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�� ,QWURGXFWLRQ

7KH EHKDYLRXU RI FRPSRVLWH EROWHG VLGH SODWHG UHLQIRUFHG FRQFUHWH EHDPV DV VKRZQ LQ )LJ� ��D�

GLIIHUV VXEVWDQWLDOO\ IURP WKH EHKDYLRXU RI VWDQGDUG FRPSRVLWH VWHHO DQG FRQFUHWH EHDPV �2HKOHUV

DQG %UDGIRUG ����� 2HKOHUV DQG %UDGIRUG ������ 7KLV LV EHFDXVH WKH ODWWHU LV RQO\ VXEMHFW WR

ORQJLWXGLQDO VOLS� ZKHUHDV� WKH IRUPHU LV VXEMHFW WR ERWK ORQJLWXGLQDO DQG YHUWLFDO VOLS �2HKOHUV�

1JX\HQ� $KPHG DQG %UDGIRUG ������ ,W ZLOO EH VKRZQ WKURXJK TXDOLWDWLYH DQDO\VHV DQG WKHQ

H[SHULPHQWDOO\ WKURXJK HLJKW ODUJH EHDP WHVWV� KRZ VWDQGDUG ULJLG SODVWLF DQDO\VLV WHFKQLTXHV WKDW

DUH FRPPRQO\ XVHG LQ WKH GHVLJQ RI UHLQIRUFHG�FRQFUHWH� VWHHO� DQG FRPSRVLWH VWHHO DQG FRQFUHWH

EHDPV FDQQRW EH XVHG GLUHFWO\ IRU EROWHG VLGH SODWHG EHDPV� 7KH VWDQGDUG ULJLG SODVWLF DQDO\VLV

WHFKQLTXH ZLOO WKHQ EH DGDSWHG LQ WKH FRPSDQLRQ SDSHU �2HKOHUV� $KPHG� DQG %UDGIRUG ����� XVLQJ

TXDQWLWDWLYH WHFKQLTXHV WR FRSH ZLWK WKH XQLTXH SURSHUWLHV RI ORQJLWXGLQDO DQG WUDQVYHUVH VOLS LQ

EROWHG VLGH SODWHG EHDPV� 7KH DVVRFLDWHG SUREOHPV RI DYRLGLQJ ORFDO EXFNOLQJ IDLOXUH RI WKH SODWH
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DQG SUHPDWXUH IDLOXUH RI WKH EROW VKHDU FRQQHFWLRQV DUH GHDOW ZLWK HOVHZKHUH �6PLWK� %UDGIRUG DQG

2HKOHUV ����D� E� $KPHG ������

�� 6WDQGDUG ULJLG�SODVWLF DQDO\VLV WHFKQLTXHV DSSOLHG WR EROWHG VLGH SODWHG EHDPV

���� )XOO�VKHDU�FRQQHFWLRQ IXOO�LQWHUDFWLRQ DQDO\VLV

/HW XV GHILQH WKH WHUP WKH IXOO�VKHDU�FRQQHFWLRQ VWUHQJWK DV WKH VWUHQJWK 3IVF RI WKH VKHDU

FRQQHFWLRQ LQ D VKHDU VSDQ WKDW LV UHTXLUHG WR DFKLHYH WKH PD[LPXP WKHRUHWLFDO IOH[XUDO FDSDFLW\ RI

WKH FRPSRVLWH EHDP� ,I WKH VWUHQJWK RI WKH VKHDU FRQQHFWLRQ LV 3� WKHQ ZH FDQ GHILQH WKH GHJUHH RI

VKHDU FRQQHFWLRQ DV η  3�3IVF VR WKDW ZKHQ η ≥ � WKHUH LV IXOO�VKHDU�FRQQHFWLRQ DQG ZKHQ η � �

WKHQ WKHUH LV SDUWLDO�VKHDU�FRQQHFWLRQ� /HW XV DOVR GHILQH IXOO�LQWHUDFWLRQ DV RFFXUULQJ ZKHQ WKH

VWUDLQ SURILOH WKURXJK WKH FRQFUHWH HOHPHQW LV SDUDOOHO DQG FRLQFLGHQW ZLWK WKH VWUDLQ SURILOH WKURXJK

WKH VWHHO HOHPHQW DV VKRZQ LQ )LJ� ��E�� DQG SDUWLDO�LQWHUDFWLRQ DV ZKHQ WKH VWUDLQ SURILOHV DUH QRW

FRLQFLGHQW DV LQ )LJ� ��K��

7KH VWDQGDUG SURFHGXUH XVHG LQ WKH IXOO�VKHDU�FRQQHFWLRQ ULJLG�SODVWLF�DQDO\VLV RI D FRPSRVLWH

VWHHO DQG FRQFUHWH 7�EHDP� DUH EDVHG SXUHO\ RQ HTXLOLEULXP EHFDXVH WKH FRQFUHWH HOHPHQW OLHV DERYH

WKH VWHHO HOHPHQW �2HKOHUV DQG %UDGIRUG ������ +HQFH LQ D VWDQGDUG IXOO�VKHDU�FRQQHFWLRQ DQDO\VLV

RI D FRPSRVLWH VWHHO DQG FRQFUHWH EHDP WKHUH FDQ EH SDUWLDO�LQWHUDFWLRQ� ,Q FRQWUDVW LQ D VLGH SODWHG

EHDP DV LQ )LJ� ��D�� LW LV QHFHVVDU\ WR DVVXPH WKDW WKH VWUDLQ SURILOHV DUH FRLQFLGHQW DV VKRZQ LQ

)LJ� � 5LJLG SODVWLF DQDO\VLV WHFKQLTXH
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)LJ� ��E�� WKDW LV WKHUH LV IXOO�LQWHUDFWLRQ DV ZHOO DV IXOO�VKHDU�FRQQHFWLRQ LQ D FRPSRVLWH VLGH SODWHG

