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H[SDQG� WKH� DUHD� RI� DSSOLFDWLRQ RI WKLV WHFKQLTXH��'XULQJ� WKH� ODVW� WZR�GHFDGH��QHZ�V\QWKHWLF� LQRUJDQLF�LRQ� H[FKDQJHUV� KDYH� EHHQ� GHYHORSHG� ZKLFK� VKRZ�KLJK� VHOHFWLYLW\� WRZDUGV� FHUWDLQ� HOHPHQWV���� DQG�PD\�EH� XVHG� DV� SRWHQWLDO� VRUEHQWV� LQ� 63(� DSSOLFDWLRQV��/DQWKDQXP�VLOLFDWH��D�SURPLVLQJ�LRQ�H[FKDQJHU��ZKLFK�VKRZV�XQXVXDO�VHOHFWLYLW\��� KDV�EHHQ�HPSOR\HG��KHUH�WR�GHYHORS�D�63(�PHWKRG�IRU�IHZ�RUJDQRSKRVSKRUXV�SHVWLFLGHV�LQ�FRUQ�RLO�
���(;3(5,0(17$/
�����&KHPLFDOV�DQG�0DWHULDOV3KRVSKRUXV� SHVWLFLGHV� VWDQGDUGV�� !���� SXULW\� ZHUH�GLD]LQRQ� �*,%$�*(,*<��� SKRVDORQH� �5+21(�328/(1&�� DQG� PDODWKLRQ� �&+(0,129$�+,1'867$��� 6WRFN� VROXWLRQV� ZHUH� SUHSDUHG� LQ�PHWKDQRO�ZLWK�D�SHVWLFLGH�FRQFHQWUDWLRQ�RI������PJ�/�DQG�ZHUH�VWRUHG�LQ�JODVV�VWRSSHU�ERWWOHV�DW��R&�6WDQGDUG� ZRUNLQJ� VROXWLRQV� RI� YDULRXV�FRQFHQWUDWLRQV�ZHUH�SUHSDUHG�GDLO\�E\� DSSURSULDWH�GLOXWLRQ� RI� DOLTXRWV� RI� WKH� VWRFN� VROXWLRQ� LQ�PHWKDQRO�� $OO� FKHPLFDOV� ZHUH� RI� DQDO\WLFDO� JUDGH�RU�+3/&�JUDGH��(��0HUFN�RU�$OGULFK��
�����$SSDUDWXV7KH� HTXLSPHQW� XVHG� LQ� WKH� VWXG\� ZDV� D� 9DULDQ�PRGHO������*&�13'�ZLWK�+3���GLPHWK\O�VLOLFRQ���/LGD� ���SRUW� YDFXXP� PDQLIROG� DSSDUDWXV�� ;�UD\�GLIIUDFWRPHWHU� �6HLIRUW� ������� )7�,5� VSHFWURPHWHU��%RPHP��0%�������S+�PHWHU��+RUULED��0�����DQG�7/&�DXWRPDWLF�FRDWHU��&$0$*���
�����3UHSDUDWLRQ�RI�,RQ�([FKDQJHU/DQWKDQXP� VLOLFDWH� ZDV� SUHSDUHG� E\� PL[LQJ� WKH�ODQWKDQXP�QLWUDWH������0��DQG�VRGLXP�VLOLFDWH������0��VROXWLRQV�LQ�WKH�YROXPH�UDWLR��������DQG�WKH�S+�RI� WKH� UHDFWLRQ�PL[WXUH�ZDV� DGMXVWHG� WR� ������ 7KH�UHVXOWLQJ�JHO�PDWHULDO�ZDV�GLYLGHG�LQWR�WZR�SDUWV�6��DQG� 6��� 7KH� VDPSOH� 6�� ZDV� UHIOX[HG� LQ� PRWKHU�OLTXRU� DW� ������ R&� IRU� ��K� ZKHUHDV� 6�� ZDV� XVHG�ZLWKRXW� WUHDWPHQW�� 7KH� VDPSOHV� ILOWHUHG�� ZDVKHG�ZLWK�QDQR�SXUH�ZDWHU�DQG�GULHG�LQ�DLU�DW���R&��7KH�GULHG�JHO�PDWHULDOV ZHUH�ILQDOO\�JURXQG�DQG�VLHYHG�
�����6ROLG�SKDVH�H[WUDFWLRQ7KH�FRUQ�RLO�VDPSOHV�IRU�DQDO\VLV�ZHUH�REWDLQHG�IURP�D�ORFDO�PDUNHW��)RU�WKH�SUHSDUDWLRQ�RI�VSLNHG�VDPSOHV��YROXPHV� EHWZHHQ� ��� DQG� ���� �/� RI� WKH� VWDQGDUG�ZRUNLQJ�VROXWLRQV�ZHUH�DGGHG�WR�VXFK��VDPSOH���J��WR�JLYH�SHVWLFLGH�FRQFHQWUDWLRQV�RI���������DQG���PJ�NJ�����EHIRUH� GLOXWLRQ� ZLWK� KH[DQH��� 6DPSOHV� ZHUH� WKHQ�DOORZHG�WR�VWDQG�DW�URRP�WHPSHUDWXUH�IRU���K�� �6ROLG�SKDVH�H[WUDFWLRQ�ZDV�SHUIRUPHG�ZLWK�D���PO�V\ULQJH�EDUUHO�ZLWK�SRO\HWK\OHQH�IULWV��7KH V\ULQJH�EDUUHO�ZDV�SDFNHG� ZLWK� ���� PJ� ODQWKDQXP� VLOLFDWH� �6��� LRQ�H[FKDQJHU�� 63(� FROXPQV� ZHUH� XVHG� LQ� FRQMXQFWLRQ�ZLWK� D� VWDQGDUG� OLGD� ���SRUW� YDFXXP� PDQLIROG�DSSDUDWXV�� 7KH� FROXPQ� ZDV� FRQGLWLRQHG� ZLWK�

PHWKDQRO�DQG� WKH�GLOXWHG�VDPSOH�VROXWLRQ�FRQWDLQLQJ�RUJDQRSKRVSKRUXV� SHVWLFLGH� ZDV� SDVVHG� WKURXJK� WKH�FROXPQ�� $IWHU� WKH� H[WUDFWLRQ�� WKH� 63(� FROXPQ� ZDV�GULHG� FRPSOHWHO\� E\� SDVVLQJ� DLU� WKURXJK� LW� IRU� IHZ�PLQXWHV�� ,QWHUIHUHQFHV� ZHUH� ZDVKHG� ZLWK� �� P/�KH[DQH��0HWKDQRO���P/��ZDV�XVHG�DV�WKH�ILQDO�HOXHQW��7KH� 63(�H[WUDFW� ZDV� FROOHFWHG� LQWR� D� JUDGXDWHG�FRQLFDO�WXEH�����P/��DQG�HYDSRUDWHG�WR�GU\QHVV�XQGHU�QLWURJHQ�� 7KH� UHVXOWLQJ� PDWHULDO� ZDV� GLVVROYHG� LQ�PHWKDQRO�DQG�DQDO\]HG�E\�7/&�DQG�*&�13'�
�����7KLQ�OD\HU�FKURPDWRJUDSK\��7/&�7/&� ZDV� SHUIRUPHG� RQ� ��u��� FP� JODVV� SODWHV� SUH�FRDWHG� ZLWK� ODQWKDQXP� VLOLFDWH� LRQ� H[FKDQJHU�� $V�GHVFULEHG�HDUOLHU�LQ�6HFWLRQ������D�ZKLWH�JHO�ZDV�IRUPHG�E\�PL[LQJ�ODQWKDQXP�DQG�VLOLFDWH�VDOW�VROXWLRQV��7KH�JHO�ZDV�NHSW�RYHUQLJKW�DQG�ZDVKHG�WKUHH�WLPHV�ZLWK�QDQR�SXUH�ZDWHU��7KH�VXSHUQDWDQW� OLTXLG�ZDV� WKHQ�UHPRYHG�FRPSOHWHO\��$�VDPSOH�RI�JHO�����P/��ZDV�PL[HG�ZLWK�FDOFLXP�VXOIDWH�����J���7KLV�VOXUU\�ZDV�XVHG�WR�FRDW�ILYH�JODVV� SODWHV�ZLWK� D� ����PP� OD\HU� XVLQJ� DQ� DXWRPDWLF�7/&�FRDWHU��/DQWKDQXP�VLOLFDWH�7/&�SODWHV�ZHUH�ILUVW�GULHG�DW���R&�DQG�WKHQ����R&�IRU�WZR�KRXUV�DQG�VWRUHG�LQ�D�GHVVLFDWRU��3DOODGLXP�FKORULGH�VROXWLRQ�ZDV�XVHG�DV�D�ORFDWLQJ�UHDJHQW���
�����*DV�FKURPDWRJUDSKLF�FRQGLWLRQV7KH� VDPSOH� H[WUDFWV�ZHUH� DQDO\]HG� XVLQJ� D�9DULDQ�PRGHO������JDV�FKURPDWRJUDSK�HTXLSSHG�ZLWK�D�13�GHWHFWRU�� $Q� +3�� �GLPHWK\O� VLOLFRQH�� FDSLOODU\�FROXPQ� ���� Pu����� PP� ,�'��� ���� PP� FRDWLQJ�WKLFNQHVV��ZDV�XVHG�ZLWK�QLWURJHQ�DV�WKH�FDUULHU�JDV��OLQHDU� YHORFLW\ ��� FP� V����� 7KH� GHWHFWRU� � JDV� IORZ�ZDV�K\GURJHQ����P/� �PLQ�����DLU� � ������P/�PLQ�� �DQG�QLWURJHQ�DV�GHWHFWRU�PDNH�XS��������P/�PLQ�����7KH�WHPSHUDWXUH�RI�WKH�LQMHFWRU�SRUW�ZDV����R&��7KH�WHPSHUDWXUH�RI�WKH�FROXPQ�ZDV�LQLWLDOO\�VHW�DW����R&��DQG�LQFUHDVHG�DIWHU�WKUHH�PLQXWHV�WR����R&�DW�D�UDWH�RI� �R&�PLQ���� 7KH� WHPSHUDWXUH� RI� WKH� GHWHFWRU� ZDV����R&�� 7KH� YROXPH� RI� H[WUDFW� LQMHFWHG� ZDV� ��O�)LJXUH�� VKRZV� D� FKURPDWRJUDP� IRU� GLD]LQRQ��W5 �������PDODWKLRQ��W5 �������DQG�SKRVDORQH��W5� ��������LQ�ODQWKDQXP�VLOLFDWH�63(�H[WUDFW�RI�FRUQ�RLO��
�����)RXULHU�7UDQVIRUP�,QIUDUHG��)7�,5��DQG�;�5D\�'LIIUDFWLRQ��;5'���)7�,5�VSHFWUXP�RI� ODQWKDQXP�VLOLFDWH� LRQ�H[FKDQJHU�ZDV� PHDVXUHG� XVLQJ� WKH� VWDQGDUG� .%U� PHWKRG���)LJXUH����� ;5'�DQDO\VLV�RI�6��DQG�6��GULHG�DW���R&��XVLQJ� QLFNHO�ILOWHUHG� &X�.. UDGLDWLRQ� LQGLFDWHV� WKDW�ERWK�KDYH�ZHDN�FU\VWDOOLQH�VWUXFWXUH�DQG�6���UHIOX[HG�VDPSOH��KDV�D�PRUH�FU\VWDOOLQH�SDWWHUQ�WKDQ�6��
����(QGXUDQFH�WHVW7R�SHUIRUP�WKH�HQGXUDQFH�WHVW�� ODQWKDQXP�VLOLFDWH������PJ�� ZDV� SODFHG� LQ� D� WHVW� WXEH� DQG� HLWKHU� ���P/�RI��0 RU����0�+&O�RU����P/�RI����0�VRGLXP�K\GUR[LGH� VROXWLRQ� ZDV� DGGHG�� $IWHU� VKDNLQJ��VROYHQW�ZDV�UHPRYHG�E\�FHQWULIXJLQJ�DW������USP��7KH� UHVXOWLQJ� UHVLGXH� ZDV� ZDVKHG� ZLWK� QDQRSXUH�
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ZDWHU� DQG� FHQWULIXJHG� DJDLQ�� 5HFRYHU\� ZDV�GHWHUPLQHG�DIWHU� WKH�VDPSOH�KDG�EHHQ GULHG��7DEOH��� VKRZ� WKDW� 6�� �VDPSOH� UHIOX[HG� IRU� ��� K�� KDV� D�VDWLVIDFWRU\�VWDELOLW\�LQ�DFLG�DQG�EDVH�PHGLD�
�����'HQVLW\�DQG�EXON�GHQVLW\7KHVH�SDUDPHWHUV�ZHUH�PHDVXUHG�XVLQJ�E\�VWDQGDUG�PHWKRGV����7KH�GHQVLW\�ZDV�����FP��J��� DQG�WKH�EXON�GHQVLW\� �WKH GHQVLW\�RI� WKH�ZKROH� VDPSOH��ZDV�����FP�J����/DUJHU�EXON�GHQVLW\�LPSOLHV�JUHDWHU�PHFKDQLFDO� VWDELOLW\� RI� SDUWLFOHV� DQG� JUHDWHU�VWDELOLW\�RI�WKH�FKURPDWRJUDSKLF�EHG ���
���5(68/76�$1'�',6&866,216RPH�SUHOLPLQDU\�VWXGLHV�ZHUH�FDUULHG�RXW�LQ�RUGHU�WR�LQYHVWLJDWH�WKH�SRWHQWLDO�RI�ODQWKDQXP�VLOLFDWH�DV�D�QHZ�VRUEHQW�LQ�VROLG�SKDVH�H[WUDFWLRQ�RI�GLD]LQRQ���SKRVDORQH�DQG�PDODWKLRQ�IURP�FRUQ�RLO�7KH� )7�,5� VSHFWUXP� RI� ODQWKDQXP� VLOLFDWH�UHFRUGHG� LQ� )LJXUH� �� VKRZV� WKDW� LW� KDV� D� W\SLFDO�VWUXFWXUH�RI�LQRUJDQLF�LRQ�H[FKDQJHU�EDVHG�RQ�VLOLFDWH�DV� UHSRUWHG� HDUOLHU��� 7KH� UHVXOWV� RI� HQGXUDQFH� WHVW�FRPSDUHG�WR�FRPPRQ�VLOLFD�JHO�DUH�UHFRUGHG�LQ�7DEOH���ZKLFK�VKRZV�WKDW�6���VDPSOH�UHIOX[HG�IRU����K��KDV�D�VDWLVIDFWRU\�VWDELOLW\�LQ�DFLG�DQG�EDVH�PHGLD�)RU�UDSLG�LGHQWLILFDWLRQ�RI�GLD]LQRQ��SKRVDORQH�DQG�PDODWKLRQ� UHVLGXHV� IURP� WKH� 63(� H[WUDFW�FKURPDWRJUDSKLF�EHKDYLRXUV�RI�WKH�SHVWLFLGHV�RQ�7/&�

EHG� RI� ODQWKDQXP� VLOLFDWH� ZHUH� VWXGLHG� LQ� VHYHUDO�VROYHQW�V\VWHPV��7KH�PHWKDQRO�����DPPRQLD� ��� ��� YROXPH��PL[WXUH�ZDV� WKH� EHVW�PRELOH SKDVH� IRU�WKH� VHSDUDWLRQ� RI� WKH� PDODWKLRQ�� SKRVDORQH� DQG�GLD]LQRQ� IURP� WKH� FRUQ� RLO� H[WUDFW�� 7KH� 5I YDOXHV�ZHUH� PDODWKLRQ� �������� SKRVDORQH� ������� DQG�GLD]LQRQ��������)RU� VROLG� SKDVH� H[WUDFWLRQ�� GLIIHUHQW� HOXHQWV�VXFK� DV�PHWKDQRO�� HWK\O� DFHWDWH�� GLFKORURPHWKDQH��HWK\O�DFHWDWH�GLFKORURPHWKDQH������E\�YROXPH��DQG�PHWKDQRO�HWK\O� DFHWDWH� ����� E\� YROXPH�� WHVWHG�IROORZLQJ� WKH� SURFHGXUH� UHSRUWHG� LQ� VHFWLRQ� �����7KH� UHVXOWV� DUH� JLYHQ� LQ� 