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�
7KLV SDSHU LV GHGLFDWHG WR 3URI� 'U� 'DYRULQ 'RODU RQ RFFDVLRQ RI KLV ��

WK
ELUWKGD\�

5HFHLYHG������������

$EVWUDFW�
7KHUPRG\QDPLFV RI EHUHQLO ELQGLQJ WR SRO\>G�$7�@�SRO\>G�$7�@ DQG SRO\>G�$�@�SRO\>G�7�@

GXSOH[HV LQ QHXWUDO EXIIHU VROXWLRQV ZDV VWXGLHG XVLQJ D FRPELQDWLRQ RI FDORULPHWULF DQG

VSHFWURVFRSLF WHFKQLTXHV� %\ WLWUDWLRQ FDORULPHWU\ ZH IRXQG WKDW DW ��
R
& WKH HQWKDOSLHV RI

EHUHQLO ELQGLQJ WR SRO\>G�$7�@ÂSRO\>G�$7�@ DQG SRO\>G�$�@ÂSRO\>G�7�@ DUH ±���� DQG ����

N-�PRO RI ERXQG GUXJ� UHVSHFWLYHO\� 2XU &' UHVXOWV VKRZ WKDW EHUHQLO ELQGLQJ WR ERWK

GXSOH[HV LV DW ORZ EHUHQLO�'1$ UDWLRV VOLJKWO\ SRVLWLYHO\ FRRSHUDWLYH ZKHUHDV DW KLJKHU

ELQGLQJ GHQVLWLHV LW LV FKDUDFWHUL]HG E\ D FRQVWDQW DIILQLW\ DQG D ELQGLQJ VLWH VL]H� Q� RI � EDVH

SDLUV�EHUHQLO PROHFXOH� %HUHQLO ELQGLQJ WR ERWK SRO\QXFOHRWLGHV ZDV DOVR IROORZHG E\

SHUIRUPLQJ 89 WLWUDWLRQV RI EHUHQLO VROXWLRQV ZLWK '1$ VROXWLRQV DW ��
R

& DQG E\ PHDVXULQJ

WKH 89 PHOWLQJ FXUYHV DW GLIIHUHQW EHUHQLO�'1$ PRODU UDWLRV� )URP 6FDWFKDUG SORWV WKH EHVW

ILW RI H[SHULPHQWDO GDWD ZLWK WKH SUHGLFWLRQV RI WKH QHLJKERU H[FOXVLRQ PRGHO ZDV REWDLQHG

ZLWK .  ������
�
DQG Q  ��� IRU SRO\>G�$7�@�SRO\>G�$7�@ DQG .  ������

�
DQG Q  ��� IRU

SRO\>G�$�@�SRO\>G�7�@� 89 PHOWLQJ H[SHULPHQWV VKRZHG IRU ERWK SRO\QXFOHRWLGHV WKDW DERYH

WKHLU VDWXUDWLRQ ZLWK ERXQG EHUHQLO WKH\ H[KLELW PRQRSKDVLF PHOWLQJ DFFRPSDQLHG E\ D ODUJH

LQFUHDVH LQ 7
P
� ZKHUHDV DW ORZ GUXJ�EDVH SDLU UDWLRV WKHLU PHOWLQJ LV ELSKDVLF� %HUHQLO ELQGLQJ

FRQVWDQWV GHWHUPLQHG DW ��
R
& XVLQJ WKH 7

P
GDWD DQG WKH QHLJKERU H[FOXVLRQ PRGHO DUH .  

������
�
IRU SRO\>G�$7�@�SRO\>G�$7�@ DQG .  ������

�
IRU SRO\>G�$�@�SRO\>G�7�@� )URP WKHVH

. YDOXHV WKH VWDQGDUG IUHH HQHUJLHV RI ELQGLQJ ZHUH GHWHUPLQHG DQG FRPELQHG ZLWK WKH

PHDVXUHG HQWKDOSLHV RI ELQGLQJ WR REWDLQ WKH FRUUHVSRQGLQJ HQWURSLHV RI ELQGLQJ� 7KH

UHVXOWLQJ WKHUPRG\QDPLF ELQGLQJ SURILOHV VKRZ WKDW EHUHQLO ELQGLQJ WR

SRO\>G�$7�@�SRO\>G�$7�@ LV JRYHUQHG E\ DERXW HTXDO HQWKDOSLF DQG HQWURSLF IRUFHV ZKHUHDV

LWV ELQGLQJ WR SRO\>G�$�@�SRO\>G�7�@ LV RYHUZKHOPLQJO\ HQWURS\ GULYHQ�

,QWURGXFWLRQ�

%HUHQLO� �)LJ�� ��� LV� DQ� DQWLWU\SDQRVRPDO� GUXJ
�
� ZKLFK� KDV� EHHQ� IRXQG� WR� ELQG�

UHYHUVLEO\� WR� GRXEOH� KHOLFDO� '1$� SUHGRPLQDQWO\� DW� $7�ULFK� GRPDLQV�
���
� ,W� KDV� EHHQ�

VKRZQ� WKDW� ERXQG� EHUHQLO� GRHV� QRW� FDXVH� XQZLQGLQJ� RI� FORVHG� FLUFXODU� '1$�� 7KLV�

LQGLFDWHV� WKDW� LW�GRHV�QRW� LQWHUFDODWH�EXW�UDWKHU�ELQGV�LQ� WKH�PLQRU�JURRYH�RI�WKH�GRXEOH�

KHOL[
�
��7KH�LQWHUDFWLRQ�RI�EHUHQLO�ZLWK�'1$�KDV�EHHQ�FRQILUPHG�E\�IRRWSULQWLQJ�VWXGLHV�

ZKLFK�KDYH�UHYHDOHG�WKDW�VWURQJ�ELQGLQJ�WDNHV�SODFH�RQO\�ZKHQ�WKH�ELQGLQJ�VHTXHQFHV�DUH�

DW�OHDVW�WKUHH�$7�EDVH�SDLUV�ORQJ�
���
�0ROHFXODU�PRGHOLQJ�VWXGLHV�KDYH�LQGLFDWHG�WKDW�GXH�
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WR�LWV�FRQFDYH�VKDSH�EHUHQLO�PROHFXOH�LV�ZHOO�DFFRPPRGDWHG�E\�WKH�PLQRU�JURRYH�DW�$7�

VHTXHQFHV�ZKHUH�LW�IRUPV�IDYRUDEOH�GLUHFWHG�K\GURJHQ�ERQGV�ZLWK�WKH�EDVHV�
����

��

�

)LJXUH����6WUXFWXUDO�IRUPXOD�RI�EHUHQLO�

�

5HFHQW� ;�UD\� VWXG\� RI� EHUHQLO� FRPSOH[� ZLWK� G�&*&*$$$777&*&*���

ROLJRQXFOHRWLGH� KDV� VKRZQ� WKDW� LQ� VXFK�$�7�� FRPSOH[� EHUHQLO� ELQGV� V\PPHWULFDOO\� LQ�

WKH��
�$$77�UHJLRQ�RI�WKH�PLQRU�JURRYH�ZLWK�ERWK�DPLGLQLXP�JURXSV�K\GURJHQ�ERQGHG�

WR�2���DWRPV�RI�WK\PLQHV�DW�HDFK�HQG�RI�WKH�ELQGLQJ�VLWH�
��
�

6HYHUDO� VWXGLHV� RQ� WKH� GUXJ�'1$� LQWHUDFWLRQV� KDYH� VKRZQ� WKDW� IRU� D� WKRURXJK�

XQGHUVWDQGLQJ� RI� WKH� ELQGLQJ� SURFHVV� ERWK� WKHUPRG\QDPLF� DQG� VWUXFWXUDO� VWXGLHV� DUH�

QHFHVVDU\�
�����

�2QO\� VXFK� FRPSOHPHQWDU\�� SDUDOOHO� VWXGLHV� FDQ�SURYLGH�GDWD� UHTXLUHG� WR�

GHILQH� WKH� QDWXUH� DQG� WKH� UHODWLYH� LPSRUWDQFH� RI� WKH� IRUFHV� WKDW� VWDELOL]H� WKH� '1$�

VWUXFWXUH�DQG�WKH�VWUXFWXUH�RI�WKH�FRUUHVSRQGLQJ�GUXJ�'1$�FRPSOH[HV�
��
�5HFHQWO\��WKUHH�

WKHUPRG\QDPLF� VWXGLHV� RQ� EHUHQLO� ELQGLQJ� WR� WKH� SRO\>G�$7�@�SRO\>G�$7�@� DOWHUQDWLQJ�

FRSRO\PHU�DQG�WKH�SRO\>G�$�@�SRO\>G�7�@�KRPRSRO\PHU�KDYH�EHHQ�UHSRUWHG��,Q� WKH�ILUVW�

RQH�%DUFHOy�DQG�3RUWXJDO
��
�FODLP�WKDW�XSRQ�EHUHQLO�ELQGLQJ�WKH�&'�VSHFWUD�GLVSOD\HG�E\�

SRO\>G�$7�@�SRO\>G�$7�@� UHVHPEOH� WKRVH� REWDLQHG� ZLWK� SRO\>G�$�@�SRO\>G�7�@�� 7KH\�

DVFULEH� WKLV� UHVHPEODQFH� WR� WKH� FRQIRUPDWLRQDO� FKDQJHV� RI� SRO\>G�$7�@�SRO\>G�$7�@�

FDXVHG�E\�WKH�ERXQG�EHUHQLO��)URP�WKH�'6&�GDWD�WKH\�HVWLPDWHG�WKH�HQWKDOSLHV�RI�EHUHQLO�

ELQGLQJ�WR�ERWK�GXSOH[HV��7KH�YDOXH�RI�����N-�PRO�E�G��WKH\�UHSRUW�IRU�EHUHQLO�ELQGLQJ�WR�

KRPRSRO\PHU� LQ� ���P0�1D&O� DW� S+�  � ���� LV� VXEVWDQWLDOO\�PRUH� H[RWKHUPLF� WKDQ� WKH�

FRUUHVSRQGLQJ�YDOXH�RI����N-�PRO�E�G��REWDLQHG�IRU�WKH�DOWHUQDWLQJ�FRSRO\PHU��)RU�WKHVH�

UDWKHU�XQH[SHFWHG�UHVXOWV�QR�H[SODQDWLRQ�KDV�EHHQ�VXJJHVWHG��

,Q�WKH�VHFRQG�VWXG\�6FKPLW]�DQG�+�EQHU
��
�UHSRUW�FRPSOHWH�WKHUPRG\QDPLF�ELQGLQJ�

SURILOHV�IRU�EHUHQLO�ELQGLQJ�WR�SRO\>G�$7�@�SRO\>G�$7�@�DQG�SRO\>G�$�@�SRO\>G�7�@��7KH�

HQWKDOSLHV�RI�ELQGLQJ�WKH\�GHWHUPLQHG�IURP�'6&�GDWD�LQ����P0�1D&O�VROXWLRQV�DW�S+� �

����DUH�����N-�PRO�E�G��IRU�DOWHUQDWLQJ�FRSRO\PHU�DQG�����N-�PRO�E�G��IRU�KRPRSRO\PHU��
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7KHVH� YDOXHV�� DV� ZHOO� DV� WKRVH� UHSRUWHG� E\� %DUFHOy� DQG� 3RUWXJDO�
��
� DUH� KLJKO\�

TXHVWLRQDEOH�VLQFH�WKH\�ZHUH�GHWHUPLQHG�IURP�VPDOO�GLIIHUHQFHV�EHWZHHQ�WKH�KHOL[�WR�FRLO�

WUDQVLWLRQ�HQWKDOSLHV�RI� WKH�GUXJ�ERXQG�DQG�GUXJ�IUHH�GXSOH[HV�
��
�)URP�6FDWFKDUG�SORWV�

WKH\�FRQFOXGHG�WKDW�EHUHQLO�ELQGV�WR�ERWK�SRO\QXFOHRWLGHV�LQ�WZR�GLVWLQFW�PRGHV��RQH�DW�

ORZ� DQG� RQH� DW� KLJK� GUXJ�EDVH� SDLU� PRODU� UDWLR�� 7KH\� FODLP� WKDW� DW� VDWXUDWLRQ� EHUHQLO�

RFFXSLHV� DSSUR[LPDWHO\� WKUHH� EDVH� SDLUV� RI� HLWKHU� RI� WKH� KRVW� GXSOH[HV�� 7KLV� UHVXOW� LV�

FRQVLVWHQW�ZLWK�WKH�YDOXHV�IRU�WKH�FRUUHVSRQGLQJ�EHUHQLO�ELQGLQJ�VLWH�VL]HV�UHSRUWHG�LQ�WKH�

OLWHUDWXUH
��������

DV�ZHOO�DV� LQ� WKLV�VWXG\��%\�FRQWUDVW�� WKH�VL]HV�RI�WKH�ORZ�GUXJ�EDVH�SDLU�

ELQGLQJ�VLWHV�WKH\�REWDLQHG�IURP�6FDWFKDUG�SORWV�DUH�XQUHDVRQDEO\�ODUJH��7KH�UHDVRQ�IRU�

WKLV� LV� YHU\� OLNHO\� DQ� LPSURSHU� FKRLFH�RI� WKH�ZDYHOHQJWK� DW�ZKLFK� WKH� VSHFWUDO�ELQGLQJ�

FXUYHV�ZHUH�FRQVWUXFWHG�DQG�RU�DQ�LQDSSURSULDWH�ILWWLQJ�SURFHGXUH�XVHG�IRU�ILWWLQJ�WKHVH�

ELQGLQJ� FXUYHV�
��
� %\� PHDVXULQJ� WKH� 89� PHOWLQJ� FXUYHV� DQG� DSSO\LQJ� WKH� WKHRUHWLFDO�

WUHDWPHQW� RI� &URWKHUV
��
� WKH\� GHWHUPLQHG� WKH� DSSDUHQW� ELQGLQJ� FRQVWDQWV�� .�� IRU� ERWK�

SRO\QXFOHRWLGHV�DW�GLIIHUHQW�FRQFHQWUDWLRQV�RI�DGGHG�1D&O��)URP�WKH�ORJ.�YV��ORJ>1D
�
@�

SORWV� WKH\� VKRZHG� WKDW� WKH� GLFDWLRQLF� EHUHQLO� ELQGV� WR� ERWK� KRVW� GXSOH[HV� LQ� VXFK� D�

PDQQHU� WKDW� WKH� SUHGLFWHG� UHOHDVH� RI� WZR� FRXQWHULRQV� LV� QRW� DFKLHYHG�
��
� $FFRUGLQJ� WR�

WKHLU� UHVXOWV� WKH� DVVRFLDWLRQ� RI� EHUHQLO� ZLWK� SRO\>G�$7�@�SRO\>G�$7�@� DQG�

SRO\>G�$�@�SRO\>G�7�@� LV�IROORZHG�E\�D�UHOHDVH�RI�����DQG�����FRXQWHULRQV��UHVSHFWLYHO\��

7KH\� DVFULEH� WKH� ODUJHU� QXPEHU� RI� UHOHDVHG� FRXQWHULRQV� REVHUYHG� ZLWK�

SRO\>G�$�@�SRO\>G�7�@� GXSOH[� WR� VWURQJHU� HOHFWURVWDWLF� LQWHUDFWLRQV� EHWZHHQ� EHUHQLO� DQG�

KRPRSRO\PHU�� )LQDOO\�� E\� FRPELQLQJ� WKH� VWDQGDUG� IUHH� HQHUJLHV� RI� ELQGLQJ�� '*%

�
��

REWDLQHG� IURP� .� YDOXHV� GHWHUPLQHG� IRU� KLJK� GUXJ�EDVH� SDLU� ELQGLQJ� PRGHV� ZLWK� WKH�

XQFHUWDLQ� HQWKDOSLHV� RI� ELQGLQJ� GHWHUPLQHG� LQGLUHFWO\� IURP� '6&� PHDVXUHPHQWV� WKH\�

REWDLQHG� WKH� FRUUHVSRQGLQJ� VWDQGDUG� HQWURSLHV� RI� ELQGLQJ��'6%
�
�� ZKLFK� DUH� DOVR� UDWKHU�

XQVDIH��

5HFHQWO\�� %UHVODXHU� HW� DO�
��
� SXEOLVKHG� D� SDSHU� RQ� EHUHQLO� ELQGLQJ� WR�

SRO\>G�$7�@�SRO\>G�$7�@�DQG�SRO\>G�$�@�SRO\>G�7�@�LQ�ZKLFK�WKH\�UHSRUW�WKH�DSSHDUDQFH�

RI�WZR�GLVWLQFWLYH�ELQGLQJ�VLWHV�RQ�HDFK�RI�WKH�PHDVXUHG�GXSOH[HV��RQH�RI�DERXW����DQG�

RQH� RI� DERXW� �� EDVH� SDLUV�ERXQG� EHUHQLO�� 7KH\� VXJJHVW� WKDW� WKH� VPDOOHU� ELQGLQJ� VLWH�

UHIOHFWV�D�VSHFLILF�PL[HG�ELQGLQJ�PRGH�LQ�ZKLFK�EHUHQLO�ELQGV�WR�D�VSHFLILF�'1$�VLWH�YLD�
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PLQRU�JURRYH�ELQGLQJ�DQG�LQWHUFDODWLRQ��)RU�WKH�ELQGLQJ�HYHQW�DVVRFLDWHG�ZLWK�WKH�ODUJHU�

ELQGLQJ� VLWH� WKH\� VXJJHVW� WKDW� LW�PD\� UHIOHFW� DQ�DOORVWHULF�FRQIRUPDWLRQDO�FKDQJH� LQ� WKH�

KRVW�GXSOH[� LQGXFHG�E\� WKH�ERXQG�EHUHQLO��7KH\�DOVR� UHSRUW�ELQGLQJ�FRQVWDQWV� IRU�KLJK�

GUXJ�EDVH� SDLU� ELQGLQJ�PRGH�REWDLQHG� IURP�89�PHOWLQJ� FXUYHV� DQG� WKH� FRUUHVSRQGLQJ�

HQWKDOSLHV�RI�ELQGLQJ�REWDLQHG�IURP�FDORULPHWULF�WLWUDWLRQV��7KHLU�.�YDOXHV�DUH�IRU�DERXW�

RQH� WR� WZR� RUGHUV� RI�PDJQLWXGH� KLJKHU� WKDQ� WKRVH� UHSRUWHG� E\� 6FKPLW]� DQG�+�EQHU
��
�

ZKLOH�WKHLU�HQWKDOSLHV�RI�ELQGLQJ�DUH�VLJQLILFDQWO\�ORZHU��

7KH� VHWV� RI� WKHUPRG\QDPLF� TXDQWLWLHV� WKDW� GHVFULEH� ELQGLQJ� RI� EHUHQLO� WR�

SRO\>G�$7�@�SRO\>G�$7�@� DQG� SRO\>G�$�@�SRO\>G�7�@� GXSOH[HV� �%DUFHOy� DQG� 3RUWXJDO����

6FKPLW]�DQG�+�EQHU
��
�%UHVODXHU�HW�DO�

��
��GLIIHU�VLJQLILFDQWO\�IURP�HDFK�RWKHU��$SSDUHQWO\��

WKHUH� LV� \HW� QR� UHOHYDQW� WKHUPRG\QDPLF� LQIRUPDWLRQ� SHUWLQHQW� WR� WKH� SXWDWLYH�

EHUHQLO�SRO\>G�$7�@�SRO\>G�$7�@� DQG� EHUHQLO�SRO\>G�$�@�SRO\>G�7�@� FRPSOH[HV��)RU� WKLV�

UHDVRQ�� ZH� FDUULHG� RXW� WKH� ZRUN� SUHVHQWHG� KHUH� LQ� ZKLFK� ZH� FRPELQHG� VHYHUDO�

VSHFWURVFRSLF�DQG�FDORULPHWULF�HTXLOLEULXP�ELQGLQJ�VWXGLHV�ZLWK�D�JRDO�WR�XQGHUVWDQG�LQ�

PRUH�GHWDLO�WKH�PHFKDQLVP�WKDW�JRYHUQV�ELQGLQJ�RI�EHUHQLO�WR�'1$��,Q�WKH�ZRUN�UHSRUWHG�

KHUH� WLWUDWLRQ� FDORULPHWU\� DQG� 89�VSHFWURVFRS\� ZHUH� XVHG� WR� HOXFLGDWH� GLUHFWO\� WKH�

WKHUPRG\QDPLFV� RI� EHUHQLO� ELQGLQJ� WR� SRO\>G�$7�@�SRO\>G�$7�@� DQG�

SRO\>G�$�@�SRO\>G�7�@��2XU�UHVXOWV�UHYHDO�WKDW��LQ�FRQWUDVW�WR�SUHYLRXV�VWXGLHV�RI�WKH�VDPH�

V\VWHP�� EHUHQLO� ELQGLQJ� WR� SRO\>G�$7�@�SRO\>G�$7�@� LV� JRYHUQHG� E\� DERXW� WKH� VDPH�

HQWKDOSLF� DQG� HQWURSLF� IRUFHV� ZKHUHDV� ELQGLQJ� WR� SRO\>G�$�@�SRO\>G�7�@� LV�

RYHUZKHOPLQJO\�HQWURS\�GULYHQ�
��
�

�

([SHULPHQWDO�

0DWHULDOV�� 6\QWKHWLF� SRO\QXFOHRWLGHV�� SRO\>G�$7�@�SRO\>G�$7�@� DQG�

SRO\>G�$�@�SRO\>G�7�@� HPSOR\HG� LQ� WKLV� ZRUN� ZHUH� SXUFKDVHG� IURP� 3KDUPDFLD� /.%��

%LRWHFKQRORJ\��8SSVDOD��6ZHGHQ���%HUHQLO�ZDV�REWDLQHG�IURP�6LJPD��6W��/RXLV��8�6�$���

DQG�XVHG�ZLWKRXW�IXUWKHU�SXULILFDWLRQ�
��
�6WRFN�VROXWLRQ�RI�WKH�'1$�SRO\PHUV�DQG�EHUHQLO�

ZHUH�SUHSDUHG� LQ� D�EXIIHU� VROXWLRQ� FRQVLVWLQJ�RI�����P0�PRQREDVLF�1D�SKRVSKDWH�����

P0�GLEDVLF�1D�SKRVSKDWH�DQG���P0�GLVRGLXP�('7$��7KH�S+�RI� WKHVH�VROXWLRQV�ZDV�

����� DQG� WKH� WRWDO� VRGLXP� LRQ� FRQFHQWUDWLRQ� ZDV� FDOFXODWHG� WR� EH� ����� P0��
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&RQFHQWUDWLRQV�RI�'1$�VROXWLRQV�H[SUHVVHG�LQ�PROHV�RI�SKRVSKDWHV�ZHUH�GHWHUPLQHG�DW�

���
R
&� VSHFWURSKRWRPHWULFDOO\� XVLQJ� WKH� IROORZLQJ� H[WLQFWLRQ� FRHIILFLHQWV�

�����
� H���� RI�

SRO\>G�$7�@�SRO\>G�$7�@� ������0��
FP

��
� DQG�H��� RI�SRO\>G�$�@�SRO\>G�7�@� ������0

�

�
FP

��
�� 7KH� FRQFHQWUDWLRQ� RI� EHUHQLO� VROXWLRQV� ZDV� DOVR� GHWHUPLQHG�

VSHFWURSKRWRPHWULFDOO\�XVLQJ�WKH�H[WLQFWLRQ�FRHIILFLHQW�H���� �������0
��
FP

��
��

'XH� WR� WKH� ORZ� VROXELOLW\� RI� EHUHQLO� LQ� SKRVSKDWH� EXIIHU� ZH� SHUIRUPHG� DOO�

FDORULPHWULF�WLWUDWLRQV�LQ�EXIIHU�VROXWLRQ�WKDW�FRQVLVWHG�RI����P0�VRGLXP�FDFRG\ODWH������

P0�1D&O��DQG��P0�1D�('7$�DQG�ZDV�DGMXVWHG�WR�S+������,Q�WKLV�EXIIHU�EHUHQLO�REH\V�

%HHU¶V�ODZ�EHORZ�����P0��ZKLFK�LPSOLHV�WKDW�EHORZ�WKLV�FRQFHQWUDWLRQ�EHUHQLO�GRHV�QRW�

VKRZ�DQ\�QRWLFHDEOH�DVVRFLDWLRQ��

7LWUDWLRQ�FDORULPHWU\��7KH�HQWKDOSLHV�RI�EHUHQLO�ELQGLQJ�WR�SRO\>G�$7�@�SRO\>G�$7�@�

DQG�SRO\>G�$�@�SRO\>G�7�@�ZHUH�GHWHUPLQHG�E\�PHDVXULQJ�WKH�KHDW�HIIHFWV�DFFRPSDQ\LQJ�

VXFFHVVLYH�DGGLWLRQV�RI�EHUHQLO� WLWUDQW�VROXWLRQ�WR�WKH�'1$�VROXWLRQ��7KHVH�FDORULPHWULF�

WLWUDWLRQV�ZHUH�SHUIRUPHG�DW����
R
&�LQ�WKH�7KHUPRPHWULF������PLFURFDORULPHWHU�HTXLSSHG�

ZLWK� D� ��P/� LQVHUWLRQ� WLWUDWLRQ� YHVVHO�� ���P/� DOLTXRWV� RI� EHUHQLO� VROXWLRQ� LQ� FDFRG\OLF�

EXIIHU� �a����P0�� IUHVKO\� SUHSDUHG� IRU� HDFK� H[SHULPHQW�ZHUH� DGGHG� WR� ��P/�RI�'1$�

VROXWLRQ�LQ�WKH�VDPH�EXIIHU��a����P0�LQ�EDVH�SDLUV��WKURXJK�D�����P/�V\ULQJH�RSHUDWHG�

ZLWK� D�SOXQJHU�GULYHQ�E\� D� VWHSSLQJ�PRWRU��7KH� UHIHUHQFH� FHOO�RI� WKH�PLFURFDORULPHWHU�

ZDV� ILOOHG�ZLWK�GLVWLOOHG�ZDWHU�DQG�WKH�LQVWUXPHQW�ZDV�FDOLEUDWHG�E\�PHDQV�RI�D�NQRZQ�

HOHFWULFDO� SXOVH�� ��� LQMHFWLRQV� RI� ���P/�ZHUH� DGGHG� LQ� D� VLQJOH� H[SHULPHQW�� 7KH� DUHD�

XQGHU� WKH� SHDN� WKDW� IROORZV� HDFK� LQMHFWLRQ� LV� SURSRUWLRQDO� WR� WKH� UHVXOWLQJ� KHDW� RI� WKH�

OLJDQG�'1$� LQWHUDFWLRQ�� 7KH� PHDVXUHG� KHDW� HIIHFWV� ZHUH� DURXQG� ���� P-� ZKLOH� WKH�

DFFRPSDQ\LQJ�KHDWV�RI� OLJDQG�DQG�'1$�GLOXWLRQ�ZHUH�RI� WKH�RUGHU�RI�WKH�H[SHULPHQWDO�

HUURU� �|� r��� P-�� DQG� ZHUH� QHJOHFWHG�� 7KH� HQWKDOSLHV� RI� EHUHQLO� ELQGLQJ� WR� ERWK�

SRO\QXFOHRWLGHV��'+%��H[SUHVVHG�SHU�PROH�RI�ERXQG�EHUHQLO�ZHUH�REWDLQHG�IURP�
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ZKHUH�T�LV�WKH�PHDVXUHG�KHDW�HIIHFW��'9�LV�WKH�YROXPH�RI�WKH�DGGHG�EHUHQLO�VROXWLRQ�DQG�

F%�LV�EHUHQLO�PRODU�FRQFHQWUDWLRQ��$OO�FDORULPHWULF�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�DW�WKH�

FDORULPHWHU�DPSOLILHU�VHW�WR����P:��7KH�SHUIRUPDQFH�RI�WKH�FDORULPHWHU�ZDV�FKHFNHG�DW�

WKH� VDPH� H[SHULPHQWDO� FRQGLWLRQV� FKHPLFDOO\� E\� PHDVXULQJ� WKH� KHDW� RI� GLOXWLRQ� RI�

DTXHRXV�VXFURVH�VROXWLRQV��&RPSDULVRQ�RI�H[SHULPHQWDOO\�GHWHUPLQHG�YDOXHV�ZLWK�WKRVH�

REWDLQHG�IURP�OLWHUDWXUH
��
�VKRZHG�DQ�DJUHHPHQW�ZLWKLQ�������

&LUFXODU� 'LFKURLVP� �&'�� 6SHFWURSRODULPHWU\�� &'� VSHFWUD� ZHUH� PHDVXUHG� LQ� DQ�

$9,9�0RGHO���$�'6�VSHFWURSRODULPHWHU� �$YLY�$VVRFLDWHV��/DNHZRRG��1�-���HTXLSSHG�

ZLWK�D� WKHUPRHOHFWULFDOO\�FRQWUROOHG�FHOO�KROGHU�DQG�D�FXYHWWH�RI���FP�SDWK� OHQJWK��&'�

WLWUDWLRQV�ZHUH�FRQGXFWHG�DW�����&�E\�LQFUHPHQWDOO\�LQMHFWLQJ����������P/�DOLTXRWV�RI�����

P0�EHUHQLO�VROXWLRQ� LQWR�D���PO�RI����P0��LQ�EDVH�SDLUV��GXSOH[�VROXWLRQ� LQ� WKH�VDPH�

EXIIHU��$IWHU� HDFK� LQMHFWLRQ�&'� VSHFWUXP�ZDV� UHFRUGHG�EHWZHHQ�����QP�DQG�����QP��

DQG� QRUPDOL]HG� WR� ��0� �EDVH� SDLU�� GXSOH[� FRQFHQWUDWLRQ� DQG� �� FP�RSWLFDO� SDWK� OHQJWK�

�)LJ���%��&��
�����

��

89�DEVRUEDQFH�VSHFWURVFRS\��7KH�89�DEVRUEDQFH�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�LQ�

D� WKHUPRHOHFWULFDOO\� FRQWUROOHG� &DU\� �� VSHFWURSKRWRPHWHU�� 7R� DFFHVV� WKH� HIIHFW� RI� WKH�

ERXQG�EHUHQLO�RQ�WKH�WKHUPDO�VWDELOLW\�RI�WKH�WZR�GXSOH[HV�89�PHOWLQJ�H[SHULPHQWV�ZHUH�

FRQGXFWHG�LQ�WKH�DEVHQFH�DQG�SUHVHQFH�RI�EHUHQLO��$EVRUEDQFH�DW�����QP�ZDV�PHDVXUHG�

DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�DW�WKH�KHDWLQJ�UDWH�RI������&�PLQ��7KH�FRQFHQWUDWLRQ�RI�HDFK�

SRO\QXFOHRWLGH�ZDV� DURXQG� ���P0� LQ� EDVH� SDLUV�ZKLOH� FRQFHQWUDWLRQ� RI� EHUHQLO� YDULHG�

IURP���WR�DERXW����P0��

2SWLFDO�WLWUDWLRQV�LQ�ZKLFK����P/�DOLTXRWV�RI�FRQFHQWUDWHG�'1$�VWRFN�VROXWLRQ�ZHUH�

DGGHG� LQFUHPHQWDOO\� WR�D�EHUHQLO� VROXWLRQ�XQWLO�QR�IXUWKHU�FKDQJH�LQ�EHUHQLO�DEVRUEDQFH�

ZDV�REVHUYHG�ZHUH�SHUIRUPHG�LQ�EXIIHU�VROXWLRQV�DW����
R
&��7KH�DEVRUEDQFH�VSHFWUD�ZHUH�

FRUUHFWHG� IRU� VPDOO� GLOXWLRQ� HIIHFWV� VR� WKDW� WKH\� UHIHU� WR� D� FRQVWDQW� FRQFHQWUDWLRQ� RI�

EHUHQLO� LQ� WKH� PHDVXUHG� VROXWLRQV�� %HORZ� WKH� '1$� VDWXUDWLRQ� ZLWK� WKH� ERXQG� EHUHQLO�

VXFK�FRQVWDQW�PRODULW\�RI�EHUHQLO��F���FDQ�EH�H[SUHVVHG�DV��

�
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ZKHUH�F�LV�WKH�PRODULW\�RI�WKH�IUHH�EHUHQLO�LQ�VROXWLRQ��U�GHQRWHV�WKH�QXPEHU�RI�PROHV�RI�

EHUHQLO� ERXQG� SHU� PROH� RI� '1$� EDVH� SDLUV� DQG� F'� LV� WKH� '1$� FRQFHQWUDWLRQ� LQ� WKH�

VROXWLRQ�H[SUHVVHG�DV�PRODULW\�RI�EDVH�SDLUV��,I�DW�JLYHQ�ZDYHOHQJWK�ERWK�IUHH�DQG�ERXQG�

OLJDQG� REH\� %HHU
V� ODZ� RYHU� WKH� H[SHULPHQWDO� FRQFHQWUDWLRQ� UDQJH�� LI� WKH� H[WLQFWLRQ�

FRHIILFLHQW�RI� WKH�ERXQG�GUXJ�UHPDLQV�FRQVWDQW�ZLWK�YDU\LQJ�U��DQG�LI�WKH�SRO\PHU�GRHV�

QRW� DEVRUE� DW� WKLV� ZDYHOHQJWK�� WKH� PHDVXUHG� DEVRUEDQFH�� $�� FDQ� EH� WKURXJKRXW� WKH�

WLWUDWLRQ�H[SHULPHQW�H[SUHVVHG�DV��
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ZKHUH� $I� DQG� $E� DUH� WKH� DEVRUEDQFHV� RI� WKH� IUHH� DQG� ERXQG� EHUHQLO� DW� PRODULW\� F���

UHVSHFWLYHO\�� 6LQFH� RXU�PHDVXUHPHQWV� KDYH� VKRZQ� WKDW� WKHVH� FRQGLWLRQV�ZHUH� IXOILOOHG�

�)LJ�����LW�IROORZV�IURP�HTV����DQG���WKDW�
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$V�FDQ�EH�VHHQ�IURP�)LJ���� WKH�DEVRUSWLRQ�VSHFWUD�RI�VROXWLRQV�FRQWDLQLQJ�FRQVWDQW�

FRQFHQWUDWLRQ� RI� EHUHQLO� DQG� YDU\LQJ� FRQFHQWUDWLRQV� RI� SRO\>G�$7�@�SRO\>G�$7�@� RU�

SRO\>G�$�@�SRO\>G�7�@� VKRZ� D� SURJUHVVLYH� VKLIW� LQ� EHUHQLO� VSHFWUXP� IURP� D� SHDN� DW�

DURXQG�����QP�IRU�D�IUHH�GUXJ�WR�D�SHDN�DW�DURXQG�����QP�IRU�WKH�IXOO\�ERXQG�GUXJ��7KH�

ELJJHVW� FKDQJH� LQ� EHUHQLO
V� DEVRUEDQFH� RFFXUV� DURXQG� ���� QP�� DQG� IRU� WKLV� UHDVRQ� WKH�

DEVRUEDQFH�PHDVXUHPHQWV�DW�WKLV�ZDYHOHQJWK�ZHUH�XVHG�WR�FDOFXODWH�U�DQG�F�IURP�HT�����
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�

)LJXUH� ��� 3DQHO�$� ��89�DEVRUEDQFH� VSHFWUD� DW� FRQVWDQW� WRWDO� EHUHQLO� FRQFHQWUDWLRQ� RI�

�����P0�DV�D�IXQFWLRQ�RI�WKH�GUXJ�'1$�UDWLR�YDU\LQJ�EHWZHHQ�����DQG�����WRJHWKHU�ZLWK�

WKH�VSHFWUD�RI�IUHH�EHUHQLO��)���QR�'1$�SUHVHQW��DQG�IXOO\�ERXQG�EHUHQLO��%�±�H[FHVV�RI�

'1$���3DQHO�%���89�WLWUDWLRQ�FXUYH�FRQVWUXFWHG�DW�����QP�IURP�ZKLFK�WKH�ELQGLQJ�VLWH�

VL]H��UVDW� LV� HVWLPDWHG��$OPRVW� LGHQWLFDO� DEVRUSWLRQ�VSHFWUD�DQG�89�WLWUDWLRQ�FXUYH�ZHUH�

GHWHUPLQHG�ZLWK�EHUHQLO�ELQGLQJ�WR�SRO\>G�$�@�SRO\>G�7�@��
�

�

�

�

�

)LQDOO\�� WKHUPDO� VWDELOLW\� RI� WKH� GUXJ�IUHH� DQG� GUXJ�ERXQG� GXSOH[HV�ZDV� HVWLPDWHG�

IURP� WKH� FRUUHVSRQGLQJ� 89�PHOWLQJ� FXUYHV� ZKLFK� ZHUH� PHDVXUHG� LQ� EXIIHU� VROXWLRQV�
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ZLWK� DQG� ZLWKRXW� DGGHG� 1D&O� DW� O�  � ���� QP�� DW� WKH� WHPSHUDWXUH� VFDQQLQJ� UDWH� RI�

���Â
R
&�PLQ�DQG�DW�WKH�KROG�WLPH�RI���PLQXWHV��

�

5HVXOWV�DQG�GLVFXVVLRQ�

%LQGLQJ�RI�EHUHQLO�WR�WKH�WZR�GXSOH[HV�ZDV�FKDUDFWHUL]HG�E\�PHDVXULQJ�WKH�EHUHQLO�

LQGXFHG�&'�VSHFWUD� LQ� WKH�ZDYHOHQJWK� UDQJH�EHWZHHQ�����DQG�����QP� �)LJ�� �$���7KH�

LQGXFHG�&'�VLJQDOV�UHVXOWLQJ�IURP�WKH�OLJDQG�GXSOH[�FRPSOH[DWLRQ�ZHUH�XVHG�WR�PRQLWRU�

WKH�EHUHQLO�'1$�ELQGLQJ�PRGHV��7R�VHH�WKHVH�&'�VSHFWUDO�DOWHUQDWLRQV�PRUH�FOHDUO\�WKH�

PHDVXUHG� &'� VSHFWUD� DUH� SUHVHQWHG� DOVR� LQ� D� IRUP� RI� GLIIHUHQFH� VSHFWUD� LQ�ZKLFK� WKH�

'1$�VSHFWUDO�FRQWULEXWLRQV�DUH�VXEWUDFWHG�RXW��)LJ���%���

,QVSHFWLRQ� RI� &'� VSHFWUD� SUHVHQWHG� LQ� )LJ�� �$� UHYHDOV� WKH� DEVHQFH� RI� GLVFUHWH�

LVRHOOLSWLF� SRLQWV� IRU� ERWK� EHUHQLO�'1$� FRPSOH[HV� ZKLOH� WKH� FRUUHVSRQGLQJ� VLQJOH�

ZDYHOHQJWK�&'�WLWUDWLRQ�FXUYHV�VKRZ�WZR�LQIOHFWLRQ�SRLQWV��)LJ���&���7KH�RQH�DW�U�|������

FRUUHVSRQGV� WR� DERXW� ��� EDVH� SDLUV�ERXQG� EHUHQLO� DQG� WKH� RWKHU� DW� U�|� ����� WR� �� EDVH�

SDLUV�ERXQG� EHUHQLO�� 7KHVH� YDOXHV� DJUHH� YHU\�ZHOO�ZLWK� WKH� FRUUHVSRQGLQJ� ELQGLQJ� VLWH�

VL]HV� GHWHUPLQHG� IURP� &'� WLWUDWLRQV� E\� %UHVODXHU� HW� DO�
��
� (YLGHQWO\�� RXU� &'� ELQGLQJ�

LVRWKHUPV�PHDVXUHG�DW�����QP��)LJ��&��VKRZ�WKDW� LQWHUDFWLRQ�RI�EHUHQLO�ZLWK�HLWKHU�RI�

WKH�WZR�GXSOH[HV�GLVSOD\V�DW�ORZ�U�YDOXHV�D�SRVLWLYH�FRRSHUDWLYLW\�ZKLFK�LV�DFFRUGLQJ�WR�

WKH� VPDOO� FKDQJHV� RI� WKH� w�'>T@��wU� VORSHV� UDWKHU� ZHDN�� 7KLV� REVHUYDWLRQ� PD\� EH�

H[SODLQHG�LQ�WHUPV�RI�WKH�DOORVWHULF�ELQGLQJ�PRGHO�DFFRUGLQJ�WR�ZKLFK�WKH�LQLWLDO�ELQGLQJ�

RI�EHUHQLO�PROHFXOHV��DW�U��������ZLWKLQ�WKH�DOO�$7�PLQRU�JURRYH�LQGXFHV�FRQYHUVLRQ�RI�

WKH� KRVW� GXSOH[� LQWR� D� QHZ� FRQIRUPDWLRQ� ZKLFK� ELQGV� EHUHQLO� PRUH� VWURQJO\� WKDQ� WKH�

LQLWLDO�GXSOH[�FRQIRUPDWLRQ��7KH�VXJJHVWHG�H[SODQDWLRQ�LV�FRQVLVWHQW�ZLWK�WKH�UHVXOWV�RI�

FU\VWDOORJUDSKLF�VWXGLHV�RI�EHUHQLO�FRPSOH[HG�WR�WKH�ROLJRQXFOHRWLGHV�ZKLFK�KDYH�VKRZQ�

WKDW� ELQGLQJ� RI� EHUHQLO� WR�$7� UHJLRQV� LQ�'1$� UHVXOWV� LQ� VOLJKW�ZLGHQLQJ� RI� WKH�PLQRU�

JURRYH�DQG�FRQVHTXHQWO\�LQ�PRUH�HIIHFWLYH�ELQGLQJ�
��
�7KHVH�VWXGLHV�KDYH�DOVR�VKRZQ�WKDW�

ERXQG� EHUHQLO� RYHUODSV� IRXU� $7� EDVH� SDLUV� ZKLFK� FRUUHVSRQGV� WR� WKH� LQIOHFWLRQ� SRLQW�

REVHUYHG�DW�U�|������RQ�WKH�PHDVXUHG�&'�WLWUDWLRQ�FXUYHV��$V�FDQ�EH�VHHQ�IURP�)LJ���RXU�

&'� GDWD� GR� QRW� DOORZ� RQH� WR� UHVROYH� XQDPELJXRXVO\� WKH� PRODU� HOOLSWLFLWLHV� WR� WKH�

GLIIHUHQW�ERXQG�IRUPV�RI�EHUHQLO��7KHUHIRUH�WKH\�FDQQRW�EH�XVHG�WR�FRQVWUXFW�6FDWFKDUG�

SORWV�IURP�ZKLFK�RQH�FRXOG�REWDLQ�WKH�FRUUHVSRQGLQJ�ELQGLQJ�FRQVWDQWV��,Q�SULQFLSOH��WKH�
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&'� WLWUDWLRQ� FXUYHV� FRXOG� EH� GLVFXVVHG� LQ� WHUPV� RI� D� VLPSOH� ELQGLQJ� PRGHO� ZKLFK�

DVVXPHV� WKH� GXSOH[� PROHFXOHV� WR� KDYH� WZR� LQGHSHQGHQW� ELQGLQJ� VLWHV�� HDFK� ZLWK� LWV�

FKDUDFWHULVWLF� ELQGLQJ� FRQVWDQW�.�� DQG�.���8QIRUWXQDWHO\�� WKH�.�� DQG�.�� YDOXHV� FDQ�EH�

HVWLPDWHG�IURP�WKH�PRGHO�DQDO\VLV�RI�WKH�PHDVXUHG�&'�WLWUDWLRQ�FXUYHV�RQO\�LI�WKH�PRODU�

HOOLSWLFLWLHV� RI� GUXJ� FRPSOH[HV� ZLWK� WKH� ILUVW� DQG� WKH� VHFRQG� ELQGLQJ� VLWH� GLIIHU�

VXEVWDQWLDOO\�
�����

�D�FRQGLWLRQ�WKDW�LV�QRW�IXOILOOHG�IRU�WKH�VWXGLHG�EHUHQLO�'1$�FRPSOH[HV��
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)LJXUH� ��� %RXQG� EHUHQLO� LQGXFHG�&'� VSHFWUD� �SDQHO�$��� WKH� FRUUHVSRQGLQJ�PRODU�&'�

GLIIHUHQFH�VSHFWUD��SDQHO�%��DQG�WKH�ELQGLQJ�LVRWKHUP�DW�����QP��SDQHO�&��PHDVXUHG�IRU�

EHUHQLO� ELQGLQJ� WR� SRO\>G�$�@�SRO\>G�7�@� DW� U� YDU\LQJ� EHWZHHQ� �� DQG� �����:LWK� EHUHQLO�

ELQGLQJ�WR�SRO\>G�$7�@�SRO\>G�$7�@�DOPRVW�LGHQWLFDO�&'�UHVXOWV�ZHUH�REWDLQHG��
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2XU� FDORULPHWULF� WLWUDWLRQV� KDYH� VKRZQ� IRU� ERWK� SRO\QXFOHRWLGHV� �)LJ� ��� WKDW� KHDW�

HIIHFWV� DFFRPSDQ\LQJ� HDFK� LQMHFWLRQ� RI� EHUHQLO� VROXWLRQ� LQWR� '1$� VROXWLRQ� FDQ� EH�

GHWHFWHG�RQO\�EHORZ�U� �������7KH�ELQGLQJ�HQWKDOSLHV��'+%��ZHUH�REWDLQHG�DV�DQ�DYHUDJH�

RI�WKH�ILUVW�WZR�DOPRVW�LGHQWLFDO�SHDNV�GHWHUPLQHG�DW�ORZ�U�YDOXHV�DW�ZKLFK�SUDFWLFDOO\�DOO�

RI�WKH�DGGHG�EHUHQLO�VKRXOG�EH�ERXQG�FRQVLGHULQJ�WKH�SRO\QXFOHRWLGH�FRQFHQWUDWLRQV�DQG�

YDOXHV�RI�EHUHQLO�ELQGLQJ�FRQVWDQWV���
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)LJXUH� ��� &DORULPHWULF� WLWUDWLRQ� DW� ��� �&� SUHVHQWLQJ� WKH� KHDW� HIIHFWV� PHDVXUHG� DW�

VXFFHVVLYH�LQMHFWLRQV�RI�EHUHQLO�VROXWLRQ�LQWR�WKH�SRO\>G�$7�@�SRO\>G�$7�@�VROXWLRQ�LQ�WKH�
VDPH�VROYHQW�

7KH� '+%� YDOXH� RI� ±����� N-�PRO� E�G�� REWDLQHG� IRU� EHUHQLO� ELQGLQJ� WR�

SRO\>G�$7�@�SRO\>G�$7�@�LV�YHU\�FORVH�WR�WKH�'+%�YDOXH�RI�±�����N-�PRO�E�G��GHWHUPLQHG�

IURP� FDORULPHWULF� WLWUDWLRQV� E\� %UHVODXHU� HW� DO�
��
� %\� FRQWUDVW�� WKH� HQWKDOS\� RI� EHUHQLO�

ELQGLQJ�WR�WKH�KRPRSO\PHU�SRO\>G�$�@�SRO\>G�7�@�GHWHUPLQHG�LQ�WKLV�ZRUN�LV������N-�PRO�

E�G��DQG�GLIIHUV�HYHQ�LQ�VLJQ�IURP�WKH�FRUUHVSRQGLQJ�YDOXH�RI�±����N-�PRO�E�G��UHSRUWHG�

E\�%UHVODXHU�HW�DO�
��
�:H�KDYH�QR�H[SODQDWLRQ�IRU�WKLV�GLVFUHSDQF\��$OO�ZH�FDQ�VD\�LV�WKDW�

ZH�UHSHDWHG�WKH�WLWUDWLRQV�RI�SRO\>G�$�@�SRO\>G�7�@�PDQ\�WLPHV�DQG�WKDW�ZH�DOZD\V�XVHG�

IUHVKO\� SUHSDUHG� EHUHQLO� VROXWLRQV�� 7KH� '+%� YDOXHV� REWDLQHG� IURP� WKHVH� H[SHULPHQWV�

ZHUH� DOZD\V� HQGRWKHUPLF� DQG� YDULHG�ZLWKLQ�r����RI� WKH� UHSRUWHG� YDOXH�� ,W� VKRXOG� EH�

QRWHG�� KRZHYHU�� WKDW� VLPLODU� GLIIHUHQFHV� LQ� DVVRFLDWLRQ�HQWKDOSLHV� IRU� OLJDQG�ELQGLQJ� WR�

SRO\>G�$7�@�SRO\>G�$7�@� YHUVXV� SRO\>G�$�@�SRO\>G�7�@� KDYH� EHHQ� REVHUYHG� ZLWK� VRPH�

RWKHU� PLQRU� JURRYH� ELQGHUV�
�����������

� )RU� H[DPSOH�� IRU� GDXQRP\FLQ� ELQGLQJ� WR� WKH�
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DOWHUQDWLQJ� DQG� KRPRSRO\PHULF� $7� GXSOH[HV� WKH� UHSRUWHG� '+%� YDOXHV� GHWHUPLQHG�

FDORULPHWULFDOO\� DUH�±�����N-�PRO�E�G�� DQG������N-�PRO�E�G��� UHVSHFWLYHO\�
��
� ,W� KDV�EHHQ�

SURSRVHG�WKDW�LQ�LWV�GUXJ�IUHH�VWDWH�SRO\>G�$�@�SRO\>G�7�@�DVVXPHV�D�QRQ�%�FRQIRUPDWLRQ�

ZKLFK� LV� VXEVWDQWLDOO\� PRUH� K\GUDWHG� WKDQ� WKH� VWDQGDUG� %�IRUP� GRXEOH� KHOL[� RI�

SRO\>G�$7�@�SRO\>G�$7�@��)XUWKHUPRUH��LW�KDV�EHHQ�VXJJHVWHG�WKDW�XSRQ�GUXJ�ELQGLQJ�WKLV�

DOWHUHG�FRQIRUPDWLRQ�RI�SRO\>G�$�@�SRO\>G�7�@�LV�FRQYHUWHG�WR�QRUPDO�%�FRQIRUPDWLRQ��,Q�

OLQH�ZLWK�WKLV�IHDWXUH��WKH�WKHUPRG\QDPLFV�IRU�GUXJ�ELQGLQJ�WR�WKH�SRO\>G�$�@�SRO\>G�7�@�

GXSOH[�DW����
R
&�KDV�EHHQ�VKRZQ�WR�EH�RYHUZKHOPLQJO\�HQWURS\�GULYHQ�FRPSDUHG�WR�WKH�

SRO\>G�$7�@�SRO\>G�$7�@�GXSOH[��7KLV�GLIIHUHQFH�KDV�EHHQ�UDWLRQDOL]HG�E\�SURSRVLQJ�WKDW�

GUXJ� ELQGLQJ� WR� PRUH� K\GUDWHG� SRO\>G�$�@�SRO\>G�7�@� UHVXOWV� LQ� ODUJHU� TXDQWLW\� RI� WKH�

GLVSODFHG� ZDWHU� DQG� LV� WKHUHIRUH� UHIOHFWHG� LQ� OHVV� H[RWKHUPLF� RU� HYHQ� HQGRWKHUPLF�

HQWKDOSLHV�RI�ELQGLQJ� DQG� LQ�PXFK�PRUH�SRVLWLYH�HQWURSLHV�RI�ELQGLQJ�
��
�7KH�SURSRVHG�

H[SODQDWLRQ� KDV� EHHQ� VXSSRUWHG� E\� VHYHUDO� YROXPHWULF� VWXGLHV�ZKLFK� FOHDUO\� VKRZ� WKDW�

OLJDQG� ELQGLQJ� WR� WKH� KRPRSRO\PHULF� GXSOH[� LV� DFFRPSDQLHG� E\� D� VLJQLILFDQWO\� ODUJHU�

LQFUHDVH�LQ�YROXPH�WKDQ�ELQGLQJ�WR�WKH�KHWHURSRO\PHULF�GXSOH[�
�����

�

%HUHQLO�ELQGLQJ�WR�WKH�WZR�GXSOH[HV�ZDV�IROORZHG�DOVR�E\�PHDQV�RI�89�WLWUDWLRQV�LQ�

ZKLFK� DEVRUEDQFH�RI� WKH� VROXWLRQ�ZLWK� FRQVWDQW�EHUHQLO� FRQFHQWUDWLRQ�ZDV�PHDVXUHG�DW�

����QP�DQG����
R
&�DV�D�IXQFWLRQ�RI�WKH�GUXJ�EDVH�SDLU�PRODU�UDWLR��U��6DWXUDWLRQ�YDOXH�RI�

WKLV� UDWLR�� UVDW��ZKLFK� FRUUHVSRQGV� WR� D�SRLQW� DW�ZKLFK� WKH� DGGHG�'1$� LV� MXVW� VDWXUDWHG�

ZLWK� WKH� ERXQG� EHUHQLO� �)LJ�� ���� LV� UHODWHG� WR� WKH� ELQGLQJ� VLWH� VL]H� RU� VR� FDOOHG� ³VLWH�

H[FOXVLRQ� SDUDPHWHU´� Q� DV� Q�  � ��UVDW�� 7KH� VWRLFKLRPHWULF� UDWLRV� IRU� WKH� EHUHQLO�'1$�

FRPSOH[HV� DQG� WKH� FRUUHVSRQGLQJ� VLWH� H[FOXVLRQ� SDUDPHWHUV�ZHUH� GHWHUPLQHG� IRU� HDFK�

GXSOH[�IURP�WKH�LQWHUVHFWLRQ�RI�WKH�WZR�VWUDLJKW�OLQH�SRUWLRQV�RI�WKH�WLWUDWLRQ�FXUYH��7KH�

UHVXOWLQJ�Q�YDOXHV�RI�����IRU�SRO\>G�$7�@�SRO\>G�$7�@�DQG�����IRU�SRO\>G�$�@�SRO\>G�7�@�

DUH� YHU\� UHSURGXFLEOH� DQG� LQ� JRRG� DJUHHPHQW� ZLWK� WKH� YDOXHV� REWDLQHG� IURP�

IRRWSULQWLQJ�
���
�PROHFXODU�PRGHOLQJ

����
�DQG�;�UD\�VWUXFWXUDO

�������
�VWXGLHV��7KH\�DJUHH�ZHOO�

DOVR� ZLWK� WKH� Q� YDOXHV� REWDLQHG� IURP� WKH� LQIOHFWLRQ� SRLQWV� RI� WKH� FRUUHVSRQGLQJ� &'�

WLWUDWLRQ�FXUYHV�REVHUYHG�DW�KLJK�GUXJ��'1$�GHQVLWLHV��,QVSHFWLRQ�RI�89�WLWUDWLRQ�FXUYHV�

DOVR� VKRZV� WKDW� HDFK� RI� WKHP� LV� FKDUDFWHUL]HG� E\� D� VLQJOH� LQIOHFWLRQ� SRLQW�� (YLGHQWO\��

IURP�WKHVH�FXUYHV�QR�FRRSHUDWLYLW\�LQ�EHUHQLO�ELQGLQJ�DW�ORZ�U�YDOXHV�FDQ�EH�GHWHFWHG��)RU�
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WKLV� UHDVRQ� ZH� WULHG� WR� LQWHUSUHW� EHUHQLO� ELQGLQJ� WR� WKH� KRVW� GXSOH[HV� LQ� WHUPV� RI� WKH�

6FDWFKDUG
��
� SORW�� U�F� YV�� U�� LQ� ZKLFK� �)LJ�� ��� U� DQG� F� YDOXHV� ZHUH� REWDLQHG� IURP� WKH�

DEVRUEDQFH�PHDVXUHPHQWV��HTV����DQG�����

�

�

)LJXUH� ��� 6FDWFKDUG� SORW� IRU� ELQGLQJ� RI� EHUHQLO� WR� SRO\>G�$7�@�SRO\>G�$7�@�� )XOO� OLQH�
UHSUHVHQWV�WKH�EHVW�ILW�RI�WKH�PRGHO�IXQFWLRQ��HT�����WR�H[SHULPHQWDO�GDWD��x���6LPLODU�SORW�
ZDV�REWDLQHG�DOVR�IRU�EHUHQLO�ELQGLQJ�WR�SRO\>G�$�@�SRO\>G�7�@�

�

([SHULPHQWDO� GDWD� ZHUH� DQDO\]HG� LQ� WHUPV� RI� WKH� 0F*KHH�YRQ� +LSSHO
V� WKHRU\�

ZKLFK��SURYLGHG�WKDW�WKHUH�LV�QR�FRRSHUDWLYLW\�LQ�WKH�OLJDQG�ELQGLQJ�WR�WKH�'1$�ODWWLFH��

GHVFULEHV�WKH�ELQGLQJ�SURFHVV�DV�
��

�

U
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ZKHUH�.� LV� WKH�LVRODWHG�VLWH�ELQGLQJ�FRQVWDQW�DQG�Q�LV�WKH�H[FOXVLRQ�SDUDPHWHU��3DUWV�RI�

WLWUDWLRQ� FXUYHV� UHIHULQJ� WR� WKH� U� YDOXHV� EHORZ� WKH� '1$� VDWXUDWLRQ� ZHUH� FRQYHUWHG� WR�

6FDWFKDUG�SORWV� �)LJ�� ��� XVLQJ� WKH� HT�� ���7KH� VROLG� OLQHV� LQ� WKHVH�SORWV�ZHUH� FDOFXODWHG�

IURP� HT�� �� XVLQJ� D� QRQOLQHDU� OHDVW�VTXDUH� ILWWLQJ� RI� HT�� �� WR� WKH� H[SHULPHQWDO�U�F� YV��U�

GDWD��7KH�EHVW�ILW�ZDV�REWDLQHG�ZLWK�.� ����Â��
�
�DQG�Q� �����IRU�SRO\>G�$7�@�SRO\>G�$7�@�

DQG�ZLWK�.� ����Â��
�
�DQG�Q� �����IRU�SRO\>G�$�@�SRO\>G�7�@��,W�VKRXOG�EH�QRWHG�WKDW�WKHVH�

Q� YDOXHV� DJUHH� ZHOO� ZLWK� WKRVH� REWDLQHG� DW� KLJK� U� YDOXHV� IURP� &'� DQG� 89� WLWUDWLRQ�

FXUYHV��

7KH�EHUHQLO�'1$�GXSOH[�ELQGLQJ�FRQVWDQWV�ZHUH�HVWLPDWHG�DOVR�IURP�WKH�PHDVXUHG�

89�PHOWLQJ�FXUYHV��)LJ������

�

�

)LJXUH����89�PHOWLQJ�FXUYHV�RI�OLJDQG�IUHH�SRO\>G�$�@�SRO\>G�7�@��FXUYH�$��U� ����������
SRO\>G�$�@�SRO\>G�7�@ SDUWLDO\� VDWXUDWHG� ZLWK� EHUHQLO� �FXUYHV�� %� �U�  � �������� &� �U�  �
�������� '� �U�  � �������� DQG� SRO\>G�$�@�SRO\>G�7�@� FRPSOHWHO\� VDWXUDWHG� ZLWK� EHUHQLO�
�FXUYH�(��U� ����������7KHVH�89�PHOWLQJ�FXUYHV�DUH�YHU\�FORVH�WR� WKRVH�PHDVXUHG�ZLWK�

EHUHQLO�ELQGLQJ�WR�SRO\>G�$7�@�SRO\>G�$7�@��QRW�VKRZQ�KHUH����
�
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8VLQJ�WKH�WKHRUHWLFDO�WUHDWPHQW�RI�&URWKHUV
��
�DQG�DVVXPLQJ�WKDW�EHUHQLO�ELQGV�RQO\�WR�

VHSDUDWH��QRQLQWHUDFWLQJ�VLWHV�RQ�WKH�'1$�ODWWLFH�RI�WKH�LQLWLDO�GXSOH[�VWDWH��RQH�REWDLQV�

WKDW�DW�VDWXUDWLRQ�
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ZKHUH�7P
I
�DQG�7P

E
�DUH�WKH�PHDVXUHG�PHOWLQJ�WHPSHUDWXUHV�RI�WKH�EHUHQLO�IUHH�DQG�EHUHQLO�

ERXQG�GXSOH[HV�DW�ZKLFK�RQH�KDOI�RI�WKH�'1$�PROHFXOHV�XQGHUJRHV�KHOL[�FRLO�WUDQVLWLRQ��

Q�LV�WKH�VLWH�H[FOXVLRQ�SDUDPHWHU�H[SUHVVHG�DV�WKH�QXPEHU�RI�EDVH�SDLUV�FRYHUHG�E\�HDFK�

ERXQG�EHUHQLO�PROHFXOH��'+KoF� LV�WKH�KHOL[�FRLO�WUDQVLWLRQ�HQWKDOS\�SHU�EDVH�SDLU�RI�WKH�

GUXJ�IUHH�GXSOH[��.DSS�LV�WKH�DSSDUHQW�GUXJ�GXSOH[�ELQGLQJ�FRQVWDQW�DW�7P
E
��F�UHSUHVHQWV�

WKH�FRQFHQWUDWLRQ�RI�WKH�IUHH�EHUHQLO�DW�7P
E
�DQG�5�LV�WKH�JDV�FRQVWDQW��.DSS�YDOXHV�GHULYHG�

DW�WKH�PHOWLQJ�WHPSHUDWXUHV�RI�WKH�GUXJ�ERXQG�FRPSOH[HV�ZHUH�H[WUDSRODWHG�WR����
R
&�WR�

REWDLQ�WKH�FRUUHVSRQGLQJ�ELQGLQJ�FRQVWDQWV��.��DW�WKLV�WHPSHUDWXUH��7DEOH�����$FFRUGLQJ�

WR�YDQ
W�+RII�UHODWLRQ�

�

OQ OQ. .
+
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ZKHUH� '+%� LV� WKH� HQWKDOS\� RG� EHUHQLO� ELQGLQJ� WR� '1$� GXSOH[� GHWHUPLQHG� IURP�

FDORULPHWULF� WLWUDWLRQ� H[SHULPHQWV� DQG� DVVXPHG� WR� EH� LQGHSHQGHQW� RI� WHPSHUDWXUH� DQG�

FRQFHQWUDWLRQ� �WKHQ�'+%�  �'+%

�
��� 7KLV� DVVXPSWLRQ� VHHPV� WR� EH� VXSSRUWHG� E\� D� JRRG�

DJUHHPHQW�EHWZHHQ�.�YDOXHV�GHULYHG�IURP�'7P�GDWD�DQG�IURP�FODVVLF�ELQGLQJ�LVRWKHUPV�

REVHUYHG�ZLWK�VRPH�RWKHU�OLJDQG�'1$�V\VWHPV�
��������

�7KXV��E\�HPSOR\LQJ�HTV����DQG���

WKH� IROORZLQJ� EHUHQLO� ELQGLQJ� FRQVWDQWV� DW� ��� �&� ZHUH� REWDLQHG�� .�  � ���Â��
�
� IRU�

SRO\>G�$7�@�SRO\>G�$7�@�DQG�.� ����Â���� IRU�SRO\>G�$�@�SRO\>G�7�@��6LQFH�WKHVH�YDOXHV�

DSSHDU� WR�EH�PRUH�UHOLDEOH� WKDQ� WKRVH�REWDLQHG�IURP�6FDWFKDUG�SORWV� WKH\�ZHUH�XVHG�WR�

GHWHUPLQH� WKH� WKHUPRG\QDPLF� ELQGLQJ� SURILOHV� IRU� EHUHQLO� ELQGLQJ� WR�

SRO\>G�$7�@�SRO\>G�$7�@� DQG� SRO\>G�$�@�SRO\>G�7�@� DW� ��� �&� �7DEOH� ���� E\� FRPELQLQJ�
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WKH�JHQHUDO�WKHUPRG\QDPLF�UHODWLRQV�'*%

