
(OHFWULFDO�DQG�GLHOHFWULF�SURSHUWLHVRI�&G:2� FU\VWDOV
9�1�6KHYFKXN��,�9�.D\XQ

,�)UDQNR�/YLY�1DWLRQDO�8QLYHUVLW\�
���'UDJRPDQRY�6W���������/YLY��8NUDLQH

5HFHLYHG�-XQH���������
(OHFWURSK\VLFDO� LQYHVWLJDWLRQV� RI� &G:2�� FU\VWDOV� KDYH� EHHQ� FDUULHG� RXW� E\� WKHUPR�VWLPXODWHG�SRODUL]DWLRQ�DQG�WKHUPRHOHFWUHW�VWDWH�GHSRODUL]DWLRQ�LQ�LQWHUUHODWLRQ�ZLWK�WHP�
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UHRULHQWDWLRQ�SURFHVVHV��FXUUHQW�SHDNV�DW���������������DQG�����.��DQG�ZLWK�GHYHORSPHQW
RI�VSDWLDOO\�KHWHURJHQHRXV�RI�WKH�YROXPHWULF�FKDUJH�ZKLFK�DV�D�UHVXOW�RI�ORFDOL]DWLRQ�RI�WKH
FXUUHQW� FDUULHUV� RQ� FDSWXUH� OHYHOV� �WKH� ZLGH� QRQ�HOHPHQWDU\� LQWHQVH� PD[LPXP� DW� ���Ü
���� .��� 7KH� EDVLF� SDUDPHWHUV� RI� WKH� PDLQ� UHOD[DWRUV� DQG� FRQGXFWLYLW\� KDYH� EHHQ� � HVWL�
PDWHG��7KH� H[SODQDWLRQ� RI� WKH� HOHFWULFDO� SURSHUWLHV� DQG�SRODUL]DWLRQ�HIIHFWV� DUH� EDVHG� RQ
WKH� DVVXPHG� SUHGRPLQDQFH� RI� LQWULQVLF� VWUXFWXUDO� GHIHFWV� WKDW�PD\� EH� SUREDEO\� WKH� FDG�
PLXP�DQG�R[\JHQ�YDFDQFLHV�DQG�DOVR�GHIHFW�FRPSOH[�EDVHG�RQ�WKHVH�YDFDQFLHV��7KH�H[SHUL�
PHQWDO�GDWD�RQ�FRQGXFWLYLW\�GR�QRW�FRQWUDGLFW�WR�VPDOO�SRODURQ�WKHRU\��
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&DGPLXP�WXQJVWDWH�FU\VWDOV��&G:2���&:2�RI� WKH� ZROIUDPLWH� W\SH� VWUXFWXUH� DUH� XVHG
ZLGHO\�� LQ� SDUWLFXODU� DV� VFLQWLOODWRUV� LQ� WR�
PRJUDSK\�DQG�KLJK�HQHUJ\�SDUWLFOH�VSHFWURPH�
WU\�>����@��6XFK�PDWHULDOV�VKRXOG�PHHW�WKH�DS�
SURSULDWH� UHTXLUHPHQWV� OLNH� VHQVLWLYLW\�� UHOL�
DELOLW\� DQG� VWDELOLW\� RI� WKHLU� FKDUDFWHULVWLFV�
7KH� WHFKQLFDO� FKDUDFWHULVWLFV� RI�&:2� DUH� GH�
ILQHG� WR� D� JUHDW� H[WHQW� E\� WKH� VWUXFWXUH� GH�
IHFWV��$W�SUHVHQW�� WKH�QDWXUH� RI�SRLQW�GHIHFWV
LQ�WKLV�FRPSRXQG�LV�XQGHU�GLVFXVVLRQ��

7KH� HOHFWULFDO� SURSHUWLHV� SURYLGH� DQ� LP�
SRUWDQW� LQIRUPDWLRQ� RQ� VWUXFWXUDO� GHIHFWV

DQG�WKHLU�QDWXUH��%XW�VXFK�LQYHVWLJDWLRQV�LQ
FDVH� RI� &:2� DUH� IUDJPHQWDU\�� 6HYHUDO
ZRUNV� >�Ü�@� FRQWDLQ� H[SHULPHQWDO� FRQGXF�
WLYLW\� GDWD� DW� WHPSHUDWXUHV� H[FHHGLQJ
����.�IRU�XQGRSHG�&:2�FU\VWDOV�>����@�DQG
WKRVH� GRSHG� E\� GLIIHUHQW� LPSXULWLHV� >�@�� ,Q
>�@��LW�LV�FRQFOXGHG�WKDW�DV�WKH�R[\JHQ�SUHV�
VXUH�LV�UHGXFHG��WKH�&:2�HOHFWULFDO�FRQGXF�
WLYLW\�LV�FKDQJHG�IURP�PL[HG�LRQ�HOHFWURQ�WR
HOHFWURQ�Q�W\SH� RQH�� ,Q� WKLV� FDVH�� LW� LV� MXVW
WKH� &G� DQG� 2� YDFDQF\� SDLUV� WKDW� PXVW� EH
WKH� GRPLQDWLQJ� GHIHFWV�� 7KH� DSSHDUDQFH� RI
WKHVH� YDFDQFLHV� LV� FDXVHG� E\� WKH� GHYLDWLRQ
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IURP� VWRLFKLRPHWU\� GXULQJ� WKH� FU\VWDO
JURZWK�� 7KH� LQWULQVLF� GHIHFW� FRQFHQWUDWLRQV
LQ� &:2� FDQ� EH� FKDQJHG� E\� PHDQV� RI� WKH
SXUSRVHIXO� WHFKQRORJ\� YDULDWLRQV� >����@� �LQ
SDUWLFXODU��E\�FRQWUROOLQJ�&G2�HYDSRUDWLRQ��
(OHFWULFDO� SDUDPHWHUV� LQ� FDVH� RI� VXFK� WHFK�
QRORJLFDO� YDULDWLRQ� DUH� VHQVLWLYH� WR� VPDOO
FKDQJH�LQ�WKH�GHIHFW�VWUXFWXUH�RI�&:2�FU\V�
WDOV�� 7KHVH� SDUDPHWHUV� FDQ� EH� XVHG� WR� FRQ�
WURO�WKH�UHTXLUHG�SURSHUWLHV�LQ�WKH�LPSURYH�
PHQWV�RI�WKH�&:2�FU\VWDO�WHFKQRORJ\�

,Q� >�Ü�@�� WKH�HOHFWULFDO� FKDUDFWHULVWLFV�RI
&:2� FHUDPLFV� KDYH� EHHQ� VWXGLHG�� ,Q� >�@�
VRPH�HOHFWULFDO�DQG�GLHOHFWULF�SDUDPHWHUV�RI
&:2�FU\VWDOV�DQG�RWKHU�WXQJVWDWHV�DW�URRP
WHPSHUDWXUH� DUH� SUHVHQWHG�� 7KH� SKRWRFRQ�
GXFWLYLW\�RI�&:2� LQ� WKH����Ü����QP�VSHF�
WUDO� UHJLRQ� ZDV� REVHUYHG� LQ� >�@�� 7KH� WKHU�
PDOO\�VWLPXODWHG�SRODUL]DWLRQ��763��DQG�GH�
SRODUL]DWLRQ� �76'�� FXUUHQWV� LQ� &:2� ZHUH
QRW�LQYHVWLJDWHG�WR�GDWH�

,Q�WKLV�ZRUN�DLPHG�DW�WKH�VWXG\�RI�&:2�
ZH� LQYHVWLJDWH� WKH� WRWDO�'&�FRQGXFWLYLW\�V�
763� FXUUHQWV� �,763��� 76'� FXUUHQWV� �,76'��DQG� GLHOHFWULF� SHUPLWWLYLW\� H�� 7KH� EHKDYLRU
RI� HOHFWULFDOO\� DFWLYH� GHIHFWV� LQ� XQGRSHG
&:2� FU\VWDOV� RI� ZROIUDPLWH� W\SH� LV� GLV�
FXVVHG� EDVLQJ� RQ� H[SHULPHQWDO� GDWD�� 7KH
PHDVXUHPHQWV�ZHUH�GRQH�LQ�WKH�WHPSHUDWXUH
UDQJH� ���Ü���� .�� 7KH� SHFXOLDULWLHV� RI� SR�
ODUL]DWLRQ�LQ�&:2��WHPSHUDWXUH�HYROXWLRQ�RI
WKH� DFWLYH� GLSRODU� FHQWHUV� DQG� SUREDEOH� LQ�
WHUDFWLRQ� EHWZHHQ� WKH� GHIHFWV� DUH� HVWDE�
OLVKHG� FRQVLGHULQJ� WKH� HIILFLHQF\� RI� WKH� SR�
ODUL]DWLRQ�FKDUJH�DFFXPXODWLRQ�

7KH�&:2� VLQJOH� FU\VWDOV�XVHG� IRU� LQYHV�
WLJDWLRQ�ZHUH�JURZQ�IURP�PHOW�E\�&]RFKUDO�
VNL�WHFKQLTXH�XVLQJ�KLJK�SXULW\�LQLWLDO�FRP�
SRQHQWV�� 7KH� REWDLQHG� FU\VWDOV� ZHUH� FRORU�
OHVV�� 7KH� OHYHO� RI� QRQ�FRQWUROOHG� LPSXULWLHV
GLG� QRW� H[FHHG� ������ DW�� ��� 7KH� VDPSOHV
ZHUH� VHOHFWHG� IURP�KLJK�TXDOLW\� �IUHH�RI� LQ�
FOXVLRQV�� FUDFNV� DQG� RWKHU� PDFURGHIHFWV�
VLQJOH�SKDVH� SDUW� RI� WKH� ERXOH�� 0RQRFOLQLF
FU\VWDOV� &:2� EHORQJ� WR� ZROIUDPLWH� VWUXF�
WXUH� W\SH� �VSDFH� JURXS�c��°� >�@��� 7KH� VDP�
SOHV� IRU� WKH� LQYHVWLJDWLRQV� ZHUH� FXW� DORQJ
WKH� FOHDYDJH� SODQH� ������� SHUSHQGLFXODU� WR
WKH� FU\VWDO� JURZWK� D[LV� �DORQJ� D[LV� E��� 7KH
JUDSKLWH� HOHFWURGHV� ZLWK� JXDUG� ULQJ� ZHUH
GHSRVLWHG�RQ�WKH�FOHDYHG�VXUIDFHV�RI�����PP
WKLFN� GLVF�VKDSHG� VDPSOHV� RI� ���PP� LQ� GL�
DPHWHU�� 0HDVXUHPHQWV� LQ� WKH� WKHUPRVWDWLF
TXDUW]� FHOO� LQ� DLU� ZHUH� FDUULHG� RXW� XVLQJ
9����� W\SH� YROWPHWHU�HOHFWURPHWHU�� 7HP�
SHUDWXUH� ZDV� YDULHG� OLQHDUO\� DW� WKH� UDWH� RI
���� .�V� ERWK� DW� KHDWLQJ� DQG� FRROLQJ�� 7KH
FRQGXFWLYLW\�FXUUHQW��763�DQG�76'�RI�WKHU�
PDO�HOHFWUHW� VWDWHV� ZHUH� VWXGLHG� XVLQJ� WKH

SURFHGXUH� XVHG� UHFHQWO\� >�@� IRU� OHDG� WXQJ�
VWDWH� VWXG\�� 7KH� YHFWRU� RI� WKH� H[WHUQDO�'&
HOHFWULFDO� ILHOG� LQ� WKH� H[SHULPHQWV�ZDV� SHU�
SHQGLFXODU�WR�WKH�������SODQH��7KH�HIILFLHQF\
RI�WKH�SRODUL]DWLRQ�FKDUJH�DFFXPXODWLRQ�ZDV
VWXGLHG� E\� YDU\LQJ� WKH� SRODUL]DWLRQ� FRQGL�
WLRQV�� L�H�� WKH� SRODUL]DWLRQ� YROWDJH�8S�� WHP�SHUDWXUH� �¯� DQG� WLPH� W¯�� 7KH� SRODUL]DWLRQQDWXUH� ZDV� HVWDEOLVKHG� FRQVLGHULQJ� WKH� GL�
SROH� DQG� VSDFH�FKDUJH� PHFKDQLVPV� >��@� RI
FKDUJH� IRUPDWLRQ�� WDNLQJ� LQWR� DFFRXQW� WKH
SUHVHQFH�RI�WKH�EORFNLQJ�HOHFWURGHV��7KH�LQ�
WHQVLWLHV�,P�RI�WKH�FXUUHQW�SHDNV��WKHLU�SRVL�WLRQV�LQ�WKH�WKHUPRJUDP��WHPSHUDWXUH�PD[�
LPD� YDOXHV� �P�� DQG� KDOI�ZLGWKV� RI� 76'SHDNV� LQ� WKH�VSDWLDOO\�SRODUL]HG�KHWHURJHQH�
RXV�FKDUJH�PRGHO�ZHUH�DQDO\]HG� IRU� WKH� LQ�
YHVWLJDWHG�FU\VWDOV�

6LPXOWDQHRXVO\� ZLWK� WKH� '&� LQYHVWLJD�
WLRQV��WKH�SHUPLWWLYLW\�ZDV�PHDVXUHG�LQ�WKH
VDPH� WHPSHUDWXUH� UDQJH� E\� WKH� FDSDFLWRU
PHWKRG�>������@�DW���N+]�IUHTXHQF\�XVLQJ�D
&/5� (����� PHDVXULQJ� GHYLFH�� 7KH� H���� GH�
SHQGHQFHV� ZHUH� PHDVXUHG� IRU� WKH� LQLWLDO
QRQ�SRODUL]HG� DQG� SUHYLRXVO\� SRODUL]HG�&:2
FU\VWDOV� XQGHU� GLIIHUHQW� SRODUL]DWLRQ� FRQGL�
WLRQV��)RU�&:2��LQ�FRQWUDVW�WR�3:2�>������@�
QR� DGGLWLRQDO� VSHFLILF� IHDWXUHV� RI� WKH� H���
FXUYH� ZHUH� REVHUYHG�� 7KH� H[SHULPHQWDO� GDWD
SURFHVVLQJ� DQG� WKH� H[SDQVLRQ� RI� QRQ�HOHPHQ�
WDU\�H[SHULPHQWDO� FXUYHV� LQWR�*DXVVLDQ�FRP�
SRQHQWV�ZHUH�PDGH�XVLQJ�WKH�2ULJLQ�VRIWZDUH�
7KH�H[WHUQDO�'&�ILHOG�YDOXH�GLG�QRW�H[FHHG�RI
���� 9�P�� ZKLFK� IDOO� ZLWKLQ� WKH� OLQHDULW\
UDQJH�RI�WKH�YROWDJH�FXUUHQW�FKDUDFWHULVWLF�

7KH� LQYHVWLJDWHG� &:2� FU\VWDO� DW� URRP
WHPSHUDWXUH�H[KLELWV�ORZ�'&�FRQGXFWLYLW\�RI
V�a���Ü��� WR� ��Ü���:Ü��°PÜ��� 7KLV� FRUUH�
VSRQGV� WR� WKH�0D[ZHOO� UHOD[DWLRQ� WLPH� >��@
�WDNLQJ�LQWR�DFFRXQW�WKH�H�YDOXHV�REWDLQHG�LQ
WKLV� ZRUN�� LQ� WKH� UDQJH� ���� WR� ���� V��7KH
V����GHSHQGHQFHV� LQ�WKH� OQV� �����7��FRRUGL�
QDWHV� DUH� SUHVHQWHG� LQ� )LJ����� 7\SLFDO� 763
FXUUHQWV� VSHFWUD� DUH� VKRZQ� LQ� WKH� LQVHW� LQ
)LJ����� $� UHODWLYHO\� LQWHQVH� FXUUHQW� SHDN� RI
WKH�763�FXUYH�ZLWK�PD[LPXP�DW�DERXW�����.
LV�REVHUYHG�XSRQ�WKH�ILUVW�KHDWLQJ�RI�FRQVHFX�
WLYH� PHDVXULQJ� F\FOHV�� $W� VXEVHTXHQW� PHDV�
XUHPHQWV��)LJ���E��FXUYH�����DIWHU�WKHUPDO�UH�
PRYLQJ�RI�UHOD[DWLRQ�SURFHVVHV��WKLV�763�SHDN
LV� QRW� REVHUYHG�� 7KH� PHQWLRQHG� EHKDYLRU� RI
763� FXUUHQWV� LV� W\SLFDO� IRU� VROLGV� DW� WKH� GL�
SROH�UHRULHQWDWLRQ�>��@�

8SRQ� WKH� ILUVW� KHDWLQJ�� WKH� OQ� V� 
I�����7�� GHSHQGHQFH� LQ� WHPSHUDWXUH� UDQJH
RI� 763� FXUUHQW� SHDN� GLIIHUV� IURP� WKH� GH�
SHQGHQFHV� UHFRUGHG� LQ� WKH� QH[W� PHDVXUH�
PHQW�F\FOHV��)LJ���D���7KH�FXUYH�DW�UHSHDWHG
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PHDVXUHPHQWV� PD\� EH� DSSUR[LPDWHG� E\
WKUHH�OLQHDU�VHJPHQWV�LQ�WHPSHUDWXUH�UDQJHV
�,�� ���Ü����.�� �,,�� ���Ü����.�DQG� �,,,�� DW
7�!�����.��7KH� DFWLYDWLRQ� HQHUJ\�YDOXHV�'p
DW� FRUUHVSRQGLQJ� WHPSHUDWXUHV��GHULYHG� IURP
OQ� V� �I�����7�� FXUYHV� DQG� WKH� SUH�H[SRQHQ�
WLDO� IDFWRU� V�� YDOXHV� LQ� V� �V�H[S�Ü'(�N7�GHSHQGHQFHV��ZKHUH�N�LV�WKH�%ROW]PDQQ�FRQ�
VWDQW��DUH�SUHVHQWHG�LQ�7DEOH����([SHULPHQ�
WDO� SRLQWV� LQ� WHPSHUDWXUH� UDQJH� ,,,� JLYH
VWUDLJKW� OLQH� LQ� WKH� OQ�V� �I�����7��SORW� LQ�
GHSHQGHQWO\�IURP�QXPEHU�RI�KHDWLQJ�F\FOHV�
7KH�OQ�V� �I�����7��FXUYH�DW�FRROLQJ�GLIIHUV
IURP�WKH�VDPH�DW�KHDWLQJ��9DOXHV�RI�'p�DQG
V�� IRU� WKLV� FDVH� DUH� DOVR� OLVWHG� LQ� 7DEOH���7KH� DFWLYDWLRQ� HQHUJ\� DW� FRROLQJ� LV� VHHQ� WR
EH�KLJKHU�WKDQ�WKDW�DW�KHDWLQJ�

7KH� FRUUHODWLRQ� EHWZHHQ� WKH� FKDUJH
WUDQVIHU�DQG�SRODUL]DWLRQ�HIIHFWV�ZDV� LQYHV�
WLJDWHG� E\� VWXG\LQJ� WKH� 76'� FXUUHQW�� 7KH

76'� VSHFWUD� RI� &:2� FU\VWDOV� LQ� WKH� WHP�
SHUDWXUH�UDQJH����Ü����.�DUH�SUHVHQWHG�LQ
)LJ���DÜF��2SWLPDO�YDOXHV�RI�WKH�YROWDJH�DQG
WKH�SRODUL]DWLRQ� WLPH�ZHUH� IRXQG� H[SHULPHQ�
WDOO\�DQG�DPRXQW�8¯� �����9�DQG�W¯� ���PLQ�UHVSHFWLYHO\�� $W� SRODUL]DWLRQ� WHPSHUDWXUHV
�¯�!����� z�� FRQVLGHUDEOH� FKDQJHV� RFFXU� LQWKH� KLJK�WHPSHUDWXUH� UHJLRQ� RI� WKH� 76'
FXUYH�� $V� LV� VHHQ� IURP� )LJ���D�� DQ� LQWHQVH
DQG�EURDG�KLJK�WHPSHUDWXUH�76'�SHDN��+7�
SHDN��LV�IRUPHG�LQ�VXFK�FRQGLWLRQV��,QFUHDV�
LQJ��¯�UHVXOWV�LQ�OLQHDU�VKLIW�RI�WKH�+7�SHDN�)LJ���G�� WRZDUGV� KLJKHU� WHPSHUDWXUHV��7KH
,P�7¯�� IXQFWLRQ� �)LJ���F�� LV� QRQOLQHDU� DQGFORVH�WR�WKH�H[SRQHQWLDO�RQH�

,Q� )LJ����� WKH� EHKDYLRU� RI� RWKHU� &:2
76'�FXUUHQW�PD[LPD�LV�VKRZQ�GHSHQGLQJ�RQ
WKH� VDPSOH� SRODUL]DWLRQ� FRQGLWLRQV�� 7KH
HYDOXDWHG�YDOXHV�RI�PDLQ�UHOD[DWLRQ�SDUDPH�
WHUV� �PD[LPD� �Ü��� UHVSHFWLYHO\�� DUH� SUH�
VHQWHG� LQ� 7DEOH��� DV� FDOFXODWHG� XVLQJ� WKH
ZHOO�NQRZQ� UHODWLRQ� >��@�� 7R� FDOFXODWH� WKH
DFWLYDWLRQ� HQHUJ\�� ZH� XVHG� WKH� H[SUHV�
VLRQ�(�� ���N7P� �FROXPQ� �D�� LQ�7DEOH���DQG� WKH� �LQLWLDO� LQFUHDVH�� PHWKRG� ZKHQ
WKLV� ZDV� SRVVLEOH� �FROXPQ� �E��� 7DEOH����
%DVLQJ�RQ� WKH�FULWHULRQ�RI� IXQFWLRQDO�GH�
SHQGHQFH� PD[LPXP� �WKH� ILUVW� GHULYDWLYH
VKRXOG�EH�HTXDO�WR�]HUR���G>,76'���@�G7� ���WKH� IUHTXHQF\� IDFWRU� ZDV� HVWLPDWHG� XVLQJ

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�HOHFWULFDO
FRQGXFWLYLW\��D��DQG�WKHUPDOO\�VWLPXODWHG�SR�
ODUL]DWLRQ� FXUUHQWV� �E�� IRU� &G:2�� FU\VWDO�&XUYHV� �� Û� PHDVXUHPHQWV� XSRQ� WKH� ILUVW
KHDWLQJ����Û� WKH� VDPH� LQ� UHSHDWHG�PHDVXUH�
PHQWV����Û�PHDVXUHPHQWV�XSRQ�FRROLQJ��9HU�
WLFDO�GRWWHG�OLQHV�VKRZ�WKH�SRLQWV�RI�WKH�OQV� 
I�����7��VORSH�FKDQJHV�DQG�UHODWLYHO\�VHSDUDWH
OLQHDU�LQWHUYDOV�,��,,�DQG�,,,�

)LJ����� 7KHUPDOO\� VWLPXODWHG� GHSRODUL]DWLRQ
FXUUHQWV� LQ� &G:2�� FU\VWDO�� &XUYHV� �D�� VKRZGHSHQGHQFH�RI�WKH�IXOO�76'�VSHFWUD�RQ�WKH�SR�
ODUL]DWLRQ� WHPSHUDWXUH����Û�7S� �����.����Û����.����Û�����.����Û�����.����Û�����.�
��Û�����.��FXUYHV��E��Û��¯� �����.��FXUYHV�°��Û��¯� �����.��'RWWHG�OLQH�GHSLFWV�WKH�FRP�SRQHQWV� REWDLQHG� DIWHU� WKH� H[SDQVLRQ� RI� QRQ�
HOHPHQWDU\� PD[LPD�� VROLG� FXUYHV�� HQYHORSH� RI
WKH� H[SDQGHG� FRPSRQHQWV�� GRWV�� H[SHULPHQWDO
SRLQWV��7HVWV�DW�8¯� �����9��W¯� ���PLQ�

7DEOH���� $FWLYDWLRQ� HQHUJ\� 'p� DQG� SUH�H[SR�
QHQWLDO� IDFWRU� V�� LQ� YDULRXV� WHPSHUDWXUHUDQJHV�RI�V����GHSHQGHQFH�IRU�&G:2��FU\VWDOV
���z 'p��Ë9 V���:Ü��°PÜ�

KHDWLQJ FRROLQJ KHDWLQJ FRROLQJ
���Ü��� ���� Ü ������Ü� Ü
���Ü��� ���� ���� ������Ü� ���
���Ü��� ���� ���� ������Ü� ������Ü�
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Z� ��E(��N7P���H[S�(��N7P�� H[SUHVVLRQ� DV�
VXPLQJ�WKDW�TXDVL�SDUWLFOHV�RI�D�VLQJOH�W\SH
DUH� LQYROYHG� LQ� WKH� HOHPHQWDU\� UHOD[DWLRQ

SURFHVV��(QHUJLHV�p��KHUH�FRUUHVSRQG�WR�WKHYDOXHV� LQ� WKH� FROXPQ� �D�� RI� 7DEOH���� 7KXV�
ZKHQ� YDU\LQJ� WKH� SRODUL]DWLRQ� FRQGLWLRQV�
WZR� PDLQ� JURXSV� RI� FRPSOH[� PD[LPD� KDYH
EHHQ�IRXQG�LQ�H[SHULPHQW�LQ�WKH�76'�FXUYH
ZLWKLQ����Ü����.�DQG����Ü����.�WHPSHUD�
WXUH� UDQJHV��7KH�76'� FXUUHQW�PD[LPXP�DW
����.�LV�REVHUYHG�LQ�763�VSHFWUD��)LJ���E��

7KH�HIILFLHQF\�RI�WKH�SRODUL]DWLRQ�FKDUJH
IRUPDWLRQ� FDQ�EH� FRQQHFWHG�ZLWK� WKH� LQWHQ�
VLW\� RI� PD[LPD� FDXVHG� E\� WKH� UHVSHFWLYH
NLQG� RI� UHOD[DWRUV�� 7KH� SRODUL]DWLRQ� RI� WKH
VDPSOH� ZLWKRXW� FRQWULEXWLRQ� RI� WKH� HOHFWUL�
FDOO\� DFWLYH� FHQWHUV� FRUUHVSRQGV� WR� ]HUR
YDOXH�RI�,P��$W�WKH�GLSROH�SRODUL]DWLRQ��WKLVFRUUHVSRQGV� WR� ]HUR� FRQFHQWUDWLRQ� RI� WKH
FHUWDLQ� GLSROH� FHQWHUV� RU� WKHLU� LQDFWLYLW\� DW
WKH� VSHFLILHG� WHPSHUDWXUH�� ,Q� WKH� FDVH� RI
VSDFH�FKDUJH� IRUPDWLRQ� PHFKDQLVP� RI� VSD�
WLDOO\� KHWHURJHQHRXV� FKDUJH� GLVWULEXWLRQ� LQ

)LJ�����'HSHQGHQFHV�RI�WKHUPDOO\� VWLPXODWHG�GHSRODUL]DWLRQ�FXUUHQWV�PD[LPXP�LQWHQVLW\� �DÜF��DQG
PD[LPXP�WHPSHUDWXUH��G��RQ�WKH�&G:2��FU\VWDO�SRODUL]DWLRQ�WHPSHUDWXUH��&XUYHV��D��FRUUHVSRQG�WRSHDNV��������E��Û�����F��G��Û�KLJK�WHPSHUDWXUH��+7��SHDN��7KH�QXPHUDWLRQ�DQG�GHVLJQDWLRQ�RI�76'
PD[LPD�DFFRUGLQJ�WR�)LJ����

7DEOH����7HPSHUDWXUH�RI�PD[LPXP��P��DF�WLYDWLRQ�HQHUJ\�(��DQG�IUHTXHQF\�IDFWRU�ZIRU� &G:2�� FU\VWDOV� DV� GHWHUPLQHG� IURP76'�FXUYHV
1R�
SHDN

�P�.
(���H9 Z���Ü���

VÜ���D� �E�
� ��� ���� ���� ����
� ��� ���� ���� ����
� ��� ���� Ü ����
� ��� ���� ���� ����
� ��� ���� ���� ����
� ��� ���� Ü ����
� ��� ���� Ü ����
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WKH�FU\VWDO��WKH�,P� ���YDOXH�FRUUHVSRQGV�WRWKH�HPSW\�FKDUJH�WUDSSLQJ� OHYHOV� LQ�WKH�UH�
JLRQ�RI�LWV�ORFDOL]DWLRQ�

7KH� GHSHQGHQFHV� RI� SHDN� �Ü�� LQWHQVLW\
�)LJ����� RQ� WKH� SRODUL]DWLRQ� WHPSHUDWXUH�
WKHLU� ORZ� LQWHQVLWLHV�DQG�VPDOO�KDOI�ZLGWKV�
WKH� FRQVWDQF\� RI� �P� IRXQG� LQ� H[SHULPHQWVDUH�VHHQ�LQ�)LJ����DQG�)LJV���DÜE��$FFRUGLQJ
WR�WKH�FULWHULD� >������@�WKRVH�IDFWV�HYLGHQFH
WKH� GLSROH� QDWXUH� RI� WKH� SHDNV�� 7KH� KLJK�
WHPSHUDWXUH� EURDG� QRQ�HOHPHQWDU\� SHDN� LQ
WKH� ���Ü����.� UDQJH� �)LJ���D�� FRUUHVSRQGV
WR�WKH�VSDFH�FKDUJH�SRODUL]DWLRQ�PHFKDQLVP�
7KH�GHSHQGHQFH�RI�WKLV�SHDN�RQ�SRODUL]DWLRQ
FRQGLWLRQ�LV�VKRZQ�LQ�)LJV���FÜG��7KH�KLJK�
WHPSHUDWXUH� FRPSOH[� 76'� PD[LPXP� �+7�
SHDN��FDQ�EH�H[SDQGHG�LQWR�FRPSRQHQWV��Ü�
�)LJ���D��FXUYH�9���7KLV�FRUUHVSRQGV�WR�IRXU
VSDFH�FKDUJH�WUDSSLQJ�OHYHOV�

$V� WR� SHDNV� ��� ��� VRPH� WHPSHUDWXUH
UDQJHV� RI� PD[LPXP� LQWHQVLWLHV� WKHUHRI� DUH
VHHQ�LQ�)LJ���D��$W��¯�!�����.��WKH�,P�YDO�XHV�RI�SHDNV������LQFUHDVH��3HDN����)LJ���E�
LV� LQ� WKH� UDQJH� ���� z���7S������� .�� $VZHOO� DV� LQ� FDVH� RI� SHDNV� ��� ��� WKH� SHDN� �
LQWHQVLW\� LQFUHDVHV� DW��¯�!�����.��$�VOLJKWVFDWWHU� RI� SRLQWV� LQ� WKH� UHVXOWLQJ� ,P��¯�FXUYHV� �)LJ���D�� FDQ� EH� UHODWHG� WR� WKH� LQDF�
FXUDF\�RI� WKH� FRPSOH[�PD[LPXP�H[SDQVLRQ
LQWR� *DXVVLDQV� �FORVHO\� ORFDWHG� FRPSRQHQWV
��DQG����

,Q� WKH� ���Ü���� z� UDQJH�� WKH� H���� GH�
SHQGHQFH� �)LJ����� LV� OLQHDU�� $V� LQ� WKH� FRQ�
GXFWLYLW\�FDVH��DQ�LQVLJQLILFDQW�K\VWHUHVLV�LQ
H����GHSHQGHQFHV�LV�REVHUYHG�DW�KHDWLQJ�DQG
FRROLQJ� �)LJ������ )RU� WKH� LQYHVWLJDWHG�&:2
FU\VWDOV� DW� URRP� WHPSHUDWXUH�� H� ���� �DF�
FRUGLQJ� WR� >�@�� H� ������ $� VOLJKW� OLQHDU� LQ�
FUHDVH� DFFRUGLQJ� WR� WKH� UHODWLRQVKLS� H� 
������Ü���������� JLYHV� H� ���� WR� ��� DW
���� .�� 6XFK� LQVLJQLILFDQW� FKDQJHV� RI� H
ZKHQ� WKH� WHPSHUDWXUH� LV� FKDQJHG� LQ� PHQ�
WLRQHG� UDQJHV�PD\� UHVXOW� IURP� FU\VWDO� FRQ�
GXFWLYLW\�� ZKLFK� LQFUHDVHV� H[SRQHQWLDOO\
ZLWK� LQFUHDVLQJ� WHPSHUDWXUH� �)LJ������ 7KH
SUHOLPLQDU\� SRODUL]DWLRQ� RI� WKH� VDPSOH�� LWV
KHDWLQJ� WR� WKH� PD[LPXP� WHPSHUDWXUH� RI
PHDVXUHPHQWV��DV�ZHOO�DV�WKH�FRROLQJ�FRQGL�
WLRQV� �L�H��KLVWRU\�RI�WKH�VDPSOH��GR�QRW�DI�
IHFW� WKH� H���� GHSHQGHQFH� RI�&:2� FU\VWDOV�
,Q� 3:2� FU\VWDOV� >������@�� WKH� SUHOLPLQDU\
H[FLWDWLRQ� E\� WKH� H[WHUQDO�'&� ILHOG� KDV� UH�
VXOWHG�LQ�D�QRQ�HOHPHQWDU\�PD[LPXP�LQ�H���
FXUYH� QHDU� ���� .�� 7KH� H� YDOXHV� LQ� WKLV
PD[LPXP�DUH�RQH�RUGHU�KLJKHU�DV�FRPSDUHG
WR� WKRVH� DW� URRP� WHPSHUDWXUH�� 7KH� LQWHQVH
UHOD[DWLRQ�SURFHVVHV�ZHUH�REVHUYHG� LQ�3:2
FU\VWDOV��WRR��,Q�&:2�FU\VWDOV��VXFK�UHOD[D�

WLRQ�LV�DEVHQW��8QGHU�LGHQWLFDO�H[SHULPHQWDO
FRQGLWLRQV��WKH�UHVSHFWLYH�SDUDPHWHUV�RI�WKH
76'�FXUYHV�LQ�&:2�DUH�RQ�WKH�DYHUDJH�WZR
RUGHUV� ORZHU� WKDQ� LQ� 3:2�� 7KH� REWDLQHG
H[SHULPHQWDO� GDWD� VXJJHVW� VRPH� QRWHV� RQ
WKH� WHPSHUDWXUH�EHKDYLRU�RI�HOHFWULFDOO\�DF�
WLYH�GHIHFWV�LQ�&:2�VLQJOH�FU\VWDOV��0RGHOV
RI� LQWULQVLF� GHIHFWV� DQG� FKDUJH� WUDQVIHU
PHFKDQLVPV� LQ� WKH� PHQWLRQHG� WHPSHUDWXUH
UDQJH� IRU� FRPSRXQGV� RI� VXFK� VWUXFWXUH� DUH
QRW�\HW�DVFHUWDLQHG�XQDPELJXRXVO\��7KH�PDLQ
DWWHQWLRQ�RI�UHVHDUFKHUV�ZDV�IRFXVHG�RQ�OXPL�
QHVFHQFH� DQG� LWV� NLQHWLF� DQG� VFLQWLOODWLRQ
SURSHUWLHV� �VHH�� H�J��� >�Ü���������@�� LQ�&:2�
ERWK�XQGRSHG�DQG�GRSHG�ZLWK�YDULRXV�LPSXUL�
WLHV��7KH�&:2�ORFDO�VSHFWUDO�OHYHOV�ZHUH�VWXG�
LHG� XVLQJ� WKHUPROXPLQHVFHQFH� DQG� WKHUPDOO\
VWLPXODWHG� FRQGXFWLYLW\� PHWKRGV� DW� ���
����z�>������@�

7KH� &:2� FU\VWDO� HOHFWURQ� VWUXFWXUH� LV
VLPLODU�WR�WKDW�RI�3:2�>������@��7KH�GLVWUL�
EXWLRQ�RI�WKH�HOHFWURQ�VWDWH�GHQVLW\�QHDU�WKH
EDQG�JDS�FDQ�EH�GHVFULEHG�LQ�WKH�IUDPHZRUN
RI� R[\JHQ�WXQJVWHQ� FRPSOH[HV�� 7KH� YDOHQFH
EDQG�LV�IRUPHG�PDLQO\�E\�WKH�FRUUHVSRQGLQJ
VWDWHV� RI� R[\JHQ� ZKLOH� WKH� FRQGXFWDQFH
EDQG�� E\� WKH� WXQJVWHQ� VWDWHV�� 7KH� FU\VWDO
FKHPLVWU\� IHDWXUHV� RI� GLYDOHQW� PHWDO� WXQJ�
VWDWHV� DUH� FRQVLGHUHG� LQ� >��@�� ZKHUH� LW� KDV
EHHQ� VKRZQ�� LQ� SDUWLFXODU�� WKDW� LQ� 3:2
�VFKHHOLWH��� WKH� FORVH� DQLRQLF� SDFNLQJ� LV
PRUH��ORRVHQHG��WKDQ�LQ�&:2��ZROIUDPLWH��
7KHVH� VWUXFWXUDO� IHDWXUHV� �LQ� &:2� DQG
3:2�� ZRXOG� QR� GRXEW� HIIHFW� WKH� HOHFWULFDO
FKDUDFWHULVWLFV� RI� ERWK� FU\VWDOV�� :H� KDYH
FRQVLGHUHG�WKH�HOHFWULFDO�SURSHUWLHV�RI�3:2
LQ� GHWDLO� LQ� >���������@�� 7KH� WHPSHUDWXUH
FKDQJHV� RI� &:2� HOHFWULFDO� FKDUDFWHULVWLFV�
DV� QRWHG� DERYH�� DUH� VWXGLHG� LQVXIILFLHQWO\�
,Q� &:2� FU\VWDOV�� WKH� ORZ� FRQGXFWLYLW\� LQ
WKH� FRQGLWLRQV� RI� SHUIRUPHG� H[SHULPHQWV� LV
RI� D� PL[HG� LRQLF�HOHFWURQLF� FKDUDFWHU�� $W
KLJK�WHPSHUDWXUHV��WKLV�ZDV�VKRZQ�LQ�>����@�

)LJ����� 7KH� WHPSHUDWXUH� GHSHQGHQFHV� RI� SHU�
PLWWLYLW\� RI� &G:2�� FU\VWDO�� &XUYHV� ��� �� ÛWKH� ILUVW� DQG� IROORZLQJ� PHDVXUHPHQWV� XSRQ
KHDWLQJ�� UHVSHFWLYHO\�� �� Û� PHDVXUHPHQWV
XSRQ�FRROLQJ�
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7KH�ZHDNO\�ERXQG�HOHFWULFDOO\�DFWLYH�FKDUJH
FDUULHUV�� ZKLFK� GULIW� LQ� D� '&� ILHOG� WRZDUG
WKH�QHDU�HOHFWURGH�UHJLRQV��IRUP�LQ�WKHVH�UH�
JLRQV�VSDWLDOO\�KHWHURJHQHRXV�VSDFH�FKDUJHV�
$Q� DSSUHFLDEOH� HIILFLHQF\� RI� VXFK� SURFHVVHV
ZDV� REVHUYHG�DW��¯�!�����z� �)LJ���F���$W�������� z�� WKH� UH�RULHQWDWLRQ� SURFHVVHV� UH�
ODWHG� WR� WKH� FRPSOH[� GHIHFWV� RI� WKH� GLSROH
QDWXUH� DUH� PRUH� HIIHFWLYH�� %DVLQJ� RQ� WKH
QXPEHU�RI�76'�PD[LPXPV��VHYHUDO�NLQGV�RI
GLSROH� FHQWHUV� �76'� SHDNV� �Ü��� FDQ� EH� GLV�
WLQJXLVKHG�LQ�&:2�FU\VWDOV�

7KH� UHOD[DWLRQ�SURFHVV� FDXVHG�E\� WKH�GL�
SROH� FHQWHUV� RI� W\SH� �� �SHDN� ���� LV� LQWHQVL�
ILHG� ZKHQ� �¯� FKDQJHV� LQ� ���Ü���� z� UDQJH�)LJ���E��� ,Q� WKHVH� FRQGLWLRQV�� SHDN� �� LV� DO�
PRVW�DEVHQW��)LJ���D���$W��¯�!�����z��WKH�ILUVWWZR�76'�PD[LPD�GHFUHDVH�HVVHQWLDOO\��DQG�WKH
LQWHQVLW\� RI� WKH� WKLUG� PD[LPXP� LQFUHDVHV�
6XFK� EHKDYLRU� RI� 76'� SHDNV� �Ü�� LQWHQVLWLHV
DQG� WKHLU� UHODWLYH� VLPLODULW\� LQ� WKH� ,P� YDOXHVLQGLFDWH� D� FORVH� JHQHWLF� ELQGLQJ� RI� WKH� FRUUH�
VSRQGLQJ�GLSROH�FHQWHU�W\SHV�DQG�WKH�VLPLODULW\
LQ�WKHLU�QDWXUH��7KHRUHWLFDO�GHVFULSWLRQ�RI�FXU�
UHQW� SHDNV� �Ü�� LV� FRQVLVWHQW�ZLWK� WKH� VFKHPH
>������@� RI� LQWHUDFWLQJ� GLSROHV� DQG� FRPSOH[HV
ZKHUH�WKRVH�DUH�LQYROYHG�

7KH� ORZ�LQWHQVLW\� 76'� SHDN� LV� REVHUYHG
DW� �¯�!����� z�� $W� �¯�!����� z�� WKH� VSDFH�FKDUJH� SRODUL]DWLRQ� SUHGRPLQDWHV�� 7KH� +7�
SHDN� DW� LQGLFDWHG� 7S� KDV� D� KLJK� LQWHQVLW\�)LJ���D�� )LJ���F��� VLQFH� KLJK� WHPSHUDWXUHV
IDYRU� DQ� LQFUHDVHG� PRELOLW\� DQG� WKH� HIIL�
FLHQW�PLJUDWLRQ�RI�HOHFWURQ�FKDUJH�FDUULHUV�

7KH� HQHUJ\� FKDUDFWHULVWLFV� RI� UHOD[DWRUV
�Ü��� WKH� SRVVLELOLWLHV� RI� VSDWLDO� RULHQWDWLRQ
FKDQJH�GXH�WR�VKLIWV�RI�PRUH�PRELOH�FRPSR�
QHQW� RI� FRUUHVSRQGLQJ� GLSROH� FHQWHU� W\SHV
DUH� GLIIHUHQW��:H� FDQ� DVVHUW� WKDW� WKH� HOHF�
WURQLF�SURFHVVHV� LQ� ���Ü����.� UDQJH� LQIOX�
HQFH� OHVV� RQ� WKH� UHOD[DWLRQ� SRODUL]DWLRQ�
WKDQ� DW� ��!����� z�� $W� KLJK� WHPSHUDWXUHV
��� !����� z��� WKH� HOHFWURVWDWLF� LQWHUDFWLRQ
EHWZHHQ� WKH� GLSROH� FHQWHU� FRPSRQHQWV� GH�
FUHDVHV�� EXW� WKH�GLVVRFLDWLRQ�RI�GHIHFW� FRP�
SOH[HV� SUHGRPLQDWHV�� $W� ORZ� WHPSHUDWXUHV
��������� z��� GLSROH� DVVRFLDWHV� DUH� IRUPHG�
7KH� LQGLFDWHG� IHDWXUHV� RI� WKH� LRQLF�HOHF�
WURQLF� SURFHVVHV� FDXVH� WKH� VORSH� FKDQJH� RI
OQV� �I�����7��OLQH�ZLWK�LQIOHFWLRQ�SRLQWV�DW
����DQG�����.��VHH�)LJ����DQG�7DEOH����

7KH�GLVVRFLDWLRQ�DQG�DVVRFLDWLRQ�RI�GHIHFW
FRPSOH[HV� LV� HQHUJ\�DV\PPHWULFDO�� 7KLV� UH�
VXOWV� LQ� K\VWHUHVLV� LQ� V���� GHSHQGHQFH� IRU
&:2� �)LJ����� DQG� VOLJKWO\� GLIIHUHQW� FRXUVH
RI� H���� FXUYHV� �)LJ����� DW� KHDWLQJ� DQG� FRRO�
LQJ��7KH�UHODWLYHO\� ORZ�DFWLYLW\�RI� WKH�HOHF�
WURQ�SURFHVVHV�GRHV�QRW�VWLPXODWH�QRWLFHDEOH
FKDQJHV�LQ�H����FXUYHV�IRU�&:2�

,W� IROORZV� IURP� WKH� SHUIRUPHG� H[SHUL�
PHQWV� WKDW� LQ� WKH� LQYHVWLJDWHG� XQGRSHG
&:2�FU\VWDO��DV�ZHOO�DV�LQ�3:2�>�����@��WKH
LQWULQVLF� GHIHFW� GLVRUGHULQJ� LV� GRPLQDWLQJ�
7KH�SRVVLEOH�PDLQ�VWUXFWXUH�GHIHFWV�DUH�FDG�
PLXP� DQG� R[\JHQ� YDFDQFLHV�� $W� KLJK� WHP�
SHUDWXUHV�� VLQJOH� YDFDQFLHV� SUHGRPLQDWH�
1HDU� URRP� WHPSHUDWXUH�� WKH� GLSROH� FRP�
SOH[HV� DUH� IRUPHG� GXH� WR� HOHFWURVWDWLF� DJ�
JUHJDWLRQ� RI� YDFDQFLHV� ZLWK� RSSRVLWH� VLJQV�
WKH�YDFDQF\�SDLUV� �GLSRORQV��DQG�PRUH�FRP�
SOH[� DVVRFLDWHV� RQ� WKHLU� EDVH�� $W� WKH� VDPH
WLPH�� WKLV� GRHV� QRW� H[FOXGH� UHODWLYHO\� LVR�
ODWHG� WHWUDKHGUDO� R[\JHQ�WXQJVWHQ� FRP�
SOH[HV� :2��±� DQG� SURFHVVHV� RI� HOHFWURQFKDUJH� FDUULHU� ORFDOL]DWLRQ� QHDU� VXFK� FRP�
SOH[HV�RQ�FRUUHVSRQGLQJ�YDFDQFLHV�

7KH� TXLWH� FORVH� FRXSOLQJ� RI� HOHFWURQ
FKDUJH� FDUULHUV� ZLWK� WKH� ODWWLFH� FDXVHV� WKH
IRUPDWLRQ� RI� VPDOO� UDGLXV� SRODURQV�� DV� LV
FRQILUPHG� E\� WKH� H[SRQHQWLDO� FKDUDFWHU� RI
WKH�V����GHSHQGHQFH��)LJ�����DQG�E\�WKH�YDO�
XHV�RI�FKDUJH�WUDQVIHU�SDUDPHWHUV��7DEOH����
,W�LV�WR�QRWH�WKDW�WKH�RVFLOODWLRQ�VHULHV�LQ�WKH
HQHUJ\�VSHFWUD�RI�FKDUJH�ORFDOL]DWLRQ�FHQWHUV
LQ�&:2� FU\VWDOV�� UHYHDOHG�DW� WKH� WKHUPROX�
PLQHVFHQFH�PHDVXUHPHQWV��LV�H[SODLQHG�>��@
DV�D�GHPRQVWUDWLRQ�RI�WKH�SRODURQ�HIIHFW�

7KXV�� WKH� FRPSOH[� RI� HOHFWURSK\VLFDO� LQ�
YHVWLJDWLRQV� RI� &:2� VLQJOH� FU\VWDO� �ZRO�
IUDPLWH� VWUXFWXUH� W\SH�� KDV� EHHQ� FDUULHG
RXW��)RU�WKH�ILUVW�WLPH��WKH�76'�FXUUHQWV�LQ
&:2� DORQJ� WKH� FU\VWDO� JURZWK� D[LV� >���@
ZHUH�VWXGLHG��7ZR�VHULHV�RI�76'�PD[LPD�DW
���Ü���� .� DQG� DW� ���Ü���� .� �VHH� )LJ���
DQG� 7DEOH���� KDYH� EHHQ� REVHUYHG� LQ� ���Ü
���� .� WHPSHUDWXUH� UDQJH�� 7KHVH� PD[LPD
KDYH�GLSROH� DQG� VSDFH�FKDUJH� �+7�SHDN��QD�
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