EHDP� 7KLV LV WKH GLIIHUHQFH EHWZHHQ WKH VWDQGDUG ULJLG SODVWLF DQDO\VLV RI D FRPSRVLWH VWHHO DQG

FRQFUHWH EHDP DQG WKH ULJLG SODVWLF DQDO\VLV RI D FRPSRVLWH VLGH SODWH UHLQIRUFHG FRQFUHWH EHDP�

7KH IXOO�VKHDU�FRQQHFWLRQ IXOO�LQWHUDFWLRQ DQDO\VLV SURFHGXUH LV LOOXVWUDWHG LQ )LJ� ��$� ZKHUH WKH

QHXWUDO D[LV GHSWK IDFWRU γ LQ )LJ� ��F� LV GHILQHG DV WKH GHSWK RI WKH UHFWDQJXODU VWUHVV EORFN DV D

SURSRUWLRQ RI WKH GHSWK WR WKH QHXWUDO D[LV \� 7KH DQDO\VLV SURFHGXUH LV VLPSO\ WR PRYH WKH

FRLQFLGHQW QHXWUDO D[HV LQ )LJ� ��E� XS RU GRZQ XQWLO WKHUH LV HTXLOLEULXP RI DOO WKH ORQJLWXGLQDO

IRUFHV LQ )LJV� ��G� DQG �I�� DIWHU ZKLFK PRPHQWV FDQ EH WDNHQ DERXW DQ\ FRQYHQLHQW SRLQW WR

GHWHUPLQH WKH IXOO�VKHDU�FRQQHFWLRQ IXOO�LQWHUDFWLRQ PRPHQW FDSDFLW\ �0IL�IVF� ,W FDQ EH VHHQ LQ )LJ� ��H�

WKDW DOORZDQFH QHHGV WR EH PDGH IRU WKH SRVLWLRQ RI WKH EROW KROHV� 7KH VWUHQJWK RI WKH VKHDU

FRQQHFWLRQ UHTXLUHG IRU IXOO�VKHDU�FRQQHFWLRQ ZLWK IXOO�LQWHUDFWLRQ �3IL�IVF LV WKH UHVXOWDQW RI WKH IRUFHV

LQ HLWKHU RI WKH HOHPHQWV LQ )LJV� ��G� RU �I��

���� 3DUWLDO�VKHDU�FRQQHFWLRQ SDUWLDO�LQWHUDFWLRQ DQDO\VLV

:KHQ WKH VWUHQJWK RI WKH VKHDU FRQQHFWLRQ 3 � �3IL�IVF� WKHQ WKHUH LV SDUWLDO�VKHDU�FRQQHFWLRQ RI

VWUHQJWK 3SVF DQG WKH DQDO\VLV SURFHGXUH LV LOOXVWUDWHG LQ )LJ� ��%�� ,Q WKLV FDVH WKHUH DUH WZR QHXWUDO

D[HV DV LQ )LJ� ��K� ZKLFK DUH VKRZQ VHSDUDWHG E\ D YHUWLFDO GLVWDQFH KQD� 7KH LQGLYLGXDO VWUDLQ

SURILOHV LQ )LJ� ��K� DUH QRZ PRYHG LQGHSHQGHQWO\ RI WKH RWKHU XQWLO WKH UHVXOWDQW IRUFH LQ HDFK

HOHPHQW� DV JLYHQ LQ )LJV� ��M� DQG �O� ZKLFK ZHUH GHULYHG IURP WKH VWUHVV GLVWULEXWLRQV LQ )LJV� ��L�

DQG �N�� DUH HTXDO WR 3SVF� DIWHU ZKLFK PRPHQWV FDQ EH WDNHQ WR GHULYH WKH SDUWLDO�LQWHUDFWLRQ SDUWLDO�

VKHDU�FRQQHFWLRQ PRPHQW FDSDFLW\ �0SL�SVF� ,W FDQ EH VHHQ LQ )LJ� ��K� ZKHUH WKH VWUDLQ SURILOHV DUH

QRW FRLQFLGHQW WKDW SDUWLDO�VKHDU�FRQQHFWLRQ LV V\QRQ\PRXV ZLWK SDUWLDO�LQWHUDFWLRQ�

�� 5HGXFWLRQ LQ ULJLG SODVWLF VWUHQJWK

���� 1HXWUDO D[LV VHSDUDWLRQ KQD

7KH KRUL]RQWDO GLVWDQFH EHWZHHQ WKH VWUDLQ SURILOHV LQ )LJ� ��K� LV UHIHUUHG WR DV WKH VOLS VWUDLQ GV�

G[ �1HZPDUN� 6LHVV DQG 9LHVW ����� 2HKOHUV DQG %UDGIRUG ������ ZKLFK IRU D V\PPHWULFDOO\ ORDGHG

EHDP LV DW D PD[LPXP DW PLG�VSDQ ZKHUH WKH PRPHQW LV DOVR D PD[LPXP� 7KH LQWHJUDWLRQ RI WKH

VOLS�VWUDLQ LQ )LJ� ��K� DORQJ WKH OHQJWK RI WKH EHDP JLYHV WKH WKH ORQJLWXGLQDO VOLS VO� $V WKH EROWV

UHVLVW WKH LQWHUIDFH VKHDU E\ PHFKDQLFDO DFWLRQ� WKH\ PXVW VOLS DQG� IXUWKHUPRUH� WKH PD[LPXP VOLS

VWUDLQ RFFXUV DW WKH SRVLWLRQ RI PD[LPXP PRPHQW� 7KHUHIRUH� HYHQ ZKHQ WKH VWUHQJWK RI WKH VKHDU

FRQQHFWLRQ LV VXFK WKDW WKHUH LV IXOO�VKHDU�FRQQHFWLRQ� DV GHILQHG LQ )LJ ��$�� WKHUH PXVW EH SDUWLDO�

LQWHUDFWLRQ DV VKRZQ LQ )LJ� ��K�� $QRWKHU ZD\ RI YLVXDOLVLQJ WKH SUREOHP LV WKDW LI WKH SODWHV ZHUH

DGKHVLYHO\ ERQGHG WR WKH EHDP WKHQ D VWDWH RI IXOO LQWHUDFWLRQ ZRXOG H[LVW LQ ZKLFK FDVH WKH SODWHG

EHDP FRXOG DFKLHYH LWV PD[LPXP WKHRUHWLFDO IOH[XUDO FDSDFLW\� +RZHYHU EROW VKHDU FRQQHFWRUV DUH

PHFKDQLFDO VKHDU FRQQHFWRUV WKDW UHTXLUH VOLS WR UHVLVW VKHDU� 7KLV VOLS UHTXLUHV WKH VOLS VWUDLQ WR EH DW

LWV PD[LPXP DW WKH SRVLWLRQ RI WKH PD[LPXP DSSOLHG PRPHQW� KHQFH� WKH EROWHG SODWHG EHDP PD\

QRW DFKLHYH LWV PD[LPXP WKHRUHWLFDO IOH[XUDO FDSDFLW\�

/HW XV DVVXPH WKDW D FRPSRVLWH EHDP KDV DQ DEXQGDQFH RI VKHDU FRQQHFWRUV� WKDW LV 3 !! 3IVF�

7KHUHIRUH� WKH VWUHQJWK RI WKH VKHDU FRQQHFWRUV GRHV QRW FRQWURO WKH IRUFH GLVWULEXWLRQ ZLWKLQ WKH

EHDP VR WKDW ZH KDYH IXOO�VKHDU�FRQQHFWLRQ� /HW XV DOVR DVVXPH WKDW WKH VOLS�VWUDLQ� GV�G[ LQ )LJ�
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��K� WKDW LV UHTXLUHG WR LQGXFH WKH DSSURSULDWH VOLSV LQ WKH FRQQHFWRUV� LV NQRZQ DW WKH SRVLWLRQ RI

