
1RYHO�SKRWRVHQVLWLYH�JODVVHV�

+��(EHQGRUII�+HLGHSULHP��&��5L]LRWLV��(��5��7D\ORU�
2SWRHOHFWURQLFV�5HVHDUFK�&HQWUH��8QLYHUVLW\�RI�6RXWKDPSWRQ��62����%-��8�.��

�

)OXRULGH�SKRVSKDWH� DQG�XOWUDSKRVSKDWH�JODVVHV�GRSHG�ZLWK� HXURSLXP�� FHULXP�� WHUELXP�DQG� OHDG� LRQV�ZHUH�

PHOWHG� XQGHU� R[LGL]LQJ� DQG� UHGXFLQJ� FRQGLWLRQV�� 7KHLU� SKRWRVHQVLWLYLW\� ZDV� H[DPLQHG� E\� 89� ODVHU�LQGXFHG�

DEVRUSWLRQ�DQG�ZDYHJXLGH�ZULWLQJ��6WURQJ�ZDYHJXLGHV�DUH�FUHDWHG�IRU�(X
��
��&H

��
�DQG�7E

��
�GRSDQWV��+LJK�ORQJ�

WHUP�DQG�WKHUPDO�VWDELOLW\�RI�ODVHU�LQGXFHG�DEVRUSWLRQ�LV�REVHUYHG�IRU�(X
��
�GRSHG�JODVV��7KH�ZDYHJXLGH�FUHDWLRQ�

LV�H[SODLQHG�E\�WKH�FRORU�FHQWHU�PRGHO��

���,QWURGXFWLRQ�

)XQGDPHQWDO� GHYLFHV� LQ� WKH� ILHOG� RI� RSWRHOHFWURQLFV� DQG� SKRWRQLFV� DUH� JODVV� ILEHUV� DQG�
ZDYHJXLGHV�ZLWK�GLYHUVH�IXQFWLRQV�DQG�SURSHUWLHV��,Q�WKH�ODVW�GHFDGH��SKRWRVHQVLWLYLW\�RI�JODVVHV�
KDV�UHFHLYHG�PXFK�DWWUDFWLRQ��$�KLJK�SKRWRVHQVLWLYLW\�HQDEOHV�WKH�LPSULQWLQJ�RI�VSHFLDO�VWUXFWXUHV�
LQWR�JODVVHV�E\� ODVHUV�DV�D�UHVXOW�RI�UHIUDFWLYH� LQGH[�FKDQJHV��7KLV�SKHQRPHQRQ�LV�XVHG�WR�ZULWH�
GLUHFWO\� JUDWLQJV� DQG� ZDYHJXLGHV� LQWR� JODVVHV�� ZKLFK� KDV� DQ� HQRUPRXV� LPSDFW� RQ� WKH�
PDQXIDFWXULQJ��WDLORULQJ�DQG�HIILFLHQF\�RI�RSWLFDO�GHYLFHV��

3KRWRVHQVLWLYLW\�RI�JODVVHV�LV�ZHOO�NQRZQ�DQG�KDV�EHHQ�ZLGHO\�VWXGLHG�LQ�JHUPDQLXP�GRSHG�VLOLFD�
ILEHUV���5HFHQWO\�� SKRWRVHQVLWLYLW\�RI�RWKHU�RSWLFDO� JODVVHV� DQG� HVSHFLDOO\� WKH� VHDUFK� IRU�GRSDQWV�
LQFUHDVLQJ� WKH� SKRWRVHQVLWLYLW\� LV� RI� JUHDW� SUDFWLFDO� LPSRUWDQFH����� )OXRULGH� SKRVSKDWH� DQG�
SKRVSKDWH�JODVVHV�DUH�DWWUDFWLYH�PDWHULDOV�IRU�SKRWRQLF�GHYLFHV�����7KHLU�SKRWRVHQVLWLYLW\�KDV�EHHQ�
RQO\� VOLJKWO\� VWXGLHG�� 7KH\� UHFHLYHG� DWWHQWLRQ� GXH� WR� WKHLU� DWKHUPDO� SURSHUWLHV�� 7KH� LPSDFW� RI�
VHYHUDO�GRSDQWV�DQG�JODVV�PHOWLQJ�FRQGLWLRQV�RQ�WKH�SKRWRVHQVLWLYLW\�LV�RI�VSHFLDO�LQWHUHVW��

,Q�WKLV�SDSHU��WZR�GLIIHUHQW�EDVH�JODVVHV��IOXRULGH�SKRVSKDWH��)3��DQG�XOWUDSKRVSKDWH��83���GRSHG�
ZLWK� HXURSLXP�� FHULXP�� WHUELXP� DQG� OHDG� LRQV� ZHUH� PHOWHG� XQGHU� R[LGL]LQJ� DQG� UHGXFLQJ�
FRQGLWLRQV��7KH�SKRWRVHQVLWLYLW\�LV�H[DPLQHG�E\�GLUHFW�LOOXPLQDWLRQ�DQG�ZDYHJXLGH�ZULWLQJ�XVLQJ�
89� ODVHUV�� :DYHJXLGH� ZULWLQJ� HIILFLHQF\� LV� FRPSDUHG� ZLWK� ODVHU�LQGXFHG� RSWLFDO� DEVRUSWLRQ��
)XUWKHUPRUH��G\QDPLFV�DQG�WKHUPDO�EHKDYLRXU�RI�SKRWRVHQVLWLYLW\�LV�VWXGLHG�XVLQJ�GLIIHUHQW�ODVHU�
SRZHUV��FZ��SXOVHG���H[SRVXUH�WLPHV�DQG�LVRFKURQDO�DQQHDOLQJ��

���([SHULPHQWDO�

%DWFK�FRPSRVLWLRQV�RI�WKH�EDVH�JODVVHV�DQG�GRSDQW�FRQFHQWUDWLRQV�DUH�UHSRUWHG� LQ�7DEOHV���
DQG����7KH�GRSDQW�FRQFHQWUDWLRQV�ZHUH�FDOFXODWHG�IURP�WKH�DPRXQW�RI�GRSDQW�R[LGH�RU�IOXRULGH�
DGGHG�WR�WKH�EDVH�JODVV�EDWFK��)RU�WKH�(X���GRSHG�VDPSOHV��WKH�VXPPDU\�RI�ERWK�(X���DQG�(X���
LRQV�LV�NQRZQ�E\�WKLV�FDOFXODWLRQ��8VLQJ�IOXRUHVFHQFH�VSHFWURVFRS\��WKH�DPRXQW�RI�(X��� LRQV�LQ�
WKH� )30�(X

������� VDPSOH� FRXOG� EH� HVWLPDWHG� WR� EH� DERXW� ���� RI� WKH� ZKROH� GRSDQW�
FRQFHQWUDWLRQ��7KH�(X���FRQFHQWUDWLRQV�RI�WKH�RWKHU�VDPSOHV�DUH�GHWHUPLQHG�IURP�WKH�(X���SHDN�
DEVRUSWLRQ�LQWHQVLW\�DW�����QP�UHODWLYH�WR�WKH�RQH�RI�WKH�)30�(X

�������VDPSOH��

)RU�JODVV�V\QWKHVLV��UDZ�PDWHULDOV�RI�KLJK�SXULW\�VXLWDEOH�IRU�RSWLFDO�JODVVHV�ZHUH�XVHG��7KH�JODVVHV�
PHOWHG� XQGHU� R[LGL]LQJ� FRQGLWLRQV� ZHUH� SUHSDUHG� E\� FRQYHQWLRQDO� PHOWLQJ� SURFHGXUH� RI� UDZ�
PDWHULDO�EDWFKHV� DW�HOHYDWHG� WHPSHUDWXUHV�XVLQJ�SODWLQXP�FUXFLEOHV� IRU� WKH�)3�JODVVHV� DQG� VLOLFD�
FUXFLEOHV�IRU�WKH�83�JODVVHV�LQ�DPELHQW�RU�R[\JHQ�DWPRVSKHUH��7KH�JODVV�PHOWV�ZHUH�SRXUHG�LQWR�
JUDSKLWH�PRXOGV�DQG�WKHQ�VORZO\�DQQHDOHG�WR�URRP�WHPSHUDWXUH��7KH�(X���GRSHG�VDPSOHV�ZHUH�
SUHSDUHG� XQGHU� UHGXFLQJ� PHOWLQJ� FRQGLWLRQV� E\� UHPHOWLQJ� WKH� VWDUWLQJ� (X��� GRSHG� JODVVHV� LQ�
FDUERQ� FUXFLEOHV� LQ� DUJRQ� DWPRVSKHUH�� 7KH� JODVV� PHOWV� FRROHG� LQ� WKH� FUXFLEOHV� WR� URRP�
WHPSHUDWXUH�� $IWHU� DQQHDOLQJ� WKH� JODVVHV� ZHUH� FXW� DQG� SROLVKHG� LQWR� VDPSOHV� IRU� RSWLFDO�
DEVRUSWLRQ�PHDVXUHPHQWV�DQG�ODVHU�H[SRVXUH�H[SHULPHQWV��
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%DVH�JODVV� %DWFK�FRPSRVLWLRQ��PRO����

)30� ���6U�32����±�����0J�&D�6U�)��±����$O)��

)3&O� ���6U�32����±�����0J�&D�6U�)��±����$O)��±����6U&O��

)3� ��3�2��±�����0J�&D�6U�)��±����$O)��

83� ���3�2��±�����0J�&D�%D�=Q�2�±���$O�2��

�

�

7DEOH����'RSDQW�FRQFHQWUDWLRQ�DQG�HIIHFWLYH�WKLFNQHVV�DW�ODVHU�ZDYHOHQJWKV�RI�WKH�JODVVHV�

(IIHFWLYH�WKLFNQHVV��PP��*ODVV�GHVLJQDWLRQ� 'RSDQW�FRQFHQWUDWLRQ


�

���
��
�LRQV�FP

��
��

0HOWLQJ�FRQGLWLRQV�

#�����QP� #�����QP�

)3�0����XQGRSHG���R[� �� R[LGL]LQJ� !��� !���

)3�0����XQGRSHG���UHG� �� UHGXFLQJ� !��� !���

)30���(X
��
������� ���� UHGXFLQJ� ����� �����

)3�����(X
��
������� ���� UHGXFLQJ� ����� �����

)3&O���(X
��
������� ���� UHGXFLQJ� ����� �����

)3&O���(X
��
������� ���� UHGXFLQJ� ����� �����

)3�����&H
��
������� ���� R[LGL]LQJ� ����� �����

)3�����&H
��
������� ���� R[LGL]LQJ� ���� ����

)3�����3E
��
������� ���� R[LGL]LQJ� ���� ����

83����XQGRSHG� �� R[LGL]LQJ� ���� ����

83���7E
��
������� ���� R[LGL]LQJ� ���� ����



�IRU�(X

��
��DEVROXWH�HUURU�±�����UHODWLYH�HUURU�±�����VHH�WH[W��

���IRU�&H
��
��3E

��
��7E

��
��DEVROXWH�HUURU�±����

�

�
$EVRUSWLRQ�VSHFWUD�ZHUH�UHFRUGHG�DW�URRP�WHPSHUDWXUH�XVLQJ�D�GRXEOH�EHDP�VSHFWURSKRWRPHWHU��

7KH�PHDVXUHG�DEVRUEDQFH�VSHFWUD��(�λ���DUH�GHILQHG�DV�(� �ORJ�����WUDQVPLVVLRQ����7KH�VSHFWUD�
VKRZQ�DUH�FRUUHFWHG�IRU�UHIOHFWLRQ�DQG�VFDWWHULQJ�E\�VXEWUDFWLRQ�RI�D�FRQVWDQW�EDVHOLQH�YDOXH��(����
DW�ZDYHOHQJWKV�ZKHUH�VDPSOH�DEVRUSWLRQ�LV�QHJOLJLEOH��

/DVHU� H[SRVXUH� H[SHULPHQWV� ZHUH� HPSOR\HG� XVLQJ� FZ� IUHTXHQF\�GRXEOHG� DUJRQ� LRQ� ODVHU�

RSHUDWLQJ� DW� ����QP� ��������P:�� FD�������µP� VSRW� GLDPHWHU�� �������PP�PLQ� VFDQ� VSHHG�� RU�
SXOVHG�.U)�H[FLPHU�ODVHU�RSHUDWLQJ�DW�����QP������P-�FP��SXOVH����+]�UHSHWLWLRQ�UDWH��FD�����QV�
SXOVH�OHQJWK���,Q�WKH�FDVH�RI�WKH�.U)�ODVHU��D�VDPSOH�DUHD�RI��PP�GLDPHWHU�ZDV�IXOO\�H[SRVHG�E\�

WKH� ODVHU� EHDP�� ,Q� WKH� FDVH� RI� WKH� DUJRQ� LRQ� ODVHU�� WKH� ODVHU� EHDP�ZDV� IRFXVHG� WR� VHYHUDO�µP�
LQFLGHQW�RQ� WKH�JODVV�VXUIDFH��7KH�VDPSOHV�ZHUH�SRVLWLRQHG�RQ�D�YDFXXP�FKXFN�FRQQHFWHG� WR�D�
FRPSXWHU� FRQWUROOHG� WUDQVODWLRQ� VWDJH�� ZKLFK� VKLIWHG� SHUSHQGLFXODUO\� WR� WKH� LQFLGHQW� 89� ODVHU�
EHDP�DW�GLIIHUHQW�VSHHGV�DV�LOOXVWUDWHG�LQ�)LJXUH����7KH�JXLGLQJ�VWUXFWXUHV�ZHUH�FKDUDFWHUL]HG�E\�
ODXQFKLQJ�OLJKW�RI�D�ILEHU�FRXSOHG�+H1H�ODVHU�DW�����QP��,Q�RUGHU�WR�FKHFN�WKH�SRVVLEOH�SUHVHQFH�
RI� ODVHU�LQGXFHG�VXUIDFH�HIIHFWV� VXFK�DV� UHOLHI�RU�DEODWLRQ�UHODWHG�SKHQRPHQD�� WKH�VDPSOHV�ZHUH�
REVHUYHG�ZLWK�DQ�RSWLFDO�PLFURVFRSH�DQG�VXUIDFH�SURILORPHWHU�UXQV�ZHUH�SHUIRUPHG��

�

�

�



���5HVXOWV�DQG�'LVFXVVLRQ�

�
7KH�DEVRUSWLRQ�VSHFWUD�RI�WKH�VDPSOHV�EHIRUH�ODVHU�H[SRVXUH�DUH�VKRZQ�LQ�)LJXUH����7KH�LQWHQVH�
89�DEVRUSWLRQ�EDQGV�RI�(X����&H���DQG�7E���LRQV�DUH�GXH�WR�DOORZHG��I��G�WUDQVLWLRQV���7KH�VKLIW�
RI� WKH�89�HGJH� LQ� WKH�3E���GRSHG�VDPSOH� UHVXOWV� IURP� LQWHQVH��V��S�DEVRUSWLRQ�RI�3E��� LRQV���
)RU� FKDUDFWHUL]DWLRQ� RI� WUDQVPLVVLRQ� DQG� DEVRUSWLRQ� DW� WKH� ODVHU� ZDYHOHQJWKV�� WKH� HIIHFWLYH�
SHQHWUDWLRQ� GHSWK� RI� WKH� ODVHU� EHDP�� GHII��� KDV� EHHQ� FDOFXODWHG� IURP� DEVRUSWLRQ� VSHFWUD� E\�
GHII� �GVDPSOH�>�����ï�(�(��@��ZKHUH�GVDPSOH� LV� WKH� WKLFNQHVV�RI� WKH�VDPSOHV�XVHG�IRU� UHFRUGLQJ� WKH�
DEVRUSWLRQ�VSHFWUD��+LJK�(X���DQG�&H���FRQFHQWUDWLRQV�UHVXOW�LQ�VPDOO�HIIHFWLYH�WKLFNQHVV�RI�DERXW�
����PP��%\�FRQWUDVW��WKH�HIIHFWLYH�WKLFNQHVV�RI�WKH�3E���DQG�7E���GRSHG�JODVVHV�LV�ODUJHU�WKDQ�WKH�
WKLFNQHVV�RI�WKH�VDPSOHV�XVHG�IRU�WKH�ODVHU�H[SRVXUH�H[SHULPHQWV��

7KH�GLVDSSHDUDQFH�RI�WKH�FKDUDFWHULVWLF�(X���DEVRUSWLRQ�DW�����QP�DOUHDG\�DIWHU�����SXOVHV�ODVHU�
LUUDGLDWLRQ� �)LJXUH���� LQGLFDWHV� YHU\� IDVW� DQG� FRPSOHWH� SKRWRR[LGDWLRQ� RI� (X���� 7KH� 89�
DEVRUSWLRQ� VLPXOWDQHRXVO\� LQGXFHG� LV� FDXVHG� E\� LQWULQVLF� HOHFWURQ� GHIHFW� FHQWHUV�� ZKLFK� DUH�
IRUPHG� LQ� FRQMXQFWLRQ� ZLWK� SKRWRR[LGDWLRQ��� 7KH� GHVWUXFWLRQ� RI� WKH� LQWHQVH� (X��� DEVRUSWLRQ�
FDXVHV�SURQRXQFHG�EOHDFKLQJ� DW� WKH� ODVHU�ZDYHOHQJWK�RI� ����QP��7KH� ODVHU�LQGXFHG� DEVRUSWLRQ�
LQFUHDVHV�ZLWK�LQFUHDVLQJ�(X���FRQFHQWUDWLRQ�EHIRUH�LOOXPLQDWLRQ��)LJXUH�����,Q�DGGLWLRQ��LW�LV�YHU\�
VWDEOH� DW� URRP� WHPSHUDWXUH� DV� ZHOO� DV� HOHYDWHG� WHPSHUDWXUHV�� 1R� VLJQLILFDQW� UHFRYHU\� ZDV�
REVHUYHG�PRUH� WKDQ� �� \HDUV� DIWHU� H[SRVXUH� �)LJXUH���� DQG� DIWHU� LVRFKURQDO� DQQHDOLQJ� DW� ����R&�
DQG� ����R&� IRU� �� KRXU� �)LJXUH����� 7KH� FKDQJH� LQ� WKH� DEVRUSWLRQ� VSHFWUXP� DIWHU� DQQHDOLQJ� DW�

����R&� IRU���KRXU� �)LJXUH���� UHVHPEOHV� WKH�GLIIHUHQFH� LQ� WKH� VSHFWUD�PHDVXUHG�DIWHU�����SXOVHV�
DQG� �����SXOVHV� ZKHQ� VDWXUDWLRQ� KDV� EHHQ� DFKLHYHG� �)LJXUH����� 7KLV� FKDQJH� LV� DWWULEXWHG� WR�
GLIIHUHQW� JURZWK� DQG� GHFD\� G\QDPLFV� RI� WKH� YDULRXV� LQWULQVLF� GHIHFW� FHQWHUV�� 7KH� KLJK� ODVHU�

LQGXFHG�89�DEVRUSWLRQ�VWLOO�SUHVHQW�DIWHU�DQQHDOLQJ�DW�����R&�VXJJHVWV� WKH� IRUPDWLRQ�RI� VWURQJ�
DQG�YHU\�VWDEOH�ZDYHJXLGHV�DQG�JUDWLQJV�E\�89�ODVHU�H[SRVXUH��

7E���GRSLQJ�FDXVHV� ODVHU�LQGXFHG�DEVRUSWLRQ� LQ�ERWK�YLVLEOH� DQG�89�VSHFWUDO� UHJLRQ� �)LJXUH�����
7KLV� LV�DWWULEXWHG�WR�VHQVLWL]LQJ�HIIHFW�RQ�WKH�IRUPDWLRQ�RI�LQWULQVLF�KROH�DQG�HOHFWURQ�FHQWHUV�LQ�
FRQWUDVW�WR�WKH�ODVHU�LQGXFHG�SKRWRR[LGDWLRQ�RI�(X����ZKLFK�VXSSUHVVHV�WKH�IRUPDWLRQ�RI�LQWULQVLF�
KROH�FHQWHUV�LQ�WKH�YLVLEOH�UHJLRQ���

8VLQJ�ILEHU�ODXQFK�VHW�XS�IRU�SURMHFWLRQ�RI�QHDU�ILHOG�LPDJHV�RI�ZDYHJXLGHV�RQ�DQ�LPDJH�VFUHHQ��
YHU\� SURQRXQFHG�ZDYHJXLGHV� FRXOG� EH� VHHQ�ZLWK� WKH� QDNHG� H\H� IRU� WKH� )30�(X

������� VDPSOH�
KDYLQJ� KLJKHU� (X��� FRQFHQWUDWLRQ�� ,Q� WKH� OHVV� (X��� GRSHG� VDPSOH�� )3�(X�������� DQG� LQ� WKH�
)3�&H�������VDPSOH�� OHVV� LQWHQVH�ZDYHJXLGHV�FRXOG�EH�VHHQ��6WLOO� ORZHU� LQWHQVLWLHV�DUH�REVHUYHG�
IRU� WKH� 7E��� GRSHG� 83� JODVV� �)LJXUH����� 2QO\� D� IHZ� YHU\� ZHDN� ZDYHJXLGHV� DUH� IRXQG� IRU�
)3�&H������� DQG� )3�3E������� VDPSOHV�� 1R� VLJQLILFDQW� ZDYHJXLGHV� FRXOG� EH� GHWHFWHG� LQ� WKH�
XQGRSHG� VDPSOHV�� 7KLV� TXDOLWDWLYH� FKDUDFWHUL]DWLRQ� RI� WKH� ODVHU�LPSULQWHG�ZDYHJXLGHV� LQGLFDWHV�
WKDW�(X���LV�D�YHU\�HIIHFWLYH�GRSDQW�IRU�FUHDWLQJ�SKRWRVHQVLWLYH�JODVVHV�IROORZHG�E\�&H���DQG�7E����
0RUH�SURQRXQFHG�ZDYHJXLGHV�DUH�REWDLQHG�DW�KLJKHU�FRQFHQWUDWLRQV�RI�WKH�SKRWRVHQVLWLYH�(X���
DQG�&H���GRSDQWV��
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)LJXUH� ��� $EVRUSWLRQ� VSHFWUD� RI� VDPSOHV� ���PP�

WKLFNQHVV�� EHIRUH� 89� ODVHU� H[SRVXUH�� 7KH� ODVHU�
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)LJXUH� ��� 1HDU�ILHOG� LPDJHV� RI� ZDYHJXLGHV� ZULWWHQ� LQ� )30�(X
��
����� �D�E�� DQG� 83�7E

��
����� �F�� VDPSOHV� XVLQJ�

����P:�ODVHU�SRZHU�DQG����PP�PLQ�VFDQ�VSHHG��/LJKW�ZDV�ODXQFKHG�LQWR�WKH�ZDYHJXLGHV�DERXW���PP�EHQHDWK�
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