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�� ,QWURGXFWLRQ

+LJK�VWUHQJWK FRQFUHWH ZLWK FRPSUHVVLYH VWUHQJWK RYHU ��� 03D LV EHLQJ XVHG LQ WKH FRQVWUXFWLRQ

LQGXVWU\� 7KH XVH RI KLJK�VWUHQJWK FRQFUHWH FROXPQV IRU KLJK ULVH EXLOGLQJV KDV SURYHQ PRVW SRSXODU

ZLWK HFRQRP\� VXSHULRU VWUHQJWK� VWLIIQHVV DQG GXUDELOLW\ EHLQJ WKH PDMRU DGYDQWDJHV�

7KH DSSOLFDWLRQ RI KLJK�VWUHQJWK FRQFUHWH KDV SUHFHGHG UHVHDUFK DQG WKHUHIRUH WKH EHKDYLRXU RI WKH

PDWHULDO FDQQRW \HW EH SUHGLFWHG ZLWK UHDVRQDEOH DFFXUDF\� $V D FRQVHTXHQFH� LPSRUWDQW LVVXHV

UHODWHG WR GHVLJQ DQG FRQVWUXFWLRQ RI KLJK�VWUHQJWK FRQFUHWH VWUXFWXUHV DUH QRW DGHTXDWHO\ DGGUHVVHG

LQ EXLOGLQJ FRGHV� 6WUXFWXUDO GHVLJQHUV DUH XQDEOH WR WDNH WKH IXOO DGYDQWDJH RI WKH PDWHULDO EHFDXVH

RI LQVXIILFLHQW LQIRUPDWLRQ�

$ PDMRU FRQFHUQ UHJDUGLQJ WKH XVH RI KLJK�VWUHQJWK FRQFUHWH LQ D[LDO FRPSUHVVLRQ LV WKH LQFUHDVH

LQ EULWWOHQHVV REVHUYHG ZLWK LQFUHDVH LQ FRPSUHVVLYH VWUHQJWK RI FRQFUHWH� 7KLV REVHUYDWLRQ ZDV

EDVHG RQ WKH REVHUYHG UDSLG UHGXFWLRQ LQ ORDG FDUU\LQJ FDSDFLW\ RI XQFRQILQHG KLJK�VWUHQJWK
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FRQFUHWH VSHFLPHQV DIWHU UHDFKLQJ WKH SHDN VWUHVV� +RZHYHU� WKH VDPH FRQFOXVLRQ FDQQRW EH GLUHFWO\

