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�
3URMHFW�DQG�&OLHQW�
0HDVXUHPHQW�PHWKRGRORJLHV�DQG�WHFKQRORJLHV��LQFOXGLQJ�QDWXUH�DQG�LQWHQVLW\�RI�
VDPSOLQJ��WKHLU�XQFHUWDLQWLHV�DQG�FRVWV�ZHUH�DVVHVVHG�E\�/DQGFDUH�5HVHDUFK�LQ�
FROODERUDWLRQ�ZLWK�$J5HVHDUFK��*16�6FLHQFH��0DVVH\�8QLYHUVLW\��3ODQW�	�)RRG�
5HVHDUFK��6FLRQ�DQG�8QLYHUVLW\�RI�:DLNDWR�IRU�WKH�0LQLVWU\�RI�$JULFXOWXUH�DQG�
)RUHVWU\�LQ�'HFHPEHU�������
�
0DLQ�)LQGLQJV�
,Q�D�UHFHQW�DQDO\VLV�RI�VRLO�FDUERQ�FRQFHQWUDWLRQ�LQ�D�(XURSHDQ�PRQLWRULQJ�QHWZRUN��
6DE\�HW�DO���������VKRZHG�WKDW�WKH�PLQLPXP�GHWHFWLRQ�OLPLW�ZDV���J�&�NJ�VRLO��7DWH�
HW��DO���������HVWLPDWHG�WKH�DYHUDJH�FDUERQ�FRQWHQW�IRU�1HZ�=HDODQG�SDVWRUDO�VRLOV�WR�D�
GHSWK�RI�����P�WR�EH����J�&�NJ�VRLO��VR�WKH�PLQLPXP�FKDQJH�LQ�VRLO�FDUERQ�OLNHO\�WR�EH�
GHWHFWDEOH�LV�����%HLQJ�DEOH�WR�YHULI\�WKLV�UHODWLYHO\�VPDOO�LQFUHDVH�LQ�FDUERQ�VWRUDJH�
DFURVV�1HZ�=HDODQG¶V�SDVWRUDO�VRLOV�FRXOG�EH�H[WUHPHO\�YDOXDEOH��)RU�1HZ�=HDODQG¶V�
���PLOOLRQ�KHFWDUHV�RI�SDVWXUH�ODQG��0HDW�	�:RRO��������DQ�LQFUHDVH�LQ�VRLO�FDUERQ�
FRQWHQW�RI���J�&�NJ�VRLO�PD\�EH�VFDOHG��DVVXPLQJ�����P�GHSWK�RI�VRLO�DQG�EXON�GHQVLW\�
RI������NJ�P���XS�WR����7J�&�����î������J�&���,I�&2��LV�WUDGHG�DW�1=�����SHU�WRQQH��
WKH�YDOXH�RI����7J�&�ZRXOG�EH�QHDUO\�1=��������PLOOLRQ���
�
0HWKRGRORJLHV�IRU�PHDVXULQJ�FDUERQ�FRQFHQWUDWLRQ�LQ�VRLO�VDPSOHV�DQG�WKHLU�
DSSOLFDWLRQ�DW�ILHOG�VFDOHV�ZHUH�UHYLHZHG��EDVHG�RQ�VFLHQWLILF�OLWHUDWXUH��7KH�
PHWKRGRORJLHV�ZHUH�FODVVLILHG�LQWR�IRXU�JURXSV�FRQVLVWLQJ�RI��
�
•� FRQYHQWLRQDO�DSSURDFKHV�XVLQJ�ODERUDWRU\�DQDO\VLV�RI�VRLO�FRUHV�
•� GLUHFW�PHDVXUHPHQWV�RI�HFRV\VWHP�FDUERQ�H[FKDQJH�
•� HPHUJLQJ�WHFKQRORJLHV�
•� GHYHORSLQJ�WHFKQRORJLHV��

�
'LVWLQFWLRQV�ZHUH�PDGH�RQ�WKH�EDVLV�RI�H[LVWLQJ�VWDJH�RI�GHYHORSPHQW�DQG�DGRSWLRQ���
�
&RQYHQWLRQDO�DSSURDFKHV�RI�VDPSOLQJ�HPSOR\LQJ�VRLO�FRUHV�DQG�DQDO\VLQJ�IRU�FDUERQ�
FRQFHQWUDWLRQ�DUH�XVHG�ZLGHO\�DQG�WKH�DSSURDFK��FRXSOHG�ZLWK�D�PRGHOOLQJ�IUDPHZRUN�
IRUPHG�WKH�EDVLV�IRU�WKH�H[LVWLQJ�VRLO�FDUERQ�LQYHQWRU\�IRU�1HZ�=HDODQG��0HWKRGV�DQG�
SURFHGXUHV�IRU�VDPSOH�FROOHFWLRQ�DQG�GDWD�DQDO\VLV�DUH�RXWOLQHG��DGGUHVVLQJ�WKH�QHHGV�
VSHFLILF�WR�SDVWRUDO�DQG�IRUHVW�V\VWHPV��$OWKRXJK�WKLV�SURYHQ�DSSURDFK�LV�DGRSWHG�
ZLGHO\��LWV�SULQFLSDO�GLVDGYDQWDJH�LV�WKH�QHHG�WR�FROOHFW�ODUJH�QXPEHUV�RI�VDPSOHV�
�ZLWK�DVVRFLDWHG�FRVWV��WR�DFFRXQW�IRU�VSDWLDO�YDULDELOLW\�DW�WKH�SDGGRFN�VFDOH�RU�WR�
GHWHUPLQH�WHPSRUDO�FKDQJHV�LQ�VRLO�FDUERQ�RU�GLIIHUHQFHV�IROORZLQJ�ODQG�XVH�FKDQJH��
)RU�RQH�VLWH�XVLQJ�FRQYHQWLRQDO�DSSURDFKHV��WKH�FRVWV�RI�HVWDEOLVKLQJ�D�SORW��FROOHFWLQJ�
VRLO�VDPSOHV�DQG�DQDO\VLQJ�IRU�FDUERQ�FRQFHQWUDWLRQ�LQ�VRLO�FRUHV�WR�D�GHSWK�RI�����P�LV�
HVWLPDWHG�WR�EH��������WR���������
�
7ZR�DSSURDFKHV�WR�DQDO\VLQJ�VWDWLVWLFDO�YDULDELOLW\�DQG�XQFHUWDLQW\�LQ�HVWLPDWHV�RI�VRLO�
FDUERQ�EDVHG�RQ�FRQYHQWLRQDO�DSSURDFKHV�XVLQJ�ODERUDWRU\�DQDO\VLV�RI�VRLO�FRUHV�DUH�
RXWOLQHG�DQG�GHPRQVWUDWHG��7KH�ILUVW�DSSURDFK�VXPPDULVHV�PHWKRGV�WR�GHWHUPLQH�
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/DQGFDUH�5HVHDUFK�

HUURUV�DVVRFLDWHG�ZLWK�VLWH�VHOHFWLRQ��VDPSOLQJ�DQG�PHDVXUHPHQW��WKHQ�SURYLGHV�
DOJRULWKPV�WR�DVVHVV�FKDQJHV�LQ�VRLO�FDUERQ�VWRFNV�DQG�WKHLU�VWDQGDUG�HUURUV��
�
7KH�VHFRQG�DSSURDFK�XVHV�SRZHU�DQDO\VLV�WRJHWKHU�ZLWK�H[DPSOH�GDWD�VHWV�WR�HVWLPDWH�
WKH�QXPEHU�RI�VDPSOHV�UHTXLUHG�WR�FRQILUP�D�PLQLPXP�VWDWLVWLFDOO\�GHWHFWDEOH�FKDQJH�
LQ�FDUERQ�VWRFNV�HLWKHU�WHPSRUDOO\�DW�WKH�VDPH�ODQG�XVH�RU�ZLWK�ODQG�XVH�FKDQJH�DW�WKH�
VDPH�VLWH��7KH�UHVXOWV�IRU�WKUHH�FDVH�VWXGLHV�DUH�VKRZQ��WHPSRUDO�FKDQJH�DIWHU����\HDUV�
LQ�VRLO�FDUERQ�IRU�1RUWK�,VODQG�GDLU\�IDUPV��ODQG�XVH�FKDQJH�IURP�GU\�VWRFN�SDVWXUH�WR�
DUDEOH�FURSSLQJ�DQG�ODQG�XVH�FKDQJH�IURP�SDVWXUH�WR�SODQWDWLRQ�IRUHVWU\��7KH�QXPEHUV�
RI�VDPSOHV�QHHGHG�WR�FRQILUP�D����FKDQJH�LQ�VRLO�FDUERQ�VWRUDJH�ZLWK�D�SUREDELOLW\�RI�
����DUH������������DQG�����IRU�WKH�WKUHH�FDVH�VWXGLHV��UHVSHFWLYHO\��6DPSOH�
UHTXLUHPHQWV�DUH�PXFK�ORZHU�WR�GHWHFW�D�����FKDQJH�LQ�VRLO�FDUERQ�ZLWK�WKH�VDPH�
SUREDELOLW\�RI��������������DQG�����UHVSHFWLYHO\���
�
'LUHFW�PHDVXUHPHQWV�RI�FDUERQ�H[FKDQJH�DW�HFRV\VWHP�VFDOHV�DUH�EDVHG�RQ�
TXDQWLI\LQJ�WKH�FRPSRQHQWV�RI�WKH�FDUERQ�EDODQFH�IRU�D�VLWH��:KLOH�WKLV�DSSURDFK�LV�
XVHG�ZLGHO\�LQ�UHVHDUFK�WR�LQWHUSUHW�WKH�SURFHVVHV�UHJXODWLQJ�FDUERQ�H[FKDQJH��LW�LV�QRW�
OLNHO\�WR�EH�DGRSWHG�IRU�FRPSLOLQJ�LQYHQWRULHV��8QFHUWDLQW\�LQ�HVWLPDWHV�RI�DQQXDO�
VXPV�RI�QHW�HFRV\VWHP�SURGXFWLYLW\�FDQ�UDQJH�IURP�����WR�����0J�&�KD�\�ZKLFK�LV�LQ�
WKH�RUGHU�RI�WKH�FDUERQ�FRQWHQW�RI�D�VKHHW�RI�FRPSXWHU�SULQWHU�SDSHU��:KLOH�WKLV�GRHV�
QRW�VHHP�D�JUHDW�GHDO�LW�DSSURDFKHV�WKH�UDWH�RI�VRLO�FDUERQ�ORVV�UHSRUWHG�IRU�1HZ�
=HDODQG�SDVWXUH�VRLOV��
�
(PHUJLQJ�WHFKQRORJ\�EDVHG�RQ�LQIUD�UHG�VHQVLQJ�LQVWUXPHQWDWLRQ��1,56��LV�DQ�
DOWHUQDWLYH�WR�FRQYHQWLRQDO�DSSURDFKHV�ZLWK�GLVWLQFW�EHQHILWV��GHVSLWH�WKH�QHHG�IRU�
IXUWKHU�GHYHORSPHQW�DQG�WHVWLQJ��,QVWUXPHQWDWLRQ�LV�DYDLODEOH�FRPPHUFLDOO\�DQG�
SXEOLVKHG�ZRUN�GHPRQVWUDWHV�WKH�JURZLQJ�LQWHUHVW�LQ�VXFFHVVIXO�DSSOLFDWLRQ�RI�WKH�
WHFKQRORJLHV��0HDVXUHPHQW�RI�VRLO�VDPSOHV�LQYROYHV�OHVV�SUHSDUDWLRQ��DYRLGV�WKH�XVH�
RI�FKHPLFDOV�DQG�LV�PRUH�UDSLG�DQG�WKXV�FKHDSHU�WKDQ�FRQYHQWLRQDO�ODERUDWRU\�VRLO�
FDUERQ�DQDO\WLFDO�PHWKRGV��7KLV�WHFKQLTXH�KDV�WKH�IXUWKHU�DGYDQWDJH�WKDW�UREXVW�
VHQVRUV�KDYH�EHHQ�GHYHORSHG�WKDW�FDQ�EH�DWWDFKHG�WR�WUDLOHUV��:KHQ�GDWD�IURP�WKH�
VHQVRUV�DUH�FRXSOHG�ZLWK�*,6�DQG�JHRVWDWLVWLFDO�GDWD��WKLV�DOORZV�UDSLG�PDSSLQJ�RI�
FDUERQ�DW�SDGGRFN�VFDOHV�LQ�UHDO�WLPH��6XFFHVV�RI�WKLV�WHFKQRORJ\�KDV�EHHQ�
GHPRQVWUDWHG�DQG�LV�EHLQJ�GHYHORSHG�IXUWKHU��7KLV�FRPELQHG�DSSURDFK�LV�YHU\�
SURPLVLQJ�IRU�UDSLG��UHDO�WLPH�VSDWLDO�PDSSLQJ�RI�VRLO�FDUERQ�FRQFHQWUDWLRQ�DQG�WR�
TXDQWLI\�FKDQJHV�LQ�FRQFHQWUDWLRQ�ZLWK�WLPH�RU�IROORZLQJ�PDQDJHPHQW�PDQLSXODWLRQV�
DW�SDGGRFN�VFDOHV��
�
'HYHORSLQJ�WHFKQRORJLHV�EDVHG�RQ�ODVHU�VSHFWURVFRS\�DQG�QXFOHRQLF�PHWKRGV�
HPSOR\LQJ�UDGLRDFWLYH�VRXUFHV�DUH�FODVVLILHG�DV�DYDLODEOH�RQO\�DV�SURWRW\SH�V\VWHPV�
EHLQJ�WHVWHG��/DVHU�LQGXFHG�EUHDNGRZQ�VSHFWURVFRS\�FDQ�EH�XVHG�IRU�UDSLG�
PHDVXUHPHQWV�RI�VRLO�FDUERQ�DW�KLJK�SUHFLVLRQ��EXW�ORZ�SHQHWUDWLRQ�UHVWULFWV�LWV�XVH�WR�
VPDOO�VDPSOHV��,QHODVWLF�QHXWURQ�VFDWWHULQJ��,16��LV�EHLQJ�GHYHORSHG�DV�D�UDSLG��QRQ�
GLVUXSWLYH�PHWKRG�WR�PHDVXUH�VRLO�FDUERQ�LQ�SURILOHV�DW�ILHOG�VLWHV�GLUHFWO\��+RZHYHU��
LQYHVWPHQW�FRVWV�WR�EXLOG�WKH�LQVWUXPHQW�DUH�KLJK�DQG�FRQVLGHUDEOH�IXUWKHU�
GHYHORSPHQW�DQG�WHVWLQJ�LV�UHTXLUHG���
�
7KH�SULQFLSDO�EHQHILWV�DQG�GLVDGYDQWDJHV�RI�HDFK�DSSURDFK��LQ�UHODWLRQ�WR�SXUSRVH�DUH�
OLVWHG�DV�SDUW�RI�WKLV�VXPPDU\�LQ�7DEOH����
�
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��� ,QWURGXFWLRQ�
�
7KH�GHYHORSPHQW�DQG�HYDOXDWLRQ�RI�WHFKQRORJLHV�IRU�VRLO�FDUERQ�PHDVXUHPHQW�DUH�
PDLQO\�GULYHQ�E\�WKH�LQWHUHVW�LQ�TXDQWLI\LQJ�VRLO�FDUERQ�VWRFNV��DQG�UDWHV�RI�FKDQJH�
RYHU�WLPH��IRU�QDWLRQDO�JUHHQKRXVH�JDV�HPLVVLRQ�LQYHQWRULHV��7KH�JHQHUDO�IHHOLQJ�DW�
SUHVHQW�DPRQJVW�VFLHQWLVWV�DQG�SROLF\�DQDO\VWV�LV�WKDW�ZLGHVSUHDG�VRLO�VDPSOLQJ�LV�
XQOLNHO\�WR�EH�WKH�PHWKRG�E\�ZKLFK�VRLO�FDUERQ�LV�PHDVXUHG�DQG�DXGLWHG�LQ�DQ�
HPLVVLRQV�WUDGLQJ�VFKHPH�DV�WKLV�ZRXOG�VLPSO\�EH�WRR�FRVWO\�LQ�WLPH�DQG�ODERXU��
$OWHUQDWLYH�WHFKQRORJLHV�PD\�SURYLGH�PRUH�FRVW�HIIHFWLYH�RSSRUWXQLWLHV�ZLWK�UHGXFHG�
QHHG�IRU�VDPSOLQJ�LQWHQVLW\��UHGXFHG�DQDO\WLFDO�FRVWV�DQG�RQ�VLWH��UHDO�WLPH�
PHDVXUHPHQWV�DW�WKH�SDGGRFN�VFDOH��7KLV�UHSRUW�SURYLGHV�D�FRPSDUDWLYH�UHYLHZ�RI�WKH�
EHQHILWV�DQG�GLVDGYDQWDJHV�RI�H[LVWLQJ�PHWKRGV�ZLWK�QHZ�WHFKQRORJLHV�WKDW�DUH�
HPHUJLQJ�DQG�WKRVH�VWLOO�XQGHU�GHYHORSPHQW��(PHUJLQJ�WHFKQRORJLHV�DUH�FODVVLILHG�DV�
WKRVH�ZKHUH�LQVWUXPHQWDWLRQ�LV�DYDLODEOH�FRPPHUFLDOO\�DQG�SXEOLVKHG�ZRUN�
GHPRQVWUDWHV�WKH�JURZLQJ�LQWHUHVW�LQ�VXFFHVVIXO�DSSOLFDWLRQ�RI�WKH�WHFKQRORJLHV��
'HYHORSLQJ�WHFKQRORJLHV�DUH�FODVVLILHG�DV�WKRVH�ZKHUH�SURWRW\SH�V\VWHPV�DUH�DYDLODEOH�
EXW�ZKHUH�FRQVLGHUDEOH�GHYHORSPHQW�LV�VWLOO�UHTXLUHG��
�
7KH�REMHFWLYH�RI�GHYHORSLQJ�QHZ�WHFKQRORJLHV�LV�WR�GHYHORS�FRVW�HIIHFWLYH�DSSURDFKHV�
WR�PHDVXULQJ�FKDQJHV�LQ�VRLO�FDUERQ�VWRUDJH��6PDOO�FKDQJHV�LQ�FDUERQ�VWRUDJH�DUH�
GLIILFXOW�WR�GHWHUPLQH�SUHFLVHO\��,Q�D�UHFHQW�DQDO\VLV�RI�VRLO�FDUERQ�FRQFHQWUDWLRQ�LQ�D�
(XURSHDQ�PRQLWRULQJ�QHWZRUN��6DE\�HW�DO���������VKRZHG�WKDW�WKH�PLQLPXP�GHWHFWLRQ�
OLPLW�ZDV���J�&�NJ�VRLO��7DWH�HW��DO���������HVWLPDWHG�WKH�DYHUDJH�FDUERQ�FRQWHQW�IRU�
1HZ�=HDODQG�SDVWRUDO�VRLOV�WR�D�GHSWK�RI�����P�WR�EH����J�&�NJ�VRLO��VR�WKH�PLQLPXP�
FKDQJH�LQ�VRLO�FDUERQ�OLNHO\�WR�EH�GHWHFWDEOH�LV�����%HLQJ�DEOH�WR�GLVFHUQ�DQG�YHULI\�
WKLV�UHODWLYHO\�VPDOO�LQFUHDVH�LQ�FDUERQ�VWRUDJH�DFURVV�1HZ�=HDODQG¶V�SDVWRUDO�VRLOV�
FRXOG�EH�H[WUHPHO\�YDOXDEOH��)RU�1HZ�=HDODQG¶V����PLOOLRQ�KHFWDUHV�RI�SDVWXUH�ODQG�
�0HDW�	�:RRO��������DQ�LQFUHDVH�LQ�VRLO�FDUERQ�FRQWHQW�RI���J�&�NJ�VRLO�PD\�EH�
VFDOHG��DVVXPLQJ�����P�GHSWK�RI�VRLO�DQG�EXON�GHQVLW\�RI������NJ�P���XS�WR����7J�&�
����î������J�&���,I�&2��LV�WUDGHG�DW�1=�����SHU�WRQQH��WKH�YDOXH�RI����7J�&�ZRXOG�EH�QHDUO\�1=��������PLOOLRQ��7KLV�VXJJHVWV�WKDW�WKHUH�LV�D�FRPSHOOLQJ�UHDVRQ�WR�GHYHORS�
DQG�WHVW�WHFKQRORJLHV�WR�YHULI\�FDUERQ�VWRUDJH�FKDQJHV�DFFXUDWHO\�LQ�SDVWRUDO�
DJULFXOWXUH�VRLOV�DFURVV�1HZ�=HDODQG��
�
0HDVXUHPHQW�WHFKQRORJLHV�DQG�WHFKQRORJLHV��LQFOXGLQJ�QDWXUH��LQWHQVLW\�RI�VDPSOLQJ��
WKHLU�XQFHUWDLQWLHV�DQG�FRVWV��ZHUH�WKHUHIRUH�DVVHVVHG�E\�/DQGFDUH�5HVHDUFK�LQ�
FROODERUDWLRQ�ZLWK�$J5HVHDUFK��*16�6FLHQFH��0DVVH\�8QLYHUVLW\��3ODQW�	�)RRG�
5HVHDUFK��6FLRQ�DQG�8QLYHUVLW\�RI�:DLNDWR�IRU�WKH�0LQLVWU\�RI�$JULFXOWXUH�DQG�
)RUHVWU\�LQ�'HFHPEHU�������
�
7KH�FRQYHQWLRQDO�DSSURDFK�WR�PHDVXULQJ�VRLO�FDUERQ�IRU�LQYHQWRU\�SXUSRVHV�DQG�IRU�
PHDVXULQJ�WHPSRUDO�FKDQJHV�LQ�VRLO�FDUERQ�RU�LQ�UHVSRQVH�WR�ODQG�XVH�FKDQJH�LV�WR�
FROOHFW�VRLO�FRUHV�WKDW�DUH�DQDO\VHG�IRU�FDUERQ�FRQFHQWUDWLRQ�XVLQJ�VWDQGDUG�ODERUDWRU\�
LQVWUXPHQWDWLRQ��0HDVXUHPHQWV�RI�EXON�GHQVLW\�DUH�DOVR�UHTXLUHG�WR�FRQYHUW�FDUERQ�
FRQFHQWUDWLRQ�IURP�D�PDVV�WR�YROXPH�EDVLV��,Q�WKLV�UHSRUW��ZH�SURYLGH�D�IXOO�
GHVFULSWLRQ�RI�WKLV�PHWKRGRORJ\��LQFOXGLQJ�HVWLPDWHV�RI�XQFHUWDLQW\�DQG�FRVWV��7KH�
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KLJK�QXPEHUV�RI�VDPSOHV�WKDW�DUH�QHHGHG�WR�DFFRXQW�IRU�VSDWLDO�YDULDELOLW\�PHDQV�WKDW�
WKLV�DSSURDFK�LV�WLPH�FRQVXPLQJ�DQG�H[SHQVLYH��6HYHUDO�QHZ�WHFKQRORJLHV�DUH�EHLQJ�
GHYHORSHG�WR�UHGXFH�WKHVH�FRVWV��)LUVWO\��QHZ�SUR[LPDO�VHQVRUV�DUH�EHLQJ�GHYHORSHG�
IRU�GLUHFW��UDSLG�DQG�LQVWDQWDQHRXV�PHDVXUHPHQWV�RI�SK\VLFDO�SURSHUWLHV�RI�VRLOV�WKDW�
DUH�DVVRFLDWHG�ZLWK�FDUERQ�FRQFHQWUDWLRQ�LQ�FRUHV�FROOHFWHG�IURP�ILHOG�VLWHV��DYRLGLQJ�
WKH�QHHG�IRU�FKHPLFDO�DQDO\VLV��6HFRQGO\��WKHVH�QHZ�VHQVRUV�DUH�EHLQJ�WHVWHG�DW�ILHOG�
VLWHV�WR�PHDVXUH�VRLO�FDUERQ�FRQFHQWUDWLRQ�GLUHFWO\�ZLWKRXW�WKH�QHHG�WR�UHPRYH�VRLO�
FRUHV��7KHVH�VHQVRUV�LQFUHDVH�WKH�DELOLW\�WR�PDNH�PDQ\�PRUH�PHDVXUHPHQWV�UDSLGO\�
EXW�LVVXHV�RI�GLIIHUHQFHV�LQ�FDOLEUDWLRQ�DWWULEXWDEOH�WR�VRLO�W\SH�DQG�SUHFLVLRQ�UHTXLUH�
IXUWKHU�UHVHDUFK��7KLUGO\��LQ�FRPELQDWLRQ�ZLWK�WKH�XVH�RI�SUR[LPDO�VHQVRUV�IRU�GLUHFW�
PHDVXUHPHQWV�RI�VRLO�FDUERQ�DW�ILHOG�VLWHV��QHZ�PHWKRGV�DUH�EHFRPLQJ�DYDLODEOH�WR�
H[WUDSRODWH�SRLQW�PHDVXUHPHQWV�DFURVV�D�ODQGVFDSH��XVLQJ�VSDWLDO�DXWRFRUUHODWLRQ�
JHRVWDWLVWLFV��$Q�HQWLUHO\�GLIIHUHQW�DSSURDFK�WR�HVWLPDWLQJ�WHPSRUDO�FKDQJHV�LQ�VRLO�
FDUERQ�VWRUDJH�RU�GLIIHUHQFHV�ZLWK�ODQG�XVH�FKDQJH�DW�SDGGRFN�VFDOHV�LV�WKH�HVWLPDWLRQ�
RI�FRPSRQHQWV�RI�FDUERQ�EDODQFH�IURP�PHDVXUHPHQWV�RI�FDUERQ�IOX[HV�XVLQJ�
PLFURPHWHRURORJLFDO�PHWKRGV��7KLV�DSSURDFK�LV�HVSHFLDOO\�XVHIXO�IRU�LQWHUSUHWLQJ�WKH�
HQYLURQPHQWDO�DQG�PDQDJHPHQW�GULYHUV�RI�FKDQJHV�LQ�VRLO�FDUERQ���
�
7KLV�UHSRUW�LV�GLYLGHG�LQWR�IRXU�VHFWLRQV��
�
•� FRQYHQWLRQDO�DSSURDFKHV�XVLQJ�ODERUDWRU\�DQDO\VLV�RI�VRLO�FRUHV�
•� GLUHFW�PHDVXUHPHQWV�RI�HFRV\VWHP�FDUERQ�H[FKDQJH�
•� HPHUJLQJ�WHFKQRORJLHV�
•� GHYHORSLQJ�WHFKQRORJLHV�
�
)RU�WKH�FRQYHQWLRQDO�DSSURDFKHV�XVLQJ�FROOHFWLRQ�DQG�DQDO\VLV�RI�VRLO�FRUHV��ZH�KDYH�
VHSDUDWHG�PHWKRGRORJ\�VSHFLILF�WR�SDVWRUDO�DQG�IRUHVWU\�VRLOV��:KLOH�WKHUH�LV�VRPH�
RYHUODS�DQG�UHSHWLWLRQ��WKHVH�VHFWLRQV�DOVR�UHFRJQLVH�WKH�GLIIHUHQFHV�LQ�PHWKRGRORJLHV�
IRU�WKH�WZR�ODQG�XVHV��)ROORZLQJ�GHVFULSWLRQ�RI�WKH�PHWKRGRORJLHV�LV�D�GHVFULSWLRQ�RI�
WZR�FRPSOHPHQWDU\�DSSURDFKHV�DSSOLHG�WR�WKUHH�GDWD�VHWV�WR�HVWLPDWH�WKH�VWDWLVWLFDO�
XQFHUWDLQW\�LQ�HVWLPDWHV�RI�VRLO�FDUERQ��LQFOXGLQJ�FDOFXODWLRQ�RI�WKH�QXPEHU�RI�VDPSOHV�
QHHGHG�WR�SURYLGH�HVWLPDWHV�ZLWKLQ�VHW�OLPLWV�IRU�XQFHUWDLQW\��6XEVHTXHQW�GHVFULSWLRQV�
RI�PHWKRGRORJLHV�IRU�HFRV\VWHP�H[FKDQJH��HPHUJLQJ�DQG�GHYHORSLQJ�WHFKQRORJLHV�IRU�
GLUHFW�PHDVXUHPHQW�RI�VRLO�FDUERQ�DUH�DOVR�IROORZHG�E\�GLVFXVVLRQ�RI�XQFHUWDLQW\��
(VWLPDWHV�RI�FRVWV�IRU�HDFK�PHWKRGRORJ\�DUH�DOVR�LQFOXGHG��
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��� &RQYHQWLRQDO�DSSURDFKHV�XVLQJ�VRLO�FRUHV�
�
���� 3DVWRUDO�DQG�FURSSLQJ�VRLOV�
������ 6DPSOH�FROOHFWLRQ�PHWKRGV�
�
6DPSOH�VL]H��GHSWK��SODFHPHQW�DQG�QXPEHU�
�
0HDVXUHPHQW�RI�D�VRLO�FDUERQ�VWRFNV�UHTXLUHV�WKH�FROOHFWLRQ�RI�VRLO�VDPSOHV�WKDW�
DGHTXDWHO\�UHSUHVHQW�ODQG�XQLWV��H�J��SDGGRFN��VORSH�SRVLWLRQ��H[SHULPHQWDO�SORW��HWF��
DQG�UHSUHVHQW�DOO�VRLO�OD\HUV�DIIHFWHG�VLJQLILFDQWO\�E\�PDQDJHPHQW�RU�RWKHU�IDFWRUV�
�H�J��FOLPDWH��WKDW�DIIHFW�VWRFN�FKDQJHV�RYHU�WLPH��)DFWRUV�VXFK�DV�GHSWK�RI�WLOODJH��
SODQW�URRW�GHSWK�DQG�KRUL]RQ�GHSWK�VKRXOG�EH�FRQVLGHUHG�ZKHQ�VHOHFWLQJ�WKH�PD[LPXP�
GHSWK�RI�VDPSOLQJ�DQG�WKH�VHFWLRQLQJ�RI�VRLO�LQWR�GHSWK�LQFUHPHQWV���
�
7KH�VL]H��QXPEHU�DQG�OHQJWK�RI�FRUHV�VDPSOHG�GHSHQG�RQ�WKH�YHUWLFDO�DQG�KRUL]RQWDO�
VWUDWLILFDWLRQ�RU�KHWHURJHQHLW\�RI�VRLO�RUJDQLF�PDWWHU�DFURVV�WKH�ODQG�XQLW�RI�LQWHUHVW�
�H�J��SORW��SDGGRFN��FDWHQD��HWF���DQG�WKH�REMHFWLYHV�RI�WKH�UHVHDUFK��,Q�JHQHUDO��WKH�
JUHDWHU�WKH�KRUL]RQWDO�JUDGLHQW��WKH�JUHDWHU�WKH�QXPEHU�RI�FRUHV�VKRXOG�EH�FROOHFWHG��
6LPLODUO\��WKH�JUHDWHU�WKH�YHUWLFDO�JUDGLHQW�LQ�VRLO�FDUERQ��WKH�JUHDWHU�WKH�QXPEHU�DQG�
WKH�VKRUWHU�WKH�VDPSOH�LQFUHPHQWV�VKRXOG�EH��2IWHQ�WKH�OHQJWK�RI�WKH�VDPSOH�
LQFUHPHQWV�LQFUHDVHV�ZLWK�LQFUHDVLQJ�GHSWK�EHFDXVH�WKH�VRLO�FDUERQ�FRQFHQWUDWLRQ�
WHQGV�WR�EH�PRUH�XQLIRUP�ZLWK�GHSWK���
�
,I�WKH�REMHFWLYH�LV�WR�HVWLPDWH�WKH�WRWDO�FDUERQ�VWRFN�IRU�DQ�HQWLUH�XQLW�RI�ODQG�WKHQ�WKH�
VDPSOH�FROOHFWLRQ�VKRXOG�URXJKO\�DSSUR[LPDWH�WKH�VXEXQLWV�RI�ODQG�E\�DUHD��)RU�
H[DPSOH��LI�DSSUR[LPDWHO\�RQH�WKLUG�RI�WKH�ODQG�DUHD�LV�UHSUHVHQWHG�E\�VKDOORZ�VDQG\�
VRLOV�DQG�WKH�RWKHU�WZR�WKLUGV�E\�GHHSHU��VLOW\�VRLOV��WKHQ�WKH�VDPSOLQJ�RI�PXOWLSOH�
FRUHV�VKRXOG�EH�GLVWULEXWHG�DFFRUGLQJO\��2WKHU�VXEXQLWV�RI�LQWHUHVW�PD\�LQFOXGH�
SDGGRFN�JDWHZD\V��KHDGODQGV��ODQG�VKDGHG�E\�KHGJHURZV��SRRUO\�GUDLQHG�ORZ�O\LQJ�
DUHDV�DQG�YDULRXV�SRVLWLRQV�DORQJ�D�VORSH��
�
6DPSOLQJ�UHODWLYH�WR�WKH�SRVLWLRQ�RI�DQQXDO�RU�SHUHQQLDO�SODQWV�LV�DOVR�LPSRUWDQW��
SDUWLFXODUO\�DW�WKH�VRLO�VXUIDFH�ZKHUH�SODQW�FDUERQ�LQSXWV�DUH�RIWHQ�GLVWULEXWHG�
KRUL]RQWDOO\�LQ�UHODWLRQ�WR�WKH�URRW�GLVWULEXWLRQ��$V�D�UXOH�RI�WKXPE��VRLO�VDPSOHV�DUH�
QRUPDOO\�GLVWULEXWHG�DFURVV�WKH�VRLO�VXUIDFH�LQ�SURSRUWLRQ�WR�WKH�DSSUR[LPDWH�DUHD�
UHSUHVHQWHG�E\�WKH�SODQW�URZ�DQG�LQWHU�URZ��:KHUH�WKH�SODQW�GLVWULEXWLRQ�LV�QRW�
VWUXFWXUHG��FDUH�VKRXOG�EH�WDNHQ�WR�FROOHFW�VDPSOHV�IURP�VLJQLILFDQW�JDSV�LQ�WKH�SODQW�
FDQRS\��ZKHUH�WKH\�RFFXU��LQ�DGGLWLRQ�WR�WKH�DUHDV�XQGHU�SODQW�FRYHU��LQ�SURSRUWLRQ�WR�
WKH�DUHDV�WKH\�HDFK�UHSUHVHQW���
�
9ROXPHWULF�FRUH�VDPSOLQJ�DQG�FRUUHFWLRQV�IRU�EXON�GHQVLW\��
�
$�VLPSOH�DSSURDFK�IRU�HVWLPDWLQJ�VRLO�FDUERQ�VWRFNV�LV�WR�SUHVV�RU�FDUYH�D�F\OLQGHU�RI�
NQRZQ�YROXPH�LQWR�WKH�VRLO�VXUIDFH�GRZQ�WR�WKH�GHSWK�RI�LQWHUHVW��7KH�F\OLQGHU�LV�
UHPRYHG�DQG�VRLO�FRUH�H[WUXGHG��'HSHQGLQJ�RQ�WKH�GHSWK�RI�VDPSOLQJ�WKH�H[WUXGHG�VRLO�
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FRUH�PD\�EH�GLYLGHG�LQWR�VHFWLRQV��7KH�ILHOG�PRLVW�VHFWLRQV�RI�VRLO�DUH�ZHLJKHG��
KRPRJHQLVHG�DQG�VXE�VDPSOHG�IRU�DQDO\VLV�RI�WRWDO�FDUERQ�DQG�ZDWHU�FRQWHQW�
�%ODNHPRUH�HW�DO���������'U\�PDVV�RI�WKH�VRLO�IRU�HDFK�VHFWLRQ�LV�FDOFXODWHG�XVLQJ�WKH�
ZDWHU�FRQWHQW�DQG�RULJLQDO�ILHOG�PRLVW�ZHLJKW�RI�WKH�VXEVHFWLRQ��%XON�GHQVLW\�LV�WKHQ�
GHWHUPLQHG�E\�GLYLGLQJ�WKH�GU\�PDVV�RI�WKH�VHFWLRQ�E\�LWV�YROXPH��
�
7KH�PDMRU�HUURU�WKDW�FDQ�DULVH�LV�ZKHQ�WKH�LQVHUWLRQ�RI�WKH�FRUH�FDXVHV�FRPSDFWLRQ�RU�
VKDWWHULQJ�RI�WKH�VRLO�FROXPQ��7KLV�FDQ�EH�WHVWHG�IRU�E\�FRPSDULQJ�WKH�GHSWK�RI�WKH�
KROH�LQ�WKH�VRLO�SURILOH�WR�WKH�OHQJWK�RI�WKH�H[WUXGHG�FRUH��$OWHUQDWLYHO\��ZKHUH�VKRUWHU��
RSHQ�HQGHG�FRUHUV�DUH�XVHG��LW�LV�RIWHQ�HDVLHU�DQG�PRUH�DFFXUDWH�WR�XVH�D�UXOHU�WR�
PHDVXUH�WKH�GLVWDQFH�IURP�WKH�WRS�HGJH�RI�WKH�FRUHU�WR�WKH�VXUIDFH�RI�WKH�VRLO��XVXDOO\�
DW���WR���ORFDWLRQV���ERWK�LQVLGH�DQG�RXWVLGH�WKH�FRUHU��DIWHU�LW�KDV�EHHQ�SRVLWLRQHG�WR�
WKH�FRUUHFW�GHSWK�IRU�VDPSOLQJ��6RLO�FRPSDFWLRQ�RU�VKDWWHULQJ�LV�RQO\�DQ�LVVXH�ZKHUH�
WKH�VRLO�LV�WR�EH�H[WUXGHG�DQG�FXW�LQWR�VHFWLRQV�UHSUHVHQWLQJ�GLIIHUHQW�GHSWK�LQFUHPHQWV��
7KHUH�DUH�QR�LVVXHV�ZKHUH�WKH�HQWLUH�OHQJWK�RI�WKH�VRLO�FRUH�LV�WR�EH�XVHG�IRU�EXON�
GHQVLW\�DQG�FDUERQ�DQDO\VHV��L�H��IRU�VLQJOH�GHSWK�VDPSOHV���:KHUH�WKH�FRUH�LV�H[WUXGHG�
DQG�FXW�LQWR�GLIIHUHQW�GHSWK�LQFUHPHQWV��D�UHODWLYHO\�VWUDLJKWIRUZDUG�SURFHGXUH�FDQ�EH�
XVHG�WR�FRUUHFW�IRU�VPDOO�DPRXQWV�RI�WRS�VRLO�FRPSDFWLRQ�RU��LQ�SDUWLFXODU��ZKHUH�
VKDWWHULQJ�KDV�OHIW�WKH�VRLO�VXUIDFH�XQVWDEOH�DQG�SURQH�WR�FROODSVLQJ�ZKHQ�WKH�VRLO�FRUH�
LV�H[WUXGHG��,Q�WKLV�FDVH��D�UXOHG�F\OLQGHU�FDQ�EH�XVHG�WR�GHWHUPLQH�WKH�OHQJWK�RI�WKH�
VRLO�FRUH�E\�PHDVXULQJ�WKH�GLVWDQFH�IURP�WKH�VRLO�FRUH�VXUIDFH��LQVLGH�WKH�FRUHU��WR�WKH�
WRS�HGJH�RI�WKH�VRLO�FRUHU��LQ�D�FRUH�RI�NQRZQ�OHQJWK��2QFH�WKH�FRUH�LV�H[WUXGHG��WKLV�
PHDVXUHPHQW�FDQ�EH�XVHG�WR�PHDVXUH�IURP�WKH�ERWWRP�RI�WKH�FRUH�WR�GHWHUPLQH�WKH�
FRUUHFW�GHSWKV�IRU�VHFWLRQLQJ�WKH�FRUH�LQWR�YDULRXV�GHSWK�LQFUHPHQWV��(UURUV�LQ�EXON�
GHQVLW\�UHVXOWLQJ�IURP�FRPSDFWLRQ�RU�VKDWWHULQJ�DUH�XVXDOO\�ODUJHVW�ZKHQ�VPDOO�
GLDPHWHU�F\OLQGHUV�DUH�XVHG�WR�FROOHFW�FRUHV�DQG�RU�ZKHUH�WKH�VDPSOLQJ�GHSWK�LV�
UHODWLYHO\�VKDOORZ��&XOWLYDWHG�VRLOV�DUH�SDUWLFXODUO\�SURQH�WR�WKH�HIIHFWV�RI�FRPSDFWLRQ�
DQG�VKDWWHULQJ�GXULQJ�VDPSOLQJ��
�
7KH�IROORZLQJ�WH[W�DQG�SKRWRJUDSKV�GHVFULEH�D�VRLO�FRULQJ�WHFKQLTXH�WKDW�DSSOLHV�PDQ\�
RI�WKH�FRQFHSWV�RXWOLQHG�DERYH�DQG�KDV�EHHQ�XVHG�VXFFHVVIXOO\�WR�PHDVXUH�VRLO�FDUERQ�
VWRFNV�WR�D�IL[HG�GHSWK�RI�����P�RU�LQ�HTXLYDOHQW�PDVVHV�RI�WRS�VRLO��H�J��WRS�������
0J�KD��LQ�VHYHUDO�VLJQLILFDQW�ILHOG�WULDOV��H�J��WKH�0LOOHQQLXP�7LOODJH�7ULDO��DQG�RQ�
SDGGRFNV�UHSUHVHQWLQJ�DUDEOH��YHJHWDEOH�DQG�SDVWRUDO�IDUPLQJ�DW�YDULRXV�ORFDWLRQV�
DFURVV�1HZ�=HDODQG��
�
7KH�WHFKQLTXH�HPSOR\V�D�SXUSRVH�EXLOW������P�ORQJ�VWHHO�F\OLQGULFDO�FRUHU�ZLWK�D�
EHYHOOHG�WLS�DQG�D�VOLJKWO\�UHFHVVHG�LQVLGH�GLDPHWHU�RI����PP��)LJ���$���7KH�FRUHU�LV�
GULYHQ�LQWR�WKH�VRLO�WR�D�GHSWK�RI�DSSUR[LPDWHO\�����������P�ZLWK�UHSHDWHG�LPSDFWV�
IURP�D�VOLGHU�KDPPHU�GHYLFH�DWWDFKHG�WR�WKH�WRS�RI�WKH�FRUHU��)LJ���%���7KH�YLEUDWLRQ�
IURP�WKH�LPSDFWV�LV�UHGXFHG�E\�WKH�XVH�RI�D�7HIORQ�ZDVKHU�ILWWHG�WR�WKH�LPSDFW�VXUIDFH��
,QVLGH�DQG�RXWVLGH�PHDVXUHPHQWV�IURP�WKH�WRS�RI�WKH�VRLO�VXUIDFH�FDQ�EH�XVHG�WR�
FRQILUP�WKDW�WKH�FRUH�KDV�QRW�EHHQ�FRPSDFWHG��7KH�FRUHU�LV�URWDWHG�DQG�JHQWO\�SXOOHG�
IURP�WKH�VRLO�ZLWK�SXUSRVH�EXLOW�H[WUDFWLRQ�WRRO��$�UXOHG�3HUVSH[�F\OLQGHU�LV�SODFHG�LQ�
WKH�WRS�HQG�RI�WKH�FRUHU�WR�PHDVXUH�WKH�OHQJWK�RI�WKH�LQWDFW�VRLO�FRUH��LQ�D�FRULQJ�
F\OLQGHU�RI�NQRZQ�OHQJWK��)LJ���&���7KH�VRLO�LV�JHQWO\�SXVKHG�IURP�WKH�WRS�RI�WKH�FRUH�
RQ�WR�D�SURFHVVLQJ�WUD\�E\�DSSO\LQJ�D�FRQWUROOHG�IRUFH�WR�WKH�ERWWRP�RI�WKH�FRUH�ZLWK�D�
IODW�EOXQW�HQGHG�SUREH��)LJV���'�)���,Q�WKLV�H[DPSOH�D�VPDOO�UDPS�LV�XVHG�WR�VXSSRUW�
WKH�VRLO�FRUH�DV�LW�LV�SXVKHG�IURP�WKH�FRULQJ�F\OLQGHU��7KH�JHQHUDO�DLP�LV�WR�SURGXFH�DQ�
LQWDFW�VRLO�FRUH�ZLWK�PLQLPDO�GLVWXUEDQFH�WR�WKH�VRLO�VXUIDFH��$�KDOI�F\OLQGHU�FXWWLQJ�
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WHPSODWH�PDGH�RI�3HUVSH[�LV�SODFHG�RQ�WRS�RI�WKH�VRLO�DQG�SRVLWLRQHG�E\�PHDVXULQJ�
IURP�WKH�ERWWRP�RI�WKH�VRLO�FRUH��EDVHG�RQ�WKH�SUHYLRXV�OHQJWK�RI�FRUH�PHDVXUHPHQWV�
�)LJ���*���$�ER[�NQLIH�LV�WKHQ�XVHG�WR�FXW�WKH�IXOO�OHQJWK�FRUH�LQWR�LQFUHPHQWV�RI�
NQRZQ�GHSWK��OHQJWK�DQG�YROXPH��)LJ���+���7KH�WHPSODWH�LV�UHPRYHG�FDUHIXOO\�DQG�D�
WKLQ��IODW�SODVWHULQJ�NQLIH�LV�XVHG�WR�VHSDUDWH�WKH�FRUH�DW�HDFK�FXW�SRLQW�DQG�WUDQVIHU�WKH�
VRLO�LQWR�DQ�DSSURSULDWH�FRQWDLQHU��)LJ���,���1RUPDOO\�WKH�IXOO�OHQJWK�RI�WKH�FRUH�
H[FHHGV�WKH�FRPELQHG�OHQJWK�RI�WKH�VDPSOHV�WR�EH�FROOHFWHG��VXFK�WKDW�WKH�ERWWRP�
VHFWLRQ�RI�WKH�FRUH�FDQ�EH�GLVFDUGHG��7KLV�LV�JHQHUDOO\�GHVLUDEOH�EHFDXVH�WKH�ERWWRP�
VHFWLRQ��������PP��RI�WKH�FRUH�LV�RIWHQ�FRPSDFWHG�E\�WKH�IRUFH�RI�WKH�SUREH�XVHG�WR�
SXVK�RXW�WKH�FRUH��8QGHU�PRVW�FLUFXPVWDQFHV�VHYHUDO�VRLO�FRUHV�ZRXOG�EH�FROOHFWHG�
IURP�DQ\�SDUWLFXODU�ODQG�XQLW�DUHD��H�J��ILHOG�WULDO�SORW��SDGGRFN�HWF���XVLQJ�WKLV�
PHWKRG��7KH�FRUHV�FROOHFWHG�PD\�EH�UHWDLQHG�DV�VHSDUDWH�DQG�LQGHSHQGHQW�VDPSOHV�RU�
FRPELQHG�E\�GHSWK�DQG�RU�VDPSOH�ORFDWLRQ�WR�IRUP�RQH�RU�PRUH�FRPSRVLWH�VDPSOHV���
�
�

�
)LJ����$�SKRWRJUDSKLF�VHTXHQFH�RXWOLQLQJ�WKH�VWHSV�LQYROYHG�LQ�WKH�ILHOG�FROOHFWLRQ�DQG�
SURFHVVLQJ�RI�VRLO�FRUHV�IRU�DQDO\VLV�RI�VRLO�EXON�GHQVLW\�DQG�VRLO�FDUERQ�
FRQFHQWUDWLRQV�WR�EH�XVHG�LQ�HVWLPDWLQJ�VRLO�FDUERQ�VWRFNV�WR�D�GHSWK�RI�����P��VHH�WH[W�
IRU�H[SODQDWLRQ���
�
7KHUH�DUH�VHYHUDO�DGYDQWDJHV�RI�WKLV�SDUWLFXODU�FRULQJ�PHWKRG��7KH�WHFKQLTXHV�DOORZV�
FROOHFWLRQ�RI�VDPSOHV�ZKHUH������FRPSDFWLRQ�LV�HYLGHQW�DQG�DYRLGDEOH������VXUIDFH�
GLVWXUEDQFH�LV�PLQLPLVHG�DQG�FRUUHFWHG�IRU�LQ�FROOHFWLQJ�VDPSOHV�RI�D�NQRZQ�GHSWK�
DQG�YROXPH������EXON�GHQVLW\�DQG�VRLO�FDUERQ��DQG�RWKHU�SURSHUWLHV�ZKHUH�UHTXLUHG��
FDQ�EH�PHDVXUHG�IURP�WKH�VDPH�VDPSOH�DQG����WKH�UHVXOWV�FDQ�EH�XVHG�WR�FDOFXODWHG�
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VRLO�FDUERQ�VWRFNV�WR�D�GHILQHG�GHSWK��H�J������P��RU�LQ�HTXLYDOHQW�PDVVHV�RI�VRLO��H�J��
WKH�WRS�������0J�RI�VRLO���$Q�HVWLPDWH�RI�WKH�FRVW�DVVRFLDWHG�ZLWK�WKH�PHWKRG�
GHVFULEHG�DERYH�LV�JLYHQ�DV�IROORZV��7KH�HVWLPDWH�LV�EDVHG�RQ�D�VFHQDULR�ZKHUH����VRLO�
FRUHV�DUH�FROOHFWHG�IURP�D�VLQJOH�SDGGRFN��H�J�����KD�DUHD��IRU�HVWLPDWLQJ�LWV�VRLO�
FDUERQ�VWRFN�WR�����P�GHSWK��,Q�WKLV�FDVH�WKH����VRLO�FRUHV�DUH�VHFWLRQHG�LQWR���GHSWK�
LQFUHPHQWV��H�J�����������������DQG���������P��DQG�WKH�VDPSOHV�FRPSRVLWHG�E\�GHSWK�WR�
IRUP�WKUHH�FRPSRVLWH�VDPSOHV�IRU�PHDVXUHPHQW�RI�EXON�GHQVLW\�DQG�VRLO�FDUERQ�
FRQFHQWUDWLRQ��
�
7KH�WRWDO�FRVW�IRU�FROOHFWLQJ�DQG�SURFHVVLQJ�WKH�VDPSOHV��PHDVXULQJ�WKH�EXON�GHQVLW\�
DQG�VRLO�FDUERQ�FRQFHQWUDWLRQV�DQG�FDOFXODWLQJ�WKH�VRLO�FDUERQ�VWRFN�WR�����P�LV��������
7KLV�FRVW�HVWLPDWH�GRHV�QRW�LQFOXGH�WKH�FRVWV�DVVRFLDWHG�ZLWK�ORFDWLQJ�D�VXLWDEOH�
SDGGRFN��FRQWDFWLQJ�WKH�ODQG�RZQHU�DQG�REWDLQLQJ�VDPSOLQJ�DSSURYDO��WUDQVSRUW�WR�DQG�
IURP�WKH�SDGGRFN�DQG�WKH�DGGLWLRQ�RI�DQ\�VXSSOHPHQWDU\�PHDVXUHPHQWV�RU�
FDOFXODWLRQV��H�J��HTXLYDOHQW�PDVV���7KH�DGGLWLRQ�RI�WKHVH�IDFWRUV�GHSHQGV�YHU\�PXFK�
RQ�WKH�VSHFLILF�UHVHDUFK�RU�PHDVXUHPHQW�REMHFWLYHV�DQG�ZRXOG�DGG�VXEVWDQWLDOO\�WR�WKH�
SHU�SDGGRFN�FRVW�HVWLPDWH��
�
6DPSOLQJ�IRU�HTXLYDOHQW�PDVV�FDOFXODWLRQV�RI�FDUERQ�VWRFNV�
�
6RLO�FDUERQ�VWRFNV�DUH�H[SUHVVHG�FRPPRQO\�DV�WKH�DPRXQW�RI�FDUERQ�LQ�D�IL[HG�GHSWK�
OD\HU�RI�VRLO�SHU�XQLW�DUHD�RI�ODQG��H�J��0J�&�KD�WR�D�VSHFLILHG�GHSWK���7KH�IL[HG�GHSWK�
DSSURDFK�LV�VXEMHFW�WR�ELDV�ZKHQ�FRPSDULQJ�FDUERQ�VWRFNV�WHPSRUDOO\��RU�VSDWLDOO\��LI�
EXON�GHQVLW\�FKDQJHV��(OOHUW�HW�DO���������)RU�H[DPSOH��LI�WKH�EXON�GHQVLW\�RI�WKH���
����P�VDPSOHG�OD\HU�RI�WUHDWPHQW�$�LV�����0J�P��DQG�WKDW�RI�WUHDWPHQW�%�LV������
0J�P���WKH�VRLO�FDUERQ�VWRFN�LQ�WUHDWPHQW�%�ZLOO�EH�ELDVHG�XSZDUG�EHFDXVH�LW�KDV�����
PRUH�VRLO�LQ�WKH�VDPSOHG�OD\HU��8QOHVV�EXON�GHQVLW\�LV�YHU\�XQLIRUP��DQ�³HTXLYDOHQW�
PDVV´�VDPSOLQJ�DSSURDFK�VKRXOG�EH�XVHG�WR�TXDQWLI\�WHPSRUDO�FKDQJHV�LQ�VRLO�FDUERQ�
VWRFNV�RU�ZKHUH�WKHUH�LV�LQWHUHVW�LQ�FRPSDULQJ�VRLO�FDUERQ�VWRFNV�XQGHU�GLIIHUHQW�ODQG�
XVHV�RU�PDQDJHPHQW�SUDFWLFHV��
�
7KH�REMHFWLYH�RI�WKH�HTXLYDOHQW�PDVV�DSSURDFK�LV�WR�HQDEOH�HVWLPDWLRQ�RI�FDUERQ�LQ�D�
FRQVWDQW�PDVV�RI�VRLO�GXULQJ�WKH�DVVHVVPHQW�SHULRG��RU�VSDWLDO�GLVWULEXWLRQ���7KH�
DSSURDFK�LQYROYHV�VDPSOLQJ�VXFFHVVLYH�OD\HUV�RI�VRLO�DQG��XVLQJ�PHDVXUHG�EXON�
GHQVLW\�YDOXHV��HVWLPDWLQJ�WKH�GHSWK�DW�ZKLFK�WDUJHW�VRLO�PDVV�LV�DWWDLQHG��WKH�WDUJHW�
PDVV�ZLOO�QRUPDOO\�EH�WKH�PDVV�RI�VRLO�WR�D�VSHFLILHG�GHSWK�DW�WKH�EHJLQQLQJ�RI�WKH�
REVHUYDWLRQ�SHULRG��W� �����7KH�³HTXLYDOHQW�PDVV´�VKRXOG�LQFOXGH�VRLO�LQ�DOO�OD\HUV�WKDW�
DUH�OLNHO\�WR�EH�DIIHFWHG�E\�WKH�WUHDWPHQW�RU�PDQDJHPHQW�SUDFWLFH�RI�LQWHUHVW��7KXV��LI�
VRLO�LV�SORXJKHG�WR�D�GHSWK�RI�����P��WKH�HTXLYDOHQW�PDVV�PLJKW�EH�WKH�PDVV�RI�VRLO�WR�D�
GHSWK�RI������RU��SHUKDSV������P��7KH�HVVHQWLDO�UHTXLUHPHQW�LV�WKDW�WKH�VRLO�PDVV�
UHPDLQV�FRQVLVWHQW�DFURVV�WUHDWPHQWV�DQG�WLPH���
�
6RLO�VDPSOLQJ�IRU�WKH�HTXLYDOHQW�PDVV�PHWKRG�LV�WKH�VDPH�DV�IRU�WKH�FRQYHQWLRQDO�
IL[HG�GHSWK�PHWKRG��H[FHSW�WKDW�DQ�DGGLWLRQDO�OD\HU�LV�VDPSOHG�WR�HQVXUH�WKDW�WKH�
VDPSOHG�VRLO�PDVV�HTXDOV�RU�H[FHHGV�WKH�WDUJHW�PDVV��7KH�PDVV�RI�VRLO�SHU�XQLW�DUHD��
0��LQ�HDFK�VDPSOHG�OD\HU�LV�FDOFXODWHG�DV�0� �'�î�7�î��������ZKHUH�WKH�XQLWV�RI�0�DUH�0J�KD��'�LV�WKH�EXON�GHQVLW\��0J�P����7�LV�WKH�WKLFNQHVV�RI�WKH�VRLO�OD\HU��P��DQG�
�������LV�WKH�FRQYHUVLRQ�IURP�VTXDUH�PHWUHV�WR�KHFWDUHV��7KH�PDVV�RI�VRLO�LQ�HDFK�
OD\HU�LV�VXPPHG�DQG�DGMXVWPHQWV�DUH�PDGH�LI�WKH�WRWDO�PDVV�LV�OHVV�WKDQ��RU�H[FHHGV��
WKH�WDUJHW��HTXLYDOHQW��PDVV��,I��IRU�H[DPSOH��EXON�GHQVLW\�KDV�GHFUHDVHG�GXULQJ�WKH�
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REVHUYDWLRQ�SHULRG��WKH�WDUJHW�VRLO�PDVV�PD\�EH�SUHVHQW�LQ��VD\��WKH�WRS������P�OD\HU��
UDWKHU�WKDQ�LQ�WKH�������P�OD\HU��7KH�DGGLWLRQDO�GHSWK�LQFUHPHQW�WR�DWWDLQ�WKH�WDUJHW�
VRLO�PDVV�LV�FDOFXODWHG�XVLQJ�WKH�YDOXH�RI�'�PHDVXUHG�IRU�WKH�OD\HU�EHORZ�����P��H�J��
WKH����������P�OD\HU���,Q�WKH�DERYH�H[DPSOH��LW�LV�QHFHVVDU\�WR�HVWLPDWH�WKH�DPRXQW�RI�
FDUERQ�LQ�WKH����������P�OD\HU�DQG�DGG�WKLV�WR�WKDW�LQ�WKH�������P�OD\HU��7KLV�HVWLPDWH�
LV�PDGH�XVLQJ�WKH�PHDVXUHG�FDUERQ�FRQFHQWUDWLRQ�RI�WKH�OD\HU�EHORZ�����P��H�J��WKH�
���������P�OD\HU���$V�FDUERQ�FRQFHQWUDWLRQ�XVXDOO\�GHFOLQHV�ZLWK�GHSWK��WKH�
FRQFHQWUDWLRQ�LQ�WKH����������P�OD\HU�PD\�EH�VRPHZKDW�KLJKHU�WKDQ�WKH�YDOXH�IRU�WKH�
���������P�OD\HU�DV�D�ZKROH��DQG�WKHUH�PD\�EH�D�VOLJKW�XQGHUHVWLPDWLRQ�RI�FDUERQ�
VWRFNV��7KLV�HUURU�GLPLQLVKHV�ZLWK�VPDOOHU�VDPSOLQJ�LQFUHPHQWV����
�
7HPSRUDO�FKDQJHV�LQ�VRLO�FDUERQ�VWRFNV�ZLOO�XVXDOO\�EH�PHDVXUHG�ZLWK�JUHDWHU�
VHQVLWLYLW\�LI�VXFFHVVLYH�VDPSOHV�DUH�FROOHFWHG�LQ�WKH�YLFLQLW\�RI�SUHYLRXV�FRUHV�
�RULJLQDO�VDPSOLQJ�ORFDWLRQV�FDQ�EH�LGHQWLILHG�XVLQJ�D�*36�UHFRUGHU���(OOHUW�HW�DO��
�������SURSRVHG�WKDW�VXFFHVVLYH�VDPSOHV�VKRXOG�EH�WDNHQ�LQ�D�JULG�SDWWHUQ�ZLWKLQ�
PLFUR�SORWV�WR�LPSURYH�WHPSRUDO�UHVROXWLRQ�RI�FKDQJHV�LQ�VRLO�FDUERQ��)RU�HIILFLHQW�
DQG�FRVW�HIIHFWLYH�HYDOXDWLRQ�RI�WKHVH�FKDQJHV��WKH�QXPEHU�RI�VRLO�FRUHV�SHU�
H[SHULPHQWDO�XQLW��PLFUR�VLWH��SORW��SDGGRFN��VKRXOG�EH�DGMXVWHG�IRU�YDULDELOLW\�DW�HDFK�
VSDWLDO�VFDOH���
�
4XDQWLWDWLYH�VDPSOLQJ�IURP�VRLO�SLWV�
�
7KH�PDMRULW\�RI�VRLO�SURILOH�GDWD�KHOG�LQ�WKH�1HZ�=HDODQG�1DWLRQDO�6RLOV�'DWDEDVH�
�16'��ZHUH�FROOHFWHG�IURP�VRLO�SLWV�DV�SDUW�RI�QDWLRQDO�DQG�UHJLRQDO�VRLO�VXUYH\V��$�
VXEVHW�RI�WKHVH�VRLO�SURILOHV�ZDV�VDPSOHG�IRU�ERWK�FKHPLFDO�DQG�SK\VLFDO�SURSHUWLHV�
DQG�FDQ�EH�XVHG�IRU�FDOFXODWLRQ�RI�VRLO�FDUERQ�VWRFNV��7KH�DSSURDFK�XVHG�WR�FROOHFW�
WKHVH�VDPSOHV�LV�GHVFULEHG�EHORZ��
�
3ULRU�WR�VDPSOLQJ��WKH�VLWH�LV�KDQG�DXJHUHG�WR�HQVXUH�WKDW�WKH�VSHFLILF�ORFDWLRQ�
GHVLJQDWHG�IRU�VDPSOLQJ�LV�UHSUHVHQWDWLYH�RI�WKH�VXUURXQGLQJ�DUHD��$�SLW�LV�GXJ�WR�
H[SRVH�WKH�VRLO�SURILOH�GRZQ�WR�WKH�GHVLUHG�GHSWK��RIWHQ�WR���P��7KH�KRUL]RQV�DUH�
LGHQWLILHG�DQG�WKH�VRLO�SURILOH�LV�GHVFULEHG��)RU�HDFK�KRUL]RQ��VRLO�VDPSOHV�DUH�WDNHQ�IRU�
ERWK�FKHPLFDO�SURSHUWLHV��LQ�WKLV�FDVH�IRU�FDUERQ�DQDO\VLV��DQG�SK\VLFDO�SURSHUWLHV��LQ�
WKLV�FDVH�IRU�EXON�GHQVLW\���
�
7R�FROOHFW�D�VRLO�VDPSOH�IRU�FKHPLFDO�DQDO\VLV��D�VOLFH�RI�HDFK�KRUL]RQ�LV�VFUDSHG�RII�
WKH�VXUIDFH�RI�WKH�SLW�IDFH�RYHU�WKH�DSSURSULDWH�GHSWK�LQFUHPHQW��H�J����������P��DQG�
SODFHG�LQ�D�SODVWLF�EDJ��7KLV�VDPSOH�LV�UHWXUQHG�WR�WKH�ODERUDWRU\��SDVVHG�WKURXJK�D�
��PP�VLHYH�WR�UHPRYH�FRDUVH�URRWV�DQG�VWRQHV��WKHQ�DLU�GULHG��DQG�DQDO\VHG�IRU�WRWDO�
FDUERQ�E\�'XPDV�FRPEXVWLRQ��VHH�EHORZ����
�
%XON�GHQVLW\�VDPSOHV�PD\�EH�WDNHQ�IURP�WKH�FHQWUH�RI�HDFK�KRUL]RQ�E\�FDUYLQJ�DURXQG�
D�EUDVV�ULQJ�������î������P��YROXPH��XVLQJ�D�VKDUS�NQLIH�WR�PLQLPLVH�GLVWXUEDQFH�RI�
VRLO�VWUXFWXUH��6RLO�VDPSOHV�DUH�GULHG�DW�����&�WR�D�FRQVWDQW�PDVV��ZHLJKHG�DQG�EXON�
GHQVLW\�FDOFXODWHG��,Q�RULJLQDO�VDPSOLQJ�IRU�WKH�16'��PRVW�EXON�GHQVLW\�VDPSOHV�ZHUH�
WDNHQ�XVLQJ�D�����FRUH�VDPSOHU��6RLO�0RLVWXUH�(TXLSPHQW�&RUS��6DQWD�%DUEDUD��
&DOLIRUQLD���ZKLFK�XVHV�D�VPDOO�VOLGH�KDPPHU�WR�IRUFH�D�ULQJ�LQWR�WKH�VRLO��$�VLGH�E\�
VLGH�FRPSDULVRQ�VKRZHG�WKDW�WKH�VOLGH�KDPPHU�DSSURDFK�XQGHUHVWLPDWHG�EXON�GHQVLW\�
LQ�FRPSDULVRQ�ZLWK�VRLO�FDUYLQJ�E\�DERXW�����SRVVLELOLW\�GXH�WR�VRLO�VKDWWHULQJ�E\�WKH�



��

/DQGFDUH�5HVHDUFK�

VOLGH�KDPPHU��6FKLSSHU�HW�DO���������&RQVHTXHQWO\��EXON�GHQVLWLHV�IURP�FRQWHPSRUDU\�
FDUYLQJ�WR�FDOFXODWH�YROXPHWULF�FDUERQ�VWRFNV�KDYH�EHHQ�XVHG��
�
6WRFNV�RI�VRLO�FDUERQ�DUH�FDOFXODWHG�DV�WKH�SURGXFW�RI�WKH�FDUERQ�FRQFHQWUDWLRQ��EXON�
GHQVLW\�RI�WKH�KRUL]RQ��DQG�KRUL]RQ�GHSWK��6RLO�FDUERQ�VWRFNV�WR�D�GHSWK�RI�����P�FDQ�
EH�HVWLPDWHG�E\�VXPPLQJ�VWRFNV�RI�FDUERQ�DERYH�����P�GHSWK��DQG�DGGLQJ�D�OLQHDU�
SURSRUWLRQ�RI�WKH�WRWDO�FDUERQ�IRU�WKH�QH[W�KRUL]RQ��GHSHQGLQJ�RQ�GHSWK�UHPDLQLQJ�WR�
����P��,W�VKRXOG�EH�QRWHG�WKDW�EXON�GHQVLW\�PHDVXUHPHQWV�PDGH�IURP�D�VXEVHFWLRQ�RI�D�
JLYHQ�KRUL]RQ�DQG�DSSOLHG�WR�WKH�ZKROH�KRUL]RQ�PD\�LQWURGXFH�HUURUV�LQ�HVWLPDWHV�RI�
VRLO�FDUERQ�VWRFNV��SDUWLFXODUO\�ZKHUH�WH[WXUH�RU�RUJDQLF�PDWWHU�FRQWHQW�YDU\�DORQJ�WKH�
KRUL]RQ���
�
,Q�1HZ�=HDODQG��WKLV�SLW�VDPSOLQJ�DSSURDFK�KDV�EHHQ�XVHG�WR�UHVDPSOH�VRLO�SURILOHV�
ZKHUH�SUHYLRXVO\�VRLO�VDPSOHV�KDYH�EHHQ�WDNHQ�XVLQJ�WKH�VDPH�PHWKRGRORJ\�WR�DOORZ�
H[WHQW�RI�FKDQJH�LQ�VRLO�FDUERQ�WR�EH�FDOFXODWHG��6FKLSSHU�HW�DO���������,Q�WKLV�FDVH��
DUFKLYHG�VRLO�VDPSOHV�DUH�UHWULHYHG�DQG�DQDO\VHG�LQ�WKH�VDPH�UXQ�XVLQJ�D�VWDQGDUG�
IXUQDFH��/(&2�&16�������WR�PLQLPLVH�DQDO\WLFDO�HUURUV��6DPSOLQJ�WR�GDWH�
VSHFLILFDOO\�IRU�GHWHUPLQLQJ�FKDQJHV�LQ�VRLO�FDUERQ�KDV�QRW�LQFOXGHG�SURILOHV�ZLWK�
VLJQLILFDQW�VWRQH�FRQWHQW��7KHVH�SURILOHV�ZRXOG�QHHG�WR�EH�WUHDWHG�GLIIHUHQWO\�E\�
VHSDUDWLQJ�VWRQH�IURP�WKH�ILQH�HDUWK�IUDFWLRQ�DQG�GHWHUPLQLQJ�WKH�YROXPH�RI�WKH�VWRQH�
IUDFWLRQ��7RWDO�FDUERQ�LV�PHDVXUHG�RQ�WKH�ILQH�HDUWK�IUDFWLRQ�DQG�SURILOH�FDUERQ�
DGMXVWHG�IRU�YROXPH�RI�VWRQHV��
�
6DPSOLQJ�E\�GHSWK�RU�E\�KRUL]RQ�
�
$V�DQ�DOWHUQDWLYH�WR�VDPSOLQJ�E\�KRUL]RQ��VRLO�VDPSOHV�FDQ�DOVR�EH�WDNHQ�WR�D�VSHFLILHG�
GHSWK��H�J������P���%XON�GHQVLW\�FRUHV�ZRXOG�WKHQ�EH�WDNHQ�IURP�WKH�ZKROH�SURILOH�RU�
VHFWLRQV�ZLWKLQ�WKH�SURILOH�RU�LQ�WKH�PXOWLSOH�FRUHV�FROOHFWHG�DW�VSHFLILHG�VDPSOH�
GHSWKV��6WRFNV�RI�VRLO�FDUERQ�DUH�WKHQ�FDOFXODWHG�DV�WKH�SURGXFW�RI�WKH�EXON�GHQVLW\��
VDPSOH�GHSWK�DQG�FDUERQ�FRQFHQWUDWLRQ��7KH�PDMRU�DGYDQWDJHV�RI�WKLV�DSSURDFK�DUH�
WKDW�EXON�GHQVLW\�FDQ�EH�PHDVXUHG�IURP�WKH�HQWLUH�OHQJWK�RI�WKH�FRUH�RU�WKH�GHSWK�
LQFUHPHQWV�RI�LQWHUHVW�DQG�WKDW�VRLO�FDUERQ�FRQFHQWUDWLRQ�LV�PHDVXUHG�RQ�WKH�VDPH�
VDPSOH�XVHG�IRU�FDOFXODWLQJ�WKH�VRLO�EXON�GHQVLW\��7KH�GLVDGYDQWDJH�RI�WKLV�DSSURDFK�LV�
WKDW�WKH�GHSWK�LQFUHPHQWV�FDQ�RYHUODS�VRLO�KRUL]RQV��+RZHYHU��WKLV�LV�QRW�D�SDUWLFXODU�
SUREOHP�ZKHUH�WKH�IRFXV�LV�RQ�GHILQLQJ�WRWDO�VRLO�FDUERQ�VWRFNV�DQG�WKH�GHSWK�RI�
VDPSOLQJ�FRQVLVWHQWO\�IDOOV�ZLWKLQ�RQH�SDUWLFXODU�KRUL]RQ��([SUHVVLQJ�WKH�UHVXOWV�RQ�DQ�
HTXLYDOHQW�PDVV�EDVLV�LV�KHOSIXO�LQ�HQVXULQJ�WKDW�YDULDEOH�GHSWK�KRUL]RQV�GR�QRW�
FRQIRXQG�WKH�UHVXOWV���
�
6DPSOH�VWRUDJH�DQG�KDQGOLQJ��
�
)LHOG�FROOHFWHG�VRLO�VDPSOHV�DUH�QRUPDOO\�KHOG�LQ�DLU�WLJKW�SODVWLF�EDJV�ZLWK�PRVW�RI�WKH�
DLU�UHPRYHG�DQG�SODFHG�LQ�DQ�LQVXODWHG��FRRO��GDUN�FRQWDLQHU�IRU�WUDQVSRUW�WR�WKH�
ODERUDWRU\��6DPSOHV�VKRXOG�EH�KHOG�LQ�D�GDUN�UHIULJHUDWHG�����R&��FRQWDLQHU�SULRU�WR�
SURFHVVLQJ�IRU�VRLO�FDUERQ�DQDO\VLV��:KHUH�ODUJH�DPRXQWV�RI�SODQW�UHVLGXHV�RU�URRW�
PDWWHU�DUH�SUHVHQW�RU�ZKHUH�PDFUR�IDXQD��H�J��HDUWKZRUPV��DUH�DEXQGDQW��SURFHVVLQJ�
WKH�VRLOV�ZLWKLQ�RQH�ZHHN�RI�VDPSOH�FROOHFWLRQ�LV�UHFRPPHQGHG�WR�HQVXUH�WKDW�WKHVH�
FRPSRQHQWV�GRQ¶W�GHFRPSRVH�VLJQLILFDQWO\�DQG��WKHUHE\��FRQWULEXWH�WR�WKH�
PHDVXUHPHQWV�RI�VRLO�FDUERQ�FRQFHQWUDWLRQ���
�
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������ 3UHSDUDWLRQ�DQG�DQDO\VLV�RI�VDPSOHV�
�
)RU�WKH�DQDO\VLV�RI�VRLO�FDUERQ�FRQFHQWUDWLRQ�WKHUH�DUH�EURDGO\�WKUHH�DSSURDFKHV��ZHW�
R[LGDWLRQ�DQG�GU\�FRPEXVWLRQ�IROORZHG�HLWKHU�E\�PHDVXULQJ�FDUERQ�ORVV�E\�GLIIHUHQFH�
LQ�PDVV��ORVV�RQ�LJQLWLRQ��RU�E\�PHDVXULQJ�&2��HYROYHG��3DOPHU�������±�EULHI�GHVFULSWLRQV�RI�WKHVH�DSSURDFKHV�IROORZ��6HYHUDO�UHYLHZV�DQG�PDQ\�FRPSDUDWLYH�
VWXGLHV��ERWK�LQWHUQDWLRQDO�DQG�1HZ�=HDODQG�EDVHG��KDYH�EHHQ�SXEOLVKHG�RQ�WKH�
DQDO\WLFDO�WHFKQLTXHV�IRU�VRLO�FDUERQ�PHDVXUHPHQW��0HWVRQ�HW�DO��������'RQNLQ�������
*UHZDO�HW�DO��������6RRQ�	�$EERXG�������8OPHU�HW�DO��������.HUYHQ�HW�DO��������
%KDWWL�	�%DXHU�������&KDFyQ�HW�DO��������-DQNDXVNDV�HW�DO��������:HVWPDQ�HW�DO��
������$EHOOD�	�=LPPHU�������6OHXWHO�HW�DO��������&KDWWHUMHH�HW�DO���������,Q�WKHVH�
VWXGLHV��WKH�GU\�FRPEXVWLRQ�PHWKRG�LV�JHQHUDOO\�UHJDUGHG�DV�WKH�VWDQGDUG�RU�UHIHUHQFH�
PHWKRG�DJDLQVW�ZKLFK�RWKHU�PHWKRGV��H�J��ORVV�RQ�LJQLWLRQ�DQG�WKH�:DONOH\�%ODFN�ZHW�
R[LGDWLRQ�PHWKRG��DUH�FRPSDUHG�DQG�VWDWLVWLFDO�UHODWLRQVKLSV�GHYHORSHG��)LQGLQJV�LQ�
WHUPV�RI�WKH�SHUIRUPDQFH�RI�WKH�YDULRXV�PHWKRGV�ZHUH�YDULDEOH��+RZHYHU��VRPH�
VWXGLHV��H�J��*UHZDO�HW�DO��������6RRQ�	�$EERXG�������%KDWWL�	�%DXHU�������$EHOOD�
	�=LPPHU�������IRXQG�WKDW�WKH�ORVV�RQ�LJQLWLRQ�PHWKRG�SHUIRUPHG�OHDVW�ZHOO��ZDV�
OHDVW�ZHOO�FRUUHODWHG�ZLWK�WKRVH�FRPSDUHG��RU�VXIIHUHG�IURP�FHUWDLQ�OLPLWDWLRQV��
0RUHRYHU��:HVWPDQ�HW�DO���������IRXQG�WKDW�WKH�GLUHFW�PHDVXUHPHQW�RI�VRLO�FDUERQ�
�XVLQJ�GU\�FRPEXVWLRQ�LV�SUHIHUDEOH�WR�XVLQJ�UHODWLRQVKLSV�ZLWK�RWKHU�PHDVXUHV�VXFK�DV�
ORVV�RQ�LJQLWLRQ��2YHUDOO��.HUYHQ�HW�DO���������GHVFULEHG�GU\�FRPEXVWLRQ�DV�D�UDSLG�DQG�
UHOLDEOH�PHWKRG�DQG�&KDWWHUMHH�HW�DO���������S�������VWDWH�WKDW�µ,Q�JHQHUDO��ZH�FRQFOXGH�
WKDW�DXWRPDWHG�GU\�FRPEXVWLRQ�LV�WKH�RQO\�UHOLDEOH��FRPSUHKHQVLYH�PHWKRG�IRU�
GHWHUPLQLQJ�VRLO�FDUERQ�FRQFHQWUDWLRQ¶��7KH�IROORZLQJ�GHVFULSWLRQV�DUH�FRQVLVWHQW�ZLWK�
ODERUDWRU\�FXUUHQW�EHVW�SUDFWLFH�ZLWK�VWDQGDUG�PHWKRGV�
�
6DPSOH�SUHSDUDWLRQ��
�
6RLO�RUJDQLF�PDWWHU�DQG�VRLO�FDUERQ�DUH�RSHUDWLRQDOO\�GHILQHG�IUDFWLRQV�RI�WKH�WRWDO�
RUJDQLF�PDWWHU�WKDW�RFFXUV�LQ�VRLO��6RLOV�RIWHQ�FRQWDLQ�YDU\LQJ�DPRXQWV�RI�µIUHVK�RU�
OLYLQJ�RUJDQLF�PDWWHU¶�VXFK�DV�DERYH�JURXQG��RQ�WKH�VRLO�VXUIDFH��DQG�EHORZ�JURXQG�
SODQW�UHVLGXHV��LQFOXGLQJ�URRWV��DQG�VRLO�PDFUR�IDXQD��H�J��HDUWKZRUPV��&DUDELG�
EHHWOHV��HWF���WKDW�RFFXU�YDULDEO\�ERWK�VSDWLDOO\�DQG�WHPSRUDOO\��7KH\�DUH�DOVR�
HSKHPHUDO�LQ�QDWXUH�DQG�FDQ�FRQWULEXWH�GLVSURSRUWLRQDWHO\�WR�VRLO�RUJDQLF�PDWWHU�RU�
VRLO�FDUERQ�PHDVXUHPHQWV�XQGHU�VRPH�FLUFXPVWDQFHV��&RQVHTXHQWO\��VWDQGDUG�
SURFHGXUHV�KDYH�EHHQ�HVWDEOLVKHG�WR�PLQLPLVH�WKH�FRQWULEXWLRQV�RI�WKHVH�FRPSRQHQWV�
WR�WKH�PHDVXUHPHQW�RI�VRLO�FDUERQ�FRQFHQWUDWLRQ��7KH�LQWHUQDWLRQDOO\�DFFHSWHG��
RSHUDWLRQDO�GHILQLWLRQ�RI�VRLO�RUJDQLF�PDWWHU�DQG�VRLO�FDUERQ�LV�WKH�WRWDO�VRLO�RUJDQLF�
PDWWHU�RU�FDUERQ�IRXQG�LQ�DLU�GULHG�VRLO�WKDW�KDV�SDVVHG�WKURXJK�D���PP�VLHYH��:KHUH�
WKH�SXUSRVH�RI�VRLO�FDUERQ�PHDVXUHPHQWV�LV�IRU�LQYHQWRU\��GHWHUPLQLQJ�WKH�FDUERQ�
FRQFHQWUDWLRQ�RI�WKH����PP�VRLO�IUDFWLRQ�LV�SUREDEO\�DGHTXDWH��+RZHYHU��ZKHUH�
UHVHDUFK�LV�IRFXVVHG�RQ�LGHQWLI\LQJ�PDQDJHPHQW�WR�VHTXHVWHU�VRLO�FDUERQ�RU�PLWLJDWH�
ORVVHV��PHDVXUHPHQWV�RI�FDUERQ�LQ�IUDFWLRQV�RI�RUJDQLF�PDWWHU�WKDW�PDNH�XS�WKH����PP�
VLHYHG�VRLO��H�J��SDUWLFXODWH�RUJDQLF�PDWWHU��ZDWHU�VROXEOH�RUJDQLF�PDWWHU�HWF���DV�ZHOO�
DV�WKRVH�WKDW�DUH�!��PP�LQ�GLDPHWHU��HVSHFLDOO\�SODQW�UHVLGXHV�DQG�URRWV��FDQ�EH�YHU\�
LQIRUPDWLYH���
�
:KHUHYHU�SRVVLEOH��PHDVXUHPHQW�RI�VRLO�FDUERQ�FRQFHQWUDWLRQ�DQG�EXON�GHQVLW\�RQ�WKH�
VDPH�VRLO�VDPSOH�LV�UHFRPPHQGHG��,Q�WKLV�FDVH�VRLO�VDPSOHV�RI�D�NQRZQ�YROXPH�DQG�
VDPSOH�GHSWK�DUH�ILUVW�ZHLJKHG�ILHOG�PRLVW��WKHQ�FUXPEOHG�DQG�PDGH�WR�SDVV�WKURXJK�D�
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��PP�VLHYH��$Q\�SODQW�UHVLGXHV��URRWV��PDFUR�IDXQD��H�J��HDUWKZRUPV��RU�VPDOO�VWRQHV�
UHWDLQHG�RQ�WKH�VLHYH�DUH�QRUPDOO\�GLVFDUGHG��3ODQW�UHVLGXHV��URRWV�DQG�PDFUR�IDXQD�
QRUPDOO\�FRQWULEXWH�YHU\�OLWWOH�WR�DQ\�HUURU�LQ�HVWLPDWHV�RI�EXON�GHQVLW\��+RZHYHU��
RZLQJ�WR�WKHLU�KLJK�GHQVLW\��VWRQHV�FDQ�SURYLGH�D�VLJQLILFDQW�VRXUFH�RI�HUURU�LQ�
HVWLPDWHV�RI�EXON�GHQVLW\�DQG�WKH�UHVXOWLQJ�IL[HG�YROXPH�RU�HTXLYDOHQW�PDVV�EDVHG�
PHDVXUHPHQWV�RI�VRLO�FDUERQ�VWRFNV��:KHUH�VLJQLILFDQW�TXDQWLWLHV�RI�VWRQH�DUH�
UHFRYHUHG��FRUUHFWLQJ�WKH�EXON�GHQVLW\�PHDVXUHPHQWV�IRU�WKH�PDVV�RI�VWRQHV�DQG�XVLQJ�
PHDVXUHPHQWV�RI�WKH�FDUERQ�FRQFHQWUDWLRQ�LQ�WKH�ILQH�HDUWK�IUDFWLRQ��L�H��WKH�VWRQH�IUHH�
VRLO��LV�UHFRPPHQGHG�VR�WKDW�FDOFXODWLRQV�RI�FDUERQ�FRQFHQWUDWLRQ�XVH�WKH�FRUUHFWHG�
YDOXHV�RI�EXON�GHQVLW\���
�
)ROORZLQJ�VLHYLQJ��D�VPDOO�VXEVDPSOH��H�J�������J��RI�WKH�KRPRJHQHRXV�ILHOG�PRLVW�
VRLO�LV�UHPRYHG�DQG�XVHG�WR�GHWHUPLQH�WKH�PRLVWXUH�FRQWHQW�E\�RYHQ�GU\LQJ�DW����R&��
7KLV�PHDVXUHPHQW�RI�VRLO�ZDWHU�FRQWHQW�FDQ�WKHQ�EH�XVHG�WR�FDOFXODWH�WKH�GU\�PDVV�RI�
WKH�HQWLUH�VRLO�VDPSOH�DQG�WKH�EXON�GHQVLW\�ZKHUH�WKH�VDPSOH�ZDV�FROOHFWHG�IURP�D�
NQRZQ�YROXPH�RI�VRLO��7KH�UHPDLQLQJ�VLHYHG�VRLO�LV�WKHQ�DLU�GULHG��QRUPDOO\�IRU������
GD\V��DQG�VWRUHG�LQ�VHDOHG�FRQWDLQHUV�LQ�D�GU\�HQYLURQPHQW�SULRU�WR�FDUERQ�DQDO\VLV���
�
7KH�SUHSDUDWLRQ�DQG�ZHLJKLQJ�RI�VLHYHG�VRLOV�IRU�DQDO\VLV�GHSHQGV�YHU\�PXFK�RQ�WKH�
VSHFLILF�WHFKQLTXHV�DQG�LQVWUXPHQWDWLRQ�XVHG�WR�PHDVXUH�WKH�FDUERQ�FRQFHQWUDWLRQ���
�
:HW�FRPEXVWLRQ��
�
:HW�FRPEXVWLRQ�LQYROYLQJ�R[LGDWLRQ�RI�RUJDQLF�PDWWHU�LQ�VRLO��JHQHUDOO\�XVLQJ�
FRQFHQWUDWHG�VROXWLRQV�RI�SRWDVVLXP�GLFKURPDWH�DQG�VXOSKXULF�DFLG��FUHDWHV�D�UHDFWLRQ�
WKDW�JHQHUDWHV�KHDW�ZKLFK�DLGV�WKH�UHDFWLRQ��7LWUDWLRQ�RI�UHPDLQLQJ�GLFKURPDWH�LV�XVHG�
WR�FDOFXODWH�WKH�DPRXQW�RI�R[LGLVHG�FDUERQ���
�
'U\�FRPEXVWLRQ���/RVV�RQ�LJQLWLRQ�
�
/RVV�RQ�LJQLWLRQ�LQYROYHV�WDNLQJ�DQ�RYHQ�GULHG�VRLO�VDPSOH�RI�NQRZQ�PDVV�DQG�
FRPEXVWLQJ�WKH�FDUERQ�LQ�WKH�VRLO�E\�KHDWLQJ�DW�KLJK�WHPSHUDWXUHV�LQ�D�PXIIOH�IXUQDFH��
$IWHU�KHDWLQJ��WKH�VRLO�LV�UHZHLJKHG�DQG�WKH�GHFOLQH�LQ�PDVV�LV�DWWULEXWHG�WR�FRPEXVWLRQ�
DQG�ORVV�RI�RUJDQLF�PDWWHU��$�UDQJH�RI�WHPSHUDWXUHV�DQG�KHDWLQJ�WLPHV�KDYH�EHHQ�XVHG�
EXW�W\SLFDOO\�UDQJH�IURP��������R&�IRU�EHWZHHQ���DQG���KRXUV��([FHVVLYHO\�KLJK�
WHPSHUDWXUHV�FDQ�UHVXOW�LQ�ORVV�RI�QRQ�RUJDQLF�FRPSRXQGV��7KH�ORVV�RI�PDVV�QHHGV�WR�
EH�DGMXVWHG�IRU�WKH�SHUFHQWDJH�RI�RUJDQLF�PDWWHU�DV�FDUERQ��RIWHQ�VHW�DW��������
�
'U\�FRPEXVWLRQ�±�PHDVXUHPHQW�RI�&2��HYROYHG��
$�VRLO�VDPSOH�LV�KHDWHG������&�DQG�JUHDWHU��LQ�D�VWUHDP�RI�R[\JHQ��RIWHQ�LQ�D�WLQ�FXS�
WR�UDLVH�WKH�WHPSHUDWXUH�IXUWKHU��6RLO�RUJDQLF�PDWWHU�LV�FRPSOHWHO\�R[LGLVHG�WR�&2���ZKLFK�FDQ�EH�GLUHFWO\�PHDVXUHG�XVLQJ�HLWKHU�LQIUDUHG�GHWHFWLRQ�RU�D�WKHUPDO�
FRQGXFWLYLW\�GHWHFWRU�IROORZLQJ�VHSDUDWLRQ�IURP�RWKHU�JDVHV�HYROYHG��7KHUH�DUH�
VHYHUDO�FRPPHUFLDO�VXSSOLHUV�RI�HTXLSPHQW�WKDW�XVH�GU\�FRPEXVWLRQ�WR�HVWLPDWH�VRLO�
FDUERQ�FRQFHQWUDWLRQV��
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������ 6SHFLDO�FDVH�IRU�PHDVXULQJ�FKDQJHV�LQ�FDUERQ�IRU�SHDW�VRLOV�
�
7KLV�VHFWLRQ�IRFXVHV�RQ�PHDVXUHPHQW�RI�FDUERQ�FKDQJH�LQ�SHDW�VRLOV�WKDW�KDYH�EHHQ�
FRQYHUWHG�WR�DJULFXOWXUH��ZKLFK�KDV�JHQHUDOO\�LQYROYHG�UHPRYDO�RI�ZHWODQG�YHJHWDWLRQ��
GUDLQDJH��DQG�DSSOLFDWLRQ�RI�QXWULHQWV�DQG�OLPH��3HDWV�FDQ�H[WHQG�VHYHUDO�PHWUHV�LQ�
GHSWK�DQG�KDYH�YHU\�KLJK�FDUERQ�FRQFHQWUDWLRQ��%\�GHILQLWLRQ��SHDWV�VRLO�FRQWDLQ�
!����FDUERQ�EXW�RIWHQ�FRQWDLQ�XS�WR�����FDUERQ��HVVHQWLDOO\�VROHO\�RUJDQLF�PDWWHU�
ZLWK�YHU\�OLWWOH�LQRUJDQLF�PDWHULDO��7KHVH�GHSRVLWV�FDQ�EH�TXLWH�GHHS�H[WHQGLQJ�WR���RU�
��P�LQ�VRPH�SDUWV�RI�WKH�FRXQWU\��
�
)RU�VKDOORZ�SHDW�VRLOV��VD\�����������P�GHSWK��WKH�PHWKRGV�GHVFULEHG�IRU�PLQHUDO�VRLOV�
FDQ�EH�DSSOLHG��WUHDWLQJ�WKH�SHDW�DV�D�KLJK�FDUERQ�FRQWHQW�PLQHUDO�VRLO��+RZHYHU��ZKHQ�
SHDWV�DUH�GHHSHU��PDQ\�RI�WKH�WUDGLWLRQDO�WHFKQLTXHV�GR�QRW�DSSO\�EHFDXVH�WKH�VXUIDFH�
RI�WKH�SHDW�VRLO�UHWUHDWV�DV�WKH�SHDW�EHFRPHV�GHJUDGHG���
�
7KLV�ORVV�LQ�KHLJKW�RI�WKH�SHDW�LV�GXH�WR�ERWK�GHFRPSRVLWLRQ��FRQYHUVLRQ�WR�&2��DQG�PHWKDQH��DQG�FRQVROLGDWLRQ��DV�WKH�SHDW�LV�GUDLQHG�WR�DOORZ�ODQG�PDQDJHPHQW�WKH�SRUH�
VWUXFWXUH�FROODSVHV���$OWKRXJK�WKHUH�LV�OHVV�WRWDO�SHDW�UHPDLQLQJ��WKH�VXUIDFH�SHDW�VRLOV�
FDQ�VWLOO�FRQWDLQ�YHU\�KLJK�DPRXQWV�RI�FDUERQ�DQG�WUDGLWLRQDO�DSSURDFKHV�IRU�
PHDVXULQJ�FDUERQ�FRXSOHG�WR�HLWKHU�HTXLYDOHQW�PDVV�VDPSOLQJ�RU�FRUUHFWLQJ�IRU�EXON�
GHQVLW\�GR�QRW�DSSO\��,QVWHDG�WKH�FDUERQ�FRQFHQWUDWLRQ�RI�WKH�ZKROH�SHDW�FROXPQ�
ZRXOG�QHHG�WR�EH�PHDVXUHG��SRWHQWLDOO\�WR�D�GHSWK�RI�PDQ\�PHWUHV����
�
7KH�FKDQJH�LQ�SHDW�KHLJKW�WR�XQGHUO\LQJ�PLQHUDO�VRLO�FDQ�EH�PHDVXUHG�XVLQJ�SHDW�
SUREHV��+RZHYHU��WR�HVWLPDWH�FDUERQ�ORVV�UHTXLUHV�SDUWLWLRQLQJ�WKH�ORVV�RI�KHLJKW�LQWR�
GHFRPSRVLWLRQ�DQG�FRQVROLGDWLRQ��ZKLFK�LV�YHU\�GLIILFXOW�WR�GR��$W�RQH�VLWH�LQ�WKH�
:DLNDWR��6FKLSSHU�DQG�0DFOHRG��������GHPRQVWUDWHG�WKDW�DERXW�����RI�ORVV�RI�SHDW�
KHLJKW�ZDV�GXH�WR�FRQVROLGDWLRQ�WKH�UHPDLQGHU�EHLQJ�DWWULEXWHG�WR�GHFRPSRVLWLRQ��7KLV�
VWXG\�FRPSDUHG�WKH�WRWDO�FDUERQ�FRQWHQW��FRUUHFWHG�IRU�EXON�GHQVLW\��RI�SHDW�FROXPQV�
DERYH�D�PDUNHU�WHSKUD�OD\HU�LQ�DGMDFHQW�UHPQDQW�SHDW�ERJ�DQG�IDUP�ODQG��7KH�DXWKRUV�
UHSRUWHG�ORVVHV�RI�DERXW�����W�&�KD�\�RQ�DYHUDJH�VXEVHTXHQW�WR�ZHWODQG�FOHDUDQFH��
2SSRUWXQLWLHV�IRU�WKHVH�W\SHV�RI�PHDVXUHPHQWV�DUH�OLPLWHG�DV�WKHUH�DUH�IHZ�UHPDLQLQJ�
UHPQDQW�SHDW�VLWHV��6LPSO\�PHDVXULQJ�FKDQJHV�LQ�SHDW�KHLJKW�ZLWKRXW�EHLQJ�DEOH�WR�
SDUWLWLRQ�ORVVHV�LQWR�FRQVROLGDWLRQ�DQG�GHFRPSRVLWLRQ�LV�XQOLNHO\�WR�EH�XVHIXO�IRU�
GHWHUPLQLQJ�ORVVHV�RI�FDUERQ��
�
$�VHFRQG�DSSURDFK�KDV�EHHQ�WR�GLUHFWO\�PHDVXUH�DQQXDO�FKDQJHV�LQ�&2��H[FKDQJH�RI�SHDW�VRLOV�XVLQJ�HGG\�FRYDULDQFH�DSSURDFKHV��1LHYHHQ�HW�DO���������XVHG�WKLV�DSSURDFK�
DW�D�VLWH�DOVR�LQ�WKH�:DLNDWR�DQG�PHDVXUHG�ORVVHV�RI�FDUERQ�RI�DERXW���0J�&�KD�\���
�
/RVVHV�RI�FDUERQ�IURP�SHDW�VRLOV�DUH�H[SHFWHG�WR�EH�JUHDWHVW�ZKHQ�ODQG�LV�LQLWLDOO\�
FOHDUHG��WKHQ�WR�GHFOLQH�ZLWK�WLPH���
�
�
�
�
�
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���� )RUHVW�VRLOV�
������ 6DPSOH�FROOHFWLRQ�PHWKRGV�
�
7KUHH�PDLQ�DSSURDFKHV�WR�VDPSOH�FROOHFWLRQ�IRU�PLQHUDO�VRLO�FDUERQ�VWRFN�DVVHVVPHQWV�
LQ�IRUHVWV�DQG�JUDVVODQGV�KDYH�EHHQ�DSSOLHG�LQ�1HZ�=HDODQG�IRU�ERWK�LQYHQWRU\�DQG�
H[SHULPHQWDO��H�J��LQYHVWLJDWLRQV�RI�PDQDJHPHQW�LPSDFWV��SXUSRVHV��7KHVH�DUH������
YROXPHWULF�FRUH�VDPSOLQJ������VPDOO�GLDPHWHU�WXEH�VDPSOLQJ��ZLWK�EXON�GHQVLW\�
DVVHVVPHQW���DQG�����TXDQWLWDWLYH�VRLO�SLW�VDPSOLQJ��'LIIHUHQW�DSSURDFKHV�DUH�XVHG�IRU�
WKH�FROOHFWLRQ�RI�VDPSOHV�IURP�IRUHVW�IORRU��/�DQG�)+��KRUL]RQV��7KH�LVVXHV�RI�
VDPSOLQJ�E\�IL[HG�GHSWK�RU�E\�KRUL]RQ��VDPSOLQJ�IRU�HTXLYDOHQW�PDVV�FDOFXODWLRQ��DQG�
VDPSOH�VL]H�DQG�EXONLQJ�SURWRFROV�DUH�DOVR�GLVFXVVHG�LQ�WKLV�VHFWLRQ��
�
)RUHVW�IORRU�VDPSOLQJ�
�
)LQH�ZRRG\�GHEULV��EUDQFKHV�DQG�RWKHU�ZRRG\�GHEULV�ZLWK�D�GLDPHWHU�RI���±����PP���
OLWWHU��OHDI�OLWWHU�DQG�EUDQFKHV������PP�LQ�GLDPHWHU��/�KRUL]RQ�PDWHULDO���DQG�
IHUPHQWHG�DQG�KXPLF�PDWHULDOV��FRPELQHG�)�DQG�+�KRUL]RQV��DUH�FROOHFWHG�IURP�
ZLWKLQ�����P��FROODSVLEOH�39&�TXDGUDWV�IL[HG�WR�WKH�JURXQG�VXUIDFH��7KH�TXDGUDWV�PD\�
EH�PDGH�RI�FROODSVLEOH�39&�PDWHULDOV�WR�IDFLOLWDWH�WUDQVSRUW�LQWR�UHPRWH�ORFDWLRQV��
+RZHYHU��ZKHUH�WKH�)+�KRUL]RQ�LV�RI�VXIILFLHQW�WKLFNQHVV��WKLV�PDWHULDO�PD\�E\�
FROOHFWHG�IURP�ZLWKLQ�D�VWDLQOHVV�VWHHO�ULQJ�RI����PP�LQWHUQDO�GLDPHWHU�LQVHUWHG�
WKURXJK�WKH�)+�KRUL]RQ�DQG��XVXDOO\��LQWR�WKH�VXUIDFH�PLQHUDO�VRLO�DW�DQ�DQJOH�
SHUSHQGLFXODU�WR�WKH�JURXQG�VXUIDFH��7KH�WKLFNQHVV�RI�WKH�)+�KRUL]RQ�VDPSOHG�IURP�
ZLWKLQ�WKH�ULQJ�LV�FDOFXODWHG�E\�WDNLQJ�GHSWK�PHDVXUHPHQWV�IURP�WKH�WRS�RI�WKH�ULQJ�
EHIRUH�DQG�DIWHU�FROOHFWLRQ�RI�WKH�PDWHULDO��9ROXPHV�RI�/�DQG�)+�PDWHULDO�FROOHFWHG�
ZLWKLQ�TXDGUDWV�DUH�HVWLPDWHG�LQ�WKH�ILHOG��'DYLV�HW�DO���������
�
9ROXPHWULF�FRUH�VDPSOLQJ�
�
7KH�YROXPHWULF�FRUH�VDPSOLQJ�DSSURDFK�XVHG�IRU�IRUHVW�VRLO�VDPSOLQJ��'DYLV�HW�DO��
������LV�VLPLODU�WR�WKDW�GHVFULEHG�IRU�JUDVVODQG�VRLOV��6WDLQOHVV�VWHHO�ULQJV�RI����PP�
LQWHUQDO�GLDPHWHU�DQG�����PP�LQ�OHQJWK��L�H��NQRZQ�YROXPH��DUH�LQVHUWHG�LQWR�WKH�
PLQHUDO�VRLO�SHUSHQGLFXODU�WR�WKH�JURXQG�VXUIDFH�DQG�FRUHV�DUH�WDNHQ�DW�����P�GHSWK�
LQFUHPHQWV�WR�D�WRWDO�GHSWK�RI�����P��7KH�H[WUDFWLRQ�RI�HDFK�FRUH�LQYROYHV�FDUHIXO�
H[FDYDWLRQ�RI�D�VPDOO�SLW�DGMDFHQW�WR�WKH�ULQJ�WKDW�H[WHQGV�MXVW�EH\RQG�WKH�ORZHU�GHSWK�
RI�WKH�ULQJ��ZKLOH�HQVXULQJ�WKDW�WKH�VRLO�GLUHFWO\�EHORZ�WKH�ULQJ�LV�QRW�GLVWXUEHG��DQG�
WKH�LQVHUWLRQ�RI�D�WKLQ��IODW�WURZHO�DW�WKH�EDVH�RI�WKH�ULQJ�WR�OLIW�LW�DQG�WKH�FRUH�RXW��7KH�
FRUH�LV�WKHQ�UHPRYHG�IURP�WKH�ULQJ�DQG�SODFHG�LQ�D�ODEHOOHG�SODVWLF�VDPSOH�EDJ��
5HJXODU�GHSWK�FKHFNLQJ�LV�SHUIRUPHG�XVLQJ�D�WDSH�PHDVXUH�GXULQJ�ULQJ�LQVHUWLRQ��
SDUWLFXODUO\�EH\RQG�����P�GHSWK��WR�HQVXUH�WKH�FRUUHFW�GHSWK�UDQJH�LV�EHLQJ�VDPSOHG�
DQG�WKDW�FRPSDFWLRQ�RI�WKH�VRLO�FRUH�LV�QRW�RFFXUULQJ��'DYLV�HW�DO���������7KH�VRLO�GDWD�
FROOHFWLRQ�PDQXDO�RI�'DYLV�HW�DO���������DOVR�RXWOLQHV�GHWDLOHG�SURFHGXUHV�IRU�FRUH�
PHDVXUHPHQW�DQG�H[WUDFWLRQ�LQ�WKH�FDVH�RI�VWULNLQJ�REVWUXFWLRQV�GXULQJ�ULQJ�LQVHUWLRQ�
VXFK�DV�WUHH�URRWV�VXFK�WKDW�D�YLDEOH�VDPSOH�PD\�VWLOO�EH�FROOHFWHG��
�
7KH�YROXPHWULF�FRUH�VDPSOLQJ�DSSURDFK�GHVFULEHG�E\�'DYLV�HW�DO���������ZDV�XVHG�IRU�
WKH�VRLO�VDPSOLQJ�RI�WKH�&DUERQ�0HDVXUHPHQW�6\VWHP��&06��SORWV�LQ�QDWXUDO�IRUHVW�
DQG�VKUXEODQG�VLWHV��SURYLGLQJ�GDWD�IRU�WKH�6RLO�&06�GDWDVHW��DQG�KDV�DOVR�EHHQ�
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DSSOLHG�WR�VRPH�H[SHULPHQWDO�ZRUN�LQYHVWLJDWLQJ�WKH�LPSDFWV�RI�YDULRXV�IRUHVW�
PDQDJHPHQW�SUDFWLFHV�RQ�VRLO�FDUERQ�VWRFNV��-RQHV�������-RQHV�HW�DO���������
�
$Q�DGYDQWDJH�RI�WKH�YROXPHWULF�FRUH�VDPSOLQJ�DSSURDFK�LV�WKDW�EXON�GHQVLW\�DQG�VRLO�
FDUERQ�FRQFHQWUDWLRQ�FDQ�EH�PHDVXUHG�RQ�WKH�VDPH�VDPSOH��,I�VXE�VDPSOHV�IURP�D�VHW�
RI�FRUHV��H�J��WDNHQ�ZLWKLQ�D�SORW��DUH�EXONHG�IRU�FDUERQ�DQG�QLWURJHQ�DQDO\VLV��VHH�
EHORZ���WKH�LQGLYLGXDO�EXON�GHQVLW\�GDWD�IRU�HDFK�FRUH�FDQ�EH�FRPELQHG��L�H��WRWDO�PDVV�
SHU�XQLW�YROXPH�IRU�WKH�SORW��WR�JLYH�D�SORW�DYHUDJHG�EXON�GHQVLW\�WKDW�LV�DVVXPHG�WR�EH�
D�EHWWHU�HVWLPDWH�RI�WKH�EXON�GHQVLW\�RI�WKH�VRLO�LQ�WKH�SORW�WKDQ�WKH�HVWLPDWH�WKDW�ZRXOG�
EH�REWDLQHG�LI�D�VHSDUDWH��VLQJOH�FRUH�IRU�EXON�GHQVLW\�DVVHVVPHQW�ZDV�WDNHQ�WR�
UHSUHVHQW�WKH�SORW��9ROXPHWULF�FRUH�VDPSOHV�DUH�FRPPRQO\�VSOLW��XVLQJ�D�VDPSOH�
VSOLWWHU��DIWHU�DLU�GU\LQJ�WR�SURYLGH�WZR�VXE�VDPSOHV�²�RQH�IRU�PHDVXUHPHQW�RI�
FDUERQ�DQG�QLWURJHQ�FRQFHQWUDWLRQV��WKH�RWKHU�IRU�GHWHUPLQDWLRQ�RI�WKH�ZDWHU�FRQWHQW�
ZKLFK�LV�UHTXLUHG�IRU�WKH�EXON�GHQVLW\�FDOFXODWLRQ��
�
6DPSOLQJ�DW�GHSWKV�EHORZ�����P�XVLQJ�WKH�VWDQGDUG�YROXPHWULF�FRUH�DSSURDFK�LV�
GLIILFXOW�DQG�WLPH�FRQVXPLQJ�IRU�PRVW�VRLOV�EHFDXVH�FRUH�H[WUDFWLRQ�EHFRPHV�PRUH�
GLIILFXOW�ZLWKRXW�WKH�H[FDYDWLRQ�RI�D�PXFK�ODUJHU�SLW�DURXQG�WKH�ULQJ�WR�DOORZ�DFFHVV��
+RZHYHU��DQ�DSSURDFK�IRU�XVLQJ�D�PRWRULVHG�DXJHU�WR�LQVHUW�D�39&�WXEH�LQWR�WKH�VRLO�
DQG�H[WUDFW�FRUHV�WR�GHSWK��XS�WR���P��ZDV�GHYHORSHG�IRU�VRLO�FDUERQ�VWRFN�DVVHVVPHQW�
DQG�LWV�XVH�LQ�DQ�H[SHULPHQWDO�VWXG\�LQ�WKH�3XUXNL�FDWFKPHQW�QHDU�5RWRUXD�KDV�EHHQ�
GHVFULEHG�E\�2OLYHU�HW�DO����������)LJ����VKRZV�VRLO�FRUHV��VSOLW�LQ�KDOI�DQG�SODFHG�VLGH�
E\�VLGH�WR�UHYHDO�WKH�SURILOH��FROOHFWHG�XVLQJ�WKH�PRWRULVHG�DXJHU��
�
7KH�YROXPHWULF�FRUH�DSSURDFK�LV�VXLWDEOH�IRU�VRLOV�ZLWK�HLWKHU�QR�JUDYHO�RU�OLPLWHG�
JUDYHO�FRQWHQW��:KHUH�WKH�VRLO�JUDYHO�FRQWHQW�LV�PRUH�WKDQ�PRGHUDWH��WKH�TXDQWLWDWLYH�
SLW�DSSURDFK�LV�OLNHO\�WR�EH�PRUH�DSSURSULDWH��&RQYHUVHO\��JUDYHO�IUHH�VRLOV��GHSHQGLQJ�
RQ�RWKHU�IDFWRUV�VXFK�DV�FRKHVLYHQHVV�DQG�GHQVLW\��PD\�EH�VDPSOHG�PRUH�HIILFLHQWO\�
XVLQJ�WKH�VPDOO�GLDPHWHU�WXEH�VDPSOLQJ�DSSURDFK��
�
6PDOO�GLDPHWHU�WXEH�VDPSOLQJ�ZLWK�EXON�GHQVLW\�DVVHVVPHQW�
�
6PDOO�GLDPHWHU�WXEH�VDPSOLQJ��ZKLFK�LQYROYHV�PDQXDOO\�SXVKLQJ�D�VWDLQOHVV�VWHHO�WXEH�
�XVXDOO\�FRQILJXUHG�OLNH�D�µSRJR�VWLFN¶��)LJ�����LQWR�WKH�VRLO�WR�WKH�GHVLUHG�GHSWK�DQG�DW�
DQ�DQJOH�WKDW�LV�SHUSHQGLFXODU�WR�WKH�JURXQG�VXUIDFH��LV�DQ�HIILFLHQW�PHDQV�RI�FROOHFWLQJ�
VRLO�VDPSOHV�WR�IL[HG�GHSWKV�IRU�WKH�SXUSRVHV�RI�FKHPLFDO�DQDO\VLV��+RZHYHU��WKH�
DSSURDFK�LV�JHQHUDOO\�RQO\�VXLWDEOH�IRU�JUDYHO�IUHH�VRLOV�WKDW�DUH�VXIILFLHQWO\�FRKHVLYH�
DQG�DUH�QRW�H[FHVVLYHO\�GHQVH�RU�KDUG��7KH�PDLQ�GLVDGYDQWDJHV�RI�WKH�DSSURDFK�DUH�WKH�
SRWHQWLDO�IRU�VRLO�FRUH�FRPSDFWLRQ�GXULQJ�WXEH�LQVHUWLRQ�DQG�WKH�QHHG�WR�PHDVXUH�DQG�
VHSDUDWH�FRUHV�E\�WKH�GHSWK�UDQJHV�RI�LQWHUHVW��7KH�PDLQ�DGYDQWDJH�LV�WKDW�UHODWLYHO\�
ODUJH�QXPEHUV�RI�FRUHV�FDQ�EH�FROOHFWHG�UDSLGO\�DFURVV�WKH�ODQG�DUHD�RI�LQWHUHVW��H�J��D�
SORW��DQG�EXONHG�E\�GHSWK�UDQJH�WR�SURYLGH�D�VLQJOH�VDPSOH��WR�EH�VXE�VDPSOHG��SHU�
SORW�IRU�DQDO\VLV��
�
7KH�GLDPHWHU�RI�WXEH�VDPSOHUV�PD\�YDU\�EXW�LV�FRPPRQO\�DERXW����PP��0RVW�VPDOO�
GLDPHWHU�WXEH�VDPSOHUV�ZLOO�KDYH�GHSWK�PDUNLQJV�RQ�WKH�RXWHU�VXUIDFH�RI�WKH�WXEH�WR�
JXLGH�WKH�RSHUDWRU�LQ�LQVHUWLQJ�WKH�WXEH�WR�WKH�FRUUHFW�GHSWK�LQ�WKH�VRLO��
�
�
�
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�
�

�
�
)LJ����6RLO�FRUHV�FROOHFWHG�IURP�WKH�3XUXNL�H[SHULPHQWDO�FDWFKPHQW�XVLQJ�D�PRWRULVHG�
DXJHU��DIWHU�2OLYHU�HW�DO���������
�
�
8QOLNH�WKH�YROXPHWULF�FRUH�DQG�TXDQWLWDWLYH�SLW�DSSURDFKHV��VDPSOHV�FROOHFWHG�XVLQJ�
WKH�VPDOO�GLDPHWHU�WXEH�VDPSOLQJ�DSSURDFK�DUH�QRW�FROOHFWHG�RQ�D�YROXPHWULF�EDVLV�
�L�H��WKH�YROXPH�IURP�ZKLFK�WKH�VRLO�PDWHULDO�ZDV�FROOHFWHG�LV�QRW�NQRZQ�SUHFLVHO\���
7KHUHIRUH��WKLV�DSSURDFK�PXVW�EH�DFFRPSDQLHG�E\�WKH�FROOHFWLRQ�RI�D�VXIILFLHQW�
QXPEHU�RI�EXON�GHQVLW\�VDPSOHV��XVXDOO\�FROOHFWHG�XVLQJ�WKH�YROXPHWULF�FRUH�VDPSOLQJ�
DSSURDFK��WR�UHSUHVHQW�WKH�DUHD�EHLQJ�VDPSOHG�LQ�RUGHU�WR�FDOFXODWH�VRLO�FDUERQ�VWRFNV��
,W�LV�XVXDOO\�H[SHFWHG�WKDW�PLQHUDO�VRLO�EXON�GHQVLW\�ZLOO�EH�OHVV�YDULDEOH�WKDQ�VRLO�
FDUERQ�FRQFHQWUDWLRQ�DQG�VR�WKH�QXPEHU�RI�VDPSOHV�UHTXLUHG�WR�DVVHVV�WKH�EXON�GHQVLW\�
RI�D�JLYHQ�DUHD�DGHTXDWHO\�LV�OLNHO\�WR�EH�OHVV�WKDQ�WKH�QXPEHU�UHTXLUHG�WR�DVVHVV�WKH�
VRLO�FDUERQ�FRQFHQWUDWLRQ�DGHTXDWHO\��7KLV�PHDQV�WKDW�IHZHU�YROXPHWULF�FRUH�VDPSOHV�
DUH�OLNHO\�WR�EH�UHTXLUHG�ZLWK�WKLV�DSSURDFK�WKDQ�ZRXOG�EH�WKH�FDVH�LI�YROXPHWULF�FRUH�
VDPSOLQJ�ZHUH�EHLQJ�XVHG�IRU�WKH�PHDVXUHPHQW�RI�ERWK�VRLO�FDUERQ�FRQFHQWUDWLRQ�DQG�
EXON�GHQVLW\��
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�

�
�
)LJ���$Q�H[DPSOH�RI�WKH�FROOHFWLRQ�DQG�EXONLQJ�RI�WRSVRLO�VDPSOHV�IRU�VRLO�FKHPLFDO�
DQDO\VLV�XVLQJ�D�VPDOO�GLDPHWHU�WXEH�VDPSOHU�ZLWKLQ�DQ�H[SHULPHQWDO�SORW��DIWHU�-RQHV��
�������
�
�
4XDQWLWDWLYH�VRLO�SLW�VDPSOLQJ�
�
:KHUH�URFNV�RU�FRDUVH�URRWV�SUHFOXGH�YROXPHWULF�FRUH�DQG�VPDOO�GLDPHWHU�WXEH�
VDPSOLQJ��YROXPHWULF�VDPSOLQJ�FDQ�EH�XQGHUWDNHQ�XVLQJ�WKH�TXDQWLWDWLYH�SLW�DSSURDFK�
ZKLFK�LQYROYHV�H[FDYDWLQJ�����P��SLWV�DQG�VDPSOLQJ�WKH�VRLO�PDWHULDOV�LQ�LQFUHPHQWV�
RI�����P�GHSWK��3LW�GLPHQVLRQV�DUH�JXLGHG�E\�SODFLQJ�DQG�VHFXULQJ�D�����P��TXDGUDW�RQ�
WKH�JURXQG�DW�WKH�VHOHFWHG�VDPSOH�SRLQW��)LJ������$FFXUDWH�PHDVXUHPHQW�RI�WKH�SLW�
GLPHQVLRQV��WR�FDOFXODWH�YROXPH��LV�HVVHQWLDO�LQ�WKLV�DSSURDFK��KHQFH�WKH�WHUP�
µTXDQWLWDWLYH�SLW¶��&RQVLGHUDEOH�FDUH�LV�UHTXLUHG�LQ�GHDOLQJ�ZLWK�FRDUVH�JUDYHO�RU�
ERXOGHUV�WKDW�VSDQ�SLW�RU�VDPSOH�GHSWK�UDQJH�ERXQGDULHV��7KH�YROXPH�WKDW�WKHVH�
PDWHULDOV�RFFXSLHG�ZLWKLQ�WKH�SLW�DQG�GHSWK�UDQJH�ERXQGDULHV�PXVW�EH�QRWHG�DQG�WKDW�
YROXPH�UHSODFHG�LQ�WKH�VDPSOH�E\�VPDOOHU�VWRQHV�RI�HTXLYDOHQW�YROXPH��'DYLV�HW�DO��
�������
�
,I�WKH�VDPSOLQJ�LV�EHLQJ�XQGHUWDNHQ�DW�D�UHPRWH�ORFDWLRQ�VR�WKDW�WKH�VDPSOHV�PXVW�EH�
FDUULHG�RYHU�D�FRQVLGHUDEOH�GLVWDQFH��VXE�VDPSOLQJ�LQ�WKH�ILHOG�ZLOO�PRVW�OLNHO\�EH�
QHFHVVDU\��LQFOXGLQJ�VXE�VDPSOLQJ�RI�RUJDQLF�PDWHULDOV��JLYHQ�WKH�YROXPH�RI�PDWHULDO�
EHLQJ�H[FDYDWHG��:KHUH�VXE�VDPSOLQJ�LV�UHTXLUHG��WKH�IUHVK�PDVV�RI�ERWK�WKH�FRPSOHWH�
VDPSOH�DIWHU�KRPRJHQLVLQJ�DQG�WKH�VXE�VDPSOH�DUH�UHFRUGHG�LQ�WKH�ILHOG�WR�DOORZ�
FRUUHFWLRQ�IDFWRUV�WR�EH�VXEVHTXHQWO\�DSSOLHG��,I�VWRQHV�DUH�WR�EH�GLVFDUGHG��WKHVH�DUH�
DOVR�ZHLJKHG�SULRU�WR�GLVFDUGLQJ��)LJ������+RZHYHU��WKH�HQWLUH�VDPSOH�IURP�HDFK�GHSWK�

7XEH�



���

/DQGFDUH�5HVHDUFK�

UDQJH�VKRXOG�EH�UHWDLQHG�IRU�VXE�VDPSOLQJ�LQ�WKH�ODERUDWRU\�ZKHUH�HYHU�SRVVLEOH�
�'DYLV�HW�DO���������
�

�
�
)LJ����$Q�H[DPSOH�RI�WKH�H[FDYDWLRQ�RI�D�TXDQWLWDWLYH�SLW�WR�����P�GHSWK�LQ�D�VRLO�FRQWDLQLQJ�
FRDUVH�JUDYHO��DIWHU�'DYLV�HW�DO���������
�
�

��
)LJ����$Q�H[DPSOH�RI�ZHLJKLQJ�JUDYHO��OHIW��DQG�VXE�VDPSOLQJ�GXULQJ�TXDQWLWDWLYH�SLW�
H[FDYDWLRQ��ULJKW���DIWHU�'DYLV�HW�DO���������
�
7KH�TXDQWLWDWLYH�SLW�VDPSOLQJ�DSSURDFK�LV�SUREDEO\�WKH�PRVW�WLPH�FRQVXPLQJ�DQG��DV�D�
FRQVHTXHQFH��FRVWO\�DSSURDFK�EXW�LV�FRQVLGHUHG�WR�EH�ZLWKRXW�REYLRXV�ELDV�ZKHQ�YROXPH�LV�
DVVHVVHG�E\�EDFN�ILOOLQJ�ZLWK�DQ�DSSURSULDWH�PDWHULDO��H�J��VDQG��+DUULVRQ�HW�DO���������
�
6DPSOLQJ�E\�IL[HG�GHSWK�RU�E\�KRUL]RQ�
�
&XUUHQW�VWDQGDUG�SUDFWLFH�WR�VDPSOH�FDUERQ�VWRFNV�LQ�PLQHUDO�1HZ�=HDODQG�IRUHVW�VRLOV�LV�E\�
XVLQJ�IL[HG�GHSWKV�IRU�VRLO�FDUERQ�VWRFN�DVVHVVPHQW��DQG�PRVW�RWKHU�SXUSRVHV��UDWKHU�WKDQ�E\�
VRLO�KRUL]RQ��6DPSOHV�DUH�FROOHFWHG�FRPPRQO\�IURP�WKH�����������������DQG���������P�GHSWK�
UDQJHV�IRU�LQYHQWRU\�SXUSRVHV�DQG�VRPH�H[SHULPHQWDO�VWXGLHV�RI�PDQDJHPHQW�HIIHFWV��H�J��
-RQHV�HW�DO���������6RPH�VWXGLHV�KDYH�H[DPLQHG�VRLO�FDUERQ�VWRFNV�DW�YDULRXV�GHSWK�LQWHUYDOV�
EHORZ�����P�GHSWK��H�J��%HHWV�HW�DO��������2OLYHU�HW�DO���������7KH�PDLQ�UHDVRQV�IRU�VDPSOLQJ�
E\�IL[HG�GHSWKV�DUH�WKDW�VDPSOLQJ�E\�VRLO�KRUL]RQ�LV�IUDXJKW�ZLWK�GLIILFXOWLHV�DQG�WKDW�WKH�1HZ�
=HDODQG�6RLO�&06�UHTXLUHV�WKDW�VRLO�FDUERQ�VWRFN�GDWD�EH�FROOHFWHG�E\�IL[HG�GHSWK��7KH�
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YDULDELOLW\�RI�KRUL]RQ�WKLFNQHVVHV��SDUWLFXODUO\�LQ�SUHYLRXVO\�GLVWXUEHG�IRUHVW�VRLOV��DQG�WKH�
ODFN�RI�FRQWLQXLW\�RI�KRUL]RQV�DFURVV�VRLO�W\SHV�DQG�ODQGVFDSHV�PHDQ�V\VWHPDWLF�VDPSOLQJ�IRU�
LQYHQWRU\�SXUSRVHV�LV�H[WUHPHO\�GLIILFXOW�EHFDXVH�WKHUH�LV�QR�FRQVLVWHQW�IUDPH�RI�UHIHUHQFH��
0RUHRYHU��VDPSOLQJ�E\�KRUL]RQ�FRPSOLFDWHV�VDPSOH�FROOHFWLRQ�DQG�UHTXLUHV�D�KLJKHU�OHYHO�RI�
LQWHUSUHWLYH�VNLOO�RQ�WKH�SDUW�RI�WKH�VDPSOHU�GXH�WR�WKH�QHFHVVLW\�WR�LGHQWLI\�KRUL]RQ�ERXQGDULHV�
FRUUHFWO\��7KH�FRUROODU\�RI�WKLV�LV�WKDW�WKH�FRVW�RI�VDPSOLQJ�LV�OLNHO\�WR�EH�JUHDWHU�LI�VDPSOLQJ�
LV�E\�KRUL]RQ��1HYHUWKHOHVV��LW�LV�LPSRUWDQW�WKDW�LQIRUPDWLRQ�RQ�WKH�GLIIHUHQWLDWLRQ�RI�SURILOHV�
LQ�WKH�VRLO�KRUL]RQ�LV�FROOHFWHG�ZKLOH�XQGHUWDNLQJ�V\VWHPDWLF�VDPSOLQJ�E\�GHSWK�WR�DVVLVW�ZLWK�
WKH�VXEVHTXHQW�LQWHUSUHWDWLRQ�RI�WKH�GDWD��7R�WKLV�HQG��DW�OHDVW�RQH�IXOO�VRLO�SURILOH�GHVFULSWLRQ�
LV�XQGHUWDNHQ�WR�UHSUHVHQW�6RLO�&06�SORWV��'DYLV�HW�DO��������RU�WKH�H[SHULPHQWDO�VLWH�EHLQJ�
VDPSOHG��
�
,Q�FRQWUDVW�WR�PLQHUDO�VRLOV��IRUHVW�IORRU�PDWHULDOV�DUH�VDPSOHG�E\�KRUL]RQ�ZLWK�WKH�OHVV�
GHFRPSRVHG�OHDI�OLWWHU�PDWHULDO�RI�WKH�/�KRUL]RQ�FROOHFWHG�VHSDUDWHO\�IURP�WKH�IHUPHQWHG�DQG�
KXPLF�PDWHULDO�RI�WKH�)�+�KRUL]RQ��:KHUH�IRUHVW�IORRU�PDWHULDOV�KDYH�EHHQ�EXULHG�E\�WKH�
GHSRVLWLRQ�RI�PLQHUDO�VRLO�PDWHULDO�RU�ZKHUH�VRLO�GLVWXUEDQFH�DQG�PL[LQJ�KDV�RFFXUUHG�DW�D�
VHOHFWHG�VDPSOLQJ�VLWH��WKH�UHFRPPHQGDWLRQ�RI�'DYLV�HW�DO���������LV�WKDW�WKH�VDPSOLQJ�RI�
IL[HG�GHSWKV�EH�XQGHUWDNHQ��DV�SHU�XQGLVWXUEHG�PLQHUDO�VRLOV��IURP�WKH�SUHVHQW�JURXQG�VXUIDFH��
�
7KH�VDPH�LVVXHV�FRQFHUQLQJ�IL[HG�YROXPH�DQG�HTXLYDOHQW�PDVV�PHWKRGRORJLHV�DSSO\�DV�WKRVH�
GHVFULEHG�DERYH��
�
6DPSOH�VL]H��VXE�VDPSOLQJ��DQG�EXONLQJ�
�
7KH�FXUUHQW�VWDQGDUG�PHWKRGV�RI�PHDVXULQJ�VRLO�WRWDO�FDUERQ�DQG�QLWURJHQ��H�J��GU\�
FRPEXVWLRQ��GR�QRW�UHTXLUH�D�ODUJH�VDPSOH�VL]HV��E\�PDVV�RU�YROXPH���XVXDOO\�RQO\�DERXW�D�
µVSRRQ�IXOO¶�RI�VRLO�LV�VXIILFLHQW��+RZHYHU��WKHUH�DUH�VHYHUDO�UHDVRQV�ZK\�LW�LV�ERWK�QHFHVVDU\�
DQG�YLWDOO\�LPSRUWDQW�WKDW�PXFK�PRUH�WKDQ�D�µVSRRQ�IXOO¶�RI�VRLO�LV�FROOHFWHG������WKH�DUHD�DQG�
GHSWK�UDQJHV�EHLQJ�VDPSOHG�PXVW�EH�UHSUHVHQWHG�DGHTXDWHO\�WR�DFFRXQW�IRU�WKH�YDULDELOLW\�LQ�
VRLO�FDUERQ�FRQFHQWUDWLRQ�DQG�EXON�GHQVLW\������WR�SURYLGH�DQ�DGHTXDWH�DPRXQW�RI�PDWHULDO�WR�
DOORZ�IRU�WKH�PHDVXUHPHQW�RI�ERWK�VRLO�FDUERQ�FRQFHQWUDWLRQ�DQG�ZDWHU�FRQWHQW��DQG�����WKH�
QHHG�WR�DUFKLYH�WKH�UHPDLQLQJ�VRLO�PDWHULDO�IRU�IXWXUH�UHIHUHQFH��8OWLPDWHO\��WKH�DPRXQW�RI�
VRLO�PDWHULDO�FROOHFWHG�IURP�D�JLYHQ�GHSWK�UDQJH��H�J��������P��ZLWKLQ�D�SORW��SDGGRFN��RU�IDUP�
ZLOO�GHSHQG�RQ�WKH�VDPSOH�FROOHFWLRQ�DSSURDFK�XVHG�DQG�WKH�QXPEHU�RI�SRLQWV�VSDWLDOO\�DW�
ZKLFK�LQGLYLGXDO�RU�FRPSRVLWH��EXONHG��VDPSOHV�DUH�FROOHFWHG��7KH�ODWWHU�ZLOO�EH�GHWHUPLQHG�
E\�WKH�VDPSOLQJ�GHVLJQ�DGRSWHG�DQG�WKH�IRUPHU�LQIOXHQFHG�E\�WKH�QDWXUH�RI�WKH�VRLOV�WR�EH�
VDPSOHG��
�
'DYLV�HW�DO���������HVWLPDWHG�WKDW�DSSUR[LPDWHO\����NJ�RI�VRLO�ZRXOG�EH�FROOHFWHG�IRU�HDFK�
&06�SORW�LI�WKH�VRLO�ZDV�VDPSOHG�WR���P�GHSWK�XVLQJ�WKH�FRPELQDWLRQ�RI�VPDOO�GLDPHWHU�WXEH�
DQG�YROXPHWULF�FRUH�VDPSOLQJ�DSSURDFKHV�UHFRPPHQGHG�IRU�WKRVH�SORWV��$�WRWDO�PDVV�RI����
NJ�RI�VRLO�SHU�SORW�ZDV�HVWLPDWHG�LI�VDPSOHV�ZHUH�FROOHFWHG�RQO\�WR�D�GHSWK�RI�����P��&OHDUO\��
EXONLQJ�E\�GHSWK�DQG�VXE�VDPSOLQJ�LQ�WKH�ILHOG�PD\�EH�QHFHVVDU\�IRU�ORJLVWLFDO�UHDVRQV�LI�
VDPSOLQJ�WR���P�GHSWK�DQG�ZKHUH�DQ�DVVHVVPHQW�RI�ZLWKLQ�SORW�YDULDELOLW\�LV�QRW�UHTXLUHG��,Q�
WKLV�FDVH��'DYLV�HW�DO���������VXJJHVW�WKDW�LV�SUHIHUDEOH�WR�EXON�DQG�VXE�VDPSOH�WR�UHGXFH�WKH�
VDPSOH�VL]H�WR�EH�FDUULHG�UDWKHU�WKDQ�DWWHPSW�WR�UHGXFH�WKH�VDPSOH�VL]H�FROOHFWHG�E\�XVLQJ�
VPDOOHU�GLDPHWHU�VDPSOLQJ�ULQJV�RU�WXEHV�DV�WKLV�PD\�UHGXFH�WKH�SUHFLVLRQ�RI�WKH�PHDQ�
HVWLPDWHV��+RZHYHU��WKH�VRLO�PXVW�EH�DGHTXDWHO\�GU\�DQG�IULDEOH�WR�HQDEOH�WKH�EXONHG�VDPSOHV�
WR�EH�WKRURXJKO\�PL[HG�SULRU�WR�VXE�VDPSOLQJ�DQG�LW�LV�HVVHQWLDO�WKDW�ERWK�WKH�WRWDO�DQG�VXE�
VDPSOH�ZHLJKWV�DUH�UHFRUGHG��7KH�EHQHILWV�RI�EXONLQJ�DQG�VXE�VDPSOLQJ�DUH�QRW�MXVW�UHVWULFWHG�
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WR�VROYLQJ�ORJLVWLFDO�SUREOHPV�DV�EXONLQJ�FDQ�VLJQLILFDQWO\�UHGXFH�WKH�QXPEHU�RI�VDPSOHV�WR�EH�
DQDO\VHG��DQG�UHGXFH�WKH�DVVRFLDWHG�FRVWV��ZLWKRXW�D�UHGXFWLRQ�LQ�WKH�SUHFLVLRQ�RI�PHDQ�
HVWLPDWHV��)RU�WKLV�UHDVRQ��VRPH�UHVHDUFKHUV��5XDUN�DQG�=DUQRFK�������%OXPILHOG�HW�DO��������
YLHZ�VDPSOH�EXONLQJ�DV�D�VROXWLRQ�WR�WKH�SUREOHP�RI�H[FHVVLYHO\�ODUJH�VDPSOH�QXPEHUV�WKDW�
PD\�EH�UHTXLUHG�WR�DFFRXQW�IRU�VRLO�FDUERQ�YDULDELOLW\��
�
������ 3UHSDUDWLRQ��DQDO\VLV�RI�VDPSOHV�DQG�ODERUDWRU\�FXUUHQW�EHVW�SUDFWLFH�
�
7KLV�VHFWLRQ�RXWOLQHV�WKH�FXUUHQW�EHVW�SUDFWLFH�LQ�WHUPV�RI�WKH�VDPSOH�SUHSDUDWLRQ�DQG�
DQDO\WLFDO�SURFHGXUHV�XVHG�IRU�WKH�DVVHVVPHQW�RI�FDUERQ�VWRFNV�LQ�IRUHVW�VRLOV��6RPH�
PHWKRGRORJLFDO�LVVXHV�DUH�DOVR�UDLVHG�IRU�FRQVLGHUDWLRQ��
�
3URFHGXUHV�IRU�WKH�SUHSDUDWLRQ�RI�IRUHVW�IORRU�VDPSOHV�GLIIHU�VRPHZKDW�IURP�WKRVH�IRU�PLQHUDO�
VRLOV�DQG�VR�WKHVH�DUH�DGGUHVVHG�VHSDUDWHO\�EHORZ��7KH�SURFHGXUHV�GHVFULEHG�KHUH�DUH�
JHQHUDOO\�FRQVLVWHQW�ZLWK�WKRVH�JLYHQ�LQ�'DYLV�HW�DO����������
�
)RUHVW�IORRU�VDPSOH�SUHSDUDWLRQ�
�
)RUHVW�IORRU�VDPSOHV��ZKLFK�XVXDOO\�UHSUHVHQW�ILQH�ZRRG\�GHEULV�DQG�/�DQG�)+�KRUL]RQV��DUH�
VRUWHG�WR�UHPRYH�DQ\�OLYH�URRWV��LI�SUHVHQW���7KH�GHDG�RUJDQLF�PDWHULDOV�DUH�RYHQ�GULHG��DW�
���&��WR�FRQVWDQW�PDVV�DQG�ZHLJKHG��7KH�VDPSOHV�DUH�WKHQ�FKLSSHG��LI�QHFHVVDU\��DQG�JURXQG�
DQG�D�VXE�VDPSOH�LV�WDNHQ�IRU�FDUERQ�DQG�QLWURJHQ�DQDO\VLV��7KH�UHPDLQLQJ�VDPSOH�LV�
DUFKLYHG��
�
0LQHUDO�VRLO�VDPSOH�SUHSDUDWLRQ�
�
0LQHUDO�VRLO�VDPSOHV�FROOHFWHG�QRQ�YROXPHWULFDOO\�IRU�WRWDO�FDUERQ�DQG�QLWURJHQ�DQDO\VLV�DUH�
DLU�GULHG��DW������&��WR�FRQVWDQW�PDVV��SDVVHG�WKURXJK�D���PP�VLHYH��DQG�D�UHSUHVHQWDWLYH�VXE�
VDPSOH�RI�WKH�ILQH������PP��IUDFWLRQ�PDWHULDO�LV�UHPRYHG�DQG�ILQH�JURXQG�IRU�WRWDO�FDUERQ�DQG�
QLWURJHQ�GHWHUPLQDWLRQ��$�IXUWKHU�VXE�VDPSOH��RU�WKH�UHPDLQGHU�RI�WKH�VDPSOH��LV�DUFKLYHG��
7KH�FRDUVH��!���PP��IUDFWLRQ�LV�VRUWHG�LQWR�LWV�JUDYHO��OLYH�URRWV��DQG�GHDG�RUJDQLF�PDWHULDO�
FRPSRQHQWV��$�VXE�VDPSOH�RI�WKH�GHDG�RUJDQLF�PDWHULDOV�PD\�EH�WDNHQ�IRU�GHWHUPLQDWLRQ�RI�
FDUERQ�DQG�QLWURJHQ�FRQFHQWUDWLRQ�DIWHU�EHLQJ�RYHQ�GULHG��DW����&��WR�FRQVWDQW�PDVV�DQG�ILQH�
JURXQG��,I�UHTXLUHG��IRU�DQ�DVVHVVPHQW�RI�FRDUVH�IUDFWLRQ�FDUERQ�VWRFNV�LQ��IRU�H[DPSOH��
YHVLFXODU�JUDYHOV���WKH�JUDYHO�FRPSRQHQW�PD\�EH�DOVR�EH�ILQH�JURXQG�DQG�D�UHSUHVHQWDWLYH�
VXE�VDPSOH�WDNHQ�IRU�FDUERQ�DQG�QLWURJHQ�DQDO\VLV��DQG�WKH�UHPDLQGHU�DUFKLYHG���
�
:KHUH�YROXPHWULF�FRUH�RU�TXDQWLWDWLYH�SLW�VDPSOLQJ�DORQH�KDV�EHHQ�XVHG�IRU�WKH�FROOHFWLRQ�RI�
PLQHUDO�VRLO�VDPSOHV��LW�LV�QHFHVVDU\�WR�PHDVXUH�ERWK�WRWDO�FDUERQ�DQG�ZDWHU�FRQWHQW��IRU�EXON�
GHQVLW\�DVVHVVPHQW��RQ�WKH�VDPH�VDPSOH��,Q�ZKLFK�FDVH��WKH�VDPSOH�SUHSDUDWLRQ�SURFHGXUH�LV�
VOLJKWO\�GLIIHUHQW��$LU�GULHG�VDPSOHV�DUH�SDVVHG�WKURXJK�D���PP�VLHYH�DQG�WKH�ILQH�IUDFWLRQ�LV�
WKHQ�ZHLJKHG��KRPRJHQLVHG��DQG�VSOLW�LQ�KDOI�ZLWK�RQH�KDOI�XVHG�IRU�WRWDO�FDUERQ�DQG�QLWURJHQ�
DQDO\VLV�DQG�WKH�RWKHU�KDOI�ZHLJKHG�DQG�RYHQ�GULHG��DW�����&��WR�FRQVWDQW�PDVV�IRU�WKH�
PHDVXUHPHQW�RI�PRLVWXUH�FRQWHQW��E\�PDVV�GLIIHUHQFH���7KH�ZDWHU�FRQWHQW�IDFWRU��DLU�GULHG�
PDVV�RYHQ�GULHG�PDVV��%ODNHPRUH�HW�DO��������FDQ�WKHQ�EH�DSSOLHG�WR�WKH�DLU�GULHG�PDVV�RI�WKH�
ZKROH�VDPSOH�WR�JLYH�WKH�WRWDO�RYHQ�GULHG�PDVV��7RWDO�RYHQ�GULHG�PDVV�GLYLGHG�E\�WKH�RULJLQDO�
YROXPH�RI�WKH�VDPSOH�JLYHV�WKH�GU\�EXON�GHQVLW\��$V�GHVFULEHG�DERYH��WKH�FRDUVH�IUDFWLRQ�LV�
VRUWHG�LQWR�LWV�JUDYHO��OLYH�URRWV��DQG�GHDG�RUJDQLF�PDWHULDO�FRPSRQHQWV��7KH�DLU�GULHG�PDVV�RI�
WKH�JUDYHO�LV�UHFRUGHG��DQG�WKH�GHDG�RUJDQLF�PDWHULDOV�DUH�RYHQ�GULHG��DW����&��WR�FRQVWDQW�
PDVV�DQG�WKH�ZHLJKW�UHFRUGHG��$�VXE�VDPSOH�RI�WKH�GHDG�RUJDQLF�PDWHULDOV�PD\�EH�WDNHQ�IRU�
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GHWHUPLQDWLRQ�RI�FDUERQ�DQG�QLWURJHQ�FRQFHQWUDWLRQ��,I�D�IXOO�DVVHVVPHQW�RI�FRDUVH�IUDFWLRQ�
FDUERQ�VWRFNV�LV�UHTXLUHG��WKH�JUDYHO�FRPSRQHQW�PD\�EH�DOVR�VSOLW�ZLWK�KDOI�ILQH�JURXQG�DQG�
XVHG�IRU�FDUERQ�DQG�QLWURJHQ�GHWHUPLQDWLRQ��DQG�WKH�RWKHU�KDOI�ZHLJKHG�SULRU�WR�EHLQJ�RYHQ�
GULHG��DW�����&��IRU�WKH�DVVHVVPHQW�RI�ZDWHU�FRQWHQW��
�
,I�VPDOO�GLDPHWHU�WXEH�VDPSOLQJ�KDV�EHHQ�XVHG��VHSDUDWH�YROXPHWULF�VDPSOHV�IRU�EXON�GHQVLW\�
DVVHVVPHQW�ZRXOG�KDYH�EHHQ�FROOHFWHG�DQG�VR�WKH�IXOO�ILQH�IUDFWLRQ�RI�WKHVH�VDPSOHV�FDQ�EH�
RYHQ�GULHG�DIWHU�WKH�DLU�GU\�PDVV�KDV�EHHQ�UHFRUGHG��6RUWLQJ�DQG�WUHDWPHQW�RI�WKH�FRDUVH�
IUDFWLRQ�FRPSRQHQWV�ZRXOG�QHHG�WR�SURFHHG�DV�GHVFULEHG�DERYH��
�
������ $QDO\VLV�RI�FDUERQ�DQG�QLWURJHQ�FRQFHQWUDWLRQV�
�
0HWKRGV�IRU�PHDVXULQJ�FDUERQ�FRQFHQWUDWLRQ�LQ�VRLOV�KDYH�EHHQ�GLVFXVVHG�HDUOLHU��)RU�VRLOV�
ZLWK�QR�LQRUJDQLF�FDUERQ��WRWDO�FDUERQ�LV�HTXLYDOHQW�WR�RUJDQLF�FDUERQ��7KH�ORVV�RQ�LJQLWLRQ�
WHFKQLTXH�SURYLGHV�D�PHDVXUH�RI�RUJDQLF�PDWWHU�FRQWHQW�UDWKHU�WKDQ�FDUERQ��7KHUHIRUH��DQ�
DGMXVWPHQW�IDFWRU�DSSURSULDWH�IRU�WKH�VRLO�LQ�TXHVWLRQ��XVXDOO\�DERXW������PXVW�EH�DSSOLHG�WR�
FDOFXODWH�FDUERQ�FRQFHQWUDWLRQ��%KDWWL�	�%DXHU�������3DOPHU��������
�
&XUUHQW�SUDFWLFH�IRU�1HZ�=HDODQG�IRUHVW�VRLOV�LV�WR�DQDO\VH�WRWDO�FDUERQ�DQG�QLWURJHQ�
FRQFHQWUDWLRQ�XVLQJ�WKH�GU\�FRPEXVWLRQ�PHWKRG�XVLQJ�D�WKHUPDO�FRPEXVWLRQ�IXUQDFH��/(&2�
&16�������PRGLILHG�'XPDV�PHWKRG��IRU�LQYHQWRU\�DQG�H[SHULPHQWDO�SXUSRVHV��.RZDOHQNR�
�������FRQFOXGHG�WKDW�WKH�/(&2�&16������LQVWUXPHQW�SURYLGHG�D�JRRG�WR�H[FHOOHQW�PHDVXUH�
RI�VRLO�WRWDO�FDUERQ��
�
������ 0HWKRGRORJLFDO�LVVXHV�WR�EH�FRQVLGHUHG�
�
,Q�D�UHFHQW�UHSRUW��-RQHV�HW�DO���������OLVWHG�WKH�GHYHORSPHQW�RI�FRQVLVWHQW�PHWKRGV�DQG�
SURWRFROV�IRU�WKH�PHDVXUHPHQW�RI�VRLO�FDUERQ�VWRFNV�DFURVV�DOO�ODQG�XVHV�DV�D�NH\�UHVHDUFK�
SULRULW\�EHFDXVH�WKH�LQYHVWLJDWLRQ�RI�ODQG�XVH�FKDQJH�HIIHFWV�PD\�EH�KDPSHUHG�LI�VRPH�
SRWHQWLDO�GLIIHUHQFHV�LQ�WKH�QDWXUH�RI�VRLO�VDPSOHV�FROOHFWHG�XQGHU�GLIIHUHQW�ODQG�XVHV�DUH�QRW�
FRQVLGHUHG�DQG�FRQVLVWHQF\�HQVXUHG��
�
$QDO\VLV�RI�WKH�PLQHUDO�VRLO�FRDUVH�IUDFWLRQ�
�
,W�LV�VWDQGDUG�SUDFWLFH�LQ�1HZ�=HDODQG�WR�GHWHUPLQH�PLQHUDO�VRLO�FDUERQ�VWRFNV�RQ�WKH�ILQH����
��PP��IUDFWLRQ�RQO\��ZLWK�WKH�FRDUVH��!���PP��IUDFWLRQ�GLVFDUGHG��+RZHYHU��WKHUH�LV�VRPH�
HYLGHQFH�LQ�WKH�IRUHVW�VRLO�OLWHUDWXUH��ERWK�LQWHUQDWLRQDO�DQG�ORFDO��WR�VXJJHVW�WKDW�WKH�FRDUVH�
IUDFWLRQ�RI�VRPH�IRUHVW�VRLOV�FDQ�FRQWDLQ�D�VXEVWDQWLDO�SURSRUWLRQ�RI�WKH�ZKROH�VRLO�FDUERQ�
VWRFN��+DUULVRQ�HW�DO��������+RPDQQ�HW�DO��������-RQHV�HW�DO���������,Q�D�1HZ�=HDODQG�IRUHVW�
VWXG\��-RQHV�HW�DO���������IRXQG�WKDW�����RI�WKH�WRWDO�PLQHUDO�VRLO�FDUERQ�VWRFN�ZDV�FRQWDLQHG�
LQ�WKH�FRDUVH�IUDFWLRQ�RI�D�SODQWDWLRQ�IRUHVW�VRLO�IRUPHG�LQ�D�KLJKO\�YHVLFXODU�SDUHQW�PDWHULDO�
�7DUDZHUD�VFRULD���,W�DSSHDUV�WKDW�PXFK�RI�WKH�FRDUVH�IUDFWLRQ�FDUERQ�VWRFN�IRXQG�LQ�WKLV�VRLO�
FDQ�EH�DWWULEXWHG�WR�WKH�ILQH�IUDFWLRQ�PDWHULDO�FRDWLQJ�WKH�YHVLFOHV�RI�WKH�VFRULD�JUDYHO��
1HYHUWKHOHVV��LW�FRXOG�EH�DUJXHG�WKDW�LJQRULQJ�WKH�FDUERQ�VWRFN�FRQWDLQHG�LQ�WKH�FRDUVH�
IUDFWLRQ�RI�WKLV�VRLO�ZRXOG�OHDG�WR�WKH�XQGHUHVWLPDWLRQ�RI�WKH�FDUERQ�LW�DFWXDOO\�FRQWDLQV��
)XUWKHUPRUH��RWKHU�IRUHVW�VRLOV�WKDW�GR�QRW�FRQWDLQ�SDUWLFXODUO\�YHVLFXODU�SDUHQW�PDWHULDOV�EXW�
ZKLFK�KDYH�EHHQ�GLVWXUEHG�E\�PDQDJHPHQW�DFWLYLW\��RU�FRQYHUVLRQ�WR�JUDVVODQG��PD\�KDYH�
FRDUVH��DQG�ILQH��RUJDQLF�IUDJPHQWV�LQFRUSRUDWHG�LQWR�WKH�VXUIDFH�PLQHUDO�VRLO��,I�WKHVH�VRLOV�
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DUH�VDPSOHG�VRRQ�DIWHU�WKH�LQFRUSRUDWLRQ�RI�WKH�RUJDQLF�IUDJPHQWV�RFFXUUHG�WKHQ��DFFRUGLQJ�WR�
VWDQGDUG�SUDFWLFH��WKRVH�IUDJPHQWV�WKDW�DUH�!���PP�LQ�VL]H�ZRXOG�EH�VLHYHG�RXW�DQG�GLVFDUGHG�
�L�H��H[FOXGHG�IURP�WKH�DQDO\VLV��EXW�LI�VDPSOHG�VRPH�\HDUV�IROORZLQJ�LQFRUSRUDWLRQ��WKH�
GHFRPSRVLQJ�IUDJPHQWV�DUH�OLNHO\�WR�SDVV�WKURXJK�WKH�VLHYH�DQG�EH�PHDVXUHG�DV�SDUW�RI�WKH�
ILQH�IUDFWLRQ�VRLO�FDUERQ�VWRFN��,W�LV�VXJJHVWHG�WKDW�FRQVLGHUDWLRQ�EH�JLYHQ�WR�WKH�GHYHORSPHQW�
RI�FRQVLVWHQW�SURWRFROV�IRU�WKH�WUHDWPHQW�RI�WKH�PLQHUDO�VRLO�FRDUVH�IUDFWLRQ�ZLWK�UHVSHFW�WR�WKH�
DVVHVVPHQW�RI�VRLO�FDUERQ�VWRFNV��
�
2WKHU�SRWHQWLDO�LVVXHV�
�
2WKHU�SRWHQWLDO�PHWKRGRORJLFDO�LVVXHV�WKDW�PD\�UHTXLUH�VRPH�FRQVLGHUDWLRQ�LQ�WHUPV�RI�
DFKLHYLQJ�FRQVLVWHQF\�DFURVV�ODQG�XVHV�LQFOXGH������WKH�LQIOXHQFH�RI�YHU\�ILQH��IRUPHUO\�OLYH��
SDVWXUH�URRWV�RU�URRW�IUDJPHQWV�SDVVLQJ�WKURXJK���PP��RU�FRDUVHU��VLHYHV�DQG�EHLQJ�
LQFRUSRUDWHG�LQWR�VDPSOHV�IRU�FDUERQ�DQDO\VLV�RQ�FDUERQ�VWRFNV��*LYHQ�WKDW�VRLOV�XQGHU�
JUDVVODQG�DUH�OLNHO\�WR�FRQWDLQ�PDQ\�PRUH�YHU\�ILQH�URRWV�SHU�XQLW�YROXPH�WKDQ�VRLOV�XQGHU�
IRUHVW��WKLV�PD\�EH�DQ�LVVXH�ZKHQ�LQYHVWLJDWLQJ�WKH�HIIHFWV�RI�DIIRUHVWDWLRQ�RQ�VRLO�FDUERQ�
VWRFNV�DQG�����WKH�HIIHFW�RI��DQG�QHHG�IRU��ILQH�JULQGLQJ�RI�VDPSOHV�SULRU�WR�DQDO\VLV�XVLQJ�GU\�
FRPEXVWLRQ��
�
���� &DOFXODWLRQV�RI�FDUERQ�VWRFNV�
������ &XUUHQW�EHVW�SUDFWLFH�
�
6RPH�LQWHUQDWLRQDO��UHJLRQDO�VFDOH�VWXGLHV�KDYH�HVWLPDWHG�EXON�GHQVLW\�IURP�UHJUHVVLRQ�
UHODWLRQVKLSV�EHWZHHQ�WRWDO�FDUERQ�FRQWHQW�DQG�D�VPDOO�VHW�RI�EXON�GHQVLW\�PHDVXUHPHQWV�
�%HOODP\�HW�DO���������:KLOH�WKHVH�UHJUHVVLRQV�DUH�SRVVLEOH��WKH\�KDYH�EHHQ�VWURQJO\�FULWLFLVHG�
�6PLWK�HW�DO��������DQG�WKH\�FDQ�EH�SDUWLFXODUO\�ZHDN�IRU�VRLOV�ZLWK�KLJK�RUJDQLF�PDWWHU�
FRQWHQW��'LUHFW�PHDVXUHPHQW�RI�EXON�GHQVLW\�DUH�HVVHQWLDO�WR�GHWHUPLQH�VRLO�FDUERQ�VWRFNV�IRU�
QDWLRQDO�DFFRXQWLQJ�SXUSRVHV�XQWLO�VXFK�D�WLPH�WKDW�D�SHGR�WUDQVIHU�IXQFWLRQ�V��FDQ�EH�VKRZQ�
WR�EH�UREXVW�DFURVV�D�ZLGH�UDQJH�RI�VRLOV�DQG�ODQG�XVHV��
�
7KH�FDOFXODWLRQ�RI�FDUERQ�VWRFNV�RQ�D�PDVV�SHU�XQLW�DUHD�EDVLV�LQ�IRUHVW�IORRU�KRUL]RQV�LV�
VWUDLJKWIRUZDUG�DQG�VLPSO\�LQYROYHV�PXOWLSO\LQJ�WKH�PDVV�RI�WKH�PDWHULDO�FROOHFWHG�IURP�
ZLWKLQ�D�NQRZQ�JURXQG�DUHD�E\�WKH�FDUERQ�FRQFHQWUDWLRQ�RI�WKDW�PDWHULDO��WKHQ�VFDOHG�
VSDWLDOO\��&DOFXODWLRQ�RI�ILQH�IUDFWLRQ�FDUERQ�VWRFNV�RI�IL[HG�PLQHUDO�VRLO�GHSWK�UDQJHV�VKRXOG�
DOVR�EH�VWUDLJKWIRUZDUG�LQ�PRVW�FDVHV��)RU�YROXPHWULF�FRUH�RU�TXDQWLWDWLYH�SLW�VDPSOLQJ�ZKHUH�
WKH�YROXPH�IURP�ZKLFK�WKH�VDPSOH�LV�WDNHQ�LV�ZHOO�GHILQHG��WKH�ILQH�IUDFWLRQ�FDUERQ�VWRFN�FDQ�
VLPSO\�EH�FDOFXODWHG�IURP�WKH�PDVV�RI�WKH�ILQH�IUDFWLRQ�FROOHFWHG�IURP�ZLWKLQ�D�NQRZQ�DUHD�
DQG�D�NQRZQ�GHSWK�UDQJH�PXOWLSOLHG�E\�WKH�FDUERQ�FRQFHQWUDWLRQ�RI�WKH�ILQH�IUDFWLRQ��WKHQ�
VFDOHG�VSDWLDOO\��7KLV�VLPSOH�FDOFXODWLRQ�ZRXOG�DOVR�DSSO\�LQ�WKH�FDVH�RI�QRQ�YROXPHWULF�
VDPSOLQJ��H�J��VPDOO�GLDPHWHU�WXEH�VDPSOLQJ��SURYLGHG�GHGLFDWHG�YROXPHWULF�VDPSOHV�DUH�DOVR�
WDNHQ�WR�GHWHUPLQH�WKH�GHQVLW\�RI�WKH�ILQH�IUDFWLRQ�IRU�WKH�FRUUHVSRQGLQJ�GHSWK�UDQJHV��
�
(TXDWLRQV�IRU�HVWLPDWLQJ�ILQH�IUDFWLRQ�VRLO�FDUERQ�VWRFN�FDOFXODWLRQ�DUH�DYDLODEOH�LQ�WKH�
OLWHUDWXUH��+XQWLQJWRQ�HW�DO��������3DOPHU�������EXW�WKHVH�VHHP�XQQHFHVVDULO\�FRPSOH[�LQ�WKDW�
WKH\�WHQG�WR�LQFOXGH�DQ�DGMXVWPHQW�IRU�WKH�YROXPH�RI�JUDYHO��7KLV�FRUUHFWLRQ�VKRXOG�QRW�EH�
QHFHVVDU\�SURYLGHG�WKH�YROXPHWULF�VDPSOH�FROOHFWHG�UHSUHVHQWV�WKH�EXON�VRLO�DQG�WKH�PDVV�RI�
WKH�ILQH�IUDFWLRQ�FRQWDLQHG�ZLWKLQ�WKH�NQRZQ�VDPSOH�YROXPH�LV�PHDVXUHG��7KH�XVH�RI�YROXPH�
HVWLPDWHV�RU�URFN�GHQVLW\�DVVXPSWLRQV��RU�ERWK��LV�OLNHO\�WR�LQWURGXFH�XQQHFHVVDU\�HUURU�LQ�WR�
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WKH�FDUERQ�VWRFN�DVVHVVPHQW��7KHUHIRUH��LW�LV�VXJJHVWHG�WKDW�WKLV�DSSURDFK�RQO\�EH�XVHG�ZKHUH�
WKHUH�LV�QR�DOWHUQDWLYH��L�H��VRLO�GHQVLW\�ZDV�QRW�VDPSOHG�RU�PHDVXUHG�DGHTXDWHO\���$GHTXDWH�
QXPEHUV�RI�YROXPHWULF�VDPSOHV�VKRXOG�EH�WDNHQ�WR�GHWHUPLQH�WKH�GHQVLW\�RI�WKH�ILQH�IUDFWLRQ�
�RU�FRDUVH�IUDFWLRQ�LI�UHTXLUHG��LQ�DOO�QHZ�VDPSOLQJ�SURJUDPPHV�IRU�VRLO�FDUERQ�VWRFN�
DVVHVVPHQW��,I�WKH�JUDYHO�FRQWHQW�RI�WKH�VRLO�LV�WRR�JUHDW�IRU�YROXPHWULF�FRUH�VDPSOLQJ�WKHQ�WKH�
TXDQWLWDWLYH�SLW�DSSURDFK�VKRXOG�EH�XVHG��
�
,W�LV�LPSRUWDQW�WR�QRWH�WKDW�VORSH�VWHHSQHVV�VKRXOG�DOVR�EH�IDFWRUHG�LQWR�WKH�FDOFXODWLRQ�RI�VRLO�
FDUERQ�VWRFNV��-RQHV��������7KH�H[SUHVVLRQ�RI�VRLO�FDUERQ�VWRFNV�RQ�D�PDVV�SHU�XQLW�DUHD�
EDVLV�DVVXPHV�WKDW�WKH�ODQG�VXUIDFH�LV�IODW��L�H��WKH�DUHD�RI�D�SODQDU�VXUIDFH�LV�UHSUHVHQWHG��
ZKHUHDV�VRLO�VDPSOHV�DUH�WDNHQ�SHUSHQGLFXODU�WR�WKH�JURXQG�VXUIDFH��:KHUH�VDPSOHV�DUH�
FROOHFWHG�RQ�VORSLQJ�ODQG��WKH�KRUL]RQWDO�SURMHFWLRQ�RI�WKH�VDPSOH�FROOHFWLRQ�DUHD�WR�D�SODQDU�
VXUIDFH�ZRXOG�UHVXOW�LQ�DQ�HIIHFWLYH�UHGXFWLRQ�LQ�WKH�VL]H�RI�WKH�VXUIDFH�DUHD�VDPSOHG��%DVLF�
JHRPHWU\�FDQ�EH�XVHG�WR�DGMXVW�WKH�VXUIDFH�DUHD�RI�YROXPHWULF�VDPSOHV�E\�WKH�VWHHSQHVV�VORSH�
WR�JLYH�WKH�WUXH��VPDOOHU��SODQDU�VDPSOLQJ�DUHD��7KLV�FRUUHFWLRQ�KDV�WKH�HIIHFW�RI�VOLJKWO\�
LQFUHDVLQJ�WKH�FDOFXODWHG�VRLO�FDUERQ�VWRFN��7KH�VWHHSHU�WKH�VORSH��WKH�JUHDWHU�WKH�FRUUHFWLRQ�
UHTXLUHG��
�
������ )L[HG�YROXPH�DQG�HTXLYDOHQW�PDVV�PHWKRGRORJLHV�
�
0RVW�PHDVXUHPHQWV�RI�VRLO�FDUERQ�DUH�H[SUHVVHG�RQ�D���GU\�PDVV�EDVLV��PDVV�RI�FDUERQ�PDVV�
RI�RYHQ�GU\�VRLO�î������DQG�FRQYHUWHG�WR�DQ�DUHD�EDVLV�IRU�D�IL[HG�GHSWK�RI�VDPSOLQJ��L�H��
IL[HG�YROXPH�RI�VRLO��RU�IRU�HTXLYDOHQW�PDVV�RI�VRLO��0HDVXUHPHQWV�RI�EXON�GHQVLW\�DUH�
HVVHQWLDO�IRU�GHWHUPLQLQJ�VRLO�FDUERQ�VWRFN�RQ�DQ�DHULDO�EDVLV��UHJDUGOHVV�RI�ZKHWKHU�VWRFNV�DUH�
H[SUHVVHG�RQ�YROXPHWULF�EDVLV�WR�D�IL[HG�GHSWK��H�J��0J�&�KD�LQ�WKH�XSSHU�����P�GHSWK��RU�RQ�
DQ�HTXLYDOHQW�PDVV�EDVLV��H�J��0J�&�KD�LQ�WKH�XSSHU�������0J�RI�GU\�VRLO����
�
&RPSDULVRQV�RI�VRLO�FDUERQ�VWRFNV�IRU�SXUSRVHV�RI�PHDVXULQJ�FKDQJHV�RU�TXDQWLI\LQJ�WKH�
HIILFDF\�RI�PLWLJDWLRQ�RSWLRQV�DVVXPH�WKDW�WKH�FDUERQ�VWRFN�PHDVXUHPHQWV�DUH�EDVHG�RQ�WKH�
VDPH�PDVV�RI�VRLO��7KLV�DVVXPSWLRQ�LV�JHQHUDOO\�YDOLG�ZKHUH�EXON�GHQVLW\�KDV�UHPDLQHG�
FRQVWDQW�ZLWK�WLPH�RU�DFURVV�YDULRXV�PLWLJDWLRQ�SUDFWLFHV��:KHUH�WKH�FRQVWDQW�EXON�GHQVLW\�
DVVXPSWLRQ�KROGV��IL[HG�GHSWK�VDPSOLQJ�SURYLGHV�D�FRQYHQLHQW�DQG�SUDFWLFDO�PHDQV�RI�
PHDVXULQJ�VRLO�FDUERQ�VWRFNV��+RZHYHU��ZKHUH�EXON�GHQVLW\�KDV�FKDQJHG�RYHU�WLPH�RU�XQGHU�
GLIIHUHQW�PDQDJHPHQW�SUDFWLFHV�RZLQJ�WR�WKH�HIIHFWV�RI�VRLO�GLVWXUEDQFH��H�J��VRLO�WLOODJH��VXE�
VRLOLQJ��VWRFN�WUHDGLQJ��ZKHHO�WUDIILF��HWF���RU�FRQVROLGDWLRQ��H�J��ORVV�RI�VWUXFWXUH��LW�LV�
LPSRUWDQW�WR�DSSUDLVH�DQ\�GLIIHUHQFHV�LQ�VRLO�FDUERQ�VWRFNV�RQ�WKH�EDVLV�RI�WKH�VDPH�PDVV�RI�
VRLO��,W�LV�LPSRUWDQW�WR�QRWH�WKDW�UHODWLYHO\�VPDOO�GLIIHUHQFHV�LQ�EXON�GHQVLW\�FDQ�UHVXOW�LQ�
UHODWLYHO\�ODUJH�GLIIHUHQFHV�LQ�HVWLPDWHV�RI�VRLO�FDUERQ�VWRFNV��,Q�ERWK�FDVHV��LW�LV�LPSRUWDQW�WR�
HQVXUH�WKDW�WKH�GHSWK�RI�VRLO�VDPSOLQJ�H[FHHGV�WKH�GHSWK�RI�VRLO�GLVWXUEDQFH�DQG�LQFOXGHV�WKH�
]RQH�RI�GRPLQDQW�SODQW�RU�PDQDJHPHQW�LQIOXHQFH�RQ�VRLO�FDUERQ�VWRFNV��&XUUHQW�LQWHUQDWLRQDO�
VWDQGDUG�SURWRFROV�IRFXV�RQ�VDPSOLQJ�WR�D�GHSWK�RI�����P��
�
$UHDO�HVWLPDWHV�RI�VRLO�FDUERQ�VWRFNV�XVLQJ�EXON�GHQVLW\�FRUUHFWLRQV�RU�HTXLYDOHQW�VRLO�PDVV�
VDPSOLQJ�EHFRPH�PRUH�FRQVLVWHQW�DV�WKH�VDPSOLQJ�GHSWK�EHFRPH�JUHDWHU��7KLV�LV�EHFDXVH�VRLO�
FDUERQ�FRQFHQWUDWLRQ�GHFOLQHV�ZLWK�GHSWK�DQG�FKDQJHV�LQ�VRLO�PDVV�SHU�XQLW�GHSWK�DUH�JUHDWHVW�
DW�WKH�VXUIDFH���
�
,Q�FDVHV�ZKHUH�VLJQLILFDQW�VRLO�GLVWXUEDQFH�LV�NQRZQ�WR�KDYH�RFFXUUHG�DQG�VDPSOLQJ�LV�
UHODWLYHO\�VKDOORZ��L�H��ZLWKLQ�WKH�GLVWXUEHG�]RQH��HTXLYDOHQW�PDVV�VDPSOLQJ�LV�UHFRPPHQGHG���
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�
:KHQ�VLWHV�DUH�UH�VDPSOHG��FKDQJHV�LQ�VRLO�EXON�GHQVLW\�VKRXOG�EH�FKHFNHG�ZKHUHYHU�SRVVLEOH���
������ ,VVXHV�ZLWK�GLVWXUEHG�RU�FXOWLYDWHG�VRLOV�
�
)RUHVW�VRLO�FXOWLYDWLRQ�SUDFWLFHV�JHQHUDOO\�RQO\�GLVWXUE�D�SURSRUWLRQ��DERXW�����LQ�VRPH�
FDVHV��RI�WKH�WRWDO�DUHD�RI�ODQG�XQGHU�FXOWLYDWLRQ��-RQHV��������7KH�GLVWXUEHG�DUHDV�DUH�XVXDOO\�
FRPSULVHG�RI�GLVFUHWH�DQG�ZHOO�GHILQHG�GLVWXUEDQFH�IHDWXUHV�WKDW�FRQIRUP�WR�UHJXODU�SDWWHUQV�
�H�J��VSRW�PRXQGV�DQG�DVVRFLDWHG�KROORZV�DOLJQHG�LQ�URZV���7KH�IDFW�WKDW�RQO\�D�SURSRUWLRQ�RI�
WKH�ODQG�DUHD�XQGHU�WKLV�W\SH�RI�PDQDJHPHQW�LV�DFWXDOO\�GLVWXUEHG�PXVW�EH�WDNHQ�LQWR�DFFRXQW�
LQ�WKH�DVVHVVPHQW�RI�VRLO�FDUERQ�VWRFN�FKDQJH��7KHUHIRUH��DQ�DUHD�DGMXVWHG�DSSURDFK�WKDW�
FRPSDUHV�SUH�FXOWLYDWLRQ�VWRFNV�ZLWK�SRVW�FXOWLYDWLRQ�VWRFNV�RYHU�WKH�HQWLUH�VLWH�LV�UHTXLUHG���
�
7KH�DUHD�DGMXVWHG�DSSURDFK�UHTXLUHV�TXDQWLWDWLYH�LQIRUPDWLRQ�UHODWLQJ�WR�WKH�SURSRUWLRQ�RI�D�
JLYHQ�ODQG�DUHD��RQ�WKH�KRUL]RQWDO�SODQH��RFFXSLHG�E\�HDFK�LGHQWLILHG�GLVWXUEDQFH�IHDWXUH��7KH�
DUHD�RI�XQGLVWXUEHG�VRLO�FDQ�EH�REWDLQHG�E\�GLIIHUHQFH��,W�PXVW�EH�DVVXPHG�WKDW�VWRFNV�
PHDVXUHG�LQ�XQGLVWXUEHG�VRLO�DUH�UHSUHVHQWDWLYH�RI�DQG�HTXLYDOHQW�WR�WKH�SUH�FXOWLYDWLRQ�VWRFNV�
DFURVV�WKH�ZKROH�DUHD�LQ�TXHVWLRQ��7KH�VWRFNV�RI�HDFK�GLVWXUEDQFH�IHDWXUH�DQG�XQGLVWXUEHG�VRLO�
FDQ�WKHQ�VFDOHG�E\�WKH�UHODWLYH�SURSRUWLRQ�RI�WKH�WRWDO�DUHD�HDFK�RFFXSLHG�DQG�WKH�VXP�RI�WKHVH�
µDUHD�DGMXVWHG¶�VWRFNV�LV�WDNHQ�DV�WKH�WRWDO�SRVW�FXOWLYDWLRQ�VWRFN�IRU�WKH�DUHD�LQ�TXHVWLRQ��7KH�
GLIIHUHQFH�EHWZHHQ�WKH�SUH��DQG�SRVW�FXOWLYDWLRQ�VWRFNV�JLYHV�WKH�PDJQLWXGH�DQG�GLUHFWLRQ�RI�
FKDQJH��-RQHV��������
�
���� 8QFHUWDLQW\�LQ�GHWHFWLQJ�FKDQJHV�LQ�VRLO�FDUERQ�XVLQJ�VRLO�FRUHV�
�
,Q�WKLV�VHFWLRQ�ZH�SUHVHQW�WZR�FRPSOHPHQWDU\�DSSURDFKHV�WR�HVWLPDWLQJ�XQFHUWDLQW\��7KH�ILUVW�
DSSURDFK�VXPPDULVHV�PHWKRGV�WR�GHWHUPLQH�HUURUV�DVVRFLDWHG�ZLWK�VLWH�VHOHFWLRQ��VDPSOLQJ�
DQG�PHDVXUHPHQW�DQG�WKHQ�SURYLGHV�DOJRULWKPV�WR�DVVHVV�FKDQJHV�LQ�VRLO�FDUERQ�VWRFNV�DQG�
WKHLU�VWDQGDUG�HUURUV��7KH�VHFRQG�DSSURDFK�XVHV�H[DPSOH�GDWD�VHWV�WR�HVWLPDWH�WKH�QXPEHU�RI�
VDPSOHV�UHTXLUHG�WR�FRQILUP�D�PLQLPXP�VWDWLVWLFDOO\�GHWHFWDEOH�FKDQJH�LQ�VRLO�FDUERQ�VWRFNV��
�
�
������ 6RXUFH�DQG�VL]H�RI�XQFHUWDLQW\�LQ�PHDVXULQJ�FKDQJHV�LQ�VRLO�FDUERQ�VWRFNV�
�
7KLV�VHFWLRQ�LGHQWLILHV�WKH�HUURUV�DVVRFLDWHG�ZLWK�WKH�HVWLPDWLRQ�RI�FKDQJHV�LQ�VRLO�FDUERQ�
VWRFNV��7KH�ILUVW�SDUW�SURYLGHV�D�PHWKRG�IRU�GHWHUPLQLQJ�D�FRPSRXQG�HUURU�WHUP�DVVRFLDWHG�
ZLWK��L��VLWH�VHOHFWLRQ���LL��VDPSOLQJ�DQG��LLL��PHDVXUHPHQW��7KH�ODVW�SDUW�SURYLGHV�D�VHULHV�RI�
DOJRULWKPV�IRU�DVVHVVLQJ�FKDQJH�LQ�WKH�VRLO�FDUERQ�VWRFN�DQG�WKH�VWDQGDUG�HUURU�RI�WKH�FKDQJH��
7KLV�SURYLGHV�DQ�DVVHVVPHQW�RI�XQFHUWDLQW\�DQG�UHSURGXFLELOLW\�RI�WKH�VRLO�FDUERQ�VWRFN�
FKDQJH��IROORZLQJ�WKH�SURFHGXUH�RI�6WROERYR\�HW�DO����������
�
*RLGWV�HW�DO���������FRQFOXGH�WKDW�WUXH�XQFHUWDLQWLHV�LQ�VRLO�RUJDQLF�FDUERQ�VWRFN�DVVHVVPHQWV�
DUH�TXDQWLILHG�UDUHO\�HYHQ�WKRXJK�WKH\�DUH�FULWLFDO�LQ�GHWHUPLQLQJ�WKH�UHVXOW�DQG�UHOLDELOLW\�RI�
FDUERQ�PRQLWRULQJ�VFKHPHV��7KH�DXWKRUV�GHVFULEH�D�PHWKRG�WR�LGHQWLI\�DQG�TXDQWLI\�WKH�
XQFHUWDLQW\�LQ�VRLO�RUJDQLF�FDUERQ�VWRFN�DVVHVVPHQWV�IRU�GLIIHUHQW�VFDOHV�DQG�VSDWLDO�ODQGVFDSH�
XQLWV��/68��XQGHU�DJULFXOWXUH��7KH\�FRQVLGHU�WKH�UHODWLYH�HUURU�DQG�LQWHUDFWLRQV�EHWZHHQ�HDFK�
YDULDEOH�LQ�WKH�FDOFXODWLRQ�RI�D�VRLO�FDUERQ�VWRFN��VDPSOLQJ�GHSWK��EXON�GHQVLW\��URFN�IUDJPHQW�
FRQWHQW��VRLO�RUJDQLF�FDUERQ�FRQFHQWUDWLRQ���DV�ZHOO�DV�LQWHUDFWLRQV�ZLWK�HUURUV�DV�WKH�VWRFN�LV�
FDOFXODWHG�DW�GLIIHUHQW�VFDOHV��IURP�VDPSOH�VFDOH��VRLO�VDPSOH���WR�PLFURVLWH�VFDOH����WR���
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VDPSOHV�ZLWKLQ�D�FLUFOH�RI���P�UDGLXV���ILHOG�VFDOH��VDPSOHV�IURP�WKH�UH�VDPSOLQJ�ZLWKLQ�WKH�
VDPH�ILHOG���ODQGVFDSH�VFDOH��VDPSOHV�IURP�DOO�VRLO�SURILOHV�EHORQJLQJ�WR�RQH�/68���DQG�
ILQDOO\�WKH�PRVW�DJJUHJDWHG�OHYHO��UHJLRQDO�VFDOH��VDPSOHV�IURP�DOO�/68�LQ�WKH�FDUERQ�
PRQLWRULQJ�VFKHPH���7KH�DXWKRUV�XVH�GDWD�IURP����JHR�UHIHUHQFHG�VRLO�SURILOHV�UH�VDPSOHG����
\HDUV�DIWHU�DQ�LQLWLDO�VDPSOLQJ�LQ����/68V�FKDUDFWHULVHG�E\�ODQG�XVH��UHJLRQ�DQG�VRLO�W\SH��LQ�
%HOJLXP��7KH�PHDQ�DQG�HUURU�LQ�HDFK�YDULDEOH�ZDV�FDOFXODWHG��7KH�LQWHUDFWLRQ�RI�WKH�HUURUV�LQ�
WKH�FDOFXODWLRQ�WKDW�FUHDWH�XQFHUWDLQW\�LQ�VRLO�RUJDQLF�FDUERQ�VWRFNV�ZDV�DEOH�WR�EH�SURSDJDWHG�
E\�WZR�GLIIHUHQW�PHWKRGV��L��WKH�0RQWH�&DUOR�VLPXODWLRQ�PHWKRG��0&���ZKLFK�JHQHUDWHG�
QXPHURXV�VRLO�RUJDQLF�FDUERQ�VWRFNV�XVLQJ�UDQGRP�YDOXHV�IRU�HDFK�LQGLYLGXDO�YDULDEOH�
�VWRFKDVWLF�DSSURDFK��DQG�LL��µWKH�VWDWLVWLFDO�GLIIHUHQWLDOV�PHWKRG¶��RU�WKH�µ¶δ�PHWKRG¶���ZKLFK�
JDYH�D�JHQHUDO�HTXDWLRQ�IRU�WKH�HUURU�SURSDJDWLRQ��GHWHUPLQLVWLF�DSSURDFK����
�
%RWK�PHWKRGV�SURGXFHG�VLPLODU�UHVXOWV�IRU�WKH�YDULDWLRQ�LQ�HVWLPDWHV�RI�VRLO�RUJDQLF�FDUERQ�
VWRFNV��7KH�FRHIILFLHQW�RI�YDULDWLRQ�RI�WKH�VRLO�RUJDQLF�FDUERQ�LQFUHDVHG�IURP����WR�����DW�
WKH�VDPSOH�DQDO\VLV�VFDOH��DQG�IURP�����WR�����DW�WKH�ODQGVFDSH�VFDOH��7KLV�XQFHUWDLQW\�
DQDO\VLV�LGHQWLILHG�PHDVXUHPHQW�HUURUV�WKDW�FRXOG�EH�UHGXFHG�E\�FKDQJHV�LQ�SUDFWLFH�RU�VLPSO\�
E\�UHZRUNLQJ�WKH�GDWD��)RU�H[DPSOH�WKHUH�ZDV�D�ODUJH�HUURU�DVVRFLDWHG�ZLWK�UH�VDPSOLQJ�RI�WKH�
VLWHV��!���P�DSDUW���7KLV�UH�VDPSOLQJ��ZKLFK�LV�HTXLYDOHQW�WR�FUHDWLQJ�D�QHZ�VDPSOLQJ�SORW�LQ�
WKH�1HZ�=HDODQG�&DUERQ�0RQLWRULQJ�6FKHPH��KDG�D�URRW�PHDQ�VWDQGDUG�HUURU�RI�����IRU�
FURSODQG��DQG�����IRU�JUDVVODQG��ZKHQ�WKH�ILUVW�DQG�VHFRQG�VDPSOLQJV�ZHUH�FRPSDUHG��7KH�
DXWKRUV�ZHUH�DEOH�WR�VKRZ�WKDW�LI�WKH�VRLO�RUJDQLF�FDUERQ�VWRFN�ZDV�UH�FDOFXODWHG�RQ�WKH�
HTXLYDOHQW�PDVV�RI�VRLO�LQ�HDFK�SURILOH�UDWKHU�WKDQ�VRLO�GHSWK��WKHQ�WKH�URRW�PHDQ�VWDQGDUG�
HUURU�IRU�SUHGLFWLQJ�VRLO�RUJDQLF�FDUERQ�DW�D�QHZ�VLWH�FRXOG�EH�UHGXFHG�E\�������
�
*RLGWV�HW�DO���������SURYLGH�H[DPSOHV�RI�KRZ�HUURUV�FDQ�EH�UHGXFHG�LQ�WKH�VRLO�RUJDQLF�FDUERQ�
DQDO\VLV�VWHS��DQG�LQ�WKH�EXON�GHQVLW\�PHDVXUHPHQW�VWHS��'LIIHUHQW�PHWKRGV�IRU�VRLO�RUJDQLF�
FDUERQ�DQDO\VLV�KDYH�GLIIHUHQW�SUHFLVLRQ��*RLGWV�HW�DO���������UHSRUW�WKDW�SUHFLVLRQ��FRHIILFLHQW�
RI�YDULDWLRQ��&9��RI�VXFK�DQDO\WLFDO�PHWKRGV�FRXOG�UDQJH�IURP�����WR�������IRU�WKH�ORVV�RQ�
LJQLWLRQ�PHWKRG��/2,���IURP�����WR������IRU�WKH�:DONOH\±%ODFN�PHWKRG��:%���DQG�IURP�����
WR������IRU�GU\�FRPEXVWLRQ��*RLGWV�HW�DO���������,W�LV�REYLRXVO\�SUHIHUDEOH�WR�XVH�WKH�PHWKRG�
ZLWK�WKH�ORZHVW�&9�IRU�VDPSOH�DQDO\VLV��7KH�/DQGFDUH�5HVHDUFK�(QYLURQPHQWDO�&KHPLVWU\�
/DERUDWRU\�UHSRUWV�D�&9�RI������IRU�WKH�µ/(&2¶�GU\�FRPEXVWLRQ�GHWHUPLQDWLRQ�IRU�FDUERQ�
FRQWHQW��/��+LOO��SHUV��FRPP����ZKLFK�LV�FRQVLVWHQW�ZLWK�KLJK�SUHFLVLRQ���
�
6SDWLDO�HUURUV�LQ�EXON�GHQVLW\�PHDVXUHPHQW�DUH�RIWHQ�QRW�FRQVLGHUHG�LQ�VDPSOLQJ�VWUDWHJLHV�
DOWKRXJK�LW�LV�LPSRUWDQW�WR�PHDVXUH�EXON�GHQVLW\��'��ZLWK�HDFK�VRLO�RUJDQLF�FDUERQ�
GHWHUPLQDWLRQ��*RLGWV�HW�DO���������IRXQG�QHJOLJLEOH�HUURU��&9�RI�������LQ�'�DW�WKH�UHSOLFDWHG�
VDPSOH�VFDOH�EXW�WKH�&9�LQFUHDVHG�WR�����DW�VLWH�DQG�ILHOG�VFDOHV��DQG�WR�����LI�WKH�VRLOV�ZHUH�
VWRQ\��%RXFQHDX�HW�DO���������DQG�'H�9RV�HW�DO���������VKRZHG�WKDW�LQGLUHFW�HVWLPDWLRQ�RI�'�
EDVHG�RQ�SHGRWUDQVIHU�IXQFWLRQV�FDQ�OHDG�WR�HUURUV�IURP����XS�WR�����RI�WKH�VRLO�RUJDQLF�
FDUERQ�VWRFN��
�
7KH�VWRQH�FRQWHQW�RU�FRDUVH�IUDJPHQW��I�LQ�(T�����DOVR�FRQWULEXWHV�D�VPDOO�HUURU�DW�WKH�VDPSOH�
VFDOH�����WR������$W�WKH�VLWH�VFDOH�WKH�HUURU�LQFUHDVHV�WR�EHWZHHQ�����IRU�FURSODQG�DQG�����
IRU�SDVWXUH��*RLGWV�HW�DO���������7KLV�ZDV�SUHVXPDEO\�GXH�WR�OHVV�DQWKURSRJHQLF�PL[LQJ�LQ�WKH�
SDVWXUH�SURILOH���
�
,QWHQVLYH�PHDVXUHPHQW�RI�'�DQG�WKH�FRDUVH�IUDJPHQW�LV�SRVVLEOH�LQ�SDLUHG�VLWH�FRPSDULVRQV�
GHVLJQHG�WR�HVWLPDWH�FKDQJHV�LQ�VRLO�RUJDQLF�FDUERQ�VWRFN�ZLWK�ODQG�XVH��,QWHQVLYH�
PHDVXUHPHQW��KRZHYHU��LV�QRW�SRVVLEOH�ZLWK�UHJLRQDO�RU�QDWLRQDO�VRLO�RUJDQLF�FDUERQ�VWRFN�
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LQYHQWRULHV��$�FRPELQDWLRQ�RI�RWKHU�PRUH�HDVLO\�PHDVXUHG��H�J��SUR[LPDOO\�VHQVHG��FR�
YDULDWHV�VXFK�DV�SHQHWURPHWHU�UHDGLQJV��HOHFWULFDO�FRQGXFWLYLW\�DQG�VRLO�UHIOHFWDQFH�FRXOG�EH�
XVHG�WR�LPSURYH�WKH�DFFXUDF\�RI�SUHGLFWLRQ�RI�'�DQG�I�E\�SHGRWUDQVIHU�IXQFWLRQV��
�
7KH�FDOFXODWLRQ�PHWKRGV�VKRZQ�EHORZ�DUH�FRQVLVWHQW�ZLWK�VRLO�FDUERQ�PRQLWRULQJ�VFKHPHV�IRU�
ILHOG�VDPSOLQJ�FDPSDLJQV��H�J��1HZ�=HDODQG�6RLO�&DUERQ�0RQLWRULQJ�6FKHPH��'DYLV�HW�DO��
������*RLGWV�HW�DO���������FRPSOLDQW�ZLWK�WKH�VDPSOLQJ�VWUDWHJLHV�UHFRPPHQGHG�E\�,3&&��
�VHH��KWWS���ZZZ�LSFF��
QJJLS�LJHV�RU�MS�SXEOLF�JSJOXOXFI�JSJOXOXFIBILOHV�&KS��&KS�B�B3URMHFWV�SGI���
�
7KH�DOJRULWKPV�FDQ�EH�XVHG�WR�DVVHVV��L��VRLO�FDUERQ�VWRFNV���LL��FKDQJHV�LQ�VRLO�FDUERQ�VWRFNV��
�LLL��XQFHUWDLQW\�DQG��LY��UHSURGXFLELOLW\�RI�WKH�FKDQJH�LQ�RUJDQLF�FDUERQ�VWRFN�DQG�WKH�
VWDQGDUG�HUURU�RI�WKH�FKDQJH��6WROERYR\�HW�DO����������
�
6WHS����&DOFXODWLRQ�RI�VRLO�RUJDQLF�FDUERQ�GHQVLW\��6&'��IRU�WKH�VDPSOLQJ�VLWH��6&'VLWH���

� �������� � ����
�
ZKHUH��
�

�LV�WKH�VRLO�RUJDQLF�FDUERQ�FRQWHQW����PDVV�RU� �
�
EXON�GHQVLW\�LV�D�VRLO�EXON�GHQVLW\� �
�
GHSWK�LV�D�WKLFNQHVV�RI�WKH�VDPSOHG�OD\HU��GP���
�
IUDJ�LV�YROXPH�RI�FRDUVH�IUDJPHQWV�DV�SHUFHQWDJH�RI�PDVV��RU� �
�
7KH�6&'VLWH�SURYLGHV�DQ�DYHUDJH�YDOXH�IRU�WKH�VDPSOLQJ�VLWH��ZKLFK�LV�GHULYHG�IURP�WDNLQJ�D�FRPSRVLWH�VDPSOH�FRPELQLQJ�D�QXPEHU�RI�VXE�VDPSOHV���
�
�
6WHS����&DOFXODWLRQ�RI�PHDQ�VRLO�FDUERQ�GHQVLW\�IRU�WKH�SORW� �
�

� � � � � � � �������� � ����
�
ZKHUH��
�
6&'VLWH�LV�DV�LQGLFDWHG�LQ�(TXDWLRQ�����
Q�LV�D�QXPEHU�RI�VDPSOHG�VLWHV�ZLWKLQ�WKH�SORW���
�
�
6WHS����&DOFXODWLRQ�RI�UHIHUHQFH�VRLO�RUJDQLF�FDUERQ�VWRFN�IRU�WKH�SORW��62&UHIVWRFN���
�
62&UHIHUHQFH� � � � � � � � � ����������� � ����
�
ZKHUH��
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�
�LV�DV�LQGLFDWHG�LQ�(TXDWLRQ����

�
$S�LV�DQ�DUHD�RI�WKH�SORW���
�
6WHS����&DOFXODWLRQ�RI�FKDQJHV�LQ�VRLO�RUJDQLF�FDUERQ�VWRFN�IRU�SORW�� 62&VWRFN���

� � � � ����������� � ����
�
ZKHUH�
��
62&UHIVWRFN��LV�D�UHIHUHQFH�RUJDQLF�FDUERQ�VWRFN�DV�LQGLFDWHG�LQ�(TXDWLRQ����
62&QHZ��LV�D�QHZ�VRLO�RUJDQLF�FDUERQ�VWRFN��VHFRQG�VDPSOLQJ���ZKLFK�LV�FRPSXWHG�VLPLODUO\�WR�62&UHIHUHQFH���

�LV�WKH�FDUERQ�DSSOLHG�ZLWK�RUJDQLF�IHUWLOL]HUV���
�LV�WKH�FDUERQ�DSSOLHG�ZLWK�OLPH����

8QFHUWDLQW\��
�
7KH� XQFHUWDLQW\� RI� WKH� FKDQJHV� LQ� VRLO� RUJDQLF� FDUERQ� VWRFN� FDQ� EH� FKDUDFWHULVHG� E\� WKH�
VWDQGDUG�HUURU�RI�WKH�FKDQJH�YDOXH��FDOFXODWHG�DV�IROORZV���
�
�
6WHS����&DOFXODWLRQ�RI�VWDQGDUG�HUURU�IRU�PHDQ�VRLO�FDUERQ�GHQVLW\� ��
�

� � � � ����������� � ����
�
�
:KHUH�
�

�LV�D�FKDQJH�LQ�VRLO�RUJDQLF�FDUERQ�VWRFN�IRU�WKH�VDPSOLQJ�
VLWH�
�

�LV�WKH�DYHUDJH�RI� �IRU�WKH�SORW��
�
Q�LV�D�QXPEHU�RI�VDPSOLQJ�VLWHV�ZLWKLQ�WKH�SORW��
�
�
6WHS����&DOFXODWLRQ�RI�VWDQGDUG�HUURU�RI�WKH�FKDQJHV�RI�VRLO�RUJDQLF�FDUERQ�VWRFN�LQ�WKH�SORW��
�

��
�

� � � � � � � ����������� � ����
�
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ZKHUH�
��

��LV�DV�LQGLFDWHG�LQ�(TXDWLRQ���
�
�LV�WKH�DUHD�RI�WKH�SORW�

�
�
6WHS����7KH�VRLO�RUJDQLF�FDUERQ�VWRFN�DQG�LWV�VWDQGDUG�HUURU�LV��
�

� � � � � � � � � ����
�
([SUHVVLQJ�WKH�LQDFFXUDF\�RI�WKH�UHVXOW�LQ�WHUPV�RI�VWDQGDUG�HUURU�GRHV�QRW�UHTXLUH�QRUPDOLW\�
DVVXPSWLRQV�EXW�GRHV�QRW�JLYH�D�VSHFLILF�OHYHO�RI�FRQILGHQFH���
5HSURGXFLELOLW\��
�
5HSURGXFLELOLW\��53��LV�DVVHVVHG�E\�WZR�SDUDOOHO�VDPSOLQJV�XVLQJ�D�VKLIW�LQ�WKH�SRVLWLRQLQJ�RI�
WKH�VDPSOLQJ�VLWHV��3DUDOOHO�VDPSOLQJ�VLPXODWHV�DQ�HUURU�RI�WKH�DYHUDJH� �FRPLQJ�IURP�
WKH�PLVWDNH�RI�WKH�VDPSOLQJ�VLWH�SRVLWLRQLQJ��DQG�DVVHVVHV�DQ\�VKRUW�GLVWDQFH�YDULDWLRQ�RI�WKH�
VRLO�FKDUDFWHULVWLFV��6WROERYR\�HW�DO���������7KH�YDULDWLRQ�LQ�TXHVWLRQ�LV�VRLO�VSHFLILF�DQG�
WKHUHIRUH�LV�XQLTXH�IRU�HDFK�H[SHULPHQWDO�SORW��6WROERYR\�HW�DO���������DOVR�VXJJHVW�WKDW�WKLV�
YDULDWLRQ�LV�DWWULEXWHG�WR�FHUWDLQ�DJULFXOWXUDO�UHJLRQV�IRU�ZKLFK�VRLO�ODQG�FRYHU�FRPELQDWLRQ�LV�
FRPPRQ��7HFKQLFDOO\��WKH�GDWD�IRU�53�FDQ�EH�GHILQHG�DV�IROORZV��7KH�ILUVW�VDPSOLQJ�LV�
GHVFULEHG�DERYH��7KH�VHFRQG�VDPSOLQJ�VLWH�LV�ZLWKLQ�D�IHZ�PHWUHV��7KH�SURFHGXUH�RI�WKH�
VHFRQG�WLPH�HVWLPDWH�LV�VLPLODU�WR�WKDW�RI�WKH�ILUVW�RQH��$GGLWLRQDO�FRPSXWDWLRQDO�VWHSV�WR�
GHILQH�WKH�53�ZLOO�EH��6WROERYR\�HW�DO����������
�
�
6WHS����&DOFXODWLRQ�RI�WKH�GLIIHUHQFH��DEVROXWH��LQ�WKH�DYHUDJHV�EHWZHHQ�ILUVW�DQG�VHFRQG�
HVWLPDWHV�RI�WKH� ��
�

� � � � � � � � ����
�
:KHUH� �DQG�� �DUH�DYHUDJH�62&�VWRFNV�IRU�WKH�ILUVW�DQG�VHFRQG�VDPSOLQJV�
ZLWKLQ�JLYHQ�SORW��
�
�
6WHS����&DOFXODWLRQ�RI�WKH�UHSURGXFLELOLW\��53��RI�WKH�VDPSOLQJ�UHVXOWV�IRU�WKH�SORW�L���
�

� � � � � � � � � ����
�
:KHUH� �LV�JLYHQ�LQ�SHUFHQW��
�
,Q�VXPPDU\��WR�UHSRUW�UHJLRQDO�RU�QDWLRQDO�LQYHQWRULHV�RU�WR�GHWHFW�DQG�UHSRUW�ODQG�XVH�FKDQJH�
HIIHFWV��VRLO�FDUERQ�PRQLWRULQJ�V\VWHPV�UHTXLUH�VLPLODU�LQIRUPDWLRQ�EXW�GLIIHUHQW�DSSURDFKHV�
IRU�LPSURYLQJ�WKHLU�SUHFLVLRQ�DQG�DFFXUDF\��%RWK�DSSURDFKHV�UHTXLUH�WKH�VDPH�GHWDLOHG�
LQYHVWLJDWLRQ�LQWR�WKH�OHYHO�RI�XQFHUWDLQW\�WKDW�H[LVWV�LQ�DOO�YDULDEOHV�WKDW�DUH�XVHG�LQ�WKH�
FDOFXODWLRQ�RI�VRLO�FDUERQ�VWRFNV�DW�D�UDQJH�RI�VFDOHV��5HFHQW�(XURSHDQ�UHVHDUFK��*RLGWV�HW�DO��
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������6WROERYR\�HW�DO��������LQGLFDWHV�UHOHYDQW�PHWKRGRORJLHV�WKDW�VKRXOG�EH�LQYHVWLJDWHG�IRU�
XVH�LQ�1HZ�=HDODQG�IRU�LPSURYLQJ�WKH�SUHFLVLRQ�DQG�DFFXUDF\�RI�VRLO�FDUERQ�PRQLWRULQJ���
�
5HGXFWLRQ�RI�VDPSOLQJ�HUURU�
�
7KH�XQFHUWDLQW\�DQDO\VLV�RI�*RLGWV�HW�DO���������LQGLFDWHV�WKDW�HUURUV�RI�VRLO�RUJDQLF�FDUERQ�
PHDVXUHPHQW�DW�WKH�VDPSOH�VFDOH��ODERUDWRU\�GHWHUPLQDWLRQV��DQG�EXON�GHQVLW\�DUH�VPDOO�EXW�
UHTXLUH�YHU\�SUHFLVH�UHSURGXFLEOH�PHWKRGRORJ\�WR�PLQLPLVH�HUURU��/DUJHU�HUURUV�DUH�
HQFRXQWHUHG�ZLWK�UH�VDPSOLQJ��ZKHQ�ILHOG�VLWHV�ZLWK�VLPLODU�SURSHUWLHV�DUH�VRXJKW��DQG�WKHVH�
UHODWH�WR�FKDQJHV�LQ�VRLO�EXON�GHQVLW\����FRDUVH�IUDJPHQWV�DQG�KRUL]RQ�FKDQJHV�LQ�WKH�VRLO�
GHSWK�WR�EH�UH�VDPSOHG��7KH\�DOVR�UHODWH�WR�WKH�DELOLW\�WR�GHVFULEH��LQWHUSUHW�DQG�PDS�WKH�
LPSDFW�RI�SHGRJHQHVLV��ODQG�XVH�KLVWRU\�DQG�LQWHQVLW\�RI�PDQDJHPHQW�DW�WKH�VLWH��ILHOG�DQG�
UHJLRQDO�VFDOHV��:LWKLQ�1HZ�=HDODQG��DFFXUDWH�PDSV�VKRZLQJ�UHFRUGV�IRU�H[DPSOH�RI�FOLPDWH��
SHGRORJLFDO�GHVFULSWLRQ��HURVLRQ��IORRGLQJ��YROFDQLF�DFWLYLW\�DQG�DFFXUDWH�ORQJ�WHUP�UHFRUGV�RI�
ODQG�XVH��PDQDJHPHQW�DQG�SURGXFWLYLW\�DUH�HVVHQWLDO�IRU�WKLV�SXUSRVH���
�
5HGXFWLRQ�RI�HUURU�LQ�SDLUHG�VLWH�FRPSDULVRQV�
�
,W�LV�SRVVLEOH�WR�FRQFOXGH�IURP�WKH�ZRUN�RI�*RLGWV�HW�DO���������DQG�6WROERYR\�HW�DO���������
WKDW�WR�LPSURYH�WKH�SUHFLVLRQ�DQG�DFFXUDF\�RI�GHWHFWLQJ�ODQG�XVH�FKDQJH�HIIHFWV�DWWHQWLRQ�WR�
GHWDLO�KDV�WR�EH�JLYHQ�WR�VHOHFWLRQ�RI�SDLUHG�VLWHV��,QLWLDO�UHVHDUFK�VKRXOG�LQYHVW�KHDYLO\�LQ�
VKRZLQJ�WKDW�UH�VDPSOLQJ�DW�WKH�SORW�RU�ILHOG�VFDOH�OHDGV�WR�ORZ�HUURUV�LQ�WKH�GHWHUPLQDWLRQ�RI�
VRLO�FDUERQ�VWRFNV��7KLV�LQYROYHV�HQVXULQJ�WKDW�ZLWKLQ�VLWH�VDPSOLQJ�VWUDWHJLHV��VDPSOLQJ�JULG�
V\VWHP��HQFRPSDVV�DOO�ZLWKLQ�VLWH�YDULDELOLW\�DW�HDFK�VDPSOLQJ��6WROERYR\�HW�DO���������,QLWLDO�
VDPSOLQJ�VKRXOG�DOORZ�IRU�JHRVWDWLVWLFDO�DQDO\VLV�WR�EH�XVHG�WR�GHWHUPLQH�DSSURSULDWH�VSDFLQJ�
IRU�VDPSOLQJ�RI�DOO�PHDVXUHG�YDULDEOHV�DW�DOO�VFDOHV��$FURVV�VLWHV��SDLUHG�IRU�ODQG�XVH�FKDQJH��
LW�LV�UHFRPPHQGHG�WKDW�WKH�VLWH�SK\VLFDO�DQG�KLVWRULF�GDWD�DUH�HQWHUHG�LQWR�DQG�WHVWHG�DJDLQVW�D�
JHRVSDWLDO�GDWDEDVH�WKDW�LV�SRSXODWHG�ZLWK�WKH�DSSURSULDWH�LQIRUPDWLRQ��)LHOG�VFDOH�PDSSLQJ�RI�
FR�YDULDWHV�WKDW�FDQ�EH�SUR[LPDOO\�DQG�UHPRWHO\�VHQVHG�UDSLGO\��VXFK�DV�SHQHWURPHWHU�
UHDGLQJV��HOHFWULFDO�FRQGXFWLYLW\�DQG�VRLO�UHIOHFWDQFH��VKRXOG�EH�LQYHVWLJDWHG�DV�D�PHWKRG�IRU�
H[SHGLWLQJ�WKH�VHOHFWLRQ�RI�ODQGVFDSH�XQLWV�ZLWK�VLPLODU��IRU�XVH�DV�SDLUHG�VLWHV��DQG�GLIIHUHQW�
DWWULEXWHV��WR�DYRLG�LQFOXVLRQ�LQ�SDLUHG�VLWH�FRPSDULVRQV���
�
8QGHUVWDQGLQJ�XQFHUWDLQW\�LQ�QDWLRQDO�LQYHQWRU\�PRGHOV�
�
7KH�OHYHOV�RI�XQFHUWDLQW\�WKDW�H[LVW�LQ�WKH�FXUUHQW�PRGHO�IRU�HVWLPDWLQJ�QDWLRQDO�FDUERQ�VWRFNV�
QHHG�WR�EH�NQRZQ�LQ�RUGHU�WR�LPSURYH�WKH�V\VWHP�IRU�UHSRUWLQJ�1HZ�=HDODQG�VRLO�FDUERQ�
LQYHQWRULHV��$Q�XQFHUWDLQW\�DQDO\VLV�VKRXOG�EH�XQGHUWDNHQ�WR�LGHQWLI\�DQG�TXDQWLI\�WKH�
XQFHUWDLQW\�LQ�VRLO�RUJDQLF�VWRFN�DVVHVVPHQWV�DW�DOO�VFDOHV��*HRVSDWLDO�GDWD�XVHG�LQ�WKH�SDLUHG�
VLWH�FRPSDULVRQV�QHHGV�WR�EH�H[SDQGHG�DV�SDUW�RI�WKH�QDWLRQDO�ODQG�FRYHU�GDWD�OD\HUV��$Q�HUURU�
SURSDJDWLRQ�PHWKRG�VLPLODU�WR�WKDW�XVHG�E\�*RLGWV�HW�DO���������VKRXOG�EH�XVHG�WR�DVVHVV�DQG�
GLUHFW�DFWLYLW\�LQWR�LPSURYLQJ�WKH�QDWLRQDO�LQYHQWRU\�PRGHO��/HYHOV�RI�XQFHUWDLQW\�JHQHUDWHG�
E\�WKH�HUURU�SURSDJDWLRQ�PRGHO�ZLOO�LGHQWLI\�LWV�OLPLWDWLRQV�DQG�DW�ZKDW�VFDOHV�LW�VKRXOG�EH�
WHVWHG�IRU�YDOLGDWLRQ���
�
,Q�FRQFOXVLRQ��WKH�FRPSRXQG�HUURU�WHUP�LV�UDUHO\�IXOO\�GHWHUPLQHG��ZLWK�WKH�LQIRUPDWLRQ�
UHTXLUHG�WR�GR�WKH�DQDO\VLV�EHLQJ�ODUJHO\�XQDYDLODEOH��6HFWLRQ�������SURYLGHV�D�PHWKRG�WKDW�LV�
XVHG�PRUH�IUHTXHQWO\�WR�DVVHVV�WKH�QXPEHU�RI�VDPSOHV�UHTXLUHG�WR�FRQILUP�D�PLQLPXP�
GHWHFWDEOH�FKDQJH�VWDWLVWLFDOO\��+RZHYHU�LW�LV�LPSRUWDQW�WR�HPSKDVLVH�WKDW�WKLV�PHWKRG�LV�
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KDQGOLQJ�WKH�HUURU�WHUP�HQFDSVXODWHG�ZLWKLQ�WKH�VRLO�FDUERQ�VWRFN�FKDQJH�HVWLPDWH��)HZHU�
VDPSOHV�ZRXOG�EH�UHTXLUHG�LI�WKH�FRPSRXQG�HUURU�WHUP�FRXOG�EH�PLQLPLVHG�DV�D�ILUVW�VWHS�LQ�
WKLV�µHVWLPDWLRQ�RI�XQFHUWDLQW\¶�SURFHGXUH��
�
������ 'HWHUPLQDWLRQ�RI�VDPSOH�QXPEHU�IRU�DVVHVVPHQW�RI�PLQLPXP�GHWHFWDEOH�FKDQJH��
�
0LQLPXP�GHWHFWDEOH�FKDQJH�LQ�WKH�FDUERQ�VWRFNV�RI�IRUHVW�VRLOV�KDV�EHHQ�LQYHVWLJDWHG�LQ�
VHYHUDO�SXEOLVKHG�VWXGLHV��+RPDQQ�HW�DO���������DQG�+RPDQQ�HW�DO���������KDYH�LQYHVWLJDWHG�
PLQLPXP�GHWHFWDEOH�FKDQJH�RU�GLIIHUHQFHV�DVVRFLDWHG�ZLWK�IRUHVW�PDQDJHPHQW�WUHDWPHQWV�LQ�
ILHOG�H[SHULPHQWV��<DQDL�HW�DO���������XQGHUWRRN�SRZHU�DQDO\VHV�RI�SUHYLRXV�VWXGLHV�RI�IRUHVW�
IORRU�FDUERQ�VWRFN�FKDQJH�RYHU�WLPH�DQG�IRXQG�WKDW�WKH�VWXGLHV�UHYLHZHG�FRXOG�QRW�GHWHFW�
VLJQLILFDQW�FKDQJHV�OHVV�WKDQ����WR������FRQFOXGLQJ�WKDW�WKH�UH�PHDVXUHPHQW�RI�SORWV�RU�VLWHV�
DFURVV�WLPH�SHULRGV�SURYLGHV�JUHDWHU�VWDWLVWLFDO�SRZHU�LQ�WHUPV�RI�WKH�GHWHFWLRQ�RI�FKDQJHV�
WKDQ�WKH�PHDVXUHPHQW�RI�VSDWLDOO\�XQ�UHODWHG�VLWHV�DFURVV�WLPH�SHULRGV��
�
8VLQJ�FDVH�VWXG\�GDWD�IURP�1HZ�=HDODQG�VLWHV��WKH�REMHFWLYH�RI�WKH�DQDO\VLV�LQ�WKLV�UHSRUW�LV�WR�
HVWLPDWH�WKH�QXPEHU�RI�VDPSOHV�QHHGHG�WR�GHWHFW�D�WUXH�GLIIHUHQFH�LQ�D�FKDQJH�LQ�VRLO�FDUERQ�
VWRUDJH��7KH�SUREDELOLW\�RI�REWDLQLQJ�D�VLJQLILFDQW�UHVXOW��GHWHFWLRQ�RI�D�FKDQJH��GHSHQGV�RQ�
YDULDELOLW\�RI�WKH�GDWD��TXDQWLILHG�E\�WKH�VWDQGDUG�GHYLDWLRQV���VL]H�RI�WKH�FKDQJH�DQG�WKH�
QXPEHU�RI�VDPSOHV��WKH�QXPEHU�RI�VLWHV�DW�ZKLFK�VRLO�FDUERQ�VWRUDJH�KDV�EHHQ�GHWHUPLQHG���
7KXV��IRU�D�JLYHQ�VWDQGDUG�GHYLDWLRQ�DQG�QXPEHU�RI�VLWHV��DV�WKH�FKDQJH�LQ�VRLO�FDUERQ�VWRUDJH�
LQFUHDVHV��VR�GRHV�LWV�GHWHFWLRQ�SUREDELOLW\��)LJ������&RQVHTXHQWO\��HVWLPDWHV�RI�WKH�VWDQGDUG�
GHYLDWLRQ��QXPEHU�RI�VLWHV�DQG�SUREDELOLW\�PD\�EH�FRPELQHG�WR�HVWLPDWH�D�PLQLPXP�
GHWHFWDEOH�FKDQJH�LQ�VRLO�FDUERQ�VWRUDJH�DFFRUGLQJ�WR�ZKDW¶V�FDOOHG�SRZHU�DQDO\VLV��(VWLPDWHV�
RI�XQFHUWDLQW\�IRU�VRLO�FDUERQ�VWRUDJH�XVLQJ�SRZHU�DQDO\VLV�ZHUH�GHYHORSHG�E\�WKH�ODWH�*UHJ�
$UQROG��
�
7KH�SRZHU�RI�D�VWDWLVWLFDO�WHVW�LV�WKH�SUREDELOLW\�RI�FRUUHFWO\�UHMHFWLQJ�WKH�QXOO�K\SRWKHVLV�
ZKHQ�LW�LV�IDOVH��+HUH��WKH�QXOO�K\SRWKHVLV�LV�WKDW�VRLO�FDUERQ�VWRUDJH�KDG�QRW�FKDQJHG�IURP�WKH�
ILUVW�WR�WKH�VHFRQG�VDPSOLQJ�SHULRG��7KH�SUREDELOLW\�RI�UHMHFWLQJ�WKH�QXOO�K\SRWKHVLV�ZKHQ�LW�LV�
WUXH�LV�LQGLFDWHG�E\�D�VSHFLILHG�VLJQLILFDQFH�OHYHO��FRPPRQO\�����7KXV�����RI�WKH�WLPH��WKH�
WHVW�LV�H[SHFWHG�WR�HUURQHRXVO\�OHDG�XV�WR�FRQFOXGH�WKH�QXOO�K\SRWKHVLV�LV�IDOVH�ZKHQ�LW�LV�
DFWXDOO\�WUXH��7KHUH�LV�RQO\�D����FKDQFH�RI�FRPPLWWLQJ�WKLV�W\SH�RI�HUURU��VRPHWLPHV�FDOOHG�D�
IDOVH�SRVLWLYH��7KXV��WKLV�HUURU�PHDQV�WKHUH�ZDV�DFWXDOO\�QR�FKDQJH�LQ�VRLO�FDUERQ�VWRUDJH�RYHU�
WLPH�EXW�LW�LV�SRVVLEOH�WR�FRQFOXGH�ZURQJO\�WKDW�VRLO�FDUERQ�VWRUDJH�FKDQJHG�RYHU�WLPH�
DFFRUGLQJ�WR�D�VWDWLVWLFDO�WHVW�RI�WKH�GDWD�IURP�UHSHDWHG�VDPSOLQJ��7KH�HUURU�PD\�EH�UHGXFHG�
E\�LQFUHDVLQJ�WKH�VDPSOH�VL]H��
�
7KH�SRZHU�RI�D�VWDWLVWLFDO�WHVW�PD\�DOVR�EH�FRQVLGHUHG�WKH�SUREDELOLW\�RI�REWDLQLQJ�D�
VWDWLVWLFDOO\�VLJQLILFDQW�UHVXOW��GHWHFWLRQ�RI�D�FKDQJH��IURP�WKH�GDWD�JHQHUDWHG�E\�D�
FRPSDUDWLYH�H[SHULPHQW��SHUIRUPHG�RQ�UDQGRP�VDPSOHV�IURP�WKH�SRSXODWLRQ�V��RI�LQWHUHVW��
3RZHU�DQDO\VLV�EHJLQV�E\�VSHFLI\LQJ�D�GLIIHUHQFH�WKDW�QHHGV�WR�EH�GHWHFWHG�E\�UHSHDWHG�
VDPSOLQJ��:LWK�WKLV��WKHUH�QHHGV�WR�EH�DQ�DVVRFLDWHG�HVWLPDWH�RI�WKH�VWDQGDUG�GHYLDWLRQ�DQG�WKH�
VLJQLILFDQFH�OHYHO�DQG�SRZHU�VSHFLILHG��:LWK�WKHVH�GDWD��WKH�UHTXLUHG�QXPEHU�RI�VDPSOLQJ�
VLWHV�PD\�EH�HVWLPDWHG��$�WZR�VLGHG�K\SRWKHVLV�WHVW�LV�DSSURSULDWH�EHFDXVH�VRLO�FDUERQ�VWRUDJH�
IURP�WKH�VHFRQG�VDPSOLQJ�PD\�EH�JUHDWHU�RU�OHVV�WKDQ�WKDW�RI�WKH�ILUVW�VDPSOLQJ�DV�ZHOO�DV�
XQFKDQJHG��WKH�QXOO�K\SRWKHVLV���
�
$Q�LQLWLDO�DQDO\VLV�E\�*UHJ�$UQROG�ZDV�XQGHUWDNHQ�WR�HVWLPDWH�XQFHUWDLQW\�LQ�GDWD�RQ�FKDQJHV�
LQ�FDUERQ�VWRFNV�LQ�JUD]HG�GDLU\�IDUP�DW����VLWHV�LQ�WKH�1RUWK�,VODQG�DV�SXEOLVKHG�E\�6FKLSSHU�
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HW�DO����������$�SRZHU�DQDO\VLV�ZDV�SHUIRUPHG�WR�GHWHUPLQH�VDPSOH�QXPEHUV�QHHGHG�WR�KDYH�
����FRQILGHQFH�RI�GHWHFWLQJ�D�UHDO�GLIIHUHQFH�LQ�FDUERQ�VWRUDJH�RYHU�D�SHULRG�RI��������\HDUV�
�PHDQ���VWDQGDUG�GHYLDWLRQ��DW�WKH����OHYHO�RI�VLJQLILFDQFH��,Q�WKLV�VWXG\��WKH�DYHUDJH�ORVV�RI�
FDUERQ�EHWZHHQ�WZR�VDPSOLQJV�ZDV�����NJ�&�P���FDOFXODWHG�IURP����VLWHV��7KH�VWDQGDUG�
GHYLDWLRQ�RI�WKHVH����FKDQJHV�ZDV�����NJ�&�P���7KH�VDPSOH�VL]HV�UHTXLUHG�WR�GHWHFW�D�UDQJH�RI�
GLIIHUHQFHV�XVLQJ�VWDQGDUGV�GHYLDWLRQV�RI�EHWZHHQ���DQG���NJ�&�P��LV�VKRZQ�LQ�)LJ�����:LWK�D�
VWDQGDUG�GHYLDWLRQ�RI����D�VDPSOH�RI����LV�UHTXLUHG�IRU�����FHUWDLQW\�RI�VKRZLQJ�D�GLIIHUHQFH�
RI���NJ�&�P��WR�EH�VLJQLILFDQW��)RU�DQ�����FKDQFH�RI�D�WUXH�GLIIHUHQFH�RI���NJ�&�P��EHLQJ�
VLJQLILFDQW�WKH�FDOFXODWLRQ�PXVW�DOORZ�VRPH�OHHZD\�IRU�WKH�SDUWLFXODU�VDPSOH�VHOHFWHG�WR�KDYH�
D�GLIIHUHQFH�VPDOOHU�WKDQ����RU�VWDQGDUG�GHYLDWLRQ�ODUJHU�WKDQ����,Q�IDFW�D�GLIIHUHQFH�RI�����
NJ�P��ZDV�VLJQLILFDQW�ZLWK�D�VDPSOH�RI�����+RZHYHU��WKH�����NJ�P��FRXOG�KDYH�EHHQ�D�ORZ�
HVWLPDWH�ZKHQ�WKH�WUXH�GHFUHDVH�ZDV�����NJ�P��RU�D�KLJK�HVWLPDWH�ZKHQ�WKH�WUXH�GHFUHDVH�ZDV�
����NJ�P���$�VDPSOH�RI����ZRXOG�KDYH�HQVXUHG�D�VLJQLILFDQW�GLIIHUHQFH�HYHQ�LI�WKH�VDPSOH�RI�
���KDG�JLYHQ�DQ�HVWLPDWH�RI�OHVV�WKDQ���NJ�P���
�
$V�PRUH�GHWDLOHG�DQDO\VHV�DUH�SHUIRUPHG��H�J��ZLWKLQ�D�ODQG�XVH��VRLO�RUGHU�RU�ODQG�IRUP�
FRPELQDWLRQ��WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�DPRXQW�RI�FKDQJH�LV�OLNHO\�WR�EH�ORZHU��
&RQVHTXHQWO\��WKH�QXPEHU�RI�SURILOHV�WKDW�QHHG�WR�EH�VDPSOHG�ZLOO�GHFOLQH�WR�FRUUHFWO\�
LGHQWLI\�D�WUXH�FKDQJH��ORVV�RU�JDLQ��LQ�VRLO�FDUERQ��
�
)RU�D�PRUH�GHWDLOHG�DQDO\VLV��WKH�XVH�RI�SRZHU�DQDO\VLV�KDV�EHHQ�UHYLVLWHG�XVLQJ�WKUHH�FDVH�
VWXGLHV�SUHVHQWLQJ�GDWD�IURP���
•� 1RUWK�,VODQG�GDLU\�IDUPV��SXEOLVKHG�E\�6FKLSSHU�HW�DO��������
•� ODQG�XVH�FKDQJH�IURP�GU\�VWRFN�SDVWXUH�WR�DUDEOH�FURSSLQJ��GDWD�IURP�3ODQW�	�)RRG�

5HVHDUFK��
•� ODQG�XVH�FKDQJH�IURP�SDVWXUH�WR�SODQWDWLRQ�IRUHVWU\��GDWD�FROODWHG�E\�6FLRQ����
�
1RUWK�,VODQG�GDLU\�IDUPV�
�
$�VXEVHW�RI�WKH�GDWD�IURP�1RUWK�,VODQG�GDLU\�IDUPV��6FKLSSHU�HW�DO��������FRQVLVWHG�RI�VRLO�
WKDW�ZDV�VDPSOHG�UHSHDWHGO\�DW����IDUPV�RU�VLWHV�RYHU�D�SHULRG�RI��������\HDUV��PHDQ���
VWDQGDUG�GHYLDWLRQ��7DEOH�����7KH�VLWHV�ZHUH�YLUWXDOO\�LGHQWLFDO�IRU�HDFK�VDPSOLQJ�EHFDXVH�WKH�
WZR�H[FDYDWLRQ�SLWV�KDG�EHHQ�OLWHUDOO\�VLGH�E\�VLGH�DW�HDFK�VLWH��7KH�SLWV�ZHUH�JHQHUDOO\�
VDPSOHG�WR�D�GHSWK�RI�DERXW���P��
�
7ZR�GHWHUPLQDWLRQV�RI�VRLO�FDUERQ�VWRUDJH��WKH�FKDQJH�LQ�VRLO�FDUERQ�VWRUDJH�DQG�WLPH�HODSVHG�
EHWZHHQ�WKH�UHSHDWHG�VDPSOHV�DUH�OLVWHG�LQ�7DEOH����)URP�WKHVH�GDWD��WKH�PHDQ�FKDQJH�LQ�VRLO�
FDUERQ�VWRUDJH�ZDV������������NJ�&�P���PHDQ���VWDQGDUG�GHYLDWLRQ���7KH�QHJDWLYH�VLJQ�
LQGLFDWHV�WKDW�KHUH�ZDV�D�QHW�ORVV�RI�VRLO�FDUERQ�RYHU�WKH�WLPH�SHULRG��6WDUWLQJ�ZLWK�WKH�QXOO�
K\SRWKHVLV�WKDW�WKH�FKDQJH�LQ�VRLO�FDUERQ�VWRUDJH�ZDV�]HUR��D�WZR�WDLOHG�WHVW�IRU�VLJQLILFDQW�
GLIIHUHQFH�EHWZHHQ�WKH�K\SRWKHVLVHG�PHDQ�RI�]HUR�DQG�WKH�PHDQ�ORVV�LQ�VRLO�FDUERQ�VWRUDJH�RI�
����NJ�&�P��ZDV�XQGHUWDNHQ��$�W�YDOXH�IURP�WKLV�PHDQ�DQG�WKH�VWDQGDUG�HUURU�LV�������)RU�D�
SUREDELOLW\�RI�����WKH�FULWLFDO�W�YDOXH�IRU�D�WZR�WDLOHG�WHVW�LV�������7KH�FRPSXWHG�DEVROXWH�
YDOXH�RI�W�LV�OHVV�WKDQ�WKH�FULWLFDO�YDOXH��VR�WKH�QXOO�K\SRWKHVLV�LV�QRW�UHMHFWHG�EHFDXVH�WKH�
SUREDELOLW\�LV�!����)RU�D�SUREDELOLW\�RI������WKH�FULWLFDO�W�YDOXH�IRU�D�WZR�WDLOHG�WHVW�LV�������
7KH�FRPSXWHG�DEVROXWH�YDOXH�RI�W�LV�JUHDWHU�WKDQ�WKH�FULWLFDO�YDOXH��VR�WKH�QXOO�K\SRWKHVLV�LV�
UHMHFWHG�EHFDXVH�WKH�SUREDELOLW\�LV�!�����7KLV�PHDQV�ZH�FDQ�EH�����FHUWDLQ�WKH�VRLO�FDUERQ�
VWRUDJH�GHFOLQHG�VLJQLILFDQWO\�RYHU�WKH��������\HDU�SHULRG�EHWZHHQ�VDPSOLQJV��
�



���

/DQGFDUH�5HVHDUFK�

��� ��� ��� ��� ��� ��� ��� ���

�
��

��
�

��
�

��
�

&KDQJH�WR�EH�GHWHFWHG

6D
PS

OH�
VL]

H
6'� ��

6'� ��

�
�
)LJ����6DPSOH�VL]HV�QHHGHG�WR�EH�DEOH�WR�GHWHFW�D�JLYHQ�FKDQJH�LQ�VRLO�FDUERQ�VWRFN��7KH�
KRUL]RQWDO�D[LV�UHIHUV�WR�D�FKDQJH�LQ�VRLO�FDUERQ�VWRFN��NJ�P���DQG�6'�UHIHUV�WR�VWDQGDUG�
GHYLDWLRQ��
�
)URP�WKH�HDUOLHU�DQDO\VLV�XQGHUWDNHQ�E\�*UHJ�$UQROG�XVLQJ�GDWD�SXEOLVKHG�E\�6FKLSSHU�HW�DO��
�������UHSRUWLQJ�WKH�UHVXOWV�RI�UHSHDWHGO\�VDPSOLQJ�VRLOV�IURP����GDLU\�FDWWOH�IDUP�DQG�GU\�
VWRFN��EHHI�FDWWOH��IDUP�VLWHV��WKH�PHDQ�ORVV�LQ�VRLO�FDUERQ�VWRUDJH�ZDV�����NJ�&�P���VHH�
DERYH���6FKLSSHU�HW�DO���������UHSRUWHG�����FRQILGHQFH�OLPLWV�WKDW�ZHUH�ORVVHV�RI������DQG�
�����NJ�&��P���SUREDELOLW\������UHVSHFWLYHO\��2QH�RI�WKH�VLWHV��6%������VKRZHG�DQ�H[WUHPH�
FDUERQ�ORVV�RI����NJ�&�P���2PLWWLQJ�WKLV�VLWH�IURP�WKH�GDWD�VHW��WKH�PHDQ�ORVV�LQ�VRLO�FDUERQ�
VWRUDJH�ZDV�����NJ�&�P��DQG�WKH�����FRQILGHQFH�OLPLWV�ZHUH�ORVVHV�RI������DQG������NJ�&�P���
UHVSHFWLYHO\��'DWD�XVHG�LQ�WKH�DQDO\VLV�LQ�7DEOHV���DQG���VKRZHG�D�PHDQ����VWDQGDUG�
GHYLDWLRQ��ORVV�LQ�VRLO�FDUERQ�VWRUDJH�RI�����������NJ�&�P���
�
8VLQJ�SRZHU�DQDO\VLV��WKH�QXPEHU�RI�VLWHV�UHTXLUHG�WR�GHWHFW�D�GHFUHDVH�RI�����NJ�&�P��DW�
VLJQLILFDQFH�DQG�SRZHU�OHYHOV�RI�D�SUREDELOLW\�RI�����DQG������UHVSHFWLYHO\��LV����VLWHV��
7KXV��WR�KDYH�D�����FKDQFH�RI�GHWHFWLQJ�D�VWDWLVWLFDOO\�VLJQLILFDQW�GHFUHDVH�LQ�PHDQ�VRLO�
FDUERQ�VWRUDJH�RI�����NJ�&�P������VLWHV�QHHG�WR�EH�VDPSOHG�UHSHDWHGO\�RYHU��������\HDUV��$�
GHFUHDVH�RI�����NJ�&�P��ZDV�VLJQLILFDQWO\�GLIIHUHQW�IURP�]HUR�ZLWK�D�VDPSOH�RI����VLWHV�
�SUREDELOLW\���������$�IXUWKHU�SRLQW�GLVFXVVHG�E\�*UHJ�$UQROG�LV�WKDW��E\�EHLQJ�����FHUWDLQ�
WKDW�D�µWUXH¶�GHFUHDVH�LQ�VRLO�FDUERQ�VWRUDJH�RI�����NJ�&�P��ZLOO�EH�VWDWLVWLFDOO\�VLJQLILFDQW��WKH�
SRZHU�DQDO\VLV�FDOFXODWLRQ�LQFOXGHV�VRPH�WROHUDQFH�IRU�WKH�VDPSOH�WR�\LHOG�D�FKDQJH�VPDOOHU�
WKDQ�����NJ�&�P���3XW�DQRWKHU�ZD\��EDVHG�RQ�WKH�UHSHDWHG�VDPSOLQJ��WKH�FKDQJH�LQ�VRLO�FDUERQ�
VWRUDJH�RI�����NJ�&�P��FRXOG�KDYH�EHHQ�D�KLJK�HVWLPDWH�RI�WKH�ORZHU�µWUXH¶�YDOXH��)LQDOO\��LI�
WKH�VWDQGDUG�GHYLDWLRQ�ZDV�����NJ�&�P���WR�GHWHFW�D�GHFUHDVH�RI�����NJ�&�P��DW�VLJQLILFDQW�DQG�
SRZHU�OHYHOV�RI����DQG������UHVSHFWLYHO\��WKH�UHTXLUHPHQW�IRU�PHDVXUHPHQWV�LV�HVWLPDWHG�WR�
EH����VLWHV��
�
�
�
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7DEOH���&KDUDFWHULVWLFV�RI����GDLU\�IDUP�VLWHV�ZKHUH�VRLO�ZDV�VDPSOHG�UHSHDWHGO\�IRU�
GHWHUPLQDWLRQ�RI�FDUERQ�VWRUDJH��D�VXEVHW�RI�GDWD�UHSRUWHG�E\�6FKLSSHU�HW�DO����������
�
6LWH�FRGH� (OHYDWLRQ� $QQXDO�UDLQIDOO� $YHUDJH�DLU�

WHPSHUDWXUH�
6DPSOLQJ�GHSWK� <HDU�RI�ILUVW�

6DPSOLQJ�
<HDU�RI�VHFRQG�
6DPSOLQJ�
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$QRWKHU�LPSRUWDQW�SRLQW�UDLVHG�E\�*UHJ�$UQROG�LV�UHODWHG�WR�WKH�HIILFLHQF\�RI�UHSHDWHGO\�
VDPSOLQJ�DW�VLWHV�FRPSDUHG�ZLWK�VHOHFWLQJ�D�VHW�RI�VLWHV�IRU�WKH�VHFRQG�VDPSOLQJ�ZLWKRXW�
UHIHUHQFH�WR�WKH�ILUVW�VHW��L�H��UDQGRPO\���)RU�FRPSDUDWLYH�SRZHU�DQDO\VLV�RI�WKH�ODWWHU�FDVH��WKH�
VWDQGDUG�GHYLDWLRQ�DVVRFLDWHG�ZLWK�HDFK�VDPSOLQJ�IURP�WKH�GDWD�LQ�7DEOH���ZDV�HVWLPDWHG�DW�
���NJ�P���8VLQJ�WKLV�DV�WKH�VWDQGDUG�GHYLDWLRQ�LQ�WKH�SRZHU�DQDO\VLV�WR�GHWHUPLQH�WKH�QXPEHU�
RI�VLWHV�UHTXLUHG�WR�GHWHFW�D�FKDQJH�RI�����NJ�&�P��DW�VLJQLILFDQW�DQG�SRZHU�OHYHOV�RI�����DQG�
�����UHVSHFWLYHO\�WKH�HVWLPDWH�RI�WKH�QXPEHU�RI�VLWHV�QHHGHG�WR�EH�PHDVXUHG�LV������
UHFRJQLVLQJ�WKH�QHHG�WR�GHWHFW�WKH�FKDQJH�EHWZHHQ�WZR��VHSDUDWH�PHDQV��HDFK�IURP�VHWV�RI�
VLWHV�ZKHUH�WKH�VWDQGDUG�GHYLDWLRQ�ZDV����NJ�P���7KLV�VKRZV�FOHDUO\�WKH�FRQVLGHUDEOH�PHULW�LQ�
SXUSRVHIXO�VDPSOLQJ��
�
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7DEOH���6RLO�FDUERQ�VWRUDJH�IRU�UHSHDWHG�VDPSOHV��WKH�FKDQJH�LQ�VRLO�FDUERQ�VWRUDJH�DQG�WLPH�
HODSVHG�EHWZHHQ�WKH�UHSHDWHG�VDPSOHV�DW����GDLU\�IDUP�VLWHV��D�VXEVHW�RI�GDWD�UHSRUWHG�E\�
6FKLSSHU�HW�DO����������1HJDWLYH�VLJQV�LQGLFDWH�ORVVHV�RI�VRLO�FDUERQ��
�
6LWH�FRGH� 6RLO�FDUERQ�VWRUDJH�DW�

ILUVW�VDPSOLQJ�
6RLO�FDUERQ�VWRUDJH�DW�VHFRQG�
VDPSOLQJ�

&KDQJH�LQ�VRLO�FDUERQ�
VWRUDJH�

(ODSVHG�
WLPH�

� NJ�&�P�� NJ�&�P�� NJ�&�P�� \HDUV�
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&KDQJLQJ�WKH�YDOXHV�RI�SDUDPHWHUV�DGRSWHG�LQ�WKH�SRZHU�DQDO\VLV�PRGHO�DGGV�IXUWKHU�
SHUVSHFWLYH�WR�HVWLPDWHV�RI�XQFHUWDLQW\��)RU�H[DPSOH��XVLQJ�WKH�VDPH�GDWD�VHW�IURP�7DEOHV���
DQG����WKH�VDPH�PHDQ����VWDQGDUG�GHYLDWLRQ��ORVV�LQ�VRLO�FDUERQ�VWRUDJH�RI�����������NJ�&�P��
RYHU��������\HDUV��ZLWK�D�SUREDELOLW\�RI������SRZHU�OHYHO�������WKH�GHWHFWDEOH�FKDQJHV�LQ�
FDUERQ�VWRUDJH�LI�����DQG�����VLWHV�ZHUH�VDPSOHG�DUH�����DQG�����NJ�&�P���UHVSHFWLYHO\��,I�WKH�
SUREDELOLW\�ZHUH�FKDQJHG�WR����DQG������SRZHU�OHYHO�UHGXFHG�WR����DQG�������WKH�
FRUUHVSRQGLQJ�GHWHFWDEOH�FKDQJHV�LQ�VRLO�FDUERQ�ZRXOG�EH�����DQG�����NJ�P���IRU�����VLWHV�
VDPSOHG�DQG�����DQG�����NJ�&�P���IRU�����VLWHV�VDPSOHG��)URP�WKH�GDWD�LQ�7DEOH����WKH�PHDQ�
YDOXH�RI�VRLO�FDUERQ�VWRUDJH�ZDV�DURXQG����NJ�&�P���)RU�����VLWHV��ZLWK�D�SUREDELOLW\�RI�����
�SRZHU�OHYHO�RI�������WKH�PLQLPXP�GHWHFWDEOH�FKDQJH�LQ�VRLO�FDUERQ�VWRUDJH�ZDV�
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����NJ�&�P���7KXV��DQ�HVWLPDWH�RI�D����FKDQJH�LQ�VRLO�FDUERQ�VWRUDJH�LV�WKH�PLQLPXP�
GHWHFWDEOH�YDOXH�RYHU��������\HDUV��
�
$�UHFHQW�PHWD�DQDO\VLV�ZDV�XQGHUWDNHQ�RI�GDWD�IURP����(XURSHDQ�FRXQWULHV�SURYLGLQJ�
LQIRUPDWLRQ�DERXW�WKHLU�FDUERQ�PRQLWRULQJ�QHWZRUN�IRU�DJULFXOWXUDO�VRLOV��6DE\�HW�DO���������
%DVHG�RQ�����SDVWXUH�VLWHV�DFURVV�(QJODQG�DQG�:DOHV�WKDW�ZHUH�UHSHDWHGO\�VDPSOHG�RYHU�
DERXW����\HDUV��ILUVW�GXULQJ�����������DQG�DJDLQ�GXULQJ�������������WKH�PLQLPXP�GHWHFWDEOH�
FKDQJH�LQ�VRLO�FDUERQ�FRQWHQW�ZDV�����J�&�NJ�VRLO��,Q�1HZ�=HDODQG��WKH�PHDQ�FDUERQ�FRQWHQW�
RI�SDVWRUDO�VRLOV�LV����J�&�NJ�WR�D�GHSWK�RI�����P�DFFRUGLQJ�WR�7DWH�HW�DO����������&RPELQLQJ�
WKHVH�GDWD�IURP�(QJODQG�DQG�:DOHV��WKH\�ZHUH�WUDQVIRUPHG�WR�HVWLPDWH�D�����>������@�î�����
FKDQJH�LQ�VRLO�FDUERQ�VWRUDJH�DV�D�PLQLPXP�GHWHFWDEOH�YDOXH��)RU�FRPSDULVRQ��IRU�WKH����
GDLU\�IDUP�VLWHV�LQ�1HZ�=HDODQG��6FKLSSHU�HW�DO���������WKH�PHDQ�GHFUHDVH�LQ�VRLO�FDUERQ�
VWRUDJH�ZDV�����NJ�&�P��DQG�WKH�PHDQ�VRLO�FDUERQ�VWRUDJH�DW�ILUVW�VDPSOLQJ�WLPH�ZDV������
NJ�&�P���VR�WKH�GHWHFWDEOH�FKDQJH��>��������@�î�����ZDV�����7KLV�ODUJHU�SHUFHQWDJH�LQ�WKH�
(XURSHDQ�IDUPV�FRPSDUHG�ZLWK�WKH�VLWHV�LQ�1HZ�=HDODQG�UHSUHVHQWHG�D�PXFK�JUHDWHU�YDULHW\�
RI�IDUP�W\SHV�DQG�VRLOV���
�
7KHVH�HVWLPDWHV�DUH�EDVHG�RQ�WKH�DVVXPSWLRQ�RI�D�FRQVWDQW�UDWH�RI�GHFUHDVH�LQ�VRLO�FDUERQ�
VWRUDJH�DW�WKH�VLWHV�LQ�1HZ�=HDODQG�DQG�WKDW�WKH�SHULRG�EHWZHHQ�WKH�WZR�VDPSOLQJ�WLPHV��PLG�
����V�WR�PLG�����V��ZDV�UHSUHVHQWDWLYH��7KLV�VHHPV�XQOLNHO\�EHFDXVH�GXULQJ�WKLV�SHULRG��
WKHUH�ZHUH�XQSUHFHGHQWHG�FKDQJHV�RQ�GDLU\�IDUPV�LQFOXGLQJ�VLJQLILFDQW�LQFUHDVHV�LQ�GHQVLW\�RI�
WKH�JUD]LQJ�FDWWOH�DQG�XUHD�IHUWLOLVHU�DSSOLFDWLRQ�UDWH��+RZHYHU��WKLV�LV�QRW�PHDQW�WR�GLPLQLVK�
WKH�REYLRXV�YDOXH�RI�XVLQJ�UHSHDWHG�VDPSOHV�DQG�WKH�FKDQJH�RI�FRQGLWLRQV�PLJKW�EH�KHOSIXO�
IRU�LQWHUSUHWLQJ�WKH�GHWHFWHG�FKDQJH�LQ�VRLO�FDUERQ�VWRUDJH�RYHU�WKH�SHULRG���
�
/DQG�XVH�FKDQJH�IURP�GU\�VWRFN�SDVWXUH�WR�DUDEOH�FURSSLQJ�
�
7KH�GDWD�XVHG�DUH�D�VXEVHW�IURP�WKH�/DQG�0DQDJHPHQW�,QGH[�GDWDVHW�VHOHFWHG�IRU�ODQG�XVH�
FKDQJH�IURP�GU\�VWRFN��VKHHS�DQG�EHHI��JUD]HG�SDVWXUH�WR�DUDEOH�FURSSLQJ�RQ�IODW�ODQG�IRU�
WKUHH�UHSUHVHQWDWLYH�VRLO�W\SHV�LQ�&DQWHUEXU\��$XFNODQG�DQG�+DZNHV�%D\��7DEOH�����7KH�GDWD�
GR�QRW�UHSUHVHQW�SDLUHG�SORWV�SHU�VH��EXW�ZLWKLQ�D�UHJLRQ��VRLOV�ZHUH�VLPLODU�IRU�WKH�WZR�ODQG�
XVHV��3RZHU�DQDO\VLV�ZDV�XVHG�WR�HVWLPDWH�PLQLPXP�GHWHFWDEOH�FKDQJHV�LQ�VRLO�FDUERQ�VWRUDJH�
IRU�GLIIHUHQW�QXPEHUV�RI�VDPSOLQJ�VLWHV���
�
7KH�PHDQ����VWDQGDUG�GHYLDWLRQ��Q� �����FKDQJH�LQ�VRLO�FDUERQ�VWRUDJH�ZDV�D�ORVV�RI��������
�����0J�&�KD��7KH�PHDQ�VRLO�FDUERQ�VWRUDJH�LQ�WKH�SDVWXUH�SORWV�ZDV������0J�&�KD��VR�RQ�
DYHUDJH��WKHUH�ZDV�D�����FKDQJH�LQ�FDUERQ�VWRUDJH��>����������@î������7KXV��ZH�GHWHFWHG�D�
PHDQ�����������UHGXFWLRQ�LQ�FDUERQ�VWRUDJH�RYHU�WKH�XSSHU�����P�GHSWK�RI�PLQHUDO�VRLO���
�
)RU�D�����FKDQFH�RI�GHWHFWLQJ�D�VWDWLVWLFDOO\�VLJQLILFDQW��SUREDELOLW\��������FKDQJH�LQ�WKH�
PHDQ�VRLO�FDUERQ�VWRUDJH�RI������>����������@�î��������������DQG�����WKH�QXPEHU�RI�VLWHV�
WKDW�ZRXOG�KDYH�WR�EH�VDPSOHG�UHSHDWHGO\�ZHUH�HVWLPDWHG�WR�EH��������������DQG��������
UHVSHFWLYHO\���
�
/DQG�XVH�FKDQJH�IURP�SDVWXUH�WR�SODQWDWLRQ�IRUHVWU\�
�
7KH�GDWD�DUH�D�FRPSLODWLRQ�RI�SXEOLVKHG�HVWLPDWHV�RI�WKH�FKDQJH�LQ�VRLO��FDUERQ�VWRUDJH�
IROORZLQJ�FRQYHUVLRQ�RI�SDVWXUH�WR�3LQXV�UDGLDWD�SODQWDWLRQ�IRUHVWU\�DW����SDLUHG�VLWHV�
�7DEOH�����3RZHU�DQDO\VLV�ZDV�XVHG�WR�HVWLPDWH�PLQLPXP�GHWHFWDEOH�FKDQJHV�LQ�VRLO�FDUERQ�
VWRUDJH�IRU�GLIIHUHQW�QXPEHUV�RI�VDPSOLQJ�VLWHV���
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7DEOH���6RLO�FDUERQ�VWRUDJH�IURP�WKH�VXUIDFH�WR�D�GHSWK�RI�����P�LQ�SDVWXUH�DQG�FKDQJHV�LQ�
FDUERQ�VWRUDJH�EDVHG�RQ�FRPSDULVRQ�ZLWK�DQ�DUDEOH�SORW��7KHVH�GDWD�FDPH�IURP����VLWHV��$�
$XFNODQG��&�&DQWHUEXU\��+�+DZNHV�%D\���1HJDWLYH�VLJQV�LQGLFDWH�ORVVHV�RI�VRLO�FDUERQ��
�
6LWH�FRGH� 6RLO�FDUERQ�VWRUDJH�LQ�

SDVWXUH��
&KDQJH�LQ�VRLO�FDUERQ�VWRUDJH�FRPSDUH�ZLWK�
FURSSLQJ�

� 0J�&�KD� 0J�&�KD�
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�&����
�&����
�&����
�$����
�$����
�$����
�$����
�$����
�$����
�$����
�$����
�$����
�+����
�+���
�+���
�+���
�+����
�+����
�+����
�+����

�����
�����
�����
�����
�����
�����
�����
������
������
������
������
������
������
������
������
������
������
�����
�����
�����
�����
�����
�����
�����

������
������
������
�����
����
�����
������
������
������
������
�������
�������
������
������
������
������
������
������
������
������
����
�����
�����
�����
�

�
�
7KH�PHDQ����VWDQGDUG�GHYLDWLRQ��Q� �����FKDQJH�LQ�VRLO�FDUERQ�VWRUDJH�WR�D�GHSWK�RI�����P�LQ�
WKH�PLQHUDO�VRLO�ZLWK�ODQG�XVH�FKDQJH�ZDV�D�ORVV�RI�����������0J�&�KD��7KH�PHDQ�VRLO�FDUERQ�
VWRUDJH�LQ�WKH�SDVWXUH�SORWV�ZDV������0J�&�KD��VR�RQ�DYHUDJH��WKHUH�ZDV�D�����FKDQJH�LQ�
FDUERQ�VWRUDJH��>��������@�î������,Q�WKH�SODQWDWLRQ�SORWV��WKH�PHDQ�WUHH�DJH�ZDV��������\HDUV��
7KH�PHDQ����VWDQGDUG�GHYLDWLRQ��SHUFHQWDJH�UHGXFWLRQ�LQ�FDUERQ�VWRUDJH�ZDV�����������
)RU�D�����FKDQFH�RI�GHWHFWLQJ�D�VWDWLVWLFDOO\�VLJQLILFDQW��SUREDELOLW\�������FKDQJH�LQ�WKH�
PHDQ�VRLO�FDUERQ�VWRUDJH�RI���DQG�����>��������@�î����DQG��>��������@�î�����UHVSHFWLYHO\���
WKH�QXPEHUV�RI�VLWHV�WKDW�ZRXOG�KDYH�WR�EH�VDPSOHG�UHSHDWHGO\��DVVXPLQJ����\HDUV�EHWZHHQ�
UH�VDPSOLQJ��ZHUH�HVWLPDWHG�WR�EH�����DQG������
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7DEOH���6RLO�FDUERQ�VWRUDJH�IURP�WKH�VXUIDFH�WR�D�GHSWK�RI�����P�LQ����SDVWXUH�SORWV��WKH�
FKDQJH�LQ�VRLO�FDUERQ�VWRUDJH�EDVHG�RQ�FRPSDULVRQ�EHWZHHQ�SDLUHG�SODQWDWLRQ�IRUHVW�SORWV�DQG�
WUHH�DJH�LQGLFDWLQJ�WKH�WLPH�HODSVHG�IRU�WKH�ODQG�XVH�FKDQJH�IURP�SDVWXUH�WR�SODQWDWLRQ��7KHVH�
GDWD�FDPH�IURP����VLWHV��1HJDWLYH�VLJQV�LQGLFDWH�ORVVHV�RI�VRLO�FDUERQ��
�
6RXUFH� 6RLO�FDUERQ�VWRUDJH�LQ�

SDVWXUH�SORW�
&KDQJH�LQ�VRLO�
FDUERQ�VWRUDJH�
IROORZLQJ�
FRQYHUVLRQ�WR�
IRUHVWU\�

7UHH�DJH�

� 0J�&�KD� 0J�&�KD� \HDUV�
6FRWW�HW�DO���������
6FRWW�HW�DO���������
5RVV�HW�DO���������
%HHWV�HW�DO���������
5RVV�HW�DO���������
'DYLV��������
'DYLV��������
*LGGHQV�HW�DO���������
*LGGHQV�HW�DO���������
*LGGHQV�HW�DO���������
*LGGHQV�HW�DO���������
*LGGHQV�HW�DO���������
*LGGHQV�HW�DO���������
*LGGHQV�HW�DO���������
*LGGHQV�HW�DO���������
*LGGHQV�HW�DO���������
6FKLSSHU�	�6SDUOLQJ��������
6SDUOLQJ�HW�DO���������
6SDUOLQJ�HW�DO���������
3DUILWW�HW�DO���������
5RVV�HW�DO���������
5RVV�HW�DO���������
5RVV�HW�DO���������
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7DEOH���6XPPDU\�RI�VDPSOLQJ�VWUDWHJLHV�DQG�SRZHU�DQDO\VHV�WR�HVWLPDWH�PLQLPXP�GHWHFWDEOH�
FKDQJHV�LQ�VRLO�FDUERQ�VWRUDJH�ZLWK�VLJQLILFDQFH�DQG�SUREDELOLW\�RI�����DQG������
UHVSHFWLYHO\��EDVHG�RQ�VWDWLVWLFV�JLYHQ�HDUOLHU��5HSHDWHG�VDPSOLQJ�ZLWKLQ�D�ODQG�XVH�LV�XVHG�WR�
HVWLPDWH�FKDQJHV�RYHU�WLPH��DYHUDJH�VRLO�FDUERQ�VWRUDJH�ZDV����NJ�&�P����ZKLOH�PDWFKHG�DQG�
SDLUHG�VLWHV�DUH�XVHG�WR�HVWLPDWH�FKDQJHV�FRUUHVSRQGLQJ�ZLWK�FKDQJHV�LQ�ODQG�XVH��DYHUDJH�VRLO�
FDUERQ�VWRUDJHV�ZHUH�����DQG����NJ�&�P���UHVSHFWLYHO\�����
�
6RLO�VDPSOLQJ�VWUDWHJ\� 'HWHFWDEOH�FKDQJH�LQ�VRLO�

FDUERQ�VWRUDJH�
��

1XPEHU�RI�VLWHV�
QHHGHG�WR�EH�VDPSOHG�

� � �
5HSHDWHG�VDPSOLQJ�DW�WKH�VDPH�VLWHV�
�
5HSHDWHG�VDPSOLQJ�RYHU����\HDUV�LQ�GDLU\�IDUP�SDGGRFNV�
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5HSHDWHG�VDPSOLQJ�RYHU����\HDUV�LQ�GDLU\�IDUP�SDGGRFNV�
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0DWFKHG�VLWHV�DFURVV�WZR�ODQG�XVHV�
�
0DWFKHG�VLWHV�DFURVV�WZR�ODQG�XVHV��SDVWXUH�JUD]HG�E\�
VKHHS�DQG�EHHI�FDWWOH�YHUVXV�DUDEOH�FURSSLQJ��
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���
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�
0DWFKHG�VLWHV�DFURVV�WZR�ODQG�XVHV��SDVWXUH�JUD]HG�E\�
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�
0DWFKHG�VLWHV�DFURVV�WZR�ODQG�XVHV��SDVWXUH�JUD]HG�E\�
VKHHS�DQG�EHHI�FDWWOH�YHUVXV�DUDEOH�FURSSLQJ��

�
��

�
������

� � �
3DLUHG�VLWHV�DFURVV�WZR�ODQG�XVHV�
�
3DLUHG�VLWHV�DFURVV�WZR�ODQG�XVHV��SDVWXUH�JUD]HG�E\�VKHHS�
DQG�EHHI�FDWWOH�YHUVXV����\HDU�ROG�SODQWDWLRQ�IRUHVW��

�
�

���

�
�

���

�
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���� (VWLPDWHG�FRVWV�RI�GHWHFWLQJ�FKDQJHV�LQ�VRLO�FDUERQ�XVLQJ�FRQYHQWLRQDO�VRLO�FRUHV�
�
$Q�DWWHPSW�WR�VXPPDULVH�FRVWV�IRU�HVWDEOLVKLQJ�SORWV��FROOHFWLQJ�DQG�DQDO\VLQJ�VRLO�FRUH�
VDPSOHV�IRU�PHDVXUHPHQWV�RI�FDUERQ�FRQFHQWUDWLRQ�ZDV�SUHSDUHG�IRU�0I(�E\�-RQHV�HW�DO��
�������DQG�LV�UHSURGXFHG�LQ�7DEOH����
�
�
7DEOH���(VWLPDWHG�FRVWV�IRU�HVWDEOLVKLQJ�SORWV��FROOHFWLQJ�VRLO�VDPSOHV�DQG�DQDO\VLQJ�IRU�
FDUERQ�FRQFHQWUDWLRQ�LQ�VRLO�FRUHV��
�
$FWLYLW\�
�

(VWLPDWHG�
FRVW���

3HU�SORW�VDPSOLQJ�
3ORW�HVWDEOLVKPHQW�

�
������

3ORW�VDPSOLQJ�DQG�PHDVXUHPHQW� ������
&RQVXPDEOHV� ���
7UDYHO�	�DFFRPPRGDWLRQ�H[SHQVHV� ������
6XE�WRWDO� ������
3HU�SORW�VDPSOH�SUHSDUDWLRQ�DQG�DQDO\VLV� �
$QDO\VLV�RI�DOO�VDPSOHV�FROOHFWHG� �
6DPSOH�SUHSDUDWLRQ����SRLQWV�E\���GHSWKV� ����VDPSOHV��� ����
6DPSOH�DQDO\VLV����SRLQWV�E\���GHSWKV� ����VDPSOHV��� ����
6XE�WRWDO� ������
$QDO\VLV�RI�EXONHG�VDPSOHV��E\�SORW�� �
6DPSOH�SUHSDUDWLRQ����GHSWKV� ���EXONHG�VDPSOHV��� ����
6DPSOH�DQDO\VLV����GHSWKV� ���EXONHG�VDPSOHV��� ���
6XE�WRWDO� ����
/�	�)+�EXONHG�VDPSOHV��E\�SORW�IRU�IRUHVW�SORWV�RQO\�� �
6DPSOH�SUHSDUDWLRQ����KRUL]RQV� ���EXONHG�VDPSOHV�� ����
6DPSOH�DQDO\VLV����KRUL]RQV� ���EXONHG�VDPSOHV�� ���
6XE�WRWDO� ����
�
3HU�VLWH��XQ�EXONHG�VDPSOHV����SORW��>IRUHVW�SORWV@�
3HU�VLWH�WRWDO��EXONHG�VDPSOHV����SORW��>IRUHVW�SORWV@�

�
�������>�����@�
�������>�����@�

���6DPSOLQJ�RI�DQQXDO�FURSODQG�RU�ODQG�VXEMHFW�WR�PDVV�PRYHPHQW�HURVLRQ�PD\�UHTXLUH�VDPSOLQJ�RI�DQ�DGGLWLRQDO�
GHSWK�UDQJH�EHORZ�����P�GHSWK��H�J����������P���
�
�
�
�
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��� 'LUHFW�PHDVXUHPHQW�RI�HFRV\VWHP�FDUERQ�H[FKDQJH��
�
���� (VWLPDWLQJ�FKDQJHV�LQ�VRLO�FDUERQ�IURP�PHDVXUHPHQWV�RI�HFRV\VWHP�&2��

H[FKDQJH�
�
$Q�DOWHUQDWLYH�WR�PHDVXULQJ�FKDQJHV�LQ�VRLO�FDUERQ�VWRFNV�LV�WR�PHDVXUH�DOO�WKH�LQSXWV�DQG�
RXWSXW�RI�FDUERQ�DW�DQ�HQWHUSULVH�VDOH��,Q�PDVV�WHUPV��WKH�H[FKDQJH�RI�FDUERQ�EHWZHHQ�
HFRV\VWHPV�DQG�WKH�DWPRVSKHUH�LV�GRPLQDWHG�E\�&2��H[FKDQJH��UHVXOWLQJ�IURP�WKH�EDODQFH�EHWZHHQ�SKRWRV\QWKHVLV�DQG�UHVSLUDWLRQ��%RWK�RI�WKHVH�SURFHVVHV�DUH�ELRORJLFDO�EXW�DUH�
FRQVWUDLQHG�E\�SK\VLFDO�DQG�FOLPDWLF�IDFWRUV��2WKHU�FDUERQ�H[FKDQJHV�WKDW�PD\�DIIHFW�VRLO�
FDUERQ�VWRFNV�LQFOXGH�ORVV�RI�GLVVROYHG�FDUERQ�LQ�GUDLQDJH�ZDWHU�RU�HURVLRQ��*KDQL�HW�DO��
�������ELRPDVV�LPSRUWV�DQG�H[SRUWV��DQG�PHWKDQH�HPLVVLRQV�IURP�OLYHVWRFN��,Q�DJULFXOWXUDO�
V\VWHPV�ZLWK�ZHOO�GUDLQHG�VRLOV��PHWKDQH�HPLVVLRQV�IURP�VRLO�DUH�JHQHUDOO\�YHU\�ORZ��DQG�DUH�
QRUPDOO\�QRW�LQFOXGHG�LQ�WKH�FDUERQ�EXGJHW��5HFHQW�ZRUN�KDV�VKRZQ�WKDW�QRQ�ELRORJLFDO�
SURFHVVHV�FDQ�DOVR�FRQWULEXWH�WR�&2��IOX[HV�IURP�WKH�VXUIDFH�WR�WKH�DWPRVSKHUH��HVSHFLDOO\�XQGHU�YHU\�GU\�FRQGLWLRQV�ZKHUH�PLFURELDO�UHVSLUDWLRQ�LV�OLPLWHG�E\�ODFN�RI�ZDWHU��5XWOHGJH�
HW�DO���������+RZHYHU��WKH�VLJQLILFDQFH�RI�WKLV�SURFHVV�WR�1HZ�=HDODQG�HFRV\VWHPV�LV�QRW�
NQRZQ��
�
0HDVXUHPHQWV�RI�FDUERQ�H[FKDQJH�DUH�W\SLFDOO\�XVHG�WR�FRPSLOH�FDUERQ�EXGJHWV�DW�VSDWLDO�
VFDOHV�UDQJLQJ�IURP�SDGGRFN�WR�IDUP��1LHYHHQ�HW�DO��������DQG�WHPSRUDO�VFDOHV�IURP�KDOI�
KRXUO\�WR�DQQXDOO\��0HDVXUHPHQWV�DOORZ�WKH�GHYHORSPHQW�DQG�WHVWLQJ�RI�SURFHVV�EDVHG�
IXQFWLRQDO�UHODWLRQVKLSV�EHWZHHQ�&2��H[FKDQJH�DQG�YHJHWDWLRQ�FKDUDFWHULVWLFV��DQG�HQYLURQPHQWDO�YDULDEOHV�LQFOXGLQJ�LUUDGLDQFH��WHPSHUDWXUH��KXPLGLW\�DQG�VRLO�ZDWHU�FRQWHQW��
&DUERQ�H[FKDQJH�PHDVXUHPHQWV�DOVR�DOORZ�LQWHUSUHWDWLRQ�RI�HFRV\VWHP�UHVSRQVH�WR�QRUPDO�
DQG�H[WUHPH�YDULDWLRQV�LQ�FOLPDWH�YDULDEOHV�VXFK�DV�GURXJKW��DV�ZHOO�DV�ODQG�PDQDJHPHQW�
SUDFWLFHV�VXFK�DV�FXOWLYDWLRQ�DQG�DQLPDO�JUD]LQJ�LQWHQVLW\��7KH\�DOVR�SURYLGH�GDWD�WKDW�FDQ�EH�
XVHG�WR�JURXQG�WUXWK�SUHGLFWLYH�PRGHOV�RI�FDUERQ�H[FKDQJH��
��
:RUOGZLGH��WKH�HGG\�FRYDULDQFH�WHFKQLTXH�LV�XVHG�WR�PHDVXUH�WKH�QHW�H[FKDQJH��RU�IOX[��RI�
&2��EHWZHHQ�WKH�(DUWK¶V�VXUIDFH�DQG�WKH�DWPRVSKHUH��IRU�HFRV\VWHPV�UDQJLQJ�IURP�IRUHVWV�WR�JUDVVODQGV�DQG�IURP�WURSLFDO�IRUHVWV�WR�VXE�DUFWLF�WXQGUD��%DOGRFFKL��������7KHVH�
PHDVXUHPHQWV�FDQ�EH�FRXSOHG�WR�RWKHU�IORZV�RI�FDUERQ��ELRPDVV�WUDQVIHU�DQG�GLVVROYHG�
FDUERQ�DQG�PHWKDQH�ORVVHV��WR�FDOFXODWH�DQQXDO�EXGJHWV�RI�FDUERQ�DW�DQ�HQWHUSULVH�VFDOH��
)XUWKHUPRUH��WKH�VSDWLDO�DQG�WHPSRUDO�VFDOHV�RI�WKHVH�PHDVXUHPHQWV�DOORZ�GHWDLOHG�DQDO\VLV�RI�
WKH�GULYHUV�WKDW�UHJXODWH�FDUERQ�JDLQV�RU�ORVVHV��IURP�KDOI�KRXUO\�WR�VHDVRQDO�WLPHVFDOHV���
7HFKQLFDO�GHYHORSPHQWV�GXULQJ�WKH�SDVW�WZR�GHFDGHV�KDYH�HQDEOHG�FRQWLQXRXV�DQG�URXWLQH�
PHDVXUHPHQWV�RI�QHW�HFRV\VWHP�H[FKDQJH�RI�&2���1((��WR�EH�PDGH��W\SLFDOO\�DW����PLQXWH�DYHUDJLQJ�WLPH�VWHSV��ZKLFK�DUH�WKHQ�VXPPHG�RYHU�GDLO\��VHDVRQDO�DQG�DQQXDO�SHULRGV��7LPH�
VHULHV�RI�1((�DUH�FRPPRQO\�SDUWLWLRQHG�LQWR�LWV�JURVV�FRPSRQHQWV��HFRV\VWHP�UHVSLUDWLRQ�
�5(��DQG�JURVV�HFRV\VWHP�SURGXFWLRQ��*(3��WKDW�DUH�WKHQ�XVHG�WR�GHYHORS�IXQFWLRQDO�
UHODWLRQVKLSV��5HLFKVWHLQ�HW�DO���������
�
7KHUH�DUH�IRXU�PDLQ�UHDVRQV�ZK\�WKH�HGG\�FRYDULDQFH�WHFKQLTXH�KDV�EHHQ�ZLGHO\�DGRSWHG�LQ�
VWXGLHV�RI�HFRV\VWHP�FDUERQ�H[FKDQJH��%DOGRFFKL������������WKH�VSDWLDO�VFDOH�RI�WKH�VR�FDOOHG�
µIOX[�IRRWSULQW¶��RU�WKH�DUHD�RI�ODQG�FRQWULEXWLQJ�WKH�PDMRULW\�RI�WKH�FDUERQ�IOX[�VLJQDO��LV�
DSSURSULDWH�WR�LQWHJUDWLQJ�DFURVV�WKH�VFDOH�RI�HFRV\VWHPV��UDQJLQJ�IURP�SDGGRFNV�WR�VHYHUDO�
KHFWDUHV������WKH�DSSURDFK�SURYLGHV�D�GLUHFW�PHDVXUH�RI�QHW�&2��H[FKDQJH�DFURVV�WKH�
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VRLO�YHJHWDWLRQ�DWPRVSKHUH�LQWHUIDFH������FDUERQ�H[FKDQJH�LV�PHDVXUHG�DFURVV�D�UDQJH�RI�
WHPSRUDO�VFDOHV�IURP�VXE�KRXU�WR�DQQXDO�DQG�LQWHU�DQQXDO�DQG�����WKH�PHDVXUHPHQW�GRHV�QRW�
GLVWXUE�WKH�VXUIDFH��XQOLNH�FKDPEHU�PHWKRGV��VR�QRUPDO�HFRV\VWHP�SURFHVVHV�RU�ODQG�
PDQDJHPHQW�SURFHVVHV�FDQ�FRQWLQXH�XQLQWHUUXSWHG��
�
���� (GG\�FRYDULDQFH�DQG�FKDPEHU�PHDVXUHPHQWV�
�
(GG\�FRYDULDQFH�DQG�FKDPEHU�WHFKQLTXHV�SURYLGH�FRPSOHPHQWDU\�GDWD�DW�FRPPRQ�WHPSRUDO�
EXW�YDVWO\�GLIIHUHQW�VSDWLDO�VFDOHV�WKDW�FDQ�EH�MRLQWO\�XVHG�WR�GHWHUPLQH�WKH�UROH�RI�VSHFLILF�
PDQDJHPHQW�SUDFWLFHV�RQ�FDUERQ�EXGJHWV��H�J��WLOODJH��SXJJLQJ��DQG�XULQH�SDWFK�G\QDPLFV���
(GG\�FRYDULDQFH�PHDVXUHV�WKH�QHW�YHUWLFDO�H[FKDQJH�RI�&2��SDVVLQJ�D�IL[HG�PHDVXUHPHQW�ORFDWLRQ��FRPPRQO\�RQ�D�WRZHU�VHYHUDO�PHWUHV�DERYH�WKH�VXUIDFH�XS�WR�D�VSDWLDO�VFDOH�RI�
KHFWDUHV��7KH�HVWLPDWHV�LQFOXGH�WKH�QHW�HIIHFWV�RI�SKRWRV\QWKHVLV��XSWDNH�E\�YHJHWDWLRQ��DQG�
UHVSLUDWLRQ��UHWXUQ�RI�&2��WR�WKH�DWPRVSKHUH�IURP�VRLO�DQG�YHJHWDWLRQ���DQG�LV�QRQ�GLVUXSWLYH�WR�WKH�ODQG�VXUIDFH��$�ZLGH�UDQJH�RI�RWKHU�HQYLURQPHQWDO�YDULDEOHV�DUH�DOVR�PHDVXUHG��
HVSHFLDOO\�WKRVH�NQRZQ�WR�EH�LPSRUWDQW�IRU�UHJXODWLQJ�&2��H[FKDQJH��LQFOXGLQJ�LUUDGLDQFH��WHPSHUDWXUH�DQG�VRLO�ZDWHU�VWDWXV���6RLO�UHVSLUDWLRQ�FKDPEHUV�W\SLFDOO\�FRYHU�D�IHZ�KXQGUHGWKV�
RI�D�VTXDUH�PHWUH�RI�VRLO�WKDW�PD\�DOVR�FRQWDLQ�SODQWV��DQG�XVXDOO\�UHTXLUH�SODVWLF�FROODUV�WR�EH�
HPSODFHG�LQ�WKH�VRLO�IRU�WKH�GXUDWLRQ�RI�D�VWXG\��2IWHQ�RSDTXH�FKDPEHUV�DUH�XVHG�ZKLFK�
HOLPLQDWH�VXQOLJKW�VR�WKDW�RQO\�VXUIDFH�UHVSLUDWLRQ�LV�PHDVXUHG��
�
������ (GG\�FRYDULDQFH�PHWKRGRORJ\�
�
(GG\�FRYDULDQFH�PHDVXUHPHQWV�RI�&2��H[FKDQJH�UHTXLUH�IDVW��XVXDOO\�HLWKHU����RU����+]��PHDVXUHPHQWV�RI�YHUWLFDO�ZLQG�YHORFLW\��XVLQJ�D�VRQLF�DQHPRPHWHU��DQG�IOXFWXDWLRQV�RI�WKH�
PL[LQJ�UDWLR�RI�&2��ZLWK�HLWKHU�DQ�RSHQ��RU�FORVHG�SDWK�JDV�DQDO\VHU��,Q�SUDFWLFH�WKH�WKUHH�GLPHQVLRQDO�ZLQG�ILHOG�LV�QRUPDOO\�PHDVXUHG��DORQJ�ZLWK�IOXFWXDWLRQV�LQ�DLU�WHPSHUDWXUH�DQG�
KXPLGLW\��VR�WKDW�IOX[HV�RI�HQHUJ\�DQG�ZDWHU�YDSRXU��HYDSRUDWLRQ�UDWHV��DUH�DOVR�PHDVXUHG��
&RPELQLQJ�PHDVXUHG�&2��DQG�ZDWHU�YDSRXU�IOX[HV�DOORZV�FDOFXODWLRQ�RI�ZDWHU�XVH�HIILFLHQF\��+LJK�IUHTXHQF\�UDZ�GDWD��DV�ZHOO�DV�ORZHU�IUHTXHQF\��W\SLFDOO\����PLQXWH��IOX[HV�DQG�
DYHUDJHG�DQFLOODU\�GDWD�DUH�XVXDOO\�FDSWXUHG�E\�D�GDWD�ORJJHU�RU�FRPSXWHU��'HWDLOV�RI�
FDOFXODWLRQV�XVHG�LQ�WKH�HGG\�FRYDULDQFH�PHWKRG�DUH�SURYLGHG�HOVHZKHUH��%DOGRFFKL���������
$QFLOODU\�HQYLURQPHQWDO�PHDVXUHPHQWV�DUH�UHTXLUHG�IRU�TXDOLW\�DVVXUDQFH�DQG�JDS�ILOOLQJ�DV�
ZHOO�DV�LQWHUSUHWDWLRQ�RI�IOX[�GDWD��0RGHUQ�HGG\�FRYDULDQFH�V\VWHPV�FDQ�QRUPDOO\�RSHUDWH�DW�
UHPRWH�VLWHV�XVLQJ�VRODU�SDQHOV�DQG�EDWWHULHV�DQG�ZLWK�FRPPXQLFDWLRQ�V\VWHPV�IRU�GDWD�
WUDQVIHU�UDQJLQJ�IURP�FHOO�SKRQH�WR�VDWHOOLWH��&2��DQG�ZDWHU�YDSRXU�PL[LQJ�UDWLRV�DUH�PHDVXUHG�XVLQJ�HLWKHU�µFORVHG�SDWK¶�RU�µRSHQ�SDWK¶�LQVWUXPHQWV��&ORVHG�SDWK�JDV�DQDO\VHUV�
DOORZ�D�PRUH�FRQWUROOHG�HQYLURQPHQW�IRU�SUHFLVLRQ�PHDVXUHPHQW�DQG�IOX[HV�UHTXLUH�OHVV�
FRUUHFWLRQ�IRU�LVVXHV�VXFK�DV�DLU�GHQVLW\�IOXFWXDWLRQV��,Q�UHFHQW�\HDUV�WKHUH�KDV�EHHQ�D�PRYH�
WRZDUGV�WKH�XVH�RI�RSHQ�SDWK�JDV�DQDO\VHUV�EHFDXVH�WKH�PRGHUQ�LQVWUXPHQWV�KDYH�JHQHUDOO\�
YHU\�VWDEOH�UHVSRQVHV�DQG�ORZ�SRZHU�GHPDQGV��UHTXLULQJ�OLWWOH�PDLQWHQDQFH�DQG�OHVV�
FRUUHFWLRQ�IRU�IUHTXHQF\�ORVV�GRZQ�WKH�RIWHQ�ORQJ�VDPSOLQJ�WXEHV�XVHG�IRU�FORVHG�SDWK�
V\VWHPV��2SHQ�SDWK�PHWKDQH�VHQVRUV�DUH�DOVR�EHFRPLQJ�PRUH�UHOLDEOH��ZKLFK�PD\�PHDQ�WKDW�
PHWKDQH�IOX[�PHDVXUHPHQW�PD\�VRRQ�EHFRPH�URXWLQH��
�
6LWH�UHTXLUHPHQWV�DQG�IRRWSULQW�
�
,QVWUXPHQWV�DUH�XVXDOO\�PRXQWHG�RQ�D�WRZHU�RU�RWKHU�VWUXFWXUH�VHYHUDO�PHWUHV�DERYH�WKH�
VXUIDFH��$�JHQHUDO�UXOH�RI�WKXPE�LV�WKDW�IOX[�PHDVXUHPHQWV�DUH�DIIHFWHG�E\�WKH�W\SH�RI�VXUIDFH�
XS�WR�����WLPHV�DV�IDU�XSZLQG�DV�WKH�LQVWUXPHQWV�DUH�PRXQWHG�YHUWLFDOO\�DERYH�WKH�VXUIDFH��$�
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QXPEHU�RI�µIRRWSULQW¶�PRGHOOLQJ�WHFKQLTXHV�H[LVW�WKDW�DOORZ�WKLV�WR�EH�GHWHUPLQHG�ZLWK�PRUH�
VWDWLVWLFDO�FHUWDLQW\��)RU�H[DPSOH��LQVWUXPHQWV�PRXQWHG�RQ�D�WRZHU���P�DERYH�JUD]HG�SDVWXUH�
ZLOO��RQ�DYHUDJH��EH�PHDVXULQJ�WKH�LQWHJUDWHG�&2��H[FKDQJH�GHULYHG�IURP�SDGGRFNV�XS�WR�����P�GLVWDQW�LQ�WKH�XSZLQG�GLUHFWLRQ��&URVV�ZLQG�WXUEXOHQFH�PHDQV�WKDW�WKLV�IRRWSULQW�DOVR�
KDV�D�FURVV�ZLQG�GLPHQVLRQ��(GG\�FRYDULDQFH�PHDVXUHPHQWV�RI�&2��H[FKDQJH�VKRXOG�WKHUHIRUH�EH�FRQVLGHUHG�DV�DUHD�DYHUDJHV��+RZHYHU�WKH�H[DFW�IRRWSULQW�KDV�GLPHQVLRQV�WKDW�
FKDQJH�FRQWLQXRXVO\�ZLWK�ZLQG�GLUHFWLRQ��ZLQG�VSHHG�DQG�DWPRVSKHULF�VWDELOLW\��(GG\�
FRYDULDQFH�PHDVXUHPHQWV�DUH�OHVV�ZHOO�VXLWHG�IRU�FOXWWHUHG�RU�KLJKO\�YDULDEOH�ODQG�
PDQDJHPHQW�VLWXDWLRQV��DOWKRXJK�YHU\�WDOO�WRZHUV�DOORZ�µODQGVFDSH¶�IOX[HV�WR�EH�PHDVXUHG��
IRU�H[DPSOH�LQ�XUEDQ�HQYLURQPHQWV��)RU�H[DPSOH��DQ�HGG\�FRYDULDQFH�V\VWHP�VLWHG�LQ�D�VPDOO�
PDL]H�ILHOG�VXUURXQGHG�E\�SDVWXUH�ZRXOG�SURGXFH�PHDVXUHPHQWV�YDULDEO\�DIIHFWHG�E\�ERWK�
VXUIDFHV��(GG\�FRYDULDQFH�PHDVXUHPHQWV�DUH�EHVW�ORFDWHG�RQ�IODW��QRQ�VORSLQJ�WHUUDLQ��
DOWKRXJK�VRPH�GHJUHH�RI�VORSLQJ�LV�DFFHSWDEOH�JLYHQ�VXIILFLHQW�FDUH��
�
&RUUHFWLRQV�DQG�GHILFLHQFLHV�
�
5DZ�HGG\�FRYDULDQFH�PHDVXUHPHQWV�UHTXLUH�D�QXPEHU�RI�FRUUHFWLRQV��XVXDOO\�DSSOLHG�YLD�
SRVW�SURFHVVLQJ�DQG�WKHVH�DUH�ZHOO�GRFXPHQWHG��%DOGRFFKL�������DQG�DSSOLHG�ZLGHO\��
0HDVXUHPHQWV�DUH�RIWHQ�LQWHUUXSWHG�E\�UDLQ�RU�PLVW�ZHWWLQJ�WKH�VHQVRUV��RFFDVLRQDOO\�E\�
PDLQWHQDQFH�RU�LQVWUXPHQW�FDOLEUDWLRQ��DQG�PRUH�UDUHO\�E\�LQVWUXPHQW�RU�SRZHU�V\VWHP�
PDOIXQFWLRQ���
�
$�PDMRU�SUREOHP�LV�WKDW�ZKHQ�DWPRVSKHULF�WXUEXOHQFH�LV�QRW�IXOO\�GHYHORSHG�XQGHU�ORZ�ZLQG�
VSHHG�FRQGLWLRQV��IUHTXHQWO\�WKH�VLWXDWLRQ�DW�QLJKW��DWPRVSKHULF�WUDQVSRUW�SURFHVVHV�FORVH�WR�RU�
ZLWKLQ�WKH�SODQW�FDQRS\�PD\�EHFRPH�GHFRXSOHG�IURP�WKH�RYHUO\LQJ�DWPRVSKHUH�ZKHUH�HGG\�
FRYDULDQFH�PHDVXUHPHQWV�DUH�PDGH��7KLV�PD\�OHDG�WR�&2��µGUDLQLQJ¶�GRZQ�VORSH��RU�EXLOGLQJ�XS�FORVH�WR�WKH�VXUIDFH�ZLWKRXW�EHLQJ�GHWHFWHG�DW�PHDVXUHPHQW�KHLJKW��$IIHFWHG�PHDVXUHPHQWV�
DUH�XVXDOO\�HOLPLQDWHG�IURP�WKH�IOX[�WLPH�VHULHV�XVLQJ�WKH�VR�FDOOHG�µIULFWLRQ�YHORFLW\�
FRUUHFWLRQ¶��3DSDOH�HW�DO���������,Q�SUDFWLFH�WKLV�PHDQV�WKDW�PHDVXUHPHQWV�PDGH�GXULQJ�OLJKW�
RU�FDOP�ZLQG�FRQGLWLRQV�DUH�DVVXPHG�LQYDOLG��
�
*DSV�LQ�WKH�PHDVXUHG�IOX[�WLPH�VHULHV�PXVW�EH�µJDS�ILOOHG¶�LQ�RUGHU�WR�FDOFXODWH�GDLO\��
VHDVRQDO�DQG�DQQXDO�WRWDOV�RI�&2���DQG�ZDWHU�YDSRXU��H[FKDQJH��$�UDQJH�RI�WHFKQLTXHV�DUH�XVHG�UDQJLQJ�IURP�UHSODFLQJ�PLVVLQJ�GDWD�ZLWK�WKH�PHDQ�RI�YDOLG�GDWD�PHDVXUHG�DW�WKH�VDPH�
WLPH�RQ�VXUURXQGLQJ�GD\V��XVLQJ�IXQFWLRQDO�UHODWLRQVKLSV�EHWZHHQ�UHVSLUDWLRQ�RU�
SKRWRV\QWKHVLV�DQG�HQYLURQPHQWDO�YDULDEOHV��WR�VRSKLVWLFDWHG�QHXUDO�QHWZRUN�DOJRULWKPV��
&RPSUHKHQVLYH�FRPSDULVRQV�EHWZHHQ�YDULRXV�DSSURDFKHV�KDYH�EHHQ�GHVFULEHG�E\�)DOJH�HW�DO��
�������DQG�0RIIDW�HW�DO����������*DS�ILOOLQJ�LQFUHDVHV�WKH�XQFHUWDLQW\�LQ�DFFXPXODWHG�IOX[HV��
HVSHFLDOO\�DW�VKRUW�WLPH�VFDOHV��VHH�GLVFXVVLRQ�RQ�HUURUV�EHORZ���
�
$�UHPDLQLQJ�FKDOOHQJH�IRU�WKH�HGG\�FRYDULDQFH�FRPPXQLW\�RI�UHVHDUFKHUV�LV�WKH�VR�FDOOHG�
µHQHUJ\�EDODQFH�FORVXUH�SUREOHP¶��,Q�WKHRU\��LI�LQGHSHQGHQW�PHDVXUHPHQWV�DUH�PDGH�RI�DOO�
FRPSRQHQWV�RI�WKH�VXUIDFH�HQHUJ\�EDODQFH��PDLQ�WHUPV�DUH�QHW�UDGLDWLRQ��VRLO�KHDW�IOX[��
VHQVLEOH�KHDW�IOX[��ODWHQW�KHDW�IOX[���WKH�VXUIDFH�HQHUJ\�EDODQFH�VKRXOG�EH�DEOH�WR�EH�FORVHG��,Q�
SUDFWLFH�WKLV�LV�XQOLNHO\�RQ�D�KDOI�KRXU�EDVLV�EHFDXVH�RI�UDQGRP�PHDVXUHPHQW�HUURUV��+RZHYHU�
D�ELDV�DOVR�XVXDOO\�H[LVWV�VR�WKDW�WKH�VXP�RI�VHQVLEOH�DQG�ODWHQW�KHDW�IOX[HV�LV�XVXDOO\�OHVV�WKDQ�
WKH�VXP�RI�QHW�UDGLDWLRQ�DQG�WKH�VRLO�KHDW�IOX[��3XEOLVKHG�UHYLHZV�LQFOXGH�WKDW�E\�:LOVRQ�HW�DO��
�������ZKR�IRXQG�WKDW��IRU����VLWH�\HDUV�RI�GDWD�IURP����HGG\�FRYDULDQFH�VLWHV��HQHUJ\�
EDODQFH�FORVXUH�ZDV�GHILFLHQW�E\�DQ�DYHUDJH�RI������7KHUH�DUH�VHYHUDO�SRWHQWLDO�UHDVRQV�IRU�
WKLV�WKDW�DUH�QRW�UHYLHZHG�KHUH��2QFOH\�HW�DO��������DOWKRXJK�LW�DSSHDUV�WKDW�WKH�DFFXUDF\�RI�
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WKH�LQVWUXPHQWDO�PHWKRGV�DQG�FDOFXODWLRQV�XVHG�LQ�WKH�HGG\�FRYDULDQFH�WHFKQLTXH�DUH�QRW�WKH�
FDXVH��)RNHQ�HW�DO���������7KHUH�LV�QHLWKHU�LQGHSHQGHQW�PHDVXUHPHQW�QRU�FOHDU�FRQVHQVXV�RQ�
WKH�IXOO�LPSOLFDWLRQ�IRU�&2��IOX[HV��IRU�ZKLFK�QR�DQDORJRXV�µFORVXUH¶�FKHFN�LV�DYDLODEOH�DW�D�WLPHVFDOH�UHOHYDQW�WR�WKH�PHDVXUHPHQWV��,Q�FRQWUDVW��PDQ\�UHVHDUFKHUV�DUH�FXUUHQWO\�DGMXVWLQJ�
PHDVXUHG�HQHUJ\�IOX[HV�WR�µIRUFH¶�FORVXUH��
�
(UURUV�DQG�XQFHUWDLQW\�
�
7KHUH�DUH�VHYHUDO�VRXUFHV�RI�XQFHUWDLQW\�LQ�HGG\�FRYDULDQFH�GDWD��$W�WKH�VKRUW�WLPHVFDOHV�RYHU�
ZKLFK�IOX[HV�DUH�PHDVXUHG��W\SLFDOO\�D�KDOI�KRXU���WKHUH�LV�D�VXEVWDQWLDO�UDQGRP�HUURU�
FRPSRQHQW�EHFDXVH�RI�WKH�QDWXUH�RI�WXUEXOHQW�WUDQVSRUW�SURFHVVHV�DQG�VSDWLDO�YDULDWLRQV�
SUHVHQW�ZLWKLQ�WKH�IOX[�IRRWSULQW��$W�WKLV�WLPHVFDOH�V\VWHPDWLF�HUURUV�DUH�DOVR�FRPPRQ��
DVVRFLDWHG�ZLWK�LQVWUXPHQW�V\VWHP�GHVLJQ�DQG�SODFHPHQW��FDOLEUDWLRQ��DQG�GDWD�SURFHVVLQJ�
FRQVWUDLQWV��0DQ\�RI�WKHVH�DUH�NQRZQ�DQG�FRUUHFWHG�IRU��H�J��WKH�HIIHFW�RI�SK\VLFDO�VHSDUDWLRQ�
EHWZHHQ�VRQLF�DQHPRPHWHU�DQG�JDV�DQDO\VHUV���5DQGRP�HUURUV�W\SLFDOO\�DUH�QRW�QRUPDOO\�
GLVWULEXWHG��UDWKHU�WKH\�DUH�KHWHURVFHGDVWLF��XQFHUWDLQWLHV�LQFUHDVH�ZLWK�WKH�DEVROXWH�
PDJQLWXGH�RI�WKH�IOX[���$GGLWLRQDOO\�XQFHUWDLQWLHV�LQ�QLJKW�WLPH�HVWLPDWHV�RI�1((�DUH�KLJKHU�
WKDQ�WKRVH�IRU�GD\�WLPH�HVWLPDWHV��+ROOLQJHU�	�5LFKDUGVRQ��������7KHVH�UDQGRP�HUURUV�
EHFRPH�OHVV�LPSRUWDQW�DW�ORQJHU�WLPHVFDOHV�RYHU�ZKLFK�VXPV�RI�1((�DUH�FRPSLOHG��,QVWHDG��
WKH�XQFHUWDLQWLHV�GXH�WR�GDWD�ILOWHULQJ��HVSHFLDOO\�XQGHU�ORZ�ZLQG�VSHHG�FRQGLWLRQV��DQG�JDS�
ILOOLQJ�EHFRPH�PRUH�LPSRUWDQW��+DJHQ�HW�DO���������&RPSUHKHQVLYH�FRPSDULVRQV�RI�WKH�
XQFHUWDLQWLHV�DULVLQJ�IURP�FKRLFH�RI�ILOWHULQJ�DQG�JDS�ILOOLQJ�PHWKRGV�KDYH�EHHQ�FDUULHG�RXW�E\�
)DOJH�HW�DO����������3DSDOH�HW�DO���������DQG�0RIIDW�HW�DO����������YDQ�*RUVHO�HW�DO����������
+DJHQ�HW�DO���������FDUULHG�RXW�DQ�XQFHUWDLQW\�DQDO\VLV�RI�VHYHQ�\HDUV�RI�HGG\�FRYDULDQFH�GDWD�
IRU�D�IRUHVW�VLWH�LQ�0DLQH��86$��$W�WKH�KDOI�KRXU�WLPHVFDOH�XQFHUWDLQWLHV�LQ�HGG\�FRYDULDQFH�
IOX[HV�DSSURDFKHG������RI�WKH�PDJQLWXGH�RI�WKH�IOX[�REVHUYDWLRQV��EXW�DV�WKH�WLPH�LQWHUYDO�
LQFUHDVHG�RYHU�ZKLFK�1((�ZDV�VXPPHG��XQFHUWDLQW\�GURSSHG�GUDPDWLFDOO\�XQWLO�LW�ZDV�OHVV�
WKDQ�����DW�WKH�DQQXDO�VFDOH��+DOI�KRXUO\�IOX[�GDWDVHWV�DUH�FRQVHTXHQWO\�YHU\�QRLV\��7KLV�LV�
FRXQWHUEDODQFHG�E\�WKH�YHU\�ODUJH�QXPEHU�RI�REVHUYDWLRQV�WKDW�DUH�PDGH�DW�WKLV�WLPHVFDOH�VR�
WKDW�ELRSK\VLFDO�PRGHOV�GHYHORSHG�XVLQJ�WKHVH�GDWD�DUH�XVXDOO\�UREXVW��DQG�PHDVXUHG�VHDVRQDO�
DQG�LQWHU�DQQXDO�YDULDWLRQV�LQ�1((�DUH�VWDWLVWLFDOO\�VRXQG��+ROOLQJHU�HW�DO���������
�
$QQXDO�VXPV�RI�1((�DQG�LWV�FRPSRQHQW�IOX[HV�*(3�DQG�5(�DUH�RIWHQ�UHTXLUHG��$QQXDO�1((�
LV�REWDLQHG�E\�VXPPLQJ�KDOI�KRXUO\�REVHUYDWLRQV��*DSV�DUH�ILOOHG�XVLQJ�D�YDULHW\�RI�
WHFKQLTXHV�LQFOXGLQJ�XVLQJ�PRGHOV�RI�5(�DQG�1((�GHULYHG�IURP�YDOLG�REVHUYDWLRQV��5(�LV�
W\SLFDOO\�PRGHOOHG�IURP�DLU�WHPSHUDWXUH�DQG�VRLO�WHPSHUDWXUH�DQG�ZDWHU�FRQWHQW�DQG�1((�
XVLQJ�OLJKW�UHVSRQVH�UHODWLRQVKLSV��*DS�ILOOLQJ�HUURUV�W\SLFDOO\�WRWDO�DURXQG�����0J�&�KD�\��
HYHQ�ZLWK�DSSUR[LPDWHO\�����RI�D�GDWDVHW�PLVVLQJ��)DOJH�HW�DO���������7R�SDUWLWLRQ�1((�
UHTXLUHV�WKH�XVH�RI�PRGHOV��'HVDL�HW�DO��������5HLFKVWHLQ�HW�DO��������H[FHSW�DW�QLJKW�WLPH�
ZKHQ�5( 1((��&DOFXODWLQJ�*(3�UHTXLUHV�WKH�DGGLWLRQDO�DVVXPSWLRQ�WKDW�GD\WLPH�UHVSLUDWLRQ�
FDQ�EH�DSSUR[LPDWHG�E\�PRGHOV�GHULYHG�IURP�QLJKW�WLPH�REVHUYDWLRQV��ZKLFK�PLJKW�QRW�
DOZD\V�EH�WKH�FDVH��'HVDL�HW�DO��������5XWOHGJH�HW�DO���������DQG�WKH�WLPHVFDOHV�RYHU�ZKLFK�
PRGHOV�DUH�GHYHORSHG�QHHG�WR�EH�DSSURSULDWH��5HLFKVWHLQ�HW�DO���������
�
8QFHUWDLQW\�HVWLPDWHV�RI�DQQXDO�VXPV�RI�1((�JHQHUDOO\�UDQJH�IURP����±����0J�&�KD�\�ZKLFK�
LV�LQ�WKH�RUGHU�RI�WKH�FDUERQ�FRQWHQW�RI�D�VKHHW�RI�FRPSXWHU�SULQWHU�SDSHU��%DOGRFFKL��������
:KLOH�WKLV�GRHV�QRW�VHHP�D�JUHDW�GHDO�LW�DSSURDFKHV�WKH�UDWH�RI�VRLO�FDUERQ�ORVV�UHSRUWHG�E\�
6FKLSSHU�HW�DO���������IRU�1HZ�=HDODQG�SDVWXUH�VRLOV��$OVR��1((�LV�WKH�RIWHQ�VPDOO�GLIIHUHQFH�
EHWZHHQ�LWV�ODUJH�FRPSRQHQWV�*(3�DQG�5(��VR�DW�WLPHV�WKH�XQFHUWDLQW\�LQ�1((�LQFOXGHV�]HUR��
)RU�H[DPSOH��1LHYHHQ�HW�DO���������HVWLPDWHG�PHDQ����VWDQGDUG�GHYLDWLRQ��1((�IURP�HGG\�
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FRYDULDQFH�PHDVXUHPHQWV�RYHU�D�JUD]HG�SDVWXUH�IRU�D�1HZ�=HDODQG�SHDW�VRLO�WR�EH�������������
0J�&�KD�\�ZKHUH�ERWK�*(3�DQG�5(�ZHUH�DSSUR[LPDWHO\������0J�&�KD�\��
�
������ 6RLO�UHVSLUDWLRQ�FKDPEHUV�
�
6RLO�UHVSLUDWLRQ�LV�XVXDOO\�WKH�ODUJHVW�FRPSRQHQW�RI�UHWXUQ�RI�&2��WR�WKH�DWPRVSKHUH�LQ�WKH�WHUUHVWULDO�FDUERQ�EXGJHW��W\SLFDOO\�DFFRXQWLQJ�IRU���±����RI�5(��/RHVFKHU�HW�DO���������
&KDPEHUV�FRQQHFWHG�WR�JDV�DQDO\VHUV�DUH�XVXDOO\�GHSOR\HG�WR�PHDVXUH�VRLO�UHVSLUDWLRQ��
DOWKRXJK�ZLWKLQ�VRLO�&2��VHQVRUV�DUH�DOVR�XVHG�WR�HVWLPDWH�VRLO�VXUIDFH�&2��IOX[��7DQJ�HW�DO���������&KDPEHUV�WKDW�HQFORVH�SODQWV�DQG�VRLO�PHDVXUH�ERWK�KHWHURWURSKLF��VRLO�RUJDQLVPV��DQG�
DXWRWURSKLF��SODQW��FRPSRQHQWV�RI�UHVSLUDWLRQ��7UDQVSDUHQW�FKDPEHUV�SODFHG�DW�WKH�VRLO�
VXUIDFH�DUH�XVHG�WR�PHDVXUH�SKRWRV\QWKHVLV��DQG�FKDPEHUV�DUH�DOVR�FRPPRQO\�XVHG�WR�
PHDVXUH�IOX[HV�RI�RWKHU�WUDFH�JDVHV�VXFK�DV�PHWKDQH�DQG�QLWURXV�R[LGH�WKDW�DUH�VWLOO�
FKDOOHQJLQJ�WR�PHDVXUH�ZLWK�WKH�HGG\�FRYDULDQFH�WHFKQLTXH��
�
6HYHUDO�UHYLHZV�RI�VRLO�UHVSLUDWLRQ�FKDPEHU�GHVLJQV�DQG�IOX[�FDOFXODWLRQV�KDYH�EHHQ�SXEOLVKHG�
��/LYLQJVWRQ�	�+XWFKLQVRQ�������DORQJ�ZLWK�D�FDUHIXO�FRQVLGHUDWLRQ�RI�SRWHQWLDO�ELDVHV�
�'DYLGVRQ�HW�DO���������
�
$�FKDUDFWHULVWLF�RI�PRVW�FKDPEHUV�LV�WKHLU�VPDOO�VL]H��W\SLFDOO\�HQFORVLQJ�MXVW�D�IHZ�
KXQGUHGWKV�RI�D�VTXDUH�PHWUH�RI�WKH�VRLO�VXUIDFH��3ODVWLF�FROODUV�DUH�XVXDOO\�LQVHUWHG�LQ�WKH�VRLO�
WR�SURYLGH�D�UHOLDEOH�VHDO�IRU�WKH�FKDPEHUV�DQG�DOVR�WR�PLQLPLVH�GLVWXUEDQFH�IURP�PXOWLSOH�
PHDVXUHPHQWV�DW�WKH�VDPH�ORFDWLRQ��0XOWLSOH�VSDWLDO�PHDVXUHPHQWV�RI�VRLO�&2��IOX[�DUH�UHTXLUHG�WR�IXOO\�FKDUDFWHULVH�VSDWLDO�YDULDWLRQ��DQG�LW�LV�RIWHQ�FKDOOHQJLQJ�WR�GLUHFWO\�FRPSDUH�
HGG\�FRYDULDQFH�DQG�FKDPEHU�PHDVXUHPHQWV�RI�5(�IRU�WKLV�UHDVRQ��'DYLGVRQ�HW�DO���������
7KH�FRHIILFLHQW�RI�YDULDWLRQ�RI�VSDWLDO�PHDVXUHPHQWV�RI�VRLO�UHVSLUDWLRQ�FDQ�EH�XVHG�WR�
HVWLPDWH�WKH�QXPEHU�RI�FKDPEHUV�QHHGHG�WR�PHDVXUH�WKH�VSDWLDO�PHDQ�VRLO�UHVSLUDWLRQ�WR�D�
NQRZQ�OHYHO�RI�FRQILGHQFH��/RHVFKHU�HW�DO���������6SDWLDO�YDULDELOLW\�RI�VRLO�UHVSLUDWLRQ�
GHWHUPLQHV�WKH�SUHFLVLRQ�RI�WKH�PHDQ�IOX[��ZKLOH�ELDVHV�LQ�PHDVXUHG�VRLO�UHVSLUDWLRQ�GXH�WR�
FKDPEHU�GHVLJQ�DIIHFW�DFFXUDF\��
�
0RVW�VRLO�UHVSLUDWLRQ�FKDPEHUV�DUH�RI�WKH�µQRQ�VWHDG\�VWDWH¶�W\SH��ZKHUH�WKH�IOX[�RI�&2��IURP�WKH�VRLO�LV�FDOFXODWHG�IURP�WKH�UDWH�RI�LQFUHDVH�RI�&2��LQ�WKH�KHDGVSDFH�RI�WKH�FKDPEHU��W\SLFDOO\�RYHU�WKH�FRXUVH�RI��±��PLQXWHV�DIWHU�WKH�FKDPEHU�LV�FORVHG��&KDPEHUV�DUH�XVXDOO\�
RSHQ�EHWZHHQ�PHDVXUHPHQWV�WR�PLQLPLVH�WKH�GLVWXUEDQFH�RI�QRUPDO�VRLO±DWPRVSKHUH�
H[FKDQJH�SURFHVVHV�DQG�WR�SUHYHQW�WKH�GHYHORSPHQW�RI�DUWLILFLDO�VRLO�WHPSHUDWXUH�DQG�ZDWHU�
FRQWHQW�UHJLPHV��7KHUH�DUH�VHYHUDO�GHVLJQV�RI�FRPPHUFLDOO\�DYDLODEOH�VRLO�UHVSLUDWLRQ�FKDPEHU�
V\VWHPV��LQFOXGLQJ�WKRVH�WKDW�DOORZ�PXOWLSOH�DXWRPDWLF�µORQJ�WHUP¶�FKDPEHUV�WR�EH�GHSOR\HG��
6RXUFHV�RI�ELDV�HUURUV�GXH�WR�FKDPEHU�GHVLJQ�DQG�RSHUDWLRQ�DUH�ZHOO�NQRZQ��'DYLGVRQ�HW�DO��
�������DQG�PRGHUQ�FRPPHUFLDOO\�DYDLODEOH�LQVWUXPHQWV�VXFK�DV�WKH�/,�&25������V\VWHP�DUH�
GHVLJQHG�WR�PLQLPLVH�WKHVH��RU�DFFRXQW�IRU�ELDVHV�LQ�SURFHVVLQJ�VRIWZDUH��%ULHIO\��ELDV�HUURUV�
FDQ�EH�FDXVHG�E\�WKH�DOWHUDWLRQ�LQ�JDV�GLIIXVLRQ�JUDGLHQWV�IURP�VRLO�WR�DWPRVSKHUH�WKDW�OHDG�WR�
XQGHUHVWLPDWHV�RI�VRLO�UHVSLUDWLRQ�IOX[�RI��±����GHSHQGLQJ�RQ�VRLO�WH[WXUH�DQG�ZDWHU�FRQWHQW��
&RUUHFW�YHQWLQJ�RI�FKDPEHUV�VR�WKDW�WKH�FKDPEHU�LV�DW�DWPRVSKHULF�SUHVVXUH�LV�DOVR�LPSRUWDQW��
�
������ %ULHI� UHYLHZ� RI� VWXGLHV� XVLQJ� HGG\� FRYDULDQFH� WR� GHWHUPLQH� FKDQJHV� LQ� VRLO�

FDUERQ�
�
&RPSDUHG�ZLWK�WKH�QXPEHU�RI�VWXGLHV�WKDW�KDYH�XVHG�WKH�HGG\�FRYDULDQFH�WHFKQLTXH�WR�
LQYHVWLJDWH�HFRV\VWHP�FDUERQ�H[FKDQJHV�IRU�IRUHVWV��WKHUH�KDYH�EHHQ�UHODWLYHO\�IHZ�VWXGLHV�
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FDUULHG�RXW�RQ�JUDVVODQG�HFRV\VWHPV��DQG�HYHQ�IHZHU�RQ�LQWHQVLYHO\�PDQDJHG�SDVWXUH�EDVHG�
JUD]LQJ�V\VWHPV�VLPLODU�WR�WKRVH�XVHG�LQ�1HZ�=HDODQG��,Q�UHFHQW�UHYLHZV�E\�0XGJH��������
DQG�:DOODFH��8QLYHUVLW\�RI�:DLNDWR��LQ�SUHS����D�FRPSLODWLRQ�RI�SXEOLVKHG�VWXGLHV�KDV�OHG�WR�
WKH�IROORZLQJ�FRQFOXVLRQV��
�
2I�PRVW�UHOHYDQFH�WR�VWXGLHV�RI�SRWHQWLDO�FKDQJHV�WR�VRLO�FDUERQ�VWRFNV�LQ�DJULFXOWXUDO�V\VWHPV�
LV�WKH�QHW�HFRV\VWHP�FDUERQ�EDODQFH��1(&%���ZKLFK�DFFRXQWV�IRU�WKH�DQQXDO�IORZV�RI�FDUERQ�
LQ�DOO�IRUPV��LQFOXGLQJ�&2���&+���GU\�PDWWHU�LPSRUWV�DQG�H[SRUWV��LQFOXGLQJ�PHDW�DQG�PLON�SURGXFWV���GLVVROYHG�FDUERQ�LQ�GUDLQDJH�RU�UXQRII��DQG�HURVLRQ��7KH�IOX[HV�RI�&2���5(�DQG�*33��DUH�XVXDOO\�IDU�ODUJHU�WKDQ�DOO�RWKHU�WHUPV�LQ�WKH�FDUERQ�EXGJHW��EXW�WKH\�DUH�RIWHQ�FORVH�
WR�EHLQJ�LQ�EDODQFH�VR�WKDW�1((�LV�QRUPDOO\�D�QHW�XSWDNH�RI�FDUERQ�LQ�WKH�UDQJH�������WR���
NJ�&�KD�\�IRU�SDVWXUHV�ZLWK�PLQHUDO�VRLOV��L�H��D�QHW�FDUERQ�VLQN���1((�LV�KLJKO\�YDULDEOH�
EHWZHHQ�GLIIHUHQW�ODQG�PDQDJHPHQW�SUDFWLFHV�DQG�VRLOV��DQG�WKH�OHYHO�RI�LQWHU�DQQXDO�
YDULDELOLW\�LV�W\SLFDOO\�ODUJH�EHFDXVH�FOLPDWLF�YDULDELOLW\�EHWZHHQ�\HDUV�VWURQJO\�DIIHFWV�*33�
DQG�5(��
�
0DQDJHG�SDVWXUHV�ZLWK�PLQHUDO�VRLOV�DUH�JHQHUDOO\�FDUERQ�VLQNV��ZKHUHDV�PDQDJHG�SDVWXUHV�
RQ�SHDW�VRLOV�DUH�XVXDOO\�VRXUFHV�RI�FDUERQ��'URXJKW�FRQGLWLRQV�UHGXFH�ERWK�*33�DQG�5(��DQG�
1(&%�LQ�\HDUV�ZLWK�GURXJKW�RIWHQ�LQGLFDWH�ORVVHV�RI�VRLO�FDUERQ��
�
7KHUH�KDV�RQO\�EHHQ�RQH�SXEOLVKHG�VWXG\�RI�1(&%�IRU�D�1HZ�=HDODQG�IDUP��1LHYHHQ�HW�DO��
�������UHSRUWHG�YDOXHV�RI�1((�FORVH�WR�]HUR�IRU�D�GDLU\�IDUP�ZLWK�VKDOORZ�GUDLQV�RQ�GHHS�SHDW�
QHDU�+DPLOWRQ��+RZHYHU�FDOFXODWLRQ�RI�WKH�1(&%�LQGLFDWHG�D�FDUERQ�ORVV�RI�������NJ�&�KD�\�
IRU�WKH�VLQJOH�\HDU�VWXGLHG��EHFDXVH�RI�PHWKDQH�HPLWWHG�E\�FRZV�DQG�PLON�H[SRUWV��0XGJH�
�������UHSRUWHG�1(&%�DV�D�QHW�XSWDNH�RI�����NJ�&�KD�\�GXULQJ�D�\HDU�ZLWK�D�VHYHUH�GURXJKW�
RQ�D�:DLNDWR�GDLU\�IDUP�ZLWK�PLQHUDO�VRLOV��+XQW�HW�DO��������UHSRUWHG�1((�IRU�D�VSDUVH�
WXVVRFN�JUDVVODQG�QHDU�7ZL]HO�LQ�WKH�FHQWUDO�6RXWK�,VODQG�GXULQJ�WZR�\HDUV�ZLWK�FRQWUDVWLQJ�
UDLQIDOO��7KH�HFRV\VWHP�ZDV�D�FDUERQ�VRXUFH�LQ�WKH�GU\�\HDU�DQG�D�QHW�FDUERQ�VLQN�LQ�D�ZHWWHU�
WKDQ�DYHUDJH�\HDU��(GG\�FRYDULDQFH�GDWD�ZHUH�FRPELQHG�ZLWK�VRLO�UHVSLUDWLRQ�FKDPEHU�
PHDVXUHPHQWV�DQG�OHG�WR�WKH�FRQFOXVLRQ�WKDW�����RI�5(�HPDQDWHG�IURP�WKH�VRLO�VXUIDFH��
�
%URZQ�HW�DO���������XVHG�D�FRPELQDWLRQ�RI�VRLO�UHVSLUDWLRQ�FKDPEHUV�DQG�HGG\�FRYDULDQFH�WR�
LQYHVWLJDWH�WHPSHUDWXUH�DQG�VRLO�ZDWHU�FRQWHQW�FRQWUROV�RQ�VRLO�UHVSLUDWLRQ�LQ�D�JUD]HG�SDVWXUH�
LQ�&DQWHUEXU\��ZLWK�REVHUYHG�VHDVRQDO�FKDQJHV�GULYHQ�PDLQO\�E\�WHPSHUDWXUH�GXH�WR�WKH�ZHOO�
ZDWHUHG�FRQGLWLRQV�H[SHULHQFHG�GXULQJ�WKH�VWXG\��
�
������ (VWLPDWHG�FRVWV�WR�VHW�XS�PHDVXUHPHQW�V\VWHPV�
�
(GG\�FRYDULDQFH�V\VWHPV�
�
2QH�RI�WKH�PRVW�IUHTXHQWO\�XVHG�FRQILJXUDWLRQV�RI�HGG\�FRYDULDQFH�V\VWHPV�SUHVHQWO\�ZLGHO\�
LQ�XVH�LV�EDVHG�DURXQG�DQ�RSHQ�SDWK�&2��+�2�JDV�DQDO\VHU��/L�&RU�,QF���0RGHO�/,�������DQG�
WKH�VRQLF�DQHPRPHWHU�WKHUPRPHWHU��&DPSEHOO�6FLHQWLILF�,QF���0RGHO�&6$7����5HFHQW�
GHYHORSPHQWV�LQ�GDWD�ORJJLQJ�DQG�IODVK�PHPRU\�WHFKQRORJ\�PHDQ�WKDW�KLJK�IUHTXHQF\�HGG\�
FRYDULDQFH�FDOFXODWLRQV�DQG�GDWD�VWRUDJH�DUH�YHU\�VWUDLJKW�IRUZDUG�WR�PDQDJH�LQ�WKH�ILHOG��
'DWD�ORJJHUV�VXFK�DV�WKH�&DPSEHOO�6FLHQWLILF�,QF��&5�����DUH�VXLWDEOH�IRU�WKLV�SXUSRVH��
�
$�UHFHQW�GHYHORSPHQW�E\�/L�&RU�,QF��LV�D�QHZ�µHQFORVHG�SDWK¶�JDV�DQDO\VHU��EXLOW�DURXQG�WKH�
SURYHQ�/,������SODWIRUP��$GYDQWDJHV�LQFOXGH�OHVV�GDWD�ORVW�GXH�WR�UDLQ�	�RWKHU�LQWHUIHUHQFH�
ZLWK�WKH�RSWLFDO�SDWK��UHGXFHG�WHPSHUDWXUH�IOXFWXDWLRQV�LQ�WKH�RSWLFDO�SDWK�PLQLPLVH�WKH�VL]H�
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RI�GHQVLW\�FRUUHFWLRQV��DQG�SRWHQWLDO�IRU�RQ�ERDUG�GDWD�ORJJLQJ�RI�DOO�VHQVRUV�VR�GDWD�ORJJHU�
FRVWV�FDQ�EH�UHGXFHG��7KH�FRVW�RI�DQ�HGG\�FRYDULDQFH�V\VWHP�EDVHG�RQ�WKLV�LQVWUXPHQW�LV�
OLNHO\�WR�EH�VLPLODU�WR�WKH�RSHQ�SDWK�V\VWHP�TXRWHG�LQ�7DEOH����
�
7DEOH���$SSUR[LPDWH�FRVWV�RI�RSHQ�SDWK�HGG\�FRYDULDQFH�V\VWHP�FRPSRQHQWV��'HFHPEHU�
�������
�
� (GG\�FRYDULDQFH�V\VWHP�PDMRU�FRPSRQHQWV� (VWLPDWHG�

FRVW���
� /,������RSHQ�SDWK�&2��+�2�JDV�DQDO\VHU� �������
� &6$7��VRQLF�DQHPRPHWHU�WKHUPRPHWHU� �������
� &5�����GDWD�ORJJHU�FRQWURO�PRGXOH��LQFOXGLQJ�IODVK�PHPRU\�DGG�RQ�� �������
� $QFLOODU\�LQVWUXPHQWDWLRQ��UDGLDWLRQ�EDODQFH�FRPSRQHQWV��SKRWRV\QWKHWLFDOO\�DFWLYH�

UDGLDWLRQ��DLU�WHPSHUDWXUH�	�KXPLGLW\��VRLO�WHPSHUDWXUH�	�KHDW�IOX[��VRLO�PRLVWXUH��ZLQG�
VSHHG�	�GLUHFWLRQ��UDLQIDOO��

�������

� 6RODU�SRZHU�V\VWHP��SDQHOV��FRQWUROOHU��EDWWHULHV�� �������
� 7RZHU�V\VWHP��FRVW�GHSHQGV�RQ�KHLJKW��	�RWKHU�KDUGZDUH��SOXV�GDWD�ORJJHU�HQFORVXUH� �������
� 7HOHFRPPXQLFDWLRQV��FHOO�SKRQH�PRGHP��DHULDO�� �������
7RWDO�FRVW� �������
�
:KLOH�HGG\�FRYDULDQFH�V\VWHPV�DUH�UHODWLYHO\�DIIRUGDEOH�DQG�VWUDLJKW�IRUZDUG�WR�VHW�XS��
VSHFLDOLVHG�NQRZOHGJH�LV�UHTXLUHG�LQ�RUGHU�WR�HQVXUH�KLJK�GDWD�TXDOLW\��6RPH�RI�WKH�SRVW�ILHOG�
GDWD�SURFHVVLQJ�DQG�DQDO\VHV�UHPDLQ�YHU\�FKDOOHQJLQJ��PHDQLQJ�WKH�HGG\�FRYDULDQFH�
WHFKQLTXH�LV�VWLOO�QRW�HQWLUHO\�URXWLQH��0RGHUQ�JDV�DQDO\VHUV�VXFK�DV�WKH�/,������DUH�
H[FHSWLRQDOO\�VWDEOH��EXW�VWLOO�UHTXLUH�FDOLEUDWLRQ�FKHFNV�DW�UHJXODU�LQWHUYDOV��7KH�PRVW�UHOLDEOH�
ZD\�WR�DFKLHYH�WKLV�LV�E\�XVLQJ�UHIHUHQFH�JDVHV�LQ�D�ODERUDWRU\�VLWXDWLRQ�UDWKHU�WKDQ�LQ�WKH�
ILHOG��7R�PLQLPLVH�GDWD�JDSV��VRPH�JURXSV�QRZ�XVH�D�µIORDWLQJ¶�LQVWUXPHQW�WKDW�LV�FDOLEUDWHG�
LQ�WKH�ODERUDWRU\�DQG�WKHQ�VZDSSHG�IRU�D�ILHOG�GHSOR\HG�LQVWUXPHQW�WKDW�LV�WKHQ�FDOLEUDWHG�DQG�
PRYHG�RQ�WR�DQRWKHU�GHSOR\PHQW��7KLV�UHTXLUHV�DQ�DGGLWLRQDO�VHQVRU��
�
6RLO�UHVSLUDWLRQ�FKDPEHU�V\VWHPV�
�
)RU�VRLO�UHVSLUDWLRQ�PHDVXUHPHQWV��WKH�DXWRPDWHG�V\VWHP��0RGHO�������PDQXIDFWXUHG�E\�/L�
&RU�,QF��KDV�EHFRPH�DQ�LQGXVWU\�VWDQGDUG�LQ�UHFHQW�\HDUV��6RLO�UHVSLUDWLRQ�LV�KLJKO\�YDULDEOH�
VSDWLDOO\��DQG�HVWLPDWHV�DW�ILHOG�SORW�VFDOHV�UHTXLUH�WKH�XVH�RI�HLWKHU�PXOWLSOH�VSRW�
PHDVXUHPHQWV�RU�PXOWLSOH�DXWRPDWHG�FKDPEHUV��7DEOH�����
�
7DEOH���$SSUR[LPDWH�FRVWV�RI�IRXU�FKDPEHU�/,�&25������VRLO�UHVSLUDWLRQ�FKDPEHU�V\VWHP�
�'HFHPEHU��������
�
�
�

&KDPEHU�V\VWHP�PDMRU�FRPSRQHQWV� (VWLPDWHG�FRVW���
� /,������JDV�DQDO\VHU�DQG�FRQWURO�V\VWHP� �������
� /,������DXWRPDWHG���FKDPEHU�PXOWLSOH[HG�V\VWHP� �������
� 6RODU�SRZHU�V\VWHP�IRU�DXWRPDWHG�FKDPEHUV�

7RWDO�FRVW�
������
�������
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��� (PHUJLQJ�WHFKQRORJLHV��
�
5HFHQW�GHYHORSPHQWV�LQ�UHIOHFWDQFH�VSHFWURVFRS\�KDYH�OHG�WR�LWV�HPHUJHQFH�DV�D�PHWKRG�WR�
LPSURYH�WKH�HIILFLHQF\�RI�VRLO�FDUERQ�DQDO\VLV�DQG�VWRFN�HVWLPDWLRQ��:HWWHUOLQG�HW�DO���������
5HIOHFWDQFH�VSHFWURVFRS\�WHFKQLTXHV�UHTXLUHV�FDOLEUDWLRQ�RI�VRLO�RUJDQLF�FDUERQ�FRQFHQWUDWLRQ�
DJDLQVW�VWDQGDUG�ODERUDWRU\�PHDVXUHPHQWV�XVLQJ�IXUQDFH�EDVHG�DQDO\VHUV�EXW�WKH�PHWKRGRORJ\�
LV�D�SURPLVLQJ�EHFDXVH�LW�FDQ�EH�XVHG�VXFFHVVIXOO\�ZLWK�D�PDUNHG�UHGXFWLRQ�LQ�WKH�QXPEHU�RI�
VDPSOHV�WKDW�DUH�QHHGHG�WR�EH�DQDO\VHG�E\�VWDQGDUG�PHWKRGV���
�
���� 1HDU�LQIUDUHG�VSHFWURVFRS\��1,56��
�
9LVLEOH�DQG�QHDU�LQIUDUHG�GLIIXVH�UHIOHFWDQFH�VSHFWURVFRS\��9LV�1,5�'56��KDV�EHHQ�
H[WHQVLYHO\�UHVHDUFKHG�DV�D�UDSLG�DQG�QRQ�GHVWUXFWLYH�ODERUDWRU\�DQG�ILHOG�PHWKRG�IRU�
GHWHUPLQDWLRQ�RI�VRLO�RUJDQLF�FDUERQ��H�J��%HQ�'RU�HW�DO������D���9LV�1,5�'56�LV�QRZ�EHLQJ�
XVHG�IRU�URXWLQH�ODERUDWRU\�HVWLPDWLRQ�RI�VRLO�FDUERQ��0DOOH\�HW�DO��������DQG�SURPLVHV�WR�EH�D�
YHUVDWLOH�WRRO�ZKLFK�FDQ�EH�XVHG�LQ�VLWX�LQ�ILHOG�FRQGLWLRQV�IRU�VRLO�FDUERQ�DQDO\VLV��
��
,Q�1HZ�=HDODQG��+LOO�/DERUDWRULHV�XVH�1,56�IRU�URXWLQH�VRLO�FDUERQ��VRLO�QLWURJHQ�DQG�
DYDLODEOH�QLWURJHQ�DQDO\VHV��5�+LOO�SHUVRQDO�FRPPXQLFDWLRQ��������9LV�1,5�'56��XVLQJ�
HLWKHU�DOO�RU�SDUW�RI�WKH����±�����QP�UDQJH�RI�WKH�HOHFWURPDJQHWLF�VSHFWUXP��LV�EHFRPLQJ�WKH�
SUHIHUUHG�UHIOHFWDQFH�VSHFWURVFRS\�PHWKRG�IRU�UDSLG��QRQ�GHVWUXFWLYH�VLPXOWDQHRXV�
DVVHVVPHQW�RI�D�VXLWH�RI�VRLO�SURSHUWLHV��6KHSKHUG�	�:DOVK�������%URZQ�HW�DO��������
0F%UDWQH\�HW�DO��������%URZQ�������$ZLWL�HW�DO��������E\�VFDQQLQJ�DLU�GULHG��VLHYHG�VDPSOHV��
QRUPDOO\�SODFHG�LQ�D�IODW�FHOO�RU�SHWUL�GLVK��7KLV�LV�GHVSLWH�UHVHDUFK�VKRZLQJ�WKDW�PLG�LQIUDUHG�
�0,5��VSHFWURVFRS\�LV�SHUKDSV�PRUH�DFFXUDWH�WKDQ�9LV�1,5�'56��0F&DUW\�HW�DO��������3LULH�
HW�DO��������9LVFDUUD�5RVVHO�HW�DO��������5HHYHV�HW�DO���������+RZHYHU��YDULDELOLW\�LQ�VRLO�ZDWHU�
FRQWHQW�SUHYHQWV�HIIHFWLYH�XVH�RI�0,5�VSHFWURVFRS\�EHFDXVH�DEVRUEDQFH�RI�0,5�ZDYHOHQJWKV�
E\�ZDWHU�REVFXUHV�WKH�DEVRUEDQFH�IHDWXUHV�RI�LPSRUWDQW�FKURPRSKRUHV��/XQG�HW�DO���������
�
7KH�DGYDQWDJH�RI�9LV�1,5�'56�LV�WKDW�LW�UHTXLUHV�OHVV�VDPSOH�SUHSDUDWLRQ�DQG�DOORZV�
PHDVXUHPHQW�RQ�ILHOG�PRLVW�VRLOV��7KLV�VLPSOLFLW\�KDV�DOORZHG�WKH�GHYHORSPHQW�RI�D�QXPEHU�
RI�SUR[LPDO�VHQVLQJ�WHFKQRORJLHV�IRU�LQ�VLWX�ILHOG�PHDVXUHPHQW�RI�VRLO�SURSHUWLHV�WKDW�DUH�QRZ�
EHLQJ�HYDOXDWHG�IRU�UHFRQQDLVVDQFH�PDSSLQJ�RI�VRLO�FDUERQ�DQG�QLWURJHQ�FRQFHQWUDWLRQV��/XQG�
HW�DO��������0RXD]HQ�HW�DO��������������6XGGXWK�HW�DO���������DV�ZHOO�DV�PRUH�SUHFLVH�
PHDVXUHPHQW�RI�VRLO�RUJDQLF�FDUERQ�VWRFNV��.XVXPR�HW�DO����������
�
������ 7KHRU\�
�
0RVW�RUJDQLF�PROHFXOHV�KDYH�ZHOO�GHILQHG�UHIOHFWDQFH�RU�WUDQVPLWWDQFH�IHDWXUHV�DW�YLVLEOH�
������QP��DQG�1,5�����������QP��ZDYHOHQJWKV��7KHVH�RFFXU�GXH�WR�YLEUDWLRQ�RI�D�PROHFXOH�
�)LJ�����DW�D�IXQGDPHQWDO�IUHTXHQF\��RU�ZDYHOHQJWK��ZLWK�D�VHULHV�RI�RYHUWRQHV��VLPLODU�WR�WKH�
YLEUDWLQJ�VWULQJ�RI�D�PXVLFDO�LQVWUXPHQW��$QDO\WLFDO�6SHFWUDO�'HYLFHV��������7KH�DEVRUEDQFH�
RI�1,5�E\�PROHFXOHV�LV�GXH�WR�RYHUWRQH�DQG�FRPELQDWLRQ�EDQGV�SULPDULO\�RI�2�+��&�+��1�+�
DQG�& 2�JURXSV�ZKRVH�IXQGDPHQWDO�PROHFXODU�VWUHWFKLQJ�DQG�EHQGLQJ�DEVRUE�LQ�WKH�0,5�
UHJLRQ���
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�
�
)LJ����9LV�1,5�VSHFWUDO�HQHUJ\�LV�UHIOHFWHG�DQG�DEVRUEHG�SULPDULO\�E\�WKH�PROHFXODU�2�+��&�
+��1�+�DQG�& 2�ERQGV��DV�LQ�WKLV�YLEUDWLQJ�PHWKDQH�PROHFXOH��$QDO\WLFDO�6SHFWUDO�'HYLFHV�
�������
�
7KH�RYHUWRQH�DQG�FRPELQDWLRQ�EDQG�1,5�DEVRUEDQFHV�JLYH�FRPSOH[�VSHFWUD�RI�WKH�FRPSOH[�
RUJDQLF�PROHFXOHV��QRW�GLUHFWO\�LQWHUSUHWDEOH�DV�LQ�RWKHU�VSHFWUDO�UHJLRQV��7KHLU�DQDO\VLV�UHOLHV�
RQ�FKHPRPHWULF�VRIWZDUH�IRU��L��VSHFWUDO�SUH�SURFHVVLQJ�DQG�SURFHVVLQJ�DQG��LL��VWDWLVWLFDO�
DQDO\VLV�RI�GHULYHG�FRPSRQHQWV�RI�WKH�SURFHVVHG�VSHFWUD��$�µFDOLEUDWLRQ¶�VHW�RI�DQDO\VHV�LV�
XVHG�WR�FDOLEUDWH�WKH�VSHFWUD��7KH�ELJJHVW�DGYDQWDJH�RI�VXFK�D�PHWKRG�LV�OLWWOH�RU�QR�VDPSOH�
SUHSDUDWLRQ�WLPH�ZLWK�UHDO�WLPH�GDWD��9LV�1,5�'56�UHOLHV�RQ�WKH�DFFXUDF\�RI�DQDO\VLV�RI�WKH�
UHIHUHQFH�VDPSOHV�XVHG�IRU�WKH�FDOLEUDWLRQ�VHW��
�
:KHQ�9LV�1,5�HQHUJ\�LV�SURMHFWHG�RQWR�D�VDPSOH�VXUIDFH�VRPH�RI�LW�LV�GLUHFWO\�UHIOHFWHG��
VRPH�LV�VFDWWHUHG�DQG�VRPH�LV�WUDQVPLWWHG�WKURXJK�WKH�VDPSOH��2QO\�WKH�SDUW�RI�WKH�EHDP�WKDW�
LV�WUDQVPLWWHG�ZLWKLQ�WKH�VDPSOH�DQG�WKHQ�EDFN�VFDWWHUHG�WR�WKH�VXUIDFH�LV�FRQVLGHUHG�DV�
GLIIXVH�UHIOHFWLRQ��DQG�LW�LV�WKLV�SDUW�RI�WKH�VSHFWUXP�WKDW�FDQ�EH�LQWHUSUHWHG�WR�DVVHVV�VRLO�
SURSHUWLHV�VXFK�DV�FDUERQ�FRQFHQWUDWLRQ��7KH�VL[�PRVW�FRPPRQ�FKURPRSKRUHV�LQIOXHQFLQJ�
VRLO�UHIOHFWDQFH�LQ�WKH�YLVLEOH��9LV��DQG�QHDU�LQIUDUHG��1,5��ZDYHOHQJWK�UDQJHV�����������QP��
DUH�FOD\�PLQHUDOV��FDUERQDWHV��RUJDQLF�PDWWHU��ZDWHU��LURQ�R[LGHV�DQG�VRLO�VDOLQLW\��%HQ�'RU�
�������6RLO�RUJDQLF�PDWWHU�FRQFHQWUDWLRQ�FDQ�EH�SUHGLFWHG�VXFFHVVIXOO\�IURP�PHDVXUHPHQWV�RI�
GLIIXVH�UHIOHFWDQFH�LQ�WKH�9LV�1,5�UDQJH��
�
������ �/DERUDWRU\�WHFKQLTXHV�
�
7KHUH�LV�D�VLJQLILFDQW�KLVWRU\�RI�GHYHORSPHQW�RI�ODERUDWRU\�PHWKRGV�XVLQJ�QHDU�LQIUDUHG�
UHIOHFWDQFH�VSHFWURVFRS\��1,56��WR�REVHUYH�FKDQJH�LQ�VRLO�RUJDQLF�PDWWHU��%RZHUV�	�+DQNV�
�������1,56�KDV�VLQFH�EHHQ�H[WHQGHG�WR�SUHGLFW�RWKHU�VRLO�FKHPLFDO�DQG�SK\VLFDO�SURSHUWLHV�
VXFK�DV�WRWDO�FDUERQ��RUJDQLF�FDUERQ��WRWDO�QLWURJHQ��1+��1��12��1��&(&��3��.��&D��0J��S+��
ZDWHU�FRQWHQW��DQG�VRLO�SDUWLFOH�VL]H��%HQ�'RU�	�%DQLQ�������&KDQJ�HW�DO��������&R]]ROLQR�	�
0RURQ�������,VODP�HW�DO��������5HHYHV�	�0F&DUW\�������6KHSKHUG�	�:DOVK��������'HVSLWH�
SUHGLFWLRQ�DFFXUDFLHV�IRU�D�ZLGH�UDQJH�RI�VRLO�SURSHUWLHV�UDQJLQJ�IURP�SRRU�WR�H[FHOOHQW�
�9LVFDUUD�5RVVHO�HW�DO���������0DOOH\�	�0DUWLQ��������FRQFOXGH�WKDW�1,56�LV�PRVW�VXFFHVVIXO�
IRU�SUHGLFWLQJ�WRWDO�FDUERQ��RUJDQLF�FDUERQ��WRWDO�QLWURJHQ��FDWLRQ�H[FKDQJH�FDSDFLW\�DQG�ZDWHU�
FRQWHQW��$FFXUDF\�RI�SUHGLFWLRQ�GHSHQGV�RQ�VDPSOH�SUHSDUDWLRQ�DQG�VXLWDEOH�VSHFWUDO�SUH�
WUHDWPHQW�EHIRUH�XQGHUWDNLQJ�D�PXOWLYDULDWH�VWDWLVWLFDO�DQDO\VLV��&KDQJ�	�/DLUG��������
�
6DPSOH�SUHSDUDWLRQ�
�
6WDQGDUG�VRLO�FRULQJ�RU�SURILOH�ZDOO�VDPSOLQJ�WHFKQLTXHV�DUH�XVHG�WR�FROOHFW�VDPSOHV��0RVW�
SXEOLVKHG�UHSRUWV�RI�HVWLPDWHV�RI�VRLO�FDUERQ�DQG�QLWURJHQ�FRQFHQWUDWLRQV�XVLQJ�1,56�DUH�
IURP�ODERUDWRU\�PHWKRGV�XVLQJ�KRPRJHQRXV�VDPSOHV�SUHSDUHG�E\�DLU�GU\LQJ��JULQGLQJ�DQG�
VLHYLQJ�VRLOV�WR�HOLPLQDWH�WKH�HIIHFW�RI�GLIIHUHQFHV�LQ�ZDWHU�FRQWHQW�DQG�KHWHURJHQHRXV�VXUIDFH�
VWUXFWXUH�RQ�VDPSOH�UHIOHFWDQFH��0DOOH\�HW�DO���������,W�LV�YHU\�LPSRUWDQW�WKDW�WKH�SURFHVV�RI��
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��
)LJ����$�EHQFKWRS�9LV�1,5�'56�VFDQQLQJ�UHIOHFWDQFH�VSHFWURPHWHU��
�
�
VDPSOH�SUHSDUDWLRQ�LV�KLJKO\�UHSURGXFLEOH�DQG�SUHVHQWV�WKH�VDPSOH�ZLWK�WKH�VDPH�SDUWLFOH�VL]H�
UDQJH�HDFK�WLPH��7KHUH�LV�KRZHYHU�QR�VWDQGDUG�SDUWLFOH�VL]H�WKDW�LV�UHFRPPHQGHG��7KH�
SRVLWLYH�HIIHFW�RI�ILQH�JULQGLQJ�RQ�WKH�DFFXUDF\�RI�GHWHUPLQDWLRQV�RI�WRWDO�FDUERQ�DQG�QLWURJHQ�
KDV�EHHQ�UHSRUWHG�E\�D�QXPEHU�RI�ZRUNHUV�LQ�FOD\�VRLOV�DQG�VHYHUDO�RWKHU�VRLO�W\SHV��'DODO�	�
+HQU\�������5HHYHV�HW�DO��������5XVVHO�������%DUWKHV�HW�DO���������,Q�FRQWUDVW��)\VWUR��������
UHSRUWHG�ORZHU�DFFXUDF\�ZLWK�ILQHU�VDPSOHV������PP�JURXQG��WKDQ�ZLWK�FRDUVHU�VDPSOHV�
���PP�VLHYHG��LQ�FRDUVH�WH[WXUHG�VRLOV��7KHVH�DSSDUHQWO\�FRQWUDGLFWRU\�UHVXOWV�PLJKW�EH�
H[SODLQHG�E\�GLIIHUHQW�OLJKW�WUDQVPLVVLRQ�LQ�FOD\�DQG�FRDUVH�WH[WXUHG�VRLOV�GXH�WR�WKH�GLIIHUHQW�
VL]H�DQG�DUUDQJHPHQW�RI�VRLO�SDUWLFOHV��&KDQJ�HW�DO���������%DUWKHV�HW�DO���������VWDWHG�WKDW�
DJJUHJDWH�GHVWUXFWLRQ�XSRQ�JULQGLQJ�PLJKW�LQFUHDVH�WKH�SUHGLFWLRQ�DFFXUDF\��EHFDXVH�WKH�ZLGH�
UDQJH�RI�ZHOO�GHYHORSHG�KHWHURJHQHRXV�DJJUHJDWHV�LQ�PDQ\�FOD\�VRLOV�PLJKW�DIIHFW�UHIOHFWDQFH�
DGYHUVHO\��,Q�FRQWUDVW��LQ�FRDUVH�WH[WXUHG�VRLOV�ZLWK�OLWWOH�DJJUHJDWH�GHYHORSPHQW��JULQGLQJ�
PLJKW�EUHDN�XS�TXDUW]��RU�RWKHU�SULPDU\�PLQHUDOV��ZKLFK�FRXOG�DOWHU�VDPSOH�FRPSRVLWLRQ�DQG�
OHDG�WR�WKH�SHHOLQJ�RI�FRDWLQJV��FUHDWLQJ�D�PRUH�KHWHURJHQHRXV�SDUWLFOH�VL]H�GLVWULEXWLRQ�
�%DUWKHV�HW�DO���������:KLVW�GU\LQJ�WKH�VRLO�IRU�DQDO\VLV�RI�FDUERQ�DQG�QLWURJHQ�FRQFHQWUDWLRQ�
LV�UHFRPPHQGHG��)\VWUR��������IRXQG�WKLV�ZDV�QRW�QHFHVVDU\��
�
$FTXLVLWLRQ�RI�VSHFWUD�
�
6RLO�VDPSOHV�DUH�SODFHG�LQ�D�EHQFKWRS��VFDQQLQJ�UHIOHFWDQFH�VSHFWURPHWHU�LQ�VDPSOH�FXSV�WKDW�
QRUPDOO\�SUHVHQW�D�IODW�VXUIDFH�DUHD�RI�DSSUR[LPDWHO\������PP���)LJ�����7KH�FXS�LV�URWDWHG�
ZKLOH�PXOWLSOH�VFDQV�DUH�UHFRUGHG�DQG�DYHUDJHG��7KH�VSHFWURPHWHU�W\SLFDOO\�UHFRUGV�VSHFWUD�
ZLWK�D�VDPSOLQJ�LQWHUYDO�RI����±����QP�IRU�D�9LV�1,5�ZDYHOHQJWK�UDQJH�VXFK�DV������������
QP��)LJ�����XSSHU���,W�LV�QHFHVVDU\�WR�FDOLEUDWH�WKH�VSHFWURPHWHU�ZLWK�D�ZKLWH�UHIHUHQFH�DW�
UHJXODU�LQWHUYDOV�GXULQJ�VDPSOH�UHFRUGLQJ�XQOHVV�WKH�VSHFWURPHWHU�KDV�DQ�LQWHUQDO�UHIOHFWDQFH�
VWDQGDUG��GRXEOH�EHDP���
�
6SHFWUDO�SURFHVVLQJ�
�
:DYHEDQGV�H[KLELWLQJ�REYLRXV�QRLVH��RIWHQ�DW�WKH�H[WUHPHV�RI�WKH�PHDVXUHPHQW�UDQJH��DUH�
H[FOXGHG��7R�UHPRYH�QRLVH�DFURVV�WKH�VSHFWUDO�UDQJH�RI�LQWHUHVW�D�WHFKQLTXH�VXFK�DV�6DYLW]N\�
*ROD\�ILOWHULQJ��%UHUHWRQ�������LV�HPSOR\HG�WR�VPRRWK�WKH�VSHFWUD��7R�IDFLOLWDWH�WKH�
UHJUHVVLRQ�DQDO\VLV�UHTXLUHG�WR�HVWDEOLVK�D�FDOLEUDWLRQ�DOJRULWKP�WKH�GDWD�DUH�QRUPDOO\�UHGXFHG�
�SHUKDSV�WHQIROG��WR�D�VPDOOHU�QXPEHU�RI�ZLGHU�ZDYHOHQJWK�EDQGV��+RZHYHU��WKLV�PD\�QRW�EH�
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QHFHVVDU\�ZLWK�PRGHUQ�FKHPRPHWULF�VRIWZDUH�SDFNDJHV�VXFK�DV�3DUOHV��9LVFDUUD�5RVVHO�
������DQG�8QVFUDPEOHU��(VEHQVHQ��������
�
7R�UHPRYH�EDVHOLQH�YDULDWLRQV�DQG�RYHUODSSLQJ�SHDNV��+UXVFKND�������WKH�GDWD�DUH�XVXDOO\�
WUDQVIRUPHG�WR�WKH�ILUVW�GHULYDWLYH��)LJ�����ORZHU���7KLV�FRPPRQO\�XVHV�WKH�6DYLW]N\�*ROD\�
DOJRULWKP�WR�ILW�VLPSOH�SRO\QRPLDOV�WR�VPDOO�VHFWLRQV�RI�WKH�UHIOHFWDQFH�VSHFWUD�DQG�FDOFXODWHV�
WKHLU�VORSH�EHWZHHQ�ILQLWH�EDQGV��7KHVH�GHULYDWLYHV�PD\�WKHQ�EH�DYHUDJHG�IRU�WKH�UHSOLFDWH�
VSHFWUD�DFTXLUHG�IURP�HYHU\�VRLO�VDPSOH��
�
&DOLEUDWLRQ�RI�VSHFWUDO�GDWD�ZLWK�UHIHUHQFH�PHDVXUHPHQWV��WKH�µVWDQGDUG�FXUYH¶��
�
$�VDPSOH�RI�WKH�WUDQVIRUPHG�VSHFWUDO�GDWD��FDOLEUDWLRQ�VHW��LV�FDOLEUDWHG�DJDLQVW�SDLUHG�GDWD�
ZKHUH�FDUERQ�FRQFHQWUDWLRQ�KDV�EHHQ�PHDVXUHG�LQGHSHQGHQWO\�ZLWK�VWDQGDUG�ODERUDWRU\�
WHFKQLTXHV�XVLQJ�D�PXOWLYDULDWH�DQDO\VLV�WHFKQLTXH�VXFK�DV�SDUWLDO�OHDVW�VTXDUH�UHJUHVVLRQ��7KH�
UHJUHVVLRQ�PRGHO�LV�WKHQ�XVHG�WR�SUHGLFW�WKH�FDUERQ�FRQFHQWUDWLRQ�LQ�RWKHU�VDPSOHV�WKDW�KDYH�
VLPLODU�VSHFWUDO�DWWULEXWHV��,Q�SUDFWLFH��VDPSOHV�WKDW�KDYH�VSHFWUDO�DWWULEXWHV�WKDW�OLH�RXWVLGH�WKH�
FDOLEUDWLRQ�UDQJH�VKRXOG�EH�DQDO\VHG�WR�SURYLGH�WKHLU�UHIHUHQFH�YDOXH��2QFH�DQDO\VHG�WKH�
SDLUHG�VSHFWUDO�DQG�UHIHUHQFH�GDWD�FDQ�EH�XVHG�WR�H[WHQG�WKH�FXUUHQW�FDOLEUDWLRQ�VHW�RU�FUHDWH�D�
QHZ�FDOLEUDWLRQ�FOXVWHU��3ULQFLSDO�FRPSRQHQW�DQDO\VLV�RI�WKH�VSHFWUDO�GDWD�LV�RQH�PHWKRG�WKDW�
FDQ�EH�XVHG�WR�WHVW�ZKHWKHU�QHZ�VDPSOHV�KDYH�VSHFWUDO�DWWULEXWHV�VLPLODU�WR�WKH�UDQJH�FRYHUHG�
E\�WKH�FDOLEUDWLRQ�VHW��$Q�H[DPSOH�RI�WKLV�DSSOLFDWLRQ��)LJ�����LV�GHVFULEHG�E\�.XVXPR�HW�DO��
��������
�
7KH�DELOLW\�RI�PXOWLYDULDWH�UHJUHVVLRQ�DQDO\VLV�WR�SUHGLFW�WKH�FKHPLFDO�SURSHUWLHV�RI�XQNQRZQ�
VRLOV��YDOLGDWLRQ�VHWV��WR�DFFXUDWHO\�UHOLHV�KHDYLO\�RQ�ZKHWKHU�WKH�VSHFWUDO�DQG�FKHPLFDO�
SURSHUWLHV�RI�WKH�XQNQRZQ�VRLO�IDOO�ZLWKLQ�WKH�UDQJH�RI�WKH�FDOLEUDWLRQ�VHW��%ULPPHU�HW�DO��
������:LOOLDPV��������,Q�WKH�GHYHORSPHQW�RI�FDOLEUDWLRQ�PRGHOV��LW�LV�FRPPRQ�WKDW�WKH�
FKHPLFDO�SURSHUWLHV�RI�VRLOV�XVHG�IRU�YDOLGDWLRQ�DUH�NQRZQ��,Q�WKLV�FDVH�VRLOV�ZLWK�WKH�VDPH�
UDQJH�RI�FKHPLFDO�SURSHUWLHV�DUH�DOORFDWHG�WR�WKH�VDPH�VRLOV�ZLWK�WKH�VDPH�SURSHUWLHV�LQ�WKH�
FDOLEUDWLRQ�DQG�YDOLGDWLRQ�VHWV��0DUWLQ�HW�DO���������,Q�SUDFWLFH��KRZHYHU��RQO\�VSHFWUDO�GDWD�
DQG�WKH�ORFDWLRQ�RI�D�VRLO�VDPSOH�PD\�EH�NQRZQ��VR�SULQFLSOH�FRPSRQHQW�DQDO\VLV�RI�WKH�
VSHFWUDO�GDWD�ZLOO�EH�UHTXLUHG�WR�VHOHFW�DSSURSULDWH�FDOLEUDWLRQ�GDWD�IRU�WKH�XQNQRZQ�VDPSOH��
�
$SSOLFDWLRQ�RI�ODERUDWRU\�WHFKQLTXHV����*OREDO�VSHFWUDO�OLEUDULHV�
�
,QWHUQDWLRQDO�UHVHDUFKHUV�DUH�FROODERUDWLQJ�WR�SURJUHVV�WKH�GHYHORSPHQW�RI�D�JOREDO�VSHFWUDO�
OLEUDU\�WR�SURJUHVV�VRLO�VSHFWURVFRS\�LQWR�D�SRZHUIXO�GLDJQRVWLF�WRRO�IRU�VRLO�PRQLWRULQJ��
PDSSLQJ�DQG�PDQDJHPHQW��9LVFDUUD�5RVVHO��������)RU�H[DPSOH��D�GLYHUVH�FROOHFWLRQ�RI�RYHU�
�����DUFKLYHG�HDVWHUQ�DQG�VRXWKHUQ�$IULFDQ�WRSVRLO�VDPSOHV�ZDV�XVHG�WR�WHVW�D�VSHFWUDO�OLEUDU\�
IRU�UDSLG�QRQ�GHVWUXFWLYH�HVWLPDWLRQ�RI�VRLO�SURSHUWLHV�EDVHG�RQ�DQDO\VLV�RI�GLIIXVH�UHIOHFWDQFH�
VSHFWURVFRS\��6KHSKHUG�	�:DOVK��������6RLO�SURSHUWLHV�ZHUH�FDOLEUDWHG�WR�VRLO�UHIOHFWDQFH�
GDWD�XVLQJ�PXOWLYDULDWH�DGDSWLYH�UHJUHVVLRQ�VSOLQHV��7KH�YDOLGDWLRQ�U��YDOXHV�IRU�UHJUHVVLRQV�
ZDV������IRU�RUJDQLF�FDUERQ��6LPXOWDQHRXV�GHWHUPLQDWLRQV�RI�H[FKDQJHDEOH�&D��U� ��������
H[FKDQJHDEOH�0J��U� �������HIIHFWLYH�FDWLRQ�H[FKDQJH�FDSDFLW\��U� �������FOD\�FRQWHQW�
�U� �������VDQG�FRQWHQW��U� �������DQG�VRLO�S+��U� ������ZHUH�DOVR�DFKLHYHG��7KH�SUHGLFWLYH�
YDOXH�RI�WKH�VSHFWUDO�OLEUDULHV�FDQ�EH�LQFUHDVHG�LWHUDWLYHO\�WKURXJK�GHWHFWLRQ�RI�VSHFWUDO�
RXWOLHUV�DPRQJ�QHZ�VDPSOHV��6XFK�DQ�DSSURDFK�RSHQV�XS�QHZ�SRVVLELOLWLHV�IRU�PRGHOOLQJ��
DVVHVVPHQW�DQG�PDQDJHPHQW�RI�ULVN�LQ�VRLO�HYDOXDWLRQV��6KHSKHUG�	�:DOVK��������7KH�6RLO�
6SHFWURVFRS\�*URXS��PRUH�WKDQ����FROODERUDWRUV�IURP����FRXQWULHV��KDV�PRUH�UHFHQWO\�XVHG��
�
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:DYHOHQJWK��QP�

5H
IOH
FWD

QF
H��
��

��
��

��
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��

&RQFDYH�
VKDSH�

20�PDVNV�
WKH�FRQFDYH�
VKDSH�

+�2�

+�2�
�2+�VWUHWFK��

�+�2�+�EHQG�	�2+�VWUHWFK��

&RQFDYH�
VKDSH�

�
)LJ���5HIOHFWDQFH�VSHFWUD��XSSHU��DQG�ILUVW�GHULYDWLYH��ORZHU��IURP�VHOHFWHG�VRLO�VDPSOHV�ZLWK�
GLIIHUHQW�FDUERQ�FRQFHQWUDWLRQV�DQG�ZDWHU�FRQWHQWV������FDUERQ��������ZDWHU�����������������
�����������������������������������������������������������������������7DNHQ�IURP�
�.XVXPR�HW�DO���������
�
������VRLO�VSHFWUD��ZLWK�FKHPRPHWULFV��SDUWLDO�OHDVW�VTXDUH�UHJUHVVLRQ�DQG�FOXVWHULQJ��WR�
SUHGLFW�VRLO�RUJDQLF�FDUERQ�FRQFHQWUDWLRQ��U� ������DQG�FOD\�FRQWHQW��U� ������LQ�VRLOV�
FROOHFWHG�IURP�HDFK�FRQWLQHQW��LQFOXGLQJ�D�VHW�RI�VSHFWUD�IURP�1HZ�=HDODQG��9LVFDUUD�5RVVHO�
HW�DO���������$QRWKHU�H[DPSOH���%URZQ�HW�DO��������H[DPLQHG�WKH�SUHFLVLRQ�DQG�DFFXUDF\�RI�
HPSLULFDO�9LV�1,5�VRLO�FKDUDFWHULVDWLRQ�PRGHOOLQJ�ZKHQ�DSSOLHG�WR�D�GLYHUVH��µJOREDO¶�VHW�RI�
LQGHSHQGHQW�VRLO�VDPSOHV�IURP�ILYH�FRQWLQHQWV�DQG�D�ZLGH�UDQJH�RI�FOLPDWLF�UHJLRQV��������
VRLO�VDPSOHV�IURP�$IULFD��$VLD��WKH�$PHULFDV��DQG�(XURSH���%HVW�SUHGLFWLRQV�ZHUH�IRU�FOD\�
FRQWHQW��PLQHUDORJ\��VPHFWLWH��NDROLQLWH���RUJDQLF�FDUERQ��LQRUJDQLF�FDUERQ��H[WUDFWDEOH�LURQ��
DQG�FDWLRQ�H[FKDQJH�FDSDFLW\��%URZQ�HW�DO���������FRQFOXGHG�WKDW�9LV�1,5�'56�VRLO�
FKDUDFWHULVDWLRQ�KDV�WKH�SRWHQWLDO�WR�UHSODFH�RU�DXJPHQW�VWDQGDUG�VRLO�FKDUDFWHULVDWLRQ�
WHFKQLTXHV�ZKHUH�UDSLG�DQG�LQH[SHQVLYH�DQDO\VLV�LV�UHTXLUHG��$OWKRXJK�%URZQ��������DSSOLHG�
WKH�JOREDO�FDOLEUDWLRQ�WR�D�ZDWHUVKHG�LQ�8JDQGD�DQG�ZDV�DEOH�WR�SUHGLFW�FOD\�PLQHUDORJ\�
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�VPHFWLWH��UHPDUNDEO\�ZHOO�ZLWKRXW�LQFOXGLQJ�DQ\�ORFDO�VRLO�VDPSOHV�WKH�DQDO\VLV�ODFNHG�
VXIILFLHQW�DFFXUDF\�IRU�VRLO�RUJDQLF�PDWWHU�HVWLPDWLRQ��
�
7KHVH�H[DPSOHV�GHPRQVWUDWH�WKH�SRZHUIXO�XVH�RI�FKHPRPHWULFV�WR�DQDO\VH�ODUJH�GDWD�VHWV�RI�
VRLO�VSHFWUD�REWDLQHG�IURP�URXWLQH�ODERUDWRU\�HVWLPDWLRQ�RI�VRLO�FDUERQ�E\�9,6�1,5�'56��IRU�
JOREDO�VRLO�FDUERQ�SUHGLFWLRQV���
�
������ )LHOG�WHFKQLTXHV��
�
7KH�ODUJHVW�FRPSRQHQW�LQ�WKH�XQFHUWDLQW\�RI�HVWLPDWLQJ�VRLO�FDUERQ�VWRFNV�LV�WKH�VSDWLDO�
YDULDELOLW\�RI�VRLO�FDUERQ�ZLWKLQ�DQG�DFURVV�VRLO�XQLWV��:X�HW�DO���������$FTXLVLWLRQ�RI�
SRVLWLRQDO�GDWD�ZLWK�VXIILFLHQW�ILHOG�PHDVXUHPHQWV�SURYLGHV�RSSRUWXQLW\�WR�DVVHVV�DQG�TXDQWLI\�
VSDWLDO�YDULDELOLW\�RI�VRLO�SURSHUWLHV��3HGRPHWULFLDQV�XVH�JHRVWDWLVWLFV�WR�LQWHUURJDWH�ODUJH�
VSDWLDOO\�ORFDWHG�GDWDVHWV�DFTXLUHG�ZLWK�*36�DQG�UHPRWH�DQG�SUR[LPDO�VHQVLQJ�PHWKRGV�DQG�
KDYH�DSSOLHG�ODQGVFDSH�PRGHOV�WR�GHYHORS�VRLO�DWWULEXWH�PDSV��0F%UDWQH\�HW�DO����������
:LWK�WKH�DGYHQW�RI�UREXVW�DQG�SRUWDEOH�9LV�1,5�'56�VSHFWURPHWHUV��WKHUH�LV�DQ�HPHUJLQJ�
RSSRUWXQLW\�WR�GHYHORS�UDSLG��KLJK�GHQVLW\��ILHOG�GHWHUPLQDWLRQV�LQ�VLWX�RI�VRLO�FDUERQ�WKDW�
VSHHG�WKH�SURFHVV�RI�PDSSLQJ�VRLO�FDUERQ�VWRFNV���:HWWHUOLQG�HW�DO���������DQG�UHGXFH�WKH�
ODUJH�QXPEHUV�RI�VRLO�VDPSOHV�WKDW�KDYH�WR�EH�DQDO\VHG�FKHPLFDOO\�DQDO\VHG��:HWWHUOLQG�HW�DO��
�������ZHUH�DEOH�WR�SUHGLFW�VRLO�FDUERQ�FRQFHQWUDWLRQ�DW�����SRVLWLRQV�ZLWK�VSHFWUDO�
UHIOHFWDQFH��XVLQJ�D�FDOLEUDWLRQ�VHW�RI�RQO\����VDPSOHV�LQ�ZKLFK�FDUERQ�FRQFHQWUDWLRQ�KDG�
EHHQ�PHDVXUHG�E\�IXUQDFH�WHFKQRORJ\��)LHOG�9LV�1,5�'56�KDV�WKH�SRWHQWLDO�WR�GLUHFWO\�
PHDVXUH�VRLO�FDUERQ�FRQWHQW�LQ�VLWX��IRU�D�NQRZQ�YROXPH�RI�VRLO��7KHVH�WHFKQLTXHV�KDYH�WKH�
DELOLW\�WR�LQFOXGH�URRW�FDUERQ��.XVXPR�HW�DO������E���RIWHQ�UHPRYHG�LQ�ODERUDWRU\�VLHYLQJ�DQG�
LJQRUHG�
�
7KH�YDULRXV�PHWKRGV�SURSRVHG�IRU�XWLOLVLQJ�ILHOG�9LV�1,5�'56�VSHFWURPHWHUV�WR�PHDVXUH�VRLO�
RUJDQLF�FDUERQ�LQ�VLWX�KDYH�D�FRPPRQ�VHW�RI�KLJK�OHYHO�SURWRFROV��
�

•� $FTXLUH�D�ODUJH�QXPEHU�RI�VSHFWUDO�UHIOHFWDQFH�GDWD�VDPSOHV�IURP�JHR�UHIHUHQFHG�
ORFDWLRQV�

•� &ROOHFW�VRLO�VDPSOHV�IURP�D�VPDOOHU�VHOHFWLRQ��FDOLEUDWLRQ�VHW��RI�WKH�JHR�UHIHUHQFHG�
ORFDWLRQV��,W�LV�SUHIHUDEOH�WKDW�WKH�VRLO�VDPSOHV�FROOHFWHG�UHSUHVHQW�WKH�VRLO�VXUIDFH�IURP�
ZKLFK�WKH�VSHFWUDO�UHIOHFWDQFH�ZDV�DFTXLUHG��,Q�DGGLWLRQ��WKH�VRLOV�VHOHFWHG�IRU�WKH�
FDOLEUDWLRQ�VHW�VKRXOG�KDYH�VSHFWUDO�GDWD�WKDW�FRYHU�WKH�UDQJH�RI�VSHFWUDO�DWWULEXWHV�
REVHUYHG�LQ�WKH�ODUJHU�SRSXODWLRQ�RI�VDPSOHV�

•� $QDO\VH�WKH�FDOLEUDWLRQ�VHW�RI�VRLO�VDPSOHV�WR�SURYLGH�WKH�UHIHUHQFH�VHW�RI�VRLO�
PHDVXUHPHQWV��LQ�WKLV�FDVH�VRLO�RUJDQLF�FDUERQ��

•� 8VH�FKHPRPHWULF�VRIWZDUH�WR�FDOLEUDWH�WKH�VSHFWUDO�GDWD�WR�WKH�UHIHUHQFH�GDWD�
•� 3UHGLFW�WKH�VRLO�RUJDQLF�FRQWHQW�DW�WKH�UHPDLQLQJ�JHR�UHIHUHQFHG�ORFDWLRQV�XVLQJ�WKHLU�

VSHFWUDO�GDWD�DQG�WKH�FDOLEUDWLRQ�PRGHO��
�

6RLO�VDPSOLQJ��SUHSDUDWLRQ�DQG�DFTXLVLWLRQ�RI�VSHFWUD�
�
'LUHFW�HVWLPDWLRQ�RI�VRLO�FDUERQ�DW�ILHOG�VLWHV�UHGXFHV�RU�HOLPLQDWHV�VRLO�SUHSDUDWLRQ��2Q�WKH�JR�
PDSSLQJ�V\VWHPV�HPSOR\LQJ�VKDQNV��0RXD]HQ�HW�DO��������SXOOHG�WKURXJK�WKH�VRLO��)LJ������
SUHSDUH�D�VPRRWK�IODW�VKHDU�VXUIDFH�IRU�VSHFWUDO�DFTXLVLWLRQ�DXWRPDWLFDOO\��7KH�9HULV�SUREH�
�)LJ������/XQG�HW�DO��������FUHDWHV�D�VPRRWK�YHUWLFDO�VKHDU�VXUIDFH�IRU�WKLV�SXUSRVH�DQG�
WKHUHIRUH�DOVR�HOLPLQDWHV�WKH�QHHG�IRU�VRLO�SUHSDUDWLRQ��$V�WKH�VPRRWK�VKHDU�VXUIDFH�LV�FUHDWHG��
VSHFWUD�DUH�DFTXLUHG�WKURXJK�VDSSKLUH�ZLQGRZV�LQ�WKH�VKDQN�RU�VRLO�SUREH��7KH�ILHOG�PHWKRG�
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RI�.XVXPR�HW�DO�������D��XVHV�D�VRLO�FRULQJ�WHFKQLTXH��6SHFWUD�DUH�FROOHFWHG�IURP�WKH�LQWDFW�
FLUFXPIHUHQFH��RU�D�FURVV�VHFWLRQHG�VXUIDFH�RI�WKH�VRLO�FRUH��7R�GHYHORS�UREXVW�FDOLEUDWLRQV��D�
VXEVHW�RI�WKH�VFDQQHG�VRLO�VDPSOHV�LV�UHTXLUHG�IRU�UHIHUHQFH�PHDVXUHPHQW�E\�ODERUDWRU\�
DQDO\VLV��
�
7KH�PHWKRGRORJLHV�HPSOR\HG�WR�DFTXLUH�VSHFWUD�E\�WKH�YDULRXV�ILHOG�WHFKQLTXHV�DUH�
VXIILFLHQWO\�GLIIHUHQW�WKDW�WKH\�ZLOO�EH�GLVFXVVHG�VHSDUDWHO\��0RVW�ILHOG�VSHFWURPHWHUV�DUH�
VLQJOH�EHDP�DQG�WKHUHIRUH�UHTXLUH�FDOLEUDWLRQ�ZLWK�D�ZKLWH�VSHFWUDO�UHIOHFWDQFH�VWDQGDUG�EHIRUH�
VDPSOH�VSHFWUD�FDQ�EH�DFTXLUHG��7KH�VSHFWUDO�GDWD�SURFHVVLQJ�DQG�FDOLEUDWLRQ��KRZHYHU��DUH�
WKH�VDPH�DV�WKRVH�GHVFULEHG�IRU�ODERUDWRU\�WHFKQLTXHV�DV�GHVFULEHG�DERYH��
�
5HFRQQDLVVDQFH�VRLO�FDUERQ�PDSSLQJ�XVLQJ�VKDQN�WHFKQRORJ\�
�
'HYHORSPHQW�RI�VKDQN�W\SH�9,6�1,5�WRROV�VKRZV�SURPLVH�IRU�UHFRQQDLVVDQFH�VRLO�FDUERQ�
PDSSLQJ��/XQG�HW�DO��������0RXD]HQ�HW�DO��������������6XGGXWK�HW�DO���������0RXD]HQ�HW�DO��
GHYHORSHG�D�V\VWHP�DWWDFKHG�WR�D�VXEVRLOHU��PRXQWHG�WR�D���SRLQW�WUDFWRU�KLWFK��)LJ�������)LEUH�
RSWLF�FDEOHV�FRQQHFW�D�OLJKW�VRXUFH��PRXQWHG�LQ�D�SURWHFWLYH�FDVH�DWWDFKHG�WR�WKH�EDVH�RI�WKH�
VXEVRLOHU��WR�D�*D$V�GLRGH�DUUD\�IRU�PHDVXUHPHQW�LQ�WKH�1,5�UHJLRQ���������������QP���DQG�
D�6L�DUUD\�IRU�WKH�YLVLEOH�DQG�VKRUW�ZDYH�LQIUD�UHG�UHJLRQ���������������QP���$V�WKH�WUDFWRU�
PRYHV��OLJKW�IURP�WKH�OLJKW�VRXUFH�LV�UHIOHFWHG�IURP�WKH�VRLO��DORQJ�WKH�FDEOH�WR�WKH�GHWHFWRUV��
�
�

�
�
)LJ�����6XEVRLOHU�RSWLFDO�XQLW� IRU�RQ�OLQH�9LV�1,5�'56�ILHOG�PHDVXUHPHQW� �0RXD]HQ�HW�DO��
�������
�
6RLO�ZDWHU�FRQWHQW��VRLO�FDUERQ��S+�DQG�SKRVSKRUXV�ZHUH�HVWLPDWHG�VLPXOWDQHRXVO\��0RXD]HQ�
HW�DO���������GHPRQVWUDWLQJ�WKH�VXFFHVV�RI�WKH�RQ�OLQH�VKDQN�PHWKRG�IRU�UHFRQQDLVVDQFH�VW\OH�
VRLO�PDSSLQJ��7KH�V\VWHP�KDV�DOVR�EHHQ�XVHG�ZLWK�D�VLQJOH�EHDP�ORDG�FHOO�DQG�WUDQVGXFHU�WR�
HVWLPDWH�EXON�GHQVLW\�DQG�GUDXJKW��0RXD]HQ�HW�DO���������'UDXJKW��RU�VRLO�PHFKDQLFDO�
UHVLVWDQFH��LV�D�PHDVXUH�RI�VRLO�FRPSDFWLRQ��
�
/XQG�HW�DO���������KDYH�OHG�UHVHDUFK�DQG�GHYHORSPHQW�LQWHUQDWLRQDOO\�LQ�GHYHORSLQJ�D�ILHOG�
VKDQN��)LJ������OHIW��DQG�SUREH��)LJ������ULJKW��EDVHG�9LV�1,5�'56�WRROV�IRU�ILHOG�HVWLPDWLRQ�
RI�VRLO�FDUERQ��DQG�WKH�HTXLSPHQW�LV�DYDLODEOH�FRPPHUFLDOO\��9HULV�7HFKQRORJLHV���7KH�VKDQN�
PRGXOH��RI�VLPLODU�FRQFHSW�WR�WKDW�RI�0RXD]HQ�HW�DO���������DQG�6KRQN�HW�DO���������FDQ�EH�
SXOOHG�WKURXJK�WKH�VRLO��DQG�ZKHQ�DFFXUDWH�57.�'*36�SRVLWLRQDO�GDWD�DUH�FROOHFWHG�
VLPXOWDQHRXVO\��WKHVH�GDWD�FDQ�EH�XVHG�IRU�VRLO�FDUERQ�PDSSLQJ�DW�WKH�SDGGRFN�VFDOH��$�
VXUYH\�RI�PXOWLSOH�ILHOGV�LQ�IRXU�86$�VWDWHV�XVLQJ�WKH�9HULV�9LV�1,5�'56�VKDQN�PRGXOH�
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VKRZHG�WKDW�UHVXOWV�FRUUHODWHG�ZHOO�ZLWK�LQGHSHQGHQW�PHDVXUHPHQWV�RI�VRLO�FDUERQ�LQ�WKUHH�RI�
WKH�IRXU�VWDWHV��ZLWK�53'��VWDQGDUG�GHYLDWLRQ�URRW�PHDQ�VTXDUH�HUURU��VFRUHV�RI���RU�EHWWHU�
�7DEOH�������
�
:KHQ�PDSV�DUH�JHQHUDWHG�IURP�WKH�FDOLEUDWLRQ�HVWLPDWLRQV�DQG�ODE�VDPSOHV�RYHUODLG��WKH�
VSDWLDO�VWUXFWXUH�RI�PHDVXUHPHQWV�RI�FDUERQ�DW�SDGGRFN�VFDOHV�DQG�WKH�FRUUHODWLRQ�EHWZHHQ�WKH�
9LV�1,5�'56�V\VWHP�DQG�ODERUDWRU\�DQDO\VHG�VDPSOHV�DUH�HQFRXUDJLQJ��)LJ������/XQG�HW�DO��
�������
�

� �
�
)LJ�����9LV�1,5�'56�VKDQN�PRGXOH��OHIW��DQG�WKH�9LV�1,5�'56�SUREH�PRGXOH��ULJKW���/XQG�
HW�DO���������
�
�
7DEOH����5HVXOWV�RI�9,6�1,5�VKDQN�PRGXOH�FDUERQ�FDOLEUDWLRQV�IURP����ILHOGV�LQ���VWDWHV�
�/XQG�HW�DO���������
�

6LWH� 53'� 5�� 506(��
���FDUERQ��

6WG�'HY��
���FDUERQ��

��0DU\ODQG�ILHOGV� ����� ����� ������ ������
��,OOLQRLV�ILHOGV� ����� ����� ������ ������
��,RZD�ILHOGV� ����� ����� ������ ������
��.DQVDV�ILHOGV� ����� ����� ������ ������

�
�

�
�
)LJ�����&DUERQ�HVWLPDWLRQ�IURP�9,6�1,5�VKDQN�PRGXOH�ZLWK�ODE�VDPSOHV�RYHUODLG��
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$FFXUDWH�ILHOG�HVWLPDWLRQ�RI�YROXPHWULF�VRLO�FDUERQ�WR�D�IL[HG�GHSWK�
�
$�OLPLWDWLRQ�RI�WKH�VLQJOH�VKDQN�WHFKQRORJ\�LV�WKH�IL[HG�VRLO�GHSWK�LW�LV�GHVLJQHG�WR�YLHZ��7KH�
VKDQN�LV�QRW�GHVLJQHG�WR�TXDQWLWDWLYHO\�DVVHVV�YROXPHWULF�VRLO�FDUERQ�FRQWHQW�WR�D�IL[HG�GHSWK��
3URELQJ��/XQG�HW�DO��������DQG�FRULQJ�WHFKQLTXHV��.XVXPR�HW�DO��������DUH�PRUH�VXLWHG�IRU�
WKLV�SXUSRVH��7KH�9,6�1,5�SUREH��)LJ������ULJKW��ZDV�GHYHORSHG�WR�VSHFLILFDOO\�VDPSOH�D�
FROXPQ�WR�D�IL[HG�GHSWK��H�J������P��IRU�VRLO�FDUERQ�DFFRXQWLQJ�SXUSRVHV��5HVXOWV�IURP�DQ�
LQLWLDO�WULDO�E\�/XQG�HW�DO���������DUH�VKRZQ�LQ�7DEOH�����7KH�SUREH�PRGXOH�FRQVLVWHG�RI�DQ�
DUUD\�RI�9LV�1,5��HOHFWULFDO�FRQGXFWLYLW\�DQG�IRUFH�VHQVRUV�DQG�LW�FROOHFWV�9LV�1,5�
PHDVXUHPHQWV�WR�D�GHSWK�RI���P�YLD�D�VDSSKLUH�ZLQGRZ�SUHVVHG�GLUHFWO\�DJDLQVW�WKH�VRLOV��DW�D�
UDWH�RI����VSHFWUD�SHU�VHFRQG�ZLWK�D�UHVROXWLRQ�RI���QP��7KH�GDWD�VKRZ�WKDW�PHDVXUHPHQWV�
XVLQJ�DQ�DUUD\�RI�VHQVRUV�PD\�DOORZ�VLPXOWDQHRXV�HVWLPDWLRQ�RI�EXON�GHQVLW\��D�QHFHVVDU\�
UHTXLUHPHQW�IRU�DQ\�DVVHVVPHQW�RI�FKDQJHV�LQ�VRLO�FDUERQ��7DEOH������
�
7DEOH����5HVXOWV�IURP�WKH�VHQVRU�SUREH�RQ�VL[�.DQVDV�ILHOG�VLWHV��/XQG�HW�DO���������
�
��������������������������������������������������FDUERQ��������������������������������������������������������%XON�GHQVLW\��J�FP���
6LWH� Q� 53'� 5ð� 506(� 6WG�'HY� 53'� 5ð� 506(� 6WG�'HY�
'UXPPRQG� ���� ������ ������ ������ ������ ������ ������ ������ �����
.HMU� ���� ������ ������ ������ ������ ������ ������ ������ �����
/XQGB&7� ���� ����� ����� ����� ����� ����� ����� ����� �����
/XQGB17� ���� ����� ����� ����� ����� ����� ����� ����� �����
0DUNOH\�� ���� ����� ����� ����� ����� ����� ����� ����� �����
7DUQ�� ���� ������ ������ ������ ������ ������ ������ ������ �����
�
�
$�PDQXDO�FRULQJ�WHFKQLTXH�HPSOR\LQJ�D�EDFN�SDFN�9LV�1,5�'56�PHWKRG�KDV�EHHQ�
GHYHORSHG�E\�.XVXPR�HW�DO�������������D������E���)LJ�������6SHFWUD�DUH�FROOHFWHG�LQ�WKH�ILHOG��
IURP�D�VWDWLRQDU\�VXUIDFH�RI�DQ�LQWDFW�VRLO�FRUH��IRU�HVWLPDWLRQ�RI�VRLO�FDUERQ��VRLO�QLWURJHQ�DQG�
URRW�GHQVLW\��,QFUHDVLQJ�WKH�VSHFWURPHWHU¶V�ILHOG�RI�YLHZ�E\�DFTXLULQJ�VSHFWUD�IURP�WKH�FXUYHG�
YHUWLFDO�ZDOO�RI�WKH�VRLO�FRUH�LQVWHDG�RI�WKH�IODW�VXUIDFH���ZLWK�VRLO�VDPSOHV�WDNHQ�IURP�WKH�
VDPH�VHFWLRQ�IRU�UHIHUHQFH�DQDO\VLV�LQ�WKH�ODERUDWRU\��PDUNHGO\�LPSURYHG�WKH�SUHGLFWLRQ�
DFFXUDF\��FDUERQ�SUHGLFWLRQ�U� ������506(&9� ��������53'� �������QLWURJHQ�SUHGLFWLRQ�
U�� �������506(&9� ��������53'� ��������
�
$�VHW�RI�UHVXOWV�REWDLQHG�IURP����FRUHV�HYHQO\�GLVWULEXWHG�RYHU���KD�RI�SHUPDQHQW�SDVWXUH�RQ�D�
UHFHQW�RUWKLF�JOH\�VRLO��.DLUDQJD�ILQH�VDQG\�ORDP��VKRZ�WKH�KLJK�OHYHO�RI�DFFXUDF\�WKDW�LV�
REWDLQDEOH�LQ�SUHGLFWLQJ�VRLO�RUJDQLF�FDUERQ�DQG�QLWURJHQ�WR�D�GHSWK�RI�����P��)LJ�������
�
������ 8VH�RI�JHRVWDWLVWLFV�WR�LPSURYH�VRLO�FDUERQ�HVWLPDWLRQV�
�
7KH�KLJK�VSDWLDO�YDULDELOLW\�LQ�VRLO�FDUERQ�LV�FKDOOHQJLQJ��$W�ZKDW�VFDOH�VKRXOG�WKH�ODQGVFDSH��
RU�WKH�VRLO�VHULHV��RU�WKH�SDGGRFN��EH�VDPSOHG�IRU�FDUERQ�DFFRXQWLQJ"�:KDW�UHSUHVHQWDWLYH�
VLWHV�VKRXOG�EH�FKRVHQ�DQG�DW�ZKDW�VFDOH�VKRXOG�VDPSOHV�EH�WDNHQ�WR�GHILQH�WKH�DSSURSULDWH�
XQLWV��&RQDQW�	�3DXVWLDQ�������+HGOH\�HW�DO�������"�2QFH�D�XQLW�LV�GHILQHG��D�IXUWKHU�TXHVWLRQ�
LV�DUH�WKH�VWDWLVWLFV�GHVFULELQJ�WKH�PHDQ�DQG�YDULDQFH�RI�WKH�DPRXQW�RI�FDUERQ�LQ�WKDW�XQLW�DEOH�
WR�EH�H[WUDSRODWHG�WR�RWKHU�DSSDUHQWO\�VLPLODU�XQLWV"�
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�

�
)LJ����%DFNSDFN�9LV�1,5�'56�DSSDUDWXV�IRU�ILHOG�FROOHFWLRQ�RI�VRLO�VSHFWUD��7KH�EDFNSDFN�
FRQWDLQV�WKUHH�VSHFWURSKRWRPHWHUV�ZKLFK�UHFHLYH�K\SHUVSHFWUDO�UHIOHFWLYH�HQHUJ\�YLD�D�ILEUH�
RSWLF�FDEOH�IURP�WKH�VRLO�VXUIDFH��1RWH�WKH�SURWRW\SH�VRLO�SUREH�GHYHORSHG�WR�FROOHFW�VRLO�
VSHFWUD��EHLQJ�KHOG�E\�%��.XVXPR���DQG�WKH�VRLO�FRUHU�XVHG�WR�H[WUDFW�VRLO�FRUHV��
�
�
�
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�
)LJ�����7KH�DYHUDJH�ODERUDWRU\�PHDVXUHG��/(&2��WRWDO�&�DQG�1�FRQFHQWUDWLRQV�DW�GLIIHUHQW�
VRLO�GHSWKV�DQG�WKRVH�SUHGLFWHG�IURP�VRLO�VSHFWUDO�UHIOHFWDQFH��1,56��XQGHU�SHUPDQHQW�SDVWXUH�
RQ�.DLUDQJD�ILQH�VDQG\�ORDP��9DOXHV�DUH�SUHGLFWHG�XVLQJ�OHDYH�RQH�RXW�FURVV�YDOLGDWLRQ�
SURFHGXUH��.XVXPR�HW�DO���������
�
�
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�$W�WKH�UHJLRQDO�DQG�IDUP�VFDOH��GLJLWDO�LQIRUPDWLRQ�RQ�WRSRJUDSK\��GLJLWDO�HOHYDWLRQ�PDSV���
FOLPDWH��YHJHWDWLRQ�FRYHU��ODQG�XVH�DQG�WLPH�VLQFH�ODQG�XVH�FKDQJH�FDQ�EH�XVHG�LQ�DVVRFLDWLRQ�
ZLWK�JHRJUDSKLF�LQIRUPDWLRQ�V\VWHP��*,6��VRIWZDUH�WR�DVVLVW�LQ�GHILQLQJ�WKH�DSSURSULDWH�VLWHV�
IRU�VDPSOLQJ�DQG�PHDVXUHPHQW��$W�WKH�VRLO�XQLW�DQG�ODQG�XVH�VFDOH��SDGGRFN�VFDOH��VRPH�
WKRXJKW�QHHGV�WR�EH�JLYHQ�WR�WKH�VRLO�VDPSOLQJ�GHQVLW\�WKDW�ZLOO�EH�HYDOXDWHG�IRU�WKH�SXUSRVH�
RI�FDSWXULQJ�WKH�WUXH�PHDQ�DQG�YDULDQFH�RI�FDUERQ�ZLWKLQ�WKH�IXQFWLRQDO�XQLW�RI�VRLO�W\SH�ODQG�
XVH�ODQG�XVH�FKDQJH��
�
,Q�WKLV�VHFWLRQ�WKH�XVH�RI�JHRVWDWLVWLFV�WR�LPSURYH�WKH�VDPSOLQJ�SURFHGXUHV�IRU�PHDVXULQJ�VRLO�
FDUERQ��DQG�WKH�XVH�RI�UHPRWH�RU�SUR[LPDOO\�VHQVHG�DQFLOODU\�GDWD�WR�UHGXFH�WKH�QXPEHUV�RI�
VRLO�VDPSOHV�WR�LGHQWLI\�VLPLODU��UHSHDWLQJ��XQLWV�LQ�WKH�ODQGVFDSH�DUH�FRQVLGHUHG��
�
,QWURGXFWLRQ�WR�JHRVWDVWLVWLFV�
�
6RLO�VDPSOLQJ�DQG�DQDO\VLV�KDV�IRFXVVHG�WUDGLWLRQDOO\�RQ�SUHGLFWLQJ�D�PHDQ�YDOXH�ZLWK�DQ�
DVVRFLDWHG�HUURU�WHUP��H�J��VWDQGDUG�GHYLDWLRQ��FRHIILFLHQW�RI�YDULDWLRQ���7KH�PHDQ�YDOXH�LV�
WKHQ�XVHG�WR�UHSUHVHQW�D�GHVLJQDWHG�VRLO�DUHD��,Q�WKLV�DSSURDFK��WKH�VSDWLDO�UHODWLRQVKLS�RI�SRLQW�
YDOXHV�LV�LJQRUHG��*HRVWDWLVWLFV�DFFHSWV�WKH�H[LVWHQFH�RI�VSDWLDO�DXWRFRUUHODWLRQ��LQ�FRQWUDVW�WR�
FODVVLFDO�VWDWLVWLFV�ZKLFK�DVVXPHV�WKDW�SRLQW�GDWD�DUH�LQGHSHQGHQW�DQG�VSDWLDOO\�XQFRUUHODWHG�
�:HEVWHU�	�2OLYHU��������
�
,QYHVWLJDWLRQ�RI�LVVXHV�RI�DXWRFRUUHODWLRQ�VWDUWHG�LQ�WKH�����V�ZLWK�WKH�DGYHQW�DQG�
DFFHVVLELOLW\�RI�SRZHUIXO�VWDWLVWLFDO�DQG�*,6�VRIWZDUH��WRJHWKHU�ZLWK�*36�V\VWHPV�DQG�
SUR[LPDO�VHQVLQJ�PHWKRGV��VXFK�DV�(0�PDSSLQJ��
�
7KH�VSDWLDO�VWUXFWXUH�RI�SRLQW�GDWD�LV�H[SORUHG�XVLQJ�D�YDULRJUDP�ZKLFK�H[SUHVVHV�WKH�ZD\�LQ�
ZKLFK�WKH�YDULDQFH�RI�D�SURSHUW\�FKDQJHV�DV�WKH�GLVWDQFH�DQG�GLUHFWLRQ�VHSDUDWLQJ�DQ\�WZR�
SRLQWV�YDULHV��2OLYHU�	�:HEVWHU���������)LJ�������GHVFULEHG�PDWKHPDWLFDOO\�DV�
�
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�
ZKHUH� γ�K��LV�WKH�VHPLYDULDQFH�EHWZHHQ�D�SDLU�RI�SRLQWV�1��$L�LV�WKH�YDOXH�RI�D�JLYHQ�SURSHUW\�
DW�ORFDWLRQ�[L�DQG�K�LV�WKH�ODJ�GLVWDQFH��2OLYHU�	�:HEVWHU���������
�
�

�
�
)LJ�����7KUHH�WKHRUHWLFDO�IXQFWLRQV�IRU�VSDWLDO�FRUUHODWLRQ���D��ERXQGHG�YDULRJUDP��
�E��XQERXQGHG�YDULRJUDP��DQG��F��SXUH�QXJJHW�YDULRJUDP��2OLYHU�	�:HEVWHU��������
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7KH�LPSRUWDQFH�RI�FRUUHFW�VHOHFWLRQ�RI�WKH�YDULRJUDP�PRGHO�LV�YLWDO�EHIRUH�WKH�QH[W�VWHS�ZKHQ�
WKH�YDULRJUDP�PRGHO�SDUDPHWHUV�DUH�XVHG�WR�LQWHUSRODWH�D�SUHGLFWLRQ�VXUIDFH��L�H��PDS���D�
SURFHVV�NQRZQ�DV�NULJLQJ��)LJ�����VKRZV�WKUHH�YDULRJUDP�PRGHOV��,Q�PRVW�FDVHV�YDULDQFH�ZLOO�
LQFUHDVH�ZLWK�LQFUHDVLQJ�ODJ�GLVWDQFH��DV�VKRZQ�LQ�)LJV���D�DQG�E��7KHVH�YDULRJUDPV�DUH�
LQWHUSUHWHG�DV�VKRZLQJ�VWURQJ�FRUUHODWLRQ�RU�VSDWLDO�GHSHQGHQFH��ORZ�YDULDQFH��DW�WKH�VKRUWHVW�
GLVWDQFHV��ZKLFK�ZHDNHQV�DV�WKH�VHSDUDWLRQ�LQFUHDVHV��7KLV�LQWXLWLYHO\�H[SUHVVHV�ZKDW�ZH�
VKRXOG�H[SHFW��SODFHV�QHDU�HDFK�RWKHU�DUH�PRUH�VLPLODU�WKDQ�SODFHV�IXUWKHU�DSDUW��7KH�
YDULRJUDP�LQFUHDVHV�DQG�WKHQ�IODWWHQV�ZKHQ�LW�UHDFKHV�D�PD[LPXP�YDULDQFH�NQRZQ�DV�WKH�VLOO�
YDULDQFH�DQG�LW�LV�GHVFULEHG�DV�ERXQGHG��)LJ����D���7KH�ODJ�GLVWDQFH�DW�ZKLFK�WKH�VLOO�LV�
UHDFKHG�LV�WKH�UDQJH��ZKLFK�PDUNV�WKH�OLPLW�RI�VSDWLDO�GHSHQGHQFH��$OWHUQDWLYHO\�WKH�
YDULRJUDP�PLJKW�LQFUHDVH�LQGHILQLWHO\�DV�LQ�)LJ����E��ZKLFK�LV�WHUPHG�XQERXQGHG��)UHTXHQWO\�
WKH�YDULRJUDP�KDV�D�SRVLWLYH�LQWHUFHSW�RQ�WKH�RUGLQDWH��WKH�QXJJHW��ZKLFK�FRUUHVSRQGV�WR�
UDQGRP�YDULDWLRQ�DW�D�SRLQW�DQG�PHWKRG�HUURU��$�FRPSOHWHO\�IODW�YDULRJUDP��WHUPHG�SXUH�
QXJJHW��)LJ����F��VKRZV�WKDW�WKHUH�LV�QR�VSDWLDO�GHSHQGHQFH�LQ�WKH�GDWD��WKH�FODVVLFDO�VROXWLRQ��
EXW�IUHTXHQWO\�QRW�REVHUYHG�LQ�SUDFWLFH��$�SXUH�QXJJHW�YDULRJUDP�IURP�VXUYH\�GDWD�VXJJHVWV�
WKDW�WKH�VFDOH�RI�YDULDELOLW\�KDV�QRW�EHHQ�FDSWXUHG�DQG�GHILQHG�E\�WKH�VDPSOLQJ�VWUDWHJ\��
EHFDXVH�VRLO�VFLHQWLVWV�NQRZ�WKDW�VRLO�LV�D�FRQWLQXXP�ZKHUH�WKHUH�LV�VSDWLDO�GHSHQGHQFH�DW�
VRPH�VFDOH��:HEVWHU�	�2OLYHU�������0F%UDWQH\�	�:HEVWHU��������
�
$�PLQLPXP�RI�����VDPSOLQJ�SRVLWLRQV�LV�UHTXLUHG�WR�REWDLQ�D�VWDEOH�YDULRJUDP��.HUU\�DQG�
2OLYHU�������DQG�VR�WKLV�W\SH�RI�DQDO\VLV�LV�SDUWLFXODUO\�ZHOO�VXLWHG�WR�ODUJH�UHJLRQDO�DQG�
QDWLRQDO�VRLO�FDUERQ�GDWDVHWV��H�J��1HZ�=HDODQG��0F1HLOO�HW�DO��������8.��)URJEURRN�HW�DO��
������$XVWUDOLD��0LQDVQ\�HW�DO��������WR�GHILQH�WKH�VSDWLDO�VWUXFWXUH�DQG�LPSURYH�SUHGLFWHG�
VRLO�FDUERQ�PDS�OD\HUV��
��
2QFH�WKH�YDULRJUDP�LV�REWDLQHG��WKH�PRGHO�SDUDPHWHUV�DUH�XVHG�WR�NULJH�WKH�SUHGLFWLRQ�
VXUIDFH��)RU�DQ\�FHOO�VL]H�WKH�YDULDQFH�LV�FDOFXODWHG�EDVHG�RQ�WKH�DYHUDJH�YDULDQFH�RI�DOO�WKH�
SRLQW�SDLUV�ZLWKLQ�WKH�FHOO��$V�FHOO�VL]H�LQFUHDVHV�WKH�QXPEHU�RI�SRLQW�SDLUV�LQFUHDVHV�DQG�D�
VHFRQG�YDULRJUDP�LV�HVWLPDWHG��2QFH�WKLV�YDULRJUDP�LV�HVWLPDWHG�D�VPDOOHU�FHOO�VL]H�FDQ�EH�
XVHG�WR�FUHDWH�WKH�DFWXDO�RXWSXW�JULG��7KH�NULJLQJ�HTXDWLRQ�SUHGLFWV�D�YDOXH�DW�D�VSHFLILF�
ORFDWLRQ�IURP�WKH�ZHLJKWHG�VXP�RI�YDULDQFHV�RI�DOO�RWKHU�YDOXHV��7KH�GHYHORSPHQW�RI�VSDWLDO�
VRLO�VWDWLVWLFV�ZDV�KHUDOGHG�DV�D�EUHDNWKURXJK�IRU�VRLO�VFLHQFH�LQ�WKH�����V��:HEVWHU��������
DQG�WKH�GHYHORSPHQW�RI�VRSKLVWLFDWHG�*,6�VRIWZDUH�VLQFH�WKHQ�KDV�HQDEOHG�JUHDW�DGYDQFHV�LQ�
WKH�TXDQWLILFDWLRQ�RI�VRLO�VSDWLDO�YDULDELOLW\�DQG�VSDWLDO�LQWHUSRODWLRQ�RI�VRLO�SURSHUWLHV��VXFK�DV�
VRLO�FDUERQ��7KH�NULJLQJ�SURFHVV�SUHGLFWV�D�PDS�RI�PHDQ�YDOXHV�DQG�VWDQGDUG�GHYLDWLRQV�����
,I�OHVV�WKDQ�����VDPSOH�SRLQWV�DUH�DYDLODEOH��DQFLOODU\�GDWD�VXFK�DV�VDWHOOLWH�LPDJHU\�RU�RQ�WKH�
JR�SUR[LPDO�VHQVLQJ�GDWD�FDQ�EH�XVHG�WR��L��FR�NULJH�ZLWK�WKH�VSDUVH�VRLO�FDUERQ�GDWD�RU�
�LL��H[SORUH�DQG�GHILQH�VSDWLDO�VWUXFWXUH�RI�WKH�DUHD�IRU�WDUJHWHG�VRLO�VDPSOLQJ��:LWKRXW�VRPH�
NQRZOHGJH�RI�VSDWLDO�VFDOH�WKHUH�LV�QR�FHUWDLQW\�WKDW�WKH�VDPSOLQJ�LQWHUYDO�VHOHFWHG�ZLOO�
SURYLGH�GDWD�WR�IXOO\�LQFOXGH�VSDWLDO�YDULDELOLW\��$V�D�UXOH�RI�WKXPE��WKH�VDPSOLQJ�LQWHUYDO�
VKRXOG�EH�OHVV�WKDQ�RQH�KDOI�WKH�UDQJH�RI�VSDWLDO�YDULDWLRQ��.HUU\�	�2OLYHU��������7KLV�
SURYLGHV�D�PHWKRG�WR�HQVXUH�WKDW�WKH�VSDWLDO�VRLO�YDULDELOLW\�DW�WKDW�VLWH�LV�VDPSOHG�DGHTXDWHO\��
�
8VLQJ�JHRVWDWLVWLFV�DQG�DQFLOODU\�GDWD�WR�LPSURYH�VRLO�FDUERQ�HVWLPDWLRQV�
�
)UHTXHQWO\�WKH�FRVW�RI�VDPSOLQJ�DQG�DQDO\VLV�SURKLELWV�WKH�QXPEHU�RI�VRLO�VDPSOHV�WDNHQ�IRU�
VRLO�FDUERQ�DQDO\VLV�WR�OHVV�WKDQ������,Q�WKLV�FDVH��YDULRJUDP�DQDO\VLV�LV�LQDGYLVDEOH�DQG�WKH�
SRVVLELOLW\�RI�FR�NULJLQJ�D�UHODWHG��PRUH�HDVLO\�DFTXLUHG��VRLO�SURSHUW\�VKRXOG�EH�LQYHVWLJDWHG��
7KH�GHYHORSPHQW�RI�ILHOG�GHSOR\HG�µRQ�WKH�JR¶�SUR[LPDO�VHQVLQJ�V\VWHPV�DQG�VFDQQHUV�KDV�
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OHG�WR�JUHDW�DGYDQFHV�GXULQJ�WKH�ODVW�GHFDGH�WR�SURYLGH�D�UDQJH�RI�VHQVRUV�IRU�UDSLG�VHQVLQJ�
DQG�ORJJLQJ�RI�VRLO�SURSHUWLHV��9LVFDUUD�5RVVHO�	�0F%UDWQH\�������$GDPFKXN�HW�DO���������
2QH�VXFK�VHQVRU�LV�WKH�HOHFWURPDJQHWLF�VHQVRU�ZKLFK�PHDVXUHV�WKH�DSSDUHQW�HOHFWULFDO�
FRQGXFWLYLW\�RI�D�YROXPH�RI�VRLO�RYHU�ZKLFK�LW�SDVVHV��7KH�HOHFWULFDO�FRQGXFWLYLW\�RI�D�VRLO�LV�
ODUJHO\�GHWHUPLQHG�E\�VRLO�WH[WXUH�DQG�ZDWHU�FRQWHQW�LQ�QRQ�VDOLQH�VRLOV��+HGOH\�HW�DO��������
6XGGXWK�HW�DO��������DQG�WKRXVDQGV�RI�VSDWLDOO\�GHILQHG�GDWD�SRLQWV�FDQ�EH�DFTXLUHG�ZLWKLQ�D�
IHZ�KRXUV��
�
7KH�*HRQLFV�(0���LV�WKH�PRVW�FRPPRQO\�XVHG�HOHFWURPDJQHWLF�VHQVRU��)LJ�������7KH�PRUH�
UHFHQW�(0���''�UHFRUGV�VRLO�HOHFWULFDO�FRQGXFWLYLW\�WR�WZR�GHSWKV�������DQG�����P��
VLPXOWDQHRXVO\��7KH�KLJK�VDPSOLQJ�IUHTXHQF\�JUHDWO\�HQKDQFHV�WKH�DELOLW\�RI�WKH�VHQVRU�GDWD�
WR�HVWLPDWH�VRLO�WH[WXUH�DQG�ZDWHU�FRQWHQW��DQG�EHFDXVH�WKHVH�WZR�VRLO�SURSHUWLHV�DUH�RIWHQ�
UHODWHG�WR�VRLO�FDUERQ��SURYLGHV�D�SRWHQWLDO�RSSRUWXQLW\�WR�LPSURYH�HVWLPDWHV�RI�VRLO�FDUERQ�
FRQFHQWUDWLRQ�IURP�VSDUVH�VRLO�FDUERQ�GDWD�XVLQJ�FR�NULJLQJ�RU�VRPH�RWKHU�IRUP�RI�
JHRVWDWLVWLFV��9HU\�OLWWOH�UHVHDUFK�LV�UHSRUWHG�LQ�WKH�OLWHUDWXUH�LQYHVWLJDWLQJ�WKH�SRWHQWLDO�RI�WKLV�
FRQFHSW��0DUWLQH]�HW�DO���������XVHG�D�QRUPDOLVHG�HOHFWULFDO�FRQGXFWLYLW\�GLIIHUHQFH�IURP�WKH�
�

�
�
)LJ�����2Q�WKH�JR�(0�PDSSLQJ�V\VWHP��HPSOR\LQJ�D�*HRQLFV�(0����57.�*36��GDWDORJJHU��
RQ�ERDUG�ILHOG�FRPSXWHU�DQG�$79�
�
WZR�YDOXHV�DFTXLUHG�ZLWK�DQ�(0���''�V\VWHP�WR�LPSURYH�VRLO�FDUERQ�SUHGLFWLRQV�DQG�
FRQFOXGHG�WKDW�WKLV�ZDV�XVHIXO�IRU�VSDWLDO�HVWLPDWLRQ�RI�VRLO�RUJDQLF�FDUERQ��+RZHYHU�FR�
NULJLQJ�RI�VRLO�FDUERQ�DQG�VRLO�HOHFWULFDO�FRQGXFWLYLW\�ZDV�XQVXFFHVVIXO�EHFDXVH�WKHUH�ZDV�
OLWWOH�WR�QR�UHODWLRQVKLS�EHWZHHQ�WKHP�DW�WKH�VWXG\�VLWH��7KLV�LV�DWWULEXWHG�WR��L��GLIIHUHQFHV�LQ�
VRLO�YROXPH�H[SORUHG�E\�WKH�(0���''�DQG�PDQXDO�DXJHULQJ���LL��VPDOO�UDQJH�LQ�VRLO�RUJDQLF�
PDWWHU�FRQFHQWUDWLRQ���LLL��ZHLJKW�EDVHG�VRLO�RUJDQLF�FDUERQ�REVHUYDWLRQV�DJDLQVW�YROXPHWULF�
HOHFWULFDO�FRQGXFWLYLW\�PHDVXUHPHQWV��DQG��LY��EXON�LQIOXHQFH�RI�RWKHU�VRLO�SURSHUWLHV�RQ�
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HOHFWULFDO�FRQGXFWLYLW\��+RZHYHU��HOHFWULFDO�FRQGXFWLYLW\�ZDV�D�JRRG�SUHGLFWRU�RI�VRLO�RUJDQLF�
FDUERQ�EHWZHHQ�GLUHFW�GULOO�DQG�FRQYHQWLRQDO�SORWV��VR�WKDW�HOHFWULFDO�FRQGXFWLYLW\�ZDV�XVHG�DV�
VHFRQGDU\�LQIRUPDWLRQ�GXULQJ�VLPSOH�NULJLQJ�ZLWK�YDU\LQJ�ORFDO�PHDQV��WR�LPSURYH�
SUHGLFWLRQV�RI�VRLO�RUJDQLF�FDUERQ��DQG�WKH�URRW�PHDQ�VTXDUH�HUURU�ZDV�UHGXFHG�E\�����
�
2WKHU�UHVHDUFKHUV�KDYH�XVHG�RWKHU�IRUPV�RI�DQFLOODU\�GDWD�PRUH�WKDW�DUH�PRUH�HDVLO\�DFTXLUHG�
WR�LPSURYH�SUHGLFWLRQV�RI�VRLO�FDUERQ�FRQFHQWUDWLRQ��VXFK�DV�'(0V�RU�VDWHOOLWH�LPDJHU\�FR�
NULJHG�ZLWK�VRLO�RUJDQLF�PDWWHU�GDWD��:X�HW�DO���������%URJH�HW�DO���������XVHG�VSHFWUDO�
UHIOHFWDQFH�DQG�HOHFWULFDO�FRQGXFWLYLW\�PHDVXUHPHQWV�WR�SUHGLFW�WRSVRLO�RUJDQLF�PDWWHU�DQG�
IRXQG�WKDW�HOHFWULFDO�FRQGXFWLYLW\�GLG�QRW�LPSURYH�SUHGLFWLRQV�RI�VRLO�FDUERQ��+RZHYHU�WKH\�
XVHG�SRLQW�GDWD�ZLWK�QR�JHRVWDWLVWLFDO�DQDO\VLV��
��
*RPH]�HW�DO���������FRPSDUHG�UHPRWH�DQG�SUR[LPDO�9LV�1,5�K\SHUVSHFWUDO�VHQVLQJ�GDWD�IRU�
SUHGLFWLQJ�VRLO�RUJDQLF�FDUERQ�DQG�IRXQG�WKDW�WKH�SUR[LPDO�VHQVLQJ�GDWD��Q �����ZHUH�PRUH�
DFFXUDWH�WKDQ�+\SHULRQ�VSHFWUD�RI�D�VLPLODU�UHVROXWLRQ�����P���ZKLFK�WKH\�DWWULEXWH�WR�JUHDWHU�
VSHFWUDO�QRLVH�LQ�WKH�UHPRWH�GDWD��
�
6RLO�HOHFWULFDO�FRQGXFWLYLW\�GDWD�DUH�QRZ�XVHG�URXWLQHO\�LQ�VHYHUDO�FRXQWULHV��1RUWK�$PHULFD��
$XVWUDOLD��(XURSH��WR�TXDQWLI\�VRLO�YDULDELOLW\��GHYHORS�]RQHV�IRU�WDUJHWHG�VRLO�VDPSOLQJ��/XQG�
HW�DO��������DQG�WR�LPSURYH�DQG�GHILQH�VRLO�PDSSLQJ�XQLWV��$QGHUVRQ�&RRN�HW�DO��������-DPHV�
HW�DO����������
�
������ $SSOLFDELOLW\�RI�WKH�9LV�1,5�'56�WHFKQLTXHV�IRU�HVWLPDWLQJ�VRLO�FDUERQ�
�
$OWHUQDWLYH�ODERUDWRU\�PHWKRGRORJ\�
�
/DERUDWRU\�DQDO\VLV�RI�VRLO�FDUERQ�IRU�VDPSOHV�XVLQJ�9LV�1,5�'56�LV�UHDG\�IRU�XVH�DV�D�ORZHU�
FRVW�FRPSDQLRQ�WR�IXUQDFH�WHFKQRORJ\�VRLO�FDUERQ�DQDO\VHUV��3URYLGLQJ�WKH�DQDO\VW��D��
HVWDEOLVKHV�UHSURGXFLEOH�VDPSOH�SUHSDUDWLRQ�SURFHGXUHV�WKDW�SUHVHQW�FRQVLVWHQWO\�XQLIRUP�VRLO�
UHIOHFWDQFH�VXUIDFHV�WR�WKH�VFDQQLQJ�VSHFWURPHWHU�DQG��E��RSHUDWHV�FKHPRPHWULF�VRIWZDUH�WKDW�
LV�FDSDEOH�RI��L��DOORFDWLQJ�WKH�VDPSOH�VSHFWUDO�GDWD�WR�WKH�PRVW�DSSURSULDWH�FDOLEUDWLRQ�OLEUDU\�
DQG��LL��LGHQWLI\LQJ�VSHFWUDO�RXWOLHUV�WKDW�UHTXLUH�DQDO\VLV�E\�IXUQDFH�WHFKQRORJLHV��6XFK�
V\VWHPV�DUH�DOUHDG\�ZRUNLQJ�ZHOO�ZLWK�D�PHDVXUHPHQW�DFFXUDF\�YHU\�VLPLODU�WR�WKH�IXUQDFH�
WHFKQRORJLHV�WKDW�ZHUH�XVHG�WR�GHULYH�WKH�UHIHUHQFH�GDWD��5�+LOO�SHUVRQDO�FRPPXQLFDWLRQ���
�
)LHOG�UHFRQQDLVVDQFH�PDSSLQJ�ZLWK�SRUWDEOH�9LV�1,5�'56�VSHFWURPHWHUV�
�
5DSLG�VXUYH\V�RI�VXUIDFH�VRLOV�XVLQJ�HLWKHU�PDQXDO�FRULQJ�RU�VKDQN�WHFKQLTXHV�FDQ�SURYLGH�D�
UHFRQQDLVVDQFH�PDS�RI�VRLO�RUJDQLF�FDUERQ�DQG�RWKHU�VRLO�SURSHUWLHV��6XFK�PDSV��)LJ������FDQ�
EH�XVHG�WR�]RQH�VRLOV�IRU�PRUH�GHWDLOHG�VDPSOLQJ�ZLWK�LQFUHDVHG�GHSWK��=RQLQJ�ZLOO�UHGXFH�WKH�
QXPEHUV�RI�GHHS�FRUHV�WKDW�QHHG�WR�EH�WDNHQ�DQG�DQDO\VHG�IRU�VRLO�FDUERQ��/XQG�HW�DO���������
KDV�DOUHDG\�VKRZQ�WKDW�VRLO�]RQHV�ZLWK�D�UDQJH�RI�VRLO�FDUERQ�FRQFHQWUDWLRQV�IURP����WR������
FDQ�EH�PHDVXUHG�WR�DQ�DYHUDJH�DFFXUDF\��URRW�PHDQ�VTXDUH�HUURU��RI�������.XVXPR�HW�DO��
�������HPSOR\LQJ�D�PDQXDO�FRULQJ�WHFKQLTXH�ZLWK�D�EDFN�SDFN�VSHFWURPHWHU�ZHUH�DEOH�WR�
PHDVXUH�VRLO�RUJDQLF�FDUERQ�FRQFHQWUDWLRQV�IURP�������WR������ZLWK�DQ�DFFXUDF\��URRW�PHDQ�
VTXDUH�HUURU��RI��������7KLV�GHJUHH�RI�DFFXUDF\�LV�DSSURSULDWH�IRU�UHFRQQDLVVDQFH�PDSSLQJ���
�
,W�LV�OLNHO\�WKDW�IXUWKHU�GHYHORSPHQWV�LQ�WKH�FKHPRPHWULF�DQDO\VLV�RI�ILHOG�DFTXLUHG�VSHFWUD�
ZLOO�OHDG�WR�LPSURYHPHQWV�LQ�PHDVXUHPHQW�DFFXUDF\��,Q�SDUWLFXODU��DGRSWLQJ�RQ�WKH�JR�
FDOLEUDWLRQ�ZLWK�D�FKRLFH�RI�VHSDUDWH�VSHFWUDO�FDOLEUDWLRQ�OLEUDULHV�IRU�VDPSOHV�RI�KLJK�DQG�ORZ�



���

� � /DQGFDUH�5HVHDUFK�

FDUERQ�FRQFHQWUDWLRQV�DQG�GLIIHUHQW�PLQHUDORJ\��,Q�DGGLWLRQ��LQFRUSRUDWLRQ�RI�DQFLOODU\�VRLO�
PHDVXUHPHQWV��VXFK�DV�GLJLWDO�HOHYDWLRQ�PDSSLQJ�DQG�HOHFWURPDJQHWLF�GDWD��LQWR�WKH�
JHRVWDWLVWLFDO�DQDO\VLV�RI�WKH�VSHFWUDO�GDWD�ZLOO�DVVLVW�LQ�WKH�GHOLQHDWLRQ�RI�VRLO�XQLWV��
�
$FFXUDF\�LQ�ILHOG�HVWLPDWLRQ�RI�YROXPHWULF�VRLO�FDUERQ�WR�D�IL[HG�GHSWK�
�
7KH�VRLO�SURELQJ�WHFKQLTXH��)LJ�����DQG�WKH�PDQXDO�VRLO�FRULQJ�WHFKQLTXH��)LJV�����DQG�����
DUH�GHYHORSPHQWV�WKDW�DUH�PRVW�OLNHO\�WR�SURYLGH�RQ�WKH�JR�WHFKQLTXHV�IRU�HVWLPDWLRQ�RI�VRLO�
FDUERQ�LQ�D�IL[HG�VRLO�GHSWK�RU�YROXPH��7KH�VPDOO�QXPEHU�RI�VXUYH\V�WKDW�KDYH�EHHQ�
FRPSOHWHG�ZLWK�WKH�SUREH�LQGLFDWH�WKDW�LW�FXUUHQWO\�RSHUDWHV�ZLWK�WKH�VDPH�OHYHO�RI�DFFXUDF\�DV�
WKH�VKDQN��,Q�VL[�ILHOG�VWXGLHV��7DEOH������ZKHUH�WKH�DYHUDJH�VRLO�RUJDQLF�FDUERQ�FRQFHQWUDWLRQ�
WR�GHSWK�UDQJHG�IURP����WR�������WKH�DFFXUDF\�RI�PHDVXUHPHQW�UDQJHV�IURP�������WR��������
7KH�FRULQJ�WHFKQLTXH�XVHG�E\�.XVXPR�HW�DO���������FXUUHQWO\�KDV�D�VLPLODU�OHYHO�RI�DFFXUDF\�
ZKHQ�WKH�URRW�PHDQ�VTXDUH�HUURU�LV�FDOFXODWHG�IRU�WKH�IXOO�FDOLEUDWLRQ�UDQJH�RI������WR�������
$V�GLVFXVVHG�DERYH�WKHUH�DUH�VHYHUDO�RI�ZD\V�LQ�ZKLFK�FDOLEUDWLRQ�DQG�SUHGLFWLRQ�RI�FDUERQ�
FRQFHQWUDWLRQ�FRXOG�EH�DFKLHYHG�ZLWK�JUHDWHU�DFFXUDF\��
�
9LV�1,5�'56�WHFKQLTXHV�KDYH�DQ�DGYDQWDJH�LQ�WKDW�WKH\�DOORZ�GLUHFW�DVVHVVPHQW�RI�WKH�
YROXPHWULF�TXDQWLW\�RI�VRLO�FDUERQ�DQG�GLUHFWO\�DFFRPPRGDWH�LWV�VSDWLDO�YDULDWLRQ��7KH�
GLVDGYDQWDJH�PD\�EH�WKDW�WKH�VSHFWUDO�DWWULEXWHV�RI�WKH�VRLO�FKDQJH�ZLWK�WLPH��LQIOXHQFLQJ�WKH�
SUHGLFWLYH�DELOLW\�RI�FDOLEUDWLRQ�VHWV�IRU�VRLO�FDUERQ�DW�DQRWKHU�WLPH��2WKHU�VRLO�FKURPRSKRUHV�
VXFK�DV�ZDWHU�FRQWHQW��UHGR[�VWDWH�RI�PHWDO�R[LGHV�DQG�URRW�GLVWULEXWLRQ�PD\�FKDQJH�
VHDVRQDOO\��5HFHQW�UHVHDUFK�E\�.XVXPR�HW�DO�������D��KDV�VKRZQ�WKDW��LQ�D�5HFHQW�2UWKLF�
*OH\�6RLO��FRUH�VDPSOHV�WDNHQ�LQ�0D\�DQG�1RYHPEHU�ZLWK�GLIIHUHQW�PHDQ�YROXPHWULF�ZDWHU�
FRQWHQWV�RI������DQG������P��P��JDYH�YLUWXDOO\�LGHQWLFDO�FDOLEUDWLRQ�UHVXOWV��)LJ�������
&DOLEUDWLRQ�PRGHOV��XVLQJ�SDUWLDO�OHDVW�VTXDUHV�UHJUHVVLRQ�SURGXFHG�LQ�HLWKHU�PRQWK�ZHUH�
HTXDOO\�DFFXUDWH�LQ�SUHGLFWLQJ�WKH�UHIHUHQFH�VRLO�FDUERQ�DQG�QLWURJHQ�FRQFHQWUDWLRQV��6LPLODU�
VWXGLHV�ZRXOG�QHHG�WR�EH�FDUULHG�RXW�RQ�D�ZLGH�UDQJH�RI�VRLOV�WR�HVWDEOLVK�ZKHWKHU�VHDVRQDO�
FKDQJHV�LQIOXHQFH�WKH�WHPSRUDO�UREXVWQHVV�RI�VSHFWUDO�FDOLEUDWLRQV���
�
������ (VWLPDWHG�FRVW�IRU�VDPSOH�DQDO\VLV�
�
&RVWV�RI�VDPSOLQJ�DQG�DQDO\VLV�IRU�VRLO�RUJDQLF�FDUERQ�LQFOXGLQJ�D�FRPSDULVRQ�RI�D�ILHOG�
VDPSOLQJ�FDPSDLJQ�IROORZHG��L��E\�RUJDQLF�FDUERQ�GHWHUPLQDWLRQ�E\�GU\�FRPEXVWLRQ�DQG��LL��
E\�FRPELQDWLRQ�RI�GU\�FRPEXVWLRQ�DQG�9LV�1,5�ILHOG�UHIOHFWDQFH�VSHFWURVFRS\��7DEOH������
7KH�FRVW�PRGHO�LV�EDVHG�RQ�WKH�FXUUHQW�VDPSOLQJ�SURWRFRO�WKDW�LV�UHFRPPHQGHG�E\�WKH�1HZ�
=HDODQG�6RLO�&DUERQ�0RQLWRULQJ�6\VWHP��1=6&06��IRU�ILHOG�VDPSOLQJ�FDPSDLJQV��'DYLV�
HW�DO���������7KH�1=6&06�LV�FRPSOLDQW�ZLWK�WKH�VDPSOLQJ�VWUDWHJLHV�UHFRPPHQGHG�E\�,3&&�
�KWWS���ZZZ�LSFF�QJJLS�LJHV�RU�MS�SXEOLF�JSJOXOXFI�JSJOXOXFIB�ILOHV�&KS��&KS�B��B�
3URMHFWV�SGI��DQG�FRQVLVWHQW�ZLWK�VLPLODU�ODQG�XVH�XQLW�VDPSOLQJ�SURFHGXUHV�GHVFULEHG�E\�
*RLGWV�HW�DO����������&RVW�FRPSDULVRQV�RI�VRLO�FDUERQ�GHWHUPLQDWLRQ�IRU�QDWLRQDO�PRQLWRULQJ�
VFKHPHV�RIWHQ�FRQVLGHU�RQO\�WKH�FRPSDUDWLYH�FRVW�RI�ODERUDWRU\�VRLO�RUJDQLF�FDUERQ�PHWKRGV��
:KHQ�WKH�ILHOG�VDPSOLQJ�FDPSDLJQ�LV�FRQVLGHUHG�WKH�DQDO\WLFDO�FRVW�PD\�EH�OHVV�WKDQ�����RI�
WKH�WRWDO�FRVW��)RU�WKLV�UHDVRQ��DQG�IRU�WKH�UHDVRQ�WKDW�WKH�QDWXUH�RI�WKH�ILHOG�FDPSDLJQ�ZLOO�
FKDQJH�VOLJKWO\�LI�9LV�1,5�ILHOG�UHIOHFWDQFH�VSHFWURVFRS\�LV�XVHG��ZH�KDYH�FRQVLGHUHG�D�FRVW�
PRGHO�WKDW�FRYHUV�DOO�DVSHFWV�RI�WKH�ILHOG�VDPSOLQJ�FDPSDLJQ��7KH�FRVWLQJV�LQ�7DEOH����DUH�
EDVHG�RQ�D�ILHOG�FDPSDLJQ��XVLQJ�FRULQJ�WHFKQLTXHV�LQ�VWRQH�IUHH�VRLOV��DW����VLWHV�WKDW�
UHSUHVHQW�FHOOV�LQ�WKH�1=6&06��(VWLPDWHV�UHSUHVHQW�D���GD\�ILHOG�FDPSDLJQ�WKDW�LQYROYHV�WZR�
ILHOG�VWDII�HLWKHU�ZRUNLQJ�UHPRWHO\�IURP�WKHLU�KRPH�EDVHG�RU�ZRUNLQJ�ZLWKLQ�D����PLQXWHV¶�
FDU�MRXUQH\�IURP�WKHLU�KRPH�EDVH��
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�
�

�
)LJ�����7KH�0D\�FDOLEUDWLRQ�PRGHO�EDVHG�RQ�SDUWLDO�OHDVW�VTXDUHV�UHJUHVVLRQ�LV�VKRZQ�
SUHGLFWLQJ�VRLO�FDUERQ�DQG�QLWURJHQ�FRQFHQWUDWLRQV�IURP�VSHFWUD�DFTXLUHG�LQ�1RYHPEHU��DQG�
YLFH�YHUVD���
�
�
7KHVH�FRVWV�DVVXPH�WKDW�DW�HDFK�RI�WKH����VLWHV��HLJKW�FRUHV�DUH�WDNHQ�LQ�HDFK�RI�IRXU�TXDGUDQWV�
RI�D�VTXDUH�FHQWUHG�DURXQG�D�VRLO�SURILOH��7KH�FRUHV�DUH�VHFWLRQHG�LQWR�WKUHH�GHSWKV�DQG�HDFK�
GHSWK�LV�EXONHG�IRU�D�TXDGUDQW�����î���î��� �����VDPSOHV��DQG�VHQW�IRU�GHWHUPLQDWLRQ�RI�VRLO�
RUJDQLF�FDUERQ�E\�GU\�FRPEXVWLRQ�LQ�WKH�ODERUDWRU\��GU\�FRPEXVWLRQ��DQG�EXON�GHQVLW\��
$OWHUQDWLYHO\�RQO\�����RI�WKH�VDPSOHV�DUH�VHQW�IRU�VRLO�RUJDQLF�FDUERQ�GHWHUPLQDWLRQ�E\�GU\�
FRPEXVWLRQ�EXW�WKH�UHIOHFWDQFH�VSHFWUD�RI�DOO�VDPSOHV�DUH�DFTXLUHG�LQ�WKH�ILHOG��XVLQJ�WKH�
PDQXDO�FRULQJ�PHWKRG�GHVFULEHG�E\�.XVXPR�HW�DO����������3DUWLDO�OHDVW�VTXDUH�UHJUHVVLRQ�
DQDO\VLV�LV�XVHG�WR�GHYHORS�D�FDOLEUDWLRQ�PRGHO�IURP�WKH�����RI�VDPSOHV�WKDW�KDYH�ERWK�
VSHFWUDO�DQG�VRLO�RUJDQLF�GDWD��WKH�FDOLEUDWLRQ�VHW���7KH�FDOLEUDWLRQ�PRGHO�LV�XVHG�WR�SUHGLFW�WKH�
VRLO�RUJDQLF�FDUERQ�FRQFHQWUDWLRQV�IRU�WKH�UHPDLQLQJ�����RI�VDPSOHV��GU\�FRPEXVWLRQ�SOXV�
ILHOG�9LV�1,5���7KH�FRVWV�LQFOXGH�UHSRUWLQJ�WKH�FXUUHQW�VRLO�RUJDQLF�FDUERQ�VWRFNV�WR�����P�
GHSWK�DW�HDFK�VLWH��7KH�FRVWV�GR�QRW�LQFOXGH�VLWH�HVWDEOLVKPHQW�RU�YHULILFDWLRQ�FRVWV�RU�WKH�FRVW�
RI�SUHSDULQJ�D�GHWDLOHG�UHSRUW��
�
7KH�FDOFXODWLRQV�LOOXVWUDWH�WKDW�IRU�D�ILHOG�FDPSDLJQ�DV�VSHFLILHG�WKHUH�LV�D�SRWHQWLDO�FRVW�
UHGXFWLRQ�RI�EHWZHHQ�����DQG������GHSHQGLQJ�XSRQ�ILHOG�DFFRPPRGDWLRQ��IRRG�DQG�IXHO�
FRVWV��LI�ILHOG�UHIOHFWDQFH�VSHFWURVFRS\�FDQ�EH�XVHG�WR�SUHGLFW�VRLO�RUJDQLF�FDUERQ�IRU�����RI�
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WKH�VDPSOHV��7KLV�PDUJLQ�LQFUHDVHV�DV�VDPSOH�QXPEHU�LQFUHDVHV�EHFDXVH�WKH�FDOLEUDWLRQ�VHW�
FDQ�EHFRPH�D�VPDOOHU�SHUFHQWDJH�RI�WKH�WRWDO�VDPSOH�QXPEHU�UHGXFLQJ�IXUWKHU�WKH�SURSRUWLRQ�
RI�ODERUDWRU\�FRVWV��&XUUHQW�UHVHDUFK�ZKLFK�DLPV�WR�GHYHORS�PRUH�DXWRPDWHG�PHWKRGV�RI�
DFTXLULQJ�UHIOHFWDQFH�VSHFWUD�LQ�WKH�ILHOG�ZRXOG�DOVR�UHGXFH�ILHOG�ODERXU�FRVWV��
�
�
7DEOH����$�FRPSDULVRQ�RI�FRVWV�IRU�D�ILHOG�VDPSOLQJ�FDPSDLJQ��ZLWK�DQG�ZLWKRXW�PRWHO�
DFFRPPRGDWLRQ�DQG�DLUIDUHV��IROORZHG�E\�VRLO�RUJDQLF�FDUERQ�GHWHUPLQDWLRQ�E\��L��GU\�
FRPEXVWLRQ�RU��LL��E\�FRPELQDWLRQ�RI�GU\�FRPEXVWLRQ�DQG�ILHOG�UHIOHFWDQFH�VSHFWURVFRS\��
�
,WHP� )LHOG�FDPSDLJQ�DZD\�IURP�KRPH�

EDVH�LQYROYLQJ�DLUIDUH�DQG�PRWHO�
DFFRPPRGDWLRQ�
(VWLPDWHG�FRVW���
�

)LHOG�FDPSDLJQ�ZLWKLQ����
PLQXWHV�IURP�KRPH�EDVH�
�
(VWLPDWHG�FRVW���

�

'U\�
FRPEXVWLRQ�

'U\�
&RPEXVWLRQ�
SOXV�ILHOG�9LV�
1,5�

'U\�
FRPEXVWLRQ�

'U\�
&RPEXVWLRQ�
SOXV�9LV�1,5�

� � � � �
7RWDO�3HUVRQQHO�&RVW�� ������ ������ ������ ������
� � � � �
$QDO\WLFDO�FRVWV� ������� ������ ������� ������
� � � � �
2IILFH� ���� ���� ���� ����
� � � � �
7UDYHO��IRRG��IXHO��
DFFRPPRGDWLRQ�

������ ������ ������ ������

� � � � �
2YHUKHDGV� ������ ������ ������ ������
� � � � �
7RWDO� ������� ������� ������� �������
� � � � �
&RVW�SHU�VLWH� ������ ������ ������ ������
&RVW�SHU�VDPSOH� ���� ���� ���� ����
&RVW�SHU�FRUH� ���� ���� ���� ����
�
�
�
������ $GYDQWDJHV�DQG�GLVDGYDQWDJHV�
�
,Q�VXPPDU\��WKH�PDLQ�DGYDQWDJHV�RI�9LV�1,5�'56�VSHFWURVFRS\�IRU�HVWLPDWLQJ�VRLO�FDUERQ�
FRQFHQWUDWLRQV�LV�WKH�PHWKRG�FDQ�UHGXFH�PDUNHGO\�WKH�QXPEHU�RI�VDPSOHV�WKDW�QHHG�WR�EH�
DQDO\VHG�E\�VWDQGDUG�PHWKRGRORJ\�DQG�WKDW�WKH�PHWKRG�DOORZV�LQ�VLW��QRQ�GLVUXSWLYH�
PHDVXUHPHQWV�RQ�ILHOG�PRLVW�VRLOV��7DEOH������7KHVH�OHDG�WR�RSSRUWXQLWLHV�VXFK�DV�
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UHFRQQDLVVDQFH�PDSSLQJ�DQG�GLUHFW�YROXPHWULF�GHWHUPLQDWLRQ�RI�VRLO�RUJDQLF�FDUERQ�LQ�WKH�
ILHOG��
�
�
7DEOH����$GYDQWDJHV�DQG�GLVDGYDQWDJHV�RI�GHWHUPLQLQJ�VRLO�RUJDQLF�FDUERQ�E\�9LV�1,5�'56�
VSHFWURVFRS\�FRPSDUHG�WR�FRQYHQWLRQDO�PHWKRGRORJLHV�XVLQJ�FRUH�VDPSOHV��
�
$GYDQWDJHV� 'LVDGYDQWDJHV�
&DQ�EH�DSSOLHG�DV�D�ODERUDWRU\�RU�ILHOG�PHWKRG� ,QVWUXPHQWDWLRQ�LV�DV�H[SHQVLYH�DV�IXUQDFH�WHFKQRORJ\�
0RUH�UDSLG��WLPHO\��FKHDSHU��DQG�KHQFH�PRUH�HIILFLHQW�
DW�REWDLQLQJ�GDWD�ZKHQ�D�ODUJH�QXPEHU�RI�VDPSOHV�DQG�
DQDO\VHV�DUH�UHTXLUHG��WKDQ�FRQYHQWLRQDO�ODERUDWRU\�
VRLO�FDUERQ�DQDO\WLFDO�PHWKRGV��7KLV�LV�PRVWO\�EHFDXVH�
WKH�PHWKRG�LQYROYHV�OLWWOH�WR�QR�VDPSOH�SUHSDUDWLRQ��
GRHV�QRW�XVH�FKHPLFDOV��VR�QR�FKHPLFDO�ZDVWHV�

6RSKLVWLFDWHG�VSHFWUDO�SURFHVVLQJ�DQG�VWDWLVWLFDO�
VRIWZDUH�DUH�UHTXLUHG�WR�LQWHUSUHW�WKH�FRPSOH[�VSHFWUD�
DQG�GHYHORS�FDOLEUDWLRQ�IDFWRUV�

$�VLQJOH�VSHFWUXP�FDQ�EH�XVHG�WR�DVVHVV�PXOWLSOH�
SK\VLFDO��FKHPLFDO�DQG�ELRORJLFDO�SURSHUWLHV��H�J��
SRVVLELOLW\�H[LVWV�WR�DQDO\VH�IRU�WRWDO�RUJDQLF�FDUERQ��
PLQHUDOLVDEOH�QLWURJHQ�DQG�URRW�GHQVLW\��
VLPXOWDQHRXVO\��

9LV�1,5�LV�QRW�D�VWDQG�DORQH�WHFKQRORJ\��)XUQDFH�
WHFKQRORJ\�KDV�WR�UHWDLQHG�IRU�FDOLEUDWLRQ�

5HFRQQDLVVDQFH�µRQ�WKH�JR�VKDQN¶�PHWKRG�DFTXLUHV�
VXIILFLHQW�VSDWLDOO\�ORFDWHG�VRLO�RUJDQLF�FDUERQ�YDOXHV�
UDSLGO\�WR�LQWHUSRODWH�DFURVV�D�ODQGVFDSH�DQG�SURGXFHV�
UHDO�WLPH�GDWD�

&DOLEUDWLRQV�QHHG�WR�EH�XSGDWHG�FRQVWDQWO\��WR�LQFOXGH�
µRXWO\LQJ¶�VDPSOHV�XQWLO�WKH�FDOLEUDWLRQ�LV�DFFHSWDEOH��
&DOLEUDWLRQV�QHHG�WR�EH�YDOLGDWHG��HLWKHU�E\�OHDYH�RQH�
RXW�FURVV�YDOLGDWLRQ�RU�E\�XVLQJ�D�VXEVHW�RI�WKH�GDWD�

$FFXUDWH�ILHOG�DQDO\VLV�LV�SRVVLEOH�E\�FROOHFWHG�VWDWLF�
VSHFWUD�IURP�DQ�LQWDFW�FRUH�VXUIDFH��RU�SUREH��IRU�GLUHFW�
YROXPHWULF�GHWHUPLQDWLRQ�RI�VRLO�RUJDQLF�FDUERQ�LQ�WKH�
ILHOG��

�

3RWHQWLDO�DQG�LQWHUQDWLRQDO�HIIRUW�WR�GHYHORS�ORFDO�DQG�
JOREDO�FDOLEUDWLRQV�IRU�UHDO�WLPH�VRLO�FDUERQ�VSHFWUDO�
DQDO\VLV��ILHOG�DQG�ODE��

�

3RWHQWLDO�WR�XVH�VSHFWUDO�SURFHVVLQJ�WR�LGHQWLI\�
GLIIHUHQW�RUJDQLF�IUDFWLRQV�DQG�SRROV�LQ�WKH�VRLO��WR�
DVVLVW�VRLO�FDUERQ�PRGHOOLQJ��$Q�DGGHG�DGYDQWDJH�LV�
WKDW�WKH�ORZ�HQHUJ\�ZDYHOHQJWKV�PDNH�LW�D�QRQ�
GHVWUXFWLYH�PHWKRG�

�

�
�
�
�

��� 'HYHORSLQJ�WHFKQRORJLHV��
�
���� /DVHU�LQGXFHG�EUHDNGRZQ�VSHFWURVFRS\��/,%6��
�
/,%6�IROORZHG�WKH�GHYHORSPHQW�RI�WKH�ODVHU�LQ�WKH�����V�DV�D�PHWKRG�WKDW�XWLOLVHV�WKH�DWRPLF�
HPLVVLRQ�VSHFWUD�JHQHUDWHG�ZKHQ�D�SXOVHG�ODVHU�LV�IRFXVVHG�DW�D�VSHFLILF�VLWH��D�IHZ�
PLOOLPHWUHV�LQ�VL]H��ZLWKRXW�DQ\�VDPSOH�SUHSDUDWLRQ��7KH�DSSURDFK�FDQ�EH�XVHG�RQ�VROLGV��
OLTXLGV�DQG�JDVHV��7KH�GHYHORSPHQW�RI�/,%6�SULRU�WR������ZDV�PRVWO\�FRQGXFWHG�IRU�WKH�86�
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PLOLWDU\��+DUPRQ�HW�DO��������DQG�VSDFH�H[SORUDWLRQ�SXUSRVHV��1$6$���EXW�WKH�PHWKRG�ZDV�
QRW�DYDLODEOH�IRU�FRPPHUFLDO�DQG�UHVHDUFK�DSSOLFDWLRQV��6LQFH�DERXW�������UHVHDUFK�
GHYHORSPHQW�RI�/,%6�KDV�IRFXVVHG�RQ�LWV�FDSDELOLW\�RI�DQDO\VLQJ�PDWHULDOV�RXWVLGH�DQDO\WLFDO�
ODERUDWRULHV��7KHUH�KDV�EHHQ�SDUWLFXODU�LQWHUHVW�LQ�LWV�XVH�IRU�TXDOLW\�DQG�VDIHW\�DVVHVVPHQW�RI�
LQGXVWULDO�PDWHULDOV��'XULQJ�WKLV�SHULRG�WKHUH�KDYH�EHHQ�VLJQLILFDQW�WHFKQRORJLFDO�DGYDQFHV�
IDFLOLWDWLQJ�WKH�GHYHORSPHQW�RI�FRPSDFW�DQG�UXJJHG�LQVWUXPHQWV�IRU�DSSOLFDWLRQV�RXWVLGH�WKH�
ODERUDWRU\��+DUPRQ�HW�DO���������&XUUHQWO\�WKHUH�DUH�RYHU����/,%6�UHODWHG�SDWHQWV�ZRUOG�ZLGH�
�&UHPHUV�	�5DG]LHPVNL���������IRU�D�ZLGH�UDQJH�RI�DSSOLFDWLRQV��
�
7KH�HYDOXDWLRQ�RI�/,%6�IRU�VRLO�GLDJQRVWLFV��%XEOLW]�HW�DO��������DQG�PRUH�UHFHQWO\�IRU�WRWDO�
VRLO�FDUERQ�PHDVXUHPHQW��(ELQJHU�HW�DO��������KDV�EHHQ�WHFKQLFDOO\�FKDOOHQJLQJ�DQG�ZLOO�EH�
GLVFXVVHG�LQ�PRUH�GHWDLO�EHORZ��
�
������ 7KHRU\�
�
$�SXOVHG�ODVHU�EHDP�LV�GLUHFWHG�DW�D�VDPSOH�WR�FUHDWH�KLJK�WHPSHUDWXUH�PLFURSODVPD��)LJ�������
$�VKRUW�SXOVHG�VROLG�VWDWH�ODVHU�LV�IRFXVHG�RSWLFDOO\�WR�KHDW�WKH�VXUIDFH�RI�D�WDUJHW�VDPSOH�
PDWHULDO�UDSLGO\�WR�WKH�SRLQW�RI�YRODWLOLVDWLRQ�DQG�PDWHULDO�DEODWLRQ��ZKLFK�UHVXOWV�LQ�WKH�
JHQHUDWLRQ�RI�KLJK�WHPSHUDWXUH�SODVPD�RQ�WKH�VXUIDFH�RI�WKH�VDPSOH��)LJ�������8SRQ�FRROLQJ��
WKH�H[FLWHG�DWRPLF��LRQLF��DQG�PROHFXODU�IUDJPHQWV�SURGXFHG�ZLWKLQ�WKH�SODVPD�HPLW�UDGLDWLRQ�
WKDW�LV�FKDUDFWHULVWLF�RI�WKH�HOHPHQWDO�FRPSRVLWLRQ�RI�WKH�YRODWLOL]HG�PDWHULDO��)LEUH�RSWLF�
WHFKQRORJ\��RIIHULQJ�WKH�SRWHQWLDO�IRU�LQVWUXPHQW�SRUWDELOLW\��FDQ�EH�XVHG�WR�FROOHFW�WKH�OLJKW�
VLJQDO�DQG�GHOLYHU�LW�WR�D�VSHFWURPHWHU�WKDW�LV�FDSDEOH�RI�UHVROYLQJ�SDUW�RU�DOO�RI�WKH�����WR�
����QP�VSHFWUDO�UHJLRQ��)LJ�������$OO�HOHPHQWV�HPLW�ZLWKLQ�WKLV�UHJLRQ��VR�WKDW�ERWK�WKH�
GHWHFWLRQ�RI�HOHPHQWDO��LRQLF�DQG�PROHFXODU�VSHFLHV�RQ�WKH�EDVLV�RI�VSHFWUDO�OLQH�SUHVHQFH�DQG�
WKH�TXDQWLWDWLYH�DQDO\VLV�EDVHG�RQ�GLIIHUHQFHV�LQ�VSHFWUDO�OLQH�LQWHQVLW\�FDQ�EH�DFKLHYHG�
�+DUPRQ�HW�DO���������
�
�
�

�
�
)LJ�����'LDJUDP�RI�D�W\SLFDO�ODERUDWRU\�/,%6�DSSDUDWXV��/� �VKRUW�SXOVHG�4�VZLWFKHG�VROLG�
VWDWH�ODVHU��0� �PLUURU��/3� �ODVHU�SXOVH��&/� �OHQV��3� �SODVPD��7� �WDUJHW��)2&� �ILEUH�RSWLF�
FDEOH��6� �VSHFWURJUDSK��$'� �DUUD\�GHWHFWRU��*(� �JDWLQJ�HOHFWURQLFV��&� �FRPSXWHU�
�&UHPHUV�DQG�5DG]LHPVNL���������
�
�
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�
�
)LJ�����/DVHU�SODVPD������PP�LQ�KHLJKW��IRUPHG�RQ�VRLO�E\�D�VSKHULFDO�OHQV��&UHPHUV�	�
5DG]LHPVNL��������
�
�
�

�
�
)LJ�����1$6$�$0(6�.���URYHU�ILWWHG�ZLWK�SURWRW\SH�/,%6�LQVWUXPHQW��ZLWK�WKH�ODVHU�DQG�
WHOHVFRSH�RQ�WKH�PDVW�DQG�VSHFWURJUDSK��GHWHFWRU�DQG�HOHFWURQLFV�LQ�WKH�ERG\��,PDJH�IURP�
1$6$�$PHV�5HVHDUFK�&HQWUH���
�
�
������ &XUUHQW�SURJUHVV�DQG�IXWXUH�GHYHORSPHQW�
�
1$6$�FRQWLQXHV�WR�GHYHORS�/,%6�IRU�VSDFH�H[SORUDWLRQ��ZKLFK�LV�EH\RQG�WKH�VFRSH�RI�WKLV�
UHYLHZ��+RZHYHU��UHFHQWO\�WKHUH�KDV�EHHQ�PRUH�DIIRUGDEOH�GHYHORSPHQW�RI�/,%6�IRU�LQGXVWULDO�
�0L]LROHN�HW�DO��������DQG�UHVHDUFK�SXUSRVHV�ZKLFK�SURYLGHV�D�SRWHQWLDOO\�QHZ�LQVWUXPHQW�IRU�
ILHOG�VRLO�DQDO\VLV��*HKO�	�5LFH�������-RKQVWRQ�HW�DO���������,WV�DGYDQWDJHV�DUH�VLPXOWDQHRXV�
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PXOWL�FRPSRQHQW�DQDO\VLV�ZLWKRXW�DQ\�VDPSOH�SUHSDUDWLRQ��'LVDGYDQWDJHV�LQFOXGH�D�YHU\�
VPDOO�DUHD�RI�H[SORUDWLRQ��VDPSOH�YROXPH�LV�DERXW���WR���PP��SHU�SXOVH���VR�WKDW�VSDWLDO�
YDULDELOLW\�RI�FDUERQ�LQ�VRLO�SURILOHV�KDV�WR�EH�DFFRXQWHG�IRU�E\�D�YHU\�ODUJH�QXPEHU�RI�
PXOWLSOH�VSRW�DQDO\VHV��%XEOLW]�HW�DO���������/,%6�LV�DQ�DSSURSULDWH�WHFKQRORJ\�IRU�UHPRWH�
HOHPHQWDO�DQDO\VLV��DQG�LV�SDUWLFXODUO\�DSSURSULDWH�IRU�GHWHFWLRQ�RI�KHDY\�PHWDOV�VXFK�DV�&G��
&X��&U��1L��3E�DQG�=Q��:LVEUXQ�HW�DO���������DOWKRXJK�WKHUH�LV�QRZ�VRPH�LQWHUHVW�LQ�LWV�
SRVVLEOH�DELOLW\�WR�DVVHVV�VRLO�FDUERQ�FRQFHQWUDWLRQ��7KH�FRPSOH[LW\�RI�WKH�KHWHURJHQHRXV�VRLO�
PHGLXP��H�J��WH[WXUH��ZDWHU�FRQWHQW��KDV�FRPSOLFDWHG�DQDO\VLV�RI�/,%6�SODVPD�IRU�HOHPHQWDO�
GHWHFWLRQ�LQ�VRLOV��%XEOLW]�HW�DO��������&KDWWHUMHH�HW�DO���������9DU\LQJ�VRLO�ZDWHU�FRQWHQW�
LQIOXHQFHV�VSHFWUDO�OLQH�LQWHQVLW\�GXULQJ�SODVPD�UHOD[DWLRQ��DQG�WKLV�HIIHFW�RQ�TXDQWLWDWLYH�
/,%6�DQDO\VLV��%XEOLW]�HW�DO��������UHTXLUHV�IXUWKHU�UHVHDUFK��6RLO�FDUERQ�FRQFHQWUDWLRQ�LV�
GHWHUPLQHG�E\�DQDO\VLQJ�WKH�XQLTXH�VSHFWUDO�FDUERQ�VLJQDWXUH�DW�������RU�����QP�RU�ERWK���
�
(ELQJHU�HW�DO���������H[WHQGHG�/,%6�WR�PHDVXUH�WRWDO�VRLO�FDUERQ�LQ�ODERUDWRU\�VDPSOHV��ZLWK�
WKH�DGYDQWDJH�RI�EHLQJ�DEOH�WR�DFTXLUH�GDWD�LQ�VHFRQGV�IURP�VRLOV�ZLWK�OLWWOH�SUHSDUDWLRQ��,URQ�
�)H��LQWHUIHUHQFH�ZLWK�WKH�VRLO�FDUERQ�OLQH�DW�����QP�ZDV�GLVFRYHUHG��EXW�WKLV�FDQ�EH�UHVROYHG�
XVHG�WKH�����QP�OLQH��,Q�WKLV�VWXG\��FDOLEUDWLRQ�RI�FDUERQ�PHDVXUHPHQWV�E\�/,%6�DJDLQVW�
PHDVXUHPHQWV�IURP�GU\�FRPEXVWLRQ�IRU�WKUHH�&RORUDGR�VRLOV�LQGLFDWHG�WKDW�WKH�UHVXOWV�RI�WKH�
WZR�PHWKRGV�ZHUH�KLJKO\�FRUUHODWHG��U�� �������DQG�UHSHDWHG�FDOLEUDWLRQ�FXUYHV�LQGLFDWHG�WKDW�
XVH�RI�WKH�/,%6�PHWKRG�JDYH�UHSURGXFLEOH�UHVXOWV��
�
%ULFNOHP\HU�HW�DO���������H[SODLQ�WKDW�/,%6�LV�XQDEOH�WR�GLVWLQJXLVK�EHWZHHQ�RUJDQLF�DQG�
LQRUJDQLF�FDUERQ�DQG�DOVR�GLVFXVV�WKH�OLPLWDWLRQV�RI�WKH�YHU\�VPDOO�VDPSOH�VL]H��7KHVH�DXWKRUV�
FRPSDUHG�9LV�1,5�ZLWK�/,%6�RQ����LQWDFW�VRLO�FRUHV�DQG�IRXQG�WKDW�9LV�1,5�ZDV�D�EHWWHU�
SUHGLFWRU�RI�VRLO�RUJDQLF�FDUERQ�FRQFHQWUDWLRQ��7KH\�DOVR�WULHG�FRPELQLQJ�WKH�9LV�1,5�DQG�
/,%6�GDWD�WR�LPSURYH�SUHGLFWLRQV�ZKLFK�VOLJKWO\�LPSURYHG�WKH�SUHGLFWLRQ�RI�WRWDO�FDUERQ�EXW�
GLG�QRW�LPSURYH�SUHGLFWLRQV�RI�LQRUJDQLF�FDUERQ�RU�WRWDO�RUJDQLF�FDUERQ�FRPSDUHG�WR�UHVXOWV�
XVLQJ�LQGLYLGXDO�VHQVRUV��7KH\�FRQFOXGHG�WKDW�DGGLWLRQDO�UHVHDUFK�LV�UHTXLUHG��VSHFLILFDOO\�
VHQVRU�LQWHUDFWLRQ��/,%6�GDWD�UHGXFWLRQ��DQG�LPSURYHG�VWDWLVWLFDO�DQG�GDWD�PLQLQJ�DOJRULWKPV�
EHIRUH�SRVVLEOH�LQWHJUDWLRQ�RI�WKHVH�VHQVRUV�IRU�VRLO�PDSSLQJ��
�
������ 6DPSOLQJ�UHTXLUHPHQWV�DQG�SURWRFROV�
�
6RLOV�FDQ�EH�VDPSOHG�LQ�VLWX�E\�WKH�ODVHU�SXOVH��VR�WKDW�OLWWOH�WR�QR�VDPSOH�SUHSDUDWLRQ�LV�
UHTXLUHG��$OWHUQDWLYHO\�WKH�PHWKRG�FDQ�EH�XVHG�LQ�WKH�ODERUDWRU\�RQ�SUHSDUHG�VRLO��H�J��VRLO�
VLHYHG�WR�����PP��(ELQJHU�HW�DO���������SUHVVHG�VRLOV��&KDWWHUMHH�HW�DO��������RU�VRLO�FRUHV�
�%ULFNOHP\HU�HW�DO���������(ELQJHU�HW�DO���������GHVFULEH�D�PHWKRG�ZKHUH�D�ODVHU�EHDP��DW�D�
VSHFLILF�ZDYHOHQJWK��ZLWK�D�OHQV�RI����PP�IRFDO�OHQJWK�LV�IRFXVHG�RQ�HDFK�VDPSOH�WR�IRUP�
PLFURSODVPD�WKDW�HPLWV�OLJKW�WKDW�LV�FKDUDFWHULVWLF�RI�WKH�VDPSOH¶V�HOHPHQWDO�FRPSRVLWLRQ��7KH�
HPLWWHG�OLJKW�LV�VSHFWUDOO\�UHVROYHG�XVLQJ�D�JUDWHG�LQWHQVLILHG�SKRWR�GLRGH�DUUD\�GHWHFWRU���
6R�IDU�WKHUH�LV�QR�UHSRUWHG�UHVHDUFK�RQ�WKH�HIIHFWV�RI�ILQH�URRWV�DQG�RWKHU�ELRORJLFDO�PDWHULDO�DW�
YDU\LQJ�GHJUHHV�RI�GHFRPSRVLWLRQ�RQ�VRLO�FDUERQ�DQDO\VLV�E\�/,%6��$OVR��WKH�HIIHFWV�RI�
FDUERQDWHV�DQG�VRLO�ZDWHU�FRQWHQW�RQ�VSHFWUDO�OLQH�LQWHQVLW\�UHTXLUH�IXUWKHU�HYDOXDWLRQ��*HKO�	�
5LFH���������
�
/,%6�DQDO\VLV�LV�UDSLG��DQG�%ULFNOHP\HU�HW�DO���������UHSRUW�DQDO\VLV�WLPHV�RI�DSSUR[LPDWHO\���
VHFRQGV�WR�REWDLQ���VSHFWUD�ZLWK����ODVHU�VKRWV�SHU�VSHFWUXP��1XPHURXV�FDOLEUDWLRQV�DUH�
UHTXLUHG�WR�DFFRXQW�IRU�YDU\LQJ�VRLO�SURSHUWLHV��H�J��WH[WXUH��FDUERQDWH��ZDWHU�FRQWHQW���
DOWKRXJK�&KDWWHUMHH�HW�DO���������FRPPHQW�WKDW�WKLV�LV�LPSUDFWLFDO�IRU�D�ILHOG�GHSOR\HG�
LQVWUXPHQW��0XOWLYDULDWH�VWDWLVWLFDO�DQDO\VLV�KHOSV�FRQWURO�WKH�YDULDELOLW\�LQ�FDUERQ�
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FRQFHQWUDWLRQV�GXH�WR�LQIOXHQFH�RI�WKH�VRLO¶V�PDWUL[��5HSURGXFLELOLW\�RI�/,%6�DQDO\VHV�FDQ�EH�
LPSURYHG�E\��L��LQFUHDVLQJ�WKH�QXPEHU�RI�VKRWV�DQG�DYHUDJLQJ�WKH�VSHFWUD�RYHU�PRUH�VKRWV���LL��
DSSO\LQJ�WKH�PHWKRG�RI�LQWHQVLW\�UDWLRV�RI�FDUERQ�ZLWK�6L�DQG�$O��(ELQJHU�HW�DO���������DQG�
�LLL��XVLQJ�09$�WHFKQLTXHV��&KDWWHUMHH�HW�DO���������
�
������ $SSOLFDELOLW\�RI�WKH�DSSURDFK�
�
/,%6�KDV�EHHQ�GHYHORSHG�IRU�PXOWL�HOHPHQWDO�DQDO\VLV�RI�PDWHULDOV��DQG�LV�EHVW�VXLWHG�WR�
DQDO\VLV�RI�VSHFLHV�ZLWK�KLJKHU�DWRPLF�ZHLJKWV�WKDQ�WKDW�IRU�FDUERQ�� �����6LJQLILFDQWO\�PRUH�
UHVHDUFK�DQG�GHYHORSPHQW�LV�UHTXLUHG�EHIRUH�LWV�VXLWDELOLW\�IRU�VRLO�FDUERQ�DQDO\VLV�FDQ�EH�
DVVHVVHG�IXOO\��7KH�PHWKRG�LV�EHLQJ�GHYHORSHG�WR�DFFRXQW�IRU�VRLO�PDWUL[�HIIHFWV�RQ�WKH�FDUERQ�
OLQH�LQWHQVLW\��IRU�H[DPSOH�E\�DGRSWLQJ�PXOWLYDULDWH�VWDWLVWLFDO�DQDO\VLV��7KH�LQDELOLW\�RI�WKH�
YHU\�VPDOO�VDPSOH�VL]H�WR�DVVHVV�VSDWLDO�YDULDELOLW\�LV�D�GLVDGYDQWDJH��'HVSLWH�WKHVH�
GUDZEDFNV��SRUWDEOH�LQVWUXPHQWV�DUH�EHFRPLQJ�DYDLODEOH�FRPPHUFLDOO\�DQG�PHWKRGV�ZLOO�QR�
GRXEW�FRQWLQXH�WR�EH�LQYHVWLJDWHG�DQG�UHILQHG�IRU�ILHOG�VRLO�FDUERQ�DQDO\VLV��GXH�WR�WKH�QHHG�WR�
GHYHORS�LPSURYHG�SRUWDEOH�UDSLG�PHWKRGV�IRU�VRLO�FDUERQ�DQDO\VLV�IRU�DFFRXQWLQJ�SXUSRVHV���
�
������ $GYDQWDJHV�DQG�GLVDGYDQWDJHV�
�
&RPPHUFLDOLVDWLRQ�RI�D�SRUWDEOH�/,%6�V\VWHP�SURYLGHV�RSSRUWXQLW\�IRU�IXUWKHU�UHVHDUFK�DQG�
GHYHORSPHQW�RI�WKLV�WHFKQLTXH�IRU�VRLO�FDUERQ�DQDO\VLV��7DEOH������7KH�DSSUR[LPDWH�FRVW�RI�D�
XQLW�WKDW�FDQ�GHWHFW�VRLO�FDUERQ�ZLWK�KLJK�GHWHFWLRQ�OLPLWV�DV�ZHOO�DV�FROOHFW�RWKHU�VSHFWUDO�
IHDWXUHV�IRU�PXOWLYDULDWH�DQDO\VLV�LV�����������)XWXUH�UHVHDUFK�LV�QHHGHG�WR�UHGXFH�WKH�
YDULDELOLW\�RI�WKH�/,%6�VLJQDO�FDXVHG�E\�WKH�SUHVHQFH�RI�URFN�IUDJPHQWV��URRWV��DQG�RWKHU�
PDWHULDOV���
�
7DEOH����$GYDQWDJHV�DQG�GLVDGYDQWDJHV�RI�PHDVXULQJ�VRLO�FDUERQ�XVLQJ�/,%6��
�
$GYDQWDJHV� 'LVDGYDQWDJHV�
)DVW�DQDO\VLV�WLPH������PLQXWH���SRUWDEOH� ,QVWUXPHQW�GHYHORSPHQW�LV�IRFXVHG�RQ�UHPRWH�

HOHPHQWDO�DQDO\VLV�IRU�VSDFH�H[SORUDWLRQ��LQGXVWULDO�
PRQLWRULQJ��DQG�PLOLWDU\�DSSOLFDWLRQV��

([FHOOHQW�LQVWUXPHQW�GHWHFWLRQ�OLPLW�DQG�SUHFLVLRQ� 9HU\�VPDOO�VDPSOH�VL]H�������PP���
&DSDEOH�RI�UHPRWH�VXUIDFH�FKHPLFDO�DQDO\VLV� 8WLOLW\�IRU�VRLO�FDUERQ�DQDO\VLV�LV�VWLOO�WR�EH�IXOO\�

GHPRQVWUDWHG�
�
�
���� ,QHODVWLF�QHXWURQ�VFDWWHULQJ��,16��DQG�UHODWHG�QXFOHRQLF�PHWKRGV�
�
������ &XUUHQW�SURJUHVV�DQG�IXWXUH�GHYHORSPHQWV�
�
$Q�LQHODVWLF�QHXWURQ�VFDWWHULQJ��,16��GHYLFH�FDQ�PHDVXUH�VRLO�FDUERQ�E\�ERPEDUGLQJ�VRLO�ZLWK�
KLJK�HQHUJ\�QHXWURQV��1HXWURQV�ZLWK�D�KLJK�HQHUJ\�DUH�UHTXLUHG�LQ�RUGHU�WR�JHQHUDWH�
�����0H9��PLOOLRQ�HOHFWURQ�YROWV��JDPPD�UD\V�IURP�FROOLVLRQV�ZLWK�FDUERQ�DWRPV��,Q�
SULQFLSOH��WKH�TXDQWLW\�RI������0H9�JDPPD�UD\V�UHFRUGHG�E\�D�GHWHFWRU�VKRXOG�EH�
SURSRUWLRQDO�WR�WKH�QXPEHU�RI�FDUERQ�DWRPV�LQ�D�VDPSOH��$Q�DGYDQWDJH�RI�WKH�WHFKQLTXH�LV�
WKDW�ERWK�QHXWURQV�DQG�JDPPD�UD\V�DUH�H[WUHPHO\�HIIHFWLYH�DW�SHQHWUDWLQJ�PDWWHU��VLQFH�WKH\�
DUH�SDUWLFOHV�ZLWK�QHXWUDO�FKDUJH�DQG�WKH�KLJKHVW�HQHUJ\�SKRWRQV��UHVSHFWLYHO\��
�
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2YHU�WKH�ODVW�a��\HDUV��D�JURXS�DW�%URRNKDYHQ�1DWLRQDO�/DERUDWRU\�LQ�WKH�8QLWHG�6WDWHV�KDV�
EHHQ�GHYHORSLQJ�D�GHYLFH�WKDW�XVHV�,16�WR�DWWHPSW�SUDFWLFDO�PHDVXUHPHQW�RI�VRLO�FDUERQ��7KLV�
JURXS�KDV�SXEOLVKHG�UHVXOWV�IURP�D�GHYLFH�WKDW�KDV�XQGHUJRQH�ODERUDWRU\�DQG�ILHOG�WHVWLQJ��7KH�
FXUUHQW�YHUVLRQ�RI�WKH�%URRNKDYHQ�,16�GHYLFH�KDV�EHHQ�GHVFULEHG�DV�DQ�µDOSKD¶�SURWRW\SH��
DQG�D�µEHWD¶�SURWRW\SH�KDV�EHHQ�SURSRVHG��7KH�SHUIRUPDQFH�RI�,16�IRU�FDUERQ�PHDVXUHPHQW�
FDQ�DOVR�EH�LQIHUUHG�IURP�VWXGLHV�RI�RWKHU�FDUERQ�EHDULQJ�PDWHULDOV��VXFK�DV�FRDO��SHWUROHXP�
EHDULQJ�URFNV��FDUJR�DQG�FRQWUDEDQG��
�
������ 7KHRU\�
�
7KH�FROOLVLRQ�RI�KLJK�HQHUJ\�QHXWURQV��DOVR�WHUPHG�µIDVW¶�QHXWURQV��ZLWK�DWRPV�VXFK�DV�FDUERQ�
LV�WHUPHG�LQHODVWLF�QHXWURQ�VFDWWHULQJ��,16��ZKHQ�D�QXFOHDU�UHDFWLRQ�RFFXUV��EXW�WKH�QHXWURQ�
VWLOO�UHERXQGV��:KHQ�D�QXFOHDU�UHDFWLRQ�RFFXUV��D�JDPPD�UD\�PD\�EH�HPLWWHG�LPPHGLDWHO\�
�µSURPSW¶�JDPPD�HPLVVLRQ���RU�UDGLRDFWLYH�GHFD\�PD\�RFFXU�DIWHU�VRPH�WLPH��,Q�FRQWUDVW��
HODVWLF�VFDWWHULQJ�LV�WKH�PRUH�FRPPRQ�UHVXOW�RI�WKH�FROOLVLRQV�RI�QHXWURQV�ZLWK�DWRPLF�QXFOHL��
DQG�LPSOLHV�QR�HQHUJ\�ORVV�GXH�WR�UHDFWLRQV��7KDW�LV��LQ�HODVWLF�QHXWURQ�VFDWWHULQJ��WKH�QHXWURQ�
DQG�DWRP�UHERXQG�RII�RQH�DQRWKHU�ZLWK�QR�HQHUJ\�ORVV�±�HVVHQWLDOO\�OLNH�ELOOLDUG�EDOOV���
�
:KHQ�DQ�,16�UHDFWLRQ�RFFXUV�EHWZHHQ�D�IDVW�QHXWURQ�DQG�D�FDUERQ�DWRP��D������0H9�JDPPD�
UD\�LV�HPLWWHG�LPPHGLDWHO\��7KLV�JDPPD�UD\�KDV�D�YHU\�KLJK�HQHUJ\�������0H9��ZKHUH�DQ�
HOHFWURQ�YROW�LV�WKH�HQHUJ\�RI�RQH�HOHFWURQ��H��PRYLQJ�DFURVV�D�SRWHQWLDO�JUDGLHQW�RI�RQH�YROW�
�9���)RU�FRPSDULVRQ��WKH�HQHUJ\�DVVRFLDWHG�ZLWK�D�SKRWRQ�RI�YLVLEOH�OLJKW�LV�URXJKO\���H9��
��PLOOLRQ�WLPHV�OHVV�WKDQ�WKH�JDPPD�UD\V�HPLWWHG�E\�,16�LQYROYLQJ�FDUERQ�DWRPV��
�
,16�KDV�EHHQ�SURSRVHG�DV�D�SRWHQWLDO�WHFKQRORJ\�IRU�QRQ�LQYDVLYH�VFDQQLQJ�RI�PDWHULDOV�
EHFDXVH������IDVW�QHXWURQV�DUH�YHU\�HIIHFWLYH�DW�SHQHWUDWLQJ�PDWHULDOV�DV�D�UHVXOW�RI�ERWK�WKHLU�
KLJK�HQHUJ\�DQG�QHXWUDO�FKDUJH��DQG�����WKH�JDPPD�UD\V�SURGXFHG�DUH�D�YHU\�KLJK�HQHUJ\�
IRUP�RI�OLJKW�WKDW�DOVR�SHQHWUDWHV�PDWHULDOV�YHU\�HIIHFWLYHO\��,Q�DGGLWLRQ��WKH�JDPPD�UD\V�WHQG�
WR�KDYH�XQLTXH�HQHUJLHV�DVVRFLDWHG�ZLWK�HDFK�HOHPHQW��DOORZLQJ�HOHPHQWDO�FRPSRVLWLRQV�WR�EH�
PHDVXUHG��,16�KDV�EHHQ�GHYHORSHG�RU�LV�EHLQJ�H[SORUHG�IRU�WKH�HVWLPDWLRQ�RI�FDUERQ�
FRQFHQWUDWLRQ�LQ�D�UDQJH�RI�PDWHULDOV�LQFOXGLQJ�VRLO��$OWKRXJK�QHXWURQV�DQG�JDPPD�UD\V�
SHQHWUDWH�PDWHULDOV�LQFOXGLQJ�VRLO��LQWHQVLW\�LV�VWLOO�ORVW�GXULQJ�WUDQVPLVVLRQ�GXH�WR�DEVRUSWLRQ�
DQG�VFDWWHULQJ��7KLV�ORVV�RI�LQWHQVLW\�LV�WHUPHG�DWWHQXDWLRQ��DQG�UHSUHVHQWV�D�FULWLFDO�FRQFHUQ�
IRU�TXDQWLWDWLYH�HVWLPDWLRQ�RI�HOHPHQWDO�DEXQGDQFH�XVLQJ�QRQ�LQYDVLYH�VFDQQLQJ�WHFKQLTXHV�LQ�
VRLO��*DUGQHU��������LQFOXGLQJ�,16��
�
������ %URRNKDYHQ�,16�'HYLFH�
�
7KH�8QLWHG�6WDWHV�%URRNKDYHQ�1DWLRQDO�/DERUDWRU\�KDV�EHHQ�GHYHORSLQJ�DQ�,16�GHYLFH�
LQWHQGHG�WR�DFKLHYH�SUDFWLFDO�PHDVXUHPHQW�RI�VRLO�FDUERQ��:LHORSROVNL�HW�DO������D��
&KDWWHUMHH�HW�DO���������7KH�LQLWLDO�GHYHORSPHQW�RI�WKH�,16�GHYLFH��)LJ������ZDV�UHSRUWHG�LQ�
:LHORSROVNL�HW�DO���������DQG�D�SDWHQW�ZDV�JUDQWHG�LQ�������:LHORSROVNL�	�+HQGU\��������
7KH�EDVLV�RI�WKH�LQVWUXPHQW�LV�WKDW�WKH�FRXQWV�UHFRUGHG�LQ�D�SHDN�RI������0H9�JDPPD�UD\V�DUH�
SURSRUWLRQDO�WR�WKH�QXPEHU�RI�FDUERQ�DWRPV�LQ�D�VRLO�YROXPH�EHQHDWK�WKH�GHWHFWRU��
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�
)LJ�����$�VLPSOLILHG�GHSLFWLRQ�RI�WKH�%URRNKDYHQ�,16�GHYLFH�EDVHG�RQ�:LHORSROVNL�HW�DO��
�����D���7KH�SULQFLSDO�FRPSRQHQWV�RI�WKH�GHYLFH�DUH�D����0H9�QHXWURQ�VRXUFH�DQG�PXOWLSOH�
JDPPD�UD\�GHWHFWRUV��PRXQWHG����FP�DERYH�VRLO��5DGLDWLRQ�VKLHOGLQJ�EHWZHHQ�WKH�QHXWURQ�
VRXUFH�DQG�WKH�GHWHFWRU�LPSURYHV�SHUIRUPDQFH��:LHORSROVNL�HW�DO������E���7KH�QHXWURQ�VRXUFH�
DQG�HOHFWURQLFV�UHTXLUH�HOHFWULFDO�SRZHU��ZKLFK�LV�SURYLGHG�E\�DQ�RQERDUG�JHQHUDWRU��7KH�
GHYLFH�LV�PRXQWHG�RQ�D�IRXU�ZKHHOHG�FDUW��ZKLFK�ZRXOG�EH�FDSDEOH�RI�WUDYHUVLQJ�DUDEOH�ODQG��
SDGGRFNV�DQG�VRPH�IRUHVWV��EXW�QRW�UXJJHG�IRUHVW�RU�PRXQWDLQ�ODQG��
�
�
$Q�LPSRUWDQW�FKDUDFWHULVWLF�RI�WKLV�V\VWHP�KDV�EHHQ�WKH�GHYHORSPHQW�RI�D�SXOVH�VHTXHQFH�IRU�
WKH�QHXWURQ�JHQHUDWRU��EDVHG�RQ�H[WHQVLYH�FDOFXODWLRQV�DQG�HOHFWURQLFV�GHYHORSPHQW��+LJK�
HQHUJ\�����0H9��QHXWURQV�DUH�JHQHUDWHG�IRU����PLFURVHFRQGV��DQG�WKHQ�WKH�QHXWURQ�JHQHUDWRU�
LV�VZLWFKHG�RII�IRU����PLFURVHFRQGV��'XULQJ�WKH�WLPH�ZKHQ�QR�KLJK�HQHUJ\�QHXWURQV�DUH�
SURGXFHG��WKHUH�VKRXOG�EH�QR�QHXWURQV�SUHVHQW�LQ�WKH�VRLO�ZLWK�WKH�HQHUJ\�UHTXLUHG�WR�SURGXFH�
�����0H9�JDPPD�UD\V�IURP�,16�LQYROYLQJ�FDUERQ�DWRPV��'XULQJ�WKHVH����PLFURVHFRQGV��D�
EDFNJURXQG�VSHFWUXP�RI�JDPPD�HPLVVLRQV�IURP�ORZHU�HQHUJ\��WKHUPDO��QHXWURQV�FDQ�EH�
PHDVXUHG��,Q�SULQFLSOH��WKLV�GHVLJQ�DOORZV�WKH�WKHUPDO�QHXWURQ�FDSWXUH��71&��EDFNJURXQG�WR�
EH�VXEWUDFWHG�IURP�WKH�VSHFWUXP�REWDLQHG�GXULQJ�WKH����PLFURVHFRQG�SXOVHV�RI�KLJK�HQHUJ\�
QHXWURQV��\LHOGLQJ�DQ�,16�VSHFWUXP�IUHH�RI�71&�EDFNJURXQG���
�
7KH�IXOO�IXQFWLRQ�RI�WKH�%URRNKDYHQ�,16�GHYLFH�LV�UHSRUWHG�LQ�:LHORSROVNL�HW�DO�������D��DQG�
VHYHUDO�SXEOLFDWLRQV�RXWOLQH�FDOFXODWLRQV�RI�WKH�EHKDYLRXU�RI�WKH�IDVW�QHXWURQV�LQ�VRLO�
�:LHORSROVNL�HW�DO��������%LHJDOVNL�HW�DO��������'RURQ�HW�DO���������$GGLWLRQDO�SXEOLFDWLRQV�
VXFK�DV�0LWUD�HW�DO���������RXWOLQH�WKH�GHYHORSPHQW�RI�HOHFWURQLF�RU�SK\VLFDO�V\VWHPV��DQG�DUH�
QRW�UHYLHZHG�H[WHQVLYHO\�KHUH��
�
2YHUDOO��:LHORSROVNL�HW�DO�������D��E��GHVFULEH�WKH�,16�GHYLFH�DV�DQ�µDOSKD¶�SURWRW\SH��DQG�
KDYH�SURSRVHG�WKH�FRQVWUXFWLRQ�RI�D�µEHWD¶�SURWRW\SH�ZLWK�PLQRU�FKDQJHV�±�PDLQO\�DGGLWLRQDO�
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GHWHFWRUV�WR�LPSURYH�VLJQDO�WR�QRLVH�UDWLR�DQG�FKDQJHV�LQ�WKH�VKLHOGLQJ��:LHORSROVNL�HW�DO��
����E���
�
������ ,16�IRU�WKH�HVWLPDWLRQ�RI�FDUERQ�LQ�RWKHU�PDWHULDOV�
�
&RDO�
�
7KH�PRVW�SURJUHVV�RQ�DFFXUDWH�PHDVXUHPHQWV�RI�FDUERQ�XVLQJ�,16�LV�RQ�FRDO��6RZHUE\��������
SURYLGLQJ�HYLGHQFH�WKDW�WKH�DSSURDFK�DSSHDUV�PRUH�SURPLVLQJ�WKDQ�IRU�VRLO�FDUERQ�
PHDVXUHPHQW�WR�GDWH��7KH�ORQJ�UXQQLQJ�VWXGLHV�KDYH�SULPDULO\�IRFXVVHG�RQ�WKH�QHHG�WR�
PHDVXUH�WKH�FDUERQ�FRQWHQW�RI�FRDO�RQ�FRQYH\RU�EHOWV�IHHGLQJ�FRDO�ILUHG�SRZHU�SODQWV��7KH�
VWXGLHV�ZHUH�RULJLQDOO\�PRWLYDWHG�E\�HIILFLHQF\�RSWLPLVDWLRQ��EXW�DGGLWLRQDO�EHQHILWV�DUH�QRZ�
UHDOLVHG�LQ�WKH�DELOLW\�IRU�PRUH�DFFXUDWH�DFFRXQWLQJ�RI�IRVVLO�FDUERQ�XVH��7KH�EHVW�DYDLODEOH�
DFFXUDF\�IRU�,16�PHDVXUHPHQW�RI�FDUERQ�LQ�FRDO�LV������IRU�FRDOV�UDQJLQJ�IURP����WR�QHDUO\�
�����FDUERQ��6RZHUE\���������
�
7KH�PDLQ�LPSOLFDWLRQ�RI�VWXGLHV�XVLQJ�,16�ZLWK�FRDO�LV�WKH�UHDOLVDWLRQ�WKDW�WKH�DELOLW\�WR�
HVWLPDWH�VRLO�FDUERQ�ZLWK�DFFXUDFLHV�JUHDWHU�WKDQ������PD\�EH�GLIILFXOW�WR�DFKLHYH��7KH�
DSSOLFDWLRQ�RI�,16�WR�PDWHULDO�VXFK�DV�FRDO�FRQYH\RU�EHOWV�DSSHDUV�EHWWHU�VXLWHG�WR�UHOLDEOH�
,16�PHDVXUHPHQW�WKDQ�WKH�JHRPHWU\�RI�WKH�%URRNKDYHQ�GHYLFH��EHFDXVH�LW�DYRLGV�LVVXHV�
UHODWHG�WR�DQ�XQNQRZQ�SHQHWUDWLRQ�GHSWK��7KLV�LQ�WXUQ�VXJJHVWV�WKDW�,16�VWXGLHV�RI�LQWDFW�VRLO�
FRUHV�PD\�EH�YLDEOH�ZLWK�,16��DQG�LW�VKRXOG�EH�QRWHG�WKDW�ODUJH�GLDPHWHU�VRLO�FRUHV�FRXOG�
SRWHQWLDOO\�EH�VFDQQHG�DQG�WKHQ�UHSODFHG�LQ�WKHLU�RULJLQDO�ORFDWLRQ��:LWK�VXFK�DQ�DSSURDFK�LW�
PLJKW�EH�SRVVLEOH�WR�VFDQ�IRU�EXON�GHQVLW\�XVLQJ�JDPPD�UD\V�RU�[�UD\V��HQDEOLQJ�SUHFLVH�
HTXLYDOHQW�PDVV�FDOFXODWLRQV�RI�VRLO�FDUERQ�GHQVLW\��
�
3HWUROHXP�'ULOO�+ROHV�
�
,W�KDV�EHHQ�NQRZQ�IRU�PDQ\�\HDUV�WKDW�,16�LV�D�SUDFWLFDO�PHWKRG�IRU�GHWHFWLQJ�FDUERQ�LQ�
ERUHKROHV�GULOOHG�IRU�RLO�DQG�JDV�H[SORUDWLRQ��*RURY�HW�DO��������8QGHUZRRG�DQG�'\RV��������
7KH�GHWHFWLRQ�RI�KLJK�FDUERQ�OHYHOV�LQ�URFN�IRUPDWLRQV�LV�RI�VWURQJ�LQWHUHVW�IRU�WKLV�LQGXVWU\�DV�
LW�VLJQDOV�HYLGHQFH�RI�RLO��JDV�RU�WKH�VRXUFH�URFNV�IRU�RLO�DQG�JDV�ZKLFK�PD\�EH�LQ�WKH�SURFHVV�
RI�PLJUDWLQJ�WR�DQRWKHU�ORFDWLRQ��,16�GHYLFHV�KDYH�VHHQ�FRQVLGHUDEOH�XVH��EXW�\LHOG�ZKDW�FDQ�
RQO\�EH�FRQVLGHUHG�TXDOLWDWLYH�HVWLPDWHV�RI�FDUERQ�DEXQGDQFH��ZKLFK�ZRXOG�DSSHDU�QRW�WR�
SURYLGH�WKH�DFFXUDF\�UHTXLUHG�IRU�PHDVXUHPHQWV�RI�VRLO�FDUERQ��
�
7KH�PDLQ�LPSOLFDWLRQ�RI�µGRZQ�FRUH¶�,16�VWXGLHV�LQ�WKH�SHWUROHXP�LQGXVWU\�IRU�HIIRUWV�WR�
HVWLPDWH�VRLO�FDUERQ�LV�WKDW�FRQVLGHUDEOH�H[SHULHQFH�H[LVWV�ZLWK�ORZHULQJ�,16�GHYLFHV�GRZQ�
ERUHKROHV��EXW�KDV�QRW�W\SLFDOO\�\LHOGHG�HVWLPDWHV�ZLWK�D�KLJK�GHJUHH�RI�DFFXUDF\��+RZHYHU��
WKLV�VLWXDWLRQ�LV�LPSURYLQJ�ZLWK�RQJRLQJ�GHYHORSPHQW��-DFREL�DQG�/RQJR��������GULYHQ�
ODUJHO\�E\�WKH�SRWHQWLDO�IRU�,16�DQG�UHODWHG�QXFOHRQLF�WHFKQLTXHV�WR�VLPXOWDQHRXVO\�HVWLPDWH�
WKH�FRQFHQWUDWLRQV�RI�PXOWLSOH�HOHPHQWV�LQ�DGGLWLRQ�WR�FDUERQ��
�
�
&DUJR�DQG�&RQWUDEDQG�
�
,16�KDV�EHHQ�H[SORUHG�DV�D�WHFKQRORJ\�IRU�VFDQQLQJ�FDUJR�DQG�DLUSRUW�OXJJDJH�IRU�PDWHULDOV�
VXFK�DV�LOOLFLW�GUXJV�DQG�H[SORVLYHV��%XIIOHU�������6RZHUE\�	�7LFNQHU��������7KLV�
DSSOLFDWLRQ�RI�,16�LV�OHDGLQJ�WR�WHFKQRORJLFDO�GHYHORSPHQW��SDUWLFXODUO\�IRU�XVLQJ�PXOWLSOH�
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VFDQQLQJ�WHFKQRORJLHV�VLPXOWDQHRXVO\��EXW�KROGV�OHVV�LPPHGLDWH�UHOHYDQFH�WR�WKH�
PHDVXUHPHQW�RI�FDUERQ�GLVSHUVHG�WKURXJKRXW�D�PHGLXP�VXFK�DV�VRLO���
�
������ 6DPSOLQJ�UHTXLUHPHQWV�DQG�SURWRFROV�
�
7KH�GHVLJQ�RI�WKH�%URRNKDYHQ�,16�GHYLFH�LV�IRFXVHG�RQ�XVLQJ�D�QHXWURQ�VRXUFH�DQG�GHWHFWRUV�
PRXQWHG�RQ�D�FDUW�WR�XQGHUWDNH�D�PHDVXUHPHQW�RI�VRLO�FDUERQ�DW�D�VLQJOH�ORFDWLRQ��&XUUHQWO\��D�
VLQJOH�PHDVXUHPHQW�LV�HVWLPDWHG�WR�WDNH����PLQXWHV��7KH�FDUW�DQG�QHXWURQ�VRXUFH�DUH�GHVLJQHG�
VR�WKDW�WKH�UDGLDWLRQ�KD]DUG�LV�PLQLPLVHG��7KH�PDLQ�LVVXH�ZLWK�WKH�GHYLFH�LV�WKDW�IHZ�ILHOG�
PHDVXUHPHQWV�KDYH�EHHQ�UHSRUWHG�LQ�WKH�OLWHUDWXUH��$V�D�UHVXOW��WKH�DFFXUDF\�DQG�GHSWKV�
VDPSOHG�DUH�MXGJHG�WR�UHPDLQ�XQFHUWDLQ��,W�LV�OLNHO\�WKDW�FRQVLGHUDEOH�UHGHVLJQ�DQG�DVVHVVPHQW�
ZRXOG�EH�UHTXLUHG�SULRU�WR�UHFRPPHQGLQJ�GHWDLOHG�VDPSOLQJ�UHTXLUHPHQWV�DQG�SURWRFROV�
DSSURSULDWH�IRU�HVWLPDWLQJ�WKH�DFFXUDF\�DQG�FRVWV�RI�FDUERQ�LQYHQWRU\�GHYHORSHG�XVLQJ�DQ�,16�
GHYLFH��
�
,16�PHDVXUHPHQWV�WR�GDWH�
�
3XEOLVKHG�UHSRUWV�RI�PHDVXUHPHQWV�IURP�WKH�%URRNKDYHQ�,16�GHYLFH�SXEOLVKHG�LQ�
:LHORSROVNL�HW�DO�������D��FRQVLVW�RI��
�
•� 0HDVXUHPHQWV�REWDLQHG�RQ�µVDQGSLWV¶�ZLWK�GLIIHUHQW�XQLIRUP�FDUERQ�FRQFHQWUDWLRQV�
•� 7KUHH�VLWHV�DW�%URRNKDYHQ�1DWLRQDO�/DERUDWRU\��1HZ�<RUN��86$�
•� 7KUHH�VLWHV�DW�'XNH�)RUHVW��1RUWK�&DUROLQD��86$�
�
7KHVH�PHDVXUHPHQWV�VXJJHVW�WKDW�WKH�GHYLFH�FDQ�GHWHFW�VRLO�FDUERQ�FRQFHQWUDWLRQ�RQ�D�PDVV�
EDVLV�RI�DSSUR[LPDWHO\���������6XFK�D�GHWHFWLRQ�OLPLW�LPSOLHV�D�UHSURGXFLELOLW\��VWDQGDUG�
HUURU��RI��������:KLOH�WKH�%URRNKDYHQ�WHDP�VXJJHVWV�WKDW�LQFUHDVHG�DFFXUDF\�FDQ�EH�
REWDLQHG�E\�FRXQWLQJ�ORQJHU�RU�DGGLQJ�DGGLWLRQDO�GHWHFWRUV��:LHORSROVNL�HW�DO������D��E���D�
QXPEHU�RI�VRXUFHV�RI�HUURU�DQG�ELDV�UHPDLQ�XQDGGUHVVHG��
�
)LHOG�SURWRFROV�
�
7KH�FXUUHQW�GHVLJQ�RI�WKH�,16�GHYLFH�LQFRUSRUDWHV�VDIHW\�IHDWXUHV��LQFOXGLQJ�D�QHXWURQ�VRXUFH�
WKDW�FDQ�EH�VZLWFKHG�RII��DOORZLQJ�UDGLDWLRQ�VDIHW\�WR�EH�UHODWLYHO\�VWUDLJKWIRUZDUG��HYHQ�ZKHQ�
WKH�GHYLFH�LV�GHSOR\HG�LQ�WKH�ILHOG��$V�D�UHVXOW��WKH�PDLQ�OLPLWDWLRQ�RI�ZKHUH�WKH�GHYLFH�FDQ�EH�
GHSOR\HG�ZLOO�EH�WKH�DELOLW\�RI�WKH�IRXU�ZKHHO�FDUW�WR�DFFHVV�D�VLWH��
�
$SSOLFDELOLW\�RI�WKH�DSSURDFK�
�
6HYHUDO�NH\�TXHVWLRQV�DQG�FRQFHUQV�SRWHQWLDOO\�OLPLW�WKH�DSSOLFDWLRQ�RI�WKH�%URRNKDYHQ�,16�
GHYLFH�WR�VRLO�FDUERQ�PHDVXUHPHQW��6HYHUDO�IDFWRUV�FRQVSLUH�WR�PDNH�GHHSHU�VRLO�FDUERQ�OHVV�
YLVLEOH�WKDQ�VRLO�FDUERQ�QHDU�WKH�VXUIDFH��7KHVH�IDFWRUV�LQFOXGH�QHXWURQ�DWWHQXDWLRQ�ZLWK�
GHSWK��WKH�DWWHQXDWLRQ�RI�WKH������0H9�JDPPD�UD\V�LQ�VRLO��DQG�WKH�GLVWDQFH�WR�WKH�GHWHFWRU��,Q�
DGGLWLRQ��JDPPD�HPLVVLRQV�IURP�WKH�WKHUPDO�QHXWURQ�FDSWXUH�RI�)H�DQG�6L�PD\�LQWHUIHUH�ZLWK�
WKH������0H9�JDPPD�UD\�SHDN�REWDLQHG�IURP�FDUERQ��$Q�DGGLWLRQDO�FRQFHUQ�LV�WKDW�DQ\�,16�
GHYLFH�ZLOO�REVHUYH�WRWDO�FDUERQ��LQFOXGLQJ�OLYH�YHJHWDWLRQ��VXUIDFH�OLWWHU�DQG�RUJDQLF�OD\HUV��
DV�ZHOO�DV�LQRUJDQLF�FDUERQ��7KHVH�FDUERQ�VWRFNV��ZKHUH�SUHVHQW��ZRXOG�QHHG�WR�EH�VXEWUDFWHG�
IURP�WKH�,16�VRLO�FDUERQ�HVWLPDWH��2YHUDOO��D�QXPEHU�RI�FRQFHUQV�H[LVW�DQG�PHDVXUHPHQWV�
UHPDLQ�XQYHULILHG�ZLWK�UHVSHFW�WR�WKHVH�FRQFHUQV��OHDGLQJ�WR�WKH�SRWHQWLDO�IRU�XQH[SHFWHG�
YDULDELOLW\�DQG�RU�ELDV��
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������ 'HSWK�RI�GHWHFWLRQ�ZLWK�WKH�%URRNKDYHQ�GHYLFH�
�
6HYHUDO�IDFWRUV�FRQVSLUH�WR�PDNH�GHHSHU�VRLO�FDUERQ�OHVV�YLVLEOH�WKDW�VRLO�FDUERQ�QHDU�WKH�
VXUIDFH�DV�GHPRQVWUDWHG�LQ�)LJ������
�
�

�
�
)LJ�����$ELOLW\�WR�REVHUYH�VRLO�FDUERQ�XVLQJ�WKH�%URRNKDYHQ�,16�GHYLFH��ZLWK�HDFK�SDQHO�
VKRZLQJ�WKH�LQWHQVLW\�RI�VLJQDO�GHULYHG�IURP�VRLO�GHSWK��UHODWLYH�WR�WKH�LQWHQVLW\�RI�VLJQDO�IURP�
WKH�VRLO�VXUIDFH��$��/RVV�RI����0H9�QHXWURQ�IOX[�GXH�WR�VFDWWHULQJ��%��ORVV�RI�DELOLW\�WR�
REVHUYH�FDUERQ�GXH�WR�LQYHUVH�VTXDUH�RI�GLVWDQFH�IURP�JDPPD�HPLVVLRQ�WR�WKH�GHWHFWRU��&��
DWWHQXDWLRQ�RI�WKH������0H9�JDPPD�UD\V�E\�WKH�VRLO�PDVV��'��WRWDO�ORVV�RI�DELOLW\�WR�REVHUYH�
FDUERQ�DV�D�IXQFWLRQ�RI�GHSWK�EDVHG�RQ�$��%�DQG�&��3DQHO�(�VKRZV�WKH�HTXLYDOHQW�RI�SDQHO�$��
DV�UHSRUWHG�LQ�)LJ����RI�:LHORSROVNL�HW�DO���������IRU�D�VRLO�ZLWK�EXON�GHQVLW\�����J�FP���DQG�
SDQHO�)�VKRZV�WKH�WRWDO�ORVV�LQ�REVHUYDWLRQ�DELOLW\�E\�FRPELQLQJ�UHVXOWV�IURP�SDQHOV�(��%�DQG�
&��
�
1HXWURQ�DWWHQXDWLRQ�ZLWK�GHSWK�
�
1HXWURQ�SHQHWUDWLRQ�LQWR�VRLO�LV�JRYHUQHG�E\�FROOLVLRQV�ZLWK�WKH�QXFOHL�RI�DWRPV��&DOFXODWLQJ�
WKH�OLNHOLKRRG�RI�D�FROOLVLRQ�ZLWK�DWRPV�OLNHO\�WR�EH�LQ�WKH�SDWK�RI�D�QHXWURQ�LV�UHODWLYHO\�
VWUDLJKWIRUZDUG�IRU�WKH�ILUVW�FROOLVLRQ��EXW�EHFRPHV�H[FHHGLQJO\�FRPSOH[�DV�WKH�QHXWURQ�
VXEVHTXHQWO\�XQGHUJRHV�QXPHURXV�DGGLWLRQDO�FROOLVLRQV��$ORQJ�WKH�SDWK�D�QHXWURQ�IROORZV��WKH�
OLNHOLKRRG�RI�D�FROOLVLRQ�FDQ�EH�FDOFXODWHG�EDVHG�RQ�WKH�FURVV�VHFWLRQ�RI�WKH�DWRPV�
HQFRXQWHUHG�DQG�QXPEHU�RI�DWRPV��&URVV�VHFWLRQV�IRU�DOO�FRPPRQ�DWRPV��UHSUHVHQWLQJ�QHDUO\�
DOO�SRVVLEOH�UHDFWLRQV��KDYH�EHHQ�WDEXODWHG�LQWR�FRPSUHKHQVLYH�GDWDEDVHV��&URVV�VHFWLRQV�DUH�
PHDVXUHG�LQ�EDUQV��D�XQLW�HTXDO�WR�������FP���DQG�DUH�W\SLFDOO\�KLJKO\�GHSHQGHQW�RQ�QHXWURQ�
HQHUJ\��7KH�UHOHYDQW�GDWDEDVHV�DUH�QRZ�ZLGHO\�DYDLODEOH�RQ�WKH�,QWHUQHW�DW�
KWWS���ZZZ�QQGF�EQO�JRY�VLJPD���
�
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)RU�WKH����0H9�QHXWURQV�HQWHULQJ�VRLO�IURP�WKH�QHXWURQ�JHQHUDWRU�LQ�WKH�%URRNKDYHQ�,16�
GHYLFH��WKH�WKUHH�PDLQ�VWHSV�RI�DWWHQXDWLRQ�DUH��VFDWWHULQJ��WKHUPDOLVDWLRQ�DQG�FDSWXUH��7KH�
ILUVW�VWHS��VFDWWHULQJ��LQYROYHV�DQ\�FROOLVLRQ�ZLWK�D�QXFOHL��$IWHU�WKLV�FROOLVLRQ��WKH�QHXWURQV�DUH�
HIIHFWLYHO\�VFDWWHULQJ�LQ�DOO�GLUHFWLRQV��DQG�QRW�RQ�DYHUDJH�SHQHWUDWLQJ�GHHSHU�LQWR�VRLO��,Q�
PRVW�FROOLVLRQV��WKH�QHXWURQV�ZLOO�UHWDLQ�WKHLU�HQHUJ\��H�J�����0H9��DQG�EH�VFDWWHUHG�
HODVWLFDOO\��EHFDXVH�WKHLU�PDVV�LV�VPDOO�UHODWLYH�WR�WKH�PDVV�RI�PRVW�DWRPV��7KH�QHXWURQV�
SULPDULO\�ORVH�HQHUJ\�ZKHQ�WKH\�LPSDFW�K\GURJHQ�DWRPV��ZKLFK�KDYH�D�PDVV�QHDUO\�HTXDO�WR�
WKH�QHXWURQ��7KLV�SURFHVV�LV�FDOOHG�WKHUPDOLVDWLRQ��EHFDXVH�LW�FRQWLQXHV�XQWLO�WKH�HQHUJ\�RI�WKH�
QHXWURQV�UHDFKHV�HTXLOLEULXP�ZLWK�WKH�WKHUPDO�YHORFLWLHV�RI�VXUURXQGLQJ�DWRPV�JRYHUQHG�E\�
WHPSHUDWXUH��)RU�WKH�SXUSRVHV�RI�XQGHUVWDQGLQJ������0H9�HPLVVLRQV�IURP�FDUERQ�DWRPV��RQO\�
WKH�ILUVW�IHZ�FROOLVLRQV�ZLWK�K\GURJHQ�DWRPV�DUH�UHOHYDQW��EHFDXVH�WKH�QHXWURQV�QHHG�WR�UHWDLQ�
DQ�HQHUJ\�LQ�H[FHVV�RI�DERXW���0H9�WR�XQGHUWDNH�UHDFWLRQV�SURGXFLQJ�WKH������0H9�
HPLVVLRQV��,W�LV�UHOHYDQW�WR�QRWH�WKDW�WKH�QHXWURQV�ZLOO�DOVR�ORVH�HQHUJ\�ZKHQ�LQHODVWLF�
VFDWWHULQJ�UHDFWLRQV��VXFK�DV�WKH������0H9�HPLVVLRQV�IURP�FDUERQ�DWRPV��RFFXU��EXW�WKHVH�
UHDFWLRQV�DUH�OHVV�FRPPRQ�WKDQ�HODVWLF�VFDWWHULQJ�UHDFWLRQV��2YHU�WKH�FRXUVH�RI�D�VHFRQG�RU�
OHVV��QHXWURQV�ZLOO�HLWKHU�HVFDSH�WKH�ERXQGDULHV�RI�WKH�H[SHULPHQW�RU�EH�FRQVXPHG�E\�QHXWURQ�
FDSWXUH�UHDFWLRQV�ZKLFK�EHFRPH�FRQVLGHUDEO\�PRUH�OLNHO\�DV�QHXWURQV�UHDFK�WKHUPDO�
YHORFLWLHV��,Q�QHXWURQ�FDSWXUH�UHDFWLRQV��WKH�QHXWURQV�EHFRPH�LQFRUSRUDWHG�LQ�DWRPLF�QXFOHL��LQ�
PDQ\�FDVHV�FDXVLQJ�UDGLDWLRQ�WR�EH�HPLWWHG���
�
7ZR�DSSURDFKHV�FDQ�EH�H[DPLQHG�IRU�FRQVLGHULQJ�WKH�DWWHQXDWLRQ�RI�QHXWURQV��DQG�WKHLU�
DYDLODELOLW\�WR�XQGHUWDNH�,16�UHDFWLRQV�ZLWK�FDUERQ�DWRPV�SURGXFLQJ������0H9�JDPPD�UD\V�
DV�D�IXQFWLRQ�RI�VRLO�GHSWK��)LUVW��WKH�EHKDYLRXU�RI�D�YDVW�QXPEHU�RI�LQGLYLGXDO�QHXWURQV�FDQ�EH�
VLPXODWHG��XVLQJ�0RQWH�&DUOR�WHFKQLTXHV��6XFK�DQ�DSSURDFK�KDV�EHHQ�XQGHUWDNHQ�E\�WKH�
%URRNKDYHQ�JURXS�LQ�GHYHORSPHQW�RI�WKH�,16�GHYLFH��)LJ����(��DQG�FRQILUPV�WKH�UHOHYDQFH�
RI�SURFHVVHV�GHVFULEHG�DERYH��:LHORSROVNL�HW�DO��������'RURQ�HW�DO��������%LHJDOVNL�HW�DO��
�������7KH�PDLQ�GUDZEDFN�RI�WKLV�DSSURDFK�LV�WKDW�WKH�KLJK�OHYHO�RI�FRPSOH[LW\�PDNHV�LW�
GLIILFXOW�WR�IXOO\�GHVFULEH�RU�FKHFN�DOO�WKH�FDOFXODWLRQV��$V�D�UHVXOW��D�VHFRQG�DSSURDFK�
LQYROYLQJ�FDOFXODWLQJ�WKH�LQLWLDO�DWWHQXDWLRQ�GXH�WR�VFDWWHULQJ�FDQ�EH�XQGHUWDNHQ�XVLQJ�VLPSOH�
FDOFXOXV��7KLV�DSSURDFK�FDQQRW�\LHOG�DQ�H[DFW�DQVZHU��EXW�DORQJ�ZLWK�H[SHULPHQWDO�GDWD��
SURYLGHV�VRPH�EDFNJURXQG�DJDLQVW�ZKLFK�FRPSOH[�VLPXODWLRQV�FDQ�EH�FRPSDUHG��)LJ����$���
�
0RQWH�&DUOR�VLPXODWLRQV�RI�LQGLYLGXDO�QHXWURQV�KDYH�EHHQ�XQGHUWDNHQ�E\�WKH�%URRNKDYHQ�
JURXS��%URDGO\��WKH�HOHPHQWDO�FRPSRVLWLRQ�RI�VRLO�KDV�EHHQ�FRQVLGHUHG��DOWKRXJK�WKH�VSHFLILF�
HOHPHQWDO�DEXQGDQFHV�XVHG�LQ�PRGHOV�DUH�QRW�FOHDUO\�GHVFULEHG��:LHORSROVNL�HW�DO��������
'RURQ�HW�DO��������%LHJDOVNL�HW�DO���������$�PDMRU�FRQFHUQ�LV�WKH�ODFN�RI�VSHFLILF�
FRQVLGHUDWLRQ�RI�K\GURJHQ�LQ�VRLO��DSSHDULQJ�WR�EH�DEVHQW�IURP�WKH�OLVW�RI�HOHPHQWV�IRU�DYHUDJH�
JOREDO�VRLOV�LQFOXGHG�LQ�WKH�QHXWURQ�VLPXODWLRQV��:LHORSROVNL�HW�DO��������'RURQ�HW�DO���������
+\GURJHQ�H[LVWV�QRW�RQO\�LQ�VRLO�ZDWHU��EXW�DOVR�LQ�VRPH�PLQHUDOV�DQG�RUJDQLF�PDWWHU��$�
EURDGO\�DSSOLFDEOH�FKHPLFDO�IRUPXOD�IRU�RUJDQLF�PDWWHU�LV�&+�2��DQG�D�PRUH�VSHFLILF�IRUPXOD�IRU�WKH�5HGILHOG�UDWLR�LV�&���+���2���1��3���HPSKDVLQJ�WKDW�K\GURJHQ�LV�OLNHO\�WR�EH�DVVRFLDWHG�ZLWK�FDUERQ��6WHUQHU�	�(OVHU�������S�����&DUH�PXVW�EH�WDNHQ�VLQFH�K\GURJHQ�LV�FRPPRQO\�H[FOXGHG�IURP�WDEOHV�RI�VRLO�FRPSRVLWLRQ��ERWK�EHFDXVH�LW�LV�GLIILFXOW�WR�DQDO\VH��DQG�VRLO�
FRPSRVLWLRQ�LV�XVXDOO\�H[SUHVVHG�SHU�XQLW�GU\�PDVV�DV�VRLO�ZDWHU�YDULHV�PDUNHGO\�RYHU�WLPH��
)XUWKHUPRUH��K\GURJHQ�LV�D�VPDOO�FRPSRQHQW�E\�PDVV��EXW�FDQ�EH�WKH�PRVW�DEXQGDQW�HOHPHQW�
E\�QXPEHU�RI�DWRPV�LQ�ZHW�VRLO��,W�LV�WKH�DEXQGDQFH�E\�QXPEHU�RI�DWRPV�WKDW�PDWWHUV�IRU�
LQWHUDFWLRQV�ZLWK�QHXWURQV��)RU�WKUHH�VRLOV�OLVWHG�LQ�:LHORSROVNL�HW�DO����������K\GURJHQ�
DEXQGDQFH�E\�PDVV�LV�OLVWHG�DV�YDU\LQJ�IURP�������WR��������ZLWK�QR�YDOXH�UHSRUWHG�IRU�DQ�
DSSUR[LPDWH�PHDQ�JOREDO�VRLO�FRPSRVLWLRQ���
�
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8QGHU�ILHOG�FRQGLWLRQV�LQ�1HZ�=HDODQG��IHZ�VLWXDWLRQV�H[LVW�ZKHUH�VRLO�ZDWHU�FRQWHQW�LV�OHVV�
WKDQ����RQ�D�VRLO�PDVV�EDVLV�H[FHSW�LQ�WKH�PRVW�H[WUHPH�GURXJKW�FRQGLWLRQV��,W�LV�WKHUHIRUH�
UHFRPPHQGHG�WKDW�PRUH�FDUHIXO�FRQVLGHUDWLRQ�RI�K\GURJHQ�DEXQGDQFH�LQ�VRLO��DQG�SDUWLFXODUO\�
LQ�VRLO�ZDWHU�EH�FRQVLGHUHG��9DULDEOH�VRLO�ZDWHU�FRQWHQW�KDV�EHHQ�PRGHOOHG��EXW�\LHOGV�D�UHVXOW�
WKDW�PD\�EH�FRQVLGHUHG�XQLQWXLWLYH�±�ZLWK�YDULDWLRQ�LQ�ZDWHU�FRQWHQW�EHWZHHQ���DQG�����
FDXVLQJ�QR�REVHUYDEOH�HIIHFW��EXW�D�VLPXODWLRQ�ZLWK������ZDWHU�FRQWHQW�SURGXFLQJ�D�GHFUHDVH�
LQ�QHXWURQ�SHQHWUDWLRQ�E\�VHYHUDO�RUGHUV�RI�PDJQLWXGH��:LHORSROVNL�HW�DO���������,W�LV�SODXVLEOH�
WKDW�WKH�VLPXODWLRQ�UHVXOWV�SUHVHQWHG�LQ�:LHORSROVNL�HW�DO���������FRXOG�KDYH�EHHQ�REWDLQHG�E\�
PRGHOOLQJ�D�VRLO�ZKHUH�ZDWHU�FRQWHQW�UHSODFHG�PLQHUDO�FRQWHQW��*LYHQ�WKH�GHWDLOV�SUHVHQWHG�LQ�
WKH�SXEOLVKHG�ZRUN��WKH�VLPXODWLRQV�FDQQRW�EH�UHFRQVWUXFWHG��,W�ZRXOG�EH�GHVLUDEOH�IRU�
H[SHULPHQWDWLRQ�WR�EH�XQGHUWDNHQ�LQ�VRLOV�ZLWK�YDU\LQJ�ZDWHU�FRQWHQW��$W�SUHVHQW��UHOHYDQW�DQG�
UHOLDEOH�LQIRUPDWLRQ�FDQ�EH�UHODWHG�IURP�WKH�H[WHQVLYH�H[SHULHQFH�RI�VRLO�VFLHQWLVWV�XVLQJ�
QHXWURQV�ZLWK�D�VLPLODU�HQHUJ\����0H9��WR�HVWLPDWH�VRLO�ZDWHU�FRQWHQW�XVLQJ�WKH�UDWH�RI�
WKHUPDOLVDWLRQ��-XU\�HW�DO��������*DUGQHU��������7KH�HIIHFWLYH�SHQHWUDWLRQ�GHSWK�RI�
PHDVXUHPHQWV�LV�NQRZQ�WR�YDU\�IURP�a����PP�LQ�ZHW�VRLO�WR�a����PP�LQ�GU\�VRLO��
�
5HJDUGOHVV�RI�SRVVLEOH�LVVXHV�ZLWK�WKH�QHXWURQ�DWWHQXDWLRQ�FDOFXODWLRQV��FOHDU�LQIRUPDWLRQ�
VXJJHVWV�WKDW�D�VWURQJ�PHDVXUHPHQW�ELDV�ZLOO�H[LVW�IRU�VXUIDFH�VRLO�FDUERQ�UHODWLYH�WR�GHHSHU�
VRLO�FDUERQ��7KH�D[HV�LQ�WKH�)LJXUHV�DUH�ORJDULWKPLF�LQ�WKH�SXEOLFDWLRQV�E\�:LHORSRVNL�HW�DO��
�������DQG�%LHJDOVNL�HW�DO����������LPSO\LQJ�WKDW�WKH�IOX[�RI�IDVW�QHXWURQV�FDSDEOH�RI�
SURGXFLQJ������0H9�JDPPD�UD\V�WKURXJK�,16�ZLWK�FDUERQ�DWRPV�GHFUHDVHV�E\�D�IDFWRU�RI�
a����LQ�WKH�XSSHU�����PP�RI�VRLO��7KH�LQIRUPDWLRQ�IRU�D�VRLO�ZLWK�D�EXON�GHQVLW\�RI�����J�FP��
KDV�EHHQ�UHGUDZQ�IURP�ILJ����LQ�:LHORSROVNL�HW�DO���������RQ�D�OLQHDU�VFDOH�LQ�)LJ����(��
�
$V�PHQWLRQHG�DERYH��LW�LV�DOVR�SRVVLEOH�WR�XQGHUWDNH�D�VLPSOH�GLUHFW�FDOFXODWLRQ�RI�DWWHQXDWLRQ�
GXH�WR�WKH�LQLWLDO�VFDWWHULQJ�RI�IDVW�����0H9��QHXWURQV��7KH�DWWHQXDWLRQ�FDOFXODWLRQ�WDNHV�WKH�
IRUP�
�
, ,� = H−σ1$Q0 ρ[
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�
ZKHUH�V�LV�WKH�FURVV�VHFWLRQ��1$�LV�$YRJDGUR¶V�QXPEHU�IRU�WKH�QXPEHU�RI�DWRPV�������î�������LQ�RQH�PROH��Q0�LV�WKH�QXPEHU�RI�DWRPV�SHU�XQLW�PDVV��U�LV�WKH�GHQVLW\��DQG�[�LV�WKH�GHSWK�LQ�VRLO��7KH�FDOFXODWLRQ�\LHOG�D�UHVXOW�IRU�WKH�LQWHQVLW\�RI�WKH�QHXWURQ�IOX[��,��DW�GHSWK�[��UHODWLYH�
WKH�IOX[�DW�WKH�VXUIDFH��,�����
7R�HYDOXDWH�D�VLPSOH�IRUP�WKDW�JLYHV�D�UHOHYDQW�UHVXOW��WKH�H[SRQHQW�WDNHQ�DV�WKH�EDVH�H�FDQ�EH�
HYDOXDWHG�RQFH�IRU�K\GURJHQ�DQG�RQFH�IRU�KHDYLHU�HOHPHQWV��)RU�K\GURJHQ��Q0� ������ZKHQ�SUHVHQW�LQ�ZDWHU�DQG�σ�LV�DSSUR[LPDWHO\�����î�������P��IRU����0H9�QHXWURQV��)RU�KHDYLHU�
HOHPHQWV�FRPPRQ�LQ�VRLO��LW�LV�SRVVLEOH�WR�URXJKO\�FRQVLGHU�WKH�WKUHH�PDLQ�HOHPHQWV��2��6L�DQG�
$O�E\�WDNLQJ�Q0�DV�DSSUR[LPDWHO\������DQG�σ�DV�DSSUR[LPDWHO\�����î�������P��IRU����0H9�
QHXWURQV��)RU�D�ZDWHU�FRQWHQW�RI�����J�FP��DQG�GU\�VRLO�EXON�GHQVLW\�RI���J�FP���WKLV�
FDOFXODWLRQ�VXJJHVWV�WKDW�WKDW�WKH�DWWHQXDWLRQ�GXH�WR�VFDWWHULQJ�ZLOO�EH�DSSUR[LPDWHO\�KDOI�
ZLWKLQ�����P��)LJ�������7KLV�LV�FRQVLGHUDEO\�OHVV�WKDQ�IRXQG�E\�WKH�FRPSOH[�0RQWH�&DUOR�
VLPXODWLRQV���
�
2YHUDOO��SXEOLVKHG�FDOFXODWLRQV��:LHORSRVNL�HW�DO��������%LHJDOVNL�HW�DO��������DQG�WKH�VLPSOH�
FDOFXODWLRQ�SUHVHQWHG�DERYH�VXJJHVW�WKDW�WKH�GHSWK�VHHQ�E\�WKH�%URRNKDYHQ�,16�GHYLFH�LV�
OLNHO\�WR�EH�OHVV�WKDQ�WKH�����P�UHSRUWHG�E\�:LHORSRVNL�HW�DO�������D���+RZHYHU��WKH�
FDOFXODWLRQV�SURGXFH�GLIIHULQJ�UHVXOWV��7KH�FRPSOH[�0RQWH�&DUOR�VLPXODWLRQV�VXJJHVWLQJ�WKDW�
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DWWHQXDWLRQ�WKURXJK�a����P�RI�VRLO�PD\�EH�XS�WR�WKH�RUGHU�RI�D�IDFWRU�RI������,Q�FRQWUDVW��WKH�
VLPSOH�FDOFXODWLRQ�DERYH�VXJJHVWV�D�KLJKHU�OHYHO�RI�SHQHWUDWLRQ�WKDW�LV�PRUH�FRQVLVWHQW�ZLWK�
WKH�DVVHUWLRQ�WKDW�WKH�GHYLFH�PHDVXUHV�WR�D�GHSWK�RI�DSSUR[LPDWHO\�����P��,I�WKHVH�FDOFXODWLRQV�
DUH�FRUUHFW��WZR�DGGLWLRQDO�VRXUFHV�RI�ELDV�WRZDUG�PRUH�VKDOORZ�GHSWKV�PHULW�FRQVLGHUDWLRQ��
��
$WWHQXDWLRQ�RI������0H9�JDPPD�UD\V�
�
$�PDMRU�GLIILFXOW\�WKDW�DSSHDUV�WR�EH�XQDGGUHVVHG�LQ�SXEOLFDWLRQV�UHODWHG�WR�WKH�%URRNKDYHQ�
GHYLFH�LV�WKH�DWWHQXDWLRQ�RI������0H9�JDPPD�UD\V�E\�VRLO��$OWKRXJK�JDPPD�UD\V�DUH�
HIIHFWLYH�DW�SHQHWUDWLQJ�VRLO��WKLV�DWWHQXDWLRQ�LV�YHU\�VLJQLILFDQW�DQG�KDV�EHHQ�NQRZQ�IRU�PDQ\�
\HDUV�DV�KDYLQJ�WKH�FDSDFLW\�WR�PHDVXUH�VRLO�EXON�GHQVLW\�SUHFLVHO\��*DUGQHU�	�&DOLVVHQGRUI�
�������7KH�DWWHQXDWLRQ�RI�JDPPD�UD\V�E\�VRLO�DQG�RWKHU�PDWHULDOV�LV�ZHOO�NQRZQ��DQG�
LQWHUHVWLQJO\�LV�YHU\�FORVHO\�UHODWHG�WR�PDWHULDO�GHQVLW\��*DUGQHU��������$V�D�UHVXOW��WKLV�HIIHFW�
FDQ�EH�HVWLPDWHG�DFFXUDWHO\�DQG�ZLWK�UHDVRQDEOH�SUHFLVLRQ��
�
*DPPD�UD\�DWWHQXDWLRQ��HVWLPDWHG�DV�WKH�UHGXFWLRQ�LQ�WKH�LQWHQVLW\��,��UHODWLYH�WR�WKH�LQLWLDO�
LQWHQVLW\��,���FDQ�EH�HVWLPDWHG�IURP��
, ,� = H−µρ[
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�
ZKHUH�[�LV�GLVWDQFH��P���ρ�LV�WKH�PDWHULDO�GHQVLW\�DQG���LV�WKH�DWWHQXDWLRQ�FRHIILFLHQW��$�UDQJH�
RI�VRLO�PDWHULDOV�IURP�SXUH�6L�R[LGHV��WR�SXUH�)H�R[LGHV�WR�SXUH�ZDWHU�ZLOO�KDYH�DWWHQXDWLRQ�
FRHIILFLHQWV�����EHWZHHQ�������DQG�������FP��J�ZKLFK�FDQ�UHDGLO\�EH�REWDLQHG��:LWKLQ�WKLV�
UDQJH�IRU����DQG�DVVXPLQJ�D�VRLO�EXON�GHQVLW\��LQFOXGLQJ�ZDWHU��RI�����J�FP���JDPPD�UD\V�
HPLWWHG�DW�����P�GHSWK�ZLOO�KDYH�D�SUREDELOLW\�RI�EHLQJ�REVHUYHG�WKDW�LV�RQO\�RQH�WKLUG�RI�
JDPPD�UD\V�HPLWWHG�IURP�WKH�VRLO�VXUIDFH��)LJ����%���
�
'LVWDQFH�WR�GHWHFWRU�V��
�
$Q�DGGLWLRQDO�GLIILFXOW\�WKDW�DOVR�DSSHDUV�WR�EH�XQDGGUHVVHG�LQ�SXEOLFDWLRQV�UHODWHG�WR�WKH�
%URRNKDYHQ�GHYLFH�LV�WKH�IDFW�WKH�UHODWLYH�LQWHQVLW\�RI�WKH�JDPPD�UD\V�DW�WKH�GHWHFWRU�ZLOO�
GHFUHDVH�DV�WKH�GLVWDQFH�EHWZHHQ�WKH�GHWHFWRU�DQG�SRLQW�RI�HPLVVLRQ�LQFUHDVHV��7DNLQJ�DQ�LGHDO�
V\VWHP�DSSURDFK�WR�WKH�JHRPHWU\��WKH�UDWH�RI�GHFUHDVH�ZLOO�IROORZ�WKH�LQYHUVH�VTXDUH�ODZ��
DSSOLHG�W\SLFDOO\�WR�UDGLDWLRQ�REVHUYDWLRQV��7KHUHIRUH��LQ�WKH�DEVHQFH�RI�DWWHQXDWLRQ�GXH�WR�
VRLO��D�GHWHFWRU�����P�DERYH�WKH�VRLO�VXUIDFH�ZLOO�REVHUYH�D�IDFWRU�RI���GHFUHDVH�LQ�D�JDPPD�
HPLVVLRQ�SURGXFHG�DW�WKH�VRLO�VXUIDFH�YHUVXV�WKH�VLJQDO�����P�EHORZ�WKH�VRLO�VXUIDFH��,Q�
SUDFWLFH��VRPH�IDFWRUV�LQYROYLQJ�WKH�JHRPHWU\�RI�WKH�QHXWURQ�VRXUFH�DQG�GHWHFWRU�FRXOG�FDXVH�
GHYLDWLRQ�IURP�WKH�LGHDO�LQYHUVH�VTXDUH�UHODWLRQVKLS��EXW�WKH�EDVLF�SULQFLSOH�VKRXOG�KROG�WKDW�
JHRPHWU\�GLFWDWHV�WKDW�HPLVVLRQV�IURP�GHHS�VRLO�ZLOO�EH�OHVV�HIIHFWLYHO\�PHDVXUHG�WKDQ�
HPLVVLRQ�IURP�VXUIDFH�VRLO��
�
$SSOLHG�LQ�D�VLPLODU�IRUPXODWLRQ�WR�WKH�HTXDWLRQ�DERYH�IRU�JDPPD�DWWHQXDWLRQ��WKH�LQYHUVH�
VTXDUHG�UHODWLRQVKLS�UHODWHV�WKH�REVHUYHG�LQWHQVLW\�RI�DQ�HPLVVLRQ�DW�VRLO�VXUIDFH�WR�DQ�
HPLVVLRQ�DW�GHSWK�[�LQ�VRLO��ZKHUH�K�LV�WKH�KHLJKW�RI�WKH�GHWHFWRU�DERYH�VRLO��VXFK�WKDW�
�
, ,� = K�

K + [( )� � � � � � � � � � �����
�
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7KH�UHVXOW��)LJ����&��VXJJHVWV�WKDW�DQ�DGGLWLRQDO�VLJQDO�ORVV�RI�DSSUR[LPDWHO\�KDOI�RFFXUV�RYHU�
WKH�ILUVW�����P�RI�VRLO�GXH�WR�WKH�GLVWDQFH�WR�WKH�GHWHFWRU��,W�LV�QRWHG�WKDW�WKLV�FDOFXODWLRQ�
DVVXPHV�WKH�GHWHFWRU�LV�ORFDWHG�YHUWLFDOO\�GLUHFWO\�RYHU�VRLO��DQG�WKLV�FDOFXODWLRQ�SURGXFHV�DQ�
RYHUHVWLPDWH�LI�WKH�FRQILJXUDWLRQ�LV�REOLTXH���
�
&RPELQHG�FDOFXODWLRQ�RI�GHSWK�REVHUYHG�E\�,16�
�
(DFK�RI�WKH�FDOFXODWLRQV�SUHVHQWHG�DERYH�FDQ�EH�FRPELQHG�E\�PXOWLSOLFDWLRQ�WR�HVWLPDWH�D�
FRPELQHG�,�,���ZKLFK�UHSUHVHQWV�WKH�WRWDO�DELOLW\�WR�REVHUYH�FDUERQ�DW�DQ\�GHSWK��UHODWLYH�WR�FDUERQ�DW�WKH�VRLO�VXUIDFH��,����&RPELQHG�FDOFXODWLRQV�DUH�SUHVHQWHG�LQ�)LJ����&�XVLQJ�WKH�VLPSOLILHG�HVWLPDWH�RI�DWWHQXDWLRQ�GXH�WR�QHXWURQ�VFDWWHULQJ�DQG�LQ�)LJ����)�XVLQJ�WKH�HVWLPDWH�
REWDLQHG�IURP�:LHORSROVNL�HW�DO����������
�
7KH�HVWLPDWHV�RI�WKH�WRWDO�DELOLW\�WR�REVHUYH�VKRZ�WKDW�WKH�PXOWLSOLFDWLYH�HIIHFW�RI�WKH�WKUHH�
GLIIHUHQW�FDOFXODWLRQV�PD\�OHDG�WR�JUHDWHU�ELDV�WRZDUG�VXUIDFH�VRLO�IURP�WKDW�UHSRUWHG�E\�
:LHORSROVNL�HW�DO�������D��E���2YHUDOO��)LJ����&�LPSOLHV�WKDW�WKH�DELOLW\�WR�REVHUYH�FDUERQ�LV�
KDOYHG�E\�����P�VRLO�GHSWK��DQG�WKH�VLWXDWLRQ�LV�FRQVLGHUDEOH�ZRUVH�LQ�)LJ����)��$OWKRXJK�
VRPH�FDOFXODWLRQV�SHUIRUPHG�E\�:LHORSROVNL�HW�DO���������KDYH�EHHQ�GHVFULEHG�DV�LQGLFDWLQJ�
WKDW�WKH�GHYLFH�LV�QRW�VHQVLWLYH�WR�VRLO�ZDWHU�FRQWHQW��WKH�DSSOLFDWLRQ�RI�(TV�����DQG����WR�VRLO�
ZDWHU�LPSO\�D�VWURQJ�VHQVLWLYLW\�WKDW�VKRXOG�EH�IXUWKHU�LQYHVWLJDWHG��9DULDWLRQ�LQ�VRLO�EXON�
GHQVLW\�ZLOO�DOVR�FDXVH�YDULDWLRQ�LQ�WKH�GHSWK�REVHUYHG��2YHUDOO��LW�DSSHDUV�WKDW�WKHUH�ZLOO�EH�
FRQVLGHUDEOH�YDULDELOLW\�LQ�WKH�GHSWK�REVHUYHG�E\�,16��DQG�FDUHIXO�H[SHULPHQWDO�YHULILFDWLRQ�LV�
UHTXLUHG�EHIRUH�WKH�GHYLFH�FDQ�EH�DSSOLHG�WR�VRLO�FDUERQ�PHDVXUHPHQW�ZLWK�FRQILGHQFH��
�
������ $FFXUDF\�DQG�VHQVLWLYLW\��
�
6LJQDO�WR�QRLVH�UDWLR�
�
,Q�DQ\�GHYLFH�PHDVXULQJ�FRXQWV��VLJQDO�WR�QRLVH�UDWLR�LV�FULWLFDO��'HWHFWDELOLW\�UHSRUWHG�E\�WKH�
%URRNKDYHQ�JURXS�LV�DSSUR[LPDWHO\��������FDUERQ�RQ�D�PDVV�EDVLV��6XFK�D�GHWHFWLRQ�OLPLW�
LPSOLHV�UHSURGXFLELOLW\��VWDQGDUG�HUURU��RI��������ZKLFK�LV�VLPLODU�WR�WKH�DFFXUDFLHV�RI�a�����
REWDLQHG�E\�YDULRXV�,16�GHYLFHV�DSSOLHG�WR�PHDVXUH�FDUERQ�LQ�FRDO��6RZHUE\��������7KLV�
OHYHO�RI�DFFXUDF\�PD\�EH�RI�VRPH�XWLOLW\�IRU�HVWLPDWLQJ�VRLO�FDUERQ�VWRFNV��EXW�LV�XQOLNHO\�WR�
PHHW�WKH�UHTXLUHPHQWV�RI�VRLO�FDUERQ�LQYHQWRU\�IRFXVLQJ�RQ�FKDQJHV�LQ�VWRFNV�RYHU�WLPH�RU�
EHWZHHQ�VLWHV�LQ�DQ�H[SHULPHQW��,QFUHDVLQJ�WKH�QXPEHU�RI�GHWHFWRUV��RU�WKH�QHXWURQ�IOX[��
ZRXOG�HQKDQFH�WKLV�VLJQDO�WR�QRLVH�UDWLR��DQG�KDV�EHHQ�SURSRVHG��+RZHYHU��DFKLHYLQJ�D�KLJKHU�
OHYHO�RI�GHWHFWLRQ�DVVXPHV�QR�LQWHUIHUHQFHV�IURP�HOHPHQWV�ZLWK�D�YDULDEOH�FRQFHQWUDWLRQ�LQ�
VRLO�ZLOO�KDYH�WR�EH�RYHUFRPH��
�
3RVVLEOH�LQWHUIHUHQFHV�JHQHUDWLQJ�ELDV�
�
,I�WKH�EDVHOLQH�XQGHUQHDWK�WKH������0H9�JDPPD�SHDN�GHULYHG�IURP�,16�RQ�FDUERQ�DWRPV�LV�
HQWLUHO\�UDQGRP��WKHQ�HIIRUWV�WR�LPSURYH�WKH�VLJQDO�WR�QRLVH�UDWLR�UDWLR��H�J��E\�ORQJHU�FRXQWLQJ�
RU�DGGLQJ�GHWHFWRUV��ZLOO�UHVXOW�LQ�LPSURYHG�FDUERQ�GHWHFWLRQ�DQG�DFFXUDF\��,I�WKH�EDVHOLQH�
LQFOXGHV�LQWHUIHUHQFHV��WKHQ�WKLV�ZLOO�QRW�EH�WKH�FDVH�DQG�WKH�PHDVXUHG�VL]H�RI�WKH�FDUERQ�SHDN�
ZLOO�LQFOXGH�ELDV��)XUWKHUPRUH��WKH�DPRXQW�RI�ELDV�ZLOO�YDU\�LI�WKH�VRXUFHV�RI�LQWHUIHUHQFH�YDU\�
EHWZHHQ�RU�ZLWKLQ�VRLOV��/LNHO\�LQWHUIHUHQFHV�WKDW�ZLOO�DIIHFW�EDVHOLQH�LQFOXGH�LQWHUIHUHQFHV�RQ�
QHXWURQ�RU�JDPPD�DWWHQXDWLRQ�LQ�VRLO��DQG�VSHFLILF�SHDNV�XQGHUO\LQJ�WKH������0H9�FDUERQ�
SHDN��
�
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:LHORSROVNL�HW�DO�������D��GHVFULEH�WKH�QHHG�WR�PRQLWRU�DQG�FRUUHFW�IRU�WZR�JDPPD�HPLVVLRQV�
GHULYHG�IURP�6L��ZKLFK�LV�D�GRPLQDQW�HOHPHQW�LQ�PDQ\�VRLOV��7KH�FRUUHFWLRQ�FDQ�EH�
DFFRPSOLVKHG�ZLWKRXW�JUHDW�GLIILFXOW\�EHFDXVH�WKH�DEXQGDQFH�RI�6L�FDQ�EH�HVWLPDWHG�IURP�D�
GLVWLQFW�6L�SHDN�DW������0H9��6XFK�LQWHUIHUHQFH�LV�XQOLNHO\�WR�EH�D�VRXUFH�RI�PDMRU�YDULDELOLW\�
RU�ELDV�EHFDXVH�WKH�DEXQGDQFH�RI�6L�LQ�VRLO�LV�XQOLNHO\�WR�YDU\�DV�PXFK�DV�RWKHU�HOHPHQWV�VXFK�
DV�)H��
�
8QIRUWXQDWHO\��LW�KDV�DOVR�EHHQ�REVHUYHG�LQ�VWXGLHV�RI�FDUERQ�LQ�FRDO�WKDW�)H�GRHV�SURGXFH�
VLJQLILFDQW�71&�JDPPD�HPLVVLRQV�XQGHUQHDWK�WKH������0H9�SHDN�XVHG�WR�HVWLPDWH�FDUERQ�
DEXQGDQFH��&\ZLFND�-DNLHO�HW�DO���������$OWKRXJK�WKH�DXWKRUV�RI�WKH�,16�VWXG\�RQ�FRDO�VKRZ�
WKDW�WKH�)H�LQWHUIHUHQFH�FDQ�DOVR�EH�FRUUHFWHG�IRU��WKLV�LQWHUIHUHQFH�PD\�EH�RI�JUHDWHU�FRQFHUQ�
EHFDXVH�WKH�)H�FRQWHQW�RI�VRLO�LV�OLNHO\�WR�YDU\�PRUH�WKDQ�6L�EHWZHHQ�VRLOV�DQG�DV�D�IXQFWLRQ�RI�
VRLO�GHSWK��7KH�SUHVHQFH�RI�DQ�)H�LQWHUIHUHQFH�LV�QRW�GLVFXVVHG�E\�:LHORSROVNL�HW�DO�������D��
EXW�DSSHDUV�OLNHO\�EDVHG�RQ�VSHFWUD�SUHVHQWHG�LQ�WKDW�ZRUN��DQG�DOVR�LQ�WKH�SDWHQW�IRU�WKH�,16�
GHYLFH��:LHORSROVNL�	�+HQGU\���������
�
7KH�PDJQLWXGH�RI�WKH�6L�DQG�RU�)H�LQWHUIHUHQFH�LV�FOHDUO\�YHU\�VLJQLILFDQW�FRPSDUHG�ZLWK�WKH�
VL]H�RI�WKH������FDUERQ�SHDN��)XUWKHU��LW�PXVW�EH�QRWHG�WKDW�ERWK�WKH�)H�DQG�6L�LQWHUIHUHQFHV�
UHVXOW�IURP�71&�UDWKHU�WKDQ�,16��DQG�WKHUHIRUH�WKH�PDJQLWXGH�RI�WKH�UHTXLUHG�FRUUHFWLRQ�PD\�
YDU\�GHSHQGLQJ�RQ�WKH�UHODWLYH�DEXQGDQFH�RI�WKHUPDO�YHUVXV�KLJK�HQHUJ\�QHXWURQV��7KXV��WKHUH�
ZRXOG�DSSHDU�WR�UHPDLQ�D�SRWHQWLDO�IRU�ELDV�LQ�PHDVXUHPHQWV�IURP�VRPH�VRLOV�RU�H[SHULPHQWDO�
FRQGLWLRQV��
�
0HDVXULQJ�WRWDO�FDUERQ�UDWKHU�WKDQ�VRLO�RUJDQLF�FDUERQ�
�
$Q\�,16�GHYLFH�ZLOO�PHDVXUH�WRWDO�FDUERQ��LQFOXGLQJ�OLYH�URRWV�DQG�LQRUJDQLF�FDUERQ�
�FDUERQDWH���7KLV�PHDQV�WKDW�ZKHUH�OLYH�URRWV�DQG�RU�LQRUJDQLF�FDUERQ�UHSUHVHQW�VLJQLILFDQW�
VRLO�FDUERQ�VWRFNV��WKH�,16�GHYLFH�ZLOO�QRW�SURYLGH�DQ�HVWLPDWH�RI�WKH�UHTXLUHG�TXDQWLW\��,Q�
DGGLWLRQ��FDUERQ�PHDVXUHG�E\�,16�ZLOO�LQFOXGH�VXUIDFH�OLWWHU�RU�RUJDQLF�KRUL]RQV��DV�ZHOO�DV�
DERYHJURXQG�YHJHWDWLRQ�VXFK�DV�JUDVV��*LYHQ�WKH�LVVXHV�GHVFULEHG�DERYH��UDWHV�RI�DWWHQXDWLRQ�
LQ�VRLO��OLWWHU�DQG�JUDVV�FRXOG�KDYH�SURQRXQFHG�HIIHFWV�RQ�PHDVXUHPHQWV��
�
������ ([SHULPHQWDO�YHULILFDWLRQ�
�
([SHULPHQWDO�YHULILFDWLRQ�KDV�EHHQ�XQGHUWDNHQ��:LHORSROVNL�HW�DO������D���EXW�QRW�DW�D�OHYHO�
VXIILFLHQW�WR�DOOD\�FRQFHUQV�DERXW�LQWHUIHUHQFHV�WKDW�PD\�JHQHUDWH�ELDV��,Q�DGGLWLRQ�WR�WKH�
H[SHULPHQWV�UHFRPPHQGHG�LQ�WKH�VHFWLRQ�DERYH��LW�LV�UHFRPPHQGHG�WKDW�WKH�SHUIRUPDQFH�RI�
WKH�,16�GHYLFH�EH�H[DPLQHG�LQ�V\QWKHWLF�PL[WXUHV�ZLWK�D�YDU\LQJ�FRQWHQW�RI�HOHPHQWV�
SURSRVHG�WR�LQWHUIHUH�ZLWK�WKH������0H9�JDPPD�UD\V�DVVRFLDWHG�ZLWK�FDUERQ��6LQFH�WKH�
LQWHUIHULQJ�SHDNV�DUH�GHULYHG�IURP�71&�UDWKHU�WKDQ�,16��LW�LV�DOVR�UHFRPPHQGHG�WKDW�WKH�VRLO�
ZDWHU�FRQWHQW�EH�YDULHG�GXULQJ�WKHVH�H[SHULPHQWV�WR�WHVW�IRU�YDU\LQJ�UDWHV�RI�QHXWURQ�
WKHUPDOLVDWLRQ��,W�ZRXOG�DOVR�EH�GHVLUDEOH�WR�XQGHUWDNH�ERWK�H[SHULPHQWDO�DQG�QXPHULFDO�
HIIRUWV�WR�YHULI\�WKDW�XQELDVHG�PHDVXUHPHQWV�FDQ�EH�REWDLQHG�ZLWK�JUDVV�RU�OLWWHU�DW�WKH�VRLO�
VXUIDFH��
�
�
������ &RVWV�DVVRFLDWHG�ZLWK�D�GHSOR\DEOH�,16�V\VWHP�
�
&KDWWHUMHH�HW�DO���������HVWLPDWH�WKH�FRVW�RI�WKH�%URRNKDYHQ�,16�GHYLFH�DW�DSSUR[LPDWHO\�
86����������$Q�DWWHPSW�ZDV�PDGH�WR�YHULI\�WKHVH�FRVWV�E\�HVWLPDWLQJ�WKH�FRVWV�RI�
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FRPSRQHQWV��7KH�PRVW�H[SHQVLYH�FRPSRQHQW�ZLOO�EH�D�SXOVHG����0H9�QHXWURQ�VRXUFH��DQG�D�
TXRWH�RI�¼��������ZDV�REWDLQHG�IRU�VXFK�D�GHYLFH��7KH�FRVWV�RI�ODUJH�1,�GHWHFWRUV�ZLWK�JDWHG�
HOHFWURQLFV�ZLOO�EH�DSSUR[LPDWHO\��������HDFK��ZLWK�D�UHTXLUHPHQW�WR�LQVWDOO�D�ODUJH�QXPEHU�RI�
WKHVH�GHWHFWRUV��:LHORSROVNL�HW�DO�������D��UHFRPPHQG����GHWHFWRUV��2QH�RII�UDGLDWLRQ�
OLFHQVLQJ�FRVWV�DUH�OLNHO\�WR�EH�LQ�WKH�UDQJH�RI�1=���������ZLWK�DQQXDO�RSHUDWLQJ�FRVWV�LQ�WKH�
UDQJH�RI�1=�������RU�OHVV�IRU�UDGLDWLRQ�EDGJHV�HWF��$�SRWHQWLDOO\�YDULDEOH�EXW�VLJQLILFDQW�FRVW�
LV�WKH�UHSOHQLVKPHQW�RI�WKH�WULWLXP�LQ�WKH�QHXWURQ�VRXUFH��7KXV��D�WRWDO�GHYHORSPHQW�FRVW�WR�
EXLOG�DQG�OLFHQVH�D�GHYLFH�LQ�1HZ�=HDODQG�LV�OLNHO\�WR�EH�LQ�H[FHVV�RI�1=����������
�
������� &RQFOXVLRQV�DQG�5HFRPPHQGDWLRQV�
�
7KH�%URRNKDYHQ�,16�GHYLFH�KDV�EHHQ�GHYHORSHG�WR�DQ�µDOSKD¶�SURWRW\SH�VWDJH��DQG�IXUWKHU�
µEHWD¶�SURWRW\SH�GHYHORSPHQW�KDV�EHHQ�UHFRPPHQGHG��:LHORSROVNL�HW�DO������D���
0HDVXUHPHQWV�WR�GDWH�FRQILUP�WKH�EDVLF�SULQFLSOH�RI�FDUERQ�PHDVXUHPHQW�XVLQJ�,16��EXW�KDYH�
QRW�YHULILHG�WKH�PHDVXUHPHQW�FDSDELOLWLHV�RI�WKH�,16�V\VWHP�V\VWHPDWLFDOO\��7KH�OLNHO\�
DFFXUDF\�FDUERQ�PHDVXUHPHQW�XVLQJ�,16�EDVHG�ERWK�RQ�H[SHULHQFH�ZLWK�WKH�%URRNKDYHQ�
GHYLFH��:LHORSROVNL�HW�DO������D��DQG�ZLWK�HTXLSPHQW�IRU�HVWLPDWLQJ�WKH�FDUERQ�FRQWHQW�RI�
FRDO��6RZHUE\�������LV�DSSUR[LPDWHO\�����������VWDQGDUG�HUURU���7KLV�DFFXUDF\�LPSOLHV�
OLPLWHG�SRWHQWLDO�IRU�VRLO�FDUERQ�LQYHQWRU\��ZKHUH�UDWHV�RI�FKDQJH�EHWZHHQ�WZR�SRLQWV�LQ�WLPH�
UHTXLUH�PHDVXUHPHQWV�ZLWK�KLJK�DFFXUDF\�DQG�UHSURGXFLELOLW\��
�
6HYHUDO�NH\�TXHVWLRQV�DQG�FRQFHUQV�SRWHQWLDOO\�OLPLW�WKH�DSSOLFDWLRQ�RI�WKH�%URRNKDYHQ�,16�
GHYLFH�WR�VRLO�FDUERQ�PHDVXUHPHQW��)DFWRUV�FRQVSLULQJ�WR�PDNH�GHHSHU�VRLO�FDUERQ�OHVV�YLVLEOH�
WR�,16�WKDQ�FDUERQ�QHDU�WKH�VRLO�VXUIDFH�LQFOXGH�QHXWURQ�DWWHQXDWLRQ�ZLWK�GHSWK��WKH�
DWWHQXDWLRQ�RI�WKH������0H9�JDPPD�UD\V�LQ�VRLO��DQG�WKH�GLVWDQFH�WR�WKH�GHWHFWRU��,Q�DGGLWLRQ��
JDPPD�HPLVVLRQV�IURP�WKH�WKHUPDO�QHXWURQ�FDSWXUH�RI�)H�DQG�6L�PD\�LQWHUIHUH�ZLWK�WKH������
0H9�JDPPD�UD\�SHDN�REWDLQHG�IURP�FDUERQ��$Q�DGGLWLRQDO�FRQFHUQ�LV�WKDW�DQ\�,16�GHYLFH�
ZLOO�REVHUYH�WRWDO�FDUERQ��LQFOXGLQJ�OLYH�YHJHWDWLRQ��VXUIDFH�OLWWHU�DQG�RUJDQLF�OD\HUV��DV�ZHOO�
DV�LQRUJDQLF�FDUERQ���
�
&DOFXODWLRQV�DERYH�LQGLFDWH�WKDW�WKH�DELOLW\�WR�REVHUYH�FDUERQ�DW�GHSWKV�EHORZ���������P�ZLOO�
EH�OLPLWHG�ZLWK�,16��DQG�WKDW�WKH�DELOLW\�WR�REVHUYH�VRLO�FDUERQ�GHHSHU�LQ�WKH�VRLO�SURILOH�PD\�
YDU\�GHSHQGLQJ�RQ�FRQGLWLRQV��,I�,16�PHDVXUHPHQW�LV�ODUJHO\�FRQILQHG�WR�WKLV�GHSWK�UDQJH��
WKHQ�LW�GRHV�QRW�DSSHDU�WR�EH�FRPSHWLWLYH�ZLWK�DSSURDFKHV�LQYROYLQJ�WKH�FROOHFWLRQ�RI�PDQ\�
VPDOO�GLDPHWHU�VRLO�FRUHV��2Q�WKH�RWKHU�KDQG��FRQILUPDWLRQ�RI�D�QDUURZHU�REVHUYDWLRQ�ZLQGRZ�
IRU�,16�ZRXOG�LPSO\�WKDW�WKH�LQVWUXPHQW�FRXOG�EH�ORZHUHG�GRZQ�D�ERUHKROH�LQWR�VRLO��RU�XVHG�
WR�VFDQ�FRUHV�����PP�LQ�GLDPHWHU��ZKLFK�FRXOG�EH�UHWXUQHG�LQWR�VRLO�IROORZLQJ�PHDVXUHPHQW��
7KH�UHPDLQLQJ�FKDOOHQJH�ZRXOG�EH�RYHUFRPLQJ�WKH�UHODWLYHO\�KLJK�GHWHFWLRQ�OLPLW�RI�VRLO�
FDUERQ��1HYHUWKHOHVV��D�FKLHI�DGYDQWDJH�RI�WKHVH�DOWHUQDWLYH�PHDVXUHPHQW�DSSURDFKHV�LV�WKDW�
WKH\�PLJKW�DOORZ�PHDVXUHPHQW�RI�VRLO�EXON�GHQVLW\�XVLQJ�VLPXOWDQHRXV�JDPPD�RU�[�UD\�
VFDQQLQJ���
�
*LYHQ�XQFHUWDLQW\�UHJDUGLQJ�WKH�VFRSH�RI�ZRUN�UHTXLUHG�WR�GHYHORS�D�UREXVW�,16�VRLO�FDUERQ�
PHDVXUHPHQW�DSSURDFK��LW�LV�UHFRPPHQGHG�WKDW�WKH�SUREDEOH�VFRSH�RI�D�GHYHORSPHQW�
SURJUDPPH��a1=����PLOOLRQ��LV�EH\RQG�WKH�EHQHILWV�RI�WKH�WHFKQRORJ\�LQ�1HZ�=HDODQG��2QO\�
LQYROYHPHQW�LQ�D�JOREDO�RU�PXOWLQDWLRQDO�SURMHFW�WR�GHYHORS�,16�DQG�UHODWHG�QXFOHRQLF�
WHFKQLTXHV�DV�D�SUDFWLFDO�WRRO�IRU�VRLO�FDUERQ�PHDVXUHPHQW�LV�OLNHO\�WR�KDYH�SRWHQWLDO�EHQHILW�
WR�1HZ�=HDODQG��
�
�
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��� $FNQRZOHGJHPHQWV�
�
7KH�DXWKRUV�DFNQRZOHGJHV�DVVLVWDQFH�IURP�WKRVH�FRQWULEXWHG�WR�WKH�VHFWLRQV�RQ�GHYHORSLQJ�
WHFKQRORJLHV�LQ�WKLV�UHSRUW�WKURXJK�ZRUNVKRSV��GLVFXVVLRQ�DQG�UHYLHZ��LQFOXGLQJ�&KULV�
.URJHU��*DYLQ�:DOODFH��0XUUD\�%DUWOH�DQG�%HUQDUG�%DUU\��7KH�DXWKRUV�DUH�JUDWHIXO�WR�
6XULQGHU�6DJJDU�IRU�KLV�UHYLHZ�DQG�&KULVWLQH�%H]DU�IRU�KHU�HGLWRULDO�LPSURYHPHQW�RI�WKH�
UHSRUW��
�
�
�
�
�
�
�
�
�
�
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��� 5HIHUHQFHV�
�
$EHOOD�65��=LPPHU�%:�������(VWLPDWLQJ�RUJDQLF�FDUERQ�IURP�ORVV�RQ�LJQLWLRQ�LQ�QRUWKHUQ�

$UL]RQD�IRUHVW�VRLOV��6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO�������±����
�
$GDPFKXN�9,��+XPPHO�-:��0RUJDQ�07��8SDGK\D\D�6.�������2Q�WKH�JR�VRLO�VHQVRUV�IRU�

SUHFLVLRQ�DJULFXOWXUH��&RPSXWHUV�DQG�(OHFWURQLFV�LQ�$JULFXOWXUH������±����
�
$QDO\WLFDO�6SHFWUDO�'HYLFHV�������,QWURGXFWLRQ�WR�1,5�7HFKQRORJ\��$6'�,QF���%RXOGHU�

&RORUDGR��86$��$6'�'RFXPHQW��������5HY�����
�
$QGHUVRQ�&RRN�&0��$OOH\�00��5R\JDUG�-.)��.KRVOD�5��1REOH�5%��'RROLWWOH�-$�������

'LIIHUHQWLDWLQJ�VRLO�W\SHV�XVLQJ�HOHFWURPDJQHWLF�FRQGXFWLYLW\�DQG�FURS�\LHOG�PDSV��6RLO�
6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO��������±������

�
$ZLWL�$2��:DOVK�0*��6KHSKHUG�.'��.LQ\DPDULR�-�������6RLO�FRQGLWLRQ�FODVVLILFDWLRQ�XVLQJ�

LQIUDUHG�VSHFWURVFRS\��$�SURSRVLWLRQ�IRU�DVVHVVPHQW�RI�VRLO�FRQGLWLRQ�DORQJ�D�WURSLFDO�
IRUHVW�FURSODQG�FKURQRVHTXHQFH��*HRGHUPD�������±����

�
%ODNHPRUH�/&��6HDUOH�/��'DO\�%.�������0HWKRGV�IRU�FKHPLFDO�DQDO\VLV�RI�VRLOV��6FLHQWLILF�

5HSRUW������1HZ�=HDODQG�6RLO�%XUHDX��/RZHU�+XWW��1HZ�=HDODQG��
�
%DOGRFFKL�''�������$VVHVVLQJ�WKH�HGG\�FRYDULDQFH�WHFKQLTXH�IRU�HYDOXDWLQJ�FDUERQ�GLR[LGH�

H[FKDQJH�UDWHV�RI�HFRV\VWHPV��SDVW��SUHVHQW�DQG�IXWXUH��*OREDO�&KDQJH�%LRORJ\������±
�����

�
%DOGRFFKL�''�������
%UHDWKLQJ
�RI�WKH�WHUUHVWULDO�ELRVSKHUH��OHVVRQV�OHDUQW�IURP�D�JOREDO�

QHWZRUN�RI�FDUERQ�GLR[LGH�IOX[�PHDVXUHPHQW�V\VWHPV��$XVWUDOLDQ�-RXUQDO�RI�%RWDQ\�
����±����

�
%DUWKHV�%*��%UXQHW�'��)HUUHU�+��&KRWWH�-/��)HOOHU�&�������'HWHUPLQDWLRQ�RI�WRWDO�FDUERQ�DQG�

QLWURJHQ�FRQWHQW�LQ�D�UDQJH�RI�WURSLFDO�VRLOV�XVLQJ�QHDU�LQIUDUHG�VSHFWURVFRS\��LQIOXHQFH�
RI�UHSOLFDWLRQ�DQG�VDPSOH�JULQGLQJ�DQG�GU\LQJ��-RXUQDO�RI�1HDU�,QIUDUHG�6SHFWURVFRS\�
������±�����

�
%HHWV�31��2OLYHU�*5��&OLQWRQ�3:�������6RLO�FDUERQ�SURWHFWLRQ�LQ�SRGRFDUS�KDUGZRRG�IRUHVW�

DQG�HIIHFWV�RI�FRQYHUVLRQ�WR�SDVWXUH�DQG�H[RWLF�SLQH�IRUHVW��(QYLURQPHQWDO�3ROOXWLRQ�
�����6���±�6����

�
%HOODP\�3+��/RYHODQG�3-��%UDGOH\�5,��/DUN�50��.LUN�*-'�������&DUERQ�ORVVHV�IURP�DOO�

VRLOV�DFURVV�(QJODQG�DQG�:DOHV��1DWXUH��������±�����
�
%HQ�'RU�(�������4XDQWLWDWLYH�UHPRWH�VHQVLQJ�RI�VRLO�SURSHUWLHV��$GYDQFHV�LQ�$JURQRP\�

������±�����
�
%HQ�'RU�(��%DQLQ�$�������1HDU�LQIUDUHG�DQDO\VLV�DV�D�UDSLG�PHWKRG�WR�VLPXOWDQHRXVO\�

HYDOXDWH�VHYHUDO�VRLO�SURSHUWLHV��6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO��������±�����
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%HQ�'RU�(��,URQV�-5��(SHPD�*�������6RLO�UHIOHFWDQFH��,Q�5HPRWH�VHQVLQJ�IRU�WKH�HDUWK�
VFLHQFH��0DQXDO�RI�UHPRWH�VHQVLQJ���(G��$1�5HQFK����-RKQ�:LOH\�	�6RQV��1HZ�<RUN���

�
%KDWWL�-6�%DXHU�,(�������&RPSDULQJ�ORVV�RQ�LJQLWLRQ�ZLWK�GU\�FRPEXVWLRQ�DV�D�PHWKRG�IRU�

GHWHUPLQLQJ�FDUERQ�FRQWHQW�LQ�XSODQG�DQG�ORZODQG�IRUHVW�HFRV\VWHPV��&RPPXQLFDWLRQV�
LQ�6RLO�6FLHQFH�	�3ODQW�$QDO\VLV����������������±������

�
%LHJDOVNL�6��'RURQ�2��:LHORSROVNL�/��������7LPH�DQG�GHSWK�GHSHQGHQW�IOX[HV�GXH�WR����0H9�

QHXWURQV�LPSLQJLQJ�VRLO��-RXUQDO�RI�5DGLRDQDO\WLFDO�DQG�1XFOHDU�&KHPLVWU\��������±
�����

�
%ODNHPRUH�/&��6HDUOH�3/��'DO\�%.�������0HWKRGV�IRU�FKHPLFDO�DQDO\VLV�RI�VRLOV��1HZ�

=HDODQG�6RLO�%XUHDX�6FLHQWLILF�5HSRUW�����1HZ�=HDODQG�6RLO�%XUHDX��'HSDUWPHQW�RI�
6FLHQWLILF�DQG�,QGXVWULDO�5HVHDUFK��/RZHU�+XWW��

�
%OXPILHOG�7-��;X�=+��3UDVRORYD�19�������6DPSOLQJ�VL]H�UHTXLUHG�IRU�GHWHUPLQLQJ�VRLO�

FDUERQ�DQG�QLWURJHQ�SURSHUWLHV�DW�HDUO\�HVWDEOLVKPHQW�RI�VHFRQG�URWDWLRQ�KRRS�SLQH�
SODQWDWLRQV�LQ�VXEWURSLFDO�$XVWUDOLD��3HGRVSKHUH�������±�����

�
%RXFQHDX�*��9DQ�0HLUYHQQH�0��+RIPDQ�*�������&RPSDULQJ�SHGRWUDQVIHU�IXQFWLRQV�WR�

HVWLPDWH�VRLO�EXON�GHQVLW\�LQ�QRUWKHUQ�%HOJLXP��3HGRORJLH�±�7KHPDWD�����±����
�
%RZHUV�6��+DQNV�5-�������5HIOHFWDQFH�RI�UDGLDQW�HQHUJ\�IURP�VRLOV��6RLO�6FLHQFH��������±

�����
�
%UHUHWRQ�5*�������
&KHPRPHWULFV��'DWD�DQDO\VLV�IRU�WKH�ODERUDWRU\�DQG�FKHPLFDO�SODQW�
�

�-RKQ�:LOH\�	�6RQV��&KLFKHVWHU��8.���
�
%ULFNOHP\HU�56��%URZQ�'-��&OHJJ�60��%DUHILHOG�-�������6LPXODWHG�LQ�VLWX�VRLO�FDUERQ�

PHDVXUHPHQWV�XVLQJ�FRPELQHG�9LV�1,5�DQG�/,%6�VHQVRUV��,Q�3URFHHGLQJV�RI�WKH��VW�
*OREDO�:RUNVKRS�RQ�+LJK�5HVROXWLRQ�'LJLWDO�6RLO�6HQVLQJ�DQG�0DSSLQJ��KHOG�XQGHU�
WKH�DXVSLFHV�RI�WKH�,QWHUQDWLRQDO�8QLRQ�RI�6RLO�6FLHQFHV��,866���:RUNLQJ�*URXS�RQ�
'LJLWDO�6RLO�0DSSLQJ��6\GQH\��$XVWUDOLD������)HEUXDU\�������&'520��

�
%ULPPHU�3-��'H7KRPDV�)$��+DOO�-:�������0HWKRG�GHYHORSPHQW�DQG�LPSOHPHQWDWLRQ�RI�

QHDU�LQIUDUHG�VSHFWURVFRS\�LQ�LQGXVWULDO�PDQXIDFWXULQJ�VXSSRUW�ODERUDWRULHV��,Q�
1HDU�
LQIUDUHG�WHFKQRORJ\�LQ�WKH�DJULFXOWXUH�DQG�IRRG�LQGXVWULHV
���(GV��3�:LOOLDPV��.�1RUULV��
SS�����±�����$PHULFDQ�$VVRFLDWLRQ�RI�&HUHDO�&KHPLVW��,QF���0LQQHVRWD��86$��

�
%URJH�1+��7KRPVHQ�$*��*UHYH�0+�������3UHGLFWLRQ�RI�WRSVRLO�RUJDQLF�PDWWHU�DQG�FOD\�

FRQWHQW�IURP�PHDVXUHPHQWV�RI�VSHFWUDO�UHIOHFWDQFH�DQG�HOHFWULFDO�FRQGXFWLYLW\��$FWD�
$JULFXOWXUH�6FDQGLQDYLD�%��6RLO�DQG�3ODQW�6FLHQFH�������±�����

�
%URZQ�'-�������8VLQJ�D�JOREDO�9LV�1,5�VRLO�VSHFWUDO�OLEUDU\�IRU�ORFDO�VRLO�FKDUDFWHUL]DWLRQ�

DQG�ODQGVFDSH�PRGHOLQJ�LQ�D��QG�RUGHU�8JDQGD�ZDWHUVKHG��*HRGHUPD��������±�����
�
%URZQ�'-��6KHSKHUG�.'��:DOVK�0*��0D\V�0'��5HLQVFK�7*�������*OREDO�VRLO�

FKDUDFWHUL]DWLRQ�ZLWK�91,5�GLIIXVH�UHIOHFWDQFH�VSHFWURVFRS\��*HRGHUPD��������±�����
�
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%URZQ�0��:KLWHKHDG�'��+XQW�-(��&ORXJK�7-��$UQROG�*&��%DLVGHQ�:7��6KHUORFN�55�������
5HJXODWLRQ�RI�VRLO�VXUIDFH�UHVSLUDWLRQ�LQ�D�JUD]HG�SDVWXUH�LQ�1HZ�=HDODQG��$JULFXOWXUDO�
DQG�)RUHVW�0HWHRURORJ\��������±�����

�
%XEOLW]�-��' OOH�&��6FKDGH�:��+DUWPDQQ�$��+RUQ�5�������/DVHU�LQGXFHG�EUHDNGRZQ�

VSHFWURVFRS\�IRU�VRLO�GLDJQRVWLFV��(XURSHDQ�-RXUQDO�RI�6RLO�6FLHQFH��������������
�
%XIIOHU�$�������&RQWUDEDQG�GHWHFWLRQ�ZLWK�IDVW�QHXWURQV��5DGLDWLRQ�3K\VLFV�DQG�&KHPLVWU\�

������±�����
�
&KDFyQ�1��'H]]HR�1��OVWHU�+��0RJROOyQ�3�������&RPSDULVRQ�EHWZHHQ�FRORULPHWULF�DQG�

WLWUDWLRQ�PHWKRGV�IRU�RUJDQLF�FDUERQ�GHWHUPLQDWLRQ�LQ�DFLGLF�VRLOV��&RPPXQLFDWLRQV�LQ�
6RLO�6FLHQFH�	�3ODQW�$QDO\VLV�������±�����

�
&KDQJ�&:��/DLUG�'$�������1HDU�LQIUDUHG�UHIOHFWDQFH�VSHFWURVFRSLF�DQDO\VLV�RI�VRLO�&�DQG�1��

6RLO�6FLHQFH��������±�����
�
&KDQJ�&:��/DLUG�'$��0DXVEDFK�0-��+XUEXUJ�-U�&5�������1HDU�LQIUDUHG�UHIOHFWDQFH�

VSHFWURVFRS\���3ULQFLSDO�FRPSRQHQW�UHJUHVVLRQ�DQDO\VLV�RI�VRLO�SURSHUWLHV��6RLO�6FLHQFH�
6RFLHW\�RI�$PHULFD�-RXUQDO�������±�����

�
&KDWWHUMHH�$��/DO�5��:LHORSROVNL�/��0DUWLQ�0=��(ELQJHU�0+�������(YDOXDWLRQ�RI�GLIIHUHQW�

FDUERQ�GHWHUPLQDWLRQ�PHWKRGV��&ULWLFDO�5HYLHZV�LQ�3ODQW�6FLHQFH�������±�����
�
&RQDQW�57��3DXVWDLQ�.�������6SDWLDO�YDULDELOLW\�RI�VRLO�RUJDQLF�FDUERQ�LQ�JUDVVODQGV��

LPSOLFDWLRQV�IRU�GHWHFWLQJ�FKDQJH�DW�GLIIHUHQW�VFDOHV��(QYLURQPHQWDO�3ROOXWLRQ�
����6���±6�����

�
&R]]ROLQR�'��0RURQ�$�������3RWHQWLDO�RI�QHDU�LQIUDUHG�UHIOHFWDQFH�VSHFWURVFRS\�DQG�

FKHPRPHWULFV�WR�SUHGLFW�VRLO�FDUERQ�IUDFWLRQV��6RLO�	�7LOODJH�5HVHDUFK������±����
�
&UHPHUV�'$��5DG]LHPVNL�/-�������+LVWRU\�DQG�IXQGDPHQWDOV�RI�/,%6��,Q�0L]LROHN�$:��

3DOOHVFKL�9��6FKHFKWHU�,��(GV���/DVHU�,QGXFHG�%UHDNGRZQ�6SHFWURVFRS\��)XQGDPHQWDOV�
DQG�$SSOLFDWLRQV��&DPEULGJH�8QLYHUVLW\�3UHVV���

�
&\ZLFND�-DNLHO�7��/RVNLHZLF]�-��1H]DP]DGHK�0��7UDF]�*�������7KH�LQIOXHQFH�RI�KLJK�LURQ�

FRQWHQW�LQ�FRDO�DVK�RQ�PHDVXUHPHQW�RI������0H9�FDUERQ�>JDPPD@�UD\V��$SSOLHG�
5DGLDWLRQ�DQG�,VRWRSHV�������±�����

�
'DODO�5&��+HQU\�5-�������6LPXOWDQHRXV�GHWHUPLQDWLRQ�RI�PRLVWXUH��RUJDQLF�FDUERQ��DQG�WRWDO�

QLWURJHQ�E\�QHDU�LQIUDUHG�UHIOHFWDQFH��6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO�������±
�����

�
'DYLGVRQ�($��6DYDJH�.��9HUFKRW�/9��1DYDUUR�5�������0LQLPL]LQJ�DUWLIDFWV�DQG�ELDVHV�LQ�

FKDPEHU�EDVHG�PHDVXUHPHQWV�RI�VRLO�UHVSLUDWLRQ��$JULFXOWXUDO�DQG�)RUHVW�0HWHRURORJ\��
�������±����

�
'DYLV�05�������7RSVRLO�SURSHUWLHV�XQGHU�WXVVRFN�JUDVVODQG�DQG�DGMRLQLQJ�SLQH�IRUHVW�LQ�

2WDJR��1HZ�=HDODQG��1HZ�=HDODQG�-RXUQDO�RI�$JULFXOWXUDO�5HVHDUFK�������±�����
�



���
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'DYLV�05�������6RLO�SURSHUWLHV�XQGHU�SLQH�IRUHVW�DQG�SDVWXUH�DW�WZR�KLOO�FRXQWU\�VLWHV�LQ�
&DQWHUEXU\��1HZ�=HDODQG�-RXUQDO�RI�)RUHVWU\�6FLHQFH�����±����

�
'DYLV�0��:LOGH�+��*DUUHWW�/��2OLYHU�*�������1HZ�=HDODQG�&DUERQ�0RQLWRULQJ�6\VWHP��6RLO�

'DWD�&ROOHFWLRQ�0DQXDO��&D[WRQ�3UHVV��&KULVWFKXUFK��
�
'H�9RV�%��9DQ�0HLUYHQQH�0��4XDUWDHUW�3��'HFNHUV�-��0X\V�%�������3UHGLFWLYH�TXDOLW\�RI�

SHGRWUDQVIHU�IXQFWLRQV�IRU�HVWLPDWLQJ�EXON�GHQVLW\�RI�IRUHVW�VRLOV��6RLO�6FLHQFH�6RFLHW\�
RI�$PHULFD�-RXUQDO��������±�����

�
'HVDL�$5��5LFKDUGVRQ�$'��0RIIDW�$0��.DWWJH�-��+ROOLQJHU�'<��%DUU�$��)DOJH�(��1RRPHWV�

$��3DSDOH�'��5HLFKVWHLQ�0��6WDXFK�9-��������&URVV�VLWH�HYDOXDWLRQ�RI�HGG\�FRYDULDQFH�
*33�DQG�5(�GHFRPSRVLWLRQ�WHFKQLTXHV��$JULFXOWXUDO�DQG�)RUHVW�0HWHRURORJ\��������±
�����

�
'RQNLQ�0-�������/RVV�RQ�LJQLWLRQ�DV�DQ�HVWLPDWRU�RI�VRLO�RUJDQLF�FDUERQ�LQ�$�KRUL]RQ�

IRUHVWU\�VRLOV��&RPPXQLFDWLRQV�LQ�6RLO�6FLHQFH�	�3ODQW�$QDO\VLV�������±�����
�
'RURQ�2��:LHORSROVNL�/��%LHJDOVNL�6�������$GYDQWDJHV�RI�PHVK�WDOO\LQJ�LQ�0&13��IRU�VRLO�

DQDO\VLV�FDOFXODWLRQV��-RXUQDO�RI�5DGLRDQDO\WLFDO�DQG�1XFOHDU�&KHPLVWU\��������±�����
�
(ELQJHU�0+��1RUIOHHW�0/��%UHVKHDUV�''��&UHPHUV��'$��)HUULV�0-��8QNHIHU�3-��/DPE�06��

*RGGDUG�./��0H\HU�&:�������([WHQGLQJ�WKH�DSSOLFDELOLW\�RI�ODVHU�LQGXFHG�EUHDNGRZQ�
VSHFWURVFRS\�IRU�WRWDO�VRLO�FDUERQ�PHDVXUHPHQW��6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�
-RXUQDO��������±������

�
(OOHUW�%+��-DQ]HQ�++��(QW]�7�������$VVHVVPHQW�RI�D�PHWKRG�WR�PHDVXUH�WHPSRUDO�FKDQJHV�LQ�

VRLO�FDUERQ�VWRUDJH��6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO��������±������
�
(OOHUW�%+��-DQ]HQ�++��0F&RQNH\�%*�������0HDVXULQJ�DQG�FRPSDULQJ�VRLO�FDUERQ�VWRUDJH��

,Q�$VVHVVPHQW�0HWKRGV�IRU�6RLO�&DUERQ��5�/DO��-0�.LPEOH��5)�)ROOHWW��%$�6WHZDUW�
(GV��S�����±����/HZLV�3XEOLVKHUV��%RFD�5DWRQ��)ORULGD���86$��

�
(VEHQVHQ�.�������0XOWLYDULDWH�'DWD�$QDO\VLV�LQ�3UDFWLFH���WK�(G��,6%1����������������
�
)DOJH�(��%DOGRFFKL�'��2OVRQ�5��$QWKRQL�3��$XELQHW�0��%HUQKRIHU�&��%XUED�*��&HXOHPDQV�5��

&OHPHQW�5��'ROPDQ�+��*UDQLHU�$��*URVV�3��*U�QZDOG�7��+ROOLQJHU�'��-HQVHQ�1�2��
.DWXO�*��.HURQHQ�3��.RZDOVNL�$��7D�/DL�&��/DZ�%(��0H\HUV�7��0RQFULHII�-��0RRUV�(��
0XQJHU�-:��3LOHJDDUG�.��5DQQLN�h��5HEPDQQ�&��6X\NHU�$��7HQKXQHQ�-��7X�.��9HUPD�
6��9HVDOD�7��:LOVRQ�.��:RIV\�6��������*DS�ILOOLQJ�VWUDWHJLHV�IRU�GHIHQVLEOH�DQQXDO�
VXPV�RI�QHW�HFRV\VWHP�H[FKDQJH��$JULFXOWXUDO�DQG�)RUHVW�0HWHRURORJ\�������±����

�
)RNHQ�7��0DXGHU�0��/LHEHWKDO�&��:LPPHU�)��%H\ULFK�)��/HSV�-�3��5DDVFK�6��'H%UXLQ�+��

0HLMQLQJHU�:��%DQJH�-�������(QHUJ\�EDODQFH�FORVXUH�IRU�WKH�/,7)$66������
H[SHULPHQW��7KHRUHWLFDO�DQG�$SSOLHG�&OLPDWRORJ\�GRL���������V������������������

�
)URJEURRN�=/��%HOO�-��%UDGOH\�5,��(YDQV�&��/DUN�50��5H\QROGV�%��6PLWK��7RZHUV�:�������

4XDQWLI\LQJ�WHUUHVWULDO�FDUERQ�VWRFNV��H[DPLQLQJ�WKH�VSDWLDO�YDULDWLRQ�LQ�WZR�XSODQG�
DUHDV�LQ�WKH�8.�DQG�D�FRPSDULVRQ�WR�PDSSHG�HVWLPDWHV�RI�VRLO�FDUERQ��6RLO�8VH�DQG�
0DQDJHPHQW�������±�����
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)\VWUR�*�������7KH�SUHGLFWLRQ�RI�&�DQG�1�FRQWHQW�DQG�WKHLU�SRWHQWLDO�PLQHUDOLVDWLRQ�LQ�
KHWHURJHQHRXV�VRLO�VDPSOHV�XVLQJ�9LV�1,5�VSHFWURVFRS\�DQG�FRPSDUDWLYH�PHWKRGV��
3ODQW�DQG�6RLO��������±�����

�
*DUGQHU�:+��������:DWHU�&RQWHQW��0HWKRGV�RI�6RLO�$QDO\VLV��3DUW����3K\VLFDO�DQG�

0LQHUDORJLFDO�0HWKRGV��0DGLVRQ��86$��6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD��S����������
�
*DUGQHU�:+��&DOLVVHQGRUII�&��������*DPPD�UD\�DQG�QHXWURQ�DWWHQXDWLRQ�PHDVXUHPHQW�RI�

VRLO�EXON�GHQVLW\�DQG�ZDWHU�FRQWHQW��,VRWRSH�DQG�5DGLDWLRQ�7HFKQLTXHV��3URF��6\PS��
7HFKQLTXHV�LQ�6RLO�3K\VLFV�DQG�,UULJDWLRQ�6WXGLHV��,VWDQEXO��,$($�9LHQQD��S����±�����

�
*LGGHQV�./��3DUILWW�5/��3HUFLYDO�+-�������&RPSDULVRQ�RI�VRPH�VRLO�SURSHUWLHV�XQGHU�3LQXV�

UDGLDWD�DQG�LPSURYHG�SDVWXUH��1HZ�=HDODQG�-RXUQDO�RI�$JULFXOWXUDO�5HVHDUFK�������±
�����

�
*KDQL�$��'H[WHU�0��&DUUDQ�5��7KHREDOG�3�������'LVVROYHG�RUJDQLF�QLWURJHQ�DQG�FDUERQ�LQ�

SDVWRUDO�VRLOV��WKH�1HZ�=HDODQG�H[SHULHQFH��(XUDVLDQ�-RXUQDO�RI�6RLO�6FLHQFH�������±
�����

�
*HKO�5-��5LFH�&:�������(PHUJLQJ�WHFKQRORJLHV�IRU�LQ�VLWX�PHDVXUHPHQW�RI�VRLO�FDUERQ��

&OLPDWLF�&KDQJH�������±����
�
*RLGWV�(��:HVHPDHO�%�YDQ��&UXFLIL[��0�������0DJQLWXGH�DQG�VRXUFHV�RI�XQFHUWDLQWLHV�LQ�VRLO�

RUJDQLF�FDUERQ��62&��VWRFN�DVVHVVPHQWV�DW�YDULRXV�VFDOHV��(XURSHDQ�-RXUQDO�RI�6RLO�
6FLHQFH��������±�����

�
*RPH]�&��9LVFDUUD�5RVVHO��5$��0F%UDWQH\�$%�������6RLO�RUJDQLF�FDUERQ�SUHGLFWLRQ�E\�

K\SHUVSHFWUDO�UHPRWH�VHQVLQJ�DQG�ILHOG�9LV�1,5�VSHFWURVFRS\��$Q�$XVWUDOLDQ�FDVH�
VWXG\��*HRGHUPD��������±�����

�
*RURY�/,��'HPLGRY�$0��,YDQRY�9$�������3RVVLELOLWLHV�RI�RLO�ZHOO�ORJJLQJ�ZLWK�D�*H�/L�� �

GHWHFWRU�DQG�3Rí%H�QHXWURQ�VRXUFH��$WRPLF�(QHUJ\������±����
�
*UHZDO�.6��%XFKDQ�*'��6KHUORFN�55��������$�FRPSDULVRQ�RI�WKUHH�PHWKRGV�RI�RUJDQLF�

FDUERQ�GHWHUPLQDWLRQ�LQ�VRPH�1HZ�=HDODQG�VRLOV��-RXUQDO�RI�6RLO�6FLHQFH�������±�����
�
+DJHQ�6&��%UDVZHOO�%+��/LQGHU�(��)URONLQJ�6��5LFKDUGVRQ�$'��+ROOLQJHU�'<�������

6WDWLVWLFDO�XQFHUWDLQW\�RI�HGG\�IOX[±EDVHG�HVWLPDWHV�RI�JURVV�HFRV\VWHP�FDUERQ�
H[FKDQJH�DW�+RZODQG�)RUHVW��0DLQH��-RXUQDO�RI�*HRSK\VLFDO�5HVHDUFK�������'��6����
GRL�������������-'��������

�
+DUPRQ�56��'H�/XFLD�)&��0L]LROHN�$:��0F1HVE\�./��:DOWHUV�5$��)UHQFK�3'�������

/DVHU�LQGXFHG�EUHDNGRZQ�VSHFWURVFRS\��/,%6��±�DQ�HPHUJLQJ�ILHOG�SRUWDEOH�VHQVRU�
WHFKQRORJ\�IRU�UHDO�WLPH��LQ�VLWX�JHRFKHPLFDO�DQG�HQYLURQPHQWDO�DQDO\VLV���

�
+DUULVRQ�5%��$GDPV�$%��/LFDWD�&��)ODPLQJ�%��:DJRQHU�*/��&DUSHQWHU�3��9DQFH�('�������

4XDQWLI\LQJ�GHHS�VRLO�DQG�FRDUVH�VRLO�IUDFWLRQV��$YRLGLQJ�VDPSOLQJ�ELDV��6RLO�6FLHQFH�
6RFLHW\�RI�$PHULFD�-RXUQDO��������±������

�
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+HGOH\�&%��.XVXPR�+��+HGOH\��0-��7XRK\�03��+DZNH�0�������6RLO�&�DQG�1�VHTXHVWUDWLRQ�
DQG�IHUWLOLW\�GHYHORSPHQW�XQGHU�ODQG�UHFHQWO\�FRQYHUWHG�IURP�SODQWDWLRQ�IRUHVW�WR�
SDVWRUDO�IDUPLQJ��1HZ�=HDODQG�-RXUQDO�RI�$JULFXOWXUDO�5HVHDUFK�������±�����

�
+HGOH\�&%��<XOH�,<��(DVWZRRG�&5��6KHSKHUG�7*��$UQROG�*�������5DSLG�LGHQWLILFDWLRQ�RI�

VRLO�WH[WXUDO�DQG�PDQDJHPHQW�]RQHV�XVLQJ�HOHFWURPDJQHWLF�LQGXFWLRQ�VHQVLQJ�RI�VRLOV��
$XVWUDOLDQ�-RXUQDO�RI�6RLO�5HVHDUFK�������±�����

�
+ROOLQJHU�'<��$EHU�-��'DLO�%��'DYLGVRQ�($��*ROW]�60��+XJKHV�+��/HFOHUF�0<��/HH�-7��

5LFKDUGVRQ�$'��5RGULJXHV�&��6FRWW�1$��$FKXDWDYDULHU�'��:DOVK�-�������6SDWLDO�DQG�
WHPSRUDO�YDULDELOLW\�LQ�IRUHVW�DQG�DWPRVSKHUH�&2��H[FKDQJH��*OREDO�&KDQJH�%LRORJ\��������±������

�
+ROOLQJHU�'<��5LFKDUGVRQ�$'�������8QFHUWDLQW\�LQ�HGG\�FRYDULDQFH�PHDVXUHPHQWV�DQG�LWV�

DSSOLFDWLRQ�WR�SK\VLRORJLFDO�PRGHOV��7UHH�3K\VLRORJ\�������±�����
�
+RPDQQ�36��%RUPDQQ�%7��%R\OH�-5�������'HWHFWLQJ�WUHDWPHQW�GLIIHUHQFHV�LQ�VRLO�FDUERQ�DQG�

QLWURJHQ�UHVXOWLQJ�IURP�IRUHVW�PDQLSXODWLRQV��6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO��
������±�����

�
+RPDQQ�36��%RUPDQQ�%7��%R\OH�-5��'DUE\VKLUH�5/��%LJOH\�5�������6RLO�&�DQG�1�PLQLPXP�

GHWHFWDEOH�FKDQJHV�DQG�WUHDWPHQW�GLIIHUHQFHV�LQ�D�PXOWL�WUHDWPHQW�IRUHVW�H[SHULPHQW��
)RUHVW�(FRORJ\�DQG�0DQDJHPHQW���������±������

�
+RPDQQ�36��5HPLOODUG�60��+DUPRQ�0(��%RUPDQQ�%7�������&DUERQ�VWRUDJH�LQ�FRDUVH�DQG�

ILQH�IUDFWLRQV�RI�SDFLILF�QRUWKZHVW�ROG�JURZWK�IRUHVW�VRLOV��6RLO�6FLHQFH�6RFLHW\�RI�
$PHULFD�-RXUQDO��������±������

�
+UXVFKND�:5�������'DWD�DQDO\VLV��ZDYHOHQJWK�VHOHFWLRQ�PHWKRGV��,Q�1HDU�,QIUDUHG�

7HFKQRORJ\�LQ�$JULFXOWXUH�DQG�)RRG�,QGXVWULHV���3�:LOOLDPV��.�1RUULV��(GV���S����±����
$PHULFDQ�6RFLHW\�RI�&HUHDO�&KHPLVWV��,QF��6W�3DXO��0LQQHVRWD��86$��

�
+XQW�-(��.HOOLKHU�)0��0F6HYHQ\�70��5RVV�'-��:KLWHKHDG�'�������/RQJ�WHUP�FDUERQ�

H[FKDQJH�LQ�D�VSDUVH��VHDVRQDOO\�GU\�WXVVRFN�JUDVVODQG��*OREDO�&KDQJH�%LRORJ\�
�������±������

�
+XQWLQJWRQ�7*��-RKQVRQ�&(��-RKQVRQ�$+��6LFFDPD�7*��5\DQ�')�������&DUERQ��RUJDQLF�

PDWWHU��DQG�EXON�GHQVLW\�UHODWLRQVKLSV�LQ�D�IRUHVWHG�VSRGRVRO��6RLO�6FLHQFH��������±
�����

�
,VODP�.��6LQJK�%��0F%UDWQH\�$�������6LPXOWDQHRXV�HVWLPDWLRQ�RI�VHYHUDO�VRLO�SURSHUWLHV�E\�

XOWUD�YLROHW��YLVLEOH��DQG�QHDU�LQIUDUHG�UHIOHFWDQFH�VSHFWURVFRS\��$XVWUDOLDQ�-RXUQDO�RI�
6RLO�5HVHDUFK��������±������

�
-DFREL�'-��/RQJR�-0�������86�3DWHQW�����������'HWHUPLQLQJ�RUJDQLF�FDUERQ�GRZQKROH�IURP�

QXFOHDU�VSHFWURVFRS\��86$��
�
-DPHV�,7��:DLQH�7:��%UDGOH\�5,��7D\ORU�-&��*RGZLQ�5-�������'HWHUPLQDWLRQ�RI�VRLO�W\SH�

ERXQGDULHV�XVLQJ�HOHFWURPDJQHWLF�LQGXFWLRQ�VFDQQLQJ�WHFKQLTXHV��%LRV\VWHPV�
(QJLQHHULQJ�������±�����
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-DQNDXVNDV�%��6OHSHWLHQH�$��-DQNDXVNLHQH�*��)XOOHQ�0$��%RRWK�&$�������$�FRPSDUDWLYH�
VWXG\�RI�DQDO\WLFDO�PHWKRGRORJLHV�WR�GHWHUPLQH�WKH�VRLO�RUJDQLF�PDWWHU�FRQWHQW�RI�
/LWKXDQLDQ�(XWULF�$OEHOXYLVROV��*HRGHUPD��������±�����

�
-RKQVWRQ�&$��*URIIPDQ�3��%UHVKHDUV�''��&DUGRQ�=*��&XUULH�:��(PDQXHO�:��*DXGLQVNL�-��

-DFNVRQ�5%��/DMWKD�.��1DGHOKRIIHU�.��1HOVRQ�'��3RVW�:0��5HWDOODFN��*��:LHORSROVNL�
/�������&DUERQ�F\FOLQJ�LQ�VRLO��)URQWLHUV�LQ�(FRORJLFDO�(QYLURQPHQWV������±�����

�
-RQHV�+6��������,PSDFWV�RI�IRUHVW�KDUYHVWLQJ�RQ�WKH�SHUIRUPDQFH�RI�VRLO�ODQGVFDSH�PRGHOOLQJ�

LQ�D�UDGLDWD�SLQH�IRUHVW��QRUWKHUQ�1HZ�=HDODQG��8QSXEOLVKHG�3K'��WKHVLV��ORGJHG�LQ�WKH�
/LEUDU\��8QLYHUVLW\�RI�:DLNDWR��+DPLOWRQ��

�
-RQHV�+6�������(IIHFWV�RI�IRUHVW�VRLO�FXOWLYDWLRQ�RQ�WKH�FDUERQ�VWRFNV�DQG�RWKHU�SURSHUWLHV�RI�

FRQWUDVWLQJ�YROFDQLF�VRLOV��(QVLV�&RQWUDFW�5HSRUW�IRU�0LQLVWU\�IRU�WKH�(QYLURQPHQW��
1HZ�=HDODQG�)RUHVW�5HVHDUFK�,QVWLWXWH�/WG��5RWRUXD��

�
-RQHV�+6��'DYLV�0��:DQJ�+�������(IIHFWV�RI�)RUHVW�0DQDJHPHQW�3UDFWLFHV�RQ�6RLO�&DUERQ��

,Q��.LUVFKEDXP�0��7URWWHU�&��:DNHOLQ�6��%DLVGHQ�7��&XUWLQ�'��'\PRQG�-��*KDQL�$��
-RQHV�+��'HXUHU�0��$UQROG�*��%HHWV�3��'DYLV�0��+HGOH\�&��3HOW]HU�'��5RVV�&��
6FKLSSHU�/��6XWKHUODQG�$��:DQJ�+��%HDUH�0��&ORWKLHU�%��0DVRQ�1��:DUG�0��&DUERQ�
6WRFNV�DQG�&KDQJHV�LQ�1HZ�=HDODQG
V�6RLOV�DQG�)RUHVWV��DQG�,PSOLFDWLRQV�RI�3RVW������
$FFRXQWLQJ�2SWLRQV�IRU�/DQG�%DVHG�(PLVVLRQV�2IIVHWV�DQG�0LWLJDWLRQ�2SSRUWXQLWLHV��
/DQGFDUH�5HVHDUFK�&RQWUDFW�5HSRUW��/&�����������������/DQGFDUH�5HVHDUFK�1HZ�
=HDODQG�/WG���/LQFROQ��

�
-RQHV�+6��*DUUHWW�/*��%HHWV�31��.LPEHUOH\�02��2OLYHU�*5�������,PSDFWV�RI�KDUYHVW�UHVLGXH�

PDQDJHPHQW�RQ�VRLO�FDUERQ�VWRFNV�LQ�D�SODQWDWLRQ�IRUHVW��6RLO�6FLHQFH�6RFLHW\�RI�
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6DE\�13$��%HOODP\�3+��0RUYDQ�;��$UURXD\V�'��-RQHV�5$��9HUKHLMHQ�)*$��.LEEOHZKLWH�

0*��9HUGRRGW�$��%HUpQ\L�hYHJHV�-��)UHXGHQVFKX��$��6LPRWD�&�������:LOO�(XURSHDQ�
VRLO�PRQLWRULQJ�QHWZRUNV�EH�DEOH�WR�GHWHFW�FKDQJHV�LQ�WRSVRLO�RUJDQLF�FDUERQ�FRQWHQW"�
*OREDO�&KDQJH�%LRORJ\��������±������

�
6FKLSSHU�/$��%DLVGHQ�:7��3DUILWW�5/��5RVV�&��&OD\GRQ�--��$UQROG�*�������/DUJH�ORVVHV�RI�

VRLO�&�DQG�1�IURP�VRLO�SURILOHV�XQGHU�SDVWXUH�LQ�1HZ�=HDODQG�GXULQJ�WKH�SDVW����\HDUV��
*OREDO�&KDQJH�%LRORJ\�������±������

�
6FKLSSHU�/$��0F/HRG�0�������6XEVLGHQFH�UDWHV�DQG�FDUERQ�ORVV�LQ�SHDW�VRLOV�IROORZLQJ�
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