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5HFHLYHG�$SULO���������
8VLQJ�;�UD\�UHIOHFWRPHWU\�PHWKRG��WKH�NLQHWLFV�RI�VROLG�VWDWH�UHDFWLRQV�DW�WKH�VXUIDFH

RI� OD\HUHG� WKLQ� ILOP�QLFNHO�6LVXE� V\VWHP� �HIIHFWLYH�QLFNHO� WKLFNQHVV���� DQG����QP��XQGHU989�LUUDGLDWLRQ�RI��dKQd����H9�HQHUJ\�ZDV�VWXGLHG��1LFNHO�DQG�QLFNHO�R[LGH�OD\HUV�KDYH
VKRZQ�QR� FKDQJHV� ERWK� LQ� WKLFNQHVV� DQG� GHQVLW\��$V� D� UHVXOW� RI�989� VWLPXODWHG� VLOLFRQ
GLIIXVLRQ� IURP� WKH� VXEVWUDWH� DQG� RI� LWV� UHDFWLRQ� ZLWK� QLWURJHQ�� D� QHZ� OD\HU� RI� VLOLFRQ
QLWULGH�ZLWK�RI�������������J�°PÜ��GHQVLW\�LV�IRUPHG�DW�WKH�QLFNHO�ILOP�VXUIDFH��7KH�VLOLFRQ
QLWULGH� IRUPDWLRQ� UHDFWLRQ�� ZKHUH� QLFNHO� DFWV� DV� D� FDWDO\VW�� LV� RI� ]HUR� RUGHU� W\SLFDO� RI
UDGLDWLRQ��SKRWR��FKHPLFDO�SURFHVVHV�DQG�VWRSV�DW�WKH�OD\HU�WKLFNQHVV�DERXW�����QP��$IWHU
DJLQJ� LQ� DLU�� WKH� VXUIDFH� OD\HU� GHQVLW\� GHFUHDVHV� GRZQ� WR� ���� J�°PÜ�� DQG� WKLFNQHVV� LQ�
FUHDVHV� WR� DERXW� ��� QP� GXH� WR� R[LGDWLRQ�� 5HSHDWHG� F\FOHV� RI� LUUDGLDWLRQ� DQG� R[LGDWLRQ
UHVXOW�LQ�GHJUDGDWLRQ�RI�WKH�ILOP�VXEVWUDWH�V\VWHP�GXH�WR�EUHDNLQJ�WKH�ILOP�DGKHVLRQ��
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7ZR� SRVVLEOH� UHVXOWV� RI� 989� HIIHFW� RQ
PHWDO� VXUIDFH� OD\HUV� DUH� XQGHU� GLVFXVVLRQ�
�L�� UDGLDWLRQ�VWLPXODWHG� FKHPLFDO� UHDFWLRQV
ZLWK� DGVRUEHG� DWRPV� >�Ü�@�� DQG� �LL�� UDGLD�
WLRQ�VWLPXODWHG� VWUXFWXUH� GHIHFW� IRUPDWLRQ
DFFRUGLQJ� WR� VXE�WKUHVKROG� PHFKDQLVP� IRO�
ORZHG�E\�DFFHOHUDWLRQ�RI�GLIIXVLRQ�DQG�GLVOR�
FDWLRQ�UHDFWLRQV�>�Ü�@��7KH�SKDVH�DQG�VWUXF�
WXUH� WUDQVIRUPDWLRQV� LQ� QDQR�VL]HG� OD\HUV
UHVXOW� LQ� YDULDWLRQV� RI� WKHLU� WKLFNQHVV� DQG
GHQVLW\�� ,Q�RXU�SUHYLRXV�ZRUN��WKH�SRVVLELO�
LW\� ZDV� SURYHG� WR� GHWHUPLQH� WKLFNQHVV� DQG
GHQVLW\�RI�QLFNHO�QDQR�OD\HUV�RQ�VLOLFRQ�VXE�

VWUDWHV�E\�UHIOHFWLYLW\�DQJOH�GHSHQGHQFH�5�T�
RI� ;�UD\V� ZLWK� O� ������� QP� ZDYHOHQJWK
>��@�� 8VLQJ� WZR� 989� VSHFWUD� LQ� GLIIHUHQW
ZDYHOHQJWK� UDQJHV�� ZH� WXQHG� WR� UHVRQDQFH
H[FLWDWLRQ�RI�HLWKHU�QLWURJHQ���dKQd�����H9�
$U� ODPS�� RU� R[\JHQ� DWRPV� ����dKQd����H9�
;H� ODPS�� >��@��$IWHU� VKRUW�WHUP�989�H[SR�
VXUH��D�QHZ�GHQVH�OD\HU�RI�QDQRPHWHU�WKLFN�
QHVV� KDV� EHHQ� UHYHDOHG� DW� WKH� QLFNHO� ILOP
VXUIDFH�� LQ� WKH� ILUVW� FDVH�� ZH� JRW� D� VLOLFRQ
QLWULGH� OD\HU�� ZKLOH� LQ� WKH� VHFRQG� FDVH�� D
VLOLFRQ� R[LGH� RQH�� 1R� YDULDWLRQV� ERWK� LQ
QLFNHO�OD\HU�DQG�LWV�VXUIDFH�R[LGH�KDYH�EHHQ
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IRXQG��$� SRVVLELOLW\� RI� SKRWRFKHPLFDO� UHDF�
WLRQ� RI� DWPRVSKHUH� DWRPV� �1��2�� ZLWK� VLOL�
FRQ�IURP�WKH�VXEVWUDWH�ZDV�FRQFOXGHG��+RZ�
HYHU�� WKH� PHFKDQLVP� RI� VLOLFRQ� GHOLYHU\� WR
QLFNHO� ILOP� VXUIDFH� XQGHU� 989� LUUDGLDWLRQ
DV�ZHOO�DV�WKH�NLQHWLF�RI�VROLG�VWDWH�UHDFWLRQV
DQG� VWDELOLW\� RI� WKH� V\VWHP� XQGHU� QDWXUDO
DJLQJ�UHPDLQ�XQFOHDU��7KH�DLP�RI�WKLV�ZRUN
ZDV� WR� VWXG\� WKH� PHFKDQLVPV� DQG� NLQHWLFV
RI� SKRWRFKHPLFDO� VROLG� VWDWH� UHDFWLRQV� RQ
WKH� VXUIDFH� RI� WKH� QLFNHO� ILOP�VLOLFRQ� VXE�
VWUDWH� V\VWHP� XQGHU� 989� LUUDGLDWLRQ� DQG
DJLQJ��

7KH� LQYHVWLJDWLRQ� REMHFWV� ZHUH� QLFNHO
ILOPV�RQ�VLOLFRQ�VXEVWUDWHV�SUHSDUHG�E\�PDJ�
QHWURQ�UI�VSXWWHULQJ� LQ�6387521�,,�LQVWDO�
ODWLRQ� �%DOW]HUV� &RPSDQ\�� �VHH� >������@� IRU
GHWDLOV��� 7KH� ILOP� JURZWK� PRUSKRORJ\� DQG
FU\VWDOOLQH� VWUXFWXUH� ZHUH� GHVFULEHG� EHIRUH
>��@��7KHVH�ILOPV�ZHUH�VKRZQ�WR�EH�SRO\FU\V�
WDOOLQH�� FRQWLQXRXV�� DQG� VWDEOH� XQGHU� DJLQJ
LQ� ODERUDWRU\� DWPRVSKHUH�� )RU� WKLV� LQYHVWL�
JDWLRQ�� WZR� NLQGV� RI� WKH� VDPSOHV� 1L��� Ò
1L��� �DERXW� ��� DQG� ��� QP� QLFNHO� OD\HU
WKLFNQHVV�� UHVSHFWLYHO\�� ZHUH� FKRVHQ�� 6XFK
FKRLFH� DOORZV� WR� HVWLPDWH� WKH� UROH� RI� GLIIX�
VLRQ�GHOLYHU\�RI�WKH�FRPSRQHQWV�WR�FKHPLFDO

UHDFWLRQ� ]RQH�� $V� WKH� YDFXXP� XOWUDYLROHW
VRXUFH�� DQ�$U� EDUULHU� ODPS� �%$U�� ZLWK� FRQ�
WLQXRXV� VSHFWUXP� O�t�����QP�DQG�TXDQWXP
IORZ� GHQVLW\� DERXW� �����FPÜ�VÜ�� ZDV� XVHG
>��@��7KH�VDPSOHV�ZHUH�H[SRVHG�WR�989�GL�
UHFWO\� RQ� WKH� UHIOHFWRPHWHU� WDEOH�� WKH� ODPS
ZLQGRZ� EHLQJ� SUHVVHG� DJDLQVW� WKH� VDPSOH�
7KH� ILUVW� H[SRVXUH� WLPH�ZDV� ���PLQ��ZKLOH
HDFK� IROORZLQJ� H[SRVXUH� GXUDWLRQ� ZDV� GRX�
EOHG� DV� FRPSDUHG� WR� WKH� SUHYLRXV� RQH�� ,Q
RUGHU� WR� DQDO\]H� GHFRPSRVLWLRQ� SURFHVVHV�
VHYHUDO� LQWHUYDOV� �IURP� �� WR� �� GD\V�� IRU
DJLQJ� LQ� DLU� ZHUH� GRQH� EHWZHHQ� VXFFHVVLYH
H[SRVXUHV�� 7KH� WRWDO� H[SRVXUH� DQG� DJLQJ
WLPHV� IRU� HDFK� VDPSOH� DUH� JLYHQ� LQ� 7DEOH�
%HIRUH�DQG�DIWHU�HDFK�989�H[SRVXUH��;�UD\
UHIOHFWLYLW\� DQJOH� GHSHQGHQFHV� 5�T�� ZHUH
PHDVXUHG� LQ� WKH� UDQJH� T� ����������� RI�&X±
.D� JUD]LQJ� LQFLGHQW� EHDP� >��@��)RU� VLPXOD�WLRQ� 5�T�� FXUYHV�� WKH� ILWWLQJ� SDUDPHWHUV
ZHUH� OD\HU� WKLFNQHVV� �W��� DQG� UHDO� SDUW� RI
UHIUDFWLRQ� LQGH[� �G�� FDOFXODWHG� WDNLQJ� LQWR
DFFRXQW�WKH�DQRPDORXV�VFDWWHULQJ�FRUUHFWLRQ
>������@�

$IWHU� 989� H[SRVXUH�� W\SLFDO� �EHDWLQJV�
�VKRZHG�E\�DUURZV�WR�FXUYHV���LQ�)LJ�������
ZHUH�REVHUYHG�LQ�WKH�FXUYHV�RI�;�UD\�UHIOHF�

7DEOH��9DULDWLRQV�RI�WKH�VXUIDFH�WKLUG�OD\HU�SDUDPHWHUV�GXULQJ�989�H[SRVXUH�DQG�LQ�DLU�DJLQJ

1R 7RWDO�989�H[SRVXUH�
PLQ��$LU�DJLQJ��GD\V
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WLYLW\� DQJOH� GHSHQGHQFH� 5�T��� $FFRUGLQJ� WR
SUHYLRXV� UHVXOWV� >��@�� LQ� ERWK� NLQGV� RI� WKH
VDPSOHV��WKH�VXUIDFH�OD\HU�IRUPHG�MXVW�DIWHU
WKH�ILUVW�989�H[SRVXUH�KDYH�VLPLODU�FKDUDF�
WHULVWLFV�� |���� QP� WKLFNQHVV� DQG� ���� WR
����J�FPÜ�� GHQVLW\� �7DEOH��� ,Q� ORZ�DQJOH
SDUW� RI� LQWHUIHUHQFH� SDWWHUQ�� RVFLOODWLRQ� LQ�
WHQVLWLHV� GR� QRW� GURS�� KHQFH�� WKLFNQHVV� DQG
GHQVLW\�RI�WKH�1L�DQG�1L2[�OD\HUV�DV�ZHOO�DVLQWHUIDFH�URXJKQHVV�UHPDLQ�XQFKDQJHG�

/LQHDU�LQFUHDVH�RI�VXUIDFH�OD\HU�PDVV�SHU
XQLW� DUHD�P6�YV� LUUDGLDWLRQ� WLPH� �)LJ����� LVW\SLFDO�RI�SKRWRFKHPLFDO�UHDFWLRQV��WKH�V\Q�
WKHVL]HG� VXEVWDQFH� DPRXQW� LV� SURSRUWLRQDO
WR� DEVRUEHG� GRVH� >������@�� 8QGHU� VXEVWDQFH
DUULYDO��WKH�WKLUG�OD\HU�PDVV��EXW�QRW�WKLFN�
QHVV��LQFUHDVHV�GXH�WR�ULVLQJ�GHQVLW\�

7KH�IHDWXUHV�RI�LQWHUIHUHQFH�SDWWHUQV�IRU
ERWK� VDPSOH� W\SHV� DIWHU� DJLQJ� LQ� DLU� ZDV
IRXQG� WR� EH� TXDOLWDWLYHO\� VLPLODU�� WKH� EHDW�
LQJV� LQ� LQWHUIHUHQWLDO� SDWWHUQ� EHFRPH� OHVV
SURQRXQFHG� �FRPSDUH�WKH�FXUYHV���DQG��� LQ
)LJV���� DQG� ���� 7KH� VXUIDFH� OD\HU� GHQVLW\
GURSV��ZKLOH� LWV� WKLFNQHVV� DQG�PDVV� FKDQJH
QRQ�PRQRWRQLFDOO\�� DW� ILUVW�� WKH\� ULVH� D� OLW�
WOH��DQG�WKHQ�GHFUHDVH��)LJ������

5HSHDWHG�LUUDGLDWLRQ�RI�WKH�VDPSOHV�DIWHU
DJLQJ� UHVXOWV� LQ� SDUWLDO� UHVWRUDWLRQ� RI� WKH

WKLUG�OD\HU�LQLWLDO�GHQVLW\��7DEOH���$IWHU�UH�
SHDWHG� ORQJ�WHUP� LUUDGLDWLRQ� DQG� DLU� DJLQJ
H[SRVXUHV�� WKH� ILOP� GHJUDGHV� JUDGXDOO\�� ,Q
WKH� LQWHUIHUHQ°H� SDWWHUQV�� KLJKHU� RUGHU
SHDNV� LQWHQVLWLHV�GURS� �)LJ�����FXUYH���� DQG
)LJ����� FXUYH���� WKDW� LQGLFDWHV� WKH� JURZLQJ
1L�6L�LQWHUIDFH�URXJKQHVV��$�QHW�RI�FUDFNV�LV
REVHUYHG� RQ� WKH� VDPSOH� VXUIDFH�� DQG� DIWHU
WKH�ORQJHVW�H[SRVXUHV��WKH�ILOPV�DUH�SDUWLDOO\
GHODPLQDWHG��

6R�� WKH� IROORZLQJ� PDLQ� H[SHULPHQWDO
IDFWV� DUH� UHYHDOHG�� ���� 8QGHU� 989� LUUDGLD�
WLRQ�� QLFNHO�FRQWDLQHG� OD\HUV� �1L�� 1L2�� UH�
PDLQ�XQFKDQJHG�ERWK� LQ�WKLFNQHVV�DQG�GHQ�

)LJ����� ,QFUHDVH� RI� WKH� WKLUG� OD\HU�PDVV�SHU�
DUHD�P6� YHUVXV� WRWDO�989� H[SRVXUH� WLPH� �LQPLQXWHV��IRU�WKH�VDPSOHV�RI�1L���6LVXE�V\VWHP�

)LJ����� ([SHULPHQWDO� FXUYHV� RI� ;�UD\� UHIOHF�
WLYLW\� DQJOH� GHSHQGHQFH� 5�T�� IRU� WKH� V\VWHP
1L�6LVXE� ZLWK� QLFNHO� ILOP� WKLFNQHVV� ��� QP��� Û� LQLWLDO� VWDWH�� �� Û� DIWHU� ��� PLQ� 989
H[SRVXUH����Û�DIWHU�DJLQJ�LQ�DLU�IRU���GD\V�
��Û� DIWHU�QH[W�989� LUUDGLDWLRQ� �WRWDO� H[SR�
VXUH����PLQ�����Û�DIWHU����K�989�H[SRVXUH
DQG�IROORZLQJ�DJLQJ�LQ�DLU�IRU���GD\V���$UURZ
LQGLFDWHV�WKH�EHDWLQJV��

)LJ����� ([SHULPHQWDO� FXUYHV� RI� ;�UD\� UHIOHF�
WLYLW\� DQJOH� GHSHQGHQFH�5�T�� IRU� WKH� V\VWHP
1L�6LVXE� ZLWK� QLFNHO� ILOP� WKLFNQHVV� ��� QP��� Û� LQLWLDO� VWDWH�� �� Û� DIWHU� ��� PLQ� 989
H[SRVXUH�� �� Û� DIWHU� DJLQJ� LQ� DLU� IRU� ��� K�
�$UURZ�LQGLFDWHV�WKH�EHDWLQJV��

,�)�0LNKDLORY�HW�DO����989�VWLPXODWHG�VROLG�SKDVH����

)XQFWLRQDO�PDWHULDOV������������� ���



VLW\��7KHV�LQGLFDWHV��1L�PLJKW�EH�LQYROYHG�LQ
WKH�SKRWR�FKHPLFDO�UHDFWLRQV�RQO\�DV�D�FDWD�
O\VW������$IWHU�989�H[SRVXUH�ZLWK�VSHFWUXP
WXQHG� IRU� UHVRQDQFH� DEVRUSWLRQ� E\� DWPRV�
SKHUH� QLWURJHQ�� D� QHZ� QDQR�OD\HU� RI� DERXW
���y����J�FP��GHQVLW\�JURZV�RQ�WKH�VDPSOH
VXUIDFH� ZKLFK�PD\� FRUUHVSRQG� RQO\� WR� VLOL�
FRQ�QLWULGH�6L[1\�IRU�WKH�V\VWHP�VWXGLHG�����7KH� PDVV� LQFUHPHQW� RI� WKLV� QDQR�OD\HU� LV
SURSRUWLRQDO�WR�DEVRUEHG�GRVH�WKDW�FRUUHVSRQGV
WR� ]HUR�RUGHU� UHDFWLRQV� W\SLFDO� RI� D� SKRWR�
FKHPLFDO� PHFKDQLVP� LQGHSHQGHQW� RI� UHDJHQW
�VLOLFRQ�� DUULYDO� LQWR� UHDFWLRQ� ]RQH�� ���� ,Q� WKH
V\VWHPV� ZLWK� GLIIHUHQW� QLFNHO� ILOP� WKLFNQHVV�
WKH�UHDFWLRQ�RI�QHZ�OD\HU�IRUPDWLRQ�FRPSOHWHV
DW�WKH�VDPH�LWV�WKLFNQHVV�RI�DERXW�����QP�����
7KH�DJLQJ�LQ�DLU�LV�IROORZHG�E\�WKH�QHZ�QDQR�
OD\HU� GHQVLW\� GURS� GRZQ� WR� ���� J�FPÜ�� ZKLFK
FRUUHVSRQGV�WR�WKH�YDOXH�IRU�VLOLFRQ�R[LGH�6L2[�WKH�OD\HU�WKLFNQHVV�EHLQJ�LQFUHDVHG��

:H� FDOFXODWHG� WKH� GHQVLWLHV� RI� DOO� SRVVL�
EOH� FRPSRXQGV� RI� 1L�� 6L�� 2�� &�� DQG� 1� WR
LGHQWLI\�WKH�VXUIDFH�OD\HU��$V�QR�FKDQJHV�LQ
1L� FRQWDLQLQJ� OD\HUV� KDYH� EHHQ� UHYHDOHG�
VXFK� KLJK� GHQVLW\� YDOXHV� DV� U|���� WR
����J�FPÜ��PLJKW�EH�FDXVHG�E\� VLOLFRQ� FRP�
SRXQGV� 6L[1\� RU� 6L&�� VLQFH� WKH� GHQVLW\� RI
6L2[�GRHVQ�W�H[FHHG������J�FPÜ��

8QGHU� XVXDO� FRQGLWLRQV�� LW� LV� MXVW� WKH
R[LGDWLRQ�UHDFWLRQ�WKDW�SUHYDLOV�RI�WZR�SRVVL�
EOH�UHDFWLRQV�RI�VLOLFRQ�ZLWK�R[LJHQ�DQG�QLWUR�
JHQ��

6L���2��o�6L2���������N-���PRO����DQG

�6L����1��o�6L�1�������N-���PRO���
LW� LV� MXVW� WKH� R[LGDWLRQ� UHDFWLRQ� WKDW� SUH�
YDLOV��+RZHYHU��WKH�HQHUJHWLFV�RI�WKHVH�UHDF�
WLRQV� PD\� EH� VXEVWDQWLDOO\� FKDQJHG�� LI� WKH
JDV�PROHFXODU� DWRPL]DWLRQ� LV� VWLPXODWHG� E\
989�UHVRQDQFH�DEVRUSWLRQ��

7KXV��IRU�WKH�UHDFWLRQ�
1��o�1���1���'*��

WKH� *LEEV� HQHUJ\� H[SHQGLWXUH� '*�� 
�������N-�PROÜ�������H9��LV�QHFHVVDU\�ZKLFK
FRUUHVSRQGV� WR� TXDQWXP� HQHUJ\� LQ� VSHFWUDO
GLVWULEXWLRQ� RI� %$U� ODPS�� ZKLOH� IRU� WKH
UHDFWLRQ

2��o�2���2���'*��
'*�� �������N-�PROÜ�� ����� H9�� LV� UH�TXLUHG��7KH� ODWWHU�YDOXH�FRUUHVSRQGV� WR� WKH

�WDLO��SDUW�RI� FRQWLQXRXV�VSHFWUXP��VR��KDV
D� ORZ� LQWHQVLW\�� )RU� UDGLDWLRQ� HPLWWHG� E\
%$U� W\SH� ODPSV��WKHUH�H[LVWV�D��WUDQVSDUHQFH
ZLQGRZ��LQ�R[\JHQ�DWPRVSKHUH��ZKLOH�QLWUR�
JHQ� LV� UHVRQDQFH� H[FLWHG� >�@�� 'XH� WR� GHOLY�
HUHG� 989� HQHUJ\�� WKH� UHDFWLRQV� RYHUFRPH
WKH�HQHUJ\�EDUULHU�DQG�OHDYH�WKH�PHWDVWDELO�
LW\� UHJLRQ��WKXV��EHFRPH�KHWHURJHQHRXV�DQG
VSRQWDQHRXV��WKHLU�NLQHWLFV�FKDQJHV�DV�ZHOO�
1RZ�� WKHVH� UHDFWLRQV� PD\� EH� GHVFULEHG� DV
IROORZV�

6L���2�����989��o
o�6L���2���2����989��o�6L2����'*��

�6L����1�����989��o
o��6L����1����989��o�6L�1����'*��

1RZ� WKH� UHDFWLRQV� RI� R[LGH� DQG� QLWULGH
IRUPDWLRQ� KDYH� RWKHU� LQLWLDO� VWDWHV�� DQG
WKHLU�WKHUPDO�HIIHFWV�DFFRUGLQJ�WR�+HVV�ODZ
LQFOXGH� DWRPL]DWLRQ� HQHUJLHV�� 2Q� OHDYLQJ
WKH�PHWDVWDEOH�UHJLRQ��QLWULGH�IRUPDWLRQ�UH�
DFWLRQ�JLYHV�D�WRWDO�*LEEV�HQHUJ\�JDLQ�'*�� Ü�������N-�PROÜ��� ZKLOH� R[LGDWLRQ� UHDFWLRQ
JLYHV� RQO\� '*�� �Ü�������N-�PROÜ��� 7KLVPHDQV� WKDW� WKH� QLWULGH� IRUPDWLRQ� UHDFWLRQ
KDV�D�KLJKHU�UHDFWLRQ�UDWH�FRQVWDQW�WKDQ�IRU
R[LGDWLRQ��KHQFH��LW�UXQV�ILUVW�

+LJK� UDWHV� RI� WKLUG� OD\HU� IRUPDWLRQ� LQ
ERWK� W\SHV� RI� ILOPV�� LWV� KLJK� WKLFNQHVV� DQG
GHQVLW\�LQGLFDWH�WKH�VDPH�QDWXUH�RI�WKH�VXU�
IDFH� OD\HU� LQ� DOO� WKH� VDPSOHV�� 7KLV� OD\HU� LV
IRUPHG�GXH�WR�LQWHUDFWLRQ�RI�989�UDGLDWLRQ
ZLWK� VLOLFRQ� VXEVWUDWH� DQG� WR� VLOLFRQ� GLIIX�
VLRQ� WR� PHWDO� VXUIDFH� >��@�� 7KH� HIIHFW� RI
DFFHOHUDWLRQ�IRU�UHDFWLRQV�EHWZHHQ�JDVHV�DQG

