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5HFHLYHG�)HEUXDU\���������
6WXGLHG�KDV�EHHQ�WKH�HIIHFW�RI�R[\JHQ�GHILFLHQF\�DV�ZHOO�DV�RI�D�ORZ��XS�WR������$O�DQG

3U�GRSLQJ�RQ�FRQGXFWLYLW\�LQ�WKH�EDVLV�SODQH�RI�WKH�5H%D�&X�2�±G��5H <��+R��+76&�VLQJOHFU\VWDOV��7KH�H[FHVV�FRQGXFWLYLW\�'V�7��RI�WKH�VWXGLHG�VDPSOHV�KDV�EHHQ�IRXQG�WR�VKRZ�DQ
H[SRQHQWLDO�FKDUDFWHU�LQ�D�ZLGH�WHPSHUDWXUH�UDQJH�7I�7�7��7KH�GHVFULSWLRQ�RI�WKH�H[FHVV
FRQGXFWLYLW\� DV�'Va��Ü7�7�H[S�'DE�7�� FDQ� EH� LQWHUSUHWHG�ZLWKLQ� WKH� IUDPHV� RI�PHGLXPILHOG� WKHRU\� ZKHUH�7� LV� WKH�PHDQ� ILHOG� WHPSHUDWXUH� RI� VXSHUFRQGXFWLQJ� WUDQVLWLRQ�� 7KH
WHPSHUDWXUH�GHSHQGHQFH�RI� WKH�SVHXGRJDS�FDQ�EH� VDWLVIDFWRULO\�GHVFULEHG� LQ� WHUPV�RI� WKH
%&6�%(&�FURVVRYHU�WKHRUHWLFDO�PRGHO��7KH�R[\JHQ�FRQWHQW� UHGXFWLRQ�DQG�D� ORZ�$O�GRSLQJ
UHVXOWV� LQ� ZLGHQLQJ� RI� WKH� WHPSHUDWXUH� LQWHUYDO� ZKHUH� WKH� 3*� PRGH� LV� UHDOL]HG�� WKXV
QDUURZLQJ�WKH�DUHD�RI�OLQHDU�U�7��GHSHQGHQFH�LQ�WKH�DE�SODQH��$�ORZ�3U�GRSLQJ�FRQFHQWUD�
WLRQV� �]|������ UHVXOWV� LQ� DQ� XQXVXDO� HIIHFW� RI� D� VLJQLILFDQW� QDUURZLQJ� RI� WHPSHUDWXUH
LQWHUYDO�ZKHUH�WKH�3*�LV�UHDOLVHG��WKXV�H[WHQGLQJ�WKH�OLQHDU�U�7��UHJLRQ�
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7KH� LQYHVWLJDWLRQ� RI� WKH� ORZ� WHPSHUDWXUH
SKDVH�WUDQVLWLRQV�WR�WKH�IOXFWXDWLRQ�FRQGXFWLYLW\
�)&�� DQG� WKH� SVHXGRJDS� �3*�� PRGH� LQ� +76&�

EHLQJ� REVHUYHG� LQ� WKH� QRUPDO� VWDWH� DURXQG
WKH� FULWLFDO� WHPSHUDWXUH� �7F�� DQG� VLJQLIL�
FDQWO\� KLJKHU� WHPSHUDWXUHV� LV� DQ� LPSRUWDQW
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LVVXH�>�Ü�@��7KLV�SKHQRPHQRQ� LV� FRQVLGHUHG
WR�EH�VLJQLILFDQW�LQ�XQGHUVWDQGLQJ�WKH�+76&
QDWXUH� >����@�� 7KLV� PRWLYDWHG� D� QXPEHU� RI
H[SHULPHQWDO� DQG� WKHRUHWLFDO� VWXGLHV� RI
+76&� �IRU� H[DPSOH� >�@� DQG� UHIHUHQFHV
WKHUHLQ���1HYHUWKHOHVV��WKH�QDWXUH�RI�WKH�3*
DQRPDO\� DQG� LWV� IRUPDWLRQ� PHFKDQLVP� LQ
+76&� LV� VWLOO� QRW� FRPSOHWHO\� XQGHUVWRRG�
7KHUH� DUH� WZR� PDLQ� H[SODQDWLRQV� IRU� WKH
RULJLQ�RI�WKH�3*�DQRPDO\�LQ�+76&�V\VWHPV�
7KH� ILUVW� H[SODQDWLRQ� UHODWHV� WKH�3*�DQRP�
DO\�WR�VKRUW�UDQJH�RUGHULQJ�IOXFWXDWLRQV�RI�D
�GLHOHFWULF�� W\SH� �H�J��� DQWL�IHUURPDJQHWLF
IOXFWXDWLRQV��VSLQ�DQG�FKDUJH�GHQVLW\�ZDYHV�
>�@��7KH�VHFRQG�H[SODQDWLRQ�DVVXPHV�WKH�IRU�
PDWLRQ�RI�&RRSHU�SDLUV�DW� WHPSHUDWXUHV�H[�
FHHGLQJ�7F�VLJQLILFDQWO\��L�H��7!!7F��ZKHUH7� LV� WKH� WHPSHUDWXUH� WKDW� WKH� 3*� FRP�
PHQFHV��ZKLOH�WKHLU�SKDVH�FRKHUHQFH�LV�UHDO�
L]HG�DW�7�7F�>����@��7KLV�LV�VXSSRUWHG�E\�WKHFURVVRYHU� WKHRU\� IURP� WKH� %DUGHHQ�&RRSHU�
6FKULHIIHU� �%&6�� PHFKDQLVP� WR� WKH� %RVH�
(LQVWHLQ� FRQGHQVDWLRQ� �%(&�� >�@� ZKHUH� WKH
3*� WHPSHUDWXUH� GHSHQGHQFHV� IRU� ZHDN� DQG
VWURQJ�FRXSOLQJ�ZHUH�REWDLQHG��)RU�WHPSHUD�
WXUHV� ORZHU� WKDQ� 7�� WKH� 3*� YDOXH� FDQ� EH
GHWHUPLQHG� DW� D� VLJQLILFDQW� DFFXUDF\� >�@
ZLWKLQ�D�ZLGH�WHPSHUDWXUH�LQWHUYDO�SURFHHG�
LQJ�IURP�WKH�UHVLVWLYLW\� LQ�WKH�DE�SODQH�GH�
SHQGHQFH�UDE�7��$Q� DSSURSULDWH� V\VWHP� WR� LQYHVWLJDWH
WKHVH� LVVXHV� LV� <%D�&X�2�±G� DQG� LWV� UDUH�HDUWK� DQDORJXHV�5H%D�&X�2�±G�� 7KLV� LV� GXHWR�WKH�SRVVLELOLW\�WR�PRGLI\�WKH�FRQGXFWLYLW\
FKDUDFWHULVWLFV�DQG�WKH�FUXFLDO�SDUDPHWHUV�E\
YDU\LQJ� WKH� R[\JHQ� FRQWHQW� >�@�RU�E\�VXEVWL�
WXWLQJ� UDUH�HDUWK� HOHPHQWV� IRU� <� >�Ü�@�� 7KH
DGPL[WXUH� NLQG� DQG� FRQFHQWUDWLRQ� DUH� DOVR
RI�LPSRUWDQFH�KHUH��2I�SDUWLFXODU�LQWHUHVW�LQ
WKLV�DVSHFW�LV�WKH�SDUWLDO�VXEVWLWXWLRQ�3U�IRU
<��ZKLFK��RQ�WKH�RQH�KDQG��UHVXOWV�LQ�VXSHU�
FRQGXFWLYLW\� VXSSUHVVLRQ� �XQOLNH� WKH� FDVH
ZKHQ� RWKHU� UDUH�HDUWK� HOHPHQWV� DUH� VXEVWL�
WXWHG�IRU�<���DQG��RQ�WKH�RWKHU�KDQG��DOORZV
WKH� ODWWLFH�SDUDPHWHUV� DQG�R[\JHQ� LQGH[�RI
WKH� FRPSRXQG� WR� UHPDLQ� SUDFWLFDOO\� XQ�
FKDQJHG� >����@�� ,Q�SDUWLFXODU�� D� VWXG\�RI�3U
LPSXULWLHV�LQIOXHQFH�RQ�WKH�H[LVWHQFH�FRQGL�
WLRQV� DQG�PRGHV� RI� WKH�SVHXGRJDS� VWDWH� UH�
JLRQ�LQ�VXFK�FRPSRXQGV�>�@�LV�RI�LPSRUWDQFH
QRW� RQO\� LQ� HOXFLGDWLQJ� WKH�QDWXUH� RI� KLJK�
WHPSHUDWXUH� VXSHUFRQGXFWLYLW\� �+76&�� EXW
DOVR� IRU� GHWHUPLQLQJ� HPSLULFDO� ZD\V� WR� HQ�
KDQFH� LWV� FULWLFDO� SDUDPHWHUV�� ,W� LV� ZRUWK
QRWLQJ� WKDW�XQWLO� WRGD\��GDWD�UHJDUGLQJ�WKH
3U�GRSDQW�LQIOXHQFH�RQ�WKH�WUDQVSRUW�SURSHU�
WLHV� RI�<%&2� FRPSRXQGV� UHPDLQV� FRQVLGHU�
DEO\� FRQWUDGLFWRU\�� 7KLV� LV� EHFDXVH� D� ODUJH
DPRXQW� RI� H[SHULPHQWDO� ZRUN� ZDV� FDUULHG

RXW�RQ�FHUDPLFV��ILOPV�DQG�WH[WXUHG�VDPSOHV
>����@� RI� GLIIHUHQW� WHFKQRORJLF� SUHKLVWRULHV�
,Q� WKRVH� ZRUNV� ZKHUH� WKH� PHDVXUHPHQWV
WKDW�ZHUH�FDUULHG�RXW�RQ�VLQJOH�FU\VWDOV��IRU
H[DPSOH�� >�@��� WKH� VDPSOHV� ZLWK� 3U� FRQFHQ�
WUDWLRQ�H[FHHGLQJ������ZHUH�XVHG�

$PRQJ� RWKHU� UDUH�HDUWK� HOHPHQWV�� RI� D
SDUWLFXODU� LQWHUHVW� LV� UHSODFHPHQW� RI� \W�
WULXP� ZLWK� KROPLXP��:KHQ� \WWULXP� �<�� LV
UHSODFHG� ZLWK� KROPLXP� �+R��� ZKLFK� KDV� D
PDJQHWLF�PRPHQW� RI�PRUH� WKDQ� ��� P%�� WKHUHVXOWLQJ�+R%D�&X�2�±G�FRPSRXQG�LV�SDUDP�DJQHWLF� LQ� WKH� QRUPDO� VWDWH�� 1HYHUWKHOHVV�
WKH�VXEVWLWXWLRQ�SDUDPDJQHWLF�+R�IRU�<�GRHV
QRW�DIIHFW�VXEVWDQWLDOO\�WKH�VXSHUFRQGXFWLQJ
SURSHUWLHV�>�@��7KLV�LV�EHFDXVH�+R�LV�ORFDWHG
DZD\� IURP� WKH� VXSHUFRQGXFWLQJ� SODQHV�
ZKLFK� LQ� WXUQ� LQWHUIHUH�ZLWK� WKH� IRUPDWLRQ
RI�GLVWDQW�PDJQHWLF�RUGHU�

$OOR\LQJ� <%D&X2� FRPSRXQGV� ZLWK� DOX�
PLQLXP�UHVXOWV�LQ�WKH�VXEVWLWXWLRQ�RI�FRSSHU
DWRPV� LQ�WKH�&X2�SODQHV�>����@��7KH�LPSDFW
RI�VXFK�FKDQJHV�RQ�WKH�WUDQVSRUW�SURSHUWLHV
�L�H�� HOHFWUR�FRQGXFWLYLW\�� LV� VWLOO� XQFOHDU�
)RU� H[DPSOH�� DQ� LQVLJQLILFDQW� LQFUHDVH� RI
WKH�HOHFWUR�UHVLVWDQFH�LQ�WKH�EDVLF�SODQH��UDE�LQ� <%D�&X�±]$O]2�±G� VLQJOH� FU\VWDOV� ZLWK]d�����ZDV� UHSRUWHG� >�@�� ZKLOH� D� WZR�IROG
LQFUHDVH� RI� UDE� ZDV� REVHUYHG� LQ� D� VLPLODUVWXG\�DW�WKH�VDPH�DOXPLQLXP�FRQFHQWUDWLRQ
>�@��3HUKDSV�VXFK�D�GLVDJUHHPHQW�ZDV�GXH�WR
LQKRPRJHQHRXV� DOXPLQLXP� GLVWULEXWLRQ� LQ
WKH� ERG\� RI� WKH� FU\VWDO�� EHFDXVH� XQGHU� WKH
FU\VWDO�JURZWK�LQ�DOXQGXP�FUXFLEOHV��DQ�XQ�
FRQWUROOHG�DOXPLQLXP�GRSLQJ�RFFXUV��,Q�SDU�
WLFXODU�� WKH� LQKRPRJHQHRXV� GLVWULEXWLRQ� RI
DOXPLQLXP� LV� HYLGHQFHG� E\� EURDG� VXSHUFRQ�
GXFWLQJ�WUDQVLWLRQV�'7Ft��.�DQG�WKHLU�VWHSZLVHVKDSH� >����@��0RUHRYHU�� WKHUH� LV� D� VLJQLILFDQW
VFDWWHU� LQ� WKH� VXSHUFRQGXFWLQJ� VWDWH� SDUDPH�
WHUV��,Q�DGGLWLRQ��WKH�<%&2�VLQJOH�FU\VWDOV�FRQ�
WDLQ�DOZD\V�WZLQ�ERXQGDULHV��7%��>�@��7KH�FRQ�
WULEXWLRQ�RI�WKHVH�GHIHFWV�LV�GLIILFXOW�WR�GHWHU�
PLQH�LQ�H[SHULPHQW�

7KH� DLP� RI� WKLV� ZRUN� ZDV� WR� VWXG\� WKH
HIIHFW�RI� ORZ�DOXPLQLXP�DQG�SUDVHRG\PLXP
GRSLQJ� �XS� WR� �� ��� DQG� DOVR� LQIOXHQFH� RI
R[\JHQ�QRQ�VWRLFKLRPHWU\�DW�UHSODFHPHQW�RI
\WWULXP� ZLWK� KROPLXP� RQ� WKH� 3*� PRGH� LQ
WKH�VLQJOH�FU\VWDOV�RI�������V\VWHP�ZLWK�WKH
XQLGLUHFWLRQDO�7%�V\VWHP�DW�GLIIHUHQW�RULHQ�
WDWLRQV�RI� WUDQVSRUWLQJ�FXUUHQW�YHFWRU��SUR�
YLGLQJ� UHJXODWHG� LQWHQVLW\� RI� WKH� FDUULHU
VFDWWHULQJ�SURFHVVHV�

7KH� 5H%D�&X�2�±G� �5H <�� +R�� VLQJOH
FU\VWDOV�ZHUH�JURZQ�XVLQJ�WKH�WHFKQLTXH�GH�
VFULEHG� LQ� >�@�� $V� WKH� LQLWLDO� FRPSRQHQWV�
<�2���%D&2���&X2� SRZGHUV�ZHUH�XVHG� �DOO� RI
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VSHFLDO� SXULW\� JUDGH��� 7R� REWDLQ� DOXPLQLXP
GRSHG�VLQJOH�FU\VWDOV������ZW���$O�2��ZDV�DGGHG�7R� REWDLQ� <�±]3U]%D�&X�2�±G� VLQJOH� FU\VWDOV�3U�2���ZDV�DGGHG�DW�DWRPLF�UDWLR�<�3U ������7KHJURZWK� DQG� R[\JHQ� VDWXUDWLQJ� UHJLPHV� RI
<%D�&X�±\$O\2�±G� DQG� <�±]3U]%D�&X�2�±G� FU\V�WDOV� ZHUH� LGHQWLFDO� WR� WKRVH� GHVFULEHG� IRU
XQGRSHG�VLQJOH�FU\VWDOV�>�@��7R�UHGXFH�WKH�R[\�
JHQ� FRQFHQWUDWLRQ�� WKH� FU\VWDOV�ZHUH� DQQHDOHG
LQ�DLU�IRU�RQH�GD\�DW�WHPSHUDWXUHV�LQGLFDWHG�LQ
7DEOH��7KH� R[\JHQ� FRQFHQWUDWLRQ�G�ZDV�GHWHU�
PLQHG� IURP� WKH� DQQHDOLQJ� GXUDWLRQ� DQG� WHP�
SHUDWXUH�LQ�R[\JHQ�IORZ�XVLQJ�WKH�WDEOHV�IURP
>��@�DW�DQ�DFFXUDF\�RI������

)RU� WKH� UHVLVWLYLW\� PHDVXUHPHQWV�� WKH
VLQJOH�FU\VWDOV�VHOHFWHG�FRQWDLQLQJ�XQLGLUHF�
WLRQDO� 7%� RI� ���u����PP�� VL]H�� 7KXV� ZH
FRXOG� FXW� RXW� EULGJHV� ZLWK� ���� PP� ZLGH
XQLGLUHFWLRQDO� 7%� DW� GLVWDQFH� EHWZHHQ� WKH
SRWHQWLDO� FRQWDFWV� RI� ���� PP� �VHH� LQVHW� LQ
)LJ������ 7KH� HOHFWULF� UHVLVWDQFH� LQ� WKH� DE
SODQH� ZDV� PHDVXUHG� XVLQJ� WKH� VWDQGDUG
IRXU�FRQWDFW� PHWKRG� LQ� D� GF� FXUUHQW� XS� WR
���P$��7KH�WHPSHUDWXUH�ZDV�PHDVXUHG�E\�D
SODWLQXP�WKHUPRUHVLVWRU���

)LJ���� SUHVHQWV� WKH� WHPSHUDWXUH� GHSHQG�
HQFHV� RI� HOHFWULF� UHVLVWDQFH� U�7�� IRU
<%D�&X�2�±G� �D�� DQG�+R%D�&X�2�±G� �E�� VLQ�JOH� FU\VWDOV� LQ� WKH� DE� SODQH� SULRU� WR� DQG

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� WKH� UHVLVWLYLW\� LQ� WKH� DE�SODQH�� UDE�7�� �D���.�� VLQJOH� FU\VWDO�<%D�&X�2�±G� �WKH�FXUYHV��Ü��PHDVXUHG�DIWHU�DQQHDOLQJ�DW��������������������DQG�����.��UHVSHF�WLYHO\�� DQG� VLQJOH� FU\VWDOV�.���+R%D�&X�2�±G� �KROORZ� V\PEROV�� DQG�.���+R%D�&X�2�±G� �GDUN� V\P�EROV�� PHDVXUHG� EHIRUH� �FXUYHV� ��� ��� DQG� DIWHU� �FXUYHV� ��� ��� GHFUHDVLQJ� WKH� R[\JHQ� FRQWHQW�� 7KH
GDVKHG�OLQHV�VKRZ�WKH�H[WUDSRODWLRQ�RI�WKH�H[SHULPHQWDO�FXUYHV�OLQHDU�VHFWLRQV�WR�]HUR�WHPSHUDWXUH�

7DEOH��6DPSOH�GDWD�DQG�H[SHULPHQWDO�SDUDPHWHUV�
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DIWHU� WKH� VDPSOHV� ZHUH� DQQHDOHG� LQ� R[\JHQ
IORZ� DW� GLIIHUHQW� WHPSHUDWXUHV�� 7KH� UHVLV�
WDQFH� SDUDPHWHUV� RI� WKH� VDPSOHV� DUH� SUH�
VHQWHG� LQ� 7DEOH�� )LJ����D�� VKRZV� WKDW� WKH
FRQGXFWLYLW\� QDWXUH� LQ� WKH� DE�SODQH� RI
<%D�&X�2�±G� LV� TXDVL�PHWDOOLF� LQ� DOO� FDVHV�7KLV� LV� UHIOHFWHG� LQ� WKH� SUHVHQFH� RI� DQ� H[�
WHQGHG� OLQHDU� VHFWLRQ� LQ� WKH� UDE�7�� GHSHQG�HQFH� DQG� ZLOO� EH� GLVFXVVHG� EHORZ�� $W� LQ�
FUHDVLQJ� WKH�DQQHDOLQJ� WHPSHUDWXUH�DQG�GH�
FUHDVLQJ� WKH� R[\JHQ� FRQFHQWUDWLRQ�� WKH
UHVLVWDQFH� DEVROXWH� YDOXH� LQFUHDVHV� DQG� WKH
FULWLFDO� WHPSHUDWXUH� �7F�� GURSV�� 7KH� VPDOOVXSHUFRQGXFWLQJ� WUDQVLWLRQ�ZLGWK�RI� WKH� LQ�
LWLDO� VDPSOH� �'7F|����.�� ULVHV� VLJQLILFDQWO\ZLWK� WKH� LQFUHDVLQJ� DQQHDOLQJ� WHPSHUDWXUH�
ZKLFK�LV�LQ�DJUHHPHQW�ZLWK�SUHYLRXV�H[SHUL�
PHQWDO� VWXGLHV� >�@�� $� TXDOLWDWLYHO\� VLPLODU
EHKDYLRU�VKRZ�UDE�7��GHSHQGHQFHV�PHDVXUHGIRU� +R%D�&X�2�±G� VDPSOHV� SULRU� WR� DQGDIWHU�DQQHDOLQJ��)LJ����E���

7KH�WHPSHUDWXUH�GHSHQGHQFHV�RI�WKH�HOHF�
WULF�UHVLVWLYLW\�LQ�WKH�DE�SODQH��UDE�7���IRU�WKHDQDO\]HG� FU\VWDOV� <%&2� �.����<%D�&X�±\$O\2�±G�.���DQG�<�±]3U]%D�&X�2�±G� �.���DUH�VKRZQLQ� )LJ����� 7KH� GHSHQGHQFHV� DUH� PHWDOOLF� LQ
DOO� FDVHV�� EXW� WKH� UDE�����.��UDE���.��UDWLRYDULHV� DQG� LWV� YDOXH� LV� ���� ��� DQG� ��� IRU
.��� .�� DQG� .�� FU\VWDOV�� UHVSHFWLYHO\�� 7KH
UDE��� .�� YDOXH� ZDV� GHWHUPLQHG� E\� H[WUDSR�ODWLQJ�WKH�OLQHDU�UDE�7��FRQGXFWLYLW\�VHFWLRQWR� ]HUR� WHPSHUDWXUH�� DV� VKRZQ� LQ� )LJ����
7KH�UHVLVWLYLW\�YDOXH�LQ�DE�SODQH�IRU�WKH�.��
.��DQG�.��FU\VWDOV��LQ�URRP�WHPSHUDWXUH��LV

����� ���� DQG� ���� P:�FP� DQG� WKHLU� FULWLFDO
WHPSHUDWXUHV� DUH� ������ ������ DQG� ����� .�
UHVSHFWLYHO\��7KH�PDLQ�GDWD�REWDLQHG�IRU�WKH
VDPSOHV� LV� JLYHQ� LQ� 7DEOH��8VLQJ� OLWHUDWXUH
GDWD�RQ�WKH�GHSHQGHQFH�RI�7F�RQ�DOXPLQLXP>����@� DQG� SUDVHRG\PLXP� >����@� FRQFHQWUD�
WLRQV�� ZH� FDQ� FRQFOXGH� WKDW�$O� DQG�3U� FRQ�
FHQWUDWLRQV� LQ� WKH� .�� DQG� .�� FU\VWDOV� DUH
ORZHU� WKDQ� ����� ZKLOH� WKH� R[\JHQ� FRQFHQ�
WUDWLRQ� LV� Gd���� >�@�� 7KH� VXSHUFRQGXFWLQJ
WUDQVLWLRQ� LV� OHVV� WKDQ� ���� .� ZLGH� IRU� WKH
.��DQG�.��FU\VWDOV�DQG�IRU�WKH�FU\VWDO�.��
LW� LV� DERXW� ���� .�� 7KH� QDUURZ� VXSHUFRQ�
GXFWLQJ�WUDQVLWLRQ�ZLGWK�RI�WKH�SXUH�DV�ZHOO
DV� IRU� WKH� DOXPLQLXP� GRSHG� VLQJOH� FU\VWDOV
VKRZV�D�KLJK�TXDOLW\�RI�WKH�VDPSOH��KRPRJH�
QHLW\���ZKLOH� D� UDWKHU� VLJQLILFDQW� VXSHUFRQ�
GXFWLQJ�WUDQVLWLRQ�ZLGWK�RI�WKH�FU\VWDO�ZLWK
3U� GRSDQW� HYLGHQFHV� DQ� LQKRPRJHQHRXV� 3U
GLVWULEXWLRQ�RYHU�WKH�FU\VWDO�YROXPH��

$V� WKH� WUDQVSRUW� FXUUHQW� YHFWRU�� ,�� ZDV
SDUDOOHO�WR�WKH�7%�IRU�DOO�WKUHH�VDPSOHV��WKH
LQFUHDVH� RI� HOHFWULF� UHVLVWLYLW\� LQ� WKH� $O
GRSHG�FU\VWDO��KDYLQJ� WKH�VPDOOHU� LQWHUWZLQ
GLVWDQFH� FDQQRW� EH� H[SODLQHG� E\� WKH� LQ�
FUHDVHG�7%�GHQVLW\��7KXV��WKH�REVHUYHG�WZR�
IROG�LQFUHDVH�RI�UDE�YDOXH�FRXOG�EH�SUREDEO\GXH� HLWKHU� WR� WKH� FXUUHQW� FDUULHU� GHQVLW\
UHGXFWLRQ� RU� WR� WKH� DSSHDUDQFH� RI� HIILFLHQW
FDUULHU� VFDWWHULQJ� FHQWHUV�� 7DNLQJ� LQWR� FRQ�
VLGHUDWLRQ�WKH�LQFUHDVHG�+DOO�VLJQDO�DW�FRP�
SDUDEOH�$O�FRQFHQWUDWLRQV�>�@��ZH�FDQ�FRQFOXGH
WKDW� WKH� REVHUYHG� UDE� LQFUHDVH� LV� GHILQHGPDLQO\�E\�WKH�LQFUHDVHG�QXPEHU�RI�VFDWWHULQJ
FHQWHUV�� 7KH� FKDQJH� LQ� UDE�����.��UDE���.�UDWLR�FRQILUPV�DOVR�WKDW�FRQFOXVLRQ��7KH�UROH
RI�VXFK�FHQWHUV� FDQ�EH�SOD\HG�E\�WKH�WKUHH�
YDOHQFH�$O�GRSDQW�>�@��DV�ZHOO�DV�WKH�LQFUHDV�
LQJ� QXPEHU� RI� YDFDQFLHV�� 7KH� ODVW� SUHSRVL�
WLRQ� LV� VXSSRUWHG� E\� WKH� LQFUHDVH� RI� WZLQ
GHQVLW\� LQ� WKH� FU\VWDO� ZLWK� $O� LPSXULW\�
ZKLFK�� LQ� WXUQ�� FRXOG� EH� GXH� WR� WKH� LQ�
FUHDVHG� QRQ�VWRLFKLRPHWU\� GHJUHH� UHVXOWLQJ
IURP�WKH�LQFUHDVHG�YDFDQF\�FRQFHQWUDWLRQ�

,W�LV�VHHQ�LQ�)LJV����DQG���WKDW�ZKHQ�WKH
WHPSHUDWXUH� LV� GURSSHG� XQGHU� D� FKDUDF�
WHULVWLF�YDOXH�7��D�GHYLDWLRQ�RI�UDE�7��IURPWKH�OLQHDU�GHSHQGHQFH�RFFXUV��ZKLFK�LQGLFDWHV
WKH� H[LVWHQFH� RI� H[FHVV� FRQGXFWLYLW\� WKDW� LV
GXH� WR� WKH� WUDQVLWLRQ� WR� D� SVHXGR�JDS� PRGH
>�Ü�@��$V� LV� VHHQ� LQ�7DEOH��� DQG�)LJ����� DOX�
PLQLXP� DQG� WKH� SUDVHRG\PLXP� GRSLQJ� UH�
VXOWV� LQ� TXDOLWDWLYHO\� GLIIHUHQW� FKDQJHV� RI
WKH� UDE�7�� GHSHQGHQFH� FKDUDFWHU�� $V� WR� WKHDOXPLQLXP�GRSHG�FU\VWDO�� WKH� OLQHDU�VHFWLRQ
RI� WKH� UDE�7�� GHSHQGHQFH� LV� VLJQLILFDQWO\QDUURZHU� DV� FRPSDUHG� ZLWK� WKH� XQGRSHG
FU\VWDO�� DQG� WKH� WHPSHUDWXUH� 7� LV� VKLIWHG

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� UHVLV�
WDQFH� UDE�7�� RI� .��� <%D�&X�2�±G� �FXUYH� ���.��� <%D�&X�±\$O\2�±G� �FXUYH� ��� DQG� .��
<�±]3U]%D�&X�2�±G� �FXUYH� ��� VLQJOH� FU\VWDOV�'DVKHG�OLQHV�VKRZ�WKH�H[WUDSRODWLRQ�RI�OLQHDU
VHFWLRQV� WR� ]HUR� WHPSHUDWXUH�� $UURZV� VKRZ
WUDQVLWLRQ� WHPSHUDWXUHV� 7� LQWR� WKH� SVHXGR�
JDS�PRGH�� ,QVHW� VKRZV� VFKHPDWLFDOO\� WKH� H[�
SHULPHQW�JHRPHWU\�

5�9�9RYN�HW�DO����(YROXWLRQ�RI�WKH�SVHXGRJDS�VWDWH����

)XQFWLRQDO�PDWHULDOV������������� ���



WRZDUGV� KLJKHU� WHPSHUDWXUHV� E\�PRUH� WKDQ
���.��WKXV�HYLGHQFLQJ�WKH�FRUUHVSRQGLQJ�H[�
WHQVLRQ�RI� WKH�H[FHVV�FRQGXFWLYLW\�WHPSHUD�
WXUH� UDQJH��2Q� WKH� RWKHU� KDQG�� LQ� WKH�SUD�
VHRG\PLXP�GRSHG�VDPSOH��WKH�OLQHDU�VHFWLRQ
RI� WKH� UDE�7�� GHSHQGHQFH� LV� VLJQLILFDQWZLGHU� DV� FRPSDUHG� WR� WKH� XQGRSHG� FU\VWDO�
DQG� WKH� WHPSHUDWXUH�7� LV� VKLIWHG� WRZDUGV
ORZHU�WHPSHUDWXUHV�E\�DERXW����.��7KLV��LQ
WXUQ��LQGLFDWHV�WKH�FRUUHVSRQGLQJ�QDUURZLQJ
RI� WKH� H[FHVV� FRQGXFWLYLW\� WHPSHUDWXUH
UDQJH��,W�VKRXOG�EH�QRWHG�WKDW�VXFK�EHKDYLRU
RI�WKH�UDE�7��FXUYHV�LV�UDWKHU�XQXVXDO��VLQFHXS�WLOO�QRZ�WKH�RSSRVLWH�HIIHFW�KDV�EHHQ�RE�
VHUYHG� ZKHQ� GRSLQJ� RI� <±%D±&X±2� FRP�
SRXQGV� ZLWK� SUDVHRG\PLXP� DW� FRQFHQWUD�
WLRQV�]t�����D�VKLIW�RI�7�WR�KLJKHU�WHPSHUD�
WXUHV� >�@�� � /RZHULQJ� RI� R[\JHQ� FRQWHQW� LQ
WKH�FDVH� RI�<%D�&X�2�±G� DQG�+R%D�&X�2�±GVLQJOH� FU\VWDOV�� DV� ZHOO� DV� LQ� WKH� FDVH� RI
DOXPLQLXP� GRSLQJ�� UHVXOWV� LQ� GLVSODFHPHQW
XSZDUGV� RI� WHPSHUDWXUH� SRLQW� FRUUHVSRQG�
LQJ� WR� SVHXGRJDS� RSHQLQJ� LQ� WKH� FDVH� RI
ERWK� W\SHV� RI� FRPSRXQGV�� WKDW� LW� ZLOO� EH
GLVFXVVHG�EHORZ�LQ�PRUH�GHWDLO�

7KH� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH� H[�
FHVV�FRQGXFWLYLW\�LV�GHILQHG�E\�HTXDWLRQ�

'V� �V���V�� ���
ZKHUH� V�� �U�Ü�� ��$���%7�Ü�� LV� WKH� FRQGXF�WLYLW\�REWDLQHG�E\�H[WUDSRODWLQJ�WKH�OLQHDU�VHF�
WLRQV�RI�WKH�FXUYHV� LQ�)LJ����WR�]HUR�WHPSHUD�
WXUH��DQG�V� �UÜ��LV�WKH�H[SHULPHQWDO�YDOXH�RI
WKH�FRQGXFWLYLW\�LQ�WKH�QRUPDO�VWDWH�

7KH� H[SHULPHQWDO� GHSHQGHQFHV� 'V�7�� RE�
WDLQHG� IRU� EULGJHV� .�� DQG� .��� .�� DUH
VKRZQ�LQ�OQ'V�YV����7�FRRUGLQDWHV�LQ�)LJ���
�D��DQG��E���UHVSHFWLYHO\��DQG�WKRVH�IRU�.�Ü

.���LQ�)LJ�����$V�LV�VHHQ��WKHVH�GHSHQGHQFHV
DUH�OLQHDU�LQ�D�ZLGH�WHPSHUDWXUH�UDQJH��,W�LV
SRVVLEOH�WR�GHVFULEH�WKHVH�IHDWXUHV�DV
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ZKHUH�'DE �LV�D�TXDQWLW\�WKDW�GHILQHV�WKHUPDO
DFWLYDWHG�SURFHVV�WKURXJK�WKH�HQHUJ\�JDS�Û
�SVHXGRJDS���9DOXHV� RI�'DE � FDOFXODWHG� IURP
(T����� IRU� VDPSOHV�.�Ü.�� DUH�SUHVHQWHG� LQ
7DEOH��,W�LV�VHHQ�WKDW�DOXPLQLXP�GRSLQJ�DQG
R[\JHQ� GHFUHDVLQJ� LQ�5H%D�&X�2�±G� �5H <�
+R�� DQG�<%D�&X�±\$O\2�±G� VDPSOHV�UHVXOW� LQ
D� VLJQLILFDQW� GHFUHDVH� RI� WKH� DEVROXWH� 3*
YDOXH��7KH�SUDVHRG\PLXP�GRSLQJ�FDXVHV�WKH
LQYHUVH� HIIHFW� RI� WKH� DEVROXWH� 3*� YDOXH� LQ�
FUHDVH��'.��'.�|����

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� WKH� H[�
FHVV� FRQGXFWLYLW\� IRU� .��� <%D�&X�2�±G�� .��<%D�&X�±\$O\2�±G� DQG� .��� <�±]3U]%D�&X�2�±G
LQ� OQ�'V�� YV�� ��7� FRRUGLQDWHV�� 7KH� FXUYHV� DUH
QXPEHUHG� DV� LQ� )LJ����� 'DVKHG� OLQHV� VKRZ� WKH
DSSUR[LPDWLRQ�RI�H[SHULPHQWDO�FXUYHV�E\�(T�����

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�WKH�H[FHVV�FRQGXFWLYLW\�LQ�WKH�DE�SODQH�IRU�.��<%D�&X�2�±G��D�
DQG�.��+R%D�&X�2�±G��E��VLQJOH�FU\VWDOV��LQ�OQ'VÜ��7�FRRUGLQDWHV��7KH�QXPEHULQJ�RI�WKH�FXUYHV�LVFRQVLVWHQW�WR�WKH�)LJ�����'DVKHG�OLQHV�VKRZ�WKH�DSSUR[LPDWLRQ�RI�H[SHULPHQWDO�FXUYHV�E\�HTXDWLRQ�����

5�9�9RYN�HW�DO����(YROXWLRQ�RI�WKH�SVHXGRJDS�VWDWH����
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7KH� H[SRQHQWLDO� GHSHQGHQFH� RI� 'V�7�� ZDV
REVHUYHG� EHIRUH� LQ� <%D&X2� ILOP� VDPSOHV� >�@
ZKHUH�LW�ZDV�VKRZQ�WKDW�WKH�H[SHULPHQWDO�GDWD
DSSUR[LPDWLRQ�FDQ�EH�LPSURYHG�E\�DGGLQJ�IDF�
WRU� ��Ü7�7��� ,Q� WKLV�FDVH��WKH�H[FHVV�FRQGXF�
WLYLW\� EHFRPHV� SURSRUWLRQDO� WR� WKH� VXSHUFRQ�
GXFWLQJ� FDUULHU� GHQVLW\� QV�a���Ü7�7�� DQG� LQ�YHUVHO\� SURSRUWLRQDO� WR� WKH� QXPEHU� RI� SDLUV
aH[S�Ü'�N7�� WKDW� DUH� GHVWUR\HG� E\� WKHUPDO
PRWLRQ�
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ZKHUH�7�LV�FRQVLGHUHG�DV�WKH�PHDQ�ILHOG�WHP�
SHUDWXUH� RI� WKH� VXSHUFRQGXFWLQJ� WUDQVLWLRQ�
7KH�WHPSHUDWXUH�UDQJH�7F�7�7�ZKHUH�3*�H[�LVWV� LV� GHILQHG� E\� WKH� SKDVH� RI� WKH� RUGHU� SD�
UDPHWHU� WKDW� GHSHQGV� RQ� HLWKHU� R[\JHQ� GHIL�
FLHQF\� RU� GRSLQJ� HOHPHQW� FRQFHQWUDWLRQ�� 7KH
DSSUR[LPDWLRQ� RI� WKH� 'V�7�� GHSHQGHQFH� E\
HTXDWLRQ� ���� LV� SUHVHQWHG� LQ� )LJV���� DQG� �� E\
GDVKHG�OLQHV��7KXV��XVLQJ�WKH�PHWKRG�SURSRVHG
LQ�>�@��RQH�FDQ�REWDLQ�WHPSHUDWXUH�GHSHQGHQFH
'�7��XS�WR�7�FDQ�EH�REWDLQHG�IURP�WKH�H[SHUL�
PHQWDO�FXUYH�OQ'V�

)LJV����DQG���VKRZ�WKH�WHPSHUDWXUH�GHSHQG�
HQFHV� RI� 3*� LQ� '�7��'PD[� YV� 7�7� FRRUGL�QDWHV��ZKHUH�'PD[� LV� WKH�'� YDOXH� LQ� WKH�SOD�WHDX��IDU�IURP�7��,Q�>�@��WKH�WHPSHUDWXUH�3*
GHSHQGHQFHV� ZHUH� REWDLQHG� LQ� WKH� FRQWH[W� RI
WKH� %&6�%(&� FURVVRYHU� WKHRU\� XVLQJ� WKH� H[�
SUHVVLRQ
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ZKHUH�[�� �P�'�����P� LV� WKH�FKHPLFDO�SRWHQ�
WLDO� RI� WKH� FDUULHU� V\VWHP� DQG� '���� LV� WKH
HQHUJ\� JDS� YDOXH� DW� ]HUR� WHPSHUDWXUH�� ,Q
WKH� OLPLWLQJ� FDVH� [�of� �ZHDN� FRXSOLQJ��
(T�����WDNHV�WKH�IRUP
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ZHOO� NQRZQ� LQ� WKH� %&6� WKHRU\�� )RU� WKH
VWURQJ�LQWHUDFWLRQ� OLPLW� LQ�WKH�WKUHH�GLPHQ�
VLRQDO�FDVH��[��Ü����(T�����WDNHV�WKH�IRUP�
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7KH�'�7��'���� YV�7�7� GHSHQGHQFHV� FDO�
FXODWHG� DFFRUGLQJ� WR� (TV����� DQG� ���� LQ� WKH
PHDQ� ILHOG� DSSUR[LPDWLRQ�ZLWKLQ� WKH� IUDPH
RI� WKH� %&6�%(.� FURVVRYHU� WKHRU\� >�@�� IRU
WKH� YDOXH� RI� FURVVRYHU� SDUDPHWHU� P�'���� 
��� �%&6� OLPLW�� DQG� P�'���� �Ü��� Ü��� Ü��
�%(&� OLPLW�� DUH� VKRZQ� LQ� )LJV���� DQG� �� E\
GRWWHG� OLQHV�� ,W� LV� VHHQ� WKDW� IRU
5H%D�&X�2�±G� �5H <�� +R�� VDPSOHV
VWRLFKLRPHWULF� LQ� R[\JHQ� DQG� ORZ�GRSHG
ZLWK� SUDVHRG\PLXP�� WKH� WHPSHUDWXUH� GH�
SHQGHQFH� RI� WKH�SVHXGRJDS� VKRZV�D� VLJQLIL�
FDQW� GLVDJUHHPHQW�ZLWK� WKH� WKHRU\� >�@��7KH
VDPH� EHKDYLRU� ZDV� GHWHUPLQHG� IRU
<%D�&X�2�±G� ILOP� VDPSOHV� >�@�� ,Q� FRQWUDVW�IRU� WKH� VDPSOHV� QRQ�VWRLFKLRPHWULF� LQ� R[\�
JHQ� DQG� GRSHG� ZLWK� DOXPLQLXP�� WKH� DJUHH�
PHQW�ZLWK�WKH�WKHRU\�LV�TXLWH�VDWLVIDFWRU\�

$V� LV� VHHQ� IURP� )LJV���� DQG� ��� 'V� LQ�
FUHDVHV� VKDUSO\� QHDU� 7F�� ,W� LV� NQRZQ� IURPWKH� WKHRU\� >��@� WKDW�� LQ� WKH� YLFLQLW\� RI�7F�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFH� RI� WKH� SVHXGRJDS� IRU� .��� <%D�&X�2�±G� �D�� DQG� .��� .�� Û
+R%D�&X�2�±G� �E�� VLQJOH� FU\VWDOV� LQ�'�7��'PD[�YV�7�7� FRRUGLQDWHV� �'PD[� LV� WKH�'� YDOXH� LQ� WKH
SODWHDX��IDU�IURP�7���7KH�FXUYHV�DUH�QXPEHUHG�DV�LQ�)LJ�����7KH�GDVKHG�OLQHV�VKRZ�WKH�'�7��'���
YV�7�7�GHSHQGHQFH�FDOFXODWHG�DFFRUGLQJ�WR�>�@��IRU�WKH�FURVVRYHU�SDUDPHWHU�P�'���� �����%&6�OLPLW��DQG
P�'���� �Ü���Ü���Ü����%(&�OLPLW��DQG�DUH�VKRZQ�LQ��D���E��DV�FXUYHV���Ü���DQG���Ü���UHVSHFWLYHO\�

5�9�9RYN�HW�DO����(YROXWLRQ�RI�WKH�SVHXGRJDS�VWDWH����

)XQFWLRQDO�PDWHULDOV������������� ���



DQ�H[FHVV�FRQGXFWLYLW\�LV�FDXVHG�E\�WKH�IOXF�
WXDWLRQ� FDUULHU� FRXSOLQJ� �)&�� SURFHVVHV�� ,I
WKH� WUDQVLWLRQ� WHPSHUDWXUH� IURP� 3*� WR� )&
PRGH��7I�� LV�GHWHUPLQHG�DV�WKH�SRLQW�ZKHUHOQ'V�YV����7�FXUYH�GHYLDWHV�IURP�OLQHDU�GH�
SHQGHQFH�>�@��WKH�UHODWLYH�UDQJH�RI�3*�H[LVW�
HQFH� FDQ� EH� HVWLPDWHG� DV� W� ��7Ü7I��7I�7KH� FDOFXODWLRQ� UHVXOWV� VKRZ� WKDW�� DW� LQ�
FUHDVLQJ� WKH� R[\JHQ� QRQ�VWRLFKLRPHWU\� LQ
5H%D�&X�2�±G� �5H <�� +R�� VLQJOH� FU\VWDOVDQG� ORZ�$O�GRSLQJ�� WKH� SVHXGRJDS� WHPSHUD�
WXUH� UDQJH� LQFUHDVHV� E\� PRUH� WKDQ� WKUHH
WLPHV��IURP�W� ��������IRU�<%D�&X�2�±G�VDP�SOH�� WR� W� ������� ZLWK� D� VLPXOWDQHRXV� UHOD�
WLYH�QDUURZLQJ�RI�WKH�)&�UHJLRQ��2Q�WKH�RWKHU
KDQG�� WKH� 3U� GRSLQJ� DW� WKH� VDPH� FRQFHQWUD�
WLRQ�UHVXOWV�LQ�DQ�LQYHUVH�HIIHFW��L�H��QDUURZ�
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LQ� FKDQJH� RI� WKH� R[\JHQ� LRQV� LQWHUDFWLRQV
LQ� WKH�&X±2� SODQHV�� ,Q� IDFW�� WKH� VXEVWLWX�
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WR�D�PXFK�PRUH�VKDUS�PRQRWRQRXV�GHSHQG�
HQFH�DQG�WKH�RUWKR�,,�VWUXFWXUH� LV�QRW�UHDO�
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ULF� +R%D�&X�2�±G� LV� FKDUDFWHUL]HG� E\� DPRUH� GLVRUGHUHG� VXSHUVWUXFWXUH� DV� FRP�
SDUHG�WR�<%D�&X�2�±G�,Q�FRQFOXVLRQ��$O�DQG�3U�GRSDQWV�DUH�ERWK
HIIHFWLYH�VFDWWHULQJ�FHQWHUV�IRU�FXUUHQW�FDU�
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