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7KH�VDPSOHV�RI�3=7�W\SH�PXOWL�FRPSRQHQW�SLH]RFHUDPLFV�3E�����%D����&D����6U������=U����7L�����2��������ZW���%L�2��������ZW��*H2�REWDLQHG�E\�KRW�SUHVVLQJ�ZHUH�VKDSHG�DV����u��u�����PP�
SODQH�SDUDOOHO� SODWHV�� 6RPH� VDPSOHV� ZHUH� VXEMHFWHG� WR� SRODUL]DWLRQ� E\� ORZ� WHPSHUDWXUH
PHWKRG� �7� �����.��(S� ����N9�FP��W� ����PLQ���DQG�RWKHUV�ZHUH�J�LUUDGLDWHG������N*\���&R���)RU�DOO�VSHFLPHQV��WHPSHUDWXUH�GHSHQGHQFHV�RI�WKH�LQWHUQDO�IULFWLRQ�4Ü��DQG�<RXQJ�V
PRGXOXV�(�ZHUH�GHWHUPLQHG�ZKLOH�KHDWLQJ�DW�D�UDWH�RI���.�PLQ��7KH�4Ü��7��FXUYH�VKRZV
WZR� SHDNV� 35� DQG� 3)�� ORFDWHG� IRU� QRQ�LUUDGLDWHG� VDPSOH� DW� 75� �����.��7)� �����.�UHVSHFWLYHO\��)RU� VDPSOHV� LUUDGLDWHG� DW�����N*\�GRVH�� WKH�35�SHDN� VKLIWV� WRZDUGV�KLJKHUWHPSHUDWXUHV�� ZKLOH� 3)�� WRZDUGV� ORZHU� RQHV�� 7KH� YDOXHV� RI� <RXQJ�V� PRGXOXV�(� DUH� GH�FUHDVHG�LQ�WKH�DUHD�RI�WKH�35�DQG�3)�SHDNV��$W�URRP�WHPSHUDWXUH��WKH�(�YDOXH�LV�����*3DIRU�WKH�QRQ�LUUDGLDWHG�VDPSOH�DQG�����*3D�IRU�WKH�LUUDGLDWHG�RQH��7KH�UHOD[DWLRQ�SHDN�35KDV�EHHQ�VKRZQ�WR�EH�GXH�WR�WKH�GRPDLQ�ERXQGDU\�LQWHUDFWLRQ�ZLWK�R[\JHQ�YDFDQFLHV�ZKLOH
WKH�c)�RQH�LV�UHODWHG�WR�WKH�SKDVH�WUDQVLWLRQ�DW�WKH�&XULH�SRLQW�
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/HDG� WLWDQDWH� ]LUFRQDWHV� 3E�=U�±[7L[�2��3=7�� DUH� DPRQJ� WKH� PRVW� SRSXODU� LQGXV�
WULDO� SLH]RHOHFWULF� PDWHULDOV�� XVHG� DV
WUDQVGXFHUV��ZDYH� ILOWHUV��PLFURPRWRUV��PL�
FURURERWV�� HWF�� >�Ü�@��$OO� WKRVH�DSSOLFDWLRQV
UHTXLUH� JHQHUDOO\� KLJK� SLH]RHOHFWULF� FRQ�
VWDQWV� DQG� ORZ� GLHOHFWULF� DQG� PHFKDQLFDO
ORVVHV� LQ� FHUDPLFV�� 7KH� YDULDWLRQ� RI� PH�
FKDQLFDO�ORVVHV�DQG�HODVWLF�PRGXOXV�DV�IXQF�
WLRQ� RI� WHPSHUDWXUH� DQG� H[FLWDWLRQ� IUH�
TXHQF\� FDQ� SURYLGH� GLUHFW� LQIRUPDWLRQ� RQ
WKH�HQHUJ\�GLVVLSDWLRQ�DQG�SKDVH�WUDQVLWLRQV
LQ�WKH�PDWHULDO��6HYHUDO�DXWKRUV�>����@�KDYH
VKRZQ�WKDW�WKH�PHFKDQLFDO�ORVVHV�LQ�WKH�3=7

DUH� DVVRFLDWHG� QRW� RQO\� ZLWK� GRPDLQ� ZDOOV
PRWLRQ� EXW� DOVR� ZLWK� LQWHUDFWLRQ� RI� SRLQW
GHIHFWV� ZLWK� GRPDLQ� ZDOOV�� 7KH� IRUPDWLRQ
DQG� DFFXPXODWLRQ� RI� FRQVLGHUDEOH� QXPEHUV
RI� SRLQW� GHIHFWV� PD\� EH� FDXVHG�� DPRQJ
RWKHU� WKLQJV�� E\� LUUDGLDWLRQ�RI� WKH�3=7� FH�
UDPLFV� ZLWK� J� UDGLDWLRQ�� 7KHVH� GHIHFWV� FDQ
IDVWHQ�� ZHDNO\� RU� VWURQJO\�� WKH� GRPDLQ
ERXQGDULHV�� $PRQJ� WKH� GHIHFWV�� WKH� PRVW
LPSRUWDQW� UROH� SOD\� R[\JHQ� YDFDQFLHV�� EH�
FDXVH� WKH� VROXWLRQV� RI� WKH� $%2�� W\SH� FDQUHGXFH�R[\JHQ�DWRPV�TXLWH�HDVLO\�>�@�

7KLV� ZRUN� SUHVHQWV� WKH� VWXG\� UHVXOWV� RI
WKH� PXOWL�FRPSRQHQW� SLH]R�FHUDPLFV� RI� WKH

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

��� )XQFWLRQDO�PDWHULDOV�������������



3=7� W\SH�� 7KH� WHPSHUDWXUH� GHSHQGHQFHV� RI
WKH�<RXQJ�V�PRGXOXV�(�DQG�WKH�LQWHUQDO�IULF�
WLRQ�4Ü���ZHUH�PHDVXUHG� IRU� WKH� DV�SUHSDUHG
GRSHG�FHUDPLFV� VDPSOHV� �SULRU�WR� LUUDGLDWLRQ�
DQG�J�LUUDGLDWHG�RQHV�DW�����N*\�GRVH�

7KH�PDWHULDO�XVHG�LV�GRSHG�3=7�FHUDPLFV
RI� WKH� IROORZLQJ� FKHPLFDO� FRPSRVLWLRQ�
3E�����%D����&D����6U������=U����7L�����2�� ��
���� ZW��� %L�2�������� ZW�� *H2�� 7KH� FH�
UDPLFV� LV� FKDUDFWHUL]HG�ZLWK�KLJK�GLHOHFWULF
DQG�SLH]RHOHFWULF�SURSHUWLHV��H��7 �e�H�� ������
WJ'�  � ������ G��� ���������� &�1�� NS� ����DQG�EHORQJV�WR�WKH�VRIW�IHUURHOHFWULF�FHUDP�
LFV� IURP� WKH�PRUSKRWURSLF� DUHD�� 7KDQNV� WR
LWV� JRRG� PHFKDQLFDO� SURSHUWLHV� �(� 
����*3D�DW�7� �����.��DQG�KLJK�VWDELOLW\�RI
SDUDPHWHUV� DW� HOHYDWHG� WHPSHUDWXUHV� DQG
SUHVVXUHV�� LW� LV� ZLGHO\� XVHG� LQ� LQGXVWU\� LQ
YLEUDWLRQ� DQG� SUHVVXUH� VHQVRUV�� 7KH� FHUDP�
LFV� LQ� TXHVWLRQ�ZHUH� REWDLQHG� E\� KRW�SUHVV�
LQJ�PHWKRG��7KH�VDPSOHV�ZHUH�JURXQG��SRO�
LVKHG� WR� WKH� ��u��u����PP�� VL]H� DQG� WKHQ
HOHFWURGHV� RQ� WKHLU� VXUIDFH� ZHUH� GHSRVLWHG
E\� WKH� VLOYHU� SDVWH� EXUQLQJ� PHWKRG�� 6RPH
VDPSOHV� ZHUH� VXEMHFWHG� WR� SRODUL]DWLRQ� E\
ORZ� WHPSHUDWXUH� PHWKRG� �7� �����.��(S� ���N9�FP��W� ����PLQ���DQG�RWKHUV�ZHUH�J�
LUUDGLDWHG� DW� ���� N*\� GRVH�� 7KH� UDGLDWLRQ
VRXUFH�ZDV� ��&R��7KH�PHFKDQLFDO� ORVV��4Ü��
DQG� <RXQJ�V� PRGXOXV�� (�� DV� IXQFWLRQV� RI
WHPSHUDWXUH� ZHUH� PHDVXUHG� E\� D� 5$.��
UHVRQDQFH� PHFKDQLFDO� VSHFWURPHWHU� FRQWURO�
OHG�E\�D�FRPSXWHU�>�@��$W�HDFK�WHPSHUDWXUH�
WKH�UHVRQDQFH�FXUYH�RI�WKH�YLEUDWLRQ�DPSOL�
WXGH� ZDV� UHFRUGHG�� DQG� <RXQJ�V� PRGXOXV
�(��ZDV�FDOFXODWHG�DV�>�@�
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ZKHUH� OU�� K�� E� DQG� PG� DUH� WKH� YLEUDWLQJVDPSOH� SDUW� OHQJWK�� WKLFNQHVV�� ZLGWK� DQG
PDVV�� UHVSHFWLYHO\�� 7KH� 4Ü��7�� DQG� (�7�
ZHUH� PHDVXUHG� LQ� YDFXXP� DW� WKH� KHDWLQJ
UDWH� RI� �� .�PLQ�� 7KH� WHPSHUDWXUH� GHSHQG�
HQFHV�RI�WKH�LQWHUQDO�IULFWLRQ�4Ü�� �I�7��DQG
WKH�<RXQJ�V�PRGXOXV�(� �I�7��REWDLQHG�GXU�
LQJ�D�KHDWLQJ�F\FOH�RI�D�FHUDPLF�VDPSOH�EH�
IRUH�DQG�DIWHU�WKH�LUUDGLDWLRQ�ZLWK�����N*\
GRVH��DUH�SUHVHQWHG�LQ�)LJ����

,Q�WKH�4Ü��7��FXUYH�REWDLQHG�IRU�WKH�QRQ�
LUUDGLDWHG�VDPSOH��WKH�IROORZLQJ�SKHQRPHQD
DUH� REVHUYHG�� ���� WKH� GLVWLQFW�35�PD[LPXPDW�735� �����.�� WKHQ� ���� D� GHFUHDVH� LQ� WKHLQWHUQDO� IULFWLRQ� YDOXH� DW� WHPSHUDWXUHV� XS
WR�DERXW�����.��QH[W�����WKH�VKDUS�LQFUHDVH
LQ� WKH� LQWHUQDO� IULFWLRQ� LQ� WKH� IRUP� RI� WKH
3)�SHDN�DW�WKH�WHPSHUDWXUH�73)� �����.��,Q

