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��� ORFDO SODWH EXFNOLQJ RI WKH H[SRVHG WULDQJXODU EUDFNHW DUHD�
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0S RI WKH HDYHV EUDFNHWV LV SUHVHQWHG KHUHLQ� +RZHYHU� RZLQJ WR WKH WKLQQHVV RI WKH PDWHULDO XVHG IRU WKH

EUDFNHWV� WKH\ ZLOO QHHG WR EH GHVLJQHG DJDLQVW IDLOXUH E\ EXFNOLQJ� 7ZR SRWHQWLDO EXFNOLQJ PRGHV FDQ

EH LGHQWLILHG�

��� EXFNOLQJ RI WKH VWLIIHQHG IUHH�HGJH RI WKH HDYHV EUDFNHW LQWR D RQH�KDOI VLQH ZDYH� 7KH VWLIIHQHU

DORQJ WKH IUHH�HGJH VKRXOG EH GHVLJQHG WR SUHYHQW WKLV PRGH RI IDLOXUH E\ PDNLQJ LW VXIILFLHQWO\

VWLII WKDW LW HIIHFWLYHO\ DFWV DV D VLPSO\�VXSSRUWHG HGJH WR WKH HDYHV EUDFNHW�

��� ORFDO SODWH EXFNOLQJ RI WKH H[SRVHG WULDQJXODU DUHD RI WKH HDYHV EUDFNHW� 7R LQYHVWLJDWH WKLV PRGH

RI IDLOXUH� SODWH LPSHUIHFWLRQV DUH PRGHOOHG LQ WKH HDYHV EUDFNHW DQG WKH PRPHQW�FDSDFLW\ RI WKH

EUDFNHW GHWHUPLQHG� 7KH VWLIIHQHU DORQJ WKH IUHH�HGJH LV QRW PRGHOOHG� LQVWHDG WKH IUHH�HGJH LV DVVXPHG

)LJ� � *HQHUDO DUUDQJHPHQW RI HDYHV MRLQW RI FROG�
IRUPHG VWHHO SRUWDO IUDPH KDYLQJ EROWHG PRPHQW�
FRQQHFWLRQV

)LJ� � 'HWDLOV RI EDFN�WR�EDFN HDYHV EUDFNHWV

)LJ� � 'LDJUDP VKRZLQJ SDUDPHWHUV RI HDYHV EUDFNHW



)� (��DVVLVWHG GHVLJQ RI WKH HDYHV EUDFNHW RI D FROG�IRUPHG VWHHO SRUWDO IUDPH ���

WR EH VLPSO\�VXSSRUWHG WKXV LGHDOLVLQJ WKH VWLIIHQHU DV D PHPEHU KDYLQJ ]HUR�D[LDO ULJLGLW\ DQG LQILQLWH

IOH[XUDO ULJLGLW\� :LWK WKLV DSSURDFK� WKH SODWH LV GHVLJQHG LQGHSHQGHQWO\ RI WKH VWLIIHQHU�

,Q WKLV SDSHU� QRQ�OLQHDU ODUJH�GLVSODFHPHQW HODVWR�SODVWLF ILQLWH HOHPHQW DQDO\VHV DUH XVHG WR SURYLGH

GHVLJQ UHFRPPHQGDWLRQV IRU WKH GHVLJQ RI WKH HDYHV EUDFNHWV DJDLQVW ERWK EXFNOLQJ PRGHV RI IDLOXUH�

)XOO�VFDOH ODERUDWRU\ WHVWV RQ VHOHFWHG JHRPHWULHV RI HDYHV EUDFNHW DUH DOVR GHVFULEHG� WKH UHVXOWV RI

WKHVH WHVWV GHPRQVWUDWH WKDW WKH SURSRVHG GHVLJQ UHFRPPHQGDWLRQV DUH FRQVHUYDWLYH�

�� /LWHUDWXUH UHYLHZ

8QOLNH WKH HDYHV MRLQW RI KRW�UROOHG VWHHO SRUWDO IUDPHV� GHVLJQ UHFRPPHQGDWLRQV IRU WKH HDYHV MRLQW RI

FROG�IRUPHG VWHHO SRUWDO IUDPHV DUH QRW IRXQG LQ DQ\ RI WKH FRGHV RI SUDFWLFH �%6����� 3DUW � �����

(XURFRGH � ���� DQG $,6, ����� RU GHVLJQ JXLGHV �%&6$ ����D� %&6$ ����E� RU WH[WERRNV �'DYLHV DQG

%URZQ ����� +RUQH DQG 0RUULV ����� :RROFRFN HW DO� ����� 2ZHQV DQG &KHDO ����� .XODN HW DO� �����

+DQFRFN ����� 5KRGHV ����� RQ SRUWDO IUDPHV� VWHHOZRUN FRQQHFWLRQV� RU FROG�IRUPHG VWHHO� 0RUHRYHU�

H[SHULPHQWDO VWXGLHV UHSRUWHG LQ WKH OLWHUDWXUH RQ WKH HDYHV MRLQW RI FROG�IRUPHG VWHHO SRUWDO IUDPHV

�%DLJHQW DQG +DQFRFN ����� &KXQJ DQG /DX ����� .LUN ������ UHYLHZHG HOVHZKHUH �/LP ������ KDYH

EHHQ PRUH FRQFHUQHG ZLWK LQYHVWLJDWLQJ WKH EHKDYLRXU RI WKH IUDPH LWVHOI� 7KH EUDFNHWV KDYH WKHUHIRUH DOO

WHQGHG WR EH RYHU�GHVLJQHG� WKXV HQVXULQJ WKDW IDLOXUH RFFXUUHG ZLWKLQ WKH FROXPQ DQG UDIWHU PHPEHUV RI

WKH IUDPH� GHVLJQ UHFRPPHQGDWLRQV IRU WKH EUDFNHWV ZHUH QRW SURSRVHG�

)LQLWH HOHPHQW ZRUN RQ FROG�IRUPHG VWHHO EROWHG FRQQHFWLRQV UHSRUWHG LQ WKH OLWHUDWXUH KDV PDLQO\

EHHQ FRQFHUQHG ZLWK GHWHUPLQLQJ WKH XOWLPDWH EHDULQJ VWUHQJWK DQG WKH LQLWLDO HORQJDWLRQ VWLIIQHVV RI WKH

EROW�KROHV �&KXQJ DQG ,S ����� /LP DQG 1HWKHUFRW ����F� UHVSHFWLYHO\�� LQ ERWK LQYHVWLJDWLRQV RQO\ D

ODS�MRLQW XQGHU GRXEOH VKHDU ZDV PRGHOOHG� $ ILQLWH HOHPHQW LQYHVWLJDWLRQ RQ WKH XOWLPDWH VWUHQJWK RI

WKH SDUWLFXODU IDLOXUH PRGH REVHUYHG IRU WKH DSH[ MRLQWV RI WKH V\VWHP XQGHU LQYHVWLJDWLRQ �/LP DQG

1HWKHUFRW ����D�� LQ ZKLFK PRPHQW�FDSDFLW\ ZDV FRQWUROOHG E\ IDLOXUH RI WKH DFWXDO FKDQQHO�VHFWLRQV DV

LQIOXHQFHG E\ WKH IRUFH WUDQVIHU RI WKH EROW�JURXSLQJ LV SUHVHQWHG HOVHZKHUH �/LP DQG 1HWKHUFRW ����G��

7KH PDLQ UHDVRQ IRU WKH ODFN RI GHVLJQ UHFRPPHQGDWLRQV IRU WKH HDYHV EUDFNHW RI FROG�IRUPHG VWHHO

SRUWDO IUDPHV KDV EHHQ WKH UHODWLYH ODFN RI SRSXODULW\ RI FROG�IRUPHG VWHHO SRUWDO IUDPHV� )XUWKHUPRUH�

WKH VSDQV ZKHUH VXFK IUDPHV DUH PRUH FRPSHWLWLYH WKDQ FRQYHQWLRQDO KRW�UROOHG VWHHO SRUWDO IUDPHV DUH

DW WKH OLJKWHU HQG RI WKH UDQJH� IRU WKHVH IUDPHV XVLQJ RYHU�GHVLJQHG HDYHV EUDFNHWV KDV QRW EHHQ

UHJDUGHG DV RI PDMRU FRQFHUQ�

+RZHYHU� WKH UHDVRQ IRU GHYHORSLQJ WKH FROG�IRUPHG VWHHO SRUWDO IUDPLQJ V\VWHP GHVFULEHG LQ /LP DQG

1HWKHUFRW �����D� DQG /LP DQG 1HWKHUFRW �����E� ZDV WR DWWHPSW WR H[WHQG WKH UDQJH RI FRPSHWLWLYH FROG�

IRUPHG VWHHO SRUWDO IUDPHV� )RU WKLV UHDVRQ� WKH ODUJHVW FROG�IRUPHG VWHHO FKDQQHO�VHFWLRQV WKDW FDQ

FXUUHQWO\ EH UROOHG ZHUH XVHG IRU WKH FROXPQ DQG UDIWHU PHPEHUV� %DFN�WR�EDFN� WKH PRPHQW FDSDFLW\ RI

WKH FKDQQHO�VHFWLRQV ZDV ����� N1P�

7DEOH � OLVWV WKH PRPHQW�FDSDFLW\ RI WKH PHPEHUV XVHG LQ WKH H[SHULPHQWDO LQYHVWLJDWLRQV UHSRUWHG LQ

WKH OLWHUDWXUH �%DLJHQW DQG +DQFRFN ����� &KXQJ DQG /DX ����� .LUN ����� DQG LOOXVWUDWHV WKDW WKRVH XVHG LQ

WKH SUHVHQW VWXG\ DUH VLJQLILFDQWO\ VWURQJHU� +RZHYHU� ZLWK WKH H[FHSWLRQ RI WKH VWXG\ E\ %DLJHQW DQG

+DQFRFN ������� WKH WKLFNQHVV RI HDYHV EUDFNHW XVHG IRU FRQQHFWLQJ WKH FKDQQHO�VHFWLRQV XVHG IRU WKH

SURSRVHG V\VWHP LV VLPLODU WR WKDW XVHG LQ RWKHU LQYHVWLJDWLRQV� 7KH HDYHV MRLQW RI WKH SURSRVHG V\VWHP FDQ

WKHUHIRUH EH H[SHFWHG WR EH PRUH VXVFHSWLEOH WR IDLOXUH WKURXJK EXFNOLQJ WKDQ WKH MRLQWV RI WKH RWKHU IUDPHV

GHVFULEHG LQ WKH OLWHUDWXUH� *XLGDQFH IRU WKH GHVLJQ RI WKH HDYHV EUDFNHW LV WKHUHIRUH UHTXLUHG�
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�� 3ODVWLF PRPHQW�FDSDFLW\ RI HDYHV EUDFNHW

���� 3UHDPEOH

1RQ�OLQHDU ODUJH�GLVSODFHPHQW HODVWR�SODVWLF ILQLWH HOHPHQW DQDO\VHV ZLOO EH XVHG WR GHWHUPLQH WKH

SODVWLF PRPHQW�FDSDFLW\ 0S RI WKH HDYHV EUDFNHW� 7KLV YDOXH UHSUHVHQWV WKH XSSHU ERXQG PRPHQW�

FDSDFLW\ RI WKH HDYHV EUDFNHW DQG LV REWDLQHG RQ WKH DVVXPSWLRQ WKDW WKH EUDFNHW KDV QR JHRPHWULF RXW�

RI�SODQH LPSHUIHFWLRQV� GRHV QRW EXFNOH DQG WKHUHIRUH GRHV QRW UHTXLUH DQ\ ODWHUDO UHVWUDLQWV�

���� 'HWDLOV RI LGHDOLVHG ORDGLQJ

)LJ� � VKRZV GHWDLOV RI WKH LGHDOLVHG ORDGLQJ DSSOLHG WR WKH HDYHV EUDFNHW� $V FDQ EH VHHQ� WKH HDYHV

EUDFNHW LV ORDGHG WKURXJK WKH EROW IRUFHV RI D � î � EROW�JURXS� ,W VKRXOG EH QRWHG WKDW� DOWKRXJK D � î �

EROW�JURXS RI VL]H �����DH E\ �����EH KDV EHHQ XVHG� E\ 6W 9HQDQW¶V SULQFLSOH WKH UHVXOWV REWDLQHG VKRXOG

VWLOO EH DSSOLFDEOH WR D GLIIHUHQW DUUD\ RI EROW�JURXS RI VRPHZKDW VLPLODU VL]H�

���� 'HWDLOV RI ILQLWH HOHPHQW PHVK

$ VHULHV RI HDYHV EUDFNHWV ZDV PRGHOOHG� KDYLQJ GLIIHUHQW YDOXHV RI DH DQG EH� )RU HDFK HDYHV EUDFNHW

FRQVLGHUHG� �� HOHPHQWV ZHUH XVHG DORQJ WKH VLGH %& ZLWK WKH QXPEHU RI HOHPHQWV XVHG DORQJ WKH VLGH

7DEOH � &RPSDULVRQ RI PDLQ SDUDPHWHUV RI WHVWV RQ FROG�IRUPHG VWHHO EROWHG PRPHQW�FRQQHFWLRQV UHSRUWHG LQ
WKH OLWHUDWXUH

$XWKRU
&ROG�IRUPHG VWHHO VHFWLRQV %UDFNHWV

0�N1P� σ\�1�PP�� VLQJOH�GRXEOH OH�PP� W�PP� VLQJOH�GRXEOH

%DLJHQW DQG +DQFRFN ������ ���� ��� VLQJOH ��� �� VLQJOH

&KXQJ DQG /DX ������ ����� ��� GRXEOH ��� ��� GRXEOH

.LUN ������ ����� ���
 GRXEOH ��� ��� GRXEOH

/LP DQG 1HWKHUFRW �����D� ����� ���
 GRXEOH � � GRXEOH


GHVLJQ \LHOG VWUHVV

)LJ� � 'HWDLOV RI LGHDOLVHG ORDGLQJ DSSOLHG WR HDYHV
EUDFNHW

)LJ� � 'HWDLOV RI ILQLWH HOHPHQW PHVK RI HDYHV EUDFNHW



)� (��DVVLVWHG GHVLJQ RI WKH HDYHV EUDFNHW RI D FROG�IRUPHG VWHHO SRUWDO IUDPH ���

$% FKRVHQ WR PDLQWDLQ DQ DVSHFW UDWLR FORVH WR XQLW\ IRU WKHVH HOHPHQWV� )LJ� � VKRZV WKH ILQLWH HOHPHQW

PHVK RI D W\SLFDO HDYHV EUDFNHW ZLWK EH�DH  ����� ,W FDQ EH VHHQ IURP WKLV ILJXUH WKDW �� HOHPHQWV DUH

XVHG DORQJ WKH VLGH $%�

7KH JHQHUDO SXUSRVH ILQLWH HOHPHQW SURJUDP $%$486 �+LEELW� .DUOVVRQ DQG 6RUHQVHQ� ,QF� ����D� LV

XVHG IRU WKH DQDO\VLV� ZLWK WKH HLJKW�QRGHG WKLQ VKHOO HOHPHQW 6�5� �+LEELW� .DUOVVRQ DQG 6RUHQVHQ� ,QF�

����E� EHLQJ XVHG IRU WKH HDYHV EUDFNHW�

���� )LQLWH HOHPHQW UHVXOWV

7KH SODVWLF PRPHQW�FDSDFLW\ 0S RI WKH HDYHV EUDFNHW ZDV GHWHUPLQHG IURP ILQLWH HOHPHQW DQDO\VHV RI

WKH HDYHV EUDFNHW� $V LQLWLDO LPSHUIHFWLRQV ZHUH QRW PRGHOOHG� 0S PD\ EH FRQVLGHUHG DV WKH XSSHU

ERXQG WR WKH XOWLPDWH PRPHQW�FDSDFLW\ 0X RI WKH HDYHV EUDFNHW� ZKLFK LV WR EH GHWHUPLQHG LQ 6HFWLRQ �

E\ WKH LQFOXVLRQ RI EXFNOLQJ FRQVLGHUDWLRQV LQ WKH ILQLWH HOHPHQW PRGHO�

)URP JHRPHWULF FRQVLGHUDWLRQV RI WKH HDYHV EUDFNHW�0S LV FOHDUO\ D IXQFWLRQ RI DH� EH �DH DQG W DV ZHOO

DV σ\ � 7R GHWHUPLQH WKH UHODWLRQVKLS� ILQLWH HOHPHQW PRGHOV RI WKH HDYHV EUDFNHW ZHUH VROYHG KDYLQJ

DH  ��� PP� EH �DH  ���� WR ��� LQ LQFUHPHQWV RI ����� DQG W  � PP� $OWKRXJK WKH DQDO\VLV ZDV

UHVWULFWHG WR WKLV JHRPHWU\ RI HDYHV EUDFNHW� LW VKRXOG EH QRWHG WKDW� E\ YLUWXH RI GLPHQVLRQDO DQDO\VLV�

WKH UHVXOWV ZLOO DOVR EH YDOLG IRU GLIIHUHQW VL]HV DQG WKLFNQHVVHV RI EUDFNHW� 7KH VWUHVV�VWUDLQ UHODWLRQVKLS

RI WKH PDWHULDO IRUPLQJ WKH HDYHV EUDFNHW ZDV DVVXPHG WR EH HODVWLF�SHUIHFWO\�SODVWLF ZLWK D \LHOG DQG

XOWLPDWH VWUHVV RI ��� 1�PP�� )LJ� � VKRZV WKH YDULDWLRQ RI 0S DJDLQVW EH�DH REWDLQHG IURP WKH ILQLWH

HOHPHQW DQDO\VHV� %\ FXUYH�ILWWLQJ WKH UHVXOWV

���

IRU WKH UDQJH

���� ≤ EH�DH ≤ ����

0S σ\DH

�
W ������ ������ EH DH⁄( ) ������ EH DH⁄( )�–+{ }=

)LJ� � 9DULDWLRQ RI SODVWLF PRPHQW�FDSDFLW\ 0S RI HDYHV EUDFNHW DJDLQVW EH�DH
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�� %XFNOLQJ RI VWLIIHQHG IUHH�HGJH RI HDYHV EUDFNHW

���� 3UHDPEOH

7KH IUHH�HGJH RI WKH HDYHV EUDFNHW LV VXVFHSWLEOH WR EXFNOLQJ LQWR D RQH�KDOI VLQH ZDYH DQG LQ RUGHU WR

SUHYHQW WKLV PRGH RI IDLOXUH� D VWLIIHQHU VKRXOG EH SURYLGHG DORQJ WKH IUHH�HGJH �)LJ� ��� $V FDQ EH VHHQ�

WKH VWLIIHQHU LV IRUPHG WKURXJK D IROG DORQJ WKH IUHH�HGJH RI WKH HDYHV EUDFNHW�

:KLOH WKH SUHVHQFH RI WKH VWLIIHQHU LV QHFHVVDU\ WR SUHYHQW EXFNOLQJ RI WKH IUHH�HGJH� WKH PDWHULDO

FRVW RI WKH VWLIIHQHU LWVHOI LV VPDOO DQG VR WKH GHSWK RI WKH VWLIIHQHU VKRXOG LGHDOO\ EH DV ODUJH DV LV

SUDFWLFDOO\ SRVVLEOH� 1HYHUWKHOHVV� D VLPSOH GHVLJQ UXOH IRU WKH VWLIIHQHU GHSWK VKRXOG EH SURYLGHG�

���� 'HWDLOV RI LPSHUIHFWLRQV

7KH PD[LPXP RXW�RI�SODQH GHYLDWLRQ IURP VWUDLJKWQHVV RI D VWLIIHQHU IRUPHG WKURXJK D IROG LV JLYHQ

LQ %6 (19 ������ ������� 7KLV PD[LPXP GHYLDWLRQ IURP VWUDLJKWQHVV ZLOO EH DGRSWHG IRU WKH

PDJQLWXGH RI VWLIIHQHU LPSHUIHFWLRQ ZV DORQJ WKH IUHH�HGJH RI WKH HDYHV EUDFNHW �VHH )LJ� ��

���

���� 'HSWK RI VWLIIHQHU DORQJ K\SRWHQXVH RI WULDQJXODU SODWH

)LJ� � VKRZV D WULDQJXODU SODWH ORDGHG WKURXJK VHOI�HTXLOLEUDWLQJ EHQGLQJ WUDFWLRQV� $ GHVLJQ UXOH IRU

WKH VWLIIHQHU GHSWK GV LV UHTXLUHG� DVVXPLQJ WKDW WKH VWLIIHQHU LV IRUPHG WKURXJK D OLS DORQJ WKH IUHH�HGJH

RI WKH WULDQJXODU SODWH�

7ULDQJXODU SODWHV RI GLIIHUHQW ZLGWKV DW ZHUH FRQVLGHUHG� )RU HDFK SODWH XQGHU FRQVLGHUDWLRQ� WKH

VWLIIHQHU GHSWK GV ZDV LQFUHDVHG XQWLO DQ\ IXUWKHU LQFUHDVH LQ GV UHVXOWV LQ D QHJOLJLEOH LQFUHDVH LQ WKH

PRPHQW FDSDFLW\ RI WKH WULDQJXODU SODWH�

7ZR GHVLJQ UXOHV IRU GV DUH VXJJHVWHG� 7KH ILUVW LV EDVHG RQ WKH HODVWLF FULWLFDO ORDG� GHWHUPLQHG

WKURXJK HODVWLF FULWLFDO (LJHQ�YDOXH ILQLWH HOHPHQW DQDO\VHV� 7KH VHFRQG LV EDVHG RQ WKH UHVXOWV RI QRQ�

OLQHDU ODUJH�GLVSODFHPHQW HODVWR�SODVWLF ILQLWH HOHPHQW DQDO\VHV� ZKLFK LQFRUSRUDWHV ERWK VWLIIHQHU DQG

ORFDO SODWH LPSHUIHFWLRQV LQ WKH ILQLWH HOHPHQW PRGHO�

Z
V

���

����
������������ O

V
=

)LJ� � 'HWDLOV RI PDJQLWXGH RI RXW�RI�SODQH VWLIIHQHU LPSHUIHFWLRQ



)� (��DVVLVWHG GHVLJQ RI WKH HDYHV EUDFNHW RI D FROG�IRUPHG VWHHO SRUWDO IUDPH ���

������ (LJHQ�YDOXH ILQLWH HOHPHQW DQDO\VLV

%DFNJURXQG WR WKH HODVWLF FULWLFDO EXFNOLQJ SUREOHP RI WULDQJXODU SODWHV LV JLYHQ E\ :DQJ DQG /LHZ �������

7KH HODVWLF FULWLFDO EXFNOLQJ PRPHQW 0
FU
ZDV ILUVW GHWHUPLQHG IRU D WULDQJXODU SODWH VLPSO\�VXSSRUWHG

DORQJ DOO WKUHH VLGHV� 7KLV YDOXH RI 0
FU
LV GHVLJQDWHG DV 0

FUVV
� 7KH UHTXLUHG GHSWK RI VWLIIHQHU IRU WKH

HGJH�VWLIIHQHG WULDQJXODU SODWH ZDV WKHQ GHILQHG DV WKH YDOXH RI G
V
WKDW UHVXOWV LQ WKH YDOXH RI0

FU
IRU WKLV

SODWH EHLQJ WKH VDPH DV 0
FUVV

�

7KH SURSRVHG GHVLJQ UXOH IRU G
V
LV VKRZQ LQ )LJ� �� &XUYH ILWWLQJ WKH UHVXOWV JLYHV

)LJ� � 'HWDLOV RI HGJH�VWLIIHQHG WULDQJXODU SODWH XVHG LQ SDUDPHWULF VWXG\ WR GHWHUPLQH VWLIIHQHU GHSWK

)LJ� � 'HVLJQ FKDUW IRU YDULDWLRQ RI VWLIIHQHU GHSWK DJDLQVW SODWH WKLFNQHVV
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GV � DW  �����W�DW�
����

ZKHUH

GV LV WKH GHSWK RI WKH VWLIIHQHU

DW LV WKH ZLGWK RI WKH WULDQJXODU SODWH

������ 1RQ�OLQHDU ODUJH�GLVSODFHPHQW HODVWR�SODVWLF ILQLWH HOHPHQW DQDO\VLV

$GRSWLQJ VWDQGDUG WHFKQLTXHV IRU VWLIIHQHU GHVLJQ �6WDQZD\ HW DO� ������ WKH UHTXLUHG GHSWK RI

VWLIIHQHU LV GHILQHG DV WKH YDOXH RI GV WKDW DOORZV WKH SODWH WR FDUU\ ��� RI WKH XOWLPDWH PRPHQW FDSDFLW\

RI WKH WULDQJXODU SODWH�

7KH SURSRVHG GHVLJQ UXOH IRU GV LV DOVR VKRZQ LQ )LJ� �� &XUYH ILWWLQJ WKH UHVXOWV JLYHV

GV�DW  �����W�DW�
����� ���

$ PRUH GHWDLOHG DFFRXQW RI WKH EDVLV IRU WKLV GHVLJQ UXOH IRU WKH VWLIIHQHU GV LV DYDLODEOH �/LP ������

������ 'LVFXVVLRQ

(ODVWLF FULWLFDO (LJHQ�YDOXH DQDO\VLV LV QRW XVXDOO\ D VXIILFLHQW EDVLV IRU GHVLJQ RI VWLIIHQHUV DV QR

DFFRXQW LV WDNHQ RI WKH UHGXFWLRQ LQ VWUHQJWK FDXVHG E\ LPSHUIHFWLRQV� 1HYHUWKHOHVV� VXFK DQDO\VLV FDQ

LOOXVWUDWH WKH WUHQGV LQ EHKDYLRXU DQG LV VWLOO XVHG LQ VRPH &RGHV DV WKH EDVLV IRU GHVLJQ UXOHV�

2Q WKH RWKHU KDQG� QRQ�OLQHDU ODUJH�GLVSODFHPHQW HODVWR�SODVWLF ILQLWH HOHPHQW DQDO\VLV LV D VXIILFLHQW

EDVLV IRU GHVLJQ DV WKH HIIHFW RI LPSHUIHFWLRQV FDQ EH SURSHUO\ WDNHQ LQWR DFFRXQW� ,W LV QRW VXUSULVLQJ

WKHUHIRUH WKDW WKH VWLIIHQHU GHSWK GV GHVLJQHG RQ WKH EDVLV RI QRQ�OLQHDU ILQLWH HOHPHQW DQDO\VLV LV ODUJHU

WKDQ WKDW GHVLJQHG RQ WKH EDVLV RI HODVWLF FULWLFDO (LJHQ�YDOXH DQDO\VLV� )RU WKLV UHDVRQ� (T� ��� ZLOO EH
DGRSWHG IRU WKH VWLIIHQHU GHSWK GV LQ WKH UHPDLQGHU RI WKLV SDSHU�

���� &RPSDULVRQ RI ORDG DSSOLHG WR HDYHV EUDFNHW DQG WULDQJXODU SODWH

)LJ� �� FRPSDUHV WKH W\SH RI ORDG DSSOLHG WR WKH HDYHV EUDFNHW ZLWK WKDW DSSOLHG WR WKH WULDQJXODU SODWH�

$V FDQ EH VHHQ� WKH ORDG DSSOLHG WR WKH WULDQJXODU SODWH LV PRUH VHYHUH WKDQ WKDW DSSOLHG WR WKH H[SRVHG

WULDQJXODU DUHD RI WKH HDYHV EUDFNHW� 7KH GHVLJQ UXOH IRU WKH GHSWK RI VWLIIHQHU RI WKH WULDQJXODU SODWH

JLYHQ LQ (T� ��� VKRXOG WKHUHIRUH EH FRQVHUYDWLYH ZKHQ DSSOLHG WR WKH HDYHV EUDFNHW�

)LJ� �� &RPSDULVRQ EHWZHHQ ORDG DSSOLHG WR HDYHV EUDFNHW DQG WULDQJXODU SODWH



)� (��DVVLVWHG GHVLJQ RI WKH HDYHV EUDFNHW RI D FROG�IRUPHG VWHHO SRUWDO IUDPH ���

�� /RFDO SODWH EXFNOLQJ RI H[SRVHG WULDQJXODU DUHD RI HDYHV EUDFNHW

���� 3UHDPEOH

,Q WKLV VHFWLRQ� QRQ�OLQHDU ODUJH�GLVSODFHPHQW HODVWR�SODVWLF ILQLWH HOHPHQW DQDO\VHV DUH XVHG WR

GHWHUPLQH WKH XOWLPDWH PRPHQW�FDSDFLW\ 0X RI WKH HDYHV EUDFNHW ZLWK LPSHUIHFWLRQV PRGHOOHG ZLWKLQ

WKH H[SRVHG WULDQJXODU DUHD� 7KH VWLIIHQHU DORQJ WKH IUHH�HGJH ZDV QRW PRGHOOHG� LQVWHDG WKH IUHH�HGJH

ZDV DVVXPHG WR EH VLPSO\�VXSSRUWHG� WKXV LGHDOLVLQJ WKH VWLIIHQHU DV D PHPEHU KDYLQJ ]HUR�D[LDO

ULJLGLW\ DQG LQILQLWH IOH[XUDO ULJLGLW\�

���� 'HWDLOV RI LGHDOLVHG ODWHUDO UHVWUDLQW DQG ORDGLQJ

)LJ� �� VKRZV GHWDLOV RI WKH LGHDOLVHG ODWHUDO UHVWUDLQW SURYLGHG WR WKH HDYHV EUDFNHW� 7KH DUHD RI WKH

EUDFNHW VDQGZLFKHG EHWZHHQ WKH EDFN�WR�EDFN FKDQQHO�VHFWLRQV LQ WKH HDYHV MRLQW ZDV FRQVLGHUHG WR EH

IXOO\ ODWHUDOO\ UHVWUDLQHG DQG� DV PHQWLRQHG SUHYLRXVO\� WKH VWLIIHQHG IUHH�HGJH RI WKH HDYHV EUDFNHW ZDV

DVVXPHG WR EH VLPSO\�VXSSRUWHG�

7KH LGHDOLVHG ORDGLQJ DSSOLHG WR WKH HDYHV EUDFNHW LV VKRZQ LQ )LJ� ��

���� 'HWDLOV RI LPSHUIHFWLRQV

,Q WKH DEVHQFH RI DFWXDO PHDVXUHPHQWV LQ WKH ODERUDWRU\ RI WKH PDJQLWXGH DQG FRQWRXUV RI

LPSHUIHFWLRQV LQ WKH SODWH XQGHU FRQVLGHUDWLRQ� WKHUH LV QR JHQHUDOO\ DFFHSWHG VWDQGDUG SURFHGXUH IRU

VHOHFWLQJ WKH PDJQLWXGH DQG FRQWRXU RI LQLWLDO LPSHUIHFWLRQ IRU LQFOXVLRQ LQ ILQLWH HOHPHQW PRGHOV�

5HFHQWO\� 6FKDIHU HW DO� ������ DQG 6FKDIHU DQG 3HNR] ������ SURSRVHG WKDW WKH PDJQLWXGH DQG

FRQWRXUV RI LPSHUIHFWLRQ FRXOG EH WUHDWHG DV UDQGRP TXDQWLWLHV� 8VLQJ VXFK DQ DSSURDFK� LW ZRXOG

EH SRVVLEOH WR SURSHUO\ DVVHVV WKH LPSRUWDQFH RI ERWK WKHVH YDULDEOHV� $Q DOWHUQDWLYH DSSURDFK IRU

WKH FRQWRXUV RI LPSHUIHFWLRQV ZDV VXJJHVWHG E\ *R\HW �GHVFULEHG LQ 6FKDIHU HW DO� ������ ZKR

SURSRVHG WKDW D QXPEHU RI DQDO\VHV VKRXOG EH SHUIRUPHG ZLWK WKH GHIRUPHG JHRPHWU\ RI WKH

SUHYLRXV DQDO\VLV EHLQJ XVHG DV WKH LQLWLDO LPSHUIHFWLRQ LQ WKH VXEVHTXHQW DQDO\VLV� 7KH VKDSH RI

)LJ� �� 'HWDLOV RI LGHDOLVHG ODWHUDO UHVWUDLQWV RQ HDYHV EUDFNHW XVHG WR GHWHUPLQH 0
X
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WKH LQLWLDO FRQWRXUV RI LPSHUIHFWLRQ XVHG LQ WKH ILUVW DQDO\VLV ZRXOG EH REWDLQHG IURP (LJHQ�YDOXH

