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,1752'8&7,216WDELOLW\� FRQVWDQWV� RI� FKHODWH� FRPSRXQGV� DQG� SURWRQDWLRQ�FRQVWDQWV�RI�FKHODWLQJ�OLJDQGV�KDYH�RIWHQ�EHHQ�PHDVXUHG�LQ�PL[HG�VROYHQWV�EHFDXVH�RI�WKH�LQVROXELOLW\�RI�RQH�RU�PRUH�RI�WKH� UHDFWDQWV� LQ� ZDWHU�� 7KH� DSSOLFDWLRQ� RI� DOO� PHWKRGV� IRU�GHWHUPLQLQJ�WKH�VWDELOLW\�FRQVWDQW�UHTXLUHV�WKDW�WKH�V\VWHP�WR�EH� KRPRJHQHRXV� LQ� D� VLQJOH� SKDVH�� LQ� RUGHU� WKDW�FRQFHQWUDWLRQV�DW�HTXLOLEULXP�DUH�FDOFXODWHG�IURP�WKH�LQLWLDO�FRPSRVLWLRQ��+RZHYHU��LQ�RUJDQLF�VROYHQWV�RI�ORZ�GLHOHFWULF�FRQVWDQW�� WKH� SUHGLFWLRQV� RI� WKH� LQWHULRQLF� DWWUDFWLRQ� WKHRU\�ZLOO�GLIIHU�PRUH�IURP�WKH�REVHUYHG�EHKDYLRU�WKDQ�LQ�ZDWHU�E\�WKH� UHDVRQ�RI�JUHDWHU� HIIHFW� RI� WKH� HOHFWURVWDWLF� LQWHUDFWLRQV�DQG� WKH� UHVXOWLQJ� LRQ� DVVRFLDWLRQ�� %HVLGHV� WKH� SXUH�HOHFWURVWDWLF� LQWHUDFWLRQV�� WKHUH� H[LVW� RWKHU� VSHFLILF� DQG�QRQVSHFLILF� LQWHUDFWLRQ�IRUFHV�VXFK�DV� LRQ�GLSROH��K\GURJHQ�ERQGLQJ�� LRQ�SDLU� IRUPDWLRQ�� DFWXDO� VKDSH� DQG� VL]H� RI� WKH�LQGLYLGXDO�LRQV��VROYDWLRQ�FDSDELOLW\�RI�LRQV��HWF��7KH�ILUVW�DWWHPSW�WR�LQWURGXFH�DQ�HPSLULFDO�UHODWLRQVKLS�EHWZHHQ�DQ�HTXLOLEULXP�FRQVWDQW�DQG�VROYHQW�SRODULW\�JRHV�EDFN� WR� WKH�ZRUN� RI�0H\HU� � ZKR� IRXQG SURSRUWLRQDOLW\�EHWZHHQ�WKH�HTXLOLEULXP�FRQVWDQWV�RI�YDULRXV�WDXWRPHULF�FRPSRXQGV� LQ� GLIIHUHQW� VROYHQW� VROXWLRQV�� 6ROYHQW

HIIHFWV� RQ� RUJDQLF� UHDFWLYLW\� DQG� RQ� DEVRUSWLRQ� VSHFWUD�KDYH�EHHQ�VWXGLHG�IRU�PRUH�WKDQ�D�FHQWXU\��*UHDW�DWWHPSW�KDYH�EHHQ�SHUIRUPHG�WR�XQGHUVWDQG�WKH�VROYHQW�HIIHFWV�LQ�WHUPV� RI� SRODULW\� RI� WKH� VROYHQW�� 6ROYHQW� SRODULW\� LV� D�FRPPRQO\�XVHG�WHUP�UHODWHG�WR�WKH FDSDFLW\�RI�D�VROYHQW�IRU� VROYDWLQJ�GLVVROYHG� FKDUJHG� RU� GLSRODU� VSHFLHV�� 7KH�VROYHQW�GLHOHFWULF�FRQVWDQW�LV�RIWHQ�SUHGLFWHG�WR�VHUYH�DV�D�TXDQWLWDWLYH�PHDVXUH�RI�VROYHQW�SRODULW\��+RZHYHU��WKLV�LV�RIWHQ�LQDGHTXDWH�VLQFH�WKLV�DSSURDFK�UHJDUG�VROYHQWV�DV�DQRQ�VWUXFWXUHG� FRQWLQXXP�� QRW� FRPSRVHG� RI� LQGLYLGXDO�VROYHQW� PROHFXOHV� ZLWK� WKHLU� RZQ� VROYHQW�VROYHQW�LQWHUDFWLRQV�� DQG� WKH\�GR�QRW� WDNH� LQWR� DFFRXQW� VSHFLILF�VROXWH�VROYHQW� LQWHUDFWLRQV� VXFK� DV� K\GURJHQ� ERQGLQJ�ZKLFK� RIWHQ� SOD\� D� GRPLQDWLQJ� UROH� LQ� VROXWH�VROYHQW�LQWHUDFWLRQV�$W�SUHVHQW��WKHUH�DUH�WZR�PRUH�LPSRUWDQW�DSSURDFKHV�WR�TXDQWLWDWLYH� GHVFULSWLRQ� RI� WKLV� HIIHFW�� 7KH� WKHRUHWLFDO�DSSURDFK�GHVFULEHV�VROYHQW�DV�DQ�LVRWURSLF�HQYLURQPHQW�RI� GLVVROYHG� SDUWLFOHV� DQG� FKDUDFWHUL]HV� LW� E\� LWV� EXON�SURSHUWLHV��8QIRUWXQDWHO\�� WKLV� DSSURDFK� LQYROYHV� RQO\�WKH� LQIOXHQFH� RI� WKH� QRQVSHFLILF� LQWHUDFWLRQV�� $QRWKHU�DSSURDFK�LV�EDVHG�RQ�GHVFULSWLRQ�RI�WKH�VROYHQW�HIIHFW�E\�
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VXLWDEO\� FKRVHQ� HPSLULFDO� SDUDPHWHUV� PHDVXULQJ�VSHFLILF� DQG� QRQVSHFLILF� LQWHUDFWLRQV�� 7KH� GUDZEDFN�RI� WKLV� DSSURDFK� LV� WKDW� VXFK� SDUDPHWHUV� DUH� QRW�XQLYHUVDO�DQG�GHSHQG�RQ�HDFK�RWKHU��7KH�LQWHUDFWLRQV�EHWZHHQ�VROYHQW�DQG�VROXWH�PROHFXOHV�DUH�VHSDUDWHG�LQ�OLWHUDWXUH� LQWR� VSHFLILF� DQG� QRQVSHFLILF�� $V� D� UHVXOW��OLQHDU� IXQFWLRQV�ZLWK� IHZ�SDUDPHWHUV IRU� GHVFULSWLRQ�RI� WKH� VROYHQW� HIIHFW� DUH� SURSRVHG���� 7KH� PRVW�LQWHUHVWLQJ�LV�WKDW�SURSRVHG�E\�.DPOHW�DQG�7DIW��5HFHQWO\�� VROYHQW� HIIHFWV� RQ� WUDQVLWLRQ� PHWDO�FRPSOH[HV�LV�UHYLHZHG�� DQG�PRUH�DWWHQWLRQ�KDV�EHHQ�SDLG� WR� ELQDU\� VROYHQW� PL[WXUHV� LQ� WKLV� ILHOG������6ROXWH�VROYHQW� LQWHUDFWLRQV�DUH�PXFK�PRUH�FRPSOH[�LQ�PL[HG�VROYHQW�V\VWHPV� WKDQ� LQ�SXUH�VROYHQWV�GXH�WR�WKH�SRVVLELOLW\�RI�SUHIHUHQWLDO�VROYDWLRQ�E\�DQ\�RI�WKH� VROYHQWV�SUHVHQW� LQ� WKH�PL[WXUHV��0RUHRYHU�� WKH�VROYHQW�VROYHQW� LQWHUDFWLRQV� SURGXFHG� LQ� VROYHQW�PL[WXUHV� FDQ� DIIHFW� WKH� VROXWH�VROYHQW� LQWHUDFWLRQV�DQG� WKHUHIRUH� WKH\� FDQ� DOVR� DIIHFW� SUHIHUHQWLDO�VROYDWLRQV���,Q�SUHVHQW�ZRUN�ZH�KDYH�FKRVHQ�D�ZHOO�XQGHUVWRRG�V\VWHP�� FRPSOH[DWLRQ� RI� GLR[RYDQDGLXP� �9�� ZLWK�JO\FLQH �� LQ GLIIHUHQW�VROXWLRQV�RI PHWKDQRO���ZDWHU�WR�VKRZ�KRZ�WKH�VROYHQWV�DQG�WKHLU�PL[WXUHV�ZLWK�YDULRXV�GLHOHFWULF� FRQVWDQWV� DIIHFW� WKH� IRUPDWLRQ� RI� VXFK� D�FRPSOH[�
(;3(5,0(17$/ 6(&7,215HDJHQWV� 0HWKDQRO�ZDV� REWDLQHG� IURP�0HUFN� DV�DQDO\WLFDO� UHDJHQW� JUDGH� PDWHULDO� DQG� ZDV� XVHG�ZLWKRXW� IXUWKHU� SXULILFDWLRQ�� *O\FLQH� �0HUFN��DQDO\WLFDO� UHDJHQW� JUDGH�� ZDV� UHFU\VWDOOL]HG� IURP�KRW� ZDWHU�� ZDVKHG� ZLWK� HWKDQRO�� DQG� GULHG� RYHU�3�2���(TXLYDOHQW�ZHLJKWV�ZHUH�FKHFNHG�E\�WLWUDWLRQ�DJDLQVW� D� VWDQGDUG� DONDOL��7KH�1D2+�VROXWLRQ�ZDV�SUHSDUHG� IURP� WLWULVRO� VROXWLRQ� �0HUFN��� DQG� LWV�FRQFHQWUDWLRQ�ZDV�GHWHUPLQHG�E\�VHYHUDO� WLWUDWLRQV�ZLWK� VWDQGDUG� +&O�� 3HUFKORULF� DFLG�� VRGLXP�SHUFKORUDWH�� DQG� VRGLXP� PRQRYDQDGDWH� ZHUH�VXSSOLHG�IURP�0HUFN��DQDO\WLFDO�UHDJHQW�JUDGH��DQG�ZHUH� XVHG� ZLWKRXW� IXUWKHU� SXULILFDWLRQ� 'LOXWH�SHUFKORULF� DFLG� VROXWLRQ� ZDV� VWDQGDUGL]HG� DJDLQVW�VWDQGDUG�1D2+�VROXWLRQ��$OO�GLOXWH�VROXWLRQV�ZHUH�SUHSDUHG� IURP� GRXEOH�GLVWLOOHG� ZDWHU� ZLWK� D�VSHFLILF�FRQGXFWDQFH�HTXDO�WR�����������P:��FP���$�VWRFN�VROXWLRQ�RI�GLR[RYDQDGLXP�9���92����ZDV�SUHSDUHG�E\�GLVVROXWLRQ�RI� VRGLXP�PRQRYDQDGDWH� LQ�SHUFKORULF� DFLG� VROXWLRQ�� FDXVLQJ� WKH� GHVWUXFWLRQ� RI�GHFDYDQDGDWH�� 7R� DYRLG� LVRSRO\YDQDGDWH� IRUPDWLRQ�DQG� REWDLQLQJ� RQO\� WKH� 92�� LRQ�� WKH� VROXWLRQ� ZDV�DOORZHG� WR� VWDQG� RYHUQLJKW� EHIRUH� XVH�� 8QGHU� WKLV�FRQGLWLRQ�ERWK�SRO\PHUL]DWLRQ�DQG�K\GURO\VLV�RI�92��ZHUH�QHJOLJLEOH������ 7KH�FRQFHQWUDWLRQ�RI�92�� LRQ�LQ�WKH� VWRFN� VROXWLRQ� ZDV� FKHFNHG� E\� SRWHQWLRPHWULF�WLWUDWLRQ� XVLQJ� VDWXUDWHG� FDORPHO� DQG� SODWLQXP� ZLUH�HOHFWURGHV�� 7LWUDWLRQ�ZDV� SHUIRUPHG� LQ� DOLTXRWV� DIWHU�GLOXWLRQ�LQ�+�62� VROXWLRQ���$SSDUDWXV� $Q� (\HOD� S+� PHWHU� �3+0� ������ ZDV�XVHG� IRU� S+� PHDVXUHPHQWV�� 7KH� K\GURJHQ� LRQ�FRQFHQWUDWLRQ�ZDV�PHDVXUHG�ZLWK�DQ�,QJROG�82������JODVV� HOHFWURGH� DQG� DQ� ,QJROG� 82� ����� FDORPHO�

HOHFWURGH�� 6SHFWURSKRWRPHWULF� PHDVXUHPHQWV� ZHUH�SHUIRUPHG� XVLQJ� D� 89�9LV� 6KLPDG]X� �����VSHFWURSKRWRPHWHU� ZLWK� D� *'8���� FRPSXWHU� DQG�WKHUPRVWDWHG�PDWFKHG����PP�TXDUW]�FHOOV��0HDVXUHPHQWV� $OO�PHDVXUHPHQWV�ZHUH� FDUULHG� RXW�DW����������q&��7KH�LRQLF�VWUHQJWK�ZDV�PDLQWDLQHG�DW�����PRO�GP�� ZLWK�VRGLXP�SHUFKORUDWH��7KH�S+�PHWHU�ZDV�FDOLEUDWHG�IRU�WKH�UHOHYDQW�+� FRQFHQWUDWLRQ�ZLWK�D� VROXWLRQ�RI������PRO� GP�� SHUFKORULF� DFLG� VROXWLRQ�FRQWDLQLQJ� ����� PRO� GP�� VRGLXP� SHUFKORUDWH� �IRU�DGMXVWLQJ�WKH�LRQLF�VWUHQJWK�WR�����PRO�GP�����)RU�WKLV�VWDQGDUG�VROXWLRQ��ZH�VHW�±ORJ>+�@� �������� -XQFWLRQ�SRWHQWLDO�FRUUHFWLRQV�KDYH�EHHQ�FDOFXODWHG�IURP�HT����ORJ>+�@UHDO  ��ORJ>+�@PHDVXUHG ��D���E>+�@PHDVXUHG ���D� DQG� E� ZHUH� GHWHUPLQHG� E\� PHDVXULQJ� WKH�K\GURJHQ�LRQ�FRQFHQWUDWLRQ�IRU�WZR�GLIIHUHQW�VROXWLRQV�RI�+&O2� ZLWK� VXIILFLHQW�1D&O2� WR�DGMXVW� WKH� LRQLF�PHGLD�3URFHGXUH�� $� �� FP� DFLGLF� VROXWLRQ� RI� 92�������u���� PRO� GP���� ZDV� WLWUDWHG� ZLWK� DQ� DONDOL�VROXWLRQ� ����� PRO� GP�� 1D2+�� RI� WKH� OLJDQG�FRQWDLQLQJ�D�ODUJH�H[FHVV��������PRO�GP����ERWK�RI�WKH� VDPH� LRQLF� VWUHQJWK� DQG� PROH� IUDFWLRQ� RI� WKH�VROYHQWV�� 7KH� ±ORJ>+�@� DQG� DEVRUEDQFH� ZHUH�PHDVXUHG� DIWHU� WKH� DGGLWLRQ� RI� D� IHZ� GURSV� RI�WLWUDQW��DQG�WKLV�SURFHGXUH�ZDV�FRQWLQXHG�XS�WR�WKH�UHTXLUHG�±ORJ>+�@�� ,Q� DOO� FDVHV�� WKH� SURFHGXUH�ZDV�UHSHDWHG� DW� OHDVW� WKUHH� WLPHV� DQG� WKH UHVXOWLQJ�DYHUDJH� YDOXHV� DQG� FRUUHVSRQGLQJ� VWDQGDUG�GHYLDWLRQV�DUH�VKRZQ�LQ�WKH�WH[W�DQG�7DEOHV�&DOLEUDWLRQ�RI�WKH�*ODVV�(OHFWURGH� 7KH�WHUP�S+�KDV�VLJQLILFDQFH�RQO\�LQ�DTXHRXV�PHGLD��� 7KH�JODVV�HOHFWURGH� SRWHQWLDO� LQ� DQ� DTXHRXV� VROXWLRQ� GLIIHUV�IURP� WKDW� LQ� VROXWLRQ� RI� PL[HG� VROYHQWV�� DQG� D�OLTXLG�MXQFWLRQ� SRWHQWLDO� RI� XQFHUWDLQ� PDJQLWXGH�PD\�DIIHFW�WKH�UHVXOWV��7R�RYHUFRPH�WKLV�GLIILFXOW\��LW�ZDV�QHFHVVDU\� WR�FDOLEUDWH� WKH�JODVV�HOHFWURGH� LQ�GLIIHUHQW� VROYHQW� PL[WXUHV�� 7KH� H[SHULPHQWDO�PHWKRG� RXWOLQHG� E\� 9DQ� 8LWHUW� DQG� +DVV� �� ZDV�HPSOR\HG�IRU�WKLV�SXUSRVH��7KH�S+�PHWHU�UHDGLQJ�%�LQ�PHWKDQRO���ZDWHU�PHGLD�ZDV�FRQYHUWHG�LQWR�>+�@�XVLQJ�WKH�HTXDWLRQ�ORJ>+�@� �%��ORJP+ ���ZKHUH�WKH�FRQFHQWUDWLRQ�IDFWRU��P+��ZDV�REWDLQHG�IRU�WKH�LRQLF�VWUHQJWK�����PRO�GP�� 1D&O2� IURP�WKH�H[SUHVVLRQ�ORJP+  �ORJPq+ ��ORJJ���7KH�YDOXH�RI�Pq+LV� LQGHSHQGHQW� RI� LRQLF� FRQFHQWUDWLRQ� EXW� LV�GHSHQGHQW� RQ� VROYHQW� FRPSRVLWLRQ�� DQG� J� LV� WKH�PHDQ� DFWLYLW\� FRHIILFLHQW� RI� SHUFKORULF� DFLG� LQ� WKH�VROYHQW�PL[WXUHV��,Q�WKLV�ZRUN� WKH�YDOXHV�RI�%�ZHUH�UHFRUGHG� LQ� YDULRXV� VROYHQW� PL[WXUHV� FRQWDLQLQJ�NQRZQ� FRQFHQWUDWLRQV� RI� SHUFKORULF� DFLG� DQG�VXIILFLHQW� VRGLXP� SHUFKORUDWH� WR� JLYH� D� FRQVWDQW�LRQLF� VWUHQJWK� RI� ���� PRO� GP���� 7KH� GLIIHUHQFH�EHWZHHQ� WKH� ORJDULWKP� RI� NQRZQ� K\GURJHQ�LRQ�FRQFHQWUDWLRQV� DQG� WKH� FRUUHVSRQGLQJ� YDOXHV� RI� %�ZHUH�XVHG�WR�FDOFXODWH�YDOXHV�RI�WKH�FRUUHFWLRQ�WHUP�ORJP+  �ORJ�Pq+J�����
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5HVXOWV�DQG�'LVFXVVLRQ7KH�FRPSOH[�0[+\/]�[�\�]� IRUPHG��LV�FKDUDFWHUL]HG�E\�LWV�VWRLFKLRPHWU\��[�\�]���ZKHUH�0�DQG�/�UHSUHVHQW�WKH�PHWDO� LRQ�DQG� WKH� OLJDQG��UHVSHFWLYHO\��7R�GHWHUPLQH�WKH� VWDELOLW\� FRQVWDQW� RI� WKH� FRPSOH[DWLRQ� RU� WKH�SURWRQDWLRQ��HT���LV�GHILQHG�E\�E[\]����[0� ��\+� ��]/� '0[+\/]�[�\�]� ���E[\]  �>0[+\/]�[�\�]��@����>0�@[>+�@\>/�@]�� ���7KH�SURWRQDWLRQ�FRQVWDQW�RI�JO\FLQH�KDV�EHHQ�XVHG�IRU�FRPSXWDWLRQ�RI�WKH�VWDELOLW\�FRQVWDQW��E[\]���RI�WKH�PHWDO� LRQ��� OLJDQG��7KH�SURWRQDWLRQ�FRQVWDQWV�RI� WKH�OLJDQG� KDYH� EHHQ� VWXGLHG� LQ� GLIIHUHQW� NLQG� RI�EDFNJURXQG�HOHFWURO\WHV��DQG�WKH�UHVXOWV�ZHUH�UHSRUWHG�LQ� WKH� OLWHUDWXUH�� 7KH� SURWRQDWLRQ� FRQVWDQW� RI� WKH�OLJDQG�GHWHUPLQHG�XVLQJ�SRWHQWLRPHWULF�WHFKQLTXH�DQG�FDOFXODWHG�XVLQJ�D�FRPSXWHU�SURJUDP�ZKLFK�HPSOR\V�D� QRQOLQHDU� OHDVW�VTXDUHV� PHWKRG��� 7KHVH� YDOXH� DUH�OLVWHG� LQ� 7DEOH� �� WRJHWKHU� ZLWK� WKH� HDUOLHVW� YDOXH�UHSRUWHG� LQ� WKH� OLWHUDWXUH�� ZKLFK� DUH� LQ� JRRG�DJUHHPHQW�ZLWK�WKDW�UHSRUWHG�EHIRUH���
7DEOH����3URWRQDWLRQ�FRQVWDQWV�RI�WKH�FDUER[\OLF��E�����DQG�WKH�DPLQR��E�����JURXSV�RI�JO\FLQH�LQ�GLIIHUHQW�VROXWLRQV�RI�PHWKDQRO���ZDWHU�����q&��DQG�LRQLF�VWUHQJWK�RI�����PRO�GP�� VRGLXP�SHUFKORUDWH

PHWKDQRO�SHUFHQW��Z�Z� ORJEE��� ORJEE��� UHI�
��� �����r ���� �����r ���� WKLV�ZRUN��� �����r ���� �����r ���� s���� �����r ���� �����r ���� s���� �����r ���� �����r ���� s���� �����r ���� �����r ���� s���� �����r ���� �����r ���� s���� �����r ���� ������r ���� s��� � ���� ��

7KH� PHWKRG� RI� GHWHUPLQDWLRQ� RI� WKH� VWDELOLW\�FRQVWDQW� EDVHG� RQ� WKH� UHODWLRQ� $�  � I�>+�@����$EVRUEDQFH�� $�� DQG� ±ORJ>+�@� ZHUH� PHDVXUHG� DV�GHVFULEHG� EHIRUH������ 7UHDWPHQWV� RI� WKH�VSHFWURSKRWRPHWULF�GDWD��HDFK���QP��REWDLQHG�GXULQJ�WKH� WLWUDWLRQV�� DV� D� IXQFWLRQ� RI� WKH�+� FRQFHQWUDWLRQ��ZHUH� FRQGXFWHG� WR� WKH� FRPSXWHU� SURJUDP��� 7KH�SURJUDP� DOORZV� FDOFXODWLRQ� RI� VWDELOLW\� FRQVWDQW� IRU�PRGHOV�RI�GLIIHUHQW�VWRLFKLRPHWULHV��&RQVLGHULQJ� WKH� SURWRQDWLRQ� FRQVWDQWV� RI� WKH�OLJDQG�� LQ� DFLGLF� VROXWLRQ� WKH� SUHGRPLQDQW� VSHFLHV�IRU� FRPSOH[DWLRQ� LV� +/�� ,Q� WKLV� FDVH� WKH�VSHFWURSKRWRPHWULF�WLWUDWLRQ�GDWD�ZHUH�DQDO\]HG�E\�XVLQJ� WKH� DEVRUEDQFH� RI� 92���� JO\FLQH� DW� D�ZDYHOHQJWK�LQ�89�UDQJH�WKDW�LV�JLYHQ�E\$� �H0>92��@���H&>FRPSOH[@ ���ZKHUH�H0 DQG�H& DUH�WKH�PRODU�DEVRUSWLYLWLHV�RI�92�� DQG� WKH� IRUPHG� FRPSOH[�� UHVSHFWLYHO\�� )RU�WKH�PDVV�EDODQFH�>92��@� �&0 ± >FRPSOH[@ ���>+/@� �&/ ± >FRPSOH[@�� >IUHH�OLJDQG@ ���

6XEVWLWXWLQJ�HTV���DQG�����LQWR HT���JLYHV�WKH�ILQDO�HTXDWLRQ�IRU�ILWWLQJ��ZKHUH�&0 DQG�&/ DUH�WKH�WRWDO�FRQFHQWUDWLRQ�RI�92�� DQG�WKH�OLJDQG��UHVSHFWLYHO\�7KH�PHWKRG�RI� GHWHUPLQLQJ�H0 ZDV�SUHYLRXVO\�GHVFULEHG��� DQG�LWV�YDOXHV�DW�GLIIHUHQW�ZDYHOHQJWKV�DUH� XVHG� LQ� WKLV� ZRUN�� 8VLQJ� D� VXLWDEOH� FRPSXWHU�SURJUDP��� WKH�GDWD�ZHUH�ILWWHG�WR�WKH�ILQDO�HTXDWLRQ�IRU�HVWLPDWLQJ� WKH� IRUPDWLRQ�FRQVWDQW�RI� HT����:H�XVHG� WKH� *DXVV�1HZWRQ� QRQOLQHDU� OHDVW�VTXDUHV�PHWKRG� LQ� FRPSXWHU� SURJUDP� WR� UHILQH� WKH�DEVRUEDQFH� E\� PLQLPL]LQJ� WKH� HUURU� VTXDUHV� VXP�IURP�HT���6� �¦�DL ± EL�� �L� ����������«�� ���ZKHUH� DL DQG� EL DUH� WKH� H[SHULPHQWDO� DQG� FDOFXODWHG�DEVRUEDQFHV�� UHVSHFWLYHO\�� 7KH� FRPSXWHU� SURJUDP�FRQVLVWHG� RI� WZR� GLIIHUHQW� NLQGV� RI� ILWWLQJ�� �D��JUDSKLFDO�� �E�� QXPHULFDO�� 7KH� ILQDO� VHOHFWLRQ� RI� WKH�VSHFLHV�ZDV� EDVHG� RQ� ERWK� JUDSKLFDO� DQG� QXPHULFDO�PHWKRGV��FRQVLGHULQJ�LQ�DGGLWLRQ�WKH�YDULRXV�VWDWLVWLFDO�FULWHULD��L��H��VXPV�RI�VTXDUHG�UHVLGXDOV��GLIIHUHQFHV�RI�&0�H[S��DQG�&/�H[S�� IURP� WKRVH�RI� FDOFXODWHG�RQHV��)LJXUH���LV�VKRZQ�DV�D�W\SLFDO�H[DPSOH�RI�D�JUDSKLFDO�ILWWLQJ� IRU� WKH� REVHUYHG� DQG� FDOFXODWHG� DEVRUEDQFHV��IURP� WKH� FRPSXWHU� SURJUDP�� RI� 92���� JO\FLQH�DJDLQVW�±ORJ>+�@�DW�����QP�'LIIHUHQW� PRGHOV� LQFOXGLQJ� 0+/��� 0�+/���DQG� VHYHUDO� SRO\QXFOHDU� DQG� SURWRQDWHG� VSHFLHV�ZHUH� WHVWHG� E\� WKH� SURJUDP�� $V� H[SHFWHG��SRO\QXFOHDU� FRPSOH[HV� ZHUH� V\VWHPDWLFDOO\�UHMHFWHG� E\� WKH� FRPSXWHU� SURJUDP�� DV� DOVR� ZHUH�0+�/���� 0+/��� DQG� 0+�/���� $� YDOXH� IRU� WKH�0+�/�� VSHFLHV�ZDV�FDOFXODWHG�E\�WKH�SURJUDP��EXW�WKH�VSHFLHV�ZDV�QRW�IXUWKHU�FRQVLGHUHG�EHFDXVH�WKH�HVWLPDWHG HUURU� LQ� LWV� IRUPDWLRQ� FRQVWDQW� LV�XQDFFHSWDEOH�� DQG� LWV� LQFOXVLRQ� GRHV� QRW� LPSURYH�WKH�JRRGQHVV�RI�WKH�ILW��7KH�PRGHOV�ILQDOO\�FKRVHQ��IRUPHG�E\�92�+/� DQG�92��+/�����IRU�WKH�V\VWHP�VWXGLHG�� UHVXOWHG� LQ� D� VDWLVIDFWRU\� QXPHULFDO� DQG�JUDSKLFDO� ILWWLQJ�� 7KH DYHUDJH� YDOXHV� IRU� YDULRXV�ZDYHOHQJWKV� FDOFXODWHG� IRU� WKH� VWDELOLW\� FRQVWDQWV�DUH�OLVWHG�LQ�7DEOH���

)LJXUH����7\SLFDO�JUDSKLFDO�ILWWLQJ�IRU�WKH�92���JO\FLQH�V\VWHP�DW����q&������QP��DQG�LRQLF�VWUHQJWK�����PRO�GP�� 1D&O2����D��H[SHULPHQWDODEVRUEDQFH�DQG��E��FDOFXODWHG�DEVRUEDQFH�IURP�WKH�FRPSXWHU�SURJUDP�
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7DEOH����)RUPDWLRQ�FRQVWDQWV�RI�92�� ��JO\FLQH�LQ�GLIIHUHQW�VROXWLRQV�RI�PHWKDQRO���ZDWHU�DW����q&�DQG�.DPOHW�DQG�7DIW¶V�VROYDWRFKURPLF�SDUDPHWHUV
PHWKDQROSHUFHQW��Z�Z� ORJEE��� ORJEE��� SS
�D DD D EE E GLHOHFWULFFRQVWDQW�F��� ���� ���� ���� ���� ���� �������� ���� ���� ���� ���� ���� ��������� ���� ���� ���� ���� ���� ��������� ���� ���� ���� ���� ���� ��������� ���� ���� ���� ���� ���� ��������� ���� ���� ���� ���� ���� ��������� ���� ���� ���� ���� ���� �����D 2EWDLQHG�IURP�UHI������E 2EWDLQHG�IURP�UHI������F 2EWDLQHG�IURP�UHI�����

)LJXUH����(TXLOLEULXP�GLVWULEXWLRQ�RI�WKH�VSHFLHV�LQ�WKH�92�� ��JO\FLQH�V\VWHP�DV�D�IXQFWLRQ�RI�±ORJ>+�@�DW����q&������QP��DQG�LRQLF�VWUHQJWK�����PRO�GP�� 1D&O2��
,Q�)LJXUH��� WKH�HTXLOLEULXP�GLVWULEXWLRQ�RI�YDULRXV�VSHFLHV�LQ�92����JO\FLQH�LV�VKRZQ�DV�D�IXQFWLRQ�RI�±ORJ>+�@��7KH�FDOFXODWLRQ� LV�EDVHG�RQ� WKH� VWDELOLW\�FRQVWDQW�YDOXHV�JLYHQ�EHIRUH�
62/9(17 ())(&76ROYHQW�HIIHFWV�RQ�IRUPDWLRQ�FRQVWDQWV�RIWHQ�GHILQH�LQ� WHUPV� RI� WKH� SRODULW\� RI� WKH� RUJDQLF� VROYHQW��6ROYHQW� SRODULW\� LV� D� FRPPRQO\� XVHG� WHUP� UHODWHG�WR� WKH� FDSDFLW\� RI� WKH� VROYHQW� IRU� VROYDWLQJ�GLVVROYHG� FKDUJHG� RU� GLSRODU� VSHFLHV�� $WWHPSWV� WR�H[SUHVV� LW� TXDQWLWDWLYHO\� LQYROYHG�PDLQO\� SK\VLFDO�VROYHQW�SURSHUWLHV�VXFK�DV�GLHOHFWULF�FRQVWDQW�RI�WKH�VROYHQW�� +RZHYHU�� WKLV� DSSURDFK� LV� RIWHQ�LQDGHTXDWH� VLQFH� GLHOHFWULF� FRQVWDQW� UHJDUGV�VROYHQWV� DV� D� QRQ�VWUXFWXUHG� V\VWHP��ZKLFK� LV� QRW�FRPSRVHG� RI� LQGLYLGXDO�PROHFXOHV�ZLWK WKHLU� RZQ�VROYHQW�VROYHQW�DQG�VROYHQW�VROXWH�LQWHUDFWLRQV�VXFK�DV�K\GURJHQ�ERQGLQJ�LQWHUDFWLRQV�ZKLFK�RIWHQ�SOD\�D�GRPLQDWLQJ�UROH� LQ�DQ\� UHDFWLRQ��7KH�SUREOHP� LV�WR�LGHQWLI\�DQG�WR�DVVHVV�WKH�UHODWLYH�LPSRUWDQFH�RI�WKHVH�YDULRXV�IDFWRUV�RQ�WKH�VROYHQW�HIIHFWV�

5HFHQWO\�� D� TXDQWLWDWLYH� PHDVXUHPHQW� RI� WKH�VROYHQW�SRODULW\�KDV�EHHQ�LQWURGXFHG�E\�.DPOHW�DQG�7DIW�� .DPOHW� DQG� 7DIW¶V� VROYDWRFKURPLF�SDUDPHWHUV� KDYH� EHHQ� XVHG� LQ� RQH�� WZR�� RU� WKUHH�SDUDPHWHU� FRUUHODWLRQV� LQYROYLQJ� GLIIHUHQW�FRPELQDWLRQ� RI� WKHVH� SDUDPHWHUV�ZKLFK� DUH� FDOOHG�OLQHDU�VROYDWLRQ�HQHUJ\�UHODWLRQVKLSV��,Q�JHQHUDO��DOO�WKHVH� SDUDPHWHUV� FRQVWLWXWH� PRUH� FRPSUHKHQVLYH�PHDVXUHV� RI� VROYHQW� SRODULW\� WKDQ� WKH� GLHOHFWULF�FRQVWDQW�RU�DQ\�RWKHU�VLQJOH�SK\VLFDO�FKDUDFWHULVWLF��VLQFH� WKH\� UHIOHFW� PRUH� UHOLDEO\� WKH� FRPSOHWH�SLFWXUH�RI�DOO� LQWHUPROHFXODU�IRUFHV�DFWLQJ�EHWZHHQ�VROXWH� DQG� VROYHQW� PROHFXOHV�� 8VLQJ� WKH�VROYDWRFKURPLF� VROYHQW� SDUDPHWHUV�� WKH� PXOWL�SDUDPHWHU�HTXDWLRQ���KDV�EHHQ�SURSRVHGORJE  �$� ��S�S
���GG����DD ��EE ���ZKHUH�$� UHSUHVHQWV�WKH�UHJUHVVLRQ�YDOXH��S
�LV�WKH�LQGH[�RI�WKH�VROYHQW�GLSRODULW\�SRODUL]DELOLW\��ZKLFK�LV�D� PHDVXUH� RI� WKH� DELOLW\� RI� D� VROYHQW� WR� VWDELOL]H� D�FKDUJH�RU�D�GLSROH�E\� LWV�RZQ�GLHOHFWULF� HIIHFWV��7KH�S
� VFDOH� ZDV� VHOHFWHG� WR� UXQ� IURP� ���� IRU�F\FORKH[DQRQH WR� ���� IRU� GLPHWK\OVXOIR[LGH�� 7KH� DFRHIILFLHQW� UHSUHVHQWV� WKH� VROYHQW� K\GURJHQ�ERQG�
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GRQRU��+%'��DFLGLW\��LQ�RWKHU�ZRUGV� LW�GHVFULEHV�WKH�DELOLW\�RI�D�VROYHQW�WR�GRQDWH�D�SURWRQ�LQ�D�VROYHQW�WR�VROXWH�K\GURJHQ�ERQG��7KH�D VFDOH�H[WHQGV�IURP�����IRU�QRQ�+%'�VROYHQWV�WR�DERXW�����IRU�PHWKDQRO��7KH�E FRHIILFLHQW�LV�D�PHDVXUH�RI�D�VROYHQW�K\GURJHQ�ERQG�DFFHSWRU��+%$��EDVLFLW\��DQG�GHVFULEHV�WKH�DELOLW\�RI�D�VROYHQW� WR� DFFHSW� D� SURWRQ� LQ� D� VROXWH� WR� VROYHQW�K\GURJHQ�ERQG�� 7KH�E VFDOH�ZDV� VHOHFWHG� WR� H[WHQG�IURP ���� IRU� QRQ��+%$�� VROYHQWV� WR� DERXW� ���� IRU�KH[DPHWK\OSKRVSRULF� DFLG� WULDPLGH�� G LV� D�GLVFRQWLQXRXV� SRODUL]DELOLW\� FRUUHFWLRQ� WHUP� HTXDO� WR�����IRU�QRQ�FKORULQH�VXEVWLWXWHG�DOLSKDWLF�VROYHQWV������IRU� SRO\�FKORULQH� VXEVWLWXWHG� DOLSKDWLFV�� DQG� ���� IRU�DURPDWLF� VROYHQWV�� 7KH� UHJUHVVLRQ� FRHIILFLHQWV�� S��G��D��DQG�E�LQ�HT���PHDVXUH�WKH�UHODWLYH�VXVFHSWLELOLWLHV�RI�WKH�VROYHQW�GHSHQGHQW�RI�ORJE WR�WKH�LQGLFDWHG�VROYHQW�SDUDPHWHUV�7KH� VROYHQW� SRODULW\� SDUDPHWHU� RI� PHGLD�� S
��LQFUHDVHV�ZLWK�LQFUHDVLQJ�WKH�PROH�IUDFWLRQ�RI�ZDWHU�LQ�DTXHRXV�VROXWLRQV�RI�PHWKDQRO��,I�WKH�S
�RI�PHGLD�ZDV�WKH� RQO\� IDFWRU� IRU� WKH� VROYHQW� HIIHFW� RQ� WKH�FRPSOH[DWLRQ��LW�PD\�EH�H[SHFWHG�WKDW�WKH�ORJE LQ�ZDWHU�VKRXOG� EH�JUHDWHU� WKDQ� WKRVH�RI� DOO� WKH� RWKHU� DTXHRXV�VROXWLRQ�RI�PHWKDQRO��+RZHYHU��WKH�IRUPDWLRQ�FRQVWDQW�LQFUHDVHV� ZLWK� LQFUHDVLQJ� WKH� VROYHQW� K\GURJHQ�ERQG�DFFHSWRU� EDVLFLW\� SDUDPHWHU�� E�� DQG� GHFUHDVHV� ZLWK�LQFUHDVLQJ�WKH�VROYHQW�SRODULW\�S
��$OVR��WKH�K\GURJHQ�ERQG�GRQRU� DFLGLW\�SDUDPHWHU� RI� WKH� VROYHQWV��D�� ILUVW�GHFUHDVH� DQG� WKHQ� LQFUHDVH� ZLWK� LQFUHDVLQJ� WKH� PROH�IUDFWLRQ�RI�PHWKDQRO�LQ�DTXHRXV�VROXWLRQV�RI�PHWKDQRO��,Q� RUGHU� WR� H[SODLQ� WKH� REWDLQHG� ORJE YDOXHV�WKURXJK� .DPOHW� DQG� 7DIW¶V� VROYHQW� SDUDPHWHU�� WKH�IRUPDWLRQ� FRQVWDQWV� ZHUH� FRUUHODWHG� ZLWK� VROYHQW�SURSHUWLHV� E\� PHDQV RI� VLQJOH� DQG� PXOWLSOH� OLQHDU�UHJUHVVLRQ�DQDO\VLV�E\�D�VXLWDEOH�FRPSXWHU�SURJUDP���:H� XVHG� WKH� *DXVV�1HZWRQ� OLQHDU� OHDVW�VTXDUHV�PHWKRG�LQ�WKH�FRPSXWHU�SURJUDP�WR�UHILQH�WKH�ORJE E\�PLQLPL]LQJ�WKH�HUURU�VTXDUHV�VXP�IURP�HT����6LQJOH�SDUDPHWHU�FRUUHODWLRQV�RI�ORJE��� DQG�ORJE��� LQ�WHUPV�RI�LQGLYLGXDOO\�ZLWK�D RU�E GLG�QRW�JLYH�D�JRRG�UHVXOWV��HTV����DQG�����ORJE���  ������± ����D ���D�ORJE���  �������± ����D ���E��Q� ����U� ������DQG�������UHVSHFWLYHO\�

ORJE���  ������������E ���D�ORJE���  ������������E ���E��Q� ����U� ������DQG�������UHVSHFWLYHO\�

)LJXUH����3ORW�RI�WKH�H[SHULPHQWDO�YDOXHV�RI�ORJE���YHUVXV�WKH�FDOFXODWHG�YDOXHV�IURP�HT���D�
6R��ZH� WKRXJKW� LW� LQWHUHVWLQJ� WR� FRUUHODWH� ORJEYHUVXV� D�PXOWL�SDUDPHWULF� HTXDWLRQ� LQYROYLQJ�ERWK�D��E�� DQG�S
��+RZHYHU�� WKH� UHVXOW� SUHVHQWHG� LQ� HT�����PXOWL�SDUDPHWULF�HTXDWLRQ��LQGLFDWHV�VLJQLILFDQW�LPSURYHPHQW� ZLWK� UHJDUG� WR� WKH� VLQJOH�SDUDPHWHU�PRGHOV��ORJE���  ������������D ������E � ����S
 ���D�ORJE���  �������± ����D ������E � ����S
 ���E��Q� ����U� ��������DQG���������UHVSHFWLYHO\�7KH� FRHIILFLHQWV� RI�S
��D�� DQG�E LQ� HT� ��� DUH�YHU\� GLIIHUHQW�ZLWK� HDFK� RWKHU�� LQ� ERWK� FDVHV�� DQG�DUH� LQ� WKH�RUGHU�RI�S
�! E ! D��7KLV�LQGLFDWHV� WKDW�WKH� SRODULW\� SDUDPHWHU� SRZHU�RI� WKH� VROYHQW� LV� WKH�PRVW� LPSRUWDQW�� WKH� K\GURJHQ�ERQG� DFFHSWHU�EDVLFLW\�SDUDPHWHU�SOD\V�D�UHODWLYHO\�VPDOO�UROH��DQG�ILQDOO\�WKH�K\GURJHQ�ERQG�GRQRU�DFLGLW\�SDUDPHWHU�QHDUO\�KDV�QR�VLJQLILFDQW�LQ�FKDQJLQJ�WKH�IRUPDWLRQ�FRQVWDQW�RI�92�� ��JO\FLQH�V\VWHP�LQ�WKH�SURSRVHG�YDULRXV�DTXHRXV�VROXWLRQV�RI�PHWKDQRO�,Q� RUGHU� WR� VKRZ� WKH� HIILFLHQF\� RI� VXJJHVWHG�PXOWL�SDUDPHWHU� FRUUHODWLRQV�� H[SHULPHQWDO� YDOXHV�RI� ORJE��� LV� SORWWHG� YHUVXV� WKHLU� FDOFXODWHG� RQHV�IURP� HT� ��D� IRU� GLIIHUHQW� DTXHRXV� VROXWLRQV� RI�PHWKDQRO�� ,W� FDQ�EH� VHHQ��)LJ����� WKH� H[SHULPHQWDO�DQG� FDOFXODWHG� YDOXHV� RI� ORJE��� DUH� LQ� JRRG�DJUHHPHQW�ZLWK�HDFK�RWKHU��U� ��������

5()(5(1&(6�� 6WDV]DN��=���%DUWHFNL��6SHF��/HWW������������������� 5HLFKDUGW��&��6ROYHQWV�DQG�6ROYHQW�(IIHFWV�LQ�2UJDQLF�&KHPLVWU\��9&+���QG (G���1HZ�<RUN��������� 0D\HU��8� 3XUH�$SSO��&KHP������������������� .U\JRZVNL��7��0���)DZFHWW��:��5� &DQ��-��&KHP�������������������� 7DIW��5��:���$EERXQG��-��0���.DPOHW��0��-���$EUDKDP��0��+��-��6RO��&KHP�� ���������������� 6YRERGD��3���3\WHOD� 2���9HFHUD��0��&KHP��&RPPXQ�������������������� *XWPDQQ��9���:\FKHUD��(��,QRUJ��1XFO��&KHP��/HWW������������������ .DPOHW��0��-���$EERXG��-��0���$EUDKDP��0��+���7DIW��5��:��-��2UJ��&KHP�������������������� +XVK��1��6���5HLPHUV��-��5��&KHP��5HY��������������������� %XKYHVWRY��8���5LYHG��)���5DIROV��&���%RVFK��(���5RVHV��0��-��3K\V��2UJ��&KHP������������������� *KRODPL��0��5���<DQJLHK��$��+��,QW��-��&KHP��.LQHW�������������
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��� *KDULE��)���0ROODHL��0��$XVW��-��&KHP��������LQ�3UHVV���� *KDULE��)���9DGL� 0��5XVV��-��,QRUJ��&KHP�������������������� *KDULE��)���0ROODHL��0��-��&KHP��(QJ��'DWD����������������� 0DUFXV��<��-��&KHP��6RF��3HUNLQ�7UDQV�������������������� *KDULE��)���1DVLUL��5��5HYV��,QRUJ��&KHP�������������������,WRK��-���<RWVX\DQDJL��7���$PRXUD��.��$QDO��&KLP��$FWD��������������������<DPDGD��6���1DJDVH��-���)XQDKDVKL��6���7DQDND��0��-��,QRUJ��1XFO��&KHP������������������� *UDG\��+��5��$QDO\WLFDO�&KHPLVWU\�RI�WKH�(OHPHQWV��:LOH\�,QWHUVFLHQFH��1HZ�<RUN���������� /DJUDQJH��3���6FKQHLGHU��0���=DUH��.���/DJUDQJH��-��3RO\KHGURQ������������������� %DWHV��5��*��'HWHUPLQDWLRQ�RI�S+��:LOH\��1HZ�<RUN���������� 9DQ�8LWHUW��/��*���+DVV��&��*��-��$P��&KHP��6RF������������������� +DUULV��'��&��-��&KHP��(G�������������������� $KPDG��0��� 6KRXNU\��0��0� &KHP��3KDUP��%XOO� ��� ������������� *KDULE��)���)HNUL��0��+���6KDPHO��$��&RPSOH[�)RUPDWLRQ�5HYV��,QRUJ��&KHP������������������� *KDULE��)���=DUH��.���7DJKYDPDQHVK��$���6KDPHO��$��0DLQ�*URXS�0HW��&KHP������������������� *KDULE��)���=DUH��.��-��6FL��,VO��$]DG�8QLY������������������ .U\JRZVNL��7��0���:URQD��3��.���=LHONRZVND��8��7HWUDKHGURQ�������������������� *HQWLOH��3��6���&HIROD��0��-��$P��&KHP��6RF������������������


