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$�SURFHGXUH�EDVHG�XSRQ� LPDJH�DQDO\VLV�KDV�EHHQ�DGRSWHG� WR�VWXG\� WKH� LQIOXHQFH�RI�VHYHUDO�SK\VLFDO

SDUDPHWHUV�RQ�EXEEOH�VL]H� LQ� IRDP��$�SURFHGXUH�KDV�EHHQ�GHVFULEHG� WR�DFFRXQW� IRU� WKH�GLVWULEXWLRQ�RI

EXEEOH� VL]H�� )RDP�ZDV� JHQHUDWHG� LQ� D� URWRU�VWDWRU�PL[HU�� ,Q� WKH� SUHVHQW� UHVHDUFK�� WKH� QDWXUH� RI� WKH

VXUIDFWDQW�� OLTXLG� YLVFRVLW\�� VROLG� SKDVH� FRQWHQW�� DQG� URWDWLRQDO� VSHHG� RI� WKH� PL[HU� ZHUH� YDULHG�� $OO

SDUDPHWHUV�ZHUH�IRXQG�WR�LQIOXHQFH�WKH�EXEEOH�VL]H�DQG�LWV�GLVWULEXWLRQ�WR�D�FHUWDLQ�H[WHQW��7KHVH�HIIHFWV

ZHUH�TXDOLILHG�H[SHULPHQWDOO\�

.H\�ZRUGV��IRDP��EXEEOH�VL]H��VL]H�GLVWULEXWLRQ��LPDJH�DQDO\VLV

,QWURGXFWLRQ

)RDPV�DUH�WKH�VXEMHFW�RI�SUDFWLFDO�LQWHUHVW�LQ�D�QXPEHU�RI�PDMRU�ZRUNLQJ�ILHOGV��IRU�LQVWDQFH��LQ�WKH�WH[WLOH

ILQLVKLQJ�LQGXVWU\��'XULQJ�WKH�DSSOLFDWLRQ�RI�IRDP�RQ�WH[WLOH�VXEVWUDWHV��EXEEOH�VL]H�LV�FRQVLGHUHG�WR�EH�RI

PDMRU� LPSRUWDQFH�IRU�WKH�TXDOLW\�RI�WKH� HQG�SURGXFW��HVSHFLDOO\�ZKHQ�FRORUDQWV�DUH�LQYROYHG�>�@��%XEEOH

VL]H�DOVR�KDV�DQ�LPSDFW�RQ�WKH�IRDP�DSSOLFDWLRQ�SURFHVV�WKURXJK�WKH� UKHRORJLFDO�EHKDYLRXU�RI�IRDP�>���@

DQG� IRDP� VWDELOLW\� >���@�� 7KH� GLVWULEXWLRQ� SUREDEO\� KDV� DQ� HYHQ�PRUH� SURQRXQFHG� LQIOXHQFH� RQ� WKHVH

DVSHFWV��$SDUW� IURP�WKH� WH[WLOH� LQGXVWU\�� IRDP�ILQGV� LQWHUHVWLQJ�DSSOLFDWLRQV� IRU� ILUH�ILJKWLQJ�SXUSRVHV�� LQ

WKH�IRRG�LQGXVWU\�DQG�LQ�HQKDQFHG�RLO�UHFRYHU LQJ�>�@�

1XPHURXV�VWXGLHV�KDYH�EHHQ�PDGH�RQ�GHWHUPLQLQJ�WKH�VL]H�RI�JDV�EXEEOHV�LQ�IRDP��DQG�RQ�WKH�UHODWHG

LVVXH� RI� OLTXLG� GURSOHWV� LQ� HPXOVLRQV�� 6HYHUDO� H[SHULPHQWDO� WHFKQLTXHV� KDYH� EHHQ� DSSOLHG� LQ� VWXG\LQJ

EXEEOH�VL]H�DQG�LWV�GLVWULEXWLRQ��%LVSHULQN�HW�DO��>�@�SUHVHQWHG�D�EULHI�VXUYH\�RQ�HDUOLHU�ZRUN�RQ�WKH�VXEMHFW�

7KH� DXWKRUV� DOVR� SHUIRUPHG� PHDVXUHPHQWV� ZLWK� DQ� DSSDUDWXV� ZKLFK� XVHV� DQ� RSWLFDO� JODVV� ILEUH

WHFKQLTXH�� 7KH\� IRXQG� YROXPH� VXUIDFH�DYHUDJH� EXEEOH� GLDPH WHUV� ZLWKLQ� WKH� UDQJH� RI� WHQ� WR� VHYHUDO

KXQGUHG��P��7KLV�PHWKRG�ZDV�DOVR�DSSOLHG�WR�VWXG\�GLVSURSRUWLRQ�

*LGR�HW�DO��>�@�SHUIRUPHG�D�VWXG\�RQ�WKH�VL]H�RI�IRDP�EXEEOHV�DV�D�IXQFWLRQ�RI�WKH�URWDWLRQDO�VSHHG�LQ�D

G\QDPLF�PL[HU��7KH�DXWKRUV�IRXQG�IRU�WZR�GLIIHUHQW�IRDP�GHQVLWLHV�WKDW�LQFUHDVLQJ�WKH�URWDWLRQDO�VSHHG�RI

WKH�PL[HU�FDXVHG�D�GHFUHDVH�LQ�WKH�DYHUDJH�EXEEOH�GLDPHWHU��7KH�DYHUDJH�EXEEOH�GLDPHWHU�ZDV�VOLJKWO\

VPDOOHU�IRU�IRDP�ZLWK�WKH�ORZHU�GHQVLW\��$IWHU�WKH�IRDP�IORZHG�WKURXJK�D�SRURXV�PHGLXP��WKHUH�ZDV�QR



��

GHSHQGHQFH�RI�WKH�URWDWLRQDO�VSHHG�RI�WKH�PL[HU�RQ�WKH�EXEEOH�VL]H��7KH�VL]H�RI�WKH�EXEEOHV�DIWHU�H[LWLQJ

WKH�SRURXV�PHGLXP�ZDV�DSSUR[LPDWHO\�HTXDO� WR� WKH�VL]H�RI� WKH�SRUHV��1R� LQIRUPD WLRQ�KDV�EHHQ�JLYHQ

DERXW�WKH�EXEEOH�VL]H�GLVWULEXWLRQ�

$�VWXG\�RQ� WKH�VL]H�RI�EXEEOHV� LQ� IRDP� LQ�D�G\QDPLF� �URWRU�VWDWRU��PL[HU�KDV�DOVR�EHHQ�FRQGXFWHG�E\

.URH]HQ�>�@��7KH�DXWKRU�IRXQG�WKDW�WKH�PHDQ�EXEEOH�GLDPHWHU�GHFUHDVHG�ZLWK�LQFUHDVLQJ�URWDWLRQDO�VSHHG

RI� WKH�PL[HU�� 7KLV� ZDV� DVFULEHG� WR� DQ� LQFUHDVH� RI� WKH� VKHDU� VWUHVV� LQ� WKH� PL[HU� DW� KLJKHU� URWDWLRQDO

VSHHGV��$�QRQ�OLQHDU�GHSHQGHQFH�ZDV� IRXQG� IRU� WKH�GLVWULEXWLRQ�RI� WKH�EXEEOH� VL]HV� FRPSDUHG� WR� WKH

PHDQ�EXEEOH�VL]H��7KH�VWDQGDUG�GHYLDWLRQ�ZDV�UHODWLYHO\�ODUJHU�IRU�JUHDWHU�PHDQ�EXEEOH�VL]HV��$�1HZWRQ�

5H\QROGV� UHODWLRQ�ZDV� GHULYHG��ZLWK�ZKLFK� LW�ZDV� SRVVLEOH� WR� GHWHUPLQH� D� ODPLQDU�� D� WXUEXOHQW�� DQG� D

WUDQVLWLRQ�IORZ�ILHOG�LQ�WKH�PL[HU��$�GHFUHDVH�LQ�WKH�PHDQ�EXEEOH�GLDPHWHU�ZDV�IRXQG�IRU�LQFUHDVLQJ�IRDP

GHQVLW\�� $� VKRUWHU� UHVLGHQFH� WLPH� LQ� WKH� PL[HU� ZDV� IRXQG� WR� LQFUHDVH� WKH� PHDQ� EXEEOH� GLDPHWHU�

HVSHFLDOO\�IRU��ORZ�GHQVLW\�IRDP�

+LUW�HW�DO��>��@�VWXGLHG�WKH�VL]H�RI�EXEEOHV�RI�KLJK�GHQVLW\�IRDP��7KH�IRDP�ZDV�JHQHUDWHG�LQ�D�G\QDPLF

PL[HU��$Q�LQFUHDVH�RI�WKH�URWDWLRQDO�VSHHG�RI�WKH�PL[HU�FDXVHG�D�GHFUHDVH�RI�WKH�PHDQ�EXEEOH�VL]H��$Q

LQFUHDVH� RI� WKH� YLVFRVLW\� RI� WKH� OLTXLG� SKDVH� UHVXOWHG� LQ� D� VPDOOHU� PHDQ� EXEEOH� VL]H�� 7KH�PHDVXUHG

EXEEOH�GLDPHWHUV�ZHUH�LQ�WKH�UDQJH�RI����������P�ZKHQ�D�OLTXLG�SKDVH�ZLWK�D�ORZ�YLVFRVLW\�ZDV�IRDPHG�

)RU�D�OLTXLG�SKDVH�ZLWK�KLJK�YLVFRVLW\��WKH�PHDVXUHG�EXEEOH�GLDPHWHUV� ZHUH�LQ�WKH�UDQJH�RI���������P��$

QRQ�OLQHDU�HPSLULFDO�PRGHO�ZDV�GHULYHG�WR�SUHGLFW�WKH�PHDQ�EXEEOH�GLDPHWHU�IURP�WKH�URWDWLRQDO�VSHHG�RI

WKH�PL[HU��WKH�JDV�IORZ�UDWH��DQG�WKH�OLTXLG�IORZ�UDWH�

,VDULQ�HW�DO��>�@�XVHG�DQ�LPDJH�DQDO\VLV�WHFKQLTXH�WR�GHWHUPLQH�WKH�EXEEOH�VL]H�DQG�LWV�GLVWULEXWLRQ�RI�IRDP

DV�JHQHUDWHG�LQ�D�G\QDPLF�PL[HU��7KH�DXWKRUV�IRXQG�PHDQ�EXEEOH�UDGLL�RI��������P��WKH�LQIOXHQFHV�RI

URWDWLRQDO�VSHHG�RI� WKH�PL[HU�DQG� IRDP�GHQVLW\�ZHUH�HVWDEOLVKHG��7KH� WHFK QLTXH�ZDV�DOVR�DGRSWHG� WR

PRQLWRU�GLVSURSRUWLRQ��7KH�DXWKRUV�IRXQG�JRRG�UHSURGXFLELOLW\�LQ�WKHLU�UHVXOWV�

&KDQJ� HW� DO�� >��@� GHWHUPLQHG� WKH� VL]H� RI� IRDP� EXEEOHV� E\� IUHH]LQJ� VPDOO� VDPSOHV�� IURP� ZKLFK� WKH\

GHWHUPLQHG�WKH�EXEEOH�VL]H�DQG�WKH�GLVWULEXWLRQ��7KH�DXWKRUV�VKRZHG�WKDW�IUHH]LQJ�GLG�QRW�DOWHU�WKH�VL]H�RI

WKH�EXEEOHV��7KH�EXEEOH�VL]H�GLVWULEXWLRQ�LQVLGH�WKH�VDPSOH�RI�IRDP�ZDV�DOPRVW�WKH�VDPH�DV�WKDW�RQ�WKH

RXWHU�VXUIDFH��$Q�LQFUHDVH�RI�WKH�H[SDQVLRQ�UDWLR�FDXVHG�D�GHFUHDVH�RI�WKH�DYHUDJH�EXEEOH�VL]H�

&DOYHUW�	�1H]KDWL� >��@�SHUIRUPHG�D�VWXG\�RQ� WKH�EXEEOH�VL]H�GLV WULEXWLRQ�RI� IRDP�JHQHUDWHG� LQ�D�VWDWLF

PL[HU��7KH�PHDQ�EXEEOH�VL]HV�ZHUH�LQ�WKH�UDQJH�RI������P�WR������P��LQGHSHQGHQW�RI�WKH�IRDP�GHQVLW\�

7KRQGDYDGL�	� /HPOLFK� >��@�PHDVXUHG� WKH�EXEEOH� VL]H�RI� ORZ�GHQVLW\� WZR��DQG� WKUHH�SKDVH� IRDP� LQ�D

VWXG\� RQ� WKH� IORZ� EHKDYLRXU� RI� IRDP� LQ� SLSHV�� )RDP� ZDV� JHQHUDWHG� LQ� D� VWDWLF� PL[HU�� 7KH� EXEEOH

GLDPHWHUV�ZHUH� IRXQG� WR�EH�EHWZHHQ������P�DQG�������P��1R� LQIOXHQFH�ZDV�REVHUYHG�RQ� WKH� IRDP

GHQVLW\��WKH�EXEEOH�VL]H��RU�WKH�H[LVWHQFH�RI�VROLG�SDUWLFOHV�RQ�WKH�IORZ�EHKDYLRXU�RI�WKH�IRDPV�

'H�9ULHV�>��@�PHDVXUHG�WKH�UDGLL�RI�JDV�EXEEOHV�LQ�IRDPV�JHQHUDWHG�RI�YDULRXV�OLTXLG�SKDVHV��$�G\QDPLF


+RXVHKROG�:KLSSLQJ�$SSDUDWXV
�ZDV�XVHG�IRU�JHQHUDWLQJ�WKH�IRDPV��0HDQ�UDGLL�RI��������P�ZHUH�IRXQG�

7KH�DXWKRU�GHULYHG�D�PDWKHPDWLFDO� HTXDWLRQ� IRU� WKH�GLVWULEXWL RQ�RI� WKH� UDGLL� RI� WKH�JDV�EXEEOHV� LQ� WKH

YDULRXV� IRDPV��'H� 9ULHV� IRXQG� WKH�PRGHO� WR� ILW� VDWLVIDFWRULO\� WR� WKH� H[SHULPHQWDO� UHVXOWV�� DOWKRXJK� WKH

DXWKRU�DGPLWV�WKDW�QRW�DOO�GLVWULEXWLRQV�FDQ�EH�GHVFULEHG�E\�RQH�PDWKHPDWLFDO�HTXDWLRQ�

)URP�WKHVH�HDUOLHU�VWXGLHV��LW�FDQ�EH�FRQFOXGHG�WKDW�RQO\�D�IHZ�DXWKRUV�KDYH�UHVHDUFKHG�WKH�EXEEOH�VL]H

GLVWULEXWLRQ�TXDQWLWDWLYHO\��/LWWOH�LV�NQRZQ�DERXW�WKH�LQIOXHQFH�RI�WKH�OLTXLG�YLVFRVLW\�DQG�WKH�SUHVHQFH�RI

VROLG�SDUWLFOHV�RQ�WKH�EXEEOH�VL]H�GLVWULEXWLRQ��,Q�WKH�SUHVHQW�ZRUN��WKH�LQIOXHQFH�RI�D�VROLG�SKDVH�RQ�WKH

EXEEOH�VL]H�DQG�LWV�GLVWULEXWLRQ�KDV�EHHQ�VWXGLHG��)XUWKHUPRUH��WKH�LQIOXHQFH�RI�WKH�QDWXUH�RI�WKH� VXUIDFH

DFWLYH� DJHQW� KDV� EHHQ� VWXGLHG�� DV� ZHOO� DV� WKH� LQIOXHQFH� RI� WKH� YLVFRVLW\� RI� WKH� OLTXLG� SKDVH�� ,Q� DOO

H[SHULPHQWV�WKH�LQIOXHQFH�RI�WKH�URWDWLRQDO�VSHHG�RI�WKH�PL[HU�ZDV�DQ�LPSRUWDQW�SDUDPHWHU�

'LVWULEXWLRQ

)URP�WKH�SUHFHGLQJ�VHFWLRQ��LW�DSSHDUV�WKDW�IRDP�EXEEOH�GLDPHWHUV�KDYH�EHHQ�IRXQG�LQ�WKH�DSSUR[LPDWH

UDQJH�RI�����P�WR���PP��$Q� LQFUHDVH�RI� WKH� URWDWLRQDO�VSHHG�RI�D�G\QDPLF�PL[HU� UHVXOWV� LQ�D�VPDOOHU
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PHDQ�EXEEOH� GLDPHWHU�� 7KH�EXEEOH� VL]H� LV� DOVR� DIIHFWHG� E\� WKH� YLVFRVLW\� RI� WKH� OLTXLG� SKDVH�� D� ORZHU