PD[LPXP PRPHQW� +HQFH� WKH QHXWUDO D[LV VHSDUDWLRQ KQD LV QRZ IL[HG DW WKH SRVLWLRQ RI PD[LPXP

PRPHQW� 7KHQ� )LJ� ��%� FDQ DOVR EH XVHG IRU D IXOO�VKHDU�FRQQHFWLRQ SDUWLDO�LQWHUDFWLRQ DQDO\VLV E\

VLPSO\ PRYLQJ WKH VWUDLQ SURILOHV LQ )LJ� ��K�� ZKLFK KDYH D IL[HG VHSDUDWLRQ KQD� XS RU GRZQ XQWLO

WKHUH LV ORQJLWXGLQDO HTXLOLEULXP RI DOO WKH IRUFHV LQ )LJV� ��M� DQG �O�� 7KH UHVXOWLQJ IRUFH LQ HLWKHU RI

WKH HOHPHQWV DV JLYHQ LQ )LJV� ��M� RU �O� LV WKH VWUHQJWK RI WKH VKHDU FRQQHFWLRQ UHTXLUHG IRU IXOO�

VKHDU�FRQQHFWLRQ ZKHQ WKHUH LV SDUWLDO�LQWHUDFWLRQ �3SL�IVF� DQG WKH PRPHQW RI DOO RI WKHVH IRUFHV LV

WKH IOH[XUDO FDSDFLW\ IRU D EHDP ZLWK IXOO�VKHDU�FRQQHFWLRQ DQG SDUWLDO�LQWHUDFWLRQ �0SL�IVF�

&RPSDULQJ WKH IXOO�VKHDU�FRQQHFWLRQ IXOO�LQWHUDFWLRQ DQDO\VLV WHFKQLTXH LQ )LJ� ��$� ZLWK WKH IXOO�

VKHDU�FRQQHFWLRQ SDUWLDO�LQWHUDFWLRQ WHFKQLTXH LQ )LJ� ��%�� LW FDQ EH VHHQ WKDW �0SL�IVF LV DOZD\V OHVV

WKDQ RU HTXDO WR �0IL�IVF� ,W FDQ� WKHUHIRUH� EH VHHQ WKDW SDUWLDO�LQWHUDFWLRQ FDQ UHGXFH WKH IOH[XUDO

FDSDFLW\ HYHQ ZKHQ WKHUH LV DQ DEXQGDQFH RI VKHDU FRQQHFWRUV�

7KH VOLS�VWUDLQ GV�G[ LQ )LJ� ��K� LV SURSRUWLRQDO WR WKH QHXWUDO D[LV VHSDUDWLRQ KQD� 7KH PRUH

IOH[LEOH WKH VKHDU FRQQHFWRUV� WKH JUHDWHU WKH VOLS UHTXLUHG WR DFKLHYH D VSHFLILF VKHDU ORDG LQ WKH

FRQQHFWRU DQG� WKHUHIRUH� WKH JUHDWHU WKH VOLS�VWUDLQ DQG QHXWUDO D[LV VHSDUDWLRQ KQD DW WKH SRVLWLRQ RI

PD[LPXP PRPHQW� ZKLFK PHDQV WKDW FRPSRVLWH SODWHG EHDPV ZLWK IOH[LEOH FRQQHFWRUV ZLOO

SUREDEO\ EH ZHDNHU WKDQ WKRVH ZLWK VWLII FRQQHFWRUV� 7KH HIIHFW RI WKH QHXWUDO D[LV VHSDUDWLRQ RQ WKH

IOH[XUDO FDSDFLW\ RI WKH VLGH SODWHG EHDP LV LOOXVWUDWHG LQ )LJ� �� 7KH IXOO�LQWHUDFWLRQ IXOO�VKHDU�

FRQQHFWLRQ ULJLG SODVWLF DQDO\VLV SURFHGXUH LQ )LJ� ��$� FDQ EH XVHG WR SUHGLFW SRLQW &� WKDW LV �0IL�IVF
DQG �3IL�IVF DQG� KHQFH� WKH SODWHDX &�'� 7KH SDUWLDO�LQWHUDFWLRQ SDUWLDO�VKHDU�FRQQHFWLRQ DQDO\VLV LQ

)LJ� ��%� FDQ EH XVHG WR SUHGLFW WKH YDULDWLRQ LQ IOH[XUDO FDSDFLW\ �0SL�SVF DORQJ $�&� ,I QRZ ZH

KDYH D EHDP LQ ZKLFK 3 ! �3IL�IVF EXW VOLS UHTXLUHV D QHXWUDO D[LV VHSDUDWLRQ RI KQD DV VKRZQ LQ )LJ� ��K��

WKHQ WKH PRPHQW FDSDFLW\ �0SL�IVF DQG WKH VKHDU FRQQHFWRU VWUHQJWK �3SL�IVF FDQ EH GHWHUPLQHG DOVR

IURP )LJ� ��%� ZLWK KQD IL[HG� 7KH UHVXOWV DUH VKRZQ LQ )LJ� � DW SRLQW % DQG� KHQFH� WKH XSSHU

ERXQG WR WKH VWUHQJWK RI D EHDP ZLWK SDUWLDO LQWHUDFWLRQ LV QRZ JLYHQ E\ WKH SODWHDX %�(�

,W FDQ EH VHHQ LQ )LJ� � WKDW SDUWLDO�LQWHUDFWLRQ RQO\ OLPLWV WKH PD[LPXP VWUHQJWK WKDW FDQ EH

DFKLHYHG� WKDW LV WKH IXOO�VKHDU�FRQQHFWLRQ VWUHQJWK� DQG GRHV QRW DIIHFW WKH SDUWLDO�VKHDU�FRQQHFWLRQ

VWUHQJWKV DORQJ $�%� )XUWKHUPRUH LI ZH GHILQH η  3��3IL�IVF WKHQ SDUWLDO�LQWHUDFWLRQ OLPLWV WKH GHJUHH

RI VKHDU FRQQHFWLRQ WR �ηPD[�SL  �3SL�IVF ��3IL�IVF ≤ ��

)LJ� � 9DULDWLRQ RI IOH[XUDO FDSDFLW\ LQ VLGH SODWHG EHDP
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���� 1HXWUDO D[LV SDUDPHWHU γ

8QOLNH WKH VWDQGDUG DQDO\VLV RI DQ XQGHU�UHLQIRUFHG FRQFUHWH EHDP ZKHUH WKH QHXWUDO D[LV

SDUDPHWHU γ GRHV QRW DIIHFW WKH IOH[XUDO FDSDFLW\� WKLV SDUDPHWHU GRHV DIIHFW WKH IOH[XUDO FDSDFLW\ RI D
VLGH SODWHG EHDP� 7KH QHXWUDO D[LV LQ VLGH SODWHG EHDPV FDQ RFFXU ZLWKLQ WKH VLGH SODWH DV VKRZQ LQ

)LJ� ��E� DQG� KHQFH� DIIHFWV WKH UHODWLYH GLVWULEXWLRQV RI WKH VWUHVVHV LQ )LJV� ��F� DQG �H�� )RU

H[DPSOH LI γ  � LQ )LJ� ��$�� WKHQ WKH EDVH RI WKH UHFWDQJXODU VWUHVV EORFN LQ WKH FRQFUHWH LQ )LJ� ��F�
ZRXOG QRZ EH LQ OLQH ZLWK WKH GLVFRQWLQXLW\ LQ WKH VWUHVVHV LQ )LJ� ��H�� VR WKDW WKH UHODWLYH