WKH� DUHDV� RI� WKH�35� DQG�3)�PD[LPD� LQ� WKH4Ü��7�� FXUYH�� D� GHFUHDVH� LQ� WKH� <RXQJ�V
PRGXOXV� YDOXH� (� LQ� WKH� IRUP� RI� FKDUDF�
WHULVWLF�PLQLPD�$5�DQG�$)� �)LJ�����(�7��GH�SHQGHQFH�� LV� REVHUYHG�� 7KRVH� YDOXHV� DUH
($5� �����*3D�LQ�WKH�DUHD�RI�WKH�35�SHDN�($)� �����*3D�LQ�WKH�DUHD�RI�WKH�3)�PD[L�PXP�� 7KH� <RXQJ�V� PRGXOXV� YDOXH� GHWHU�
PLQHG�DW�URRP�WHPSHUDWXUH�DQG�LV�����*3D�

)RU� WKH� FHUDPLF� VDPSOHV� J�LUUDGLDWHG� DW
���� N*\�� FKDQJHV� LQ� WKH�4Ü��7�� FXUYH� DUH
REVHUYHG��WKH�35�PD[LPXP�EHFRPHV�VKLIWHGWRZDUG�KLJKHU� WHPSHUDWXUHV� �735� �����.��ZKHUHDV� WKH� 3)� PD[LPXP�� WRZDUG� ORZHUWHPSHUDWXUHV� �73)� ����� .��� $� JUHDW� GH�FUHDVH� LQ� WKH� LQWHUQDO� IULFWLRQ� YDOXH� ZDV
DOVR� REVHUYHG� LQ� WKH� ZKROH� WHPSHUDWXUH
UDQJH� XQWLO� WKH� 3)� SHDN� WHPSHUDWXUH�� 7KHLUUDGLDWLRQ� DOVR� FDXVHV� D� FRQVLGHUDEOH� GH�
FUHDVH� LQ�WKH�3)�SHDN�KHLJKW��%RWK�PD[LPDDUH�FORVH�WR�HDFK�RWKHU��6LPLODU�FKDQJHV��DV
IRU� WKH�QRQ�LUUDGLDWHG�VDPSOH��DUH�REVHUYHG
LQ�WKH�(�7��GHSHQGHQFHV�� LQ�WKH�DUHD�RI�WKH
35� DQG� 3)� SHDNV�� GHFUHDVH� LQ� WKH� <RXQJ�VPRGXOXV�(�YDOXH�LV�REVHUYHG�LQ�WKH�IRUP�RI
WKH� $5� DQG� $)� PLQLPD� �)LJ����� WKH� (�7�GHSHQGHQFH��� 7KRVH� YDOXHV� DUH�� ($5� ����*3D�DQG�($)� �����*3D�IRU�WKH�$5�DQG$)� PLQLPD�� UHVSHFWLYHO\�� ,W� VKRXOG� EH� HP�SKDVL]HG� WKDW�DW�WKH�URRP�WHPSHUDWXUH��WKH
(� YDOXHV� LQFUHDVH� WR� DERXW� ���� *3D�� 7KH
SUHVHQFH� RI� WKH� FKDUDFWHULVWLF�3)�PD[LPXPLQ� WKH� 4Ü��7�� FXUYH�� FRUUHODWLQJ� ZLWK� WKH
SUHVHQFH�RI�WKH�GLVWLQFW�$)�PLQLPXP�LQ�WKH(�7��GHSHQGHQFH�� LV�FRQQHFWHG�ZLWK�D�SKDVH
WUDQVLWLRQ�� WDNLQJ� SODFH� IRU� WKH� FHUDPLFV� RI
WKH�3=7�W\SH�ZLWK�WKH�FRPSRVLWLRQ�LQ�TXHVWLRQ�
7KLV�SKHQRPHQRQ�LV�FRQQHFWHG�ZLWK�WKH�WUDQVL�
WLRQ� IURP� WKH� IHUURHOHFWULF� SKDVH� WR� WKH
SDUDHOHFWULF�SKDVH� �&XULH�WHPSHUDWXUH�7&��DQG

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� (� �I�7���D�
DQG�4Ü�� �I�7�� �E��IRU�WKH�WHVWHG�3=7�FHUDPLFV
EHIRUH�DQG�DIWHU�WKH�J�LUUDGLDWLRQ��

5�=DFKDULDV]�HW�DO����7KH�UHOD[DWLRQ�SKHQRPHQD�LQ����

)XQFWLRQDO�PDWHULDOV������������� ���



WKH� VLPXOWDQHRXV� FKDQJH� RI� WKH� WHWUDJRQDO
VWUXFWXUH� LQWR� WKH� UHJXODU� RQH� >�������@�

,Q� RUGHU� WR� REWDLQ� PRUH� LQIRUPDWLRQ� RQ
FKDQJHV�LQ�WKH�FHUDPLFV�VWUXFWXUH�GXULQJ�LWV
KHDWLQJ��DQG�LQ�SDUWLFXODU�WR�GHILQH�WKH�SKH�
QRPHQD�UHVSRQVLEOH�IRU�WKH�35�PD[LPD�IRU�PDWLRQ�LQ�WKH�4Ü��7��GHSHQGHQFHV�DQG�FRUUH�
ODWH�WKH�$5�PLQLPD�LQ�WKH�(�7��GHSHQGHQFHVZLWK� 35� PD[LPD��4Ü��7�� DQG�(�7�� GHSHQG�
HQFHV� ZHUH� GHWHUPLQHG� LQ� WKH� VXFFHVVLYH
KHDWLQJ�F\FOHV�IRU�WKH�VDPSOHV�LUUDGLDWHG�DW
���� N*\� GRVH�� 7KH� WHVW� UHVXOWV� DUH� SUH�
VHQWHG� LQ� )LJ����� $V� LQ� WKH� SUHYLRXV�PHDV�
XUHPHQWV� RQ� WKH� 4Ü�� �I�7�� FXUYH� GXULQJ
WKH� ILUVW� KHDWLQJ� SHUIRUPHG� LPPHGLDWHO\
DIWHU�WKH�LUUDGLDWLRQ��WKH�35�DQG�3)�PD[LPDZHUH�REVHUYHG��,Q�WKH�(� �I�7��GHSHQGHQFHV�
FKDUDFWHULVWLF�PLQLPD�ZHUH� REVHUYHG� DW� WKH
WHPSHUDWXUH� SRVLWLRQV� FRUUHODWHG� ZLWK� WKH
SHDNV�LQ�WKH�4Ü�� �I�7��FXUYH��$IWHU�WKH��QG
DQG��UG�KHDWLQJ�F\FOHV�RI�WKH�VDPSOH��D�GLV�
WLQFW� LQFUHDVH� LQ� WKH� LQWHUQDO� IULFWLRQ�YDOXH
IRU� WKH�4Ü�� �I�7�� FXUYH� WR� WKH� SRLQW� QHDU�
LQJ�D�SKDVH� WUDQVLWLRQ�ZDV�UHYHDOHG�DV�ZHOO
DV� WKH� 35� PD[LPXP� GLVSODFHPHQW� WRZDUGORZHU� WHPSHUDWXUHV�� QDPHO\�� WR� 735� ����.�IRU�WKH��QG�KHDWLQJ�F\FOH�DQG�WKHQ�WR
735� �����.�IRU��UG�KHDWLQJ�F\FOH��7KH�35SHDN�KHLJKW�LQFUHDVHG�GLVWLQFWO\�LQ�FRPSDUL�
VRQ�ZLWK�WKDW�EHIRUH�LUUDGLDWLRQ�

$V� WR� WKH� 3)� PD[LPXP� FRQQHFWHG� ZLWKWKH�SKDVH�FKDQJH��D�GLVWLQFW�GHFUHDVH� LQ� LWV
KHLJKW�DIWHU��QG�DQG��UG�KHDWLQJ�F\FOHV�ZDV
REVHUYHG�DQG�D�JUDGXDO�GLVSODFHPHQW�RI�WKH
3)�SHDN�WRZDUG�KLJKHU�WHPSHUDWXUHV��73)� ���� .� IRU� �QG� KHDWLQJ� F\FOH� DQG� 73)� ����.�IRU��UG�RQH��$V�WR�(� �I�7���D�VKDUS
GHFUHDVH�LQ�WKH�<RXQJ�V�PRGXOXV�YDOXH�ZDV

REVHUYHG� LQ� WKH� VXFFHVVLYH� �� KHDWLQJ� F\FOHV
�DW�URRP�WHPSHUDWXUH������*3D��

7KH� EHKDYLRU� RI� WKH� <RXQJ�V� PRGXOXV
YDOXHV� (� DQG� LQWHUQDO� IULFWLRQ� YDOXHV� 4Ü�
GXULQJ�DOO���KHDWLQJ�F\FOHV�RI�WKH�LUUDGLDWHG
VDPSOH� DUH� SUHVHQWHG� LQ� )LJ����� 7KH�(� YDO�
XHV� DUH� VHHQ� WR�GHFUHDVH� IURP�����*3D� IRU
WKH�LUUDGLDWHG�VDPSOH�WR�DERXW�����*3D�IRU
WKH�VDPSOH�KHDWHG�DERYH�WKH�&XULH�WHPSHUD�
WXUH�IRU���F\FOHV��$V�WR�LQWHUQDO�IULFWLRQ��ZH
REVHUYH� UDSLG� FKDQJHV� GXULQJ� �� ILUVW� KHDW�
LQJ� F\FOHV�� WKDW� VXJJHVWV� FRQVLGHUDEOH
FKDQJHV� WDNLQJ� SODFH� LQ� WKH� VDPSOH�� ,Q� WKH
VXEVHTXHQW� KHDWLQJ� F\FOHV�� WKHUH� LV� D� VORZ
VWDEOH�LQFUHDVH�LQ�WKH�4Ü��YDOXH�WR�WKH�YDOXH
FORVH�WR�WKDW�IRU�QRQ�LUUDGLDWHG�VDPSOH�

7KH�35�PD[LPXP�IRUPDWLRQ�LQ�WKH�4Ü�� 
I�7�� FXUYHV�ZDV� WKH�UHDVRQ�IRU�GHWHUPLQLQJ
FKDUDFWHULVWLF�SDUDPHWHUV�RI�WKLV�SHDN��%DV�
LQJ�RQ�WKH�WHVWV�FRQGXFWHG�IRU�VHYHUDO�\HDUV�
LW�KDV�EHHQ�IRXQG�WKDW�KHLJKW�DQG�WKH�WHP�
SHUDWXUH� SRVLWLRQ� RI� WKH� 35� PD[LPXP� GH�SHQG�RQ�QXPHURXV�IDFWRUV��VXFK�DV�WKH�VDP�
SOH� KHDWLQJ� DQG� FRROLQJ� UDWHV�� LQWURGXFHG
DGGLWLRQDO�GHIHFWV�GXH�WR�KHDWLQJ�LQ�YDFXXP
DWPRVSKHUH� RU� LUUDGLDWLRQ� RI� WKH� 3=7� FH�
UDPLF�VDPSOHV�>�����Ü��@��$V�WR�WKH�FHUDPLF
VVDPSOH�LUUDGLDWHG�ZLWK�DQ\�NLQG�RI�WKH�UD�
GLDWLRQ��ZH�GHDO�ZLWK��EHVLGHV�RI�JHQHUDWLQJ
GHIHFWV� LQ� WKH� VWUXFWXUH��ZLWK� IRUPDWLRQ�RI
DGGLWLRQDO� ORFDO� VWUHVVHV�� ZKLFK� DIIHFW� DOVR
WKH� EHKDYLRU� RI� WKH� <RXQJ�V� PRGXOXV� WR�
JHWKHU� ZLWK� WKH� WHPSHUDWXUH� FKDQJHV� DF�
FRUGLQJ�WR�WKH�UHODWLRQVKLS�>������@�
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ZKHUH�V� LV� WKH�PHFKDQLFDO� VWUHVV� IRUPHG� LQ
WKH�VDPSOH��F��D�DUH�ODWWLFH�FRQVWDQWV�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� 4Ü�� �I�7�
DQG� (� �I�7�� IRU� WKH� WHVWHG� 3=7� FHUDPLFV
DIWHU�LUUDGLDWLRQ�DW�����N*\�GRVH�REWDLQHG�LQ
��VXFFHVVLYH�KHDWLQJ�F\FOHV���Û��VW�SURFHVV�RI
KHDWLQJ����Û��QG�SURFHVV�RI�KHDWLQJ����Û��UG
SURFHVV�RI�KHDWLQJ��

)LJ�����<RXQJ�V�PRGXOXV�YDOXHV�(��D��DQG�LQ�
WHUQDO�IULFWLRQ�4Ü�� �E��IRU�WKH�WHVWHG�3=7�FH�
UDPLFV�DIWHU� LUUDGLDWLRQ�DW�����N*\�GRVH�RE�
WDLQHG�LQ���VXFFHVVLYH�KHDWLQJ�F\FOHV�
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,W�FDQ�EH�VHHQ�WKDW�WKH�<RXQJ�V�PRGXOXV
LQFUHDVHV� WRJHWKHU� ZLWK� DQ� LQFUHDVH� LQ� PH�
FKDQLFDO�VWUHVVHV��ZKDW�SURYHV�WKH�FKDUDFWHU
RI�FKDQJHV�REWDLQHG�LQ�WKH�(� �I�7��GHSHQG�
HQFHV�EHIRUH�DQG�DIWHU�WKH�LUUDGLDWLRQ��)LJ�����
7KH�VDPSOH�KHDWLQJ�DIWHU� WKH� LUUDGLDWLRQ� LQ
WKH�VXFFHVVLYH�F\FOHV�UHVXOWV�LQ�JUDGXDO�GLV�
DSSHDUDQFH� RI� WKH� IRUPHG� VWUHVVHV� DQG� DQ
LQFUHDVH� LQ� WKH�<RXQJ�V�PRGXOXV�DV�ZHOO�DV
LQ�WKH�LQWHUQDO�IULFWLRQ�4Ü���)LJ�����

7KH� 35� PD[LPXP� GLVSODFHPHQW� WRZDUGKLJKHU� WHPSHUDWXUHV� GXULQJ� WKH� VXEVHTXHQW
F\FOHV�RI�WKH�VDPSOH�KHDWLQJ�DQG�FKDQJHV�LQ
LWV�KHLJKW�IRU�WKH�LUUDGLDWHG�VDPSOH�DV�FRP�
SDUHG� WR� WKH� QRQ�LUUDGLDWHG� RQH� VKRZ� LWV
WKHUPDOO\� DFWLYDWHG� UHOD[DWLRQ� FKDUDFWHU
>��@��)RU� WKH�UHOD[DWLRQ�SURFHVVHV�� WKH�DFWL�
YDWLRQ� HQHUJ\�+� DQG� WKH� UHOD[DWLRQ� WLPH� W
DUH�GHVFULEHG�E\�$UUKHQLXV�ODZ�
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ZKHUH� W�� LV� WKH� SUH�H[SRQHQWLDO� IDFWRU�� 7�WHPSHUDWXUH� >.@�� N�� WKH� %ROW]PDQQ� FRQ�
VWDQW��8VLQJ�WKH�$UUKHQLXV�ODZ�DQG�WKH�FRQ�
GLWLRQ�IRU�WKH�PD[LPXP�RI�WKH�LQWHUQDO�IULF�
WLRQ� SHDN� ZW� ���� D� PHFKDQLVP� UHVSRQVLEOH
IRU� LWV� IRUPDWLRQ� FDQ� EH� GHILQHG� E\� GHWHU�
PLQLQJ� WKH� YDOXHV� W�� DQG�+� FKDUDFWHUL]LQJKHLJKW�RI�WKH�SRWHQWLDO�EDUULHU�ZKLFK�DWRPV
RYHUFRPH�ZKLOH�PLJUDWLQJ� LQ� WKH�UHOD[DWLRQ
SURFHVV�>��@�

7KH�DFWLYDWLRQ�HQHUJ\�YDOXHV�ZHUH�GHWHU�
PLQHG� EDVLQJ� RQ� WKH� 4Ü��7�� FXUYH� KDOI�
ZLGWK�� 7KH� FDOFXODWHG� YDOXHV� RI� WKH� DFWLYD�
WLRQ� HQHUJ\� DQG� SUH�H[SRQHQWLDO� IDFWRU� DUH

SUHVHQWHG�LQ�7DEOH��7KH�YDULDWLRQV�LQ�WKH�35UHOD[DWLRQ� SHDN� KHLJKW� DQG� LWV� WHPSHUDWXUH
SRVLWLRQ� GXULQJ� �� KHDWLQJ� F\FOHV� DUH� SUH�
VHQWHG�LQ�)LJ�����7KH�35�SHDN�DFWLYDWLRQ�SD�UDPHWHUV� REWDLQHG� E\�PHDVXUHPHQWV� GXULQJ
WKH� KHDWLQJ� F\FOH� IRU� WKH� QRQ�LUUDGLDWHG
VDPSOH�HYLGHQFH�FOHDUO\�WKH�UHOD[DWLRQ�SURF�
HVVHV� FRQQHFWHG�ZLWK� WKH� LQWHUDFWLRQ� RI� WKH
SRLQW�GHIHFWV��R[\JHQ�YDFDQFLHV��DQG�WKH�GR�
PDLQ� ZDOOV�� 7KH� GHWHUPLQHG� YDOXHV� RI� WKH
DFWLYDWLRQ� HQHUJ\� DQG� WKH� SUH�H[SRQHQWLDO
IDFWRU�� +� ������ H9� DQG� W�� ��������Ü���V�7DEOH�� DUH� FRQVLVWHQW� ZLWK� WKH� UHVXOWV� RE�
WDLQHG� E\� RWKHU� DXWKRUV�� VXFK�DV� >��������@�
%DVLQJ�RQ�WKH�WHVWV�UHVXOWV�IRU�WKH�IHUURHOHF�
WULF� FHUDPLFV� REWDLQHG� IRU� VHYHUDO� \HDUV�� LW
KDV�EHHQ�IRXQG�WKDW�GLIIHUHQW�W\SHV�RI�SRLQW

)LJ����� &KDQJHV� LQ� WKH�4PÜ�� UHOD[DWLRQ� SHDN
KHLJKW� DQG� LWV� WHPSHUDWXUH� SRVLWLRQ� IRU� WKH
WHVWHG� 3=7� FHUDPLFV� DIWHU� WKH� LUUDGLDWLRQ� DW
���� N*\� GRVH� REWDLQHG� LQ� �� VXFFHVVLYH� KHDW�
LQJ�F\FOHV�

7DEOH��$FWLYDWLRQ�HQHUJ\�+�DQG�SUH�H[SRQHQWLDO�IDFWRU�W��IRU�WKH�35�PD[LPXP�RI�WKH�QRQ�LUUDGL�DWHG�VDPSOH�DQG�LQ�WKH�VXFFHVVLYH�KHDWLQJ�F\FOHV�RI�WKH�VDPSOH�LUUDGLDWHG�DW�����N*\�GRVH�
+HDWLQJ�F\FOH

QXPEHU
+�>H9@ W��>V@ 7&�>.@

7KH�VDPSOH�EHIRUH�LUUDGLDWLRQ
� �����r����� �����r��������Ü�� ���

7KH�VDPSOH�DIWHU�LUUDGLDWLRQ�DW�����N*\�GRVH
� �����r����� �����r��������Ü�� ���
� �����r����� �����r��������Ü�� ���
� �����r����� �����r��������Ü�� ���
� �����r����� �����r��������Ü�� ���
� �����r����� �����r��������Ü�� ���
� �����r����� �����r��������Ü�� ���
� �����r����� �����r��������Ü�� ���
� �����r����� �����r��������Ü�� ���
� �����r����� �����r��������Ü�� ���
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GHIHFWV�KDYH�GLIIHUHQW�DFWLYDWLRQ�HQHUJ\�YDO�
XHV�� )RU� H[DPSOH�� WKH�PLJUDWLRQ� DFWLYDWLRQ
HQHUJ\� IRU� 7L��� LV� DERXW� ���� H9�� IRU� %D���
DERXW�����H9�>��@��7KH�DFWLYDWLRQ�HQHUJ\�RI
WKH� R[\JHQ� YDFDQF\�PLJUDWLRQ� LQ�%D7L2�� LVZLWKLQ�OLPLWV�RI������WR������H9��ZKHUHDV�LQ
WKH�WKH�PXOWL�FRPSRQHQW�3=7�W\SH�FHUDPLF�
LW�DPRXQWV�IURP�DERXW������WR������H9�DQG
LW� GHSHQGV�� DPRQJ� RWKHUV� IDFWRUV�� RQ� WKH
FKHPLFDO� FRPSRVLWLRQ�� SURGXFWLRQ� PHWKRG
DQG�DPRXQW�DQG� W\SH�RI� WKH� LQWURGXFHG�DG�
PL[WXUHV�LQ�WKH�WHVWHG�VDPSOHV�>������@�

+LJK� J� UDGLDWLRQ� GRVH� XVHG� ����� N*\�
SURYLGH� DGGLWLRQDO� SRLQW� GHIHFWV� LQ� WKH
VWUXFWXUH� RI� WKH�3=7� W\SH� FHUDPLFV�� ,Q� WKH
4Ü�� �I�7��FXUYHV�GHWHUPLQHG�LQ�WKH�VXFFHV�
VLYH���KHDWLQJ�F\FOHV��WKH�IROORZLQJ�SKHQRP�
HQD� ZHUH� REVHUYHG�� ���� WKH� VKLIW� RI� WKH�35SHDN� WRZDUG� KLJKHU� WHPSHUDWXUH� IRU� �VW
KHDWLQJ�F\FOH�IROORZHG�E\�JUDGXDO�UHWXUQ�WR
WKH� WHPSHUDWXUH�FKDUDFWHULVWLF� IRU�WKH�VDP�
SOH� EHIRUH� LUUDGLDWLRQ� �)LJ������ ���� D� VKDUS
GHFUHDVH�LQ�WKH�35�SHDN�KHLJKW�IRU��VW�KHDW�LQJ� F\FOH� DQG� LWV� LQFUHDVH� LQ� WKH� VXFFHVVLYH
F\FOHV� WR� WKH� YDOXH� FKDUDFWHULVWLF� IRU� WKH
VDPSOH�EHIRUH�LUUDGLDWLRQ��)LJ������7KH�DFWL�
YDWLRQ� SDUDPHWHUV� RI� WKH� 35� SHDN� GHWHU�PLQHG� LQ� WKH� ILUVW� KHDWLQJ� F\FOH�� +� 
����� H9� DQG� W�� ��������Ü��� V� �7DEOH�� FRQ�ILUP� WKH� SKHQRPHQRQ� REVHUYHG�� QDPHO\�� D
GHFUHDVH� LQ� WKH� DFWLYDWLRQ� HQHUJ\� DQG� DQ
LQFUHDVH�LQ�WKH�SUH�H[SRQHQWLDO�IDFWRU�YDOXH
IRU�WKH� LUUDGLDWHG�VDPSOH��WKLV� LV�FRQQHFWHG
ZLWK�ORZHU�HQHUJ\�GLVVLSDWLRQ�E\�WKH�GRPDLQ
ZDOOV�IDVWHQHG�VWURQJO\�E\�D�JUHDWHU�QXPEHU
RI�SRLQW�GHIHFWV��7KH�VXFFHVVLYH�KHDWLQJ�F\�
FOHV� FDXVH� DQ� LQFUHDVH� RI� WKH�+� YDOXH� DQG
WKH�GHFUHDVH�RI�WKH�W��YDOXH��ZKDW�LV�SURYHGE\�D�JUDGXDO�LQFUHDVH�LQ�WKH�35�SHDN�KHLJKWDQG� LWV� WHPSHUDWXUH� GLVSODFHPHQW� WRZDUG
ORZHU� WHPSHUDWXUHV�� DV� D� UHVXOW� RI� JUDGXDO
GLVDSSHDUDQFH� RI� SRLQW� GHIHFWV� �KHDWLQJ
RXW��

7KXV�� J� LUUDGLDWLRQ� RI� WKH�3=7� W\SH� IHU�
URHOHFWULF� FHUDPLFV� ZLWK� WKH� SHURYVNLWH
VWUXFWXUH� DW� KLJK� GRVHV� �H�J�� ���� N*\�� UH�
VXOWV� LQ� FKDQJHV� RI� LWV� PHFKDQLFDO� SURSHU�
WLHV�GXH�WR� LQWURGXFHG�DGGLWLRQDO�VWUXFWXUDO
GHIHFWV��7KLV�LUUDGLDWLRQ�SOD\V�DQ�LPSRUWDQW
SDUW� LQ� WKH�PLJUDWLRQ� RI� SRLQW� GHIHFWV� DQG
WKHLU� LQWHUDFWLRQ� ZLWK� WKH� GRPDLQ� ZDOOV�
WKXV� DIIHFWLQJ� FRQVLGHUDEO\� WKH� UHOD[DWLRQ
SURFHVVHV� DQG� FKDQJLQJ� WKHLU� DFWLYDWLRQ�SD�
UDPHWHUV�� $V� LW� KDV� EHHQ� SURYHG� LQ� WKLV
ZRUN�� WKH� LUUDGLDWLRQ� RI� 3=7� FHUDPLF� VDP�

SOHV� IROORZHG� E\� VHYHUDO� UHSHDWHG� KHDWLQJ
F\FOHV� KDV� D� VLJQLILFDQW� LQIOXHQFH� ERWK� RQ
WKH� LQWHUQDO� IULFWLRQ� 4Ü�� YDOXHV� DQG� WKH
<RXQJ�V�PRGXOXV�(�� 7KRVH� FKDQJHV� DUH� RE�
VHUYHG�ZLWKLQ�WKH�ZKROH�WHPSHUDWXUH�UDQJHV
RI� WKH� GHWHUPLQHG� 4Ü�� �I�7�� DQG� (� �I�7�
GHSHQGHQFHV�� )URP� WKH� SUDFWLFDO� SRLQW� RI
YLHZ�� WKLV� LV� YHU\� LPSRUWDQW� IRU� WKH�XVH� RI
WKRVH�PDWHULDOV�LQ�LQGXVWU\�GXH�WR�LQIOXHQFH
RQ� WKH� VWDELOLW\� RI� SDUDPHWHUV� RI
WUDQVGXFHUV�REWDLQHG�RQ�3=7�EDVH��$Q�LQIOX�
HQFH� RI� DQ\� H[WHUQDO� IDFWRUV� �VXFK� DV� H�J�
UDGLDWLRQ�� WHPSHUDWXUH�� PD\� FDXVH� SHUPD�
QHQW� GLVWXUEDQFHV� LQ� RSHUDWLQJ� RI� WKLV
HTXLSPHQW�

$FNQRZOHGJHPHQWV�� 7KLV� ZRUN� ZDV� VXS�
SRUWHG� E\� 3ROLVK� &RPPLWWHH� IRU� 6FLHQWLILF
5HVHDUFK��JUDQW�1R���7��'�������

5HIHUHQFHV
� ���5�&�%XFKDQDQ�� &HUDPLF� 0DWHULDOV� IRU� (OHF�

WURQLFV��0DUFHO�'HNNDU��1HZ�<RUN��������
� ���&�0LFOHD�� 6�,�6SDQXOHVFX�� &�7DQDVRLX� HW� DO��

+\S��6FL��-����$������������
� ���6�&�+ZDQJ��5�:DVHU��$FWD�0DWHU��� ���� ����

�������
� ���&�/�+XDQJ�� %�+�&KHQ�� /�:X�� 6ROLG� 6WDWH

&RPP������������������
� ���(�0�%RXULP��+�7DQDND��0�*DEED\�HW�DO���-DS�

-��$SSO��3K\V�������������������
� ���&�:DQJ�� 4�)�)DQJ�� <�6KL� HW� DO���0DWHU��5HV�

%XOO�������������������
� ���$�=DU\FND�� 5�=DFKDULDV]�� -�,OF]XN� HW� DO��

0DWHU��6FL������������������
� ���5�=DFKDULDV]�� -�,OF]XN�� '�%RFKHQHN�� 6ROLG

6WDWH�3KHQRPHQD�����������������
� ���%�%UXV��5�=DFKDULDV]��-�,OF]XN��3K\V��6WDW��6RO�

�D�������������������
����5�=DFKDULDV]�� -�,OF]XN�� 0RO�� DQG� 4XDQW�

$FRXVW������������������
����(�0�%RXULP�� +�7DQDND�� 0�*DEED\� HW� DO��� -��

$SSO��3K\V�������������������
����5�=DFKDULDV]�� 0�&]HUZLHF�� -�,OF]XN� HW� DO��� -�

GH�3K\V��,9������������������
����(�0�%RXULP��+�7DQDND��-�&KHYDOLHU�HW�DO���LQ�

3URF���WK�-DSDQ�,QW��6$03(���������������
����6�$�*ULGQHY��)HUURHOHFWULFV������������������
����&�:DQJ�� 4�)�)DQJ�� <�6KL� HW� DO��� -��3K\V�

'�$SSO��3K\V�������������������
����$�3XVNDU�� ,QWHUQDO� )ULFWLRQ� RI� 0DWHULDOV�

&DPEULGJH�,QW��6FL��3XEO���&DPEULGJH��������
����*�9�/HYLV��&�5�$�&DWORZ��5�(�:�&DVVHOWRQ��-�

$P��&HUDP��6RF������������������
����(�0�%RXULP��+�,GULVVL��%�/�&KHQJ�HW�DO���-��GH

3K\V��,9�����&�������������
����%�/�&KHQJ��0�*DEED\��0�0DJOLRQH�HW�DO���-��GH

3K\V��,9�����&�������������

5�=DFKDULDV]�HW�DO����7KH�UHOD[DWLRQ�SKHQRPHQD�LQ����

��� )XQFWLRQDO�PDWHULDOV�������������



cËãÈ}°È�L®ÓL�«mÒ�È�m�º¹¯ºäLÓËÓL®�¹�¼Ïº}Ë¯ÈäL�L�Ò¹��¡�v
c�~È²È¯LÈ���q�,ã	��}��r�r¯�°	

iº°ãL�ÎËÓº� Ï¯ÈÏ}Ò� ­È�È�º}ºä¹ºÓËÓ�Óº�� }Ë¯ÈäL}Ò� �Ò¹�� ¡�v� °}ãÈ��
3E�����%D����&D����6U������=U����7L�����2�� �������äÈ°���%L�2��������äÈ°�W��*H2�� º�Ë¯ÎÈÓº�
äË�º�ºä� �È¯«�º�º� ¹¯Ë°�mÈÓÓ«�� iË«}L� Ï¯ÈÏ}Ò� ­�ãÒ� ¹ºã«¯ÒÏºmÈÓL� ÓÒÏ	}º�Ëä¹Ë¯È��¯ÓÒä
äË�º�ºä� ��� ����� z�� ÓÈ¹¯��È� ËãË}�¯Ò�Óº�º� ¹ºã«�p¯� ���� }{�Fä�� �È°� W� ���� ²m��� LÓ�Lº¹¯ºäLÓËÓL� J�¹¯ºäËÓ«äÒ� �&R����� ���� }�®��� iã«� m°L²� Ï¯ÈÏ}Lm� º�Ë¯ÎÈÓº� �Ëä¹Ë¯È��¯ÓL
ÏÈãËÎÓº°�L� mÓ��¯L�Ó	º�º� �Ë¯�«�4Ü�� �È��ÒÓÈäL�Óº�º�äº��ã«��Ó�È�p� ¹¯Ò�ÓÈ�¯LmÈÓÓL� ÏL
�mÒ�}L°�
� ��z�²m��sÈ�}¯ÒmÒ²�4Ü����� �ã«�ÓËº¹¯ºäLÓËÓº�º� Ï¯ÈÏ}È� °¹º°�Ë¯L�È
�	°«� �mÈ
äÈ}°Òä�äÒ�c5��È�c)�¹¯Ò��5� �����z��È��)� �����z���L°ã«�º¹¯ºäLÓËÓÓ«��ºÏº
�����}�®¹L}�c5�ÏäL��¼�	°«���ÓÈ¹¯«äL��º�mÒ�Ò²��Ëä¹Ë¯È��¯��È�¹L}�c)�Û���ÓÈ¹¯«äL��º�ÓÒÎ�Ò²
�Ëä¹Ë¯È��¯�� {� º­ãÈ°�L� �Ëä¹Ë¯È��¯� äÈ}°Òä�äLm� c5� Ò� c)� �ÒÓÈäL�ÓÒ®� äº��ã	� �Ó�È
ÏÓÒÎ�¼�	°«���¯Ò�}LäÓÈ�ÓL®��Ëä¹Ë¯È��¯L� ÏÓÈ�ËÓÓ«�(�°�ÈÓºmÒ�	�������D��ã«�ÓËº¹¯ºäL�
ÓËÓº�º�Ï¯ÈÏ}È��È�������D��ã«�º¹¯ºäLÓËÓº�º���º}ÈÏÈÓº���º�¯ËãÈ}°È�L®ÓÒ®�¹L}�c5�º­��äºmãËÓÒ®� mÏÈ¼äº�L¼
� �ºäËÓÓÒ²� äËÎ� Ï� }Ò°ÓËmÒäÒ� mÈ}ÈÓ°L«äÒ�� È� ¹L}�c)� ¹ºm�«ÏÈÓÒ®� ÏÁÈÏºmÒä�¹Ë¯Ë²º�ºä�¹¯Ò��Ëä¹Ë¯È��¯L�z
¯L�

5�=DFKDULDV]�HW�DO����7KH�UHOD[DWLRQ�SKHQRPHQD�LQ����

)XQFWLRQDO�PDWHULDOV������������� ���


