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6HPLFRQGXFWRU�3K\VLFV�'HSDUWPHQW�DQG�,QVWLWXWH�RI�$SSOLHG�5HVHDUFK�RI
9LOQLXV�8QLYHUVLW\��6DXOHWHNLR�DO�����EOGJ�����/7�������9LOQLXV��/LWKXDQLD
,QVWLWXW�IXU�$QJHZDQGWH�3KRWRSK\VLN��7HFKQLVFKH�8QLYHUVLWDW�'UHVGHQ�

'UHVGHQ��*HUPDQ\

5HFHLYHG�1RYHPEHU��������
7KH�=Q3F�&���VRODU�FHOOV�ZLWK�D�UHDVRQDEOH�HQHUJ\�FRQYHUVLRQ�HIILFLHQF\�RI�a������ZHUH

LQYHVWLJDWHG�� 7KH� VDPSOHV�ZHUH� DJHG� IRU� ����� KRXUV� XSRQ� LOOXPLQDWLRQ� E\� WKH� EOXH�/('
ZLWK� SHDN� HPLVVLRQ� DW� ���� QP��8SRQ� DJHLQJ�� WKH� GHYLFHV� KDYH� VKRZQ� D� VWURQJ� DQG� IDVW
GHJUDGDWLRQ� RI� WKH� HIILFLHQF\�� VKRUW� FLUFXLW� FXUUHQW� DQG� RI� WKH� ILOO� IDFWRU�ZLWKLQ� VHYHUDO
KRXUV� IROORZHG� E\� D�PXFK� VORZHU� GHFUHDVH� WKHUHRI�� 7KH� FDUULHU�PRELOLW\� GHSHQGHQFHV� RQ
HOHFWULF�ILHOG�VWUHQJWK�DW�GLIIHUHQW�WHPSHUDWXUHV�ZHUH�PHDVXUHG�E\�WKH�&KDUJH�([WUDFWLRQ
E\� /LQHDUO\� ,QFUHDVLQJ� 9ROWDJH� PHWKRG�� 7KH� REVHUYHG� GURS� RI� GHYLFH� FXUUHQW� FDQQRW� EH
H[SODLQHG�EH�RQO\�PRELOLW\�GHFUHDVH��7KH�LQFUHDVH�RI�WKH�HIIHFWLYH�EDUULHU�KHLJKW�E\�DERXW
���� H9� IURP� a����� H9� XS� WR� a����� H9� ZDV� REVHUYHG� LQ� WKH� DJHG� VDPSOHV�� 0HDQZKLOH�
WKHUPDO� DFWLYDWLRQ� HQHUJ\�YDOXHV� RI� WKH� HOHFWULFDO� FRQGXFWLYLW\�JUHZ� IURP�DERXW������ H9
SULRU�WR�GHJUDGDWLRQ�XS�WR�DERXW������H9�DIWHU�DJHLQJ�
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���,QWURGXFWLRQ
&X� DQG� =Q� 3KWDORF\DQLQHV� �&X3F� DQG

=Q3F��� DQG� &��� >����@� DUH� PDWHULDOV� RIWHQ
XVHG�LQ�RUJDQLF�VRODU�FHOO�HQJLQHHULQJ��7KHLU
HQHUJ\� OHYHOV� IRUP� D� GRQRU�DFFHSWRU� MXQF�
WLRQ�� DQG� WKH\� KDYH� KLJK� DEVRUSWLRQ� FRHIIL�
FLHQWV� DQG� D� FRPSOHPHQWDU\� DEVRUSWLRQ� IRU
WKH� 6XQ� VSHFWUXP��&��� ZLWK� LWV� /802� OR�
FDWHG� DW� DURXQG����� H9� >�@�� LV�XVXDOO\�XVHG
DV�HOHFWURQ�DFFHSWRU��LW�KDV�D�UHODWLYHO\�KLJK

HOHFWURQ�PRELOLW\�XS�WR�a��FP��9V��QHDW�OD\HU�
>�@���7KH�KHWHURMXQFWLRQ� IRUPHG�EHWZHHQ�&��
DQG� &X3F� RU� =Q3F� FDQ� VHSDUDWH� H[FLWRQV
IRUPHG�LQ�ERWK�PDWHULDOV��7KH�+202�RI�=Q3F
LV� ORFDWHG� DURXQG� ���� H9��7KLV� NLQG� RI� VRODU
FHOOV�FDQ�VXSSO\�WKH�RSHQ�FLUFXLW�YROWDJH��92&�RI�a���Ü����9�� WKH�VKRUW�FLUFXLW�FXUUHQW�GHQ�
VLW\� �,6&�� RI� DERXW� ���P$�FP�� DQG� WKH� ILOO
IDFWRU��))��RI�DERYH����Ü�����UHVXOWLQJ�LQ�WKH
HQHUJ\� FRQYHUVLRQ� HIILFLHQF\� RI� DERXW� �� �

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�

)XQFWLRQDO�PDWHULDOV������������� ���



>�@�� 2WKHU� PDWHULDO� FRPELQDWLRQV� DQG�RU
WDQGHP�VRODU� FHOOV� >�@�\LHOG� HYHQ�KLJKHU�HI�
ILFLHQFLHV� UHDFKLQJ� �Ü���� >����@��+RZHYHU�
WKH�OLIHWLPH�RI�KLJK�HIILFLHQF\�RUJDQLF�VRODU
FHOOV� LV� VWLOO� LQ� WKH� UDQJH� RI� ����� K�� EHLQJ
WRR�VKRUW�IRU�PRVW�UHDO�DSSOLFDWLRQV��7KLV�LV
PDLQO\� DWWULEXWHG� WR� FRQWDPLQDWLRQ� ZLWK
R[\JHQ� DQG� PRLVWXUH� WKDW� FDQ� UHDFW� ZLWK
H[FLWHG� PROHFXOHV�� )URP� WKH� UHVHDUFK� RI
2/('V�� RQH� FDQ� LQIHU� WKDW� LQ�SULQFLSOH�� RU�
JDQLF� PROHFXOHV� DUH� YHU\� VWDEOH� LI� QRW� LQ
FRQWDFW�ZLWK�UHDFWLYH�VSHFLHV�

,Q� WKLV�ZRUN��ZH�KDYH� DQDO\VHG� WKH� DJH�
LQJ�DQG�DVVRFLDWHG�HOHFWULFDO�SURSHUWLHV��FRQ�
GXFWLYLW\�� WKH� HIIHFWLYH� HOHFWURQ� PRELOLW\�
DQG� HQHUJ\� SDUDPHWHUV� RI� PDWHULDO� DQG� LQ�
WHUIDFH��RI�WKH�=Q3F�GHYLFHV��

:H� KDYH� DQDO\VHG� WKH� GHYLFH� VWUXFWXUHV
RI� ,72�=Q3F����QP��&������QP��$2%������
GRSHG� &�����QP��$O����� QP��� 7KH� VFKHPDWLF
OD\RXW�RI�WKH�VDPSOH�FURVV�VHFWLRQ�LV�SUHVHQWHG
LQ� )LJ����� 2UJDQLF� OD\HUV� ZHUH� GHSRVLWHG� DW� D
UDWH�RI�����c�V�DW�D�SUHVVXUH�EHORZ�����Ü��3D�
DQG�$O�ZDV�HYDSRUDWHG�DW����c�V�DW�D�SUHVVXUH
EHORZ� ��Ü��3D�� 7KH� RUJDQLF� GRSDQW� ZDV� GH�
SRVLWHG�DW�D�UDWH�RI������c�V��7KH�WKLFNQHVV
LV� PHDVXUHG� ZLWK� LQGHSHQGHQW� FDOLEUDWHG
TXDUW]� FU\VWDO� PRQLWRUV�� 7KH� GHYLFHV� ZHUH
HQFDSVXODWHG�� 7KH� HQFDSVXODWLRQ� LV� GRQH� RQ
WKH� ZDIHU� ZLWK� D� JODVV� FRYHU� WKDW� KDV� D
FDYLW\�ZLWK�D�JHWWHU�LQVLGH��

7KH� VDPSOHV� ZHUH� DJHG� IRU� ����� K� DW
��R&��LOOXPLQDWHG�E\�D�EOXH�/('��ZLWK�LQFL�
GHQW�OLJKW�SRZHU�GHQVLW\�RI����P:�FP��DQG
SHDN� HPLVVLRQ� DW�����QP�� FRUUHVSRQGLQJ� WR
DQ� DEVRUSWLRQ� SHDN� RI� &���� 7KH� FXUUHQW�
YROWDJH� �,�9�� FKDUDFWHULVWLFV� DQG� WKHLU� WHP�
SHUDWXUH� DQG� WLPH� GHSHQGHQFHV� ZHUH� PHDV�
XUHG� XSRQ� DJHLQJ�� 7KH� UHIHUHQFH� VDPSOHV
WKDW�ZHUH�NHSW�LQ�GDUN�DW�URRP�WHPSHUDWXUH
GLG�VKRZ�RQO\�YHU\�VPDOO�FKDQJHV�LQ�WKH�,�9
FXUYHV��

���([SHULPHQWDO�
7R� PHDVXUH� WKH� FDUULHU� PRELOLW\�� WKH

&KDUJH� ([WUDFWLRQ� E\� /LQHDUO\� ,QFUHDVLQJ
9ROWDJH� �&(/,9�� PHWKRG� ZDV� XVHG� >�@�� ,Q
&(/,9��D�FDUULHU�H[WUDFWLRQ�IURP�WKH�VDPSOH
LV� DVVXUHG�E\� DSSO\LQJ� D� WULDQJXODU�YROWDJH
SXOVH�ZLWK�D�FRQVWDQW�LQFUHDVH�UDWH��7KH�RE�
WDLQHG� &(/,9� SORWV�� DV� H�J��� SUHVHQWHG� LQ
)LJ����� GHPRQVWUDWH� FKDUDFWHULVWLF� PD[LPD�
ZKHQ� WKH� HOHFWULF� ILHOG� LQ� WKH� VDPSOH� EH�
FRPHV�VWURQJ�HQRXJK�WR�H[WUDFW�PRVW�RI�WKH
FDUULHUV��)URP�WKHVH�SORWV��WKH�PRELOLW\�FDQ
EH�FDOFXODWHG�DV
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DQG�WKH�VDPSOH�FRQGXFWLYLW\�FDQ�EH�IRXQG�DV
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+HUH�$�LV�WKH�YROWDJH�LQFUHDVH�UDWH��WPD[�WKH� WLPH� �PHDVXUHG� IURP� WKH� SXOVH� RQVHW�
ZKHQ� WKH� FKDUDFWHULVWLF� PD[LPXP� LV� RE�
VHUYHG�� G�� WKH� VDPSOH� WKLFNQHVV�� M����� WKH
SODWHDX� YDOXH� FRUUHVSRQGLQJ� WR� WKH� FDSDFL�
WLYH� GLVSODFHPHQW� FXUUHQW� RI� WKH� VDPSOH�
DQG� M�� WKH� FXUUHQW� VSLNH� KHLJKW�� ,Q� (T����
WKH� HOHFWULF� ILHOG� UHGLVWULEXWLRQ� HIIHFW� GXU�
LQJ�FKDUJH�H[WUDFWLRQ�LV�WDNHQ�LQWR�DFFRXQW�

���5HVXOWV�DQG�GLVFXVVLRQ�
7KH� FHOO� SDUDPHWHUV� YDULDWLRQ� XSRQ� DJH�

LQJ��7KH�,�9�FXUYHV�REWDLQHG�IRU�RQH�VDPSOH
LQ�GDUN�DQG�XQGHU� LOOXPLQDWLRQ�E\�WKH�EOXH
/('V�EHIRUH�DQG�DIWHU�WKH�DJHLQJ�DUH�VKRZQ

)LJ����� 6FKHPDWLF� UHSUHVHQWDWLRQ� RI� WKH� VDP�
SOH�FURVV�VHFWLRQ�

)LJ����� ([DPSOH� RI� WKH� &(/,9� SORW� GHPRQ�
VWUDWLQJ�WKH�FKDUDFWHULVWLF�PD[LPXP�DQG�WKH
DSSOLHG�WULDQJXODU�YROWDJH�SXOVH�

9�.D]XNDXVNDV�HW�DO����$JHLQJ�GHSHQGHQW�SURSHUWLHV����

��� )XQFWLRQDO�PDWHULDOV�������������



LQ� )LJ����� ,Q� 7DEOH���� WKH� LQLWLDO� DQG� ILQDO
FKDUDFWHULVWLF� YDOXHV� DIWHU� WKH� DJHLQJ� DUH
SUHVHQWHG��)LJ����VKRZV�WKH�G\QDPLFV�RI�WKH
SDUDPHWHUV� RI� WKH� LOOXPLQDWHG� VDPSOH� XSRQ
DJHLQJ�� $� PRVW� SURPLQHQW� HIILFLHQF\� GH�
FUHDVH� RFFXUV� GXULQJ� ILUVW� KRXUV�� DQG� WKH
GHFD\�LV�QRW�D�VLQJOH�H[SRQHQWLDO��7KH�VKRUW
FLUFXLW�FXUUHQW��,6&���WKH�ILOO�IDFWRU��))��DQGWKH� VDWXUDWLRQ� UDWLR� �GHILQHG� DV� ,�Ü�9��,6&�WHQG� WR� VWDELOL]H� DIWHU� VHYHUDO� KXQGUHG
KRXUV��7KH�HQHUJ\�FRQYHUVLRQ�HIILFLHQF\�GH�
JUDGHV�GRZQ�WR�OHVV�WKDQ������RI�WKH�LQLWLDO
YDOXH��VWLOO�WHQGLQJ�WR�D�ILQDO�QRQ]HUR�YDOXH�
7KH� GHJUDGDWLRQ� NLQHWLFV� RI� DOO� SDUDPHWHUV
H[FHSW� 92&� FRXOG� EH� GHVFULEHG� ZHOO� E\VWUHWFKHG� H[SRQHQWV� DV�� H�J��� SUHVHQWHG� E\
(TV�������IRU�,6&�ZLWK�GLIIHUHQW�SDUDPHWHUV�

,6&� �,6&�W� ����H[S�ª«¬
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W��e��� �W�OQ����e�E� ���
+HUH�� W� DQG� E� DUH� SDUDPHWHUV� FKDUDF�

WHUL]LQJ�WKH�VWUHWFKHG�H[SRQHQW��DQG� W���� LVWKH�KDOI�OLIHWLPH�RI�WKH�UHOD[DWLRQ��7KH�WLPH
FRQVWDQWV�W�IRU�WKH�GLIIHUHQW�FHOO�SDUDPHWHUV
UDQJHG� IURP� OHVV� WKDQ� ���� K� XS� WR� PRUH
WKDQ�������K��)RU�PRVW�RI�WKH�GHYLFHV��92&

XVHG�WR�LQFUHDVH�VOLJKWO\�RU�GLG�QRW�FKDQJH�
7KLV�EHKDYLRU�FRLQFLGHV�ZLWK�WKDW�RI�WKH�SR�
WHQWLDO�EDUULHU�KHLJKW�GHVFULEHG�EHORZ�

7KHUPDOO\�DFWLYDWHG�FRQGXFWLYLW\�DQG�SR�
WHQWLDO� EDUULHUV�� :H� KDG� PHDVXUHG� ,�9� GH�
SHQGHQFHV�DW�GLIIHUHQW�WHPSHUDWXUHV��DQ�H[�
DPSOH�LV�SUHVHQWHG�LQ�)LJ�����7R�DQDO\VH�WKH
,�9� FKDUDFWHULVWLFV�� ZH� HYDOXDWHG� WKH� LQIOX�
HQFH�RI�VHYHUDO�PHFKDQLVPV�WKDW�DUH�XVXDOO\
DFFRXQWHG�IRU�LQ�RUJDQLF�GHYLFHV��7KH�QHFHV�
VLW\�RI�WKDW�DSSURDFK�LV�FOHDUO\�HYLGHQFHG�E\
WKH� IDFW� WKDW� WKH� UHODWLYH� LQFUHDVH� RI� WKH
UHYHUVH�FXUUHQW�LQ�)LJ����H[FHHGV�WKDW�RI�WKH
IRUZDUG� FXUUHQW� LQ� WKH� VDPH� WHPSHUDWXUH
UHJLRQ�� ,Q� WKH� IRUZDUG� GLUHFWLRQ�� GHSHQG�
HQFH�RI�WKH�FXUUHQW�LV�QHDUO\�H[SRQHQWLDO�XS
WR�WKH�YROWDJHV�RI�DERXW�����9��DQG�WKHQ�WKH
FXUUHQW� LQFUHDVH� EHFRPHV� OHVV� H[SUHVVHG�� ,Q
UHYHUVH� GLUHFWLRQ�� WKH� FXUUHQW� LQFUHDVH� LV
PXFK�OHVV�SURQRXQFHG�DQG�WHQGV�WR�VDWXUDWH�
7KH�H[SRQHQWLDO�EHKDYLRU�RI�FXUUHQW�,�8��RQ
DSSOLHG� YROWDJH�8� DQG� LWV� VDWXUDWLRQ� LQ� UH�
YHUVH� GLUHFWLRQ� FDQ� EH� GHVFULEHG� E\� WKH
6FKRWWN\�EDUULHU�PRGHO�DV�LQ�>��@��7KLV�JHQ�
HUDO�GLRGH�HTXDWLRQ�GHVFULEHV�WKH�,�9�FKDUDF�
WHULVWLFV�RI�ERWK�S�Q�MXQFWLRQV�DQG�6FKRWWN\
GLRGHV�

)LJ����� ,9� FXUYHV� LQ� WKH� GDUN� DQG�XSRQ� LOOX�
PLQDWLRQ� E\� D� EOXH� /('V� SULRU� WR� �FXUYH� ��
DQG�DIWHU�WKH�DJHLQJ��FXUYH����

)LJ����� 9DULDWLRQ� RI� WKH� FKDUDFWHULVWLF� SD�
UDPHWHUV� IRU� WKH� LQYHVWLJDWHG� VWUXFWXUH� LQ
WLPH�XSRQ� DJHLQJ� �EOXH� OLJKW��7� ����&���03
VWDQGV�IRU�WKH�0D[LPXP�3RZHU��03���3RLQWV�
H[SHULPHQWDO�GDWD��GDVKHG�FXUYHV��ILWWLQJV�E\
WKH�VWUHWFKHG�H[SRQHQWV�

7DEOH����&KDUDFWHULVWLF�YDOXHV�RI�WKH�LQYHVWLJDWHG�FHOO�SULRU�WR�DQG�DIWHU�WKH�DJHLQJ�
7LPH��K� 92&��9� ,6&��P$� )LOO�)DFWRU��))� ,�Ü��9��,6& 0D[LPXP

3RZHU��03�
�P:�FP��

� ���� ��� ����� ���� �����
���� ���� ��� ����� ���� �����

9�.D]XNDXVNDV�HW�DO����$JHLQJ�GHSHQGHQW�SURSHUWLHV����

)XQFWLRQDO�PDWHULDOV������������� ���



,�8�� �,V�
ª«¬H[S

§̈
©
H�8���,�8�5V�

QN7
·̧
¹����

º»¼�
���

+HUH�� ,V� LV� WKH� VDWXUDWLRQ� FXUUHQW�� 5V�WKH� VHULDO� UHVLVWDQFH� RI� WKH� VDPSOH� YROXPH�
Q�� WKH� LGHDOLW\� IDFWRU�� 7�� WHPSHUDWXUH�� H�
WKH� HOHPHQWDU\� FKDUJH�� N�� %ROW]PDQQ� FRQ�
VWDQW��Q� ��� LQ� WKH�6KRFNOH\� WKHRU\� IRU�S�Q
MXQFWLRQV�LQ�WKH�DEVHQFH�RI�UHFRPELQDWLRQ�DV
ZHOO� DV� IRU� WKHUPLRQLF� HPLVVLRQ� WKHRU\� DQG
GLIIXVLRQ� WKHRU\� IRU� 6FKRWWN\� GLRGHV�� 7KH
LGHDOLW\� IDFWRU� DQG� WKH� VDWXUDWLRQ� FXUUHQW
FDQ� EH� REWDLQHG� IURP� WKH� VORSH� DQG� WKH� LQ�
WHUFHSW��UHVSHFWLYHO\��REWDLQHG�E\�H[WUDSROD�
WLRQ� RI� WKH� OLQHDU�SDUW� RI� WKH� VHPLORJDULWK�
PLF� SORW� RI� ,� YV�8�� 7KH� VDWXUDWLRQ� FXUUHQW
GHQVLW\�LV�JLYHQ�E\�
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+HUH��$
� LV� WKH�5LFKDUGVRQ�FRQVWDQW�DQG
)%�LV�D�FRQWDFW�SRWHQWLDO�EDUULHU��7KHUHIRUH�XVLQJ� (T����� WKH� FRQWDFW� SRWHQWLDO� EDUULHU
KHLJKW� FDQ� EH� HYDOXDWHG� IURP� WKH� WHPSHUD�
WXUH�GHSHQGHQFH�RI�WKH�UHYHUVH�FXUUHQW��7KH
SORWV� RI� WKH� UHYHUVH� DQG� IRUZDUG� FXUUHQW
YDOXHV�DUH�SUHVHQWHG�LQ�)LJ����IRU�WKH�UHIHU�
HQFH�VDPSOH�DQG�WKH�DJHG�RQHV��7KH�FKDUDF�
WHULVWLF� FRQWDFW� EDUULHU� LV� VHHQ� WR� EH� DERXW
�����H9� LQ�WKH�UHIHUHQFH� VDPSOH�� VLPLODU�WR
RWKHU�HYDOXDWLRQV��H�J���>�����@��$IWHU�GHJUD�
GDWLRQ��LW�LQFUHDVHV�E\�DERXW������H9��XS�WR
����� H9��� ,W� LV� QHFHVVDU\� WR� QRWH� WKDW�� DV
SRLQWHG� DERYH�� 92&�� ZKLFK� LV� UHODWHG� ZLWKWKH� SRWHQWLDO� EDUULHU� KHLJKW�� DOVR� LQFUHDVHV

VOLJKWO\�LQ�WKH�DJHG�VDPSOHV��7KHUHIRUH��WKLV
EDUULHU� GLIIHUHQFH� FDQ� EH� VXSSRVHG� WR� LQ�
FUHDVH�GXH�WR�GHJUDGDWLRQ�

7KH� VORZ� JURZWK� RI� WKH� UHYHUVH� FXUUHQW
ZLWK� YROWDJH� FRXOG� EH� GXH� WR� WKH� ILHOG�DV�
VLVWHG� WKHUPLRQLF� LQMHFWLRQ� RYHU� WKH� LPDJH
IRUFH�EDUULHU��6FKRWWN\�HIIHFW��>��@��

M� �$)��e��H[S�§̈©��CCCHJN7) ·̧¹� ���

+HUH��)�LV�HOHFWULF�ILHOG��J� �H����SHH�N7�DQG�$�)�� �FRQVW��8QIRUWXQDWHO\�WKLV�PRGHO�
WKRXJK� H[SODLQLQJ� WKH� ILHOG� GHSHQGHQFH� RI
WKH� UHYHUVH� FXUUHQW�� GRHV� QRW� JLYH� DQ\� QX�
PHULFDO�YDOXHV�FKDUDFWHUL]LQJ�WKH�EDUULHU�

,Q�WKH�IRUZDUG�GLUHFWLRQ��7KH�H[SRQHQWLDO
JURZWK� SUHYDLOV� XS� WR� DERXW� ���Ü���� 9�
ZKDW� FRLQFLGHV� ZLWK� WKH� KHLJKW� RI� WKH� FRQ�
WDFW�SRWHQWLDO�EDUULHU��$ERYH�WKDW�SRLQW��DQ�
RWKHU� FXUUHQW� OLPLWLQJ� PHFKDQLVP� VWDUWV
SOD\LQJ� D� UROH�� 7R� DQDO\VH� WKH� WHPSHUDWXUH
GHSHQGHQFH� RI� WKH� IRUZDUG� FXUUHQW� LQ� WKLV
PRGH��RQH�KDV�WR�WDNH�LQWR�DFFRXQW�DOVR�WKH
H[SRQHQWLDO� GHSHQGHQFH� RI� WKH� VDPSOH� YRO�
XPH� UHVLVWDQFH� �GXH� WR� HLWKHU� WKHUPDO� JHQ�
HUDWLRQ� RI� FDUULHUV� RU� WKHLU� PRELOLW\� YDUL�
DWLRQ�ZLWK�WHPSHUDWXUH��
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+HUH��($�LV�WKH�HIIHFWLYH�WKHUPDO�DFWLYD�WLRQ�HQHUJ\�RI�WKH�VDPSOH�UHVLVWDQFH��7KHUH�
IRUH�� WKH� ORZHU� DFWLYDWLRQ� HQHUJ\� YDOXHV� LQ
IRUZDUG� GLUHFWLRQ� HYDOXDWHG� IURP� )LJ���
FKDUDFWHUL]H� MXVW�WKH�WKHUPDO�DFWLYDWLRQ�HQ�
HUJ\� YDOXHV� RI� WKH� VDPSOH� FRQGXFWLYLW\�
$JDLQ�� VOLJKWO\� ORZHU� YDOXHV� RI� DERXW

)LJ����� ,9� FXUYHV� RI� WKH� UHIHUHQFH� VDPSOH
PHDVXUHG� LQ� WKH� GDUN� DW� GLIIHUHQW� WHPSHUD�
WXUHV����Ü����R&�����Ü����R&����Ü���R&����Ü
���R&����Ü����R&����Ü����R&����Ü����R&����Ü
���R&����Ü����R&�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� WKH� IRU�
ZDUG� DQG� UHYHUVH� FXUUHQW� YDOXHV� PHDVXUHG� DW
Ü����9��ILOOHG�V\PEROV��DQG������9��RSHQ�V\P�
EROV��� UHVSHFWLYHO\�� IRU� WZR�VDPSOHV�� WKH� UHIHU�
HQFH��VTXDUHV��DQG�WKH�DJHG�RQH��WULDQJOHV��

9�.D]XNDXVNDV�HW�DO����$JHLQJ�GHSHQGHQW�SURSHUWLHV����

��� )XQFWLRQDO�PDWHULDOV�������������



�����H9�DUH�FKDUDFWHULVWLF�IRU�WKH�UHIHUHQFH
VDPSOH��DQG�WKH\�JURZ�XS�WR�DERXW������H9
DIWHU�DJHLQJ��

:H�KDYH�ILWWHG�WKH�H[SHULPHQWDO�GHSHQG�
HQFHV�SUHVHQWHG�LQ�)LJ����E\�(TV���Ü��DQG�D
JRRG� DJUHHPHQW� ZDV� DFKLHYHG� ZLWK� WKH� ILW�
WLQJ�SDUDPHWHUV�VLPLODU�WR�DERYH��WKH�LGHDO�
LW\�IDFWRU�Q�DSSUR[LPDWLQJ�����DQG�WKH�VDP�
SOH�UHVLVWDQFH�RI�DERXW�����:�DW�����.��7KH
LGHDOLW\� IDFWRU� LV� UHODWLYHO\� KLJK�� EXW� LQ
PDQ\� FDVHV� LQ� RUJDQLF� VWUXFWXUHV� HYHQ� WKH
EHVW� UHSRUWHG� YDOXHV� H[FHHG� �Ü���� >��@�
0RUHRYHU�� LW� ZDV� IRXQG� LQ� >��@� WKDW� Q� LQ
=Q3F�GHYLFHV� OLQHDUO\�GHSHQGV�RQ�UHFLSURFDO
WHPSHUDWXUH��

&KDUJH� FDUULHU�PRELOLW\�� 7KH� FDUULHU�PR�
ELOLW\� GHSHQGHQFHV� LQ� WKH� UHIHUHQFH� VDPSOH
RQ� HOHFWULF� ILHOG� VWUHQJWK� DW� GLIIHUHQW� WHP�
SHUDWXUHV�DUH�SUHVHQWHG�LQ�)LJ�����7KH�FRP�
SDULVRQ� RI� PRELOLW\� EHKDYLRU� DW� 7� �����.
LQ�ERWK�VDPSOH�W\SHV�LV�SUHVHQWHG�LQ�)LJ����
,W� LV� VHHQ� WKDW� LQ� WKH� LQYHVWLJDWHG� VDPSOHV�
WKH� XVXDO� PRELOLW\� LQFUHDVH� ZLWK� HOHFWULF
ILOHG� SUHYDLOV�� LQ� FRQWUDVW� WR� WKH� VR�FDOOHG
QHJDWLYH�PRELOLW\�EHKDYLRU�WKDW�FRXOG�EH�RE�
VHUYHG� LQ� KLJKO\� VSDWLDOO\� LQKRPRJHQHRXV
PDWHULDOV� >������@�� 7R� DQDO\VH� WKH� PRELOLW\
EHKDYLRU��ZH�KDYH�XVHG�WKH�*DXVVLDQ�'LVRU�
GHU�0RGHO� �*'0��� ,Q� WKH�*'0�� WKH� FKDUJH
WUDQVSRUW� LQ� GLVRUGHUHG� RUJDQLF� FRQGXFWRUV
LV�VXSSRVHG�WR�SURFHHG�E\�PHDQV�RI�KRSSLQJ
LQ�D�*DXVVLDQ�VLWH�HQHUJ\�GLVWULEXWLRQ��7KLV
GHQVLW\� RI� VWDWHV� �'26�� UHIOHFWV� WKH� HQHUJ\
VSUHDG� LQ� WKH� FKDUJH� WUDQVSRUWLQJ� OHYHOV� RI
FKDLQ�VHJPHQWV�GXH�WR�IOXFWXDWLRQ�LQ�FRQMX�

JDWLRQ� OHQJWKV� DQG� VWUXFWXUDO� GLVRUGHU�
:LWKLQ� WKH� *DXVVLDQ� GLVRUGHU� PRGHO�� WKH
PRELOLW\�LV�JLYHQ�E\�>��@�
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7KLV� HTXDWLRQ� ZDV� GHULYHG� IURP� 0RQWH�
&DUOR�VLPXODWLRQV�RI�WKH�FKDUJH�FDUULHU�KRS�
SLQJ�SURFHVVHV�LQ�D�PDWHULDO�ZLWK�HQHUJ\��V�
DQG� SRVLWLRQDO� GLVRUGHU� �6�� GHVFULEHG� E\
*DXVVLDQ� GLVWULEXWLRQ� IXQFWLRQV�� Pf� LV� WKHKLJK� WHPSHUDWXUH�PRELOLW\� OLPLW� DQG�&� LV� D
VSHFLILF�SDUDPHWHU�WKDW�LV�REWDLQHG�IURP�WKH
VLPXODWLRQV� DV� &� �������Ü���FP�9�����
7KHUHIRUH�� WKH� *'0� ZDV� XVHG� WR� ILW� WKH
H[SHULPHQWDO� GDWD� DV�SUHVHQWHG� LQ�)LJV�����
E\� VROLG� OLQHV��:H� KDYH� XVHG� WKH� VDPH� ILW�
WLQJ�SDUDPHWHUV�IRU�WKH�VLQJOH�VDPSOHV��RQO\
WKH� WHPSHUDWXUH� EHLQJ� YDULHG�� 7KH� ILWWLQJ
YDOXHV� REWDLQHG� IRU� WKH� SULVWLQH� DQG� WKH
DJHG�VDPSOHV�DUH�JLYHQ�LQ�7DEOH���

,W�FDQ�EH�VHHQ�WKDW�ERWK�HQHUJ\�DQG�VSD�
WLDO� GLVRUGHU� SDUDPHWHUV� LQFUHDVH� FRQVLGHU�
DEO\� LQ� WKH� DJHG� VDPSOH�� VLPLODU� WR� WKH� HQ�
HUJ\� SDUDPHWHUV� REWDLQHG� IURP� WKH� ,�9
PHDVXUHPHQWV�� 7KHUHIRUH�� WKH� KRSSLQJ� FDU�
ULHU� WUDQVSRUW� FDQ� EH� VXSSRVHG� WR� EHFRPH
DJJUDYDWHG�XSRQ�DJHLQJ�GXH�WR�LQFUHDVLQJ�RI
ERWK� HQHUJHWLF� DQG� VSDWLDO� GLVRUGHU� RI� WKH
KRSSLQJ� VWDWHV�� )LUVW� RI� DOO�� WKLV� UHVXOWV
ORJLFDOO\� LQ� GHFUHDVH� RI� WKH� VDPSOH� FRQGXF�
WLYLW\� DV� ZHOO� DV� JURZWK� RI� LWV� DFWLYDWLRQ
HQHUJ\��,QGHHG��WR�WDNH�SDUW�LQ�FRQGXFWLYLW\�
FDUULHUV� KDYH� WR� PRYH� LQ� D� JUHDWHU� HQHUJ\

)LJ����� &DUULHU� PRELOLW\� GHSHQGHQFHV� RQ� DS�
SOLHG�HOHFWULF�ILHOG�VWUHQJWK�DW�GLIIHUHQW�WHP�
SHUDWXUHV�����Ü����R&�����Ü����R&����Ü���R&�
��Ü����R&����Ü����R&����Ü����R&����Ü����R&�
�� Ü� ���R&�� LQ� WKH� UHIHUHQFH� VDPSOH�� /LQHV
UHSUHVHQW�ILWWLQJ�RI�WKH�GDWD�E\�WKH�*DXVVLDQ

)LJ����� &DUULHU� PRELOLW\� GHSHQGHQFHV� RQ� DS�
SOLHG� HOHFWULF� ILHOG� VWUHQJWK� DW� ����.� LQ� WKH
UHIHUHQFH�VDPSOH��RSHQ�V\PEROV��DQG�WKH�DJHG
VWUXFWXUH��ILOOHG�VTXDUHV���/LQHV�UHSUHVHQW�ILW�
WLQJ�RI�WKH�H[SHULPHQWDO�GDWD�E\�WKH�*DXVVLDQ
'LVRUGHU�0RGHO�DFFRUGLQJ�WR�(T����

9�.D]XNDXVNDV�HW�DO����$JHLQJ�GHSHQGHQW�SURSHUWLHV����
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DQG� VSDWLDO� GLVRUGHU�� PHDQLQJ� WKDW� WKHLU
MXPSV� EHWZHHQ� KRSSLQJ� VWDWHV� KDYH� WR� EH
PRUH� HQHUJL]HG�� 0RUHRYHU�� WKH� LQFUHDVLQJ
PDWHULDO� GLVRUGHU� UHVXOWV� DOVR� LQ� WKH� LQ�
FUHDVH� RI� WKH�PHDQ�SRWHQWLDO� EDUULHU�KHLJKW
WKDW�JRYHUQV� WKH� FDUULHU� IORZ�RYHU� WKH� EDU�
ULHU�SURYLGLQJ�WKH�UHFWLI\LQJ�EHKDYLRU�

���6XPPDU\�DQG�FRQFOXVLRQV
:H�KDYH�SUHVHQWHG�WKH�DJHLQJ�SURSHUWLHV

LQYHVWLJDWLRQ� RI� =Q3F�&��� VRODU� FHOOV� DV
WKRVH�DUH�LQIOXHQFHG�E\�WKH�YDULDWLRQ�RI�HQ�
HUJ\� SDUDPHWHUV� FKDUDFWHUL]LQJ� PDWHULDO
FRQGXFWLYLW\�� SRWHQWLDO� EDUULHU� KHLJKW�� DQG
FKDUJH�FDUULHU�PRELOLW\��7KH�VLPSOH�WHVW�GH�
YLFH� VWUXFWXUH� VKRZV� D� UHDVRQDEOH� FRQYHU�
VLRQ�HIILFLHQF\�RI�DERXW�������

7KH� GHYLFHV� DJHG� XQGHU� LOOXPLQDWLRQ
VKRZ� D� VWURQJ� DQG� IDVW� GHJUDGDWLRQ� RI� WKH
VKRUW� FLUFXLW� FXUUHQW� DQG� ILOO� IDFWRU� DIWHU
VHYHUDO� KRXUV� IROORZHG� E\� DQ� DOPRVW� FRQ�
VWDQW� EHKDYLRU� RI� WKHVH� YDOXHV�� 7KH� UHIHU�
HQFH� VDPSOHV� NHSW� LQ� WKH� GDUN� DW� WKH� URRP
WHPSHUDWXUH� VKRZ� RQO\� YHU\� VPDOO� FKDQJHV
LQ� WKH� ,�9� FXUYHV�� 7KH� SDUDPHWHUV� FKDUDF�
WHUL]LQJ�WKH�SRWHQWLDO�EDUULHU�KHLJKW�SURYLG�
LQJ� WKH� GLRGH�OLNH� EHKDYLRU� DQG� WKH� DFWLYD�
WLRQ� HQHUJ\� YDOXH� RI� PDWHULDO� FRQGXFWLYLW\
ZHUH�HYDOXDWHG�IURP�,�9�GHSHQGHQFHV�DW�GLI�
IHUHQW� WHPSHUDWXUHV�� ,W�ZDV� IRXQG� WKDW� WKH
SRWHQWLDO�EDUULHU�RI�DERXW������H9�HYDOXDWHG
LQ� WKH� UHIHUHQFH� VDPSOH�� LQFUHDVHG� DIWHU
GHJUDGDWLRQ� XS� WR� ����� H9�� 0HDQZKLOH�
WKHUPDO� DFWLYDWLRQ� HQHUJ\� RI� WKH� HOHFWULFDO
FRQGXFWLYLW\� JURZV� IURP� DERXW� ����� H9
SULRU� WR� GHJUDGDWLRQ� XS� WR� DERXW� ����� H9
DIWHU�DJHLQJ��

&DUULHU� PRELOLW\� GHSHQGHQFHV� RQ� HOHFWULF
ILHOG� VWUHQJWK� DW� GLIIHUHQW� WHPSHUDWXUHV
ZHUH�PHDVXUHG�E\�WKH�&KDUJH�([WUDFWLRQ�E\
/LQHDUO\� ,QFUHDVLQJ� 9ROWDJH� �&(/,9�
PHWKRG�� ,W� ZDV� GHPRQVWUDWHG� WKDW� WKH� PR�
ELOLW\�GHFUHDVHV�GXULQJ�GHJUDGDWLRQ�DV�FRP�
SDUHG� WR� WKH� UHIHUHQFH� VDPSOHV�� 7KHVH

FKDQJHV� UHVXOW� IURP� WKH� LQFUHDVH� RI� ERWK
HQHUJ\� �V�� DQG� SRVLWLRQDO� GLVRUGHU� �6�� SD�
UDPHWHUV� ZLWKLQ� WKH� *DXVVLDQ� 'LVRUGHU
0RGHO�� 7KHUHIRUH�� WKH� KRSSLQJ� FDUULHU
WUDQVSRUW� EHFRPHV� DJJUDYDWHG�� UHVXOWLQJ� LQ
GHFUHDVH�RI� WKH� VDPSOH�FRQGXFWLYLW\�DV�ZHOO
DV� LQ� JURZWK� RI� LWV� DFWLYDWLRQ� HQHUJ\��7KLV
PHDQV� WKDW� WKH� MXPSV� RI� WKH� FDUULHUV� EH�
WZHHQ� KRSSLQJ� VWDWHV� KDYH� WR� EH� HQHUJL]HG
PRUH� WR� PRYH� LQ� D� JUHDWHU� HQHUJHWLF� DQG
VSDWLDO� GLVRUGHU� LQ� RUGHU� WR� WDNH� SDUW� LQ
FRQGXFWLYLW\��0RUHRYHU�� LQFUHDVLQJ�PDWHULDO
GLVRUGHU�DOVR�FDXVHV�JURZWK�RI�WKH�PHDQ�SR�
WHQWLDO� EDUULHU� KHLJKW� WKDW� JRYHUQV� FDUULHU
IORZ� RYHU� WKH� EDUULHU� SURYLGLQJ� WKH� GLRGH�
OLNH�EHKDYLRXU�����

$FNQRZOHGJHPHQWV�� 5�/HVVPDQQ� DFNQRZ�
OHGJHV� &$3(6�%UD]LO� DQG� '$$'� IRU� WKH
VFKRODUVKLS��$�$UODXVNDV�DFNQRZOHGJHV�6WX�
GHQW� 5HVHDUFK� )HOORZVKLS� $ZDUG� IURP� WKH
/LWKXDQLDQ� 6FLHQFH� &RXQFLO�� 3DUW� RI� WKLV
ZRUN�ZDV�SHUIRUPHG�ZLWKLQ�WKH�(&�)3��SUR�
MHFW�2UJD391HW�

5HIHUHQFHV

� ���&�:�7DQJ��$SSO��3K\V��/HWW�������������������
� ���7�7DLPD�� 6�7R\RVKLPD��.�+DUD� HW� DO���-DS��-�

$SSO��3K\V���3DUW��������/�����������
� ���5�:�/RI�� 0�$�YDQ� 9HHQDQGDDO� HW� DO��� 3K\V�

5HY��/HWW�������������������
� ���7K�%�6LQJK�� 1�0DUMDQRYLF�� *�-�0DWW� HW� DO��

2UJ��(OHFWURQ�����������������
� ���6�3IXHW]QHU�� -�0HLVV�� $�3HWULFK� HW� DO��� $SSO�

3K\V��/HWW���������������������
� ���'�*HEH\HKX�� %�0DHQQLJ�� -�'UHFKVHO� HW� DO��

6RO��(QHUJ\�0DWHU��6RO��&HOOV����������������
� ���0�$�*UHHQ��.�(PHU\��<�+LVKLNDZD�HW�DO���3URJ�

3KRWRYROW�5HV��$SSO�����������������
� ���-�<�.LP�� .�/HH�� 1�(�&RDWHV� HW� DO��� 6FLHQFH�

����������������
� ���*�-XVND�� .�$UODXVNDV�� 0�9LOLXQDV� HW� DO��

3K\V��5HY��/HWW�������������������
����:�5LHVV�� ,Q��2UJDQLF�(OHFWUROXPLQHVFHQW�0D�

WHULDOV� DQG� 'HYLFHV�� HG�� E\� 6�0L\DWD� DQG
+�6�1DOYD�� *RUGRQ� DQG� %UHDFK�� $PVWHUGDP
��������S����

����0�(JJLQJHU�� 5�.RHSSH�� )�0HJKGDGL� HW� DO��
3URF��63,(�������������������

����-�*RGOHZVNL��-�.DOLQRZVNL��-DS��-��$SSO��3K\V��
��������������

����.�+DUDGD�� $�*�:HUQHU�� 0�3IHLIIHU� HW� DO��
3K\V��5HY��/HWW���������������������

����$�-�0R]HU�� 1�6�6DULFLIWFL�� $�3LYULNDV� HW� DO��
3K\V��5HY��%��������������������

����9�.D]XNDXVNDV�� 0�3UDQDLWLV�� /�6LFRW� HW� DO��
0RO��&U\VW��/LT��&U\VW�������������������

����+�%DHVVOHU�� 3K\V��6WDW��6ROLGL�E��� ����� ��
�������

7DEOH���� )LWWLQJ� SDUDPHWHUV� RI� WKH� *'0
PRGHO�XVHG�WR�ILW�PRELOLW\�WKH�EHKDYLRU�LQ
WKH�SULVWLQH�DQG�DJHG�VDPSOHV

3DUDPHWUHV
6DPSOHV

5HIHUHQFH
VDPSOH

$JHG�
VDPSOH

6 ��� ���
V�H9� ������ �����

Pf�FP��9V� �������Ü� �������Ü�
&��FP�9���� �������Ü� �������Ü�
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��� )XQFWLRQDO�PDWHULDOV�������������



~ÈãËÎÓL°�	�mãÈ°�Òmº°�Ë®�Áº�º�Èã	mÈÓL�ÓÒ²ËãËäËÓ�Lm�=Q3F�&���mL��°�È¯LÓÓ«
{�zÈÎ�}È�°}È°��k�k¯ãÈ�°}È°��l��¯ÈÓÈ®�L°�c��Ë°°äÈÓÓ��l�cL�Ë��z��Ëº

iº°ãL�ÎËÓº� °ºÓ«�ÓL� ËãËäËÓ�Ò� =Q3F�&��� Ï� ÏÈ�ºmLã	Óº
� ËÁË}�ÒmÓL°�
� ¹Ë¯Ë�mº¯ËÓÓ«
ËÓË¯�L�� a���� ��� ~¯ÈÏ}Ò� ¹L��ÈÓº� °�È¯LÓÓ
� ¹¯º�«�ºä� ����� �º�� �ã«²ºä� º¹¯ºäLÓËÓÓ«
°mL�ãºä�°ÒÓ	º�º�°mL�ãº�Lº�È�Ï��ºmÎÒÓº
�²mÒãL���äÈ}°Òä�äL�mÒ¹¯ºäLÓ
mÈÓÓ«�����Óä���
¹¯º�Ë°L� °�È¯LÓÓ«�Ï¯ÈÏ}Lm�mÒ«mãËÓº��mÒ�}Ë��È� ÏÓÈ�ÓË�¹º�L¯�ËÓÓ«�ËÁË}�ÒmÓº°�L� °�¯�ä�
}º¯º�}º�º�ÏÈäÒ}ÈÓÓ«��È�}ºËÁL�L¼Ó�È�ÏÈ¹ºmÓËÓÓ«�¹¯º�«�ºä�}Lã	}º²��º�ÒÓ�Ï�ÓÈ°��¹ÓÒä
ÏÓÈ�Óº�¹ºmLã	ÓL�Òä�ÏäËÓ�ËÓÓ«ä��Ò²�¹È¯ÈäË�¯Lm��lË�º�ºä�ÏÓ«��«�ÏÈ¯«���ãLÓL®Óº�Ï¯º°�
�È
�º
�ÓÈ¹¯��º
�mÒäL¯«Óº�ÏÈãËÎÓº°�L�¯�²ºäº°�L�Óº°L�m�mL��ÓÈ¹¯�ÎËÓº°�L�ËãË}�¯Ò�Óº�º
¹ºã«� ¹¯Ò� ¯LÏÓÒ²� �Ëä¹Ë¯È��¯È²�� {Ò«mãËÓË� °¹È�ÈÓÓ«� °�¯�ä�� ËãËäËÓ�È� ÓË� äºÎË� ­��Ò
¹º«°ÓËÓº� �Lã	}Ò� ÏÓÒÎËÓÓ«ä� ¯�²ºäº°�L�� �� Ï¯ÈÏ}È²� ¹L°ã«� °�È¯LÓÓ«� °¹º°�Ë¯L�Èãº°«
Ï­Lã	�ËÓÓ«� ËÁË}�ÒmÓº�� mÒ°º�Ò� ­È¯�¼¯�� ¹¯Ò­ãÒÏÓº� ÓÈ� ���� Ë{� �mL�� ����� �º� ����� Ë{��
|�Óº�È°Óº� ÏÓÈ�ËÓÓ«� ËÓË¯�L�� �Ë¯äL�Óº�� È}�ÒmÈ�L�� ËãË}�¯º¹¯ºmL�Óº°�L� Ï¯º°�ÈãÒ� mL�� ¹¯Ò�
­ãÒÏÓº������Ë{��¹Ë¯Ë��°�È¯LÓÓ«ä���º�¹¯Ò­ãÒÏÓº������Ë{��¹L°ã«�Ó	º�º��
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