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$%675$&77KH� LQWHUQDO�VWUXFWXUH�RI�'1$�&7$%�DQG�'1$�''$%�LV� LQYHVWLJDWHG�E\�D�6PDOO�$QJHO�;� UD\�6FDWWHULQJ��6$;6��LQVWUXPHQW��+H[DJRQDO�SDFNLQJ RI�'1$�ZDV�REVHUYHG�IRU�'1$�FRPSOH[�ZLWK�&7$%��DQG�IRU�''$%�FRPSOH[�LV�REVHUYHG�ODPHOODU�VWUXFWXUH��9DULDWLRQV�LQ�WKH�LQWHUQDO�VSDFLQJ�DQG�GHJUHH�RI�ORQJ�UDQJH�RUGHULQJ�DUH�GHSHQGHQW�RQ�ERWK�VXUIDFWDQW�W\SH�DQG�FRQFHQWUDWLRQV�RI�DGGHG�VDOW��:KHQ�ZH�LQFUHDVHG�WKH�DPRXQW�RI�VDOW�LQWR�RXU�FRPSOH[�ZH�REVHUYHG�WKDW�WKH�G�VSDFLQJ��G ����T��DUH�LQFUHDVHG��
.H\ZRUGV� '1$��;�UD\��&RPSOH[��6DOW

,1752'8&7,217KH�'1$�GRXEOH�KHOL[�LV�KLJKO\�QHJDWLYHO\�FKDUJHG�DQG�LW�LQWHUDFWV�VWURQJO\�ZLWK�RSSRVLWHO\�FKDUJHG�VSHFLHV��,Q�WKH� LQWUDFHOOXODU� HQYLURQPHQW�� WKH� '1$� LV� DVVRFLDWHG�ZLWK�FDWLRQLF�KLVWRQH�SURWHLQV�UHVXOWLQJ�LQ�WKH�IRUPDWLRQ�RI� FRPSDFW� FKURPDWLQ� DJJUHJDWHV�� &OHDUO\�� DWWUDFWLYH�HOHFWURVWDWLF� IRUFHV� DUH� LPSRUWDQW� LQ� SURPRWLQJ� WKLV�FRPSDFW�VWUXFWXUH��,Q�YLWUR��DQ�DQDORJRXV�FRPSDFWLRQ�RI�WKH� '1$� FDQ� RFFXU� RQ� DVVRFLDWLRQ� ZLWK� FDWLRQLF�DPSKLSKLOHV�>���@��,QWHUHVWLQJO\��VWXGLHV�RI�VXFK�V\VWHPV�VKRZ�WKDW�K\GURSKRELF�IRUFHV�DUH�DOVR�LQYROYHG�DQG�FDQ�EH� GHFLVLYH� LQ� GHWHUPLQLQJ� WKH� SK\VLFRFKHPLFDO�SURSHUWLHV� DQG� VWUXFWXUH� RI� VXFK� FRPSOH[HV� >��� ��� �@��&XUUHQWO\� WKHUH� LV� D� FRQVLGHUDEOH� LQWHUHVW� LQ� '1$�DPSKLSKLOH�FRPSOH[HV�GXH�WR�WKH�SRVVLELOLW\�RI�DSSO\LQJ�VXFK� QRQYLUDO� DVVHPEOLHV� DV� YHKLFOHV� IRU� GHOLYHU\� RI�

IRUHLJQ� '1$� LQWR� FHOOV� >���@�7R� FRQWURO� WKH� GHOLYHU\�SURFHVV� LW� LV� HVVHQWLDO� WR� XQGHUVWDQG� KRZ� WKH�DPSKLSKLOH� VHOI�DVVHPEOHV� LQ� WKH� SUHVHQFH� RI� '1$�DQG�LWV�PROHFXODU�SURSHUWLHV�LQ�WKH�FRPSOH[HV��7KHVH�FRQWDLQ� VXEVWDQWLDO� DPRXQWV� RI� ZDWHU�� DQG� WKH�K\GUDWLRQ�RI�WKH�FKDUJHG�'1$�DQG�OLSLG�JURXSV�LV�DQ�LPSRUWDQW� IDFWRU� IRU� GHWHUPLQLQJ� WKH� PROHFXODU�RUJDQL]DWLRQ� LQ� WKH� FRPSOH[HV>�@� �'HSHQGLQJ�RQ� WKH�PROHFXODU�FKDUDFWHU�RI� WKH�DPSKLSKLOH��ERWK�ODPHOODU�DQG�KH[DJRQDO�VWUXFWXUHV�KDYH�EHHQ�IRXQG�IRU�FKDUJH�FRPSHQVDWHG� '1$�DPSKLSKLOH� DJJUHJDWHV� >���@��/DPHOODU� '1$�OLSLG� V\VWHPV� KDYH� EHHQ� H[WHQVLYHO\�VWXGLHG� ZLWK� UHVSHFW� WR� ERWK� PROHFXODU� RUJDQL]DWLRQ�DQG�WKHUPRG\QDPLF�SURSHUWLHV�>����@��,W�LV�IRXQG�WKDW�WKH� OLSLG� SURSHUWLHV� DUH� TXDOLWDWLYHO\� VLPLODU� WR� WKRVH�RI�SXUH�OLSLG�ODPHOODU�V\VWHPV��EXW�WKH�SUHVHQFH�RI�WKH�'1$�UHVXOWV�LQ�VXEVWDQWLDO�TXDQWLWDWLYH�FKDQJHV�
 &RUUHVSRQGLQJ�DXWKRU��(�PDLO� 0RQLUL��������#\DKRR�FRP
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6LQJOH�FKDLQ� DPSKLSKLOH�� ZKLFK� E\� WKHPVHOYHV�ZRXOG� W\SLFDOO\� IRUP� PLFHOOHV� DQG� QRUPDO� KH[DJRQDO�VWUXFWXUHV� FDQ� EH� XVHG� PRUH� UHDGLO\� WKDQ� WKH� ODPHOODU�IRUPLQJ� OLSLGV� WR� SURGXFH� FRPSOH[� SDUWLFOHV� FRQWDLQLQJ�RQO\�D�VLQJOH�FRPSDFWHG�'1$�PROHFXOH��7KH�SDFNLQJ�LQ�VXFK�SDUWLFOHV� LV� H[SHFWHG� WR� UHVHPEOH� WKH� VWUXFWXUH� RI� D�QRUPDO� KH[DJRQDO� SKDVH�� DQG� IRU� D� V\VWHP� IRUPHG� E\�SUHFLSLWDWLQJ�VXFK�SDUWLFOHV�RQH�REVHUYHV�D�VPDOO�DQJOH�;�UD\�SDWWHUQ�W\SLFDO�IRU���'�KH[DJRQDO�VWUXFWXUH�>�@�5HFHQWO\�� WKHUPRG\QDPLF� K\GUDWLRQ� SURSHUWLHV� RI�VXFK�SUHFLSLWDWHG�FRPSOH[HV�ZHUH�VWXGLHG�E\�/HDO�HW�DO��WKH\�FRQFOXGHG�WKDW�DV�WKH�ZDWHU�FRQWHQW�GHFUHDVHV�WKHUH�LV� D� JUDGXDO� FKDQJH� LQ� WKH� SURSHUWLHV� RI� WKH� K\GUDWLRQ�FKDLQ�DQG�WKDW�LQ�WKH�GU\�VWDWH�WKH�VXUIDFWDQW�DJJUHJDWH�LV�KLJKO\� GHIRUPHG� WR� DFFRPSOLVK� ORFDO� FKDUJH�QHXWUDOL]DWLRQ� ZLWK� UHVSHFW� WR� WKH� DQLRQLF� SKRVSKDWH�JURXSV�RQ�WKH�'1$ >�@�,Q� WKH�SUHVHQW�SDSHU�ZH� LQYHVWLJDWH� WKH� LQIOXHQFH�RI�VDOW� FRQWHQW� RQ� WKH� VZHOOLQJ� RI� '1$� FRPSOH[� ZLWK�GLIIHUHQW�VXUIDFWDQWV�VXFK�DV������+H[DGHF\OWULPHWK\ODPPRQLXP�EURPLGH���&7$%�����'LGRGHF\OHGLPHWK\ODPPRQLXP�EURPLGH��''$%�,Q�WKH�HOHFWURQHXWUDO�'1$�&7$%�DQG�'1$B''$%�DJJUHJDWHV�� WKH� VSDFH� EHWZHHQ� '1$� DQG� VXUIDFWDQW� LV�ILOOHG� ZLWK� ZDWHU� LI� ZH� LQFOXGH� VDOW� LRQV� LQ� WKLV� ZDWHU�UHVHUYRLU� WKH� HOHFWURVWDWLFV� SUHFLSLWDWH� � LQ� WKH� V\VWHPV�ZLOO� EH� SHUWXUEHG�� 7KH� SODQ� LV� WR� VWDUW� ZLWK� WKH�HOHFWURQHXWUDO� SUHFLSLWDWH� DQG� GHVLJQLQJ� D� PHWKRG� WR�LQFUHDVH�VDOW�LRQV�EHWZHHQ�'1$�DQG�WKH�VXUIDFWDQW�URGV��7KHQ� ZH� ZLOO� WU\� WR� FDOFXODWH� KRZ� PXFK� ZDWHU� WKH�DJJUHJDWH�WDNHV�DW�GLIIHUHQW�VDOW�FRQFHQWUDWLRQ��
0$7(5,$/6:H�KDYH�XVHG� VRGLXP� VDOW�'1$��&DOI� WK\PXV� �ILEURXV�W\SH� �� ³KLJKO\� SRO\PHUL]HG´��� ,W� ZDV� REWDLQHG� IURP�6LJPD� &RPSDQ\� DV� UHFHLYHG��+H[DGHF\OWULPHWK\ODPPRQLXPEURPLGH� �&7$%���'LGRGHF\OHGLPHWK\OHDPPRQLXP� EURPLGH� �''$%���VRGLXP� FKORULGH� DQG� NDOLXPH� FDUERQDWH� �0HUFN� S�D��TXDOLW\�� DQG� VRGLXP�EURPLGH� �5LHGHO�GHOODHQ� H[WUDSXUH�TXDOLW\��ZDV�XVHG�DV�UHFHLYHG��7KH�ZDWHU�XVHG�ZDV�IURP�D�0LOOL�4�ILOWUDWLRQ�V\VWHP��0LOOLSRUH��
6$03/(�35(35$7,21'1$� VROXWLRQV� ZHUH� SUHSDUHG� E\� ZHLJKWLQJ� WKH� GHVLUHG�DPRXQW� DQG�GLVVROYLQJ� LW� LQ� ��P0�1D%U� LQ� D� FROG� URRP�GXULQJ� ���� GD\V�� '1$�6XUIDFWDQWV� VWRLFKLRPHWULF�DJJUHJDWHV�ZHUH� SUHSDUHG� E\�PL[LQJ� &7$%�	''$%� ���P0��DQG�'1$�XQGHU�VWLUULQJ��7KH�QXPEHU�RI�VXUIDFWDQWV�HTXDOV WKH�QXPEHU�RI�SKRVSKDWH�JURXSV�RQ�WKH�'1$��7KH�SUHFLSLWDWHV� IRUPHG� ZHUH� HTXLOLEUDWHG� LQ� VROXWLRQV� IRU���K�7KH\�ZHUH�WKHQ�VHSDUDWHG�IURP�WKH�DTXHRXV�SKDVH�E\�ILOWUDWLRQ�DW�UHGXFHG�SUHVVXUH��DQG�ZDVKHG�H[WHQVLYHO\�ZLWK�0LOOLSRUH�ZDWHU�DQG�ZHUH�GULHG� LQ�KLJK YDFXXP�GXULQJ���GD\V� DW� URRP� WHPSHUDWXUH��7KHVH� VROXWLRQV�1D&O� �����0�DQG������0�DQG������0��VDWXUDWHG�1D&O�DQG�.�&R��ZHUH�

SUHSDUHG� DQG� SODFHG� LQ� GHVLFFDWRUV� DW� ��� q&� DOORZHG� IRU�UHODWLYH� KXPLGLW\� RI� ������� ����� ��������� ������UHVSHFWLYHO\�7KH� PDFURPROHFXODU� FRPSOH[HV� VDOW��'1$&7$%� DQG� '1$''$%�� ZHUH� VWRUHG� LQVLGH� D�GHVLFFDWRU�
6WXGLHG�6\VWHPV�6XUIDFWDQWV� DUH� DPSKLSKLOLF� PROHFXOHV� FRQWDLQLQJ� D�K\GURSKLOLF� KHDG� JURXS� WKDW� FDQ� EH� FKDUJHG� DQG� D�K\GURSKRELF� WDLO�� ,Q� DTXHRXV� VROXWLRQ� VXUIDFWDQWV�DVVHPEOHV�LQ�YDULRXV�VWUXFWXUHV�&7$%��+H[DGHF\OHWULPHWK\ODPPRQLXPH�EURPLGH�LV�D�FDWLRQLF�VXUIDFWDQW�ZLWK�D�VL[WHHQ�FDUERQ�K\GURSKRELF�WDLO�WKDW�FDQ�DVVHPEOH�LQWR�URG�± OLNH�PLFHOOHV�''$%� 'LGRGHF\OHGLPHWK\ODPPRQLXPH�EURPLGH�LV�D� GRXEOH� FKDLQ� FDWLRQLF� VXUIDFWDQW� FRQWDLQV� WZHOYH�FDUERQ� DWRPV� LQ� LW¶V� K\GURSKRELF� UHJLRQV� DQG�SUHGRPLQDQWO\� IRUP� ODPHOODU� SKDVHV� LQ� DTXHRXV�VROXWLRQ�
0(7+2'6
���'HFLFDWRU�PHWKRG���VDPSOHV�ZLWK����PJ�RI�GU\�SUHFLSLWDWH�LQ�D�ZHLJKWLQJ�FRQWDLQHU� ZHUH� DOORZHG� WR� HTXLOLEUDWH� IRU� �� GD\V� LQ� D�GHVLFFDWRU� ZLWK� D� VDOW� VROXWLRQ� RI� UHODWLYH� KXPLGLW\� RI�������� 7KH\� ZHUH� ZHLJKWHG� EHIRUH� DQG� DIWHU�HTXLOLEUDWLRQ� DQG� FDOFXODWHG� KRZ� PXFK� ZDWHU� WKH�SUHFLSLWDWH�VRUEHG��7R�WKH�ILUVW���VDPSOHV���PJ�1D&O�DQG�WKH�VHFRQG���VDPSOHV� �� PJ� 1D&O� DQG� WKH� WKLUG� �� VDPSOHV� ���� PJ�1D&O�DQG�WKH�IRXUWK���VDPSOHV���PJ�1D&O�DQG�WKH�ILIWK��� VDPSOHV� ���� PJ� 1D&O� DQG� WKH� ODVW� �� VDPSOHV� �� PJ�1D&O�ZHUH�DGGHG�DQG�DOORZHG�WKHP�WR�HTXLOLEUDWH�IRU���GD\V�RXWVLGH�WKH�GHVLFFDWRU�DW����q&�DQG�ZHUH�ZHLJKWHG�EHIRUH�DQG�DIWHU�HTXLOLEUDWLRQ��7KH�VDPSOHV�ZHUH�SODFHG�LQ�YDFXXP�IRU���GD\V�DQG�SODFHG�WKHP�EDFN�LQ�WKH�VDPH�GHVLFFDWRU��OHW�WKHP�HTXLOLEUDWH�IRU���GD\V�DQG�ZHLJKWHG�WKHP�EHIRUH�DQG�DIWHU� HTXLOLEUDWLRQ�DQG�ZHUH�PHDVXUHG�KRZ� PXFK� ZDWHU� WKH� SUHFLSLWDWHV� ZHUH� VRUEHG� DIWHU�LQFOXVLRQ�RI�VDOW�7KRVH� DERYH� VDPSOHV� ZHUH� GULHG� LQ� YDFXXP� IRU� ��GD\V� DQG� SODFHG� LQ� GHVLFFDWRU� ZLWK� D� VDOW� VROXWLRQ� RI�UHODWLYH�KXPLGLW\�RI�����DQG�OHW�WKHP�WR�HTXLOLEUDWH�IRU��� GD\V�� 7KH\� ZHUH� ZHLJKWHG� EHIRUH� DQG� DIWHU� WKH�HTXLOLEUDWLRQ�DQG�FDOFXODWHG�KRZ�PXFK�ZDWHU�VRUEHG�E\�WKH�SUHFLSLWDWLRQV�7KRVH� VDPSOHV� ZHUH� GULHG� DJDLQ� LQ� YDFXXP� IRU� ��GD\V� DQG� SODFHG� LQ� GHVLFFDWRU� ZLWK� D� VDOW� VROXWLRQ� RI�UHODWLYH� KXPLGLW\� RI� ������ DQG� OHW� WKHP� WR� HTXLOLEUDWH�IRU� �� GD\V�� 7KH\� ZHUH� ZHLJKWHG� EHIRUH� DQG� DIWHU� WKH�HTXLOLEUDWLRQ�DQG�FDOFXODWHG�KRZ�PXFK�ZDWHU�VRUEHG�E\�WKH�SUHFLSLWDWLRQV�7KH�UHVXOWV�RI�RXU�H[SHULPHQWV�ZHUH�VKRZQ�LQ� WDEOH������
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7DEOH���7KH�DPRXQW�RI�ZDWHU�VRUEHG�E\�WKH'1$�''$%�FRPSOH[�LQ�GLIIHUHQW�5HODWLYH�+XPLGLW\
5+��6DOW��PJ� ����� ��� �������PJ�1D&O ����� ����� ��������PJ�1D&O ����� ����� ���������PJ�1D&O ����� ����� ��������PJ�1D&O ����� ����� ����������PJ�1D&O ����� ����� ��������PJ�1D&O ����� ����� ������

7DEOH���7KH�DPRXQW�RI�ZDWHU�VRUEHG�E\�WKH'1$�&7$%�FRPSOH[�LQ�GLIIHUHQW�5HODWLYH�+XPLGLW\
5+�6DOW �PJ� ����� �����PJ�1D&O ����� �������PJ�1D&O ����� ���������PJ�1D&O ����� �������PJ�1D&O ����� ���������PJ�1D&O ���� �������PJ�1D&O ����� �����

���6RUSWLRQ�0LFURFDORULPHWHU�$� GRXEOH�WZLQ� LVRWKHUPDO� PLFURFDORUPHWHU� ZDV� XVHG� WR�VWXG\� WKH� K\GUDWLRQ� RI� '1$� DQG� '1$&7$%� DQG�

'1$''$%� FRPSOH[�� $� GHWDLOHG� GHVFULSWLRQ� RI� WKH�LQVWUXPHQW�LV�JLYHQ�HOVHZKHUH�>�����@�6HYHUDO�DSSOLFDWLRQV�RI�WKLV�QHZ�WHFKQLTXH�KDYH�EHHQ�FDUULHG�RXW��VXFK�DV�VWXGLHV�RI� SKRVSKROLSLGV� K\GUDWLRQ� >���� ��@� DQG� K\GUDWLRQ� RI�VLQJOH�FKDLQ�DON\OJOXFRVLGHV�>��@��7KH� LQVWUXPHQW�FRQVLVWV�RI� D� FDORPHWULF� FHOO� FRQVWLWXWHG�E\� WZR�YHVVHOV� FRQQHFWHG�E\� D� VWDLQOHVV� VWHHO� WXEH� DQG� DQ� LVRWKHUPDO� GRXEOH�WZLQ�PLFURFDORUPHWHU� SODFHG� LQ� WKH� WRS� FDORULPHWHU� DQG� WKH�ERWWRP�YHVVHO�LV�LQ�WKH�ERWWRP�FDORULPHWHU�$W� WKH� VWDUW� RI� WKH� PHDVXUHPHQW�� WKH� ERWWRP� YHVVHO�FRQWDLQV� ������� PJ� RI� D� GU\� VDPSOH� DQG� WKH� WRS� YHVVHO�DERXW������O�RI�ZDWHU��'XULQJ� WKH�PHDVXUHPHQW��ZDWHU� LV�YDSRUL]HG� DQG� GLIIXVHV� WKURXJK� WKH� VWHHO� WXEH� �WKH�PD[LPXP�GLIIXVLRQDO�IORZ�LV�DERXW������J�RI�+�2�SHU�V��GRZQ�WR�WKH�ERWWRP�YHVVHO�ZKHUH�LV�WDNHQ�XS�E\�WKH�VDPSOH��$Q�H[SHULPHQW�FDQ�EH�VHHQ�DV�D�FRQWLQXRXV�WLWUDWLRQ�RI�GU\�VDPSOH�ZLWK�ZDWHU� YDSRU�� DQG� D�PHDVXUHPHQW� LV� VWRSSHG�DIWHU� ����GD\V�ZKHQ� WKH�ZDWHU� DFWLYLW\�RI� WKH� VDPSOH�KDV�UHDFKHG ����������� :LWK� WKLV� PHWKRG�� RQH� FDQ� JHW� ERWK�VRUSWLRQ� LVRWKHUPV� �ZDWHU� FRQWHQW� DV� D� IXQFWLRQ� RI� ZDWHU�DFWLYLW\�� DQG� WKH� GLIIHUHQWLDO� HQWKDOS\� RI� VRUSWLRQ�� $�VRUSWLRQ� FDORULPHWHU\� ZDV� XVHG� WR� PHDVXUH� WKH� VZHOOLQJ�LVRWKHUP�RI�SUHFLSLWDWHV��'1$&7$%�	�'1$''$%��,Q� WKLV� UHVHDUFK��ZH� SUHVHQW� D� FDORULPHWULF� VWXG\� RI�WKH� K\GUDWLRQ� RI� WKH� VWRLFKLRPHWULF� FRPSOH[� EHWZHHQ�'1$� DQG� WKRVH� DERYH� FDWLRQLF� VXUIDFWDQWV�� :H� XVHG�H[DFWO\�WKRVH�GHVLFDWRU�VDPSOHV�ZLWK�GLIIHUHQW�DPRXQW�RI�VDOW� LQ� FDORULPHWU\�PHDVXUHPHQW��$QG� WKH LVRWKHUPV�RI�ERWK�GHVLFDWRU�DQG�FDORULPHWU\�ZHUH�VKRZQ�LQ�)LJ�������

)LJ��� 6RUSWLRQ LVRWKHUP�DW�����&�IRU�'1$&7$%��:DWHU�PROHFXOHV��'1$&7$%��YV��:DWHU�DFWLYLW\�DW�GLIIHUHQW�DPRXQW�RI�DGGHG�1D&O�
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)LJ����6RUSWLRQ LVRWKHUP�DW�����&�IRU�'1$''$%��:DWHU�PROHFXOHV��'1$''$%��YV��:DWHU�DFWLYLW\�DW�GLIIHUHQW�DPRXQW�RI�DGGHG�1D&O�

���6$;6�PHDVXUHPHQWV��6$;6� PHDVXUHPHQWV� LQ� WKLV� ZRUN� ZHUH� PDGH� ZLWK� D�.UDWN\�FDPHUD� LQ�SK\VLFDO�FKHPLVWU\�GHSDUWPHQW� LQ�/XQG�8QLYHUVLW\�� 6ZHGHQ�� 7KH� ;�UD\� EHDP� LV� JHQHUDWHG� E\�DFFHOHUDWLQJ�HOHFWURQV�WR�D�&X�DQRGH��7KH�&X�JLYHV�ULVH�WR�D�.. OLQH�ZLWK�D�ZDYHOHQJWK�RI������Ö��7KHUH� LV�DOVR�D�.�OLQH��ZLWFK�LV�WDNHQ�DZD\�E\�D�1L�ILOWHU��7KH�;�UD\�EHDP�LV�IRFXVHG�E\�D�FROOLPDWLRQ�V\VWHP�ZLWK�ORQJ�VOLW��JHRPHWU\��'XH� WR� WKH DV\PPHWU\� RI� WKH� VOLW�� WKH� VFDWWHULQJ�EHFRPHV�VPHDUHG��,Q�WKH�GLIIUDFWLRQ�VSHFWUD�WKLV�LV�VHHQ�DV�VKDUS�HQG�RI�WKH�SHDN�DW�ORZ�T�DQG�D�ORQJ�WDLO� WRZDUGV�ODUJH�T��>��@�+RZHYHU�� WKLV�GRHV�QRW� LPSRVH�D�SUREOHP�IRU�WKH�UHODWLYH�SRVLWLRQV�RI�WKH�SHDNV�LQ�WKH�VSHFWUD�6$;6�PHDVXUHPHQWV� ZHUH� DOVR� SHUIRUPHG� ZLWK� D�V\QFKURWKURQ�;�UD\�EHDP��'���DW�/�8�5�(���)UDQFH���,Q�D� V\QFKURWURQ�� WKH� HOHFWURQV� FLUFXODWH� ZLWK� D� KLJK�YHORFLW\�LQ�D�ODUJH�FORVHG�RUELW��'XH�WR�WKH�EHQGHG�URXWH��WKH� HOHFWURQV� FLUFXODWH� ZLWK� D� KLJK� YHORFLW\� LQ� D� ODUJH�FORVHG�RUELW��'XH�WR�WKH�EHQGHG�URXWH��WKH�HOHFWURQV�HPLW�D� ZHOO� GHILQHG� UDGLDWLRQ�ZLWK� D� YHU\� KLJK� LQWHQVLW\�� ,Q�DGGLWLRQ�� SLQ�KROH� FROOLPDWLRQ� RI� WKH� EHDP� ZDV� XVHG��ZLWFK�JLYHV� ULVH� WR� V\PPHWULF� SHDNV��+HQFH�� WKH�;�UD\�EHDP�LV�ZHOO�VXLWHG�IRU�FRPSOLFDWHG�VWUXFWXUHV��:H�XVHG�H[DFWO\� WKH� VDPH� VDPSOHV� WKDW� ZHUH� XVHG� IRU�&DORULPHWU\��7KH� UHVXOWV� RI� RXU� H[SHULPHQWDO�ZHUH� VKRZQ� LQ� WKH�ILJ������

)LJ���� ' VSDFLQJ�GHSHQGHQFH��' � ���T��YV��5HODWLYH�+XPLGLW\ ����DW�GLIIHUHQW DPRXQW�RI�DGGHG�VDOW LQ�'1$&7$%�FRPSOH[�

)LJ���� ' VSDFLQJ�GHSHQGHQFH��' � ���T��YV��5HODWLYH�+XPLGLW\ ����DW�GLIIHUHQW DPRXQW�RI�DGGHG�VDOW LQ�'1$''$%�FRPSOH[�
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5(68/76 $1'�',6&866,21�7KH� VWRLFKLRPHWULF� '1$&7$%� ������ SUHFLSLWDWH� KDV�SUHYLRXVO\�EHHQ�VWXGLHG�E\�;�UD\�VPDOO�DQJOH�VFDWWHULQJ�>�@��ZH�UHSHDWHG�VXFK�H[SHULPHQWV�RQ�VDPSOHV�SUHSDUHG�WKH�VDPH�ZD\�DV�IRU�WKH�FDORULPHWULF�PHDVXUHPHQWV�DQG�IRXQG�DJUHHPHQW�ZLWK�WKH�UHVXOWV�RI�0HO¶QLNRY�HW�DO�7KH� VPDOO�DQJOH� UHJLRQ� VKRZHG� �� GLIIUDFWLRQ� SHDNV�FRQVLVWHQW�ZLWK�D��'�KH[DJRQDO� ODWWLFH�ZLWK�D�SHULRG�RI������ c IRU� WKH� '1$&7$� FRPSOH[� SUHSDUHG� DW� ZDWHU�DFWLYLW\�RI������:H�SHUIRUPHG��+�105�RQ�GU\�DQG�ZHW�'1$&7$�SUHFLSLWDWHV� >��@� DQG� IRU� WKH� IXOO\� K\GUDWHG�FRPSOH[��VHYHUDO�QDUURZ�SHDNV�ZHUH�REVHUYHG��ZKHUHDV�IRU� WKH� GU\� FRPSOH[� WKHUH� ZDV� RQH� UDWKHU� EURDG� SHDN��7KH�VSHFWUXP�IRU�WKH�ZHW�FRPSOH[�LV�VLPLODU�WR�WKH�RQH�REVHUYHG� IRU� &7$%� URG� OLNH� PLFHOOHV� DUUDQJHG� LQ� DQ�KH[DJRQDO� VWUXFWXUH� >��@�7KLV� LQGLFDWH� WKDW�� LQ� WKH�PRVW�K\GUDWH�VWDWH�RI�WKH�'1$&7$�FRPSOH[��WKH�DPSKLSKLOH�LV�DUUDQJHG�DV�LQ�D�OLTXLG�FU\VWDOOLQH�KH[DJRQDO�VWUXFWXUH�:KHQ�'1$�LQWHUDFWV�ZLWK�GRXEOH�FKDLQ�OLSLGV�WKDW�E\�WKHPVHOYHV�IRUP�ODPHOODU�OLTXLG�FU\VWDOV�� WKH�'1$� OLSLG�FRPSOH[� LV� DOVR� ODPHOODU� >�@�7KXV� LW� LV� UHDVRQDEOH�DVVXPSWLRQ� WKDW�� VLQFH� &7$%� E\� LWVHOI� HDVLO\� IRUPV� D�QRUPDO� KH[DJRQDO� SKDVH�� WKH� VWUXFWXUH� RI� WKH� KH[DJRQDO�'1$&7$�FRPSOH[� LV� DOVR�RI� WKH�QRUPDO� W\SH��7KH� IDFW�WKDW�WKHUH�DUH�QR�H[WUD�FRXQWHULRQV�LPSOLHV�WKDW�WKH�'1$�DQG�WKH�&7$�PXVW SDFN�LQ�VXFK�D�ZD\�WKDW�WKHUH�LV�FKDUJH�QHXWUDOL]DWLRQ� RQ� DV� VPDOO� D� VFDOH� DV� SRVVLEOH�� ,Q� WKH�KH[DJRQDO�SKDVH�RI�&7$%��WKHUH�LV�DQ�DUHD�SHU�KHDGJURXS�RI���c� DQG�D�F\OLQGHU�GLDPHWHU�RI���c >��@�7KLV�PHDQV�WKDW�� SURMHFWHG� RQ� WKH� F\OLQGHU� D[LV�� WKHUH� LV� RQH� FKDUJH�SHU� ����c�� 6XUIDFWDQW� DJJUHJDWHV� DUH� IRUPHG� E\� D� VHOI�DVVHPEO\� SURFHVV� VR� WKDW� XQGHU� GLIIHUHQW� FRQGLWLRQV� RQH�FDQ�H[SHFW�DGMXVWPHQWV�LQ�WKHVH�QXPEHUV��EXW�WKHUH�VKRXOG�QRW� RFFXU� PDMRU� FKDQJHV�� D� FKDQJH� LQ� KHDGJURXS� DUHD�H[FHHGLQJ��IRU�H[DPSOH����� DSSHDUV�XQOLNHO\��)RU�'1$��WKHUH�DUH�PRUH�IL[HG�DWRPLF�SRVLWLRQV�LQ�WKH�GRXEOH�KHOL[�

VR� WKH� VWUXFWXUH� LV� ORFDOO\� VWLIIHU�� 2Q� WKH� RWKHU� KDQG��WKHUH� DUH� GLIIHUHQW� FRQIRUPDWLRQV� RI� WKH� KHOL[�� DQG� IRU�WKH� SXUH� '1$� LQ� SDUWLFXODU�� ZH� FRQVLGHUHG� WKH� $�%�WUDQVLWLRQ�� 7KH� JHQHUDO� REVHUYDWLRQ� LV� WKDW� $� '1$� LV�IDYRUHG�ZKHQ�WKH�HOHFWURVWDWLF�UHSXOVLRQ�DORQJ�WKH�KHOL[�LV� UHGXFHG� HLWKHU�E\� ORZHULQJ� WKH�YDSRU�SUHVVXUH�RU�E\�WKH�DGGLWLRQ�RI�VDOW�>��@��%LQGLQJ�RI�WKH�KLJKO\�SRVLWLYH�&7$� DJJUHJDWH� LV� DQ� H[WUHPH� FDVH� RI� UHGXFLQJ� WKH�HOHFWURVWDWLF� UHSXOVLRQ�� DQG� RQ� WKH� EDVLV� RI� WKLV�DUJXPHQW�� RQH� VKRXOG� H[SHFW� WKDW� LQ� WKH� '1$&7$�V\VWHP�WKH�$�IRUP�LV�IDYRUHG�UHODWLYH� WR� WKH�VXUIDFWDQW��WKHUH� DUH� VSHFWURVFRSLF� &'� REVHUYDWLRQV� WKDW� '1$�UHPDLQV� LQ� WKH� %� IRUP� RQ� FRPSOH[DWLRQ� >��� ��@�$W�SUHVHQW�� WKLV� LVVXH� DSSHDUV� XQUHVROYHG�� EXW� LW� KDV� D�VLJQLILFDQW�EHDULQJ�RQ� WKH�SRVVLEOH�PXWXDO�DUUDQJHPHQW�RI�'1$�KHOLFHV�DQG�&7$�F\OLQGHUV�LQ�WKH�FRPSOH[�
&21&/86,21,Q� WKLV� SDSHU� ZH� LQYHVWLJDWHG� WKH� LQWHUQDO� VWUXFWXUH� RI�'1$�&7$%� DQG� '1$�''$%�� :H� REVHUYHG� WKH�KH[DJRQDOO\� SDFNHG� IRU� '1$�&7$%� FRPSOH[HV� DQG�ODPHOODU� SDFNHG� IRU� '1$�''$%� FRPSOH[HV�� 7KHVH�VWUXFWXUHV� ZHUH� LQ� DJUHHPHQW� ZLWK� DOO� REVHUYHG� ;�UD\�SDWWHUQV�� IRU� ERWK� FRPSOH[HV�� ZKHUHDV� WKH� LQWHUQDO�VSDFLQJ�GLVSOD\V�D�GHSHQGHQFH�RQ�WKH�FKHPLFDO QDWXUH�RI�WKH� VXUIDFWDQW�� :LWK� DGGLWLRQ� RI� VDOW� WKH� ODPHOODU� DQG�KH[DJRQDO�VSDFLQJ�ZHUH�LQFUHDVHG�2Q�WKH�RWKHU�KDQG�ZH�GHYHORS�D�FRQVLVWHQW�PHWKRG�WR� LQFOXGH� VDOW� LRQV� ZLWK� LQ� WKH� '1$� 6XUIDFWDQW�DJJUHJDWHV�
$&.12:/('*0(177KLV� ZRUN� ZDV� VXSSRUWHG� E\� 3K\VLFDO� &KHPLVWU\�'HSDUWPHQW�� &HQWHU� IRU� FKHPLVWU\� DQG� FKHPLFDO�HQJLQHHULQJ�LQ�/XQG�8QLYHUVLW\�LQ�6ZHGHQ�

5()(5(1&(6�� /HDO��&���:DGV|��/���2ORIVVRQ��*���0LJXHO��0���:HQQHUVWU|P��+�-��3K\V��&KHP��%������������������� .ROWRYHU��,���6DOGLWW��7���5lGOHU��-��2���6DILQ\D��&��5��6FLHQFH����������������� 5lGOHU��-��2���.ROWRYHU��,���6DOGLWW��7���6DILQ\D��&��5��6FLHQFH�������������������0HO¶QLNRY��6���6HUJH\HY��9��*���<RVKLNDZD��.���7DNDKDVKL��+���+DWWD��,��-�&KHP��3K\V�������������������� 0HO¶QLNRY��6���6HUJH\HY���9��*���<RVKLNDZD��.��-��$P��&KHP��6RF�������������������)HOJQHU��3��/���*DGHN��7��5���+ROP��0����5RPDQ��5���&KDQ��+��:���:HQ]��0���1RUWKURS��-��3���5LQJROG��*��0���'DQLHOVVRQ��0��3URF��1DWO��$FDG��6FL��8�6�$������������������� )HOJQHU��3��/��$GY��'UXJ�'HOLYHU\�UHV����������������� =DQWO��5���$UW]QHU��)���5DSS��*���5lGOHU��-��2��(XURSK\V��/HWW����������������� =DQWO��5���$UW]QHU��I���6SUHQJHU��,���5DSS��*���5lGOHU��-��2��-��3K\V�V��&KHP��%��������������������� 0F0DQXV��-��-���5DGOHU��-��2���'DZVRQ��.��$��/DQJPXLU�������������������3RKOH��:���6HOOH��&���*DXJHU��'��5���=DQWO��5���$UW]QHU��)���5lGOHU��-��2��3K\V��&KHP��&KHP��3K\V������������������� :DGV|��/���0DUNRY��1��WKHUPRFKLP��$FWD�������������������� :DGV|��/���0DUNRY��1��5HY��6FL��,QVWUXP��������������������� :DGV|��/���0DUNRY��1��(XU��-��3KDUP��%LRSKDUP������������������� 0DUNRY��1���6SDUU��(���:DGV|��/���:HQQHUVWURQ��+��-��3K\V��&KHP��%�������������������� 0DUNRY��1���6SDUU��(���:DGV|��/��7HUPRFKLP��$FWD����������������
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��� .RFKHUELWRY� 9���6|GHUPDQ��2���:DGV|��/��-��3K\V��&KHP��%����������������������3HGHUVHQ��-�6�,QVWUXPHQWDWLRQ�IRU�VPDOO�$QJOH�6FDWWHULQJ��,Q�0RGHUQ�$VSHFWV�RI�����/HDO��&��� 7RSJDDUG��'���:HQQHUVWU|P��+�� WR� EH� SXEOLVKHG�� 6PDOO�$QJOH�6FDWWHULQJ��%UXQEHUJHU��+���(G���.OXZHU�$FDGHPLF�3XEOLVKHUV��$PVWHUGDP��������SS�������8OPLXV��-���:HQQHUVWU|P��+��-��0DJQ��5HVRQ��������������������)RQWHOO��.���.KDQ��$���/LQGVWU|P��%���0DFLHMHZVND��'���3XDQJQJHUQ��6��FROORLG�3RO\P��6FL���������������������6DHQJHU��:��SULQFLSOHV�RI�1XFOHLF�$FLG�6WUXFWXUH��VSULQJHUYHUODJ��1HZ�<RUN�����������6SLQN�&��+���&KDLUHV�M��%��-��$P��&KHP��6RF�����������������������*KLUODQGR��5���ZDFKWHO��-���$UDG��7���0LQVN\��$��%LRFKHPLVWU\����������������


