
3KRWRVWLPXODWHG�SDVVLYDWLRQRI�VSHFWURPHWULF�&G=Q7H GHWHFWRUV
<X�$�=DJRUXLNR��1�2�.RYDOHQNR��2�$�)HGRUHQNR�9�.��.RPDU��6�9�6XOLPD��0�9��'REURWYRUVND\D��,�6��7HU]LQ

,QVWLWXWH�IRU�6LQJOH�&U\VWDOV��67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV���1DWLRQDO
$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�����/HQLQ�$YH���������.KDUNLY��8NUDLQH

5HFHLYHG�-DQXDU\���������
$�PHWKRG�LV�SURSRVHG�IRU�VLGH�VXUIDFH�SDVVLYDWLRQ�RI�VSHFWURPHWULF�GHWHFWRUV�EDVHG�RQ
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7KH�SHUIRUPDQFH�FKDUDFWHULVWLFV�RI�UDGLD�
WLRQ� VSHFWURPHWULF� GHWHFWRUV� EDVHG� RQ
&G=Q7H� DUH� LQIOXHQFHG� HVVHQWLDOO\� E\� WKH
VWDWH� RI� WKH� VHPLFRQGXFWRU� FU\VWDO� VXUIDFH
>�@�� 7KH� PDLQ� IDFWRUV� ZKLFK� GHILQH� WKLV
VWDWH�LQFOXGH�WKH�FKDQJH�RI�WKH�VXUIDFH�FRP�
SRVLWLRQ� XQGHU� PDFKLQLQJ� DQG� FRQWDPLQD�
WLRQ� RI� WKLV� OD\HU� ZLWK� YDULRXV� LPSXULWLHV
UHGXFLQJ�WKH�VXUIDFH�HOHFWULFDO�UHVLVWDQFH�
&G=Q7H�VDPSOHV�RI��u�u��PP��VL]H�ZHUH

PDGH�IURP�WKH�FU\VWDOV�JURZQ�E\�WKH�%ULGJ�
PDQ�PHWKRG� XQGHU� KLJK� LQHUW� JDV� SUHVVXUH
>�@�� 7KH� WKLFNQHVV� RI� WKH� OD\HU� GDPDJHG� DW
PHFKDQLFDO�WUHDWPHQW�RI�WKH�VDPSOH�VXUIDFH
ZDV� HVWLPDWHG� E\� PLFURKDUGQHVV� PHDVXUH�
PHQWV� >�@�� 7R� WKDW� HQG�� WKH� GHSHQGHQFH� RI
PLFURKDUGQHVV� YDOXHV� REWDLQHG� DW� GLIIHUHQW
ORDGV�RQ�WKH�LQGHQWHU�SHQHWUDWLRQ�GHSWK�LQWR
WKH�VDPSOHV�ZDV�SORWWHG��7KH�PHDVXUHPHQWV
ZHUH�UHDOL]HG�DFFRUGLQJ�WR�WKH�VWDQGDUG�SUR�
FHGXUH�RQ�307���PLFURKDUGQHVV�WHVWHU�ZLWK
9LFNHUV� GLDPRQG� S\UDPLG� XVHG� DV� WKH� LQ�
GHQWHU��WKH�LQGHQWDWLRQ�ORDG�EHLQJ��������WR
�����1��7KH� LQGHQWHU� SHQHWUDWLRQ� GHSWK� �K�
ZDV� FDOFXODWHG� IURP� WKH� UHODWLRQ� K� �G���

ZKHUH�G�LV�WKH�LQGHQWDWLRQ�GLDJRQDO�>�@��7KH
GDPDJHG�OD\HU�WKLFNQHVV�ZDV�DVVXPHG�WR�EH
HTXDO� WR� WKH� LQGHQWHU� SHQHWUDWLRQ� GHSWK� DW
ZKLFK� WKH� YDOXHV� RI� PLFURKDUGQHVV� DW� WKH
PDFKLQHG� VXUIDFH�ZHUH� VLPLODU� WR� WKRVH� IRU
WKH� VXUIDFH� IUHH� RI� GDPDJHG� OD\HU��7KH� H[�
SHULPHQWDO� UHVXOWV� KDYH� VKRZQ� WKDW� PH�
FKDQLFDO� WUHDWPHQW� FDXVHG� DQ� LQVLJQLILFDQW
VWUHQJWKHQLQJ� RI� WKH� VXUIDFH�� WKH� GHSWK� RI
WKH� GDPDJHG� VXUIDFH� OD\HU� IRU� GLIIHUHQW
VDPSOHV�GLG�QRW�H[FHHG���WR����PP�
7KH� GDPDJHG� OD\HU� FDQ� EH� UHPRYHG� E\

FKHPLFDO� HWFKLQJ�� KRZHYHU�� VXFK� D� SURFH�
GXUH�UHVXOWV� LQ� IRUPDWLRQ�RI� WKH�FKHPLFDOO\
XQERQGHG� WHOOXULXP� SKDVH� RQ� WKH� VDPSOH
VXUIDFH� >����@�� &U\VWDOOLQH� 7H� LV� FKDUDF�
WHUL]HG� E\� ORZ� HOHFWULFDO� UHVLVWLYLW\�� 7KLV
FDXVHV� IRUPDWLRQ� RI� FXUUHQW� OHDNDJH� FKDQ�
QHOV� ZLWKLQ� WKH� QHDU�VXUIDFH� OD\HU� RI� WKH
VHPLFRQGXFWRU� FU\VWDO�� DV� D� UHVXOW�� WKH� GH�
WHFWRU�EHFRPHV�GLVDEOHG��7KH�H[LVWLQJ�PHWK�
RGV�RI�7H�UHPRYDO� LQFOXGH�WKH�IRUPDWLRQ�RI
WHOOXULXP�FRPSRXQGV�VXFK�DV�7H2��RU�WHOOX�ULXP� VXOILGHV� >����@�� ,RQ�EHDP� DQG� SODVPD
WUHDWPHQW� RI� WKH� FU\VWDOV� LQ� R[\JHQ� DUH� OD�
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ERULRXV� DQG� UHTXLUH� VSHFLDO� HTXLSPHQW� >�@�
&KHPLFDO�SROLVKLQJ�XVXDOO\� LPSOLHV� WKH�FRQ�
WDFW� RI� WKH� VDPSOH� ZLWK� ZDWHU�� ZKLFK� PD\
FDXVH� FRQWDPLQDWLRQ� RI� WKH� FU\VWDO� VXUIDFH
DQG�UHGXFWLRQ�RI�WKH�VXUIDFH�HOHFWULFDO�UHVLV�
WDQFH�� 7KHUHIRUH�� WKH� GHYHORSPHQW� RI� VXU�
IDFH� SDVVLYDWLRQ�PHWKRGV� LV� D� WRSLFDO� SURE�
OHP�IRU�&G=Q7H�GHWHFWRUV�
%HIRUH��ZH�KDYH�GHYHORSHG�WKH�SKRWRWKHU�

PDO�R[LGDWLRQ��3K72��PHWKRG�IRU�FU\VWDOOLQH
$,,%9,� VDPSOHV� LQ� R[\JHQ�FRQWDLQLQJ� DWPRV�
SKHUH�>��@��7KLV�PHWKRG�ZDV�XVHG�WR�REWDLQ
����WR����PP�WKLFN�R[LGH�ILOPV�RQ�WKH�FU\V�
WDO� VXUIDFH� DW� WHPSHUDWXUHV� RI� DERXW� ����&
>������@�� ,Q� WKLV� ZRUN�� WKH� 3K72� KDV� EHHQ
XVHG� WR� SDVVLYDWH� WKH� VLGH� VXUIDFH� RI
&G=Q7H� GHWHFWRUV� DW� ORZHU� WHPSHUDWXUHV�
7KH�WHPSHUDWXUH�UHVWULFWLRQ� LV�H[SODLQHG�E\
WKH�IDFW�WKDW�DW�KHDWLQJ�XS�WR�WHPSHUDWXUHV
H[FHHGLQJ� ����&�� WKH� GHWHFWRU� TXDOLW\� GHWH�
ULRUDWHV� VKDUSO\� >��@��7KH�EORFN�GLDJUDP�RI
WKH�XQLW�HPSOR\HG�IRU�VXUIDFH�SDVVLYDWLRQ�LV
VKRZQ�LQ�)LJ�����)RU�SKRWR�VWLPXODWHG�SDVVL�
YDWLRQ��3K63��RI�WKH�VDPSOH�VXUIDFH�LQ�R[\�
JHQ�FRQWDLQLQJ�PHGLXP��WKH�89�UDGLDWLRQ�RI
'57������PHUFXU\�ODPSV�ZDV�XVHG��7KH�UD�
GLDWLRQ� SRZHU� GHQVLW\� ZDV� YDULHG� IURP
���N:�P��WR����N:�P���DQG�WKLV�SURYLGHG�
�L��KLJK�FRQFHQWUDWLRQ�RI�R]RQH� LQ�WKH�JDVH�

RXV� PHGLXP�� �LL�� SKRWR�VWLPXODWLQJ� �QRQ�
WKHUPDO�� HIIHFW� RI� 89� UDGLDWLRQ� >��@�� DQG
�LLL��KHDWLQJ�RI�WKH�VDPSOHV�E\�DEVRUEHG�89
UDGLDWLRQ� RI� WKH� ODPSV� XS� WR� WHPSHUDWXUHV
QRW�H[FHHGLQJ�����&�� ,W� LV�QRW�H[SHGLHQW� WR
XVH�ORZHU�RSWLFDO�UDGLDWLRQ�LQWHQVLWLHV��VLQFH
LQ� WKLV� FDVH� SDVVLYDWLRQ� LV� LQVXIILFLHQW�� WKH
XSSHU� OLPLW� LV� GHILQHG� E\� UDGLDWLRQ� RYHU�
KHDWLQJ�RI�WKH�VDPSOHV�
7KH� UHVXOWV� RI� WKH� GDUN� HOHFWULFDO� UHVLV�

WDQFH� PHDVXUHPHQWV� IRU� &G=Q7H� GHWHFWRUV
SHUIRUPHG� EHIRUH� DQG� DIWHU� 3K63� DUH� SUH�
VHQWHG� LQ� 7DEOH�� $V� LV� VHHQ�� 7KH� SURSRVHG
WUHDWPHQW� PHWKRG� LV� VHHQ� WR� UHVXOW� LQ� WKH
LQFUHDVH� RI� WKH� VXUIDFH� HOHFWULFDO� UHVLVWDQFH
RI� WKH� GHWHFWRUV� DW� Wd����&�� WKLV� FDXVHV� D
GURS� RI� OHDNDJH� FXUUHQWV� RYHU� WKH� GHWHFWRU
VLGH� VXUIDFHV�� )LJ���� VKRZV� WKH� VSHFWURPHW�
ULF� FKDUDFWHULVWLFV� RI� &G=Q7H� GHWHFWRUV
PHDVXUHG� EHIRUH� DQG� DIWHU� WKH� WUHDWPHQW�
7KHVH�FKDUDFWHULVWLFV�ZHUH�GHWHUPLQHG�XVLQJ
D�VSHFLDO�VHWXS�ZKHUH�WKH�GHWHFWRU�ZDV�LUUD�
GLDWHG�XVLQJ�D�VWDQGDUG��������NH9�JDPPD�
UDGLDWLRQ�VRXUFH�&V�����

)LJ�����%ORFN�GLDJUDP�RI� WKH�XQLW� IRU� SKRWR�
VWLPXODWHG� SDVVLYDWLRQ� RI� WKH� VXUIDFH� RI
&G=Q7H� FU\VWDOV�� ��� ��� '57������ PHUFXU\
ODPSV�� ��� ��� SKRWR�UHFHLYHUV� IRU� ODPS� UDGLD�
WLRQ�FRQWURO�����WKH�VDPSOH�����WKHUPRFRXSOH�
���VDPSOH�FRPSXWHU�LQWHUIDFH�����FRPSXWHU�

)LJ����� 6SHFWURPHWULF� FKDUDFWHULVWLFV� RI
&G=Q7H�UDGLDWLRQ�GHWHFWRU�����WKH�LQLWLDO�VSHF�
WUXP�����WKH�VSHFWUXP�PHDVXUHG�LPPHGLDWHO\
DIWHU�3K63�WUHDWPHQW�����WKH�VSHFWUXP�RI�WKH
VDPH�VDPSOH�PHDVXUHG���PRQWK�ODWHU�

7DEOH�� ,QIOXHQFH� RI� 3K63� WUHDWPHQW� WHP�
SHUDWXUH� RQ� WKH� GDUN� HOHFWULFDO� UHVLVWDQFH
RI� &G=Q7H� GHWHFWRUV� �5�� DQG� 5�� DUH� WKHUHVLVWDQFHV�EHIRUH�DQG� DIWHU�3K63�� UHVSHF�
WLYHO\��
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,W� VKRXOG� EH� QRWHG� WKDW� 3K63� WUHDWPHQW
PDGH� LW� SRVVLEOH� WR� UDLVH� HVVHQWLDOO\� WKH
PD[LPDO�ZRUNLQJ�YROWDJH�DSSOLHG�WR�&G=Q7H
GHWHFWRUV� �H�J��IURP�����9�XS�WR�����9�IRU
WKH� GHWHFWRU� FKDUDFWHUL]HG� E\� WKH� VSHFWUXP
VKRZQ�LQ�)LJ������)RU�D�QXPEHU�RI�VDPSOHV�
WKH�PD[LPDO�ZRUNLQJ�YROWDJH�ZDV� LQFUHDVHG
PRUH� WKDQ� E\� �� WLPHV� �IURP� ���� 9� XS� WR
�����9���DQG�WKLV�SHUPLWWHG�WR�XVH�VXFK�GH�
WHFWRUV� QRW� RQO\� DV� FRXQWHUV� EXW� DOVR� DV
VSHFWURPHWHUV�
7KH� FKDQJHV� LQ� WKH� VXUIDFH� FRPSRVLWLRQ

RI� &G=Q7H� FU\VWDOV� FDXVHG� E\� 3K63� WUHDW�
PHQW�ZHUH�HVWDEOLVKHG�E\�;�UD\�SKDVH�DQDO\�
VLV� DQG� ;�UD\� SKRWRHOHFWURQ� VSHFWURVFRS\
�;36���)LJ����SUHVHQWV�WKH�GLVWULEXWLRQ�SUR�
ILOHV�RI�WHOOXULXP�DQG� LWV�FRPSRXQGV� LQ�WKH
QHDU�VXUIDFH�OD\HU�RI�&G=Q7H�FU\VWDOV�PHDV�
XUHG�E\�;36�SULRU�WR�DQG�DIWHU�3K63�WUHDW�
PHQW��7KH�OD\HU�E\�OD\HU�DQDO\VLV�RI�WKH�VXU�
IDFH� FRPSRVLWLRQ� RI� &G=Q7H� VDPSOHV� KDV
VKRZQ� WKDW� WKH� WKLFNQHVV� RI� WHOOXULXP� DQG
FDGPLXP� R[LGHV� OD\HUV� LQFUHDVHG� DSSUR[L�
PDWHO\�E\�DQ�RUGHU�RI�PDJQLWXGH��$FFRUGLQJ
WR� WKH� REWDLQHG� GDWD�� 3K63� WUHDWPHQW� RI
&G=Q7H� FU\VWDOV� UHVXOWHG� LQ� WKH� IRUPDWLRQ
RI�VXUIDFH�7H2��ILOP�ZLWK�D�WKLFNQHVV�XS�WR���QP�
7KXV�� WKH� GHYHORSHG� PHWKRG� RI� SKRWR�

VWLPXODWHG� SDVVLYDWLRQ� RI� WKH�&G=Q7H� FU\V�
WDO�VXUIDFH�LQ�R[\JHQ�FRQWDLQLQJ�DWPRVSKHUH
LV� VKRZQ�WR� LQFUHDVH�HVVHQWLDOO\� WKH� VXUIDFH
HOHFWULFDO� UHVLVWDQFH� RI� WKH� VDPSOHV� DQG� WR
UHGXFH� WKH� OHDNDJH� FXUUHQWV� RI�&G=Q7H� GH�
WHFWRUV��7KLV�SURYLGHV�WKH�SRVVLELOLW\�WR�XVH
WKH�FU\VWDOV�QRW�RQO\�DV�FRXQWHUV�EXW�DOVR�DV
VSHFWURPHWHUV��7KH�VDLG�FKDQJHV�LQ�WKH�HOHF�
WULFDO�SURSHUWLHV�DUH�FDXVHG�E\�R[LGDWLRQ�RI

WKH� QHDU�VXUIDFH� OD\HU� RI� &G=Q7H� FU\VWDOV
ZLWK� VXEVHTXHQW� IRUPDWLRQ� RI� KLJK�UHVLV�
WDQFH�SDVVLYDWLQJ�R[LGH�OD\HUV�ZLWK�D�WKLFN�
QHVV�RI�a���QP�RQ�WKH�GHWHFWRU�VXUIDFH�
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VND\D� HW� DO��� )XQFWLRQDO� 0DWHULDOV�� ��� ���
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HW� DO��� 1XFO��,QVWU��DQG�0HWK�� LQ� 3K\V�� 5HV�� $
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����<X�$�=DJRUXLNR�� 9�<X�5RVWRUJXHYD�� LQ�� 6\Q�
WKHVLV� DQG�5HVHDUFK� RI�2SWLFDO�0DWHULDOV�� ,Q�
VWLWXWH� IRU� 6LQJOH� &U\VWDOV�� .KDUNRY�� 1R����
����������

����<X�$�=DJRUXLNR�� 2�$�)HGRUHQNR�� 1�2�.RYD�
OHQNR��3�9�0DWH\FKHQNR��6HPLFRQGXFWRU�3K\V�
LFV�� 4XDQWXP� 	� 2SWRHOHFWURQLFV�� ��� ���
�������

����<X�$�=DJRUXLNR�� 1�|�.RYDOHQNR�� |�k�)H�
GRUHQNR��8NU��3DW��1R�������������������

)LJ�����'LVWULEXWLRQ�RI�WHOOXULXP�DQG�LWV�FRPSRXQGV� LQ�WKH�QHDU�VXUIDFH� OD\HU�RI�D�&G=Q7H�FU\VWDO
EHIRUH��D��DQG�DIWHU��E��3K63�WUHDWPHQW�����Û�7H����Û�7H2�����Û�&G=Q7H��
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����6�8�(JDULHYZH��.��7�&KHQ��$�%XUJHU�HW�DO���-�
;�UD\�6FL��7HFKQRO�����������������

����<X�$�=DJRUXLNR�� 9�0�3X]LNRY�� 2�$�)HGR�
UHQNR��1�2�.RYDOHQNR��0RGLILFDWLRQ�RI�3K\VL�

FDO� 3URSHUWLHV� RI� $,,%9,� :LGH�EDQG� 6HPLFRQ�
GXFWRUV��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV��.KDUNLY
�������>LQ�5XVVLRQ@�
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