWO\� EHHQ� GHJUDGHG� ZLWK� GLIIHUHQW�SROOXWDQWV�� GHSHQGLQJ� RQ� WKH� LQGXVWULDO�SURFHVV� LQYROYHG� >�@�� &RSSHU� FRPSRXQGV�ZKLFK� DUH� XVHG� ZLGHO\� LQ ZLUH�� RWKHU�
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HOHFWULFDO� FRQGXFWRUV� DQG� FRLQV� FDQ� FUHDWH�PXVFOH SDLQ�� KHPRO\WLF� DQG� KHDUW� IDLOXUH��=LQF�FRPSRXQGV�ZKLFK�DUH�XVHG�DV�DQ�DOOR\��JDOYDQL]HG� PHWDO�� IOXRUHVFHQFH� FRPSRQHQWV��SDLQW� SLJPHQWV�� VXQVFUHHQV�� IDVW�VHWWLQJ� GHQ�WDO� FHPHQWV�� GHRGRUDQWV�� HPEDOPLQJ� DQG�ILUHSURRILQJ� OXPEHU� FDQ� FDXVH� PXFRXV�PHPEUDQH� GDPDJH�� GLDUUKHD�� DQG� GL]]LQHVV�>�@�� 7KH� HIIOXHQW� GLVFKDUJH� VWDQGDUGV� IRU�0DOD\VLDQ� LQODQG�ZDWHUV� IRU�ERWK�&X�DQG�=Q�DUH� ���� PJ�O >�@�� 7KHUHIRUH�� LW� VHHPV� LP�SHUDWLYH� IRU�&X� DQG�=Q� WR� EH� UHPRYHG� IURP�WKH�HIIOXHQW�SULRU�WR�GLVFKDUJH�LQWR�WKH�DTXDWLF�HQYLURQPHQW�7KHUH� DUH� VHYHUDO� FRQYHQWLRQDO� PHWKRGV� IRU�KHDY\� PHWDO� UHPRYDO� IURP� ZDVWHZDWHU�� 7KH�PRVW� ZLGHO\� XVHG� PHWKRGV� DUH� PHPEUDQH�ILOWUDWLRQ�� FKHPLFDO� SUHFLSLWDWLRQ�� LRQ� H[�FKDQJH�� UHYHUVH� RVPRVLV� DQG� VROYHQW� H[�WUDFWLRQ�� OLTXLG� H[WUDFWLRQ�� HOHFWUR�GLDO\VLV��VHWWOLQJ� DV� VHWWOHDEOH� PHWDO� K\GUR[LGHV��DFWLYDWHG� FDUERQ� DGVRUSWLRQ�� HYDSRUDWLRQ��ELRORJLFDO� PHWKRGV�� HOHFWURFKHPLFDO� WUHDW�PHQW� DQG� WKH� PHPEUDQH� VHSDUDWLRQ� SURFHVV�>���@�0RVW� RI� WKHVH�PHWKRGV� DUH� RIWHQ� LQHIIHFWLYH�RU� XQHFRQRPLFDO� ZKHQ� WKH� KHDY\� PHWDO�FRQFHQWUDWLRQ� LV� LQ� WKH� UDQJH�RI��������PJ�O�>�@�� 7KHUHIRUH�� ILQGLQJ� D� ORZ� FRVW� WHFKQLTXH�IRU�WKH�UHPRYDO�RI�KHDY\�PHWDOV��HVSHFLDOO\�LI�WKH\�EH�SUHVHQW�DW�ORZ�FRQFHQWUDWLRQV�VHHPV D�ZRUWKZKLOH�HIIRUW�>�@�'LIIHUHQW� ORZ�FRVW� PDWHULDOV� DUH� UHSRUWHG� WR�KDYH� WKH� FDSDFLW\� IRU� KHDY\� PHWDO� VRUSWLRQ��5HPRYDO� RI� &U� �,,,��� &X� �,,�� DQG� =Q� ZLWK�FDUURW� UHVLGXHV� >��@�� &X� �,,�� UHPRYDO� XVLQJ�ZKHDW� KXVN� >�@�� VRUSWLRQ� RI� 3E� RQ� SHDW� >��@�DQG� ULFH� KXVN� IRU� XSWDNH� RI� =Q� >��@� DQG� 3E�>�@�DUH�VRPH�H[DPSOHV�RI� ORZ�FRVW� UHPRYDOV�IRU�KHDY\�PHWDOV��5HPRYDOV� XS� WR� ��� �� KDYH� EHHQ� UHSRUWHG�XVLQJ� DOO� WKRVH� VRUEHQW� PDWHULDOV�� 7KH�DEXQGDQW VXSSO\� RI� ELRPDVVHV� IURP� WKH�0DOD\VLDQ�RLO�SDOP� LQGXVWU\� MXVWLILHV� WKH�XVH�RI�WKRVH�PDWHULDOV�IRU�WKLV�DSSOLFDWLRQ�5HVSRQVH� VXUIDFH� PHWKRGRORJ\� �560�� LV� D�PDWKHPDWLFDO�VWDWLVWLFDO� EDVHG� WHFKQLTXH�

ZKLFK� LV� XVHIXO� IRU� DQDO\]LQJ� WKH� HIIHFWV� RI�VHYHUDO� LQGHSHQGHQW� YDULDEOHV� RQ� WKH� UHV�SRQVH�� >��@�� ,Q� PRVW� 560� DSSOLFDWLRQV�� WKH�UHODWLRQVKLS� EHWZHHQ� WKH� UHVSRQVH� DQG� WKH�LQGHSHQGHQW�YDULDEOHV�LV�XQNQRZQ��7KHUHIRUH��WKH� ILUVW� VWHS� LQ� 560� LV� WR� DSSUR[LPDWH� WKH�IXQFWLRQ� �I���8VXDOO\��WKLV�SURFHVV�HPSOR\V�D�ORZ�RUGHU� SRO\QRPLDO� LQ� VRPH� UHJLRQ RI� WKH�LQGHSHQGHQW�YDULDEOHV��,I�WKH�UHVSRQVH�LV�ZHOO�PRGHOHG� E\� D� OLQHDU� IXQFWLRQ� RI� WKH�LQGHSHQGHQW� YDULDEOHV�� WKHQ� WKH� DSSUR[L�PDWLQJ�IXQFWLRQ�LV�D�ILUVW�RUGHU�PRGHO�,I� WKHUH� LV� FXUYDWXUH� LQ� WKH� V\VWHP� RU� LQ� WKH�UHJLRQ�RI� WKH�RSWLPXP��WKHQ�D�SRO\QRPLDO�RI�KLJKHU� GHJUHH� PXVW� EH� XVHG� WR� DSSUR[LPDWH�WKH�UHVSRQVH��7KLV�LV�WR�DQDO\]H�DQG�ORFDWH�WKH�RSWLPXP��L�H��WKH�VHW�RI�LQGHSHQGHQW�YDULDEOHV�ZKHUHLQ� WKH� SDUWLDO� GHULYDWLYHV� RI� WKH�PRGHO�UHVSRQG ZLWK� UHVSHFW� WR� WKH� LQGLYLGXDO�LQGHSHQGHQW�YDULDEOHV�WKDW�HTXDO�WR�]HUR��7KH�HYHQWXDO� REMHFWLYH� RI� 560� LV� WR� GHWHUPLQH�WKH� RSWLPXP� RSHUDWLQJ� FRQGLWLRQV� IRU� WKH�V\VWHP�� RU� WR� GHWHUPLQH� WKH� UHJLRQ�� ZKLFK�VDWLVILHV� WKH�RSHUDWLQJ�VSHFLILFDWLRQV��$OPRVW�DOO�560�SUREOHPV�XWLOL]H�RQH�RU�ERWK�RI�WKHVH�DSSUR[LPDWLQJ�SRO\QRPLDOV�>�����@�560� KDV� DQ� LPSRUWDQW� DSSOLFDWLRQ� LQ� WKH�SURFHVV� GHVLJQ� DQG� RSWLPL]DWLRQ� DV� ZHOO� DV�WKH� LPSURYHPHQW� RI� H[LVWLQJ� GHVLJQ�� 7KLV�PHWKRGRORJ\� LV� PRUH� SUDFWLFDO� FRPSDUHG� WR�WKH� DSSURDFKHV�PHQWLRQHG� DERYH� DV� LW� DULVHV�IURP� H[SHULPHQWDO� PHWKRGRORJ\� ZKLFK� LQ�FOXGHV�LQWHUDFWLYH�HIIHFWV�DPRQJ�WKH�YDULDEOHV�DQG�� HYHQWXDOO\�� LW� GHSLFWV� WKH�RYHUDOO�HIIHFWV�RI�WKH�SDUDPHWHUV�RQ�WKH�SURFHVV�>��@�7KH�GHVLJQ�RI�WKH�DGVRUSWLRQ�FROXPQ�LV�RIWHQ�FDUULHG� RXW� EDVHG� RQ� WKH� NLQHWLF� DQG� PDVV�WUDQVIHU� FRHIILFLHQWV� GHWHUPLQHG� E\� LVRWKHUP�PRGHOV�RU�WKH�JHQHUDO�SUDFWLFH�RI�GHWHUPLQLQJ�WKH� RSWLPDO� RSHUDWLQJ� FRQGLWLRQV� ZKLOH�NHHSLQJ�WKH�RWKHUV�DW�D�FRQVWDQW�OHYHO�RU�RQH�YDULDEOH�DW�D�WLPH� WHFKQLTXH�� 7KHUHIRUH�� WKH�VWHDG\� VWDWH� PRGHOV� DUH� EDVLFDOO\� DEOH� WR�SUHGLFW� WKH� SDUDPHWHUV ZKLFK� KDYH� EHHQ�FRQVLGHUHG� LQ�PDVV�EDODQFH� UHODWLRQV�EXW� DUH�XQDEOH� WR� HVWLPDWH� RWKHU� LQWHUUHODWHG� HIIOXHQW�TXDOLW\�SDUDPHWHUV��UHVSRQVHV��>��@�
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7KH� SUHVHQW� VWXG\� IRFXVHV� RQ� WKH�RSWLPL]DWLRQ� RI� &X� DQG� =Q� IURP� DTXHRXV�VROXWLRQ� XVLQJ� RLO� SDOP� IURQG� �23)�� SUH�WUHDWHG� ZLWK� 1D2+�� WKH� DONDOLQH� WUHDWPHQW�ZDV�IRXQG�WR�EH�WKH�PRVW�HIIHFWLYH�SURFHGXUH�IRU� LPSURYLQJ� WKH� VRUSWLRQ� FDSDFLW\� DPRQJ�DOO� WKH� PHWKRGV� FKRVHQ� IRU� WUHDWLQJ� WKH� RLO�SDOP�GHULYHG�ELRPDVVHV��2LO�SDOP�IURQG�DV�D�QHZ� ORZ�FRVW� VRUEHQW� PDWHULDO� KDV� EHHQ�RSWLPL]HG� IRU� WKH� EHVW� VRUSWLRQ� FDSDFLW\� LQ�WKLV� VWXG\�� 7KH� RSWLPL]DWLRQ� RI� LQLWLDO� FRQ�FHQWUDWLRQ�� ELRPDVV� ORDGLQJ� DQG� S+� ZHUH�GHOLEHUDWHG� YLD� WKH�&HQWUDO�&RPSRVLWH� )DFH�&HQWHUHG� 560� H[SHULPHQWDO� GHVLJQ�� 2SWL�PL]DWLRQ�ZDV�FDUULHG�RQ�LQ�RUGHU�WR�GHILQH�WKH�PRVW� VXLWDEOH� FRQGLWLRQV� IRU� WKH� VRUSWLRQ�SURFHVV�� 7KH� LQWHUDFWLRQV� EHWZHHQ� IDFWRUV�LQIOXHQFLQJ� WKH� VRUSWLRQ� SURFHVV� RI� &X� DQG�=Q� ZHUH� LGHQWLILHG� PRGHOHG DQG� D�GHVFULSWLRQ� JLYHQ� RI� WKH� EHKDYLRU� RI� WKH�IDFWRUV� RQ� WKH� UHPRYDO� RI� WKH� KHDY\� PHWDOV�ZDV�HVWDEOLVKHG�
0DWHULDO�DQG�0HWKRGV6WRFN�6ROXWLRQV6WRFN� VROXWLRQ� IRU� =Q� ZDV� SUHSDUHG� E\�GLVVROYLQJ� ]LQF� QLWUDWH� KH[DK\GUDWH� �=Q��12����� �+�2�� %'+�� LQWR� GLVWLOOHG� ZDWHU�ZKLOH� IRU� &X�� FRSSHU� QLWUDWH� WULK\GUDWH� �&X��12����� �+�2�� 0HUFN�� ZDV� XVHG� >��@�� 7KH�LQLWLDO� VROXWLRQ� ZDV�PDGH� DW� D� FRQFHQWUDWLRQ�RI� ���� PJ�O� DQG� GLOXWHG� WR� WKH� GHVLUHG�FRQFHQWUDWLRQV� XVLQJ� GLVWLOOHG� ZDWHU� LI� UHTX�LUHG�� 7KH� QLWUDWH� VDOWV� ZHUH� RI� DQDO\WLFDO�JUDGH�
%LRPDVV�3UHSDUDWLRQ�2LO�SDOP�IURQG��23)��ZDV�REWDLQHG�IURP�WKH�SDOP� RLO� WUHHV� LQ� 8QLYHUVLWL� 6DLQV�0DOD\VLD��7KH� ELRPDVV� ZDV� JURXQG� ZLWK� D� EOHQGHU��PRGHO� (SLFVRQ� (E������ IRU� �� PLQ�� ZDVKHG�WKRURXJKO\� ZLWK� GLVWLOOHG� ZDWHU� DQG� WKHQ��GULHG� LQ�DQ�RYHQ�DW����&�IRU����K�WR�UHDFK�D�FRQVWDQW� ZHLJKW� >�@�� )RU� WKH� SUHSDUDWLRQ� RI�DONDOLQH� WUHDWHG� VRUEHQW� PDWHULDO�� �� J� RI�ELRPDVV�ZDV�WUHDWHG�IRU����PLQ�ZLWK�D�����0�VROXWLRQ RI�1D2+� DW� D� URRP� WHPSHUDWXUH� RI�

���&� DQG� WKHQ� WKRURXJKO\� ZDVKHG� ZLWK�GLVWLOOHG� ZDWHU� XQWLO� D� FRQVWDQW� S+� RI� WKH�ZDVKLQJ�ZDWHU�ZDV�UHDFKHG��,W�ZDV�WKHQ�GULHG�IRU� ��� K� DW� ���&� LQ� DQ RYHQ� XQWLO� FRQVWDQW�ZHLJKW ZDV�REWDLQHG�
0HDVXUHPHQWV7KH� =Q� FRQFHQWUDWLRQ� ZDV� PHDVXUHG� ZLWK� D�+$11$�]LQF�PHWHU��PRGHO�+,��������ZKLOH�WKDW� RI� &X� ZDV� PHDVXUHG� XVLQJ� D� +$11$�FRSSHU�PHWHU��PRGHO�+,��������7KH�VROXWLRQ�S+� ZDV� PHDVXUHG� XVLQJ� D� :7:� S+�PHWHU��PRGHO�S+���L��$�2�������
%DWFK�6RUSWLRQ�6WXGLHV,Q� D� W\SLFDO� H[SHULPHQW�� WKH� PL[WXUH� IRU�VRUSWLRQ�VWXG\�FRQVLVWHG�RI���������J�RI�23)�ELRPDVV�LQ�����PO�RI�NQRZQ�FRQFHQWUDWLRQ�RI�KHDY\� PHWDO� VROXWLRQ�� 7KH� PL[WXUH� ZDV�DJLWDWHG� DW� ���� USP� IRU� ��� PLQ� XQGHU� D�QRUPDO� URRP� WHPSHUDWXUH� RI� ���&�� ,W� ZDV�WKHQ� ILOWHUHG� WKURXJK� :KDWPDQ� ILOWHU� SDSHU�����PP� FDW� QR�� ����� ������ DQG� WKH� ILOWUDWH�REWDLQHG� ZDV� DQDO\]HG IRU� KHDY\� PHWDO�FRQFHQWUDWLRQ�7KH�HIIHFW�RI�S+�ZDV�LQYHVWLJDWHG�E\�YDU\LQJ�WKH�S+�RI�WKH�VROXWLRQ�LQ�WKH�UDQJH�RI�����E\�WKH�DGGLWLRQ�RI�����0�RI�+&O�RU�1D2+��7KH�VWXG\�RQ�WKH�HIIHFW�RI�WKH�LQLWLDO�FRQFHQWUDWLRQ�RI�&X�DQG�=Q�RQ� WKH�UHPRYDO�HIILFLHQF\�ZDV�FDUULHG� RXW�ZLWK� LQLWLDO� FRQFHQWUDWLRQV� LQ� WKH�UDQJH� RI� ������PJ�O�� 7KH� HIIHFW� RI� ELRPDVV�ORDGLQJ� RQ� WKH� VRUSWLRQ� SURFHVV� ZDV� DOVR�SHUIRUPHG�ZLWK�YDULDEOH ELRPDVV�ORDGLQJV�RI���������J�7KH� UHPRYDO� HIILFLHQF\� RI� &X� DQG� =Q� IURP�WKH� VROXWLRQ� ZDV� FDOFXODWHG� XVLQJ� WKH�IROORZLQJ�UHODWLRQVKLS�
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:KHUH &L LV� WKH� LQLWLDO� FRQFHQWUDWLRQ� RI� =QDQG�&X� LQ� WKH� OHDG� VROXWLRQ� �PJ�O� DQG�&I LV�WKH� ILQDO� FRQFHQWUDWLRQ� RI� =Q� DQG� &X� LQ� WKH�
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VROXWLRQ� �PJ�O��� 7KH� S+� DIWHU� FRQWDFW� WLPH�ZDV� DOVR� FRQVLGHUHG� DV� D� UHVSRQVH� WR� WKH�KHDY\�PHWDO�UHPRYDOV�
([SHULPHQWDO�'HVLJQ�IRU�2SWLPL]DWLRQ7KH�RSWLPL]DWLRQ�RI�&X DQG�=Q�UHPRYDOV�ZDV�FDUULHG� RXW� E\� WKUHH� FKRVHQ� LQGHSHQGHQW�SURFHVV� YDULDEOHV� XVLQJ� �� IDFWRULDO� H[SHUL�PHQWV GHVLJQ ZLWK� VL[� VWDU� SRLQWV� �. ��� DQG�ILYH� UHSOLFDWHV� DW� FHQWHU� SRLQWV�� DFFRUGLQJ� WR�WKH�&HQWUDO�&RPSRVLWH�)DFH�&HQWHUHG�'HVLJQ��&&)'���7KH� UDQJHV�DQG� WKH�GHVLJQHG� OHYHOV�RI�WKH�YDULDEOHV�LQYHVWLJDWHG�LQ�WKLV�VWXG\�DUH�JLYHQ� LQ� 7DEOH� ��� 7KH� DPRXQW� RI� PHWDO�UHPRYDO�DQG�S+�DIWHU�FRQWDFW�WLPH�ZHUH�WDNHQ�DV�WKH�UHVSRQVHV�RI�WKH�GHVLJQ�H[SHULPHQWV�7KH� TXDGUDWLF� HTXDWLRQ�PRGHO� IRU� SUHGLFWLQJ�WKH�RSWLPDO�SRLQW�ZDV�H[SUHVVHG�E\�(TXDWLRQ����
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ZKHUH�< LV�WKH�UHVSRQVH��GHSHQGHQW�YDULDEOHV��

�� LV FRQVWDQW�FRHIILFLHQW��L�� �LL�DQG �LM� DUH�FRHIILFLHQW� IRU� WKH� OLQHDU��TXDGUDWLF� DQG� LQWHUDFWLRQ�HIIHFW��[L DQG� [M DUH� IDFWRUV� �LQGHSHQGHQW�YDULD�EOHV��ZKLOH0 LV�WKH�HUURU
7KH�'HVLJQ�([SHUW� �9HUVLRQ��������6WDW(DVH��,QF��� 86$�� ZDV� XVHG� IRU� UHJUHVVLRQ� DQG�JUDSKLFDO� DQDO\VHV� RI� WKH� GDWD� REWDLQHG��7KH�YDULDELOLW\� LQ� GHSHQGHQW� YDULDEOHV� ZDV�H[SODLQHG� E\� WKH� PXOWLSOH� FRHIILFLHQWV� RI�GHWHUPLQDWLRQ��5���ZKLOH� WKH�PRGHO� HTXDWLRQ�ZDV�XVHG�WR�SUHGLFW�WKH�RSWLPXP�YDOXHV�>��@�
5HVXOW�DQG�'LVFXVVLRQ([SHULPHQWDO�'HVLJQ�DQG�$QDO\VLV�RI�9DULDQFH��$129$�7KH� UHVXOWV� DW� HDFK� SRLQW� EDVHG� RQ�H[SHULPHQWDO�GHVLJQ�IRU�&X�DQG�=Q�DUH�VKRZQ�LQ� 7DEOH� �� DQG� 7DEOH� ��� UHVSHFWLYHO\�� $�TXDGUDWLF� UHJUHVVLRQ� PRGHO� ZDV� PDGH� E\�XVLQJ� FRGHG� YDOXHV� IURP� WKH� HVWLPDWLRQ� RI�GDWD��7KH�PRGHO� IRU� UHPRYDO� RI�&X� LV� JLYHQ�E\� (TXDWLRQ� �� DQG� WKH�PRGHO� IRU� SUHGLFWLQJ�WKH�S+�DIWHU� FRQWDFW� WLPH� LV�GHPRQVWUDWHG� LQ�(TXDWLRQ���

7DEOH��� &RGHG�DQG�DFWXDO�YDOXHV�RI�YDULDEOHV�RI�WKH�H[SHULPHQWDO�GHVLJQ)DFWRU� &RGHG�OHYHOV�RI�YDULDEOHV
����� � ����

S+ $ ��� � �,QLWLDO�FRQFHQWUDWLRQ��PJ�O� % ���� ��� �%LRPDVV�ORDGLQJ��J� & ���� � ���
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7DEOH��� ([SHULPHQWDO�GHVLJQ�DQG�UHVXOWV�IRU�&X�UHPRYDO�DQG�S+�DIWHU�FRQWDFW�WLPH&RGHG�YDOXHV &X�5HPRYDO��� S+�DIWHU�&RQWDFW�WLPH5XQ $ % & 2EVHUYHG 3UHGLFWHG 2EVHUYHG 3UHGLFWHG� �� �� �� ���� ���� ���� ����� � � � ����� ����� ���� ����� � � � ����� ����� ���� ����� � � � ����� ����� ���� ����� � �� � ����� ����� ����� ������ � �� �� ���� ���� ����� ����� � � �� ����� ����� ���� ����� � � � ����� ����� ���� ����� � � � ����� ����� ���� ������ �� � � ����� ����� ���� ������ �� � � ����� ����� ���� ������ � � � ����� ����� ���� ������ � � � ����� ����� ���� ������ �� � �� ����� ����� ���� ������ � � � ����� ����� ���� ������ �� �� � ����� ����� ���� ������ � � �� ����� ����� ���� ������ � �� � ����� ����� ���� ������ � � � ����� ����� ���� ����
7DEOH��� ([SHULPHQWDO�GHVLJQ�DQG�UHVXOWV�IRU�=Q�UHPRYDO�DQG�S+�DIWHU�FRQWDFW�WLPH
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5HPRYDO ���  �����������$������% ������&�������$��������%� �����$%�����%& ���S+�DIWHU�FRQWDFW�WLPH� ����������$�����% �����&�����$������$% ���
)RU�=Q��WKH�PRGHOV�IRU�UHPRYDO�DQG�S+�DIWHU�FRQWDFW� WLPH� DV� UHVSRQVHV� RI� WKH� GHVLJQ� E\� XVLQJ� FRGHG� YDOXHV� DUH� JLYHQ� LQ� (TXDWLRQ� ��DQG�(TXDWLRQ����UHVSHFWLYHO\�
5HPRYDO ���  ������������$�����% ������&�����%�������&������$& ���
S+�DIWHU�FRQWDFW�WLPH� ����������$�����%�����&�����$������$%�����$& ���
)RU�=Q�UHPRYDO��WKH�KLJKO\�VLJQLILFDQW�UHVXOW�DW� ���� RI� FRQILGHQFH� OHYHO� IRU� ERWK� =Q�UHPRYDO� DQG� S+� DIWHU� FRQWDFW� WLPH� ZDV�REWDLQHG�� 7KH� FRHIILFLHQWV� RI� GHWHUPLQDWLRQ��5� �������DQG�5� ��������IRU�=Q�UHPRYDO�DQG�S+�DIWHU�FRQWDFW�WLPH��UHVSHFWLYHO\��ZHUH�DOVR�UHDVRQDEO\�JRRG�7KH� VLJQLILFDQFH� RI� HDFK� FRHIILFLHQW� LQ� WKH�(TXDWLRQV���WR���ZDV�GHWHUPLQHG�E\�6WXGHQW�W�WHVW�DQG�S�YDOXHV�>��@�7KH� $129$� IRU� &X UHPRYDO DQG� WKH�SUHGLFWHG� S+� DIWHU� WKH� GHVLUHG� FRQWDFW� WLPH�PRGHO� XVHG� WR� HVWLPDWH� WKH� UHVSRQVHV� DV� D�IXQFWLRQ� RI� S+�� LQLWLDO� FRQFHQWUDWLRQ� DQG�ELRPDVV�ORDGLQJ�LV�VKRZQ�LQ�7DEOH�� DQG�WKH�$129$� IRU� =Q� UHPRYDO� DQG� S+� DIWHU� WKH�

GHVLUHG� FRQWDFW� WLPH� PRGHO� IRU� HVWLPDWLQJ�WKH� UHVSRQVHV� DV� WKH� IXQFWLRQ� RI� WKH� VDPH�IDFWRUV�DUH�SUHVHQWHG�LQ�7DEOH���7KH�UHJUHVVLRQ�RI�����ZDV�TXLWH�VLJQLILFDQW�DV� D� FRQILGHQFH� OHYHO� IRU� ERWK &X UHPRYDO�DQG� WKH� S+� DIWHU� FRQWDFW� WLPH� 7KH�FRHIILFLHQW RI GHWHUPLQDWLRQ��5�  ��������IRU�&X� UHPRYDO� DQG� 5�  � ������� IRU� S+� DIWHU�FRQWDFW� WLPH�� ZHUH UHDVRQDEO\� JRRG� ZKLFK�VXJJHVWHG ������IRU�UHPRYDO�DQG�������IRU�S+�DIWHU�FRQWDFW�WLPHV ZHUH H[SODLQHG�E\ WKH�YDULDWLRQ� LQ� WKH� YDULDEOHV� 7KH� UHPDLQLQJ����� ��DQG���� � IRU�UHPRYDO�DQG�ILQDO�S+��UHVSHFWLYHO\�� ZHUH� WKHUHIRUH� H[SOLFDWHG� E\�WKH�UHVLGXHV�
7DEOH��� $QDO\VLV�RI�YDULDQFH�IRU�WKH�TXDGUDWLF�PRGHO�IRU�&X�UHPRYDO�DQG�S+�DIWHU�FRQWDFW�WLPH
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7KH�VPDOO�YDOXH�RI�³3URE�!)´��OHVV�WKDQ�������LQGLFDWHG�WKH�VLJQLILFDQFH�RI�WKH�PRGHO�WHUPV��7KH�QRQ�VLJQLILFDQW�YDOXH�RI�ODFN�RI�ILW�IRU�DOO�
WKH� PRGHOV� �PRUH� WKDQ� ������ FOHDUO\�LQLGFLDWHG� WKDW� WKH� TXDGUDWLF PRGHOV� ZHUH�YDOLG�IRU�WKH�SUHVHQW�VWXG\�>�@�

7DEOH��� $QDO\VLV�RI�YDULDQFH�IRU�WKH�TXDGUDWLF�PRGHO�IRU�=Q�UHPRYDO�DQG�S+�DIWHU�FRQWDFW�WLPH

2YHUDOO�&RPSDULVRQ�%DVHG�RQ�WKH�0RGHO�7HUPV,Q�WKH�PRGHO�IRU�UHPRYDO�RI�&X��(TXDWLRQ����D�PRGLILHG�TXDGUDWLF�PRGHO�ZDV�HVWDEOLVKHG��,Q� WKLV� PRGHO�� WKH� WZR�OHYHO� LQWHUDFWLRQ�EHWZHHQ� WHUPV� $� �S+�� DQG� &� �ELRPDVV�ORDGLQJ��DQG� WKH� VHFRQG�RUGHU�HIIHFW�RI� WHUP�&� ZHUH� LQVLJQLILFDQW�� ZKLOH� WKH� RWKHU� WHUPV�ZHUH� VLJQLILFDQWO\� LQWURGXFHG�� 7KLV� VKRZV�WKDW� ELRPDVV� ORDGLQJ� KDG� WKH� OHDVW� HIIHFW� RQ�WKH� VRUSWLRQ� PRGHO� RI� &X� ZKLOH� WKH� LQLWLDO�FRQFHQWUDWLRQ�SOD\HG�WKH�PRVW�LPSRUWDQW�UROH�LQ�WKLV�SURFHVV�7KH� PRGHO� GHULYHG� IRU� =Q� LQGLFDWHG� LQ�VLJQLILFDQW� YDOXHV� IRU� WKH� WZR�OHYHO� LQ�WHUDFWLRQ� EHWZHHQ� WHUP� %� �LQLWLDO� FRQFHQW�UDWLRQ�� DQG� WHUP� &� �ELRPDVV� ORDGLQJ��� WZR�OHYHO�LQWHUDFWLRQ�EHWZHHQ�WHUPV�$�DQG�%�DQG�VHFRQG� RUGHU� IRU� WHUP� $�� ZKLOH� WKH� RWKHU�PRGHO�WHUPV�DUH�VLJQLILFDQW�$�FRPSDULVRQ�EHWZHHQ�WKH�VRUSWLRQ�PRGHO�RI�&X�DQG�=Q�LQGLFDWHG�WKDW�DV�WKH�LQVLJQLILFDQFH�RI� VHFRQG� RUGHU� PRGHOV� LQ� =Q� VRUSWLRQ�SURFHVV� DUH� RI� KLJKHU� H[WHQW� WKDQ� WKDW� RI�&X�VRUSWLRQ�SURFHVV��7KXV��LW�LV�SUHGLFWHG�WKDW�WKH�FXUYDWXUH� RI� WKH� WUHQG� ZLWK� WKH� &X� PRGHO�

VKRXOG� EH� PRUH� QRWLFHDEOH FRPSDUHG� WR� WKH�=Q�DEOH�VRUSWLRQ�PRGHO�%\� HYDOXDWLQJ� WKH� PRGHOV� IRU� SUHGLFWLQJ� WKH�S+� DIWHU� WKH� FRQWDFW� WLPH�� LW� ZDV� HVWLPDWHG�WKDW� WHUP�$�ZDV� WKH�PRVW� LPSRUWDQW�YDULDEOH�LQ�DIIHFWLQJ� WKH�YDOXH�RI�S+�� ,Q�ERWK�PRGHOV�IRU� &X� DQG� =Q�� WKH� WZR�OHYHO� LQWHUDFWLRQ�EHWZHHQ� WHUPV� $� DQG� %� LV� FRQVLGHUHG�VLJQLILFDQW�� )RU� =Q� VRUSWLRQ�� WKH� WZR�OHYHO�LQWHUDFWLRQ�EHWZHHQ�WHUP�$�DQG�WHUP�&�VKRZ�VLJQLILFDQW� YDOXH�� ZKLOH� LQ� WKH� &X� VRUSWLRQ�PRGHO�� WKLV� LQWHUDFWLRQ� VHHPV� WR� EH�LQVLJQLILFDQW�
*UDSK�EDVHG�2YHUDOO�'LVFXVVLRQ)LJXUH���VKRZV�WKH�UHVSRQVH�VXUIDFH��'�SORW�IRU� WKH� HIIHFW� RI� LQWHUDFWLRQ�EHWZHHQ�S+�DQG�WKH�LQLWLDO�FRQFHQWUDWLRQ�RQ�&X�UHPRYDO�ZKLOH�WKH� ELRPDVV� ORDGLQJ� WHUP�ZDV�DW� ����J�� ,W� LV�QRWHG� LQ� WKLV� ILJXUH� WKDW� WKH� UHPRYDO�LQFUHDVHG�YLD�WKH�LQFUHDVH�LQ�WKH�LQLWLDO�KHDY\�PHWDO� FRQFHQWUDWLRQ�� 7KH� UHPRYDO� ZRXOG�LQLWLDOO\� LQFUHDVH� DQG� WKHQ� GHFUHDVH� DW� LQLWLDO�FRQFHQWUDWLRQV� QHDU� WR� ���� PJ�O�� 7KH�LQFUHDVLQJ�S+�ZRXOG�DIIHFW�WKH�UHPRYDO�XS�WR�
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$��S+��%��,QL WLDO �&RQFHQWUDWLRQ��PJ�O ��

D�S+�RI�DURXQG������ZKLFK�ZDV�WKH�RSWLPXP�SUHGLFWHG�� )XUWKHU� LQFUHDVH� LQ� WKH� S+�ZRXOG�EH�GHWULPHQWDO WR�WKH�UHPRYDO�HIILFLHQF\�%\� DQDO\VLQJ� )LJXUH� �� ZKLFK� LV� WKH� FRU�UHVSRQGLQJ�SORW�IRU�=Q���LW�LV�REYLRXV�WKDW�WKH�HIIHFW� RI� LQLWLDO� FRQFHQWUDWLRQ� DQG� S+�RQ�=Q�UHPRYDO�ZDV� VLPLODU� WR� WKDW� IRU�&X� UHPRYDO��+RZHYHU��WKH�PD[LPXP�SRLQW�IRU�S+�RFFXUHG�DW� DURXQG� ���� DQG� WKH� LQLWLDO� FRQFHQWUDWLRQ�FXUYH� UHDFKHG� LWV�PD[LPXP� SRLQW� DW� DURXQG�����PJ�O�

)LJXUH� �� 5HVSRQVH� VXUIDFH� �'� SORW� LQGLFDWLQJ� WKH�HIIHFW�RI� LQWHUDFWLRQ�EHWZHHQ� LQLWLDO� FRQFHQWUDWLRQ�DQG�S+�RQ�&X�UHPRYDO�ZKLOH�KROGLQJ�WKH�ELRPDVV�ORDGLQJ�DW�����J

7KH� PD[LPXP� SUHGLFWHG� UHPRYDO� ZDV�REWDLQHG�DW�DQ�LQLWLDO�FRQFHQWUDWLRQ�RI����PJ�O�DQG� S+� ���� WR� DFKLHYH� D� &X� UHPRYDO� RI��������$OVR�WKH�PD[LPXP�UHPRYDO�IRU�=Q�RI��������ZDV�SUHGLFWHG�DW����PJ�O�DQG�S+������7KHUHIRUH�� D� FRPELQDWLRQ� RI� KLJK� LQLWLDO�FRQFHQWUDWLRQ� DQG� PRGHUDWH� S+� RI� WKH�VROXWLRQ� UHVXOWHG� LQ� WKH�PD[LPXP�XSWDNH� RI�WKH� PHWDOV�� 7R� DYRLG� FRORXU� FKDQJH� LQ� WKH�VROXWLRQ� WKDW� ZRXOG� FRPSOLFDWH� WKH� DQDO\VLV��DOO� WKH� H[SULPHQWV� ZHUH� FRQGXFWHG� DW� S+�YDOXHV�OHVV�WKDQ�����

)LJXUH� �� 5HVSRQVH� VXUIDFH� �'� SORW� LQGLFDWLQJ� WKH�HIIHFW�RI� LQWHUDFWLRQ�EHWZHHQ� LQLWLDO� FRQFHQWUDWLRQ�DQG�S+�RQ�=Q�UHPRYDO�ZKLOH�KROGLQJ�WKH�ELRPDVV�ORDGLQJ�����J
,W�ZDV�DOVR�QRWHG�WKDW�WKH�HIIHFW�RI�LQWHUDFWLRQ�EHWZHHQ� LQLWLDO� FRQFHQWUDWLRQ� DQG� ELRPDVV�ORDGLQJ� ZDV� VLJQLILFDQW� DV� GHPRQVWUDWHG� LQ�WKH��'�SORW� LQ�)LJXUH���DQG�)LJXUH��� IRU�&X�DQG�=Q�UHPRYDO��UHVSHFWLYHO\��

)LJXUH� �� 5HVSRQVH� VXUIDFH� �'� SORW� LQGLFDWLQJ� WKH�HIIHFW�RI� LQWHUDFWLRQ�EHWZHHQ� LQLWLDO� FRQFHQWUDWLRQ�DQG�ELRPDVV�ORDGLQJ�RQ�&X�UHPRYDO�ZKLOH�KROGLQJ�WKH�S+�RI����
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$��S+��%��,QLWLDO�&RQFHQWUDWLRQ��PJ�O��
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)LJXUH� �� 5HVSRQVH� VXUIDFH� �'� SORW� LQGLFDWLQJ� WKH�HIIHFW�RI� LQWHUDFWLRQ�EHWZHHQ� LQLWLDO� FRQFHQWUDWLRQ�DQG�ELRPDVV� ORDGLQJ�RQ�=Q�UHPRYDO�ZKLOH�KROGLQJ�WKH�S+�RI����
7KH� RSWLPXP� SRLQW� IRU� WKH� ELRPDVV� ORDGLQJ�IRU� ERWK� &X� DQG� =Q� UHPRYDOV� ZHUH�GHWHUPLQHG� WR� EH� ZLWK� ���J� RI� SUH�WUHDWHG�ELRPDVV�� 7KH� LQWHUDFWLRQ� EHWZHHQ� S+� DQG�ELRPDVV� ORDGLQJ� ZKLOH� WKH� LQLWLDO� FRQ�FHQWUDWLRQ�ZDV� VHW� DW������PJ�O�DV� WKH�FHQWHU�SRLQW� RI� WKH� GHVLJQ� DUH� GHPRQVWUDWHG� LQ�)LJXUH� �� DQG� )LJXUH� �� IRU� &X� DQG� =Q��UHVSHFWLYHO\�� 5HODWLYHO\� KLJKHU� LQLWLDO�FRQFHQWUDWLRQ��DQG�YHU\�ORZ�ELRPDVV�ORDGLQJ�IDYRU� &X� DQG� =Q� UHPRYDO�� 7KLV� FDQ� EH�H[SODLQHG�LQ�WHUPV�RI�WKH�PRUH�&X���DQG�=Q���� LRQV� H[LVWLQJ DW� KLJKHU� FRQFHQWUDWLRQV� RI�WKH�UHVSHFWLYH�KHDY\�PHWDO�VROXWLRQV�)LJXUH� �� DQG� �� VXJJHVW� WKDW� WKH� DPRXQW� RI�UHPRYDO� LV� GLUHFWO\� UHODWHG� WR� WKH� DPRXQW� RI�ELRPDVV�DQG�WKH�S+��7KH�LQFUHDVH�LQ�ELRPDVV�ORDGLQJ�ZRXOG� IDYRU� WKH� UHPRYDO� HIILFLHQF\��7KLV�ZDV�DWWULEXWHG� WR� WKH� JUHDWHU�QXPEHU�RI�PHWDO� ELQGLQJ� VLWHV� RQ� WKH� ELRPDVV� ZKLFK�UHVXOWHG� LQ� KLJKHU� KHDY\� PHWDO� VRUSWLRQ�� ,W�ZDV� DQWLFLSDWHG� WKDW� KLJK� ELRPDVV� ORDGLQJ�FRXOG� FUHDWH� � D� µVFUHHQ� HIIHFW¶� RI� WKH� GHQVH�RXWHU� OD\HU� RI� FHOOV�� SURWHFWLQJ� WKH� ELQGLQJ�VLWHV� IURP� PHWDO� >��@�� 7KLV� HIIHFW� FDQ� EH�REVHUYHG� LQ� )LJXUH� �� ZKLFK� VKRZV� D�UHGXFWLRQ� LQ� UHPRYDO� DIWHU� D� FHUWDLQ� DPRXQW�RI�ELRPDVV�ORDGLQJ�

)LJXUH� �� 5HVSRQVH� VXUIDFH� �'� SORW� LQGLFDWLQJ� WKH�HIIHFW�RI� LQWHUDFWLRQ�EHWZHHQ�S+�DQG�ELRPDVV� ORDGLQJ�RQ�&X�UHPRYDO�ZKLOH�KROGLQJ�WKH�LQLWLDO�FRQFHQWUDWLRQ�DW�LWV�UHVSHFWLYH�OHYHO�RI������PJ�O

)LJXUH� �� 5HVSRQVH� VXUIDFH� �'� SORW� LQGLFDWLQJ� WKH�HIIHFW�RI� LQWHUDFWLRQ�EHWZHHQ�S+�DQG�ELRPDVV� ORDGLQJ�RQ�=Q� UHPRYDO�ZKLOH�KROGLQJ�WKH� LQLWLDO�FRQFHQWUDWLRQ�DW�LWV�UHVSHFWLYH�OHYHO�RI������PJ�O
$� VHW� RI� VROXWLRQV WKDW� ZHUH� JLYHQ� E\� WKH�VRIWZDUH� LQ� RUGHU� WR� GHWHUPLQH� WKH� RSWLPXP�FRQGLWLRQV�RI�WKH�&X�DQG�=Q�UHPRYDO�SURFHVV�
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DUH� VXPPDUL]HG� LQ� 7DEOH� ��� 7KHVH� VROXWLRQV�ZHUH� YDULHG� E\� SHUIRUPLQJ� WKH� VRUSWLRQ�SURFHVV�XQGHU�WKH�SUHGLFWHG�FRQGLWLRQV��0D[L�PXP� UHPRYDO� RI� ����� �� IRU� &X�� FRUUHV�SRQGLQJ� WR� ����� PJ�J� RI� VRUSWLRQ� FDSDFLW\�ZDV�DFKLHYHG�DW�S+�����ZKHQ�DQ� LQLWLDO�FRQ�FHQWUDWLRQ�RI����PJ�O�ZKHQ�����J�RI�ELRPDVV�ZDV�XVHG��7KH�VROXWLRQ�JLYHQ�IRU�=Q�UHPRYDO�OHG�WR�D�UHPRYDO�RI���������FRUUHVSRQGLQJ�WR�����PJ�J�RI�PHWDO�VRUSWLRQ�FDSDFLW\�ZKHQ���PJ�O� RI� LQLWLDO� FRQFHQWUDWLRQ� ZLWK� ���� J� RI�ELRPDVV�ORDGLQJ�DW�S+�����ZHUH�XVHG�7KH� VRUSWLRQ� XSWDNH� YDOXHV� REWDLQHG� LQ� WKH�RSWLPL]HG� SURFHVV� ZHUH� VLJQLILFDQWO\� KLJKHU�WKDQ� UHSRUWHG� YDOXHV� LQ� WKH� OLWHUDWXUH�� $F�FRUGLQJ� WR� %DVFL� HW� DO�� >�@�� ZKHDW� KXVN� KDG�
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���PJ�O�ZLWK�����J�RI�ELRPDVV�ORDGLQJ�DW�S+����� ZKLFK� OHG� WR� D� UHPRYDO� RI� ������� RU� D�FRUUHVSRQGLQJ�VRUSWLRQ�FDSDFLW\�RI�����PJ�J��2SWLPXP� FRQGLWLRQV� IRU WKH =Q� VRUSWLRQ�SURFHVV� ZHUH� IRXQG� WR� EH� DW� DQ� LQLWLDO�FRQFHQWUDWLRQ�RI� ���PJ�O��D�ELRPDVV�ORDGLQJ�RI� ���� J� DQG� D� S+� RI� ����� 7KH� UHPRYDO�HIILFLHQF\�IRU�=Q�ZDV�IRXQG�WR�EH�DW���������FRUUHVSRQGLQJ� WR� D� VRUSWLRQ� FDSDFLW\� RI� ����PJ�J�DW�WKH�RSWLPXP�FRQGLWLRQV�



6DODPDWLQLD��=LQDWL]DGHK��.DPDUXGGLQ��$EGXOODK

,UDQLDQ�-RXUQDO�RI�&KHPLFDO�(QJLQHHULQJ��9RO�����1R��� ��
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