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0DJQHWLF� DQG� VWUXFWXUDO� SURSHUWLHV� RI� )H�6L�� )H�)H 
�
 6L ��� � DQG� &R�6L� PXOWLOD\HUV� KDYH� EHHQ� VWXGLHG�
9HU\�VWURQJ�$)�FRXSOLQJ�-� �-�����P-�P 	 �DFFRPSDQLHG�E\�VDWXUDWLRQ�ILHOG�RI�����7�KDV�EHHQ�IRXQG�IRU�G 
��
 �����QP��7KH�&(06�VSHFWUD�UHFRUGHG�DW�URRP�WHPSHUDWXUH�FRQVLVW�RI�WKH�=HHPDQ�VH[WHW�FKDUDFWHULVWLF�RI
WKH�SXUH�)H�SKDVH�DFFRPSDQLHG�E\�WZR�VSHFWUDO�FRPSRQHQWV�UHODWHG�WR�)H6L�V\VWHP��PDJQHWLF�EURDG�VH[WHW
DQG� D�TXDGUXSROH�GRXEOHW��7KH�EURDG� VH[WHW� FRXOG�RULJLQDWH� IURP�YDULRXV�)H� VLWHV� DW� WKH� LQWHUIDFH��7KH
QRQPDJQHWLF�46�GRXEOHW�LV�PRVW�SUREDEO\�DVVRFLDWHG�ZLWK�WKH�QRQVWRLFKLRPHWULF�F�)H � ��� 6L� �SKDVH��&RP�
SDULQJ�WKH�UHVXOWV�REWDLQHG�IRU�)H�6L�DQG�)H�)H 
�
 6L ��� �PXOWLOD\HUV�ZH�FRQFOXGH�WKDW�WKH�H[FKDQJH�FRXSOLQJ
LV�GLVWLQFWO\�VWURQJHU�IRU�QRPLQDOO\�SXUH�VSDFHU�OD\HU��)RU�&R�6L�PXOWLOD\HUV�D�YHU\�ZHDN�DQWLIHUURPDJQHWLF
FRXSOLQJ�DQG�RVFLOODWRU\�)��� �G 
�� ��EHKDYLRXU�ZDV�REVHUYHG��PRVW�SUREDEO\�GXH�WR�WKH�IRUPDWLRQ�RI�&R±6L
QRQPDJQHWLF� PHWDOOLF� SKDVHV� UHSODFLQJ� WKH� QRPLQDOO\� SXUH� 6L� VSDFHU� OD\HUV�� :H� KDYH� VKRZQ� WKDW� $)
FRXSOHG� )H�6L� PXOWLOD\HUV� FDQ� EH� VXFFHVVIXOO\� DSSOLHG� DV� DQ� DQWLIHUURPDJQHWV� LQ� WKH� PDJQHWRUHVLVWLYH
�)H�6L� � � �)H�&R��&X�&R��V\VWHP�
.H\�ZRUGV��PXOWLOD\HUV��LQWHUOD\HU�FRXSOLQJ��PDJQHWRUHVLVWDQFH

���,QWURGXFWLRQ
0HWDO�VHPLFRQGXFWRU�PXOWLOD\HUV��0OV��KDYH�EHHQ�H[WHQVLYHO\�VWXGLHG�EHFDXVH�RI

WKHLU� SRWHQWLDO� DSSOLFDWLRQ� LQ� HOHFWURQLFV�� 5HFHQWO\� WKH� LQYHVWLJDWLRQV� KDYH� EHHQ� IR�
FXVHG�RQ�)H�6L�)H�FRXSOHG�KHWHURVWUXFWXUHV��VLQFH�WKH\�VKRZ�D�YHU\�VWURQJ�DQWLIHUUR�
PDJQHWLF� �$)�� LQWHUOD\HU� FRXSOLQJ� >����@�� ,Q� VSLWH�RI�PDQ\� HIIRUWV�� WKH� RULJLQ� RI� WKH
LQWHUOD\HU� FRXSOLQJ� LQ� )H�6L� V\VWHP� KDV� QRW� EHHQ� FODULILHG��0RUHRYHU�� LW� LV� QRW� ZHOO
XQGHUVWRRG�KRZ�WKH�IRUPDWLRQ�RI�LURQ�VLOLFLGHV�DIIHFWV�WKH�LQWHUOD\HU�FRXSOLQJ��7KHUH�
IRUH� WKH� LQIRUPDWLRQ� DERXW� WKH� LQWHUIDFH� VWUXFWXUH� DQG� LWV� FRUUHODWLRQ� ZLWK� PDJQHWLF
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SURSHUWLHV� RI� WKLV� V\VWHP� LV� RI� SDUWLFXODU� LQWHUHVW�� &RPSDUHG� WR� WKH� H[WHQVLYH� VWXGLHV� RI
)H�6L�V\VWHPV�WKHUH�DUH�UHODWLYHO\�IHZ�UHSRUWV�GLVFXVVLQJ�&R�6L�V\VWHPV�>�±�@��7KH�LQWHU�
OD\HU�FRXSOLQJ�LQ�&R�6L�ZDV�IRXQG�WR�EH�DQWLIHUURPDJQHWLF�EHWZHHQ�����DQG�����QP��,Q�WKLV
FRQWULEXWLRQ�ZH�SUHVHQW�WKH�UHVXOWV�RI�WKH�PDJQHWLF�VWXGLHV�RI�)H�6L�DQG�&R�6L�0OV�

���([SHULPHQWDO
7KH� ^)H�G	�
 ��6L�G �
� �` ��� � �� )H�G	�
 ��� ^)H�G	�
 ��)H ��� 6L �
� �G	�
�� � �
� � � �` ��� � �� )H�G	�
 ��� DQG

^&R�G ��� �� �6L�G �
� �` ��� � �� &R�G ��� �� 0OV� ZHUH� GHSRVLWHG� E\� G�F�� PDJQHWURQ� VSXWWHULQJ� DW
URRP� WHPSHUDWXUH� �57�� RQWR� 6L2� � ZDIHUV�� 7KH� FU\VWDOOLQH� VWUXFWXUH� RI� VDPSOHV� DQG
WKHLU� SHULRGLFLW\� ZHUH� H[DPLQHG� XVLQJ� WKH� KLJK�� DQG� VPDOO�DQJOH� ;�UD\� GLIIUDFWLRQ�
+$;5'�DQG�6$;5'��UHVSHFWLYHO\��ZKHUHDV�WKH�LQWHUIDFH�VWUXFWXUH�RI�WKH�)H�6L�0OV
ZHUH�VWXGLHG�E\�FRQYHUVLRQ�HOHFWURQ�0|VVEDXHU�VSHFWURVFRS\��&(06���0DJQHWL]DWLRQ
PHDVXUHPHQWV� ZHUH� SHUIRUPHG� DW� 57� XVLQJ� D� YLEUDWLQJ� VDPSOH� PDJQHWRPHWHU� DQG
PDJQHWRRSWLFDO�.HUU�HIIHFW��02.(��

���5HVXOWV�DQG�GLVFXVVLRQ

�����)H�6L�DQG�)H�)H �
� 6L �
� �PXOWLOD\HUV

)LJXUH���VKRZV�H[DPSOHV�RI�WKH�ILHOG�GHSHQGHQFH�RI�WKH�)H�6L�PDJQHWLF�PRPHQW�RI
0OV�ZLWK�G	�
 � ���QP� IRU�GLIIHUHQW�6L� WKLFNQHVVHV��$V� FDQ� EH� VHHQ�� WKH�PDJQHWLF� SD�
UDPHWHUV� OLNH� WKH� UHPQDQW� �0� �� WR� VDWXUDWLRQ� �0 � ��PDJQHWL]DWLRQ� UDWLR� �WKH� VR�FDOOHG
)��� � ���±�0� �0 � �SDUDPHWHU��DQG�VDWXUDWLRQ� ILHOG� �+ � ��DUH� VWURQJO\� LQIOXHQFHG�E\�6L
VSDFHU� WKLFNQHVV�� 7KH�)��� � SDUDPHWHU� PD\� LQGLFDWH� �RU� PD\� EH� SURSRUWLRQDO� WR�� WKH
H[LVWHQFH�RI�WKH�$)�FRXSOHG�IUDFWLRQ�RI�)H�6L�0OV��)��� �G �
� ��GHSHQGHQFH�VKRZV�WKDW�WKH$)�FRXSOLQJ�RFFXUV�RQO\�IRU���Ê�G ��� Ê�����QP�DQG�LV�FHQWUHG�DW�DERXW�G ��� � �����QP�ZKHUH
)��� � ������)LJ������7KH�VDPH�GHSHQGHQFH�DQG�WKH�RFFXUUHQFH�RI�RQO\�VLQJOH�PD[LPXP�RI
)��� �DUH�UHSURGXFHG�E\�+� �G ��� ���)RU�G ��� � �����QP�+� �UHDFKHV�LWV�PD[LPXP�YDOXH�RI�DERXW
����7�ZKLFK�PD\�EH�DVFULEHG��DFFRUGLQJ� WR� WKH�UHODWLRQ�-� ������+ � 0 � G 	�
 �� WR� WKH�RFFXU�
UHQFH�RI�D�YHU\�VWURQJ�$)�LQWHUOD\HU�FRXSOLQJ�-� �-�����P-�P � ��$ERYH�G �
� � �����QPVDWXUDWLRQ�ILHOGV�GHFD\�H[SRQHQWLDOO\�DQG�IRU�WKLFNHU�6L�VSDFHU�QR�DGGLWLRQDO�+ � �SHDNV
ZHUH�IRXQG�XS� WR�G �
� � ���QP��)RU�G �
� �!�����QP�ERWK�)��� � DQG�+ � �YDOXHV�DUH� VWURQJO\
UHGXFHG��)��� �������DQG�+ � �������7��7KH�UHGXFWLRQ�RI�)��� �DQG�+ � �YDOXHV�IRU�G �
� ������QP�SRLQWV�RXW�WKDW�WKH�QHLJKERXU�)H�OD\HUV�EHFRPH�JUDGXDOO\�FRQQHFWHG�WKURXJK�SLQKROHV�
7KH�REVHUYHG�QRQ�RVFLOODWRU\�EXW�H[SRQHQWLDOO\�GHFD\LQJ�VDWXUDWLRQ�ILHOG�YDOXHV��VHH�LQVHW
LQ�)LJ�����VHHP�WR�FRUUHVSRQG�WR�WKH�TXDQWXP�LQWHUIHUHQFH�PRGHO�RI�H[FKDQJH�FRXSOLQJ�>�@�

)LJXUH���GLVSOD\V�6$;5'�DQG�+$;5'�VSHFWUD�IRU�G	�
 � ���QP�DQG�G �
� � �����QP�6$;5'�SDWWHUQ�SURYHV�D�YHU\�ZHOO�OD\HUHG�VWUXFWXUH�RI�WKH�0OV�ZLWK�IRXU�VXSHUODWWLFH
SHDNV� LQGLFDWLQJ�VWURQJ�FRPSRVLWLRQ�PRGXODWLRQ�DORQJ� WKH�JURZWK�GLUHFWLRQ��7KH� LQ�
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WHQVH�SHDN�QHDU������DQG�DOO�XQGHUOLQHG�UHIUDFWLRQ�LQGH[HV��LQ�WKH�+$;5'�VSHFWUXP�LV
GXH�WR�WKH�6L�VXEVWUDWH��2QO\�RQH�ZHDN�VDWHOOLWH�SHDN�LV�YLVLEOH�QHDU�EFF��������LQ�FRQ�
WUDVW�WR�)XOOHUWRQ�>�@��ZKR�REVHUYHG�VDWHOOLWH�SHDNV�DURXQG�WKH�)H��������+RZHYHU��WKLV
LV� LQ�DJUHHPHQW�ZLWK�&KDLNHQ�>�@��ZKR�REVHUYHG�RQO\�RQH�VDWHOOLWH�SHDN�RQ� WKH� ORZ�
DQJOH�VLGH�RI�)H�������SHDN�

)LJ�����([DPSOHV�RI�WKH�)H�6L�PDJQHWLF
PRPHQW�ILHOG�GHSHQGHQFLHV�RI�0OV�ZLWK�IL[HG

G ��� � ���QP�DQG�GLIIHUHQW�6L�WKLFNQHVVHV
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)LJ�����9DOXHV�RI�)��� �SDUDPHWHU��WKH�VDWXUDWLRQ�ILHOGV�+ I �YHUVXV�G 
�� �IRU�)H�6L�0OV�ZLWK�G ��� � ���QP�
7KH�LQVHW�VKRZV�WKH�H[SRQHQWLDO�GHFD\�RI�+ I �DV�D�IXQFWLRQ�RI�G 
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)LJ�����7ZR�W\SLFDO�VPDOO���D��DQG�KLJK�DQJOH��E�
;5'�VSHFWUD��6$;5'�DQG�+$;5'��UHVSHF�

WLYHO\��IRU�)H�6L�0O�ZLWK�WKH�VWURQJHVW�LQWHUOD\HU
FRXSOLQJ��G ��� � ���QP�DQG�G 
�� � �����QP�

2XU�;5'�PHDVXUHPHQWV�GLG�QRW�VKRZ�DQ\�FOHDU�HYLGHQFH�RI�LURQ�VLOLFLGHV�IRUPD�
WLRQ�DW�)H�6L�LQWHUIDFHV��2QO\�WZR�WLQ\�SHDNV�DURXQG�����DQG������VXJJHVW�WKH�SUHVHQFH
RI�)H±6L�SKDVHV��7KH�DEVHQFH�RI�)H±6L�VLOLFLGHV�LQ�+$;5'�VSHFWUD�GRHV�QRW�H[FOXGH
WKHLU�H[LVWHQFH�LQ�)H�6L�0OV��EXW�VXJJHVWV�WKDW�WKHLU�YROXPH�IUDFWLRQ�LV�YHU\�VPDOO��7KH
SRVVLEOH� FDQGLGDWHV� DUH� QRQPDJQHWLF� PHWDOOLF� SKDVHV� RI� WHWUDJRQDO� �)H6L � � �DQG�RU
D�VHPLFRQGXFWLQJ� �)H6L � ��DQG�)H6L�ZLWK�&V&O�VWUXFWXUH�

4�5 464�5 798�5 498�5 7;:�5 4;:�5 76<�5 46<�5 74�5 4
4�5 :
4�5 =
4�5 >
4�5 ?
8!5 4

@AB C
DFEG E
H

I J K L M�N�O )LJ�����)H��WKLFNQHVV�GHSHQGHQFH�RI�PDJQHWLF�PRPHQW�SHU
VXUIDFH�DUHD��P�6��IRU�)H�6L�0OV�ZLWK�FRQVWDQW�G 
 � � �����QP

)LJXUH� �� VKRZV� WKH� )H� WKLFNQHVV� GHSHQGHQFH� RI�PDJQHWLF�PRPHQW� SHU� VXUIDFH� DUHD
�P�6��IRU�0OV�ZLWK�G ��� � �����QP��7KH�UHODWLRQVKLS�EHWZHHQ�P�6�DQG�G	�
 �FDQ�EH�GHVFULEHG�E\
P�6� �0 P ���±��GP �G	�
 ���ZKHUH�0 P �LV�DQ�DYHUDJH�PDJQHWL]DWLRQ�RI�)H�OD\HUV�DQG�G P �LV�DQ�HI�
IHFWLYH�GHDG�OD\HU�SHU�VLQJOH�)H�6L�LQWHUIDFH��7KH�LQWHUFHSW�RI�WKH�VWUDLJKW�OLQH�ZLWK�G	�
 �D[LV
JLYHV�WKH�WKLFNQHVV�RI�QRQPDJQHWLF�OD\HUV�VKRZLQJ�WKDW�DERXW������QP�WKLFN�QRQPDJQHWLF
OD\HU�LV�IRUPHG�DW�HDFK�)H�6L�LQWHUIDFH��7KLV�PD\�EH�DVFULEHG�WR�WKH�LQWHUPL[LQJ�RI�)H�DQG
6L�OHDGLQJ�WR�WKH�IRUPDWLRQ�RI�WKLQ�QRQPDJQHWLF�)H±6L�LQWHUIDFLDO�SKDVHV�
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)LJ�����&(06�VSHFWUD�RI�)H�6L�0OV
ZLWK�6L�OD\HU�WKLFNQHVV�RI�����QP��D��
����QP��E��DQG�����QP��F���UHVSHFWLYHO\
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7R�JDLQ�PRUH� LQIRUPDWLRQ� RQ� WKH� LQWHUIDFH� VWUXFWXUH��&(06�PHDVXUHPHQWV� KDYH
EHHQ�SHUIRUPHG�IRU�WKH�)H�6L�0OV�ZLWK�FRQVWDQW�G��� � ���QP�DQG�����Ê�G 
�� Ê�����QP��7KH
&(06�VSHFWUD�UHFRUGHG�DW� URRP�WHPSHUDWXUH�FRQVLVW�RI� WKH�=HHPDQ�VH[WHW�ZLWK�QDU�
URZ�OLQHV��G��������PP�V��DQG�ZLWK�WKH�K\SHUILQH�ILHOG�+ � � �������7�DQG�LVRPHU�VKLIW
,6� ������PP�V��FKDUDFWHULVWLF�RI�WKH�SXUH�EFF�)H�SKDVH��DQG�RI�WZR�VSHFWUDO�FRPSR�
QHQWV�UHODWHG�WR�WKH�)H6L�V\VWHP��PDJQHWLF�EURDG�VH[WHW�DQG�QRQPDJQHWLF�TXDGUXSROH
GRXEOHW��)LJ���D±F���7KH�EURDG�VH[WHW��+ � � ������7�DQG�,6��������PP�V��RULJLQDWHV�PRVW
SUREDEO\�IURP�)H�DWRPV�SODFHG�DW�YDULRXV�VLWHV�DW� WKH� LQWHUIDFH�VXUURXQGHG�E\�6L�DW�
RPV�� 7KH� )H� DWRPV� DUH� ORFDWHG� LQ� D� FU\VWDOOLQH� EFF� SKDVH� VXUURXQGHG� E\� VHYHQ� )H
DWRPV�DQG�RQH�6L�DWRP�>�@��7KH�VSHFWUDO�FRQWULEXWLRQ�RI� WKLV� VH[WHW�GRHV�QRW�FKDQJH
VLJQLILFDQWO\� IRU� YDULRXV�G 
�� � DQG� FRQWULEXWHV� LQ� DERXW� ���� WR� WKH� WRWDO� VSHFWUDO� DUHD
�)LJ������7KH�QRQPDJQHWLF�FRPSRQHQW��FRQVLVWLQJ�RI�WKH�TXDGUXSROH�GRXEOHW��46��ZLWK
WKH�TXDGUXSROH�VSOLWWLQJ�RI�DERXW������PP�V�DQG� LVRPHU�VKLIW�,6��������PP�V��FRXOG
RULJLQDWH� HLWKHU� IURP� WKH�e�)H6L�QRQPDJQHWLF� VPDOO�JDS� VHPLFRQGXFWRU�ZLWK� D� FXELF
V\PPHWU\� RU� IURP� WKH� FU\VWDOOLQH� F�)H � ��� 6L� � PHWDOOLF� PHWDVWDEOH� SKDVH� ZLWK� D� &V&O
VWUXFWXUH� >�@�� 6WRLFKRPHWULF� F�)H6L� SKDVH�� KDYLQJ� D� FXELF� VWUXFWXUH�� XVXDOO\� H[KLELWV
D�VLQJOH�OLQH�0|VVEDXHU�VSHFWUXP�EXW��DV�VKRZQ�E\�6WULMNHUV� >�@��ZKHQ�)H�YDFDQFLHV
DUH�LQWURGXFHG��D�TXDGUXSROH�VSOLWWLQJ�LV�REVHUYHG��)XUWKHUPRUH��DOVR�VWUDLQ�LQ�WKH�OD\HU
UHGXFHV�ORFDO�V\PPHWU\�LQWURGXFLQJ�HOHFWULF�ILHOG�JUDGLHQW��2XU�VSHFWUDO�SDUDPHWHUV�RI
WKH�46�GRXEOHW�FRXOG�DOVR�EH�UHODWHG�WR�WKH� �)H6L � �RU�b�)H6L � �SKDVHV��2XU�46�YDOXH
RI� DERXW� ����� PP�V� FRXOG� FRUUHVSRQG� WR� WKH� SRRUO\� UHVROYHG� GRXEOHWV� ZLWK� 46 �
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 ������PP�V� DQG�46 � � ������PP�V�RI� WKH� �)H6L � � SKDVH�ZLWK� D� WHWUDJRQDO� VWUXFWXUH
>�����@��+RZHYHU��WKH�46�YDOXHV�RI�b�)H6L � �>��@�DUH�FRQVLGHUDEO\�VPDOOHU�WKDQ�WKRVH
IRXQG�LQ�RXU�&(06�VSHFWUD�DQG�WKHUHIRUH�WKH�SUHVHQFH�RI�b�)H6L � �SKDVH�FRXOG�EH�H[�
FOXGHG��7KH� VSHFWUDO� FRQWULEXWLRQ� RI� WKH�46� GRXEOHW� LQFUHDVHV� IURP� DERXW� ����� IRU
G 
�� Ê������QP��)LJ���D��WR�DERXW�����IRU�G 
�� � �����QP��)LJ���F���6LQFH�WKH�46�GRXEOHW�LV
D�PLQRU�VSHFWUDO�FRPSRQHQW��LW�LV�GLIILFXOW�WR�LGHQWLI\�FOHDUO\�IURP�WKH�46�DQG�,6�YDO�
XHV� ZKLFK� )H6L�W\SH� SKDVH� DSSHDUV� LQ� RXU� )H�6L� 0OV�� KRZHYHU�� WKH� F�)H � ��� 6L� � RQH
VHHPV�WR�EH�PRUH�SODXVLEOH�
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)LJ�����([HPSODU\�P�+��ORRSV�IRU�)H�)H ��� 6L ��� �0OV�IRU
G ��� � ���QP�DQG�IRU�GLIIHUHQW�)H ��� 6L ��� �VSDFHU�OD\HU�WKLFNQHVV

