
;�5D\�IOXRUHVFHQFH�GHWHUPLQDWLRQRI�LPSXULW\�WUDFHV�XVLQJ�D�VHFRQGDU\�HPLWWHUDQG�D�VROLG�VWDWH�GHWHFWRU
,�)�0LNKDLORY��$�$�%DWXULQ��/�3�)RPLQD

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

5HFHLYHG�2FWREHU���������
7KH� SRVVLELOLW\� RI� WUDFH� LPSXULW\� GHWHUPLQDWLRQ� LQ� D� OLJKW� PDWHULDO� E\� ;)$� PHWKRG

XVLQJ�DQ�;�UD\�RSWLFDO�VFKHPH�ZLWK�D�VHFRQGDU\�HPLWWHU�KDV�EHHQ�VWXGLHG��$W������N:�WXEH
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���,QWURGXFWLRQ
7KH�;�UD\�IOXRUHVFHQFH�PHWKRG�IRU�GHWHU�

PLQDWLRQ�RI�PDWHULDO�FRPSRVLWLRQ�LV�DSSOLHG
ZLGHO\� LQ� GLIIHUHQW� VFLHQWLILF� DQG� HQJLQHHU�
LQJ�DUHDV�GXH�WR�LWV�UDSLGLW\��KLJK�DXWRPDW�
L]DWLRQ� OHYHO�� DQG� QRQ�GHVWUXFWLYH�PHDVXUH�
PHQW�SURFHGXUH��7KH�PDLQ�OLPLWDWLRQ�RI�WKH
PHWKRG� LV� LWV� ORZ� VHQVLWLYLW\� �a�Ü��� SSP�
>�@�ZKHQ�PHDVXULQJ� WKH� WUDFH� FKHPLFDO� HOH�
PHQWV�� DW� OHDVW� FRPSDULQJ� ZLWK� RSWLFDO
PHWKRGV�� DWRPLF� DEVRUSWLRQ� VSHFWURVFRS\�
PDVV�VSHFWURVFRS\�� HWF�� 7KH� ORZ� VHQVLWLYLW\
LV� GXH� WR� WKH� EDFNJURXQG� FRQWLQXRXV� VSHF�
WUXP� RI� WKH� ;�UD\� WXEH� VFDWWHUHG� E\� WKH
VDPSOH� WKDW� RYHUODSV� WKH� VDPSOH� IOXRUHV�
FHQFH�OLQHV�WR�EH�PHDVXUHG��7KH�NQRZQ�ZD\
WR�ORZHU�WKH�EDFNJURXQG�LV�WR�PRQRFKURPD�
WL]H� WKH� SULPDU\� UDGLDWLRQ�� +RZHYHU�� WKLV

UHVXOWV�LQ�D�GUDVWLF�LQWHQVLW\�GURS��KHQFH��LQ
SRRU� GHWHFWDELOLW\� RI� WKH� ORZ� LPSXULW\� FRQ�
FHQWUDWLRQV�
,Q� >�@�� D� PRQRFKURPDWL]DWLRQ� VFKHPH� LV

GHVFULEHG�LQFOXGLQJ�WKH�IRFXVLQJ�ERWK�RI�WKH
WXEH�SULPDU\�UDGLDWLRQ�DQG�WKH�VDPSOH�IOXR�
UHVFHQFH�HPLVVLRQ��7KLV�VFKHPH�KDV�SURYLGHG
WZR� RUGHUV� LQFUHDVHG� OLQH� FRQWUDVW� ZLWKRXW
VXEVWDQWLDO�LQWHQVLW\�ORVV��&RQVHTXHQWO\��WKH
DQDO\VLV�VHQVLWLYLW\�LV�LQFUHDVHG�E\�KXQGUHG
WLPHV� FRPSDULQJ� WR� WKH� VWDQGDUG� VFKHPH
DQG� DFKLHYHG� WKH� VHQVLWLYLW\� RI� DERYH�PHQ�
WLRQHG� RSWLFDO� VSHFWUDO� DQDO\VLV�� +RZHYHU�
WKH� VFKHPHV� ZLWK� IRFXVLQJ� DUH� H[WUHPHO\
FRPSOH[� DQG� H[SHQVLYH�� DQG� GHPDQG� KLJK�
SRZHU�VRXUFHV�RI�SULPDU\�;�UD\�HPLVVLRQ��
7KH�DLP�RI�WKLV�ZRUN�ZDV�WR�FRQVLGHU�WKH

SRVVLELOLW\�WR�GHWHUPLQH�WKH�LPSXULW\�WUDFHV
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XVLQJ� ;�UD\� RSWLFDO� VFKHPH� ZKHUH� WKH� SUL�
PDU\� UDGLDWLRQ�PRQRFKURPDWL]DWLRQ� LV� SUR�
YLGHG� QRW� E\� WKH� UHIOHFWLRQ� IURP� D� FU\VWDO
EXW�E\�IOXRUHVFHQFH�H[FLWDWLRQ�LQ�WKH�VHFRQ�
GDU\�HPLWWHU�EHLQJ�D�IOXRUHVFHQW�DQRGH�

���;�5D\�RSWLFDO�VFKHPH�
,Q�WKH�VFKHPH�GHVLJQHG��)LJ������WKH�WXEH

ZLWK�VKRRW�WKURXJK�DQRGH�LV�DWWDFKHG�WR�WKH
UHPRYDEOH� VHFRQGDU\� HPLWWHU� ZKLFK� LQWHU�
VHFWV� WKH� ZKROH� GLUHFWLRQDO� GLDJUDP� RI� WKH
WXEH� UDGLDWLRQ�� 7KH� VDPSOH� LV� PRXQWHG� LQ
IURQW�RI�WKH�VHFRQGDU\�HPLWWHU�ZLWK�WKH�DQ�
JOHV�RI�LQFLGHQFH�RQWR�WKH�VHFRQGDU\�HPLWWHU
�M���� DQG� RQWR� WKH� VDPSOH� �M��� EHLQJ� RSWL�PL]HG�IRU�WKH�HPLWWHU�DQG�VDPSOH�PDWHULDOV�
'LUHFWO\� EHKLQG� WKH� HPLWWHU�� WKH� LQSXW� VOLW
RI�WKH�VROLG�VWDWH�GHWHFWRU�LV�SRVLWLRQHG��7KH
VFKHPH� SURYLGHV� D� KLJK� XVDJH� HIILFLHQF\
ERWK�IRU�WKH�WXEH�UDGLDWLRQ��DV�WKH�DSHUWXUH
LV� H�|����� IRU� SULPDU\� UDGLDWLRQ�� DQG� IRUWKH� VDPSOH� IOXRUHVFHQFH�� ,QGHHG�� ZLWK
|��PP�GLVWDQFH�EHWZHHQ�WKH�VDPSOH�DQG�WKH
GHWHFWRU�VOLW�DQG��u��PP��GHWHFWRU�VOLW��WKH
DSHUWXUH� H�|����� LV� SURYLGHG� IRU� UHJLVWUD�WLRQ�RI�WKH�VDPSOH�RXWSXW�IOXRUHVFHQFH��7KH
IUDFWLRQ� RI� WKH� SULPDU\� UDGLDWLRQ� XVHG� WR
H[FLWH� WKH� VDPSOH� IOXRUHVFHQFH� LQ� WKH� FU\V�
WDO�GLIIUDFWLRQ�VFKHPH�>�@� LV����WR����WLPHV
ORZHU� WKDQ� LQ� RXU� VFKHPH� ZLWK� WKH� VHFRQ�
GDU\� HPLWWHU� �)LJ������ 7KDW� LV� ZK\� RXU� UH�
VXOWV�REWDLQHG�ZLWK�WKH�WXEH�SRZHU������N:
FDQ� EH� FRPSDUHG� ZLWK� WKH� UHVXOWV� IURP� >�@
ZKHUH�WKH�WXEH�RI�����N:�SRZHU�ZDV�XVHG��

���6SHFWUDO�OLQH�FRQWUDVW�DQG
GHWHFWDELOLW\�WKUHVKROG

7KH� SULPDU\� VSHFWUXP� PRQRFKURPD�
WL]DWLRQ� ERWK� LQ� >�@� DQG� LQ� RXU� ZRUN� KDV
DOORZHG� WR� HOLPLQDWH� WKH� EDFNJURXQG�RI� WKH
VFDWWHUHG� FRQWLQXRXV� VSHFWUXP�� 7KH� PDLQ
EDFNJURXQG� VRXUFH� LQ� ERWK� FDVHV� LV� WKH� WDLO
RI�&RPSWRQ�EDQG�DSSHDULQJ�IURP�VFDWWHULQJ
WKH�PRQRFKURPDWL]HG� UDGLDWLRQ� DW� WKH� VDP�
SOH�PDWHULDO�� 7KLV� WDLO� LV� WKH�PRUH� LQWHQVH�
WKH� ORZHU� LV� WKH� DYHUDJH� DWRPLF� QXPEHU� RI
WKH� VDPSOH�� 6R�� LW� LV� WKH� PRVW� GLIILFXOW� WR
SURYLGH�KLJK�FRQWUDVW�RI�WKH�OLQHV�RI�LPSXULW\
WUDFHV�LQ�D�OLJKW�PDWHULDO��IRU�H[DPSOH��ZDWHU�

:H�KDYH�FRPSDUHG�WKH�FRQWUDVW�RI�DQD�
O\WLF� OLQHV� REWDLQHG� LQ� >�@� IRU� WKH�DTXHRXV
VROXWLRQV�RI�&R��)H��DQG�&U�LPSXULWLHV�DQG
VLPLODU� VROXWLRQV� RI� &U� DQG� 3E� LQ� RXU
ZRUN��$W�&|�� SSP� LPSXULW\� FRQWHQW�� WKH
FRQWUDVW� .� ������ ZDV� REWDLQHG� LQ� >�@�
ZKLFK� FRUUHVSRQGV� WR� WKH� GHWHFWDELOLW\
OLPLW� &/� ������&�.� �������SSP��ZKLOH�LQRXU� ZRUN�� WKH� FRQWUDVW� .� ������ FRUUH�

VSRQGV� WR�&/� �������SSP��$�VOLJKW� ORVV� LQWKH�DQDO\WLFDO�OLQH�FRQWUDVW�LV�FDXVHG�E\�WKH
ODUJHU� VFDWWHULQJ� DQJOH� ��M� ������� LQ� RXU
VFKHPH� FRPSDULQJ� WR� �M� ������ LQ� >�@�� 7KH
UHVXOW�LV�WKH�LQFUHDVHG�EDFNJURXQG�REVHUYHG�
DV� WKH� &RPSWRQ� VFDWWHULQJ� LQWHQVLW\� LQ�
FUHDVHV�ZLWK�VFDWWHULQJ�DQJOH�

7KXV�� RXU� VLPSOH� DQG� KLJK�DSHUWXUH
VFKHPH�ZLWK�WKH�VHFRQGDU\�HPLWWHU�WR�PRQR�
FKURPDWL]H�WKH�SULPDU\�UDGLDWLRQ�SURYLGHV�D

)LJ�����;�UD\� RSWLFDO� VFKHPH�ZLWK� WKH� VHFRQ�
GDU\� HPLWWHU�����;�UD\� WXEH� DQRGH����� VHFRQ�
GDU\�HPLWWHU�����VDPSOH�XQGHU�VWXG\�����VROLG�
VWDWH�GHWHFWRU�

)LJ�����7KH�FDOLEUDWLRQ�IXQFWLRQ�IRU�&U�GHWHU�
PLQDWLRQ� LQ�DTXHRXV�VROXWLRQ�IRU�WKH�FRQFHQ�
WUDWLRQ�UDQJH������WR����SSP��

)LJ�����7KH�FDOLEUDWLRQ�IXQFWLRQ�IRU�3E�GHWHU�
PLQDWLRQ� LQ�DTXHRXV�VROXWLRQ�IRU�WKH�FRQFHQ�
WUDWLRQ�UDQJH�����WR���SSP�

,�)�0LNKDLORY�HW�DO����;�5D\�IOXRUHVFHQFH����

��� )XQFWLRQDO�PDWHULDOV�������������



FRQWUDVW� VLPLODU� WR� WKDW� RI� WKH� FRPSOH[� IR�
FXVLQJ� FU\VWDO�GLIIUDFWLRQ� VFKHPH� GHPDQG�
LQJ� KLJK�SRZHU� SULPDU\� UDGLDWLRQ� VRXUFHV�
,Q� )LJV����� ��� WKH� H[SHULPHQWDO� FDOLEUDWLRQ
IXQFWLRQV� IRU� FKURPLXP� DQG� OHDG� DTXHRXV
VROXWLRQV� PHDVXUHG� XVLQJ� WKH� QHZ� VFKHPH
�)LJ����� DUH� VKRZQ�� 8VLQJ� WKHVH� FDOLEUDWLRQ
IXQFWLRQV��LW�LV�SRVVLEOH�WR�GHWHUPLQH�&U�DQG
3E� LQ� DTXHRXV� VROXWLRQV� EHJLQQLQJ� IURP
�����SSP��WKXV�FRUUHVSRQGLQJ�WR�WKH�GDWD�RI
DWRPLF�DEVRUSWLRQ�DQDO\VLV�XVLQJ�WKH�RSWLFDO
VSHFWUDO�OLQHV�

,Q�)LJ�����D�IUDJPHQW�RI�WKH�VSHFWUXP�LV
VKRZQ� FRQWDLQLQJ� 7LÜ.D�� 9Ü.D�� 0QÜ.� DQG&UÜ.D� OLQHV� PHDVXUHG� IRU� VWDQGDUG� VDPSOH
RI� DQ� DOXPLQLXP� DOOR\�� 7KH� DQDO\WLFDO� OLQH
FRQWUDVW� LV� KLJK� HQRXJK� WR� SURYLGH� ���Ü
���� SSP� GHWHFWDELOLW\� WKUHVKROG� IRU� WKRVH
HOHPHQWV� LQ�DOXPLQLXP�DOOR\V��7KHVH�YDOXHV
DUH� DW� OHDVW� DQ� RUGHU� ORZHU� WKDQ� LQ� WKH
VWDQGDUG�;�UD\�IOXRUHVFHQW�DQDO\VLV��$Q�LP�
SRUWDQW� DGYDQWDJH� RI� WKH� VFKHPH� LV� D� FRP�
SDFW� DUUDQJHPHQW� RI� WKH�;�UD\� WXEH� DQRGH�
WKH� VHFRQGDU\� HPLWWHU�� WKH� VDPSOH�� DQG� WKH
VROLG�VWDWH� GHWHFWRU��ZKLFK� JLYHV� D� SRVVLELO�
LW\� WR� UHJLVWHU� WKH�UDGLDWLRQ� IURP�OLJKW�HOH�
PHQWV�XS�WR�PDJQHVLXP�ZLWKRXW�HYDFXDWLRQ
RU� KHOLXP� ILOOLQJ� RI� WKH� ZRUNLQJ� YROXPH�
,QGHHG�� ZLWK� ��� PP� GLVWDQFH� EHWZHHQ� WKH
VDPSOH� DQG� WKH� GHWHFWRU� LQSXW� VOLW�� DLU� DW�
WHQXDWHV� WKH� 6LÜ.D� LQWHQVLW\� E\� ���� WLPHV�
$OÜ.D� E\� ���� WLPHV��0JÜ.D� E\� ����� WLPHV�
'XH� WR� KLJK� DSHUWXUH� RI� RXU� ;�UD\� RSWLF
VFKHPH� �)LJ������ VXFK� DWWHQXDWLRQ� GRHV� QRW
LPSDLU�WKH�DFFHSWDEOH�TXDOLW\�RI�WKH�VSHFWUD
LQ�WKH�DQDO\WLFDO� OLQH�UDQJH�RI�WKH�HOHPHQWV
�)LJ������)RU�0J�DQG�6L�LQ�DOXPLQLXP�DOOR\V�
�������PDVV�GHWHFWDELOLW\�WKUHVKROG�ZDV�DW�
WDLQHG� ZKLFK� LV� TXLWH� HQRXJK� IRU� TXDQWLWD�
WLYH�PHDVXUHPHQW�RI�WKH�HOHPHQWV�����

���6XPPDU\
7KH� SULPDU\� VSHFWUXP� PRQRFKURPDWL]D�

WLRQ� XVLQJ� WKH� VHFRQGDU\� HPLWWHU� SURYLGHV
WKH� OLQH� FRQWUDVW�SUDFWLFDOO\� VLPLODU� WR� WKDW
DWWDLQHG�ZLWK�PRQRFKURPDWL]DWLRQ�LQ�WKH�IR�
FXVLQJ� FU\VWDO�GLIIUDFWLRQ� VFKHPH�� &RPSDU�
LQJ�WR�WKH�VWDQGDUG�;)$�VFKHPH��D�����IROG
DGYDQWDJH� LQ� FRQWUDVW� LV� SURYLGHG�� KHQFH�
WKH�GHWHFWDELOLW\�WKUHVKROG�LV� ORZHUHG�E\���
WR� ���� WLPHV�� 7KH� FRPSDFW� DUUDQJHPHQW� RI
WKH�SULPDU\�DQG�WKH�VHFRQGDU\�HPLWWHUV��WKH
VDPSOH�� DQG� WKH� GHWHFWRU� SURYLGHV� UHOLDEOH
UHJLVWUDWLRQ�RI� OLJKW�HOHPHQWV�XS�WR�PDJQH�
VLXP�ZLWKRXW� DQ\� VDPSOH� HYDFXDWLRQ�RU�KH�
OLXP�DWPRVSKHUH���

5HIHUHQFHV
� ���9�3�$IRQLQ�� 1�,�.RP\DN�� 9�3�1LNROD\HY�

5�,�3ORWQLNRY�� ;�5D\� )OXRUHVFHQW� $QDO\VLV�
HG�� E\�1�)�/RVHY��1DXND��1RYRVLELUVN� ������
>LQ�5XVVLDQ@�

� ���.�9�$QLVRYLFK��LQ��,QVWUXPHQWDWLRQ�DQG�0HWK�
RGV� RI� ;�UD\� $QDO\VLV�� ���� S���� �������� � >LQ
5XVVLDQ@�

)LJ����� 7KH� VSHFWUXP� IUDJPHQW� RI� VWDQGDUG
UHIHUHQFH� PDWHULDO� v|� DOXPLQLXP� DOOR\�� 7KH
GHWHFWDELOLW\�WKUHVKROG�IRU�7L��9��&U�DQG�0Q�LV
IURP�����WR�����SSP�IRU�����V��

)LJ����� /LJKW� HOHPHQWV� OLQHV� LQ� WKH� VSHFWUXP
UHFRUGHG�ZLWKRXW�YDFXXPL]DWLRQ�RI�WKH�VSHFL�
PHQ��
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