GLVWULEXWLRQV RI WKH VWUHVVHV LQ �F� DQG �H� ZRXOG FKDQJH IURP WKRVH VKRZQ�

$KPHG ������ VWXGLHG WKH HIIHFWV RI WKH QHXWUDO D[LV SDUDPHWHU γ RQ ERWK WKH IOH[XUDO FDSDFLW\ 0

DQG RQ WKH ERQG IRUFH LQ WKH VKHDU FRQQHFWRUV 3 DW 0� ,Q KLV SDUDPHWULF VWXG\� KH YDULHG WKH

FRQFUHWH VWUHQJWKV IURP �� WR �� 03D� KH DQDO\VHG WZR FRPSRVLWH SODWHG VHFWLRQV LQ ZKLFK WKH SODWH

KHLJKW KS LQ )LJ� ��J� ZDV HLWKHU ��� RI WKH GHSWK RI WKH EHDP �VKDOORZ SODWH� DQG SRVLWLRQHG DV

VKRZQ� RU WKH VDPH KHLJKW DV WKH EHDP �GHHS SODWH�� DQG KH DQDO\VHG HDFK VHFWLRQ XVLQJ ERWK D IXOO�

LQWHUDFWLRQ QRQ�OLQHDU FRPSXWHU PRGHO �IL�QOD� DQG WKH IXOO�LQWHUDFWLRQ ULJLG�SODVWLF DQDO\VLV

WHFKQLTXH �IL�USD� VKRZQ LQ )LJ� ��$� LQ ZKLFK γ  ����−������ IF−��� DQG ZKHUH WKH XQLWV DUH LQ 1

DQG PP�

)RU WKH VKDOORZ SODWHG EHDPV� WKH QHXWUDO D[HV DOZD\V OD\ DERYH WKH WRS RI WKH SODWHV� 7KH IOH[XUDO

FDSDFLWLHV IURP WKH ULJLG SODVWLF DQDO\VHV 0IL�USD YDULHG IURP EHWZHHQ ��� WR ��� RI WKH IOH[XUDO

FDSDFLWLHV IURP WKH QRQ�OLQHDU FRPSXWHU VLPXODWLRQV 0IL�QOD� 7KLV FORVH FRUUHODWLRQ EHWZHHQ WKH WZR

DQDO\VLV WHFKQLTXHV VXJJHVWV WKDW WKH FRQFUHWH VWUHVV�VWUDLQ UHODWLRQVKLS XVHG LQ WKH QRQ�OLQHDU

DQDO\VLV ZDV DSSURSULDWH� 7KH ERQG IRUFHV 3IL�USD DQG 3IL�QOD ZHUH LGHQWLFDO DV WKH SODWHV KDG \LHOGHG LQ

WHQVLRQ LQ ERWK DQDO\VLV WHFKQLTXHV� )RU WKH GHHS SODWHG EHDPV LQ ZKLFK WKH QHXWUDO D[HV QRZ

DOZD\V OD\ ZLWKLQ WKH GHSWK RI WKH SODWH� 0IL�USD UDQJHG IURP ��� WR ��� RI 0IL�QOD� ZKLFK RQFH

DJDLQ VKRZV D YHU\ JRRG FRUUHODWLRQ� +RZHYHU� 3IL�USD UDQJHG IURP ��� WR ��� RI 3IL�QOD� 7KLV

SDUDPHWULF VWXG\ ZRXOG VXJJHVW WKDW VWDQGDUG WHFKQLTXHV RI ULJLG�SODVWLF DQDO\VLV FDQ SUHGLFW WKH

IXOO�LQWHUDFWLRQ IOH[XUDO VWUHQJWK DFFXUDWHO\ EXW VHYHUHO\ XQGHUHVWLPDWH WKH ERQG IRUFHV ZKHQ WKH

QHXWUDO D[LV OLHV ZLWKLQ WKH GHSWK RI WKH SODWH�

7KH UHDVRQ IRU WKH ODUJH GLVFUHSDQFLHV LQ WKH ERQG IRUFHV 3 LV LOOXVWUDWHG LQ )LJ� � ZKHUH D W\SLFDO

UHVXOW IURP D QRQ�OLQHDU DQDO\VLV LQ )LJ� ��$� LV FRPSDUHG ZLWK WKDW IRU D ULJLG�SODVWLF DQDO\VLV LQ

)LJ� ��%� IRU D GHHS SODWHG EHDP� 7KH IOH[XUDO FDSDFLWLHV DUH DOPRVW WKH VDPH DV 0IL�QOD ��� N1P

DQG 0IL�USD  ��� N1P� +RZHYHU� WKH ERQG IRUFHV� ZKLFK DUH WKH UHVXOWDQW IRUFH LQ DQ HOHPHQW� GLIIHU

ZLGHO\ DQG DUH 3IL�QOD  ��� N1 DQG 3IL�USD  ��� N1� WKH ULJLG SODVWLF DQDO\VLV XQGHUHVWLPDWLQJ WKH

VWUHQJWK UHTXLUHG E\ ����

7KH VWUHVV GLVWULEXWLRQV LQ WKH SODWH HOHPHQWV LQ )LJV� ��E� DQG �G� YDU\ EHFDXVH WKH\ KDYH VOLJKWO\

GLIIHUHQW QHXWUDO D[HV DQG EHFDXVH RQH LV IXOO\ SODVWLF DQG WKH RWKHU SDUWO\ HODVWLF� $V WKH FKDQJHV LQ

VWUHVV IURP SODVWLF WR HODVWLF� WKDW LV ]RQHV $�%�& DQG &�'�( LQ )LJ� ��E� KDYH LGHQWLFDO PDJQLWXGHV

EXW GLIIHUHQW VLJQV� WKLV FKDQJH GRHV QRW DIIHFW WKH ERQG IRUFH ZKLFK LV WKH UHVXOWDQW IRUFH LQ )LJ� ��E��

+HQFH� WKH ODUJH GLVFUHSDQFLHV LQ WKH ERQG IRUFHV FDQ RQO\ EH DWWULEXWHG WR WKH GLIIHUHQFH LQ WKH

QHXWUDO D[LV GHSWKV ZKLFK LQ $KPHG©V SDUDPHWULF VWXG\ GLYHUJHG E\ XS WR ���� $V DQ H[DPSOH� LQ

)LJ� � WKH QHXWUDO D[LV GHSWKV YDU\ E\ �� EXW WKLV VOLJKW GLYHUJHQFH FDXVHV D ��� GLIIHUHQFH LQ WKH

ERQG IRUFHV� ,W LV� WKHUHIRUH� QHFHVVDU\ WR ILQG D YDOXH IRU γ ZKLFK ERWK PDLQWDLQV WKH DFFXUDF\ RI WKH
PRPHQW FDSDFLW\ SUHGLFWLRQ DQG JLYHV DQ DFFXUDWH SUHGLFWLRQ RI WKH ERQG IRUFH�

7KH IROORZLQJ IXQFWLRQ IRU WKH FKDUDFWHULVWLF YDOXH RI γ ZDV GHULYHG IURP D SDUDPHWULF VWXG\

�$KPHG ����� ZKLFK ZDV EDVHG RQ PLQLPLVLQJ WKH GLYHUJHQFH EHWZHHQ 3IL�QOD DQG 3IL�USD�
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γ  ������������� IF−��� ���

ZKHUH WKH XQLWV DUH LQ 1 DQG PP DQG LQ ZKLFK WKH PHDQ YDOXH FDQ EH REWDLQHG E\ UHSODFLQJ WKH

FRHIILFLHQW ����� ZLWK ������ ,Q D SDUDPHWULF VWXG\ LQ ZKLFK (T� ��� ZDV DSSOLHG� 0IL�USD

XQGHUHVWLPDWHG 0IL�QOD E\ ���� WR ���� ZKLFK ZLOO JLYH D FRQVHUYDWLYH GHVLJQ� )XUWKHUPRUH� 3IL�USD

RYHUHVWLPDWHG 3IL�QOD E\ ���� WR ���� ZKLFK ZRXOG PHDQ PRUH FRQQHFWRUV ZRXOG EH VXSSOLHG WKDQ

UHTXLUHG OHDGLQJ DOVR WR D FRQVHUYDWLYH GHVLJQ� +RZHYHU DV γ LV FORVH WR XQLW\ LQ (T� ���� IRU DOO

LQWHQWV DQG SXUSRVHV γ  � FDQ EH XVHG LQ GHVLJQ�

���� 7UDQVYHUVH IRUFHV 9

7KH DSSOLFDWLRQ RI D FRQFHQWUDWHG ORDG WR D FRPSRVLWH SODWHG EHDP LV LOOXVWUDWHG LQ )LJ� ��D�� $

SDUW �9 RI WKH DSSOLHG ORDG �) DW WKH PLG�VSDQ LV WUDQVIHUUHG LQWR WKH SODWH WKURXJK WKH FRQQHFWRUV DV

LOOXVWUDWHG LQ )LJ� ��E�� 7KLV ORDG PRYHV RXWZDUGV WKURXJK WKH SODWH WR WKH HQGV RI WKH SODWH ZKHUH LW

LV WUDQVIHUUHG E\ WKH FRQQHFWRUV EDFN LQWR WKH EHDP� ,W FDQ� WKHUHIRUH� EH VHHQ LQ )LJ� ��E� WKDW WKH

EROW VKHDU FRQQHFWRUV QRW RQO\ KDYH WR WUDQVIHU WKH KRUL]RQWDO RU ORQJLWXGLQDO VKHDU +� DV UHTXLUHG E\

ULJLG SODVWLF DQDO\VHV� EXW WKH\ DUH DOVR VXEMHFWHG WR WUDQVYHUVH RU YHUWLFDO VKHDU IRUFHV RI PDJQLWXGH

�9 LQ D VKHDU VSDQ� 7KLV DGGLWLRQDO VKHDU ORDG �9 RQ WKH FRQQHFWRUV ZLOO� WKHUHIRUH� UHGXFH WKH

FDSDFLW\ EHORZ WKH WKHRUHWLFDO VWDQGDUG ULJLG�SODVWLF IOH[XUDO FDSDFLWLHV ZKLFK DW SUHVHQW GR QRW DOORZ

IRU WUDQVYHUVH IRUFHV�

)LJ� � &RPSDULVRQ RI DQDO\VLV WHFKQLTXHV



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

���� 'LIIHUHQFH LQ FXUYDWXUHV ∆κ

,Q RUGHU WR DFKLHYH WKH YHUWLFDO IRUFHV LQ WKH FRQQHFWRUV LQ )LJ� ��E�� WKHUH PXVW EH D WUDQVYHUVH RU

YHUWLFDO VOLS VY EHWZHHQ WKH VLGH SODWHV DQG WKH UHLQIRUFHG FRQFUHWH EHDP DV VKRZQ LQ )LJ� ��F�� 7KLV

FDQ RQO\ EH DFKLHYHG E\ LQGXFLQJ D GLIIHUHQFH LQ FXUYDWXUH EHWZHHQ WKH VWHHO HOHPHQW DQG WKH

UHLQIRUFHG FRQFUHWH HOHPHQW DV VKRZQ LQ )LJ� ��F� ZKHUH ∆κ  κ5& −κS� ,QWHJUDWLQJ WKH GLIIHUHQFH LQ

FXUYDWXUH ∆κ WZLFH DORQJ WKH OHQJWK RI WKH EHDP ZLOO JLYH WKH WUDQVYHUVH VOLS VY YDULDWLRQ VKRZQ LQ

)LJ� ��F��

,W FDQ EH VHHQ LQ )LJ� ��F� WKDW WKH FXUYDWXUH LQ WKH SODWH κS ZLOO DOZD\V EH OHVV WKDQ WKH FXUYDWXUH

κ5& LQ WKH FRQFUHWH� DV WKH ORDG LV DVVXPHG WR EH DSSOLHG WR WKH EHDP ZKRVH GHIOHFWLRQ WKHQ GHIOHFWV

WKH SODWH� 7KLV UHGXFWLRQ LQ FXUYDWXUH LQ WKH SODWH� GXH WR YHUWLFDO VOLS� FRPELQHG ZLWK WKH IDFW WKDW

)LJ� � 6KHDU IRUFHV DQG WUDQVYHUVH GLVSODFHPHQW

)LJ� � 'LIIHUHQFH LQ FXUYDWXUH ∆κ
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WKH FXUYDWXUH LQ WKH FRQFUHWH LV OLPLWHG E\ WKH FRQFUHWH FUXVKLQJ VWUDLQ� ZKLFK LV RIWHQ DVVXPHG WR EH

������ PHDQV WKDW LW LV XQOLNHO\ WKDW WKH SODWH FDQ VWUDLQ KDUGHQ RU HYHQ \LHOG VXEVWDQWLDOO\ ZKLFK

ZLOO IXUWKHU UHGXFH WKH IOH[XUDO FDSDFLW\ RI WKH FRPSRVLWH SODWHG EHDP�

,W LV DOVR ZRUWK QRWLQJ LQ )LJ� ��F� WKDW WKH VOLS VWUDLQ DW WKH OHYHO RI WKH WRS EROWV �GV�G[�W ZLOO EH

OHVV WKDQ WKH VOLS VWUDLQ DW WKH OHYHO RI WKH ERWWRP EROWV �GV�G[�E� 7KLV GLIIHUHQFH LQ VOLS VWUDLQ ZLOO

LQGXFH ODUJHU PD[LPXP VOLSV DQG� KHQFH� LQFUHDVH WKH SUREDELOLW\ RI FRQQHFWRU IUDFWXUH GXH WR

H[FHVVLYH VOLS� )XUWKHUPRUH� WKH GLIIHUHQFH LQ VOLS VWUDLQ FDQ LQGXFH ODUJHU FRQQHFWRU IRUFHV DW WKH

ERWWRP OHYHO RI EROWV WKDQ LQ WKH WRS OHYHO� )RU H[DPSOH DW WKH PD[LPXP IOH[XUDO VWUHQJWK� WKH VKHDU

FRQQHFWRUV DW WKH ERWWRP OHYHO PD\ EH IXOO\ VWUHVVHG DW 3 DV VKRZQ LQ )LJ� ��E� EXW RQO\ SDUWO\

VWUHVVHG LQ WKH WRS URZ DW +� 7KLV UHGXFWLRQ LQ WKH RYHUDOO VKHDU IRUFH ZLOO UHGXFH WKH IOH[XUDO

FDSDFLW\ DQG� IXUWKHUPRUH� WKH HFFHQWULFLW\ RI ORDGLQJ RQ WKH SODWH WKLV HQWDLOV FDQ RQO\ EH UHVLVWHG

E\ D PRPHQW LQ WKH SODWH ZKLFK ZLOO OHDG WR D IXUWKHU UHGXFWLRQ LQ WKH IOH[XUDO FDSDFLW\�

�� &RPSRVLWH EROWHG SODWHG EHDP VSHFLPHQV

���� 6SHFLPHQV� WHVW ULJ DQG LQVWUXPHQWDWLRQ

7KH HIIHFW RI SODWLQJ EHDPV ZDV GHWHUPLQHG E\ WHVWLQJ HLJKW ��� × ���� × � P ORQJ VLPSO\

VXSSRUWHG EHDPV �$KPHG ������ 7KH VDPH UHLQIRUFHG FRQFUHWH HOHPHQW ZDV XVHG LQ DOO WKH EHDPV

DQG LV VKRZQ LQ )LJ� �� 7KH EHDPV DUH JURXSHG DV VKRZQ LQ FROXPQ � RI 7DEOH �� 6HULHV � FRQVLVWHG

RI WZR XQSODWHG EHDPV ZKLFK ZHUH XVHG DV UHIHUHQFH VWUHQJWKV WR GHWHUPLQH GLUHFWO\ WKH LQFUHDVH LQ

VWUHQJWK GXH WR SODWLQJ� 6HULHV � FRQVLVWHG RI WKH VKDOORZ SODWHG EHDPV VKRZQ LQ )LJV� ��D� DQG �E�

ZKHUH LW FDQ EH VHHQ WKDW RQH RU WZR URZV RI EROWV ZHUH XVHG DQG WKH ORQJLWXGLQDO VSDFLQJ RI WKHVH

EROWV LV VKRZQ LQ )LJV� ��D� WR �G�� DQG 6HULHV � FRPSULVHG WKH GHHS SODWHG EHDPV LQ )LJ� ��F� ZKLFK

KDG WKH ORQJLWXGLQDO VSDFLQJV VKRZQ LQ )LJV� ��H� DQG �I��

7KH \LHOG VWUHQJWK RI WKH <�� ORQJLWXGLQDO EDUV LQ )LJ� � ZDV ��� 03D� WKH VWLUUXSV ZHUH <��

EDUV VSDFHG DW ��� PP� DQG WKH \LHOG VWUHQJWK RI WKH SODWHV YDULHG VOLJKWO\ IURP ��� WR ��� 03D�

7KH F\OLQGHU FRPSUHVVLYH VWUHQJWK RI WKH FRQFUHWH DW WKH WLPH RI WKH EHDP WHVW LV OLVWHG LQ FROXPQ �

RI 7DEOH �� $ FRPSUHKHQVLYH VHULHV RI �� SXVK�WHVWV UHSRUWHG HOVHZKHUH �$KPHG ����� ZHUH XVHG WR

GHWHUPLQH DQG GHYHORS WKH LGHDO IRUP RI EROW VKHDU FRQQHFWLRQ� ,W ZDV IRXQG LQ WKHVH WHVWV WKDW PRVW

EROW FRQQHFWRUV DUH QRW VXLWDEOH DV WKH\ GR QRW SRVVHVV WKH GXDO SURSHUWLHV RI LQLWLDO VWLIIQHVV DQG

WKHQ GXFWLOLW\ WKDW DUH HVVHQWLDO IRU SODWHG EHDP FRQVWUXFWLRQ� DV H[SODLQHG LQ WKH SUHYLRXV VHFWLRQ RQ

WKH QHXWUDO D[LV VHSDUDWLRQ KQD� 7KH EROW VKHDU FRQQHFWRUV XVHG LQ WKHVH EHDPV FRQVLVWHG RI LQWHUQDOO\

)LJ� � 3ODWHG EHDP FURVV�VHFWLRQV



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

WKUHDGHG DGKHVLYH DQFKRUV ZKLFK KDG DQ RXWHU GLDPHWHU RI �� PP DQG VOHHYH OHQJWK RI �� PP� 7KH

LQGLYLGXDO GRZHO VWUHQJWKV RI WKHVH VKHDU FRQQHFWRUV 3EROW ZHUH GHWHUPLQHG GLUHFWO\ IURP SXVK

VSHFLPHQV WKDW ZHUH FDVW ZLWK WKH EHDPV DQG WKH\ DUH OLVWHG LQ FROXPQ � RI 7DEOH �� 7\SLFDO ORDG�

VOLS FKDUDFWHULVWLFV RI WKHVH VKHDU FRQQHFWRUV �$KPHG ����� FRQVLVWHG RI D UHODWLYHO\ VWLII SRUWLRQ LQ

ZKLFK WKH PD[LPXP VWUHQJWK ZDV UHDFKHG DW D VOLS RI ��� RI WKH GLDPHWHU RI WKH EROW GEROW� D SODVWLF

SODWHDX LQ ZKLFK WKH PD[LPXP VWUHQJWK ZDV PDLQWDLQHG XS WR D VOLS RI ����GEROW� DQG WKHQ JUDGXDO

IDLOXUH ZKLFK WHQGHG WR ]HUR VWUHQJWK DW D VOLS RI ���GEROW�

7KH EHDPV ZHUH WHVWHG ZLWK D � P OHQJWK FRQVWDQW PRPHQW UHJLRQ DQG D ��� P VSDQ DV VKRZQ LQ

)LJV� ��D� DQG �� 7KH SODWHV LQ WKH GHHS SODWHG EHDPV LQ )LJV� ��F� DQG )LJV� ��H� DQG �I� ZHUH

GHOLEHUDWHO\ UHVWUDLQHG DJDLQVW EXFNOLQJ� 5XOHV IRU VSDFLQJ FRQQHFWRUV WR LQKLELW EXFNOLQJ KDYH EHHQ

GHYHORSHG HOVHZKHUH �6PLWK� %UDGIRUG DQG 2HKOHUV ����D� E�� 6WUDLQ JDXJHV ZHUH DWWDFKHG WR WKH

SODWHV DW PLG�VSDQ� DV FDQ EH VHHQ LQ )LJ� �� DQG 'HPHF JDXJHV ZHUH SODFHG DERYH WKH VWUDLQ JDXJHV

LQ WKH FRPSUHVVLRQ ]RQH RI WKH EHDP WR JLYH DQ LQGLFDWLRQ RI WKH FXUYDWXUHV LQ WKH UHLQIRUFHG

FRQFUHWH VHFWLRQ RI WKH EHDPV� 7UDQVGXFHUV ZHUH XVHG WR PHDVXUH WKH GHIOHFWLRQV DQG ERWK

ORQJLWXGLQDO DQG WUDQVYHUVH VOLSV�

���� 6WDQGDUG ULJLG SODVWLF SURSHUWLHV

7KH VWDQGDUG ULJLG SODVWLF SURSHUWLHV RI WKH EHDPV ZHUH GHULYHG IURP WKH IXOO�VKHDU�FRQQHFWLRQ

IXOO�LQWHUDFWLRQ SURFHGXUH LQ )LJ� ��$� DQG WKH SDUWLDO�VKHDU�FRQQHFWLRQ SDUWLDO�LQWHUDFWLRQ SURFHGXUH

LOOXVWUDWHG LQ )LJ� ��%�� XVLQJ (T� ��� IRU WKH γ IDFWRU� 7KH ULJLG SODVWLF IOH[XUDO FDSDFLWLHV 0USD DUH

OLVWHG LQ FROXPQ � LQ 7DEOH �� WKH GHJUHH RI VKHDU FRQQHFWLRQ η LQ FROXPQ �� DQG WKH WKHRUHWLFDO

LQFUHDVH LQ WKH IOH[XUDO FDSDFLW\ RI WKH UHLQIRUFHG FRQFUHWH EHDP GXH WR SODWLQJ LQ FROXPQ �� ,W FDQ

EH VHHQ WKDW WKHUH LV D ZLGH UDQJH RI WKH GHJUHH RI VKHDU FRQQHFWLRQ IURP ��� WR ���� DQG WKH

H[SHFWHG LQFUHDVHV LQ VWUHQJWK GXH WR SODWLQJ UDQJHG IURP ��� WR ����

�� &RPSRVLWH SODWHG EHDP WHVWV

7KH IROORZLQJ WKUHH EHDPV KDYH EHHQ XVHG WR LOOXVWUDWH W\SLFDO EHKDYLRXUV RI SODWHG EHDPV�
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)LJ� � 'LVWULEXWLRQ RI EROW VKHDU FRQQHFWRUV



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

���� %HDP %��� 6KDOORZ SODWH ZLWK D KLJK GHJUHH RI VKHDU FRQQHFWLRQ �η  �����

7KH DSSOLHG�VKHDU�ORDG�PLG�VSDQ�GHIOHFWLRQ FXUYH RI EHDP %�� LV VKRZQ LQ )LJ� � DQG FDQ EH

FRPSDUHG ZLWK WKH XQSODWHG UHIHUHQFH EHDP $��� %HDP %�� H[KLELWHG WKH FKDUDFWHULVWLFV RI D

KHDYLO\ UHLQIRUFHG EHDP� EHFDXVH VRRQ DIWHU WKH PD[LPXP ORDG KDG EHHQ UHVLVWHG� WKH FRQFUHWH

FUXVKHG DQG WKH VWUHQJWK UHGXFHG� 7KHUH LV YLUWXDOO\ QR SODVWLF SODWHDX DV FRPSDUHG ZLWK EHDP $���

KRZHYHU� WKLV EULWWOH FKDUDFWHULVWLF LV WHPSHUHG E\ D JUDGXDO UHGXFWLRQ LQ VWUHQJWK DV WKH SODWH

PDLQWDLQV LWV PRPHQW DV WKH UHLQIRUFHG FRQFUHWH HOHPHQW UHGXFHV LQ VWUHQJWK DV WKH FRQFUHWH FUXVKHV�

7KH H[SHULPHQWDO VWUDLQ GLVWULEXWLRQV MXVW SULRU WR IDLOXUH DUH VKRZQ LQ )LJ� �� ZKHUH LW FDQ EH VHHQ

WKDW WKH FXUYDWXUH LQ WKH 5�&� EHDP LV PXFK ODUJHU WKDQ WKH FXUYDWXUH LQ WKH SODWH GXH WR WKH ∆κ
HIIHFW DOUHDG\ GLVFXVVHG LQ WKLV SDSHU� 7KH QHXWUDO D[LV VHSDUDWLRQ KQD� DOVR HYLGHQW LQ )LJ� ���

RFFXUUHG WKURXJKRXW WKH F\FOH RI ORDGLQJ HYHQ WKRXJK� EHFDXVH RI WKH ODUJH QXPEHU RI VKHDU

)LJ� � 7HVW ULJ

)LJ� � 6KDOORZ SODWHG EHDPV
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FRQQHFWRUV� WKH PD[LPXP WUDQVYHUVH DQG ORQJLWXGLQDO VOLSV RQO\ UHDFKHG ��� PP ZKLFK LV ZHOO

EHORZ WKDW UHTXLUHG IRU WKH FRQQHFWRU WR EHKDYH LQ D SODVWLF IDVKLRQ� 7KH VWUHVVHV LQ WKH SODWH DW WKH

PD[LPXP ORDG DUH VKRZQ LQ )LJ� ���D� ZKHUH LW FDQ EH VHHQ WKDW ��� RI WKH SODWH LV VWLOO XQ\LHOGHG

HYHQ WKRXJK WKH EHDP KDG ��� PRUH VKHDU FRQQHFWRUV WKDQ LV WKHRUHWLFDOO\ UHTXLUHG IRU IXOO�VKHDU�

FRQQHFWLRQ�

���� %HDP %��� 6KDOORZ SODWH ZLWK D ORZ GHJUHH RI VKHDU FRQQHFWLRQ �η  �����

7KH GHJUHH RI VKHDU FRQQHFWLRQ LQ WKLV EHDP ZDV RQO\ ���� $V FDQ EH VHHQ LQ )LJ� �� %HDP %��

SRVVHVVHG D UHDVRQDEOH GXFWLOH SODWHDX DIWHU ZKLFK FUXVKLQJ RI WKH FRQFUHWH FDXVHG D JUDGXDO

UHGXFWLRQ LQ VWUHQJWK� $IWHU WKH PD[LPXP ORDG KDG EHHQ DFKLHYHG� D FRQQHFWRU DGMDFHQW WR D VXSSRUW

IUDFWXUHG� 7KLV LV D FRPPRQ RFFXUUHQFH LQ FRPSRVLWH EHDPV� ZKHUH WKH IRUPDWLRQ RI WKH SODVWLF

KLQJH DIWHU WKH PD[LPXP ORDG KDV EHHQ DFKLHYHG LQGXFHV D YHU\ UDSLG EXLOG XS RI WKH VOLS�VWUDLQ

DURXQG WKH KLQJH� 7KHUH LV� WKHUHIRUH� D UDSLG LQFUHDVH LQ VOLS ZKLOVW WKH SODVWLF KLQJH LV URWDWLQJ

)LJ� �� 6WUDLQ SURILOH LQ EHDP %�� MXVW SULRU WR IDLOXUH

)LJ� �� 6WUHVV SURILOHV LQ SODWH SULRU WR IDLOXUH



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

ZKLFK FDQ FDXVH WKH VKHDU FRQQHFWRUV WR IUDFWXUH DQG� KHQFH� OLPLW WKH GXFWLOLW\ RI WKH FRPSRVLWH

EHDP� 7KH YDULDWLRQV LQ WKH FXUYDWXUH LQ WKH UHLQIRUFHG FRQFUHWH HOHPHQW RI WKH EHDP DQG LQ WKH

SODWH DUH VKRZQ LQ )LJ� ��� ZKHUH LW FDQ EH VHHQ WKDW WKH GLIIHUHQFH LQ FXUYDWXUH ∆κ LV IDLUO\ FRQVWDQW

XQWLO WKH PD[LPXP PRPHQW LV DWWDLQHG� DIWHU ZKLFK WKH FXUYDWXUH LQ WKH SODWH UHPDLQV FRQVWDQW

ZKLOVW WKDW LQ WKH UHLQIRUFHG FRQFUHWH EHDP LQFUHDVHV UDSLGO\� ,W FDQ EH VHHQ LQ )LJ� ���E� WKDW QRQH

RI WKH SODWH KDG \LHOGHG�

)LJ� �� 0RPHQW FXUYDWXUH FXUYH IRU EHDP %��

)LJ� �� 'HHS SODWHG EHDP
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���� %HDP &��� GHHS SODWH �η  �����

7KH ORDG�GHIOHFWLRQ FKDUDFWHULVWLFV IRU WKH GHHS SODWHG EHDP &�� LV VKRZQ LQ )LJ� ��� (YHQ WKRXJK

WKH SODWHV ZHUH UHVWUDLQHG DJDLQVW EXFNOLQJ� WKH EHDP GLG HYHQWXDOO\ IDLO WKURXJK EXFNOLQJ� +RZHYHU�

LW ZDV VWLOO DEOH WR EHKDYH LQ D GXFWLOH IDVKLRQ� ZKLFK ZDV IROORZHG E\ D YHU\ JUDGXDO UHGXFWLRQ LQ

VWUHQJWK ZKLOVW WKH SODWH PDLQWDLQHG LWV UHODWLYHO\ ODUJH PRPHQW FDSDFLW\ GXULQJ IDLOXUH RI WKH

UHLQIRUFHG FRQFUHWH HOHPHQW� $OWKRXJK WKH GHSWK RI WKH SODWH ZDV DOPRVW HTXDO WR WKH GHSWK RI WKH

EHDP� RQO\ ��� RI WKH SODWH DWWDLQHG \LHOG DV VKRZQ LQ )LJ� ���F��

�� &RPSDULVRQ RI UHVXOWV

7KH ORDG�GHIOHFWLRQ FXUYHV IRU WKH VKDOORZ SODWHG EHDPV DQG WKH XQSODWHG EHDP DUH FRPSDUHG LQ

)LJ� �� 2QO\ EHDP %�� ZKLFK SRVVHVVHG D KLJK GHJUHH RI VKHDU FRQQHFWLRQ IDLOHG LQ D EULWWOH IDVKLRQ

ZKLOVW WKH UHPDLQLQJ VKDOORZ SODWHG EHDPV KDG GXFWLOH SODWHDX[� $OO RI WKH VKDOORZ SODWHG EHDPV

H[KLELWHG D JUDGXDO UHGXFWLRQ LQ VWUHQJWK DIWHU WKH FRQFUHWH FUXVKHG� GXH WR WKH SODWH PDLQWDLQLQJ LWV

PRPHQW FDSDFLW\ DV WKH UHLQIRUFHG FRQFUHWH HOHPHQW IDLOHG� %RWK GHHS SODWHG EHDPV VKRZQ LQ )LJ� ��

H[KLELWHG WKH LGHDO FKDUDFWHULVWLFV RI D ODUJH GXFWLOH UHJLRQ IROORZHG E\ D JUDGXDO UHGXFWLRQ LQ

VWUHQJWK� ZKLFK HPSKDVLVHV WKH DGYDQWDJHV RI H[WHQGLQJ WKH SODWH LQWR WKH FRPSUHVVLRQ UHJLRQ LQ

RUGHU WR PDLQWDLQ RU HQKDQFH WKH GXFWLOLW\ DQG SURYLGH D JUDGXDO UHGXFWLRQ LQ VWUHQJWK�

7KH H[SHULPHQWDOO\ GHWHUPLQHG IOH[XUDO FDSDFLWLHV RI WKH EHDPV DUH OLVWHG LQ FROXPQ � LQ 7DEOH �

DQG WKH H[SHULPHQWDOO\ GHWHUPLQHG SHUFHQWDJH LQFUHDVHV LQ WKH IOH[XUDO FDSDFLWLHV RI WKH 5�&� EHDPV

GXH WR SODWLQJ �∆0�H[S DUH VKRZQ LQ FROXPQ �� ,W FDQ EH VHHQ WKDW SODWLQJ KDV LQFUHDVHG WKH VWUHQJWKV

IURP ��� WR ���� +RZHYHU� WKH H[SHULPHQWDO LQFUHDVHV LQ FROXPQ � DUH DOZD\V OHVV WKDQ WKH

WKHRUHWLFDO LQFUHDVHV GHULYHG IURP VWDQGDUG ULJLG SODVWLF DQDO\VHV LQ FROXPQ �� 7KH ORVV RI VWUHQJWK

UDQJHV IURP �� WR ��� DV VKRZQ LQ FROXPQ ���

�� &RQFOXVLRQV

9 $ ULJLG SODVWLF IXOO�VKHDU�FRQQHFWLRQ DQDO\VLV UHTXLUHV IXOO�LQWHUDFWLRQ DQG� KHQFH� ZLOO DOZD\V EH

DQ XSSHU ERXQG WR WKH IOH[XUDO FDSDFLWLHV RI EROWHG VLGH SODWHG EHDPV ZKHUH SDUWLDO�LQWHUDFWLRQ

DOZD\V RFFXUV�
9 ,W LV QHFHVVDU\ IRU WKH EROW VKHDU FRQQHFWLRQ WR EH ERWK VWLII DQG GXFWLOH LQ RUGHU IRU WKH EHDP WR

DFKLHYH WKH PD[LPXP SRVVLEOH IOH[XUDO VWUHQJWK DQG QRW WR IDLO WKURXJK IUDFWXULQJ RI WKH VKHDU

FRQQHFWRUV E\ H[FHVVLYH VOLS�
9 7KH QHXWUDO D[LV SDUDPHWHU γ KDV D PLQRU HIIHFW RQ WKH IOH[XUDO FDSDFLW\ EXW D PDMRU HIIHFW RQ WKH

ERQG IRUFH� 7KH XVH RI γ  � ZLOO JLYH D VOLJKWO\ FRQVHUYDWLYH HVWLPDWLRQ RI ERWK WKH ERQG IRUFH DQG

IOH[XUDO FDSDFLW\�
9 ,Q DGGLWLRQ WR WKH XVXDO ORQJLWXGLQDO IRUFHV� WKH VKHDU FRQQHFWRUV UHVLVW WUDQVYHUVH IRUFHV� 7KHVH

WUDQVYHUVH IRUFHV UHGXFH WKH FXUYDWXUH LQ WKH SODWH UHODWLYH WR WKDW LQ WKH UHLQIRUFHG FRQFUHWH EHDP

DQG� KHQFH� SUHYHQW WKH SODWH IURP VWUDLQ KDUGHQLQJ DQG UHVWULFW LWV DELOLW\ WR \LHOG�
9 'HHS DQG VKDOORZ SODWHG EHDPV ZHUH WHVWHG ZLWK η UDQJLQJ IURP ��� WR ����� 7KH SODWHV

LQFUHDVHG WKH VWUHQJWKV E\ ��� WR ��� EXW WKLV ZDV OHVV WKDQ WKH WKHRUHWLFDO H[SHFWHG LQFUHDVH E\

�� WR ���� EHFDXVH PRVW RI WKH SODWH FURVV�VHFWLRQV ZHUH XQ\LHOGHG DW IDLOXUH�



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

9 2QO\ RQH VKDOORZ SODWHG EHDP ZLWK D KLJK GHJUHH RI VKHDU FRQQHFWLRQ EHKDYHG LQ D EULWWOH

IDVKLRQ� 7KH UHPDLQLQJ VKDOORZ SODWHG EHDPV DQG GHHS SODWHG EHDPV KDG GXFWLOH SODWHDX[� DQG DOO

WKH EHDPV H[KLELWHG D JUDGXDO UHGXFWLRQ LQ VWUHQJWK DIWHU WKH FRQFUHWH VWDUWHG WR FUXVK� 7KH GHHS

SODWHG EHDPV H[KLELWHG WKH GXDO LGHDO FKDUDFWHULVWLFV RI D ODUJH SODVWLF SODWHDX[ IROORZHG E\ D YHU\

JUDGXDO UHGXFWLRQ LQ VWUHQJWK�

$FNQRZOHGJHPHQWV
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