,Q� RUGHU� WR� FKHFN� WKH� LQIOXHQFH� RI� )H� DGGLWLRQ� LQ� 6L� VSDFHU� RQ�+ � �� ZH� SUHSDUHG
^)H��QP��)H  � 6L !�! �G���#" " 
�� $ $ �` �#% ���)H��QP��0OV��ZLWK�)H  � 6L !�! �VLPXODWLQJ�WKH�)H6L � �SKDVH�
)LJXUH��� VKRZV�VRPH�H[DPSOHV�RI�P�+�� ORRSV�DQG�)LJ����GLVSOD\V� WKH�YDOXHV�RI� WKH
)&(' �DQG�WKH�+ � �YHUVXV�G���#" " 
�� $ $ ��&RPSDULQJ�)LJ����DQG�)LJ����RQH�FDQ�UHDOL]H�WKDW�LQ�WKH
FDVH� RI� )H  � 6L !�! �VSDFHU� OD\HU�� )&(' � LV� UHGXFHG� DQG� LWV� PD[LPXP� LV� VKLIWHG� WRZDUGV
WKLFNHU� VSDFHU� OD\HUV�YDOXHV��6LPXOWDQHRXVO\�� WKH�SRVLWLRQ�RI� WKH�+ � �PD[LPXP� LV� DO�
PRVW� XQFKDQJHG�� KRZHYHU�� LWV� YDOXH� LV� YLVLEO\� UHGXFHG� IURP� ���� �IRU� )H�6L�0OV�� WR
����7��7KH� REVHUYHG� VKLIW� RI� WKH�)&(' �PD[LPXP�YDOXH� WRZDUGV� WKLFNHU� VSDFHU� OD\HUV
ZLWK�XQFKDQJHG�SRVLWLRQ�RI�+ � �VXJJHVWV�WKH�LQIOXHQFH�RI�SLQKROHV�IRU�G���#" " 
�� $ $ <�����QP�
6LPLODUO\�WR�)H�6L�0OV�VDWXUDWLRQ�ILHOGV�IRU�G���#" " 
 � $ $ >�����QP�GHFD\V�H[SRQHQWLDOO\��LQVHW�LQ
)LJ�����VKRZLQJ�QR�RVFLOODWRU\�EHKDYLRXU��'XH�WR�WKH�DSSHDUDQFH�RI�IHUURPDJQHWLF�FRX�
SOLQJ� DW� VPDOO� VSDFHU� OD\HU� WKLFNQHVV� �)LJ�� �� DQG� )LJ�� ��� DWWULEXWDEOH� WR� WKH� SLQKROHV
IRUPDWLRQ�DQG�YHU\�ZHDN�FRXSOLQJ�REVHUYHG�DERYH�+ � �SHDNV��WKH�WKLFNQHVV�GHSHQGHQFH
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)LJ�����7KH�YDOXHV�RI�)354 �SDUDPHWHU�DQG�+ 6 �ILHOG�IRU�)H�)H ��� 6L ��� �0OV
DV�D�IXQFWLRQ�RI�G ��� " " 798 $ $ �IRU�FRQVWDQW�G ��� � ���QP�

7KH�LQVHW�VKRZV�WKH�H[SRQHQWLDO�GHFD\�RI�+ 6 �G ��� " " 798 $ $ �

RI�+ � �DFURVV�6L�DQG�)H  � 6L !�! �VSDFHUV�PD\�EH�PLVUHDG�DV�D�VLQJOH�PD[LPXP�RI�DQ�RVFLO�
ODWLRQ��&RPSDULQJ�WKH�UHVXOWV�REWDLQHG�IRU�)H�6L�DQG�)H�)H  � 6L !�! �0OV�ZH�FDQ�FRQFOXGH
WKDW�WKH�H[FKDQJH�FRXSOLQJ�LV�GLVWLQFWO\�VWURQJHU�IRU�QRPLQDOO\�SXUH�VSDFHU�OD\HU�

�����&R�6L�PXOWLOD\HUV

,Q�&R�6L�0OV��D�QHJDWLYH�KHDW�RI�PL[LQJ�EHWZHHQ�&R�DQG�6L�UHVXOWV�LQ�WKH�IRUPDWLRQ
RI�PHWDVWDEOH�DPRUSKRXV�SKDVHV�DQG�WR�WKH�PXWXDO�VROXELOLW\�RI�FRQVWLWXHQWV� �VHH�>��
�@� DQG� UHIHUHQFHV� WKHUHLQ��� 7KLV� PD\� EH� UHVSRQVLEOH� IRU� YHU\� FRPSOH[� DQG� XQXVXDO
PDJQHWLF�EHKDYLRXU��7R�RXU�NQRZOHGJH�WLOO�QRZ�WKHUH�ZDV�QR�GHWDLOHG�VHDUFK�IRU�$)
FRXSOLQJ� LQ� VSXWWHUHG� &R�6L�0OV� H[FHSW� WKH� VKRUW� LQIRUPDWLRQ� JLYHQ� LQ� DEVWUDFW� >�@
DERXW�WKH�UDQJH�RI�VXFK�D�FRXSOLQJ�

)LJXUH���GLVSOD\V�H[DPSOHV�RI�6$;5'�DQG�+$;5'�VSHFWUD�IRU�G ��: � ���QP�DQG�G 
��
 �����QP��6$;5'�SDWWHUQ�SURYHV�D�YHU\�ZHOO� OD\HUHG�VWUXFWXUH�RI�WKH�0OV�ZLWK�IRXU
VXSHUODWWLFH� SHDNV�� $OO� XQGHUOLQHG� UHIUDFWLRQ� LQGH[HV� LQ� +$;5'� DUH� GXH� WR� WKH� 6L
VXEVWUDWH�

)LJXUH���VKRZV�WKH�02.(�ORRS�VKDSH�YDULDWLRQ�RI�&R�G ��: ��6L�����QP��0OV�IRU�GLI�
IHUHQW�G ��: �LQ�WZR�PDJQHWLF�ILHOG�GLUHFWLRQV�LQ�0O�SODQH��2QH�FDQ�LPPHGLDWHO\�UHDOL]H
WKDW�FKDUDFWHU�RI�WKH�P�+��WUDFHV�GHSHQGV�RQ�G ��: ��:H�FRQQHFW�LW�ZLWK�WKH�HYROXWLRQ�RI
WKH�&R�OD\HU�IURP�VXSHUSDUDPDJQHWLF�JUDQXODU�VWUXFWXUHV�IRU�G ��: Ê���QP�WKURXJK�GLV�
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FRQWLQXRXV�JUDQXODU�&R�OD\HU�IRU��<�G ��: Ê��QP�DQG�ILQDOO\�WR�FRQWLQXRXV�&R�OD\HU�IRU
G ��: Ë�����QP��)LJXUH����GLVSOD\V�WKH�&R�WKLFNQHVV�GHSHQGHQFH�RI�WKH�VDPSOH�PRPHQWSHU�VXUIDFH�DUHD��P�6���:H�KDYH�IRXQG�WKDW�QRPLQDOO\�DERXW������QP�WKLFN�OD\HU�SHU
VLQJOH�&R�6L�LQWHUIDFH�LV�PDJQHWLFDOO\�LQDFWLYH��+RZHYHU��LQ�FRQWUDVW�WR�)H�6L�0OV��WKH
FKDUDFWHU�RI�WKH�P�6�G ��: ��LV�PRUH�FRPSOH[�UHYHDOLQJ�D�GUDVWLF�WUDQVLWLRQ�IURP�GLVFRQ�WLQXRXV� WR�FRQWLQXRXV�VWUXFWXUH�RI�&R� OD\HUV�DW�DERXW�G ��: � ���QP��6XFK�D�EHKDYLRXUVXJJHVWV�WKDW�WKH�JURZWK�RI�&R�RQ�6L�RFFXUV�LQ�DQ�LVODQG�JURZWK�PRGH�
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)LJ�����7ZR�W\SLFDO�VPDOO���D��DQG�KLJK�DQJOH��E��;5'�VSHFWUD
�6$;5'�DQG�+$;5'��UHVSHFWLYHO\��IRU�&R�6L�0O�ZLWK�G ��� � ���QP�DQG�G 798 � �����QP

)LJXUH����VKRZV�WKH�HYROXWLRQ�RI�02.(�P�+��ORRSV�IRU�&R��QP��6L�G 
�� ��YHUVXV�6L
WKLFNQHVV� IRU� VHOHFWHG� VDPSOHV�� 6XFK� EHKDYLRXU� LPSOLHV� WKH� H[LVWHQFH� RI� D� ZHDN
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)LJ�����7KH�H[DPSOHV�RI�P�+��ORRSV�PHDVXUHG�E\�02.(
IRU�WZR�SHUSHQGLFXODU�PDJQHWLF�ILHOG�GLUHFWLRQV�LQ�WKH�VDPSOH�SODQH

IRU�&R�G '
( ��6L�����QP��IRU�GLIIHUHQW�&R�OD\HU�WKLFNQHVV
LQWHUOD\HU�FRXSOLQJ�WKDW�PRGLILHV�WKH�K\VWHUHVLV�ORRS�VKDSHV�IURP�VTXDUH�OLNH�WR�VWHS�
OLNH�FKDUDFWHUL]HG�E\�WZR�³FRHUFLYH´�ILHOGV��+ � � �DQG�+ � � ��7KLV�VHHPV�WR�EH�FRQILUPHGE\�WKH�)&(' �G 
�� ��RVFLOODWRU\�GHSHQGHQFH�SUHVHQWHG�LQ�)LJ����D��WRS�SDQHO���'XH�WR�D�YHU\
ZHDN� FRXSOLQJ� WKH� FRUUHFW� LGHQWLILFDWLRQ� RI� WKH� VDWXUDWLRQ� ILHOGV� ZDV� YHU\� GLIILFXOW�
7KHUHIRUH�LQ�)LJ����E�ZH�SUHVHQW�WKH�YDOXHV�RI�+ � � �DQG�+ � � �ILHOGV�DV�D�IXQFWLRQ�RI�6L
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)LJ������&R�WKLFNQHVV�GHSHQGHQFH�RI�PDJQHWLF�PRPHQW
SHU�VXUIDFH�DUHD��P�6��RI�&R�6L�0OV�ZLWK�FRQVWDQW�G 798 � �����QP

" #�$ #�%&" #�$ #(')#�$ #*#+#,$ #('-#,$ #�%

.0/ 132,4

+��7�

5,/ 672,4

89/ :;2<4
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X��

=,>
? @�6A/ B72<4

)LJ������7KH�HYROXWLRQ�RI�P�+��ORRS�VKDSHV
DV�D�IXQFWLRQ�RI�6L�VXEOD\HU�WKLFNQHVV

IRU�&R�6L�0OV�ZLWK�G '
( � ���QP
WKLFNQHVV��)URP�WKLV�ILJXUH�RQH�FDQ�VHH�WKDW�+ C<D �DSSHDUV�RQO\�IRU�WKLFNHU�6L�OD\HUV��L�H��
IRU�G E
F Ë�����QP��%HORZ�WKLV�6L�WKLFNQHVV�RQO\�VLQJOH��DOPRVW�VTXDUH�VKDSHG�ORRSV�DS�
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SHDU��6XFK�P�+��EHKDYLRXU�FDQ�EH�H[SODLQHG�E\�D�VLPSOH�PRGHO�GHVFULELQJ� WKH� WRWDO
PDJQHWLF�HQHUJ\�RI�ELOD\HU�
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ZKHUH�j ��� D
	 �DUH�WKH�DQJOHV�EHWZHHQ�WKH�DSSOLHG�ILHOG�+�DQG�PDJQHWL]DWLRQV��DQG�-�DQG�.
GHQRWH�WKH�LQWHUOD\HU�FRXSOLQJ�DQG�FXELF�DQLVRWURS\��UHVSHFWLYHO\�
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)LJ������9LVXDOL]DWLRQ�RI�P�+��PRGHO�K\VWHUHVLV
ORRS�VKDSHV�IRU�GLIIHUHQW�FRXSOLQJ�WR�DQLVRWURS\

)LJ������6L�WKLFNQHVV�GHSHQGHQFH
RI�)JLK �SDUDPHWHU��D��DQG�WZR�FKDUDFWHULVWLF

ILHOGV�+ M�N �DQG�+ MLO ��E��IRU�&R�6L�0OV
-�.G M�P �UDWLRV��K N �DQG�K O �ILHOGV�UHSUHVHQW

VSLQ�IOLS�DQG�VSLQ�IORS�ILHOGV��UHVSHFWLYHO\�
7KH�GRWWHG�OLQH�UHSUHVHQWV��(��P� ����VHH�WH[W�

,W�FDQ�EH�VKRZQ�WKDW�IRU�ORZ�LQWHUOD\HU�FRXSOLQJ��L�H���IRU�S� �-�.G�<������WKH�HIIHF�
WLYH� H[FKDQJH� FRXSOLQJ� LV� VR� ZHDN� WKDW� WKH� DQLVRWURS\� FRQWUROV� WKH� VZLWFKLQJ
FKDUDFWHULVWLFV�DQG�DV�D� UHVXOW�VTXDUH� ORRSV�DSSHDU��)LJ�������)RU�����<�S� � M�.G�<���
WZR� FKDUDFWHULVWLF� ILHOGV� HPHUJH�� K � �  � ±��S� ±� ��� DQG� K D �  � �>�S� �� ����@ QSR D �� ZKHUH
K� �+0 T �.��7KH�GRWWHG�OLQH�LQ�)LJ�����UHSUHVHQWV��(��P� ���ZKHUH�P� �FRV�j � ±�j D ��
%RWK�VPDOO�YDOXH�RI�WKH�)U�V �SDUDPHWHU�DQG�VLPSOH�VTXDUH�P�+��ORRSV�REVHUYHG�IRU�WKH
VDPSOH�LQ�WKH�YLFLQLW\�RI�WKH�ILUVW�)U�V �G E
F ��PD[LPXP�VXJJHVW�WKH�SUHVHQFH�RI�WKH�PDJ�
QHWRVWDWLF� FRXSOLQJ�� ,WV� VRXUFH� PRVW� SUREDEO\� LV� LQ� WKH� SLQKROHV� IRUPDWLRQ� ZKLFK
UHGXFHV�WKH�$)�H[FKDQJH�FRXSOLQJ�LQ�WKLV�G E
F �UDQJH��7KH�REVHUYHG�)U�V �G E
F ��RVFLOODWRU\
EHKDYLRXU� VXJJHVWV� WKDW� WKH� &R±6L� QRQPDJQHWLF� PHWDOOLF� SKDVHV� UHSODFH� QRPLQDOO\
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SXUH�6L�VSDFHU�OD\HUV��VLQFH�WKH�RVFLOODWRU\�EHKDYLRXU�SRLQWV�WR�WKH�5..<�OLNH�W\SH�RI
LQWHUOD\HU�FRXSOLQJ�YLD�FRQGXFWLRQ�HOHFWURQV�

�����$SSOLFDWLRQ�RI�VWURQJO\�FRXSOHG�)H�6L�PXOWLOD\HUV

6LQFH�WKH�VWURQJHVW�$)�LQWHUOD\HU�FRXSOLQJ�LQ�RXU�)H��QP��6L�0OV�KDV�EHHQ�IRXQG
IRU�G E
F � �����QP�� LW�ZDV�YHU\� LQWHUHVWLQJ� WR� ILQG�RXW�ZKHWKHU� LW� FDQ�EH� DSSOLHG� DV� DQ
DUWLILFLDO� DQWLIHUURPDJQHW� LQ� PDJQHWRUHVLVWLYH� �)H�6L� ��� �)H�&R��&X�&R�� SVHXGR�VSLQ
±YDOYH��369��V\VWHP��:H�XVHG�D�&R��&X�&R��WULOD\HU�DV� WKH�PDJQHWRUHVLVWLYH�VWUXF�
WXUH�ZLWK�&R�����DQG�&X�WKLFNQHVVHV�RI�DERXW�����QP�DQG�����QP��UHVSHFWLYHO\�
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)LJ������0DJQHWRUHVLVWDQFH�HIIHFW�RI��)H�6L� N � �)H�&R��&X�&R��SVHXGR�VSLQ±YDOYH
V\VWHP��ZKHUH�)H�6L�0O�ZDV�XVHG�DV�DQ�DUWLILFLDO�DQWLIHUURPDJQHW

6LQFH�WKH�ODVW�)H�DQG�WKH�&R��OD\HUV�DUH�LQ�WKH�LQWLPDWH�FRQWDFW��WKH�)H�&R��ELOD\HU
EHKDYHV�DV�D�ILUVW�PDJQHWRUHVLVWLYH�OD\HU�LQ�WKH�H[DPLQHG�VWUXFWXUH��7KH�ILHOG�GHSHQG�
HQFH� RI� WKH� VDPSOH� UHVLVWDQFH�� VKRZQ� LQ� )LJ�� ���� UHIOHFWV� D� W\SLFDO� 369� JLDQW
PDJQHWRUHVLVWDQFH�EHKDYLRXU��$V�FDQ�EH�VHHQ�� WKHUH�DUH� WZR�VZLWFKLQJ� ILHOGV��+ � � UH�
ODWHG�WR�WKH�PDJQHWL]DWLRQ�UHYHUVDO�RI�WKH�WRS�&R��OD\HU�DQG�+ D �GXH�WR�VZLWFKLQJ�RI�WKH
)H�&R��SLQQHG�ELOD\HU�PDJQHWL]DWLRQ�WR�WKH�GLUHFWLRQ�RI�WKH�H[WHUQDO�PDJQHWLF�ILHOG�DW
KLJKHU�ILHOGV��6LQFH�)H�&R��ELOD\HU�LV�$)�FRXSOHG�WR�WKH�UHVW�RI�)H�6L�0O�VWUXFWXUH��LW
UHYHUVHV�DW�KLJKHU�ILHOGV�±�WKH�WRS�&R��OD\HU�DQG�DQ�$)�DUUDQJHPHQW�EHWZHHQ�PDJQHWL�
]DWLRQV�RI�WKH�)H�&R��ELOD\HU�DQG�WKH�&R��OD\HU�RFFXUV�EHWZHHQ�+ � �DQG�+ D �

���&RQFOXVLRQV
0DJQHWLF�DQG�VWUXFWXUDO�SURSHUWLHV�RI�)H�6L��)H�)H Q
Q 6L ��� �DQG�&R�6L�0OV�KDYH�EHHQ

H[DPLQHG��)RU�)H�6L�0OV�YHU\�VWURQJ�$)�FRXSOLQJ��-� �-�����P-�P D ��KDV�EHHQ�IRXQG
IRU�6L� WKLFNQHVV�RI� DERXW�����QP�DQG�PDJQHWLF�PRPHQW�PHDVXUHPHQWV� UHYHDOHG� WKDW



0DJQHWLF�SURSHUWLHV�RI�)H�6L�DQG�&R�6L�PXOWLOD\HUV ��

�����QP�RI�)H�SHU� VLQJOH� LQWHUIDFH� LV�PDJQHWLFDOO\� LQDFWLYH��7KH� LQWHUIDFH� VWUXFWXUH�RI
)H�6L�0OV��VWXGLHG�E\�&(06��VXJJHVWV�WKDW�WKH�F�)H � � � 6L� ZDV�IRUPHG�DW� WKH�LQWHUIDFHV�
&RPSDULQJ�WKH�UHVXOWV�REWDLQHG�IRU�)H�6L�DQG�)H�)H Q5Q 6L ��� �0OV�ZH�FRQFOXGH�WKDW�WKH�$)
FRXSOLQJ� LV� GLVWLQFWO\� VWURQJHU� IRU� QRPLQDOO\� SXUH� VSDFHU� OD\HU�� ,Q� ERWK� NLQGV� RI�0OV�
RQO\�VLQJOH�+T �PD[LPXP�YHUVXV�VSDFHU�OD\HU�WKLFNQHVV�ZDV�REVHUYHG�DQG�+T �YDOXHV�GH�
FD\� H[SRQHQWLDOO\� DERYH� WKH�PD[LPXP��)RU�&R�6L�0OV� D� YHU\�ZHDN�$)� FRXSOLQJ� DQG
RVFLOODWRU\�)U V �G E F ��EHKDYLRXU�ZHUH�REVHUYHG�PRVW�SUREDEO\�GXH�WR�WKH�&R±6L�QRQPDJ�
QHWLF� PHWDOOLF� SKDVHV� IRUPDWLRQ� UHSODFLQJ� QRPLQDOO\� SXUH� 6L� VSDFHU� OD\HUV�� 0DJQHWLF
PRPHQW�PHDVXUHPHQWV� VKRZHG� WKDW� WKH� JURZWK� RI� WKH� &R� RQ� 6L� RFFXUV� LQ� DQ� LVODQG�
JURZWK�PRGH�LQ�FRQWUDVW� WR�)H�6L�0OV��:H�KDYH�VKRZQ�WKDW� WKH�HYROXWLRQ�RI�PDJQHWLF
ORRS�VKDSHV�FDQ�EH�VXFFHVVIXOO\�H[SODLQHG�E\�WKH�LQWHUSOD\�EHWZHHQ�-�DQG�.G�

:H�KDYH�VKRZQ�WKDW�$)�FRXSOHG�)H�6L�0OV�FDQ�EH�DSSOLHG�DV�DQ�DUWLILFLDO�DQWLIHU�
URPDJQHW�LQ�PDJQHWRUHVLVWLYH�SVHXGR�VSLQ±YDOYH�V\VWHP�

$FNQRZOHGJHPHQWV
7KLV� ZRUN� KDV� EHHQ� VXSSRUWHG� E\� WKH� .%1� �3RODQG�� XQGHU� JUDQW� 1R�� 3%=�.%1�����7������ DQG

3%=�.%1�����32�������
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