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7KH� HOHFWULFDO� FRQGXFWLYLW\� RI� .'3� FU\VWDOV� JURZQ� E\� WKH� VROYHQW� UHFLUFXODWLRQ� DQG

WHPSHUDWXUH�ORZHULQJ�PHWKRGV�KDV�EHHQ�LQYHVWLJDWHG�LQ�WKH���Ü����&�WHPSHUDWXUH�UDQJH�
7KH� WHPSHUDWXUH� GHSHQGHQFHV� IROORZ� DQ� H[SRQHQWLDO� ODZ�� 7KH� SUH�H[SRQHQWLDO� IDFWRU� DQG
DFWLYDWLRQ�HQHUJ\�KDYH�EHHQ�GHWHUPLQHG��$�FRUUHODWLRQ�EHWZHHQ�SUH�H[SRQHQWLDO�IDFWRU�DQG
WKH�FRQGXFWDQFH�DFWLYDWLRQ�HQHUJ\�KDV�EHHQ�IRXQG�WR�H[LVW�LQ�XQGRSHG�FU\VWDOV�ZLWKLQ�WKH
WHPSHUDWXUH� LQWHUYDO� RI� ��Ü����&�DQG� WKH�DFWLYDWLRQ�HQHUJ\�UDQJH�RI�����Ü�����H9��7KH
FRUUHODWLRQ� FRHIILFLHQW� LV� ������ 7KLV� WHVWLILHV� WKDW� HOHFWULFDO� FRQGXFWLRQ� PHFKDQLVPV� DUH
VLPLODU� LQ� FU\VWDOV�ZLWK� ORZ� FRQFHQWUDWLRQ� RI�GHIHFWV��7KH� UHVXOWV� REWDLQHG� DUH� GLVFXVVHG
ZLWKLQ�WKH�IUDPH�RI�NQRZQ�HOHFWULFDO�FRQGXFWLRQ�PHFKDQLVPV�LQ�.'3�EDVHG�RQ�WKH�SURWRQ
WUDQVSRUW�
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7KH� HOHFWULF� FRQGXFWDQFH� LV� D� IXQFWLRQDO
FKDUDFWHULVWLF� RI� LPSRUWDQFH� LQ� SRWDVVLXP
GLK\GURSKRVSKDWH� �.+�32��� .'3�� FU\VWDOVXVHG� ZLGHO\� LQ� WKH� TXDQWXP� HOHFWURQLFV� >��
�@��7KH�GDWD�RQ�WKH�FU\VWDO�FRQGXFWDQFH�DUH
QHFHVVDU\� WR� FRQWURO� WKH� IXQFWLRQDO� SURSHU�
WLHV�WKHUHRI��,Q�WKLV�FRQQHFWLRQ��WKH�VWXG\�RI
WKH�.'3� FU\VWDO� HOHFWULF� FRQGXFWDQFH� LV� DQ
DFWXDO� WDVN�� ,Q�PRVW�ZRUNV� >�Ü�@�� WKH�.'3
FRQGXFWDQFH�ZDV� VWXGLHG� LQ� WKH�SDUDHOHFWUL�
FDO� SKDVH� DW�7!7F� �����.�� ,Q� WKDW� SKDVH�

WKH� .'3� FU\VWDOV� KDYH� D� WHWUDJRQDO� VWUXF�
WXUH� FRQVLVWLQJ�RI� WZR� LQWHUSHQHWUDWLQJ� ODW�
WLFHV� IRUPHG� E\� 32��±� WHWUDKHGUD� DQG� WZRSRWDVVLXP� VXEODWWLFHV� .��� (DFK� 32��±� JURXSLV� FRQQHFWHG� ZLWK� IRXU� QHLJKERULQJ� 32��±WHWUDKHGUD� E\� ����� c� ORQJ� K\GURJHQ� ERQGV
>�@�

,W� LV� MXVW� WKH� SURWRQ� WUDQVSRUW� WKDW� XQ�
GHUOLHV�PRVW� RI� WKH�NQRZQ�.'3�FRQGXFWLRQ
PRGHOV�� 7KH� SURWRQ� PLJUDWLRQ� SURFHVVHV� LQ
WKH� .'3� JURXS� FU\VWDOV� LV� FRQILUPHG� E\
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FRXORPHWULF� H[SHULPHQWV� DQG� 105� UHVXOWV
>��Ü��@�� 7KH� LQWULQVLF� FRQGXFWLRQ� PHFKD�
QLVPV� DUH� EDVHG� RQ� WKHUPDOO\� DFWLYDWHG
SURFHVVHV� RI� WKH� SURWRQ� GHIHFW� IRUPDWLRQ
DQG� PLJUDWLRQ�� ZKLOH� WKH� H[WULQVLF� PHFKD�
QLVPV� DUH� FRQQHFWHG� ZLWK� WKH�PLJUDWLRQ� RI
SURWRQ� GHIHFWV� H[LVWLQJ� LQ� WKH� FU\VWDO�� 7KH
SURWRQ�GHIHFWV� LQFOXGH�WKH�'��DQG�/�GHIHFWV
�GRXEO\�RFFXSLHG�K\GURJHQ�ERQG�DQG�SURWRQ
YDFDQF\�� UHVSHFWLYHO\�� DQG� WKH� H[FHVV� SUR�
WRQV� LQ� LQWHUVWLFHV� >�Ü�����Ü��@�� 7KH� PDLQ
IDFWRUV�DIIHFWLQJ�WKH�FRQGXFWLRQ�DUH�DQLRQLF
DQG� FDWLRQLF� LPSXULWLHV�� S+� RI� WKH� LQLWLDO
VROXWLRQ��DQG�VHFWRULDO�FU\VWDO�VWUXFWXUH�

7KH�HOHFWULF�FRQGXFWDQFH�LQ�.'3�FU\VWDOV
LV�GHVFULEHG�E\�WKH�H[SUHVVLRQV� ���� >����@�RU
����>�Ü�@�

V� ��$�e�7����H[S��(D�e�N7��� ���

V� �V����H[S��(D�e�N7������� ���
ZKHUH�V�LV�WKH�FRQGXFWLYLW\��$��V���WKH�SUH�H[SRQHQWLDO�IDFWRU��7��DEVROXWH�WHPSHUDWXUH�
N�� %ROW]PDQQ� FRQVWDQW�� (D� WKH� FRQGXFWLRQDFWLYDWLRQ� HQHUJ\�� 7KH� SUH�H[SRQHQWLDO� IDF�
WRU�$� GHSHQGV� RQ� WKH� FRQFHQWUDWLRQ� RI�PR�
ELOH� GHIHFWV�� WKH� FU\VWDO� VWUXFWXUH� DQG� WKH
FRQGXFWLRQ� PHFKDQLVP�� 7KH� DFWLYDWLRQ� HQ�
HUJ\� (D� GHSHQGV� RQ� WKH� FU\VWDO� VWUXFWXUHDQG� WKH� FRQGXFWLRQ� PHFKDQLVP�� ,Q� .'3
FU\VWDOV��WKH�DFWLYDWLRQ�HQHUJ\�YDULHV�ZLWKLQ
D� ZLGH� UDQJH� RI� ������ WR� ���� H9� >���������
��@��7KH�DFWLYDWLRQ�HQHUJ\�(D|����H9�LV�UH�ODWHG� WR� WKH�/�GHIHFW�PLJUDWLRQ� >�@�� 7KLV� LV
FRQILUPHG� E\� WKH� IDFW� WKDW� WKLV� DFWLYDWLRQ
HQHUJ\�YDOXH�(D� �����Ü�����H9�>�@�LV�W\SL�FDO� RI� WKH� FU\VWDOV� FRQWDLQLQJ� WKH�/�GHIHFWV
DULVLQJ�GXH�WR�GRSLQJ�RI�+62�±�DQLRQV� LQWRWKH�FU\VWDO�ODWWLFH��7KH�DFWLYDWLRQ�HQHUJ\�(DRI� ���� WR� ���� H9� LV� DVFULEHG� XVXDOO\� WR� WKH
LQWULQVLF� FRQGXFWLRQ� PHFKDQLVP� LQFOXGLQJ
WKH� IRUPDWLRQ� DQG� PLJUDWLRQ� RI� SURWRQ� GH�
IHFWV�

7KH� .'3� HOHFWULF� FRQGXFWDQFH� ZLWK� WKH
DFWLYDWLRQ� HQHUJ\� (D����� H9� DQG
�����(D�����H9�LV�VWXGLHG�LQVXIILFLHQWO\��,Q>�@�� WKH� ���� WR� ���� H9� UHJLRQ� RI� DFWLYDWLRQ
HQHUJ\�YDOXHV�DW�ORZ�IUHTXHQFLHV�LV�EHOLHYHG
WR�EH�UHODWHG�WR�WKH�WUDQVLWLRQ�IURP�WKH�H[�
WULQVLF�FRQGXFWLRQ�PHFKDQLVP�WR�WKH�LQWULQ�
VLF�RQH��ZKLOH�(D�����H9��WR�WKH�PDFURVFDOHGHIHFWV�LQ�WKH�FU\VWDOV�

,W� KDV� EHHQ� VKRZQ� >�@� WKDW� DFFRUGLQJ� WR
WKH�H[LVWLQJ�GLVRUGHULQJ�PRGHOV� LQ�FU\VWDOV�
WKHUH� LV� D� FRUUHODWLRQ� EHWZHHQ� WKH� FRQGXF�
WLRQ� SDUDPHWHUV�� :LWKLQ� WKH� IUDPH� RI� WKH

VHOHFWHG� FRQGXFWLRQ� PRGHO�� WKH� TXDQWLW\
OQV�� VKRXOG� EH� LQ� SURSRUWLRQ� WR� WKH� DFWLYD�WLRQ� HQHUJ\�� OQ$�a�OQV��� +RZHYHU�� QR� H[�SUHVVLRQ� IRU� WKDW� LQWHUUHODWLRQ� LV� SUHVHQWHG
LQ�WKH�ZRUN�PHQWLRQHG�

7KH�DLP�RI�WKLV�ZRUN�LV�WR�GHWHUPLQH�WKH
FRQGXFWLRQ�SDUDPHWHUV�(D�DQG�OJV��IRU�.'3FU\VWDOV� DQG� WKH� FRUUHODWLRQ� WKHUH� EHWZHHQ
DV� ZHOO� DV� WR� HVWLPDWH� WKH� FU\VWDO� TXDOLW\
EDVLQJ�RQ�WKRVH�SDUDPHWHUV�

7KH�VWXGLHV�ZHUH�FDUULHG�RXW�XVLQJ�WKUHH
QRPLQDOO\� SXUH� .'3� VLQJOH� FU\VWDOV� JURZQ
DW�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV���1$6
RI� 8NUDLQH�� LQ� WKLV� ZRUN�� WKH� FU\VWDOV� DUH
GHVLJQDWHG�DV�&���&���DQG�&���$FFRUGLQJ�WR
WKH� SUHOLPLQDU\� PHDVXUHPHQWV�� WKH� HOHFWULF
FRQGXFWDQFH� RI� WKRVH� FU\VWDOV� DQG� LWV� YDUL�
DWLRQV�GXH�WR�H[WHUQDO�IDFWRUV�GLIIHU�FRQVLG�
HUDEO\��

7KH� FU\VWDOV� &�� DQG� &�� ZHUH� JURZQ� E\
WKH� VROYHQW� UHFLUFXODWLRQ� WHFKQLTXH� >��@� DW
WKH�JURZWK�UDWH����Ü��PP�GD\�� WKH�FU\VWDO
&��� E\� WKH� WHPSHUDWXUH� ORZHULQJ� WHFKQLTXH
>��@�DW�WKH�JURZWK�UDWH���PP�GD\�

7KH� FU\VWDOV� XQGHU� VWXG\� KDYH� VKRZQ� D
KLJK� WUDQVPLVVLRQ� �DERXW� ������ HVVHQWLDOO\
ZLWKLQ� WKH�ZKROH����Ü�����QP�VSHFWUDO� UH�
JLRQ� H[FHSW� RI� D� ZHDN� DEVRUSWLRQ� EDQG� LQ
WKH� ���Ü���� QP� UDQJH�� WKXV� HYLGHQFLQJ� D
KLJK�RSWLFDO�TXDOLW\�RI�WKH�VDPSOHV��7KH�3E�
6L��)H��$O��&D� LPSXULW\�FRQWHQW�ZDV�����Ü��
����Ü�����Ü�������Ü�������Ü��ZW����������Ü��
������Ü���������Ü�������Ü���������Ü��ZW�����DQG
��Ü�������Ü�������Ü�����Ü���������Ü��ZW�����UH�
VSHFWLYHO\�� ,Q� WKH� FU\VWDO� &�� JURZQ� XVLQJ
WKH� KLJK�UDWH� WHFKQLTXH�� WKH� FRQFHQWUDWLRQ
RI�6L��)H�DQG�$O�DV�ZHOO�DV�WKH�WRWDO�LPSXULW\
FRQWHQW�ZDV�ORZHU�WKDQ�LQ�&��DQG�&��

6WXGLHG� ZHUH� PDLQO\� WKH� SODWHV� RI� ]�FXW
FU\VWDOV� IURP� WKH� JURZWK� VHFWRU� ^���`� RI
���u���u����� WR� ����� FP�� VL]H�� 7R� PHDVXUH
WKH�HOHFWULF�FRQGXFWDQFH��KLJK�SXULW\�JUDSK�
LWH� HOHFWURGHV� ZHUH� DSSOLHG� RQ� WKH� VDPSOH
VXUIDFH�� 7KH� FRQGXFWDQFH� ZDV� PHDVXUHG
XVLQJ� D� (����$� WHUDRKPPHWHU� DW� ���� 9
HOHFWURGH� YROWDJH�� WKH� PHDVXUHPHQW� HUURU
EHLQJ� �� WR� �� ��� 0RVW� PHDVXUHPHQWV� ZHUH
FDUULHG�RXW�XVLQJ�WKH�WZR�HOHFWURGH�VFKHPH�
,Q� VRPH� FDVHV�� WKUHH�HOHFWURGH� VFKHPH� ZDV
XVHG� SURYLGLQJ� DQ� HQKDQFHG� PHDVXUHPHQW
DFFXUDF\�E\�WKH�VXUIDFH�FXUUHQW�EULGJLQJ��,Q
WKLV�FDVH��WKH�FDOFXODWLRQV�RI�FRQGXFWLRQ�ZDV
FRUUHFWHG�IRU�WKH�FKDQJHG�HOHFWURGH�VKDSH�

7R� GHWHUPLQH� WKH� FRQGXFWLRQ� SDUDPHWHUV
(D� DQG� OJV��� WKH� WHPSHUDWXUH� GHSHQGHQFHVRI� FRQGXFWDQFH� ZHUH� PHDVXUHG�� 7KH� PHDV�
XUHPHQWV�ZHUH�PDGH�XQGHU�WKH�FU\VWDO�KHDW�
LQJ� IURP� URRP� WHPSHUDWXUH� XS� WR� ����&�
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7KH� SDUDPHWHUV� (D� DQG� OJV�� ZHUH� GHWHU�PLQHG� DFFRUGLQJ� WR� (T����� XVLQJ� WKH� OHDVW
VTXDUH�PHWKRG��7KH�H[SUHVVLRQ� ����SURYLGHV
D� ORZHU�DFFXUDF\�DV�FRPSDUHG� WR� ����GXH�WR
DSSUR[LPDWLRQ�$�7#V�� WKDW� FDXVHV�DQ�HUURULQ� WKH� FDOFXODWHG� YDOXHV� RI� WKH� DFWLRYDWLRQ
HQHUJ\� �DERXW� �� ��� >�@�� QHYHUWKHOHVV�� WKH
XVH� RI� WKDW� H[SUHVVLRQ�PDNHV� LW� SRVVLEOH� WR
FRPSDUH� WKH� UHVXOWV� RI� WKLV� ZRUN� ZLWK� WKH
GDWD� REWDLQHG� E\� RWKHU� ZRUNHUV�� 7KH� VDPH
DSSUR[LPDWLRQ�$�7#V��ZDV�XVHG�ZKHQ�GHWHU�PLQLQJ� WKH� LQWHUUHODWLRQ� EHWZHHQ� WKH� FRQ�
GXFWLRQ�SDUDPHWHUV�

6HYHUDO� W\SLFDO� WHPSHUDWXUH� GHSHQGHQFHV
RI� FRQGXFWLRQ� IRU� WKH�VWXGLHG�.'3�VDPSOHV
DUH� VKRZQ� LQ�)LJ�����7KRVH� DUH� VHHQ� WR� IRO�
ORZ� WKH� H[SRQHQWLDO� ODZ� ���� DQG� WR� FRQWDLQ
VRPH�IHDWXUHV�FKDUDFWHULVWLF�IRU�HDFK�RI�WKH
FU\VWDOV�� 7KH� FRQGXFWLRQ�WHPSHUDWXUH� SORWV
IRU� FU\VWDOV� &�� �)LJ���D�� DQG� &�� �)LJ���E�
FRQWDLQ�D�NQHH�QHDU�7�|����&�DQG�7�|�����&�
UHVSHFWLYHO\��7KRVH�DUH�GHVFULEHG�E\�WZR�H[�
SUHVVLRQV�RI�WKH�����W\SH�ZLWK�GLIIHUHQW�FRQ�
GXFWLRQ� SDUDPHWHU� YDOXHV� �VHH� 7DEOH��� IRU
GLIIHUHQW� WHPSHUDWXUH� UDQJHV�� 7KH� GHSHQG�
HQFHV� REVHUYHG� IRU� &�� DQG� &�� FDQ� EH� H[�
SODLQHG�E\�WKH�H[LVWHQFH�RI�WKH�H[WULQVLF�DQG
LQWULQVLF� FRQGXFWLRQ� PHFKDQLVPV� GRPLQDW�
LQJ� LQ� WKH� ORZ�WHPSHUDWXUH� UHJLRQ� DQG� WKH
KLJK�WHPSHUDWXUH� RQH� ZLWKLQ� WKH� VWXGLHG
WHPSHUDWXUH�UDQJH�>�Ü�@��7KH�H[WULQVLF�HOHF�
WULF� FRQGXFWDQFH� LV� FKDUDFWHUL]HG� E\� ORZHU
(D�DQG�V��YDOXHV��WKH�ORZ�WHPSHUDWXUH�FRQ�GXFWLRQ�SDUDPHWHUV�� DV� FRPSDUHG� WR� WKH� LQ�
WULQVLF�RQH��WKH�ORZ�WHPSHUDWXUH�FRQGXFWLRQ
SDUDPHWHUV���$V�WR� WKH�FU\VWDO�&�� �)LJ���F��
LWV�WHPSHUDWXUH�GHSHQGHQFH�RI�FRQGXFWLRQ�LV
GHVFULEHG� E\� (T������ WRR�� EXW� ZLWKRXW� DQ\
NQHH� ZLWKLQ� WKH� VWXGLHG� WHPSHUDWXUH� UDQJH
���Ü����&���$W�URRP�WHPSHUDWXUH��WKH�PLQL�
PXP� FRQGXFWDQFH� ZDV� REVHUYHG� IRU� WKH
FU\VWDO�&��KDYLQJ�WKH�PLQLPXP�WRWDO�LPSX�
ULW\�FRQWHQW�DV�ZHOO�DV�WKH�ORZHVW�FRQFHQWUD�
WLRQ� RI� $O� DQG� )H�� 7KH� FRQGXFWLYLW\� RI� &�
DQG� &�� FU\VWDOV� DW� URRP� WHPSHUDWXUH
DPRXQWV� ������Ü��� DQG� ������Ü��� 6�FP�� UH�
VSHFWLYHO\��ZKLOH�IRU�VDPSOHV�PDGH�IURP�&��
LW�LV�����Ü�������Ü���6�FP��7DEOH��

7KH� FRQGXFWLRQ� DFWLYDWLRQ� HQHUJ\� YDOXH
�(D� ������ H9�� QHDU� URRP� WHPSHUDWXUHVKRZV�WKDW�LQ�&��DQG�&���RQH�DQG�WKH�VDPH
FRQGXFWLRQ�PHFKDQLVP�GRPLQDWHV� FRQQHFWHG
ZLWK� /�GHIHFW� PLJUDWLRQ� >����@�� 7KH� GLIIHU�
HQFH�LQ�&��DQG�&��FRQGXFWLRQ�DW�URRP�WHP�
SHUDWXUH�LV�FRQQHFWHG�ZLWK�GLIIHUHQW�FRQFHQ�
WUDWLRQV�RI�/�GHIHFWV�DULVLQJ� LQ�WKH�FU\VWDOV
GXH� WR� LQFOXVLRQ� RI� DOLRYDOHQW� LPSXULWLHV�
7KH�ORZHU�FRQGXFWLRQ�RI�&��FU\VWDO�DW�URRP

WHPSHUDWXUH� DV� FRPSDUHG� WR� &�� DQG� &�� LV
FRQQHFWHG�ZLWK� KLJKHU� DFWLYDWLRQ� HQHUJ\� LQ
&���(D!����H9���WKXV�HYLGHQFLQJ�WKH�GLIIHU�HQFH� LQ� GHIHFW� FRQFHQWUDWLRQV� LQ� WKH� FU\V�
WDOV�� ,Q� FRQWUDVW� WR� WKH� &�� DQG� &�� FRQGXF�
WLRQ��WKDW�RI�&�� LV�FKDUDFWHUL]HG�E\�WKH�DE�
VHQFH� RI� DQ\� DSSUHFLDEOH� FRQWULEXWLRQ� IURP
WKH�H[WULQVLF�FRPSRQHQW�DVVRFLDWHG�ZLWK�WKH
/�GHIHFW�PLJUDWLRQ��(D�a�����H9��

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� FRQGXF�
WDQFH�IRU�.'3�FU\VWDOV� �^���`�JURZWK�VHFWRU�
JURZQ�E\�UHFLUFXODWLRQ��D��E��DQG�WHPSHUDWXUH
ORZHULQJ��F��PHWKRGV�
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7DEOH��(OHFWULF�FRQGXFWDQFH�SDUDPHWHUV�IRU�SXUH�DQG�GRSHG�.'3�FU\VWDOV�

&U\VWDO (D��H9� OJV���6�FP� V57�F��6�FP� 7���&� 1RWHV 5HI�
.'3�SXUH�D��&�� �����r����� Ü����r���� ������Ü�� ��� V���I 7KLV

ZRUN
.'3�SXUH�E��&�� �����r����� ����r���� ������Ü�� !�� V���I 7KLV

ZRUN
.'3�SXUH�D��&�� �����r����� Ü����r���� ������Ü�� ���� V__G 7KLV

ZRUN
.'3�SXUH�E��&�� �����r����� ���r��� ������Ü�� ���Ü��� V__ 7KLV

ZRUN
.'3�SXUH�D�E��&�$� �����r����� ����r���� ������Ü�� ��Ü��� V__ 7KLV

ZRUN
.'3�SXUH�D�E��&�%� �����r����� ����r���� ������Ü�� ��Ü��� V__ 7KLV

ZRUN
.'3�SXUH�D ���� Ü���� ������Ü�� Û V__ >��@
.'3�SXUH�D ���� Ü���� ������Ü�� Û VA�H Û
.'3�SXUH�D ���� Ü���� ������Ü�� ��Ü��� V__��nJ >�@
.'3�SXUH�D ���� Ü���� ������Ü�� ��Ü��� VA���n� Û
.'3�SXUH�D ���� Ü��� ������Ü�� ��Ü��� VA����pK Û
.'3�SXUH�E ���� ���� ������Ü�� ���Ü��� V__��n Û
.'3�SXUH�E ���� ��� ������Ü�� ���Ü��� VA���n Û
.'3�SXUH�E ���� ��� ������Ü�� ��Ü��� VA���p Û
.'3�SXUH�D ����r���� Ü����r���� ������Ü�� Ü��Ü��� V__ >�@
.'3�SXUH�E ����r���� ���r��� ������Ü�� ���Ü��� V__� Û
.'3�SXUH�D �����r����� Ü����r���� ������Ü�� Ü��Ü��� VA Û
.'3�SXUH�E ����r���� ���r��� ������Ü�� ���Ü��� VA Û

.'3�������62��D ����r���� Ü���r��� ������Ü�� ��Ü��� VA Û

.'3�������62��D ����r���� Ü���r��� ������Ü�� ��Ü��� VA Û

.'3�������62��D �����r����� ���r���� ������Ü� ��Ü��� VA Û
.'3�SXUH�D�L ����r���� Ü����r���� ������Ü�� ��Ü��� V__ >�@
.'3�SXUH�E�L ����r���� ����r���� ������Ü�� ���Ü��� V__ Û
.'3�SXUH�D ���� Ü� ������Ü�� Ü��Ü��� Û >��@
.'3�SXUH�E ��� ��� ������Ü�� !���� Û Û
.'3��&U2����D ���� ��� ������Ü� Ü��Ü���� Û Û
.'3��&U2����D ���� ��� ������Ü� Ü��Ü��� Û Û
.'3�SXUH�D ���� Ü���� ������Ü�� ��Ü��� V__ >��@

D�E� /RZ�WHPSHUDWXUH� DQG� KLJK�WHPSHUDWXUH� FRQGXFWLYLW\� SDUDPHWHUV�� UHVSHFWLYHO\�� F� 7KH� YDOXHV� RI
URRP� WHPSHUDWXUH� FRQGXFWLYLW\� �V57�� ZHUH� FDOFXODWHG� XVLQJ� WKH� SDUDPHWHUV� FRQWDLQHG� LQ� WKH� 7DEOH�G�H�I� 7KH� YDOXHV� RI� FRQGXFWLYLW\� LQ� WKH� SDUDOOHO�� SHUSHQGLFXODU� DQG� DW� ���� GLUHFWLRQV� UHODWLYH� WR� F
FU\VWDO�D[LV�� UHVSHFWLYHO\��J�K�7KH� WHPSHUDWXUH�GHSHQGHQFHV�ZHUH�REWDLQHG�DW�KHDWLQJ�DQG�DW�FRROLQJ
RI�WKH�FU\VWDO��UHVSHFWLYHO\�� L�7KH�FRQGXFWLYLW\�ZDV�PHDVXUHG�XVLQJ�WKH�WKUHH�SUREH�WHFKQLTXH�
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,W� IROORZV� IURP� WKH� WHPSHUDWXUH�GHSHQG�
HQFHV� RI� FRQGXFWLRQ� XVLQJ� WKH� (T����� DQG
GDWD�IURP�7DEOH�WKDW�WKH�FRQGXFWLYLW\�RI�WKH
FU\VWDOV�DW�7� �����&�LV�����Ü�������Ü��6�FP��&��
&���&�%�DV�ZHOO� DV� WKH�FU\VWDOV�XVHG� LQ� >�@��RU
YHU\� FORVH� WR� WKRVH� YDOXHV� ����Ü�������Ü��6�FP
�WKH�FU\VWDOV�XVHG� LQ� >����@���7KLV�HYLGHQFHV
WKDW�RQH�DQG�WKH�VDPH�LQWULQVLF�FRQGXFWDQFH
PHFKDQLVP�LQFOXGLQJ�WKH�IRUPDWLRQ�DQG�PL�
JUDWLRQ� SURFHVVHV� RI� SURWRQ� GHIHFWV� GRPL�
QDWHV�LQ�DOO� WKH�FU\VWDOV�XQGHU�VWXG\� LQ�WKH
KLJK�WHPSHUDWXUH�UHJLRQ�>���@�

$V� LV� VHHQ� LQ� )LJ����� WKH� KLJK�WHPSHUD�
WXUH� FRQGXFWLYLW\� RI� WKH� &�$� VDPSOH� LV
KLJKHU� WKDQ� LQ� RWKHU� FU\VWDOV�� 7KH� VDPSOH
PHQWLRQHG�KDV�D�UDWKHU�KLJK�FRQGXFWLYLW\�DW
URRP�WHPSHUDWXUH��WRR��LV�VSLWH�RI�D�KLJK�(DYDOXH� �7DEOH��� 7KLV� IDFW� LQGLFDWHV� WKH� SUHV�
HQFH�RI�RWKHU�FRQGXFWLRQ�PHFKDQLVPV� LQ�&�
ZLWK� DFWLYDWLRQ� HQHUJ\� YDOXHV� ZLWKLQ� WKH
�����(D����� H9� UDQJH�� 7KRVH� PHFKDQLVPVPD\�EH�FRQQHFWHG�ZLWK�WKH�SURWRQ�PLJUDWLRQ
DORQJ� LQWHUVWLFHV� >�@� DW�(D����� H9� RU�ZLWKLQYROYHPHQW�RI�WKH�SURWRQ�GHIHFWV�DVVRFLDWHG
ZLWK�YDULRXV�FU\VWDO�ODWWLFH�LPSHUIHFWLRQV�LQ
WKH� FRQGXFWLRQ� SURFHVV�� $FFRUGLQJ� WR� >�@�
WKH�FU\VWDOV�ZLWK�KLJK�(D� W\SLFDO�RI� LQWULQ�VLF� FRQGXFWLRQ�PHFKDQLVP� DUH�PRUH�SHUIHFW
WKDQ� WKRVH�ZLWK� ORZ�(D� W\SLFDO�RI� H[WULQVLFFRQGXFWLRQ�

$PRQJ�WKH�FU\VWDOV�VWXGLHG�LQ�WKLV�ZRUN�
LW�LV�MXVW�&��WKDW�KDV�WKH�KLJKHVW�DFWLYDWLRQ
HQHUJ\� DQG� WKXV� WKH� PRVW� SHUIHFW�� 7KLV� LV
FRQILUPHG� E\� WKH� DERYH� FKHPLFDO� DQDO\VLV
GDWD� VKRZLQJ� WKDW� WKH� LPSXULW\� FRQWHQW� LQ
&��LV�ORZHU�WKDQ�LQ�&��DQG�&���$W�WKH�VDPH
WLPH�� WKH� &�� DQG� &�� FU\VWDO� VWUXFWXUHV� DUH
PRUH�SHUIHFW�WKDQ�WKDW�RI�&��LQ�WKH�FU\VWDO
UHJLRQV� ZKHUH� WKHUH� DUH� QR� SRLQW� GHIHFWV
UHVSRQVLEOH� IRU� WKH� H[WULQVLF� FRQGXFWLRQ
ZLWK�(D� ������H9��7KLV�LV�FRQILUPHG�E\�WKHIDFW� WKDW� WKH� FRQGXFWLYLW\� RI� &�� DQG� &�
FU\VWDOV�DW�URRP�WHPSHUDWXUH��������Ü���DQG
������Ü���6�FP��UHVSHFWLYHO\���DV�GHWHUPLQHG
IURP� WKH� KLJK�WHPSHUDWXUH� SDUDPHWHUV� (DDQG�OJV��XVLQJ�(T������LV�FRQVLGHUDEO\�ORZHUWKDQ� WKDW� RI� &�� DW� WKH� VDPH� WHPSHUDWXUH
�7DEOH��

,W� IROORZV� IURP� FRQVLGHUDWLRQ� RI� GDWD
IURP�WKLV�ZRUN�DQG�RWKHU�UHVXOWV�WKDW�WKHUH
LV�DQ�LQWHUUHODWLRQ�EHWZHHQ�WKH�HOHFWULF�FRQ�
GXFWDQFH� SDUDPHWHUV�� $V� LV� VHHQ� LQ� )LJ���
EDVHG� RQ� 7DEOH�WKDW� WKHUH� LV� D� FRUUHODWLRQ
EHWZHHQ� OJV�� DQG� (D� LQ� WKH� DFWLYDWLRQ� HQ�HUJ\� UDQJH� ���Ü���� H9�� 7KH� FRUUHODWLRQ� FR�
HIILFLHQW� .� ������� 7KH� ORZ�WHPSHUDWXUH
FRQGXFWLRQ�SDUDPHWHUV�DUH�LQWHUUHODWHG�DV�

OJV�� �N���(D���E���� ���

ZKHUH�N�DQG�E�DUH�FRQVWDQWV��7KH�YDOXHV�WKHUHRI
FDOFXODWHG� XVLQJ� OHDVW�VTXDUHV� PHWKRG� DUH
N� �����r�����6�H9�FP���E� �Ü���r�����6�FP��

7KH� .'3� HOHFWULF� FRQGXFWDQFH� LV� DOPRVW
LVRWURSLF�>�@��WKXV��WKH�IDFW�WKDW�WKH�SORW�LQ
)LJ���� LQFOXGHV� UHVXOWV� REWDLQHG� IRU� GLIIHU�
HQW� FU\VWDO� GLUHFWLRQV� LV� LQVLJQLILFDQW�� 7KH
UHODWLRQVKLS�����LV�IRXQG�WR�EH�YDOLG�QRW�RQO\
IRU� .'3� FU\VWDOV� VWXGLHG� LQ� WKLV� ZRUN� EXW
DOVR� IRU� WKRVH� IURP� RWKHU� ZRUNV� >�Ü������
������@�� 7KLV� WHVWLILHV� WR� WKH� IDFW� WKDW� DOO
WKH� FU\VWDOV� LQYROYH� WKH� VDPH� FRQGXFWLRQ
PHFKDQLVPV� LQ� VSLWH� RI� GLIIHUHQFHV� LQ� WKH
FRQGXFWLRQ�SDUDPHWHUV�

,W� LV�NQRZQ� >�@� WKDW� WKH� VORSH�RI� UHJUHV�
VLRQ� OLQH� SUHVHQWLQJ� WKH� OJV�� �I�(D�� GH�
SHQGHQFH�LQ��(D��OJV���FRRUGLQDWHV�GHSHQGVRQ� WKH� GLVRUGHULQJ� H[WHQW� LQ� WKH� FU\VWDO�
$Q� LQFUHDVHG� FXUYH� VORSH� FRUUHVSRQGV� WR
LQFUHDVHG� GLVRUGHULQJ� DW� WKH� IRUPDWLRQ� RI
GHIHFWV��7KLV� LV� FRQQHFWHG�ZLWK� WKH� IDFW
WKDW�WKH�TXDQWLW\�$� LQ� ���� LV�GHILQHG� DV
$� �$��H[S>'6�N@�� ZKHUH� '6� LV� WKH� HQWURS\FKDQJH�� N�� D� FRQVWDQW�� ,Q� RXU� FDVH�� WKH� H[�
SHULPHQWDO� SRLQWV� �(D�� OJV��� DUH� DOPRVW� LQRQH�DQG�WKH�VDPH�OLQH�LQ�)LJ����UHSUHVHQWLQJ
WKH�SORW� OJV�� �I�(D���7KXV��DOO� WKH�FU\VWDOVFKDUDFWHUL]HG� LQ�7DEOH�KDYH� WKH�VDPH�GLVRU�
GHULQJ�H[WHQW�DW�7�����&�

,Q�VRPH�LQVWDQFHV��WKH�UHODWLRQVKLS�����LV
LQYDOLG��,W�LV�VHHQ�LQ�)LJ����WKDW�WKH�H[SHUL�
PHQWDO�SRLQWV�DUH�GHYLDWHG�IURP�WKH�UHJUHV�
VLRQ� OLQH� DW� KLJK� DFWLYDWLRQ� HQHUJ\� YDOXHV
(D!����H9��7KLV� LV� FRQQHFWHG�ZLWK� WKH� IDFWWKDW� WKH� LQWULQVLF� FRQGXFWLRQ� PHFKDQLVP
�IRUPDWLRQ�DQG�PLJUDWLRQ�RI�SURWRQ�GHIHFWV�
GRPLQDWHV�DW�WKRVH�DFWLYDWLRQ�HQHUJ\�YDOXHV�
)RU� WKH� LQWULQVLF� PHFKDQLVP� �(D�a�����H9��

)LJ����� ,QWHUUHODWLRQ� EHWZHHQ� WKH� SUH�H[SR�
QHQWLDO� IDFWRU� �V��� DQG� FRQGXFWLRQ� DFWLYDWLRQHQHUJ\��(D��LQ�.'3�FU\VWDOV�
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WKH�LQWHUUHODWLRQ�FRHIILFLHQWV�EHWZHHQ�V��DQG(D�PXVW�KDYH�RWKHU�QXPHULFDO�YDOXHV�WKDQ�LQ(D�UDQJH����Ü�����H9�ZKHUH�ERWK�LQWULQVLF�DQGH[WULQVLF�FRQGXFWLRQ�PHFKDQLVPV�SOD\�SDUWV�>�@�
,W� LV�VHHQ� LQ�)LJ����WKDW�WKH�UHODWLRQVKLS����� LV
QRW�PHW� IRU� FU\VWDOV� ZLWK� KLJK� FRQFHQWUDWLRQV
RI�LPSXULW\�LRQV�62���DERYH��������>�@��&U2���
DQG�&U2����>��@��7KLV� LV�GXH�WR�WKH�IDFW�WKDW
LQFRUSRUDWLRQ� RI� WKRVH� LRQV� FDXVHV� DQ� LQ�
FUHDVHG� QXPEHU� RI� /�GHIHFWV� EXW� GRHV� QRW
UHVXOW� LQ� DQ\� VLJQLILFDQW� GLVWRUWLRQV� RI� WKH
FU\VWDO� VWUXFWXUH� >�@� DQG� WKXV� RI� WKH� HQ�
WURS\�� WKH� LQFUHDVH� RI� ZKLFK� FDXVHV� DQ� LQ�
FUHDVHG�FRQGXFWLRQ�DFWLYDWLRQ�HQHUJ\�(D��$WWKH� VDPH� WLPH�� WKH� LQFUHDVH� RI� /�GHIHFW
QXPEHU�LQ�WKH�FU\VWDOV�GXH�WR�GRSLQJ�UHVXOWV
LQ�DQ�LQFUHDVHG�HOHFWULF�FRQGXFWDQFH��7KLV�LV
UHIOHFWHG� LQ� D� ULVH� RI� WKH� SDUDPHWHU� V�� LQ(T�����WKDW�GHSHQGV�QRW�RQ�WKH�FU\VWDO�GLVRU�
GHULQJ� H[WHQW� RQO\� EXW� RQ� WKH� QXPEHU� RI
PRELOH� GHIHFWV� DIIHFWLQJ� WKH� FRQGXFWLRQ�
7KDW� LV� WKH� FDXVH� RI� WKH� OJV�� YDOXHV� GHYLD�WLRQ� LQ� KHDYLO\� GRSHG� FU\VWDOV� IURP� WKH� UH�
JUHVVLRQ�OLQH�OJV�� �I�(D��WKDW�RFFXUV�LQ�WKLVFDVH�PDLQO\�DORQJ�WKH�RUGLQDWH�D[LV��)LJ�����

7KH�UHODWLRQVKLS����� LV�QRW�PHW�IRU�KLJK�
WHPSHUDWXUH� FRQGXFWLRQ� SDUDPHWHUV� >��@
�7DEOH���PHDVXUHG�DW�7!����&��SHUKDSV�WKDW
LV� FRQQHFWHG� ZLWK� WKH� FU\VWDO� GHFRPSRVLWLRQ�
,W� LV� NQRZQ� >��@� WKDW� KLJK� WHPSHUDWXUHV� DI�
IHFW� KHDYLO\� WKH� SK\VLFDO� SURSHUWLHV� RI� .'3
FU\VWDOV� �GXH� WR� WUDQVLWLRQ� LQWR� PRQRFOLQLF
SKDVH��WKDW�EHFRPH�PLON\�DQG�RSDTXH�

7KH� GHYLDWLRQV� IURP� WKH� (T����� PD\� EH
GXH� WR� PDFURVFDOH� GHIHFWV�� VXFK� DV� WKH
VWUXFWXUH� GLVWRUWLRQV� LQ� VRPH� FU\VWDO� DUHDV
�LQFUHDVHG� LPSHUIHFWLRQ� OD\HUV��� 7KRVH� DUH
REVHUYDEOH� E\� WKH� ;�UD\� WRSRJUDSK\� >�@� LQ
FU\VWDOV�JURZQ�IURP�VROXWLRQV�KDYLQJ�KLJK�S+
YDOXHV�� ,W� KDV� EHHQ� VKRZQ� LQ� WKH�ZRUN�PHQ�
WLRQHG�WKDW�WKRVH�GHIHFWV�FDXVH�D�(D�UHGXFWLRQE\� ���� H9� DQG� URRP� WHPSHUDWXUH� FRQGXFWLRQ
LQFUHDVH�E\�VHYHUDO�GHFLPDO�RUGHUV�

,W� LV�VHHQ�IURP�WKH�DERYH�WKDW�WKH�GHYLD�
WLRQ�RI�H[SHULPHQWDO�SRLQWV�IURP�WKH�UHJUHV�
VLRQ� OLQH� ���� FDQ� EH� XVHG� DV� D� FULWHULRQ� RI
WKH�FU\VWDO�TXDOLW\�

7R� FRQFOXGH�� WKH� WHPSHUDWXUH� FRQGXF�
WDQFH� GHSHQGHQFHV� KDYH� EHHQ� PHDVXUHG� IRU
.'3� FU\VWDOV� �WKH� ^���`� JURZWK� VHFWRUV�
JURZQ� E\� UHFLUFXODWLRQ� DQG� WHPSHUDWXUH
ORZHULQJ�PHWKRGV��7KH�WHPSHUDWXUH�GHSHQG�
HQFHV� RI� FRQGXFWDQFH� KDYH� EHHQ� IRXQG� WR
IROORZ�DQ� H[SRQHQWLDO� ODZ�RI� WKH�$UUKHQLXV
W\SH�� 7KH� SUH�H[SRQHQWLDO� IDFWRU� OJV��� DFWL�YDWLRQ�HQHUJ\�(D�DQG�WKH�FRQGXFWLYLW\�YDOXH

DW�URRP�WHPSHUDWXUH�KDYH�EHHQ�GHWHUPLQHG�
$� FRUUHODWLRQ� EHWZHHQ� WKH� FRQGXFWLRQ� SD�
UDPHWHUV� (D� DQG� OJV�� RI� XQGRSHG� FU\VWDOVH[LVWV� ZLWKLQ� WKH� DFWLYDWLRQ� HQHUJ\� UDQJH
����Ü����� H9� WKDW� LV� REVHUYDEOH� LQ� WKH���Ü
����&�WHPSHUDWXUH�UHJLRQ�

5HIHUHQFHV
� ���9�*�'PLWULHY�� *�*�*XU]DG\DQ�� '�1�1LNRJR�

V\DQ��+DQGERRN�RI�1RQOLQHDU�2SWLFDO�&U\VWDOV�
7KLUG��5HYLVHG�(GLWLRQ��6SULQJHU�6HULHV�LQ�2S�
WLFDO�6FLHQFHV������HG��$�(�6LHJPDQ��6SULQJHU�
9HUODJ�� %HUOLQ�� +HLGHOEHUJ�� 1HZ� <RUN�
�������

� ���'�(LPHUO��)HUURHOHFWULFV�����������������
� ���0�2�.HHIIH�� &�7�3HUULQR�� -��3K\V��&KHP��6RO��

���������������
� ���/�%�+DUULV�� *�-�9HOOD�� -��&KHP��3K\V��� ���

������������
� ���/�%�+DUULV�� *�-�9HOOD�� -��&KHP��3K\V��� ���

������������
� ���(�'�<DNXVKNLQ�� (�3�(IUHPRYD�� $�,�%DUDQRY�

&U\VWDOORJUDSK\�5HS������������������
� ���5�$�.XPDU\�� 5�&KDQGUDPDQL�� %XOO��0DWHU�

6FL������������������
� ���/�0�3HUH]�� 0�(�)HUQDQGH]�� -�(�'LRVD� HW� DO��

5HYLVWD�&RORPELDQD�GH�)LVLFD����������������
� ���5�-�1HOPHV��=�7XQ��:�)�.XKV��)HUURHOHFWULFV�

���������������
����9�+�6FKPLGW��-��6FL��,QVWUXP������������������
����9�+�6FKPLGW�� (�$�8HKOLQJ�� 3K\V��5HY��� ����

�����������
����5�%OLQF�� 9�'LPLF�� '�.RODU� HW� DO��� -��&KHP�

3K\V�������������������
����0�.DUD\DQQL�� *�3DSDYDVVLOLRX�� 0�)DUGLV� HW

DO���3K\V��5HY��%������������������
����-�'ROLQVHN�� 0�.DUD\DQQL�� *�3DSDYDVVLOLRX�

6ROLG�6WDWH�,RQLFV������������������
����$�$�.XWXE�� 0�.�(O�$GDZL�� 0�6�(OPDQ�

KDUDZ\�� $FWD� 3K\V�� +XQJDULFD�� ���� ���
�������

����7�+�)UHHGD�� &�0DKDGHYDQ�� %XOO��0DWHU��6FL��
���������������

����0�3UL\D��&�0�3DGPD��7�+�)UHHGD�HW�DO���%XOO�
0DWHU��6FL������������������

����$�1�/HYFKHQNR�� $�3�*DYULN�� ,�0�3ULWXOD� HW
DO��� LQ�� 3URF��RI� /)10������� .KDUNLY�
8NUDLQH���������S�����

����0�,�.RO\EDHYD�� 9�,�6DOR�� ,�0�3ULWXOD� HW� DO��
&U\VWDOORJUDSK\�5HS������������������

����1�=DLWVHYD�� /�&DUPDQ�� 3URJUHVV� LQ� &U\VWDO
*URZWK�DQG�&KDUDFWHUL]DWLRQ�RI�0DWHULDOV�����
���������

����%�9�5�&KRZGDUL�� 5�<�6HNKDU�� 3K\V��6WDW�
6RO��D������������������

����:�3�0DVRQ�� 3LH]RHOHFWULF� &U\VWDOV� DQG� 7KHLU
$SSOLFDWLRQV� WR� 8OWUDVRQLFV�� 1HZ� <RUN�� 9DQ
1RVWUDQG��������
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