DQDO\VLV� +RZHYHU� ERWK RI WKHVH DSSURDFKHV ZRXOG EH WRR WLPH�FRQVXPLQJ IRU WKH ODUJH QXPEHU RI

DQDO\VHV WR EH FRQVLGHUHG�

7KH PDJQLWXGH DQG FRQWRXUV RI LPSHUIHFWLRQV DGRSWHG IRU WKH ILQLWH HOHPHQW PRGHOV WR EH GHVFULEHG

DUH GHWDLOHG EHORZ� $V D PDWWHU RI LQWHUHVW� D OLPLWHG ILQLWH HOHPHQW VWXG\ VKRZHG WKDW WKH XOWLPDWH ORDG

ZDV QRW VHQVLWLYH WR HLWKHU WKH PDJQLWXGH RU FRQWRXUV RI LPSHUIHFWLRQV� 2I PRUH LPSRUWDQFH LV WKH IDFW

WKDW WKH LPSHUIHFWLRQV VKRXOG EH PRGHOOHG�

������ 0DJQLWXGH RI LPSHUIHFWLRQV

6FKDIHU HW DO� ������ SURSRVHG WKH IROORZLQJ H[SUHVVLRQ IRU ORFDO SODWH LPSHUIHFWLRQV ZO EDVHG RQ WKH

WKLFNQHVV RI WKH SODWH

Z�  �WH
−�W ���

ZKHUH

W LV LQ PP

������ 6KDSH RI LPSHUIHFWLRQV

,QLWLDO ORFDO SODWH LPSHUIHFWLRQV ZHUH PRGHOOHG RQO\ ZLWKLQ WKH WULDQJXODU DUHD RI WKH HDYHV EUDFNHW� 7KH

VKDSH RI WKHVH ORFDO SODWH LPSHUIHFWLRQV ZDV REWDLQHG IURP (LJHQ�YDOXH DQDO\VHV RI WKH HDYHV EUDFNHW�

)LJ� �� VKRZV WKH W\SLFDO PRGH VKDSHV REWDLQHG IURP WKH (LJHQ�YDOXH DQDO\VLV� )ROORZLQJ VWDQGDUG

SUDFWLFH� WKH ILUVW WKUHH PRGH VKDSHV ZHUH VXPPHG DQG WKH UHVXOWLQJ VKDSH DGRSWHG IRU WKH LQLWLDO

LPSHUIHFWLRQ�

���� 8OWLPDWH LQ�SODQH PRPHQW�FDSDFLW\ RI WKH HDYHV EUDFNHW

7KH XOWLPDWH LQ�SODQH PRPHQW�FDSDFLW\0X RI WKH HDYHV EUDFNHW ZLWK WKH VWLIIHQHG�HGJH DVVXPHG WR EH

VLPSO\�VXSSRUWHG ZDV GHWHUPLQHG XVLQJ ILQLWH HOHPHQW PRGHOV RI WKH HDYHV EUDFNHW LQ ZKLFK LQLWLDO ORFDO

SODWH LPSHUIHFWLRQV ZHUH PRGHOOHG�

7KH HLJKW�QRGHG WKLQ VKHOO HOHPHQW 6�5� ZDV DJDLQ XVHG IRU WKH HDYHV EUDFNHW� ZLWK VL[ OD\HUV

WKURXJK WKH WKLFNQHVV WR DOORZ IRU WKH HIIHFWV RI SODVWLFLW\ VSUHDG WKURXJK WKH WKLFNQHVV RI WKH SODWH�

7KH ILQLWH HOHPHQW PHWKRG ZDV XVHG WR GHWHUPLQH0X IRU HDYHV EUDFNHWV ZLWK DH  ��� PP WR ���� PP

LQ LQFUHPHQWV RI ��� PP� EH � DH  ���� WR � LQ LQFUHPHQWV RI ���� W  � PP� DQG D \LHOG DQG XOWLPDWH

)LJ� �� )LUVW WKUHH (LJHQ�PRGH VKDSHV RI H[SRVHG WULDQJXODU DUHD RI HDYHV EUDFNHW



)� (��DVVLVWHG GHVLJQ RI WKH HDYHV EUDFNHW RI D FROG�IRUPHG VWHHO SRUWDO IUDPH ���

VWUHVV RI ��� 1�PP��

)LJ� �� VKRZV WKH YDULDWLRQ RI 0X DJDLQVW EH IRU YDULRXV YDOXHV RI DH � W� 0X LV QRQ�GLPHQVLRQDOLVHG

E\ 0S WR UHSUHVHQW WKH UHGXFWLRQ LQ PRPHQW�FDSDFLW\ RI WKH HDYHV EUDFNHW RZLQJ WR ORFDO SODWH

EXFNOLQJ� ,W FDQ EH VHHQ WKDW DV WKH YDOXH RI WKH ZLGWK�WR�WKLFNQHVV UDWLR DH � W LQFUHDVHV �WKDW LV� DV WKH

SODWH EHFRPHV WKLQQHU� WKH SODWH EHFRPHV PRUH VXVFHSWLEOH WR ORFDO SODWH EXFNOLQJ DQG VR WKH UDWLR

0X � 0S GHFUHDVHV�

�� $SSOLFDWLRQ RI SURSRVHG GHVLJQ UXOHV WR VRPH W\SLFDO HDYHV EUDFNHWV

���� 3UHDPEOH

7KH SURSRVHG GHVLJQ UXOHV IRU WKH GHSWK RI WKH OLS VWLIIHQHU �6HFWLRQ �� DQG WKH VL]H DQG WKLFNQHVV RI

WKH HDYHV EUDFNHW �6HFWLRQ �� ZHUH GHYHORSHG E\ FRQVLGHULQJ LQ LVRODWLRQ WKH WZR UHOHYDQW EXFNOLQJ

PRGHV RI IDLOXUH� VWLIIHQHU EXFNOLQJ DQG ORFDO SODWH EXFNOLQJ� ,Q WKLV VHFWLRQ� WKH YDOLGLW\ RI WKHVH WZR

UXOHV LV WHVWHG E\ DSSO\LQJ WKHP WR VRPH W\SLFDO HDYHV EUDFNHWV DQDO\VHG XVLQJ WKH ILQLWH HOHPHQW

PHWKRG� %RWK VWLIIHQHU DQG ORFDO SODWH LPSHUIHFWLRQV DUH LQFOXGHG LQ WKLV ILQLWH HOHPHQW PRGHO RI WKH

HDYHV EUDFNHW� 7KH UHVXOWV VR REWDLQHG DUH FRPSDUHG DJDLQVW WKH PRPHQW�FDSDFLW\ RI WKH HDYHV EUDFNHW

0X
GHV DV JLYHQ E\ WKH GHVLJQ FKDUW RI )LJ� ��� 7DEOH � VKRZV WKH GLPHQVLRQV DH DQG EH RI WKH WKUHH HDYHV

)LJ� �� 9DULDWLRQ RI 0
X
DJDLQVW EH IRU YDULRXV YDOXHV RI DH � W IRU HDYHV EUDFNHW

7DEOH � &RPSDULVRQ RI PRPHQW�FDSDFLW\ IRU VRPH W\SLFDO HDYHV EUDFNHWV

(DYHV EUDFNHW DH�PP� EH�PP� EH�DH GV
��PP� 0S

��N1P� 0X
GHV��N1P� 0X

��N1P� 0X � 0X
GHV

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

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

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

�&DOFXODWHG IURP (T� ���
�&DOFXODWHG IURP (T� ���
�'HWHUPLQHG IURP )LJ���
�'HWHUPLQHG IURP ILQLWH HOHPHQW DQDO\VLV RI DQ DFWXDO HDYHV EUDFNHW
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EUDFNHWV FRQVLGHUHG� )RU HDFK HDYHV EUDFNHW� WKH GHSWK RI VWLIIHQHU GV LV FDOFXODWHG IURP (T� ����

���� 'HWDLOV RI ILQLWH HOHPHQW PRGHO

8QOLNH WKH HDYHV EUDFNHW PRGHOOHG LQ 6HFWLRQ �� DQ DFWXDO HDYHV EUDFNHW ZLWK D OLS VWLIIHQHU LV

PRGHOOHG� $V EHIRUH� WKH YDOXH RI 0X IRU WKH HDYHV EUDFNHW ZDV REWDLQHG XVLQJ QRQ�OLQHDU ODUJH�

GLVSODFHPHQW HODVWR�SODVWLF ILQLWH HOHPHQW DQDO\VLV�

'HWDLOV RI WKH LGHDOLVHG ODWHUDO UHVWUDLQW DSSOLHG WR WKH HDYHV EUDFNHW DUH VKRZQ LQ )LJ� ��� 7KH ORDGLQJ

DSSOLHG WR WKH HDYHV EUDFNHW ZDV WKH VDPH DV IRU SUHYLRXV LGHDOLVDWLRQV DQG LV VKRZQ LQ )LJ� �� $OVR� WKH

VDPH ILQLWH HOHPHQW PHVK ZDV XVHG IRU WKH HDYHV EUDFNHW DV IRU SUHYLRXV LGHDOLVDWLRQV �)LJ� ���

7KH VKHOO HOHPHQW 6�5� XVHG IRU WKH HDYHV EUDFNHW ZDV DOVR XVHG IRU WKH VWLIIHQHU� 7KH QXPEHU RI

HOHPHQWV XVHG IRU WKH GHSWK RI WKH OLS VWLIIHQHU ZDV FKRVHQ VR DV WR PDLQWDLQ DQ DVSHFW UDWLR FORVH WR

XQLW\ IRU WKHVH HOHPHQWV�

%RWK VWLIIHQHU DQG ORFDO SODWH LPSHUIHFWLRQV ZHUH PRGHOOHG� 7KH PDJQLWXGH RI WKH VWLIIHQHU DQG ORFDO

SODWH LPSHUIHFWLRQV ZHUH DV JLYHQ LQ (T� ��� DQG (T� ���� UHVSHFWLYHO\�

���� 0RPHQW�FDSDFLW\ RI HDYHV EUDFNHW

)LJ� �� VKRZV WKH YDULDWLRQ RI PRPHQW DJDLQVW VWLIIHQHU GHIOHFWLRQ IRU WKH WKUHH HDYHV EUDFNHWV XQGHU

FRQVLGHUDWLRQ� 7KH GRWWHG OLQH VKRZQ LQ HDFK RI WKH WKUHH JUDSKV RI )LJ� �� LV WKH YDOXH RI 0X
GHV DV

GHWHUPLQHG IURP WKH GHVLJQ FKDUW RI )LJ� �� IRU WKH UHOHYDQW VL]H RI SODWH� 7DEOH � FRPSDUHV WKH YDOXH RI

0X
GHV DJDLQVW 0X DV GHWHUPLQHG IURP WKH ILQLWH HOHPHQW DQDO\VLV RI WKH DFWXDO HDYHV EUDFNHW�

$V FDQ EH VHHQ IURP 7DEOH �� WKH XOWLPDWH PRPHQW 0X IRU DOO WKUHH HDYHV EUDFNHWV LV KLJKHU WKDQ

0X
GHV E\ DQ DYHUDJH RI ���� 7KLV UHVXOW LV QRW XQH[SHFWHG DV WKH D[LDO ULJLGLW\ RI WKH OLS VWLIIHQHU

ZDV LJQRUHG ZKHQ GHWHUPLQLQJ 0X
GHV� 7KH UHVXOWV WKHUHIRUH MXVWLI\ WKH VHSDUDWH WUHDWPHQWV IRU WKH

GHVLJQ RI WKH OLS VWLIIHQHU �DJDLQVW EXFNOLQJ LQWR D RQH�KDOI VLQH ZDYH� DQG WKH GHVLJQ RI WKH HDYHV

EUDFNHW �DJDLQVW ORFDO SODWH EXFNOLQJ LQ WKH H[SRVHG WULDQJXODU DUHD� DV D FRQVHUYDWLYH

VLPSOLILFDWLRQ�

)LJ� �� 'HWDLOV RI LGHDOLVHG ODWHUDO UHVWUDLQWV RQ HDYHV EUDFNHW XVHG WR GHWHUPLQH 0X



)� (��DVVLVWHG GHVLJQ RI WKH HDYHV EUDFNHW RI D FROG�IRUPHG VWHHO SRUWDO IUDPH ���

)LJ� �� 9DULDWLRQ RI LQ�SODQH PRPHQW DJDLQVW VWLIIHQHU GHIOHFWLRQ IRU GLIIHUHQW VL]HV RI HDYHV EUDFNHWV
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�� /DERUDWRU\ WHVWV RQ HDYHV MRLQW

���� 3UHDPEOH

0RPHQW�FDSDFLW\ WHVWV ZHUH FRQGXFWHG RQ D VHULHV RI HDYHV MRLQWV ZLWK HDYHV EUDFNHWV KDYLQJ YDOXHV

RI DH RI ��� PP DQG ��� PP �)LJ� ���� 7KH FKDQQHO�VHFWLRQV XVHG IL[HG WKH YDOXH RI EH IRU WKH HDYHV

EUDFNHWV DW ��� PP�

7KH GLPHQVLRQV RI WKH HDYHV EUDFNHWV WHVWHG DUH VKRZQ LQ 7DEOH �� $V FDQ EH VHHQ� IRXU WHVWV ZHUH

FRQGXFWHG IRU WKH HDYHV EUDFNHWV KDYLQJ D YDOXH RI D
H
RI ��� PP� ZLWK HDFK EUDFNHW XVLQJ D GLIIHUHQW

GHSWK RI OLS VWLIIHQHU� 2QO\ D VLQJOH WHVW ZDV FRQGXFWHG IRU WKH EUDFNHW KDYLQJ D YDOXH RI D
H
RI ��� PP�

(DFK RI WKH MRLQWV WHVWHG RQO\ KDG D VLQJOH EUDFNHW� LQ RUGHU WR HQVXUH WKDW WKH PRPHQW�FDSDFLW\ RI WKH EUDFNHWV

ZRXOG QRW H[FHHG WKDW RI WKH FKDQQHO�VHFWLRQV� &OHDUO\� LI WKH PRPHQW�FDSDFLW\ RI WKH HDYHV EUDFNHWV GLG H[FHHG

WKDW RI WKH FKDQQHO�VHFWLRQV� WKHQ WKH FKDQQHO�VHFWLRQV ZRXOG IDLO DQG QRW WKH HDYHV EUDFNHWV�

���� /DERUDWRU\ WHVW VHW�XS

'HWDLOV RI WKH SRLQWV RI ODWHUDO UHVWUDLQW DSSOLHG WR WKH HDYHV MRLQW DUH VKRZQ LQ )LJ� ��� )RU ERWK VL]HV

RI HDYHV MRLQW� WKH PD[LPXP GLVWDQFH EHWZHHQ SRLQWV RI ODWHUDO UHVWUDLQW GLG QRW H[FHHG WKH PD[LPXP

XQUHVWUDLQHG GLVWDQFH RI ���� PP WKDW ZDV FDOFXODWHG LQ DFFRUGDQFH ZLWK %6����� 3DUW � IRU ODWHUDO�

WRUVLRQDO EXFNOLQJ�

$URXQG WKH HDYHV EUDFNHW RQO\ WZR SRLQWV RI ODWHUDO UHVWUDLQW ZHUH XVHG� $V QRQH RI WKH HDYHV MRLQWV

WHVWHG IDLOHG WKURXJK ODWHUDO�WRUVLRQDO EXFNOLQJ� WZR SRLQWV RI ODWHUDO UHVWUDLQW ZHUH WKHUHIRUH VXIILFLHQW�

)LJ� �� 'LPHQVLRQV RI HDYHV EUDFNHW LQ ODERUDWRU\ WHVWV

7DEOH � ([SHULPHQWDO UHVXOWV RI WHVWV FRQGXFWHG RQ HDYHV MRLQW

7HVW DH�PP� EH�PP� GV�PP� W�PP� σ\�1�PP�� 0X
H[S�N1P� �0X

H[S�QRUP�N1P�

� ��� ��� ���� ���� ��� �� ����

� ��� ��� ���� ���� ��� �� ����

� ��� ��� ���� ���� ��� �� ����

� ��� ��� ����� ���� ��� �� ����

� ��� ��� ���� ���� ��� �� ����



)� (��DVVLVWHG GHVLJQ RI WKH HDYHV EUDFNHW RI D FROG�IRUPHG VWHHO SRUWDO IUDPH ���

���� 0DJQLWXGH RI VWLIIHQHU LPSHUIHFWLRQ

7R HVWLPDWH WKH VWLIIHQHU LPSHUIHFWLRQ� D PHWUH UXOH ZDV SODFHG DORQJ WKH IUHH�HGJH RI WKH HDYHV

EUDFNHW� 7KH VWUDLJKWQHVV RI WKH PHWUH UXOH KDG SUHYLRXVO\ EHHQ FKHFNHG E\ SODFLQJ LWV HGJH RQ D

SHUIHFWO\ IODW PHDVXULQJ SODQH� E\ H\H� QR GHYLDWLRQ IURP VWUDLJKWQHVV RI WKH PHWUH UXOH FRXOG EH VHHQ�

:KHQ WKH PHWUH UXOH ZDV SODFHG DORQJ WKH IUHH�HGJH RI HDFK HDYHV EUDFNHW� WKH VWLIIHQHU LPSHUIHFWLRQ ZV

ZDV HVWLPDWHG WR EH OHVV WKDQ ��� PP�

:LWK KLQGVLJKW� D WHVW�ULJ WR PHDVXUH ERWK WKH PDJQLWXGH RI VWLIIHQHU LPSHUIHFWLRQ ZV DQG ORFDO SODWH

LPSHUIHFWLRQ ZO VKRXOG KDYH EHHQ GHVLJQHG� 6XFK D WHVW�ULJ ZRXOG DOVR KDYH HQDEOHG WKH VKDSH RI ERWK

W\SHV RI LPSHUIHFWLRQ WR EH SORWWHG�

���� /DERUDWRU\ WHVW UHVXOWV

7KH PRPHQW�FDSDFLW\ 0X
H[S REWDLQHG IURP WKH ODERUDWRU\ WHVWV LV DOVR JLYHQ LQ 7DEOH �� 7KH REVHUYHG

PRGH RI IDLOXUH RI DOO WHVWV ZDV EXFNOLQJ RI WKH VWLIIHQHU�

7KUHH FRXSRQV ZHUH FXW IURP HDFK HDYHV EUDFNHW� DQG WKH PDWHULDO VWUHVV�VWUDLQ SURSHUWLHV GHWHUPLQHG

IURP D WHQVLOH WHVW� WKH DYHUDJH \LHOG VWUHVV PHDVXUHG LV VKRZQ LQ 7DEOH �� ,Q RUGHU WKDW WKH WHVW UHVXOWV

PD\ EH FRPSDUHG GLUHFWO\� WKH YDOXH 0X
H[S UHFRUGHG IRU HDFK WHVW LV GLYLGHG E\ LWV \LHOG VWUHVV DQG WKHQ

PXOWLSOLHG E\ WKH QRPLQDO \LHOG VWUHVV RI ��� 1�PP�� 7KLV YDOXH LV VKRZQ LQ 7DEOH � DV �0X
H[S�QRUP�

�� &RPSDULVRQ RI ODERUDWRU\ WHVW UHVXOWV DJDLQVW SURSRVHG GHVLJQ UXOHV

7DEOH � FRPSDUHV WKH QRUPDOLVHG PRPHQW�FDSDFLW\ �0X
H[S�QRUP WR WKH YDOXH RI0X

GHV REWDLQHG XVLQJ WKH

GHVLJQ FKDUW RI )LJ� �� ,W FDQ EH VHHQ IRU WKH HDYHV EUDFNHWV KDYLQJ D YDOXH RI DH RI ��� PP WKDW DQ

LQFUHDVH LQ WKH YDOXH RI GV IURP ���� PP WR ����� PP UHVXOWV LQ D ��� LQFUHDVH LQ �0X
H[S�QRUP� 7KLV

LQFUHDVH LQ �0X
H[S�QRUP FDQ EH DWWULEXWHG WR WKH LQFUHDVHG ORDG FDUULHG E\ WKH VWLIIHQHU DV LWV VL]H LQFUHDVHV�

2Q WKH RWKHU KDQG� WKH YDOXH RI0X
GHV DVVXPHV WKDW WKH DSSOLHG ORDG LV FDUULHG RQO\ E\ WKH HDYHV EUDFNHW

DQG WDNHV QR DFFRXQW RI WKH DGGLWLRQDO ORDG WKDW FDQ EH FDUULHG E\ WKH VWLIIHQHU�

)LJ� �� 'HWDLOV RI ODWHUDO UHVWUDLQW DQG ORDGLQJ DSSOLHG WR HDYHV MRLQW LQ ODERUDWRU\ WHVWV
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7DEOH � DOVR FRPSDUHV WKH GHSWK RI WKH VWLIIHQHU GV WR WKH GHSWK UHFRPPHQGHG E\ (T� ���� :KLOH WKH

