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)LJ� ���� 'HQVLW\ GLIIHUHQFH YV UHGXFHG WHPSHUDWXUH IRU LVR�EXW\ULF DFLG�ZDWHU� 7KHRUHWLFDO VORSH

RI ����� LV VKRZQ IRU FRPSDULVRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� ,QWHUIDFLDO WHQVLRQ YV GHQVLW\ GLIIHUHQFH IRU PHWKDQH�SURSDQH PL[WXUHV� 7KHRUHWLFDO VORSH

RI ���� LV VKRZQ IRU FRPSDULVRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� ,QWHUIDFLDO WHQVLRQ YV GHQVLW\ GLIIHUHQFH IRU ZDWHU�DOFRKRO�RLO V\VWHPV� 7KHRUHWLFDO VORSH

RI ���� LV VKRZQ IRU FRPSDULVRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� ,QWHUIDFLDO WHQVLRQ YV GHQVLW\ GLIIHUHQFH IRU 1 �RLO V\VWHPV� 7KHRUHWLFDO VORSH RI ���� LV
�

VKRZQ IRU FRPSDULVRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� ,QWHUIDFLDO WHQVLRQ YV GHQVLW\ GLIIHUHQFH IRU RLO�&2 V\VWHPV� 7KHRUHWLFDO VORSH RI ���� LV
�

VKRZQ IRU FRPSDULVRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 3DUDFKRU YV PROHFXODU ZHLJKW IRU �� QRUPDO SDUDIILQV� � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 3DUDFKRU YV PROHFXODU ZHLJKW IRU �� K\GURFDUERQV� � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 3DUDFKRU YV PROHFXODU ZHLJKW IRU �� K\GURFDUERQV� � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 3DUDFKRU YV PROHFXODU ZHLJKW IRU �� K\GURFDUERQV� � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 3DUDFKRU YV PROHFXODU ZHLJKW IRU ��� K\GURFDUERQV� � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 3DUDFKRU YV PROHFXODU ZHLJKW IRU ��� K\GURFDUERQV� � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 0HDVXUHG DQG 35(26�SUHGLFWHG ,)7V RI V\VWHP 9,� � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 35(26�SUHGLFWHG ,)7V RI 6SUDEHUU\ VHSDUDWRU RLO� � � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 35(26�SUHGLFWHG ,)7V RI &2 �6SUDEHUU\ UHVHUYRLU RLO� � � � � � � � � � � � � � � � � � � � � � � ���
�

)LJ� ���� *HRPHWU\ RI D SHQGDQW GURS � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 3HQGDQW GURS IRU QLWURJHQ�ZDWHU V\VWHP� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 6NHWFK RI SHQGDQW GURS H[SHULPHQWDO VHWXS� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 0HDVXUHG ,)7 IRU EULQH�KHSWDQH�DOFRKRO V\VWHP� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� ,)7 YHUVXV GHQVLW\ GLIIHUHQFH IRU SXUH &2 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
�

)LJ� ���� 0HDVXUHG HWKDQH GHQVLWLHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 6XUIDFH WHQVLRQ YHUVXV UHGXFHG WHPSHUDWXUH IRU HWKDQH� � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 'HQVLW\ GLIIHUHQFH RI HWKDQH YHUVXV UHGXFHG WHPSHUDWXUH� � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 6XUIDFH WHQVLRQ YHUVXV GHQVLW\ GLIIHUHQFH IRU HWKDQH� � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 0HDVXUHG SKDVH GHQVLWLHV IRU &2 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
�

)LJ� ���� 'HQVLW\ GLIIHUHQFHV IRU &2 YHUVXV UHGXFHG WHPSHUDWXUH� � � � � � � � � � � � � � � � � � � � � ���
�

)LJ� ���� 6XUIDFH WHQVLRQ YHUVXV UHGXFHG WHPSHUDWXUH IRU &2 � � � � � � � � � � � � � � � � � � � � � � � � ���
�
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)LJ� ���� 6XUIDFH WHQVLRQ YHUVXV GHQVLW\ GLIIHUHQFH IRU &2 � � � � � � � � � � � � � � � � � � � � � � � � � � ���
�

)LJ� ���� 6KDSH IDFWRU�VXUIDFH WHQVLRQ RI SXUH &2 GURSV� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
�

)LJ� ���� 3UHVVXUH KLVWRU\ IRU ORZ SHUPHDELOLW\ FRUH H[SHULPHQW� � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 3UHVVXUH KLVWRU\ IRU ORZ SHUPHDELOLW\ FRUH H[SHULPHQW� � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 6ROXWLRQ WR GHPDUFDWRU DQG UHFRYHU\ IRU )V  ���� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 6ROXWLRQ WR GHPDUFDWRU DQG UHFRYHU\ IRU )V  ���� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 0RGHO FDOFXODWHG GLPHQVLRQOHVV FRQFHQWUDWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� &RPSDULVRQ RI FDOFXODWHG DQG REVHUYHG RLO UHFRYHULHV� � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 0DWFKHG DQG REVHUYHG RLO UHFRYHULHV IURP IRXU FRUHV� � � � � � � � � � � � � � � � � � � � � � � ���

)LJ� ���� 0HDVXUHG GHQVLWLHV RI WZR &2 �FUXGH RLO V\VWHPV� � � � � � � � � � � � � � � � � � � � � � � � � � ���
�

)LJ� ���� 0HDVXUHG ,)7 RI WZR &2 �FUXGH RLO V\VWHPV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
�

)LJ� ���� 5HODWLRQVKLS EHWZHHQ GHQVLW\ GLIIHUHQFH DQG ,)7 RI WZR &2 �FUXGH RLO V\VWHPV� � � ���
�

)LJ� ���� 6OLP WXEH 003 IRU WKH VHSDUDWRU RLO LV DERXW ���� SVLJ� � � � � � � � � � � � � � � � � � � � � ���



�
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7KH�RYHUDOO�JRDO�RI�WKLV�SURMHFW�ZDV�WR�LPSURYH�WKH�HIILFLHQF\�RI�PLVFLEOH�&2 �IORRGV�DQG
�

HQKDQFH�WKH�SURVSHFWV�IRU�IORRGLQJ�KHWHURJHQHRXV�UHVHUYRLUV�� �7KLV�REMHFWLYH�ZDV�DFFRPSOLVKHG
WKURXJK�H[SHULPHQWDO�DQG�PRGHOLQJ�UHVHDUFK�LQ�WKUHH�WDVN�DUHDV�����IRDPV�IRU�VHOHFWLYH�PRELOLW\
FRQWURO�LQ�KHWHURJHQHRXV�UHVHUYRLUV�����UHGXFWLRQ�RI�WKH�DPRXQW�RI�&2 �UHTXLUHG�LQ�&2 �IORRGV��DQG

�� � � �

���ORZ�,)7�SURFHVVHV�DQG�WKH�SRVVLELOLW\�RI�&2 �IORRGLQJ�LQ�IUDFWXUHG�UHVHUYRLUV���7KLV�UHSRUW�SURYLGHV
�

UHVXOWV�IURP��WKH�WKUHH�\HDU�SURMHFW�IRU�HDFK�RI�WKH�WKUHH�WDVN�DUHDV��

,Q� WKH� ILUVW� WDVN��ZH� LQYHVWLJDWHG�D�GHVLUDEOH�FKDUDFWHULVWLF�RI�&2 �IRDP�FDOOHG� VHOHFWLYH
�

PRELOLW\�UHGXFWLRQ��605��WKDW�LPSURYHV�GLVSODFHPHQW�HIILFLHQF\�E\�UHGXFLQJ�WKH�HIIHFWV�RI�UHVHUYRLU
KHWHURJHQHLW\�� �5HVHDUFK�RQ� WKH�605�RI� IRDP� IRFXVHG�RQ� WKUHH� VXEMHFWV�� ��� WR�YHULI\�605� LQ
GLIIHUHQW�URFN�SHUPHDELOLWLHV�WKDW�DUH�LQ�FDSLOODU\�FRQWDFW�����WR�WHVW�DGGLWLRQDO�VXUIDFWDQWV�IRU�WKH
605�SURSHUW\��DQG����WR�GHYHORS�D�PRGHOLQJ�DSSURDFK�WR�DVVHVV�WKH�RLO�UHFRYHU\�HIILFLHQF\�RI�605
LQ�&2 �IRDP�RQ�D�UHVHUYRLU�VFDOH���7KH�H[SHULPHQWDO�UHVXOWV�IURP�WKH�FRPSRVLWH�FRUHV�VXJJHVW�WKDW

�

URFN�KHWHURJHQHLW\�KDV�D�VLJQLILFDQW�HIIHFW�RQ�WZR�SKDVH��&2 �EULQH��IORZ�EHKDYLRU�LQ�SRURXV�PHGLD�
�

DQG�WKDW�IRDP�FDQ�IDYRUDEO\�FRQWURO�&2 �PRELOLW\���7KH�QXPHULFDO�PRGHOLQJ�UHVXOWV�VXJJHVW�WKDW�IRDP
�

ZLWK�605�FDQ�VXEVWDQWLDOO\�LQFUHDVH��VZHHS�HIILFLHQF\�DQG�WKHUHIRUH�LPSURYH�RLO�UHFRYHU\��)RDP
VFUHHQLQJ�LQGLFDWHV�WKDW�LQWHUIDFLDO�WHQVLRQ��,)7��LPSURYHPHQW�FRUUHODWHV�ZHOO�ZLWK�WKH�H[WHQW�RI�605
IRU�WKH�V\VWHP�WHVWHG��

7KH�VHFRQG�WDVN�H[DPLQHG�LQFUHDVLQJ�WKH�HIILFLHQF\�RI�&2 �E\�GHFUHDVLQJ�WKH�PDVV�RI�&2
�� � � � � � �

UHTXLUHG�WR�SURGXFH�D�EDUUHO�RI�RLO��0HWKRGV�XVHG�ZHUH�PLQLPL]LQJ�WKH�IORRG�SUHVVXUH��XVLQJ�IRDP
WR� LQFUHDVH�WKH�VZHHS�HIILFLHQF\��RU�ERWK��$�QXPEHU�RI�SKDVH�EHKDYLRU� WHVWV�ZHUH�SHUIRUPHG�WR
GHWHUPLQH�WKH�HIIHFW�RI�SUHVVXUH��WHPSHUDWXUH��DQG�UHVHUYRLU�IOXLG�FRPSRVLWLRQ�RQ�UHFRYHU\�HIILFLHQF\�
&RUHIORRG�WHVWV�ZHUH�SHUIRUPHG�WR�H[DPLQH�KRZ�LQWHUVWLWLDO�IORZ�UDWH�DQG�IRDP�TXDOLW\��YROXPH
IUDFWLRQ�RI�JDV��DIIHFW�IRDP�IRUPDWLRQ���7KH�IRDP��WHVWV�ZHUH�XVHG�WR�GHYHORS�GHVFULSWLRQV�RI�WKH
PHFKDQLVPV�DVVRFLDWHG�ZLWK� WKH�GLVSODFHPHQW�RI�RLO�E\�&2 �IRDP�LQMHFWLRQ�7KHVH�PHFKDQLVPV

�

SURYLGH�LQSXW�SDUDPHWHUV�IRU�UHVHUYRLU�VLPXODWLRQ���7KH�SURJUDPPLQJ�DQG�WHVWLQJ�RI�WZR�UHVHUYRLU
VLPXODWRUV�DQG�WHVWLQJ�RQ�D�UHVHUYRLU�VFDOH�IRU�WKH�IRDP�RSWLRQ�ZHUH�FRPSOHWHG���7KH�EHKDYLRU�VHHQ
LQ�RXU�VLPXODWLRQV�FORVHO\�PDWFKHG�EHKDYLRU�VHHQ�LQ�D�ILHOG�&2 �IRDP�SLORW���7KH�KRUL]RQWDO�RSWLRQ

�

ZDV�GHYHORSHG��WHVWHG��UHSRUWHG��DQG�YHULILHG�GXULQJ�WKLV�SURMHFW�

,Q�WKH�WKLUG�WDVN�WKH�GHYHORSPHQW�RI�PHWKRGV�WR�PHDVXUH�DQG�SUHGLFW�LQWHUIDFLDO�WHQVLRQ��,)7�
DW�UHVHUYRLU�FRQGLWLRQV�SURJUHVVHG�ZHOO���8QGHU�FRQGLWLRQV�QHDU�PLVFLELOLW\�WKH�,)7�DSSURDFKHV�]HUR
DQG�V\VWHPDWLF�HUURUV�RI�WUDGLWLRQDO�PHWKRGV�EHFRPH�XQDFFHSWDEOH�DW�ORZ�,)7���$�QHZ�PHWKRG�IRU
GHWHUPLQDWLRQ�RI�ORZ�,)7�ZDV�GHYHORSHG�EDVHG�RQ�D�VWDWLF�IRUFH�EDODQFH�RQ�WKH�ORZHU�KDOI�RI�WKH
SHQGDQW�GURS���7KH�PHDVXUHPHQWV�RI�VXUIDFH�DQG�LQWHUIDFLDO�WHQVLRQ�GHWHUPLQHG�ZLWK�WKLV�QHZ�PHWKRG
LQGLFDWH�LW�LV�PRUH�DFFXUDWH�WKDQ�WKH�WUDGLWLRQDOO\�XVHG�PHWKRGV�IRU�WKH�ORZ�,)7�UHJLRQ��,)7����
P1�P����$�VHFRQG�DUHD�RI�PDMRU�DFKLHYHPHQW�LV�WKH�GHYHORSPHQW�RI�D�QHZ�PDWKHPDWLFDO�PRGHO
EDVHG�RQ�'DUF\
V�ODZ�DQG�ILOP�IORZ�WKHRU\ WR�GHVFULEH�IUHH�IDOO�JUDYLW\�GUDLQDJH�ZLWK�HTXLOLEULXP
IOXLGV����7KH�QHZ�PRGHO�VKRZV�EHWWHU�DFFXUDF\�IRU�WKH����VHWV�RI�H[SHULPHQWDO�GDWD�H[DPLQHG�WKDQ
H[LVWLQJ�PRGHOV��$�VLPSOH�PHWKRGRORJ\�ZDV�GHYHORSHG�WKDW�DOORZV�WKH�XVHU�WR�FDOFXODWH�,)7�RI�DQ\
FUXGH�RLO�JDV�V\VWHP�



�
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,Q�7DVN����ZH�SURJUHVVHG�ZHOO�LQ�RXU�VWXGLHV�RI�VHOHFWLYH�PRELOLW\�UHGXFWLRQ��605���WKH

SURSHUW\�RI�&2 �IRDP�E\�ZKLFK�PRELOLW\�LV�UHGXFHG�E\�D�JUHDWHU�IUDFWLRQ�LQ�KLJKHU�WKDQ�LQ�ORZHU
�

SHUPHDELOLW\�FRUHV���7KLV�SURSHUW\�SURPLVHV�WR�LPSURYH�GLVSODFHPHQW�HIILFLHQF\�LQ�&2 �IORRGV�E\
�

UHGXFLQJ� WKH� HIIHFWV� RI� UHVHUYRLU� KHWHURJHQHLW\�� :H� YHULILHG� 605� LQ� ERWK� VHULHV� DQG� SDUDOOHO

KHWHURJHQHRXV�FRPSRVLWH�FRUHV���7KH�XQHYHQ�GLVWULEXWLRQ�RI�IOXLG�LQ�KHWHURJHQHRXV�FRPSRVLWH�FRUHV

ZDV�YHULILHG�DQG��PRUH�LPSRUWDQWO\��ZH�YHULILHG�WKH�SRVLWLYH�HIIHFW�RI��&2 �IRDP�LQ�FRPSHQVDWLQJ
�

IRU�WKH�HIIHFWV�RI�KHWHURJHQHLW\�LQ�WKH�FRUHV���$�SRWHQWLDO�PHWKRG�IRU�TXLFN�VFUHHQLQJ�RI�VXUIDFWDQWV

WR�DVVHVV�WKHLU�SRWHQWLDO�DV�605�DJHQWV�ZDV�GHYHORSHG�XVLQJ��,)7�DW�UHVHUYRLU�SUHVVXUH��7KH�IDYRUDEOH

HIIHFWV�RI�&2 �IRDP�DQG�WKH�DXJPHQWHG�SRVLWLYH�HIIHFW�RI�605�&2 �IRDPV�RQ�UHVHUYRLU�VFDOH�ZHUH
� � � � � � � � �

LPSOHPHQWHG�XVLQJ�D�VLPSOH�UHVHUYRLU�PRGHO���

,Q�7DVN����ZH�GHYHORSHG�D�SKDVH�EHKDYLRU�GDWD�EDQN� WKDW�FRQFHQWUDWHV�RQ� WKH�HIIHFWV�RI

SUHVVXUH��WHPSHUDWXUH��DQG�IOXLG�FRPSRVLWLRQV�RQ�WKH�GHYHORSPHQW�RI�HIILFLHQW�&2 �GLVSODFHPHQWV
�

XQGHU�UHVHUYRLU�FRQGLWLRQV���7KLV�LQIRUPDWLRQ�FDQ�EH�XVHG�GLUHFWO\�WR�XQGHUVWDQG�SKDVH�EHKDYLRU�LQ

UHVHUYRLU�IOXLG���&2 �GLVSODFHPHQWV�DQG�FDQ�DOVR�EH�XVHG�WR�GHWHUPLQH�,)7�DQG�VROXELOLW\�SDUDPHWHUV
�

XQGHU�G\QDPLF�UHVHUYRLU�FRQGLWLRQV���$OO�WKHVH�GDWD�DUH�EHLQJ�XVHG�WR�SUHGLFW�PLVFLELOLW\�DQG�UHFRYHU\

LQ�&2 �GLVSODFHPHQW�XQGHU�UHVHUYRLU�FRQGLWLRQV���&RUHIORRG�WHVWV�ZHUH�XVHG�WR�LGHQWLI\�DQG�TXDQWLI\
�

D�QXPEHU�RI�YDULDEOHV�LQ�IRDP�IORRGLQJ��HIIHFWV�RI�IORZ�UDWH��JDV�IRDP�TXDOLW\��JDV�YROXPH�IUDFWLRQ��

DQG� VXUIDFWDQW� FRQFHQWUDWLRQ�� � 'XULQJ� WKH� ILUVW� \HDU� IRDP� DQG� KRUL]RQWDO� ZHOO� IHDWXUHV� ZHUH

GHYHORSHG���'XULQJ�WKH�VHFRQG�\HDU�WKH�IRDP�IHDWXUH�ZDV�UHILQHG�DQG�WHVWHG�IRU�YHULILFDWLRQ���7KH

IRDP�PRGHO� LQ� WKH� LQLWLDO� WHVW� GLVSOD\HG� SKHQRPHQD� VLPLODU� WR� WKRVH� VHHQ� LQ� WKH�(DVW�9DFXXP

&2 �)RDP�3LORW�7HVW���7KH�IRDP�IHDWXUH�KDV�EHHQ��LQVWDOOHG�LQ�WZR�W\SHV�RI�UHVHUYRLU�VLPXODWRUV�DQG
�

LV�UHDG\�IRU�ILHOG�WHVWV���7KH�KRUL]RQWDO�IHDWXUH�ZDV�WHVWHG�XVLQJ�D�6RFLHW\�RI�3HWUROHXP�(QJLQHHUV

�63(��WHVW�SUREOHP�DQG�ZDV�ZLWKLQ�WKH�UDQJH�RI�IRXUWHHQ�RWKHU�YHUVLRQV���,Q�WKH�ILQDO�\HDU�D�UHVHUYRLU

PRGHO��ZDV�GHYHORSHG�DQG�WKH�IRDP�RSWLRQ�ZDV�WHVWHG�RQ�SLORW�WHVW�UHVXOWV�

,Q�7DVN����ZH�LQYHVWLJDWHG�PXOWLSKDVH�IORZ�EHKDYLRU�LQ�IUDFWXUHG�UHVHUYRLUV���8QGHUVWDQGLQJ

WKH�UHODWLRQVKLS�RI�IOXLG�IORZ�DQG�UHVHUYRLU�KHWHURJHQHLW\�LQ�IUDFWXUHG�UHVHUYRLUV�LV�WKH�NH\�IDFWRU�LQ

GHYHORSLQJ�D�VWUDWHJ\�RI�LPSURYLQJ�RLO�UHFRYHU\�LQ�WKHVH�UHVHUYRLUV����:H�LPSURYHG�WKH�DSSDUDWXV�IRU

PHDVXULQJ�,)7�DW�UHVHUYRLU�FRQGLWLRQV���7KH�WUDGLWLRQDO�PHWKRG�IRU�GHWHUPLQLQJ�,)7�XVLQJ�WKH�SHQGDQW

GURS� WHFKQLTXH�ZRUNV�ZHOO�H[FHSW�DW� ORZ�,)7�� � �$�QHZ�PHWKRG�IRU�FDOFXODWLRQ�RI� ORZ�,)7�ZDV

GHYHORSHG�DQG�VKRZQ�WR�ZRUN�DW�ORZ�,)7���7KH�QHZ�PHWKRG�LV�EDVHG�RQ�D�VWDWLF�IRUFH�EDODQFH�RQ�WKH

ORZHU�KDOI�RI�WKH�SHQGDQW�GURS���$QRWKHU�DUHD�RI�PDMRU�DFKLHYHPHQW�ZDV�WKH�GHYHORSPHQW�RI�D�QHZ

PDWKHPDWLFDO�PRGHO�EDVHG�RQ�'DUF\
V�ODZ�DQG�ILOP�IORZ�WKHRU\ WR�GHVFULEH�IUHH�IDOO�JUDYLW\�GUDLQDJH

ZLWK�HTXLOLEULXP�IOXLGV����7KH�DELOLW\�WR�PHDVXUH�DQG�SUHGLFW�,)7�XQGHU�UHVHUYRLU�FRQGLWLRQV�DQG�WR

GHVFULEH�JUDYLW\�GUDLQDJH�DUH�QHFHVVDU\�GHYHORSPHQWV�WRZDUG�WKH�JRDO�RI�LPSURYLQJ�RLO�UHFRYHU\�LQ

IUDFWXUHG�V\VWHPV�WKDW�SUHYLRXVO\�KDYH�QRW�EHHQ�VHULRXVO\�FRQVLGHUHG�IRU�&2 �IORRGLQJ��
�



�
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%DFNJURXQG

%HFDXVH�RI�WKH�LPSRUWDQFH�RI��&2 �IORRGLQJ�WR�IXWXUH�RLO�UHFRYHU\�SRWHQWLDO�LQ�1HZ�0H[LFR
�

DQG� ZHVW� 7H[DV�� WKH� 1HZ�0H[LFR� 3HWUROHXP� 5HFRYHU\� 5HVHDUFK� &HQWHU� �355&�� PDLQWDLQV� D
YLJRURXV�H[SHULPHQWDO�SURJUDP�LQ�WKLV�DUHD�RI�UHVHDUFK���7KLV�UHVHDUFK�KDV�EHHQ�VXSSRUWHG�E\�WKH
'HSDUWPHQW�RI�(QHUJ\��'2(���WKH�6WDWH�RI�1HZ�0H[LFR��DQG�D�FRQVRUWLXP�RI�RLO�FRPSDQLHV���%DVHG
RQ�HQFRXUDJLQJ�UHVXOWV�REWDLQHG�LQ�D�SURMHFW�HQWLWOHG��,PSURYHPHQW�RI�&2 �)ORRG�3HUIRUPDQFH���WKH

�

'2(�DZDUGHG�D�JUDQW�WR�WKH�355&�LQ������WR�WUDQVIHU�SURPLVLQJ�UHVHDUFK�RQ�&2 �IRDP�WR�D�ILHOG
�

GHPRQVWUDWLRQ�VLWH�WKDW�ZDV�D�VXFFHVVIXO�IRUHUXQQHU�RI�'2(©V�&ODVV�,��,,��DQG�,,,�SURMHFWV���$V�SDUW
RI�WKH�ILHOG�GHPRQVWUDWLRQ�WHVW��WKH�355&�SURYLGHG�ODERUDWRU\�DQG�UHVHDUFK�VXSSRUW�IRU�WKH�GHVLJQ
RI�WKH�SURMHFW�HQWLWOHG��)LHOG�9HULILFDWLRQ�RI�&2 �)RDP���DQG�FRQWLQXHG�WR�SHUIRUP�H[SHULPHQWDO

�

ZRUN�UHODWHG�WR�PHFKDQLVPV�LQYROYHG�LQ�&2 �IORRGLQJ���7KLV�SURMHFW�LV�D�FRQWLQXDWLRQ�RI�WKH�SULRU
�

ZRUN�LQ�WKRVH�DQG�QHZ��UHODWHG�DUHDV��

1HZ�FRQFHSWV�WKDW�ZHUH�LQYHVWLJDWHG�SURYLGH�D�PRUH�IDYRUDEOH�UHVSRQVH�IURP�WKH�XVH�RI�IRDP
IRU�DFKLHYLQJ�PRELOLW\�FRQWURO�LQ�&2 �IORRGV��WKH�SRVVLELOLW\�RI�REWDLQLQJ�JRRG�RLO�UHFRYHU\�HIILFLHQF\

�

ZKLOH�VWLOO�XVLQJ�OHVV�&2 �WKDQ�LV�FRPPRQO\�SUDFWLFHG�LQ�ILHOG�RSHUDWLRQ��DQG�WKH�SRVVLELOLW\�RI�&2
�� � � � � � � � � � � � �

IORRGLQJ� YHUWLFDOO\� IUDFWXUHG� UHVHUYRLUV�� � (DFK� RI� WKHVH� DUHDV� KDYH� SRWHQWLDO� IRU� LQFUHDVLQJ� RLO
SURGXFWLRQ�DQG��UHGXFLQJ�FRVWV�LQ�ILHOGV�SUHVHQWO\�XQGHU�&2 �IORRG�WKDW�DUH�YLHZHG�DV�FDQGLGDWHV�IRU

�

IXWXUH�&2 �IORRGLQJ���$OVR��WKH�UHVXOWV�RI�WKLV�UHVHDUFK�VKRXOG�H[SDQG�YLDEOH�FDQGLGDWH�ILHOGV�WR
�

LQFOXGH�ORZHU�SUHVVXUH�DQG�PXFK�PRUH�KHWHURJHQHRXV�RU�IUDFWXUHG�UHVHUYRLUV��

:LWK�ODUJH�TXDQWLWLHV�RI�RLO�XQUHFRYHUDEOH�LQ�IUDFWXUHG�UHVHUYRLUV��QHZ�FRQFHSWV�DUH�EHLQJ
FRQVLGHUHG�IRU�VXFK�UHVHUYRLUV�WKDW�KDYH�WKH�SRWHQWLDO�RI�UHFRYHULQJ�KXJH�YROXPHV�RI�WKH�UHPDLQLQJ
RLO���7KHVH�QHZ�FRQFHSWV�GHPRQVWUDWH�WKH�QHHG�IRU�UHVHDUFK�LQWR�LPSURYHPHQWV�IRU�&2 �IORRGLQJ�LQ

�

KHWHURJHQHRXV�UHVHUYRLUV�VR�WKDW�GRPHVWLF�RLO�UHFRYHU\�IURP�WKHVH�UHVHUYRLUV�FDQ�EH�PD[LPL]HG�DQG
SUHPDWXUH�DEDQGRQPHQW�RI�SRWHQWLDOO\�SURGXFWLYH�ZHOOV�SULRU� WR� LPSOHPHQWDWLRQ�RI� ,25�FDQ�EH
DYRLGHG�

3URJUDP�2EMHFWLYHV

7KH� REMHFWLYHV� RI� WKLV�ZRUN� FRQVLVWHG� RI� H[SHULPHQWDO� DQG�PRGHOLQJ� UHVHDUFK� DLPHG� DW
LPSURYLQJ� WKH� HIIHFWLYHQHVV� RI� &2 � IORRGLQJ� LQ� KHWHURJHQHRXV� UHVHUYRLUV�� 1HZ� FRQFHSWV� ZHUH

�

LQYHVWLJDWHG�WKDW�FDQ�EH�DSSOLHG�E\�ILHOG�RSHUDWRUV�ZLWKLQ�WKH�QH[W�WZR�WR�ILYH�\HDUV��:H�FRQGXFWHG
H[SHULPHQWDO�UHVHDUFK�LQ�WKUHH�FORVHO\�UHODWHG�DUHDV�����H[SORUDWLRQ�RI�WKH�DSSOLFDELOLW\�RI�VHOHFWLYH
PRELOLW\� UHGXFWLRQ�� ��� SRWHQWLDO� KLJKHU� HFRQRPLF� YLDELOLW\� RI� IORRGV� DW� UHGXFHG� &2 � LQMHFWLRQ

�

SUHVVXUHV��DQG����H[SORLWDWLRQ�RI�JUDYLWDWLRQDO�IRUFHV�GXULQJ�ORZ�,)7�&2 �IORRGLQJ�LQ�WLJKW��YHUWLFDOO\
�

IUDFWXUHG�UHVHUYRLUV��

5HSRUW�&RQWHQW

7KLV� UHSRUW� GHVFULEHV� ZRUN� SHUIRUPHG� GXULQJ� WKH� SURMHFW�� � 6HSDUDWH� GLVFXVVLRQV� DQG
VXSSRUWLQJ�PDWHULDO�DUH�SURYLGHG�IRU�HDFK�RI�WKH�WKUHH�WDVN�DUHDV�



�
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,QWURGXFWLRQ

,Q� WKH� RLO� UHFRYHU\� SURFHVV��&2 � IRDP� LV� DQ� HIIHFWLYH�PRELOLW\� UHGXFLQJ� DJHQW� IRU�&2
�� � � � � � � � � �

IORRGLQJ�� 5HFHQW� UHVHDUFK� LQGLFDWHV� WKDW� VRPH� &2 � IRDPV� VKRZ� DQ� H[FLWLQJ� DGGLWLRQDO
�

FKDUDFWHULVWLF¥�VHOHFWLYH�PRELOLW\�UHGXFWLRQ��605�� ��,Q�ODERUDWRU\�H[SHULPHQWV��605�LQ�IRDPV���

UHGXFHV�WKH�PRELOLW\�RI�&2 �E\�D�JUHDWHU�IUDFWLRQ�LQ�KLJKHU�SHUPHDELOLW\�FRUHV�WKDQ�LQ�WKRVH�RI�ORZHU
�

SHUPHDELOLW\��:LWK�WKLV�SURSHUW\��IRDP�FDQ�IORZ�DW�WKH�VDPH�YHORFLW\�LQ�KLJK�DQG�ORZ�SHUPHDELOLW\

UHJLRQV�LQ�UHVHUYRLU�IRUPDWLRQV�DQG�SUHVHUYH�WKH�XQLIRUPLW\�RI�WKH�IORRG�IURQW�ZKLOH�SURSDJDWLQJ

WKURXJK�URFNV�ZLWK�QRQ�XQLIRUP�SHUPHDELOLW\����3UHVXPDEO\��WKLV�SURSHUW\�FRXOG�UHGXFH�WKH�HIIHFW�RI

ERWK�YHUWLFDO�DQG�KRUL]RQWDO�URFN�KHWHURJHQHLW\�LQ�UHVHUYRLU�IRUPDWLRQV��$V�D�FRQVHTXHQFH��WKH�XVH

RI� &2 �IRDP� VKRZLQJ� 605�ZRXOG� GHOD\� &2 � EUHDNWKURXJK� DQG� SURGXFH� KLJKHU� GLVSODFHPHQW
� � � � � � �

HIILFLHQF\�LQ�KHWHURJHQHRXV�UHVHUYRLUV�

7KH�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�LGHQWLI\�VXUIDFWDQWV�WKDW�LQGXFH�605��DQG�WR�XQGHUVWDQG

WKH�SKHQRPHQD�DQG�GHYHORS�PHWKRGV�WR�SUHGLFW�ZKLFK�IRDPLQJ�DJHQWV�FDQ�EH�H[SHFWHG�WR�H[KLELW

605�EHKDYLRU�� �7KH�IROORZLQJ�WDVNV�ZHUH�SXUVXHG�RYHU�WKH�SDVW�WKUHH�\HDUV�WR�GHYHORS�D�EHWWHU

XQGHUVWDQGLQJ�RI�605�

3UHOLPLQDU\�ZRUN��&RUH�IORRGLQJ�H[SHULPHQWV�ZHUH�FRQGXFWHG�WR�H[SORUH�WKH�RFFXUUHQFH�RI�605�LQ

YDULRXV�GRPDLQV�RI�VXUIDFWDQW�W\SH�DQG�FRQFHQWUDWLRQ��IORZ�UDWHV��IRDP�TXDOLW\��DQG�URFN�W\SH�

&DSLOODU\�FRQWDFW�H[SHULPHQWV��VHULHV�IORZ�V\VWHP���7KH�ILUVW�W\SH�RI�SRURXV�PHGLD��FRPSULVLQJ�WZR

ZHOO�GHILQHG�SHUPHDELOLW\�UHJLRQV�LQ�FDSLOODU\�FRQWDFW�WKDW�ZHUH�DUUDQJHG�LQ�VHULHV��ZDV�XVHG�WR�WHVW

VXUIDFWDQW�FDSDELOLW\�WR�JHQHUDWH�IRDP�ZLWK�605�

&DSLOODU\�FRQWDFW�H[SHULPHQWV��SDUDOOHO�IORZ�V\VWHP���7KH�VHFRQG�W\SH�RI�SRURXV�PHGLD��FRPSULVLQJ

WZR�VHFWLRQV�FRD[LDOO\�DUUDQJHG�SDUDOOHO�WR�WKH�IORZ�GLUHFWLRQ��ZDV�XVHG�WR�YHULI\�605�EHKDYLRU�RI

IRDP�DQG�LWV�FDSDELOLW\�DV�D�GLYHUWLQJ�DJHQW�

1XPHULFDO�VLPXODWLRQ��$�VLPSOH�QXPHULFDO�PRGHO�ZDV�GHYHORSHG�WR�VLPXODWH�605�LQ�FRUHIORRGV�DQG

WR�DQDO\]H�LWV�HIIHFW�RQ�RLO�UHFRYHU\�

(VWDEOLVKPHQW�RI�FRUUHODWLRQ��)RDP�SURSHUWLHV�LQ�D�EXON�SKDVH�DQG�LQ�SRURXV�PHGLD�ZHUH�FRUUHODWHG

E\�PHDQV�RI�WZR�DVVHVVPHQW�PHWKRGV�

Preliminary Laboratory Work

3UHOLPLQDU\�ZRUN�ZDV�FRQGXFWHG�WR�H[SORUH�WKH�RFFXUUHQFH�RI�605�LQ�FRUHIORRGLQJ�ZLWK�WZR

GLIIHUHQW�H[SHULPHQWDO�VHWXSV���7KH�ILUVW�VHULHV�RI�H[SHULPHQWV��6HULHV�$��ZDV�GHVLJQHG�WR�PHDVXUH

WKH�PRELOLW\�RI�IOXLG�LQ�VPDOO�FRUHV��PHDVXULQJ�����LQFK�LQ�OHQJWK�DQG�����LQFK�LQ�GLDPHWHU��ZLWK

GLIIHUHQW�SHUPHDELOLWLHV��DUUDQJHG�LQ�VHULHV�DORQJ�WKH�IORZ�SDWK�RI�D�V\VWHP�� �,Q� WKLV�GHVLJQ�� WKH

PRELOLWLHV�RI�IORZLQJ�IOXLG�ZHUH�PHDVXUHG�VLPXOWDQHRXVO\�GXULQJ�D�VLQJOH�H[SHULPHQW��D�SURFHGXUH

WKDW� VXEVWDQWLDOO\� UHGXFHG� WKH� WLPH� UHTXLUHG� WR� REWDLQ� H[SHULPHQWDO� UHVXOWV�� � 7KH� VHFRQG� VHW� RI

H[SHULPHQWV��6HULHV�%��ZDV�GHVLJQHG�WR�LQYHVWLJDWH�WKH�HIIHFW�RI�FRUH�VDPSOH�VL]H�DQG�JHRPHWU\�RQ



�

WKH�H[SHULPHQWDO�UHVXOWV���$�ODUJHU�FRUH��PHDVXULQJ������LQ��ORQJ��DQG������LQ��LQ�GLDPHWHU��ZDV�XVHG

LQ�WKLV�VHFRQG�VHULHV�RI�H[SHULPHQWV���

7HVW�6HULHV�$

7R�VFUHHQ�VXUIDFWDQWV�IRU�RFFXUUHQFH�RI�605�LQ�IRDP�IORRGLQJ�SURFHVV��D�VWDQGDUG�KLJK�

SUHVVXUH�PRELOLW\�H[SHULPHQW�ZDV�PRGLILHG�WR�H[SHGLWH�PHDVXUHPHQW�RI�WKH�PRELOLW\�RI�&2 �IRDP
�

WKURXJK�URFN�VDPSOHV�ZLWK�GLIIHUHQW�SHUPHDELOLWLHV���7ZR�FRUHKROGHUV�ZHUH�DVVHPEOHG�LQ�VHULHV�LQ

WKH�IORZ�SDWK�RI�WKH�&2 �IRDP�LQ�VXFK�D�ZD\�WKDW�WKH�PRELOLWLHV�RI�IRDPV�LQ�WZR�FRUHV�RI�GLIIHUHQW
�

SHUPHDELOLW\�FRXOG�EH�PHDVXUHG�VLPXOWDQHRXVO\�GXULQJ�D�VLQJOH�H[SHULPHQW���7KH�YDOLGLW\�RI�WKLV

GHVLJQ�ZDV�H[DPLQHG�E\�LQWHUFKDQJLQJ�WKH�SRVLWLRQV�RI�WZR�FRUHV�LQ�WKH�IORZ�V\VWHP�GXULQJ�WKH

PRELOLW\�PHDVXUHPHQW���$GGLWLRQDO�PRELOLW\�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�WR�H[DPLQH�WKH�HIIHFW

RI�VXUIDFWDQW�W\SH��FRQFHQWUDWLRQ��URFN�W\SH�DQG�IORZ�UDWH�RQ�605�RI�&2 �IRDP��7KH�UHVXOWV�DQG
�

GLVFXVVLRQ�RI�WKHVH�WHVWV�DUH�SUHVHQWHG�EHORZ��

7KH�ILUVW�PRGLILFDWLRQ�ZDV�PDGH�WR� LQFUHDVH�WKH�VSHHG�DQG�HIILFLHQF\�RI� WKH�WHVWV�� �7KLV

FKDQJH�FRQVLVWHG�RI�WKH�LQVHUWLRQ�RI�D�VHFRQG�FRUHKROGHU�DQG�URFN�VDPSOH�LQ�VHULHV�ZLWK�WKH�IRDP

JHQHUDWRU�DQG�ILUVW�FRUH�LQ�WKH�V\VWHP��WR�WUDQVSRUW�WKH�PL[WXUH�RI�GHQVH�&2 �DQG�EULQH�RU�VXUIDFWDQW
�

VROXWLRQ��&RQVHTXHQWO\��WKH�IORZ�RI�WKH�WZR�IOXLGV�ZHUH�WKH�VDPH�LQ�WKH�VWHDG\�VWDWH�IRU�WKH�WZR�FRUHV�

DQG�WKH�PRELOLWLHV�FRXOG�EH�REVHUYHG�E\�UHFRUGLQJ�WKH�SUHVVXUH�GURSV�DFURVV�HDFK�

7KH�VHFRQG�FKDQJH�ZDV�UHSODFLQJ�WKH�QHHGOH�YDOYH�WKDW�KDG�EHHQ�XVHG�WR�FRQWURO�WKH�IORZ�UDWH�

)RU� WKLV� SXUSRVH��ZH� DGGHG� DQ� DGGLWLRQDO�� EDFNZDUGV�UXQQLQJ�5XVND� SXPS� GRZQVWUHDP� LQ� WKH

V\VWHP���$OWKRXJK�WKH�LQGLYLGXDO�IORZ�UDWH�RI�WKH�&2 �DQG�WKH�EULQH��RU�VXUIDFWDQW�VROXWLRQ��ZDV
�

FRQWUROOHG�E\�VHSDUDWH�LQMHFWLRQ�SXPSV��WKH�DGGLWLRQDO�SXPS�PDGH�LW�SRVVLEOH�WR�PDLQWDLQ�FRQVWDQW

WKH�WRWDO�YROXPHWULF�IORZ�UDWH�RI�&2 �IRDP�RU�&2 �EULQH�GXULQJ�WKH�H[SHULPHQW���7KXV��WKH�VDPH�IORZ
� � � �

UDWH�RI�&2 �PL[WXUHV�WKURXJK�HDFK�FRUH�DW�VWHDG\�VWDWH�ZDV�DVVXUHG�DQG�WKH�PRELOLWLHV�LQ�KLJK�DQG�ORZ
�

SHUPHDELOLW\�URFN�VDPSOHV�ZHUH�GHWHUPLQHG�VLPXOWDQHRXVO\���7KH�VFKHPDWLF�RI�WKLV�DSSDUDWXV�LV

VKRZQ�LQ�)LJ�����%HFDXVH�WKH�&2 �DTXHRXV�PL[WXUH�ZDV�FRUURVLYH��WKH�UHDU�SRUWLRQ�RI�WKH�IORDWLQJ
�

SLVWRQ�FRQWDLQHG�GLVWLOOHG�ZDWHU�WR�SURWHFW�WKH�LQVLGH�EDUUHO�RI�WKH�SXPS���

7ZR�VXUIDFWDQWV��&KDVHU��&'�����DQG�&'������ZHUH�XVHG�LQ�WKH�6HULHV�$�WHVWV���7KH\�ZHUH

VXSSOLHG�E\�&KHYURQ�&KHPLFDO�&RPSDQ\�DV������ZW��DFWLYH�DQG����ZW��DFWLYH�DTXHRXV�VROXWLRQV�

UHVSHFWLYHO\���,Q�GLIIHUHQW�WHVWV��WZR�VXUIDFWDQW�FRQFHQWUDWLRQV������SSP��QHDU�RU�EHORZ�WKH�FULWLFDO

PLFHOOH�FRQFHQWUDWLRQ�RI�HDFK�VXUIDFWDQW��DQG������SSP��DERYH�HDFK�VXUIDFWDQW
V�&0&��ZHUH�XVHG

WR� JHQHUDWH� WKH� IRDP�� � 7KHVH� FRQFHQWUDWLRQV�ZHUH� FDOFXODWHG� RQ� DQ� DFWLYH� EDVLV�� 6LPXOWDQHRXV

LQMHFWLRQ�RI�&2 �DQG�EULQH�RU�&2 �DQG�VXUIDFWDQW�ZDV�PDLQWDLQHG�DW�D�YROXPHWULF�UDWLR�RI������RU
�� � � � �

TXDOLW\�RI������ZKLOH�WKH�WRWDO�IORZ�UDWHV�YDULHG�IURP�����FF�KU�WR����FF�KU��FRUUHVSRQGLQJ�WR�'DUF\

YHORFLWLHV�RI�����IW�GD\�WR�����IW�GD\����$OO�H[SHULPHQWV�ZHUH�FRQGXFWHG�DW�����)�DQG������SVLJ��

&RUH�VDPSOHV�XVHG�LQ�WKLV�SUHOLPLQDU\�ZRUN�ZHUH�FXW�IURP�WZR�W\SHV�RI�TXDUULHG�URFNV��%HUHD

VDQGVWRQH�DQG�%DNHU�GRORPLWH��DQG�IURP�RQH��SUHVHUYHG�VWDWH��FDUERQDWH�UHVHUYRLU�URFN���7KH�FRUH

SOXJ�XVHG�DV�D�IRDP�JHQHUDWRU�ZDV�����LQ��LQ�GLDPHWHU�DQG�����LQ��LQ�OHQJWK��ZKLOH�WKH�RWKHU�FRUH



�

VDPSOHV�ZHUH�����LQ��LQ�GLDPHWHU�DQG�����LQ��LQ�OHQJWK���7KH�SHUPHDELOLW\�RI�%HUHD�VDQGVWRQH�YDULHV

IURP�����PG�WR�����PG��ZKHUHDV�WKH�SHUPHDELOLW\�RI�%DNHU�GRORPLWH�YDULHV�IURP����PG�WR�����PG�

7KH�UHVHUYRLU�URFN�XVHG�KHUH�ZDV�VXSSOLHG�E\�WKH�3KLOOLSV�3HWUROHXP�&RPSDQ\�DV�D�SLHFH�RI�FRUH�VODE

UHWULHYHG�IURP�DQ�REVHUYDWLRQ�ZHOO�LQ�WKH�(DVW�9DFXXP�*UD\EXUJ�6DQ�$QGUHV�8QLW�)LHOG���7KLV�FRUH

VODE�ZDV�ZUDSSHG�DQG�VHDOHG�DW�WKH�ZHOO�VLWH�DQG�FRQWDLQHG�WKH�RULJLQDO�UHVHUYRLU�IOXLGV���8VLQJ�WKH

355&�VFDQQLQJ�PLQLSHUPHDPHWHU��ZH�PHDVXUHG�����SHUPHDELOLWLHV�RQ�RQH�IODW�VXUIDFH�RI�WKLV�FRUH

VODE��ZLWK�D������LQ��VTXDUH�JULG���)URP�WKLV�PHDVXUHG�SHUPHDELOLW\�PDS��ZH�IRXQG�WKH�SHUPHDELOLWLHV

WR�YDU\�IURP�����PG�WR�����PG�RQ�D�VPDOO�DUHD�RI�VXUIDFH�����LQ� ����7KH�SHUPHDELOLWLHV�DUH�QRW�

XQLIRUPO\� GLVWULEXWHG� DQG� DUH� PRVWO\� EHORZ� ��� PG�� � %\� FDUHIXOO\� ORFDWLQJ� WKH� KLJK� DQG� ORZ

SHUPHDELOLW\� UHJLRQV� RQ� WKLV� FRUH� VODE�� ZH� ZHUH� DEOH� WR� FXW� VHYHUDO� FRUH� SOXJV� ZLWK� DYHUDJH

SHUPHDELOLWLHV�UDQJLQJ�IURP����WR�����PG�IRU�WKH�WHVWV���

)RXU� H[SHULPHQWV� ZHUH� FRQGXFWHG� WR� H[DPLQH� WKH� HIIHFW� RI� FRUH� SRVLWLRQ� RQ� PRELOLW\

PHDVXUHPHQWV�LQ�WKH�QHZ�WZR�FRUH�V\VWHP���7KH�ILUVW�WZR�H[SHULPHQWV�ZHUH�FRQGXFWHG�ZLWK�WKH�KLJK

SHUPHDELOLW\�FRUH�SRVLWLRQHG�DKHDG�RI�WKH�ORZ�SHUPHDELOLW\�FRUH��ZKHUHDV�WKH�RWKHU�WZR�H[SHULPHQWV

ZHUH�FRQGXFWHG�ZLWK�WKH�FRUHV�WKH�RWKHU�ZD\�DURXQG���%DNHU�GRORPLWH�DQG�ILUHG�%HUHD�VDQGVWRQH�ZHUH

XVHG�LQ�WKHVH�WHVWV�ZLWK�VXUIDFWDQW�&'�������,Q�)LJ�����WKH�PRELOLW\�YDOXHV�DUH�SORWWHG�ZLWK�UHVSHFW

WR�WKH�FRUH�SHUPHDELOLWLHV���)URP�WKH�UHVXOWV��LW�LV�HYLGHQW�WKDW�ZKHWKHU�WKH�KLJK�RU�ORZ�SHUPHDELOLW\

FRUH� LV�SODFHG�ILUVW� LQ� WKH� IORZ�VWUHDP�LV�QRW�VLJQLILFDQW�� �$� OLQH�FRQQHFWLQJ� WKH�GDWD�SRLQWV� �RI

GLIIHUHQW�SHUPHDELOLW\�LQGLFDWHV�WKH�UHODWLRQVKLS�EHWZHHQ�PRELOLW\�RI�IOXLG�DQG�WKH�URFN�SHUPHDELOLW\�

)RU� DQ� RUGLQDU\� IOXLG� IORZLQJ� WKURXJK� GLIIHUHQW� SHUPHDELOLW\� URFN� VDPSOHV�� WKH� PRELOLWLHV� DUH

SURSRUWLRQDO�WR�WKH�URFN
V�SHUPHDELOLWLHV��DQG�WKH�VORSH�RI�WKH�OLQH�VKRXOG�EH�������2Q�WKH�RWKHU�KDQG�

IRU�D�IRDP�VKRZLQJ�DQ�LGHDO�605��ZKHUH�WKH�PRELOLW\�RI�IRDP�LV�URXJKO\�WKH�VDPH�DW�KLJK�DQG�ORZ

SHUPHDELOLW\���WKH�VORSH�RI�WKH�OLQH�FRQQHFWLQJ�WKH�PRELOLW\�GDWD�SRLQWV�ZLOO�EH�]HUR���$Q\�VORSH�RI

WKH�OLQH�IDOOLQJ�EHWZHHQ�]HUR�DQG�RQH�LQGLFDWHV�WKH�RFFXUUHQFH�RI�605�WR�VRPH�GHJUHH��D�OHVVHU�YDOXH

VXJJHVWV�D�PRUH�IDYRUDEOH�605���%DVHG�RQ�WKLV�GHGXFWLRQ��ZH�LQWURGXFHG�D�UHJUHVVLRQ�PHWKRG�WR

DQDO\]H� WKH� VORSH� RI� WKH� OLQH� DQG� XVHG� LW� WR� TXDOLWDWLYHO\� GHVFULEH� 605�� 7KHVH� VORSHV� FDQ� EH

GHWHUPLQHG�IURP�GDWD�VKRZQ�LQ�)LJV��¤����,Q�RUGHU�WR�DYRLG�FRQJHVWLRQ�RQ�WKH�ILJXUHV��PDNLQJ�LW

GLIILFXOW� WR� GLVWLQJXLVK� WKH� LQGLYLGXDO� UHVXOWV�� DOO� RI� WKH� VWUDLJKW� OLQH� DSSUR[LPDWLRQV� KDYH� EHHQ

RPLWWHG��H[FHSW�IRU�WKH�XQLW\�VORSH�OLQH�WKURXJK�WKH�¦QR�VXUIDFWDQW§�SRLQWV.

$VVXPLQJ�1HZWRQLDQ�IOXLGV��WKH�VORSH�YDOXHV�RI�GDWD�VHWV�LQ�)LJ����IRU�&2 �EULQH�VKRXOG�EH
�

RQH�� � LI� WKH�WRWDO�PRELOLW\�RI�D� WZR�SKDVH�PL[WXUH�ZLWKRXW�VXUIDFWDQW� LV�SURSRUWLRQDO� WR� WKH�URFN

SHUPHDELOLW\���,Q�IDFW��WKH�VORSH�YDOXHV�RI�&2 �EULQH�ZHUH�FDOFXODWHG�WR�EH������DQG�������UHVSHFWLYHO\�
�

IRU� WKH� WZR�GLIIHUHQW�FRUH�SRVLWLRQV� �DV� LGHQWLILHG�DW� WKH�ERWWRP�RI� WKH�SORW��� �$V� WKH� VXUIDFWDQW

FRQFHQWUDWLRQ�LQFUHDVHG���WKH�VORSH�RI�WKH�PRELOLW\�OLQH�GHFUHDVHG�WR�������������DW�����SSP��DQG������

������DW�������SSP��IRU�WKH�WZR�FRUH�SRVLWLRQV��7KHVH�ORZHU�WKDQ�RQH�YDOXHV�IRU�WKH�VORSH�LQGLFDWHG

WKDW�WKH�IRDP�VKRZHG�605���$OWKRXJK�QRWLFHDEOH�GLIIHUHQFH�LQ�VORSH�YDOXHV�ZHUH�IRXQG�ZKHQ�FRUH

SRVLWLRQV�ZHUH�FKDQJHG��WKH�GLIIHUHQFH�ZDV�QRW�VLJQLILFDQW�LQ�WKH�LQWHUSUHWDWLRQ�RI�605���7KHUHIRUH�

IRU�FRQVLVWHQF\��WKH�UHPDLQLQJ�PRELOLW\�PHDVXUHPHQWV�ZHUH�FRQGXFWHG�ZLWK�WKH�KLJKHU�SHUPHDELOLW\

FRUH�SODFHG�DKHDG�RI�WKH�ORZHU�SHUPHDELOLW\�FRUH�LQ�WKH�IORZ�V\VWHP��

:KHQ�WKH�PRELOLW\�PHDVXUHPHQWV�ZHUH�WDNHQ�ZLWK�TXDUULHG�URFNV��605�ZDV�REVHUYHG�LQ



�

PRVW�FDVHV�LQ�XVLQJ�ERWK�VXUIDFWDQWV�&'�����DQG�&'�������,Q�WKH�WHVWV�ZLWK�WKH�FDUERQDWH�UHVHUYRLU

URFNV��KRZHYHU��IDYRUDEOH�605�ZDV�QRW�REVHUYHG�IRU�HLWKHU�RI�WKHVH�VXUIDFWDQWV��7KLV�GLIIHUHQFH�PD\

KDYH�UHVXOWHG�IURP�K\GURFDUERQ�UHVLGXH�UHPDLQLQJ�LQ�WKH�FRUHV�WKDW�LQWHUIHUHG�ZLWK�IRDP�IRUPDWLRQ�

RU�PD\�KDYH�EHHQ�WKH�UHVXOW�RI�XQXVXDOO\�ODUJH�FKDQJHV�LQ�DQG�HURVLRQ�RI�WKH�(9*6$8�FRUH�GXULQJ

WKH�WHVW���,Q�DGGLWLRQ��LW�ZDV�IRXQG�WKDW�WKH�H[WHQW�RI�605�YDULHG�FRQVLVWHQWO\�DPRQJ�WKH�RWKHU�WHVWV�

2I�WKH�VHYHUDO�IDFWRUV�H[DPLQHG��WKH�VXUIDFWDQW�W\SH�DQG�IORZ�UDWH�ZHUH�IRXQG�WR�EH�WKH�WZR�PRVW

VLJQLILFDQW�SDUDPHWHUV��ZKLOH�WKH�URFN�W\SH�DQG�VXUIDFWDQW�FRQFHQWUDWLRQ��VR�ORQJ�DV�WKLV�ZDV�DERYH

WKH�&0&��DIIHFWHG�WKH�605�WR�D�OHVVHU�H[WHQW�

$�W\SLFDO�VHW�RI�UHVXOWV�VKRZLQJ�WKH�GHSHQGHQFH�RI�PRELOLW\�RQ�URFN�SHUPHDELOLW\�LV�SORWWHG

LQ�)LJ������7KH�WZR�JURXSV�RI�URFNV�UHSUHVHQWHG�LQ�WKLV�SORW�DUH�%DNHU�GRORPLWH��UDQJLQJ�IURP����PG

WR�����PG��DQG�%HUHD�VDQGVWRQH��UDQJLQJ�IURP�����PG�WR�����PG����$W�D�WRWDO�IORZ�YHORFLW\�RI����

IW�GD\�DQG�UHJDUGOHVV�RI�URFN�W\SH��WKH�PRELOLWLHV�RI�&2 �EULQH��GHSLFWHG�DV�VROLG�VTXDUHV��IDOO�PRUH
�

RU�OHVV�RQ�D�OLQH�RI�XQLW�VORSH�ZKHQ�WKH\�DUH�SORWWHG�DJDLQVW�WKH�VDPSOH�SHUPHDELOLWLHV���,Q�IDFW��WKH

VORSH�RI�WKLV�OLQH�DV�REWDLQHG�IURP�WKH�UHJUHVVLRQ�VKRZV�D�YDOXH�RI��������$V�VXUIDFWDQW�&'����

FRQFHQWUDWLRQ�LV�LQFUHDVHG�IURP���WR�����SSP��WKH�PRELOLW\�RI�IRDP��VKRZQ�DV�RSHQ�GLDPRQGV��LV

VLJQLILFDQWO\� UHGXFHG�� � 7KH� VORSH� RI� WKH� OLQH� FRQQHFWLQJ� WKHVH� GDWD� SRLQWV� LV� UHGXFHG� WR� �����

LQGLFDWLQJ�WKDW�605�RFFXUV�ZLWKLQ�WKH�ZKROH�UDQJH�RI�SHUPHDELOLW\���$V�WKH�VXUIDFWDQW�FRQFHQWUDWLRQ

LV�LQFUHDVHG�IXUWKHU��WKH�PRELOLW\�RI�IRDP�LV�VRPHZKDW�IXUWKHU�UHGXFHG���+RZHYHU��WKH�VORSH�LQFUHDVHV

VOLJKWO\¥VXJJHVWLQJ�WKDW�DGGLWLRQDO�VXUIDFWDQW�GRHV�QRW�LPSURYH�605�LQ�WKLV�FDVH�

6LPLODU�UHVXOWV�DUH�DOVR�SORWWHG�LQ�)LJV����WR����LQ�ZKLFK�PRELOLW\�GHSHQGHQFH�LV�H[DPLQHG

ZLWK�GLIIHUHQW�VXUIDFWDQWV�DQG�ZLWK�GLIIHUHQW�IORZ�UDWHV���,Q�DGGLWLRQ�WR�WKHVH�SORWV��WKH�VORSH�YDOXHV

GHWHUPLQHG�ZLWK�WKH�UHJUHVVLRQ�PHWKRG�DUH�DOVR�WDEXODWHG�LQ�7DEOH�����)DFWRUV�FRQVLGHUHG�LQ�WKLV�WDEOH

LQFOXGH�WKH�IORZ�UDWH��URFN�W\SH��DQG�VXUIDFWDQW�W\SH�DQG�FRQFHQWUDWLRQ���%\�FRPSDULQJ�WKH�OLVWHG

YDOXHV��WKH�VORSHV�IRU�PRVW�RI�&2 �EULQH�FDVHV����SSP��DUH�LQ�WKH�QHLJKERUKRRG�RI�RQH����2Q�WKH�RWKHU
�

KDQG��WKH�VORSHV�RI�PRVW�RI�WKH�IRDP�FDVHV�DUH�VLJQLILFDQWO\�OHVV�WKDQ�RQH���$V�GHVFULEHG�SUHYLRXVO\�

WKH� VORSH�YDOXH�FDQ�EH�XVHG�DV�DQ� LQGLFDWRU� WR�VKRZ�WKH�H[WHQW�RI�605�DPRQJ�GLIIHUHQW�FDVHV�

7KHUHIRUH��VXUIDFWDQW�&'�����H[KLELWV�D�VOLJKWO\�PRUH�IDYRUDEOH�605�LQ�%HUHD�VDQGVWRQH�WKDQ�LQ

%DNHU�GRORPLWH��EHFDXVH�WKH�VORSHV�LQ�VDPSOHV�RI�%HUHD�VDQGVWRQH�FRUHV�DUH�OHVV�WKDQ�WKRVH�LQ�WKH

VDPSOHV�RI�%DNHU�GRORPLWH���/LNHZLVH��VXUIDFWDQW�&'�����H[KLELWV�D�OHVV�IDYRUDEOH�605�LQ�WKH�%HUHD

VDQGVWRQH� WKDQ� LQ� WKH�%DNHU� GRORPLWH�� � ,Q�PRVW� FDVHV�� WKH� LQFUHDVH� RI� VXUIDFWDQW� FRQFHQWUDWLRQ

LPSURYHV�WKH�605�ZKHQ�XVLQJ�VXUIDFWDQW�&'������EXW�IDLOV�WR�LPSURYH�WKH�605�ZKHQ�VXUIDFWDQW

&'����� LV�XVHG�� �0RUHRYHU�� WKH� UHVXOWV�DOVR� UHYHDO� WKDW�D�EHWWHU�605�LV�H[KLELWHG�DW� ORZ�IORZ

YHORFLW\�RI�&2 �IRDP������IW�GD\��WKDQ�DW�KLJK�IORZ�YHORFLW\������IW�GD\��LQ�DOO�FDVHV���7KLV�LPSOLHV
�

WKDW�605�RI�IRDP�PD\�EH�LPSURYHG�ZKHQ�IRDP�KDV�WUDYHOHG�IDU�DZD\�IURP�WKH�LQMHFWLRQ�ZHOOV�LQ�WKH

IRUPDWLRQ������

8QOLNH�WKH�UHVXOWV�IRXQG�LQ�WKH�TXDUULHG�URFNV��KRZHYHU��D��IDYRUDEOH�605�ZDV�QRW�REVHUYHG
LQ�WKH�WHVWV�XVLQJ�GRORPLWH�UHVHUYRLU�URFNV�UHWULHYHG�IURP�DQ�REVHUYDWLRQ�ZHOO�LQ�WKH�(9*6$8���7KH
UHODWLRQVKLS�EHWZHHQ�PRELOLWLHV�DQG�URFN�SHUPHDELOLWLHV�LV�GLVSOD\HG�LQ�)LJ������7KH�PRELOLWLHV�RI
&2 �EULQH�IDOO�DSSUR[LPDWHO\�RQWR�D�XQLW�VORSH�OLQH���7KH�OLQHV�FRQQHFWLQJ�PRELOLWLHV�RI�&2 �IRDP

� � � � � � � � �� � � � � � �

IRU�HDFK�VXUIDFWDQW��KRZHYHU��KDYH�VORSHV�JUHDWHU�WKDQ�RQH���6XFK�D�IRDP�H[KLELWV�DQ�XQIDYRUDEOH
605�� LQ�ZKLFK�PRELOLW\� LV�PXFK�KLJKHU� LQ� WKH�KLJKHU�SHUPHDELOLW\�FRUH� WKDQ� LW� LV� LQ� WKH� ORZHU



�

SHUPHDELOLW\���7KLV�XQIDYRUDEOH�UHVXOW�LQGLFDWHV�WKDW�H[LVWHQFH�RI�K\GURFDUERQ�LQ�FRUH�VDPSOHV�FDQ
KDYH�D�VLJQLILFDQW�HIIHFW�RQ�IRDP�SURSHUWLHV��DQG�WKHUHIRUH��RQ��WKH�605�EHKDYLRU�RI�IRDP�

7HVW�6HULHV�%

7KLV�ZRUN�ZDV�FDUULHG�RXW�LQ�D�VRPHZKDW�GLIIHUHQW�H[SHULPHQWDO�FLUFXPVWDQFH��)LUHG�%HUHD
FRUHV�RI�����FP�GLDPHWHU�DQG���FP�OHQJWK�ZHUH�XVHG���7KHVH�ZHUH�VRPHZKDW�ODUJHU�WKDQ�WKRVH�XVHG
LQ�7HVW�6HULHV�$���7KH�SHUPHDELOLWLHV�RI�WKH�FRUHV�ZHUH�����������DQG�����PG���$JDLQ��FRQVWDQW
GLVSODFHPHQW�SXPSV�VHUYHG�DV�VRXUFHV�RI�GHQVH�&2 �DQG�VXUIDFWDQW�EULQH��DQG�D�VPDOOHU�VHFWLRQ�RI

�

FRUH�ZDV�XVHG�DV�D�IRDP�JHQHUDWRU�LQ�ZKLFK�WR�PL[�WKH�IOXLGV���,Q�WKLV�FDVH��WKRXJK��D�FRPPHUFLDO
KLJK�SUHVVXUH�EDFN�SUHVVXUH�UHJXODWRU��7(0&2�%35�����ZDV�XVHG�WR�PDLQWDLQ�WKH�V\VWHP�SUHVVXUH
DQG�WR�UHJXODWH�WKH�RXWSXW�IOXLGV�XQLIRUPO\���7KH�DUUDQJHPHQW�RI�H[SHULPHQWDO�DSSDUDWXV�XVHG�LQ�WKH
6HULHV�%�H[SHULPHQWV�LV�VKRZQ�LQ�)LJ������7ZR�VHWV�RI�VWHDG\�VWDWH�H[SHULPHQWV�ZHUH�FRQGXFWHG�
LQYHVWLJDWLQJ�WKH�HIIHFWV�RI�VHYHUDO�SDUDPHWHUV�LQFOXGLQJ�URFN�SHUPHDELOLW\��IORZ�UDWH��IRDP�TXDOLW\�
VXUIDFWDQW�W\SH��DQG�VXUIDFWDQW�FRQFHQWUDWLRQ���,Q�WKH�ILUVW�VHW�RI�H[SHULPHQWV��D�FRQVWDQW�&2 �WR�

�

VXUIDFWDQW�VROXWLRQ�IORZ�UDWH�UDWLR�RI������IRDP�TXDOLW\�RI������ZDV�XVHG���,Q�WKH�VHFRQG�VHW��WKH�UDWLR
ZDV�EURDGHQHG�VR�WKDW�D�ZLGHU�UDQJH�RI�IRDP�TXDOLW\��IURP�����WR��������ZDV�H[DPLQHG�

7KH�UHVXOWV�RI�WKLV�ILUVW�VHW�RI�H[SHULPHQWV�DUH�GHVFULEHG �FRPSOHWHO\�HOVHZKHUH��7ZR�PDMRU��

FRQFOXVLRQV�DUH�SUHVHQWHG�KHUH���)LUVW��LW�LV�FOHDU�IURP�WKHVH�WHVWV�WKDW�YDU\LQJ�GHJUHHV�RI�605��ZHUH

FRQVLVWHQWO\�REVHUYHG�LQ�%HUHD�URFN��ZLWK�&'������&'�����DQG�(QRUGHW�;������605�ZDV�QRW

IRXQG�� KRZHYHU�� ZLWK� DQRWKHU�� &KDVHU�&'������ %HFDXVH� WKHVH� H[SHULPHQWV� ZHUH� SXUSRVHO\

SHUIRUPHG�ZLWK� ODUJHU�FRUH�VDPSOHV��XVLQJ�D�EDFN�SUHVVXUH� UHJXODWRU� IRU�SUHVVXUH�FRQWURO�DW� WKH

GRZQVWUHDP�HQG�RI�WKH�FRUH��LW�ZDV�SRVVLEOH�WR�PDNH�PHDQLQJIXO�PHDVXUHPHQWV�SULRU�WR�DWWDLQPHQW

RI�VWHDG\�VWDWH��DQG�WR�GLVSHO�DQ\�LGHD�WKDW�WKH�605�REVHUYHG�LQ�WKH�6HULHV�$�H[SHULPHQWV�PLJKW�EH

DQ�DUWLIDFW�RI�WKH�VPDOO�VL]H�RI�WKH�FRUH�RU�WKH�PDQQHU�LQ�ZKLFK�WKH�H[SHULPHQWV�ZHUH�FRQGXFWHG���%\

YDU\LQJ�WKH�IORZ�UDWLR��ZH�ZHUH�DOVR�DEOH�WR�UXQ�WHVWV�RYHU�D�PXFK�ZLGHU�UDQJH�RI�TXDOLW\�WKDQ�KDV

SUHYLRXVO\�EHHQ�SHUIRUPHG�

6HFRQGO\��WKHVH�WHVWV�SURYLGHG�DQ�RSSRUWXQLW\�WR�H[SORUH�DQG�UHVROYH�DQ�DSSDUHQW��GLIIHUHQFH

EHWZHHQ�H[SHULPHQWV�FDUULHG�RXW�DW�355&�DQG�IRDP�H[SHULPHQWV�FRQGXFWHG�DW�WKH�8QLYHUVLW\�RI

&DOLIRUQLD�DW�%HUNHOH\� �,Q�WKDW�ZRUN��QRW�RQO\�ZDV�WKH�TXDOLW\�RI�WKH�IRDP�KLJKHU�¥�JHQHUDOO\�DERYH�

����¥�EXW�WKH�IORZ�RI�&2 �RU�RWKHU�JDVHV�DQG�WKDW�RI�WKH�DTXHRXV�OLTXLG�ZHUH�UHJXODWHG�DQG�YDULHG
�

VHSDUDWHO\��7KXV� WKH� SUHVVXUH� GURSV� DFURVV� WKH� FRUH� VDPSOH�ZHUH�PHDVXUHG� SUHGRPLQDWHO\� DV� D

IXQFWLRQ�RI� WKH� IORZ�UDWH�RI�RQH�RI� WKH�FRPSRQHQWV��ZKLOH� WKH� IORZ�RI� WKH�RWKHU� IOXLG�ZDV�KHOG

FRQVWDQW���8QGHU�WKHVH�FLUFXPVWDQFHV��GHVFULEHG�LQ�D�UHFHQW�SDSHU�E\�.RYVFHN�HW�DO�� �WKH�PHDVXUHG�

SUHVVXUH�GURSV�VHHPHG�PRVWO\�GHSHQGHQW�RQ�WKH�OLTXLG�IORZ�UDWH��$W�FRQVWDQW�JDV�IORZ�UDWHV��WKH

SUHVVXUH�LQFUHDVHG�DOPRVW�OLQHDUO\�DV�WKH�IORZ�RI�OLTXLG�ZDV�LQFUHDVHG���2Q�WKH�RWKHU�KDQG��DW�FRQVWDQW

OLTXLG�IORZ�UDWHV��WKH�SUHVVXUH�LQFUHDVHG�RQO\�VOLJKWO\�ZLWK�LQFUHDVLQJ�JDV�IORZ�UDWH���,Q�.RYVFHN©V

WHVWV��DOWKRXJK�WKH�VDPH�SUHVVXUH�GURS�DQG�IORZ�GDWD�ZHUH�WDNHQ��PHDVXUHPHQW�RI�IRDP�PRELOLW\�ZDV

QRW�WKH�SULPDU\�HPSKDVLV��DQG�LW�ZDV�LQ�IDFW�QRW�FDOFXODWHG�

:KHQ�ZH�HPSOR\HG�SURFHGXUHV�OLNH WKRVH�GHVFULEHG�E\�.RYVFHN�HW�DO�� �RXU�UHVXOWV�LQ�D�KLJK�



�

TXDOLW\� UHJLRQ ZHUH� JHQHUDOO\� TXLWH� VLPLODU� WR� WKHLUV�� � 6LPLODU� FXUYHV� RI� SUHVVXUH� GURS� YHUVXV
LQFUHDVLQJ�&2 �DQG�VXUIDFWDQW�UDWHV��DORQJ�ZLWK�WKH�IRDP�PRELOLW\�UHVXOWV�LQ�WKHVH�VHULHV�%�WHVWV�

�

SURYHG�WKDW�WKH�605�DV�REVHUYHG�LQ�VHULHV�$�LV�YDOLG���&RQFHUQV�DERXW�WKH�LQIOXHQFH�RI�WKH�VPDOO�FRUH

VL]H�RU�WKH�PDQQHU�LQ�ZKLFK�WKH�H[SHULPHQWV�ZHUH�FRQGXFWHG�LQ�6HULHV�$�WHVW�SURYHG�XQQHFHVVDU\�

&DSLOODU\�&RQWDFW�([SHULPHQWV

,Q� HDUOLHU� H[SHULPHQWV�� WKH� RFFXUUHQFH� RI� 605�ZLWK� VRPH� VXUIDFWDQWV�ZDV� REVHUYHG� LQ

LQGLYLGXDO�FRUHV�RI�UHODWLYHO\�XQLIRUP�SHUPHDELOLWLHV���)RU�YHULILFDWLRQ�RI�605�LQ�D�KHWHURJHQHRXV

PHGLD�ZKHUH�ERWK�KLJK�DQG�ORZ�SHUPHDELOLW\�UHJLRQV�DUH�SUHVHQW�DQG�LQ�FDSLOODU\�FRQWDFW��DV�WKH\�DUH

LQ�GLIIHUHQW�SRUWLRQV�RI�D�KHWHURJHQHRXV�UHVHUYRLU��FRUH�V\VWHPV�FRQWDLQLQJ�ZHOO�GHILQHG�KLJK�DQG�ORZ

SHUPHDELOLW\�UHJLRQV�PXVW�EH�XVHG����7KH�FRPSRVLWH�FRUH�VDPSOHV�GLVFXVVHG�LQ�WKH�IROORZLQJ�VHFWLRQV

SURYLGH�DUWLILFLDO�KHWHURJHQHLW\�LQ�D�V\VWHP�LQ�ZKLFK�WKH�SHUPHDELOLW\�YDULHV�VSDWLDOO\¥HLWKHU�SDUDOOHO

RU�SHUSHQGLFXODU�WR�WKH�IORZ�SDWK��8VLQJ�VXFK�D�IORZ�V\VWHP���ZH�PHDVXUHG�WKH�UDWLR�RI�PRELOLWLHV�RI

IRDPV�EHWZHHQ�WKH�WZR�VHFWLRQV�DV�LI�WKH\�ZHUH�IORZLQJ�LQ�GLIIHUHQW�SRUWLRQV�RI�D�KHWHURJHQHRXV

UHVHUYRLU��7KH�UHVXOWV�IURP�WKHVH�WHVWV�SURYLGHG�H[SHULPHQWDO�FRQILUPDWLRQ�RI�WKH�PDMRU�FRQMHFWXUH

XSRQ�ZKLFK�WKH�UHVHUYRLU�XVH�RI�IRDP�LV�EDVHG¥WKH�LGHD�WKDW�WKH�IDYRUDEOH�PRELOLW\�YDULDWLRQ�VHHQ

LQ� LVRODWHG�KRPRJHQHRXV� FRUHV�RFFXUV� DOVR� LQ� WKH� UHVHUYRLU�� LQ�GLIIHUHQW� VHFWLRQV�RI� D�QDWXUDOO\

KHWHURJHQHRXV� UHVHUYRLU� URFN�� � 7ZR� W\SHV� RI� VXFK� IORZ� V\VWHPV¥VHULHV� DQG� SDUDOOHO¥ZHUH

FRQVWUXFWHG�DQG�XVHG��

7KH�ILUVW�W\SH�RI�WZR�UHJLRQ�H[SHULPHQWV�FRQVLVWHG�RI�FRPSRVLWH�FRUH�ZLWK�WZR�VKRUW�SLHFHV

RI�FRUH�VDPSOHV��HDFK�PHDVXULQJ���LQ��ORQJ�DQG�����LQ��LQ�GLDPHWHU��WKDW�ZHUH�VWDFNHG�WRJHWKHU�LQ

FDSLOODU\�FRQWDFW�DQG�DUUDQJHG�LQ�VHULHV�DORQJ�WKH�IORZ�GLUHFWLRQ�  7KH�VHFRQG�W\SH�RI�WZR�UHJLRQ
H[SHULPHQWV�FRQVLVWHG�RI�FRPSRVLWH�FRUH�ZLWK�YDU\LQJ�SHUPHDELOLWLHV�LQ�UHJLRQV�SDUDOOHO�WR�WKH�IORZ

GLUHFWLRQ�� � $� ���� LQ�� GLDPHWHU� %HUHD� FRUH� KDG� DQ� D[LDOO\� ORFDWHG� ���� LQ�� KROH� ILOOHG� ZLWK� ILQH

XQFRQVROLGDWHG�VDQG���7KH�VWHDG\�VWDWH�SUHVVXUH�GURS�DORQJ�WKH�WZR�VHFWLRQV�ZDV�WKH�VDPH�VLQFH�WKH\

ZHUH�SDUDOOHO��DQG��DJDLQ��WKH�PRELOLWLHV�ZHUH�PHDVXUHG�E\�REVHUYLQJ�VHSDUDWH�IORZ�UDWHV�IURP�WKH

WZR�UHJLRQV��

6HULHV�)ORZ�6\VWHP

7KH�VHULHV�DVVHPEO\�XVHG�WZR�FRUHV�RI�����LQ��GLDPHWHU��HDFK�DSSUR[LPDWHO\�WKUHH�LQ��ORQJ�

7KH�FRUHKROGHU�WKDW�FRQWDLQHG�WKHP�ZDV�ILWWHG�ZLWK�ILYH�HTXDOO\�VSDFHG�SUHVVXUH�WDSV��DUUDQJHG�VR

WKDW�WKH�PLGGOH�WDS�ZDV�QHDU�WKH�MXQFWLRQ�EHWZHHQ�WKH�FRUHV���7KH�WZR�DEXWWLQJ�HQG�IDFHV�RI�WKH�FRUHV

ZHUH�FDUHIXOO\�FXW�SHUSHQGLFXODU�WR�WKHLU�D[HV�DQG�ZHUH�JURXQG�IODW�SULRU�WR�PRXQWLQJ�WKHP�HQG�WR�

HQG���,Q�VXFK�DQ�DVVHPEO\��WKH�XQDYRLGDEOH�VSDFH�EHWZHHQ�WKH�WZR�FRUH�IDFHV�ZDV�ILOOHG�ZLWK�D�ILQH

VDQG� DQG� ILYH�SUHVVXUH� WDSV�ZHUH�PRXQWHG�DORQJ� WKH�FRUHKROGHU��GHILQLQJ� IRXU� VHJPHQWV�RI� WKH

FRPSRVLWH�URFN���7KH�H[SHULPHQW�\LHOGHG�UHFRUGV�RI�IRXU�SUHVVXUH�GLIIHUHQFHV�EHWZHHQ�HDFK�SDLU�RI

VXFFHVVLYH�SUHVVXUH�WDSV���$�VNHWFK�RI�VXFK�D�FRPSRVLWH�FRUH�LV�SUHVHQWHG�LQ�)LJ������



��

$�VFKHPDWLF�RI�WKH�KLJK�SUHVVXUH�PRELOLW\�PHDVXUHPHQW�V\VWHP�LV�DOVR�SUHVHQWHG�LQ�)LJ����

,Q�WKLV�IORZ�V\VWHP��WKH�IOXLGV�IORZLQJ�LQWR�WKH�IRDP�JHQHUDWRU�DQG�WKH�FRPSRVLWH�FRUH�DUH�LQMHFWHG

E\�WZR�SXPSV��D�586.$�SRVLWLYH�GLVSODFHPHQW�SXPS�IRU�WKH�&2 �DQG�DQ�,6&2�SLVWRQ�SXPS�IRU
�

EULQH�RU�VXUIDFWDQW�VROXWLRQ����1HDU�FRQVWDQW�V\VWHP�SUHVVXUH�LV�PDLQWDLQHG�E\�OHDGLQJ�WKH�RXWSXW

IOXLGV�LQWR�D�EDFNZDUGV�UXQQLQJ�,6&2�SXPS��ZKLFK�WDNHV�LQ�WKH�RXWSXW�DW�WKH�WRWDO�UDWHV�RI�WKH�RWKHU

WZR�SXPSV���:KHQ�WKH�H[SHULPHQWDO�FRQGLWLRQV�UHDFK�VWHDG\�VWDWH��SUHVVXUH�GURSV�LQ�HDFK�VHJPHQW

RI�FRUH�DUH�UHFRUGHG�DV�D�IXQFWLRQ�RI�WLPH���7KH�PRELOLW\�RI�LQMHFWHG�IOXLG��GHILQHG�DV�WKH�UDWLR�RI

'DUF\�RU�VXSHUILFLDO�YHORFLW\�RI�WKH�IOXLG�WR�WKH�DYHUDJH�SUHVVXUH�JUDGLHQW�DORQJ�HDFK�VHJPHQW�RI�FRUH�

LV�FDOFXODWHG�DQG�FRPSDUHG�IRU�GLIIHUHQW�LQMHFWLRQ�VFKHPHV��

$V�D�VWDQGDUG�SURFHGXUH��WKH�IRDP�JHQHUDWRU�DQG�FRUH�VDPSOH�ZHUH�ILUVW�SUHIOXVKHG�ZLWK

V\QWKHWLF�EULQH�IRU�DW�OHDVW����SRUH�YROXPHV�EHIRUH�VWDUWLQJ�WKH�EULQH�SHUPHDELOLW\�PHDVXUHPHQWV�

7KH�KHWHURJHQHLW\�RI�WKH�VHULHV�FRPSRVLWH�FRUH�ZDV�GHWHUPLQHG�E\�PHDVXULQJ�WKH�EULQH�SHUPHDELOLWLHV

IRU�IRXU�GLIIHUHQW�VHFWLRQV�DORQJ�WKH�FRUH���)ROORZLQJ�WKH�SHUPHDELOLW\�PHDVXUHPHQWV��GHQVH�&2 �DQG
�

EULQH�ZHUH�VLPXOWDQHRXVO\�LQMHFWHG�LQWR�WKH�FRUH�VDPSOH���7KH�PRELOLW\�RI�WKLV�WZR�SKDVH�PL[WXUH�ZDV

PHDVXUHG�IRU�HDFK�FRUH�VHFWLRQ�DQG�XVHG�DV�D�UHIHUHQFH�IRU�ODWHU�FRPSDULVRQ���$IWHU�WKH�EDVHOLQH�ZDV

HVWDEOLVKHG��D�VHTXHQFH�RI�IRDP�H[SHULPHQWV�ZDV�VWDUWHG�E\�GLVSODFLQJ����SRUH�YROXPHV�RI�VXUIDFWDQW

VROXWLRQ�WR�VDWLVI\�WKH�DGVRUSWLRQ�UHTXLUHPHQW��WKHQ�FRLQMHFWLQJ�&2 �DQG�VXUIDFWDQW�VROXWLRQ�LQWR�WKH
�

FRUH�XQWLO�VWHDG\�VWDWH�ZDV�UHDFKHG��)RDP�PRELOLW\�ZDV�PHDVXUHG�DQG�WKH�FRUH�ZDV�WKHQ�SRVWIOXVHG

ZLWK� DQRWKHU� ��� SRUH� YROXPHV� RI� EULQH�� �'XULQJ� WKH� FRLQMHFWLRQ� RI�&2 � DQG� EULQH� RU�&2 � DQG
�� � � � �

VXUIDFWDQW�VROXWLRQ��WKH�UDWLR�RI�WKH�YROXPHWULF�IORZ�UDWH�RI�&2 �WR�DTXHRXV�SKDVH�ZDV�PDLQWDLQHG�DW
�

������7KH�WRWDO�LQMHFWLRQ�UDWH��KRZHYHU��ZDV�YDULHG�IURP�����FF�KU�WR����FF�KU��ZKLFK�FRUUHVSRQGHG

WR�'DUF\�YHORFLWLHV�RI�����IW�GD\�WR�����IW�GD\�

$OO�WKH�PRELOLW\�PHDVXUHPHQWV�ZHUH�FRQGXFWHG�DW����)�DQG������SVLJ���7KH�WZR�FRPSRVLWH

FRUHV�XVHG�LQ�WKH�H[SHULPHQWV�KDG�SHUPHDELOLWLHV�UDQJLQJ�IURP�����PG�WR�����PG��FRPSRVLWH�FRUH

����DQG�����PG�WR�����PG��FRPSRVLWH�FRUH�������'XULQJ�WKH�IRDP�H[SHULPHQWV������ZW��VXUIDFWDQW

VROXWLRQV�ZHUH�XVHG�LQ�WKH�FRUH����H[SHULPHQWV�ZKLOH������ZW��VXUIDFWDQW�VROXWLRQV�ZHUH�XVHG�LQ�WKH

FRUH����H[SHULPHQWV�

5HVXOWV�DQG�'LVFXVVLRQ

6XUIDFWDQWV�XVHG�LQ�IRDP�PRELOLW\�WHVWV�DUH�GHVFULEHG�LQ�7DEOH�����'HWDLOHG�PRELOLW\�GDWD�DQG

VHTXHQFH�RI�H[SHULPHQWV�DUH�VXPPDUL]HG�LQ�7DEOHV���DQG����KRZHYHU��WKH�PRELOLW\�GDWD�RI�WKH�ODVW

VHFWLRQ�RI�FRUH�LQ�DOO�WKH�IRDP�H[SHULPHQWV�DUH�QRW�DYDLODEOH���7KH�PLVVLQJ�GDWD�DUH�GXH�WR�WKH�OLPLWHG

UDQJH�RI�WKH�IRXUWK�GLIIHUHQWLDO�SUHVVXUH�WUDQVGXFHU���:KHQ�WKH�PRELOLW\�GDWD�LQ�WKH�ILUVW�WKUHH�VHFWLRQV

DUH�FRPSDUHG��LW�LV�FOHDU�WKDW�WKH�PRELOLW\�RI�&2 �EULQH�LV�HIIHFWLYHO\�UHGXFHG�E\�DGGLQJ�VXUIDFWDQW�
�

7KH�IRDP�PRELOLWLHV�DUH�VLJQLILFDQWO\�ORZHU�WKDQ�WKH�WRWDO�PRELOLW\�RI�&2 �EULQH���7KH�H[WHQW�RI�WKLV
�

PRELOLW\�UHGXFWLRQ�YDULHV�ZLWK�VXUIDFWDQW��VXUIDFWDQW�FRQFHQWUDWLRQ��DQG�IORZ�FRQGLWLRQ����,Q�JHQHUDO�

WKH�PRELOLW\�RI�IRDP�LV�ORZHU�ZKHQ�IRDP�LV�JHQHUDWHG�DW�D�KLJKHU�VXUIDFWDQW�FRQFHQWUDWLRQ�RU�ZKHQ

IRDP�LV�GLVSODFHG�DW�D�ORZHU�LQMHFWLRQ�UDWH�

� :KHQ�PRELOLW\�GHSHQGHQFH�RQ�URFN�SHUPHDELOLW\�LV�H[DPLQHG��605�LV�DOVR�IRXQG�WR�GHSHQG

RQ�WKH�VXUIDFWDQW�W\SH��FRQFHQWUDWLRQ�DQG�IORZ�UDWH��7\SLFDO�UHVXOWV�RI�PRELOLW\�GHSHQGHQFH�RQ�URFN



��

SHUPHDELOLW\�RI�D�VHULHV�FRPSRVLWH�FRUH�DUH�SUHVHQWHG�LQ�)LJ�������2Q�WKLV�ORJ�ORJ�VFDOH�SORW��WKH

PRELOLW\�RI�&2 �EULQH�RU�&2 �IRDP�LV�SORWWHG�DJDLQVW�WKH�VHFWLRQDO�SHUPHDELOLW\���$OVR�LQFOXGHG�LQ
� � � �

WKLV�SORW�DUH�YDOXHV�GHWHUPLQHG�E\�UHJUHVVLRQ�EDVHG�RQ�HDFK�VHW�RI�GDWD�SRLQWV���7KH�QXPHULFDO�YDOXH�

UHSUHVHQWLQJ�WKH�VORSH�RI�HDFK�OLQH�RI�HDFK�VHW�RI�GDWD��LV�XVHG�WR�LQGLFDWH�KRZ�IDYRUDEOH�WKH�PRELOLW\

GHSHQGHQFH�RI� IOXLG� LV� WR� WKH�SHUPHDELOLW\�RI�SRURXV�PHGLD�� �$�VORSH�RI�RQH� LQGLFDWHV� WKDW� WKH

PRELOLW\�RI�WKH�IOXLG�LV�SURSRUWLRQDO�WR�WKH�URFN�SHUPHDELOLW\��DV�GHVFULEHG�LQ�'DUF\©V�ODZ����$�YDOXH

RI�OHVV�WKDQ�RQH�VKRZV�D�IDYRUDEOH�GHSHQGHQFH�RI�VHOHFWLYH�PRELOLW\�UHGXFWLRQ�WKDW�ZLOO�OHDG�WR�D

PRUH�XQLIRUP�GLVSODFHPHQW�IURQW�ZKHQ�WKH�IOXLG�LV�IORZLQJ�WKURXJK�KHWHURJHQHRXV�SRURXV�PHGLD�

,W� LV� REVHUYHG� WKDW� WKH� VORSH� RI�&2 �EULQH� GDWD� LV� JUHDWHU� WKDQ� RQH�� LQGLFDWLQJ� WKDW� XQIDYRUDEOH
�

PRELOLW\�GHSHQGHQFH�RFFXUV�ZKHQ�&2 �DQG�EULQH�DUH�IORZLQJ�LQ�D�KHWHURJHQHRXV�SRURXV�PHGLD��
�

1HYHUWKHOHVV��WKH�UHVXOWV�LQ�WKH�VDPH�JUDSK�DOVR�VKRZ�WKDW�XVLQJ�IRDP�FDQ�FRUUHFW�VXFK�D�SUREOHP�E\

QRW�RQO\�UHGXFLQJ�WKH�PRELOLW\�RI�&2 �EXW�DOVR�FKDQJLQJ�WKH�PRELOLW\�GHSHQGHQFH�LQ�D�IDYRUDEOH
�

GLUHFWLRQ��L�H���ZKHQ�VXUIDFWDQW� LV�DGGHG�WR� WKH�EULQH�DQG�JHQHUDWHV� WKH�IRDP��WKH�VORSH�RI�IRDP

PRELOLW\�YHUVXV�URFN�SHUPHDELOLW\�GDWD�EHFRPHV�OHVV�WKDQ�WKDW�RI�&2 �EULQH��DQG�SUHIHUDEO\�OHVV�WKDQ
�

RQH��

� 7KH�H[WHQW�RI�605�GHSHQGV�RQ�WKH�W\SH�RI�VXUIDFWDQW���$V�VKRZQ�LQ�7DEOH���DQG�)LJ������WKH

VORSHV�RI�VHYHQ�VXUIDFWDQWV�DW�D�����ZW��FRQFHQWUDWLRQ�YDU\�FRQVLGHUDEO\��$OVR�VKRZQ�LQ�7DEOH���DUH

VLPLODU�UHVXOWV��SUHVHQWHG�LQ�)LJ�����DV�ZHOO��ZKHUH�WKH�VORSH�YDOXHV�RI�VHYHQ�VXUIDFWDQWV�DW�D�ORZHU

FRQFHQWUDWLRQ�������ZW���YDU\�IURP������WR��������2WKHU�UHOHYDQW�GDWD�DUH�VXPPDUL]HG�LQ�7DEOH��

LQ� ZKLFK� WKH� VORSH� YDOXHV� DUH� IRXQG� WR� GHSHQG� RQ� WKH� VXUIDFWDQW�� FRQFHQWUDWLRQ� DQG� IORZ� UDWH

FRQGLWLRQ�� �,Q�JHQHUDO��WKH�YDOXH�RI�WKH�VORSH�GHFUHDVHV�ZKHQ�VXUIDFWDQW�LV�DGGHG�LQWR�EULQH�DV�D

IRDPLQJ�DJHQW���7KLV�VXJJHVWV�WKDW�IRDP�LV�XVHIXO�LQ�FRUUHFWLQJ�WKH�QRQXQLIRUP�IORZ�RI�&2 �DQG�EULQH
�

LQ�D�SRURXV�V\VWHP�FRQVLVWLQJ�RI�GLIIHULQJ�SHUPHDELOLWLHV���$W�ORZHU�YHORFLWLHV��WKH�YDOXH�RI�WKH�VORSH

EHFRPHV�VPDOOHU��LQGLFDWLQJ�WKDW�PRUH�IDYRUDEOH�605�RFFXUV�DW�D�ORZHU�GLVSODFHPHQW�UDWH���7KLV

FKDUDFWHULVWLF�ZRXOG�EH�EHQHILFLDO�IRU�IRDP�DSSOLFDWLRQ�LQ�WKH�ILHOG��HVSHFLDOO\�DVVXPLQJ�WKDW�UDGLDO

IORZ�DSSOLHV�LQ�WKH�UHVHUYRLU���,Q�WKDW�FDVH��WKH�GHVLUHG�605�ZLOO�EHFRPH�PRUH�HYLGHQW�DV�IRDP

WUDYHOV�DZD\�IURP�WKH�LQMHFWLRQ�ZHOOERUH��ZKHUH�WKH�IORZ�YHORFLW\�RI�IRDP�EHFRPHV�VORZHU�

3DUDOOHO�)ORZ�6\VWHP

7KH�SDUDOOHO�V\VWHP�LQYROYHV�FRUHV�LQ�ZKLFK�KLJK�DQG�ORZ�SHUPHDELOLWLHV�DUH�SDUDOOHO�WR�WKH

IORZ�GLUHFWLRQ�� �(DUO\�LQ�RXU�ZRUN��ZH�GHVLJQHG�D� WHVW� LQ�ZKLFK�D�FRUH�ZRXOG�EH�FXW�IURP�URFN

FRQWDLQLQJ�WZR�UHJLRQV��LQ�VXFK�D�ZD\�WKDW�WKH�SODQH�VHSDUDWLQJ�WKH�UHJLRQV�LQFOXGHG�WKH�GLDPHWHU�RI

WKH�FRUH���(QG�WR�HQG�IORZV�WKURXJK�WKH�WZR�VHFWLRQV�ZRXOG�EH�NHSW�VHSDUDWH��LQ�RUGHU�WR�PHDVXUH�WKH

WZR�PRELOLWLHV���2XU�VHDUFK�IRU�VDPSOHV�IURP�ZKLFK�VXFK�SDUDOOHO�KHWHURJHQHLW\�FRUHV�FDQ�EH�FXW�KDV

QRW�SURGXFHG�DQ\�FDQGLGDWH�FRUHV�IURP�UHVHUYRLUV���$OWHUQDWLYHO\��ZH�FRQVWUXFWHG�FRPSRVLWH�FRUHV

ZLWK�WZR�FRD[LDO�SRURXV�V\VWHPV�LQ�GLIIHUHQW�SHUPHDELOLWLHV����)LJXUH����VKRZV�D�VFKHPDWLF�GLDJUDP

RI�WKH�D[LDO�VHFWLRQDO�DUHD�RI�D�FRPSRVLWH�FRUH�RI�WZR�UHJLRQV�RI�SHUPHDELOLWLHV���7KH�FRPSRVLWH�FRUH�

�����LQ��������FP��LQ�GLDPHWHU��FRQVLVWV�RI�D�ILUHG�%HUHD�FRUH�ZLWK�D�������LQ���������FP��FHQWUDO�KROH

GULOOHG� IURP�HQG� WR� HQG�� �7KLV� FHQWUDO� UHJLRQ� LV� ILOOHG�ZLWK� UHODWLYHO\�XQLIRUP� �HLWKHU� VLHYHG�RU

HOXWULDWHG��VLOLFD�VDQG�SDUWLFOHV���7ZR�VHULHV�RI�WHVWV�ZHUH�FRQGXFWHG�LQ�WZR�GLIIHUHQW�FRPSRVLWH�FRUHV
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WKDW�KDG�SHUPHDELOLWLHV�RI�����GDUF\�DQG�����GDUF\�LQ�WKH�FHQWUDO�VDQGSDFNV�DQG�SHUPHDELOLWLHV�RI�����

GDUF\�DQG������GDUF\�LQ�WKH�DQQXODU�%HUHD�FRUH�UHJLRQV��7KHVH�ZHUH�GHVLJQDWHG�DV�&RUH�,�DQG�&RUH

,,��UHVSHFWLYHO\�

)OXLG�LQSXWV�RI�DTXHRXV�EULQH�DQG�KLJK�SUHVVXUH�&2 �HQWHUHG�WKHVH�SDUDOOHO�FRUH�V\VWHPV�IURP
�

IORDWLQJ�SLVWRQ�F\OLQGHUV��GULYHQ�E\�GLVWLOOHG�ZDWHU�IURP�SRVLWLYH�GLVSODFHPHQW�LQMHFWLRQ�SXPSV��VHH

)LJ����IRU�V\VWHP�VFKHPDWLF��� �7KH�LQSXW�IDFHV�RI�WKH�SDUDOOHO�FRPSRVLWH�FRUHV�ZHUH�H[SRVHG�WR

LQFRPLQJ�IORZ�WKDW�FRQVLVWHG�RI�&2 �DORQH��EULQH�DORQH��&2 �EULQH�PL[WXUH�ZLWKRXW�VXUIDFWDQW��RU�D
�� � � � �

IRDP�PL[WXUH�RI�&2 �ZLWK�D�EULQH�FRQWDLQLQJ�HLWKHU�����SSP�RU������SSP�RI�RQH�RI�WKUHH�VXUIDFWDQWV
�

�&'������&'������DQG�(QRUGHW�;��������7KH�RXWSXW�IORZV�IURP�WKH�WZR�UHJLRQV�ZHUH�VHSDUDWHG�E\

D�FLUFXODU�EDUULHU�RI�WKH�VDPH�GLDPHWHU�DV�WKH�FHQWUDO�]RQH�RI�WKH�FRPSRVLWH���(DFK�RI�WKH�WZR�RXWSXW

UHJLRQV�KDG�WKHLU�RZQ�H[LW�SOXPELQJ��HDFK�OHDGLQJ�LQWR�D�7(0&2�%35����EDFN�SUHVVXUH�UHJXODWRU

�%35��LQ�ZKLFK�WKH�GRPH�SUHVVXUH�ZDV�PDLQWDLQHG�DW������SVL���7KH�WZR�ORZ�SUHVVXUH�OLTXLG�RXWSXWV

IURP�WKH�%35V��EULQH�RU�VXUIDFWDQW�EULQH��IORZHG�LQWR�UHFHLYLQJ�IODVNV�SODFHG�RQ�GLJLWDO�VFDOHV��ZKLOH

WKH� WZR� RXWSXWV� RI� DWPRVSKHULF� SUHVVXUH� &2 � IORZHG� WKURXJK� D� ZHW�WHVW� PHWHU� DQG� D� GU\�JDV
�

YROXPHWHU�

$�VHULHV�RI�VWHDG\�VWDWH�IORZ�WHVWV�ZHUH�SHUIRUPHG�RQ�WKHVH�FRPSRVLWH�FRUHV� WR�PHDVXUH

RYHUDOO� SHUPHDELOLW\� WR� EULQH� DORQH�� WRWDO�PRELOLW\� GXULQJ� VLPXOWDQHRXV� IORZ� RI�&2 � DQG� EULQH
�

PL[WXUHV��DQG�PRELOLW\�RI�&2 �IRDP���,Q�DOO�WKH�WHVWV��WKH�PRELOLW\�O��ZDV�GHILQHG�LQ�WHUPV�RI�WKH
�

PHDVXUHG�IORZ�UDWH�4��WKH�SUHVVXUH�GURS�'S��WKH�OHQJWK�/��DQG�FURVV�VHFWLRQDO�DUHD�$�DV�IROORZV�

,Q��FDVHV�ZKHUH�QR�VXUIDFWDQW�ZDV�XVHG��WKLV�YDOXH�ZDV�HTXDO�WR�WKH�UDWLR�RI�SHUPHDELOLW\�WR

YLVFRVLW\��RU�IRU�GLIIHUHQW�SKDVHV��WKH�VXP�RI�WKH�UDWLRV�RI�HIIHFWLYH�SHUPHDELOLWLHV�WR�WKH�YLVFRVLWLHV

RI�WKH�FRUUHVSRQGLQJ�IOXLGV���)RU�IRDP��ZKHUH�LW�LV�GLIILFXOW�WR�DJUHH�RQ�WKH�GHILQLWLRQ�RI�YLVFRVLW\��ZH

VLPSO\�FDOFXODWHG�PRELOLW\�IURP�WKH�HTXDWLRQ��DOVR�GLUHFWO\�XVDEOH�LQ�ILHOG�FDOFXODWLRQV���VR�WKH�UHVXOWV

ZRXOG�EH�HDVLO\�XQGHUVWRRG�

5HVXOWV�DQG�'LVFXVVLRQ

,Q�SDUDOOHO� IORZ� WHVWV�ZKHUH�FDSLOODU\�FRQWDFW�ZDV�SUHVHQW�EHWZHHQ� WKH� WZR�SHUPHDELOLW\

UHJLRQV�RI�WKH�FRPSRVLWH�FRUHV��WKH�PRELOLW\�PHDVXUHPHQWV�ZHUH�VWULNLQJ�ERWK�ZLWK�DQG�ZLWKRXW

VXUIDFWDQW�LQ�WKH�&2 �EULQH�IORZ���'XULQJ�WKH�VLPXOWDQHRXV�IORZ�RI�&2 �DQG�EULQH�ZLWK�QR�VXUIDFWDQW�
� � �� � � � � � �

FDSLOODU\�FRQWDFW�FDXVHG�DQ�HTXDOL]LQJ�IORZ�RI�EULQH�IURP�WKH�KLJKHU�WR�WKH�ORZHU�SHUPHDELOLW\�UHJLRQ�

DV�D�UHVXOW��WKH�KLJK�SHUPHDELOLW\�]RQH�ZDWHU�VDWXUDWLRQ�EHFDPH�GHSOHWHG��ULFKHU�LQ�&2 ���ZKLOH�WKH
�

ORZ�SHUPHDELOLW\� ]RQH� LQFUHDVHG� LQ�ZDWHU� VDWXUDWLRQ��)LJXUH���� VKRZV� WKH� IORZLQJ�EHKDYLRU�RI

&2 �EULQH�LQ�WKH�ILUVW�FRPSRVLWH�FRUH��&RUH�,���,Q�WKLV�SORW�WKH�WRWDO�IORZLQJ�TXDOLW\�RI�&2 �LQ�WKH
� � � � � � � � � � � � � � � � � �

V\VWHP�ULVHV�UDSLGO\�DQG�UHDFKHV�D�SODWHDX�DW�����JDV�TXDOLW\�DW�DERXW�WKUHH�WRWDO�LQMHFWLRQ�SRUH

YROXPHV��7KH�IORZLQJ�TXDOLW\�RI�&2 �LQ�WKH�KLJK�SHUPHDELOLW\�UHJLRQ��FHQWUDO�VHFWLRQ��LQFUHDVHV
�

VZLIWO\�DQG�UHDFKHV�����JDV�TXDOLW\�DIWHU�DERXW�WZR�SRUH�YROXPHV�RI�WRWDO�LQMHFWLRQ���+RZHYHU��WKH



��

IORZLQJ�TXDOLW\�RI�&2 �LQ�WKH�ORZ�SHUPHDELOLW\�UHJLRQ��DQQXOXV�VHFWLRQ��LQFUHDVHV�VORZO\�DQG�UHDFKHV
�

DQ� DYHUDJH� JDV� IORZLQJ� TXDOLW\� RI� ���� DIWHU� DERXW� ILYH� SRUH� YROXPHV� RI� WRWDO� LQMHFWLRQ�� � 7KH

VHSDUDWLRQ�RI�WKH�IORZLQJ�TXDOLW\�RI�&2 �LQ�WKHVH�WZR�UHJLRQV�LQFUHDVHV�WKH�PRELOLW\�UDWLR�LQ�WKH�WZR
�

]RQHV�VLJQLILFDQWO\�PRUH�WKDQ�WKH�SHUPHDELOLW\�UDWLR���7KXV��WKH�UDWH�RI�&2 �IORZ�WKURXJK�WKH�KLJK
�

SHUPHDELOLW\�UHJLRQ�LV�HYHQ�JUHDWHU�WKDQ�PLJKW�EH�H[SHFWHG���

$�VLPLODU�EXW�PRUH�VLJQLILFDQW�HYLGHQFH�RI�VXFK�EHKDYLRU�LV�VKRZQ�LQ�)LJ�����ZKHUH�WKH

KLJKHU�SHUPHDELOLW\�UHJLRQ�LQ�WKH�VHFRQG�SDUDOOHO�FRPSRVLWH�FRUH��&RUH�,,��LV�LQ�WKH�DQQXOXV�VHFWLRQ�

ZKLOH� WKH�ORZHU�SHUPHDELOLW\�UHJLRQ�LV�LQ�WKH�FHQWUDO�VHFWLRQ���,Q�WKLV�FDVH��WKH�EULQH�LQ�WKH�KLJK

SHUPHDELOLW\�UHJLRQ��DQQXOXV�VHFWLRQ��KDYLQJ�JUHDWHU�FURVV�VHFWLRQDO�DUHD��ODWHUDOO\�IORZV�WR�WKH�ORZHU

SHUPHDELOLW\�UHJLRQ��FHQWUDO�VHFWLRQ���7KXV��WKH�FHQWUDO�UHJLRQ�KDV�D�KLJKHU�ZDWHU�VDWXUDWLRQ�WKDQ�WKH

DQQXOXV�RI�&RUH��,��ZLWK�D�JDV�TXDOLW\�OHVV�WKDQ�������$V�D�UHVXOW��WKH�VHSDUDWLRQ�RI�IORZLQJ�TXDOLW\

RI�&2 �LQ�WZR�UHJLRQV�EHFRPHV�ODUJHU�WKDQ�LQ�WKH�SUHYLRXV�H[DPSOHV�
�

7KH�EHKDYLRU�RI�VXFK�D�WZR�SKDVH�IORZ�LQ�D�KHWHURJHQHRXV�SRURXV�V\VWHP�ZDV�VXSSRUWHG�E\

FRPSXWDWLRQDO�PRGHOLQJ�UHVXOWV����7KH�'2(�UHVHUYRLU�VLPXODWRU�0$67(5� �UHFHQWO\�PRGLILHG�DW�WKH��

355&� �ZDV�XVHG�WR�YHULI\�WKLV�H[SHULPHQWDO�REVHUYDWLRQ���%\�XVLQJ�K\SRWKHWLFDO�SHWURSK\VLFDO�GDWD���

ZH� VLPXODWHG� WKH� GLVSODFHPHQW� DQG� VWHDG\�VWDWH� IORZ� RI� &2 � DQG� VXUIDFWDQW�IUHH� EULQH� DW� WKH
�

H[SHULPHQWDO�FRQGLWLRQV���7KH�FRPSXWDWLRQDO�UHVXOWV�TXDOLWDWLYHO\�DJUHH�ZLWK�ZKDW�KDV�EHHQ�REVHUYHG

LQ�WKH�ODERUDWRU\�PHDVXUHPHQWV���)LJXUH����SUHVHQWV�WKH�FRPSXWDWLRQDO�HIIOXHQW�SURILOHV�LQ�WHUPV�RI

IORZLQJ�TXDOLW\�RI�&2 �DV�D�IXQFWLRQ�RI�SRUH�YROXPH�RI�WRWDO�IOXLG�LQMHFWHG�LQWR�WKH�&RUH�,�V\VWHP�
�

7KHVH�HIIOXHQW�SURILOHV�DUH�VLPLODU�WR�WKH�H[SHULPHQWDO�UHVXOWV���$�KLJKHU�TXDOLW\�RI�JDV�LV�IORZLQJ

WKURXJK�WKH�FHQWHU�SRUWLRQ�RI� WKH�V\VWHP��D�KLJK�SHUPHDELOLW\�UHJLRQ��FRPSDUHG�WR� WKDW�IORZLQJ

WKURXJK�WKH�DQQXODU�SRUWLRQ��D�ORZ�SHUPHDELOLW\�UHJLRQ����$�ORZHU�ZDWHU�VDWXUDWLRQ�UHJLRQ�LQ�WKH

KLJKHU�SHUPHDELOLW\�OD\HU�LQ�VXFK�D�SDUDOOHO�IORZ�V\VWHP�DSSDUHQWO\�LV�FDXVHG�E\�WKH�UHGLVWULEXWLRQ

RI�VDWXUDWLRQ�DV�D�UHVXOW�RI�FDSLOODU\�HTXLOLEULXP�ZKHQ�WZR�GLIIHUHQW�SHUPHDELOLW\�UHJLRQV�DUH�LQ

FDSLOODU\� FRQWDFW�� � $V� D� PDWWHU� RI� IDFW�� WKH� DYHUDJH� ZDWHU� VDWXUDWLRQ� GHULYHG� IURP� WKH� PRGHO

FDOFXODWLRQ�LV������LQ�WKH�KLJK�SHUPHDELOLW\�UHJLRQ��ZKHUHDV�WKH�DYHUDJH�ZDWHU�VDWXUDWLRQ�LQ�WKH�ORZ

SHUPHDELOLW\�UHJLRQ�LV��������7KLV�VOLJKW�VDWXUDWLRQ�FRQWUDVW�EHFRPHV�PRUH�QRWLFHDEOH�LQ�WKH�VHFRQG

SDUDOOHO�V\VWHP�XVLQJ�&RUH�,,��ZKHUH�WKH�ORZ�SHUPHDELOLW\�UHJLRQ�LV�LQ�WKH�FHQWHU�

7KH�HIIOXHQW�SURILOHV�IRU�WKH�IORZ�RI�&2 �DQG�VXUIDFWDQW�IUHH�EULQH�LQ�WKH�VHFRQG�SDUDOOHO�FRUH
�

V\VWHP�DUH�SUHVHQWHG�LQ�)LJ�������,Q�WKLV�SORW��WKH�IORZLQJ�TXDOLW\�RI�JDV�LQ�WKH�FHQWHU�SRUWLRQ��ORZ

SHUPHDELOLW\�UHJLRQ��LV�PXFK�ORZHU�WKDQ�WKDW�LQ�WKH�DQQXOXV�UHJLRQ��KLJK�SHUPHDELOLW\�UHJLRQ����7KH

ZDWHU�VDWXUDWLRQ�LQ�WKH�ORZ�SHUPHDELOLW\�UHJLRQ�LQFUHDVHV�WR�������ZKHUHDV�VDWXUDWLRQ�LQ�WKH�KLJK

SHUPHDELOLW\� UHJLRQ�GHFUHDVHV� WR������� �7KHVH�FRPSXWDWLRQDO� UHVXOWV� LQGLFDWH� WKDW� WKH� VDWXUDWLRQ

FRQWUDVWV�DUH�D�UHVXOW�RI�WKH�KHWHURJHQHLW\�RI�WKH�SRURXV�PHGLD���$V�D�FRQVHTXHQFH��WKH�GLVSODFHPHQW

HIILFLHQF\� LQ� DQ� DFWXDO� UHVHUYRLU� IRUPDWLRQ� FRXOG� EH� OHVV� WKDQ� SUHGLFWHG�� ZKHUH� QRQXQLIRUP

GLVSODFHPHQW�FDQ�EH�LQGXFHG�VLPSO\�E\�WKH�KHWHURJHQHLW\�RI�WKH�UHVHUYRLU���2XU�IRDP�H[SHULPHQWV

VKRZ�WKDW�IRDP�FDQ�EH�DQ�HIIHFWLYH�GLVSODFHPHQW�DJHQW�WR�PLQLPL]H�WKH�VDWXUDWLRQ�FRQWUDVW��DQG

WKHUHIRUH�GHFUHDVH�WKH�PRELOLW\�FRQWUDVW�EHWZHHQ�GLIIHUHQW�SHUPHDELOLW\�UHJLRQV��



��

:KHQ�VXUIDFWDQW�ZDV�SUHVHQW� LQ� WKH�EULQH�� WKH�TXDOLWLHV�RI� IORZLQJ�&2 �LQ� WZR�GLIIHUHQW
�

SHUPHDELOLW\� UHJLRQV�EHFDPH�PRUH�XQLIRUP�� �$V� VKRZQ� LQ�)LJ�� ���� WKH� FXUYHV� UHSUHVHQWLQJ� WKH

IORZLQJ�TXDOLWLHV�RI�&2 �LQ�WZR�VHFWLRQV�EHFRPH�FORVHU�WR�HDFK�RWKHU�WKDQ�WKRVH�REVHUYHG�ZLWKRXW
�

IRDP��VHH�)LJ��������7KLV�LQGLFDWHV�WKDW�PRUH�&2 �LV�GLYHUWHG�LQWR�WKH�ORZHU�SHUPHDELOLW\�VHFWLRQ
�

ZKLFK�LQ�WXUQ�UHVXOWV�LQ�D�KLJKHU�TXDOLW\�RI�IRDP�LQ�WKH�ORZ�SHUPHDELOLW\�UHJLRQ���$�VLPLODU�WUHQG�LV

DOVR�REVHUYHG�ZKHQ�IRDP�IORZV�ZLWK�KLJKHU�VXUIDFWDQW�FRQFHQWUDWLRQ�������SSP����$V�VKRZQ�LQ�)LJ�

����WKH�TXDOLWLHV�RI�IORZLQJ�&2 �DUH�DOVR�VLPLODU�WR�HDFK�RWKHU�LQ�ERWK�UHJLRQV���7KLV�VXJJHVWV�WKDW
�

&2 �IORZ�UDWHV�WKURXJK�KLJK�SHUPHDELOLW\�VHFWLRQV�DUH�VXEVWDQWLDOO\�UHGXFHG�ZKHQ�D�IRDPLQJ�DJHQW
�

LV�XVHG�

7R�IXUWKHU�LQYHVWLJDWH�ZKHWKHU�605�H[LVWV�LQ�SDUDOOHO�FRPSRVLWH�FRUH�V\VWHPV��ZH�SORWWHG�WKH
PRELOLW\�RI�GLVSODFHPHQW�IOXLGV�DV�D�IXQFWLRQ�RI�FRUH�SHUPHDELOLW\�RQ�D�ORJ�ORJ�VFDOH���$�W\SLFDO
H[DPSOH�LV�SUHVHQWHG�LQ�)LJ�����ZKHUH�WKH�PRELOLWLHV�RI�&2 �EULQH�DQG�&2 �IRDP�DUH�SORWWHG�DV

� � � �

IXQFWLRQV�RI�SHUPHDELOLWLHV�LQ�WKH�UHJLRQV�RI�WKH�WZR�FRPSRVLWH�FRUH�VDPSOHV�����6LQFH�WKHVH�FRUH
V\VWHPV�DUH�QRW�OLNH�WKH�VHSDUDWH�FRUH�VDPSOHV�WHVWHG�EHIRUH��WKH�IOXLGV�EHKDYH�VOLJKWO\�GLIIHUHQWO\
ZKHQ�WKH\�IORZ�WKURXJK�GLIIHUHQW�SHUPHDELOLW\�UHJLRQV�WKDW�DUH�LQ�FDSLOODU\�FRQWDFW���7KH�PRELOLW\
FXUYHV�RI�&2 �EULQH�DQG�&2 �IRDP�LQFUHDVH�ZLWK�LQFUHDVLQJ�SHUPHDELOLW\�LQ�ERWK�FRPSRVLWH�FRUHV�

� � � �

+RZHYHU��WKH�PRELOLW\�YDOXH�RI�&2 �EULQH�LQ�WKH�KLJK�SHUPHDELOLW\�UHJLRQ�RI�&RUH�,,�LV�PXFK�KLJKHU
�

WKDQ�WKDW�LQ�WKH�ORZ�SHUPHDELOLW\�UHJLRQ�RI�&RUH�,�ZKHQ�ERWK�SHUPHDELOLWLHV�DUH�DW�D�FRPSDUDEOH�OHYHO
�����G����7KLV�GLIIHUHQFH�EHFRPHV�JUHDWHU�ZLWK�LQFUHDVLQJ�IORZ�UDWH��:KHQ�WKH�VXUIDFWDQW�LV�SUHVHQW
LQ� WKH�EULQH�DQG� IRDP� LV� IRUPHG�� WKH� VHSDUDWLRQ�RI�PRELOLWLHV�EHWZHHQ� WKH� WZR� UHJLRQV�RI�HDFK
FRPSRVLWH�FRUH�V\VWHP�LV�UHGXFHG���7KH�GHFUHDVH�RI�VHSDUDWLRQ�GHPRQVWUDWHV�WKH�HIIHFW�RI�XVLQJ�IRDP
WR�PLQLPL]H�WKH�WRWDO�PRELOLW\�FRQWUDVW�EHWZHHQ�GLIIHUHQW�SHUPHDELOLW\�]RQHV���0RUHRYHU��WKH�PRELOLW\
GDWD�LQ�WKH�VDPH�JUDSK�VKRZ�D�IDYRUDEOH�GHSHQGHQFH�RQ�WKH�URFN�SHUPHDELOLW\�ZKHQ�IRDP�LV�SUHVHQW
LQ�WKH�FRPSRVLWH�FRUHV���$�OLQH�GUDZQ�WKURXJK�WKH�GDWD�SRLQWV�ZLWK�WKH�SUHVHQFH�RI�VXUIDFWDQW�KDV�D
VORSH�PXFK�OHVV�WKDQ�WKDW�LQ�WKH�FDVHV�ZKHUH�&2 �DQG�EULQH�IORZ�WRJHWKHU���$V�GHVFULEHG�HDUOLHU��WKH

�

VORSH� RI� WKLV� OLQH� FDQ� EH� XVHG� WR� LQGLFDWH� WKH� H[WHQW� RI� 605�� RU� KRZ� IDYRUDEOH� WKH� PRELOLW\
GHSHQGHQFH�RQ�SHUPHDELOLW\�LV�LQ�WKH�GLVSODFHPHQW�SURFHVV���,Q�VRPH�FDVHV��ZH�IRXQG�WKDW�WKH�605
EHKDYLRU�ZDV�PRUH�HYLGHQW�ZKHQ�WKH�VXUIDFWDQW�FRQFHQWUDWLRQ�DQG�WKH�IORZ�UDWH�ZHUH�ORZ� ��%XW�DW�

DOO�WHVWHG�IORZ�UDWHV��'DUF\�IORZ�YHORFLWLHV�YDULHG�IURP������IW�GD\�WR�����IW�GD\���605�H[LVWHG�LQ�WKH
SDUDOOHO�FRPSRVLWH�FRUH�V\VWHPV�ZKHQ�VXUIDFWDQWV�ZHUH�SUHVHQW�LQ�WKH�DTXHRXV�SKDVH�

0RGHOLQJ�:RUN�WR�$VVHVV�WKH�8VHIXOQHVV�RI�605

2XU�ODERUDWRU\�PHDVXUHPHQWV�LGHQWLILHG�VHYHUDO�VXUIDFWDQWV�WKDW�JHQHUDWH�IRDP�H[KLELWLQJ
605�DW�UHVHUYRLU�FRQGLWLRQV���605�RIIHUV�WKH�SURPLVH�RI�UHGXFLQJ�WKH�YDULDELOLW\�RI�IORZ�UDWHV�DV�JDV
IORZV�WKURXJK�D�UHVHUYRLU�ZLWK�ODUJH�SHUPHDELOLW\�FRQWUDVWV�EHWZHHQ�OD\HUV���3UHVXPDEO\��&2 �IRDP

�

V\VWHPV� FRXOG� UHGXFH� WKH� HIIHFW� RI� ERWK� YHUWLFDO� DQG� KRUL]RQWDO� URFN� KHWHURJHQHLW\�� DQG� DV� D
FRQVHTXHQFH��GHOD\�WKH�EUHDNWKURXJK�RI�&2 �DQG�OHDG�WR�D�KLJKHU�GLVSODFHPHQW�HIILFLHQF\�WKURXJKRXW

�

KHWHURJHQHRXV�UHVHUYRLUV���,Q�RUGHU�WR�DVVHVV�WKH�HIILFLHQF\�RI�605�IRU�&2 �LQMHFWLRQ��ZH�DGRSWHG
�

WKH�FDOFXODWLRQ�WHFKQLTXH�GHVFULEHG�E\�/DNH �DQG�H[WHQGHG�LW�WR�DQDO\]H�WKH�IHDWXUHV�RI�605�IRU��

GLVSODFHPHQW�WKURXJK�SDUDOOHO�OD\HUV�RI�D�IRUPDWLRQ�



��

2WKHU�DVVXPSWLRQV�FRQVLGHUHG�LQ�WKLV�PRGHOLQJ�ZHUH�����RQH�GLPHQVLRQDO�GLVSODFHPHQW�WDNHV

SODFH�LQ�D�SDUDOOHO�OD\HUHG�UHVHUYRLU�����QR�FRPPXQLFDWLRQ�RFFXUV�LQ�WKH�YHUWLFDO�IORZ�GLUHFWLRQ����

WKH�GLVSODFHPHQW�RI�RLO�E\�WKH�GLVSODFLQJ�IOXLG�LV�SLVWRQ�OLNH�DQG�WKH�GLVVLSDWLYH�HIIHFWV�RI�GLVSHUVLRQ

DQG�GLIIXVLRQ�DUH�LJQRUHG�����WKH�PRELOLW\�RI�WKH�GLVSODFLQJ�IOXLG�GHSHQGV�RQ�WKH�SHUPHDELOLW\���%DVHG

RQ�WKHVH�DVVXPSWLRQV��HTXDWLRQV�ZHUH�GHULYHG�WR�FDOFXODWH�VXFFHVVLYH�GLVSODFLQJ�IURQW�SRVLWLRQV�LQ

HDFK�OD\HU��DQG�VXEVHTXHQWO\�WR�HVWLPDWH�RLO�UHFRYHU\�DV�D�IXQFWLRQ�RI�WLPH�DQG�LQMHFWHG�IOXLG�YROXPH�

7KH�HTXDWLRQV�DQG�GHWDLOV�RI�WKHLU�GHULYDWLRQ�DUH�GHVFULEHG�E\�7VDX� ���

$V�ZH�GHPRQVWUDWHG�HDUOLHU�LQ�WKH�H[SHULPHQWDO�UHVXOWV���605�FDQ�EH�UHSUHVHQWHG�E\�WKH�VORSH

RI�WKH�OLQH�WKDW��RQ�D�ORJ�ORJ�JUDSK��VKRZV�WKH�YDULDWLRQ�RI�PRELOLW\�ZLWK�SHUPHDELOLW\���:H�FDQ�WDNH

WKH�PRELOLW\�RI�IRDP�DV�SURSRUWLRQDO�WR�WKH�SHUPHDELOLW\�UDLVHG�WR�D�VSHFLILF�H[SRQHQW¥WKH�VORSH�RI

WKDW�OLQH¥DQG�XVH�LW�LQ�WKH�QXPHULFDO�FDOFXODWLRQ���,I�D�IRDP�VKRZHG�QR�605��DQG�DFWHG�OLNH�DQ

RUGLQDU\�IOXLG��WKLV�H[SRQHQW�ZRXOG�EH�RQH���,I�WKH�605�ZHUH�SHUIHFW��VR�WKDW�WKHUH�ZDV�QR�YDULDWLRQ

RI�PRELOLW\�ZLWK�SHUPHDELOLW\��WKH�H[SRQHQW�ZRXOG�EH�]HUR���6\VWHPV�KDYH�EHHQ�IRXQG�LQ�ZKLFK�WKH

PRELOLW\�DFWXDOO\�GHFUHDVHV�RYHU�D�SHUPHDELOLW\�UDQJH�DW�KLJKHU�SHUPHDELOLWLHV� ��2YHU�WKH�UDQJH�����

ZKHUH�WKDW�H[WUHPH�FDVH�LV�REVHUYHG��WKH�605�H[SRQHQW�ZRXOG�EH�QHJDWLYH���)RU�RXU�SXUSRVH�KHUH�

WKH�H[SRQHQW�FRQVLGHUHG�LQ�WKH�PRGHOLQJ�OLHV�EHWZHHQ�]HUR�DQG�RQH���,Q�RUGHU�WR�FRYHU�D�JUHDWHU

UDQJH��LQ�WKH�HYHQW�PRUH�H[WHQVLYH�GDWD�ZHUH�DYDLODEOH��D�GDWDEDVH�FRXOG�EH�LPSOHPHQWHG�WR�H[DPLQH

WKH�YDULDWLRQ�RI�PRELOLW\�ZLWK�SHUPHDELOLW\�LQ�WKH�PRGHOLQJ�

7R�GHPRQVWUDWH�WKH�HIIHFW�RI�605�RQ�RLO�UHFRYHU\��ZH�FRQVLGHUHG�D�K\SRWKHWLFDO�ILYH�OD\HU

KRUL]RQWDO�UHVHUYRLU�LQ�ZKLFK�HDFK�OD\HU�KDV�WKH�VDPH�SRURVLW\��WKLFNQHVV��DQG�RLO�VDWXUDWLRQ���7KH

SHUPHDELOLW\��KRZHYHU��YDULHV�LQ�GHFUHDVLQJ�RUGHU�IURP�����PG�LQ�WKH�WRS�OD\HU�WR�����PG������PG�

DQG����PG� LQ� WKH�PLGGOH� OD\HUV�� DQG����PG� LQ� WKH�ERWWRP� OD\HU�� �7KH�PRELOLW\�GHSHQGHQFH�RI

GLVSODFLQJ�IOXLG�RQ�SHUPHDELOLW\��DV�UHSUHVHQWHG�E\�WKH�605�H[SRQHQW��YDULHV�IURP�����WR�������)RXU

W\SHV�RI�GLVSODFHPHQW�IOXLG�ZLWK�GLIIHUHQW�FKDUDFWHULVWLFV�DUH�SUHVHQWHG�LQ�)LJ�������7KH�RUGLQDU\�IOXLG

VKRZQ�RQ�WKLV�JUDSK�LV�VLPXODWHG�WR�EH�OLNH�WKH�&2 �EULQH�PL[WXUH���7KH�IOXLG�ZLWK�605�H[SRQHQW�

RI�RQH�LV�VLPXODWHG�WR�EH�OLNH�DQ�RUGLQDU\�PRELOLW\�UHGXFLQJ�DJHQW���7ZR�RWKHU�IOXLGV�ZLWK�GLIIHULQJ

605� YDOXHV� DUH� VLPXODWHG� WR� EH� 605� HQKDQFHG� IRDPV�� � 7KH� RQH� ZLWK� WKH� H[SRQHQW� RI� ����

UHSUHVHQWV�IRDP�ZLWK�PLOG�605���7KH�RWKHU�ZLWK�WKH�H[SRQHQW�RI�����UHSUHVHQWV�IRDP�ZLWK�PRUH

IDYRUDEOH�605���

7KH�RLO�UHFRYHU\�HIILFLHQF\�UHVXOWLQJ�IURP�GLVSODFHPHQW�RI�WKHVH�IOXLGV�LV�SUHVHQWHG�DV�D

IXQFWLRQ�RI�SRUH�YROXPHV�RI�LQMHFWHG�IOXLG�LQ�)LJ�������,Q�WKLV�UHVHUYRLU�PRGHO��DUURZ�V\PEROV�LQGLFDWH

WKH�EUHDNWKURXJK�WLPH�IRU�DOO�FDVHV�DW�WKH�IDVWHVW�OD\HU���,W�LV�FOHDU�WKDW�WKH�EUHDNWKURXJK�WLPH�RI�WKH

GLVSODFLQJ�IOXLG�DW� WKH�IDVWHVW� OD\HU� LV�GHOD\HG�DQG�WKH�YHUWLFDO�VZHHS�HIILFLHQF\�RI� WKH�PRGHO� LV

LPSURYHG�LI�WKH�PRELOLW\�RI�WKH�LQMHFWHG�IOXLG�LV�UHGXFHG���$W�RQH�SRUH�YROXPH�RI�LQMHFWHG�IOXLG��)LJ�

�����WKH�RLO�UHFRYHU\�RI�WKH�RUGLQDU\�GLVSODFLQJ�IOXLG�LV�DERXW�������7KH�UHFRYHU\�LV�LQFUHDVHG�WR����

ZKHQ�WKH�PRELOLW\�RI�GLVSODFLQJ�IOXLG�LV�UHGXFHG��EXW�VKRZV�QR�605��H[SRQHQW�RI��������7KH�RLO

UHFRYHU\�LV�LPSURYHG�IXUWKHU�WR�����ZKHQ�D�PLOG�605�IOXLG��H[SRQHQW�RI�������LV�XVHG��DQG�WR����

ZKHQ�D�QHDUO\�FRPSOHWH�605�IOXLG��H[SRQHQW�RI������LV�DSSOLHG�DV�D�GLVSODFLQJ�DJHQW���7KH�EHQHILW

RI�XVLQJ�605�HQKDQFHG�IRDP�EHFRPHV�PRUH�REYLRXV�ZKHQ�FRQVLGHULQJ�WKH�SRUH�YROXPH�RI�IOXLG

UHTXLUHG�WR�DFKLHYH�WKH�VDPH�GHJUHH�RI�UHFRYHU\��)LJXUH�����IRU�H[DPSOH��VKRZV�WKDW�WKH�SRUH�YROXPH



��

RI�IOXLG�UHTXLUHG�WR�DFKLHYH�����RLO�UHFRYHU\�FDQ�EH�UHGXFHG�IURP�����39��QR�IRDP��WR�����39��IRDP

ZLWKRXW� 605��� WR�����39� �605� IRDP�ZLWK� H[SRQHQW�RI�������� RU� WR�����39� �605� IRDP�ZLWK

H[SRQHQW�RI��������7KH�PRGHOLQJ�UHVXOWV�VXJJHVW�WKDW�WKH�RFFXUUHQFH�RI�605�LQ�WKH�GLVSODFLQJ�IOXLG

FDQ�FDXVH�VXEVWDQWLDO�LQFUHDVHV�LQ�WKH�UDWH�DW�ZKLFK�RLO�LV�VZHSW�IURP�UHVHUYRLUV�E\�D�PLVFLEOH�SKDVH

OLNH�&2 ���7KH�YDOXH�RI�WKH�LQFUHDVH�GHSHQGV�RQ�WKH�DPSOLWXGH�RI�WKH�605�DQG�RQ�WKH�H[WHQW�RI�WKH
�

SHUPHDELOLW\�FRQWUDVWV�HQFRXQWHUHG�LQ�WKH�UHVHUYRLU���

%HFDXVH�WKH�PRGHO�GHVFULEHG�KHUH�GRHV�QRW�DFFRXQW�IRU�VHYHUDO�IHDWXUHV�RI�DQ�DFWXDO�&2 �
�

IRDP� IORRGLQJ� SURFHVV�� WKH� QXPEHU� SUHVHQWHG� DERYH� DUH� SULPDULO\� XVHG� WR� VKRZ� WKH� RUGHU� RI
PDJQLWXGH�RI�WKH�HIIHFW�RI�605�RQ�WKH�RLO�UHFRYHU\���,Q�DQ�DFWXDO�UHVHUYRLU�LQ�ZKLFK�VKDSH��ZHOO
SODFHPHQW��KRUL]RQWDO�DQG�YHUWLFDO�SHUPHDELOLW\�YDULDWLRQV��DQG�IOXLG�SURSHUWLHV�PXVW�EH�DFFRXQWHG
IRU��D�PXFK�PRUH�GHWDLOHG�DQG�VRSKLVWLFDWHG�UHVHUYRLU�VLPXODWLRQ�PXVW�EH�XVHG���$�FRUUHODWLRQ�WKDW
DFFRXQWV�IRU�WKH�HIIHFWV�RI�&2 �IRDP�ZLWK�605�LQ�WKH�VLPXODWRUV�ZRXOG�SURYLGH�YDULDEOH�PRELOLW\

�

IRU�WKH�IRDP�SKDVH��LQ�ZKLFK�IRDP�PRELOLW\�LV�GHWHUPLQHG�LQ�HDFK�&2 �IRDP�FRQWDLQLQJ�FHOO�DV�D
�

VLPSOH� SRZHU� RI� WKH� FHOO� SHUPHDELOLW\�� � $V� PRUH� H[SHULPHQWDO� UHVXOWV� EHFRPH� DYDLODEOH�� WKLV
FRUUHODWLRQ�FRXOG�EH�LPSURYHG�DV�VXJJHVWHG�DERYH���:H�ZLOO�HQGHDYRU�WR�GHYHORS�VXFK�D�PRGLILFDWLRQ
LQ�VLPXODWRUV�WKDW�ZLOO�EH�XVHG�LQ�&2 �IORRG�SUHGLFWLRQ��VR�WKDW�RSHUDWRUV�FDQ�DVVHVV�WKH�YDOXH�RI�605

�

IRDP�LQ�WKHLU�RZQ�DSSOLFDWLRQ�

)RDP�'XUDELOLW\�7HVW

� %HFDXVH�RI�WKH�JUHDW�SRWHQWLDO�RI�XVLQJ�IRDP�WR�LPSURYH�RLO�UHFRYHU\�LQ�&2 �IORRGV��WKH�QHHG
�

WR� LGHQWLI\� VXUIDFWDQWV� WKDW� LQGXFH� 605� LV� LPSRUWDQW� WR� WKH� VXFFHVV� RI� IRDP� DSSOLFDWLRQ�� � $V
WUHPHQGRXV�DPRXQW�RI�VXUIDFWDQWV�DUH�DYDLODEOH�FRPPHUFLDOO\��LW�LV�LQGLVSHQVDEOH�WR�ILQG�D�IHDVLEOH
PHDQV�WR�LGHQWLI\�VXUIDFWDQWV�DV�JRRG�IRDPHUV�����,Q�WKH�FRXUVH�RI�RXU�&2 �IRDP�VWXG\��D�KLJK�SUHVVXUH

�

IRDP�GXUDELOLW\�WHVW�DSSDUDWXV�ZDV�FRQVWUXFWHG �DQG�VFUHHQLQJ�WHVWV�ZHUH�VXFFHVVIXOO\�FRQGXFWHG�WR�

VHOHFW�VXUIDFWDQWV�IRU�ILHOG�IRDP�DSSOLFDWLRQ� ��7KHVH�WHVWV�GHWHUPLQHG�WKH�IRDPLQJ�DELOLW\�RI�HDFK�

VXUIDFWDQW��H[KLELWHG�WKH�VWDELOLW\�RI�WKH�IRDP��DQG�SURYLGHG�RWKHU�YDOXDEOH�LQIRUPDWLRQ�RI�VXUIDFWDQW
SURSHUWLHV��VXFK�DV�WKH�LQWHUIDFLDO�WHQVLRQ��,)7��EHWZHHQ�D�VXUIDFWDQW�DQG�GHQVH�&2 ��DQG�WKH�FULWLFDO

�

PLFHOOH�FRQFHQWUDWLRQ�RI�D�VXUIDFWDQW���%\�DVVHVVLQJ�VRPH�RI�WKH�SURSHUWLHV�RI�VXUIDFWDQWV�DQG�IRDPV
ZLWK�WKH�WHVW�DSSDUDWXV��DV�ZHOO�DV�DQDO\]LQJ�GDWD�REWDLQHG�IURP�WKH�FRUH�IORRGLQJ�H[SHULPHQWV��ZH
ZHUH�DEOH�WR�HVWDEOLVK�SRVVLEOH�FRUUHODWLRQ�DPRQJ�GDWD�WR�EH�XVHG�IRU�IXWXUH�VXUIDFWDQW�VFUHHQLQJ
VWXG\�

$�VFKHPDWLF�RI�WKH�IRDP�GXUDELOLW\�WHVW�DSSDUDWXV�LV�VKRZQ�LQ�)LJ�������7KLV�IRDP�GXUDELOLW\

DSSDUDWXV�FRQVLVWV�RI�D�&2 �VRXUFH�WDQN��D�YLVXDO�FHOO�PDGH�RXW�RI�D�WUDQVSDUHQW�VDSSKLUH�WXEH��D
�

EXIIHU�VROXWLRQ�F\OLQGHU��DQG�D�5XVND�SXPS���7KH�PDMRU�SDUW�RI�WKLV�V\VWHP��WKH�&2 �WDQN�DQG�WKH
�

VDSSKLUH�WXEH�KLJK�SUHVVXUH�FHOO��LV�FRQWDLQHG�LQ�D�WHPSHUDWXUH�FRQWUROOHG�ZDWHU�EDWK���7KH�EXIIHU

VROXWLRQ�F\OLQGHU�DQG�WKH�5XVND�SXPS�DUH�LQVWDOOHG�RXWVLGH�WKH�ZDWHU�EDWK��DQG�WKHLU�WHPSHUDWXUHV�DUH

PDLQWDLQHG�DW�WKH�VDPH�WHPSHUDWXUH�DV�WKH�ZDWHU�EDWK�WKURXJK�DQRWKHU�WHPSHUDWXUH�FRQWURO�V\VWHP�

)LUVW��WKH�VDSSKLUH�YLVXDO�FHOO�LV�ILOOHG�ZLWK�WKH�VROXWLRQ�WR�EH�WHVWHG���2QFH�WKH�V\VWHP�LV

EURXJKW�WR�WKH�GHVLUHG�SUHVVXUH�E\�PHDQV�RI�WKH�5XVND�SXPS��WKH�GHQVH�&2 �LV�LQWURGXFHG�WKURXJK
�

D�QHHGOH�DW�WKH�ORZHU�HQG�RI�WKH�FHOO���7KH�&2 �LV�GUDZQ�XSZDUG�LQVLGH�WKH�FHOO�ZKHQ�WKH�5XVND�SXPS
�



��

LV�UXQQLQJ�EDFNZDUGV���%HFDXVH�RI�WKH�GHQVLW\�GLIIHUHQFH�EHWZHHQ�GHQVH�&2 �DQG�WHVWHG�VROXWLRQ��&2
�� � � � �

EXEEOHV�DUH�IRUPHG�DQG�FROOHFWHG�DW�WKH�XSSHU�HQG�RI�WKH�FHOO���'HSHQGLQJ�RQ�WKH�HIIHFWLYHQHVV�RI�WKH

VXUIDFWDQW�� WKHVH�EXEEOHV�ZLOO� WKHQ�HLWKHU� IRUP�D� OD\HU�RI� IRDP�OLNH�GLVSHUVLRQ�DW� WKH� WRS�RI� WKH

VDSSKLUH�WXEH�RU�FRDOHVFH�LQWR�D�FOHDU�OD\HU�RI�GHQVH�&2 ���$IWHU�D�VWDQGDUG�YROXPH�RI�&2 �������FF�
� �� � � � � � �

KDV�EHHQ�LQWURGXFHG�LQWR�WKH�VDSSKLUH�WXEH��WKH�SXPS�LV�VWRSSHG�DQG�WKH�GXUDWLRQ�RI�IRUPHG�IRDP�LV

PHDVXUHG�

6HYHQ�VXUIDFWDQWV�XVHG�LQ�IRDP�PRELOLW\�WHVWV�ZHUH�WHVWHG�ZLWK�WKLV�DSSDUDWXV���'LIIHUHQW

EDWFKHV�RI�VXUIDFWDQW�VROXWLRQ��HDFK�DW���ZW��DFWLYH�FRPSRQHQW��ZHUH�SUHSDUHG�E\�GLVVROYLQJ�WKH

VXUIDFWDQW�DV�UHFHLYHG�IURP�WKH�VXSSOLHUV�LQWR�D�EULQH�V\VWHP�FRQVLVWLQJ�RI�����ZW��1D&O�DQG����

ZW��&D&O �� �'LIIHUHQW�FRQFHQWUDWLRQV�RI� WKH�VXUIDFWDQW�VROXWLRQ�ZHUH�VXEVHTXHQWO\�SUHSDUHG�E\
�

GLOXWLQJ�WKH�EDWFK�VROXWLRQ�ZLWK�WKH���ZW��EULQH���$OO�VFUHHQLQJ�WHVWV�ZHUH�FRQGXFWHG�DW�����)�DQG

�����SVLJ�

%\�PHDVXULQJ�WKH�WLPH�QHHGHG�WR�IRUP�D�EXEEOH�DW�WKH�QHHGOH�LQ�WKH�VDSSKLUH�WXEH�DQG�WKH

QXPEHU�RI�EXEEOHV�IRUPHG�ZLWKLQ�D�FHUWDLQ�SHULRG�RI�WLPH��WKH�DYHUDJH�YROXPH�DQG�UDGLXV�RI�HDFK

EXEEOH�ZHUH�FDOFXODWHG���2QFH�WKH�DYHUDJH�UDGLXV�RI�GHQVH�&2 �EXEEOH�ZDV�NQRZQ��WKH�LQWHUIDFLDO
�

WHQVLRQ�EHWZHHQ�VXUIDFWDQW�VROXWLRQ�DQG�GHQVH�&2 �ZDV�FDOFXODWHG��SURYLGHG�WKDW�WKH�UDGLXV�RI�WKH
�

QHHGOH�IURP�ZKLFK�WKH�EXEEOH�HPHUJHG��WKH�GHQVLW\�RI�WKH�VXUIDFWDQW�VROXWLRQ�DQG�WKH�GHQVLW\�RI�WKH

&2 �ZHUH�NQRZQ���([DPSOHV�RI�KRZ�WKH�,)7V�ZHUH�FDOFXODWHG�ZHUH�SXEOLVKHG�SUHYLRXVO\�� ��
�

�

5HVXOWV�DQG�'LVFXVVLRQ

7KH� UHVXOWV� RI� FDOFXODWHG� ,)7V� DUH�SORWWHG� DV� D� IXQFWLRQ�RI� VXUIDFWDQW� FRQFHQWUDWLRQ� DQG

SUHVHQWHG�LQ�)LJ�������2Q�WKLV�JUDSK��WKH�,)7�GHFUHDVHV�ZLWK�WKH�VXUIDFWDQW�FRQFHQWUDWLRQ�DQG�OHYHOV

RII�DW�D�UHJLRQ�ZKHUH�WKH�,)7�QR�ORQJHU�GHFUHDVHV�DV�WKH�VXUIDFWDQW�FRQFHQWUDWLRQ�LQFUHDVHV���7KLV

FRQFHQWUDWLRQ��DW�ZKLFK�WKH�LQWHUIDFLDO�SURSHUWLHV�EHWZHHQ�VXUIDFWDQW�DQG�&2 �VKRZ�QR�VLJQLILFDQW
�

FKDQJH��LV�FDOOHG�WKH�FULWLFDO�PLFHOOH�FRQFHQWUDWLRQ��&0&��DQG�FDQ�EH�JUDSKLFDOO\�GHWHUPLQHG��DV

LQGLFDWHG�E\�WKH�DUURZ�EDU����,W�LV�DSSDUHQW�WKDW�WKH�,)7�FXUYHV�DQG�&0&�YDOXHV�YDU\�ZLWK�VXUIDFWDQW

IRUPXOD�� � 7KH�&0&�YDOXHV� IRU� VXUIDFWDQWV� DUH��$OLSD �&'����� ������&KDVHU �&'������ �����5� � � 70

&KDVHU �&'������������&KDVHU �&'������������:LWFRODWH �������������:LWFRODWH ������������70� � � 70� � � 70� � � 70

'RZID[ ������������70

2WKHU� UHVXOWV� REWDLQHG� ZLWK� WKH� IRDP� GXUDELOLW\� DSSDUDWXV� ZHUH� WKH� IRDPLQJ� DELOLW\� RI

VXUIDFWDQW�DQG�GXUDELOLW\�RI�IRDP�DW�KLJK�SUHVVXUH�FRQGLWLRQV���7KH�IRDPLQJ�DELOLW\�RI�D�VXUIDFWDQW�LV

GHILQHG�DV�WKH�HDVH�ZLWK�ZKLFK�D�EXEEOH�LV�IRUPHG�DW�WKH�QHHGOH�ZKHQ�WKH�VXUIDFWDQW�VROXWLRQ�LV

LQLWLDOO\�FRQWDFWHG�ZLWK�WKH�&2 ��7KH�GXUDELOLW\�RI�IRDP�LV�GHILQHG�DV�WKH�VXEVHTXHQW�SHUVLVWHQFH�RI
�

WKH�IRDP�EXEEOHV�DIWHU�D�VWDQGDUG�YROXPH�RI�&2 �KDV�EHHQ�LQWURGXFHG���$�FDWKHWRPHWHU�LV�XVHG�WR
�

PHDVXUH�WKH�IRDP�KHLJKW�DQG�WKH�KHLJKW�RI�WKH�&2 �VR�WKDW�WKH�SHUFHQWDJH�RI�IRDP�LQVLGH�WKH�VDSSKLUH
�

WXEH�FDQ�EH�FDOFXODWHG�DQG�WKH�SHUVLVWHQFH�RI�IRDP�FDQ�EH�DVVHVVHG��

)RU�WKH�VDPH�VXUIDFWDQW��LW�ZDV�IRXQG�WKDW�WKH�IRDP�IRUPHG�PRUH�HDVLO\�DV�WKH�VXUIDFWDQW

FRQFHQWUDWLRQ�LQFUHDVHG���,Q�RWKHU�ZRUGV��WKH�IRDPLQJ�DELOLW\�RI�VXUIDFWDQW�LQFUHDVHG�DV�WKH�LQWHUIDFLDO

WHQVLRQ�EHWZHHQ�&2 �DQG�VXUIDFWDQW�VROXWLRQ�GHFUHDVHG���)XUWKHUPRUH��WKH�ORQJHVW�ODVWLQJ�IRDPV�ZHUH
�



��

QRW�QHFHVVDULO\�IRXQG�DW�WKH�EHVW�IRDPLQJ�FRQGLWLRQV���7KH�W\SLFDO�UHVXOWV�RI�VWDWLF�GHFD\�RI�WKH�&2 �
�

IRDP�XVLQJ�VXUIDFWDQW�&'�����DUH�SUHVHQWHG�LQ�)LJ�������7KLV�JUDSK�VKRZV�WKDW�WKHUH�LV�DQ�RSWLPXP

FRQFHQWUDWLRQ� �LQ� WKLV� FDVH�� ������ZW��� DW�ZKLFK� WKH� IRDP�KDV� WKH�EHVW� VWDELOLW\�RU� WKH� ORQJHVW

GXUDELOLW\���7KH�SHUVLVWHQFH�RI�IRDP�GHFUHDVHV�DW�FRQFHQWUDWLRQ�HLWKHU�DERYH�RU�EHORZ�WKLV�RSWLPXP

FRQFHQWUDWLRQ���7KLV�WUHQG�ZDV�REVHUYHG�ZLWK�VXUIDFWDQW�&'�����ZLWK�DQ�RSWLPXP�FRQFHQWUDWLRQ�RI

�����ZW���VHH�)LJ��������,Q�ERWK�FDVHV��WKH�RSWLPXP�FRQFHQWUDWLRQ�ZDV�FORVH�WR�WKH�VXUIDFWDQW©V�&0&

�L�H��������DQG������ZW��IRU�&'�����DQG�&'�����UHVSHFWLYHO\����7KH�EXEEOHV�IRUPHG�E\�VXUIDFWDQWV

'RZID[�������:LWFRODWH�������DQG�&'�����FRDOHVFHG�LQ�OHVV�WKDQ�D�PLQXWH��ZKHUHDV�PRVW�RI�WKH

EXEEOHV� IRUPHG� E\� VXUIDFWDQW� &'����� DQG� :LWFRODWH � ����� ODVWHG� ORQJHU� WKDQ� ��� PLQXWHV�70

7KHUHIRUH��WKH�RSWLPXP�FRQFHQWUDWLRQ�WR�JHQHUDWH�WKH�ORQJHVW�ODVWLQJ�IRDPV�ZHUH�QRW�LGHQWLILHG�IRU

VXUIDFWDQW�'RZID[ �������&KDVHU �&'������:LWFRODWH �������:LWFRODWH �������DQG�&KDVHU70� � 70� � 70� � 70� � � 70

&'�������1HYHUWKHOHVV��WKH�HIIHFWLYHQHVV�RI�VXUIDFWDQW�WR�VWDELOL]H�WKH�IRDP�ZDV�GHWHUPLQHG�E\�WKLV

PHWKRG��6XUIDFWDQW�&KDVHU &'�����JHQHUDWHG� WKH�PRVW� VWDEOH� IRDPV�� IROORZHG�E\� VXUIDFWDQWV70

:LWFRODWH ������ &KDVHU &'������ $OLSD &'����� &KDVHU &'������ :LWFRODWH ������ DQG70 � 70 � 5 � 70 � 70

'RZID[ ������70

&RUUHODWLRQ�RI�6XUIDFWDQW�DQG�)RDP�3URSHUWLHV

:KHQ�UHVXOWV�IURP�WKH�IRDP�GXUDELOLW\�WHVWV�DUH�FRPSDUHG�ZLWK�WKRVH�RI�WKH�PRELOLW\�WHVWV�

WKH�VWDELOLW\�RI�IRDP�LQ�WKH�EXON�SKDVH�FDQ�EH�FRUUHODWHG�ZLWK�WKH�UHVLVWDQFH�IDFWRU��5 ��RI�IORZLQJI

IRDP�LQ�WKH�SRURXV�PHGLD���7KH�UHVLVWDQFH�IDFWRU��GHILQHG�DV�WKH�UDWLR�RI�WRWDO�PRELOLW\�RI�&2 �EULQH�

WR�WKH�IRDP�PRELOLW\��LQFUHDVHV�ZLWK�WKH�IRDP�OLIH����$V�IRDP�VWDELOLW\�LQFUHDVHV��5 �DOVR�LQFUHDVHV�I

$V�VKRZQ�LQ�)LJ������DW������ZW��VXUIDFWDQW�FRQFHQWUDWLRQ��D�QRWLFHDEOH�UHVLVWDQFH�IDFWRU�RI���RU�PRUH

LV�IRXQG�LQ�FDVHV�ZKHUH�WKH�IRDP�OLIH�ODVWV�OHVV�WKDQ�D�PLQXWH���7KLV�VXJJHVWV�WKDW�PRELOLW\�UHGXFWLRQ

ZLWK�D�OHVV�VWDEOH�IRDP�FDQ�EH�DFKLHYHG�E\�EUHDNLQJ�DQG�UHIRUPLQJ�PHFKDQLVPV�GXULQJ�WKH�IRDP

IORZ� ��:KHQ�IRDPV�EHFRPH�PRUH�VWDEOH��PRUH�UHVLVWDQFH�WR�IORZ�UHVXOWV�LQ�D�KLJKHU�PRELOLW\����

UHGXFWLRQ���%DVHG�RQ�WKHVH�REVHUYDWLRQV��LW�LV�EHOLHYHG�WKDW�WKH�HIIHFWLYHQHVV�RI�IRDP�LQ�UHGXFLQJ�WKH

PRELOLW\�RI��&2 �LV�OLNHO\�GXH�WR�WKH�FDSDELOLW\�RI�VXUIDFWDQW�WR�VWDELOL]H�WKH�EXEEOH�ILOP�RU�ODPHOODH�

LQ�WKH�SRURXV�PHGLD���)XUWKHUPRUH��WKH�5 �DOVR�LQFUHDVHV�DV�WKH�UHGXFWLRQ�IDFWRU�RI�WKH�LQWHUIDFLDOI

WHQVLRQ��GHVLJQDWHG�DV�5,)7�LQ�)LJ������EHWZHHQ�&2 �EULQH�DQG�&2 �VXUIDFWDQW�LQFUHDVHV���6LQFH�WKH� � � �

5,)7�LV�IDYRUDEOH�IRU�IRDP�JHQHUDWLRQ��PRUH�ODPHOODH�FDQ�EH�JHQHUDWHG�LQ�WKH�IORZ�SDWK�RI�SRURXV

PHGLD�WKDW�ZLOO�LQFUHDVH�WKH�UHVLVWDQFH�RI�IORZ�GXULQJ�WKH�IRDP�GLVSODFHPHQW�

2WKHU� IDFWRUV� WKDW� FDXVH� D� PRUH� VWDEOH� IRDP� WR� JHQHUDWH� �VXFK� DV� KLJKHU� VXUIDFWDQW

FRQFHQWUDWLRQ�DQG�ORZHU�GLVSODFHPHQW�UDWH��DOVR�JLYH�D�PRUH�IDYRUDEOH�605���$V�LQGLFDWHG�LQ�7DEOH

���WKH�VORSH�YDOXHV�GHWHUPLQHG�E\�WKH�UHJUHVVLRQ�PHWKRG�DUH�VPDOOHU��LQ�RWKHU�ZRUGV��605�LV�PRUH

IDYRUDEOH��DW�D�KLJKHU�FRQFHQWUDWLRQ�RI�VXUIDFWDQW�RU�DW�D�ORZHU�GLVSODFHPHQW�UDWH���:KHQ�WKHVH�VORSH

YDOXHV��605�LQGLFHV��ZHUH�FRUUHODWHG�ZLWK�5,)7�RI�GLIIHUHQW�VXUIDFWDQWV��)LJ�������ZH�IRXQG�WKDW

605�YDOXH�JHQHUDOO\�GHFUHDVHG�ZLWK�WKH�LQFUHDVH�RI�5,)7�YDOXH���7KLV�LQGLFDWHG�WKDW�PRUH�IDYRUDEOH

605�RFFXUUHG�ZKHQ�WKH�LQWHUIDFLDO�WHQVLRQ�EHWZHHQ�&2 �DQG�DTXHRXV�SKDVHV�ZDV�UHGXFHG�PRUH��

%DVHG�RQ� WKLV�FRUUHODWLRQ�DQG� WKH�RQH� VKRZQ� LQ�)LJ������ZH�EHOLHYH� WKDW�5,)7�FDQ�EH�D�XVHIXO

LQGLFDWRU�IRU�VFUHHQLQJ�VXUIDFWDQWV�LQ�IRDP�DSSOLFDWLRQ�



��

'HVSLWH�RXU�UHVHUYDWLRQV�RQ�WKH�FDXVH�RI�605��ZH�H[SHFW�WKDW�LQ�PRVW�FDVHV�WKH�XVH�RI�D

SURSHU�&2 �IRDP�FRXOG�PLQLPL]H�WKH�PRELOLW\�FRQWUDVW�EHWZHHQ�KLJK�DQG�ORZ�SHUPHDELOLW\�]RQHV
�

LQ�UHVHUYRLU�IORZ��WKXV�PDUNHGO\�LQFUHDVLQJ�WKH�HIILFLHQF\�RI�RLO�GLVSODFHPHQW���7KLV�SURMHFW��DV�ZHOO

DV� HDUOLHU� H[SHULPHQWDO� UHVHDUFK��PDNHV� LW� FOHDU� WKDW� WKH�605�SURSHUW\� RI�&2 � IRDP� H[LVWV�� LV
�

REVHUYHG� LQ� SDUDOOHO�FRUH� DQG� VHULHV�FRUH� WHVWV�ZLWK� FDSLOODU\� FRQWDFW�� DQG� FDQ� EH� SUHVXPHG� WR

IXQFWLRQ�VLPLODUO\�LQ�DFWXDO�ILHOG�VLWXDWLRQV���,W�VKRXOG�WKHUHIRUH�EH�YHU\�XVHIXO�LQ�RLO�UHFRYHU\�IURP

UHVHUYRLUV�FRQWDLQLQJ�FUXGH�RLO�RI�VXLWDEOH�FRPSRVLWLRQ��

&RQFOXVLRQV

��� $IWHU�H[DPLQLQJ�WKH�H[SHULPHQWDO�VHWXS�IRU�PHDVXUHPHQW�RI�PRELOLW\�RI�WZR�FRUHV�LQ�VHSDUDWH
FRUHKROGHUV��ZH�IRXQG�WKDW�WKH�SRVLWLRQ�RI�WKH�FRUHV�GLG�QRW�SURGXFH�D�VLJQLILFDQW�HIIHFW�RQ
WKH�LQWHUSUHWDWLRQ�RI�605�LQ�PRELOLW\�PHDVXUHPHQWV�

�� 0HDVXULQJ�&2 �IRDP�PRELOLW\�LQ�VHSDUDWH�FRUHV�VKRZHG�WKDW�VHOHFWLYH�PRELOLW\�UHGXFWLRQ�ZDV
�

DIIHFWHG�VLJQLILFDQWO\�E\�WKH�VXUIDFWDQW�W\SH�DQG�WKH�IORZ�YHORFLW\�RI�IRDP���5RFN�W\SH�DQG
VXUIDFWDQW�FRQFHQWUDWLRQ�DOVR�DIIHFWHG�WKH�605�RI�IRDP��EXW�WR�D�OHVVHU�H[WHQW�

�� 605�ZDV�IRXQG�WR�EH�PRUH�IDYRUDEOH�LQ�%DNHU�GRORPLWH�URFNV�WKDQ�LQ�%HUHD�VDQGVWRQH��ZKHQ
VXUIDFWDQW�&'�����ZDV�XVHG�DV�D�IRDPHU���:KHQ�VXUIDFWDQW�&'�����ZDV�XVHG�DV�D�IRDPHU�
KRZHYHU��605�ZDV�IRXQG�WR�EH�PRUH�IDYRUDEOH�LQ�%HUHD�VDQGVWRQH�WKDQ�LQ�%DNHU�GRORPLWH
URFNV�

�� ([WHQVLYH�PRELOLW\�PHDVXUHPHQWV�RQ�ODUJHU�%HUHD�FRUHV�ZHUH�WDNHQ��ZLWK�UHVXOWV�VLPLODU�WR
WKRVH�REWDLQHG�ZLWK�VPDOOHU�FRUHV�

�� ([SHULPHQWV�ZLWK�FRPSRVLWH�FRUH�VDPSOHV�RI�NQRZQ�KHWHURJHQHLW\�ZHUH�D�EHWWHU�DOWHUQDWLYH

WR�XVLQJ�VHSDUDWH�FRUHV�WR�LQYHVWLJDWH�605�DQG�WR�H[DPLQH�WKH�HIIHFW�RI�KHWHURJHQHLW\�RQ

IRDP�IORZ�EHKDYLRU���([SHULPHQWV�ZLWK�FRPSRVLWH�FRUH�VDPSOHV�SURYLGHG�LQIRUPDWLRQ�WKDW

FRXOG�QRW�EH�DFTXLUHG�IURP�VHSDUDWH��LQGLYLGXDO�FRUHV�RI�UHODWLYHO\�XQLIRUP�SHUPHDELOLW\�

�� 605��LQ�ZKLFK�WKH�&2 �IRDP�UHGXFHV�WKH�PRELOLW\�WR�D�JUHDWHU�H[WHQW�LQ�KLJK�SHUPHDELOLW\
�

]RQHV�WKDQ�LQ�ORZ��RFFXUUHG�RYHU�D�ZLGH�UDQJH�RI�'DUF\�IORZ�UDWHV��IURP������IW�GD\�WR����

IW�GD\��DQG�SHUPHDELOLWLHV�RI�FRUH�VDPSOHV��IURP����PG�WR�����PG����,Q�PDQ\�FDVHV��LW�ZDV

REVHUYHG�WKDW�ORZ�VXUIDFWDQW�FRQFHQWUDWLRQV�ZHUH�PRUH�HIIHFWLYH�LQ�FDXVLQJ�605�WKDQ�KLJK

FRQFHQWUDWLRQV�

�� 605�ZDV�VWLOO�REVHUYHG�LQ�H[SHULPHQWV�ZLWK�SDUDOOHO�RU�VHULHV�IORZ�WKURXJK�KLJKHU�DQG�ORZHU

SHUPHDELOLW\�]RQHV�RI�D�FRPSRVLWH�FRUH��LQ�ZKLFK�WKH�]RQHV�ZHUH�LQ�FDSLOODU\�FRQWDFW�

�� ,Q�WKH�VDPH�FRPSRVLWH�FRUH��WKH�SUHVHQFH�RI�VXUIDFWDQW�LQ�EULQH�LQMHFWHG�ZLWK�WKH�&2 �ZDV
�

REVHUYHG�WR�KDYH�D�VWURQJ�EHQHILFLDO�HIIHFW�RQ�WKH�VDWXUDWLRQ�GLIIHUHQFHV�WKDW�ZRXOG�RWKHUZLVH

GHYHORS���7KLV�HIIHFW�GHFUHDVHG�WKH�WRWDO�PRELOLW\�FRQWUDVW�EHWZHHQ�GLIIHUHQW�SHUPHDELOLW\

]RQHV�



��

�� &2 �IRDP�IORRGV��DXJPHQWHG�E\�605��DUH�SURPLVLQJ�IRU�LPSURYHG�RLO�UHFRYHU\��7KH\�FDXVH
�

IORZ�DQG�GLVSODFHPHQW�WR�EH�PRUH�XQLIRUP��WKXV�LQFUHDVLQJ�GLVSODFHPHQW�HIILFLHQF\�

���� 2LO�UHFRYHU\�HIILFLHQF\�GHSHQGV�RQ�WKH�H[WHQW�RI�605�DQG�WKH�SHUPHDELOLW\�FRQWUDVWV�WKDW�DUH

QRUPDOO\�HQFRXQWHUHG�LQ�WKH�UHVHUYRLU�

��� 605�HIIHFW�RQ�RLO�UHFRYHU\�FDQ�EH�GHPRQVWUDWHG�ZLWK�D�VLPSOH�VLPXODWLRQ�VFKHPH�WKDW�FDQ

EH�LQFRUSRUDWHG�LQWR�H[LVWLQJ�UHVHUYRLU�VLPXODWRUV�

��� 7KH�VWDELOLW\�RI�IRDP�LQ�WKH�EXON�SKDVH�FDQ�EH�FRUUHODWHG�ZLWK�WKH�SHUIRUPDQFH�RI�IRDP

IORZLQJ�LQ�SRURXV�PHGLD���:KHQ�FRPSDULQJ�GLIIHUHQW�VXUIDFWDQWV��D�JUHDWHU�VWDELOLW\�RI�IRDP

JLYHV�PRUH�PRELOLW\�UHGXFWLRQ�LQ�IRDP�GLVSODFHPHQW�

��� 7KH�5 �LQFUHDVHV�DV�WKH�5,)7�EHWZHHQ�&2 �DQG�WKH�DTXHRXV�SKDVH�LQFUHDVHV�
I� � � � � � �

��� $Q�RSWLPXP�FRQFHQWUDWLRQ�H[LVWV�DW�ZKLFK�WKH�VWDEOHVW�IRDP�LQ�WKH�EXON�SKDVH�LV�IRUPHG�

7KLV�RSWLPXP�FRQFHQWUDWLRQ�LV�FORVH�WR�WKH�&0&�RI�HDFK�VXUIDFWDQW�VROXWLRQ�

��� )DFWRUV�WKDW�IDYRU�UHGXFLQJ�WKH�PRELOLW\�RI�&2 �EULQH�DOVR�OHDG�WR�D�PRUH�IDYRUDEOH�605
�

ZKHQ�IRDP�IORZV�LQ�D�FRPSRVLWH�FRUH�FRQVLVWLQJ�RI�GLIIHULQJ�SHUPHDELOLWLHV�

�



��

7$6.� ��� 5('8&7,21�2)� 7+(�$02817�2)�&2 �5(48,5('� ,1�&2�� � � �

)/22',1*

,QWURGXFWLRQ

$�PXOWLWXGH�RI�VXFFHVVIXO�JDV�LQMHFWLRQ�SURMHFWV�WKURXJKRXW�WKH�ZRUOG �KDYH�GHPRQVWUDWHG��

�WKDW�KLJK�SUHVVXUH�&2 �LQMHFWHG�LQWR�RLO�UHVHUYRLUV�LPSURYHV�RLO�UHFRYHU\���,W�ZDV�UHFHQWO\�VWDWHG�WKDW�

¦2QH�RI� WKH�PRVW� VLJQLILFDQW�RSSRUWXQLWLHV� IRU�H[SDQGLQJ�&2 �FRXOG�EH� WKH�DSSOLFDWLRQ�RI�&2�� � � � � � �

IORRGLQJ�LQ�UHVHUYRLUV�LQ�ZKLFK�QHDU�PLVFLEOH�FRQGLWLRQV�H[LVW�§ ��7KHUH�LV�FRQVLGHUDEOH�HFRQRPLF��

DQG� RSHUDWLRQDO� LQFHQWLYH� WR� RSHUDWH� D� JDV� LQMHFWLRQ� SURMHFW� DW� WKH� ORZHVW� SRVVLEOH� SUHVVXUH�

,QFHQWLYHV�LQFOXGH�SXUFKDVLQJ�VPDOOHU�JDV�YROXPHV�DQG�GHFUHDVHG�JDV�FRPSUHVVLRQ�FRVWV���$OVR��WKH

SRVVLELOLW\�RI�RSHUDWLQJ�D�JDV�SURMHFW�EHORZ�WKH�PLQLPXP�PLVFLELOLW\�SUHVVXUH��003��PHDQV�WKH

UHVHUYRLUV�WKDW�PLJKW�RWKHUZLVH�EH�H[FOXGHG�FRXOG�EH�FRQVLGHUHG�DV�FDQGLGDWHV�IRU�JDV�LQMHFWLRQ�

6RPH�ODERUDWRU\�WHVWV� �VLPXODWLRQ�VWXGLHV� �DQG�ILHOG�WHVWV� �KDYH�LQGLFDWHG�WKDW�IORRGV�DW�RU������ � ��� � � ������

EHORZ�WKH�003�PD\�EH�DV�HIILFLHQW��LI�QRW�PRUH�VR��WKDQ�DW�SUHVVXUHV�ZHOO�DERYH�WKH�003���7KH�XQLW

FRVW�RI�SURGXFLQJ�RLO�E\�&2 �LQMHFWLRQ�ZRXOG�GHFUHDVH�LI�WKH�DPRXQW�RI�&2 �UHTXLUHG�SHU�XQLW�RI�RLO�� � � � � � � � �

SURGXFHG�LV�GHFUHDVHG���7KLV�FDQ�EH�DFKLHYHG�E\�GHFUHDVLQJ�WKH�PDVV�RI�&2 �UHTXLUHG�WR�ILOO�D�XQLW�

UHVHUYRLU�YROXPH�E\�UHGXFWLRQ�LQ�UHVHUYRLU�SUHVVXUH�RU�E\�LQFUHDVLQJ�WKH�VZHHS�HIILFLHQF\�RI�WKH�&2 ��
6ZHHS�HIILFLHQF\�FDQ�EH�LQFUHDVHG�XVLQJ�PRELOLW\�FRQWURO�DJHQWV�DQG�RU�KRUL]RQWDO�ZHOOV�

5HGXFWLRQ�LQ�2SHUDWLQJ�3UHVVXUH�IRU�&2 �)ORRGLQJ
�

$W� D� FRQVWDQW� WHPSHUDWXUH� WKH� GHQVLW\� RI�&2 � GHFUHDVHV�ZLWK� GHFUHDVLQJ� SUHVVXUH�� WKXV�

LQFUHDVLQJ� WKH� UHVHUYRLU� ILOO�YROXPH�ZLWK� WKH� VDPH�PDVV�� �7KH�VORSH�RI�GHQVLW\�YHUVXV�SUHVVXUH

�GHQVLW\� FKDQJH�� LV� FRPPRQO\�DW� WKH�PD[LPXP�QHDU� WKH�003�� �7KH�FKDQJH�RI�GHQVLW\�FDQ�EH

VXEVWDQWLDO�RYHU�D�IHZ�KXQGUHG�SVL ��VHH�)LJ�������$�QXPEHU�RI�003V�DUH�DOVR�LQGLFDWHG�RQ�WKH�����

DSSURSULDWH�LVRWKHUPDO�FXUYH�LQ�)LJ����� ��1RW�WDNHQ�LQWR�DFFRXQW�LQ�)LJ�����LV�WKH�HIIHFW�RI��������

H[WUDFWHG�RLO�FRPSRQHQWV�RQ�WKH�GHQVLW\�RI�&2 ��)LJXUH����VKRZV�DQ�H[DPSOH�RI�WKH�HIIHFW�H[WUDFWLRQ�

RI�D�VPDOO�SHUFHQW�RI�K\GURFDUERQ�ZLOO�KDYH�RQ�WKH�GHQVLW\�RI�&2 � �+HUH��WKH�DGGLWLRQ�RI�D�VPDOO�
��

DPRXQW�RI�K\GURFDUERQV�GHFUHDVHG�WKH�SUHVVXUH�UHTXLUHG�WR�UHDFK�D�VSHFLILHG�GHQVLW\�IRU�WKH�&2 �ULFK�

SKDVH���7KXV�WKH�003�VKLIWHG�IURP�WKDW�SUHGLFWHG�E\�D�WHPSHUDWXUH�FRUUHODWLRQ�IRU�WKH�003�RI

&2 � ��)LJXUH����FRPSDUHV�WKH�ILQDO�UHVXOWV�RI�WZR�VOLP�WXEH�WHVWV�VHULHV��WHVWV�XVHG�WR�GHWHUPLQH�
�����

003©V��DW�����)�DQG�����)��UHVSHFWLYHO\���7KH�003V�GLIIHU�E\�RYHU�����SVL��DV�VKRZQ�E\�SRLQWV

6�DQG�)�LQ�)LJ�������,I�WKH�WZR�RLOV�ZHUH�RI�VLPLODU�FRPSRVLWLRQ��RQO\�D�����SVL�VKLIW�LQ�SUHVVXUH�GXH

WR�WHPSHUDWXUH�ZRXOG�KDYH�EHHQ�REVHUYHG���7KH�SUHGLFWLRQ�RI�003�LV�JHQHUDOO\�PXFK�EHWWHU�ZKHQ

D�VLPSOH�RLO�FRPSRVLWLRQ�IDFWRU�LV�LQFOXGHG�LQ�WKH�PRGHO� �:KHQ�SUHGLFWLYH�PRGHOV�WKDW�FRQVLGHU�����

RLO�FRPSRVLWLRQ�DUH�XVHG��WKH�003�RI�WKH�WZR�IOXLGV�LQ�)LJ�����DUH�SUHGLFWHG�WR�GLIIHU�E\���������SVL�

ZKLFK�LV�PXFK�FORVHU�WR�WKH�H[SHULPHQWDO�YDOXHV�

$QRWKHU�SDUDPHWHU�XVHG�WR�SUHGLFW�003V�WKDW�WDNHV�LQWR�DFFRXQW�WKH�FRPSRVLWLRQ�RI�HDFK

IOXLG�LV�WKH�+LOGHEUDQG�VROXELOLW\�SDUDPHWHU� �
��RULJLQDWLQJ�IURP�UHJXODU�VROXWLRQ�WKHRU\�IRU�PL[WXUHV��

RI�QRQSRODU�OLTXLGV�VXFK�DV�K\GURFDUERQV���5HFHQWO\��
�KDV�EHHQ�GHVFULEHG �IRU�SXUH�&2 �DQG�D��
�



��

QXPEHU�RI�K\GURFDUERQV���7KH�
�LQFUHDVHV�ZLWK�GHQVLW\�IRU�ERWK�&2 �DQG�FUXGH�RLOV���6LQFH�PXOWL�
�

FRQWDFW�PLVFLELOLW\�LV�FORVHO\�UHODWHG�WR�WKH�DEXQGDQFH�RI�RLO�FRPSRQHQWV�VROXEOH�LQ�&2 ��
�FDQ�EH
�

XVHG�ZLWK�VRPH�GHJUHH�RI�DFFXUDF\�LQ�GHWHUPLQLQJ�LI�PLVFLELOLW\�ZLOO�RFFXU�DQG�DW�ZKDW�UDWH���7KH�

RI� D� FUXGH� RLO� LV� LQIOXHQFHG� E\� FRPSRVLWLRQ�� PROHFXODU� ZHLJKW�� DQG� WHPSHUDWXUH�� � $W� D� JLYHQ

WHPSHUDWXUH�D�JRRG�DSSUR[LPDWLRQ�RI�
L�V�D�OLQHDU�IXQFWLRQ�RI�PROHFXODU�ZHLJKW�RU�$3,�JUDYLW\���)RU
&2 ��GHQVLW\�LV�GLUHFWO\�UHODWHG�WR�SUHVVXUH�DQG�WHPSHUDWXUH���7KXV��ZKLOH�SUHVVXUH�KDV�OLWWOH�HIIHFW�RQ

�

WKH�RLO�
��SUHVVXUH�KDV�D�SURIRXQG�HIIHFW�RQ�WKH�&2 �
���%\�UDLVLQJ�WKH�SUHVVXUH�RQ�D�V\VWHP��
�IRU�&2
�� �� � � � � � � � � � �

LQFUHDVHV�ZKLOH�
�IRU�WKH�RLO�UHPDLQV�HVVHQWLDOO\�FRQVWDQW���7KXV�WKH�003�LV�UHODWHG�WR�WKH�SRLQW

ZKHUH�WKH�&2 ��
�DQG�WKH�RLO�
�DUH�FORVH�HQRXJK�WR�GHYHORS�PLVFLELOLW\���$V�WKH�&2 �
�LQFUHDVHV��PRUH
��� � � � � � � � � � � �� � � �

K\GURFDUERQ�FRPSRQHQWV�DUH�HYDSRUDWHG�LQWR�WKH�&2 �ULFK�SKDVH��WKXV�UDLVLQJ�WKH�&2 �ULFK�SKDVH�
�
� � � � � � �

$�ILQDO�TXDQWLW\�WKDW�FDQ�EH�XVHG�WR�XQGHUVWDQG�WKH�GHYHORSPHQW�RI�PLVFLELOLW\�DQG�PRUH
LPSRUWDQWO\��IOXLG�GLVSODFHPHQW��LV�LQWHUIDFLDO�WHQVLRQ��,)7����7KLV�LV�D�PDMRU�IRFXV�RI�7DVN����EXW�KHUH
LW�VXIILFHV�WR�VD\�WKDW��WKHRUHWLFDOO\��JRRG�GLVSODFHPHQW�FDQ�RFFXU�EHIRUH�FRPSOHWH�PLVFLELOLW\��DV�WKH
,)7�LV�ORZHUHG�VXIILFLHQWO\�WR�RYHUFRPH�FDSLOODU\�IRUFHV������

&DSLOODU\�IRUFHV�LPSO\�WKDW�D�SRURXV�VWUXFWXUH�LV�LQYROYHG���$�FRPSOHWH�XQGHUVWDQGLQJ�RI

PLVFLELOLW\�GHYHORSPHQW�PXVW�LQFOXGH�WKH�LQFRUSRUDWLRQ�RI�HDFK�RI�WKH�DERYH�FRQFHSWV�LQ�D�SRURXV

PHGLXP���6OLP�WXEH�VWXGLHV�DUH�WKH�VLPSOHVW�SRURXV�PHGLXP�FRQILJXUDWLRQ��DQG�KDYH�EHHQ�DQ�LQGXVWU\

VWDQGDUG�IRU�GHWHUPLQLQJ�003�IRU�D�QXPEHU�RI�\HDUV� ��6OLP�WXEH �DQG�PLFURPRGHO�VWXGLHV �KDYH���� � ������ � � ��

GHPRQVWUDWHG� WKDW� RQ� D� PLFURVFRSLF� VFDOH� WKH� PRVW� HIILFLHQW� UHFRYHU\� FRQGLWLRQV� �PDVV� RI� RLO

SURGXFHG�SHU�PDVV�RI�&2 �LQMHFWHG��DUH�UHVHUYRLU�SUHVVXUHV�DW�RU�MXVW�EHORZ�WKH�003��6OLP�WXEH�DQG�

PLFURPRGHO�V\VWHPV�DUH�PRUH�KRPRJHQHRXV�WKDQ�UHVHUYRLU�URFN��GR�QRW�FRQWDLQ�ZDWHU�VDWXUDWLRQ��DQG

DUH�FRPSRVHG�RI�JODVV�RU�XQFRQVROLGDWHG�VDQG���7HVWV�RU�VLPXODWLRQV�XVLQJ�UHVHUYRLU�URFN �GR�QRW�����

QHFHVVDULO\�GXSOLFDWH�WKH�UHVXOWV�RI�VOLP�WXEH�DQG�PLFURPRGHO�WHVWV�� �$W�OHDVW�VRPH�URFN�VWXGLHV

LQGLFDWH�WKDW�WKH�003�LV�QRW�D�PDJLF�YDOXH�DQG�DW�WLPHV�WKHUH�LV�YHU\�OLWWOH�GLIIHUHQFH�EHORZ�DQG

DERYH�WKH�003�LQ�RLO�UHFRYHU\���$V�DQ�H[DPSOH��6K\HK�<XQJ �VDZ�YHU\�OLWWOH�GLIIHUHQFH�ZKHQ��

FRPSDULQJ�UHFRYHU\�LQ�D�FRUH�WHVW�DW�SUHVVXUHV�EHORZ�DQG�DERYH�WKH�003���,Q�D�PRUH�UHFHQW�VWXG\

*ULJJ�HW�DO�� �REVHUYHG� WKH�RSSRVLWH�EHKDYLRU�� �6RPH�RI� WKH� UHVXOWV� IURP�WKHVH� WZR�VWXGLHV�DUH��

FRPSDUHG�LQ�)LJ�������7KH�UHGXFWLRQ�LQ�UHFRYHU\�EHORZ�WKH�003�ZDV�DV�GUDPDWLF�LQ�FRUH�IORRGV�DV

LW�ZDV�LQ�VOLP�WXEH�WHVWV�LQ�*ULJJ©V�VWXG\ �ZKLOH�6K\HK�<XQJ �REVHUYHG�RQO\�D�JUDGXDO�FKDQJH���7KH��� � ��

VHFRQG�VWXG\ �LQGLFDWHG�WKDW�GURSSLQJ�EHORZ�WKH�003�FDQ�EH�DV�FULWLFDO�LQ�D�UHVHUYRLU¥LI�QRW�PRUH��

VR¥�DV�LW�LV�LQ�D�VLPSOH�VHULHV�RI�VOLP�WXEH�WHVWV���7KH�GLIIHUHQFHV�EHWZHHQ�WKHVH�UHVXOWV�KDYH�VHYHUDO

SRVVLEOH�H[SODQDWLRQV�WKDW�LQFOXGH��WKRXJK�WKHVH�DUH�QRW�DOO�LQFOXVLYH��WKH�IROORZLQJ��UHVHUYRLU�IOXLG�

URFN�W\SH��H[SHULPHQWDO�SURFHGXUH��DQG�GDWD�LQWHUSUHWDWLRQ���7KXV��LW�UHTXLUHV�DGGLWLRQDO�H[DPLQDWLRQ

WR�DQVZHU�WKH�TXHVWLRQ�RI�KRZ�ORZ�WKH�SUHVVXUH�FDQ�EH�UHODWLYH�WR�WKH�003�ZLWK�QR�ORVV�LQ�WKH

HIILFLHQF\�RI�&2 ���

7KH�SKDVH�EHKDYLRU�H[SHULPHQWV�GHVFULEHG�LQ�7DVN���KHOSHG�H[SODLQ�D�QXPEHU�RI�FRQFHSWV

LQ� LQFUHDVLQJ� &2 � HIILFLHQF\�� � 7KH� VOLP� WXEH� WHVWV� LGHQWLI\� WKH� DSSUR[LPDWH� 003�� � 7KH�

FRPSRVLWLRQDO�� GHQVLW\� DQG�YLVFRVLW\� LQIRUPDWLRQ�REWDLQHG� IURP�&RQWLQXRXV�3KDVH�(TXLOLEULXP

�&3(��WHVWV�DUH�XVHG�LQ�GHWHUPLQLQJ�UHVHUYRLU�FRQGLWLRQ�,)7�DQG�
��DQG�SURYLGH�UHTXLUHG�&2 �IORRG�

LQSXW�GDWD�IRU�UHVHUYRLU�VLPXODWLRQ���3UHVVXUH�YROXPH�WHPSHUDWXUH��397��DQG�VZHOOLQJ�WHVW�GDWD�DUH

UHTXLUHG�IRU�UHVHUYRLU�VLPXODWLRQ�DQG�VKRXOG�EH�YDOXDEOH�LQ�,)7�DQG�
�GHYHORSPHQWV�



��

,PSURYHPHQW�LQ�0RELOLW\�&RQWURO

7KH�VSHFLILF�SURSHUW\�RI�605�LQ�&2 �IRDPV�ZDV�VWXGLHG�LQ�7DVN�����,Q�7DVN����&2 �IRDP�ZDV
� � � � � � �� � � � �

DOVR�FRQVLGHUHG��EXW�DV�D�JHQHUDO�PRELOLW\�UHGXFWLRQ�DJHQW�IRU�&2 ���7KLV�LV�HVSHFLDOO\�FULWLFDO�LQ
�

UHJLRQV�ZKHUH�WKH�PLFURVFRSLF�GLVSODFHPHQW�RI�RLO�E\�&2 �LV�VXIILFLHQW��EXW�GXH�WR�YLVFRVLW\�DQG�RU
�

GHQVLW\� GLIIHUHQFHV� RI� WKH� RLO� DQG�&2 �ULFK� SKDVHV�� WKH�PDFURVFRSLF� GLVSODFHPHQW� LV� DGYHUVHO\
�

DIIHFWHG���,Q�RQH�YLVXDO�PLFURPRGHO�VWXG\��)LJ�������ZH�VKRZHG�WKDW�DV�WKH�SUHVVXUH�LV�UHGXFHG�EHORZ

WKH�003�� UHFRYHU\� ZLWK� IRDP� LQ� WKH� V\VWHP� LV�PXFK� EHWWHU� WKDQ� ZLWKRXW� IRDP� � %HFDXVH� RI��

IDYRUDEOH�ODERUDWRU\�WHVWV �DQG�D�VXFFHVVIXO�&2 �IRDP�ILHOG�SLORW�WHVW� �FRQVLGHUDEOH�HIIRUW�KDV�������� � � � � � � �����
�

EHHQ�H[SHQGHG�LQ�GHYHORSLQJ�&2 �IRDP�PRGHOV�WKDW�FDQ�EH�XVHG�LQ�UHVHUYRLU�VLPXODWLRQ���0DQ\�FRUH�

WHVWV�KDYH�EHHQ�SHUIRUPHG�WR�GHOLQHDWH�WKH�SDUDPHWHUV�UHTXLUHG�LQ�UHVHUYRLU�IRDP�SUHGLFWLRQV���7KHVH

WHVWV�LQFOXGH�IRDP�TXDOLW\��YROXPH�SHUFHQW�RI�JDV�LQMHFWHG���IORZ�UDWHV��DQG�VXUIDFWDQW�FRQFHQWUDWLRQ�

7KH� IRDP� PRGHO� KDV� EHHQ� WHVWHG� LQ� WZR� UHVHUYRLU� VLPXODWRUV�� � 0$67(5� �0LVFLEOH� $SSOLHG

6LPXODWLRQ� 7HFKQLTXHV� IRU� (QHUJ\� 5HFRYHU\��� D� PXOWL�FRPSRQHQW� SVHXGR�PLVFLEOH� UHVHUYRLU

VLPXODWRU�REWDLQHG�IURP�WKH�'HSDUWPHQW�RI�(QHUJ\�DQG��87&203��SURYLGHG�E\�WKH�8QLYHUVLW\�RI

7H[DV�DW�$XVWLQ�

+RUL]RQWDO�ZHOOV��SURSHUO\�SODFHG��FDQ�EH�XVHG�WR�LQMHFW�DQG�SURGXFH�IOXLGV�ZLWK�LQFUHDVHG

VZHHS�HIILFLHQF\�� � ,Q� WKH� ILUVW� DQQXDO� UHSRUW� RQ� WKLV� SURMHFW� � D� KRUL]RQWDO�ZHOO� VXEURXWLQH�ZDV��

GHVFULEHG���7KLV�KDV�EHHQ�WHVWHG�IXUWKHU�DQG�LV�LQ�SODFH�VR�ZH�FDQ�FRPSDUH�UHVXOWV�XVLQJ�IRDP�DQG

RWKHU�PHWKRGV�RI�LPSURYHG�VZHHS�HIILFLHQF\�LQ�UHVHUYRLU�PRGHOV�

7KLV�UHSRUW�GHVFULEHV��GHWDLOV�RQ�SKDVH�EHKDYLRU��VOLP�WXEH��FRUHIORRG�WHVWV�DQG�UHVHUYRLU

PRGHOV� WKDW� KDYH� EHHQ� GHYHORSHG� DQG� WHVWHG�� � (DFK� WHVW� KDV� EHHQ� GHVLJQHG� WR� LPSURYH� RXU

XQGHUVWDQGLQJ�RI�&2 �IORRG�SURFHVVHV�DQG�LV�LQWHQGHG�WR�LPSURYH�WKH�HIILFLHQF\�RI�&2 �IORRGLQJ��� � � � � � � � � � � �

([SHULPHQWV¥3KDVH�%HKDYLRU

$�QXPEHU�RI�WHVWV�FDQ�EH�SHUIRUPHG��HDFK�KHOSLQJ�WR�H[SODLQ�GLVSODFHPHQW�PHFKDQLVPV�

6HYHUDO�RI�WKHVH�WHVWV�KDYH�EHHQ�SHUIRUPHG�GXULQJ�WKLV�SURMHFW���:H�UDQ�D�QXPEHU�RI�WHVWV�RQ�DQ�RLO

IURP�D�6SUDEHUU\�UHVHUYRLU���7KLV�UHVHUYRLU�LV�RI�LQWHUHVW�ERWK�DV�D�FDQGLGDWH�IRU�&2 �IORRGLQJ�DQG�DV�

D�IUDFWXUHG�UHVHUYRLU���7KLV�RLO�ZDV�DOVR�VHOHFWHG�EHFDXVH�LWV�UHVHUYRLU�WHPSHUDWXUH�RI����()�LV�WRR

KLJK��DERYH�����)��WR�DOORZ�WKUHH�K\GURFDUERQ�&2 �SKDVHV�DW�KLJK�&2 FRQFHQWUDWLRQV���2WKHU�RLOV�� � � � �

WKDW�ZHUH�WHVWHG�EHFDXVH�RI�SUHYLRXV�ZRUN�FDUULHG�RXW�LQ�WKLV�ODERUDWRU\�ZHUH�0DOMDPDU� �:DVVRQ���� ��

DQG�6XOLPDU�4XHHQ���

7KH�WHVWV�GHVFULEHG�KHUH�FDQ�EH�XVHG�IRU�D�QXPEHU�RI�SXUSRVHV���7KHVH�LQFOXGH�XQGHUVWDQGLQJ

IORRGLQJ�PHFKDQLVPV��SUHVVXUH�HIIHFWV��DQG�PRELOLW\�FRQWURO���7KH�UHVXOWV�FDQ�DOVR�EH�XVHG�WR�WXQH

HTXDWLRQV� RI� VWDWH� WKDW� DUH� WKHQ� XVHG� WR� SUHGLFW� UHVXOWV� DV� WKH� V\VWHPV� FKDQJH� GXH� WR� G\QDPLF

FRPSRVLWLRQDO� FKDQJHV� RFFXUULQJ� LQ� UHDO� V\VWHPV�� � 7KHVH� UHVXOWV� DUH� WKHQ� XVHG� WR� PRGHO� DQG

XQGHUVWDQG�EHKDYLRU�RQ�D�UHVHUYRLU�VFDOH�



��

&RQYHQWLRQDO�397�6WXG\

6HYHUDO�W\SHV�RI�SKDVH�EHKDYLRU�WHVWV�DUH�XVHG�WR�GHYHORS�RXU�XQGHUVWDQGLQJ�RI�IOXLGV�LQ�D

UHVHUYRLU���7KH�ILUVW�LV�WKH�FRQYHQWLRQDO�SUHVVXUH�YROXPH�WHPSHUDWXUH��397��VWXG\���7KLV�LV�D�VWDQGDUG

WHVW� RQ� D� UHVHUYRLU� IOXLG� DW� UHVHUYRLU� FRQGLWLRQV�� $� VHSDUDWRU� RLO� RU� D� ZHDWKHUHG� RLO� VDPSOH� LV

UHFRPELQHG� ZLWK� VROXWLRQ� JDV� WR� UHSURGXFH� WKH� RULJLQDO� RU� SUHVHQW� RLO� UHVHUYRLU� FRPSRVLWLRQ�

6WDQGDUG�WHVWV��IRUPDWLRQ�YROXPH��YLVFRVLW\��FRPSUHVVLELOLW\��FRPSRVLWLRQDO��DUH�SHUIRUPHG�WR�GHILQH

VWDQGDUG�UHVHUYRLU�IOXLG�DQG�SURGXFHG�IOXLG�SDUDPHWHUV���7KHVH�SDUDPHWHUV�DUH�UHTXLUHG�IRU�UHVHUYRLU

VLPXODWLRQ�DQG�DV�D�EDVH�IRU�XQGHUVWDQGLQJ�DOO�SKDVH�EHKDYLRU�DQG�IOXLG�VLPXODWLRQV���$�FRQYHQWLRQDO

397�ZDV�SHUIRUPHG�RQ�6XOLPDU�4XHHQ�RLO�DQG�KDV�EHHQ�UHSRUWHG�LQ�D�SUHYLRXVO\�SXEOLVKHG�VWXG\���

6OLP�7XEH�7HVWV�

7KH�003�RI�D�VROYHQW�RLO�PL[WXUH�LV�XVXDOO\�GHWHUPLQHG�H[SHULPHQWDOO\�IURP�GLVSODFHPHQW

WHVWV�XVLQJ�D�VOLP�WXEH�DSSDUDWXV��7KLV�H[SHULPHQW�DWWHPSWV�WR�LVRODWH�WKH�HIIHFW�RI�SKDVH�EHKDYLRU

RQ�GLVSODFHPHQW�HIILFLHQF\�LQ�D�IORZ�VHWWLQJ�WKDW�PLQLPL]HV�WKH�HIIHFW�RI�YLVFRXV�LQVWDELOLW\�LQKHUHQW

LQ�WKH�GLVSODFHPHQW�RI�RLO�E\�ORZ�YLVFRVLW\�&2 ��7KH�FHQWHU�SLHFH�RI�WKH�DSSDUDWXV�LV�D�KLJK�SUHVVXUH��

VDQG�SDFNHG��FRLOHG�WXEH�ZLWK�DQ�LQWHUQDO�GLDPHWHU��,'��RI������WR������LQ��DQG�D�OHQJWK�RI����WR����

IW� �7KH�WXEH�LV�VDWXUDWHG�ZLWK�DQ�RLO�DW�WKH�GHVLUHG�WHPSHUDWXUH�DQG�SUHVVXUH��7KHQ��WKH�VROYHQW�LV�����

LQMHFWHG�WR�GLVSODFH�WKH�RLO�DW�D�UDWH�UDQJLQJ�IURP���WR����IW�KU��7KH�003�LV�GHWHUPLQHG�IURP�WKH

GLVSODFHPHQW�UHFRYHU\�YV��SUHVVXUH�SURILOH�

$�YDULHW\�RI�003�FULWHULD�E\�ZKLFK�WKH�003�FDQ�EH�GHWHUPLQHG�IURP�GLVSODFHPHQW�WHVWV

GDWD�KDYH�EHHQ�SURSRVHG�LQ�WKH�OLWHUDWXUH��7KH�003�FULWHULD�DUH�XVXDOO\�EDVHG�RQ�WKH�PHDVXUHPHQW

RI�WKH�IUDFWLRQ�RI�RLO�UHFRYHUHG�LQ�VOLP�WXEH�GLVSODFHPHQW�DW�D�JLYHQ�SUHVVXUH��DQG�UDUHO\�EDVHG�RQ�WKH

DQDO\VLV�RI�SKDVH�GLDJUDPV��0DQ\�DXWKRUV�KDYH�GHILQH�WKH�003�DV�WKH�SUHVVXUH�DW�ZKLFK�D�FHUWDLQ

UHFRYHU\�YDOXH�����������LV�DFKLHYHG�DIWHU�����SRUH�YROXPH�RI�&2 �KDV�EHHQ�LQMHFWHG� �,QVWHDG�
�������

RI�XVLQJ�D�FHUWDLQ�UHFRYHU\�YDOXH�DV�D�FULWHULRQ���-RKQVRQ�DQG�3ROOLQ �XVH�D�VKDUS�EUHDN�SRLQW�LQ�WKH��

VORSH�RI�WKH�UHFRYHU\�YV��SUHVVXUH�FXUYH�DV�WKH�003�FULWHULD��'HVSLWH�WKH�HQRUPRXV�DPRXQW�RI�ZRUN

LQ�WKLV�DUHD�DQG�WKH�VLPLODULWLHV�DPRQJ�WKH�GHVFULEHG�003�FULWHULD��WKHUH�LV�QR�VWDQGDUG�PHWKRG�RU

XQLTXH�FULWHULRQ�IRU�WKH�GHWHUPLQDWLRQ�RI�WKH�003��1HYHUWKHOHVV��VOLP�WXEH�WHVWV�DUH�XVHG�DV�WKH

VWDQGDUG�WRRO�LQ�PRVW�GLVSODFHPHQW�VWXGLHV��:LWK�VRPH�VOLJKW�PRGLILFDWLRQV�D�VOLP�WXEH�DSSDUDWXV

PD\�DOVR�EH�XVHG�WR�VWXG\�WKH�SKDVH�EHKDYLRU�RI�WKH�WUDQVLWLRQ�]RQH�RI�WKH�GLVSODFHPHQW�SURFHVV���

7KH�VOLP�WXEH�WHVWV�SHUIRUPHG�LQ�WKLV�SURMHFW�XVHG�WXEHV����IW�ORQJ�ZLWK�D������LQ��LQVLGH

GLDPHWHU��,'��DQG�D�SRUH�YROXPH�RI����������7KH�LQGLFDWHG�WHVW�SUHVVXUH�LV�WKH�SUHVVXUH�DW�WKH�LQOHW

RI�HDFK�VOLP� WXEH�WHVW�� �7KH�LQOHW�SUHVVXUH�ZDV�FRQWUROOHG�E\�FKDQJLQJ�WKH�SUHVVXUH�RI� WKH�EDFN

SUHVVXUH�UHJXODWRU�DW�WKH�RXWOHW�VLGH�RI�WKH�VOLP�WXEH���7KH�LQMHFWLRQ�UDWH�RI�WKH�&2 �KLJK�SUHVVXUH�JDV�

ZDV����FP �KU��6OLP�WXEH�UHVXOWV�ZHUH�XVHG�IRU�FRPSDULVRQ�ZLWK�UHVXOWV�REWDLQHG�IURP�WKH�H[WUDFWLRQ�

H[SHULPHQWV���)RXU�VHULHV�RI�VOLP�WXEH�GLVSODFHPHQW�WHVWV�ZHUH�SHUIRUPHG�WR�GHWHUPLQH�WKH�003�RI

&2 �ZLWK� WKH� RLOV� WHVWHG� LQ� WKH� H[WUDFWLRQ� H[SHULPHQWV�� 7KH� WHVWV�ZHUH� FRQGXFWHG� DW� WKH� VDPH�

WHPSHUDWXUH�DQG�SUHVVXUH�UDQJHV�DV�LQ�WKH�H[WUDFWLRQ�H[SHULPHQWV���



��

7KH�VHWXS�DSSDUDWXV�KDG�WZR�EDFN�SUHVVXUH�UHJXODWRUV��%35V���RQH�DW�WKH�RXWOHW�RI�WKH�&2
�

DFFXPXODWRU�DQG�WKH�RWKHU�DW�WKH�VOLP�WXEH�RXWOHW��VHH�)LJ�����IRU�WKH�DSSDUDWXV�VFKHPDWLF����8QOLNH

PRVW�FRQYHQWLRQDO�VOLP�WXEH�H[SHULPHQWV��ZKHUH�WKH�GLVSODFHPHQW�SUHVVXUHV�UHIHU�WR�WKH�SUHVVXUH�DW

WKH�VOLP�WXEH�RXWOHW��WKH�GLVSODFHPHQW�SUHVVXUH�LQ�WKLV�VWXG\�UHIHUV�WR�WKH�SUHVVXUH�DW�WKH�VOLP�WXEH

LQOHW�� 7KLV� SURFHGXUH� LV� FRQVLGHUHG� PRUH� HIIHFWLYH� VLQFH� WKH� V\VWHP� SUHVVXUH� LQOHW� LV� PRUH

UHSUHVHQWDWLYH�RI�WKH�SUHVVXUH�DW�WKH�LQMHFWLRQ�IURQW��7KLV�LV�EHFDXVH�WKH�SUHVVXUH�GURSV�EHWZHHQ�WKH

LQOHW�SUHVVXUH�DQG�WKH�VROYHQW�IURQW�DUH�FRQVLGHUDEO\�OHVV��DOZD\V�OHVV�WKDQ���SVL��WKDQ�WKRVH�EHWZHHQ

WKH�VROYHQW�IURQW�DQG�WKH�VOLP�WXEH�RXWOHW��VRPHWLPHV�PRUH�WKDQ�����SVL����7KH�GLVSODFHG�IOXLGV�ZHUH

FROOHFWHG�DQG�YROXPH��ZHLJKW��DQG�FRPSRVLWLRQ�ZHUH�GHWHUPLQHG�IRU�HDFK�VDPSOH���$�ZHW�WHVW�PHWHU

ZDV�XVHG�WR�PHDVXUH�WKH�JDV�SURGXFWLRQ�

$OO�VOLP�WXEH�WHVWV�SHUIRUPHG�RQ�6SUDEHUU\�DQG�6XOLPDU�4XHHQ�FUXGH�RLOV�DUH�QRW�UHSRUWHG�LQ

WKLV�VHFWLRQ��7KH\�ZHUH�GRQH�LQ�FRQMXQFWLRQ�ZLWK�H[WUDFWLRQ�WHVWV�WKDW�ZLOO�EH�GLVFXVVHG�LQ�D�ODWHU

VHFWLRQ�

6SUDEHUU\

)LJXUH����VKRZV�D�VHULHV�RI�VOLP�WXEH�WHVW�UHVXOWV�ZLWK�SHUFHQW�UHFRYHU\�LQGLFDWHG�DIWHU������

DQG�������39�RI�&2 �LQMHFWHG�LQWR�WKH�VOLP�WXEH�LQ�HDFK�FDVH���7KH�WHVWV�DUH�GLIIHUHQWLDWHG�E\�WKH
�

SUHVVXUH� RI� HDFK� WHVW�� � 7KHVH� WHVWV� ZHUH� UXQ� RQ� 6SUDEHUU\� VHSDUDWRU� RLO� DW� ����)� �UHVHUYRLU

WHPSHUDWXUH����1RWH�WKDW�DERYH������SVLJ��WKHUH�LV�OLWWOH�LQFUHDVH�LQ�UHFRYHU\�ZLWK�LQFUHDVLQJ�SUHVVXUH�

HVSHFLDOO\�ZKHQ�FRPSDULQJ�WHVWV�DW�������39�RI�&2 �LQMHFWLRQ��ZKLOH�EHORZ������SVLJ�WKHUH�LV�D
�

VLJQLILFDQW�SUHVVXUH�HIIHFW�RQ�UHFRYHU\��$SSUR[LPDWHO\������SVLJ�LV�WKH�003���&RPSOHWH�GDWD�VHWV

IURP�HDFK�UXQ�FDQ�EH�REWDLQHG�IURP�WKH�355&�XSRQ�UHTXHVW� ��7KH�PHDVXUHG�003�PLJKW�EH�ORZHU��

WKDQ�WKH�EXEEOHSRLQW�SUHVVXUH�LQ�VRPH�SDUWV�RI�WKH�UHVHUYRLU���7KH�EXEEOHSRLQW�SUHVVXUH�LV�EHOLHYHG

WR�EH�DV�KLJK�DV������SVLJ�LQ�SDUWV�RI�WKH�UHVHUYRLU���7KXV�WKH�003�VKRXOG�EH�FRQVLGHUHG�WR�EH�WKH

KLJKHU�RI�HLWKHU������SVLJ�RU�WKH�EXEEOHSRLQW�SUHVVXUH����(DFK�WHVW�ZDV�FRQGXFWHG�IRU�����PLQXWHV

ZLWK�YROXPH�RI�RLO�SURGXFHG�DQG��JUDPV�RI�&2 �LQMHFWHG�UHFRUGHG�HYHU\����PLQXWHV��DQG�SUHVVXUH�

GURS�DFURVV�WKH�FRUH�HYHU\���PLQXWHV�

003� WHVWV�ZHUH�SHUIRUPHG�RQ�6SUDEHUU\�RLO� WKDW�KDG�EHHQ�ZHDWKHUHG�DW�����)�EHFDXVH

JUDYLW\�GUDLQDJH�WHVWV�ZHUH�EHLQJ�FRQGXFWHG�RQ�WKLV�RLO�DQG�UHTXLUHG�DQ�HVWLPDWLRQ�RI�PLVFLELOLW\�

7HVWV�ZHUH�SHUIRUPHG�DW�������������DQG������SVLJ�DQG��DV�VKRZQ�LQ�)LJ������WKH�V\VWHPV�ZHUH�QRW

QHDU�PLVFLELOLW\���7KH�ZHDWKHULQJ�UHPRYHG�HVVHQWLDOO\�DOO�WKH�FRPSRQHQWV�RI�PROHFXODU�ZHLJKW�OHVV

WKDQ�GHFDQH��7KH�FKDQJH�LQ�003�GXH�WR�ZHDWKHULQJ��FDOFXODWHG�XVLQJ�FRPSRVLWLRQDO�FRUUHODWLRQV������

SUHGLFWHG�LQFUHDVHV�IURP�����¤�����SVLJ�WR�����¤�����SVLJ��7KHVH�YDOXHV�FRPSDUHV�WR�D�PHDVXUHG

YDOXH�RI������SVLJ�IRU�WKH�XQZHDWKHUHG�VDPSOH�DW�����)� ��(YHQ�WKRXJK�WKH�SUHGLFWLRQV�DUH�KLJK�E\��

���¤����SVL�IRU�WKH�XQZHDWKHUHG�VDPSOH��WKH�SUHGLFWHG�YDOXHV�VKRZ�DQ�DSSUR[LPDWH�HIIHFW�RQ�WKH

003�IRU�WKH�ZHDWKHUHG�VDPSOH�WKDW�ZDV�YRLG�RI�DOO�K\GURFDUERQV�ZLWK�PROHFXODU�ZHLJKWV�EHORZ

GHFDQH�� 7KHVH� WKUHH� WHVWV� SURYLGH� LQIRUPDWLRQ� WR� H[SODLQ� WKH� HIIHFW� RI� FRPSRVLWLRQ� RQ� WKH

GHYHORSPHQW�RI�PXOWL�FRQWDFW�PLVFLELOLW\�



��

0DOMDPDU

6OLP�WXEH�WHVWV�RQ�0DOMDPDU�RLO�ZHUH�SHUIRUPHG�DW������DQG������SVLJ�DW�����)���$W�ERWK

SUHVVXUHV��WKH�UHFRYHU\�ZDV�ORZHU�WKDQ�IRU�6SUDEHUU\�RLO�DW�VLPLODU�SUHVVXUHV���7KH�WHPSHUDWXUH�ZDV

RQO\�WZR�GHJUHHV�KLJKHU���7KH�$3,�JUDYLWLHV�RI�WKH�WZR�RLOV�DUH�TXLWH�VLPLODU���7KH�ELJ�GLIIHUHQFH�ZDV

WKDW�WKH�0DOMDPDU�RLO�ZDV�QRW�D�VHSDUDWRU�RLO�WKDW�KDG�EHHQ�PDLQWDLQHG�XQGHU�SUHVVXUH��UDWKHU��LW�ZDV

D�ZHDWKHUHG�VDPSOH�IURP�ZKLFK�VRPH�RI�WKH�LQWHUPHGLDWH�FRPSRQHQWV�KDG�HYDSRUDWHG���,Q�GHYHORSLQJ

PXOWLFRQWDFW�PLVFLELOLW\��WKH�LQWHUPHGLDWH�FRPSRQHQWV��HVSHFLDOO\�KH[DQHV�WKURXJK�GHFDQHV��ORVW�GXH

WR�HYDSRUDWLRQ�XSRQ�ZHDWKHULQJ�DUH�FULWLFDO�

2WKHU�VOLP�WXEH�WHVWV �DQG�PLFURPRGHO�VWXGLHV �KDYH�VKRZQ�WKDW�ZKHQ�SORWWLQJ�UHFRYHU\��� � � ��

YHUVXV�JUDPV�RI�&2 �LQMHFWHG�RU�WKH�UHFRYHU\�HIILFLHQF\��PDVV�RI�RLO�SURGXFHG�SHU�PDVV�RI�&2�� � � � � � � � � � � � � �

LQMHFWHG���WKH�FRPELQDWLRQ�RI�KLJK�UHFRYHU\�DQG�PDVV�RI�&2 �UHTXLUHG�WR�SURGXFH�D�JLYHQ�YROXPH�RI�

RLO�LV�EHVW�QHDU�WKH�003���)LJXUH����FRPSDUHV�UHVXOWV�RI�0DOMDPDU�VHSDUDWRU�RLO�GLVSODFHG�E\�GHQVH

&2 �JDV�DW����)�IRU�VHYHUDO�PLFURPRGHO�WHVWV �YHUVXV�SUHVVXUH��WKH�PRVW�HIILFLHQW�GLVSODFHPHQW�ZDV�
��

DW������SVLD��ZKLFK�LV�HVVHQWLDOO\�WKH�003�LQ�WKH�V\VWHP���$W�KLJKHU�SUHVVXUHV��WKH�ILQDO�UHFRYHU\�ZDV

CDQWV�VJG�VDPH��EXW�WKH�PDVV�RI�&2 �UHTXLUHG�WR�ILOO�WKH�SRUH�YROXPH�ZDV�JUHDWHU�EHFDXVH�RI�WKH�

KLJKHU�&2 �GHQVLW\����

&RQWLQXRXV�3KDVH�(TXLOLEULXP�7HVWV

7KH�355&©V�FRQWLQXRXV�SKDVH�HTXLOLEULXP��&3(��DSSDUDWXV�ZDV�XVHG�WR�REWDLQ�FRPSRVLWLRQV�

GHQVLWLHV��DQG�YLVFRVLWLHV�IRU�VDPSOHV�RI�6SUDEHUU\�DQG�:DVVRQ�UHFRPELQHG�UHVHUYRLU�RLO���,Q�WKHVH

WHVWV�KLJK�SUHVVXUH�&2 �LV�LQMHFWHG�FRQWLQXRXVO\�DW�D�FRQVWDQW�IORZ�UDWH�LQWR�D�FRQVWDQW�YROXPH�FHOO�

ILOOHG�LQLWLDOO\�ZLWK�WKH�VHOHFWHG�RLO���7KH�SUHVVXUH�LQ�HDFK�WHVW�LV�PDLQWDLQHG�DW�D�FRQVWDQW�YDOXH���7KH

FRQVWDQW�SUHVVXUH�LV�PDLQWDLQHG�E\�FRQWUROOLQJ�WKH�SURGXFWLRQ�UDWH�DQG�DOWHUQDWLQJ�WKH�SURGXFWLRQ

IURP�WKH�WRS�DQG�ERWWRP�RI�WKH�FRQVWDQW�YROXPH�FHOO���$V�IOXLG�LV�UHPRYHG�DOWHUQDWHO\�IURP�WKH�WRS

DQG�ERWWRP�RI�WKH�FHOO�GHQVLWLHV�DQG�YLVFRVLWLHV�DUH�UHFRUGHG��DW�SUHVVXUH�DQG�WHPSHUDWXUH�IRU�HDFK

VWUHDP���7KH�PDVV�DQG�FRPSRVLWLRQ�RI�HDFK�VWUHDP�DUH�PHDVXUHG�WKURXJKRXW�WKH�WHVWV���)RU�DGGLWLRQDO

GHWDLOV�RI�WKLV�SURFHVV��UHIHU�WR�HDUOLHU�DUWLFOHV������

6SUDEHUU\

7HVWV�RQ�6SUDEHUU\�RLO�ZHUH�GRQH�DW�����)�DQG�DW������������������DQG������SVLJ���3UHVVXUHV

IURP�ZHOO�DERYH�WKH�003��HVWLPDWHG�DW������SVLJ��WR�EHORZ�WKH�003�ZHUH�UHFRUGHG��)LJXUHV���

DQG����VKRZ�WKH�UHVXOWV�RI�GHQVLW\�DQG�YLVFRVLW\�YHUVXV�H[SHULPHQWDO�WLPH�IRU�ERWK�WKH�XSSHU�DQG

ORZHU�SURGXFWLRQ�IRU�WZR�WHVWV���7KH�ILUVW�IHZ�KRXUV�RI�HDFK�WHVW�FRPSULVHG�LQMHFWLRQ�RI�UHVHUYRLU

IOXLG���'XULQJ�WKLV�WLPH�FDOLEUDWLRQ�RI�WKH�LQVWUXPHQWV�ZDV�FRPSOHWHG�DQG�D�VWHDG\�VWDWH�ZDV�REWDLQHG�

8SRQ� LQLWLDWLRQ�RI�&2 � LQMHFWLRQ� WZR�REVHUYDWLRQV�ZHUH� UHFRUGHG�� WKH�YLVFRVLW\� LQVWDQWDQHRXVO\�

VWDUWHG�GURSSLQJ�DQG�WKH�GHQVLW\�RI�WKH�V\VWHP�LQFUHDVHG�VOLJKWO\����7KH�YLVFRVLW\�GHFUHDVH�ZDV�WKH

PRVW�DSSDUHQW��$QRWKHU�SKHQRPHQRQ�HDVLO\�REVHUYHG�LQ�)LJV�����DQG����LV�SKDVH�VHSDUDWLRQ�ZKHQ

WKH� V\VWHP�EHFRPHV�VDWXUDWHG�ZLWK�&2 �� �3KDVH� VHSDUDWLRQ� LV� VHQVLWLYH� WR�ERWK� WKH�GHQVLW\�DQG�

YLVFRVLW\��ZLWK�HDFK�VKRZLQJ�VLJQLILFDQW�GLIIHUHQFHV�IURP�RQH�SKDVH�WR�DQRWKHU���'HQVLW\�LV�WKH�PRUH

DFFXUDWH�LQGLFDWRU�RQ�WKH�WLPH�RI�RFFXUUHQFH�IRU�SKDVH�VHSDUDWLRQ���7KLV�LV�EHFDXVH�WKH�YLVFRVLPHWHU



��

LV�H[WUHPHO\�VHQVLWLYH�WR�WZR�SKDVH�IORZ�DQG�WR�SDUWLFOHV�VXFK�DV�DVSKDOWHQHV�WKDW�PLJKW�GHSRVLW�RQ

WKH�TXDUW]�FU\VWDO���'HSRVLWLRQ�RIWHQ�RFFXUV�QHDU�WKH�WLPH�RI�SKDVH�VSOLW��VR�HUURQHRXV�YDOXHV�DSSHDU

MXVW�EHIRUH�DQG�MXVW�DIWHU�SKDVH�VSOLW�LQ�WKH�YLVFRVLW\�UHDGLQJV���7KHVH�HUURQHRXV�YDOXHV�DUH�REYLRXV

EHFDXVH� WKH\� DUH� VHYHUDO� RUGHUV� RI� PDJQLWXGH� RII� WKH� WUXH� YDOXHV�� 7KH\� DUH� UHPRYHG� EHIRUH

SUHVHQWDWLRQ���7KH�GHQVLW\�PHDVXUHPHQWV�GR�QRW�FDXVH�DQ\�VLJQLILFDQW�SUREOHPV�LQ�WKH�UHDGRXWV�QHDU

WKH�WLPH�RI�SKDVH�VSOLW�DQG�WKXV�DUH�FRQVLGHUHG�WKH�PRVW�DFFXUDWH�LQGLFDWRU�RI�SKDVH�VSOLW�

)LJXUHV����DQG����VKRZ�FRPSRVLWLRQDO�VKLIWV�LQ�WKH�XSSHU�DQG�ORZHU�SKDVHV�GXULQJ�&3(�WHVWV�
�,Q�HDFK�RI�WKHVH�ILJXUHV��&2 �LV�H[FOXGHG��WKXV�QRUPDOL]LQJ�WKH�K\GURFDUERQ�IUDFWLRQ�RI�WKH�RLO���,Q

�

ERWK�FDVHV�WKH�FRPSRVLWLRQV�SURGXFHG�IURP�WKH�ERWWRP�RI�WKH�FHOO�FKDQJHG�PXFK�OHVV�WKDQ�WKRVH
SURGXFHG�IURP�WKH� WRS�RI� WKH�FHOO�� �$V�H[SHFWHG�� WKH�PRUH�VLJQLILFDQW�FKDQJHV�RFFXU� LQ� WKH� WRS
SURGXFWLRQ�DIWHU�WKH�SKDVH�VSOLW���7KH�&2 �ULFK�XSSHU�SKDVH�KDG�OHVV�OLTXLG�K\GURFDUERQ�GLVVROYHG

�

LQ�LW�WKDQ�GLG�WKH�ORZHU�SKDVH��EXW�ZH�QRWHG�WKDW�WKHUH�ZDV�VWLOO�D�VLJQLILFDQW�DPRXQW�RI�K\GURFDUERQV
EHLQJ�H[WUDFWHG�E\�WKH�&2 �ULFK�SKDVH��$QDO\VLV�RI�WKH�DPRXQWV�RI�K\GURFDUERQV�H[WUDFWHG�E\�WKH

�

&2 �ULFK�SKDVH�LV�XVHG�WR�H[SODLQ�WKH�GHYHORSPHQW�RI�PLVFLELOLW\�
�

:DVVRQ
7KH�355&©V�FRQWLQXRXV�SKDVH�HTXLOLEULXP��&3(��DSSDUDWXV�ZDV�XVHG�WR�REWDLQ�FRPSRVLWLRQ�

GHQVLW\��DQG�YLVFRVLW\�IRU�D�ZHVW�7H[DV�UHFRPELQHG�FUXGH�RLO��:DVVRQ��GXULQJ�WKH�LQMHFWLRQ�RI�KLJK
SUHVVXUH�&2 ��ZKLFK�ZDV�FRQWLQXRXVO\�LQMHFWHG�DW�FRQVWDQW�SUHVVXUH�DQG�IORZ�UDWH���7KH�V\VWHP�ZDV

�

PDLQWDLQHG�DW�FRQVWDQW�SUHVVXUH�GXULQJ�&2 �LQMHFWLRQ�E\�FRQWUROOLQJ� WKH�SURGXFWLRQ�UDWH�� �)OXLG
�

SURSHUWLHV�ZHUH�PRQLWRUHG�FRQWLQXRXVO\��DW�RXWOHWV�DW�ERWK�WKH�WRS�DQG�ERWWRP�RI�WKH�&3(�DSSDUDWXV�
&RPSRVLWLRQV��GHQVLWLHV��DQG�YLVFRVLWLHV�RI�WKH�SURGXFHG�IOXLGV�ZHUH�GHWHUPLQHG�DW�V\VWHP�SUHVVXUH
DQG�WHPSHUDWXUH�

7KH�:DVVRQ�WHVWV�ZHUH�UXQ�XVLQJ�ERWK�SXUH�DQG�LPSXUH�&2 �DW�����)�DQG�SUHVVXUH�UDQJLQJ
�

IURP������WR������SVLJ���7KH�003�RI�WKH�V\VWHP�LV�DERXW������SVLJ�IRU�SXUH�&2 ���,PSXULWLHV�DGGHG
�

WR�WKH�LQMHFWLRQ�JDV�ZHUH�PHWKDQH��HWKDQH��DQG�SURSDQH���7KH�VROXELOLW\�RI�WKH�LQMHFWHG�&2 �LQ�WKH�RLO�
�

ULFK�SKDVH�ZDV�IRXQG�WR�KDYH�OLWWOH�GHSHQGHQFH�RQ�SUHVVXUH��ZKLOH�WKH�VROXELOLW\�RI�K\GURFDUERQV�LQ

WKH� &2 �ULFK� SKDVH� LQFUHDVHG�ZLWK� LQFUHDVLQJ� SUHVVXUH�� ,PSXULWLHV� LQ� WKH� LQMHFWHG�&2 � GLG� QRW
� � � � � � � � � � � �

VLJQLILFDQWO\�DIIHFW�WUHQGV�LQ�FRPSRVLWLRQ��GHQVLW\��DQG�YLVFRVLW\�RI�HDFK�SKDVH���0RUH�GHWDLO�FDQ�EH

IRXQG�LQ�SDSHU�63(���������'\QDPLF�3KDVH�&RPSRVLWLRQ��'HQVLW\��DQG�9LVFRVLW\�0HDVXUHPHQWV

'XULQJ�&2 �'LVSODFHPHQW�RI�5HVHUYRLU�2LO�§ �$OO�H[SHULPHQWDO�GDWD�LV�DYDLODEOH�XSRQ�UHTXHVW�IURP
�

��

WKH�355&���

&2 �6ZHOOLQJ�7HVWV�

7KH� VZHOOLQJ� WHVWV�FRQVLVWHG�RI� LQMHFWLQJ�DQ�RLO� LQWR�D�KLJK�SUHVVXUH�ZLQGRZHG�FHOO� DQG

LQFUHPHQWDOO\�DGGLQJ�&2 �XQGHU�UHVHUYRLU�FRQGLWLRQV���)RU�HDFK�LQFUHPHQWDO�DGGLWLRQ�RI�&2 �WKH
�� � � �� � � � � � �

VDWXUDWLRQ�SUHVVXUH�RI�WKH�V\VWHP��FRPSUHVVLELOLW\�DERYH�WKH�VDWXUDWLRQ�SUHVVXUH��DQG�PXOWL�SKDVH

YROXPHV�EHORZ�WKH�VDWXUDWLRQ�SUHVVXUH�ZHUH�GHWHUPLQHG�



��

6SUDEHUU\

7ZR�VHWV�RI�6SUDEHUU\�VZHOOLQJ�WHVWV�ZHUH�FRQGXFWHG�ZLWK�RLO�UHFRPELQHG�WR�WZR�GLIIHUHQW

EXEEOHSRLQW�SUHVVXUHV��&2 �JDV�ZDV�LQMHFWHG�LQWR�D�397�FHOO�WKDW�FRQWDLQHG�OLYH�6SUDEHUU\�RLO�DW
�

����)���7KH�ILUVW�OLYH�RLO�ZDV�SUHSDUHG�E\�FRPELQLQJ�VHSDUDWRU�JDV�DQG�RLO�WR�DSSUR[LPDWH�D�UHVHUYRLU

RLO�ZLWK�D�EXEEOHSRLQW�SUHVVXUH�RI������SVLJ���)LJXUH����FRPSDUHV�WKH�FRPSRVLWLRQ�RI�WKH�VHSDUDWRU

RLO�XVHG�LQ�WKH�VOLP�WXEH�WHVWV�ZLWK�WKH�OLYH�RLO�XVHG�LQ�WKH�VZHOOLQJ�WHVWV���)LJXUH����LV�D�VXPPDU\�RI

WKH�FRQVWDQW�FRPSRVLWLRQ�YROXPH�H[SDQVLRQ�WHVWV���6HYHQ�WHVWV�ZHUH�GRQH�ZLWK�WKH�DGGHG�&2 �FRQWHQW
�

UDQJLQJ�IURP�]HUR�WR����PROH�SHUFHQW���7KH�FRQVWDQW�YROXPH�FRQWRXU�OLQHV�ZHUH�FDOFXODWHG�XVLQJ�WKH

PHDVXUHG�SKDVH�YROXPHV�YHUVXV�SUHVVXUH�GDWD�WDNHQ�DW�HDFK�&2 �FRQFHQWUDWLRQ���([SHULPHQWDO�SKDVH
�

YROXPHV��FRPSRVLWLRQV��DQG�GHQVLWLHV�FDQ�EH�REWDLQHG�IURP�WKH�355&�LQ�355&�5HSRUW���������

7KH� 6SUDEHUU\� UHFRPELQHG� UHVHUYRLU� RLO� VZHOOLQJ� WHVW�ZDV� SHUIRUPHG�ZLWK� VHSDUDWRU� RLO

UHFRPELQHG�ZLWK�VHSDUDWRU�JDV�WR�D�UHVHUYRLU�EXEEOHSRLQW�RI�DERXW�����SVLJ�DW�UHVHUYRLU�WHPSHUDWXUH�

7KLV�ZDV�DERXW������SVLJ�XQGHU�WKH�V\VWHP�H[DPLQHG�HDUOLHU�DQG�FORVHU�WR�WKH�SUHVHQW�UHVHUYRLU

EXEEOHSRLQW� SUHVVXUH��$� VHULHV� RI� SUHVVXUHV� WDNHQ� DIWHU� HDFK� LQFUHPHQWDO� DGGLWLRQ� RI�&2 �ZLWK
�

DVVRFLDWHG�V\VWHP�YROXPH��YROXPH�UHODWLYH�WR�WKH�EXEEOHSRLQW�SUHVVXUH�YROXPH��YROXPH�UHODWLYH�WR

WKH�RULJLQDO�RLO��YDSRU�SKDVH�YROXPH�EHORZ�WKH�VDWXUDWLRQ�SUHVVXUH��DQG�YDSRU�YROXPH�DV�D�SHUFHQW

RI�WRWDO�YROXPH��DUH�OLVWHG�LQ�7DEOH������7KHVH�YDOXHV�ZHUH�GHWHUPLQHG�IRU�QLQH�LQFUHPHQWDO�DGGLWLRQV

RI�&2 �DQG�WKH�RULJLQDO�RLO���)LJXUH����VKRZV�WKH�EXEEOHSRLQW�����YDSRU�YROXPH�FRQWRXU��DQG�GHZ
�

SRLQWV��������YDSRU�YROXPH�FRQWRXU��DORQJ�WKH�VDWXUDWLRQ�FXUYH���3ORWWHG�LQ�)LJ�����DUH�WKH�FRQVWDQW

YDSRU��&2 �ULFK�SKDVH��YROXPH���FRQWRXU�FXUYHV����7KH�FRQWRXU�FXUYHV�DUH�DQ�DLG�LQ�GHWHUPLQLQJ�WKH
�

FULWLFDO�SRLQW�WKDW�ZDV�IRXQG�WR�EH����PROH���&2 �DQG������SVLJ�����7KLV�LV�ZLWKLQ����SVL�RI�WKDW
�

GHWHUPLQHG�IRU�WKH�KLJKHU�VROXWLRQ�JDV�6SUDEHUU\�RLO�DQG�DERXW���PROH���PRUH�&2 ���7KH�KLJKHU�&2
� �� � � �

FRQFHQWUDWLRQ�VKRXOG�QRW�EH�VXUSULVLQJ�VLQFH�WKH�ORZHU�VROXWLRQ�JDV�RLO�ZRXOG�UHTXLUH�PRUH�&2 �WR
�

UHDFK�WKH�VDPH�JDV�RLO�UDWLR�

$V�H[SHFWHG��WKH�WHPSHUDWXUH�ZDV�WRR�KLJK�WR�DOORZ�D�WKUHH�SKDVH�UHJLRQ�LQ�WKLV�V\VWHP�

7KHUH�LV�QR�GLVWLQFW�WUDQVLWLRQDO�UHJLRQ�DV�IRXQG�LQ�WKH�ORZHU�WHPSHUDWXUH�V\VWHPV��ZKHUH�WKHUH�LV�D

WUDQVLWLRQ�EHWZHHQ�D�ORZ�GHQVLW\�YDSRU�DQG�KLJK�GHQVLW\�OLTXLG�LQ�WKH�XSSHU�SKDVH��)LJXUH����VKRZV

D�PRUH�JUDGXDO�FKDQJH�LQ�WKLV�V\VWHP�

$W�ORZHU�&2 �FRQFHQWUDWLRQV�WKH�VDWXUDWLRQ�SUHVVXUH�FDQ�EH�GHWHUPLQHG�XVLQJ�D�SUHVVXUH�
�

YROXPH�FXUYH��,Q�WKH�FDVHV�DW�����DQG������PROH�SHUFHQW�&2 ��WKH�VDWXUDWLRQ�RU�EXEEOHSRLQW�FDQ�EH
�

GHWHUPLQHG�IURP�WKH�GLVWLQFW�FKDQJH�LQ�VORSH��FRPSUHVVLELOLW\��WKDW�RFFXUV�LQ�WKH�V\VWHP�ZKHQ�YDSRU

EHJLQV�WR�IRUP���$W�KLJKHU�&2 �FRQFHQWUDWLRQV��WKH�XSSHU�YDSRU�SKDVH�KDV�KLJK�GHQVLW\�DQG�ORZ
�

FRPSUHVVLELOLW\��7KXV��D�SUHVVXUH�YROXPH�FXUYH�FDQQRW�EH�XVHG�WR�GHWHUPLQH�WKH�VDWXUDWLRQ�SUHVVXUH�

,Q�WKLV�FDVH�WKH�VDWXUDWLRQ�SUHVVXUH�ZDV�D�GHZ�SRLQW��DQG��DV�VKRZQ�LQ�)LJ������WKHUH�LV�QR�DSSDUHQW

VORSH�FKDQJH�DW�D�GHZ�SRLQW���%HWZHHQ�DERXW������DQG������SVLJ�WKH�FRPSUHVVLELOLW\�RI�WKH�XSSHU

SKDVH�JRHV�IURP�EHLQJ�YDSRU�OLNH�WR�OLTXLG�OLNH���,Q�WKLV�V\VWHP�WKH�&2 �LV�DW�WHPSHUDWXUHV�ZHOO�DERYH
�

WKH�FULWLFDO�WHPSHUDWXUH��VR�LW�LV�QRW�VXUSULVLQJ�WKDW�WKH�&2 �ULFK�SKDVH�EHKDYHV�DV�D�VXSHUFULWLFDO�IOXLG�
�

�

$�SORW�RI�SUHVVXUH�YV��WKH�YDSRU�SKDVH�DV�SHUFHQW�RI�WRWDO�YROXPH��VKRZQ�LQ�)LJ������LV�DQRWKHU

PHWKRG�RI�VKRZLQJ�D�YHU\�GLVWLQFW�GLIIHUHQFH�EHWZHHQ��EXEEOHSRLQW�DQG�GHZ�SRLQW�EHKDYLRU��,W�FDQ



��

EH�VHHQ�WKDW�WKH�FRPSRVLWLRQ�DW������PROH�SHUFHQW�&2 �LV�QHDULQJ�WKH�FULWLFDO�SRLQW���7KLV�W\SH�RI
�

UHSUHVHQWDWLRQ�FDQ�EH�XVHG�WR�GHWHUPLQH�FRQVWDQW�YROXPH�SHUFHQW�FRQWRXU�OLQHV��6LQFH�PRVW�RI�WKH

IOXLG�SURSHUWLHV�FKDQJH�PRUH�JUDGXDOO\�LQ�WKH�KLJKHU�SUHVVXUH�V\VWHP��DQ�HVWLPDWH�RI�WKH�003�LV�QRW

REYLRXV�LQ�KLJK�WHPSHUDWXUH�SKDVH�GLDJUDPV�

6XOLPDU�4XHHQ

$�VZHOOLQJ�WHVW�ZDV�SHUIRUPHG�DW����)�RQ�WKH�6XOLPDU�4XHHQ�VHSDUDWRU�RLO���7KH�VHSDUDWRU

RLO�ZDV�D�GHDG�RLO��VR�WKH�RLO�EXEEOHSRLQW�ZDV�DWPRVSKHULF�SUHVVXUH�DW����)���7HVW�SUHVVXUHV��V\VWHP

YROXPH��YROXPH�UHODWLYH�WR�WKH�EXEEOHSRLQW�SUHVVXUH�YROXPH��YROXPH�UHODWLYH�WR�WKH�RULJLQDO�RLO�

YDSRU�SKDVH�YROXPH�EHORZ�WKH�VDWXUDWLRQ�SUHVVXUH��YDSRU�YROXPH�DV�D�SHUFHQW�RI�WRWDO�YROXPH��DQG

WKH�YROXPH�RI�WKH�VHFRQG�OLTXLG�LQ�DQG�DERYH�WKH�WKUHH�SKDVH�UHJLRQ�DIWHU�HDFK�LQFUHPHQWDO�DGGLWLRQ

RI�&2 �DUH�VKRZQ�LQ�7DEOH�����7KLV�ZDV�GRQH�IRU�QLQH�LQFUHPHQWDO�DGGLWLRQV�RI�&2 ��)LJXUH����VKRZV
�� � � � � �� � � � � � � � � �

WKH�EXEEOHSRLQW�DQG�GHZ�SRLQWV�DORQJ�WKH�VDWXUDWLRQ�FXUYHV���,Q�WKLV�V\VWHP�WKHUH�LV�D�WKUHH�SKDVH

UHJLRQ�WKDW�LV�FRPPRQ�LQ�PDQ\�ORZ�WHPSHUDWXUH�������)��UHVHUYRLU�RLO�&2 �V\VWHPV� ��7KH�XSSHU
�

�����

SUHVVXUH�ERXQGDU\�RI�WKH�WKUHH�SKDVH�UHJLRQ�LQ�D�EXEEOHSRLQW�SUHVVXUH�FXUYH�IRU�WKH�XSSHU�OLTXLG

SKDVH�DQG�WKH�ORZHU�SUHVVXUH�ERXQGDU\�LV�D�GHZ�SRLQW�FXUYH�IRU�YDSRU�SKDVH��7WKH�WRWDO�V\VWHP

YROXPH�FDQ�GHFUHDVH�E\�KDOI�XQGHU�D�SUHVVXUH�LQFUHDVH�RI�DERXW������DOWKRXJK�WKH�ORZHU�OLTXLG

YROXPH�FKDQJHV�YHU\�OLWWOH��7KH�ODUJH�FKDQJH�LQ�YROXPH��GHQVLW\��LV�LQ�WKH�XSSHU�SKDVH�V��ZLWK�WKH

VROYHQW�SURSHUWLHV�FKDQJLQJ�VLJQLILFDQWO\�RYHU�D�VPDOO�SUHVVXUH�UDQJH���7KXV��WKH�V\VWHP�DW�ORZHU

SUHVVXUHV� JRHV� IURP� D� UHODWLYHO\� LPPLVFLEOH� V\VWHP� WR� RQH� LQ� ZKLFK� PXOWL�FRQWDFW� PLVFLELOLW\

GHYHORSV�TXLFNO\���,Q�V\VWHPV�ZLWK�D�WKUHH�SKDVH�UHJLRQ��LW�LV�FRQVHUYDWLYH�WR�FDOO�WKH�003�WKH

PD[LPXP�SUHVVXUH�RI�WKH�WKUHH�SKDVH�UHJLRQ��IRU�6XOLPDU�4XHHQ�RLO��WKLV�LV�DERXW�����SVLJ����,Q�IDFW�

PXOWLFRQWDFW�PLVFLELOLW\�FDQ�DQG�GRHV�RFFXU�LQ�WKH�WKUHH�SKDVH�UHJLRQ��VR�WKH�ORZHVW�SUHVVXUH�IRU

PXOWLFRQWDFW�PLVFLELOLW\�ZRXOG�EH�WKH�ORZHVW�SUHVVXUH�ZKHUH�WKH�WKUHH�SKDVH�UHJLRQ�LV�IRXQG���)RU

WKH�6XOLPDU�4XHHQ�RLO���WKDW�LV�DW�DSSUR[LPDWHO\�����SVLJ���$Q�H[SDQGHG�YLHZ�RI�WKH�WKUHH�SKDVH

UHJLRQ�LV�VKRZQ�LQ�)LJ�����DQG�H[WUDSRODWHG�DERYH�����&2 ���)LJXUH����H[DPLQHV�WKH�WZR�SKDVH�

OLTXLG�OLTXLG�UHJLRQV�DERYH�WKH�WKUHH�SKDVH�UHJLRQ���7KH�SKDVH�YROXPH�FRQVWDQW�FRQWRXU�OLQHV�ZHUH

XVHG�WR�LGHQWLI\�WKH�FULWLFDO�SRLQW�FRPSRVLWLRQ�DQG�SUHVVXUH��,Q�WKH�6XOLPDU�4XHHQ�V\VWHP�WKH�FULWLFDO

SRLQW�RQ�WKH�VDWXUDWLRQ�FXUYH�ZDV�DOVR�WKH�ORZ�&2 �FRQFHQWUDWLRQ�DSH[�IRU�WKH�WKUHH�SKDVH�UHJLRQ��

7KLV�LQIRUPDWLRQ�ZLOO�EH�XVHG�LQ�IXWXUH�WHVWV�WR�FDOLEUDWH�WKH�SKDVH�EHKDYLRU�PRGHO�GHYHORSHG�HDUOLHU

WR�VLPXODWH�WKH�SKDVH�EHKDYLRU�IRU�WKLV�V\VWHP�

:LWK�WKH�LQIRUPDWLRQ�REWDLQHG�IURP�WKHVH�WZR�WHVWV��RWKHU�IDFWRUV�FDQ�EH�GHWHUPLQHG��VXFK

DV�DQ�HVWLPDWH�RI�WKH�VZHOOLQJ�RI�WKH�V\VWHP�RLO�DQG�&2 �FRQWHQW��)RU�H[DPSOH��LI�WKH�SUHVVXUH�RI�WKH�

ORZHU�*25�6SUDEHUU\�V\VWHP�LV������SVLJ��WKH�PD[LPXP�VROXELOLW\�RI�&2 �LQ�WKH�RLO��ZLWKRXW�JRLQJ�

WZR�SKDVH��LV������PROH����7KH�RLO�ZRXOG�VZHOO���������&RPSDUH�WKLV�WR�WKH�EXEEOHSRLQW�YROXPH

DW�����SVLJ�ZLWK�QR�DGGHG�&2 ��+HUH��WKH�DPRXQW�RI�VZHOOLQJ�ZRXOG�EH��������RYHU�ZKDW�LW�ZRXOG�

EH�DW�]HUR���&2 �DQG������SVLJ���7KHVH�YDOXHV�FDQ�EH�GHWHUPLQHG�IURP�WKH�UHODWLYH�YROXPHV�OLVWHG�

LQ�7DEOHV���DQG���DQG�WKH�SORWV�IRXQG�LQ�)LJV�����DQG�����$OO�WKLV�LQIRUPDWLRQ�LV�XVHG�WR�FDOLEUDWH�WKH

SKDVH�EHKDYLRU�PRGHO�GHYHORSHG�HDUOLHU�WR�VLPXODWH�WKH�SKDVH�EHKDYLRU�IRU�WKHVH�V\VWHP�



��

&RQFOXVLRQV�IRU�3KDVH�%HKDYLRU�:RUN

�� 7KH�&2 �003�ZLWK�6SUDEHUU\�VHSDUDWRU�RLO�LV������SVLJ���7KLV�ZLOO�DOVR�EH�DSSURSULDWH�IRU
�

6SUDEHUU\�UHVHUYRLU�RLO�XQOHVV�WKH�EXEEOHSRLQW�SUHVVXUH�LV�DERYH������SVLJ���7R�SUHYHQW�WKH

IRUPDWLRQ�RI�D�ODUJH�LPPLVFLEOH�PHWKDQH�EDQN��JDV�VKRXOG�EH�LQMHFWHG��DERYH�WKH�EXEEOHSRLQW

SUHVVXUH�

�� ,W�LV�FULWLFDO�WR�SUHYHQW�ZHDWKHULQJ�EHIRUH�WHVWV�VXFK�DV�003�GHWHUPLQDWLRQV�

�� $�GHWDLOHG�3[�SKDVH�GLDJUDP�ZDV�FRPSOHWHG�IRU�WKH�&2 �6SUDEHUU\�UHFRPELQHG�UHVHUYRLU
�

�OLYH��FUXGH�V\VWHP���7KLV�V\VWHP�KDV�D�VDWXUDWLRQ�FXUYH�WKDW�LQFOXGHV�EXEEOHSRLQW�SUHVVXUH�

GHZ�SRLQW�SUHVVXUHV�� DQG�HVWLPDWHG�FULWLFDO�SRLQW�� �$OVR� VKRZQ�DUH� WKH�FRQVWDQW�YROXPH

FRQWRXU�OLQHV�HVWLPDWHG�IURP�PHDVXUHG�SKDVH�YROXPH�GDWD�

�� &RQWLQXRXV�SKDVH�HTXLOLEULXP�WHVWV�RQ�:DVVRQ�RLO�ZLWK�ERWK�SXUH�DQG�LPSXUH�&2 �DQG�EHORZ
�

DQG�DERYH�WKH�003�XVLQJ�UHFRPELQHG�UHVHUYRLU�FUXGH�IRXQG�SUHVVXUH�DIIHFWHG�WKH�VROXELOLW\

RI�RLO�LQ�&2 �PXFK�PRUH�WKDQ�&2 �LQ�RLO�
�� � � � �

�� 7KH�397�VWXG\�RQ�D�ORZ�WHPSHUDWXUH�PHGLXP�JUDGH�RLO�KDV�EHHQ�FRPSOHWHG�

�� 6HYHUDO�W\SHV�RI�&2 ��SKDVH�EHKDYLRU�VWXGLHV�KDYH�EHHQ�FRPSOHWHG�IRU�WZR�RLOV��RQH�DW�D�ORZ
�

UHVHUYRLU�WHPSHUDWXUH�����)��DQG�RQH�DW�D�PRGHUDWH�UHVHUYRLU�WHPSHUDWXUH������)�����7ZR

FRQWLQXRXV�HTXLOLEULXP�WHVWV��WZR�VZHOOLQJ�SKDVH�EHKDYLRU�WHVWV��DQG�WKUHH�VOLP�WXEH�WHVWV

ZHUH�FRPSOHWHG�

�� 5HVXOWV�DUH�XVHG�WR�DQDO\]H�WKH�HIIHFWV�RI�SUHVVXUH��WHPSHUDWXUH��DQG�RLO�FRPSRVLWLRQ�RQ�WKH

IOXLG�EHKDYLRU�XQGHU�UHVHUYRLU�FRQGLWLRQV�GXULQJ�JDV�LQMHFWLRQ�

([SHULPHQWV¥([WUDFWLRQ�DQG�6OLP�7XEH�7HVWV

,QWURGXFWLRQ

([WUDFWLRQ�RI�K\GURFDUERQV�E\�&2 �LV�WKH�SULQFLSDO�PHFKDQLVP�LQ�WKH�GHYHORSPHQW�RI�PXOW�
�

FRQWDFW�PLVFLELOLW\��/DERUDWRU\�WHVWV�LQGLFDWHG�SURGXFWLRQ�DSSURDFKLQJ�����FRXOG�EH�DFKLHYHG�E\

H[WUDFWLRQ��VHH�WKH�ORZ�SHUPHDELOLW\�UHVHUYRLU�FRUH�WHVWHG�LQ�7DVN���� ��7KXV��WKH�TXHVWLRQ�DULVHV�RI��

ZKHWKHU� SURGXFWLRQ� LQ� WKH� ILHOG� FRXOG� UHVXOW� IURP� H[WUDFWLRQ� RI� K\GURFDUERQV�� � $� QXPEHU� RI

H[SHULPHQWDO�VWXGLHV�LQ�WKH�OLWHUDWXUH�FRQFHUQ�WKH�FDSDFLW\�RI�&2 �WR�H[WUDFW�K\GURFDUERQV�IURP�FUXGH�

RLOV� � (DFK� UHVHDUFKHU� ZRUNHG� ZLWK� GLIIHUHQW� H[SHULPHQWDO� PHWKRGV�� YDULDEOHV� DQG��������������

SDUDPHWHUV�RI�LQWHUHVW��DQG�&2 �RLO�V\VWHPV���:H�KDYH�LQYHVWLJDWHG�WKH�H[WUDFWLRQ�EHKDYLRU�RI��&2� � �� � � � � � � �� �

XVLQJ�D�VHPL�EDWFK�H[WUDFWLRQ�V\VWHP�LQ�ZKLFK�&2 �ZDV�FRQWLQXRXVO\�EXEEOHG�WKURXJK�D�YHVVHO�RI�

RLO�ZKLOH�WKH�XSSHU�SKDVH�RI�WKH�&2 �RLO�PL[WXUH�ZDV�FRQWLQXRXVO\�SURGXFHG���7KH�REMHFWLYH�ZDV�WR�

GHWHUPLQH�KRZ�SUHVVXUH��WHPSHUDWXUH�DQG�RLO�FRPSRVLWLRQ�DIIHFW�WKH�&2 �H[WUDFWLRQ�FDSDFLW\��,Q�

DGGLWLRQ��D�VHULHV�RI�VOLP�WXEH�GLVSODFHPHQW�WHVWV�ZHUH�SHUIRUPHG�WR�FRPSDUH�ZLWK�UHVXOWV�REWDLQHG

IURP�WKH�H[WUDFWLRQ�H[SHULPHQWV��

7KH�SKDVH�UHODWLRQVKLS�RI�D�ZLGH�YDULHW\�RI�VLPSOH�V\VWHPV�FRQWDLQLQJ�FDUERQ�GLR[LGH�DQG�

K\GURFDUERQV� KDYH� EHHQ� LQYHVWLJDWHG� DQG� UHSRUWHG� �7KH� SKDVH� EHKDYLRU� RI� D� FRPSOH[�&2 ������
�

K\GURFDUERQ�PL[WXUHV�ZDV�H[DPLQHG�E\�0HQ]LH� ���+H�FKDUJHG�D�FRQVWDQW�WHPSHUDWXUH�ZLQGRZHG��



��

FHOO�ZLWK�DQ�RLO�VDPSOH�DQG�LQMHFWHG�KLJK�SUHVVXUH�&2 ��WKHQ�DJLWDWHG�WKH�FHOO�XQWLO��HTXLOLEULXP�ZDV
�

UHDFKHG��7KH�YDSRU�SKDVH�ZDV�UHPRYHG�DQG�FRQGHQVHG�LQ�D�VHSDUDWRU�DW�DWPRVSKHULF�SUHVVXUH��7KH

UHPDLQLQJ� RLO� LQ� WKH� FHOO� ZDV� UHFKDUJHG�ZLWK� &2 � DQG� WKHQ� WKH� FHOO� ZDV� DJLWDWHG� XQWLO� D� QHZ
�

HTXLOLEULXP�ZDV�UHDFKHG��7KH�YDSRU�SKDVH�ZDV�WKHQ�DJDLQ�UHPRYHG�DQG�FRQGHQVHG���$IWHU�UHSHDWLQJ

WKLV�SURFHGXUH�ILYH�WLPHV��0HQ]LH�IRXQG�WKH�PXOWLSOH�FRQWDFW�SURFHVV�FRXOG��UHFRYHU�DERXW�KDOI�WKH

RULJLQDO�RLO�FKDUJHG�LQWR�WKH�FHOO�� �$OVLQELOL � LQYHVWLJDWHG�WKH�HIIHFW�RI�RLO�JUDYLW\�DQG�LQMHFWLRQ��

SUHVVXUH�RQ�RLO�UHFRYHU\�E\�&2 �LQMHFWLRQ�DQG�IRXQG�WKH�UHFRYHU\�LQFUHDVHG�ZLWK�LQFUHDVLQJ�RLO�

JUDYLW\�DQG�ZLWK�KLJKHU�WKH�SUHVVXUH��

6HYHUDO�DXWKRUV�KDYH�PHDVXUHG�WKH�SKDVH�EHKDYLRU�DQG�IOXLG�SURSHUWLHV�RI�&2 �RLO�PL[WXUHV�

LQ�FRQMXQFWLRQ�ZLWK�WKHLU�ZRUN�LQ�HTXDWLRQ�RI�VWDWH�WXQLQJ� �IRU�VLPXODWLRQ�ZRUN �RU�ZLWK������ � � ��������������

GLVSODFHPHQW�WHVWV� �7KHLU�H[SHULPHQWV�ZHUH�SHUIRUPHG��WR�H[SODLQ�DQG�SUHGLFW�WKH�EHKDYLRU�RI��������

WHVW�V\VWHPV���2WKHU�DXWKRUV�KDYH�PHDVXUHG��WKH�SKDVH�EHKDYLRU�DQG�IOXLG�SURSHUWLHV�RI�RWKHU�&2 �RLO�

PL[WXUHV�WR�GHVFULEH�WKH�EHKDYLRU�RI�&2 �RLO�PL[WXUH �RU�WR�GHYHORS�FRUUHODWLRQV�SUHGLFWLQJ�WKH�
�����

SHUIRUPDQFH�RI�&2 �GLVSODFHPHQWV� �7KH�SKDVH�EHKDYLRU�DQG�IOXLG�SURSHUWLHV�ZHUH�PHDVXUHG�XVLQJ�
�����

HLWKHU�D�VWDQGDUG�397�DSSDUDWXV�RU�D�FRQWLQXRXV�PXOWLFRQWDFW�HTXLOLEULXP�DSSDUDWXV��7KH�397�WHVWV

ZHUH�SHUIRUPHG�DV�VLQJOH�FRQWDFW�RU�PXOWLFRQWDFW�WHVWV�VLPLODU�WR�WKRVH�SHUIRUPHG�E\�0HQ]LH���

&DUERQ�GLR[LGH�LV�QRW�ILUVW�FRQWDFW�PLVFLEOH�ZLWK�PRVW�UHVHUYRLU�IOXLGV�DW�UHVHUYRLU�FRQGLWLRQV�

+RZHYHU��LW�LV�PXOWLFRQWDFW�PLVFLEOH�ZLWK�UHVHUYRLU�IOXLGV�DW�DWWDLQDEOH�SUHVVXUHV�LQ�PDQ\�UHVHUYRLUV�

*HQHUDOO\��LQYHVWLJDWRUV�DJUHH�WKDW�WKH�GHYHORSPHQW�RI�&2 �RLO�PLVFLELOLW\�LV�WKH�UHVXOW�RI�H[WUDFWLRQ�

RI�VRPH�K\GURFDUERQV�IURP�WKH�RLO�E\�GHQVH�&2 ��+XWFKLQVRQ�DQG�%URZQ �DQG�5DWKPHO�HW�DO��
�� � � � � ��

DUJXHG�WKDW�&2 �FDQ�H[WUDFW�K\GURFDUERQV�SUHVHQW�LQ�WKH�RLO�DQG�JHQHUDWH�FRPSRVLWLRQ�SDWKV�WKDW�

DYRLG�WZR�SKDVH�UHJLRQV�LQ�GLVSODFHPHQWV�ZLWK�WHUQDU\�V\VWHPV��*DUGQHU�HW�DO�� �2UU�HW�DO�� �DQG��� � � ��

6LJPXQG�HW�DO� �XVHG�VXFK�PHFKDQLVPV�WR�TXDQWLWDWLYHO\�SUHGLFW�RLO�UHFRYHU\�IRU�&2 �FUXGH�RLO��
�

GLVSODFHPHQW�LQ�VOLP�WXEHV��+ROP�DQG�-RVHQGDO �EHOLHYHG�WKDW�H[WUDFWLRQ�DQG�GLVSHUVLRQ�PHFKDQLVPV��

WDNH� SODFH� DORQJ� D� PLVFLEOH� GLVSODFHPHQW� SDWK�� 'XULQJ� IORRGLQJ� &2 � H[WUDFWV� D� IUDFWLRQ� RI�

K\GURFDUERQV�IURP�WKH�UHVHUYRLU�RLOV��$IWHU�PXOWLSOH�FRQWDFWV��WKH�GLVSODFHPHQW�IURQW�KDV�YDSRUL]HG

HQRXJK� K\GURFDUERQV� WR� GHYHORS� D� FRPSRVLWLRQ� WKDW� LV�PLVFLEOH�ZLWK� WKH� RLO��$W� WKLV� SRLQW� WKH

H[WUDFWLRQ� SURFHVV� VWRSV� XQWLO� WKH� GHYHORSHG� PLVFLEOH� IURQW� EUHDNV� GRZQ� E\� WKH� GLVSHUVLRQ

PHFKDQLVPV�� :KHQ� PLVFLELOLW\� LV� ORVW�� WKH� H[WUDFWLRQ� PHFKDQLVP� DJDLQ� RFFXUV� WR� UHHVWDEOLVK

PLVFLELOLW\��7KXV��WKH�PLVFLEOH�EDQN�LV�IRUPHG��GLVSHUVHG�DQG�UHIRUPHG�WKURXJKRXW�WKH�GLVSODFHPHQW

SDWK���%DKUDORORP�DQG�2UU �FRQGXFWHG�D�VHULHV�RI��IORZ�YLVXDOL]DWLRQ��H[SHULPHQWV�RI�&2 �PLVFLEOH��
�

GLVSODFHPHQW�DQG�IRXQG�WKDW�WKH�HIILFLHQF\�RI�WKH�GLVSODFHPHQWV�LV�PRUH�VHQVLWLYH�WR�WKH�HIILFLHQF\

RI�H[WUDFWLRQ�RI�K\GURFDUERQV�E\�&2 �ULFK�SKDVH�WKDQ�LW�LV�WR�WKH�VROXELOLW\�RI�&2 �LQ�WKH�FUXGH�RLO�� � � � � � � � � � �

,Q�VXPPDU\��FRQVLGHUDEOH�UHVHDUFK�RQ�XQGHUVWDQGLQJ�WKH�GHYHORSPHQW�RI�&2 �RLO�PLVFLELOLW\�

PHFKDQLVP�KDV�EHHQ�GRQH��0RVW�DXWKRUV�DJUHH�WKDW�WKH�GHYHORSPHQW�RI�&2 �RLO�PLVFLELOLW\�LV�WKH�

UHVXOW�RI�H[WUDFWLRQ�RI�VRPH�K\GURFDUERQV�IURP�WKH�RLO�E\�GHQVH�&2 ��,Q�G\QDPLF�PLVFLEOH�IORRGV��

RLO�UHFRYHU\�LQFUHDVHV�ZLWK�SUHVVXUH�XQWLO�D�SUHVVXUH�LV�UHDFKHG�DW�DERYH�ZKLFK��IXUWKHU�LQFUHDVH�GRHV

QRW�VLJQLILFDQWO\��LPSURYH�RLO�UHFRYHU\��$W�DQG�DERYH�WKLV�RSWLPXP�SUHVVXUH�WKH�LQMHFWHG�VROYHQW�LV

PLVFLEOH�ZLWK� WKH� UHVHUYRLU�RLO��7KH� ORZHVW�SUHVVXUH� WKDW�DOORZV� WKH� LQMHFWHG� VROYHQW� WR�DFKLHYH

G\QDPLF�PLVFLELOLW\�ZLWK� WKH� UHVHUYRLU�RLO� LV� FRPPRQO\� UHIHUUHG� WR�DV� WKH�PLQLPXP�PLVFLELOLW\



��

SUHVVXUH��003��RI�WKH�VROYHQW�RLO�PL[WXUH��7KH�003�LV�DQ�LPSRUWDQW�SDUDPHWHU�LQ�WKH�HYDOXDWLRQ

RI�JDV�IORRGLQJ�SURVSHFWV��,W�LV�QHHGHG�WR�GHWHUPLQH�ZKHWKHU�D�UHVHUYRLU�FRXOG�EH�PLVFLEO\�IORRGHG

DQG�ZKHWKHU�LW�LV�HFRQRPLFDOO\�MXVWLILHG�WR�IORRG�WKH�UHVHUYRLU��

&2 �2LO�([WUDFWLRQ�([SHULPHQW�'HVFULSWLRQ
�

7ZR�GLIIHUHQW�VHWV�RI�H[SHULPHQWV�ZHUH�SHUIRUPHG���2QH�ZDV�D�VOLP�WXEH�WHVW�XVHG�WR�FRPSDUH

H[WUDFWLRQ� UHVXOWV� ZLWK� D� FRQYHQWLRQDO� PHWKRG�� 7KH� RWKHU� ZDV� D� VHULHV� RI� &2 �RLO� H[WUDFWLRQ
�

H[SHULPHQWV�LQ�ZKLFK�K\GURFDUERQV�ZHUH�H[WUDFWHG�IURP�FUXGH�RLOV�XVLQJ�KLJK�SUHVVXUH�&2 ��7ZR
�

VHULHV�RI�&2 �RLO�H[WUDFWLRQ�H[SHULPHQWV�ZHUH�SHUIRUPHG��WKH�ILUVW�WR�H[DPLQH�WKH�HIIHFW�RI�SUHVVXUH�
�

WHPSHUDWXUH�DQG�FUXGH�RLO�FRPSRVLWLRQ�RQ�&2 �RLO�H[WUDFWLRQ�SHUIRUPDQFH�DQG�WKH�VHFRQG�WR�VWXG\
�

WKH�SHUIRUPDQFH�RI�D�&2 �RLO�H[WUDFWLRQ�V\VWHP�LQ�DQ�H[WHQGHG�H[WUDFWLRQ�WLPH���(DFK�ZDV�SHUIRUPHG
�

XVLQJ�DQ�H[WUDFWLRQ�DSSDUDWXV�LQ�ZKLFK�&2 �ZDV�FRQWLQXRXVO\�LQMHFWHG�LQWR�D�FROXPQ�RI�RLO�ZLWK�DQ
�

XSSHU�&2 �ULFK�SKDVH�ZLWK�K\GURFDUERQV�H[WUDFWHG�IURP�WKH�RLO��7KH�SHUIRUPDQFHV�RI�WKH�H[WUDFWLRQ
�

V\VWHPV�ZHUH�HYDOXDWHG�IURP�WKH�PHDVXUHG�H[WUDFWLRQ�HIILFLHQF\��XSSHU�SKDVH�GHQVLW\�DQG�SURGXFHG

RLO�FRPSRVLWLRQ�

([WUDFWLRQ�$SSDUDWXV

7KH� H[WUDFWLRQ� DSSDUDWXV� FRQVLVWHG� RI� DQ� H[WUDFWLRQ� YHVVHO�� D� &2 � LQMHFWLRQ� V\VWHP�� D
�

UHF\FOLQJ�SXPS�DQG�D�IOXLG�FRQGHQVHU��7KH�VFKHPDWLF�GLDJUDP�RI�WKH�H[WUDFWLRQ�DSSDUDWXV�XVHG�LQ

WKLV�VWXG\�LV�SUHVHQWHG�LQ�)LJ�������([FOXGLQJ�WKH�UHF\FOLQJ�SXPS�DQG�WKH�FRQGHQVHU��WKH�DSSDUDWXV

ZDV�HQFORVHG�LQ�D�WHPSHUDWXUH�FRQWUROOHG�DLU�EDWK���7KH�H[WUDFWLRQ�YHVVHO�ZDV�D������SVLJ�������OLWHU

�����FP�,'�DQG����FP�OHQJWK���FRQVWDQW�YROXPH�YDULDEOH�FRPSRVLWLRQ�EOLQG�PL[LQJ�FHOO�VHW�WR�RSHUDWH

ZLWK�FRQWLQXRXV�LQMHFWLRQ�DQG�SURGXFWLRQ���7KH�LQOHW�SRUW��DW�WKH�ERWWRP�RI�WKH�YHUWLFDO�VWDQGLQJ

YHVVHO��ZDV�HTXLSSHG�ZLWK�D���PP�WKLFN�GLVF�VKDSHG�VLQWHUHG�VWHHO�IULW�XVHG�WR�GLVSHUVH�WKH�LQMHFWHG

&2 �
�

7KH�&2 �LQMHFWLRQ�V\VWHP�FRQVLVWHG�RI�D�VOLGLQJ�SLVWRQ�DFFXPXODWRU�DQG�D�����FP �FRQVWDQW
�

�

UDWH�PHWHULQJ�SXPS��7KH�H[WUDFWLRQ�YHVVHO�DQG�&2 �DFFXPXODWRU�SUHVVXUHV�ZHUH�HDFK�FRQWUROOHG�E\
�

D�VHSDUDWH�GLDSKUDJP�EDFN�SUHVVXUH�UHJXODWRU��%35����$�ZHW�WHVW�PHWHU�PHDVXUHG�WKH�SURGXFHG�JDV

UDWH���7KH�V\VWHP�SUHVVXUHV�ZHUH�PHDVXUHG�XVLQJ�������������SVLD�SUHVVXUH�WUDQVGXFHUV��7KH�GHQVLW\

RI�WKH�H[LW�VWUHDP�ZDV�PHDVXUHG�XVLQJ�D�KLJK�SUHVVXUH�KLJK�WHPSHUDWXUH��������J�FP �GHQVLWRPHWHU��

([SHULPHQWDO�3URFHGXUH�IRU�&2 �2LO�([WUDFWLRQ
�

7ZR�RLO�VDPSOHV�ZHUH�XVHG��D�VWRFN�WDQN�RLO�IURP�WKH�6XOLPDU�4XHHQ�ILHOG�DQG�D�VHSDUDWRU

RLO�IURP�WKH�6SUDEHUU\�ILHOG��(DFK�WHVW�ZDV�UXQ�DW�D�FRQVWDQW�WHPSHUDWXUH�RI�HLWKHU����)�RU�����)�

7KH�H[WUDFWLRQ�SUHVVXUH�IRU�HDFK�WHPSHUDWXUH�YDULHG�EHWZHHQ������DQG������SVLJ��$W�HDFK�H[WUDFWLRQ

SUHVVXUH��WKH�PDVV�DQG�YROXPH�RI�SURGXFHG�RLOV��YROXPH�RI�SURGXFHG�JDV��YROXPH�RI�WKH�LQMHFWHG�&2
�

DQG�WKH�GHQVLW\�RI�WKH�H[LW�VWUHDP�ZHUH�UHFRUGHG��7KH�PDWUL[�RI�WKH�H[SHULPHQWV�LV�SUHVHQWHG�LQ�7DEOH

���7KH�VHFRQG�VHULHV�RI�H[SHULPHQWV�ZDV�SHUIRUPHG�WR�LQYHVWLJDWH�WKH�EHKDYLRU�RI�&2 �H[WUDFWLRQ
�

RYHU�DQ�H[WHQGHG�SHULRG��$�6XOLPDU�4XHHQ�RLO�VDPSOH�ZDV�H[WUDFWHG�DW������SVLJ�DQG���� )�IRU�D�WRWDOR

RI�����KRXUV���$OO�WHVW�ZHUH�UXQ�DW�D�FRQVWDQW�&2 �PDVV�IORZ�UDWH�RI����J�KU��
�



��

7KH�H[WUDFWLRQ�H[SHULPHQW�SURFHGXUH�FRQVLVWHG�RI��WKUHH�PDLQ�FRPSRQHQWV��RLO�ORDGLQJ��&2
�

ORDGLQJ��DQG�&2 �LQMHFWLRQ��(DFK�SURFHGXUH�VWHS�ZDV�WKH�VDPH�IRU�WKH�YDULDEOH�SUHVVXUH�DQG�H[WHQGHG
�

H[WUDFWLRQ�H[SHULPHQWV��H[FHSW�IRU�&2 �LQMHFWLRQ��ZKLFK�FRQWLQXHG�IRU�D�PXFK�ORQJHU�WLPH�
�

2LO� /RDGLQJ�� 6LPLODU� WR� WKH�PHWKRG�RI�*ULJJ�HW� DO� �ZKR�SURGXFHG� FRUHIORRG� WUDQVLWLRQ� ]RQHV��

H[WHUQDOO\��WKH�YROXPH�RI�RLO�ORDGHG�LQWR�WKH�H[WUDFWLRQ�YHVVHO�ZDV�����FP ��7KLV�DOORZHG�URRP�IRU�

&2 �VZHOOLQJ�RI�WKH�RLO�ZLWKRXW�ILOOLQJ�WKH�YHVVHO��7KH�VWRFN�WDQN�RLO�VDPSOH�ZDV�ORDGHG�E\�SRXULQJ
�

����FP �RLO�VDPSOHV�WKURXJK�WKH�WRS�RSHQLQJ�RI�WKH�H[WUDFWLRQ�YHVVHO��7KH�VDPSOHV�ZHUH�ZHLJKHG�

XVLQJ� D� ODERUDWRU\� EDODQFH� EHIRUH� XVH�� 7KH� VHSDUDWRU� RLO�ZDV� ORDGHG� LQWR� WKH� H[WUDFWLRQ� YHVVHO

SDUWLDOO\�ORDGHG�ZLWK�&2 �DW�URRP�WHPSHUDWXUH�
�

&2 �/RDGLQJ��7R�REWDLQ�WKH�GHVLUHG&2 �SUHVVXUH�LQ�WKH�DFFXPXODWRU��&2 �ZDV�ORDGHG�EHORZ�URRP
� � �

WHPSHUDWXUH�E\�VLPXOWDQHRXVO\�FRROLQJ��LFLQJ��WKH�DFFXPXODWRU�DQG�DOORZLQJ�&2 �WR�IORZ�IURP�WKH�

&2 �WDQN���WKHQ�ZDUPLQJ�WKH�DFFXPXODWRU�WR�V\VWHP�WHPSHUDWXUH��7R�REWDLQ������SVLJ �&2 �LQ�WKH� �

DFFXPXODWRU�DW��� )��WKH�DFFXPXODWRU�ZDV�FRROHG�IRU�DERXW�RQH�KRXU��7R�DFKLHYH�WKH�VDPH�&2R

�

SUHVVXUH�DW���� )��WKH�DFFXPXODWRU�ZDV�FRROHG�IRU�DURXQG����PLQXWHV���7R�DYRLG FRQWDPLQDWLRQ��WKHR

DFFXPXODWRU�ZDV�HYDFXDWHG�EHIRUH�ILOOLQJ�ZLWK�&2 ��

&2 �,QMHFWLRQ���&2 ZDV�LQMHFWHG�LQWR�WKH�H[WUDFWLRQ�YHVVHO�WR�SUHVVXUH�WKH�V\VWHP�WR�WKH�GHVLUH�WHVW
�� �� �

SUHVVXUH��WKHQ�WR�PL[�ZLWK�DQG�H[WUDFW�K\GURFDUERQV�IURP�WKH�RLO�FRQWLQXRXVO\�DW�D�FRQVWDQW�SUHVVXUH�

8VXDOO\�LW�WRRN�DERXW�IRXU�KRXUV�WR�HTXLOLEUDWH�WKH�V\VWHP���7R�DFKLHYH�HTXLOLEULXP�RI�WKH�PL[WXUH

IDVWHU��IOXLG�IURP�WKH�XSSHU�SKDVH�RI�WKH�PL[WXUH�ZDV�UHF\FOHG�WKURXJK�WKH�LQOHW�SRUW�RI�WKH�H[WUDFWLRQ

YHVVHO�XVLQJ�D�UHF\FOLQJ�SXPS��7KH�PL[WXUH�ZDV�FRQVLGHUHG�DW�HTXLOLEULXP�ZKHQ�WKH�YHVVHO�SUHVVXUH

UHPDLQHG�FRQVWDQW�IRU�DW�OHDVW�ILYH�PLQXWHV�DIWHU�&2 �LQMHFWLRQ�ZDV�VWRSSHG��
�

7KH�SKDVHV�RI�WKH�SURGXFHG�IOXLGV�ZHUH�VHSDUDWHG�LQ�WKH�FRQGHQVHU�DW�DWPRVSKHULF�FRQGLWLRQV�

7KH� JDV� OHDYLQJ� WKH� FRQGHQVHU�ZDV� URXWHG� WKURXJK� D�ZHW� WHVW�PHWHU� IRU� SURGXFHG�JDV� YROXPH

PHDVXUHPHQW��7KH�&2 �LQMHFWLRQ�DQG�XSSHU�SKDVH�IOXLGV�SURGXFWLRQ�FRQWLQXHG�XQWLO�WKH�YROXPH�RI
�

WKH�OLTXLGV�FROOHFWHG�DW�WKH�YLDOV�KDG�UHDFKHG�DERXW���FP ��7KH�H[WUDFWLRQ�SURFHVV�ZDV�WKHQ�WHUPLQDWHG�

E\�VWRSSLQJ�WKH�&2 �LQMHFWLRQ�DQG�WKH�YLDOV�ZHUH�UHPRYHG�IURP�WKH�FRQGHQVHU�IRU�RLO�SURGXFWLRQ
�

GHWHUPLQDWLRQ�DQG�FRPSRVLWLRQDO�DQDO\VLV���$IWHU�LQFUHDVLQJ�WKH�EDFN�SUHVVXUH�WR�WKH�QH[W�GHVLUHG

H[WUDFWLRQ�SUHVVXUH�� � WKH� �H[SHULPHQW�ZDV�FRQWLQXHG�E\�LQMHFWLQJ�&2 �LQWR�WKH�YHVVHO��$V�LQ� WKH
�

SUHYLRXV�H[SHULPHQW�VWDJHV��&2 �ZDV�LQMHFWHG�ILUVW�WR�LQFUHDVH�WKH�YHVVHO�SUHVVXUH�DQG�ODWHU�WR�H[WUDFW
�

K\GURFDUERQV�IURP�WKH�RLO�OHIW�LQ�WKH�YHVVHO��

)RU�RQH�VHW�RI�H[SHULPHQWV��L�H���RQH�RLO�VDPSOH�IRU�D�JLYHQ�WHPSHUDWXUH���WKH�DERYH�SURFHGXUH

ZDV�SHUIRUPHG�IRU�DW�OHDVW�VL[�H[WUDFWLRQ�SUHVVXUHV���7KH�H[WUDFWLRQ�DW�WKH�ILUVW�SUHVVXUH�XVHG�IUHVK

RLO�VDPSOH�DQG�WKH�VL[WK�WHVW�XVHG�RLO�VDPSOH�ZLWK�DERXW���YROXPH���GHSOHWLRQ����FP �SURGXFWLRQ�LQ�

HDFK�RI�WKH�SUHYLRXV�ILYH�H[WUDFWLRQ�WHVWV����(DUO\�WHVWV�LQGLFDWHG�WKDW�RLO�GHSOHWLRQ�RI�XS�WR�DURXQG���

YROXPH���GLG�QRW�DIIHFW�WKH�H[WUDFWLRQ�SHUIRUPDQFH�VLJQLILFDQWO\���7KHUHIRUH��LW�ZDV�DVVXPHG�WKDW

WKH�EHKDYLRU�RI�&2 �H[WUDFWLRQ�XVLQJ�DQ�RLO�VDPSOH�ZLWK�GHSOHWLRQ�OHYHO�RI�XS�WR����YROXPH���ZRXOG
�

EH�VLPLODU�WR�XVLQJ�IUHVK�RLO���$IWHU�WKH�FRPSOHWLRQ�RI�HDFK�UXQ�WKH�V\VWHP�ZDV�GHSUHVVXUL]HG�DQG�WKH

DPRXQW�RI�WKH�UHPDLQLQJ�RLO�ZDV�GHWHUPLQHG�



��

7R�LQYHVWLJDWH�WKH�EHKDYLRU�RI�&2 �H[WUDFWLRQ�RYHU�DQ�H[WHQGHG�SHULRG��WKH�6XOLPDU�4XHHQ
�

VDPSOH�ZDV�H[WUDFWHG�DW�FRQVWDQW�SUHVVXUH�RI������SVLJ�DQG���� )�IRU�D�WRWDO�RI�����KRXUV��GXULQJR

ZKLFK�WLPH�DERXW������JUDPV�RI�&2 �ZDV�LQMHFWHG��7KH�H[WUDFWLRQ�UDWH�GXULQJ�WKH�FRXUVH�RI�WKH
�

H[WHQGHG�H[WUDFWLRQ�H[SHULPHQW�GHFUHDVHG�ZLWK�WLPH��7KH�LQWHUYDO�RI�RLO�VDPSOLQJ�ZDV�DGMXVWHG�VR

WKDW�LQ�HDFK�LQWHUYDO�WKH�DPRXQW�RI�RLO�FRQGHQVHG�ZDV�VXIILFLHQW�IRU�RLO�FRPSRVLWLRQDO�DQDO\VLV��7KXV�

WKH� VDPSOLQJ� LQWHUYDO� UDQJHG� IURP� ILIWHHQ�PLQXWHV� DW� ILUVW� WR� DV� ORQJ� DV� IRXU� KRXUV� MXVW� EHIRUH

WHUPLQDWLQJ�WKH�WHVW�

'LVFXVVLRQ�RI�5HVXOWV�

(IIHFW�RI�3UHVVXUH��7HPSHUDWXUH�DQG�2LO�&RPSRVLWLRQ

7R� LQYHVWLJDWH� WKH�HIIHFW�RI�H[WUDFWLRQ�SUHVVXUH�� WHPSHUDWXUH�DQG�RLO�FRPSRVLWLRQ�RQ� WKH

H[WUDFWLYH�FDSDFLW\�RI�&2 ��IRXU�YDULDEOH�SUHVVXUH�H[WUDFWLRQ�H[SHULPHQWV�ZHUH�FDUULHG�RXW�XVLQJ�WKH
�

WZR�RLOV��HDFK�DW�WZR�WHPSHUDWXUHV�����)�RU�����)��DQG�DW�YDULDEOH�SUHVVXUHV�EHWZHHQ������DQG�����

SVLJ��(DFK�WHVW�ZDV�GRQH�DW�D�FRQVWDQW�PDVV�IORZ�UDWH�RI����J�KU���$V�DQ�H[DPSOH��DW�����)�DQG�����

SVLJ�WKH�GHQVLW\�RI�&2 �ZDV�������J�FF�DQG�WKH�YROXPHWULF�LQMHFWLRQ�UDWH�ZDV�DERXW����FF�KRXU��7R
�

LQYHVWLJDWH�WKH�HIIHFW�RI�SUHVVXUH��FRQWLQXRXV�&2 �LQMHFWLRQV�DQG�&2 �RLO�XSSHU�SKDVH�SURGXFWLRQV
� �

ZHUH� SHUIRUPHG� IRU� DW� OHDVW� VL[� GLIIHUHQW� SUHVVXUHV�� ,Q�PRVW� RI� WKH� H[SHULPHQWV� WKH� H[WUDFWLRQ

SUHVVXUHV�ZHUH�LQFUHDVHG�IRU�HDFK�WHVW��JRLQJ�IURP�ORZHU�WR�KLJKHU�SUHVVXUHV��7R�H[DPLQH�SUHVVXUH�

K\VWHUHVLV��WKH�H[WUDFWLRQ�SUHVVXUHV�IRU�VRPH�WHVW�UXQV�ZHUH�FKDQJHG�IURP�KLJKHU�WR�ORZHU�SUHVVXUHV�

,Q�WKLV�VWXG\��&2 �H[WUDFWLRQ�FDSDFLW\�LV�WKH�SDUDPHWHU�XVHG�WR�HYDOXDWH�WKH�SHUIRUPDQFH�RI
�

&2 �RLO�H[WUDFWLRQ�LQ�WHUPV�RI�WKH�FDSDELOLW\�RI�&2 �WR�H[WUDFW�K\GURFDUERQV�IURP�FUXGH�RLOV��,W�LV
� �

GHILQHG�DV�WKH�UDWLR�RI�WKH�PDVV�RI�SURGXFHG�RLO�WR�WKH�PDVV�RI�&2 �LQMHFWHG�WR�SURGXFH�WKDW�RLO���7KH
�

H[WUDFWLRQ�SHUIRUPDQFHV�RI�IRXU�&2 �RLO�H[WUDFWLRQ�V\VWHPV�REWDLQHG�IURP�WKH�H[SHULPHQWV�FRQGXFWHG
�

LQ�WKLV�VWXG\�DUH�SUHVHQWHG�LQ�7DEOH���

7KH�H[WUDFWLRQ�FDSDFLWLHV�RI�&2 �DW�GLIIHUHQW�&2 �RLO�H[WUDFWLRQ�V\VWHPV�ZHUH�DOVR�SORWWHG�DV
� �

D�IXQFWLRQ�RI�H[WUDFWLRQ�SUHVVXUH��7KURXJKRXW�WKH�UHPDLQGHU�RI�WKLV�UHSRUW�WKHVH�SORWV�DUH�GHVLJQDWHG

DV�H[WUDFWLRQ�SURILOHV��7KHVH�SORWV�DUH�VKRZQ�LQ�)LJV����¤����)RU�FRPSDULVRQ�� WKH� ILQDO�SHUFHQW

SURGXFWLRQ�RI�WKH�RULJLQDO�RLO�LQ�WKH�VOLP�WXEH�LV�SORWWHG�ZLWK�WKH�H[WUDFWLRQ�FDSDFLW\��ERWK�YHUVXV

SUHVVXUH��'HWDLOV�DQG�FRPSOHWH�GDWD�VHWV�IRU�HDFK�RI�WKH�WHVWV�DUH�GHVFULEHG�E\�6LDJLDQ���

)URP�)LJV����¤���RQH�FDQ�VHH�WKDW�DOO�UXQV�KDYH�VLPLODU�&2 �H[WUDFWLRQ�FDSDFLW\�YV�SUHVVXUH
�

SURILOH��,Q�HDFK�UXQ��WKH�&2 �H[WUDFWLRQ�FDSDFLW\�LQFUHDVHV�ZLWK�LQFUHDVLQJ�H[WUDFWLRQ�SUHVVXUH�ZLWK
�

D�GUDVWLF�LQFUHDVH�LQ�H[WUDFWLRQ�FDSDFLW\�RYHU�D�UHODWLYHO\�VPDOO�SUHVVXUH�UDQJH�WKDW�ZH�FDOO�WKH�FULWLFDO

SUHVVXUH�UDQJH��7KLV�GUDVWLF�LQFUHDVH�LQ�H[WUDFWLRQ�FDSDFLW\�FRUUHVSRQGHG�ZHOO�ZLWK�WKH�VOLP�WXEH

EUHDN�SRLQW��RU�003���7DEOH����SUHVHQWV�WKH�VOLP�WXEH�003V�DQG�WKH�FULWLFDO�SUHVVXUH�UDQJHV�RI�WKH

IRXU�H[WUDFWLRQ�H[SHULPHQW�UXQV�

:KLOH�WKLV�H[WUDFWLRQ�H[SHULPHQW�FDQQRW�EH�XVHG�WR�GHWHUPLQH�D�GHILQLWH�YDOXH�RI�&2 �RLO
�

003�� WKH� FULWLFDO� SUHVVXUH� UDQJHV� FDQ� EH� XVHG� DV� D� &2 �RLO� 003� HVWLPDWH�� � 7KH� H[WUDFWLRQ
�



��

H[SHULPHQW�FDQ�EH�SHUIRUPHG�LQ�DERXW�WZR�GD\V��ZKLOH�VOLP�WXEH�GLVSODFHPHQW�WHVWV�XVXDOO\�WDNH�WZR

ZHHNV�� 7KXV� WKH� IRUPHU� WHVW� LV� D� JRRG� WRRO� WR� HVWLPDWH� 003� RU�� LI� SUHIHUUHG�� WR� VFUHHQ� WKH

GLVSODFHPHQW�SUHVVXUHV�WKDW�ZLOO�EH�REWDLQHG�LQ�VOLP�WXEH�WHVWV���7KH�IDFW�WKDW�VOLP�WXEH�&2 �003V
�

DUH� DOZD\V�ZLWKLQ� WKH� UDQJH�RI�SUHVVXUHV�ZKHUH�HIILFLHQW�&2 �RLO� H[WUDFWLRQ� VWDUWV� VXJJHVWV� WKDW
�

H[WUDFWLRQ� LV� WKH� SURFHVV� UHVSRQVLEOH� LQ� WKH� GHYHORSPHQW� RI� &2 �RLO� PLVFLELOLW\�� ([WUDFWLRQ
�

H[SHULPHQW�ILQGLQJV�VXSSRUW�WKH�JHQHUDOO\�DFFHSWHG�&2 �RLO�PLVFLELOLW\�GHYHORSPHQW�PHFKDQLVP��L�H��
�

YDSRUL]LQJ�JDV�GULYHV�

7DEOH� ��� GHPRQVWUDWHV� WKDW� WKH� ZLGWKV� RI� FULWLFDO� SUHVVXUH� UDQJH� IRU� ORZ�WHPSHUDWXUH

H[WUDFWLRQ�V\VWHPV�DUH�QDUURZHU�WKDQ�WKRVH�IRU�KLJK�WHPSHUDWXUH�H[WUDFWLRQ�V\VWHPV��7KLV� LV�QRW

VXUSULVLQJ�EHFDXVH�&2 ��GHQVLW\��ZKLFK�LV�EHOLHYHG�WR�EH�DQ�HVVHQWLDO�IDFWRU�LQ�WKH�&2 ��RLO�H[WUDFWLRQ�
��� � � � � � � � � � � � �

DOVR� EHKDYHV� VLPLODUO\��$W� SUHVVXUHV� QHDU� WR� WKH�&2 � � FULWLFDO� SUHVVXUH��&2 � � GHQVLW\� LQFUHDVHV
�� � � � �

GUDVWLFDOO\�RYHU�D�VPDOO�LQFUHDVH�LQ�SUHVVXUH��$W�KLJKHU�WHPSHUDWXUHV�WKH�&2 ��GHQVLW\�LQFUHDVHV�PRUH
�

JUDGXDOO\�ZLWK�LQFUHDVLQJ�SUHVVXUH���,Q�7DEOH����DQG�)LJV����¤���LW�LV�VKRZQ�WKDW�WKH�PD[LPXP

H[WUDFWLRQ�FDSDFLWLHV�REWDLQHG�LQ�WKHVH�H[SHULPHQWV�DUH�DERXW�WKH�VDPH�IRU�WKUHH�VHULHV�DW�DERXW����

JUDP�RI�RLO�SHU�JUDP�RI�&2 ��LQMHFWHG�DQG�DERXW�KDOI�WKDW�IRU�6XOLPDU�4XHHQ�VDPSOHV�DW���� )���7KLV
�

�R

WHVW�ZDV�FRQGXFWHG�EHIRUH�ZH�VWDUWHG�XVLQJ�WKH�UHF\FOLQJ�SXPS��VR�WKLV�HIIHFW�FRXOG�EH�WKH�UHVXOW�RI

WKH�H[SHULPHQW�UXQQLQJ�LQ�D�QRQ�HTXLOLEULXP�VWDWH�

2LO� FRPSRVLWLRQ�ZDV�GHOLQHDWHG� LQ� WHUPV�RI� WKH�PROH� IUDFWLRQ�RI� WKH�FRPSRQHQW�FDUERQ

QXPEHU�DV�GHWHUPLQHG�IURP�JDV�FKURPDWRJUDSKLF�DQDO\VLV��7KH�FRPSRVLWLRQV�RI�WKH�RULJLQDO�RLO�XVHG

LQ�WKHVH�H[SHULPHQWV�DUH�SUHVHQWHG�LQ�7DEOH����DQG�)LJ�������,W�FDQ�EH�VHHQ�IURP�7DEOH����DQG�)LJ�

��� WKDW� WKH� WZR� RLOV� KDYH� VLPLODU� FRPSRVLWLRQ�� SDUWLFXODUO\� LQ� WKH� & �& � IUDFWLRQV�� � +RZHYHU�
� ��

6SUDEHUU\�RLO�KDG�����PROH���VROXWLRQ�JDV��7DEOH����DOVR�VKRZV�WKDW�WKH�WZR�RLOV�DOVR�KDG�D�VLPLODU

$3,�JUDYLW\���7KH�VROXWLRQ�JDV�GLG�QRW�DSSHDU�WR�KDYH�D�VLJQLILFDQW�HIIHFW�RQ�WKH�003���7KLV�ILQGLQJ

LV�LQ�DJUHHPHQW�ZLWK�+ROP�DQG�-RVHQGDO �ZKR�VWDWHG�WKDW�&2 �RLO�003�GRHV��QRW�GHSHQG�RQ�WKH�& ���

� �

& �IUDFWLRQ�RI�WKH�RLO���7KH�FRPSRVLWLRQV�RI�WKH�SURGXFHG�RLOV�DQG�H[WUDFWLRQ�UHVLGXH�FROOHFWHG�IURP
�

HDFK�WHVW�ZHUH�GHWHUPLQHG�IURP�JDV�FKURPDWRJUDSKLF��*&��DQDO\VLV��)LJXUH����LV�DQ�H[DPSOH�RI�WKH

DQDO\VLV�RI�WKH�SURGXFHG�RLOV�IURP�D�VHULHV�RI�WHVWV���

7KH�& �IUDFWLRQ�ZDV�H[FOXGHG�IURP�WKH�FRPSRVLWLRQ�GLVWULEXWLRQ�EHFDXVH�WKH�DFFXUDF\�RI
���

*&�DQDO\VLV�LQ�GHWHUPLQLQJ�& �IUDFWLRQ�LV�ORZ���,W�LV�ZRUWK�QRWLQJ�WKDW�LQ�*&�DQDO\VLV�DOO�HUURUV�WKDW
���

RFFXU�LQ�WKH�& �WKURXJK�& �IUDFWLRQV�DUH�OXPSHG�WRJHWKHU�DQG�DGGHG�LQWR�WKH�& ��IUDFWLRQ���)LJXUH
� �� ��

���VKRZV�WKDW�WKH�FRPSRVLWLRQV�RI�WKH�SURGXFHG�RLOV�DUH�VLPLODU��7KHUH�DUH�IHZHU�OLJKW�HQGV�LQ�WKH

SURGXFHG�RLOV�WKDQ�LQ�WKH�RULJLQDO�RLO�VDPSOH�EHFDXVH�WKH\�ZHUH�YDSRUL]HG�E\�WKH�SURGXFHG�&2 ���7KLV
�

UHVXOW�LV�FRQILUPHG�E\�WKH�DQDO\VLV�RI�WKH�UHVLGXDO�RLO�WKDW�VKRZHG�WKH�OLJKW�HQGV�KDG�EHHQ�SURGXFHG

�VHH�)LJ��������)LJXUH����LQGLFDWHV�WKH�W\SH�RI�K\GURFDUERQV�VWULSSHG�WKH�PRVW�E\�&2 ��$V�WKLV�ILJXUH
�

VKRZV���PRVWO\�OLJKW�HQGV�XS�WR�DURXQG�& �ZHUH�H[WUDFWHG���,W��DOVR�VKRZV�WKDW�D�ODUJH�SRUWLRQ�RI�&
��� � �� �� � � � � � � � �

ZDV�H[WUDFWHG�E\�&2 ��7KH�ORZ�& �FRQFHQWUDWLRQ�LQ�WKH�SURGXFHG�RLOV�VXJJHVWV�WKDW�WKLV�FRPSRQHQW
� � � � �

ZDV�QRW�FDSWXUHG�E\�WKH�VHSDUDWRU�FRQGHQVHU��EXW�FDUULHG�ZLWK�WKH�&2 �JDV��
�

7KH�GHQVLWLHV�RI�WKH�XSSHU�RU�SURGXFHG�SKDVH�RI�WKH�&2 �RLO�PL[WXUH�ZHUH�PHDVXUHG�GXULQJ
�

WKH�FRXUVH�RI�HDFK�H[WUDFWLRQ�UXQ�ZLWK�D�0HWWOHU�3DDU�GHQVLWRPHWHU��$Q�H[DPSOH�RI� WKH�GHQVLW\



��

PHDVXUHPHQWV�DV�D�IXQFWLRQ�RI�YHVVHO�SUHVVXUH�IRU�RQH�VHW�RI�H[WUDFWLRQ�UXQV�LV�SUHVHQWHG�LQ�)LJ�����

)RU� GLVFXVVLRQ� SXUSRVHV�� WKH� VOLP� WXEH�003�DQG� WKH� H[WUDFWLRQ� FDSDFLW\� RI� WKH� FRUUHVSRQGLQJ

H[WUDFWLRQ�UXQV�DUH�DOVR�SUHVHQWHG�LQ�WKLV�ILJXUH��7KH�H[WUDFWLRQ�VWDUWHG�ZKHQ�WKH�XSSHU�SKDVH�GHQVLW\

ZDV�DSSUR[LPDWHO\�����J�FP ��)RU�WKH����)�H[WUDFWLRQV���PD[LPXP�H[WUDFWLRQV�RFFXUUHG�ZKHQ�WKH�

XSSHU�SKDVH�GHQVLWLHV�ZHUH�DURXQG�����J�FP ��)RU�WKH�����)�H[WUDFWLRQV��LW�WRRN�SODFH�ZKHQ�WKH�XSSHU�

SKDVH�GHQVLWLHV�ZHUH�VOLJKWO\�ORZHU��L�H���DURXQG�����J�FP ���7KLV�LV�SUREDEO\�EHFDXVH�RLOV�KDYH�ORZHU�

GHQVLWLHV� DW� HOHYDWHG� WHPSHUDWXUHV��7KHUHIRUH�� DV� VKRZQ�E\�/DQJH� � WKH\� KDYH� ORZHU� VROXELOLW\��

SDUDPHWHUV�DQG�UHTXLUH�D�ORZHU�&2 �GHQVLW\�
�

([WHQGHG�([WUDFWLRQ�([SHULPHQW

7R�H[DPLQH�WKH�EHKDYLRU�RI�&2 �RLO�H[WUDFWLRQ�LQ�DQ�H[WHQGHG�SHULRG�RI�WLPH��D�����FP �����
�

�

JUDPV���6XOLPDU�4XHHQ�RLO�VDPSOH�ZDV�H[WUDFWHG��IRU�D�WRWDO�RI�����KRXUV��DW�FRQVWDQW�SUHVVXUH�DQG

WHPSHUDWXUH� RI� ����� SVLJ� DQG� ���)�� UHVSHFWLYHO\��2LO� DQG� JDV� SURGXFWLRQ� DQG� WKH� XSSHU� SKDVH

GHQVLWLHV�RI��WKH�&2 �RLO�PL[WXUH�ZHUH�PRQLWRUHG�DQG�UHFRUGHG�GXULQJ�WKH�FRXUVH�RI�WKH�H[SHULPHQW�
�

$�WRWDO�RI����SURGXFHG�RLO�VDPSOHV�ZHUH�WDNHQ��6RPH�RI�WKH�VDPSOH�ZHUH�DQDO\]HG�XVLQJ�VLPXODWHG

GLVWLOODWLRQ�E\�JDV�FKURPDWRJUDSK\�WR�GHWHUPLQH�FRPSRVLWLRQ��

7KLV�H[SHULPHQW�VKRZHG�WKDW�IURP�WKH�����FP RULJLQDO�RLO�LQ�SODFH�DERXW�����FP ��a���� � � � � � � �

JUDPV��RLO�ZDV�H[WUDFWHG�E\�&2 ���7KLV�UHVXOW�PHDQV�WKDW�WKLV�W\SH�RI�H[WUDFWLRQ�SURFHVV�FRXOG�UHVXOW
�

LQ�RLO�UHFRYHU\�RI�����E\�YROXPH�RU�����E\�ZHLJKW���7KH�WRWDO�DPRXQW�RI�&2 �WKDW�ZDV�LQMHFWHG�WR
�

H[WUDFW� WKDW�DPRXQW�RI�RLO�ZDV������JUDPV��ZKLFK�PHDQV� WKDW��RQ�DYHUDJH�����JUDPV�RI�&2 �LV
�

UHTXLUHG�WR�H[WUDFW�HDFK�JUDP�RI�RLO�SURGXFHG�

)LJXUH����SUHVHQWV�WKH�H[WUDFWLRQ�FDSDFLW\�RI�&2 �DV�D�IXQFWLRQ�WKH�DPRXQW�RI�RLO�OHIW�LQ�WKH
�

H[WUDFWLRQ�YHVVHO�H[SUHVVHG�DV�ZHLJKW�SHUFHQWDJH�RI�RLO�ZLWK�UHVSHFW�WR�WKH�ZHLJKW�RI�RULJLQDO�RLO�LQ

SODFH���)LJXUH����VKRZV�WKDW��DV�H[SHFWHG���WKH�H[WUDFWLRQ�FDSDFLW\�RI�&2 ���JUDPV�RI�SURGXFHG�RLO�SHU
�

JUDP�RI�&2 �LQMHFWHG��GHFUHDVHG�ZLWK�GHFUHDVLQJ�SHUFHQW�RI�RLO�OHIW�LQ�WKH�YHVVHO��7KLV�RFFXUUHG
�

EHFDXVH�WKH�DPRXQW�RI�RLO�OHIW�LQ�WKH�YHVVHO�DV�K\GURFDUERQ�H[WUDFWLRQ�E\�&2 �SURFHHGHG�REYLRXVO\
�

GHFUHDVHG�DQG�WKH�LQMHFWHG�&2 �LQWHUDFWHG�ZLWK�OHVV�DQG�OHVV�RLO��,Q�DGGLWLRQ��WKH�LQMHFWHG�&2 �ZDV
�� � � � � � � � � � � �

QRW�RQO\�VSHQW�IRU�RLO�H[WUDFWLRQ�SURFHVVHV�EXW�DOVR�ZDV�XVHG�WR�FRPSHQVDWH�IRU�SUHVVXUH�ORVVHV�GXH

WR�GHFUHDVLQJ�DPRXQW�RI�RLO�LQ�WKH�YHVVHO���7KH�&2 �H[WUDFWLRQ�FDSDFLW\�RI�WKLV�H[SHULPHQW�GHFUHDVHG
�

IURP�DERXW�����JUDP�RLOV�SHU�JUDP�LQMHFWHG�&2 ��HDUO\�LQ�WKH�UXQ�WR�RQO\�DERXW�������J�RLO�J�&2 �E\
� �

WKH�HQG�RI�WKH�WHVW����)LJXUH����VKRZV�WKH�H[WHQW�WR�ZKLFK�WKH�OLJKW�DQG�LQWHUPHGLDWH�K\GURFDUERQV

ZHUH�H[WUDFWHG�

&RQFOXVLRQV�)RU�([WUDFWLRQ�DQG�5HODWHG�6OLP�7XEH�7HVWV

7KH�&2 �H[WUDFWLRQ�FDSDFLW\��GHILQHG�DV�WKH�ZHLJKW�RI�RLO�H[WUDFWHG�SHU�ZHLJKW�XQLW�RI��&2 �LQMHFWHG�
�� � � � � � � � � � � � � �� �

LQFUHDVHV�ZLWK�LQFUHDVLQJ�SUHVVXUH���,Q�HDFK�&2 �RLO�V\VWHP�LQYHVWLJDWHG��WKHUH�LV�D�UHODWLYHO\�VPDOO
�

SUHVVXUH�UDQJH�RYHU�ZKLFK�D�VKDUS�LQFUHDVH�LQ�WKH�H[WUDFWLRQ�FDSDFLW\�RFFXUV��$ERYH�WKLV�UDQJH��DQ

DGGLWLRQDO�LQFUHDVH�RI�SUHVVXUH�GRHV�QRW�VLJQLILFDQWO\�LQFUHDVH�WKH�H[WUDFWLRQ�FDSDFLW\�

�� 7KH�HIIHFW�RI�SUHVVXUH�RQ�WKH�GHQVLW\�RI�&2 �RLO�XSSHU�SKDVH�LQ�D�PXOWLSKDVH�V\VWHP�LV�VLPLODU
�

WR�LWV�HIIHFW�RQ�WKH�H[WUDFWLRQ�FDSDFLW\��7KH�GHQVLW\�LQFUHDVHV�ZLWK�LQFUHDVLQJ�SUHVVXUH��RYHU



��

D�QDUURZ�SUHVVXUH�UDQJH�WKH�GHQVLW\�GUDVWLFDOO\�LQFUHDVHV��DERYH�ZKLFK�DQ�DGGLWLRQDO�LQFUHDVH

RI�SUHVVXUH�GRHV�QRW�VLJQLILFDQWO\�LQFUHDVH�WKH�GHQVLW\��

�� ,Q�&2 �RLO�H[WUDFWLRQ�H[SHULPHQWV��WKH�SUHVVXUH�UDQJH�RYHU�ZKLFK�D�VKDUS�LQFUHDVH�LQ�ERWK
�

H[WUDFWLRQ�FDSDFLW\�DQG�XSSHU�SKDVH�GHQVLW\�RFFXUV�LV�VLPLODU�WR�WKH�VOLP�WXEH�003��$W�ORZHU

WHPSHUDWXUHV�WKH�SUHVVXUH�UDQJH�RYHU�ZKLFK�D�VKDUS�LQFUHDVH�LQ�XSSHU�SKDVH�GHQVLW\�RFFXUV

LV�DV�GLVWLQFW�DV�WKH�VKDUS�LQFUHDVH�RI�H[WUDFWLRQ�FDSDFLW\�

�� ([WUDFWLRQ�H[SHULPHQWV�SURYLGH�D�JRRG�HVWLPDWH�IRU�WKH�003�DQG�DUH�D�JRRG�VFUHHQLQJ�WRRO

LI�FRQILUPDWLRQ�RI�003�LQ�VOLP�WXEH�WHVWV�LV�GHVLUHG�

�� &2 �H[WUDFWLRQ�FDSDFLW\�LV�D�VWURQJ�IXQFWLRQ�RI�H[WUDFWLRQ�WHPSHUDWXUH��,W�GHFUHDVHV�ZLWK��DQ
�

LQFUHDVH�RI�WHPSHUDWXUH��7KH�SUHVVXUH�DW�ZKLFK�&2 �VWDUWV�WR�HIILFLHQWO\�H[WUDFW�K\GURFDUERQ
�

IURP�DQ�RLO��LQFUHDVHV�ZLWK�DQ�LQFUHDVH�RI�WHPSHUDWXUH��$W����DQG����� )��IRU�WKH�PDWHULDOVR

DQG�FRQGLWLRQV�LQYROYHG��H[WUDFWLRQ�LV�LQVLJQLILFDQW�IRU�H[WUDFWLRQ�SUHVVXUHV�EHORZ������DQG

�����SVLJ��UHVSHFWLYHO\�

�� 7KH�SUHVHQFH�RI�VROXWLRQ�JDV�LQ�WKH�RLO�XVHG�LQ�WKH�VWXG\�GLG�QRW�DIIHFW�HLWKHU�WKH�&2 ��RLO�

H[WUDFWLRQ�SHUIRUPDQFH�RU�WKH�&2 �RLO�003���

�� ,Q�DQ�H[WHQGHG�H[WUDFWLRQ�WHVW��&2 �FDQ�H[WUDFW�DSSUR[LPDWHO\����ZW���RU����YRO���RI�WKH�

RULJLQDO�RLO�LQ�SODFH��22,3���7KH�&2 �H[WUDFWLRQ�FDSDFLW\�GHFUHDVHG�IURP�DURXQG�����J�RLO�J�

&2 �LQMHFWHG�DW� WKH�EHJLQQLQJ�RI� WKH�H[WUDFWLRQ� WR�������J�RLO�J�&2 �LQMHFWHG�DW� WLPH�RI�� � � � � � � � � � � � �

WHUPLQDWLRQ��7KH�DYHUDJH�YDOXH�RI�WKH�H[WUDFWLRQ�FDSDFLW\�ZDV��������J�RLO�J�&2 �LQMHFWHG��

�� 6PDOO�K\GURFDUERQ�PROHFXOHV�RI�WKH�RLO�SDUWLWLRQ�LQWR�D�&2 �ULFK�SKDVH�PRUH�HIILFLHQWO\�WKDQ�

ODUJH�PROHFXOHV��7KHUHIRUH��RLOV�REWDLQHG�WKURXJK�H[WUDFWLRQ�KDYH�ORZHU�PROHFXODU�ZHLJKW

WKDQ�WKH�FRUUHVSRQGLQJ�RULJLQDO�RLOV��

�� 0XFK� RI� WKH� SURGXFHG� K\GURFDUERQV� OLJKWHU� WKDQ� & � ZHUH� QRW� FRQGHQVHG� LQ� WKH� OLTXLG�

VHSDUDWRU�XVHG�LQ�WKH�H[WUDFWLRQ�H[SHULPHQW��,QVWHDG��WKH\�ZHUH�YDRLUX]HG�ZLWK�WKH�SURGXFHG

&2 ��,Q�WKH�IXWXUH��LI�DQ�H[SHULPHQWDO�VHWXS�DQG�SURFHGXUHV�VLPLODU�WR�WKRVH�LQ�WKLV�VWXG\�DUH�

XVHG��FRPSRVLWLRQDO�DQDO\VLV�RI�WKH�SURGXFHG�JDV�LV�UHFRPPHQGHG�

([SHULPHQWV¥&2 �)RDP�&RUHIORRG�7HVWV�

,QWURGXFWLRQ

$SSOLFDWLRQ�RI�IRDP�WR�D�UHVHUYRLU�LQYROYHV�LQMHFWLQJ�D�VXUIDFWDQW�DORQJ�ZLWK�ZDWHU�DQG�JDV

LQWR�WKH�UHVHUYRLU��7R�HQDEOH�WKH�VHOHFWLRQ�RI�D�VXLWDEOH�VXUIDFWDQW�IRU�D�UHVHUYRLU��ODERUDWRU\�WHVW�GDWD

KDYH�WR�EH�FROOHFWHG�WR�FKDUDFWHUL]H�WKH�VXUIDFWDQW�SHUIRUPDQFH��2QH�RI�WKH�PRVW�LPSRUWDQW�FULWHULD

XVHG�LQ�WKH�VXUIDFWDQW�VHOHFWLRQ�SURFHVV�LV�WKH�HIIHFWLYHQHVV�RI�WKH�VXUIDFWDQW�LQ�UHGXFLQJ�WKH�PRELOLW\

RI�&2 ��7KH�IRDP�UHVLVWDQFH�IDFWRU��5 ��LV�D�SDUDPHWHU�XVHG�WR�DVVHVV�WKH�PDJQLWXGH�RI�PRELOLW\� � � � � � I

UHGXFWLRQ� �7KH�5 �LV�GHILQHG�DV�WKH�WRWDO�PRELOLW\�RI�&2 �EULQH�GLYLGHG�E\�WKH�WRWDO�PRELOLW\�RI�����
I� � � � � � � � �

&2 �VXUIDFWDQW�VROXWLRQ��IRDP�PRELOLW\���ZKHUH�ERWK�PRELOLW\�PHDVXUHPHQWV�DUH�FRQGXFWHG�DW�WKH�

VDPH�JDV�OLTXLG�YROXPHWULF�LQMHFWLRQ�UDWLR��&2 �IUDFWLRQ���,I�IRDP�LV�QRW�JHQHUDWHG��WKH�5 �LV�XQLW\��� � � � � � � � I

,I�IRDP�LV�JHQHUDWHG��WKH�YDOXH�RI�WKH�5 �TXDQWLILHV�WKH�HIIHFW�RI�WKH�SUHVHQFH�RI�IRDP��7KHUHIRUH��RQFHI

WKH�VXUIDFWDQW�VHOHFWLRQ�SURFHVV�LV�FRPSOHWHG��WKH�5 �GDWD�RI�WKH�VHOHFWHG�VXUIDFWDQW�JHQHUDWHG�IURPI

YDULRXV� IRDP� WHVWV� VKRXOG� EH� UHDGLO\� DYDLODEOH�� 7KH� UHODWLRQVKLSV� RI� VXUIDFWDQW� FRQFHQWUDWLRQ�



��

LQMHFWLRQ�IORZ�UDWH��IRDP�TXDOLW\��&2 �IUDFWLRQ���DQG�URFN�SHUPHDELOLW\�ZLWK�5 �KDYH�EHHQ�HOXFLGDWHG
�� � � � � � I

E\�UHFHQW�ODERUDWRU\�IRDP�WHVWV� �%DVHG�RQ�WKHVH�UHODWLRQVKLSV��D�SUHGLFWLYH�IRDP�PRGHO�KDV�EHHQ�������

GHYHORSHG �DQG�ZLOO�EH�SUHVHQWHG�LQ�WKH�IROORZLQJ�VHFWLRQ����

(IILFLHQW�DSSOLFDWLRQ�DQG�HYDOXDWLRQ�RI�FDQGLGDWH�UHVHUYRLUV�IRU�&2 �IRDP�SURFHVVHV�UHTXLUHV�

D� SUHGLFWLYH� IRDP� PRGHO�� 7R� SURYLGH� LQSXW� GDWD� WR� WKH� SUHGLFWLYH� IRDP� PRGHO�� TXDQWLWDWLYH

LQIRUPDWLRQ�RQ�IRDP�IORZ�EHKDYLRU�DW�YDULRXV�IRDP�WHVW�FRQGLWLRQV�LV�UHTXLUHG��+RZHYHU��VRPH�RI

WKH� LQIRUPDWLRQ� DYDLODEOH� LQ� WKH� OLWHUDWXUH� LV� LQFRQFOXVLYH� DQG� VRPH� RI� WKH� LQIRUPDWLRQ� LV� QRW

FRPSOHWH��)RU�H[DPSOH��WKHUH�DUH�GLVFUHSDQFLHV�LQ�WKH�OLWHUDWXUH�UHJDUGLQJ�IRDP�PRELOLW\�EHKDYLRU

ZLWK� LQFUHDVLQJ�IRDP�TXDOLW\��&2 �IUDFWLRQ��DQG�ZLWK�LQFUHDVLQJ�IORZ�UDWH��$OVR�� WKH�IRDP�IORZ�

EHKDYLRU�LQ�WKH�ORZHU�UDQJH�RI�IRDP�TXDOLW\��EHORZ������KDV�QHYHU�EHHQ�UHSRUWHG��7KHUHIRUH��WKH

REMHFWLYHV�RI�WKLV�VWXG\�DUH�WR�H[DPLQH�IXUWKHU�WKH�LQFRQVLVWHQW�LQIRUPDWLRQ�RQ�IRDP�IORZ�EHKDYLRU

DQG�WR�H[SORUH�WKH�LQIRUPDWLRQ�RQ�WKH�ORZHU�UDQJH�RI�IRDP�TXDOLW\��

([SHULPHQWDO�'HVFULSWLRQV

$�VFKHPDWLF�GLDJUDP�RI�WKH�WHVW�DSSDUDWXV�LV�VKRZQ�LQ�)LJ������%ULQH��VXUIDFWDQW�VROXWLRQ��66��

DQG�&2 �ZHUH�ORDGHG�LQWR�IORDWLQJ�SLVWRQ�DFFXPXODWRUV�DQG�WKHQ�GLVSODFHG�LQWR�WKH�V\VWHP�E\��D�

SXPS�ILOOHG�ZLWK�GLVWLOOHG�ZDWHU��7KH�SUHVVXUH�GURS�DFURVV�WKH�FRUH�ZDV�PHDVXUHG�E\�D�+RQH\ZHOO

GLIIHUHQWLDO� SUHVVXUH� WUDQVGXFHU� �'37�� DQG� E\� WZR� 6HQVRWHF� SUHVVXUH� WUDQVGXFHUV� �37�� ORFDWHG

XSVWUHDP�DQG�GRZQVWUHDP��UHVSHFWLYHO\��IURP�WKH�FRUH��6\VWHP�SUHVVXUH�ZDV�SURYLGHG�E\�D�7HPFR

EDFNSUHVVXUH�UHJXODWRU��%35��FRQWUROOHG�WR�WKH�GHVLUHG�UXQ�SUHVVXUH��7KH�WHVW�DSSDUDWXV�ZDV�KRXVHG

LQ�DQ�RYHQ�WR�PDLQWDLQ�D�FRQVWDQW�WHPSHUDWXUH��$�ZHW�WHVW�PHWHU�RXWVLGH�WKH�RYHQ�ZDV�XVHG�WR�PRQLWRU

JDV�SURGXFWLRQ��(LWKHU�&2 �DQG�EULQH�RU�&2 �DQG�VXUIDFWDQW�VROXWLRQ�FRXOG�EH�FRLQMHFWHG�LQWR�WKH�� � � � �

V\VWHP�E\�WXUQLQJ�WKHLU�FRUUHVSRQGLQJ�SXPSV�RQ�VLPXOWDQHRXVO\��)RU�WKH�SXUSRVH�RI�WKLV�VWXG\��IRDP

ZDV�JHQHUDWHG�LQ�VLWX�LQ�WKH�FRUH�DQG�WKH�IRDP�JHQHUDWRU�XSVWUHDP�WR�WKH�FRUH�ZDV�E\SDVVHG�

)RDP�WHVWV�ZHUH�FRQGXFWHG�RQ�ILUHG�%HUHD�VDQGVWRQH�FRUHV�DW�FRQGLWLRQV�RI�����)�DQG�����

SVLJ��$V�D�VWDQGDUG�SURFHGXUH�IRU�WKH�IRDP�WHVWV��WKH�FRUH�ZDV�ILUVW�VDWXUDWHG�ZLWK�EULQH�E\�LQMHFWLQJ

EULQH�RYHUQLJKW�DW�D�IORZ�UDWH�RI���FF�KU��7KHQ�WKH�EULQH�SHUPHDELOLW\�ZDV�GHWHUPLQHG�E\�UHJUHVVLRQ

EDVHG�RQ�VHYHUDO�EULQH�LQMHFWLRQ�UDWHV�YDU\LQJ�IURP���WR����FF�KU��1H[W��EDVHOLQH�H[SHULPHQWV�ZHUH

SHUIRUPHG�DW�YDULRXV�IORZ�UDWHV�E\�FRLQMHFWLQJ�&2 �DQG�EULQH�LQWR�WKH�FRUH�DW�YDULRXV�JDV�OLTXLG�

YROXPHWULF�LQMHFWLRQ�UDWLRV��&2 �IUDFWLRQV���1RWH�WKDW�D�JDV�OLTXLG�YROXPHWULF�LQMHFWLRQ�UDWLR�RI�����

FRUUHVSRQGV�WR�D�&2 �IUDFWLRQ�RI������(DFK�EDVHOLQH�H[SHULPHQW�ODVWHG�XQWLO�D�VWHDG\�VWDWH�SUHVVXUH�

GURS�DFURVV�WKH�FRUH�ZDV�DFKLHYHG��$IWHU�WKH�EDVHOLQH�H[SHULPHQWV��WKH�FRUH�ZDV�IOXVKHG�ZLWK�EULQH

WR�GLVSODFH�&2 �DQG�WKHQ�WKH�EULQH�SHUPHDELOLW\�ZDV�UHGHWHUPLQHG��3ULRU�WR�WKH�IRDP�H[SHULPHQWV��

WKH�FRUH�ZDV�VDWXUDWHG�ZLWK�VXUIDFWDQW�VROXWLRQ�DW�D�VXUIDFWDQW�FRQFHQWUDWLRQ�RI������SSP�WR�EULQJ

WKH�DGVRUSWLRQ�OHYHO�WR�D�FRQVWDQW�YDOXH��7KHQ�WKH�VXUIDFWDQW�VROXWLRQ�SHUPHDELOLW\�ZDV�GHWHUPLQHG�

7KH� IRDP�H[SHULPHQWV�ZHUH�SHUIRUPHG�DW�YDULRXV� IORZ�UDWHV�E\�FRLQMHFWLQJ�&2 �DQG�VXUIDFWDQW�

VROXWLRQ�DW�YDULRXV�&2 �IUDFWLRQV�VLPLODU�WR�WKRVH�RI�WKH�EDVHOLQH�H[SHULPHQWV��(DFK�IRDP�H[SHULPHQW�

ODVWHG�XQWLO�D�VWHDG\�VWDWH�SUHVVXUH�GURS�DFURVV�WKH�FRUH�ZDV�DFKLHYHG��$IWHU�WKH�ODVW�IRDP�H[SHULPHQW�

WKH�FRUH�ZDV�GHSUHVVXUL]HG�WR�WKH�DPELHQW�FRQGLWLRQ�DQG�IOXVKHG�ZLWK�EULQH�WR�FRPSOHWHO\�GLVSODFH

&2 �DQG�VXUIDFWDQW�VROXWLRQ��7KH�FRUH�ZDV�WKHQ�SUHVVXUL]HG�DQG�VDWXUDWHG�ZLWK�EULQH�IRU�D�ILQDO�EULQH�



��

SHUPHDELOLW\�GHWHUPLQDWLRQ��7KH�EULQH�SHUPHDELOLW\�ZDV�XVHG�WR�GHWHUPLQH�ZKHWKHU�WKH�FRQGLWLRQV

RI�WKH�FRUH�KDG�EHHQ�DOWHUHG�GXULQJ�WKH�IRDP�WHVWV�

,Q�DOO�WKH�WHVWV��D�V\QWKHWLF�EULQH�ZLWK�WKH�FRPSRVLWLRQ�VKRZQ�LQ�7DEOH����ZDV�XVHG��7KH

VXUIDFWDQW�XVHG�LQ�WKLV�VWXG\�ZDV�&KDVHU��&'�������7KH�VXUIDFWDQW�VROXWLRQ�ZDV�SUHSDUHG�E\�PL[LQJ

&'������LQ�WKH�V\QWKHWLF�EULQH��,QIRUPDWLRQ�RQ�WKH�ILUHG�%HUHD�FRUHV�XVHG�LQ�WKH�WHVWV�LV�OLVWHG�LQ

7DEOH����

5HVXOWV�DQG�'LVFXVVLRQ

7HVW�6HULHV�,��

,Q�WKLV�WHVW�VHULHV��FRUH�$�ZDV�XVHG��7KH�LQLWLDO�EULQH�SHUPHDELOLW\�RI�WKH�FRUH�ZDV������PG�

7KH�UHVXOWV�RI�WKH�EDVHOLQH�H[SHULPHQWV�DUH�VXPPDUL]HG�LQ�7DEOH����IRU�WRWDO�IORZ�UDWHV�RI����������

DQG������FF�KU��HDFK�DW�&2 �IUDFWLRQV�RI�������������������������DQG������7KHUH�ZDV�OLWWOH�RU�QR�HIIHFW
�

RI�IORZ�UDWH�RQ�WKH�WRWDO�PRELOLW\�RI�&2 �EULQH�IRU�HDFK�WHVWHG�&2 �IUDFWLRQ��DV�VKRZQ�LQ�)LJ�����
� � � � � �

:KHQ� WKH�&2 � IUDFWLRQ�ZDV� KLJKHU� WKDQ� ������� WKH� WRWDO�PRELOLW\� RI�&2 �EULQH� LQFUHDVHG�ZLWK
�� � � � � � � � � � �

LQFUHDVLQJ�&2 �IUDFWLRQ�IRU�DOO�WHVWHG�IORZ�UDWHV��DV�VKRZQ�LQ�)LJ������:KHQ�&2 �IUDFWLRQ�ZDV�ORZHU
�� � � � � � � � � � � � � �

WKDQ� ����� WKH� HIIHFW� RQ� WKH� WRWDO� PRELOLW\� RI� &2 �EULQH� ZDV� OHVV� REYLRXV�� $IWHU� WKH� EDVHOLQH
�

H[SHULPHQWV��WKH�EULQH�SHUPHDELOLW\�ZDV�GHWHUPLQHG�WR�EH������PG��

'XULQJ�WKH�LQMHFWLRQ�RI�VXUIDFWDQW�VROXWLRQ�LQWR�FRUH�$��D�VWHDG\�VWDWH�SUHVVXUH�GURS�DFURVV

WKH�FRUH�ZDV�QHYHU�DFKLHYHG�IRU�DOO�WKH�WHVWHG�IORZ�UDWHV��7R�FKHFN�WKH�FRQGLWLRQV�RI�WKH�FRUH��WKH�FRUH

ZDV� GHSUHVVXUL]HG�� IOXVKHG� ZLWK� EULQH�� SUHVVXUL]HG�� DQG� IOXVKHG� ZLWK� EULQH� IRU� D� ILQDO� EULQH

SHUPHDELOLW\�GHWHUPLQDWLRQ��7KH�LQLWLDO�EULQH�SHUPHDELOLW\�FRXOG�QRW�EH�UHVWRUHG��DERXW�����RI�WKH

LQLWLDO�YDOXH��DQG�FRUH�$�ZDV�DEDQGRQHG��

7HVW�6HULHV�,,��

,Q�WKLV�WHVW�VHULHV��FRUH�%�ZDV�XVHG��7KH�LQLWLDO�EULQH�SHUPHDELOLW\�RI�WKH�FRUH�ZDV�������PG�

7KH�UHVXOWV�RI�WKH�EDVHOLQH�H[SHULPHQWV�DUH�DOVR�VXPPDUL]HG�LQ�7DEOH�����7KH�WRWDO�PRELOLW\�RI

&2 �EULQH�LQFUHDVHG�ZLWK�&2 �IUDFWLRQ�ZKHQ�WKH�&2 �IUDFWLRQ�ZDV�KLJKHU�WKDQ��������DV�VKRZQ�LQ
� � � � �� � � � �

)LJ������:KHQ�&2 �IUDFWLRQ�ZDV�ORZHU�WKDQ������WKH�HIIHFW�RQ�WKH�WRWDO�PRELOLW\�RI�&2 �EULQH�ZDV�OHVV
�� � � � � � � � � � � � � �

REYLRXV��7KLV�REVHUYDWLRQ�ZDV�FRQVLVWHQW�ZLWK�WKH�UHVXOWV�RI�FRUH�$��)RU�HDFK�WHVWHG�&2 �IUDFWLRQ�
�

WKH�WRWDO�PRELOLW\�RI�&2 �EULQH�DW������FF�KU�LV�KLJKHU�WKDQ�WKRVH�DW�����DQG�����FF�KU��DV�VKRZQ�LQ�)LJ�
�

����7KHUH�ZDV�OLWWOH�RU�QR�HIIHFW�RI�IORZ�UDWH�RQ�WKH�WRWDO�PRELOLW\�RI�&2 �EULQH�DW�����DQG�����FF�KU�
�

$IWHU�WKH�EDVHOLQH�H[SHULPHQWV��WKH�EULQH�SHUPHDELOLW\�ZDV�GHWHUPLQHG�WR�EH�������PG��

$OWKRXJK�D�VWHDG\�VWDWH�SUHVVXUH�GURS�DFURVV�WKH�FRUH�ZDV�QHYHU�DFKLHYHG�IRU�DOO�WKH�WHVWHG

IORZ�UDWHV�GXULQJ�WKH�LQMHFWLRQ�RI�VXUIDFWDQW�VROXWLRQ��IRDP�H[SHULPHQWV�ZHUH�VWLOO�FDUULHG�RXW�DQG

FRQGXFWHG�DW�����FF�KU�IRU�YDULRXV�&2 �IUDFWLRQV��IRDP�TXDOLWLHV���1RWH�WKDW�D�&2 �IUDFWLRQ�RI�����LQ
�� � � � � � � �

D� IRDP� WHVW� FRUUHVSRQGV� WR� D� IRDP� TXDOLW\� RI� ����� 7KH� UHVXOWV� RI� WKH� IRDP� H[SHULPHQWV� DUH

VXPPDUL]HG�LQ�7DEOH����IRU�&2 �IUDFWLRQV�RI�������������������������DQG�����DQG�DOVR�SORWWHG�LQ�)LJ�
�

����LQGLFDWHG�E\�WKH�OHJHQG�&2��66���7KH�WRWDO�PRELOLW\�RI�&2 �VXUIDFWDQW�VROXWLRQ��IRDP�PRELOLW\�
�

GHFUHDVHG�ZLWK�LQFUHDVLQJ�&2 �IUDFWLRQ��IRDP�TXDOLW\���DV�FOHDUO\�VKRZQ�LQ�)LJ�����
�



��

:KHQ�WKH�&2 �IUDFWLRQ�RI�WKH�IRDP�H[SHULPHQW�ZDV�GHFUHDVHG�IURP�������WR�D�SUHYLRXV�YDOXH
�

RI�������WKH�SUHVVXUH�GURS�RI�WKH�IRDP�H[SHULPHQW�ZDV�JUHDWHU�WKDQ�WKDW�REWDLQHG�SUHYLRXVO\������YV�

����SVL���VHH�7DEOH�����7KHUH�ZHUH�WZR�SRVVLEOH�UHDVRQV�IRU�WKLV�LUUHYHUVLEOH�EHKDYLRU��7KH�HIIHFW

PLJKW�EH�GXH�WR�WKH�IRDP�JHQHUDWHG�DW�D�SUHYLRXV�KLJKHU�&2 �IUDFWLRQ��VXFK�WKDW�IRDP�ZRXOG�QRW
�

UHWXUQ�WR�D�VWDWH�FRUUHVSRQGLQJ�WR�D�FXUUHQW�ORZHU�&2 �IUDFWLRQ��,W�PLJKW�DOVR�EH�DWWULEXWHG�WR�WKH
�

JHQHUDWLRQ�RI�SOXJJLQJ�SURGXFWV�IURP�WKH�HIIHFWV�RI�VXUIDFWDQW�DQG�IRDP�RQ�WKH�FRUH��VXFK�WKDW�WKH

SHUPHDELOLW\�RI�WKH�FRUH�ZDV�UHGXFHG��$IWHU�WKH�IRDP�H[SHULPHQWV��WKH�LQLWLDO�EULQH�SHUPHDELOLW\�RI

WKH�FRUH�FRXOG�QRW�EH�UHVWRUHG��DERXW�����RI�LQLWLDO�YDOXH��DQG�WKH�FRUH�ZDV�DEDQGRQHG��(YHQ�WKRXJK

WKH�FRUH�FRXOG�QRW�EH�UHVWRUHG�WR�WKH�RULJLQDO�SHUPHDELOLW\��WKH�PRELOLWLHV�RI�&2 �VXUIDFWDQW�VROXWLRQ
�

�IRDP�PRELOLWLHV��ZHUH�DOZD\V�WZR�RUGHUV�RI�PDJQLWXGH�ORZHU�WKDQ�WKDW�RI�WKH�EDVHOLQH�H[SHULPHQWV�

DV�FOHDUO\�VKRZQ�LQ�)LJ������

,W� LV� LQWHUHVWLQJ� WR� QRWH� WKDW�� ZKHQ� H[DPLQLQJ� WKH� SUHVVXUH� GURS� UHVSRQVH� RI� WKH� IRDP
H[SHULPHQWV��WKH�SUHVVXUH�FXUYHV�F\FOHG�XS�DQG�GRZQ�VLJQLILFDQWO\�ZLWK�D�SHDN�WR�SHDN�DPSOLWXGH
WKDW�YDULHG�IURP����SVL�WR�����SVL�IRU�WKH�FDVHV�RI������������DQG�����&2 �IUDFWLRQ�������������DQG

�

����IRDP�TXDOLW\���DV�VKRZQ�LQ�)LJV���������%XW�WKH�SUHVVXUH�FXUYHV�ZHUH�YHU\�VPRRWK�ZLWK�D�SHDN�
WR�SHDN�DPSOLWXGH�RI�DERXW���WR����SVL�IRU�WKH�FDVHV�RI�������DQG�����&2 �IUDFWLRQ������DQG����

�

IRDP�TXDOLW\���DV�VKRZQ�LQ�)LJV�����DQG�����6LPLODU�SUHVVXUH�UHVSRQVHV�ZHUH�DOVR�REVHUYHG�IRU�WKH
EDVHOLQH�H[SHULPHQWV�ZLWK�PXFK�VPDOOHU�SHDN�WR�SHDN�DPSOLWXGHV��7KLV�NLQG�RI�F\FOLQJ�SUHVVXUH
UHVSRQVH�PLJKW�EH�GXH�WR�WKH�IRUPDWLRQ�DQG�WKH�EUHDNWKURXJK�RI�D�&2 �EDQN��7KH�H[LVWHQFH�RI�IRDP

�

ZRXOG�HQKDQFH�WKH�F\FOH�LQWHUYDO�DQG�DPSOLWXGH�FRPSDUHG�WR�EDVHOLQH�H[SHULPHQWV��

7HVW�6HULHV�,,,�
�,Q�WKLV�WHVW�VHULHV��FRUH�&�ZDV�XVHG��7KH�LQLWLDO�EULQH�SHUPHDELOLW\�RI�WKH�FRUH�ZDV��������PG�

7KH�UHVXOWV�RI�WKH�EDVHOLQH�H[SHULPHQWV�DUH�DOVR�VXPPDUL]HG�LQ�7DEOH�����:KHQ�WKH�&2 �IUDFWLRQ�ZDV
�

KLJKHU�WKDQ��������WKH�WRWDO�PRELOLW\�RI�&2 �EULQH�LQFUHDVHG�ZLWK�&2 �IUDFWLRQ��DV�VKRZQ�LQ�)LJ�����
� � � � �

:KHQ�&2 � IUDFWLRQ�ZDV� ORZHU� WKDQ������ WKH� HIIHFW� RQ� WKH� WRWDO�PRELOLW\�RI�&2 �EULQH�ZDV� OHVV
�� � � � � � � � � � � � � �

REYLRXV��7KLV�REVHUYDWLRQ�ZDV�FRQVLVWHQW�ZLWK�WKH�UHVXOWV�RI�FRUHV�$�DQG�%��DV�VKRZQ�LQ�)LJV�����DQG

����7KH�HIIHFW�RI�IORZ�UDWH�RQ�WKH�WRWDO�PRELOLW\�RI�&2 �EULQH�IRU�HDFK�WHVWHG�&2 �IUDFWLRQ�ZDV
� � � � � �

LQFRQFOXVLYH��DV�VKRZQ�LQ�)LJ������:KHQ�&2 �IUDFWLRQ�ZDV�ORZHU�WKDQ������WKH�WRWDO�PRELOLW\�RI
�

&2 �EULQH�GHFUHDVHG�ZLWK�LQFUHDVLQJ�IORZ�UDWH��:KHQ�&2 �IUDFWLRQ�ZDV�KLJKHU�WKDQ��������WKH�WRWDO
� � � � � � � � �

PRELOLW\�RI�&2 �EULQH�LQFUHDVHG�ZLWK�LQFUHDVLQJ�IORZ�UDWH�
�

3ULRU� WR� WKH� IRDP� H[SHULPHQWV�� WKH� FRUH� ZDV� VDWXUDWHG� ZLWK� VXUIDFWDQW� VROXWLRQ� ZLWK� D

FRQFHQWUDWLRQ�RI������SSP�DFWLYH�VXUIDFWDQW��7KH�VXUIDFWDQW�VROXWLRQ�ZDV�LQMHFWHG�XQWLO�D�VWHDG\�VWDWH

SUHVVXUH�GURS�DFURVV�WKH�FRUH�ZDV�DFKLHYHG��7KH�VXUIDFWDQW�VROXWLRQ�SHUPHDELOLW\�ZDV�GHWHUPLQHG

WR�EH�������PG��ZKLFK�ZDV�YHU\�FORVH�WR�WKH�EULQH�SHUPHDELOLW\�RI�������PG�PHDVXUHG�SULRU�WR�WKH

LQMHFWLRQ�RI�VXUIDFWDQW�VROXWLRQ��7KLV�VWHDG\�VWDWH�EHKDYLRU�ZDV�QRW�REVHUYHG�GXULQJ�WKH�VXUIDFWDQW�

VROXWLRQ�VDWXUDWLRQ�RI�FRUHV�$�DQG�%��7KXV�WKH�VXUIDFWDQW�VROXWLRQ�SHUPHDELOLW\�ZDV�QRW�GHWHUPLQHG

IRU�ERWK�FRUHV�$�DQG�%�

7KH�UHVXOWV�RI�WKH�IRDP�H[SHULPHQWV�DUH�DOVR�VXPPDUL]HG�LQ�7DEOH����IRU�WRWDO�IORZ�UDWHV�RI

����������DQG������FF�KU�DQG�&2 �IUDFWLRQV�RI�������������������������DQG������7KH�WRWDO�PRELOLW\�RI
�

&2 �VXUIDFWDQW�VROXWLRQ��IRDP�PRELOLW\��GHFUHDVHG�ZLWK�LQFUHDVLQJ�&2 �IUDFWLRQ��IRDP�TXDOLW\���DV
� � � � � � � � �



��

FOHDUO\�VKRZQ�LQ�)LJ������:KHQ�FRPSDULQJ�IRDP�UHVLVWDQFH�IDFWRUV��)LJ�������WKH�UHVLVWDQFH�IDFWRU

LQFUHDVHG�ZLWK�LQFUHDVLQJ�&2 �IUDFWLRQ�IRU�DOO�WHVWHG�IORZ�UDWHV�ZKHQ�&2 �IUDFWLRQ�ZDV�KLJKHU�WKDQ
�� � � � � � � � �

����� WKHUH�DSSHDUHG�WR�EH�D�PLQLPXP�UHVLVWDQFH�IDFWRU�EHWZHHQ�&2 �IUDFWLRQV�RI�����DQG�������
�

H[FHSW�WKH�FDVH�RI�����FF�KU��)RU�WKH�WHVWHG�&2 �IUDFWLRQV�RI�������DQG������WKH�WRWDO�PRELOLW\�RI
�

&2 �VXUIDFWDQW�VROXWLRQ�LQFUHDVHG�ZLWK�LQFUHDVLQJ�IORZ�UDWH�DQG�WKH�UHVLVWDQFH�IDFWRU�GHFUHDVHG�ZLWK
�

LQFUHDVLQJ�IORZ�UDWH��DV�VKRZQ�LQ�)LJV�����DQG�����UHVSHFWLYHO\��)RU�WKH�WHVWHG�&2 �IUDFWLRQV�RI�����
�

�������DQG������WKH�HIIHFWV�RI�IORZ�UDWH�RQ�WKH�WRWDO�PRELOLW\�RI�&2 �VXUIDFWDQW�VROXWLRQ�DQG�IRDP
�

UHVLVWDQFH� IDFWRU�ZHUH� LQFRQFOXVLYH��:KHQ� � WKH�SDWWHUQV�RI�ERWK�)LJV�� ��� DQG���� DUH� H[DPLQHG

FDUHIXOO\��LW�DSSHDUV�WKDW�WKHUH�PLJKW�EH�VRPH�XQFHUWDLQWLHV�IRU�WKH�IRDP�H[SHULPHQWV�DW�����FF�KU�IRU

WHVWHG�&2 �IUDFWLRQV�RI�������������DQG������7KHUHIRUH��EDVHG�RQ�WKH�WHVW�UHVXOWV�RI�����DQG������FF�KU�
�

WKH�WRWDO�PRELOLW\�RI�&2 �VXUIDFWDQW�VROXWLRQ�LQFUHDVHG�ZLWK�LQFUHDVLQJ�IORZ�UDWH�DQG�WKH�UHVLVWDQFH
�

IDFWRU�GHFUHDVHG�ZLWK�LQFUHDVLQJ�IORZ�UDWH�IRU�WKH�WHVWHG�&2 �IUDFWLRQV�RI�������������DQG������
�

'XULQJ�WKH�IRDP�H[SHULPHQWV�DW�D�IORZ�UDWH�RI�����FF�KU��WKH�&2 �IUDFWLRQ�ZDV�GHFUHDVHG�IURP
�

����WR�D�SUHYLRXV�YDOXH�������EXW�WKH�VWHDG\�VWDWH�SUHVVXUH�GURS�RI�WKH�IRDP�H[SHULPHQW�ZDV�JUHDWHU

WKDQ�WKDW�REWDLQHG�SUHYLRXVO\��������YV��������SVL���VHH�7DEOH�����7KLV�LUUHYHUVLEOH�EHKDYLRU�ZDV

FRQVLVWHQW�ZLWK�WKDW�REVHUYHG�LQ�FRUH�%�LQ�7HVW�6HULHV�,,��7R�IXUWKHU�LQYHVWLJDWH�WKLV�EHKDYLRU��D

VHFRQG� VHULHV� RI� IRDP� H[SHULPHQWV�ZHUH� LQLWLDWHG� DIWHU� WKH� EULQH� SHUPHDELOLW\� RI� WKH� FRUH�ZDV

GHWHUPLQHG��(YHQ�WKRXJK�WKH�FRUH�FRXOG�QRW�EH�UHVWRUHG�WR�WKH�RULJLQDO�SHUPHDELOLW\��WKH�VHFRQG�VHULHV

RI�IRDP�H[SHULPHQWV�DW�����FF�KU�IRU�&2 �IUDFWLRQV�RI�����������DQG��������ZHUH�VWLOO�FRQGXFWHG��7KH
�

UHVXOWV�DUH�DOVR�VXPPDUL]HG�LQ�7DEOH����DQG�SORWWHG�LQ�)LJ������LQGLFDWHG�E\�WKH�OHJHQG�&2��66,,��

)RU�HDFK�WHVWHG�&2 �IUDFWLRQ��WKH�SUHVVXUH�GURS�DFURVV�WKH�FRUH�ZDV�JUHDWHU�WKDQ�WKDW�RI�WKH�SUHYLRXV
�

H[SHULPHQW��VHH�7DEOH������7KLV�LQGLFDWHG�WKDW�WKH�SHUPHDELOLW\�RI�WKH�FRUH�ZDV�DOWHUHG�DQG�UHGXFHG

GXH�WR�WKH�JHQHUDWLRQ�RI�SOXJJLQJ�SURGXFWV�IURP�WKH�HIIHFWV�RI�VXUIDFWDQW�DQG�IRDP�RQ�WKH�FRUH��7KH

ILQDO� EULQH�SHUPHDELOLW\�RI� WKH� FRUH�ZDV�������PG��GHWHUPLQHG� DIWHU� WKH� VHFRQG� VHULHV�RI� IRDP

H[SHULPHQWV��FRQILUPHG�WKH�SHUPHDELOLW\�ZDV�GHFUHDVHG�

7HVW�6HULHV�,9�

,Q�WKLV�WHVW�VHULHV��FRUH�'�ZDV�XVHG��,QVWHDG�RI�IROORZLQJ�WKH�SUHYLRXV�SURFHGXUH�IRU�WKH�IRDP

WHVW��D�IRDP�H[SHULPHQW�ZDV�LQLWLDWHG�DW�����FF�KU�IRU�WKH�&2 �IUDFWLRQ�RI�����DIWHU�WKH�VXUIDFWDQW�
�

VROXWLRQ� SHUPHDELOLW\�ZDV� GHWHUPLQHG��$IWHU� WKH� IRDP� H[SHULPHQW�� WKH� EULQH� SHUPHDELOLW\�ZDV

GHWHUPLQHG� WR�EH������PG��ZKLFK�ZDV�FORVH� WR� WKH� VXUIDFWDQW�VROXWLRQ�SHUPHDELOLW\�RI������PG

PHDVXUHG�SULRU�WR�WKH�IRDP�H[SHULPHQW��7KLV�LQGLFDWHG�WKDW�WKHUH�ZDV�OLWWOH�RU�QR�SHUPDQHQW�SOXJJLQJ�

7R� IXUWKHU� LQYHVWLJDWH� WKLV�EHKDYLRU��D�VHFRQG�VHULHV�RI� IRDP�H[SHULPHQWV�DW�����FF�KU�DQG�&2
�

IUDFWLRQV�RI�����������DQG�����ZHUH�FRQGXFWHG�DIWHU�WKH�EDVHOLQH�H[SHULPHQWV�ZHUH�SHUIRUPHG��7KH

UHVXOWV�RI�ERWK�EDVHOLQH�DQG�IRDP�H[SHULPHQWV�DUH�DOVR�VXPPDUL]HG�LQ�7DEOHV����DQG�����7KH�UHVXOWV

IURP� WKH� IRDP� H[SHULPHQWV� DW� ���� FF�KU� IRU� &2 � IUDFWLRQ� RI� ���� EHIRUH� DQG� DIWHU� WKH� EDVHOLQH
�

H[SHULPHQWV�ZHUH�DOPRVW�LGHQWLFDO��VHH�7DEOH������,Q�DGGLWLRQ��WKH�ILQDO�EULQH�SHUPHDELOLW\�RI�WKH�FRUH

�������PG���GHWHUPLQHG�DIWHU�WKH�VHFRQG�VHULHV�RI�IRDP�H[SHULPHQWV��FRQILUPHG�WKDW�WKH�SHUPHDELOLW\

ZDV�QRW�UHGXFHG��:K\�WKH�SHUPHDELOLW\�RI�WKH�FRUH�ZDV�QRW�UHGXFHG�LQ�WKLV�WHVW�VHULHV�ZDV�QRW�FOHDU

EHFDXVH�DOO�WKH�FRUHV�XVHG�LQ�WKLV�VWXG\�ZHUH�%HUHD�FRUHV�ILUHG�XQGHU�VLPLODU�FRQGLWLRQV��2QH�SRVVLEOH

UHDVRQ�PLJKW�EH�WKDW�FRUH�'�ZDV�PXFK�VKRUWHU�WKDQ�WKH�RWKHU�FRUHV��VHH�7DEOH�����VR�WKH�SOXJJLQJ

SURGXFWV�JHQHUDWHG�IURP�WKH�HIIHFWV�RI�VXUIDFWDQW�DQG�IRDP�RQ�WKH�FRUH�ZHUH�GLVSODFHG�



��

7KH�WRWDO�PRELOLW\�RI�&2 �EULQH�LV�SORWWHG�DJDLQVW�&2 �IUDFWLRQ�LQ�)LJ�����IRU�FRUHV�$��%��&�
� � � � � �

DQG�'��7KH�WRWDO�PRELOLW\�RI�&2 �EULQH�IRU�HDFK�FRUH��H[FHSW�FRUH�'��ZDV�GHWHUPLQHG�E\�UHJUHVVLRQ
�

EDVHG�RQ�DOO�WHVWHG�IORZ�UDWHV�RI�����������DQG������FF�KU��7KHVH�YDOXHV�DUH�UHSRUWHG�DV�:$*�PRELOLW\

LQ�&ROXPQ���LQ�7DEOH�����$W�]HUR�&2 �IUDFWLRQ��WKH�DYHUDJH�EULQH�PRELOLW\�ZDV�XVHG�IRU�HDFK�FRUH�
�

)LJXUH� ��� FOHDUO\� VKRZV� WKDW�� ZKHQ�&2 � IUDFWLRQ�ZDV� KLJKHU� WKDQ� ������� WKH� WRWDO�PRELOLW\� RI
�

&2 �EULQH� LQFUHDVHG�ZLWK� LQFUHDVLQJ� &2 � IUDFWLRQ�� 7KHUH� DSSHDUHG� WR� EH� D�PLQLPXP�PRELOLW\
� � � � � �

EHWZHHQ�WKH�&2 �IUDFWLRQV�RI�����DQG��������,Q�)LJ������WKH�WRWDO�PRELOLW\�RI�&2 �VXUIDFWDQW�VROXWLRQ
�� � � � � � � � � � � � � �

ZDV�SORWWHG�DJDLQVW�WKH�&2 �IUDFWLRQ�IRU�FRUHV�%��&��DQG�'�DW�D�WRWDO�IORZ�UDWH�RI�����FF�KU��7KH�WRWDO
�

PRELOLW\�RI�&2 �VXUIDFWDQW�VROXWLRQ��IRDP�PRELOLW\��GHFUHDVHG�ZLWK�LQFUHDVLQJ�&2 �IUDFWLRQ��IRDP
� � � � � � � � �

TXDOLW\���:KHQ�FRPSDULQJ�IRDP�UHVLVWDQFH�IDFWRUV�DW�����FF�KU��VHH�)LJ������WKH�IRDP�UHVLVWDQFH�IDFWRU

LQFUHDVHG�ZLWK�LQFUHDVLQJ�&2 �IUDFWLRQ��IRDP�TXDOLW\���+RZHYHU��DW�WHVWHG�IORZ�UDWHV�RI�����DQG�����
�

FF�KU��D�PLQLPXP�IRDP�UHVLVWDQFH�IDFWRU�DSSHDUHG�LQ�FRUH�&�EHWZHHQ�WKH�&2 �IUDFWLRQV�RI�����DQG
�

�������VHH�)LJ������

&RQFOXVLRQV�IRU�&2 �)RDP�&RUHIORRG�7HVWV
�

:KHQ� WKH�&2 � IUDFWLRQ�ZDV� KLJKHU� WKDQ� ������� WKH� WRWDO�PRELOLW\� RI�&2 �EULQH� LQFUHDVHG�ZLWK
�� � � � � � � � � � �

LQFUHDVLQJ�&2 �IUDFWLRQ��D�PLQLPXP�PRELOLW\�DSSHDUHG�EHWZHHQ�WKH�&2 �IUDFWLRQV�RI�����DQG�������
�� � � � � � � � �

7KH�WRWDO�PRELOLW\�RI�&2 �VXUIDFWDQW�VROXWLRQ��IRDP�PRELOLW\��GHFUHDVHG�ZLWK�LQFUHDVLQJ�&2 �IUDFWLRQ
� � � � � � � � �

�IRDP�TXDOLW\��

)RU�WKH�WHVWHG�&2 �IUDFWLRQV�UDQJLQJ�IURP�������WR������WKH�UHVLVWDQFH�IDFWRU�LQFUHDVHG�ZLWK�LQFUHDVLQJ
�

&2 �IUDFWLRQ��IRDP�TXDOLW\��IRU�DOO�WHVWHG�IORZ�UDWHV�RI�����������DQG������FF�KU�
�

$�PLQLPXP�IRDP�UHVLVWDQFH�IDFWRU�DSSHDUHG�EHWZHHQ�&2 �IUDFWLRQV�RI�����DQG�������IRU�WHVWHG�IORZ
�

UDWHV�RI�����DQG������FF�KU��

7KH�WRWDO�PRELOLW\�RI�&2 �VXUIDFWDQW�VROXWLRQ�LQFUHDVHG�ZLWK�LQFUHDVLQJ�IORZ�UDWH�
�

7KH�UHVLVWDQFH�IDFWRU�GHFUHDVHG�ZLWK�LQFUHDVLQJ�IORZ�UDWH�

0RGHOLQJ�DQG�6LPXODWLRQ

:LWK� WKH�HYHU�SUHVHQW�FRQFHUQ� WKDW� UHFRYHU\�PHFKDQLVP�HIILFLHQFLHV�DUH�JUHDWO\� UHGXFHG

EHORZ�WKH�003��HYHQ�WKRXJK�WKH�H[WHQW�LV�XQGHU�FRQVLGHUDWLRQ���LW�LV�ZLVH�WR�ORRN�IRU�PHFKDQLVPV

WKDW� ZRXOG� FRXQWHU� WKH� UHGXFWLRQ�� � 7KHVH� FDQ� LQFOXGH� ERWK� IRDPV� DQG� RWKHU� PHWKRGV� VXFK� DV

KRUL]RQWDO�ZHOOV���7KXV��ZKHQ�GHYHORSLQJ�PRGHOV�WR�VLPXODWH�UHVHUYRLU�IORZ�GHYHORSPHQW��WKH�PRGHOV

VKRXOG�LQFOXGH�IRDP�IHDWXUHV�DQG�YDULRXV�LQMHFWLRQ�PHWKRGV�VXFK�DV�KRUL]RQWDO�ZHOOV���&2 �IRDP�KDV
�

EHHQ�VWXGLHG�LQ�SUHYLRXV�ODERUDWRU\�ZRUN �DQG�ILHOG�IRDP�WHVWV �FRQGXFWHG�E\�WKH�355&���7KH���������� � � � �����

UHVHUYRLU� PRGHOV� WKDW� VLPXODWH� PDVV� WUDQVIHU� LQ� &2 � IORRGV� LQYROYH� FRPSRVLWLRQDO� WUDQVIHU�

FDSDELOLWLHV�WKDW�UHTXLUH�FRQVLGHUDEOH�SKDVH�EHKDYLRU�GHYHORSPHQW��,QFOXGHG�LQ�WKLV�ZRUN�DUH�WKH

PRGHOLQJ�RI�SKDVH�EHKDYLRU�XVLQJ�HTXDWLRQ�RI�VWDWH�DQG�QHXUDO�QHWZRUNV��DQG�PRGLILFDWLRQV�IRU

UHVHUYRLU�PRGHOV�WR�VLPXODWH�&2 �IRDP�DQG�KRUL]RQWDO�ZHOOV��
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3KDVH�%HKDYLRU�3UHSURFHVVRU�IRU�5HVHUYRLU�6LPXODWLRQV

&RPSRVLWLRQDO�PRGHOV�EDVHG�RQ� FXELF� HTXDWLRQV�RI� VWDWH � DUH� FRPPRQO\� HPSOR\HG� IRU��

VLPXODWLRQ�RI�WKH�UHVHUYRLU�SHUIRUPDQFH�LQ�&2 �IORRGLQJ�SURFHVVHV���*HQHUDOO\��ZLWK�D�ODUJH�QXPEHU
�

RI�SVHXGRFRPSRQHQWV�XVHG�LQ�FKDUDFWHUL]LQJ�WKH�KHSWDQHV�SOXV��& ��IUDFWLRQ�RI�DQ�RLO��D�VDWLVIDFWRU\
��

SUHGLFWLRQ�RI�WKH�SKDVH�EHKDYLRU�FDQ�EH�REWDLQHG���,Q�FRPSRVLWLRQDO�PRGHOV��KRZHYHU��WKH�FRVW�DQG

FRPSXWLQJ�WLPH�FDQ�LQFUHDVH�VLJQLILFDQWO\�ZLWK�WKH�LQFUHDVHG�QXPEHU�RI�FRPSRQHQWV�LQ�WKH�V\VWHP�

7KHUHIRUH�� WKHUH� DUH� OLPLWDWLRQV� RQ� WKH� PD[LPXP� QXPEHU� RI� FRPSRQHQWV� WKDW� FDQ� EH� XVHG� LQ

FRPSRVLWLRQDO�PRGHOV�DQG�WKH�RULJLQDO�PXOWLFRPSRQHQWV�LQ�DQ�RLO�KDYH�WR�EH�OXPSHG�LQWR�D�VPDOOHU

QXPEHU�RI�SVHXGR�FRPSRQHQWV���7KDW�LV�RQH�RI�WKH�REMHFWLYHV�RI�& �FKDUDFWHUL]DWLRQ��WR�REWDLQ�WKH
��

EHVW� SRVVLEOH� GHVFULSWLRQ� RI� WKH�& � IUDFWLRQ� XVLQJ� D�PLQLPXP�QXPEHU� RI� SVHXGR�FRPSRQHQWV�
��

7XQLQJ�RI� WKH�HTXDWLRQ�RI�VWDWH�SDUDPHWHUV� WR�H[SHULPHQWDO�HTXLOLEULXP�GDWD�JHQHUDWHG�DW�VWDWLF

FRQGLWLRQV�SULRU� WR� WKH� UHVHUYRLU�VLPXODWLRQ�VWXGLHV� LV� WKH�FXUUHQW�SUDFWLFH� LQ� WKH� LQGXVWU\�� �2QH

REMHFWLYH� RI� WKLV�ZRUN�ZDV� WR� VHW� XS� D� SUHSURFHVVRU� SURJUDP� WR� JHQHUDWH� LQSXW� SDUDPHWHUV� IRU

FRPSRVLWLRQDO�VLPXODWRUV���,Q�WKLV�SUHSURFHVVRU�SURJUDP��WKH�HTXDWLRQ�RI�VWDWH�SDUDPHWHUV�DQG�RWKHU

SDUDPHWHUV� VXFK� DV� WKH� DYHUDJH� PROHFXODU� ZHLJKW� RI� WKH� & � IUDFWLRQ� DUH� WXQHG� WR� PDWFK� WKH
��

HTXLOLEULXP�GDWD�JHQHUDWHG�DW�VWDWLF�FRQGLWLRQV���$�FRPSRVLWLRQDO�PRGHO�ZKLFK�LV�WXQHG�WR�WKHVH�VWDWLF

GDWD��QHYHUWKHOHVV��PD\�QRW�EH�DGHTXDWH�WR�SUHGLFW�WKH�SKDVH�EHKDYLRU�DURXQG�WKH�FULWLFDO�UHJLRQ�RU

FORVH�WR�WKH�PLQLPXP�PLVFLELOLW\�SUHVVXUH���7KLV�LV�VWLOO�DQ�LPSRUWDQW�LVVXH�ZKLFK�PHULWV�VSHFLDO

DWWHQWLRQ�

&XUUHQWO\��WKH�SUHSURFHVVRU�LV�DEOH�WR�PDWFK�WKH�EXEEOHSRLQW�SUHVVXUH�GDWD�E\�WXQLQJ�WKH

DYHUDJH�PROHFXODU�ZHLJKW�RI�& �IUDFWLRQ���$IWHU�PDWFKLQJ�WKH�EXEEOHSRLQW�SUHVVXUH��WKH�SUHSURFHVVRU
��

SURJUDP�ZLOO�JHQHUDWH�SDUDPHWHUV�WKDW�FDQ�EH�XVHG�DV�LQSXW�WR�FRPSRVLWLRQDO�VLPXODWRUV���2XU�JRDO

LV� WR� LPSURYH� WKH� SUHSURFHVVRU� WR�PDWFK� QRW� RQO\� WKH� EXEEOHSRLQW� SUHVVXUH� GDWD� EXW� DOVR� RWKHU

HTXLOLEULXP�GDWD�JHQHUDWHG�DW�VWDWLF�FRQGLWLRQV�

'XULQJ�WKH�GHYHORSPHQW�RI� WKH�SUHSURFHVVRU�SURJUDP�� �D�QHZ�DQG�HIIHFWLYH�PHWKRG�ZDV

SURSRVHG�IRU�HVWLPDWLQJ�WKH�VSHFLILF�JUDYLWLHV�RI�SVHXGRFRPSRQHQWV�WKDW�DUH�UHTXLUHG�WR�FKDUDFWHUL]H

WKH�KHDY\�FRPSRQHQWV�RI�FUXGH�RLOV���7KLV�PHWKRG�XVHV�WKH�PRVW�RIWHQ�DYDLODEOH�GDWD�RI�WKH�KHDY\

FRPSRQHQWV�RI�FUXGH�RLOV��DYHUDJH�PROHFXODU�ZHLJKW�DQG�VSHFLILF�JUDYLW\�RI�WKH�& �IUDFWLRQ���7KH
��

SURSRVHG�PHWKRG�PDNHV�XVH�RI�WKH�GHILQLWLRQ�RI�WKH�:DWVRQ�FKDUDFWHUL]DWLRQ�IDFWRU��ZKLFK�LV�WKH�FXEH

URRW�RI�ERLOLQJ�SRLQW�LQ�5DQNLQH���5��GLYLGHG�E\�VSHFLILF�JUDYLW\��DQG�WKH�FRUUHFWHG�5LD]L�'DXEHUW

UHODWLRQ�IRU�WKH�ERLOLQJ�SRLQW ���

ZKHUH�7 �LV�WKH�ERLOLQJ�SRLQW���5���� �LV�WKH�VSHFLILF�JUDYLW\��DW����)�UHODWLYH�WR�ZDWHU�DW����)���0 �LV
EL L� � � � � � � � � � � � L

WKH�PROHFXODU�ZHLJKW�RI�WKH�SVHXGR�FRPSRQHQW��DQG�FRQVWDQWV�E��F��DQG�G�DUH�HTXDO�WR������������



�
L



7
���

EL

.
Z

��

���

����������DQG��������������UHVSHFWLYHO\���8VLQJ�WKH�GHILQLWLRQ�RI�WKH�:DWVRQ�FKDUDFWHUL]DWLRQ�IDFWRU�

. ��WKH�VSHFLILF�JUDYLW\�RI�WKH�SVHXGR�FRPSRQHQW�LV�JLYHQ�DV�
:

%\�VROYLQJ�WKH�SUHYLRXV�WZR�HTXDWLRQV�ZLWK�WKH�VXFFHVVLYH�VXEVWLWXWLRQ�PHWKRG���ZH�FDQ

REWDLQ�WKH�VSHFLILF�JUDYLW\�RI�WKH�SVHXGRFRPSRQHQW���,I�WKH�FDOFXODWHG�DYHUDJH�VSHFLILF�JUDYLW\�RI�WKH

& �IUDFWLRQ�GRHV�QRW�PDWFK�WKH�PHDVXUHG�YDOXH��D�QHZ�YDOXH�RI�WKH�:DWVRQ�FKDUDFWHUL]DWLRQ�IDFWRU
��

LV�FDOFXODWHG�XVLQJ�WKH�1HZWRQ�PHWKRG���7KH�ZKROH�FDOFXODWLRQ�LV�LWHUDWHG�XQWLO�D�YDOXH�RI�WKH�:DWVRQ

FKDUDFWHUL]DWLRQ�IDFWRU�JLYHV�VSHFLILF�JUDYLWLHV�RI�SVHXGRFRPSRQHQWV�WKDW�FDQ�PDWFK�WKH�PHDVXUHG

YDOXH���,Q�RUGHU�WR�HYDOXDWH�WKH�QHZ�PHWKRG�DQG�FRPSDUH�LW�ZLWK�WKH�H[LVWLQJ�HVWLPDWLRQ�PHWKRGV��D

SURFHGXUH�KDV�EHHQ�LPSOHPHQWHG��ZLWKRXW�XVLQJ�DQ\�WXQLQJ�WHFKQLTXHV��IRU�WKH�SKDVH�HTXLOLEULXP

SUHGLFWLRQV�RI�FUXGH�RLO�&2 �V\VWHPV���7KH�SKDVH�HTXLOLEULXP�SUHGLFWLRQV��EDVHG�RQ�WKH�VSHFLILF
�

JUDYLWLHV�HVWLPDWHG�E\�WKH�QHZ�PHWKRG�DQG�WKH�H[LVWLQJ�PHWKRGV�SURSRVHG�E\�:KLWVRQ�HW�DO� �DQG��

<DUERURXJK� �ZHUH� DOO� UHDVRQDEO\� DFFXUDWH� DQG� RI� WKH� VDPH�PDJQLWXGH�� 7KH� VSHFLILF� JUDYLWLHV��

HVWLPDWHG�E\�WKH�QHZ�PHWKRG�DQG�WKH�PHWKRG�SURSRVHG�E\�:KLWVRQ�HW�DO� �DOZD\V�SURYLGHG�VLPLODU��

SKDVH�EHKDYLRU�SUHGLFWLRQV���&KDQJ�HW�DO� GHVFULEH LQ GHWDLO WKH SURSRVHG PHWKRG DQG FRPSDULVRQV ZLWK
��

WKH H[LVWLQJ PHWKRGV�

3KDVH�%HKDYLRU�XVLQJ�1HXUDO�1HWZRUNV

,QWURGXFWLRQ

3KDVH�EHKDYLRU��VXFK�DV�EXEEOHSRLQW�SUHVVXUH��3 ���EXEEOHSRLQW�RLO�IRUPDWLRQ�YROXPH�IDFWRU
E

�% ���DQG�SKDVH�ERXQGDULHV�YHUVXV�FRPSRVLWLRQ�FKDQJH�VXFK�DV� LQ�&2 �LQMHFWLRQ��DUH�FULWLFDO� LQ
RE � � � � � � � � � � �

UHVHUYRLU�HQJLQHHULQJ�IRU�SUHGLFWLQJ�IOXLG�IORZ� �%RWK�FRUUHODWLRQV�DQG�HTXDWLRQV�RI�VWDWH��(26��KDYH��

EHHQ�XVHG�WR�SUHGLFW�SKDVH�EHKDYLRU��&RUUHODWLRQV�DUH�XVXDOO\�WRR�JHQHUDO�DQG�DUH�GHYHORSHG�EDVHG

RQ�UHJLRQDO�RLO�VDPSOHV��,Q�PDQ\�LQVWDQFHV�(26�UHTXLUH�H[WHQVLYH�GDWD�DQG�SDUDPHWHU�WXQLQJ�WR

PRGHO�SKDVH�EHKDYLRU��$V��PRUH�GDWD�DQG�DGYDQFHG�FRPSXWDWLRQDO�WHFKQLTXHV�EHFRPH�DYDLODEOH�

LPSURYHPHQW�EHFRPHV�LQFUHDVLQJO\�UDSLG�DQG�PRUH�DFFXUDWH��:H�ZLOO�VKRZ�WKDW�QHXUDO�QHWZRUNV

�11��FDQ�EH�DSSOLHG�IRU�SUHGLFWLQJ�3 ��% ��DQG�WKH�SKDVH�EHKDYLRU�RI��&2 �FUXGH�RLO�V\VWHPV�ZLWK
E � RE � � � � � �� �

VSHFLILF�HPSKDVLV�LQ�WKH�ORZ�WHPSHUDWXUH��KLJK�&2 ��FRQFHQWUDWLRQ�UHJLRQ��ZKHUH�WKUHH�&2 �FUXGH
��� � � � � �

RLO�SKDVHV�H[LVW�

7KUHH�UHJLRQDO�FRUUHODWLRQV��XVHG�IRU�FDOFXODWLQJ�397�SURSHUWLHV� �ZLOO�EH�XVHG�LQ�WKLV�VWXG\�����

IRU� FRPSDULVRQ�� 7KHVH� FRUUHODWLRQV� WUHDW� RLO� DQG� JDV� DV� WZR� FRPSRQHQWV�� HDFK� KDYLQJ� D� IL[HG

FRPSRVLWLRQ� �7KH�VSHFLILF�JDV�DQG�RLO�JUDYLWLHV��SUHVVXUH��DQG�WHPSHUDWXUH�DUH�XVHG�WR�FKDUDFWHUL]H��

WKH�RLO©V�397�SURSHUWLHV���&UXGH�RLOV�H[KLELWV�UHJLRQDO�WUHQGV�LQ�FKHPLFDO�FRPSRVLWLRQ��WKXV��UHJLRQDO

FRUUHODWLRQV�DUH�QRW�H[SHFWHG�WR�SURYLGH�VDWLVIDFWRU\�UHVXOWV�ZKHQ�DSSOLHG�WR�FUXGH�RLOV�IURP�RWKHU

UHJLRQV�



��

7KH� GLVSODFHPHQW� HIILFLHQF\� LQ�&2 � IORRGV� GHSHQGV� RQ�PDQ\� IDFWRUV� � LQFOXGLQJ� SKDVH
�

��

EHKDYLRU�DQG�PDVV�LQWHUFKDQJH�EHWZHHQ�SKDVHV� �0L[WXUHV�RI�&2 �DQG�FUXGH�RLO�VKRZ�FRPSOH[��
�

SKDVH�EHKDYLRU��SDUWLFXODUO\�QHDU�WKH�FULWLFDO�SUHVVXUH�DQG�WHPSHUDWXUH�RI�&2 ��WKDW�LQFOXGH�OLTXLG��

OLTXLG��/��/���DQG�OLTXLG�OLTXLG�YDSRU��/��/��9��EHKDYLRU� �0HWKRGV�IRU�SUHGLFWLQJ�WKLV�SKDVH��

EHKDYLRU�ZLWK�FXELF�(26�KDYH�EHHQ�SUHVHQWHG�LQ�WKH�OLWHUDWXUH� �0RVW�WXQH�WKH�(26�SDUDPHWHUV�WR��

PDWFK�HDFK�H[SHULPHQWDO�SKDVH�GLDJUDP� �0RGHOV�GLVSOD\LQJ�D�PRUH�SUHGLFWLYH�FKDUDFWHU�KDYH�������

DOVR�EHHQ�DWWHPSWHG� �EXW�DUH�HLWKHU�RI�OLPLWHG�DSSOLFDELOLW\��RU�UHTXLUH�VLJQLILFDQW�WXQLQJ���7KH����������

UHTXLUHPHQW�RI� VLJQLILFDQW� SDUDPHWHU� WXQLQJ �GHVWUR\V� WKH�SUHGLFWLYH�SRZHU�RI� WKH� HTXDWLRQ����� � � � � � � ���

HVSHFLDOO\�ZKHQ�SUHGLFWLQJ�WKH�WKUHH�SKDVH�UHJLRQ�LQ�&2 ��FUXGH�V\VWHPV�WKDW�RFFXUV�LQ�SUR[LPLW\�WR�

D�FULWLFDO�UHJLRQ� �7KLV�PHWKRG�KDV�IRXQG�RQO\�PDUJLQDO�VXFFHVV������������

7KH�HPHUJLQJ�WHFKQRORJ\�RI��11�RIIHUV�WZR�DGYDQWDJHV��IDVW�FRPSXWDWLRQ�DQG�DFFXUDF\����

:H�ZLOO�VKRZ�WKH�SRWHQWLDO�RI�XVLQJ�11�IRU�SUHGLFWLQJ�3 ��% ��DQG�&2 �RLO�PL[WXUHV�SKDVH�EHKDYLRUE � RE � � �

QHDU�WKH�FULWLFDO�WKUHH�SKDVH�UHJLRQ��$UWLILFLDO�QHXUDO�V\VWHPV��RU�11��DUH�SK\VLFDO�FHOOXODU�V\VWHPV

WKDW�FDQ�DFTXLUH��VWRUH��DQG�XVH�H[SHULHQWLDO�NQRZOHGJH� �7KH�NQRZOHGJH�LV�VWDEOH�VWDWHV�RU�PDSSLQJ���

HPEHGGHG�LQ�QHWZRUNV�WKDW�FDQ�EH�UHFDOOHG�LQ�UHVSRQVH�WR�WKH�SUHVHQWDWLRQ�RI�FXHV��,Q�D�W\SLFDO�QHXUDO

GDWD�SURFHVVLQJ�SURFHGXUH��WKH�GDWDEDVH�LV�GLYLGHG�LQWR�WZR�VHWV��WUDLQLQJ�DQG�WHVW��7KH�WUDLQLQJ�VHW

LV�XVHG�WR�GHYHORS�WKH�GHVLUHG�QHWZRUN���'HSHQGLQJ�RQ�WKH�SDUDGLJP�XVHG��WKH�GHVLUHG�RXWSXW�LQ�WKH

WUDLQLQJ�JXLGHV�WKH�QHWZRUN�LQ�OHDUQLQJ�E\�DGMXVWLQJ�WKH�ZHLJKWV�EHWZHHQ�LWV�QHXURQV�RU�SURFHVVLQJ

HOHPHQWV�

2QFH�WKH�QHWZRUN�KDV�OHDUQHG�WKH�LQIRUPDWLRQ�LQ�WKH�WUDLQLQJ�VHW��WKH�WHVW�VHW�LV�DSSOLHG�WR�WKH

QHWZRUN�IRU�YHULILFDWLRQ��$OWKRXJK�WKH�XVHU�KDV�WKH�GHVLUHG�RXWSXW�RI�WKH�WHVW�VHW��LW�KDV�QRW�EHHQ�VHHQ

E\�WKH�QHWZRUN��7KLV�HQVXUHV�WKH�LQWHJULW\�DQG�UREXVWQHVV�RI�WKH�WUDLQHG�QHWZRUN� ��11�KHOS�WKH�XVHU���

E\�DGGUHVVLQJ�SHWUROHXP�HQJLQHHULQJ�SUREOHPV��ERWK�WKRVH�WKDW�KDYH�DQG�WKRVH�WKDW�KDYH�QRW�EHHQ

HDVLO\�VROYHG�WKURXJK�RWKHU�PHWKRGV����11�WHFKQLTXHV�ZLWK�HUURU�EDFN�SURSDJDWLRQ �KDYH�SURYHG���

WR�EH�YDOXDEOH�SDWWHUQ�UHFRJQLWLRQ�WRROV��7KH\�DUH�FDSDEOH�RI�ILQGLQJ�KLJKO\�FRPSOH[�SDWWHUQV�ZLWKLQ

D�ODUJH�GDWD�EDVH��$O�.DDEL�DQG�/HH �XVHG�WKH�PHWKRG�WR�LGHQWLI\�D�WUDQVLHQW�SUHVVXUH�ZHOO�WHVW���

LQWHUSUHWDWLRQ�PRGHO��7KH�HUURU�EDFN�SURSDJDWLRQ� WHFKQLTXH�FDQ�DOVR�EH�DSSOLHG� WR�SUREOHPV� LQ

IXQFWLRQ� DSSUR[LPDWLRQ��+HFKW�1LHOVHQ � SURYHG� WKDW� WKH� HUURU�EDFN� SURSDJDWLRQ� LV� FDSDEOH� RI���

DSSUR[LPDWLQJ�DQ\�IXQFWLRQ��3DR �VKRZHG�KRZ�LW�FDQ�DSSUR[LPDWH�D�*DXVVLDQ�IXQFWLRQ��$FFDUDLQ���

DQG�'HVEUDQGHV �DSSOLHG�LW�WR�HVWLPDWH�SRUH�SUHVVXUH�IURP�VRQLF�YHORFLW\�PHDVXUHPHQWV��2XHQHV���

HW�DO� �DSSOLHG�11�WR�IUDFWXUHG�UHVHUYRLU�DQG�FKDUDFWHUL]DWLRQ�SUREOHPV��0RKDJKHJK �DSSOLHG�LW���� � � � � � � � � ���

WR�HVWLPDWH�SHUPHDELOLW\�RI�D�KLJKO\�KHWHURJHQHRXV�IRUPDWLRQ�LQ�:HVW�9LUJLQLD�DQG�+DELEDOODK�HW

DO� �DSSOLHG�LW�WR�SUHGLFW�YDSRU�OLTXLG�HTXLOLEULXP�.�YDOXHV�IRU�OLJKW�K\GURFDUERQ�PL[WXUHV������

7KH�EDVLF�LGHD�LQ�QHXURFRPSXWLQJ�LV�WR�SURYLGH�WKH�QHXUDO�QHW�ZLWK�WUDLQLQJ�UHFRUGV�WKDW�DOORZ

WKH�DEXWPHQW�RI�WKH�QHXUDO�QHW�SDUDPHWHUV¥WKH�ZHLJKW�PDWUL[¥WKURXJK�DQ�RSWLPL]DWLRQ�SURFHGXUH

FDOOHG�WUDLQLQJ� �7KH�WUDLQLQJ�SURFHVV�FRQVLVWV�RI�HVWLPDWLQJ�WKH�ZHLJKWV�WKDW�PLQLPL]H�WKH�HUURU���

IXQFWLRQ��DV�GHVFULEHG�LQ�WKH�IROORZLQJ�SDUDJUDSKV��7KH�HTXDWLRQV�XVHG�LQ�WKLV�WUDLQLQJ�SURFHVV�ZHUH

GHYHORSHG�E\�+HUW]�HW�DO� �DQG�/LXF� �7KH�JUDGLHQW�GHVFHQW�WHFKQLTXH�KDV�EHHQ�FRPPRQO\�XVHG���� � ���

LQ�WKH�HUURU�EDFN�SURSDJDWLRQ��,W�KDV�WKH�GLVDGYDQWDJHV�RI�VORZ�FRQYHUJHQFH�DQG�XVHU�GHSHQGHQW

SDUDPHWHUV��OHDUQLQJ�UDWH�DQG�PRPHQWXP�FRQVWDQWV���$�EHWWHU�DSSURDFK�WR�WKH�OHDUQLQJ�SUREOHP�LV



��

WR�XVH�WKH�VFDOHG�FRQMXJDWH�JUDGLHQW��6&*��WHFKQLTXH�GHYHORSHG�E\�01OOHU� �7KH�6&*�PHWKRG�XVHV���

VHFRQG�RUGHU�LQIRUPDWLRQ�GHILQHG�E\�WKH�+HVVLDQ�PDWUL[��WKH�VHFRQG�GHULYDWLYH�RI�HUURU�IXQFWLRQ�ZLWK

UHVSHFW�WR�QHWZRUN�ZHLJKWV���7KH�6&*�KDV�QR�XVHU�GHSHQGHQW�SDUDPHWHUV�DQG�LV�FDSDEOH�RI�VFDOLQJ

ZHLJKW�FKDQJHV��7KLV�PDNHV�LW�FRQVLGHUDEO\�IDVWHU�WKDQ�WKH�JUDGLHQW�GHVFHQW�DSSURDFK�����

&RUUHODWLRQV�RI�3 ��DQG�% ��
E�� � RE

7KH��3 �DQG�% �FRUUHODWLRQV�XVHG�LQ�WKLV�VWXG\�WR�FRPSDUH�ZLWK�11�DUH�IXQFWLRQV�RI�VROXWLRQE� � RE

JDV�5 ��JDV�JUDYLW\ � ��RLO�$3,�JUDYLW\�RU�RLO�JUDYLW\�� ��DQG�WHPSHUDWXUH�7���,Q�WKLV�ZRUN�ZH�XVHG
V J � � � � � � � R

WKUHH�GLIIHUHQW�FRUUHODWLRQV�IRU�HDFK�SURSHUW\�

����7KH�6WDQGLQJ�&RUUHODWLRQV������

3  ����>�5 �� � ���� ����@ ���E V J
���� D

ZLWK�

D� ��������7����������$3,� ���

DQG

%  ��������������>5 �� �� � �����7@ � ���RE V J R
��� ���

EDVHG�RQ�����H[SHULPHQWDOO\�PHDVXUHG�YDOXHV�IURP����RLOV�IURP�&DOLIRUQLD�RLO�ILHOGV��

����7KH�*ODVR�&RUUHODWLRQV���

/RJ�3 � ��������������/RJ�3 ���������>/RJ�3 �@ ���E � E E

 
 �

ZKHUH

3  �5 �� � �7� �$3,� ���E V J

 D E F

ZLWK�D �������E �������F �������

RU�YRODWLOH�RLOV��*ODVR�UHFRPPHQGV�WKDW�WKH�WHPSHUDWXUH�H[SRQHQW���E��EH�UHGXFHG�WR�WKH�YDOXH�RI

��������$OVR��

% � ��������� ���RE
$

ZKHUH
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 �

DQG
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7KHVH�FRUUHODWLRQV�DUH�EDVHG�RQ����RLO�VDPSOHV��PRVWO\�IURP��1RUWK�6HD�RLOV�

����7KH�$O�0DUKRXQ�&RUUHODWLRQV ���

3 � �D�5 �� �� �7����� ����E� � � V � J � R
E� F� G H

ZKHUH�D ������������E ����������F ����������G �������DQG�H �������

DQG���

% � ��������������������Ó�� 7�����������Ó�� )�����������Ó�� ) ����RE
�� � � �� � � �� �

ZLWK

)� �5 � �� ����V J � R
D E� F

DQG D� ��������E� �����������DQG��F� ����������

7KHVH�FRUUHODWLRQV�DUH�EDVHG�RQ�����SRLQWV�IURP����0LGGOH�(DVWHUQ�K\GURFDUERQ�PL[WXUHV�

7KH�DFFXUDF\�RI�11�SUHGLFWLRQV�DQG�WKH�DERYH�FRUUHODWLRQV�UHODWLYH�WR�H[SHULPHQWDO�YDOXHV

ZDV� GHWHUPLQHG� XVLQJ� DYHUDJH� SHUFHQW� UHODWLYH� HUURU�� DYHUDJH� DEVROXWH� SHUFHQW� UHODWLYH� HUURU�

PLQLPXP�PD[LPXP�DEVROXWH�SHUFHQW�UHODWLYH�HUURU��VWDQGDUG�GHYLDWLRQ��FRUUHODWLRQ�FRHIILFLHQW��DQG

WZR�JUDSKLFDO�WHFKQLTXHV��FURVVSORWV�DQG�DEVROXWH�UHODWLYH�SHUFHQW�HUURU��2QH�KXQGUHG�VL[W\�GDWD

SRLQWV�IURP�0LGGOH�(DVW�RLOV �ZHUH�XVHG�IRU�WUDLQLQJ�DQG�WKH�RWKHU����VDPSOHV�IURP�WKH�0LGGOH�(DVW��

ZLWK����1RUWK�6HD�RLOV �ZHUH�WKH�WHVW�VHW��7KH�11�LQSXWV�DUH�VROXWLRQ�JDV�RLO�UDWLR��DYHUDJH�JDV��

UHODWLYH�GHQVLW\��VWRFN�WDQN�RLO��JUDYLW\��DQG�WHPSHUDWXUH���7KH�UDQJHV�RI�WKH�GDWD�XVHG�DUH�VKRZQ�LQ

7DEOH����

�

%XEEOHSRLQW�3UHVVXUHV���(LJKW\�0LGGOH�(DVW�V\VWHP�GDWD�SRLQWV�DQG�V\VWHPV�IURP�*ODVR©V�VHW ��WKDW��

IHOO�ZLWKLQ�WKH�UDQJH�RI�WKH�WUDLQLQJ�VHW��DV�RXWOLQHG�LQ�7DEOH�����ZHUH�XVHG�IRU�WHVWLQJ���7KH�HUURU

DQDO\VLV� IRU� WKH�11� HVWLPDWLRQ� DQG� IRU� HDFK� FRUUHODWLRQ� DUH� VXPPDUL]HG� LQ� 7DEOH� ���� � 7KH� 3
E

HVWLPDWLRQ�XVLQJ�11�DFKLHYHG�WKH�ORZHVW�DYHUDJH�DEVROXWH�UHODWLYH�HUURU�RI�������DQG�VWDQGDUG

GHYLDWLRQ�RI���������ZLWK�WKH�KLJKHVW�FRUUHODWLRQ�FRHIILFLHQW�DFFXUDF\�RI��������6LQFH����RI�WKH���

WHVW�SRLQWV�ZHUH�WKH�VDPH�XVHG�WR�GHYHORS�WKH�$O�0DUKRXQ�FRUUHODWLRQ��LW�ZDV�QRW�VXUSULVLQJ�WKDW�LW

KDG�WKH�VHFRQG�EHVW�RYHUDOO�ILW��6WDQGLQJ©V�FRUUHODWLRQ�VWRRG�WKLUG�LQ�DFFXUDF\��7KH�*ODVR�FRUUHODWLRQ

VKRZHG�SRRU�DFFXUDF\��ZLWK�WKH�KLJKHVW�DYHUDJH�DEVROXWH�UHODWLYH�HUURU�RI�������DQG�WKH�ORZHVW

FRUUHODWLRQ�FRHIILFLHQW�RI�����������

7DEOH����VKRZV�WKH�VWDWLVWLFDO�UHVXOWV�IRU�WKH����1RUWK�6HD�RLOV �RQO\��7KH�11�DJDLQ�DFKLHYHG��

WKH�KLJKHVW�DFFXUDF\��ZLWK�WKH�ORZHVW�DYHUDJH�DEVROXWH�UHODWLYH�HUURU�RI���������VWDQGDUG�GHYLDWLRQ



��

RI���������DQG�KLJKHVW�FRUUHODWLRQ�FRHIILFLHQW�RI��������$JDLQ��QRW�VXUSULVLQJO\��*ODVR©V�FRUUHODWLRQ�

SDUWLDOO\�EDVHG�RQ�WKHVH�1RUWK�6HD�V\VWHPV��KDG�WKH�VHFRQG�EHVW�DYHUDJH�ILW��,W�LV�VLJQLILFDQW�WKDW�WKH

11�KDG�D�EHWWHU�ILW�WKHQ�*ODVR��HYHQ�WKRXJK�QRQH�RI�WKH�HOHYHQ�RLOV��QRU�DQ\�1RUWK�6HD�RLO��ZHUH

LQFOXGHG�LQ�WKH�WUDLQLQJ�JURXS�

�

7KH� FURVVSORW� RI� HVWLPDWHG� YHUVXV� H[SHULPHQWDO� YDOXHV� IRU� 3 � DUH� SUHVHQWHG� LQ� )LJV�� ��
E

WKURXJK�����&LUFOHV�DQG�VTXDUHV�UHSUHVHQW�0LGGOH�(DVW�DQG�1RUWK�6HD�RLOV��UHVSHFWLYHO\��0RVW�RI�WKH

SORWWHG�SRLQWV�RI�WKH�11�IDOO�YHU\�FORVH�WR�WKH�����OLQH��7KH�FURVVSORW�RI��$O�0DUKRXQ©V�FRUUHODWLRQ

LV�IDLUO\�FORVH�WR�WKDW�RI�WKH�HVWLPDWLRQ�RI�WKH�11��2Q�WKH�RWKHU�KDQG��WKH�FRUUHODWLRQV�RI�6WDQGLQJ�DQG

*ODVR�UHYHDO�D�JHQHUDO�RYHUHVWLPDWLRQ��ZKLFK�PLJKW�EH�H[SHFWHG�ZKHQ�FRPSDULQJ�IOXLG�IURP�RQH

UHJLRQ�WR�D�FRUUHODWLRQ�GHYHORSHG�XVLQJ�IOXLG�LQ�D�GLIIHUHQW�UHJLRQ���)LJXUHV����WKURXJK����VKRZ�SORWV

RI�UHODWLYH�DEVROXWH�SHUFHQW�HUURU�IRU�WKH�IRXU�V\VWHPV���,W�LV�TXLWH�REYLRXV�WKDW�WKH�11�ZDV�VXSHULRU

WR�WKH�RWKHU�FRUUHODWLRQV��HYHQ�$O�0DUKRXQ©V�FRUUHODWLRQ�WKDW�ZDV�GHYHORSHG�XVLQJ�WKH�EXON�RI�WKHVH

GDWD��DQG�LV�YLVXDOO\�VKRZQ�WR�EH�VXSHULRU�HYHQ�RQ�WKH�1RUWK�6HD�IOXLGV�

�

:KHQ�WKH�WKUHH�FRUUHODWLRQV�DUH�FRPSDUHG�WR�11��11�SURYLGHG�WKH�EHVW�HVWLPDWLRQ�RI�3 ��HYHQ
E

IRU�WKH�1RUWK�6HD�RLOV�ZKHQ�QR�1RUWK�6HD�RLOV�ZHUH�XVHG�IRU�WUDLQLQJ��7KXV��LW�FDQ�EH�FRQFOXGHG�WKDW

11�VKRXOG�EH�YDOLG�IRU�SUHGLFWLQJ�3 �RI�UHVHUYRLU�IOXLGV�IURP�DQ\�UHJLRQ�ZLWK�SURSHUWLHV�IDOOLQJ
E

ZLWKLQ�WKH�UDQJH�RI�GDWD�XVHG�LQ�WUDLQLQJ���7KRXJK�RQO\�WZR�GLIIHUHQW�UHJLRQDO�RLOV�ZHUH�WHVWHG�LQ�WKLV

VWXG\��ZLWK�D�ODUJHU�UDQJH�RI�H[SHULPHQWDO�GDWD�IRU�WUDLQLQJ��11�FRXOG�EH�D�VWDQGDUG�PHWKRG�IRU�WKH

SUHGLFWLRQ�RI�3 �
E

)RUPDWLRQ�9ROXPH�)DFWRU���7KH�UHVXOWV�RI�FRPSDULQJ�FDOFXODWHG�% �DQG�WKH�H[SHULPHQWDOO\�REWDLQHG
RE

% �IRU�WKH����WHVW�GDWD�SRLQWV�DUH�VXPPDUL]HG�LQ�7DEOH�����7KH�VDPH����0LGGOH�(DVW�VDPSOHV�XVHG
RE

IRU�3 ��ZHUH�XVHG�WR�WUDLQ�IRU�% ��DQG�WKH�VDPH�0LGGOH�(DVW�RLO�DQG�WKH�QLQH�1RUWK�6HD�RLO�XVHG
E � � � � � � RE

SUHYLRXVO\�WKDW�KDG�UHSRUWHG�% �ZHUH�XVHG�IRU�WHVWLQJ�WKH�11���$JDLQ��WKH�HVWLPDWLRQ�RI�% �XVLQJ�WKH
RE� � � � � � �� � � � � RE

11�PHWKRG�DFKLHYHG�WKH�ORZHVW�DYHUDJH�DEVROXWH�UHODWLYH�HUURU�RI��������DQG�VWDQGDUG�GHYLDWLRQ

RI� �������� ZLWK� WKH� KLJKHVW� FRUUHODWLRQ� FRHIILFLHQW� DFFXUDF\� RI� ������� $JDLQ�� $O�0DUKRXQ©V

FRUUHODWLRQ�KDG�WKH�VHFRQG�KLJKHVW�DFFXUDF\���7KH�*ODVR�FRUUHODWLRQ�ZDV�WKLUG�IROORZHG�E\�6WDQGLQJ�

7DEOH����VXPPDUL]HV�WKH�VWDWLVWLFDO�UHVXOWV�IRU�WKH�QLQH�1RUWK�6HD�RLOV�WKDW�KDG�% �JLYHQ�DQG�WKH
RE

V\VWHP�ZDV�ZLWKLQ�WKH�UDQJH�RI�GDWD�LQ�7DEOH�����7KH�11�DSSURDFK�DFKLHYHG�WKH�KLJKHVW�DFFXUDF\�

ZLWK�WKH�ORZHVW�DYHUDJH�DEVROXWH�UHODWLYH�HUURU�RI��������DQG�VWDQGDUG�GHYLDWLRQ�RI��������

7KH�FURVVSORW�RI�HVWLPDWHG�YHUVXV�H[SHULPHQWDO�YDOXHV�IRU�% � �DUH�SUHVHQWHG�LQ�)LJV����
RE

WKURXJK������&LUFOHV�DQG�VTXDUHV�UHSUHVHQW�0LGGOH�(DVW�DQG�1RUWK�6HD�RLOV��UHVSHFWLYHO\��0RVW�RI�WKH
SORWWHG�SRLQWV�RI�11�HVWLPDWLRQV�IDOO�YHU\�FORVH�WR�WKH�����OLQH��7KH�FURVVSORW�RI�$O�0DUKRXQ©V
FRUUHODWLRQ� LV� IDLUO\� FORVH� WR� WKDW� RI� WKH�11�HVWLPDWLRQ��2Q� WKH� RWKHU� KDQG�� WKH� FRUUHODWLRQV� RI
6WDQGLQJ�DQG�*ODVR�UHYHDO�D�JHQHUDO�RYHUHVWLPDWLRQ��VHH�)LJV�����DQG�����ZLWK�*ODVR©V�FRUUHODWLRQ
JHQHUDOO\�DSSHDULQJ�WR�EH�D�OLWWOH�EHWWHU�WKDQ�6WDQGLQJ©V�FRUUHODWLRQ���)LJXUHV����WKURXJK����VKRZ
SORWV�RI�UHODWLYH�DEVROXWH�SHUFHQW�HUURU�IRU�WKH�IRXU�V\VWHPV���,W�LV�TXLWH�REYLRXV�WKDW�WKH�11�ZDV
VXSHULRU�WR�WKH�RWKHU�FRUUHODWLRQV���,W�ZDV�VXUSULVLQJ�WKDW�WKH�11�XVHG�RQ�1RUWK�6HD�RLOV�ZRUNHG�EHWWHU
WKDQ�WKH�FRUUHODWLRQ�GHYHORSHG�XVLQJ�RLOV�IURP�WKDW�UHJLRQ��HYHQ�ZKHQ�QRQH�ZHUH�XVHG�WR�WUDLQ�WKH
11�
�



��

,Q�VXPPDU\��FRPSDULQJ�WKH�IRXU�FRUUHODWLRQV��11�SURYLGHG�WKH�EHVW�HVWLPDWLRQ�RI�% ���(YHQ
RE

IRU� WKH�QLQH�1RUWK�6HD�RLOV�ZKLFK�ZHUH�QRW� XVHG� IRU� WUDLQLQJ��11�VWLOO�ZRUNHG�EHWWHU� WKDQ� DQ\
FRUUHODWLRQ��7KXV��LW�FDQ�EH�FRQFOXGHG�WKDW�11�VKRXOG�EH�YDOLG�IRU�SUHGLFWLQJ�% ��RI�UHVHUYRLU�IOXLGV

RE

IURP�DQ\�UHJLRQ�ZLWK�SURSHUWLHV�IDOOLQJ�ZLWKLQ�WKH�UDQJH�RI�GDWD�XVHG�LQ�WUDLQLQJ���7KRXJK�RQO\�WZR
GLIIHUHQW� UHJLRQDO� RLOV�ZHUH� WHVWHG� LQ� WKLV� VWXG\�� WKH� UHVXOWV� VXJJHVW� WKDW�ZLWK� D� ODUJHU� UDQJH� RI
H[SHULPHQWDO�GDWD�IRU�WUDLQLQJ��11�FRXOG�EH�D�JOREDO�PHWKRG�IRU�WKH�SUHGLFWLRQ�RI�% �

RE

8VLQJ�11�WR�3UHGLFW�3KDVH�%HKDYLRU�RI�&2 �&UXGH�2LO�0L[WXUHV
�

,W� LV� ZHOO� HVWDEOLVKHG� WKDW� &2 �FUXGH� RLO� PL[WXUHV� IRUP� YDSRU�OLTXLG�OLTXLG� �9�/ �/ �
� � � � � � � �

HTXLOLEULD�DW�KLJK�&2 �FRQFHQWUDWLRQV�DQG�DW�SUHVVXUHV�DQG�WHPSHUDWXUHV�FORVH�WR�WKH�FULWLFDO�SUHVVXUH
�

������SVLJ��DQG�WHPSHUDWXUH�����)��RI�&2 ���7KH�WKUHH�SKDVHV�LQ�HTXLOLEULXP�DUH�DQ�ROHLF�OLTXLG
�

SKDVH��D�&2 �ULFK�OLTXLG�SKDVH��DQG�D�&2 �ULFK�YDSRU�SKDVH��$Q�DFFXUDWH�SUHGLFWLRQ�RI�WKLV�W\SH�RI
� � � � � � �

SKDVH�EHKDYLRU�LV�LPSRUWDQW�IRU�WKH�VXFFHVV�RI�QXPHULFDO�VLPXODWLRQV�RI�SURFHVVHV�ZKHUH�&2 �LV
�

LQMHFWHG�LQWR�RLO�UHVHUYRLUV��7KH�GHVFULSWLRQ�RI�WKH�SKDVH�EHKDYLRU�VXFK�DV�SKDVH�ERXQGDULHV�ZLWK�DQ

(26�SUHVHQWV�VRPH�GLIILFXOWLHV��(26�DSSURDFKHV�UHTXLUH�H[WHQVLYH�FRPSXWDWLRQDO�WLPH��PD\�KDYH

FRQYHUJHQFH�SUREOHPV��DQG�UHTXLUH�FRUUHFWO\�WXQHG�ELQDU\�LQWHUDFWLRQ�SDUDPHWHUV���

7KH�11�DSSHDUHG�WR�EH�D�JRRG�FDQGLGDWH�IRU�DQ�LPSURYHG�SUHGLFWLYH�PHWKRG�WR�H[DPLQH�WKH

WKUHH�SKDVH�HQYHORSH�RI�&2 �FUXGH�RLO�PL[WXUHV��7KH�LQSXW�WR�WKH�11�LV�WKH�PROH�IUDFWLRQ�RI��FUXGH
�

RLO�FRPSRQHQWV��&2 ��1 �+ 6��& ��& ��& ��L& ��Q& ��L& �Q& �& � DQG & ���& �PROHFXODU�ZHLJKW��&
� � � � � � � � � � � � � � � � � � �� � ��� � � ��

VSHFLILF�GHQVLW\��&2 �PROH�IUDFWLRQ�DQG�V\VWHP�WHPSHUDWXUH��7HQ�RLO�V\VWHPV�ZLWK�UHSRUWHG�SKDVH
�

GLDJUDPV�ZHUH�XVHG�IRU�WUDLQLQJ��2LOV�$��% ��% ��& ��DQG��'�ZHUH�IURP�7XUHN�HW�DO�� �RLO�%�LV�IURP
� � � � �

��

6KHOWRQ�DQG�<DUERURXJK� �RLO�*�LV�IURP�&UHHN�DQG�6KHIILHOG� �DQG�RLOV�-(0$�DQG�1:(�DUH�IURP��� � � � � � � ��

-RUJHQVHQ�DQG�6WHQE\� �7ZR�V\VWHPV��RLO�) �DQG�RLO�%6%� �ZHUH�XVHG�IRU�WHVWLQJ��7DEOH����OLVWV���� � � � ��� � � ���

WKH�LQSXW�SDUDPHWHUV�IRU�HDFK�RI�WKHVH�UHVHUYRLU�IOXLG�V\VWHPV��,Q�WKH�WUDLQLQJ�V\VWHPV�WKH�WHPSHUDWXUH

UDQJHG�IURP����)�WR�����)��,Q�HDFK�WHVW�WKH�FULWLFDO�SRLQW�ZDV�SUHGLFWHG�ILUVW��WKHQ�WKH�VDWXUDWLRQ

FXUYHV��6LQFH�WKHUH�DUH�QR�SKDVH�ERXQGDULHV�UHSRUWHG�LQ�WKH�OLWHUDWXUH�EHWZHHQ�OLTXLG�DQG�OLTXLG�OLTXLG

UHJLRQV�IRU�RLOV�RI�% ��& ��DQG�'��WKLV�ERXQGDU\�ZDV�QRW�SUHGLFWHG�LQ�WKLV�VWXG\��7DEOH����OLVWV�WKH
� � �

FULWLFDO�SRLQW�H[SHULPHQWDO�UHVXOWV�DQG�11�HVWLPDWLRQV�IRU�WKH�WZR�WHVW�V\VWHPV��7KH�DYHUDJH�DEVROXWH

UHODWLYH�HUURUV�RI�FULWLFDO�&2 �PROH�IUDFWLRQ�DQG�FULWLFDO�SUHVVXUH�HVWLPDWHG�E\�11�DUH�������DQG
�

�������UHVSHFWLYHO\�

7KH�SUHGLFWHG�DQG�H[SHULPHQWDO�SKDVH�GLDJUDPV�RI�RLOV�)�DQG�%6%�DUH�VKRZQ�LQ�)LJV�����DQG

�����7KH�SUHGLFWHG�3 �IRU�RLO�)�DUH�YHU\�JRRG�IURP���WR����PROH���LQMHFWHG�&2 ��$ERYH����PROH��
E� � � � � � � � � � � � � � �

&2 �WKH�SUHGLFWLRQV�DUH�D�OLWWOH�KLJK�DQG�WKH�FULWLFDO�SRLQW�LV�DW�D�IHZ�PROH���&2 �WRR�ORZ��EXW�DW�WKH
�� � � � � � � � � � � � � � � � � �

ULJKW�H[SHULPHQWDO�SUHVVXUH��7KH�WKUHH�SKDVH�UHJLRQ�LV�D�JRRG�PDWFK�ZLWK�WKH�SKDVH�ERXQGDULHV�EHLQJ

D�OLWWOH�KLJKHU�RYHU�VRPH�UHJLRQV�DQG�D�OLWWOH�ORZ�RYHU�WKH�RWKHUV���)RU�RLO�%6%��WKH�EXEEOHSRLQW�YDOXHV

ZHUH�D�OLWWOH�ORZ�DW�ORZ�&2 �FRQFHQWUDWLRQ�DQG�WKHQ�FURVVHG�DW�DERXW����PROH���&2 ��VHH�)LJ������
�� � � � � � � � � � �

7KH�WKUHH�SKDVH�UHJLRQ�PDWFKHG�ZHOO�IURP����WR����PROH���&2 �DQG�ZDV�JHQHUDOO\�ORZ�RYHU�WKH
�

HQWLUH�HQYHORSH��EXW�PRUH�H[WHQVLYHO\�DERYH����PROH���&2 ��
�

-RUJHQVHQ�DQG�6WHQE\ �DQG�&RXWLQKR�HW�DO� �KDYH�GHPRQVWUDWHG�WKDW�(26�SUHGLFWLRQV�RI�WKH���� � � � ��

WKUHH�SKDVH�UHJLRQ�DUH�JRRG�ZLWKRXW�WXQLQJ�DQ\�SDUDPHWHU�IRU�VRPH�RLO�V\VWHPV��EXW�IRU�RWKHUV�WXQLQJ

RI� WKH�ELQDU\� LQWHUDFWLRQ�SDUDPHWHUV� WR�PDWFK� WKH�H[SHULPHQWDO� WKUHH�SKDVH� UHJLRQ� LV�QHFHVVDU\�



��

*HQHUDOO\�����SRLQWV�DUH�FRQVLGHUHG�D�OLPLWHG�GDWD�EDVH��HVSHFLDOO\�ZLWK�WKH�QXPEHU�RI�YDULDEOHV

FRQVLGHUHG��7KRXJK�WKHUH�ZHUH�LQDFFXUDFLHV�LQ�WKH�SUHGLFWLRQ�RI�WKH�SKDVH�ERXQGDULHV�GXH�WR�WKH

OLPLWHG�GDWD�EDVH�XVHG�IRU�WUDLQLQJ�DQG�VFDWWHU�LQ�H[SHULPHQWDO�GDWD�SUHVHQWHG�E\�YDULRXV�DXWKRUV�LQ

WKH�OLWHUDWXUH��WKH�UHVXOWV�DUH�HQFRXUDJLQJ�ZKHQ�FRPSDUHG�ZLWK�(26�SUHGLFWLRQV�

&RQFOXVLRQV�DQG�5HFRPPHQGDWLRQV�IRU�3KDVH�%HKDYLRU�6LPXODWLRQV�

$�SUHSURFHVVRU�IRU�UHVHUYRLU�FRPSRVLWLRQDO�VLPXODWRUV�KDV�EHHQ�GHYHORSHG�WR�PDWFK�WKH�EXEEOHSRLQW

SUHVVXUH�GDWD�E\�WXQLQJ�WKH�DYHUDJH�PROHFXODU�ZHLJKW�RI�& �IUDFWLRQ���

11�DSSHDU�WR�EH�YDOLG�IRU�SUHGLFWLQJ�3 �DQG�% �RI�DOO�W\SHV�RI�JDV�RLO�PL[WXUHV�ZLWK�SURSHUWLHV�IDOOLQJ
E� � RE

ZLWKLQ� WKH� UDQJH�RI�GDWD�XVHG� LQ� WUDLQLQJ�� ,Q� WKLV�FDVH����0LGGOH�(DVW�FUXGH�RLOV�ZHUH�XVHG�IRU

WUDLQLQJ��DQG��DQRWKHU����0LGGOH�(DVW�DQG����1RUWK�6HD�FUXGH�RLOV�WKDW�IHOO�ZLWKLQ�WKH�WUDLQLQJ�V\VWHP

UDQJH�ZHUH�WHVWHG�ZLWK�H[FHOOHQW�UHVXOW�

11�ZHUH�VXSHULRU�WR�FRUUHODWLRQV�ZKHQ�ERWK�ZHUH�XVHG�RQ�V\VWHPV�WKDW�ZHUH�QRW�LQFOXGHG�WR�WUDLQ�RU

GHYHORS�WKH�FRUUHODWLRQ��7KHUHIRUH��11�DSSHDU�WR�EH�D�EHWWHU�PHWKRG�IRU�HVWLPDWLQJ�RLO�SURSHUWLHV

ZLWK�LQFUHDVHG�DFFXUDF\�RYHU�WUDGLWLRQDO�PHWKRGV�

:LWK� D� ODUJHU� UDQJH�RI� H[SHULPHQWDO� GDWD� IRU� WUDLQLQJ��11�FRXOG�EH� D� VWDQGDUG�PHWKRG� IRU� WKH

SUHGLFWLRQ�RI��3 �DQG�% �
E� � RE

7KRXJK�WKHUH�ZHUH�LQDFFXUDFLHV�LQ�WKH�SUHGLFWLRQ�RI�WKH�SKDVH�ERXQGDULHV�GXH�WR�WKH�OLPLWHG�GDWD�EDVH

XVHG�IRU� WUDLQLQJ�DQG�WKH�GLIILFXOW\�RI�REWDLQLQJ�DFFXUDWH�H[SHULPHQWDO�GDWD��WKH�11��UHVXOWV�DUH

DFFHSWDEOH�FRPSDUHG�WR�(26�SUHGLFWLRQV��:LWK�PRUH�GDWD�SRLQWV�DQG�PRUH�DFFXUDWH�H[SHULPHQWDO

GDWD�IRU�WUDLQLQJ��11�LV�D�SRVVLEOH�PHWKRG�WR�LPSURYH�SUHGLFWLRQV�LQ�FULWLFDO�DUHDV�VXFK�DV�WKH�&2 ��
FUXGH�RLO�PL[WXUH�WKUHH�SKDVH�UHJLRQ�

)RDP�6LPXODWLRQV

(IILFLHQW�DSSOLFDWLRQ�DQG�HYDOXDWLRQ�RI�FDQGLGDWH�UHVHUYRLUV�IRU�&2 �IRDP�SURFHVVHV�UHTXLUH�

D�SUHGLFWLYH�IRDP�PRGHO��$FFXUDWH�SUHGLFWLRQ�LV�GLIILFXOW�EHFDXVH�WKH�PRELOLW\�RI�&2 �LV�FRPSOH[��

GHSHQGLQJ�RQ�EXEEOH� VL]H�RU� IRDP� WH[WXUH�� DQG� IRDP� WH[WXUH� LWVHOI�GHSHQGV�RQ�PDQ\� IDFWRUV����

'HVSLWH�WKH�FRPSOH[LW\�RI�IRDP�EHKDYLRU��VHYHUDO�DSSURDFKHV�IRU�PRGHOLQJ�IRDP�GLVSODFHPHQW�FDQ

EH�IRXQG�LQ�WKH�OLWHUDWXUH��7KH�ILUVW�DSSURDFK�XVHV�D�VHPLHPSLULFDO�H[SUHVVLRQ�IRU�JDV�PRELOLW\�LQ�WKH

SUHVHQFH� RI� IRDP� DV� D� IXQFWLRQ� RI� IORZ� UDWH�� JDV� IUDFWLRQ�� VXUIDFWDQW� FRQFHQWUDWLRQ�� DQG� RWKHU

IDFWRUV� �7KH�SDUDPHWHUV�DVVRFLDWHG�ZLWK�WKH�H[SUHVVLRQ�FDQ�EH�REWDLQHG�IURP�YDULRXV�IRDP�WHVWV��������

(YHQ�WKRXJK�IRDP�WH[WXUH�FRQWUROV�JDV�PRELOLW\� �WKHUH�LV�QR�H[SOLFLW�UHIHUHQFH�WR�IRDP�WH[WXUH�RU���

IRDP�EXEEOH�VL]H�LQ�WKH�VHPL�HPSLULFDO�H[SUHVVLRQ��7KH�VHFRQG�DSSURDFK �XVHV�D�EXEEOH�����������������

SRSXODWLRQ�EDODQFH�PRGHO �WR�DOORZ�WKH�HIIHFW�RI�IRDP�WH[WXUH�WR�EH�GLUHFWO\�LQFRUSRUDWHG�LQWR�DQ���

H[SUHVVLRQ�IRU�JDV�PRELOLW\�LQ�WKH�SUHVHQFH�RI�IRDP��7KH�EXEEOH�SRSXODWLRQ�EDODQFH�PRGHO�DFFRXQWV

IRU�FKDQJHV�LQ�IRDP�WH[WXUH�FDXVHG�E\�PHFKDQLVPV�WKDW�FUHDWH��GHVWUR\��RU�SURSDJDWH�IRDP�LQ�DGGLWLRQ

WR� IRDP�WUDSSLQJ�DQG�PRELOL]DWLRQ��1HYHUWKHOHVV�� WKH�PRGHO�SDUDPHWHUV�RI� WKH�IXQFWLRQDO�IRUPV

FKRVHQ� IRU� HDFK� PHFKDQLVP� QHHG� WR� EH� ILWWHG� WR� FRUHIORRG� GDWD� IURP� IRDP� WHVWV�� 7KH� WKLUG

DSSURDFK �UHOLHV�RQ�WKH�UHODWLRQ�EHWZHHQ�FDSLOODU\�SUHVVXUH��IRDP�WH[WXUH��DQG�JDV�PRELOLW\��,W�LV�������

D� ORFDO�HTXLOLEULXP� YHUVLRQ� RI� WKH� EXEEOH� SRSXODWLRQ� EDODQFH� PRGHO� IRU� VWURQJ� IRDPV� XQGHU
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FRQGLWLRQV�ZKHUH�FDSLOODU\�SUHVVXUH�GRPLQDWHV�IRDP�WH[WXUH�DQG�JDV�PRELOLW\��+RZHYHU��DV�D�ORFDO

HTXLOLEULXP�PRGHO��LW�GRHV�QRW�GHVFULEH�VRPH�RI�WKH�IRDP�EHKDYLRU�WKDW�GHSHQG�RQ�IORZ�UDWH��H�J��

IRDP�PRELOLW\�LQFUHDVHV�ZLWK�LQFUHDVLQJ�JDV�UDWH�����

7KH�IRDP�UHVLVWDQFH�IDFWRU �LV�D�SDUDPHWHU�FRPPRQO\�XVHG�WR�DVVHVV�WKH�PDJQLWXGH�RI�����

PRELOLW\�UHGXFWLRQ��,I�IRDP�LV�QRW�JHQHUDWHG��WKH�UHVLVWDQFH�IDFWRU�LV�XQLW\��,I�IRDP�LV�JHQHUDWHG��WKH

YDOXH�RI�WKH�UHVLVWDQFH�IDFWRU�TXDQWLILHV�WKH�HIIHFW�RI�WKH�SUHVHQFH�RI�IRDP��7KH�REMHFWLYH�RI�WKLV�VWXG\

LV�WR�GHYHORS�D�SUHGLFWLYH�IRDP�PRGHO�WKDW�FDQ�PDNH�XVH�RI�WKH�UHVLVWDQFH�IDFWRU�GDWD�DYDLODEOH�IURP

WKH�VXUIDFWDQW�VHOHFWLRQ�SURFHVV��5HFHQW�ODERUDWRU\�IRDP�WHVWV �HOXFLGDWHG�WKH�UHODWLRQVKLSV�RI�������

VXUIDFWDQW�FRQFHQWUDWLRQ��LQMHFWLRQ�IORZ�UDWH��IRDP�TXDOLW\��DQG�FRUH�SHUPHDELOLW\�ZLWK�WKH�IRDP

UHVLVWDQFH�IDFWRU��%DVHG�RQ�WKHVH�UHODWLRQVKLSV��D�IRDP�PRGHO�ZDV�GHYHORSHG�DQG�LQFRUSRUDWHG�LQWR

WZR�UHVHUYRLU�VLPXODWRUV��7KH�ILUVW�LV�D�SVHXGR�PLVFLEOH�VLPXODWRU��0$67(5� �REWDLQHG�IURP�WKH���

'HSDUWPHQW� RI� (QHUJ\�� DQG� WKH� VHFRQG� LV� DQ� HTXDWLRQ�RI�VWDWH�� FRPSRVLWLRQDO� VLPXODWRU�

87&203� � SURYLGHG� E\� WKH� 8QLYHUVLW\� RI� 7H[DV� DW� $XVWLQ�� %RWK� VLPXODWRUV� KDYH� EHHQ�������

VXFFHVVIXOO\�PRGLILHG�WR�VLPXODWH�&2 �IRDP�IORRGLQJ�SURFHVVHV�ZKHUH�WKH�IRDP�UHVLVWDQFH�IDFWRU�GDWD�

DUH�LQSXW�DV�GDWD�WDEOHV�

)RDP�0RGHO

$�VHPL�HPSLULFDO�DSSURDFK�LV�XVHG�WR�FDOFXODWH�WKH�JDV�PRELOLW\�LQ�WKH�SUHVHQFH�RI�IRDP

LQVWHDG�RI�XVLQJ�D�PHFKDQLVWLF�DSSURDFK�EDVHG�RQ�EXEEOH�SRSXODWLRQ�EDODQFH��7KH�JDV�PRELOLW\�LQ

WKH�SUHVHQFH�RI�IRDP�LV�PRGHOHG�EDVHG�RQ�UHVLVWDQFH�IDFWRU�GDWD�WKDW�DUH�UHDGLO\�DYDLODEOH�RQFH�WKH

VXUIDFWDQW�VHOHFWLRQ�SURFHVV�LV�GRQH��

7KH�IROORZLQJ�PDMRU�DVVXPSWLRQV�ZHUH�XVHG�LQ�WKH�IRDP�PRGHO�

� )RDP�DIIHFWV�RQO\�WKH�JDV�PRELOLW\�

�� )RDP�FDQQRW�H[LVW�LI�DQ\�RI�WKH�IROORZLQJ�IRDP�H[LVWLQJ�FRQGLWLRQV�DUH�QRW�PHW�

ZKHUH�& �LV�WKH�VXUIDFWDQW�FRQFHQWUDWLRQ�LQ�WKH�ZDWHU�SKDVH��DQG�6 ��6 ��DQG�6 �DUH�WKH�JDV��V� � � � � � � � � � J � R � � Z

RLO��� DQG� ZDWHU�SKDVH� VDWXUDWLRQV�� UHVSHFWLYHO\�� 7KH� YDULDEOH� ZLWK� VXSHUVFULSW� OLP

FRUUHVSRQGV�WR�WKH�OLPLWLQJ�YDOXH�RI�HDFK�YDULDEOH�

�� )RDP�JHQHUDWLRQ�ZLOO�RFFXU�RQO\� LI�� WKH�JDV�OLTXLG�YROXPHWULF� UDWLR� LV�JUHDWHU� WKDQ�D

OLPLWLQJ�YDOXH��WKH�JDV�VDWXUDWLRQ�LV�LQFUHDVLQJ��DQG�WKH�IRDP�H[LVWLQJ�FRQGLWLRQV�LQ���DUH

VDWLVILHG�

�� 6XUIDFWDQW�DGVRUSWLRQ�RQ�WKH�URFN�FDQ�EH�PRGHOHG�ZLWK�D�/DQJPXLU�W\SH�PRGHO�DQG�LV

XQDIIHFWHG�E\�WKH�SUHVHQFH�RI�IRDP��

%\�GHILQLWLRQ��WKH�UHVLVWDQFH�IDFWRU�5 �FDQ�EH�ZULWWHQ�DVI
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ZKHUH�0 � LV�WKH�WRWDO�&2 �EULQH�PRELOLW\�RI�REWDLQHG�IURP�WKH�H[SHULPHQW�RI�VLPXOWDQHRXV&2��%5� � � � �

LQMHFWLRQ�RI�&2 �DQG�VXUIDFWDQW�IUHH�EULQH��0 �LV�WKH�WRWDO�PRELOLW\�RI�&2 �VXUIDFWDQW�VROXWLRQ
�� � � � &2��66� � � � � � �

REWDLQHG�IURP�WKH�H[SHULPHQW�RI�VLPXOWDQHRXV�LQMHFWLRQ�RI�&2 �DQG�VXUIDFWDQW�VROXWLRQ��DQG�ERWK
�

PRELOLW\�PHDVXUHPHQWV�DUH�FRQGXFWHG�DW�WKH�VDPH�JDV�OLTXLG�YROXPHWULF�LQMHFWLRQ�UDWLR��7KH�WRWDO

PRELOLW\�RI�&2 �EULQH� LV�D�FRPELQDWLRQ�RI� WKH�PRELOLW\�RI�&2 ��JDV�SKDVH��DQG� WKH�PRELOLW\�RI
� � � � � � � � � �

VXUIDFWDQW�IUHH�EULQH��ZDWHU�SKDVH���KHQFH�

ZKHUH�0 � LV� WKH� ZDWHU� PRELOLW\� DQG�0 � LV� WKH� JDV� PRELOLW\�� 6LPLODUO\�� WKH� WRWDO� PRELOLW\� RIZ� � � � � � J

&2 �VXUIDFWDQW�VROXWLRQ�LV�HTXDO�WR�WKH�VXP�RI�WKH�PRELOLW\�RI�VXUIDFWDQW�VROXWLRQ��ZDWHU�SKDVH��DQG
�

WKH�PRELOLW\�RI�&2 ��JDV�SKDVH��LQ�WKH�SUHVHQFH�RI�IRDP��%HFDXVH�WKH�ZDWHU�PRELOLW\�LV�QRW�DIIHFWHG
�

E\�WKH�SUHVHQFH�RI�IRDP��WKHUHIRUH��WKH�JDV�PRELOLW\�LQ�WKH�SUHVHQFH�RI�IRDP�LV

,I�IRDP�FDQ�EH�JHQHUDWHG��WKH�IRDP�UHVLVWDQFH�IDFWRU�LV�GHWHUPLQHG�IURP�WKH�ORRNXS�WDEOHV�DQG�WKH�JDV

PRELOLW\�LQ�WKH�SUHVHQFH�RI�IRDP�LV�FDOFXODWHG��7KH�FDOFXODWHG�YDOXH�RI�JDV�PRELOLW\�LQ�WKH�SUHVHQFH

RI�IRDP�ZLOO�QRW�EH�PRGLILHG�XQWLO�IRDP�FHDVHV�WR�H[LVW��*DV�PRELOLW\�FDQ�EH�DOWHUHG�E\�FKDQJLQJ

HLWKHU�WKH�JDV�UHODWLYH�SHUPHDELOLW\�RU�YLVFRVLW\�RU�FKDQJLQJ�ERWK�WRJHWKHU��)RU�FRQYHQLHQFH��WKH

HIIHFW�RI�IRDP�RQ�JDV�PRELOLW\�LV�UHSUHVHQWHG�E\�DOWHULQJ�RQO\�WKH�JDV�UHODWLYH�SHUPHDELOLW\�

)RDP�6LPXODWRUV

7ZR� UHVHUYRLU� VLPXODWRUV� KDYH� EHHQ� PRGLILHG� WR� LQFOXGH� WKH� IRDP�PRGHO�� 7KH� ILUVW� LV

87&203��GHVFULEHG�E\�&KDQJ� �DQG�WKH�VHFRQG�LV�0$67(5��GHVFULEHG�E\�$PPHU�HW�DO�� �7KH���� � � � � � � � � � ����

UHVLVWDQFH�IDFWRU�GDWD��ZKLFK�GHSHQG�RQ�LQWHUVWLWLDO�YHORFLW\��IRDP�TXDOLW\��JDV�OLTXLG�YROXPHWULF

LQMHFWLRQ�UDWLR�RU�JDV�IUDFWLRQ���VXUIDFWDQW�FRQFHQWUDWLRQ��DQG�URFN�SHUPHDELOLW\��DUH�LQSXW�DV�ORRNXS

WDEOHV�LQ�WKH�VLPXODWRUV��7KH�URXWLQHV�WKDW�XVH�WKH�ORRNXS�WDEOHV�LQ�WKH�VLPXODWRUV�ZLOO�ILUVW�ORFDWH�WKH

LQWHUYDOV� IRU� LQWHUSRODWLRQV� E\� FKHFNLQJ� FRQGLWLRQV� LQ� WKH� RUGHU� RI� SHUPHDELOLW\�� IRDP� TXDOLW\�

VXUIDFWDQW�FRQFHQWUDWLRQ��DQG�LQWHUVWLWLDO�YHORFLW\��7KHQ�WKH�LQWHUSRODWLRQV�DUH�GRQH�LQ�WKH�RUGHU�RI

YHORFLW\��FRQFHQWUDWLRQ��TXDOLW\��DQG�SHUPHDELOLW\��7KH�UHVLVWDQFH�IDFWRU�LV�DVVXPHG�WR�EH�ORJ�OLQHDU

RYHU�YHORFLW\�DQG�SHUPHDELOLW\�EXW�OLQHDU�RYHU�FRQFHQWUDWLRQ�DQG�TXDOLW\��$W�WKH�HGJHV�RI�WKHVH�WDEOHV�

VLPSOH�WZR�SRLQW�H[WUDSRODWLRQ�PHWKRG�LV�XVHG�

&RPSRVLWLRQDO�)RDP�6LPXODWRU���7KH�EDVLV�RI�WKH�FRPSRVLWLRQDO�IRDP�VLPXODWRU�LV�87&203��%\

XWLOL]LQJ�WKH�WUDFHU�IHDWXUHV�LQ�87&203��WKH�FRPSRVLWLRQDO�IRDP�VLPXODWRU�LV�GHYHORSHG�ZLWKRXW�WKH

DGGLWLRQ�RI�D�VXUIDFWDQW�FRQVHUYDWLRQ�HTXDWLRQ�LQWR�87&203��7KH�WUDFHU�DGVRUSWLRQ�PRGHO�KDV�EHHQ

PRGLILHG�WR�DFFRXQW�IRU�WKH�DGVRUSWLRQ�LVRWKHUP��7KH�VXUIDFWDQW�PRYHPHQW�LV�WUDFNHG�E\�WUHDWLQJ�WKH

VXUIDFWDQW� DV� WKH� ILUVW� DTXHRXV� WUDFHU� FRPSRQHQW�� 7KH�PDMRU�PRGLILFDWLRQV� WKDW� ZHUH�PDGH� WR



��

87&203�LQFOXGH�����WKH�DGGLWLRQ�RI�ORRNXS�WDEOHV�IRU�WKH�UHVLVWDQFH�IDFWRU�GDWD�DQG�����WKH�DGGLWLRQ

RI�DQ�DOJRULWKP�WR�FDOFXODWH�WKH�JDV�PRELOLW\�LQ�WKH�SUHVHQFH�RI�IRDP�

3VHXGRPLVFLEOH�)RDP�6LPXODWRU���0$67(5�LV�D�SVHXGRPLVFLEOH�VLPXODWRU�WKDW�LV�DQ�H[WHQVLRQ�RI

WKH�VR�FDOOHG�EODFN�RLO�PRGHO�DQG�XVHV�WKH�PL[LQJ�UXOH�DSSURDFK�WR�FDOFXODWH�HIIHFWLYH�IOXLG�GHQVLWLHV

DQG�YLVFRVLWLHV��)RU�WHFKQLFDO�GHWDLOV�RI�WKH�HTXDWLRQV�DQG�PLVFLEOH�IHDWXUHV�LQFOXGHG�LQ�0$67(5�

ZH� UHIHU� WKH� UHDGHU� WR� WKH� RULJLQDO� UHSRUW� E\�$PPHU�HW� DO� � >$� UHSRUW� IRU� WKH� QHZ�YHUVLRQ� RI���

0$67(5� LV�EHLQJ�SUHSDUHG�DQG�ZLOO�EH�DYDLODEOH� IURP�WKH�'HSDUWPHQW�RI�(QHUJ\�@�7KH�PDMRU

PRGLILFDWLRQV� WKDW�ZHUH�PDGH� WR�0$67(5� LQFOXGH�� ���WKH�DGGLWLRQ�RI�D�FRQVHUYDWLRQ�HTXDWLRQ

LQFOXGLQJ�WKH�DGVRUSWLRQ�LVRWKHUP�WR�SHUPLW�WKH�VLPXODWLRQ�RI�VXUIDFWDQW�PRYHPHQW������WKH�DGGLWLRQ

RI�ORRNXS�WDEOHV�IRU�WKH�UHVLVWDQFH�IDFWRU�GDWD��DQG�����WKH�DGGLWLRQ�RI�DQ�DOJRULWKP�WR�FDOFXODWH�WKH

JDV�PRELOLW\�LQ�WKH�SUHVHQFH�RI�IRDP�

9DOLGDWLRQ�5HVXOWV

7R�DVVHVV�WKH�DGHTXDF\�RI�WKH�LQFOXGHG�IRDP�IHDWXUHV�LQ�87&203�DQG�0$67(5��VHYHUDO

YDOLGDWLRQ�WHVWV�KDYH�EHHQ�SHUIRUPHG��1RWH�WKDW�WKHVH�VLPXODWLRQ�WHVWV�GLG�QRW�QHFHVVDULO\�UHSUHVHQW

D�UHDO�ILHOG�DSSOLFDWLRQ�DQG�WKH�VLPXODWLRQ�UHVXOWV�KDYH�EHHQ�SXEOLVKHG�HDUOLHU����

7HVW�3UREOHP�,��7KH�LQLWLDO�FRQGLWLRQV�IRU�WHVW�SUREOHP�,�ZDV�HVWDEOLVKHG�E\�VLPXODWLQJ�D����\HDU

ZDWHU�IORRG�DQG�WKHQ�D���\HDU�&2 �IORRG�IURP�DQ�LQLWLDO�SUHVVXUH�RI������SVLD�DQG�DQ�LQLWLDO�ZDWHU
�

VDWXUDWLRQ�RI������,Q�WKLV�WHVW�SUREOHP��87&203�ZDV�XVHG�WR�SHUIRUP�WKH�VLPXODWLRQ�WHVWV�RQ�D

WKUHH�GLPHQVLRQDO� TXDUWHU� RI� D� ILYH�VSRW� SDWWHUQ� RI� D� UHVHUYRLU� ZLWK� ILYH� SK\VLFDO� OD\HUV�� 7KH

SURGXFWLRQ�DQG�LQMHFWLRQ�ZHOOV�ZHUH�ORFDWHG�LQ�RSSRVLWH�FRUQHUV�RI�WKH�SDWWHUQ�DQG�ZHUH�FRPSOHWHG

LQ�DOO�ILYH�OD\HUV��$�GHWDLOHG�GHVFULSWLRQ�RI�WKH�UHVHUYRLU�GDWD�LV�JLYHQ�LQ�7DEOH�����7KH�UHVHUYRLU

WHPSHUDWXUH�ZDV��� )��7KH�UHVHUYRLU�IOXLG�GHVFULSWLRQ�UHSRUWHG�E\�/LP�HW�DO� �ZDV�XVHG�EHFDXVH�WKHR � � � � � � � � � ���

SKDVH�EHKDYLRU�DQG�SURSHUWLHV�RI�WKH�RLO�DQG�&2 �DUH�W\SLFDO�RI�WKRVH�RI�PXOWLSOH�FRQWDFW��PLVFLEOH
�

ILHOG�FRQGLWLRQ�RI�:HVW�7H[DV��$�PRGLILHG�&RUH\�UHODWLYH�SHUPHDELOLW\�PRGHO�ZLWK�ZDWHU��RLO��DQG

JDV�HQGSRLQWV�RI�������������DQG����UHVSHFWLYHO\��ZDV�XVHG��7KH�ZDWHU�LQMHFWLRQ�UDWH�ZDV�����67%�'

������OE�PROH�GD\��GXULQJ�ZDWHU�LQMHFWLRQ�SHULRG�DQG�WKH�JDV�LQMHFWLRQ�UDWH�ZDV�����06&)�'�����

OE�PROH�GD\��GXULQJ�JDV�LQMHFWLRQ�SHULRG��7KH�SURGXFWLRQ�ZHOO�ZDV�OLPLWHG�E\�D�ERWWRPKROH�SUHVVXUH

RI������SVLD��7KH�ZHOOERUH�UDGLXV�ZDV������IW�IRU�ERWK�LQMHFWLRQ�DQG�SURGXFWLRQ�ZHOOV��7KH�IRDP�WHVW

ZDV�SHUIRUPHG�XVLQJ�WKH�IROORZLQJ�LQMHFWLRQ�VFKHGXOH�

6XUIDFWDQW�VROXWLRQ�������SSP�DFWLYH��LQMHFWLRQ�IRU�����GD\V�

6L[�UDSLG�F\FOHV�RI�DOWHUQDWLQJ�LQMHFWLRQ�RI�VXUIDFWDQW�VROXWLRQ�DQG�JDV�VROYHQW��6$*��IRU�D

WRWDO�RI����GD\V��(DFK�6$*�F\FOH�FRQVLVWHG�RI�WKUHH�GD\V�RI�VXUIDFWDQW�VROXWLRQ�LQMHFWLRQ�DQG����GD\V

RI�JDV�VROYHQW�LQMHFWLRQ��

*DV�VROYHQW�LQMHFWLRQ�IRU�����GD\V�

7KLV�VFKHGXOH�ZDV�DOVR�VSHFLILFDOO\�VHOHFWHG�WR�PLPLF�WKH�LQMHFWLRQ�VFKHGXOH�XVHG�LQ�D�&2 �IRDP�SLORW
�

WHVW�DW�WKH�(DVW�9DFXXP�*UD\EXUJ�6DQ�$QGUHV�8QLW��(9*6$8�� ����

,Q�RUGHU�WR�HYDOXDWH�WKH�IRDP�WHVW��D�EDVH�FDVH�ZDV�QHHGHG��7KH�LQMHFWLRQ�VFKHGXOH�RI�WKH�EDVH

FDVH�ZDV�LGHQWLFDO�ZLWK�WKDW�RI�WKH�IRDP�WHVW�H[FHSW�WKH�LQMHFWLRQ�RI�VXUIDFWDQW�VROXWLRQ�ZDV�UHSODFHG

ZLWK�WKH�LQMHFWLRQ�RI�ZDWHU��VXUIDFWDQW�IUHH�EULQH���)LJXUH����VKRZV�WKH�RLO�UDWH�KLVWRU\�IRU�WKH�IRDP



��

WHVW�DQG�WKH�EDVH�FDVH��2EVHUYH�WKH�VLJQLILFDQW�LQFUHDVH�LQ�WKH�RLO�UDWH�DW�����GD\V�IURP�DERXW���

67%�'�WR�DERXW����67%�'��7KHQ�WKH�RLO�UDWH�GURSSHG�DQG�OHYHOHG�RII�DW�DERXW����67%�'�IRU�WKH�IRDP

WHVW�FRPSDUHG�WR�WKH�EDVH�FDVH��7KLV�NLQG�RI�UHVSRQVH�LV�VLPLODU�WR�WKDW�REVHUYHG�LQ�WKH�(9*6$8

ILHOG�SLORW�WHVW�DV�VKRZQ�E\�0DUWLQ�HW�DO� �LQ�WKHLU�)LJ�����)LJXUH����VKRZV�D�FRUUHVSRQGLQJ�GHFUHDVH���

LQ�WKH�LQVWDQWDQHRXV�JDV�RLO�UDWLR��*25���)LJXUH�����VKRZV�KLJKHU�RLO�UHFRYHU\�IRU�WKH�IRDP�WHVW�ZLWK

DQ�LQFUHPHQWDO�RLO�RI���067%��7R�EHWWHU�LOOXVWUDWH�WKH�UHVXOWV��WKH�LQMHFWLRQ�SURILOH�IRU�WKH�WZR�FDVHV

DW�����GD\V�RI�VLPXODWLRQ�DUH�VKRZQ�LQ�)LJ�������1RWH�WKDW�OD\HU���LV�WKH�PRVW�SHUPHDEOH�OD\HU�ZLWK

D�SHUPHDELOLW\�RI������PG��ZKLOH�OD\HUV���DQG���DUH�WKH�OHDVW�SHUPHDEOH�OD\HU�DW����PG��)LJXUH����

VKRZV� WKDW�� IRU� WKH�EDVH� FDVH��PRVW� RI� WKH� LQMHFWHG�&2 �ZRXOG�EH� LQMHFWHG� WKURXJK� WKH�KLJKHVW
�

SHUPHDEOH�OD\HU��ZKLOH�WKH�OHDVW�DPRXQW�RI�&2 �ZRXOG�EH�LQMHFWHG�WKURXJK�WKH�OHDVW�SHUPHDEOH�OD\HUV�
�

&RQVHTXHQWO\��WKH�VZHHS�ZDV�SRRU�DQG�WKH�RLO�UDWH�ZDV�ORZ�IRU�WKH�EDVH�FDVH��)LJ�������+RZHYHU��IRU

WKH�IRDP�WHVW��WKHUH�ZHUH�VLJQLILFDQW�LQFUHDVH�LQ�WKH�DPRXQW�RI�&2 �LQMHFWHG�WKURXJK�OD\HUV���DQG���
�

$W�WKH�VDPH�WLPH��WKH�DPRXQW�RI�&2 �LQMHFWHG�WKURXJK�OD\HU���ZDV�UHGXFHG�VLJQLILFDQWO\�IURP������
�

WR������RI�WKH�WRWDO�PROHV�LQMHFWHG��7KHUHIRUH��WKH�SURILOH�PRGLILFDWLRQ�GXH�WR�WKH�SUHVHQFH�RI�WKH

IRDP�VLJQLILFDQWO\�LPSURYHG�WKH�VZHHS�DQG�WKXV�UHVXOWHG�LQ�KLJKHU�RLO�UDWH��)LJ�������7KHVH�UHVXOWV

VKRZ�WKDW�87&203�KDV�EHHQ�VXFFHVVIXOO\�PRGLILHG�WR�VLPXODWH�IRDP�IORRGLQJ�SURFHVVHV��)LJXUHV

���¤����VKRZ�WKH�UHVLVWDQFH�IDFWRU�GDWD�XVHG�LQ�WKH�VLPXODWLRQV��ZKLFK�KDYH�EHHQ�PRGLILHG�IURP�WKH

H[SHULPHQWDO�GDWD�UHSRUWHG�E\�&KDQJ�DQG�*ULJJ� �7KH�HIIHFW�RI�WKH�PDJQLWXGH�RI�WKH�IRDP�UHVLVWDQFH��

IDFWRU�RQ�WKH�RLO�UDWH�ZDV�H[DPLQHG�E\�XVLQJ�D�VFDOLQJ�SDUDPHWHU�)���$V�VKRZQ�LQ�)LJ�������WKH

UHVSRQVH� WR� WKH� IRDP�IRU� WKH�RLO� UDWH� WR� LQFUHDVH�ZDV�GHOD\HG�ZKHQ� WKH�PDJQLWXGH�RI� WKH� IRDP

UHVLVWDQFH�IDFWRU�GDWD�ZDV�VFDOHG�GRZQ�E\�WKH�SDUDPHWHU�)�IURP���WR������

7HVW�3UREOHP�,,��%HFDXVH�RI�H[WHQVLYH�PRGLILFDWLRQV�DQG�DGGLWLRQV�WKDW�ZHUH�PDGH�WR�WKH�FRGH�RI

0$67(5��WHVW�SUREOHP�,,�ZDV�GHVLJQHG�WR�YDOLGDWH�WKH�FDSDELOLW\�RI�0$67(5�XVLQJ�WKH�UHVXOWV�IURP

87&203��,Q�RUGHU�WR�FRPSDUH�WKH�UHVXOWV�IURP�DQ�HTXDWLRQ�RI�VWDWH�FRPSRVLWLRQDO�VLPXODWRU�DQG

D�SVHXGR�PLVFLEOH�VLPXODWRU��WKH�VR�FDOOHG�EODFN�RLO�397�SURSHUWLHV�XVHG�LQ�WKH�SVHXGR�PLVFLEOH

VLPXODWRU� VKRXOG� FRUUHVSRQG�ZLWK� WKH� HTXDWLRQ�RI�VWDWH� FKDUDFWHUL]DWLRQ�SDUDPHWHUV�XVHG� LQ� WKH

HTXDWLRQ�RI�VWDWH�FRPSRVLWLRQDO�VLPXODWRU��7R�VDWLVI\�WKLV�FRQGLWLRQ��WKH�UHVHUYRLU�IOXLG�GHVFULSWLRQV

UHSRUWHG�LQ�WKH�ILIWK�&RPSDUDWLYH�6ROXWLRQ�3URMHFW �ZHUH�XVHG��,Q�WKLV�UHVHUYRLU�V\VWHP��WKH�RLO���

FRQWDLQHG�WKH�IROORZLQJ�PROH�SHUFHQWV������& �����& �����& ������& ������& ��DQG����& �DQG
� � � � � � � � � �� � � �� � � � ��

WKH�LQMHFWLRQ�JDV�VROYHQW�FRQWDLQHG�����& ������& ��DQG����& ��7KH�397�SURSHUWLHV�ZHUH�JHQHUDWHG
� � � � � � � �

IURP�WKH�VLPXODWLRQV�RI�FRQVWDQW�FRPSRVLWLRQ�H[SDQVLRQ�DQG�GLIIHUHQWLDO�OLEHUDWLRQ�H[SDQVLRQ�IRU

ERWK� WKH�RLO� DQG� WKH� LQMHFWLRQ�JDV�VROYHQW��7KH�PLQLPXP�PLVFLELOLW\�SUHVVXUH� LV������SVLD��)RU

GHWDLOHG�UHVHUYRLU�IOXLG�GHVFULSWLRQV�LQFOXGLQJ�WKH�397�SURSHUWLHV�DQG�FKDUDFWHUL]DWLRQ�SDUDPHWHUV�

ZH�UHIHU�WKH�UHDGHU�WR�WKH�RULJLQDO�SDSHU�E\�.LOORXJK�DQG�.RVVDFN� ����

7HVW�3UREOHP�,,�LQYROYHG�ILYH�F\FOHV�RI�DOWHUQDWLQJ�LQMHFWLRQ�RI�ZDWHU�DQG�JDV�VROYHQW��:$*�

IRU�D�WRWDO�RI���\HDUV��(DFK�:$*�F\FOH�FRQVLVWHG�RI�����GD\V�RI�ZDWHU�LQMHFWLRQ�DQG�����GD\V�RI

JDV�VROYHQW�LQMHFWLRQ��7KH�ZDWHU�LQMHFWLRQ�UDWH�ZDV�����67%�'��������OE�PROH�GD\��GXULQJ�ZDWHU

LQMHFWLRQ� SHULRG� DQG� WKH� JDV� LQMHFWLRQ� UDWH� ZDV� �����06&)�'� ������ OE�PROH�GD\�� GXULQJ� JDV

LQMHFWLRQ�SHULRG��7KH�SURGXFWLRQ�ZHOO�ZDV�FRQVWUDLQHG�WR�D�ERWWRPKROH�SUHVVXUH�RI������SVLD��7KH

ZHOOERUH�UDGLXV�ZDV������IW�IRU�ERWK�SURGXFWLRQ�DQG�LQMHFWLRQ�ZHOOV��7KH�UHVHUYRLU�PRGHO�LV�WKH�VDPH

RQH�XVHG�LQ�7HVW�3UREOHP�,��7DEOH������7KH�UHVHUYRLU�KDG�D�WHPSHUDWXUH�RI�����)��DQ�LQLWLDO�ZDWHU
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VDWXUDWLRQ� RI� ����� DQG� DQ� LQLWLDO� UHVHUYRLU� SUHVVXUH� RI� ����� SVLD�� 7KH� VLPXODWLRQ� UHVXOWV� IURP

0$67(5� DQG�87&203�ZHUH� LQ� H[FHOOHQW� DJUHHPHQW� IRU� WKH� RLO� UDWH� DQG� WKH� FXPXODWLYH� RLO

SURGXFWLRQ�DV�VKRZQ�LQ�)LJV������DQG������%HVLGHV�WKH�YDOLGDWLRQ�RI�0$67(5��WKLV�SUREOHP�DOVR

SURYLGHG�D�FKHFN�RQ�WKH�IOXLG�GHVFULSWLRQV�WDNHQ�IURP�WKH�ILIWK�&RPSDUDWLYH�6ROXWLRQ�3URMHFW�VXFK

WKDW� WKH� EODFN�RLO� 397� SURSHUWLHV� XVHG� LQ�0$67(5�GLG� FRUUHVSRQG�ZLWK� WKH� HTXDWLRQ�RI�VWDWH

FKDUDFWHUL]DWLRQ�SDUDPHWHUV�XVHG�LQ�87&203�

7HVW�3UREOHP�,,,��7R�WHVW�WKH�IRDP�IHDWXUHV�LQ�0$67(5��WKH�ILYH�\HDU�:$*�LQMHFWLRQ�VFKHGXOH�XVHG

LQ�7HVW�3UREOHP�,,�ZDV�PRGLILHG�E\�VXEVWLWXWLQJ�WKH�IRDP�WHVW�VFKHGXOH�XVHG�LQ�7HVW�3UREOHP�,�IRU

WKH�:$*�VFKHGXOH�DW�WKH�WKLUG�\HDU��6LPLODUO\��WKH�LQMHFWLRQ�VFKHGXOH�IRU�WKH�EDVH�FDVH�ZDV�LGHQWLFDO

WR�WKDW�RI�WKH�IRDP�WHVW��H[FHSW�WKH�LQMHFWLRQ�RI�VXUIDFWDQW�VROXWLRQ�ZDV�UHSODFHG�ZLWK�WKH�LQMHFWLRQ

RI�ZDWHU��VXUIDFWDQW�IUHH�EULQH����)LJXUH�����VKRZV�WKH�RLO�UDWH�KLVWRU\�IURP�WKH�FRPSOHWLRQ�RI�WKH

6$*�LQMHFWLRQ������GD\V�RI�VLPXODWLRQ��IRU�WKH�IRDP�WHVW�DQG�WKH�EDVH�FDVH��7KH�RLO�UDWH�IRU�WKH�IRDP

WHVW�ZDV�DEOH�WR�PDLQWDLQ�DERYH�����67%�'�IRU�����PRUH�GD\V�DV�FRPSDUHG�WR�WKH�EDVH�FDVH��7KH

FRUUHVSRQGLQJ�UHGXFWLRQ�LQ�*25�FDQ�EH�REVHUYHG�LQ�)LJ�������%\�WKH�HQG�RI�WKH�ILYH�\HDU�LQMHFWLRQ�

WKH�LQFUHPHQWDO�RLO�ZDV�DERXW����067%�DV�VKRZQ�LQ�)LJ�������7KHVH�UHVXOWV�VKRZ�WKDW�0$67(5�KDV

EHHQ� VXFFHVVIXOO\� PRGLILHG� WR� VLPXODWH� IRDP� IORRGLQJ� SURFHVVHV�� 7KLV� LV� DOVR� FRQILUPHG� E\

FRPSDULQJ�WKH�IRDP�WHVW�UHVXOWV�ZLWK�WKRVH�RI�87&203��7KH�IRDP�WHVW�UHVXOWV�IURP�0$67(5�DQG

87&203�ZHUH�LQ�JRRG�DJUHHPHQW�IRU�WKH�RLO�UDWH�DQG�WKH�FXPXODWLYH�RLO�SURGXFWLRQ��DV�VKRZQ�LQ

)LJV������DQG�����

(9*6$8�3LORW�+LVWRU\�0DWFK

,Q�RUGHU�WR�FDOLEUDWH�WKH�IRDP�PRGHO�ZLWK�ILHOG�GDWD��WKH�SURGXFWLRQ�KLVWRU\�SULRU�WR�WKH�IRDP

WHVWV�KDV�WR�EH�PDWFKHG��7KH�KLVWRU\�PDWFK�PRGHO�ZDV�FRQVWUXFWHG�EDVHG�RQ�WKH�(9*6$8�SLORW�GDWD�

7KH� ILHOG�SLORW�SDWWHUQ�RI�QLQH�ZHOOV��DV�VKRZQ�LQ�)LJ�������DQG� WKH�VXUURXQGLQJ����ZHOOV�ZHUH

LQFOXGHG�LQ�WKH�KLVWRU\�PDWFK�PRGHO��VHH�)LJ�������:HOO�����������������ORFDWHG�DW�WKH�FHQWHU�RI�WKH

SDWWHUQ��ZDV�WKH�IRDP�LQMHFWLRQ�ZHOO��:HOO����������������ZDV�WKH�¦RIIHQGLQJ§�SURGXFWLRQ�ZHOO��7KH

KLVWRU\�PDWFK�PRGHO�FRQVLVWHG�RI�D����[����JULG��VHH�)LJ�������LQ�VHYHQ�VHSDUDWH�OD\HUV�IRU�D�WRWDO�RI

�����JULG�EORFNV��7KHVH�VHYHQ��OD\HUV�ZHUH�EDVHG�RQ�WKH�W\SH�ORJ�]RQDWLRQ��&����&����&����'��(��*�

DQG�+���7KH�KLVWRU\�PDWFK�VLPXODWLRQV�LQYROYHG�WKUHH�SKDVHV�RI�VLPXODWLRQV���SULPDU\�GHSOHWLRQ�IURP

�����WR��������ZDWHUIORRG�IURP������WR�������DQG�&2 �IORRG��ZDWHU�DOWHUQDWLQJ�&2 ��IURP������WR
� � � � �

������ )LJXUH� ���� FRPSDUHV� KLVWRULFDO� DQG� VLPXODWHG� FXPXODWLYH� SURGXFWLRQ� IRU� WKH� RIIHQGLQJ

SURGXFWLRQ�ZHOO�RI� WKH�SLORW�DUHD� IURP������ WR�������$V�VKRZQ�LQ� WKH� ILJXUH�� WKH�PDWFK�RI� WKH

FXPXODWLYH�JDV�SURGXFWLRQ�ZDV�YHU\�JRRG��*DV��V��YV�*DV��K����DQG�WKH�FXPXODWLYH�ZDWHU�SURGXFWLRQ

�:DWHU��V���ZDV�OHVV�WKDQ�WKH�ILHOG�GDWD��:DWHU��K���DOWKRXJK�WKH�EUHDNWKURXJK�RI�ZDWHU�ZDV�YLUWXDOO\

LGHQWLFDO��

&XUUHQWO\��WKH�WKLUG�SKDVH�RI�WKH�KLVWRU\�PDWFK�VLPXODWLRQV�LV�VWLOO�LQ�SURJUHVV�EHFDXVH�ZH�GLG

QRW� KDYH� D� VDWLVIDFWRU\�PDWFK� IRU� WKLV� SKDVH� RI� VLPXODWLRQV��+RZHYHU�� D� SUHOLPLQDU\� IRDP� WHVW

VLPXODWLRQ�ZDV�SHUIRUPHG�EDVHG�RQ�WKH�KLVWRU\�PDWFK�PRGHO�REWDLQHG�IURP�WKH�PDWFK�RI�SULPDU\

GHSOHWLRQ�DQG�ZDWHUIORRG������¤�������7KH�IRDP�WHVW�VLPXODWLRQ�ZDV�SHUIRUPHG�XVLQJ�H[DFWO\�WKH

VDPH�(9*6$8�LQMHFWLRQ�VFKHGXOH�IURP�-DQXDU\������WR�1RYHPEHU������IRU�DOO�WKH�LQMHFWLRQ�ZHOOV

H[FHSW�WKH�IRDP�LQMHFWLRQ�ZHOO�����������������7KH�LQMHFWLRQ�VFKHGXOH�IRU�WKH�IRDP�LQMHFWLRQ�ZHOO
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ZHUH�PRGLILHG�DV�IROORZLQJ�

6XUIDFWDQW�VROXWLRQ�������SSP�DFWLYH��LQMHFWLRQ�IRU�WKUHH�PRQWKV�IURP�$XJXVW�WR�2FWREHU

�����

)LYH�UDSLG�F\FOHV�RI�DOWHUQDWLQJ�LQMHFWLRQ�RI�VXUIDFWDQW�VROXWLRQ�DQG�&2 ��6$*��IRU�D�WRWDO�RI
�

���GD\V��(DFK�6$*�F\FOH�FRQVLVWHG�RI���GD\V�RI�VXUIDFWDQW�VROXWLRQ�LQMHFWLRQ�DQG����GD\V�RI�&2
�

LQMHFWLRQ��7KH�VXUIDFWDQW�VROXWLRQ�LQMHFWLRQ�UDWH�ZDV���������67%�'�DQG�WKH�&2 �LQMHFWLRQ�UDWH�ZDV
�

��������06&)�'��7KHVH�UDWHV�ZHUH�REWDLQHG�E\�DYHUDJLQJ�WKH�UDWHV�RI�WKH����GD\�SHULRG�VR�WKDW�WKH

ZKROH�PDWHULDO�EDODQFH�LQ�WKH�SLORW�SDWWHUQ�FRXOG�EH�PDLQWDLQHG�

)LJXUH�����VKRZV�WKH�RLO�UDWH�KLVWRU\�RI�WKH�RIIHQGLQJ�SURGXFWLRQ�ZHOO�IURP�WKH�LQLWLDWLRQ�RI

WKH�6$*�LQMHFWLRQ�������GD\V�RI�VLPXODWLRQ��IRU�WKH�IRDP�WHVW�DQG�WKH�EDVH�FDVH��7KH�RLO�UDWH�IRU�WKH

IRDP�WHVW�ZDV�UHGXFHG�GXULQJ������WR������GD\V�RI�VLPXODWLRQ�EXW�ZDV�LQFUHDVHG�ODWHU�GXULQJ�����

WR������GD\V�RI� VLPXODWLRQ�DV�FRPSDUHG� WR� WKH�EDVH�FDVH��7KH� UHGXFWLRQ�RI� WKH�JDV� UDWH�RI� WKH

RIIHQGLQJ�SURGXFWLRQ�ZHOO�IRU�WKH�IRDP�WHVW�ZDV�FOHDUO\�VKRZQ�LQ�)LJ������GXULQJ������WR������GD\V

RI�VLPXODWLRQ�DV�FRPSDUHG�WR�WKH�EDVH�FDVH��7KH�UHGXFWLRQ�RI�ERWK�WKH�RLO�DQG�JDV�UDWH�DW������GD\V

RI�VLPXODWLRQ�LQGLFDWHG�WKDW�IRDP�ZDV�JHQHUDWHG�DW�WKH�SDWK�IURP�WKH�IRDP�LQMHFWLRQ�ZHOO�WR�WKH

RIIHQGLQJ�ZHOO��DQG�WKH�FRQWLQXH�UHGXFWLRQ�RI�JDV�UDWH�XQWLO������GD\V�RI�VLPXODWLRQ�LQGLFDWHG�&2
�

ZDV�GLYHUWHG�DZD\�IURP�WKH�SDWK�DQG�UHVXOWHG�LQ�WKH�KLJKHU�RLO�UDWH�GXULQJ������WR������GD\V�RI

VLPXODWLRQ��%\�WKH�HQG�RI�WKH�VLPXODWLRQ��WKH�LQFUHPHQWDO�RLO�RI�WKH�RIIHQGLQJ�SURGXFWLRQ�ZHOO�ZDV

DERXW�����067%��1RWH�WKDW�WKH�LQFUHPHQWDO�RLO�RI�WKH�IRDP�SLORW�DUHD�ZDV�DERXW���067%�DV�VKRZQ

LQ�)LJ�������7KLV�LQGLFDWHG�WKDW�IRDP�WUHDWPHQW�RQ�WKH�SLORW�DUHD�LQFUHDVHG�WKH�RLO�SURGXFWLRQ�IRU�DOO

WKH�SURGXFWLRQ�ZHOOV��QRW�MXVW�WKH�RIIHQGLQJ�SURGXFWLRQ�ZHOO��7KHUHIRUH��WKH�SUHVHQFH�RI�WKH�IRDP

VLJQLILFDQWO\�LPSURYHG�WKH�VZHHS�DQG�WKXV�UHVXOWHG�LQ�KLJKHU�RLO�SURGXFWLRQ��7KH�FRUUHVSRQGLQJ

UHGXFWLRQ�LQ�LQVWDQWDQHRXV�JDV�RLO�UDWLR�DQG�FXPXODWLYH�JDV�SURGXFWLRQ�FDQ�EH�FOHDUO\�REVHUYHG�LQ

)LJV������DQG������

&RQFOXVLRQV

�� $�IRDP�PRGHO�EDVHG�RQ�WKH�IRDP�UHVLVWDQFH�IDFWRU�ZDV�GHYHORSHG��

�� %RWK�87&203�DQG�0$67(5�KDYH�EHHQ�VXFFHVVIXOO\�PRGLILHG�WR�VLPXODWH�IRDP�IORRGLQJ

SURFHVVHV�ZKHUH�WKH�UHVLVWDQFH�IDFWRU�GDWD�DUH�LQSXW�DV�ORRNXS�WDEOHV�

�� 7KH�VLPXODWLRQ�UHVXOWV�VKRZ�DQ�LQFUHDVH�LQ�WKH�RLO�SURGXFWLRQ�UDWH�DWWULEXWHG�WR�WKH�HIIHFWV�RI

IRDP��DQG�DUH�FRQVLVWHQW�ZLWK�WKH�REVHUYDWLRQV�IURP�WKH�(9*6$8�ILHOG�SLORW�

�� 7KH�UHVXOWV�DOVR�VKRZ�VXFFHVVIXO�SURILOH�PRGLILFDWLRQ�EHFDXVH�RI�WKH�SUHVHQFH�RI�IRDP��WKXV

UHVXOWLQJ�LQ�VLJQLILFDQW�VZHHS�LPSURYHPHQW�

+RUL]RQWDO�:HOO�6LPXODWLRQV

,PSRUWDQW�WHFKQRORJLFDO�DGYDQFHV�GXULQJ�WKH�ODVW�GHFDGH�KDYH�PDGH�LW�SRVVLEOH�WR�GULOO�DQG

FRPSOHWH�KRUL]RQWDO�ZHOO� HFRQRPLFDOO\� � �%HFDXVH�RI� WKH�EHWWHU� VZHHS�HIILFLHQFLHV�DQG�KLJKHU���

LQMHFWLYLWLHV�SRVVLEOH�ZLWK�KRUL]RQWDO�ZHOOV��DOO�LPSURYHG�RLO�UHFRYHU\��,25��PHWKRGV�ZRXOG�EHQHILW

IURP�WKHLU�XVH� �7R�VXFFHVVIXOO\�DSSO\�KRUL]RQWDO�ZHOOV��UHOLDEOH�DQG�DFFXUDWH�WRROV�DUH�QHHGHG�������

WR�DLG�LQ�WKH�GHVLJQ��$�UHVHUYRLU�VLPXODWRU�ZLWK�KRUL]RQWDO�ZHOO�FDSDELOLWLHV�FDQ�SURYLGH�JXLGDQFH�LQWR
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WKH�GHVLJQ�RI�ZHOO�OHQJWKV��ORFDWLRQV��DQG�RWKHU�IDFWRUV�DVVRFLDWHG�ZLWK�KRUL]RQWDO�ZHOOV��+RZHYHU�

WKH�SVHXGR�PLVFLEOH�UHVHUYRLU�VLPXODWRU��0$67(5��GLVFXVVHG�LQ�WKH�SUHYLRXV�VHFWLRQ���ZDV�RQO\�DEOH

WR�KDQGOH�YHUWLFDO�ZHOO�VLPXODWLRQV��WKDW�LV��RQO\�WKH�YHUWLFDO�ZHOO�SDUDOOHO�WR�WKH�]�D[LV�ZDV�FRQVLGHUHG

LQ�0$67(5��7KHUHIRUH��RQH�RI�WKH�REMHFWLYHV�RI�WKLV�ZRUN�ZDV�WR�LQFRUSRUDWH�WKH�KRUL]RQWDO�ZHOO

PRGHOLQJ� FDSDELOLW\� LQWR� 0$67(5�� 7KH� SULPDU\� PRWLYDWLRQ� RI� WKLV� VWXG\� ZDV� WR� FRQGXFW� D

V\VWHPDWLF�LQYHVWLJDWLRQ�RI�&2 �IORRGLQJ�XVLQJ�KRUL]RQWDO�ZHOOV�LQ�FRQMXQFWLRQ�ZLWK�IRDP�
�

:HOO�0RGHO

:H�KDYH�LPSOHPHQWHG�WKH�HTXLYDOHQW�ZHOOEORFN�UDGLXV�IRUPXODWLRQ�RI�%DEX�HW�DO� �LQWR���

0$67(5��EHFDXVH�WKH�HTXDWLRQ�LV�JHQHUDO�DQG�LV�YDOLG�IRU�ERWK�YHUWLFDO�DQG�KRUL]RQWDO�ZHOOV��IRU�DQ\

ZHOO�ORFDWLRQV�DQG�IRU�DQ\�DQLVRWURS\��)XUWKHUPRUH��WKH�HTXDWLRQ�LV�VWLOO�DFFXUDWH�IRU�DQLVRWURSLF�JULGV

RI�KLJK�DVSHFW� UDWLR�ZKHUHDV�RWKHU�ZHOO�PRGHO�HTXDWLRQV� UHTXLUHG�PRGLILFDWLRQV��+RZHYHU�� WKLV

IRUPXODWLRQ�LV�YHU\�VHQVLWLYH�WR�QRQXQLIRUP�JULGV��)RU�D�GHWDLOHG�GHVFULSWLRQ�RI�WKH�JHQHUDO�DQDO\WLFDO

IRUPXOD�IRU�WKH�HTXLYDOHQW�ZHOOEORFN�UDGLXV��ZH�UHIHU�WKH�UHDGHU�WR�WKH�RULJLQDO�SDSHU�RI�%DEX�HW�DO����

0RGLILFDWLRQV�WR�0$67(5

,Q�WKH�RULJLQDO�0$67(5�FRGH��WKH�ZHOO�ZDV�UHSUHVHQWHG�RQO\�DV�D�YHUWLFDO�ZHOO�SDUDOOHO�WR�WKH

]�D[LV��7KH�ZHOOEORFN�SURGXFWLYLW\�LQGH[�ZHUH�LQSXW�IURP�WKH�XVHUV��7KHUHIRUH��WKH�ILUVW�WDVN�ZDV�WR

PRGLI\�WKH�FRGH�WR�DOORZ�IRU�IOH[LEOH�ZHOO�RULHQWDWLRQ��WKDW�LV��ZHOOV�FDQ�EH�SDUDOOHO�WR�WKH�[���\���RU

]�D[LV��+RUL]RQWDO�ZHOOV�DUH�SDUDOOHO�WR�WKH�[��RU�\�D[LV��ZKHUHDV�YHUWLFDO�ZHOOV�DUH�SDUDOOHO�WR�WKH�]�

D[LV��7KH� VHFRQG�PDMRU�PRGLILFDWLRQ� LQYROYHG� LQFRUSRUDWLQJ�%DEX� HW� DO�©V�ZHOO�PRGHO� LQWR� WKH

VLPXODWRU�

9DOLGDWLRQ�5HVXOWV

&DVHV��D�DQG��E�RI�WKH�SUREOHP�JLYHQ�LQ�WKH�6HYHQWK�63(�&RPSDUDWLYH�6ROXWLRQ�3URMHFW���

ZHUH�XVHG�WR�YDOLGDWH�WKH�KRUL]RQWDO�ZHOO�PRGHO�LPSOHPHQWHG�LQ�0$67(5��7KLV�SUREOHP�GHDOV�ZLWK

RLO�UHFRYHU\�E\�ERWWRP�ZDWHU�GULYH�LQ�D�WKLQ�UHVHUYRLU�ZKHUH�FRQLQJ�LV�LPSRUWDQW��)OXLGV�DUH�SURGXFHG

IURP�D�KRUL]RQWDO�ZHOO�GULOOHG�LQ�WKH�WRS�OD\HU��OD\HU�����DQG�D�FRQVWDQW�SUHVVXUH�OLQH�VRXUFH�LV�XVHG

WR�VLPXODWH�WKH�ERWWRP�ZDWHU�GULYH��7KH�KRUL]RQWDO�ZHOO�SURGXFHV�DW�D�FRQVWDQW�OLTXLG�UDWH�RI�����

67%�'��&DVHV��D�DQG��E�ZHUH�GHVLJQHG�WR�H[DPLQH�WKH�HIIHFW�RI�ZHOO�OHQJWK�RQ�WKH�UHFRYHU\��7KH

OHQJWK�RI�WKH�KRUL]RQWDO�SURGXFHU�ZDV�����IW�LQ�FDVH��D�DQG������IW�LQ�FDVH��E��7KH�OHQJWK�RI�WKH

FRQVWDQW�SUHVVXUH�LQMHFWRU�ZDV�NHSW�FRQVWDQW�DW������IW�LQ�ERWK�FDVHV��)RU�D�GHWDLOHG�GHVFULSWLRQ�RI

WKH�SUREOHP��ZH�UHIHU�WKH�UHDGHU�WR�WKH�RULJLQDO�SDSHU�RI�1JKLHP�HW�DO����

)LJXUH� ���� FRPSDUHV� WKH� RLO� UDWH� KLVWRU\� REWDLQHG� IURP� 0$67(5� ZLWK� WKRVH� RI� WKH

SDUWLFLSDQWV�LQ�WKH�SURMHFW�IRU�&DVH��D��6LQFH�WKHUH�ZHUH�D�WRWDO�RI�IRXUWHHQ�SDUWLFLSDQWV�LQ�WKLV�SURMHFW�

ZH�KDYH�RQO\�XVHG� WKH�KLJKHVW�DQG� WKH� ORZHVW� UHVXOWV� IURP�WKH�EDQG�RI� UHVXOWV�SURGXFHG�E\� WKH

SDUWLFLSDQWV�LQGLFDWHG�DV�63(��+LJK��DQG�63(��/RZ���UHVSHFWLYHO\��LQ�WKH�OHJHQG��7KH�FRUUHVSRQGLQJ

ZDWHU�RLO�UDWLR��:25��REWDLQHG�IURP�0$67(5�LV�VKRZQ�LQ�)LJ������FRPSDUHG�WR�WKH�UHVXOWV�IURP

WKH�63(�SURMHFW��)RU�&DVH��E��WKH�UHVXOWV�DUH�VKRZQ�LQ�)LJV������DQG������,W�LV�FOHDU�WKDW�WKH�UHVXOWV

SUHGLFWHG�E\�0$67(5�IDOO�ZLWKLQ�WKH�UDQJH�RI�WKH�UHVXOWV�SUHGLFWHG�E\�WKH�IRXUWHHQ�SDUWLFLSDQWV�LQ

WKLV�SURMHFW��
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&RQFOXVLRQV

� 7KH�KRUL]RQWDO�ZHOO�IHDWXUH�KDV�EHHQ�VXFFHVVIXOO\�LQFRUSRUDWHG�LQWR�0$67(5�EDVHG�RQ�WKH

VLPXODWLRQ�UHVXOWV�YDOLGDWHG�E\�WKH�VROXWLRQV�RI�WKH�6HYHQWK�63(�&RPSDUDWLYH�6ROXWLRQ�3URMHFW�
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7$6.����/2:�,)7�0(&+$1,606�:,7+�$33/,&$7,216��72�0,6&,%/(

)/22',1*�,1�)5$&785('�5(6(592,56

,QWURGXFWLRQ

,QWHUIDFLDO�WHQVLRQ��,)7��SURYLGHV�D�ORJLFDO�OLQN�EHWZHHQ�PLVFLELOLW\�FULWHULD�VXFK�DV�003�DQG

WKH�IORZ�EHKDYLRU�RI�QHDU�PLVFLEOH�&2 �RLO�V\VWHPV�LQ�KHWHURJHQHRXV�UHVHUYRLUV��7KH�REMHFWLYH�RI
�

7DVN���SULPDULO\�FRQFHUQV�IDFLOLWDWLQJ�WKH�GHWHUPLQDWLRQ�RI�,)7�RI�&2 �RLO�V\VWHPV�DQG�LWV�DSSOLFDWLRQ
�

WR�&2 �LQMHFWLRQ�LQWR�UHVHUYRLUV�XQGHU�D�ZLGH�UDQJH�RI�FRQGLWLRQV��7KH�DFFRPSOLVKPHQW�RI�7DVN��
�

ZRXOG�SURYLGH�UHVHUYRLU�HQJLQHHUV�ZLWK�D�UHOLDEOH�PHWKRG�IRU�HVWLPDWLQJ�,)7�RI�&2 �RLO�XQGHU�D�ZLGH
�

UDQJH�RI�UHVHUYRLU�FRQGLWLRQV��2I�SDUWLFXODU�LQWHUHVW�DUH�ORZ�DQG�KLJK�YDOXHV�RI�JDV�RLO�,)7��JDV�EULQH

,)7�DW�UHVHUYRLU�FRQGLWLRQV��DQG�RLO�EULQH�,)7�DW�UHVHUYRLU�FRQGLWLRQV�

:H�ULJRURXVO\�LQYHVWLJDWHG�ERWK�WKH�RULJLQ�DQG�HYROXWLRQ�RI�WKH�PHWKRGRORJLHV�GHYHORSHG�IRU

,)7�SUHGLFWLRQ��:H�IRXQG�WKDW�WKHUH�LV�QR�V\VWHPDWLF�PHWKRG�IRU�FDOFXODWLRQ�RI�DQ\�RI�WKH�DERYH

VWDWHG�V\VWHPV��:H�IRXQG�FRQVLGHUDEOH�FRQIXVLRQ�LQ�WKH�OLWHUDWXUH��HYHQ�IRU�WKH�FDOFXODWLRQ�RI�VLPSOH

JDV�RLO�V\VWHPV�YLD�WKH�SDUDFKRU�PHWKRG��+HUH�LV�D�VXPPDU\�RI�WKH�UHVXOWV�RI�RXU�UHVHDUFK�LQWR�,)7

SUHGLFWLRQV�

�� 0DQ\� SDVW� PHWKRGRORJLHV� ZHUH� GHYHORSHG� ZLWK� LPSOLFLW�� DQG� LQFRUUHFW�� DVVXPSWLRQV

UHJDUGLQJ� WKH� VFDOLQJ� H[SRQHQW�EHWZHHQ� ,)7�DQG�GHQVLW\�GLIIHUHQFH�ZKLFK� LV� WKH�NH\� WR

SDUDFKRU�FDOFXODWLRQV�

��� 5HFHQW�WKHRUHWLFDO�UHVHDUFK�LQ�WKH�SK\VLFV�OLWHUDWXUH�DSSHDUV�WR�KDYH�LVRODWHG�DQG�YHULILHG�WKH

VFDOLQJ�H[SRQHQWV��\HW�WKH�SHWUROHXP�LQGXVWU\�KDV�EHHQ�XQDZDUH�RI�WKH�DGYDQFHV�

�� :H�KDYH�LQYHVWLJDWHG�VFDOLQJ�EHKDYLRU�QHDU�DQG�IDU�IURP�WKH�FULWLFDO�SRLQW�DQG�IRXQG�WKDW�WKH

VFDOLQJ�H[SRQHQWV�DUH�XQLTXH��WKHUHIRUH��WKH\�VKRXOG�QRW�EH�XVHG�DV�DGMXVWDEOH�SDUDPHWHUV�

��� 3DUDFKRUV� IRU�SXUH�FRPSRQHQWV�DQG�& � IUDFWLRQV�KDYH�EHHQ� UHFDOFXODWHG� IURP�FDUHIXOO\
��

VHOHFWHG� GDWD� IRXQG� LQ� RYHU� ���� WHFKQLFDO� SDSHUV�� 7KH� SDUDFKRUV� DUH� EDVHG� RQ� FXUUHQW

XQGHUVWDQGLQJ� RI� FULWLFDO� SKHQRPHQD�� WKXV�� QHLWKHU� VKRXOG� WKHVH� EH� XVHG� DV� DGMXVWDEOH

SDUDPHWHUV�

�� �7KH�PRGLILHG�SDUDFKRU�PHWKRG�SUHVHQWHG�LQ�WKLV�UHSRUW�KDV�SURYHQ�VXSHULRU�WR�RWKHU�SDUDFKRU

FDOFXODWLRQV�IRU�DSSOLFDWLRQ�LQ�ORZ�DQG�KLJK�,)7�V\VWHPV��ERWK�&2 �RLO�DQG�JDV�FRQGHQVDWHV�
�

$IWHU�FRPSOHWLQJ�RXU�LQYHVWLJDWLRQ�LQWR�,)7�SUHGLFWLRQ�PHWKRGRORJLHV��ZH�H[SHULPHQWDOO\

LQYHVWLJDWHG� VXUIDFH� WHQVLRQ� RI� &2 � QHDU� WKH� FULWLFDO� SRLQW�� $� PRUH� DFFXUDWH� PHWKRG� IRU� WKH
�

GHWHUPLQDWLRQ�RI�ORZ�,)7�IURP�SHQGDQW�GURS�PHDVXUHPHQWV�ZDV�GHYHORSHG��/RZ�,)7�&2 �JUDYLW\
�

GUDLQDJH�LQ�QDWXUDOO\�IUDFWXUHG�UHVHUYRLUV�ZDV�VWXGLHG�H[SHULPHQWDOO\�DQG�WKHRUHWLFDOO\��3URPLVLQJ
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H[SHULPHQWDO�UHVXOWV�ZHUH�PDWFKHG�E\�D�QHZO\�GHYHORSHG�PDWKHPDWLFDO�PRGHO��7KH�UHVXOWV�RI�7DVN

��DGGUHVV�ERWK�IXQGDPHQWDO�UHVHDUFK�DQG�UHVHDUFK�ZLWK�GLUHFW�DSSOLFDWLRQV�WR�&2 �IORRGLQJ���
�

�

,QYHVWLJDWLRQ�RQ�3DUDFKRU�0HWKRG�)RU�,)7�3UHGLFWLRQ

%DFNJURXQG

,QWHUIDFLDO� WHQVLRQ� �,)7�� � LV� RQH� RI� WKH� NH\� SDUDPHWHUV� FRQWUROOLQJ� UHFRYHU\� IURP� RLO

UHVHUYRLUV��,Q�D�ORZ�,)7�UHJLRQ�WKDW�RFFXUV�DURXQG�WKH�FULWLFDO�SRLQW�FORVH�WR�GHZ�DQG�EXEEOHSRLQW

OLQHV��WKH�,)7�GRPLQDWHV�UHODWLYH��SHUPHDELOLWLHV�DQG�UHVLGXDO�OLTXLG�VDWXUDWLRQV��3UHGLFWLRQ�RI�,)7

LV�HVVHQWLDO�IRU�PRGHOLQJ�PDQ\�VHFRQGDU\�DQG�WHUWLDU\�RLO�UHFRYHU\�SURFHVVHV��+RZHYHU���WKHUH�LV�QR

FRQVLVWHQW�VWDQGDUG�E\�ZKLFK�WKLV�PD\�EH�DFFRPSOLVKHG�

��3UHGLFWLRQ�RI�WKH�,)7�RI�PXOWLFRPSRQHQW�V\VWHPV�XVLQJ�WKHUPRG\QDPLFV�RI�DGVRUSWLRQ�DW

WKH�LQWHUIDFH�KDV�EHHQ�GHPRQVWUDWHG�E\�*XJJHQKHLP�DQG�$GDP �DW�ORZ�SUHVVXUHV�ZKHUH��WKH�YDSRU���

GHQVLW\�LV�QHJOLJLEOH���7KH�FRPPRQO\�XVHG�PHWKRGV�LQ�WKH�SHWUROHXP�LQGXVWU\�IRU�SUHGLFWLQJ��,)7�DUH

HPSLULFDO�FRUUHODWLRQV�FDOOHG��SDUDFKRU�PHWKRGV�EHFDXVH�RI�WKHLU�VLPSOLFLW\���$OWKRXJK�UHFHQWO\��WKH

JUDGLHQW�WKHRU\�KDV�EHHQ�GHPRQVWUDWHG�WR�EH�VXSHULRU�WR�WKH�SDUDFKRU�PHWKRG��LW�PD\�EH�DSSOLHG

DFFXUDWHO\�WR�LQWHUIDFHV�DW�RQO\�FRQGLWLRQV�IDU�IURP�WKH�FULWLFDO�UHJLRQ�DFFRUGLQJ�WR�&RUQHOLVVH�HW�DO����

:H�DUH�LQWHUHVWHG�LQ�FDOFXODWLRQV�RI��,)7�RI�UHVHUYRLU�IOXLGV��ERWK�LQ�WKH�ORZ�DQG�KLJK�,)7�UHJLRQV�

7KHUHIRUH��RQO\�SDUDFKRU�PHWKRGV�DUH�GLVFXVVHG�LQ�WKLV�UHSRUW�

%DVHG�RQ�H[SHULPHQWDO�REVHUYDWLRQV��0DFOHRG �UHFRJQL]HG�WKH�IROORZLQJ��UHODWLRQ�EHWZHHQ���

VXUIDFH�WHQVLRQ�DQG�GHQVLWLHV���

ZKHUH� ��LV�VXUIDFH�WHQVLRQ�� DQG� DUH�GHQVLWLHV�RI�WKH�OLTXLG�DQG�YDSRU�SKDVHV��UHVSHFWLYHO\��DQG

&�LV�D�FRQVWDQW��7KH�H[SRQHQW���ZDV�DGRSWHG�IURP�9DQ�GHU�:DDO
V�HTXDWLRQ��ZKLFK�LV�EDVHG�RQ�WKH

DVVXPSWLRQ�WKDW�WKH�IRUFH�RI�DWWUDFWLRQ�EHWZHHQ�PROHFXOHV�IDOOV�RII�DV�WKH��WK�SRZHU�RI�GLVWDQFH

EHWZHHQ� WKHP��6XJGHQ �UHODWHG� WKH�FRQVWDQW�&� WR� �FKHPLFDO�FRPSRVLWLRQ�RI� WKH�VXEVWDQFH��+H���

GHILQHG�D�SDUDPHWHU�E\
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ZKHUH�0�LV�PROHFXODU�ZHLJKW�DQG�3�LV�FDOOHG��SDUDFKRU��ZKLFK�ZDV��EHOLHYHG�WR�EH�D�PHDVXUH�RI�WKH

PROHFXODU�YROXPH�DQG�FKHPLFDO�FRPSRVLWLRQ���$IWHU�6XJGHQ
V�GHILQLWLRQ�RI�WKH�SDUDFKRU�LQ������

PDQ\�UHVHDUFKHUV�KDYH�LQWHUSUHWHG�DQG�HYDOXDWHG�SDUDFKRUV�IRU�D�YDULHW\�RI�SXUH�VXEVWDQFHV��4XD\OH���

SURYLGHV�D�VXPPDU\�RI�WKHVH�LQYHVWLJDWLRQV�

7KH�SDUDFKRUV�KDG�EHHQ�OLPLWHG�WR�FDOFXODWLRQV�RI�VXUIDFH�WHQVLRQV�RI�SXUH�VXEVWDQFHV�XQWLO�WKH

����V�ZKHQ�WKH�FRQFHSW�ZDV�LQWURGXFHG�WR�WKH�SHWUROHXP�LQGXVWU\��:HLQDXJ�DQG�.DW] �HPSOR\HG���

WKH�SXUH�VXEVWDQFH�SDUDFKRUV�WR�FDOFXODWH�WKH�,)7�RI�PL[WXUHV��.DW]�HW�DO� �XWLOL]HG�WKH�SDUDFKRUV�WR���

GHWHUPLQH�WKH�,)7�RI�FUXGH�RLOV��DQG�5HQR�DQG�.DW] �WULHG�WR�GHWHUPLQH�WKH�,)7�RI�K\GURFDUERQV���

FRQWDLQLQJ�GLVVROYHG�QLWURJHQ��7KH�HTXDWLRQ�WKH\�XVHG�IRU�WKH�PXOWLFRPSRQHQW�V\VWHPV��LV�HVVHQWLDOO\

D�OLQHDU�FRPELQDWLRQ�RI�HTXDWLRQV�IRU�SXUH�VXEVWDQFHV�ZLWK�PROH�IUDFWLRQ�ZHLJKWLQJ�

ZKHUH�[ �DQG�\ �DUH�PROH�IUDFWLRQV�RI�FRPSRQHQW�L� LQ�OLTXLG�SKDVH�DQG�YDSRU�SKDVH��UHVSHFWLYHO\�
L� � L

%DVHG� RQ� H[SHULPHQWDO� REVHUYDWLRQV� IRU� SURSDQH� DQG� QRUPDO� EXWDQH�� +RXJK� DQG� 6WHJHPHLHU���

SURSRVHG�WKH�IROORZLQJ�HTXDWLRQ�IRU�PL[WXUH�,)7�FDOFXODWLRQV�

ZKHUH�9 �DQG�9 �DUH�PRODU�YROXPHV�RI�OLTXLG�SKDVH�DQG�YDSRU�SKDVH��UHVSHFWLYHO\��(TXDWLRQ������LV
O� � Y

LGHQWLFDO�WR�(T��������ZLWK�WKH�RQO\�GLIIHUHQFH�RI�VFDOLQJ�H[SRQHQW������UDWKHU�WKDQ�����/HH�DQG�&KLHQ���

DOVR�SUHVHQWHG�DQ�HTXDWLRQ�IRU�PL[WXUH�,)7�FDOFXODWLRQV�

�$FFRUGLQJ�WR�/HH�DQG�&KLHQ��WKH�SDUDFKRU�FDQ�EH�GHWHUPLQHG�EDVHG�RQ�FULWLFDO�SURSHUWLHV�RI�WKH

FRPSRQHQWV��$�VOLJKW�PRGLILFDWLRQ� WR� WKH�:HLQDXJ�.DW]�HTXDWLRQ�ZDV�PDGH�E\�+XJLOO�DQG�9DQ

:HOVHQHV �XVLQJ�D�FRUUHODWLRQ�IRU�SXUH�FRPSRQHQW�SDUDFKRUV�DQG�D�WZR�SDUDPHWHU�PL[LQJ�UXOH�IRU���

PL[WXUH��SDUDFKRUV�



��

)LURR]DEDGL�HW�DO� �FRPSDUHG�FDOFXODWHG�VXUIDFH�WHQVLRQV�RI�UHVHUYRLU�FUXGH�RLO�JDV�V\VWHPV���

XVLQJ�WKH�:HLQDXJ�.DW]�PHWKRG�ZLWK�H[SHULPHQWDO�GDWD�DQG�FODLPHG�WKDW�IRU��UHVHUYRLU�IOXLG��V\VWHPV

WKDW�GR�QRW�FRQWDLQ�DVSKDOW�PDWHULDOV��D�TXDGUDWLF�SDUDFKRU��FRUUHODWLRQ�ZRXOG�VXIILFH�IRU�FRPSXWDWLRQ

RI�LQWHUIDFLDO�WHQVLRQ��*DVHP�HW�DO� �WHVWHG�WKH�SUHGLFWLRQ�PHWKRGV�SURSRVHG�E\�:HLQDXJ��DQG�.DW]����

WKH�PRGLILFDWLRQV�E\�+XJLOO�DQG�9DQ�:HOVHQHV��DQG�/HH�DQG�&KLHQ��IRU�,)7�RI�&2 �DQG�HWKDQH�LQ
�

K\GURFDUERQ�VROYHQWV��7KH\�FRQFOXGHG�WKDW�WKH�:HLQDXJ�.DW]��PHWKRG�JLYHV�,)7�UHVXOWV�ZLWK�DQ

DYHUDJH�HUURU�RI�OHVV�WKDQ�����ZKHQ�D��VFDOLQJ�H[SRQHQW�RI�������LQVWHDG�RI����LV�XVHG���0DQ\�OLQHDU

DQG�QRQ�OLQHDU��FRUUHODWLRQV�IRU�SDUDFKRUV�KDYH�EHHQ�GHYHORSHG�VLQFH��������$OL �FRPSDUHG�WKHVH���

SDUDFKRU� PHWKRGV� DQG� PRGLILFDWLRQV� XVLQJ� WHQ� SDUDFKRU� FRUUHODWLRQV�� +H� FRQFOXGHG� WKDW� WKH

:HLQDXJ�.DW]�PHWKRG�ZLWK�D�OLQHDU�SDUDFKRU�FRUUHODWLRQ�WKDW�DSSHDUV�LQ�)DQFKL �\LHOGV�WKH�EHVW�,)7���

SUHGLFWLRQV�IRU�UHVHUYRLU�RLO�JDV��V\VWHPV�ZLWK�D�PHDQ�DEVROXWH�GHYLDWLRQ�RI���������$OL�DOVR�VKRZHG

WKDW�WKH�/HH�&KLHQ�PHWKRG�FDQ��SURGXFH�ODUJH�HUURUV�LQ�UHVHUYRLU�IOXLG�FDOFXODWLRQV�ZKHUH�WKH�FULWLFDO

SURSHUWLHV�RI� WKH�KHDY\� IOXLG�FRPSRQHQWV�DUH�XQFHUWDLQ��%DVHG�RQ�VWDWLVWLFDO� DQDO\VLV��)DZFHWW���

HYDOXDWHG�FRUUHODWLRQV�DQG�SDUDFKRUV�WR�SUHGLFW�ORZ�,)7�LQ�FRQGHQVDWH�V\VWHPV��+H�FRQFOXGHG�WKDW�WKH

+RXJK�6WHJHPHLHU�PHWKRG�ZLWK�D�OLQHDU�FRUUHODWLRQ�IRU�FUXGH�FXW�SDUDFKRUV��JLYHV�ORZ�,)7�SUHGLFWLRQV

ZLWK�VPDOO�V\VWHPDWLF�HUURUV�IRU�PXOWLFRPSRQHQW�V\VWHPV��

2EYLRXVO\�WKHUH�KDV�EHHQ�FRQVLGHUDEOH�FRQIXVLRQ�LQ�WKH�OLWHUDWXUH�FRQFHUQLQJ�WKH�SDUDFKRU

PHWKRG�IRU�HVWLPDWLQJ�,)7��7KH�FRQIXVLRQ�LV�SULPDULO\�EDVHG�XSRQ��WKH�ODFN�RI�SUHFLVH�GHILQLWLRQ�RI

WKH�VFDOLQJ�H[SRQHQW�DQG�SDUDFKRUV�GHULYHG��EDVHG�RQ�WKLV�H[SRQHQW����:H�DGGUHVVHG������FODULILFDWLRQ

RI�WKH�FRQIXVLRQ�DERXW�WKH��VFDOLQJ�H[SRQHQW������GHULYDWLRQ�RI�SDUDFKRUV�IRU�SXUH�VSHFLHV�RFFXUULQJ

LQ��SHWUROHXP�IOXLGV�DQG�RLO�FXWV��DQG�����YHULILFDWLRQ�RI�WKH�YDOLGLW\�RI�WKHVH��GHULYHG�SDUDFKRUV�LQ�,)7

SUHGLFWLRQ�RI�UHVHUYRLU�IOXLGV�

6FDOLQJ�([SRQHQW

7KLV�VHFWLRQ�GLVFXVVHV�WKH�RULJLQ�RI�YDULRXV�YDOXHV��RI�WKH�VFDOLQJ�H[SRQHQW�WKDW�DSSHDU�LQ�WKH

OLWHUDWXUH��7KH�DSSOLFDELOLW\�RI��WKH�VFDOLQJ�H[SRQHQW������HVWDEOLVKHG�LQ�WKH�PRGHUQ�SK\VLFV�OLWHUDWXUH

LV� HYDOXDWHG� XVLQJ� H[SHULPHQWDO� GDWD� IRU� ��� FRPSRXQGV� DQG� FRPSRXQG� PL[WXUHV� RFFXUULQJ� LQ

SHWUROHXP�IOXLGV��

2ULJLQ�RI�9DULRXV�9DOXHV

)URP�WKH�ODVW�VHFWLRQ��WKH�H[SRQHQW���LQ�WKH�:HLQDXJ�.DW]��HTXDWLRQ��(T������ZDV�DGRSWHG�

WKURXJK�0DFOHRG�DQG�6XJGHQ��IURP�WKH�9DQ�GHU�:DDO
V�HTXDWLRQ�ZLWKRXW�DQ\�MXVWLILFDWLRQ��0DFOHRG

DVVXPHG�WKDW�VLQFH�WKH�9DQ�GHU�:DDO
V�HTXDWLRQ�LV�EDVHG�RQ�WKH�DVVXPSWLRQ�WKDW�WKH�IRUFH�RI�DWWUDFWLRQ

EHWZHHQ�PROHFXOHV�IDOOV�RII�DV�WKH��WK�SRZHU�RI�GLVWDQFH�EHWZHHQ�WKHP��WKHQ�WKH�YDOXH���VKRXOG�EH

WKH�VFDOLQJ�H[SRQHQW��:H�KDYH�UH�H[DPLQHG�0DFOHRG
V�RULJLQDO�GDWD�DQG�IRXQG�WKLV�H[SRQHQW���WR�EH

D�URXJK�DSSUR[LPDWLRQ��7KH�DFWXDO�YDOXHV�RI�0DFOHRG
V�H[SRQHQW�DUH�OHVV�WKDQ���DV�VKRZQ�LQ�)LJ�����

DQG�7DEOH����
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� $QRWKHU�PHDQV�RI�TXDQWLI\LQJ�WKH�H[SRQHQW�LV�WR�XVH�WKH�FULWLFDO�VFDOLQJ�WKHRU\�IRU�,)7��

DQG�GHQVLW\�GLIIHUHQFH�

'LYLGLQJ�(T�������E\�(T�������JLYHV�D�UHODWLRQVKLS�EHWZHHQ�,)7�DQG�'U�

7KH�FRQVWDQW�&�LV�UHODWHG�WR�WKH�SDUDFKRU�DQG�WKH�UDWLR�RI�WKH�WZR�FULWLFDO�VFDOLQJ��H[SRQHQWV��������LV
HTXLYDOHQW�WR�WKH�H[SRQHQW�LQ�WKH�SDUDFKRU�HTXDWLRQ�����

%DVHG�RQ�HPSLULFDO�UHODWLRQV�JLYHQ�E\�*XJJHQKHLP� ��+RXJK�DQG�6WHJHPLHU �SURSRVHG����� � � ���

YDOXHV�RI������RU�������IRU���DQG�������RU�������IRU�J��7KH�UDWLR�RI�WKHVH�WZR�YDOXHV�JLYHV�+RXJK�
6WHJHPHLHU
V�VFDOLQJ�H[SRQHQW�RI�������RU��������7KH�HPSLULFDO�UHODWLRQV�SURYLGHG�E\�*XJJHQKHLP

RULJLQDOO\� DSSHDUHG� LQ� *XJJHQKHLP
V � HDUO\� ZRUN� SXEOLVKHG� LQ� ������ 7KHVH� UHODWLRQV� ZHUH���

HVWDEOLVKHG�EDVHG�RQ�OLPLWHG�PHDVXUHPHQW�RI��'U��DQG�,)7��7KH�HLJKW�IOXLGV�XVHG�ZHUH�1H��$U��.U��;H�

1 ��2 ��&2��DQG�&+ ��
� � � � � � �

$W�RQH�WLPH��PDQ\�UHVHDUFKHUV�EHOLHYHG�WKDW�DOO�PDWHULDOV�KDYH�WKH�VDPH���H[SRQHQW¥����

+RZHYHU��XQWLO�WKH�����V��WKLV�KDG�QRW�EHHQ�ULJRURXVO\��GHPRQVWUDWHG�DV�SRLQWHG�RXW�E\�6WDQOH\����

,W�FDQ�EH�VHHQ�WKDW�WKH�����SURSRVHG�E\�*XJJHQKHLP�KDG�QRW�EHHQ�DFFHSWHG��E\�SK\VLFLVWV�DV�D�JHQHUDO

YDOXH�IRU���ZKHQ�LW�ZDV�DGRSWHG�E\�+RXJK��DQG�6WHJHPHLHU��7KH���YDOXH������ZDV�DOVR�HVWDEOLVKHG
E\�*XJJHQKHLP
V��ZRUN �EDVHG�RQ�OLPLWHG�PHDVXUHPHQWV�RQ�1H��$U��1 �DQG�2 ��$JDLQ��WKH��VFDOLQJ���

�� � �

H[SRQHQW������KDG�QRW��EHHQ�DFFHSWHG�LQ�WKH�SK\VLFV�OLWHUDWXUH�DV�D�JHQHUDO�YDOXH�IRU���ZKHQ�LW�ZDV
DGRSWHG��E\�+RXJK�DQG�6WHJHPHLHU�LQ�������7KHUHIRUH��LW�DSSHDUV�WKDW�WKH��H[SRQHQW������SURSRVHG

E\�+RXJK�DQG�6WHJHPHLHU�LV�QRW�DSSOLFDEOH�WR�DOO�IOXLGV���/HH�DQG�&KLHQ �DGRSWHG���DQG���YDOXHV���

IURP�GLIIHUHQW�VRXUFHV��7KH\�XVHG�WKH�HPSLULFDO�YDOXH�������RU�������IRU���JLYHQ�E\��*XJJHQKHLP���

DQG�WKHRUHWLFDO�YDOXH��������IRU���JLYHQ�E\��)LVKHU� ��7KH�UDWLR�RI�WKHVH�WZR�YDOXHV�JLYHV�/HH�&KLHQ
V���



��

VFDOLQJ�H[SRQHQW�RI�������7KH��������LV�EDVHG�RQ�RQH�RI�D��FODVV�RI�GHFRUDWHG�,VLQJ�PRGHOV�GHVFULEHG

E\�)LVKHU� ��$FFRUGLQJ�WR��WKLV�PRGHO��WKH���YDOXH�LV������UDWKHU�WKDQ��������7KLV�UHYHDOV��WKDW�WKH���

VFDOLQJ�H[SRQHQW������LQ�/HH�&KLHQ
V�HTXDWLRQ�PD\�QRW�EH�UHOLDEOH��EHFDXVH�LW�ZDV�HVWDEOLVKHG�EDVHG

RQ�LQFRQVLVWHQW�GDWD�VRXUFHV�

6HQJHUV�DQG�6HQJHUV �VXPPDUL]HG�WKHRUHWLFDO�YDOXHV�RI�WKHVH��FULWLFDO�VFDOLQJ�H[SRQHQWV���

IRXQG�LQ�WKH�SK\VLFV�OLWHUDWXUH�DV�VKRZQ�LQ��7DEOH�����7KH�FXUUHQWO\�DFFHSWHG�YDOXHV�IRU���DQG���LQ
PRGHUQ� SK\VLFV� DUH� ������ DQG� ������ UHVSHFWLYHO\� �5RZOLQVRQ� DQG� :LGRP� � :LGRP� � DQG���� ���

0ROGRYHU ��\LHOGLQJ������IRU�WKH��FULWLFDO�VFDOLQJ�H[SRQHQW�LQ�WKH�SDUDFKRU�HTXDWLRQ�����

$SSOLFDELOLW\�RI�([SRQHQW�����

7KH�TXHVWLRQ�RI�DSSOLFDELOLW\�RI�FULWLFDO�VFDOLQJ�H[SRQHQWV�ZHOO�DZD\�IURP�WKH�FULWLFDO�SRLQW

KDV�EHHQ�VSHFXODWHG�XSRQ��EXW�LQ�WKH�OLWHUDWXUH�QR�HYLGHQFH�FDQ�EH�IRXQG�WKDW�SURYHV�RU�GLVSURYHV�WKH

H[WHQW�RI�FULWLFDO�VFDOLQJ�DQG�ZKDW�JRYHUQV�GHYLDWLRQV�IURP�FULWLFDO�VFDOLQJ�IDU�IURP�WKH�FULWLFDO�SRLQW�

)URP�0DFOHRG
V�GDWD�VKRZQ�LQ�)LJ�������ZH�FRXOG�DVVXPH��WKDW�WKH�WKHRUHWLFDOO\�GHULYHG�FULWLFDO

H[SRQHQW��������PD\�EH�DSSOLFDEOH�RYHU�D�ZLGH�UDQJH�RI�FRQGLWLRQV��ZKLOH�RWKHU�PRUH�UHFHQW�SDSHUV

KDYH�VXJJHVWHG�WKLV�QXPEHU�VKRXOG�EH�DOWHUHG�DZD\�IURP�WKH�FULWLFDO�UHJLRQ���

+DQLII�DQG�3HDUFH �GLVFXVVHG�WKH�IRXU�H[SRQHQWV����������������DQG�������WKDW�DSSHDU�LQ���

SDUDFKRU�HTXDWLRQV���7KH\�DOVR�PHDVXUHG�,)7�DQG��'�RI�& �& �PL[WXUHV�DW�GLIIHUHQW�WHPSHUDWXUHV���%\
� �

ILWWLQJ�WKHLU�H[SHULPHQWDO�GDWD�WR�WKH�SDUDFKRU�HTXDWLRQ��WKH\�IRXQG�WKDW�WKH�H[SRQHQW�LQ�WKH�SDUDFKRU

HTXDWLRQ� LQFUHDVHV�ZLWK� WHPSHUDWXUH�� �7KLV�H[SRQHQW� LQFUHDVHV� IURP������ WR������DV� WHPSHUDWXUH

LQFUHDVHV�IURP�������&�WR�������&�IRU�WKH�& �& �PL[WXUH��6LQFH�DOO�WKHVH�YDOXHV�DUH�OHVV�WKDQ�������WKH\
� �

EHOLHYHG�WKDW�WKH�H[SHULPHQWDO�SRLQWV�ZHUH�RXWVLGH�WKH�FULWLFDO�UHJLRQ���7KH\�DOVR��FRQVLGHUHG�WKH�YDOXH

������ZKLFK�ZDV�GHULYHG�DW�D�WHPSHUDWXUH�RI������&��WR�FRUUHVSRQG�WR�+RXJK�6WHJHPLHU
V�H[SRQHQW

��������7KH\�FRQFOXGHG�WKDW�DORQJ�WKH�FULWLFDO�LVRWKHUP�DQG��PRUH��SDUWLFXODUO\��LQ�WKH�YDU\�QDUURZ

UHJLRQ�FORVH�WR�WKH�FULWLFDO�SRLQW��WKH�H[SRQHQW�LV�HTXDO�WR�������7KH\�UHIHUUHG�WR��H[SRQHQW�YDOXHV�WKDW

DUH�OHVV�WKDQ������DV�¦HIIHFWLYH§�FULWLFDO�H[SRQHQWV���+X\JHQV�HW�DO� �SORWWHG�,)7�GHQVLW\�GDWD�WDNHQ���

IURP�VWXGLHV�E\�+DQLII�DQG�3HDUFH� �:DJQHU�DQG�/HDFK� �)LURR]DEDGL�DQG�5DPH\� �DQG�6DWKHUOH\���� � � ���� � � ���

HW�DO� �LQ�RQH�JUDSK���7KH\�IRXQG�WKDW�ZKHQ�DOO�WKH�GDWD�SRLQWV�DUH�FRQVLGHUHG�LQ�D�ZLGH�UDQJH�RI�,)7���

EHORZ���P1�P���WKH�GDWD�H[KLELWV�D�OLQHDU�UHODWLRQVKLS�RQ�D�ORJ�ORJ�VFDOH�ZLWK�D�VORSH�RI�������ZKLFK

LV�FRQVLVWHQW�ZLWK�WKH�WKHRUHWLFDO�YDOXH�RI�WKH�VFDOLQJ�H[SRQHQW��$FFRUGLQJO\��WKH\�GHILQH�WKH�FULWLFDO

UHJLRQ�DV�WKH�UHJLRQ�ZKHUH�WKH�,)7�LV�OHVV�WKDQ���P1�P�

7R�H[SORUH�WKH�DSSOLFDELOLW\�RI�WKH�VFDOLQJ�H[SRQHQW�������ZH�ILUVW�SORWWHG��,)7�YHUVXV�UHGXFHG

WHPSHUDWXUH����7�7 ��GDWD�LQ�WKH�ORZ�,)7�UHJLRQ�IRU��PHWK\O�HWKHU�DQG�&2 �DV�GHPRQVWUDWHG�LQ�)LJ�
F � � � � � � � �� � � � �

�����7KH�VORSH�LV�YHU\��FORVH�WR��������:H�WKHQ�SORWWHG��,)7�YHUVXV�UHGXFHG�WHPSHUDWXUH����7�7 ��GDWD
F

IRU����SXUH�FRPSRQHQWV��'DWD�DUH�FLWHG�IURP�9DUJDIWLN� � �7KH�PHDVXUHG�,)7�GDWD�ZHUH�PRVWO\���

EHWZHHQ����P1�P�DQG����P1�P��,)7�ZDV��PHDVXUHG�DW�UHGXFHG�WHPSHUDWXUHV�PRVWO\�UDQJLQJ�IURP

����WR�������$OWKRXJK�PRVW�RI�GDWD�SRLQWV�IDOO�IDU�EH\RQG�WKH�FULWLFDO��UHJLRQ�GHILQHG�E\�+X\JHQV�HW�DO��

GLVWULEXWLRQ� DQDO\VLV� VKRZQ� LQ� )LJ����� LQGLFDWHV� WKDW� PRVW� RI� WKH� VORSH� YDOXHV� DUH� VWLOO� LQ� WKH

QHLJKERUKRRG�RI�������ZKLFK�LV�FORVH�WR�WKH�FULWLFDO�VFDOLQJ�H[SRQHQW������

��



��

)LJXUH�����VKRZV�D�SORW�RI�GHQVLW\�GLIIHUHQFH�YHUVXV�UHGXFHG�WHPSHUDWXUH�IRU�WKH�LVR�EXW\ULF

DFLG�ZDWHU�V\VWHP�VWXGLHG�E\��*UHHU� ��7KLV�ILJXUH�GHPRQVWUDWHV�WKH�YDOLGLW\�RI�WKH�VFDOLQJ�H[SRQHQW���

�� �������QHDU�WR�WKH�FULWLFDO�SRLQW��:KLOH�VLPLODU�GDWD�DUH�ODFNLQJ�LQ��OLWHUDWXUH��PRUH�,)7�GHQVLW\�GDWD

IRU�PXOWLFRPSRQHQW�PL[WXUHV�DUH��DYDLODEOH�IURP�SUHYLRXV�LQYHVWLJDWLRQV���)LJXUH�����VKRZV�D�SORW

RI�,)7�YV���'�IRU�PHWKDQH�SURSDQH��PL[WXUHV�DW�YDULRXV�WHPSHUDWXUHV���'DWD�XVHG�WR�JHQHUDWH�WKLV�SORW
DUH�IURP�:HLQDXJ�DQG�.DW]
V �SDSHU�IRU�WKH�& �& �ELQDU\�V\VWHP���7KH�H[SHULPHQWDO�GDWD��FRQIRUPV���

� �

FORVHO\�WR�WKH�VORSH�GHULYHG�E\�FULWLFDO�VFDOLQJ�WKHRU\��HYHQ�ZHOO�DZD\�IURP�ZKDW�LV�FRQVLGHUHG�¦QHDU

FULWLFDO�§��)LJXUH�����LQGLFDWHV�WKDW�IRU�WKLV�JDV�FRQGHQVDWH�V\VWHP�WKH�VORSH�RI������KROGV�DW�OHDVW�XS

WR�DQ�,)7�YDOXH�RI����P1�P����)LJXUH�����VKRZV�H[SHULPHQWDO�GDWD�SUHVHQWHG�E\�6DWKHUOH\�HW�DO�����

0RUURZ�HW��DO�� �DQG�&XLHF�HW�DO� �IRU�RLO�EULQH�V\VWHPV�FRQWDLQLQJ�DOFRKRO��7KLV�ILJXUH�WHQGV�WR���� � � � ���

FRQILUP�WKH�GHILQLWLRQ�+X\JHQV�HW�DO��RI�WKH�QHDU�FULWLFDO��UHJLRQ���6KRZQ�LQ�)LJ�����DUH�GDWD�REWDLQHG

E\�+X\JHQV�HW�DO��DQG�6DWKHUOH\�DQG�6FKLIIULQ�IRU�WKUHH��QLWURJHQ�K\GURFDUERQ�V\VWHPV��7KLV�ILJXUH

LQGLFDWHV�WKDW�WKH�QHDU�FULWLFDO�UHJLRQ�IRU�WKH�QLWURJHQ�K\GURFDUERQ�V\VWHPV�PD\�EH�PXFK�QDUURZHU

WKDQ�WKDW��GHILQHG�E\�+X\JHQV�HW�DO���7KH�VORSH�GURSV�EHORZ������ZKHQ�WKH�,)7�LV�JUHDWHU�WKDQ����

P1�P���)LJXUH�����VKRZV�H[SHULPHQWDO�GDWD�SURYLGHG�E\�+VX�HW�DO�� �1DJDUDMDQ�DQG�5RELQVRQ����� � � �������

DQG�*DVHP�HW�DO� �IRU�VRPH�&2 �K\GURFDUERQ�V\VWHPV��7KH�H[SHULPHQWDO�GDWD��PDWFK�WKH�VORSH�������
�

GHULYHG�E\�FULWLFDO� VFDOLQJ� WKHRU\�FORVHO\�� � HYHQ�ZHOO� DZD\� �,)7V�XS� WR����P1�P�� IURP�ZKDW� LV

FRQVLGHUHG�¦QHDU�FULWLFDO�§�H[FHSW� IRU� � WKH�& �&2 �V\VWHP�ZKLFK�KDV�D� UHODWLYHO\�QDUURZ�FULWLFDO�� �

UHJLRQ�

,W�PXVW�EH�HPSKDVL]HG�WKDW�QHDU�WKH�FULWLFDO�SRLQW��WKH�VORSH�KDV�D�WKHRUHWLFDO�YDOXH�RI�����

UHJDUGOHVV�RI�WKH�SDWK�WDNHQ�WR�WKH�FULWLFDO�SRLQW���ZKHWKHU�E\�FKDQJH�LQ�WHPSHUDWXUH�RU�SUHVVXUH��DV

LQ�WKH�FDVH�RI�&2 �K\GURFDUERQ��PL[WXUHV��RU�DGGLQJ�D�WKLUG�FRPSRQHQW�VXFK�DV�DOFRKRO��)LJXUHV�����

DQG������WKURXJK�����FOHDUO\��GHPRQVWUDWH�WKDW�DV�ORZ�,)7�YDOXHV�DUH�DFKLHYHG��DSSUR[LPDWHO\�EHORZ

�����G\QH�FP���WKH�VORSH�RI�WKH�SORW�LV�YHU\�QHDU�WKH�WKHRUHWLFDO�YDOXH�RI��������)LJXUHV�����DQG����

VKRZ�WKDW�DOFRKRO�RLO�ZDWHU�DQG��1 �K\GURFDUERQ�V\VWHPV�GHYLDWH�IURP�D�VORSH�RI������DW�KLJKHU�YDOXHV�

RI��,)7���7KH�GHYLDWLRQ�RI�WKH�QLWURJHQ�K\GURFDUERQ�DQG�DOFRKRO�RLO�ZDWHU�V\VWHPV��IURP��FULWLFDO

H[SRQHQWV�DUH�H[SODLQHG�E\�WKH�IROORZLQJ��,I�D�VLQJOH�GURS�RI�DOFRKRO��LV�DGGHG�WR�DQ�RLO�ZDWHU�V\VWHP�

WKH�DOFRKRO�ZLOO�UDSLGO\�DGVRUE�DW�WKH��LQWHUIDFH��7KH�,)7�ZLOO�EH�VLJQLILFDQWO\�UHGXFHG�\HW�WKH�GHQVLW\

GLIIHUHQFH�EHWZHHQ�WKH�EXON�SKDVHV�ZLOO�FKDQJH�YHU\�OLWWOH���7KH�UHVXOW�LV�WKDW��WKH�VORSH�RI�WKH�,)7��'
SORW�LV�JUHDWHU�WKDQ��������&RQYHUVHO\��QLWURJHQ�ZHDNO\��DGVRUEV�DW�WKH�LQWHUIDFH��WKHUHE\�UHTXLULQJ�KLJK

SUHVVXUHV�IRU�VLJQLILFDQW��VROXELOLW\�DQG�PDVV�WUDQVIHU�EHWZHHQ�WKH�SKDVHV�EHIRUH�WKH�,)7�LV�ORZHUHG�

,Q� DGGLWLRQ�� WKH�PROHFXODU�ZHLJKW� RI� QLWURJHQ� LV� ORZHU� WKDQ� WKDW� RI�PRVW� � K\GURFDUERQV� LQ� RLO�

WKHUHIRUH��LW�XVXDOO\�KDV�D�QHJDWLYH�FRQWULEXWLRQ�WR��JDV�GHQVLW\��ZKLFK�NHHSV�,)7�KLJK����7KXV��WKH

QLWURJHQ�K\GURFDUERQ�VORSHV�DUH�VHHQ�WR�EH��OHVV�WKDQ��������7KHVH�VSHFLDO�V\VWHPV�DUH�GLVFXVVHG�LQ

D�VHSDUDWH��VHFWLRQ�LQ�WKLV�UHSRUW���

,Q� VXPPDU\�� IRU� VWURQJO\� LQWHUDFWLQJ� V\VWHPV�� H�J��� EULQH�RLO�DOFRKRO�� ZHDNO\� LQWHUDFWLQJ

V\VWHPV��H�J���1 �RLO��RU�PROHFXOHV�ZLWK�D�ODUJH�VL]H�GLVFUHSDQF\��H�J���&2 �& ��WKH�VFDOLQJ�H[SRQHQW� � � � � � � � � � � ��

PD\�QRW�EH�YDOLG�RXWVLGH�WKH�FULWLFDO�UHJLRQ�DV�GHILQHG�E\�+X\JHQV�HW�DO��+RZHYHU��IRU�&2 ��FUXGH��RU�

JDV��FRQGHQVDWH�V\VWHPV��WKH�VFDOLQJ�H[SRQHQW
V�ZLGH�UDQJH�RI�YDOLGLW\�HQVXUHV�UHODWLYHO\��DFFXUDWH�,)7

SUHGLFWLRQV�E\�WKH�SDUDFKRU�PHWKRG�
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1HZ�3DUDFKRUV

7KLV� VHFWLRQ� SUHVHQWV� SDUDFKRUV� RI� SXUH� FRPSRQHQWV� GHULYHG� XVLQJ� ����� DV� WKH� VFDOLQJ

H[SRQHQW��7KHVH�SDUDFKRUV�DUH�FRUUHODWHG�WR�PROHFXODU�ZHLJKW��&RUUHODWLRQV�KDYH�EHHQ�GHYHORSHG�IRU

K\GURFDUERQ�PL[WXUHV�ZLWK�GLIIHUHQW��FRPSRVLWLRQ��3DUDFKRUV�RI�RLO�FXWV�DUH�GHWHUPLQHG�XWLOL]LQJ�WKHVH

FRUUHODWLRQV�

3XUH�6XEVWDQFH

3DUDFKRUV�RI�&2 ��1 ��+ 6�DQG�����K\GURFDUERQV�FRPPRQO\�HQFRXQWHUHG��LQ�FUXGH�RLOV�DUH
� � � � �

EDFN�FDOFXODWHG�IURP�PHDVXUHG�GHQVLW\�DQG�LQWHUIDFLDO�WHQVLRQ�GDWD��7KH�H[SHULPHQWDO�GDWD�DUH�IRXQG

LQ�WKH�OLWHUDWXUH� ��7KHVH�H[SHULPHQWDO�GDWD�DUH�FDUHIXOO\�VFUHHQHG�IURP�����WHFKQLFDO�SDSHUV����������������

([SHULPHQWDO� GDWD� � FRQVLVWHQWO\� SURYLGHG� E\� � GLIIHUHQW� LQYHVWLJDWRUV� DUH� VHOHFWHG� IRU� SDUDFKRU

GHWHUPLQDWLRQV�LQ�WKLV�ZRUN��7KH�UHVXOWDQW�SDUDFKRUV�DUH�SUHVHQWHG�LQ�7DEOH�����:LWK�VRPH�PL[LQJ

UXOHV��WKHVH�SDUDFKRU�GDWD�FDQ�EH�XWLOL]HG�IRU�SUHGLFWLQJ�,)7�RI�ZHOO�GHILQHG�K\GURFDUERQ�V\VWHPV�ZLWK

NQRZQ��H[DFW�FRPSRVLWLRQV�

+\GURFDUERQ�0L[WXUHV

,W�LV�FRQYHQLHQW�WR�OXPS�RU�VRPHWLPHV�VSOLW�K\GURFDUERQ�FRPSRQHQWV�LQ�DQDO\]LQJ�K\GURFDUERQ

¦SOXV� IUDFWLRQV§� RI� FUXGH� RLO� V\VWHPV��8VXDOO\�� WKH� SOXV� IUDFWLRQV�� FRPPRQO\� NQRZQ� DV� WKH�&��

IUDFWLRQV�� FRQWDLQ� DQ� LQGHILQLWH� QXPEHU� RI� FRPSRQHQWV� ZLWK� D� FDUERQ� QXPEHU� KLJKHU� WKDQ� VL[�

0ROHFXODU�ZHLJKW��DQG�VSHFLILF�JUDYLW\�RI�WKH�& �IUDFWLRQ�PD\�EH�WKH�RQO\�PHDVXUHG�GDWD��DYDLODEOH���

7KHUHIRUH��LW�LV�GHVLUDEOH�WR�DVVLJQ�SDUDFKRUV�WR�WKH�SOXV�IUDFWLRQV�EDVHG�RQ�WKH�PROHFXODU�ZHLJKWV��:H

KDYH�SORWWHG�PROHFXODU�ZHLJKW�YV��SDUDFKRU�GDWD�IRU�GLIIHUHQW�K\GURFDUERQ�PL[WXUHV�DV�VKRZQ�LQ�)LJV�

���¤����� � 7KHVH� ILJXUHV� LQGLFDWH� WKDW� D� IDLUO\� JRRG� OLQHDU� UHODWLRQVKLS� H[LVWV� IRU� D� YDULHW\� RI

K\GURFDUERQV��7KLV�OLQHDU�UHODWLRQVKLS�FDQ�EH�H[SUHVVHG�DV�

&RUUHODWLRQ� FRHIILFLHQWV� DQG� VWDQGDUG� HUURU� RI� HVWLPDWLRQ� IRU� WKHVH� K\GURFDUERQV� DUH

VXPPDUL]HG�LQ�7DEOH������,W�LV�HYLGHQW�IURP�7DEOH�����WKDW�QRUPDO�SDUDIILQV�UHPDUNDEO\�REH\�WKH

OLQHDULW\��ZKLOH�DGGLQJ�F\FOLF�DQG�DURPDWLF��FRPSRXQGV�FDXVHV�VFDWWHU�RI�GDWD��,W�LV�UHFRPPHQGHG�WKDW

WKHVH�FRUUHODWLRQV�EH�XVHG�IRU�HVWLPDWLQJ�SDUDFKRUV�RI� WKH�SOXV�IUDFWLRQV��2QH�RI� WKH�FRUUHODWLRQV

VKRXOG�EH�FKRVHQ�EDVHG�RQ�DQ�HVWLPDWLRQ�RI�WKH�FRPSRVLWLRQ�RI�WKH�SOXV�IUDFWLRQ��7KH�HVWLPDWLRQ�PD\

EH�PDGH�WKURXJK�321$���SDUDIILQ�ROHILQ�QDSKWKDOHQH�DURPDWLF��DQDO\VLV�RI�VWRFN�WDQN�RLO��

�

3DUDFKRUV�RI�2LO�&XWV

� $OWKRXJK�LW�LV�SRVVLEOH�WR�JHW�UHOLDEOH�SDUDFKRUV�IRU��SXUH�FRPSRQHQWV��WKH��DSSOLFDWLRQV�RI�SXUH

FRPSRQHQW�SDUDFKRUV�DUH�OLPLWHG�WR�VLPSOH�IOXLG��V\VWHPV�ZLWK�NQRZQ�H[DFW�FRPSRVLWLRQV��7KLV�LV

SDUWLFXODUO\�WUXH�LQ�SHWUROHXP�UHVHUYRLU�VLPXODWLRQ�ZKHUH�K\GURFDUERQV�DUH�WUHDWHG�LQ�WKHLU�JURXSV��RLO

FXWV��� )RU� H[DPSOH�� WKH� & � JURXS� LQFOXGHV� QRUPDO� KH[DQH�� ��PHWK\OSHQWDQH�� ��PHWK\OSHQWDQH��

����GLPHWK\OEXWDQH������GLPHWK\OEXWDQH��HWF��:LWK�FXUUHQWO\�DYDLODEOH��WHFKQRORJLHV��LW�LV�GLIILFXOW��LI

QRW�LPSRVVLEOH��WR�PHDVXUH�WKH�H[DFW��FRPSRVLWLRQ�RI�D�FUXGH�RLO��$OVR��LW�LV�QRW�IHDVLEOH�WR�VLPXODWH

FUXGH�RLO�V\VWHPV�XVLQJ�DOO�WKH�H[DFW�FRPSRQHQWV��(YHQ�LI�WKLV�FRXOG�EH�GRQH���SK\VLFDO�SURSHUWLHV
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�VXFK� DV� FULWLFDO� SUHVVXUH�� RI� DOO� WKH� SXUH� FRPSRQHQWV� DUH� QRW� UHDGLO\� DYDLODEOH��7KHUHIRUH�� LW� LV

GHVLUDEOH�WR�DVVLJQ��SDUDFKRUV�WR�K\GURFDUERQ�JURXSV��RLO�FXWV��IRU�XVHV�LQ��FRPSRVLWLRQDO�UHVHUYRLU

VLPXODWRUV��%DVHG�RQ�HTXLYDOHQW�PROHFXODU�ZHLJKWV�RI�RLO�FXWV�SURSRVHG�E\�$KPHG� ��SDUDFKRUV�RI���

K\GURFDUERQ�JURXSV�DUH�HVWLPDWHG�XVLQJ�D�OLQHDU�FRUUHODWLRQ���7KH�UHVXOWV�DUH�VKRZQ�LQ�7DEOH����

&RPSDULVRQV

6HYHUDO� SDUDFKRU� FRUUHODWLRQV� KDYH� EHHQ� UHSRUWHG� WR� EH� VXFFHVVIXO� IRU� SUHGLFWLQJ� ,)7� RI

UHVHUYRLU�IOXLGV��)LURR]DEDGL�HW�DO� �FODLPHG�WKDW�IRU�UHVHUYRLU�IOXLG��V\VWHPV�WKDW�GR�QRW�FRQWDLQ���

DVSKDOW�PDWHULDOV��WKH�IROORZLQJ�TXDGUDWLF��SDUDFKRU�FRUUHODWLRQ�ZRXOG�VXIILFH�IRU�WKH�FRPSXWDWLRQ�RI

VXUIDFH�WHQVLRQ�ZKHQ�:HLQDXJ�.DW]�SDUDFKRU�PHWKRG�LV�XVHG�

7KURXJK�FRPSDULVRQ�RI�WHQ�SDUDFKRU�FRUUHODWLRQV��$OL �FRQFOXGHG�WKDW�WKH�OLQHDU�SDUDFKRU���

FRUUHODWLRQ�GHWHUPLQHG�E\�)DQFKL �EHVW��ILWV�WKH�:HLQDXJ�.DW]�SDUDFKRU�PHWKRG�DQG�\LHOGV�WKH�OHDVW���

HUURU�LQ��,)7�SUHGLFWLRQV��7KH��OLQHDU�SDUDFKRU�FRUUHODWLRQ�LV�JLYHQ�E\

)DZFHWW � FODLPHG� WKDW� WKH�+RXJK�6WHJHPHLHU�PHWKRG�JLYHV�JRRG� ,)7�SUHGLFWLRQV� LI� WKH���

IROORZLQJ�OLQHDU�FRUUHODWLRQ�IRU�FUXGH�FXW�SDUDFKRUV�LV�HPSOR\HG�

,Q�WKLV�VHFWLRQ��PHDVXUHG�,)7V�RI�VL[�UHVHUYRLU�RLO�&2 �PL[WXUHV�DUH�FRPSDUHG�ZLWK�WKH�,)7V
�

SUHGLFWHG�E\�3HQJ�5RELQVRQ�HTXDWLRQ�RI�VWDWH��35(26��XVLQJ�WKH�IROORZLQJ�DSSURDFKHV��

�� 8VH�VFDOLQJ�H[SRQHQW���DQG�(T�������

�� 8VH�VFDOLQJ�H[SRQHQW���DQG�(T��������

�� 8VH�VFDOLQJ�H[SRQHQW������DQG�(T��������

�� 8VH�VFDOLQJ�H[SRQHQW������DQG�(T������

7KH�ODVW�DSSURDFK�LV�SURSRVHG�E\�WKLV�ZRUN��7KH�/HH�&KLHQ�PHWKRG�LV�QRW�FRPSDUHG�KHUH

EHFDXVH�RI�XQFHUWDLQWLHV�LQYROYHG�LQ�GHWHUPLQDWLRQ�RI�FULWLFDO��SURSHUWLHV�RI�KHDY\�FRPSRQHQWV�

7KH�VL[�UHVHUYRLU�RLO�&2 �V\VWHPV�ZLWK�JLYHQ�,)7�PHDVXUHPHQWV�DUH
�

,�� $VSKDOW�IUHH�RLO�XVHG�E\�)LURR]DEDGL�HW�DO����

,,� 2LO�$�XVHG�E\�)LURR]DEDGL�HW�DO����



��

,,,� 2LO�&�XVHG�E\�)LURR]DEDGL�HW�DO����

,9� 2LO�'�XVHG�E\�)LURR]DEDGL�HW�DO����

9� 2LO�$�SOXV�����&2 �XVHG�E\�6LPRQ�HW�DO�
�

���

9,� 5HFRPELQHG�2LO�SOXV��������&2 �XVHG�E\�*DVHP�HW�DO�
�

���

0HDVXUHG�FRPSRVLWLRQV�DQG�FKDUDFWHUL]DWLRQV�RI�& �RI��WKHVH�UHVHUYRLU�RLOV�DQG�H[SHULPHQWDO
��

WHPSHUDWXUHV�ZKHQ�,)7V�ZHUH�PHDVXUHG�DUH�VXPPDUL]HG�LQ�7DEOH����

8VLQJ� WKH�35(26�DQG� WKH� IRXU�DSSURDFKHV�� WKH� ,)7�RI� VL[� UHVHUYRLU�RLO�&2 �PL[WXUHV�DW
�

GLIIHUHQW�SUHVVXUHV�LV�SUHGLFWHG��)RU�WKH�ILUVW�ILYH�IOXLG�V\VWHPV��WKH�SUHGLFWHG�,)7�GDWD�DUH�FRPSDUHG

ZLWK� PHDVXUHG� ,)7� GDWD� LQ� 7DEOH� ����:KHQ� $SSURDFK� �� ZDV� XVHG�� WKH� ODVW� VHW� RI� FRUUHODWLRQ

FRHIILFLHQWV�LQ�7DEOH����ZDV�HPSOR\HG��7DEOH����LQGLFDWHV�WKDW�$SSURDFK���\LHOGV�WKH�OHDVW�HUURU�LQ

,)7�SUHGLFWLRQV��7KH�SUHGLFWHG�DQG�PHDVXUHG�,)7�GDWD�IRU�6\VWHP�9,�DUH�FRPSDUHG�LQ�)LJ��������7KLV

ILJXUH�DJDLQ�VKRZV�WKDW�$SSURDFK���DOORZV�EHWWHU�SUHGLFWLRQ�RI�,)7�FRPSDUHG�WR�RWKHU�DSSURDFKHV�

HVSHFLDOO\�LQ�WKH�QHDU�FULWLFDO�UHJLRQ�

��

$V�DQ�H[DPSOH�RI�WKH�DSSOLFDWLRQ�RI�$SSURDFK����ZH�KDYH�FRPSXWHG�,)7�IRU�PL[WXUHV�RI�&2
�

DQG�RLO�IURP�WKH�6SUDEHUU\�7UHQG�$UHD�LQ�:HVW�7H[DV���(TXL�,)7�PDSV�DUH�JHQHUDWHG�IRU�PRGHOLQJ

IOXLG�IORZ�LQ�WKH�UHVHUYRLU��7KHVH�PDSV�DUH�VKRZQ�LQ�)LJV������DQG�����IRU�&2 �VWRFN�WDQN�RLO�DQG
�

&2 �UHFRPELQHG�UHVHUYRLU�RLO��UHVSHFWLYHO\��7KLV�ILJXUH�DOVR�GHPRQVWUDWHV�WKH�UDQJH�RI�FRQYHUJHQFH
�

IRU�GHQVLW\�FDOFXODWLRQV�YLD�WKH�35(26����

'LVFXVVLRQ�RI�6FDOLQJ�([SRQHQW

7KLV�VHFWLRQ�SUHVHQWV�RXU�DUJXPHQWV�DERXW�WKH�WUHDWPHQW�RI�WKH�VFDOLQJ�H[SRQHQW��SDUDFKRU��DQG

VSHFLDO�V\VWHPV�WKDW�GR�QRW�REH\�WKH�VFDOLQJ�ODZ�XQGHU�FRQGLWLRQV�QRUPDOO\�HQFRXQWHUHG�LQ�SHWUROHXP

UHVHUYRLUV��)URP�UHFHQW�ZRUN�VXFK�DV�'DQHVK�HW�DO�� �UHVHDUFKHUV�KDYH�SURSRVHG�WKH�FULWLFDO�VFDOLQJ���

H[SRQHQW�LQ�WKH�SDUDFKRU�HTXDWLRQ�DV�D�IXQFWLRQ�RI�GHQVLW\�GLIIHUHQFH��7KH\�XVHG�WKH�FULWLFDO�VFDOLQJ

H[SRQHQW� DV� DQ� DGMXVWDEOH� SDUDPHWHU� WR� ILW� WKH� H[SHULPHQWDO� GDWD�� :H� GR� QRW� WKLQN� WKLV� LV� D

WKHRUHWLFDOO\�FRUUHFW�DSSURDFK��7KH�FULWLFDO�VFDOLQJ�H[SRQHQW�KDV�D�XQLTXH�YDOXH�LQ�ZKDW�LV�W\SLFDOO\

FRQVLGHUHG�WKH�FULWLFDO�UHJLRQ��0DQ\�SDUDFKRU�YDOXHV�IRXQG�LQ�WKH�OLWHUDWXUH��ZHUH�GHULYHG�EDVHG�RQ

FRQVWDQW�VFDOLQJ�H[SRQHQWV��PRVWO\�����,I�D�FRQVWDQW�SDUDFKRU�DQG�YDU\LQJ�H[SRQHQWV�DUH�XWLOL]HG��WKH

LQFRQVLVWHQF\�ZLOO�UHVXOW�LQ�LQDFFXUDWH�,)7�SUHGLFWLRQV�RI�XQNQRZQ�V\VWHPV��:H�EHOLHYH�WKDW�RXWVLGH

WKH�FULWLFDO�UHJLRQ��ZKHUH�WKH�FULWLFDO�VFDOLQJ�H[SRQHQW������LV�QRW�YDOLG��FRUUHODWLRQV�VXFK�DV�WKH�RQH

SURSRVHG�E\�)LURR]DEDGL�DQG�5DPH\ �VKRXOG�EH�GHYHORSHG�IRU�,)7�SUHGLFWLRQV��$OVR�DGVRUSWLRQ���

WKHRU\�PD\�EH�VXLWDEOH�IRU�,)7�FDOFXODWLRQV�LQ�VXFK�FDVHV�

3DUDFKRUV

�5HQR�DQG�.DW] �PHDVXUHG�,)7�RI�QRUPDO�KHSWDQH�DQG�QRUPDO�EXWDQH�FRQWDLQLQJ�GLVVROYHG���

QLWURJHQ�DW�GLIIHUHQW�SUHVVXUH�DQG� WHPSHUDWXUHV��7KH\�FDOFXODWHG� ,)7�XVLQJ� WKH�SDUDFKRU�PHWKRG

SUHVHQWHG�E\�(T��������7KH�FDOFXODWHG�,)7�GDWD�PDWFK�WKH�PHDVXUHG�,)7�GDWD�RQO\�ZKHQ�WKH�SDUDFKRU

RI�QLWURJHQ�LQ�WKH�PL[WXUH�LV�DGMXVWHG�IURP�SXUH�QLWURJHQ�SDUDFKRU�RI����WR�����+X\JHQV�HW�DO����

PHDVXUHG�WKH�,)7�RI�IRXU�K\GURFDUERQ�PL[WXUHV�FRQWDLQLQJ�QLWURJHQ��7KH\�IRXQG�WKDW�(T�������IDLOV
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WR�SUHGLFW�,)7�RI�WKH�QLWURJHQ�K\GURFDUERQ�V\VWHPV�LI�WKH�SDUDFKRU�RI�SXUH�QLWURJHQ�LV�XVHG��,Q�RUGHU

WR�PDWFK�WKH�PHDVXUHG�,)7��WKH\�KDG�WR�YDU\�QLWURJHQ�SDUDFKRU�IRU�GLIIHUHQW�PL[WXUHV��6LQFH�SDUDFKRU

LV�D�SURSHUW\�RI�WKH�SXUH�FRPSRQHQW��ZH�DUJXH�WKDW�HDFK�FRPSRQHQW�VKRXOG�KDYH�LWV�XQLTXH�SDUDFKRU

QR�PDWWHU�ZKHWKHU�WKH�FRPSRQHQW�H[LVWV�LQ�LWV�SXUH�VWDWH�RU�LQ�PL[WXUHV�ZLWK�RWKHU�VXEVWDQFHV��:H

EHOLHYH�WKDW�YDU\LQJ�WKH�SDUDFKRU�IRU�D�JLYHQ�FRPSRQHQW�LV�QRW�FRQVLVWHQW�ZLWK�FULWLFDO�VFDOLQJ�

��������

6SHFLDO�6\VWHPV�

�� 6\VWHPV�OLNH�EULQH�DOFRKRO�RLO��1 �K\GURFDUERQ��DQG�&2 �& �DUH�FRQVLGHUHG�VSHFLDO�V\VWHPV
� � � � ��

EHFDXVH�WKH�FULWLFDO�UHJLRQ��ZKHUH�FULWLFDO�VFDOLQJ�WKHRU\�LV�YDOLG��LV�QDUURZ��7KHVH�V\VWHPV�DUH�VWURQJO\

LQWHUDFWLQJ��ZHDNO\�LQWHUDFWLQJ��RU�PROHFXOHV�ZLWK�D�ODUJH�VL]H�GLVFUHSDQF\��6LQFH�WKH�SDUDFKRU�PHWKRG

IDLOV�WR�SUHGLFW�WKH�,)7�RI�WKHVH�V\VWHPV�XQGHU�FRQGLWLRQV�WKDW�QRUPDOO\�RFFXU�IRU�SHWUROHXP�IOXLGV�

WKH�,)7�FDQ�EH�EHWWHU�SUHGLFWHG�XVLQJ�DGVRUSWLRQ�WKHRU\��

:H�KDYH�UH�FDOFXODWHG�WKH�,)7�RI�WKH�QLWURJHQ�K\GURFDUERQ�V\VWHPV�WKDW�ZHUH�LQYHVWLJDWHG�E\

5HQR�DQG�.DW] �DQG�+X\JHQV�HW�DO� �XVLQJ�QHZ�SDUDFKRUV��:H�FRQILUPHG�WKH�REVHUYDWLRQV�E\�WKH���� � � � ���

DERYH�UHVHDUFKHUV��WKH�SDUDFKRU�PHWKRG�GRHV�QRW�ZRUN�ZHOO�IRU�VRPH�K\GURFDUERQ�V\VWHPV�FRQWDLQLQJ

GLVVROYHG�QLWURJHQ�LI�WKH�SXUH�QLWURJHQ�SDUDFKRU�LV�XVHG��:H�VSHFXODWH�WKDW�WKH�SDUDFKRU�PHWKRG�IRU

PL[WXUHV�UHSUHVHQWHG�E\�(TV�������������DQG������LV�DQ�DSSUR[LPDWLRQ�H[WHQGHG�IURP�WKH�SDUDFKRU

PHWKRG�IRU�SXUH�VXEVWDQFH�XVLQJ�D�OLQHDU�PL[LQJ�UXOH��$OWKRXJK�LW�ZRUNV�ZHOO�IRU�VRPH�K\GURFDUERQ

DQG� &2 �K\GURFDUERQ� PL[WXUHV�� LW� LV� QRW� JHQHUDOO\� DSSOLFDEOH� WR� DOO� PL[WXUHV�� VXFK� DV
�

QLWURJHQ�K\GURFDUERQ�PL[WXUHV�WKDW�EHKDYH�YHU\�GLIIHUHQWO\�IURP�K\GURFDUERQ�FRPSRXQGV�GXH�WR�WKHLU

GLIIHUHQW�FKHPLFDO�SURSHUWLHV��DGVRUSWLRQ�DQG�VROXELOLW\�EHKDYLRU��

7R�VXSSRUW�RXU�DUJXPHQW��OHW�XV�H[DPLQH�(T�������FDUHIXOO\��7KLV�HTXDWLRQ�ZDV�SURSRVHG�E\

:HLQDXJ�DQG�.DW] �EDVHG�RQ�HTXDWLRQV�GHULYHG�E\�6XJGHQ �DQG�)RZOHU �IRU�SXUH�VXEVWDQFHV����� � � � � � ���� � ���

:KHQ� WKLV� HTXDWLRQ� ZDV� IRUPHG�� LW� ZDV� DVVXPHG� WKDW� WKH� SDUDFKRU� LV� D� OLQHDU�� DGGLWLYH�� DQG

FRQVWLWXWLYH�SURSHUW\��ZKLFK�PD\�QRW�EH�WUXH�IRU�DOO�PL[WXUHV��HVSHFLDOO\�QLWURJHQ�DQG�K\GURFDUERQV

WKDW�DUH�FKHPLFDOO\�YHU\�GLIIHUHQW��$OVR��LW�ZDV�FRQFHLYHG�E\�:HLQDXJ�DQG�.DW]�WKDW�D�PHWKRG�RI

DSSO\LQJ�PROH�IUDFWLRQ�RI�HDFK�FRQVWLWXHQW�LQ�LWV�UHVSHFWLYH�SKDVH�WR�PRODO�YROXPHV�RI�SKDVHV�LV�YDOLG�

,W�ZDV�H[SHFWHG�WKDW�HDFK�FRQVWLWXHQW�FRQWULEXWHV�D�SRVLWLYH�,)7�FRPSRQHQW�WR�WKH�WRWDO�,)7�RI�WKH

V\VWHP��+RZHYHU��ZH�KDYH�IRXQG�WKDW�WKH�WHUP� �LQ�(T�������FRXOG�EH�QHJDWLYH�IRU�VRPH

JDVHRXV�FRQVWLWXHQWV�VXFK�DV�QLWURJHQ��7KLV�LV�PDLQO\�EHFDXVH�\ �LV�VLJQLILFDQWO\�KLJKHU�WKDQ�[ IRU�WKHVH
L� � � � � L

FRQVWLWXHQWV�DQG�0 �LV�VLJQLILFDQWO\�ORZHU�WKDQ�0 �LQ�WKH�V\VWHP��:KHQ�WKHVH�WHUPV�DUH�QHJDWLYH�
Y� � � � � O

QHJDWLYH�FRQWULEXWLRQV�RI�WKHVH�FRQVWLWXHQWV�WR�WKH�,)7�RI�WKH�PL[WXUH�DUH�FDOFXODWHG��ZKLFK�SK\VLFDOO\

PDNHV�QR�VHQVH���

7KLV�DUJXPHQW�FDQ�DOVR�EH� MXVWLILHG�E\�FRQVLGHULQJ� WKH�DGVRUSWLRQ�PHFKDQLVP��&KHPLFDO

SURSHUWLHV�RI�D�FRPSRQHQW�RI�D�PL[WXUH�JRYHUQ�DGVRUSWLRQ�RI� WKH�FRPSRQHQW�DW� WKH� OLTXLG�YDSRU

LQWHUIDFH�RI�WKH�V\VWHP��&RQVLGHU�WZR�V\VWHPV��WKH�ILUVW�RQH�LV�D�SURSDQH�,3$����SURSDQRO��PL[WXUH�

DQG�WKH�VHFRQG�RQH�LV�SURSDQH�FRQWDLQLQJ�GLVVROYHG�QLWURJHQ��7R�FRPSDUH�WKH�WZR�V\VWHPV��OHW�XV

GHILQH�UHODWLYH�LQWHUIDFH�DGVRUSWLRQ��, �DQG�, ��IRU�FRPSRQHQW�L�DV
O� � Y
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DQG

ZKHUH�[ �LV�PROH�IUDFWLRQ�RI�FRPSRQHQW�L�DW�WKH�OLTXLG�YDSRU�LQWHUIDFH��%\�WKHVH�GHILQLWLRQV��, �DQG
L � � � � � � � � � � � � � � O

V

, �UHIOHFW�WKH�UHODWLYH�DPRXQW�RI�D�FRPSRQHQW��DGVRUEHG�DW�WKH�WZR�SKDVH�LQWHUIDFH�FRPSDUHG�WR�WKDW
Y

LQ�HDFK�SKDVH��7KH�[ �IRU�WKH�WZR�V\VWHPV�DW�GLIIHUHQW�SUHVVXUHV�DUH�FRPSXWHG��7KH�UHVXOW�RI�WKH
L

V

FRPSXWDWLRQ�VKRZV�WKDW�WKH�PROH�IUDFWLRQ�RI�WKH�,3$�DW�WKH�LQWHUIDFH�LV�KLJK�FRPSDUHG�WR�WKDW�LQ�WKH

YDSRU�SKDVH��, �!�����DQG�LW�LQFUHDVHV�TXLFNO\�ZLWK�HOHYDWHG�SUHVVXUH��+RZHYHU��WKH�PROH�IUDFWLRQ�RI
Y

WKH�,3$�DW�WKH�WZR�SKDVH�LQWHUIDFH�LV�DOPRVW�WKH�VDPH�DV�WKDW�LQ�WKH�OLTXLG�SKDVH��,�����DQG�LW�LV�QRW
O

VHQVLWLYH�WR�SUHVVXUH��7KLV�LQGLFDWHV�WKDW�,3$�LQ�WKH�YDSRU�SKDVH�LV�IDYRUDEOH�WR�EH�DGVRUEHG�DW�WKH

LQWHUIDFH��DQG�SUHVVXUH�KHOSV�WKLV�DGVRUSWLRQ��7KLV�LV�H[SHFWHG�EHFDXVH�,3$�LV�D�VXUIDFWDQW�ZKLFK

UHGXFHV� LQWHUIDFLDO� WHQVLRQ� E\� DFWLYH� DGVRUSWLRQ� DW� WKH� LQWHUIDFH�� )URP� WKLV� SRLQW� RI� YLHZ�� LW� LV

DQWLFLSDWHG�WKDW�WKH�,)7�RI�PL[WXUHV�FRQWDLQLQJ�,3$�VKRXOG�GHFUHDVH�UDSLGO\�ZLWK�LQFUHDVHG�SUHVVXUH�

7KH� UHVXOW� RI� WKH� FRPSXWDWLRQ� DOVR� VKRZV� WKDW� WKH� PROH� IUDFWLRQ� RI� WKH� QLWURJHQ� DW� WKH

WZR�SKDVH�LQWHUIDFH�LV�ORZ�FRPSDUHG�WR�WKDW�LQ�WKH�YDSRU�SKDVH��, �������DQG�LW�LQFUHDVHV�VORZO\�ZLWK
Y

HOHYDWHG�SUHVVXUH��+RZHYHU��WKH�PROH�IUDFWLRQ�RI�WKH�QLWURJHQ�DW�WKH�WZR�SKDVH�LQWHUIDFH�LV�KLJKHU�WKDQ

WKDW�LQ�WKH�OLTXLG�SKDVH��, �!�����DQG�LW�GHFUHDVHV�VORZO\�ZKHQ�SUHVVXUH�LV�LQFUHDVHG��7KLV�LQGLFDWHV�WKDW
O

QLWURJHQ�LQ�WKH�YDSRU�SKDVH�LV�QHLWKHU�IDYRUDEOH�WR�EH�DGVRUEHG�DW�WKH�LQWHUIDFH�QRU�IDYRUDEOH�WR�EH

GLVVROYHG�LQ�WKH�OLTXLG�SKDVH��DQG�SUHVVXUH�GRHV�QRW�HIIHFWLYHO\�KHOS�WKH�DGVRUSWLRQ�RU�WKH�VROXELOLW\

RI�WKH�QLWURJHQ��,Q�RWKHU�ZRUGV��QLWURJHQ�LV�QRW�VXUIDFH�DFWLYH��%DVHG�RQ�WKLV�UHDVRQLQJ��LW�LV�DQWLFLSDWHG

WKDW�WKH�,)7�RI�PL[WXUHV�FRQWDLQLQJ�PXFK�QLWURJHQ�VKRXOG�QRW�GHFUHDVH�UDSLGO\�ZLWK�LQFUHDVHG�SUHVVXUH

LQ�VRPH�SUHVVXUH�UDQJH��7KLV�LV�FRQVLVWHQW�ZLWK�H[SHULPHQWDO�GDWD��)LJ�������VKRZLQJ�VORZ�GHFOLQH

RI�,)7�RI�1 �WROXHQH�DQG�1 �Q�& �V\VWHPV�RXWVLGH�RI�WKH�FULWLFDO�UHJLRQ�DV�SUHVVXUH�LQFUHDVHV�
� � � � ��

7KH�SUHFHGLQJ�DQDO\VLV�VKRZV�WKDW�WKH�DGVRUSWLRQ�EHKDYLRU�RI�QLWURJHQ�LV�YHU\�GLIIHUHQW�IURP

WKH�DGVRUSWLRQ�EHKDYLRU�RI�,3$�DW�WKH�OLTXLG�YDSRU�LQWHUIDFH��6LQFH�WKH�DGVRUSWLRQ�PHFKDQLVP�JRYHUQV

,)7�RI�WKH�V\VWHP�WKURXJK�VXUIDFH�H[FHVV��LW�LV�QHFHVVDU\�WR�DQDO\]H�WKH�,)7�RI�QLWURJHQ�K\GURFDUERQ

RU�DOFRKRO�RLO�EULQH�V\VWHPV�XVLQJ�DGVRUSWLRQ�WKHRU\��



��

&RQFOXVLRQV

��� $FFRUGLQJ�WR�FXUUHQW�XQGHUVWDQGLQJ�LQ�WKH�SK\VLFV�OLWHUDWXUH��WKH�FULWLFDO�VFDOLQJ�H[SRQHQW�LQ

WKH�SDUDFKRU�HTXDWLRQ�LV������

��� 7KH�VFDOLQJ�H[SRQHQW�DQG�SDUDFKRUV�FDOFXODWHG�EDVHG�RQ�FULWLFDO�VFDOLQJ�VKRXOG�QRW�EH�XVHG

DV�DGMXVWDEOH�SDUDPHWHUV�LQ�SUHGLFWLRQ�RI�PXOWLFRPSRQHQW�,)7�

��� %DVHG�RQ�WKH�H[SRQHQW�������QHZ�SDUDFKRUV�RI�SXUH�VXEVWDQFHV�FRPPRQO\�HQFRXQWHUHG�LQ

SHWUROHXP�IOXLGV�DUH�REWDLQHG�IURP�FDUHIXOO\�VHOHFWHG�GHQVLW\�DQG�VXUIDFH�WHQVLRQ�GDWD��7KH

SDUDFKRUV�RI�K\GURFDUERQ�PL[WXUHV�DUH�OLQHDUO\�FRUUHODWHG�WR�WKHLU�PROHFXODU�ZHLJKWV��1RUPDO

SDUDIILQV�UHPDUNDEO\�REH\�WKH�OLQHDULW\��ZKLOH�DGGLQJ�F\FOLF�DQG�DURPDWLF�FRPSRXQGV�WR�WKH

PL[WXUH�FDXVHV�VFDWWHU�RI�GDWD��3DUDFKRUV�RI�K\GURFDUERQ�JURXSV��RLO�FXWV��DUH�DVVLJQHG�WR�WKHLU

HTXLYDOHQW�PROHFXODU�ZHLJKWV�XVLQJ�D�OLQHDU�FRUUHODWLRQ�

��� 7KHVH� QHZO\� GHYHORSHG� SXUH� FRPSRQHQW� SDUDFKRUV�� SDUDFKRU� FRUUHODWLRQV�� DQG� RLO� FXW

SDUDFKRUV�DUH�WHVWHG�IRU�,)7�SUHGLFWLRQV�XVLQJ�VL[�UHVHUYRLU�RLO�&2 �PL[WXUHV��7KHVH�WHVWV
�

LQGLFDWH�WKDW�WKH�QHZ�SDUDFKRUV�DQG�FRUUHODWLRQV�DUH�EHWWHU�WKDQ�WKRVH�SURSRVHG�E\�SUHYLRXV

LQYHVWLJDWRUV�IRU�,)7�SUHGLFWLRQ�RI�UHVHUYRLU�IOXLGV��:KHQ�WKH�SDUDFKRU�PHWKRG�DQG�WKH�QHZ

SDUDFKRUV� DQG� FRUUHODWLRQV� DUH� HPSOR\HG�� ,)7�RI� UHVHUYRLU� IOXLGV� FDQ� EH� SUHGLFWHG� XVLQJ

3HQJ�5RELQVRQ�HTXDWLRQ�RI�VWDWH�ZLWK�DQ�DFFHSWDEOH�HUURU�

��� 7KH� SDUDFKRU� PHWKRG� ZRUNHG� ZHOO� FRPELQHG� ZLWK� WKH� 35(26� IRU� &2 �FUXGH� DQG� JDV
�

FRQGHQVDWHV��EXW�LW�IDLOHG�WR�SUHGLFW�,)7�RI�VRPH�VSHFLDO�V\VWHPV�VXFK�DV�QLWURJHQ�K\GURFDUERQ

PL[WXUHV�� 6XEVHTXHQW� UHVHDUFK� � LQFOXGHG� DQDO\VLV� RI� ,)7�RI� VXFK� VSHFLDO�PL[WXUHV� XVLQJ

DGVRUSWLRQ�WKHRU\��

([SHULPHQWDO�0HDVXUHPHQW�RI�,)7

%DFNJURXQG�

'HWHUPLQDWLRQ�RI�,)7�LV�LPSRUWDQW�LQ�YDULRXV�DVSHFWV�RI�FKHPLVWU\��FKHPLFDO�HQJLQHHULQJ��DQG

SHWUROHXP�HQJLQHHULQJ� �0DQ\� WHFKQLTXHV�RI� ,)7�PHDVXUHPHQWV� DUH� FXUUHQWO\�XVHG� DW� GLIIHUHQW���

FRQGLWLRQV��'HWDFKPHQW�WHFKQLTXHV��VXFK�DV�GH�1R�ULQJ �DQG�:LOKHOP\�VOLGH� �UHO\�RQ�WKH�FRQGLWLRQ���� � � ���

RI�SHUIHFW�ZHWWLQJ�RI�WKH�ZLWKGUDZLQJ�VXUIDFH���&DSLOODU\�ULVH� �PD[LPXP�EXEEOH�SUHVVXUH� �DQG���� � � ���

GURS�ZHLJKW ��WHFKQLTXHV�UHTXLUH�FDOLEUDWLRQ�ZLWK�OLTXLGV�RI�NQRZQ�,)7��7KH\�DOVR�LQYROYH�D�WKUHH���

SKDVH�FRQWDFW�WKDW�LQWURGXFHV�V\VWHPDWLF�HUURU��7KH�VSLQQLQJ�GURS�WHFKQLTXH �LV�QRW�HDV\�WR�XVH�IRU���

UHVHUYRLU� WHPSHUDWXUH�DQG�SUHVVXUH�DSSOLFDWLRQV��$OWKRXJK� ODVHU� OLJKW�VFDWWHULQJ �KDV�EHHQ�XVHG���

VXFFHVVIXOO\�LQ�,)7�PHDVXUHPHQW��LW�LQYROYHV�V\VWHPDWLF�HUURU�ZLWK�D�KLJK�SUHVVXUH�FHOO�ZKHUH�LW�LV�QRW

SUDFWLFDO� IRU� D� GLIIUDFWLRQ� JUDWLQJ� WR� EH� ORFDWHG� YHU\� FORVH� WR� WKH� OLTXLG� VXUIDFH��7KH� WUDGLWLRQDO

SHQGDQW�VHVVLOH�GURS�WHFKQLTXH��ZKLFK�LV�QRW�DIIHFWHG�E\�D�WKUHH�SKDVH�ERXQGDU\��KDV�EHHQ�UHYLYHG�E\

DGYDQFHV�LQ�GLJLWDO�YLGHR�DQG�LPDJH�DQDO\VLV��



��

7KH�SULQFLSOH�RI�WKH�SHQGDQW�GURS�WHFKQLTXH�UHOLHV�RQ�PHDVXUHPHQW�RI�WKH�FRRUGLQDWHV�RI�DQ

DV\PPHWULF�VKDSHG�GURS�DQG�LWV�PDWFK�WR�WKH�VROXWLRQ�RI�WKH�/DSODFH�HTXDWLRQ��$OO�WKH�LQIRUPDWLRQ

RQ�WKH�YDOXH�RI�WKH�,)7�LV�FRQWDLQHG�LQ�WKH�VKDSH�DVVXPHG�E\�WKH�GURS��2XU�OLWHUDWXUH�VXUYH\�LQGLFDWHV

WKDW�VL[�FDOFXODWLRQ�PHWKRGV�KDYH�EHHQ�GHYHORSHG�WR�H[WUDFW�,)7�LQIRUPDWLRQ�IURP�WKH�GURS�VKDSH�LQ

WKH�SDVW�VL[�GHFDGHV��VKDSH�IDFWRU�PHWKRG��LQIOHFWLRQ�SODQH�PHWKRG��UHJUHVVLRQ�PHWKRG��GLUHFW�PHWKRG�

VSOLQH�ILWWLQJ�PHWKRG��DQG�JURZLQJ�GURS�PHWKRG��

7KH�VKDSH�IDFWRU�PHWKRG�LV�DOVR�UHIHUUHG�WR�DV�WKH�VHOHFWHG�SODQH�PHWKRG���,W�LV�HVVHQWLDOO\

EDVHG�RQ�PHWKRGRORJ\�SURSRVHG�E\�$QGUHDV�HW�DO� �ZKR�FKDUDFWHUL]HG�WKH�VKDSH�RI�D�GURS�WKURXJK���

WKH�NQRZOHGJH�RI�YDULRXV�VKDSH�IDFWRUV��)RUGKDP �WDEXODWHG�D�SDUDPHWHU�����UHODWLQJ�WR�,)7�ZLWK�WKH���

VKDSH�IDFWRUV�SURSRVHG�E\�$QGUHDV���*LUDXOW�HW�DO� �ILW�D�SRO\QRPLDO�WR�)RUGKDP
V�GDWD��HQDEOLQJ���

VROXWLRQV�RQ�WKH�FRPSXWHU��+DQVHQ�DQG�5RGVUXG �VROYHG�WKH�/DSODFH�HTXDWLRQ�DQG�GHULYHG�D�QHZ���

SRO\QRPLDO�IRU�GHWHUPLQDWLRQ�RI����DQG�,)7�IURP�VKDSH�RI�WKH�GURS��7KH�VKDSH�IDFWRU�PHWKRG�LV�HDV\
WR�XVH��+RZHYHU��LQKHUHQW�LQ�WKH�PHWKRG�LWVHOI�DUH�VRXUFHV�RI�HUURU�WKDW�VFDWWHU�WKH�UHVXOWV��+X\JHQV

HW�DO� �UHSRUWHG�WKDW�WKH�WKHRUHWLFDO�DFFXUDF\�RI�WKH�PHWKRG�LV��������ZKLFK��KRZHYHU��LQ�SUDFWLFH�PD\���

LQFUHDVH� WR� ���� 6WDXIIHU � FRQFOXGHG� WKDW� WKH� DFFXUDF\� RI� WKH�PHWKRG� IRU� WKH� XVXDO�VL]H� GURSV���

HQFRXQWHUHG�LQ�SUDFWLFH�ZDV�RI��¤����ZLWK�D����HUURU�LQ�WKH�PHDVXUHPHQW�RI�WKH�GURS�GLPHQVLRQV�

7KH�LQIOHFWLRQ�SODQH�PHWKRG�ZDV�ILUVW�SURSRVHG�E\�*LUDXOW�HW�DO� ��EDVHG�RQ�WKH�ORFDWLRQ�RI���

WKH�LQIOHFWLRQ�SODQH��,W�ZDV�DSSOLHG�WR�WKH�PHDVXUHPHQW�RI�XOWUD�ORZ�,)7�IRU�RLO�ZDWHU�V\VWHPV��7KH

UHVHDUFKHUV�FODLPHG�WKDW�WKLV�PHWKRG�LV�VXLWDEOH�IRU�GHWHUPLQDWLRQ�RI�,)7�IURP�SHQGDQW�GURSV�WKDW�GR

QRW�KDYH�HTXDWRUV��DQG�WKHUHIRUH��QHFNV���DOWKRXJK�WKH�HTXDWLRQ�IRU�FDOFXODWLQJ�,)7�ZDV�GHULYHG�IRU

D�VXIILFLHQWO\�ORQJ�SHQGDQW�GURS��5HVXOWV�IURP�WKLV�PHWKRG�DUH��YHU\�VHQVLWLYH�WR�WKH�PHDVXUHG�ORFDWLRQ

RI�WKH�LQIOHFWLRQ��DQG�LW�LV�GLIILFXOW�WR�GHWHUPLQH�DFFXUDWHO\�WKH�LQIOHFWLRQ�SODQH����

7KH� UHJUHVVLRQ� PHWKRG� ZDV� SURSRVHG� E\� *LUDXOW� HW� DO� � DQG� ZDV� XVHG� E\� VHYHUDO���

UHVHDUFKHUV� �7KLV�PHWKRG�LQYROYHV�VROYLQJ�WKH�/DSODFH�(TXDWLRQ�WR�REWDLQ�D�WKHRUHWLFDO�GURS���¤���

HGJH��7KH�REVHUYHG�HGJH�LV�PDWFKHG�WR�WKH�WKHRUHWLFDO�HGJH�E\�DGMXVWLQJ�SDUDPHWHUV�LQ�WKH�WKHRUHWLFDO

GURS��,)7�LV�WKHQ�H[WUDFWHG�IURP�WKH�PDWFKLQJ�SDUDPHWHUV��7KH�PDLQ�GLVDGYDQWDJH�RI�WKLV�PHWKRG�LV

WKDW� WKH� VROXWLRQ� LV� QRW� XQLTXH� GXH� WR� VWURQJ� LQWHUGHSHQGHQFH� RI�PXOWLSOH� SDUDPHWHUV�� $QRWKHU

GLVDGYDQWDJH�LV�WKH�ORQJ�FRPSXWDWLRQ�WLPH�UHTXLUHG�GXH�WR�WKH�LWHUDWLYH�QDWXUH�RI�WKH�PHWKRG�

$�GLUHFW�PHWKRG�ZDV�SURSRVHG�E\�+X\JHQV�HW�DO� �,QVWHDG�RI�VROYLQJ�WKH�/DSODFH�HTXDWLRQ���

DV�GRQH�E\�SUHYLRXV�LQYHVWLJDWRUV���+X\JHQV�HW�DO� �DSSOLHG�WKH�HTXDWLRQ�RQ�WZR�SRLQWV�RQ�WKH�GURS���

SURILOH��7KH\�PHDVXUHG�WKH�YDULDEOHV�WKDW�DSSHDU�LQ�WKH�HTXDWLRQ�DQG�VXEVWLWXWHG�WKHLU�YDOXHV�LQWR�WKH

HTXDWLRQ� IRU� WZR� SRLQWV�� 7KH� ,)7� ZDV� GHWHUPLQHG� IURP� VROYLQJ� WKH� WZR� VLPSOH� HTXDWLRQV

FRUUHVSRQGLQJ�WR�WKH�WZR�SRLQWV��7KLV�PHWKRG�LV�HDV\�WR�XVH�FRPSDUHG�WR�RWKHU�PHWKRGV��+RZHYHU�

+X\JHQV��HW�DO� ��UHSRUWHG�WKDW�WKLV�PHWKRG�LV�QRW�DV�DFFXUDWH�DV��WKH�UHJUHVVLRQ�PHWKRG�RI�5RWHQEHUJ���

HW�DO����

7KH�VSOLQH�ILWWLQJ�PHWKRG�ZDV�SUHVHQWHG�E\�/RSH]�GH�5DPRV� �7KLV�PHWKRG�UHTXLUHV�SORWWLQJ���

PHDQ�FXUYDWXUH�YHUVXV�HOHYDWLRQ�XVLQJ�GURS�SURILOH�GDWD��,)7�LV�GHWHUPLQHG�IURP�WKH�VORSH�RI�WKH

SORWWHG�OLQH��7KH�GUDZEDFN�RI�WKLV�PHWKRG�LV�WKDW�VRPHWLPHV�WKH�PHDVXUHG�GDWD�DUH�VR�QRLV\�WKDW�LW�LV



��

LPSRVVLEOH�WR�JHW�D�OLQHDU�SORW�EHWZHHQ�PHDQ�FXUYDWXUH�DQG�HOHYDWLRQ�HYHQ�LI�D�KLJK�VPRRWKLQJ�IDFWRU

LV�XVHG��

7KH�JURZLQJ�GURS�PHWKRG�ZDV�SURSRVHG�E\�0DF/HRG�DQG�5DGNH �IRU�PHDVXULQJ�G\QDPLF���

,)7��7KH�PHWKRG�ZDV�GHYHORSHG�RQ�WKH�EDVLV�RI�DQ�DVVXPSWLRQ�WKDW�WKH�JURZLQJ�GURS�LV�VSKHULFDO�

ZKLFK�LV�QRW�DOZD\V�REVHUYHG�LQ�SUDFWLFH��$QRWKHU�GUDZEDFN�RI�WKH�PHWKRG�LV�WKDW�ZHWWLQJ�EHKDYLRU

RI�WKH�QHHGOH�WLS�KDV�D�FULWLFDO�LPSDFW�RQ�WKH�JURZLQJ�GURS�PHDVXUHPHQW��0DF/HRG�DQG�5DGNH���

IRXQG� WKDW� ZLWK� VWURQJO\� ZHWWLQJ� OLTXLGV� DJDLQVW� DLU� LQ� VWDLQOHVV� VWHHO� FDSLOODULHV�� WKH\� ZHUH

XQVXFFHVVIXO�LQ�RYHUFRPLQJ�GURS�FOLPELQJ��

$V�,)7�JHWV�ORZHU��SHQGDQW�GURSV�WHQG�WR�EH�VPDOO�DQG�IODW� �,Q�WKLV�FDVH�WKH�VKDSH�IDFWRU�������

PHWKRG�LV�GLIILFXOW�WR�DSSO\�EHFDXVH�WKH�GLDPHWHU�RI�WKH�GURS��' ��DW�WKH�HOHYDWLRQ�RI�HTXDWRU�GLDPHWHUV

�' ��IURP�WKH�DSH[�LV�VWURQJO\�DIIHFWHG�E\�WKH�SUHVHQFH�RI�WKH�WLS��VHH�)LJ�������$OVR�ZHWWLQJ�EHKDYLRUH

GHIRUPV� WKH� VKDSH� RI� WKH� SHQGDQW� GURS� �:H� KDYH� REVHUYHG� WKDW� WKH� ,)7� LV� HUURQHRXV� LI� LW� LV���

GHWHUPLQHG�EDVHG�RQ�GURS�HGJH�DERYH�WKH�HTXDWRU�LQ�ORZ�,)7�V\VWHPV���7KH�REMHFWLYH�RI�WKLV�VWXG\�ZDV

WR�GHYHORS�D�VLPSOH�PHWKRG�IRU�ORZ�,)7�GHWHUPLQDWLRQ�XVLQJ�KDOI�RI�WKH�GURS�SURILOH��L�H���GURS�HGJH

GDWD�EHORZ�WKH�HTXDWRU���7R�DYRLG�WKH�GLIILFXOWLHV�LQYROYHG�LQ�VROYLQJ�WKH�VHFRQG�RUGHU��QRQ�OLQHDU

GLIIHUHQWLDO��/DSODFH��HTXDWLRQ��ZH�GHYHORSHG�D�QHZ�PHWKRG�EDVHG�RQ�D�VWDWLF�IRUFH�EDODQFH�RQ�WKH

ORZHU�KDOI�RI�WKH�SHQGDQW�GURS��$�VLPSOH�HTXDWLRQ�UHODWLQJ�WKH�,)7��IOXLG�GHQVLWLHV��DQG�GURS�JHRPHWU\

ZDV� IRUPXODWHG��:LWK� NQRZQ�SURILOH� GDWD� IURP� WKH� ORZHU� KDOI� RI� WKH� SHQGDQW� GURS�� ,)7� FDQ� EH

FDOFXODWHG�TXLFNO\�IURP�WKH�HTXDWLRQ��

,W�LV�JHQHUDOO\�UHFRJQL]HG �WKDW�WKH�GURS�LQIRUPDWLRQ�DW�DQG�QHDU�WKH�DSH[�LV�YLWDOO\�����������

LPSRUWDQW�EHFDXVH�LW�GHILQHV�WKH�RULJLQ�RI�WKH�GURS�FXUYH�DQG�WKH�FXUYDWXUH�LQIRUPDWLRQ�LV�XVHG�WR

FDOFXODWH�,)7��8QIRUWXQDWHO\��DV�WKH�WDQJHQW�OLQH�DW�WKH�DSH[�LV�KRUL]RQWDO��YLGHR�GLJLWL]DWLRQ�DOZD\V

JLYHV�FRQVLGHUDEOH�HUURU�LQ�PHDVXUHG�FRRUGLQDWHV��2XU�QHZ�PHWKRG�UHTXLUHV�KLJK�TXDOLW\�GURS�SURILOH

GDWD�QHDU�WKH�DSH[�RI�WKH�GURS�WR�GHWHUPLQH�FXUYDWXUH�RI�WKH�GURS�VXUIDFH�DW�WKH�DSH[��:H�FRQILUPHG

WKH� REVHUYDWLRQ� E\� D� SUHYLRXV� LQYHVWLJDWRU � WKDW� WKH� UHVXOWV� FDQ� EH� FRPSOHWHO\� GLVWRUWHG� E\���

H[SHULPHQWDO�QRLVH�DQG�QRLVH�LQWURGXFHG�GXULQJ�GLJLWL]LQJ�WKH�GURS�SURILOH��:H�VROYHG�WKLV�SUREOHP

E\� GLJLWL]LQJ� URWDWHG� GURS� LPDJHV�� ILWWLQJ� D� VPRRWKHG� VSOLQH� WR� WKH� GURS� SURILOH� GDWD�� DQG

GLIIHUHQWLDWLQJ�WKLV�VPRRWKHG�VSOLQH�LQ�FXUYDWXUH�FDOFXODWLRQV�

7KH�UHVXOW�RI�,)7�GHWHUPLQHG�XVLQJ�WKLV�QHZ�PHWKRG�ZDV�FRPSDUHG�ZLWK�WKDW�JLYHQ�E\�RWKHU

PHWKRGV�LQ�WKH�OLWHUDWXUH�IRU�ZDWHU��QRUPDO�GHFDQH��GHF\O�DOFRKRO��������WULPHWK\O�SHQWDQH��QRUPDO

KHSWDQH�� KH[DGHFDQH�DQG� WROXHQH�XQGHU�DPELHQW�FRQGLWLRQV�� �7KLV�FRPSDULVRQ�VKRZV�YHU\�JRRG

FRQVLVWHQF\�DPRQJ�WKH�PHWKRGV�LQ�WKH�KLJK�,)7�UHJLRQ��,)7�!����P1�P���8VLQJ�RXU�SHQGDQW�GURS

JHQHUDWLQJ� DSSDUDWXV� DQG� LPDJH� SURFHVVLQJ� V\VWHP�� ZH� WHVWHG� WKH� QHZ� PHWKRG� XQGHU� YDULRXV

FRQGLWLRQV� IRU�ZDWHU�� QRUPDO�GHFDQH�� HWKDQH�� DQG�&2 ��:H� IRXQG� WKDW� WKH�QHZ�PHWKRG� LV�PRUH�

DFFXUDWH�WKDQ�WKH�VKDSH�IDFWRU�PHWKRG��HVSHFLDOO\�LQ�WKH�ORZ�,)7�UHJLRQ��,)7�����P1�P���7KLV�LV

EHFDXVH�WKH�QHZ�PHWKRG�DOORZV�FDOFXODWLRQV�RI�,)7�IURP�YHU\�VPDOO�GURSOHWV�DV�ORQJ�DV�WKH�GURSOHWV

KDYH�HTXDWRUV�GHYHORSHG���7KH�ORZHVW�,)7�WKDW�ZH�KDYH�PHDVXUHG�VR�IDU�LV������P1�P��:H�EHOLHYH

WKDW�E\�XVLQJ�PRUH�SRZHUIXO�OHQVHV�IRU�PDJQLI\LQJ�GURS�LPDJHV��HYHQ�ORZHU�,)7�FDQ�EH�PHDVXUHG��
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0HWKRG�'HVFULSWLRQ

)LJXUHV�����DQG�����GHPRQVWUDWH�WKH�JHRPHWU\�RI�DQG�IRUFHV�DFWLQJ�RQ�WKH�ORZHU�KDOI�RI�D

SHQGDQW�GURS��7KH�IRUFHV�DUH�GURS�ZHLJKW�:��LQWHUIDFLDO�WHQVLRQ�)�IURP�WKH�XSSHU�KDOI�RI�WKH�GURS�
SUHVVXUH�3 �IURP�WKH�XSSHU�KDOI�RI�WKH�GURS��DQG�EXR\DQF\�IRUFH�3 �IURP�WKH�RXWHU�SKDVH��$W�DQ\

+H� � � � � � � � � � � R

HTXLOLEULXP�FRQGLWLRQ��DSSO\LQJ�1HZWRQ
V�VHFRQG�ODZ�RI�PRWLRQ�WR�WKH�ORZHU�KDOI�RI�WKH�GURS�\LHOGV�

ZKHUH�' �LV�HTXDWRU�GLDPHWHU��3 �LV�SUHVVXUH�LQ�WKH�GURS�DW�HTXDWRU�HOHYDWLRQ�+ �IURP�WKH�DSH[��3 �LV
H� � � � +H� � � � � � � � � H� � � � R

SUHVVXUH�LQ�WKH�RXWHU�SKDVH�DW�DQ�HOHYDWLRQ�FRUUHVSRQGLQJ�WR�UDGLDO�GLVWDQFH�[��D�LV�LQFOLQDWLRQ�DQJOH

RI�WKH�GURS�VXUIDFH�DW�WKH�HOHYDWLRQ�FRUUHVSRQGLQJ�WR�UDGLDO�GLVWDQFH��DQG�6�LV�WKH�DUF�OHQJWK�IURP�WKH

DSH[�WR�WKH�HOHYDWLRQ�FRUUHVSRQGLQJ�WR�UDGLDO�GLVWDQFH�[��3 �FDQ�EH�H[SUHVVHG�DV
+H

ZKHUH� 3 �� ' �� DQG� J� DUH� SUHVVXUH� LPPHGLDWHO\� DERYH� WKH� DSH[�� GHQVLW\� RI� WKH� LQQHU� SKDVH� DQG
DL � L

JUDYLWDWLRQDO�DFFHOHUDWLRQ��UHVSHFWLYHO\��6LQFH

�DQG�

ZKHUH�3 ��3 ��DQG�5 �DUH�SUHVVXUH�LPPHGLDWHO\�EHORZ�WKH�DSH[��FDSLOODU\�SUHVVXUH�DW�WKH�DSH[��DQG
DR � FD � � D

UDGLXV�RI�FXUYDWXUH�DW�WKH�DSH[��WZR�SULQFLSDO�UDGLL�RI�FXUYDWXUH��U �DQG�U ��DUH�WKH�VDPH�DQG�HTXDO�WR
� � � �

5 �DW�WKH�DSH[���UHVSHFWLYHO\��(T�������FDQ�EH�UHDUUDQJHG�
D

7KH�ZHLJKW��FDQ�EH�H[SUHVVHG�DV
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7KH�DUF�OHQJWK�LV

7KH�RXWHU�SUHVVXUH��FDQ�EH�H[SUHVVHG�DV

�ZKHUH��' �LV�WKH�GHQVLW\�RI�WKH�RXWHU�SKDVH���6XEVWLWXWLRQV�RI�(TV�������������������DQG������LQWR�(T�
R

�����JLYH

,QWHUIDFLDO�WHQVLRQ��)�FDQ�EH�VROYHG�IURP�WKLV�HTXDWLRQ�WR�\LHOG�

,I�WKH�GURS�SURILOH�\� �I�[��LV�PHDVXUHG��5 �DQG�LQWHJUDO�LQ�(T�������FDQ�EH�HYDOXDWHG�WR�GHWHUPLQH
D

LQWHUIDFLDO�WHQVLRQ�)�
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([SHULPHQWDO�$SSDUDWXV�

)LJXUH�����VKRZV�D�VNHWFK�RI�RXU�H[SHULPHQWDO�VHWXS�IRU�SHQGDQW�GURS�PHDVXUHPHQW��8S�WR

���QHHGOHV�FDQ�EH�LQVWDOOHG�LQ�D�KLJK�SUHVVXUH�FHOO�IRU�IRUPLQJ�SHQGDQW�DQG�VHVVLOH�GURSV�RI�GLIIHUHQW

VL]HV��)OXLGV�DUH�FLUFXODWHG�E\�D�SXPS�WKURXJK�WKH�PHDVXULQJ�FHOO��ZKHUH�SHQGDQW�GURSV�DUH�IRUPHG�

DQG�D�GHQVLW\�PHWHU�WR�PHDVXUH�WKH�GHQVLWLHV�RI�WKH�WZR�SKDVHV��$�FLUFXODWLQJ�ZDWHU�EDWK�LV�XVHG�WR

FRQWURO�WKH�WHPSHUDWXUH�RI�WKH�PHDVXULQJ�FHOO�DQG�WKH�GHQVLW\�PHWHU��3UHVVXUH�DQG�WHPSHUDWXUH�DUH

PHDVXUHG� E\� D� SUHVVXUH� LQGLFDWRU� DQG� D� WKHUPRPHWHU�� 7KH� ELJ� ER[� UHSUHVHQWV� WKH� DLU� EDWK�� 7KH

WHPSHUDWXUH�LQ�WKH�ZDWHU�DQG�DLU�EDWK�DUH�UHJXODWHG�DW�PHDVXULQJ�FRQGLWLRQV��3HQGDQW�VHVVLOH�GURSV�DUH

LPDJHG�E\�D�&&'�YLGHR�FDPHUD��'URS�LPDJHV�VXFK�DV�WKH�RQH�LQ�)LJ�����DUH�VHQW�WR�WKH�9&5��PRQLWRU

DQG�FRPSXWHU�IRU�GDWD�SURFHVVLQJ��7KH�FRPSXWHU�FDOFXODWHV�,)7�IURP�WKH�LPDJH�SURILOH��7KH�GHQVLW\

PHWHU�LV�D�3$$5�P3'6�������7KH�9LGHR�FDPHUD�LV�D�6$1<2�9&%������ZLWK�D�����7HOH�FRQYHUVLRQ

OHQV��&�0RXQW�/HQV�$GDSWRU��DQG�D�YLGHR�PRQLWRU��7KH�LPDJH�SURFHVVLQJ�VRIWZDUH�LV�(3,;�69,3

YHUVLRQ�����IRU�ZLQGRZV��7KH�FLUFXODWLQJ�SXPS�LV�D�KLJK�VSHHG�/'&�DQDO\WLFDO�PLQL3XPS��1HHGOH

VL]HV�UDQJH�IURP������PP�WR������PP��)RU�FDOLEUDWLRQ�XVHV��DFFXUDWHO\�FXW�PHWDO�FROODUV�DUH�DWWDFKHG

DURXQG�WKH�QHHGOHV��

�

5HVXOWV�DQG�'LVFXVVLRQ�

7KH�QHZ�PHWKRG�ZDV�ILUVW�WHVWHG�XVLQJ�H[SHULPHQWDO�GDWD�REWDLQHG�XQGHU�DPELHQW�FRQGLWLRQV�

3HQGDQW�GURS�SURILOH�GDWD�ZHUH�WDNHQ�IURP�/RSH]�GH�5DPRV� �'URS�GLPHQVLRQ�SDUDPHWHUV��' DQG���

H

+ ��ZHUH�GHWHUPLQHG�IURP�WKH�GURS�SURILOHV��7KH�UDGLXV�RI�FXUYDWXUH�DW�WKH�DSH[�5 �ZDV�QXPHULFDOO\
H � � � � � � � � � � � � � � D

FDOFXODWHG�XVLQJ�WKH�SURILOH�GDWD��3DUDPHWHU�YDOXHV�IRU�VHYHQ�SXUH�VXEVWDQFHV�DUH�VKRZQ�LQ�7DEOH����

6XUIDFH�WHQVLRQV�RI�WKH�VHYHQ�VXEVWDQFHV�ZHUH�FDOFXODWHG�ZLWK�(T�������DQG�DUH�VKRZQ�LQ�WKH�ODVW

FROXPQ� RI� 7DEOH� ���� 7DEOH� ��� DOVR� FRQWDLQV� VXUIDFH� WHQVLRQ� GDWD� UHSRUWHG� LQ� WKH� OLWHUDWXUH� IRU

FRPSDULVRQ�� -DVSHU
V � GDWD� ZDV� FROOHFWHG� IURP� WKH� SK\VLFDO� FKHPLVWU\� OLWHUDWXUH�� +DQVHQ� DQG���

5RGVUXG
V �GDWD�ZDV�REWDLQHG�XVLQJ�WKH�VKDSH�IDFWRU�PHWKRG��/RSH]�GH�5DPRV
 �GDWD�ZDV�FDOFXODWHG���� � � � � � � � � � � ���

IURP� WKH� VSOLQH�PHWKRG��&RPSDULVRQV� EHWZHHQ� OLWHUDWXUH� UHSRUWHG� VXUIDFH� WHQVLRQ� GDWD� DQG� WKDW

REWDLQHG�XVLQJ�WKH�QHZ�PHWKRG�LQGLFDWH�FRQVLVWHQF\�LQ�WKH�KLJK�WHQVLRQ�UHJLRQ��$OVR�LQFOXGHG�LQ

7DEOHV����DQG����DUH�H[SHULPHQWDO�GDWD�REWDLQHG�IURP�RXU�ODERUDWRU\�IRU�ZDWHU�DQG�GHFDQH�XQGHU

YDULRXV�FRQGLWLRQV�IRU�FRPSDULVRQ��7KH�GDWD�LQGLFDWH�WKDW�WKH�UHVXOW�JLYHQ�E\�WKH�QHZ�PHWKRG�LV�ORZHU

WKDQ�WKDW�JLYHQ�E\�WKH�VKDSH�IDFWRU�PHWKRG�DW�HOHYDWHG�SUHVVXUH�DQG�WHPSHUDWXUH��)LJXUH�����VKRZV

H[SHULPHQWDO�GDWD�REWDLQHG�IRU�WKH�EULQH�KHSWDQH�LVR�SURSDQRO�V\VWHP��7KLV�ILJXUH�LQGLFDWHV�WKDW�WKH

,)7�GHWHUPLQHG�XVLQJ�WKH�VKDSH�IDFWRU�PHWKRG�EHJLQV�WR�GHYLDWH�IURP�WKH�WKHRUHWLFDO�WUHQG��VFDOLQJ

ODZ��DW�DQ�,)7�DSSUR[LPDWHO\�HTXDO�WR�����P1�P���,Q�RUGHU�WR�DVVXUH�WKDW�WKH�GHYLDWLRQ�LV�D�UHVXOW�RI

DSSOLFDWLRQ�RI�WKH�PHWKRG�XVHG�IRU�H[WUDFWLQJ�,)7�IURP�SHQGDQW�GURSV��UDWKHU�WKDQ�IOXLG�SURSHUWLHV�

ZH�DOVR�PHDVXUHG�,)7�RI�SXUH�&2 ��7KH�UHVXOW�LV�VKRZQ�LQ�)LJ�������ZKLFK�LQGLFDWHV�WKH�GLYHUJHQFH
�

RI�FDOFXODWHG�,)7�E\�WKH�VKDSH�IDFWRU�PHWKRG�IURP�WKH�WKHRUHWLFDO�WUHQG�ZKHQ�,)7�LV�EHORZ�����P1�P�

6XUIDFH�WHQVLRQ�RI�HWKDQH�ZDV�DOVR�PHDVXUHG�LQ�RXU�ODERUDWRU\�IRU�FRPSDULVRQ��)LJXUH����

SUHVHQWV�PHDVXUHG�GHQVLW\�GDWD�IRU�HWKDQH��)LJXUH�����VKRZV�D�SORW�RI�SKDVH�GHQVLW\�GLIIHUHQFH�YHUVXV

UHGXFHG�WHPSHUDWXUH��,W�FDQ�EH�VHHQ�IURP�WKLV�SORW�WKDW�WKH�PHDVXUHG�GDWD�IROORZ�WKH�WKHRUHWLFDO�WUHQG



��

GHILQHG�E\�D�WKHRUHWLFDO�VORSH�RI�������RQ�WKH�ORJ�ORJ�VFDOH��6XUIDFH�WHQVLRQV�GHWHUPLQHG�E\�WKH�VKDSH

IDFWRU�PHWKRG�DQG�WKH�QHZ�PHWKRG�DUH�SORWWHG�LQ�)LJ������DJDLQVW�UHGXFHG�WHPSHUDWXUH��,W�LV�VHHQ�IURP

WKH�SORW�WKDW�WKH�VXUIDFH�WHQVLRQV�FDOFXODWHG�E\�WKH�QHZ�PHWKRG�IROORZ�WKH�WKHRUHWLFDO�WUHQG�ZLWK�D

VORSH�RI������RQ�WKH�ORJ�ORJ�VFDOH��ZKLOH�WKH�VXUIDFH�WHQVLRQV�FDOFXODWHG�E\�WKH�VKDSH�IDFWRU�PHWKRG

GHYLDWH�IURP�WKH�WKHRUHWLFDO�VORSH�ZKHQ�,)7�LV�ORZHU�WKDQ�����P1�P��)LJXUH�����GHPRQVWUDWHV�D

ORJ�ORJ�SORW�RI�VXUIDFH�WHQVLRQ�YHUVXV�SKDVH�GHQVLW\�GLIIHUHQFH��$JDLQ��LW�LQGLFDWHV�WKDW�WKH�VXUIDFH

WHQVLRQV�JLYHQ�E\�WKH�QHZ�PHWKRG�IROORZ�WKH�WKHRUHWLFDO�WUHQG�ZLWK�D�VORSH�RI�������ZKLOH�WKH�VXUIDFH

WHQVLRQV�JLYHQ�E\�WKH�VKDSH�IDFWRU�PHWKRG�GHYLDWH�IURP�WKH�WKHRUHWLFDO�VORSH�LQ�WKH�ORZ�WHQVLRQ�UHJLRQ�

,Q�RUGHU�WR�NQRZ�DW�ZKDW�FRQGLWLRQV�WKH�VKDSH�IDFWRU�PHWKRG�IDLOV�WR�H[WUDFW�DFFXUDWH�,)7

LQIRUPDWLRQ�IURP�&2 �GURSV��ZH�FRQGXFWHG�D�VHFRQG�VHW�RI�,)7�PHDVXUHPHQWV�IRU�SXUH�&2 ��)LJXUH
�� � � � � � � � � � � � �

����VKRZV�PHDVXUHG�GHQVLW\�GDWD�IRU�&2 �OLTXLG�DQG�YDSRU�SKDVHV�DORQJ�WKH�YDSRU�SUHVVXUH�FXUYH�
�

3KDVH�GHQVLW\�GLIIHUHQFH�YHUVXV�UHGXFHG�WHPSHUDWXUHV�DUH�SORWWHG�LQ�)LJ�������,W�LV�VHHQ�IURP�WKLV�SORW

WKDW�WKH�PHDVXUHG�GDWD�KRQRUV�WKH�WKHRUHWLFDO�WUHQG�ZLWK�D�VORSH�RI��������6XUIDFH�WHQVLRQV�GHWHUPLQHG

E\�WKH�VKDSH�IDFWRU�PHWKRG�DQG�WKH�QHZ�PHWKRG�DUH�SORWWHG�LQ�)LJ������DJDLQVW�UHGXFHG�WHPSHUDWXUH�

7KH�SORW�GHPRQVWUDWHV�WKDW�WKH�VXUIDFH�WHQVLRQV�FDOFXODWHG�ZLWK�WKH�QHZ�PHWKRG�IROORZ�WKH�WKHRUHWLFDO

WUHQG�ZLWK�D�VORSH�RI�������ZKLOH�VXUIDFH�WHQVLRQV�FDOFXODWHG�E\�WKH�VKDSH�IDFWRU�PHWKRG�GHYLDWH�IURP

WKH�WKHRUHWLFDO�VORSH�ZKHQ�,)7�LV�EHORZ�����P1�P��)LJXUH�����VKRZV�D�SORW�RI�VXUIDFH�WHQVLRQ�YHUVXV

SKDVH�GHQVLW\�GLIIHUHQFH��,W�DOVR�LQGLFDWHV�WKDW�WKH�VXUIDFH�WHQVLRQV�JLYHQ�E\�WKH�QHZ�PHWKRG�IROORZ

WKH�WKHRUHWLFDO�WUHQG�ZLWK�D�VORSH�RI�������ZKLOH�VXUIDFH�WHQVLRQV�IURP�WKH�VKDSH�IDFWRU�PHWKRG�GHYLDWH

IURP�WKH�WKHRUHWLFDO�VORSH�LQ�ORZ�WHQVLRQ�UHJLRQ��

7KH�UHDVRQ�WKH�VKDSH�IDFWRU�PHWKRG�IDLOV�LQ�WKH�ORZ�,)7�UHJLRQ�LV�SUREDEO\�GXH�WR�WKH�HIIHFW

RI�WKH�QHHGOH�WLS�IRU�VPDOO�SHQGDQW�GURSV��7KLV�HIIHFW�RQ�WKH�GURS�VKDSH�PD\�EH�UHIOHFWHG�E\�WKH�YDOXH

RI�WKH�VKDSH�IDFWRU��' ��' ��RI�WKH�GURS��$V�,)7�JHWV�ORZHU��WKH�SHQGDQW�GURS�JHWV�VPDOOHU��DQG�WKH
V � H

VKDSH�IDFWRU�JHWV�ODUJHU��DSSURDFKLQJ�XQLW\���)RUGKDP �FODLPHG�WKDW�WKH�VKDSH�IDFWRU�PHWKRG�LV���

DFFXUDWH�IRU���YDOXHV�EHWZHHQ������DQG������ZKLFK�FRUUHVSRQGV�WR�VKDSH�IDFWRU�YDOXHV�EHWZHHQ�����DQG
�����DFFRUGLQJ�WR�KLV�WZR�WHUP�FRUUHODWLRQ�EHWZHHQ���DQG�WKH�VKDSH�IDFWRU��+DQVHQ�DQG�5RGVUXG����

FODLPHG�WKDW�WKH�VKDSH�IDFWRU�PHWKRG�LV�DFFXUDWH�IRU���YDOXHV�EHWZHHQ�����DQG������ZKLFK�FRUUHVSRQGV
WR�VKDSH�IDFWRU�YDOXHV�EHWZHHQ������DQG������DFFRUGLQJ�WR�WKHLU�IRXU�WHUP�FRUUHODWLRQ�EHWZHHQ���DQG
WKH� VKDSH� IDFWRU�� )LJXUH� ���� SUHVHQWV� VRPH� DFWXDO� GURS� LPDJHV� IURP� ZKLFK� ,)7� RI� &2 � ZDV

�

GHWHUPLQHG�LQ�RXU�ILUVW�&2 �H[SHULPHQW��/LVWHG�EHORZ�WKH�GURS�LPDJHV�DUH�FRUUHVSRQGLQJ�VKDSH�IDFWRUV
�

DQG�,)7��7KHVH�GURSV�ZHUH�REWDLQHG�XVLQJ�D�QHHGOH�VL]H�RI�������PP�LQ�RXWHU�GLDPHWHU��:H��HYDOXDWHG

VKDSH�IDFWRU�YDOXHV�FRUUHVSRQGLQJ�WR�,)7�YDOXHV�ZKHUH�FDOFXODWHG�,)7�GHYLDWHV�IURP�WKHRUHWLFDO�WUHQG�

&RPSDULVRQ� RI� VKDSH� IDFWRUV� IRU� WKHVH�&2 �GURSV� LQGLFDWHV� WKDW� D� VXUIDFH� WHQVLRQ�RI�����P1�P
�

FRUUHVSRQGV�WR�D�VKDSH�IDFWRU�RI�������6LPLODU�FRPSDULVRQ�RI�VKDSH�IDFWRUV�RI�GURSV�REWDLQHG�IURP�RXU

VHFRQG�&2 �H[SHULPHQW�XVLQJ�D�������PP�QHHGOH�LQGLFDWHV�WKDW�D�VXUIDFH�WHQVLRQ�RI�����P1�P�IRU�WKH
�

V\VWHP�FRUUHVSRQGV�WR�D�VKDSH�IDFWRU�RI�������&RPSDULVRQ�RI�VKDSH�IDFWRUV�RI�HWKDQH�GURSV�REWDLQHG

XVLQJ�D�������PP�QHHGOH�LQGLFDWHV�WKDW�D�VXUIDFH�WHQVLRQ�RI�����P1�P�FRUUHVSRQGV�WR�D�VKDSH�IDFWRU

RI�������([SHULPHQWDO�GDWD�REWDLQHG�IRU�WKH�EULQH�KHSWDQH�LVR�SURSDQRO�XVLQJ�D�������PP�QHHGOH

LQGLFDWHV�WKDW�D�VXUIDFH�WHQVLRQ�RI�����P1�P�IRU�WKH�V\VWHP�FRUUHVSRQGV�WR�D�VKDSH�IDFWRU�RI�������,W

DSSHDUV�HYLGHQW�IURP�WKLV�DQDO\VLV�WKDW�WKH�VKDSH�IDFWRU�PHWKRG�VKRXOG�IDLO�WR�H[WUDFW�DFFXUDWH�,)7

LQIRUPDWLRQ�IURP�SHQGDQW�GURSV�WKDW�KDYH�DYHUDJH�VKDSH�IDFWRU�JUHDWHU�WKDQ�������

��



��

��&RQFOXVLRQV

,Q� WKH�ORZ�,)7�UHJLRQ��SHQGDQW�GURSV�WHQG�WR�EH�VPDOO�DQG�IODW��7KH�XSSHU�SRUWLRQ�RI� WKH

SHQGDQW�GURS�LV�VWURQJO\�DIIHFWHG�E\�WKH�ZHWWLQJ�EHKDYLRU�RI�WKH�WLS��,Q�WKLV�FDVH��FDOFXODWLRQ�PHWKRGV

VXFK�DV�WKH�WUDGLWLRQDO�VKDSH�IDFWRU�PHWKRG�DUH�HUURQHRXV�EHFDXVH�GURS�HGJH�LQIRUPDWLRQ�IURP�WKH

XSSHU�� GLVWRUWHG� SRUWLRQ� RI� WKH� SHQGDQW� GURS� LV� LQFOXGHG� LQ� WKH� FDOFXODWLRQ��$� QHZ�PHWKRG� IRU

GHWHUPLQDWLRQ�RI�ORZ�,)7�KDV�EHHQ�GHYHORSHG�EDVHG�RQ�D�VWDWLF�IRUFH�EDODQFH�RQ�WKH�ORZHU�KDOI�RI�WKH

SHQGDQW�GURS��7KH�UHVXOW�RI�VXUIDFH�WHQVLRQ�GHWHUPLQHG�XVLQJ�WKLV�QHZ�PHWKRG�ZDV�FRPSDUHG�ZLWK�WKDW

JLYHQ�E\�WKH�VKDSH�IDFWRU�PHWKRG�IRU�ZDWHU��QRUPDO�GHFDQH��GHF\O�DOFRKRO��������WULPHWK\O�SHQWDQH�

QRUPDO� KHSWDQH�� KH[DGHFDQH� DQG� WROXHQH� XQGHU� DPELHQW� FRQGLWLRQV�� � 7KLV� FRPSDULVRQ� VKRZV

FRQVLVWHQF\�EHWZHHQ�WKH�UHVXOWV�JLYHQ�E\�WKH�VKDSH�IDFWRU�PHWKRG�DQG�WKH�QHZ�PHWKRG�LQ�WKH�KLJK�,)7

UHJLRQ��,)7�!����P1�P���7HVWLQJ�RI�WKH�QHZ�PHWKRG�ZLWK�,)7�PHDVXUHG�XQGHU�YDULRXV�FRQGLWLRQV�IRU

ZDWHU��QRUPDO�GHFDQH��HWKDQH��DQG�&2 �LQGLFDWHV�WKDW�WKH�QHZ�PHWKRG�LV�PRUH�DFFXUDWH�WKDQ�WKH�VKDSH
�

IDFWRU�PHWKRG�LQ�WKH�ORZ�,)7�UHJLRQ��,)7�����P1�P���

�

,QYHVWLJDWLRQV�RQ�&2 �*UDYLW\�'UDLQDJH��

%DFNJURXQG�

%HFDXVH�IUDFWXUHV�DUH�KLJKO\�FRQGXFWLYH�WR�LQMHFWHG�JDV�DQG�JDV�LV�WKH�QRQZHWWLQJ�SKDVH�LQ�WKH

URFN�PDWUL[��JDV�LQMHFWLRQ�LQWR�IUDFWXUHG�UHVHUYRLUV�KDV�EHHQ�WUDGLWLRQDOO\�FRQVLGHUHG�DV�DQ�LQHIILFLHQW

PHWKRG�IRU�HQKDQFLQJ�RLO�UHFRYHU\�IURP�IUDFWXUHG�UHVHUYRLUV��+RZHYHU��WKH�0LGDOH�3LORW �LQGLFDWHG���

WKDW� WKH�HIILFLHQF\�RI�&2 �LQMHFWLRQ�LQWR�IUDFWXUHG�UHVHUYRLUV�LV�QRW�DV�ORZ�DV�H[SHFWHG��7KH�RQO\�

H[SODQDWLRQ� LV� WKDW�ZKHQ� D� QRQ�HTXLOLEULXP� JDV� LV� LQMHFWHG� LQWR� WKH� IUDFWXUH� V\VWHP� DW� HOHYDWHG

SUHVVXUH��FRPSRVLWLRQDO�HIIHFWV�EHFRPH�DFWLYH�EHWZHHQ�WKH�JDV�LQ�WKH�IUDFWXUHV�DQG�RLO�LQ�WKH�PDWUL[�

'XH�WR�WKH�PXOWL�FRQWDFW�PHFKDQLVP��OLJKW�K\GURFDUERQV�LQ�WKH�RLO�FDQ�EH�H[WUDFWHG�IURP�WKH�YLUJLQ

RLO�EDQN�IRUPLQJ�D�¦JDV§�ULFK�OLJKW�OLTXLG�SKDVH�DQG�DQ�RLO�ULFK�KHDY\�OLTXLG�SKDVH��7KLV�NLQG�RI�SKDVH

VSOLW�KDV�EHHQ�UHSRUWHG�E\�VHYHUDO�LQYHVWLJDWRUV� �7KH�LQWHUIDFLDO�WHQVLRQ��,)7��EHWZHHQ�SKDVHV�LV�����

ORZ� FRPSDUHG� WR� WKDW� EHWZHHQ� WKH� YLUJLQ� RLO� DQG� JDV� SKDVHV�� 7KHUHIRUH�� WKH� FDSLOODU\� SUHVVXUH

WKUHVKROG�PD\�EH�RYHUFRPH�E\�JUDYLW\�UHVXOWLQJ�LQ�JUDYLW\�GUDLQDJH�RI�RLO�IURP�WKH�PDWUL[�EORFNV��,Q

RUGHU�WR�XQGHUVWDQG�WKH�PHFKDQLVP�RI�JUDYLW\�GUDLQDJH�DQG�SUHGLFW�WKH�UHVSRQVH�RI�IUDFWXUHG�UHVHUYRLUV

WR�JDV�LQMHFWLRQ��D�PDWKHPDWLFDO�PRGHO�RI�WKH�SURFHVV�LV�GHVLUDEOH��

(TXLOLEULXP�*UDYLW\�'UDLQDJH

6WXGLHV� RQ� JUDYLW\� GUDLQDJH� ZHUH� FRQGXFWHG� D� FHQWXU\� DJR� ZKHQ� .LQJ� LQYHVWLJDWHG� WKH

SULQFLSOHV�DQG�FRQGLWLRQV�RI�DTXLIHU�PRWLRQ��,QYHVWLJDWLRQV�RI�JUDYLW\�GUDLQDJH�RI�RLO�LQ�RLO�UHVHUYRLUV

ZHUH�LQLWLDWHG�LQ�WKH�HDUO\���
V��/HYHUHWW �DQG�.DW] �SUHVHQWHG�GDWD�DQG�GLVFXVVHG�WKH�WKHRU\�UHODWLQJ���� � ���

FDSLOODU\�DQG�JUDYLWDWLRQDO�IRUFHV�DFWLQJ�RQ�OLTXLGV�FRQWDLQHG�LQ�D�VDQG�ERG\��6WDKO��HW�DO� ��FRQGXFWHG���

H[SHULPHQWV�WR�LQYHVWLJDWH�EHKDYLRU�RI�IUHH�IDOO�JUDYLW\�GUDLQDJH�RI�ZDWHU�DQG�RLO�LQ�DQ�XQFRQVROLGDWHG

VDQG��(ONLQV�HW�DO� ��SUHVHQWHG�D�VLPSOLILHG�WKHRU\�RI�UHJLRQDO�GUDLQDJH�RI�RLO�IURP�DQ�XSVWUXFWXUH�WR���

GRZQVWUXFWXUH� ORFDWLRQ� GXH� WR� JUDYLW\� DVVXPLQJ� ]HUR� FDSLOODU\� SUHVVXUH� JUDGLHQW�� &DUGZHOO� DQG



��

3DUVRQV �SUHVHQWHG�D�JRYHUQLQJ�HTXDWLRQ�IRU�WKH�IUHH�IDOO�JUDYLW\�GUDLQDJH�SURFHVV���7KH\�FRXOG�QRW���

VROYH� WKH�HTXDWLRQ�EHFDXVH�RI� LWV�QRQ�OLQHDULW\��%\�QHJOHFWLQJ� WKH� WHUP� LQYROYLQJ� WKH�SURGXFW�RI

SHUPHDELOLW\�DQG�YDULDWLRQ�RI�FDSLOODU\�SUHVVXUH�ZLWK�VDWXUDWLRQ��WKH\�GHULYHG�D�VROXWLRQ�IRU�VLPSOLILHG

FDVHV�XVLQJ�WKH�FRQFHSW�RI�D�GHPDUFDWRU��7HUZLOOLJHU��HW�DO� ��FRQGXFWHG�H[SHULPHQWDO�DQG�WKHRUHWLFDO���

LQYHVWLJDWLRQV�RQ�JUDYLW\�GUDLQDJH�SHUIRUPDQFH�XQGHU�FRQWUROOHG�IORZ�UDWHV��7KHLU�WKHRU\�ZDV�EDVHG

RQ� WKH�%XFNOH\�/HYHUHWW � DSSURDFK�� �1HQQLJHU� DQG�6WRUURZ �SUHVHQWHG� DQ� DSSUR[LPDWH� VHULHV���� � � � � ���

VROXWLRQ�IRU�IUHH�IDOO�JUDYLW\�GUDLQDJH�EDVHG�RQ�ILOP�IORZ�WKHRU\��7KH�UHVXOWV�DFFXUDWHO\�PDWFKHG

H[SHULPHQWDO�GDWD�REWDLQHG�IURP�D�KLJKO\�SHUPHDEOH�SDFN�RI�JODVV�EHDGV��(VVOH\��HW�DO� �DQDO\]HG�WKH���

JUDYLW\� GUDLQDJH� SURFHVV� DQG� ILQDO� RLO� UHFRYHU\� LQ� D� VWHHSO\� GLSSLQJ� UHVHUYRLU�� 7HPSOHWRQ� DQG

1LHOVHQ �H[SHULPHQWDOO\�LQYHVWLJDWHG�WKH�FRXQWHUIORZ�VHJUHJDWLRQ�RI�IOXLGV�XQGHU�WKH�JUDYLWDWLRQDO���

IRUFH� ILHOG�XVLQJ�JODVV�EHDGV��'XPRUH�DQG�6FKROV �SHUIRUPHG�H[SHULPHQWDO� VWXGLHV�RI� IUHH�IDOO���

JUDYLW\� GUDLQDJH� RI� RLO� LQ� WKH� ODERUDWRU\� DQG� GHYHORSHG� D� GUDLQDJH� FDSLOODU\� SUHVVXUH� IXQFWLRQ�

'\NVWUD � JHQHUDOL]HG� WKH� DSSUR[LPDWH� WKHRU\� SUHVHQWHG� E\� &DUGZHOO� DQG� 3DUVRQV �� +LV���� � � � � � � � � ���

PDWKHPDWLFDO�PRGHO�PDWFKHG�VRPH�H[SHULPHQWDO�GDWD�ZLWK�DVVXPHG�SHUPHDELOLW\�YDOXHV���+DJRRUW���

WKHRUHWLFDOO\� DQDO\]HG� YHUWLFDO� GLVSODFHPHQW� HIILFLHQFLHV� RI� IRUFHG� DQG� IUHH�IDOO� JUDYLW\� GUDLQDJH

SURFHVVHV��+H�GHULYHG�D�JRYHUQLQJ�HTXDWLRQ�IRU�VDWXUDWLRQ� LQ� IUHH�IDOO�JUDYLW\�GUDLQDJH��ZKLFK� LV

LGHQWLFDO�WR�WKDW�JLYHQ�E\�&DUGZHOO�DQG�3DUVRQV �H[FHSW�WKDW�KH�XVHG�WKH�/HYHUHWW�-�IXQFWLRQ�IRU���

H[SUHVVLQJ� FDSLOODU\� SUHVVXUH�� +H� DJDLQ� GLG� QRW� VROYH� WKH� VDWXUDWLRQ� HTXDWLRQ� EHFDXVH� RI� LWV

QRQ�OLQHDULW\��+DOGRUVRQ�HW�DO� ��HYDOXDWHG�WKH�JUDYLW\�GUDLQDJH�PHFKDQLVP�LQ�DQ�RLO�ILHOG�XVLQJ���

FRPSHQVDWHG� QHXWURQ� ORJV�� FHQWULIXJDO� GLVSODFHPHQWV� DQG� DQ� DQDO\WLFDO� VWRFKDVWLF� DSSURDFK�

1HFWRX[ � LQYHVWLJDWHG� WKH� YHORFLW\� LQIOXHQFH� RQ� VZHHS� HIILFLHQF\� LQ� RLO� GUDLQDJH� H[SHULPHQWV����

&RPSRVLWLRQDO�HIIHFWV�ZHUH�DOVR�GLVFXVVHG�LQ�KLV�SDSHU�

/RZ�,)7�DQG�1RQHTXLOLEULXP�*UDYLW\�'UDLQDJH

-DFTXLQ��HW�DO� ��LQYHVWLJDWHG�JUDYLW\�GUDLQDJH�ZLWK�IOXLGV�QRW�LQ�HTXLOLEULXP��7KHLU�ODERUDWRU\���

H[SHULPHQWV�VKRZ�WKDW�WKH�RLO�UHFRYHU\�E\�JUDYLW\�GUDLQDJH�LQFUHDVHV�LI�WKH�FRQWHQW�RI�LQWHUPHGLDWH

FRPSRQHQWV�LQ�WKH�JDV�RU�LQ�WKH�OLTXLG�SKDVH�LQFUHDVHV��3DYRQH�HW�DO� �FRQGXFWHG�H[SHULPHQWV�WR���

LQYHVWLJDWH� IUHH�IDOO� JUDYLW\�GUDLQDJH� DW� ORZ� ,)7��7KH� ,)7�RI� WKH�& �& �PL[WXUH�XWLOL]HG� LQ� WKHLU
� �

H[SHULPHQWV�ZDV������G\QH�FP��7KH\�IRXQG�WKDW�WKH�JUDYLW\�GUDLQDJH�SURFHVV�FDQ�EH�GLYLGHG�LQWR�WZR

WLPH�SHULRGV��'XULQJ�WKH�ILUVW�SHULRG��DOPRVW�����RI�WKH�RLO�LQ�SODFH�ZDV�SURGXFHG��7KH�VHFRQG�SHULRG

RI�VORZ�GUDLQDJH�EHJDQ�VXGGHQO\�DW�D�EUHDNSRLQW�ZKHUHE\�WKH�SURGXFWLRQ�UDWH�ZDV�ORZ�EXW�OHG�WR�PRUH

WKDQ� ���� DGGLWLRQDO� RLO� UHFRYHU\�� 7KH\� DOVR� SUHVHQWHG� D� QRQ�OLQHDU� JRYHUQLQJ� HTXDWLRQ� IRU� JDV

VDWXUDWLRQ�GXULQJ�GUDLQDJH��7KHLU�JRYHUQLQJ�HTXDWLRQ�LV�VLPLODU�WR�WKH�RQH�JLYHQ�E\�&DUGZHOO�DQG

3DUVRQV �� 7KH� JRYHUQLQJ� HTXDWLRQ� ZDV� OLQHDUL]HG� E\� DVVXPLQJ� VWUDLJKW�OLQH� SHUPHDELOLW\� DQG���

ORJDULWKPLF�FDSLOODU\�SUHVVXUH�FXUYHV��7KH\�VROYHG�WKH�OLQHDUL]HG�JRYHUQLQJ�HTXDWLRQ�DQDO\WLFDOO\

DVVXPLQJ�WKDW�WKH�PLQLPXP�JDV�VDWXUDWLRQ�LV�DOZD\V�DW�WKH�RXWOHW�RI�WKH�FRUH��WKH�GHPDUFDWRU�LV�DOZD\V

DW� WKH�ERWWRP�RI� WKH� FRUH���7KH\�PDWFKHG� VRPH�H[SHULPHQWDO� GDWD�E\�GXDO� XVH�RI� WKH� DQDO\WLFDO

VROXWLRQ��L�H���WKH�DQDO\WLFDO�VROXWLRQ�ZDV�XVHG�WZLFH�IRU�HDUO\�DQG�ODWHU�WLPHV��UHVSHFWLYHO\��WR�PDWFK

WKH�VDPH�VHW�RI�H[SHULPHQWDO�GDWD�

6WHQVHQ�HW�DO� ��SHUIRUPHG�H[SHULPHQWV�IRU�DQDO\]LQJ�WKH�HIIHFW�RI�,)7�RQ�JUDYLW\�GUDLQDJH����

7KH\�HPSOR\HG�EULQH�DQG�D�& �Q�¤�& �PL[WXUH�KDYLQJ�,)7�UDQJLQJ�IURP�����UHSRUWHG�LQ�WKH�SDSHU��WR
� � � �



��

����G\QH�FP��6XIIULGJH�DQG�5HQQHU �LQYHVWLJDWHG�JUDYLW\�GUDLQDJH�H[SHULPHQWDOO\�XQGHU�FRQVWDQW�DQG���

YDU\LQJ�,)7�LQ�IUDFWXUHG�DQG�QRQ�IUDFWXUHG�FRUHV��7KH�YDU\LQJ�,)7�ZDV�REWDLQHG�E\�ILUVW�SODFLQJ�&
��

LQ�WKH�FRUH��DQG�WKHQ�OHWWLQJ�& �WR�GLIIXVH�LQWR�WKH�FRUH��GD�9LOYD�DQG�0H\HU �SUHVHQWHG�D�IRUPXODWLRQ
�

���

IRU�RLO�GHVDWXUDWLRQ�FXUYHV�XVHG�IRU�UHVHUYRLU�VLPXODWLRQ��6FKHFKWHU�HW�DO� ��UHSRUWHG�H[SHULPHQWDO���

UHVXOWV�RI�LQYHVWLJDWLRQV�RQ�ORZ�,)7�LPELELWLRQ�DQG�GUDLQDJH��7KH\�XWLOL]HG�EULQH�LVRSURSDQRO��L¤&
�

V\VWHPV�ZLWK�,)7�RI������������DQG������G\QHV�FP�DQG�GHQVLW\�GLIIHUHQFHV�RI�������������DQG������J�FF�

UHVSHFWLYHO\��7KH\�DOVR�SUHVHQWHG�DQDO\VHV�RI�LPELELWLRQ�DQG�GUDLQDJH�PHFKDQLVPV��,W�ZDV�FRQFOXGHG

WKDW�JUDYLW\�GUDLQDJH�RI�ZHWWLQJ�SKDVH�IURP�IXOO\�VDWXUDWHG�YHUWLFDO�FRUHV�RFFXUV�IRU�LQYHUVH�ERQG

QXPEHUV�OHVV�WKDQ����/XDQ �GLVFXVVHG�WKHRUHWLFDO�DVSHFWV�RI�IUHH�IDOO�JUDYLW\�GUDLQDJH�LQ�QDWXUDOO\���

IUDFWXUHG�UHVHUYRLUV��+H�VROYHG�WKH�JRYHUQLQJ�HTXDWLRQ�JLYHQ�E\�+DJRRUW�DQDO\WLFDOO\�DQG�QXPHULFDOO\�

+RZHYHU�� KH� XVHG� WKH� VDPH� ERXQGDU\� FRQGLWLRQ� DV� WKDW� XWLOL]HG� E\� 3DYRQH� � HW� DO��� WKDW� LV�� WKH

GHPDUFDWRU�LV�DVVXPHG�WR�EH�DOZD\V�DW�WKH�ERWWRP�RI�WKH�FRUH��(VSLH�HW�DO� ��LQYHVWLJDWHG�JUDYLW\���

GUDLQDJH�ZDWHUIORRG�LQWHUDFWLRQ�LQ�WKH�ODERUDWRU\��7KH\�IRXQG�WKDW�LQMHFWLRQ�RI�ZDWHU�LQWR�D�JUDYLW\

GUDLQHG�RLO�FROXPQ�ZLWK�KLJK�JDV�VDWXUDWLRQ�LPSURYHV�WKH�PRELOL]DWLRQ�RI�D�GU\�RLO�EDQN��&DWDODQ�HW

DO� �UHSRUWHG�WKHLU�UHVXOWV�RI�LQYHVWLJDWLRQV�RQ�WKH�HIIHFWV�RI�ZHWWDELOLW\�DQG�KHWHURJHQHLWLHV�RQ�WKH���

UHFRYHU\�RI�ZDWHUIORRG�UHVLGXDO�RLO�ZLWK�ORZ�SUHVVXUH�LQHUW�JDV�LQMHFWLRQ�DVVLVWHG�E\�JUDYLW\�GUDLQDJH�

([SHULPHQWV�RQ�IRUFHG�JUDYLW\�GUDLQDJH�E\�JDV�LQMHFWLRQ�XQGHU�YDU\LQJ�SUHVVXUHV�ZHUH�SHUIRUPHG�DQG

DQDO\]HG��7KH\�FRQFOXGHG�WKDW�WHUWLDU\�JUDYLW\�GUDLQDJH�LQ�ZDWHU�ZHW�V\VWHPV�LV�PRVW�HIILFLHQW�ZKHQ

WKH�RLO�VSUHDGV�RQ�WKH�ZDWHU�SKDVH�LQ�WKH�SUHVHQFH�RI�JDV��%OXQW�HW�DO� �SUHVHQWHG�D�WKHRUHWLFDO�DQG���

H[SHULPHQWDO� WUHDWPHQW�RI� WKUHH�SKDVH�IORZ�LQ�ZDWHU�ZHW�SRURXV�PHGLD�IURP�WKH�PROHFXODU� OHYHO

XSZDUGV�� 7KH\� IRXQG� WKDW� RLO� VSRQWDQHRXVO\� VSUHDGV� DV� D� OD\HU� EHWZHHQ�ZDWHU� DQG� JDV� LQ�PRVW

WKUHH�SKDVH�V\VWHPV��7KHLU�H[SHULPHQWDO�GDWD�RQ�JUDYLW\�GUDLQDJH�LQ�D�FDSLOODU\�PDWFKHG�SUHGLFWLRQV

E\�WKHLU�WKHRUHWLFDO�PRGHO��5HFHQWO\��\QR�HW�DO� �FRQGXFWHG�ODERUDWRU\�H[SHULPHQWV�RQ�FRPSRVLWH���

FRUHV� DW� UHVHUYRLU� FRQGLWLRQV� XVLQJ� UHFRPELQHG� UHVHUYRLU� IOXLGV� WR� LQYHVWLJDWH� WKH� SRWHQWLDO� RI

VHFRQGDU\� DQG� WHUWLDU\� UHFRYHU\� XVLQJ� JDV� LQMHFWLRQ�� ZKHUH� JUDYLW\� GUDLQDJH� LV� UHJDUGHG� DV� DQ

LPSRUWDQW� UHFRYHU\� PHFKDQLVP�� $OWKRXJK� WKH\� UHFRJQL]HG� WKDW� WKH� WLPH� UHTXLUHG� WR� UHDFK

FDSLOODU\�JUDYLW\� HTXLOLEULXP� GHSHQGV� RQ� RLO�JDV� GHQVLW\� GLIIHUHQFH�� JDV�RLO� ,)7�� DQG� PROHFXODU

GLIIXVLRQ� LQ� ERWK� JDV� DQG� RLO� SKDVHV�� WKH\� FRXOG� QRW� LGHQWLI\� FRQGLWLRQV� ZKHUHE\� HDFK� IDFWRU

GRPLQDWHV��

,Q�VXPPDU\��WKH�OLWHUDWXUH�UHYHDOV�WKDW�WKUHH�GLIIHUHQW�JUDYLW\�GUDLQDJH�SURFHVVHV�LQ�SRURXV

PHGLD�KDYH�EHHQ�LQYHVWLJDWHG������IRUFHG�JUDYLW\�GUDLQDJH�E\�JDV�LQMHFWLRQ�DQG�FRQWUROOHG�IORZ�UDWH�

ZKLFK�RFFXUV�ZKHQ�JDV�LV�LQMHFWHG�LQWR�VWHHSO\�GLSSLQJ�UHVHUYRLUV������VLPXODWHG�JUDYLW\�GUDLQDJH�E\

FHQWULIXJLQJ��ZKLFK�H[LVWV�RQO\�LQ�ODERUDWRULHV��DQG�����IUHH�IDOO�JUDYLW\�GUDLQDJH��ZKLFK�WDNHV�SODFH

LQ�QDWXUDOO\�IUDFWXUHG�UHVHUYRLUV�DIWHU�GHSOHWLRQ�RI�RLO�LQ�WKH�IUDFWXUHV�RU�DIWHU�JDV�LQMHFWLRQ�LQWR�WKH

IUDFWXUHV�� �7KH�IUHH�IDOO�JUDYLW\�GUDLQDJH��ZKLFK�LV�UHSUHVHQWDWLYH�RI�JDV�LQMHFWLRQ�LQWR�D�GHSOHWHG

IUDFWXUHG�UHVHUYRLU��KDV�EHHQ� LQYHVWLJDWHG�E\�/HYHUHWW� �6WDKO�HW�DO�� �&DUGZHOO�DQG�3DUVRQV����� � � ���� � � ���

1HQQLJHU�DQG�6WRUURZ� �7HPSOHWRQ�DQG�1LHOVHQ� �'XPRUH�DQG�6FKROV� �'\NVWUD� �+DJRRUW����� � � ���� � � ���� ���� ���

-DFTXLQ�HW�DO�� �3DYRQH�HW�DO�� �6WHQVHQ�HW�DO� �6XIIULGJH�DQG�5HQQHU� �6FKHFKWHU�HW�DO�� �/XDQ����� � � ���� � � ���� � � ���� � � ���� ���

DQG��\QR�HW�DO� �����

8QOLNH� IRUFHG� JUDYLW\� GUDLQDJH�� IUHH�IDOO� JUDYLW\� GUDLQDJH� FDQQRW� EH� PRGHOHG� XVLQJ� D

%XFNOH\�/HYHUHWW�DSSURDFK�EHFDXVH�IORZ�UDWH�LV�QRW�SUHVSHFLILHG���$�VXUYH\�RI�WKH�OLWHUDWXUH�UHYHDOV

IRXU�PDWKHPDWLFDO�PRGHOV�WKDW�KDYH�EHHQ�GHYHORSHG�IRU�GHVFULELQJ�WKH�SURFHVV�RI�IUHH�IDOO�JUDYLW\



��

GUDLQDJH� RI� HTXLOLEULXP� IOXLGV�� 7KH\� DUH� WKH� &DUGZHOO�3DUVRQV�'\NVWUD� �&�3�'�� PRGHO�� WKH

1HQQLJHU�6WRUURZ��1�6��PRGHO��WKH�3DYRQH�%UX]]L�9HUUH��3�%�9��PRGHO��DQG�WKH�/XDQ�0RGHO��7KH

DFFXUDF\�RI�WKHVH�PRGHOV�DUH�IRXQG�WR�EH�SRRU��EDVHG�RQ�RXU�FRPSDULVRQV�ZLWK�H[SHULPHQWDO�GDWD�

7KHUHIRUH�� ZH� KDYH� GHYHORSHG� D� QHZ� PDWKHPDWLFDO� PRGHO� WR� VLPXODWH� HTXLOLEULXP� DQG

QRQ�HTXLOLEULXP�JUDYLW\�GUDLQDJH��&RPSDULVRQ�RI�UHFRYHU\�GDWD�FRPSXWHG�XVLQJ�WKH�QHZ�PRGHO�WR

H[SHULPHQWDO� GDWD� IRXQG� IURP� ERWK� WKH� OLWHUDWXUH� DQG� H[SHULPHQWV� FRQGXFWHG� LQ� RXU� ODERUDWRU\

LQGLFDWHV�WKDW�WKH�QHZ�PRGHO�FDQ�EHWWHU�GHVFULEH�WKH�SURFHVV�RI�IUHH�IDOO�JUDYLW\�GUDLQDJH�RI�ERWK

HTXLOLEULXP�DQG�QRQ�HTXLOLEULXP�IOXLGV��

�

/DERUDWRU\�([SHULPHQWV�

/DERUDWRU\�H[SHULPHQWV�ZHUH�FRQGXFWHG�WR�VLPXODWH�YHUWLFDO�IUHH�IDOO�JUDYLW\�GUDLQDJH�IURP

D�PDWUL[�EORFN�LQ�D�QDWXUDOO\�IUDFWXUHG�UHVHUYRLU��&RUH�VDPSOHV�ZHUH�ILUVW�VDWXUDWHG�ZLWK�V\QWKHWLF

UHVHUYRLU�EULQH��7KH�EULQH�ZDV�WKHQ�KRUL]RQWDOO\�GLVSODFHG�E\�VHSDUDWRU�RLO�WR�6 ��2Q�RQH�RI�WKH�FRUHV�
ZL

EULQH�ZDV�LQMHFWHG�LQWR�WKH�FRUH�DJDLQ�WR�VLPXODWH�ZDWHUIORRGLQJ��7KH�RLO�DQG�EULQH�VDWXUDWHG�FRUH�ZDV

WUDQVIHUUHG�WR�D�YHUWLFDO�FRUH�KROGHU�ZLWK�DQ�LQQHU�GLDPHWHU�����FP�JUHDWHU�WKDQ�WKH�FRUH�GLDPHWHU�

'XULQJ� WKH� H[SHULPHQW��&2 �ZDV� LQMHFWHG� LQWR� WKH� ����FP�ZLGH� DQQXOXV� �VLPXODWLQJ� D� IUDFWXUH�
�

EHWZHHQ�WKH�FRUH�VDPSOH�DQG�FRUH�KROGHU�DW�UHVHUYRLU�SUHVVXUH�DQG�WHPSHUDWXUH��2LO�UHFRYHUHG�IURP

WKH�FRUH�VDPSOH�ZDV�FROOHFWHG�DW�DPELHQW�FRQGLWLRQV���7KH�NH\�SDUDPHWHU�RI�LQWHUHVW�LV�RLO�UHFRYHU\

DV�D�IXQFWLRQ�RI�WLPH�

&RUH�6DPSOHV

7ZR�%HUHD� FRUHV�ZLWK� KLJK� DQG� ORZ� SHUPHDELOLWLHV� DQG� WZR�ZKROH� UHVHUYRLU� FRUHV�ZLWK

H[WUHPHO\�ORZ�SHUPHDELOLW\�ZHUH�WHVWHG��7KH�FRUHV�ZHUH�������LQ��ORQJ��7KH�KLJK�SHUPHDELOLW\�%HUHD

FRUH�KDG�DQ�DEVROXWH�SHUPHDELOLW\�RI�����PG��7KH�ORZ�SHUPHDELOLW\�%HUHD�KDG�D����PG�DEVROXWH

SHUPHDELOLW\��2QH�RI�WKH�UHVHUYRLU�FRUHV�KDG�D������PG�SHUPHDELOLW\�WR�ZDWHU��7KH�RWKHU�UHVHUYRLU�FRUH

KDG�D������PG�SHUPHDELOLW\�WR�ZDWHU��&RUH�SRURVLWLHV�DQG�ZDWHU�VDWXUDWLRQV�DUH�VXPPDUL]HG�LQ�7DEOH

���

2LO

$�VHSDUDWRU�RLO�ZDV�XVHG�LQ�WKH�H[SHULPHQWV��7KH�RLO�FRPSRVLWLRQ�ZDV�REWDLQHG�IURP�*&

DQDO\VLV��7KH�DYHUDJH�PROHFXODU�ZHLJKW�RI�WKH�RLO�LV����������&RPSRVLWLRQ�RI�WKH�RLO�LV�VKRZQ�LQ�7DEOH

����7KH�RLO�VDPSOH�ZDV�WHVWHG�DW���� )�DQG������SVLJ��7KH�GHQVLW\�ZDV��������J�FF�DQG�WKH�YLVFRVLW\R

ZDV�HTXDO�WR�������FS��$V�ZLOO�EH�VKRZQ�ODWHU��WKH�003�RI�WKH�RLO�ZDV�PHDVXUHG�DQG�IRXQG�WR�EH

�����SVLJ�XVLQJ�VOLP�WXEH�DW�WKH�UHVHUYRLU�WHPSHUDWXUH�RI���� )�R

5HVXOWV

7KH�H[SHULPHQWV�ZHUH�FRQGXFWHG�DW�D�UHVHUYRLU�WHPSHUDWXUH�RI���� )��2LO�UHFRYHU\�GDWD�IURPR

WKH�IRXU�FRUHV�DUH�SUHVHQWHG�LQ�)LJ�������7KH�H[SHULPHQW�ZLWK�WKH�����PG�SHUPHDELOLW\�%HUHD�FRUH�ZDV

FDUULHG�RXW�XQGHU�SUHVVXUH�RI������SVLJ��7KH�H[SHULPHQW�ZDV�WHUPLQDWHG�DW�VL[�GD\V��7KH�SURGXFHG

RLO�ORRNV�OLNH�RULJLQDO�VHSDUDWRU�RLO��7KH�H[SHULPHQW�ZLWK�WKH����PG�SHUPHDELOLW\�%HUHD�FRUH�ZDV

FDUULHG�RXW�XQGHU�SUHVVXUHV�UDQJLQJ�IURP�������SVLJ�WR�������SVLJ��7KH�H[SHULPHQW�ZDV�WHUPLQDWHG

DW�����GD\V��7KH�SURGXFHG�RLO�DUH�EODFN��EURZQ��DQG�\HOORZ�LQ�FRORU��7KH�H[SHULPHQW�ZLWK�WKH�����
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PG�SHUPHDELOLW\�UHVHUYRLU�FRUH�ZDV�DOVR�SHUIRUPHG�DW�SUHVVXUHV�VWDUWLQJ�DW�DERXW�������SVLJ�DQG

HYHQWXDOO\�GURSSHG�WR�������SVLJ�DV�VKRZQ�LQ�)LJ�������7KH�SURGXFHG�RLOV�DUH�\HOORZ��OLJKW�EURZQ��DQG

EURZQ�LQ�FRORU��&RPSRVLWLRQ�RI�WKH�\HOORZ�DQG�EURZQ�RLOV�DUH�DOVR�VKRZQ�LQ�7DEOH�����'HQVLW\�DQG

YLVFRVLW\�RI�WKH�\HOORZ�RLO�DUH�PHDVXUHG�DW��� &�DQG�DWPRVSKHULF�SUHVVXUH��7KH\�DUH������J�FF�DQG����R

FS��UHVSHFWLYHO\��7KH�H[SHULPHQW�ZLWK�WKH������PG�SHUPHDELOLW\�UHVHUYRLU�FRUH�ZDV�SHUIRUPHG�DW

SUHVVXUHV�EHWZHHQ������SVLJ�DQG������SVLJ��7KH�SURGXFHG�RLOV�DUH�EODFN��OLJKW�EURZQ��DQG�EURZQ�LQ

FRORU�

'LVFXVVLRQ

)LJXUH�����LQGLFDWHV�IDVW�GUDLQDJH�RI�RLO�IURP�WKH�KLJK�SHUPHDELOLW\�%HUHD�FRUH�GXULQJ�&2
�

LQMHFWLRQ�LQWR�WKH�FRUH�KROGHU�DQQXOXV��7KLV�LV�H[SHFWHG�EHFDXVH�WKH�FDSLOODU\�SUHVVXUH�LV�DOUHDG\�ORZ

LQ�WKH�KLJK�SHUPHDELOLW\�%HUHD�FRUH�DQG�D�VOLJKW�GHFUHDVH�LQ�,)7�FDQ�UHGXFH�FDSLOODU\�SUHVVXUH�WR�OHVV

WKDQ�WKH�JUDYLWDWLRQDO�IRUFH���7KH�EODFN�FRORU�RI�WKH�SURGXFHG�RLO�FRQILUPV�WKDW�RLO�GUDLQHG�EHIRUH

PXFK� RI�&2 GLIIXVHG� LQWR� WKH� RLO� EDQN�� 7KLV� ILJXUH� DOVR� LQGLFDWHV� VORZ� RLO� UHFRYHU\� IURP� ORZ
�

SHUPHDELOLW\�UHVHUYRLU�FRUHV��7KLV�LV�DJDLQ�H[SHFWHG�EHFDXVH�RI�KLJK�FDSLOODU\�SUHVVXUH�LQ�WKH�ORZ

SHUPHDELOLW\�FRUHV��&RPSDULVRQ�RI�FRPSRVLWLRQV�RI�LQMHFWHG�VHSDUDWRU�RLO�DQG�SURGXFHG�\HOORZ�DQG

EORZQ�RLOV��VHH�7DEOH�����FOHDUO\�VKRZV�WKDW�WKH�SURGXFHG�OLJKW�FRORU�RLOV�FRQWDLQ�PXFK�OHVV�KHDY\

K\GURFDUERQV�WKDQ�VHSDUDWRU�RLO�GRHV��7KH�OLJKW�FRORU�RLOV�ZHUH�SUREDEO\�SURGXFHG�GXH�WR�PROHFXODU

GLIIXVLRQ�PHFKDQLVP��ZKLOH�WKH�EODFN�RLO�PD\�EH�SURGXFHG�GXH�WR�JUDYLW\�GUDLQDJH�PHFKDQLVP�

$QRWKHU�QRWDEOH�SKHQRPHQRQ�LV�WKDW�WKH�RLO�UHFRYHU\�IURP�WKH������PG�UHVHUYRLU�FRUH�ZDV

VORZHU� WKDQ� WKDW� IURP� WKH������PG� UHVHUYRLU�FRUH��7KLV� LV�EHOLHYHG� WR�EH� WKH� UHVXOW�RI� WKH�ZDWHU

VDWXUDWLRQ�HIIHFW��7KH�LQLWLDO�ZDWHU�VDWXUDWLRQ�LQ�WKH�UHVHUYRLU�LV�XVXDOO\�OHVV�WKDQ�������ZKLOH�WKH�ZDWHU

VDWXUDWLRQ�LQ�WKH������PG�SHUPHDELOLW\�FRUH�ZDV������DIWHU�ZDWHUIORRG��8QOLNH�RWKHU�FRUHV��WKLV�FRUH

SURGXFHG�ZDWHU�LQ�WKH�HDUO\�WLPH�RI�H[SHULPHQW�XQWLO�D�ZDWHU�VDWXUDWLRQ�RI������ZDV�UHDFKHG��,W�LV

EHOLHYHG�WKDW�WKH�H[LVWHQFH�RI�PRELOH�ZDWHU�LQ�WKH�FRUH�GHOD\HG�WKH�RLO�UHFRYHU\�GXH�WR�FRPSHWLQJ

UHODWLYH�SHUPHDELOLWLHV�

0RGHO�'HVFULSWLRQ

�

'HULYDWLRQ�RI�WKH�QHZ�PRGHO�LV�GHWDLOHG�LQ�$SSHQGL[�$��$�VXPPDU\�RI�WKH�UHVXOWDQW�HTXDWLRQV

LV� SUHVHQWHG� LQ� WKLV� VHFWLRQ��%DVHG� RQ� WKH� IDFW� WKDW� WKH� YROXPHWULF� GUDLQDJH� UDWH� LV� HTXDO� WR� WKH

GHULYDWLYH�RI�GUDLQLQJ�SKDVH�YROXPH�LQ�SRURXV�PHGLD�ZLWK�UHVSHFW�WR�WLPH��WKH�IROORZLQJ�JRYHUQLQJ

HTXDWLRQ�IRU�WKH�ZHWWLQJ�QRQ�ZHWWLQJ�SKDVH�GHPDUFDWRU�KDV�EHHQ�IRUPXODWHG��
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ZKHUH

ZKHUH

�

ZKHUH�] � �GHPDUFDWRU�GHSWK��/� �OHQJWK�RI�SRURXV�PHGLXP�FROXPQ��+� �FDSLOODU\�SUHVVXUH�WKUHVKROG�
G

1� �SRURVLW\��6 � �UHVLGXDO�ZHWWLQJ�SKDVH�VDWXUDWLRQ��6 � �LQLWLDO�ZHWWLQJ�SKDVH�VDWXUDWLRQ��) � 
ZU� � � � � � ZL� � � � � � V

FRUUHFWLRQ� IDFWRU� WR� .R]HQ\� HTXDWLRQ�� W�  � WLPH�� N �  � HIIHFWLYH� SHUPHDELOLW\�� J�  � JUDYLWDWLRQDO
H

DFFHOHUDWLRQ���'� �' ���' ��DQG��� �YLVFRVLW\�
L� � R

(TXDWLRQ������LV�QRQ�OLQHDU�DQG�LV�GLIILFXOW��LI�QRW�LPSRVVLEOH��WR�VROYH��7KHUHIRUH��ZH�VROYHG�WKH

HTXDWLRQ�QXPHULFDOO\�E\�UHDUUDQJLQJ�LW�LQWR�WKH�IROORZLQJ�IRUP�

8VLQJ�LQLWLDO�FRQGLWLRQ�RI���IRU�] �DW�D�YHU\�VPDOO�WLPH�W ���������IRU�H[DPSOH��DQG�D�VPDOO�WLPH�VWHS
'� � � � � � '

�W ��WKH�LQFUHPHQW�RI�GHPDUFDWRU���] ��FDQ�EH�FDOFXODWHG�IURP�WKLV�HTXDWLRQ��7KHQ�] �DQG�W �FDQ�EH
' � � � � � ' � � � � � � � � '� � '
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5HSHDWHG�XVH�RI�(TV�������������DQG������JLYHV�D�QXPHULFDO�VROXWLRQ�WR�(T��������%DVHG�RQ�WKH�SRVLWLRQ

RI�WKH�GHPDUFDWRU�DQG�WKH�YROXPH�GLVWULEXWLRQ�RI�WKH�OLTXLG�DERYH�WKH�GHPDUFDWRU��WKH�GUDLQLQJ�SKDVH

UHFRYHU\�5�ZLWK�WLPH�W�LV�FDOFXODWHG�XWLOL]LQJ�(T�������

'HULYDWLRQ�RI�(T�������LV�DOVR�GHWDLOHG�LQ�$SSHQGL[�$��7ZR�W\SLFDO�VROXWLRQ�FXUYHV�DUH�SUHVHQWHG�LQ

)LJV������DQG�����IRU��1� ������6 � ������+ � ������DQG�)  ���DQG������UHVSHFWLYHO\��,W�LV�FOHDUO\�VHHQ
ZU� � � '� � � � V

IURP�)LJV������DQG�����WKDW�WKH�HTXLOLEULXP�JUDYLW\�GUDLQDJH�SURFHVV�FDQ�EH�GLYLGHG�LQWR�WZR�SHULRGV�

'XULQJ�WKH�ILUVW�SHULRG��WKH�GHPDUFDWRU�GURSV�DQG�WKH�WRWDO�GUDLQDJH�UDWH�LV�D�FRPELQDWLRQ�RI�WKH�UDWHV

RI�IXOO�SRUH�IORZ�DQG�ILOP�IORZ��'XULQJ�WKH�VHFRQG�SHULRG��WKH�GHPDUFDWRU�LV�VWDELOL]HG��DQG�WKH�WRWDO

GUDLQDJH�UDWH�LV�WKH�UDWH�RI�ILOP�IORZ�RQO\��,W�LV�LQWHUHVWLQJ�WR�QRWH�WKH�HIIHFWV�RI�WKH�SDUDPHWHU�) RQ
V

WKH�VKDSHV�RI�GHPDUFDWRU�DQG�UHFRYHU\�FXUYHV�LQGLFDWHG�E\�WKH�WZR�ILJXUHV��:KHQ�) ��LV�JUHDWHU��OHVV
V

KRPRJHQHRXV� URFN��� DV� VKRZQ� LQ�)LJ������ WKH�GHPDUFDWRU� VWDELOL]HV�JUDGXDOO\�GXULQJ�EXON� IORZ�

OHDYLQJ�PRUH�UHFRYHUDEOH�IOXLG�EHKLQG�IRU�SXUH�ILOP�IORZ�WR�RFFXU��:KHQ�) �LV�VPDOO��KRPRJHQHRXV
V

URFN���DV�VKRZQ�LQ�)LJ������WKH�GHPDUFDWRU�VWDELOL]HV�VKDUSO\�DW�WKH�HQG�RI�EXON�IORZ��OHDYLQJ�OHVV

UHFRYHUDEOH�IOXLG�EHKLQG�IRU�SXUH�ILOP�IORZ��

1RQHTXLOLEULXP�JUDYLW\�GUDLQDJH�RFFXUV�ZKHQ�D�SRURXV�PHGLXP�VDWXUDWHG�ZLWK�RQH�SKDVH�LV

VXUURXQGHG�E\�DQRWKHU�SKDVH�QRW�LQ�HTXLOLEULXP��IRU�LQVWDQFH��LQMHFWHG�JDV�DQG�UHVLGHQW�RLO��,Q�WKLV

FDVH��WKH�VXUURXQGLQJ�SKDVH�PLJUDWHV�LQWR�WKH�SRURXV�PHGLXP�GXH�WR�PROHFXODU�GLIIXVLRQ�FDXVLQJ�WKH

,)7�RI�WKH�IOXLG�LQ�WKH�SRURXV�PHGLXP�WR�FKDQJH�ZLWK�WLPH��)RU�H[DPSOH��ZKHQ�DQ�RLO�VDWXUDWHG�

YHUWLFDOO\�RULHQWHG�FRUH�LV�VXUURXQGHG�E\�&2 �GXULQJ�JUDYLW\�GUDLQDJH��WKH�&2 �GLIIXVHV�LQWR�WKH�FRUH�
�� � � � � �

7KLV�SURFHVV�UHVXOWV�LQ�FRQWLQXRXV�UHGXFWLRQ�RI�,)7�EHWZHHQ�WKH�&2 �ULFK�SKDVH�DQG�WKH�RLO�SKDVH�DV
�

&2 ��PRYHV�WRZDUG�WKH�LQWHULRU�RI�WKH�FRUH��7KXV�WKH�,)7�DW�DQ\�SRLQW�LQ�WKH�FRUH�LV�WLPH�GHSHQGHQW�
�

$OWKRXJK� WKH� QHZ�PDWKHPDWLFDO� PRGHO� LV� GHULYHG� DVVXPLQJ� WKDW� WKH� ZHWWLQJ� SKDVH� DQG

QRQ�ZHWWLQJ�SKDVH�DUH�LQ�WKHUPRG\QDPLF�HTXLOLEULXP��LW�LV�SRVVLEOH�WR�DSSO\�WKH�PRGHO�WR�VLPXODWLRQ

RI�D�QRQHTXLOLEULXP�JUDYLW\�GUDLQDJH�SURFHVV� LI�VRPH�PRGLILFDWLRQV�DUH�PDGH�WR�DFFRXQW�IRU� WKH

QRQHTXLOLEULXP�HIIHFW�GXH�WR�GLIIXVLRQ��,I�ZH�GLYLGH�WKH�FRUH�OHQJWK�LQWR�PDQ\�HOHPHQWV�DORQJ�WKH

GLUHFWLRQ�RI�GLIIXVLRQ��WKHQ�LW�LV�SRVVLEOH�WR�DSSO\�WKH�PDWKHPDWLFDO�PRGHO�WR�HDFK�LQGLYLGXDO�HOHPHQW

ZKHUH�XQLIRUP�IOXLG�SURSHUWLHV�DUH�DVVXPHG���:H�KDYH�GHYHORSHG�WKH�IROORZLQJ�VWHSV�WR�VLPXODWH�WKH

QRQHTXLOLEULXP�JUDYLW\�GUDLQDJH�SURFHVVHV�

�



��

(VWLPDWH�WKH�FRQFHQWUDWLRQ�RI�WKH�JDV�SKDVH�LQ�HDFK�HOHPHQW�DW�D�GLIIXVLRQ�GUDLQDJH�WLPH�

��� (VWLPDWH� WKH� DYHUDJH� IOXLG� YLVFRVLW\�� GHQVLW\�� ,)7� DQG� FDSLOODU\� SUHVVXUH� LQ� HDFK

HOHPHQW�DW�WKDW�WLPH�EDVHG�RQ�WKH�FRPSRVLWLRQ�RI�WKH�IOXLG�PL[WXUH�

� $SSO\�WKH�PDWKHPDWLFDO�PRGHO�WR�HDFK�HOHPHQW�WR�HVWLPDWH�OLTXLG�UHFRYHU\�IURP�WKH

HOHPHQW�DW�D�JLYHQ�WLPH�

�� 6XP�XS�WKH�UHFRYHULHV�FDOFXODWHG�IURP�HDFK�HOHPHQW�WR�JHW�WKH�WRWDO�OLTXLG�UHFRYHU\

DW�D�JLYHQ�WLPH��

�� 8SGDWH�WKH�WLPH�E\�DGGLQJ�D�WLPH�VWHS�DQG�UHSHDW����������DQG���XQWLO�D�GHVLUHG�XOWLPDWH

GUDLQDJH�WLPH�LV�UHDFKHG��

,Q�RUGHU�WR�HVWLPDWH�JDV�FRQFHQWUDWLRQ�LQ�HDFK�HOHPHQW��LW�LV�QHFHVVDU\�WR�VROYH�WKH�GLIIXVLRQ

HTXDWLRQ��)LFN
V�VHFRQG�ODZ���'LIIHUHQW�DQDO\WLFDO�VROXWLRQV�WR�WKH�GLIIXVLRQ�HTXDWLRQ�DUH�DYDLODEOH

IURP�OLWHUDWXUH�VXFK�DV�&UDQN �DQG�&DUVODZ�DQG�-DHJHU� �,W�LV�QRW�FOHDU�ZKLFK�RI�WKH�VROXWLRQV�LV���� � � � ���

PRUH�VXLWDEOH�IRU�DQDO\]LQJ�JDV�GLIIXVLRQ�LQWR�UHVHUYRLU�PDWUL[��7R�DYRLG�GLIILFXOWLHV�LQYROYHG�LQ

SURJUDPPLQJ�WKHVH�VROXWLRQV��D�VLPSOH�QXPHULFDO�VROXWLRQ�WR�WKH�GLIIXVLRQ�HTXDWLRQ�LV�XVHG�LQ�WKLV

VWXG\��,W�KDV�EHHQ�IRXQG�WKDW�WKH�QXPHULFDO�UHVXOW�PDWFKHV�WKH�DQDO\WLFDO�VROXWLRQ�JLYHQ�E\�&UDQN���

ZKHQ�WKH�WLPH�VWHS�LV�OHVV�WKDQ�����GD\�IRU�' � ���[��� �FP �V��7KLV�FRPSDULVRQ�LV�VKRZQ�LQ�)LJ������
�

��� �

1XPHULFDO�SURFHGXUHV�IRU�WKH�VROXWLRQ�DUH�GHWDLOHG�LQ�$SSHQGL[�%��

&RPSDULVRQV

(TXLOLEULXP�*UDYLW\�'UDLQDJH�

7KH� QHZ� PDWKHPDWLFDO� PRGHO� LV� GHULYHG� DVVXPLQJ� FRQVWDQW� FDSLOODU\� SUHVVXUH� DW� WKH

GHPDUFDWRU��L�H���WKH�ZHWWLQJ�SKDVH�DQG�QRQ�ZHWWLQJ�SKDVH�DUH�LQ�WKHUPRG\QDPLF�HTXLOLEULXP��7KLV

PRGHO�LV�FRPSDUHG�ZLWK�H[LVWLQJ�PRGHOV�DQG����VHWV�RI�H[SHULPHQWDO�GUDLQDJH�GDWD�REWDLQHG�XQGHU

WKHUPRG\QDPLF�HTXLOLEULXP��,Q�WKHVH�H[SHULPHQWV��,)7�YDULHV�EHWZHHQ����DQG�����G\QHV�FP��GHQVLW\

GLIIHUHQFH�FKDQJHV�IURP������WR������J�FF��WKH�HIIHFWLYH�SHUPHDELOLW\�WR�ZHWWLQJ�SKDVH�FRYHUV�D�ZLGH

UDQJH�IURP������'�WR�����PG��SRURVLW\�YDULHV�IURP��������WR��������DQG�FRQQDWH�ZDWHU�VDWXUDWLRQ

UDQJHV� IURP��� WR�������)LJXUH����� VKRZV�FRPSDULVRQV�RI�PRGHO� FDOFXODWHG� DQG�REVHUYHG�& �&
� �

UHFRYHULHV� IURP� D�)RQWDLQHEOHDX� VDQGVWRQH� FRUH� �2WKHU� FRPSDULVRQV� VLPLODU� WR�)LJ�� ����ZHUH���

SUHYLRXVO\�SUHVHQWHG� ��7KHVH�FRPSDULVRQV�LQGLFDWH�WKDW�WKH�QHZ�PRGHO�\LHOGV�EHWWHU�DFFXUDF\�WKDQ���

RWKHU�PRGHOV��7KH�&DUGZHOO�3DUVRQV�'\NVWUD�PRGHO�DQG�WKH�1HQQLJHU�6WRUURZ��1�6��PRGHO�FRQVLGHU

D�PRYLQJ�GHPDUFDWRU��ZKLOH�WKH�3DYRQH�%UX]]L�9HUUH��3�%�9��PRGHO�DQG�WKH�/XDQ�PRGHO�DVVXPH�D

IL[HG�GHPDUFDWRU�DW�WKH�ERWWRP�RI�WKH�SRURXV�PHGLD��ZKLFK�LV�QRW�D�WUXH�SK\VLFDO�UHSUHVHQWDWLRQ�RI

GUDLQDJH� EHKDYLRU�� 7KH� &�3�'� PRGHO� QHJOHFWV� DQ� LPSRUWDQW� FDSLOODU\� WHUP� WKDW� DSSHDUV� LQ� WKH

JRYHUQLQJ�HTXDWLRQ��7KH�1�6�PRGHO�LV�DQ�DSSUR[LPDWH�VHULHV�VROXWLRQ��DQG�WKH�DFFXUDF\�GHSHQGV�RQ

WKH�QXPEHU�RI�WHUPV��1HQQLJHU�DQG�6WRUURZ �SURYLGH�H[SUHVVLRQV�IRU�RQO\�WKUHH�WHUPV���7KH�3�%�9���

PRGHO�ZDV�REWDLQHG�E\�DVVXPLQJ�VWUDLJKW�OLQH�UHODWLYH�SHUPHDELOLW\�DQG�ORJDULWKPLF�FDSLOODU\�SUHVVXUH

FXUYH��ZKLFK�DOVR�PD\�QRW�EH�UHSUHVHQWDWLYH�RI�WKH�WUXH�EHKDYLRU��,W�LV�EHOLHYHG�WKDW�WKHVH�XQUHDOLVWLF

DVVXPSWLRQV�XVHG�LQ�PRGHO�GHYHORSPHQW�FDXVH�LQDFFXUDFLHV�RI�WKH�PRGHOV�LQ�GHVFULELQJ�WKH�IUHH�IDOO

JUDYLW\�GUDLQDJH�SURFHVV�
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1RQHTXLOLEULXP�*UDYLW\�'UDLQDJH

7KH�FRQFHQWUDWLRQ�RI�&2 �LQ�WKH�VLPXODWHG�IUDFWXUH��DQQXODU�VSDFH�DURXQG�FRUH�VDPSOH��LV
�

HVWLPDWHG�EDVHG�RQ�DQ�(TXDWLRQ�RI�6WDWH��(26��

7KH�&2 �FRQFHQWUDWLRQ�LQ�HDFK�PDWUL[�HOHPHQW�LV�REWDLQHG�E\�PXOWLSO\LQJ�F �E\�GLPHQVLRQOHVV
�� � � � � � � � � � I

FRQFHQWUDWLRQ�FDOFXODWHG�IURP�WKH�QXPHULFDO�VROXWLRQ�WR�WKH�GLIIXVLRQ�HTXDWLRQ�SUHVHQWHG�LQ�$SSHQGL[

%��7KHQ�(26�ZDV�XVHG�DJDLQ�WR�GHWHUPLQH�YROXPH�RI�&2 �LQ�HDFK�HOHPHQW��2LO�SURGXFWLRQ�GXH�WR
�

KRUL]RQWDO�GLIIXVLRQ�ZDV�DVVXPHG�WR�EH�HTXDO�WR�WKH�YROXPH�RI�&2 �WKDW�KDG�GLIIXVHG�LQWR�WKH�URFN�
�

7KH�PDWFK�EHWZHHQ�H[SHULPHQWDO�GDWD�REWDLQHG�IURP�WKH�IRXU�FRUHV�DQG�WKH�PDWKHPDWLFDO

PRGHO�LV�GHPRQVWUDWHG�LQ�)LJ�������,W�LV�VHHQ�IURP�WKLV�ILJXUH�WKDW�D�EHWWHU�PDWFK�H[LVWV�IRU�%HUHD

FRUHV��ZKLOH�GLVFUHSDQFLHV�H[LVW�IRU�WKH�UHVHUYRLU�FRUHV��3DUDPHWHUV�XVHG�LQ�WKH�PDWFK�DUH�GHVFULEHG

LQ�WKH�IROORZLQJ�VHFWLRQ���

%DVHG�RQ�RXU�PHDVXUHPHQW��D�YLVFRVLW\�RI���FS�IRU�RLO�ZDV�XWLOL]HG�LQ�RXU�PRGHO��'HQVLW\�DQG

,)7�GDWD�XVHG�LQ�WKH�PRGHO�ZHUH�IURP�RXU�PHDVXUHPHQW�UHVXOWV�DV�VKRZQ�LQ�)LJV������DQG������)LJXUH

����VXJJHVWV�WKDW�D�SKDVH�GHQVLW\�GLIIHUHQFH�RI�����J�FF�VKRXOG�EH�XVHG�IRU�WKH�&2 �VHSDUDWRU�RLO
�

V\VWHP�XQGHU�H[SHULPHQWDO�FRQGLWLRQV��)LJXUH�����LQGLFDWHV�WKDW�WKH�,)7�RI�WKH�&2 �VHSDUDWRU�RLO
�

V\VWHP�VKRXOG�EH�DERXW���P1�P�XQGHU�WKH�H[SHULPHQWDO�FRQGLWLRQV��7KH�FDSLOODU\�SUHVVXUH�WKUHVKROG

ZDV�FDOFXODWHG�XVLQJ�(T�����

%DVHG�RQ�5HQQHU©V�PHDVXUHPHQWV� WKH�PROHFXODU�GLIIXVLRQ�FRHIILFLHQW�RI�&2 �LQ�D�GHFDQH����

�

VDWXUDWHG�%HUHD�FRUH�DW���� )�DQG�����SVLJ�YDULHV�IURP�����[�� �WR�����[�� �FP �V��7KH�PROHFXODUR � � � � � � ��� � ��� �

GLIIXVLRQ�FRHIILFLHQW�RI�&2 LQ�WKH�SXUH�GHFDQH�PD\�EH�EDFN�FDOFXODWHG�IURP�WKH�IROORZLQJ�HTXDWLRQ�
�

8VLQJ������I �DV�DQ�DSSUR[LPDWLRQ�WR�WKH�IRUPDWLRQ�IDFWRU�)�DQG������SRURVLW\�IRU�WKH�%HUHD�FRUH��WKH�

PROHFXODU�GLIIXVLRQ�FRHIILFLHQW�RI�&2 LQ�WKH�SXUH�GHFDQH�LV�HVWLPDWHG�WR�EH�'  �[�� �WR��[�� �FP �V�
� � � � � � � � � �

��� � ��� �

7KLV�YDOXH�PD\�EH�RSWLPLVWLF�LI�DSSOLHG�WR�&2 �672�V\VWHP�DW����� )�DQG�������SVLJ��,Q�WKH�SHWUROHXP
�

R

LQGXVWU\��D�SUDFWLFDO�YDOXH�RI�'  �[�� �FP �V�IRU�D��PROHFXODU�GLIIXVLRQ�FRHIILFLHQW�IRU�UHVHUYRLU
�

��� �

OLTXLGV�LV�FRPPRQO\��XVHG�LQ�VLPXODWLRQ�RI�&2 �PLVFLEOH�IORRGLQJ� ��+RZHYHU��ZH�KDYH�IRXQG�WKDW
�

���

WKH�'  �[�� �FP �V�UHVXOWV�LQ�DQ�RYHU�HVWLPDWLRQ�RI�RLO�UHFRYHU\�E\�RXU�PDWKHPDWLFDO�PRGHO��7KH�RLO
�

��� �



��

UHFRYHULHV�IURP�RXU�&2 JUDYLW\�GUDLQDJH�H[SHULPHQWV�ZHUH�PDWFKHG�E\�RXU�PDWKHPDWLFDO�PRGHO
��

ZKHQ�WKH�PROHFXODU�GLIIXVLRQ�FRHIILFLHQW�ZDV�WXQHG�WR�'  �[�� �FP �V��
�

��� �

'LVFXVVLRQ��$OVR�VKRZQ�LQ�)LJV������DQG�����DUH�GHQVLWLHV�DQG�,)7�RI�D�&2 �UHFRPELQHG�UHVHUYRLU
�

RLO�V\VWHP��7KHVH�ILJXUHV�LPSO\�WKDW��FRPSDUHG�WR�WKH�&2 �VHSDUDWRU�RLO�V\VWHP��KLJKHU�SUHVVXUHV�DUH
�

UHTXLUHG� WR� UHGXFH� ,)7� DQG� GHQVLW\� GLIIHUHQFH� IRU� DFKLHYLQJ� WKH� VDPH� PLVFLELOLW\�� )LJXUH� ���

GHPRQVWUDWHV�WKH�UHODWLRQ�EHWZHHQ�PHDVXUHG�SKDVH�GHQVLW\�GLIIHUHQFH�DQG�,)7�IRU�WKH�&2 �VHSDUDWRU
�

RLO�V\VWHP�DQG�WKH�&2 �UHFRPELQHG�UHVHUYRLU�RLO�V\VWHP��,W�LV�QRW�VXUSULVLQJ�WKDW�WKH�VDPH�UHODWLRQ
�

KROGV�IRU�ERWK�RI�WKH�V\VWHPV�EHFDXVH�ERWK�RLOV�ZHUH�IURP�WKH�VDPH�UHVHUYRLU��6LQFH�WKH�,)7�GHQVLW\

UHODWLRQ�JRYHUQV�JUDYLW\�GUDLQDJH�LQ�D�JLYHQ�SRURXV�PHGLXP��LW�LV�VSHFXODWHG�WKDW�&2 �JUDYLW\�GUDLQDJH
�

XVLQJ�D�UHVHUYRLU�RLO�VKRXOG�JLYH�WKH�VDPH�UHVXOWV�DV�WKDW�XVLQJ�D�VHSDUDWRU�RLO�H[FHSW�WKDW�KLJKHU

SUHVVXUHV�DUH�UHTXLUHG�IRU�PLVFLELOLW\��$V�VKRZQ�LQ�)LJ�������WKH�003�RI�WKH�VHSDUDWRU�RLO�LV�DERXW

�����SVLJ��)LJXUHV�����DQG�����LPSO\�WKDW�WKH�003�RI�WKH�UHVHUYRLU�RLO�VKRXOG�EH�VOLJKWO\�KLJKHU�WKDQ

WKDW�RI�WKH�VHSDUDWRU�RLO��7KLV�ZDV�SURYHG�E\�RXU�PHDVXUHPHQW�VKRZLQJ�WKDW�WKH�003�RI�WKH�UHVHUYRLU

RLO�LV�DERXW������SVLJ�

&RQFOXVLRQV

��� 7KH�HIILFLHQF\�RI�&2 �JUDYLW\�GUDLQDJH�LQ�QDWXUDOO\�IUDFWXUHG�UHVHUYRLUV�KDV�EHHQ�LQYHVWLJDWHG
�

H[SHULPHQWDOO\��7KH�UHVXOW� LQGLFDWHV� WKDW�RLO�GUDLQV�IDVW� LQ�KLJK�SHUPHDELOLW\�FRUHV��ZKLOH� WKH

GUDLQDJH�HIILFLHQF\�GHFUHDVHV�ZLWK�LQFUHDVHG�ZDWHU�VDWXUDWLRQ��

��� $� OLWHUDWXUH� VXUYH\� UHYHDOV� WKDW� IRXU�PDWKHPDWLFDO�PRGHOV�KDYH�EHHQ�GHYHORSHG�E\�SUHYLRXV

LQYHVWLJDWRUV�IRU�GHVFULELQJ�IUHH�IDOO�JUDYLW\�GUDLQDJH�RI�HTXLOLEULXP�SKDVHV�LQ�SRURXV�PHGLD�

&RPSDULVRQ� RI�ZHWWLQJ� SKDVH� UHFRYHULHV� FDOFXODWHG� E\� WKHVH�PRGHOV�ZLWK� H[SHULPHQWDO� GDWD

LQGLFDWHV� WKHVH�PRGHOV� WR�EH� LQDFFXUDWH�� �'LVFUHSDQFLHV�DUH�EHOLHYHG� WR�EH�GXH� WR�XQUHDOLVWLF

DVVXPSWLRQV�PDGH�LQ�IRUPXODWLRQ�RI�WKHVH�PRGHOV��%DVHG�RQ�'DUF\
V�ODZ�DQG�ILOP�IORZ�WKHRU\�

D� QHZ� PDWKHPDWLFDO� PRGHO� KDV� EHHQ� GHYHORSHG� WR� GHVFULEH� IUHH�IDOO� JUDYLW\� GUDLQDJH� ZLWK

HTXLOLEULXP�IOXLGV���&RPSDULVRQV�RI�ZHWWLQJ�SKDVH�UHFRYHULHV�JLYHQ�E\�WKH�QHZ�PRGHO�ZLWK����VHWV

RI�H[SHULPHQWDO�GDWD�REWDLQHG�XQGHU�WKHUPRG\QDPLF�HTXLOLEULXP�VKRZ�EHWWHU�DFFXUDF\�RI�WKH

PRGHO�RYHU�WKH�H[LVWLQJ�PRGHOV�

��� 7KH�GLIIXVLRQ�HTXDWLRQ�KDV�EHHQ�VROYHG�QXPHULFDOO\�WR�HVWLPDWH�JDV�FRQFHQWUDWLRQ�LQ�WKH�SRURXV

PHGLD��$�SURFHGXUH�KDV�EHHQ�GHYHORSHG�WR�FRXSOH�HTXLOLEULXP�JUDYLW\�GUDLQDJH�ZLWK�GLIIXVLRQ�LQ

RUGHU� WR�GHVFULEH�QRQ�HTXLOLEULXP�JUDYLW\�GUDLQDJH��8VLQJ�WKLV�SURFHGXUH�DQG�PHDVXUHG�IOXLG

SURSHUWLHV�� H[SHULPHQWDO� GDWD� REWDLQHG� IURP� IRXU� &2 � JUDYLW\� GUDLQDJH� H[SHULPHQWV� XQGHU
�

WKHUPRG\QDPLF�QRQ�HTXLOLEULXP�FRQGLWLRQV�KDYH�EHHQ�PDWFKHG�
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$VVXPSWLRQV

7KH�IROORZLQJ�DVVXPSWLRQV�DUH�PDGH�LQ�WKLV�DQDO\VLV�

�� 7KH�SRURXV�PHGLXP�LV�KRPRJHQHRXV�DQG�LVRWURSLF

�� 'UDLQLQJ�SKDVH�IORZV�RQO\�LQ�WKH�YHUWLFDO�GLUHFWLRQ�

�� 7KH�GUDLQLQJ�SKDVH�LV�LQFRPSUHVVLEOH�

�� &DSLOODU\�SUHVVXUH�LV�FRQVWDQW�DW�WKH�PRYLQJ�GHPDUFDWRU��

*RYHUQLQJ�(TXDWLRQ

7KH�WRWDO�YROXPH�RI�GUDLQLQJ�SKDVH��9 ���LQ�WKH�SRURXV�PHGLXP�FRQVLVWV�RI�SKDVH�YROXPH�LQ�WKH
W

VDWXUDWHG�]RQH��IXOO�SRUH�GUDLQDJH�]RQH��DQG�SKDVH�YROXPH�LQ�WKH�XQVDWXUDWHG�]RQH��DERYH�SKDVH

GHPDUFDWRU���7KDW�LV��

7KH�SKDVH�YROXPH� LQ� WKH�XQVDWXUDWHG�]RQH� �9 �� LQFOXGHV� UHVLGXDO�SKDVH�YROXPH� �9 ��DQG�SKDVH
XV � � � � � U

YROXPH�LQ�WKH�ILOP��9 ��
I

�,I�WKH�LQLWLDO�DQG�UHVLGXDO�VDWXUDWLRQV�RI�WKH�GUDLQLQJ�SKDVH�DUH�6 �DQG�6 ��UHVSHFWLYHO\��ZH�KDYH
ZL� � ZU

DQG

$FFRUGLQJ�WR�1HQQLJHU�DQG�6WRUURZ� �WKH�SKDVH�YROXPH�LQ�WKH�ILOP�FDQ�EH�HVWLPDWHG�E\�LQWHJUDWLQJ���

-HIIUH\©V �HTXDWLRQ����
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6XEVWLWXWLRQV�RI�(TV���$����WKURXJK��$����LQWR�(T���$����JLYH�

'DUF\�YHORFLW\�LQ�WKH�VDWXUDWHG�]RQH�FDQ�EH�H[SUHVVHG�DV�

7KH�YROXPHWULF�IORZ�UDWH��G9 �GW��LQ�(T���$����FDQ�EH�GHWHUPLQHG�E\�WDNLQJ�WKH�GHULYDWLYH�RI�(T���$���
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ZLWK�UHVSHFW�WR�WLPH���

6XEVWLWXWLQJ�(T���$����LQWR�(T���$����\LHOGV�

7KH�'DUF\�YHORFLW\��Y ��FDQ�DOVR�EH�H[SUHVVHG�XVLQJ�'DUF\
V�ODZ��7KLV�ZDV�GRQH�E\�&DUGZHOO�DQG
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�1RZ�OHW�XV�GHILQH�WKH�IROORZLQJ�GLPHQVLRQOHVV�YDULDEOHV�

DQG

,QWURGXFLQJ�(TV���$�������$�����DQG��$�����LQWR�(T���$�����DQG�UHDUUDQJLQJ�WKH�ODWWHU�JLYH�

,I�WKH�EUHDGWK�RI�WKH�ILOP��E��LV�HVWLPDWHG�XVLQJ�.R]HQ\�HTXDWLRQ��WKHQ�

6XEVWLWXWLQJ�(T���$�����LQWR�(T���$�����\LHOGV�

(T���$�����LV�WKH�JRYHUQLQJ�HTXDWLRQ�IRU�GHPDUFDWRU�GHSWK�] ��
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6ROXWLRQ

8VLQJ�LQLWLDO�FRQGLWLRQ��DW�]  ��DW�W  ���(T���$�����LV�VROYHG�QXPHULFDOO\��7\SLFDO�VROXWLRQ�FXUYHV�DUH
' � � '

SUHVHQWHG�LQ�)LJV������DQG�����IRU�1 �����6  �����+  �����DQG�)  ��DQG������UHVSHFWLYHO\�
ZU � ' � � V

%DVHG�RQ� WKH�SRVLWLRQ�RI� WKH�GHPDUFDWRU�DQG�WKH�YROXPH�GLVWULEXWLRQ�RI� WKH�OLTXLG�LQ� WKH�SRURXV

PHGLXP��WKH�GUDLQLQJ�SKDVH�UHFRYHU\��5��ZLWK�WLPH�FDQ�WKHQ�EH�GHWHUPLQHG�DV�IROORZV�

�7KH�LQLWLDO�SKDVH�YROXPH�LV

6XEVWLWXWLQJ�(TV���$�������$������$�����DQG��$����LQWR�(T���$�����DQG�UHDUUDQJLQJ�WKH�ODWWHU�JLYH

,QWURGXFLQJ�GLPHQVLRQOHVV�YDULDEOHV�DQG�(T���$�����LQWR�(T���$�����UHVXOWV�LQ

7\SLFDO�UHFRYHU\�FXUYHV�DUH�DOVR�VKRZQ�LQ�)LJV������DQG�����FRUUHVSRQGLQJ�WR�WKH�GHPDUFDWRU�FXUYHV

SUHVHQWHG�LQ�WKH�ILJXUH��
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$SSHQGL[�%��1XPHULFDO�6ROXWLRQ�RI�'LIIXVLRQ�(TXDWLRQ

$VVXPSWLRQ

6LQFH�WKH�KHLJKW�RI�WKH�SRURXV�PHGLXP�XQGHU�FRQVLGHUDWLRQ�LV�YHUWLFDOO\�H[SRVHG�WR�D�GLIIXVLQJ�SKDVH�

ZH�DVVXPH�WKDW�����YHUWLFDO�GLIIXVLRQ�LV�QHJOLJLEOH��L�H���KRUL]RQWDO��RQH�GLPHQVLRQDO��GLIIXVLRQ�SUHYDLOV

LQ�WKH�SRURXV�PHGLXP��DQG�����GLIIXVLRQ�FRHIILFLHQW�LV�FRQVWDQW�GXULQJ�JUDYLW\�GUDLQDJH�WKURXJKRXW

WKH�SRURXV�PHGLXP�

*RYHUQLQJ�(TXDWLRQ
��

7KH�JRYHUQLQJ�HTXDWLRQ�WR�WKH���'�GLIIXVLRQ�SUREOHP�LV�)LFN
V�VHFRQG�ODZ�

,QLWLDO�&RQGLWLRQ

�
,QLWLDOO\�WKH�FRQFHQWUDWLRQ�RI�WKH�GLIIXVLQJ�SKDVH�LQ�WKH�SRURXV�PHGLXP�LV�DVVXPHG�WR�EH�D�FRQVWDQW

F ��7KH�LQLWLDO�FRQGLWLRQ�PD\�EH�H[SUHVVHG�DV
L

%RXQGDU\�&RQGLWLRQV

7KH�LQQHU�ERXQGDU\�LV�WKH�ODWHUDO�VXUIDFH�RI�WKH�SRURXV�PHGLXP��7KH�JDV�FRQFHQWUDWLRQ�DW�WKH�ERXQGDU\

PD\�EH�DVVXPHG�WR�EH�WKH�JDV�FRQFHQWUDWLRQ�LQ�WKH�IUDFWXUH�

7KH�RXWHU�ERXQGDU\� LV�DW� WKH�FHQWHU�RI� WKH�SRURXV�PHGLXP��%HFDXVH�RI�V\PPHWU\�� WKH� IROORZLQJ

ERXQGDU\�FRQGLWLRQ�VKRXOG�EH�XVHG�
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%\�LQWURGXFLQJ�GLPHQVLRQOHVV�FRQFHQWUDWLRQ�GHILQHG�DV

(TV���%����WKURXJK��%����FDQ�EH�ZULWWHQ�DV�

1XPHULFDO�6ROXWLRQ�

8VLQJ�WKH�LPSOLFLW�GLIIHUHQWLDWLRQ�VFKHPH��(T���%����FDQ�EH�GLVFUHWL]HG�DW�SRLQW��DQG�WLPH�VWHS��DV�

ZKLFK�FDQ�EH�UHDUUDQJHG�WR�EH�

ZKHUH�$ � �& � ���DQG
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)RU�L ���ILUVW�FHOO���DIWHU�DSSO\LQJ�ERXQGDU\�FRQGLWLRQ�JLYHQ�E\�(T���%�����(T���%�����EHFRPHV�

)RU�L ���VHFRQG�FHOO���(T���%�����EHFRPHV

,I�WKH�OHQJWK�LV�GLVFUHWL]HG�LQWR�P�FHOOV��IRU�L P���ODVW�FHOO���DIWHU�DSSO\LQJ�ERXQGDU\�FRQGLWLRQ�JLYHQ

E\�(T���%�����(T���%�����EHFRPHV

(TXDWLRQV��%�����WKURXJK��%�����DUH�P�HTXDWLRQV�ZLWK�P�XQNQRZQV� ��DQG�FDQ�EH

ZULWWHQ� LQ� WKH� IRUP� RI�PDWULFHV�� 7KHVH� XQNQRZQV� FDQ� EH� HDVLO\� VROYHG� XVLQJ� WKH�PDWUL[� VROYHU

VXEURXWLQH�7+20$6��7KH�QXPHULFDO�UHVXOW�LV�FRPSDUDEOH�WR�DQDO\WLFDO�UHVXOW�JLYHQ�E\�&UDQN �DV���

VKRZQ�LQ�)LJ�������
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D  � LQFOLQDWLRQ�DQJOH��GHJUHH��RU�FRQVWDQW�LQ�YDULRXV�HTXDWLRQV

$  � FURVV�VHFWLRQDO�DUHD��/ ��FP� � �

$  � FRHIILFLHQW�RI�WHUP IRU�JULG�L
L

E  � WRWDO�EUHDGWK�RI�ILOP��/��FP��RU�FRQVWDQW�LQ�YDULRXV�HTXDWLRQV�

%  � FRHIILFLHQW�RI�WHUP IRU�JULG�EORFN�L
L

%  � IRUPDWLRQ�YROXPH�IDFWRU
RE

F  � FRQFHQWUDWLRQ��PROH�/ ��PROH�FP ��RU�FRQVWDQW�LQ�YDULRXV�HTXDWLRQV� � �

&  � FRQVWDQW�LQ�0DFOHRG�(TXDWLRQ

&2  � FDUERQ�GLR[LGH
�

&  � GLPHQVLRQOHVV�FRQFHQWUDWLRQ
'

F  � IUDFWXUH�FRQFHQWUDWLRQ��PRO�/ ��PROH�FP
I

� � �

F  � LQLWLDO�FRQFHQWUDWLRQ��PROH�/ ��PROH�FP
L

� � �

&  � FRHIILFLHQW�RI�WHUP IRU�JULG�L
L

&  � VXUIDFWDQW�FRQFHQWUDWLRQ�SSP
V

G  � FRQVWDQW�LQ�YDULRXV�HTXDWLRQV

'  � HIIHFWLYH�GLIIXVLRQ�FRHIILFLHQW��/ �W��FP �V� � �

'  � SHQGDQW�GURS�GLDPHWHU�DW�HTXDWRU��FP
H

'  � FRHIILFLHQW�IRU�JULG�EORFN�L
L

'  � SHQGDQW�GURS�GLDPHWHU�DW�HOHYDWLRQ�' ��FP
V � � � � � � H

'  � PROHFXODU�GLIIXVLRQ�FRHIILFLHQW��/ �W��FP �V
�

� � �

(26  � HTXDWLRQ�RI�VWDWH

)  � IRUPDWLRQ�IDFWRU��GLPHQVLRQOHVV

)  � FRUUHFWLRQ�IDFWRU�WR�.R]HQ\�HTXDWLRQ
V � � � � �

J  � JUDYLWDWLRQDO�DFFHOHUDWLRQ��/�W�

+  � FDSLOODU\�SUHVVXUH�WKUHVKROG��/��FP

+  � GLPHQVLRQOHVV�FDSLOODU\�SUHVVXUH�WKUHVKROG
'
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+  � KHLJKW�RI�GHPDUFDWRU��/��FPG

+  � GLPHQVLRQOHVV�KHLJKW�RI�GHPDUFDWRUG'

+  � HOHYDWLRQ�RI�WKH�HTXDWRU�IURP�DSH[��FPH

L  � VSDFH�LQGH[�RI�JULG�EORFN

,  � UHODWLYH�DGVRUSWLRQ�LQGH[

N  � HIIHFWLYH�SHUPHDELOLW\��/ ��PGH
�

.  � :DWVRQ�FKDUDFWHUL]DWLRQ�IDFWRUZ

/  � OHQJWK�RI�SRURXV�PHGLXP�FROXPQ��/��FP

P  � WKH�PD[LPXP�QXPEHU�RI�JULG�EORFNV

0  � PROHFXODU�ZHLJKW

0  � WRWDO�PRELOLW\�RI�&2 �EULQH&2��%5 � � � � �

0  � WRWDO�PRELOLW\�RI�&2 ��VXUIDFWDQW&2��66 � � � � �

0  � JDV�PRELOLW\J

0  � JDV�PRELOLW\�LQ�WKH�SUHVHQFH�RI�IRDPIRDP
J

0  � PROHFXODU�ZHLJKW�RI�SVHXGRFRPSRQHQW�LL

0  � ZDWHU�PRELOLW\Z

003  � PLQLPXP�PLVFLELOLW\�SUHVVXUH

Q  � WLPH�VWHS�LQGH[�RU�QXPEHU�RI�FRPSRQHQWV

11  � QHXUDO�QHWZRUNV

S  � SUHVVXUH��P�/W ��DWP�

�S  � SUHVVXUH�GURS�DFURVV�D�FRUH

3  � SDUDFKRU

3  � LQQHU�SKDVH�SUHVVXUH�DERYH�DSH[��G\QH�FPDL
�

3  � RXWHU�SKDVH�SUHVVXUH�EHORZ�DSH[��G\QH�FPDR
�

3  � EXEEOHSRLQW�SUHVVXUH��SVLJE

3  � FDSLOODU\�SUHVVXUH�DW�WKH�DSH[��G\QH�FPFD
�

3  � LQQHU�SKDVH�SUHVVXUH�DW�+ ��G\QH�FP+H � � � � � H
�

3  � OLTXLG�SKDVH�GHQVLW\��J�FP
O

�

3  � RXWHU�SKDVH�SUHVVXUH�DW�HOHYDWLRQ�\��G\QH�FPR
�

3Y  � JDV�SKDVH�GHQVLW\��J�FP�

397  � SUHVVXUH�YROXPH�WHPSHUDWXUH

4  � IORZ�UDWH

5  � GLPHQVLRQOHVV�IOXLG�UHFRYHU\
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5  � UDGLXV�RI�FXUYDWXUH�DW�WKH�DSH[��FPD

5  � UHVLVWDQFH�IDFWRUI

5  � VROXWLRQ�JDVV

6  � DUF�OHQJWK�IURP�WKH�DSH[�WR�HOHYDWLRQ�\��FP

6  � JDV�VDWXUDWLRQJ

6  � RLO�VDWXUDWLRQR

6  � ZDWHU�VDWXUDWLRQZ

6  � FRQQDWH�ZHWWLQJ�SKDVH�VDWXUDWLRQ��IUDFWLRQZF

6  � LQLWLDO�ZHWWLQJ�SKDVH�VDWXUDWLRQZL

6  � UHVLGXDO�ZHWWLQJ�SKDVH�VDWXUDWLRQ��IUDFWLRQZU

6$*� � VXUIDFWDQW�VROXWLRQ�DOWHUQDWLQJ�ZLWK�JDV

605  � VHOHFWLYH�PRELOLW\�UHGXFWLRQ

7  � WHPSHUDWXUH���.��XQOHVV��&���)��RU��5�LV�VWDWHG�

W  � WLPH��V

7  � ERLOLQJ�SRLQW�WHPSHUDWXUHEL

7  � FULWLFDO�WHPSHUDWXUHF

W  � GLPHQVLRQOHVV�WLPH'

W  � FULWLFDO�WHPSHUDWXUH���.F

�W  � WLPH�VWHS�VL]H��V

Y  � 'DUF\�YHORFLW\�LQ�VDWXUDWHG�]RQH��/�W��FP�VV

9  � FRQYHFWLRQ�FRHIILFLHQW��/�W�FP�V

9  � SKDVH�YROXPH�LQ�WKH�ILOP��/ ��FPI
� � �

9  � JDV�SKDVH�PRODU�YROXPHJ

9  � OLTXLG�SKDVH�PRODU�YROXPHO

9  � UHVLGXDO�SKDVH�YROXPH��/ ��FPU
� � �

9  � SKDVH�YROXPH�LQ�VDWXUDWHG�]RQH��/ ��FPV
� � �

9  � WRWDO�SKDVH�YROXPH��/ ��FPW
� � �

9  � LQLWLDO�WRWDO�SKDVH�YROXPH��/ ��FPWL
� � �

9  � SKDVH�YROXPH�LQ�XQVDWXUDWHG�]RQH��/ ��FPXV
� � �

:  � GURS�ZHLJKW��G\QH

:$*  � ZDWHU�DOWHUQDWLQJ�ZLWK�JDV

[  � UDGLDO�GLVWDQFH��FP

[  � PROH�IUDFWLRQ�RI�FRPSRQHQW�L�LQ�WKH�OLTXLG�SKDVH
L
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[  � PD[LPXP�GLIIXVLRQ�GLVWDQFH��/��FP
PD[

[  � PROH�IUDFWLRQ�RI�FRPSRQHQW�L�DW�WKH�OLTXLG�YDSRU�LQWHUIDFHV

L

�[  � OHQJWK�RI�JULG�EORFN��/��FP

\  � HOHYDWLRQ�IURP�DSH[��FP

\  � PROH�IUDFWLRQ�RI�FRPSRQHQW�L�LQ�WKH�YDSRU�SKDVH
L

]  � GHSWK�IURP�WKH�WRS�RI�WKH�FRUH��/��FP

]  GHPDUFDWRU�GHSWK��/��FP
G

]  � GLPHQVLRQOHVV�GHPDUFDWRU�GHSWK
'

]  � PROH�IUDFWLRQ�RI�&2
&2� � � � � �

�  � �'�J�5 ��)��GLPHQVLRQOHVV�RU�GHQVLW\�VFDOLQJ�H[SRQHQW�

D

�  � LQWHUIDFLDO�WHQVLRQ�VFDOLQJ�H[SRQHQW

�  � RLO�VSHFLILF�JUDYLW\�R

�  � RLO�VSHFLILF�JUDYLW\�RI�SVHXGRFRPSRQHQW�LRL

�  � JDV�JUDYLW\J

�'  � GHQVLW\�GLIIHUHQFH

�'
�  � UHIHUHQFH�GHQVLW\�GLIIHUHQFH

3  � PRELOLW\


  � VROXELOLW\�SDUDPHWHU

�  � YLVFRVLW\��P�/W��FS

'  � GHQVLW\�RI�WKH�LQQHU�SKDVH��J�FP
L

�

'  � OLTXLG�SKDVH�GHQVLW\��J�FPO
�

'  � GHQVLW\�RI�WKH�RXWHU�SKDVH��J�FP
R

�

'  � JDV�SKDVH�GHQVLW\��J�FP
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([KLELWLRQ��'DOODV��7;��6HSW��������

���� ,VODP��0�5���DQG�)DURXT�$OL��6�0���¦1XPHULFDO�6LPXODWLRQ�RI�)RDP�)ORZ�LQ�3RURXV�0HGLD�§

-��&DQ��3HW��7HFK���-XO\�$XJ���������������������

���� )LVKHU�� $�:��� )RXOVHU�� 5�:�6��� DQG� *RRG\HDU�� 6�*��� ¦0DWKHPDWLFDO� 0RGHOLQJ� RI� )RDP

)ORRGLQJ�§�SDSHU�63(�������SUHVHQWHG�DW�WKH������63(�'2(�6\PSRVLXP�RQ�(QKDQFHG�2LO

5HFRYHU\��7XOVD��2.��$SULO�������

���� /DZ�� '�� +�6��� <DQJ�� =�0�� DQG� 6WRQH�� 7�:��� ¦(IIHFW� RI� WKH� 3UHVHQFH� RI� 2LO� RQ� )RDP

3HUIRUPDQFH��$�)LHOG�6LPXODWLRQ�6WXG\�§�63(5(��0D\���������������

���� 0RKDPPDGL��6�6���&RRPEH��'�$���DQG�6WHYHQVRQ��9�0���¦7HVW�RI�6WHDP�)RDP�3URFHVV�IRU

0RELOLW\�&RQWURO�LQ�6RXWK�&DVSHU�&UHHN�5HVHUYRLU�§�-��&DQ��3HW��7HFK���'HF������������1R�����

������

���� +LUDVDNL��*�-��DQG�/DZVRQ��/�%���¦0HFKDQLVPV�RI�)RDP�)ORZ�LQ�3RURXV�0HGLD��$SSDUHQW

9LVFRVLW\�LQ�6PRRWK�&DSLOODULHV�§�63(-��$SULO���������������

���� )ULHGPDQQ��)���&KHQ��:�+���DQG�*DXJOLW]��3�$���¦([SHULPHQWDO�DQG�6LPXODWLRQ�6WXG\�RI�+LJK�

7HPSHUDWXUH�)RDP�'LVSODFHPHQW�LQ�3RURXV�0HGLD�§�63(5(��)HE��������������

���� (WWLQJHU�� 5�$�� DQG� 5DGNH�� &�-��� ¦,QIOXHQFH� RI� 7H[WXUH� RQ� 6WHDG\� )RDP� )ORZ� LQ� %HUHD

6DQGVWRQH�§�63(5(��)HE��������������

���� .RYVFHN��$�5��� 3DW]HN��$�5��� DQG�5DGNH��&�-��� ¦6LPXODWLRQ� RI� )RDP�7UDQVSRUW� LQ� 3RURXV

0HGLD�§� SDSHU� 63(� ������ SUHVHQWHG� DW� WKH� ����� 63(� $QQXDO� 7HFKQLFDO� &RQIHUHQFH� DQG

([KLELWLRQ��+RXVWRQ��7;��2FW������

���� .RYVFHN��$�5���3DW]HN��$�5���DQG�5DGNH��&�-���¦0HFKDQLVWLF�3UHGLFWLRQ�RI�)RDP�'LVSODFHPHQW

LQ�0XOWLGLPHQVLRQV��$�3RSXODWLRQ�%DODQFH�$SSURDFK�§�SDSHU�63(�������SUHVHQWHG�DW�WKH�����

63(�'2(�6\PSRVLXP�RQ�,PSURYHG�2LO�5HFRYHU\��7XOVD�$SULO�������

���� 3DW]HN��7�:��¦'HVFULSWLRQ�RI�)RDP�)ORZ�LQ�3RURXV�0HGLD�E\�WKH�3RSXODWLRQ�%DODQFH�0HWKRG�©

6XUIDFWDQW�%DVHG�0RELOLW\�&RQWURO��3URJUHVV�LQ�0LVFLEOH�)ORRG�(QKDQFHG�2LO�5HFRYHU\��'�+�

6PLWK��HG����$&6�6\PSRVLXP�6HULHV������:DVKLQJWRQ��'�&���������

���� 5RVVHQ��:�5���=KRX��=�+��� DQG�0DPXQ��&�.��� ¦0RGHOLQJ�)RDP�0RELOLW\� DW� WKH� 
/LPLWLQJ

&DSLOODU\�3UHVVXUH
�§�SDSHU�63(�������SUHVHQWHG�DW�WKH������$QQXDO�7HFKQLFDO�&RQIHUHQFH�DQG

([KLELWLRQ��'DOODV��2FW������

���� 5RVVHQ��:�5���=HLOLQJHU��6�&���6KL��-�;���DQG�/LP��0�7���¦0HFKDQLVWLF�6LPXODWLRQ�RI�)RDP

3URFHVVHV�LQ�3RURXV�0HGLD�§�SDSHU�63(�������SUHVHQWHG�DW�WKH������63(�$QQXDO�7HFKQLFDO

&RQIHUHQFH�DQG�([KLELWLRQ��1HZ�2UOHDQV��6HSW��������

���� $PPHU��-�5���%UXPPHUW��$�&���DQG�6DPV��:�1���¦0LVFLEOH�$SSOLHG�6LPXODWLRQ�7HFKQLTXHV�IRU

(QHUJ\�5HFRYHU\¥9HUVLRQ�����§�TXDUWHUO\�UHSRUW��&RQWUDFW�1R��'2(�%&������63��8�6��'2(

�)HEUXDU\�������

���� &KDQJ��<���¦'HYHORSPHQW�DQG�$SSOLFDWLRQ�RI�DQ�(TXDWLRQ�RI�6WDWH�&RPSRVLWLRQDO�6LPXODWRU�§

3K'�GLVVHUWDWLRQ��8QLYHUVLW\�RI�7H[DV��$XVWLQ��7;��������

���� &KDQJ��<���3RSH��*�$���DQG�6HSHKUQRRUL��.���¦$�+LJKHU�2UGHU�)LQLWH�'LIIHUHQFH�&RPSRVLWLRQDO

6LPXODWRU�§�-��3HW��6FL��(QJ���1RY�����������1R�����������
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���� /LP��0�7���.KDQ��6�$���6HSHKUQRRUL��.��� DQG�3RSH��*�$��� ¦6LPXODWLRQ�RI�&DUERQ�'LR[LGH

)ORRGLQJ�8VLQJ�+RUL]RQWDO�:HOOV�§� SDSHU� 63(� ������ SUHVHQWHG� DW� WKH� ����� 63(�$QQXDO

7HFKQLFDO�&RQIHUHQFH�DQG�([KLELWLRQ��:DVKLQJWRQ��'�&���2FW������

���� &KDQJ��6��+��DQG�*ULJJ��5�%����)RDP�'LVSODFHPHQW�0RGHOLQJ�LQ�&2 �)ORRGLQJ�SURFHVVHV��
�

SDSHU� 63(� ������ SUHVHQWHG� DW� WKH� ����� 63(�'2(� 7HQWK� 6\PSRVLXP� RQ� ,PSURYHG� 2LO

5HFRYHU\��7XOVD��2.��$SULO�������

���� 0DUWLQ��)�'���6WHYHQV��-�(���DQG�+DUSROH��.�-���¦&2 �)RDP�)LHOG�7HVW�DW� WKH�(DVW�9DFXXP
�

*UD\EXUJ�6DQ�$QGUHV�8QLW�§�63(5(��1RY����������������

���� .LOORXJK��-�(���DQG�.RVVDFN��&�$��¦)LIWK�&RPSDUDWLYH�6ROXWLRQ�3URMHFW��(YDOXDWLRQ�RI�0LVFLEOH

)ORRG� 6LPXODWRUV�§� SDSHU� 63(� ������ SUHVHQWHG� DW� WKH� ����� 6\PSRVLXP� RQ� 5HVHUYRLU

6LPXODWLRQ��6DQ�$QWRQLR��7;��)HE������

���� -RVKL��6�'���+RUL]RQWDO�:HOO�7HFKQRORJ\��3HQQ:HOO��7XOVD��2.��������

���� 7DEHU�� -�-�� DQG� 6HULJKW�� 5�6�� ¦+RUL]RQWDO� ,QMHFWLRQ� DQG� 3URGXFWLRQ� :HOOV� IRU� (25� RU

:DWHUIORRGLQJ�§�SDSHU�63(�������SUHVHQWHG� DW� WKH������63(�3HUPLDQ�%DVLQ�2LO� DQG�*DV

5HFRYHU\�&RQIHUHQFH��0LGODQG��7;��0DUFK�������

���� +DOOHQEHFN� HW� DO��� ,QQRYDWLYH� $SSURDFK� WR� &2 � 3URMHFW� 'HYHORSPHQW� +ROGV� 3URPLVH� IRU
�

,PSURYLQJ�&2 �)ORRG�(FRQRPLFV�LQ�6PDOOHU�)LHOGV�1HDULQJ�$EDQGRQPHQW��SDSHU�63(������
�

SUHVHQWHG�DW�WKH������63(�$QQXDO�7HFKQLFDO�&RQIHUHQFH�DQG�([KLELWLRQ��1HZ�2UOHDQV��6HSW�

������

���� $�%��6SHLUV��DQG�3�%��:DUUHQ��+RUL]RQWDO�:HOO�([SHULHQFH�LQ�&DOLIRUQLD�7KHUPDO�5HVHUYRLUV�

SDSHU�+:&������SUHVHQWHG�DW�WKH�&DQDGLDQ�63(�&,0�&$10(7�,QWHUQDWLRQDO�&RQIHUHQFH�RQ

5HFHQW�$GYDQFHV�LQ�+RUL]RQWDO�:HOO�$SSOLFDWLRQV��&DOJDU\��&DQDGD��0DUFK�������������

���� 0XQJDQ�� 1��� ¦)XUWKHU� 5HFRYHU\� IURP� 0DWXUH� 5HVHUYRLUV� ZLWK� +RUL]RQWDO� :HOOV�§� SDSHU

+:&������.H\QRWH�$GGUHVV�SUHVHQWHG�DW�WKH�&DQDGLDQ������63(�&,0�&$10(7�,QWHUQDWLRQDO

&RQIHUHQFH�RQ�5HFHQW�$GYDQFHV�LQ�+RUL]RQWDO�:HOO�$SSOLFDWLRQV��&DOJDU\��&DQDGD��0DUFK����

���

���� 'DNKOLD� HW� DO��� ¦6LPXODWLRQ� RI� 6XUIDFWDQW� )ORRGLQJ�8VLQJ�+RUL]RQWDO�:HOOV�§� SDSHU� �����

SUHVHQWHG�DW�WKH������$QQXDO�7HFKQLFDO�0HHWLQJ�RI�7KH�3HWUROHXP�6RFLHW\�RI�&,0��%DQII�

$OEHUWD��&DQDGD��0D\�������

���� %DEX�HW�DO���¦7KH�5HODWLRQ�%HWZHHQ�:HOOEORFN�DQG�:HOOERUH�3UHVVXUHV�LQ�1XPHULFDO�6LPXODWLRQ

RI�+RUL]RQWDO�:HOOV�§�63(5(��$XJXVW����������������

���� 1JKLHP�HW�DO���¦6HYHQWK�63(�&RPSDUDWLYH�6ROXWLRQ�3URMHFW��0RGHOLQJ�RI�+RUL]RQWDO�:HOOV�LQ

5HVHUYRLU�6LPXODWLRQ�§�SDSHU�63(�������SUHVHQWHG�DW�WKH������63(�6\PSRVLXP�RQ�5HVHUYRLU

6LPXODWLRQ��$QDKHLP��&$��)HE��������

���� *XJJHQKHLP��(�$��DQG�$GDP��1�.���¦7KH�7KHUPRG\QDPLFV��RI�$GVRUSWLRQ�DW�WKH�6XUIDFH�RI

6ROXWLRQV�§�3URF��5R\��6RF����������$�������������

���� &RUQHOLVVH��3�0�:���3HWHUV��&�-���DQG�GH�6ZDDQ�$URQV��-�����¦$SSOLFDWLRQ�RI�WKH�3HQJ��5RELQVRQ

(TXDWLRQ�RI�6WDWH�WR�&DOFXODWH�,QWHUIDFLDO�7HQVLRQV�DQG�3URILOHV�DW�9DSRU��/LTXLG�,QWHUIDFHV�§

)OXLG�3KDVH�(TXLOLEULD����������������������

���� 0DFOHRG��'�%���¦2Q�D�5HODWLRQ�EHWZHHQ�6XUIDFH�7HQVLRQ�DQG�'HQVLW\�§�7UDQV��)DUDGD\�6RF�

�������������������

���� 6XJGHQ��6���¦$�5HODWLRQ�EHWZHHQ�6XUIDFH�7HQVLRQ��'HQVLW\�DQG��&KHPLFDO�&RPSRVLWLRQ�§��-�

&KHP��6RF�������������������������

���� 4XD\OH��2�5����¦7KH�3DUDFKRUV�RI�2UJDQLF�&RPSRXQGV�§�&KHP��5HYLHZ���������������������
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���� :HLQDXJ��&�)��DQG�.DW]��'�/����¦6XUIDFH�7HQVLRQ�RI�0HWKDQH�3URSDQH�0L[WXUHV�§�,QG��DQG�(QJ�

&KHPLVWU\�������������1R�������������

���� .DW]��'�/���0RXURH��5�5���DQG�7UDLQHU��5�3��� � �¦6XUIDFH�7HQVLRQ�RI�&UXGH�2LOV�&RQWDLQLQJ

'LVVROYHG�*DVHV�§�3HWUROHXP�7HFKQRORJ\��6HSWHPEHU��������������

���� 5HQR��*�-��DQG�.DW]��'�/����¦6XUIDFH�7HQVLRQ�RI�Q�+HSWDQH�DQG�Q�%XWDQH�FRQWDLQLQJ�'LVVROYHG

1LWURJHQ�§,QGXVWULDO�DQG�(QJLQHHULQJ�&KHPLVWU\��2FWREHU������������1R����������������

���� +RXJK��(�:��DQG�6WHJHPHLHU��*�/����¦&RUUHODWLRQ�RI�6XUIDFH�DQG�,QWHUIDFLDO�7HQVLRQ�RI�/LJKW

+\GURFDUERQV��LQ�WKH�&ULWLFDO�5HJLRQ�§�6RF��3HW��(QJ��-���'HFHPEHU����������������

���� /HH��6�7��DQG�&KLHQ��0�&�+����¦$�1HZ�0XOWLSOH�&RPSRQHQW�6XUIDFH�7HQVLRQ�&RUUHODWLRQ�%DVHG

RQ�6FDOLQJ�7KHRU\�§�SDSHU�63(�������SUHVHQWHG�DW�WKH������63(�'2(�6\PSRVLXP�RQ�(25�

7XOVD��2.��$SULO�������

���� +XJLOO��-�$��DQG�9DQ�:HOVHQHV��$�-����)OXLG�3KDVH�(TXLOLEULD�����������������

���� )LURR]DEDGL��$���.DW]��'�/���6RURRVK��+���DQG�6DMMDGLDQ��9�$����¦6XUIDFH�7HQVLRQ�RI�5HVHUYRLU�

&UXGH�2LO�*DV�6\VWHPV�5HFRJQL]LQJ�WKH�$VSKDOW�LQ�WKH�+HDY\�)UDFWLRQ�§�63(5(��)HEUXDU\

���������������

���� *DVHP�� .�$�0��� 'XOFDPDUD�� 3�%��� -U��� 'LFNVRQ�� .�%��� DQG� 5RELQVRQ�� 5�/��� -U��� � ¦7HVW� RI

3UHGLFWLRQ�0HWKRGV�IRU�,QWHUIDFLDO�7HQVLRQV�RI�&2 �DQG�(WKDQH�LQ�+\GURFDUERQ�6ROYHQWV�§�)OXLG
�

3KDVH�(TXLOLEULD�������������������

���� $OL��-�.����¦3UHGLFWLRQ�RI�3DUDFKRUV�RI�3HWUROHXP�&XWV�DQG�3VHXGRFRPSRQHQWV�§�)OXLG�3KDVH

(TXLOLEULD���������������������

���� )DQFKL��-�5���¦&DOFXODWLRQ�RI�3DUDFKRUV�IRU�&RPSRVLWLRQDO�6LPXODWLRQ��$Q�8SGDWH�§�63(5(

�$XJXVW����������������

���� )DZFHWW��0�-���¦(YDOXDWLRQ�RI�&RUUHODWLRQV�DQG�3DUDFKRUV�WR�3UHGLFW�/RZ�,QWHUIDFLDO�7HQVLRQ�LQ

&RQGHQVDWH� 6\VWHPV�§� SDSHU� 63(� ������ SUHVHQWHG� DW� WKH� ����� 63(� $QQXDO� 7HFKQLFDO

&RQIHUHQFH�DQG�([KLELWLRQ��1HZ�2UOHDQV��6HSWHPEHU�������

���� *XJJHQKHLP�� (�$��� � 7KHUPRG\QDPLFV�� �UG� HGLWLRQ�� 1RUWK�+ROODQG� 3XEOLVKLQJ� &RPSDQ\�

$PVWHUGDP���������

���� *XJJHQKHLP��(�$����-��&KHP��3K\V������������������

���� 6WDQOH\��(�+����,QWURGXFWLRQ�WR�3KDVH�7UDQVLWLRQV�DQG�&ULWLFDO�3KHQRPHQD��2[IRUG�8QLYHUVLW\

3UHVV��2[IRUG��8�.����������

���� )LVKHU��0�(�� DQG�6FHVQH\��3�(��� ¦�9LVLELOLW\�RI�&ULWLFDO�([SRQHQW�5HQRUPDOL]DWLRQ�§�3K\V�

5HYLHZ�$��6HSWHPEHU���������������������

���� )LVKHU��0�(���3K\V��5HYLHZ������������������

���� 6HQJHUV�� -�0�+�/��� DQG� 6HQJHUV�� -�9��� +RZ� &ORVH� ,V� ¦&ORVH� WR� WKH� &ULWLFDO� 3RLQW"§

1RUWK�+ROODQG�3XEOLVKLQJ�&RPSDQ\��$PVWHUGDP��������

���� 5RZOLQVRQ�� -�� DQG�:LGRP��%���0ROHFXODU�7KHRU\�RI�&DSLOODULW\��2[IRUG�8QLYHUVLW\�3UHVV�

2[IRUG��8�.���������

���� :LGRP��%���¦3KDVH�(TXLOLEULXP�DQG�,QWHUIDFLDO�6WUXFWXUH�§�&KHPLFDO�6RFLHW\�5HYLHZV��������

��������

���� 0ROGRYHU��0�5��� ¦,QWHUIDFLDO�7HQVLRQ� RI� )OXLGV� QHDU�&ULWLFDO� 3RLQWV� DQG�7ZR�6FDOH�IDFWRU

8QLYHUVDOLW\�§�3K\V��5HYLHZ�$�������������������������

���� +DQLII��0�'���DQG�3HDUFH��$�-���¦0HDVXULQJ�,QWHUIDFLDO�7HQVLRQV�LQ�D�*DV�&RQGHQVDWH�6\VWHP

ZLWK�D�/DVHU�/LJKW�6FDWWHULQJ�7HFKQLTXH�§��63(5(��1RYHPEHU����������������
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���� +X\JHQV��5�-�0���5RQGH��+��DQG�+DJRRUW��-���¦,QWHUIDFLDO�7HQVLRQ��RI�1LWURJHQ�DQG�9RODWLOH�2LO

6\VWHPV�§�SDSHU�63(�������SUHVHQWHG�DW� WKH������63(�$QQXDO�7HFKQLFDO�&RQIHUHQFH�DQG

([KLELWLRQ��+RXVWRQ��7;��2FWREHU�����

���� :DJQHU��2�5��DQG�/HDFK��5�2���¦(IIHFW�RI�,QWHUIDFLDO�7HQVLRQ�RQ�'LVSODFHPHQW�(IILFLHQF\�§

63(-��'HFHPEHU����������������

���� )LURR]DEDGL��$��DQG�5DPH\��+�-���-U���¦6XUIDFH�7HQVLRQ�RI��:DWHU�+\GURFDUERQ�6\VWHPV�DW

5HVHUYRLU�&RQGLWLRQV�§�-&37��0D\�-XQH������������1R�����������

���� 6DWKHUOH\��-���*LUDXOW��+�+�-��DQG�6FKLIIULQ��'�-���¦7KH�0HDVXUHPHQW�RI�8OWUDORZ�,QWHUIDFLDO

7HQVLRQ�E\�9LGHR�'LJLWDO�7HFKQLTXHV�§�-��&ROORLG�	�,QWHUIDFH�6FLHQFH��0D\��������������1R���

��������

���� 9DUJDIWLN��1�%���7DEOHV�RQ�WKH�7KHUPRSK\VLFDO�3URSHUWLHV�RI�/LTXLGV�DQG�*DVHV��-RKQ�:LOH\

	�6RQV����������

���� *UHHU�� 6�&��� ¦&RH[LVWHQFH� &XUYHV� DW� /LTXLG�/LTXLG� &ULWLFDO� 3RLQWV�� ,VLQJ� ([SRQHQWV� DQG

([WHQGHG�6FDOLQJ�§�3K\VLFDO�5HYLHZ�$������������1R��������������

���� 6DWKHUOH\�� -�� DQG� 6FKLIIULQ�� '��� ¦7KH�0HDVXUHPHQW� RI� /RZ� ,)7�9DOXHV� IRU� (QKDQFHG�2LO

5HFRYHU\�§��3URJUHVV�5HSRUW�WR�8�.��'2(��:LQIULWK��$XJXVW������

���� 0RUURZ��1�5���&KDW]LV��,��DQG�7DEHU��-�-���¦(QWUDSPHQW�DQG�0RELOL]DWLRQ�RI�5HVLGXDO�2LO�LQ

%HDG�3DFNV�§�6RF��3HW��(QJ��5HV��(QJ��������������������

���� &XLHF��/�(���%RXUELDX[��%��DQG�.DOD\GMLDQ��)���¦,PELELWLRQ�LQ�/RZ�3HUPHDELOLW\�3RURXV�0HGLD�

8QGHUVWDQGLQJ�DQG�,PSURYHPHQW�RI�2LO�5HFRYHU\�§�SDSHU�63(�������SUHVHQWHG�DW�WKH�����

63(�'2(�$QQXDO�6\PSRVLXP�RQ�(QKDQFHG�2LO�5HFRYHU\��7XOVD��$SULO�

���� +VX��-�&���1DJDUDMDQ��1��DQG�5RELQVRQ��5�/���-U���¦(TXLOLEULXP�3KDVH�&RPSRVLWLRQV��3KDVH

'HQVLWLHV��DQG�,QWHUIDFLDO�7HQVLRQ�IRU�&2 ���+\GURFDUERQ�6\VWHPV�����&2 ���Q�%XWDQH�§�-�
�� � � � � �

&KHP��(QJ��'DWD���������������������

���� 1DJDUDMDQ��1��DQG�5RELQVRQ��5�/���-U���¦(TXLOLEULXP�3KDVH�&RPSRVLWLRQV��3KDVH�'HQVLWLHV��DQG

,QWHUIDFLDO�7HQVLRQ�IRU�&2 ���+\GURFDUERQ�6\VWHPV�����&2 ���Q�'HFDQH�§��-��&KHP��(QJ��'DWD
�� � � � � �

��������������������

���� 1DJDUDMDQ��1��DQG�5RELQVRQ��5�/���-U���¦(TXLOLEULXP�3KDVH�&RPSRVLWLRQV��3KDVH�'HQVLWLHV��DQG

,QWHUIDFLDO�7HQVLRQ�IRU�&2 ���+\GURFDUERQ�6\VWHPV�����&2 ���&\FORKH[DQH�����&2 ���%HQ]HQH�§
�� � � � � �� � � � �

-��&KHP��(QJ��'DWD���������������������

���� *DVHP��.�$�0���'LFNVRQ��.�%���'XOFDPDUD��3�%��-U����1DJDUDMDQ��1��DQG�5RELQVRQ��5�/���-U��

¦(TXLOLEULXP� 3KDVH� &RPSRVLWLRQV�� 3KDVH� 'HQVLWLHV�� DQG� ,QWHUIDFLDO� 7HQVLRQ� IRU� &2 � �
�
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Table 1. Slopes determined by the regression from the mobility measurements

Flow rate Surfactant CD1045 Surfactant CD1050
(cc/hr) Rock type

0 500 1000 0 500 1000
ppm ppm ppm ppm ppm ppm

7.5 
Berea sandstone 1.09 0.30 0.36 1.03 0.71 0.76

Baker dolomite 0.94 0.61 0.45 0.97 0.23 0.45

Overall 0.82 0.39 0.26 0.95 0.60 0.65

15 
Berea sandstone 1.12 0.45 0.34 1.16 0.72 0.72

Baker dolomite 1.12 0.83 0.56 0.92 0.55 0.45

Overall 0.90 0.49 0.34 0.99 0.67 0.70
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7DEOH �� &2 H[WUDFWLRQ FDSDFLW\ RI WKH YDULDEOH SUHVVXUH H[WUDFWLRQ H[SHULPHQWV
�

Oil Samples Temperature,  95) Temperature, 138)
R R

Spraberry
Separator

Oil

Pressure Extraction Capacity Pressure Extraction Capacity
psig g oil/g CO psig g oil/g CO2 2

6DPS� � 6DPS�� 6DPS�� 6DPS�� 6DPSO��

���� ������ ���� ������

���� ������ ���� ������

���� ������ ������ ���� ������ ������

���� ������ ������ ���� ������

���� ������ ������ ���� ������

���� ������ ������ ���� ������

���� ������

���� ������

���� ������ ������

6XOLPDU 4XHHQ

6WRFN 7DQN 2LO ���� ������ ���� ������ ������

���� ������ ���� ������

���� ������ ���� ������ ������ ������

���� ������ ���� ������ ������ ������

���� ������ ���� ������ ������

���� ������ ���� ������ ������

���� ������ ���� ������

���� ������ ���� ������

���� ������ ���� ������

���� ������

���� ������

���� ������



7DEOH������6OLP�WXEH�003�DQG�FULWLFDO�H[WUDFWLRQ�SUHVVXUH�UDQJHV�

7HPSHUDWXUH 6OLP 7XEH 003 &ULWLFDO 5DQJHV

2LO 6DPSOH ) SVLJ SVLJ
R

6XOLPDU 4XHHQ �� ���� ���������

6WRFN 7DQN 2LO

��� ���� ���������

6SUDEHUU\ �� ���� ���������

6HSDUDWRU 2LO

��� ���� ���������

7DEOH ��� &RPSRVLWLRQV RI 6XOLPDU 4XHHQ DQG 6SUDEHUU\ RLOV

Components Mole Fraction

6XOLPDU 4XHHQ 6SUDEHUU\

& ������
�

& ������
�

& ������
�

& ������
�

& �& ������ ������
� ��

& �& ������ ������
�� ��

& �& ������ ������
�� ��

& �& ������ ������
�� ��

& ������ ������
���

0ROHFXODU :HLJKW ����� �����

$3, *UDYLW\ �� ��



7DEOH������&RPSRVLWLRQ�RI�V\QWKHWLF�EULQH

&RPSRQHQW :HLJKW


�J�

1D&O �����

.&O ����

&D&O�� �+�2 �����

0J&O�� �+�2 ����

1D�62� ����

+�2 �������


 %DVHG RQ ���� J EULQH VROXWLRQ

7DEOH������%HUHD�FRUH�SURSHUWLHV

,QLWLDO

3RUH %ULQH

&RUH /HQJWK 'LDPHWHU 3RURVLW\ 9ROXPH 3HUP�

�FP� �FP� �FF� �PG�

$ ���� ���� ���� ���� �����

% ���� ���� ���� ���� ������

& ���� ���� ���� ���� ������

' ���� ���� ���� ���� ����



 ,QLWLDO VXUIDFWDQW�VROXWLRQ SHUPHDELOLW\ �FRUH '�



7DEOH������6XPPDU\�RI�EDVHOLQH�H[SHULPHQWV

7RWDO7RWDO

)ORZ)ORZ &2�&2� 3UHVVXUH3UHVVXUH 7RWDO7RWDO 7RWDO7RWDO

&RUH&RUH 5DWH5DWH )UDFWLRQ)UDFWLRQ 'URS'URS 0RELOLW\0RELOLW\ ,QWHUVWLWLDO,QWHUVWLWLDO

�� �FF�KU��FF�KU� �SVLG��SVLG� �PG�FS��PG�FS� 9HORFLW\9HORFLW\

�IW�GD\��IW�GD\�

$ ��� ����� ���� ���� �����

��� ����� ���� ���� �����

��� ����� ����� ���� �����

���� ����� ����� ���� �����

��� ����� ����� ���� �����

��� ����� ���� ���� �����

��� ����� ����� ���� �����

���� ����� ����� ���� �����

���� ����� ����� ���� �����

��� ����� ���� ���� �����

��� ����� ����� ���� �����

���� ����� ����� ���� �����

��� ����� ���� ���� �����

��� ����� ���� ���� �����

��� ����� ����� ���� �����

���� ����� ����� ���� �����

��� ����� ���� ����� �����

��� ����� ���� ����� �����

��� ����� ����� ����� �����

���� ����� ����� ����� �����

% ��� ����� ���� ����� �����

��� ����� ����� ����� �����

���� ����� ����� ����� �����

��� ����� ���� ����� �����

��� ����� ���� ����� �����

���� ����� ����� ����� �����

��� ����� ���� ����� �����

��� ����� ���� ����� �����

���� ����� ����� ����� �����

��� ����� ���� ����� �����

��� ����� ���� ����� �����

���� ����� ����� ����� �����

��� ����� ���� ����� �����

��� ����� ���� ����� �����

���� ����� ���� ����� �����



7DEOH������FRQW©G�

7RWDO7RWDO

)ORZ)ORZ &2�&2� 3UHVVXUH3UHVVXUH 7RWDO7RWDO 7RWDO7RWDO

&RUH&RUH 5DWH5DWH )UDFWLRQ)UDFWLRQ 'URS'URS 0RELOLW\0RELOLW\ ,QWHUVWLWLDO,QWHUVWLWLDO

�� �FF�KU��FF�KU� �SVLG��SVLG� �PG�FS��PG�FS� 9HORFLW\9HORFLW\

�IW�GD\��IW�GD\�

& ��� ����� ���� ����� �����

��� ����� ���� ����� �����

���� ����� ���� ����� �����

��� ����� ���� ����� �����

��� ����� ���� ����� �����

���� ����� ����� ����� �����

��� ����� ���� ����� �����

��� ����� ���� ����� �����

���� ����� ���� ����� �����

��� ����� ���� ����� �����

��� ����� ���� ����� �����

���� ����� ���� ����� �����

��� ����� ���� ����� �����

��� ����� ���� ����� �����

���� ����� ���� ����� �����

' ��� ����� ���� ����� �����

��� ����� ���� ����� �����

��� ����� ���� ����� �����



7DEOH������6XPPDU\�RI�IRDP�H[SHULPHQWV

7RWDO 7RWDO

)ORZ &2 3UHVVXUH 7RWDO ,QWHUVWLWLDO :$* 5HVLVWDQFH
�

&RUH 5DWH )UDFWLRQ 'URS 0RELOLW\ 9HORFLW\ 0RELOLW\ )DFWRU

� �FF�KU� �SVLG� �PG�FS� �IW�GD\� �PG�FS�

% ��� ����� ��� ���� ����� ����� �����

��� ����� ��� ���� ����� ����� �����

��� ����� ��� ���� ����� ����� �����

��� ����� ��� ���� ����� ����� �����

��� ����� ��� ���� ����� ����� �����

��� ����� ��� ���� ����� ����� ������

��� ����� ��� ���� ����� ����� �����

& ��� ����� ����� ���� ����� ����� ����

��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

���� ����� ����� ���� ����� ����� �����

���� ����� ����� ���� ����� ����� ����

���� ����� ������ ���� ����� ����� �����

���� ����� ������ ���� ����� ����� �����

���� ����� ������ ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

' ��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����

��� ����� ����� ���� ����� ����� �����



7DEOH������5DQJH�RI�GDWD�XVHG�LQ�QHXUDO�QHWZRUN�WHVWV

3URSHUW\ PLQLPXP PD[LPXP

%XEEOH�SRLQW�SUHVVXUH��SVLD ��� ����

%XEEOH�SRLQW�SUHVVXUH�IRUPDWLRQ ����� �����
YROXPH�IDFWRU��5%�67%

6ROXWLRQ�*25��6&)�67% �� ����

$YHUDJH�JDV�VSHFLILF�JUDYLW\��DLU �� ����� �����

6WRFN�WDQN�RLO�JUDYLW\��($3, ����� �����

&2 �LQ�VXUIDFH�JDVHV��PROH� ���� �����
�

1 �LQ�VXUIDFH�JDVHV��PROH� ���� ����
�

+ 6�LQ�VXUIDFH�JDVHV��PROH� ���� �����
�

5HVHUYRLU�WHPSHUDWXUH��() �� ���

7DEOH�����6WDWLVWLFDO�DFFXUDF\�RI�3 �HVWLPDWHG�E\�QHXUDO�QHWZRUNV�DQG�FRUUHODWLRQV
E

IURP�6WDQGLQJ��*ODVR��DQG�$O�0DUKRXQ�IRU����0LGGOH�(DVW�RLOV�DQG����1RUWK�6HD
RLOV

11 $O� 6WDQGLQJ *ODVR
0DUKRXQ

$YHUDJH�UHODWLYH�HUURU��� ����� ����� ����� �����

$YHUDJH�DEVROXWH�UHODWLYH�HUURU� ����� ����� ������ �����
�

0LQLPXP�DEVROXWH�UHODWLYH��HUURU� ����� ����� ����� �����
�

0D[LPXP�DEVROXWH�UHODWLYH�HUURU� ����� ����� ����� �����
�

6WDQGDUG�GHYLDWLRQ��� ����� ����� ����� �������
�����

&RUUHODWLRQ�FRHIILFLHQW ������������� ������� �������
����� ����� ������



7DEOH���� 6WDWLVWLFDO�DFFXUDF\�RI�3 �HVWLPDWHG�E\�QHXUDO�QHWZRUNV�DQG��FRUUHODWLRQV�IURP
E

6WDQGLQJ��*ODVR��DQG�$O�0DUKRXQ�IRU����1RUWK�6HD�RLOV�

11 $O�0DUKRXQ 6WDQGLQJ *ODVR

$YHUDJH�UHODWLYH�HUURU��� ������ ����� ����� �����

$YHUDJH�DEVROXWH�UHODWLYH�HUURU��� ����� ����� ����� �����

0LQLPXP�DEVROXWH�UHODWLYH�HUURU��� ����� ����� ����� �����

0D[LPXP�DEVROXWH�UHODWLYH�HUURU��� ����� ����� ����� �����

6WDQGDUG�GHYLDWLRQ��� ����� ����� ����� �����

&RUUHODWLRQ�FRHIILFLHQW�� ����� ����� ����� ������

7DEOH���� 6WDWLVWLFDO�DFFXUDF\�RI�% �HVWLPDWHG�E\�QHXUDO�QHWZRUNV�DQG�FRUUHODWLRQV�IURP
RE

6WDQGLQJ��*ODVR��DQG�$O�0DUKRXQ�IRU����0LGGOH�(DVW�RLOV�DQG���1RUWK�6HD�RLOV

�11� $O�0DUKRXQ 6WDQGLQJ *ODVR

$YHUDJH�UHODWLYH�HUURU��� ����� ������ ����� ������

$YHUDJH�DEVROXWH�UHODWLYH�HUURU��� ����� ����� ����� �����

0LQLPXP�DEVROXWH�UHODWLYH�HUURU��� ����� ����� ����� �����

0D[LPXP�DEVROXWH�UHODWLYH�HUURU��� ����� ����� ����� �����

6WDQGDUG�GHYLDWLRQ��� ����� ����� ����� �����

&RUUHODWLRQ�FRHIILFLHQW ����� ����� ����� �����

7DEOH���� 6WDWLVWLFDO�DFFXUDF\�RI�% �HVWLPDWHG�E\�QHXUDO�QHWZRUNV�DQG�FRUUHODWLRQV�IRU�QLQH
RE

1RUWK�6HD�RLOV�

�11� $O�0DUKRXQ 6WDQGLQJ *ODVR

$YHUDJH�UHODWLYH�HUURU��� ����� ������ ����� ������

$YHUDJH�DEVROXWH�UHODWLYH�HUURU��� ����� ����� ����� �����

0LQLPXP�DEVROXWH�UHODWLYH�HUURU��� ����� ����� ����� �����

0D[LPXP�DEVROXWH�UHODWLYH�HUURU��� ����� ����� ����� �����

6WDQGDUG�GHYLDWLRQ��� ����� ����� ����� �����������

&RUUHODWLRQ�FRHIILFLHQW ������� ��������� ��������� ������������



�
�
�

��7DEOH�����5HVHUYRLU�IOXLG�DQDO\VLV��LQ�PROH�IUDFWLRQV�

FRPSRQHQW $ % % % & & ' * -(0$ 1:(
� � � �

&2 ������ ������ ������ ������ ������ ������ ������ ������ ������ ������
�

1 ������ ������ ������ ������ ������ ������ ������ ������ ������ ������
�

+ 6 ������ ������ ������ ������ ������ ������ ������ ������ ������ ������
�

& ������ ������ ������ ������ ������ ������ ������ ������ ������ ������
�

& ������ ������ ������ ������ ������ ������ ������ ������ ������ ������
�

& ������ ������ ������ ������ ������ ������ ������ ������ ������ ������
�

L & ������ ������ ������ ������ ������ ������ ������ ������ ������ ������
�

Q & ������ ������ ������ ������ ������ ������ ������ ������ ������ ������
�

L & ������ ������ ������ ������ ������ ������ ������ ������ ������ ������
�

Q & ������ ������ ������ ������ ������ ������ ������ ������ ������ ������
�

& ������ ������ ������ ������ ������ ������ ������ ������ ������ ������
�

& ������ ������ ������ ������ ������ ������ ������ ������ ������ ������
��

0: ��� ��� ��� ��� ��� ��� ��� ��� ��� ���
��

' ������ ������ ������ ������ ������ ������ ������ ������ ������ ������
��

WHPS��()� ��� �� ��� ��� �� ��� ��� �� ��� ��



���

7DEOH�����&ULWLFDO�SRLQW�HVWLPDWHG�E\�QHXUDO�QHWZRUNV

2LO ) 2LO %6%

&DOFXODWHG 0HDVXUHG &DOFXODWHG 0HDVXUHG

&ULWLFDO &2 0ROH � �� �� �� ��
�

&ULWLFDO 3UHVVXUH �SVLD� ���� ���� ���� ����

7DEOH������5HVHUYRLU�GDWD

5HVHUYRLU VL]H ��� IW E\ ��� IW E\ ��� IW

0HVK GLPHQVLRQ � E\ � E\ �

;�GLUHFWLRQ JULG VL]H ���� IW

<�GLUHFWLRQ JULG VL]H ���� IW

=�GLUHFWLRQ JULG VL]H RI HDFK OD\HU ��� ��� �������� IW

3RURVLW\ RI HDFK OD\HU ���� ����� ����� ����� ����

;�GLUHFWLRQ SHUPHDELOLW\ RI HDFK OD\HU ���� ��� ���� ����� �� PG

<�GLUHFWLRQ SHUPHDELOLW\ RI HDFK OD\HU ���� ��� ���� ����� �� PG

=�GLUHFWLRQ SHUPHDELOLW\ RI HDFK OD\HU ��� �� ����� ���� � PG

7DEOH������6ORSHV�RI�,)7�YV��'�GDWD�IURP�0DFOHRG�

&RPSRQHQW�1DPH 5HGXFHG�7HPSHUDWXUH ,)7 6ORSH

����7�7 � �P1�P�
F

(WK\O�$FHWDWH ����¤���� �����¤���� �����

(WK\O�(WKHU ����¤���� �����¤���� ����

(WK\O�$OFRKRO ����¤���� �����¤���� �����

3KHQRO ����¤���� �����¤���� ����

&DUERQ�7HWUDFKORULGH ����¤���� �����¤���� ����

0HWK\O�)RUPDWH ����¤���� �����¤���� ����

&KORUREHQ]RO ����¤���� �����¤���� ����

$FHWLF�$FLG ����¤����� �����¤����� ����



���

7DEOH�������7KHRUHWLFDO�YDOXHV�RI�WKH�FULWLFDO�H[SRQHQWV

2ULJLQ � � 5HIHUHQFHV

9DQ�GHU�:DDO
V�(TXDWLRQ ��� ���

��'LPHQVLRQDO�,VLQJ�0RGHO ����� ��� >���@�>���@

��'LPHQVLRQDO�,VLQJ�0RGHO ����� ���� >���@�>���@�>���@

5HQRUPDOL]DWLRQ�*URXS�7KHRU\ ����� ���� >���@

&XUUHQWO\�$FFHSWHG�9DOXHV ����� ���� >���@�>���@�>���@

7DEOH������3DUDFKRUV�RI�SHWUROHXP�FRPSRQHQWV

�

&RPSRQHQW 3DUDFKRU &RPSRQHQW� 3DUDFKRU

&DUERQ�'LR[LGH ����� 1LWURJHQ �����

+\GURJHQ�6XOSKLGH ����� 0HWKDQH �����

(WKDQH ������ 3URSDQH ������

Q�%XWDQH ������ Q�3HQWDQH ������

Q�+H[DQH ������ Q�+HSWDQH ������

Q�2FWDQH ������ Q�1RQDQH ������

Q�'HFDQH ������ Q�8QGHFDQH ������

Q�'RGHFDQH���������� ������ Q�7ULGHFDQH ������

Q�7HWUDGHFDQH ������ Q�3HQWDGHFDQH ������

Q�+H[DGHFDQH ������ Q�(LFRVDQH ������

Q�+H[DFRVDQH ������� Q�'RWULDFRQWDQH �������

Q�+H[DFRQWDQH ������� ��0HWK\OEXWDQH ������

��0HWK\OSHQWDQH �������� ��0HWK\OSHQWDQH����� ������

����'LPHWK\OEXWDQH ������ ����'LPHWK\OEXWDQH ������

��0HWK\OKH[DQH ������ ��0HWK\OKH[DQH ������

��0HWK\OSHQWDQH ������ ����'LPHWK\OSHQWDQH ������

����'LPHWK\OSHQWDQH ������ ����'LPHWK\OSHQWDQH ������
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Fig. 96.  Experimental (solid line) and predicted (dashed line) phase diagram for oil F.

Fig. 97. Experimental (solid line) and predicted (dashed line) phase diagram for oil BSB.
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VORSH�RI������LV�VKRZQ�IRU�FRPSDULVRQ�

)LJ������ ,QWHUIDFLDO�WHQVLRQ�YV�GHQVLW\�GLIIHUHQFH�IRU�ZDWHU�DOFRKRO�RLO�V\VWHPV��7KHRUHWLFDO�VORSH

RI������LV�VKRZQ�IRU�FRPSDULVRQ�
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)LJ������ ,QWHUIDFLDO�WHQVLRQ�YV�GHQVLW\�GLIIHUHQFH�IRU�1 �RLO�V\VWHPV��7KHRUHWLFDO�VORSH�RI������LV
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VKRZQ�IRU�FRPSDULVRQ�

)LJ������ ,QWHUIDFLDO�WHQVLRQ�YV�GHQVLW\�GLIIHUHQFH�IRU�RLO�&2 �V\VWHPV��7KHRUHWLFDO�VORSH�RI�����
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LV�VKRZQ�IRU�FRPSDULVRQ�
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)LJ��������3DUDFKRU�YV�PROHFXODU�ZHLJKW�IRU����QRUPDO�SDUDIILQV�

)LJ���������3DUDFKRU�YV�PROHFXODU�ZHLJKW�IRU����K\GURFDUERQV�
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)LJ���������3DUDFKRU�YV�PROHFXODU�ZHLJKW�IRU����K\GURFDUERQV�

)LJ��������3DUDFKRU�YV�PROHFXODU�ZHLJKW�IRU����K\GURFDUERQV�
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)LJ���������3DUDFKRU�YV�PROHFXODU�ZHLJKW�IRU�����K\GURFDUERQV�
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)LJ��������3HQGDQW�GURS�IRU�QLWURJHQ�ZDWHU�V\VWHP�

)LJ��������6NHWFK�RI�SHQGDQW�GURS�H[SHULPHQWDO�VHWXS�
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)LJ���������0HDVXUHG�HWKDQH�GHQVLWLHV�

��)LJ���������6XUIDFH�WHQVLRQ�YHUVXV�UHGXFHG�WHPSHUDWXUH�IRU�HWKDQH�
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)LJ��������6XUIDFH�WHQVLRQ�RI�HWKDQH�YHUVXV�UHGXFHG�WHPSHUDWXUH�

)LJ���������6XUIDFH�WHQVLRQ�YHUVXV�GHQVLW\�GLIIHUHQFH�IRU�HWKDQH�
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)LJ���������3UHVVXUH�KLVWRU\�IRU�ORZ�SHUPHDELOLW\�FRUH�H[SHULPHQW�
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)LJ���������6ROXWLRQ�WR�GHPDUFDWRU�DQG�UHFRYHU\�IRU�)V� �����
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)LJ���������0RGHO�FDOFXODWHG�GLPHQVLRQOHVV�FRQFHQWUDWLRQ�



� ���

� ���

� ���

� ���

� ���

� ���

� ���

� ���� � ��� � �� � �� ��� ����

7 LPH �GD\�

2
LO
5
H
F
R
Y
H
U\

�2
2
,3

�

��� PG %HUHD & RUH

�� PG %H UHD & RUH

� ��� PG 5 HVHUYR LU & RUH

� ��� PG 5 HVHUYR LU & RUH

0 RGH O & D OFX OD W LRQ

���
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7KH�ILQDO�WHFKQLFDO�UHSRUW�RQ�355&
V�FXUUHQW�&2 �SURMHFW�GHILQHV�WKUHH�VSHFLILF�WDVNV�DQG
�

GHVFULEHV�WKH�ZRUN�WKDW�KDV�EHHQ�SHUIRUPHG�RQ�WKHP�GXULQJ�WKH�WKUHH�\HDU�SURMHFW�FRYHULQJ�$SULO����

�����WR�0D\������������(DFK�RI�WKH�WKUHH�WDVNV�LV�GLUHFWHG�WRZDUGV�VROYLQJ�D�SDUWLFXODU�SUREOHP

HQFRXQWHUHG�LQ�&2 �IORRGLQJ��WKH�VROXWLRQV�WR�ZKLFK�ZLOO�PDNH�SRVVLEOH�PRUH�HIILFLHQW�RLO�UHFRYHU\
�

IURP� ILHOGV� DPHQDEOH� WR� SURGXFWLRQ� HQKDQFHPHQW� E\� KLJK�SUHVVXUH� &2 � LQMHFWLRQ�� HVSHFLDOO\
�

KHWHURJHQHRXV�UHVHUYRLUV�

7KH�UHSRUW�LV�GLYLGHG�LQWR�WKUHH�VHFWLRQV��HDFK�RI�ZKLFK�FRYHUV�LQ�GHWDLO�WKH�ZRUN�SHUIRUPHG

RQ�WKH�FRUUHVSRQGLQJ�WDVN���,Q�HDFK�FDVH�YLWDO�LQWURGXFWRU\�PDWHULDO�LV�FRYHUHG��DV�ZHOO�DV�WHFKQLFDO

GHVFULSWLRQV�RI�SURJUHVV�LPSRUWDQW�WR�WKH�GRPHVWLF�RLO�LQGXVWU\���7KH�UHVXOWV�RI�WKLV�SURMHFW�ZLOO�EH

GLUHFWO\�LPSOHPHQWHG�LQWR�RQJRLQJ�DQG�SODQQHG�ILHOG�ZRUN�

$&.12:/('*0(176

,W�LV�D�SOHDVXUH�WR�DFNQRZOHGJH�ILQDQFLDO�DVVLVWDQFH�IURP�WKH�8�6��'HSDUWPHQW�RI�(QHUJ\�DQG

WKH�6WDWH�RI�1HZ�0H[LFR���6XSSRUW�KDV�DOVR�FRPH�IURP�VHYHUDO�RLO�FRPSDQLHV¥DOWKRXJK�DV�LV�ZHOO

NQRZQ�WKDW�WKH\�WKHPVHOYHV�DUH�RSHUDWLQJ�XQGHU�JUHDWO\�UHGXFHG�UHVHDUFK�EXGJHWV���7KH�IROORZLQJ

FRPSDQLHV� DUH� VXSSRUWLQJ� WKH� 355&
V� UHVHDUFK� LQWR� &2 � DSSOLFDWLRQV�� $02&2� 3URGXFWLRQ
�

&RPSDQ\�� WKH�&KHYURQ�&KHPLFDO�&RPSDQ\��0DUDWKRQ�2LO�&RPSDQ\��0RELO�(	3�86$��0RELO

5HVHDUFK�DQG�'HYHORSPHQW�&RUSRUDWLRQ��3DUNHU�	�3DUVOH\�'HYHORSPHQW�&RPSDQ\��DQG�7H[DFR�(	3

7HFKQRORJ\�'HSDUWPHQW�

,Q�DGGLWLRQ� WR� WKH�3ULQFLSDO� ,QYHVWLJDWRUV��PHQWLRQ�PXVW�EH�PDGH�RI� WKH�QXPHURXV�RWKHU

LQGLYLGXDOV�ZKR�KDYH�SDUWLFLSDWHG�DFWLYHO\�LQ�WKH�UHVHDUFK�ZRUN���7KHVH�LQFOXGH�6HQLRU�5HVHDUFK

$VVRFLDWHV�'U��-\XQ�6\XQJ�7VDX��'U��6�+���(ULF��&KDQJ��DQG�'U��%R\XQ��*RUGRQ��*XR��DV�ZHOO�DV

ODERUDWRU\�WHFKQLFLDQV�&KDUOHV�'XUELQ��'DYLG�)ULWFKPDQ��-RKQ�.HUQRGOH��-DPHV�0F/HPRUH��&OHWXV

6FKDUOH�DQG�5REHUW�6YHF��DQG�JUDGXDWH�VWXGHQWV�$PXO\D�'L[LW��7�&��+XDQJ��&KDR�/L��+XMXQ�/L��+VL

/LQ��8FRN�6LDJLDQ���DQG�+RVVHLQ�<DJKRREL��$OVR��WKDQNV�WR�/L]�%XVWDPDQWH��WHFKQLFDO�HGLWRU�RI�WKLV

GRFXPHQW���)LQDOO\��D�VSHFLDO�WKDQNV�WR�-RKQ�3��+HOOHU�DQG�)��'DYLG�0DUWLQ��ZKR�UHWLUHG�GXULQJ�WKH

VHFRQG�\HDU�RI�WKLV�SURMHFW�


