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7KH� IOXRUHVFHQW� SURSHUWLHV� RI� EHQ]HQH�FRQWDLQLQJ�(X� FKHODWH� FRPSOH[HV� LQ� SRO\VW\UHQH

�36�� KDYH� EHHQ� LQYHVWLJDWHG� E\� IOXRUHVFHQFH� HPLVVLRQ� VSHFWUD�� 7KH� LQIOXHQFH� RI� SRO\PHU
PHGLXP� RQ� VSHFWURPHWULF� SURSHUWLHV� RI� WKHVH� FRPSOH[HV� ZDV� GHPRQVWUDWHG�� ,Q� WKH� (X
FRPSOH[� ZLWKRXW� SKHQ\O� ULQJV� WKH� VSDWLDO� OD\RXW� RI� OLJDQGV� ZDV� QRW� IL[HG� DQG� XQGHU
SRO\VW\UHQH� PDWUL[� LQIOXHQFH� FDQ� XQGHUJR� VRPH� FKDQJHV�� ,W� ZDV� HVWDEOLVKHG� WKDW� WKH
SUHVHQFH�RI�SKHQ\O�ULQJ�VWDELOL]HV� LWV�VSDWLDO�DUUDQJHPHQW�DURXQG�FRRUGLQDWH� LRQ��$FFRUG�
LQJ�WR�PHDVXUHPHQWV�UHVXOWV�WKH�-XGG�2IIHOW�SDUDPHWHUV�RI�(X�FKHODWHV�GRSHG�36�KDYH�EHHQ
FDOFXODWHG�
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��,QWURGXFWLRQ
,Q�UHFHQW�\HDUV�WKH�IOXRUHVFHQW�SURSHUWLHV

RI�FKHODWH�FRPSOH[HV�RI�UDUH�HDUWK��5(��LRQV
KDYH�EHHQ�SDLG�PRUH�DQG�PRUH�DWWHQWLRQ�EH�
FDXVH� RI� WKHLU� XQLTXH� FRPELQDWLRQ� RI� UDUH
HDUWK� IOXRUHVFHQFH� DQG� RUJDQLF� OLJDQGV� DE�
VRUSWLRQ��0RUHRYHU��WKHVH�FRPSOH[HV�SURYLGH
DQ�HIIHFWLYH�FROOHFWLRQ�RI�WULSOHW�VWDWHV�H[FL�
WDWLRQ� HQHUJ\� >����@��8VLQJ� UDUH� HDUWK� FRP�
SOH[HV� LQ� RUJDQLF� OLJKW� HPLWWLQJ�GHYLFHV� LQ�
FUHDVHV� WKHLU� HIILFLHQF\� LQ� DOPRVW� WKUHH
WLPHV�>�@��%HLQJ�XVHG�DV�DFWLYDWRUV�WKH�FRP�
SOH[HV�DOORZ�LQFUHDVH�WKH�VHQVLWLYLW\�RI�SODV�
WLF� VFLQWLOODWRU� WR� D�SDUWLFOHV� DOPRVW� E\� DQ
RUGHU�>����@�

8VXDOO\� 5(� FRPSOH[HV� DSSOLFDWLRQ� LV� UH�
ODWHG�WR�WKHLU�LQWURGXFWLRQ�WR�VRPH�SRO\PHU
PHGLXP��PDWUL[���7KH�PRVW�ZLGHO\�XVHG�PH�

GLXPV� DUH� SRO\PHWK\OPHWKDFU\ODWH� �300$�
DQG� SRO\VW\UHQH� �36�� IRU� WKHLU� ORZ� DEVRUS�
WLRQ�� UHODWLYHO\� VLPSOH� V\QWKHVLV� DQG� ORZ
FRVW��7KH�LQIOXHQFH�RI�00$�PDWUL[�RQ�RSWL�
FDO� SURSHUWLHV� RI� EHQ]HQH� FRQWDLQLQJ� HXUR�
SLXP� FRPSOH[HV� LV� LQYHVWLJDWHG� UDWKHU� ZHOO
>�@�� ZKHUHDV� IRU� SRO\VW\UHQH� LW� VWLOO� QRW
GRQH�� $V� IDU� DV� SRO\VW\UHQH� LV� DQ� DFWLYH
VFLQWLOODWLQJ� PDWUL[� >�@� WKHQ� VHDUFKLQJ� IRU
QHZ�5(�FRPSOH[HV�ZKLFK�FROOHFW� HIIHFWLYHO\
WKH� H[FLWDWLRQ� HQHUJ\� RI� VXFK� D� PDWUL[
RSHQV� WKH�ZD\� WR� SURJUHVV� LQ� LQFUHDVLQJ� RI
DQ�HIILFLHQF\�RI�SODVWLF�VFLQWLOODWRUV�

7KLV� SDSHU� DQDO\]HV� WKH� RSWLFDO� SURSHU�
WLHV�RI�EHQ]HQH�FRQWDLQLQJ�FKHODWH�FRPSOH[HV
RI� (X���� GLVVROYHG� LQ� SRO\VW\UHQH�� ,Q� WKH
DQDO\VLV�WKH�PHWKRGV�VXJJHVWHG�E\�-XGG�DQG
2IHOW�>����@�ZHUH�XVHG�
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���([SHULPHQWDO
,Q� WKH� IUDPHZRUN� RI� RXU� LQYHVWLJDWLRQ

IRXU� (X� FRPSOH[HV� ZHUH� V\QWKHVL]HG� ZLWK
E�GLNHWRQHV�FRQWDLQLQJ�GLIIHUHQW�VXEVWLWXHQW
UDGLFDOV� �)LJ������ ,Q� DOO� FRPSOH[HV�� �����
SKHQDQWKUROLQH� ZDV� XVHG� DV� D� QHXWUDO� OL�
JDQG��,WV�UROH�ZDV�WR�VXEVWLWXWH�ZDWHU�PROH�
FXOHV�LQ�(X���LQQHU�FRRUGLQDWLYH�VSKHUH�WKDW
UHGXFH� WKH� UDGLDWLRQOHVV� SURFHVVHV� DQG� LQ�
FUHDVH�(X�LRQV�IOXRUHVFHQFH���

7KH� V\QWKHVLV�ZDV� UXQ�DV� IROORZV��0L[WXUH
RI� OLJDQGV� FRQWDLQLQJ� E�GLNHWRQH� ��� PPRO��
����� SKHQDQWKUROLQH� ��� PPRO�� DQG� VRGLXP
K\GUR[LGH� ���PPRO��ZDV�GLVVROYHG� LQ����PO
RI� ����� HWKDQRO� XQGHU� KHDWLQJ� DQG� LQWHQ�
VLYH�PL[LQJ��(XURSLXP�FKORULGH�KH[DK\GUDWH
���PPRO��ZDV�GLVVROYHG� LQ���PO�RI�GLVWLOOHG
ZDWHU� DQG� GURS� E\� GURS� ZDV� DGGHG� WR� WKH
OLJDQGV� VROXWLRQ�� 7KHQ� WKH� PL[WXUH� ZDV
FRROHG�DQG�REWDLQHG�\HOORZ�SUHFLSLWDWH�RI�(X
FRPSOH[� ZDV� ILOWHUHG�� ZDVKHG� E\� HWKDQRO
DQG�ZDWHU�DQG�UH�FU\VWDOOL]HG�IURP�HWKDQRO�

(XURSLXP� GLEHQ]RLOPHWKDQDWH� SKHQDQ�
WKUROLQ� �(X�'%0��3KHQ�� ZDV� DGGLWLRQDOO\SXULILHG�E\�SUHFLSLWDWLRQ�E\�KH[DQH� ����PO�
IURP�EHQ]HQH�VROXWLRQ�����PO��

$OO�(X�FRPSOH[HV�KDYH�WKH�VLPLODU�VWUXF�
WXUDO� VFKHPH� ZKLFK� LV� SUHVHQWHG� LQ� )LJ����
7KH\� KDYH� WKH� IROORZLQJ� IXOO� DQG� VKRUW
QDPHV�

��� �WULV�$FHW\ODFHWRQDWH�������Û�SKHQDQ�
WUROLQH��HXURSLXP�,,,��>(X�$$��3KHQ@���� �WULV�'LEHQ]R\OPHWKDQH�������Û� SKHQ�
DQWUROLQH��HXURSLXP�,,,��>(X�'%]0��3KHQ@���� �WULV�%H]R\ODFHWRQDWH�������Û�SKHQDQ�
WUROLQH��HXURSLXP�,,,��>(X�%]$��3KHQ@���� �WULV�%LSKHQ\ODFHWRQDWH�������Û�SKHQ�
DQWUROLQH��HXURSLXP�,,,��>(X�%3$��3KHQ@�6R��(X� FRPSOH[� ���� LV� IRUPHG�E\� OLJDQGV
ZLWK�PHWK\O�UDGLFDOV�RQO\�DQG�GRHV�QRW�FRQ�
WDLQ�DQ\�SKHQ\O�JURXS��2WKHU�WKUHH�(X�FRP�
SOH[HV�(X���Ü���GR�FRQWDLQ�SKHQ\O�JURXSV��

0HDVXUHPHQWV� RI� H[FLWDWLRQ� DQG� IOXRUHV�
FHQFH� VSHFWUD� RI� WKH� VROXWLRQV� DQG� ILOPV
ZHUH� PDGH� RQ� VSHFWURIOXRURPHWHU� )OXRUR�
PD[����+25,%$��-REHQ�,YRQ�,QF���

���5HVXOWV�DQG�GLVFXVVLRQ
�����)OXRUHVFHQFH�HPLVVLRQ

VSHFWUD�RI�36�GRSHG�ZLWK�(X��
FKHODWHV�

7KH� IOXRUHVFHQFH� HPLVVLRQ� VSHFWUD� RI
(X���FKHODWHV�GRSHG�SRO\VW\UHQH�ZLWK�GLIIHU�
HQW� EHQ]HQH� JURXSV� LQ� FRRUGLQDWLRQ� OLJDQGV
XQGHU� H[FLWDWLRQ� DW� ���� QP�� DUH� VKRZQ� LQ
)LJ����

,Q� IOXRUHVFHQFH� VSHFWUD� RI� DOO� FRPSOH[HV
RQH�FDQ�HDVLO\�GLVWLQJXLVK�SHDNV�FRUUHVSRQG�
LQJ� WR� WUDQVLWLRQV� IURP� �'�� OHYHO� WR
VXEOHYHOV� RI� �)���������� WHUPV�� ,W� LV� FOHDUO\VHHQ� WKH� ILQH� VWUXFWXUH� RI� �'��o��)�� OLQHV�FDXVHG�E\��)��PXOWLSOHW�VSOLWWLQJ�E\�FU\VWDOILHOG�RI�OLJDQGV�HQYLURQPHQW�ZKHQ�WKHUH�LV�D
EHQ]HQH� ULQJ� LQ� WKH� FKHODWH� FRPSOH[��7KXV�
LI��'��o��)��OLQH�IRU�(X�$$��3KHQ�FRPSOH[LV� D� ZLGH� VWUXFWXUHOHVV� FRQWRXU� �)LJ�����
WKHQ� LQ� WKH� OLQHV� RI� WKH� VDPH� WUDQVLWLRQ� LQ
(X�'%0��3KHQ�� (X�%$��3KHQ� DQG
(X�%3$��3KHQ� FRPSOH[HV� RQH� FDQ� FOHDUO\GLVWLQJXLVK� ILYH� FRPSRQHQWV� FRUUHVSRQGLQJ
WUDQVLWLRQV�RQ�VXEOHYHOV�VSOLW�E\�WKH�WR�FU\V�
WDO� ILHOG�� 6XFK� FKDUDFWHU� RI� OLQH�V� EHKDYLRU
FDQ�LQGLFDWH�WKDW�VSDWLDO�OD\RXW�RI�OLJDQGV�LQ
(X�$$��3KHQ� FRPSOH[� LV� QRW� IL[HG� DQGXQGHU�SRO\VW\UHQH�PDWUL[� LQIOXHQFH�FDQ�XQ�
GHUJR� VRPH� FKDQJHV��7KHVH� FKDQJHV� OHDG� WR

