
6LQJOH�FU\VWDO�VLOLFRQ�VRODU�FHOO�HIILFLHQF\LQFUHDVH�LQ�PDJQHWLF�ILHOG
5�9�=DLWVHY��9�5�.RSDFK��0�9�.LULFKHQNR�(�2�/XN\DQRY��*�6�.KU\SXQRY��9�1�6DPRIDORY

1DWLRQDO�7HFKQLFDO�8QLYHUVLW\��.KDUNLY�3RO\WHFKQLFDO�,QVWLWXWH��
���)UXQ]H�6W���������.KDUNLY��8NUDLQH

5HFHLYHG�-XO\���������
,W�LV�HVWDEOLVKHG�LQ�H[SHULPHQW�WKDW�HIILFLHQF\�RI�XQLMXQFWLRQ��8-��VLQJOH�FU\VWDO�VLOLFRQ
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���,QWURGXFWLRQ
6LOLFRQ�FRQVLVWV�DW�SUHVHQW�D�FRQVLGHUDEOH

SDUW�RI� WRWDO�DPRXQW�RI�EDVH�VHPLFRQGXFWRU
PDWHULDOV� IRU� WKH� VRODU� FHOOV� �6&�� >����@�
7KHUHIRUH�� DFWXDO� LV� D� VHDUFK� IRU� ZD\V� WR
LQFUHDVHG� HIILFLHQF\�K� RI� VLQJOH�FU\VWDO� VLOL�
FRQ� VRODU� FHOOV� �6L�6&��� ,Q� WKLV� FRQQHFWLRQ�
ZH� ZHUH� DWWUDFWHG� E\� D� UHFHQWO\� SXEOLVKHG
ZRUN� RQ� D� PDJQHWRPHFKDQLFDO� HIIHFW� LQ� 6L
VLQJOH�FU\VWDO�>�@��WKH�UHVXOWV�RI�ZKLFK�LQGL�
FDWH�LQGLUHFWO\�WKDW�D�SURORQJHG�LQIOXHQFH�RI
D� VWDWLRQDU\� PDJQHWLF� ILHOG� �60)�� ZLWK� LQ�
GXFWLRQ�%�|�����7�RQ�D�6L�VLQJOH�FU\VWDO�FDQ
UHVXOW� LQ� UHFRQVWUXFWLRQ� RI� WKH� LQLWLDO� HQ�
VHPEOH�RI�SRLQW�GHIHFWV�DQG�WKHLU�FRPSOH[HV
WKHUHLQ�� ,W� LV� NQRZQ� >�@� WKDW� WKH� HIILFLHQF\
RI� VLQJOH�FU\VWDO� 6L�6&� ULVHV� ZLWK� WKH� LQ�
FUHDVH� RI� PLQRULW\� FKDUJH� FDUULHUV� �0&&�
OLIHWLPH� W� LQ� WKH� VLOLFRQ� EDVH� FU\VWDOV� �6L�
%&��� ZKLOH� W�a�1UÜ�� �ZKHUH� 1U� LV� WKH� EXON

FRQFHQWUDWLRQ� RI� SRLQW� GHIHFWV� LQ� 6L�%&�
ZKLFK� HIIHFW� DV� UHFRPELQDWLRQ� FHQWHUV��
7KHUHIRUH�� ZH� KDYH� VXSSRVHG� WKDW� VLQFH� D
KROGLQJ� RI� D� VLQJOH�FU\VWDO� 6L�6&� LQ� 60)
ZLWK� %� ����� 7� ZLOO� EH� DEOH� WR� SURYLGH� D
UHGXFWLRQ�RI�1U�DQG�WKXV�LQFUHDVH�RI�W��WKHQVXFK� D� FRQGLWLRQLQJ� ZLOO� SURYLGH� DQ� LQ�
FUHDVHG�K�RI�WKH�REMHFWV�XQGHU�VWXG\��7KXV�
WKH�ILUVW�ZRUN�WDVNV�FRQVLVWHG�LQ�H[SHULPHQ�
WDO� YHULILFDWLRQ� RI� WKH� DERYH� IRUPXODWHG
LGHD��$W�WKH�VDPH�WLPH��LW�LV�NQRZQ�>�@�WKDW
DIWHU� WKH� PDJQHWLF� ILHOG� LQIOXHQFH� LV
VWRSSHG�� WKH� UHVXOW� RI� LWV� LQIOXHQFH� RQ� D
VLQJOH�FU\VWDO� VLOLFRQ� EHFRPHV� UHOD[HG� LQ� D
WLPH� FRPPHQVXUDEOH� ZLWK� GXUDWLRQ� RI� SUH�
FHGLQJ� H[SRVXUH� RI� WKH� VDPSOH� WR� 60)�� ,Q
FRQQHFWLRQ�ZLWK� WKH� DERYH� DQG�ZLWK� SUDFWL�
FDO� LPSRUWDQFH� RI� VWDELOL]LQJ� WKH� VXSSRVHG
HIIHFW� RI� VLQJOH�FU\VWDO� 6L�6&� HIILFLHQF\� LQ�
FUHDVH��WKH�VHFRQG�WDVN�RI�WKLV�ZRUN�ZDV�WR
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ILQG� RXW� D� SRVVLELOLW\� WR� VDYH� WKH� DWWDLQHG
UHVXOW�GXULQJ�ORQJ�WLPH�

���([SHULPHQWDO
:H�LQYHVWLJDWHG�XQLMXQFWLRQ��8-��VLQJOH�

FU\VWDO�6L�6&�EHLQJ� WKH� IUDJPHQWV�RI� LQGXV�
WULDO� VLPLODU� W\SH� GHYLFHV� RI� ���u����PP�
FR�SODQDU� VL]H�� 7KH� ODWWHU� KDG� KRUL]RQWDO
Q��S�S��GLRGH�VWUXFWXUH�DQG�ZHUH�PDGH�IURP
.'%��� JUDGH� VLOLFRQ� JURZQ� E\� &]RFKUDOVNL
PHWKRG�� 7KH� IUDJPHQWV� XQGHU� VWXG\� KDYH
��u���PP�� FR�SODQDU� VXUIDFHV� DQG� 6L�%&
WKHUHRI�ZDV�����PP�WKLFN��7KH�JHQHUDO�YLHZ
RI� LQGXVWULDO� GHYLFH� IURP� ZKLFK� WKH� DERYH�
PHQWLRQHG�IUDJPHQWV�ZHUH�FXW�RXW�DQG�VFKH�
PDWLF� LPDJH� RI� WKH� GHYLFH� DUH� SUHVHQWHG� LQ
)LJ����� 7R� FRQGLWLRQ� WKH� LQYHVWLJDWHG� 8-
6L�6&� LQ�60)�� WZR����PP�WKLFN�SHUPDQHQW
PDJQHWV� RI� ��� PP� LQ� GLDPHWHU� ZHUH� XVHG
VSDFHG� DW� WKH� GLVWDQFH� RI� ��� PP�� EHWZHHQ
ZKLFK� WKHUH�ZDV� D� SUDFWLFDOO\� KRPRJHQHRXV
PDJQHWLF�ILHOG�ZLWK�%� �����7��PHDVXUHG�E\
XVLQJ�D�(0�����WHVODPHWHU��7R�VWDELOL]H�WKH

FRQVLGHUHG� HIIHFW�� WKH� SODVWRPDJQHW� Û
DERXW�����PP�WKLFN�IOH[LEOH�PDJQHWLF�YLQ\O
>�@� ZDV� FKRVHQ�� 7KH� SHFXOLDULWLHV� RI� PDJ�
QHWLF�ILHOG�GLVWULEXWLRQ�FUHDWHG�E\�WKLV�PDWH�
ULDO�LPPHGLDWHO\�DW�LWV�ZRUNLQJ�VXUIDFH�ZHUH
LQYHVWLJDWHG� E\� PHDQV� RI� GLUHFW� PHDVXUH�

)LJ����� *HQHUDO� YLHZ� RI� LQGXVWULDO� VRODU� FHOO
IURP� ZKLFK� WKH� VWXGLHG� IUDJPHQWV� ZHUH� FXW
RXW� �D�� DQG� VFKHPDWLF� LPDJH� RI� LWV� YHUWLFDO
FURVV�VHFWLRQ��E������EDFN�VROLG�HOHFWURGH�����6L
OD\HU� RI� S��W\SH� FRQGXFWLYLW\�� ���6L� OD\HU� RI
S�W\SH� FRQGXFWLYLW\�� ��� 6L� OD\HU� RI� Q��W\SH
FRQGXFWLYLW\����Û�SDVVLYDWLQJ�6L2�� OD\HU����DQWLUHIOHFWLRQ�6L�1��FRDWLQJ�����IURQW�PHWDOOL�]DWLRQ�

)LJ����� 'LVWULEXWLRQ� RI�PDJQHWLF� ILHOG� JHQHU�
DWHG� E\� PDJQHWLF� YLQ\O�� D�� YLVXDOL]DWLRQ� E\
PDJQHWR�SRZGHU� PHWKRG� �LPDJH� GHWDLOV� DUH
GLVFXVVHG� LQ� WH[W��� E�� VFKHPDWLF� LPDJH� RI
PDJQHWLF� ILHOG� LQGXFWLRQ� GLUHFWLRQV� LQ� VHF�
WLRQV� RI� YLQ\O� ZKLFK� FRUUHVSRQGV� WR� OLJKW
VWULSHV�RQ�IUDJPHQW�D��F��UHVXOW�RI�VLPXODWLRQ
E\� WKH�9L]LPDJ� ������� G�� SODFLQJ�PDQQHU� RI
WKH� PDJQHWLF� YLQ\O� ���� UHODWLYH� WR� 8-� 6L�6&
����� H�� UHVXOW�RI� VLPXODWLRQ�RI�PDJQHWLF� ILHOG
GLVWULEXWLRQ� LQ� WZR�OD\HU� V\VWHP� PDJQHWLF
YLQ\O�����8-�6L�6&�����E\�WKH�9L]LPDJ�������
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PHQWV�XVLQJ�WKH�DERYH�PHQWLRQHG�WHVODPHWHU
DQG� PHWKRG� RI� SRZGHU� SDWWHUQV� >�@�� 7KH
LPDJH� RI�PDJQHWLF� YLQ\O� XVHG� LQ� WKLV�ZRUN
ZLWK� PDJQHWLF� VXVSHQVLRQ� DSSOLHG� RQ� LWV
ZRUNLQJ� VXUIDFH� LV� VKRZQ� LQ� )LJ���D��0DJ�
QHWLF� YLQ\O� FUHDWHV� LQ� H[WHUQDO� QHDU�VXUIDFH
VSDFH� VWULDWH� DUHDV� �ZLGH� OLJKW� VWULSHV� LQ
)LJ���D�� VHSDUDWHG� E\� QDUURZ� GDUN� ERXQGD�
ULHV� IRUPHG� E\� WKH� PDJQHWLF� SRZGHU� DFFX�
PXODWLRQV��ZLWK�GLIIHUHQWO\�GLUHFWHG�YHUWLFDO
FRPSRQHQW� RI� PDJQHWLF� ILHOG� LQGXFWLRQ� LQ
WKH�FHQWHUV�RI�LQWHUYDOV�EHWZHHQ�WKH�QDUURZ
GDUN� ERXQGDULHV�� 7KLV� IDFW� LV� VFKHPDWLFDOO\
SUHVHQWHG� LQ� )LJ���E�� ,W� LV� FRQILUPHG� E\� �L�
WKH�UHVXOWV�RI�YLQ\O�PDJQHWLF�ILHOG�GLVWULEX�
WLRQ� VLPXODWLRQ� XVLQJ� 9L]LPDJ� ������ VRIW�
ZDUH� >�@�� VKRZQ� LQ� )LJ���F�� DQG� �LL�� FRUUH�
VSRQGLQJ�PHDVXUHPHQWV� DFFRUGLQJ� WR�ZKLFK
WKH� YHUWLFDO� FRQVWLWXHQW� RI� PDJQHWLF� ILHOG
LQGXFWLRQ� ZLWKLQ� �� PP� DERYH� WKH� YLQ\O
ZRUNLQJ� VXUIDFH� UHDFKHV� RQ� WKH� DYHUDJH
����� 7��$IWHU�8-�6L�6&� KROGLQJ� LQ� 60)� RI
SHUPDQHQW�PDJQHWV��WKH�LQYHVWLJDWHG�REMHFWV
ZHUH�SODFHG�RQ�WKH�ZRUNLQJ�VXUIDFH�RI�VXFK
YLQ\O�ZLWK�EDFN�HOHFWURGH�WXUQHG�WR�WKH�VXU�
IDFH� �)LJ���G��� 7KH� UHVXOW� RI� VLPXODWLRQ� RI
PDJQHWLF� ILHOG� GLVWULEXWLRQ� LQ� WKH� GRXEOH�
OD\HU� V\VWHP� PDJQHWLF� YLQ\O� ����8-� 6L�6&
���� REWDLQHG� XVLQJ� WKH� 9L]LPDJ� ������ VRIW�
ZDUH�LV�VKRZQ�LQ�)LJ���H�

7KH�8-�6L�6&� HIILFLHQF\� ZDV� GHWHUPLQHG
DFFRUGLQJ�WR�VWDQGDUG�WHFKQLTXH�DW����&�DQG
$0���� LOOXPLQDWLRQ� UHJLPH� >�@�� 7KH� HIIHF�
WLYH� HOHFWURQ� OLIHWLPH� WQHI� LQ� S�W\SH� FRQGXF�
WLYLW\�6L�%&�ZDV�PHDVXUHG�E\�WKH�PHWKRG�RI
RSHQ� FLUFXLW� YROWDJH� GHFD\� DIWHU� FXWRII� RI
WKH�VTXDUH�OLJKW�SXOVH�LOOXPLQDWLQJ�WKH�SKR�
WRUHFHLYLQJ� 8-� 6L�6&� VXUIDFH� >����@�� 7KH
FRQWLQXRXV� LOOXPLQDWLRQ� QHFHVVDU\� DW� WKH
PHDVXULQJ�RI�8-�6L�6&�OLJKW�FXUUHQW�YROWDJH
FKDUDFWHULVWLFV�� DQG� SXOVH� RQH� UHTXLUHG� WR
PHDVXUH�WQHI�ZHUH�UHDOL]HG�XVLQJ�DQ�XQLYHUVDO
OLJKW�HPLWWLQJ� GLRGH� LOOXPLQDWRU� >��@� GHYHO�
RSHG�DQG�PDQXIDFWXUHG�EHIRUH�

���5HVXOWV�DQG�GLVFXVVLRQV
7KH� YDOXHV� RI� K� DQG� WQHI� ZHUH� PHDVXUHG

IRU� 8-� 6L�6&� LQ� WKH� RUGLQDU\� VWDWH�� DIWHU
FRQGLWLRQLQJ� LQ�60)�RI�SHUPDQHQW�PDJQHWV
GXULQJ� �� GD\V� DQG� DIWHU� WKHLU� VWRUDJH� ERWK
ZLWK�DQG�ZLWKRXW�PDJQHWLF�YLQ\O�DSSOLHG�RQ
WKH� EDFN� VXUIDFH�� 7KH� UHVXOWV� REWDLQHG� DUH
SUHVHQWHG�LQ�WKH�7DEOH��7KH�HIILFLHQF\�RI�WKH
VWXGLHG�REMHFWV�GHFUHDVHV� LQ� WLPH�DIWHU� FRQ�
GLWLRQLQJ� LQ� 60)� RI� SHUPDQHQW� PDJQHWV�
KRZHYHU�� WKH�PDJQHWLF� YLQ\O� DSSOLHG� WR� WKH
EDFN� VXUIDFH� RI�8-�6L�6&� FKDQJHV� WKH� VLWX�
DWLRQ�WR�D�FRQVLGHUDEOH�GHJUHH��$IWHU�VWRUDJH
RI� WKH�VWXGLHG�REMHFWV� LQ�FRQWDFW�ZLWK�PDJ�
QHWLF� YLQ\O� GXULQJ� WKUHH� ZHHNV�� WKH� HIIL�
FLHQF\�GHFUHDVHV�LQVLJQLILFDQWO\��IURP�����Ü
�������WR�����Ü���������LQ�FRQWUDVW�WR�WKH
VDPSOHV� ZLWKRXW� DWWDFKHG� PDJQHWLF� YLQ\O�
ZKHUH�WKH�HIILFLHQF\�GHFUHDVHG�GRZQ�WR����Ü
����� �� GXULQJ� WKH� ILUVW� �� GD\V� RQO\�� 7KH
VXEVHTXHQW� VWRUDJH� RI� 8-� 6L�6&� LQ� FRQWDFW
ZLWK� PDJQHWLF� YLQ\O� GXULQJ� DGGLWLRQDO
�� GD\V� GLG� QRW� DFFRPSDQLHG� E\� DQ\� FKDQJH
RI� HIILFLHQF\� DWWDLQHG� DIWHU� VLPLODU� WKUHH�
ZHHN� VWRUDJH�� 7KXV�� LW� LV� SRVVLEOH� WR� FRQ�
FOXGH�WKDW�DSSOLFDWLRQ�RI�PDJQHWLF�YLQ\O�DO�
ORZV� WR� VXSSRUW� WKH� K� YDOXH� RI� LQFUHDVHG
LQLWLDOO\� LQ� WKH� VWDWLRQDU\� PDJQHWLF� ILHOG
ZLWKLQ� OLPLWV�RI�����Ü��������WKDW�H[FHHGV
FRQVLGHUDEO\� WKH� LQLWLDO� YDOXHV� RI� WKLV� SD�
UDPHWHU�DPRXQWLQJ�����Ü�������

7KH� UHYHDOHG� LQFUHDVH� RI� 8-� 6L�6&� HIIL�
FLHQF\� IURP� ����Ü����� �� XS� WR� ����Ü
�������DIWHU�FRQGLWLRQLQJ�RI�WKH�GHYLFHV�LQ
60)� ZLWK� WKH� VXEVHTXHQW� VWDELOL]LQJ� E\
PDJQHWLF�YLQ\O�DW�WKH�OHYHO�RI�����Ü������
FRUUHODWHV�ZHOO�ZLWK�0&&�OLIHWLPH�FKDQJH�LQ
S�W\SH�FRQGXFWLYLW\�6L�%&�RI�8-�6L�6&�IURP
��Ü���PV� WR� ��Ü���PV� ZLWK� WKH� VXEVHTXHQW
VWDELOL]LQJ�E\�PDJQHWLF�YLQ\O�DW�WKH�OHYHO�RI
��Ü���PV��7KLV�FDQ�EH�GXH��IRU�H[DPSOH�� WR
WKH�SURFHVVHV�LQ�WKH�6L�%&�FU\VWDO�VWUXFWXUH
PHQWLRQHG�EHORZ��7KH�96L±2L��2L±6L�2L��96L±6L±96L�FRPSOH[HV�SUHVHQW�LQ�6L�VLQJOH�FU\VWDODUH�HIIHFWLYH�UHFRPELQDWLRQ�FHQWHUV��WKDW�UH�

7DEOH��(IILFLHQF\�K�DQG�HIIHFWLYH�HOHFWURQ�OLIHWLPH�KQHI�LQ�6L�%&�RI�S�W\SH�FRQGXFWLYLW\�SULRU�WR�DQGDIWHU�WKH�8-�6L�6&�FRQGLWLRQLQJ�LQ�60)�DW�%� �����7

3DUDPHWHUV
2UGLQDU\
VWDWH�
�%� ���

$IWHU�SURFHVVLQJ�LQ�60)
,QLWLDO�
VWDWH�
�%� ���

$IWHU�VWRUDJH
%� �� ,Q�FRQWDFW�ZLWK�PDJQHWLF�YLQ\O��%� ������7�
��GD\V ��GD\V ���GD\V ���GD\V ���GD\V

K��� ����Ü���� ����Ü���� ���Ü���� ����Ü���� ����Ü���� ����Ü���� ����Ü����
WQHI��PV ��Ü�� ��Ü�� ��Ü�� ��Ü�� ��Ü�� ��Ü�� ��Ü��
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VXOWV�LQ�D�UHGXFWLRQ�RI�0&&�OLIHWLPH��8QGHU
WKH�DFWLRQ�RI�SUHVVXUH�DQG�WHPSHUDWXUH��WKH
HQVHPEOH�RI�VXFK�FRPSOH[HV�LV�DEOH�WR�UHFRQ�
VWUXFW�LWVHOI�LQ�WKDW�FRQWDLQLQJ�6L2��DQG�6L�2[9\� LQFOXVLRQV� EHLQJ� QRW� UHFRPELQDWLRQFHQWHUV�� ,W� LV� QRW� LPSRVVLEOH� WKDW� VLPLODU
WUDQVIRUPDWLRQV� WDNH� SODFH� DQG� LQ� S�W\SH
FRQGXFWLYLW\� 6L�%&� RI� 8-� 6L�6&� XQGHU� WKH
LQIOXHQFH� RI� 60)� DW�%� ����� 7�� EHFDXVH� LQ
>�@� WKH� DFWLYDWLRQ� RI� R[\JHQ� LQ� VLOLFRQ� E\
PDJQHWLF�ILHOG�LV�VWUHVVHG�QRWLFHDEO\�

���&RQFOXVLRQV
,W� LV�HVWDEOLVKHG� LQ�H[SHULPHQW� WKDW�HIIL�

FLHQF\� RI� XQLMXQFWLRQ� VLQJOH�FU\VWDO� VLOLFRQ
VRODU� FHOOV� ZLWK� KRUL]RQWDO� Q��S�S�� GLRGH
VWUXFWXUH� PD\� LQFUHDVH� DSSUR[LPDWHO\� E\� D
IDFWRU�RI�����DIWHU�WKH�6L�6&�FRQGLWLRQLQJ�DW
URRP�WHPSHUDWXUH�GXULQJ���GD\V�LQ�WKH�SHU�
SHQGLFXODUO\� RULHQWHG� VWDWLRQDU\� PDJQHWLF
ILHOG�ZLWK� LQGXFWLRQ� ���� 7�� 7KH� VXEVHTXHQW
VWDELOL]DWLRQ�SRVVLELOLW\�RI�WKH�DWWDLQHG�SRVL�
WLYH� HIIHFW� LV� VKRZQ� UHVXOWLQJ� IURP� DWWDFK�
PHQW�RI�D�WKLQ�PDJQHWLF�YLQ\O�OD\HU�JHQHUDW�
LQJ�LQ�WKH�EDVH�FU\VWDO�D�PDJQHWLF�ILHOG�ZLWK
LQGXFWLRQ�QR�PRUH�WKDQ������7�WR�WKH�VRODU
FHOOV� RI� WKH� VWXGLHG� W\SH� IURP� WKH� VLGH� RI
EDFN�HOHFWURGH��

5HIHUHQFHV
� ���:�+RIIPDQQ�� 6�7HVNH�� 6RODU� *HQHUDWLRQ�
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