)LJ����� 9DULDWLRQV� RI�PDVV�SHU�DUHD�P6�� GHQ�
VLW\� U�� DQG� WKLFNQHVV� W� RI� WKH� WKLUG� OD\HU� RI
989� LUUDGLDWHG� VDPSOHV� RI�1L���6LVXE� V\VWHPDIWHU�DJLQJ�LQ�DLU�YV�DJLQJ�WLPH��LQ�GD\V��
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WKLQ�R[LGH�ILOPV�IRUPHG�RQ�PHWDO�VXUIDFH�LV
ZHOO� NQRZQ�� 7KLV� ZDV� REVHUYHG� IRU� FRSSHU�
QLFNHO�DQG�YDQDGLXP�R[LGHV�LQWHUDFWHG�ZLWK
&2� DQG�+�� >��@�� 6XFK�UHDFWLRQV� DUH�KHWHUR�JHQHRXV� DQG� QDPHG� FRQWDFW�FDWDO\WLF�� EH�
FDXVH� WKH� PHWDO� DFWV� DV� D� FDWDO\VW�� ,Q� RXU
FDVH��WKH�UHDFWLRQ�RI�VLOLFRQ�ZLWK�QLWURJHQ�LV
FDWDO\]HG�E\�VXUIDFH�QLFNHO�DWRPV��WKH�ODWWHU
EHLQJ�QRW� VSHQW�� ,Q�)LJ����� OLQHDU� FKDUDFWHU
RI� NLQHWLF� GHSHQGHQFH� VKRZV� WKDW� WKH� UHDF�
WLRQ� UDWH� LV� OLPLWHG� QRW� E\� VLOLFRQ� DWRPV
DUULYDO� WR� WKH� VXUIDFH�� EXW� E\� WKH� UHDFWLRQ
LWVHOI� EHWZHHQ� VLOLFRQ� DQG� DFWLYH� DGVRUEHQW
DWRPV��7KH�VROLG�VWDWH�UHDFWLRQ�UDWH�LV�IRXQG
WR�EH� VR�KLJK� WKDW� WKH� GLIIXVLRQ� FRHIILFLHQW
DV�KLJK�DV�'a��Ü���FP��VÜ��ZRXOG�EH�QHFHV�
VDU\�WR�SURYLGH�LW��ZKLFK�LV�FKDUDFWHULVWLF�WR
PHFKDQLVP� RI� UDSLG� GLIIXVLRQ� DORQJ� JUDLQ
ERXQGDULHV�� ,W� LV�NQRZQ�WKDW� LQ�QDQR�VWUXF�
WXUHG� REMHFWV�� GLIIXVLRQ� LV� VHYHUDO� RUGHUV
KLJKHU�WKDQ�LQ�EXON�>��@��,Q�IDFW��WKLQ�PDJ�
QHWURQ�VSXWWHUHG�PHWDO�ILOPV�SRVVHVV�FROXPQ
VXEVWUXFWXUH�RI�WKH�JUDLQV�ZLWK�QDQR�VL]H�LQ
ODWHUDO� GLUHFWLRQ� DQG� HORQJDWHG� DORQJ� WKH
QRUPDO�WR�VXUIDFH�>������@��6FKHPDWLF�PRGHO
RI� VLOLFRQ� QLWULGH� OD\HU� IRUPDWLRQ� RQ� WKH
VXUIDFH� RI� 1L�6LVXE� V\VWHP� DV� D� UHVXOW� RI989�LUUDGLDWLRQ�LV�VKRZQ�LQ�)LJ����

7KH�VWRSSLQJ�RI�WKH�WKLUG�OD\HU�JURZWK�DW
LWV� WKLFNQHVV� DERXW� ���� QP� PD\� EH� FDXVHG
E\� WZR� UHDVRQV�� �L�� VLOLFRQ� VRXUFH� H[KDXV�
WLRQ�� RU� �LL�� FUHDWLRQ� RI� GLIIXVLRQ�LPSHUPH�
DEOH� OD\HU�� ,Q� WKH� ILUVW� FDVH�� WRWDO� ILOP� GH�
ODPLQDWLRQ�IURP�WKH�VXEVWUDWH�VKRXOG�EH�H[�
SHFWHG�� DV� WKH� RQO\� FDXVH� IRU� FHDVLQJ� WKH
VLOLFRQ� DUULYDO� IURP� WKH� VXEVWUDWH�� 7KRXJK
VRPH� GHODPLQDWLRQ� ZDV� REVHUYHG� DIWHU� WKH

ODUJHVW� GRVHV� RI�989� H[SRVXUH�� LW� RFFXSLHG
OHVV�WKDQ������RI�WKH�ILOP�DUHD��7KXV��PRUH
SUREDEOH�LV�WKH�EDUULHU�PHFKDQLVP�RI�QLWULGH
OD\HU� JURZWK� VWRSSLQJ� �)LJ������ 7KH� HVWLPD�
WLRQV� VKRZ� WKDW� LQ� WKH� VWDJH� RI� LVODQG� QX�
FOHDWLRQ��WKH�QXFOHL�FHQWHUV�DUH�SRVLWLRQHG�LQ
QLFNHO� JUDLQ� ERXQGDULHV�� ZKLOH� DQ� DYHUDJH
GLVWDQFH�EHWZHHQ�WKH�LVODQGV�LV�GHWHUPLQHG�E\
QLFNHO� JUDLQ� ODWHUDO� VL]H� RI� DERXW� ���� QP�
7KXV�� DV� WKH� OD\HU� WKLFNQHVV� DWWDLQV� DERXW
���� QP�� WKH� LVODQGV� FRDOHVFH�� DQG� D� FRQWLQX�
RXV�QLWULGH�ILOP�IRUPV�ZKLFK�KLQGHUV�IXUWKHU
VLOLFRQ�GLIIXVLRQ�LQWR�UHDFWLRQ�]RQH�

8QGHU� DJLQJ� LQ� DLU�� WKH� GHQVLW\� RI� WKH
WKLUG�OD\HU�GURSV�DQG�WKH�WKLFNQHVV�LQFUHDVHV�
7KHUPRG\QDPLFDOO\� SUHYDLOLQJ� EHFRPHV� WKH
R[LGDWLRQ�UHDFWLRQ�RI�VLOLFRQ�QLWULGH

6L�1�����2��o�6L[1\2]�o��6L2�����1��
,VRPRUSKLF� VXEVWLWXWLRQ� RI� QLWURJHQ� E\

R[\JHQ� ZDV� REVHUYHG� EHIRUH� LQ� VLOLFRQ� QL�
WULGH� >������@�� ,Q� WKH� LQLWLDO� DJLQJ� VWDJH�
QRQOLQHDU� LQFUHDVH� RI� VSHFLILF� PDVV�PV� DQGWKLFNQHVV� W� RI�WKH�VXUIDFH� OD\HU� LV�REVHUYHG
�)LJ�����WKDW�LQGLFDWHV�GLIIXVLRQ�FKDUDFWHU�RI
R[\JHQ� GHOLYHU\� WR� UHDFWLRQ� ]RQH� >��@�� $V
WKH� DJLQJ� WLPH� LQFUHDVHV�� WKH� VSHFLILF�PDVV
GURSV� GUDPDWLFDOO\�� ZKLOH� WKH� GHQVLW\� EH�
FRPHV� HYHQ� ORZHU� WKDQ� WKH� YDOXH� IRU� 6L2�WKDW�LV�FKDUDFWHULVWLF�WR�RSHQ�SRURVLW\�GHYHO�
RSPHQW��$�VLPLODU�SURFHVV�ZLWK�IRUPDWLRQ�RI
EOLVWHUV�ZDV�UHYHDOHG�GXULQJ�R[LGDWLRQ�RI�WL�
WDQLXP�SUH�VDWXUDWHG�E\�QLWURJHQ�>��@�

7KH� GHQVLW\� LQFUHDVHV� D� OLWWOH� DIWHU� WKH
QH[W� 989� H[SRVXUH�� 7KLV� LV� H[SODLQHG� E\
UHGXFWLRQ�UHDFWLRQ�

�6L2�����&����1�� �6L�1�����&2�
ZKLFK� ZDV� REVHUYHG� LQ� WKH� SUHVHQFH� RI� D
FDWDO\VW� >��@�� 7KH� IRUPDWLRQ� RI� VLOLFRQ� QL�
WULGH� RQ� WKH� QLFNHO� ILOP� LV� VLPLODU� WR� JDV�
WUDQVSRUW� UHDFWLRQV� RI� GLDPRQG�OLNH� ILOP
IRUPDWLRQ�LQ�WKH�SUHVHQFH�RI�PHWDO�>��@�

7KXV�� GXULQJ� 989� H[SRVXUH� RI� QLFNHO�
FRQWDLQLQJ�QDQR�OD\HUV�RQ�VLOLFRQ�VXEVWUDWHV�
D�QDQR�OD\HU�RI�����WR�����J�FPÜ��GHQVLW\�LV
IRUPHG�E\�SURGXFWV�RI�UHDFWLRQ�EHWZHHQ�VLOL�
FRQ� DQG� QLWURJHQ� DFFRUGLQJ� WR� D� SKRWR�
FKHPLFDO� UHDFWLRQ� PHFKDQLVP� ZLWK� ]HUR�
RUGHU� NLQHWLFV�� 8QGHU� DJLQJ� LQ� DLU�� WKH� GH�
FRPSRVLWLRQ� SURFHVVHV� WDNH� SODFH� FDXVHG� E\
R[LGDWLRQ�UHDFWLRQ�UXQQLQJ�DFFRUGLQJ�WR�GLI�
IXVLRQ� PHFKDQLVP� DQG� DUH� IROORZHG� E\� WKH
QHZ� OD\HU� GHQVLW\� GHFUHDVLQJ� GRZQ� WR
����J�FPÜ��

)LJ�����0HFKDQLVP�RI�6L±1�OD\HU�IRUPDWLRQ�RQ
WKH�VXUIDFH�RI�1L�6LVXE�V\VWHP�XQGHU�989�LU�UDGLDWLRQ��VFKHPDWLF�PRGHO���
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5HIHUHQFHV
� ���0RGHO�RI�2XWHU�6SDFH��Y����HG��E\�6�1�9HUQRY�

l*8��0RVFRZ��������>LQ�5XVVLDQ@�
� ���$�9�0LWURIDQRY�� )�$�3XGRQLQ�� 0�1�)LOLSSRY�

6XUI��,QYHVW�����������������
� ���2�0DVDWR��7�-DVXR��.�.XR��$SSO��6XUIDFH�6FL��

����������������
� ���&KDQJ� 6LO� <DQJ�� &KL� .\X� &KRL�� 7KLQ� 6ROLG

)LOPV����������������
� ���<X�,�'RURYH\HY�� 9�(�6NXUDW�� 3KRWRFKHPLFDO

3URFHVVHV� XQGHU� 9DFXXP� 8OWUDYLROHW� 5DGLD�
WLRQ� LQ�� 5HVXOWV� RI� 6FLHQFH� DQG� 7HFKQLTXH
1,1,7,�$1�6665�� Y����5DGLDWLRQ�&KHPLVWU\�
3KRWRFKHPLVWU\��������>LQ�5XVVLDQ@�

� ���&K�%�/XVFKLN�� $�,�/XVFKLN�� 'LVLQWHJUDWLRQ� RI
(OHFWURQLF�([FLWDWLRQV�ZLWK�)RUPDWLRQ�RI�'HIHFWV
LQ�6ROLGV��1DXND��0RVFRZ��������>LQ�5XVVLDQ@�

� ���0�$�$HODQJR�� (OHPHQWDO� 1RQ�(ODVWLF� 5DGLDWLRQ
3URFHVVHV��1DXND��0RVFRZ��������>LQ�5XVVLDQ@�

� ���0�,�.OLQJHU�� 1XFOHDWLRQ� DQG� 7UDQVIRUPDWLRQ
RI�'HIHFWV�XQGHU�(OHFWURQLF�([FLWDWLRQ�5HOD[D�
WLRQ�LQ�6ROLGV��7KH�%DVLF�7KHRUHWLFDO�&RQFHSWV�
LQ�� 5HDGLQJV� LQ� 0PHPRU\� $�)�,RIIH�� 1DXND�
/HQLQJUDG��������>LQ�5XVVLDQ@�

� ���$�$�.R]PD�� 6�9�0DO\NKLQ�� /�3�7LVFKHQNR� HW
DO���)L]��.KLP��2EU��0DW�����������������

����/�6�3DODWQLN�� 6�9�0DO\NKLQ�� $�$�.R]PD� HW
DO���'$1�6665�������������������

����2�9�6RERO�� $�$�.R]PD�� 6�9�0DO\NKLQ� HW� DO��
,]Y��5$1������������������

����,�)�0LNKDLORY�� 6�6�%RULVRYD�� /�3�)RPLQD� HW
DO���)XQFWLRQDO�0DWHULDOV����������������

����*�$�9RONRYD��1�1�.LULOORYD��(�1�3DYORYVND\D
HW�DO���=K��3ULNO��6SHFWU�������������������

����,�)�0LNKDLORY�� 6�6�%RULVRYD�� /�3�)RPLQD� HW
DO���&U\VW��5HV��7HFKQRO������������������

����,�)�0LNKDLORY�� 6�6�%RULVRYD�� /�3�)RPLQD� HW
DO���&U\VW��5HV��7HFKQRO������������������

����,�)�0LNKDLORY�� 6�6�%RULVRYD�� /�3�)RPLQD� HW
DO���&U\VW��5HV��7HFKQRO�������������������

����/�,�0LUNLQ�� 5HIHUHQFH� %RRN� RQ� 6WUXFWXUH
$QDO\VLV�RI�3RO\FU\VWDOV��)L]��0DW��/LW���0RV�
FRZ��������>LQ�5XVVLDQ@��

����5�-DPHV��2SWLFDO�3ULQFLSOHV�RI�;�5D\�'LIIUDF�
WLRQ��,/��0RVFRZ��������>LQ�5XVVLDQ@��

����+�&�7D\ORU�� 3K\VLFDO� &KHPLVWU\�� Y���� 217,�
.KLP7HRUHW��/HQLQJUDG��������>LQ�5XVVLDQ@��

����9�$�.LUH\HY�� &RXUVH� RI� 3K\VLFDO� &KHPLVWU\�
.KLPLD��0RVFRZ��������>LQ�5XVVLDQ@��

����+�*OHLWHU��1DQRVWUXFW��0DWHU���������������
����'�:�+RIIPDQ��-��9DF��6FL��7HFKQRO���$���� ���

��������
����9�3�%HOHYVNL\��0�9�%HORXV��1�9�*XVHY��3RYHU�

NKQRVW�)L]���.KLP���0HNKDQ���1R��������������
����,�1�)UDQWVHYLFK�� 6XSHUKDUG� 0DWHULDOV�� 1DXN�

RYD�'XPND��.LHY��������>LQ�5XVVLDQ@�
����$�9�5DJXO\D�� 2�%�=JDODW�/R]\QVN\�� 0�+HUU�

PDQQ��6LOLFDWHV�,QG������������������
����%�'HOPRQ��,QWURGXFWLRQ�D�OD�&LQHWLTXH�+HWHUR�

JHQH��(GLWLRQV�7HFKQLS���3DULV��������
����$�6�%D\��'�,�/D\QHU��(�1�6OHVDUHYD��0�,�7V\�

SLQ�� 2[LGDWLRQ� RI� 7LWDQLXP� DQG� ,WV� $OOR\V�
0HWDOOXUJL\D��0RVFRZ��������>LQ�5XVVLDQ@��

����+�2�3LHUVRQ�� +DQGERRN� RI� &DUERQ�� 'LDPRQG
DQG�)XOOHUHQHV��3URSHWLHV��3URFHVVLQJ�DQG�$S�
SOLFFDWLRQV��1HZ�-HUVH\��86$���������
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