)LJ�����&KHPLFDO�VWUXFWXUH�RI�(X�FKHODWHV�ZLWK�LQFUHDVLQJ�EHQ]HQH�ULQJ�VXEVWLWXHQWV�OLJDQGV�

)LJ����� )OXRUHVFHQFH� HPLVVLRQ� VSHFWUD� RI� (X
FKHODWHV�GRSHG�36�

$�)�$GDGXURY�HW�DO����)OXRUHVFHQFH�DQG�-XGG�2IHOW����

��� )XQFWLRQDO�PDWHULDOV�������������



FU\VWDO� ILHOG� IOXFWXDWLRQV�ZKLFK� DUH� UHVSRQ�
VLEOH� IRU� QRQXQLIRUP� OLQHV�ZLGHQLQJ��:KHQ
WKH�EHQ]HQH�ULQJ�LV�DGGHG�WR�FKHODWH�OLJDQG�
WKH� VSDWLDO� FRRUGLQDWLRQ� RI� WKH� FRPSOH[� LV
VWDELOL]HG� DV� D� UHVXOW� RI� WKH� SRO\PHU� HQYL�
URQPHQW� LQIOXHQFH�� 7KLV� FDQ� UHGXFH� WKH
QRQXQLIRUP� ZLGHQLQJ� RI� DQ� RSWLFDO� WUDQVL�
WLRQ�OLQH��ZKLFK�XOWLPDWHO\�OHDGV�WR�REVHUYHG
ILQH� VSOLWWLQJ� RI� �'��o��)�� WUDQVLWLRQ� OLQH�)LJ�����

,Q�REVHUYHG�IOXRUHVFHQFH�VSHFWUD�RI�DOO�(X
FRPSOH[HV� WKH� OLQH� RI� �'��o��)�� WUDQVLWLRQLV� FOHDUO\� VHHQ� ZKLOH� LQ� IOXRUHVFHQFH� VSHF�
WUXP� RI� (X�$$��3KHQ� FRPSOH[� LQ� SR�O\PHWK\OPHWDFU\ODWH� SRO\PHU� PHGLD� LW� WR�
WDOO\� DEVHQW� >�@�� ,W� LV�ZHOO� NQRZQ� WKDW� WKLV
WUDQVLWLRQ� RI�(X��� LRQ� LV� HOHFWULF�� DQG�PDJ�
QHWLF�GLSROH� IRUELGGHQ� HYHQ� ZKHQ� FHQWUDO
V\PPHWULF� FU\VWDO� ILHOG� H[LVWV�� 7KH� DSSHDU�
DQFH�RI�WKLV�OLQH�FDQ�EH�FDXVHG�E\�LQIOXHQFH
RI� D� FU\VWDO� ILHOG�ZKLFK�PL[HV� �'�� DQG��)�
VWDWHV�ZLWK�WKRVH�VWDWHV�IRU�ZKLFK�-z��>��@�
8OWLPDWHO\� WKH� LQWHQVLW\� OHYHO� RI� FU\VWDO
ILHOG� LQ� ZKLFK� 5(� LRQ� LV� SODFHG� FDQ� FDXVH
WKH� IRUELGGHQ� WUDQVLWLRQ� DOORZLQJ�� &RPSDU�
LQJ�WR�SRO\VW\UHQH�WKH�SRO\PHU�PHGLD�RI�SR�
O\PHWK\OPHWKDFU\ODWH� KDYH� KLJKHU� SRODULW\�
6XFK�SRODULW\�FDQ�VKLHOG�WKH�FU\VWDO�ILHOG�RI
OLJDQGV� HQYLURQPHQW� DFWLQJ� RQ� WKH� FRRUGL�
QDWH� LRQ��7KLV� VKLHOGLQJ�DFWV� RQ� WKRVH� FRP�
SOH[HV� ZKLFK� OLJDQGV� KDYH� IOH[LEOH� OD\RXW
OLNH�(X�$$��3KHQ�FRPSOH[�

�����-XGG�2IHOW�DQDO\VLV�RI�36
GRSHG�ZLWK�(X���FRPSOH[HV�

)OXRUHVFHQFH� RI� UDUH�HDUWK� LRQV� LV� GHWHU�
PLQHG� E\� LQWHU�FRQILJXUDWLRQ� �IÜ�I� WUDQVL�
WLRQV� ZKLFK� LQLWLDOO\� DUH� HOHFWULFDOO\�GLSROH
IRUELGGHQ�� 7KLV� FDXVHV� WKH� ORZ� LQWHQVLW\� RI
WKHLU� DEVRUSWLRQ� DQG� HPLVVLRQ� OLQHV�� %XW
SRSXODWLRQ� RI� UDUH� HDUWK� LRQ� H[FLWHG� VWDWH
FDQ�EH� VXEVWDQWLYHO\� LQFUHDVHG�E\� LW� FRRUGL�
QDWLRQ� E\� RUJDQLF� OLJDQGV�� ,Q� WKLV� FDVH� WKH
RUJDQLF� OLJDQGV� SOD\� D� UROH� RI� LQWUDPROHFX�
ODU� HQHUJ\� WUDQVIRUPHUV� ZKLFK� SURYLGH� DQ
HIILFLHQW� WUDQVIHU� RI� WKHLU� DEVRUEHG� HQHUJ\
WR�5(�LRQ�DQG�WKHUHIRUH� LQFUHDVH�WKH� LQWHQ�
VLW\�RI�WKHLU�IOXRUHVFHQFH��

7KH�LQWHQVLW\�RI�DEVRUSWLRQ�FDQ�EH�GHWHU�
PLQHG� E\� WUDQVLWLRQ� RVFLOODWRU� VWUHQJWK
ZKLFK�LV�SURSRUWLRQDO�WR�WKH�DUHD�XQGHU�WKH
DEVRUSWLRQ� FXUYH�� 7KH� RVFLOODWRU� VWUHQJWK
FDQ� EH� H[SUHVVHG� LQ� WHUPV� RI�PROHFXODU� H[�
WLQFWLRQ� H�� WUDQVLWLRQ� HQHUJ\� �LQ�ZDYH�QXP�
EHUV��V�DQG�D�PHGLXP�UHIUDFWLRQ�LQGH[�Q�E\
WKH�IROORZLQJ�HTXDWLRQ�>��@��
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7KH�FRHIILFLHQW�RI�PRODU�H[WLQFWLRQ�LV�QRW

JUHDWHU� WKDQ� ���� WKHUHIRUH� WKH� RVFLOODWRUV
VWUHQJWK�LV�DERXW���Ü��

-XGG� >�@� KDV� VKRZHG� WKDW� RVFLOODWRU
VWUHQJWK� RI� HOHFWULF�GLSROH� WUDQVLWLRQ�� LQ�
GXFHG� E\� H[WHUQDO� FU\VWDO� ILHOG�� FDQ� EH� GH�
ILQHG�LQ�WKH�IROORZLQJ�ZD\�

I� � �S�PFZ�K���-����
�Q�������

�Q ¦:O
HYHQO

�IQ<-__8�O�__IQ<-c�
��

$IWHU� GLJLWDOL]DWLRQ� RI� WKH� 5(� LRQ� IXOO
HQHUJ\�PDWUL[�WKH�HLJHQYHFWRUV�<-�IRU�HDFKLRQ�DUH�
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%DVLF� ZDYH� IXQFWLRQV� _IQD/6-®� DUH� XVHG
GLUHFWO\�WR�FDOFXODWH�WKH�YDOXHV�RI�XQLW�LUUH�
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,Q�WKLV�HTXDWLRQ�WKH�YDOXH�
_IQD/6__8��O�__IQDc/c6�� LV�QRZ�GLUHFWO\�FDOFXOD�
EOH� DFFRUGLQJ� WR� WKH� IRUPXODV� SUHVHQWHG
HOVHZKHUH� >��@�� .QRZOHGJH� RI� WKH� LQWHQVLW\
RI� 5(� LRQ� DEVRUSWLRQ� DOORZV� WR� GHWHUPLQH
WKUHH� SDUDPHWHUV�:������ DQG� WR� UHFRQVWUXFWDOO�RSWLFDO�FKDUDFWHULVWLFV�RI�LWV�VSHFWUXP�

$SSO\LQJ� WKLV� DSSURDFK� WR� (X��� LRQ� LV
IDFHG� ZLWK� VRPH� GLIILFXOWLHV�� 7KH� SRLQW� LV
WKDW� WKH�YDOXHV� RI� LUUHGXFLEOH� WHQVRU� RSHUD�
WRUV� __8�O�__��� WKDW� GHWHUPLQHV� WKH� LQWHQVLWLHV
RI� H[FLWHG� HOHFWULF�GLSROH� WUDQVLWLRQV�� IRU
(X���DUH�GLIIHUHQW�IURP�]HUR�RQO\�IRU�D�IHZ
WUDQVLWLRQV��7KHUHIRUH�WKHUH�LV�QR�VXIILFLHQW
QXPEHU� RI� HTXDWLRQV� WR� GHWHUPLQH� WKH� -XGG
SDUDPHWHUV��0RUHRYHU��DPRQJ�WKUHH�SUHVHQWHG
PDWUL[� HOHPHQWV� IRU� DEVRUSWLRQ� EDQGV� IURP
JURXQG� DQG� ILUVW� H[FLWHG� VWDWHV�� HOHPHQW
__8���__�� HTXDOV� WR� ]HUR� �7DEOH�����ZKLFK�PDNHV
LW�LPSRVVLEOH�WKH�:O�IXOO�GHWHUPLQDWLRQ�,Q� IOXRUHVFHQFH� VSHFWUD� WKH� �'��o��)�� LVWKH�PDJQHWLF�GLSROH�SHUPLWWHG� WUDQVLWLRQ�RI
(X��� LRQ�ZLWK� NQRZQ� FDOFXODEOH� YDOXH� RI� WKH
WUDQVLWLRQ� LQWHQVLW\� ZKLFK� LV� HOHFWULFDOO\�GL�
SROH� IRUELGGHQ� �7DEOH����� $W� WKH� VDPH� WLPH
LQWHQVLWLHV� RI� IOXRUHVFHQW� OLQHV� �'��o��)�����DUH� WRWDOO\� GHWHUPLQHG� E\� :O� FRHIILFLHQWV�
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WKHUHIRUH� WKH\� FDQ� VLPSO\� EH� GHWHUPLQHG
IURP��'��o��)��OLQHV�UDWLR�DQG�IOXRUHVFHQFHOLQHV�LQWHQVLWLHV
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)RU� PDJQHWLF�GLSROH� WUDQVLWLRQ� �'��o��)��$UPG� �Q�$PG�� LV� NQRZQ� DQG� HTXDO� WR������VÜ��>��@�
$V�IDU�DV³--�V�GV�e�³-��V�GV� �$UDG-�e�$UPG���

WKHQ� WR�GHWHUPLQH�:O�SDUDPHWHU� LW� LV� VXIIL�FLHQW�WR�REWDLQ�WKH�DUHDV�UDWLR�IURP�IOXRUHV�
FHQFH�VSHFWUD��)LJ������,Q�WKLV�ILJXUH�ZH�FDQ
FOHDUO\�GLVWLQJXLVK�WKH��'��o��)��WUDQVLWLRQ�������FPÜ���� 6LQFH� DOO� GLIIHUHQW� IURP
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