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$EVWUDFW,Q� WKLV� SDSHU�� D� VLPSOLILHG� IRUPXODWLRQ� IRU� D� FRPSRVLWLRQDO� UHVHUYRLU� VLPXODWRU� LV�SUHVHQWHG��7KHVH�W\SH�RI�VLPXODWRUV�DUH�XVHG�ZKHQ�LQWHUSKDVH�PDVV�WUDQVIHU�GHSHQGV�RQ�SKDVH�FRPSRVLWLRQ�DV�ZHOO�DV�SUHVVXUH��7KH�SURFHGXUH�IRU�VROYLQJ�FRPSRVLWLRQDO�PRGHO�HTXDWLRQV� LV� FRPSOHWHO\� GHVFULEHG�� 7KH� 3HQJ� 5RELQVRQ� HTXDWLRQ� RI� VWDWH� LV� XVHG� IRU�SUHSDULQJ� D� FRPSRVLWLRQDO� WKHUPRG\QDPLF� SURJUDP� IRU� HTXLOLEULXP� FDOFXODWLRQ��SURSHUW\� HVWLPDWLRQ� DQG� SVHXGR� FRPSRQHQW� GHWHUPLQDWLRQ�� $QRWKHU� SXUSRVH� RI� WKLV�SDSHU� LV� WR� SUHSDUH� DQ� H[SHULPHQWDO� DSSDUDWXV� IRU� WKH� GLVSODFHPHQW� RI� RLO� E\� JDV�LQMHFWLRQ��,Q�HDFK�WHVW��RLO�UHFRYHU\�DV�D�IXQFWLRQ�RI�LQMHFWHG�SRUH�YROXPH�ZDV�PHDVXUHG��7KH� DSSOLFDWLRQ� RI� WKH� GHYHORSHG� VLPXODWRU� WR� VLPXODWH� WKH� UHVXOWV� RI� WKH� RLO� UHFRYHU\�IURP� VOLP� WXEH� H[SHULPHQWV� LV� DOVR� SUHVHQWHG�� )LQDOO\�� WKH� PRGHO� ZDV� UXQ� IRU� D� ��'�UHVHUYRLU��$FFHSWDEOH�WUHQGV�ZHUH�REWDLQHG�IURP�WKH�PRGHO�SUHGLFWLRQV�.H\ZRUGV� &RPSRVLWLRQDO�� 5HVHUYRLU� VLPXODWRU�� 6OLP� WXEH�� (TXDWLRQ� RI� VWDWH�� 3HQJ�5RELQVRQ
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,QWURGXFWLRQ1XPHULFDO�UHVHUYRLU�VLPXODWLRQ�LV�D�YLWDO�WRRO�LQ�WKH�SHWUROHXP�LQGXVWU\��7KLV�WHFKQLTXH�FDQ�EH� XVHG� LQ� SODQQLQJ� WKH� H[SORUDWLRQ� RI� QHZ�UHVHUYRLUV�� IRUHFDVWLQJ� WKH� EHKDYLRU� RI� ROG�ILHOGV�� WR� PDNH� VLQJOH� ZHOO� VWXGLHV�� DQG� LQ�UHVHDUFKLQJ�PHWKRGV�WR�LPSURYH�K\GURFDUERQ�UHFRYHU\�� $W� WKH� EHJLQQLQJ�� WKH� QXPHULFDO�PRGHOV�ZHUH� EXLOW� E\� FRQVLGHULQJ� WKUHH�SKD�VHV� LQ� WKH� UHVHUYRLU� �RLO�� JDV� DQG�ZDWHU��� EXW�WKH\� ZHUH� XQDEOH� WR� WUHDW� WKH� FRPSRVLWLRQDO�YDULDWLRQV� RFFXUULQJ� LQ� HDFK� SKDVH� 7KHVH�PRGHOV�DUH�UHIHUUHG�WR�DV�EODFN�RLO�PRGHOV��,Q�WKLV� FDVH�� SKDVH� EHKDYLRU� LV� VLPSO\� UHSUH�VHQWHG� E\� %R �RLO� IRUPDWLRQ� YROXPH� IDFWRU��DQG�5V�VROXWLRQ�JDV�RLO�UDWLR���ZKLFK�DUH�RQO\�IXQFWLRQV� RI� SUHVVXUH�� :KHQHYHU� LW� LV� LQDS�

SURSULDWH�WR�XVH�D�EODFN�RLO�PRGHO��WKH�RLO�DQG�JDV� PXVW� EH� GHVFULEHG� E\� PRUH� WKDQ� WZR�SVHXGR�FRPSRQHQWV�� ,Q� WKLV� FDVH�� SKDVH�EHKDYLRU� LV� UHSUHVHQWHG� E\� DQ� HTXDWLRQ� RI�VWDWH� DQG� SKDVH� HTXLOLEULXP� UHODWLRQV�� UHTXL�ULQJ� IODVK� FDOFXODWLRQV>�@�� ,Q� WKLV� FDVH� FRP�SRVLWLRQDO�UHVHUYRLU�VLPXODWRUV�PXVW�EH�XVHG��&RPSRVLWLRQDO� UHVHUYRLU� VLPXODWRUV� DUH� LP�SRUWDQW� WRROV� IRU� SUHGLFWLQJ� WKH� SHUIRUPDQFH�RI�RLO�UHFRYHU\�PHWKRGV�ZKHQHYHU�RLO�DQG�JDV�XQGHUJR� YLJRURXV� PDVV� WUDQVIHU� GXULQJ� WKH�UHFRYHU\� SURFHVV�� 7KHVH� SURFHVVHV� LQFOXGH�QLWURJHQ� LQMHFWLRQ� LQWR� D� JDV� FRQGHQVDWH� RU�YRODWLOH� RLO� UHVHUYRLU� GXULQJ� WKH� SULPDU\�SURGXFWLRQ� SHULRG�� DQG� &2� RU� HQULFKHG� JDV�LQMHFWLRQ� IRU� HQKDQFHG� RLO� UHFRYHU\�� 7KH�GHVLJQ�RI�WKHVH�SURFHVVHV�UHTXLUHV�DQ�DFFXUDWH�



6KDKUDEDGL� 'DELU

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

SUHGLFWLRQ� RI� WKH� YDSRU� OLTXLG� HTXLOLEULXP�EHWZHHQ� RLO� DQG JDV�� *HQHUDOO\� WKLV� LV� GRQH�E\�XVLQJ�DQ�HTXDWLRQ�RI�VWDWH��5HFHQWO\�FXELF�HTXDWLRQV�RI�VWDWH�VXFK�DV�3HQJ�5RELQVRQ�DQG�6RDYH� 5HGOLFK� .ZRQJ� DSSHDU� WR� EH� PRUH�SRSXODU�IRU�WKH�FRUUHODWLRQ�RI�IOXLG�SURSHUWLHV�)RU� FRPSRVLWLRQDO� VLPXODWLRQ� WZR� EDVLF� VR�OXWLRQ� PHWKRGV� KDYH� EHHQ� SURSRVHG�� 7KHVH�PHWKRGV� DUH� WKH� ³1HZWRQ�5DSKVRQ´� DQG�³1RQ� 1HZWRQ�5DSKVRQ´� PHWKRGV�� ,Q� WKH�1HZWRQ�5DSKVRQ�PHWKRG�� WKH� LWHUDWLYH� WHFK�QLTXH� VSHFLILHV�KRZ� WKH�SUHVVXUH� HTXDWLRQ� LV�IRUPHG�� ,Q� WKH� 1RQ� 1HZWRQ�5DSKVRQ� PH�WKRG�� WKH� FRPSRVLWLRQ�GHSHQGHQFH�RI� FHUWDLQ�WHUPV� LV� QHJOHFWHG� WR� IRUP� WKH� SUHVVXUH�HTXDWLRQ�� )URP� WKH� IRUPXODWLRQ� SRLQW� RI�YLHZ�� VHYHUDO� FRPSRVLWLRQDO� IRUPXODWLRQV�KDYH� EHHQ� SXEOLVKHG� LQ� WKH� OLWHUDWXUH�� 7KH\�PD\� EH� FODVVLILHG� DV� ,03(&6� �,PSOLFLW� LQ�3UHVVXUH�� ([SOLFLW� LQ� &RPSRVLWLRQ� DQG� 6DWX�UDWLRQ���VHPL�LPSOLFLW�RU�,036(&��,PSOLFLW�LQ�3UHVVXUH� DQG� 6DWXUDWLRQ�� ([SOLFLW� LQ� &RP�SRVLWLRQ��� VHTXHQWLDO� W\SH� DQG� ),0� �)XOO\�,PSOLFLW�0HWKRG��IRUPXODWLRQ�7KH�ILUVW�FRPSRVLWLRQDO�VLPXODWRUV�RI�JHQHUDO�DSSOLFDWLRQV� ZHUH� GHYHORSHG� E\� .D]HPL� HW�DO�>�@� DQG� E\� )XVVHO� DQG� )XVVHO>�@�� <RXQJ�DQG� 6WHSKHQVRQ>�@� FODVVLILHG� ,03(&6� W\SH�LQWR� WKH� 1RQ�1HZWRQ� DQG� 1HZWRQ� PHWKRG��7KH� 1RQ�1HZWRQ� DSSURDFK� ZDV� RULJLQDOO\�SURSRVHG� E\� 1HORQ>�@�� RWKHU� YHUVLRQV� ZHUH�ODWHU� SUHVHQWHG� E\� VRPH� DXWKRUV�� 7KHVH�PHWKRGV� GLIIHU� LQ� WKH� PDQQHU� LQ� ZKLFK� WKH�SUHVVXUH� HTXDWLRQ� LV� IRUPHG�� 7KH� PRGHO�SUHVHQWHG� E\�$FV� HW� DO�>�@� LV� D�1RQ�1HZWRQ�5DSKVRQ� PHWKRG� LQ� ZKLFK� WKH� SUHVVXUH�HTXDWLRQ� LQFOXGHV� WKH� FRPSRVLWLRQDO� HIIHFWV��:DWWV>�@�� EDVHG� RQ� WKH� LGHDV� RI� $FV� HW� DO���SUHVHQWHG�DQRWKHU DSSURDFK�IRU�WKH�VHTXHQWLDO�LPSOLFLW� PHWKRG� WR� VROYH� WKH� FRPSRVLWLRQDO�IORZ� GLIIHUHQFH� HTXDWLRQV�� $Q� DWWHPSW� ZDV�PDGH�WR�FRPELQH�WKH�DGYDQWDJHV�RI�,03(&6��ZKLOH� UHWDLQLQJ� VRPH� RI� WKH� VWDELOLW\� FKDUDF�WHULVWLFV� RI� WKH� LPSOLFLW� PHWKRG�� 4XDQGDOOH�DQG�6DYDU\>�@�SUHVHQWHG�DQRWKHU�PHWKRG��)RU�PXOWLSKDVH�IORZ��WKH�JULG�EORFN�HTXDWLRQV�DUH�UHGXFHG�WR�WKUHH�HTXDWLRQV�ZLWK�WKUHH�SULPDU\�

XQNQRZQV�� 3� �SUHVVXUH��� 6R �RLO� VDWXUDWLRQ��DQG�6Z �ZDWHU�VDWXUDWLRQ���+DYLQJ�WKHVH�SDUD�PHWHUV�� WKH� VXEVHW� RI� WKH� WKHUPRG\QDPLF�HTXDWLRQ� LV� DUELWUDULO\� GHFRXSOHG� DQG� XVHG��&HOVR>�@� SUHVHQWHG� D� GLIIHUHQW� DSSURDFK� WKDW�ZDV� UHJDUGHG� DV� D� VHPL� LPSOLFLW� PHWKRG�� ,Q�KLV�PHWKRG��WKH�1HZWRQ�LWHUDWLRQ�ZDV�DSSOLHG�WR� WKH� FRPSRVLWLRQDO� IORZ� HTXDWLRQV� WKDW�UHVXOW� DIWHU� FRQVLGHULQJ�� H[SOLFLWO\�� LQ IORZ�WHUPV�� RQH� LWHUDWLRQ� EHKLQG��:DQJ� HW� DO�>��@�SUHVHQWHG� D� IXOO\� LPSOLFLW� FRPSRVLWLRQDO�VLPXODWRU�IRU�ODUJH�VFDOH�UHVHUYRLU�VLPXODWLRQ��7KHLU� VLPXODWRU� XVHV� D� PXOWL� EORFN�� GRPDLQ�GHFRPSRVLWLRQ�DSSURDFK��5HFHQWO\��FRPSRVL�WLRQDO� VWUHDP� OLQH� VLPXODWRUV� IRU� WKH� DV�VHVVPHQW� RI� PLVFLEOH�QHDU� PLVFLEOH� JDV� LQ�MHFWWLRQ� SHUIRUPDQFH� DUH�ZLGHO\� XVHG��7KHVH�VLPXODWRUV� KDYH� VLJQLILFDQW� SRWHQWLDO� WR� DF�FRPPRGDWH� WKH�UHTXLUHPHQW�IRU�DFFXUDWH�DQG�UHOLDEOH� SURGXFWLRQ� IRUHFDVWV�� 7KHVH� UHTXLUH�PHQWV�LQFOXGH�KLJK�UHVROXWLRQ�GHVFULSWLRQV�RI�SHUPHDELOLW\�� KHWHURJHQHLW\�� DQG� DQ� DSSUR�SULDWH� UHSUHVHQWDWLRQ� RI� SKDVH� EHKDYLRU��LQFOXGLQJ�D�VXIILFLHQW�QXPEHU�RI�FRPSRQHQWV�LQ� WKH� HTXDWLRQ� RI� VWDWH�>��@�� 1XPHURXV�DXWKRUV�KDYH�FRQWULEXWHG� WR� WKH�GHYHORSPHQW�RI� VWUHDP� OLQH� VLPXODWRUV>�����@��7KLV�3DSHU�GHVFULEHV� DQ� LWHUDWLYH� VHTXHQWLDO� FRPSRVL�WLRQDO�IRUPXODWLRQ��%DVLFDOO\�LW�XVHV�WKH�LGHDV�RI� 1JKLHP� HW� DO�>��@�� EXW� LQ� WKLV� ZRUN� WKH�LPSOLFLW�WUDQVPLVFLELOLWLHV�KDYH�EHHQ�XVHG�
&RPSRVLWLRQDO�PRGHO�HTXDWLRQV7KH� VWDUWLQJ� SRLQW� IRU� WKH� FRPSRVLWLRQDO�IRUPXODWLRQ� LV� WKH�PRODU� FRQWLQXLW\� HTXDWLRQ�IRU�DQ\�FRPSRQHQW�L DQG�ZDWHU�
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&�� DQG� &� DUH� FRQYHUVLRQ� FRQVWDQWV� WKDW�GHSHQG�RQ�WKH�XQLWV�LQYROYHG�,W� LV� DVVXPHG� WKDW� JDV� DQG� RLO� DUH� LQ� SKDVH�HTXLOLEULXP�DW�WKH�HQG�RI�HDFK�WLPH�VWHS��7KLV�PHDQV� WKDW� WKH� LQWHUSKDVH� WKHUPRG\QDPLF�H[FKDQJH� LQ� WKH� UHVHUYRLU� LV� UDSLG� FRPSDUHG�ZLWK� IOXLG� IORZ�� 7KH� FRQGLWLRQ� IRU� WKHU�PRG\QDPLF�HTXLOLEULXP�LV�HVWDEOLVKHG�E\�WKH�HTXDOLW\� RI� WKH� RLO� DQG� JDV� SKDVH� FKHPLFDO�SRWHQWLDO�RU�IXJDFLW\�IRU�HDFK�FRPSRQHQW�
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6ROXWLRQ�3URFHGXUH7KH� IROORZLQJ� SURFHGXUH� WR� VROYH� WKH� DERYH�

HTXDWLRQV�RYHU�D�WLPH�VWHS�PXVW�EH�XVHG��� 6ROYLQJ�WKH�SUHVVXUH�HTXDWLRQ��HTXDWLRQ����� E\� XVLQJ� WKH� LWHUDWLYH� EL�FRQMXJDWH�JUDGLHQW�PHWKRG�IRU�VSDUVH�PDWUL[>��@��� 2EWDLQLQJ� ZDWHU VDWXUDWLRQ� �HTXDWLRQ����� DQG� FRPSRVLWLRQ� RI� HDFK� FRP�SRQHQW� �HTXD�WLRQ� ���� LQ� HDFK� JULG�EORFN� XVLQJ� WKH� EORFN� SUHVVXUHV� FRP�SXWHG�LQ�6WHS����� 3HUIRUPLQJ� IODVK�FDOFXODWLRQ�RQ�FDOFXO�DWHG� FRPSRVLWLRQ� LQ� 6WHS� �� DW� EORFN�WHPSHUDWXUH� DQG� SUHVVXUH� LQ� HDFK� JULG�EORFN��WR�REWDLQ�/�DQG�9��� &DOFXODWLQJ RLO DQG�JDV�VDWXUDWLRQV��HT�XDWLRQV����������� 8SGDWLQJ� M7 ��[L��\L��1 DQG�1Z��7KH� DERYH� VWHSV� DUH� UHSHDWHG XQWLO� FRQYHU�JHQFH�LV�DFKLHYHG�
5HVXOWVD� 6OLP�WXEH�VLPXODWLRQ��RQH�GLPHQVLRQDO FDVH�7KH� UHFRYHU\� FXUYHV� REWDLQHG� LQ� WKLV� VWXG\�ZHUH� GHWHUPLQHG� E\� XVLQJ� WKH� VOLP� WXEH�DSSDUDWXV��7KH�VSHFLILFDWLRQV�RI�WKH�DSSDUDWXV�DUH�JLYHQ�LQ�7DEOH���
7DEOH��� 6SHFLILFDWLRQV�RI�VOLP�WXEH,QLWLDO�'LDPHWHU��PP� ����/HQJWK��P� �����3RUH�9ROXPH��FP�� �����3RURVLW\���� ����3HUPHDELOLW\��'DUF\� �����3RURXV�0HGLD *ODVV�EHDGV
7KH� WXEH� ZDV� LQLWLDOO\� VDWXUDWHG� ZLWK� UHVHU�YRLU� RLO�� 2LO� ZDV� GLVSODFHG� E\� JDV� DW� D�FRQVWDQW�LQMHFWLRQ�UDWH�RI����FP��VHF��7KH�RLO�VDPSOH�XVHG� LQ� WKLV�ZRUN�ZDV�REWDLQHG�IURP�DQ� ,UDQLDQ� RLO� UHVHUYRLU�� $OVR�� D� JDV� VDPSOH�IURP�D�JDV� UHVHUYRLU�RI� ,UDQ�ZDV�XVHG�DV� WKH�GLVSODFLQJ�DJHQW��7KH�FRPSRVLWLRQDO�DQDO\VLV�RI�RLO�DQG�JDV��DV�ZHOO�DV�WKH�FKDUDFWHULVWLFV�RI�WKH�SOXV�IUDFWLRQ�DUH�JLYHQ�LQ�7DEOHV���DQG����%XEEOH� SRLQW� SUHVVXUH DQG� VZHOOLQJ� GDWD� DUH�

����

����
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DOVR� LQFOXGHG�� $ERXW� D� ���� SRUH� YROXPH� RI�JDV� ZDV� LQMHFWHG� LQ� HDFK� WHVW��$W� WKH� HQG� RI�HDFK�VWHS�SURGXFHG��WKH�YROXPH�RI�RLO�DQG�JDV�ZHUH� PHDVXUHG�� 7KH� UHFRYHU\� IDFWRU� ZDV�FDOFXODWHG�IURP�WKH�PHDVXUHG�YROXPHV�RI�WKH�SURGXFHG�RLO�DQG�JDV��7KLV�VWXG\�LV�SHUIRUPHG�WR� GHWHUPLQH� WKH� HIIHFW� RI� LQWHUIDFLDO� WHQVLRQ��,)7�� RQ� VLPXODWLQJ� UHVXOWV� LQ� VOLP� WXEH�H[SHULPHQWV�� )LYH� GLVSODFHPHQW� WHVWV� DW� GLI�IHUHQW� SUHVVXUHV� ZHUH� SHUIRUPHG� DQG� WKH� RLO�UHFRYHU\� DV� D� IXQFWLRQ� RI� WKH� LQMHFWHG� SRUH�YROXPH� ZDV� UHFRUGHG�� 7KH� LQIOXHQFH� RI� LQ�

WHUIDFLDO� WHQVLRQ� RQ� WKH� UHVXOWV� RI� WKH� GHYH�ORSHG�PRGHO�ZDV�H[DPLQHG�LQ�WZR�VLPXODWLRQ�UXQV�ZLWK�GLIIHUHQW� UHODWLYH�SHUPHDELOLW\�FXU�YHV��7KH�ILUVW�VLPXODWLRQ�ZDV�SHUIRUPHG�ZLWK�IL[HG� UHODWLYH� SHUPHDELOLW\� FXUYHV� �LP�PLVFLEOH� FRQGLWLRQ��� ZKLOH� WKH� YDULDEOH� UHOD�WLYH�SHUPHDELOLW\�FXUYHV�DV�D�IXQFWLRQ�RI�ERWK�VDWXUDWLRQ� DQG� LQWHUIDFLDO� WHQVLRQ� ZHUH� XVHG��PLVFLEOH� FRQGLWLRQ��� LQ� WKH� VHFRQG� UXQ�� 7R�LQFOXGH� LQWHUIDFLDO� WHQVLRQ� �V �� LQ� UHODWLYH�SHUPHDELOLWLHV�� WKH� IROORZLQJ� FXUYHV� ZHUH�XVHG>��@�

7DEOH��� &RPSRVLWLRQDO�DQDO\VLV�RI�RLO��JDV�VDPSOH���VZHOOLQJ�DQG�VDWXUDWLRQ�GDWD
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7DEOH��� &KDUDFWHULVWLFV�RI�SOXV�IUDFWLRQ0ROHFXODU�:HLJKW ���
6SHFLILF�*UDYLW\ ������

� �� JR D UD UUR UR RN H N H 6�� � �
� �� J JD U D UUJ UJ JN H N H 6� � � �

,Q�WKH�DERYH�HTXDWLRQV�� U VV 
 DQG� �J RD D DUH�SRVLWLYH� QXPEHUV� DQG� XVHG� DV� DGMXVWDEOH�SDUDPHWHUV��,QWHUIDFLDO�WHQVLRQ�EHWZHHQ�YDSRU�DQG� OLTXLG� SKDVHV� DW� �������N3D� ������SVLD�DQG� ��R&� ����R)�� DW� HTXLOLEULXP� ZDV� FRQ�VLGHUHG�DV�EDVH�,)7��V 
 ���*HQHUDOO\��LQ�D�WZR�SKDVH� V\VWHP�� DV� WKH� ,)7� EHWZHHQ� SKDVHV�GHFUHDVHV�� WKH� FXUYDWXUH� DV� ZHOO� DV� WKH�UHVLGXDO� VDWXUDWLRQ� GHFUHDVHV�� ,Q� WKH� H[WUHPH�FDVH� RI� ]HUR� ,)7�� WKH� UHODWLYH� SHUPHDELOLW\�FXUYHV� EHFRPH� WZR� VWUDLJKW� OLQHV� DQG� WKH�YDOXH� RI� WKH� UHODWLYH� SHUPHDELOLW\� RI� HDFK�SKDVH� ZLOO� EH� HTXDO� WR� WKH� YDOXH� RI� LWV�VDWXUDWLRQ�� 7KH� IROORZLQJ� HTXDWLRQV� ZHUH�XVHG�IRU� �UJ URN N �

�UJ JN 6 ����
�������RUR 6N �§ · ¨ ¸© ¹ ����

$� RQH GLPHQVLRQDO� FRPSRVLWLRQDO� PRGHO�FRPSRVHG�RI����JULG�EORFNV�ZDV�HPSOR\HG�WR�VLPXODWH� VOLP� WXEH� H[SHULPHQWV�� )LJXUHV� ��WKURXJK� �� VKRZ� WKH� SUHGLFWHG� RLO� UHFRYHU\�YHUVXV� LQMHFWHG� JDV� YROXPH� IRU� WKH� WZR�VLPXODWHG UXQV� ZLWK� GLIIHUHQW� UHODWLYH� SHU�PHDELOLW\� FXUYHV� DW� GLIIHUHQW� SUHVVXUHV�� 7KH�H[SHULPHQWDO� GDWD� DUH� DOVR� LQFOXGHG� LQ� WKH�)LJXUHV�� *HQHUDOO\�� UHFRYHU\� YHUVXV� SRUH�YROXPH� LQMHFWLRQ� LV� D� ZHOO�NQRZQ� SORW� WR�LOOXVWUDWH��HYDOXDWH�DQG�FRPSDUH�WKH�UHVXOWV�RI�ODERUDWRU\� IORRG� WHVWV��7KH� SURGXFHG� DQG� LQ�MHFWHG� YROXPHV� DUH� WKH� VDPH� EHIRUH� EUHDN�WKURXJK�� DQG� VR� WKH� UHVXOWLQJ� FXUYH� LV� D�VWUDLJKW�OLQH�� 7KHQ�� LW� VWDUWV� WR� GHYLDWH� IURP�WKH�VWUDLJKW�WUDMHFWRU\��7KH�VORSH�RI�WKH�FXUYH�SRUWLRQ�GHFUHDVHV�ZLWK�LQFUHDVLQJ�LQMHFWHG�JDV�YROXPH��ILQDOO\�OHYHOLQJ�RII��7KH�SRLQW�ZKHUH�LW� VWDUWV� WR�GHYLDWH� IURP� WKH� VWUDLJKW� OLQH�DQG�WKH�OHYHO�DW�ZKLFK�LW�EHFRPHV�KRUL]RQWDO��LV�RI�JUHDW�LPSRUWDQFH�LQ�PDNLQJ�FRPSDULVRQV�

)LJXUH��� 5HFRYHU\�FXUYH�YV��39�LQMHFWHG�DW�SUHVVXUH��������N3D�������SVLD�

����
����

2LO�5
HFRY

HU\���
���

39�,QMHFWHG������
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)LJXUH��� 5HFRYHU\�FXUYH�YV��39�LQMHFWHG�DW�SUHVVXUH��������N3D�������SVLD�

)LJXUH��� 5HFRYHU\�FXUYH�YV��39�LQMHFWHG�DW�SUHVVXUH��������N3D�������SVLD�

)LJXUH��� 5HFRYHU\�FXUYH�YV��39�LQMHFWHG�DW�SUHVVXUH��������N3D�������SVLD�

2LO�5
HFRY

HU\���
���

39�,QMHFWHG������

2LO�5
HFRY

HU\���
���

39�,QMHFWHG������

2LO�5
HFRY

HU\���
���

39�,QMHFWHG������
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)LJXUH��� 5HFRYHU\�FXUYH�YV��39�LQMHFWHG�DW�SUHVVXUH��������N3D�������SVLD�

&RPSDULVRQV� VKRZ� WKDW� WKH� UHVXOWV� IURP� WKH�UXQ� ZLWK� IL[HG� UHODWLYH� SHUPHDELOLW\� FXUYHV�XQGHUHVWLPDWH� WKH� RLO� UHFRYHULHV�� ZKLOH� WKH�UXQ� ZLWK� LQWHUIDFLDO� WHQVLRQ� LQ� UHODWLYH� SHU�PHDELOLWLHV� LPSURYHV� WKH� SUHGLFWLRQV�� 7KH�GLIIHUHQFH� EHWZHHQ� XOWLPDWH� RLO� UHFRYHULHV�REWDLQHG� XVLQJ� IL[HG� UHODWLYH� SHUPHDELOLW\�DQG� ,)7� LQFOXGHG� LQ� FXUYHV�� LV� OLWWOH� DW� ORZ�SUHVVXUH�� EXW� VLJQLILFDQW� DW� KLJK� SUHVVXUHV��7KLV� LV� GXH� WR� WKH� IDFW� WKDW� ORZ� SUHVVXUH�FRUUHVSRQGV� WR� WKH� LPPLVFLEOH� ]RQH�� DQG�KHQFH� ,)7� KDV� D� ORZ� HIIHFW� RQ� WKH� UHFRYHU\�UHVXOWV�� 7KHUHIRUH�� LQFOXGLQJ� ,)7� LQ� UHODWLYH�SHUPHDELOLW\� FXUYHV� FDQ� QRW� LPSURYH� WKH�

SUHGLFWLRQV� DW� ORZ�SUHVVXUHV�� EXW� DV�SUHVVXUH�LQFUHDVHV��WKH�SUHGLFWLRQV�VKRZ�D�JRRG�PDWFK�ZLWK� WKH� H[SHULPHQWDO� UHVXOWV� LQ� D� FORVHU�PDUJLQ�� ,Q� RWKHU� ZRUGV�� KLJK� SUHVVXUH� FRU�UHVSRQGV� WR� WKH� PLVFLEOH� ]RQH�� DQG� VR� ,)7�SOD\V� D� NH\� UROH� LQ� RLO� UHFRYHU\�� 7KHUHIRUH��LQFOXGLQJ� ,)7� LQ� UHODWLYH� SHUPHDELOLW\� FXUYH�LPSURYHV� WKH� UHVXOWV�RI� WKH�PRGHO�GUDVWLFDOO\�DW� KLJK� SUHVVXUH� UHJLRQV�� 7KH� HIIHFW� RI�SUHVVXUH� RQ� WKH� UHFRYHU\� FDQ� EH� HDVLO\� VHHQ�ZKLOH� ORRNLQJ� DW� )LJXUH� ��� VKRZLQJ� SHU�IRUPDQFH� FXUYHV� DW� YDULRXV� SUHVVXUHV�� 7KH�JUHDWHU� WKH� LQMHFWLRQ� SUHVVXUH�� WKH� KLJKHU� WKH�XOWLPDWH�UHFRYHU\�

)LJXUH���2LO�UHFRYHU\�FXUYHV�DW�GLIIHUHQW�SUHVVXUHV

2LO�5
HFRY

HU\��
���

39�,QMHFWHG������

2LO�5
HFRY

HU\���
���

39�,QMHFWHG������
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E�$UHDO�UXQ��WZR�GLPHQVLRQDO�FDVH�7KH� SDWWHUQ� VKRZQ� LQ� )LJXUH� �� ZDV� FRQ�VLGHUHG� IRU� WKH� JDV� LQMHFWLRQ� SURFHVV�� 7KLV�SDWWHUQ�ZDV� VLPXODWHG�XVLQJ� DQ� DUHDO� �� ��uJULG�V\VWHP��7ZR�LQMHFWRUV�DQG�WZR�SURGXFHUV�ZHUH� FRQVLGHUHG�� 7KH� ERWWRP� KROH� SUHVVXUH�IRU� LQMHFWRUV�DQG�SURGXFHUV�ZHUH��������N3D������� SVLD�� DQG� ������� N3D� ������ SVLD��UHVSHFWLYHO\�

)LJXUH��� 7KH�SDWWHUQ�XVHG�LQ�DUHDO�UXQ
$GGLWLRQDO�UHTXLUHG�GDWD�DUH�JLYHQ�LQ�7DEOH���
7DEOH��� 5HTXLUHG�GDWD�IRU�DUHDO�UXQ/HQJWK�RI�UHVHUYRLU�P��IW� ����������
:LGWK�RI�UHVHUYRLU��P��IW� ����������
7KLFNQHVV��P��IW� ������
3HUPHDELOLW\��PGDUF\� ��
3RURVLW\���� ��
,QLWLDO� UHVHUYRLU� SUHVVXUH� �� N3D��SVLD� ������������
5HVHUYRLU�WHPSHUDWXUH���R&��R)� ��������
,QLWLDO�ZDWHU�VDWXUDWLRQ ���
)LJXUH���VKRZV�WKH�JDV�VDWXUDWLRQ�FRQWRXUV�DW������ GD\V�DIWHU� JDV� LQMHFWLRQ�� ,Q� WKLV� ILJXUH��QR� PLVFLEOH� UHJLRQ� ZDV� IRXQG DQG� WKHUHIRUH�WKH�SURFHVV�ZDV�LPPLVFLEOH�

)LJXUH� �� *DV� VDWXUDWLRQ� FRQWRXUV� DW� ����� GD\V� DIWHU�JDV�LQMHFWLRQ
7KH� SUHVVXUH� DQG� PHWKDQH� PROH� IUDFWLRQ�GLVWULEXWLRQV� RI� WKH� UHVHUYRLU� DUH� VKRZQ� LQ�)LJXUHV���DQG�����7KHVH�FXUYHV�FRQILUP�HDFK�RWKHU� DQG� VKRZ� JRRG� WUHQGV� FRPSDUHG� ZLWK�DQWLFLSDWHG� UHDO� UHVHUYRLU� EHKDYLRU�� +HQFH��WKH� DSSOLFDWLRQ� RI� WKH� GHYHORSHG� PRGHO� IRU�WKH�SUHGLFWLRQ�RI�UHVHUYRLU�EHKDYLRU�VHHPV�WR�EH�VXFFHVVIXO�

)LJXUH� �� 3UHVVXUH� FRQWRXUV� DW� ����� GD\V� DIWHU� JDV�LQMHFWLRQ

����3URGXFHU ����,QMHFWRU
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)LJXUH� ��� 0HWKDQH� PROH� IUDFWLRQ� FRQWRXUV� DW� �����GD\V�DIWHU�JDV�LQMHFWLRQ
&RQFOXVLRQ,Q� WKLV�ZRUN� WKH� IRUPXODWLRQ� SURFHGXUH� RI� D�WKUHH� SKDVH� FRPSRVLWLRQDO� UHVHUYRLU� PRGHO�DQG� WKH� PHWKRG� RI� VROYLQJ� FRPSRVLWLRQDO�PRGHO� HTXDWLRQV� ZHUH� GHVFULEHG�� $OVR�� DQ�H[SHULPHQWDO� VHWXS� XVLQJ� D� VOLP� WXEH� ZDV�SUHSDUHG� DQG� VRPH� GLVSODFHPHQW� WHVWV� ZHUH�FDUULHG� RXW�� 7KH� RLO� UHFRYHU\� DW� GLIIHUHQW�LQMHFWHG� YROXPHV�ZDV�PHDVXUHG� GXULQJ� HDFK�WHVW�� 7KH� PRGHO� SUHGLFWLRQV� ZHUH� WKHQ� FRP�SDUHG� DJDLQVW�PHDVXUHG� ODERUDWRU\� UH�FRYHU\�GDWD�� 7KH� HIIHFW� RI� LQFOXGLQJ� ,)7� LQ� UHODWLYH�SHUPHDELOLW\� FXUYHV� RQ� WKH� RXWSXWV� IURP� WKH�PRGHO� ZDV� DOVR� VWXGLHG�� &RP�SDULVRQ� EHW�ZHHQ� PRGHO� RXWSXWV� ZLWK� DQG� ZLWKRXW��LQFOXGLQJ� ,)7� LQ� UHODWLYH� SHU�PHDELOLW\�FXUYHV�� LQGLFDWHG�WKDW KDYLQJ� �,)7� LQ�UHODWLYH�SHUPHDELOLW\� FXUYHV� KDV� QR� HIIHFW� �UDWKHU� D�PLQRU� HIIHFW�� RQ� PRGHO� UHVXOWV� DW� ORZ� SUHV�VXUHV�� ZKLOH� LW� ZDV� FRQVLGHUDEOH� DW� KLJK�SUHVVXUHV�� $FFHSWDEOH� UHVXOWV� ZHUH� REWDLQHG�IURP� WKH� DUHDO� UXQ� ZLWK� UHVSHFW� WR� WKH�DQWLFLSDWHG� UHDO� UHVHUYRLU� EHKDYLRU�� &RQ�VHTXHQWO\�� WKH� FRPSDULVRQ� RI� WKH� VOLP� WXEH�UHVXOWV�ZLWK� WKH�PRGHO� SUHGLFWLRQV� DQG� DUHDO�UXQ� SUHGLFWLRQV�� LQGLFDWH� WKH� SRVVLELOLW\� RI�HPSOR\LQJ� WKLV� PRGHO� IRU� WKH UHVHUYRLU�EHKDYLRU�SUHGLFWLRQ�

1RPHQFODWXUH$ DUHD�SHUSHQGLFXODU�WR�IORZ���IW���%R RLO�IRUPDWLRQ�YROXPH�IDFWRU��EEO�67%�&� FRQYHUVLRQ�IDFWRU�LQ�HTXDWLRQ���&� FRQYHUVLRQ�IDFWRU�LQ�HTXDWLRQ���) IHHG�MLI IXJDFLW\� RI� FRPSRQHQW� L LQ� SKDVH� M�DWP�J JUDYLWDWLRQDO�DFFHOHUDWLRQ��IW�V��K GHSWK��IW�N DEVROXWH�SHUPHDELOLW\��PGDUF\�
UMN UHODWLYH� SHUPHDELOLW\� RI� SKDVH M� �LP�PLVFLEOH�FRQGLWLRQ�
UMN UHODWLYH� SHUPHDELOLW\� RI� SKDVH M� �PLV�FLEOH�FRQGLWLRQ�
L. .�YDOXH�RI�FRPSRQHQW�L/ UDWLR� RI� PROHV� LQ� OLTXLG� SKDVH� WR� WKH�WRWDO�QXPEHU�RI�PROHV�LQ�WKH�PL[WXUH/W OHQJWK���IW �1 PROHV�RI� WRWDO�K\GURFDUERQ�SHU�XQLW�RI�UHVHUYRLU�YROXPH��� �OE PROHIW� �
L1 PROHV� RI� FRPSRQHQW� L SHU� XQLW� RI�UHVHUYRLU�YROXPH��� �OE PROHIW� �

�FQ1 � PROHV� RI� ZDWHU� SHU� XQLW� RI� UHVHUYRLU�YROXPH��� �OE PROHIW� �3 SUHVVXUH� RI� PL[WXUH� DW� HTXLOLEULXP��SVLD�
M3 SUHVVXUH�RI�SKDVH�M��SVLD�
FRJ3 RLO���JDV�FDSLOODU\�SUHVVXUH��SVLD�
FRZ3 ZDWHU���RLO�FDSLOODU\�SUHVVXUH��SVLD�
LT PRODU� LQMHFWLRQ� �� SURGXFWLRQ� UDWH� RI�FRPSRQHQW� L SHU� XQLW� YROXPH�� ��OE PROHIW GD\� �
WT PRODU� LQMHFWLRQ� �� SURGXFWLRQ� UDWH� RI�K\GURFDUERQ� SHU� XQLW� YROXPH�� ��OE PROHIW GD\� �
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ZT PRODU� LQMHFWLRQ� �� SURGXFWLRQ� UDWH� RI�ZDWHU�SHU�XQLW�YROXPH��� ��OE PROHIW GD\� �U UDWLR�RI�,)7�WR�EDVH ,)75V JDV�RLO�UDWLR��6&)�67%�
M6 VDWXUDWLRQ�RI�SKDVH�M�W WLPH��GD\�7 WHPSHUDWXUH��R5�
M7 WUDQVPLVVLELOLW\�RI�SKDVH�M��� �OE PROHSVLD GD\� �9 UDWLR� RI� PROHV� LQ� YDSRU� SKDVH� WR� WKH�WRWDO�QXPEHU�RI PROHV�LQ�WKH�PL[WXUH
E9 EORFN�YROXPH�� �IW �
L[ PROH� IUDFWLRQ� RI� FRPSRQHQW L LQ� RLO�SKDVH
L\ PROH� IUDFWLRQ� RI� FRPSRQHQW� L LQ� JDV�SKDVH
L] PROH� IUDFWLRQ� RI� FRPSRQHQW� L LQ�K\GURFDUERQ

*UHHN�6\PEROV
LT WKH�UDWH�RI�DFFXPXODWLRQ�RI�FRPSRQHQW�L�� ��OE PROHIW GD\� �

�FQT � WKH� UDWH� RI� DFFXPXODWLRQ� RI� ZDWHU�� ��OE PROHIW GD\� �T WKH� UDWH� RI� DFFXPXODWLRQ� RI� WRWDO�K\GURFDUERQ�� ��OE PROHIW GD\� �I SRURVLW\
MJ VSHFLILF�ZHLJKW�RI�SKDVH�M�� �OEIW �
MP YLVFRVLW\�RI�SKDVH�M��F3�
MU PDVV�GHQVLW\�RI�SKDVH�M�� �OEIW �
M[ PRODU�GHQVLW\�RI�SKDVH�M�� �OE PROHIW� �' GLIIHUHQFH�RSHUDWRU� JUDGLHQW�RSHUDWRU�� GLYHUJHQFH�RSHUDWRU

M) SRWHQWLDO�RI�SKDVH�M��SVLD�V LQWHUIDFLDO�WHQVLRQ�� G\QHFP �
V 
 EDVH�LQWHUIDFLDO�WHQVLRQ�� G\QHFP �
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