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��� 'HULF -RKQ 2HKOHUV� 0DUILTXH $KPHG� 1LQK 7� 1JX\HQ DQG 0DUN $QGUHZ %UDGIRUG

VXEVWDQWLDO SRUWLRQ RI WKH SODWHV UHPDLQHG HODVWLF DW IDLOXUH DQG� KHQFH� WKH EROWHG�VLGH�SODWH DQDO\VLV

WHFKQLTXH� WKDW LV GHYHORSHG LQ WKLV SDSHU� KDV WR DOORZ IRU SDUWLDO \LHOGLQJ� 7R GR WKLV� WZR IRUPV RI

DQDO\VLV DUH XVHG WR GHWHUPLQH WKH ERXQGV WKDW DUH XVHG LQ WKH EROWHG�VLGH�SODWH DQDO\VLV� 7KHVH

DQDO\VHV DUH� WKH VLGH�SODWHG ULJLG�SODVWLF DQDO\VLV WHFKQLTXH GHYHORSHG LQ WKH FRPSDQLRQ SDSHU

ZKHUH DOO WKUHH HOHPHQWV� WKDW LV WKH UHLQIRUFHG FRQFUHWH EHDP� WKH SODWHV DQG WKH EROW VKHDU

FRQQHFWRUV� DUH DVVXPHG WR EH IXOO\ \LHOGHG RU SODVWLF� DQG D PL[HG�DQDO\VLV DSSURDFK �2HKOHUV DQG

6YHG ����� ZKHUH WKH EROW VKHDU FRQQHFWLRQ LV DVVXPHG WR EH IXOO\ SODVWLF EXW WKH SODWHV DQG WKH

UHLQIRUFHG�FRQFUHWH EHDP DUH DVVXPHG WR UHPDLQ HODVWLF�

7KH FRQFHSW RI WUDQVYHUVH SDUWLDO�LQWHUDFWLRQ ZLOO ILUVW EH LOOXVWUDWHG E\ VWXG\LQJ WKH GLVWULEXWLRQ RI

WKH WUDQVYHUVH VOLS XVLQJ D PL[HG�DQDO\VLV DSSURDFK� 7KH DLP RI WKLV VHFWLRQ LV WR JLYH WKH UHDGHU DQ

LQVLJKW LQWR WKH EHKDYLRXU RI WKLV XQLTXH FRQFHSW RI WUDQVYHUVH LQWHUDFWLRQ� %RXQGV WR WKH WUDQVYHUVH

IRUFHV DQG WKH PRPHQWV WKHVH WUDQVYHUVH IRUFHV LQGXFH LQ WKH SODWH HOHPHQWV DUH WKHQ GHYHORSHG

XVLQJ ERWK WKH ULJLG�SODVWLF DQG PL[HG DQDO\VLV DSSURDFKHV� ,W LV WKHQ VKRZQ KRZ WKH ULJLG�SODVWLF

DQDO\VLV WHFKQLTXH IRU VLGH SODWHG EHDPV� GHYHORSHG LQ WKH FRPSDQLRQ SDSHU� FDQ EH DGDSWHG WR

LQFRUSRUDWH WKHVH ERXQGV WR WKH WUDQVYHUVH IRUFHV WR IRUP WKH EROWHG�VLGH�SODWH DQDO\VLV� 7KLV QHZ

EROWHG�VLGH�SODWH DQDO\VLV WHFKQLTXH LV WKHQ XVHG WR UH�DQDO\VH WKH SODWHG EHDP WHVWV GHVFULEHG LQ WKH

FRPSDQLRQ SDSHU LQ RUGHU WR SURYLGH GHVLJQ UXOHV WKDW DOORZ IRU WKH UHGXFWLRQ LQ VWUHQJWK GXH WR WKH

QHXWUDO D[LV VHSDUDWLRQ KQD DQG GLIIHUHQFH LQ FXUYDWXUH ∆κ HIIHFWV� DOVR GHVFULEHG LQ WKH FRPSDQLRQ

SDSHU� 7KH DSSOLFDWLRQ RI WKLV QHZ EROWHG�VLGH�SODWH DQDO\VLV WHFKQLTXH LV WKHQ LOOXVWUDWHG� ,W PXVW EH

HPSKDVLVHG WKDW SODWH EXFNOLQJ �6PLWK� %UDGIRUG DQG 2HKOHUV ����D�E� DQG PHWKRGV IRU SUHYHQWLQJ

SUHPDWXUH IDLOXUH RI WKH EROW�VKHDU�FRQQHFWLRQV �$KPHG ����� DUH GHDOW ZLWK HOVHZKHUH�

�� 7UDQVYHUVH VOLS

$ PL[HG DQDO\VLV ZLOO EH XVHG WR JDLQ DQ LQVLJKW LQWR WKH YDULDWLRQ RI WKH YHUWLFDO VOLS� 7KH EHDP

LQ )LJ� ��D� LV VXEMHFWHG WR D SRLQW ORDG RI �) DW PLG�VSDQ DQG WKH WUDQVYHUVH IRUFHV LQ HDFK VKHDU

VSDQ 9 DUH DVVXPHG WR DFW DW WKH HQGV RI WKH VKHDU VSDQ RI OHQJWK /VV� 7KH PL[HG DQDO\VLV LV

LOOXVWUDWHG LQ )LJ� � ZKHUH LW LV DVVXPHG WKDW WKH SODWH DQG FRQFUHWH HOHPHQWV UHPDLQ OLQHDU�HODVWLF�

ZKHUHDV� WKH EROW�VKHDU�FRQQHFWRUV DUH DVVXPHG WR EH IXOO\ SODVWLF DQG� KHQFH� WKH IRUFHV )5& DQG )S

LQ )LJ� ��E� DUH HTXDO WR WKH VWUHQJWK RI WKH VKHDU FRQQHFWRUV + LQ WKH VKHDU VSDQ� %HFDXVH RI

WUDQVYHUVH SDUWLDO LQWHUDFWLRQ WKDW LV YHUWLFDO VOLS� WKH FXUYDWXUH LQ WKH FRQFUHWH HOHPHQW κ5& LQ )LJ� ��F�

LV ODUJHU WKDQ WKDW LQ WKH SODWH κS �$KPHG� 2HKOHUV DQG %UDGIRUG ������

)URP HTXLOLEULXP RI WKH VWUHVV UHVXOWDQWV DW WKH FURVV�VHFWLRQ LQ )LJ� ��E� ZKLFK LV VLWXDWHG DW D

GLVWDQFH [ IURP WKH HQG RI WKH VKHDU VSDQ

���

ZKHUH 0 DSSOLHG PRPHQW� 0S PRPHQW LQ WKH SODWH� 05& PRPHQW LQ WKH FRQFUHWH HOHPHQW� + 

VWUHQJWK RI VKHDU FRQQHFWLRQ RYHU VSDQ [� DQG KFQW GLVWDQFH EHWZHHQ WKH FHQWURLG RI WKH VWHHO

HOHPHQWV DQG WKH FHQWURLG RI WKH UHLQIRUFHG FRQFUHWH HOHPHQW� )URP )LJ� ��D�� WKH YDULDWLRQ LQ WKH

PRPHQW LQ WKH SODWH LV 0S�[� 9[ DQG WKH YDULDWLRQ LQ WKH DSSOLHG PRPHQW LV 0�[� )[ DQG� WKHUHIRUH�

VXEVWLWXWLQJ WKHVH PRPHQWV LQWR (T� ��� JLYHV

���

ZKHUH T ORQJLWXGLQDO VKHDU IORZ VWUHQJWK DFURVV WKH SODWH�EHDP LQWHUIDFH DQG ZKLFK LV DVVXPHG WR

05& [( ) 0 [( )−0S [( )−+ [( )KFQW

05& [( ) )[ 9[– T[KFQW–



5HWURILWWLQJ UHLQIRUFHG FRQFUHWH EHDPV E\ EROWLQJ VWHHO SODWHV WR WKHLU VLGHV� 3DUW � ���

)LJ� � 'LVWULEXWLRQ RI YHUWLFDO VOLS

)LJ� � 0L[HG DQDO\VLV IRU ORQJLWXGLQDO VOLS



��� 'HULF -RKQ 2HKOHUV� 0DUILTXH $KPHG� 1LQK 7� 1JX\HQ DQG 0DUN $QGUHZ %UDGIRUG

EH FRQVWDQW� WKDW LV� WKHUH LV D XQLIRUP GLVWULEXWLRQ RI VKHDU FRQQHFWRUV� 6XEVWLWXWLQJ 05&�[� �(,�5&
G�\�G[� ZKHUH �(,�5& IOH[XUDO ULJLGLW\ RI WKH UHLQIRUFHG FRQFUHWH HOHPHQW� DQG LQWHJUDWLQJ WZLFH�

EHDULQJ LQ PLQG WKDW WKH FRQFUHWH HOHPHQW KDV ]HUR VORSH DW PLG�VSDQ DQG ]HUR GHIOHFWLRQ DW WKH

VXSSRUW� JLYHV WKH IROORZLQJ GHIOHFWLRQ RI WKH UHLQIRUFHG FRQFUHWH HOHPHQW DW PLG�VSDQ

���

$ VLPLODU DQDO\VLV FDQ EH DSSOLHG WR WKH SODWH HOHPHQW� ,Q WKLV FDVH� WKH UHVWUDLQWV DSSOLHG WR WKH

SODWH HQGV FDQ YDU\ DV ZLOO EH VKRZQ VXEVHTXHQWO\� KRZHYHU� WKH FKDQJH LQ WKH GHIOHFWLRQ RI WKH

SODWH EHWZHHQ WKH VXSSRUW DQG WKH PLG�VSDQ FDQ EH GHWHUPLQHG DV

���

ZKHUH �(,�S IOH[XUDO ULJLGLW\ RI WKH SODWH HOHPHQWV� (TV� ��� DQG ��� FDQ EH XVHG WR SORW WKH VKDSHV

RII WKH YHUWLFDO VOLS GLVWULEXWLRQV LQ )LJ� � IRU YDULRXV SODWH HQG UHVWUDLQWV DQG SRVLWLRQV�

/HW XV ILUVW FRQVLGHU WKH SODWHG EHDP LQ )LJ� ��F� LQ ZKLFK ERWK WKH SODWH DQG WKH EHDP DUH UHVWLQJ

RQ WKH VXSSRUW VR WKDW WKH YHUWLFDO VOLS EHWZHHQ WKH EHDP DQG WKH SODWH DW WKH VXSSRUW VY� � DV

VKRZQ� ,Q WKLV FDVH LQ ZKLFK WKH SODWH LV UHVWLQJ RQ WKH VXSSRUW� WKH VOLS DW PLG�VSDQ LV JLYHQ E\ (T� ���

PLQXV (T� ���� ZKLFK FDQ EH ZULWWHQ DV

���

ZKHUH VY LV WKH VOLS UHTXLUHG WR DFKLHYH WKH WUDQVYHUVH IRUFH 9 DQG ZKHUH WKH SODWH VOLSV XSZDUGV

UHODWLYH WR WKH EHDP� :KHQ WKH SODWH LV IUHH RI WKH VXSSRUW DV VKRZQ LQ )LJ� ��D�� WKHQ WKH SODWH

DERYH WKH VXSSRUWV PXVW VOLS YHUWLFDOO\ GRZQZDUGV UHODWLYH WR WKH EHDP VR WKDW WKH EROW VKHDU

FRQQHFWRUV DFKLHYH WKH IRUFH 9 ZKLFK LV LQ WKH RSSRVLWH GLUHFWLRQ WR WKDW DW PLG�VSDQ� ,I ZH DVVXPH

WKDW VY� VY� VY � DV WKH WUDQVYHUVH IRUFH 9 DW PLG�VSDQ LV WKH VDPH DV WKDW DW WKH VXSSRUW� WKHQ WKH

FKDQJH LQ GHIOHFWLRQ RI WKH SODWH RYHU WKH VKHDU VSDQ ZKHQ WKH SODWH LV IUHH RI WKH VXSSRUW LV JLYHQ E\

���

7KH FKDQJH LQ WKH GHIOHFWLRQ UHTXLUHG ZKHQ WKH SODWH HQG LV IUHH RI WKH VXSSRUW� LQ (T� ����

LV ODUJHU WKDQ WKDW UHTXLUHG ZKHQ WKH SODWH LV UHVWLQJ RQ WKH VXSSRUW� LQ (T� ���� 7R DFKLHYH

WKLV LQFUHDVH LQ GHIOHFWLRQ� WKH SODWH FXUYDWXUHV κS LQ WKH SODWHG EHDP LQ )LJ� ��D� PXVW EH ODUJHU WKDQ

WKRVH LQ WKH SODWHG EHDP LQ )LJ� ��F�� ,W ZDV VKRZQ LQ WKH FRPSDQLRQ SDSHU WKDW LW LV GLIILFXOW WR

DFKLHYH ODUJH FXUYDWXUHV LQ WKH SODWH DQG� KHQFH� WKH EHDP ZLWK WKH SODWH WKDW LV IUHH RI WKH VXSSRUW

LQ )LJ� ��D� LV OLNHO\ WR EH ZHDNHU WKDQ WKH EHDP LQ )LJ� ��F� LQ ZKLFK WKH SODWH LV UHVWLQJ RQ WKH

VXSSRUW�

$Q DOWHUQDWLYH ZD\ RI YLVXDOLVLQJ WKH HIIHFW RI WKH SODWH�HQG UHVWUDLQWV LV WKDW WKH WRWDO UHODWLYH VOLS

LQ )LJ� �� ZKLFK LV � FDQ EH REWDLQHG E\ LQWHJUDWLQJ WZLFH WKH GLIIHUHQFH LQ WKH SODWH

DQG FRQFUHWH FXUYDWXUHV� � DORQJ WKH VKHDU VSDQ� ,Q ZKLFK FDVH� WKH EHDP LQ )LJ� ��D�

ZRXOG UHTXLUH D GLIIHUHQFH LQ FXUYDWXUH RI DW OHDVW WZLFH WKDW IRU WKH EHDP LQ )LJ� ��F�� $V WKH

VWUHQJWK RI WKH FRPSRVLWH SODWHG EHDP KDV EHHQ VKRZQ WR UHGXFH ZLWK LQFUHDVLQJ � WKH EHDP LQ

)LJ� ��D�� LQ ZKLFK WKH SODWH LV WRWDOO\ VXSSRUWHG E\ WKH VKHDU FRQQHFWRUV� ZLOO EH ZHDNHU WKDQ WKH

EHDP LQ )LJ� ��F� LQ ZKLFK WKH FRQQHFWRUV WUDQVIHU WUDQVYHUVH VKHDU IRUFHV RQO\ DW PLG�VSDQ� ,W FDQ

DOVR EH VHHQ LQ )LJ� ��F� WKDW WKH WRWDO WUDQVYHUVH IRUFH UHVLVWHG E\ WKH FRQQHFWRUV LV 9 WKDW LV WKH

YHUWLFDO IRUFH QHDU PLG�VSDQ� ZKHUHDV LW LV �9 LQ )LJ� ��D�� +HQFH� WKH FRQQHFWRU VKHDU VWUHQJWK
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5HWURILWWLQJ UHLQIRUFHG FRQFUHWH EHDPV E\ EROWLQJ VWHHO SODWHV WR WKHLU VLGHV� 3DUW � ���

UHPDLQLQJ WR UHVLVW WKH ORQJLWXGLQDO IRUFHV LQ WKH EHDP LQ )LJ� ��D� ZLOO EH OHVV WKDQ LQ WKH EHDP LQ

)LJ� ��F� DQG� WKHUHIRUH� WKH EHDP LQ )LJ� ��D� ZLOO EH HYHQ ZHDNHU WKDQ WKH EHDP LQ )LJ� ��F�� 7KH

HIIHFW RI WHUPLQDWLQJ WKH SODWH VKRUW RI WKH VXSSRUW DV LQ )LJ� ��H� SURGXFHV WKH VOLS GLVWULEXWLRQ LQ

)LJ� ��I� ZKLFK FDQ EH REWDLQHG E\ LQWHJUDWLQJ WKH GLIIHUHQFH LQ FXUYDWXUHV LQ )LJ� ��J�� 7KH VKDSH RI

WKH VOLS GLVWULEXWLRQ LQ )LJ� ��I� LV WKH VDPH DV LQ )LJ� ��E� EXW WKH FKDQJH LQ VOLS KDV WR RFFXU RYHU D

PXFK VKRUWHU OHQJWK RI EHDP ZKLFK ZLOO UHTXLUH D ODUJHU ZKLFK ZLOO IXUWKHU UHGXFH WKH VWUHQJWK�

7KH GLVWULEXWLRQ RI YHUWLFDO VOLS LQ )LJV� ��E�� �G� DQG �I� DOVR UHSUHVHQWV WKH GLVWULEXWLRQ RI

WUDQVYHUVH IRUFHV� ,Q RUGHU WR GHWHUPLQH WKH PDJQLWXGH RI WKH WUDQVYHUVH IRUFHV LQ WKH QH[W VHFWLRQ� LW

LV QHFHVVDU\ WR TXDQWLI\ WKH GLVWDQFH EHWZHHQ WKH UHVXOWDQW WUDQVYHUVH IRUFHV /W� )URP D VWXG\ RI ERWK

WKH WKHRUHWLFDO YHUWLFDO VOLS GLVWULEXWLRQV VXFK DV WKDW VKRZQ LQ )LJ� � DQG WKH H[SHULPHQWDO YHUWLFDO

VOLS GLVWULEXWLRQV �$KPHG ������ LW ZLOO EH DVVXPHG IRU WKH EROWHG�VLGH�SODWH DQDO\VLV WKDW WKH OHYHU

DUP LV JLYHQ E\

/W ���/VV ���

ZKHUH /VV OHQJWK RI WKH SODWH VKHDU VSDQ DV VKRZQ LQ )LJ� ��

�� 7UDQVYHUVH IRUFHV

7KH VWUHVV UHVXOWDQWV LQ D VKHDU VSDQ RI D SODWH HOHPHQW DUH VKRZQ LQ )LJ� �� ,W ZLOO EH DVVXPHG

WKDW FRQQHFWRUV HLWKHU WUDQVIHU WKH ORQJLWXGLQDO IRUFHV + RU WKH\ WUDQVIHU WKH WUDQVYHUVH IRUFHV 9� VR

WKDW WKH UHVXOWDQW IRUFH LQ D FRQQHFWRU LV HLWKHU KRUL]RQWDO RU YHUWLFDO DV VKRZQ LQ )LJ� �� ,W ZLOO EH

DVVXPHG WKDW WZR JURXSV RI FRQQHFWRUV WUDQVIHU WKH WUDQVYHUVH IRUFHV 9 DQG WKDW WKHVH JURXSV DUH

VSDFHG /W DSDUW� 7KH UHPDLQLQJ FRQQHFWRUV WUDQVIHU WKH ORQJLWXGLQDO IRUFH + ZKLFK LQ WKLV FDVH LV

VKRZQ WR DFW DW WKH PLG�GHSWK RU FHQWURLG RI WKH SODWH LQ )LJ� �� +RZHYHU� WKH IRUFH + FDQ EH

HFFHQWULF WR WKH FHQWURLG RI WKH SODWH LQ ZKLFK FDVH� DV ZLOO EH VKRZQ LQ D ODWHU VHFWLRQ� WKH

HFFHQWULFLW\ FDQ HDVLO\ EH DOORZHG IRU� 7KH SUREOHP LV WR SUHGLFW WKH PRPHQW LQ WKH SODWH DW IDLOXUH

0SODWH 9/W IURP ZKLFK WKH WUDQVYHUVH IRUFH 9 FDQ EH SUHGLFWHG�

$V WKH ORDG ) LQ )LJ� ��D� LV JUDGXDOO\ DSSOLHG WR WKH FRPSRVLWH SODWHG EHDP� WKH SODWH JRHV

WKURXJK GLIIHUHQW VWDJHV� LQLWLDOO\ LW ZLOO EH HODVWLF� LW PD\ WKHQ \LHOG� DQG PD\ WKHQ DSSURDFK IXOO

SODVWLFLW\� )DLOXUH RI WKH FRPSRVLWH SODWHG EHDP� WKURXJK FUXVKLQJ RI WKH FRQFUHWH LQ WKH UHLQIRUFHG

FRQFUHWH HOHPHQW� PD\ RFFXU DW DQ\ RI WKHVH VWDJHV RI WKH SODWH HOHPHQW� ZKLFK PDNHV WKH SUREOHP

RI SUHGLFWLQJ WKH DFWXDO PRPHQW LQ WKH SODWH DW WKH FRPPHQFHPHQW RI FRQFUHWH IDLOXUH H[WUHPHO\

FRPSOH[� 6R LQVWHDG RI WU\LQJ WR SUHGLFW WKH DFWXDO PRPHQW LQ WKH SODWH DW IDLOXUH� WKH PRPHQW LQ WKH

∆κ

)LJ� � 6WUHVV UHVXOWDQWV LQ SODWH



��� 'HULF -RKQ 2HKOHUV� 0DUILTXH $KPHG� 1LQK 7� 1JX\HQ DQG 0DUN $QGUHZ %UDGIRUG

SODWH DW IDLOXUH ZLOO EH GHWHUPLQHG IURP WKH IROORZLQJ WZR SURFHGXUHV� WKH PL[HG DQDO\VLV IRU WKH

FRQGLWLRQ ZKHQ WKH SODWH LV HODVWLF �0SODWH�PL[� DQG WKH VLGH�SODWH ULJLG SODVWLF DQDO\VLV IRU ZKHQ WKH

SODWH LV IXOO\ SODVWLF �0SODWH�USD� 7KH ODUJHU RI WKHVH WZR SODWH PRPHQWV FDQ WKHQ EH XVHG WR GHULYH DQ

XSSHU ERXQG WR WKH WUDQVYHUVH IRUFHV 9�

���� 5LJLG SODVWLF DQDO\VLV

$ GHWDLOHG GHVFULSWLRQ RI D IXOO�VKHDU�FRQQHFWLRQ IXOO�LQWHUDFWLRQ DQG D SDUWLDO�VKHDU�FRQQHFWLRQ

SDUWLDO�LQWHUDFWLRQ DQDO\VLV DUH JLYHQ LQ WKH FRPSDQLRQ SDSHU� 7KHVH DQDO\VHV KDYH EHHQ XVHG WR

GHWHUPLQH WKH YDULDWLRQ RI WKH PRPHQW FDSDFLW\ 0FRPS LQ )LJ� ��D� IRU WKH FRPSRVLWH VKDOORZ SODWHG

EHDPV %�� DQG %�� LQ WKH FRPSDQLRQ SDSHU� IRU DOO GHJUHHV RI VKHDU FRQQHFWLRQ η� ,W ZDV DVVXPHG
LQ WKH DQDO\VLV �$KPHG DQG 2HKOHUV ����� WKDW WKH QHXWUDO D[LV GHSWK SDUDPHWHU γ  �� 'HQRWLQJ WKH

ORQJLWXGLQDO VWUHQJWK RI WKH VKHDU FRQQHFWLRQ UHTXLUHG IRU WKH IXOO�VKHDU�FRQQHFWLRQ IXOO�LQWHUDFWLRQ

DQDO\VLV DV +IVF�IL DQG WKH VWUHQJWK RI WKH VKHDU FRQQHFWLRQ SURYLGHG IRU WKH ORQJLWXGLQDO IRUFHV DV +

VR WKDW WKH GHJUHH RI VKHDU FRQQHFWLRQ FDQ EH GHILQHG DV η  +�+IVF�IL� 3RLQW $ LQ )LJ� ��D� DW + ��

WKDW LV DW η  �� LV WKH VXP RI WKH IOH[XUDO VWUHQJWK RI WKH UHLQIRUFHG FRQFUHWH EHDP 05& ��� N1P

DQG WKH IOH[XUDO VWUHQJWK RI WKH VWHHO SODWHV DFWLQJ LQGHSHQGHQWO\ 0S �� N1P� WKHUHIRUH� �0FRPS�η �
 ��� N1P� :KHUHDV� SRLQW % LV WKH VWUHQJWK RI WKH FRPSRVLWH VHFWLRQ ZLWK IXOO�LQWHUDFWLRQ DQG IXOO�

VKHDU�FRQQHFWLRQ ZKLFK LV �0FRPS�η �  ��� N1P ZKHUH + ��� N1�

7KH YDULDWLRQ LQ VWUHQJWK IURP SRLQWV $ WR % LQ )LJ� ��D� FDQ EH GHWHUPLQHG IURP WKH SDUWLDO�VKHDU�

FRQQHFWLRQ SDUWLDO�LQWHUDFWLRQ DQDO\VLV GHVFULEHG LQ WKH FRPSDQLRQ SDSHU� 7KLV DQDO\VLV FDQ DOVR EH

XVHG WR GHWHUPLQH WKH YDULDWLRQ LQ WKH PRPHQW LQ WKH SODWH �0SODWH�USD DV VKRZQ LQ )LJ� �� )RU

H[DPSOH� IRU D JLYHQ VWUHQJWK RI VKHDU FRQQHFWLRQ +� WKH VWUDLQ SURILOHV LQ )LJ� ��E� DUH PRYHG XS

DQG GRZQ LQGHSHQGHQWO\ RI HDFK RWKHU XQWLO HDFK HOHPHQW LV LQ HTXLOLEULXP ZLWK WKH VSHFLILHG VKHDU

VWUHQJWK +� WKDW LV WKH UHVXOWDQW RI WKH IRUFHV LQ )LJV� ��G� DQG �I� LV HTXDO WR WKH VWUHQJWK RI WKH

VKHDU FRQQHFWLRQ +� 7KH IRUFHV LQ WKH SODWH FDQ QRZ EH YLVXDOLVHG DV D FRPSUHVVLYH FRPSRQHQW )FPS

DW WKH WRS RI WKH SODWH LQ )LJ� ��I� DQG D WHQVLOH FRPSRQHQW RI HTXDO PDJQLWXGH DW WKH ERWWRP RI WKH

SODWH DV VKRZQ� VXFK WKDW WKH UHPDLQLQJ IRUFH LQ WKH SODWH LV HTXDO WR WKH VWUHQJWK RI WKH VKHDU

FRQQHFWLRQ +� 7KH PRPHQW LQ WKH SODWH 0SODWH LV WKHQ TXLWH VLPSO\ WKH FRXSOH LQGXFHG E\ WKH IRUFHV

)FPS� +HQFH� �0SODWH�USD FDQ EH GHWHUPLQHG IRU DQ\ GHJUHH RI VKHDU FRQQHFWLRQ DV VKRZQ LQ )LJ� ��D��

,W FDQ EH VHHQ WKDW �0SODWH�USD LV DW D PD[LPXP DW η  � ZKHUH �0SODWH�USD �� N1P� ZKLFK LV WKH

IOH[XUDO FDSDFLW\ RI WKH SODWH DQG ZKLFK LV �� RI WKH IXOO�VKHDU�FRQQHFWLRQ VWUHQJWK �0FRPS�IVF�

)XUWKHUPRUH� �0SODWH�USD UHGXFHV WR ]HUR DW η  � ZKHUH WKH SODWH LV IXOO\ \LHOGHG LQ WHQVLRQ DV WKH

QHXWUDO D[LV OLHV DERYH WKH SODWH LQ WKLV VSHFLPHQ� ,W LV ZRUWK QRWLQJ WKDW �0SODWH�USD ! � IRU DOO EHDPV

ZLWK SDUWLDO�VKHDU�FRQQHFWLRQ�

$V FDQ EH VHHQ LQ )LJ� �� WKH WUDQVYHUVH VKHDU IRUFH 9 LV JLYHQ E\ 0SODWH�/W� )XUWKHUPRUH IURP )LJ� ��

HDFK VKHDU VSDQ UHTXLUHV FRQQHFWRUV RI VWUHQJWK �9� 7KH YDULDWLRQ LQ WKH WUDQVYHUVH VKHDU FRQQHFWRU

VWUHQJWK UHTXLUHG WR LQGXFH 0SODWH LV SORWWHG LQ )LJ� ��E� LQ WHUPV RI WKH ORQJLWXGLQDO VWUHQJWK RI VKHDU

FRQQHFWLRQ UHTXLUHG IRU IXOO�VKHDU�FRQQHFWLRQ� ,W FDQ EH VHHQ WKDW WKH WUDQVYHUVH VKHDU VWUHQJWK LV D

PD[LPXP DW η  � ZKHQ WKH SODWH LV LQ SXUH IOH[XUH� DQG WKDW WKLV PD[LPXP VWUHQJWK RI WKH

WUDQVYHUVH VKHDU FRQQHFWLRQ� �9VK �� N1� LV RQO\ �� RI WKDW UHTXLUHG IRU ORQJLWXGLQDO IXOO�VKHDU�

FRQQHFWLRQ� +IVF�IL ��� N1� 7KH WRWDO UHTXLUHG VWUHQJWK RI VKHDU FRQQHFWLRQ IRU ERWK ORQJLWXGLQDO DQG

WUDQVYHUVH VKHDU LV 3 +��9 DQG LV SORWWHG LQ )LJ� ��F� ZKHUH LW FDQ EH VHHQ WKDW WKH HIIHFW RI WKH

WUDQVYHUVH IRUFHV LV TXLWH PLQLPDO LQ WKLV VKDOORZ SODWHG EHDP�

7KH DQDO\VHV RI WKH GHHS SODWHG EHDPV &�� DQG &�� LQ WKH FRPSDQLRQ SDSHU DUH VKRZQ LQ )LJ� ��D��



5HWURILWWLQJ UHLQIRUFHG FRQFUHWH EHDPV E\ EROWLQJ VWHHO SODWHV WR WKHLU VLGHV� 3DUW � ���

$W SRLQW $� 0FRPS ��� N1P ZKLFK LV WKH VXP RI WKH IOH[XUDO FDSDFLW\ RI WKH UHLQIRUFHG FRQFUHWH

EHDP RI ��� N1P DQG WKH IOH[XUDO FDSDFLW\ RI WKH SODWH RI �� N1P� $W SRLQW %� 0FRPS ��� N1P

DQG + ��� N1� 7KH PD[LPXP YDOXH RI 0SODWH �� N1P DQG RFFXUV DW η  � ZKHUH 0SODWH LV ��� RI

WKH FRPSRVLWH IXOO�VKHDU�FRQQHFWLRQ FDSDFLW\ �0FRPS�IVF DQG RQO\ UHGXFHV WR 0SODWH �� N1P DW η  �

ZKLFK LV ��� RI WKH PD[LPXP IOH[XUDO FDSDFLW\� +HQFH WKH WUDQVYHUVH VKHDU IRUFHV UHPDLQ UHODWLYHO\

)LJ� � 6KDOORZ SODWHG EHDPV

)LJ� � 3DUWLDO�VKHDU�FRQQHFWLRQ DQDO\VLV IRU 0SODWH



��� 'HULF -RKQ 2HKOHUV� 0DUILTXH $KPHG� 1LQK 7� 1JX\HQ DQG 0DUN $QGUHZ %UDGIRUG

KLJK DV VKRZQ LQ )LJ� ��E� ZKHUH WKH WUDQVYHUVH VKHDU IRUFH YDULHV IURP ��� RI +IVF�IL DW η  � WR

��� DW η  �� 7KLV LV IXUWKHU LOOXVWUDWHG LQ )LJ� ��F� ZKHUH WKH WRWDO VWUHQJWK RI VKHDU FRQQHFWRUV

UHTXLUHG 3 LV VXEVWDQWLDOO\ PRUH WKDQ WKDW UHTXLUHG IRU ORQJLWXGLQDO HTXLOLEULXP + DV UHTXLUHG LQ

VWDQGDUG ULJLG�SODVWLF�DQDO\VLV SURFHGXUHV�

���� 0L[HG DQDO\VLV

7KH PD[LPXP WUDQVYHUVH IRUFH LQ WKH SODWH RFFXUV ZKHQ WKHUH LV IXOO WUDQVYHUVH LQWHUDFWLRQ� WKDW LV

WKHUH LV QR YHUWLFDO VOLS EHWZHHQ WKH SODWH DQG WKH UHLQIRUFHG FRQFUHWH EHDP �2HKOHUV� 1JX\HQ�

$KPHG DQG %UDGIRUG ������ )XOO WUDQVYHUVH LQWHUDFWLRQ DOVR LPSOLHV WKDW WKH FXUYDWXUH LQ WKH

FRQFUHWH HOHPHQW LV WKH VDPH DV WKDW LQ WKH SODWH HOHPHQW� VR WKDW 05&  0SODWH�(,�5&��(,�S�

6XEVWLWXWLQJ WKLV PRPHQW LQWR (T� ���� ZKLFK ZDV GHULYHG IURP WKH PL[HG DQDO\VLV GHSLFWHG LQ )LJ� ��

JLYHV

)LJ� � 'HHS SODWHG EHDP
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���

7KH PRPHQW LQ WKH SODWH� WKHUHIRUH� GHSHQGV RQ WKH DSSOLHG PRPHQW DW WKH VHFWLRQ 0 DQG WKH

VWUHQJWK RI WKH VKHDU FRQQHFWLRQ +� :H FDQ FRPSDUH WKLV DQDO\VLV WR WKH PRPHQW LQ WKH SODWH IURP D

ULJLG�SODVWLF DQDO\VLV DW VSHFLILF GHJUHHV RI VKHDU FRQQHFWLRQ η ZKHUH WKH ORQJLWXGLQDO VKHDU

VWUHQJWK LV +η� E\ VXEVWLWXWLQJ +η IRU + DQG �0FRPS�USD DW η IRU 0 LQ (T� ��� ZKLFK JLYHV

���

)XUWKHUPRUH IURP (T� ���� VXEVWLWXWLQJ ���/VV9 IRU 0SODWH JLYHV WKH WUDQVYHUVH VWUHQJWK RI VKHDU

FRQQHFWLRQ UHTXLUHG SHU VKHDU VSDQ� �9� DV

����

7KH YDULDWLRQ RI WKH WUDQVYHUVH VWUHQJWK ZLWK WKH GHJUHH RI VKHDU FRQQHFWLRQ IRU WKH EHDPV WHVWHG

LQ WKH FRPSDQLRQ SDSHU DUH VKRZQ LQ )LJ� �� ,Q RUGHU WR SURGXFH D FRQVHUYDWLYH GHVLJQ� WKH IOH[XUDO

ULJLGLW\ RI WKH FUDFNHG UHLQIRUFHG FRQFUHWH VHFWLRQ ZDV XVHG IRU �(,�5&� ,W FDQ EH VHHQ LQ )LJ� � WKDW

WKH WUDQVYHUVH IRUFH IRU WKH VKDOORZ SODWHG EHDPV LV RQO\ DERXW �� RI WKH ORQJLWXGLQDO VWUHQJWK

UHTXLUHG IRU IXOO�VKHDU�FRQQHFWLRQ� ,Q FRQWUDVW� WKH WUDQVYHUVH VWUHQJWK UHTXLUHG IRU WKH GHHS SODWHG

EHDPV LV DERXW ���� 7KLV LV EHFDXVH� IRU WKH VKDOORZ SODWHG EHDPV WKH IOH[XUDO ULJLGLW\ RI WKH

FUDFNHG UHLQIRUFHG FRQFUHWH VHFWLRQ ZDV �� WLPHV WKH IOH[XUDO ULJLGLW\ RI WKH VLGH SODWHV� VR WKDW IURP

(T� ��� LW FDQ EH VHHQ WKDW WKH PRPHQW LQ WKH SODWH ZLOO EH YHU\ VPDOO� +RZHYHU� IRU WKH GHHS SODWHG

EHDPV WKH IDFWRU UHGXFHG WR � VR WKDW WKH SODWHV DWWUDFW D VXEVWDQWLDO SRUWLRQ RI WKH DSSOLHG PRPHQW�

,W FDQ DOVR EH VHHQ LQ )LJ� � WKDW WKH WUDQVYHUVH IRUFH LV DOPRVW FRQVWDQW RYHU WKH IXOO UDQJH RI WKH

GHJUHH RI VKHDU FRQQHFWLRQ VR WKDW DQ\ GLVFUHSDQFLHV LQ WKH FKRLFH RI 0FRPS RU + ZLOO OHDG WR
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)LJ� � 7UDQVYHUVH IRUFHV IURP PL[HG DQDO\VLV



��� 'HULF -RKQ 2HKOHUV� 0DUILTXH $KPHG� 1LQK 7� 1JX\HQ DQG 0DUN $QGUHZ %UDGIRUG

LQVLJQLILFDQW HUURUV LQ GHWHUPLQLQJ WKH WUDQVYHUVH IRUFHV�

�� 5LJLG SODVWLF EROWHG�VLGH�SODWH DQDO\VLV

7KH PDLQ FRQVLGHUDWLRQ LQ WKH EROWHG�VLGH�SODWH DQDO\VLV WKDW GLIIHUHQWLDWHV WKLV WHFKQLTXH IURP

VWDQGDUG ULJLG�SODVWLF DQDO\VLV SURFHGXUHV LV WKH GHWHUPLQDWLRQ RI DQG WKH DOORZDQFH IRU WKH SODWH

PRPHQW 0SODWH� ,Q RUGHU WR SURYLGH D FRQVHUYDWLYH GHVLJQ� WKH ODUJHU RI �0SODWH�PL[ DQG �0SODWH�USD
VKRXOG EH XVHG LQ WKH EROWHG�VLGH�SODWH DQDO\VLV�

$ FRPSDULVRQ LV PDGH LQ )LJ� � EHWZHHQ �0SODWH�PL[ DQG �0SODWH�USD IRU WKH EHDPV WHVWHG LQ WKH

FRPSDQLRQ SDSHU� )RU WKH GHHS SODWHG EHDPV� �0SODWH�USD UDQJHV IURP �� N1P DW η  � WR �� N1P DW

η  �� DQG �0SODWH�PL[ YDULHV IURP �� N1P DW η  �� �� N1P DW η  ��� DQG �� N1P DW η  ��

7KHUHIRUH� �0SODWH�USD JRYHUQV DW DOO GHJUHHV RI VKHDU FRQQHFWLRQ� ,Q WKH VKDOORZ SODWHG EHDPV�

�0SODWH�USD UDQJHV IURP �� N1P DW η  � WR ]HUR DW η  �� ZKHUHDV �0SODWH�PL[ UHPDLQV IDLUO\ FRQVWDQW DW

� N1P DQG� KHQFH� �0SODWH�PL[ JRYHUQV DW KLJK GHJUHHV RI VKHDU FRQQHFWLRQ�

���� )XOO VKHDU FRQQHFWLRQ DQDO\VLV

$ IXOO VKHDU FRQQHFWLRQ ULJLG�SODVWLF DQDO\VLV LV LOOXVWUDWHG LQ )LJ� �� $V VKRZQ LQ WKH FRPSDQLRQ

)LJ� � 0RPHQW LQ SODWH 0SODWH

)LJ� � )XOO�VKHDU�FRQQHFWLRQ DQDO\VLV
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SDSHU� WKH EHVW HVWLPDWH IRU WKH IOH[XUDO FDSDFLW\ DQG WKH ERQG IRUFHV RFFXUV ZKHQ γ  � ZKLFK KDV

EHHQ XVHG LQ WKLV DQDO\VLV� 7KH VWUDLQ SURILOHV DUH FRLQFLGHQW DV VKRZQ LQ )LJ� ��E� DQG DUH PRYHG

WRJHWKHU YHUWLFDOO\ XQWLO WKH VWUHVV GLVWULEXWLRQV LQ WKH UHLQIRUFHG�FRQFUHWH EHDP DQG LQ WKH SODWH LQ

)LJV� ��F� DQG �H� SURGXFH ORQJLWXGLQDO IRUFHV DV LQ )LJV� ��G� DQG �I� WKDW KDYH DQ RYHUDOO ]HUR

UHVXOWDQW� 0RPHQWV RI WKH IRUFHV LQ )LJV� ��G� DQG �I� WKHQ JLYHV WKH PRPHQW FDSDFLW\ ZLWK IXOO VKHDU

FRQQHFWLRQ �0FRPS�IVF� 7KH VWUHVV GLVWULEXWLRQ LQ WKH SODWH LQ )LJ� ��H� FDQ EH EURNHQ LQWR WKH

VHJPHQWV VKRZQ ZKHUH )FPS LQ )LJ� ��I� LV WKH FRPSUHVVLYH IRUFH LQ WKH SODWH ZKLFK LV LQ

HTXLOLEULXP ZLWK D WHQVLOH FRPSRQHQW RI WKH VDPH PDJQLWXGH DV VKRZQ� 7KH FRXSOH RI WKH IRUFHV

)FPS LV �0SODWH�USD DQG WKH UHPDLQLQJ IRUFH LQ WKH SODWH +IVF LV WKH VWUHQJWK RI WKH VKHDU FRQQHFWLRQ

UHTXLUHG IRU IXOO�VKHDU�FRQQHFWLRQ�

7KH PRPHQW LQ WKH SODWH IURP WKH PL[HG DQDO\VHV �0SODWH�PL[ FDQ QRZ EH GHWHUPLQHG IURP (T� ���

XVLQJ �0FRPS�IVF DQG +IVF GHULYHG LQ WKH SUHYLRXV SDUDJUDSK DQG XVLQJ WKH IOH[XUDO ULJLGLW\ RI WKH

FUDFNHG UHLQIRUFHG FRQFUHWH HOHPHQW IRU �(,�5& DQG WKH UHPDLQLQJ HODVWLF SURSHUWLHV �(,�S DQG KFQW�

:KHQ �0SODWH�USD ! �0SODWH�PL[ WKHQ �0SODWH�USD FRQWUROV GHVLJQ LQ ZKLFK FDVH WKH IOH[XUDO FDSDFLW\ RI

WKH FRPSRVLWH VHFWLRQ LV �0FRPS�IVF� )XUWKHUPRUH DV �0SODWH�USD ���/VV9� WKH VWUHQJWK RI WKH VKHDU

FRQQHFWLRQ UHTXLUHG LQ D VKHDU VSDQ �9 LV JLYHQ E\

����

7KHUHIRUH� WKH WRWDO VWUHQJWK RI VKHDU FRQQHFWLRQ UHTXLUHG LQ WKH VKHDU VSDQ IRU IXOO�VKHDU�

FRQQHFWLRQ LV 3 +IVF��9�

���� 3DUWLDO VKHDU FRQQHFWLRQ DQDO\VLV

$ SDUWLDO�VKHDU�FRQQHFWLRQ DQDO\VLV KDV DOUHDG\ EHHQ LOOXVWUDWHG LQ )LJ� � ZKHUH WKH VWUDLQ SURILOHV

DUH PRYHG LQGLYLGXDOO\ XQWLO HDFK HOHPHQW LV LQ HTXLOLEULXP ZLWK WKH ORQJLWXGLQDO VWUHQJWK RI WKH

VKHDU FRQQHFWLRQ +SVF� )URP WKLV� ZH FDQ GHWHUPLQH WKH SDUWLDO�VKHDU�FRQQHFWLRQ PRPHQW FDSDFLW\

�0FRPS�SVF DQG WKH PRPHQW LQ WKH SODWH �0SODWH�USD ZKLFK LV WKH FRXSOH LQGXFHG E\ WKH IRUFHV )FPS LQ

)LJ� ��I�� 7KH HODVWLF SODWH PRPHQW �0SODWH�PL[ FDQ EH GHWHUPLQHG IURP (T� ��� XVLQJ +SVF DQG

�0FRPS�SVF� :KHQ �0SODWH�USD ! �0SODWH�PL[ WKHQ �0SODWH�USD FRQWUROV GHVLJQ DQG �0SODWH�USD FDQ EH XVHG LQ

(T� ���� WR GHWHUPLQH WKH VWUHQJWK RI WKH WUDQVYHUVH VKHDU FRQQHFWRUV� VR WKDW WKH WRWDO VWUHQJWK RI

VKHDU FRQQHFWLRQ UHTXLUHG LQ WKH VKHDU VSDQ IRU SDUWLDO VKHDU FRQQHFWLRQ LV 3  +SVF � �9�

���� 3ODWH PRPHQW �0SODWH�PL[

:KHQ �0SODWH�PL[ ! �0SODWH�USD� WKHQ �0SODWH�PL[ FRQWUROV GHVLJQ� LQ ZKLFK FDVH WKH VWHSV LQ WKH DQDO\VLV

DUH VKRZQ LQ )LJ� ��� )LJ� ���$� VKRZV D VKHDU VSDQ RI D FRPSRVLWH SODWHG EHDP� 7KH SODWH HOHPHQW

LV VKRZQ E\ LWVHOI LQ )LJ� ���%� ZKHUH LW FDQ EH VHHQ WKDW WKH VKHDU FRQQHFWRUV DSSO\ WKH IRUFHV 9

DQG + WR WKH SODWH VXFK WKDW WKH SODWH DW WKH VHFWLRQ FRQVLGHUHG LV VXEMHFWHG WR �0SODWH�PL[ 9/W DQG +

DV VKRZQ LQ FROXPQ �D�� ZKLFK LQGXFH WKH VWUHVV GLVWULEXWLRQV LQ FROXPQ �E�� 7KH FRPSUHVVLYH

VWUHVVHV KDYH D IRUFH )FPS LQ �F� ZKLFK KDV D WHQVLOH HTXLYDOHQW DV VKRZQ� DQG E\ HTXDWLQJ WKLV

FRXSOH WR �0SODWH�PL[ WKHQ )FPS FDQ EH GHWHUPLQHG DQG� KHQFH� WKH UHPDLQLQJ IRUFH LQ WKH SODWH +PL[

ZKLFK LV WKH ORQJLWXGLQDO VWUHQJWK RI WKH VKHDU FRQQHFWLRQ UHTXLUHG ZKHQ �0SODWH�PL[ DFWV� 7KH

WUDQVYHUVH IRUFH FDQ EH GHWHUPLQHG IURP (T� �����

+DYLQJ GHWHUPLQHG +PL[� ZH FDQ QRZ FRQVLGHU WKH UHLQIRUFHG�FRQFUHWH HOHPHQW E\ LWVHOI DV LQ

�9
0SODWH
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)LJ� ���&�� 7KH VKHDU FRQQHFWRU IRUFHV KDYH DQ HTXDO PDJQLWXGH EXW RSSRVLWH GLUHFWLRQ WR WKRVH LQ

WKH SODWH VR WKDW WKH VXP RI WKHVH VWUHVV UHVXOWDQWV LQ FROXPQV �D� DQG �G� LV ]HUR� ,W LV QRZ D VLPSOH

ULJLG�SODVWLF DQDO\VLV SURFHGXUH WR GHWHUPLQH WKH VWUHVV GLVWULEXWLRQ LQ �H� ZKHQ WKH UHVXOWDQW IRUFH LQ

WKH EHDP LQ �I� LV +PL[� DIWHU ZKLFK WKH PRPHQW FDSDFLW\ RI WKH EHDP �0FRPS�VLGH FDQ EH GHULYHG E\

WDNLQJ PRPHQWV RI WKH IRUFHV LQ FROXPQV �F� DQG �I�� ,W FDQ� WKHUHIRUH� EH VHHQ WKDW IRU D VSHFLILF

YDOXH RI �0SODWH�PL[� ZKLFK KDV EHHQ VKRZQ WR KDYH RQO\ D VPDOO YDULDWLRQ ZLWK WKH GHJUHH RI VKHDU

FRQQHFWLRQ� �0FRPS�PL[ LV IL[HG� 7KHUHIRUH� +PL[ LV DOVR IL[HG� ZKLFK ZLOO EH UHIHUUHG WR DV WKH GHJUHH

RI VKHDU FRQQHFWLRQ ηVLGH +PL[�+IVF� 7KH GHJUHH RI VKHDU FRQQHFWLRQ ηVLGH LV VKRZQ DV SRLQW $ LQ )LJ� �

IRU WKH VKDOORZ SODWHG EHDPV LQ WKH FRPSDQLRQ SDSHU� ,W LV WKH WUDQVLWLRQ SRLQW EHWZHHQ �0SODWH�USD
DQG �0SODWH�PL[� ,W LV DOVR WKH JUHDWHVW GHJUHH RI VKHDU FRQQHFWLRQ WKDW D SODWHG EHDP FDQ KDYH ZKHQ

�0SODWH�PL[ FRQWUROV WKH DQDO\VLV� )RU H[DPSOH� EHDP %�� LQ WKH FRPSDQLRQ SDSHU KDG D GHJUHH RI

VKHDU FRQQHFWLRQ RI η  ���� EXW WKLV EHDP ZLOO EHKDYH DV D EHDP ZLWK η  ηVLGH  ���� LQ )LJ� ��

,W LV ZRUWK QRWLQJ WKDW LQ WKH GHHS SODWHG EHDPV LQ )LJ� �� �0SODWH�USD LV DOZD\V JUHDWHU WKDQ

�0SODWH�PL[ DQG� KHQFH� �0SODWH�USD DOZD\V FRQWUROV WKH DQDO\VLV� )XUWKHUPRUH IURP )LJ� ��E�� WKH

WUDQVYHUVH IRUFHV �9 LQ WKH GHHS SODWHG EHDP DUH ODUJH VR WKDW KDG WKH FRQQHFWRUV QRW EHHQ VXSSOLHG

WR WUDQVPLW WKH WUDQVYHUVH IRUFHV� WKHQ WKH EHDP ZRXOG EH VLJQLILFDQWO\ ZHDNHU WKDQ H[SHFWHG� ,Q

FRQWUDVW� IRU WKH VKDOORZ SODWHG EHDPV LQ )LJ� �� �0SODWH�PL[ LV XVXDOO\ OHVV WKDQ �0SODWH�USD DQG WKH

WUDQVYHUVH IRUFHV VKRZQ LQ )LJ� ��E� DUH LQVLJQLILFDQW DQG FDQ EH LJQRUHG LQ SUDFWLFH� +RZHYHU� LI

WKHVH VKDOORZ SODWHG EHDPV KDG IXOO�VKHDU�FRQQHFWLRQ WKHQ WKH\ ZRXOG EH ZHDNHU WKDQ H[SHFWHG DV

WKH\ QRZ DFW DV LI WKH\ KDG SDUWLDO�VKHDU�FRQQHFWLRQ RI ηVLGH�

)LJ� �� )XOO�VKHDU�FRQQHFWLRQ DQDO\VLV ZLWK �0SODWH�PL[
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���� (FFHQWULFLW\ RI +

7R FRPSOHWH WKH PHWKRG RI DQDO\VLV� OHW XV QRZ FRQVLGHU D SODWH WKDW LV VXEMHFWHG WR D ORQJLWXGLQDO

VKHDU IRUFH DW DQ HFFHQWULFLW\ H EHORZ WKH FHQWURLG RI WKH SODWH DV VKRZQ LQ )LJ� ��� WKLV FDQ RFFXU

GXH WR WUDQVYHUVH LQWHUDFWLRQ DV H[SODLQHG LQ WKH FRPSDQLRQ SDSHU� &RPSDULQJ WKH VWUHVV UHVXOWDQWV LQ

WKLV ILJXUH ZLWK WKRVH LQ )LJ� ���%�� LW FDQ EH VHHQ WKDW WKH SODWH KDV WR UHVLVW DQ DGGLWLRQDO PRPHQW

+H ZKLFK ZLOO UHGXFH WKH IOH[XUDO VWUHQJWK RI WKH FRPSRVLWH VHFWLRQ� ,Q FRQWUDVW� LW LV ZRUWK QRWLQJ

WKDW GHOLEHUDWHO\ GLVWULEXWLQJ WKH VKHDU FRQQHFWRUV VR WKDW WKHLU UHVXOWDQW IRUFH OLHV DERYH WKH FHQWURLG

RI WKH SODWH ZLOO LQFUHDVH WKH IOH[XUDO FDSDFLW\�

�� $OORZDQFH IRU KQD DQG ∆κ

7KH UHVXOWV RI WKH EHDP WHVWV LQ WKH FRPSDQLRQ SDSHU ZHUH DQDO\VHG XVLQJ WKH ULJLG�SODVWLF EROWHG�

VLGH�SODWHG DQDO\VLV LQ WKH SUHYLRXV VHFWLRQ� ZKLFK DOORZV IRU WKH HIIHFWV RI WKH WUDQVYHUVH IRUFH� LQ

RUGHU WR GHWHUPLQH WKH UHGXFWLRQ LQ VWUHQJWK GXH WR WKH QHXWUDO D[LV VHSDUDWLRQ KQD DQG GLIIHUHQFH LQ

FXUYDWXUH ∆κ GHVFULEHG LQ WKH FRPSDQLRQ SDSHU� $V DQ H[DPSOH RI WKH DQDO\VLV SURFHGXUH� )LJ� ��F�

ZDV ILUVW IRUPHG IRU WKH GHHS SODWHG EHDPV� $V WKH WRWDO VWUHQJWK RI WKH VKHDU FRQQHFWLRQ LQ D VKHDU

VSDQ 3 RI WKH GHHS SODWHG EHDP LV NQRZQ VXFK DV DW SRLQW $� WKH GHJUHH RI ORQJLWXGLQDO VKHDU

FRQQHFWLRQ DW SRLQW % FDQ EH GHWHUPLQHG GLUHFWO\ E\ IROORZLQJ WKH DUURZHG OLQH� ,Q WKHVH DQDO\VHV� LW

ZDV DVVXPHG WKDW γ  � LQ FRQWUDVW WR WKH DQDO\VHV SUHVHQWHG LQ WKH FRPSDQLRQ SDSHU ZKHUH γ ZDV

DVVXPHG WR EH VOLJKWO\ OHVV�

7KH UHVXOWV RI WKH DQDO\VLV GHVFULEHG LQ WKH SUHYLRXV SDUDJUDSK DUH OLVWHG LQ 7DEOH �� 7KH VWUHQJWKV

RI WKH VKHDU FRQQHFWRUV LQ D VKHDU VSDQ LQ FROXPQ � UDQJH IURP ��� WR ���� RI WKH VWUHQJWKV RI WKH

SODWHV LQ FROXPQ �� )URP D VLGH�SODWHG ULJLG�SODVWLF DQDO\VLV� WKH VWUHQJWKV UHTXLUHG IRU D IXOO�

LQWHUDFWLRQ IXOO�VKHDU�FRQQHFWLRQ DUH OLVWHG LQ FROXPQ ���� IURP ZKLFK WKH GHJUHH RI VKHDU FRQQHFWLRQ

SURYLGHG FDQ EH GHWHUPLQHG DV LQ FROXPQ ��� ZKLFK UDQJHV IURP ��� WR ����� )URP D EROWHG�VLGH�

SODWHG�EHDP DQDO\VLV� WKH PRPHQW LQ WKH SODWH WKDW FRQWUROV WKH GHVLJQ LV OLVWHG LQ FROXPQ �� WKH

GHJUHH RI VKHDU FRQQHFWLRQ LQ FROXPQ � QRZ UDQJHV IURP ��� WR ���� WKH ORQJLWXGLQDO VWUHQJWK RI

WKH VKHDU FRQQHFWLRQ LV LQ FROXPQ �� WKH WUDQVYHUVH VWUHQJWK LQ FROXPQ � ZKLFK UDQJHV IURP �� WR

���� RI WKH ORQJLWXGLQDO VWUHQJWK� DQG WKH WRWDO VWUHQJWK LQ FROXPQ ��� 7KH VXEVFULSW 
VLGH
 KDV EHHQ

XVHG LQ FROXPQV � WR �� WR UHIHU WR WKLV QHZ ULJLG�SODVWLF DQDO\VLV DSSURDFK IRU EROWHG�VLGH�SODWHG EHDPV�

7KH H[SHULPHQWDOO\ GHWHUPLQHG LQFUHDVH LQ VWUHQJWK GXH WR SODWLQJ� DV D SURSRUWLRQ RI WKH RULJLQDO

VWUHQJWK RI WKH XQSODWHG EHDP� LV OLVWHG LQ FROXPQ ��� DQG WKH WKHRUHWLFDO LQFUHDVH LQ VWUHQJWK IURP D

)LJ� �� (FFHQWULFLW\ RI FRQQHFWRU IRUFH
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EROWHG�VLGH�SODWHG DQDO\VLV LQ FROXPQ ��� ,W FDQ EH VHHQ WKDW WKH H[SHULPHQWDO LQFUHDVHV LQ VWUHQJWK

DUH FRQVLVWHQWO\ ORZHU WKDQ WKH WKHRUHWLFDO VWUHQJWKV DQG WKLV FRQVLVWHQW UHGXFWLRQ FDQ EH FRQVLGHUHG

GXH WR WKH KQD DQG ∆κ HIIHFWV� 7KH SHUFHQWDJH HUURU LV OLVWHG LQ FROXPQ ��� ,I ZH LJQRUH WKH UHVXOW IRU

EHDP &�� ZKLFK IDLOHG SUHPDWXUHO\ WKURXJK EXFNOLQJ DV VKRZQ LQ FROXPQ ��� WKHQ WKH � HUURUV

UDQJH IURP �� WR ��� ZLWK D PHDQ RI ��� ,W QHHGV WR EH UHPHPEHUHG WKDW WKLV LV WKH HUURU LQ WKH

LQFUHDVH LQ VWUHQJWK DQG WKDW WKH HUURU DV D SURSRUWLRQ RI WKH FRPSRVLWH VWUHQJWK RI WKH VLGH SODWHG

UHLQIRUFHG FRQFUHWH EHDP UDQJHV IURP �� WR ���� ,W LV� WKHUHIRUH� VXJJHVWHG WKDW IRU D ORZHU

FRQILGHQFH OLPLW� WKH LQFUHDVH LQ WKH WKHRUHWLFDO VWUHQJWK VKRXOG EH UHGXFHG E\ ��� WR DOORZ IRU WKH

KQD DQG ∆κ HIIHFWV� XQWLO PRUH WHVWV EHFRPH DYDLODEOH DQG XQWLO WKH SUHVHQW UHVHDUFK �2HKOHUV�

1JX\HQ� $KPHG DQG %UDGIRUG ����� LV H[WHQGHG WR DOORZ IRU QRQ�OLQHDULW\�

�� $SSOLFDWLRQ

3ODWHV DUH EROWHG WR WKH FRQWLQXRXV UHLQIRUFHG FRQFUHWH 7�EHDP LQ )LJ� �� LQ ERWK WKH QHJDWLYH DQG

SRVLWLYH UHJLRQV DV VKRZQ� 7KH UHLQIRUFHG FRQFUHWH 7�EHDP KDV D IODQJH ZLGWK RI �P� ZHE ZLGWK RI

��� PP� VODE GHSWK RI ��� PP DQG ZHE GHSWK RI ��� PP� ,Q WKH QHJDWLYH UHJLRQ� WKH DUHD RI WKH

WHQVLRQ UHLQIRUFLQJ EDUV LV ������ PP� DW �� PP IURP WKH WRS VXUIDFH� WKH SODWHV DUH ��� PP GHHS

DQG �� PP WKLFN� WKH SODWH H[WHQGV ��� P IURP WKH VXSSRUW DQG DOO RI WKH SODWH LV ZLWKLQ WKH QHJDWLYH

UHJLRQ� ,Q WKH SRVLWLYH UHJLRQ� WKH DUHD RI WKH WHQVLRQ UHLQIRUFLQJ EDUV LV ������ PP� DW �� PP IURP WKH

VRIILW� WKH SODWHV DUH ��� PP GHHS DQG � PP WKLFN� WKH SODWH H[WHQGV � P IURP PLG�VSDQ DQG DOO RI

WKH SODWH LV ZLWKLQ WKH SRVLWLYH UHJLRQ� 7KH PDWHULDO SURSHUWLHV FRQVLVW RI� IF �� 03D� (FRQF  ������

03D� I\U  ��� 03D� I\S  ��� 03D� DQG (VWHHO  ������� 03D�

7DEOH � $QDO\VLV RI EHDP WHVWV
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%�� ����� ����� ���� FRQFUHWH FUXVKHG
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���� &DVH �� 3RVLWLYH UHJLRQ ZLWK IXOO�VKHDU�FRQQHFWLRQ

7KH DQDO\VHV VKRZHG WKDW �0SODWH�USD � VR WKDW �0SODWH�PL[ FRQWUROV WKH GHVLJQ� 7KH UHVXOWV RI WKH

DQDO\VHV JDYH� 05&  ����� N1P� �0FRPS�IVF  ����� N1P� �(,�5& ��(,�S ��� KFQW ��� PP� �0SODWH�PL[

 �� N1P� +IVF  ����� N1� �9  �� N1� 3 ���� N1� ηVLGH  ����� �0FRPS�PL[ ���� N1P� DQG D GHVLJQ

FDSDFLW\ �0FRPS�GHVLJQ ���� N1P ZKLFK DOORZV IRU WKH ��� UHGXFWLRQ GXH WR WKH KQD DQG ∆κ HIIHFWV�

)URP D ULJLG SODVWLF DQDO\VLV� WKH DGGLWLRQ RI WKH VLGH SODWHV ZRXOG LQFUHDVH WKH VWUHQJWK E\ ��� N1P

ZKLFK FDQ EH FRQVLGHUHG DV DQ XSSHU ERXQG WR WKH LQFUHDVH� +RZHYHU� WKH WUDQVYHUVH IRUFHV ZLOO

UHGXFH WKLV LQFUHDVH WR ��� N1P DQG WKH HIIHFW RI KQD DQG ∆κ ZLOO UHGXFH LW IXUWKHU WR ��� N1P�

+HQFH� WKH FRPSRVLWH SODWHG EHDP KDV D VWUHQJWK RI ���� N1P ZKLFK LV �� VPDOOHU WKDQ WKDW

SUHGLFWHG E\ D VLGH�SODWHG ULJLG SODVWLF DQDO\VHV�

7KH IROORZLQJ SRLQWV DUH DOVR ZRUWK QRWLQJ� WKH DGGLWLRQDO VWUHQJWK RI VKHDU FRQQHFWRUV UHTXLUHG WR

UHVLVW WKH WUDQVYHUVH IRUFHV LV LQVLJQLILFDQW DW RQO\ �� RI WKH VWUHQJWK UHTXLUHG IRU WKH ORQJLWXGLQDO

VKHDU DQG� WKH SODWH WUDQVIHUV D YHUWLFDO VKHDU IRUFH RI 9VK  �� N1 ZKLFK LQ HIIHFW LV WKH LQFUHDVH LQ

WKH YHUWLFDO VKHDU VWUHQJWK RI WKH EHDP ZKLFK LQ WKLV FDVH LV LQVLJQLILFDQW� DQG DV DOO RI WKH SODWH LV

SULPDULO\ LQ WKH WHQVLRQ UHJLRQ� WKH SRVLWLYH UHJLRQ RI WKH EHDP ZLOO EHKDYH LQ D EULWWOH IDVKLRQ ZLWK

OLPLWHG DELOLW\ WR UHGLVWULEXWH PRPHQW LI UHTXLUHG�

���� &DVH �� +RJJLQJ UHJLRQ ZLWK IXOO VKHDU FRQQHFWLRQ

7KH DQDO\VHV VKRZHG WKDW �0SODWH�USD FRQWUROV WKH GHVLJQ� 7KH UHVXOWV RI WKH DQDO\VHV JDYH� 05&  

����� N1P� �0SODWH�USD  ��� N1P �0FRPS�IVF  ����� N1P� �(,�5& ��(,�S ��� KFQW �� PP� �0SODWH�PL[

 ��� N1P� +IVF ��� N1� �9  ��� N1� 3  ���� N1� DQG �0FRPS�GHVLJQ  ���� N1P�

)URP D ULJLG SODVWLF DQDO\VLV� VLGH SODWLQJ ZRXOG LQFUHDVH WKH VWUHQJWK E\ ��� N1P ZKLFK LV

UHGXFHG E\ WKH HIIHFW RI KQD DQG ∆κ WR ��� N1P� +HQFH� WKH FRPSRVLWH SODWHG EHDP KDV D VWUHQJWK

ZKLFK LV �� VPDOOHU WKDQ WKDW SUHGLFWHG E\ D VLGH�SODWHG ULJLG�SODVWLF DQDO\VHV� 7KH WUDQVYHUVH IRUFHV

DUH VLJQLILFDQW LQ WKLV FDVH EHLQJ ��� RI WKH ORQJLWXGLQDO IRUFHV DQG WKH DGGLWLRQDO VKHDU FRQQHFWRUV

UHTXLUHG WR WUDQVIHU WKH YHUWLFDO VKHDU VLJQLILFDQWO\ LQFUHDVHV WKH VKHDU VWUHQJWK RI WKH EHDP E\ ���

N1� $V WKH QHXWUDO D[LV OLHV ZLWKLQ WKH SODWH� WKH FRPSRVLWH SODWHG EHDP ZLOO EHKDYH LQ D GXFWLOH

IDVKLRQ DOORZLQJ PRPHQW WR EH UHGLVWULEXWHG IURP WKH KRJJLQJ UHJLRQ WR WKH VDJJLQJ UHJLRQ�

���� &DVH �� 6DJJLQJ UHJLRQ ZLWK SDUWLDO VKHDU FRQQHFWLRQ

,W LV DVVXPHG LQ WKLV DQDO\VLV WKDW η  ��� ZKLFK LV OHVV WKDQ ηVLGH ���� LQ &DVH � VR WKDW �0SODWH�USD
ZLOO FRQWURO WKH GHVLJQ� 7KH UHVXOWV RI WKH DQDO\VHV JDYH� 05&  ����� N1P� �0FRPS�SVF  ����� N1P�

+SVF  ����� N1� �9  ��� N1� 3  ���� N1� DQG �0FRPS�GHVLJQ  ���� N1P� 7KH FRPSRVLWH SODWHG

)LJ� �� 3ODWHG LQWHUQDO ED\
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EHDP KDV D VWUHQJWK ZKLFK LV �� VPDOOHU WKDQ WKDW SUHGLFWHG E\ D VLGH�SODWHG ULJLG SODVWLF DQDO\VHV�

�� &RQFOXVLRQV

$Q DQDO\VLV WHFKQLTXH KDV EHHQ GHYHORSHG IRU GHWHUPLQLQJ WKH LQFUHDVH LQ ERWK WKH IOH[XUDO

VWUHQJWK DQG LQ WKH VKHDU VWUHQJWK RI EROWLQJ SODWHV WR WKH VLGHV RI UHLQIRUFHG FRQFUHWH EHDPV� 7KH

WHFKQLTXH DOORZV IRU DQ\ QXPEHU RI FRQQHFWRUV DQG IRU WKH GHWULPHQWDO HIIHFWV RI ERWK YHUWLFDO DQG

ORQJLWXGLQDO VOLS� ,W LV VKRZQ WKDW VLGH SODWHG EHDPV PD\ QHHG VXEVWDQWLDOO\ PRUH FRQQHFWRUV WKDQ

VWDQGDUG ULJLG SODVWLF DQDO\VLV WHFKQLTXHV ZRXOG VXJJHVW� EXW WKHVH DGGLWLRQDO FRQQHFWRUV FDQ DOVR

VXEVWDQWLDOO\ LQFUHDVH WKH YHUWLFDO VKHDU FDSDFLW\ RI WKH EHDP� 7KH WHFKQLTXH FDQ EH DSSOLHG WR ERWK

WKH SRVLWLYH DQG QHJDWLYH UHJLRQV RI FRQWLQXRXV UHLQIRUFHG FRQFUHWH EHDPV�

$FNQRZOHGJHPHQWV

7KLV ZRUN IRUPV SDUW RI DQ RQJRLQJ UHVHDUFK SURMHFW EHWZHHQ WKH 8QLYHUVLWLHV RI 1HZ 6RXWK

:DOHV DQG $GHODLGH WKDW LV IXQGHG E\ D /DUJH $XVWUDOLDQ 5HVHDUFK &RXQFLO *UDQW�
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