GHSWK RI VWLIIHQHU XVHG LQ WHVWV LQ �� � DQG � LV OHVV WKDQ WKH GHSWK UHFRPPHQGHG E\ (T� ���� LW FDQ EH

VHHQ WKDW �0X
H[S�QRUP LV VWLOO ODUJHU WKDQ0X

GHV� $JDLQ� WKLV LV DWWULEXWHG WR WKH IDFW WKH GHVLJQ UXOHV WDNH QR

DFFRXQW RI WKH ORDG WKDW FDQ EH FDUULHG E\ WKH VWLIIHQHU�

�� 6RPH GHVLJQ FRQVLGHUDWLRQV

,W PD\ EH RI FRQFHUQ WKDW XVH RI WKH GHVLJQ UHFRPPHQGDWLRQV ZLOO UHVXOW LQ EUDFNHWV VXEVWDQWLDOO\

ODUJHU WKDQ QHFHVVDU\� +RZHYHU� WKH GRPLQDQW GHVLJQ FRQVLGHUDWLRQ ZKHQ GHWHUPLQLQJ WKH VL]H RI WKH

EUDFNHWV LV QRW WKH XOWLPDWH VWUHQJWK RI WKH EUDFNHWV EXW WKH VHUYLFHDELOLW\ OLPLW VWDWH RI DFFHSWDEOH

GHIOHFWLRQV RI WKH IUDPH �/LP DQG 1HWKHUFRW ����D� /LP DQG 1HWKHUFRW ����E�� 7KLV LV EHFDXVH RI WKH

URWDWLRQDO IOH[LELOLW\ RI WKH SURSRVHG MRLQWV� WKH UHVXOW RI WKH EROW�KROH HORQJDWLRQ FDXVHG ZKHQ WKH MRLQWV

UHVLVW D PRPHQW ORDG �/LP DQG 1HWKHUFRW ����F�� 7R UHGXFH IUDPH GHIOHFWLRQV� WKH VL]H RI WKH EROW�

JURXS FDQ EH LQFUHDVHG� +RZHYHU� VLQFH LQFUHDVLQJ WKH VL]H RI WKH EROW�JURXS ZLOO UHTXLUH D ODUJHU

EUDFNHW� WKH VL]H RI WKH EUDFNHW ZLOO WKHUHIRUH EH FRQWUROOHG E\ VHUYLFHDELOLW\ FRQVLGHUDWLRQV RI WKH IUDPH�

7KH GHVLJQ SURFHGXUH XVHG LQ SUDFWLFH ZLOO WKHUHIRUH EH WR ILUVW GHWHUPLQH WKH VL]H RI WKH HDYHV EUDFNHW

WR EH XVHG IRU WKH MRLQWV WKURXJK FRQVLGHUDWLRQV RI WKH VHUYLFHDELOLW\ UHTXLUHPHQWV RI WKH IUDPH� 7KH

GHVLJQ FKDUW RI )LJ� � ZLOO WKHQ EH XVHG WR FKHFN WKDW EDFN�WR�EDFN EUDFNHWV RI WKH UHTXLUHG VL]H FDQ

WUDQVIHU WKH PRPHQW�FDSDFLW\ RI WKH EDFN�WR�EDFN FKDQQHO�VHFWLRQV� (T� ��� ZLOO WKHQ EH XVHG WR

GHWHUPLQH WKH GHSWK RI VWLIIHQHU�

7KH GHVLJQ SURFHGXUH IXUWKHU MXVWLILHV WKH VHSDUDWH WUHDWPHQWV IRU WKH GHVLJQ RI WKH OLS VWLIIHQHU

�DJDLQVW EXFNOLQJ LQWR D RQH�KDOI VLQH ZDYH� DQG WKH GHVLJQ RI WKH HDYHV EUDFNHW �DJDLQVW ORFDO SODWH

EXFNOLQJ LQ WKH H[SRVHG WULDQJXODU DUHD��

��� &RQFOXVLRQV

,Q WKLV SDSHU VLPSOH GHVLJQ UHFRPPHQGDWLRQV KDYH EHHQ SURSRVHG IRU ZKDW LV HVVHQWLDOO\ D FRPSOH[

SUREOHP� QDPHO\� WKH EHKDYLRXU RI WKH HDYHV EUDFNHW LQ D FROG�IRUPHG VWHHO SRUWDO IUDPLQJ V\VWHP� 7ZR

EXFNLQJ PRGHV RI IDLOXUH KDYH EHHQ LGHQWLILHG DQG WUHDWHG LQ LVRODWLRQ�

��� EXFNOLQJ RI WKH VWLIIHQHG IUHH�HGJH RI WKH HDYHV EUDFNHW LQWR D RQH�KDOI VLQH ZDYH� $ GHVLJQ UXOH

7DEOH � &RPSDULVRQ RI H[SHULPHQWDO DQG GHVLJQ UXOHV SUHGLFWHG IRU HDYHV MRLQW

7HVW GV�PP� GV
��PP� GV�GV
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�&DOFXODWHG IURP (T� ���
�&DOFXODWHG IURP (T� ���
�'HWHUPLQHG IURP )LJ� ��



)� (��DVVLVWHG GHVLJQ RI WKH HDYHV EUDFNHW RI D FROG�IRUPHG VWHHO SRUWDO IUDPH ���

IRU WKH GHSWK RI VWLIIHQHU QHFHVVDU\ LI LW LV WR SURYLGH D VLPSO\�VXSSRUWHG FRQGLWLRQ WR WKH HGJH RI

WKH SODWH ZDV VXJJHVWHG�

��� ORFDO SODWH EXFNOLQJ RI WKH H[SRVHG WULDQJXODU DUHD RI WKH HDYHV EUDFNHW� $ GHVLJQ FKDUW ZDV

SUHVHQWHG IRU WKH XOWLPDWH PRPHQW FDSDFLW\ �GHVLJQDWHG DV 0
X

GHV� �)LJ� ���� GHWHUPLQHG WKURXJK

PRGHOOLQJ ORFDO SODWH LPSHUIHFWLRQV ZLWKLQ WKH HDYHV EUDFNHWV�

6RPH W\SLFDO HDYHV EUDFNHWV XVLQJ WKH UHFRPPHQGHG GHSWK RI OLS VWLIIHQHUV �(T� �� ZHUH DQDO\VHG DQG

WKH XOWLPDWH PRPHQW�FDSDFLW\ 0X VR REWDLQHG FRPSDUHG WR 0X
GHV� $V WKH YDOXH RI 0X

GHV ZDV FORVH �EXW

FRQVLVWHQWO\ ORZHU� WKDQ 0X� WKH VHSDUDWH WUHDWPHQWV IRU WKH GHVLJQ RI WKH OLS VWLIIHQHU DJDLQVW VWLIIHQHU

EXFNOLQJ DQG WKDW RI WKH HDYHV EUDFNHW DJDLQVW ORFDO SODWH EXFNOLQJ KDYH EHHQ MXVWLILHG DQG WKH YDOXH RI

0X
GHV FDQ EH XVHG FRQVHUYDWLYHO\ LQ WKH GHVLJQ RI DFWXDO HDYHV EUDFNHWV�

/DERUDWRU\ WHVWV ZHUH FRQGXFWHG DQG LW ZDV GHPRQVWUDWHG WKDW 0X
GHV GHWHUPLQHG IURP WKH SURSRVHG

GHVLJQ UXOHV SURYLGHG VDIH SUHGLFWLRQV RI 0X
H[S�

7KH FRPSOHWH VWXG\ GHPRQVWUDWHV KRZ PRGHUQ QXPHULFDO DQDO\VLV WHFKQLTXHV RI WKH VRUW WKDW DUH QRZ

UHDGLO\ DYDLODEOH WR WKH UHVHDUFK FRPPXQLW\ PD\ EH XVHG WR GHYHORS GHVLJQ UXOHV IRU FRPSOH[ VWUXFWXUDO

FRPSRQHQWV� 6XFK DQ DSSURDFK JUHDWO\ UHGXFHV WKH QHHG IRU H[SHQVLYH DQG WLPH FRQVXPLQJ ODERUDWRU\

VWXG\� ZKLOVW PDLQWDLQLQJ UHDOLVWLF DQG VDIH FRYHUDJH RI DOO LPSRUWDQW VWUXFWXUDO LVVXHV�

$FNQRZOHGJHPHQWV

7KH DXWKRUV ZRXOG OLNH WR DFNQRZOHGJH WKH WHFKQLFDO VXSSRUW SURYLGHG E\ 0HVVUV *HUU\ %DUQHV�

0LFKDHO %HWWLVRQ� *DU\ +D\HV� %DO /R\OD� *HRIIUH\ 0LWFKHOO� 0HOY\Q 5LGDO� 1LJHO 5RRN DQG %ULDQ

:KLWHKRXVH RI WKH +HDY\ 6WUXFWXUHV /DERUDWRU\ DW WKH 8QLYHUVLW\ RI 1RWWLQJKDP ZKHUH WKH

H[SHULPHQWDO ZRUN GHVFULEHG KHUHLQ ZDV FRQGXFWHG� 7KH ZRUN ZDV XQGHUWDNHQ LQ DVVRFLDWLRQ ZLWK

$\UVKLUH 0HWDO 3URGXFWV DV D ³3DUWQHUV LQ 7HFKQRORJ\´ SURMHFW ZLWK ILQDQFLDO VXSSRUW IURP WKH '(75�

5HIHUHQFHV

$,6, ������� 6SHFLILFDWLRQ IRU 7KH 'HVLJQ RI &ROG�)RUPHG 6WHHO 6WUXFWXUDO 0HPEHUV� $PHULFDQ ,URQ DQG 6WHHO
,QVWLWXWH� :DVKLQJWRQ�

%DLJHQW� $�+� DQG +DQFRFN� *�-� ������� ³7KH EHKDYLRXU RI SRUWDO IUDPHV FRPSRVHG RI FROG�IRUPHG PHPEHUV´�
7KLQ�:DOOHG 6WUXFWXUHV � 5HFHQW WHFKQLFDO DGYDQFHV DQG WUHQGV LQ GHVLJQ� UHVHDUFK DQG FRQVWUXFWLRQ� (OVHYLHU
$SSOLHG 6FLHQFH� 2[IRUG� S����

%6����� 3DUW � ������� &RGH RI 3UDFWLFH IRU 'HVLJQ RI &ROG�)RUPHG 6HFWLRQV� %ULWLVK 6WDQGDUGV ,QVWLWXWLRQ� /RQGRQ�
&KXQJ� .�)� DQG ,S� .�+� ������� ³)LQLWH HOHPHQW PRGHOLQJ RI EROWHG FRQQHFWLRQV EHWZHHQ FROG�IRUPHG VWHHO
VWULSV DQG KRW�UROOHG VWHHO SODWHV XQGHU VWDWLF VKHDU ORDGLQJ´� (QJQJ 6WUXFW� ��� �����

&KXQJ� .�)� DQG /DX� /� ������� ³([SHULPHQWDO LQYHVWLJDWLRQ RQ EROWHG PRPHQW FRQQHFWLRQV DPRQJ FROG�IRUPHG
VWHHO PHPEHUV´� (QJQJ 6WUXFW� ��� ����

'DYLHV� -�0� DQG %URZQ� %�$� ������� 3ODVWLF 'HVLJQ WR %6 ����� $VFRW� 7KH 6WHHO &RQVWUXFWLRQ ,QVWLWXWH�
%ODFNZHOO 6FLHQWLILF 3XEOLVKHUV�

(XURFRGH � ������� 'HVLJQ RI 6WHHO 6WUXFWXUHV� 3DUW ��� � *HQHUDO UXOHV DQG UXOHV IRU EXLOGLQJV� &RPPLWWHH
(XURSHDQ GH 1RUPDOLVDWLRQ� %UXVVHOV�

+DQFRFN� *�-� ������� 'HVLJQ RI &ROG�)RUPHG 6WHHO 6WUXFWXUHV� $XVWUDOLDQ ,QVWLWXWH RI 6WHHO &RQVWUXFWLRQ� �UG HG��
+LEELW� .DUOVVRQ DQG 6RUHQVHQ� ,QF� �����D�� $%$486 7KHRU\ 0DQXDO� +LEELWW� .DUOVVRQ DQG 6RUHQVHQ� ,QF�
+LEELW� .DUOVVRQ DQG 6RUHQVHQ� ,QF� �����E�� (OHPHQW VHOHFWLRQ LQ $%$486�6WDQGDUG� $%$486 /HFWXUH 1RWHV
6HULHV� +LEELWW� .DUOVVRQ DQG 6RUHQVHQ� ,QF�

+RUQH� 0�5� DQG 0RUULV� /�-� ������� 3ODVWLF 'HVLJQ RI /RZ�5LVH )UDPHV� &RQVWUDGR PRQRJUDSK� *UDQDGD 3XEOLVKLQJ�
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.LUN� 3� ������� ³'HVLJQ RI D FROG�IRUPHG VHFWLRQ SRUWDO IUDPH EXLOGLQJ V\VWHP´� 3URF� �WK ,QWHUQDWLRQDO
6SHFLDOLW\ &RQIHUHQFH RQ &ROG�IRUPHG 6WHHO 6WUXFWXUHV� 6W� /RXLV� 8QLYHUVLW\ RI 0LVVRXUL�5ROOD� ����� S����

.XODN� *�&� )LVKHU� -�:� DQG 6WUXLN� -�+�$� ������� *XLGH WR 'HVLJQ &ULWHULD IRU %ROWHG DQG 5LYHWHG -RLQWV� �QG
HG�� -RKQ :LOH\ DQG 6RQV� 1HZ <RUN�

/LP� -�%�3� ������� ³-RLQW HIIHFWV LQ FROG�IRUPHG VWHHO SRUWDO IUDPHV´� 8QLYHUVLW\ RI 1RWWLQJKDP� 3K' WKHVLV�
/LP� -�%�3� DQG 1HWKHUFRW� '�$� �����D�� ³'HVLJQ DQG GHYHORSPHQW RI D JHQHUDO FROG�IRUPHG VWHHO SRUWDO IUDPLQJ
V\VWHP´� 7KH 6WUXFWXUDO (QJLQHHU� ������� ����� ���

/LP� -�%�3� DQG 1HWKHUFRW� '�$� �����E�� ³6HUYLFHDELOLW\ GHVLJQ RI D FROG�IRUPHG VWHHO SRUWDO IUDPH KDYLQJ VHPL�
ULJLG MRLQWV´� WR EH VXEPLWWHG�

/LP� -�%�3� DQG 1HWKHUFRW� '�$� �����F�� ³6WLIIQHVV SUHGLFWLRQ IRU EROWHG PRPHQW�FRQQHFWLRQV EHWZHHQ FROG�
IRUPHG VWHHO PHPEHUV´� WR EH VXEPLWWHG�

/LP� -�%�3� DQG 1HWKHUFRW� '�$� �����G�� ³8OWLPDWH VWUHQJWK RI EROWHG PRPHQW�FRQQHFWLRQV EHWZHHQ FROG�IRUPHG
VWHHO PHPEHUV´� WR EH VXEPLWWHG�

2ZHQV� *�:� DQG &KHDO� %�'� ������� 6WUXFWXUDO 6WHHOZRUN &RQQHFWLRQV� %XWWHUZRUWK� /RQGRQ�
5KRGHV� -� ������� 'HVLJQ RI &ROG�)RUPHG 6WHHO 0HPEHUV� (OVHYLHU $SSOLHG 6FLHQFH� 2[IRUG�
6FKDIHU� %�:�� *ULJRULX� 0�� 3HNR]� 7� ������� ³$ SUREDELOLVWLF H[DPLQDWLRQ RI WKH XOWLPDWH VWUHQJWK RI FROG�
IRUPHG VWHHO HOHPHQWV´� 3URF� ��WK ,QWHUQDWLRQDO 6SHFLDOLW\ &RQIHUHQFH RQ &ROG�)RUPHG 6WHHO 6WUXFWXUHV� 6W
/RXLV� 8QLYHUVLW\ RI 0LVVRXUL�5ROOD�

6FKDIHU� %�:�� 3HNR]� 7� ������� ³&RPSXWDWLRQ PRGHOLQJ RI FROG�IRUPHG VWHHO� FKDUDFWHUL]LQJ JHRPHWULF LPSHUIHFWLRQV
DQG UHVLGXDO VWUHVVHV´� 7KLQ�:DOOHG 6WUXFWXUHV� ��� ����

6&,�%&6$ �����D�� -RLQWV LQ 6WHHO &RQVWUXFWLRQ� 6LPSOH &RQQHFWLRQV� 6&,�%&6$�
6&,�%&6$ �����E�� -RLQWV LQ 6WHHO &RQVWUXFWLRQ� 0RPHQW &RQQHFWLRQV� 6&,�%&6$�
6WDQZD\� *�6�� &KDSPDQ� -�&� DQG 'RZOLQJ� 3�-� ������� ³%HKDYLRXU RI D ZHE SODWH LQ VKHDU ZLWK DQ LQWHUPHGLDWH
VWLIIHQHU´� 3URF� ,QVWQ &LY� (QJUV 6WUXFWV %OGJV� ��� ����

:DQJ� &�0� DQG /LHZ� .�0� ������� ³%XFNOLQJ RI WULDQJXODU SODWHV XQGHU XQLIRUP FRPSUHVVLRQ´� (QJQJ 6WUXFW��
��� ���

:RROFRFN� 6�7�� .LWLSRUQFKDL� 6�� %UDGIRUG� 0�$� ������� /LPLW 6WDWH 'HVLJQ RI 3RUWDO )UDPH %XLOGLQJV� �UG HG��
$XVWUDOLDQ ,QVWLWXWH RI 6WHHO &RQVWUXFWLRQ� 6\GQH\�

1RWDWLRQ

DH � ZLGWK RI WULDQJXODU DUHD RI HDYHV EUDFNHW
DW � ZLGWK RI WULDQJXODU SODWH
EH � HGJH ZLGWK RI HDYHV EUDFNHW
GV � GHSWK RI VWLIIHQHU
OD � KDOI�OHQJWK RI DSH[ EUDFNHW
OH � OHQJWK RI HDYHV EUDFNHW
OV � OHQJWK RI VWLIIHQHU
0S � SODVWLF PRPHQW�FDSDFLW\ RI EUDFNHW
0X � XOWLPDWH PRPHQW�FDSDFLW\ RI EUDFNHW
0X

DQD � 0X DV GHWHUPLQHG IURP ILQLWH HOHPHQW DQDO\VLV �QXPHULFDO WHVW�
0X

GHV � 0X RI EUDFNHW DV GHWHUPLQHG IURP SURSRVHG GHVLJQ UXOHV
0X

H[S � 0X DV GHWHUPLQHG IURP H[SHULPHQWDO WHVW
W � WKLFNQHVV RI SODWH
ZO � DPSOLWXGH RI LQLWLDO RXW�RI�SODQH ORFDO SODWH LPSHUIHFWLRQ
ZV � DPSOLWXGH RI LQLWLDO RXW�RI�SODQH VWLIIHQHU LPSHUIHFWLRQ
σX � XOWLPDWH VWUHVV
σ\ � \LHOG VWUHVV
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