7DEOH� ��� 0HWKDQRO�SURGXFHV�EHWWHU�PHDQ�UHFRYHULHV�IRU�SKRVDORQH�DQG�PDODWKLRQ��'HWHFWLRQ�OLPLWV�ZHUH�REWDLQHG�E\�GLUHFW�LQMHFWLRQ� RI� WKH� VWDQGDUG� PL[WXUHV� DQG� FDOFXODWHG�ZLWK� D� VLJQDO�WR�QRLVH� UDWLR� >Q �@���� 'HWHFWLRQ�OLPLWV�ZHUH������PJ�NJ�� IRU�SKRVDORQH��������PJ�NJ�� IRU�PDODWKLRQ�DQG�������PJ�NJ��� IRU�GLD]LQRQ��0D[LPXP� UHVLGXH OLPLWV� RI� SKRVDORQH�� PDODWKLRQ�DQG� GLD]LQRQ� LQ� FRUQ� RLO� DUH� DOO� ���� PJ� NJ�� ����7KHVH� DUH� KLJKHU� WKDQ� WKH�GHWHFWLRQ� OLPLWV� DQG� WKH�SUHVHQW� PHWKRG� LV� WKXV� XVHIXO� IRU� H[WUDFWLRQ� RI�WKHVH�RUJDQRSKRVSKRUXV�SHVWLFLGHV�IURP�FRUQ�RLO�
$&.12:/('*0(177KH� DXWKRUV� DUH� WKDQNIXO� WR� 'U�� =DPDQL� =DGHK��H[� VXSHUYLVRU� RI� WKH� /DERUDWRU\� FRPSOH[� �,VODPLF$]DG 8QLYHUVLW\��IRU�SURYLGLQJ�UHVHDUFK�IDFLOLWLHV�

7DEOH��� (QGXUDQFH�WHVW�IRU�ODQWKDQXP�VLOLFDWH
6DPSOH �0�+&O ���0�+&O ���0�1D2+ ����0�1D2+5HFRYHU\��5��6� ����� ��� ����� �����6� ����� ����� ����� �����6LOLFD�JHO  ����� ����� �� ���

7KH��GDWD�IRU�VLOLFD�JHO�ZHUH�JLYHQ�E\�.DZDKDUD�	�FRZRUNHUV���
7DEOH��� $YHUDJH�UHFRYHULHV���5���DQG�UHODWLYH�VWDQGDUG�GHYLDWLRQ��56'��Q ��REWDLQHG�IURP�GLIIHUHQW�HOXHQWV IRU�WKH�VROLG�SKDVH�H[WUDFWLRQ

&+�2+ &+�&O�� (WK\O�DFHWDWH &+�&O��(WK\O�DFHWDWH����� 0HWKDQRO�(WK\O�DFHWDWH�����
5���� 56'���� 5���� 56'���� 5��� 56'���� 5���� 56'��� 5���� 56'����3KRV� �� �� �� �� �� � ���� �� �� �0DO� �� � �� �� �� � ���� � �� ��'LD]� �� � �� �� �� �� �� �� �� ��

 3KRV�� �SKRVDORQH��0DO�� �PDODWKLRQ�DQG�'LD]� �GLD]LQRQ
���7KH�GDWD�DUH�WKH�PHDQ�UHFRYHULHV�RI�WULSOLFDWH�PHDVXUHPHQWV�IRU�FRUQ�RLO�VDPSOHV �VSLNHG�EHWZHHQ�WKH�FRQFHQWUDWLRQ�UDQJH�RI�������PJ�NJ�����
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