YLVFRVLW\� UHVXOWV� LQWR� ODUJHU� PHDQ� EXEEOHV�� 'XH� WR� GLVSURSRUWLRQ�� VPDOO� EXEEOHV� ZLOO� VKULQN� DQG� ODUJH

EXEEOHV�ZLOO�JURZ��7KLV�SKHQRPHQRQ�UHVXOWV�LQ�DQ�LQFUHDVH�RI�WKH�GLVWULEX WLRQ�RI�WKH�EXEEOH�VL]H��3RO\GLV�

SHUVLW\�DQG�GHYLDWLRQV�IURP�WKH�LGHDO�VSKHULFDO�EXEEOH�VKDSH�RFFXU�EHFDXVH�RI�WKH�ODUJH�JDV�IUDFWLRQ�LQ

IRDP��,W�LV�VWULNLQJ�LQ�WKH�OLWHUDWXUH�WKDW�WKH�PHDQ�YDOXHV�DUH�PRVWO\�PHDVXUHG��DQG�KDUGO\�DQ\�LQIRUPDWLRQ

LV� JLYHQ� DERXW� WKH� GLVWULEXWLRQ� RI� WKH� IRDP� EXEEOHV�� ZKLOVW� WKH� GLVWULEXWLRQ� KDV� D� ODUJH� LPSDFW� RQ�� IRU

LQVWDQFH��IRDP�VWDELOLW\�

7R�DFFRXQW� IRU�D�GLVWULEXWLRQ� LQ� WKH�EXEEOH�UDGLL�� ,VDULQ�HW�DO�� >�@� LQWURGXFHG�D�VFDWWHULQJ� LQ� WKH�DYHUDJH

EXEEOH� UDGLXV��FDOFXODWHG� LQ� WKH�VDPH�ZD\�DV�D�VWDQGDUG�GHYLDWLRQ� IRU�D�QRUPDO�GLVWULEXWLRQ��6WDQGDUG

GHYLDWLRQV�KDYH�EHHQ�FDOFXODWHG�PRUH�RIWHQ�LQ�WKH�OLWHUDWXUH�>�@��%XW�IRU�DEQRUPDO�GLVWULEX WLRQ�IXQFWLRQV��D

VWDQGDUG�GHYLDWLRQ�LV�QRW�D�XVHIXO�SDUDPHWHU�WR�DFFRXQW�IRU�WKH�GLVWULEXWLRQ�RI�WKH�EXEEOH�VL]H�

'H�9ULHV�>��@�SUHVHQWHG�DQ�HPSLULFDO�REWDLQHG�UHODWLRQ�IRU�WKH�GLVWULEX WLRQ�RI�WKH�EXEEOH�VL]H��ZKLFK�FDQ

EH�H[SUHVVHG�LQ�GLPHQVLRQOHVV�IRUP�E\�GLYLVLRQ�WKURXJK�WKH�DYHUDJH�UDGLXV�� UU5 � 
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$QRWKHU�UHODWLRQ�IRU�WKH�GLVWULEXWLRQ�KDV�EHHQ�SUHVHQWHG�E\�5DQDGLYH�	�/HPOLFK�>�@�LQ�GLPHQVLRQOHVV�IRUP�
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*DO�2U�	�+RHOVFKHU�>��@�KDYH�GHULYHG�D�UHODWLRQ�ZKLFK�LV�YHU\�VLPLODU�WR�WKH�5DQDGLYH�	�/HPOLFK�UHODWLRQ�
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$OVR��JDPPD�GLVWULEXWLRQV� >��@�RU� ORJ�QRUPDO�GLVWULEXWLRQV� >��@�KDYH�EHHQ�XVHG� WR�GHVFULEH� WKH�EXEEOH

VL]H�GLVWULEXWLRQ�LQ�IRDP�

$�IHZ�RSWLRQV�DUH�SRVVLEOH� WR�FDOFXODWH�DQ�DYHUDJH�UDGLXV�IURP�DQ� H[SHULPHQW�ZKLFK�JLYHV�D�VHULHV�RI

UDGLL��2QH�LV�WKH�QXPEHU�DYHUDJH�UDGLXV��U����GHILQHG�E\�
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$OO�UDGLL�DWWULEXWH�WR�WKH�DYHUDJH�YDOXH�LQ�WKH�VDPH�PDJQLWXGH��$QRWKHU�RSWLRQ�WR�FDOFXODWH�LV�WKH�YROXPH�

DYHUDJH�EXEEOH�UDGLXV��U�����GHILQHG�E\�
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/DUJH�EXEEOHV�PDNH�D� ODUJHU� FRQWULEXWLRQ� WR� WKH� YROXPH�DYHUDJH� EXEEOH� UDGLXV�� KHQFH�� U��� !� U���� 7KH

YROXPH�VXUIDFH�DYHUDJH�RU� 6DXWHU�EXEEOH�UDGLXV��U���� LV�DQRWKHU�ZD\�RI�DFFRXQWLQJ� IRU�D�PHDQ�EXEEOH

UDGLXV�
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6XUIDFH�DYHUDJH� EXEEOH� UDGLL� FRXOG� EH� FDOFXODWHG� OLNHZLVH�� (DFK� DYHUDJH� UDGLXV� KDV� LWV� RZQ� XQLTXH

VWDQGDUG�GHYLDWLRQ�

$SDUW� IURP� DYHUDJH� EXEEOH� UDGLL�� WKHUH� DUH� RWKHU� YDOXHV� WKDW� PD\� EH� LPSRUWDQW� LQ� D� EXEEOH� VL]H

H[SHULPHQW�>��@��7KH�PRGH�LV�WKH�YDOXH�ZKLFK�DSSHDUV�PRVW�IUHTXHQWO\��7KH�PHGLDQ�LV�WKH�YDOXH�RI�ZKLFK

����RI�WKH�UDGLL�DUH�ODUJHU�DQG�����DUH�VPDOOHU��)RU�D�QRUPDO�GLVWULEXWLRQ��PRGH� �PHDQ� �PHGLDQ��$

PRGH�DQG�PHGLDQ�YDOXH�LQ�D�YROXPH�GLVWULEXWLRQ�FDQ�GLIIHU�IURP�WKRVH�YDOXHV�LQ�D�QXPEHU�GLVWULEXWLRQ��$

QXPEHU�WKDW�DFFRXQWV�IRU�QRQ�DEQRUPDOLW\�LV�WKH�VNHZQHVV�QXPEHU�6N�>��@��8VXDOO\��VNHZQHVV�LV�PDGH

GLPHQVLRQOHVV�E\�GLYLVLRQ�WKURXJK�WKH�YDULDQFH�WR�WKH�SRZHU��� ���
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ZKHUH� U FRXOG�EH�� IRU� LQVWDQFH��U���RU�U���� ,W� LV�SRVVLEOH�WR�FDOFXODWH�D� VNHZQHVV�QXPEHU� IRU� WKH�YROXPH

GLVWULEXWLRQ� DV� ZHOO� DV� IRU� WKH� QXPEHU� GLVWULEXWLRQ�� $� GLVWULEX WLRQ� VNHZHG� WR� WKH� ULJKW� KDV� D� SRVLWLYH

VNHZQHVV�QXPEHU��D�GLVWULEXWLRQ�VNHZHG�WR�WKH�OHIW�KDV�D�QHJDWLYH� VNHZQHVV�QXPEHU�>��@��$�V\PPHWULFDO

GLVWULEXWLRQ�KDV�D�VNHZQHVV�QXPEHU�RI�]HUR�

$QRWKHU�ZD\�WR�DFFRXQW�IRU�WKH�GLVWULEXWLRQ�RI�WKH�EXEEOH�VL]H�LV�WR�FDOFXODWH�UDGLL�EHORQJLQJ�WR�DQ�LQWHUYDO

RI��H�J�������VPDOOHU�WKDQ�WKH�PHGLDQ�YDOXH�DQG�����ODUJHU�WKDQ�WKH�PHGLDQ�YDOXH��HLWKHU�IRU�D�YROXPH�RU

D�QXPEHU�GLVWULEXWLRQ�>����@��7KH�VFDWWHULQJ�RI�D�GLVWULEXWLRQ�LV�WKH�YDOXH�RI�WKLV�LQWHUYDO��7KH�VFDWWHULQJ�RI

WKH�QXPEHU�GLVWULEXWLRQ�LV�WKXV�U���
Q�U���
Q��DQG�WKH�VFDWWHULQJ�RI�D�YROXPH�GLVWULEXWLRQ�LV�U���
9�U���
9��:KHQ

EXEEOH�UDGLL�ZHUH�GLYLGHG�LQWR�FODVVHV�RI��IRU�LQVWDQFH�����P��D�QXPEHU�RU�YROXPH�GLVWULEXWLRQ�FRXOG�EH

REWDLQHG�LQ�WKH�IRUP�RI�D�KLVWRJUDP��$Q�H[DPSOH� LV�SUHVHQWHG� LQ�)LJXUH���� ,W�ZDV�SRVVLEOH� WR�FDOFXODWH

DYHUDJH�UDGLL��VWDQGDUG�GHYLDWLRQV��PRGHV�DQG�PHGLDQ�YDOXHV��VFDWWHULQJ�LQWHUYDOV��DQG� VNHZQHVVHV�

)LJXUH����([DPSOH� RI� GLVWULEXWLRQ

SDUDPHWHUV�� U�� ������1�� ������ U�� �����
1�� ������ U�� ������1�� ������6N�� ������

6N�� �������� UPD[ ������� 0R�� ������

0R�� �������� U���
Q ������ 0H�� �����

U���
Q ������� U���
9 ������ 0H�� ������

U���
9 �������Q ������DOO�UDGLL�LQ��P��

,Q� WKH� SUHVHQW� H[SHULPHQWDO�ZRUN�� WKH� DYHUDJH� EXEEOH� UDGLL� YROXPH�ZLOO� EH� FDOFX ODWHG� IURP� DOO� H[SHUL�

PHQWV��7R�DFFRXQW�IRU�WKH�GLVWULEXWLRQ��WKH�PHGLDQ�YDOXH�DQG�D�VFDWWHULQJ�LQWHUYDO�RI�WKH�PHGLDQ�YDOXH�r
����ZLOO� EH�FDOFXODWHG� IURP� WKH�YROXPH�GLVWULEXWLRQ��DV�ZHOO� DV� WKH� VNHZQHVV�QXPEHUV�RI� WKH� YROXPH

GLVWULEXWLRQV�

0DWHULDOV�DQG�0HWKRGV

7KH� EXEEOH� VL]H� RI� IRDP� KDV� EHHQ� GHWHFWHG� E\� PHDQV� RI� LPDJH� DQDO\VLV�� 7KLV� PHWKRG� KDV� EHHQ

GHVFULEHG�E\�,VDULQ�HW�DO��>�@��7KH�VDPH�H[SHULPHQWDO�VHW�XS�ZDV�XVHG�LQ�WKH�SUHVHQW�H[SHULPHQWV��7KH
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IRDP�IORZHG�WKURXJK�D� SHUVSH[�FXYHWWH��3LFWXUHV�ZHUH�WDNHQ�ZLWK�D�1LNRQ�&&'� FDPHUD��DQG�UHFRUGHG

GLUHFWO\� RQWR� D� 3&� FRPSXWHU� �� 6HH� UHIHUHQFH� >�@� IRU� D� PRUH� GHWDLOHG� GHVFULS WLRQ� RI� WKH� H[SHULPHQWDO

WHFKQLTXH�DQG�D�VFKHPDWLF�GUDZLQJ�RI�WKH�H[SHULPHQWDO�VHW�XS�

7KH�SLFWXUHV�ZHUH�DQDO\VHG�ZLWK�FRPPHUFLDOO\�REWDLQDEOH�VRIWZDUH��7KH�DQDO\VLV�ZDV�EDVHG�XSRQ� WKH

VKDSH��ORFDWLRQ�DQG�GLPHQVLRQV�RI�WKH�LQGLYLGXDO�LPDJHV��$�VKDSH�WROHUDQFH�RI�����>�@�ZDV�LQWURGXFHG�

2EMHFWV�WKDW�ZHUH�UHFRJQLVHG�DV�EXEEOHV�ZHUH�WUDQVSRVHG�LQWR�FLUFOHV�ZLWK�WKH�VDPH�DYHUDJH�UDGLXV�DV

WKH�LPDJH�REMHFW��7KHVH�UDGLL�ZHUH�WKH�UHVXOW�RI�WKH�EXEEOH�VL]H�GHWHUPLQD WLRQ�

0DWHULDOV

7KH�IROORZLQJ�IRXU�VXUIDFWDQWV�ZHUH�XVHG�LQ�WKH�H[SHULPHQWV�

�����7DEOH�,� 6XUIDFWDQWV�

6XUIDFWDQW��PDQXIDFWXUHU�

��6WUXFWXUH
1DWXUH

&0&

J�O

6RGLXP�'RGHF\O�6XOSKDWH��0HUFN�

��&��+��62�1D
DQLRQLF ����

'REDQRO�������6KHOO�

��&�+���2&�+���2+�������

��&��+���2&�+���2+�������

��&��+���2&�+���2+�������

QRQ�LRQLF ����

&HW\O�7ULPHWK\O�$PPRQLXP�%URPLGH��)OXND�

��&��+��1�&+���%U
FDWLRQLF �����

(OIDQ�16������$N]R�1REHO�

��&��+���2&�+���62�1D�������

��&��+���2&�+���62�1D�������

DQLRQLF �����

&0&� YDOXHV� ZHUH� PHDVXUHG� ZLWK� D� :LOKHOP\� SODWH� DW� ��q&�� $OO� VXUIDFWDQWV� ZHUH� XVHG� DV� UHFHLYHG�
6ROXWLRQV�ZHUH�IRDPHG�ZLWK�FRQFHQWUDWLRQV�RI��
&0&��3UHVVXULVHG�DLU�ZDV�XVHG�DV�WKH�JDV�SKDVH��DQG

GHPLQHUDOLVHG�ZDWHU�ZDV�XVHG�DV�WKH�VROYHQW�IRU�WKH�OLTXLG�SKDVH��7KH�VXUIDFH�WHQVLRQV�RI�WKH�VXUIDFWDQW

VROXWLRQV�DW� WKHVH�FRQFHQWUDWLRQV�ZHUH�������������DQG���� P1�P� IRU�6'6��&7$%��(OIDQ��DQG�'REDQRO

UHVSHFWLYHO\�

7R�VWXG\�WKH�LQIOXHQFH�RI�WKH�OLTXLG�YLVFRVLW\��D�WKLFNHQLQJ�DJHQW�ZDV�DGGHG�WR�D�6'6�VROXWLRQ�� 6ROYLWRVH

&��� D� QDWXUDO� VWDUFK� IURP� $9(%(�� ZDV� XVHG� LQ� FRQFHQWUDWLRQV� RI� ��� ��� ���� ���� DQG� ��� J�O�� /LTXLG

YLVFRVLWLHV�ZHUH�PHDVXUHG�LQ�D�URWDWLRQDO�YLVFRPHWHU��DQG�ZHUH�IRXQG�WR�EH����������������������DQG�����

P3DV�UHVSHFWLYHO\��,W�ZDV�DVVXPHG�WKDW�WKH�WKLFNHQLQJ�DJHQW�GLG�QRW�LQIOXHQFH�WKH�&0&�

6LOLFD�VXVSHQVLRQV�ZHUH�IRDPHG�WR�VWXG\�WKH�LQIOXHQFH�RI�D�VROLG�SKDVH�RQ�WKH�EXEEOH�VL]H�GLVWULEXWLRQV�

7KH� SUHSDUDWLRQ� RI� WKH� VXVSHQVLRQV� KDV� EHHQ� GHVFULEHG� HDUOLHU� >����@�� &ULVWREDOLWH� IORXU� 0����� IURP

6LEHOFR�ZDV�XVHG��6XVSHQVLRQV�ZHUH�SUHSDUHG�ZLWK��������������DQG�����VLOLFD��Z�Z���6'6�ZDV�XVHG�DV

WKH�IRDPLQJ�DJHQW��,W�ZDV�IRXQG�WKDW�WKH�VLOLFD�GLG�QRW�LQIOXHQFH�WKH�&0&�

3URFHGXUH

)RDP�ZDV�JHQHUDWHG�LQ�D�URWRU�VWDWRU�PL[HU��7KH�VDPH�HTXLSPHQW�ZDV�XVHG�DV�GHVFULEHG�LQ�DQ�HDUOLHU

VWXG\�>����@�

7R�VWXG\�WKH�HIIHFWV�RI�WKH�URWDWLRQDO�VSHHG�RI�WKH�PL[HU��WKH�YLVFRVLW\�RI�WKH�OLTXLG�SKDVH�DQG�WKH�VLOLFD
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FRQWHQW��IRDP�ZDV�SUHSDUHG�ZLWK�D�EORZ�UDWLR�DW�DQ�DWPRVSKHULF�SUHVVXUH�RI����-DLU��� �������$�FRQVWDQW

OLTXLG�IORZ�UDWH�RI������O�PLQ�ZDV�XVHG��7KH�WXEH�OHQJWK�IURP�WKH�PL[HU�WR�WKH� FXYHWWH�ZDV�NHSW�FRQVWDQW�

7KH�URWDWLRQDO�VSHHG�RI�WKH�PL[HU�ZDV�YDULHG�EHWZHHQ�����DQG������530�� )URP�HDFK�GLIIHUHQW�IRDP����

SLFWXUHV�ZHUH�WDNHQ�DQG�VWRUHG�GLUHFWO\�RQWR�WKH�FRPSXWHU��7KH�UHSURGXFLELOLW\�ZDV�VWXGLHG�E\�FRPSDULQJ

UDQGRPO\� FKRVHQ� SLFWXUHV� DW� �� YDULRXV� URWDWLRQDO� VSHHGV�� )RU� WKH� GHWHUPLQDWLRQ� RI� WKH� EXEEOH� VL]H

�GLVWULEXWLRQ��� WKH� UHVXOWV� RI� VHYHUDO� ������ SLFWXUHV� ZHUH� DGGHG� XS� DQG� WUH DWHG� DV� RQH� HQVHPEOH� RI

EXEEOHV��7KH�VWDWLVWLFDO�SDUDPHWHUV�ZHUH�FDOFXODWHG�IURP�WKHVH�HQVHPEOHV�

)LJXUH� ��� ([DPSOH� RI� IUHVK

IRDP�

5HVXOWV�DQG�'LVFXVVLRQ

7KH�SURFHGXUH�RI�LPDJH�UHFRJQLVLQJ�DQG�WUDQVODWLRQ�WR�FLUFXODU�EXEEOHV�KDV�EHHQ�GHVFULEHG�E\� ,VDULQ�HW

DO��>�@��)LJXUH���VKRZV�D�W\SLFDO�UHVXOW�RI�D�SLFWXUH�RI�WKH�IRDP�REWDLQHG��7KH�VXEVHTXHQW�VWHSV�RI�LPDJH

UHFRJQLWLRQ�DQG�WUDQVIRUPDWLRQ�WR�EXEEOHV�ZHUH�SUHVHQWHG�HDUOLHU�>���@�

$W�URWDWLRQDO�VSHHGV�RI�WKH�PL[HU�RI������������������DQG������530��WKH�UHSURGXFLELOLW\�RI�WKH�LPDJHV

ZDV�VWXGLHG��9ROXPH�DYHUDJH�UDGLL��YROXPH�VFDWWHULQJ��YROXPH� VNHZQHVV��DQG�QXPEHU� VNHZQHVV�ZHUH

FDOFXODWHG�� 7KH� UHVXOWV� DUH� VXPPDULVHG� LQ� )LJXUH� ��� $OWKRXJK� WKH� UHVXOWV� IRU� ���� 530� DUH� OHVV

UHSURGXFLEOH�WKDQ�WKH�UHVXOWV�DW�������������DQG������530��WKH�UHSURGXFLELOLW\�LV�VWLOO�DFFHSWDEOH�

������$�����������������������������������������������������������������������������������%

)LJXUH����5HSURGXFLELOLW\��$��VFDWWHULQJ�RI�YROXPH�GLVWULEXWLRQ��U���
9���U���
9��DV�D�IXQFWLRQ�RI�DYHUDJH��U�����%��VNHZQHVV

RI�YROXPH�GLVWULEXWLRQ�DV�D�IXQFWLRQ�RI�VNHZQHVV�RI�QXPEHU�GLVWULEXWLRQ��5HVXOWV�RI�LQGLYLGXDO�SLFWXUHV�
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,Q�7DEOH����WKH�UHVXOWV�RI�WKH�FDOFXODWLRQV�RI�WKH�PRVW�UHOHYDQW�VWDWLVWLFDO�SDUDPHWHUV�IURP�WKH�HQVHP EOHV

RI�EXEEOHV�DUH�SUHVHQWHG�IRU�WKH�LQIOXHQFH�RI�WKH�URWDWLRQDO�VSHHG�ZLWK�6'6�DV�WKH�IRDPLQJ�DJHQW��7KHVH

DUH�SUHVHQWHG�JUDSKLFDOO\�LQ�)LJXUH���

7DEOH��� ,QIOXHQFH�RI�URWDWLRQDO�VSHHG�RQ�EXEEOH�VL]H�DQG�GLVWULEXWLRQ�

1PL[

�530�

1

���

U��
�P

�1� U���
9
�P

0H
�P

U���
9
�P 6N��

U��
�P

�1�

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

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

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

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

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

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

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

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

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

)LJXUH� ��� ,QIOXHQFH� RI� WKH� URWDWLRQDO� VSHHG� RI

WKH�PL[HU� RQ� WKH� VL]H� RI� WKH� EXEEOHV� LQ� IRDP�

U���
9��YROXPH�PHGLDQ�DQG�U���
9

7KH�YDOXHV�RI�WKH�DYHUDJH�EXEEOH�UDGLL�GHFUHDVH�ZLWK�DQ�LQFUHDVH�RI�WKH�URWDWLRQDO�VSHHG�RI�WKH�PL[HU�

7KH�DYHUDJH�EXEEOH�UDGLL�DUH�SURSRUWLRQDO�WR��1PL[�
.
��ZLWK�.�EHLQJ�������IRU�U����)RU�WKH�PHGLDQ�YDOXHV��DQG

WKH�XQGHU�DQG�XSSHU�OLPLWV�RI�WKH�VFDWWHULQJ�DV�SUHVHQWHG�LQ�)LJXUH����YDOXHV�RI�.�ZHUH�IRXQG�RI���������

������DQG��������UHVSHFWLYHO\�

.ROPRJRURY�KDV�SRLQWHG�RXW�WKDW�ZKHQ�PL[LQJ�LV�LQ�D�WXUEXOHQW�UHJLPH��WKH�VL]H�RI�WKH�SULPDU\�HGGLHV�LV

SURSRUWLRQDO�WR�WKH�HQHUJ\�LQSXW�SHU�PDVV�WR�WKH�SRZHU�������>�������@��,I�WKH�EXEEOH�VL]H�LV�SURSRUWLRQDO�WR

WKHVH�SULPDU\�HGGLHV��WKH�EXEEOH�VL]H�LV�SURSRUWLRQDO�WR�WKH�URWDWLRQDO�VSHHG�RI�WKH�PL[HU�WR�WKH�SRZHU��

������2WKHUV�>�����@�KDYH�GHULYHG�IURP�WKH�WKHRU\�RI�WKH�FULWLFDO�:HEHU�QXPEHU�WKDW�WKH�PD[LPXP�EXEEOH

VL]H�PXVW�EH�SURSRUWLRQDO�WR�WKH�URWDWLRQDO�VSHHG�RI�WKH�PL[HU�WR�WKH�SRZHU������LQ�WKH�WXUEXOHQW�PL[LQJ

UHJLPH��+RZHYHU�� LW� LV�GLIILFXOW� WR� LPDJLQH� WXUEXOHQFH� LQ�D� IRDP�ZLWK�D�GLVSHUVHG�SKDVH� IUDFWLRQ�RI�� IRU

LQVWDQFH�������7KH�WXUEXOHQFH�HQHUJ\��DV�HGGLHV��FDQQRW�EH�WUDQV SRUWHG�WR�WKH�FRQWLQXRXV�SKDVH��VLQFH

WKH�GLPHQVLRQV�RI�WKH�ODPHOODH�EHWZHHQ�WKH�EXEEOHV�DUH�PXFK�VPDOOHU�WKDQ�WKH�VL]H�RI�WKH�EXEEOHV�

,Q�WKH�WXUEXOHQW�PL[LQJ�UHJLPH��WKH�EXEEOH�VL]H�LV�GHWHUPLQHG�E\�WKH�:HEHU�QXPEHU
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ZLWK�0�EHLQJ�WKH�HQHUJ\�LQSXW�SHU�XQLW�RI�PDVV��(TXDWLRQ�����ILQDOO\�OHDGV�WR�

���

���

�¸
¹

·
¨
©

§
v PL[1G

X

J
���

7KH�EXEEOH�VL]H�LV�QRW�D�IXQFWLRQ�RI�WKH�YLVFRVLW\�RI�WKH�OLTXLG�SKDVH��:KHQ�D�FRQVWDQW�VXUIDFH�WHQVLRQ�LV

DVVXPHG��WKH�EXEEOH�GLDPHWHU�LQ�WKH�WXUEXOHQW�UHJLPH�>�@

������ ��v PL[1G U ����

,Q�WKH�FDVH�RI�PL[LQJ�LQ�WKH�ODPLQDU�UHJLPH��WKH�EXEEOH�VL]H�LV�FRQ WUROOHG�E\�WKH�FDSLOODU\�QXPEHU�

PL[1

&D
G

K

J
v ����

7KH�EXEEOH�VL]H�LV�QRW�D�IXQFWLRQ�RI�WKH�GHQVLW\��$JDLQ��ZKHQ�D�FRQVWDQW�VXUIDFH�WHQVLRQ�LV�DVVXPHG�>�@�

��v PL[1G ����

:KHQ�PL[LQJ�RFFXUV�LQ�WKH�ODPLQDU�UHJLPH��WKH�EXEEOH�VL]H� LV� LQYHUVHO\�SURSRUWLRQDO� WR�WKH�URWDWLRQDO

VSHHG�RI�WKH�PL[HU�>��@�

8S�WR�WKLV�SRLQW��LW�KDV�EHHQ�DVVXPHG�WKDW�WKH�GHQVLW\�RI�WKH�IRDP�LV�FRQVWDQW�DW�DOO�URWDWLRQDO�VSHHGV��7KH

EXEEOH�VL]HV�ZHUH�UHFRUGHG�DW�QHDUO\�DWPRVSKHULF�SUHVVXUH��ZLWK�D�FRQVWDQW�IRDP�GHQVLW\�RI�����NJ�P
�
�

7KH�SUHVVXUH�LQ�WKH�PL[HU�ZDV�QRW�FRQVWDQW�DW�DOO�URWDWLRQDO�VSHHGV ��WKXV�WKH�IRDP�GHQVLW\�LQ�WKH�PL[HU

ZDV� QRW� FRQVWDQW�� )XUWKHUPRUH�� WKH� EXEEOH� VL]HV� ZHUH� H[SDQGHG� IURP� WKH� PL[HU� SUHVVXUH� WR� WKH

DWPRVSKHULF�SUHVVXUH��&RUUHFWLRQ�IRU�WKH�SUHVVXUH�LQIOXHQFH�LV�HDV\�ZKHQ�WKH�LGHDO�JDV�ODZ�LV�DSSOLHG�

7KH� PD[LPXP� EXEEOH� UDGLL� DQG� WKH� PHGLDQ� YDOXHV� RI� WKH� YROXPH� GLVWULEXWLRQV� RI� WKH� IRXU� YDULRXV

VXUIDFWDQWV��FRUUHFWHG�IRU�WKH�PL[HU�SUHVVXUH��DUH�VKRZQ�LQ�)LJXUH���� ,W�DSSHDUV�WKDW� WKHUH� LV�QRW�PXFK

GLIIHUHQFH�LQ�WKH�EXEEOH�UDGLL�IRU�WKH�YDULRXV�VXUIDFWDQWV�

)LJXUH����,QIOXHQFH�RI�URWDWLRQDO�VSHHG�RI

WKH�PL[HU� RQ� WKH� YROXPH�PHGLDQ� YDOXHV

IRU� WKH� YDULRXV� IRDPHG� VXUIDFWDQW

VROXWLRQV��

1RZ�YDOXHV�RI�.�KDYH�EHHQ�IRXQG�RI����������������������DQG�������IRU�WKH�PHGLDQ�YDOXHV�IRU�6'6��&7$%�

(OIDQ�� DQG�'REDQRO� UHVSHFWLYHO\�� 7KHVH� YDOXHV� RI� .� LQGLFDWH� WKDW� WKH�PL[LQJ� LV� LQ� WKH� ODPLQDU� UHJLPH�

DOWKRXJK� WKH� EXEEOH� VL]H� LV� UHODWHG� WR� WKH� H[LW� RI� WKH�PL[HU�� ZKHQ� WKH� IRDP� YLVFRVLW\� LV� KLJK�� $W� WKH
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HQWUDQFH�RI�WKH�PL[HU��ZKHQ�WKH�JDV�OLTXLG�PL[WXUH�KDV�D�ORZ�YLVFRVLW\��WXUEXOHQFH�FRXOG�EH�H[SHFWHG��,I

WKLV�LV�FRUUHFW��WKH�YLVFRVLW\�RI�WKH�OLTXLG�SKDVH��RU�DGGLWLRQ�RI�VLOLFD��LV�H[SHFWHG�WR�LQIOXHQFH�WKH�EXEEOH

VL]H��7KLV�LV�SRLQWHG�RXW�LQ�)LJXUHV���DQG���IRU�WKH�LQIOXHQFH�RI�WKH�OLTXLG�SKDVH�

$�VPDOO�LQFUHDVH�RI�WKH�YLVFRVLW\�RI�WKH�OLTXLG�SKDVH�\LHOGV�D�GHFUHDVH�RI�WKH�EXEEOH�VL]H��$ERYH�D�FHUWDLQ

YLVFRVLW\�WKHUH�LV�KDUGO\�DQ\�GHFUHDVH��$W�D�KLJK�YLVFRVLW\�RI�WKH�OLTXLG�SKDVH�DQG�D�KLJK�URWDWLRQDO�VSHHG�

DQ�LQFUHDVH�RI�WKH�EXEEOH�VL]H�LV�REVHUYHG��,Q�SDUWLFXODU��WKH�PD[LPXP�EXEEOH�UDGLXV�DQG�WKH�XSSHU�OLPLW

RI�WKH�VFDWWHULQJ�LQFUHDVH��$W�����530��DQ�LQFUHDVH�RI�WKH�OLTXLG�YLVFRVLW\�UHVXOWV�LQWR�VPDOOHU�YDOXHV�RI�DOO

FDOFXODWHG�UDGLL��7KH�VNHZQHVV�RI�WKH�GLVWULEXWLRQV�LV�KDUGO\�LQIOXHQFHG��$W������530��D�GHFUHDVH�RI�WKH

EXEEOH� VL]HV� LV� ILUVW� REVHUYHG�� $ERYH� D� FHUWDLQ� OLTXLG� YLVFRVLW\�� DQ� LQFUHDVH� RI� WKH� ODUJH� EXEEOHV� LV

REVHUYHG��WKH�SURFHVV�RI�EXEEOH�IRUPDWLRQ�LV�DSSDUHQWO\�UHWDUGHG��$Q�LQFUHDVH�RI�WKH� VNHZQHVVHV�RI�WKH

GLVWULEXWLRQV�LV�REVHUYHG��GXH�WR�WKH�LQFUHDVH�RI�WKH�PD[LPXP�EXEEOH�UDGLL��$W�D�KLJK�OLTXLG�YLVFRVLW\��D

VWDJH�RI�GHPL[LQJ�KDV�EHHQ�UHDFKHG��7KH� VNHZQHVV�RI� WKH�GLVWULEXWLRQ�ZLWK�WKH�KLJKHVW� OLTXLG�YLVFRVLW\

KDV�EHHQ� VKLIWHG� IURP� ULJKW�VNHZHG� WR� OHIW�VNHZHG�� 7KH� VFDWWHULQJ� LQWHUYDO� DW� �����530� LQFUHDVHV� DW

LQFUHDVLQJ�OLTXLG�YLVFRVLWLHV��ZKLOH�LW�GHFUHDVHV�DW�LQFUHDVLQJ�YLVFRVLW\�RI�WKH�OLTXLG�SKDVH�DW�����530�

�����������������$���������������������������������������������������������������������������������%

)LJXUH����,QIOXHQFH�RI�OLTXLG�YLVFRVLW\�RQ�WKH�EXEEOH�VL]H�DW�D�URWDWLRQDO�VSHHG�RI�WKH�PL[HU�RI�����530��$��PD[LPXP

UDGLL��PHGLDQ�YDOXHV��DQG�VFDWWHULQJ��%��VNHZQHVV��

������$�����������������������������������������������������������������������������������%

)LJXUH����,QIOXHQFH�RI�OLTXLG�YLVFRVLW\�RQ�WKH�EXEEOH�VL]H�DW�D�URWDWLRQDO�VSHHG�RI�WKH�PL[HU�RI������530��$��PD[LPXP

UDGLL��PHGLDQ�YDOXHV��DQG�VFDWWHULQJ��%��VNHZQHVV��

$QRWKHU�H[SODQDWLRQ�FRXOG�EH�WKH�QRQ�1HZWRQLDQ�EHKDYLRXU�RI�WKH�WKLFNHQHG�VROXWLRQV��,Q�D�ILUVW�DSSUR[L�

PDWLRQ��WKHVH�VROXWLRQV�ZHUH�DVVXPHG�WR�EHKDYH�DV�D�1HZWRQLDQ�OLTXLG��7KLV�ZDV�QRW�D�JRRG�DVVXPSWLRQ

IRU�VROXWLRQV�ZLWK�D�KLJK�FRQFHQWUDWLRQ�RI� WKLFNHQLQJ�DJHQW��ZKLFK�DSSHDUHG� WR�EHKDYH�PRUH� OLNH� IOXLGV

ZKLFK�VDWLVI\�WKH�SRZHU�ODZ�>�@��&RQVHTXHQWO\��WKH�DSSDUHQW�YLVFRVLW\�RI�WKH�OLTXLG�SKDVH�PD\�EH�ORZHU�LQ

WKH�PL[HU�ZKHQ�D�VROXWLRQ�ZLWK�D�KLJK�FRQFHQWUDWLRQ�RI� WKLFNHQLQJ�DJHQW� LV� IRDPHG�� UHVXOWLQJ� LQ� ODUJHU

EXEEOHV�
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,W�LV�IRXQG�WKDW�DW�FRQVWDQW�URWDWLRQDO�VSHHG�RI�WKH�PL[HU��WKH�DYHUDJH�EXEEOH�UDGLXV��U����LV�SURSRUWLRQDO�WR

��OLT�
.
��ZLWK�.�EHLQJ���������������DQG��������DW������������DQG������530��UHVSHFWLYHO\�

,Q�)LJXUH���DQG���WKH�UHVXOWV�RI�WKH�EXEEOH�VL]H�GHWHUPLQDWLRQ�RI�WKH�WKUHH�SKDVH�IRDP�DUH�YLVXDOLVHG�IRU

����530�DQG������530��UHVSHFWLYHO\��7KH�EXEEOH�VL]H�LV�KDUGO\�LQIOXHQFHG�E\�VLOLFD�LQ�WKH�VXVSHQVLRQ�

��������������$����������������������������������������������������������������������������������%

)LJXUH��� ,QIOXHQFH�RI� VLOLFD� RQ� EXEEOH� VL]H� GLVWULEXWLRQ� DW� D� URWDWLRQDO� VSHHG�RI� ����530��$��PHGLDQ� YDOXHV�� DQG

VFDWWHULQJ��%��VNHZQHVV�

���������������$����������������������������������������������������������������������������������%

)LJXUH��� ,QIOXHQFH�RI�VLOLFD�RQ�EXEEOH�VL]H�GLVWULEXWLRQ�DW�D� URWDWLRQDO�VSHHG�RI������530��$��PHGLDQ�YDOXHV��DQG

VFDWWHULQJ��%��VNHZQHVV�

$�VPDOO�LQFUHDVH�RI�WKH�VLOLFD�FRQWHQW�UHVXOWV�LQ�DQ�LQFUHDVH�RI�EXEEOH�VL]H�IRU�ERWK�URWDWLRQDO�VSHHGV�RI

WKH�PL[HU��$�IXUWKHU�LQFUHDVH�RI�WKH�VLOLFD�FRQWHQW�VORZO\�GHFUHDVHV�WKH�EXEEOH�VL]H��7KH� VNHZQHVV�RI�WKH

IRDP�DW� ����530�GHFUHDVHV� IRU� WKH� QXPEHU� GLVWULEXWLRQ�ZKHQ� WKH� VLOLFD� FRQWHQW� LV� LQFUHDVHG�� $W� WKH

URWDWLRQDO�PL[HU�VSHHG�RI������530��WKHUH�LV�KDUGO\�DQ\�FKDQJH�LQ�HLWKHU�EXEEOH�VL]H�RU� VNHZQHVV�RI�WKH

GLVWULEXWLRQ�

)URP�WKH�EXEEOH�VL]H�DQG�WKH�IRDP�GHQVLW\��LW�LV�SRVVLEOH�WR�HVWLPDWH�WKH�VL]H�RI�WKH�WKLFNQHVV�RI�WKH�ILOP

EHWZHHQ�WKH�EXEEOHV��7KH�IUDFWLRQ�RI�OLTXLG�LQ� D�IRDP�GLYLGHG�E\�KDOI�WKH�WRWDO�VXUIDFH�RI�WKH�EXEEOHV�LQ

WKDW�YROXPH�RI�IRDP��VLQFH�D�ILOP�KDV�WZR�VLGHV��JLYHV�WKH�WKLFNQHVV�RI�WKH�ILOP�

IRDPOLT 9
$

K ) 
�

����

,I�ZH�DVVXPH�D�VSKHULFDO�VKDSH�RI�WKH�EXEEOHV��WKH�QXPEHU�RI�EXEEOHV�FDQ�EH�FDOFXODWHG�E\
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,Q�HTXDWLRQ�������F�LV�D�QXPEHU�WKDW�FRUUHFWV�IRU�WKH�DPRXQW�RI�OLTXLG�EHLQJ�KHOG�LQ�WKH�ILOPV�DQG�ZKLFK�LV

QRW�LQ�WKH�SODWHDX�ERUGHUV��,I�WKH�EXEEOH�VKDSH�GHYLDWHV�IURP�VSKHUHV��LW�LV�IRXQG�WKDW�WKH�VXUIDFH�DUHD�RI

RQH�EXEEOH�LV�ODUJHU�WKDQ�D�VSKHULFDO�EXEEOH�ZLWK�WKH�VDPH�YROXPH�>��@��,Q�HTXDWLRQ������WKH�YDOXH�IRU�U��
ZRXOG�EHFRPH�VPDOOHU��DQG�WKH�WKLFNQHVV�RI�WKH�ILOP�ZRXOG�WKXV�DOVR�EHFRPH�VPDOOHU�

,W�LV�IRXQG�WKDW�WKH�IUDFWLRQ�RI�OLTXLG�KHOG�LQ�WKH�ILOPV�LV�D�IXQFWLRQ�RI�WKH�EXEEOH�VL]H�DQG�WKH�IRDP�GHQVLW\

>��@��)RU�EXEEOH�VL]HV�RI�DSSUR[LPDWHO\�������P�DQG�D�IRDP�GHQVLW\�RI����NJ�P
�
��IUDFWLRQV�RI�OLTXLG�KHOG

LQ�WKH�ILOPV�RI���������ZHUH�IRXQG��7KH�IUDFWLRQV�GHFUHDVHG�IRU�GHFUHDVLQJ�EXEEOH� VL]HRU�IRU�GHFUHDVLQJ

IRDP�GHQVLW\��)RU�D�EORZ�UDWLR�%� ��� �!IRDP� �����NJ�P
�
���DQG� WKH�YDOXHV� IRU� WKH�EXEEOH� UDGLXV� �U����RI

7DEOH�,,��DQG�DVVXPLQJ�YDOXHV�RI�����F������LW� LV�SRVVLEOH�WR�FDOFXODWH�WKH�YDOXH�RI�WKH�WKLFNQHVV�RI�WKH

ILOP��,Q�7DEOH�,,,�VRPH�W\SLFDO�YDOXHV�RI�WKH�ILOP�WKLFNQHVV�DUH�FDOFXODWHG�IRU�IRDPV�JHQHUDWHG�ZLWK�6'6�

6LQFH�QR�LQIOXHQFH�RQ�EXEEOH�VL]H�IURP�WKH�VLOLFD�FRQWHQW�ZDV�IRXQG��QR�LQIOXHQFH�RQ�WKH�ILOP�WKLFNQHVV�LV

H[SHFWHG� HLWKHU�� )RU� WKH� IRDP� JHQHUDWHG� ZLWK� DQ� LQFUHDVLQJ� FRQFHQWUDWLRQ� RI� WKLFNHQLQJ� DJHQW�� D

GHFUHDVH�RI�WKH�ILOP�WKLFNQHVV�LV�H[SHFWHG��VLQFH�WKH�EXEEOH�VL]H�GHFUHDVHV�ZLWK�DQ�LQFUHDVH�RI�WKH�OLTXLG

YLVFRVLW\�

:HQ]HO�HW�DO��>��@�IRXQG�YDOXHV�RI�K�RI�����������P�

7DEOH�����5HVXOWV�IRU�WKH�ILOP�WKLFNQHVV

K
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7KH�UHVXOWV�DV�SUHVHQWHG�LQ�7DEOH���DUH�IRU�WKH�WZR�SKDVH�IRDP��+RZHYHU��WKH�EXEEOH�VL]H�RI�WKUHH�SKDVH

IRDP�LV�RI�WKH�VDPH�RUGHU�RI�PDJQLWXGH��7KLV�LQGLFDWHV�WKDW�WKH�ILOP�WKLFNQHVV�LV�DOVR�R I�WKH�VDPH�RUGHU�RI

PDJQLWXGH��7KH�VL]H�RI�WKH�VLOLFD�SDUWLFOHV�ZDV�IRXQG�WR�EH�XS�WR����P�>����@��7KLV�LQGLFDWHV�WKDW�WKH�VROLG

SKDVH�LV�PRVWO\�LQ�WKH�SODWHDX�ERUGHUV�DQG�QRW�LQ�WKH�ILOPV�

$FFRUGLQJ�WR�&KHQJ�	�/HPOLFK�>��@��WKHUH�DUH�VRPH�VRXUFHV�RI�HUURU�LQ�WKH�GHWHUPLQD WLRQ�RI�WKH�EXEEOH

VL]H�GLVWULEXWLRQ�ZKHQ�SKRWRJUDSK\�LV�LQYROYHG��:KHQ�SLFWXUHV�DUH�WDNHQ�IURP�IRDP�EXEEOHV�GLUHFWO\�QHDU

D�VROLG�VXUIDFH��VPDOO�EXEEOHV�DUH�H[FOXGHG��&RQVHTXHQWO\��D�EXEEOH�VL]H�LV�PHDVXUHG�ZKLFK�LV�WRR�ODUJH

ZLWK�UHVSHFW�WR�WKH�EXEEOH�VL]H�RI�WKH�IRDP�WKDW�LV�IXUWKHU�DZD\�IURP�WKH�VROLG�VXUIDFH��7KLV�HUURU�FDQ�EH

FRUUHFWHG�PDWKHPDWLFDOO\�ZKHQ�WKH�GLVWULEXWLRQ�IXQFWLRQ�LV�NQRZQ�
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ZLWK� I�U�� WKH�PHDVXUHG�EXEEOH�VL]H�GLVWULEXWLRQ� IXQFWLRQ��QHDU� WKH�VROLG�VXUIDFH���DQG�)�U�� WKH�FRUUHFWHG

GLVWULEXWLRQ� IXQFWLRQ�� ,W�DSSHDUV� IURP�HTXDWLRQ� ����� WKDW�� IRU� LQVWDQFH�� U���RI� WKH�XQFRUUHFWHG�GLVWULEXWLRQ

HTXDOV�U���RI�WKH�FRUUHFWHG�GLVWULEXWLRQ�

$QRWKHU�VRXUFH�RI�HUURU� LV� WKH� IDFW� WKDW�EXEEOHV�DUH�GLVWRUWHG�QHDU�D�VROLG�VXUIDFH� >�@��%XEEOHV�DUH�QRW

FRPSOHWHO\�VSKHULFDO�QHDU�WKH�VROLG�VXUIDFH��7KH�UHODWLRQ�EHWZHHQ�WKH�PHDVXUHG�GLVWRUWHG�UDGLXV�DQG�WKH

UHDO�XQGLVWRUWHG� UDGLXV� LV�QRW�NQRZQ��DOWKRXJK� WKH�XQGLVWRUWHG� UDGLXV�ZLOO�SUREDEO\�EH�VPDOOHU� WKDQ� WKH

GLVWRUWHG�UDGLXV�RI�D�EXEEOH�QHDU�WKH�VXUIDFH�

/HRQDUG�	�/HPOLFK�>��@� IRXQG� WKDW� LQ� IORZLQJ� IRDP�ODUJH�EXEEOHV�ZHUH� IRXQG� LQ� WKH�FHQWUH�RI� WKH� IORZ�

ZKLFK�ZHUH�KLGGHQ�E\�VPDOOHU�EXEEOHV�QHDU�WKH�VLGH�RI�WKH�IORZ�

'XH�WR�LQWHUEXEEOH�JDV�GLIIXVLRQ���UDSLG��GLVSURSRUWLRQ�LV�DQRWKHU�VRXUFH�RI�HUURU��/DUJH�EXEEOHV�JURZ�DW

WKH�H[SHQVH�RI�VPDOOHU�EXEEOHV��7KH�EXEEOH�VL]H�GLVWULEXWLRQ�FKDQJHV�RYHU�WLPH�>�@�

7KHVH� IRXU� VRXUFHV� RI� HUURU� LQ� WKH� GHWHUPLQDWLRQ� RI� WKH� EXEEOH� VL]H� DQG� GLVWULEXWLRQ� PDNH� LW� DOPRVW

LPSRVVLEOH� WR� PDNH� DQ\� TXDQWLWDWLYH� FRUUHFWLRQ� ZKLFK� WDNHV� DOO� IRXU� VRXUFHV� LQWR� DFFRXQW�� 7R� DSSO\

HTXDWLRQ������WR�FRUUHFW�WKH�EXEEOH�VL]H�VHHPV�XVHOHVV��,Q�WKLV�LQYHVWLJDWLRQ��QR�FRUUHFWLRQV�ZKDWVR HYHU

KDYH�EHHQ�DSSOLHG�WR�WKH�REWDLQHG�GDWD�

&RQFOXVLRQV

,PDJH�DQDO\VLV�LV�DQ�H[FHOOHQW�PHWKRG�RI�GHWHUPLQLQJ�WKH�EXEEOH�VL]H�DQG�LWV�GLVWULEXWLRQ�LQ��WKUHH�SKDVH�

IRDP�

7KH�EXEEOH�VL]H�GHFUHDVHV�ZKHQ�WKH�URWDWLRQDO�VSHHG�RI�WKH�PL[HU�LV�LQFUHDVHG��DW�FRQVWDQW�IRDP�GHQVLW\�

7KH�SURSRUWLRQDOLW\�RI�WKH�EXEEOH�VL]H�WR��1PL[�
.
��ZLWK�.�EHLQJ�DSSUR[LPDWHO\�������VWURQJO\�LQGLFDWHV�WKDW

WKH�IORZ�UHJLPH�LQ�WKH�PL[HU�LV�ODPLQDU��+RZHYHU��WKLV�LV�UHODWHG�WR�WKH�H[LW�RI�WKH�IRDP�IURP�WKH�PL[HU��$W

WKH�EHJLQQLQJ�RI� WKH�PL[LQJ�SURFHVV��ZKHQ�HQWHULQJ� WKH�PL[HU��PL[LQJ�PD\�EH� LQ� WKH� WXUEX OHQW� UHJLPH�

HVSHFLDOO\�ZKHQ�WKH�YLVFRVLW\�RI�WKH�JDV�OLTXLG�PL[WXUH�LV�ORZ�

2QO\�VPDOO�LQIOXHQFH�RI�WKH�QDWXUH�RI�WKH�VXUIDFWDQW�RQ�EXEEOH�VL]H�LV�IRXQG�

7KH�GLVWULEXWLRQ�RI� WKH�EXEEOH� VL]H� LV� UHSUHVHQWHG�DV�D� VFDWWHULQJ� LQWHUYDO�� LQ� WKLV� VWXG\�RI� ���� � L�H�� D

PHGLDQ�RI��������

7KH� VNHZQHVV� RI� WKH� YROXPH� GLVWULEXWLRQ� LV� EDUHO\� DIIHFWHG� E\� WKH� URWDWLRQDO� VSHHG� RI� WKH�PL[HU�� 7KH

VNHZQHVV�RI�WKH�QXPEHU�GLVWULEXWLRQ�GHFUHDVHV�IRU�LQFUHDVLQJ�URWDWLRQDO�VSHHGV�RI�WKH�PL[HU�

7KH�EXEEOH�VL]H�GHFUHDVHV�ZKHQ�WKH�OLTXLG�YLVFRVLW\�LV�LQFUHDVHG��7KH� VNHZQHVV�LV�VWURQJO\�DIIHFWHG�E\
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WKH�OLTXLG�YLVFRVLW\��DQ�LQFUHDVH�RI�WKH�YLVFRVLW\�UHVXOWV�LQ�D�KLJKHU� VNHZQHVV�QXPEHU��7KLV�LV�WKH�UHVXOW�RI

WKH�LQFUHDVH�RI�WKH�PD[LPXP�EXEEOH�VL]H�

7KH� EXEEOH� VL]H� LV� KDUGO\� DIIHFWHG� E\� WKH� VLOLFD� FRQWHQW� LQ� WKH� VXVSHQ VLRQ�� 7KH� VNHZQHVV� LV� KDUGO\

DIIHFWHG�E\�DQ�LQFUHDVH�RI�WKH�VLOLFD�FRQWHQW�LQ�WKH�VXVSHQVLRQ�

7KH�WKLFNQHVV�RI�WKH�ILOP�LV�SURSRUWLRQDO�WR�WKH�EXEEOH�VL]H�DQG�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�EORZ�UDWLR�

)LOP�WKLFNQHVVHV�ZHUH�IRXQG�LQ�WKH�UDQJH�RI������P�

7KH�EXEEOH�VL]H�GLVWULEXWLRQV�REWDLQHG�ZHUH�QRW�VXEMHFWHG�WR�DQ\�FRUUHFWLRQ�RSHUDWLRQ�

$FNQRZOHGJHPHQW

7KLV� UHVHDUFK� ZRXOG� QRW� KDYH� EHHQ� SRVVLEOH� ZLWKRXW� WKH� ILQDQFLDO� VXSSRUW� RI� WKH� 'XWFK� )RXQGDWLRQ


7HFKQRORJLH�YDQ�*HVWUXFWXUHHUGH�0DWHULDOHQ
�

6\PEROV

$ 6XUIDFH�DUHD P
�

% %ORZ�UDWLR �

F )UDFWLRQ�RI�OLTXLG�LQ�ILOPV �

&D &DSLOODU\�QXPEHU �

' 'LDPHWHU�RI�WKH�PL[HU P

G 'LDPHWHU�RI�D�EXEEOH P

)�U� 'LVWULEXWLRQ�IXQFWLRQ �

I�U� 8QFRUUHFWHG�GLVWULEXWLRQ�IXQFWLRQ� �

K 7KLFNQHVV�RI�WKH�ILOP P

0H 0HGLDQ P

0R 0RGH P

1PL[ 5RWDWLRQDO�VSHHG�RI�WKH�PL[HU V
��

Q 1XPEHU�RI�EXEEOHV �

5 'LPHQVLRQOHVV�UDGLXV��U� U �� �

U 5DGLXV P

U $YHUDJH�EXEEOH�UDGLXV� P

U���
Q 8QGHU�OLPLW�RI�����VFDWWHULQJ�LQWHUYDO�RI�QXPEHU�GLVWULEXWLRQ� P

U���
Q 8SSHU�OLPLW�RI�����VFDWWHULQJ�LQWHUYDO�RI�QXPEHU�GLVWULEXWLRQ� P

U���
9 8QGHU�OLPLW�RI�����VFDWWHULQJ�LQWHUYDO�RI�YROXPH�GLVWULEXWLRQ� P

U���
9 8SSHU�OLPLW�RI�����VFDWWHULQJ�LQWHUYDO�RI�YROXPH�GLVWULEXWLRQ� P

U�� 1XPEHU�DYHUDJH�EXEEOH�UDGLXV P

U�� 9ROXPH�DYHUDJH�EXEEOH�UDGLXV P

U�� 9ROXPH�VXUIDFH�DYHUDJH�EXEEOH�UDGLXV P

6N 6NHZQHVV�QXPEHU �

9 9ROXPH P
�

:H :HEHU�QXPEHU �

\ 6LOLFD�FRQWHQW �
. ([SRQHQWLDO�YDOXH 1�P

��

0 3RZHU�FRQVXPSWLRQ�SHU�XQLW�RI�PDVV -�V
��
�NJ

��

!IRDP )RDP�GHQVLW\ NJ�P
��

1 6WDQGDUG�GHYLDWLRQ P
� 9LVFRVLW\ 3D�V

)DLU 9ROXPH�IUDFWLRQ�RI�DLU� �

)DLU�� 9ROXPH�IUDFWLRQ�RI�DLU�DW�DWPRVSKHULF�SUHVVXUH� �

)OLT 9ROXPH�IUDFWLRQ�RI�OLTXLG� �
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