H[WHQGHG WR ODWHUDOO\ FRQILQHG UHLQIRUFHG FRQFUHWH FROXPQV XQGHU D[LDO ORDGV� )DLOXUH RI D FRQILQHG

FRQFUHWH FROXPQ PD\ EH FDXVHG E\ VHYHUDO IDFWRUV VXFK DV IDLOXUH RI FRQILQHG FRQFUHWH� IUDFWXUH RI

ODWHUDO VWHHO RU EXFNOLQJ RI FRPSUHVVLRQ VWHHO� 6RPH UHVHDUFKHUV �$WWDUG DQG 0HQGLV �����

6DDWFLRJOX DQG 5D]YL ����� &XVVRQ DQG 3DXOWUH ����� 6KHLNK HW DO� ����� KDYH VWXGLHG WKH H[WUD

FRQILQHPHQW SURYLGHG E\ WKH VWLUUXSV LQ KLJK�VWUHQJWK FRQFUHWH FROXPQV� +RZHYHU QR UHVHDUFKHUV

KDYH VWXGLHG WKH RWKHU IDLOXUH PRGHV� L�H�� IUDFWXUH RI ODWHUDO VWHHO DQG EXFNOLQJ RI FRPSUHVVLRQ VWHHO

DQG WKH FRPELQDWLRQ RI DOO WKUHH SRVVLEOH IDLOXUH PRGHV�

,Q WKLV SDSHU� WKH DIRUHPHQWLRQHG IDLOXUH PRGHV RI ODWHUDOO\ FRQILQHG KLJK�VWUHQJWK FRQFUHWH

FROXPQV DUH LQYHVWLJDWHG DQG D PHWKRG RI SUHGLFWLQJ WKH IDLOXUH RI D KLJK�VWUHQJWK FRQFUHWH FROXPQ

LV VXJJHVWHG� $ FDVH VWXG\ LV SUHVHQWHG WR LOOXVWUDWH WKH GLIIHUHQFH LQ EHKDYLRXU EHWZHHQ QRUPDO DQG

KLJK�VWUHQJWK FRQFUHWH FROXPQV�

�� 6WUHVV�VWUDLQ UHODWLRQVKLS RI FRQILQHG KLJK�VWUHQJWK FRQFUHWH

7KH PDLQ SDUDPHWHUV UHTXLUHG WR SUHGLFW WKH VWUHVV�VWUDLQ UHODWLRQVKLS RI FRQILQHG FRQFUHWH DUH�

HIIHFWLYH FRQILQLQJ SUHVVXUH� VWUDLQ DW WKH SHDN VWUHVV� SHDN VWUHVV� VORSH RI WKH GHVFHQGLQJ EUDQFK

DQG WKH UHVLGXDO VWUHVV� 7KH VWUHVV�VWUDLQ PRGHO SURSRVHG E\ 6FRWW HW DO� ������ ZDV PRGLILHG E\

FDOLEUDWLQJ HDFK RI WKH DERYH SDUDPHWHUV XVLQJ UHSRUWHG H[SHULPHQWDO UHVXOWV �3HQG\DOD HW DO� ������

)XOO GHWDLOV RI WKH GHYHORSPHQW RI WKH PRGHO DUH SUHVHQWHG HOVHZKHUH �3HQG\DOD ������ )ROORZLQJ

HTXDWLRQV UHSUHVHQW WKH SURSRVHG PRGHO ZKLFK LV VKRZQ JUDSKLFDOO\ LQ )LJ� ��

&RQILQHG &RQFUHWH

���

���

LQ ZKLFK�

IO LV WKH FRQILQHPHQW VWUHVV REWDLQHG XVLQJ WKH 0DQGHU DSSURDFK �VHH 6HFWLRQ ���

ZKHUH� K� LV WKH FRUH ZLGWK PHDVXUHG IURP RXWHU�WR�RXWHU WLHV�
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%DVLV IRU WKH GHVLJQ RI ODWHUDO UHLQIRUFHPHQW IRU KLJK�VWUHQJWK FRQFUHWH FROXPQV ���

8QFRQILQHG &RQFUHWH

���

���

ZKHUH�

�� (YDOXDWLRQ RI WKH DFWXDO FRQILQLQJ SUHVVXUH

0DQ\ UHVHDUFKHUV KDYH VKRZQ WKDW WKH FRQILQLQJ SUHVVXUH LQGXFHG E\ UHFWDQJXODU WLHV GLVVLSDWHV

EHWZHHQ ORQJLWXGLQDO EDUV LQ WKH SODQH RI WKH FURVV�VHFWLRQ DQG ORQJLWXGLQDOO\ EHWZHHQ WLHV� DV VKRZQ

LQ )LJ� �� 7KLV UHGXFWLRQ LQ FRQILQLQJ SUHVVXUH LV WDNHQ LQWR DFFRXQW E\ GHILQLQJ DQ HIIHFWLYHO\

FRQILQHG FRUH DUHD �6KHLNK DQG 8]XPHUL ����� 0DQGHU HW DO� ������ 7KH PHWKRG SURSRVHG E\

0DQGHU HW DO� ������ ZDV DGRSWHG E\ WKH DXWKRUV WR FDOFXODWH WKH FRQILQLQJ SUHVVXUH� 7KH UHOHYDQW

HTXDWLRQV IRU WKH VTXDUH FROXPQ VKRZQ LQ )LJ� � DUH JLYHQ EHORZ� 7KH GHULYDWLRQ RI WKHVH HTXDWLRQV

DUH JLYHQ E\ 0DQGHU HW DO� �������

���

ZKHUH� ρV  YROXPH RI ODWHUDO VWHHO � YROXPH RI FRUH FRQFUHWH�

I\W  \LHOG VWUHVV RI VWLUUXSV� DQG

NH  WKH FRQILQHPHQW HIIHFWLYHQHVV FRHIILFLHQW

 $H�$FRUH

LQ ZKLFK�

EV DQG GV DUH WKH ZLGWK DQG WKH GHSWK RI WKH FRUH UHVSHFWLYHO\�
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�� )UDFWXUH RI ODWHUDO VWHHO

3UHPDWXUH IUDFWXUH RI KRRS VWHHO LV D GHILFLHQF\ H[SHFWHG LQ KLJK�VWUHQJWK FRQFUHWH FROXPQV�

8QFRQILQHG FRYHU FRQFUHWH RI KLJK�VWUHQJWK FRQFUHWH FROXPQV GHWHULRUDWH DW D KLJKHU UDWH FRPSDUHG

WR ORZ VWUHQJWK FRQFUHWH� 7KLV PD\ FDXVH D VXGGHQ WUDQVIHU RI HQHUJ\ WR WKH FRQILQLQJ VWHHO ZKLFK

PD\ OHDG WR WKH IUDFWXUH RI VWHHO� ,Q RUGHU WR LQYHVWLJDWH WKLV� DQ HQHUJ\ EDODQFH PHWKRG� VLPLODU WR

WKDW DGRSWHG E\ 0DQGHU HW DO� ������ IRU QRUPDO VWUHQJWK FRQFUHWH� ZDV PRGLILHG DQG DGRSWHG LQ WKLV

VWXG\� 7KH EDVLF HQHUJ\ EDODQFH HTXDWLRQ LV ZULWWHQ DV IROORZV�

���

ZKHUH� 8VI  WKH HQHUJ\ UHTXLUHG IRU IUDFWXUH RI KRRS VWHHO DW RQH FURVV�VHFWLRQ�

8J  WKH WRWDO HQHUJ\ DEVRUEHG E\ WKH FROXPQ XQWLO IUDFWXUH RI KRRS VWHHO� DQG

8FR  WKH HQHUJ\ UHTXLUHG IRU IDLOXUH RI DQ XQFRQILQHG FRQFUHWH FROXPQ�

8VLQJ WKH LQWHJUDOV RI WKH VWUHVV�VWUDLQ FXUYHV RI VWHHO DQG FRQFUHWH� WKH D[LDO FRQFUHWH VWUDLQ DW

ZKLFK IUDFWXUH RI ODWHUDO VWHHO RFFXUV� HFX� FDQ EH GHWHUPLQHG� $Q HODVWLF�SODVWLF VWUHVV�VWUDLQ FXUYH

ZDV DVVXPHG IRU ERWK WUDQVYHUVH DQG ORQJLWXGLQDO VWHHO ZKLOH WKH PRGLILHG 6FRWW PRGHO �VHH 6HFWLRQ

�� ZDV XVHG DV WKH FRQFUHWH VWUHVV�VWUDLQ PRGHO�

3ULRU WR WKH ILUVW KRRS IUDFWXUH� WKH VWUDLQ HQHUJ\ DYDLODEOH IURP WKH WUDQVYHUVH UHLQIRUFHPHQW LV�

���

ZKHUH� ρVK  WKH YROXPHWULF UDWLR RI WUDQVYHUVH FRQILQLQJ VWHHO WR WKH FRQFUHWH FRUH DUHD�

$FF  WKH FRQFUHWH FRUH DUHD�
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%DVLV IRU WKH GHVLJQ RI ODWHUDO UHLQIRUFHPHQW IRU KLJK�VWUHQJWK FRQFUHWH FROXPQV ���

IV�WU�  WKH VWHHO VWUHVV RI WUDQVYHUVH UHLQIRUFHPHQW�

7KH WRWDO ZRUN GRQH RQ WKH FROXPQ LV GHWHUPLQHG E\ LQWHJUDWLQJ WKH IRUFH�VWUDLQ FXUYHV IRU ERWK

FRQILQHG DQG XQFRQILQHG FRQFUHWH DV ZHOO DV WKH ORQJLWXGLQDO VWHHO�

���

ZKHUH� IFF  WKH FRQILQHG FRQFUHWH VWUHVV�

$J  WKH JURVV FURVV�VHFWLRQDO DUHD�

εVSDOO  WKH VWUDLQ DW ZKLFK XQFRQILQHG FRQFUHWH FDUULHV QR VWUHVV�

IF  WKH XQFRQILQHG FRQFUHWH VWUHVV�

$VW  WKH WRWDO DUHD RI ORQJLWXGLQDO UHLQIRUFHPHQW� DQG

IV�OR�  WKH VWHHO VWUHVV RI ORQJLWXGLQDO UHLQIRUFHPHQW�

7KH VWUDLQ HQHUJ\ RI WKH XQFRQILQHG SODLQ FRQFUHWH LV JLYHQ E\�

���

6XEVWLWXWLQJ (TV� ���� ��� DQG ��� LQWR (T� ��� JLYHV�

����

7KH GHULYDWLRQ RI LQWHJUDOV LQ (T� ���� LV GHVFULEHG LQ GHWDLO EHORZ�

7KH LQWHJUDO FDQ EH GHULYHG E\ DVVXPLQJ DQ HODVWLF�SODVWLF VWUHVV�VWUDLQ PRGHO IRU

WUDQVYHUVH VWHHO�

����

ZKHUH IV\�WU� LV WKH \LHOG VWUHVV RI WUDQVYHUVH UHLQIRUFHPHQW�

6LPLODUO\ WKH LQWHJUDO FDQ EH GHULYHG E\ DVVXPLQJ DQ HODVWLF�SODVWLF VWUHVV�VWUDLQ PRGHO

IRU ORQJLWXGLQDO VWHHO�

����

ZKHUH IV\�OR� LV WKH \LHOG VWUHVV RI ORQJLWXGLQDO UHLQIRUFHPHQW�

:KHQ GHWHUPLQLQJ XVLQJ WKH PRGLILHG 6FRWW PRGHO IRU FRQILQHG FRQFUHWH �)LJ� ��� WZR

GLIIHUHQW FRQGLWLRQV KDYH WR EH FRQVLGHUHG� 7KH ILUVW FRQGLWLRQ LV LI WKH FRQFUHWH VWUDLQ DW KRRS

IUDFWXUH LV UHDFKHG GXULQJ WKH VRIWHQLQJ SRUWLRQ RI WKH FRQFUHWH VWUHVV�VWUDLQ FXUYH� ZKLOH WKH VHFRQG

FRQGLWLRQ LV LI WKLV VWUDLQ LV UHDFKHG DIWHU WKH FRQFUHWH KDV VWRSSHG VRIWHQLQJ DQG WKH UHVLGXDO VWUHVV LV

PDLQWDLQHG�
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%DVLV IRU WKH GHVLJQ RI ODWHUDO UHLQIRUFHPHQW IRU KLJK�VWUHQJWK FRQFUHWH FROXPQV ���

)RU �

����

LQ ZKLFK� ����

����

����

����

,W LV DVVXPHG LQ WKLV PHWKRG WKDW WKH VWUDLQ DW ZKLFK WKH XQFRQILQHG FRQFUHWH FDUULHV QR PRUH

VWUHVV� εVSDOO� LV ������

�� %XFNOLQJ RI FRPSUHVVLRQ VWHHO

$Q XSSHU OLPLW RQ WKH VWLUUXS VSDFLQJ VKRXOG EH SODFHG WR HQVXUH WKDW EXFNOLQJ RI FRPSUHVVLRQ

VWHHO GRHV QRW RFFXU EHIRUH IDLOXUH RI WKH FROXPQ E\ KRRS IUDFWXUH RU FUXVKLQJ RI FRQFUHWH�

7KH VWUDLQ DW ZKLFK FRPSUHVVLRQ EXFNOLQJ RFFXUV KDV EHHQ HYDOXDWHG E\ WULDO DQG HUURU XVLQJ D

VSUHDGVKHHW SURJUDP� $ WULDO EXFNOLQJ VWUDLQ LV HQWHUHG LQWR WKH SURJUDP� DQG WKH VROYHU URXWLQH LV

WKHQ DFWLYDWHG WR FDOFXODWH WKH VWUDLQ DW ZKLFK ERWK WKH WKHRUHWLFDO EXFNOLQJ VWUHVV �IURP WKH (XOHU

EXFNOLQJ IRUPXOD� DQG VWHHO VWUHVV IURP WKH VWUHVV�VWUDLQ PRGHO DUH HTXDO�

7KH VWHHO VWUHVV�VWUDLQ PRGHO XVHG ZDV RULJLQDOO\ GHYHORSHG E\ 6DPUD ������ DQG LV VKRZQ LQ )LJ� ��
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5HJLRQ %&

5HJLRQ &'

ZKHUH�

2QFH D WULDO VWUDLQ LV HQWHUHG� WKH FRUUHVSRQGLQJ VWHHO VWUHVV LV FDOFXODWHG XVLQJ WKH DERYH HTXDWLRQV�

7KH WULDO VWUDLQ LV DOVR HQWHUHG LQWR WKH WKHRUHWLFDO (XOHU EXFNOLQJ VWUHVV IRUPXOD� 7KH (XOHU

EXFNOLQJ ORDG �3FU� IRU WKH HQG FRQGLWLRQV DGRSWHG WR VLPXODWH WKH ORQJLWXGLQDO VWHHO �DV VKRZQ LQ
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%DVLV IRU WKH GHVLJQ RI ODWHUDO UHLQIRUFHPHQW IRU KLJK�VWUHQJWK FRQFUHWH FROXPQV ���

ZKHUH� (W �WKH WDQJHQW PRGXOXV� 

)RU

7KH YDOXHV RI IFU DQG IV DUH WKHQ PDGH HTXDO E\ FKDQJLQJ ε �WULDO�� 2QFH WKLV FRQGLWLRQ LV VDWLVILHG�
ε�WULDO� LV WKHQ HTXDO WR WKH VWUDLQ DW ZKLFK EXFNOLQJ RI WKH ORQJLWXGLQDO VWHHO WDNHV SODFH�

�� &RPSDULVRQ RI EHKDYLRXU RI KLJK DQG QRUPDO VWUHQJWK FROXPQV ZLWK GLIIHUHQW

FRQILJXUDWLRQV RI ODWHUDO VWHHO

$ &ROXPQ VHFWLRQ VKRZQ LQ )LJ� � ZDV VHOHFWHG IRU FRPSDULVRQ� 'LIIHUHQW FRQILJXUDWLRQV RI ODWHUDO

VWHHO ZHUH REWDLQHG E\ FDOFXODWLQJ WKH VSDFLQJ E\ WKUHH GLIIHUHQW FRGHV� WKH $XVWUDOLDQ &RQFUHWH

6WUXFWXUHV &RGH� $6���� ������� $PHULFDQ &RQFUHWH &RGH� $&, ������ �FODXVHV VXJJHVWHG IRU

VHLVPLF GHVLJQ� DQG 1RUZHJLDQ &RQFUHWH &RGH� 16 ���� ������� $6���� SUHVHQWO\ FRYHUV RQO\

QRUPDO VWUHQJWK FRQFUHWH� $&, ��� IRUPXOD LV XVHG E\ VRPH HQJLQHHUV WR ILQG WKH VWLUUXS VSDFLQJ RI

KLJK�VWUHQJWK FRQFUHWH FROXPQV� 16 ���� FRYHUV KLJK�VWUHQJWK FRQFUHWH XS WR �� 03D� 7ZR

GLIIHUHQW FRPSUHVVLYH VWUHQJWKV RI FRQFUHWH DQG WZR W\SHV RI VWLUUXSV� 5�� ��� PP GLDPHWHU SODLQ

EDUV ZLWK \LHOG VWUHQJWK RI ��� 03D� DQG <�� ��� PP GLDPHWHU SODLQ EDUV ZLWK \LHOG VWUHQJWK RI

��� 03D� ZHUH XVHG IRU WKH FRPSDULVRQ� /RQJLWXGLQDO VWUDLQV RI WKH FROXPQ DW WKH SRLQW RI EXFNOLQJ

RI ORQJLWXGLQDO VWHHO �εE� DQG DOVR IUDFWXUH RI ODWHUDO VWHHO �εX� DUH WDEXODWHG LQ 7DEOH �� (TXLYDOHQW

FRQILQLQJ SUHVVXUH H[HUWHG E\ ODWHUDO WLHV RQ WKH FRUH RI WKH FROXPQ DQG WKH UDWLR RI FRQILQHG WR

XQFRQILQHG FRPSUHVVLYH VWUHQJWK RI FRQFUHWH DUH DOVR WDEXODWHG LQ 7DEOH �� $V VHHQ IURP 7DEOH ��
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$&, ��� IRUPXODH JLYH XQUHDOLVWLF VWLUUXS VSDFLQJV IRU WKLV H[DPSOH�

'DWD VKRZQ LQ 7DEOH � LQGLFDWH WKDW IRU �� 03D FRQFUHWH WKH SURYLVLRQ RI ODWHUDO WLHV DFFRUGLQJ WR

WKH UHTXLUHPHQWV RI $6���� UHVXOW LQ EXFNOLQJ VWUDLQV PXFK ORZHU WKDQ WKH VWUDLQ DW ZKLFK KRRS

IUDFWXUH RFFXUV� �� 03D LV WKH OLPLW VSHFLILHG LQ $6���� IRU QRUPDO VWUHQJWK FRQFUHWH� 7KH VDPH

REVHUYDWLRQ LV PDGH ZKHQ WKH FROXPQ LV RI �� 03D FRQFUHWH� 7KHUHIRUH LW PD\ EH FRQFOXGHG WKDW

EXFNOLQJ RI ORQJLWXGLQDO VWHHO ZLOO RFFXU PXFK HDUOLHU WKDQ WKH IUDFWXUH RI ODWHUDO VWHHO� LI WKH ODWHUDO

WLHV ZHUH SURYLGHG DFFRUGLQJ WR $6���� UHTXLUHPHQWV� +RZHYHU� LI WKH VSDFLQJ RI ODWHUDO WLHV LV

PXFK FORVHU� DV IRU $&, � 6HLVPLF UHTXLUHPHQWV� WKH KRRS IUDFWXUH VWUDLQ EHFRPHV ORZHU WKDQ WKH

EXFNOLQJ VWUDLQ LQGLFDWLQJ IDLOXUH E\ IUDFWXUH RI WLHV�

7KH VWUDLQ DW ZKLFK EXFNOLQJ RI ORQJLWXGLQDO VWHHO RFFXUV LV LQGHSHQGHQW RI WKH FRPSUHVVLYH

VWUHQJWK RI FRQFUHWH� 7KHUHIRUH DQ LQFUHDVH LQ FRPSUHVVLYH VWUHQJWK RI FRQFUHWH GRHV QRW UHTXLUH D

FORVHU VSDFLQJ RI VWLUUXSV WR SUHYHQW EXFNOLQJ RI ORQJLWXGLQDO VWHHO� ,I WKH VSDFLQJ RI WLHV LV VPDOO�

KRRS IUDFWXUH PD\ RFFXU EHIRUH WKH EXFNOLQJ RI ORQJLWXGLQDO VWHHO� +RZHYHU� LQFUHDVLQJ FRPSUHVVLYH

VWUHQJWK RI FRQFUHWH IURP �� WR �� 03D FDXVHV RQO\ D VPDOO UHGXFWLRQ LQ WKH KRRS IUDFWXUH VWUDLQ�

%DVHG RQ D OLPLWHG WKHRUHWLFDO VWXG\ DQG VWXG\LQJ RWKHU FRQILJXUDWLRQV� LW ZDV VKRZQ WKDW ERWK

EXFNOLQJ RI ORQJLWXGLQDO VWHHO RU KRRS IUDFWXUH ZLOO QRW GHPDQG D VLJQLILFDQW UHGXFWLRQ LQ VSDFLQJ RI

ODWHUDO WLHV ZLWK LQFUHDVH LQ FRPSUHVVLYH VWUHQJWK RI FRQFUHWH �.RYDFLF ������

$ UHGXFWLRQ LQ WLH VSDFLQJ LV UHTXLUHG ZLWK DQ LQFUHDVH LQ FRPSUHVVLYH VWUHQJWK� LI WKH VDPH OHYHO

RI GXFWLOLW\ LV WR EH PDLQWDLQHG LQ D FRQILQHG FRQFUHWH FROXPQ� $ PHWKRG RI DUULYLQJ DW D VXLWDEOH

VSDFLQJ RI WLHV LV GHVFULEHG LQ WKH QH[W VHFWLRQ�

�� )OH[XUDO GXFWLOLW\

$GHTXDWH GXFWLOLW\ IRU D KLJK�VWUHQJWK FRQFUHWH FROXPQ LV SURYLGHG E\ FRPSDULQJ LWV PRPHQW�

FXUYDWXUH FKDUDFWHULVWLFV ZLWK WKDW RI D QRUPDO VWUHQJWK FRQFUHWH FROXPQ� 7KH OHYHO RI GXFWLOLW\

REWDLQHG IURP D �� 03D FRQFUHWH FROXPQ LV WKHUHIRUH DOVR HQVXUHG IRU D VLPLODU FROXPQ PDGH ZLWK

KLJK�VWUHQJWK FRQFUHWH�

0RPHQW�FXUYDWXUH �0�φ� FXUYHV IRU FROXPQ FURVV�VHFWLRQV FDQ EH GHWHUPLQHG E\ FRQVLGHULQJ WKH

VWUHVV�VWUDLQ GLVWULEXWLRQV RI FRQFUHWH DQG VWHHO DQG FRPSDWLELOLW\ HTXDWLRQV �3DUN DQG 3DXOD\ ������

7KH )RUWUDQ SURJUDP 0(03+, ZDV ZULWWHQ WR JHQHUDWH 0�φ FXUYHV XVLQJ WKH PRGLILHG 6FRWW PRGHO�

7KH XOWLPDWH FXUYDWXUH φ��� LV GHILQHG DV WKH FXUYDWXUH DW ZKLFK WKH PRPHQW KDV UHGXFHG WR ��� RI LWV

PD[LPXP SHDN �)LJ� ��� 7KH GXFWLOLW\ UDWLR LV GHILQHG DV φ����φ\ �

7KH \LHOG FXUYDWXUH φ\ LV GHILQHG DV

ZKHUH DQG DUH WKH FXUYDWXUH DQG WKH FRUUHVSRQGLQJ PRPHQW FDOFXODWHG ZKHQ HLWKHU WKH

VWHHO DW WKH H[WUHPH WHQVLRQ IDFH RI WKH VHFWLRQ LV \LHOGLQJ� RU ZKHQ WKH H[WUHPH ILEUH FRQFUHWH

FRPSUHVVLRQ VWUDLQ UHDFKHV ������ ZKLFKHYHU RFFXUV ILUVW� 0L LV WKH PD[LPXP PRPHQW�

7R LOOXVWUDWH WKH DSSOLFDWLRQ RI WKLV GHVLJQ PHWKRG� WKH FROXPQ FURVV�VHFWLRQ VKRZQ LQ )LJ� � ZDV

VHOHFWHG� $V JLYHQ LQ 7DEOH � �6HFWLRQ ��� IRU WKLV FROXPQ $6���� JLYHV D VWLUUXS VSDFLQJ RI ��� PP�

$Q �� 03D FROXPQ ZDV VHOHFWHG IRU FRPSDULVRQ�

,Q RUGHU WR GHWHUPLQH WKH PRVW DSSURSULDWH VWLUUXS VSDFLQJ IRU WKH �� 03D FROXPQ LQ WHUPV RI

DGHTXDWH GXFWLOLW\ SURYLVLRQ �HTXLYDOHQW WR WKH VWDQGDUG ��03D FRQFUHWH FROXPQ ZLWK ��� PP

OLJDWXUH VSDFLQJ DV VSHFLILHG E\ $6����� DV ZHOO DV WKH SUHYHQWLRQ RI ERWK ORQJLWXGLQDO VWHHO

EXFNOLQJ DQG ODWHUDO VWHHO IUDFWXUH� D SORW RI WKH D[LDO ORDG OHYHO YHUVXV WKH GXFWLOLW\ IDFWRU φ����φ\ ZDV

φ\ 
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%DVLV IRU WKH GHVLJQ RI ODWHUDO UHLQIRUFHPHQW IRU KLJK�VWUHQJWK FRQFUHWH FROXPQV ���

GHYHORSHG� DV VKRZQ LQ )LJ� ��

7KH 0�φ FXUYHV ZHUH GHYHORSHG E\ HQWHULQJ GLIIHUHQW D[LDO ORDG OHYHOV LQWR WKH )RUWUDQ FRPSXWHU

SURJUDP 0(03+,� 7KH RXWSXW GDWD IURP WKH PRPHQW�FXUYDWXUH FXUYHV ZHUH WKHQ FKHFNHG WR VHH LI

HLWKHU WKH EXFNOLQJ RU IUDFWXUH VWUDLQ KDG EHHQ UHDFKHG EHIRUH WKH FXUYDWXUH KDG UHDFKHG φ���� 7KH

IUDFWXUH VWUDLQ KDG EHHQ UHDFKHG IRU WKH �� 03D FROXPQ ZLWK D OLJDWXUH VSDFLQJ RI ERWK �� DQG

��� PP ZKHQ WKH D[LDO ORDG OHYHO ZDV DSSUR[LPDWHO\ ��� DQG ORZHU� DV VKRZQ LQ )LJ� �� 7KH

EXFNOLQJ VWUDLQ ZDV QHYHU UHDFKHG LQ DQ\ RI WKH FROXPQV�

)URP )LJ� �� LW LV FOHDU WKDW DQ �� 03D FROXPQ ZLWK DQ D[LDO ORDG OHYHO RI ��� FDQ UHDFK WKH VDPH

GXFWLOLW\ OHYHO DV D �� 03D FROXPQ GHVLJQHG XQGHU WKH FXUUHQW $XVWUDOLDQ &RGH SURYLVLRQV� LI WKH

ODWHUDO VWHHO VSDFLQJ LV UHGXFHG IURP ��� PP WR ��� PP� 6LPLODUO\� DQ �� 03D FROXPQ ZLWK DQ

D[LDO ORDG OHYHO RI ��� FDQ UHDFK WKH VDPH GXFWLOLW\ OHYHO DV D �� 03D FROXPQ GHVLJQHG XQGHU WKH

FXUUHQW $XVWUDOLDQ &RGH SURYLVLRQV� LI WKH ODWHUDO VWHHO VSDFLQJ LV UHGXFHG IURP ��� PP WR �� PP�

7KH ODWHUDO VWHHO IUDFWXUH LQ KLJK�VWUHQJWK FRQFUHWH FROXPQV VXEMHFWHG WR ORZ D[LDO ORDG OHYHOV LV

FOHDUO\ D OLPLWLQJ IDFWRU LQ WKH GHVLJQ RI WKHVH HOHPHQWV� $W ORZHU D[LDO ORDG OHYHOV� WKH IXOO VWUHQJWK

FDSDFLW\ LV PRUH OLNHO\ WR EH UHDFKHG� 2QFH WKH FRYHU VSDOOV RII� WKH WUDQVIHU RI VWUHVV IURP WKH

FRQFUHWH FRYHU WR WKH VWHHO KRRSV LV WKHUHIRUH YHU\ ODUJH� FDXVLQJ KRRS IUDFWXUH�

7KH DERYH SURFHGXUH FDQ EH XVHG WR GHWHUPLQH WKH PRVW DSSURSULDWH VWLUUXS VSDFLQJ IRU D KLJK�

VWUHQJWK FRQFUHWH FROXPQ�

)LJ� � 0RPHQW�FXUYDWXUH UHODWLRQVKLS IRU D FURVV�VHFWLRQ

)LJ� � 3ORW RI D[LDO ORDG OHYHO YHUVXV GXFWLOLW\
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�� &RQFOXVLRQV

7KH IROORZLQJ FRQFOXVLRQV DUH GUDZQ IURP WKLV VWXG\�

�� 7KH VWUDLQ DW ZKLFK EXFNOLQJ RI ORQJLWXGLQDO VWHHO RFFXUV LV LQGHSHQGHQW RI WKH FRPSUHVVLYH

VWUHQJWK RI FRQFUHWH� 7KHUHIRUH DQ LQFUHDVH LQ FRPSUHVVLYH VWUHQJWK RI FRQFUHWH GRHV QRW UHTXLUH D

FORVHU VSDFLQJ RI VWLUUXSV WR SUHYHQW EXFNOLQJ RI ORQJLWXGLQDO VWHHO� ,I WKH VSDFLQJ RI WLHV LV VPDOO�

KRRS IUDFWXUH PD\ RFFXU EHIRUH WKH EXFNOLQJ RI ORQJLWXGLQDO VWHHO� +RZHYHU� LQFUHDVLQJ FRPSUHVVLYH

VWUHQJWK RI FRQFUHWH IURP �� WR �� 03D FDXVHV RQO\ D VPDOO UHGXFWLRQ LQ WKH KRRS IUDFWXUH VWUDLQ�

%DVHG RQ WKH OLPLWHG WKHRUHWLFDO VWXG\� LW PD\ EH FRQFOXGHG WKDW ERWK EXFNOLQJ RI ORQJLWXGLQDO VWHHO

RU KRRS IUDFWXUH ZLOO QRW GHPDQG D VLJQLILFDQW UHGXFWLRQ LQ VSDFLQJ RI ODWHUDO WLHV ZLWK LQFUHDVH LQ

FRPSUHVVLYH VWUHQJWK RI FRQFUHWH�

�� $ UHGXFWLRQ LQ WLH VSDFLQJ LV UHTXLUHG ZLWK DQ LQFUHDVH LQ FRPSUHVVLYH VWUHQJWK� LI WKH VDPH

OHYHO RI GXFWLOLW\ LV WR EH PDLQWDLQHG LQ D FRQILQHG FRQFUHWH FROXPQ� 7KH PHWKRG VXJJHVWHG LQ WKLV

SDSHU FRQVLGHULQJ EXFNOLQJ RI EDUV� IUDFWXUH RI VWLUUXSV DQG FRQILQHPHQW FDQ EH XVHG WR ILQG WKH

VWLUUXS VSDFLQJ RI +6& FROXPQV�

�� 7KLV SDSHU DWWHPSWV WR SURYLGH RQO\ D WKHRUHWLFDO EDVLV IRU WKH GHVLJQ RI ODWHUDO UHLQIRUFHPHQW

IRU KLJK�VWUHQJWK FRQFUHWH FROXPQV� 0RUH ZRUN LV UHTXLUHG WR FRPSDUH DQG YDOLGDWH WKH WKHRUHWLFDO

UHVXOWV ZLWK H[SHULPHQWDO UHVXOWV�

5HIHUHQFHV

$&, &RPPLWWHH ��� ������� ¦%XLOGLQJ FRGH UHTXLUHPHQWV IRU UHLQIRUFHG FRQFUHWH§� $PHULFDQ &RQFUHWH ,QVWLWXWH�
'HWURLW�

$6���� ������� &RQFUHWH 6WUXFWXUHV 6WDQGDUG� 6WDQGDUGV $VVRFLDWLRQ RI $XVWUDOLD�
$WWDUG� 0�0� DQG 0HQGLV� 3�$� ������� ¦'XFWLOLW\ RI KLJK�VWUHQJWK FRQFUHWH FROXPQV§� $XVWUDOLDQ &LYLO (QJLQHHULQJ

7UDQVDFWLRQV� ������ ��������
&XVVRQ� '� DQG 3DXOWUH� 3� ������� ¦+LJK�VWUHQJWK FRQFUHWH FROXPQV FRQILQHG E\ UHFWDQJXODU WLHV§� -� RI 6WU� (QJ��

$6&(� ������� ��������
.RYDFLF� '�$� ������� ¦'HVLJQ RI KLJK�VWUHQJWK FRQFUHWH FROXPQV§� 0� (QJ� 6F� 7KHVLV� 7KH 8QLYHUVLW\ RI 0HOERXUQH�
0DQGHU� -�%�� 3ULHVWOH\� 0�-�1� DQG 3DUN� 5� ������� ¦6HLVPLF GHVLJQ RI EULGJH SLHUV§� 5HVHDUFK 5HSRUW 1R� �����
8QLYHUVLW\ RI &DQWHUEXU\� 1HZ =HDODQG�

0DQGHU� -�%�� 3ULHVWOH\� 0�-�1� DQG 3DUN� 5� ������� ¦7KHRUHWLFDO VWUHVV�VWUDLQ PRGHO IRU FRQILQHG FRQFUHWH§� -� RI
6WU� (QJ�� $6&(� ������� ����������

16 ���� ( &RQFUHWH 6WUXFWXUHV 'HVLJQ 5XOHV ������� �WK (G�� 1RUZHJLDQ &RXQFLO IRU %XLOGLQJ 6WDQGDUGL]DWLRQ�
2VOR� 1RUZD\�

3DUN� 5� DQG 3DXOD\� 7� ������� 5HLQIRUFHG &RQFUHWH 6WUXFWXUHV� -RKQ :LOH\ 	 6RQV� 86$�� ����
3HQG\DOD� 5� ������� ¦7KH EHKDYLRXU RI KLJK�VWUHQJWK FRQFUHWH IOH[XUDO PHPEHUV§� 3K�'� 7KHVLV� 7KH 8QLYHUVLW\
RI 0HOERXUQH�

3HQG\DOD� 5�� 0HQGLV� 3�$� DQG 3DWQDLNXQL� ,� ������� ¦)XOO�UDQJH EHKDYLRXU RI KLJK�VWUHQJWK FRQFUHWH IOH[XUDO
PHPEHUV§� $&, 6WU� -RXUQDO� ������ ������

6DDWFLRJOX� 0� DQG 5D]YL� 6�5� ������� ¦%HKDYLRXU RI FRQILQHG KLJK�VWUHQJWK FRQFUHWH FROXPQV§� &6&(�&3&$
6WUXFWXUDO &RQFUHWH &RQIHUHQFH� 7RURQWR� &DQDGD� ������

6FRWW� %�'�� 3DUN� 5� DQG 3ULHVWOH\� 0�-�1� ������� ¦6WUHVV�VWUDLQ EHKDYLRXU RI FRQFUHWH FRQILQHG E\ RYHUODSSLQJ
KRRSV DW ORZ DQG KLJK VWUDLQ UDWHV§� $&, -RXUQDO� -DQXDU\�)HEUXDU\� ������

6KHLNK� 6�$�� 6KDK� '�9� DQG .KRXU\� 6�6� ������� ¦&RQILQHPHQW RI KLJK�VWUHQJWK FRQFUHWH FROXPQV§� $&, 6WU�
-RXUQDO� ������ ��������

6KHLNK� 6�$� DQG 8]XPHUL� 6�0� ������� ¦$QDO\WLFDO PRGHO IRU FRQFUHWH FRQILQHPHQW LQ WLHG FROXPQV§� -� RI WKH
6WU� 'LY�� $6&(� �������� ����������

6DPUD� 5�0� ������� ¦'XFWLOLW\ DQDO\VLV RI FRQILQHG FROXPQV§� - RI 6WU� (QJ�� $6&(� �������� ����������




