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5HFHLYHG�-XO\��������
7KHUPDO� FRQGXFWLYLW\� RI� SXUH� DQG� FKURPLXP�� DQG� WLWDQLXP�GRSHG�DÜ$O�2�� FU\VWDOV� LVVWXGLHG�ZLWKLQ� � ��Ü����z� WHPSHUDWXUH� LQWHUYDO�� ,W� LV� VKRZQ� WKDW� WKH� DGGLWLRQV� RI� FKUR�

PLXP� DQG� WLWDQLXP� DV�ZHOO� DV� KLJK�WHPSHUDWXUH� DQQHDOLQJ� HVVHQWLDOO\� HIIHFW� WKH� WKHUPDO
FRQGXFWLYLW\�RI�WKH�LQYHVWLJDWHG�FU\VWDOV��
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���,QWURGXFWLRQ�
7KH� FU\VWDO� ODWWLFH� RI� DÜ$O�2�� LV� DQLVRW�URSLF� DQG�EHORQJV� WR� WKH�GLWULJRQDO�VFDOHQR�

KHGUDO� V\PPHWU\� FODVV� �� P� >�@�� 7KH� SXUH
FU\VWDOV� �OHXFRVDSSKLUH�� SRVVHVV� KLJK� WKHU�
PDO� FRQGXFWLYLW\�� 7KHUHIRUH�� OHXFRVDSSKLUH
FRDWLQJV�DUH�XVHG�DV�HOHPHQWV�UHPRYLQJ�KHDW
IURP� VRPH� ODVHU� FU\VWDOV� ZKLFK� KDYH� ORZ
WKHUPDO� FRQGXFWLYLW\�� 7KH� WHPSHUDWXUH� GH�
SHQGHQFHV�RI�WKH�WKHUPDO�FRQGXFWLRQ�RI�OHX�
FRVDSSKLUH� DUH� ZHOO�NQRZQ� >�Ü�@�� $O�2��0H
FU\VWDOV� DUH�ZLGHO\�XVHG� DV� DFWLYH�PHGLD� RI
VROLG� ODVHUV�� 8S� WR� QRZ�� WKH� LQIOXHQFH� RI
WKHLU� GRSLQJ� DGGLWLRQV� DQG� FU\VWDOORJUDSKLF
IHDWXUHV�RQ�YDOXH�RI�WKH�WKHUPDO�FRQGXFWLY�
LW\�KDV� EHHQ�VWXGLHG� LQVXIILFLHQWO\��7KH�H[�
LVWLQJ� WKHRU\� >��� �@� GRHV� QRW� DOORZ� WR� UHOL�
DEO\� FDOFXODWH� VXFK� D� NLQHWLF� FKDUDFWHULVWLF
RI�WKH�PDWHULDO��7KDW�LV�ZK\�H[SHULPHQWDOO\
GHWHUPLQHG�WHPSHUDWXUH�GHSHQGHQFH�RI�WKHU�
PDO� FRQGXFWLYLW\� N�7�� LV� D� XVHIXO� FHUWLILFD�
WLRQ� FKDUDFWHULVWLF� RI� WKH� FU\VWDO� FRQQHFWHG
ZLWK�LWV�VWUXFWXUH�DQG�FRPSRVLWLRQ��7KLV�LQ�

IRUPDWLRQ�LV�DOVR�QHFHVVDU\�IRU�UHYLVLRQ�DQG
GHYHORSPHQW� RI� WKH� WKHRU\� RI� KHDW� WUDQVIHU
LQ� GLHOHFWULF� VLQJOH� FU\VWDOV� ZLWK� GLIIHUHQW
FRQWHQW�RI�GHIHFWV��

7KH� JRDO� RI� WKH� SUHVHQW� UHVHDUFK� ZDV� WR
H[SHULPHQWDOO\� GHWHUPLQH� WKH� WKHUPDO� FRQ�
GXFWLYLW\�RI�SXUH�DQG�GRSHG�FRUXQGXP�FU\V�
WDOV�ZLWKLQ���Ü����.�WHPSHUDWXUH�LQWHUYDO�

���([SHULPHQWDO�SURFHGXUH
7KH�VWXG\�ZDV�SHUIRUPHG�RQ�WKH�VDPSOHV

RI� OHXFRVDSSKLUH� JURZQ� E\� WKH� .\URSRXORV
PHWKRG� >�@�� WKH� 9HUQHXLO� UXE\� $O�2��&U� >�@DQG�WLFRU�$O�2��7L��JURZQ�E\�WKH�&]RFKUDOVNLPHWKRG�>��@��$OO�WKH�VDPSOHV�KDG�WKH�GLPHQ�
VLRQV��u�u���PP���WKHLU�ORQJ�D[HV�ZHUH�RULHQWHG
DORQJ� WKH� FU\VWDOORJUDSKLF� GLUHFWLRQV
�����!������
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�!�WR�DQ�DFFXUDF\�RI

WR����
7R�UHYHDO�WKH�LQIOXHQFH�RI�R[\JHQ�YDFDQ�

FLHV�RQ� WKH� WKHUPDO� FRQGXFWLRQ�RI� WKH�FU\V�
WDOV�� ZH� VWXGLHG� WKH� OHXFRVDSSKLUH� VDPSOHV
DQQHDOHG� XQGHU� UHGXFWLYH� FRQGLWLRQV� ��� K�
�����&��DQG�LQ�YDFXXP������K�������&���7KH
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DQQHDOLQJ� LQ� &2���&2�� DWPRVSKHUH� DW� WKHUHGXFWLRQ�SRWHQWLDO� RI� WKH�PHGLXP�HTXDO� WR
���� N-�PROH� UDLVHV� WKH� GHQVLW\� RI� DQLRQLF
YDFDQFLHV�XS�WR������FPÜ��>��@�

7KH�YDOXH�RI�WKHUPDO�FRQGXFWLYLW\�LQ���Ü
����.�WHPSHUDWXUH�LQWHUYDO�ZDV�GHWHUPLQHG
H[SHULPHQWDOO\� E\� WKH�PHWKRG� RI� ORQJLWXGL�
QDO�KHDW�IORZ�XVLQJ�WKH�IDFLOLWLHV�DQG�PHDV�
XUHPHQW� SURFHGXUH� GHVFULEHG� LQ� >��@�� 7KH
HUURU� RI� WKH� GHWHUPLQDWLRQ� RI� WKH� DEVROXWH
WKHUPDO� FRQGXFWLYLW\� YDOXH� LQ� WKH�ZKROH� RI
WKH�VWXGLHG�WHPSHUDWXUH�LQWHUYDO�GLG�QRW�H[�
FHHG�r�����

��5HVXOWV�DQG�GLVFXVVLRQ
/HXFRVDSSKLUH�� 7KH� GHSHQGHQFH� N�7�� IRU

OHXFRVDSSKLUH� VDPSOHV� RI� GLIIHUHQW� FU\VWDO�
ORJUDSKLF�RULHQWDWLRQ�LV�VKRZQ�LQ�)LJ�����$W
URRP� WHPSHUDWXUH� N�7�� LV� FRQVLGHUDEO\
VWURQJHU� WKDQ� WKH�FODVVLFDO�7Ü�� GHSHQGHQFH�
,Q�DOO� WKH�WKUHH�FDVHV� LW� LV�GHVFULEHG�E\�WKH
IXQFWLRQ�7Ü�����,Q�WKH�YLFLQLW\�RI�7� �����.
WKLV�GHSHQGHQFH�WHQGV�WR�|7Ü�����$W�WKH�ORZ�
HVW� RI� WKH� FRQVLGHUHG� WHPSHUDWXUHV� WKH
FXUYHV� VWDUW� UHDFKLQJ� WKH� ORZ�WHPSHUDWXUH

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� WKHUPDO
FRQGXFWLYLW\�RI�OHXFRVDSSKLUH�DORQJ�WKH�FU\V�
WDOORJUDSKLF� GLUHFWLRQV�� �� Û� ����
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PD[LPXP� FKDUDFWHULVWLF� RI� VLQJOH� FU\VWDOV�
)RU�FRUXQGXP�FU\VWDOV�WKLV�PD[LPXP�LV�RE�
VHUYHG� DW� UHODWLYHO\� KLJK� WHPSHUDWXUH
7�|���� .� >��@�� +RZHYHU�� DOO� WKH�PHQWLRQHG
IHDWXUHV� DUH� W\SLFDO� RI� WKH� FU\VWDOV� ZLWK
KLJK�PHOWLQJ� WHPSHUDWXUH� �7P$O�2�� � ������.
>�@�� DQG�� FRQVHTXHQWO\�� KLJK� FKDUDFWHULVWLF
'HE\H� WHPSHUDWXUH� �DFFRUGLQJ� WR� WKH� FDO�
RULPHWULF� GDWD� >��@�� IRU�$O�2��4'� ������.DW�7� �����.��

$W� 7� ����� .� WKH� DEVROXWH� YDOXHV� RI
WKHUPDO� FRQGXFWLYLW\� �VHH� 7DEOH�� OLH� ZLWKLQ
WKH� OLPLWV� RI� WKH� NQRZQ� OLWHUDWXUH� GDWD� IRU
OHXFRVDSSKLUH� � >�����@�� $W� 7� ���� .� WKH
YDOXH� RI� WKHUPDO� FRQGXFWLYLW\� IRU� WKH� FU\V�
WDOORJUDSKLF� GLUHFWLRQ� ����
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�!� LV� FORVH� WR

���N:W��P�.��WKDW�WHVWLILHV�WKDW�WKH�FU\VWDO
KDV�KLJK�FKHPLFDO�SXULW\�DQG�VWUXFWXUH�SHU�
IHFWLRQ� �WKH� DEVHQFH� RI� D� ODUJH� QXPEHU� RI
SRLQW�GHIHFWV��

7KH� REWDLQHG� UHVXOWV� DOVR�SHUPLW� WR� HVWL�
PDWH�WKH�DQLVRWURS\�RI�WKHUPDO�FRQGXFWLYLW\
RI�OHXFRVDSSKLUH��3UHVHQWHG�LQ�)LJ����DUH�WKH
SRLQWV� H�7�� RI� WKH� WHPSHUDWXUH� GHSHQGHQFH
RI� WKH� UHODWLYH� GLIIHUHQFH� RI� WKH� WKHUPDO
FRQGXFWLYLW\� DORQJ� WKH� FU\VWDOORJUDSKLF� GL�
UHFWLRQV�FDOFXODWHG�IURP�WKH�IRUPXODH��
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7KH� VDLG� ILJXUH� VKRZV� WKH� SUHVHQFH� RI
WZR�EDQGV�ZLWK�WKH�ERXQGDULHV�H� �&RQVW�7�
 �r����� �FRUUHVSRQGLQJ� WR� WKH� HUURU� RI� WKH
GHWHUPLQDWLRQ� RI� WKH� DEVROXWH� WKHUPDO� FRQ�
GXFWLYLW\� YDOXH�� DQG� H� �&RQVW�7�� �r����
�FRUUHVSRQGLQJ� WR� UHSURGXFLELOLW\� RI� WKH
PHDVXUHG� WKHUPDO� FRQGXFWLYLW\� YDOXH� DQG�

FRQVHTXHQWO\�� WKH� SRVVLELOLW\� RI� WKH� H[SHUL�
PHQWDO�SURFHGXUH�LQ�VDPSOHV�FRPSDULVRQ����

7KH� WKHUPDO� FRQGXFWLYLW\� RI� OHXFRVDS�
SKLUH� LV� DQLVRWURSLF� LQ� D� ZLGH� WHPSHUDWXUH
UHJLRQ�� $W� 7� ���� .� WKH� YDOXH� RI� WKHUPDO
FRQGXFWLYLW\� IRU� WKH� GLUHFWLRQV� ����
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WZLFH� DV� KLJK� LQ� FRPSDULVRQ� ZLWK� WKDW� IRU
����
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�!��)RU�WKLV�SDLU�RI�WKH�GLUHFWLRQV�WKH

DQLVRWURS\� LQGH[� H�!��� ZLWKLQ� WKH�ZKROH� RI
WKH�LQYHVWLJDWHG�WHPSHUDWXUH�LQWHUYDO��

$QRWKHU� VLWXDWLRQ� LV� REVHUYHG� IRU� WKH
SDLU�RI� WKH�GLUHFWLRQV�����
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$W� WKH� ORZHVW� RI� WKH� VWXGLHG� WHPSHUDWXUHV
WKH�WKHUPDO�FRQGXFWLYLW\�DORQJ�WKH�GLUHFWLRQ
����

BB
�!� LV� HVVHQWLDOO\� KLJKHU� WKDQ� WKH� RQH

DORQJ� WKH� WKLUG�RUGHU� D[LV� �����!�� +RZ�
HYHU��LQ�WKH�YLFLQLW\�RI�7� �����.�WKH�UHOD�
WLRQ� EHWZHHQ� WKH� WKHUPDO� FRQGXFWLYLW\� YDO�
XHV� EHFRPHV� UHYHUVHG�� ZLWK� WKH� ULVH� RI� WKH
WHPSHUDWXUH� WKH� REWDLQHG� N�7�� YDOXHV� WXUQ
RXW�WR�EH�WKH�VDPH���

7KH�WKHUPDO�FRQGXFWLYLW\�IRU�WKH�GLUHFWLRQ
����

BB
�!� LV� WKH� ORZHVW� DPRQJ� DOO� WKH� LQYHVWL�

JDWHG�YDOXHV��DW�OHDVW�LQ���Ü����.�UDQJH���
$� ]LJ]DJ� ORFDWLRQ� RI� WKH� SRLQWV� RI� WKH

JUDSK� H�� LQ� WKH� UHJLRQ� RI� ��Ü����.� VHHPVWR�EH�FDXVHG�E\�KLJK�VHQVLWLYLW\�RI�WKH�HIIL�
FLHQF\� RI� SKRQRQ� VFDWWHULQJ� WR� GLIIHUHQW
VWUXFWXUH� GHIHFWV� �LQHYLWDEO\� SUHVHQW� LQ
VPDOO� TXDQWLWLHV� HYHQ� LQ� XQGRSHG� FU\VWDOV��
DV�ZHOO� DV� E\� WKH� FKDUDFWHU� RI� WKLV� VFDWWHU�
LQJ�GHSHQGLQJ�RQ�WKH�WHPSHUDWXUH���

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� WKHUPDO
FRQGXFWLYLW\� RI� UXE\� FU\VWDOV� ZLWK� GLIIHUHQW
FKURPLXP�FRQWHQW����Û�QRPLQDOO\�SXUH����Û
����������Û�����

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� DQLVRW�
URS\� RI� WKHUPDO� FRQGXFWLYLW\� IRU� OHXFRVDS�
SKLUH����Û�H�����Û�H�����Û�H��
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7KH� VSUHDG� RI� WKH� SRLQWV� N�7�� ZLWK� UH�
VSHFW� WR� WKH� DSSUR[LPDWLQJ� YDOXHV� PD\� EH
H[SODLQHG� E\� WKH� XVH� RI� URXQGHG�RII� WDEX�
ODWHG� YDOXHV� RI� WKHUPDO� FRQGXFWLYLW\� LQ� WKH
FDOFXODWLRQV�RI�H�7���

$O�2��&U� FU\VWDOV� �UXELHV���:H� FRPSDUHG
WKH� YDOXHV� RI� WKHUPDO� FRQGXFWLYLW\� RI� WZR
UXE\�FU\VWDOV�ZLWK�GLIIHUHQW�FRQWHQW�RI�FKUR�
PLXP��,Q�RQH�RI�WKH�VDPSOHV�WKH�FRQFHQWUD�
WLRQ�RI�FKURPLXP�ZDV�W\SLFDO�RI�ODVHU�UXELHV
������ DW������ 7KH� RWKHU� � VDPSOH� FRQWDLQHG
�� DW���� � RI� FKURPLXP��ZKLFK�ZDV� FORVH� WR
WKH� OLPLWLQJ� FKURPLXP� FRQFHQWUDWLRQ� LQ
GDUN�UHG�UXE\��6KRZQ�LQ�)LJ����DUH�WKH�WHP�
SHUDWXUH�GHSHQGHQFHV�RI� WKHUPDO�FRQGXFWLY�
LW\� IRU� UXE\� ZLWK� ORZ� DQG� KLJK� FRQFHQWUD�
WLRQV� RI� FKURPLXP�� 3UHVHQWHG� IRU� FRPSDUL�
VRQ� LV� WKH� FXUYH� N�7�� IRU� OHXFRVDSSKLUH
JURZQ� E\� WKH� .\URSRXORV� PHWKRG�� $V� LV
VHHQ�� ORZ� TXDQWLW\� RI�&U� ������ DW���� LV� UH�
VSRQVLEOH� IRU� VPDOO� GLPLQXWLRQ� RI� WKH� WKHU�
PDO� FRQGXFWLYLW\� RI� UXE\� LQ� FRPSDULVRQ
ZLWK� WKDW� RI� WKH� XQGRSHG� VDSSKLUH� VDPSOH
ZLWKLQ� WKH� ZKROH� RI� WKH� LQYHVWLJDWHG� N�7�
LQWHUYDO�� 2Q� WKH� FRQWUDU\�� �� DW���� FRQWHQW
FDXVHV�D�FDUGLQDO�GHFUHDVH�RI�WKH�FRQVLGHUHG
FKDUDFWHULVWLF�� $W� 7� ���� .� WKH� GLIIHUHQFH
EHWZHHQ� WKH� YDOXHV� RI� WKHUPDO� FRQGXFWLYLW\
RI� WKH� UHIHUHQFH� VDPSOH� DQG� WKH� GRSHG� RQH
�FRQWDLQLQJ���DW����RI�&U�� LV�PRUH� WKDQ�DQ
RUGHU� RI� PDJQLWXGH�� DW� URRP� WHPSHUDWXUH
VXFK�D�GLIIHUHQFH�LV�D�TXDUWHU�RI�DQ�RUGHU����

$O�2��7L� FU\VWDOV�� 7KH� UHVXOWV� RI� WKHVWXG\� RI� WKH� WKHUPDO� FRQGXFWLYLW\� RI
$O�2��7L��� �WLFRU��VLQJOH�FU\VWDOV�LQ�FRPSDUL�VRQ�ZLWK�WKH�GDWD�REWDLQHG�IRU�N�7��RI�6DP�
SOH���LQ�>��@�DUH�VKRZQ�LQ�)LJ����������

$V�LV�VHHQ��WKH�GRSLQJ�RI�FRUXQGXP�ZLWK
WLWDQLXP� JLYHV� ULVH� WR� D� FRQVLGHUDEOH� GH�
FUHDVH� RI� WKH� WKHUPDO� FRQGXFWLYLW\� YDOXH�

7KH� REWDLQHG� N�7�� GHSHQGHQFHV� FKDUDFWHUL]H
WKLV��PDWHULDO�DV�D�KLJKO\�FRQFHQWUDWHG�VROLG
VROXWLRQ��6XFK�D�IRUP�RI�WKH�FXUYHV�WHVWLILHV
WR� WKH� FU\VWDO� VWUXFWXUH� LPSHUIHFWLRQ�� 7KH
GHJUHH�RI�WHPSHUDWXUH�PD[LPXP�GLIIXVHQHVV
LQFUHDVHV� ZLWK� WKH� ULVH� RI� WKH� GRSLQJ� DGGL�
WLRQ�FRQFHQWUDWLRQ��DQG�WKLV�PD[LPXP�VKLIWV
WRZDUGV�KLJKHU�WHPSHUDWXUHV��ZKLFK�LV�W\SLFDO
RI�GLHOHFWULF�VLQJOH�FU\VWDOV�ZLWK�GLIIHUHQW�GH�
JUHH�RI�VWUXFWXUH�LPSHUIHFWLRQ�>�@��

7KH�GHFUHDVH�RI�WKH�TXDQWLW\�RI�7L���LRQV
�ZKLFK� LVRPRUSKLFDOO\� UHSODFH� $O��� LRQV� LQ
$O�2�� ODWWLFH�� JLYHV� ULVH� WR� D� QRWLFHDEOH� LQ�FUHDVH�RI�WKH�GHJUHH�RI�FU\VWDO�VWUXFWXUH�LP�
SHUIHFWLRQ�� 7KLV� LV� H[SODLQHG� E\� WKH� IDFW
WKDW� WKH� FRHIILFLHQW� RI� WLWDQLXP� LQFRUSRUD�
WLRQ� LQWR� WKH� FU\VWDO� ODWWLFH� �|����� LV� HVVHQ�
WLDOO\�ORZHU�WKDQ�WKDW�RI�FKURPLXP�>��@��:H
DVVXPH� WKDW� QRQ�XQLIRUP� GLVWULEXWLRQ� RI
7L��� LRQV� LQ� WKH� EXON� RI� WKH� LQYHVWLJDWHG
VDPSOH�LV�FRQQHFWHG�ZLWK�FU\VWDO�JURZWK�SH�
FXOLDULWLHV�OHDGLQJ�WR�WKH�DSSHDUDQFH�RI�ORFDO
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