�
� ��57�OQ.�DQG�'*%

�
 �'+%

�
��7'6%

�
�ZLWK�WKH�

H[SHULPHQWDO� DQG� '+%�  � '+%

�
� YDOXHV� REWDLQHG� IURP� WKH� FRUUHVSRQGLQJ� FDORULPHWULF�

WLWUDWLRQV���

$VVRFLDWLRQ�RI�GRXEO\�FKDUJHG�EHUHQLO�PROHFXOHV�WR�KLJKO\�FKDUJHG�'1$�SRO\PHUV�

REYLRXVO\� LQYROYHV� HOHFWURVWDWLF� LQWHUDFWLRQV� WKDW� DUH� W\SLFDO� RI� VWURQJ� SRO\HOHFWURO\WH�

VROXWLRQV��7KH�UHODWLYH�LPSRUWDQFH�RI�WKHVH�LQWHUDFWLRQV�LQ�GHWHUPLQLQJ�ELQGLQJ�RI�EHUHQLO�

FDWLRQV�WR�'1$�LV�UHIOHFWHG�LQ�WKH�VDOW�GHSHQGHQFH�RI�WKH�EHUHQLO�ELQGLQJ�FRQVWDQW��7KLV�

GHSHQGHQFH� PD\� EH� LQWHUSUHWHG� LQ� WHUPV� RI� WKH� HOHFWURVWDWLF� WKHRU\� RI� SRO\HOHFWURO\WH�

VROXWLRQV�EDVHG�RQ�WKH�LQILQLWH�OLQH�FKDUJH�PRGHO�
��
�7KH�PRGHO�FRQVLGHUV�WKH�SRO\LRQ�DV�D�

OLQHDU� DUUD\� RI� XQLYDOHQW� FKDUJHV� RI� DYHUDJH� VSDFLQJ�� E�� FKDUDFWHUL]HG� ZLWK� D�

GLPHQVLRQOHVV�FKDUJH�GHQVLW\�SDUDPHWHU�[���GHILQHG�DV��

N7E

H
� �

�

�

H
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�

ZKHUH�H��LV�WKH�SURWRQ�FKDUJH��H�WKH�VROYHQW�GLHOHFWULF�FRQVWDQW��N�WKH�%ROW]PDQQ�FRQVWDQW�

DQG�7�WKH�DEVROXWH�WHPSHUDWXUH��,W�KDV�EHHQ�VKRZQ�WKDW�WKH�IUDFWLRQ�RI�FRXQWHULRQV�ERXQG�

WR� WKH� SRO\LRQ�� <�� LV� GHWHUPLQHG� E\� WKH� GLUHFW� FRQGHQVDWLRQ� RI� FRXQWHULRQV� RQ� WKH�

SRO\LRQ
��
� DQG� E\� WKH� VFUHHQLQJ� HIIHFW� RI� FRXQWHULRQV� DQG� FRLRQV� RQ� WKH� UHPDLQLQJ�

XQQHXWUDOL]HG�FKDUJHV�RI�WKH�SRO\LRQ�
��
�,W�LV�JLYHQ�DV��

�

[
\

�

�
����� � � � � � � ����

�

DQG�IRU�WKH�%�IRUP�RI�'1$�LQ�DTXHRXV�VROXWLRQV�DW����
R
&�LWV�YDOXH�LV�<� ������

��
�5HFRUG�

HW�DO�
�����

�KDYH�VKRZQ�WKDW�ZKHQ�D�FKDUJHG�OLJDQG�LV�DGGHG�WR�D�SRO\HOHFWURO\WH�VROXWLRQ�LWV�

ELQGLQJ�FRQVWDQW��.��GHSHQGV�RQ�WKH�WRWDO�FRXQWHULRQ�FRQFHQWUDWLRQ��>0
�
@��DV��
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ZKHUH� ]� LV� WKH� FKDUJH� RQ� WKH� OLJDQG� PROHFXOH� DQG� WKH� SURGXFW� ]<ÂLV� WKH� QXPEHU� RI�

FRXQWHULRQV� UHOHDVHG�ZKHQ�VXFK�OLJDQG�PROHFXOH�ELQGV�WR� WKH�SRO\QXFOHRWLGH��7KXV�� WKH�

WKHRUHWLFDO�VORSH�RI�WKH�ORJ.�YV��ORJ>0
�
@�UHODWLRQ�IRU�VLQJO\�FKDUJHG�OLJDQGV�LV�HTXDO�WR��

�����ZKLOH� IRU�GRXEO\�FKDUJHG� OLJDQGV� WKLV�YDOXH�EHFRPHV��������%LQGLQJ�FRQVWDQWV� IRU�

WKH� DVVRFLDWLRQ� RI� EHUHQLO� WR� ERWK� SRO\QXFOHRWLGHV� DW� VHYHUDO� VDOW� FRQFHQWUDWLRQV� ZHUH�

GHWHUPLQHG� IURP� WKH� FRUUHVSRQGLQJ� 7P� PHDVXUHPHQWV� DV� GHVFULEHG� HDUOLHU�� )RU� ERWK�

GXSOH[HV�OLQHDU�ORJ.�YV��ORJ>1D
�
@�SORWV��QRW�VKRZQ�KHUH��ZHUH�REWDLQHG�ZLWK�WKH�VORSHV�

SUHVHQWHG� LQ� 7DEOH� ��� &RPSDULVRQ� RI� WKHVH� UHVXOWV� ZLWK� WKRVH� SUHGLFWHG� E\� WKH� WKHRU\�

LQGLFDWHV� WKDW� LQ�ERWK�FRPSOH[HV�RQH�RI� WKH�EHUHQLO�FKDUJHV�LV� OHVV�VWURQJO\�LQYROYHG�LQ�

ELQGLQJ�WKDQ�WKH�RWKHU�DQG�WKHUHIRUH�OHVV�WKDQ������PROHV�RI�1D
�
�LRQV�SHU�PRO�RI�ERXQG�

EHUHQLO�DUH�UHOHDVHG�WR�WKH�VROYHQW��

�

7DEOH� ��� 7KHUPRG\QDPLF� SDUDPHWHUV� GHWHUPLQHG� IRU� WKH� LQWHUDFWLRQV� RI� EHUHQLO� ZLWK�

SRO\>G�$7�@�SRO\>G�$7�@� DQG� SRO\>G�$�@�SRO\>G�7�@� DW� >1D�@�  � ����� P0� DQG� ��� �&�

IURP� 89� WLWUDWLRQV� �H[FOXVLRQ� SDUDPHWHU� Q��� 89� PHOWLQJ� FXUYHV� �7P
I
�� 7P

E
�� DSSDUHQW�

HTXLOLEULXP�FRQVWDQW�.��DQG�FDORULPHWULF�WLWUDWLRQV��'+%
�
���

� SRO\>G�$7�@�SRO\>G�$7�@� SRO\>G�$�@�SRO\>G�7�@�
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EHHQ� VXJJHVWHG� WKDW� WKH� HQWKDOS\�HQWURS\� FRPSHQVDWLRQV� REVHUYHG�ZKHQ� GUXJV� ELQG� WR�
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7HUPRGLQDPLNR YH]DYH EHUHQLOD QD SRO\>G�$7�@�SRO\>G�$7�@ LQ SRO\>�G$�@�SRO\>�G7�@

GYRMQL YLMDþQLFL Y QHYWUDOQLK SXIHUVNLK UD]WRSLQDK VPR UD]LVNRYDOL V NRPELQDFLMR

NDORULPHWULþQLK LQ VSHNWURVNRSVNLK PHWRG� 6 WLWUDFLMVNR PLNURNDORULPHWULMR VPR GRORþLOL

HQWDOSLML YH]DQMD EHUHQLOD QD '1.� NL ]QDãDWD ]D SRO\>G�$7�@�SRO\>G�$7�@ ±���� N-�PRO� ]D

SRO\>G�$�@�SRO\>G�7�@ SD ���� N-�PRO� 5H]XOWDWL PHUMDQMD &' VSHNWURY NRPSOHNVRY

EHUHQLO�'1. NDåHMR� GD MH YH]DQMH EHUHQLOD SUL QL]NLK UD]PHUMLK EHUHQLO�'1. QHNROLNR

NRRSHUDWLYQR� SUL YLVRNLK JRVWRWDK YH]DQMD� NMHU VH YHåH HQD PROHNXOD EHUHQLOD QD � $7

ED]QH SDUH� SD SRVWDQH NRQVWDQWD YH]DQMD RG JRVWRWH YH]DQMD QHRGYLVQD� 9H]DQMH EHUHQLOD

VPR SUL ��
R

& VSUHPOMDOL WXGL V SRPRþMR 89 WLWUDFLM EHUHQLOD ] '1. LQ V SRPRþMR PHUMHQMD

89 WDOLOQLK NULYXOM SUL UD]OLþQLK UD]PHUMLK EHUHQLO�'1.� ,] 6FDWFKDUGRYLK GLDJUDPRY VPR V

SULODJDMDQMHP PRGHOQH IXQNFLMH HNVSHULPHQWDOQL GRORþLOL .  ���Â��
�
LQ Q  ��� ]D

SRO\>G�$7�@�SRO\>G�$7�@ DQG .  ������
�
LQ Q  ��� ]D SRO\>G�$�@�SRO\>G�7�@� 89 WDOLOQH

NULYXOMH VR SRND]DOH� GD MH ]D RED SROLQXNOHRWLGD QDVLþHQD ] YH]DQLP EHUHQLORP� WDOMHQH

HQRID]QR LQ JD VSUHPOMD YHOLNR SRYLãDQMH 7
P
� 9 SULPHUX UD]PHULM EHUHQLO�'1. PDQMãLK RG

XVWUH]QHJD UD]PHUMD SUL QDVLþHQMX SD SRVWDQH WDOMHQMH GYRID]QR� .RQVWDQWL YH]DQMD GRORþHQL

SUL ��
R
& QD RVQRYL L]PHUMHQLK 7

P
YUHGQRVWL LQ PRGHOD� NL SUHGSRVWDYOMD PHGVHERMQR
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SRO\>G�$�@�SRO\>G�7�@� ,] WHK . YUHGQRVWL VWD ELOL GRORþHQL VWDQGDUGQL SURVWL HQWDOSLML YH]DQMD

EHUHQLOD QD RED SROLQXNOHRWLGD LQ QMLK NRPELQDFLMD ] L]PHUMHQLPD HQWDOSLMDPD YH]DQMD MH

GDOD XVWUH]QL HQWURSLML YH]DQMD� 7DNR GREOMHQD WHUPRGLQDPVND SURILOD YH]DQMD NDåHWD� GD MH
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