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$EVWUDFW

0HDVXUHPHQWV� RI� WZR�SKDVH� IORZ� SURSHUWLHV� LQ� KLJKO\� WXUEXOHQW�� VHOI�DHUDWHG� IUHH�VXUIDFH� IORZV� UHPDLQ� D�
FKDOOHQJLQJ� WDVN�� 7KH� FRPELQDWLRQ� RI� GXDO�WLS� LQWUXVLYH� SKDVH�GHWHFWLRQ� SUREHV�ZLWK� WKH� UHFHQWO\� GHYHORSHG�
DGDSWLYH� ZLQGRZ� FURVV�FRUUHODWLRQ� �$:&&�� VLJQDO� SURFHVVLQJ� DOORZV� IRU� PHDVXUHPHQWV� RI� ORFDO� SVHXGR�
LQVWDQWDQHRXV���'�YHORFLWLHV��+RZHYHU��WKH�DSSOLHG�ZLQGRZ�DYHUDJLQJ�UHGXFHV�WKH�GDWD�UDWH�DQG�WKHUHE\�OLPLWV�
WKH�UHWULHYDO�RI�WLPH�UHVROYLQJ�WXUEXOHQFH�VWDWLVWLFV��1HYHUWKHOHVV��WKLV�UHSUHVHQWV�WKH�EHVW�SUDFWLFH�LQ�WKH�ILHOG�RI�
K\GUDXOLF� HQJLQHHULQJ�� 0HDQZKLOH�� LQWUXVLYH� SKDVH�GHWHFWLRQ� SUREHV� ZLWK� PRUH� WKDQ� WZR� VHQVRUV� DUH� ZHOO�
HVWDEOLVKHG�LQ�QXFOHDU�DQG FKHPLFDO�HQJLQHHULQJ��7KH�XVH�RI�IRXU�RU�PRUH�SUREH�WLSV LQ�FRPELQDWLRQ�ZLWK�VXLWDEOH�
VLJQDO�SURFHVVLQJ�DOJRULWKPV�HQDEOHV�WKH�PHDVXUHPHQW�RI�ORFDO�LQVWDQWDQHRXV���'�SDUWLFOH�YHORFLW\�YHFWRUV DQG
SDUWLFOH�GLDPHWHUV��7KH�DSSOLHG�VLJQDO�SURFHVVLQJ�DOJRULWKPV�DUH�W\SLFDOO\�EDVHG�RQ�HYHQW�GHWHFWLRQ�DQG�WKXV�
\LHOG� DQ� LQFUHDVHG� GDWD� UDWH� LQ� FRPSDULVRQ� WR� WKH� $:&&� DSSURDFK�� ,Q� WKLV� ZRUN�� ZH� FRPSDUH� WZR VLJQDO�
SURFHVVLQJ� DOJRULWKPV� IRU� PXOWL�VHQVRU� LQWUXVLYH� SKDVH�GHWHFWLRQ� SUREHV� DQG� HYDOXDWH� WKHLU� DSSOLFDELOLW\� IRU�
PHDVXUHPHQWV�RI�WZR�SKDVH�IORZ�SURSHUWLHV�LQ�KLJKO\�WXUEXOHQW�IUHH�VXUIDFH�IORZV��$�GXDO�WLS�LQWUXVLYH�SKDVH�
GHWHFWLRQ� SUREH� LQ� FRPELQDWLRQ� ZLWK� WKH� $:&&� WHFKQLTXH� VHUYHV� DV� D� EHQFKPDUN�� 7R� WKLV� HQG�� ZH� XVH�
V\QWKHWLFDOO\�JHQHUDWHG�SDUWLFOH�YHORFLW\�WLPH�VHULHV��ZKLFK�DUH�REWDLQHG�E\�PRGHOLQJ�EXEEOH�WUDMHFWRULHV�EDVHG�
RQ�V\QWKHWLF�VWRFKDVWLF�YHORFLW\�ILHOGV��7KLV�DSSURDFK�LV�DGYDQWDJHRXV�RYHU�H[SHULPHQWDOO\�REWDLQHG�VLJQDOV�LQ�
WKDW�WKH�WUXH�LQVWDQWDQHRXV�YHORFLWLHV�DQG�SDUWLFOH�VKDSHV�DUH�NQRZQ��DOORZLQJ�IRU�D�GLUHFW�FRPSDULVRQ�RI�WKH�
VLJQDO� SURFHVVLQJ� DOJRULWKPV�� )XUWKHUPRUH�� ZH� GLVFXVV� WKH� OLPLWDWLRQV� RI� WKH� FRQVLGHUHG� VLJQDO� SURFHVVLQJ�
DOJRULWKPV�DQG�KLJKOLJKW�IXWXUH�UHVHDUFK�RSSRUWXQLWLHV�

.H\ZRUGV� $HUDWHG�IORZ��7ZR�SKDVH�IORZ�WXUEXOHQFH��&RQGXFWLYLW\�SUREH��6LJQDO�SURFHVVLQJ��6WRFKDVWLF�VLPXODWLRQ
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6SLOOZD\V DUH�LPSRUWDQW�VDIHW\�HOHPHQWV�RI�UHVHUYRLU�GDPV�DQG�DUH�GHVLJQHG�WR�VDIHO\�FRQYH\�H[FHVV�ZDWHU�
GXULQJ�H[WUHPH�IORRGV��7KH DFFHOHUDWLRQ�RI�WKH�ZDWHU�DORQJ�WKH�VSLOOZD\�UHVXOWV�LQ�WKH�IRUPDWLRQ�RI�D�WXUEXOHQW�
ERXQGDU\�OD\HU �%DXHU��������&DVWUR�2UJD] DQG +DJHU�������� 7KH�WKLFNQHVV�RI�WKH�WXUEXOHQW�ERXQGDU\�OD\HU�
LQFUHDVHV�XQWLO�WKH�XSSHU�HGJH�LQWHUVHFWV�ZLWK�WKH�IUHH�VXUIDFH��JLYHQ�WKDW�WKH�VSLOOZD\�LV�VXIILFLHQWO\�ORQJ� 7KH�
LQWHUVHFWLRQ� RI� WKH� WXUEXOHQW� ERXQGDU\� OD\HU� ZLWK� WKH� IUHH� VXUIDFH LV RIWHQ DVVRFLDWHG� ZLWK� WKH� RQVHW� RI� DLU�
HQWUDLQPHQW �H�J�� :RRG�� ������ +LJK� WXUEXOHQFH� OHYHOV� FDXVH� DLU� WUDQVSRUW� LQ� YHUWLFDO� GLUHFWLRQ� WRZDUGV� WKH�
VSLOOZD\�LQYHUW��UHVXOWLQJ�LQ�6�VKDSHG�DLU�FRQFHQWUDWLRQ�GLVWULEXWLRQV�RYHU�WKH�IORZ�GHSWK��6WUDXE�DQG�$QGHUVRQ��
������ 7KH�UHVXOWLQJ�DLU�ZDWHU�IORZ�PL[WXUH�H[KLELWV�VLJQLILFDQWO\�DOWHUHG�GHSWK�DYHUDJHG�YHORFLW\��IORZ�GHSWK�DQG�
WXUEXOHQFH�VWDWLVWLFV�FRPSDUHG�WR�VLQJOH�SKDVH�IORZ��H�J���&KDQVRQ������� ������

$�GHWDLOHG�SK\VLFDO�GHVFULSWLRQ�RI�VXFK�KLJKO\�WXUEXOHQW��VHOI�DHUDWHG�IUHH�VXUIDFH�IORZV LV�HVVHQWLDO�IRU�WKH�
VDIH�GHVLJQ�RI�PDQ\�W\SHV�RI�K\GUDXOLF�VWUXFWXUHV� VXFK�DV�VSLOOZD\V DQG�ORZ�OHYHO�RXWOHWV� 7KH�PHDVXUHPHQW�RI
IORZ�SURSHUWLHV LQ�SURWRW\SHV�LV FXPEHUVRPH GXH�WR�GLIILFXOW\�RI DFFHVV�DQG�XQFRQWUROODEO\�YLROHQW IORZ�FRQGLWLRQV��
7KHUHIRUH�� ODERUDWRU\�VFDOH PRGHOV DUH� W\SLFDOO\� XVHG IRU� WKH� LQYHVWLJDWLRQ RI KLJK�YHORFLW\� DLU�ZDWHU� IORZV��
,QVWUXPHQWDWLRQ IRU IORZ� SURSHUWLHV� LQ WKH� QRQ�DHUDWHG� VLQJOH�SKDVH� IORZ� UHJLRQ�� VXFK� DV� PHFKDQLFDO� �3LWRW�
WXEHV���DFRXVWLF �$'9� DQG�RSWLFDO�WHFKQLTXHV��/'$��3,9�� DUH�ZHOO�DGYDQFHG��$EHUOH HW�DO�������� DQG�WKHUHIRUH�
GHSWKV��IORZ�YHORFLWLHV��DV�ZHOO�DV�ERXQGDU\�OD\HU�GHYHORSPHQW LQ�WKH�QRQ�DHUDWHG�UHJLRQ RI VSLOOZD\V�DUH ZHOO�
GHVFULEHG �H�J��� %DXHU�� ������ :RRG�� ������ +RZHYHU�� ZKHQ� DLU� FRQFHQWUDWLRQV H[FHHG� DERXW� ������ WKH�
DSSOLFDWLRQ� RI� WKH� VDPH� LQVWUXPHQWDWLRQ� EHFRPHV� OHVV� UHOLDEOH� �&KDQVRQ�� ������� ,QVWHDG�� GXDO�WLS LQWUXVLYH
SKDVH�GHWHFWLRQ SUREHV�LQ�FRPELQDWLRQ�ZLWK�FURVV�FRUUHODWLRQ�EDVHG�VLJQDO�SURFHVVLQJ�KDYH�EHHQ�WKH�SUHIHUUHG�
PHWKRG RYHU VHYHUDO�GHFDGHV�IRU�WKH�UHWULHYDO�RI WLPH DYHUDJHG YHORFLWLHV��1HDO�DQG %DQNRII� ����� :RRG�������
DQG�RWKHU�DLU�ZDWHU�IORZ�SURSHUWLHV�LQFOXGLQJ�YRLG�IUDFWLRQ��SDUWLFOH�IUHTXHQFLHV�DQG�SDUWLFOH�FKRUG�OHQJWKV��6WUDXE�
DQG�$QGHUVRQ�� ������%RHV� DQG�+DJHU�� ������ )HOGHU� DQG &KDQVRQ� ������� 7KH UHFHQWO\� SURSRVHG DGDSWLYH�
ZLQGRZ�FURVV�FRUUHODWLRQ��$:&&��VLJQDO�SURFHVVLQJ�DOJRULWKP �.UDPHU�HW�DO�������������D� DOORZV�IRU UREXVW
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PHDVXUHPHQWV�RI�ORFDO�SVHXGR�LQVWDQWDQHRXV���'�YHORFLWLHV RI�VLJQDO ZLQGRZV�FRQVLVWLQJ�RI�D�GLVFUHWH�QXPEHU�
RI�SDUWLFOHV� ܰ �EXEEOHV�RU�GURSOHWV��DQG VLJQLILFDQWO\�LPSURYHG PHDVXUHPHQW�DFFXUDF\ RI WXUEXOHQW�VWDWLVWLFV LQ�
KLJKO\� DHUDWHG� IORZV FRPSDUHG� WR� SUHYLRXV�PHWKRGV� �&KDQVRQ� DQG� 7RRPEHV�� ������ +RZHYHU�� WKH� DSSOLHG�
ZLQGRZ�DYHUDJLQJ�VWLOO�UHGXFHV�WKH�GDWD�UDWH�LQ�FRPSDULVRQ�WR�HYHQW�GHWHFWLRQ�DOJRULWKPV��.UDPHU�HW�DO�������E��
WKHUHE\� LQWURGXFLQJ� DQ DYHUDJLQJ� HIIHFW� RQ� WXUEXOHQFH� TXDQWLWLHV� DQG� OLPLWLQJ WKH� UHWULHYDO� RI� WLPH�UHVROYLQJ�
WXUEXOHQFH�VWDWLVWLFV� :KLOH�.UDPHU�HW�DO�������D��SURSRVHG D�PHWKRG�WR�RYHUFRPH�WKH�VPRRWKLQJ�HIIHFW�DV�D�
UHVXOW�RI�ZLQGRZ�DYHUDJLQJ E\�H[WUDSRODWLRQ�RI WXUEXOHQFH�OHYHOV�WR� ܰ  ���WKLV�DSSURDFK�UHTXLUHV�FDOLEUDWLRQ� ,Q�
DQ\�FDVH��LQIRUPDWLRQ�IURP�GXDO�WLS�SUREHV�LV�OLPLWHG�WR�VWUHDPZLVH�YHORFLWLHV��SURKLELWLQJ�WKH�PHDVXUHPHQW�RI�
YHUWLFDO�YHORFLW\�IOXFWXDWLRQV�ZKLFK�DUH�RI�VSHFLDO�LQWHUHVW�LQ�WKH�FRQWH[W�RI�DLU�ZDWHU�IORZV��,Q�DGGLWLRQ��YHUWLFDO�
DQG� WUDQVYHUVH� YHORFLW\� IOXFWXDWLRQV� PD\� OHDG� WR� D� ELDV� RI� SVHXGR�LQVWDQWDQHRXV� VWUHDPZLVH� YHORFLW\�
PHDVXUHPHQWV�DV�DQ\�FKDQJH�LQ�WUDYHO�WLPH�LV�LQWHUSUHWHG�DV�VWUHDPZLVH�IOXFWXDWLRQ��+RKHUPXWK�HW�DO���������

,Q�UHODWHG�UHVHDUFK�ILHOGV RI�QXFOHDU�DQG FKHPLFDO�HQJLQHHULQJ� LQWUXVLYH�SKDVH�GHWHFWLRQ�SUREHV�ZLWK�IRXU�
VHQVRUV�DUH�IUHTXHQWO\�DSSOLHG�LQ�EXEEO\ IORZV DQG�GLIIHUHQW�VLJQDO�SURFHVVLQJ�DOJRULWKPV�KDYH�EHHQ�SURSRVHG�
WR� UHFRQVWUXFW ORFDO� LQVWDQWDQHRXV� ��'� SDUWLFOH� YHORFLW\� YHFWRUV�� SDUWLFOH� GLDPHWHUV� DQG� LQWHUIDFLDO� DUHD�
FRQFHQWUDWLRQV �H�J���6KHQ�HW�DO���������6KHQ�DQG�1DNDPXUD��������7LDQ�HW�DO����������7KH�DOJRULWKPV SURSRVHG�
E\�6KHQ�DQG�1DNDPXUD��������DQG�7LDQ�HW�DO�������� DUH�EDVHG�RQ�SDUWLFOH�HYHQW�GHWHFWLRQ DQG�WKXV�\LHOG�DQ�
LQFUHDVHG�GDWD�UDWH�LQ�FRPSDULVRQ�WR�WKH�$:&&�DSSURDFK��$GGLWLRQDOO\��PHDVXUHPHQWV�RI ORFDO�LQVWDQWDQHRXV�
��'�SDUWLFOH�YHORFLW\�WLPH�VHULHV�HQDEOH�WKH�UHWULHYDO�RI�WKH�IXOO�5H\QROGV�VWUHVV�WHQVRU��7KHUHIRUH��WKH�DSSOLFDWLRQ�
RI�IRXU�VHQVRU�SUREHV�ZLWK�DSSURSULDWH�VLJQDO�SURFHVVLQJ�DOJRULWKPV FRXOG�SURYLGH�UHOHYDQW�LQVLJKW�RQ ERXQGDU\�
OD\HU�GHYHORSPHQW����'�WXUEXOHQFH�VWDWLVWLFV�DQG�LPSURYH�RXU�XQGHUVWDQGLQJ�RI�DLU�HQWUDLQPHQW DQG�WUDQVSRUW
SURFHVVHV�DW�K\GUDXOLF�VWUXFWXUHV��

7KH�DSSURDFKHV�RI�6KHQ�DQG�1DNDPXUD��������DQG�7LDQ�HW�DO���������ZHUH�VXFFHVVIXOO\�YDOLGDWHG LQ EXEEO\
IORZV��L�H���IORZV ZLWK�UHODWLYHO\�ORZ�YRLG�IUDFWLRQV DQG�ODUJH�EXEEOHV��EXW�WKHLU�UREXVWQHVV�LQ KLJK�YHORFLW\�IORZV�
ZLWK�KLJK DLU�FRQFHQWUDWLRQV DQG�VPDOOHU�SDUWLFOH�GLDPHWHUV KDV�QRW�\HW�EHHQ�WHVWHG� 7KHUHIRUH��ZH�FRPSDUH�WKH�
VLJQDO�SURFHVVLQJ�DOJRULWKPV�RI�6KHQ�DQG�1DNDPXUD��������DQG�7LDQ�HW�DO���������IRU�D�IRXU�VHQVRU�LQWUXVLYH�
SKDVH�GHWHFWLRQ� SUREH� DQG� HYDOXDWH� WKHLU� DSSOLFDELOLW\� IRU� PHDVXUHPHQWV� RI� WZR�SKDVH� IORZ� SURSHUWLHV� LQ�
WXUEXOHQW KLJK�YHORFLW\ IUHH�VXUIDFH� IORZV� 7R� WKLV�HQG��ZH�XVH�V\QWKHWLFDOO\�JHQHUDWHG�VLJQDO� WLPH VHULHV��E\�
PRGHOLQJ ��' EXEEOH�WUDMHFWRULHV�EDVHG�RQ�VWRFKDVWLF�YHORFLW\�WLPH�VHULHV��)XUWKHU��ZH�XVH�D GXDO�WLS�LQWUXVLYH�
SKDVH�GHWHFWLRQ�SUREH�LQ�FRPELQDWLRQ�ZLWK�WKH�$:&&�WHFKQLTXH�DV�D�EHQFKPDUN��

�� 0(7+2'6

6\QWKHWLFDOO\�JHQHUDWHG�VLJQDO�WLPHV�VHULHV�KDYH�EHHQ�XVHG�WR�WHVW�DLU�ZDWHU�IORZ�LQVWUXPHQWDWLRQ�LQ�UHFHQW�
VWXGLHV� �H�J���.UDPHU HW�DO��� ����������D��9DOHUR�HW� DO��� �������+HUHLQ��ZH�H[WHQG� WKHVH�DSSURDFKHV� WR���'�
YHORFLW\�ILHOGV�ZLWK�FRUUHODWLRQV EHWZHHQ VWUHDP� DQG�VSDQZLVH�FRPSRQHQWV�WR�PRGHO�VKHDULQJ��,Q�DGGLWLRQ��WKH�
GLVSHUVHG�SKDVH PRYHPHQW�ZDV�QRW�DVVXPHG�WR�GLUHFWO\�IROORZ�WKH�IOXLG�YHORFLW\�ILHOG�EXW�ZDV�GHULYHG�IURP�D�
IRUFH�EDODQFH�HTXDWLRQ �)LJ�����

7KH� UHTXLUHG� LQSXW� SDUDPHWHUV� RI� WKH� IOXLG� IORZ� ILHOG� LQFOXGH� WKH� WLPH� DYHUDJHG� YHORFLW\� തǡݑ ZLWK� WKH�
VXEVFULSWV� ݂ DQG ݅ GHQRWLQJ WKH IOXLG� SKDVH� DQG VSDWLDO� GLPHQVLRQV �݅ ൌ ǡݔ ǡݕ ��ݖ UHVSHFWLYHO\� WKH� WXUEXOHQW�
LQWHQVLW\� ூܶǡ ǡ WKH�LQWHJUDO�WLPH�VFDOH� ܶǡ��WKH�UHDOL]DWLRQ�IUHTXHQF\� ݂ DW�ZKLFK�WLPH�VHULHV�YDOXHV�DUH�JHQHUDWHG��
DQG�WKH�GXUDWLRQ�RI�WKH�WLPH�VHULHVݐ�௦��)XUWKHU�UHTXLUHG�SDUDPHWHUV�RI�WKH�GLVSHUVHG�SKDVH�DUH�WKH�PHDQ�EXEEOH�
GLDPHWHU�݀��WKH�VWDQGDUG�GHYLDWLRQߪ� FKDUDFWHUL]LQJ WKH�ORJ�QRUPDO�GLVWULEXWLRQ�RI�WKH�EXEEOH�GLDPHWHUV��DQG�
WKH�DLU�FRQFHQWUDWLRQܥ���7KH�V\QWKHWLF�SKDVH�GHWHFWLRQ�SUREH�VLJQDOV�DUH�WKHQ�JHQHUDWHG�E\�WUDFNLQJ�WKH�EXEEOH�
PRYHPHQW�ZLWK�UHVSHFW�WR�WKH�SUREH�VHQVRUV��ZKLFK�UHTXLUHV�WKH�ORFDWLRQ ǡ RI�HDFK VHQVRU ݆ DV�ZHOO�DV�WKH�
VDPSOLQJ� IUHTXHQF\� ௦݂ RI� WKH� SUREH�� )LQDOO\�� WKH� VLJQDO� SURFHVVLQJ� DOJRULWKPV� DUH� DSSOLHG� WR� REWDLQ� WKH�
UHFRQVWUXFWHG�YHORFLW\�WLPH�VHULHV�

)LJXUH����:RUNIORZ�WR�FRPSDUH�VLJQDO�SURFHVVLQJ�DOJRULWKPV�EDVHG�RQ�V\QWKHWLFDOO\�JHQHUDWHG�VLJQDOV�RI�YLUWXDO�
SKDVH�GHWHFWLRQ�SUREHV�
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��� 6WRFKDVWLF�9HORFLW\�7LPH�6HULHV

/HWݑ� EH�WKH�LQVWDQWDQHRXV�YHORFLW\��7KH�GHFRPSRVLWLRQ�RI�WKH�LQVWDQWDQHRXV�YHORFLW\�LQWR�D�WLPH DYHUDJHG�
തݑ  DQG�D�IOXFWXDWLRQ�SDUW ݑ

ᇱ��UHVSHFWLYHO\� LV�JLYHQ�E\�(T��>�@�

ݑ ൌ തݑ   ݑ
ᇱ >�@

,Q�D�ILUVW�VWHS��D�VWRFKDVWLF�WLPH�VHULHV IRU�WKH�IOXLG�SKDVH��ZDWHU� ሻݐǡሺݑ ZLWK�GXUDWLRQݐ�௦ LV�JHQHUDWHG�ZLWK�WKH�
/DQJHYLQ�HTXDWLRQ�LQ�ILQLWH�GLIIHUHQFH�IRUP �3RSH������� LQ�(T��>�@��ZKHUH οݐͳ ൌ ͳȀ ݂ GHQRWHV�WKH�GLVFUHWH�WLPH�
VWHSݑ��ǡǡ௦

ᇱ WKH� URRW�PHDQ� VTXDUH �506� YHORFLW\� IOXFWXDWLRQ� DQGߦ�ሺݐሻ LV� D� VWDQGDUGL]HG�*DXVVLDQ� UDQGRP�
YDULDEOH �1�������
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:KLOH�LW�LV�UHDVRQDEOH�WR�DVVXPH�WKDW�HQWUDLQHG�DLU�EXEEOHV�DUH�WUDQVSRUWHG�DW�DOPRVW�LGHQWLFDO�PHDQ�YHORFLWLHV�
DV WKH�IOXLG �&KDQVRQ�������� VLJQLILFDQW�SKDVH�VOLS�PD\�RFFXU�DW�VPDOO�WLPH�VFDOHV��UHVXOWLQJ�LQ�D�GDPSLQJ RI�
WKH�WXUEXOHQW�IOXFWXDWLRQV�GXH�WR�DGGHG�PDVV�DQG�%DVVHW�IRUFHV��&URZH�HW�DO��������� %DODFKDQGDU�DQG�(DWRQ
�������SURYLGH�D�VHPL�HPSLULFDO�EDODQFH RI� IRUFHV�DFWLQJ�RQ�GLVSHUVHG�SDUWLFOHV� LQ�XQLIRUP� IORZ��7R�REWDLQ�D�
YHORFLW\� WLPH� VHULHVݑ�ǡሺݐሻ IRU HQWUDLQHG DLU� EXEEOHV �VXEVFULSW�ܾ� ZLWK� D�PHDQ� GLDPHWHU�݀�� ZH� LQWHJUDWH D�
VLPSOLILHG�IRUFH�EDODQFH�HTXDWLRQ IRU�SDUWLFOHV�JLYHQ�LQ (T��>�@��DFFRXQWLQJ�IRU�GUDJ�DQG�DGGHG�PDVV�IRUFHV�RI�
WKH�IOXLG ZKLOH XVLQJ�D�ILUVW�RUGHU�(XOHU�VFKHPH��,Q�(T��>�@�� ܸ LV�WKH�EXEEOH�YROXPHߩ�� DQGߩ� DUH�WKH�EXEEOH�DQG�
IOXLG� GHQVLW\� UHVSHFWLYHO\� ெܥ ൌ ͲǤͷ LV� WKH� DGGHG�PDVV� FRHIILFLHQW�� DQGܥ�ௗ LV� WKH� GUDJ� FRHIILFLHQW�� 7KH� GUDJ�
FRHIILFLHQW� LV� FDOFXODWHG� DV� ௗܥ ൌ ʹͶȀܴ݁ሺͳ  ͲǤͳͷሺܴ݁ሻ

Ǥ଼ሻ �7RPL\DPD� HW� DO��� ������� ZKHUH� ܴ݁ ൌ

൫หݑǡ െ ߥǡห൯݀Ȁݑ LV�WKH�SDUWLFOH�5H\QROGV�QXPEHU�DQGߥ� WKH�NLQHPDWLF�IOXLG�YLVFRVLW\�
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%DVHG�RQ�WKH�VWRFKDVWLF�YHORFLW\�WLPH�VHULHV�RI�WKH�GLVSHUVHG�SKDVH� WKH�GLVSHUVHG�SKDVH�WUDMHFWRU\�LV�FDOFXODWHG�
E\ VHPL�LPSOLFLW LQWHJUDWLRQ�RI�WKH�YHORFLW\�WLPH�VHULHV�DV�GHVFULEHG�E\�(T��>�@��ZKHUHݔ�ǡ GHQRWHV�WKH�ORFDWLRQ�
ZLWK�UHJDUGV�WR�WKH�݅WK VSDWLDO GLPHQVLRQ DQG�οݐଵ ൌ ͳȀ ݂�

ݐǡሺݔ  οݐଵሻ ൌ ሻݐǡሺݔ  ቆ
ሻݐǡሺݑ  ݐǡሺݑ  οݐଵሻ

ʹ
ቇ οݐଵ

>�@

,Q�)LJXUH��D��DQ�H[HPSODU\�VWRFKDVWLF�YHORFLW\�WLPH�VHULHV�RI�WKH�IOXLG�DQG�WKH�GLVSHUVHG�DLU�SKDVH�
�EXEEOHV��DUH�LOOXVWUDWHG��ZKLOH�WKH�FRUUHVSRQGLQJ�SRZHU�VSHFWUDO�GHQVLWLHV �36'� HVWLPDWHG�ZLWK�WKH�:HOFK¶V�
PHWKRG��:HOFK������� DUH VKRZQ�LQ )LJXUH��E�

)LJXUH� ��� ([HPSODU\� V\QWKHWLF� DQG� PHDVXUHG� YHORFLW\� WLPH� VHULHV� D�� RI� WKH� IOXLG� DQG� EXEEOHV DQG� E�� WKH�
FRUUHVSRQGLQJ�SRZHU�VSHFWUDO�GHQVLWLHV��36'��RI�WKH�VWRFKDVWLF�WLPH�VHULHV�

��� 6\QWKHWLF�6LJQDO�*HQHUDWLRQ

$ ILQLWH�QXPEHU�RI�EXEEOHV�LV�GHILQHG�DV� ܰ ൌ ܨ ή ௦ݐ�௦��ZKHUHݐ LV�WKH�GXUDWLRQ�RI�WKH�VWRFKDVWLF�WLPH�VHULHV�
DQGܨ� ൌ ͳǤͷ തȁȀ݀ݑȁܥ LV�WKH�EXEEOH�FRXQW�UDWH� ZLWKܥ� EHLQJ�WKH�DLU�FRQFHQWUDWLRQ�DQG�ȁݑതȁ WKH�PDJQLWXGH�RI�
WKH�WLPH�DYHUDJHG�EXEEOH�YHORFLW\��UHVSHFWLYHO\��7KH�LQGLYLGXDO�EXEEOH�GLDPHWHUV�DUH�VDPSOHG�IURP�D�ORJQRUPDO�
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GLVWULEXWLRQ�݀ ǡ̱��ሺߤǡ ߪ
ଶሻ��7KH�SDUDPHWHUߤ� ൌ ��ሺ݀ሻ െ ͲǤͷߪଶ LV�FDOFXODWHG�IURP�DQ�H[SHFWHG�YDOXH�RI�WKH�EXEEOH�

GLDPHWHU��%DVHG RQ�PHDVXUHG�EXEEOH�VL]H�GLVWULEXWLRQ�RQ�VWHSSHG�VSLOOZD\V��.UDPHU���������D�YDOXH�RI�����LV�
DGRSWHG�IRU�WKH�VFDOLQJ SDUDPHWHUߪ��

,QVWHDG�RI�VLPXODWLQJ�D���'�VWUHDP�RI�EXEEOHV�WKDW�DUH�SHUIHFWO\�DOLJQHG�ZLWK�WKH�SUREH�WLSV �.UDPHU�HW�DO���
�������ZH�DGRSW D�VOLJKWO\�GLIIHUHQW�DSSURDFK WR�DFFRXQW�IRU�RII�FHQWHUOLQH�SLHUFLQJ RI�EXEEOHV��)RU�HDFK�EXEEOH�
݇��DQ�DUULYDO�WLPHݐ�ǡ DQG�D�FRUUHVSRQGLQJ�DUULYDO�ORFDWLRQݔ�ǡ൫ݐǡ൯ DUH GHILQHG�EDVHG�RQ�HTXDO�LQWHUDUULYDO�WLPHV�
௧ݐ ൌ ௦Ȁݐ ܰ��7KH�LQWHUDFWLRQ�RI�HDFK�EXEEOH�݇ ZLWK�WKH YLUWXDO�SKDVH�GHWHFWLRQ�SUREH�LV�WKHQ�VLPXODWHG�E\�SODFLQJ�
WKH�SUREH¶Vݖݕ��SODQH FHQWURLG ZLWK�DQ RIIVHWߝ� FRPSDUHG�WR�WKH�DUULYDO�ORFDWLRQ��ݔǡ൫ݐǡ൯��DW�ܿǡǡ ൌ ǡ൯ݐǡ൫ݔ 

ǡߝ DQG�WUDFNLQJ�WKH�EXEEOH�PRYHPHQW�DORQJ�WKH�WUDMHFWRU\� $VVXPLQJ�WKDW WKH�PDLQ�IORZ�GLUHFWLRQ LV�DOLJQHG�ZLWK�
WKH�SUREH DQG�WKH �D[LVݔ UHVXOWV�LQ ௫ߝ ൌ Ͳ DQG RII�FHQWHUOLQH�SLHUFLQJ�RI�EXEEOHV LV�VLPXODWHG�E\�VDPSOLQJ WKH�
RIIVHWVߝ�௬ DQGߝ�௭ XQLIRUPO\�DW�UDQGRP ̱�ሺെߝ

ଵ

ଶ
݀ǡ�

ଵ

ଶ
݀ǡሻ��:KLOH�WUDFNLQJ�WKH�EXEEOH�PRYHPHQW�ZLWK�UHVSHFW�WR�

WKH�SUREH� D�V\QWKHWLF�VLJQDO�WLPH�VHULHV�LV�UHFRUGHG IRU�HDFK�VHQVRU�RI�WKH�YLUWXDO�SKDVH�GHWHFWLRQ�SUREH� ZLWK
WKH VLJQDO� WDNLQJ YDOXHV�RI��� LI� WKH�VHQVRU� OLHV� LQVLGH� WKH�EXEEOH�DQG���RWKHUZLVH��7KH EXEEOH PRYHPHQW� LV
WUDFNHG�DW�D VDPSOLQJ IUHTXHQF\ ௦݂ RI ����N+]��ZKLFK�FRUUHVSRQGV�WR�W\SLFDO�VDPSOLQJ�IUHTXHQFLHV�RI�GXDO�WLS�
SUREHV��H�J���)HOGHU DQG 3ILVWHU��������)HOGHU�HW�DO��������� 7KHUHIRUH��WKH�EXEEOH�WUDMHFWRU\�REWDLQHG�WKURXJK
(T� >�@� ZDV� LQWHUSRODWHG� OLQHDUO\� EHWZHHQ� WLPH� VWHSV� οݐଵ WR� PDWFK� WKH� WUDFNLQJ� WLPH� VWHS� οݐଶ ൌ ͳȀ ௦݂ �
FRUUHVSRQGLQJ� WR� WKH� VDPSOLQJ� IUHTXHQF\ ௦݂ RI� WKH� SUREH� (IIHFWV� RI� EXEEOH�SUREH� LQWHUDFWLRQ� VXFK� DV�
GHIRUPDWLRQ��GHIOHFWLRQ� RU�GHFHOHUDWLRQ�RI�WKH�EXEEOH� DUH�QHJOHFWHG �+RKHUPXWK�HW�DO��������� $Q�H[DPSOH�RI�
V\QWKHWLF�VLJQDOV JHQHUDWHG�E\�D�ZLWK�D���VHQVRU SUREH�LV�LOOXVWUDWHG�LQ�)LJXUH����

)LJXUH����([HPSODU\�VKRUW�VHTXHQFH�RI�D�V\QWKHWLF�VLJQDO�WLPH�VHULHV�RI�WKH�IRXU�VHQVRUV�6� WR�6��

��� 6LJQDO�3URFHVVLQJ�$OJRULWKPV

7KUHH�GLIIHUHQW�VLJQDO�SURFHVVLQJ�DOJRULWKPV IRU�PHDVXULQJ�ORFDO�IORZ�SURSHUWLHV DUH�FRPSDUHG�LQ�WKLV�VWXG\��
RQH�IRU�GXDO�WLS�DQG�WZR�IRU���VHQVRU�SKDVH�GHWHFWLRQ LQWUXVLYH SUREHV��)RU WKH GXDO�WLS�SUREHV�� WKH�DGDSWLYH�
ZLQGRZ�FURVV�FRUUHODWLRQ �$:&&� WHFKQLTXH ZDV�DSSOLHG DV�GHVFULEHG�E\�.UDPHU�HW�DO�� �����������D�� 7KH�
$:&&� WHFKQLTXH PHDVXUHV WKH� ORFDO� SVHXGR�LQVWDQWDQHRXV� ��'� YHORFLW\��ZKHUHDV HDFK� YHORFLW\� HVWLPDWLRQ�
FRUUHVSRQGV WR�D�VPDOO�JURXS�RI�EXEEOHV� 7KH�QXPEHU�RI�EXEEOHV SHU�DYHUDJLQJ�ZLQGRZ� ܰ ZDV�YDULHG�ZLWK ���
�� DQG�����FRYHULQJ WKH UDQJH UHFRPPHQGHG�E\ .UDPHU�HW�DO�������D�� )RU�WKH�FURVV�FRUUHODWLRQ�EDVHG�ILOWHULQJ��
D�WKUHVKROG�YDOXHܣ� ൌ ͲǤͶ ZDV�VHOHFWHG��IROORZLQJ�WKH�UHFRPPHQGDWLRQV�RI�.UDPHU�HW�DO�������D�� )XUWKHU��WKH�
PHDVXUHG YHORFLW\�WLPH VHULHV ZDV�ILOWHUHG LWHUDWLYHO\�XQWLO�QR�PRUH�RXWOLHUV ZHUH�UHMHFWHG� XVLQJ�D�UREXVW�RXWOLHU�
FXWRII �52&� ILOWHU EDVHG�RQ�WKH�PHGLDQ��0('��DQG�WKH�PHGLDQ�DEVROXWH�GHYLDWLRQ�IURP�WKH�PHGLDQ��0$'��DV�
HVWLPDWRUV�RI�ORFDWLRQ�DQG�VFDOH��9DOHUR�HW�DO����������7KH�WKUHVKROG� IRU�ZKLFK�D�YHORFLW\�YDOXH�LV UHMHFWHG� LV�
GHILQHG�DFFRUGLQJ�WR�9DOHUR�HW�DO� �������DV ோைߜ ൌ ���ǡݍߣ ZLWKߣ� ൌ ඥʹ�� ሺܰሻ EHLQJ�WKH�XQLYHUVDO�WKUHVKROG
�*RULQJ�DQG�1LNRUD���������ܰ EHLQJ�WKH�QXPEHU�RI�YHORFLW\�YDOXHV�LQ�WKH�UHFRQVWUXFWHG�WLPH�VHULHVݍ�� EHLQJ�WKH�
FRHIILFLHQW� UHODWLQJ� WKH 0$' WR� WKH� VWDQGDUG� GHYLDWLRQ�� WDNLQJ� D� YDOXH� RIݍ�  ����� �5RXVVHHXZ DQG�&URX[��
������ 5HMHFWHG�YDOXHV�ZHUH�UHSODFHG�E\�1D1�YDOXHV �VWDQGLQJ�IRU�1RW�D�1XPEHU���7KH�HIIHFW�RI�52&�ILOWHULQJ
RQ�WKH�YHORFLW\�KLVWRJUDP�LV�GHPRQVWUDWHG�LQ�)LJXUH��D� %XEEOH�GLDPHWHUV�ZHUH�FDOFXODWHG�IURP�PHDVXUHG�FKRUG�
OHQJWKV ܮ DV�݀ ൌ ͵Ȁʹܮ �&KDQVRQ��������

)RU�IRXU�VHQVRU SUREHV��WKH�VLJQDO�SURFHVVLQJ�DOJRULWKPV�RI�6KHQ�DQG�1DNDPXUD��������DQG�RI�7LDQ�HW�DO��
�������ZHUH�FRPSDUHG� %RWK�DOJRULWKPV�DUH�EDVHG�RQ�HYHQW�GHWHFWLRQ�DQG�UHTXLUH�DQ� LQWHUIDFH�SDULQJ�VLJQDO�
SURFHVVLQJ� VFKHPH� DV� D� SUH�SURFHVVLQJ� VWHS� WR� LGHQWLI\ WKH� FRUUHVSRQGLQJ VLJQDOV� IRU� WKH� VDPH LQWHUIDFH�
GHWHFWHG�E\�GLIIHUHQW�VHQVRUV�RI�WKH IRXU�VHQVRU�SUREH��,Q�WKLV�VWXG\��WKH�LQWHUIDFH�SDLULQJ�DOJRULWKP�SURSRVHG�
E\�6KHQ�HW�DO�������� ZDV�DSSOLHG��6LQFH�WKLV LQWHUIDFH�SDLULQJ�DOJRULWKP�UHTXLUHV�D�URXJK�LQLWLDO�HVWLPDWH RI�WKH�
YHORFLW\��ZH�DSSOLHG�WKH $:&&�WHFKQLTXH�XVLQJ�WKH�VLJQDOV�RI�WKH�OHDGLQJ�VHQVRU�DQG�WKH�WUDLOLQJ�VHQVRU�ZLWK�
WKH�VKRUWHVW� ODWHUDO VHSDUDWLRQ WR�REWDLQ�DQ�HVWLPDWH�RI WKH�PHDQ�YHORFLW\� %RWK�DOJRULWKPV PDNH�XVH�RI� WKH�
JHRPHWULF�FRQILJXUDWLRQ�RI�WKH�IRXU�VHQVRU�SUREH DV�ZHOO�DV�WKH�WKUHH�WLPH�GLIIHUHQFHV οݐǡ ൌ ݐ െ �ݐ EHWZHHQ
WKH�WLPHV DW�ZKLFK�D�EXEEOH�LQWHUIDFH�LV�UHJLVWHUHG�E\�WKH�OHDGLQJ VHQVRU �ݐ� DQG E\�HDFK�RI�WKH�WUDLOLQJ�VHQVRUV
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ݐ �IRU�݈  �����������UHVSHFWLYHO\� :KLOH�WKH�DOJRULWKP�RI�6KHQ�DQG�1DNDPXUD��������DVVXPHV VSKHULFDO�EXEEOHV��
WKH�DOJRULWKP�RI�7LDQ�HW�DO�� �������GRHV�QRW� UHO\�RQ�DVVXPSWLRQV�UHJDUGLQJ� WKH�EXEEOH�VKDSH��%\�PDNLQJ�DQ�
DVVXPSWLRQ�RQ� WKH�EXEEOH�VKDSH�� WKH�DOJRULWKP�RI�6KHQ�DQG�1DNDPXUD� ������� LV�DOVR�FDSDEOH�RI� UHWULHYLQJ
EXEEOH GLDPHWHUV LQ�DGGLWLRQ�WR�WKH���'�LQWHUIDFLDO�YHORFLW\ YHFWRU�

7KH� VLJQDO� SURFHVVLQJ� DOJRULWKPV� RI� 6KHQ� DQG� 1DNDPXUD� ������� DQG� RI� 7LDQ� HW� DO�� ������� KDYH�
SUHGRPLQDQWO\� EHHQ�DSSOLHG� WR� IORZ�ZLWK�ERWK� VPDOO� YRLG� IUDFWLRQV�DQG� IORZ�YHORFLWLHV�� VLQFH�HYHQW� GHWHFWLRQ�
WHFKQLTXHV�DLP�DW�LGHQWLI\LQJ�LVRODWHG��LQGLYLGXDO�EXEEOHV��,Q IORZV�ZLWK�KLJK�DLU�FRQFHQWUDWLRQV�LQ�FRPELQDWLRQ�
ZLWK�UHODWLYHO\�VPDOO�EXEEOHV��L�H�� EXEEOH�GLPHQVLRQV LQ�WKH�VDPH�RUGHU�DV WKH�SKDVH�GHWHFWLRQ�SUREH VL]H� ZH�
IRXQG�WKDW IDOVHO\�SDLUHG�LQWHUIDFH�GHWHFWLRQV�FDQ�OHDG WR�VLJQLILFDQW�XQGHU� RU�RYHUHVWLPDWLRQV�RI�LQVWDQWDQHRXV�
YHORFLWLHV�� 'HSHQGLQJ� RQ� WKH VLPXODWHG EXEEOH� VL]H� GLVWULEXWLRQ�� YHORFLW\�PHDVXUHPHQWV� IURP� IDOVHO\� SDLUHG�
LQWHUIDFH�GHWHFWLRQV�DFFRXQWHG�IRU�PRUH�WKDQ�KDOI�RI�WKH�YDOXHV�RI�WKH�PHDVXUHG�YHORFLW\�WLPH�VHULHV��)XUWKHU��
ZH�REVHUYHG WKDW�XQGHUHVWLPDWLRQV�RI�LQVWDQWDQHRXV�YHORFLWLHV�RFFXUUHG PRUH�IUHTXHQWO\�WKDQ�RYHUHVWLPDWLRQV��
UHVXOWLQJ� LQ DV\PPHWULFDO�� PXOWLPRGDO GLVWULEXWLRQV� DURXQG� WKH� WUXH�PHDQ� YHORFLW\�� +HQFH�� D UREXVW� ILOWHULQJ�
DSSURDFK�LV�QHFHVVDU\�WR�UHPRYH�YHORFLWLHV�IURP�IDOVHO\�SDLUHG�LQWHUIDFH�GHWHFWLRQV� +RZHYHU��D�ILOWHU VXFK�DV�
52& EDVHG�RQ�UREXVW�HVWLPDWRUV��L�H�� 0('�DQG�0$'� KDYH D�EUHDNGRZQ SRLQW�RI���� �9DOHUR�HW�DO���������DQG�
WKXV�PLJKW�IDLO��HVSHFLDOO\�IRU�PXOWLPRGDO�GLVWULEXWLRQV�

7KHUHIRUH��ZH�LQFOXGH DQ DGGLWLRQDO�ILOWHULQJ�VWHS EHIRUH 52&�ILOWHULQJ��EDVHG�RQ D�PRGLILFDWLRQ�RI WKH�UREXVW�
RXWOLHU� FXWRII� ILOWHU WR� LQFOXGH� SULRU� NQRZOHGJH��0RUH� VSHFLILFDOO\�� ZH DSSUR[LPDWH� WKH� ORFDWLRQ ZLWK WKH� WLPH
DYHUDJHG�YHORFLW\�REWDLQHG�IURP $:&&� )XUWKHU��WKH�PHGLDQ�DEVROXWH�GHYLDWLRQ�LV�UHSODFHG E\�WKH�506 YHORFLW\�
REWDLQHG� IURP�$:&&�SURFHVVLQJ�� UHVXOWLQJ� LQ�D UHMHFWLRQ� WKUHVKROG RIߜ�ி் ൌ ௦ǡௐݑߣ ��7KH�HIIHFW�RI�SUH�
ILOWHULQJ��)/7��EDVHG�RQ�PHDQ�DQG�506 YHORFLW\ IURP�$:&&�SULRU�WR�52&�ILOWHULQJ�LV�GHPRQVWUDWHG�LQ�)LJXUH�
�E� 1RWH�WKDW�VWDQGDUG�52&�ILOWHULQJ ZDV�DSSOLHG� WRR� DIWHU�)/7�

)LJXUH����(IIHFW�RI�D��52&�ILOWHULQJ�RI�D�YHORFLW\�WLPH�VHULHV�PHDVXUHG ZLWK�$:&& DQG�E� ILOWHULQJ �)/7��D�YHORFLW\�
WLPH�VHULHV�PHDVXUHG�ZLWK�WKH�VLJQDO�SURFHVVLQJ��63$� DOJRULWKP RI�6KHQ�	�1DNDPXUD������� EDVHG�RQ�PHDQ�
DQG�URRW�PHDQ�VTXDUH�YHORFLWLHV IURP�$:&&�EHIRUH 52&�ILOWHULQJ�

�� $33/,&$7,21�72�$(5$7('�81,)250�)/2:�21 $ 63,//:$< &+87(

6\QWKHWLF�VLJQDOV�ZHUH�JHQHUDWHG�DW�GLIIHUHQW�YHUWLFDO� ORFDWLRQV�DERYH�WKH� LQYHUW RI�D�VSLOOZD\ IOXPH ZLWK�
DHUDWHG�XQLIRUP�IORZ��7KH�VSLOOZD\�FKXWH�ZDV�DVVXPHG�ZLWK�DQ�DQJOH�RIߠ�  ��� DQG�D�VXUIDFH�URXJKQHVV�RI�
� PP��)RU�D VSHFLILF�GLVFKDUJH�RI���� P��V� XQLIRUP�FOHDU�ZDWHU�GHSWK ݄௪  ����� P DQG GHSWK DYHUDJHG IORZ�
YHORFLW\ ܷ  ���� P�V ZHUH� FDOFXODWHG� LWHUDWLYHO\� XVLQJ� WKH�&ROHEURRN�:KLWH� HTXDWLRQ� �&ROHEURRN DQG :KLWH��
������� ZKLOH� WDNLQJ LQWR� DFFRXQW WKH IULFWLRQ� UHGXFWLRQ� GXH� WR� HQWUDLQHG� DLU� �&KDQVRQ�� ������ 7KH�PHDQ DLU�
FRQFHQWUDWLRQ RYHU�WKH�GHSWK ZDV�FDOFXODWHG�DVܥ� ൌ ͲǤͷ��� ሺߠሻǤହ ൌ ����� �+DJHU� ����� DQG WKH�PL[WXUH�IORZ�

GHSWK DV ݄ଽ ൌ
ೢ

ଵି
 ����� P� )XUWKHU�� WKH�YHUWLFDO�SURILOH�RI� WKH�WLPH�DYHUDJHG��VWUHDPZLVH IORZ�YHORFLW\ݑ�ത

ZDV�REWDLQHG�DVVXPLQJ�D�SRZHU�ODZ ZLWK�݊  � �&KDQVRQ��������JLYHQ�E\�

ሻݖതሺݑ ൌ തଽݑ
൬
ݖ

݄ଽ
൰
ଵȀ >�@

ZKHUHݑ�തଽ LV�WKH�WLPH DYHUDJHG�IORZ�YHORFLW\ DWݖ� ൌ ݄ଽ��DQGݖ� LV�WKH�GLVWDQFH�IURP WKH�LQYHUW SHUSHQGLFXODU�WR�

WKH�FKXWH��6SDQZLVH�DQG�ZDOO�QRUPDO�WLPH�DYHUDJHG�YHORFLWLHV�ZHUH�DVVXPHG�DV�]HUR��7KH VWUHDPZLVH 506
YHORFLW\� IOXFWXDWLRQV�ZHUH� DSSUR[LPDWHG� E\� DQ� HPSLULFDO� UHODWLRQ� IRU� QRQ�DHUDWHG� FKXWH� IORZ DVݑ�ǡ௫ǡ௦

ᇱ ሺݖሻ ൌ

ʹǤ͵݁כݑሺି௭Ȁሻ �1H]X�DQG�1DNDJDZD��������ZKHUHכݑ� LV WKH�VKHDU�YHORFLW\�DQG�݄ ZDV�UHSODFHG�E\�WKH�PL[WXUH�IORZ
GHSWK�݄ଽ� 7KH�VSDQZLVH�DQG�ZDOO�QRUPDO�506 YHORFLW\�IOXFWXDWLRQV ZHUH�DSSUR[LPDWHG�DV�KDOI�RI�VWUHDPZLVH
506 YHORFLW\� IOXFWXDWLRQV�� UHVSHFWLYHO\�� 7KLV� LV� LQ� DJUHHPHQW�ZLWK� GDWD� IURP�GLUHFW� QXPHULFDO� VLPXODWLRQV RI�
ERXQGDU\�OD\HU�IORZV��.LP HW�DO���������3RSH�������� 7KH�VWUHDPZLVH�LQWHJUDO�WLPH�VFDOH�ZDV�DSSUR[LPDWHG�DV�
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����� ,$+5��8VHG�ZLWK�SHUPLVVLRQ���,661�/����������

ܶǡ௫ ൎ ݄Ȁݑതሺݖሻ DV�LQ�9DOHUR HW�DO� ��������ZKLOH�WKH�VSDQZLVH�DQG�ZDOO�QRUPDO�LQWHJUDO�WLPH�VFDOHV ZHUH�DJDLQ�
DSSUR[LPDWHG�DV�KDOI�RI WKH LQWHJUDO�WLPH�VFDOH��3RSH���������UHVSHFWLYHO\� ,Q�FRQWUDVW�WR�9DOHUR�HW�DO����������
VKHDULQJ�ZDV�DFFRXQWHG�IRU�E\�GUDZLQJ�ȟ�IURP�D�PXOWLYDULDWH�*DXVVLDQ�GLVWULEXWLRQ�ZLWK�D�FRYDULDQFH�EHWZHHQ�
WKHݔ� DQGݖ� FRPSRQHQW�RI�í������7KH�LQWHJUDWLRQ�WLPH�VWHS�RI�WKH�/DQJHYLQ�HTXDWLRQ��(T��>�@��ZDV�GHILQHG�DV�

οݐଵ ൌ
்ಽǡೣ

ହ
�� IROORZLQJ� WKH� UHFRPPHQGDWLRQ� WKDW� WKH� WLPH� LQWHJUDWLRQ� WLPH� VWHS� VKRXOG� EH� ODUJHU� WKDQ� WKH�

.ROPRJRURY�WLPH�VFDOH��EXW�VPDOOHU�WKDQ�WKH�LQWHJUDO�WLPH�VFDOH��3RSH��������
7KH�YHUWLFDO�DLU�FRQFHQWUDWLRQ�GLVWULEXWLRQ�ZDV�FDOFXODWHG�DFFRUGLQJ�WR�(T��>�@��&KDQVRQ���������ZKHUH�ࣥ LV�

DQ�LQWHJUDWLRQ�FRQVWDQW��7KH�GLPHQVLRQOHVV�GLIIXVLYLW\ܦ�ᇱ FDQ�EH�GHULYHG�IURP�WKH�PHDQ�DLU�FRQFHQWUDWLRQܥ��

ሻݖሺܥ ൌ ͳ െ ଶ݄݊ܽݐ ቀࣥ െ
ݖ

ᇱܦʹ
ቁ
ଵȀ >�@

)XUWKHU�� WKH� YHUWLFDO� GLVWULEXWLRQ� RI� WKH�PHDQ� EXEEOH� GLDPHWHU� ZDV� DSSUR[LPDWHG� E\� (T�� >�@�� EDVHG� RQ�
FRQVLGHUDWLRQV�RI�WKH�FULWLFDO�EXEEOH�VL]H�EHIRUH�VSOLWWLQJ GXH�WR�VKHDU�VWUHVVHV�RFFXUV��+LQ]H��������DQG�EDVHG�
RQ�WKH�DVVXPSWLRQ�RI�D�SRZHU�ODZ�YHORFLW\�GLVWULEXWLRQ ZLWK ݊  ���$�FULWLFDO�:HEHU�QXPEHU�RI�ܹ݁  ��UHVXOWV�LQ�
JRRG� DJUHHPHQW� ZLWK� H[SHULPHQWDO� UHVXOWV� �&KDQVRQ�� ������ DQG� ZDV� FKRVHQ� KHUHLQ�� 7KH� VXUIDFH� WHQVLRQ�
EHWZHHQ�DLU�DQG�ZDWHU�LV�GHQRWHG�DVߪ�௪�
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7KH UHVXOWLQJ QRUPDOL]HG� YHUWLFDO� SURILOHV� RI� WKH� VWUHDPZLVH� WLPH�DYHUDJHG DQG� URRW� PHDQ� IOXFWXDWLQJ�
YHORFLWLHV��WKH�DLU�FRQFHQWUDWLRQ� DQG�WKH�PHDQ�EXEEOH�GLDPHWHU�DUH�VKRZQ�LQ�)LJXUH���

)LJXUH����1RUPDOL]HG�YHUWLFDO�SURILOHV�RI�WKH�D��VWUHDPZLVH�WLPH�DYHUDJHG DQG�E��URRW�PHDQ�IOXFWXDWLQJ�YHORFLW\��
F� DLU�FRQFHQWUDWLRQ�DQG�G� PHDQ�EXEEOH�GLDPHWHU� 7KH�UHG�FURVVHV PDUN�WKH�YHUWLFDO�GLVFUHWL]DWLRQ�

6WRFKDVWLF� WLPH�VHULHV�ZHUH�JHQHUDWHG� IRU���� ORFDWLRQV� LQ�YHUWLFDO�GLUHFWLRQ� �UHG FURVVHV LQ�)LJ������7KH�
GXUDWLRQ� RI� WKH� VWRFKDVWLF� WLPH VHULHV ZDV GHWHUPLQHG� VXFK� WKDW� DW� OHDVW� ����� EXEEOHV�ZHUH� SLHUFHG� E\� DOO�
VHQVRUV�RI�HDFK�SUREH��UHVSHFWLYHO\��7ZR�YLUWXDO�SUREH�GHVLJQV�ZHUH XVHG� WR� JHQHUDWH� WKH� V\QWKHWLF� VLJQDOV��
RQH�GXDO�WLS�DQG�RQH�IRXU�VHQVRU�SKDVH�GHWHFWLRQ�SUREH��7KH�GHVLJQ�RI�WKH�YLUWXDO GXDO�WLS�SKDVH�GHWHFWLRQ�ZDV
FKDUDFWHUL]HG�E\�VHSDUDWLRQ� LQ�VWUHDPZLVH�DQG� WUDQVYHUVH�GLUHFWLRQV E\�οݔ  ���� PP�DQG�οݕ  ���� PP��$�
SUREH�ZLWK�VLPLODU GLPHQVLRQV�ZDV�XVHG�IRU�H[DPSOH�E\�)HOGHU�DQG�3ILVWHU��������DQG�+RKHUPXWK HW�DO� �������
)RU�WKH IRXU�VHQVRU�SUREH�WKH�JHRPHWULFDO�FRQILJXUDWLRQ�GHVFULEHG�LQ 6KHQ�HW�DO���������DW�D�UHODWLYH�SLSH�OHQJWK�
RI� ����� ZDV� DGRSWHG� 7KH� WLSV� RI� WKH� SUREHV� ZHUH� LGHDOL]HG� DV� GLVFUHWH� SRLQW� ORFDWLRQV� )LQDOO\�� WKH� VLJQDO�
SURFHVVLQJ�DOJRULWKPV�GHVFULEHG�LQ�6HFWLRQ�����ZHUH�DSSOLHG�WR�UHWULHYH IORZ�SURSHUWLHV�

�� 5(68/76�$1'�',6&866,21

7KH�UHFRQVWUXFWHG� IORZ�SURSHUWLHV�DUH� LOOXVWUDWHG� LQ�)LJXUH�� DV YHUWLFDO�SURILOHV� )RU� WKH�FRQVLGHUHG� WHVW�
FDVH��WKH�VLJQDO�SURFHVVLQJ�DOJRULWKPV�RI�6KHQ�DQG�1DNDPXUD��������DQG�7LDQ�HW�DO���������UHVXOWHG LQ�LGHQWLFDO�
LQVWDQWDQHRXV� YHORFLWLHV�� WXUEXOHQW� VWDWLVWLFV� DQG� GDWD� UDWHV� $� GHWDLOHG� FRPSDULVRQ� UHYHDOHG WKDW� ERWK�
DOJRULWKPV�DUH�GHULYHG�IURP VLPLODU�FRQFHSWV��ZLWK�WKH�PDLQ�GLIIHUHQFH�WKDW�7LDQ�HW�DO���������DVVXPH�D�EXEEOH�
WR� KDYH� D� SODQH� RI� V\PPHWU\� QRUPDO� WR� WKH� GLUHFWLRQ� RI�PRWLRQ��ZKLOH�6KHQ� DQG�1DNDPXUD� ������� DVVXPH�
VSKHULFDO�EXEEOHV� $FFRXQWLQJ IRU�WKH�IDFW�WKDW�ZH�RQO\�VLPXODWH�VSKHULFDO�EXEEOHV��WKH�LGHQWLFDO�YHORFLW\�UHVXOWV�
DUH WKXV�QRW�VXUSULVLQJ��)RU� WKH� VDNH� RI� FRQFLVHQHVV�� WKH� DOJRULWKP� RI 7LDQ� HW� DO�� ������� LV� WKHUHIRUH� QRW�
GLVFXVVHG�LQ�GHWDLO�LQ�WKH�IROORZLQJ�

$OO�FRQVLGHUHG�VLJQDO�SURFHVVLQJ�DOJRULWKPV�SURYLGH�DOPRVW LGHQWLFDO�WLPH�DYHUDJHG�IORZ�YHORFLWLHV��)LJ� �D���
ZKLFK�DJUHH ZLWK�WKH�WLPH�DYHUDJHG�YHORFLWLHV�RI�WKH�VWRFKDVWLF�WLPH�VHULHV�RI�WKH�GLVSHUVHG�SKDVH �േ������PD[��
GHYLDWLRQ��
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&ORVH�WR�WKH�LQYHUW��PHDQ�EXEEOH�GLDPHWHUV�UHVXOWLQJ�ZLWK�WKH�DOJRULWKP�RI�6KHQ�DQG�1DNDPXUD��������DUH�
VOLJKWO\�ODUJHU�WKDQ�WKRVH�REWDLQHG�ZLWK�$:&&��ZKLOH�IRUݖ�Ȁ݄ଽ ! �����WKH�ODWWHU�UHVXOWV�LQ�ODUJHU�EXEEOHV �)LJ��E���
,Q� FRPSDULVRQ� WR� WKH�PHDQ�GLDPHWHUV XVHG� IRU� WKH� VLJQDO� JHQHUDWLRQ�� ERWK� DOJRULWKPV� UHVXOW� LQ� D� VLJQLILFDQW
RYHUHVWLPDWLRQ� RI� WKH� EXEEOH� GLDPHWHU�� %RWK�� WKH� GXDO�WLS� DV� ZHOO� DV� WKH� IRXU�VHQVRU� SUREH� H[KLELW� ODWHUDO�
GLPHQVLRQ�LQ�WKH�RUGHU�RI � PP� %XEEOHV�ZLWK GLDPHWHUV�VPDOOHU�WKDQ�� PP DUH�RIWHQ�PLVVHG�E\�RQH�RU�PRUH�
VHQVRUV�RI�WKH�IRXU�VHQVRU�SUREH��UHVXOWLQJ�LQ�WKH�VLJQLILFDQW�RYHUHVWLPDWLRQ�HVSHFLDOO\�FORVH�WR�WKH�LQYHUW��ZKHUH�
WKH�QXPEHU�RI�EXEEOHV��� PP�LV�VXEVWDQWLDO� 7KXV��UHGXFLQJ�WKH�VSDWLDO�GLPHQVLRQV�RI�WKH IRXU�VHQVRU SUREHV
FRXOG�LPSURYH�PHDVXUHPHQWV�RI�WKH�PHDQ�EXEEOH�VL]H��7KH�DOJRULWKP�RI�7LDQ�DW�DO���������GRHV�QRW�SURSRVH�
DQ\� UHODWLRQ� WR� UHFRYHU� WKH� EXEEOH� GLDPHWHU DQG� LV� WKHUHIRUH� QRW� LQFOXGHG� LQ� )LJXUH� �E� 7KH� JHQHUDWLRQ� RI�
V\QWKHWLF�VLJQDO�DVVXPHV WKDW�DLU�WUDQVSRUW�RFFXUV�LQ�WKH�IRUP�RI�GLVSHUVHG�EXEEOHV LQ�D�ZDWHU�ERG\ �HQWUDLQHG�
DLU��� ZKLFK� LV DQ� DGHTXDWH� DVVXPSWLRQ IRU� D� ODUJH SDUW� RI� WKH� ZDWHU� FROXPQ RI� DHUDWHG� IUHH�VXUIDFH IORZV��
+RZHYHU�� FORVH� WR� WKH� IUHH�VXUIDFH WKH� IORZ� UHJLPH� LV�PRUH� DFFXUDWHO\� GHVFULEHG E\ HQWUDSSHG� DLU� SRFNHWV�
EHWZHHQ� VXUIDFH ZDYHV �:LOKHOPV� DQG�*XOOLYHU�� ������ DQG� GURSOHWV �.LOOHQ�� �������0HDVXUHPHQWV� RI� %XQJ�
�������VXJJHVW WKDW�HQWUDSSHG�DLU�EHFRPHV�UHOHYDQW�DERYH Ȁ݄ଽݖ ൎ ����� 7KHUHIRUH��WKH�EXEEOH�GLDPHWHUV�XVHG�
LQ�WKH�XSSHU�SDUW�RI�WKH�IORZ�DUH�OLNHO\�QRW�UHSUHVHQWDWLYH�RI�WKH�WUXH�IORZ�UHJLPH�

)LJXUH����9HUWLFDO�SURILOHV�RI�WKH�D��PHDQ VWUHDPZLVH YHORFLWLHV��E��PHDQ�EXEEOH�GLDPHWHU��F��EXEEOH�FRXQW�UDWH��
G��VWUHDPZLVH�QRUPDO�VWUHVVHV��H��ZDOO�QRUPDO�VWUHVVHV��DQG�I��VKHDU�VWUHVVHV RI�WKH�VWUHDPZLVH�DQG�ZDOO�QRUPDO�
FRPSRQHQWV�

$V�HYLGHQW� IURP�)LJXUH��F�� WKH�GDWD UDWHVܨ� UHVXOWLQJ�ZLWK�6KHQ�DQG�1DNDPXUD��������DUH�VLJQLILFDQWO\
ODUJHU�WKDQ WKRVH�REWDLQHG�ZLWK�$:&&��2Q�DYHUDJH��ZH�IRXQG�DQ� LQFUHDVH LQ�GDWD UDWH E\�D�IDFWRU�RI� ILYH� LQ�
FRPSDULVRQ�WR�$:&&�ZLWK� ܰ  ����,Q�FRQWUDVW��.UDPHU�HW�DO�������E� RQO\�REVHUYHG�D�GRXEOLQJ�RI�WKH�GDWD�UDWH
IRU�DQ�HYHQW�GHWHFWLRQ�EDVHG�DOJRULWKP�IRU�GXDO�WLS�SUREHV��ZKLFK�ZDV DSSOLHG�WR�D�VLJQDO�GDWDVHW�RI D�VWHSSHG�
VSLOOZD\� 7KH�GLIIHUHQFHV�DUH�OLNHO\�GXH�WR�WKH�ODUJHU�ODWHUDO�VL]H�RI�WKH�SUREH�XVHG�E\�.UDPHU�HW�DO�������E���RU�
GXH�WR�GLIIHUHQFHV�LQ�EXEEOH�VL]H� 7KH�ODUJHU�GDWD�UDWH�FRQVWLWXWHV�D�VLJQLILFDQW�DGYDQWDJH�RI�XVLQJ�IRXU�VHQVRU�
SUREHV�ZLWK�HYHQW�GHWHFWLRQ�EDVHG�VLJQDO�SURFHVVLQJ�DOJRULWKPV� IRU� WKH� UHWULHYDO�RI� WLPH�UHVROYHG� WXUEXOHQFH�
VWDWLVWLFV� 7KH� GDWD� UDWH� IURP�$:&&�SURFHVVLQJ� FDQ� EH� LQFUHDVHG� E\� UHGXFLQJ WKH� QXPEHU� RI� SDUWLFOHV� SHU�
DYHUDJLQJ ZLQGRZ��EXW�DW�WKH�FRVW�RI�ODUJHU�HUURUV�LQ�PHDVXULQJ�WKH�VWUHDPZLVH�QRUPDO�VWUHVVHV �)LJ� �G��

7XUEXOHQW�QRUPDO�DQG�VKHDU�VWUHVVHV�RI� WKH�VWUHDPZLVH�DQG�ZDOO�QRUPDO�FRPSRQHQWV�SOD\�DQ� LPSRUWDQW�
UROH� LQ� WKH�HQWUDLQPHQW�DQG� WUDQVSRUW�RI�DLU� LQ� IUHH�VXUIDFH� IORZV�RQ�VSLOOZD\V �H�J���&KDQVRQ��������DQG�DUH�
WKHUHIRUH�RI�SDUWLFXODU LQWHUHVW��7KH�UHVXOWV�LQ�)LJXUH��G�VXJJHVW��WKDW D�IRXU�VHQVRU�SUREH�LQ�FRPELQDWLRQ�ZLWK
WKH VLJQDO� SURFHVVLQJ� DOJRULWKP� RI� 6KHQ� DQG� 1DNDPXUD� ������ FDQ� VLJQLILFDQWO\� LPSURYH�PHDVXUHPHQWV RI�
VWUHDPZLVH�QRUPDO�VWUHVVHV LQ�FRPSDULVRQ�WR�$:&&��)RU�UHODWLYH�GHSWKV�ODUJHU�WKDQ������WKH�PHDVXUHG�QRUPDO�
VWUHVVHV�H[KLELW VOLJKWO\� ODUJHU�GHYLDWLRQV IURP� WKH�VWUHVVHV�RI� WKH�VWRFKDVWLF� WLPH�VHULHV��:H� IRXQG� WKDW� WZR�
IDFWRUV�FRQWULEXWH�WR�WKH LQFUHDVLQJ�GHYLDWLRQ WRZDUGV�WKH�IUHH VXUIDFH��WKH�LQFUHDVLQJ YHORFLW\�DQG�LQFUHDVLQJ�DLU�
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FRQFHQWUDWLRQ��7KH�DOJRULWKP�RI�6KHQ�DQG�1DNDPXUD��������UHOLHV�RQ�WKH WLPH GLIIHUHQFHV EHWZHHQ WKH�LQWHUIDFH�
GHWHFWLRQ� RI� OHDGLQJ� DQG� WUDLOLQJ VHQVRUV�� 7KH� HUURU� LQ� PHDVXULQJ� WKHVH� WLPH� GLIIHUHQFHV� LQFUHDVHV� ZLWK�
LQFUHDVLQJ� YHORFLW\ EHFDXVH WKH� VHQVRUV� RQO\� KDYH� D� ILQLWH� VDPSOLQJ� IUHTXHQF\�� 7KHUHIRUH�� LQFUHDVLQJ�
PHDVXUHPHQW� HUURUV� IRU WKH� LQVWDQWDQHRXV YHORFLW\� DUH� H[SHFWHG� IRU� ODUJHU� IORZ� YHORFLWLHV�� EXW� FRXOG� EH�
FRPSHQVDWHG�E\�LQFUHDVLQJ�WKH�VDPSOLQJ�IUHTXHQF\�RI�WKH�VHQVRUV��(YDOXDWLQJ�WKH�VHQVLWLYLW\ ZLWK�UHJDUG�WR�WKH�
VDPSOLQJ�IUHTXHQF\�DQG�YHORFLW\�FRXOG�EH�VXEMHFW�RI�IXWXUH�UHVHDUFK� )XUWKHU��ZH�IRXQG�WKDW ZLWK�LQFUHDVLQJ�DLU�
FRQFHQWUDWLRQ��WKH�QXPEHU�RI IDOVHO\�SDLUHG�LQWHUIDFH�GHWHFWLRQV LQFUHDVHG� ZKLFK�FDQ OHDG�WR�VLJQLILFDQW�XQGHU�
RU�RYHUHVWLPDWLRQV�RI�LQVWDQWDQHRXV�YHORFLWLHV DQG�WKHUHIRUH�WR�RYHUHVWLPDWLRQ�RI�WXUEXOHQW�IOXFWXDWLRQV� :KLOH�
DSSURSULDWH� ILOWHULQJ� VLJQLILFDQWO\� UHGXFHG� HUURUV� RI� WKH�PHDVXUHG� WXUEXOHQW� VWUHVVHV�� VRPH� HUURUV� UHPDLQHG��
,PSURYHG�ILOWHULQJ�FULWHULD�FRXOG�EH�VXEMHFW�WR�IXWXUH�UHVHDUFK� $V�HYLGHQW�IURP�)LJXUH��H��WKH�PHDVXUHG�QRUPDO�
VWUHVVHV�RI�WKH�ZDOO�QRUPDO�FRPSRQHQWV�H[KLELW�VLJQLILFDQW�GHYLDWLRQV�IURP�WKRVH�RI�WKH�VWRFKDVWLF�WLPH�VHULHV��
7KH�UHFRQVWUXFWLRQ�RI�ZDOO�QRUPDO DQG�VSDQZLVH�YHORFLW\�FRPSRQHQWV�LV�EDVHG RQ�YDULDWLRQV EHWZHHQ�WKH�WKUHH�
PHDVXUHG�WLPH�GLIIHUHQFH�οݐǡ� )RU�WKH�XQGHUO\LQJ�WHVW�FDVH� WKH�PHDQ�VWUHDPZLVH�IORZ�YHORFLW\�LV�DSSUR[LPDWHO\�
RQH�RUGHU�RI�PDJQLWXGH�ODUJHU�WKDQ�WKH�ZDOO�QRUPDO DQG�VSDQZLVH�506�YHORFLW\�IOXFWXDWLRQV��7KLV FDXVHG�WKH�
YDULDWLRQV�EHWZHHQ�WKH�WKUHH�WLPH�GLIIHUHQFHV οݐǡ WR�EH�RI�VLPLODU�RUGHU�RI�PDJQLWXGH�DV�WKH�HUURU�UHVXOWLQJ�GXH�
WR WKH�ILQLWH�VDPSOLQJ�IUHTXHQF\ DQG�XOWLPDWHO\ UHVXOWHG LQ�VLJQLILFDQW�HUURUV�ZKHQ�UHFRQVWUXFWLQJ�WKH�QRUPDO DQG�
VSDQZLVH�YHORFLW\�FRPSRQHQWV��7KHUHIRUH��ZH�H[SHFW��WKDW�WKH�PHDVXUHPHQW�DFFXUDF\�RI�QRUPDO�VWUHVVHV�RI�WKH�
ZDOO�QRUPDO�FRPSRQHQWV�FRXOG�EH�LPSURYHG�E\�LQFUHDVLQJ�WKH�VDPSOLQJ�IUHTXHQF\�RI�WKH�VHQVRUV��7KH VKHDU�
VWUHVVHV�IRUPHG�E\�WKH�VWUHDPZLVH DQG�ZDOO�QRUPDO�FRPSRQHQWV�DUH�LQ�UHDVRQDEOH DJUHHPHQW ZLWK�WKRVH�RI�WKH�
VWRFKDVWLF�WLPH�VHULHV��EXW�RFFDVLRQDOO\�VKRZ ODUJHU�GHYLDWLRQV DERYHݖ�Ȁ݄ଽ ! ��� �FI��)LJXUH��I�� :H�UHFRPPHQG�
WR�EH�FDXWLRXV�ZLWK�WKH�UHVXOWV�IRUݖ�Ȁ݄ଽ ! ��� LQ�)LJXUH���IRU�WZR�UHDVRQV��)LUVW��LW�FDQ�EH�VKRZQ WKDW�EXEEOHV�
EHJLQ� WR� RYHUODS� IRU� DLU� FRQFHQWUDWLRQVܥ�  ������ DVVXPLQJ� D� ��'� VWUHDP� RI� EXEEOHV�� 7KXV� VLPXODWLQJ DLU�
FRQFHQWUDWLRQV H[FHHGLQJ�WKDW�WKUHVKROG PD\ UHVXOW�LQ�D�QRQ�SK\VLFDO�RYHUODS�RI�VXEVHTXHQW EXEEOHV��6HFRQG�
WKH IROORZHG DSSURDFK�RI�VLPXODWLQJ WKH�PRWLRQ�RI LQGLYLGXDO�EXEEOHV PD\�QRW�EH�VXIILFLHQWO\ UHSUHVHQWDWLYH�RI�
WKH�IORZ�UHJLPH�LQ�WKH�YLFLQLW\�RI�WKH�IUHH�VXUIDFH�GHVFULEHG DV�³EXEEOHV�DQG�ZDYHV´ E\�:LOKHOPV�DQG�*XOOLYHU�
�������� 7KHUHIRUH�� DLU�FRQFHQWUDWLRQV� RI� ܥ ൎ ����� VKRXOG EH� UHJDUGHG� DV� WKH� XSSHU� SUDFWLFDO� OLPLW� IRU� WKH�
XQGHUO\LQJ�DSSURDFK�RI�V\QWKHWLF�VLJQDO�JHQHUDWLRQ��)RU�ODUJHU�DLU�FRQFHQWUDWLRQV��YDOLGDWLRQ EDVHG�RQ�VLJQDOV
PHDVXUHG�LQ�SK\VLFDO�H[SHULPHQWV�VHHPV�XQDYRLGDEOH�

2XU�UHVXOWV�VXJJHVW WKDW�WKH�XVH�RI�IRXU�VHQVRU�LQWUXVLYH�SKDVH�GHWHFWLRQ�SUREHV�LQ�FRPELQDWLRQ�ZLWK�HYHQW�
GHWHFWLRQ�EDVHG VLJQDO�SURFHVVLQJ�DOJRULWKPV�FDQ�VLJQLILFDQWO\�LPSURYH�PHDVXUHPHQW�DFFXUDF\ IRU�VWUHDPZLVH�
WLPH�UHVROYLQJ� WXUEXOHQW�VWDWLVWLFV� LQ�KLJKO\� WXUEXOHQW��DHUDWHG IUHH�VXUIDFH� IORZV LQ�FRPSDULVRQ� WR� WKH�FXUUHQW�
EHVW� SUDFWLFH� ZLWK� GXDO�WLS� SUREHV� DQG� $:&&� VLJQDO� SURFHVVLQJ�� $GGLWLRQDOO\�� WKH� PHDVXUHPHQW� RI� VKHDU�
VWUHVVHV�FRXOG�LPSURYH�RXU�XQGHUVWDQGLQJ�RI�DLU HQWUDLQPHQW�DQG�WUDQVSRUW�SURFHVVHV��)XUWKHU��GDWD�UDWHV�FDQ�
EH�LQFUHDVHG�E\�URXJKO\�RQH�RUGHU�RI�PDJQLWXGH� 7KH�DOJRULWKP�RI�6KHQ�	�1DNDPXUD��������KDV�WKH�DGYDQWDJH�
RI�DOVR�SURYLGLQJ�LQIRUPDWLRQ�RQ�WKH�EXEEOH�GLDPHWHUV��:KHWKHU�WKH�DOJRULWKP�RI�7LDQ�HW�DO���������FDQ�SURYLGH�
PRUH�DFFXUDWH�PHDVXUHPHQWV�LQ�IORZ�ZLWK�QRQ�VSKHULFDO�EXEEOHV�VKRXOG�EH�VXEMHFW�RI�IXWXUH�VWXGLHV�
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,Q�WKLV�VWXG\�ZH�FRPSDUH WKH WZR VLJQDO�SURFHVVLQJ DOJRULWKPV�RI�6KHQ�	�1DNDPXUD��������DQG�7LDQ�HW�DO��
������� IRU� IRXU�VHQVRU� LQWUXVLYH�SKDVH�GHWHFWLRQ�SUREHV�E\�PDNLQJ�XVH�RI� V\QWKHWLFDOO\�JHQHUDWHG�VLJQDOV RI�
DHUDWHG�XQLIRUP�IORZ�RQ�D�VSLOOZD\��$�GXDO�WLS�SUREH�ZLWK�$:&&�VLJQDO�SURFHVVLQJ��ZKLFK�FXUUHQWO\�UHSUHVHQWV�
WKH�EHVW�SUDFWLFH� LQ� WKH�ILHOG�RI�K\GUDXOLF�HQJLQHHULQJ��ZDV�XVHG�DV�D�EHQFKPDUN��)RU�VSKHULFDO�EXEEOHV�� WKH�
DOJRULWKPV�RI�6KHQ�	�1DNDPXUD��������DQG�7LDQ�HW�DO���������UHVXOWHG�LQ�LGHQWLFDO�UHFRQVWUXFWHG�LQVWDQWDQHRXV�
YHORFLW\ WLPH�VHULHV��:H�IRXQG�WKDW�ERWK�DOJRULWKPV IRU�IRXU�VHQVRU�SUREHV�UHVXOWHG�LQ LGHQWLFDO�PHDQ�YHORFLWLHV�
DV� WKH� $:&&� DOJRULWKP�� ZKLOH� UHWULHYLQJ� VWUHDPZLVH� QRUPDO� VWUHVVHV ZLWK� VLJQLILFDQWO\� LPSURYHG� DFFXUDF\
FRPSDUHG�WR�WKH�$:&& DOJRULWKP��)XUWKHU��WKH�EXEEOH�FRXQW UDWH FRXOG�EH�LQFUHDVHG�RQ�DYHUDJH�E\�D�IDFWRU�RI�
ILYH��%XEEOH�GLDPHWHUV�ZHUH�VLJQLILFDQWO\�RYHUHVWLPDWHG E\� WKH�DOJRULWKP�RI�6KHQ�DQG�1DNDPXUD���������EXW�
DOVR�ZLWK�$:&&��VLQFH�EXEEOHV�VPDOOHU�WKDQ�̱� PP�ZHUH PRVWO\ PLVVHG E\�WKH�SUREHV� $LU�FRQFHQWUDWLRQV�RI�
ܥ ൎ �����UHSUHVHQW�DQ�XSSHU�SUDFWLFDO�OLPLW�IRU�WKH�IROORZHG�DSSURDFK�IRU�V\QWKHWLF�VLJQDO�JHQHUDWLRQ�DQG�UHVXOWV
IRU� UHODWLYH� GHSWKV� Ȁ݄ଽݖ ! ���� VKRXOG� EH� UHJDUGHG� ZLWK� FDXWLRQ�� )XUWKHU�� ZH� IRXQG� WKDW� UREXVW� ILOWHULQJ� LV�
QHFHVVDU\�WR�LPSURYH�WKH�YHORFLW\�HVWLPDWLRQ��)XWXUH�UHVHDUFK FRXOG�IRFXV�RQ�LQYHVWLJDWLQJ�WKH�SHUIRUPDQFH�IRU�
QRQ�VSKHULFDO�EXEEOHV��XQFHUWDLQW\�TXDQWLILFDWLRQ�UHODWHG�WR�WKH�VDPSOLQJ�IUHTXHQF\�RI�IRXU�VHQVRU�SUREHV�DQG�
RSWLPL]DWLRQ�RI�WKH���WLS�VHQVRU�JHRPHWU\�

�� $&.12:/('*(0(176

7KH�ILUVW�DQG�VHFRQG�DXWKRU�ZHUH�VXSSRUWHG�E\�WKH�6ZLVV�1DWLRQDO�6FLHQFH�)RXQGDWLRQ��616)��>JUDQW�
QXPEHU�������@� 7KH�IUXLWIXO�GLVFXVVLRQ�ZLWK�'U��6WHIDQ�)HOGHU��816:��DQG�'U��'DQLHO�9DOHUR��.,7��DUH�
JUDWHIXOO\�DFNQRZOHGJHG�
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�� 5()(5(1&(6

$EHUOH��-���5HQQLH��&�'���$GPLUDDO��'�0���DQG 0XVWH��0����������([SHULPHQWDO�+\GUDXOLFV��0HWKRGV��
,QVWUXPHQWDWLRQ��'DWD�3URFHVVLQJ�DQG�0DQDJHPHQW��9ROXPH�,,��,QVWUXPHQWDWLRQ�DQG�0HDVXUHPHQW�
7HFKQLTXHV��&5&�3UHVV�

%DODFKDQGDU��6���DQG (DWRQ��-�.����������7XUEXOHQW�GLVSHUVHG�PXOWLSKDVH�IORZ��$QQXDO�5HYLHZ�RI�)OXLG�
0HFKDQLFV��������������

%DXHU��:�-����������7XUEXOHQW�ERXQGDU\�OD\HU�RQ�VWHHS�VORSHV��7UDQVDFWLRQV�RI�WKH�$PHULFDQ�6RFLHW\�RI�&LYLO�
(QJLQHHUV��������������������

%RHV��5�0���DQG +DJHU��:�+����������7ZR�SKDVH�IORZ�FKDUDFWHULVWLFV�RI�VWHSSHG�VSLOOZD\V��-RXUQDO�RI�
+\GUDXOLF�(QJLQHHULQJ������������������

&DLQ��3� ��������0HDVXUHPHQWV�ZLWKLQ�VHOI�DHUDWHG�IORZ�RQ�D�ODUJH�VSLOOZD\��3K'�WKHVLV��8QLY��RI�&DQWHUEXU\��
&KULVWFKXUFK��1HZ�=HDODQG�

&DLQ��3�� DQG :RRG��,�5����������0HDVXUHPHQWV�RI�VHOI�DHUDWHG�IORZ�RQ�D�VSLOOZD\��-RXUQDO�RI�+\GUDXOLF�
'LYLVLRQ ��������������±�����

&DVWUR�2UJD]��2���DQG +DJHU��:�+����������'UDZGRZQ�FXUYH�DQG�WXUEXOHQW�ERXQGDU\�OD\HU�GHYHORSPHQW�IRU�
FKXWH�IORZ��-RXUQDO�RI�+\GUDXOLF�5HVHDUFK�����������������

&KDQVRQ��+����������'UDJ�UHGXFWLRQ�LQ�RSHQ�FKDQQHO�IORZ�E\�DHUDWLRQ�DQG�VXVSHQGHG�ORDG��-RXUQDO�RI�
+\GUDXOLF�5HVHDUFK����������������

&KDQVRQ��+����������$LU�EXEEOH�HQWUDLQPHQW�LQ�RSHQ�FKDQQHOV��IORZ�VWUXFWXUH�DQG�EXEEOH�VL]H�GLVWULEXWLRQV��
,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ�����������������

&KDQVRQ��+����������$LU�EXEEOH�HQWUDLQPHQW�LQ�IUHH�VXUIDFH�WXUEXOHQW�VKHDU�IORZV��(OVHYLHU�
&KDQVRQ��+����������$LU�EXEEOH�HQWUDLQPHQW�LQ�RSHQ�FKDQQHOV��IORZ�VWUXFWXUH�DQG�EXEEOH�VL]H�GLVWULEXWLRQV��

,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ�����������������
&KDQVRQ��+����������$LU�ZDWHU�IORZ�PHDVXUHPHQWV�ZLWK�LQWUXVLYH��SKDVH�GHWHFWLRQ�SUREHV��&DQ�ZH�LPSURYH�

WKHLU�LQWHUSUHWDWLRQ"��-RXUQDO�RI�+\GUDXOLF�(QJLQHHULQJ������������������
&KDQVRQ��+����������7XUEXOHQW�DLU�ZDWHU�IORZV�LQ�K\GUDXOLF�VWUXFWXUHV��G\QDPLF�VLPLODULW\�DQG�VFDOH�HIIHFWV��

(QYLURQ��)OXLG�0HFK������������±����
&KDQVRQ��+����������+\GUDXOLFV�RI�DHUDWHG�IORZV��TXL�SUR�TXR"��-RXUQDO�RI�+\GUDXOLF�5HVHDUFK�����������������
&KDQVRQ��+����������3KDVH�GHWHFWLRQ�PHDVXUHPHQWV�LQ�IUHH�VXUIDFH�WXUEXOHQW�VKHDU�IORZV��-RXUQDO�RI�

*HRSK\VLFV�DQG�(QJLQHHULQJ���������6���6���
&KDQVRQ��+���DQG 7RRPEHV��/����������$LU�ZDWHU�IORZV�GRZQ�VWHSSHG�FKXWHV��WXUEXOHQFH�DQG�IORZ�VWUXFWXUH�

REVHUYDWLRQV��,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ��������������������
&ROHEURRN��&��)� DQG :KLWH��&��0�����������([SHULPHQWV�ZLWK�)OXLG�)ULFWLRQ�LQ�5RXJKHQHG�3LSHV���3URFHHGLQJV�

RI�WKH�5R\DO�6RFLHW\�RI�/RQGRQ��6HULHV�$��0DWKHPDWLFDO�DQG�3K\VLFDO�6FLHQFHV����������������±����
&URZH��&���6RPPHUIHOG��0���7VXML��<���DQG &URZH��&����������0XOWLSKDVH�)ORZV�ZLWK�'URSOHWV�DQG�3DUWLFOHV�

&5&��%RFD�5DWRQ� )/�
(UYLQH��'�$�� DQG )DOYH\��+�7����������%HKDYLRXU�RI�WXUEXOHQW�ZDWHU�MHWV�LQ�WKH�DWPRVSKHUH�DQG�LQ�SOXQJH�

SRROV��3URFHHGLQJV�RI�WKH�,QVWLWXWLRQ�RI�&LYLO�HQJLQHHUV�����������������
)HOGHU��6���DQG &KDQVRQ��+����������$LU±ZDWHU�IORZV�DQG�IUHH�VXUIDFH�SURILOHV�RQ�D�QRQ�XQLIRUP�VWHSSHG�FKXWH��

-RXUQDO�RI�+\GUDXOLF�5HVHDUFK�����������������
)HOGHU��6���DQG�&KDQVRQ��+����������3KDVH�GHWHFWLRQ�SUREH�PHDVXUHPHQWV�LQ�KLJK�YHORFLW\�IUHH�VXUIDFH�IORZV�

LQFOXGLQJ�D�GLVFXVVLRQ�RI�NH\�VDPSOLQJ�SDUDPHWHUV��([SHULPHQWDO�7KHUPDO�DQG�)OXLG�6FLHQFH������������
)HOGHU��6���+RKHUPXWK��%���DQG�%RHV��5�0����������+LJK�YHORFLW\�DLU�ZDWHU�IORZV�GRZQ�VWUHDP�RI�VOXLFH�JDWHV�

LQFOXGLQJ�VHOHFWLRQ�RI�RSWLPXP�SKDVH�GHWHFWLRQ�SUREH� ,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ ��������±
����

)HOGHU��6���DQG�3ILVWHU��0����������&RPSDUDWLYH�DQDO\VHV�RI�SKDVH�GHWHFWLYH�LQWUXVLYH�SUREHV�LQ�KLJK�YHORFLW\�
DLU�ZDWHU�IORZV��,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ ������±����

+DJHU��:�+����������8QLIRUP�DHUDWHG�FKXWH�IORZ��-RXUQDO�RI�+\GUDXOLF�(QJLQHHULQJ������������������
+LQ]H��-�2����������)XQGDPHQWDOV�RI�WKH�K\GURG\QDPLF�PHFKDQLVP�RI�VSOLWWLQJ�LQ�GLVSHUVLRQ�SURFHVVHV��$,&K(�

-RXUQDO����������������
+RKHUPXWK��%���.UDPHU��0���)HOGHU��6���DQG 9DOHUR��'����������9HORFLW\�ELDV�LQ�LQWUXVLYH�JDV�OLTXLG�IORZ�

PHDVXUHPHQWV��1DWXUH�&RPPXQLFDWLRQV�������������
.LOOHQ��-�0����������7KH�VXUIDFH�FKDUDFWHULVWLFV�RI�VHOI�DHUDWHG�IORZ�LQ�VWHHS�FKDQQHOV��3K'�WKHVLV��8QLYHUVLW\�RI�

0LQQHVRWD��0LQQHDSROLV��86$�
.LP��-���0RLQ��3���DQG�0RVHU��5����������7XUEXOHQFH�VWDWLVWLFV�LQ�IXOO\�GHYHORSHG�FKDQQHO�IORZ�DW�ORZ�5H\QROGV�

QXPEHU��-RXUQDO�RI�)OXLG�0HFKDQLFV���������������
.UDPHU��0����������3DUWLFOH�VL]H�GLVWULEXWLRQV�LQ�WXUEXOHQW�DLU�ZDWHU�IORZV��,Q�(�3URFHHGLQJV�RI�WKH���WK�,$+5�

:RUOG�&RQJUHVV �SS�������������
.UDPHU��0���9DOHUR��'���&KDQVRQ��+���DQG�%XQJ��'�%����������7RZDUGV�UHOLDEOH�WXUEXOHQFH�HVWLPDWLRQV�ZLWK�

SKDVH�GHWHFWLRQ�SUREHV��DQ�DGDSWLYH�ZLQGRZ�FURVV�FRUUHODWLRQ�WHFKQLTXH��([SHULPHQWV�LQ�)OXLGV�������������
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����� ,$+5��8VHG�ZLWK�SHUPLVVLRQ���,661�/����������

.UDPHU��0���+RKHUPXWK��%���9DOHUR��'���DQG )HOGHU��6�������D���%HVW�SUDFWLFHV�IRU�YHORFLW\�HVWLPDWLRQV�LQ�KLJKO\�
DHUDWHG�IORZV�ZLWK�GXDO�WLS�SKDVH�GHWHFWLRQ�SUREHV��,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ��������������

.UDPHU��0���+RKHUPXWK��%���9DOHUR��'���DQG�)HOGHU��6� �����E���/HYHUDJLQJ�HYHQW�GHWHFWLRQ�WHFKQLTXHV�DQG�
FURVV�FRUUHODWLRQ�DQDO\VLV�IRU�SKDVH�GHWHFWLRQ�SUREH�PHDVXUHPHQWV�LQ�WXUEXOHQW�DLU�ZDWHU�IORZV���WK�,$+5�
,QWHUQDWLRQDO�6\PSRVLXP�RQ�+\GUDXOLF�6WUXFWXUHV�,6+6������6DQWLDJR��&KLOH��������0D\������

1HDO��/�*���DQG�%DQNRII��6�*����������$�KLJK�UHVROXWLRQ�UHVLVWLYLW\�SUREH�IRU�GHWHUPLQDWLRQ�RI�ORFDO�YRLG�
SURSHUWLHV�LQ�JDV�OLTXLG�IORZ��$,&K(�-RXUQDO����������������

1H]X��,���DQG�1DNDJDZD��+��������� 7XUEXOHQFH�LQ�RSHQ�FKDQQHO�IORZV� ,$+5�PRQRJUDSK��%DONHPD��
5RWWHUGDP��7KH�1HWKHUODQGV

3RSH��6�%����������7XUEXOHQW�IORZV��&DPEULGJH�XQLYHUVLW\�SUHVV�
5RXVVHHXZ��3�-���DQG�&URX[��&����������$OWHUQDWLYHV�WR�WKH�PHGLDQ�DEVROXWH�GHYLDWLRQ��-��$P�6WDW��$VVRF�����

����������±����
6KHQ��;���6DLWR��<���0LVKLPD��.���DQG�1DNDPXUD��+����������0HWKRGRORJLFDO�LPSURYHPHQW�RI�DQ�LQWUXVLYH�IRXU�

VHQVRU�SUREH�IRU�WKH�PXOWL�GLPHQVLRQDO�WZR�SKDVH�IORZ�PHDVXUHPHQW��,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�
)ORZ�����������������

6KHQ��;���DQG�1DNDPXUD��+����������6SKHULFDO�EXEEOH�EDVHG�IRXU�VHQVRU�SUREH�VLJQDO�SURFHVVLQJ�DOJRULWKP�
IRU�WZR�SKDVH�IORZ�PHDVXUHPHQW��,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ������������

6WUDXE��/�*���DQG $QGHUVRQ��$�*����������([SHULPHQWV�RQ�VHOI�DHUDWHG�IORZ�LQ�RSHQ�FKDQQHOV� -RXUQDO�RI�WKH�
+\GUDXOLFV�'LYLVLRQ��������������

7LDQ��'���<DQ��&���DQG�6XQ��/����������0RGHO�RI�EXEEOH�YHORFLW\�YHFWRU�PHDVXUHPHQW�LQ�XSZDUG�DQG�GRZQZDUG�
EXEEO\�WZR�SKDVH�IORZV�XVLQJ�D�IRXU�VHQVRU�RSWLFDO�SUREH��3URJUHVV�LQ�1XFOHDU�(QHUJ\��������������

7RPL\DPD��$���.DWDRND��,���=XQ��,���DQG�6DNDJXFKL��7����������'UDJ�FRHIILFLHQWV�RI�VLQJOH�EXEEOHV�XQGHU�QRUPDO�
DQG�PLFUR�JUDYLW\�FRQGLWLRQV��-60(�,QWHUQDWLRQDO�-RXUQDO�6HULHV�%�)OXLGV�DQG�7KHUPDO�(QJLQHHULQJ���������
��������

9DOHUR��'���.UDPHU��0���%XQJ��'�%���DQG�&KDQVRQ��+����������$�VWRFKDVWLF�EXEEOH�JHQHUDWRU�IRU�DLU�ZDWHU�IORZ�
UHVHDUFK��,Q�(�3URFHHGLQJV�RI�WKH���WK�,$+5�:RUOG�&RQJUHVV��3DQDPD�&LW\��3DQDPD��SS������±�����

9DOHUR��'���&KDQVRQ��+���DQG�%XQJ��'�%����������5REXVW�HVWLPDWRUV�IRU�IUHH�VXUIDFH�WXUEXOHQFH�
FKDUDFWHUL]DWLRQ��$�VWHSSHG�VSLOOZD\�DSSOLFDWLRQ��)ORZ�0HDVXUHPHQW�DQG�,QVWUXPHQWDWLRQ�������������

:DKO��7�/����������'LVFXVVLRQ�RI�³'HVSLNLQJ�DFRXVWLF�GRSSOHU�YHORFLPHWHU�GDWD´�E\�'HUHN�*��*RULQJ�DQG�
9ODGLPLU�,� 1LNRUD��-RXUQDO�RI�+\GUDXOLF�(QJLQHHULQJ������������������

:HOFK��3����������7KH�XVH�RI�IDVW�)RXULHU�WUDQVIRUP�IRU�WKH�HVWLPDWLRQ�RI�SRZHU�VSHFWUD��D�PHWKRG�EDVHG�RQ�
WLPH�DYHUDJLQJ�RYHU�VKRUW��PRGLILHG�SHULRGRJUDPV��,(((�7UDQVDFWLRQV�RQ�DXGLR�DQG�HOHFWURDFRXVWLFV��
�������������

:LOKHOPV��6�&���DQG *XOOLYHU��-�6����������%XEEOHV�DQG�ZDYHV�GHVFULSWLRQ�RI�VHOI�DHUDWHG�VSLOOZD\�IORZ��-RXUQDO�
RI�+\GUDXOLF�5HVHDUFK�����������������

:RRG��,�5����������8QLIRUP�UHJLRQ�RI�VHOI�DHUDWHG�IORZ��-RXUQDO�RI�+\GUDXOLF�(QJLQHHULQJ������������������
:RRG��,�5����������$LU�(QWUDLQPHQW�LQ�)UHH�6XUIDFH�)ORZV��,$+5�+\GUDXOLF�6WUXFWXUHV�'HVLJQ�0DQXDO 1R�����

+\GUDXOLF�'HVLJQ�&RQVLGHUDWLRQV��%DONHPD��5RWWHUGDP��7KH�1HWKHUODQGV������SDJHV�


